WERY I 2 b — F FERHEAEFRE - Barth Simulator Strategic Project with Special Support —

ES D47 — F & Iz ZRRIRRIB TR & 2 ERNGR IS O 1)

IR
S i
Wroesr i
o

1. WIZEOHME %
HWIRNIBORE DS LD L S b DL o T D hId,
i CHN SN2 HERL KL% &bk S O
FINAZEZ 5 ETEELRMIET -~ Th b, FKA LB,
WERITHE, < v v, BE ) REMEER L TWwS
CEEHMoTWEY, THFL, T LD EEEN
46 EAETT O IRTE WG OBRIZIAKR D DO TH 271, H
BOEEENTrSS5HETOMEOHELEZZZS LT
LBMOTEELMETH S, 20X e, HHiT
BIEBEEHVTHEZEETLZLETHL, Lo L
BAS, BRI L CEBEIEEEL 2 wn,
BRIEE L TOMEZMNB 2DIMBOF LR IS5 %214
BV, ZOOIZIE, HEBICX VR I EREH
WL HEFFEIC L DU TFENAR R T L 25,
W X ) bk S BRI ARG 5 Mk id, ik
KN EB H X TRld S h, WIS EERIRTH D
% HIXBER I R RN RSAIET %0 LA LA, HiEk
R R A OIRE LCTB .. HERNIBOREE b BRRE
WL OBERSIEKE L, BRNICHELEERIET S
DI IR T EEH WA Z LM TE v, —7,
IR AW S 55 A ORI X ) MR B A
km/sec DF — 5 —TdH )., MEHEOPWB LU S TIL
S oWl EB T eSO TS, Lizdis
T Bl S N7 BRI % BT 2 Bt B % 5t
T5 LT BOBEIZFET RE HETH > 720 4,
RBFHE DT &S, BN T2 X 0 BN 42 i
BB EFITHT 22 L3 RERESZ R LETTE 222
BENRIERE T VIS L CLHREZEHRT L HEREY
W I BoETRIET A2 i3, RIEBEBESIRETE
L7DIATbNIzZ e ol RIFFETIE, HERY
2L =204 — Fe AV THENZHERE 7 VIS
LT BofEcBREE2iE T2 2HME
T2, SOLI BB TOMBERFOHE L, Ka
DT NV—TFPEA Y 2 —% & HWTIT o 72 DA 1341
el WEY I 2L - HBOFEREHVLZ LT
MOTHREL DD DTHbL, TD LX) ZRBGmHIEIZ
AEHE T ENE, FICHERNE O - < v P VEERE O
W6 CTAREE 7 FIR O % P8 T 5 72010k & R EJ ik
P TE B,

2. WIZEN%
Fald, CNFTHHRBEELOBMFELETH B AR
7 MVEREEH W THEMN L MIERE 7V T 5 HE

325

MEERT e SE MR bRk ~ ¥ —

WHOBMEFE ML CTE e MY I 2L —%
T, 4056CPU & H\WCREM 3.5 WO ETOR R % %
WL 72A M I B oEBEKNETH - 72, B, W

V2= ERHVLZETHN I BORBE TCOREILE
BLooHsd, HayEa—& CIEEEEREERHES
NTEH, ARMTWLEHEIIRESN TV LOPERTH
b0 WA YEa—% LR UBBOE L, Bk I 21—
7?5046 7 — K (20,184 2 7) 12k 0 EBHE L HEN S
N, WEYI2L—F 2L ETHY 1 BokET
ORI EBEILHE LIRS 2 E MRS B &
Bbhsb,

EEEEHT AMBROMGBHEILX, T TKA
PHOTELLDERL, AR P VEZEZHV
MR EVEIRT 5, ARY MVERBEOFE 70 7
5 LT % SPECFEM3D GLOBE (& A 71 5 — GH B 1
WKHEEINTVWDIDT, FTIO7UTITLADONT ML
SRR F 2 —= Y I 2T RLENDH D, THT T A
DF 21—V T EFEHRLIET, &/ — F2HWEE
WCFPHEINDFERSORBD Y 2179, 8512, 7
SAYMBELFERT 520D HFIZOVTHRET 5,

B 2 M ERE 7 VK L CeBk 2 mik3 2 ke
WM IBOBETIET L LiE, BEITREKEL
HIZCH-720T, ZNHFHENLEHFHCEHATE
%51, WEFICIIREREEERITTLHFTE S,
JEH 1 R O AE BE ) 2 X R YL B 40 FEAREE O B 2T Hb
BPEEEHET A 2 LAEEE iU, B ORI
BOWEICD RS MRS TE %, 201545 H30 H
VNS FGERBTE & R e LT3k L -5 1
TROWRE 2% 678km LMD THEL, T T TEHM S g
HHWEOPTTHRIFEOHEO—DLRoTWVE, T HIT,
COMBEORFIZIN T TOMERIGE & 3EEN 22T
RETBY, hAALKFEETL— FOBRD HDH I
XY MVATRETWDINIE@ERE B> T0b, ED
RILEBRAIIET 2 BICHEREO RS E Iz E XD
FERN e R AE 2 RO B T E AR L 7 B A, HRICHE
HEEDS 10 RN O & 9 2 BIIE VB O%A1E. K
SEHMNCKR & 2 AN R % R0 Mgk N 2 {5365 % HiHE
BREVDIT, MR EOBELZITRT v, LA L
RULHHE 40 FERRE 2 513, BRFREEEIE~ Y PIVNATR E
REGEED LD, HROEBEIRINETT IS
EHEL DT, X0 FEM 2RI RTIE AT RE & 7 B
B 11213, % 4 @ CHTO Bl )2 31T 5 3 o Bllldee &
2 MOBIBHEIIZOWTRAE T IV EEAETIVE VTR



Annual Report of the Earth Simulator April 2015 - March 2016

RUZHGRMERE L OB EZ R L7z, K1 () 1351 8
Bcoa—27 40—, K1 (b) 2R 50 oo —3
ATANY—%BHLZHDTHE, SNOLDOFERLDS
. 50 B UL L onik Cld, W T o T X B B
WD EFII/ANE L W2 P03 2 23RN 1 B R
JEE COMAMORE % o Minh B L sk L L
b EWNEMoTle TOX I 1 B oORE CH
MR A FTHT 2 Z &S EARIEREL 2 &R & 2
BRRERITTEEZOND,

3. WEFeAR

WEY I 2L — 5132048/ — FOILEY FAF 1 &
ELSR ) —FORRZ S A 6B LHREINL, ¥
FAZMIZI0GDAR Y M7 =27 THRLTWVWLD, 0
LT MPLE SRS, &/ — K2 v/ MPIE{E IS
I EFEITTHDI2IE 10GDFRy b7 —2 kD
MPIEREZWEE T H720DY AT LADMIITLEL ;2
bo MW TWEARY MVEREOTTO 7T AT, K
A2 —FD) — FHE% 24 ) — K9 HHKT 3,025 15
? 72,600 T Ty 45/ — FICFFkZ R 2 )R- TR
L7258, 24 7 — FCEIE L 2R BEMEREE 100% &

L7212, 72,600 / — R TOFHERIZIE 97.9% DM REAS
Boh, BWo g —27 - A=Y T ERTZEDRGho
Twb (KM2)e ¥i27H 7 — FUEOKHBEER T,
S 2 REHNEET SRR 2R D 10% FRETH D), Hy
HRIIaVL—F T IR MEREEEBT L7290 MPI

1.2

- = |deal
® Measured value

0 20,000 40,000 60,000 80,000

Number of nodes

2 SPECFEM3D_GLOBE @ weak scaling

IR RIEY

ll[’;llll

L8 Ry

111

!

1 1

1

1 1

| |
50 100 150
1

| | | |
200 250 300 350 400

CHTO DEIEIE & BRI O i, A5 EW. NS, B XN Z 0D 400 BB OERE LS 2 /R T o EMASBUII LI TR

MET IV, FBRPEATTNVOMGRERIEE R T o (a) 8 D low pass filter Z 1. (b) 50 F D low pass filter % i H] o

326



HERS I 2 L — & YRR

B NG 0 R P = BT S - NN 6 o = B Rl i a (M B N
W EPTFHENSE, LALENL, CTORFETIE, @
YhMBEDOREEZIIBRT 2 I EAPEELY, &/ —F
ZHW MPL#EE 2 9Bl9 5 Z LTk Adr o7z,

4. g IND PR

SO FRMBEI RIS — F 2 Hv 7 85 = i r
R Z BT 5 2 L3R e o 725 WIEHM TR
N7z L9, WIREH O - <~ VB FRART I,
HWER~ Y PIVHDA—=83=TF 1) 2— 2 EIENR 5 B 7
FHBEOFEAIEZ 2 S, KRNI EIC S HE
WA EOYRMIEE D RECELTWE 2 L3P
HINTWD, 20X RHBOMEZFHICHNS 2
Lk, SNFECEBBEOFEROAZIHVE Z L—
MR TH D EHEEE 2 AR I % BLIE0Y 70 M ER PN ST A% 05
EFMICH LCEE LT BRI & X5 2 13 ThH
NTZhholze L, WERI I 2L =5 ZHTRHEY
BOWE CEREEHRT L2 HMBERIE 2R3 5 2 &%
REE T, T k) RHERNIEEZHEE T 5 LT
DTHN G FRERMET LI LR D, M 2R &
ETHIENVTREE b EWFFTE 5, BlEHs. M1
B oG RN OEH Y HIBL Tir 2 &8
VEEEZ B,

327

5. tHB X OGHRBEEA R — + & o
RBEEOFEHIZIZ, 106 DA v T —27 Lo MPL#EfE
BURETH2ODY AT LAORIEHBLEEL Y, 4
RS R— T 2EE L7z, L LS5 HORE T,
YAF AN — ADREIZOWTHENRRERZNS Z &
PHRT, &/ — FTOMPLMlEZEHT ST LR
Tlrolze 79 A% MO MPIEEZEHRT S MPI S A
TV TERLITHAHD, &/ —FeHniz#
PO ClIMmd THREN R HBOFH L 0EHTE T
WhEWE ) THo7ze TORRELTIE. 7T AFHD
MPL#fFIZ 10GD A Y P T =7 TlEHR<IGOLR Yy NT—
7 L CEBRTLILEZRARLIENDH D, 7T AT HD
10G D% v M7 —27 ETMPLllfE 23 5 72901213,
FA 7Y OBEMEAETIFE R VL ) RHBEREIS
0. A E R HEE R E I s i R R W TH o
72X 9 THB, TD XD KRR OEE BB AR — b
Sitbhz7-912, hlde/ — Fz v o5&
BHELDEDLEL LD T,

6. SHDOTE

X DRI MPLERE % 10G & v b7 — 27 ETHETT
55475 OMEEMDLIET, £/ — FTOMPI
WEZFEHL T, M1 BoRBE CoMRbERE L
PR A AT L7z,

7. FERIEESEIS N 5 A

4x/ — FTOMPLERBZER LR EETTL720
W X7 F AR R BB AR R 2 T 5 B
XVVETHY, ZO20OREEH5 25 L) EIKRT
FERHEERE I IZRE L 72 v,

i — Barth Simulator Strategic Project with Special Support —



Annual Report of the Earth Simulator April 2015 - March 2016

Global Seismic Wave Simulation Using Full Nodes of

the Earth Simulator

Project Representative
Seiji Tsuboi
Technology

Author
Seiji Tsuboi
Technology

Keywords: Spectral-Element Method, Seismic wave propagation

Destructive earthquakes are caused by large-scale ruptures
inside the Earth, which break along hundreds of kilometers of
a geological fault and generate seismic waves shaking ground
and buildings. Because large earthquakes cause serious damage
to human societies, the study of earthquake source mechanisms
is a crucial topic in seismology. As electromagnetic waves do
not penetrate far into the Earth’s solid rock interior, the use of
seismic waves is almost the only way to probe the inside of our
planet at high resolution. In this regard, modeling seismic waves
excited by earthquakes is a fundamental scientific problem.

The use of the Spectral-Element Method (SEM) for
numerical modeling of seismic wave propagation in realistic
3-D models at the scale of the full Earth has been prevailing
in recent years (Komatitsch et al., 2005) [1]. The SEM is an
optimized high-order version of the finite- element method that
is very accurate for linear hyperbolic problems such as wave
propagation. In addition, its mass matrix is perfectly diagonal by
construction, which makes it favorable to implement on parallel
systems because no linear system needs to be inverted. The
3-D SEM was first used in seismology for local and regional
simulations and adapted to wave propagation at the scale of the
full Earth. Here we use the 3-D SEM package SPECFEM3D
GLOBE to try if it will be possible to simulate global seismic
wave propagation with an accuracy of about 1 second for a
realistic Earth model on the Earth Simulator.

The new Earth Simulator system consists of one cluster
with 2,048 nodes and six clusters with 512 nodes. Each cluster
is connected by 10 gigabit Ethernet but it is not possible to
use MPI connections on this network. Thus, we cannot use
entire 5,120 nodes as single computational job. We already
have analyzed load balancing among the compute nodes in
SPECFEM3D_GLOBE code on the K computer. We measured
load balancing between the different MPI processes of each
section of the program in the case of 72,600 compute nodes of
the K computer. The cost of arithmetic operations dominates and
represents 83% of the total cost; that cost is also well balanced.

The communication cost is only 10% of the total cost because
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the SPECFEM3D GLOBE code uses non-blocking MPI and
thus communication is efficiently overlapped with calculation.
Thus, the communication cost does not cause performance
degradation, even in the case of 72,600 compute nodes. This
demonstrates that MPI parallelization of the original code is
already efficient and well optimized in this respect. Therefore, it
is just necessary to develop MPI libraries, which should run on
the 10 gigabit Ethernet so that we will use the entire 5,120 nodes
for large scale SEM computation.

We have continued to ask technical support section and
manufacturer of NEC SX system, eventually, to develop
this MPI library. It became clear that it is necessary to have
an appropriate combination of communication nodes and
computational nodes to realize an efficient performance for
large scale computation. The technical support section has tried
to examine several cases of this combination by using the MPI
library developed for the 10 gigabit Ethernet. However, it was
not possible to get optimized numbers for communication nodes
and computational modes within this project term and we could
not run large scale SEM simulation using full nodes of the Earth
Simulator. It was not clear if there was a technical problem
on the hardware of 10 Gbit Ethernet connecting between the
clusters to accomplish a good performance using the MPI
library. We hope that the development of this MPI library will
continue to realize large scale computation using the full nodes
of the Earth Simulator in the future.
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