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Oakforest-PACS JCAHPC:
AMD Opteron Fujitsu, Intel KNL R N
140TFLOPS., 31.3TB 25PFLOPS, 919.3TB PN

|
Oakleaf-FX: Fujitsu PRIMEHPC

FX10, SPARC64 IXfx
113 PFLOPS 150 TB

Oakbridge-FX
136.2 TFLOPS, 18.4

TB

Reedbush, SGI
TR -2 aL—ay .
max—ri-aca—s  [NSTHIIGE
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- Oakleaf-FX (5t & PRIMEHPC FX10)
- 1135 PF, RO v a1 — 2Rk, 201244 H ~ 201843 A
- Oakbridge-FX (Z=*3& PRIMEHPC FX10)

- 136.2 TF, KFFEIZEITH (168KffE) , 2014448 ~ 20184

3H
- Reedbush (SGl, Intel BDW + NVIDIA P100 (Pascal))

s T—REE¥T - VI al—Y 3 rURAER—/N— \
a1 —4& ‘
- 3.3 PF, 2016E7 H ~ 2020%E6 A

- EAITCHDGPUY X F 4 (20174638 & Y ), DDN IME
(Burst Buffer)

- Oakforest-PACS (OFP) (L&, Intel Xeon Phi (KNL))

- JCAHPC (5% ACCS&EKITC)

- 25 PF, TOP 500 C6/z (20164611 8) (AAT14r) [

- Omni-Path 7 —% 7% F +, DDN IME (Burst Buffer) [l
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RAXPRFERE L5 —
ANV (1/3)

Fujitsu PRIMEHPC FX10 (FX10R—/S—aYE1—8S RT L)

Total Peak performance 3 PFLOPS
Total number of nodes 4,800

Total memor 50TB ~ =
Pe;k perforn?ance per node 236 5 GFLOPS 201 2£|E7H 201 8£|E3 H ( ¥ 7E )

Main memory per node 32GB
Disk capacity 2 PB
SPARC64 IXfx 1.848GHz

Oakbridge-FX

REMY 3 7THOFX10
J — R# : 24~576
HIPRAFfE - s KX 168MF[R
(1:8f@E)
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Reedbush-U (SGI Rackable 25RXHL AT L)

Total Peak performance 508 TFLOPS
Total number of nodes 420
Total memory 05 TB

Peak performance per node 209 6 GFLOPS
Main memory per node 256 GB

Disk capacity 504 PB

File Cache system (SSD) 230 TB

Intel Xeon E5 2695v4 2.1GHz 18 core x2 socket
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Reedbush-H (SGI Rackable 5RXA2L AT L)

Total Peak performance TFLOPS F . N e

‘ i bl 00174371 B BB e
Total number of nodes 20
Total memory 30 TB +8 TB 201754 830 EERFAR

Peak performance per node 209 6 GFLOPS
+ 06 TFLOPS
Main memory per node 256 GB
+32GB
Disk capacity (shared w/ U) 504 PB
File Cache system (SSD, (shared w/ U)
230 TB
Intel Xeon E5 2695v4 2.1GHz 18 core x2 socket _
+ NVIDIA Tesla P100 with NVLink x 2

fm RRAAERER T 5—

NFORNATIONTECHNOLOGY CENTER.THE UNERSTY GF TOKYO 10

2017/1124 =:

RAXKPRHEREtT 57—
ANV (2/3-3) New!!

Reedbush-L  (SGI Rackable 735 RXA2LRT L)

EEEYaTH
HIPRAFFE © B K168
(188D

Total Peak performance 43 PFLOPS

Total number of nodes 64
Total memory 6TB +4 TB
Peak performance per node 209 6 GFLOPS
+2 2 TFLOPS
Main memory per node 256 GB
+64 GB

Disk capacity (shared w/ U,H) 504 PB
File Cache system (SSD, separately)
536 TB
Intel Xeon E5 2695v4 2.1GHz 18 core x2 socket |
+ NVIDIA Tesla P100 with NVLink x 4

Reedbush-U+H+LD &5t gE
= 3.36 PFLOPS
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Oakforest-PACS (Fujitsu PRIMERGY CX600)

Total Peak performance 25 PFLOPS

Total number of nodes 2,9270§ 15 2016 E 12 H 1 El Eit %ﬁ Eéﬁ Fi"‘ﬁ tl lﬁ‘

Total memory
Peak performance per node 3 046 TFLOPS

Main memory per node 96 GB (DDR4 s
P . 6GB((MCDI)2AM) 2017F4 A3B IEXL,EMBFR

Disk capacity 262 PB
File Cache system (SSD) 960 TB
Intel Xeon Phi 7250 1.4 GHz 68 core x1 socket
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FX10MDEEM (1 TOFUEGIEID#HES) R )
Reedbush-U/—F®N 7Oy 4y H

C e~ CAFEYDS B, HEW AEVE EWN] ATULHD
e 1—HYNnnoRD t_ => NUMA (Non-Uniform Memory Access)
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Broadwell-EP D #& % 17y bDOHERR

~ QPIX2  PCle a7 YL1T—4: 2KB, L2: 256KB,
ya L3: 2.5MB(3£4) => L3 (3 £/A T45MB
ore NN
L3 ore E]_ |£ i 44 1] 2 L3
ore JINNE
L3 ore |1_ |§ 0% 410 1] 2 L3
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Uiy MY AT B : 16GBX8=128GB  76.8 GB/F
LSt b kL A =(8Byte X 2400MHz x 4 channel)
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76.8GB/s

Intel Xeon
E5-2695 v4
(Broadwell-

Intel Xeon
E5-2695 v4
(Broadwell-
EP)

~
i
128G
< DDR4 {_ B

\ 20 GB/s J

EDR switch
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Oakforest-PACS §t8 ./ —F

- Intel Xeon Phi (Knights Landing)
1/ =RV 7y b

« MCDRAM: > Xy /ir—o
DB/ RiEAE ) 16GB ﬂmﬂ o] S
+ DDR4 A E ) I -

Viry hEEYAEYE:
16GB X 6=96GB

HotChips27
KNLRZ MK &Y

MCDRAM: 490GB/# £ (EHl) co::ezits by

DDR4: 115.2 GB/# 20 Mesh
=(8Byte X 2400MHz X 6 channel) Interconnect

\ AT ST
-7 : MCDRAM MCDRAM MCDRAM MCDRAM
Package
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Oakforest—PACS InteI Omn| Path Architecture [Z& 6
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BEAIEHRER 4 —Oakforest-PACSA—/v—1
VEA—2 L RATLOEER (20178F4A18 )

yF)La—zR (FERD) |

- 3—X1: 100,000 : 8/— R(E#%), &®K16/ —F£T
«3—X2: 200,000 : 16/ — R(E#%), {FK64/ —FET

cJN—TF3—X
- 400,000/ (&% 480,000/) : 108/ — K (E#) | §KX2048
J—R%ET
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« KEZEDI1—HIEFX10. Reedbush& MEE h—4 #8471 ATHE
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B RIFRERt >~ 4 —ReedbushR—/N\—a >
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c ¥/ —RETIH, =T VHEBEFRHEMN.O
cHE)—FEBZDE BALEDIE, HEREN201245
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- /—FREELHY
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JPY (=Watt)/GFLOPS Rate
Smaller is better (efficient)

JPY/GFLOPS

Oakleaf/Oakbridge-FX (Fujitsu)

(Fujitsu PRIMEHPC FX10) 11223
Reedbush-U (SGI)

(Intel BDW) 20
Reedbush-H (SGI) 17.1
(Intel BDW+NVIDIA P100) '
Oakforest-PACS (Fujitsu) 16.5

(Intel Xeon Phi/Knights Landing)
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http://www.cc.u-tokyo.ac.jp/system/ofp/
http://www.cc.u-tokyo.ac.jp/system/reedbush/
http://www.cc.u-tokyo.ac.jp/system/fx10/
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cFELFSATILA-R: (1 7A~BRKBEO»A) . Al GHEEREE
BERZE)

s A==V Ea1— S FAEREBEZEROEENIDE (F2RKME)
cBEDIA-REBHIZ, HHBFAREEDRHADE

Mo

2017/1124 BT KNLER

WHTOTF 22T 0ERE

??k%f*?ﬁ%kt/&—

ooooooooooooooooooooooooooooooooooooooooo




2017/1124 FES KNLEE

BSOS S 25 M2
cBREFOTOTZ L (ETERET) 2. pBEOFHERK
EFE-oT. T/ p 95T ¢&,
ey T
-

- RAEZTIXHHA,
cERE, TEEMEI MF. FRLEORNR
(ZILTIYXL) T KEL HLINES
e ZILTYXLL, #EXIZAFETE R OERD DEE
CEEOEDOF—INANY ROERE
< SBIEM B LAY B
© T — R EAEER

%?X%Fﬁgﬁtzg—

oooooooooooooooooooooooooooooooooooooo

2017/1124 FES KNLER

ik HEt D558

- Michael J. Flynn#i#% (R4 > J7+—RKXK) OH48

(1966)
H—af  BE—T—4m

(SISD, Single Instruction Single Data Stream)
H—fnw - B8 T —42n

(SIMD, Single Instruction Multiple Data Stream)
BT - BE—T—2R

(MISD, Multiple Instruction Single Data Stream)

BHGmT BT —A2R
(MIMD, Multiple Instruction Multiple Data Stream)
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AHETEBED A E ) BRI & 55748

A ATEYTZ7RLREZEHB  HELNODATUMNT7 Y AAEE

(1. HBAEYR

(SMP:
Symmetric Multiprocessor,
UMA: Uniform Memory Access

\/
2. DHHEAEUR

(DSM:

Distributed Shared Memory)

HE - FEAHAEYER
(ccNUMA,

Cache Coherent Non-Uniform
K Memory Access)
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EN7D755>7®%?w
- Z{OMIMDETOMUI TO TSIV ITDETIL
1. SPMD (Single Program Multiple Data)

1 DOOHBOTOY T LH, W NEFEBEIZ,

70ty FCRETS
‘MPI (X—321) ODETIL

JAatyH0 7oty 91 FotwvH2

Jaty43

Jags A=A PA=K A Jags

Ly Ly L L

T—453

750 7—41 752

2. Master / Worker (Master / Slave)

12070t X (Master) N, E#HO TO+EX
(Worker) =& (&£, BHE) 95,
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WF 7055 LOESE

JOERXRERL Y ROEW
YLFTOER =LY O

_ SAEYEEHTEINESHD
« MPI (Message Passing Interface) EN

- HPF (High Performance Fortran) BIAEY I T FOEZR]
- BEF{EFortrana > /XA 5 F—AFYIEZ TALY K]
© AP T— 2 HEIFEE RIS ER

cRILFRLY KR
« P thread (POSIX X L R)
+ Solaris Thread (Sun Solaris OSF)

« NT thread (Windows NT%. Windows95LL[)
« AL RO Fork (98 & Jon (BE) ZHRMICEDR

- Java
LIRS Ll V)L F O RERILFAL Y RiE
+ OpenMP H7F R BE

© A—YHUIEIERT E RS

—/NA 71 v KMPI/OpenMPZ4T
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E= |

R ERET B L THINET B. SIMD®
B OB (SR BE- KD,
> R WHI D 4751 — 7R

EAAERL

1 23 9 8 7 1%942%643%3 1*#842%543%2 [%742%44+3%]
— * * * * * * * * *
4 5 6 6 5 4 4*94+5%6+6*3 4*8+5*%5+6*2 4*T+5*%44+6%*1
759 48%649%3 THRLB*549%2 THT48%449%]

7 8 9 3 2 1

@51t £CPUTHA

cpuo(l 2 3 9 8 7 (1%942%643%3 1%842%5+13%2 1%74+2%4+43*]
cruila 5 6llle 5 4ll = EEsees Fsessien arresvarer
7 &8 9 3 2 1

[(779+8%6+9%3 7¥8+8%5+9%2 7*7+8%4+9%1|
WHIEHE: T — 2L RN EE LR —

CPU2
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PEREFHEi TR — 2 2R

L a¥HE S, =T/T, (0<5)

.zt

- Iy mrozABET, | PAT DT
-PEALT §,=P DEE, EENG (deal) EER L
-PEALT §,>P NEEZA—NYZT - AE=RT7 YT

« EHREFERE, WIMEIZKY ., T2 T I EAANBEREINT,
Fryiaby hRABETEZZEIZLDERERL

- Wi F bR
‘% E,=5,/Px100 (0<E,) (%]

- B3 F0iERE -
c RERLEORR
- Saturation, Tx5% |
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7 LZ—I)LDEE

- BRERTREEK LT 5,
ZDS556, WIMENTESHEIEZ a £T 5,
cZDEE. BEMREIUTOLSIZH D,
S, =K/(Ka/P+K(1-a))
=1 a/P+(1-a)) = 1/(a(l/P-1)+1)
- FEDHMND, FEAERRKOBOTOLYFEELT

tH (Pow) | BHBRF. &4 1/(1-0) TH B,

(7 LF—ILDER)

« 2ED0% MMM TERELTH, EEROKO IOy H %
DHhoTH, 1/(1-09)=10FF IZLhEn@Ly!
—EMREEERT D HICFE, DLTHAINEIEE LTS

FEETDIIENETHLEETHD
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ABEE=DOHB
WEHFLTYRARDEETBNE VT,

KNLOZ# 0 a7 DOk LA, Oakforest-PACS
DEWDHE /) — REHAEDLE T, FIEXBCK
SFERERIES |

« ZTDMDOEZBS (FRE) http://www.cc.u-tokyo.ac.jp/support/kosyu/
cWMFHTILT) RAEZVE WA
+ 10/31,11/1 OpenMP/OpenACCIZ & B X ILF AT - AZ4 AF7WHTO TS
TV AM
« T O
< 11/7,8 THMHBREREENA Ty RMFN T TS0 7]
+ 31,2 MPIE#
« RE  MPI L#HR
¢ RE  GPUY T X2EB=(IR)

[CALEBESNMLL! ]
ELSEENHNIEEVDT
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Oakforest-PACS DBt

Mo
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Oakforest-PACS J CA PC

- ISR RIHPC E#HE% (JCAHPC: Joint Center for
Advanced High Performance Computing)
- RRARFEHER LY Z—
- URKRFAERFEHRR Y 2 —
ATV —AHRFT, REMOAXRES MR EEREEE - EET
5= DIEH
s BRAERF v URRAORRARFERER L V42 —R

- 20161281 B @51

- 8,208 Intel Xeon/Phi (KNL)

- E— 2 £ 8E25PFLOPS

-TOP 500 7fi (EWN1£I) , HPCG 5fi (EM2
f7) (201746A)

RRAAERAER T 5—
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Oakforest—PACS(D##ﬁ& (1 / 2)

’n—i—g/_h
-1/—Fk6837,

3TFLOPS X 8,208/ — k= 25
PFLOPS

- *E1 (MCDRAM (&%,
16GB) +DDR4 ({&3&,
96GB) )

-/ — RFE&EE
cTINAEITIUNRY RIRE
HDOFat-Treery k7 —%

c EREREOT SV S—2 3y
MEEIZHIR, £ 3 TER

« Intel Omni-Path Architecture

fm RRAAERER T 5—
AEOATIN TECHOLEY CETER T ANESTYOF TR0
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Oakforest-PACS D45 (2 /2)

WHT7AIL
77410 2T

CHAMFTFAILY AT L
Lustre 26PB -
cTTFANFYYTAVRAT A
(DDN IME) : I7AIFrya
1TB/sec B 5 2ot e, YATL
#1PB
C EHERE - By S T— AR -
R - £ Tt

/ﬁ% I B
- Green 500 T % tH #8641 lt
- Linpack : 2.72 MW v
- 4,986 MFLOPS/W (OFP)
830 MFLOPS/W ()

7/’7é|7‘—U120/ N

2017/1124 BT KNLER

2017/1124 BES KNLER
Oakforest-PACS D1k
eE— U HE MR 25 PFLOPS
J—R# 8,208

&  Product = 1T 1& PRIMERGY CX600 M1 (2U) +
= CX1640 M1 x 8node

oty Intel® Xeon Phi™ 7250
(BA% 32— R: Knights Landing)
68 07, 1.4 GHz

A @YK@ 16 GB, MCDRAM, =% 490 GB/sec

T E&AURE 96 GB, DDR4-2400, E—4% 115.2
g GB/sec

A% Product Intel® Omni-Path Architecture
Al oo EE 100 Gbps

kRO TILINA 5 2 3 N RigFat-treefd

Oakforest-PACS D1 (FiZE)

W3 774 Type Lustre File System
LMY ATL €  262PB
Product DataDirect Networks SFA14KE
/N> Rig 500 GB/sec
2®R 774 Type Burst Buffer, Infinite Memory Engine
LF vy (by DDN)
YAVAT AR 940 TB (NVMe SSD, /S 57 4 &
N )
Product DataDirect Networks IME14K
/N> Rig 1,560 GB/sec
MOEEEN 42MW CREIZET)
Wy I8 102

o

il
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Oakforest-PACS DY 2 k9 x7

- OS: Red Hat Enterprise Linux (B 471 >/ — K),

CentOS & & U McKernel (55 / — K. T1EwT8E)

- McKerne : BHFAICS TRKHF DO A Z— 3 7 A IT0S
«LinuxICEERBE, 1—H 70T I LIZEZZ8ELL
cARAMNRIVEL—RIZEREHEIND FE,

« O 2 /X4 7 : GCC, Intel Compiler, XcalableMP
- Xcaab eMP: BHFAICS & TR K CHEIFARFOME| T T Z

=\, p=zE
< /7 Sao

« CoFortranTEC SNz 21— FITHHRXEMA S C &£ T,
ﬁ%g%uﬂﬂ7ju7—>ay%%%tﬁ%#é:tﬁ
e TATZY - TFTI) =3y A—TUIY—RVYT T
7
+ ppOpen-HPC, OpenFOAM, ABINIT-MP, PHASE system,
FrontF ow/b ue , LAPACK, ScaLAPACK, PETSc, METIS, SuperLU etc.

RRAAERER T 5—
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BEANVFI—Y

- TOP 500 (Linpack, HPL)
cET-RABRAVIN— (BEEZE) , stE&RE (FLOPSfE)
- AN AR ERAE) TV EX
- EHE AR
- HPCG
BT -RABRAVIN— (REZE) , sHHERE (FLOPSfE)
- BRERZEN O/ OLNDETY (EOHEN)
c NEH{AEVTIER
KT TUIr—2 3 VITEN
c AEYT U ERMRE, BIEMRE
- Green 500
- HPL (TOP500) E4THfDFLOPS/W1E

REAPERESE T T—

INFORMATION TECHNOLOGY CENTER THE UNVERSITY OF TOKYO

48t TOP500 List (November, 2016)

Rimax Rpea
I_ CompUter/Yearvendor (TFLOPS) (TFLOPS)

Sunway TaihuLight Sunway MPP 93015

National Supercomputing

) R Sunway SW26010 260C 1 45GHz 10 649 600 ,_ 125436 15371
Center in Wuxi China 2016 NRCPC (=93 0 PF)
National Supercomputing Tianhe-2 ntel Xeon E5-2692 H 33863

2 Centerin ianjin China Express-2 Xeon Phi 2013 NUD DV egppm P WS

Oak Ridge National Titan

Laboratory USA Cray XK7/NV D A K20x 2012 Cray
Lawrence Livermore National Sequoia

4 Laboratory USA BlueGene/Q 2011 BM lazesy Wi 2RY veE
DOE/SC/LBNL/NERSC Cori Cray XC40 ntel Xeon Phi 7250 632 400
USA 68C 1 4GHz Cray Aries 2016 Cray

Oakforest-PACS PR MERGY CX600

M1 ntel Xeon Phi Processor 7250 68C

14GHz ntel Omni-Path 0

2016 Fujitsu

K computer SPARC64V x 2011

Fujitsu

Swiss Natl Supercomputer Piz Daint

560 640 17590 27113 8209

14015 27881 3939

Joint Center or Advanced
6 High Per ormance
Computing Japan

13555 24914 2719

7 RKENACS Japan 705 024 10 510 11280 12660

8 Center Switzerland Cray XC30/NV D AP100 2013 Cray A8 720 IR T9EER 192
Argonne National Laboratory Mira
SR e G B 786 432 8587 10066 3945
Trinity Cray XC40 Xeon E5-2698v3
10 DOE/NNSAILANLSNL USA 3605351 2016 Cray 301 056 8101 11079 4233
Rmax: Performance of kppagk &ELOPS) bitp . fop 500,019/

Rpeak: Peak Performance (TFLOPS), Power: kW

20 7/ 24

49t TOP500 List (June, 2017)

R, R Power
ax peak
I_ GomputeriYear Yendor Cores (TFLOPS) ((TFLOPS)| (kW)

National Supercomputin: SunwayiralhuClghtySunwayihis 93015
e szi Chiﬂa 9 Sunway SW26010 260C 1 45GHz 10649600 (_ o' o) 125436
2016 NRCPC
National Supercomputing Tianhe-2 ntel Xeon E5-2692 H 33863
2 Centerin ianjin China Express-2 Xeon Phi 2013 NUD 8120000 (_339pfF) 54902

Swiss Natl Supercomputer Piz Daint

15 371

17 808

& Center Switzerland Cray XC30/NV D AP100 2013 Cray SClel e EOEs 2272
Oak Ridge National Titan

4 Laboratory USA Cray XK7/NV D AK20x 2012 Cray el Wy 2Ty OAW
Lawrence Livermore National Sequoia

5 Laboratory USA BlueGene/Q 2011 BM lemesy  Wie 20y vEl
DOE/SC/LBNL/NERSC Cori Cray XC40 ntel Xeon Phi 7250

& USA 68C 1 4GHz Cray Aries 2016 Cray ALY oy ) 8
i @mnler o AdERE Oakforest-PACS PR MERGY CX600

7 High Per ormance M1 ntel Xeon PhllProcessor 7250 68C 557 056 13555 24914 2719
e ey 14GHz ntel Omni-Path

puting Jap 2016 Fujitsu

8 RKENACS Japan ?U‘J’I—:’STM SRANESY = 20 705024 10510 11280 12660
Argonne National Laboratory ~Mira

9 USA BlueGene/Q 2012 BM 786 432 8587 10066 3945

Trinity Cray XC40 Xeon E5-2698v3
10 DOE/NNSA/LANL/SNL USA 16C 2 3GHz 2016 Cray 301 056 8101 11079 4233
Rnmax: Performance of L npack (TFLOPS) pe———

Rpeak: Peak Performanze£THLERS), Power: kW

20 7/ 24




50th TOP500 List (Nov., 2017)

HPCG Ranking (SC16, November, 2016)

Computer Cores | HPL Rmax | TOP500 HPCG HPCG/
I e Y ,,
NationalSupercomputing Sunway TaihuLight Sunway MPP 93015 R KEN A CS Japan K computer 705 024 10 510 06027
1| o e S(L;?;va’\)l/ Ffé/:/azceom 260C 1 45GHz 10649600 _ o.'0 o 125436 15371 HNSCC / Guangzhou _ A = 5800 .
National Supercomputing Tianhe-2 ntel Xeon E5-2692 H 33 863
2 Genterin ianjin China Express-2 Xeon Phi 2013 NUD VWU caprg] EPH TWEE JCAHPC Japan T — S i — 20
Swiss Natl S 1t Piz Daint
8 C\grlft; g;ngﬁg:;ompu “ C:‘Zy )a(lg30/NV D AP100 2013 Cray 361760 19590 33 863 2212 National
4 JAMS EC (Z;eyt?:sl(;Ter-Z 5 PEZY.SC2 19860000 191358 28192 1350 Iiu\;)virxclorggﬁ:;ng Center Sunway aihuLight 10 649 600 93015 1 03712 399
2 S:go'g?c?r? ,\l‘JasﬁXnal grt:yn XK7/NV D A K20x 2012 Cray 560640 17590 27113 8209 HDOE/SC/LBNUNERSC Cori 632 400 13832 5 0 3554 257
g tZvaéfQ.ii,LﬁZrl\" ore National Sﬁe‘é"e'ﬁe/q 2011 BM 1572 864 17173 20133 7890 HDOE/NNSA/LLNL USA Sequoia 1572 864 17173 4 03304 192
Trinity Cray XC40 ntel Xeon Phi DOE/SC/
7 DOEINNSAILANUSNL USA 7550 66¢ 1 4GHz 2017 Cray IO Wk s 8B Oak Ridge National itan 560 640 1750 3 03223 183
8 BSE/SC/LBNL/NERSC %13‘2{.&«:&1&), r1Ats|e;(e;(311|thl>;2y5O 632 400 14015 27 881 3939 ;aobé)/r;t’il.);yA/USA
Oakforest-PACSIERIMERCIACXE00 LANL/SNL rinity 301056 8101 10 01826 225
9 rﬂ?‘gr: geern ger:ngr:cAs vanced QAJ‘G'TZE" ?f;%m'f;;fﬁssm [[220le5¢ 557 056 13555 24914 2719 HUSA
kil 2016 Fujitsu HNASA/ Mountain View o, i des SG CE X 243008 5952 13 01752 294
10 RKENA CS Japan %‘M SRAREEY = A0 705 024 10510 11280 12660 SEAE/SC/
Riax: Performance of L npack (TFLOPS) oo ton500.0rc) HArgonne National Mira BM BlueGene/Q 786 432 8587 9 0 1670 194
Roea: Peak Performamme#TiRL@RS), Power: kW prIoRos Laboratory USA BES KNLRE
20 7/ 24 53 2htth:/lwww.hpcg-benchmark.org/ 54
HPCG Ranking (June, 2017) HPCG Ranking (Nov, 2017)
Computer Cores HPLRmax TOP500 HPCG Peak Computer Cores HPLRmax TOP500 HPCG Peak
P (Pfop/s) Rank  (Pfopls) P (Pfopls) Rank  (Pfopls)
1 K computer 705,024 10.510 8 0.6027 5.3% 1 K computer 705,024 10.510 10 0.6027 5.3%
2 Tianhe-2 (MilkyWay-2) 3,120,000 33.863 2 0.5801 1.1% 2 Tianhe-2 (MilkyWay-2) 3,120,000 33.863 2 0.5801 1.1%
3 Sunway TaihuLight 10,649,600 93.015 1 0.4808 0.4% 3 Trinity 979,072 14.137 7 0.546 1.8%
4 Piz Daint 361,760 19.590 3 0.4767 1.9% 4 Piz Daint 361,760 19.590 3 0.486 1.9%
5 Oakforest-PACS 557,056 13.555 7 0.3855  1.5% 5 Sunway TaihuLight 10,649,600 93.015 1 0.4808 0.4%
H 0,
s g:” o ] g?iggg 13?% g g'gggj 1 'g 0;" 6 Oakforest-PACS 557,056 13555 9 0.3855 1.5%
uoi 572, . . . .
8 Ti 9 560.640 17.590 4 0.3223 1 20/0 7 Cori 632,400 13.832 8 0.3554 1.3%
itan : : : i 8 Sequoia 1,572,864 17173 6 03304 1.6%
9 Trinity 301,056 8101 10 ___0.1826 _1.6% 9 Titan 560,640 17590 5 03223 1.2%
10 Pleiades — NASA/SGI 243,008 5.952 15 0.1752 2.5%
10 TSUBAME3.0 136,080 8.125 13 0.189 1.6%
http://www.hpcg-benchmark.org/ EES KNLEE http://www.hpcg-benchmark.org/ EES KNLEK
20 7/ 24 55 20 7/ 24 56
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Green 500 Ranking (SC16, November, 2016) Green 500 Ranking (Nov., 2017)

B T e A
Pflop/s - RKEN Japan Shoubu ZettaScaler-2 2 HPC system Xeon D- 8420 17 009

NV D ADGX-1 Xeon E5-2698v4 20C system B 1571 PEZY-SC2 ExaScalar

NVDA DGX o
. 22GHz niniband EDR NVD A esla 3307 28 0 350 9462 A ZettaScaler-2 2 HPC system Xeon D-
Corporation SA URNV P100 n KEK Japan Suiren2 1571 PEZY.SC2 ExaScalar 788 2 307 47 16 759
Swiss National Cray XC50, Xeon E5-2690v3 12C ZettaScaler-2 2 HPC system Xeon E5-
HSupercomputing Piz Daint 2.6GHz, Aries interconnect , NVIDIA 9.779 8 1.312 7.454 n PEZY Japan Sakura 2618Lv3 PEZY-SC2 ExaScalar Gy 21 M 5 Esy
Centre (CSCS) Tesla P100
DGX Saturn Xeon E5-2698v4, NVIDIA Tesla V100 ,
EEMRKENACCS  Shoubu  ZettaScaler-16 etc 1001 116 0150 6674 - NVIDIA, USA | o Nvidia 1,070.0 149 97 15.113
National SC Sunway Sunway MPP, Sunway SW26010
nCenter inWuxi TaihuLight 260C 1.45GHz, Sunway o I i Gl IS EE Gyoukou AESEERA A FPE SyEiEm Xeam B 191358 4 1350 14173
SFBITR5S at PRIMERGY CX1640 M1, Intel Xeon Japan LShRESCagEsscalaY
Fujitsu Tech. QPACE3  Phi 7210 64C 1.3GHz, Intel Omni- 0.447 375 0.077 5.806 SGI ICE XA, IP139-SXM2, Xeon E5-
1 Tokyo Tech TSUBAME3.0  Jcoi 4 NVIDIA Testa P100 SxM2, HPE 31250 13 792 13.704
Solutions GmbH Path
PRIMERGY CX1640 M1, Intel Xeon AIST Al NEC 4U-8GPU Server, Xeon E5-2630Lv4,
HJCAHPC g:g"es" Phi 7250 68C 1.4GHz, Intel Omni- 1355 6 2.719 4.986 AIST, Japan ¢, 0g NVIDIA Tesla P100 SXM2 , NEC SCEONN IS ZCHN I Z o2
Path
DOE/SC/Argonne Cray XC40, Intel Xeon Phi 7230 64C CAIP, RIKEN, RAIDEN GPU  NVIDIA DGX-1, Xeon E5-2698v4, NVIDIA
.National Lab. i 1.3GHz, Aries interconnect s 3 CHE H JAPAN subsystem -  Tesla P100, Fujitsu 6351 305 60 10.603
Stan ord Research Cray CS-Storm ntel Xeon E5-2680v2 - BT XL e —
] XStream 10C 2 8GHz n iniband FDR Nvidia 0781 162 0190 4112 niv. ilkes-2 - d b L EID) | 3T
Computing Center b H Cambridge, UK Vikes-2 Tesla P10, Dell (0= O INTOCRN IRRCO 0428
ACCMS, Kyoto Cray XC40, Intel Xeon Phi 7250 68C Swiss Natl. SC. . . Cray XC50, Xeon E5-2690v3, NVIDIA
uUniversity Camphor2 ' 4GHz, Aries interconnect 3.057 33 0.748 4.087 Center (CSCs) Pz Daint Tesia P100 , Cray Inc. 19,590.0 3 2,272 10.398
Jefferson Natl. F_— KOI Cluster, Intel Xeon Phi 7230 ITC, U.Tok SGI Rackable C1102-GP8, X E5-
o SciPhi XVI - 0.426 397 0.111 3.837 » U.Tokyo, g ackable » Xeon
mAccel- Facility 64C 1.3GHz, Intel Omni-Path n Japan Reedbush-L  5595v4, NVIDIA Tesla P100 SXM2, HPE 006 291 w ke
P http://www.top500.0rg/
http://www.top500.0rg/ EEt2>/45— 11C RRAXNFIERER T 5—

10 500 Ranking (Nov., 2017)

Computer F I j—J I;
.“ p ile system Client nodes (10500 Score GIB/ ( | /

JCAHPC Oakforest- n
. R R = e Rl 2017EE3ARETIREY (B LELHEZSHY)
n KAUST Saudi Shaheen2 g;at;Warp 300 7090 15153 3317 CEHEEREIEREHRHA (=T 3B FIE LAWY
) - ©£8208/ — K (25PF) #BIC£RXTCEATESLSIZLTHEE,
KAUST Saudi Shaheen2 Lustre 1000 4100 5417 3103 HNEADSEEEEENERT S
n JSC Germany JURON BeeGFS 8 3577 1424 8983 O*IJJEH 7, f:'j
H g':;zany M stra Lustre 100 3215 2277 4539 c RBRFHBOFAI—X
- HPCI

Spectrum
Kl ovosn  somsas 3 S R - £EFED20%% [JCAHPC) & LTHLM, ©EFIMhE
Gamany | Sesab  BesGFS 2 875 513 685 - JHPCN (BEA RS ERER LR ALRAFRLA)

—— c RADELERDODS%EE | tELARME, ERELRMAELEEL (EXOD
n PNNL USA = Lustre 126 117 488 2557 #)
ascade CHE (EE, E2TL)

n SNL USA Serrano ST 16 425 065 2798 B EREe 6 =7 .

Scale c KIREHPCF v LY i 2/ —RhA, 1R24EERRE/B

http://www.i0500.org/ .
1] ¢ RARNFEHREBR TS — RRAFEREE TS —

INFORMATION TECHNOLOGY CENTER, THE UNVERSITY OF TOKYO INFORMATION TECHNOLOGY CENTER, THE UNVERSITY OF TOKYO
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Cﬁﬁﬁ) t—‘atiﬁb
« OFPIZEFH ST B Xeon Phi 72500 E— U R x & 2 5,
a7 6807
A7 LEYDAYX-512 1=y k2
< AVX-5123 =y b4 Y OEBESEESY (EEE) 8
- FEAEE (Fused Mutpy Add: FMA) : 2 [Z#E&
- 7Ry Y REK#: 1.40 GHz
« J—RHLYE— U MR
68*2*8*2*1.40 = 3046.4 GFLOPS
« LA L, AVX-5123 = ~(&ZE(E1.40GHZTIEENFE L % LY
(& VIRV ERED
s E—J I OVERENELNDIETDED (OFPTOSEANE)
- DGEMM ({S¥5E D 47515) : 2200 GFLOPS (E—4 1 1 72%)
« HPL: 2000 GFLOPS (E—# L : 66%)
- Top5001= &1+ 2OFP D Bk fEIL E— 4 1054.4%
s TE—UMEE] DEREZELLKIBELTHECZENERE ] |
cCPUA—H—IC&>TEEDHALERD

RRAAERER T 5—

wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww

2017/1124 BES KNLER

Intel Xeon Phi (KNL: Knights Landing)
- Atom (Silvermont) 37
+ AVX512 x2
-\ 271324 )L

< KATIFE 4R LY R
' oA Mmﬂ e o [ DD ‘ (HyperThread ng)
64,6837
(32,34% 1 )L)
Genz V' 'MCDRAMZ"‘//\O‘y/T—:)

DE/NY RigA £ 1) 16GB+
DDR4 A € )

36 Tiles
connected by

2D Mesh
Interconnect

wrmzz®»INn A®00 W
wrmzz»In A2TIO0 w

~oRL ][RIV
AL

U
ALU
LA —
% ST =
MCDMM MCDRAM MCDRAM  MCDRAM
Package
— HW + SW

§ 12/9_ Awyan FUTTVF
?X%Fﬂy o . % -HotChips 27 KNLRSAK 5 :Col ax (BIf: To A Y7H) ’

2017/1124 BES KNLER

KNLOEIMEE—F

« AEYE—FR:3EHE
- Flatt MCDRAM&DDR4 Az L7=7 KL X
- Cache: MCDRAMIZDDR4AEY D F v v a s LTEME
+ Hybrid
D TARY)UTE—R:55EHE
- (All-to-all: 7 F L RIEMMA LRI FEHEEE)
- Quadrant, Hemisphere: RES T7 K L R IEHRHA(F = (X2)I2HE|
(A—FhBIFRZEWN)
- SNC-4, SNC-2: NUMA R * o > ABEREIIZ4 (or 2)I= 5 E|

E—-FOEFRICEBEEHNDE

=> T[F R TIL, & E— K(Flat, Cache) > 3 7

Fa—%2HE
AR =

ooooooooooooooooooooooo R THE UNNERSITY OF TOKYO

2017/1124

AE)E—F
-Cache®— K -Flat®— R
« MCDRAMIZL3F v v - MCDRAM Z BR7RBY IZf&
adk LTEME W T
MCDRAM 1
FRLZ
DRA DDR4
6 GB 96 GB
DDR4
96 GB

wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww
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FlatE— FIZHITANUMA R A AL >

- $ numactl -H
available: 2 nodes (0-1 Node 0 N\

)
node Ocpus: 0123456
... 271
node 0O size: 98164 MB
node O free: 92827%}\;[8 )
node 1 cpus: (fa] % 7 L
node 1size: 16384 MB =~ \_ PPRé
node 1 free: 15832 MB /Node 1
node distances:

D%
<

node 0 1
16 GB
0: 10 31
1° 31 10
MCDRAM
" Y,

2017/1124 FES KNLER

D2REYTE—F

-Quadrant: V7 Y T ‘ FAEOFP T (ZQuadrant® #&

\ » ‘ 7 = W 7"\ )L MCDRAM  MCDRAM PCle MCDRAM  MCDRAM
7 7Ib ;;U x 77 Y N7
ETYLERIZEZ 3 e ‘Em ;
. W%B—G'i4§j\§u\ *%%W#E Tile Tile Tite Tile
@MCDRAM t |E_| D%Eigj Tile Tile Tile Tile e Tile
l: :F JV ‘y :/ a Il%*& ( 9 Tile, Tile Tile e Tile ?‘
7\) EEEE m iMC Tile Tile Tile Tile iMC
. SNC-4: 4> ONUMATR it st ot | e o
A4 VIZEZ 3
. 4 ‘J /7' \y I\ 873 %) i%’é‘ t |§J Tile Tile Tile Tile Tile. Tile
L: EDC EDC Misc EDC EDC
MCDRAM MCDRAM HM(S?ACMh F;ﬂél)éAM
KNLRSAR &Y

2017/1124 BES KNLER
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Stream Triad{ERED Lk
oo Lo

- DDR4: micprun -D -k stream

- MCDRAM: micprun -k stream Cache  346.5 GB/sec
- unset KMP_AFFINITY Fat 848 4948
- export KMP_HW_SUBSET=66c@2, 1t Cl2lgEt | CEgEe
2AN0EEETHRE (&)
600
500 —e—Cache

—e—Flat MCDRAM

—
Q' 400 ~o—Flat DDR4
(2] o
foa}

300
O]
<
1% 200
5
A 100
W
<

0
1 o
fﬂq WAL AR 5 — A7H

INFORMATION TECHNOLOGY CENTER, THE UNVERSITY OF TOKYO

FlatE—KF TOMCDRAMMDELVE (1)

(1) numactli= & % 5%
- MCDRAM[ZNUMA / — R1& LTRESI TS

+ $ umactl H
available: 2 odes (@ 1)
ode @ cpus: 0 1 2 3 4 .. (AMK) .. 268 269 270 271
ode 0 size: 98164 MB
ode © free: 85707 MB
1

ode cpus:

ode 1 size: 16384 MB

ode 1 free: 15496 MB

ode dista ces: ¢ O— REZBIEBI OGS ICEER
0: 10 31 X ERAEOMMNREND FIE TSR

1: 31 10

« T0TI LRTKICUTEEE
+ $ numactl membind 1 ./a.out
(MCDRAM 16GBIZAY &5 WNETT—)
+ $ numactl referred 1 ./a.out
(MCDRAMIZRF Y I 574 L\ 54A. DDRALFERT 5)
+ $ numactl interleave 1,0 ./a.out
(MCDRAM & DDR4% % B IS AT %)

m N

INFORMATION TECHNOLOGY CENTER, THE UNVERSITY OF TOKYO
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FlatE—F TOMCDRAMMDELVS(2)

(2 BEEHKICE DL | Intel MPIEE S 3545
- |_MPI_HBW_POLICYBBIE L%

- export |_MPI_HBW_POLICY=hbw_bind

« export |_MPI_HBW_POLICY=hbw_preferred

- export |_MPI_HBW_POLICY=hbw_interleave

«EE Fnumactl M ERD & —#E

O— REZHZ T OSSR ER]
X BRAEDMNREND FIETE AN
X Intel MPID) & & LAVERNIZ 2 B ALY

BRERAZ Fiﬁ%%t/& —

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

2017/1124 FES KNLER

FlatE— F TOMCDRAMMDEL VA (3)
(3) memkindZ 4 73 Ik BDHEE
-C

- #finclude <hbwmalloc.h> = #5FE

cLUTOBEY . AT VEBEREOREKLIT’hbw_"E DT 3

» malloc() => hbw_malloc()
» posix_memalign() => hbw_posix_memalign()
- free() => hbw_free()

- )Y -imemkind 235 E

- Fortran
- Fastmem®D B %8
- 1dir$ attributes fastmem :: array
< 1)Uz -lmemkind & E

- EIIEOMA RS 1T AATEE
X BIREL S (allocatable)
ITLhBEATERN

- hbw_set_policy()THI Y & x
- HBW_POLICY_BIND
« HBW_POLICY_PREFERRED (7 7#J k)
- HBW_POLICY_INTERLEAVE
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}ERYDT A2+
MMSQﬁ T512E Y b T— R EHEI=E S oIzl

—ANAENIEBRIZREI DTS I EARE
. 512I:‘“y k=64NA FDEHOT7 RLRIZZ7VERT B LI
CIBRUANATIEEHREOT 7V EZRIZED

- Bl : fEREEE % (double) & E 8 E(=512E v b)FAHTIHE

TIAVEINE=T IR BHRALTNTLNST=H,

=BhEHLIN ERICITEHE TV EXIZES
|p1234567:|01'2345 7:|b1:234
"————————————————J‘ '_____________'\l___'
BADIEHDER

RRAPERER L5~
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AEYTSA24,A FOIRTE

-CE&E
__attribute__((aligned(64))) #+5%E (64 byte = 512 bit)
« f5l : double A[1024] __attribute__((aligned(64)))
- BIRRER DIRIZ posix_memalign() % {3
o LERBRDA
#include <stdlib.h>

double *A;
posix_memalign(&A, 64, 8192);

- Fortran
- O /NA JLEEIC -align array64byte + 7> 3 V&R E
- B 5E (Lattributel s BN EMN B LG WL(#RER L)
real*8, dimension(:), allocatable :: A
Idir$ attributes align:64 :: A

i = RRAFIARER T~
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OpenMP D%t & &+ & 1

-OpenMPIZHE ATV EHERO OO TO TS LERE

B BIZHE )

I B DPEN K FERSICT IR
=50 TEL)HIEHELGEONE BRFEDFERE—HLEL

fm RRAAERER T 5—
S OMATON ECHOLCCY CEMTER T UNESTYCF TR0
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OpenMP & [

« OpenMP (OpenMP Application Program Interface) & I,
HEAE)HWHNFERACTOT S LEWNFET S
HD :

1. HETRX

2. 4T3

3. RELEH
EEBELEIDTT,

dA—HM, WH TS LDEFTIEDIEHDERE
52330 T3, avA4FI2LHEEHFHMNETIEH
Y EH A,

SEA T BAEHIE (MPIEE) ITEXRT, T—42598
DNBOFENEND, BENEGHETT,

Mo
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OpenMP& T ILFaATiEtER (FD1)

ALy RMiIMEZETS> OISV TETIL
WIILTFAF, A-—OATFEHEHZEES
cEBHDODRAL Yy REFATEWEIERI R ERHERT D IZ1E,
OS5I OITRNABE
1. AL VAEY-FrvudafOT—REERENAHEEMREIZEEN
2. OpenMPTitiFMEHETERNTOT S AICE>TLS (BK)
- /— REDM 5L 1EO0penMP ClE TE A2 LY
-/ — REIDAFEIZMPIZ A5
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OpenMP & T IILFaTitEHE (7D 2)

CHFBIPR R Ly R
18R LY K/ /—R
« T2KA—F> Z/¥2a > (AMD Quad Core Opteron(Barce ona) . 4% 7w
K)o FXI0R—/a > Ea—4%2 2 X714 (Sparcé4 IXfx)
« 32~128R Ly R/ — R
« HITACHI SR16000 (IBM Power7)
- 32937, 64~128H/IEI 7 (SMTHIAE)
- Reedbush (Inte Xeon E5 2695 v4, Broadwe EP)
« 3607
« 60~272R Ly R/ —R
+ Inte Xeon Ph (Inte MIC(Many Integrated Core) . Kn ghts Conner)
« 607, 120~240:®¥E 17 (HTHIAK)
- Oakforest PACS (Inte MIC, Kn ghts Land ng)
- 68T, 272 1 7RI AIRE
« 100X Ly REBZ =0penMPIZ & 5 E1TH
cHEOTIOT I LEOTRNRE

N

REMYAIBEIC
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OpenMPa— FDEZHFDFEE|

-CEBDHZE
-#pragma omp
THREDIIA Y MT
-FortranS s D54

-1Somp
THREDIA Y MT

fm REAPERESE T T—
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OpenMP® a >/ A LD

cERAVNRATOAVNRAINF T 3 (2, OpenMPE D
AT avERITS
- {51) Inte Fotran903 /%4 5
fort -O3 -qopenmp foo.f
< f5) Inte CavNA S
cc -03 -qopenmp foo.c
AR
« OpenMP D RMNER WVL— FTIEEREST
caAVNRATIZKY, BBUIEIZKD ALy RAiFE & DHF
ANTZLEE08HIN. TELRVGEEHD
+ OpenMPDERITH S % FT(E0penMPIZ & 5 X Ly RifiFl
. BEBRABWNEC AU NRA TI2KDEHIFIME
< {51) Inte Fortran903 > /%4 5
fort O3 qpara e qopenmp foo.f

HRA R 75—
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OpenMPDEITRIEET 7 1 LD ELT

- OpenMPD 7O 4S5 L% VN4 L LTER LE=ETAIRE
T7A4ILDEFTIE, TOTF7AILERETSHILETHITD
« ALy R %E, REZHOMP_NUM _THREADS TIERE
- f5l) OpenMPIZ X 5ZEATRIRET 7 1 /L h‘a.outDHBE
$ export OMP_NUM_THREADS=16
$ ./a.out
=%
$ env OMP_NUM_THREADS=16 ./a.out
R
cERAVNRAINLOTOT T LE, OpenMPIZ& 3 0T T LADETE
E?\OMENMLWRBm&ﬂELT%\Eﬁé:tﬁ%é(%
JQ
- CORERAIE. OpenMPIEIZ L 2MBOEM (F—/R—~vy K)
cBALY REFT, TOA—N—~vy RIZ LD EEETHIEZL
- OISV DIRTHERRE

o
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TETIL

BRERAZ Fiﬁ%&t/& —
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= - =:Ix
OpenMPDRITETIL (CEE)
OpsnMP?‘amI
Javsa /S JavsA
#pragma omp parallel 2Ly DR
S ALwkO
] 7av78 (7;:9—?(&‘%“) ALk ALvFp-1
TAvHC JoyyB| JovsB| .. JAvsB
MR YR #plE.
REZEH ALyR DL
OMP_NUM_THREADS
THEET %
pA=Dle
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OpenMPMDREFTETIL (Fortran

il
auh
O

)

OpenMP#57RX
/
Javsa /S JOyIA
I$omp parallel ZLYE DR
JHv78 ZLwFO
v
'$omp end parallel (RRE—ZALYF)  RUwFT AL vkp-1
Jovyc X S .
JAayyB || JAyYB | ... | 7AvYB
KALYR#plE.
RIREH AL YR D#E4E
OMP_NUM_THREADS
THEET 5.
JavyCc

Mo
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Work sharing#§3X

- paralleiERXD L S 12, BHDORAL Y RTEFT H5HE
[CH T, OpenMPTii3| s 208 (70w UB)
D ER4Y % i 51| $E 15 (parallel region) & FEA,

WWHEHERE LT, ALy REITHIETT 50EE
0k 9 % OpenMP D #& 3 & Work sharing#8 3 & LA,

- Work sharingf&X (&, KEL DT TUTD2ELH D,

1. WHEHANTEEHTHED
- forfgx (do#&s0)
- sectonst& XX
« sng et (mastertgExX), & &

2. paralelfg RX EfHAEDLEDZHED
- para e for #X (para e do#&X)
. para e sectons#&3, &

fm ??k%f*iﬁ%’“’t/&—
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Fori&3 (dot&x2) o et

~

#pragma omp parallel for
for (i=0; i<100; i++){ I$omp end parallel do
a[i] = afi] * b[i];
1—% ~ 4 == } D0 E
i Hq &*H ’]\K | ALvroEn
ZLwFo | ALvR1 | ALwk2 | ALYKS |

for (=0; <25; ++){ || for (=25; <50; ++){ || for (=50; <75; ++){ | for (=75; <100; ++){
a[]=a[]"b[]; }a[]=a[]*b[]; }a[]=a[]*b[]; }a[]=a[]*b[];

l l l l

AL YR D#HEE
KiEFHEZELTE
ELWERICGEHILE THIDMIE
A—YHIRET D,

2017/1124 BES KNLER

2017/1124 BT KNLER 88

XFortranE 2 D& & 1E

Forf@ X DIEEMN T E LV Sections#§3X 1Somp sections
fOI’ (|=0; |<1 00; |++) { .}L_jojt§”1t1:ﬁﬁtj—é&s #pragma omp sect ons |$omp end sections
a[l] = a[l] +1, ﬁmtﬁ%%biiﬁé ; {#pragma omp secton ORLYFHAIDGE
b[|] = a[i'1 ]+a[|+1]a (igﬂgg?;géh—cb\ 23 #pfaug;)r;]w(a);omp sect on ALwkO ALwE1 ALwk2
} B #pf:grig;omp secton @@
sub3();
for (i=0; i<100; i++) { | “indIDHEIZEY., Pt e
a[l] — a[ |nd[|] ] )l/—7°j]'z§ll1|:‘C§éiJ\ !
) ’ EIMIRFED XL YREAADHE
caind[i| "SRR TE ALoko s S ZLwk3
SN B TR MG Tlew] mew] T

BICIL—TFETES

Mo o
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Critical#fBh#g 7~

#pragma omp crtca

¥FortranS DG A &
I$omp critical

~

I$Somp end critical

s= s+ X

}

cHBHREIZIFTIDODORLY RULMEFTLEWT & EREE

N ALYK1 ALYK2 ALwk3
|
‘ S= s +X ‘
‘ S=s+X
‘ S=s+X ‘
S=s+X
RRAPIERRE T 5~

ooooooooooooooooooooooooooooooooooooooooooooo
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PrivateffiBi$g =X

HE R KNLER

#pragma omp parallel for private(c)
for (i=0; i<100; i++){

KEHBHAEALYRT
AOEHEHERLTEIT

ali] = al[i] + ¢ * bfi]; —ER{EEND
}
EEounE
ALFDES
ALwko | ALwk1 | ALwk2 | ALwK3 |

for (=25; <50; ++){ || for
a[]=a[]+c1"b[];

for (=0; <25; ++){
a[]=a[]+cO"b[];
} }

(=50; <75; ++){

a[]=a[]+c2b[];

for (=75; <100; ++){
a[]=a[]+c3"b[];
}

l l

|

l
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PrivateffiBIig "X D;FE (CEE

#pragma omp parallel for private( j )
for (i=0; i<100; i++) {
for (j=0; j<100; j++) {
ali]=ali]+amat[i][j]*b[j];

}

JL—TEH . BRALYRTRHOERZHERLTETINDS,

eprivate(j ) BNELMEE ., RALYRT HBLE#H j DhIUE

BFICIToTLEST=H. 100E D IIL—TEITICHEBALY,
—SHERRENEREELRY, T5—LH5,

Mo
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PrivatefliBig "X D;EE (Fortran

BT KNLER

ISomp parallel do private( | )
doi=1, 100
do j=1, 100
a(i)=a(i)+amat(i,j)
enddo
enddo
I$omp end parallel do

“b(j)

i
b= [11]]
O

)

JL—TEH | BN BEALYRTRHDOERERERLTEITINDS,

eprivate(j ) BEWEE ., HFALYRT HEEH | DAV

BFICIToTLESTH. 100EI D IJL—TEITITESAELY,
—HERBRENEREELGY, T5—L%5,

??k%f*iﬁ%kt/&—
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)35 S a EBhiE R

(CEZE

-HNEBEEZE, ALy RIFIDOEREZELIH,. 1 DD
REB-WEGEICFIRAT S

CFRORLIHFALY REICERBIZASND

. reductionfHENER X ME N & . ddotlFE R 2 BT KIZE B 1=,
WHERTTERDIEREADLELBLED

#pragma omp parallel for reduction(+:ddot )
for (i=1; i<=100; i++) {

ddot+=a[i] *b[i]
}

ddotDIGFTIE R W T BB D AL rIeE (BAIEEE TETEFEA)

)35 S a EBhe R

(FortranE &

-NEBEEZE, ALy RIFDOEREZRELIH,. 1 DD

BB -WSGEIZFIAT S

CFREORLCAFALY REICERBICE SRS
reductlonﬁﬁjﬁ ?ji MNEWNE, ddotiFHEHBELEHIZAR D =6,

it 5 SERRDEER L Abl (i {h
ISomp parallel do reduction(+:ddot )
doi=1, 100

ddot = ddot + a(i) * b(i)

enddo
!$omp end paraIIeI do

BRERAZ Fiﬁ%ﬁt/& —

oooooooooooooooooooooooooooooooooooooooooooooo
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> ~ — xr
)39 3 MIETRXOER
- reductionffi B g~ XX I&, BEERYICINEAfTHN B D T,
PEBEAVEE
s ZLDRALY REHRSBE, HRESEAEK LWL
cLITFD&S(Z, ddotFHDES ZHER L TERTMEST 2 505
REZFEHLHD (L. BEYA X, N—RI T 7K:E)

' - - 1
a$oojm8 ppaqallel do private (i) r— L FBADIL TRl Boip AL R
do i=istart(j ), iend( j EALYRTTIERTBHA y?\yﬁxﬁ@’é%ﬁﬁlzl
wmt0><MMt<>+aotwkTgxpypfmuésu_ﬁ»@mmmc

enddo R Flddot_t() & RefR L. OI=#HAME LT b
enddo

1$omp end parallel do
ddot = 0.0d0

do j=0, p-1 L
ddot = ddot + ddot_t(j) %kfﬂl&a
ﬁenddo

T O TATOR TECTROT 00T CERTER, T ONVERSITY OF TOR

XFortranEZNIHFE (&
I$Somp single

~

Singlet#xX

. Single#iBhig R X TIgE & if= 7 0w 4| $omp end single
EnMTDORLY RIZEIY BT

cEFDALY RIZEIY B THENDMNIEFRATEGDL

- nowaiti@Bhis "X E ARG VR Y . EEIAAS

FOTSLOBE
#pragma omp parallel for } ALUR DS
?(I/J;O o ALk ALvkp
OvIA YAI A
#pragma omp single Jay JoysA | FavsA
{ 7BvyyB}
} e RIS
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Masterig X

fEWNAIE, singlefEBhfE R ER L

1= L. masterfBifgE "X THEE L 1=
MIB (RIFEDHFEO TTay Bl O
ALIR) [,

MIFTITRAAZ—ALy RIZEIY HTS
R TERDOREILIREA A 5 75 0N
cZFDH., BRIZKYERIESINS

BER KNLEE

RRAAERER T 5—
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Flush#83Z

CHEAEYED—BHUERD

- FlushiBX THRESN TV D2 EHDH#, TDHHIT—EMRER
%, TNUNDOEBEEHDMEIE. AT EDELEDO—EMEE

AR
(REHRIILSAELIZHREESNDET, ATYICHEEREEZAA
TULARL)
- DFY, fush@iBieE X E2EA R UNNE, ALy REITRIEIZELZA
=

RN, RTTEICER D,

- barrerfiBiiEEX. crtca fEIIEEXDHAO, para e XD H O,
for, sectons, sngefEXNHAOTIE, BERHMIfushdhTWL3,

«FlushZ {5 EHREIFELC LD, TEHEITAHWLAL,

¥ Fo 2 N s ‘é\ﬂi%'d'éc’b‘
Hm@mammmﬂwﬁ%tdéxﬁ%@ﬁuﬂ-ﬁéfmgﬁﬁﬁ%
RRATIREEE Y

2017/1124

Threadprivatefg 3

c ALY RTEIZTTAR—REHIZTEN, ALY RRTKREBT7 IV X TES
EHREESET 5,

c ALY RZEIZRGBEE L DORHEHOERIZAC,
CREAE ALY RTEIERLDL—TORBKELRTEORE

BES KNLER

#nc ude <omp.h>
nt my d, nthreds, start, end; vod man(){
#pragma omp threadprivate(istart, ier{d)...
#pragma omp para e prvate (myd,
nthreds, start, end) {
nthreds = omp_num_threds();
for (=start; <end; ++){ my d = omp_get_thread_num();
for (j=0; j<n; j++) { start = my d * (n/nthreads);

a[ 1=a[ J+amat][ J[j1*b[j]; end = (my d+1)*(n/nthreads,
} f (my d == (nthreads-1)) {

o

vod kerne () {
nt ;

nend = n; N
}} } ALy REIZRR 5 EERE]
kerne (); K ZE# %, para e EXH
- ’ TEETD
T ! I

2017/1124
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& < 5 OpenMPDEAEK

o
A A
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AR Ly FEIGERA

KA Ly REEEIZIL, omp get num threads()EE%k
=FRAT 3

- #[Linteger (FortranE &). mt( =i8)

® Fortran90 S :E D CEREDHI
use omp_lib #include <omp.h>
Integer nthreads int nthreads;

nthreads = omp_get_num_threads() | | nthreads = omp_get_num_threads();

%?X%FﬁEEEJQ—

ooooooooooooooooooooooooooooooooooooooooooooo

BALv FESISEH
cBALvY REEEEIZIL. omp get thread num()E8% %

AT D
- #B(JLinteger (FortranE3&). int (CEE%})

® Fortran90 S EE DI CEEDHI

use omp_lib #include <omp.h>
Integer myid int myid;
myid = omp_get_thread_num() myid = omp_get_thread_num();

ﬁ?q%ﬁi#%ﬁgﬁtVQ—
ST TEHNOLOGY CEMTER THE ONEFSTY O 10610
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B e 5 R BE 3%

- BIEHAIIZ (X, omp get wtime()EE%E=FET %
- #l(Idouble precision (FortranE 3&). double (CE:E)

® Fortran90 S :E D ! CEREDHI
use omp_lib #include <omp.h>
double precision dts, dte double dts, dte;

dts = omp_get_wtime() dts = omp_get_wtime();
MEDNE MR DUNE

dte = omp_get_wtime() dte = omp_get_wtime();

print *, “Elapse time [sec.] =",dte-dts | | printf(‘Elapse time [sec.] = %lf ¥n”,

dte-dts);

Mo

2017/1124 BT KNLER

OpenMPIZH T B Ry
a—yyry

??k%?ﬁ%kt/&—
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ARroa—) o7& (ED 1)

- Parallel for/dof&XX Tld, ®RIIL—TOEHA (FIZ X1 ~
NDES) &, BRIICA LY RMEHKS ZHE BT D

J: 5 ‘:63\§|J> L/—C\ jﬁﬁ'JMIiéj_éo )[/_jgjzﬁo);ﬁh
1 ZLwR0  RLwRT RLwR2 ALwR3 ALwk4 >n
L
» ZDEEF, BRLY RTHYELEZL—TIZRT 55T
HARMAHETHRNE, ALY REFEOEEDER
MNE LD ALvR1T  ALwE2  ZL9K3  ZLwi4 N

RRAAERER T 5—
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Riroa—)o7EF (D 2)

» BRI ERET I, BYATHREREL L.
Mo, BRI DLDICEIYHTHIFIELL,

» RER, BlYHTHER (Fryood14XEER) (&,
HEEN—FYITE WREBDHUEBITEKET B,
» UEDENY B TEFTS>MBBERXMARSINA TN S,

fm RRAAERER T 5—
S OMATON ECHOLCCY CEMTER T UNESTYCF TR0

1

2017/1124 BES KNLER

W—TRroa—Y 207 OmBIEEX
(£D1)

- schedule (static, n)
NWN—TREFYUIHAXRTHEIL, ALY ROEMND
JEEIZ (RLY RO, ALY R1, AP )
2. 99 ROEYAREMRER) | BET L LSIZE
YHBTB, ncFry o4 XEZH/ETET D,

- SchedulefiBfEEX EREH LBEWNEZTDT T+ IL ME,
static T, M2F v VI YA XE, L—TRIRL Y R,

>

ZLYRD  RLWE1  RLwE2 ZLwks |

Mo

W—TR7roa1—Y 207 DEBEEX
(£ED2)

- schedule(dynamic, n)

W—TREFv IO AXTHEIL, WENKLT L=
ALy R BENWERELT, WEEEYHTS, nic
FyY oA XE/ETED,

1
ALYRO  RLWR1 RLwER2

ZLwks |
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W—TR7oa—Y 207 DBIEEX
(£D3)

- schedule(guided, n)

MW—TREFY U IHAXTHREIL, BRELIZFv Y
A4 XENS LA L, WEMET LIEZAL Y RH
CREWERLT, MWBEINYHTS, nlcFyr o oHA
XER/ETET D,

cTFr A XDB/EMDIFE, BYORENEEZIL Y RET
B-oBBETDENETF v I DY A X5,

cTFy I A RIFE N IZEN D THEEWIZNS BB,

cFo AR EYKRKZTVKEEELEES, Fy oy B4
RIFIEHEMICKEFTNESLL BN, REOF vy o7&k & Y/NE

1 K B2G5E1RH D,

ENPIE ERTY s e % A AR RY T oy v N N

1 1
BRERAZ Fiﬁ%&t/& — . .

ooooooooooooooooooooooooooooooooooooooooooo

W—TRroa—Y 07 OmBiERX
DEW

® Fortran90E :E D
jL— 7O REEHA ISomp parallel do private( j, k ) schedule(dynamic,10)

mEsBIcLYREs0T[[JFn
L— FOHEABA -d01=|ndj(|), indj (i+1)-1

BETH DT, y(i)=amat(j)*x(indx(j))
ETEIZ LA, SHEEBHD enddo

RAMHM DS N = enddo

dynamicZ &7 & 1 — 1) > 4 % | 'Somp end parallel do

#

EE’EO)WJ #pragma omp parallel for private( j, k )
schedule(dynamic,10)
for (i=0; i<n; i++) {

for ( j=indj(i); j<indj (i+1); j++) {

} y[i]=amat[j]* x[indx[j]];

fm REAPERESE }
S OMATON ECHOLCCY CEMTER i UNESTY CF TORD

2017/1124 BES KNLER
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W—TRESa—) 51281+
O3z 0 L0EFE

- dynamic, guided®DF v > ¥ %4 X(EMEREICKE K FE

cTF I A XDNINSTELZLEATNT VAEIRL 5 A RMAE.
MIBEEDAF—/N~AY RANKXL AR B,

c—hH, FYUIYA ADBRKRETELERMNT VIANELL LD HME.
MBZFELSDOA—N~NYy RHANSLCR B,

s FPEOmED ML —RFTINH B,

cEAEBOF IV AROF A PANBRAET, Fa—=uY
AR MAER B,

- staticD A TEHERRENTED FENDH D)

- dynamicE EDERITER TS 21— VT E. Y ATFLDF—/N—
~y RAA B, staticldA—/N—~w Fl& ([FEAE) FELN,

< EHIIC EJT DN E LR DIL—THEEFE = LT,
static A7 oa— U VT EFES & REDENBOAEEMELH D,

=L, TRTIIVUTOOIRMNEIEKRT S

Mo

Static R a—1) U5 DHTERF/NT
DR EWEL S 2EEH
VBB b LEA~ERE L (R

ALy FMEKXOIL—T
I$omp parallel do private(S,J_PTR,I) (RLw RS EDL—FHEY

DO K:1,NUM_SMP— &

DO I=KBORDER(K-1)+1,KBORDER (K Tz
$=0.0D0 ERCHANTHRELTH UL,
DO J_PTR=IRP(l),IRP(I+1)-1 BROMINBE L R D
S=S+VAL(J_PTR)*X(ICOL(J_PTR))| AL w KT &ML — FEH

END DO (%xu;hm EfsLTW
Y(1)=S

END DO

END DO TR, %ijbbﬁé¢é» 7ﬁ@Lout

Fﬂﬁl:ﬁﬁﬁ'@%éo
KEFTRICERLBNICEDL > T HEFTERATESL

(R
fm RRASBEHEGEL S~
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o — OpenMPIZ&B7AT 527 EDFE
OpenMPD 7 OS5Iy =
7\PJ:0) :IE - OpenMPilf 51k (&,

y/m -\

(éﬂ&) parallel##32 % F L 1= Bl A2 for)L — F i 514k
]

MEIZERD ZENEZL,
« MR OpenMPIiFEIF OSSR MBI ND DT,
OpenMPO 7O 7 Z 27 EDOFENkbND

- parallel#&32 (= & % i F)1b (&
private BN E R XD IE L LMELA

EEBELGNE NTHELD

EEAS BRI 5 — m REASIRHERE S~
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F;”;’ate*ﬁw’*ﬁﬁ‘x':m'éﬁﬁ (20 Private MBS R X4 B8 (200 2)

- OpenMPTIE, W& EGDEEREDIL— TEHLIME, - Privateffi B 18 R XICEEH T 2 EHER D I =0,
private ZEH THRELQWRY ., £ THEEHICH D, HMEIMPEEHEL. "D TOREBDEIHEELT &,
CTFIANMOEHIFE, ALy RETEBICHER LEEHTRO B U H LEE/EINL., ALy FiEFMEDSIR %
O L—TEHICETHIHABEHDH MBI EADHD
I$Somp parallel do BEGLIZS T4 RN— MEHE LTHERRSN S O[E. o IFUHLEMDEIHA S L
| s
doi=1, 100 =N TEROH I$omp parallel do EMBIRIEEBNIC T T4 R— NEHIC
doj=1, 100 SDjIL— TEHIE, prvateEE% L TIEIEBLEHIZH A doi=1. 100 B& 1=, prvate@BERXICREHEHT D
T N | ALY FEITRWERS CEH W ETRISNT . EHEHRHTES
tmp_= b(i) + c(i) Z AELEASA call foo(i,arg1 ,argZ,argB,‘ —UAL. EHIERH LD —/ Ay
a(i"Nga(i)+tmp arg4,args, ..... , arg100) RHEMT %
enddo N oz #implz. prvaeEE%4 L CREAEE-G 5 enddo ALy EROBEBLTE, BT
enddo —A LY RETRVWEEL TEARA —IHNETEIZ/N !$omp end parallel do gbwggﬁgégéjﬁggigfga <
I$Somp end parallel do MERSUE  KEEHTEIEEL %%
B3R

Mo A BB 5~
REAREERECSC L e wE
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Privatef@BIia R~ XICET 5FBENDE LD

- OpenMPTl&, BEEETICRIATIEHIL. 1T
H#E5Z# (shared variable) 1275 %
CEZDXEZEH. Fortran90E & DcommonZ #4.

moduleZ# (&, TOEETIEHBLEHKIZK S
« T4 R—MEHIZ LEWEHAIEL, ThreadprivateE E NI E

cparallelBX CEAHMUHL LTWEHAE. TOEHAT

O—ALIZEELTVWREHE, £BEEHIZLD
s ZFOEETIE, WHNEBTEEEELGZL
s CNEBFCIZE. BTFOOI— ROEESANBE

s FROO—HILEHESIHIC LEEHTTH LEED

« FROBD—HILEHEKREEEHIC LT, ThreadprvateE 57 %

BRERAZ Fiﬁ%&t/& —
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Paralle XD ANFIZET 3EE (FD1)

- Parallel#83X (%, dofBI#E R CTHEEL CELETE D

T IL—=THRREDGE, DET % LdofBIETRXD
B CIL—TZ EcforkT 50— REERT S0 /84F
\HY., BRENMETTDHENHD

1$omp parallel Parallel#&3z® | !$omp parallel do private(j,tmp)
!$omp do private(j,tmp) | & A1)L—F | doi=1, 100
doi=1, 100 735 parallel do do j=1, 100
doj=1, 100 THRE tmp =b(j)+c(j)
tmp =b(j)+c(j) a(i)=a(i)+tmp
a(i)=a(i)+tmp ‘ enddo
enddo enddo
enddo 1$omp end parallel do
1$omp end do
1$omp end parallel

REAPERESE T T—
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Paralle XD ANFIZET 2EE (FD2)

- Parallelf§ 3%, dofEBNfE/RX CHBEL TEEHTE D
EBHIIL—TORAIELTE LEEWSEE. DLz
ADNERIZED
< =12 L. 5’HEIJ)b 7’€jt§lHI:'C‘ééﬁ%li%@ﬁb“’@ﬁ%ﬁfiu
s ML= TFIZT—2EKELRH Y. WIMETERNEE

1$omp parallel
doi=1, n doi=1, n
1$omp parallel do 1$omp do
doj=1, n ) doj=1, n
<#iFH{E TEHH> - <AL TEDR>
enddo enddo
1$omp end parallel do I$Somp end do
enddo enddo
I$omp end parallel
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TR EEFRFRZER L/ATIZE 56

-BESBLIHLIA Ty I RITH LTMET 54
- BESBORI—Y BXU, ALY REFORA IV ITRET.
BRUIBEMERN—F L, ERHELLEENT IH5ANDHD
- ERMICIXEE->TWLD
- OpenMPOHELEH L, T—2—BMDORIEE LAV
- F—A—BHUORITIZIE, crtca BEIEEXS EDEENBE
o /\JZHBT05 5 LG

: : I$Somp parallel do private(j)
I$Somp parallel do private( j ) doi=1,n
doi=1,n j=indx(i)
j = indx(i) » !$oan(1}o)c=rlt;10(aj}l) .
a(j)=a(j)+1 I$Somp end critical
enddo enddo
I$omp end parallel do ISomp end parallel do

o
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OpenMPZR W= FHED R =
(ZMD1)

- OpenMP(Z Bl )L — T2 M FEST 5 2 & 1z@m <

CERT IV —2avICBITREMTIL—TIE. TOFEETE
OpenMP{EIZCHEWNTWEWZ ENH B,

1. privatef@BIIE R X P IZEINDEHLDOHMNERIZE D

- SMALL— T 50penMPitZE S B FE. WNERTHE->TWLD
EHOBENLENZ EDHD

- privateZE#H ) A MZEHEESTENTH, IV 1TI2&D
IZ—IFHAZY, (WIMEDEFREFI—FIZHE=0)
cEFTRE BAIUTICERELAERENERERL D,
ECHAEESTVEINDOOLBENDT, TNV YINKREIZR
%)o
CHRREAVNA Tk oTIR, RBLIEREHANTEHL
MTED, TOFERM D, oA Lprivatelb SN TS M FE
B9 D

%?X%FﬁEEEJQ—
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OpenMPZR W =i FS{ED R =
(%(D 2)

;H’EZI/J REFEICHEAEANESDF 11—V T AHE
1. %?QA—Fﬁl?ﬁ%%U77tZ®ﬁ%ﬁmﬂ%E
\

2. &;7%@%@t%hﬁ8ﬁﬂﬁﬂﬁu(»—7Eﬁﬁ

BRI BIFE. FILTYRLOEE, FEQOEFE, HBE
272 Y. OpenMPORIRTHEIBRERTOT I I VT &8ER
5

3. BHAERLy RFOTITUFIzizEmmniEn

c B MESTEDH—RIILIL—F%E, parallel forfEXX TR E,
THAHTHEEMESNA TS

« EMEAANIRE, taskX. F f=IFPthread’s & Mnative’z X L v
gﬁp—éﬁ‘i =1L TBB, Ci|k7§? EDDUMIMEFETELCIES N

LN

ﬁ?q%ﬁi#%ﬁgﬁtVQ—
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OpenMPIZ & 4SIMD1E

Mo
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OpenMP+SIMD

- OpenMP 4.0m 5% R— K
cAVNRATHBEFRT MLEE LTI NDD, B REL
=AW HEE
CEELTaAVNRAIINEEEZEHIT OTERER

cO—RDEZFTHRZEVELTDHEEE (LIXLIK) H5
CAEYDTISA AT NHAEE (FIR)

??k%?ﬁ%kt/&—
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OMP For = Do+SIMD

-CE&E:
#pragma omp parallel for simd
for (i=0; i < num; i++) {
sum = sum + alil;

}

- Fortran:
I$Somp parallel do simd
do i=1, num
sum = sum + a(i)
I$omp end parallel

RRAAERER T 5—

INFORMATION TECHNOLOGY CENTER. THE UNVERSITY OF TOKYO

2017/1124

OMP SIMDE ¥4

#pragma omp parallel for
for (i=0; i < num; i++) {
#pragma omp simd
for (j=0; j < num; j++) {
sum[i] = sum[i] + a[i][j];
}
}

fm REAPERESE T T—
ST TEHNOLOGY CEMTER THE ONEFSTY O 10610

HAE R KNLER

- Fortran:
ISomp parallel do
do i=1, num
I$omp simd
do j=1, num
sum(i) = sum(i) + a(j,i)
enddo
ISomp end simd
enddo
I$Somp end parallel

2017/1124 BES KNLER

Declare SIMD

- B EFDH T LESIMDEE L WS
- Z OBI%ITOMP SIMDD H TIEIEN 5B AIZSIMDIE S 1 B

- #pragma omp declare simd notinbranch
float min (float a, float b)
{retumma<b?a:b;}

void minner (float *a, float *b, float *c) {
#pragma omp parallel for simd
for (i=0; i<N; i++)
c[i] = min(al[i], b[i]);
}

Mo
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KNLIZ &1+ % OpenMP
RITDEER
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KNL(OFP)IZ & I+ 4 HyperThreading

B F7: 6807

- HyperThreading(HT)B%: 127 &% =Y 4 HT
=> /5t 272X Ly RRITATEE

cAVX-5122 =y MEABHKETIYE O T HE Y 2@
- 2D2MAVX-5121 = KVPU)EFENR A 1HT TGS
c AVX-5123 =y MELAMEZ TOAEITHAIE 2 HTES 2 HA L L

c AEYT O ERERKRT DBRENHNL
3~4A HTHA WL WNMEES S

1484 )L=2a7
WAL 5 —
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OFPIZHE T B AL v FEIfFIT

c AZ—07 =>0SEYAHBREIZCLDISVEIDEELSZ
[Fod L
CGEVIATHA—AWVWDELENREEEZITD
CBITE A REIYRARE ImsBIZR > TL B
cOFPTIX, O700DA#R A TEIYRAHEZITED LS ICHE
SHREDLDAREEEHY)
. :z%t\ ZALATRE Yy D2 Z2EEHBLTVSTI1EREEL
=
cHTO7 L UAREEERTD
- O7%%= 0,1, 68,69, 136,137, 204, 205
@% ﬁb%b#ﬁﬁuw%A#
Z )
c W% EHBENHET B
- BN GIRE S EFER

184 )L=2a7
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ALy Fii5lE & ERE~DRE(1)

Xeon Phil&, Xeona EBED Y IILF A FTCPUIZEEXRT
cAT7OY Oy T HAEL

- Reedbush®Broadwe (2.1GHz)IZtbt T 1.6/EEE
CAFRYTHIEALATUOVEREN

s Fy TRy T 0EH

—OpenMPDIERXIZHT D

F—N\~y RRKRELRED 2 ::EALLEL

g PARALLEL FOR

A BERXOA—N =15 BARRIER

~v K (EPCC syncbench) & o | oo

< 8AT7MB16TI 7 TKRER ¢ —

TENHDELOIZRAD ©s

< 2A7ERA—2 AL, ,
< 4~BAT T IZYE T DH, 0

. 128~256 7 [ZHT{EMA 2 4 8 16 32 64 128 256

Mo
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ALy RS & EREANDRE(2)

- AN £HERI(AtomicR)D A —/3X~w K (EPCC syncbench)
- Xeon Broadwe 3237 Tl& Atomc: 0.1usbAF
Crtca, Lock/Un ock: 0.4uslL~

=> )‘-'E@'J TOERALATOYD

o=

P
o 125 X AtomicHLIE A
N TAIBERST
- Para e for/doZ%i &, #k4 BRI
HEEICNY FRBIFEENAL TS
- IXx KB X = < Parallel regionZEt %
- fg[EPara e for/dod 2D TlE7A <.
Para e Ot Cfor/dofZ 1+ %4 YIRS
« MPI+OpenMP/\A J'1) v RER4T(Z
LY., Ry RiFI#EETT S
c TTUE—= 3 VICKET S
. %&'C«E;f,[/( # Core

o

w

—e—CRITICAL

N
o

=e—_OCK/UNLOCK
ATOMIC

IN)

Overhead (usec)
- o

o
o

=

4 8 16 32 64 128 256

o
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Intel Compller 2017 update 4
ZRE (OFPOT 7 4L K)

- CaV/NA TF: icc
- Fortrand > /XA S ifort

WBAX T3
« -XMIC-AVX512
- KNLE I+ 3 — R&ER
- -03
- B LA
+ -gopenmp
- OpenMPA&%)
- -align array64byte

+ (Fortran® 1) EE§|J€64byte!_
774 v (Rl
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A LI=AAL

« -qopt-streaming-stores=

always / never / auto
aways ¥ ¥ J /:Ll HELW

TS Yy aDERE

H#F‘%\%ﬂh\iaAl B

- neverlxZ O

- T 7 4L kiZauto

I —TFDOREFIC & HIETE
BE(LL R IFa ways*ﬁé)

- #pragma vector nontempora (n
C/C++)

« IDIR$ vector nontempora (n F)
- -qopt-prefetch={0~5}
. g’g Ty FEEDLS b UWHEEK
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EITHDEE

%:7@7% G407 EFES L ERETE

Py RAEECEOORE. 37 0,1,68,69, 136,137, 204, 205% HE
B%

1. 184 LBHE=YITT7OH, 3227 FMA
Xy aFIANEREERT H5E

13 71HT, 6407 A

12 72HT, 1282 7{EMH

12 73HT, 1920 7 EMH

12 74HT, 2560 7 &M

o~ DN

Mo
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2a7EAHT 56

cAAILBHEYIR LY R

s F v A ETNICEADIHNERNAY RIEEZHTIZIERY G L

BRI IO XEIff £ 45

export OMP_NUM_THREADS=32

E9d B (LHiL)

export KMP_AFFINITY=proclist=[2,4,6,8,10,12,14,16,18,20,
22,24,26,28,30,32,34,36,38,40,42,44,46,48,50,52,54,
56,58,60,62,64,66],explicit,verbose

2 VPU 2VPU 2 VPU 2 VPU
1MB
* Rl
2VPU 2VPU 2 VPU 2 VPU
1MB 1MB
2 1B > -
R F?ﬁ%kt/&—
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6437 ERT DGR

A7 HEYIXL Y R

- KMP HW SUBSETIREZ#HMNEZ 5
cEOATHC@F Ty MaATHIZY XLy Rt
« 64c@2,1t: 6407, a7 EBE2hLER, aT7HEZYIXL Y R

export OMP NUM THREADS=64
export KMP HW SUBSET=64c@2,1t
export KMP AFFINITY=scatter,verbose

2 VPU
1MB 1MB
IO - I 1O
2 VPU - 2 VPU 2 VPU - 2 VPU
1MB 1MB
(o )Ml (5)] [(o ) MEM(7)

RRAAERER T 5—
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1287 ERAT 556

A7 HEY2AX LY R
- KMP HW SUBSETIRIEZ % : 64c@2,2t
- KMP AFFINITYIZcompact% 5%

. scatterlc3 &, R—aF7IZXALw R0&B4, XLy K1&£65...00
E3IZHY . Fy v aPNIERHEK

export OMP NUM THREADS=128
export KMP HW SUBSET=64c@2,2t
export KMP AFFINITY=compact,verbose

2 VPU - 2 VPU 2 VPU - 2 \PUL
> 1MB 1MB naw
001 100D - 502
2VPU - 2 VPU 2 VPU - 2 VPU

oI - CORGE - OO

RRAAERER T 5—
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192,256 A 7 AT HI1GH

19237 25637
cAT7HEYIRL YR A7 HIY4R LY R

export OMP_NUM_THREADS=192 export OMP_NUM_THREADS=256

export KMP_HW_SUBSET=64c@2, export KMP_HW_SUBSET=64c@2,
3t 4t

export KMP_AFFINITY=compact, export KMP_AFFINITY=compact,
verbose verbose

Mo
el A
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aA7EY HTORR

RAPIFNTHERT S &

(BEBYIZAE>TLWELLTHRLLWEWET S)

- KMP AFFINITYIRIEZ #(Cverbose # 1§ 7E
RBETIT—HN (e+HIFDT7AI) IZLR—FEHS
CRERZELUTOESHBEH (REDH)

cRATF7ZEFOH: ALy ROAOT2, ALy K174, ALy K2
MIT76... 1Y BT

OM : I fo #242: KM AFFINI Y: pid X tid XX t read @ bou d to 0OS proc set {2}
OM : I fo #242: KM AFFINI Y: pid X tid XY t read 1 bou d to 0OS proc set {4}
OM : I fo #242: KM AFFINI Y: pid X tid XZ t read 2 bou d to 0OS proc set {6}
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» > =y = 5
Y FIUE. ALY FlE, ETHEOHE
c AVNAIFFICERBEELR— b EFHER

- -qopt-report=5

« 774 IL%.optrpt EHESR
- Y—ILEFAT S (k)

« Intel Advisor XE

s XY MUE, ALy RiFHMED 7 R/XA X

« Intel VTune XE
s JaTTAYLY

RRAAERER T 5—
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KNL/OFPIZEIT+ 3
MPI+OpenMP/\Af T 1) v K

Mo
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MPI+OpenMP/\1 J1) v FETDE

MPIZ VO OEMIZHEN, SBEAT)EF -1~V RE
#n
CBEFUTOLSGHEAEDLDENBRNE SNTE
/— KA : OpenMP
J — FfE  MPI
- 1=Reedbush® & 5122V 4 v k TNUMAZ &R L TLY
nix
V7w b OpenMP
Y4y MaE+/ — RFE: MPI
« 77w EMPIBAIEESZ AN KL A L LR

AZ—AF VS ARATIFZESHMTH AR
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MPI0D %58

AYE=URYUVTRDODIA TT)EEDT D
CAVE—CRYSUTDETILTH D
cAVNRASORK. BEDY I RII 7RS4 TS EIETEOTIEA

Y
- DEAE ) B FIETERK TUFIETIZH <
- RIEETE A AT BE

c 170 YHIZBFIAE YA XOT 74 LY A XOHK EFTHEATAE
- IOty EHOLZ WSS X T L (Massvey Para e Process ng
(MPP)> 27 L) &AW BETIZAL
1 70y BETHALGETHEOMEL. RHEECLEREE
- BENB S
« APl (App caton Programm ng Interface) MDiZEX1L
CRT—FEUT 4, HEEAEL
c BEABEI-—YHIERTDILICLDTILTY XRLORBIEAATEE
s TRTITIUTMNELY (BELHELY)
REAPHRER 5 —
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MPID#EE (ZNET)

*MPIZ 4 —3 L (http://www.mpi-forum.org/) AR
&
< 1994458 1.0k (MPI-1)
+ 199546 8 1.1h
< 1997478 125k, H XU 2.0k (MPI-2)
- 2008458 1.3k, 2008467 2.14x
+ 20094F9A8 2.2k
« BAEER http://www.pccluster.org/ja/mpi.html

*MPI-2 Tl&, UTNZa1L :
- Wi FJ1/0
« C++, Fortran 901 2 —7x—X
BN T Ot XERCER
o Fio, WMIFERLE G EORE

ﬁ?;%?k#%ﬁ%%t)?—
ST TEHNOLOGY CEMTER THE ONEFSTY O 10610
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MPID#E#& MPI-3.1

- MPI-3.0 2012459 A
- MPI-3.1 201556 A
LUTOR=UTHRIR - RFa A2 MEARF

« http://mpi-forum.org/docs/docs.html

- http://meetings.mpi-forum.org

« http://meetings.mpi-forum.org/mpi31-impl-status-Nov15.pdf
EB TN EHERE

- TOyE Y T EEREHE

(MPI_IALLREDUCE, 7 &)
- =MHREG R AREE (RMA. Remote Memory
Access)
- Fortran2008 *tJitx, 7 &
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MPID#E#& MPI-4.0%5E b

LIROR—UTHRE - FFa Ay bERRA

- http://meetings.mpi-
forum.org/MPI_4.0_main_page.php

< ET SN T UL DB

cNA TNy RTOAT T I ITADORIE

. M%I? T r—2 3 voOmE% (Fault Tolerance,
- WL DD T A T T ERRETH

- Active Messages (A vE—YBED O ~OIL)
 HELBEOF—NTYVT
- RIERORHE AV FERBERE
s BOA—N=AY R RS TSA VERE
s Ny TF7YTBELT, A VR TNV T THLC

- Stream Messaging
HIOTFAIIL A VA =TT —R

o
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MPI)ESE

‘MPICH (T A - EF)

 KETILT Y XEILHERFAHLE R
-MVAPICH (T L7 E v F)

« KEFANA FINIZKRFTHRRE., MPICHEXR—X
- InfiniBand@ [T DB =F%
« OpenMPI

A —TV—X
- X AMPI

K, FOERIRR—R(ZIHESTND

#l: =+@ (=) . FX10HDOMPI: Open-MPIR— X

Intel MPI: MPICH, MVAPICH~R— X

CEBAA—HMBERERENRSATOEZ MDD

ﬁ?q%ﬁki%ﬁgﬁtVQ—
AEOATIN TECHOLEY CETER T ANESTYOF TR0
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MPIZ &k iE(E

- BYEYOELXIZE L
c BLXICNERIER -
B2 OFERT. £ Y EOFER
FIZASTWEEHEDIEEZIZH BN
AIZADTWDHEDDNEE
RIZA>2TWEHEDDE
(T EEHRERICEDHBED) BEAE (2)
PITIE :
BODRFID, LU, &Y EDERHID
T—ARMEDT KL X
T—R#
T—ARE

RIES

m%wweiw%wwe

ﬁ?;%ﬁﬁ?%ﬁgﬁtyﬁ—
S OMATON ECHOLCCY CEMTER T UNESTYCF TR0

2017/1124 BES KNLER

MPIE§ %k

- VAT LBEH

« MPLInit ; MPI_.Comm_rank ; MPI_.Comm_size ; MPI_Finalize ;

- 1t 1 @BEEHK
s JayvFo R
- MPL.Send ; MPIRecv ;
s/ vnyERy R
« MPLIsend ;  MPLlrecv ;
- 1 B ERK
« MPI_Bcast
- EFBEERE#
- MPI.Reduce ;  MPIl_Allreduce ;  MPI Barrier ;
- FFREIET RIS %
« MPI_Wtime
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OZa=Hh—4

«MPI COMM WORLDIE, O3 a=4/—4 & KIENDHER
ERETHIEH
A7 —31F BEETORROTOE Yy HEE
EH D
- EPRAETIX. OF~numprocs -1 BEETHO Aty H
M, 120322 7—RICEYHTLHND
- COL&FIMN,  “MPI_COMM_WORLD”
- Oty HEESEILEZWNGS. MPI Comm split BE%
%= 7|
cAvtE—U%F, —Eo oty SR
BoET 5 & EIZHA
RILFEY XN THA

??k%f*%ﬁ%%t/&—
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B&EE & MPIFHEE

+MPIE T7Ot®R] BOBEEZTVWEYT, 70X (L&
l%) a[jlilt/*fj (5 LI, 37) I[2—xR—TEY YT

5%, IMPIZOt X &%w)l;tﬁuo)f Z Z TIXPE
(Processer ElementsDlg) tEZ2=% 9,
<= LEZEELELT IPE] FREBEEEFROFTYELATHLEREA,

> >4 (Rank)
<& IMPIZOt®X] O I#REE] O &,
- BEMPITIZ., MPI Comm rank@ﬁf&méhé&"%& (H

g/_?()%l;jm 55 LTlEmyid) 12, O ~&PEH—1 O%fE

\

cHOFOEMPITO X EH S IZIL,. MPI_Comm_sizef
BEFES,

)(ﬁ/ L7 ag 5 ATIE, numprocs (2, Z DEIEA A

BRERAZ Fiﬁ%&t/& —

ooooooooooooooooooooooooooooooooooooooooooo
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EAMGMPIEES

EE ZEOEOOA AT T —R

fm REAPERESE T T—
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CEREAVA—D71—RE

Fortrand >3 —2J = —AM&ELY

- Chil&., EB#HZEHKer "NRYE
ierr = MP1_Xxxx(....);

-Fortranfft (&, &R ICEHE HierrH 5|
call MP1_XXXX(...., ierr)

- VAT LARIOEROLA

MPI_Status istatus;
- Fortran S 78
integer istatus(MPI_STATUS_SIZE)

Mo
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CEfEM72—DJx—R¢E
Fortrand >3 —2J =z —AXAMELN
-Mmrﬁwé\?—aﬁwﬁi

MPI_CHAR (X=F) . MPLINT (BHH).,
MP|_FLOAT (2% #!). MP|_DOUBLE({Z$E=
#HA)
 Fortran5:&
MPI_CHARACTER (3X=#!) . MPI_INTEGER
(B¥F), MP|_REAL (E##).
MP|_DOUBLE_PRECISION({S#E EE=#%) .
MPI_COMPLEX(# &%)

« LIL, CEEA VR T —ATHHATS

o




2017/1124 BES KNLEE

EFEMEMPIEIE—MPI Recv (1/2)

- ierr = MPI Recv(recvbuf, icount, idatatype, isource,
itag, icomm, istatus);

- recvbuf: ZEFEHOILERMEIRET 5,
-icount: EBHA ZEEHEOT—AERREETT D,
- idatatype :  EBHE, ZEFEHOT-XOBREHRET D,

- MPI_CHAR (XF%) . MPI_INT (B#%!),

MPI_FLOAT (2% %), MPI_DOUBLE(fZf E=#%)
- isource: B, ZELEVWAVE—TEEETBHPED
IV ERET S,
c EEOPENSZ{E L= E =X, MPI_ANY_SOURCE %##8%E 9 %,

RRAAERER T 5—

ooooooooooooooooooooooooooooooooooooooooo
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EEMEMPIEIE—MPI Recv (2/2)

citag: B¥E, ZELEVAYE—VITRAVNTWE 2 TDEEZETE.,
cERDATEDAYE—DEREFELENEEZX MPILANY_TAG %45
E
- icomm: BHA, PEEAZRATIES THS I3 1=7—4
EIETE,
- BE TIEMPI_COMM_WORLD ##EdhIE L,
- istatus : MPI_Status® (BEHZ D) . ZERRICET S
FEHRAAD, DEbdTEHERAOREE L LI EREGERT DI L,
- BREAHMPI_STATUS SIZEQOEHFEIINES N D,
c FELEAYE—CDZEETOT VYN status[MPI_SOURCE],
25 H status[MPI_TAG] IZRAEN 3B,
E& - MPI_Status istatus;
» Fortran5i8  integer istatus(MPI_STATUS_SIZE)
- lerm(RYME): BHA, T5—3—FHAS,
RRKFEREE T 5 —
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EHEANEMPIE§E—MPI_Send

- ierr = MPI Send(sendbuf, icount, idatatype, idest,
itag, icomm);

- sendbuf : EEEFHDEBEEMEZIRE

- icount: EHM, XEBEBOT—XBERBEIETE

- idatatype : B#HI, EEBEHOT -2 DR EIETE

. idest: B, EELEVPEDicommRATODS VI &i8E

. iE\g COBHA, ZELEWAvE—VIZfFohEE2 T DEEE
E

-icomm: EBHH SOty —EMERBTLIEETHD

JZI2=ZH5—A%EE
cjerr (RYME): EBHE, T5—3—RKRHAS,

RRAAERER 5 —

oooooooooooooooooooooo R THE UNNERSITY OF TOKYO
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Send—RecvDiftE (13t 1848
PEO PE1 PE2 PE3

MPI_Send

Ayt—2

SETETIRT
S LETHER !

B
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EA7EMPIESE—MPI_Bcast

- ierr = MPI_Bcast(sendbuf, icount, idatatype,
iroot, icomm);

- sendbuf: EEBIUVZEBRFOLEFTEIEET 5,

-icount: EBHA HAEEHOT—AERREERTT D,

- idatatype :  E#HE, XEBEHOT - DOHEEET D,

ciroot: B, EELEOVAVE—CHAHEPEOEE%.
HBET D, EPETRICEZEET H2REND D,

-icomm: EBHE PEEMAZRFTIEETHD
A2/ —R%EEET 5,

cjerr (RYME): EBHE, T5—3—RKHAS,

RRAAERER T 5—

ooooooooooooooooooooooooooooooooooooooooo

MPI_BcastDO#t= (SRELE(E)

__PEO ___PE1 __PE2 PE3
MPI_Bcast() MPI_Bcast() MPI_Bcast() MPI_Bcast()

iroot 2PEA |

Ayt RLC&LSICEAHKERRZ L]

RRAAERER T 5—
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2017/1124 BES KNLER

C<BE>SIZCEOTIR
(Vx> 3v) &

-5l NEEE _ _
F%bh»(nﬁx?ﬁ) — RAZ (1 RTZE

. '%J) oo aVviEER BELHEEZBELT

cEMBERE (collective communication
operation)
EMEIEN D
CHEERREORLADENT, 28O0
AR TT—ADNEFEET D

RRAAERER 5 —

oooooooooooooooooooooooooooooooooooooooo
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yFHoariEE

CEEERICT HFTEPEDE
- MPI_Reducef8#x
)AL AVEEDORERE, HDH5—DODPEICFHIESIES

- MPI_AllreduceRE8%%
s DEULaVEEOERE, £ TCOPEICHIBESIES

N PEO
ﬁ
) PE1 M PE2
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HEEA 7 MPIEEE—MPI_Reduce

- ierr = MPI Reduce(sendbuf, recvbuf, icount,
idatatype, iop, iroot, icomm);

el L

TR TETEE o THE T D,
- recvbuf : ZIEEHOLEBEIRET S, iroot TIRE L7=PE®D
HTEZAHINTSIND,

HEEEEE FEFEESIE. FA—TCHho IR,
Thbb, BRBEIEERELECTEIEDAL,
- icount : B, REEHOT -2 BERRERET 5.
- idatatype : BH I, XEEBOT—2DEEEET S,
« (Fortran) <&\/N/HRAXELNE>EZRIEEETE
ET B5AE. MPl 2INTEGER(E##),
MPI 2REAL
(BFEER), MPl 2DOUBLE PRECISION(fE¥ERY) |
EIRET D,

RRAAERER T 5—

ooooooooooooooooooooooooooooooooooooooooo
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R MPIBEE—MPI_Reduce

ciop: EBHA, BEOEHZIETET D,
- MPI SUM ({%1). MPI PROD (i&). MPI MAX (&
X). MPI MIN (/7).  MPI MAXLOC (&X & Z 0
{8). MPI MINLOC (8/h& ZDfiE) 72 &,
<iroot: EHA, HREZITESPEDicomm N
TV %EET D, &£TNhicomm NDPE
TRICEZEET D2REND D,
cicomm: EBHH PEEMAZR#MIIFZFSTH
5025 —R%EHEET %,
cerr: BRI, IT—3—KAAB,

RRAAERER T 5—
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MPI_ReduceD#flz (SKH&EIE)
PEO PE1 PE2 PES3
MPI_Reduce() MPI_Reduce() MPI_Reduce() MPI_Reduce()

F—52 | 7—%54

MPI_Reducel=&k %2 1) R LEE4{1
(MPI 2DOUBLE PRECISION & MPI MAXLOC)

PEO PE1 PE2
MPI_Reduce() MPI_Reduce() MPI_Reduce() MPI_Reduce()

4.1

5.0

LU 53 % OO AR S 32 R AL 18
|
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M MPIEIE—MPI_Allreduce

- ierr = MPI Allreduce(sendbuf, recvbuf, icount,
idatatype, iop, icomm);

- sendbuf: EETEE g BEAEI Do
- recvbuf: ZEFEHOELBEREMEIRET 5, iroot THE L=PED
HTEZTAHANEEIND,

EEFEE & ZEREIL. A—TH-TIFELRL,
Tiabhb, BRI EEERERLACTEELAL,
- jcount: B¥A, EEEEBOT—4ERRERET S,
- idatatype : B#HE, XEBRHEOT—2DOUEEET 5,
s RMECERKBELMNEZRIHEELIRTT 256E. MPI_2INT(E#
7). MPI|_2FLOAT (B¥gREER),
MPI_2DOUBLE(fZ¥ER) 2% T 5,

RRAAERER T 5—

wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww
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EHEAYEMPIE§E—MPI_Allreduce

ciop: EBHA, HEOEEEIETET D,
-MPI_SUM (¥4%0). MPI_PROD ().
MPI_MAX (&X). MPI_MIN (5/7).
MPI_MAXLOC (|k & r&). MPI_MINLOC
(RNEQME) T E,
cicomm: EB#HA, PEEMZRHITLH2ESTH
5T —RE/ET 5,
cierr: BRI, IZ—2—FKHNAD,

I8 semanme o—
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MPI_AllreduceD#E (E£MEE(E)
PEO PE1 PE2 PE3

MPI_A reduce() MPI_A reduce() MPI_A reduce() MPI_A reduce()
T—40 T—451 T—R 2 T—423

op (HEE & 1= 35H)

2017/1124 BT KNLER

Y&HS g EE

MEREIZDUNT

AL 3 VREE, T BEICER
N

- JAT I LRTERIRNETTHRN!
-MPI_Allreduce [& MPI_Reduce [ZtE~E

(A

-MPI_Allreduce (&, BUEAEHNA S,

-2 B~ MPI_Reduce &1# 35,

INFORMATION TECHNOLOGY CENTER, THE UNVERSITY OF TOK)
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EEEAYTMPIEE#—MPI_Gather

- ierr = MPIl Gather (sendbuf, isendcount, isendtype,
recvbuf, irecvcount, irecvtype, iroot, icomm);

- sendbuf: EEBHEOLEREMERET 5.
- isendcount:  E#H, EXEBREBOT—2ERMEEET D,
- isendtype :  EHE, XEBEHOT—2OUEIEET D,
- recvbuf: ZEEEOEEZMEIRTT S, iroot TIEE L =PE
NDHTEEAHANREIND,
s BBRAIE LT, £XEREEBEZFEFEEIE. A—TCHo TUFE S AL,
bbb, BRHEINEHELESTEELRL,
- irecvecount:  EBHE, ZEAHEOT—AEREEETT 5.
c COERHIE. 1IPE4RLRYDREET—4#ERET DL,
« MPI_Gather B CIZZPETREL KO T— 2% INET D LI
TEHLOT, ALEEEETSD &,

RRAAERER T 5—

ooooooooooooooooooooooooooooooooooooooooo
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EEEBY7MPIEEE—MPI_Gather

-irecvtype :  EBHA, ZEBFHOT -2 EE
r—|—|

TE
ERE

ciroot: EHA, NET—XEZITRSHPED
icomm N CHDT VI % BET b,
- £ Thicomm ROPETREI LEZIEET S
INENDH D,
cicomm: EHAE, PEEMZRHBITLH2ESTH
73)
O aZHh—R%EEET D,
cierr: BHA, IZ—a—KHNAS,

RRAAERER T 5—

ooooooooooooooooooooooooooooooooooooooooo
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MPI_Gather® & (£EMHE(E)

PEO PE1 PE2

MPI_Gather() MPI_Gather() MPI_Gather() MPI_Gather()

T—4B

T8 w5 —

oooooooooooooooooooooo R THE UNNERSITY OF TOKYO
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ER7ZMPIB§E—MPI_Scatter

- ierr = MPI Scatter ( sendbuf, isendcount, isendtype,
recvbuf, irecvcount, irecvtype, iroot, icomm);
- sendbuf: EEBEHDOEBEREMEIRET 5,
- isendcount: BRI, XEBWHOT —XERBEEET .
c COBFREIE. 1PERLYICELNDEET —AHMERET D&,
+ MPI_Scatter ¥ TIZRPETEL DT — R ENWITH_LIFTE
BNDOT, RCEZEET D&,
- isendtype :  EHI, EFEEHOT -2 DREEET D,
iroot THEE LI=PEQ#HBERE R D,
- recvbuf:  ZEFEHOEERMEETT S,
cEBRAIE LT, REEELSEERE. A—ThHho TR DAL,
bbb, EE3MANERA LG TEESAL,
- irecvecount: B, ZEFHOT —LBERBEETT 5.

wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww




2017/1124 FES KNLEE

E AN MPIE§E—MPI_Scatter
- irecvtype : BRI, ZERBOT 428 %15

E
5,
-iroot: EBHE, NET—XEFITERSHPED
icomm ATHDIT VY &H_ET b,
-ﬁ?(d)gsnwnFNODPET?E]UﬁEE?EiE?‘%w%EE
nNdh b,
cicomm: BHH PEEMEZRHITHIEETH

7
X2 —R%EET 5,
cierr: BHA, T5—3—K»HAS,

RRAAERER T 5—

oooooooooooooooooooooooooooooooooooo
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MPI_Scatter®#& (KHEEE)

PEO PE1 PE2 PE3
MPI_Scatter() MPI_Scatter() MPI_Scatter() MPI_Scatter()

iroot

F—4A
F—4B
F—4C
F—4D

7 BC L3

<

INFORMATION TECHNOLOGY CENTER. THE UNIVERSITY OF T
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MPI_Scatter®#E (KH#EE)

PEO PE1 PE2 PE3
MPI_Scatter() MPI_Scatter() MPI_Scatter() MPI_Scatter()

F—4A
F—4B
F—4C
F—4D

7y B L3

wzin | i

RRAAERER 5 —

ooooooooooooooooooooooooooooooooooooo

BT KNLER

1. 7AvyFx>y

- EE/READNY T 7REEISA Y =D A
mah, SE/EXEAONY 77 EENEHAIC
Zatx FEEZETEEHET. FUHLHLERED

Ny J7REBEEOT—20O—BEMHZRE

- MPI_Send, MPI_Bcast’: &

2. JrJavwxoy
-%E/&EM@Q;??%H@?—&E&E&?
FTCIZHEUNEHELARD
N T FHREEOT—2D—BEMEREST
c—BMORIF1I—HYDEME

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
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TRy X T BETHEOE A

- O RAONBERT -2 ERO>TNDIHE
g Hsend T, NEDEBENREFLRHMN S

I i
Jo+20 R 5

/70y x> EERN
-ierr = MPI_lsend(sendbuf, icount, datatype,
idest, itag, icomm, irequest);

- sendbuf : EEREBDLERMEIEET 5
cicount : BRI EEEHOT—FXEXHEIETT

73
] Mk@ro)l‘mﬁﬁ% . “ o= NN
FotR1 - - datatype : B, XEBEEOT—20RERET
Jatx2 : RORETOREES 5
R idest ;. %%&@o %= LE=UVPEDicomm RTH T >
JO0+x3 T AmEs D HEIRET D
! -|ta97 %ﬁ&zﬂ) SELEWVAYE—I2/ TSN
)
RETO DIEEIEET S
AR5 R 1 semxemenme s

BES KNLER

2017/1124
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/r7nyx U BERR

cicomm : BH T, PEEMZRHBIT2EE
THHAZI1=T7—3%=/ET 5,
«@% TIZMPl_COMM_WORLD ##7%E
FTHIELN,

-irequest : MP|_Request® (E#& DiD
A
EEEERKLEAYE—VIZDF6NTE
BAIFHR D,
cierr: BHA, T7—3—RKHAD,

Mo

EE I ReY

-ierr = MP1_Wait(irequest, istatus);

-irequest : MPI_Request®! (E#AEII) ,
EEEERLEA vE— It b AT,
-istatus :  MPI_Status®! (BHEEZ])
ZERRIZET B IEHRMAA B,
- EEHAMPI_STATUS SIZEQBHEFIZES LT
BE9d 5,
cRELEAYVYE—CDEBTOIVIN
istatus[MPI_SOURCE] . % 7 hlistatus[MPI_TAG] I

RAEN D,
cRET -2 EEEYDHH - RIET -2 EHmAHTHIIC
TSR &
FEAS BRI 5—

ooooooooooooooooooooooooooooooooooooooooo
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J - JRyXxOVEEICKIUE

- TOEROMRRELT—2EFHL>TVDIHA

EE T HsendIZHBITHREFLEMZ 5 . MPI WatT
7o T0yF Uy EETHIR ﬁ;ﬁ;éﬁiﬁééﬁé
l |

A+ X0

“‘a+x1 recv HE

Ja+x2
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EER

LUTDOESIZEIRLTLLIEE0N:
-MP|_SendBE#
-%%Iﬂlﬂl:MPl_Wait@ﬁb“]\o’CL\

-MPI_IsendBE %k
B IZMPI WaitB# A A - TULVE
Ly

7n+X3 . o S — =
MDD, ITCIZA—TaTITLIZE
P2) 5
R#ETO
m BRATIERERT FRR m RRAFHERERTYS
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SEXH

. MPIEEFI 7O 5207 PRAFzOE / HREFER
2. WHTOTSIUTROEMPIR. FILED &,
BeFHtRpiemERt 2
( http://accc.riken.jp/HPC/training/text.html )
3. Message Passing Interface Forum
( http://www.mpi-forum.org/ )
4. MPIJA—=1) > T1) X b
( http://phase.hpcc.jp/phase/mpi-j/ml/ )
5. jt)ﬁn]:u‘/lf:.—’ﬂli\ EHERE. BRE (199
6

FEETAG % (CERRE

doube t0, t1,12,t_w;

.t.arr = MPI_Barr er(MPI_COMM_WORLD); - ;;%2%?;%&#

t1 = MPI_Wt me();

<ZZITHELEWIRSSLEES

t2 = MPI_Wt me();

0= t2-t; &0y H—T. t0DIEIE
err = MPI_Reduce(&t0, &t_w, 1, > B35,
MPI_DOUBLE,MPI_MAX, 0, / :0)%%'1 &%EL\:&JO)O)
(@) ; s
LY BETOtoH0BANBITED




ErRIEH A% (FortranBEE)

doube precsont0, t1,12,t w

doub e prec s on MPI_WTIME - N7 EIEAE
“ca MPI_BARRIER(MPI_COMM_WORLD, e‘rF E#Még‘fgbﬁﬁ

t1 = MPI_WTIME( err)

<ZZIZRELE=WIRTSLZESS>

2 = MPI_WTIME( err) £T0tvH—C. t0DE
0= t2-t1 EX AN
ca MPI_REDUCE(0, tw, 1, o _OGEIE. ZRUVENE

&  MPI_DOUBLE_PRECISION, A
&  MPI_MAX, 0, MPI_COMM_WORLD, err) gggggﬂt v 0&HE

m REASERERE S
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Omni PathICB§9 5 E > F

JobraLRAEYIRIR HLEAHLSLL
-1_MPI_FABRICS=/ — K - HFI_NO_CPUAFFINITY

A:/ — K& =1
-shm: £FAEY (/—R - ENHBBALHABENGES

R D FRIRA]) N&Hd7?
« tmi: Omni Path® &3 9% . /f— Fﬂﬂﬁi’ﬂt{%ﬁ
- ofi: {FRDIFHE ?gt’lﬂﬁ% 0¥y -7 AIAYA
« T 7 #4 )L b TlE shm:tmi
=, RER EERBE
tmi:tmi 2 L 7= A D3 EHE

m RRAFERER

il
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MPI+OpenMP/\A J1) v FEITIZERL T

- MPIEB¥iZ. YAFALY FERIBETEATIRTERNBE
+ 3D ME— F:Masterony, Funneed, Mutpe
+ MutpeTid, MEBEFEMCERTTERL, HEYRTF—LLGEW
» MasteronyTl&Para e ) —2 3 Uh b AR TFHRIE L TR
cBICEBRLLVOTHNIEFunne ed THES DA KLY

Master only Funneled Multiple
#pragma omp para e #pragma omp para e #pragma omp para e
{

#.p"r'agma omp master K/ii)I_Send( e )i
MPI_Send( ... ); MPI_Send( ... );
#pragma omp para e }
{ }
AYITTLFALYF
} Master on y&EITLNSAS 20 1R EELL
ﬁ@ PE—— para e fiZBACAGE<TLY TELL
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TILFA L v FMPIO &L

- MPI Init)® 4 Y 1=, MPI Init thread() % {&

==

int provided;
MPI Init thread(&argc,&argv,MPI THREAD FUNNELED,
&provided);

- Fortran

integer provided, required

required=MPI THREAD FUNNELED

call MPI Init thread(required, provided, ierr)

m RRAFERERTVS
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MPIZEST MPIZEST (/ —FHi=-VEHTOtX:2)

/= RKHEY170t XADORKREE - PPN (Process Per Node) | export OMP_NUM_THREADS=32
TN S g (- =2 DIFE # IHTOSLE
- HTEAE 2 5 58 3B A OpenMPDERE LS E I _
- |_MPI_PERHOST=2 export I _MPI_DEBUG=5
- (KMP_AFFINITY, KMP_HW_SUBSET) £ 14 # 07D TR
- mp exec.hydrad 5| #I< export I_MPI_PIN_DOMAIN=128
export OMP_NUM_THREADS=64 # 1HTDHA -ppn 2" % BN export I_MPI_PERHOST=2
export I_MPI_DEBUG=5 # =17 %[V 4 THER export
[ ’ * I_MPI_PIN_DOMAINC I_MPI_PIN_PROCESSOR_EXCLUDE_
P A JOL2BE~OITEIY | LTIST=0,1,68,69,136,137,204,2
export I_MPI_PIN_PROCESSOR_EXCLUDE_LIST=0,1,68,69, LTERTE 05 # U AN, a Tt
136,137,204,205 # ¥ v ZxifR, a 7RIS export KMP_AFFINITY=scatter
export KMP_AFFINITY=scatter export KMP_HW_SUBSET=1t
export KMP_HW_SUBSET=1t

m ERAZERERT S — m WA BRI 5 —

RMATION TECHNOLOGY CENTER. THE UNVERSITY OF TOKYO RMATION TECHNOLOGY CENTER.THE UNERSITY OF TOKYO
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MPIEfT (/—FH-YEHTOEXR:8

== B > .
MPIZE{T (/—FHEYEHRTOER: 4) LLE. Z0Oh)
. T
- PPN (Pg%ess Per Node) |export OEM/P\_NUM_THREADS=16 c 8Ll E L EFRICERTE
=?$P%§ERH ST # 1"”??‘ EPI DEBUGS . |_MPI_PERHOSTO{&& . |_MPI_PIN_DOMAINDAEDFEA
i - export Lo t=DEo o= 25612 TVWIHBEHY., 25 LAVE, 13 7I2TOERNR
CPAE # =7 810 R Ao CABERY. ToLE =
- mp exec.hydra® 3| (= export I_MPI_PIN_DOMAIN=64 _ G~
export a a %%ﬁ‘?%%ﬂé@f%fEU yaN Eﬁ.‘?\-d—é:t
- I_MPI_PIN_DOMAIN"T I_MPI_PIN_PROCESSOR_EXCLUDE_
JOE2BE~DITEY | LTIsT-0,1,68,69,136,137,204,2 )
WMTEETE 05 # v AR, a Tkt [40] MPI startup(): shm and tmi data transfer modes
export KMP_AFFINITY=scatter
export KMP_HW SUBSET=1t [0] MPI startup(): 192 269565  c3850.o0fp {2,70,138,206}

I8 sxeemm o o— IR mxeemmne o—
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BERAI YT H

- core-setting.sh - source core-setting.sh

ChETHE L ERELSE
FHER ¢

AFELF
HoMLHUTD - HAH :
EHERTE Sett ng:

export |_MPI_PIN_DOMAIN=64
+ HTX=1 g: 7%7‘_ Y export I MPI_PERHOST=4
ALy F¥ export KMP_HW_SUBSET=1t
. VERBOSE= 1 ;e export KMP_AFFINITY=verbose,compact
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ErEIEHAI A% (CERE. MPI+OpenMP)

doube 10, t1,12,t_w;

. J Tlzpara e Y—TavITWVAERTE N7 ERAE
#pragma omp master - 4
{ BMEEELES

err = MPI_Barr er(MPI_COMM_WORLD);
}

#pragma omp barr er
t1 = omp_get_wt me();

> rt HF1_| N PUAFFINITY=1 \ :
SHEBRRERER  Spot 0_CPU <CTITMELEVWTOS S LEEO 70ty H—T. tODEX
N) 1 IS_MPI PIN_PROCESSOR_EXCLUDE_LI #pragma omp reduct on(max: t0) » B3,
- DEBUG=1 (27 T=0,1,68,69,136,137,204,205 0 = t wt me(); = )
YU TORMES [0] MPI ‘startup(): Mu t -threaded opt m zed EO _ toznﬁ;%e _wtme() / CDFEIE. ZLEVEDOD
K brary #pragma omp master [EE7 0ty OBARITIS
{ err = MPI_Reduce(&t0, &t_w, 1,
MPI_DOUBLE,MPI MAX 0,
m EEASERER TS } MPI_COMM_WORLD);

EFEEHRIAZE (FortranF&E.
MPI+OpenMP)

doub e precson 10, t1, 12, t_w
. §Tlzpara e J—2avIZWVAERTE

3! t \1) 7 E A
cc;mRAE?SB(XRRIER(MPI COMM_WORLD, ep_/ ;;%2%?;%&#

$!lomp end master
$lomp barrer
t1 = omp_get_wt me()

< ZIIZAELEWTRTSLEELS

$lomp reduct on (max:t0) . -
e ) &7 04y% T, 0O
0= t2-t1 8735,

e o COBAT BUELY
ca MP|_REDUCE(0, t w, 1, DDEETOEYH0FE

&  MPI_DOUBLE_PRECISION, M2ITED

& MPI_MAX, 0, MPI_COMM_WORLD, err)
$!lomp end master

L Y

4 — — S —

= = — » A7ETOEMEE—
BIE ERBEDA—/NF v T 27mtonne
WDT, BWRYT
Ta—YrInH<
LEZIBND

* “dynamic/runtime”
* “1Somp master~!$omp end master”

! allel te k,1,X1,X2,X3, WVAL1, WVAL2,WVAL3
—>|!§g¢ grrigte Caig' EE inum,ii,ierr] >

:gmp master Communication is done by the master thread (#0)

!1C- Send & Recv.

'(Sam gﬁ(lilugpil:eﬁumm (2*NEIBPETOT, reql, stal, ierr)

iC The master thread can join computing of internal

!C-- Pure Inner Nodes nodes after the completion of communication

s ;fhfdullf (runtime)  export OMP SCHEDULE="dynamic, [chunksize]"
enddo

ig—— Boundary Nodes Computing for boundary nodes are by all threads

1 Somp % 5= Hinns1, N default: 'Somp do schedule (static)
enddo

Id Y etal , C i tcc}%gm xmgmv strong scaling of gyrokinetic Eulerian code
mﬁ 11l):a'y"(z:l:llOOkom'es«:mtlnaK—computer IntI Appl 28 20{’:&
FRAE 2
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Speedup by communication overlapping
(OFP: 32 nodes)

» Memory model C Cache F Flat

* (m) : core b nd ng to avo d “busy”
» Sub NUMA Q Quadrant N4 SNC-4 core

EC+Q WF+Q WC+N4 HF+N4 BC+Q(m) WF+Q(m) WC+N4(m) BF+N4(m)
16%

14%
12%
10%

8%

6%
= | | | | ” | | |
2 | tulth | | || | | |
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JaorA4) 29

LT, Intel VTune 2017 KF¥a A > b &Y

Intel® Trace Analyzer
& Collector (ITAC)
Intel® MPI Snapshot
Intel® MPI Tuner

Cluster
Scalable

Memory
Vectorize Bandwidth
Sensitive
?

Effective
threading
?

Optimize
0% bandwidth
Overlap
-2%
-4% Intel® Intel® Intel®
VTune™ Amplifier Advisor VTune™ Amplifier
m RRAFERERTVS m REAFHREET S
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BEISTEREREL

-MPLEETHMDEFZE. 2MNA MNZT7 54 0T 3

FortranT(&. (F : FortranTI&/N\— 3 22018H o K| A A]
1)

IDIR$ ATTRIBUTES ALIGN : 2097152 :: arrayMPI
real(8),allocatable :: arrayMPI(:,:,:,:)

CTlk., (A4 SON— 3 4KERL)

arrayMPI = (double *) mm malloc(array size,
2*%1024*%1024);

m REAFHERERBTVS

Intel Advisorl= & 25 —4 INE

e RYT MLE, AL v RAiFEXEE
- module load advisorl= TH%)

« T—AR DINE : advixe-cl ATV R
« advixe-cl —collect survey --project-dir ./advi --no-auto-finalize —
Ja.out

+ MCDRAMZES %2 55 -
numactl -membind=1 advixe-cl —collect survey --project-dir ./advi
—-no-auto-finalize -- ./a.out

- MPIZES 25 ¢
mpiexec.hydra -n ${PJM_MPI_PROC} advixe-cl --collect survey
—project-dir ./advi —no-auto-finalize - ./a.out

- Tips:
. —no-auto-finalize : KNLIZfinalize®&Z TOHHE 5 L BLVDT, HET
OJA>)—RTRo2TEHEDS

m RRAFERERTVS
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Intel AdvisorlZ &k 2Rz R(1)

« VNCH — /N FI| A4
- ofp01$ vncserver :0 -geometry 1280x1024
(FEFXVNCESHH/ XD — REMAND)

- ofp01$ export DISPLAY=:0
(ED0IzEHESD)
- FLDIHE TYNCAHKR— b Z851%
- note$ ssh -N -L 55901:localhost:5900 z30105@ofp01.jcahpc.jp &
« VNCH—/\AHY:0 %4255 5900, :1 22 5 5901, ...
- VNC% 54 7 > bk T localhost:55901 #{57%E

[m RRAFEREREVS
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Intel AdvisorlZ & 2R TR (2)

- & 5 H Cshsource, binaryD /XX ERE L TH <

T
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Intel VTunel= & b T—4 &

cAEYNRYFEE, VV-REREENE
- modu e oad vtunel=THZ%)
« T—AOUE : amplxe-cl ATV K
+ amp xe-c -co ect hpc-performance --no-auto-f na ze -r vt000hp --
Ja.out
+ MCDRAMZES 25 -
numact -m 1 amp xe-¢ -co ect hpc-performance --no-auto-fna ze
-r vt00OOhp -- ./a.out
s MPIZES 5 ¢
mp exec.hydra -n ${PJM_MPI_PROC} amp xe-c -co ect hpc-
performance --no-auto-f na ze -r vt000hp -- ./a.out

+ Z D1t knob
« Tips:
« --no-auto-fna ze : KNLIZfna ze £ T LHE S LEBL\DT, HE&TOY
A2/ —RTR2THHS

m RRAFEREREVS
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Intel VTunelZ & B #ERTR(1)

« VNCH — /\F| H%(H
- Advisor & @E#

« CUIH finalize
- $ amplxe-cl -finalize -search-dir . -r vt000hp

m REAFERERTVS
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IN—X F/7\vw 7 7 (DDN: Infinite Memo
Intel V IuneLJ:é:’EEi'R( ) . ( i
el Engine)
B e (2017.113R7, BEDRRIZIE > THI AL,
ey BRF BREINE)
T - SSDIEE D —/\H25&, 50/ — K
Back-End Bound : 93.1% K . @! 1 960 TB, ﬂﬁ t'—’?HEﬁE 1TB/SGC
o cHDSATURTNRY T4 EHELTEZAD
SID;A:DDI::ljr‘ucdanxporcych : 0.014 . erasure G Odlng
fm RRAFERERCZVSY e m REAFHEREREYS
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IMED1£#E

« NAS Parallel benchmark, BT-IOD ] ({8 L $247I%Reedbush)

- cass=C,647 70t X (8/—F x8)
- cass=D, 256 7Ot X (8 / — Kx32)
- SmpelF10/MTIERTE T, IMETIRTS—
- Stripe: Ifs setstripe -s 8m -c -1 btio.full.out

400000
350000
Hclass=C
300000 mclass=D
® 250000
s
.g' 200000
g 150000
100000
0 L
1ile Stripe ME Stripe ME
Smpe Fu_
m RRAEERERTVS

e
vINTassSLE

mﬁ? KEEREE
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CEiEh - Fortran90pk @ 7 7 1 )L :
Samples-knl.tar.gz
‘tarCERR. R TILELEIZCEE
Fortran90E:Z D
TA4LYU MN)DESEND
-C/ :C=3E
«F/ : Fortran905 &
cFEEDTFAIANBNTH BHIHHT
/work/gt00/z30105 (homeT%H LD TEE)

BRERAZ Fiﬁ%%t/& —

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

2017/1124 FES KNLER

JaFSLEAINSLILLES (1/2)

1. cd ARV RERTLT Lustre7 7 ALY X T LIZHEET S
$ cd /work/gteo/t0eedx

1. /work/gt00/z30105 [ % Samples-knl.targz %
BADT4 LY )IZIE—F D
$ cp /work/gtoo/z30105/Samples-knl.tar.gz ./
2. Samples-knl.tar.gz Z B3 %
$ tar xvfz Samples-knl.tar.gz
3. Samples 74 ILFIZAD
$ cd Samples-knl

4. FTTVEZDITHILEIZAD
$ cd stream

5, CE&&8 __ 3% cddcC
Fortran90E:E : $ cd F

fm REAPERESE T T—
ST TEHNOLOGY CEMTER THE ONEFSTY O 10610

2017/1124 BES KNLER

TS5 LFaANLILLES(22)

6. make 3 %
$ make

7. BT T 7 A JL(stream)WMTETWBZ &
ZHERT D
$ 1s

Mo
el A

2017/1124 BT KNLER

A [ L
095 L%ETLED
1. streamT7 A I AR TUREEFTT S
$ pjsub stream.bash
2. BODEBAINE=Y 3 TE2HEERT S
$ pjstat
3. EINRRTIEE UTNODT7AIILNERIND
stream.bash.e XXXXXX
stream.bash.oXXXXXX  (XXXXXX[L$=F)

4. LEOEEENDTFAILOFEERTHD
$ cat stream.bash.oXXXXXX

5. 17 HAFLUTO I 7AIIZHDEIDTED=8

$ cat stream.bash.eXXXXXX

o
A A




