


Why Simulate Earthquakes?
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CRUCIAL FOR
UNDERSTANDING
SEISMIC HAZARDS

AND DISASTER

MITIGATION.
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EARLY METHODS
LIMITED BY
COMPUTATIONAL
POWER ->

ACCURACY ISSUES.
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HIGH- TODAY:
PERFORMANCE INTEGRATING HPC
COMPUTING (HPC) WITH ARTIFICIAL
REVOLUTIONIZED INTELLIGENCE (Al).
THE FIELD.



I The Early Years (1990s): Overcoming Constraints

Severe computational limits restricted

model complexity (3D basins) Adoption of parallel computing

Development of toolsets (e.g.,
g4 Archimedes) for parallel FEM on
unstructured meshes

Complex geology
( Unstructured meshes)




Archimedes

Mesh generation Partitioning Parceling

Compiler generated portable code (C/MPI) for
various systems.

'‘Show Me' visualizer for 3D analysis of meshes,
partitions, results.
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Scaling Up (2010s): HPC & el
Integrated Simulation (IES) Data ayer

» CMD
* Emergence of Integrated Earthquake
Simulation (IES) Simulation layer
* Hazard Hazard Simulation
 Disaster _ p——
Disaster Simulation

* Response/Anti-Disaster

Anti-Disaster Simulation

* Huge computationaldemand (Urban areas,
Billions DOF). '

——>{ CMD
I

Visualization layer

* |Integration of real-world data (GIS).




Elevaiion [m)

Ist layer 1.210 150 1,500 0.25 0.005

Point B

Bedrock

model overview

Interface between layer 1 Interface between layer 2
&2 & bedrock

layer property
Vytmys) F,imfs) plkgm') hgnorh 3

2nd laver 1,380 155 1,800 0,05 oo
bedrock 1,770 490 1.900 0.005 oo model details




Scaling Up (2010s): HPC & Integrated Simulation (IES)

. L. Speedup Measure for MDOF Analysis Speedup Measure for DEM Analysis
* HPC essential for IES feasibility, o Z
enabling: & . Nomber o
— R = 4 Structures
* Larger Scale & Higher Fidelity. i g 5
. . . ﬁ) - & -=-1000
* Simulation Acceleration. 5, T em B4 0
5 —— 10000 9 ——10000
* Results: _
1 1
* Detailed spatial maps i fd sk rozoe s o® 2o
Log, { Number of Processors) Log, { Number of Processors)
* |dentification of hazard/damage
hotspots.



Horizontal magnitude of Sl values

Maximum story drift angle

113 S— e 736 [cm/s] .9.88 * w379 [cm/s]

3D analysis 1D analysis 3D analysis - 1D analysis

0.0 ———m (.02 [rad.] -0.003 _5'5- == (.003 [rad.]

3D analysis 1D analysis 3D analysis - 1D analysis



Tackling Uncertainty with
High-Fidelity Models

* Challenge: Significant uncertainties
(source, geology, structures).

* HPC enables Uncertainty
Quantification (UQ) via large-scale
ensemble simulations.
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Conversion of CAD polygon

T eaes surfaces to 3D shapes with
CAD polygon surfaces = RoceeEin mdiching topological information making use
representing each building Matching of CAD polygon surfaces of template fitting methodology
of a target city and attribute data cebrgern -
2. Input data 2 - e Q@ -
| Naaldng Foctptet Bty Footprat

: Mot Shage il ol shape £ maed
i % | R
Extraction of position and e AT 3 T e
aiaks daiacfiont i lof Automatically generated Ny e ,
maps relating to official heterogeneous structure Schemalic of template fitting
building registry datasets of a target city P,
Ers
6. Ts 3
= o % e
Q = B L
v o P et Il —...—...‘..:I A_, e
—— Hiy " tkuj_gwqmr_ukrm-;w:
Sequential trial of rru::dei : Evaluation of the relative difference
construction Structure models for urban between polygons

earthquake simulation



Tackling Uncertainty with High-Fidelity Models

Sensor OGDF (R=32km) — record (filtered at 5 Hz)
* Addressing geological complexity: o 13323:23; e
Incorporating heterogeneity (e.g., 5 659 =
random fields). S o0 —.-WWW.MM._
* Requires advanced HPC > =05 — . . .
simulation frameworks (e.g., % 051 |
SEM3D - Spectral Element Method 5 °° —W“ﬁw
code with excellent scalability). = o - - - - .
* Need for improved model e - " “mﬁw “m _—
validation against observations. X e

10 20 30 40 50 &0
time (s)

,:' L



Vs (m/s)




The Al Revolution (2020s-
Present): Data & Adaptation

%

had

Al for Real-Time Integration

Al/ML excels at pattern recognition in large,
complex datasets.

Processing diverse, real-time data streams:
Seismic networks, GNSS, InSAR, loT.

Adaptive Simulation: Using real-time data to
update models dynamically.

Potential for improved accuracy and reduced
latency in predictions.
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The Al Revolution: Efficiency & Complexity

A Reconstruction error

B PCA 1024 components
PCA 512 components
3D UNet

0.008 -

* Models are too complex: Al for
Dimensionality Reduction:

° PCA 0.004 -
e 3D UNet Autoencoders. 0.002 -

 Enables more efficient UQ and WY S5 o8 SN S N8 A0 Aa b

0.0046 4

potentially faster surrogate models. B PR 1 Lo
PCA 512 components -
PCA 1024 components 4+ | |
0 2I5 SID ?rE- ].l.‘.llﬂ| .1215 lf;i} 17}5 200
RMSE (mys)



Persistent Challenges
& Future Directions

e Current Problems:

* High computational cost:

* High frequencies (>10 Hz), and large scales are still
demanding.

* Data Fidelity & Integration:
* Better, more complete input models are needed.

* Uncertainty Management:
* Robust characterization and propagation.

* Future:
* Hybrid AI-HPC
* Multi-scale modeling
* Predictive analytics.
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ation tech is saving lives.

H‘* PC Power & Precision
o] er, they break old limits.

.__H _
m— ‘H-r — h-—h —

* The Fu ure Quakes Smarter
\\ - We're not done, just getting started.
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