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Part 01

Research Background

Research Background

Turbulence is one of the core issues in fluid mechanics
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Research Background

GOVERNING EQUATIONS:

Numerical simulation
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Neural Network Alternative Models?
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Fourier neural operator!'! (FNO)

Ve () = o (W () H{K (@ 9)v) )
@/\—) | H(Pv) () = F 7 (Ry - (Foo)) ()
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® Neural operators mainly learn mappings between function spaces.
® Learning coefficients in Fourier space, FFT improves computational efficiency

[1] Li, Zongyi, et al. "Fourier neural operator for parametric partial differential equations." arXiv preprint arXiv:2010.08895 (2020).
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1. FEHRZRILEHERIEL-d Navier Stokes5T2APRZET

Parameters Time v=1le—3 v=1le—4 v=1le—4 vr=Ile->H
Config per T =50 =30 T=30 T'=20
epoch | N=1000 N =1000 N =10000 N = 1000

E&NO-3DY 6,558,537  38.99s | €0.0086 > 0.1918 0.0820 0.1893
FNO-2D 414,517 127.80s 0.0128 0.1559 0.0834 0.1556

U-Net 24,950,491  48.67s 0.0245 0.2051 0.1190 0.1982
TF-Net 7,451,724 47.21s 0.0225 0.2253 0.1168 0.2268
ResNet 266,641  T8.4T7s 0.0701 0.2871 0.2311 0.2753

® The FNO model has the highest accuracy, surpassing the SOTA model

FFNO?, AFNOEI, geo-FNO™ improve Can it be applied to complex three-
innovation in two-dimensional flow dimensional turbulence?

[1] Li, Zongyi, et al. "Fourier neural operator for parametric partial differential equations." arXiv preprint arXiv:2010.08895 (2020).

[2] Tran, Alasdair, et al. "Factorized Fourier Neural Operators." arXiv preprint arXiv:2111.13802 (2021).
[3] J. Guibas, M. Mardani, Z. Li, A. Tao, A. Anandkumar, and B. Catanzaro, “Adaptive fourier neural operators: Effcient token mixers for transformers,” arXiv preprint arXiv:2111.13587 (2021).

[4] Z.Li, D. Z. Huang, B. Liu, and A. Anandkumar, “Fourier neural operator with learned deformations for pdes on general geometries,” arXiv preprint arXiv:2207.05209 (2022).
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Input tensor: 4 Output tensor:
[32,32,32,3,5] a(x) [|===>| v, vr ':>Q u(x) [32,32,32,3,1]
& Fourier Fourier ﬁ AU =U, —U,
Layer 1 Layer T e e
UL =U,+AU,
e oD
Fourier o o o Fourier
Layer 2 Layer T-1

Tensor size:[N‘,N\,N:,W,N,I]

E 2. FNOEE BT =4Emim R R TTN

Output: velocity error field between the 6th and the 5th (Ts—T5s)
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Tensor size=[N_,N ,N_W,N, ]

Model training: (fDNS data) Predict:
Input: velocity field at the first five moments (T1, T2, T3, Ty, Ts) In: (T, T2, T3, Ta, Ts)
out: (TE™*~Ts)

(Ty, T3, Ty, Ts, TP™®) = TP™®

(T3, Ty, Ts, TY", TF"®) = TE™

Speaker: Zhijie Li
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T=15 (t/t = 3.0)

subgrid model DSM and DMM, and are in good agreement with the filtered DNS.
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® The velocity spectrum and structure function predicted by the FNO model are more accurate than those of the traditional
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Vorticity 3D isosurface: qualitatively reflects the model's ability to reconstruct the coherent
structure of the flow field

® The FNO model has a more accurate ability to reconstruct the instantaneous flow field than the traditional sub-grid
model DSM, and can well restore the flow field state of the filtered DNS.
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Input Lifting Projection  Output

funciton layer layer function U FNO e u
coe

v (z) == o (Wue(z) + F Ry - (Fup))() +U*sy(x)), VzeD
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RSHEE

[1] Wen G, Li Z, Azizzadenesheli K, et al. U-FNO-—An enhanced Fourier neural operator-based
deep-learning model for multiphase flow[J]. Advances in Water Resources, 2022, 163: 104180.

Input Lifting Iterative Fourier layers Pra ojeclion Output

funciton W tun I F N Oﬁﬂ
o(z, I+ 1)At) = LIFNO[y(z, 1AL)]

= v(z, 1At) + Ato(Wo(z, 1AL) + F (R - (Fu(z, 1At)))(z))

DOz pILE

L. . e 2] Li, Zongyi, et al. "Fourier neural operator for parametric partial differential
= ) ¥l [
7. Implicit Fourier neural operator (IFNO) HEIEER equations.” arXiv preprint arXiv:2010.08895 (2020).
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[SES=S Input Lifting Iterative U-Fourier layers Projection  Output
layer  function

funciton layer -
I

(T1, Ty, T3, Ty, Ts) = TP

(Ty, T3, Ty, Ts, TP™®) = TP™®

77777 ! ‘ JIAL) := v(z, IAt) — F (R - (Fu(z, 1At
Size = [N,, N,, N, W, Nyj] Encoder Decoder s(z ) v(z ) ( ¢ ( v(x )))(x)

[&] 8. Implicit U-Net enhanced Fourier neural operator (IU-FNO) &5 c(z,lAL) := Wu(z, IAL) + Fl (R¢ - (Fu(z, lAt)))(a:) + u
v(z, (1 + 1)At) := v(z, IAL) + Ato(E(z, IAL))
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R 1L MESEILER.

Model L=4(T =4) L=10 L=20 L=40

FNO 331.80M N/A N/A N/A o TU-FNOIETI S 2 8 N 280
U-FNO 332.01M N/A N/A N/A fn, HETFEBFNOBRIS SIS
IFNO 82.97M 82.97M 82.97M 82.97M F(ERZ975%

IU-FNO 83.02M 83.02M 83.02M | 53.02}\l|

=R 1L F/NossiRELERIILL

(Training Loss, Testing Loss)

Model =4(T =4) =10 L=20 L=40
FNO 0.2250, 0.2548 N/A N/A N/A . NN
(05220, 02548 / L / ® [U-FNOYIIZANMIHAILIREE(T
U-FNO (0.1741, 0.1982) N/A N/A N/A
IFNO (0.2442, 0.2607) (0.2163, 0.2281) (0.1987, 0.2139) (0.1850, 0.2010)

IU-FNO (0.1916, 0.2108) (0.1711, 0.1898) (0.1395, 0.1631) (0.1433, 0.1547)
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