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Fluid Simulation ufiigphfipidcian Eigenfunctions
[DeWitt et al. 2012]

Inviscid




200 eigenfunctions [DeWitt et al. 2012]

memory: 52 GB
time: 17.2 secs/frame



24K eigenfunctions:
[DeWitt et al. 2012] memory: 6.1 TB  time: 1.84 hrs/frame

Ours memory: 26 GB  time: 13 secs/frame

200 eigenfunctions 24K eigenfunctions )
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Fluid Simulation

[Foster and Metaxas 1997] [Stam 1999]



Spectral Solvers Inviscid Methods

[Long and Reinhard 2009] [Mullen et al. 2009]
W e o)

[Henderson 2012] [Chern et al. 20106]



Laplacian Eigenfluids

[De Witt et al. 2012] [Liu et al. 2015]
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Laplacian Eigenfluids

u=—-u-Vu+vVu—Vp+f
V-u=90

u = sz\Ilz = wiW1 +weWe +w3Wsg + ... +w,V,
i=1




Laplacian Eigenfunctions

1
v, (x,k) = Tk sin(kyz) cos(ky,y)

1
v, (x,k) = Tkl cos(kyx) sin(k,y)




Laplacian Eigenfunctions
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Reconstruction Bottleneck

3
ucRY

UeRV'>*"  WEeR"
U={¥,,0,,.. 0

r ~ 1000 50.5 GB
4%
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Analytical Basis

* Basis take analytical forms under rectangular domain

1
v, (x, k)= "k sin(k,x) cos(k,y)
1
v, (x, k) = Tkl cos(ky ) sin(k,y)

* Removes basis storage

e 5.7 times slower
e r ~ 1000 44.1 seconds vs 9.5 seconds



Boundary Conditions

Dirichlet: Neuman
n.
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Outline

* Our methods
* Analytical basis functions with DCT



Analytical Basis with DCT

* Memory complexity: O(TN 3) — () (T)

* Time complexity: O(TNg) — O(NS log(N))



Dirichlet:
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Analytical Basis with DCT

Neumann:
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Basis Transformations with DCT

1
v, (x,k) = K sin(k,x) cos(k,y)

1
v, (x, k) = K cos(ky ) sin(k,y)

f, = -, = (f;, ®.(k)) + (f,, ¥, (k))

1

(f,, W.(k)) = —mk /f sin(kyx) cos(kyy)dzdy

20



S0 =2

DCT
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(fz, o (k))



Velocity reconstruction

v, (x, k)= —|—11{| sin(k,z) cos(k,y)

IU

ID ST
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Analytical Basis with DCT

* Memory complexity: O (rN 3) —> O(7) 226 X

* Time complexity: O(rN?)=> O(N?log(N)) 95X

1283Grid, 1000 basis functions
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Dirichlet

[De Witt et al. 2012]

I
\le ‘xZO,ﬂ' — () \le(xa k) = —m Sln(kxw) COS(kyy)
\ij’yzoﬂf =0 v, (x,k) = |%|Cos(kgca:) sin(k,y)
¥
/ \
0 T

y = sin(k,x)
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Extension to Neumann

v,
O r=0,m —
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Extension to Neumann

=0,m — 0 \Ily‘y:()aﬂ_ — O

v, (x,k)= |k| COS( =) cos(ky,y)
W, (x, k) = @Sln(kxa:) sin(k,vy)



Extension to Neumann

1

. (x, k)= K cos(kyz) cos(k,y)
1

v, (x, k) = K sin(ky ) sin(k,y)




' n
Extension to Neuman
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Extension to Neumann

1
v, (x, k)= K cos(k,x) cos(ky,y)
L. .
¥, (x, k) = K| sin(k,x) sin(k,y)
> >
> >
> >
> >
DCT N DST A
> >
> >
> >
vV V. V. vV v v VvV Y vV v vV vV vV VY
DCT DST

v, W,
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Mixed Boundary Conditions

owv,

\IIZE|$:O =0 %‘x:w =0
y‘ -— |
/
0 Ty
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Mixed Boundary Conditions

ow
W, le=0 = — =1 =
=0 =0 Ox ‘ )
I
v, (x,k) = % sin((k, — 0.5)x) cos(k,y)

v, (x, k) = % cos((ky — 0.5)x) sin(k,y)



3D Basis Functions
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Outline

e Our methods

* Dynamics
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Dynamics

u=—-u-Vu+rVu
— + f
== %




Dynamics
u — sz\]:jz VQ\I!Z =\
i=1

Diffusion: 1 = vV?u

t—l—l . { V)\f,;At
w, =~ = wge

External force: 1 =

fk =3 & \Ifk w,tfl — Atfk



Advection

u=-u-Vu — w =V X (w X u)

Wy = S: S:whwi(!',(g, h,i)

h=1 =1

C -




Dynamics

Wy = >:>:whwi¢(g,h,i)
h=1i=1
on =V X ¥y,
C(g, h,i) = [V X (¢ x ¥;)] - ¢g

[De Witt et al. 2012]

Dirichlet: OK

Neumann: Blows up
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Dynamics

E(g,h,i) = —C(h, g,1)

C(g,h,1) = /Q(V X W) (P, x ¥,,)dQ2

[Liu et al. 2015]

Dirichlet: OK
Neumann: OIK

41



Outline

e Our methods

e Other features



Tensor Compression

Dirichlet: O(r?)
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Tensor Compression

r

. O(r*®)

irection

One Neumann d
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Tensor Compression

ions: O(r?)

irections

Two Neumann d

45



Tensor Sparsity

Dirichlet

One Neumann direction

Two Neumann directions

Three Neumann directions



Tensor Compression

Distribution of Tensor Entry Magnitudes

98%

~
o

(e}
o

Ul
o

w
o

N
o

Percent (%) of total tensor entries
= B
o o

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Relative Tensor Entry Magnitude
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Tensor Compression

0% discarded, Tensor memory: 26 GB

48



Tensor Compression

100% discarded, Tensor memory: 0 MB Reference, Tensor memory: 26 GB
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Tensor Compression

99.9% discarded, Tensor memory: 26 MB Reference, Tensor memory: 26 GB

50



Directable Dynamics

4

Default tensor

4

c = 0.0005
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Directable Dynamics

@

Negative weight, ¢ = 0.0005

4

Mixed positive and negative weights
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Outline

* Results



Scaling etfects

200 basis functions
[DeWitt et al.] memory: 52 GB
Our Memory: 0.9 GB
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3K basis functions
[DeWitt et al.] memory: 0.76 TB
Our Memory: 1.3 GB
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24K basis functions
[DeWitt et al.] memory: 6.1 TB
Our Memory: 26 GB
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Paddle Wheel

200 basis functions
[DeWitt et al.] memory: 38 GB
Our Memory: 0.9 GB
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4 K basis functions
[DeWitt et al.] memory: 0.8 TB
Our Memory: 5.1 GB
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12 K basis functions
[DeWitt et al.] memory: 2.3 TB
Our Memory: 47.1 GB
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Speed Comparison

1283, 1000 basis functions

On the fly basis: 44.10 secs 440X
Cached basis: 9.54 secs 95X
Ours: 0.10 secs



Varying Viscosity

Viscosity = 0.00035
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Varying Viscosity

Viscosity = 0.00
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Interaction with Obstacles

N7 N7 N7
NV PP NNV PP QN
» O @ @ o0 @ @ o0 @
¢ N e % ¢ N
2 ! ’

r = 200 r = 1000 r = 7000
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Real-time Interaction

13 frames per second

64




Outline

e Conclusions and future work



Conclusions

* Asymptotically superior in memory and time
* Memorty: O(rN?) ===p O (1)
* Time: O(rN?) emeep O(N*log(N))

* Support Neumann velocity boundaries
* Directable dynamics

* Advection tensor lossy compression
* Up t0 99.9 %

66



Limitations

* Rectangular domain
* Uniform boundary condition
* Energy cascade 1s capped at the highest frequency

* Penalty methods for obstacles



Future Work

* Advection tensor compression
e Tiled domains

* Wavelets

[Wicke et al. 2009]

[Jones et al. 2016]

68
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Thanks!

Source code is available:
http://cve.ucsb.edu/graphics/Papers/SIGGRAPH2018_EigenFluid/




