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Abstract

Modeling liquid with complex surfaces is a
great challenge in computer graphics. These
liquids are often simulated by particle sys-
tems or molecular dynamics which requires a
huge amount of computational cost and stor-
age. Besides, there is no straightforward
way to produce a smooth liquid surface from
these particle skeletons. We proposed a hy-
brid approach combining the volume tracking
method and smoothed particle hydrodynam-
ics (SPH) to model liquids with highly de-
formable surfaces. A three steps method is
used to convert the particle volumes into the
volume fractions and an iso-surface extraction
method for constructing the liquid surface.

Keywords: Liquid simulation, Fluid dynam-
ics, Splashing, Particle dynamics.

1 Introduction

Producing realistic liquid animation is a great
challenge in compute graphics due to the com-
plex dynamics of flows.

We propose a method incorporating the vol-
ume tracking and smoothed particle dynamics
to model complex fluid motion. Fluid surface
is tracked by volume fractions and evolves
over space and time. Particles are only gen-
erated in the area where the fluid motion is
drastic, for example, when an object impacts
the fluid surface. These particles move freely
until they run into the volume fractions and
are absorbed. The motions of particles are
governed by smoothed particle hydrodynam-
ics (SPH) [13]. Smoothed particles represent
sample points that enable the approximation
of the values and derivatives of local physi-
cal quantities inside a medium. SPH is fa-
vored than particle systems [17], which do not
model inter-particle forces, and molecular dy-
namics [6], which does not model the coupling
of pressure and velocity characterizing a real
fluid.

To produce the smooth surface of realis-
tic liquid, a three steps method that incorpo-
rates the interpolation of the original volume
fraction, the conversion of particles to volume
fractions, and the extraction of iso-surface is
proposed. The volume fractions are interpo-
lated only when rendering the liquid surface,
they are not used in the future simulation pro-
cess.

2 Previous Work

Early graphics work concentrated on model-
ing just the surface of the water body as a para-
metric function that could be animated over
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time to simulate wave transport. It ranges from
Fourier synthesis methods [12] to parametric
representation of the water surfaces [18].

O’Brien et al. [16] and Mould [15] used
a spray particle system to model water drops
which have broken free of the main body of
fluid.

Globular dynamics, or molecular dynam-
ics, is a connected particle system which uses
a dynamics model for interactions between
particles and with other environmental con-
straints. In [1], smoothed particle hydrody-
namics (SPH) is modified to simulating high
deformable bodies. Stora et al. [20] extended
SPH to include a viscosity parameter depend-
ing upon temperature for each particle.

To provide a physical foundation for gen-
eral fluid animation, Foster et al. [5] utilized
the work of [7] in developing a 3-D Navier-
Stokes methodology for the realistic anima-
tion of liquids, and the local surface elevation
was computed using the vertical component of
the fluid motion and the horizontal convection
of the surface evaluation from adjacent cell
columns. A semi-Lagrangian“stable fluids”
treatment was introduced by Stam [19] in or-
der to allow the use of significantly larger time
steps without hindering the stability. Such
a semi-Lagrangian advection has been used
widely in recent researches [4, 2, 3, 10]. In
Foster et al. [4], a hybrid liquid volume model
for generating the geometry mode was used
that combines an implicit surface generated
from the level set method (LSM) and massless
marker particles.

In [9], the problem of free surface of flu-
ids was treated as a transport problem of vol-
ume fractions, and the high-resolution March-
ing Cubes algorithm [11] was used to extract
the iso-surface.

To render the liquid, Watt et al. [21] used

two-passed backward beam tracing to render
caustics of polygon liquid surface. Photon
map [8] can handle nonhomogeneous media
and anisotropic scattering. It can simulate ef-
fects such as multiple scattering and volume
caustics for both polygonal models and im-
plicit surfaces.

3 Modeling Highly-
Deformable Liquid

Figure 1 illustrates the computation flow in a
timestep. Initially the physical domain is par-
titioned by a computation grid The fluid dy-
namic solver then calculates the velocities and
pressures for the next time step. The volume
fractions in current time step and the new ob-
tained velocities are used to convect the fluid
volume fractions. Particles are introduced in
the area where the fluid surface is potentially
exposed to large deformations, and the dy-
namics of particles is governed by smoothed
particle hydrodynamics (SPH).

The fluid dynamics are solved by the marker
and cell (MAC) method [7]. To track the
free surface, the initial (known) fluid inter-
face geometry is used to compute fluid volume
fractions in each computational cell. Inter-
faces between liquid and air are subsequently
tracked by evolving fluid volumes in time with
the solution of a standard convection equation.

To compensate the motion under-resolved
by the resolution of the Eulerian grid, we seed
Lagrangian particles near the region in the
flow field having drastic motion. Particles are
generated only in the surface cells meeting any
one of following conditions:

uδ t > γδx, vδ t > γδy, wδ t > γδz (1)
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Figure 1: Simulation flowchart.

whereδx, δy, δz are cell sizes,δ t is the time
step,u, u, w are velocity components, andγ ∈
(0,1) is the convection threshold.

To seed particles in the a surface cell, the
interface in the cell must be reconstructed. We
approximate the interface for seeding particles
by a Piecewise Linear Interface Calculation
(PLIC) method [22] and particles is randomly
placed below the interface constructed by the
PLIC method.

Initially, each particle carries a fixed mass
and will not split or merge with other particles.
The total volume of particles in a cell should
not excced the volume of liquid in the cell in-
dicated by the volume fraction. The mass car-
ried by a particle can be arbitrarily defined.
The less the mass, the more particles are nec-
essary to approximate the same volume of liq-
uid in the cell.

Once the particles are generated, they may
escape the liquid surface and their trajectories
and acceleration are governed by Smoothed
Particle Hydrodynamics (SPH). We use the
extended SPH method proposed by Morris et.
al [14] for controlling the tranectories and ac-
celerations of the particles.

The liquid in the simulation is represented
by both volume fractions and smoothed parti-
cles. To produce the smooth surface of realis-
tic liquid, a three steps method is proposed as
following:

1. Interpolate the original volume fractions.

2. Convert particle volumes to volume frac-
tions.

3. Iso-surface extraction.

Figure 2 illustrates the rendering procedure.
First, the original volume fractions (the

”coarse” density volume) are interpolated
adaptively to produce higher resolution vol-
ume fractions(the ”higher” density volume)
based on the position of smoothed particles.

Then, the volumes of smoothed particles
are converted to volume fractions of the oc-
cupying cells in the ”fine” density volume.
For cells where both volume fractions and
smoothed particles exist, the converted vol-
ume fractions of smoothed particles always
predominate under the assumption that parti-
cles should give accurate values in the regions
with drastic fluid motion, since they tracks the
fluid surface independent of the resolution of
the computational grid. Smoothed particles
are eliminated when they fall back into the liq-
uid volume or outside the simulation domain.

Finally, an iso-surface extraction alogrithm
(Marching Cubes [11]) is employed to extract
a smooth surface.
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Figure 2: Rendering flowchart.

The interpolated volume fractions are used
only when rendering the liquid surface, they
are not used in the future simulation process.
Figure 3 demonstrates the surface constructed
in each step.

4 Results

All images are rendered by a ray-tracer at the
resolution of 640×480 pixels. All compu-
tation and rendering are performed on a PC
armed with an AMD 1000 MHz processor and
512 MB RAM.

Figure 4(a)-(c) shows an orange liquid is
discharge from a pipe at the speed of 1.8 into
a container of size6× 5× 5 with resolution
30× 24× 24 at roughly the 42th, 92th and
124th minute of the simulation.

Figure 5(a)-(c) show a sequence of selected

frames of throwing a sphere into a tank of wa-
ter at the 79th, 118th, and 138th minute of
the simulation, respectively. The sphere has
a initial horizontal1.1 and vertical velocity of
−0.8. The size of the computational grid is8
in width and height and12in depth. The com-
putation time depends upon the complexity of
the scene and varies substantially throughout
the simulation, more time is needed to reach
the second frame when the sphere just hits the
water surface. However, the computation time
is short after the water surface is getting calm.

Figure 6 shows a sequence of selected
frames of throwing a cube. The cube has a ini-
tial horizontal and vertical velocity of−2.5.
The size of the computational grid is 7 in
width and height and 6 in depth. The com-
putation time for each frame is 30 seconds in
average.
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(a) Original volume frac-
tions

(b) Interpolated volume
fractions

(c) Converting particles to
volume fractions

Figure 3: Process to form a smooth fluid surface

(a) Frame 16 (b) Frame 32 (c) Frame 48

Figure 4: Liquid discharged from a pipe (30×24×24gridl cells)

The calculation time grows more than cu-
bicly with the resolution of the grid. When the
cell size decreases, the simulation time-step
also need to decrease to satisfy the CFL condi-
tion and therefore more cycles are needed for
a frame than in the grid of a lower resolution.

5 Conclusion

To model liquid with dramatic deformation, a
hybrid approach combining the volume track-
ing method and smoothed particle hydrody-
namics (SPH) has been proposed. The 3-
D Navier-Stokes equations are solved by the
marker-and-cell (MAC) method and a density
volume representing the liquid is evolved over
time and space by the volume-of-fluid (VOF)
method. To add fidelity of the particle tra-

jectory, the dynamics of the particles are gov-
erned by SPH, while previous methods treated
splash as interaction-less particles. A smooth
implicit surface is extracted from the liquid
density volume which interpolates the volume
fractions in a higher resolution and converts
particle volumes to volume fractions.

The high realism of the animation is en-
abled by the coupling of pressure and veloc-
ity in 3-D Navier-Stokes equations. Under-
resolved subtle features are captured by
smoothed particles that are adequately placed
in the neighborhood of the highly-deformable
regions. SPH provide more physically-correct
particle motions because it approximates the
Navier-Stokes equations. Consequently, it can
continue to take into account the coupling be-
tween pressure and velocity terms, which is
lacked in other particle simulation methods.
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(a) Frame 2 (b) Frame 12 (c) Frame 24

Figure 5: Selected frames of throwing a shpere into a tank of water (32×32×48grid cells)

(a) Frame 19 (b) Frame 71 (c) Frame 103

(d) Frame 127 (e) Frame 159 (f) Frame 197

Figure 6: Selected frames of throwing a cube into a tank of water (28×24×28grid cells)

When rendering, particle volumes are incor-
porated into the interpolated volume fractions
before an unified iso-surface is extracted. As
a result the liquid surface is more smooth than
those of previous researches which rendered
the splash by coating the particles with a field
functions or as hard spheres.
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