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A Performance Optimization of the Large-Scale Seismic Simulation
on the Earth Simulator (ES2)

Yuichi Hirokawa'*, Toshiyuki Masatsuki?, Noriaki Nishikawa!, Misako Iwasawa!, and Toshiyuki Asano!

The understanding and prediction of influences caused by seismic wave ranges from low to high frequency is important
to mitigate the disaster of earthquakes by multilateral preparations. The structure of undergrounds causes the complex
behavior of seismic wave propagation. The numerical simulation is an effective tool to predict the wave propagation. For
metropolises on a large plain such as Kanto basin, however, the simulation requires enormous computing resources as well
as techniques of high-performance computing. In this paper, we have developed the optimization method for the seismic
simulation code on the Earth Simulator (ES2). We assume the finite difference method code “k-fdm3d” developed by KOZO
KEKAKU ENGINEERING Inc.. Because the code adopt a stencil computation with the structured grid, we have optimized
the memory-access and communication of the computation. For the reasons, the optimization method has applicability to
simulation code on the other fields. The method enables a 570 million grids seismic simulation on ES2. The method also
allows the simulation to achieve approximately 30% to the peak performance of ES2. For the results, we have established

the optimization method to calculate the high-accuracy prediction of seismic wave propagation applicable for a large plain.
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HFEIZ6r T B8 - T, EEETOWEL T
HL, FANRE LT TBLL I EPEETHL. L
Tz H MG % S-S 2 A 121, WL T—%
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90 % H\vy, WETA 77 VIZIEMPLZE 7z,
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Fig. 1. The configuration of the Earth Simulator (ES2).
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T2.5Byte/FLOP # i L C\» 4. £ CPUILAEY & D
12 Assignable Data Buffer (LL'F, ADB & § %) &I
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fii 2. T 5 (Nakazato et al., 2008). ADBIit 2 —H — %%
M L ENA 282 F 288 % $57E 1 B 7% Least Recently
UsedBIDT A PANV—F v v 2 THV, 20 EBIES
NAHEHDLoad * HHILT 52 &05TE 5 (EREIT A,
2009).

3. A7 vV IVEtE O b

RECTIIHREDE R ETHND, FIERICHEERET
HEBWT A7 2V VETROES21AT m# LTk %R
4. kfdm3d TIZ ATV Y IVEEOAMNIZFE I — Pe
HOKSEEZ LD TEBY, FTREICRERET . 5%
D DK S ENT KRR O S8 R RTHE R B R S0 7
ETHAH. FHHEI—- FERETOBREEEIIEMIK-T
BEIT LA, BEILIERETH L. AFETIIIEED
FlaA BT, 9, 3AHTRT &9 REGIHEEHE 2T
9. RIZ32~3AHITRT WA L E4TH . RIRIC358IT
R BB OERILE T

25B/FLOP

MMU#000

Fig. 2. The architecture of the NEC SX9/E.
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FOEFINI T4 v 7 TL L, PR L 3 I &I
HALZ<TEw, 75, ES2TIZ16Bytex 172y 7 &
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Fig. 3. The memory mapping of an array in Fortran 90.
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Fig. 4. The memory access. left: original, right: optimized / upper: i-direction, middle: j-direction, lower: k-direction
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B 1 KOG H O % 16 Byte i FUZT 94 S5,
IDIM%(16 Byte/NByte) = 0 2)

ZZT, NIZVADLEEADMER T 2 Byte#iCTH 5. 8Byte
OIERBETIEIN =82 5.

W2, VRICH OFRIDIMSER$ 58> 7 $i& 5 (3)
W0t THEBULT 5. X 3) OMETKHABEEKETH Y, +M4l
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M4 (L) AT BIF LAY T 72 ADA A —
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> 7 Bank00000 |2 £ 1 L T\ 72 Load/Store 23 $/N > 7
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M4 (GT) IZRFHFEICBIA3RTCHOAEY) 774
ADA A=V ERT. 3WICHIZOWTHK4S (L) 128
WD 23 > 27 Bank00000 (24 L C V> 72 Load/Store
AEHN > 7 Bank00000, 00002 12508 E 5.

3.2 ZJ5 1wl 9453
ZHA DR LS IR T &9 B HY (3RITRLA)
WZBWCTKJimM BRitH) oBE7 7+ 2%479. K5
DA X Z HMORMTTH Y, BRVIITR T #ER &
OYPEIRAENTNEL, F72, “ICDIR” T 54713
NEC SXHEHD I > /34 FIR{TTH AH. NByteHZEFV
D4fHDLoadld X £V 7 7 & A b TIZIDIM*JDIM*NByte
RNNERD., 22T, AWEETIETRFEZ .
o V=T RMHTIFLi— k- jITFEKE
(B, i—> jo kDIETRET IV —TZZEH)
e k16K TT Uy —)V—T7orua—1) 7
(I¥5® “1CDIR OUTERUNROLL=16" |ZX} i)

doj=1,JDIM |
ICDIR OUTERUNROLL=16 }
do k = 2, KDIM-2 |
ICDIR ON_ADB(V) \
doi=1,IDIM ‘
dzv(ijk) = (VGik+1)=VGiik )*R40 = (V(ijk+2)-V(jk-1))*R41
enddo |
enddo |
enddo |

Fig. 5. The optimized code in the direction Z.
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PHATH T ENURELE ), Load DRIFALAHND. 7
B, 94 PANV—EEOF —/N—~v Fip & &S 57
®, ADBIZF ¥ v ¥ 29 5% %E Read Only Memory &
7% (Storex L72\vy) HDOIZRET 5.
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o jEIBEKTT S — V=TT ru—=-y s
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Fig. 6. The memory access in the direction Z.
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AEYT 7 AOKEH - ZHBITEEZ R LSS 5720
V—TT7oru—)7BLUADB (¥x¥ v a) Oav
A FIRAITRIFAL TS, B, V—7F7ra—)
DEFIIES2IC BT 2 REEE N 71 &T T —TRKD7,
MBIEHTDAE) T 7 ADA A=V THY, BIHF
VR OB 2562 23, £72, RERIIFN A £
V77 e AR, TEREPIELEDOAE) T 72 ATH 5.
ARFEICEY, jo j+1ICBWTERVDO3H O Load &
ADBHHAT9) 2 & REL 72 .

3.4 X U5 i 457

X HHORHFEHIITRT L) IZERVICBWTIE
MOBET 72 A%479) . KOO deviE X F RO RS T
HbH. AE)T 7 YA RILHERE % 525, ES2 (SX9) T
IR A O EDFET 5.

10 ODAE) T 7 ADA A—=TTHAbH. 1D
DA TEH % Al Load T 555, BEICADBICF v v ¥
ENTWENE) EHERET, KI0DERIHFED /N
Z\Z[AEEIZ 410 Load 2 975 (#EfE, 2012). Z DR, N
YAy 7)) MAEEET S, B, NEC SX-7TI2BWw

do k =1, KDIM
ICDIR OUTERUNROLL=16
do j = 2, JDIM-2 |
ICDIR ON_ADB(V)
doi=1,IDIM .
dyv(iik) = (VGi+1 K=V KR40 - (V(ij+2k)=V(i.i-1.K))*R41
enddo |
enddo |
enddo

Fig. 7. The optimized code in the direction Y.
B07. Y HIARE#5 @ Fortran 90 = —

1 $ t
ADB [ S Y O I I I I )
V(1:256, j-1,k) [WED
V{l:256,j 8 N
V(1:266, j+1,k [ MEM |
V(1:256, j+2,k)
2 8 B 3 2 2 8 g8 &
o — o @ w w0 ~ (=< (=1
o (=] [=] (=] f=] o o o —
o o o o o o o =] o
o o [=) o [=} o (=1 (=1 (=]
m m o o [=3] m [va] o o
ADB:&:II&EDSEE I I I I I ]
V(1:258, -1, k)
V(1:256,] |,
V}:SSG,]H,
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Fig. 8. The memory access in the direction Y.

M8, YHIMEMG D AE) T 7t A

TADBDF ¥ v ¥ 2 REEZ %3 % Miss Status Handling
Register (LUF, MSHR &%) OFEHIZLY, 28O
A LA ST AY (FEREIE2», 2008), ES2TIEAk
FETHL., £I T, AMERTIETRFEEH (K
11).
o V=T HRATNEEF%L j— i — kIHEHIAGICET
(411 D47 A% 2 & “ICDIR NOLOOPCHG” |25} i)
o iHNETTII—N—TFTru—1) s
(1411 »“1CDIR OUTERUNROLL=32" |25} It)
o 2Ll FLoad SNAZEHV A ADBIZF v v ¥ 2
(X119 “ICDIR ON_ADB(V) " IZ#} &)
V=TT =V OBKIZOWTIZES2 Tl 2 % T
TA&&LTT—IZENER L.

M2 EARFFEAEE (K11) OXEY T 7L ADA A —
TTHh L. KR oMtEDORFTIE VIR E O L4 %
3. T2, EREOEAEY T2 L AR, TEIZE
DBDAE) T 72 ATHL. RHMDONV—T % jI2T
LI LX), Nyvavg s hEEEEL, i si+1

do k =1, KDIM
doj=1,JDIM
doi= 2, IDIM-2
dxv(ijk) = (V0+1,0k)-V0 jK)D*R40 - (V(i+2,jk)-V(i-1,ik))*R41
enddo
enddo
enddo

Fig. 9. The memory access in the direction X.

9. X AHEHMZOXE) T 72 A

;o
ADB LT 1T I | | 1 I I I |
V(1:258, j, k
V{22571 k
V(3:258, § k
V(42591 k

f=1 Q0 hi=] b o o~ (=] 2] L=} =+
(=1 o™ w [oa] = = w o o™~
(=1 : i o™~ o« w w ~ @0 o
(=] (=1 o (=] o o o o e
o (=] (=] o o (=] (=] (=] o
(=] [=} (=] o o o o o (=3
2] o [=4] 3] om [ea] m 53] m
Fig. 10. The bank conflict in the direction X.
10. X HIRBG DNy 73y 71) 7 b
do k = 1, KDIM
ICDIR OUTERUNROLL=32
ICDIR NOLOOPCHG
doi= 2, IDIM-2
ICDIR ON_ADB(V)
doj=1,JDIM
dxv(iik) = (VG+1,0K)=-V( ik)*R40 = (V(i+2,ik)=V(i-1,ik))*R41
enddo
enddo
enddo

Fig. 11. The optimized code in the direction X.
FI11. X J71E 55 @ Fortran 90 = — N
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2BV T4 D Load D3 L. A ADB2 St L35 2
EDSTRETH A, ES2TIE16Byte§ 2 Load L TV 5% 72
O, FETIIR AR VEOZ % E&iAH L, ADBIZF v v
a2l Twh., HR2TEOFITIE, Z2Hvo—kitcHR
Fi=2~5%Load ¥ A, FEKHIIZi=1~6%Load L T
Wh7®, i=3~6DIFIZIZADB FIZF v v T2 d 7z
T =5 DR TEFHEDPIRETH 5.

3.5 {5 ki

AR & T FIEL o 2 £ ) BLIES & 4T
I, EIRI OB TS TR SR (1 1E4E)
WL . WE, BENEEE L WA, BTE
IR BIREL 5.

F 2T, HE & EHE % [FFF 29271 8 2 Non-blocking
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Fig. 12. The memory access in the direction X.
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Table 1. The performance comparison of optimization.

#1. 8CPURAIR OMEREILEL

B [s] | GFLOPS

(1CPU)

bR (RAREE) 219.622 22.416
s (R 157.468 30.334
mEA LT (HURGRE) 182.745 26.941
bt (HORE) 133.163 35.861
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Table 2. The summary of optimization technique.
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Table 3. The bank conflict caused by CPUs.
F3. BECPUMHIEDO/NY 73> 71) 7 b
55 Ny ay GFLOPS
Wefi[s] | 7V 2 F5s[s] | (1CPU)
8CPU x INODE (fifk§[) | 157.468 45227 30.334
4CPU x 2NODE (f545) | 143.903 30.950 33.235
2CPU x 4NODE (f5H1E) | 140.347 26.584 34.290
ICPU x SNODE (f##£) | 139.531 25.492 34.548
8CPU x INODE (HLFiFE) | 133.163 41.196 35.861
4CPU x 2NODE (H.A5EE) | 121.649 29.648 39.289
2CPU x 4NODE (HUJE) | 119.211 26.216 40.159
ICPU x 8NODE (Hif§JE) | 117.291 23.324 41.173

#¢2. 8 CPU i HIIF 14 et %
Ny ary7)r NEE[%] | Z RGN \ Y 75 Al 53 in e \ X 75 T3 n s \ A =R
AL AT (RFREFE) 40.909
AL (RS ) 28.730 2.530 \ 1.139 \ 1.531 [ 1360
AL AT LR 43.059
E AL % GRS 30.947 2.671 \ 1.150 \ 1.167 | 1304
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