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Smoke in Computer Graphics

|deally:

Looks Good + Fast



Non-Physical Models

Early CG models
Texture maps + simple primitives

Too much control...



Physical Models

Natural framework for fluild modeling

Reuse literature

Hard to solve !



Physical Smoke Models In CG

Incompressible

Yaeger'86

Gamito’95 Two dimensions

Foster'97 unstable
Stam’99 stable

Compressible

Yngve’00  explosions



Our New Model

Improve Stam’99 (Stable Fluids)

- Handle moving boundaries
- Reduce numerical dissipation
- Add high quality volume rendering

Method still fast but looks more “smoke-like”



Incompressible Euler Equations
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Incompressible

(Navier-Stokes without viscosity)



Additional Equations

smoke’s  Op -
density ;T —(u-V)p+5
t

ot
temperature aa_T = —(u-V)T+H

f=—apz+ 0 (T — Tow) z



Discretization

MAC (staggered) grid



Algorithm

add forces self-advect

project

t=t+dt




Self-Advection

~

t t+dt

Semi-Lag rangian solver (Courant, Issacson & Rees 1952)



Self-Advection

For each u-component...



Self-Advection
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Trace backward through the field



Self-Advection
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Interpolate from neighbors




Self-Advection
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Set interpolated value in new grid




Self-Advection
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Repeat for all u-nodes



Self-Advection
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Similar for v-nodes



Self-Advection
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Advected velocity field



Moving Objects




Moving Objects




Moving Objects
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Moving Objects
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Moving Objects
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Moving Objects
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Numerical Dissipation

Stable Fluids dampens the flows
Improve using

- monotonic cubic interpolation
- “Vorticity Confinement” force



Cubic Interpolation
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Cubic Interpolation
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Cubic Interpolation

/‘

./'



Cubic Interpolation
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Cubic Interpolation
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Cubic Interpolation



Cubic Interpolation
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Cubic Interpolation

Hermite monotonic Hermite



Cubic Interpolation
N

Hermite monotonic Hermite



Cubic Interpolation

Linear monotonic Hermite



Vorticity Confinement

Basic idea:
Add energy lost as an external force

We use “Vorticity Confinement” force

iInvented by John Steinhoff ~10 years ago



icity Confinement

\V/elq

C e e —

S e e s s

—— w4 ]

ke L
L o

"

1)
1
1

b
1
1

)
1
I

"

e O T S Y
R e

£
i
E
-
-
-

e e e e =
e e e m - o e -
B

|
1
|
1
|
1
|
1
]
¢
.
-

e e e e ————

1
|
1
|
1
|
1
1
1
1
:
-
-

R -

!
1
!
|
1
1
4
!
i
'
4
Iy
-

T T -

T e o

1
1
1
!
'
1
1
!
’ 1
! 1
’ '
i ¢
s s

N
rﬁﬂﬁn\\m\\\\\\\xxx}J{\\\\\xx?.
e s Il I e
e T e P P R P

I:[F!ﬂﬁhﬁﬂﬂ\k\\.\\\\\\\.\\\\xmk&\\\\& s
ijlf]rurﬂﬁl.u.\\u\\.\.\.\\\x\.\\.\\\.\xkxh e
Jl‘!1QQQ?foqq{ﬂxHW\\\H\\\\\\\\1|
B e P
e e i i el et e
e i P P P
T e e T e e T L L L L e e e
Lol e o \l.\.l.1I||II1]L|]I1l.1|1|I|1|L|1|I|1|L|1|I|1.1|11|11|1L|1|1||I| o A A L .
A A T e e e A T T T T e
T A S A A A s s
e A B e e
Ry s - s

’ e

1

R P
T e e = e

[ L T e B I |

P L A U N I B B R

T
| T T P i PP

E
TTmees g b ¢ A AN " T e
|

B B I B R B B

R




icity Confinement

\V/elq

—— w4 ]

i T e T
W=

LU

T

1

|

[—

)
1
I

"

e O T S Y

11
11
11
11
11
11
11
|
[
[
]
e
-

T e e = e
R A T Ty G-

s
P — 3

- Il I T
e e o o o 7 i 7
e o o i 7 o L i
Jleiﬂﬁﬁﬁﬁﬂﬂﬂhh\Kk\MM\W\\H\\\R\\k
Jllliqqﬂﬂfoqq{{ﬁHW\\\HHH\\\\\\1
e e e L L e e R e R R S
e e i i el et e
e e e R e e P P
R e e e e L L L .
el ea o Mo N R N N e S L L
Rl P it e B B
P Rt bt
B L S

N T
P

LI T T P i P

T

C e e —

=

P L A U N I B B R

[ L T e B I |

P NERFEFFY
e I T R R R R g - T ===
I NEENRENT T 0 aaaieiate -
e
..... R —
........ e m T
..... e




icity Confinement
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Vorticity Confinement

Show demo

Intel PllIl 1GHz + nVidia GeForce2 Go



Results

100x100x40

30 sec.
20-45 min.




Results

90x135x90

75 sec.
20-45 min.




Results

90x135x90

75 sec.
20-45 min.




PocketPC Demo

Show demo

StrongARM 200MHz + no GPU



Future Work

- Adaptive Grids

- Control

- Other confinement-like forces

- Fire (where there is smoke there is...)



