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GPU based Cloth Simulation for Real Time
Interaction using Multiple Haptic Interfaces
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Abstract—In this paper we propose a solution to the simulation
of a real time deformable cloth for haptic interaction. The
simulated environment consists of a deformable cloth, corners of
which can be attached to a number of independent haptic devices
through a client server mechanism. The users can feel the tensile
force which is acting on the cloth due to its own weight through
the haptic interface. A ball with a known mass is also rolled over
the simulated cloth so as to effect an external force variation on
the cloth. The cloth is modeled using a sufficiently dense mass
spring model. A Graphic Processing Unit (GPU) is used at the
server to speed up computation of cloth motion to make the
computation time comparable with the haptic updation time of
1ms. We also use the environment as a possible gaming platform
with several players interacting asynchronously using their
respective haptics devices.

Index Terms— Haptic rendering, Deformable object, GPU
computation, CUDA, Parallelization.

I.INTRODUCTION

The development of computer graphics technologies have
greatly influenced the creation of interactive virtual
environments over the past decades. Haptics technology in
conjunction with graphics can enhance these environment
and can provide a truly immersive experience to the user.
Starting from simple non-deformable objects, now we are
able to render complex deformable objects. Apart from the
research aspects and medical applications, it has also picked
up the market in the form of haptically intractable virtual
games. In our work we propose a technique to virtually
create a deformable cloth using a physically based mass-
spring model which can also be used as a virtual gaming
platform. Because of the computational requirement of
simulating the deformable object with haptic interaction, the
environment is simulated in a high performance GPU
system. The users can interact with the simulated cloth using
a haptic device which is connected to a GPU system using a
client server based mechanism. The environment uses
typically 4 haptic devices, each of which connected to the 4
corners of the cloth model through springs. Each haptic
device connected to its respective client system sends the
device position to the server for the updation of the cloth
corners.
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Similarly the reaction force on the haptic device is computed
in the server and it sends back to the clients to get the
respective haptic force feedback. An external object is also
simulated which rolls over the cloth depending on the
position of the haptic device. The users may move the haptic
device in such a way so as to avoid the ball falling from
their side. Once the ball falls off the cloth the game ends and
it can be placed back on the cloth to start playing the game
again. The users can very well feel the tensile force which is
acting on the corners of the cloth through the haptic device
when the ball bounces on it. Thus the key challenge in
designing the environment involve updating the springs
defining the cloth fast enough so that haptic rendering can
be done at a rate faster than 1kHz and a graphics rendering
at a rate 30 frames per second. We use a GPU based system
that computes the spring updates at the server. Fig. la
illustrates the simulated deformable cloth and the ball during
interaction with the haptic device. Here users are connected
to the four corners of the cloth which sags due to its own
weight and the additional weight of the ball. Depending on
the exact positions of these corner points, the ball will roll
on this surface and the amount of deformation changes with
the progression of the game.

Fig. 1: Graphic illustration of the cloth with the
bouncing ball during the interaction (a) cloth surface
shaded using a known light source direction (b) mesh
structure of the cloth with a size of 60 x 60 nodes for the
purpose of clarity of illustration.

Il. LITERATURE REVIEW

There are several haptic rendering techniques based on both
deformable and non-deformable object models. Generally
visual rendering of a simple deformable object like cloth can
be simulated with a CPU where the graphic refresh rate is
roughly around 30Hz. But when a haptically interacted
deformable object is simulated the computation must be
carried out at a higher rate since a minimum 1 Khz refresh
rate is required by the haptic rendering loop.
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However, such a speed is difficult to achieve for a
deformable object. Hence one often uses local deformation
models (such as Gaussian deformation [8]), but these are
not physically valid models and works only when the
deformation is very small. For an object like a cloth which is
amenable to a large amount of global deformation due to
haptic interactions, as shown in Fig. 1a, local deformation
models do not work. The same argument holds good for a
gaming platform that involves handling deformable objects.

Our work is based on real time deformable cloth
modeling using a physically based mass-spring model. This
application enables multiple users or haptic devices to
interact with a single simulated cloth. For illustration we
have used a piece of cloth clamped at four fixed locations
for interaction through haptic devices and a variable point of
interaction based on the rolling of a ball with fixed weight
and volume. The computation time may be reduced if the
cloth is modeled using only a fewer number of springs,
when the interaction is quite non-smooth. For a smoother
interaction, one requires a dense grid of springs. This
constraint forced us to use a Graphic Processing Unit (GPU)
on a separate thread for the computation of deformation of
the object.

The haptic research area may be subdivided into three
classes- human haptics, machine haptics and computer
haptics. A good introduction to the classification is given in
[6], [12]. Computer Haptics is a rapidly emerging area of
research that is concerned with the techniques and processes
associated with generating and displaying the touch and feel
of virtual objects to a human operator through a force
reflecting device. The process by which desired sensory
stimuli are imposed on the user to convey information about
a virtual haptic object is called haptic rendering. As user
manipulates the haptic device, its position, called the haptic
interface point (HIP), and orientation are acquired and the
collision of HIP with the object is detected. Once the
collision is detected, the interaction force is computed by a
rendering algorithm and conveyed to the user through the
haptic device. With point based haptic rendering the reaction
force on touching an object is calculated as f = —Kd where
K is the stiffness of the object and d is the vector denoting
the amount of penetration of HIP in the virtual object [1].
The problems with single point haptic rendering for rigid
objects have been solved by the rendering method (‘god
object rendering’) proposed by Zilles and Salisbury in 1995
[18] by introducing the concept of proxy.

The literature in the field of deformation modeling for
haptic applications can be divided broadly into two
categories: geometry- based deformations and physics-based
deformations. Geometry based deformation manipulates the
vertices or the volume of an object locally to deform the
object and does not focus on the physics involved behind the
deformations. Here the contact vertex and the surrounding
vertices are displaced according to a Gaussian [8] or a
polynomial function to locally deform the surface. The
geometry-based deformation can also be modeled using
splines. The spline based methods assign control points to a
certain volume. During the interaction, these control points
are manipulated to bring about a smooth deformation of the
object [2], [5], [13]. On the other hand physics-based
deformation models work with the physical laws involved
behind the haptic interactions. These methods are difficult to
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implement in real-life applications because of the
computational complexity, although the force feedback to
the haptic device can be estimated from the model itself
during the interaction. Physics based models either use
mass-spring models or finite elements models. Each vertex
in a mass-spring model, is considered as a particle with a
finite mass, attached to adjoining vertices through a network
of springs and dampers [16]. With finite element methods
(FEMs), the object is divided into small elements. The
properties of these elements and the nature of contact forces
with other elements are defined and calculated at every step.
Even though FEMs are accurate in modeling deformation
these models are computationally complex. Modifications
are often done to reduce the computation time for FEM
models [17]. We focus our attention on mass-spring systems
to model deformation due to availability of dampers for
smooth haptics interaction. This technique has also been a
favorite in computer graphics to model the behavior of cloth
[7], [10] soft tissues, muscles [3] and facial expressions
[14].

GPU based parallel computing has been very effective in
the past few years. Authors in [9] proposes a method of
modeling a mass-spring system taking advantage of the
parallel processing in the GPU. Also, some alternative
implementations were shown in [4] for mass-spring based
systems on a GPU. [15] used a GPU-based implementation
along with the haptic force feedback to achieve a haptic rate
of 450 Hz which is quite less than the required rate of 1Khz.
In [11] GPU-based deformation, to achieve both haptic and
graphic rendering was shown. In our implementation we
demonstrate a mass-spring based deformation with a haptic
refresh rate of 1kHz using a GPU.

The parallel GPU based implementation uses Compute
Unified Device Architecture (CUDA) developed by Nvidia.
CUDA is a general purpose parallel computing architecture
that allows to leverage the computational horsepower of
Nvidia GPUs using a large number of parallel threads.
CUDA has become a very popular parallel computing model
since the last decade due to its high computing capability
using a cheaper hardware. Now a days, GPUs are very
common in personal computers. One can easily use a GPU
card to speed up any computationally intensive application
which is data parallel in nature. In this paper we are present
our work based on the use of such a cheaper GPU to handle
computationally intensive physics-based deformation so that
each machine can potentially serve a s server. We briefly
explain the client server architecture for the developed
multiuser haptic interface. If all users are collocated, one
single computer suffices to connect several haptic devices
independently at different USB ports. If users are connected
through Internet, then one of the PCs act as the server and
the rest act as clients. If the renderings are performed at
individual clients, there is very little communication
overhead as each client just needs to broadcast its current
HIP position. However, this requires that each client is
equipped with a GPU. In our implementation we perform
the rendering at the server only and the rendered data is
communicated to all clients for haptic interaction and visual
display.
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There is, however, a significant communication overhead
and the users experience will depend on network delay and
delay jitters. In this paper we refrain from discussing the
communication issues as our primary focus here is on haptic
rendering.

ACCESS
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Fig. 2: Hlustration of modeling the elemental cloth using
a 4-connected spring system.

1. MATHEMATICAL MODELING

In our method, the cloth is modeled using a mass-spring
model with each node in the model is connected to a
maximum of 4 nearest neighbors through springs as shown
in Fig. 2. The nodes on the four sides of the cloths have 3
neighbors except for the corner nodes which have only two.
Consider any arbitrary inside node p, with mass m. Let the

nodes p,,p,, p, and p, be positions of the 4 neighboring
nodes of the node p,. Then the total force F, acting on any
inside node p, is given by

4
Fo :ZFij +Fg +F =BV, @
j=1

where Fi denotes the spring force between nodes i and j,
F, =mg denotes the gravitational force due to the self

weight of the node (a part of the weight of the cloth), v,
denote the velocity of the node i and g <i1denotes the

damping factor to make the system stable. We have also
added an external force component £, on each node which

is zero unless the cloth is interacting with an external object.
This force component is added in order to account for the
interaction with the moving ball and is explained in section
3.1. If the natural length, Iy of the spring is known the spring
force between any connected node i, j can be calculated as

Fij:ksqpi_pj‘_lN)uij if pi_pj‘>|N
=0 else (2)

Here k. denote the spring constant which is related to the
stiffness of the cloth material. The vector u; denote a unit

vector along the vector directed from node i to node j
Equation (2) assumes that there is no squeezing force on the
springs.

Under a steady state (there is no ball placed on the cloth and
there is no change in any of the HIPs) all the springs are
active because of the non-zero mass attached to the nodes.
The acceleration of the reference node p, due to the force

Fis given bya, = F, /m. We solve for the position of each
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node using the Euler equation as given in equation (3).

VD 2y 4 gt

i(k+1) — pfk) + Vi(k+l)At (3)

where a®,v® and p® denote the acceleration, velocity

and position of the node i, respectively, in the k™" iteration.
The value At denotes the time to update the node positions.
The movement of any node in the model affects the resultant
force on the neighboring nodes through equation (1) and the
movement spreads to the remaining part of the cloth
quickly. Since force on each node p, is computed

independently we use parallel computing with help of a
GPU to reduce the computation time which is essential in
any haptic feedback system.

Fig. 3: llustration of interaction of ball with the cloth.

A. Interaction between the Cloth and the External

Object
In order to illustrate the interaction of the ball of radius ry
with the cloth, consider the mass-spring model in 2D as
shown in Fig. 3. During interaction with the ball, the cloth
nodes try to penetrate into the ball as shown. The amount of
penetration of nodes inside the ball depends on the stiffness
of the ball. Let m, and k, denote the mass and stiffness of

the ball, respectively. The external force F, as given in
equation (1) on each penetrated cloth node is given by

Fi = kb(rb _‘pi —pb)giizb
i Py

If M denotes the number of nodes penetrated inside the ball,
then the total force on the ball is given by

M
F = ng _z Fi— ﬁZVb ®)
i=1

where Fio =Myg denote the gravitational force due to the

if ‘pi_pb‘<rb (4)

weight of the ball and p,v, denote the damping term

(B, <1) proportional to the ball velocity V. The equations

of motion for the ball also can be solved using the Euler
equation as given in equation (6)

Ve Z v 1At

pk()k+1) — p(bk) +Vk()k+l)At

where p, is the position of the center of the ball and

a,=F,/m, denotes the acceleration of the ball.

(6)
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1IV. HAPTIC AND VISUAL RENDERING

The haptic devices are connected to the corners of the
deformable cloth using springs. Movement of any haptic
device causes movement of the corresponding cloth corner
to which it is connected. The force on the haptic device is

computed using Hook’s law. If hp denotes the Haptic

Interface Point (HIP) and C denotes the position of the

node to which it is connected, the reaction force on the
haptic device can be computed by equation (7).

F,=-K(h,-c,) @)
where K denotes the stiffness of the spring attached to the
haptic device. Here we assume natural length of the spring
to be zero.

The simulated cloth is visually rendered as a mesh as shown
in Fig. 1b with the help of a 2D grid matrix. This
representation in 2D also helps to find the neighborhood
points. The visual rendering loop runs on a separate thread
with a refresh rate of 30 Hz. As discussed in section 3 the
positions of all the nodes are computed in a GPU to
accelerate the computation. During the interaction the cloth
bends or folds and hence the normal at the nodes are also
computed dynamically before being displayed on the screen.
The normal n, at any internal node p, is computed as
i — Pu=Pip. )

‘pilxpiz‘

This computed normal further helps in providing shades to
the cloth with a known light source direction. An example of
such a graphic rendering has been shown earlier in Fig. 1a.

n

V. CUDABASED GPU-COMPUTATION

GPU-based high performance computers play a significant
role in large-scale modeling. The model for GPU computing
must use a CPU and GPU/GPUs together in a heterogeneous
computing model. GPUs are organized into a number of
Streaming Multiprocessors (SM), which are in turn
composed of number of Streaming Processors (SP), that
share control logic and instruction cache. The number of
SMs and the number of SPs in these SMs vary with different
GPU architecture. CUDA C is an extension of C language
that allows programmer to define C functions, called
kernels, that are executed N times in parallel by N different
CUDA threads, as opposed to regular C functions that
execute only once. A Kkernel is defined using the
__global _ specifier. The number of CUDA threads that
execute the kernel for a given kernel call is specified using a
new (<<<. >>>) execution configuration syntax.
Each thread that executes the kernel is given a unique thread
ID accessible within the kernel using the built-in
“threadIdx” variable.

In CUDA “threadIdx” is a 3-component vector, that
can identify threads within a thread block. This provides a
natural way to compute across the elements in a domain
such as a vector, matrix or volume. Number of threads per
block are limited, since all threads of a block should reside
on the same processor core and must share the limited
memory resources of that core. A kernel can also be
executed by multiple similar looking thread blocks, so that
the total number of threads is equal to the number of threads
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per block, times the number of blocks. These blocks are
organized into a grid of thread blocks.
A. Parallel Algorithm

The batch of threads that execute a kernel is organized as a
grid of thread blocks. The following pseudo code will be
implemented inside the kernel:

Algorithm 1 CUDA Kernel Pseudo Code

for (All neighboring mass nodes) do
Compute internal forces
Add external forces
Compute velocity of the node
Update of node position

end for

B. Implementation

Cloth is a 2D structure of NxN=N, The

computation at each node consists of spring forces
depending on neighboring nodes, gravitational force and the
external force. This procedure of calculation and update is
done for all the N nodes. The algorithm for this situation is

highly data-parallel and therefore a good match for CUDA
based GPU programming model. We parallelize then solver
by executing blocks of hundreds of threads that span the
whole mass-spring system. Computations for every point of
the cloth are performed by separate threads. Force
calculations in the cloth model require node position
vectors, and the other constants to be transferred from CPU
to GPU device. These are transferred to the GPU device
only once. The kernel function executes N number of

nodes.

threads, one per node. Every thread calculates the effective
force, velocity and position vector for the corresponding
node and stores it in the global device memory.

Out of a large number of threads, many threads are
simultaneously writing to the shared array in the GPU global
memory. At the same time other threads might be reading
values of the neighboring nodes. Here, a condition may arise
that a node may read older value from one neighbor and
newer value from the other. In normal situation, it is
expected that all the threads should read all the neighboring
values which are computed in last kernel execution. To
avoid reading newer values, in the current execution, we use
a technique similar to double buffering, which is used in
computer graphics. We use two arrays, one for storing
results from current execution and the other, which is
already filled up in previous execution. After each execution
these arrays are swapped. Typical implementation transfers
the input data from CPU to GPU, executes the kernel
function and again transfers the results back to the CPU. In
our implementation all computations are done on the GPU
and only the required data is transferred back to the CPU. A
frame rate of 1KHz is to be maintained for the haptic force
feedback. Hence only 4 corner points, connected to the
haptic devices, are transferred back to the CPU, per kernel
invocation. For graphic rendering, the position vectors are
transferred only after 30ms to maintain a graphic frame rate
of approximately 30Hz.
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The pse@ code for the parallel
described below:

In Fermi architecture, each SM can accommodate maximum
of 1536 threads simultaneously, at a given instance of time.
Also each SM has 32786 number of 32-bit registers with a
maximum of 64 registers per thread. The kernel, in our
implementation uses 31 registers per thread for its
execution. With the above mentioned limitations only 1024
threads (4-blocks, 256 threads/block) are being launched.

implementation is

No of threads in SM for given kernel

Occupancy = ~
Max. no. of threads in SM
1024
T 1536
=0.67
Algorithm 2 Parallel Implementation Pseudo Code

loop
deform_kernel<<<blocks,threads>>> (arguments)
Get the data from GPU to CPU.
Update the ball position.
Update the haptic feedback force.
if (time elapsed == 30ms) then
Get the new node positions of the cloth
Update the normal at each cloth nodes
Update the graphics output
end if
end loop

Occupancy plays an important role in achieving the peak
performance out of the given CUDA/GPU hardware. The
more the occupancy, more will be the number threads that
can reside in an SM. These threads will be ready to run,
when a running thread is requesting a time consuming
operation such as memory access. The switching between
the threads in such circumstances results into improved
performance. The low occupancy in our application kernel,
therefore becomes the performance limiter. The ball position
is updated on the host side. Hence we need to transfer the
data required for this update to the host, which is also one of
the performance limiters.

We use a 3-DOF Falcon haptic device from NOVINT for
haptic rendering which is having roughly a 10 cm cube
interaction space. For haptic interaction we use the API
called HAPI and the virtual environment is visually
rendered with OpenGL.

VI. PERFORMANCE RESULTS

The algorithm was implemented and tested on the following
systems.

(1) CPU: Intel core i7-920 processor, 2.66 GHz, 8 GB RAM
(2) GPU: Nvidia Graphic Card 560 Ti Fermi-architecture

384cores (256 threads/block)

Table 1 compares the time taken by CPU and GPU for
updating the cloth with different cloth sizes. The timing
refers to the thread that computes only the haptic rendering
part. It can be seen from the table that the speed up factor
with a GPU increases as the number of nodes increase. With
a cloth size of 25 x 25 nodes the cloth can be updated very
fast (within 0.38 ms), but the visual and haptic rendering
will not be smooth due to the lack of an adequate number of
points. It is not possible to have a smooth bend in the cloth
when shown graphically with a less number of nodes. As the
number of nodes increase, the graphic rendering becomes
better and so does the haptic experience. But on the other
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hand it increases the cloth updation time which results in a
sluggish haptic feedback, jeopardizing the user experience.
For cloth dimensions upto 85x85 nodes the GPU time is less
than 1 ms which gives an update rate of 1Khz while using
double precision computation. With single precision
computation the number of nodes can be as large as 135 x
135. Experimentally we found the single precision to be
good enough for haptic rendering purposes, where one does
save significantly in computation time.

CPU
time GPU time | Speedup | GPU time
Cloth size (ms) (ms) DP SP(ms)
25x25 2.34 0.38 6.15 0.35
50x50 9.38 0.43 21.82 0.36
85x85 27.64 1.01 27.36 0.44
100x100 37.79 131 28.85 0.85
135x135 60.06 191 31.44 0.97
150x150 84.98 1.97 43.14 1.25
200x200 151.53 3.27 46.34 1.85
250x250 240.59 4.7 51.19 2.24
300x300 343.65 5.92 58.05 2.53
350x350 468.66 8.76 53.5 3.15
400x400 612.58 10.56 58.01 3.62
450x450 771.68 13.78 56 411
500x500 956.15 15.92 60.06 5.15

Table 1. : Computational time only for haptic rendering
part (DP- Double Precision, SP- Single Precision).
The haptic device that we used for interaction with the cloth
is having an interaction space of roughly 10cm cube. A cloth
size of (50 x 50) to (70 x 70) nodes was enough for the
current interaction space. In future, one may choose to use
larger mesh size for a large interaction space. So we have
added the computation comparison upto a size of 500 x
500 nodes in table 1. With a cloth size of 500 x 500 nodes
an update frequency of approximately 200Hz can be
achieved. In order to illustrate the change in reaction force
on the haptic device, the ball is allowed to fall freely on a
steady cloth. The force on the haptic device as well as
position of the ball were recorded for this scenario. Fig. 4a
illustrates position of the ball during the interaction. As the
ball touches the cloth, it bounces and settles down. The
corresponding reaction force on the haptic device is shown

in Fig. 4b.
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Fig. 4: Illustration of the rendered force during

interaction with the ball (a) position (y-coordinate) of the
freely falling ball (b) magnitude of force on the haptic
device (connected to one of the corner node) Vs time.

VII. CONCLUSIONS AND FUTURE WORK

In this paper we discuss the simulation of a real time
deformable cloth with a haptic interface. The simulated
environment consists of a deformable cloth, corners of
which can be attached to a number of independent haptic
devices. The users can feel the tensile force which is acting
on the cloth corner through the haptic interface. A ball with
a known mass and a given radius is also rolled over the
simulated cloth so as to feel the external force variation in
the cloth. The deformable cloth is modeled using a mass
spring model. We use a Graphic Processing Unit (GPU) to
speedup computation of cloth motion to make the
computation time comparable with the haptic updation
frequency. Thus we could increase the number of nodes in
the cloth without compromising for the haptic computational
requirement with the help of GPU.

In the current implementation structural spring model which
has 4 neighboring nodes connected to every node is used. In
case we want to model shearing force also, we will have 8
neighboring nodes for every node. This will however
increase the computational requirement. This can be easily
dealt with using GPU and will be explored further.
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