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Seismic structural response analysis
with high fidelity model

a) overview of the plant model with surrounding
two-layered ground modeled with 11,321,249,889
elements and 49,064,764,344 degrees of freedom;
b) close-up; c) complex geometry modeled with
16-mm sized second-order tetrahedral elements;
d) displacement response to ground shaking; and
e) stress concentration, which can be evaluated for
all parts of the model at high-resolution for
€] Ve of b ksl il engineering purposes.

Tsuyoshi Ichimura, Kohei Fujita, Masashi Horikoshi, Larry
Meadows, Kengo Nakajima, Takuma Yamaguchi, Kentaro
Koyama, Hikaru Inoue, Akira Naruse, Keisuke Katsushima,
Muneo Hori, Maddegedara Lalith, A Fast Scalable Implicit
Solver with Concentrated Computation for Nonlinear Time-
evolution Problems on Low-order Unstructured Finite
Elements, IEEE International Parallel and Distributed
Processing Symposium, 2018.

) Displacement response #) Stress response (von Mises-stress)

RREHES T2l —2 3

Tsuyoshi Ichimura, Kohei Fujita, Seizo Tanaka, Muneo Hori, Maddegedara Lalith, Yoshihisa Shizawa, and Hiroshi
Kobayashi, Physics-based urban earthquake simulation enhanced by 10.7 BInDOF x 30 K time-step unstructured
FE non-linear seismic wave simulation, SC14: International Conference for High Performance Computing,
Networking, Storage and Analysis, 15-26, 2014.

Tsuyoshi Ichimura, Kohei Fujita, Pher Errol Balde Quinay, Lalith Maddegedara, Muneo Hori, Seizo Tanaka,
Yoshihisa Shizawa, Hiroshi Kobayashi and Kazuo Minami, Implicit Nonlinear Wave Simulation with 1.08T DOF
and 0.270T Unstructured Finite Elements to Enhance Comprehensive Earthquake Simulation, SC15: International
Conference for High Performance Computing, Networking, Storage and Analysis, Article No. 4, 2015.
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Matrix (components
changes every time step)

4 2 n n n n n—1 ng,n—1 n—1 4 n—1
(;GEJN1'+ 27-(j 4—1(.) ou' = F"-Q + C'"v +—h4ﬁ(a + —V

Z DEEEL X *Lf: JERT R E A IE R #6000 X 7 v 7R <
(HRIEFEE D (S ~ASER (ZEE L W
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_________________ Solving preconditioning matrix

_ CGloop

:"S-dﬁ/_iﬁ_g_ """""""" i i [Solve system roughly using CG solver

E preconditioning il i |(single precision)

! matrix : '

__________________________ i e ; Linear

: i Use as initial solution
gggffgggons of tetrahedron

Second ordered ! -
tetrahedron 1| Solve system roughly using CG solver

' Outer loop (single precision)
Equation to be solved

(double precision)

. Second Ordered |
Use for preconditioner of outer loop tetrahedron

______________________________________________________________________________

» Solve preconditioning matrix roughly to reduce number of CG loops
e Use multi-grid method to reduce cost of preconditioner

» Use single precision in preconditioner to reduce computation & communication
e Structuring unstructured mesh
e Omit costly geometry computation part of unstructured elements
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. ?ize—ug scalabijlity: 96.6% efficiency from 9,216 cores to full K computer
663,552 cores)
+ Enables 18.6% of peak (=1.97 PFLOPS) & 1.08 trillion DOF @ full K computer

- 8.6 times faster than conventional solver (CG + Element-by-Element + simple
preconditioner (block diagonal Jacobi preconditioner

» Speed-up scalability: 76% efficiency for 9,216 = 294,912 cores

e Very good scaling considering non-uniform mesh is partitioned using METIS
« Similar scalability can be attained for practical problem

Normalized 2 9216 294912 663552 # of cores

elapsed time 1 Ja————
1/2 \
1/4
1/8 \ --Size-up scalability
1/16 e

1/32 ~
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Structure response

Surface soil*.

Nonlinear wave
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Tsuyoshi Ichimura, Kohei Fujita, Muneo Hori, Lalith Maddegedara, Naonori Ueda, and Yuma Kikuchi,
A Fast Scalable Iterative Implicit Solver with Green’s function-based Neural Networks, 2020
IEEE/ACM 11th Workshop on Latest Advances in Scalable Algorithms for Large-Scale Systems
(ScalA)@SC20: International Conference foAr Hilgh Peer%r(;nance Computing, Networking, Storage and

nalysis, .

Kohei Fujita, Yuma Kikuchi, Tsuyoshi Ichimura, Muneo Hori, Lalith Maddegedara, Naonori Ueda, GPU
porting of scalable implicit solver with Green’s function-based neural networks by OpenACC,
WACCPD 2021: Eighth Workshop on Accelerator Programming using Directives@SC21.
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Green’s function-based Neural Networks %z 3 Ly 7zimplicit matrix solver

3F%§?HZE%2UE%EF§%E@L}(T@*ﬁ@%%z‘.Z’ g(X, S)#&NN%}EHL\—C%‘};E?% z s t—g—%

Adut =%, )
. B " FEIRT R ENISRIE D Green function &
Z AL FIZEZIn-step B (ZIR7F L TEALT 2. Green’s function-based Neural Networks

—#7T, PDE  L(x)(a(x)) = b(x)T,

(V] —
2 : ‘e,
(x) = [ glx.5)b(s)dv. £ X 0
alr) = D v 3 . ? Y ‘
8
where L(g(z,s)) = d(s—x). 8
MERFEND. 22T, (L(x):linear differential operator, z
b(x): known distribution, a(x): response of this system, x: [
an arbitrary point). ‘é
g(x, s)h'Green’s functionTH Y, ThZENEE L THWL g
DT LEERD. g
~ gy = e N -2.0E-11 0.0 20E-11 -20E-12 00 2.0E-12
—RREZS5EH, g s)DFHEIX HPARET e V=5 _ -
TEZARL, L. 1 (V,=50mis) G, (V, =100 mis) G,, (V, = 100 mis)
i - [ e
— R0 CG D RTALIE S B L 721 =
&
Algorithm 1 lerative solver with NN-based preconditioner for solving ‘. e ~
Eq. (2). Here, GF-based NNs (Bf is the estimation of the m]ulinnn[cqmllm\ 4 ? |
Adu = f by the NNs) is used in the precond in an adap 3 | ) J
gradient method. Matrix vector product of A and Ay are cmnpulu.l by the L ‘e
EBE method. () and ¢ indicates single-precision variable and tolerance w
for relative error. As the GF-based NNs are highly accurate and capable g
of resolving high frequency modes, high refinement rate is expecied in the
iterative solution refinement. Lo i
I: r<f—Adu Distribution of the Young’s modulus of the target head model
2 Be0
a1 1E+D
4: (* outer loop start *) 1E41 50
5: while |[r]|2/||f[|2 = € do =
6 (* pn.mndlmmn.r start *) E 1E2
T r&< W 1E3
& & Iir '.JJW!" GF-bascd NNs inside process domain *) E 1E4
9 2p <= A, 'rp (* refine solution near domain boundary and inter- $
process boundary using conjugate gradient solver with 3x3 block 2 1ES
Jacobi preconditioning up 10 ¢, with Dirichlet boundary conditions S 1E6
with value of z and initial solution z, = 0 elsewhere *) % 1ET
1. 2 < 2 using 2 updated with 2,, e A
1 (* preconditioner end *) 1E8
122 ifi> | then e
13: 8 < (z.9)/p Elapsed time (s)
14: end
15: :,uc".‘ +8p ——CGBJ —&— GF-based NN initial solution + CGBJ —&—Proposed method
16 q<= Ap
::: p= 1z/,(r| : Convergence speeds of solvers for the head model measured on one
. o< p D, € . . . . .
199 qe ’_,,:1 : Oakbridge-CX node. The convergence ratio (ratio of change in relative
3‘: o error per iteration) was greatly improved by the use of the GF-based
P4 N u <= ou+ ap . . . . . .
2 ieitl NNs in each refinement iteration in the proposed method. The simple
23: end while scheme using GF-based NNs for initial solution of PDE solver scheme

24: (* outer loop end *)

(CGBJ) could not utilize this improvement in the convergence ratio.
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CGBJ:

GF-based NN
(without accuracy
assurance):

|

L
'
L.

REZIEFRATHE R (UD D7)
RO TSO—-F
(Z7AvyZ7¥3akE+CG)
hER : ATHIBED AIZ & B
KE (NNR—ZG)

TE CIREFE

(NIHIGERTALIE + CG)
> i - BREEA AT BELRETWEA, ThilY
8 . TIREENS L TWL
388 CGLIMABDE D LT, WELE RINA
o g
gg § « NTHIBERRT ORBERIEZCGIC &L W ER
aias - ANTHIgEIC & 2CGoEEL
R YL : i1
0.0 15E-11 3.0E-11 (m) 0.0 80E-8 1.6E-T(m) 00 6.5E-5 1.3E-4(m)
First time step 20-th time step 200-th time step
(t=0.001s) (t=0.020 s) (t=0.200 s)
3*Numbers in brackets indicate ratio to FP64 peak.
Total time

[atioto FPe4 7955 7945  798s 7995  B05s  806s  B8.10s
peak FLOPS] [165%] [165%) [164%) [16.4%] [16.3%] [162%] [16.2%]

9
@8
s7
2
26
55
£a
§ 3
a8 2
w1

0

864 1728 6912 13824 27648 55296
# of compute nodes

proposcamas
. 5 A E T
LaLl, EHE7 7 BEESHE D TER

x 3.6

coss

0 0.5 1 15 2 25 3
The number of floating-point operation per iteration (x 10%2)

GF-based NNz solver DN =& % & 7]
727, RIFEEE BAKIZIEM.

ICALEERTEE T, 72, GF-based NNIZR A
v k7 A XA ETAIE A D Tscale LT LY

m other parts of CG loop ® GF-based NN ®boundary part update

Weak scaling results of proposed solver on Fugaku: a 5.57 trillion degrees-
of-freedom problem was solved with 98.1% weak scalability from 864 up to

55,296 Fugaku nodes with 30.3 PFLOPS (16.2% of FP64 peak performance).




2022/10/27

GPU(A100) porting with OpenACC

ABCI A100 1 computer node

Total Hardware peak

CPU Intel Xeon Platinum 5.529 TFLOPS
8360Y (2.40 GHz, 36
Cores) x 2
GPU NVIDIA A100 NVLink x 8 77.6 TFLOPS

Time-to-solution of the whole solver (proposed method)

CGBJ@CPU 97.04
4.0x speedup
Proposed@CPU 23.96
39.1x speedup 158.5x speedup
Proposed@GPU | 0.612

0 20 40 60 80 100 120
elapsed time (s)

(Fix the problem size to 256 x 256 x 512 elements per GPU)

_

T—X A a—T4 7"
LB AE KRB LI-T —XDOEXRFEE
LA —T 4 T DR

Tsuyoshi Ichimura, Kohei Fujita, Kentaro Koyama, Ryota Kusakabe, Yuma Kikuchi, Takane Hori, Muneo
Hori, Lalith Maddegedara, Noriyuki Ohi, Tatsuo Nishiki, Hikaru Inoue, Kazuo Minami, Seiya Nishizawa,
Miwako Tsuji, Naonori Ueda, 152K-computer-node parallel scalable implicit solver for dynamic nonlinear
earthquake simulation, HPCAsia2022: International Conference on High Performance Computing in Asia
Pacific Region, 18-29, 2022.
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The state-of-the-art solvers@Supercomputing conference

iii) Seismic response of city
Ci 4
PO : ty + . Buildings
iii) Seismic response of city g FR 11

| )
i o8 HCH Lr % My g
City: g _Buildings i | 5,,,i,ff|| 1. A

% (o1C) |
Underground structures
Surface soil

Underground structures Decomposed to two
surfacesoil  independent small problems

\ ii) Wave amplification .
I Bedrock _—— Interactions are cut off-- +

7 J-H—T:) Wave propagation

Bedrock

i}-a Fault slips and releases strain

Unprecedented & 10 exa-scale problem S

Jp
Irf i)-b Wave propagation

i)-a Fault slips and releases strain

— AL Al gE T /-7 7L 3 X L
Integration of HPC & Data-learning is developed!

Equation-based approach + Data-driven approach
with High performance computing on Supercomputer

_|_
RO OEEANDA2ED/N—F 7 = PiERER L

N

10 exa-scale DfEr%gE, Ground-breaking solver!
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Equation-based & data-driven approach

« Equation-based approach

c BERE—FIHMEDIR FTHEAABERLY, BRE—FOBKIZEIX
« Data-driven approach

c AXRMEBEIIBWAT—2H A4 XI2& 3,

o FEERIEIE—MICEL W

« DEBOERE— FOBERKILEEL WA, NERTIEH HEE £ TIER
« Equation-based & data-driven approachZ & ahtE 5 Z &

TENERMIT LTI D Ak

» Equation-based (F{EXE— N D#ERKIC, data-driven approachlg X

E— FOBRICAWT, IhEZiHRiETEE 35

Equation-based + data-driven initial solution estimator

 In dynamic problem
« Estimate initial solution — solve Ax=f with iterative solver

* Resolves high-order modes prior to iterative solver using results
of previous time-steps
« Time evolution matrix A4 is estimated as X®™1 = AX"2, where X" 1 =
[x™"1,x™72, .., x™ 5] using previous s steps of x™ = §u™ — Sulyom
» Transient low-order modes that deteriorates accuracy of data-driven
method is removed using equation-based predictor (5ul;,., by Adams-
Bashforth method), and data-driven approach is used to obtain non-
transient high-order modes:
Sulby; = Sullgam + A(6u™t = Sullzd,
» Highly scalable on large systems as computation is local without
communication

» Time evolution matrix 4 can be constructed/evaluated per subdomain
internal to MPI process domains
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Multi-grid preconditioner

» Most high-order modes resolved with data-driven initial solution predictor;
remaining high-order mode errors concentrated in parts with especially poor
convergence

» Desjgn W-cycle multi-grid preconditioner that specifically refines high-order
modes at parts with poor convergency

Solve preconditioning matrix equation Az = r roughly  .____________
(single precision)

— CGloo 5 - !
__________f _________ i CGpre CGpre CGpre |
i Solving : i Part of !
| preconditioning second i
! matrix E i ordered |
CESRIETGE ST | | iong ogmes N / N4 el
Second ordered outer loop ! tetrahedron Az =r i
tetrahedron i :
Equation to be solved Outer loop 4 i
(double precision) : Imr o :
i CGpre Linear tetrahedron CGpre! !
E Acze =1, i
e This new algorithm is applied to
earthquake simulation State of the art
@ = PCGEX
. y il | Failed in this problem
N yd
e The 1,070—f0|d Capabl|lty — 5000 gai_jﬂgz.i_i?akaAMERM‘ ‘w
. = 4987 4957 |
improvement (25.45(=9318/366) X P AT~~~
42) far beyond the state of the art = o |
is achieved! G woos e 0B |
. 5 1126 v
+ Low-order unstructured nonlinear £ 1000 g CAERA
. .. o (Failed at 36992 nodes)
dynamic finite element problem § em 6w e 0 develonad
(1.201 trillion DOF) solved by implicit @ s A CCVEOPY
solver 358 365 366 376 369 378 367 382
oy 0
« 19.216 trillion component dataset 512 o w2 e 131072
- . . . Ol compute nodes
generated inside simulation are —e—AEGIS GAMERANFugak PCGEFugaku
=== GAMERAMK == PCGE*K

learned every time-step for improving o N
simulation performance XeTEELTOA




2022/10/27

e Three-dimensional low-order unstructured nonlinear
finite element analysis of an inland earthquake on a
fault-structure model comprising a highly integrated
city near a terminal station with soil and crust of Kanto
Plain in Japan.

e The application is an ultra-large-scale and ultra-high-
fidelity problem: the domain size of the entire model is
256000 x 205000 x 100000 m, discretization size
varies from approximately 0.125 to 64 m, the degree of
freedom is 324,006,449,076, and the number of
second-order tetrahedral elements is 80,540,873,752.

10 exa-scale cpability Enlarged view shows responses of the city with

underground structures.

» Characteristics of target matrix is not so good---

« analyze up to 9550 time-steps (dt=0.005 sec) on Fugaku

« With full system (152,352 computer nodes (609,408 MPI processes x 12 OpenMP threads =
7,312,896 parallel computation)) in 0.77 sec per time step
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