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. T Sedimentary Layers
(Engineering) Basement (HFER):
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Wave P'ropagation'

Bedrock (hEE#2):

Vs~ 3,000 m/sec.

Earthquake
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Deformation of surface
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boundary conditions
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TOP 500 List
http://www.top500.0org/
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« AFES on the Earth Simulator(Old) : 26 TFLOPS (E—2 1481 65%)

- ARERZK

« GeoFEM on the Earth Simulator (512/—F) (OId) : 10 TFLOPS (30%)
¢« ANT—HTIEINIFEHGEN:5%~10%

« RIEITBEBEEAHELEELI-Green500&LVS5 X 58H5
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Site Computer/Year Vendor Cores R

1 CR'KEN e K computer, SPARC64 Vllifx 2.0GHz, Tofu
|  Computational Science (AICS) : ”
interconnect / 2011 Fuijitsu

Japan
National Supercomputing
2 Center in Tianjin
China
DOE/SC/Oak Ridge National

3 Laboratory
United States
National Supercomputing
4 Centre in Shenzhen (NSCS)

Rpeak Power

)]
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o]
o8]
1
N
oo
—
[0))
N
o
(@)
0
\'
~
w
(o))
w
©

9898.56

Tianhe-1A - NUDT TH MPP, X5670 2.93Ghz 6C,
NVIDIA GPU, FT-1000 8C /2010 NUDT

186368 2566.00 4701.00 4040.00

Jaguar - Cray XT5-HE Opteron 6-core 2.6 GHz / 2009
Cray Inc.

224162 1759.00 2331.00 6950.60

Nebulae - Dawning TC3600 Blade, Intel X5650,
NVidia Tesla C2050 GPU / 2010 Dawning

120640 1271.00 2984.30 2580.00

China
GSIC Center, Tokyo Institute of TSUBAME 2.0 - HP ProLiant SL390s G7 Xeon 6C
5 Technology X5670, Nvidia GPU, Linux/Windows / 73278 1192.00 2287.63 1398.61
Japan 2010 NEC/HP
DOE/NNSA/LANL/SNL Cielo - Cray XE6 8-core 2.4 GHz /
6 United States 2011 Cray Inc. 142272 1110.00 1365.81 3980.00
NASA/Ames Research Pleiades - SGI Altix ICE 8200EX/8400EX, Xeon HT
7 Center/NAS QC 3.0/Xeon 5570/5670 2.93 Ghz, Infiniband / 2011 111104 1088.00 1315.33 4102.00
United States SGl
8 DOE/S(_)/LBNL/NERSC Hopper - Cray XE6 12-core 2.1 GHz / 2010 153408 1054.00 1288.63 2910.00
United States Cray Inc.
Commissariat a I'Energie
9 Atomique (CEA) Terzr i~ Bl ol S“gi:;gfe S6010/S6030/2010 159358 1050.00 1254.55 4590.00

France

Roadrunner - BladeCenter QS22/LS21 Cluster,
10 DEETLLE A sl PowerXCell 8i 3.2 Ghz / Opteron DC 1.8 GHz, Voltaire 122400  1042.00 1375.78  2345.50
United States -
Infiniband / 2009 IBM

Rmax : %kj]"ﬂiﬁlé (GFLOPS) , Rpeak : to—a'l‘ﬂiﬁlé (GFLOPS) http://www.top500.org/
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« PFLOPS: Peta (=10"°) Floating OPerations per Sec.
« Exa-FLOPS (=1078) will be attained in 2019

http://www.top500.org/
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T2KA—F R /8ay A, 2K, JmE)

University of Tokyo

# nodes = 952 Rpeak = 140.1TFlops Memory = 31TB
ocket #0: Memo Socket #1: Memory

storage
1PE; 15GBE/s

_ Myrinet
Bridge
Myrinet

L1 L1 {11

Core|Core|Core|Core Core|Core|Core|Core
full-bisection interconnection far '
128nodes = 640GE/s 1l 1‘
256nodes = 640GE/s
S6nodes = 140GB/s r
Core|Core|Core|Core Core|Core|Core|Core

L1 L1 | L1 L

full-bisection interconnection for ocket # Syl Socket #3: Memory

512nodes = 2.56TB/s

Kyoto University
University of Tsukuba # nodes = 416 Rpeak = 61.2TFlops Memory = 13TB

# nodes = 648 Rpeak = 95.4TFlops Memory = 20T8

fat-node subsystem
# nodes = 7 # coresfnode = 128
Rpeak = B.98TFlops memory = 7TB

storage

960TB; 14GB/s

full-bisection interconnection

3.3TB/s

full-bisection interconnection
5.1TBfsec
storage
883TB; 16GB/s
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FAHELTED,

19



Introduction

1R R TE B AT R ER &8

© AT DB S EI0FMTERIEEELEL
- BHE=
— Exascale (20194t8) 1= £2GW (&

=S £2,000(EM . )
— CNZ100MWREIZHIZ HT= DM EFTHE
« YJLFOTE, A=—a71k

AE)—4BEDIET
— GPGPU: EULVAEYNKRIE

. ARIER NG, TOYSIL Y QRS
X IE 5 T
B8 P

— Exaslcale: [{& |3R1

RN T



<A 7A7atyHNE M
CPUMERE, AFYNUKIEQ X vy T

ting bhandwidth == HUGE EBOTTLEHECK
186H F I I I I I I 3
1868 | CFU Speed —— -
- DRAM Speed — .

18 F

Fer-formance

A.1
1975 1986 1985 1998 1995 266868 26685 26148

TYear
http://www.streambench.org/
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BEIT BN )L N— DB : = o Akt A 8

ICCG;%, T2K-SR11000 1/—Fk: AFEU/N\VFIEHZIK

Hitachi SR11000/J2 T2K/Tokyo
Power 5+ 2.3GHz x 16 Opteron 2.3GHz x 16
147.2 GFLOPS/node 147.2 GFLOPS/node
100 GB/s for STREAM/Triad 20 GB/s for STREAM/Triad
L3 cache: 18MB/core L3 cache: 0.5MB/core
20.0 20.0
i i O Flat MPI.
~ ~ 0O HB 4x4
S 15.0 m S 15.0 AHB8x2 -
2 i = i & HB 16x1
& i . ! ’ ‘ « O
S 100 ] . S 100 —
S i T Y 0
S om ® Flat MPI. E BB
T 50 m HB 4x4 T 50 [© 8
o A HB 8x2 = [ &
i & HB 16x1 _ 98 Boaoo
0.0 - L 0.0
1.E+04 1.E+05 1.E+06 1.E+07 1.E+04 1.E+05 1.E+06 1.E+07

DOF DOF
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@.ﬂuﬂ: Processor Architecture / Systems

=00 r—

Others
4500 - SiMD
“ector
400 - Scalar
3504
3004

250

Systems

2001

1501

100

hitp://www topbs00.om/

http://www.top500.org/



<4070ty 5D Em
CPUEEE, AEY/IN\VRIEDX vV T

Fer-formance

ting bhandwidth == HUGE EBOTTLEHECK
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1868 | CFU Speed —— -
- DRAM Speed — .

18 F

A.1
1975 1986 1985 1998 1995 266868 26685 26148

TYear
http://www.streambench.org/
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CPU-Fvvyia—AEDREREIEE

CPU
Reqister
FAST *
Cache
SLOW l

Main Memory
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RIRIIVL DR B EE TR A-

« BEHiFE&EDDOJL—T O il 5| AL IR

Vector
Register

EAAAAAA

Main Memory

=1)

HIUEEICELTLNS

do 1= 1, N
A(i)= B(1) + C(1)
enddo



GFLOPS

A )75 58 : ICCG%

3.00 [
250 F

200 F

1.0E+02 g

40 % of peak

1.0E+01 ././/././H—./."

GFLOPS

150 F A
100 f \.\.\.\0/"\0 1.0E+00 E
N 0 -
0so | 8 % of peak
0.00 1.0E-01 . ———
1.0E+04 1.0E+05 1.0E+06 1.0E+07 1.0E+04 1.0E+05 1.0E+06 1.0E+07
DOF: Problem Size DOF: Problem Size
IBM-SP3:. Earth Simulator:
YA XNNESWNGEIEF Yy ad KBABRLZBEIZRERT FILEARLCR Y,

ED=HHERENRL tEREAYE L

28



HHFTER

« GRAPE (GRAVvity PipE )
- FHMEFICE TANKGNEERAER/\—FV7 :MD, TERER
EE
— ARMNIDA—T R
« MDGRAPE
— MD (Molecular Dynamics) B F D GRAPE

— MDGRAPEZEE NS AAMAccelerator KOHIZ{ERTAHZ¢EL
TE5,




R R TS AR ER 2B

« A7 NDHERE-SRBRIOERBTENIZELILEL
¢ IEEI jj/ﬁ%i
— Exascale (20184tE) f=&£2GW (BEX1£2,000(EMH .~ &)

— INZ20MWLHL WETITHIZ 5= DT EFT N E
e WILFO7Y, A=—271k

e AFEI—I4EEDIET
— GPGPU: S \AEY/\URIE
- ARIEELNS

o REIGAT
. H[E
— Exaslcale: [{E IFREDIT7




CW-Intro01 31

The T2K Open Supercomputer Alliance

http://www.open-supercomputer.org/

University of Tokyo University of Tsukuba

# nodes = 952 Rpeak = 140.1TFlops Memory = 31TB # nodes = 648 Rpeak = 95.4TFlops Memory = 20TB

storage

1PE; 15GE/s storage

9607TB; 14GBfs

full-bisection interconnection far e
128nodes = 640GB/s
256nodes = 640GB/s

S6nodes = 140GB/s

full-bisection interconnection

5.1TBfsec

i

_
W O e RS

Kyoto University

fuill s action inlsronnsction e # nodes = 416 Rpeak = 61.2TFlops Memory = 13TB

512nodes = 2.56TB/s

fat-node subsystem
# nodes = 7 # coresfnode = 128
Rpeak = B.98TFlops memory = JTB

Tsukuba: Appro-Cray \
TO kyo : H itaCh i full-bisection interconnection

3.3TB/s

Kyoyo:  Fujitsu

883TB; 16GB/s
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The T2K Open Supercomputer Alliance

http://www.open-supercomputer.org/

&-/—FK :Quad-core Opteron (Barcelona) X 4

L1

L1

L1

L1

L1

L1

L1

L1

Core

Core

Core

Core

Core

Core

Core

Core

i

h

Core

Core

Core

Core

Core

Core

Core

Core

L1

L1

L1

L1

L1

L1

L1

L1

_ Myrinet
Myrinet

Myrinet
Myrinet
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Ll

C S
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IFER A 2 —RIEE3F, AR - 22719
nakajima@cc.u-tokyo.ac.jp
BRI (XMERE, e-mail - EEECAREMES
http://nkl.cc.u-tokyo.ac.jp/11w/
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Finite-Element Method (FEM)
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— elements (meshes, B X%) & nodes (vertices, Eim)
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MPI1&(E (1/2)

Message Passing Interface

SEATIEDAyE—TBIEAPIDTERE
- 7734, 2473, TDOHLDOTIEEL

* http://phase.hpcc.jp/phase/mpi-j/mi/mpi-j-html/contents.html
fE SR
- 1992 MPI7A—5 L
— 1994 MPI-155#&
— 1997  MPI-238%& (HR3RhR) , I|MEEIMPI-3HIRET SN TS

3>

— mpich ZILIUXEIZHZEFT
— LAM

— BERUH—

— C/C++,FOTRAN,Java ; Unix, Linux, Windows, Mac OS
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MPI1&(E (2/2)

o TR TIE, mpich(Z1)—) MNaLEARSIN TS,
— BB BUICTMPI-2 |57 #& % H 7R —
— 200511 B M MPICH2 112817
— http://www-unix.mcs.anl.gov/mpi/

. MPIANE R L1-32

— MPI74—5 LIZ K BIREH—
. EA I ETEEK

« FORTRAN, ChoH T JL—F >, BIELTREU T = EASATAE
— mpichDTETE
« Jl)—, HoWBEZT—FTIOFaTEYR—bk
. BIFRDEAAELTPVM (Parallel Virtual Machine) H3dp o
=M, ChELlEENIZELALT
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5 JCEK

P.Pacheco TMPIiiZ| OS54 |, HEEE, 2001 (JRE1997)
« W.Groppftal Using MPI second edition], MIT Press, 1999.

e M.J.Quinnl Parallel Programming in C with MPIl and OpenMP,
McGrawhill, 2003.

« W.Groppftt MPI: The Complete Reference Vol.l, Il1, MIT Press,
1998.

e http://www-unix.mcs.anl.gov/mpi/www/
— API(Application Interface) M5B
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— IMPI-1 1D &R HEEE (1032 E) ITDOWTERAT S
* MPI-2TI3 8 7 LERIGHERED BHHH - - -
— HEITADITDELEEITOVNTIARDS, HBLEH-TLDA,
HMo>TWEILZEAICENRD
- ZEDEZENH
- JRJS3vY
— ZOHIZEFT RITLTHBIE
* SPMD/SIMDDAARL—S 3 Il BNASTE- DT ITE
— Single Program/Instruction Multiple Data
- ERAMIZEZTOREITRICZEE RS 1IN T—2HES ]
o REBELGT—2E50EIL, FMARIZO2WVTETOER(FOwyH) R ET S
- &R TERE/BRT R, ERBELRAES
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PE: Processing Element DM EFETENIEMPIE

JOtwyY, f8E, 70X CDRN/CQINPN  FIAEETELILICES,
77 R O IVID/ OIlIVID AE 1 —AY AT RDE
_ MTEINELFITHZDD

mpirun -np M <Program> |z ivsLly,

[ I

PE #0 PE #1 PE #2 PE #M-1

00000 Program

Program l Program l Program

Data #0 Data #1 Data #2

Z7O0FRIFITELCIEEDL N T—2HES ]
KIFELT—2Z22EL, EFAIZ2O20VTE&TOR (TAaty ) NEtE TS

Data #M-1
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i FETE D EH Y

=R, KR

[ KRR IOANFLLWEZ I EODSERAaNDTARELT

[IELLAL, TERIDIVEAAEETH S,

o HAMLIAYT A

- +EH

« IB7H:-Scalable
— NEEDRIEDFHEENEZEDCPUEE-T, IEICEE Tl#2<

(RIBEEDIBR : Weak Scaling)
o ERIEEIEXITHEL
— il £ WEE=>BRERENKRESG S ERE B A EM
Al CEREZNfE D CPUZE{E>TI1/NDBFfE T1EL - -
B4H 5 (EEMEDIERK : Strong Scaling)
« INBLRYBELGEETEHEN
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WHIETE E(F 2 (1/2)
« KYKRBETHEMELMEESEICHEE 0

Homogeneous/Heterogeneous
Porous Media

Lawrence Livermore National Laboratory

CDEDIZTABHEGIG T 1EE
T ABICIEXIEFEIZTHN LA Y S
A E LTS

A 4

Homogeneous Heterogeneous
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MiFHEFTEEIE ?2(2/2)

¢ 1GBREEDOPC — <1064y A RR :FEM
— 1000km X 1000km X 100km®4&E1s (BRI H &) F1kmAvS 2
TH5E108 Ay 12755

» RERT—% — fEDE, BT —2L50HE
» EFRREE - BAEEOBRENDLE

5515043 £ 2
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(local) IIZZE#®T H_t,
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il S| FREFEDILE : SPMD

EXGHETNR > B8 T—%, fEE2E| (Partitioning)

EREZOD—FIIEECEIZEBT N DR ZER  EREAADOWL
BIZk->THEE: DU TILO—KRETHSELVLIE

0O—/N\)LLE BEIXERYILN—DAH;TEL S
RNiE, TR 9 FILFE, BiALiE

BFfT—4% FEM3—F S AV WA
MPI
BFfT—4% FEM3—F S AV WA
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o Himi~R—X : Node-based partitioning
B T—2IC&E8FEN5LD:
TDMEBICAKREEFNDE R
TNODERZEZEVDER
REBEEHNTHLED, TNODERICEFNLHER
ETRIILL T DO3FELEIZ 4R
A& : Internal nodes FOEEIZARXREENDT A
4} &= : External nodes AEKEBNATHAINT M)V RERIZHELE &

IE5 &= : Boundary nodes {tDfEE®D [4tm] G- TWWSEIR
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Node-based Partitioning
Internal nodes - elements - external nodes

PE#3
PEH1 PE#0 4 5 6
O ./ ./
21 22 23 24 25
O O O O O R ) )
1 O @, @,
2 3
17 18 19
160 O O O © 20 O—O0—0
1 8 9
12 13 14 11 10 12
1@ O O O © 15 oO— OO
7 3 9 10 9 11 12
e M) M)
6@ O O O 010 50— @ —009 ®—O0—0—=0
30—0 03 8 @—O,—Q—0
O O O O O
1 2 3 4 5
e—0 O —O0—0—=0
PE#3 PE#2 2T 701 2 3
PE#1 PE#2
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Node-based Partitioning
Internal nodes - elements - external nodes

®Partitioned nodes themselves (Internal Nodes) K5
®FElements which include Internal Nodes Az E&

®External Nodes included in the Elements 4t &=
in overlapped region among partitions.

®Info of External Nodes are required for completely local
element—based operations on each processor.

15 6 7

@ O O

@ O O O
N A% 1 5
@ O O O
X0 L R 3
i g o o
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®Partitioned nodes themselves (Internal Nodes) N =
®Elements which include Internal Nodes RaZzaE &R

®External Nodes included in the Elements 4} =
in overlapped region among partitions.

®Info of External Nodes are required for completely local
element—based operations on each processor.
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Parallel Computing in FEM
SPMD: Single-Program Multiple-Data

Linear Solvers

Linear Solvers

Linear Solvers

Linear Solvers
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Parallel Computing in FEM
SPMD: Single-Program Multiple-Data

Linear Solvers

MPI

Linear Solvers

MPI

Linear Solvers

MPI

Linear Solvers
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Parallel Computing in FEM
SPMD: Single-Program Multiple-Data

Linear Solvers

Linear Solvers

Linear Solvers

Linear Solvers
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Parallel Computing in FEM
SPMD: Single-Program Multiple-Data

15

Linear Solvers

Linear Solvers

Linear Solvers

Linear Solvers
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Parallel Computing in FEM
SPMD: Single-Program Multiple-Data

FEM code Linear Solvers

FEM code Linear Solvers
FEM code Linear Solvers

Linear Solvers
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