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Interactive fluid control by shape matching
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Fig 1: Controlling fluid animation using a technique presented in this paper

Abstract

In this paper, we propose an interactive method to control fluid behavior by using a target shape.

To achieve the desired motion, we define additional forces using control particles that employ the

Navier—Stokes equation. Control particles are generated from a fluid area chosen by the user, and

their behavior is sequentially determined using a shape-matching method referring to the target

shape. Our method enables interactive simulation of fluid animation that is gradually deformed

to the target shape following physical laws.
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1 Introduction

In recent years, many movies have included
water, smoke, and fire scenes generated by com-
puter graphics. As it is difficult for anima-
tors to manually generate such fluid anima-
tions, they use computer simulations and au-
tomatically create these motions according to
physical laws. Various physically based fluid-
simulation models have been developed in com-
puter graphics [2, 3, 4], and realistic animations
can be achieved using these methods.

While fluid simulation makes animation
physically precise, animators want to control
the shape and motion of fluid to match the
image they have in their mind. It is possible
to control an animation generated from a com-
puter simulation; however, this involves precise
setting of conditions and regulating many pa-
rameters, which heavily burdens an animator
Thus,

controlling fluid shapes in computer simula-

trying to achieve the desired motion.

tions remains a problem.

A number of studies have addressed this
problem and developed methods that enable
the control of fluid simulations. However, ex-
isting methods are not suitable for the interac-
tive control of fluids because of the high compu-
tational cost involved and dependency on pre-
computation. In this paper, we propose a novel
technique that controls fluid animation using a
target shape that can be interactively changed.

The key contributions of our paper are as fol-

lows:

e Interactivity: Our control framework
runs at an interactive frame rate without

dependency on precomputed data.

e Seamless: When users change the tar-
get shape, our technique smoothly inter-
polates between the current shape and the

target shape by shape matching.

e Easy to embed: Our control forces are

separable from fluid dynamics. Thus, it

is easy to introduce our method into an

existing fluid simulator.

2 Related Work

Foster and Metaxas were among the first to
discuss fluid control[5]. They developed an em-
bedded controller for pressure and velocity to
control the flow and fluid surface. This idea
was then extended by Foster and Fedkiw[6]. Shi
and Yu proposed a method that controls liquids
with a free surface[7]. However, because they
used a proportional derivative controller, their
method had to be carefully tuned. Treuille et
al. presented keyframe animation of smokel§],
and they computed virtual wind force by solv-
ing a nonlinear optimization problem. The effi-
ciency of this technique is improved by the ad-
joint method[9], but it is still computationally
expensive. Hong and Kim demonstrated the
control of smoke using a precomputed potential
field[10]. They defined the force field as the gra-
dient of the potential field and effectively gener-
ated fluid animations. Thiirey et al. introduced
control particles to guide the fluid flow[11]. In
their method, the behavior of control particles
toward the target shape is precomputed. More
recently, several studies using lower-resolution
simulations have been presented [12, 13]. How-
ever, their purpose is to effectively generate a
natural controlled flow, which is different from

our aim.

3 Owur Method

Before describing our method in detail, we
present an overview of our fluid control frame-
work. In the proposed method, we first gen-
erate a basic fluid animation by means of a
physically based fluid simulation. Next, con-
trol forces are applied to reflect the user’s de-
sired shape. These forces are defined by con-

trol particles, which Thiirey et al. proposed in
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Fig 2: Overview of our framework

[11]. The key difference between previous stud-
ies and ours is that we determine the behavior
of control particles at each simulation frame.
We calculate this behavior by a shape-matching
algorithm[14]. Figure 2 shows this flow with a
2D example.

3.1 Fluid Simulation

The fluid we treat is governed by the incom-
pressible Navier—Stokes equation. It is usually

written as follows:

p(al + (v-V)v) ~Vp+ puV3iu + f(1)

ot
Vv = 0 (2)

where p is the density, v is the velocity, p is the
pressure, p is the viscosity, and f is the external
force. In our technique, we solve the Navier—
Stokes equation based on smoothed-particle hy-
drodynamics (SPH). The fluid is approximated
with particles in this technique. The fluid prop-
erty at an arbitrary position x is computed

from the neighborhood particles:

~

Alw) =0 AV W (=) 3

J

where A;,V;, and x; are the property, volume
and position of the jth particle, respectively.
The function W(x) is a normalized smooth-
ing kernel, and our implementation follows the

framework presented by Miiller et al.[15].

3.2 Control Particles

Control particles introduce additional forces
to neighborhood fluid elements: attraction
force (f,) and velocity force (f,). These two
forces are appended to the Navier—Stokes equa-
tion as external forces.

Attraction force pulls neighbors toward the
control particle’s position (Figure 3). This
force allows us to deform fluid to a desired
shape. The attraction force exerted on a fluid

element e is

€

fole) =wa Yo sip = E Wl =) (4)
si=1—min(1,y V.W(p;i —z.|)) (5)

where w, is the global constant, s; is the scale
factor shown in eq 5, p; is the ith control par-
ticle’s position, x. is the fluid element e’s po-

sition, V, is the volume of the fluid element e,
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Fig 3: Attraction force Fig 4: Velocity force

and W is the poly6 kernel function—the same
as SPH’s pressure term.

Velocity force modifies fluid flow following
the particle’s velocity (Figure 4). The fluid is
smoothly controlled owing to this force. Simi-
lar to the attraction force, the velocity force is
defined as

fole) = wy Z(vz —ve)W(pi — xc) (6)

i
where w, is a global constant, v; is the ¢th con-
trol particle’s velocity, and v, is the fluid ele-

ment e’s velocity.

3.3 Shape Matching

Shape matching, which was proposed by
Miiller et al.[14], is an algorithm for simulating
deformable objects. The basic idea behind this
algorithm is that deformed points are pulled
toward goal positions (Figure 5).

g; — &
Av; =
v == (7)

where v;, g;,andx; is the ith point of veloc-
ity, goal position, and current position, respec-
tively, and « € [0, 1] is the stiffness of the ob-
ject. The goal positions are computed by opti-

mal rigid transformations of an original shape.
gi = R(a:? - mgm) + Zem (8)

where 2 is the position of the original shape,
and z0, and x., are the center of mass of
the original and actual shapes, respectively. R
is the rotation matrix, which is obtained from

the polar decomposition of the optimal linear
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Fig 5: Algorithm for shape matching

transformation A. Using relative locations p; =

0 O . .
—x,,,, Ais described as

A= (Z mipiQiT)(Z miqiq; )" (9)

T — Toy and q; = @

where m; is mass of the ith point.

In this study, we use a cluster-based deforma-
tion to generate a more flexible motion. This
increases the computational load; hence, it is
desirable to use an effective solver such as [16]
or [17].

3.4 Fluid Control

In response to the user’s operations, control
particles are interactively generated. We de-
fine a reference particle that is created from
the voxelized target shape (Figure 6). Control
particles are placed according to these and de-
formed linearly to fill the user-specified fluid
area (Figure 7). Ideally it is desirable to place
these at random positions in the fluid area, but
this simple approach is sufficient for our pur-
pose.

In addition, control particles receive feedback
force from the fluid flow in neighbors. This en-
ables us to generate a more natural fluid anima-

tion. Because the velocity of the fluid particles

Fig 6: Reference particles: Each particle is

placed at the center of a voxel
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Fig 7: Initial placement of control particles

is gradually decaying, the power of the feedback
becomes zero in the end. As a result, control
particles converge toward the target shape by

shape matching.

4 Results and Discussion

We have demonstrated our system by apply-
ing it to a number of target shapes. Our results
were rendered in real time using the techniques
presented in [18].

Figure 10 shows the results of applying our
control method, and Figure 11 is the same
scene with control particles visualized. In Fig-
ure 10(a), control particles were generated by
user interaction. From Figure 10(b) to 10(d),
the fluid was approximately deformed toward
the target shape, gradually revealing its details.
Following the current fluid flow, control parti-
cles were advected toward the left side (shown
from Figure 11(b) to Figure 11(d)). Therefore,
our technique bears more resemblance to natu-
ral fluid behavior.

Figure 9 shows another example generated
by our system. In each of these, a target shape
has been adequately reflected with our tech-
nique. In Figure 12, we demonstrated interac-
tive changes in the target shape. When the tar-
get shape was updated, the fluid shape was col-
lapsed at once following physical laws. Then,
a new target shape was reflected. By shape
matching, our method generated interpolated
animation between two target shapes without
precomputing.

We show the performance of our proposed

method in Figure 8. Our simulation was im-
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Fig 8: Performance of our experiments

Bunny | Teapot | Runner | Dragon

3197 2154 549 2714

Table 1: The number of control particles for

each target shape

plemented in C/C++ and has achieved signif-
icant acceleration by employing OpenMP di-
rectives. All our experiments were run on a
Windows machine with Intel Core i7-2700K
3.50GHz CPU. We used 12k fluid particles and
0.5-3.2k control particles. (The number of con-
trol particles was changed per target shape. See
Table 1 for details.) Each time step took ap-
proximately 15-40 ms, which is enough for in-
teractive applications.

As shown in Figure 8, our method increases
the burden according to the number of control
particles involved. On more detailed investiga-
tion, we found that the computation of apply-
ing control force by control particles was the
bottleneck. There is a possibility to decrease
that burden by adjusting the influence radius
of the control particles.

Although satisfactory results were obtained
by the proposed method, there is one drawback:
our solver is sensitive to parameters. In some
cases, a slight change in a parameter makes
the simulation unstable. Therefore, we have
to choose parameters very carefully.

There are several avenues for future work. In
our method, we generate control particles based

on a user-specified area. However, the result

- 173~



00000000 Vol. 13, No. 3, pp. 169 — 176

There-

fore, we feel that the control particles should

strongly depends on this parameter.

be semi-automatically generated.

Our technique could be refined to a finer
scale. One possible solution is optimization for
GPU implementation. As the algorithm is sep-
arable at each phase, we could easily make use
of GPU acceleration. Another possible solution
is adaptive control of a fluid. Initially, con-
trol particles are generated with a uniform ra-
dius. After the fluid is approximately deformed
to the target shape, each particle is replaced
with suitable particles according to the distance

from the boundary.

5 Conclusion

In this paper, we presented an interactive
control method for physically based fluid ani-
mation. To control fluid shape, we dynamically
generate control particles that affect neighbor
fluid elements. The behavior of the control par-
ticles is sequentially determined by a shape-
matching method. Unlike previous studies,
our technique can interactively change target
shapes. This enables more flexible fluid rep-
resentations in interactive applications such as
video games. We believe our algorithm is ap-
plicable to other animations, such as particle

systems and flocks.
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Appendix

The list of parameters, which were used in

the Stanford bunny demo, is given below:

fluid simulation parameters

mass of particle 0.0002
radius of particle 0.0059
influence radius 0.012
rest density 800.0
gas constant 0.5
viscosity coefficient 0.02
time step 0.004

control particle parameters

influence radius 0.03
attraction force constant | 0.00008
velocity force constant | 0.00005

fluid feedback coefficient 0.02

shape matching parameters
stiffness of object 0.3
0.005

time step
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Fig 9: We demonstrated our technique using various target shapes

(a) (b) (c) (d)

Fig 10: Applying control to a fluid. Target shape is the Stanford bunny

(a) (b) (c) (d)

Fig 11: Visualizing control particles during the simulation, corresponding to Figure 10.
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(c) (d)
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Fig 12: We interactively changed target shapes (bunny — cube — teapot)
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