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» Applications on Wisteria/BDEC-01 with h3-Open-BDEC
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Integration of (S+D+L) has been our
main strategy in recent 10 years =~ FEEtemmmme

« Various Types of Workloads
— Computational Science & Engineering: Simulations
— Big Data Analytics +Al, Machine Learning ...

Integration of (Simulation+Data+ Learning)

nnnnnnnnn

(S+D+L) is important towards Society 5.0, Human-
Centered Society proposed by Japanese Gov,

— By Integration of Cyber & Physical Space =1p] =& (B|g Data &
Extreme Computing)

« BDEC (Big Data & Extreme Computing)
— Platform for Integration of (S+D+L)

— Focusing on S (Simulation) f ;
» Al for HPC, (Classical) Al for Science + D +L

— Planning started in 2015 5




Wisteria/BDEC -01 The 15t BDEC System

_ (Big Data & Extreme Computing)
* Operation started on May 14, 2021 yw platform for Integration of (S+D+L)

« 33.1 PF, 8.38 PB/sec by Fujitsu

o~ i i - 2 ® o : & Platform for Integration of (S+D+L)
4.5 MVA with COO“ng’ 360m ’0 > 4 h"nlisct_%:la Big Data & Extreme Computing
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25.9PF, 7.8 PB/s

Shared File Fast File
System Data/Learning System

(SFS) Nodes: Aquarius (FFS)
25.8 PB, 500 GBIs Intel Ice Lake +NVIDIA A100 1PB, 1.0 TBIs

7.20 PF, 578.2 TBIs

800 Gbps
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Wisteria/BDEC -01 The 15t BDEC System

_ (Big Data & Extreme Computing)
* Operation started on May 14, 2021 yy pjatform for Integration of (S+D+L)

« 33.1 PF, 8.38 PB/sec by Fujitsu

— ~4.5 MVA with Cooling, ~360m? 3e3 Wisieria [EEEEEEES"
« 2 Types of Node Groups R
Vp - - p Simulation Nodes#
— Hierarchical, Hybrid, Heterogeneous (h3) ey
— Simulation Node Group: Odyssey R i
- Fujitsu PRIMEHPC FX1000 (A64FX), 25.9 PF | ISl L oree
— 7,680 nodes (368,640 cores), Tofu-D “6FS) i hriiins sy,
— General Purpose CPU + HBM = e e Inte;lggl;aées;g\;ll?ll;IA1on 1PB, 1.0 TBIs
— Commercial Version of “Fugaku” ———

800 Gbps
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Wisteria/BDEC -01 The 15t BDEC System

_ (Big Data & Extreme Computing)
* Operation started on May 14, 2021 yy pjatform for Integration of (S+D+L)

« 33.1 PF, 8.38 PB/sec by Fujitsu

— ~4.5 MVA with Cooling, ~360m?2 ¢ . * Wisteria Flatform for Integration of (S+D+L)
» 2 Types of Node Groups INCS L
VD i - p Simulation Nodes:
— Hierarchical, Hybrid, Heterogeneous (h3) Fu,-?sﬁ';’,(ﬁffé’m
— Simulation Node Group: Odyssey e wi
« Fujitsu PRIMEHPC FX1000 (A64FX), 25.9 PF Shared File . Fast File
_ 7,680 nodes (368,640 cores), Tofu-D Fsy Wil Frsy
— General Purpose CPU + HBM 25.8 PB, 500 GBIs |nte;|;3|;aée5;§\;ugr|;’:\1on 1PB, 1.0 TBIs
— Commercial Version of “Fugaku” ' BOGPS
— Data/Learning Node Group: Aquarius

« Data Analytics & Al/Machine Learning External ~Ld =v/ARS FT T External

 Intel Xeon Ice Lake + NVIDIA A100, 7.2PF
— 45 nodes (90x Ice Lake, 360x A100), IB-HDRR
* DL nodes are connected to external resources direct ly

* File Systems: SFS (Shared/Large) + FFS (Fast/Small)

 Resources
i
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Simulation Nodes

Odyssey

25.9 PF, 7.8 PB/s

Simulation Nodes
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Optimization of Models/Parameters for
Simulations by Data Analytics & Machine
Learning (S+D+L)




Research Area based on Machine Hours (FY.2022) )
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Research Area based on Machine Hours (FY.2023) )
B CPU, BGPU (April-March)
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4 Fugaku, 2020, Japan
R-CCS, RIKEN

5 LUMI, 2022, Finland
EuroHPC/CSC

Alps, 2024, Switzerland

2
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EuroHPC/Cineca

8 MareNostrum 5 ACC, 2023, Spain
EuroHPC/BSC

9 Summit, 2018, USA
DOE/SC/Oak Ridge National Laboratory

10 Eos NVIDIA DGX SuperPOD
NVIDIA Corporation
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Wisteria/BDEC-01 (Odyssey), 2021, Japan

31

40 ITC, University of Tokyo
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R, Performance of Linpack (TFLOPS)  hitp://www.top500.0rg/

Computer/Year Vendor

HPE Cray EX235a, AMD Optimized 3@ Gen. EPYC 64C 2GHz,
AMD Instinct MI250X, Slingshot-11

HPE Cray EX - Intel Exascale Compute Blade, Xeon CPU Max
9470 52C 2.4GHz, Intel Data Center GPU Max, Slingshot-11, Intel
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—Wisteria/BDEC-01
—h3-Open-BDEC

» Applications on Wisteria/BDEC-01 with h3-Open-BDEC
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h3-Open-BDEC: Innovative Software Platform
for Integration of (S+D+L) on the BDEC
System, such as Wisteria/BDEC -01

« 5-year project supported by

Japanese Government (JSPS) h3-Open-BDEC
since 2019 Numerical Alg./Library

o : : Integration +
New Principle for = Simulation + Data + Comiminicatiches

— FY.2023 is the final year Computations Learning Utilities
* Until the end of March 2024 PA:;c?r-ig\ﬁwesn\;\Etl?Ilti;Ir_\t- h3-Open-APP: Simulation | h3-Open-SYS
. . errormance, reliability, ication Developmen ontro niegration
 Leading-Pl: Kengo Nakajima c - -
(The Unlve rSIty Of TO kyo) Veriﬁggt-i?)ﬁet;‘f-‘ll\ssuracy hs'%%ﬂ?gzﬁcf - Utilititg:ftn?:%;?ﬁg'l-scale
g TOtaI BUdget 141M USD h3-Open-AT h3-Open-DDA: Learning

Automatic Tuning Data Driven Approach




Members (Co -PI's) of h3-Open -BDEC Project

Computer Science, Computational Science, Numerical Algorithms,

Data Science, Machine Learning h3 Ilpen BDEC
Kengo Nakajima (ITC/U.Tokyo, RIKEN), Leading-PI /// e
Takeshi lwashita (Hokkaido U), Co-PI, Algorithms C l’ %ﬁ!kﬁﬁ
Hisashi Yashiro (NIES), Co-PI, Coupling, Utility ) duimiE R
Hiromichi Nagao (ERI/U.Tokyo), Co-PI, Data Assimilatiol. @6%?7?—%6;{”&
Takashi Shimokawabe (ITC/U.Tokyo), Co-PI, ML/hDDA ™, E%@Eﬂj@?—
Takeshi Ogita (Waseda U.), Co-PI, Accuracy Verification W wsruiess
Takahiro Katagiri (Nagoya U), Co-PI, Appropriate w BRENT
Computing HITACHI
Hiroya Matsuba (ITC/U.Tokyo, Hitachi), Co-PI, Container S ||

RIHEﬂ R-CCS
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Contributors/Collaborators

Information Technology Center,
The University of Tokyo

— S. Sumimoto, T. Arakawa

— T. Suzumura, M. Hanai

— T. Hanawa

Earthquake Research Institute,
The University of Tokyo

— T. Furumura, H. Tsuruoka

— T. Ichimura, K. Fujita, S. Ito
Tokyo Institute of Technology
— R. Yokota, R. Sakamoto

University of Hyogo

— H. Shiba (Former PD)

S 4

HEK °F

THE UNIVERSITY OF TOKYO
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Hokkaido University 8 JLBEARS:
— T. Fukaya _ X
Nagoya University B} TR K
— T. Hoshino, M.Kawai (Former PD)

Kyushu University N A

— S. Oshima, K. Inoue == kvustv universiry
RIKEN R-CCS

— M. Nakao, T. Imamura p. Ol"
Fujitsu uen RCCS

— Y. Sakaguchi, Y. Kasai, D. Obinata
My Former Students in U.Tokyo

— Y.C. Chen (KIT), R. Yoda (BWU)
— A.T. Magro (Aitia)

~ s oo
RRIFAZ  FUJITSU

Tokyo Institute of Technology



(Part of) International Collaborators

* Osni Marques (Lawrence Berkeley National Laboratory, USA)
* Richard Vuduc (Georgia Institute of Technology, USA)

« Edmond Chow (Georgia Institute of Technology, USA)
 Weichung Wang (National Taiwan University, Taiwan)
 Feng-Nan Hwang (National Central University, Taiwan)

« Gerhard Wellein (FAU Erlangen & Nuremberg, Germany)

» Matthias Bolten (University of Wuppertal, Germany)

« Serge Petiton (University of Liles/CNRS, France)

« Xing Cai (Simula Research Laboratory, Norway)

» Estela Suarez (Julich Supercomputing Cetner/Univ. Bonn, Germany)
« Edoardo Di Napoli (Julich Supercomputing Cetner, Germany)
* France Boilllod-Cerneux (CEA, France)
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Final Goal stated in the Proposal of
h3-Open -BDEC (Nov. 2018)

 We aim to reduce the amount of computations and power
consumption by more than 10 times while maintaining the same
accuracy as conventional methods in multi-level simulations that
integrate (S+D+L).
— Mixed Precision/Adaptive Precision
— Machine Learning, Hierarchical Data Driven Approach
— Heterogeneous Computing

19
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h3-Open-BDEC Innovative Software Platform
for Integration of (S+D+L) on the BDEC
System, such as Wisteria/BDEC -01

e “Three” Innovations

— New Principles for Numerical h3-Open-BDEC

Analysis_by Ad_aptive Precision, P —
Automatic Tuning & Accuracy New Principle for  Simulation + Data+ o mroranon ¥
Verification GoinpUiaticns el Utilities
— Integration of (S+D+L) by A.Sc?,}ﬁ,ﬁfs“&'?fﬂgh- h3-Open-APP: Simulation h3-Open-SYS
H . h I D t D ) A h Performlzaf?cg, Reliability, Application Development Control & Integration
lerarchical Data briven Approac : ity :
(hDDA) h3-Open:VER h3-Open-DATA: Data | yyilties for Large-Scale

Verification of Accuracy Data Science

Computing

— Software & Utilities for e

Heterogenous Environment, such as [ PR e ey e

Wisteria/BDEC-01




Adaptive Precision Computing with FP21/FP42

Masatoshi Kawai (kawai@-cc.u-tokyo.ac.jp)

FP64

FP42

FP32

FP21

FP16

Computational time [s]

sign 1bit

11bits frac 52bits
LT T
IIIIIIIIIIIIIIIIIIIIILIIIIII

" i \ T T T Ty Ot - 1
A S _ Preconditioning ers Performance
DRI Not standardized by IEEE754 (SpMV etc_)

exp 8bi

exp Shits frac 10bits

In recent years, the usefulness of low-precision floating-point

Speed-up of ICCG Solver with Mixed
Precision on A64FX A /A= 1 OO

e e — e - — . PTITY [——

T FP64 FP64 1.000 U
4 FP21 FP32 1.405 e
Heat Conduction with %
Heterogeneous Material Property A FP32 FP32 1.353 Z‘i
= FP64-FP64 39/W+FP64-FP64 +FP42-FP64‘ FP32 FP64 1.199 4.£

FP32-FP32

=
o2 228578

1.E+00 1.E+03 1.E+06 1.E+09

A2

- FP21-FP32 e

N
o

FP42 FP64 1.105 SO
M/ linear equations derived from 3D FVM code for steady-state head

conduction with heterogeneous material propexfy10°, A,=10°~10).
Generally, computation with lower precision (e.g. FP32-FP32, FP:
o FP32) becomes unstable, if condition number of the coefficient m:

LERD B0 LE02 103 LEO4g |grger R, IS larger), FP21-FP32 provides the best performankge i

A2

omputational ti
= =
o wv

w

Computation Time for ICCG Solver is up to 16. (“FP21-FP32” means “matrices are in FP21, and vectc
Various Types of Precisions on Intel Xeon Cascadelake are in FP32)
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h3-Open-BDEC Innovative Software Platform
for Integration of (S+D+L) on the BDEC
System, such as Wisteria/BDEC -01

e “Three” Innovations

— New Principles for Numerical h3-Open-BDEC

Analysis_by Ad_aptive Precision, P —
Automatic Tuning & Accuracy New Principle for  Simulation + Data+ o mroranon ¥
Verification GoinpUiaticns Leatiing Utilities
— Integration of (S+D+L) by A.Qc?,}ﬁ,ﬁfs“&'?fﬂgh- h3-Open-APP: Simulation h3-Open-SYS
H_ h I D t D . A h PerformEaf?cg, Reliability, Application Development Control & Integration
ierarcniCal bata briven Approac : i ‘
(hDDA) h3-Open:VER h3-Open-DATA: Data | yyilties for Large-Scale

Verification of Accuracy Data Science

Computing

— Software & Utilities for e

Heterogenous Environment, such as [ PR e ey e

Wisteria/BDEC-01




Acceleration of Transient CFD Simulations using ML/CNN
Integration of (S+D+L), Al for HPC/AI for Science

Flow around a
Circular Cylinder

B

Datasets

Prediction

Simulation by LBM
Expensive

[

filz + ciAt, t + At) = fi(z,t) + Qu(z, t)
Uz, t) =~ (file,t) — f£7(a.1)

-~
-

Training

Prediction of the Results
after 10+ Time Steps ...

Prediction of Time
Evolution

CNN to predict simulation results
NN may become “faster simulator”

[c/o Takashi Shimokawabe (ITC/U.Tokyo)]

h3-Open-APPL | h3-Open-DATA h3-Open-UTIL
h3-Open-DDA/hDDA

O
Detailed g ey g Simplified g s

p
Various types of simplified models are generated by ML, and they are
utilized for generating training data sets, and for simulations in
hierarchical manner < Prediction of Unsteady Problems
Data Assimilation AMR
= Model Order Uncertainty {Adjoint, Sparse "F?itWJ
eduction (MOR) Quantification (UQ) Modeling etc.) Detection

Numerical

Visualization | Observation
Results

Information Results

Initial Target:
Estimating O(10)
time steps ahead in
transient CFD
simulations




Prediction of steady flows using convolutional neur

Input
» Signed distance function

(Geometry)
* Boundary conditions of
velocity (u, v)

CNN Prediction

125 A

100 A

751

50

254

0

125 A

100 A

751

50

254

0

Velocity x (CNN prediction)

al networks (CNNSs)

LBM Ground truth

velocity X (LBIVI ground trutn)

U (velocity in x dir)

125 A

100 A

751

50 A

254

0

T T T T
50 100 150 200

T
250

0

V (velocity in y dir)

125 A

100 A

751

50 A

25 A

0

0
Output - a3 = =
o Velocity (U,V) 15 -10 -05 00 05 10 15 15 -10 -05 00 05 1.0 15

Computation time
LBM (82,000steps) : 41.1 sec

[c/o Takashi Shimokawabe (ITC/U.Tokyo)] CNN prediction: 0.6 sec

CNN prediction has achieved high accuracy with sign ificant reduction in calculation time.



Prediction by CNN with boundary exchange

B Predicting simulation results on large domain using CNN with boundary exchange.

B The network model trained for a single domain is applied to the decomposed subdomains to predict
the simulation results in each subdomain.

M In order to maintain consistency between values in the subdomains, boundary exchange between
neighbor subdomains is performed.

B CNN and boundary exchange are performed iterativelv until values converge.

Signed distance function Velocity Initial o

Boundary conditions

AL
' "'.
|

300 + u 200

200 4 — 100

\
Y
Y

CIMN
e

100 0
A

0 200 400 600
0 - - - . —— |

0 200 400 600 -1.5 -1.0 -05 0.0 0.5 1.0 15

(Final ) Domain size : 748 x 364
(9 decomposed subdomains)
Mean error : 3.89%

S . Comp. time :@3.82s
Converged




Machine learning slow molecular dynamics
Our proposal — BOnNd Targeting Network (BOTAN)

INPUT OUTPUT

nodes = particle type nodes = particle motion
Graph
Neural

Networks

X 0

/ .;‘;‘ /’.‘l\

edges
= relative positions

[edges = relative motion ]

H. Shiba, M. Hanai, T. Suzumura, and T. Shimokawabe, arXiv:2206.14024 (2022)



Machine learning slow molecular dynamics
Our proposal — BOnNd Targeting Network (BOTAN)

= _ R

CIEJ S :0.037, Ty

SO 08 | BOTAN ' _.
= = go
LD o
o © 06 o
3 O ; O
o5 04 DeepMind GNN K2
2} % (Bapst et al.) o
SO

(ol

10" 10° 10! 10% 10° 104 10°
Time

H. Shiba, M. Hanai, T. Suzumura, and T. Shimokawabe, arXiv:2206.14024 (2022)
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h3-Open-BDEC Innovative Software Platform
for Integration of (S+D+L) on the BDEC
System, such as Wisteria/BDEC -01

e “Three” Innovations
— New Principles for Numerical

. . .. h3-Open-BDEC
AnaIyS|s_ by Ad_aptlve Precision, T
AUtpmat_IC Tunmg & Accuracy New Principle {o]§ Simulation + Data + Co:rlr::ﬁﬂ:::::tri‘o;ﬁ
Verification Computations Learaing Utilities
- Integration of (S+D+|—) by Alé‘fﬁﬁ,ﬁfs"&'?fﬂgh- h3-Open-APP: Simulation h3-Open-SYS
. . . Performance, Reliability, Application Development Control & Integration
Hierarchical Data Driven Approach Efficiency
. | e __h3-Open-UTIL
(h D DA) Veriﬁ:::t-i?)'r’le:f‘ll\fsuracy h3-%|.;:;l gél\::l\cg = Utlhtleémplaagg;-Scale
— Software & Utilities for -

Heterogenous Environment, such as [ M el sy il
Wisteria/BDEC-01



Wisteria/BDEC -01: The First “Really
Heterogenous” System in the World

*.? Wisteria
¢ ¢ BDEC-01

Shared File

System

(SFS)
25.8 PB, 500 GB/s

Platform for Integration of (S+D+L)
Big Data & Extreme Computing

Simulation Nodes:

Odyssey
Fujitsu/Arm AB4FX
25.9PF, 7.8 PBIs

Fast File

System

(FFS)
1PB, 1.0 TBIs

Data/Learning

Nodes: Aquarius
Intel Ice Lake + NVIDIA A100
7.20 PF, 578.2 TB/s

External
Resources

Simulation
Codes

Simulation Nodes
Odyssey

- Wisteria/BDEC-01
Machine
Learning, DDA

Observation

Datal/Learning Data

Nodes, Aquarius

Data Assimilation

Data Analysis

Server,
Storage, §
DB,
Sensors,
etc.




h3-Open-SYS/WailO-Socket

* Wisteria/BDEC-01
— Aguarius (GPU: NVIDIA A100)
— Odyssey (CPU: A64FX)

e Combining Odyssey-Aquarius
— Single MPI1 Job over O-Ais

impossible

e Connection between Odyssey-
Aguarius
— IB-EDR with 2TB/sec.
— Fast File System
— h3-Open-SY S/WaitlO-Socket

o Library for Inter-Process
Communication through 1B-
EDR with MPI-like interface

30

¢ o T z Platform for Integration of (S+D+L)
+*, ISINA g Data & Extreme Computing

Shared File il Fast File
System System

(SFS) Nodes Aquarlus G
25.8 PB, 500 GBIs Intel Ice Lake + NVIDIA A100 1PB, 1.0 TBIs

7.20 PF, 578.2 TB/s

— 800 Gbps —

External 20, 40 3 S¥ 8 Extornal
S PR — e Resources
= NGRS ST R i

| Externl Network

Hierarchical, Hybrid, Heterogen

Z h3-Open- BI]E[:
/// ot
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API of h3-Open -SYS/WaitlO -Socket
PB (Parallel Block): Each Application

WaitlO API Description Waitio Instance  WAITIO_NPB=3

waitio_isend Non-Blocking Send
- Parallel Block
waitio_irecv Non-Blocking Receive mplexec... -n 32 ./a.out
waitio_wait Termination of waitio_isend/irecv R - =
WAITIO_MASTER_HOST=xxx
waitio_init Initialization of WaitlO ———
waitio_get_nprocs Process # for each PB (Parallel Block) [ Parallel Block ]
mpiexec... -n 8 ./a.out BID=1
waitio_create_group Creating communication groups
waitio_create_group_wranks among PB’s
waitio_group_rank Rank ID in the Group
waitio_group_size Size of Each Group
waitio_pb_size Size of the Entire PB
waitio_pb_rank Rank ID of the Entire PB

[Sumimoto et al. 2021]



Multiphysics Coupler

« Traditional Coupler: ppOpen-MATH/MP

 Weak-Coupling of Multiple (usually two)

Applications

— Each application does a single computation

— Ocean-Atmosphere
— Fluid-Structure

32

* Also applicable to full coupling,
multiple applications

Model procedures

/| 2. Send-data extraction from
the buffer, and data sending

1. Data-packing
into a buffer

3. Data-packing after the
interpolation process

Model procedures

ﬂ

4. Data extraction
%o~ fromthe buffer
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Atmosphere-Ocean Coupling by F{jﬁn HAC
ppOpen -MATH/MP (Previous Project) — ~/"#=""

« High-resolution global atmosphere-ocean coupled simulation by NICAM
(Atmosphere) and COCO (Ocean) through ppOpen-MATH/MP on the K
computer is achieved.

— ppOpen-MATH/MP is a coupling software for the models employing various
discretization method.

[ o | [

* Also applicable to full coupling,
App. A multiple applications
- Model procedures

2. Send-data extraction from
the buffer, and data sending

1. Data-packing
into a buffer |

4. Data extraction
from the buffer

3. Data-packing after the
interpolation process

CoCco “
Regional COCO | ™
Matsumura-
model

(C/O M. Satoh (AORI/UTokyo)@SC16]
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h3-Open-UTIL/MP 2 h3-Open-BDEC

Multilevel Coupler/Data Assimilation / »
Integration of (S+D+L)

« Extended Version of Multy-Physics Coupler
« Data Assimilation (Multiple Computations: Ensemble)
— Assimilation of Computations with Different Resolutions
— Data Assimilation by Coupled Codes
* e.g. Atmosphere-Ocean
. . . ¢ i) Analysis/ML *

App
(Python)

e Coupling of Simulations on el
Odyssey and Al on

. A huge amount of h3o0-UMP

Aq uarius simulation data _ -

output

F<->P adapter
h3o-U/MP Statistics

Coupling

IB-EDR
*.* Wisteria ’ ¢ Wisteria
o%o BOEC-01 AeVEED LG ol Aquarius



h3-Open -UTIL/MP + i tnenioee
h3-Open -SYS/WaitlO -Socket
Available in June 2022 303 Wistoria

Fortran APP Python APP Fortran APP
(NICAM) (PyTorch) (NICAM)

Python APP
(PyTorch)

h3opp.py

o h3opp.py a

= h3open. pyia0 s IB-EDR
E‘ h3open modules . = h3open modules =
=1 h3open modules 5 “ h3open modules
e e

@ ]

o =

o s _ Jcup modules Jcup modules S = | Jcup modules Jcup modules
m 8 . - n |2 .

= jeup_mpi_lib.f90 jeup_mpi_lib.f90 = jeup_mpi_lib.f90 jeup_mpi_lib.fo0

— v Jwawo] we |
MPI+WaitlO

May 2021: MPI Only June 2022: Coupler +WaitlO




 Integration of (Simulation/Data/Learning)
—Wisteria/BDEC-01
—h3-Open-BDEC
» Applications on Wisteria/BDEC -01 with h3-Open-
BDEC
—Earthquake Simulations
—(Global Cloud Simulation+Al) Coupling
—Ensemble Coupling
—International Collaboration through JHPCN
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Early Forecast of Long -Period Ground Motions
via Data Assimilation of Observation and

Simulations [Furumura et al. 2018]
https://doi.org/10.1029/2018G1L081163

New method for the early forecast of long-period (> 3-10 s) ground motions generated
by large earthquakes based on the data assimilation of observed ground motions and
FDM simulations of seismic wave propagation in a 3-D heterogeneous structure
(Seism3D/OpenSWPC-DAF (Data-Assimilation-Based Forecast )).

This approach uses the dense nationwide network in Japan and

supercomputers to perform forecasts using the assim ilated wavefields at
speeds much faster than the actual wave propagation Speed.

An early alert can be issued prior to the occurrenc e of strong motions due to
large and distant earthquakes.

This research inspired me to develop a system like Wisteria/BDEC-01, where
(Simulation, Data, Learning) are integrated ona si  ngle system.




Earthquake simulation is always with

u n C e rtal n ty Japan as an earthquake prone country

» Subsurface/Underground Structure
— Heterogenous, Random, Stochastic
— Fluctuations
e Traditional Simulations
— Forward Simulations
 Integration of Simulation/Observation is
essential

 New Types of Methods for Simulations
combined with Data Assimilation/Real-
Time Observation is under development

— Forecast by Simulations, Correction by
Data Assimilation [c/o Prof. T. Furumura, §
ata ERI/U.Tokyo]
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3D Earthquake Simulation
Simultion Noges with Real-Time Data

e el Observation/Assimilation
o (| Dataleaining | Simulation of Strong Motion (Wave

Data
Nodes, Aquarius

Data Assimilation I Propagat|0n) by 3D FDM

Data Analysis

Observation Network for Earth

quake: O(10%) Points
Server, ‘ W R g T
Storage, | e ' i .
DB, =222 E2dng!
Sensors, P A
etc. External Network

Originally
developed in
ERIM Tokyo

Case N & 70s

Real-Time Data/Simulation Assimilation

[c/o Prof. T.Furumura
Real-Time Update of Underground Model

(ERI/U.Tokyo)]
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Real-Time Sharing of Seismic Observation is
possible in Japan by JDXnet with SINET

Japan Data eXchange network

e Seismic Observation Data (100Hz/3-dir’'s/O(10%) observation points)
by JDXnet is available through SINET in Real Time
— O(102%) GB/day: available at Website of NIED
— O(10°) pts in future including stations operated by industry

» NIED . i » 2 d?; ,
=== University’s P v @
orgraty (L ' :
ERl/U.'prokyo ﬁ i
® =
Sonve70O

[c/o Prof. H.Tsuruoka
(ERI/U.Tokyo)]



Real-Time Assimilation of “Observation+Computation”

Seismic Wave Propagation [c/o Oba &

- Data Assimilation of Wave Propagation
by “Optimal Interpolation Technique”

Assi c o Residueg n: Time Step
ssim. Lojp. S- o]mp. W: Weighting Matrix
a _ c

Xy = x, + W(y, — Hx;)

Comp. Assim.

— a
xn+1 — Fxn F: Wave Propagation
snulation

A) Pure Simulation (B) Assimilation+Sim.
A\ : Obs. Pts. | (No info for Epicenter needed)

A
H A )
& | A
A
Ay /—\‘AA

Epicenter

1.0s

Furumuraj
(A) Pure S

10 sec. | 2

_A A A
20 sec. Mﬁ
A
)
7 A5 o
30 sec NA/;\;
AAAAA
b ¢ iy




Real-Time Assimilation of “Observation+Computation”

Seismic Wave Propagation [c/o Oba & Furumura]

- Data Assimilation of Wave Propagation (A) PureS (B) A+S
by “Optimal Interpolation Technique” |
Assi c o Residueg n: Time Step 5 A, N A,
ssim. Lojp. S OFP- w: wWeighting Matrix | 10 sec. |24a%a™ | as o Lol
Xn = X + W(yn — Hxp) iy |
Comp. Assim. @ - | 3
xn+1 — Fx% F: Wave Propagation
(A) Pure Simulation (B) Assimilation+Sim. ) ’
/\: Obs. P§s. (No info for Epicenter needed) R b L s oW
- Osec. = Aﬂ by
P B A
0ng 9n0 A A A
Initial Conditions (<)) NS ‘ f 3
are created by A SSEEDS .. =
Interpolation of A 4 & |:,1> i
Observed Results AL A = 3= | . \
R A |
A K E NN
" F A" AA 0sec. | TGN A%
b ¢ A A M A X -,e o A
Epicenter - o | 4 5 N
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Residual n: Time Step

Starting from (A+S: R SRy O i e

Assim+Sim .) to (Pure Coms. s
S: Pure SimUIatiOn) xn+1 =Fx% F: Wave Propagation

simulation

(A+S) Assimilation+Simulation e ———————=m.d (Pure S) Pure Simulation/Forecast

nse [0 10
- forecasred i" Al assrmffated &4k (blinedisten forecasted _ assnmrfated
¥ § | -
y f A ; Ay

Bl k=

residual from obs. bio:ll | residual from obs.

b | fgIE [————— -
observation ( y observation I

l > : 5 I+l
Yny ¥ B : 2 | Optimal

z W weight
; 1
1 g - ; R
i ’

A
-JVJ\:VW‘.., "_ L/ |y w = Hx, weight W

[c/o Prof. T. Furumura, ERI/U.Tokyo]
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3D Earthquake Simulation
Simultion Noges with Real-Time Data

e el Observation/Assimilation
o (| Dataleaining | Simulation of Strong Motion (Wave

Data
Nodes, Aquarius

Data Assimilation I Propagat|0n) by 3D FDM

Data Analysis

Observation Network for Earth

quake: O(10%) Points
Server, ‘ W R g T
Storage, | e ' i .
DB, =222 E2dng!
Sensors, P A
etc. External Network

Originally
developed in
ERIM Tokyo

Case N & 70s

Real-Time Data/Simulation Assimilation

[c/o Prof. T.Furumura
Real-Time Update of Underground Model

(ERI/U.Tokyo)]
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3D Earthquake Simulation with Real -Time Data
Observation/Assimilation on Wisteria/BDEC  -01

» NIED o e . ’ _ -
S i . Y 3 WISIEI'Iﬂ Output
ERAEE . ¢"e BDEC-O1 &

Data/Learning

Nodes: Aguarius
Intel Ice Lake + NVIDIA A100

7.20 PF, 578.2 TB/s
>

Sonve7H
2.0 TB/s
Simulation Nodes: Seism3D/

Observed Data Visualizer

h3-Open-SY S/WaitlO-Socket

External Server

for Observed

Fujitsu/Arm A64FX
DEI] J

25.9PF, 7.8 PB/s | Mesh Data I | UG Model I




Communications by WaitlO -Socket [Kasai et al. 2021]
Odyssey: RECV

Aquarius: SEND

program dmy_filter call WAITIO MPI_IRECY (NTM&X1_o, 1, WAITIO_MPI_INTEGER, @,1, WAITIO COMM_UNIVERSE, ...)
<HEE: BEES> call PI_IRECV (DT_o, 1, WAITIO_MPI_FLOAT, ©,2, WAITIO C UNLVERSE, ...)
call mpi_init (ierr) call WA PI_TRECY (NST_o, 1, WAITIO MPI_INTEGER, @,3, WAITIO C UMIVERSE, ...)
call mpi_comm_size (MPI_COMM_WORLD, nprocs, ierr) call WA PI_TRECY (AT o, 1, ITIO_MPI_FLOAT, 8,4, WAITIO_C| UNIVERSE,
call mpi_comm_rank (MPI_COMM_WORLD, myrank, ierr) call PI_IRECV (T@_o, 1, TIO_MPI_FLOAT, 8,5, WAITIO C UNIVERSE,
call WAITIO_CREATE_UNIVERSE (WAITIO_COMM_UNIVERSE, ierr) call PT_IRECY (ISO X o, NSMAX, JAITIO MPI_INTEGER, 8,6, WAITIO C UNIVERSE,
. call PI_IRECY (ISO_Y_o, NSMAX, WAITIO_MPI_INTEGER, @,7, WAITIO_COMM_UNIVERSE,
if (myrank==e) then . . call WAITIO MPL IRECV (IS0 Z o, NSMAX, WAITIO MPI_INTEGER, 8,8, WAITIO COMM_UNIVERSE,
open(100,file="./obsfile list.txt’, form=‘formatted’, status=‘old”, iostat=ierr) call WAITIO MPI_IRECY (ISTX_o, NST, WAITIO_MPI_INTEGER, 8,5, WAITIO_COMM_UNIVERSE,
d"(é;é 33357_9 T call WAITIO_MPI_IRECV (ISTY_o,  NST, IAITIO_MPI_INTEGER, ©,1@,WAITIO_COMM_UNIVERSE,
Drint 5, ~send obe i . call WAITIO_MPI_IRECY (ISTZ o,  NST, LTI0_MPI_INTEGER, ©,11,WALTLO_COMM_UNLVERSE,
call WAITIO_MPI_ISEND (NTMAX1_ o, 1, WAITIO_MPI_INTEGER, 2,1, WAITIO_COMM UNIVERSE,req(1,1), ierr) call walllo MPL IRECV (STC o, — 67NST, T10_MPL CHAR, 8 UNIVERSE,
call WAITIO_MPI_ISEND (DT_o, 1, WAITIO MPI_FLOAT, 2,2, WAITIO COMM_UNIVERSE,req(1,2), ierr) call WAITIO MPI_IRECY {VxALL obs,NSTNOBS_LEW,WALTIO MPL_FLOAT, @ UMIVERSE,
call WAITIO_MPI_ISEND (NST o, 1, WAITIO_MPI_INTEGER, 2,3, WAITIO_COMM_UNIVERSE,req(1,3), ierr) call WA (VyAll obs, NST*NOBS_LEN, e, UNIVERSE,
call WAITIO_MPI_ISEND (AT o, 1, WAITIO_MPI_FLOAT, 2,4, WAITIO_COMM_UNIVERSE,req(1,4), ierr) Sall (yzill obe ol NOBS LIV 2 UNLVERSL
call WATTIO_MPI_ISEND (T6_o, 1, WAITIO_MPI_FLOAT, 2,5, WAITIO_COMM_UNIVERSE,req(1,5), ierr)
call WAITIO_MPI_ISEND NSMAX, WAITIO_MPI_INTEGER, 2,6, WAITIO_COMM_UNIVERSE,req(1,6), ierr)
call WAITIO_MPI_ISEND NSMAX, WAITIO_MPI_INTEGER, 2,7, WAITIO_COMM UNIVERSE,req(1,7), ierr)
call WAITIO_MPI_ISEND NSMAX, WAITIO_MPI_INTEGER, 2,8, WAITIO_COMM_UNIVERSE,req(1,8), ierr) & ’
call WAITIO_MPI_ISEND NST, WAITIO_MPI_INTEGER, 2,9, WAITIO_COMM UNIVERSE,req(1,9), ierr) w.sterla Output
call WATTIO_MPI_ISEND NST, WAITIO_MPI_INTEGER, 2,10,WAITIO_COMM_UNIVERSE,req(1,10),ierr) nnH: '“ &
call WATTIO_MPI_ISEND NST, WAITIO_MPI_INTEGER, 2,11,WAITIO_COMM UNIVERSE,req(1,11),ierr) ’ Yoie
call WATTIO_MPI_ISEND 6*NST, WAITIO_MPT_CHAR, 2,12, WAITIO_COMM_UNIVERSE,req(1,12),ierr)
call WATTIO_MPI_ISEND (VxAll_obs,NST*NOBS_LEN,WAITIO_MPI_FLOAT,  2,13,WAITIO_COMM_UNIVERSE,req(1,13),ierr)
call WAITIO_MPI_ISEND (VyAll_obs,NST*NOBS_LEN,WAITIO_MPI_FLOAT,  2,14,WAITIO_COMM_UNIVERSE,req(1,14),ierr) Datal/Learning
call WAITIO_MPI_ISEND (VzAll_obs,NST*NOBS_LEN,WAITIO_MPI_FLOAT,  2,15,WAITIO_COMM_UNIVERSE,req(1,15),ierr) z =
call WAITIO_MPI_WAITALL (15,req, status, ierr) Nodes: Aquarius Visualizer
en;:il sleep(1) Intel Ice Lake + NVIDIA A10
close (100) 7.20 PF, 578.2 TB/s
endif aitl0-Socket
call WATTIO_FINALIZE (ierr)
call mpi_finalize (ierr)
end

Fujitsu/Arm AB4FX
25.9PF, 7.8 PB/s | Mesh Data -
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Example: Off Niigata 2007 Mw6.6 Earthquake
* Observed Data: Stored in External Server
« Aguarius receives observed data, and apply filtering

« “Data Assimilation + Simulation (A+S)”, and “Forecast by Simulation
(Pure S)” are separated codes, while same number of computing
nodes were used on Odyssey

* Movies were created after simulations (O(10) sec.)

o Seism3D/OpenSWPC-DAF
— 3D FDM + Optimal Interpolation Technique

for Data Assimilation v :Vg_1+i(ao(—;p‘ +ao(;w; +aaazp- JN (b=xy.2)
— Each Mesh: 240m x 240m X 240m AN y Z

Residual n: Time Step

— 1,920 %X 1,920 x 240 meshes (8.85 x 108) Yo = Wy — Hxly ieonina vt
— 4608 km X 4608 km X 576 km Cofmp. Assim.

— a
xn+1 = Fxn F: Wave Propagation
simulation
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Off Niigata 2007 Mw6.6 Earthquake [c/o Prof. T. Furumura,

ERI/U.Tokyo]

1500 - °

1000

Latitude [N]

Basement
Depth [km]

Y [grid]

500

S00 1000 1500

%Epicenter
M Hi-net (Short Period) 349 pts
® F-net (Broadband) 18 pts

Longltude [E] m/s]

InrTuwy a

g Echigo Basin '™ Kanto Basin
o
10

Distance [km]

Depth [km]




Results at Kotoh A (N.KOTH)

Data Assimilation + Pure Simulation/Forecast N E5° oD
482 K-NET, KiK-net Observation L ‘ LT e R E 139° 46.9’

A55|m|Iat|on by 70s >forecast | (A+S)=(Pure 5)@30s

<s|(A+S)|(Pure S)
“— >

56

50s

u\/\f\wvwmww

! Off Nugata 2007 MW6 6 u
m Earthquake e

70s for Assimilation |

Acceleration [cm/s/s] |

L

L | | Ll R Y. s r g o
] ] 0 0 i) L g % - 50 00
Jimz (coc) _[VM OFF] i 1 i 1 1 ! time [s]




Future Directions towards
Integration of (S+D+L)

» Accurate Prediction of Seismic Wave ¥ Sners
Propagation with Real-Time Data
Observation/Assimilation ‘ ¥ 3 3
— Emergency Info. for Safer Evacuation g
— 10x faster than real phenomena with ‘> | '

O(103) nodes of supercomputers @

e 3D Underground Model

— Heterogeneous, Observation is difficult .

— Inversion analyses of seismic waves are
important for prediction of structure of
underground model

— ML may be utilized for acceleration of this
prediction based on analyses of small
earthquakes in normal time (e.q. Mw < 3.0)

— More sophisticated DA method (e.g. 4DVar)

Data Assimilation

3D Simulation

Filtered 3D UG Results

uoljezZI[ensIA
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Actually, construction of 3D Underground
Model by this Model for Long -Period Seismic
Wave Propagation is not realistic

* Local models with smaller meshes should be used

Replica Exchange q .. Large-Scale ML
Monte Carlo 2"% Order Adjoint

Nagao et al.

Ichimura, Fujita

Nagao et al. SC22 GB Finalists

Movie S2. Seismic wavefield in the Tokyo area for the Mw 5.5
earthquake of 16 September 2014 in the northern Kanto area, in
the frequency band (a) 0.10-0.20 Hz and (b) 0.10-1.0 Hz, i
computed with the optimum model parameters, compared to the BRSS! A R SRR O s e
observations (circles). P . —



 Integration of (Simulation/Data/Learning)
—Wisteria/BDEC-01
—h3-Open-BDEC
» Applications on Wisteria/BDEC -01 with h3-Open-
BDEC
— Earthqguake Simulations
—(Global Cloud Simulation+Al) Coupling
—Ensemble Coupling
—International Collaboration through JHPCN



h3-Open -UTIL/MP (h30-U/MP) @ i-ineinec

7

nnnnnnnnnnnnnnnnnnnnnnnn

Extended Multiphysics Coupler

Surrogate
\[oTe[=1

HPC App Analysis/ML
T (Fortran) App
e (Python) Visualiztion
F<->P adapter
Anuge amount of pez kbl h30-U/MP Statistics
simulation data | |

output - =
Coupling

IB-EDR
*.? Wisteria *.? Wisteria
® o BOEC-01 Bl PIQE 7%+l Aquarius
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h3 Ilm;n -BDEC

Atmosphere-ML Coupling
[Yashiro (NIES), Arakawa (ClimTech/U.Tokyo)]

® Motivation of this experiment

B Tow types of Atmospheric models: Cloud resolving VS Cloud
parameterizing

m Could resolving model is difficult to use for climate simulation
B Parameterized model has many assumptions
B Replacing low-resolution cloud processes calculation with ML!

ML App
(Python)

h3-Open-UTIL/MP
(Coupler) this part

+
High Resolution Atmospheric Mode bw Resolution Atmospheric Model W|th AI

(Convection-Resolving Mode) hS'Open'SYS/Waltl O' onvection-Parameterization Mode)

Socket
NICAM data in Low Resolutlon NICAM

with Machine Learning

Replacing

Diagram of applying ML to an atmospheric model



BREC

Atmosphere-ML Coupling

® Model component emulation (surrogation)

B The emulation target in this study is cloud microphysical processes
(phase changes, collision, coagulation, and precipitation)

B Atmospheric pressure, temperature, and vertical distribution of
water will change between before and after computing the cloud
microphysical processes

® Atmospheric model and ML Library

m NICAM (global non-hydrostatic model with icosahedral grid) +

1) Incoming Solar Radiation 12) Topography Pyto rch (th ree Iaye rs M LP)

2) Scattering by Aerosols and Molecules 13) Evaporation

3) Absorpltim;l by the {Mmusphere 14} V:?etar:n: ”

) Emision of Longuave Radatontom 19 Rain (Cootng) ® Methodology

&) Contenstion 18) Semsioe Hads P B ML is trained to reproduce output variable from input variables of
7) Turbulence 19) Deep Convection (Warming)

8) Reflectioni/Absorption at Earth's Surface 20) Emission of Longwave C I O u d m IC ro p hYS | Ca I SU b rO thl n e

9) Snow Radiation from Clouds
10) Soil Water/Snow Melt

11) Snowlcenater Cover Wl $ ©® Training data
B Input : total air density (rho), internal energy (ein), density of water
vapor (rho_q)
B Output : tendencies of input variables computed within the
cloud physics subroutine

Arho Aein Arho_q
AT AT AT




Test calculation

® Compute output variables from input variables and PyTorch

Total air density

Internal energy

Density of
water vapor

-
1 4 i
| - - . )
o |\ |\
—-150 —-100 —-50 o 50 100 150

R o b

—150

-100

200000

190000

180000

170000

160000

150000

140000

0.0030

0.0025

0.0020

0.0015

0.0010

0.0005

0.0000

B The rough distribution of all variables is well reproduced
B The reproduction of extreme values is no good

arenea, w,

Z h3-0pen-BDEC
By o

75 4 754
50 4 = 50 4 .
251 * 254 '
04 04
-25 —25 4
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—75 4 —75
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Prediction by ML/NN
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@i en-anee
E /// W Bats & Extrems Compatiog

Reproducibility Improvement

® for more accurate reproducibility
B Variable selection is important ,
B NICAM subroutine mp_driver has INPUT:23, OUTPUT: 27, INOUT: 11 .

m Reproducibility was improved by increasing the number of input 5 ISSgsmpMOSNOVG@
variables to five.

d_rho calculated
from thee input variables
(rho, ein, rhoq)

d_rho calculated
from five input variables
(three + vertical wind and precipitation)

0.0 4

-0.1 4

=0.1 0.0 01

d_rho 0.598 -0.0001 0.807 d_rho 0.688 -0.0000 0.857
d_ein 0.555 -0.0004 0.798 d_ein 0.710 0.0011 0.858

d_rhoq 0.532 0.0000 0.781 d_rhoq 0.692 0.0003 0.843



How to run the workloads

o Total Number of Nodes
— Odyssey: 7,680 nodes: not so crowded

— Aquarius: 45 nodes, 360 GPUs, very
crowded

* One node of Aguarius is reserved
for this type of workload on the
Integration of (S+D+L)

« 2 separate jobs (Odyssey, Aquarius)

should be submitted

 If both jobs “grab” resources,
execution starts.

« More flexible (& complicated) policy
needed

*.? Wisteria

¢ ¢ BDEC-01

Shared File
System

(SFS)
25.8 PB, 500 GBIs

Platform for Integration of (S+D+L)
Big Data & Extreme Computing

Simulation Nodes:

Odyssey
Fujitsu/Arm AB4FX
25.9PF, 7.8 PBis

Fast File
System

(FFS)
1PB, 1.0 TBIs

Data/Learning

Nodes: Aquarius
Intel Ice Lake + NVIDIA A100
7.20 PF, 578.2 TBIs

External
Resources

A huge amount of
simulation data
output

h3o-UMP

JOR - el oayssey|

800 Gbps

A

i1 External

= — yormme Resources
e i

External Network

HPC App
(Fortran)

Surrogate
Model

Analysis/ML

App
(Python)

F<->P adapter
h3o-U/MP

>

Coupling

IB-EDR
*.* Wisteria
. 4 BDEC-01 m



Examples of Scripts [Sumimoto , Arakawal]

Odyssey for Simulation

#!/bin/bash

#PJIM -N "test_waitio"

#PJIM -L rscgrp=coupler-lec-o
#PJM -L node=10:noncont
#PJIM --mpi proc=80

#PJIM -L elapse=00:10:00
#PJM -g gt00

#PJIM -

#PJM -e err

module load fj
module load fimpi
module load waitio

export WAITIO_MASTER_HOST="hostname"
export WAITIO_MASTER_PORT=7100
export WAITIO_PBID=0

export WAITIO_NPB=2

hostname
waitio-serv-a64fx -d -m $WAITIO_ MASTER_HOST

#mpiexec -oferr-proc errnicam -np 160 ./nicam
mpiexec -np 80 ./nicam

Aquarius for Al

#!/bin/bash

#PJM -N "test_waitio"

#PJM -L rscgrp=coupler-lec-a
#PJIM -L node=1

#PJM --mpi proc=10

#PJIM -L elapse=00:10:00
#PJIM -g gt00

#PIM -j

#PJIM -e err

module unload aquarius
module unload gcc ompi
module load intel
module load impi
module load waitio

export WAITIO_MASTER_HOST="waitio-serv -c
export WAITIO_MASTER_PORT=7100

export WAITIO_PBID=1

export WAITIO_NPB=2

module unload intel
module unload impi
module load gcc ompi

mpiexec -n 10 ./ada
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 Integration of (Simulation/Data/Learning)
—Wisteria/BDEC-01
—h3-Open-BDEC
» Applications on Wisteria/BDEC -01 with h3-Open-
BDEC
— Earthqguake Simulations
—(Global Cloud Simulation+Al) Coupling
—Ensemble Coupling [Yashiro, Arakwa]
—International Collaboration through JHPCN
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h3-Open-UTIL/MP 2 h3-Open-BDEC

Multilevel Coupler/Data Assimilation / »
Integration of (S+D+L)

« Extended Version of Multy-Physics Coupler
e Data Assimilation (Multiple Computations: Ensemble)

— Assimilation of Computations with Different Resolutions
— Data Assimilation by Coupled Codes

* e.g. Atmosphere-Ocean
. . . Analysis/ML ode
Coupling of Simulations on o slpclalls >
o
Visualiztion

(Python)

Odyssey and Al on
. A huge amount