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Abstract

We propose a novel model for curtain real-time animation, which not only significantly
reduces the time of rendering, but is also able to maintain visually appealing results. Conventional
physically based models for cloth simulations are typically dense sheets of interwoven strings, with
particles of finite mass at the intersections. While it seems to be an accurate model for cloth, it also
implies that significant computation is required in solving a time-varying partial differential
equation. Under certain circumstances, specific simplifications can be made. Our simplified curtain
model is represented as a semi-rigid object. The longitudina (warp) and latitudinal (woof)
connections are processed separately. Furthermore, we provide a uniform treatment of internal and
external forces.

Keywords: Physically Based Modeling, Virtua Redlity, Curtains and Draperies, Rea-time
Animation, Collision Detection, Semi-rigid Object.



Physically Based Real-time Animation of Curtains

1 Introduction

Clothing simulation has always been a challenging topic in computer graphics. Both the textile
industry and computer graphics are interested in how to describe and simulate the motions of
clothing. A lot of fundamental techniques and standardized measurement systems have been
developed in the textile industry to obtain empirical data to describe the properties of fabricl. A
large amount of clothing simulations and animations have also been presented in computer
graphicg®3458789 However, the real-time realistic clothing animation is still absent. One reasonis
that most mathematical models employed by these methods are too complex to be managed in
real-time. Another reason is due to the expensive computation of collision.

In computer graphics, Weil pioneered the simulation of clothing using pure geometric
equations and transformations®. Geometric techniques require user intervention and cannot be
easily adapted to different materials or different cases™'> 3, Hadap et. al. took a geometric and
texture based approach to animate wrinkles on clothes.

Recent work on clothing animation is mainly based on physica laws. Physically based
modeling remedies the problem of producing realistic animation by including forces, masses, strain
energies, or other physical factors. Terzopouloset al. first proposed a deformable model intended for
flexible objects* 3. By describing large deformations as the result of internal elastic force that
counteracts deformation, external force and viscous damping force, he established a physical basis
for the cloth model and solved the problem numerically. After Terzopoulos, lots of works have been
done using the theory of elaticity!**>®, Thalmanns and their team did extensive research in
modeling clothes worn by fashion models, garments design'®”'”, and especialy in collision
detection'31°2% Breen et al. studied the rigid properties of different patterned fabrics and
incorporated these properties into his particle system®. Particle system uses coupled particles
connected by strings to model clothing through a minimized energy function. Though the works
listed above differ in their representation, numerical solution method or collision detection methods,
most of them can be categorized as the mass-spring model. The classic mass-spring model is
composed of thousands of particles, each particle interacting with at least 8 of its neighborsto attain
realistic cloth, resulting in alarge number of iterations to converge to the equilibrium state. Some of
the work used finite element method that is also time consuming??.

On the other hand, physically based modeling usually involves solving a partial differential
equation(s). A good dea of efforts have been devoted to red-time numerical solution of the
equations®??, The simulation time has been greatly reduced with Baraff’ s implicit integration

method®?. However, it is still impossible to generate clothing animationsin real-time. Breen’ sSGD



(stochastic gradient descent) method required three days to one week to minimize the energy
function on an IBM RS6000. Even in Baraff' s implicit integration method, it still requires an
average of 10 seconds to calculate a frame of 4530 vertices on a SGI Octance R10000 195MHz
processor.

Aswe know, appearance is generally more interesting and important than physical accuracy in
computer graphics. Therefore, it is possible to reduce the computation time if we can correctly
simplify the physical model. We observe that a simplified model is adaptable for a class of special
cloths, eg., curtains or draperies. We have developed an efficient physically based mode to
overcome the performance issues in the previous models. After the decoupling of the longitudinal
(warp) and latitudinal (woof) connections, we can process them separately. Our method is very
simple and workswell with non-iterative procedures, e.g. it can generate animations of two curtains
of 1760 nodes with collision detection in real-time (see Table.1 in section 7) on a common PC
(Pentium 111 400MHz CPU without hardware accel eration).

The rest of the paper is organized as follows. In section 2, we give a brief overview of our
method s architecture, Section 3 describes the specifics of the forces. Section 4 derives how we
separate the longitudinal and latitudinal connections, and then process them separately. Section 5
describes a fast collision detection technique. Constrained initialization is discussed in section 6.

Conclusions are drawn in section 7 with ssmulation results.

2 Overview of the Architecture

Our method consists of six components, namely initialization, forces calculation, longitudinal
(warp) calculation, latitudinal (woof) calculation, collision detection, and smoothing of themesh. In

this section, we will give a brief introduction of our mode!.

2.1 Notation and Geometry
In our model, a curtain is divided into an by mrectangular grid, it gives the internal woof and

warp structure of a woven cloth naturally (Fig.1). The node in .

the i™ row and j column is represented as (i, j) with its

world coordinate %, i the massm

| and the velocity V, ; (V,

i S -

X, 1 R®). Force f exerts a force fi'ji R®on node(i, j) .

e
Real-world curtain is cut from flat sheets of material and tends —
to resist deformations away from this initia flat state. We T

A

capture the resting state of the curtain by assigning each node

(i,]) toastatic coordinate (u, ;,v; ;) intheplane. The length

i

Fig.1 curtain grid



between node (i, j)and its upper neighbor (i- 1,j) in the free state is presented as
ii =Vij - Vi.y; and the length between node (i, ] ) and its left neighbor (i,] - 1) in the free

stateispresented as I, =u;; - U, ;.

2.2 Semi-rigid rods

@ , o (b)
Fig.2 Semi-rigid

Investigating a curtain moving in airflow (Fig.2-a), we observe that if we divide it into a
number of segmentsin itslongitudinal direction, each segment swayslike apendulum except that its
motion has no periodicity and it has more degrees of freedom (Fig.2-b). All the segments are
connected together one by one composed of a piecewise smooth curve or spline, which is like a
complex pendulum. Wecall it asemi-rigid object sinceit is deformable while at the sametimeit can
preserve the total length. The semi-rigid object can also be applied in the latitudinal direction.

A semi-rigid rod cannot be stretched or compressed, but it can undergo some deformation such

as bending. The distance (along the arc length) of each rod between node (i, j) and node (i, +1)
(ornode (i +1,]))isfixed. Itisdetermined by the resting state of the cloth, that is, the constant 2D
coordinates of the two nodes: (U; ;,V; ;) and (U; ;,V; ;) (O (Ui 2V )

In comparison to most of the previous works, semi-rigid rods can better preserve the overal
shape of the cloth. Most eastic models try to perform local optimization to find the local
equilibrium state. Global optimization of the overall cloth is comparatively of less concern. This
local method may work well in creating wrinkles and creases in cloth, but it cannot preserve the
overall shape of the cloth. For example, the overal length of previously developed cloth models
may lengthen a lot under external force of in-plane stretching. Provot!*® observed that abnormal
deformations occur in the constraint points in classic models and try to solve the problem by
limiting the elongation to 10%. Though measurement system of the textile industry proves that a



cloth experiences small elongation under this circumstance, we believe such elongation for most
densely woven cloth is too small to be recognized by human eyes. Meanwhile, the semi-rigid

property makes the internal force between two adjacent nodes easy to handle

2.3 Two Detached Directions

As mentioned above, we try to detach the longitudinal and latitudinal connections to simplify
the physical moddl. In the latitudina direction, the nodes and rods in the same column can be
viewed as a complex pendulum that sways under the influence of the gravitational, airflow and
damping forces. In the longitudinal direction, stiff multi-section rods connect adjacent nodes of the
same row. The overall length of all the sectionslength isconstant, but the length of each section may
change according to the physical and geometrical state of the rods. In our method, the longitudinal
connections arefirst calculated and then the latitudinal connections are added to form realistic cloth.
Since these two are managed separately, we do not have to establish any differential equations or
large numerical matrices. Instead, we can calculate the motion of each node one by one, which

greatly reduce the computation time.

3 Forces

3.1 Unified Forces

Mass-spring models classify forces into two catalogs. internal force that counteracts
deformation, and externa forces that provokes cloths motion. Internal forces are determined by
elastically laws. In our model, the rigid property of the rods has released us from sticking with the
complicated deformation laws and the annoying experiments for the elastic parameters. There are
no elasticity functions in our model. However, the deformation properties are incorporated into the
mass of each node. The mass of each node is determined by the cloth’ s woven density, the elastic
property of the yarns, and the area the corresponding rectangle covers. In our future work, we will
try to quantify the correlation between the elastic property and the mass of our model.

As the rods connecting adjacent nodes cannot be elongated or compressed, the interacting

forces between two adjacent nodes can be tension that resist the trend of elongation or compression.

Either case can be determined by the relative velocity V(=V;; - V;;;)and relaive
coordinate X( = X;; - X;;_,) of thetwo nodes at the end of eachrod. If V isinthe samedirection as
X, the force is to resist compression (in fig. 3, the angle q, <p /2); if V isin the opposite

direction as X, the forceisto resist elongation (in fig. 3, theangle q, >p /2).
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Fig.3 If therelative velocity of two connected nodesis Fig.4 Analysis of the forces
Vv, the internal force will resist compression; if

relative velocity is V,, internal force will resist

elongation.

External forces include wind, gravity, damping force, contacting force with surrounding
objects, and so on. Since the internal forces are not relevant to each node’ s displacement, they can

be handled the same way as external forces. We can combine the internal forces and external forces

into anet force vector f . The acceleration of node (i, j) issimply:

d’%,, f]j
a  m. @

]

Solving this ordinary differential equation, we can obtain the position )?i’j of each node at any

instant, and thus, the motion of the cloth can be determined.

Fig. 4 lists some common forces in our method, they are

l?if?“s“’”l isthe internal force between (i, j) and its upper neighbor (i- 1,j);
l?if?”donz istheinternal force between (i, j) and itslower neighbor (i +1,j);
fivf”d isthe wind force;

f f’jampi " is the damping force, which isin the opposite direction of (i, j)’ svelocity;

fi f’jrav“y isthe gravity of node (i, j) .

3.2Wind Force

In our simulator, we use auniform wind force model that can take into account the porosity of

the cloth and the viscidity of air. Suppose we have a predefined conical wind source: I?W .(Itcan



exert force on the cloth in a parallel fashion if the top and bottom
radii of the cone arethe same, that is, acylinder. We can a so adjust
which portion of the cloth is under the wind force by tuning the
position of the wind source and radius of the cone.) We calculate

the force acting on each nodes of the cloth by:

[o=fdg @
il
F_ (- c,mcosY -

-2 temp
cau+[d])

(3

wind
where point A isthe vertex of the cone; C isanode on the cloth; B sourc

isthe intersection of edge A C and the bottom plane of the cone.

I?W isthewind force at the center of the bottom plane and l?temp is

the corresponding wind force putting forth by point B. d is the Fig.5 Wind source

vector connecting BC. m(0 £ m£ 1) isthe porosity ratio which
controls the amount of flow going perpendicularly through the cloth surface as afraction of the free

stream velocity normal to the cloth surface., Y is the angle between the direction of wind force

l?temp and the mean normal of each node, (the mean normal isthe normalized average normal vector

of all the triangles connected to the node); C, and C, isthe corresponding weight of m and ”a”

determined by our experiments. In addition, we add some random disturbance on the force acting on
each node to simulate the unsteady property of airflow. These random turbulence forces yield good

results.

3.3 Damping force

Curtain simulation is critically dependent on the damping forces to dissipate accumulating
energy and to avoid oscillations. In previously developed models, a suitable damping force should
accompany the internal spring force of each category. As we have provided a uniform treatment of
the externa and internal forces, we only need to define a simple viscous damping function on the
assumption that the curtain is placed in free air. Air resistance is calculated by the following

formula:

. i o, ||| £ threshold
T e, T4, |7 > threshold

(4



Ir isthedensity of air, which, in our case, is assumed to be constant by the precondition that the air
is incompressible; C, is the resistance coefficient; and the damping force can be linear or quadric

according to the relationship between threshold and T of each node.

Itis known that the values of C. will be changed for distinct motion speeds. We assign nodes of
different positionsin cloth with different values of C, . For nodes*inside” thecloth, that is, with four
neighbors in the grid, are assigned smaller values of C, ; for nodes with three neighbors on the
border, their C, values are larger; while for nodes on the square, that is, nodes with only 2 neighbors,

their C, values are the largest.

4 Decoupled Connections

Our simulation system has two phases: longitudinal connection and latitudinal connection. In this
section we will introduce the two phases respectively. As we have stated before, the two connections are
detached. Accordingly, the nodes connected by different connections are classified into two levels (They
are distinguished by spheres of different colorsin Fig.2. thefirst level isyelow and the second level is

green). We will explain thisin detail later.

4.1 Longitudinal Directions

Firstly, we caculate the longitudinal connection. Each longitudinal connectionistreated like a
complex pendulum (see Fig.6). Semi-rigid rods connect adjacent nodes of the same column. All the
nodes constituting a complex pendulum are called nodes of the first level (In Fig.2 and Fig.6, they
are represented by the yellow spheres.).

v
y

Fig.6 Longitudinal connections Fig.7 A pendulum
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A pendulum is easy to model. But we still have to specify some points because the longitudinal

direction is not a classica pendulum. Referring to Fig.4, for each first level node, we calculate the

resultant force of all the external and internal forces: é f . Then solvi ng Eq.1, we get the position,



velocity and acceleration of each node. The processing is done according to the follow steps
(suppose we are processing nodes of the | ™ col umn):
1. i =n, n isthe number of nodesin each column;
2. For node (i, ]), do a coordinate transformation by transforming its world space
coordinate X; ; tolocal coordinate X i, , where the origin of the latter is (i, j)’ supper
neighbor (i - 1, ), and therod connecting (i, j) and (i- 1,]) inthelocal coordinate

isinthe X¢ y@ plane.

3. Cdculate the resultant forceé f acting on node (i, j), and decompose it into three
forces. f" istheforce parallel to the direction i of therod, flis perpendicular to the

direction of therod, f Zisthe force in the direction of the z axis (inFig.7, for simplicity,

we omit f ?). f"guarantess that (i,]) can move about in a sphere centered at

(i-1,j), with its radius being the length of the rod; f ‘and f Zare in charge of the

acceleration of the node. The coordinate X i, is correspondingly decomposed into: Xi'|

X and X7, .

4. Accordingto ", f'and f?, calculate the corresponding acceleration, velocity and

position, and the tension of the rod connecting (i, j) and (i- 1,]).

fr =m; >‘V\/i,J'2>‘1i\,lJ' (5)
v o d)_{irjjl
T at (6)
d2x' ' ft
dtz’J - m . @)
i
dz)?iz.' f?
= — 8)

rg n’oot

\ n v
m’jl Ii’ja f ) X|’J ) X|’J )

z

and )?i,j‘ have been defined before, W, ; is the angular

velocity of the node.

5. totransform thelocal coordinate back to the world space coordinate.

6. i=i-1,gobacktostep2till i =0,thatis, at thetop of the complex pendulum.
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The idea of a complex pendulum provides us a natural numerical solution listed above. There
are dways free endsin the longitudinal direction in any fabric, draperies, and clothing. The free end
of acomplex pendulum hasinternal forces with only one neighbor. Therefore, we can first calculate
the mation of the free end first. Then, one by one, we can expand from the free end to its neighbors
and findly al the nodes in the whole complex pendulum are processed. For example, in Fig.6, first
we cdculate the motion of the bottom nodes, then we process their upper neighbors, and
progressively go upwards. From bottom to top, the whole grid istraversed. In thisway, we can avoid
the large sparse matrices. And most encouragingly, we do not have to worry about the integration

methods, neither the steps of the integration or whether the integration will converge.

4.2 L atitudinal Directions

Second, we calculate the latitudinal connections. In the
latitudinal direction, the multi-section rods connect adjacent
first-level nodes of the same row.

We sum up the distance between two adjacent columns. If
the sum exceeds the fixed distance |’; defined in section 2.1,

which means that the cloth is stretched in the longitudinal
direction and that it should unfurl flatly, adjustments are made

for the position of the nodes so that the distance between the two

nodes is exactly the fixed distance. This is a hard constraint in Fig- 8 Multi-section rods can only
move in the normal plane defined

that all the nodes should obey because the semi-rigid rod cannot e
by edge ((i.j), (i, j+1))

elongate. This process can be viewed as a supplement to the first
phase in determining position of the first level nodes.

Now that the position of the first-level nodes have been obtained. They are used to determine the
movement of the stiff multi-section rods. We suppose that each section of the rods is rigid, but the
cross-point where two adjacent sections intersect can move flexibly. It’ slike a gimmal connecting two
rods. These cross-points are called nodes of the second level (in Fig.2 and Fig.8,, they are represented as
green spheres).

Asan example, thefirst-level node (i, j) and (i +1, j) areconnected by 4-section rodsin Fig.8.
We define the normal of edge ((i, j),(i, j +1)) asthe average normal of all the rectangles connected
to edge((i, j), (i, j +1)) . With the assumption that the multi-section rods will move in this average

plane, the position of the multi-section rods can be obtained. Thus the position of the second-level

nodes is determined.

4.3 Grouping of Nodes
By detaching the latitudinal and longitudinal connection, we can simplify the calculation
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extensively. Accordingly, the nodes are grouped into two levels. The motion of the first-level nodes
is mostly determined by the longitudinal connections, while the motion of the second-level nodesis
determined by latitudinal connections.

5 Collision Detection

Our method can directly solve the equations because of the simplicity of the model. One of its
drawbacks is that it cannot directly implement collision detection as collision constraints into the
partial differential equation and solve them directly in the differential equation like previously
developed methods'®!. We have to deal with collisions explicitly. That is, when any collisions are
detected, we have to calculate collision response and adjust the nodes position and velocity
explicitly.

In curtain animation we have to deal with two kinds of collisions. One is self-penetrating, the
other is collision with surrounding objects. Our cloth grid is further divided into a triangle mesh.
The basic idea in both cases is the same----to find vertex-triangle and edge-edge penetration.
However, in self-collision detection, since the cloth is a curved surface with no thickness, there are
cases when the velocity of the nodes is very high, though in separate frame, there seems no
intersection, but actualy there has been penetration between two adjacent frames. This kind of
collision is detected by detecting vertex-triangle and edge-edge intersection between previous and
current positions in two adjacent frames.

Collision detection is very time-consuming as every vertex-triangle and edge-edge has to be
checked. Optimizations can be made to speed up the computation. Here we employ two methods
described by Provot' s collison detection®!: bounding box and surface curvature. By taking
advantage of the bounding box and curvature of each triangle or group of triangles, we eliminate
most vertex-triangle and edge-edge pairs that cannot intersect by simple geometrical tests, leaving
very few pairs for further detection.

The collision response is calculated according to conservation of momentum. We also add
dliding parameters to get a diding effect.

A robust collision detection system for curtain animation should guarantee that each collision
response will not create new collisionsin other parts of the curtain, that is, collision consistency. We
adopt the idea of collision zone from Provot!?!. The simulator groups interfering collisions into the
same zone, and deal with collision response of a single zone. The method will iterate until no new
collisions occur. It is very robust but sometimes it has to iterate a number of times in order to
converge. It took two and a half hours to process a collision detection for 3000-polygon pair of
trousers worn by a model. We cannot afford this time. Therefore, we only let our system iterate 2

timesto get rid of most collisions, leaving some undetected. This till yields quite good result.
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6 Longitudinal Connection Initialization

In section 4, we use multi-section rods for the longitudinal connection. How many rods should
we use for each adjacent pair of the first level node? How long should each section be? In our
current implementation, we create the number of rods randomly by the computer. However, our
future work will try to incorporate image based modeling method to initialize the multi-section rods.
Theinitial image of the cloth will decide the number of sections for each rod and the length of each
section.

7 Conclusions and Results

We have developed anovel method that can generate curtain or drapery animation in real-time.

Table 1 gives a performance summary of assorting animations.

Table 1. CPU time of our simulator
(On SGI Visua Workstation 320 with Pentium 11 350MHz CPU)

Figure no. vertices Time/frame (CPU msec)
flag 240 <0.5
curtains 1760 10

With the elimination of elasticity theory, we have established a very efficient and
straightforward model for curtains, flags, skirts, and draperies. The animation generated by our
simulator is quite appealing. The computation time will increase linearly as the number of nodes
increases, while in most models, the computation time will increase exponentially. The significant
decrease of computation time makes our model useful for a rich variety of applications such as
real-time animation in virtua reality, e-commerce and so on. Our future work will try to incorporate
our model with human bodies and try to dress them with vivid clothes.

Fig.9-10 shows the result of real-time rendering. Moreover, we can interactively adjust the

system parameters, such as the wind direction, the wind power, viewpoint, zoom in, zoom out, etc.

13



Fig.9 The pictures captured during real-time animation (two -curtains, with 1760 nodes)

Fig.10 The pictures captured after users adjust the wind s, view point’ s and other parameters

14
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