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ABSTRACT

Most textiles do not stretch noticeably under their own weight. Simulating inextensible cloth is

consequently attracted much attention. The styles of cloth are not monotonous any more. Cloth

designers can design to embed some objects onto the textiles. In this thesis, we develop a novel

hybrid framework for simulating inextensible cloth with embedded objects. We iteratively per-

form fast projection and shape matching so that the strain of cloth is not larger than a predefined

limit and the embedded regions of cloth are maintained their initial shapes.
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C H A P T E R 1

Introduction

Cloth simulation has been used in a variety of fields, such as video games, films, animation

production and textile industry. Realistic cloth simulation is attracted much attention.

Provot et al. [Pro95] proposed a method using three types of springs to form a cloth model.

The three types of springs are stretching, shearing, and bending. These springs are used for

modeling the internal forces of the cloth model. However, we observe that most fabrics do

not stretch noticeably under their own weight. However, for many cloth simulators, enforcing

inextensibility of the cloth always degrade the performance. Thus we demand further features

to confirm the inextensibility of the cloth. In order to take into account the authenticity and

acceptable effectiveness, Goldenthal et al. [GHF+07] proposed an iterative fast projection as a

global velocity filter to alleviate this issue. We adopt this method as it can model the inextensi-

bility of cloth and it is proven for convergence. However, the cloth models are embedded with

solid objects in our system. It is unclear how the fast projection method alone can be applied

for simulating such cloth models.

Garment designer usually embed rigid bodies onto textiles to increase the variety of the

clothing style. Realistic of interactions between embedded objects and the fabrics attract our

1



1.1 Contributions 2

attentions. In general, for parts of the cloth attached with embedded objects, have different

movements from other parts. Geometries of the embedded objects should be allowed only to

be translated or rotated while the cloth model deforms, but they are not able to change their

shape and structure. We are motivated by the approach called “Shape Matching” in Müller et

al. [MHTG05]. In [MHTG05], a new mass center and an optimal rotation matrix are computed

to recover the original shape of a region.

We propose a method using fast projection [GHF+07] to enforce nearly inextensible but

the fast projection method cannot maintain shape. Consequently, we add different types of

constraints other than those defined in [GHF+07]. On the other hand, the shape matching

method by Müller et al. [MHTG05] reserves the original shapes of regions in cloth embedded

with rigid bodies, and computes the goal positions of these regions in minimum costs. We

combine these two approaches and propose a novel hybrid approach for simulating inextensible

cloth embedded with rigid bodies.

1.1 Contributions

Our major contributions are stated as follows:

1. Flexibility: different sizes and number of objects can be embedded onto the cloth.

2. A modified fast projection for simulating cloth with small strain: a simple, implicit and

fast method for filtering velocities that decouples timestepping and inextensibility.

3. A modified progressive shape matching scheme: A scheme to maintain the shapes of

patches on the cloth corresponding to the embedded bodies.

1.2 Organization of the thesis

The following chapters are organized as follows. In the context of the rest of our thesis, we

briefly describe the related work in Chapter 2. In Chapter 3, we describe the basis of methods
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and symbols in this thesis. The system architecture and ideas are illustrated in detail in Chapter

4. Experimental results are given in Chapter 5. In Chapter 6 we conclude this thesis with a

discussion.



C H A P T E R 2

Related Work

We review the related work in the areas of cloth simulation and collision handler.

2.1 Cloth Simulation

General Cloth Simulation A deformable cloth surface was simulated using a network of

mass particles and springs [BW98, Pro95]. Baraff [BW98] proposed the implicit integration

method and generated a large sparse system at each time step and kept the simulation stable.

However, a damping force is required for solving the problem of the post-bucking instability.

Choi et al. [CK05] used a semi-implicit integration method to solve the problem. Moreover,

Bridson and Harmon et al. [BFA02, HVTG08] proposed methods to robustly handle collision

response.

Inextensible cloth simulation Adjusting vertex information iteratively could be applied to

enforce the inextensibility property of cloth. However, this kind of approaches might not be

convergent [BFA02, Pro95]. Ye et al. [Ye08] used strain limit to filter the velocity of the vertex,

4



2.1 Cloth Simulation 5

but the solution might not stable when using very large time step. Linearized implicit method

was proposed to improve the stability of constrained dynamics [GHF+07, HCJ+05]. Goldenthal

et al. [GHF+07] adopted constrained Lagrange mechanics to prevent the cloth from stretching

too much. In their approach, linearization and efficient calculations can both be performed. We

adapt the method by Goldenthal et al. [GHF+07] in our approach. Figure 2.1 shows difference

between [GHF+07] is applied and not appied.

(a) (b)

Figure 2.1: Difference between [GHF+07] is applied and not appied. In (a), the strains at two

pinned corners are noticeable when we don’t apply fast projection. In (b), the cloth does not

visible stretch.

Shape correspondence Shape matching was presented for simulating non-deformable ob-

jects [MHTG05]. The main idea of this method is to simulate the non-deformable objects based

on the geometric constraints [MHTG05, RJ07, SOG08, OKN09]. This kind of methods are un-

conditional stable. Stumpp et al. [SSBT08] proposed an adapted shape matching approach for

performing efficient and robust cloth simulation. A combination of two different cluster types

is employed to account for high stretching, high shearing and low bending resistance. We adapt

Müller’s approach in our system and maintain the shape of the regions with embedded objects

during simulation.
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2.2 Collision handler

Collision detection is widely applied in the simulation of numerous deformable objects, such as

cloth simulation or rubber material [BHW94, VMT00, GLM96, BW03, CK05, HVTG08, Ye08,

VMTF09]. Many kinds of methods which are based on space partition and BVH algorithms are

applied to accelerate collision detection [GLM96, KHM+98, SKTK95, Ber99]. Nowadays, the

hierarchy of k-DOPs[KHM+98] is widely used because of its high culling effectiveness. But it

should be noted that there is no conclusion about which kinds of k-DOPs is better for different

simulation systems.

Continuous collision detection has been applied in the simulation of rigid bodies [RLMK05].

The main breakthrough for deformable objects is that this method can be used to compute the

precise information of collision time and collision position. Liu [LKC96] proposed an ap-

proach for computing the contact time between two triangles by checking each pair of po-

tentially colliding triangle pair (PCTP). Each test for a feature pair involves solving a cubic

equation for the times when the feature pair is coplanar. Subsequently, this method was adopted

in [Pro97, BFA02, WB05, HF07].
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Introduction to fast
projection

A cloth model is discretized into a set of particles and the particles are inter-connected by

springs. Each spring has its own coefficients, such as stiffness and initial length.

3.1 Fast projection

Some kind of cloth does not stretch much under the effect of their own weights. We want to sim-

ulate this kind of cloth. The approach which is developed based on spring mass system requires

a high stiffness of springs. However, using springs of higher stiffness often require smaller time

step. An alternative approach is to adopt fast projection [GHF+07]. Fast projection(called FP

for short in our thesis) is proposed to restrict the textiles so that they can have a small strain, e.g.

0.1%. FP is a method for filtering velocities of particles iteratively for enforcing the elongation

constraints between particles. FP computes the implicit constraint directions and then projects

velocities of particles approximately onto the constraint manifold. Since the Lagrange multi-

plier is used for forming the linear systems, we introduce Lagrange multiplier in the following

7



3.2 Lagrange multiplier 8

section.

3.2 Lagrange multiplier

In mathematical optimization, the method of Lagrange multipliers provides a strategy for find-

ing the maxima and minima of a function subject to constraints [Lar]. For instance (see figure

3.1), consider the optimization problem: maximize f(x, y), subject to g(x, y) = c.

A new variable Λ called a Lagrange multiplier is introduced, and we study the Lagrange

function defined by

Λ(x, y, λ) = f(x, y) + λ ·
(
g(x, y)− c

)
, (3.1)

If f(x,y) is a maximum for the original constrained problem, then there exists a λ such that

(x, y, λ) is a stationary point for the Lagrange function.

Figure 3.1: Find x and y to maximize f(x,y) subject to a constraint (shown in red) g(x,y) = c.

After the introduction to Lagrange multiplier, we briefly introduce the algorithm of FP

[GHF+07] is shown in Algorithm 3.2.1.
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Algorithm 3.2.1: FAST PROJECTION()

Input : ṽ

comment: candidate velocity

Input : x̃

comment: known start-of-step position

j ← 0

x0 ← x̃+ hṽ

while EXCEED STRAIN THRESHOLD(xj)

do



(1)SOLVE LINEAR SYSTEM(δλ(j+1))

(2)EVALUATE NEXT X(δxj+1)

xj+1 ← xj + δxj+1

j ← j + 1

Output : 1
h
(xj − x̃)

comment: constraint-enforcing velocity

The Equations 3.2 and 3.3 in Algorithm 3.2.1 are stated as follows.

h2(5C(xj)M
−15 C(xj)

T )δλj+1 = C(xj) (3.2)

δxj+1 = −h2M−15 C(xj)
T δλj+1 (3.3)

In equation 3.2, a numerical solver Constrained Lagrangian Mechanics is used for computing

the constraint gradient C(xj). Furthermore, Equation 3.3 is used to find the positions of the

modified implicit vertices.

The algorithm computes the vertex positions xj iteratively if the constraint is not satisfied.

The method is treated as a velocity filter and it is used to restrict the stretch of cloth in a per-

missible range.
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Introduction to shape
matching

In this chapter, we present the shape matching algorithm for the current state and the original

state of the target object.

4.1 Notation

We observe that a rigid body structure is not deformable even when it is embedded on a de-

formable object, such as cloth. In our thesis, we call the regions which are embedded with rigid

bodies as “clusters” and denote them as Ci. We need to map each Ci to its original shape during

the simulation while allowing other portion of cloth to be deformed. We introduce Müller et. al

[MHTG05] in the following section (see figure 4.1).

10



4.2 Algotithm of shape matching 11

Figure 4.1: The origin shape of xi0 is matched to the deformed shape of xi. Goal positions gi is

computed. Then the deformed points are moved towards the goal positions.

4.2 Algotithm of shape matching

A cluster is composed of n points. The origin positions of these points are denoted as x0i , i

= 1 · · ·n. The mass center of x0i is x0cm. After the deformation, the points move to the new

positions xi and the center becomes xcm.

We compute an optimal rotation matrix R and a translation vector t, as shown in figure 4.1.

Then we can restore the clusters back to the original shapes and ensure the sum of the distances

between the new positions and old positions of points is minimum.

gi = R(x0i − x0cm) + xcm (4.1)

The corrected position gi of the point i is computed by using equation 4.1. After that, we move

each vertex to its goal position. Thereby, Ci is tranformed to its original shape.
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Method

In this chapter, we illustrate our hybrid method of fast projection and shape matching. In our

approach, two important goals needed to be achieved:

1. Inextensibility of the cloth.

2. Fixed shapes of regions embedded with rigid bodies.

We adopt Goldenthal et al. [GHF+07] method to achieve the inextensibility of the cloth. A

modified method of [MHTG05] is applied to maintain the fixed shapes of regions embedded

with rigid bodies.

There are two stages in our simulation process. First, we will illustrate the constraints which

are needed to be enforced during the simulation in xection 5.1. In section 5.2, we describe our

algorithm during the run time stage.

5.1 Preprocessing Stage

Based on observation, we find out not only the regions embedded with rigid bodies but also

neighbouring regions around these embedded bodies cannot be deformed. The properties of

12



5.1 Preprocessing Stage 13

these regions should be different from other parts of the cloth. Furthermore, we need to develop

a model which is capable of maintaining these undeformed regions. We use a two-dimensional

square to approximate these special areas, and define the boudary part of the square as a cluster

Ci. Each Ci consists of k vertices horizontally and vertically, respectively. Furthermore, we

add several kinds of constraints for each cluster in order to fix the shape. The constraints are

described in the following section.

5.1.1 Cluster Constraints

Given a triangular mesh with vertices and edges, constrained dynamics can be developed by

a spring mass system. In the system, springs produce stretching forces, shearing forces, and

bending forces during the simulation. However, since we embed rigid bodies on on the cloth,

the cluster corresponds to each objects should also be rigid. Thus when the spring forces are

computed for interior of the cloth, the vertices inside a cluster should not be affected by any

internal forces. So we remove the springs attached to every vertex inside the cluster (see figure

5.1).
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Figure 5.1: We remove springs attached to any interior vertex.

5.1.2 Constraints for Fast Projection

In [GHF+07], the stretch of cloth is prevented along the warp and weft directions. Hence, inex-

tensible constraints are only added on edges in weft and warp directions. But above-mentioned

constraints cannot help us to maintain the original shape of each cluster. Thus, in addition,

we add more inextensible constraints which correspond to the edges of each cluster so that the

cluster does not change its shape when fast projection is employed. Several types of additional

contraints are given in figure 5.2. In next chapter, we will illustrate every type of addtional

contraint involved in the system in detail.
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(a) 4 constriants. (b) 6 constriants (1).

(c) 6 constriants (2). (d) 6 constriants (3).

Figure 5.2: Additional constraints are involved at the four surrounding edges e1, e2, e3, e4 and

three types of hypotenuse constraints in the cluster are additional constraints to fix the length of

these six edges. The shape of the cluster is approximately maintained by these constraints.

5.2 Simulation Stage

In this section, we describe the simulation algorithm. The important steps in our algorithm

are Goldanthal’s fast projection scheme and progressive shape matching. We describe them in

details in the following sections.
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5.2.1 Algorithm Overview

In each frame, we need to finish all the computation in the Algorithm 3.2.1.
Algorithm 5.2.1: ALGORITHM OVERVIEW()

Step1 : COMPUTE EXTERNAL FORCES()

Step2 : COMPUTE INTERNAL FORCE()

Step3 : HYBIRD FAST PROJECTION WITH SHAPE MATCHING()

Step4 : UPDATE PRIMITIVE INFORMATION()

The influence from external forces (e.g. gravity, air drag force, and user defined forces) are

computed in step1. In step2, we compute internal forces (i.e. spring forces and viscous drag

forces), including stretching, shearing, and bending forces. We choose explicit schemes with

small time step for the computations in step1 and step2 to simplify the computation complexity.

After that, the velocity of each vertex is adjusted to obtain a nearly inextensible status and each

cluster is adjusted to its original shape iteratively in step3. Finally, the primitive information is

updated in step4.

5.2.2 Hybird Fast Projection With Shape Matching

In this section, we introduce the details of our hybird fast projection with shape matching (called

HFP in following parts of our thesis). Figure 5.3 shows the flow chart of our idea:
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Figure 5.3: The flow chart of our hybird fast projection with shape matching method.

In each step of HFP, we input the current position of each constrained vertex separately to the

fast projection (FP) part and the shape mathcing (SM) part. Fast projection and shape matching

are performed independently (see figure 5.3). Finally we use two coefficients coeffFP and

coeffSM , coeffFP + coeffFP = 1 to sum up the output these two parts.

5.2.2.1 Fast projection (FP)

Following Goldenthal’s approach, we perform a velocity filter to enforce the strain limit of all

edges of the cloth. We define a threshold ε as the maximum strain of the cloth model. In each

iteration, we measure the strain of each edge ei. The velocity filter is then applied for changing

the velocities of all the vertices if the strain of an edge exceeds ε. Finally, the strain constraints

of all the edges are satisfied. Since the Lagrange multiplier is used to form the linear systems,

the structure of the entire cloth should be considered.

5.2.2.2 Iterative shape mathcing (Iter-SM)

The shape of each cluster should be maintained. In our thesis, we apply Müller’s shape matching

scheme [MHTG05]. According to Müller’s approach, a new mass center xcm is computed as

the translation vector for each cluster Ci. As mentioned in Chapter 4, an optimal rotation matrix
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R can be derived by using information of deformed state and undeformed state with minimum

cost. Then the goal positions gi of each vertex of the cluster Ci can be computed by using the

matrix R and the vector t.

Map to 2D coordinate We find there exists a special situation causing the wrong extraction

of the rotation matrix R. In order to explain clearly, here we define a notation “shape vector”.

For each vertex of the cluster, the shape vector is equal to the relative vector from the cluster’s

barycenter to its current position. We name the shape vector at the first frame the “original

shape vector”. The special situation is: for each cluster, if all its shape vectors are parallel to its

original shape vectors, then the rotation matrix could not be derived correctly. In this case, we

change the coordinate from 3D to 2D and perform a 2D shape matching. We use the method

“principal component analysis” (PCA) to find out the fitting plane with bases −→u and −→v of each

cluster. Then we map the cluster onto the fitting plane and follow [SD92]’s method to extract

the rotation matrix and avoid Jacobi rotation. Finally, we map the goal positions in 2D back to

3D coordinate.

However, adjusting the positions without using impulse is equivalent to adding extra ex-

ternal forces into the system. Since we do the position adjustment movement at every frame,

a large number of external force may lead the simulating system to unstability. Thus, we use

an modified version of shape matching scheme to avoid the situation. Algorithm 5.2.2 is our

algorithm for the modified shape matching and we called it the “progressive shape matching

(Prog-SM)” in our thesis.
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Algorithm 5.2.2: PROGRESSIVE SHAPE MATCHING()

comment: n:number of vertices of each cluster

Input : x0i

comment: i=1...n

xi ← x0i

gi ← SHAPEMATCHING(xi)

distance← Σ‖gi − xi‖2

if distance ≤ threshold

then

xi ← gi

break;

else

then


xi ← xi + α(gi − xi)

comment: 0 ≤ α ≤ 1

For each cluster, we sum the amount of displacement from the original position to its goal

position of each vertex and give the amount a notaion Σ‖gi−xi‖2. We define another notation ε

as a threshold to bound the value of Σ‖gi−xi‖2. If Σ‖gi−xi‖2 ≤ ε, we scale the displacement

by a scalar α to adjust the vertex position. After iteratively testing the condition and position

adjusting, we can have the original shapes at the end of this pass.

5.2.2.3 Output of Hybird Fast Projection With Shape Matching

In figure 5.5, for each vertex, in order to enforce inextensibility of the edge attached to it, the fast

projection part computes a goal position and an relative vector ∆XFP for the vertex to move

toward to. Similarly, the shape matching part also computes a goal position and an relative

vector ∆XSM to help maintain the shape of the cluster the vertex belongs in. In [GHF+07],

Goldental’s fast projection doesn’t conform to realistic dynamics. On the other hand, SM only

consider the origin shape of the cluster. Thus at most of the time, the influence of FP or SM
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part conflict with another one. Thus if we directly superimpose the result of one of the above

two part on another part, there may occur unanticipated appearances of simulation. Therefore,

more stronger conditions are required.

Figure 5.4: Two conditions for determining if the whole computation results from the shape

matching parts are adopted or not.

In [GHF+07], FP has been proved as a stable method. So when we superimpose the out-

puts, we give first place to FP. In other words, we adopt the part of computation results from

SM conditionally or even abandon the whole part from SM. In our thesis, for each cluster, we

compute the direction where the cluster toward to by summing up ∆XFP and ∆XSM of each

vertex. We compare the direction of the summation of ∆XFP with the summation of ∆XSM .

As showing in figure 5.4, “θ” represents the angle between the summation of ∆XFP and the

summation of ∆XSM . We define two conditions here. The first one of the conditions is that, if

the summation of ∆XFP has the opposite direction with the summation of ∆XSM , then we di-

rectly abandon the computation results from SM. We use the notation “cond.1” to represent the

first condition in the following part of our thesis. The condition is too strong so the probability

of abandonment is more than half. Another weaker condition is defined as, if the summation of
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∆XFP has the opposite direction with the summation of ∆XSM , then we decompose the results

from SM part into two directions of sinθ and cosθ and ignore the part in the cosθ direction. The

comparison of the influences from above two conditions is listed in next chapter. We use the

notation “cond.2” to represent the second condition in the following part of our thesis.

Figure 5.5: The overview of our hybird fast projection with the shape matching method.
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Experiments and Results

In this chapter, we present the results and the timing information of different type of experi-

ments, and then discuss the limitations of our system.

6.1 Experiments

We create the cloth model which consists of 1600 vertices and 3042 faces for the experiments.

The dimension of the cloth is 200 timed by 200. Two experiments are designed. One is to allow

the cloth which is pinned at two corners to relax under gravity. We call the experiment “EXP1”.

Another is to catch the four corners of the cloth and let the cloth relax under gravity. We call

the experiment “EXP2”.

In our experiments, we consider five different factors which are listed below:

1. Permission Strain:

We compare three simulations with progressively smaller permission strain. We choose

10%, 1%, and 0.1% for our candidates. EXP1 is adopted in this part of experiments. In

this part, we embed 25 objects and each object corresponds to a patch that consists of 25

22
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vertices.

2. Additional constraints:

Since it might be better if clusters are uniformly surrounded by addtional constraints, we

follow the idea to design the additional constraints. We design eight types of additional

strain constraints into our system (see figure 6.1, 6.2 and 6.3). The yellow edges in figure

6.1, 6.2 and 6.3 represent the additional constraints and the red edges represent the edges

of the cluster. By enforcing the constraints, for each cluster, its original shape could be

approximated at the end of each frame during the simulation. We adopt EXP1 and EXP2

in this part of experiments and compare the results between each other.

(a) 2-constraint. (b) 4-constraint.

Figure 6.1: 2 and 4 additional constraints for strain limit. In (a), there are two constraints fitting

the diagnals of the cluster. In (b), we add four constraints on every edge of the cluster.
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(a) 6-constraint TYPE I. (b) 6-constraint TYPE II. (c) 6-constraint TYPE III.

Figure 6.2: Three types of 6 additional constraints for strain limit. 6-constraint TYPE I is a

combination of 2-constraint and 4-constraint. In 6-constraint TYPE II, we add two contraints

connecting the each edge’s midpoint to the midpoint of the edge’s subtense. In 6-constraint

TYPE III, we choose one pair of subtenses in the cluster. The constraints connect from the

quarter of one edge to quarter of another.

(a) 8-constraint TYPE I. (b) 8-constraint TYPE II. (c) 10-constraint.

Figure 6.3: 8 and 10 additional constraints for strain limit. 8-constraint TYPE I is the com-

bination of 2-constraint and 6-constraint TYPE II and 8-constraint TYPE II is combined by

2-constraint and 6-constraint TYPE III. 10-constraint contains all constraints in 8-constraint

TYPE I and TYPE II.
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3. Object Size:

The next experiment compares the influence caused by different sizes of embedded ob-

jects. We define three notations “single-radius”, “double-radius” and “triple radius” to

represent three sizes of embedded objects. The object with single-radius corresponds to a

cluster consisting of 4 vertices on the cloth. Similarly, the object with double-radius and

triple radius correspond to a cluster consisting of 25 and 49 vertices, respectively (see

figure 6.4). In figure 6.4, the red circles represent the boundary vertices and the green

ones represent the interior vertices. In this part of the experiment, nine rigid objects were

embedded onto the cloth. We adopt EXP1 and EXP2 in this part of experiments here.

Figure 6.4: Three types of cluster corresponded by different sizes of objects.

4. Object Number:

We embed 2, 6, 9, 12, 16 and 25 objects onto the cloth. Each object corresponds to a

region that consists of 49 vertices on the cloth. We adopt EXP1 and EXP2 in this part of

experiments here.
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6.2 Results

Our system spends probably 3-30 minutes running simulations (the cloth is parallel to xz-plane

at the beginning, and approximately parallel to xy-plane in the end) in all designed experiments.

There are 1471 frames for the entire simulation.

6.2.1 Permission Strain:

Figure 6.5 and 6.6 show the simulating results for a variety of permission strains. Figure 6.5

shows the state of the cloth in the middle of the simulation. Different betwween figure 6.5(a),

(b) and(c) is not noticeable at the stage. The reason is that, for each constrained edge, we

compute the distance from one end point to another at the first frame and set the distance as the

initial length. Since we dont’t scale the initial length by a scalar bigger than 1.0, our cloth look

stiffer. But there is still some difference to be observed when we zoom in the camera closer to

the cloth. Figure 6.6 shows the results after we zoom at the last frame.

(a) 10 %. (b) 1 %. (c) 0.1 %.

Figure 6.5: Different permission strain results in the middle of the simulation.
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(a) 10 % (b) 1 %. (c) 0.1 %.

Figure 6.6: Different permission strain results at the last of the simulation.

6.2.2 Additional constraints:

We add eight types of strain contraints (see figure 6.1, 6.2 and 6.3) as mentioned above into

every cluster.

For each cluster, we measure how similar between our simulating result and its original

shape. We use Müller et. al’s shape matching sheme [MHTG05] as the measuring tools. Shape

matching is performed to every cluster again and measure the distance for each vertex that still

has to move from its current position xi to achieve its goal position gi. We take average of

Σ‖gi − xi‖2 as the average error for all vertices that belong in any cluster.

We give the experiment that relaxes the cloth that pinned two corners a notation “EXP1”,

and another one that catches the four corners “EXP2”. Table 6.1 shows the average error for

each vertex when we choose different types of additional constraints in EXP1 and EXP2. In

each part of the experiment, we embed only one object corresponding to the cluster consists of

25 vertices onto the cloth.
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Type none 2 4 6-1 6-2 6-3 8-1 8-2 10

EXP1 5.03 5.06 5.00 4.96 4.95 5.07 4.99 5.02 4.97

EXP2 5.48 5.47 5.46 4.54 5.02 5.39 4.62 4.70 5.04

Table 6.1: The error for each vertex to maintain its original shape when we choose different

type of additional constraints.

In table 6.1, we can see that more additional constraints don’t bring us less error. In EXP1,

there is not much difference in every experiment. In EXP2, more additional constraints also

confirm the less error. But if the additional constraints are not chosen well, the result may be

worse. 6-constraint TYPE I has the least error than others and 8-constraint TYPE I and TYPE

II look like acceptable choices. In the following experiments, we add 6-constraint TYPE I in

the following experiments.

6.2.3 Object size

Figure 6.7 ,6.8, 6.9, 6.10 ,6.11 and 6.12 show the results when we embedded different sizes of

objects onto the cloth and adopt different condition for the abandonment of the results from the

shape matching part. In the experiment, we use 0.1% as the strain limit. In figure 6.7 and 6.10,

the embedded object belongs to the single-radius type. We use double-radius in figure 6.8 and

6.11, and triple- in figure 6.9 and 6.12. We observe that, when the size is increased, the regions

between one cluster and its neighboring ones look stiffer and stiffer. In figure 6.9 and 6.12, we

can even see a obvious fold in the middle of two clusters.

Table 6.2 lists the average error for each vertex when objects with different size are embeded

and different condition for the abandonment of the computation result from the shape matching

part. We could see that if we increase the object size, then the average error decreases accord-

ingly. Since we applied shape matching only on the boudary of every cluster and compute the

positions of the interior vertices by interpolation, the error was scattered to every interior ver-

tices, so the reduction was anticipated. When cond.2 is adopted, we derive the less error. But
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the cloth is stabler if we adopt cond.1. Furthermore, in EXP2, the cloth even move toward the

top right direction when we embed nine triple-radius objects.

EXP1 EXP2

cond.1 cond.2 cond.1 cond.2

r = 1 5.19 2.88 5.98 5.44

r = 2 4.99 1.62 5.91 5.82

r = 3 2.71 1.27 6.23 5.60

Table 6.2: The average error for each vertex needed to maintain the original shape when we

choose different sizes.
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(a) r = 1, cond.1.

(b) r = 1, cond.1.

(c) r = 1, cond.2.

(d) r = 1, cond.2.

Figure 6.7: The cloth is pinned at two corners and embedded by nine single-radius objects.
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(a) r = 2, cond.1.

(b) r = 2, cond.1.

(c) r = 2, cond.2.

(d) r = 2, cond.2.

Figure 6.8: The cloth is pinned at two corners and embedded by nine double-radius objects.
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(a) r = 3, cond.1.

(b) r = 3, cond.1.

(c) r = 3, cond.2.

(d) r = 3, cond.2.

Figure 6.9: The cloth is pinned at two corners and embedded by nine triple-radius objects.
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(a) r = 1, cond.1.

(b) r = 1, cond.1.

(c) r = 1, cond.2.

(d) r = 1, cond.2.

Figure 6.10: The cloth allowed to relax under gravity is embedded by nine single-radius objects

and its four corners are catched.



6.2 Results 34

(a) r = 2, cond.1.

(b) r = 2, cond.1.

(c) r = 2, cond.2.

(d) r = 2, cond.2.

Figure 6.11: The cloth allowed to relax under gravity is embedded by nine double-radius objects

and its four corners are catched.
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(a) r = 3, cond.1.

(b) r = 3, cond.1.

(c) r = 3, cond.2.

(d) r = 3, cond.2.

Figure 6.12: The cloth allowed to relax under gravity is embedded by nine triple-radius objects

and its four corners are catched.
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6.2.4 Number of objects

Figure 6.13, 6.14, 6.15, 6.16, 6.17, 6.18 and 6.19 show the results of simulation when we embed

different numbers of objects onto the cloth and the cloth relaxes under gravity and is pinned its

two corners. Figure 6.20, 6.21, 6.22, 6.23, 6.24, 6.25 and 6.26 show the results of simulation

when we embed different numbers of objects onto the cloth and the cloth relaxes under gravity

and its four corners are catched. We choose 0.1% as the strain limit and triple-radius as the sizes

of the embdded objects. Similar to the observation of above part, since the soft part among two

neighboring clusters become smaller when we increase the number of embedded objects, the

intermediate look stiffer with the increase of object number. The appearance is noticeable in

figure 6.16, 6.17, 6.18, 6.19, 6.23, 6.24, 6.25 and 6.26.
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(a) 2 objects, cond.1.

(b) 2 objects, cond.1.

(c) 2 objects, cond.2.

(d) 2 objects, cond.2.

Figure 6.13: 2 rigid objects are embedded on the cloth which is pinned at two corners.
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(a) 6 objects, cond.1.

(b) 6 objects, cond.1.

(c) 6 objects, cond.2.

(d) 6 objects, cond.2.

Figure 6.14: 6 rigid objects are embedded on the cloth which is pinned at two corners.
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(a) 9 objects, cond.1.

(b) 9 objects, cond.1.

(c) 9 objects, cond.2.

(d) 9 objects, cond.2.

Figure 6.15: 9 rigid objects are embedded on the cloth which is pinned at two corners.
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(a) 12 objects, cond.1.

(b) 12 objects, cond.1.

(c) 12 objects, cond.2.

(d) 12 objects, cond.2.

Figure 6.16: 12 rigid objects are embedded on the cloth which is pinned at two corners.
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(a) 16 objects, cond.1.

(b) 16 objects, cond.1.

(c) 16 objects, cond.2.

(d) 16 objects, cond.2.

Figure 6.17: 16 triple-radius rigid objects are embedded on the cloth which is pinned at two

corners.
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(a) 16 objects, cond.1.

(b) 16 objects, cond.1.

(c) 16 objects, cond.2.

(d) 16 objects, cond.2.

Figure 6.18: 16 double-radius rigid objects are embedded on the cloth which is pinned at two

corners.
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(a) 25 objects, cond.1.

(b) 25 objects, cond.1.

(c) 25 objects, cond.2.

(d) 25 objects, cond.2.

Figure 6.19: 25 rigid objects are embedded on the cloth which is pinned at two corners.
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(a) 2 objects, cond.1.

(b) 2 objects, cond.1.

(c) 2 objects, cond.2.

(d) 2 objects, cond.2.

Figure 6.20: The cloth is embedded with 2 objects and its four corners are catched.
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(a) 6 objects, cond.1.

(b) 6 objects, cond.1.

(c) 6 objects, cond.2.

(d) 6 objects, cond.2.

Figure 6.21: The cloth is embedded with 6 objects and its four corners are catched.
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(a) 9 objects, cond.1.

(b) 9 objects, cond.1.

(c) 9 objects, cond.2.

(d) 9 objects, cond.2.

Figure 6.22: The cloth is embedded with 9 objects and its four corners are catched.
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(a) 12 objects, cond.1.

(b) 12 objects, cond.1.

(c) 12 objects, cond.2.

(d) 12 objects, cond.2.

Figure 6.23: The cloth is embedded with 12 objects and its four corners are catched.
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(a) 16 objects, cond.1.

(b) 16 objects, cond.1.

(c) 16 objects, cond.2.

(d) 16 objects, cond.2.

Figure 6.24: The cloth is embedded with 16 triple-radius objects and its four corners are catched.
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(a) 16 objects, cond.1.

(b) 16 objects, cond.1.

(c) 16 objects, cond.2.

(d) 16 objects, cond.2.

Figure 6.25: The cloth is embedded with 16 double-radius objects and its four corners are

catched.
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(a) 25 objects, cond.1.

(b) 25 objects, cond.1.

(c) 25 objects, cond.2.

(d) 25 objects, cond.2.

Figure 6.26: The cloth is embedded with 25 double-radius objects and its four corners are

catched.
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Table 6.3 lists the average error for each vertex to achieve the invariable shape in EXP1 and

EXP2. We derive smaller errors if we embed more objects onto the cloth. We had the smallest

error when 16 objects were embedded. If the number of objects is more than 25, our system

will lead to a non-convergence. Similar to the above part, when we choose cond.2, we derive

the less error. But the cloth is stabler if we adopt cond.1. Similarly, in EXP2, the cloth move

toward the top right direction if we embed too many large objects onto the cloth.

Obj. Num. Exp 2 6 9 12 16 25

Cond.1

EXP1 5.12 3.79 2.71 1.91 2.05 -

EXP2 2.32 5.47 6.23 6.57
r = 3 r = 2 r = 3 r = 2

7.08 7.15 - 5.71

Cond.2

EXP1 3.07 1.59 1.27 1.31 1.94 1.60 - 1.78

EXP2 1.89 4.54 3.91 6.16
r = 3 r = 2 r = 3 r = 2

5.92 6.31 - 4.94

Table 6.3: Average error for each vertex sufficient to maintain the original shape when we

choose different numbers of objects.

6.2.5 Timing information

Table 6.4 and 6.5 lists the computation times of the simulating results if we use different strains,

object numbers and sizes as parameters in our approach. We use the notation “Total” to rep-

resent the average computation time for each frame. The notation “HFP” in table 6.4 and 6.5

represents the computation time spent in our hybrid fast projection stage. All the results were

performed on Intel(R) 2.66 GHz quadcore CPUs with 4GB main memory, using a single thread

implementation. The computation were all carried out in double precision floating point for

solving the linear equations. We use PARDISO [SBR08][SWH07] as our solver. The time step

is 1 ms in all experiments.

For different strain limits, we observe that the computation time significantly increases when

the chosen maximum strain is down to 0.1%. The hybrid fast projection part of our approach
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spends a lot of time to find a solution for the inextensibility enforcement and original shape

maintenance. For differnt size of embedded objects, since we derive smaller average error to

the original shape for each cluster when we choose bigger object size, the results of the shape

matching part in the hybrid fast projection are seldom ignored. Therefore we can see that the

reduction of the object size brings us better performance . For differnt number of embedded

objects, the computation time is not proportional or inversely proportional to the number of

embedded object. But if the objects are uniformly placed (9, 16 and 25 objects), more embedded

objects results less computation time.
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Obj. Num 2

Radius 1 2 3

Corr. Size 4 25 49

Strain(%) 10 1 0.1 10 1 0.1 10 1 0.1

Total 151.65 386.95 1507.03 96.18 390.99 1526.89 125.76 349.30 1455.12

HFP 149.61 385.03 1505.13 94.23 388.93 1525.18 123.72 347.40 1453.39

Obj. Num 6

Radius 1 2 3

Corr. Size 4 25 49

Strain(%) 10 1 0.1 10 1 0.1 10 1 0.1

Total 234.11 374.10 1634.92 113.37 340.84 1476.23 128.93 317.36 1524.59

HFP 232.10 372.07 1633.17 111.5 338.89 1477.47 127.18 315.57 1522.78

Obj. Num 9

Radius 1 2 3

Corr. Size 4 25 49

Strain(%) 10 1 0.1 10 1 0.1 10 1 0.1

Total 124.60 450.90 1654.56 107.90 370.36 1477.16 58.92 352.09 1558.03

HFP 122.63 448.93 1652.57 105.99 368.42 1475.26 57.13 350.34 1556.27

Table 6.4: The computation time of the results using different experiment setting (1).
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Obj. Num 12

Radius 1 2 3

Corr. Size 4 25 49

Strain(%) 10 1 0.1 10 1 0.1 10 1 0.1

Total 139.71 411.15 1647.58 88.15 363.61 1708.22 90.82 259.04 1696.38

HFP 137.70 409.17 1645.56 86.12 361.74 1706.28 89.09 257.17 1694.58

Obj. Num 16

Obj. Radius 1 2 3

Corr. Cluster Size 4 25 49

Strain Limit (%) 10 1 0.1 10 1 0.1 10 1 0.1

Total 149.05 355.75 2144.61 110.32 320.54 2080.86 51.69 225.29 1553.27

HFP 146.93 353.73 2142.65 108.39 318.57 2079.03 49.92 223.39 1551.48

Obj. Num 25

Obj. Radius 1 2 3

Corr. Cluster Size 4 25 49

Strain Limit (%) 10 1 0.1 10 1 0.1 10 1 0.1

Total 133.85 403.73 2276.00 143.76 285.26 19587.48 99.03 - -

HFP 131.69 401.42 2273.93 141.59 283.24 19585.54 97.04 - -

Table 6.5: The computation time of the results using different experiment setting (2).

6.3 Limitations

For the permission strain limit is close to 10%, there exists unexpected bending waves on the

upper half part of the cloth. 1% is a good choice for our system. Moreover, when the strain

downs to 0.1%, the performance becomes unacceptable. Our method does not have a good

convergence if we embed more than 20 objects, and each object has radius more than triple.
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Conclusions

7.1 Summary

We propose a novel hybrid approach for simulating inextensible cloth embedded with rigid

bodies. We compute the fitting regions of the cloth for every embedded object. Experimental

results show that the simulation of the cloth embedded with the rigid objects is realistic. Except

for the fast projection step, the progressive shape matching scheme also helps us to maintain

the stability of the system. The progressive shape matching scheme has good convergence.

7.2 Future Work

In the future, we expect to implement a proper collision handler integrated with our system for

handling collisions. The fast projection results in not realistic cloth simulation when we apply

more than 10% as the strain limit (see figure 7.1). The problem lies in that the method is not in

accordance with the dynamics. A better method to simulate the cloth using the fast projection

and keep the stability is an important issue.

55
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Since we do not adopt every computation results from the shape matching part, the shape

of each cluster is just approximated but not be fixed. At any frame, if the results of the shape

matching part is discarded, then the shape cannot be guaranteed to transform to its original

look. Thus the efficient uses of the shape matching scheme is feasible for the future work. The

convergence of our hybrid fast projection cost expensively if we embed too many large objects

on the cloth. To speedup the performance in this part is also an important issue to be done. In

our approach, we still adjust the positions of vertices directly but not take the conservation of

momentum into account. This may cause unstability. Thus the impulse is a better choice to

adjust the information of the primitives.

(a) 16 objects(1). (b) 16 objects(2). (c) 16 objects(3).

Figure 7.1: The unstable state of our simulation if the strain limit equals to 10%.
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