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General context



SOURCE-TO-STRUCTURE ANALYSIS

Structural dynamics
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What we do

SEM3D [1, 6] : an open-source HPC code for earthquake simulation

25
Kocro0

Figure — Earthquake simulation at the Volvi basin (Greece) [2]. 13 km x 11 km
wide area. ~7 h wall-time - 216 MPI cores @Ruche (62 days CPU time)
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https://github.com/sem3d/SEM

The earthquake engine : SEM3D

Time: 0000 «

Veloc Magnitude
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Earthquake simulation at several nuclear facilities

Dynamic SSI simulation of Unit 7 reactor building at Kashiwazaki-Kariwa
NPP (Japan). Weak-coupling SEM3D/code_aster [3].

Time: 0.10 Time: 0.10

SSI Input
3D

DRM - Disp (m) "
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Figure — Courtesy of M. Korres EDF R&D.
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Test numerical accuracy
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Spinning-off : EASYRISK in a nutshell

SATT Paris-Saclay POC’UP 2023 funding
EASYRISK : an user-friendly platform for physics-based earthquake
simulation and risk assessment at regional scale

» Pre-/Post-processing platform for SEM3D “
» Use Machine Learning and BigData tools e
» End-to-end seismic risk assessment solutions

» Simulate blind earthquake scenarios

cores * aT/ iteration [s]
*

Make seismic RISK estimation EASY (on cloud)”
Checkout blog article in collaboration with #tineo < deci

sk . Intel Compiler

olb—v v
0 05 1 15 2 25 3 35 4

# cores / 1000
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https://www.aneo.eu/en/blog/sem3d-benchmark-google-cloud-compute-optimized-instance-c2d-amd-epyc

Earthquake Digital Twins:
The Power and Open Challenges of
Physics-Based Simulation

WHAT PHYSICS-BASED SIMULATIONS (SEM3D) CAN DO

Source-to-Structure Analysis
SEM3D models the complete physics of an earthquake, including
active fault rupture, wave scattering through crustal geology,
and non-linear soil mechanics at the surface.

Billions of Degrees of Freedom
State-of-the-art simulations, such as the Argostoli
earthquake model, involve up to 15 billion degrees
of freedom to capture regional wave propagation.

Critical Infrastructure Protection

These simulations are used to assess the safety

of nuclear facil modeling now reactors
iynamic seismic loads in 3D.

THE REALITY OF RETRO-ENGINEERING PAST EARTHQUAKES

| Hard but Not Impossible
Reconstructing past earthouahet is achievable through high-fidelity
digital e, bt s mited B signifcan rechnicl constaints

Volvl Basin (12x11km)
e HPC RESOURCES REQUIRED

Argostol Earthqueke (Regionsl 010 i 3
CLra 3333 baysCPU Time (4000 ores) Soapusin) . 5
The 0-2 Hz Frequency Bottleneck — 61480 Hours High Inherent Uncertainty
Current accurate retro-engineering is Iarqe resmcled all Time CPU Time Models suffer from poor resolution compared to the intricacy
102 mited requency ran Beor £ 18 ), whi zec of the (IEth: crust, and alncura)le geologica measurements
misses higher-frequency “vibrational fing llllls iy i like shear wave velocity) are often unavailable.
A The Computational Cost of Precision ity)

THE OPEN CHALLENGES: LOOKING TO THE FUTURE

‘ » The Problem of Mulllple ? Missing Unlocking PSHA via Real-Time Multi-Scenario
&7 N Geological Models " Observations Reduced Costs Simulation

Researchers must determine how to Amajor hurdle s how to build reliable To enable Probabilistic Seiemic Hazard The ultimate goal is to move from months of
synthesize results and manage high variability physics-based models for regions where Assessment (PSHA), we must reduce the supercomputing to real-time simulation of
when multiple conflicting geological no historical earthquake recordings or “prohibitive” computational cost of running multiple scenarios, likely through Al surrogate
interpretations of the same site exist. borehole data are available. thousands of scenario simulations. models like Diffusion Transformers (DIT1D).

A NotebookLM

.
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My4.9 Le Teil earthquake (2019) [4]

Geological models (example for Vg)
1D layered + red + 1D layered +

National 3D 1D layered random sampling 1 random sampllng 2 random sampling 3
Source model ' ‘
Point source SEM3D SEM3D SEM3D SEM3D SEM3D
Kinematic rupture
fault model
. SEM3D SEM3D
B i 1 o — il
Ground motion 5 IR i -
response | M'IA\I\W'W’ P e e ittt ; “'M’ e
at the surface N .
st i W ,‘\W
Wt "

High variability > more systematic analysis of the relationship between
random fields sampling and ground motion response

— LA
i L

Figure — 80 km x 92 km x 79 km - 18.3 million hexahedra. 60 s of simulated signal
61440h CPU time - 2048 MPI cores AMD Milan ©2.45GHz (AVX2) on TGCC.




My4.9 Le Teil earthquake (2019) [4]

g+ Sensor OGDF (R=32km) —— record (filtered at 5 Hz)
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3D UNet (RMSE=761.2m/s)

Input PCA 1024 components (RMSE=35.9m/s)
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3D UNet (RMSE=136.7m/s)

Input PCA 1024 components (RMSE=133.3m/s)
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Dimensionality reduction [4]

PCA with 40,000 samples
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Dimensionality reduction [4]

PCA 1024 components 3D UNet
Velocity along the N-S axis Velocity along the N-S axis
TS f g 2 e
H g
&0 £ 107
i
0 5 S === 0 5 o @
0.08
EG =734
10 =0.0% — 10
g TFPG
Z 10 (Feqy 5] [l g 8 100 - .
E : .
g . 6 &0
ce 4 1 4
!  ———
0 5 o = I, 0 5 o =l
0 0
0 0 2 4 6 8 0 o 2 4 6 8

Machine learning opportunities to conduct high-fidelity earthquake
simulations in multi-scale heterogeneous geology [4]
» Can we entirely replace simulations with Al ? (neural operators
might...see you tomorrow)
» Can we use Al to enlarge the frequency range?

0
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Earthqguake neural
simulator

Multiple-Input FNO for source-dependent 3D elastodynamics

Surface velocity wavefields

t=1.50s t=2.00s t=2.50s t=3.00s
3D geological model o Ground truth Ground truth Ground truth Ground truth

Q _ IRN S 13 :’“w

X
efficient computation of 3D
structured grid with
Factorized FNO 96

Prediction Prediction Prediction Prediction

MIFNO—> 7 | f' il L *
Source characteristics Eas
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us| 4+ Myy M,
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dimension increase to

include in Fourier layers
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Generalization to:
~ Not autoregressive => long-term stability " Out-of-distribution sources
~ Excellent wave arrival times " Overthrust geologies
v Good to excellent amplitudes Higher resolution




Neural operators

HEMEW-3D (link) : 30000+ SEM3D simulations at 5 Hz (open-source!)

random homogeneous
layers

velocity model D
Z
X y
|

Neural Operator
falde )
surface wa
=

random fluctuations
Z * gz N
X y X y

elastic wave equation

z Spectral Element Code
SEM3D
X y

* point-wise source

9.6 km

time

Sought non-linear mapping G : L2(Q) 3 ¢s > vly, € S*

Sti={v:Qx[0,T] >R :veH (Q)vteoT]}
Neural operator : G,
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https://entrepot.recherche.data.gouv.fr/dataset.xhtml?persistentId=doi:10.57745/LAI6YU

Multiple-Input Fourier Neural Operator (MIFNO)

= = x
o (o) 2 s Y
2 2 vk - 1L 1 e
3 B SxxSyxS,x1
= &
w w
_ -
SxxSyxS,x4 SxxSyxS,xd, SxxSyxS,xd, SxSyxS,xd, VK + Vs K .i
= =
VK — Vg, = = v
Source brand o X gre?e =>uy §
K s i i SxXSyxS;x1

SxxSyxS,x3d, SxxSyxS,'x3d, SxxSyxS,x3d,

- 1/, 7

SxXSyxS;x1 4

or3+é MM, 2Mxx2Myx1 2My x 2My x 2M, x 1 SxxSyxs,xd,
2My X 2My x 2Mz 2My X 2My x 2M, X d,

Flgure — The MIFNO is made of a geology branch that encodes the geology with factorized Fourier (F-Fourier) layers, and a
source branch that transforms the vector of source parameters (XS’ 65) into a 4D variable vg matching the dimensions of the
geology branch output vi. Outputs of each branch are concatenated after elementary mathematical operations and the remaining

factorized Fourier layers are applied. Uplift P and projection Qg, Qp, Qz blocks are the same as in the F-FNO.
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MIFNO

t=0.04s
Ground truth Prediction
2 2
0 1 0 1
-2000 -2000 g
0 o &
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-2 -2
8000 0 8000 0

Figure — Source-to-site finite-fault simulation with MIFNO.

choose randomly one geology in the Le Teil database

for each point on the fault plane, predict the surface wavefields with the fine-tuned MIFNO

deconvolve all surface wavefields by the spice bench source time function

ok w N R

convolve each surface wavefield by the source time function corresponding to its associated point source
sum all surface wavefields




Niigata earthquake 2007
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Zero-shot MIFNO

Energy savings

— CPU simulation
- GPU simulation (projection)

H m— MIFNO prediction
e
5
H
£ 1o prediction: 1.56%
2w training: 1.94%
g database: 96.50%
>
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Best-matching geologies

A small-magnitude event with PSA has been observed
Le Teil aftershock November 23

-=- prediction domain  f conditioning station 10°
—— La Rouviére fault * aftershock Nov. 23
4 temporary station aftershack uncertainty 102 4
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'y I L _ 10t
'/ [ 2
4934 \ / E 1004
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— / — 10724
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/ Period (s)
/
4928 min; max prediction
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/I == observation
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Best-matching geologies (cont’d)

posterior distribution
PSA distribution
10*
S SN,
) e 10° _—‘/'\
" We have selected a set of admissible geclogies T
o Select inputs E o N\
posterior distribution that satisfy the = =
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1072
107
0o 25 30 75 10000 25 50 75 100 : T 10! 10° 10t
m) ) tm §
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n @ m w0 o
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~" We are able to constrain the source parameters




Y% aftershock Nov. 23
aftershock uncertainty
I constrained source MIFNO

Best-matching sources

=== prior distribution source

« Free » Bayesian solution to the inverse problem coherent

with conventional inversion techniques
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Data-tuned MIFNO

=== prediction domain (19.2km x 19.2km)
La Rouviare fault

A temporary stations
A conditioning stations

. ermanent ctations mainnock
1000 conditioned ] A *
. — R 2945 -
geologies * 1000 MIFNO predictions AR
(0.01 core.hour)
Fault source model 010
A
'E 'S
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A
oW
10° 4= A/ A
2025 Vi pon gy 7
= 10 628 633 638 643 648
:E X UTM (km)
é 10
~" Conditioned distributions
v ~" For a strong event
10t v ™ o 0 = — = ~" On permanent stations
Period (s) Period (s)

universite
PARIS-SACLAY



Earthqguake neural
simulator

onditionec aenoising usion on seismic records

Backward process Po(yr- I\U)

yr~ N(0;I)

| ik 1l DT1D
T ‘e

Forward process q(yr|yr-1)

Conditioning PBS



The “plague” of spectral bias

Model rRMSE rFFT 0w rFFT mid rFFThigh
FNO 0.23 +0.088 -0.17 +0.18 -0.30 + 0.24 -0.44 + 0.30
U-NO 0.22 £0.088 -0.16 £ 0.16 -0.28+0.22 -0.44 + 0.28

G-FNO 0.26 + 0.073 -0.53 £0.12 -0.76 + 0.11 -0.94 + 0.04

F-FNO N() =4 023 +£0.081 -0.29 +0.16 -0.42+ 0.21 -0.55 + 0.26
F-FNO N() =8 021 4+ 0.083 -0.15+0.14 -0.26 +0.19 -0.37 = 0.26
F-FNO N() =28  0.17 + 0.081 -0.08 = 0.10 -0.14 + 0.15 -0.23 =+ 0.22

Table — Mean and standard deviation of relative biases for 1000 validation samples. rFFTq,,,
rFFT mid, rFFThigh : frequency biases/deviations [5].

Fourier coefficients of velocity wavefield at (1950m; 2250m) —— Ground truth == Prediction
Ve Vi Vz
102
Q
5 b
> 10] 4
3
2
s
£
®
5 100
5
2
0.030.01 -0.15 L0.01 -0.31 10.03-( -0.27
107!

0 1 2 3 a4 5 6 70 1 2 3 4 5 6 70 1 2 3 4 5 6 7
Frequency (Hz) Frequency (Hz) Frequency (Hz)
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FreqNO-DPS : fuse a diffusion prior, sensors, and a frozen NO

u,—u
Vu, |ng.,-(u7_ | Yy uNO) ~ % +vll.,. Ing(y | uT)+VUT |ng(UNO ‘ uT)
\‘:_" sensor anchor NO guidance

prior (Tweedie)

Expected NO guidance magnitude (E-W)

E|score|?]

- Isotropic DPS — 0r=1.0
0:=0.002 — 0;=10.0
0:=0.01 — 0,=80.0

0] ™ Spectrally shaped (ours) ~—— 0r=0.1 Mt

00 02 o 06 )

Y
(Y]

Naive (isotropic) NO guidance reimports the surrogate’s bias.

.
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1) Observations & calibration

2) Denoiser training
precomputed, one-time on SEM ground truth wavefield u
/
predicted
wavefield u \
\ 7
uxo
! Spectral calibration | v,
VH(k), o%o(k), Pa(k) N -
from paired (u, uno) =
¥ (observations o
£(8) = By, 7, [w(7) |80 — ul|?]
3) Inference: posterior sampling

one reverse-diffusion step on Vu, logpr (ur | y, uno)

(i) Prior score

T —ur

us

s D
noisy state posterior sample
(ii) NO guidance closed-form 7
o r
FYA (k) @ x(k)) s > —— \
ELY. uses uxo, H(k), o3 (k), Pu(k)

Euler

Sensor guidance

ME(Msto - y)

uses Df, y

repeat for Nueps = 64 steps

0
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Spoiler alert!

Velocity Field Comparison at PGV (target-based) — t=2.840s

06 MIFNO - E Target - E GenCFD - E Mask (MIFNO Red, SEM black)
72 i - g
. . .
= .
» ) X A . H
> LN
% %* %* LI
2.4 L] -
. o,
0.0
X (km) x (km) X (km) r . "
e [ ] [ —] P S B
BT S I S TR o i
{emys) {emys) {cm/s)
06 MIFNO - N Target - N GenCFD - N Mask (MIFNO Red, SEM black)
N
3 - - -
72
¥ '3 ¢ S
= .
Eas . .
> Ll B
* * *
2.4 -
] '] " L]
L L
X (km) r o .
—_— P Sl B
i R o)
(cm/s)
GenCFD - Z Mask (MIFNO Red, SEM black)
72 - . L "
- N
= .
>
24 ﬁ * * L] : L] -
I| l:' i O
.
00— .
00 24 48 72 96 00 24 48 72 96 00 24 48 72 96 b .
X (km) x (km) x (km) -
- .
P Sl B
-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 o 2 4 0.0 2.4 4.8 72 9.6
fems) fems) (emis) x (km

0
@PS e ~universite




The key idea : spectrally shaped NO guidance

Per-mode error model, calibrated from paired data :
F(uno)(k)e = H(k) F(u)(k)e +ino(k),  Elinol* = oo (k).

Two-step LMMSE, with X = F(u)¢, Y = F(u,)., Z = F(uyo)e :
Step 1 — diffusion channel : estimate clean X from the noisy state Y

Wiener filter o (shrinks Y toward the prior mean) and its error o :

P.(k .
a(k) = 024—53,,)(/()’ oi(k) = cZa(k) < min(P,,02).

Step 2 — NO channel : refine with the surrogate Z
Innovation r(k) = Z — H(k) a(k) Y has variance

Ar(k) = [H(k)[? o7 (k) + oo (k).

.
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Result : near-zero spectral bias at 2-5% coverage

Closed-form score — two FFTs, no denoiser backprop :

Vu, logp(uno | u;) =F (Ao r), A(k)= 2Hg()ka)(k) high |[k|

==+ Reference
Method (p = 5%)  rMAE | rFFTpgn— 0 5. e S R
MIFNO (surrogate) 0.133 —0.239 s S3g DPac O fiso)
£ —— FreqNO-DPS
DPS (sensors only) 0.113 —0.232 s
DPS + NO (iso) 0.099 —0.210 E
FregqNO-DPS 0.100 +0.002 § N
Isotropic guidance improves pointwise §
error but keeps the bias. FreqNO-DPS
reaches near-zero bias at no pointwise ' Frequency (Hz)
cost (+0047 even at pP= 2%) Ensemble-averaged spectrum, p = 5%. Only FreqNO-DPS (blue)

the reference across all bands.
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Guiding regimes

Diffusion noise o~ (log scale)
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Takeaways

» Frequency-dependent calibration is essential, not merely
beneficial : it is what separates useful NO guidance from a
faithful reimport of its bias.

» Cheap and modular : closed form, two FFTs per step, no
denoiser backprop ; wraps any frozen surrogate.

» Distribution-agnostic : an exact score identity plus error
bounds across the frequency—diffusion-time plane preserve the
guidance's spectral shape regardless of distributional
assumptions.

> Lightweight prerequisites : only paired surrogate/reference
data for calibration, plus a coherence diagnostic to verify
applicability to a new surrogate.

Applies broadly to FNO-family surrogates across wave propagation,
fluids, and other PDE settings.
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Thank you!

Contact : filippo.gatti@centralesupelec.fr
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