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The exponential growth of supercomputers

Number of floating-point operations carried out per second by the largest supercomputer in any given year

World

100,000 trillion
10,000 ftrillion

1,000 ftrillion

100 ftrillion

10 trillion

1 trillion

1993 2000 2005 2010 2015 2021

Source: TOP500 Supercomputer Database
Note: Floating-point operations are needed for very large or very small real numbers, or computations that require a large dynamic range.
Floating-point operations per second are therefore a more accurate measure than instructions per second.
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— Time-parallel method (Solve m = 4 timesteps simultaneously and use for initial guesses for future time steps) E—
Solve with CG solver #1 with ~ Solve with CG solver #2 with

FP21 for storing vectors FP21 for storing vectors
Underground _ Buildings — — Adaptive Conjugate Gradient Solve up to € = 1.0 x 108 Step n Step n+1, n+2, n+3
structure 1 r-- Transprecision & Al Preconditioner — use to roughly solve r = A"z

FP16 communication
FP16-32 computation

' ~ Soft ground layer

“Medium ground layer
Hard ground layer

PreCG?¢ (1%t order tetrahedral mesh)
Solver,= A",z upto e, =0.7

%
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rank #0 rank #1
Use z, as initial solution

FP32 communication
PreCG®,,,; (1%t order tetrahedral mesh) « FP16-32 computation ﬂﬂ‘
Solve roy = Aoy Zg, UP 10 £ = 0.05 >~ Use z, as Dirichlet hh“_

boundary condition

FP16 communication
/- FP16-32 computation ‘

FP64 communication
FP64 computation
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Use z, as initial solution

Loop for all time steps (n=1,2,...

Loop until converged

PreCG (2" order tetrahedral mesh)
Solver=A"zuptoe=0.5

Use z for search direction
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—CG 1077

Time (s)

CG 10n-8 —DDDM
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No of processes 1 2 4 8 16

Computing time of Original CG method [s] 219108.43 157030.73 109416.04 66907.79 49649.25
Acceleration factor - 1.40 2.00 3.27 4.41
Computing time of DDDM |s] 19773.69 13666.07 7638.48 4740.08 3984.33
Acceleration factor - 1.45 2.59 4.17 4.96
Ratio of Computing time 11.08 11.49 14.32 14.12 12.46
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e BRI SR MMMES T AN T DR FHREBFROT )Y A > DFIFA D
FTHIWYAS = BFHEENER + B -
[RFNFEEBFROT IV A > Z2E D EEEER
case amplification Newton’s time increment | max. iteration analysis
method (s) number

1 1.5 initial 2.5x 1074 50 Not stable

2 1.5 initial 2.5x107* 10 Stable

3 1.5 initial 1.0 x 10™* 20 Stable

4 1.5 modified 5.0 x 107% 10 Stable

5 2.0 initial 2.5 %1074 20 Not stable

6 4.0 initial 25x107* 20 Not stable DEFIIE AR

* global performances are examined for convergence state of nonlinear analysis and CG method
* |ocal performances are examined at observation nodes and elements near observation points
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case | amplification CPU time (s) iteration number
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case algorithm amplification CPU time (s) CPU time ratio
1 Original 1.5 247.3
2.05
2 Improved 1.5 126.0
3 Original 2.0 319.3
2.25
4 Improved 2.0 142.1

Residual Error

1.0E-04
1.0E-06
1.0E-08
1.0E-10
1.0E-12
1.0E-14

pmn e

SN BN O N

Iteration Number

XBAA . [RFHFEEFR

sRzz (FEFEME (10719) BUF

Wm

0 10 20 30 40 50 60 70 80 90 100110
Time (s)

ik ULIERIFFEE (12) BUF

0 10 20 30 40 50 60 70 80 90 100110
Time (s)

IRE SRR UEEL ;- case 3
38



XBAA . [RFHFEEFR

R R T DRRIEEANT ML

. 300 300
amplified by 2.0
| .Y : — 1D 759
250 | outer shell 0s@ 2241415 950 inner concrete =1
. —T1C@) 485
™~ T '/_\' E\
% 200 052 2190809 % 200
E E
§ 150 § 150
) )
© ©
Q L3
g 100 g 100
o o
< <
50 50
0 0
0.01 c)':LTime Period (s) 1 10 0.01 01 Time Period (s) 10
i 300 300
amplified by 4.0
— 1T
250 05D 2241415 250 1D 759
% 200 200
= £
7052 2190809
§ 150 = 5150 —1c® 485
© ©
Q [«1]
g 100 2100
o o
<T <L
50 50
0 0
0.01 0.1 1 10 0.01 0 1 10

A
Time Period(sec) Time Period(sec)

acceleration response spectra 39



EBHA R FHFEERR

BRAZEMNDT

amplified by 2.0 amplified by 4.0

(m) (m)
0.037 014
0.034 013

003 [ORR
0.027 01
0.024 0.089

0.02 0076

Overview 0017 Overview 0064
0.013 0.051

0.01 0.038

0.0067 0.025

00034 0013

0 0.

ZX+ ZX- ZX+

distribution of maximum displacement 40



EBHA R FHFEERR

A9V — MOBRXEMRIKEHDH

amplified by 2.0 amplified by 4.0

(KN/m?) ¢
(KN/m?) ¢
-2400
—2400
-4300
—4800.
=7200.
-7200
-9600.
-9600.
12000 —-12000
I Overview
14400 ~14400.
~16800. — -16800.
-19200. ’ -19200 T
-21600. fd ~21600. gl
—24000 =24000.

distribution of maximum compressive stress in concrete 41



IXEDERX5IEEDT

amplified by 2.0

amplified by 4.0

(kN/m?)  g45000
310500 I
276000, |—
241500, |—

207000. =

172500. =

Overview

138000, F—

103500

69000 B S

34500

0.

N

7ZX+

distribution of maximum tensile stress in steel

XBAA . [RFHFEEFR

(kN/m?)

ZX-

345000

310500

276000

241500.

207000

172500

138000

103500

69000

34500

0

42



EEFA : 185

FRATESTIL
DOF 36,804,567
Node 12,268,289
Element 8,716,033

X 1
TSI
DOF 71,641,293
Node 23,880,431
Element 17,065,263
H[X 2

RERY MD—J DR

bedrock

15t soft layer

2n soft layer

31 soft layer

bedrock

Ea’i’é’

XA - HEHERENW

Y NI —D %z I DRBAHOHNE

5 =45)LWYA> (10 km x 10 km x 100 m)

A
Model Layer Volm/s|  Viim/s|  plkg/ m3] Ronar
M 15t layer 1400 100 1600 0.23  0.007
ond layer 1600 200 1800 0.23  0.001
3rd layer 1600 160 1700 0.23  0.007
bedrock 2000 500 2000 0.01 —
| 15! layer 1400 120 1600 0.23  0.007
ond layer 1600 220 1800 0.23  0.001
3rd layer 1600 160 1700 0.23  0.007
bedrock 2000 500 2000 0.01 —
ARATSRAF
increment (s) 0.005
step 65,536

OpenMP/MPIDD/\ T U RGBIEITICKD,

X 1 ~HI[X 2 DFTEEE (3.5 hand 8.0h
(Oakleaf-FX: 240 compute nodesFI|FH)
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EO.] ‘0.1 ‘0.0004 E0.000A
0 0 0
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EOJ {°! i’o.ooo4 l‘o.ooozl
0 0
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AR ¢ IBRENW
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€L
S OT—s =TI s o
AT ET)LORE E S 3R ST )L
HAEES) LT

surface 1,500 0.001 0.23

sand 1 160 1,500 1.8 0.001 0.23

soft 120 1,500 1.7 0.0019 0.16

sand 2 210 1,500 1.8 0.001 0.23
bedrock N=50 350 2,000 2.0 — — 46




EHFA | EERENW

D FFMARITET IV

AR N - PP
81.00 — 025
I 9080 - - - 0.20
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©0.60 soft layer = los %D
S Q.
3 £
3040 - 010 &
9 o
! ") I £0.20 L 0.05
©
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