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CHAPTER |

INTRODUCTION

1.1 INTRODUCTION AND PROBLEM STATE

Flgure 1-JFluigta n Ocea ave) m th n owe Poseidon

V|rtu‘ udiios J© @,’1 @QE

4 H

phenomena has been ¢ cades. Physically based

models for different states ¢ substa . e | ied in general in order to permit

.ahl. N

animators to almost effo essh te mt resting
yfﬁ?a %>

listic, and sensible animation of

natural phenomena such as \Am\/v smoke spread, etc. For this reason, several
.r ok :__',r. ’?“ﬂ-,
techniques are. ormulated 'for"prdvr‘dmgf’sm ation. Flui

solve the pro ble m vm-nill'-';llé-iléﬁilllixéh"inv-k‘r;lvnénﬁﬁri‘n\és‘ﬁit j )

Stoke’s equatio

ics bases are used to

s. However, Navier-

$are in the form of a vect are ed in simulation, they

must be projectego other systems or easily used in comwation. The forms of the

equations can varyﬂ-dlgending on the viwoints of fluids such as Eulerian or

=AU INENINEINT

Point to the Lagrangﬁan viewpoint, the continuum is treated as a particle

WS AR A

proper for control. For decades, there are many techniques used for solving Navier-
Stoke’s equation based on particle systems. One of the mostpopular and widely used
approaches is Smoothed Particle Hydrodynamics (SPH). SPH was developed by Lucy
[1] , Gingold and Monaghan [2], Managhan [3, 4, 5], and [6] for the simulation of



astrophysical problems and has been used more to study among other astrophysical
topics. This method is a particle-based method which represents sample points that
enable the approximation of the values and derivative of local physical quantities inside.
It is general enough to be adopted to solve various problems. In computer graphics
community, many researches also use SPH method to simulate fluid flow such as [7, 8,
9, 10, 11, 12]. However, the capability of SPH depends on its mean value that relies on
kernel length. Hence, if ittis defined improperly, i‘.[“-wifl waste calculation time in high
density areas or particles-for calculation-are lack in-thedow density areas. To solve this
problem, many researches proposed the‘ techniques; called Adaptive SPH, to adjust the

size of particle. Size—a’d'épt tiondeads pakicle to be fit with the density of its region. The

main idea is to split and merge particles; enlarged size in dense area and reduced size

in sparse area [13, 14,45]._ . ¥
# iil_-'l‘ _ -

[
[
[

[

o o
'
T a =0
w A S

Figure 1-2 : (a) shows particles system; (b) illustrates the concept of

-

Smoothed Particle Hydrodynamics

In [another direction 'tol sort jout the prablem, se@me" previous works
proposedithe method of adaptive SPH by adjusting the kernel length. In physical fluid
dynamicsufieldy [16, @17, 48 49] provided @ansalternative/techniglie to“imgrove the
performance of numerical selutions‘oftdynamical probiems. The=technique'provided is
used for representing functions and derivations with adaptive parameters which can be
automatically adjusted to optimal values regarding the location of the particles. To
couple the technique with particles method which is based on SPH, the considered

parameter is the smoothing length or influence radius; h . The key advance of SPH



which associates with each particle is a smoothing length representing the finite spatial
extent of the particle; the smoothing length (or radius) can differ in value to separate
particle, as well as vary in time. By varying the kernel radius, it is possible to achieve
significant improvements over the fixed kernel radius approaches. The substantial
improvement on the approximation of func}‘ions and derivatives is obtained by allowing

the kernel parameters to dynamically accor{]}ff/ogete, both globally and locally, to all

given points. "i:-"
= - =
| -
/ANMES °
1 \
g A
— ®
; w (%) ..
| 1 p-"‘
1e) |
Y Fil

Figure 183 : | ‘usrtrai",eslthe ada'giivq kernel length method

# =
By the way takingéﬁ intereﬂ@e various challenges in the fluid field,

# E [ _f'
we attempt to simulate fluidike ‘motions Wh’_i-é:h’"ie_fné controllable by user or animator,

since applying the techniques _m‘,commerci’gﬂTa‘rﬁ'r,rlations such as advertisement and
el R e e

film. Many developmeénts have been proposed to model controlldble fluid simulation with
N —
the need in reél@c motion, robustness, adaptation, and suppd:‘f"t;jnore required control

model. s prit

Figure 1-4 : the example of advantage of controllable fluids such in films,

Tar Monster in Scooby Doo 2



The basic of control is to add the force called “control forces” to the
system in order to adjust the direction of particles be in the line with user’s requirement.

Focus on control fluid with Lagrangian viewpoint; with the characteristic of particles

system, each particle has its own properties i.e. velocity, density, pressure etc. For this

particles which are in influenc A
e e
kernel estimatli"chThis method; therefore, € stable in regions of low

. It leads to poor estimations because of the fixed

density such as-the-tails; dueto the lack of particle pproximate the required

functions. This ¢

| i \ﬁch occurs is that it can
choose the number of control particles. -‘

L v/
AU TN oo
used %ke - . path-line ri ecifie r. propose an enhanced
method to simulate the fluid motign of free surfa(‘&' based on Smooﬁgd Particle

YRIAID IR RN AT TRE

qw order to preserve small details; lost by fixed kernel, in low density regions.

not be automatic

Recently, new techniques to simulate controllable fluid have been
developed based on the couple concepts between particles control and object guiding

[23, 24, 25, 26, 27]. To archive our goal, we use the concept of particles control called



Skeletal Particle proposed by [21] which can be implemented with both key-frame and
path-line. Since the advantage of using Reeb Graph to extract the skeleton, the object’s
topologies are preserved. Moreover, we obtain critical points for placing initial control
particles. In addition, we implement Adaptive SPH by adjusting the kernel length method

to solve the problem in low density i ..In order to simplify constraint for kernel

length adaptation, we make us Dject ours in the same level of control

. The smoothing length of each

skeletal particle is automaiical a eﬁorthis reason, the errors of
re decreased.

unstable mean val

~onstraint obtained from object’s
contour into the process in orde k omatically adjust the smoothing length. As a

result, it can preserve encegradius every time step.

13 SCOPE OE.STUDY : A

T?‘Eresearch will study only in enhancing Comol of fluid simulation for
incompressible ﬂuidi'w as water, smokegand gas. The basic approaches used to

s PR T

|sotherm@ystem Our conS|derat|ons are controllable and details preservatlon

ﬂﬁﬂﬁ\‘rﬂﬁm UAIINYA

We expect that our controllable fluid simulation method would provide

ease and more accurate to animator to create various desired movements of fluid.



1.5 RESEARCH PROCEDURE

1. Review related researches in the field of study.
2. Study about the equation of the fluid flow, Navier-Stokes equations,

and other related equations and theories, such as numerical estimations and Eulerian-

Lagrangian approach. il 1
i‘  '- g control and Smoothed Particles
Hydrodynamics (SPH) “‘-h-..“__ ng SPH| Aprévcmen

3. Study a "« b LN \b

4. S{uy about-pal ticle ontrol -“ﬁ.ﬁ_ an Reeb graph.

5. tu abo :- '/ g s \u and adaptive kernel.

6." Desigh® anddevelop the u opria mathemahcal model for
approximation. | v | 7

6. lmplement i cont able simulation with  our
proposed enhan vvrﬁe ! -

7. | ua

8. Comp h previous controlling fluid
simulation, such as accurdey: presehinc o, and ¢ tkollable.

9. Analyze a !*

1.6 OVERVIEW-OF

AP ons and relevant theories

-!l °TER Il Literature reviews ‘ ﬂ

CHAF‘"EEV Proposed methad,

AUES ‘ﬂuﬁﬂﬂ’ﬁ N

mmary and future wor

’QW’W“&ﬂ‘im UN1ANYAY

Some parts of this research had been accepted to publish in the Engineering
Journal, vol.14, lIssue 2, April 2010; published by the faculty of engineering,
Chulalongkorn University. The title is “Reviews on Physically-based Controllable Fluid

Animation”. The authors are Saithip Limtrakul and Pizzanu Kanongchaiyos.



CHAPTER Il

BACKGROUNDS

In this chapter, we describe all kind of definitions and relevant theories

which are used in this research.

2.1 Fluid

Fluid isfsubs n@égjﬁ prim: \aracteristics are indefinite shape;
e \

the shape easily chan g }..-.. e, and capable of flowing.

F
Commonly, the basic of fluid ol ented as follows; Mass; m , and
volume; V , are usual a ;. V, is a representation of fluid
speed. The nex Snsity; p , explains dense of

"‘i' ‘ a.“--# id is.

fluid. The last, k

me, we will consider the volume of the ﬂﬂ Types of fluid can be
classified by volumeﬁrﬁrties as either compressible or incompressible fluid. The fluid

A T W o e

hand, vqume of fluid in the system is constant throughout the time, it is called

fl luid be

TS A AR
eans the temperature is constant.

For the state of the fluid flow consideration; the flow of fluid which is

affected by its viscosity called ‘viscous flow'. It occurs; for example, oil paint or mud.



The opposite, the flow which is softly affected by the viscous feature called ‘inviscid
flow. In addition, the movements can be divided into ‘turbulent and ‘laminar. The
smooth flow is called laminar flow; conversely, the chaos flow is called turbulent. The

example is shown in figure 2-2.

2.2 Fluid Simulations and Animafions

-.-'._ n-""'_':-'_ : “.r-" -i‘l,qu““—_- ) .
In our everyday lives, fluids can be found.everywhere. lts existence is

d|rect|y related.g our routines: for example the Iukpmrrn—\gpdr of hot coffee, the
| —_— — - =

ripples of river's u_'fflace, and the disastrous smoke of a fire. Tié"c aracteristics of fluids
are, in a sense, u_;s_glful in both education and entertainments fields. We require tools or
simulators to simulate*the fluid phenomena in,order to estimate or predict the results of

its movement.

Formerly; in computer animation, the animators simulate the fluid
mevement, by jusing<non<physically Based imethod;de: Not{salving #fe governing
equétions of fluid dynamics'*For examples, random velocity field=method“which=is used
to generate a 3D grid of random vectors of velocity and used them for interpolation. A
vortex method is similar, but forces the velocity field to contain swirly fluid-like vortices

by projecting an arbitrary velocity field into a divergence-free one.



Nevertheless, people have higher requirements on the visual effect of
animation. The artists or animators have to spend much time on the complex scene.
Various varying movements of fluid are difficult for the animators to simulate frame by
frame. Physical model, unlike key frame or procedural based techniques, allows

animators to effortlessly create fluid phe na due to its governing equation which

describes the fluid behaviors y arefore sically based methods became the

sica ‘method, we must have a
mathematics model for@Presénting. fate of the fluid at any time. The most
significant properties for i the field't use we can determine how
the fluid movesaitselr. 4 ‘*-‘ K - u ced the equations for
describing the behavi .' filtig Cal ;‘-‘ ( \h on'. Three fundamental
governing the equations describ : ing aracteristics; the continuity indicating

that the fluid mass conse on; . n p _ Newton’s second law, and

energy conservation . . .equatio common to make simplifying

ations, we can use computational

fluid dynamics (GFD) od used fo W prediction. In the field of

computer grap wever, fluid simulations req ion than those used

.v; at can be easily implemented,
n,seénd give them believable result or look fﬂ good. So, we assume

incompressible andrfnpgeneous fluid forthe simulation. The combination of

e E AR S W A

nearly C tant The assumptlons are common in fluid dynamics because fluids

RIS

Hence, suppose incompressible and homogeneous fluid, the details of

in physics field.

less computatio

those equations are described as follow;
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2.2.1 Navier-Stokes’ equations
We simulate fluid dynamics on the spatial coordinate by X, which for two
dimensional fluids is X = (X, y)and three dimensional fluids is equal to (X,Y,z). The

fluids are represented by its velocity field G(X,t). Given that the velocity and pressure

(2.1)
(2.2)

constant) fluid density, p
is pressure, and is afll o/ “ effect uid. The equation (2.1),
continuity equatio S af e/ - a | » _ y sma l 2gion of fluid, the total
amount of mass pefvolufie €niering is exactly: equalito 'amount leaving volume.

Thus, mass is always ved:duri g flgv The X 1 (2.1) notifies that the fluid

) states ."'"I-‘A nent 's conserved. The equation has
several components w rrgﬁﬁfé Eﬁn in locity of the fluid at a given

position is related to four -"‘ stion  (advection), pressure, internal

—

resistance (diffusion), et et eftfhand side, g—l: , is the

[ -

time derivativ» ‘ ‘-.J be separated into 4

s Y

terms as the follov

\ﬁg j
Advection ((U- V a ) The first term represents the ‘self-advection’ of the

O ﬁ@VIﬁWﬁW 1l I

Pressure ( —Vp ) : The sectond term is pressure gradient. It staﬁﬁ that fluid

Rty MATTHRAALN EA

Diffusion ( VWV U) : The third term which is called diffusion term, describes how
quickly the fluid damps out variation by measuring the parameter V which is represents
a kinematic viscosity of the fluid. The higher its value is said that thick fluids and it flow

slowly.
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External Forces (F ) : The final term contains the external forces applied to the
fluid. These forces may be either local forces or body forces. Local forces are applied
to specific area whereas body forces act globally on the fluid.

To simulate fluid flow, the principal simulation consists of 4 steps; apply

forces to the velocity field, adve \ , field, diffuse the field to take viscosity into

account, and enforce co e lly, there are 3 physically-based
- : Awethod, Eulerian method, and

Lattice Boltzmann method [29] i _ roach will be described in the

SIaibms - i
methods. The SPH formalism ‘Wwas firstly introd

. . . > a i 0d W
simulation in 1977. SPH w as-developed 1!

ad by physicists for cosmological fluid

o

¥ nd Gingold and Monaghan [2] for

the simulation of“astrophysical problems and have been more sed to study among

other astrophysicél

supernova and sﬂr formation.

general enough to be adopted to solve various problems not only in computational fluid

. Con 9/ .
dynamf(bﬂ ‘ rgcabl cﬂwqgﬁlwg]tﬁﬂo jhase flow, heat
and m‘ Sitr End olﬂv nics. V illf. conside ﬂ hod for solving

incompressible fluid in this researcrw . Q/
rticl

VRN IHRIINHIARL
qamp ed by a set of elements called particles. Each parhc e contains some attributes or

physical properties, such as local mass, density, velocity, or pressure. With SPH, the

1"‘ e, galaxy formation,
S rangiaﬂwature, SPH method is

values and derivatives of continuous physical quantities can be approximated by a set
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of discrete particles. To achieve this, SPH distributes quantities in a local neighborhood

of each particle according to a smoothing kernel.

Let a fluid represented by a set of particles i1€{l,2,.....,M} with position

X;, masses M, and additional attributes A. A fluid property A(X)at position Xin

space is computed by weighted sum ¢ V/

inotated as N , ang#fits pasition X /. A" is the field quantity at X . m, p; are the mass

id properties A of neighboring particles

(2.3)

particular field variables

of neighbor of particle

ally 2 ,\ éymmetrical smoothing
kernels with smoothing N . Moreover, it.is nor

i.e. W(r,h) = 0for |r ‘

7ed function with finite support,

. e . mj .
Since certain vg _.‘",.‘,;,  repr | quantity — . While the mass
e = > P,
m; is constant throughout he s t“"% .»-' r-* me for all particles, so the density

p; varies and neec stbstitution into equation

(2.3),We get t ‘-’i | ‘H‘

E pe(x) = > mW(x-x,,h) @ 2.4)

jeN

The gr. lacian of t oothed attribut ctio re eq. (2.5) and

), respectively.

’°'~1 W MﬂiﬁUﬁJWL’Jﬂﬁﬂ N

and

VEA(X)= Do m, —‘VZVV(X x;,h) (2.6)

jeN p]
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2.2.2.1 The criteria for selecting a smoothing kernel
Since stability, accuracy and speed of SPH method depends on
choosing an appropriate smoothing kernel. In general, the chosen kernel should be

symmetric and normalized and satisfy the following

A. Non-negative value

(2.7)
A non-negative kernel whic g. (2.7) is desirable since it
has no represen = eani uantities i.e. mass, density or
pressure
B. Compact Su
(2.8)
As showr d e: funiction, comps 'l 31 ,h limits the interaction
range by speci siy [ ‘ | N orde educe the computational
overhead. The ker smpact U r ded by finite radius, therefore

4 F v 1 |
its value is zero outside ing le ed at infinity.

1|||.

iy
'I' T

.all'”“ll'

e

ﬂumwwawﬁﬂnﬂﬁ
amaﬁﬂmy 1INay

(r=r)

Equation (2.9) mimics the Dirac ¢ -function in the limit h— 0. This condition

ensures convergence of the model
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D. C' consistency

W (r-r,h) e C'(R") (2.10)
The kernel function has to be at least singly differentiable as being represented

in eq. (2.10).

) SPH

|U|d computation, Navier-

Stokes equation 12), respectively.

(2.11)

(2.12)

Thus, the acceleration a 3

viscosi § external ) (2.13)
. i '

where ™ in eq. (2. 13) a es such as gravity force, surface

tension force or-contro

Substituting 6t .wm:_ the SPH rule, the
\"F A

pressure term,

| 7l

| ress”’e = -vp(r) = - pjVW(r—r (2.14)
AU REATHENRG. e

stablllty

aﬁmr‘ﬁ”ﬁﬁwﬁﬁwm N

P = k(p,—p) (2.19)

The state eq. (2.15) was introduced to make the simulation numerically more stable.
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However, we can use the following state equation which is feasible for compressible

fluid too, defined as eq. (2.16).

2 14
C )
P - PiC (ﬂ} ~1 (2.16)
e Po
Where p,,C, and y are referenc peed of sound at the reference density,

(2.17)

Another equatio s formulated as eq.

(2.18),

(2.18)

where p; is the current'c is the stiffness of the fluid.

2.3 FLUIDS CONTROL

In the graphics commt not-only need realistic animation,

but also need ':3'c.,_m|-l-ua-nm-u--mn-unuu—nl_nv-mmm--.. -_-..-',-‘ ol fluid behaviors as

_‘l

their imagination. Co .l"':; be evaluated with the
] 1
following criteria '!. .IJ
L4 Control capd‘iIKA control metho”hould be able to impose the fluid

LAk

| |Cat|ons such as ke t shape

us thod should le_to sirable fl ations
Qwﬁlﬁﬂﬁﬁ i atab i glY]
® Fuid- like motion: The control method should preserve the natural movement of
fluids as much as possible.

® Stability: The fluid movement controlled by the method should be stable without

obvious oscillations.
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For control, we have to interpret the control forces in order to insert into
the simulation steps. In general; the force of control is usually interpreted to one of these
3 constraints; as an external forces function, as a velocity constraint, or as a direct

constraint of velocity. We have to satisfy that it has tradeoff between control and realism.

Control

\\\\ 177
o

Force fieldw Exactly velocity

interpretatio: , inte Ve ~ interpretation

Realism

trol ¢ ealism

N -

Figue'2-4

A %

Fost ‘and ‘axasﬁjr 'tly introduced controllers for animating

phenomena. In the process o-ﬁrﬂE 5F 1 are changed; fluid properties,
| s W\

external pressure field, i nal Mﬁ& velocity field and, boundary properties.

N
Consequently, we can apply e ,ﬂ" 5rd¢ der to control the fluid movements.

Recent techniques on fIU|ds .’Pt%_p ed physic-based fluid dynamics.

Control particle

Total forces

188

Since, we take an interest in Lagrangian viewpoint, the simulation is

q Figure 2-5 : show elements of the total forces

based on particle system. In order to control, some particles are supposed to be
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representatives or guiding of the movement of their neighbor; also called control

particles.

To define the movement of fluids, we usually group constrained motions

into path-defining control and obJect gwdmg control. Path defining control allows the

\\ ”)/e a curve or a line; as show in the

user to specify the direction of

following figure.

y r{éz? |

/ ﬂddau 4
Another speg %g@fm t \ guiding control or target
shape constrained, & lowsithe uspﬁ'g roy Stion shape to guiding the
o |

movement of fluid flow.

ﬂ |G o

Figure 2-7 i)b ect gwdlng cﬁrol 26]

q r] !ooorIn]g ghe previous researches ey mlrogulc;]he technique for

reducmg the detail of an input object by representing as its skeletal path. [21] used
Reeb Graph for constructing the skeleton of the object, and used it as a control path.

[13] use the technique called medial axis. They use the axis as boundary constraints to
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determine that which particle should be split or merged. By using the path
representation, the cost of computation time will be decreased. In addition, it can be

controlled easily.

2.4 Reeb Graph

real valued funoti( he b G of P e quotient space of the

graph of fin M

,) and X, X, arein

the same connectedi€omponent of S the ) Graph represents the two

points, (x, f(x)) andi(x ) asithe sz \\\ alue of f are the same and
they belong to the same gt >mponent of t >inverse of () or f(x). The
graph represents all po hat-belo o ne equivalent class of the original

space as a node in the quotie:ﬁ, C

‘a u )
@UEI’J ) ‘Wﬂ 1173 )
ARIAIATBRISRE A

T <
The extension of an original Reeb Graph on a height function is made to

hold not only topological information, but also geometrical information of an object. Its



19

node has the coordinates of a critical point [33]. Its edge represents the connective

components of an object and the graph has cross-sectional information of an object.

2.5 Adaptive Kernel Density Estimation

(2.19)
to estimate a A37 reference to an initial
distribution. -
Then, local ' . ned accore ng to the relation
(2.20)

where § is the he value of § in eq. (2.20. is

given by eq. (2.21).

(2.21)

%

K is Const cal --I_"-! Ivity parameter defined
in range 0 < ¢ <4 As a final step, the smoothing length © 4 he kernel placed at the

location i defined ad‘hﬁ Ahy and recalculating the density by replacing h, with h;.

AUE NAUNINEINT . e

actual kernel estimate which use togipdate the dens&velomty of the parw modified

TRIMATUANITNE IR Y

(h +h) (2.22)

So that, the kernel employed to evolve the density and velocity of the particle is

Wy = Z[W (=00 +W (x, -, ) (2.29)



CHAPTER Il
LITERATURE REVIEWS

This chapter is separated into two parts. The first part describes the

previous works both in non-physicall sed and physically-based method. These

methods are divided into subsectio ch, and will mainly focus on SPH

method. The second part. hen ,\\ ; Vi works of controllable fluid which

g -. by many ways of non-
physically based ] , .~ . : proposed high field method
for simulation by solvin ' i Y. )-dimens en, push the high field up
and down depen : ate the d dimension. Witting [35] also
‘ fe and created the third-

dimension by using approximating st 1 order Runge-Kutta. The methods are

easy to simulate, nevertheless;—the methc do not support complex scene or
e
. 7 5",»-'.“.:5 /4
complicated flow, sucl turbulentflow. -

3.1.2 '%\‘w}_'__'_ i
Thmahysioally pbased ods became the %rnative method for an

animator to create seallstlc and complex fw animations. Several researches use

4 NN I NI T

viewpoints; Eulerian, Lagrangian and others.

ARI8N AN Y

Eulerian approach is the method which uses spatial coordinates to

describe the system. The workspace is discretized equally as grid. The change in

system is being tracked at fixed grid points.
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p; p;
(n-1,2) (1,n)

oy

Figure 3-1 : the sta id simulation n@ spatial grid size nxn

s rid points are, P, which

p, have white property. In the

aNa. [

next time step; shewn in, fightsh ide sult of the observation is that the

As

its own property e

property of p, and Py hasibeg “ngedwhile p. sti \: same property as that in

the previous time

Oné of i st ¢ >
N ES -
(MAC) proposed by Harlow and , |

This method has two major components.
The first one is the cellsh hi‘o rmed: e orm size of a cube, or voxel,

‘Maker-And-Cell method

d a vector value. All scalar values are

contained at the cente are stored on the cell faces

deSCFIbIng 0“‘ !:_,_ull;llln-anulmmA—v-,;uln;li;l-u-iiiiiiiiin-u-"-:.,, J |arge CO”eCtlon Of

maker particles-in d With fluid and that carry
L ||
velocity to the H» empty cells. A'majo ength of thei Lj ethod is that liquid is no

longer constrained twtﬁ\ height field, as dwnstrate by their animations of pouring

andspﬂuﬂg ﬂ‘ﬂ‘jw E.]\'Jﬂ‘i
RN TP

Figure 3- 2 : MAC grid representation [37]
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Grid-based fluid simulation has been continuously developed in
computer graphics community. One of the notable works was proposed by Stam [38].
An unconditionally stable model was introduced. They use a combination of a semi-

Lagrangian scheme and implicit time integration. However, this model suffers from too

missing. To simulate visual of smoke,

much numerical dissipation which car‘C I e visual artifact. The flow tends to dampen
to smoke in order to design a

and vanish rapidly, thus, the s al%\
[39] proposed the metho % s physi iqu
numerical method t ast and}efﬂmmﬁwatively coarse grids. Their

{ not suffel dissipation.

model is not only st

. FYTREpT - )
Figure 3-3 : (left) shown |s§re€§éd -" N3
; | 1.].*11

-ﬂlﬂ t) theirresult

J’?‘

By using gno"‘J@@‘éS%ntéh “the fiher details are depending on grid

each voxel's components and

Sult [39] |

size. Recently, many researohe,r-*s prppos:gap-j de : op
approach to ad‘_}t the grid size, such as [40] trg ethod called Octree

for the smulatho 1T presented

resolution data int® fluid tiles in orde
€

low that refines high-

loc ‘ed fluid behavior. Their

f
method is extremely fast and scalable to large domains. Similar to other model reduction

for quuﬁmulann Iqhg'method cannot btg'-!fsed for smulaﬁ multi-phase flows;

T
A9 ASET

moreov:

Figure 3-4 : (left) an example of initial quadtree refinement [41], (right) the

exampled result by using Octree data structure [40]
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Although grid based method is efficient and rather fast, this approach is
still difficult to implement for control. Moreover, it is also difficult to simulate small scale

of details due to its scale ability.

3.1.2.2 Lagrangian approach

particle. In order to s@ [ Dy 'nﬁepproaeh, the continuum is
treated as a par‘tio« ; : 3d by Reeves [42] in 1983.
After that, this m g fuzzy objects such as fire,
water, and clouds_ ing an object as a large
collection of simple N, Iume and contain some
attributes such a a »eriod of time, particles
are generated into t ithin the system, and die

from the system.

Beginning Next time step
) @
@ @
- - . O
v — —ﬁ:‘,,, J @)
* -/ ®
. (iﬂ V2 .
Py » V1 . ot ,’7/7
Fors fnd
FISJFEJCMI ﬂﬂ‘iﬂ b b Boston
|tsv ocity
3 W fpaewum'aawma fdene
ethods were introduced, e.g. Particle in Cell method (PIC) [43], Fluid in Cell (FLIC)[44],

and Moving Particle Semi-Implicit (MPS) [45].
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Currently, the particle based method which is popular and widely used is
Smoothed Particle Hydrodynamics (SPH). SPH was developed by Gingold and
Monaghan [2] and Lucy [1] for the simulation of astrophysical problems and has been

used more to study among other astrophysical topic. This method is a particle-based

method which represents sample points that enable the approximation of the values and
derivative of local physical quan insi //

various problems. Also in nput aphic arches have been proposed by

using SPH method @rloudﬂwd roposed SPH based fluid

simulation for inter lieglions. , d, pressure and viscous

eral enough to be adopted to solve

force, directly from NaViesS ke ions. ~a new term to model
surface tension force 5 / # -37"; 7 ce of fluids. They also
introduce special design: | [ {10 ility 'and speed. Although the
3 ‘ ‘ simulation, the results
are quite promising. ‘ Se ! n T del fluid-fluid interaction
based on SPH method kes | 0S :_ Sir ion of boiling water, trapped air
and dynamics of a lava

ach for single particle lead

to lose small details.

c) the iso- sur‘fac%s triangulated wegarchlng cube

- a\mm LR EREE

Some researches use SPH to simulate other types of substance which is

similar to fluids such as sand. [46] proposed the work which simulating sand as fluids.
They represented sand as a cloud of particles and turned the water simulator into a

sand simulator by adding the account for inter-grain and boundary friction.
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A. SPH Enhancement

In order to improve SPH method which suffers from unsuitable size of
particle or fixed kernel length, many researches introduced the technique for enhancing

the method. [47] proposed the technique for improving the accuracy of particle

As being_int o 7- in the fir@ere are many researches
proposed the technigues callse V for ing the size of particle. Size
adaptation leads paiticle vf. ‘ v, ih [ 1sit Its™r . The main idea of this
technique is consisted " alittinc merging Splitting ique allows larger usage
of particles in an appl platg arga “ir ) '_ o repres (he fluid surface more

accurately. Merging is maini performed- l- e in the regions of low

BFigure 3-7:(a) splitt?g and merging pa
-ﬁned layers for splitting and merging [14]

AUEL AEIET EJ;H] o I

proposed the adaptive SPH have todntroduce the Corﬂered constraints. [ Wproposed
Q Wm’ﬂea sﬂuﬂgﬁcwsﬁwlﬂa@e%%}ﬂvﬁﬁﬁem of
qarticle sampling. Particles can be split into several particles in highly deformable areas
for a detailed representation; similarly, in regions of smooth flow, nearby particles can
be merged into a single particle. They used the criteria in order to determine the level of

particle sampling needed in a region of fluid. They quantify what they call the



26

"deformablity" of each region of the fluid and then decide which particle splitting and
merging on this measure. To find that quantity, they consider depth or distance from the
surface and the local Reynolds number. Depth is determined by constructing a signed
distance field from the fluid interface as determined by particle’s positions. The

into a set of layers based on the distance

//IS not suitable for the flow modeled

ing anrlthm by introducing a

simulation domain; however, has to be

i
from surface in order to define he !

sampling condition based on.ge e c | tur he main contributions are
decreasing compu ationdl resburce: - of particles deep inside.
They also propos : ‘ s > : pproximate particle-to-

surface distances which the distance field constructed by using medial axis. Similarly,

[15] proposed the me ‘ oil £ i g't ‘ articles by considering these 3
constraints; geome : Xi _ “ A _mplementary conditions.
Since the hypothesis, which i ‘ A le, in the middle of the flow,
geometric complexity is _ ‘ " neast > e | fér the particles are from the

surface. Secondly, physical “eomplexity is dition based on the concept that

AT
turbulent flow has hlgh pressute; the (:t.,  the P es_ in the regions have to be small
size. The las .'_‘ dition; complementary condition, is givel the assumption that

finer details aren

9 ah \ﬁﬂ SAURIINYIAY

medial axis, (c) and (d) shows how to determine splitting and merging [13]

The other direction for preserving detail in low density region which

caused by SPH limitation, some previous works proposed the method of adaptive SPH
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by adjusting the kernel length. In physical fluid dynamics field, [18, 19] provided an
alternative technique; called Adaptive Kernel Density Estimation (AKDE), in order to
improve the performance of numerical solutions of dynamical problems. The technique
provided for representing functions and derivations with adaptive parameters which can

ording to the location of the particles. To

ethod which is based on SPH, the
)nce radius; h . Due to the key
with..eachwpaiticle is a smoothing length

pa mng length (or radius) can

I ryin i ]. By varying the kernel

be automatically adjusted to optimal val '
g

representing the fini

differ in value for

radius, it is possiblesto a ificaft imy t‘ \ ‘ the fixed kernel radius
approaches. Substantial ‘ ) 3 ,"' ‘ m ‘._t of functions and derivatives
are obtained by ‘ eters tc m accommodate, both
globally and locally, i6 ‘ m" ' +n ad jitio ‘ » sting symmetric radius of
kernel, [48] presente'd i f- : ‘ | thing kernel which resolves
much better than standa ‘ vhenever. ' opic collapses or expansion occurs.

f

U
y

Figure 3-9 : the above shovg anisotropic conftraction with standaroyH

q Wkl wbidad Ve Frrd ol o

adaptive SPH

However, either the adaptive kernel density estimation method or

adaptive smoothed particle hydrodynamics also consumes expensive cost of
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computation. To adjust the kernel length; for instance, the local size of kernel has to be
computed before adjusting the global length. In computer animation; however, it might
be exceeding complexity. To apply the method in computer graphics, we can simplify it

by adding some constraints. More details are described in Chapter IV.

there are a lot of proposed

simulating gas [4 e lso widely used such in

[50], [51] for non-Newton nefluid flow ral ] is also used for turbulent flow
simulation [52, 53] 7 | i esent complex boundaries
of free surfaces. Fini \b tat|onaIIy expensive and
complex

and letting them >nt high resolution detail near

the front where trjarticles contained. Particles were used beth inside and outside the

surface of fluids; calll'd.ﬁerface in order to €orrect the error in surface representation.

AR AR P e

using th article level-set method. The main concept of this particular work is to apply

aasahum I ARy

vel set method to efficiently model the simulation. The novel method allows dense

areas modeled with incompressible Navier-Stokes’ equations; based on grid
representation, while SPH methods are used for diffuse areas. The main limitation of the

approach is that using FLIP method which introduces unwanted noise. Another limitation
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occurs where SPH particles do not have neighbors on all surrounding sides, so particle

density estimation is unreliable near the air/liquid interface.

ﬁ‘({: has been proposed to
it of an embedded controller,

' ions. imitat Fihe ur when large time step size is
St o+
used. Other problems are that'fhe:ab;ect S simple compared with gird size and

o 5

; -
the method Cannot deal Wf'énsparepcyr r,-the developed techniques for

control fluid h een continuously pr

[5 ﬁjescribed__a method 6kgﬁimulation through user-
|

specified key frames. This method become computation

y prohibitive for large

proble ith fine grﬁcontrol and get catight in local minima. [24] also proposed a
el S8 AT AT NN e e o

added to%e standard flow equahoﬂrl Navier-Stokes equa’uon These terms are driving

PRI U INEIR

cannot be used to control the fluid motion by user-specified as for flow-path.
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Source = Destination

isable new term to N-S equations

Enable new term to N-S equations

Figure 3-11 : above image shows controlling smoke through user-specified key-
frames, bottom image shows anfr.nated"srﬁoke control by adding new term to N-S
-

A way tojuse key—fra‘ming .method of particle motion to enhance the
visual effects and usegcontrollability of ph;{éﬁiééll@} pbased particle systems is present in
[20]. They introduced three genefa‘}--types o%"ié'(;'y*framing; position to position, density to
density, and boundary to boulndary, which aréﬁ%&ficable to existing systems and able

el

to combine to a variety of effects...* Y

Il

‘-Oiheuuay_famanimwug_ﬂuidmmgsed in [59]. They used
Adjoint method fo-control fluid. By using this method, derivations can be computed
efficiently and can _easily handle huge control vectors. Nevertheless, discontinuities in

the water simulator make.control more difficults Moreover, it is less accurate for smoke

In order 10 preserve a geometric of the_target-object{Jeong-mo Hong
and Chang-Bun Kim [25] presented a new fluid control technique that uses a
geometrically.induced.potential.filed. /A poltential added ‘as an.extra dimension to the
simulation“space which forces“the fluid to ‘inform“the target shape. [26] is also their
proposed method for controlling liquids flow into a target shape by using a concept of
shape feedback. The force is determined from the magnitude of pressure jump.

Pressure jump; which is also used in [27], provides the force to make the fluid assuming
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the target shape. Instead of adding the force to an external term, the force is added at
the projection step. The drawback of this method is that the forces may cause visual

artifact.

[2 I Droposed , i S pOS| o elocity constraints. The

smoke shapes are c&gated in resemblance to user-specified bjects and, both smoke

region ﬂjﬂﬁeﬁjm ﬂ i I'plﬂt' + The velocities
constraints a rived ffom ﬂﬁn pre sEle ‘ na\; of this method

trade of t%!ween controllability and g-noke appearanc&Another proposed Wnique by

splashing.

[60], [61] decomposed the velocities field into coarse-and fine-scale

components and only apply control forces to the low-frequency part. They use low-pass



32

filter to adapt to the influence kernels of the control particles. However, dependence on

force-based, user has to experiment for weighted constraints.

A new technique was developed by [62] based on the Advected Radial
Basis Function; therefore, the local properties of the fluid are modeled by time-varying
kernel. Advected particles are served a‘\sc‘rg r.of Radial Basis Function and then used
as a calculation point in SPH. However, theh@fdepends on a fitting finite number

of particles and fixed radius. [21] propo:%jd the noveldtechnique to model a controllable

fluid simulation by ch Grap | and Radialeasierunction (RBF). In addition,

dynamics, and the coneept of skeletal particles is used

SPH is used to apW,

fluid particles wit

artifacts because on averaging velocities of
tigle 'Another problem which oceurs in this method is that
s T 4

it cannot automatic 3 the num_ber-_apd destination of skeletal particles.

o

L 4-1-

== L ;o
Figure 3-13: Thi fluid simulation using ‘Advected Radial Basisfunction (ARBF)[62]

.,-l_"__;, b

-
-

Figure,3-14. : keyfram Qontrdl fluid, simulatien uzsingjskeletal particles[2 1]
A BN ey 1B Fl 'y

1WA
In the field of particle control method, [22] uses particles to sample and

control implicit surfaces. A simple constraint locks a set of particles onto a surface while

the particles and the surface move. They implemented control points for direct
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manipulation by specifying particle motions, then solving for surface motion that

maintains the constraints.

Despite the fact that the control techniques for supporting user's

requirements are continuously developed; due to the tradeoff between physical

correctness and controllability, there & \ V"/tons and challenges for improvement.

3.3.1 Contr - \
ange of u\. -Qb\ method is how to preserve

>ment as users require. As

shown in the previg \\} *- that supporting fine
controllability, butdfading offi vt T e
4 .@'\ W
i i it ‘ 3 3 |

method which can bg ol ile res ism. Our interested method for
i e 1 \
h.0 o
\\

use to create imagi nént of realistic p X

topology. Nevertheless, it i ui.« Suffel x Kernel length approximation; the

h, we will propose the

ecause this method can be

a while conserve object

visual artifact will occur by avera ocity it “density regions.

)
Becaus , -%" have to improve the

method for both serving small details and not increasin.e cost of computation.

Adaptive SPH by adﬁsw the size of kernelglength is our alternative choice. With the

oo B P WA oo

applied tq’)e the constraint for the kernel length adaptatlon

’QW’WﬁNﬂ‘iﬂJ URIINYIA



CHAPTER IV

PROPOSED ENHANCING METHOD

For this section, we introduce our proposed method for enhancing the

previous method used in [21]. Our enh

int 0veral &ure by following flow chart.

s of each step, especially skeletal extraction and SPH

nced methods consist of skeletal extraction by

an object guiding

‘\

Extract skeleta

by u"s’ig

and their contours

New position of eac;p particle

THHIBENRINYINT
ARIAIRINLARITNYNY
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4.1 User Specified Information

In this research, we propose the method which supports both path
defining control and object guiding control. User has to define the path to represent the
direction of the fluid flow. Object guiding is another type of input which defined by key-

frames. The fluid movement WI|| o\ \\ !/ he boundary of the model.

WS LLIEF

or a ion);

'@'__—__ g ‘1[ g control

In pafo&ontrol method weMe to ciiet a set of control points in order

o el el o Db b s v

use the Cﬂlltrlbutlon of using skeleta‘partlole approach to control fluid partloles Skeletal

CATANTL AT TRy~

To get the set of path-specified guiding particles for control the

4.2 Skeletal Extraﬂm by Using Reeb Grap!

mechanism of the fluid movement, in our method, we extract the structure of an object or

path-line defined by user by using Reeb Graph. As a result of this process, we obtained
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critical points which represent the topology of the object. Hereafter, we will describe the
usage of the method for extraction and how to use the skeletal particles to control the

fluid movement.

In our study, we use the extension of an original Reeb Graph on a

follow.

ALGORITHM M /1.‘-" a Ny \\ 0

DATA

evel (user defined)
INTPU : Y : information ertexes and edges)
OUTPU

METHOD 4

“from the centriod to M

5" ands,

‘ ‘i |!

where | .| and [.] identify the i

erior and exterior of a

¢ 4, closed surface ©.°

AUET wﬁmw B g .

and M

qumﬂimmﬁwma

find the portion of M that lies in between S, ;and S,
- M, =M (S |n[S]

find the connected components M of |\7|c

for each M_ € M_do
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® assignanode N, atthe centroid of M,
®  find the connected region M o € M p such
that M, U M jis a single connect region.

Add an edge between N,, and Ny

Let M be a manifold of object’s! information, m(X, AhSuppose 2 axis is a
vertical axis, defines a set of a

levelk:; k =0,..., K on which given by eq. (4.1).

Zmln|J (41)
K

Then, we cfrf.....ﬁ-.. ar‘ each L, by average mean value

ofm(x, y,z)elL, . Our algorithn

ALGO THI V-‘—=‘ﬂ=l.-=lﬂlﬂ|l.;f‘lﬂl-ll.|l

LIMEH

Z)eM , assign the level number k, by

ammnmy

Forall m

L, ={m(x,y,z)|{@J=k}

4 forall k=0,...,K-1
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- Find the centroid of each L,; ¢, (X,Y,2), by average

mean values,
1 N N N
(x, y,z)=W(ZXi,Zyi,Zzi); N = sizeof L,
i=1 i=1 i=1

5 endfor

Srap traction algorithm

J'A

Figure4—, examip! orcon & model (top view)

4.3 Generating Controlling P ’-F’"Eur Il-é'f_

/s 1
R e e et il Y

1. Path—' ’*’_ ) A:—‘ d ly chosen from the

initial pa 'E es genere en, the particles with the shortest
i iF |

distance from each critical point are changed to be representative or control

ANy EsNe0s....

%m the beginning, we define the Closes’aﬁrtioles of critical es’pts to be

AAIRIATUUNIINY A Y
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4.4 Kernel Length Adaptation for SPH enhancement

SPH is an efficient method for fluid simulation; however, the fineness of
the simulation depends on the resolution of system, i.e. the size of particles, the number

of particles or the length of kernel. The more detailed simulation which requires a lot of

particles or narrow kernel length, leads t e, more expensive computation. Hence,

‘nel estimation leads to poor
estimates, becauseg ! _détails & s 3 . e umbers of particles in low
density region for_approximation S d ‘causes the particle method
becoming unstable. P . ‘ N 1C ificati 1 can so ve this problem; therefore,
‘A - - regions. Kernel function

plays an important role in £ ength is not appropriate, this

will affect the properties’ > an enhanced method for
adjusting the length ‘of ke : ' 1tours from Reeb Graph and

density of the regions.

28

M F|gure 4-4: An |Ilt?trat|on of the adaptlve kernel length

ARIAINTUUAINYAY
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We summarize the algorithm for calculation as follow;

ALGORITHM : Kernel Length Adaptation

DATA : contours, density, a set of control particles

INTPUT - length of kernel in previous time step

OUTPUT

METHOD

|C|ent/we|ght w,, for
ent using 1° ' constraint
oefficient/weight; W, , for

\ stmentusng constraint

:1\;

utes’ value using SPH

ernel

{ : ';.- ".J;

SaYe = Te
b = A N A

441 The‘ﬂight from contour condiﬁon

ﬂllﬂﬁ 113 o)1 1301 0

shows us that dense particles area;gmiddle area, shoﬂ be large. Converw a narrow

AR HA R -

qne of the constraints for calculating weight in order to adjust the length of kernel to be

suitable for the region. Our constrained assumption is shown in figure 4-5.
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® previous kernel length

" new kernel length
critical points

control particle

Figure 4-5 . An illustrationsof the strai "Kernel length modification obtained

onto

i’ cumference of kernel and

\ >t. From the assumption,

(4.2)

critical point or perpe

we yield eq. (4. 2).

when h is kernel length P, Pis a set of positive distance while

N is a set of negative wﬁ’ ’

442 "@e’l‘ } Y |

Based on ]ili assu vhich have similar density should

¥ "4
be in the same region, we will find the proportion between local and global density to

U INURINYIAS- -

d|str|but|a|as in [19], we simply use

An AN IHBNIINY G Y-

Then, we give the weight depending on density, w,, defined according to the

relation as
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where p, is mean of the density estimates given by

1 N
Py = =D Py (4.5)

proposed.

¥

-
L]

AULININTNEINS
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Skeletal Extraction

A

/ Critical Points /

!

Initial Valugs.. |

(number of particles; Velocity, |

control Pa
' .

Find new control

particles

Add exter

B
na =‘
Y | e

i T
Find their neighbors "

p——————————

Find new positions,

Expand to its neighbors

Figure 4-6 : An algorithm of entire process of each step



CHAPTER V

IMPLEMENTATION, RESULTS AND DISCUSSION

This section shows the results of the experiments from the proposed
enhanced method. The constraints and ing environment are also provided. Finally,

est]
the discussion of our experimental res ,

the last section.

nat our proposed enhancing
method can prese _details it 3nsity re the simulation while provide

the easy control for user. T+ g slshould be' epa intoZtests as follow:

sing skeletal particle for
control in this researc r is obviot 1y le. Therefore, we only test for

\it depends on each decision; thus, the
\

the efficiency of preéerva n. c...i..*. al que
. . ‘; - 'J’ -;;:l
experiment is just shown by visualization.

P TTIR
S e et
“Lne e “mein

3" which osed #in this research s
implemented -”Gm-‘s 3 is used to calculate
the length of ke i n. | “ordér to extract the Reeb
Graph; in this ex ment, MeshLab is a convenient tobl for [ﬂ onstration. The testing

system is Intel® Cor.fTHuo Processor T23w1 .66 GHz with 2.00 Gb, 980 MHz of

~ AU INEPI NN
WA

78 : ﬂb\‘ el 1S
IS

Figure 5-1: Testing model
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5.2 The detail preservation test

In this test, the experiment is separated into 2 processes; generating
level of contour and adapting the length of kernel. To generate the level contour, we use

the algorithm as shown in Table 4-2 to extract the contour of each level and find their

centroids. Figure 5-2 shows the lev I : d its centroid obtained from skeletal
sumed to be the control node of

extraction step. Each oent

the fluid movements.

Figure 5-2 : Some of level contours and critical points in this experiment
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Then, the initial particles are placed into the system. In this experiment,
2500 particles are distributed by using Gussian kernel from the critical points. A fitting
curve is used to suppose the initial kernel length. That is the larger and smaller lengths

are supposed to be initial length of kernel.

from critical point

een circles are

Figure 5-4 : display a kernel length of an initial radius which are adopted

by w, (left) andw, (right)



density area, we supf oseds At 6f partic ito g 5 system. 100 particles are

initially expanded dtraid By usingdGaussian k ith h, =25. Then, the

results of influencediPartigles nel bott d modified lengths are shown in

Figure 5-6.

A"

Figure 5-6 : One of the results of particles in low density area, (a) shows the
particle expended in the two region, (b)and(c) show each region with initial

radius, (d)and(e) show the results of new radius
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From the results, fig. 5-6(a) shows the initial particles in the experiment
and fig.5-6 (b),(c) represent the radius of initial kernel. Consider the radius of kernel
length in (b), the spread of outside particles is similar to the internal particles. Moreover,
the region of the contour is large, we imply that the length of kernel should be enlarged.
On the other hand; as shown in (c), there are some particles away from the group and
also some particles outside the contour. We suggest that the length of kernel should be

decreased in order to preserve the detail remaining_iasthe simulation.

After the kernellength modificationy.the results are shown in fig.5-6(d)
and (e). They show thalwour proposed method is able to expand the influence radius

where dense area whilegpreserve the detail in the small and low density area.

Figure 57 3(a),(b) are illustrated.the particles in the testing simulation while

(c),(d) are shown their visualization of fixed kernel length and adopted kernel

length obtained from our proposed method, respectively.
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Figure 5-7 shows the visualization of the movement of 50 particles using
fixed kernel length and adaptive kernel length method. The simulations with a fixed
kernel length with large size are shown in fig.5-7(a) and (c). The particles gather into a

group and flow together. Unlike the results in fig.5-7(b) and (d) which display the results

ength of kernel which is

\\ e enough of particles for

calculation, the adopi n W, has a little change
compared with thefinitialde JUnliket ation in the low density area, the length
has significant change with -t ( \‘ ,,ﬁ,- result is shown in the

following figure.

Figure 5-8: display a kernel length of an initial radius h =25 (left) and the

adopted length in low density area by using W, (right)
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For the weighting value which obtained from the contour’s constraint;
W, , the result shows that the change of kernel length which depends on the shape of
contour is significant when being used in small region while being used in large area

probably leads to get more artifacts.

Figure 5-9: (|

.a;.“.‘;;a-f 1% Of an initial radius h =25,

(right) d|splay the-adopted- th.in large area (above)

> /\
| .’l i ha T'." e method is suitable for
g

|
using in small area.which has low density. The new kernel length preserves the particles

which stay away fronﬁ@roup of particles inidense area. The errors of unstable mean

ST AR AR

area Wltf’q number of particles, thls method cannot perform efficiently because it has to

TRIEIASh N Inenae



CHAPTER VI

SUMMARY AND FUTURE WORK

This section concludes over this entire thesis. We also present remaining

problems and the future work.

6.1 Conclusion

The idea’ . sed on the particle control

objects, but also input o s ivided i several sets g same properties such

as distance from contfo . S a &'tin , we N obtain the control points from

ajectories for control the resulting
fluid animation. Then | asefl on SPH. The skeletal

particles are rt{' e -]ﬂ nfluence radius.

Thmkeletal particle method is effective to mml fluid simulation which
can be controlled byﬁs&However the fixewoothing length will be the cause of the
visual ﬂ u ﬂ E%I%H%ﬁ W q ﬂ to preserve the
small dems and local fluid movement, we apply the adaptive kernel estimation method
into the process to calculate a ne\g smoothing lengti®in every time ste e weight

oL R LT A I TR kY T
QOntours from Reeb Graph and density of the regions. Therefore, the smoothing length
is dynamically adapted to all given points to be appropriate with density of their regions.
As a result, the errors of unstable mean values of particles in low density regions are

decreased.
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6.2 Future works

As shown in the chapter V, we found that using adaptive kernel length
method leads to more computation if has no defined constraints. The proposed method

is suitable for control fluid which coupled with skeletal extraction by using Reeb graph or

adjusted the length is

capable for prese sl déiail in low t » n, there is a problem when the

Concave shape
oncave

1""’- in the area. In
order to solve thmrec ure W we will take another
experiment by exfracting Reeb graph of each level of contolr; after that, we use the

critical pmivts to be rrﬁﬂontrol points.

AT anaIns.......

length has to adjust or not. The p‘posed condition=fer consideration isfthé distance
BRI AR A= =
eans it nearly surface; therefore, the kernel length of the particles in the area should be
adapted. Long distance; on the other hand, it means far from surface; the lengths do not

probably change in order to simplify the calculation.
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Another additional term which will be adding to our proposed method is
the term of attractive coefficient of contour in order to fit the particles to the model. In this
research, we discard this constraint because the point of our proposed enhancement is

preserving details in small region. However, the term of attraction can be applied to

Finally, by " ng r ocl/with_ine concept of split and merge, the

particles which are in t 3T : : rouped together in order to let

AULININTNEINS
AR TUNN NN Y
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