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Abstract: In order to optimize performance of the K computer, we selected six applications from various
scientific fields. We optimized CPU performance and massively parallelization to them. Seism3D which was
selected from earth science field is seismic wave simulation code. It has calculation parts which demands
high Byte/Flop and communication parts between neighborhood processes. So optimization points are using
enough memory bandwidth, using cache effectively and realization of optimal neighborhood communications
on six-dimensional mesh/torus network. We estimated theoretical performance from required Byte/Flop of
code and utilized advanced profiler to have a clear grasp of bottle neck. As a result, we achieved 17.9% per
peak performance by using 82,944 cpus.
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Table 1 Measurement environment of K computer.

2R, T Fujitsu Fortran K-1.2.0-04

47 a | -Kfast,parallel,openmp,ocl
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Fig. 1 Measurement result of 16 processes.

%2 16,384 FU k2 TOHEE

Table 2 Measurement result between 16 and 16,384 processes.

Number of process Elapse Peak Efficien
(sec) ratio (%) | cy
16 (4x4) 68.8 11.8 1.00
64 (8x8) 69.5 11.9 0.99
256 (16x16) 71.3 11.7 0.96
1024 (32x32) 69.1 12.2 0.99
4096 (64x64) 69.2 12.2 0.99
16384 (128x128) 69.8 12.1 0.98
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% 3 STREAM Benchmark Triad Oill5E 5
Table 3 Measurement result of STREAM Benchmark Triad.

L1D I » & 6.25%
L1D I A dm % 0.61%
L1D I A hwpf % 99.38%
L1D I & swpf % 0.00%

L2 I X3 6.26%

L2 An—"7v 33.23GB/s
AEY AN—T v | 44.33GB/s
Peak ratio 2.16%

doj=1,NY
doi=1,NX
dok=3,NZ-1
DZV (k,i,j) = (V(k,i,j) -V(k-1,i,j))*R40z&
- (V(k+1,1,j)-V(k-2,i,j))*R41z
end do
end do
end do
2 Staggered grid % 1 #7545 FME LV — 7

Fig. 2 The spatial derivatives calculation of Z direction.

TR B LR ERE L (write back) O#ETH H DI
L, L2 AV—7"y MIHEMIEMH DO L1 v v
DT —F G EEFET. L7z o T, Stream Benchmark
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Ty MIL2F vy BT AEFAUNEL b L1
KT BMEMDH 5.

TR OHEFAEY AN—Tv M1/ — F64GB/s 12
xtL, FEHIT44.33GB/s TH 4. HWEICL Y ETORED
KT B0, (5] OFER AT ZV—Tv M 46 GB/s,
A E1) DFER) Byte/Flop il 0.36 L EFT 5.
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L7290, [5] ®1 7 —RIZBIF BRI — FOERTEREL,
%3k Byte/Flop & * € @ Byte/Flop ® 2 & » THESE
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% 4 Staggered grid 25 1 #2575V — 7 ORERE R
Table 4 Measurement result of the spatial derivatives calcula-

tion of Z direction.

L1D I == 2.09%
L1D I A dm % 0.17%
L1D < A hwpf 99.83%
L1D I R swpf % 0.00%

L2 I 2 2.09%

L2 A—7"v k 31.18GB/s
AEY A)—T vk 46.74GB/s
Peak ratio 15.1%

AN — TOHEVBAEIZ Y — 7 15%TH 5, 42l
e o TWBE I —TOET 15%, H3 MG L k-
TWABL—=TX7.5%E %5, 5.1 FEICEEZ7a 7 7
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TWB I, HEEWRRIGEL TV ) 20 1 DD4F
Wi s,

Seism3D Z ED L —F L I2BWTH, AEYERHPE
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V. L72Ao T, Ka— o [5] I2BI G0 E
efbis, DTOFIETED L Z L & LT,

) BEN—F BT, HEEREE TEL TS 2 iER
T 5.

2) MEEVREIZEL TV ARWEEL, FMlye T 74 7%
AV EROFA & Z T A 0ER T 5.

3) MEEMRISEL TV AYE, S5% M MEN ETH:E
B 5.

6. CPU BEAFMAEDRITE & HEREM_EFEDFHM

6.1 (f), (g) ICHERETESER

BNV —F %, Ty VEHEO -, kHV— 71
Ao A M) — 2 BBEFHET L EPRHEHTH
. ZOE, (W] O1RkFvy v aldoway THDHI L
EEETLE, IRFY v 2IBITLF Yy v agisk
MBS L F 21—y THRREHTHS.

(g) DEFEBOER Byte/Flop 13 2.79 TH V), HEfE
fHIZ12.9% & 7% 5. V)TV F)Va— FTIELID I A dm
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K5 (g) RS (FHRED) OlERR
Table 5 Measurement result of (g) calculation of stress by time

integration (boundary parts).

Original Tuning
L1D I == 3.54% 2.71%
L1D I R dm % 49.93% 11.83%
L1D < A hwpf % 25.99% 88.17%
L1D I A swpf & 24.08% 0.00%
L2 I 2% 2.11% 1.97%
L2 A—7v k 42.32GB/s 35.79GB/s
AEY AL—7v k| 39.86GB/s 42.87GB/s
Peak ratio 8.80% 10.05%

B S H R 2 L — 712 B W T, LID 3 A8 3.125% (f
FEEECIX 6.25%L ) 22D LID 3 A dm 25 20% %82 5
BEL, ¥y v aBmANRELTwLLERZDL., Iy
WET L0, o) 3G E 1 OORFICEEL, V-7
SEREATAIEICLY, RNTT 72 ATHA RN —
LM BEBRSTT 7 —F 2Lz, fERELT,
L1D 3 A dm A 11.83% &% 0, NA MY —LHDH]
WA L DRI D B hwpf AEB S, XEY AN—T v

kb 4287GB/s FCHHE SNz, F/2, L2 ANV—T v b
A VFIVICHERT IR o729, L1 TOF ¥ v ¥ @k
BICEDBELTWIAELR L2 7 7 ADHE SN D
DEEZDL, FVIVFVA=—FEFa—=r 7 a— Foill
ERERER 5 ITRT.

FFELZ, Bk Byte/Flop 75 1.44, HEEMEREDS 25.0% CTH
5 (g) WHEERRESEICBVTD F 4 v ¥ 2o
ENico, i Fa—= v e EELIEI A, AT
JAN—T > MHT34.84GB/s 5 42.74GB/s ~, ¥—7
PEREIEIZ 16.24% 70 5 21.24% F CerFE & e,

6.2 (b), (c) EHERRETESEL

Heg MR 2 T AR, a— FHSHATE 2w
r—AHH5. B 31RT (b) #HERBESEIERICBW
TIE, HREEOE ) Bl WEEPEIED /2o, a— FEiE
ITHETHHEK L S L LTHIBTA2LEDSH L. KL
LCANV—=TDOFERFlop 1252 £ 7% 5. xF LT, ZK Byte
XECH] den OFFIHTELZ ZERE T 5 L 4bytex 18 &4 h), &
KB/FIZ1.38 THDH. L7zh»>T, HEMiEld 26%s %
B.ox LT, EMMEIZR 6 IIRT X H1222.29% & 7 o 72,
HRHWEEDH L7200, K51 v 2 LNV TO I AR
HEEFEIVEKFLTBY, L2 A=y I ELTY
L. DA R) =L B0 18 £ %<, ZD720IT swpf H°
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do j=NY00,NYO01
do i =NXO00, NX01
do k=NZ00, NZ01
ROX = 2.0_PN/( den(k,1,j) + den(k,I+1,J) )
ROY = 2.0_PN/( den(k,i,j) + den(k,I,J+1) )
ROZ =2.0_PN/( den(k,i,j) + den(k+1,1,J) )
Vx(k,i,j) = Vx(k,i,j) &
+ ((dxSxx(k,1,j)+dySxy(k,i,j)+dzSxz(k,i,j) )*ROX*DT
Vy(k.i,j) = Vy(k,i,j) &
+ (dxSxy(k,i,j)+dySyy(k,i,j)+dzSyz(k,i,j) )*ROY*DT
Vz(k,i,j) = Vz(k,i,j) &
+ (dxSxz(k,i,j)+dySyz(k,i,j)+dzSzz(k,i,j) )*ROZ*DT
vx(k,i,j) = vx(k,i,j) &
- grav(k,i,j) * dxEta(i,j) * dt * den_s(i,j) * ROX
vy(k,ij) = vy(kij) &
- grav(k,i,j) * dyEta(i,j) * dt * den_s(i,j) * ROY
end do
end do
end do
3 R RN L — 7

Fig. 3 The calculation loop of velocity by time integration.

& 6 (b)) HERHRTESHEO HER R
Table 6 Measurement result of (b) calculation of velocity by

time integration.

L1D I == 2.87%
L1D X A dm % 12.90%
L1D < A hwpf % 87.01%
L1D < R swpf 3 0.09%

L2 I 2= 2.38%

L2 A—7"v k 45.57GB/s
AEY A—T v K 45.39GB/s
Peak ratio 22.29%

B8 ThHr L, BIOBEEDY AT LBEEICL B
ETRF Yy VBRIl IN 15%THho722 L2 EEBT
LY, MOBEY A ZICBWTHF v v ¥ 2 Ha0OREMRE
BEEDL., KV—F b —THEERGRSICL 5T
HONPLHY A7 w L TB BIEET I L 7-.

(c) BHREIZBWTIE, LID 2 2A%A$3.36%, L1D I A
dm A5 42.63% & F v v ¥ A BEEE N0, FkE
V=758 B L ORI AEET A LIk, xE
JAN—=T v b2539.1GB/s 75 428GB/s 12, E— 7
RELLAY 15.88% 4 5 17.52% F Tk L7z, AMBEROHEE
R 19.9% TH BT EBLPEWNDOAEY ANV =Ty b
ERTHE, THRBREEVZS.

J
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®7 (a), (¢) WOEIMOA) TSI a— FHlER

Table 7 Measurement result of (a) (e) original code of deriva-

tive parts.
INVAL T Gl Ay IR
L1D I == 2.96% 2.95%
L1D I A dm % 3.95% 4.21%
L1D I A hwpf % 96.05% 95.88%
L1D < & swpf 3 0.00% 0.00%
L2 I A% 2.19% 2.19%
L2 Av—"7"> K 43.98GB/s 42.30GB/s
AEY A—""v k| 43.32GB/s 41.81GB/s
Peak ratio 10.41% 10.05%
doj=1,NY
doi=1,NX
dok=3,NZ-1
DZV (k,i,j) = (V(k,i,j) -V(k-1,i,j))*R42 &
- (V(k+1,1,j)-V(k-2,i,j))*R43
DXV (k,i,j) = (V(k,i,j) -V(k,i-1,j))*R40&
- (V(k,it1,j)-V(k,i-2,j))*R41
end do
end do
end do

4 V- TG
Fig. 4 Loop fusion.

6.3 (a), (e) MPAIEEE

194 LAT Y T, REMTET KD 5 staggered
ZEETEAY O [, BT E KD B staggered 725N
AOMEOF IS MIFIHEN LIV —F > Th ), LFGEE- O
40%% 5O 5. HEMS, L E b 3 RICEHIOH 1
i, 5524l 55 3 WA AN TESFH S NS 20, 5.2
OUREHEEEE M5 &, (154154 7.5)/3 = 12.5%7
T oftEtiEcd s, RTICH) VFLa— FoillE
HxERT.

K705, BlFryaEbhicBuTHEIIELSET
X, FRMEENSAEY)AL—T Y "L EET L L
KELMRBICER T <, (ZIFHESEREISGELTWS
Enwz b,

R, RV —F 2B HENLREZBRFT 5. K
V—F 2 F, TRTOMICBWTAEY TR, I
85 3 EE RIS 4 ZI2X ) F v v ¥ 2 ETIRREA)
FEDIEAE L 2720, MO T A EY) ZRA 2 55
o TWwh, ZOXAEYEREZMET 5T LT,
T3>0 kAL,

1) V— 7RG

B4, F1mhe 2oL —TEELERLBITH
L. FHANR1EOT— KT, ¥x v a2 ECTHFHTES
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I$SOMP DO SCHEDULE(static,1)
doj=1,NY
doi=1,NX
dok=1,NZ
DXV (k,i,j) = (V(k,i,j) -V(k,ij-1))*R40&
- (V(k,i,j+1)-V(k,i,j-2))*R41
end do
end do
end do
5 Cyclic 4%l
Fig. 5 Cyclic distribution.

% 8 Staggered grid & 3 #i72EE IV — T O ERE R
Table 8 Measurement result of the spatial derivatives calcula-

tion of Y direction.

Original Tuning (cyclic)

L1D I &3 3.13% 3.13%

L1D I A dm % 0.39% 8.95%

L1D I A hwpf % 99.61% 91.04%

L1D I A swpf % 0.00% 0.00%

L2 I & 3.14% 1.49%

12 AN—7"v k 38.45GB/s 68.96GB/s
AEY AN—T | 46.33GB/s 46.84GB/s
Peak ratio 7.49% 13.45%

TR 6 DIz, AEVERDPEML2x%x2, 381, HE
10 &%), ZK Byte/Flop 252 &% A, L7zh%> Tl
EVEREIT 18% & %0 . FEHMEIZ 17.4% L 2 0, HEETEREIC
ED L, RO RN LR TH S L HEE S 7.
2)  Cyclic 4%l

FVVFINT= FTERIV—F I LHEIA L v K
FIZRRRESETBY, H3EsstHELr—7Tldue— P&
N5 TRTOERZHAHEEDS 2. L L OpenMP 12
X% Cyclic BN LY, ALy FAXEY ba— KL
Ter—%%, BALy FAFFHATREIC R Y, X €Y AN
DEFAMZ A, THIZE Y& 3SRV — T D AE
VEORDEE 1, 2 BhEES L SRR S T EPHIRETE,
HeB MR A ) D F VD T5%H 5 15%L % h. B 5 D&
BY, 8R17T Cyclic 7EEIRET S LI2L D, Peak
A3 13.6%F C LA L7z, MERHREER 8 RIS, L2
Xy aOBEFMAMEIE T L7200, L2 I AEME L, L2
AN =T " EDIZH TS ZEDEEINL., F7/23
AR AT AN =Ty MIFRICHBEIZBE I N W
O, (b) LFEBICHEOR VA Yy ZIZAE) &Y,
FEDOLREFEF CTHEL WL EHWT 4. 1), 2) 2HAED
- FEOMREIEE S L OEMICE L T, ®EOHE (3]
EZRE NI,
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F 9 KV — 7O XFILL $7734T O k6 5
Table 9 Measurement result of the derivative loops with
XFILL directives.

5 1 5 2 Hh 55 3 W
L1D I A% 2.06% 3.27T% 3.12%
L1D S A dm # 4.70% 9.10% 3.01%
L1D X 2 hwpf % | 50.30% 75.80% 79.85%
L1D I R swpf 3 44.98% 15.09% 17.13%
L2 I AR 1.08% 0.68% 2.52%
L2 Av—"7"> K 42.88GB/s | 89.62GB/s | 45.85GB/s
AEY A —Fv k 43.42GB/s | 34.69GB/s | 45.85GB/s
Peak ratio 21.22% 16.13% 8.93%

3) XFILL f&7R47

[5] T, XFILL &IHEN 5 & A b 7 HREASfE S
TWwb., AR ER P OERSHO L WA b TEFIIZD
BENTH A, BARNZEIE LT, 20Xz, Al
TEFZSNLEH DZV 5L TSNS, 2owlfi 7
IR AELBENV=TIH L TIRT A ENTE L. Ak
REE VA LIZd ), HEAAHDIA V2 F vy ia
FICHERLA N TaHEEO) = N7 7€ A08F vy v o
vy b AD, EBEORAEYFERIESICRY, TR
Byte/Flop & N5 Z EAMRETH A, FiRE LT, 47
Tha— FTIEE L, 2875 15%, 5 3D 7.5%72 o
FHEETEREAEAS, 1, 2750 22.5%, H 3T IONTH 5.
REEFEIZEE 1, 28720 BV CHEHTETHY, Zh
baflio7zfiResR 9 1R,

XFILL & fiv7236, mNOA M) — S 85IZBR7% <,
L2F vy ahsb Ll ¥vvdallswpf %7351k
ek ZoTwhizd, Kl 3 L1D I A swpf RAOEIE S
NTW5, 1B X O 3 MdHEEERE I £ TRl
ENTZH, B2 XAE) AN —TF v MM E HRTh %
DR D55,

[R] OAFYBIOTF vy v 20K, XEUD2H
LR2F XYy a~ONZREL2F vy anb Ll Frv vy
T ANDINAPN= P E 2 RIELH ) HARIC R - T
BY, HLBREDOI2 ANV —TF v "HPERENLHEEIC,
AEYAN=Ty FPERTTHEAPHL. ZOHEE
2TV A=y by 7 ERBEL, 2o LREIR
180GB/s R TH 5 Z L AP L T b, XFILL & Hw
e, 1220V ANV—=T Y MEIL2 ANV—Tv N + A
EYAN—=T b x1.5 EERIN, §2HTIE 141.65 GB/s
e h. FRREOR 8EI L o TWADS, H1, 3lIFNn
ZN108GB/s, 114GB/s THH I L a2 EET DL, i
DEWETH ), TRPATYAN—Ty hOKTERNT
HHrLEZDH, L7z ->T, HE2WMOFEIEICHLTH,
N—= R 27 OWREICL > THRESI NS L\ ) BIRTIE#Z
MLEZENDLD, 20TV AN—Ty bty 7 LR
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Table 10 The detail of cost of communication parts.

HEAETE (sec) JEIHETE (sec)
AP g s 0.623 0.620
Mpi_isend,recv 0.013 0.013
Mpi_waitall 0.660 0.665
TNy 7 AL 0.578 0.556

HEB L OFFHICE L TIE, SORIMEPULEEERD.
WAOEEBIZBWTIE, 1), 2), 3) T LTz MlAas
bELTLIZEY, (a) BHMSE, (o) HEMSTIZE
NZEN 104%5 5 17.3%~, 10.1%75 5 19.2% D PEREN
LAHERE S .

7. BIEEBOFHME

(5] EHTED & BY, Tofu LIFIENS 6 RTEA v ¥ =/
M= A%y M7 =7 THEEINTBY, 2RLHHET
WIIBHEREN 1Ry 7THAEZ EPRESN TS, F
72, 42D Tofu x v hT—=2 4% 7x—A (INI) %#
WL TBY, 4 HEZEPEREICRTEND. ZO5A,
AV E—=VEMN1TNIH7/2D 106 514 MEEEDL 1728 ¥ —
7 & LT 13.2GB/s Oiifg/N Y Fige 7 % [13].

Seism3D TIEAKFH AN RS 5 4 FIIG L, 2 X v
¥ 25 OGO R B & TSI % JERIEA S %%
B3 5. Lo T, Bliki~7-13.2GB/s L L#T 5 2
2k, (5] omEry bU—27 otz +HoIiEHT
ETCVLPEFFETE 5.

16 70t AZBITFAL ) YV IVa— FOEENV—F V&
B A MERROFMAR 10 1RT. 2B, KllET
X, TULABOEED A 2 INT v ADEEL kT 5 7
&, BE ORI FHILEE A 5F A L 7.

Y=y NETVORE, #E, L b 1Bz
T X ATA1C 80 4000 % 2x 3 37, T Y J71A1IZ 60 x 4000 X 2% 3
FOREZENRBICEET S, X - T, MPLwaitall D
WEPHWTCEENY NIz ko b L, Y5 50@EL—F
v TH 81GB/sec L5,

E— 7D 6 BIOMREL o TV BD, YU T IA4
AENTGEDEEEREZDLE, RF—VBOEE12H
OBEIME 2D, WDhOBEBEIZIEIICFITENRTW
LMERRETH A, 4 INIPEEIZFEAMTL20E5 1 I~
TG THDL LR ZRBTHE, BUREHAEMTH D
LWz b, F7o, BEICEBEVPELRSTLAETY, 77
F—2arefo) b0 1% RBOWUEICTEL VO
AN —F VOUBIAREL SR 5.

8. F1—Z THDOAIERER
6ETHIL,-Fa—=rr7FEr ) YVFra— i
WHL, 16 70+t A CHlE L -#EES O xR 11 12,
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11 Fa—=UrRikoME—&

Table 11 The performance of before and after tuning.

Original Tuning
Elapse Peak Elapse Peak
(sec) Ratio (%) (sec) Ratio (%)
XN 68.1 11.8 48.8 17.6
(a) 13.0 10.4 7.9 17.3
(b) 3.6 22.3 3.5 22.3
(c) 6.4 15.9 5.6 17.5
(e) 13.5 10.1 7.1 19.2
(£ 15.8 16.2 12.6 21.2
(2) 9.3 8.8 8.1 10.1
1.E+07
1.E+06 .'
|
1.E+05 B
|
&’ 1.E+04
o |
—]
"u'; 1.E+03 u
|
1.E+02
1.E+01
1.E+00 : : : : g
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05
Processor

X 6 82,944 iy F ToOMRE

Fig. 6 Measurement result between 16 and 82,944 processes.

Fa—=rr7a— R HWT 82,944 5 F CTHllE L 7ok
REBE 6 ITRT. AR, RN LEHHOF 2 —=
Y7l 82944 WHETORE LA —F ) T 14 0%
HTED,

9. bWIC

Zefal, [50) 12 BN— R = 7 OIERMERE D S e &
NHVEREEZ B L, Seism3D TEESNTWDEEE L —
FrOFEMBEERBETAZLICLY, Fa—o UV FEE
g, BHliT A vy 7 a—F R L. 0B, 5
WIS TV AT e 7 7 4 FHBE 2 VT, Fx v
VA IARERLAN— Ty Mk E Lo LT 5
TEICE DV HEENREE O . & S ICEBUIC A
MDHILN—F > TEF vy Va2 HMGEHTHILICE
LAEYT VLY Yy DB E -7 F a—= 0 T ERiT S
Llizky, EuhsMRemMEREKL, [ 04/ —F%
JAWT 1L.9PFLOPS % Em L7z, —&B, HEETERE & Tl L
TWAEH—=RNWH LN, HEDOINT v Al L rEGdl-m
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MOBFARIEBIK, BIE—IK, BIFHEK, IFVvy o7
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EEHBETOTIEB—IX, ErFTIK, %o I8t
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