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B Fourier Neural Operator: 7t f3E3St Neural Operator (Zongyi Li et al, 2021, ICLR)
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Figure 2: top: The architecture of the neural operators; bottom: Fourier layer.
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B Fourier Neural Operator: 7t f3E3St Neural Operator (Zongyi Li et al, 2021, ICLR)
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B Fourier Neural Operator: 7}%&
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Zero-shot super-resolution: Navier-Stokes Equation with viscosity v = le—4; Ground truth on top and
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Figure 1: top: The architecture of the Fourier layer; bottom: Example flow from Navier-Stokes.
GFOELH O
I I i l l hm?:ﬂw_'mfh https://zongyi-li.github.io/blog/2020/fourier-pde/

a



2. Neural Operator?2| 72} FNO

B =X Mo w2t MEeHE|= Neural Operator A€

® Neural Operator= AL X, g4 SEE, H0|H 2, o|= =Xof 2} MEis|of g

I

Transformer-NO

DeepONet Graph Neural Operator

Geometry-aware / Graph-based Operator Attention-based Multi-physics / Multi-

Branch + Trunk Network 7|2t Operator Learning Learning condition Operator Learning
7+
e= 43 43
- I 4ot 3 9IXIE Halsto] oS - IR mesh, S H4, AH CFD i 2l 75 > D IS A ey
lo = Jl= . Y AE 8% IS
2| IX|of[A] ol 0f|= 7t . geometry embedding 5= graph XS e
5 s = - 2] E2[2, AIZY, U HEHE SA
» sensor/query 7|2 GOJE{0f] Xz argsto] 34t Hstoll hS 7k Haispl g2l B
or/l Tr
-> H|Xi3] AHZ 2| a3 s . H} EXF SIAF D0l KI5
> H|AY ME3 HIojE &8 JIs CAD 7|8t S 4 2o =gl . L4712 C[O|E{ 7|8t CHE2|, CHEZ surrogate 2

o H|I X Cta3t PDE 3 MXH E2|0|A st JHs
oI X ok x{

= C%FII:'II
(o] 7,5 R A i xo
oF M graph M nelghll_oorhooFd d2|, geometry - TISHALE 3D fieldoflA{= memory®} #|4 H|20]
- 3D 13l A= CFDAIME branch/trunk encoding0i| 2t 40| 2 s 2

- . |'* X Exl‘ 11 A 0| =7}t

ZE0| HH ALtz 57t PO 88 w7t SEoka, Al Higol 372 - BlOJE| 2 Al BH{gat st EorE Aol WAt

A ol

e e - T A
- BT YA LR, 28 HIME RS0IME e g =
At 022 chee s ST == - 2% X7} BHst0] 22| 4] 7H5A0| Sopd
= H|o|E{7} g st A0l
MO

H Y l I Yt ul
HANYANG UNIVERSITY

a




BaM, =0, AE

® Neural Operatore= OF2! HE8 CFD
o

off 4]
digital twin 74 A2 HZE I JS

S k=K Fourier Neural Operator 7|4t Surrogate ModelS 0|25}0{ 3xl 7 M F352| HAZt HSS o5
(a) |Knownm J(x)l -. -IFouner Iayer| IFouner layerl 'ﬂﬁmm u(x)l ) 100 100 Y ® ®

m

o H B

—IDNS
< DSM

|—a<x|rw

= WALE
* [UFNO

(d) (e) (f)

10" N 0"

Bik.)

o /Nq\"
- "
.
B

E(k
E(k.)

FIG. 1. The configurations of (a) Fourier neural operator (FNO), and (b) implicit U-Net enhanced Fourier
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FIG. 13. The streamwise energy spectrum at various Reynolds numbers: (a) streamwise spectrum, Re,
180 (b) streamwise spectrum, Re, = 395; (c) streamwise spectrum, Re, = 590; (d) spanwise spectrum, Re,

. N FIG. 14. The isosurface of the Q-criterion in the LESs of turbulent channel flow at Re, = 180. Here Q =
180; (e) spanwise spectrum, Re, = 395; (f) spanwise spectrum, Re, =~ 590. 0.02 and the isosurface is colored by the streamwise velocity: (a) fDNS: (b) DSM; (c) WALE; (d) IUFNO.
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Ref: Prediction of turbulent channel flow using Fourier neural operator-based machine-learning strategy, Y. Wang et al.,

Phys. Rev. Fluids 9, 084604 (2024)
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4. CFD C|0|E{All & THINK_BENCH
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Figure 8: The error of different baselines as a function of time steps, given only the operating parameters
2 and the initial conditions. The y-axis is on a logarithmic scale. ResNet is not included because its
error is too high and including its line would make the figure less intelligible.
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4. CFD C|0|E{All & THINK_BENCH
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4. CFD C|0|E{All & THINK_BENCH
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Ground Truth

FNO
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Diffusion Model

== Ground Truth
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Energy P(k)
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Ref: Integrating Neural Operators with Diffusion Models Improves Spectral Representation in Turbulence Modelling,
Oommen, V., Bora, A., Zhang, Z., Karniadakis, G. E.. Proceedings of the Royal Society A, 2024.
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