EUROGRAPHICS 2005

Tutorial

Part 1: State-of-the-Art in Virtual Clothing

Pascal Volino and Nadia Magnenat-Thalmann

MIRALab, University of Geneva - CH-1211 Geneva, Switzerland

Abstract

Virtual garment design and simulation involves a combination of a large range of techniques, involving
mechanical simulation, collision detection, and user interface techniques for creating garments. Here, we
perform an extensive review of the evolution of these techniques made in the last decade to bring virtual
garments to the reach of computer applications not only aimed at graphics, but also at CAD techniques for the

garment industry.

1. Introduction

The challenges of virtual garment simulation are numerous,
and have attracted research efforts for more than a decade.
First dedicated to the realistic simulation of the mechanical
behavior of cloth, it soon evolved towards simulation of
virtual garments on synthetic characters. While computer
graphics gets the most obvious benefits from garment
simulation on animated virtual characters, virtual
prototyping of garment models is another major application
field for the garment industry.

Virtual garment simulation is the result of a large
combination of techniques that have also dramatically
evolved during the last decade. Unlike the mechanical
models used for existing mechanical engineering for
simulating deformable structures, a lot of new challenges
arise from the highly versatile nature of cloth. The central
pillar of garment simulation obviously remains the
development of efficient mechanical simulation models,
which can accurately reproduce with the specific
mechanical properties of cloth. However, cloth is by nature
highly deformable and specific simulation problems arise
from this fact. First, the mechanical representation should
be accurate enough to deal with the nonlinearities and large
deformations occurring at any place in the cloth, such as
folds and wrinkles. Moreover, the garment cloth interacts
strongly with the body that wears it, as well as with the
other garments of the apparel. This requires advanced
methods for efficiently detecting the geometrical contacts
constraining the behavior of the cloth, and to integrate them
in the mechanical model (collision detection and response).
All these methods require advanced and complex
computational methods where most important key issues
remain computation speed and efficiency. For real-time
applications however, only specific approximation and
simplification methods allow the computation of garment
animation, giving up some of the mechanical accuracy of
the result in a result rather focused on visual realism.

Garment simulation, which started in the late eighties with
very simple models such as Weil's approach [WEI 86], has
taken much benefit from the increasing performance of
computer hardware and tools as well as the development of
specific simulation technologies which have nowadays lead
to impressive applications not only in the field of simulation
of virtual worlds, but also as design tools for the garment
and fashion industry.
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2. Initial Developments in Virtual Garment Simulation

In the field of computer graphics, the first applications for
mechanical cloth simulation appeared in 1987 with the
work of Terzopoulos et al [TER 87] [TER 88] in the form
of a simulation system relying on the Lagrange equations of
motion and elastic surface energy. Solutions were obtained
through finite difference schemes on regular grids. This
allowed simple scenes involving cloth to be simulated, such
as the accurate simulation of a flag or the draping of a
rectangular cloth. However, the first applications that really
simulated garments started in 1990 (fig.1) with the
considerations of many other technologies complementing
cloth simulation [LAF 91] [CAR 92], such as body
modelling and animation, and collision detection and
response [YAN 93]. These applications innovated by
providing the first virtual system allowing virtual garment
patterns to be sewed together around a character.

Figure 1: "FlashBack": Early virtual garments used
context-dependent simulation of simplified cloth models.

Since then, most developments were aimed at optimizing
the accuracy and efficiency of the methods for simulating
cloth accurately and efficiently, along the developments of
actual applications and commercial products.
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3. Mechanical Models

The accurate reproduction of the mechanical behaviour of
cloth has always been a key issue for garment simulation.
The mechanical behaviour of cloth is usually measured
using standardized protocols, such as the Kawabata
Evaluation System (KES), or the simpler FAST method,
which are based on the experimental measurement of strain-
stress curves for elongation, shearing and bending on
normalized samples of fabric. Different representations of
the cloth surface mechanics then allow the virtual
reproduction of the behaviour of cloth.

Well known in mechanical engineering, the Finite Element
method considers the cloth surface as being discretized in
interpolation patches for a given order (bilinear, trilinear,
quadrilinear), and an associated set of parameters (degrees
of freedom) that give the actual shape to the interpolation
surface over the element. From the mechanical properties of
the material, the mechanical energy is computed from the
deformation of the surface for given values of the
interpolation parameters. An equation system based on the
energy variation is then constructed with these degrees of
freedom. Surface continuity between adjacent elements
imposes additional constraint relationships. A large sparse
linear system is built by assembling successively the
contributions of all the elements of the surface, and then
solved using optimized iterative techniques, such as the
conjugate gradient method.

Finite elements have only had a marginal role in cloth
simulation. The main attempts are described in [COL 91],
[GAN 95], [EIS 96]. Most implementations focus on the
accurate reproduction of mechanical properties of fabrics,
but restrict the application field to the simulation of simple
garment samples under elementary mechanical contexts,
mostly because of the huge computational requirements of
these models. Furthermore, accurate modelling of highly
variable constraints (large nonlinear deformations, highly
variable collisions) is difficult to integrate into the
formalism of finite elements, and this sharply reduces the
ability of the model to cope with the very complicated
geometrical contexts which can arise in real-world garment
simulation on virtual characters.

An easier and more pragmatic way to perform cloth
simulation is the use of particle systems. Particle systems
consider the cloth to be represented only by the set of
vertices that constitute the polygonal mesh of the surface.
These particles are moved through the action of forces that
represent the mechanical behaviour of the cloth, which are
computed from the geometric relationships between the
particles that measure the deformation of the virtual cloth.
Among the different variations of particle systems, the
spring-mass scheme is the simplest and most widely used
(fig.2). It considers the distance between neighbouring
particle pairs as the only deformation measurement and
interaction source representing the internal elasticity of the
cloth.

Particle systems are among the simplest and most efficient
ways to define rough models that compute highly
deformable mechanical systems such as cloth with
computation times small enough to integrate them into
systems for simulating complete garments on virtual bodies.
Among the main contributions on particle system models,
early works considered simple viscoelastic models on
regular grids with applications for draping problems with
simple numerical integration schemes [SAK 91]. Accurate
models started with Breen et al [BRE 94] on modelling the
microstructure of cloth using parameters derived from KES
behaviour curves and integration based on energy

minimization. However, such accurate models required a lot
of computation for solving problems that were restricted to
draping. On the other hand, more recent models trade
accuracy for speed, such as the grid model detailed by
Provot et al [PRO 95] which additionally includes
geometric constraints for limiting large deformation of
cloth. Additional contributions from Eberhardt et al [EBE
96] with the simulation of KES parameters and comparison
of the efficiency of several integration methods. Advanced
surface representations were used in [DER 98], where the
simulation model and collision detection takes advantage of
the hierarchical structure of subdivision surfaces. Modelling
animated garments on virtual characters is the specific aim
of the work described by Volino et al [VOL 95] [VOL 97],
which investigate improved spring-mass representations for
better accuracy of surface elasticity modelling on irregular
meshes.

Figure 2: Particle systems model cloth surfaces as point
masses interacting with their neighbours using forces
computed from their relative positions.

While various models can be used to compute the force
applied on each particle given their position and speed,
these forces have then to be integrated along time to obtain
the position and speed of the particle for the following time-
steps using methods related to the integration of ordinary
differential equation systems. Most recent however focus on
improvements of the numerical integration methods in order
to improve efficiency of the simulation.

Explicit integration methods are the simplest methods
available for solving first-order ordinary differential
systems. They consider the prediction of the future system
state directly from the value of the derivatives. The best
known techniques are the Runge-Kutta methods. Among
them, the fast but unstable and inaccurate first-order Euler
method, used in many early implementations, considers the
future state as a direct extrapolation from the current state
and the derivative. Higher order and more accurate methods
also exist, such as the second-order Midpoint method, used
for instance in early models by Volino et al [VOL 95], and
the very accurate fourth-order Runge-Kutta method, used
for instance by Eberhardt et al [EBE 96].

Beside considerations for accuracy, stability and robustness
are other key factors to consider. For most situations
encountered in cloth simulation, the numerical stiffness of
the equations (stiff elastic forces, small surface elements)
require the simulation time-steps to be small enough to
ensure the stability of the system, and this limits the
computation speed much more than accuracy
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considerations. Adequate time-step control is therefore
essential for an optimal simulation. A common solution is
to use the fifth-order Runge-Kutta algorithm detailed in
[PRE 92] which embeds integration error evaluation used
for tuning the time-step adaptively [VOL 97].

In order to circumvent the problem of instability, implicit
numerical methods are being used. For cloth simulation,
this was first outlined by Baraff et al [BAR 98]. The most
basic implementation of implicit method is the Euler step,
which considers finding the future state for which
"backward" Euler computation would return the initial state.
It performs the computation not using the derivative at the
current time-step, but using the predicted derivative for the
next time-step. Besides the inverse Euler method, other,
more accurate higher-order implicit methods exist, such as
the inverse Midpoint method, which remains quite simple
but exhibits some instability problems. A simple solution is
to interpolate between the equations of the Euler and
Midpoint methods, as proposed by Volino et al [VOL 00].
Higher-order methods, such as the Rosenbrook method,
however do not exhibit convincing efficiencies in the field
of cloth simulation. Multi-step methods, which perform a
single-step iteration using a linear combination of several
previous states, are other good candidates for a good
accuracy-stability compromise. Among them, the second-
order Backward Differential Formula (BDF-2) has shown
some interesting performances, as used by Eberhardt, Hauth
et al [EBE 00] [HAU 01] and Choi et al [CHO 02].

Whatever variation chosen, the major difficulty in using
implicit integration methods is that they involve the
resolution of a large and sparse linear equation system for
each iteration, constructed from the Jacobian matrix of the
particle forces against their position and speed. A
commonly used simplification involves linearization of the
mechanical model so as to obtain a linear approximation of
the matrix that does not evolve along time, and on which
initial construction and pre-processing allows efficient
resolution method to be used, as for example like Kang et al
[KAN 00], or even the matrix inverse to be pre-computed as
done by Desbrun et al [DES 99]. A further simplification is
to suppress completely the need of computing the matrix
using an adapted approximation embedded directly in an
explicit iteration. A big drawback of all these methods
results from the approximation of the matrix that cannot
take into account the nonlinearities of the model (mostly
those resulting from the change of orientation of the surface
elements during the simulation). While this is acceptable for
draping applications, animations behave usually poorly
because of excessive numerical damping, which also
increases as the time-step becomes large.

The best numerical method for actually resolving the linear
system seems to be the Conjugate Gradient method, as
suggested by Baraff et al [BAR 98], with various variations
and preconditioning schemes depending on how the
mechanical model is formulated and geometrical constraints
of the cloth integrated.

Most models using implicit integration schemes restrict
themselves to using spring-mass systems, as their simple
formulation eases the process of defining the linear system
to be resolved. However, implicit integration methods can
also be used for integrating accurate surface-based particle
systems as the one described above, from derivation of the
particle force expressions relatively to the particle positions
and speeds. This in quite simply integrated into the implicit
formulations described by Volino et al [VOL 00], and
extended toward other advanced methods as by Hauth et al
[HAU O01]. These formulations actually blur the line
between particle systems and finite element methods, as the
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described particle system is indeed a first-order finite
element method where the implicit resolution scheme
corresponds to the energy minimization scheme of finite
elements and the build of the linear system matrix to the
assembly process of elements into the global system to be
resolved. This is a key idea to design a new system which
combines the accuracy of finite elements with the efficiency
of the techniques used for particle system.

4. Real-Time Garment Animation

Real-time garment animation poses the challenging problem
of how to perform very fast methods for the mechanical
computation and collision detection. Accuracy has to be
given up in favour of quicker methods that take advantage
of  geometrical  approximations and  contextual
simplifications.

4.1. Physically-based Simulation

Implicit integration [BAR 98] [CHO 02] and speed-
optimized derivatives [DES 99] [MEY 00] allow fast
simulation of mechanical properties of cloth. However, the
computation speed still remains slow for complex garments,
and these methods are still limited by the maximum number
of polygons they can animate in real-time.

In the specific of area optimizations for mechanical
behaviour, James et al. [JAM 99] have worked on real time
simulation. Their paper describes the boundary integral
equation formulation of static linear elasticity as well as the
related Boundary Element Method discretization technique.
Their model is not dynamic, but rather a collection of static
postures, limiting its potential applications. Debunne et al.
[DEB 00] have also recently introduced a technique for
animating soft bodies in real time. However, their method
works on volumetric meshes and is therefore not applicable
to thin objects such as cloth.

4.2. Collision detection

Collision detection is another bottleneck in the speed of
cloth simulation. Besides the traditional methods, specific
optimizations intend to address the problem of real-time
simulation. For instance, Vassilev et al. [VAS 01] propose
to use z-buffer for collision detection in order to generate
depth and normal maps. The computation time of their
collision detection does not depend on the complexity of the
body. However, the maps need to be pre-computed before
simulation, also restricting the real-time application.

4.3. Geometric approaches

Some other researchers have used geometrical approaches
[WEI 86] [AGU 90] [HIN 90] [NGG 95]. Geometrical
models do not consider the physical properties of the cloth,
therefore providing techniques that produce fast results.
However, these techniques are not able to reproduce the
dynamics of clothes. Moreover, geometrical techniques
require a considerable degree of user intervention. They can
be regarded as a form of advanced drawing tools.

4.4. Hybrid Approaches

Hybrid approaches aim to combine nicely physically based
deformation and geometric deformation. The idea of hybrid
approach stems from the following observation: physically
based simulations are slow to compute but produce realistic
results while simulations based on geometric method are
much faster but not really suitable to animate full clothes.
By combining advantages of the both approaches, one can
expect to have acceptable results within moderate



P. Volino, N. Magnenat-Thalmann / Part 1: State-of-the-Art in Virtual Clothing

computation time. In most cases, physically based models
are used to compute the global movements of garments and
the details such as wrinkles are generated with geometric
models.

Kang et al. [KAN 01] [KAN 02] improved the visual
quality of the garments of small number of polygons by
tessellating the triangles. With a cubic spline curve, their
tessellation algorithm can simulate the wrinkles. Oshita et
al. [OSH 01] use a similar approach to Kang et al. These
both methods are mainly applicable to flat surfaces where
physical simulation can be done with a relatively small
number (<1,000) of polygons. However, highly curved
surfaces, such as sleeves, need to be simulated with a higher
number of polygons.

Recently, Hadap et al. [HAD 99] have proposed to simulate
the cloth wrinkles with bump map. The global movements
of the mesh are simulated with a particle system. The
bump/displacement map is the product of a modulation map
and a wrinkling pattern. The modulation map is generated
by computing the local deformation of cloth triangles and
the wrinkling pattern is designed by the CG artist.

4.5. Example-Based Methods

Example-based approaches, also known as data-driven
deformations have become popular since several years.
They have been successfully used for motion data and other
graphical objects such as deformable human face and body
models. The main idea of example-based is to construct a
simulator that can learn deformations through a set of
examples. This simulator can be considered as a black box
computing for each input parameter (user interaction) the
corresponding output (the shape of the deformable object).
During the training phase, a set of meaningful input/output
data is given to the simulator, which learns. During the
runtime execution, the simulator upon receiving an input
computes the corresponding output. If the given input data
corresponds exactly to one of the samples, the simulator
will return the output of the sample. Otherwise, the returned
output will be interpolated using one of the interpolation
techniques such as RBF, k-nearest neighbours, neural
network, or linear interpolation, etc.

Grzeszczuk et al. [GRZ 98] have used a neural network to
animate dynamic objects. They have shown that physically
based models can be replaced by a large neural network that
automatically learns to simulate similar motions by
observing the models in action. The neural network is
trained with a set of samples that have been computed with
the physically based method. Not surprisingly, their
simulator works in real-time. However, it has not been
proven that the same method can be applied for complex
simulation such as clothes.

Very recently, James et al. [JAM 03] have proven that the
example-based approach can be successfully adapted to
cloth simulation. The examples of cloth simulation they
used had been calculated using commercial graphics
package. Their approach makes use of Impulse Response
Functions (IRF). Each IRF is indexed by the initial state x
and two user-modeled parameter vectors, ol and oF, that
describe the initial Impulse and persistent Forcing
respectively.

5. Garment Design and Simulation

A Since the first developments to produce simulated
garments on virtual characters [LAF 91] [CAR 92], cloth
simulation and garment animation has made its way not
only in computer research (fig.3) [VOL 97], but also into

commercial products aimed both for 3D computer design
and the garment industry.

Two kinds of products ace currently available: Those
oriented for general cloth simulation and animation, and
those specialized for draping and fitting garment models on
virtual mannequins. The first category offer tools for
simulating any kind of deformable surface mechanically.
They usually offer a simple mechanical model containing
only the basic mechanical parameters of cloth (stiffness,
viscosity, bending, and gravity) modelled as a spring-mass
particle system and simulated using state-of-the-art
integration techniques. They allow the computation of
realistic cloth animation, but do not provide any tool for
designing garments. The also offer general collision
detection schemes for interaction with any other objects.
These tools are usually integrated as plug-ins into 3D
design and animation frameworks. Among the main
products, there is MayaCloth integrated into Maya [ALI
04], Reactor [DIS 04], Stitch [DIG 04], SimCloth [CHA 04]
and ClothReyes [REY 04] for 3D Studio Max, Dynamics
integrated into Cinema 4D [MAX 04].

Figure 3: Virtual fashion: Real models and their virtual
counterparts.

The second category focuses on garment draping on virtual
mannequins for visualization (virtual fashion, web
applications) and prototyping purposes (garment design
applications). The CAD applications specialize the
simulation on pattern assembly and garment draping using
accurate mechanical models of fabrics, while the
visualization application take advantage of geometric
techniques for generating quickly realistic dressed
mannequins out of design choices. Both use pattern models
imported from professional pattern design tools (Gerber,
Lectra, Investronica). These tools also usually provide a
standalone environment for setting up the simulation and
visualizing the results. Among them, there is Toyobo
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DressingSim [DRE 04], Browzwear V-Stitcher [BRO 04],
or web applications such as FitMe.com [FIT 04] and
MIRALab's Virtual Try-On [MIR 04].
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Abstract

Despite numerous methods available for cloth simulation, virtual garment prototyping has yet to find its way
toward the garment industry, the main issues being simulation accuracy and the potentiality for reproducing
the complex behavior of complex garment models. These goals can only be reached through an optimal
combination of modeling techniques and numerical methods that combines high computation efficiency with the
versatility required for simulating intricate garment designs. We here describe optimal choices illustrated by
their integration in a design and simulation tool that allow interactive prototyping of garments along drape

motion and comfortability tests on animated postures.

1. Introduction

Garment simulation for prototyping application still
remains a challenge, because of the high complexity of the
simulation context, which goes far beyond the current
application fields of the available cloth simulation systems.

Facing the high requirements of garment designers toward
not only realism but also quantitative mechanical accuracy
on draping and motion, the complexity and diversity of real
garment models makes it a real challenge to design a
garment simulation system [12]. Among the main
difficulties are:

* The size of the garments, which can be meter-long and
yet need to be simulated at millimeter accuracy.

* The intricate and highly variable shape of the garments,
which interacts through complex contact patterns with the
body (which is itself a complex deformable entity), as well
as other garments.

* The highly deformable nature of cloth, which translate
very subtle mechanical variations into large draping and
motion variations which modify completely the visual
appearance of garment models.

* The highly intricate anisotropic and nonlinear mechanical
behavior of garments, requiring accurate measurement,
modeling, and complex numerical methods for their
resolution.

Mechanical simulation of cloth is a topic that is currently
well explored, and many systems are already able to capture
and simulate the mechanical properties of cloth. Among the
best known techniques, spring-mass-like particle systems
[4] take a large share, because these methods are fast and
versatile, but unfortunately quite inaccurate when it comes
to modeling complex anisotropic and nonlinear mechanical
behaviors. On the other side, accurate methods such as
finite elements [6] need huge computational requirements,
and are not suited for the simulation of complete garments.

Among existing tools aimed at garment prototyping, most
of them are focused only on draping, and are not suited for
delivering accurate simulations of garments on animated
characters. Animation is however a key issue in garment
prototyping, as the motion of garments accounts a lot for

the final visual look-and-feel of a dressing style. This
however requires the simulation to reach a higher level of
accuracy, with simulation of viscous behavior of cloth
materials along with numerical integration methods that
preserve the actual motion of the cloth surfaces along time.
While many cloth simulation applications are available as
commercial products, some of them capable of dealing with
complete garments, none offers the accuracy necessary for
an actual garment prototyping application, and therefore
none is currently used in the garment industry.

Figure 1: Complex garments are still challenging to
animate.

We here intend to present how to fulfill the requirements of
a garment designer, integrating state-of-the-art methods
which combine both requirements of mechanical accuracy
with the power and versatility required for simulating
complete dressing styles on animated characters. Among
the main features available for the garment designer are
pattern design with interactive garment fitting evaluation,
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high-quality animation previews on moving characters,
along with the possibility of managing dressing styles
composed by several complex multilayer garments with
many different materials and seamings [16].

We are putting emphasis on the following aspects:

* In Section 2, we describe a general mechanical model for
cloth, which combines the versatility of particle systems
with the accuracy of surface-based models, able to simulate
the complex anisotropic nonlinear viscoelastic behaviors
required for the accurate reproduction of the behavior of
cloth, not only for draping applications but also for dynamic
simulation of garment motion on animated characters.

* In Section 3, we discuss the particular problem of
numerical integration, putting particular emphasis on
studying the suitability of the various techniques to
dynamical simulation of moving cloth through evaluation of
their numerical damping.

* Several additional techniques required for simulating
complex garments are also discussed, such as collision
detection and processing techniques in Section 4.

* Finally, we show in Section 5 the results and the
potentialities of all these methods put together in a system
which is actually used to design and simulate complex
virtual garments models.

2. Simulating the Mechanics of Cloth

2.1. Mechanical Properties of Cloth

2.1.1. Description

The mechanical behavior of fabric is inherent in the nature
and molecular structure of the fiber material constituting the
cloth, and as well the way these fibers are arranged in the
fabric structure. Fabric fibers can be organized in several
ways in the cloth surface. The main structures are:

* Woven Fabrics: Threads are orthogonally aligned and
interlaced alternately using different patterns (such as plain
or twirl).

* Knitted fabrics: Threads are curled along a given pattern,
and the curls are interlaced on successive rows.

* Non-woven fabrics: There are no threads, and the fibers
are arranged in an unstructured way, such as paper fibers.

Woven fabrics are the most commonly used in garments.
They are relatively stiff though thin, easy to produce, and
may be used in a variety of ways in many kind of design. In
contrast, knitted fabrics are loose and very elastic. They are
usually employed in woolens or in underwear. This
structure greatly influences the mechanical behavior of the
fabric material, which is mainly determined by:

* The nature of the fiber: Wool, cotton, synthetic,...

* The thread structure: Diameter, internal fiber and yarn
structure,...

* The thread arrangement: Woven or knitted, and
particular pattern variation.

* The pattern properties: Tight or loose.
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These properties are critical to the stiffness of the material,
its ability to bend, and its visual appearance.

Figure 2: Different woven fabric patterns: Plain, Twirl,
Basket, Satin.

The mechanical properties of deformable surfaces can be
grouped into four main families:

* Elasticity, which characterizes the internal forces
resulting from a given geometrical deformation.

* Viscosity, which includes the internal forces resulting
from a given deformation speed.

* Plasticity, which describes how the properties evolve
according to the deformation history.

* Resilience, which defines the limits at which the structure
will break.

Most important are the elastic properties that are the main
contributor of mechanical effects in the usual contexts
where cloth objects are used. Deformations are often small
and slow enough to make the effect of viscosity, plasticity
and resilience insignificant. One major hypothesis is that
quasistatic models in the domain of elastic deformations
will suffice for models intended to simulate the rest position
of the garment on an immobile mannequin (draping).
However, when a realistic animation is needed, the
parameters relating energy dissipation through the evolution
of the deformation are also needed, and complete dynamic
models including viscosity and plasticity should be used.

Depending on the amplitude of the mechanical phenomena
under study, the curves expressing mechanical properties
exhibit shapes of varying complexity. If the amplitude is
small enough, these shapes may be approximated by
straight lines. This linearity hypothesis is a common way to
simplify the characterization and modeling of mechanical
phenomena.

It is common in elasticity theory to consider that the
orientation of the material has no effect on its mechanical
properties (isotropy). This however is inappropriate for
cloth, as its properties depend considerably on their
orientation relative to the fabric thread.
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Elastic effects can be divided into several contributions:
* Metric elasticity, deformations along the surface plane.

* Bending elasticity, deformations orthogonally to the
surface plane.

Metric elasticity is the most important and best studied
aspect of fabric elasticity. It is usually described in terms of
strain-stress relations. For linear elasticity, the main laws
relating the strain e to the stress s involve three parameters,
which are:

* The Young modulus E, summarizing the material's
reaction along the deformation direction.

* The Poisson coefficient v, characterizing the material's
reaction orthogonal to the deformation direction.

* The Rigidity modulus G, pertaining to oblique reactions.

Along the two orthogonal directions i and j, these relations,
named Hook's Law, Poisson Law and Simple Shear Law
relating the stress € to the strain o are respectively
expressed as follows:

,. ,. o

Cloth materials are two-dimensional surfaces for which
two-dimensional variants of the elasticity laws are suitable.
They are not isotropic, but the two orthogonal directions
defined by the thread orientations can be considered as the
main orientations for any deformation properties. In these
orthorombic cloth surfaces, the two directions are called
weft (u) and warp (v), and they have specific Young
modulus and Poisson coefficients, E,, v, and E,, v,
respectively. The elasticity law can be rewritten in terms of
these directions as follows:

O 1 E u v, E u 0 Eu

o, |= 1 Vu E v E v 0 €
-Vv.V

O o 0 0 G(l -V ) Eu

)

Energetic considerations imply the above matrix to be
symmetric, and therefore the products E, v, and E, v, are
equal. Considering isotropic materials, we also have the
following relations:

E

E=Ev=vG=——"
u vvu Vv 2(1—V)

G)

A similar formulation can be obtained for bending
elasticity. However the equivalent of the Poisson coefficient
for bending is usually taken as null. The relation between
the curvature strain T and stress y is expressed using the
flexion modulus B and the flexion rigidity K (often taken as
null) as follows:

TIIM BU O O 7/ uu
TVV = O BV 0 }/ w
Tuv O O K 7/ uv

“)

While elasticity expresses the relation between the force
and the deformation, viscosity expresses the relation
between the force and the deformation speed in a very

similar manner. To any of the elasticity parameters can be
defined a corresponding viscosity parameter obtained by
substitution of the stresses € and y by their derivatives along
time € and y’.

While the described linear laws are valid for small
deformations of the cloth, large deformations usually enter
the nonlinear behavior of cloth, where there is no more
proportionality between strain and stress. This is practically
observed by observing a “limit” in the cloth deformation as
the forces increases, often preceding rupture (resilience), or
remnant deformations observed as the constraints are
released (plasticity). A common way to deal with such
nonlinear models is to assume weft and warp deformation
modes as still being independent, and replace each linear
parameter E,, E,, G, B,, B, by nonlinear strain-stress
behavior curves.

2.1.2. Measuring the Mechanical Properties of Cloth

The garment industry needs the measurement of major
fabric mechanical properties through normalized procedures
that guarantee consistent information exchange between
garment industry and cloth manufacturers. The Kawabata
Evaluation System for Fabric (KES) is a reference
methodology for the experimental observation of the elastic
properties of the fabric material. Using five experiments,
fifteen curves are obtained, which then allow the
determination of twenty-one parameters for the fabric,
among them all the linear elastic parameters described
above, except for the Poisson coefficient.

Five standard tests are part of KES for determining the
mechanical properties of cloth, using normalized
measurement equipment. The tensile test measures the
force/deformation curve of extension for a piece of fabric of
normalized size along weft and warp directions and allows
the measurement of E, and E, along with other parameters
assessing nonlinearity and hysteresis. The shearing test is
the same experiment using shear deformations, which
allows the measurement of G. The bending test measures
the curves for bending deformation in a similar way, and
allows the measurement of B, and B,. Finally, the
compression test and the friction test allow the
measurement of parameters related to the compressibility
and the friction coefficients.

While the KES measurements allow determination of
parameters assessing the nonlinearity of the behavior curves
and some evaluation of the plasticity, other methodologies,
such as the FAST method, use simpler procedures to
determine the linear parameters only.

While the Kawabata measurements and similar systems
summarize the basic mechanical behaviors of fabric
material, the visual deformations of cloth, such as buckling
and wrinkling, are a complex combination of these
parameters with other subtle behaviors that cannot be
characterized and measured directly.

In order to take these effects into account, other tests focus
on more complex deformations. Among them, the draping
test considers a cloth disk of given diameter draped onto a
smaller horizontal disc surface. The edge of the cloth will
fall around the support, and produce wrinkling. The wrinkle
pattern can be measured (number and depth of the wrinkles)
and used as a validation test for simulation models.

Tests have also been devised for measuring other complex

deformation of fabric material, mostly related to bending,
creasing and wrinkling.
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2.2. Cloth Simulation Systems

Cloth being approximated as a thin surface, its mechanical
behavior is decomposed in in-plane deformations (the 2D
deformations along the cloth surface plane) and bending
deformation (the 3D surface curvature).

The in-plane behavior of cloth is described by relationships
relating, for any cloth element, the stress ¢ to the strain €
(for elasticity) and its speed €' (for viscosity) according the
laws of viscoelasticity. For cloth materials, strain and stress
are described relatively to the weave directions weft and
warp following three components: weft and warp
elongation (uu and vv), and shear (uv). Thus, the general
viscoelastic behavior of a cloth element is described by
strain-stress relationships as follows:

’ ! !
O-MM (guu > gVV’ gMV’ guu s gVV 2 EMV

’ ’ ’
O-VV (guu s gVV’ ‘("MV’ guu ’ gVV > guv )
! ! ’
O-uv(guuﬂngguv’guu ’gVV 3guv )

)

Assuming to deal with an orthotropic material (usually
resulting from the symmetry of the cloth weave structure
relatively to the weave directions), there is no dependency
between the elongation components (uu and vv) and the
shear component (uv). Assuming null Poisson coefficient as
well (a rough approximation), all components are
independent, and the fabric elasticity is simply described by
three independent elastic strain-stress curves (weft, warp,
shear), along with their possible viscosity counterparts.

In the same manner, viscoelastic strain-stress relationships
relate the bending momentum to the surface curvature for
weft, warp and shear. With the typical approximations used
with cloth materials, the elastic laws are only two
independent curves along weft and warp directions (shear is
neglected), with their possible viscosity counterparts.

The issue is now to define a model for representing these
mechanical properties on geometrical surfaces representing
the cloth. These curved surfaces are typically represented
by polygonal meshes, being either triangular or
quadrangular, and regular or irregular.

Continuum mechanics are one of the schemes used for
accurate representation of the cloth mechanics. Mechanical
equations are expressed along the curved surface, and then
discretized for their numerical resolution. Such accurate
schemes are however slow and not sufficiently versatile for
handling large deformations and complex geometrical
constraints (collisions) properly. Finite Element methods
express the mechanical equations according to the
deformation state the surface within well-defined elements
(usually triangular or quadrangular). Their resolution also
involves large computational charges. Another option is to
construct a model based on the interaction of neighboring
discrete points of the surface. Such particle systems allow
the implementation of simple and versatile models adapted
for efficient computation of highly deformable objects such
as cloth.

2.2.1. Spring-Mass Models

The simplest particle system one can think of is spring-mass
systems. In this scheme, the only interactions are forces
exerted between neighboring particle couples, similarly as
if they were attached by springs (described by an
force/elongation law along its direction, which is actually a
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rigidity coefficient and a rest length in the case of linear
springs). Spring-mass schemes are very popular methods, as
they allow simple implementation and fast simulation of
cloth objects. There has also been recent interest in this
method as it allows quite a simple computation of the
Jacobian of the spring forces, which is needed for
implementing semi-implicit integration methods (see
Section 3).

The simplest approach is to construct the springs along the
edges of a triangular mesh describing the surface. This
however leads to a very inaccurate model that cannot model
accurately the anisotropic strain-stress behavior of the cloth
material, and also not the bending. More accurate models
are constructed on regular square particle grids describing
the surface. While elongation stiffness is modeled by
springs along the edges of the grid, shear stiffness is
modeled by diagonal springs and bending stiffness is
modeled by leapfrog spring along the edges. This model is
still fairly inaccurate because of the unavoidable cross-
dependencies between the various deformation modes
relatively to the corresponding springs. It is also
inappropriate for nonlinear elastic models and large
deformations. More accurate variations of the model
consider angular springs rather than straight springs for
representing shear and bending stiffness, but the simplicity
of the original spring-mass scheme is then lost.

Figure 3: Using length or angle springs for simulating
cloth with a square particle system grid.

2.2.2. An Accurate Particle System Model

Because of the real need of representing accurately the
anisotropic nonlinear mechanical behavior of cloth in
garment prototyping applications, spring-mass models are
inadequate, and we need to find out a scheme that really
simulates the viscoelastic behavior of actual surfaces. For
this, we have defined a particle system model that relates
this accurately over any arbitrary cloth triangle through
simultaneous interaction between the three particles which
are the triangle vertices. Such a model integrates directly
and accurately the strain-stress model defined in Part 2.1
using polynomial spline approximations of the strain-stress
curves, and remains accurate for large deformations.

In this model, a triangle element of cloth is described by 3
2D coordinates (ua, va), (ub, vb), (uc, vc) describing the
location of its vertices A, B, C on the weft-warp coordinate
system defined by the directions U and V with an arbitrary
origin. They are orthonormal on the undeformed cloth
(Fig.4). Out of them, a precomputation process evaluates
the following values:

Rua=d™"! (vb - vc)
Rub =—d! (va - vc)
Ruc=d"" (va - vb)

Rva=—d' (ub - uc)
Rvb=d"! (ua - uc)

Rve=—d! (ua - ub)
with
d=ua (vb—vc)+ ub (vc—va)+ uc (va—vb) (6)
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During the computation process, the current deformation
state of the cloth triangle is evaluated using the current 3D
direction and length of the deformed weft and warp
direction vectors U and V. They are computed from the
current positions Pa, Pb, Pc of its supporting vertices as
follows:

U = Rua Pa + Rub Pb+ Ruc Pc 7)
V = Rva Pa+ Rvb Pb+ Rvc Pc

The current in-plane strains € of the cloth triangle is then
computed with the following formula:

Euu =|U|_1 Evy :lVl_l (8)
e p-n
uy ﬁ \/5

We have chosen to replace the traditional shear deformation
evaluation based on the angle measurement between the
thread directions by an evaluation based on the length of the
diagonal directions. The main advantage of this is a better
accuracy for large deformations (the computation of the
behavior of an isotropic material under large deformations
remains more axis-independent).

Pa

z
b >

Deformation in World Coordinates

Definiti&h in Fabric Coordinates Deformed fabric triangle

Figure 4: A triangle of cloth element defined on the 2D
cloth surface (left) is deformed in 3D space (center) and its
deformation state is computed from the deformation of its
wefi-warp coordinate system (right).

For applications that model internal in-plane viscosity of
the material, the "evolution speeds" of the weave direction
vectors are needed as well. They are computed from the
current triangle vertex speeds Pa', Pb', Pc' as follows:

U’ = Rua Pa' + Rub Pb' + Ruc Pc' 9)
V' = Rva Pa' + Rvb Pb' + Rvc Pc’'

Then, the current in-plane strain speeds €' of the triangle is
computed:

L UU L

(777 |U| vw T |V| (10)
o U)Ur) U-r)U-v)

“w [U+V|\2 lU-v|V2

At this point, the in-plane mechanical behavior of the
material can be expressed for computing the stresses o out
of the strains & (elasticity) and the strain speeds &'
(viscosity) using the curves discussed in Part 2.2. Finally,
the force contributions of the cloth triangle to its support
vertices computed from the stresses o as follows:

12

daf U A
Fa= -3 L(Rua Oy + Rva o‘uv)m+(Rua O, + Rva O'W)MJ (11)
Fb= —g ((Rub Gy + RVD aw)% +(Rub o, + Rvb aw)%]
Fe= —g ((Ruc O, + Rve o‘uv)% + (Ruc o, + Rve O'W)%J

It is important to note that when using semi-implicit
integration schemes (see Section 3), the contribution of
these forces in the Jacobian JF/0P and JF/0P' can easily be
computed out of the curve derivatives 0o/0g and the
orientation of the vectors U and V.

| >
Figure 5: Drape accuracy between a simple spring-mass
system along the edges of the triangle mesh (left) and the
proposed accurate particle system model (center). Color
scale shows deformation. The spring-mass model exhibits
inaccurate local deformations, along with an excessive
"Poisson" behavior. This is not the case with the accurate
model, which may still model the "Poisson" effect if needed
(right, with a Poisson coefficient 0.5). The spring-mass
model is also unable to simulate anisotropic or nonlinear
models accurately.

The model has been extended to handle anisotropic
curvature stiffness through bending momentums applied
along edges, for which the angle between the adjacent
elements give an evaluation of the local surface curvature
along the orthogonal direction. Additional mechanical
features are integrated in the model as well for simulating
the behavior of complex garment features (Fig.6).

Figure 6: The proposed model simulates accurately
anisotropic bending stiffness, with possible rest curvature
defined on the surface (left). Rest curvature may also be
defined along precise lines (center) . Lines may also carry
additional stiffness with their own custom rest length
(right). All these features bring lot of potentialities for
designing complex garment models.
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3. Numerical Integration

The equations resulting from the mechanical formulation of
particle systems do usually express particle forces F
depending on the state of the system (particle positions P
and speeds P'). In turn, particle accelerations P" is related
to particle forces F and masses M by Newton's 2nd law of
dynamics. This leads to a second-order ordinary differential
equation system, which is turned to first-order by
concatenation of particle position P and speed P' into a
state vector Q. A vast range of numerical methods has been
studied for solving this kind of equations.

We have conducted extensive tests for benchmarking
numerous integration methods, using performance,
accuracy, stability and robustness as criteria. We have
selected three candidates, each of which performs best in its
own context:

* Ist-order semi-implicit Backward Fuler, which seems to
be the best robust general-purpose method for any
relaxation task (garment assembly and draping) [1] [14].

* 2nd-order semi-implicit Backward Differential Formula,
which offers increased dynamic accuracy along time
(garment simulation on animated characters), at the
expense of robustness (unsuited for draping during
interactive design) [7].

* Sth-order explicit Runge-Kutta with timestep control,
which offers very high non-dissipative dynamic accuracy
(accurate simulation of viscous and dissipative
parameters in animated garments), at the expense of
computation time (requires small time steps depending on
the numerical stiffness, unsuited for stiff materials and
refined discretizations) [4].

Our implementation integrates these three methods, and
dynamically switches between them depending on the
simulation context.

3.1. Discussing Integration Methods

3.1.1. Implicit Integration Methods

The most widely-used method for cloth simulation is
currently the semi-implicit Backward Euler method, which
was first used by Baraff et al [1] in the context of cloth
simulation. As any implicit method, it alleviates the need of
high accuracy for the simulation of stiff differential
equations, offering convergence for large timesteps rather
than numerical instability (a step of the semi-implicit Euler
method with "infinite" timestep is actually equivalent to an
iteration of the Newton resolution method) [15].

The formulation of a generalized implicit Euler integration
is the following:

OQie+dry =9ty = Qs+ ar) At (12)

The derivative value is not known at a moment after t, and
is then extrapolated from the value at moment t using the
Jacobian, leading to the semi-implicit expression which
requires the resolution of a linear system:

( o
Ot+ary =9y = LI -a %g) dtJ Oy dt (13)

We have introduced the coefficient o, so as to modulate the
"impliciticy" of the formula. Hence, aa.=1 is the regular
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implicit Backward Euler step (stable), whereas o = 0 is the
explicit Forward Euler step (unstable), and o =1/2 is the
2nd-order implicit Midpoint step (most accurate, at the
threshold of stability).

The o parameter is a good handle for adjusting the
compromise between stability and accuracy. While
maximum robustness is obviously observed for large
values, reducing its value increases accuracy (reduces
numerical damping) at the expense of stability, and speeds
up the computation as well (better conditioning of the linear
system to be resolved).

Better accuracy can also be obtained through the use of the
2nd-order Backward Differential Formula (BDF-2), as
described by Hauth et al [7]. This uses the previous state of
the system for enhancing accuracy up to 2nd-order, with a
minimal impact on the computation charge. Its generalized
implicit expression is:

O+an =9 =8 (Q(z) - Q(z—dz)}L Olt+a dr) Ot
with _2a-1 and St— 2 dt (14)
2a+1 2a+1

And its semi-implicit expression is:

( oo 15
O+dny = Q) = LI - %(z) dtJ (ﬁ (Q(t) - Q(Hit))+ (o 51)( /

While a =1 is the regular implicit BDF-2 step, a = 0 is the
explicit Leapfrog method, and a. = 1/2 is again the implicit
Midpoint method. Best accuracy is offered for o =1/43,
where the method is 3rd-order (moderately stable).

Compared to Backward Euler, the main interest of the
BDF-2 method is that it exhibits better accuracy for
dynamic simulation over time (less numerical damping) for
moderately stiff numerical contexts (at the expense of
reduced robustness for nonlinear situations). For very stiff
contexts however, this benefit disappears.

While it is possible to implement higher-order BDF
methods, their interest is reduced by their lack of stability,
and high accuracy could be more efficiently reached using
high-order explicit methods. Stability of implicit methods is
also affected by the nonlinearities of the mechanical model.

Figure 7: Stability test: A square of cloth is initially
deformed with large random perturbations, and then
simulated using various timesteps.

3.1.2. Explicit Integration Methods

Unlike implicit methods, explicit methods do not offer
convergence to equilibrium if the timestep is too large
compared to the numerical stiffness of the equations. On the
other hand, they are very simple to implement, and much
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compute much faster than their implicit counterpart for
reaching a given accuracy. This is particularly true for high-
order methods, which offer very high accuracy if the
timestep is small enough, but diverge abruptly if it exceeds
a threshold (related to the stiffness of the equations). This is
why an efficient timestep control scheme is essential for the
implementation of these methods.

While the explicit 1st-order Euler and 2nd-order Midpoint
methods should be restricted to simple applications (beside
their simplicity, they have no benefits compared to their
implicit counterparts), a popular choice is the Sth-order
Runge-Kutta scheme with embedded error evaluation [11].
It is a six-stage iteration process where the computed error
magnitude can be used for controlling the adequate timestep
very accurately, depending on accuracy and stability
requirements. Unlike implicit methods, this method yields a
very good guaranteed accuracy (resulting from the high-
order, but which may require very small timesteps), which
is particularly important for problems where energy
conservation is a key issue (for example, evaluating the
effect of viscous parameters in the motion of fabrics)
(Fig.8). On the other hand, explicit methods are quite
unsuited for the fast relaxation of the static cloth draping
applications.

Dissipation (RK5)

0.07
0.06
0.05

0.04 Elastic
OKinetic
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0.02
0.01 A
0

T T T 1 T T T T Y T T T T f T

-0.01 101 201 301
Time (0.01s)
0.07 Dissipation (BDF1, 0.001s)
0.06 \
0.05
0.04
0.03 1 \ BElastic
’ OKinetic
0.02 + O Potential
0.01 A
-0.01 101 201 301
Time (0.01s)

Figure 8: Evaluation of numerical damping of various
integration methods using energy dissipation plots along
time(50cm x 50cm square cloth, initially horizontal,
attached along one edge, linear isotropic 100N/m,
100g/m2, 2cm?2 elements, no dissipative parameters). Sth-
order Runge-Kutta (up) accurately preserves the total
energy along time, a good amount of it being transferred to
elastic energy through small-scale mesh jittering (timesteps
between 0.0001s and 0.00001s). Implicit methods such as
Inverse Euler (down) damp small-scale motion.

Dissipation (BDF1, 0.01s)

BElastic
DOKinetic
O Potential

201 301
Time (0.01s)

Dissipation (BDF2.3, 0.01s)

B Elastic
DOKinetic
OPotential

Time (0.01s)

Figure 9: The 3rd-order BDF?2 variation (down) preserves
energy significantly better than Inverse Euler (up).

3.2. Implementation Issues

While there are no particular issues related to the
implementation of explicit integration methods, semi-
implicit methods require the resolution of large sparse
linear equations systems, which are mainly constructed
from the Jacobian of the mechanical law JF/0P and OF/0P'
(their sparse structure relates the mechanical dependency
between the particles). Among possible speed-up
approximations, the Implicit-Explicit method described in
[5] neglects the Jacobian terms generated by the non-stiff
forces (which are then explicitly integrated).

A choice candidate for resolving this linear system is the
Conjugate Gradient method, which is iterative and thus
offers compromise between computation charge and
symmetric accuracy, and which also allows efficient
implementation for sparse systems.

Among possible optimizations are linearization schemes
aimed at performing the computation using a constant
approximation of the Jacobian, so as to implement
preprocessing optimizations in the resolution. While giving
reasonable benefits for draping applications, these
approximations however generate large '"numerical
damping" that slow down convergence and alter highly the
motion of the cloth along time [2] [3] [8] [10].

The only solution for simulating the accurate motion of
cloth was indeed to use real value of the Jacobian
corresponding to the current state of the system. We have
taken advantage of the Conjugate Gradient method which
only needs the Jacobian matrix products with given vectors
to compute these products "on the fly" directly from the
system state, skipping the sparse explicit storage of the
matrix for each frame. Our system actually allows
performing partial linearization of the Jacobian, so as to use
the linearization ratio offering the best tradeoff between
motion accuracy and stability, depending on the simulation
context.

© The Eurographics Association 2005
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4. Collision Processing

Collision detection is indeed one of the most time-
consuming tasks when it comes to simulate virtual
characters wearing complete garments [9]. This task is
performed through an adapted bounding-volume hierarchy
algorithm, which uses a constant Discrete-Orientation-
Polytope hierarchy constructed on the mesh, and
optimization for self-collision detection using curvature
evaluation on the surface hierarchy. This algorithm is fast
enough for allowing full collision and self-collision
detection between all objects of the scene with acceptable
impact on the processing time (rarely exceeds 20% of the
total time). Thus, body and cloth meshes are handled totally
symetrically by the collision detection process, ensuring
perfect versatility of the collision handling between the
body and the several layers of garments [13].

Collision response is handled using a geometrical scheme
based on correction of mesh position, speed and
acceleration. This scheme ensures good accuracy and
stability without the need of large nonlinear forces that alter
the numerical resolution of the mechanical model. Our
model simulates contact forces through a perfectly damped
reaction model, associated to a Coulombian (solid) friction
model.

The implemented collision model ensures full mesh-to-
mesh collision response, which can deal with very complex
multilayer collisions configurations involving several
surfaces. The collision processing is therefore general
enough for handling contacts between the several garments
of a complex dress style, as well as the interactions between
complex fold patterns when animating ample gestures. The
model is also accurate enough for reproducing accurately
friction behavior, allowing for example pants to hold to the
waist with friction alone during character motion, without
"cheating" using geometrical attachments. Good stability
allows the simulation of complete multilayer garments with
millimeter collision thickness despite large cloth speed and
tension produced by complex character motion.

Figure 10: Efficient and robust collision processing is
important for simulating complex cloth.

5. An Interactive System for Garment Prototyping
While essential, computational techniques alone are not

sufficient for producing a powerful tool allowing accurate
and convenient creation and prototyping of complex

© The Eurographics Association 2005

garments. We have integrated all these techniques into a
garment design and simulation tool aimed at prototyping
and virtual visualization, and allowing fashion designers to
experiment virtually new collections with high-quality
preview animations, as well as pattern makers to adjust
precisely the shape and measurements of the patterns to fit
the body optimally for best comfort.

The high level of interactivity required by these features
necessitates simultaneous computation of the 3D garment
updated immediately to each design modification done to
the patterns. Our design and simulation tool provides a dual
view of the garment, featuring both the 2D view of the
pattern shapes cut on the fabric and the 3D view of the
garment worn by a virtual character, with tight
synchronization (Fig.11). Any editing task carried out in
one view is directly displayed in the other view.

Figure 11: Between real and virtual: Our system offers
high-quality garment simulation, along with highly
interactive pattern 2D-3D design and preview tools

allowing complex garment models to be designed efficiently
with many features such as seams, buttons, pockets, belts...
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5.1. Interactive Garment Editing Tools

The system features a fast Constrained Delaunay
triangulation scheme that allows the discretization of
complex patterns described as polygonal lines of control
points (2D locations on the fabric). The system allows
variable discretization densities over the mesh, as well as
size anisotropy (elements elongated in a given direction),
for representing adaptively complete garments from large
surfaces to intricate details.

The interactivity of the system is based on two main
features (Fig.12):

* Mesh mapping update: The 2D displacement of any
control point of the pattern shape on the cloth surface
immediately updates the mesh of that pattern on the cloth,
while leaving the 3D drape position of the cloth constant.
For obtaining this, each vertex of the mesh keeps track of a
weighted sum of the pattern control points, which is
computed during the triangulation process. This allows any
measurement or shape editing to be directly taken into
account by the mechanical simulation without any heavy
recomputation, for immediate feedback of any pattern
sizing adjustment.

* Mesh topology reconstruction: When the topology of the
pattern mesh is changed (rediscretization, new features,
etc), the 3D drape position of the new mesh is automatically
recomputed from the drape position of the old one. During
this process, advanced algorithms compute, for each mesh
vertex of the new mesh, the location of the surface of the
old mesh having identical 2D coordinates on the fabric.
Extrapolation methods are used for computing the location
of vertices which are located outside the old surface. This
allows pattern design changes (new features, darts, seams...)
to be added and modified without needing re-assembling
and re-draping the garment on the virtual body.

5.2. Interactive Garment Prototyping

Put together, these techniques greatly enhance the workflow
of garment prototyping. For instance, an initial garment
could be quickly draped over a character using a rough
mesh. Then, the designer could enhance the pattern shapes,
while mesh mapping update automatically alter the
mechanical state of the draped garment, changing the
draping shape. Once the garment design is ready, a high-
accuracy drape is automatically produced using topology
reconstruction with a refined mesh.

Combined with the accuracy and speed of the proposed
mechanical simulation engine, tasks such as comfortability
evaluations are open to the garment designer, through the
addition of several visualization tools, such as (Fig.13):

* Preview of fabric deformations and tensions along any
weave orientation.

* Preview of pressure forces of the garment on the body
skin.

* Immediate update of these evaluations according to

pattern reshaping and sizing, fabric material change, and
body measurements and posture change.

16

Figure 12: Interactive garment design: From an initial
draped pattern (A), editing the 2D contour of a pattern
while keeping its 3D shape constant (B) allows mechanical
simulation to smoothly drape the pattern to its new 3D
shape (C). If pattern editing involves topology or seaming
changes (D), the pattern surface is automatically
reconstructed in the same position (E) using interpolation if
necessary, and simulation performs the draping (F). The
surface may be refined at any time (G) for more accuracy.

© The Eurographics Association 2005
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Figure 13: Interactive garment prototyping and comfort
evaluation: More than the garment shape and appearance
design (left), the system also allows mechanical
comfortability data to be evaluated directly with any
change of the pattern design and sizing (right).

Dynamic surface remeshing allows the best compromise
between accuracy and computation speed to be selected
adaptively according to the needs of the garment designer.
For instance, while the garment assembly process can be
carried out in a matter of seconds using an approximate
mechanical model on a rough garment surface mesh, the
garment designer may then switch to a more accurate model
for tasks such as accurate draping and comfort evaluation.
The model is still efficient enough to react interactively to
design changes with garments made of ten thousands
polygons, an accurate draping being obtained in a few
minutes. Practical geometric accuracy is roughly limited by
using 5 millimeters elements (Fig.14). Using time-accurate
computation on animated characters, a high-quality catwalk
is computed in a matter of a few hours.

5.3. Perspectives

Interactive design can already be used for creating fashion
models that have enough realism for reproducing accurately
the behavior of real garments. More than draping, our
system is able to compute realistic animations thanks to
good time-accurate numerical techniques applied to
viscoelastic mechanical models of cloth.

The core technologies of this system are now being adapted
to actual needs of the garment industry through
collaborative projects, which deal on mechanical
characterization ~ of  fabrics, virtual  prototyping,
manufacturing processes, e-commerce. Although some

© The Eurographics Association 2005

advances are still welcome in the area of efficiency and
accuracy of mechanical simulation techniques, the
challenge is now to create new tools that will ensure to the
garment industry a smooth transition from tradition to novel
possibilities offered by virtual simulation.

Figure 14: Virtual prototyping: Displaying weft constraints
on an animated body (from standing to sitting). Element
size is Smm.
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Abstract

Physical models and numerical solvers are the main part of evergigdilycloth simulation. Application areas
range from pure visual effects for film and entertainment industry to ddimgwirtual try-on scenarios, where in
all cases a high degree of physical realism combined with fast computaties is needed. Therefore, research
in cloth animation has focused on improving realism as well as computatipesds and significant advances
have been made over the last years. In this part of the tutorial, we wiluggsphysical models for cloth ranging
from simple mass-spring systems to continuum-based patrticle systerfastfidite element solutions. Then, we
will describe several explicit and implicit time integration schemes and eosrthem with respect to stability and
performance.

Finally, we will discuss interaction techniques to provide to the user a tailoffitirly room in order to manipulate
garments in three-dimensional space.

1. Introduction and Overview physical models that have been employed for cloth anima-

. L . tion in the past, ranging from discrete mass-spring and par-
The area of physically based modelling is situated at the in- yjoe systems to finite element solutions for continuous cloth

tersection of computer science, mathematics, physics, and o 4ejs. Then, we will explain explicit and implicit numeri-

material sciences. The animation of cloth is a particularly in- cal methods for the solution of the arising ordinary differen-
teresting application of physically based modelling, because tial equations

it aims at fast animation solutions for rather difficult physical
problems. Moreover, it addresses one of the major difficul-

ties in creating realistic scenes with virtual actors. .
2. Physical Models

The challenge of computer animation is to extract physi-
cal models for complex structures such as textiles, approxi-
mate them efficiently by mathematical algorithms, and run
fast simulations with intelligent numerical methods. The

Models for the draping of cloth have been designed with dif-

ferent objectives. A common objective in computer graphics
is to generate convincing and visually pleasing pictures and
range of methods proposed in literature is quite large. The flms: For that purpose, physics may be ignored or simplified

techniques vary from simplified methods designed specifi- [0 @ certain extent. A different (engineering) objective is to
cally for real-time applications to sophisticated methods that PréServe measured physical properties in order to map real

were designed to reproduce measured material properties.Materials onto a simulated cloth. This, for instance, is in-
Due to improved algorithms and faster computers, it be- dispensable in commerce applications, in which a customer
comes possible more and more to use advanced physicalseleCtS clothes based on a simulation and relies on the mate-

models and still achieve fast animations rial properties for the fit. Additionally, in computer graphics,
this also should lead to an animation that is fast and allows

In this part of the tutorial, we will first discuss several interaction with a complex scene.

(© The Eurographics Association 2005.
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s(u,v)  deformed surface

r(u,v) (local, partial) rest state of surface
d(u,v) displacement

particle positions

particle velocity

strain (tensor)

stress (tensor)

elastic tensor

viscous tensor

scalar product of vectomsandb
Laplaciansxx + Syy + Szz

partial derivative of with respect tal

[T,
O
~

PPy OU0OQ® S x

Table 1: Notation in this section

In the following, we will start with relatively simple mass-
spring and particle systems. After that we will describe how
discrete and continuous models aim at preserving real mate-
rial properties.

2.1. Discrete Models

All models which we take into account have in common that Figure 2: Provot's mass-spring system with (1) structural

they discretize the cloth by a polygonal mesh (figure 1). The springs, (2) shear springs, and (3) bending springs

vertices of this mesh are called particles or (mass) nodes.

In discrete models, the mesh topology defines, how these

particles interact and exert forces on one another. wherek;; is the elastic modulus of this spring amgl its
Given the mesh describing the cloth, forces on each parti- '€St length. The spring constant depends on the type of the

cle are computed depending on its own position and velocity, SPring. For the structural forces they are very large, whereas

and the positions and velocities of a set of particles within for the bend and shear forces the springs have small values.

its topological neighbourhood. When the force functfn The different constants are related to the respective forces

for each particle has been determined, Newton’s equation of acting in real materials. Obviously, there is a strong interde-
motion yields their respective movement. The trajectory of Pendence between the different kinds of springs leading to

each particle with mass; at positionx; is computed by nonlinear, uncontrolled effects. The diagonal shear springs,
> for instance, also lead to additional tension and transversal
F(x,v) =m- % . (1) contraction.

H denotes th ; taini " el i Furthermore, in our model we need viscous forces to ac-
erex denotes the vector containing all paricle positions .,y for energy dissipation due to internal friction. These

a_mdvthe vector of all particle VEIOC'.t'eS' l\_lote_ tha.‘t sincepar ¢4rces damp out kinetic energy and depend on the velocity
ticle systems already represent a discretization in space, onlyof,[he object. Itis a common technigue to model these effects
a system of ordinary differential equations has to be solved. for each spring by

The systems presented in literature differ by their methods
of computing the forces. F,? (X) =dij(vi —vj) . 3)

Since these terms depend linearly on the involved velocities
they are particularly well suited for the subsequent numerical
In mass-spring systems, particle interaction is solely mod- integration. However, there are two major disadvantages of
elled by linear springs. Provot [43] proposes a mass-spring this simple formulation as it also penalises rigid body rota-

system for textiles and uses a rectangular mesh in which tions of the respective particles. Moreover, high damping of
the particles are connected by structural springs to counter- a structural spring prevents the object from bending. Hence,
act tension, diagonal springs for shearing, and interleaving this simplified damping makes the deformable object move
springs for bending as shown in figure 2. Forces by linear rather stiffly. These effects are alleviated by modelling a stiff,

2.1.1. Mass-spring systems

springs between two particlesatandx; are given by damped spring accurately by
Xi — Xj (Vi —Vj,Xi —Xj)
RS = kij (|[xi —xj [ —1ij) o, 2 R =TT (g —xg) 4
IJ( ) kl](” 1 JH IJ)“Xi_Xjn ( ) 1] 1) Hxi—Xsz ( 1 ]) ( )

(© The Eurographics Association 2005.
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Figure 1: Textiles are discretized by polygonal meshes. Image (a) shows agbielcth modelled as a quadrilateral mesh. The

shirt in image (b) is represented by an unstructured triangle mesh (c).

@)

This is the same linear damping term (3) projected onto Only for elongation equation (2) is applied, for compression,

the direction of the spring. Unfortunately, in many cases the structural springs remain in rest length. To this end, the
mesh particles have to be replaced out of the plane, result-

this term complicates the implicit time integration (cf. sec-

tion 3.1.3). Finally, in order to run the simulation, we only ing in a buckling behaviour of the mesh. This is done by

have to sum up all spring forces and plug them into equation a geometric condition which is integrated into the equation
of motion. By this method wrinkles appear on the simulated

@-
piece of cloth when compressed like in real cloth.

In several approaches [43, 15, 34] for mass-spring sys-
Although simple mass-spring systems do not model any

tems another popular idea is exploited. It is motivated by a
biphasic behaviour of textile materials as shown in figure 3, specific material and are not related to measured properties

i.e. initially the material yields to an exerted stress easily but of real clothes, they are capable of producing pleasing ani-
appears to be extremely stiff in a second phase. This effect is mations that are sufficient in many computer graphics appli-
imitated by rather small spring constants that model the first cations. Visually very convincing animations based on a par-
phase. In order to model the second, almost rigid phase, theticle system with a sophisticated approach to handle bending

system is post-processed after each time step if the springsbehavior of cloth were presented in [9].

are elongated too much. In this process, iteratively all parti-
cle positions are modified such that a certain maximum elon-

gation is not exceeded. Such a post-processing is justified for
simple mass-spring systems that do not model specific ma- |n their book on cloth modelling [32], Donald House and

terial properties anyway. Note that the result depends on the David Breen state thaCloth is a mechanism, not a con-
tinuous material. Consequently, some attempts have been

order in which the spring elongations are corrected.
made to model clothes by the interaction of discrete threads
that are interwoven in textiles.

Some discrete systems that have been developed in com-
puter animation for the animation of clothes and other sur-
faces have the advantage that they allow fast simulations. In
particular, particle systems have been successfully used for
rapid animations. We can consider the quadrilateral mesh

Force that is described by the mass nodes and structural springs
in Provot's mass-spring system as a network of interwoven

threads, in which one thread is given by a chain of structural

springs. Different threads can interact at the mass points,

2.1.2. Representations of Cloth as discrete Mechanism

Elongation

Figure 3: Biphasic spring modelled by post-correction

Recently, Choi and Ko [9, 8] have proposed another tech- where shear, bend, or other internal forces apply. In order to
nique to model a biphasic behaviour of the structural springs. model the interaction of threads, more complex forces than

(© The Eurographics Association 2005.
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pure spring-forces are added to the system and yield a more
general particle system.

Most particle systems use potential functions for tension,
bend, and shear energy. These energies are chosen to
correspond to standard experiments (Kawabata [35]) to
measure textile properties. Hence, the measurements from
one experiment are used to model one specific energy
function. All energies are modelled on a rectangular grid,
where each particle interacts with its four direct neighbours.
The grid is aligned with two distinct directions that are
apparent in textiles (in woven materials they are called weft
and warp direction). The materials show different properties
in these directions and each experiment has to be carried out
for both directions.

(/)
[ ]/ [T/

////[/////

The tension energy is evaluated for each particle and de-
pends on the four neighbours of that particle in a rectangular
mesh. The tension energy of a particle at positigis
a [ ACui(lIxo—xill—li—hyi)® if |lxo—xi[l >1i, Figure 4: Shear and bend energy in a particle system (image
E = Zx by Eberhardt [18])
i= %Ctz,i(llxo—)(ill—li—htz‘,i)5 it [xo—xi|l <li,
®)

wherel; are the rest lengths between particles @ydand
h; are material parameters. They can be used to fit measuredwidely used as well and can be constructed with almost the
data by a piecewise linear curve. The energy is computed same set of forces. However, their physical properties are
from a strain(||xo — Xi|| — i), and the strain-stress relation is hard to control and depend on the topology of the mesh. Fur-
modelled piecewise cubic or quintic. If we introduce a linear thermore, they usually show a very strong transversal con-
strain-stress relationship by replacing the exponents with 2 traction. This motivated Volino [49, 51] to extend the con-
and seth  := 0, we obtain linear spring energies related to cept of triangular mass-spring systems. In a triangular mesh
the spring forces in equation (2). the deformation of each face is uniquely determined by the
elongation of its edges. Forces acting on each of its parti-
cles can be formulated depending only on these (vectorial)
41 n P elongations. This results in a particle system in which the
Es= ;QCS(‘“ T hs,) ®) forces on one particle do not only depend on adjacent edges
B but on the elongations of all edges of all faces incident to
the considered particle. The coefficients of these dependen-
2, ) cies are the material constants and allow a flexible mod-
Ep= Z SCo(Wi =Tt hp)". (1) elling of the physical properties. This model was extended to
1= modelling measured physical data in [53]. In a particle sys-
Here Cs,Cy, and hgj, hyj are the material constants. These tem model viscoelastic behaviour is relates to cloth triangles
energies implement hinges functioning like springs that lin- through simultaneous interaction between its three particles.
early depend on the shear angland the bend anglg, re- The strain-stress relation is defined by polynomial spline ap-
spectively. These are the angles formed by the incident edgesproximations of the measured strain-stress curves.
as depicted in figure 4.

The shear energy is modelled as

and the bend energy as

_ _ ) _ The cloth simulation by Baraff and Witkin [3] also is
All derived energies are combined to compute the final based on a particle system for triangle meshes, however
forces to be plugged into equation (1): without the objective of fitting to real material data.

F = —gradE + Es+ Ep + Eexternal-
In this section, only elastic forces have been discussed. Vis- 2:2. Continuous Models
cous forces should be modelled in the fashion of section Although clothes are not homogeneous, continuous objects,
2.2.7. modelling them as discrete mechanism involves complica-
tions. As we cannot represent each single thread in a textile
by an edge in the mesh, we have to choose a certain resolu-

Until now, we only have considered particle systems based tion of the object. If we want to be independent of this reso-
on rectangular meshes. Triangular mass-spring systems aredution, we need to represent a patch of textile as a continuous

2.1.3. Triangular meshes
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material, which allows us to use low resolution models with- mapping. TherG coincides with Green’s strain tensor
out loosing basic material properties.
9 prop G_l( (susu) =1 (susv) )

From a continuum model a consistent discretization can 2 (su,Sv) (sv,sv) —1
be derived. Consistency here means that the computed solu-
tion of the discrete problem converges to the accurate solu-
tion for the continuum when the resolution is increased. That
allows us to switch from one resolution to another without
changing the properties of the cloth. Therefore we will de-
scribe the foundations of the continuous theory, and present

a particle system that can approximate this theory. Moreover,
k

d

—_—

we describe a linear finite element solution for cloth model-
ing which provides about the same performance as particle
systems if implicit time integration methods (section 3.1.3)
are employed.

UxVv

2.2.1. Descriptions of Strain

Continuum mechanics is the standard theory to describe and _ _ _
model deformable objects, and the following elaborations Figure 5: The reference configuration: the rest state is

are based on several text books [7, 10, 40, 46, 5]. parametrised by a mappingon a space U< V. By defor-
mationd it transforms into the deformed (strained) configu-

The basic quantities of continuum mechanics strain, ration, which is parametrised by the mappisg

which is a dimensionless deformation notecebgndstress

which is a force per length for surfaces or per area for vol-

umes and is denoted lay In the case of a one-dimensional Green’s tensor, unfortunately, is nonlinear and yields

spring, these entities are scalars: the strain is its elongation fourth order terms in the energy formulation, which are com-

per length, while the stress is the spring force. In the case of putationally very costly and lead to various numerical prob-

surfaces or volumes, these entities are tensors. lems. Linear elasticity theory would allow much faster ani-
Surfaces are more complicated than a one-dimensional mations. It makes use ,Of the I_inear approx_imatior_1 of Green's

spring, and the description of strain is more involved. Tex- tensor, called Cauchy's strain tensor. It is obtained by ne-

tiles can be described as regular surfaces (in the sense of dif-gl',sc“r?g terms of orderf rggher’than one ;]n thi dlspla(;gment
ferential geometry [16]). The deformation of a regular sur- in the components of Green's tensor, here for two dimen-

face embedded iR® is described by a strain tensor with sions:

respect to a certain undeformed reference state. In this equi- (s,su)—1 = (e +duy,e;+du)—1

librium state, denoted by, the object is not deformed, and 2

the elastic energy is zero. Letbe parametrised over a do- = 2(du,ey) +0(d")

mainU x V. Under forces the rest state deforms to a state (sv,5v) =1 = (&2 +dv,e2+0dv) -1
d?)

s(u, V). Its displacement is a mappindefined byd(u,v) =

s(u,v) —r(u,v) as depicted in figure 5.

)

(su,v) = (e1+du,e2+dy)

The difference of the first fundamental forrasandl, of 2
the current state and the equilibrium state of the object de- (du, &) +{dv, &) +O(d") , ©)

scribes the in-plane strain and defines a nonlinear strain ten-where(ey, ;) is the Cartesian basis &. Thus, Cauchy's

sor [39] tensor can be written as
G=30s—1) = ®) :( d %(d%+d5>)
sdi+dh) & ’

1 ( (su,u)  {Su,Sv) ) 1 ( (rusru)  (ru,rv) )
2\ (s (ssy) 2\ (rwr) (rwry) ) where the superscripts denote the vector components. Lin-
For planar surfaces, the deformation is defined uniquely by ear elasticity is based on this linearised strain tensor and
the difference of the metrics of these states. As a piece of yields much simpler formulations. In particular, it results in
cloth is a surface embedded in three-dimensional space, thelinear partial differential equations. These linear equations
curvature tensors (second fundamental forms) have to be are widely used in engineering and lend themselves to finite
taken into account as well. Terzopoulos and Fleischer [48] element formulations very easily.

developed a model for animated surfaces based on the en-

The strain tensor of linear elasticity, as we have seen, is
ergy due to these tensors.

derived from Green'’s strain tensor by linearisations in the
Commonly, the rest stateis assumed to be the identity  deformations, i.e. the displacemah{figure 5) is assumed
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to be small, and all terms of order two or highediare ne- i.e. the object position is described by the mid-surface pa-
glected in the strain tensor. For this reason the linear theory rametersu,v and the height over the mid-surfaeein the

is not appropriate for highly flexible objects like clothes, it direction of a directod that has unit length.

only applies to small displacements. It is therefore not in- From this description a three-dimensional strain and stress
variant under rigid body rotations and leads to unphysical tensor is derived. Shells comprise (in-plane) membrane
behaviour if the object or a part of it is rotated. As animated forces as well as bending forces. Some authors [19, 33, 23]
surfaces can bend strongly, the displacements become verymodel textiles and other thin deformable objects accurately
large, although the respective deformations remain small. by a nonlinear shell theory. In order to solve the resulting

Thus, a linearisation with respect to a global reference frame nonlinear PDE’s, the system is discretized by finite elements,
is not applicable to cloth animation. However, we will see and Newton’s method is used to compute an equilibrium so-
later (in sections 2.2.5 and 2.2.6) that a linearisation with lution.

respect to a local reference frame is feasible.

2.2.4. Description of Clothes in a Linear Theory

2.2.2. The equation of motion A characteristic property of textiles is orthotropy. Linear, or-

So far, we only have dealt with the description of strain. In  thotropic materials possess two orthogonal symmetry axes in
linear elasticity, also the relation between the stress temsor continuum mechanics. This reduces the number of free elas-
and straire is assumed to be linear, and the dependence is tic material constants (entries in the elastic tensor) to four re-
given by the elastic tens@. This is formulated by Hooke’s lated to in-plane deformations. The symmetry axes or direc-
law: tions in a woven material are the weft and warp directions.
The textiles show very different physical behaviour in these

Gij = Cijui & - (10) directions, and this characterises the materials. Therefore,
C is a symmetric rank-4 tensor containing the material prop- material measurements are carried out for the two directions
erties. Here, symmetry mea@gy; = Cyij as well aij = independently [35]. The two Young modij := Cy;17 and
Cjiki - Hooke’s law is used to compute the stress tensor in the k2 :=Cz22 the shear modulys:= Cy212=Cz121=Co112=
equation of motion of a continuous elastic material: Ci221, and the parametél; 127 = Cz211, Which controls the
5 transverse contraction, have to be taken into account as elas-
pLs —divo=f, (11) tic constants to model the in-plane stress. Additionally, the
at? bending modulB; andB, describe the curvature elasticity

wherep is the mass density and the divergence of the stress in the weft and warp directions.
o yields the force density due to the interior energy of the
elastic object.f denotes an external force density (e.g. the
gravity force density - g). Equation (11) is a partial differ-

Unfortunately, the strain/stress relation in textile materials
is highly nonlinear, and approximations to these nonlinear

. : . roperties hav nani in computer animation. Gen-
ential equation (PDE) that has to be solved over time and the properties have been an issue N computer animatio Ge
erally, the nonlinear stress-strain relation is modelled by a

parameter domain of the surface. A standard procedure is piecewise linear function. This can be achieved by updat-

to semidiscretize the system in space with finite differences . .
. O . o .~ ing the the elastic tensor according to the current slope of
or finite elements. This eliminates all spatial derivatives in

the equation and reduces the PDE to an ordinary differential ;gfesé?éﬂliitrrfjssfe urvir[,%fy]{e?ge ur%c;it;}nﬁsés] ?:?)rnns?;jt;lijr: ?ﬁé
equation (ODE) in time that can be solved by a suitable in- P. pp

tegration method. This way, we reduce the PDE (11) to the approxmatlon of th? meas_ured s_tress/straln by a polynomial
spline already mentioned in section 2.1.3.
ODE of the form (2).

223 Bend forces 2.2.5. Continuous Theory and Particle Systems

As we have seen, Cauchy’s stress tensor is not valid for
large displacements. Green'’s strain tensor, however, impedes
a rapid numerical solution and makes implicit time integra-
tion very difficult (see chapter 3).

Bend forces cannot be derived from the standard strain ten-
sor because they are out-of-plane forces and arise only due
to a volumetric property of the (thin) object (an ideal surface
does not exhibit bending forces). Hence, there are basically
two possibilities of deriving bending forces. First, we can In this section, we will show how the diagonal compo-
simply add some bending forces to the in-plane forces, de- nents of the strain tensor can be linearised locally to alle-
rived for instance from a Laplacian formulation or from a viate the solution of the ODE. From this model, we can
thin plate energy. Second, the cloth can be modelled as a derive a particle system that models continuous objects by
thin volumetric object. In this case, shell theory provides the a finite difference discretisation. This elastic model will be
appropriate mechanism. Shells are thin objects which span summarised here briefly. For details we refer to the full arti-
over surfaces. The shell is parameterised by a mid-susface cle [20].

x(u,v,w) = s(u,v) +wd(u,v), Given the deformed surfacgu,v), we approximate the
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stress tensor by
U< sy, >

ksl -1
‘“( 1 ke(lls — 1) > (12)

u<sis>
whereky, ko, andp are the elastic material constants. This

triangle, we define a submatrif}) € R?*?

2
m _ aNa - aNb
[Kab]ij = (k. 2 Tui Cikj Tuj

whereC is the elastic tensor that contains all elastic material

> QT (14)

tensor is plugged into the equation of motion for continuous
objects (11). In particular, in the strain tensor the dominating
diagonal components have been linearised with respectto a  The stiffness matria € R¥3" wheren is the number of
local rest frame. Thus, the numerical solution is alleviated. Vertices, is assembled from all matrid€§, for all triangles.
From the diagonal components of the stress tensor we derive It consists oh x nsubmatrices that are computed as follows:
the following expression for the stress by finite difference

discretization:

properties.

0
ky,2 Ko
Gii = 55~ (IIxi =Xl = 1), [Alab = [m|Tm€zl'(a,b) ab} 0 | er¥?
0 0 0

wherel is the rest distance between the particleg;and
Xj. Linear spring forces result from approximating the di-
vergence of the diagonal entries in the stress tensor

—Xj)

Note that thef; ; are actually force densities as we have con-
tinuous objects.

Herel (a,b) is the set of all triangles containing vertice®.

We denote the displacement, position, and velocity vec-
tors that store the values of allvertices byd, x,v € RS,
respectively. The force vector is then computed by

F(x) = Ad = A(X—X),

wherex is the vector of the vertex positions in the deformed

Additionally to the stretch forces, shear forces can be ap- state and the vector of positions in the rest state. This force
proximated similarly, and bend forces can be derived from a formulation is valid as long as the surfaces remain in the
thin plate energy (see [20]). (x,y)-plane.

For rectangular meshes it can be verified that this parti- ~ As mentioned previously, large rotations prevent the us-
cle system approximates the accurate continuum model with age of the linear strain formulation. Hence, in each time step
linear precision, i.e. we have convergence to the accurate so-we are going to remove these rotations before computing the
lution when the resolution is increased. For general quadri- deformation forces (similar ideas have been used for three-
lateral meshes, the solution still converges, but does not pos-dimensional deformable objects in [42] and [30]). This is
sess the approximation property. equivalent to the construction of a rotated rest state and the
linearisation with respect to this rest state. The key here is the
polar decomposition of the deformation gradient. The defor-
mation gradient] can be decomposed into a rotatiBrand
a pure deformatiok) with

J=R-U.

XifXj
X =Xl ]

(13)

2.2.6. A Linearised Finite Element Model

The approach described in the last section works only for
regular quadrilateral meshes. Therefore, a linearised finite
element model for cloth which works for arbitrary unstruc-
tured triangle meshes has been developed [21]. It is particu-
larly designed for numerically stiff materials such as textiles  In the two-dimensional case the polar decompositioncan
because it yields linear equations in each time step and al- be calculated directly via an eigenanalysis with respedt to
lows fast time stepping in an implicit integration method (cf. and is carried out as follows:

section 3.1.3). 1. ComputeJ? = JtJ
For the moment we assume that all forces and displace- 2. Compute the eigenvalués, A, and eigenvectorsy, v,

. . 2
ments are in the (x,y)-plane, and that the small displace- ofU . .
ment assumption holds. For this case, we state the finite ele- 3. ComputdJ = \/)‘jllvlvl +1/A2vavy
ment formulation for linear elasticity as presented in several 4. ComputeR = JU

text books (e.g. [5]). Given the surfasg, up), we denote Since we use linear finite elements, the magiis con-

the linear form functions of the linear finite element space gtant on each triangle. Hence, the polar decomposition gives
by Nj(uy,Uz). For each triangl@m(a, b,c) we compute the 5 5 unique rotatioR™ for each trianglélm. This rotation is
form factors%—':ij,j =a,b,c,i = 1,2 in the rest state (these used to move the deformed triangle back to a planar state in
form factors replace the rest lengths of the springs in a mass- the (x,y)-plane, compute the elastic forces with linear elas-
spring system). Also we compute the triangle ar@as in ticity there, and finally rotate the computed forces back in
the rest state. Then we construct the stiffness matrix as fol- 3D space. For that purpose, we have to transform the dis-
lows. For each trianglém and each vertex paig, b) of this placement vectors before the multiplication with the local
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stiffness matrix. The force vector that is the result of the mul- instance, we have to solve
tiplication has to undergo the inverse transformation. One 1 ~ —
local stiffness matrix for edge (a,b) computes forces as fol- Vi = Vo+hM™"(Axy +Ax + By — AX+ fext)
lows: X1 = Xo+hvy

F(X) = R'KI(R™M'xa — R™KMXa with time steph. Note that the subscripts denote the time

B indices here. From this, we obtain the linear system
Note that the planar rest state positianis already in 2D

2 2%
space and only the results of the multiplication need to be (M—h"A—h"A—hB)v; =

rotated to 3D space. Hence, we define the transformed local Mvy + h(Ax+ Axg — AX+ fext)-
stiffness matrices as

Q" — RM.K™.R, . 2.2.7. Viscosity and Hysteresis in Textiles

Q" = R™.K™, Regarding the nonlinear behaviour of cloth figure 6 shows

_ a typical strain/stress curve that can be measured when a

whereR™ € R%*2 Q" e R%*3, Q™ e R®*2. The global stiff- textile patch is stretched and relaxed. Hysteresis effects ap-
ness matrices are then assembled from the mat@Ceand pearing as in this figure are due to energy dissipation. When
Qm: the material deforms under external forces, the strain/stress

relation is described by the upper branch of the hysteresis.
When it is released and contracts again, this relationship is
[Alap = Z Qb , (15) described by the lower branch and the area between both

m|Tm€ET (a,b) branches is proportional to the dissipated energy.
[A} ab — 2 ab -
m|Tmer (a,b) ﬁorce
The global force vector is computed by ey
F(X) = AX— AX.

Elongatior

Similarly, bend forces can be derived from a finite ele-
ment formulation of the Laplacian operator projected onto
the surface normals. Then, they can be evaluated as

Figure 6: Hysteresis

F(x) = Ax
Moreover, linear viscous forces can be derived by replacing There are several causes for energy dissipation when mod-
the elastic tenso€ by the viscosity tensoD (cf. equation  elling deformable objects. Here, we focus exclusively on in-
(17)). These viscous forces result in a similar matrix formu-  trinsic effects, i.e. those that do not depend directly on ex-
lation and are evaluated by ternal forces like friction due to fluid flow (wind). Internal
F(v) = B friction depends on the relative motion of parts of the de-

formable object, that is, on the strain rate. The strain rate

. . . . ) tensor is defined as
For a detailed discussion of bend forces and viscosity we

refer to [21]. Summarizing all forces, Newton’s equation of vij = dill (16)
motion becomes dt
dx _ The forces generated by internal friction are often called vis-
M 2= AX— AX+ Ax+ Bv+ fext, cous in analogy to Newtonian fluids. A viscous stress can be
computed analogously to equation (10):

whereM is the mass matrix, anfiext are external forces. v
One time step in the animation is then computed as follows: 0ij = Diju Vki» a7
1. Compute the rotatiorR™ for each trianglélm wherfe the “viscosity tensoD has the.same structure as the
2. Construct the matrice’s A, B and computéx elastic tenso€C. The viscous stress is added to the purely

elastic stress. In most implementations the viscosity tensor
D is chosen constant and proportional to the elastic ten-
The achievement of this procedure is that the forces are sorC. This produces a material called a Kelvin-Voigt solid,
linear, such that a system of linear equations has to be solvedthe simplest viscoelastic solid. Note that the spring damp-
in each time step, if an implicit time integration method is ing forces as stated in equation (4) can be derived from this
used. For the implicit Euler method (see section 3.1.3), for model. In order to fit the typical behavior of cloth, a more

3. Carry out a time step.
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complex and visco-elastic model has to be chosen. For in-
stance a constai® model allows to reproduce a measured
hysteresis curve [25].

3. Numerical Simulation

In this section, we will describe several explicit and implicit
time integration methods, in parts following Hauth [29]. A
further in-depth comparison of integration methods for cloth
simulations has been presented by Volino and Magnenat-
Thalmann [52, 53].

3.1. Methods for Numerical Integration

As we have seen in the previous section mechanical systems
are often given as a second order ordinary differential equa-
tion accompanied by initial values

X' (1) = fu(t,x(0),X (1)) ,
X(to) = X0,X (to) = Vo .

The differential equation can be transformed into a first order
system by introducing velocities as a separate variable:

[38 }_{ fv(t,xv<(tt>),v<t>) } HEIS% }:{

For the next few sections it will be convenient to write this
ODE in the more abstract form

Y () =f(tyt), ylto)=Yo,

before we will come back to the special setting (19) for even-
tually gaining computational advantages.

(18)
X0 } .

Vo

(20)

Figure 7: Solutions of example 1 foxr = 2 (dashed) and
A = —15¢(solid)

Throughout the following discussion we will use the fol-
lowing examples:

1. ¥ =My, y(0) = L with A = 2, —15 fort € [0, 1] (figure 7).

(© The Eurographics Association 2005.
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k,d, lo

m

(a) The mechanical system of example 3.

o

0.2 0.4

(b) Exact solution of example % (solid), Z
(dashed), and an implicit Euler solution (see be-
low) for large timesteps.

Figure 8: Example 3.

2. The overdamped wave equatighi = A/2y+ Ay’ with
A =5 for t € [0,10 and starting valuesy(0) =
0,y(0) = 1. It has the analytical solutiory(t)
1/15\/1>5e1/2(—5+\/1€)t_1/15\/1>5e—1/2(5+x/ﬁ)t

3. This example is based on a simple mechanical system
(figure 8(a)): A particlep with massm connected to the
origin using a spring with stiffneds dampingd and rest
lengthlg, is pulled down by gravity. This setting is de-
scribed by the ODE

k(|0 — Z)
m

a2
We set the parameters= 0.1, k=100 lg = —-1,d =
1,0:=-10, 2= —1, vp = —5 and simulate the interval

t € [0,2] (figure 8(b)).

(21)
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3.1.1. Explicit methods

The oldest and most simple method of integration is the so
called forward or explicit Euler method. Time is discretised
into steps of lengtth. To get a formula for advancing a
timesteph the differential quotient on the left hand side of
(20) is replaced by the forward difference quotient

y(t+h) —y(t

DI oy = ity
Thus we get the integration formula for advancing a single
timestep

(22)

y(t+h) =y(t)+hf(t,y(t)) .

Iterating this method gives a sequence of numerical approxi-
mationsYn. Geometrically this method can be interpreted as
straightly following the tangent of the solution at the actual
state and then recalculating the slope for the next step.

(23)

There are several criteria for evaluating an integration
method:

e convergence
e accuracy

e stability

o efficiency

Convergence means that for— 0 the numerical solutions
Yn meet the analytical. All useful methods must be conver-

But how do we findy(tn + h/2)? For an estimation we use
an explicit Euler step to get

ki= Yo+ Bf(t,Yn),
Yn+hkq ,

(29)

Yop1= (30)

the so calledexplicit midpointrule. The estimation by for-
ward Euler, although not very accurate is good enough, as
the function evaluation is multiplied by the timestep to ad-
vance to the next approximation. So by a taylor expansion
we find a local error 0©(h%) leading to a global error of

Yo —y(tn) = O(h?) (31)

for the explicit midpoint rule.

Generalizing the idea of using function evaluationsiat
termediate points +cjh leads to the Runge-Kutta methods
defined by a Runge-Kutta matrig;j ), weightsh;, abscissae
¢j and the equations

S
k=Yn+h ajk
=1

with k' = f(th+Gh,k) for i

1,...

,S
S /

Yni1="Ya+h Zbih . (32)
i=

The coefficient set can comfortably be specified like in table

gent, so we won't discuss non-convergent methods or criteria 2. If the matrix(ajj ) is strictly upper, all inner stagés only

for convergence. More interesting is the accuracy or order of

a method. By this we mean how fast a method converges for

h — 0, or with other words how accurate the solution is for
a givenh. By using a taylor expansion for the exact solution
after a single timestep

y(t+h) =y(t) +hy (t) +h?/2y"(t) +O(h®)  (24)

we find that for the numerical approximati¥pproduced by
an explicit Euler step

y(t1) = Y1 = O(h?) . (25)

If we continue the method using tlmimerical solution Y
as a starting value for the next timestep we lose [26] a power
of h for the global error

Y(tn) = Yn =O(h) .

This means that the explicit Euler method converges linearly
or hasorder 1. We will analyse stability and efficiency of the
method later.

(26)

As a next step we will introduce methods of higher order.
For this a centered difference estimation yoit + h/2) in
the differecial equation (20) is used leading to

y(t+h) —y()

. ~Y (t+h/2) = f(t,y(t+h/2) (27)
and thus as an iteration scheme
Ynr1 = Yo+ f(t,y(th+h/2)) . (28)

28

Cl|a11 a2 s
C2 | 12 az2 s
Cs | @81 aw ass

by b bs

Table 2: General Runge—Kutta method

depend orkj with j < i and thus can be computed one after
the other.

The most famous one is given in table (3) together with
the explicit midpoint rule interpreted as a Runge-Kutta
method. This special method by Runge and Kutta possesses
order 4.

0
0|0 o 1/2 | 1/2
i1t o0 1/2| 0 12
1|10 o0 1
0 1

|1/6 2/6 2/6 1/6
Table 3: Explicit midpoint and "the" Runge-Kutta method
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10 :
—— explicit Euler
o —— explicit Midpoint
10 RK4 i
107t
510"
2
8
5107
10° 1
10—107
-12
10 , . .
10 10> 10° 10* 10°
work (flops)
(a) Example lay’ = 2y
10%° ‘ :
—— explicit Euler
—— explicit Midpoint
10° F RK4
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Figure 9: Work precision diagrams for the explicit Euler, explicit midpoint and RK#hoes.

By using algebraic relations for the coefficients, it is pos-
sible to construct explicit Runge-Kutta methods of arbitrary
high order resulting in many inner stages with many func-
tion evaluations. But for most practical applications order 4
is sufficient.

Having constructed all these methods, we now will try
them on our examples. The diagrams in figure 9 were pro-

pected behaviour: when reducing the time step and thus in-
vesting more work, the numerical solutions converge against
the reference solution. Moreover the slope of the curves in
the double logarithmic plot exactly match the order of the
method. But in all the other examples (figure 9(b)-9(d)) this
behaviour only shows up after an initial phase, where the
solver produces completely wrong results. This is the point
where stability comes in. We will now analyse this by using

duced by solving the examples using different timesteps and ¢ simplest example where it occurs, i.e. example 1 with
measuring the number of floating point operations needed » _ g

for achieving the specified accuracy when compared with
the (analytical) reference solution. In the work-precision di-
agram they-axis shows the errdfYs,, — y(tend)|| as a func-
tion of the required number of floating point operations. The
first example witth = 2 (figure 9(a)) shows exactly the ex-
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3.1.2. Stability

The equation for example 1 is call&hhlquist’s test equa-
tion

Y=\, AeC. (33)
Its exact solution to an initial valug0) = yg is given by
y(t) =€e'yo. (34)

This equation serves a tool for understanding and evaluat-
ing the stability of integration methods. We have seen, that
in the damped case characterised by\Re0 convergence

is only achieved by very small timesteps. In this case, since
the exponent is negative, the analytical solution is bounded
fort — oo. Therefore a meaningful numerical method is re-
quired to deliver a bounded solution. An integration scheme
that yields a bounded solution is callstble

If we apply the explicit Euler’'s method with a fixed step
sizeh to (33) the n-th point of each solution is given by:

Yn=(1+ h)\)”yo (35)

For the explicit Euler scheme the numerical solution given
by (35) is bounded if and only ifL+ hA| < 1, i.e. forhA in

the unit ball around -1. A similar analysis can be carried out
for the other methods resulting in respective restrictions of
the admissible step size.

This analysis explains the sharp bend in figures 9(b)-9(d).
Only when the step size drops below a certain limit dic-
tated byA (h < AL in case of the forward Euler method)
the numerical solutions can converge. If the damping is in-
creased, i.e. Re— —oo, then for the explicit Euler neces-
sarilyh — 0 for the solution to be stable. This means the step
size is artificially limited and it cannot be increased beyond
the stability limit in order to save work sacrificing some —
but not all — accuracy.

3.1.3. The implicit Euler method

Thus, the numerical solutios, of equation (33) remains
bounded fof(1—hA) 1| < 1. If we assuma < 0, this holds

for arbitraryh > 0. Thus there is no restriction on stepsize,
the method isunconditionally stableFigure 11 shows the
work-precision diagrams for the implicit Euler method and
our examples. We observe that we never loose stability and
we especially do not miss the solution by several orders of
magnitude compared to the explicit methods, although we
loose some accuracy when the timesteps become large.

As a practical tool for graphically visualizing the stability
properties of a method we define thbility regionS to
be the set of parameters, for which the integration method
yields a bounded solution:

S :={z:=h\ € C: the numerical integration
of equation (33) with step sizeand

parameteh is stablg. (40)

Methods that contain the complete left half-planeSirare
called A-stable or unconditionally stable They are well
suited for the stable integration of stiff equations. Obvi-
ously, the implicit Euler scheme is A-stable, whereas its ex-
plicit counterpart is not. The stability regions of all presented
methods are shown in figure 10.

After reviewing the process that led us to the definition of
the stability region, we can outline a more general idea that
will allow us to determine easily the stability of more com-
plex methods. The idea for analysing both Euler methods
applied to (33) was to find a closed expression describing
thestability functionR. This function maps the initial value

Yo to the valueyy, performing a single step of the method
R:Yo—Y1. (41)

ThusYn = R(hA)"yo. For the explicit Euler method we found
in (35)

To construct a method that better suits our needs we go back¢q, 1he implicit version in (39)

to (20) and substitute the differential quotient blyackward
difference quotient foy(t + h)

y(t+h) —y(t)

h ~y(t+h =f(t+hyt+h). (36)
This time this results in the integration formula
Ynt1=Yn+ hf(t + haYn+1) ) (37)

the so called backward or implicit Euler method. As its ex-
plicit variant this method can be shown to have order 1. Now
the numerical solution only is given implicitly as the solution

of the possibly nonlinear equation
Yot1— hf(t + haYn+1) -Yn=0. (38)

If we apply this method to the Dahlquist equation we get the
recurrence formula

Yo=(1—h\) "y . (39)

30

R(2) =1+z, (42)
R = (43)
S 1-z°
The definition for the stability region now reads
S={zeC:|R(z)] < 1}. (44)

3.1.4. Methods of higher order

To find a higher order method, we go back to equation (28)
and do not replace thgt + h/2) but take the formula as an
implicit definition of y(t + h). We get the@mplicit midpoint
rule

(45)

Yl:Yo+hf(@).

Further on we use a simplified notation for advancing one
step, writingYp andY; instead ofYn andY, 1.

(© The Eurographics Association 2005.
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Figure 10: Stability regions (shaded) of the methods.

Alternatively the midpoint rule can be derived asadlo-
cation methodvith s= 1 internal nodes, i.e. by constructing
a polynomial interpolating the particle trajectories at a given,
fixed set ofs nodes [27]. This idea allows for the construc-
tion of implicit Runge-Kutta methods with arbitrary order.
In contrast to explicit methods the matiig;) ceases to be
strictly lower triangular. These methods are computationally
more expensive, so we just stick to the midpoint rule. Its sta-
bility function is given by
1+2z/2
1-z/2

As R < 1 for any Re < 0 the implicit midpoint rule isA-
stable.

R= (46)

As another possible choice we now introduoeltistep
methods They are computationally inexpensive because
they have no inner stages and some of them are A-stable.
A multistep method wittk steps is of the general form

k
‘Z)GJYK—Hl =h
]:

with foij := f(thyj,Ynej). Here we also have ‘history
points’ with negative indices. The coefficiem is required

to be nonzero; for variable time step sizes the coefficients
depend on the last stepsizes, which we have omitted here for

K
Bj f—j+1, (47)

=

the ease of demonstration. Important special cases are the

class ofAdams methodshereog = --- = ag_, = 0:

K
Y1=Yo+h ZOBj fk—jr1 (48)
=

and the class oBDF-methodg(backward differentiation
formulas) withBg = --- = Bx_1 =0:

k
_ZOGijfﬁl = hBf1.

]:
If the formula involves the right-hand side at the new ap-

(49)

(© The Eurographics Association 2005.

proximation pointy; the method is said to be implicit. BDF-
methods are always implicit. The coefficients can again be
constructed by a collocation approach. The stability regions
of implicit and explicit Adams methods are bounded and lo-
cated around the origin, thus they are not interesting for large
time steps.

BDF-methods were the first to be developed to deal with stiff
equations and possess an unbounded stability region cover-
ing a sector within the negative complex half-plane. There-
fore they are widely used today. Ho+ 1 points, these meth-
ods possess ordkr- 1 and only one nonlinear system has to
be solved, whereascoupled systems have to be solved for
ans-stage implicit Runge-Kutta method.

The BDF-method fork = 1 is just the implicit Euler
method, for k=2 the method is given as

4 1 2
The stability region of BDF(2) and the other implicit meth-

ods are shown in figure 10.

(t+hYs) (50)

3.1.5. The Verlet method

As a last method we will discuss a scheme commonly re-
ferred to as leapfrog or Stoermer-Verlet method. It is espe-
cially efficient if (18) is given as the second order system

X' (t) = fu(t,x(t)), (51)

i.e. fu(t,x(t),x'(t)) = fu(t,x(t)). Itis not applicable to gen-
eral first order systems of the form (20).

To derive it, we use centered differences at a staggered
grid (figure 12) i.e. we now approximateatt + (2i + 1)h/2
andx att 4 ih by centered differences

Vni1/2 = Vn-1/2
P =
Xn+1 — Xn

h

f(%n) (52)

=Vnt1/2 (53)
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Figure 11: Work precision diagrams for the implicit Euler, implicit midpoint, BDF(2) aratl&t (whenever possible) methods.
The results for Euler are for comparison and the same as in figure 9.

vI/Z v3/2 vj/Z V7/2
A A A

Figure 12: Staggered grids for the Verlet method.
thus

Vni1/2 = Vn—1/2+hf(xn) (54)
X1 =Xn+ 0V g2, (55)

32

The method possesses order 2 as one can see by substituting
(54) into (55) resulting in the second order centered differ-
ence

Xnt1— 2 +Xn-1 _
h

From this equation an alternative formulation of the Verlet
scheme as a multistep method can be derived

f(Xn). (56)

Vn—Vn—1 = hf(xn) (57)
Xn+1 — Xn = hvh, (58)

which omits the half steps and staggered grids from above.
Now for second order equations which do not possess the
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M. Wacker, B. Thomaszewski, M. Keckeisen / Part3: Physicalé¥é, Numerical Solvers for Cloth Animations and Virtutdtf Design

form of (51) one may replacé(xn) by f(xn,vh—_1) at the would allow. Although accuracy will suffer, the integration
expense of some stability. Correctly the replacement had to won’t be unstable. If evaluations of the right hand side func-
be with f (xn, vn) but this would result in a implicit method.  tion are cheap, a step with RK(4) is faster than an implicit
Now we can apply the method to examples 2 and 3. step with BDF(4). On the other hand if it is cheap to com-
pute a good sparse approximation to the jacobian, it may be
more efficient to solve the linear system with a few cg itera-
tions than to perform 4 full function evaluations.

Figure 11 shows the work precision diagrams for the im-
plicit methods. Even for large time steps these methods give
approximations to the exact solution. After a somewhat un-
even convergence phase all the explicit methods converge
smoothly for decreasing time step to the exact solution with 3 2. Solving nonlinear systems

a slope given by their order. S )
All implicit methods, unless they use a linear force formu-

Up to now we have omitted a discussion of the stability |ation as the one described in section 2.2.6, require the so-
properties of the leapfrog method. From the examples it can |ytjon of a nonlinear system. The implicit Euler method for

be observed that the method cannot be unconditionally sta- example reduces our integration problem to the solution of
ble. Indeed some more delicate computations show that the {he ponlinear system

method only delivers a bounded solution for arbitrary 0
for purely oscillatoric equations, i.e. for second order ordi- Y1 —hf(Y1) —Yo=0. (59)
nary differential equations of the form (51) (with no damp-

. L ) The other methods yield a system of similar form, namel
ing term) and a contractive right hand side. Nevertheless the y y y

method remains well behaved in the presence of low damp- Y;—h f(l(yl +Y))—Yo=0 (60)
ing. In figure 13 we applied the Verlet method to the un- 2
damped wave equatioyf’ = 5y and it is clearly one of the - gf(Yl) + <_2Y0+ %Y_1> =0 (61)

best choices over a wide range of accuracy requirements.
for the midpoint and BDF(2) rule, respectively. This is a non-

10° : : : : linear system of dimension\a This system must be solved
A e Euler with Newton’s method to allow for arbitrary step sizes inde-
ol —— implicit Midpoint || pendent of\.
[ /T —— BDF(2)
} —— Verlet

3.2.1. Newton’s method

;§ 10° For the nonlinear syste@(Y) = 0 we compute a numerical
g solution by the following algorithm:
107 e el ]
T Algorithm 1: Newton’s Method
—4 \
10 ¢ ] (1) for k=1,2,... until convergence do
. (2) Compute G(Y™®).
10 10" 10° 10° 10* 10° 10° (3) Compute J¥ = %G(Y(k))'
work (flops) (4) Solve J(k)s(k) — _G(Y(k))_
(k+1) «__ /(K k)
Figure 13: Work precision diagram for the explicit/implicit ®) E =Yt
en

Euler, implicit midpoint, BDF(2) and Verlet methods for the
wave equationy= —5y without damping.

Applying Newton’s method reduces the problem to the
successive solution of linear systems. In a classical Newton
method this is achieved by Gaussian elimination. This intro-
Which method is best for a certain application? This ques- duces a lot of non-zero elements into the factors. Although
tion is nearly impossible to answer a priori. The only choice reordering techniques alleviate the effects, this approach is
is to try a set of methods and to evaluate which one performs currently too expensive for fast cloth animations.
best. Choosing the methods to try, though can be done basedA lot of authors [3, 50] use iterative methods to solve the
on theoretical considerations and observations of the prob- linear system. We will also use the conjugate gradient (cg)
lem at hand. A possible strategy is shown in figure 14. method here to solve the linear systems in each Newton
step. However, this changes the convergence behaviour of
the outer Newton method, which is referred to as an inexact
tNewton method[44], given by algorithm 2.

3.1.6. Selecting an efficient method

The same statement holds for predicting the efficiency of a
method. Generally, implicit methods require more work per
step. On the other hand one may be able to use time steps tha
are several magnitudes larger than the ones explicit methods

(© The Eurographics Association 2005.
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Figure 14: Selecting a method.

Algorithm 2: Inexact Newton Method and the method converges quickly using the constant bound

(1) for k=1,2,... until convergence do n = 0.02 without imposing a too strict tolerance on the linear

(2) Compute G(Y"). solver.

(3) Compute J¥ = GQ(Y“‘)).

(4 Find ¥ with J¥s¥ = —G(Y¥)) +r®,
such that [[r®|| < ni[|G(Y®)]|. The efficiency of the Newton method can be further im-

(6) YU =YW ¥ proved by another approximation. In the simplified version

end of Newton’s method the Jacobidf? is approximated by®©.

Such a scheme can be rewritten in the form of an inexact

Newton method, if the linear system is written as follows

andJ is chosen as approximation ¢

Jd9 — fG(Y(k)) 4 (J 7J(k))s(k> 4 r®
=1 —G(Y¥)+7¥ (62)

3.2.3. Inexact simplified Newton methods

3.2.2. Residual control

The error of the iterative solution of the linear system is for-
mulated in terms of the residual, which is easily computa-
tionally accessible, whereas the actual error cannot be com-
puted. The tolerance of the linear iteration is decreased pro-
portionally to the monotonically decreasing residual of the
nonlinear iteration.

An analysis of this method[44] shows that it converges u
der rather weak additional assumptions. If the classical New-
ton method converges and the scalar toleranéesre uni-
formly bounded by am < 1, the inexact method converges.
In literature then® are referred to aforcing terms Note not computingl® but a sparser approximation of it. In [28],
that this additional assumption is also necessarynrerl, cloth is modelled using the continuity based approach from
s¥ = 0 would be admissible and the iteration would stag- section 2.2.5, and the choice of the approximated Jacobian
nate. is motivated by observing that the dominating stiffness is
The inexact method then at least converges linearly, whereasinduced into the system by linear spring forces from (13).
Newton converges superlinearly. By choosingrheo con- These are split into a linear and a nonlinear part.

verge to zero sufficiently fast[44], the convergence of the in- Then, the right-hand side of the system is approximated by
exact Newton method can be forced to have an ordér the linear expression

In a neighbourhood of the solution the convergence usu-

ally speeds up. By extrapolating the solution of the previous Rin (X,V) = ﬂ(xi —xj) + E(Vi —vj)| (63)

X
time step we obtain a good initial value for the new solution ilG.))ee lizi lizj

The residualr™ is replaced by the larger®; which can

be bounded if] ~ J¥. By choosingi¥ appropriately, the
method still converges. In fact, we trade some accuracy ap-
n. Proximatingd“ against accuracy in solving the linear sys-
tem and up to a certain limit the method still behaves as be-
ore.

This degree of freedom can be further exploited by even
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Writing this equation in matrix notation method (see also [2]). This method corresponds to the so-
B 5 lution of a nonlinear system with only one Newton itera-
Fin (x,V) = Kx+Dv, (64) tion. Because the nonlinear part is not integrated, with high

the full Jacobian of the system is approximated by the Jaco- Stiffness one may encounter problems which were addressed
bian of R, (x,v). Then, (62) is applied with in[17, 28].

J:I—hy(o 0), (65)

K D Following [3], implicit integration has been employed
whereh is the time step ang depends on the integration ~ With varying physical models for instance in [S0, 9, 8, 21].
method used. This system of dimensidd éan be reduced Desbrun et _al. [15, 41] also use a Ilnegr implicit method
to a system of dimensiorN\Bby exploiting the linear relation ~ combined with Provots model [43] (section 2.1.1). But in-
between position and velocity [29]. stead of Inlnearlzmg the whole system, they spllt itinalinear
This choice of the Jacobian has two major advantages over @nd nonlinear part and use a precomputed inverse fof

the full Jacobian. First] is inexpensive to compute and only ~ SCIVing the linear part of the equations. They don't aim at
changes when either the material constants or the step sizeS0IVing the equation completely, as they don't integrate the
changes. Second, we reduce the entries in the Jacobian tghonlinear term explicitly. Instead Fhe angular mome_ntum is
approximately a third of the entries in the sparsity pattern gorrected to accqunt for the nonlinear part. With thls algo-
of the full Jacobian. Hence an iteration of the linear solver fithm one can neither change the stepsizer deal with an
only requires a third of the original time. Obviously this is Jacobian depending erDebunne et al. [14] use a simplified

a major speed-up for the solver. The resulting algorithm is version of a linear implicit Euler method. To solve the differ-
surprisingly simple. ential equation arising from their geometric nonlinear Green

model, they apply an implicit Euler method using a single
Newton iteration. The Jacobian is approximated by the 3x3
block-diagonal of the linear Cauchy tensor, allowing a very
(1) Compute J~ 2.G(Y"?). fast inversion and application.
(2) for k=1,2,... until convergence do
(3) Compute G(Y®).
(4)  Find ¥ with Js¥ = —G(Y®)) +r®,
such that ||r®|| < Ak||G(Y¥)]|.

(5) Update Y& :=Yy® 4 g0

end

Algorithm 3: Inexact Simplified Newton’s Method

3.2.4. Adaptive time stepping

Newton’s method can also be used to control the step size of

the ODE s_,olver. If t_he convergence of Newton’s _method IS 4 Conclusions for Physical Models and Numerical
poor, the time step is reduced such that the solution of the
previous time step is a better start value for the current time
step and achieves a faster convergence.

Solvers

We described physical models for cloth ranging from
mass-spring and particle systems to finite element mod-
els. Moreover, we discussed and compared several explicit
We are now able to describe many of the current approachesand implicit time integration methods. All these techniques
for cloth simulation in a unifying way. form the basis of current physically based cloth simula-
tion engines, and are suitable to be combined with hy-
brid approaches for real-time animation of clothing such
as[12, 13].

3.3. Comparison of methods

Explicit integration methods, mostly together with a ge-
ometric post-correction step as described in section 2.1.1,
have been used for instance by Provot [43], Volino [54], and
Fuhrmann [22].

Baraff and Witkin [3] formulate nonlinear constraints and Now we want to proceed to suitable interaction techniques
use their linear approximation for the construction of an im- for cloth in order to provide manipulation tools for fitting
plicit solution method commonly referred to as linear im- garments and tailoring personalised clothes. We present an
plicit Euler. This way the system to be solved also becomes overview of a real time application for cloth simulation in
linear and can be solved efficiently by a conjugate gradient virtual environments followed by special virtual tailor tools.

(© The Eurographics Association 2005.
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5. The Virtual Dressmaker

In this section, we present a virtual tailor room which allows
the interactive design and modification of clothing in a 3D
Virtual Environment. In particular, we propose algorithms
and interaction techniques for sewing and cutting garments
during a physical cloth simulation, including the automatic
modification of the underlying planar cloth patterns. The us-
ability of the described methods is shown in a Virtual Re-
ality application for interactive garment design that provides
nearly live-size stereo projection combined with two-handed
6DOF interaction.

5.1. Introduction

Interactive garment design was a research topic in computer
graphics already fourteen years ago, when geometric meth-
ods to model garment patterns as static three-dimensional
surfaces on a workstation were proposed [31]. In the mean-
time, physical models and fast numerical algorithms now
provide the simulation of the dynamic draping behaviour of
clothing at interactive frame rates. Furthermore, Virtual Re-
ality technigues and concepts, mostly offering input devices
with six degrees of freedom and stereoscopic visualisation,
have proved to be a useful alternative to traditional desktop
applications with two-dimensional input devices and mono-
scopic displays in many areas.

While virtual prototyping in general has become a major
area of research, the interactive design and simulation of
clothing in Virtual Environments is still a relatively new
topic. In [37, 38, 55, 36] an approach to interactive cloth as-
sembly and simulation in Virtual Reality is proposed. This
application, called thé&/irtual Dressmakerallows to con-
struct and manipulate clothes coupled with physically based
cloth simulation. Usability evaluations have shown that Vir-
tual Environments can considerably improve the user perfor-
mance in the assembly tasks compared to traditional desktop
applications.

5.2. The Virtual Environment

Our Virtual Reality hardware setup consists of a desktop PC
with a stereo table top display, a Virtual Table by Barco,
with a visible screen of 140x10&1f combined with LCD
stereo shutter glasses for alternating projection (60 Hz). As
input device we use an electromagnetic 6DOF tracker (As-
cension, Flock of Birds) with three receivers. One receiver

is attached to the shutter glasses and used to track the user’s

head position and to determine his gaze direction. The sec-
ond receiver is attached to a transparent palette on which
the interaction elements grouped in different sheets are back
projected from the Virtual Table. The third receiver is at-

tached to a pen with two buttons and is held in the dominant
hand of the user. The virtual counterpart of the pen in the

virtual scene is used to select, drag, and drop garment pat-

to navigate in the scene. Hence, the application provides two
handed interaction while allowing the user to exploit well-
known concepts of a desktop application like menus and
sliders on the palette. Similar techniques for two handed in-
teraction in VR have been explored and used extensively,
e.g.in[1,4,47,11, 6].

Our application is based on the software framework
Studierstube API [45] developed at the University of Vi-
enna. It provides a library extending the standard Open In-
ventor functionality to handle tracker events in order to em-
bed desktop interaction elements within a VR framework.
The application is coupled with a cloth simulation module to
sew the prepositioned patterns together and drape the cloth
over an avatar.

5.3. Interaction Elements

The Pen For assembling garments in the Virtual Dress-
maker, the pen is used to freely manipulate the position of
the garment patterns. By choosing a garment pattern, i.e. by
pressing the front button on the pen, the object is selected,
highlighted in orange, and is attached to the pen such that
it can be moved in the space. To navigate the avatar, it is
placed on a turntable which can be rotated around and trans-
lated along the vertical axis. Moreover, there is a possibil-
ity to zoom in and out of the scene and to move the cam-
era position (viewing position). We therefore integrated the
well known navigation methodScene in HandndFlying
Vehicle [56] into the application which can be applied by
pressing the pen’s second button. Moreover, we improved
the Scene in Hand tool by constraining the navigation pos-
sibilities to the degrees of freedom of the turntable. This re-
sults in aConstrained Scene in Handhvigation tool, which

we think is the optimal choice among the given methods in
the context of cloth assembly and design because the user is
not prescinded from the working area and remains immersed
in the scene.

Advanced Interactive Prepositioning In order to prepo-
sition cloth patterns that have to be bent during the sewing
process, such as the sleeves of the pullover, we use the cloth
simulation engine in combination with the input devices. To
this end, Virtual Pins are integrated into the physical cloth
simulation as constraints. Thus, we start the simulation for
the sleeve only with the seams not yet connected. For this
process we provide a menu on the palette to simulate the last
touched pattern. Hence the user chooses the relevant pattern
and starts the single pattern simulation. Then, we let the user
pin parts of the cloth to arbitrary positions, while for the rest
of the sleeve the according drape is simulated (Figure 15).
When a satisfactory position is reached, the regular sewing
and simulation process can be started.

The Palette SheetsThe palette provides 3D widgets for
buttons and sliders, resembling a 2D menu within the 3D

terns, to operate the buttons and sliders on the palette, andVirtual Environment. Thus, we are able to display various
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(@)

(b)

Figure 15: The sleeves of the pullover are prepositioned interactively. Image (@)ssthe flat patterns around the 3D figure.
In (b) the user wraps a sleeve around an arm using Virtual Pins.

virtual tools on the surface of the palette. Depending on the
functions of the interface elements, they are grouped into
categories. Each of these categories defireseat In other
words, a sheet is a set of interface elements with similar log-
ical functionality. In order to group the interface elements
in meaningful sets, we have implemented different sheets.

There is a sheet to choose the avatar and the garment patterns

from the database. Moreover, a navigation sheet is provided
for precise positioning of the camera. For the simulation, a

material sheet and a simulation sheet is implemented. Fi-
nally, for the tailoring process, the user can choose between
a cutting and a sewing sheet.

. 5 -
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Figure 16: The navigation and material sheets.

6. Constructing Clothes from Planar Patterns

In this section, we describe how three-dimensional virtual

clothes, just as real clothes, can be constructed from planar

patterns. This results in a natural starting condition for cloth
animations, and recent work on cloth animation has focused
on this approach [18, 19, 51, 9, 24, 21]. The advantages of
starting with planar cloth patterns are:

e Real clothes are also constructed from planar patterns.

(© The Eurographics Association 2005.

Thus, virtual garments can be designed like the real ones,
e.g. by taking the patterns from a cloth manufacturer’s
CAD database.

The triangulation of the planar patterns provide a natural
parametrisation for the cloth simulation. For particle sys-
tems, the edges in the planar meshes can be taken as the
spring’s rest lengths [18, 51, 9]. For finite element mod-
els, the discretised patterns allow the computation of the
basis functions [19, 21].

Correct texture coordinates for rendering the simulated
garments are obtained automatically by the planar rest
state. They can be easily mapped to the three dimensional
garment during the sewing process and provide a realistic
visualisation.

A typical work flow within the Virtual Dressmaker starts
by choosing a human model in the corresponding menu on
the palette. This can be a body scan or some modelled 3D
figure. Then, a set of garment patterns can be chosen and
positioned interactively around the avatar (see Figure 18).
Both the interaction with the menus on the palette and the
manipulation of the patterns in the scene is done with the
pen. After positioning the patterns, the sewing and draping
process can be started. During the physical cloth simulation,
the user can still navigate freely in the scene and even pick
and move parts of the garments. The design and development
of virtual tools for the Virtual Dressmaker is independent
of the cloth simulation engine which is decoupled from the
Virtual Reality application via a client-server interface.

In the following, we first specify the necessary input data
for our tailoring algorithms. Then, we describe the sewing
process (i.e. the topological mergence of the patterns along
seam lines) and the generation of a correct rest state for the
physical cloth simulation.
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6.1. Patterns and Seams e The patterns should be as close to the virtual character as
. . . . ossible.
The input data for t_he Sewing algorlthm_ consists of pla- ° ﬁshould be possible to connect the corresponding seams
nar patterns, seam information, and copies of the patterns without penetrating the avatar.
positioned around the 3D figure. First, we need the two-
dimensional cloth patterns from which the garment shall be
constructed. The single patterns are assumed to be arbitrary
triangulated polygons. For an example, see the patterns of
a woman's skirt in Figures 17, which are generated from
real garment pattern shapes given by the boundary curve in
a CAD system.

Figure 18: Cloth patterns prepositioned around a 3D figure.

Given these prepositioned patterns, the garment can be
connected along the corresponding seam lines. Sewing the
prepositioned cloth patterns together can be achieved by
topologically merging the patterns along the defined seam
Figure 17: The seam points of two triangulated planar pat- lines. For all pairs of verticef;,v;) in all seams, the cor-
terns. The yellow and orange seams belong to the same pat-responding triangles are connected, and the seam points are
tern, whereas the green ones belong to two different patterns. moved halfway between the two original points.

Note that the red and blue seams on the very left respectively
right hand side belong to borders on a third pattern of the
skirt.

Second, the seam information has to be available. A seam
belongs to exactly two (not necessarily distinct) patterns and
consists of a starting and an end point in the respective pat-
terns. We assume that the patterns are triangulated in such a
way that two corresponding seam lines have the same num-
ber of vertices. More precisely, each seam is given by a list of
pairs of verticegu;, vi) with u; andv; being the correspond-
ing vertices on two not necessarily distinct plane patterns
(see Figure 17). Note that we exclude pathological cases like
a vertex pair that belongs to a single triangle. Such a case _. . . )
can be handled by refining the given triangulation of the pat- Flgurt_a 19: The result of the s_|mulat|on with correct texture
tern locally. A new seam can be created by selecting them in coordinates along the seam line, where two patterns are con-
pairs with the pen resulting in a seam list of vertex pairs. The nected.
seams are shown to the user by seam lines and for wrongly
placed seams, the user can cancel the last defined seam by a
button on the corresponding menu. 7. Interactive Cutting

Finally, we need copies of the planar patterns that have In this section, we present methods for the interactive cut-
been positioned to the approximately correct places around ting of clothes in 3D, including automatic modification of
the virtual character, as seen in Figure 18. In order to pro- the planar patterns and the seam information. First, we de-
vide a good initial position for the subsequent simulation, scribe how cuts can be defined on the garments, then we ex-
the requirements are: plain how they are realised on the 3D mesh and how they are

e The patterns should not collide with the virtual character transferred to the planar cloth patters.

or with each other. In order to define a cut on the simulated 3D mesh, the user

(© The Eurographics Association 2005.
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has to mark points on the garment with the pen. Between the vertices because this approach fits well together with our

these selected vertices, the mesh will be cut in straight lines sewing algorithm described in section 6. Thus, the special

by the cutting algorithm described in the next section. case of cutting along a seam line can be handled simply by
removing the corresponding seams.

As mentioned above, in order to obtain a straight cut-
ting line, we then move the vertices of the concerned edges
in the 3D mesh towards the direction of the cutting plane,
remaining in the plane spanned by the respective triangle
(Figure 24). These changes of vertex positions in the 3D
mesh are then transferred to the planar cloth patterns using
barycentric coordinates. With this method, the relative dis-
placements between the deformed state and the planar pat-
terns are conserved, and a correct rest state for the continua-
tion of the physical simulation is provided.

7.1. The Cutting Disk

Figure 20: A cut in a skirt is defined by the user. The Cutting Disk provides an interactive cutting tool for ex-
ecuting plain cuts in the three-dimensional setting. It is most
valuable for shortening garments like pairs of trousers or a
shirt. Additionally it can be used to transform a dress into a
skirt and a top as shown in Figure 23.

Then, the corresponding patterns and seams are modified
accordingly, and the physical simulation continues comput-
ing the drape and movement of the garment. An example is
given in Figure 20.

Aﬂiéxﬁh
<LRREE,
B VAVAVAYAY)

Figure 23: The use of the Cutting Disk: A cutting disk is
placed at the waist of an avatar to cut a dress. A smooth cut
is calculated by our algorithm and the dress is split into a

) ) top and a skirt which becomes apparent during the course of
Figure 21: The front pattern of the skirt before (left) and  ihe simulation.

after (right) the cutting (cf. Figure 20). In the left pattern, the
vertices selected by the user, and the edges that have to be
cut are highlighted. Note that the cutting line in the patterns
is not necessarily straight, as shown in the right image, due
to the deformed state of the 3D mesh during the cutting.

To define a cut the user can interactively position a thin
cylinder, where the radius is adjustable. By the final cutting
position, the user determines the plane where the garment
mesh has to be cut. To determine the cutting line, we have to
find a path on the edges of the mesh, where the correspond-

For the underlying algorithm, there are two essentially dif- ing triangles are cut by the cylinder. Therefore,we store all
ferent ways of modifying a mesh to model the effects of cut- triangles affected by the Cutting Disk. The algorithm starts
ting. On the one hand, the affected triangles in the mesh can with the closest mesh vertex of the concerned triangles to the
be split, on the other hand, the cuts can be modelled along cutting plane. To find the cutting path, we choose the neigh-
the edges of the mesh. Since the second approach in gen-bouring vertex of the actual end of the cutting line which
eral does not result in straight cuts, the vertices of the cut belongs to a cut triangle and which is the closest to the cut-
edges should be repositioned without affecting the underly- ting plane. To avoid undesired closed loops (e.g. the vertices
ing simulation. In both cases, the number of vertices in the of one triangle), we keep track of the chosen vertices which
mesh is increased by a cut, while the number of triangles can never be visited again except the start vertex. This vertex
remains the same only in the latter case. We choose to cut can only be reached when at most half of the affected trian-
the meshes along the edges and to recalculate the position ofgles in the cutting list have been visited. The found vertices

(© The Eurographics Association 2005.
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@

Figure 22: Image (a) shows the simulated pullover, together with the skirt. In (b) thehas shortened the pullover by cutting
off a broad band on the lower part. Note that the cutting lines in this exampksdwo seams. In image (c) the design of the

collar has been modified interactively.

of the path are then projected onto the Cutting Disk. The
smoothing of the cut and the modification of the underlying

cloth patterns is done as described in section 7.

The examples given in Figures 20 and 22 show some re-
sults of the proposed algorithms and interaction techniques
for garment design. In Figure 22 a pullover is shortened, and
the design of the collar is changed. All simulation images
are directly captured from our Virtual Dressmaker applica-

tion while accomplishing the given task.

Figure 24: A pullover is shortened by cutting a piece off.
The first image shows the cut without aligning the vertices
along the cut edges, in the second the vertex positions have
been corrected and a straight cut is obtained. All the modifi-

cations are transferred to the planar patterns.

References

[1] 1. Angus and H. Sowizral. Embedding the 2D interac-

tion metaphor in a real 3D virtual environmetereo-

scopic Displays and Virtual Reality Systems. Proceed-

ings SPIE 2409:282—-293, 1995.

[2] U. Ascher and E. Boxerman. On the modified conju-

gate gradient method in cloth simulatioithe Visual
Computey 2003.

[3] David Baraff and Andrew Witkin. Large Steps in

40

Cloth Simulation. InComputer Graphics (Proc. SIG-
GRAPH) pages 43-54, 1998.

M. Billinghurst, S. Baldis, L. Matheson, and
M. Philips. 3D palette: A virtual reality content
creation tool. InProceedings of the ACM Symposium
on Virtual Reality Software and Technology (VRST-
97), pages 155-156, New York, September 15-17
1997. ACM Press.

Javier Bonet and Richard D. Woolonlinear contin-
uum mechanics for finite element analystambridge
University Press, 2000.

D. A. Bowman, M. Setareh, M. S. Pinho, N. Alj,
A. Kalita, Y. Lee, J. Lucas, M. Gracey, M. Kothapalli,
Q. Zhu, A. Datey, and P. Tumati. Virtual-SAP: An Im-
mersive Tool for Visualizing the Response of Building
Structures to Environment Conditions. Pnoceedings
of IEEE Virtual Reality 2003.

Dietrich BraessFinite Elemente Springer, 1997.

K.-J. Choi and H.-S. Ko. Extending the Immediate
Buckling Model to Triangular Meshes for Simulating
Complex Clothes. IrEurographics Short Presenta-
tions, pages 187-192, 2003.

Kwang-Jin Choi and Hyeong-Seok Ko. Stable but Re-
sponsive Cloth. InComputer Graphics (Proc. SIG-
GRAPH) pages 604—611, 2002.

Philippe G. Ciarlet. Mathematical elasticity. Vol.
I. North-Holland Publishing Co., Amsterdam, 1992.
Three-Dimensional Elasticity.

1] Sabine Coquillart and Gerold Wesche. The virtual

palette and the virtual remote control panel: A device
and an interaction paradigm for the responsive work-
bench. InProceedings of the IEEE Virtual Reality
pages 213-216, 13-17 March 1999.

(© The Eurographics Association 2005.



M. Wacker, B. Thomaszewski, M. Keckeisen / Part3: Physicalé¥é, Numerical Solvers for Cloth Animations and Virtutdtf Design

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

F. Cordier and N. Magnenat-Thalmann. Real-time An-
imation of Dressed Virtual Human&omputer Graph-
ics Forum 2002.

F. Cordier, H. Seo, and N. Magnenat-Thalmann. Made-
to-Measure Technologies for an Online Clothing Store.
IEEE Computer Graphics and Applicatiqrs3(1):38—
48, 2003.

Gilles Debunne, Mathieu Desbrun, Marie-Paule Cani,
and Alan H. Barr. Dynamic Real-Time Deformations
using Space and Time Adaptive Sampling. Gom-
puter Graphics (Proc. SIGGRAPH001.

Mathieu Desbrun, Peter Schréder, and Alan Barr. In-
teractive Animation of Structured Deformable Objects.
In Graphics Interfacepages 1-8, 1999.

Manfredo P. DoCarmo. Differential Geometry of
Curves and SurfacesPrentice-Hall Inc., Englewood
Cliffs, New Jersey, 1976.

Bernhard Eberhardt, Olaf Etzmuf3, and Michael Hauth.
Implicit-Explicit Schemes for Fast Animation with
Particle Systems. [Eurographics Computer Anima-
tion and Simulation Workshog000.

Bernhard Eberhardt, Andreas Weber, and Wolfgang
StralRer. A Fast, Flexible Particle-System Model for
Cloth Draping. IEEE Computer Graphics and Appli-
cations 16(5):52-59, 1996.

Jeffrey W. Eischen, Shigan Deng, and Timothy G.
Clapp. Finite-element modeling and control of flex-
ible fabric parts. IEEE Computer Graphics and Ap-
plications 16(5):71-80, September 1996 1996. ISSN
0272-1716.

Olaf Etzmuf3, Joachim GrofR3, and Wolfgang Straf3er.
Deriving a Particle System from Continuum Mechan-
ics for the Animation of Deformable ObjectdEEE
Transactions on Visualization and Computer Graphics
2003.

Olaf Etzmuf3, Michael Keckeisen, and Wolfgang
StralRer. A Fast Finite Element Solution for Cloth Mod-
elling. Proc. Pacific Graphics2003.

A. Fuhrmann, C. Grof3, and V. Luckas. Interactive An-
imation of Cloth including Self Collision Detection. In
Journal of WSCG2003.

Eitan Grinspun, Petr Krysl, and Peter Schroder.
CHARMS: a simple framework for adaptive simula-
tion. In Computer Graphics (Proc. SIGGRAPR2002.

Clemens Grof3, Arnulph Fuhrmann, and \olker
Luckas. Automatic pre-positioning of virtual clothing.
In Proc. of the Spring Conference on Computer Graph-
ics, pages 113-122, 2003.

Joachim Grof3, Olaf Etzmuf3, Michael Hauth, and Ger-
hard Buel3. Modelling viscoelasticity in soft tissues. In

(© The Eurographics Association 2005.

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

[37]

(38]

(39]

[40]

Int. Workshop on Deformable Modeling and Soft Tis-
sue Simulation2001.

E. Hairer and G. Wanner. Solving Ordinary Differen-
tial Equations | & Il. Springer-Verlag, Berlin, 1996.

E. Hairer and G. Wanner. Solving Ordinary Differen-
tial Equations Il. Springer-Verlag, Berlin, 1996.

M. Hauth and O. Etzmuf3. A High Performance Solver
for the Animation of Deformable Objects using Ad-
vanced Numerical Methods. I8omputer Graphics
Forum, pages 319-328, 2001.

M. Hauth, O. Etzmu3, and W. StraRer. Analysis of
Numerical Methods for the Simulation of Deformable
Models. The Visual Compute2003.

Michael Hauth and Wolfgang Strasser. Corotational
simulation of deformable solids. Proc. WSCG 2004
pages 137-145, 2004.

B. K. Hinds and J. McCartney. Interactive Garment
Design.The Visual Compute6(2), 1990.

Donald H. House and David E. Breen, editofSloth
Modeling and AnimationA K Peters, 2000.

Lukas Janski and Volker Ulbricht. Numerical sim-
ulation of mechanical behaviour of textile surfaces.
Zeitschrift fir Angewandte Mathematik und Mechanik
80(S2):525-526, 2000.

Young-Min Kang, Jjeong-Hyeon Choi, Hwan-Gue

Cho, Do-Hoon Lee, and Chan-Jong Park. Real-time
animation technique for flexible and thin objects. In

WSCG pages 322-329, February 2000.

S. Kawabata. The Standardization and Analysis of
Hand Evaluation The Textile Machinery Society of
Japan, Osaka, 1980.

Michael Keckeisen, Matthias Feurer, Markus Wacker,
and Wolfgang StraRer. Tailor Tools for Interactive De-
sign of Clothing in Virtual Environments. [®roc.
ACM VRST2004.

Michael Keckeisen, Stanislav L. Stoev, Matthias
Feurer, and Wolfgang StralRer. Interactive Cloth Simu-
lation in Virtual Environments. IfProc. IEEE Virtual
Reality, 2003.

Michael Keckeisen, Stanislav L. Stoev, Markus
Wacker, Matthias Feurer, and Wolfgang StralRer. A
User Study On Advanced Interaction Techniques in the
Virtual Dressmaker Application. IRroc. HCI Interna-
tional, 2003.

E. Klingbeil. Tensorrechnung fiir Ingenieurd! Wis-
senschaftsverlag, 1989.

L. D. Landau and E. M. LifschitzElastizitatstheorie
Akademischer Verlag, 1989.

41



M. Wacker, B. Thomaszewski, M. Keckeisen / Part3: Physicalé¥$, Numerical Solvers for Cloth Animations and Virtudtf Design

[41] M. Meyer, G. Debunne, M. Desbrun, and A. Barr. In-
teractive Animation of Cloth-like Objects in Virtual
Reality. The Journal of Visualization and Computer
Animation 12(1):1-12, 2001.

[42] M. Muller, J. Dorsey, L. McMillan, R. Jagnow, and
B. Cutler. Stable Real-Time Deformations.Proc. of
SIGGRAPH Symposium on Computer Animation 2002
2002.

[43] Xavier Provot. Deformation constraints in a mass-
spring model to describe rigid cloth behavior. In
Wayne A. Davis and Przemyslaw Prusinkiewicz, ed-
itors, Graphics Interface '95 pages 147-154, May
1995. ISBN 0-9695338-4-5.

[44] W. C. Rheinboldt. Methods for Solving Systems
of Nonlinear Equationsvolume 70 of CBMS-NSF
regional conference series in applied mathematics
SIAM, second edition, 1998.

[45] Dieter Schmalstieg, Anton L. Fuhrmann, Michael Ger-
vautz, and Zsolt Szalavari. ’Studierstube’ - An En-
vironment for Collaboration in Augmented Reality.
In Proceedings of Collaborative Virtual Environments
'96, Nottingham, UK, Sep. 19-20996.

[46] Hans Stephani and Gerhard Kluge.Theoretische
Mechanik Spektrum Akademischer Verlag, 1995.

[47] Zs. Szalavari and M. Gervautz. The personal interac-
tion panel - A two handed interface for augmented re-
ality. Computer Graphics Forum (Proceedings of EU-
ROGRAPHICS’97)16(3):335-346, 1997.

[48] D. Terzopoulos and K. Fleischer. Deformable models.
The Visual Computed:306—331, 1988.

[49] P. Wolino and N. Magnenat-Thalmann. Developing
simulation techniques for an interactive clothing sys-
tem. Inlinternational Conference on Virtual Systems
and Multimedia '97 pages 109-118, 1997.

[50] P. Volino and N. Magnenat-Thalmann. Implementing
fast cloth simulation with collision response. Gom-
puter Graphics International Proceeding®000.

[51] P. Volino and N. Magnenat-Thalmannirtual Cloth-
ing. Springer, 2000.

[52] P.\Volino and N. Magnenat-Thalmann. Comparing ef-
ficiency of integration methods for cloth animation. In
Computer Graphics International Proceedin@901.

[53] P. Wolino and N. Magnenat-Thalmann. Accurate gar-
ment prototyping and simulation. i@omputer-Aided
Design & Applications,volume 2, 2005.

[54] Pascal \olino, Martin Courshesnes, and Nadia
Magnenat-Thalmann. Versatile and Efficient Tech-
niques for Simulating Cloth and Other Deformable
Objects. InComputer Graphics (Proc. SIGGRAPH)
pages 137-144, 1995.

42

[55]

[56]

Markus Wacker, Michael Keckeisen, Stanislav L.
Stoev, and Wolfgang Straer. A Comparative Study
On User Performance in the Virtual Dressmaker Ap-
plication. InProc. ACM VRST2003.

Colin Ware and Steven Osborne. Exploration and vir-
tual camera control in virtual three dimensional envi-
ronments. InProceedings of the 1990 Symposium on
Interactive 3D Graphicspages 175-183. ACM Press,
1990.

(© The Eurographics Association 2005.



EUROGRAPHICS 2005 Tutorial
Part 4: Real-Time Garment Animation
Frédéric Cordier and Nadia Magnenat-Thalmann
MIRALab, University of Geneva - CH-1211 Geneva, Switzerland
Abstract

In this chapter, we describe two methods for cloth animation in real-time. These two algorithms work in a
hybrid manner exploiting the merits of both the physical-based and geometric deformations. They make use of
predetermined conditions between the cloth and the body model, avoiding complex collision detection and
physical deformations wherever possible. Garments are segmented into pieces that are simulated by various
algorithms, depending on how they are laid on the body surface and whether they stick or flow on it. Tests show
that these methods are well suited to fully-dressed virtual human models, achieving real-time performance
compared to ordinary cloth-simulations. An application in mixed and augmented reality is demonstrated.

1. Introduction

One of the most challenging areas in research is in the
development of a robust methodology for simulating
clothes in real-time. In order to define a cloth simulation
system that is able to simulate complex garments
realistically, whilst maintaining a reasonable computation
time, a deeper study of the cloth model and the
identification of its behavior at different levels are
necessary.

This study is not intended to integrate yet another more
precise physical model of garment behavior, but rather
focus on the real-time constraints for the simulation and the
visual cloth motion features to which an observer is
sensitive. Most of the existing approaches use a general-
purpose simulation method using collision detection and
physical simulation for the whole garment. Unfortunately,
simulations that simply calculate all potentially colliding
vertices may generate a highly realistic movement, but do
not provide a guaranteed frame time. A new simulation
model should be implemented that avoids heavy calculation
of the collision detection and particle system wherever
possible.

Our assumption is that the whole cloth does not need to be
simulated with a general-purpose simulation method;
instead many optimizations can be made. For example, the
trouser will never collide with the arms. Collision detection
may be simplified by restricting the collision detection to
only potentially colliding surfaces. Also, stretched garments
do not need to be simulated with a complex physical
method. It can be simply simulated by keeping an offset
between the garment and the underlying skin surface. In
this chapter, we will demonstrate how the computation cost
can be greatly reduced by making use of predetermined
conditions between the cloth and the body model, avoiding
complex collision detection and physical deformations
wherever possible. We will present two approaches.

The first approach works in a hybrid manner exploiting the
merits of both the physically based and geometric
deformations. Garments are segmented into pieces that are
simulated by various algorithms, depending on how they
are laid on the body surface and whether they stick or flow
on it. Tests show that the method is well suited to fully-
dressed virtual human models, achieving real-time
performance compared to ordinary cloth-simulations.

© The Eurographics Association 2005

The main idea of the second approach consists of
developing a cloth simulator that can learn the cloth
behavior through a sequence of pre-computed cloth
simulation. This approach enables us to simulate the
garment features such as wrinkles, gathers... in real-time.
We setup the problem as simulating the garments in two
phases. The first phase, a rough mesh reproduces the
dynamic behavior of the garments. Its physical properties
are defined by the pre-calculated sequence. In the second
phase, the fine mesh simulates the details of the garments.

2. Previous Work

The history of research on real-time cloth is relatively
recent. Researchers have concentrated mainly on two
aspects of real-time cloth animation: simulating the physical
properties of garments and collision handling.

2.1. Numerical Solvers

Probably the most common technique for simulating the
physical properties of clothes is the particle system.
Simulation process is broken down into calculating the
internal forces and solving the system of partial derivative
equations (PDE). The latter point has attracted much
interest in the field of real-time applications, since it
requires high computation power.

The explicit Euler method [BAR 98] has been one of the
first numerical solvers. Unfortunately, this method is
notorious for its instability when using large time steps and
stiff equations. Several improvements have been proposed
to reduce instability, such as the Verlet integration [KAC
03] and the explicit Euler combined with inverse dynamics
[PRO 95] [VAS 01]. Unfortunately, the simulation quality
is sacrificed in favor of computation speed, due to the
approximations employed in these models.

The implicit Euler method presented by Baraff et al. [BAR
98] performs the computation not by using the derivative at
the current time, but the predicted derivative at the next
time step. Unlike explicit Euler integration, the implicit
Euler method offers higher stability while using large time-
steps and clothes with stiff mechanical properties. A major
drawback of this numerical solver, however, is the
computation of a large linear system,
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More recently, researchers worked on saving the
computation time of the linear system solver. Desbrun et al
[DES 99] proposed solving the linear system with a pre-
computed inverse matrix. Kang et al. [KAN 02] proposed
further optimization with a direct update formula for the
positions and velocities of the cloth vertices. As indicated
by the authors, these methods are not intended to provide a
physically-correct cloth animation. Our approach to that
problem is a data-driven mass-spring system: the simulation
is corrected with a set of functions built from the pre-
simulated animation. By doing so, we bring the deformation
of the mass-spring system closer to the original cloth
behaviour.

Another approach to fast garment deformations is hybrid
approaches. They aim for a neat combination of physically
based deformation and geometric deformation. Cordier et
al. [COR 02] proposed to segment the cloth into pieces and
simulate these by different algorithms, depending on how
they lie on the body surface and whether they adhere to it or
flow over it. Others have noted that wrinkle deformation is
geometric in nature and therefore can be computed with a
geometric method. Wrinkles can be generated either by
tessellating the cloth mesh [KAN 02] or rendering details
on texture using bump mapping [HAD 99]. The main
difficulty is defining a fold function that can simulate all
kinds of wrinkle patterns. Moreover, determining the
location and shape of wrinkles is left to CG artists. One of
our contributions is a geometric wrinkling method that is
“trained” by using a pre-simulated cloth sequence, rather
than relying on users.

2.2. Collision Handling

Collision detection is usually one of the bottlenecks in real-
time animation. The problem is particularly acute in the
case of clothes because these objects are highly deformable.
Some methods exploit graphics hardware to compute
collisions on bump maps [VAS 01]; others use implicit
surfaces to check collisions on the body [RUD 00], or voxel
trees, which partition the space hierarchically [MEY 00].
Using frame coherency to reduce computation cost has been
explored by Zhang et al [ZHA 02]. In this work, we propose
a data-driven collision detection method; we use the pre-
simulated sequence to localize the collision checks to
neighbouring cloth regions that have high probability to
collide.

2.3. Data-driven Approaches

The idea of building an interpolator from examples or pre-
simulated data has proven to be a valuable tool in a variety
of areas of CG, e.g. for modelling a variety of human body
shapes and for motion synthesis. The basic idea is to build
an interpolation space filled with a set of pairs of input
parameters and the targeted graphical objects. During the
run-time simulation, given an input, the interpolator will
produce the corresponding output by interpolating the
examples available in the interpolation space. Cloth
animation depends on a high number of parameters and
therefore a data-driven approach is difficult to adapt. Very
recently, James et al. [JAM 03] resented such an approach,
where physics-based deformation and collision detection
are both handled in a unified framework. By blending of
pre-computed orbits rather than using a mass-spring system,
previous unseen results could be achieved, such as garments
with stiff mechanical properties in real-time. However, they
show little DoF to the clothes under simulation; Instead of
resorting to a data-driven approach for the entire simulation,
we seek a neat combination of a data-driven approach with
the mass-spring system. Unlike previous works, our
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simulator allows a much higher degree of interaction, as it
is often needed in animating clothes on moving characters.

3. Hybrid Geometric and Physical deformations

When observing a garment worn on a moving character, we
notice that the movement of the garment can be classified
into several categories depending on how the garment is
laid on and whether it sticks to, or flows on, the body
surface. For instance, a tight pair of trousers will mainly
follow the movement of the legs, whilst a skirt will float
around the legs. The first part of the study is to identify all
the possible categories:

* Garment regions that stick to the body with a constant
offset. In this case, the cloth follows exactly the movement
of the underlying skin surface.

* Garment regions that flow around the body. The
movement of the cloth does not follow exactly the
movement of the body. In case of a long skirt, the left side
of the skirt can collide with the right legs.

* Garment regions that move within a certain distance to
the body surface are placed in another category. The best
examples are shirtsleeves. The assumption in this case is
that the cloth surface always collides with the same skin
surface and its movement is mainly perpendicular to the
body surface.

These three categories are animated with three different
cloth layers (Figure 1). The idea behind the proposed
method is to avoid the heavy calculation of physical
deformation and of collision detection wherever possible,
i.e. where collision detection is not necessary. The main
interest of our approach is to pre-process the target cloth
and body model so that they are efficiently computable
during runtime. The skin and the garment are divided into a
set of segments and the associated simulation method is
defined for each. For each layer, we propose solutions and
explain why they have been chosen.

Second Layer
M Third Layer

Figure 1: Garment segmentation.
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3.1. Layer 1: “Stretch clothes”

Tight clothes keep constant distances with the underlying
skin surface. The deformation of this layer follows the
deformation of the underlying skin. We choose to use the
skin deformation method to animate this layer. This method
does not involve any collision detection or physical
deformation. It has no impact on the calculation time.
Therefore, it is necessary to construct the skeletal
information of this cloth layer. This information is defined
by mapping the attachment information of the underlying
skin to these cloth vertices. Each vertex of the garment
mesh is associated to the closest triangle, edge or vertex of
the skin mesh.

Figure 2: Mapping the attachment information of the mesh.

In the Figure 2, the garment vertex C is in collision with the
skin triangle S1S2S3. We define C’ as the closest vertex to
C located on the triangle S1S2S3. We then define the
barycentric coordinates of C’ with S1, S2 and S3. The
attachment information of C is calculated by combining the
attachment information of S1, S2 and S3 weighted with the
barycentric coordinates.

3.2. Layer 2 “Loose cloth”

For loose clothes, the relative movements of clothes to the
skin remain relatively small, keeping a certain distance
from the skin surface. To get an intuitive understanding of
such cases, consider the movement of sleeve in relation
with the arm: for a certain region of the garment, the
collision area falls within a fixed region of the skin surface
during simulation. With this in mind, the scope of the
collision detection can be severely limited. A basic
assumption made is that the movement of the garment
largely depends on that of the underlying skin and yet it
should not follow the skin surface rigidly. It is necessary to
simulate the local displacement of the garment from the
skin surface.

Two different methods have been developed, one for cloth
deformation on the limbs (trousers and sleeves), the other
one for the deformation of cloth on the trunk.

3.2.1. Sleeves and trousers

In this approach, we use the assumption that cylinders can
approximate the limbs. Each vertex is kept on a disc that is
attached to the skin.

Initially, the position of the disc centres are calculated using
the attachment information defined in the pre-processing
stage. They are obtained by mapping the attachment
information of the underlying skin to the cloth vertices (see
Section 5). The axe of the discs is parallel to the limb joint.
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During simulation, the movement of the vertices on their
disc follows the equation of the rigid body motion. Vertices
move independently to each other. Using the 2nd Newton's
law, velocity and position are easily calculated with gravity
force. In case a vertex leaves its disc, a kinematic correction
[WIT 01] is applied to the velocity and the position to put
the vertex back on the disc surface. The Figure 3 shows a
cross-section of a limb with a garment.

«eeeeee Cloth layer

Figure 3: Cross section of a limb with a garment.

The size of the disc is a function of the angle between the
cloth acceleration vector and the normal to the skin surface.
The cloth acceleration vector is the subtraction of the
gravity to the acceleration of the associated skin surface.
This function is defined in a way that the size of the disc
follows roughly the catenary shape, i.e. the shape of a
hanging wire. It can be proven that if a heavy flexible cable
is suspended between two points, then it takes the shape of
a curve with the equation:

y= c+acosh(£j
4 1

Figure 3 gives an example of the variation of the size of the
disc along the body surface.

We approximate the limbs (arms, legs...) to cylinders and
then in order to determine the size of the discs for the cloth
deformation we consider the equation of the circle (the
cylinder that approximates the limb) and the equation of the
catenary (the garment hold by the limb) as shown on the
graph in Figure 4.

The equation of the half disc of diameter 2r in Cartesian
coordinate system (X, y) is:

y==% rt—x? )
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The equation of the catenary in the same coordinate system
(Figure 4):

y= a(coshi—coshi) 3)
a a
Y
X

Skin Layer

Figure 4: Equation of the catenary and the disc.

Where 2r is the diameter of the limb and a is the scaling
factor of the catenary curve. It is used to control the size
(largeness) of the garment. We define the ideal size of the
disc as the difference of the two equations above:

a(coshf—coshij—\/r2 —x’ 4)

a a

We define a quadratic equation to approximate the size of
the disc. This equation should be fast to compute, as it will
be used intensively to calculate the movement of every
vertex at every frame. This approximation is done by fitting
the polynomial function P(x) to the three points PO(x=-r),
P1(x=0) and P2(x=r).

P(x) = C((XJZ —1] where ¢ _ a(l—cosh£)+r )
r

a

In this equation, C is a constant that is related to the size
(largeness) of the cloth. This parameter is defined by the
user at the pre-processing stage.

sin(@) = x/r is evaluated by projecting the acceleration
component OA to the normal ON of the skin surface as
shown in Figure 5. OA is the acceleration applied to the
cloth. It is the subtraction of the acceleration of the skin
vertex O to the gravity component.

This method ensures that the rest shape of the garment takes
the shape of real garment hanged on a limb. All the discs
containing the vertices are parallel to their corresponding
limb joints. This ensures that every vertex of the same limb
will fall down to the same side on the limb, even in case the
direction of the limb is almost vertical. If the limb is
perfectly vertical, the result is unpredictable. However, this
case never happens in practice.
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Figure 5: Computation of the disc diameter.

In this method, no collision detection on surfaces is
necessary. Our particle system is very simple, each vertex
moves independently. Therefore, the acceleration applied
on vertices is constant. The stability of the system does not
depend on the time step duration. The resulting motion of
the garments provides the appearance of dynamic
movements as well as the shape of real clothes. An example
of a sleeve deformation is shown on Figure 6.

Figure 6: Deformation of sleeves.

3.2.2. Clothes on the Trunk

The hybrid technique described in Section 3.2.1 works well
if the skin surface can be approximated by a moderately
thin cylinder and the movement of the garment is more or
less perpendicular to the skin surface. This assumption is
true for the arms and legs; the friction prevents the
garments to move along the limbs. In such cases, vertices
are considered to move independently of each other.
However, such an assumption cannot be made for garment
regions around the trunk where, unlike the arm, the
movements of the garment are driven not only by the torso
but also by the potentially complex movement of the
shoulder and the arm. To get an intuitive understanding of
the problem, consider a shirt worn by a virtual human who
is raising its arms. The whole garment around the torso part
moves along the vertical direction as the arms are raised.
This implies the necessity to simulate the elastic property of
the tissue. Therefore, a dedicated method for cloth
deformation on the trunk has been developed.
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A simplified mesh composed of 42 nodes is animated using
a simplified mass-spring system. The movement of these
nodes is driven by two interactions: gravity and springs in
connection with neighbouring nodes. Each of these nodes is
a control point used to deform the cloth mesh on the trunk.
These control points are uniformly placed on the trunk, they
form a grid of 3x4x3 points. Six additional control points
are attached to the shoulder. These control points maintain
the grid mesh on the trunk and prevent the mesh from
falling due to the gravity. Each control point is included in a
half-sphere that is attached to the skeleton. The collision
detection algorithm verifies if each control point is
contained within its corresponding hemisphere. In case the
control point is not in its hemisphere, a kinematical
correction is applied on the position and the speed.

The cloth mesh is deformed with the Freeform Deformation
method [BAR 84] using the position of the nodes of the
simplified mesh. Our implementation uses a 3x4x3 control
point lattice for the FFD and uses Bernstein polynomials as
the basis functions. The example in shows the grid,
composed of the 36 green nodes. The weight values
associated to the vertices, deformed by the FFD, are pre-
calculated.

3.4. Layer 3 “Floating Cloth”

Layer 3 is composed of vertices that freely float around the
body. This will take care of cases, such as a large skirt
floating around the legs. Any part on this skirt can collide
with any part of the leg. The simulation of this layer uses a
classical approach with particle system and collision
avoidance.

* Particle system: We use a simple mass-spring system.
The simulation is performed using the Implicit Euler
Integration proposed by Barraf et al. [BAR 98] and Volino
et al. [VOL 00]. The garment is modelled by a simple mass-
spring system. We consider two interactions: gravity and
forces applied by the springs joining the particles.

* Collision response: Calculating collision detection
between the cloth and the skin mesh would not be feasible
in real-time, therefore we use a simplified model of the
body. Given the assumption that the floating clothes are
mainly skirts, the collision detection is calculated for the
legs only and two cylinders model each leg. By simply
calculating the distances between the skirt and the four leg
segments, the collision detection can be performed. It is
possible to further optimize by restricting the number of
collision distances that we compute for each segment.
During the pre-processing stage, a list of possible colliding
vertices is defined for each segment. This list is defined by
calculating the distance between the vertices and the legs
and the normal orientation for each vertex on the skirt. The
collision response consists of applying a kinematical
correction to the position and velocity of the colliding
vertices.

3.5. Computation Speed

Our method has been tested on several dressed virtual
humans. Figure 7 illustrates how computational time
changes with an increasing number of cloth triangles. The
code was executed on a 1GHz PC with 512 MB RAM and a
GeForce2 graphics card. The computational times do not
include the deformation of the avatar skin and the real-time
rendering. A simulation step corresponds to 0.04 seconds
worth of real-time animation.

The deformation of Layer 3 is in average thirteen times
slower than the deformation of the Layer 2. This is because
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Layer 2 uses an optimized model with a simplified collision
detection method and no integration method. The
deformation of Layer 1 is even faster because it uses
skeletal deformation. The Layer 3 algorithm is able to
simulate a maximum of 1,000 non-tessellated polygons in
real-time. In most cases, this is sufficient to produce
aesthetically pleasing results. Another advantage is that
most of the clothes can be animated using Layer 2. Layer 3
is used in only a limited number of cases, such as large
skirts or large trousers.
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Figure 7: Computing time per iteration versus number of
triangles.

4. Data-Driven Cloth Simulator

We present a data-driven method for simulating clothes
worn by 3D characters in real-time. To effectively optimize
the physics-based deformation, which is the bottleneck of
the simulation, we use a coarse representation of the cloth
mesh to drive the gross behaviour in simulation. We
consider that the gross cloth behaviour is driven mainly by
two separable contributions: the skeleton-driven movement
of the character and the mechanical properties of the cloth.
This consideration was partly inspired by the hybrid real-
time simulation method proposed in the previous section
[COR 02], where a hybrid deformation method is used to
combine dynamic surfaces with  skeleton-driven
deformation (SDD). Unlike that method, however, our
method exhibits significantly more efficient and realistic
behaviour. This effect is achieved by focusing on the
analysis of cloth movements in relation to its associated
skin surface, and adopting a learning strategy. The idea is to
use the analysis of the pre-simulated sequence to identify
the region largely explained by joint movement and to
replace the physics based simulation with geometric
methods wherever possible.

In our approach, the key ingredients of the new technique
are associated with different facets of cloth simulation:
First, our novel collision detection prunes out unnecessary
collision tests by tightly localizing potentially colliding
regions through the analysis of the cloth movement in
relation to the skeleton. Second, we use the pre-simulated
sequence to approximate the dynamic behavior of the
coarse mesh geometrically wherever possible. Finally, fine
details such as wrinkles are also simulated in a data-driven
manner, by using the pre-simulated cloth sequence as
examples.  Subsequently, real-time animation of fully
dressed human could be generated, which would be suitable
for applications such as games where visual plausibility is
more important than accuracy.
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4.1. Simulation of the Large-Scale Behavior

Due to the computational expenses of solving the full
numerical system of the physics-based deformation, we
seek simplifications by constructing a coarse mesh
representation of the garment. The coarse mesh is used to
deduce the large-scale behavior of the cloth in a data-driven
manner, based on the input pre-simulated sequence. A
number of optimization strategies are adopted: The two
following sections describe a pre-processing that constructs
and segments a coarse mesh representation into different
region types. We then describe in the next two sections the
spring-mass system and collision handling of the coarse
mesh at each frame of the simulation. Also described is the
runtime process.

4.1.1. Construction of the Coarse Mesh

We begin by constructing a coarse representation of the
given cloth model that will drive the gross behavior of the
simulated garment.

Figure 8: The fine and the coarse mesh.

It consists of two following steps: (1) The cloth surface is
partitioned into a set of patches as shown in Figure 8. (2) A
coarse mesh representation is obtained by combining a set
of vertices in a patch into a single mass point located at the
center.

4.1.2. Identifying Cloth-to-Joint Region Types

Next we carry out cloth-to-skin (or body) attachment
through skin fitting, by which the skinning data on the cloth
mesh are approximated in such a way that the skinning-
driven cloth shape best fits the simulated cloth shape
throughout the whole pre-simulated sequence. The basic
idea is to use the pre-simulated results as examples and find
the error-minimizing skin data through optimization (Figure
9). An optimization approach, such as the one presented by
Mohr et al. [MOH 03], has been adopted here.

The residual values of the fitting provide useful information
on how the garments behave in relation to the body. In our
approach, three regions are identified from the residual
values of the skin fitting process (Figure 10): those that
potentially interact with several joints, those that are loosely
attached to the skeleton and those that are rigidly attached
to the skeleton.
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Figure 9: (a) and (b) influence of the joints on the dress
shown in colour, (c) quality of the fitting of the SDD data.

~The three garment regions

Garments rigidly attached to
the skeleton through SDD

I Garments for which the
collision detection is made
with collision hulls only

Garments for which the
collision detection is made
with collision hulls and a
predefined list of potentially
colliding joints

Figure 10: The three regions computed on an analysis of
the residual values.

The deformation of tight regions is directly computed with
the Skeleton Driven Deformation (SDD). The use of SDD
for these regions makes it possible to reduce the number of
mass points in the mass-spring system.

High residual values indicate much less dependency on a
specific body region of the cloth movement. Therefore, an
additional collision check is required to handle the
interaction of the clothes with the whole body skeleton. A
list of potentially colliding body patches is defined by
selecting those that approach within a certain distance of the
floating regions during the pre-simulated cloth sequence.

4.1.3. Data-Driven Post-Correction of the Coarse Mesh
At each frame of the simulation, we compute the coarse

mesh by a mass-spring system with the implicit Euler
numerical solver [BAR 98]. The simulation run on the
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coarse mesh hardly reproduces the gross movement of the
original cloth because the initial mesh has been
significantly simplified (from 4000 to a few dozen vertices)
and the topology has been modified. Moreover, unlike the
simulator used for the pre-simulated cloth sequence, the
simplified mass-spring model does not accurately simulate
the bending and shearing properties of the fabrics [VOL

00].
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Figure 11: Post-correction of the mass-spring system.

We approach the problem by modifying the behavior of the
mass-spring system through a fix-up process (similar to
[MEY 00]) where the position and velocity of the coarse
mesh vertices are modified in order to maintain the cloth
shape as close as possible to the original one (Figure 11).

4.1.4. Collision Hulls

To prune unnecessary collision tests, we pre-compute what
we term “collision hulls” that exploit the skin-to-cloth
relation obtained from the pre-simulated sequence. These
are built once at the beginning of the simulation (prior to
the runtime simulation) after the SDD has been computed
on the coarse mesh, using the pre-simulated sequence. At
each pre-simulated frame, we calculate the difference
between the SDD motion model and the pre-simulated cloth
model in the local coordinate system of the SDD. After a
sweep, we get a set of points that cover the path a patch
takes during the simulation. The smallest convex hull
(Figure 12 (b) and (c)) that contains all these points is
generated for every patch using the “Quickhull” algorithm
presented by Barber et al [BAR 96].

Collision handling at runtime consists of correcting the
position of coarse mesh vert