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Abstractd Both highend training simulators and computer Most of the proposed models in the literature are based on
games lack convincingly realistic and interactive animation =~ computational fluid dynamics (CFDJhese models depén

of liquids. However, almost none of the game engines On iterative calculation of vector fields in a discretized
support liquid models in the games scenes. This is because Scene, moving some particles inside the volume according
of the huge computational time and mmary requirements to thesg vector field§ and generation of the liquid surface by
of the existing liquid simulation models. In this paper, an ~ combining the particles close to the surface. The vector
old heightfield based model is extended and generalized for ~ fiélds in the scem are generally calculated using the Navier
use in interactive graphics applications. Although its  Stokes noriinear equation systent.

limitations and lack of accuracy, the model has such little
computational requirements that it can be freely used in a
game scene containing an intense geometry. The model is
extended by a novel technique for the representation of
viscosity, which is the most discriminative dynamic
property of the fluids. Thust is able to simulate different

In this paper, a less accurate but a significantly more cost
effective method is used for modeling liquid behavior and
surface rendering. The proposed solution is basedhen
wor k of O6 Br i e nThe&methbd dvg non s
proposed as a reéime solution becauséts computational
cost was huge for the hardware technology of that time

[

types of liquids with different physical properties in a real Since te method can natompete with CFD based methods
time environment. in terms of accuracy, ihas not been widehadgted

o o However, in todayos tand hno
Keywords3 Liquid ~ Animation, ~ Natural ~ Phenomena,  generalizedversion of this method can be used as a cheap
Viscosity and practical liquid model inreattime virtual reality

environments withvery low computationatost This is the
main idea behind taking this method as the basis.

1 Introduction

O6Br i en &methadoffgrsthe sepresentation of the

Recent advances in computational power have made liquid body by a 2D grid of columns, also known as height

realistic virtual environments possible. Experience has fields. The liquid flows among the columns through virtual
shown that the accuracy of simulated physics in an Pipes according to basic laws leydrostatics. Although the
interactive graphics application is the primary factor that ~Method does not depend on partickesed modeling of fluid
gives the user the sense of realismT3.at 6 s why dyﬁarn!@s, it still provides a considerable amount of realistic
research on physics engine development has become one of animation of the surface.
the hot topics in game industry.

Our work proposes a novel method for the representation
Although recently proposed solutions can detect and handle and controllability of vscosity of the liquid as an extension
interactions of rigid bodies in a reasonable computational t 0 OO6Bri en et al.o0s work.
cost [8], they ignore almost &linds of interactions between discriminative dynamic property of the fluids, such an
rigid bodies and liquids. This is due to the high  extension makes the liquid model a generic and
computational cost of complex physical equations involved ~ configurable one which can be customized for use in an
in the physics of liquids. Actually, very successful models ~ arbitrary reaktime virtual environment. An experimental
exist in the literature for realistic liquid simulatiomda implementation of the model is done and it is verified that
rendering. However, these models have one very crucial the method provides @nvincinglyrealistic liquid behavior
drawback in common: it is impossible to use them in-real ~ With very little computational cost in reéime.

time virtual environments. o ) .
The remaining sections of the papare organized as
follows: in Section 2, other studies on the subject are
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presented; in Section 3 the motivation of the preskmtork

is stated; in Section 4ur contribution is briefly described;
in Section 5, the model used tepresent the liquid betiar

is explainedjn Section 6the novel techniqueof viscosity
modeling is proposed; in Section 7, the controllable
parameter®f the proposed model are definéa Section 8
the resultsare evaluated; and in Section @® conclusion is
given and suggéisns for future work are stated.

2 Related Work

The studies about liquid simulation can be classified into
two major subfields: i) simulation of large bodies of water,
and ii) accurate simulation of complex behavior of small
bodies of water.

In the simudtion of large bodies of water, there are two
main challenges. The first is the realistic simulation and
rendering of waves. Tessendorf [9] has a seminal study
about integrating the wave models developed by
oceanographers into computer graphics. In thiglyst the
illumination properties of ocean water are also described.
The other challenge about simulation of large bodies of
water is the massive geometry necessary for representing
the water surface. As an alternative to classical approaches
to resolution management (i.e levelof-detail based
method$, Hinsinger et al [10] have recently introduced an
adaptive scheme that sets the geometric resolution according
to the viewing distanceBristol et al [12]offer a method for
modeling the effestof wind on liquid surfaceat realtime.

The realtime performance is achieved by reducing the
accuracy of liquid model, in a very similar way it is done in
this paper. However, these methoapresentthe liquid
surface in terms of wave models. Although these models ar
successful in representingirge liquid bodies and their
interaction with natural phenomena, like windhey are
inherently not able to represent the surface structures due to
collisions since they do not represent the liquid volurme.

this paper, ouconcern is the simulation of the interaction of
smaller liquid bodies with rigid scene objects.

All methods in the literature about the simulation of
complex behavior of small bodies of water depend on
discretizing the liquid volume. However, there areesal
approaches in the way the grid structure is manipulated in
order to produce the surface geometry. If physical accuracy
is critical, the liquid volume is discretized by a 3D grid and
the liquid flow in the voxels are evolved by the Navier
Stokes equains. This provides a particlgased simulation

of the liquid behavior, since the NaviStokes equations
model the dynamics of a single fluid particle. Kass &
Miller's study is a very famous early work that uses this
approach [5]. Losasso et al. have régbedeveloped a very
accurate model which supports very complex phenomena
like interaction of combustive gases and liquids [4].
Although these methods provide very accurate and very
realistic results, and a complete physical model of the
liquids, they regire enormous amounts of computational
time and memory. Thus, they are inapplicable in-tigad
applications.

The heighdfield based methods discretize the liquid volume

by a 2D grid of height fields. Each cell in the grid is a
column full of water. Theiduid behavior is modeled by the
basic laws of hydrostatics [1]. In this paper, we used this
approach for liquid representation.

Surface rendering is another major problem in liquid
simulation, especially if the liquid is represented in a
particlebased maner. Although the liquid volume is
represented by a grid, a particle system should be used in
order to determine the surface polyhedron. There are several
approaches to that problem. The most popular approach is to
spawn particles only in the boundary etscand remove the
particles when they go out of the boundary voxels. Foster &
Metaxas propose such a technique in [6]. In [2], Foster &
Fedkiw use dynamic level sets as an extension to isocontour
technique [7].

In the recent work of Irving et al. [11], éhparticlebased
approach and heigifields approach are successfully
combined. In such a way, large bodies of water could be
very realistically simulated. Although the proposed model is
one of the most powerful models, it is not practical for-real
time applications, because it is prohibitively expensive
terms of computational cost.

3 Motivation

None of the methods described above can directly be
used in interactive virtual environments, because their
computational costs are huge for a +#&ale application.
Since most of the models in a virtual environment scene are
rigid bodies, one of the mostfitical features of a liquid
model is its ability to respond to rigid body interactions with
considerable realismA computationally efficient liquid
model with such a feature would be useful in virtual reality
environments.

4 Our Contribution

We haveextendedheO 6 Br i e n 8[%] byndefihirigo d
a novel technique for simulation wiscosity. This stands for
an additional controllable feature for the model. In fact, the
controllability of viscosity is crucial, because viscosity is
the most discriminatie dynamic property of the fluids.
Since the liquid model is generalized in such a way, it can
be used in a redime graphics application

5 Liquid Representation

In order to model the liquidhe method described in [1]
is taken as thébasis The liquid B taken as a twpart
system: the main volume and the free surface of the liquid.
Spray is not included in the model for performance reasons.
It can simply be modeled as #ivial particle system and
managing such a systdnvolves a great overhead
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Fig. 1 Each column is connected tdher columns in its -8
neighbohood by virtual pipe§l]

5.1 Volume Model

The volume is modeled usingf@mulationthat divides the
body into a rectilinear grid of connected columns, as
described in [1]. Each column isconnected to other
columns in its &eighborhood by virtual piped-igure 1)
The liquid flows among the columns through these pipes
order to equalize the total pressurehich is the sum of
static and external pressuresn every column The
interaction of a solid object with thdiquid surface is
animated bychangingthe external pressures of the columns
with whichtheobject interacts.

The equations to determitiee flow in the pipes are derived
from laws of hydrostaticsThese laws have some anakgi
with Newtonian rigidoody dynamicsln this paper, the term
fanal ogyo i s ilusteatd the phenomendl e r
resemblances between diffateconcepts Their physical
correctness is not taken into consideratidrhe novel
viscosity model explainedn the following section is
constructed on these analogies.

Pressure $ the fundamental phenomenohhydrostaticslt

is also at the heart of the liquid model adopted in thispape
Thedefinitionsof all of the other conceptssedin the liquid
model directly or undirectly depend on the definition of
pressureln the model, threg¢ypes of pressure is useithe
definitions of which are given below

O = Oisse + Oaisasca (5.1)

Ui = Q" Ugneinma  (5.2)

In (5.2),” is the density of the liquidQis the gravitational

constant, Ugy¢ip-mo IS the amospheric pressure
andlquq:cxiS the total pressure algd by an external

factor (e.g.another object, wind efc Thesethreeproperties

are configurable constantsh is the column height. The
value of this parameter chges as the liquid surface
changes shape along the animation tidtéen the liquid is

at rest, each column has equal total pressure. When a rigid

body interacts with the liquid surface, it exerts exaérn
pressure to the columns with which it interacts. This breaks

the equilibrium and the liquid starts to flow from the
columns with high total pressure to the ones with low total
pressureln such a way, the liquid responds to the changes
in external presge by rearranging the static pressures of the
columns by reorganizing their heightehe flow stopsand
equilibrium is regainedvhen all columns have equal total
pressure.

The equations given below defirtee physical laws ofhe
liquid flow.

Pressure DifferenceA External Force Pressure
difference triggers the motion of the liquid through the
columns. Its direction and magnitude determines the
direction and magnitude of the flowks an object starts to
move when thenagnitude othe totalexternal forceexerted

on that object is greater than 0, the liquid starts to flow when
the magnitude of the pressure differenbetween two
neighbor columns getgreater than @fter the influence of
an external factoHence, it is analogous txternalforce in
Newtorian dynamics.Here is theformal definition of
external force used in the model:

Qe = 10 = Ogatg  Okdteamas (09
FlowA Velocity : The flow differencebetween consecutive
timestepsequals to the timestep timéte total forceon the

column timesa constantk. This is the same as velocity
force dependency iNewtonian dynamicg v = E g1t)
where thevelocity differenceequals to thdimestep times
thetotal forcetimes the reciprocal of thmass Hence, flow

is analogous to velocityThe following is the flow update
equation used in the model:

0p= O@0s 1+10F W Qunean Qusiivan) (5.4)
t o
Here,Di s the #Avanishing quotie

stabilization time of theurface after an interactiotf. D=1,

the surface will never stabilize and it will finally diverge
after some time, since the flow the current step will
alwaysbe augmented tihe flowin thenextstep. In order to

let the surface stabiliz& should be set to a value between
0 and 1. h our implementation, it is set to 0.93. This value
is choseras the one that gives the most realistic resfter
experimentation of a set of different values. This quotient
can be regarded as a configurable parameter and it can be
set to different vales forvarious purposesFscosiyy iS the
force due to viscosity. This is analogous to frictional force
in Newtonian dynamics. The details about the formula of
viscosity force and its derivatiaregiven in Section 6.

In (5.4), k is a canfigurableconstan@s given below

Q= 2f (5

Uiga
where=___ is the area and o is the length of the pipe.
The effect of this constanton liquid characteristics is
explained in Section 7.

VolumeA Distance : The volume difference in a column
between consecutive timesteds equal to the flow



differencetimes the timstep It is analogous to velocity
distance relationship in Newtonian dynamics
(1x= v €1t ) where the displacement equals to the
timestep times the velocity differencelence, volumeis
analogous talistance Here is thevolume updatesquation
used in the model

Q= 6 1+10¢0, 051) (56)
After the volume atthe next timesteps calculated, the new
height of the columnan be determinedsing the following

formula:

v _ Gy
Q= omm (5.7)
whereQoandQuarethe lengtls of acolumn in the xand y

axes respectivelylhey are both configurable constants.

5.2 Surface Model

The surface model also consists of a rectilinear grid of
control pointsas described in [1]JAll control points of all
cells define the surface geometryhe verical postion of a
particular control point is determined by averaging the
heights of the four columns surrounding that grid point:

v %1t Cag eijel
Om= 2

(5.8)

5.3 External Objects

External pressure is the only parameter in the liquid model
that can be changed by the external factors, such as
collisions with rigid bodiesWhen an object collides with
the liquid surface, all the columns that collide with the
object are applied an exteal pressuref magnitude

Bog= mi?% (5.9)

where @ equals to the sum of the weight of the external
object and other external forces that act on the gbgeat
'Q, andQ, arelengths ofthecolumn edges.

6 ViscosityRepresentation

Viscosity is the most important dynamibaracteristic
of liquids in terms of computer animatiprbecause it
determines how the liquid responds to shape changes.
However, the original version of this model does not
provide arepresentation of viscositydere, a method for
representing viscosity in this model is proposed.

In computational fluid dynamics, viscosity is a quotient that
describes a fluid's internal resistance to flolw the model
used here, this corresponds to an internal force which acts
against liquid flow among columnsntuitively, viscosity
force couldbe defined as linearly dependent|to. This
would bea direct analogy to frictional force in Newtonian
dynamts. However, in the model used here, this would be
the same as narrowing the virtual pipes between the
columns.The experiments have shown that applying such a
viscosityforce does not even generate a visible effect. It just
slows dowm the stabilization ofthe liquid surface after
interaction.

For that reason, higherder dependencies are

experimentedThe best visual result is obtained when the
viscosity force is cubically dependent to the pressure
difference.

Theviscosity forces defined as follows:

"Quiziar =1 03¢0y 10 (6.1)

elr

10 >

el

"Qusiivay =1 0 #O (6.2)

Here, w is the viscosity quotientit has a value between 0
and 1.Since viscosity force isubicallydependent tp 0, its
magnitude exceeds the external force Uf is greater than

1 . . . ..
= Since an internal forekke frictional force can not be

greater tharan external force, the viscosity force remains
equal to the external force in that cgB&gure 2,3) Figure?2
and Figure 3 alsoshow how viscosity can be controlled by
changing.

7 Controllability

As the paper title mentian the method described in the
paper is proposed as a frameworkGenerality and
controllability are cruciaproperties of framework modeh
computer animation. A more controllable model is also a
more general oneThus, it is important to critice at what
extent the model proposed heredntrollable.Here are the
controllable parameters that the mogadvides:

Density : The density of the liquid can be configured.

Pipe length & Pipe Area: The length and the area of the
pipes determine the time the liquid returns to steady state.
They have effect onhe stabilityof the surface. However,
they donot have aprgperted df the t
surface.

Timestep : The model successfully works for both large and
for small timesteps.

Viscosity : The viscosity of the liquid can be controlled by a
single parameter. @\the value of this parametircreases,
the liquid gets more viscous.

Resolution : The model works both at coarse and at fine
resolution without any side effects.

Height : The model successfully works for both deep
and shallow liquids.

External Force : By applying external forces to particular
columns, many kinds of interactions with rigid bodies can
be simulated.

Atmospheric Pressure :The atmospheric pressure can be
set torepresent dferent atmospheric conditions
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Fig. 3 External force (F) against Viscosity Force (Fv
when V=1/64. Two forces become equal at dP=8. |
remain equal to F if dP is greater than 8.

Column Sizes : Column sizes can be configured to
determine the size of the entire ligudody regardless of the
resolution.

8 Results

The implementation is done in C++ and OpenGL is used as
the graphics library. The systemarchitecture is given in
Figure 4. The system is organizeth the scene graph
structure Thesc &inedo i s the root
gener al operations r el muide d
tankd model includes thétank geometry and thefliquid
bodyd geometry. The Iquid body consists ofcolumns.
There maybe additional objects in the sceres in a typical

mo BPIEFt by prpducingan gsy

tested on several desktop computers with different hardware
configurations and they are validated.

The performance evaluations clearly show that the model is
able to run at reaime without any difficulty. The
experimental sdWare uses approximately 10MB RAM.
When the grid resolution for the liquid body is 100x100 and
the environment is illuminated by Gouraud shading, the
frame rate is between Zb frames/secondThere is no
GPU usage in the software. Some example outputgieea
below. In these outputs, the liquid surface is rendered as
wireframe in order to highlight the surface geometry.

In Figure 5.,a light object is dropped into a liquid tank. The
columns at the place the object falls get lower because the
external presures of these columns increase due to object
contact.The external force is exerted until the object hits the
ground. However, before the object hits the ground, the
columns start to stabilize. This is because the flow from the
previous frame is partiglltransferred to the next frame. The
percentage of this transmission is determined by the
vanishing quotient (D). This quotient can be considered as
the frictional force inside the liquid. When the object
reaches at the bottom, it suddenly stops to eRerekternal
force. This suddenly reduces the total pressure of the
contacting columns and a splashing effect occurs. After a
while, the liquid surface returns to the steady state.

Liguid Animation
Software
‘ Tank Geometry | ‘ Liquid Body ‘
‘ Object 1 || Object 2 ‘ Licpuid Tank ‘
Scene
GLUT APIv3 |
b
| OpenGL1.2.1 |
i

| Microsoft Windows XP OS |

Fig. 4 The system architecture

In Figure 6 a heavy object is dropped into the tank. This
time, a stronger splashing effect occurs. The contacting
columns oscillate with higher amplitude and they return to
the steady state a bit later.

In Figure 7 an object with horizontal velocity is dropped
into a liquid with low viscosity The surface geometry
correctly reflects the horizontal velocity of the contacting
tgc gqoedry at the place of
tcgntagt. The liggiq, with 1pw, Viscosity,gjygs strong fegponge,

to the contact.

In Figure 8 an object with horizontal velocity is dropped

scene graph structure, every node in the graph solves and into a liquid with high viscosity.The liquid with high

renders its own geometry, and manages the child nodes.

All the capabilities of the maa stated in this paper are

viscosity gives weak response to the contact.



9 Conclusion and Future Work

In this paper, a practical liquid model is extended with
the representmn of viscosity. Since the original model
does not support the representation of such a crucial
property, it could not be utilized as a generic model that
could be used for representing different types of liquids.
Controllability of viscositymakes the mdel configurable
for different realtime virtual environments. According to
different viscosity quotients, the liquid body responds to
rigid body interactions in different ways.

One feature of the model is that it provides easy integration
to other modelsSince the liquid surface is represented as
heightfields, sophisticated heigffield based methods
developed for ocean animation [10] can be integrated to this
model. Such a hybrid model can be used for both animating
the ocean waves and handling rigiddly interactions with

the ocean water.

As another future work, the surface rendering mechanism
can be improved. In the current surface model, all the
vertices are connected by straight lines. Better surface
geometry may be obtained if the vertices are eated by
curves. Bézier or B5pline interpolation techniques could be
used for calculation of these curves. The liquid surface can
be rendered further realistic by mapping dynamically
generated textures whose structure vary with the heights of
the patch vdices on which a particular texture is being
mapped.

References

(1]
(2]
(3]
(4]
(5]
(6]

(7]

O6Bri en J., Ho digqulatiocn ofJ Splashin®y n a n
F | u iCdngpudter Animation 1995, 19305.

Foster N. , Fedki w R.
SIGGGRAPH 2001p.15-22.

Chris Hecker "Physics, The Next Frontier",
Game Developer Magazine, Oct/Nov 1996

APractical

Losasso F., Shinar T., Ukl e
Interacting=| ui ds o, S| GEBEHRAPH 2006,
Kass M., Mi Il er @ .Dyndmits por Aomputsrt a b |

Graphicso, SIp®BHRAPH 1990,
Foster N., Metaxas D., fARealistic
Graphical Models and Image Processing 199671-483.

Bloomenthal J., Bajaj C., Blinn J., Cani{R., Rockwood, A.Wyvill,

B., and Wyvill, G., fAlntroducti on
Kaufmann publishers Inc.

Geiger B., "Reallime Collision Detection and Response for Complex
Environments", CGI 2000, p.105

Tessendor f, J.
Notes, AddisoAVesley.

ASi IBGRARH 1999gCodse e a n

Hinsinger D., Neyret F., Cani M? . , Alnteractive An
Waveso, S| GGRAPRPK 2002,
1] lrving G. , Guendel man E. , Lo

Simulation of Large Bodies of Water loupling Two and Three

Di mensi onal Techni qpBes81l, S| GGRAPH
2] Bristol A. ,-Timé Mpodeling of dhie ctioh .of, AR
Wi nd on Li q,EURDGRAPHIESSUKeB806 Theory and
Practice of Computer Graphjqs111-114



iyttt

Ul 00, 00y byl
lillnllon oo Sy S G
DA (

s&wwwﬂ #&#@Q\.@\_

Uy
uue
el
ittt Ty
itiloli il
Ry iy
DL DO
ploteleg ot
frrlol i
e

i

ity ty O

&$ {7
oy
ii.&&w&_@

2

0y
:.”“““22

with a liquid. The surface geometry is rendered

wireframe

Fig. 7b A rigid ball with horizontal velocity interact:
with a liquid with low viscosity. The surfac

geometry is rendered as wireframe.

as wireframe.

Fig .5a A light rigid ball is dropped into a tank fille« Fig .5b A light rigid ball is dropped into a tank fille
with a liquid. The wireframe view of the surfac filled with a liquid. The surface geometry is rendet

Fig. 6a A heavy rigid ball is dropped into a tank fille Fig. 6b A heavy rigid ball is dropped into a tan

Fig. 7a A rigid ball with horizontal velocity interact:

with a liquid with low viscosity.

geometry is above.

with a liquid.



