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Abstract

Realistic simulation of smoke is used in the special e ectsndustry to pro-
duce smoke in both feature Ims and video games. Traditionalsimulations utilize
uniformly spaced rectangular computational grids to perfam the smoke simulation.
Various changes had been proposed to improve di erent aspés of the simulation,
including level of details, memory usage and simulation sped. In this thesis, | pro-
pose a novel computational grid that improves upon the levelof details as well as
memory usage. | propose a frustum aligned grid that takes adantage of the view-
ing camera because details are most important in the area cke to the camera. A
frustum aligned grid reduces the amount of grid points necesary to cover the whole
domain by placing a high concentration of grid points near the camera while having
sparse grid points away from the camera. By using a larger nuimer of grid lines
in the direction parallel to the camera and fewer grid lines n the direction perpen-
dicular to the camera, high level of details using a smaller mount of memory can
be achieved. The grid is logically rectangular and a perspdive transformation can
map the grid into a spatially rectangular one. These propertes enable the use of ex-
isting simulation tools with some modi cations, thus maint aining the level of speed.
Experimental results and comparison with a standard unifom grid demonstrate the
practicality and e ectiveness of the proposed method.
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Chapter 1

Introduction

Smoke simulation techniques have made various advancementn recent years to a
point where high-quality realistic smoke can be simulated n reasonable time. The
major breakthroughs come from the introduction of the semitagrangian method by
Stam [8] and vorticity con nement by Fedkiw et al[1]. Togeth er, they form the basic
backbone of simulation methods that are utilized today.

The memory requirement is high traditionally and various techniques have
been developed to address this problem. Rasmussen [6] deyeéd a technique to
reduce the memory usage by using interpolated two dimensiad ow elds instead
of a full three dimensional one. The two dimensional ow elds are combined with
a tiled Kolmogorov velocity eld to produce large-scale phenomena such as nuclear
explosions. This method is inherently limited by its interp olative nature, thus miss-
ing small scale details that reside in the physical space beteen the two dimensional
ow elds. The octree data structure introduced by Losasso [5] uses large grid cells
in area of low activities and smaller grid cells in areas withinteresting ow, reduc-
ing the overall number of cells used to divide the computatimal domain. However,

the de nition of interesting ow and criteria for re nement are di cult to de ne



accurately to capture the required details.

Recently, Selle [7] combined the vortex particle method wih an Eulerian
grid to produce highly turbulent e ects. The vorticity form of the Navier-Stokes
equations is solved to obtain velocity for advection and voticity particles are used
to conserve the vorticity of the ow. A vorticity conserving force is used to drive the
grid vorticity to match the particles. Feldman [2] introduc es uid simulation using
unstructured tetrahedral grid and in combination with regu lar hexahedral grid. This
method allows for simulation in irregular domains that are di cult with traditional
grids.

We introduce a novel computational grid that addresses the nemory issue
as well as level of details. A frustum aligned grid is used to dke advantage of the
viewing camera. Unlike octree, our grid has a de ned area ofriterest, the front of
the frustum, where we place high concentration of small gridcells to capture the
details. Progressively larger grid cells are placed towarsl the back of the frustum to
reduce the number of cells necessary to divide the computathal domain. However,
the structure of the grid does impose additional overheadsn the computation, but
they can be compromised by cutting back the grid dimension pgendicular to the
camera. Since the grid is aligned with the camera, the dimerisns parallel to the
camera play a more vital role in maintaining the level of detdls and cutting back
the grid dimension perpendicular to the camera has minimal inpact on the quality
of the images. Divergence and gradient operators on the fraem aligned grid are
developed based on the orthogonal decomposition theoremy blyman and Shashkov
[4].

Chapter 2 will de ne the traditional simulation method, cha pter 3 will out-

line the details of the frustum aligned grid method, chapter 4 will present some



experimental results and chapter 5 will conclude and discus some future work.



Chapter 2

Traditional Smoke Simulation

Smoke simulations have been used to produce realistic loakj smoke for many years

and they all generally follow the framework discussed in thé chapter.

2.1 Governing Equations

Smoke is composed of tiny soot particles suspended in air, idh behaves according
to a set of governing equations known as the Navier-Stokes eqtions.

re_( )

Vi+(V r)V+ — + f

where denotes density and denotes viscous stress tensors.

Viscosity and compressibility are negligible in smoke and dnsity can be
assumed to be constant; therefore the equation can be simpdid into the incom-
pressible Euler equations that conserve both mass and momam.

Vi+(V r)V+rP=f
r v=0
where V = (u, v, w) denotes the velocity, P denotes rescaled pessure and f denotes

any external forces such as buoyancy.
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Figure 2.1: Computational domain and staggered grid alignnent.
2.2 The Grid

Traditional simulations divide the computational domain i nto equal volume cells.
Velocity and pressure are arranged in a staggered grid alignent or MAC grid [3]
where velocities lie perpendicular to the faces of a cell angressures lie at cell
centers. See gure 2.1. This arrangement ensures the correquantity will be at
the correct location during the computation. Average velodty and divergence of
velocity will be collocated with pressure, and gradient of pessure will be collocated

with components of velocity.

2.3 Simulation Loop

Simulating smoke requires solving the incompressible Euteequations for each frame
of the simulation. The typical frame rate of an animation is 24 frames per second.

To solve the Euler equations, a projection method is used. Th equations are broken



up into parts and solved in a few steps.

vi=vn (Vv r)v t

vitl=vor P

The rst step is to advect the velocity using the semi-lagrangian method discussed in
the next section. By ignoring the pressure term, we can redue the Euler equations
into

n
vV +(V r)v=f

and rearrange to get

V =V" (V r)v t+f t
which can be broken up into

vi=v" (V r)v t

V =VI+f t

An intermediate velocity eld V1! is found through advection and external forces are
added to it. External forces usually include buoyancy and veticity con nement,
which will be discussed in section 2.5.

Boundary conditions are then applied to the velocity and pressure. Types
of boundary conditions include Dirichlet, where values arespeci ed, and Neumann,
where the normal derivative is speci ed. In a smoke simulaton, typical boundary
condition used for pressure is%ﬁ,’ = 0 for all boundaries and typical boundary
conditions used for velocities are%,\,’ = 0 for open boundaries and velocity = 0 for

the ground.



After boundary conditions are applied, the correct pressue to force a diver-

gence free velocity is computed.

Vn+1tV +rP:0
vl v o+ P t=0
ARCIE N S Y

By taking the divergence of the equation
r vl +r?2p t=r Vv
and using the fact that V"*? should be divergence free,
r v"™l=0
we can derive the Poisson equation required to solve for therpssure.
r’P t=r V

A time scaled pressureP = P t is usually used to simplify the computation.

The divergence of a cell can be computed as
0 1 0 1

@
@x u
- B @ v

r Vg @C;y
@z w

= Uis1jk Uik + Vij+1k  Vik T Wik +1 Wik

and the Laplacian of pressure can be computed as
r?P =6Pj Pi gk Piajk Pj x Pisk Pik 1 Piks

The pressure is then de ned by

r Vi + Pi gk + Pirrj + Pj ak+ Pijrik+ Pk 1+ Pijk 41

P.. =
ijk 6




The Poisson equation can be solved using methods such as GatSeidel relaxation,
multigrid or conjugate gradient.

The nal step in the simulation is to update the velocity by su btracting the
pressure gradient.

vitt=v or Pt

2.4 Advection

Advection of quantities such as velocity and smoke density ee carried out using the
semi-lagrangian method introduced by Stam. Semi-lagrangin method is a blend
between Eulerian methods, which keep track of quantities at xed grid points, and
Lagrangian methods, which keep track of the location of the gantities over time.
This method aims to eliminate the instability and time step r estriction in the com-
putation. In explicit Eulerian methods, the time step is restricted by the spacing of
the grid nodes. Lagrangian methods have no time step restrion but the lack of a
regularly sampled grid poses other challenges. By using x& grid nodes as in Eule-
rian methods and tracing the quantity backward similar to La grangian methods, the
semi-lagrangian method is able to combine the best of both ekses of methods into
a stable and e cient package. Some disadvantages of the metbd include numerical
dissipation from interpolation and failure to conserve mas and energy.

To advect a quantity, the velocity eld at the specic locati on has to be
computed. Since smoke densities are located at the cell caas, averaged cell center

velocities need to be derivedd

1
Uik +Ui+1 jk

0
ui+%jk -2
L = = Vik *Vij +1k
V”k Vij + %k -2

Wik + Wik +1
Wik + 1 - 2



This velocity is used to trace back to where the quantity is caning from.
X = Xijk Vik t
Interpolation of the eight neighboring values is used to updte the current value
of the quantity. Trilinear or cubic spline interpolations a re normally used but any
higher degree interpolation can be used to increase the acracy of the simulation.
Advection of velocities is performed in a similar fashion wih averaged veloc-

ity eld de ned at the appropriate cell faces. For example, the velocity eld at the

location of Uj+1j« is de ned as
0

1 0
Uj+1jk Ui+1jk
. = = Vik FVij+1kt Vit jk TVistj+1k
Vi Vi+%j+%k )

1; 1 1
i+ 31+ skt 3

Wik + Wik +1 ¥ Wi+1 jk + Wit jk +1

Wit ik +
2.5 Vorticity Con nement

Vorticity con nement is introduced by Fedkiw et al. in 2000 t o attack the problem
of small scale details. Since the computation involves a faiamount of averaging
or interpolating of quantities, small scale details are los in the numerical dissipa-
tion. Vorticity con nement is an e ort to reintroduce the lo st details by applying

a con nement force to areas of high vorticity. The force is proportional to the grid

spacing and disappears as the spacing decreases due to iraged grid size. This
property is consistent with the Euler equations.

The rst step is to compute the vorticity of each cell using cell center velocity

0
Uijk
Vi = % Vijk

Wijk

averaged from the faces.



Wij+1k Wi 1k Vik +1 +Vik 1
2

I =r V = Uik +1 Uik 1 2Wi+1jk +Wi gk

Visrtjk Vi 1k Uj+1k+tUj 1k
2

Then vorticity location vectors that point toward higher vo rticity concentration are
computed.

n'j

i i

Finally, a con nement force is computed as

f=h( 1)

where h is the grid spacing. The force is then applied to the Vecities.

0 1 0 ., .. 1
X o+ fXx
uijk ijk i 1jk
_ £y +§Y
Vijk + = t ijk ij 1k
fz +fZ
k k 1
Wijk L 2”

The parameter controls the amount of con nement force and it can have signicant

in uence on the resulting smoke appearance. As increases the amount of activity in
the smoke increases and the smoke appears to be more alive. tBi is set too high,
it will dominate the other quantities and causes the smoke toappear unrealistic or

even uncharacteristic.

10



Chapter 3

Frustum Aligned Grid Method

Like vorticity con nement discussed in the last chapter, many other methods exist
that try to improve the realism or e ciency of a smoke simulat ion. Examples of such
methods include the vortex particle method, octree data stucture and unstructured
grids, among others. The Frustum Aligned Grid method is a mehod that takes

advantage of the viewing camera and tries to improve on both ealism and e ciency.

3.1 Frustum Aligned Grid

Since the viewing camera can only see so much at a particulanstance, we can
concentrate our simulation within the area of interest: the frustum. The frustum
can be described using four parameters: eld of view, aspectatio, near clipping
plane and far clipping plane. Field of view de nes the angle b the left and right
of vertical that the camera is capable of capturing. Typical cameras have a eld
of view of 30 degrees or less. Aspect ratio de nes the ratio ofvidth to height.
Common aspect ratios are 4:3 for television and 16:9 for widereen display. Near

and far clipping planes de nes the closest and farthest distnce the camera could

11



Farplane '

Nearplane

Field of View

Figure 3.1: Frustum parameters

see. See gure 3.1.
In computer graphics, a perspective transformation is usedo transform a
frustum into a rectangular domain. Generally, the rectanguar domain will have

dimension of -1 to 1 in all directions. The perspective trangormation can be de ned

as
0 1
1
tan fov 0 0
aspect
_ 0 tan fov 0
M perspective —
0 0 (farplane +nearplane) 2(farplane )(nearplane)
farplane nearplane farplane nearplane
0 0 1

and its inverse can be de ned as

0 1
tan fov 0 0 0
tan fov
M 1 _ 0 aspect 0 0
perspective
0 0 0 1
0 0 farplane nearplane (farplane + nearplane )

2(farplane )(nearplane ) 2(farplane )(nearplane )
These two matrices are used to convert position between grigpace and real space.

As in traditional simulations, the computational domain is divided into cells.

12
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Figure 3.2: Frustum aligned grid

We divide the domain using grid lines that will transform to equally spaced grid
lines in the rectangular grid space. The grid spacing in all dtections will increase
gradually from the front to the back of the domain. This produ ces cells with smaller
volume near the camera and cells with larger volume away fronthe camera. This
also produces denser grid nodes near the camera and sparseidghodes away from
the camera.

Velocities and pressure are still arranged in a staggered gt alignment but
velocities lay along the grid lines and pressure resides ahe grid nodes. See gure
3.2. This can be view as a shifted version of the standard MAC gd. If a cell
is placed around the node, the pressure will lay in the centeand velocities at the
faces. In traditional method, this shift would not cause any change in the simulation
process.

Since the grid lines are not orthogonal, velocities values r@ the projection
of the real world values onto the directions of the grid lines The axes for any
grid nodes are =(1;0;0), =(0;1,0) and = (x;y;z), where X, y and z varies

depending on the location of the grid node. The relationshipbetween velocities and

13



real world values can be described as

0 1 0 10 1
u 1 00 Vi
ngéo 1 Og%\/yg
W Xy z V,
and more usefully 0 1 0 10 1
Vy 1 0 O u
LiLe ol
A

since we will need these conversions when performing latelomputations.

3.2 Simulation Loop

The structure of the simulation loop of the frustum aligned grid method is identi-
cal to traditional methods. Essentially, it is still solvin g the incompressible Euler
equations using the projection method. But since the physial domain and the com-
putational grid is di erent, computations such as advection, vorticity, divergence
and pressure solve need to be rede ned. The following sectis describe each in

detail.

3.3 Divergence

Divergence is the rate of change of a control volume. In a frusm aligned grid,
the control volume is the volume around a grid node and the uxis related to the

velocities on the grid lines. The divergence operator usinghe frustum align grid is

14



de ned as
0 10 1

Lz Liz Lis u
r V= N i TLv= Nl@@)@@)@@z Loy Lo |_23§ VE
La1 Ls2 Lass w
whereN is the volume of the node, T is the transpose and. is a 3 by 3 matrix that
relates the formal and natural inner product of velocities.
To compute L, we must rst de ne the natural and formal inner product of
the domain. The rst step in deriving the natural inner produ ct of two velocities

X and Y is to convert them into real world values X" and Y " using the matrix

de ned in the section 3.1.

0 1 0 1 0 1 0 1
Xr X4 Y/ Yy
X; g X, Eand%w E %
X\;\/ Xu(x) >Z(v(y)+ Xw Yv(l Yu () zYV(y)+ Yw

where = (X, Y, z) is the unit vector of the direction of the grid line. We can then

take the inner product of the two values to get

Yu

(Xr Yr): Xu Xy Xu(x) >Z(V(Y)+Xw Yy

Yu(X) Yv(¥)+ Yw
z

= 1+%5 XoYut 1+% XY+ SXyYat

Z(XuYy + XoYo) + (XY + XuYo) + £ (X Yw + XwYy)
This de nes the natural inner product at a specic grid node and axis alignment.
To compute the natural inner product of a cell, the natural inner product of the
eight corners of the cell are weighted by the volume it occups and then summed.
The natural inner product of the domain is obtained by summing the natural inner

product of all the cells in the domain.

15



The formal inner product of the domain is de ned as
X" Y= v wXuYot+ XyYy + XuYw)

which sums the inner product over the domain. The formal and ratural inner

product of the domain is related by
(X" YD =[LX" Y]

Applying the matrix L and expanding the equation, we get
200 10 1170 13

Lz Liz Lis Xu Yu
[LXT Y= L21 L2 Lo2s g Xy Eg Yy g
Ls1 Ls2 Lass Xw Yw
= u v w(baaXyYu+ LoXy Yy + L1aXy Yy + LaaXy Yy + LaaX Yy +
LoaXwYy + L3 X Yw + LaaXy Yy + LaaXywYe)
The explicit formulas for L can be derived by comparing the natural and for-
mal inner products. To derive L 11, we need to calculate the equivalentof ,  wL11XuVYy
in terms of the natural inner products. We need to look at the @ght axis con gura-
tions of natural inner products that contain the same XY, term and weight them

according to their volume within the cell. For Xjj Yy , the eight axis con gurations

are

16



xs:ku )

(1,0;0) | (0;1,0) (Xij 3 Yij 5 Zij ) ¥§L 1+

(1;0;0) | (0;1,0) C X5 Vi zi) XZL 1(1 )
(1;0;0) | (0; 1;0) (Xij 1 Yij + Zij ) xﬁik(l
(1;0;0) | (0; 1,0) C X5 Vi zi) ¥ZL L+

( L00)| OL0) | (Kiaji¥iajiZio)) | wok(l+ '”j
( L0,0) | OL0) | ( Xistjs Vierj: Zion) | ygt(@+ .':if
( 1,0;0)|(0; 1,0) (Xi+1jYi+1j:Zi+1j) %(1+ 'm)
( 3,0,0) [(0; 1,0)|( Xis1j; VYi+1j: Zi+1j) xz:k S(1+ I':JJ)

where Vol and V ol} are the volumes of the front and back half of cells with index
k, respectively, and V ol is the volume of cells with index k. The rightmost col-
umn represents the volume weighted coe cient of the correspnding natural inner

product. By combining the eight terms, we get the explicit formula for L ;.
!

|
1 0 2 2
V ol 1, Vol 24 Xj |, X

L11X iu =2
jk 2 2

lek

We can derive the other terms in the matrix L in similar fashion.

V oll V ol® Xi Vi Xiaq i Viaq i
Vo = k 1 K i Yij \'% i+1jYi+1j \%
LiaXije = oy ¥ vok o Xk TX w TSR Xt X«
Volt Vol? Volt Vol?
W — Xij K 1 Xi+1j k 1 kyyw |
I-13Xijk =2 2 Vol 1 lek 1t Vol x|Jk + |211 Vol 1 I+1]k 1t Vol 7Ni+ljk
VOl V0| Xii Vi . -
u — k 1 i Yi u u Xij +1 Yij +1 u u
L 21Xk vo, 5 T Vol 2 Xik ¥ X g+ “a Xiv1k T Xisaj+1k

17



Volt V ol® y2 y2
vV = k 1 Kk ij ij +1 v
L22Xiy =2 g —t+ var 2% s Xiik

. Vol V ol? i Vold Vol?
T Yij k 1y w kY W Yij +1 kK 1y Ww k X W
LaaXik =2 57- o Xik 1% vo Xk ¥ 52, Vel Xk 1F Vo Kk
0 1
u - Xij Vol u u Vol u u
LaXil =2 2= vay Xflc ¥ X g * vor X+ X gen
Vol? Voll

Vo = Yij \Y \ k \Y% \%
La2Xie =2 - vor Xik * Xi w + vor Xik+ t Xj 11
LTV A—

1 w
L33 ijk — Z”Z_Xijk

To compute the divergence, the rst step is to compute the tenporary values

of LV. 0 1 0 1
utemp Liqu+ Liov+ Ligw
ytemp = Loiu+ Loov+ Logw
wtemp L3iu+ Lgov+ Lzzw

Then the transpose of gradient is applied and nally multiplied by the inverse of

the nodes volume.

|
temp temp temp temp temp temp °
PV = 1 Ui 1k Uik N Vi ko Vi Wik 1 Wik
V Node Xk Yk Zik 1 Zijk

X, Y and Z are the grid spacing in X, Y and Z respectively. The grid spaang
in the X and Y directions are constant within the same k index while the grid spacing

in the Z direction varies.

3.4 Advection

Advection is performed using the semi-lagrangian method asefore, but a few
changes need to be made in order to accommodate the frustumighed grid.

To advect the smoke density at the grid nodes, the rst step isto convert
the grid location into a physical location using the inverseof the perspective matrix.
The next step is to de ne a velocity eld at the grid nodes by averaging the velocities

along the grid lines. Since the velocities are located in thenidpoint between grid

18



nodes and the grid nodes are not equally spaced in the direction, we need to do a

weighted average instead.

0 1 0 1
Uik + Ui 1k
Uij "
_ Vik +Vi 1k
Viik S
-~ Wik Zik 1+ Wik 1 Zik
W”k Zik + Zijk 1

The node velocity is then converted to real world values and sed to trace the smoke
density backward. The calculated physical location is conerted back into a grid lo-
cation using the perspective matrix. Trilinear interpolat ion is then carried out using
the grid location in grid space. Special treatment is neededor the interpolation in
the direction because the perspective transformation is not a ne in that direc-
tion. The grid location is used to locate which cell the smokeis from. The physical
location of the cell's corners and the calculated physicaldcation of the smoke in
the direction are used to compute a weighting factor for the intepolation. The
grid location is su cient to compute the weighting factor fo r interpolation in the
and directions. Higher degree interpolation schemes can be uddo obtain more
accurate results.

Unlike traditional methods where the velocities are adveced individually, the
averaged node velocity is advected instead. The process identical to advecting
smoke described above. The advected node velocity is then esaged back to the

grid lines using the usual method.

0 1 0 1
Uik + U
uijk Yijk T Yi+1 jk
— Viik + Vji
Vijk = % Viik T Vij +1 k. IJ +1 k
W +W
Wijk VVijk ™ VVijk +1

19



3.5 Pressure solve

To solve for the pressure, we need to solve the Poisson equati de ned as

The divergence is de ned in section 3.3 and we still need to dee the Laplacian

of the pressure. We can rewrite the Laplacian as the divergere of the gradient
and apply the de nition of divergence from above. Since the dvergence operator is
not as compact as on a regular grid, the Laplacian operator imolves 18 of the 26

neighboring grid nodes.

reP=rr P= N ¥ TLrp

Expanding the equation we get

0 10 1
Lia Liz Lis r Py
1, T
N -r Loz Lz Lo2s r Py
L3z L2 Lass rP;
N 1((L11r Px+Liar Py+Lisr Pz); g5 (Laar Px+Liar Py+Ligr Pz)y +
Xk Xk
— (Loair Px+loar Py+Laar Pz)y 4 (Lasr Px+Loar Py+Losr Pr)y, +
Yk Yk
(Laar Px+Laar Py+Laar Pz)y 4 (Lair Px+Lasar Py+Lasr Pz)y )
Zik 1 Zijk

N 1(('—11r Px)i 1k (L1ar Px)ik + (Liar Py)i 1k (Lazr Py)ix + (Lasr Pz)i gk (Lasr Pz)ik +

Xk Xk Xk
= (Lair Px)j 1k (Laar Px)ik + (L2ar Py)ij 1k (Laar Py)ik + (Lasr Pz)ij 1k (Laar Pz)ik +
Yk Yk Yk
(Laar Px)ijk 1 (Lair Px)ijk + (La2r Py)ixk 1 (La2r Py)ik + (Lasr Pz)ix 1 (La3r Pz)i )
Zijk 1 Zijk Zijk 1 Zijk Zik 1 Zijk

20



Further expanding the above equation by replacing the pressre gradient with

0 1 0 1
X Pi+1 ik Pik
r P X
— y - Pij +1k  Pik
z Pik +1  Pik
r I:)ijk T Zik

which de nes the gradient of velocities along the grid linesat the node, we can
derive the coe cient of the grid node and its 18 neighbors. The derivation of the
coe cients is included in the appendix.

The pressure can then be solved using the standard Gauss-8el relaxation

or conjugate gradient.

3.6 Vorticity

To increase the realism of the simulation, a force similar tovoriticity con nement is
used. The idea is to maintain the level of curl within the system, thus maintaining
the small scale details that would have otherwise be dampedud. The rst step is

to calculate the curl for each face of the cells.

0 1 0 1

curl Vik +1 Yk+1 Wi +1k Zij+rk Vik Ykt Wik Zik
ijk Area

ik Zisijk  Uj X Wik Zijk +Uj X

r \/i'k - curlY - Wi +1 jk i+1 jk ijk +1 k;rl ijk ijk ijk Kk
) ijk Area,
curlw Vistjk Yk Uj+1k Xk Vik  YetUuje Xk

ijk Area’

Then if the magnitude of the curl of any face is less then a pred ned minimum,
a force is applied to increase the curl of the face. The curl islways perpendicular
to the face and the faces along the same grid lines lay on the s® plane. The two

dimensional con nement force can be calculated for each plze using the normalized
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gradient of curl as a weighting term.

r Vi :
k
” 0 ! curl ¥ curl ¥
H y ij +1k ij 1k
weight?
; _ jk — Y+ Yk
weightjix = =
9Ntk %} ight? g % curl i curlg
weig ijk Zixk + Zjj+1k
- . — Weightijk
weightin = raight,, ]
v — u ; z —

W= (curl¥ )(Weightﬁk) Zij +1k=2
fVijk = (curljj )(weightf, ) Yk=2

fuv = (curlf )(weighti’j’k) Zik =2

\Y .
"V 1 1
. curlY,. .. curlY ..
We|ghti( i+1 jk i 1jk
; — jk _ Xyt Xy
Welghtijk B ?@ g - % curl ¥ curIJ:’1 g
weightz ik +1 ik 1
ijk Zijx + Zis1jk
. . — Weightijk
weightin = aight,, ]
w — v ; X =
fifaje = (eurly ) (weighty, ) Zisjc =2

fi}Jk +1 = (Curli\jlk )(Weightﬁk ) Xi+1=2

f Wijk

(curld )(weight$ ) Zijk =2

ik = (curli, )(weightf, ) Xy=2
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u .

0 1
ight curl ?N+11k curl ¥ 1jk
weighty = @ eI K=0 X
| . y curl}}vﬂk curl}j" 1K
weighty, v
H . — Weightijk
weightin = rwgight,

Yk = (curlii )(weighti, ) Ye=2
fak = (curlfy )(weightl, ) Xy=2
fVijk = (curljj )(weight, ) Yi=2
o= (curli )(Weighti’}k) X =2
Both and the minimum curl can be used to control the amount of force
applied and the activities within the smoke. They have similar e ect as the used

in vorticity con nement where values too large can have negéve overall e ects.
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Chapter 4

Experimental results

The experimental simulations are implemented using VisualC++ and OpenGL.
They are run on a laptop with 1.5Ghz Pentium M processor and 52MB of memory.

The simulation requires a few parameters including eld of view, aspect
ratio, near plane, far plane, number of grid lines in the X, y,and z direction, number
of iterations for the Gauss-Seidel pressure solver, numbesf seconds to simulate,
buoyancy, for vorticity,  for opacity and minimum curl. Typical values used in
experimental simulations are summarized in table 4.1. Presure at boundaries are
set to zero and Neumann conditions are used for velocities.

Experiments are conducted to investigate the e ects of varbus parameters
have on the simulation, and a comparison with traditional simulation is also carried
out. A hypothetical mushroom cloud where the smoke originae from a small open-
ing in the ground in the center of the domain is used to performthe testing, but
in practice, there can be more than one source and they can bectated anywhere
within the domain.

The images are rendered using a ray marching technique whickimply accu-

mulates the luminance along the direction. Two light sources are used to illuminate
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Parameter | Value
fov 15°
aspect 1.0
near plane 5.0
far plane 10.0
XMAX 128
YMAX 128
ZMAX 64
iterations 10
seconds 20
buoyancy 5.0

2.0

0.1
MINCURL 5.0

Table 4.1: Parameters for simulation.

the smoke, one from overhead and one from the left hand side. de advanced tech-
niques such as photon mapping can be used to create higher gig images. Figure
4.1 shows several sample images obtained from dierent stgs of smoke. Some

artifacts are visible due to aliasing from the grid.

4.1 Source location

Since the con guration of the frustum aligned grid places enphasis more on the
space at the front of the frustum than the back, the location o the source should be
an important factor in the appearance of the resultant smoke Figure 4.2 compares
the simulations of three di erent source locations. These snulations use the typical

values found in the beginning of the chapter except the valueof is set to zero.
This e ectively turns vorticity con nement o and allows th e smoke to rise under
buoyancy alone. The sizes of the source in all simulation ar¢he same and they

are in the shape of a square. The rst sequence is generated thia source located
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Figure 4.1: Images obtained from di erent smoke simulatiors. Top: a pulse, Second:
two sources, Third: moving source, Bottom: approaching sotce.
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Figure 4.2: Simulations with di erent source locations. Top: back half of frustum,
Middle: middle of frustum, Bottom: front half of frustum.

at the back half of the frustum, the second sequence is gended with a source
located at the middle of the frustum and the last is generatedwith a source located
at the front half of the frustum. Since the size of the source$ identical, as it moves
further away from the camera, it will appear smaller. The lewel of details will also be
lowered as less grid nodes are located at the back of the fruan, but coupled with
the reduction in the apparent size, the resulting image stil maintains a comparable

level of details.

4.2 Grid size

The grid size is a crucial factor in the smoke simulation. To ncrease the realism of
a simulation, the trivial solution is to increase the resoluion of the grid since the

smaller the grid spacing, the better the ability to capture the details. The drawback
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Grid Size Run Time(s/frame) | File Size(kb)
32 by 32 by 32 0.461 517
64 by 64 by 32 1.342 2057
64 by 64 by 64 2.874 4113
128 by 128 by 32 5.448 8209
128 by 128 by 128 20.920 32833
256 by 256 by 32 41.309 32801

Table 4.2: Run time of sample simulations with di erent grid sizes in seconds per
frame and le size of one frame of smoke data in kilobytes.

of such approach includes the increase in simulation time athmemory requirement.
Typically, the simulation time varies directly with the gri d size; doubling the grid
dimension in all directions transforms to eight times the oiriginal simulation time.

Table 4.2 lists the simulation time for several sample grid &es as well as the le
size for one frame of smoke data.

The frustum aligned grid method is aimed to increase the reaém while
addressing the time and memory issue. Each grid lines in theicection perpendicular
to the camera is projected into a single point at the front of the camera. The
dimension parallel to the camera can be viewed as the resolain of the image where
each pixel is a projected grid line. Using this arrangementall grid nodes are located
at a relevant position with respect to the camera and no grid rodes are wasted or
overlapping. In traditional rectangular computational grids, when rendering the
resulting image, usually many di erent grid nodes will be mapped to the same
pixel, thus wasting the computational time and memory spacefor these redundant
values. The grid spacing in a frustum aligned grid is not unibrm. The spacing at
the back of the frustum can be couple times larger than the ong at the front. Yet,
the details are not lost from the sparse spacing because theustum aligned grid

accounted for what could and couldn't be seen by the camera. @ cover the same
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Figure 4.3: Comparison between frustum aligned grid and reangular grid. Top:

grid spacing match back of frustum, Bottom: grid spacing math front of frustum.

volume occupied by the frustum using a traditional grid, considerably more grid
nodes are needed since in order to obtain the same level of @d, the grid spacing
of the whole domain should match the grid spacing at the frontand extra grid nodes
are needed outside the frustum to get a rectangular grid. Seeayure 4.3. To cover
the 64 by 64 by 64 grid of the frustum described by the parametes at the beginning
of the chapter, a 128 by 128 by 128 uniform grid will be needed.The amount of
extra grid nodes required is mainly depended upon the near ahfar clipping planes

of the frustum.

4.3 \Vorticity

The realism of the smoke simulation is enhanced by the introdction of vorticity
force. The force is controlled using two parameters: and MINCURL. The MIN-

CURL controls the minimum curl desirable. Any face with a curl smaller than
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MINCURL

P A WNPRP
o1 o1 o1 o

10
2 10

Table 4.3: and MINCURL used in gure 4.4

MINCURL will have a force applied to it and that force is propo rtional to the curl
itself.  controls the amount of force that will be applied. Figure 4.4 shows several
simulations with di erent setting of and MINCURL and table 4.3 lists the values
used in the simulations. The typical values at the beginningof the chapter are used
for the other parameters.

The ideal value of and MINCURL depends upon the scene and varies
greatly. Trial and error may be required to determine the ideal value but in most

case, the ideal value is not required to produce a realisticrad interesting simulation.

4.4 Comparison with traditional simulation

A similar implementation to the frustum aligned grid method of the traditional grid
method is used for the comparison. Table 4.4 compares the rutime and memory
usage of the two methods for several di erent grid sizes anddble 4.5 compares the
simulation time used in the subroutines of the two methods.

As seen from the data that the frustum aligned grid method is ;m average
half as fast as the traditional method. The extra computation time is used mainly
in the divergence and pressure solver as expected. To brinché frustum aligned

method on par with the traditional method in term of computat ion time, we can
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Figure 4.4: Simulations with di erent and MINCURL.
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Frustum Traditional
Grid Size Run Time Memory | Run Time Memory
32 by 32 by 32 0.461 4124 0.260 3972
64 by 64 by 32 1.342 13812 0.982 12132
64 by 64 by 64 2.874 26500 1.903 23456
128 by 128 by 32 5.448 52104 3.876 46120

Table 4.4: Run time and memory usage comparison of frustum &ned grid method
and traditional method.

Subroutine Frustum | Traditional

Initalization 0.160 0.010
Advection 0.280 1.472
Vorticity 0.170 0.160
Divergence 0.160 0.010
Pressure Solve 1.502 0.100
Gradient 0.010 0.010

Table 4.5: Comparison of simulation time used in subroutins between frustum
aligned grid method and traditional method using a 64 by 64 by64 grid.

reduce the number of grid lines in the direction perpendicuar to the camera by a
factor of two. Since the grid lines are concentrated at the font of the frustum and
they are not equally spaced, decreasing the number of gridries will have a smaller
e ect on the sampling at the front of the frustum where detail s are most important.
Table 4.6 shows the grid spacing of the rst few grid lines of aries grid sizes and
gure 4.5 compares the resulting images from the di erent smulations.
The result indicates that the reduction of grid lines produces comparable
Grid Size \ zy | Z; | z3 | 4 | Zs | Zast
128 by 128 by 32 | 0.0820| 0.0847| 0.0875| 0.0906| 0.0938| 0.3125

128 by 128 by 64 | 0.0400| 0.0406| 0.0414| 0.0419| 0.0427 | 0.1563
128 by 128 by 128| 0.0198| 0.0199| 0.0201| 0.0202| 0.0204 | 0.0781

Table 4.6: Grid spacing of varies grid sizes.
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Figure 4.5: Comparison of simulations with di erent number of grid lines in the
direction.

Figure |  Method | Grid Spacing | Grid Size | Simulation Time
a Traditional 0.0419| 128 by 128 by 128 14.221
b Frustum 0.0425 64 by 64 by 64 2.874
c Frustum 0.0211| 128 by 128 by 64 9.684
d Frustum 0.0211| 128 by 128 by 128 20.920

Table 4.7: Statistics for gure 4.6.

images that su er slight detail lost and it also leads to lower memory requirement.
Figure 4.6 compares the images obtained from traditional m#hods and frus-
tum aligned grid method. Three di erent criteria are used for comparison including
equal grid spacing, equal grid size and equal computation the. Table 4.7 lists the
statistics for the simulations.
With equal grid spacing at the front of the frustum, the tradi tional simulation

produces better result than frustum aligned method but the smulation time and
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Figure 4.6: Comparison of traditional method and frustum aligned grid method.
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memory usage are both ve times more. Increasing the grid sig by a factor of two
in the x and y direction produces comparable result. The memoy usage is half of
the traditional's and the simulation time is about 30% less. With equal grid size,
the frustum aligned method produces superior simulation than traditional method

at a cost of increased simulation time. These results con rmthe performance of the

frustum aligned grid method in terms of memory usage and levieof details.
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Chapter 5

Conclusion

We presented a frustum aligned grid for realistic smoke simlation that bene ts
from knowledge of the viewing camera. The novel computationgrid addressed the
problem of memory usage and level of details by utilizing nonuniform frustum
aligned grid cells. Signi cantly less grid nodes are requied to cover the compu-
tation domain, thus reducing the memory usage and computatbn time. The grid
lines in the direction perpendicular to the camera can be redced without su ering
detail lost. The reduction further reduces the memory usageand they can trans-
late to increased grid lines in other directions, thus incrasing the level of details.
Comparison with traditional simulation proved the validit y and e ectiveness of the
method. The currently xed frustum is a limitation and a topi c¢ for future work.
The current con guration can realistically simulate a larg e scale phenomenon at a
xed viewpoint but a y-by scenario with a moving camera will require additional

modi cation, possibly in the form of particles.
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Appendix A

Laplacian Coe cients
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