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Abstract: Large scale water is an integral part of nature and of high interest for interactive 3D
applications, e.g., computer games and virtual environments. Allowing the water to interact with floating
objects is essential for applications, but traditional height field interaction methods concentrate on
water-to-body effects by letting water flow through the bodies. A novel GPU-based method for rapid
simulation of large scale water interacting with objects was proposed. A specially designed simulation
grid was used to solve the interactions between dynamic objects and the surrounding environment. The
model of rigid body was realized with a pre-rigid body method. The method runs in real time for large
areas of water even with a very limited GPU budget.
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Introduction

Water is a common and important element in

nature. It is also frequently encountered in games and
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other 3D virtual environments. A lot of attention has
been devoted to rendering water realistically, but
interaction with it is typically limited in games.
Bodies of water are often simply modeled as static
planes with possibly some procedural waves that
have no effect on gameplay and therefore no
interactivity. Interaction is sometimes possible with

small amounts of particle-based liquids, but they are
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also more commonly used only for visual effect.

Interactive systems are at the heart of gaming.
Off-the-shelf rigid body physics solvers have
revolutionized 3D environments in part because they
provide so many natural interaction possibilities.
Similar interaction with large amounts of water is
currently not possible in the real-time 3D realm. A
more versatile interaction of rigid body physics and
large-scale bodies of water could enrich virtual
worlds tremendously and even enable completely
new game genres.

Performance is one of the main reasons why
large-scale water areas are still static in most game
worlds. Large-scale fully 3Dwater is still out of reach,
but the continuing increases in the available parallel
GPU computing power are making some simpler
methods fast enough for consideration.

In this paper, we proposed a novel method for
rapid simulation of open water interacting with
objects based on GPU. Our main contributions can be
summarized as follows:

1. To model the rigid body efficiently, a
pre-rigid body method was proposed to achieve
plausible visual results at higher rendering rates.

2. The interactions between dynamic objects and
the surrounding environment were realized with a
specially designed simulation grid. PML (Perfectly
Matched Layers) method was further introduced to
ensure the continued stability of the simulation grid’s
boundary fluctuations.

3. Based on the above techniques, realistic open
water environments interacting with objects can be
generated stably at higher rendering rates.

The rest of the paper is structured as follows.
Section 2 introduces some related work. Our
simulation method, including body-to-water effects,

is described in detail in Section 3. Section 4 discusses
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the method of rigid body dynamics simulation.
Section 5 evaluates the results and Section 6

concludes.
1 Related Work

Fluid simulation has a long tradition in
engineering. However, most methods from this
literature strive for realism, for example, bridge
building, and are much too slow for games. In
computer graphics, water simulation started to
become popular in the 1990s with, for example, the
work of Foster and Metaxas“], but the main
application has been in special effects for movies,
with processing times for single frames often
measured in minutes. We concentrate on methods
that are suitable for real-time purposes. For a good
introduction on the more realistic approaches, see
Bridson’s book!” for the Eulerian approach and the

review of the SPH literature for the

Lagrangian perspectivel™.

recent

Currently, the methods of interactive simulation
of open water environment can be classified into two
categories: heuristic-based method and physically
based method. For the former one, Fast Fourier
Transform (FFT) spectrum analysis method and
Perlin noise height field method (Peachey!™;
Tessendorf"™); Johanson!®; Darles et al.”")) are typical.
In these methods, the motion of water surface is
regarded as a wave generated on a flat elastic
membrane, which can be described using a 2D wave
equation simply. By calculating the partial
derivatives using the central difference method, the
movement of the wave can be modeled. However, it
is difficult to simulate the details (such as foams,
bubbles and shocking wave) of water surface with
heuristic-based method. Although they can be

modeled using particle systems, the results are less
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realistic. The interactions between the water surface
and objects are also hard to be modeled using the
above heuristic-based method.

To handle the above problems, physically based
methods (Kass and Miller[g]; Stam[gl; O’Brien and
Hodgins!'”; Yuksel, et al.'!) were proposed. These
methods come from fluid mechanic’s theory, which
can generate more realistic motion of water surface.
The Navier—Stokes equations in computational fluid
dynamics are usually adapted to express most types of
fluid motion including the dynamic ocean. For the
calculation of Navier—Stokes equations, Euler-based
method and Lagrange-based method were proposed.
Navier—Stokes

As solving equations is

time-consuming, some simplified methods were
developed. The shallow water equation was introduced
to approximate the Navier—Stokes equations, which
only described the motion of water in horizontal
direction. Thus, it reduces the computation to one
dimension and simplifies the calculation. On the other
hand, the shallow water equation can be combined
with height field easily to model the fluid—solid
coupling. O’Brien and Hodgins!"” described the fluid
velocity in the vertical direction and realized the
splatting effects of water particles. Lagrange-based
method is a type of nongrid-based particle system
method, which can be used to simulate the surface
distortions, the liquid separation and sprays in dynamic
water body efficiently and realistically. Yuksel, et al.!'"
proposed the wave particles method to represent height
field, making the simulation more efficient and easy to
implement. Yan, et al."* proposed a physically based
wave scene rendering method. They used smoothed
particle hydrodynamics (SPH) method to model the
curved waves on GPU. Compared with the heuristic

method, physically based method requires large

amount of calculation, it can produce better rendering

results.

Another related topic is simulation of the
interactions (Baraffm]) between fluid and objects
such as floating objects in water and flying flag in

wind. Wejchert and Haumann!'"!

simulated flying
leaves in wind based on combination of basic flow
elements. Wei, et al.l'”! adopted Lattice Boltzmann
Method (LBM) to simulate the motion of bubbles and
feathers in wind. Fedkiw, et al.'"® simulated realistic
smoke scene. They also rendered the interactions
between smoke and obstacles made of simple
geometries like cuboids and columns. Yngve, et al.!'”!
proposed a method for simulation of explosion and
its damage on environment objects. The motion of
shock wave was expressed by compressible
Navier—Stokes equations. Gomez!"® proposed a rigid
body dynamics method for simulation of dynamic
water surface with floating object. As this method
needs to recalculate the cross-product of the angular
momentum and angular velocity in each calculation
cycle, it is very time-consuming. Cords and Staadt"”’
simulated the interactions between water surface and
moving boat. By sampling the particles on the boat
surface, it can render the interactions in real time.
Carlson et al.”” proposed a method for simulation of
two-way interaction between rigid objects and fluids.
In their method, they first resolve the occupied area
by fluid, and then the rigidity and rigid motion are
enforced by applying the deformation-free constraints.
The results were wonderful. However, their method
was too complex when handling thin objects.
Genevaux, et al.?'! addressed the problems of
two-way interactions between fluids and rigid thin

shells. This method can also be extended to simulate

interactions between fluids and deformable materials.
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2 Simulation

Simulating large water environments in real-time
with highly detailed waves everywhere is not feasible.
Hence, we only simulate the liquid surface where fine
detail is needed (e.g., in the wake of moving water
crafts) and animate it in regions with no object—water
interaction. Most ocean waves are created by wind and
move independently. We classify waves into
interactive waves when interaction with objects occurs
and ambient waves otherwise Ambient Waves For
ambient wave animation, we use the effective method
of Tessendorf”. This results in realistic wave
propagation for open water. The model is based on
statistical measurements of real ocean environments.
The frequency spectrum is generated by the Phillips
spectrum, supporting handling of wind direction and
wind strength. Since this method generates tiled height
fields, several fields with different aperiodic scales
can be used to generate an infinite ocean surface,

where the tiling is not visible.
2.1 Ambient Waves

For ambient wave animation, we use the effective
method of Tessendorf'™!. This results in realistic wave
propagation for open water. The model is based on
statistical measurements of real ocean environments.
The frequency spectrum is generated by the Phillips
spectrum, supporting handling of wind direction and
wind strength. Since this method generates tiled height
fields, several fields with different aperiodic scales
can be used to generate an infinite ocean surface,
where the tiling is not visible.

The wave equation describes the propagation of
waves at time t and position XxeR”. A 2D linear
partial differential equation (PDE) can be used for
simulating radial wave propagation of liquid surface

waves:

ion, Vol. 29 [2017], Iss. 10, Art. 25

RGN A Vol. 29 No. 10
Journal of System Simulation Oct., 2017
1 &% f(x,t)
Af(X,t)———>">=0 1
(X,1) e (1
2 2 62 . . .
here, A=V =Zl§ is the Laplacian in 2D

i

and c is the velocity at which waves propagate across
the surface. This PDE can be solved in a fast and
straightforward manner using an Eulerian grid-based
approach. Boundary conditions have to be included
for collision objects as well as for the boundary of the
simulation grid. Such bounding conditions can be
modeled within the wave equation directly. Adapting
f(X,t) to constant values at the boundary of
collision objects within the liquid models objects and,
hence, the corresponding reflection of waves.
Radially propagating waves can be created at any
position X, and time t; by displacing f(X,,t) .
Displacing several f(X;,t;) can create, for example,
large waves or wave trains.

Additional maps that influence the simulation of
the wave equation can be used to model specific
behavior. In shallow water, for example, velocity
depends on water depth. Hence, ¢ can be varied
according to depth and described by a velocity map.
The same applies to damping and a damping map
may describe the damping according to the type of

ground.
2.2 Discrete wave equation

The discretization of the wave equation

(Equation 1) using a finite difference method can be
Zij:f(iaj)a
i, je[0,size] and step size h=1/size. Using central

carried out using a 2D map with

differences, the discretization leads to:
t+1

Zj = -z +2-42) 7 -7 ()
k=i 1= j+1
C’At?
with a:T and time step At. Hence, the wave

equation is solved for a rectangular area.

For smooth movement of the simulation grid in
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surface space, we define a translation teR?. Note
that a translation with non-integer numbers would
result in large numerical diffusion due to the
necessary dissipation step. The translated grid elements
have to be refiltered onto the discrete grid values within
each time step, resulting in diverging wave trains. To
overcome this problem, we split the translation t into

the integral part t,, =(tX.t%)" eN” and the

fractional part t, €R> with 0t} .t} <I1.
Since the numeric solution of Equation 2 depends on
the current and the previous time step, the integral

t2%¢ of the previous time step is stored

translation
for reuse. Consequently, the discrete wave equation is

then changed to
7 =2 D2 +(2-48) 2y 2o, (3)

=il=j+1

with m=i-t*

H xold
int > n:J_ti}rllt , 0O=m—Ty and

p=n—tyo

int The simulation grid is accessed in

surface coordinates, adding the fractional translation
tirac. Hence, numerical dissipation is suppressed, due
to the use of a discrete grid. Transformation within
the grid is carried out on integer basis. However, the
grid can still be moved smoothly, because access of
coordinates works on a fractional basis. To scale the
surface in x or y direction by S, and sy, the translation
vector is scaled by (1/s,,1/ Sy)T )

The described simulation method can be
executed efficiently on a GPU. Using a 2D grid, the
method can be implemented within a fragment shader
using textures. A general purpose GPU framework,
such as CUDA, can be used too. Yet the
texture-based point of view lets us set the boundary
conditions efficiently by rendering directly into the
simulation grid.

Stability we used an explicit approach for solving
the wave equation, we got the following stability

constraints according to explicit finite difference

simulation methods. The simulation becomes unstable,
if condition c*At? / h*><0.5 is not adhered and
hence, the height field grows exponentially. Yet, the
maximum wave propagation speed can be determined

by the given condition.
2.3 Multiple Grids

The above method allows for placing the
simulation grid at an arbitrary position on the infinite
water surface. The grid can follow moving objects
and the simulation grid can follow the view frustum.
We describe the use of several simulation grids for

adaptive simulation below.
2.4 Different Locations

In some scenarios, it may be of importance to
simulate the surrounding of more than one object or
the area within the view frustum only. Our method can
be expanded to support multiple moving grids. Even
more, each grid can be moved independently as
depicted in Figure 1. Final height-field values can be
determined by superposition of all overlapping grids.
Simulation grid sizes are adapted according to the
importance of the actual simulation. Hence, waves are
simulated where necessary. As a result, we achieve a
fast, environment specific simulation. For example,
different moving boats can have their own simulation
grid and, hence, full interaction with surrounding
liquid. Simulation grid sizes may vary according to the

importance of details within that grid.

(

Fig. 1 Several simultaneous wave simulations are used
within the infinite ocean surface.

©
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Interference of waves is a fundamental physical
principle and result in superposition of amplitudes
(not intensities). Since waves are interfering without
any interaction, different grids can be simulated
independently—wave interaction between different
grids does not occur. Hence, objects in different grids
have to be coupled to their belonging simulation grid
only and the final height field can then be determined
by superposition. Take note that the independence of
simulation grids is important for efficient execution,
since no data has to be transferred between
simulation grids. Height field values are scaled down
smoothly to zero at the boundaries of moving grids to
guarantee a soft transition to the height values of
ambient waves or interfering simulation grids. A
static grid can be used, if the wave propagation

within a static region is of importance.
2.5 Different Scales

Our approach can not only be used for adaptive
simulation at different locations, but also at different
scales. Since multiple grids can be used, one grid can
be used to represent high details if the camera comes
close to the liquid’s surface. For example, in a
multiple grid simulation, one tiled grid simulates the
detailed wave propagation of a rain drop hitting the
water surface and another grid simulates the wave
propagation of a moving boat (see Figure 1). If
different scales are used, the simulation grid’s
translations have to be normalized: They are divided
by their resolution—otherwise different grids are
moving with different velocities.

Another possibility is the wuse as an
LOD-Simulation. Depending on the distance to the
camera, simulation grid size can be decreased,
resulting in less details and faster simulations for

objects far away.
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3 Rigid body dynamics simulation

To simulate objects’ motion on water surface, it
is important to calculate the rotation. When the
angular momentum and angular velocity are in
different directions, even if no force is applied, there
will still be a rigid body angular acceleration which is
called precession in the field of physics. Based on the
condition that the angular momentum and the angular
velocity are in the same direction, which is called
non-precession motion, we proposed a novel efficient
rigid body dynamics simulation method.

According to the rigid body angular momentum
theorem, the rotation of a single rigid body can be
expressed using the angular acceleration formula as

follows:

‘fj—f’= 1[Ny % (10)] 4

where | is the rigid body inertia tensor, Nye denotes
the combined effect of rigid body moment, and w is
the angular velocity. Assume that the angular
momentum and the angular velocity of the rigid body
are identical in direction; then, the item wox(lw) will
be zero. Thus, the -calculation of the angular

acceleration can be simplified as the following:
do _
E =1 anet )

As the composition of the spindle orthonormal

17" =RI'R™ (5)

basis vectors R (spindle coordinate system)

represents the local space, the inertia tensor matrix

I, 0 O
can be expressedas I, =| 0 1, 0 |, where I Iy,
0 o1

z

Iss are three main moments of inertia for I,.

A solution of the above equation is
loe=lo=lyy=lz. As lpe is a scalar, we can get
that | ' = I;l = I;é . So the Formula 5 can be further

adapted as

http: // www.china-simulation.com
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dd_?: |*1Nnet =N, / l e (6) In this paper, we adopt the assumption that the

Under the condition that the angular momentum
and the angular velocity are in the same direction,
that is ax(l@w)=0, we solve the geometry values of the
rigid body in a backward induction way. Next, we
will detail on our calculation strategy.

For a rigid body with constant density like a
boat, it is similar in geometry with the symmetrical
objects such as square, sphere, cylinder and
gyropendulum. Due to the symmetry axis of these
rigid bodies, their products of inertia are zero. So the

symmetry axes of them can be regarded as the spindle.

object’s geometry can be approximated using a
hollow cylindrical geometry, and then replace the
object with a hollow cylindrical body as an applied
force object. Eventually, the calculated parameters
for the applied force object will be used for the
simulation object, making them have the same
velocity and acceleration. There are several force
contact points on the surface of the hollow cylinder
with the same distances to its center of mass,
symmetrically distributed on both sides of the hollow

cylinder, as shown in Fig. 2.

Velocity direction >

[
N\

‘Frictio

- \ ‘ Engine force Fe ‘
nal resistance of] " \

= '
2R /
\\\\, /
\\. “X" /

F \ ! R
water dl r\ n r \ \

™
|

I‘\/_ i = "" =

f \ @ \ 8 & =

' T/ \‘: ‘ ( \\{ \3 [ ]
WL A

Fig. 2 Force analysis for the rigid body contact points

We applied a linear engine force Fe on the
center of mass to speed the rigid body, which is in the
same direction with its velocity. It can maintain the
boat’s movement. If there are n force points on the
rigid body, the combined force for rigid body is

F=>" (Fn+mg+Fd, +Fc)+Fe (7)
where Fd is the frictional force of water, m is the mass
of the rigid body. Then, we can calculate the
displacement accelerationas a=F/M (M = Zinzl m;).
The total resultant moment is

Noet = 20 (Fry +mig+ Fd, + Fe) <) (8)

where r; is the distance between the center of mass

and each force point.

Note that the ratio of the inner to outer radius of
the hollow cylindrical is g the main moment of
inertia for the hollow cylinder can be calculated as

follows:

1 1
XX=Iyy=EML2+ZMR2(1+y2) 9)

IZZ

=%MR2(I+;¢2) (10)

with Egs. (6), (9) and (10), we can determine that the
outer radius of the hollow cylinder is R=0.5L, which
meets the torque-free precession condition. The

moment of inertia can thus be calculated as

http: // www.china-simulation.com
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Ipe:O.905MI2. Finally, the angular acceleration can be
obtained with the Formula (6). The simulation
efficiency is much improved due to the simplification

of the calculation of angular acceleration.
4 Simulation results

Based on the above model, we have generated
various scenes of water interacting with moving boats.
All experiments were run on a PC with Intel 3.10 GHz
CPU, Nvidia GeForce GT440 GPU. The software
platform is based on DirectX 9.0c. The sizes of the
projected grid, the shift grid and the FFT grid are
128x128, 512x512 and 1 024x1 024, respectively.
The resolution of the rendering images is 1,440*900.
We have tested the time efficiency of our method and
compared it with previous methods. Fig. 3 shows the
scene of rigid body dynamics in the testing

experiment.

Fig. 3 Scene of the rigid body dynamics testing experiment

Fig. 4 shows the efficiency comparison between
Cords and Staadt" and our method, from which we
can see that our algorithm is more efficient. When the
number of the simulation rigid bodies (Gizmos) is
more than ten thousand, our algorithm achieves a
more obvious advantage over that in Cords and

¥ In comparison with the method in Cords

Staadt
and Staadt[19], our method is more stable and achieves
more plausible simulation result as we adapted the

PML boundary layer method to eliminate the
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boundary shear instability and reduce the wave

reflection of the grid boundary.

6

5t —e-algorithm in (Cords and
Staadt 2009)

4 | -=our algorithm

800 10 000 40 000 50 000

Fig. 4 Algorithm efficiency comparison of simulation time
(ms) of rigid body dynamics

5 Conclusion and future work

This paper has proposed a novel efficient
method for simulation of the dynamic interactions
between rigid bodies and water. This method realized
the simulation of the motion of water surface, the
interactions between rigid bodies and water, and
realistic shading of water surface, etc. It can achieve
high rendering rates on common PCs, with potentials
in interactive or real-time applications such as video
games and on-line training system. This method is
easy to implement, which can be imported to the
popular simulation engines such as OGRE, Hydrax
and Caelum Plug-ins. Our method achieves high
rendering rates at the cost of simplifying some details
including spray and splashing effects. In the future
work, we will introduce particle-based method into
our simulation framework to generate scenes with
more details. We plan to include the effects of spray,
break waves, etc., into our simulation in order to add
more realism of the result. To extend the pre-rigid
body method to objects with non-symmetrical
geometry is another goal of our future work. We will
also improve the rendering speed of our method in

the future work. To integrate with the multi-core

http: // www.china-simulation.com
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technique and improve the

CPU-GPU might be a feasible way.
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