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• Ȗ8Č体
2017Â 11Ě24Č˥ȑ˦ 10体00 - 18体00

• �â体ġ��£Û��ūʱ休人ˢ 4ȝ 413ȆȞ�Ʈ¨
• ǡ¿体� āa

• ǡƯ�代˜ʧ˘ˑ体
• 9体30 - 10体00 k�

• 10体00 - 12体00 Oakforest-PACS˜ʧ互休ɚOakforest-PACSʭʯʹˑƛ
�ɚKNLĬǉ

• (12体00 - 13体30 đ�ß@±�ǣ¨)
• 13体30 - 15体00 KNLɿɣɪʔęȇ]˥ǡƮ˧ŌƯ˦
• (15体00 - 15体15 �ß)
• 15体15 - 18体00 Oakforest-PACSɻʀ他互ˉ˙ʷ介�L]主ęȇ]

(ǡƮ+ŌƯ)
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Oakforest-PACS�rÍj�
Ȍ¾ǪĈɝOakforest-PACSOşʀãÆ下ɞfő
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•ğǡƯ�ɻʀ企ˢʬt

OşƱťp : t00041̀
Oşʧ˚ˢ代体 gt00
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FY
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Hitachi SR11K/J2

IBM Power-5+
18 8TFLOPS  

16 4TB

KPeta

JCAHPC:	
{i8ĝ
^8

Yayoi: Hitachi SR16000/M1
IBM Power-7

54.9 TFLOPS, 11.2 TB

Reedbush, SGI
Broadwell + Pascal

1 93 PFLOPS
ĂĞþ�_ĝùďĔĚĞùĖĜ
�.ûĞĈĞöĜĉĔĞþ

Hitachi HA8000 (T2K)

AMD Opteron

140TFLOPS, 31.3TB

Oakforest-PACS
Fujitsu, Intel KNL
25PFLOPS, 919.3TB

BDEC system
50+ PFLOPS (?)

Post-K	?K	computer

Oakleaf-FX: Fujitsu PRIMEHPC 
FX10, SPARC64 IXfx
1 13 PFLOPS  150 TB

Oakbridge-FX
136.2 TFLOPS, 18.4

TB

Reedbush-L
Pascal  1.4+PF
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4æèïĀ¥r�
• Oakleaf-FX («�Ǿ PRIMEHPC FX10)

• 1.135 PF, �交休ˇ˕ˢ人}şŔ, 2012Â4Ě� 2018Â3Ě
• Oakbridge-FX («�Ǿ PRIMEHPC FX10)

• 136.2 TF, ȔĒȗ¦ǂş˥168Ēȗ˦, 2014Â4Ě� 2018Â
3Ě

• Reedbush (SGI, Intel BDW + NVIDIA P100 (Pascal))
•ʺˢ人ǎĢˡʭː˕˛ˢʭ˗休ǁrʯˢ付ˢ
交休ˇ˕ˢ人

• 3.3 PF, 2016Â7Ě� 2020Â6Ě
•ġ�ITCMʀGPUʭʯʹˑ (2017Â3Ěʑʓ), DDN IME 

(Burst Buffer)
• Oakforest-PACS (OFP) («�ǾɚIntel Xeon Phi (KNL))

• JCAHPC (Ɖŀ�CCS伴ġ�ITC)
• 25 PF, TOP 500ɻ6" (2016Â11Ě) (Čğɻ1")
• Omni-Path ʛˢʥʹʦʶ˔, DDN IME (Burst Buffer)
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Total Peak performance          3 PFLOPS
Total number of nodes            4,800
Total memory                           50TB
Peak performance per node   236 5 GFLOPS
Main memory per node          32 GB
Disk capacity                            2  PB
SPARC64 IXfx 1.848GHz

Fujitsu PRIMEHPC FX10 ĠFX10ûĞĈĞöĜĉĔĞþùûāĐġ

2012Â7Ě~2018Â3Ě˥¥˦

Oakbridge-FX

ȔĒȗ京˗ˉşʀFX10
仕ˢ介Ą体24̀576
PțĒȗ体ę�168Ēȗ

˥但ȁȗ˦



^�:=N76véċëč
è÷ãċĎ2/3-1ď
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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                            5 04 PB
File Cache system (SSD)         230 TB
Intel Xeon E5 2695v4  2.1GHz 18 core x2 socket

Reedbush-U ĠSGI Rackable óėûþùûāĐ ġ

2016Â7Ě1ČǗȵȃǱȖ�

2016Â9Ě1ČĴÅȃşȖ�

^�:=N76véċëč
è÷ãċĎ2/3-2ď
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Total Peak performance          45 TFLOPS 
+ 272 TFLOPS

Total number of nodes            20
Total memory                           30 TB + 8 TB
Peak performance per node   209 6 GFLOPS 

+ 0 6 TFLOPS
Main memory per node          256 GB

+ 32 GB 
Disk capacity (shared w/ U)   5 04 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

Reedbush-H ĠSGI Rackable óėûþùûāĐ ġ

2017Â3Ě1ČǗȵȃǱȖ�

2017Â4Ě3ČĴÅȃşȖ�

^�:=N76véċëč
è÷ãċĎ2/3-3ď New!!
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Total Peak performance          43 PFLOPS
(77 4 TFLOPS + 356 TFLOPS)

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)   5 04 PB
File Cache system (SSD, separately) 

 53 6 TB
Intel Xeon E5 2695v4  2.1GHz 18 core x2 socket
+ NVIDIA Tesla P100 with NVLink x 4

Reedbush-L ĠSGI Rackable óėûþùûāĐ ġ

2017Â10Ě2ČǗȵȃǱȖ�

2017Â11Ě1ČĴÅȃşȖ�

Reedbush-U+H+LÜ.�K�
= 3.36 PFLOPS

ȔĒȗ京˗ˉş
PțĒȗ体ę�168Ēȗ

˥但ȁȗ˦

^�:=N76véċëč
è÷ãċ (3/3)
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Total Peak performance          25 PFLOPS 
Total number of nodes            8,208
Total memory                           897 7 TB
Peak performance per node   3 046 TFLOPS
Main memory per node          96 GB (DDR4)

+ 6 GB(MCDRAM)
Disk capacity                            26 2 PB
File Cache system (SSD)         960 TB
Intel Xeon Phi 7250 1.4 GHz 68 core x1 socket

Oakforest-PACS ĠFujitsu PRIMERGY CX600ġ

2016Â12Ě1ČǗȵȃǱȖ�

2017Â4Ě3ČĴÅȃşȖ�

Ɖŀ�£Ǒƌź£ŴƂʱ休人ˢ
主Asȃş
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FX10Ǒƌ仕ˢ介ʀĭà

Memory Memory Memory

q作˻˼ʀDȊĭà

Core

#1

Core

#2

Core

#3

Core

#0
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1ʳʨʷ今ʀʋ

Core

#13

Core

#14

Core

#15

Core

#12…

L2 (16交ʛɻAěɚ12MB)

L1 L1 L1 L1 L1 L1 L1 L1 L1ĂĞþòēĀùĔ32KB

85GB/z
=(8Byteº1333MHz
º8 channe )

DDR3 DIMMMemory

4GB º2` 4GB º2` 4GB º2` 4GB º2`

ĆĞĄ�.�đĒĘ�Ĩ8GBº4Ī32GB

20GB/z

TOFU
Network

ICC

FX10Í¤��ĎĒTOFU%�ď
2017/1124 ��	ĨKNL=�

14

仕ˢ介 仕ˢ介

仕ˢ介
仕ˢ介

仕ˢ介

仕ˢ介
仕ˢ介

仕ˢ介
仕ˢ介

仕ˢ介

仕ˢ介

仕ˢ介
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6]ÐéÑé
5GB/z
Ġ&U0ġ
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FX10Í¤��ĎĒTOFU%�¨Í�.ď
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但
TOFU
`"

但
TOFU
`"

但
TOFU
`"

但
TOFU
`"

但
TOFU
`"

但
TOFU
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但
TOFU
`"

但
TOFU
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但
TOFU
`"

位Ĳ<óơ

l企ˢʬɤʒǊʔ主ɚ
XǲɚYǲɚZǲɿɹɠɺɚ
�ʀ1TOFU主ɚãSʀ
但TOFUʁɚƩ上ɸɺʋ

ɢʊɱ
˥位Ĳ<今ˢ˘ʯóơ˦
l ɵ中ɯŕŜƟƦɻʁ

l Xǲʁ今ˢ˘ʯ
l Yǲʁ˒ʷʭ˕
l Zǲʁ˒ʷʭ˕ʊɵ
ʁɚ今ˢ˘ʯ

ɿɾɸɺɠʊɱ

Reedbush-UôčòÍûĊîà3
• ˒任˙ʀɡɷɚɝǶɠɞ˒任˙主ɝȆɠɞ˒任˙上一ʔ

=> NUMA (Non-Uniform Memory Access)
(FX10ʁˈ˘ʷ今)
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ntel Xeon 
E5-2695 v4 
(Broadwell-

EP)

QPI
76.8GB/s

76.8GB/s

IB EDR
HCA

15 7 GB/s

DDR4
˒任˙
128GB

76.8GB/s 76.8GB/s

ntel Xeon 
E5-2695 v4 
(Broadwell-

EP)QPI
DDR4
DDR4
DDR4

DDR4
DDR4
DDR4
DDR4

˒任˙
128GB

G
3 x16



Broadwell-EPʀĭà

Memory Memory Memory
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1ʳʨʷ今ʀʋʘ�Ÿ

76.8 GB/Ż
=(8Byteɖ2400MHzɖ4 channel)

DDR4
DIMM Memory

16GB º2` 16GB º2` 16GB º2` 16GB º2`
ʳʨʷ今Éɵʓ˒任˙Ȑ体16GBɖ8˶128GB
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L
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L
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L
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#16

L
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Core

#17

L
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L
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QPI x2 PCIe 交ʛÉɵʓL1ʺˢ人: 2KB, L2: 256KB, 
L3: 2.5MB(Aě) => L3 ʁ?%ɻ45MB

Reedbush-UÍ¤��
• ˈ˚˃互ʱʦʭ˗休˃休介ÁʘíɹFat Treeƣ

• ɽʀʑɡɿǑƌ仕ˢ介ʘȈ事ɻʎ�ɠɿŏǃƄɻǾ0上mƶ
• Mellanox InfiniBand EDR 4x CS7500: 648仮ˢ今

• DȊʁȹȺ仮ˢ今ʯ互ʷʶ (SB7800)ʘ (36+18)nƝʋrʗ並ɵʎʀ主
ƈ,
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181 3619 5437

Downlink: 18

. . . . . . . . .

Uplink: 18

. . .

. . .
36čĞă

Leaf ûîĀÿ
36+

36čĞă
SpineûîĀÿ

18+

648仮ˢ今Directorʯ互ʷʶ 1nʀ	ǯ

Reedbush-HôčòÍûĊîà3

NVIDIA 
Pascal

NVIDIA 
Pascal

NVLinK
20 GB/s

Intel Xeon 
E5-2695 v4 
(Broadwell-

EP)

NVLinK
20 GB/s

QPI
76.8GB/s

76.8GB/s

IB FDR
HCA

G
3

x16 15.7 GB/s 15.7 GB/s

DDR4
˒任
˙

128G
B

EDR switch

ED
R

76.8GB/s 76.8GB/s

Intel Xeon 
E5-2695 v4 
(Broadwell-

EP)QPI
DDR4
DDR4
DDR4

DDR4
DDR4
DDR4
DDR4

˒任
˙

128G
B

PCIe sw

G
3 

x16

PCIe sw

G
3 

x16

G
3 

x16

IB FDR
HCA
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Oakforest-PACS ��ôčò
• Intel Xeon Phi (Knights Landing)

• 1仕ˢ介1ʳʨʷ今
• MCDRAM: ʣ休付ʷʨˢ京
ʀȷ˃休介Á˒任˙16GB
+ DDR4˒任˙

2017/1124 ��	ĨKNL=�

Knights Landing Overview 

Chip: 36 Tiles interconnected by 2D Mesh 
Tile: 2 Cores + 2 VPU/core + 1 MB L2 
 
Memory: MCDRAM: 16 GB on-package; High BW 
                  DDR4: 6 channels @ 2400  up to 384GB  
IO: 36 lanes PCIe Gen3. 4 lanes of DMI for chipset 
Node: 1-Socket only 
Fabric: Omni-Path on-package (not shown) 
 
Vector Peak Perf: 3+TF DP and 6+TF SP Flops 
Scalar Perf: ~3x over Knights Corner 
Streams Triad (GB/s): MCDRAM : 400+; DDR: 90+ 

TILE 

4 

2 VPU 

Core 

2 VPU 

Core 

 
1MB 
L2 

CHA 

Package 

Source Intel:  All products, computer systems, dates and figures specified are preliminary based on current expectations, and 
are subject to change without notice. KNL data are preliminary based on current expectations and are subject to change 
without notice. 1Binary Compatible with Intel Xeon processors using Haswell Instruction Set (except TSX). 2Bandwidth 
numbers are based on STREAM-like memory access pattern when MCDRAM used as flat memory. Results have been 
estimated based on internal Intel analysis and are provided for informational purposes only.  Any difference in system 
hardware or software design or configuration may affect actual performance.  Omni-path not shown 

EDC EDC PCIe 
Gen 3

EDC EDC

Tile

DDR MC DDR MC

EDC EDC misc EDC EDC

36 Tiles 
connected by 

2D Mesh 
Interconnect

MCDRAM MCDRAM MCDRAM MCDRAM

3

D
D
R
4
 

C
H
A
N
N
E
L
S

3

D
D
R
4
 

C
H
A
N
N
E
L
S

MCDRAM MCDRAM MCDRAM MCDRAM

D
M
I

2 x16
1 x4

X4 
DMI

HotChips27 
KNLûėîĄåç

Knights Landing: Next Intel® Xeon Phi™ Processor  

First self-boot Intel® Xeon Phi™ processor that is binary 
compatible with main line IA. Boots standard OS.  

Significant improvement in scalar and vector performance 

Integration of Memory on package: innovative memory 
architecture for high bandwidth and high capacity  

Integration of Fabric on package 

Potential future options subject to change without notice.  
All timeframes, features, products and dates are preliminary forecasts and subject to change without further notification. 

Three products 

KNL Self-Boot     KNL Self-Boot w/ Fabric        KNL Card 

(Baseline)                  (Fabric Integrated)                (PCIe-Card) 
 

Intel® Many-Core Processor targeted for HPC and Supercomputing 

2 VPU 2 VPU

Core Core
1MB
L2

MCDRAM: 490GB/Ż��˥¦ň˦
DDR4: 115.2 GB/Ż
=(8Byteɖ2400MHzɖ6 channel)

ʳʨʷ今Éɵʓ˒任˙Ȑ:
16GBɖ6˶96GB

20



Oakforest-PACS: Intel Omni-Path Architecture ÌÓÕ
úĈöÚéàæąċöċòBFat-tree�

768 port Director 
Switch
12+
(Source by Inte )

48 port Edge Switch
362 +

2 2

241 4825 7249

Uplink  24

Downlink  24

. . . . . . . . .

交ʯ今ʁɤɤʔ上ˈ˚˃互ʱʦʭ˗休˃休介ÁʘƢí
• ʭʯʹˑ?Ɠ)şĒɿʎȷɠ�LØƶʘ¦ś
• ĥǰɾȃş体京˗ˉɿɱʔǑƌ仕ˢ介TʓÉɺʀƸšÄ上ȷɠ

212017/1124 ��	ĨKNL=�

Ǒƌ仕ˢ介
˘ʷʦɿJă

^:N76véċëčOakforest-PACSèč÷čã
ċùăčëæèïĀÍU§�Ď°®¯²C±[¯Wď

• 付ˢʳʽ˚交ˢʯ˥Âȗ˦
• 交ˢʯ但体 100,000E 体 8仕ˢ介(�Ŋ)ɚę�16仕ˢ介ʊɻ
• 交ˢʯ˭体 200,000E 体 16仕ˢ介(�Ŋ)ɚę�64仕ˢ介ʊɻ

• ʧ˚ˢ代交ˢʯ
• 400,000E (�ī 480,000E) 体 1l 8仕ˢ介˥�Ŋ˦ɚę�2048
仕ˢ介ʊɻ

• ��ʁɚɝ今ˢʦ休Pɞɻȃ�
• Ţɯǵʋ仕ˢ介Ąɖ360Čɖ24Ēȗʀɝ今ˢʦ休ɞ上�ɢʒ了ʔ
• �Ŋ仕ˢ介ʊɻʁɚ今ˢʦ休ńǩ.Ą上1.0
• �Ŋ仕ˢ介ʘǭɢʔ主ɚǭɢɵJʁɚńǩ.Ą上2.0ɿɾʔ
• �£ƈʀ企ˢʬʁFX10ɚReedbush主ʀŮ�今ˢʦ休Žǂʎmƶ

2017/1124 ��	ĨKNL=� 22

^:N76véċëčReedbushèč÷čãċ
ùăčëæèïĀÍU§�Ď2017C4[1Wď

• 付ˢʳʽ˚交ˢʯ˥Âȗ˦
• 150,000E体RB U: 4仕ˢ介˥�Ŋ˦ɚę�16仕ˢ介ʊɻ

RB H: 1仕ˢ介˥�Ŋ˦ɚę�2仕ˢ介ʊɻ
• ʧ˚ˢ代交ˢʯ

• 300,000E体1l 4仕ˢ介˥�Ŋ˦ɚę�128仕ˢ介ʊɻɚ
RB H体1仕ˢ介˥�Ŋ˦ɚę�32仕ˢ介ʊɻ˥今ˢʦ休.ĄʁUʀ

2.52˦
• RB Uʀʋ�ī 360,000E 体 1l 4仕ˢ介˥�Ŋ˦ɚę�128仕ˢ介ʊɻ
• RB Hʀʋ�ī 216,000E 体 1l 1仕ˢ介˥�Ŋ˦ɚę�32仕ˢ介ʊɻ

• ��ʁɚɝ今ˢʦ休Pɞɻȃ�
• Ţɯǵʋ仕ˢ介Ąɖ360Čɖ24Ēȗʀɝ今ˢʦ休ɞ上�ɢʒ了ʔ
• �Ŋ仕ˢ介ʊɻʁɚ今ˢʦ休ńǩ.Ą上1.0
• �Ŋ仕ˢ介ʘǭɢʔ主ɚǭɢɵJʁɚńǩ.Ą上2.0ɿɾʔ
• �£ƈʀ企ˢʬʁFX10, Oakforest-PACS主ʀŮ�今ˢʦ休Žǂʎmƶ
• 仕ˢ介�¥ʎ一ʓ

2017/1124 ��	ĨKNL=� 23

^:N76véċëčFX10èč÷čãċ
ùăčëæèïĀÍU§�Ď2017C4[1Wď

• 付ˢʳʽ˚交ˢʯ˥Âȗ˦
• 交ˢʯ但体 90,000E 体 12仕ˢ介(�Ŋ)ɚę�24仕ˢ介ʊɻ
• 交ˢʯ˭体 180,000E 体 24仕ˢ介(�Ŋ)ɚę�96仕ˢ介ʊɻ

• ʧ˚ˢ代交ˢʯ
• 360,000E (�ī 432,000E) 体1lɚ12仕ˢ介ɚę�1440仕ˢ介ʊɻ

• ��ʁɚɝ今ˢʦ休Pɞɻȃ�
• Ţɯǵʋ仕ˢ介Ąɖ360Čɖ24Ēȗʀɝ今ˢʦ休ɞ上�ɢʒ了ʔ
• �Ŋ仕ˢ介ʊɻʁɚ今ˢʦ休ńǩ.Ą上1.0
• �Ŋ仕ˢ介ʘǭɢʔ主ɚǭɢɵJʁɚńǩ.Ą上2.0ɿɾʔ
• �£ƈʀ企ˢʬʁReedbush, Oakforest-PACS主ʀŮ�今ˢʦ休
Žǂʎmƶ

2017/1124 ��	ĨKNL=� 24



JPY (=Watt)/GFLOPS Rate

Smaller is better (efficient)

25

System JPY/GFLOPS

Oakleaf/Oakbridge-FX (Fujitsu)
(Fujitsu PRIMEHPC FX10) 125

Reedbush-U (SGI)
(Intel BDW) 62.0

Reedbush-H (SGI)
(Intel BDW+NVIDIA P100) 17.1

Oakforest-PACS (Fujitsu)
(Intel Xeon Phi/Knights Landing) 16.5

2017/1124 ��	ĨKNL=�

èč÷čãċùăčëæèïĀÍ��

•��ʀˍˢ京ʘ世fő与中ɮɠ
•OşŢǟĊĿ
•ȃ�%Ɠ
•Ĉȑ%Ɠ
•OşʀãÆ
ɾɽ上世Ǎɿɾ了ʊɱɛ

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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ñĆÚÙĈĄčè�DÌÇ·È
• ¤,ɿÉʱ休人ˢʀOak eaf/Oakbr dge-FX, Reedbush-U/H, Oakforest-PACS
ʭʯʹˑ上)ɢʔɝŏ:今˘互ʛ˚企ˢʯɞɣʑʄɝě:今˘互ʛ˚企ˢ
ʯɞPÄ上一ʓʊɱɛ

• ʛʤʺːʷʦOş
• 付ˢʳʽ˚交ˢʯɚʧ˚ˢ代交ˢʯʀgĊ˥1ˠĚ̀3ˠĚ˦

• �īOş
• 付ˢʳʽ˚交ˢʯ˥但ˠĚ̀位ˠĚ˦˥FX10: ę�24仕ˢ介ɚę�96仕ˢ介, 

RB U: ę�16仕ˢ介, RB H: ę�2仕ˢ介ɚOFP: ę�16仕ˢ介, ę�64仕ˢ
介˦
ğǡƯ�ʀkǡ上ÓȬɚ¬Ħŏ

• ʧ˚ˢ代交ˢʯ
• ŏ:今˘互ʛ˚企ˢʯ体˥但ˠĚ̀位ˠĚ˦体ŏĈ˥FX10:ę�1,440仕ˢ介ɚ

RB U: ę�128仕ˢ介ɚRB H: ę�32仕ˢ介ɚOFP: ę�2048仕ˢ介˦
• ě:今˘互ʛ˚企ˢʯ体˥但ˠĚ̀ę�Ǿƌ˲ˠĚ˦ɚě:˥ǑƌǪŉʁŏ
:主sƈ˦

• ʯˢ付ˢ交休ˇ˕ˢ人OşǪħƱ¬Ħ�|�ʀ¬Ħ上Óǉ˥Â2�¦ċ˦
• gĊʀ交ˢʯ主ʎɿɚƐďɾOş�wėʀöI上Óǉ
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��üĊáĆÿċáÊÎ�ºĖ
• ǼĲ¦ǂʀ代˜ʧ˘ˑ˥¦ǂĒȗT ˦ʘɚ˾nʀǑƌı
ʘ)ɸɺɚT / ˾ɿɱʔɬ主ɛ

• Ƙ�ưɢɻʁƸĎɛ
• ¦ȟʁɚɻ下ʔɤɽɡɤʁɚǤHŜʀD©
˥ʛ˚ʪ˙ʰˑ˦ɻ �下与 ȥɯɮ上ȅɡ
• ʛ˚ʪ˙ʰˑ�ɚƠɿ�L]ɻ下ɾɠȊJʀ¢�
• Ǿ0ʀɵ也ʀʣˢ˃令ʷ介ʀ¢�

• Ǿ0ƅɷ�上ʓĒȗ
• ʺˢ人ǱǺĒȗ

��	ĨKNL=� 29

T

T / �

2017/1124

����dÍ�
• Michael J. FlynnĂð˥ʯ人休ˈʢˢ介�˦ʀJȳ
(1966)

•`�z�ˡ`�ʺˢ人Ń
˥SISD, Single Instruction Single Data Stream˦

•`�z�ˡǈĄʺˢ人Ń
˥SIMD,  Single Instruction Multiple Data Stream˦

•ǈĄz�ˡ`�ʺˢ人Ń
˥MISD, Multiple Instruction Single Data Stream˦

•ǈĄz�ˡǈĄʺˢ人Ń
˥MIMD,  Multiple Instruction Multiple Data Stream˦

��	ĨKNL=� 302017/1124

����dÍāĂć5ÌÓÕ�
A) ˒任˙ʛ介˛ʯʘAě体�ɠʀ˒任˙上ʛʦʱʯmƶ
1. Aě˒任˙�
˥SMP: 
Symmetric Multiprocessor,
UMA: Uniform Memory Access˦

2. JăAě˒任˙�
˥DSM:
Distributed Shared Memory˦

AěˡȨż˒任˙�
˥ccNUMAɚ
Cache Coherent Non-Uniform
Memory Access˦

��	ĨKNL=� 312017/1124

����dÍāĂć5ÌÓÕ�

B) ˒任˙ʛ介˛ʯʁŘƅ体�ɠʀ˒任˙ʁʛʦʱʯ�m

3. Jă˒任˙�
˥˒ʷʱˢ京付ʷʭ休ʧ˦

��	ĨKNL=� 322017/1124



��üĊáĆÿċáÍĂðĈ

•¦ȟʀ�L代˜ʧ˘ˑʀïZʁMIMD
•ʛ˚ʪ˙ʰˑʘưɢʔ主下ʁ˵SIMD上�ğ˷

•ǈȣɾïZʁ�ȗɿʁÜ¥ɯȥɠ

��	ĨKNL=� 332017/1124

��üĊáĆÿċáÍĂðĈ
•�与ʀMIMD�ɻʀ�L代˜ʧ˘ː休ʧʀ任ʺ˚

1. SPMD˥Single Program Multiple Data˦
•但ɹʀAǾʀ代˜ʧ˘ˑ上ɚ�LHŜȖ�Ēɿɚ
?代˜ʱʷʫ�ɻǬZɱʔ

• MPI˥˃ˢ京˗休但˦ʀ任ʺ˚

2. Master / Worker˥Master / Slave˦
•但ɹʀ代˜ʱʯ˥Master˦上ɚǈĄʀ代˜ʱʯ
˥Worker˦ʘƍŜ˥Şàɚńe˦ɱʔɛ

��	ĨKNL=� 342017/1124

��üĊáĆĀÍ|
• ˏ˚ʶ代˜ʱʯ

• MPI˥Message Passing Interface˦
• HPF˥High Performance Fortran˦

• ƸZ�L]Fortran交休付互˘
• 企ˢʬ上ʺˢ人JTĊĿʘĎŸŪɿǓǸ

• ˏ˚ʶʯ˛ʷ介
• P˿hread (POSIX ʯ˛ʷ介)
• Solaris Thread (Sun Solaris OSş)
• NT thread (Windows NTƓɚWindows95�Ț)

• ʯ˛ʷ介ʀ Fork˥JȤ˦主 Jo n˥ǁr˦ʘĎŸŪɿǓǸ
• Java 

• ǐǚ�Į主ɯɺʯ˛ʷ介ʘǋ¥

• OpenMP
• 企ˢʬ上�L]îŸǂʘǓǸ

��	ĨKNL=� 35

代˜ʱʯ主ʯ˛ʷ介ʀȅɠ
•˒任˙ʘÝǢɱʔɤɽɡɤʀ
ȅɠ

•N˒任˙ʁɝ代˜ʱʯɞ
•s�˒任˙ʁɝʯ˛ʷ介ɞ

ˏ˚ʶ代˜ʱʯ主ˏ˚ʶʯ˛ʷ介ʁ
A¢mƶ

→他互ˉ˙ʷ介MPI/OpenMP¦ǂ

2017/1124

���qÍ@�FPĎĒď
• ʺˢ人�L

• ʺˢ人ʘJTɱʔɬ主ɻ�L]ɱʔɛ
• ʺˢ人ʀü'˥˶Ōƌ˦ʁs�主ɾʔɛ
• ʺˢ人�Lʀ*体ǂL˩ǂLƁ

��	ĨKNL=� 36
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���qÍ@�FPĎēď
• 人ʯʦ�L

• 人ʯʦ˥京˗ˉ˦ʘJTɱʔɬ主ɻ�L]ɱʔɛ
• ʺˢ人ʀü'˥˶Ōƌ˦ʁŦɾʔɤʎɯ了ɾɠɛ
• 人ʯʦ�Lʀ*体ʤ˛ˢʘ'ʔ

• ��但体ȏƼʘKʔ
• ��˭体ƴʘKʔ
• ��位体Ĺʘļȶɮ並ʔ
• ��低体ȏƼˡƴʘ>了ɺŒǵʌ
• ��住体ʤ˛ˢ˚ʞʘ>了ʔ

��	ĨKNL=� 37

��但

��˭

��位

��低 ��住

»��$

V£
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L���Qc
�L]ʀ³Ä
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L���Qcđ+S"_

• nĄYģ
• Å体
• 体ǼĲʀ¦ǂĒȗɚ 体Pnɻʀ¦ǂĒȗ
• Pnşɠɺ ʀ主下ɚŜÜŪɾ˥ideal˦ǿÄu�
• Pnşɠɺ ʀ主下ɚʯˢ付˙ʾʛˡʯˇˢ介ʛʷ代

• 
ɾd�ʁɚ�L]ɿʑʓɚʺˢ人ʛʦʱʯ上µâ]ɮ了ɺɚ
ʥ˔ʷʭ˕˅ʷ今Ś上u�ɱʔɬ主ɿʑʔȷǿ]

• �L]YŚ
• Å体

• ȴ{Øƶ
• ǿÄu�ʀțţ
• Saturation, ɝɮɷʔɞ

��	ĨKNL=� 39
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ÙĀìčĈÍg�

• ǼĲ¦ǂĒȗʘ K 主ɱʔɛ
ɴʀɡɷɚ�L]上ɻ下ʔTrʘ α主ɱʔɛ

• ɬʀ主下ɚnĄYģʁ��ʀʑɡɿɾʔɛ

• �ǓʀÅɤʒɚɵ主ɢŏț�ʀĄʀ代˜ʱʷʫʘ)ɸɺ
ʎ˥P→∞˦ɚnĄYģʁɚȷɜ 1/(1-α)ɻ一ʔɛ
˥ʛˑʵˢ˚ʀĿQ˦
• ?%ʀ90%上�L]ɻ下ɵ主ɯɺʎɚŏț�ʀĄʀ代˜ʱʷʫʘ
ɹɤɸɺʎɚ 1 / (1 - 0.9) = 10 2 ɿɯɤɾʒɾɠˣ

→ȷØƶʘȄàɱʔɵ也ɿʁɚ²ɯɻʎ�L]YŚʘ�ɫʔ
¦ǆʘɱʔɬ主上主ɺʎȎǉɻ一ʔ

��	ĨKNL=� 40
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»�e=�
��$×ÆÚÁ��ĠģċěĀóġ ��$×Æè��ĠħċěĀóġ

»��=�ĠĦ��ġ

»��=�Ġħ��ġ

9/3=3�

9/2=4.5� ≠ 6�

Ī88.8%Å��$*�
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]���Íwu
�Lʛ˚ʪ˙ʰˑʁʃ主ʊ両Ƭɠ主ɠɺ…

KNLʀ�Ąʀ交ʛʀåɠĊɚOakforest-PACS
ʀ�ĄʀǑƌ仕ˢ介ʘƝʋrʗ並ɺɚYŚƺ与å
ɡãĿʘ£ʉɡˣ

• ɴʀ�ʀǡƯ� (¥) http://www.cc.u-tokyo.ac.jp/support/kosyu/
• �Lʛ˚ʪ˙ʰˑʘ£ʄɵɠĊ

• 10/31,11/1 OpenMP/OpenACCɿʑʔˏ˚ʶ交ʛˡ˒ʾʜ交ʛ�L代˜ʧ˘
ː休ʧ>ȕ

• ɴʀ�
• 11/7, 8ɝ�LěțǉƘĿ主他互ˉ˙ʷ介�L代˜ʧ˘ː休ʧɞ
• 3/1, 2      MPI �ŷ
• ĝ¥ MPI �ƗƧ
• ĝ¥ GPUʦ˘ʯ人ǡƯ�(�ż)

��	ĨKNL=� 42
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Oakforest-PACSÍ��
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Oakforest-PACS
• ę=ƆAsHPC �ūċǔ(JCAHPC: Joint Center for 

Advanced High Performance Computing)
• ġ��£Û��ūʱ休人ˢ
• Ɖŀ�£Ǒƌź£ŴƂʱ休人ˢ

• �ʱ休人ˢ上Asɻɚę=Ɔʀ�ǋİȷØƶǑƌ�ūʘĭƏˡȃ�ɱ
ʔɵ也ʀƝƪ

• ġ��£Ĥʥ˔休付ʯʀġ��£Û��ūʱ休人ˢD

• 2016Â12Ě1Čƀ9Ȗ�
• 8,208 Intel Xeon/Phi (KNL)
•ˇˢʦØƶ25PFLOPS
• TOP 500 7"˥�D1"˦˨HPCG 5"˥�D2

"˦ ˥2017Â6Ě˦

442017/1124 ��	ĨKNL=� 44



Oakforest-PACSÍmJ (1 / 2)
• Ǒƌ仕ˢ介

• 1仕ˢ介 68交ʛ˨
3TFLOPSɖ8,208仕ˢ介˶ 25 
PFLOPS

• ˒任˙˥MCDRAM˥ȷǿ˨
16GB˦˧DDR4˥#ǿ˨
96GB˦˦

• 仕ˢ介ȗǾ0
• ˈ˚˃互ʱʦʭ˗休˃休介Áʘ
íɹFat-Treeˀʷ今˝ˢʦ

• ?ƓȃşĒʀʛ代˙ʨˢʭ˗休
ØƶɿYģ˨�京˗ˉȃş

• Intel Omni-Path Architecture

452017/1124 ��	ĨKNL=� 45

Oakforest-PACS ÍmJĎ2 / 2ď

• ˈʚ互˚I/O
• �Lˈʚ互˚ʭʯʹˑ:

Lustre 26PB
• ˈʚ互˚ʥ˔ʷʭ˕ʭʯʹˑ
˥DDN IME˦体
1TB/secʘǭɢʔ¦YØƶ,
Ɣ1PB
• Ǒƌź£ˡˆʷʧʺˢ人ǎĢˡ
ıĨ£ƯɿʎǦř

• ńǩȦU
• Green 500ɻʎ�ţ6"
• Linpack体 2.72 MW

• 4,986 MFLOPS/W˥OFP˦
• 830 MFLOPS/W˥�˦

��Ċìîę
ùûāĐ

ĊìîęòēĀùĔ
ùûāĐ

ėĀóEÒç120ĆĞĄ
Ü§?B=�
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Oakforest-PACS Í�b
��	ĨKNL=�2017/1124

ƤˇˢʦŌƌØƶ 25 PFLOPS
仕ˢ介Ą 8,208
Ǒƌ
仕ˢ介

Product «�Ǿ PRIMERGY CX600 M1 (2U) + 
CX1640 M1 x 8node

代˜ʱʷʫ Intel® Xeon Phi™ 7250
˥ȖŨ交ˢ介: Knights Landing˦
68 交ʛɚ1.4 GHz

˒
任
˙

ȷ˃休介Á 16 GB, MCDRAM,¦Y 490 GB/sec
#˃休介Á 96 GB, DDR4-2400,ˇˢʦ 115.2 

GB/sec
Ů�Ɵ
rƣ

Product Intel® Omni-Path Architecture
˙休ʦǿÄ 100 Gbps
今仮˜京 ˈ˚˃互ʱʦʭ˗休˃休介ÁFat-treeƣ

47

Oakforest-PACS Í�bĎ�¼ď
�Lˈʚ互
˚ʭʯʹˑ

Type Lustre File System
Ƥ©Ȑ 26.2 PB
Product DataDirect Networks SFA14KE
Ƥ˃休介Á 500 GB/sec

ȷǿˈʚ互
˚ʥ˔ʷ
ʭ˕ʭʯʹ
ˑ

Type Burst Buffer, Infinite Memory Engine 
(by DDN)

Ƥ©Ȑ 940 TB (NVMe SSD,付˙ʹʜʘv
ʌ)

Product DataDirect Networks IME14K
Ƥ˃休介Á 1,560 GB/sec

ƤńǩȦU 4.2MW˥Gcʘvʌ˦
Ƥ˘ʷʦĄ 102

2017/1124 ��	ĨKNL=� 48



Oakforest-PACS ÍêúñÛÜÙ
• OS: Red Hat Enterprise Linux (˜ʧ互休仕ˢ介)ɚ

CentOS ɣʑʄ McKernel (Ǒƌ仕ˢ介ɚKĘmƶ)
• McKerne : ŜŴAICSɻȖŨ	ʀ˒ʾˢ交ʛuɪOS

• LinuxɿĸʇǳȐɚ企ˢʬ代˜ʧ˘ˑɿ�ɢʔËȪɾɯ
• 仮ʯ今�交休ˇ˕ˢ人ɿʎûǴɮ了ʔ¥ɛ

• 交休付互˘体GCC, Intel Compiler, XcalableMP
• Xca ab eMP: ŜŴAICS主Ɖŀ�ɻAsȖŨ	ʀ�L代˜ʧ˘
ː休ʧǐǚ

• CʐFortranɻǓǸɮ了ɵ交ˢ介ɿîŸćʘVɢʔɬ主ɻɚ
Øƶʀȷɠ�Lʛ代˙ʨˢʭ˗休ʘƐďɿȖŨɱʔɬ主上
ɻ下ʔɛ

• ˘互ˉ˘˙ˡʛ代˙ʨˢʭ˗休体ʣˢ代休ʳˢʯʳˈ今ʟʠ
ʛ
• ppOpen-HPC, OpenFOAM, ABINIT-MP, PHASE system, 

FrontF ow/b ue，LAPACK, ScaLAPACK, PETSc, METIS, SuperLU etc.

2017/1124 ��	ĨKNL=� 49

-|ýċíþčà

• TOP 500˥Linpack, HPL˦
• Ȁƅ�ĲĊžÅʳ˚˃ˢ˥ŭóĿ˦˨ǑƌǿÄ˥FLOPS3˦
• ǋQŪɾªǂL体Ȁơ˒任˙ʛʦʱʯ
• ǑƌØƶ

• HPCG
• Ȁƅ�ĲĊžÅʳ˚˃ˢ˥hÑĿ˦˨ǑƌǿÄ˥FLOPS3˦
• ěțǉƘĿɤʒÏʒ了ʔŧǂL˥ʲ˜上�ɠ˦

• �Ȁơ˒任˙ʛʦʱʯ
• ¦ʛ代˙ʨˢʭ˗休ɿǶɠ

• ˒任˙ʛʦʱʯØƶ˨Ǿ0Øƶ

• Green 500
• HPL˥TOP500˦¦ǂĒʀFLOPS/W3
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http://www.top500.org/

Site Computer/Year Vendor Cores
Rmax

(TFLOPS)

Rpeak

(TFLOPS)

Power

(kW)

1 National Supercomputing 
Center in Wuxi China 

Sunway TaihuLight  Sunway MPP  
Sunway SW26010 260C 1 45GHz  
2016 NRCPC

10 649 600 93 015
(= 93 0 PF) 125 436 15 371

2 National Supercomputing 
Center in ianjin  China

Tianhe-2  ntel Xeon E5-2692  H 
Express-2  Xeon Phi  2013 NUD  3 120 000 33 863

(= 33 9 PF) 54 902 17 808

3 Oak Ridge National 
Laboratory USA

Titan

Cray XK7/NV D A K20x  2012 Cray 560 640 17 590 27 113 8 209

4 Lawrence Livermore National 
Laboratory USA

Sequoia

BlueGene/Q  2011 BM 1 572 864 17 173 20 133 7 890

5 DOE/SC/LBNL/NERSC
USA

Cori  Cray XC40  ntel Xeon Phi 7250 
68C 1 4GHz  Cray Aries  2016 Cray

632 400 14 015 27 881 3 939

6
Joint Center or Advanced 
High Per ormance 
Computing  Japan

Oakforest-PACS  PR MERGY CX600 
M1  ntel Xeon Phi Processor 7250 68C 
1 4GHz  ntel Omni-Path  
2016 Fujitsu

557 056 13 555 24 914 2 719

7 R KEN A CS  Japan K computer  SPARC64 V x  2011 
Fujitsu 705 024 10 510 11 280 12 660

8 Swiss Natl  Supercomputer 
Center  Switzerland

Piz Daint

Cray XC30/NV D A P100  2013 Cray 206 720 9 779 15 988 1 312

9 Argonne National Laboratory  
USA

Mira

BlueGene/Q  2012 BM 786 432 8 587 10 066 3 945

10 DOE/NNSA/LANL/SNL USA Trinity  Cray XC40  Xeon E5-2698v3 
16C 2 3GHz  2016 Cray 301 056 8 101 11 079 4 233

48th TOP500 List (November, 2016)

Rmax: Performance of L npack (TFLOPS)
Rpeak: Peak Performance (TFLOPS), Power: kW20 7/ 24

��	ĨKNL=�

5 20 7/ 24

��	ĨKNL=�

52

http://www.top500.org/

Site Computer/Year Vendor Cores
Rmax

(TFLOPS)

Rpeak

(TFLOPS)

Power

(kW)

1 National Supercomputing 
Center in Wuxi China 

Sunway TaihuLight  Sunway MPP  
Sunway SW26010 260C 1 45GHz  
2016 NRCPC

10 649 600 93 015
(= 93 0 PF) 125 436 15 371

2 National Supercomputing 
Center in ianjin  China

Tianhe-2  ntel Xeon E5-2692  H 
Express-2  Xeon Phi  2013 NUD  3 120 000 33 863

(= 33 9 PF) 54 902 17 808

3 Swiss Natl  Supercomputer 
Center  Switzerland

Piz Daint

Cray XC30/NV D A P100  2013 Cray 361 760 19 590 33 863 2 272

4 Oak Ridge National 
Laboratory USA

Titan

Cray XK7/NV D A K20x  2012 Cray 560 640 17 590 27 113 8 209

5 Lawrence Livermore National 
Laboratory USA

Sequoia

BlueGene/Q  2011 BM 1 572 864 17 173 20 133 7 890

6 DOE/SC/LBNL/NERSC
USA

Cori  Cray XC40  ntel Xeon Phi 7250 
68C 1 4GHz  Cray Aries  2016 Cray

632 400 14 015 27 881 3 939

7
Joint Center or Advanced 
High Per ormance 
Computing  Japan

Oakforest-PACS  PR MERGY CX600 
M1  ntel Xeon Phi Processor 7250 68C 
1 4GHz  ntel Omni-Path  
2016 Fujitsu

557 056 13 555 24 914 2 719

8 R KEN A CS  Japan K computer  SPARC64 V x  2011 
Fujitsu 705 024 10 510 11 280 12 660

9 Argonne National Laboratory  
USA

Mira

BlueGene/Q  2012 BM 786 432 8 587 10 066 3 945

10 DOE/NNSA/LANL/SNL USA Trinity  Cray XC40  Xeon E5-2698v3 
16C 2 3GHz  2016 Cray 301 056 8 101 11 079 4 233

49th TOP500 List (June, 2017)

Rmax: Performance of L npack (TFLOPS)
Rpeak: Peak Performance (TFLOPS), Power: kW
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Site Computer/Year Vendor Cores
Rmax

(TFLOPS)

Rpeak

(TFLOPS)

Power

(kW)

1 National Supercomputing 
Center in Wuxi China 

Sunway TaihuLight  Sunway MPP  
Sunway SW26010 260C 1 45GHz  
2016 NRCPC

10 649 600 93 015
(= 93 0 PF) 125 436 15 371

2 National Supercomputing 
Center in ianjin  China

Tianhe-2  ntel Xeon E5-2692  H 
Express-2  Xeon Phi  2013 NUD  3 120 000 33 863

(= 33 9 PF) 54 902 17 808

3 Swiss Natl  Supercomputer 
Center  Switzerland

Piz Daint

Cray XC30/NV D A P100  2013 Cray 361 760 19 590 33 863 2 272

4 JAMS EC Gyoukou

ZettaScaler-2 2  PEZY-SC2 19 860 000 19 135 8 28 192 1 350

5 Oak Ridge National 
Laboratory USA

Titan

Cray XK7/NV D A K20x  2012 Cray 560 640 17 590 27 113 8 209

6 Lawrence Livermore National 
Laboratory USA

Sequoia

BlueGene/Q  2011 BM 1 572 864 17 173 20 133 7 890

7 DOE/NNSA/LANL/SNL USA Trinity  Cray XC40  ntel Xeon Phi 
7250 68C 1 4GHz  2017 Cray 979 968 14 137 43 902 3 844

8 DOE/SC/LBNL/NERSC
USA

Cori  Cray XC40  ntel Xeon Phi 7250 
68C 1 4GHz  Cray Aries  2016 Cray

632 400 14 015 27 881 3 939

9
Joint Center or Advanced 
High Per ormance 
Computing  Japan

Oakforest-PACS  PR MERGY CX600 
M1  ntel Xeon Phi Processor 7250 68C 
1 4GHz  ntel Omni-Path  
2016 Fujitsu

557 056 13 555 24 914 2 719

10 R KEN A CS  Japan K computer  SPARC64 V x  2011 
Fujitsu 705 024 10 510 11 280 12 660

50th TOP500 List (Nov., 2017)

Rmax: Performance of L npack (TFLOPS)
Rpeak: Peak Performance (TFLOPS), Power: kW

20 7/ 24
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http://www.hpcg-benchmark.org/

HPCG Ranking (SC16, November, 2016)

Site Computer Cores
HPL Rmax

(Pflop/s)

TOP500 

Rank

HPCG 

(Pflop/s)

HPCG/

HPL (%)

1 R KEN A CS  Japan K computer 705 024 10 510 7 0 6027 5 73

2
NSCC / Guangzhou  
China ianhe-2 3 120 000 33 863 2 0 5800 1 71

3 JCAHPC  Japan Oak orest-PACS 557 056 13 555 6 0 3855 2 84

4

National 
Supercomputing Center 
in Wuxi  China

Sunway aihuLight 10 649 600 93 015 1 0 3712 399

5
DOE/SC/LBNL/NERSC
USA Cori 632 400 13 832 5 0 3554 2 57

6 DOE/NNSA/LLNL  USA Sequoia 1 572 864 17 173 4 0 3304 1 92

7

DOE/SC/
Oak Ridge National 
Laboratory  USA

itan 560 640 17 590 3 0 3223 1 83

8

DOE/NNSA/
LANL/SNL
USA

rinity 301 056 8 101 10 0 1826 2 25

9
NASA / Mountain View  
USA Pleiades  SG  CE X 243 008 5 952 13 0 1752 2 94

10

DOE/SC/
Argonne National 
Laboratory  USA

Mira  BM BlueGene/Q 786 432 8 587 9 0 1670 1 94

20 7/ 24
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http://www.hpcg-benchmark.org/

HPCG Ranking (June, 2017)

Computer Cores HPL Rmax
(Pf op/s)

TOP500 
Rank

HPCG 
(Pf op/s) Peak

1 K computer 705,024 10.510 8 0.6027 5.3%
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%
4 Piz Daint 361,760 19.590 3 0.4767 1.9%

5 Oakforest-PACS 557,056 13.555 7 0.3855 1.5%
6 Cori 632,400 13.832 6 0.3554 1.3%
7 Sequoia 1,572,864 17.173 5 0.3304 1.6%
8 Titan 560,640 17.590 4 0.3223 1.2%
9 Trinity 301,056 8.101 10 0.1826 1.6%

10 Pleiades – NASA/SGI 243,008 5.952 15 0.1752 2.5%

56

http://www.hpcg-benchmark.org/

HPCG Ranking (Nov, 2017)

Computer Cores HPL Rmax
(Pf op/s)

TOP500 
Rank

HPCG 
(Pf op/s) Peak

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%
3 Trinity 979,072 14.137 7 0.546 1.8%
4 Piz Daint 361,760 19.590 3 0.486 1.9%

5 Sunway TaihuLight 10,649,600 93.015 1 0.4808 0.4%

6 Oakforest-PACS 557,056 13.555 9 0.3855 1.5%
7 Cori 632,400 13.832 8 0.3554 1.3%
8 Sequoia 1,572,864 17.173 6 0.3304 1.6%
9 Titan 560,640 17.590 5 0.3223 1.2%

10 TSUBAME3.0 136,080 8.125 13 0.189 1.6%

20 7/ 24
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Green 500 Ranking (SC16, November, 2016)

Site Computer CPU

HPL 

Rmax

(Pflop/s)

TOP500 

Rank

Power

(MW)
GFLOPS/W

1
NV D A 
Corporation

DGX 
SA URNV

NV D A DGX-1  Xeon E5-2698v4 20C 
2 2GHz  n iniband EDR  NV D A esla 
P100

3 307 28 0 350 9 462

2

Swiss National 

Supercomputing 

Centre (CSCS)

Piz Daint

Cray XC50, Xeon E5-2690v3 12C 

2.6GHz, Aries interconnect , NVIDIA 

Tesla P100

9.779 8 1.312 7.454

3 R KEN ACCS Shoubu ZettaScaler-1 6 etc 1 001 116 0 150 6 674

4
National SC 

Center in Wuxi

Sunway 

TaihuLight

Sunway MPP, Sunway SW26010 

260C 1.45GHz, Sunway
93.01 1 15.37 6.051

5

SFB/TR55 at 

Fujitsu Tech.

Solutions GmbH

QPACE3

PRIMERGY CX1640 M1, Intel Xeon 

Phi 7210 64C 1.3GHz, Intel Omni-

Path

0.447 375 0.077 5.806

6 JCAHPC
Oakforest-

PACS

PRIMERGY CX1640 M1, Intel Xeon 

Phi 7250 68C 1.4GHz, Intel Omni-

Path

1.355 6 2.719 4.986

7
DOE/SC/Argonne

National Lab.
Theta

Cray XC40, Intel Xeon Phi 7230 64C 

1.3GHz, Aries interconnect 
5.096 18 1.087 4.688

8
Stan ord Research 
Computing Center XStream

Cray CS-Storm  ntel Xeon E5-2680v2  
10C 2 8GHz  n iniband FDR  Nvidia
K80

0 781 162 0 190 4 112

9
ACCMS, Kyoto 

University
Camphor 2

Cray XC40, Intel Xeon Phi 7250 68C 

1.4GHz, Aries interconnect 
3.057 33 0.748 4.087

10
Jefferson Natl. 

Accel. Facility
SciPhi XVI

KOI Cluster, Intel Xeon Phi 7230 

64C 1.3GHz, Intel Omni-Path
0.426 397 0.111 3.837

http://www.top500.org/
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Green 500 Ranking (Nov., 2017)
Site Computer CPU

HPL Rmax

(Pflop/s)

TOP500 

Rank

Power

(kW)

GFLOPS/

W

1 R KEN  Japan Shoubu
system B

ZettaScaler-2 2 HPC system  Xeon D-
1571 PEZY-SC2  ExaScalar 842 0 259 50 17 009

2 KEK  Japan Suiren2 ZettaScaler-2 2 HPC system  Xeon D-
1571 PEZY-SC2  ExaScalar 788 2 307 47 16 759

3 PEZY  Japan Sakura ZettaScaler-2 2 HPC system  Xeon E5-
2618Lv3 PEZY-SC2  ExaScalar 824 7 276 50 16 657

4 NVIDIA, USA
DGX Saturn 

V Volta

Xeon E5-2698v4, NVIDIA Tesla V100 , 

Nvidia
1,070.0 149 97 15.113

5 
JAMS EC  
Japan Gyoukou ZettaScaler-2 2 HPC system  Xeon D-

1571 PEZY-SC2  ExaScalar 19 135 8 4 1 350 14 173

6 Tokyo Tech. TSUBAME3.0 
SGI ICE XA, IP139-SXM2, Xeon E5-

2680v4, NVIDIA Tesla P100 SXM2, HPE
8,125.0 13 792 13.704

7 AIST, Japan
AIST AI 

Cloud

NEC 4U-8GPU Server, Xeon E5-2630Lv4, 

NVIDIA Tesla P100 SXM2 , NEC 
961.0 148 76 12.681

8 
CAIP, RIKEN, 

JAPAN

RAIDEN GPU 

subsystem -

NVIDIA DGX-1, Xeon E5-2698v4, NVIDIA 

Tesla P100 , Fujitsu 
635.1 305 60 10.603

9 
Univ.

Cambridge, UK
Wilkes-2 -

Dell C4130, Xeon E5-2650v4, NVIDIA 

Tesla P100 , Dell 
1,193.0 100 114 10.428

10 
Swiss Natl. SC. 

Center (CSCS)
Piz Daint

Cray XC50, Xeon E5-2690v3, NVIDIA 

Tesla P100 , Cray Inc. 
19,590.0 3 2,272 10.398

11
ITC, U.Tokyo, 

Japan
Reedbush-L

SGI Rackable C1102-GP8, Xeon E5-

2695v4, NVIDIA Tesla P100 SXM2 , HPE 
805.6 291 79 10.167

http://www.top500.org/

2017/1124 ��	ĨKNL=�
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IO 500 Ranking (Nov., 2017)

Site Computer File system Client nodes IO500 Score
BW

(GiB/s)

MD

˥kIOP/s)

1 
JCAHPC  
Japan

Oakforest-
PACS DDN ME 204 101 48 471 25 21 85

2 KAUST  Saudi Shaheen2 Cray 
DataWarp 300 70 90 151 53 33 17

3 KAUST  Saudi Shaheen2 Lustre 1000 41 00 54 17 31 03

4 JSC  Germany JURON BeeGFS 8 35 77 14 24 89 83

5 
DKRZ  
Germany M stra Lustre 100 32 15 22 77 45 39

6 BM  USA Sonasad Spectrum 
Scale 10 21 63 4 57 102 38

7 
Fraunhofer  
Germany Se s ab BeeGFS 24 18 75 5 13 68 58

8 PNNL  USA EMSL 
Cascade Lustre 126 11 17 4 88 25 57

9 SNL  USA Serrano Spectrum 
Scale 16 4 25 0 65 27 98

http://www.io500.org/
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• 2017ÂÄ3ĚĞʊɻʁŏĈ˥!ɯ5ĳĜȗƈ一ʓ˦
• ǑƌǪŉʁ?ƓʘAş˥付ˢʹʜʭ˗休Jɪʁɯɾɠ˦

• ?8,208仕ˢ介˥25PF˦ʘÀɿ?Ɠɻȃşɻ下ʔʑɡɿɯɺɣ下˨�
Dę�ʀǑƌǪŉʘěYɿłşɱʔ

əOşÊÞ
• q�£ŘƸʀOş交ˢʯ
• HPCI

• ?Ǫŉʀ20%ʘɝJCAHPCɞ主ɯɺëI˨�īOşmƶ
• JHPCN˥£ȟ�ǋİÛ��ūAsOşAsŴƂëŎ˦

• ġ�J?Ǫŉʀ5%žÄ体�īAsŴƂ˨�ȟAsŴƂʎvʌ˥ġ�ʀ
ʋ˦

• ĂƵ˥ǡƮ˨ǡƯ�˦
• �ǋİHPCʶ˔˛休京体?仕ˢ介bě˨1�24ĒȗžÄ/Ě
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Ďq�ďùčàL�
• OFPɿûǴɮ了ɺɠʔXeon Phi 7250ʀˇˢʦØƶʘưɢʔɛ

• 交ʛĄ体 68交ʛ
• 交ʛÉɵʓʀAVX-512 企ʾʷ今体 2
• AVX-512企ʾʷ今ÉɵʓʀsĒŌƌĄ˥2ƒÄ˦体 8
• Ɓ{Ōƌ (Fused Mu t p y Add: FMA) : 2ɿ÷ƌ
• ʦ˜ʷʦxŀĄ: 1.40 GHz

• 仕ˢ介ÉɵʓˇˢʦØƶ体
68 * 2 * 8 * 2 * 1.40 = 3046.4 GFLOPS

• ɯɤɯɚAVX-512企ʾʷ今ʁ¦ʁ1.40GHzɻʁZ'ɯɾɠ
˥ʑʓ#ɠxŀĄ˦
• ˇˢʦɿǶɠØƶ上Ïʒ了ʔʁ両ʀʎʀ˥OFPɻʀ¦ň3˦

• DGEMM (2ƒÄʀǂLƁ˦:  2200 GFLOPS (ˇˢʦĸ体72%)
• HPL:   2000 GFLOPS (ˇˢʦĸ体 66%)

• Top500ɿɣɪʔOFPʀũȓ3ʁˇˢʦʀ54.4%
• ɝˇˢʦØƶɞʀ¥ƮʘĴɯ与æøɯɺɣ与ɬ主上Ȏǉˣˣ

• CPU˒ˢʤˢɿʑɸɺ¥Ʈʀ�ĊʎŦɾʔ
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Intel Xeon Phi (KNL: Knights Landing)
• Atom (Silvermont) 交ʛ
+ AVX512 x2

• 2交ʛ 1人互˚
• q交ʛʁ 4ʯ˛ʷ介

(HyperThread ng)
• 64, 68交ʛ
˥32, 34人互˚˦

• MCDRAM: ʣ休付ʷʨˢ京
ʀȷ˃休介Á˒任˙16GB+ 
DDR4˒任˙

2017/1124 62

  
 イ ースレッ ィ グ        

    

命令キャッシュ 

ベクトル  
ALU 

2 iB 1 データキャッシュ 

1MiB   
L2 

デ タ 
キャッシュ 

32 B L  デ タキ ッシュ 

コア タイル 

メッシュへ 

HW  SW 
プリフェッチ 

HW + SW 
プリフェッチ 

アウト 
オブ 

オーダー 

アウト 
オブ 

オーダー 

   

コア 命令キ ッシュ 

ベクトル  
ALU 
レガシー 

ベクトル  
ALU 

ベクトル  
ALU 
レガシー 

     

 

デコード  
 リタイヤ 

デコード  
 リタイヤ 

   

h p  6 T les int     
e  2 C es + 2 c re     

 
Memory  MCDRA   G  g  H   
                  D   cha s  0  p t    
O  36 e  Ie e        

   
bri  Om i ath c age ot ho n) 

 
         

a  Pe  ~3x o  Kn  Co n  
ms  (  C M  ; D   

TI E 

 

  

Co e 

  

 

 
 

 

 

Package 

                  
   an  i o t o  KN    e r    r t t s a  a e s    

               
                 
     s s an  e pro   o mat o l rp        
         rm c      

EDC EDC PCIe 
Gen 3

EDC EDC

Tile

DDR MC DDR MC

EDC EDC misc EDC EDC

36 Tiles 
connected by 

2D Mesh 
Interconnect

MCDRAM MCDRAM MCDRAM MCDRAM

3

D
D
R
4
 

C
H
A
N
N
E
L
S

3

D
D
R
4
 

C
H
A
N
N
E
L
S

MCDRAM MCDRAM MCDRAM MCDRAM

D
M
I

2 x16
1 x4

X4 
DMI

    on Phi  P o ssor  

         
         

       

       
        

     

         
                

  

                   

                                    
 

    o  H C n  S e co ut g 

��ĨAĨHotChips 27 KNLûėîĄ  ,ĨCol ax (��ĨðóüęýĊă)

��	ĨKNL=�

KNLÍ#�Ăčò
• ˒任˙任ˢ介体3ſȳ

• Flat:     MCDRAM主DDR4 上Řƅɯɵʛ介˛ʯ
• Cache: MCDRAMʁDDR4˒任˙ʀʥ˔ʷʭ˕主ɯɺZ'
• Hybrid

• ʦ˘ʯ人˙休ʧ任ˢ介: 5ſȳ
• (All-to-all: ʛ介˛ʯÛ�上?%ɿJă… Ȩô�)
• Quadrant, Hemisphere: DȊɻʛ介˛ʯÛ�上4(ʊɵʁ2)ɿJT
˥企ˢʬɤʒʁǊɢɾɠ˦

• SNC-4, SNC-2: NUMA介˒互休上ĎŸŪɿ4 (or 2)ɿJT

2017/1124 ��	ĨKNL=� 63

任ˢ介ʀ�ĖɿʁFǬZ上Óǉ
=> śĒŎɻʁɚq任ˢ介(Flat, Cache)ʀ京˗ˉ
ʥ˕ˢʘşÝ

āĂćĂčò

• Cache任ˢ介
• MCDRAMʁL3ʥ˔ʷ
ʭ˕主ɯɺZ'

• Flat任ˢ介
• MCDRAMʘĎŸŪɿ)
ɠJɪ

2017/1124 ��	ĨKNL=�

DDR4
96 GB

MCDRAM
16 GB

MCDRAM
16 GB

DDR4
96 GB

oq
íĄĚû

64



FlatĂčòÌ¹¾ÕNUMAòāÚċ
• $ numactl -H
available: 2 nodes (0-1)
node 0 cpus: 0 1 2 3 4 5 6 
… 271
node 0 size: 98164 MB
node 0 free: 92027 MB
node 1 cpus: ˥&ʎɾɠ˦
node 1 size: 16384 MB
node 1 free: 15832 MB
node distances:
node   0   1

0:  10  31
1:  31  10
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Node 0

Node 1

CPU DDR4

96 GB

16 GB

MCDRAM

àĆèëćċáĂčò
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HotCh ps27 
KNLûėîĄåç

• Quadrant: ʳˈ今ʟʠ
ʛɤʒʁˈ˘ʷ今ɾ˒
任˙ƃȗɿǊɢʔ
• DȊɻʁ4JTɚħƕ=
ʀMCDRAM主sɰȮ�
ɿʥ˔ʷʭ˕Û�˥人
ʧ˦ʘȌƬ

• SNC-4: 4ɹʀNUMA介
˒互休ɿǊɢʔ

• 4ʳʨʷ今一ʔ�r主s
ɰ

ś�OFPɻʁQuadrantʀʋ

66

Stream TriadL�Íf£
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• DDR4: micprun -D -k stream
• MCDRAM: micprun -k stream

• unset KMP_AFFINITY
• export KMP_HW_SUBSET=66c@2,1t
人互˚0ʘȉɪʔǔ¥˥ÍǸ˦

DDR4 MCDRAM

Cache 346.5 GB/sec

F at 84.8 
GB/sec

494.8
GB/sec

0

100

200

300

400

500

600

1 11 21 31 41 51 61

˃
休
介
Á

(G
B/

se
c)

交ʛĄ

Cache
Flat MCDRAM
Flat DDR4

Flat�����MCDRAM����(1)
(1) numactlɿʑʔĊĿ
• MCDRAMʁNUMA仕ˢ介1主ɯɺǙǢɮ了ɺɠʔ

• $ umactl H
available: 2 odes (0 1)
ode 0 cpus: 0 1 2 3 4 … (��) … 268 269 270 271
ode 0 size: 98164 MB
ode 0 free: 85707 MB
ode 1 cpus:
ode 1 size: 16384 MB
ode 1 free: 15496 MB
ode dista ces:
ode   0   1
0:  10  31
1:  31  10

• 代˜ʧ˘ˑ¦ǂĒɿ��ʘî¥
• $ numactl membind 1 ./a.out

(MCDRAM 16GBɿ>ʓ下ʒɾɠ主ʡ˘ˢ˦
• $ numactl preferred 1 ./a.out

(MCDRAMɿiʊʓKʒɾɠ�rɚDDR4ʎ)şɱʔ˦
• $ numactl interleave 1,0 ./a.out

(MCDRAM主DDR4ʘ��ɿ)şɱʔ˦
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• 交ˢ介ė下÷ɢʘȉɪɵɠ�rɿʁ-O
ɖȌLķʀƚɤɾ)ɠJɪʁɻ下ɾɠ



Flat�����MCDRAM����(2)
(2) ŝ��ĄɿʑʔĊĿ体Intel MPIʘ)ɡ�r
• I_MPI_HBW_POLICYŝ��Ą

• export I_MPI_HBW_POLICY=hbw_bind
• export I_MPI_HBW_POLICY=hbw_preferred
• export I_MPI_HBW_POLICY=hbw_interleave

• �¦�numactlʘyʅʀ主�ƥ
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• 交ˢ介ė下÷ɢʘȉɪɵɠ�rɿʁ-O
ɖȌLķʀƚɤɾ)ɠJɪʁɻ下ɾɠ
ɖ Intel MPIʀ主下ɯɤěYɿɾʒɾɠ

FlatĂčòÉÍMCDRAMÍ�·V(3)
(3) memkind˘互ˉ˘˙ɿʑʔĊĿ
• C

• #include <hbwmalloc.h> ʘî¥
• ��ʀǾʓɚ˒任˙ü'ȘȀʀȘĄtɿ”hbw_”ʘɹɪʔ

• malloc() => hbw_malloc()
• posix_memalign() => hbw_posix_memalign()
• free() => hbw_free()

• ˙休ʦĒɿ -lmemkindʘî¥
• Fortran

• Fastmemʀ¸Øʘî¥
• !dir$ attributes fastmem :: array 
• ˙休ʦĒɿ -lmemkindʘî¥

• hbw_set_policy()ɻKʓĘɢ
• HBW_POLICY_BIND
• HBW_POLICY_PREFERRED ˥ʺˈʢ˚今˦
• HBW_POLICY_INTERLEAVE
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• ȌLķʀƚɤɾ)ɠJɪ上mƶ
ɖZŪȌL(allocatable)
ɿɯɤȇşɻ下ɾɠ

āĂćÍÙĆÚċāċñ

• AVX-512z�ɻ512ˆʷ今ʺˢ人ʘěYɿ)ɡɵ也ɿʁɚ
ʺˢ人上˒任˙�ţɿõɸɺɠʔɬ主上Óǉ
• 512ˆʷ今 = 64˃互今ʀ2Ąʀʛ介˛ʯɿʛʦʱʯɱʔʑɡɿ

• �ţ��ɻʁǈĄ�ʀʛʦʱʯɿɾʔ
• *体2ƒÄ¦Ą(double)ʘȀơ81(=512ˆʷ今)ǝʋIɱ�r
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0 1 2 3 4 5 6 7

íėîĜÊéÒíóüû
=!pÅÁÁ

0 1 2 3 4 5 6 7 0 1 2 3 4 5

5tÄæÎéÖÁèÒã¼
=¥ÛÝ�Q2íóüûÛÚè

64Ü�QÜ5t

āĂćÙĆÚċāċñÍQ?

• Cǐǚ
• __attribute__((aligned(64))) ʘî¥ (64 byte = 512 bit)

• *体 double A[1024] __attribute__((aligned(64)))
• ZŪŶ/ʀȟʁ posix_memalign() ʘ)ş

• �主sĮʀ*体
#include <stdlib.h>
double *A;
posix_memalign(&A, 64, 8192);

• Fortran
• 交休付互˚Ēɿ -align array64byte ʣ代ʭ˗休ʘî¥
• ZŪɾ�rʁattributeî¥上Óǉɤʎɯ了ɾɠ(ƞȵ�)

real*8, dimension(:), allocatable :: A
!dir$ attributes align:64 :: A
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OpenMPÍ`�

��	ĨKNL=� 732017/1124

OpenMPÍA ��d
• OpenMPʁAě˒任˙Ǒƌıʀɵ也ʀ代˜ʧ˘ˑǐǚ

��	ĨKNL=� 74

Ǿ0ƣ

PE PE PE Aě
˒任˙

PE
OpenMP

¦ǂmƶ
交ˢ介

OpenMP

¦ǂmƶ
交ˢ介

OpenMP

¦ǂmƶ
交ˢ介

OpenMP

¦ǂmƶ
交ˢ介

Aě
ȌL
A[ ]

/VÛ�QÜPEÅ�Z��Ûíóüû
����q×��Û�IêËÚÁØ¼�e�|Ü�aØ��ËÚÁ
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OpenMPÊÎ
• OpenMP (OpenMP Application Program Interface)主ʁɚ
Aě˒任˙��LǑƌışɿ代˜ʧ˘ˑʘ�L]ɱʔɵ
也ʀ体
1. îŸć

2. ˘互ˉ˘˙

3. ŝ��Ą

ʘǋħ]ɯɵʎʀɻɱɛ

• 企ˢʬ上ɚ�L代˜ʧ˘ˑʀ¦ǂɮ並ʔɵ也ʀîŸʘ
�ɢʔʎʀɻɱɛ交休付互˘ɿʑʔƸZ�L]ɻʁ一
ʓʊ並事ɛ

• Jă˒任˙��L]˥MPIɾɽ˦ɿĸʇɺɚʺˢ人Jă
ʀHŜʀãȗ上ŏɠJɚ¦ǆ上Ɛ`ɻɱɛ

��	ĨKNL=� 752017/1124

OpenMPÊþĈíãÙ��dĎÄÍĒď

•ʯ˛ʷ介�L]ʘǂɡ代˜ʧ˘ː休ʧ任ʺ˚
•ˏ˚ʶ交ʛɚ˒ʾˢ交ʛǑƌıɿȇr

• �Ąʀʯ˛ʷ介¦ǂɻȷɠ�L]YŚʘŶ/ɱʔɿʁɚ
代˜ʧ˘ː休ʧʀ»�上Óǉ

1. ˒互休˒任˙-ʥ˔ʷʭ˕ȗʀʺˢ人ǱǺƶU上ŌƌØƶɿĸʇ#ɠ
2. OpenMPɻ�LØʘéIɻ下ɾɠ代˜ʧ˘ˑɿɾɸɺɠʔ˥ÍǸ˦

•仕ˢ介ȗʀ�L]ʁOpenMPɻʁɻ下ɾɠ
• 仕ˢ介ȗʀ�L]ʁMPIʘşɠʔ

��	ĨKNL=� 762017/1124



OpenMPÊþĈíãÙ��dĎÄÍēď
•C�Ūɾʯ˛ʷ介Ą

• 16ʯ˛ʷ介˪仕ˢ介
• T2Kʣˢ代休ʯ付交休˥AMD Quad Core Opteron(Barce ona) ɚ4ʳʨʷ
今˦ɚFX10ʯˢ付交休ˇ˕ˢ人ʭʯʹˑ˥Sparc64 IXfx˦

• 32̀128ʯ˛ʷ介˪仕ˢ介
• HITACHI SR16000 (IBM Power7)

• 32ŕŜ交ʛɚ64̀128ǠŜ交ʛ˥SMTOşĒ˦
• Reedbush (Inte  Xeon E5 2695 v4, Broadwe EP)

• 36交ʛ
• 60̀272ʯ˛ʷ介˪仕ˢ介

• Inte  Xeon Ph  (Inte  MIC(Many Integrated Core) ɚKn ghts Conner)
• 60ŕŜ交ʛɚ120̀240ǠŜ交ʛ˥HTOşĒ˦

• Oakforest PACS (Inte  MIC, Kn ghts Land ng)
• 68ŕŜ交ʛɚ272ǠŜ交ʛOşmƶ

• 100ʯ˛ʷ介ʘǭɢɵOpenMPɿʑʔ¦ǂÊÞ上mƶɿ
• ŮÉʀ代˜ʧ˘ˑ�ʀ»�上Óǉ

��	ĨKNL=� 772017/1124

OpenMPãčòÍY¼VÍ&�

•Cǐǚʀ�r
•#pragma omp
ɻ�ʊʔ交˒休今ǂ

•Fortranǐǚʀ�r
• !$omp
ɻ�ʊʔ交˒休今ǂ

��	ĨKNL=� 782017/1124

OpenMPÍãċ÷ÚĈÍ�V
• ǼĲ交休付互˘ʀ交休付互˚ʣ代ʭ˗休ɿɚOpenMPşʀ
ʣ代ʭ˗休ʘ�ɪʔ
• *˦Inte  Fotran90交休付互˘

fort -O3 -qopenmp foo.f
• *˦Inte  C交休付互˘

cc -O3 -qopenmp foo.c
• ŁÝ

• OpenMPʀîŸ上ɾɠ˚ˢ代ʁǼĲ¦ǂ
• 交休付互˘ɿʑʓɚƸZ�L]ɿʑʔʯ˛ʷ介�L]主ʀ(
ş上ɻ下ʔ�r上一ʔ上ɚɻ下ɾɠ�rʎ一ʔ

• OpenMPʀîŸǂ上一ʔǂʁOpenMPɿʑʔʯ˛ʷ介�L
]ɚîŸ上ɾɠ主ɬ予ʁ交休付互˘ɿʑʔƸZ�L]

• *˦Inte  Fortran90交休付互˘
fort O3 qpara e qopenmp foo.f

��	ĨKNL=� 792017/1124

OpenMPÍ@�*�úØÚĈÍ@�
• OpenMPʀ代˜ʧ˘ˑʘ交休付互˚ɯɺŞàɯɵ¦ǂmƶ
ˈʚ互˚ʀ¦ǂʁɚɴʀˈʚ互˚ʘî¥ɱʔɬ主ɻǂɡ

• ʯ˛ʷ介Ąʘɚŝ��ĄOMP_NUM_THREADSɻî¥
• *˦OpenMPɿʑʔ¦ǂmƶˈʚ互˚上a.outʀ�r

$ export OMP_NUM_THREADS=16
$ ./a.out
ʊɵʁ

$ env OMP_NUM_THREADS=16 ./a.out
• ŁÝ

• ǼĲ交休付互˚ʀ代˜ʧ˘ˑ主ɚOpenMPɿʑʔ代˜ʧ˘ˑʀ¦ǂǿ
Ä上ɚOMP_NUM_THREADS=1ɿɯɺʎɚŦɾʔɬ主上一ʔ˥Í
Ǹ˦
• ɬʀd�ʁɚOpenMP]ɿʑʔHŜʀ�V˥ʣˢ˃ˢ令ʷ介˦
• ȷʯ˛ʷ介¦ǂɻɚɬʀʣˢ˃ˢ令ʷ介ɿʑʔǿÄ#�上ȱƾ]
• 代˜ʧ˘ː休ʧʀ»�ɻþ�mƶ

��	ĨKNL=� 802017/1124



OpenMPÍ@�ĂðĈ

��	ĨKNL=� 812017/1124

OpenMPÍ@�ĂðĈĎC��ď
��	ĨKNL=� 82

ċěĀóĬ
#pragma omp parallel
Ĵ
ċěĀóĭ

ĵ
ċěĀóĮ

OpenMPOyR

ċěĀóĬ

ċěĀóĭ ċěĀóĭ ċěĀóĭ…

ċěĀóĮ

ûĚĀĄÜ�"

ûĚĀĄĢ
ĠĎûþĞûĚĀĄġ ûĚĀĄģ ûĚĀĄĲ-1

ûĚĀĄÜ~�

�ûĚĀĄQĲÝ¼
r56Q
OMP_NUM_THREADS
×O<Íè½
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OpenMPÍ@�ĂðĈĎFortran��ď
��	ĨKNL=� 83

ċěĀóĬ
!$omp  parallel
ċěĀóĭ

!$omp  end parallel
ċěĀóĮ

OpenMPOyR

ċěĀóĬ

ċěĀóĭ ċěĀóĭ ċěĀóĭ…

ċěĀóĮ

ûĚĀĄÜ�"

ûĚĀĄĢ
ĠĎûþĞûĚĀĄġ ûĚĀĄģ ûĚĀĄĲ-1

ûĚĀĄÜ~�

�ûĚĀĄQĲÝ¼
r56Q
OMP_NUM_THREADS
×O<Íè½
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Work sharingaT
• parallelîŸćʀʑɡɿɚǈĄʀʯ˛ʷ介ɻ¦ǂɱʔ�r
ɿɣɠɺɚOpenMPɻ�LʘǓǴɱʔHŜ˥ˉ˜ʷʦB˦
ʀȊJʘ�LȮ�(parallel region)主yʅɛ

• �LȮ�ʘî¥ɯɺɚʯ˛ʷ介ȗɻ�L¦ǂɱʔHŜʘ
ǓǸɱʔOpenMPʀĭćʘWork sharingĭć主yʅɛ

• Work sharingĭćʁɚ�下与Jɪɺ��ʀ˭ſ上一ʔɛ
1. �LȮ�DɻǓǴɱʔʎʀ

• forĭć˥doĭć˦
• sect onsĭć
• s ng eĭć (masterĭć)ɚɾɽ

2. parallelîŸć主Ɲʋrʗ並ʔʎʀ
• para e  for ĭć (para e  doĭć)
• para e  sect onsĭćɚɾɽ
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	�uËQ{T
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ForaTĎdoaTď
��	ĨKNL=� 86

#pragma omp parallel for
for (i=0; i<100; i++){
a[i] = a[i] * b[i];

} ��Ü�q

for ( =0; <25; ++){
a[ ] = a[ ] * b[ ];

}

for ( =25; <50; ++){
a[ ] = a[ ] * b[ ];

}

��Ü�q

ûĚĀĄÜ�"

ûĚĀĄĢ ûĚĀĄģ ûĚĀĄ3

ûĚĀĄÜ~�

ûĚĀĄ2
for ( =50; <75; ++){

a[ ] = a[ ] * b[ ];
}

for ( =75; <100; ++){
a[ ] = a[ ] * b[ ];

}

���$êËÖä
gËÁ�aÛÚèÉØê
ĕĞøÅ�¦Íè½

�Fortranǐǚʀ�rʁ
!$omp  parallel  do
̀
!$omp end parallel do
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ForaTÍQ?»É¼Ë·�

��	ĨKNL=� 87

for (i=0; i<100; i++) {
a[i] = a[i] +1;
b[i] = a[i-1]+a[i+1];

}

•ęĞČ��$OyÍèØ¼
�eØ�aÅvÚè
Ġa[i-1]ÅWTÊéÖÁÚÁ
4.ÅÀèġ

for (i=0; i<100; i++) {
a[i] = a[ ind[i] ];

}

•ind[i]Ü�>Ûåç¼
ęĞČ��$×ÆèÄ
ÙÂÄhâè

•a[ind[i]]Å%nVm×W
TÊéè*�KÅÚÁ4
.ÛęĞČ��$×Æè
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SectionsaT
��	ĨKNL=� 88

#pragma omp sect ons
{  
#pragma omp sect on

sub1();
#pragma omp sect on

sub2();
#pragma omp sect on

sub3();
#pragma omp sect on

sub4();
}

sub1();
ûĚĀĄĢ ûĚĀĄģ ûĚĀĄ3ûĚĀĄ2

sub2(); sub3(); sub4();

lûĚĀĄQÅĦÜ4.

sub1();

ûĚĀĄĢ ûĚĀĄģ ûĚĀĄ2

sub2(); sub3();

sub4();

lûĚĀĄQÅĥÜ4.

�Fortranǐǚʀ�rʁ
!$omp sections
̀
!$omp end sections
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Critical�!Q{T

• 一ʔűȗɿʁ1ɹʀʯ˛ʷ介ɯɤ¦ǂɯɾɠɬ主ʘ/ǖ

��	ĨKNL=� 89

#pragma omp cr t ca
{

s =  s +  x; 
}

s =  s + x

ûĚĀĄĢ ûĚĀĄģ ûĚĀĄ3ûĚĀĄ2

s =  s + x

s =  s + x

s =  s + x

�Fortranǐǚʀ�rʁ
!$omp critical
̀
!$omp end critical
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Private�!Q{T

��	ĨKNL=� 90

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

}

��Ü�q

for ( =0; <25; ++){
a[ ] = a[ ] + c0*b[ ];

}

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

}

��Ü�q

ûĚĀĄÜ�"

ûĚĀĄĢ ûĚĀĄģ ûĚĀĄ3

ûĚĀĄÜ~�

ûĚĀĄ2
for ( =50; <75; ++){

a[ ] = a[ ] + c2*b[ ];
}

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

}

�6QİÅ-ûĚĀĄ×
�Ü6Qêx�ËÖ=�
→§�$Êéè
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Private�!Q{TÍhOĎė��ď
��	ĨKNL=� 91

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

}

•ęĞČ6Q ı Å¼-ûĚĀĄ×�Ü6Qêx�ËÖ=�Êéè½
•private( j ) ÅÚÁ4.¼-ûĚĀĄ× �Z6Q j ÜñïĜăê
#MÛ�ÕÖËâÂÒã¼1002ÜęĞČ=�ÛÚæÚÁ½

→l|�aÅ�eØvÚç¼ðėĞØÚè½
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Private�!Q{TÍhOĎFortran��ď
��	ĨKNL=� 92

!$omp parallel do private( j )
do i=1, 100

do j=1,  100
a( i ) = a( i ) + amat( i , j ) * b( j )

enddo
enddo
!$omp end parallel do

•ęĞČ6Q ı Å¼-ûĚĀĄ×�Ü6Qêx�ËÖ=�Êéè½
•private( j ) ÅÚÁ4.¼-ûĚĀĄ× �Z6Q j ÜñïĜăê
#MÛ�ÕÖËâÂÒã¼1002ÜęĞČ=�ÛÚæÚÁ½

→l|�aÅ�eØvÚç¼ðėĞØÚè½
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ćìàæąċ�!Q{T
ĎC��ď
• DƁ3ɾɽɚʯ˛ʷ介�LʀƟģʘǮɯɬʋɚ但ɹʀƟ
ģʘÏɵɠ�rɿOşɱʔ
• �ǓʀǮɯɬʋʁʯ˛ʷ介ķɿȨsĜɿɾɮ了ʔ
• reductionǇXîŸć上ŏɠ主ɚddotʁ`ɾʔAě�Ąɿɾʔɵ也ɚ
�L¦ǂɻǼĲʀƟģ主rʗɾ与ɾ与ɾʔ

��	ĨKNL=� 93

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

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

ddotʀ�âʁʯʤ˘�ĄʀʋǓǴmƶ˥ȌLʁǓǴɻ下ʊ並事˦

2017/1124

ćìàæąċ�!Q{T
ĎFortran��ď
• DƁ3ɾɽɚʯ˛ʷ介�LʀƟģʘǮɯɬʋɚ但ɹʀƟ
ģʘÏɵɠ�rɿOşɱʔ
• �ǓʀǮɯɬʋʁʯ˛ʷ介ķɿȨsĜɿɾɮ了ʔ
• reductionǇXîŸć上ŏɠ主ɚddotʁAě�Ąɿɾʔɵ也ɚ
�L¦ǂɻǼĲʀƟģ主rʗɾ与ɾ与ɾʔ
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!$omp parallel do reduction(+:ddot )
do i=1, 100

ddot = ddot + a(i) * b(i)
enddo
!$omp end parallel do

ddotʀ�âʁʯʤ˘�ĄʀʋǓǴmƶ˥ȌLʁǓǴɻ下ʊ並事˦

ćìàæąċ�!Q{TÍhO
• reductionǇXîŸćʁɚñ�ŪɿVƌ上ǂʗ了ʔʀɻɚ
Øƶ上Ùɠ
• �与ʀʯ˛ʷ介ʘåɡ�rɚØƶW]上ōɯɠ

• ��ʀʑɡɿɚddotşʀȌLʘŶ/ɯɺǼĲɻVƌɱʔĊ上ȷ
ǿɾ�rʎ一ʔ˥ɵ中ɯɚ~Ȱʫ互ʰɚ他ˢ介ʟʠʛ+¢˦
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!$omp parallel do private ( i ) 
do j=0, p-1
do i=istart( j ), iend( j )

ddot_t( j ) = ddot_t( j ) + a(i) * b(i)
enddo

enddo
!$omp end parallel do
ddot = 0.0d0
do j=0, p-1

ddot = ddot + ddot_t( j )
enddo

ʯ˛ʷ介ĄJʀ˚ˢ代ʘ'à体ę�˾ʯ˛ʷ介Oş

qʯ˛ʷ介ɻʛʦʱʯɱʔ互休ʺʷʦʯƎ�ʘ�Sɿǔ

qʯ˛ʷ介ɻşɠʔɚ˜ˢʤ˚ɾddotşʀ
ȌLddot_t()ʘŶ/ɯɚ0ɿMĜ]ɯɺɣ与

ǼĲɻǮɯɬʋ
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SingleaT
• SingleǇXîŸćɻî¥ɮ了ɵˉ˜ʷʦʘɚ
ɽ了ɤ但ɹʀʯ˛ʷ介ɿTʓÉɺʔ

• ɽʀʯ˛ʷ介ɿTʓÉɺʒ了ʔɤʁňɻ下ɾɠ
• nowaitǇXîŸćʘ>了ɾɠțʓɚsĜ上>ʔ

��	ĨKNL=� 96

#pragma  omp  parallel for
Ĵ
ċěĀóA

#pragma omp single 
{ ċěĀóB }
…
}

ČěôėĐÜ¢9

ċěĀóA ċěĀóA ċěĀóA…

ûĚĀĄÜ�"

ûĚĀĄĢ
ĠĎûþ ûĚĀĄġ

ûĚĀĄģ ûĚĀĄĲ

/\�q
ċěĀóĭ

�Fortranǐǚʀ�rʁ
!$omp single
̀
!$omp end single
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MasteraT

•)ɠĊʁɚsingleǇXîŸć主sɰ
•ɵ中ɯɚmasterǇXîŸćɻî¥ɯɵ
HŜ˥=ʈɽʀ*ʀɝˉ˜ʷʦBɞʀ
HŜ˦ʁɚ
Ó両ˏʯ人ˢʯ˛ʷ介ɿTʓÉɺʔ

•Ɯ�ÍʀsĜHŜ上>ʒɾɠ
•ɴʀɵ也ɚ�rɿʑʓȷǿ]ɮ了ʔ

��	ĨKNL=� 972017/1124

FlushaT
• ŕŜ˒任˙主ʀ�ǧØʘjʔ
• Flushĭćɻî¥ɮ了ɺɠʔ�Ąʀʋɚɴʀ�âɻ�ǧØʘj
ʔɛɴ了��ʀAě�Ąʀ3ʁɚ˒任˙�ʀ3主ʀ�ǧØʁŏ
ɠɛ

˥ŌƌƟģʁ˛京ʯ人�ɿ/¢ɮ了ʔ中ɪɛ˒任˙ɿǑƌƟģʘė下ǵ事
ɻɠɾɠ˦

• ɹʊʓɚf ushǇXî¥ćʘėɤɾɠ主ɚʯ˛ʷ介ȗɻsĒɿǮɯɬ事
中
Ɵģ上ɚ¦ǂ世主ɿŦɾʔɛ

• barr erǇXî¥ćɚcr t caǇXî¥ćʀI>lɚpara eĭćʀIlɚ
forɚsect onsɚs ng eĭćʀIlɻʁɚĕȸŪɿf ushɮ了ɺɠʔɛ

• Flushʘ)ɡ主ØƶʁÙ与ɾʔɛɻ下ʔ中ɪşɠɾɠɛ

��	ĨKNL=� 98

#pragma omp flush (Ǥ主ɾʔ�Ątʀ�ʄ) ůŤɱʔ主ɚ
?ɺʀ�Ą上Ǥ
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ThreadprivateaT
• ʯ˛ʷ介世主ɿ代˘互以ˢ今�Ąɿɱʔ上ɚʯ˛ʷ介Dɻ��ʛʦʱʯɻ下ʔ
�Ąʘ§ǐɱʔɛ

• ʯ˛ʷ介世主ɿŦɾʔ3ʘʎɹ���Ąʀ¥Ʈɿu与ɛ
• ɵ主ɢʂɚʯ˛ʷ介世主ɿŦɾʔ˚ˢ代ʀȖ�3主Ɯ�3ʀǔ¥

��	ĨKNL=� 99

…
vo d ma n() {
…
#pragma omp para e  pr vate (my d, 
nthreds, start, end)   {

nthreds = omp_num_threds();
my d = omp_get_thread_num();
start = my d * (n/nthreads);
end = (my d+1)*(n/nthreads
f (my d == (nthreads-1)) {

nend = n;  
}

kerne ();
}

# nc ude <omp.h>
nt my d, nthreds, start, end;
#pragma omp threadprivate(istart, iend)

…
vo d kerne () {

nt ;
for ( = start; < end; ++) {

for (j=0; j<n; j++) {
a[  ] = a[  ] + amat[  ][ j ] * b[ j ];

}
}

}
…

ʯ˛ʷ介ķɿŦɾʔ3ʘíɹ
���Ąʘɚpara eĭć	
ɻ¥Ʈɱʔ
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Ó½�¸OpenMPÍ©S
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Z:èĉîòS)I©S

• ę�ʯ˛ʷ介ĄjÏɿʁɚomp get num threads()ȘĄ
ʘOşɱʔ

• �ʁinteger (Fortranǐǚ)ɚint (Cǐǚ)

��	ĨKNL=� 101

use omp_lib
Integer nthreads

nthreads = omp_get_num_threads()

l Fortran90��Ü
#include <omp.h>
int nthreads;

nthreads = omp_get_num_threads();

l C��Ü

2017/1124

�èĉîòt,)I©S

• Ƹʯ˛ʷ介ťpjÏɿʁɚomp get thread num()ȘĄʘ
Oşɱʔ

• �ʁinteger (Fortranǐǚ)ɚint (Cǐǚ)
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use omp_lib
Integer myid

myid = omp_get_thread_num()

l Fortran90��Ü
#include <omp.h>
int myid;

myid = omp_get_thread_num();

l C��Ü

2017/1124

X¨�i©S
• ĒȗǑňɿʁɚomp get wtime()ȘĄʘOşɱʔ
• �ʁdouble precision (Fortranǐǚ)ɚdouble (Cǐǚ)

��	ĨKNL=� 103

use omp_lib
double precision dts, dte

dts = omp_get_wtime()
@�Ü�q

dte = omp_get_wtime()
print *, “Elapse time [sec.] =”,dte-dts

l Fortran90��Ü
#include <omp.h>
double dts, dte;

dts = omp_get_wtime();
@�Ü�q

dte = omp_get_wtime();
printf(“Elapse time [sec.] = %lf ¥n”,

dte-dts);

l C��Ü

2017/1124

OpenMPÌ¹¾Õèâ
çăčćċá

��	ĨKNL=� 1042017/1124



èâçăčćċáÊÎĎÄÍĒď

• Parallel for/doĭćɻʁɚǤ˚ˢ代ʀƎ�˥*ɢʂ但̀
˽ʀȔɮ˦ʘɚ`Ɩɿʯ˛ʷ介1ĄJɿJT˥Ȁơɱʔ
ʑɡɿJT˦ɯɺɚ�LHŜʘɱʔɛ
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1 n

} ɬʀ主下ɚqʯ˛ʷ介ɻêÉɯɵ˚ˢ代ɿɱʔǑ
ƌǥƻ上�ƈɻɾɠ主ɚʯ˛ʷ介¦ǂĒʀnĄYģ
上Ù与ɾʔ1 n

ûĚĀĄ0 ûĚĀĄ1 ûĚĀĄ2 ûĚĀĄ3 ûĚĀĄ4

ûĚĀĄ0 ûĚĀĄ1 ûĚĀĄ2 ûĚĀĄ3 ûĚĀĄ4

Ǒƌǥƻ

˚ˢ代�ĄʀŃ了
˥hÑƃȗ˦

èâçăčćċáÊÎĎÄÍēď
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} ǥƻJăʘþ�ɱʔɿʁɚTʓÉɺȗȞʘų与ɯɚ
ɤɹɚÒŝɱʔʑɡɿTʓÉɺ了ʂʑɠɛ

1 n

} ęȇɾɚTʓÉɺȗȞ˥ʶ˔休ʦʫ互ʰ主ʑʅ˦ʁɚ
Ǒƌı他ˢ介ʟʠʛ主ɚǤ主ɾʔHŜɿ+¢ɱʔɛ

} ��ʀTʓÉɺʘǂɡǇXîŸć上şÝɮ了ɺɠʔɛ

Ǒƌǥƻ

ĈčüèâçăčćċáÍ�!Q?T
ĎÄÍĒď
• schedule (static, n)

• ˚ˢ代Ȕʘʶ˔休ʦʫ互ʰɻJTɯɚʯ˛ʷ介0ťɤʒ
ȫťɿ˥ʯ˛ʷ介˫ɚʯ˛ʷ介但ɚˡˡˡ主ɠɡʑɡ
ɿɚ˘ʟ休介˜ˆ休ĊÅ主yʅ˦ɚÒŝɱʔʑɡɿT
ʓÉɺʔɛnɿʶ˔休ʦʫ互ʰʘî¥ɻ下ʔɛ

• ScheduleǇXî¥ćʘǓǴɯɾɠ主下ʀʺˈʢ˚今ʁɚ
staticɻɚɤɹʶ˔休ʦʫ互ʰʁɚ˚ˢ代Ȕ/ʯ˛ʷ介Ąɛ
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1
ûĚĀĄ0 ûĚĀĄ1 ûĚĀĄ2 ûĚĀĄ3

ĈčüèâçăčćċáÍ�!Q?T
ĎÄÍēď
• schedule(dynamic, n)

• ˚ˢ代Ȕʘʶ˔休ʦʫ互ʰɻJTɯɚHŜ上Ɯ�ɯɵ
ʯ˛ʷ介ɤʒčɠƱ\ɷɻɚHŜʘTʓÉɺʔɛnɿ
ʶ˔休ʦʫ互ʰʘî¥ɻ下ʔɛ
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1
ûĚĀĄ0 ûĚĀĄ1 ûĚĀĄ2 ûĚĀĄ3



ĈčüèâçăčćċáÍ�!Q?T
ĎÄÍĔď
• schedule(guided, n)

• ˚ˢ代Ȕʘʶ˔休ʦʫ互ʰɻJTɯɚÎɜɿʶ˔休ʦ
ʫ互ʰʘ±ɮ与ɯɾ上ʒɚHŜ上Ɯ�ɯɵʯ˛ʷ介ɤ
ʒčɠƱ\ɷɻɚHŜʘTʓÉɺʔɛnɿʶ˔休ʦʫ互
ʰʘî¥ɻ下ʔɛ

• ʶ˔休ʦʫ互ʰʀî¥上1ʀ�rɚĵʓʀhÑHŜʘʯ˛ʷ介Ąɻ
Tɸɵɣɣʑɴʀ3上qʶ˔休ʦʀʫ互ʰɿɾʔɛ

• ʶ˔休ʦʫ互ʰʁ 1 ɿuɤɸɺîĄŪɿ±ɮ与ɾʔɛ
• ʶ˔休ʦʫ互ʰɿ 1 ʑʓ�下ɠ k ʘî¥ɯɵ�rɚʶ˔休ʦʫ互
ʰʁîĄŪɿ k ʊɻ±ɮ与ɾʔ上ɚęÍʀʶ˔休ʦʁ k ʑʓ±ɮ
与ɾʔ�r上一ʔɛ

• ʶ˔休ʦʫ互ʰ上î¥ɮ了ɺɠɾɠ�rɚʺˈʢ˚今ʁ 1 ɿɾʔɛ
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1
ûĚĀĄ0 ûĚĀĄ1 ûĚĀĄ2 ûĚĀĄ3

ĈčüèâçăčćċáÍ�!Q{T
Í�·V

��	ĨKNL=� 110

!$omp parallel do private( j, k ) schedule(dynamic,10)
do i=1, n

do j=indj(i), indj (i+1)-1
y( i ) = amat( j ) * x( indx( j ) )

enddo
enddo
!$omp end parallel do

l Fortran90��Ü

l C��Ü #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 ]];

}
}

2017/1124

ĈčüèâçăčćċáÌ¹¾Õ
üĊáĆÿċá�ÍhO
• dynamicɚguidedʀʶ˔休ʦʫ互ʰʁØƶɿ�下与ËȪ

• ʶ˔休ʦʫ互ʰ上±ɮɱ不ʔ主ǥƻ˃˘休ʯʁƺ与ɾʔ上hȩɚ
HŜÌɷʀʣˢ˃令ʷ介上�下与ɾʔɛ

• �Ċɚʶ˔休ʦʫ互ʰ上�下ɱ不主ǥƻ˃˘休ʯ上Ù与ɾʔ_ȩɚ
HŜÌɷʀʣˢ˃令ʷ介上±ɮ与ɾʔɛ

• �Ǔʀ�Ʊʀ今˛ˢ介ʣˈ上一ʔɛ
• ¦ǂĒʀʶ˔休ʦʫ互ʰʀʶ˕ˢʾ休ʧ上ÓȬɻɚʶ˕ˢʾ休ʧ
交ʯ今上�ɢʔɛ

• staticʀʋɻȷǿ¦ǆ上ɻ下ʔ˥�r上一ʔ˦
• dynamicɾɽʀ¦ǂĒʯʨ京˕ˢ˙休ʧʁɚʭʯʹˑʀʣˢ˃ˢ
令ʷ介上>ʔ上ɚstaticʁʣˢ˃ˢ令ʷ介ʁ˥ʈ主事ɽ˦ŏɠɛ

• �SɿǥƻJă上�Ǆ主ɾʔ˚ˢ代Ǝ�ʘǞʇɵ�ɻɚ
staticʯʨ京˕ˢ˙休ʧʘ)ɡ主ɚęʎYŚ上ƺɠmƶØ上一ʔɛ

• ɵ中ɯɚ代˜ʧ˘ː休ʧʀ交ʯ今ʁ��ɱʔ
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StaticèâçăčćċáÍÑÉ¡�öĆ
ċè×4�$ÀÃÕ@��
• ŧǂL-以ʦ今˚Ɓʆȇşɯɵ*˥ǘƚʁÍǸ˦
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!$omp parallel do private(S,J_PTR,I)
DO K=1,NUM_SMP

DO I=KBORDER(K-1)+1,KBORDER(K)
S=0.0D0
DO J_PTR=IRP(I),IRP(I+1)-1

S=S+VAL(J_PTR)*X(ICOL(J_PTR))
END DO
Y(I)=S

END DO
END DO

!$omp end parallel do

ʯ˛ʷ介1Ąćʀ˚ˢ代
˥ʯ˛ʷ介世主ʀ˚ˢ代êÉ

Ǝ�
ʘŲʔɵ也ɿÓǉ˦

�SɿǞʇɺǔ¥ɯɺɣɠɵɚ
ǥƻJă上�Ǆ主ɾʔ
ʯ˛ʷ介世主ʀ˚ˢ代Ǝ�
˥qʯ˛ʷ介ʁɚȀơɯɺɠ

ʔ上ɚ
��Ǆɾ˚ˢ代Ǝ�ʘǔ¥˦

¦ǂSɿɚqʯ˛ʷ介上êÉɱʔ˚ˢ代Ǝ�ɿɹɠɺɚ
ȀơɱʔTʓÉɺɻɚɤɹɚɴ了ɻǥƻ上�Ǆɱʔ
~Ȱɿȇşɻ下ʔɛ
�¦ǂĒɿǥƻ上ZŪɿ�ʗɸɺɠ与�rʁȇşɻ下ɾ
ɠ



OpenMPÍüĊáĆÿċ
á�ÍhO
Ď��ď
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OpenMPÌÓÕüĊáĆÿċá�ÍhO
l
• OpenMP�L]ʁɚ

parallelĭćʘşɠɵ`Ɩɾfor˚ˢ代�L]

上
ɿɾʔɬ主上�ɠɛ

• ǈȣɾOpenMP�L]ʁ代˜ʧ˘ː休ʧ交ʯ今上ɤɤʔʀɻɚ
OpenMPʀ代˜ʧ˘ː休ʧ�ʀOŎ上�ʗ了ʔ

• parallelĭćɿʑʔ�L]ʁ

privateǇXîŸćʀĴɯɠ)ɠĊ
ʘŜǎɯɾɠ主ɚ˃ʧ上Şɰʔˣ
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Private�!Q{TÌ©ÂÕhOĎÄÍ
Ēď
• OpenMPɻʁɚǤ主ɾʔŭǶʀ˚ˢ代�Ą��ʁɚ

private�Ąɻî¥ɯɾɠțʓɚ?ɺAě�Ąɿɾʔɛ
• ʺˈʢ˚今ʀ�Ąʁɚʯ˛ʷ介ȗɻ1NɿŶ/ɯɵ�Ąɻɾɠ
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!$omp parallel do
do i=1, 100

do j=1,  100
tmp = b(i) + c(i) 
a( i ) = a( i ) + tmp

enddo
enddo
!$omp end parallel do

lęĞČ6QÛ¤Íè�Z6QÜ

§ǐɾɯɿ代˘互以ˢ今�Ą主ɯɺŶ/ɮ了ʔʀʁɚ
ɬʀ -˚ˢ代�Ąʀʋ

ɬʀj-˚ˢ代�Ąʁɚpr vate§ǐɾɯɻʁAě�Ąɿɾʔ
←ʯ˛ʷ介ȗɻčɠƱ\ɷɻĖĉ←�L¦ǂĒɿ˃ʧ

ɬʀ�Ątmpʁɚpr vate§ǐɾɯɻʁAě�Ąɿɾʔ
←ʯ˛ʷ介ȗɻčɠƱ\ɷɻ3上�>←�L¦ǂĒɿ˃ʧ

Private�!Q{TÌ©ÂÕhOĎÄÍēď

• PrivateǇXîŸćɿǓǴɱʔ�Ąʘņʒɱɵ也ɚ
ǤȊJʘȘĄ]ɯɚɤɹɚɴʀȘĄʀÆĄʘ�ʐɱ主ɚ
ȘĄyʄIɯĒȗ上�Vɯɚʯ˛ʷ介�L]ʀYģʘ
ŮĶɱʔɬ主上一ʔ
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!$omp parallel do
do i=1, 100

call foo(i,arg1,arg2,arg3,
arg4,arg5, ….., arg100)

enddo
!$omp end parallel do

l1à�Ë¤QÜDQÅ7Á

ȘĄÆĄʁƸZŪɿ代˘互以ˢ今�Ąɿ
ɾʔɵ也ɚpr vateǇXîŸćɿǓǴɱʔ
�ĄʘRņɻ下ʔ
←ɯɤɯɚȘĄyʄIɯĒʀʣˢ˃令ʷ
介上�Vɱʔ

←ʯ˛ʷ介¦ǂĒɿɣɠɺʎɚȘĄyʄ
Iɯʀʣˢ˃ˢ令ʷ介上ŏǌɻ下ɾ与
ɾʓɚnĄYģ上Pțɮ了ʔ

�ǎĻĿ体���ĄɻÆ下ŇɯɺÆĄʘ
Rņ



Private�!Q{TÌ©ÂÕhOÍÐÊÒ
• OpenMPɻʁɚ§ǐ並両ɿOşɱʔ�Ąʁɚɱʇɺ
Aě�Ą˥shared variable˦ɿɾʔ

• Cǐǚʀ���ĄɚFortran90ǐǚʀcommon�Ąɚ
module�ĄʁɚɴʀʊʊɻʁAě�Ąɿɾʔ
• 代˘互以ˢ今�Ąɿɯɵɠ�rʁɚThreadprivate§ǐ上Óǉ

• parallelĭćɻȘĄyʄIɯɯɺɠʔ�rɚɴʀȘĄDɻ
˜ˢʤ˚ɿ§ǐɯɺɠʔ�ĄʎɚAě�Ąɿɾʔ

• ɴʀʊʊɻʁɚ�LHŜɻĴÀZ'ɯɾɠ
• ɬ了ʘșɩɿʁɚ��ʀ交ˢ介ʀ�Ė上Óǉ

• �Ǔʀ˜ˢʤ˚�ĄʘÆĄɿɯɵȘĄyʄIɯʘ'ʔ
• �Ǔʀ˜ˢʤ˚�Ąʘ���ĄɿɯɺɚThreadpr vate§ǐɱʔ
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ParallelaTÍ�Ö;Ì©ÂÕhOĎÄÍĒď

• ParallelĭćʁɚdoǇXîŸćɻJȤɯɺǓǴɻ下ʔ
• 但˚ˢ代上Ǥʀ�rɚJȤɱʔ主doǇXîŸćʀ
�âɻ˚ˢ代世主ɿforkɱʔ交ˢ介ʘŞàɱʔ交休付互˘
上一ʓɚǿÄ上#�ɱʔ�r上一ʔ

2017/1124 ��	ĨKNL=� 118

!$omp parallel
!$omp do private(j,tmp)
do i=1, 100

do j=1,  100
tmp = b( ı ) + c( ı ) 
a( i ) = a( i ) + tmp

enddo
enddo
!$omp end do
!$omp end parallel

!$omp parallel do private(j,tmp)
do i=1, 100

do j=1,  100
tmp = b( ı ) + c( ı ) 
a( i ) = a( i ) + tmp

enddo
enddo
!$omp end parallel do

ParallelcRÜ
@�ÅģęĞČ
Úæ parallel do 
×O<

ParallelaTÍ�Ö;Ì©ÂÕhOĎÄÍēď

• ParallelĭćʁɚdoǇXîŸćɻJȤɯɺǓǴɻ下ʔ
• ǈĄ˚ˢ代ʀD6ʘ�L]ɯɵɠ�rʁɚJȤɯɵ
Ċ上ȷǿɿɾʔ
• ɵ中ɯɚ�6˚ˢ代ʘ�L]ɻ下ʔĒʁɴʀĊ上Øƶ上ƺɠ
• �6˚ˢ代ɿʺˢ人+¢上一ʓɚ�L]ɻ下ɾɠ�r
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do i=1,  n
!$omp parallel do

do j=1,  n
<��$×ÆèC>

enddo
!$omp end parallel do 
enddo

!$omp parallel 
do i=1,  n
!$omp do

do j=1,  n
<��$×ÆèC>

enddo
!$omp end do
enddo
!$omp end parallel 

ðčë�<©�×9ÁöáÌËÕ�

• ȗófő上一ʔ互休ʺʷʦʯɿɯɺVƌɱʔ*
• ȗófőʀ付人ˢ休ɚɣʑʄɚʯ˛ʷ介¦ǂʀ人互ː休ʧĲƇɻɚ
ǼĲHŜ主Ɵģ上�ƹɯɚĴÀZ'中主[ȅɠɱʔ�r上一ʔ
• ŜǠŪɿʁȗȅɸɺɠʔ

• OpenMPʀAě�Ąʁɚʺˢ人�ǧØʀ/ǖʁɯɾɠ
• ʺˢ人�ǧØʀ/ǖɿʁɚcr t caǇXî¥ćɾɽʀî¥上Óǉ
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!$omp parallel do private( j )
do i=1, n

j = indx( i )
a( j ) = a( j ) + 1

enddo
!$omp end parallel do

lćôÛÚèČěôėĐ
!$omp parallel do private( j )
do i=1, n

j = indx( i )
!$omp critical

a( j ) = a( j ) + 1
!$omp end critical
enddo
!$omp end parallel do



OpenMP×r·Å��$Íel
ĎÄÍĒď
• OpenMPʁ`Ɩɾ˚ˢ代ʘ�L]ɱʔɬ主ɿu与
• ¦şʛ代˙ʨˢʭ˗休ɿɣɪʔǈȣɾ˚ˢ代ʁɚɴʀʊʊɻʁ

OpenMP]ɿuɠɺɠɾɠɬ主上一ʔɛ
1. privateǇXîŸć	ɿėɤ了ʔ�ĄtʀĄ上Ʒ�ɿɾʔ

• �6˚ˢ代ɤʒOpenMP�L]ɱʔ�rɚDȊɻ)ɸɺɠʔ
�ĄʀĄ上�ɠɬ主上一ʔ

• private�Ą˙ʯ今ɿ�Ąʘė下Ô了ɺʎɚ交休付互˘ɿʑʔ
ʡ˘ˢʁIɾɠɛ˥�L]ʀǨ�ʁ企ˢʬɿ一ʔɵ也˦

• ¦ǂɱʔ主ɚ人互ː休ʧɿ+¢ɯǑƌƟģ上ǼĲ主Ŧɾʔɛ
ɽɬ上ȗȅɸɺɠʔɤʗɤʒɾɠʀɻɚʺ˃ʷʦ上��ɿɾ
ʔɛ

• ǎĻƋ体交休付互˘ɿʑɸɺʁɚęȇ]Û�ʘIUɱʔɬ主
上ɻ下ʔɛɴʀÛ�ɤʒɚɷʏ事主private]ɮ了ɺɠʔɤŶ
Ǚɱʔɛ
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OpenMP×r·Å��$Íel
ĎÄÍēď
2. ȷʯ˛ʷ介¦ǂĒɿØƶ上Iɾɠ�rʀʶ˕ˢʾ休ʧ上�
ȥ
1. ǶÂʀ他ˢ介ʟʠʛʁ˒任˙ʛʦʱʯʀØƶ上ŮŪɿ
#ɠ

2. ˚ˢ代ɴʀʎʀɿɴ了ʈɽ�LØ上ɾɠ˥˚ˢ代Ȕ上ų
ɠ˦

• ǎĻɱʔɿʁɚʛ˚ʪ˙ʰˑʀ�Ėɚ¦ǆʀ�Ėɚ上Óǉ
ɿɾʓɚOpenMPʀOŎɻ一ʔ©ďɾ代˜ʧ˘ː休ʧʘúɾ
ɡ

3. ǈȣɾʯ˛ʷ介代˜ʧ˘ː休ʧɿʁuɤɾɠ
• `ƖɾĄ3Ǒƌʀʤˢˀ˚˚ˢ代ʘɚparallel forĭćɻǓǴ
ɱʔĊȒɻ�Į上'ʒ了ɺɠʔ

• ǈȣɾHŜʁɚtaskćɚʊɵʁPthreadɾɽʀnativeɾʯ˛ʷ
介APIɚʊɵʁTBB, Cilkɾɽʀ�ʀ�L]ãĿɻė与ʈɡ上
ʐʓʐɱɠ
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OpenMPÌÓÕSIMD$
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OpenMP+SIMD
• OpenMP 4.0ɤʒʫ仮ˢ今
• 交休付互˘上ƸZ以ʦ今˚]ʎɯɺ与了ʔ上˨îŸʘɯ
ɵĊ上Ŷ¦
• Ē主ɯɺ交休付互˘上ǛɸɵƊɢʘIɱʀɻǉŶǙ

• 交ˢ介ʀė下÷ɢʘÓǉ主ɱʔ�rʎ˥ɯʂɯʂ˦一ʔ
• ˒任˙ʀʛ˘互休˒休今上Ȏǉ˥SǸ˦
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OMP ForČDo+SIMD
• Cǐǚ体

#pragma omp parallel for simd
for (i=0; i < num; i++) {

sum = sum + a[i];
}

• Fortran:
!$omp parallel do simd
do i=1, num

sum = sum + a(i)
!$omp end parallel
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OMP SIMD%n
• Cǐǚ体

#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];

}
}

• Fortran:
!$omp parallel do 
do i=1, num
!$omp simd
do j=1, num
sum(i) = sum(i) + a(j,i)

enddo
!$omp end simd
enddo
!$omp end parallel
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Declare SIMD
• ȘĄʘʊʔ世主SIMD]ɯɵɠ�r

• ɴʀȘĄʁOMP SIMDʀ	ɻyʂ了ʔ�rɿSIMD]ɮ了ʔ

• #pragma omp declare simd notinbranch
float min (float a, float b) 
{ return a < 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(a[i], b[i]);

}
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KNLÌ¹¾ÕOpenMP
@�ÍhOl
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KNL(OFP)Ì¹¾ÕHyperThreading
• ŕŜ交ʛ: 68交ʛ
• HyperThreading(HT)ěY: 1交ʛ一ɵʓ 4 HT

=> rǑ 272ʯ˛ʷ介¦ǂmƶ

• AVX-512企ʾʷ今ʁ一与ʊɻʎŕŜ交ʛ一ɵʓ21
• 2ɹʀAVX-512企ʾʷ今(VPU)ʘ)ɠ´与並了ʂ 1 HTɻɠɠʁ両
• AVX-512企ʾʷ今1�ɯɤ)ɢɺɠɾɪ了ʂ 2 HT)ɸɵĊ上ɠɠ
• ˒任˙ʛʦʱʯʘȡƿɱʔÓǉ上一了ʂ

3~4 HT上ɠɠ�rʎ
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2 VPU 2 VPU

Core Core
1MB
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1þîę=2öí

OFPÌ¹¾Õèĉîò �¾
• ˒ʾˢ交ʛ => OSTʓǵʋHŜɾɽɿʑʔ京ʷ人ʀËȪʘk
ɪʐɱɠ
• Ȃɠ交ʛ上��ɠʔ主?|上ËȪʘkɪʔ
• Ŗɿ人互ˏTʓǵʋʁ 1msķɿʐɸɺ与ʔ

• OFPɻʁɚ交ʛ0ʀʋ人互ˏTʓǵʋʘkɪjʔʑɡɿǔ¥
˥�Í�ʗʔmƶØʎ一ʓ˦
• 交ʛ0主ɚ人互˚DɻL2ʥ˔ʷʭ˕ʘŭóAěɯɺɠʔ交ʛ1ʎËȪʘ
kɪʔ

• HT交ʛʎÉŐËȪʘkɪʔ
• 交ʛťp 0,1, 68,69, 136,137, 204, 205
ʁ¦ǂɤʒ�ɯɵĊ上ɠɠ(�r上
�ɠ)
• Ą%��Øƶ上þ�ɱʔ
• B%Ūɾî¥ĊĿʁÍǸ
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2 VPU 2 VPU

Core0 Core1
1MB
L2

1þîę=2öí

èĉîò��SÊL�ÏÍG¬(1)
Xeon PhiʁɚXeonɾɽǾÀʀˏ˚ʶ交ʛCPUɿĸʇɺ
• 交ʛʀʦ˜ʷʦ上Ȃɠ

• ReedbushʀBroadwe  (2.1GHz)ɿĸʇɺ 1.62žÄ
• ˒任˙ʛʦʱʯ˛互ʹ休ʭʎ�下ɠ

• ʶʷ代Dˀʷ今˝ˢʦ上ǈȣ
ÞOpenMPʀîŸćɿɱʔ
ʣˢ˃令ʷ介上�下与ɾʔ

• o�体qîŸćʀʣˢ˃
令ʷ介 (EPCC syncbench)

• 8交ʛɤʒ16交ʛɻ�下ɾ
ËȪ上一ʔʑɡɿǊɢʔ
• 2交ʛʁs�人互˚ɚ
• 4~64交ʛʁŕŜ交ʛʀʋɚ
• 128~256交ʛʁHT)ş
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èĉîò��SÊL�ÏÍG¬(2)
• o�体qîŸć(AtomicƓ)ʀʣˢ˃令ʷ介 (EPCC syncbench)

• Xeon Broadwe 32交ʛɻʁ Atom c: 0.1us��
Cr t ca , Lock/Un ock: 0.4us��

=> ˒任˙ʛʦʱʯ˛互ʹ休ʭʀ
ËȪ

Ƌ
• ɾʔʇ与AtomicHŜʐ
˃˙ʛHŜʘņʒɱ
• Para e  for/doɾɽɚĮɜɾîŸćɿ
ʎĕɿ˃˙ʛHŜʁvʊ了ɺɠʔ

• ę�ț�下与Parallel regionʘjʔ
• ķ�Para e  for/doɱʔʀɻʁɾ与ɚ

Para e  ʀ	ɻfor/do中ɪʘƫʓǷɱ
• MPI+OpenMP他互ˉ˙ʷ介¦ǂɿ
ʑʓɚʯ˛ʷ介�LĄʘ�ɫʔ
• ʛ代˙ʨˢʭ˗休ɿ+¢ɱʔ
• 一主ɻǘɯ与
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ãċ÷ÚĈ

Intel Compiler 2017 update 4
ʘÜ¥ (OFPʀʺˈʢ˚今)
• C交休付互˘:  icc
• Fortran交休付互˘: ifort

ÓȬʣ代ʭ˗休
• -xMIC-AVX512

• KNLuɪ交ˢ介Şà
• -O3

• ęȇ]˛以˚
• -qopenmp

• OpenMPěY
• -align array64byte

• (Fortranʀʋ˦ȌLʘ64byteɿ
ʛ˘互休˥SǸ˦

ǗɯɵĊ上ɠɠ
• -qopt-streaming-stores=

always / never / auto
• a ways: ʥ˔ʷʭ˕ɿǴ並ɾɠ
z�ʘ)ɡɚʥ˔ʷʭ˕ʀŞ¢
Ēȗ上ųɠ�rɿěY

• neverʁɴʀǻ
• ʺˈʢ˚今ʁauto
• ˚ˢ代ʀqȌL世主ɿʎPÐm
ƶ(��ʁa waysŮÉ)
• #pragma vector nontempora ( n 

C/C++)
• !DIR$ vector nontempora ( n F) 

• -qopt-prefetch={0~5}
• 代˙ˈʠʷʶʘɽʀ与ʒɠȭÇ
ʔɤ
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@�XÍQ?

• 68交ʛʀɡɷɚ64交ʛʘ)ɡɬ主ʘÜ¥
• 京ʷ人ʘșɩɵ也ʀǔ¥ɚ交ʛ 0,1, 68,69, 136,137, 204, 205ʘñ
Ȝ

1. 1人互˚一ɵʓ1交ʛʀʋɚ32交ʛ)ş
• ʥ˔ʷʭ˕OşYŚʘȎǌɱʔ�r

2. 1交ʛ1HTɚ64交ʛ)ş
3. 1交ʛ2HTɚ128交ʛ)ş
4. 1交ʛ3HTɚ192交ʛ)ş
5. 1交ʛ4HTɚ256交ʛ)ş
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32ãÙ�rÂÕ8.
• 人互˚一ɵʓ1ʯ˛ʷ介

• ʥ˔ʷʭ˕ʘ^Jɿ)ɢʔ上¦ȟ˃休介ÁʘIɱɿʁǮʓɾɠ

• ĎŸŪɿ代˜ʱʯT�ʘî¥ɱʔ˥ɯɤɾɠ˦
export OMP_NUM_THREADS=32

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
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64ãÙ�rÂÕ8.
• 交ʛ一ɵʓ1ʯ˛ʷ介
• KMP HW SUBSETŝ��Ą上)ɢʔ

• ŕŜ交ʛĄc@ʣˈʱʷ今,交ʛ一ɵʓʯ˛ʷ介Ąt
• 64c@2,1t: 64交ʛɚ交ʛťp2ɤʒ)şɚ交ʛ一ɵʓ1ʯ˛ʷ介

export OMP NUM THREADS=64

export KMP HW SUBSET=64c@2,1t

export KMP AFFINITY=scatter,verbose
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128ãÙ�rÂÕ8.
• 交ʛ一ɵʓ2ʯ˛ʷ介
• KMP HW SUBSETŝ��Ą体64c@2,2t
• KMP AFFINITYɿcompactʘî¥

• scatterɿɱʔ主ɚs�交ʛɿʯ˛ʷ介0主64ɚʯ˛ʷ介1主65…ʀ
ʑɡɿɾʓɚʥ˔ʷʭ˕上ȨYŚ

export OMP NUM THREADS=128

export KMP HW SUBSET=64c@2,2t

export KMP AFFINITY=compact,verbose
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192, 256ãÙ�rÂÕ8.
192交ʛ
•交ʛ一ɵʓ3ʯ˛ʷ介

export OMP_NUM_THREADS=192

export KMP_HW_SUBSET=64c@2, 

3t

export KMP_AFFINITY=compact, 

verbose

256交ʛ
•交ʛ一ɵʓ4ʯ˛ʷ介

export OMP_NUM_THREADS=256

export KMP_HW_SUBSET=64c@2, 

4t

export KMP_AFFINITY=compact, 

verbose
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ãÙ ÔEÈÍy�

ęMʁÓ両ŶǙɱʔɬ主
˥Ü¥Ǿʓɿɾɸɺɠɾ与ɺÚɯɠ×ɠʘɱʔ˦

• KMP AFFINITYŝ��Ąɿverboseʘî¥
• įŊʡ˘ˢIU˥e+Ą¡ʀˈʚ互˚˦ɿ˛仮ˢ今IU
• Ǌʔʇ下ʁ��ʀʑɡɾIU˥ęÍʀĊ˦

• 32交ʛ¦ǂʀ*: ʯ˛ʷ介0上交ʛ2, ʯ˛ʷ介1上交ʛ4, ʯ˛ʷ介2
上交ʛ6…ɿTʓÉɺ

OM : I fo #242: KM AFFINI Y: pid X tid XX t read 0 bou d to OS proc set {2}

OM : I fo #242: KM AFFINI Y: pid X tid XY t read 1 bou d to OS proc set {4}

OM : I fo #242: KM AFFINI Y: pid X tid XZ t read 2 bou d to OS proc set {6}

…
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ýàñĈ$³èĉîò$³@�"pÍy
�
• 交休付互˚Ēɿęȇ]˛仮ˢ今ʘŶǙ

• -qopt-report=5
• ˈʚ互˚t.optrptʘŶǙ

• ʸˢ˚ʘOşɱʔ˥ÍǸ˦
• Intel Advisor XE

• 以ʦ今˚]ɚʯ˛ʷ介�L]ʀʛ介˃互ʯ

• Intel VTune XE
• 代˜ˈʚ互˙休ʧ
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k�
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KNL/OFPÌ¹¾Õ
MPI+OpenMPõÚûćîò
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MPI+OpenMPõÚûćîò@�ÍO�
• MPI˘休ʦĄʀ�Vɿ ɠɚńǩ˒任˙ʎʣˢ˃令ʷ介ʎ
�V

• ǾÀʁ��ʀʑɡɾƝʋrʗ並上ƺɠ主ɮ了ɺĠɵ
仕ˢ介D体OpenMP
仕ˢ介ȗ体MPI

• ʊɵReedbushʀʑɡɿ2ʳʨʷ今ɻNUMAʘĭàɯɺɠ
了ʂ

ʳʨʷ今D: OpenMP
ʳʨʷ今ȗ+仕ˢ介ȗ: MPI

• ˈ˘ʷ今MPIʎmƶ中上ʑ予ɯ与ɾɠ

˒ʾˢ交ʛʦ˘ʯ人ɻʁɴɡ`Ɩɻʎɾɠ
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MPIÍmJ
• ˒ʷʱˢ京付ʷʭ休ʧşʀ˘互ˉ˘˙ǋħʀ但ɹ

• ˒ʷʱˢ京付ʷʭ休ʧʀ任ʺ˚ɻ一ʔ
• 交休付互˘ʀǋħɚŖ¥ʀʳˈ今ʟʡʛʐ˘互ˉ˘˙ʘîɱʎʀɻʁɾ
ɠˣ

• Jă˒任˙��LǑƌıɻ�L¦ǂɿu与
• �ǋİǑƌ上mƶ

• 但代˜ʱʷʫɿɣɪʔ˒任˙ʫ互ʰʐˈʚ互˚ʫ互ʰʀPƔʘäŵmƶ
• 代˜ʱʷʫnĄʀ�ɠ�Lʭʯʹˑ˥Mass ve y Para e  Process ng 

(MPP)ʭʯʹˑ˦ʘşɠʔ¦ǂɿu与
• 但代˜ʱʷʫ÷ƌɻƷ�ɾ¦ǂĒȗʀǑƌʘɚųĒȗɻHŜmƶ

• Žĩ上©ď
• API˥App cat on Programm ng Interface˦ʀįŊ]

• ʯʨˢ˘ˆ˙ʹʜɚØƶ上ȷɠ
• Ǿ0HŜʘ企ˢʬ上ǓǸɱʔɬ主ɿʑʔʛ˚ʪ˙ʰˑʀęȇ]上mƶ
• 代˜ʧ˘ː休ʧ上ȥɯɠ˥Ć¶上ȷɠ˦
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MPIÍ��Ď¿ÖÐÉď
• MPIˈʢˢ˘ˑ˥http://www.mpi-forum.org/˦上�ĮƋ
¥
• 1994Â5Ě 1.0Ŕ˥MPI-1˦
• 1995Â6Ě 1.1Ŕ
• 1997Â7Ě 1.2Ŕɚɣʑʄ 2.0Ŕ˥MPI-2˦
• 2008Â5Ě 1.3Ŕɚ 2008Â6Ě 2.1Ŕ
• 2009Â9Ě 2.2Ŕ

• ČğǚŔ http://www.pccluster.org/ja/mpi.html
• MPI-2 ɻʁɚ��ʘÈ]体

• �LI/O
• C++ɚFortran 90ş互休人ˢˈʠˢʯ
• ZŪ代˜ʱʯŞà/ńŋ

• 
ɿɚ�LòƙHŜɾɽʀşǽ
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MPIÍ��MPI-3.1
• MPI-3.0 2012Â9Ě
• MPI-3.1 2015Â6Ě
•��ʀˍˢ京ɻśŗˡ介ʥ˕˒休今ʘ@Ȗ	

• http://mpi-forum.org/docs/docs.html
• http://meetings.mpi-forum.org
• http://meetings.mpi-forum.org/mpi31-impl-status-Nov15.pdf

•ŁŬɱʇ下ıƶ
•仕休ˡˉ˜ʷʥ休ʧȢ�Ǿ0ıƶ
˥MPI_IALLREDUCEɚɾɽ˦

•ȷØƶɾœĊuǾ0˥RMAɚRemote Memory 
Access) 

• Fortran2008 Õɚɾɽ
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MPIÍ��MPI-4.0~?�
•��ʀˍˢ京ɻƞƨˡ介ʥ˕˒休今ʘ@Ȗ

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

•Īǒɮ了ɺɠʔıƶ
•他互ˉ˙ʷ介代˜ʧ˘ː休ʧʆʀÕ
• MPIʛ代˙ʨˢʭ˗休ʀƲĀȠØ˥Fault Tolerance, 
FT˦

•ɠ与ɹɤʀʛ互ʺʛʘĪǒ	
• Active Messages (˒ʷʱˢ京Ǿ0ʀ代˜今交˚)

• Ǒƌ主Ǿ0ʀʣˢ˃˘ʷ代
• ę#țʀsĜʘşɠɵȨsĜǾ0
• #ɠʣˢ˃ˢ令ʷ介ɚ付互代˘互休ǱǺ
• ˃ʷˈʚ˙休ʧɾɯɻɚ互休人˘代今他休介˘ɻZ与

• Stream Messaging
• ĉ代˜ˈʚ互˚ˡ互休人ˢˈʠˢʯ
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MPIÍ@�
• MPICH˥ʡˑˡˇʷʶ˦

• Ƒ�ʛ˚ʪ休ʿ�ƅŴƂâ上ȖŨ
• MVAPICH (ʡˑ会ʚˇʷʶ)

• Ƒ�ʣ他互ʣºƅ�£ɻȖŨɚMPICHʘ以ˢʯ
• InfiniBanduɪʀ;了ɵ¦ǆ

• OpenMPI
• ʣˢ代休ʳˢʯ

•以休ʵMPI
• �èɚ�ʀɽ了ɤ上以ˢʯɿɾɸɺɠʔ
*: «�Ǿɝ�ɞɚFX10şʀMPI: Open-MPI以ˢʯ

Intel MPI: MPICHɚMVAPICH以ˢʯ
• ŁÝŎ:˒ˢʤŘƸıƶìÇ上ɾɮ了ɺɠʔɬ主上一ʔ
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MPIÌÓÕ¤�
• ȋ-ŕʀȋǺɿsɰ
• ȋǺɿÓǉɾÛ�体

1. ƸJʀ$âɚǺʓ=ʀ$â

2. 	ɿ>ɸɺɠʔʎʀʁɽɬɿ一ʔɤ

3. 	ɿ>ɸɺɠʔʎʀʀJȳ

4. 	ɿ>ɸɺɠʔʎʀʀȐ

5. ˥ƻŕʘǈĄsĒɿǺʔ�rʀ˦ǙǢĊĿ˥人ʧ˦

• MPIɻʁ体
1. ƸJʀǙǢIDɚɣʑʄɚǺʓ=ʀǙǢID
2. ʺˢ人ħƕ=ʀʛ介˛ʯ

3. ʺˢ人�

4. ʺˢ人Ȑ

5. 人ʧťp
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MPI©S
• ʭʯʹˑȘĄ

• ɀɁȿɅȿɎɊɒ何 ɀɁȿɅȽɏɍɍɅɐɆɎɋ何 ɀɁȿɅȽɏɍɍɅɑɊɕɉ何 ɀɁȿɅȾɊɎɆɌɊɕɉ何

• 但但Ǿ0ȘĄ
• ˉ˜ʷʥ休ʧ�

• ɀɁȿɅɃɉɎɈ何 ɀɁȿɅɂɉɇɔ何

• 仕休ˉ˜ʷʥ休ʧ�
• ɀɁȿɅȿɑɉɎɈ何 ɀɁȿɅȿɐɉɇɔ何

• 但?Ǿ0ȘĄ
• ɀɁȿɅȼɇɆɑɒ

• Ȣ�Ǿ0ȘĄ
• ɀɁȿɅɂɉɈɓɇɉ何 ɀɁȿɅȻɌɌɐɉɈɓɇɉ何 ɀɁȿɅȼɆɐɐɊɉɐ何

• ĒȗǑňȘĄ
• ɀɁȿɅɄɒɊɍɉ
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ãÿăóâčë

• MPI COMM WORLDʁɚ交ː˕ʾʨˢ人主ʑʂ了ʔĬÖ
ʘ/¢ɱʔ�Ą

• 交ː˕ʾʨˢ人ʁɚü'ʘǂɡǤʀ代˜ʱʷʫƭʘ
¥也ʔ

• MĜŗÞɻʁɚ˫ť̀numprocs –但ťʊɻʀ代˜ʱʷʫ
上ɚ但ɹʀ交ː˕ʾʨˢ人ɿTʓÉɺʒ了ʔ
• ɬʀtS上ɚɗMPI_COMM_WORLDɘ

• 代˜ʱʷʫƭʘJTɯɵɠ�rɚMPI Comm splitȘĄ
ʘOş
• ˒ʷʱˢ京ʘɚ�Ȋʀ代˜ʱʷʫƭɿ
ÿǺɱʔ主下ɿOş

• “ˏ˚ʶʥ˔ʯ今”ɻOş
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s�ÊMPIr�
• MPIʁɝ代˜ʱʯɞȗʀǾ0ʘǂɠʊɱɛ代˜ʱʯʁ˥ĔǾ
ʁ˦ɝ代˜ʱʷʫɞ˥ʎɯ与ʁɚ交ʛ˦ɿ��ɻTʓÉɺʒ
了ʊɱɛ

• �ÍɚɝMPI代˜ʱʯɞ主ė与ʀʁȔɠʀɻɚɬɬɻʁPE
˥Processer ElementsʀŤ˦主ė下ʊɱɛ
• ɵ中ɯşǚ主ɯɺɝPEɞʁś�ʁ一ʊʓ)ʗ了ɺɠʊ並事ɛ

•˘休ʦ˥Rank˦
• qɝMPI代˜ʱʯɞʀɝǢNťpɞʀɬ主ɛ
• ǾÀMPIɻʁɚMPI_Comm_rankȘĄɻǔ¥ɮ了ʔ�Ą˥ʫ
休代˚代˜ʧ˘ˑɻʁmyid˦ɿɚ˫̀?PEĄ˩但 ʀĄ3
上>ʔ

• �ʀ	ʀ?MPI代˜ʱʯĄʘŲʔɿʁɚMPI_Comm_sizeȘ
Ąʘ)ɡɛ
˥ʫ休代˚代˜ʧ˘ˑɻʁɚnumprocs ɿɚɬʀĄ3上>
ʔ˦

2017/1124 ��	ĨKNL=� 153

6]uËMPI©S
Ǻ0ɚk0ʀɵ也ʀ互休人ˈʠˢʯ

��	ĨKNL=� 1542017/1124

C��ÚċëčúÜčèÊ
FortranÚċëčúÜčèÍ¦·
•作Ŕʁɚ ąĄ�Ąierr 上áʓ3

ierr = MPI_Xxxx(….);
• FortranŔʁɚęÍɿąĄ�Ąierr上ÆĄ

call MPI_XXXX(…., ierr)
•ʭʯʹˑşȌLʀŶ/ʀ�Ċ

•作ǐǚ
MPI_Status  istatus;

• Fortranǐǚ
integer  istatus(MPI_STATUS_SIZE)

��	ĨKNL=� 1552017/1124

C��ÚċëčúÜčèÊ
FortranÚċëčúÜčèÍ¦·
• MPIɿɣɪʔɚʺˢ人�ʀî¥

• Cǐǚ
MPI_CHAR (ć¡�) ɚ MPI_INT (ąĄ�)ɚ
MPI_FLOAT (¦Ą�)ɚMPI_DOUBLE(2ƒÄ¦
Ą�)
• Fortranǐǚ
MPI_CHARACTER (ć¡�) ɚMPI_INTEGER 
(ąĄ�)ɚMPI_REAL (¦Ą�)ɚ
MPI_DOUBLE_PRECISION(2ƒÄ¦Ą�)ɚ
MPI_COMPLEX(ǈƘĄ�)

• �Țʁɚ作ǐǚ互休人ˈʠˢʯɻǜĎɱʔ

��	ĨKNL=� 1562017/1124



6zuËMPI©S―MPI_RecvĎ1/2ď
• ierr =  MPI Recv(recvbuf, icount,  idatatype,  isource, 

itag, icomm, istatus);

• recvbuf : k0Ȯ�ʀ=ȯť�ʘî¥ɱʔɛ
• icount : ąĄ�ɛk0Ȯ�ʀʺˢ人ǉƘĄʘî¥ɱʔɛ
• idatatype : ąĄ�ɛk0Ȯ�ʀʺˢ人ʀ�ʘî¥ɱʔɛ

• MPI_CHAR (ć¡�) ɚMPI_INT (ąĄ�)ɚ
MPI_FLOAT (¦Ą�)ɚ MPI_DOUBLE(2ƒÄ¦Ą�)

• isource : ąĄ�ɛk0ɯɵɠ˒ʷʱˢ京ʘǺ0ɱʔPEʀ
˘休ʦʘî¥ɱʔɛ

• �ÝʀPEɤʒk0ɯɵɠ主下ʁɚMPI_ANY_SOURCE ʘî¥ɱʔɛ

��	ĨKNL=� 1572017/1124

6zuËMPI©S―MPI_RecvĎ2/2ď
• itag :  ąĄ�ɛk0ɯɵɠ˒ʷʱˢ京ɿ�ɠɺɠʔ人ʧʀ3ʘî¥ɛ

• �Ýʀ人ʧ3ʀ˒ʷʱˢ京ʘk0ɯɵɠ主下ʁɚMPI_ANY_TAGʘî
¥ɛ

• icomm :  ąĄ�ɛPEȢ�ʘǙǢɱʔťpɻ一ʔ交ː˕ʾʨˢ人
ʘî¥ɛ

• ǾÀɻʁMPI_COMM_WORLDʘî¥ɱ了ʂʑɠɛ
• istatus :  MPI_Status�˥ąĄ�ʀȌL˦ɛk0ŗľɿȘɱʔ
Û�上>ʔɛɤɾʒ両®şʀ�§ǐʘɯɵȌLʘŶ/ɱʔɬ主ɛ

• ǉƘĄ上MPI_STATUS_SIZEʀąĄȌL上§ǐɮ了ʔɛ
• k0ɯɵ˒ʷʱˢ京ʀǺ0<ʀ˘休ʦ上 status[MPI_SOURCE]ɚ
人ʧ上 status[MPI_TAG]  ɿ�>ɮ了ʔɛ

• Cǐǚ体 MPI_Status istatus;

• Fortranǐǚ体 integer istatus(MPI_STATUS_SIZE)

• ierr(áʓ3) :  ąĄ�ɛʡ˘ˢ交ˢ介上>ʔɛ

��	ĨKNL=� 1582017/1124

6zuËMPI©S―MPI_Send
• ierr = MPI Send(sendbuf,  icount,  idatatype,  idest,  

itag,  icomm); 

• sendbuf : Ǻ0Ȯ�ʀ=ȯť�ʘî¥
• icount : ąĄ�ɛǺ0Ȯ�ʀʺˢ人ǉƘĄʘî¥
• idatatype : ąĄ�ɛǺ0Ȯ�ʀʺˢ人ʀ�ʘî¥
• idest : ąĄ�ɛǺ0ɯɵɠPEʀicommDɻʀ˘休ʦʘî¥
• itag : ąĄ�ɛk0ɯɵɠ˒ʷʱˢ京ɿ�ɪʒ了ɵ人ʧʀ3ʘî
¥

• icomm : ąĄ�ɛ代˜ʱʷʫˢȢ�ʘǙǢɱʔťpɻ一ʔ
交ː˕ʾʨˢ人ʘî¥

• ierr (áʓ3) : ąĄ�ɛʡ˘ˢ交ˢ介上>ʔɛ

��	ĨKNL=� 1592017/1124

SendđRecvÍ`KĎĒAĒ¤�ď
��	ĨKNL=� 160

PE0 PEģ PEĤ PEĥ

MPI_Send

MPI_Recv
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6zuËMPI©S―MPI_Bcast
• ierr = MPI_Bcast(sendbuf,  icount,  idatatype,  

iroot,  icomm); 

• sendbuf : Ǻ0ɣʑʄk0Ȯ�ʀ=ȯť�ʘî¥ɱʔɛ
• icount : ąĄ�ɛǺ0Ȯ�ʀʺˢ人ǉƘĄʘî¥ɱʔɛ
• idatatype : ąĄ�ɛǺ0Ȯ�ʀʺˢ人ʀ�ʘî¥ɱʔɛ
• iroot : ąĄ�ɛǺ0ɯɵɠ˒ʷʱˢ京上一ʔPEʀťpʘ

î¥ɱʔɛ?PEɻsɰ3ʘî¥ɱʔÓǉ上一ʔɛ
• icomm : ąĄ�ɛPEȢ�ʘǙǢɱʔťpɻ一ʔ

交ː˕ʾʨˢ人ʘî¥ɱʔɛ

• ierr (áʓ3) : ąĄ�ɛʡ˘ˢ交ˢ介上>ʔɛ

��	ĨKNL=� 1612017/1124

MPI_BcastÍ`KĎ«2¤�ď
��	ĨKNL=� 162

PE0 PEģ PEĤ PEĥ

iroot
MPI_Bcast() MPI_Bcast() MPI_Bcast() MPI_Bcast()

?PE上
sɰʑɡɿȘĄʘyʅɬ主!!
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ćìàæąċk�

•˵ü'˷ɿʑɸɺ˵Ĳ<˷ʘņ²
˥˙ʵʦʭ˗休˦ɮ並ʔHŜ
•*体 DƁŌƌ
以ʦ今˚˥˽Ĳ<ƃȗ˦ → ʯʤ˘˥但Ĳ<ƃ
ȗ˦

•˙ʵʦʭ˗休ŌƌʁɚǾ0主ǑƌʘÓǉ主ɱ
ʔ
•Ȣ�Ǿ0Ōƌ˥collective communication 
operation˦
主yʂ了ʔ

•ŌƌƟģʀíɷĊʀȅɠɻɚ˭ſʀ
互休人ˈʠˢʯ上¢�ɱʔ

��	ĨKNL=� 1632017/1124

ćìàæąċk�

•ŌƌƟģɿɱʔâěPEʀȅɠ
• MPI_ReduceȘĄ

• ˙ʵʦʭ˗休ŌƌʀƟģʘɚ一ʔ�ɹʀPEɿâěɮ並ʔ

• MPI_AllreduceȘĄ
• ˙ʵʦʭ˗休ŌƌʀƟģʘɚ?ɺʀPEɿâěɮ並ʔ

��	ĨKNL=� 164

PE0PE0

PE1 PE2
P�ü' PE0

PE0

PE1 PE2
ü'

PE0

PE1 PE2
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6zuËMPI©S―MPI_Reduce
• ierr = MPI Reduce(sendbuf,  recvbuf,  icount, 

idatatype,  iop,  iroot,  icomm);
• sendbuf :  Ǻ0Ȯ�ʀ=ȯť�ʘî¥ɱʔɛ
• recvbuf :  k0Ȯ�ʀ=ȯť�ʘî¥ɱʔɛiroot ɻî¥ɯɵPEʀ
ʋɻė下ǵʋ上ɾɮ了ʔɛ
Ǻ0Ȯ�主k0Ȯ�ʁɚs�ɻ一ɸɺʁɾʒɾɠɛ

ɱɾʗɷɚŦɾʔȌLʘŶ/ɯɾ与ɺʁɾʒɾɠɛ

• icount :  ąĄ�ɛǺ0Ȯ�ʀʺˢ人ǉƘĄʘî¥ɱʔɛ
• idatatype :  ąĄ�ɛǺ0Ȯ�ʀʺˢ人ʀ�ʘî¥ɱʔɛ

•˥Fortran˦˵ę±˪ę�3主"Ƭ˷ʘǷɱŌƌʘî
¥ɱʔ�rʁɚMPI 2INTEGER(ąĄ�)ɚ
MPI 2REAL
(`ƒÄ�)ɚMPI 2DOUBLE PRECISION(2ƒÄ�) ɚ
ʘî¥ɱʔɛ

��	ĨKNL=� 1652017/1124

6zuËMPI©S―MPI_Reduce
• iop : ąĄ�ɛŌƌʀſȳʘî¥ɱʔɛ

• MPI SUM (Ƥ{)ɚ MPI PROD (Ɓ)ɚ MPI MAX (ę
�)ɚMPI MIN (ę±)ɚ MPI MAXLOC (ę�主ɴʀ
"Ƭ)ɚ MPI MINLOC (ę±主ɴʀ"Ƭ) ɾɽɛ

• iroot : ąĄ�ɛƟģʘkɪjʔPEʀicommD
ɻʀ˘休ʦʘî¥ɱʔɛ?ɺʀicommDʀPE
ɻsɰ3ʘî¥ɱʔÓǉ上一ʔɛ

• icomm : ąĄ�ɛPEȢ�ʘǙǢɱʔťpɻ一
ʔ交ː˕ʾʨˢ人ʘî¥ɱʔɛ

• ierr : ąĄ�ɛ ʡ˘ˢ交ˢ介上>ʔɛ

��	ĨKNL=� 1662017/1124

MPI_ReduceÍ`KĎ«2¤�ď
��	ĨKNL=� 167

PE0 PEģ PEĤ PEĥ

iroot
ʺˢ人˭ʺˢ人但 ʺˢ人位 ʺˢ人低

iop˥î¥ɮ了ɵŌƌ˦

MPI_Reduce() MPI_Reduce() MPI_Reduce() MPI_Reduce()
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MPI_ReduceÌÓÕēćèñ�q�
ĎMPI 2DOUBLE PRECISION ÊMPI MAXLOCď

��	ĨKNL=� 168

PE0 PEģ PEĤ PEĥ

iroot
3.1

MPI_MAXLOC

2.0

4.1

5.0

5.9

9.0

2.6

13.0

5.9

9.0

LU��Üb��N�q

MPI_Reduce() MPI_Reduce() MPI_Reduce() MPI_Reduce()

2017/1124



6zuËMPI©S―MPI_Allreduce
• ierr = MPI Allreduce(sendbuf,  recvbuf,  icount, 

idatatype,  iop,  icomm);
• sendbuf :  Ǻ0Ȯ�ʀ=ȯť�ʘî¥ɱʔɛ
• recvbuf :  k0Ȯ�ʀ=ȯť�ʘî¥ɱʔɛiroot ɻî¥ɯɵPEʀ
ʋɻė下ǵʋ上ɾɮ了ʔɛ
Ǻ0Ȯ�主k0Ȯ�ʁɚs�ɻ一ɸɺʁɾʒɾɠɛ

ɱɾʗɷɚŦɾʔȌLʘŶ/ɯɾ与ɺʁɾʒɾɠɛ

• icount :  ąĄ�ɛǺ0Ȯ�ʀʺˢ人ǉƘĄʘî¥ɱʔɛ
• idatatype :  ąĄ�ɛǺ0Ȯ�ʀʺˢ人ʀ�ʘî¥ɱʔɛ

• ę±3ʐę�3主"ƬʘǷɱŌƌʘî¥ɱʔ�rʁɚMPI_2INT(ąĄ
�)ɚMPI_2FLOAT (`ƒÄ�)ɚ
MPI_2DOUBLE(2ƒÄ�) ʘî¥ɱʔɛ

��	ĨKNL=� 1692017/1124

6zuËMPI©S―MPI_Allreduce
• iop : ąĄ�ɛŌƌʀſȳʘî¥ɱʔɛ

• MPI_SUM (Ƥ{)ɚ MPI_PROD (Ɓ)ɚ
MPI_MAX (ę�)ɚMPI_MIN (ę±)ɚ
MPI_MAXLOC (ę�主"Ƭ)ɚ MPI_MINLOC
(ę±主"Ƭ) ɾɽɛ

• icomm : ąĄ�ɛPEȢ�ʘǙǢɱʔťpɻ一
ʔ交ː˕ʾʨˢ人ʘî¥ɱʔɛ

• ierr : ąĄ�ɛ ʡ˘ˢ交ˢ介上>ʔɛ

��	ĨKNL=� 1702017/1124

MPI_AllreduceÍ`KĎ«2¤�ď

��	ĨKNL=� 171

PE0 PEģ PEĤ PEĥ

ʺˢ人但ʺˢ人˫ ʺˢ人˭ ʺˢ人位

iop˥î¥ɮ了ɵŌƌ˦

ŌƌŅʋʺˢ人ʀÿǺ

MPI_A reduce() MPI_A reduce() MPI_A reduce() MPI_A reduce()
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ćìàæąċk�

•Øƶɿɹɠɺ
•˙ʵʦʭ˗休Ōƌʁɚ但但Ǿ0ɿĸʇ
Ȃɠ

•代˜ʧ˘ˑ	ɻ�şɱʇ下ɻɾɠˣ
• MPI_Allreduce ʁ MPI_Reduce ɿĸʇȂ
ɠ

• MPI_Allreduce ʁɚÿǺHŜ上>ʔɛ
•ɾʔʇ与ɚMPI_Reduce ʘ)ɡɛ

��	ĨKNL=� 1722017/1124



6zuËMPI©S―MPI_Gather
• ierr = MPI Gather (sendbuf,  isendcount,  isendtype,

recvbuf,  irecvcount,  irecvtype,  iroot,  icomm);
• sendbuf :  Ǻ0Ȯ�ʀ=ȯť�ʘî¥ɱʔɛ
• isendcount:  ąĄ�ɛǺ0Ȯ�ʀʺˢ人ǉƘĄʘî¥ɱʔɛ
• isendtype :  ąĄ�ɛǺ0Ȯ�ʀʺˢ人ʀ�ʘî¥ɱʔɛ
• recvbuf :  k0Ȯ�ʀ=ȯť�ʘî¥ɱʔɛiroot ɻî¥ɯɵPE
ʀʋɻė下ǵʋ上ɾɮ了ʔɛ

• ɾɣdQ主ɯɺɚǺ0Ȯ�主k0Ȯ�ʁɚs�ɻ一ɸɺʁɾʒɾɠɛ
ɱɾʗɷɚŦɾʔȌLʘŶ/ɯɾ与ɺʁɾʒɾɠɛ

• irecvcount:  ąĄ�ɛk0Ȯ�ʀʺˢ人ǉƘĄʘî¥ɱʔɛ
• ɬʀǉƘĄʁɚ但PEÉɵʓʀǺ0ʺˢ人Ąʘî¥ɱʔɬ主ɛ
• MPI_Gather ȘĄɻʁqPEɻŦɾʔĄʀʺˢ人ʘiȢɱʔɬ主ʁ
ɻ下ɾɠʀɻɚsɰ3ʘî¥ɱʔɬ主ɛ

��	ĨKNL=� 1732017/1124

6zuËMPI©S―MPI_Gather
• irecvtype : ąĄ�ɛk0Ȯ�ʀʺˢ人�ʘî
¥

ɱʔɛ

• iroot : ąĄ�ɛiȢʺˢ人ʘkɪjʔPEʀ
icommDɻʀ˘休ʦʘî¥ɱʔɛ

•?ɺʀicommDʀPEɻsɰ3ʘî¥ɱʔ
Óǉ上一ʔɛ

• icomm : ąĄ�ɛPEȢ�ʘǙǢɱʔťpɻ一
ʔ

交ː˕ʾʨˢ人ʘî¥ɱʔɛ

• ierr : ąĄ�ɛʡ˘ˢ交ˢ介上>ʔɛ

��	ĨKNL=� 1742017/1124

MPI_GatherÍ`KĎ«2¤�ď
��	ĨKNL=� 175

PE0 PEģ PEĤ PEĥ

iroot
ʺˢ人Bʺˢ人A ʺˢ人C ʺˢ人D

iȢHŜ

ʺˢ人A

ʺˢ人B

ʺˢ人C

ʺˢ人D

MPI_Gather() MPI_Gather() MPI_Gather() MPI_Gather()
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6zuËMPI©S―MPI_Scatter
• ierr = MPI Scatter ( sendbuf,  isendcount,  isendtype,  

recvbuf,  irecvcount,  irecvtype,  iroot,  icomm);
• sendbuf :  Ǻ0Ȯ�ʀ=ȯť�ʘî¥ɱʔɛ
• isendcount:  ąĄ�ɛǺ0Ȯ�ʀʺˢ人ǉƘĄʘî¥ɱʔɛ

• ɬʀǉƘĄʁɚ但PEÉɵʓɿǺʒ了ʔǺ0ʺˢ人Ąʘî¥ɱʔɬ主ɛ
• MPI_Scatter ȘĄɻʁqPEɻŦɾʔĄʀʺˢ人ʘJăɱʔɬ主ʁɻ下
ɾɠʀɻɚsɰ3ʘî¥ɱʔɬ主ɛ

• isendtype :  ąĄ�ɛǺ0Ȯ�ʀʺˢ人ʀ�ʘî¥ɱʔɛ
iroot ɻî¥ɯɵPEʀʋěY主ɾʔɛ

• recvbuf :  k0Ȯ�ʀ=ȯť�ʘî¥ɱʔɛ
• ɾɣdQ主ɯɺɚǺ0Ȯ�主k0Ȯ�ʁɚs�ɻ一ɸɺʁɾʒɾɠɛ
ɱɾʗɷɚŦɾʔȌLʘŶ/ɯɾ与ɺʁɾʒɾɠɛ

• irecvcount:  ąĄ�ɛk0Ȯ�ʀʺˢ人ǉƘĄʘî¥ɱʔɛ

��	ĨKNL=� 1762017/1124



6zuËMPI©S―MPI_Scatter
• irecvtype : ąĄ�ɛk0Ȯ�ʀʺˢ人�ʘî
¥

ɱʔɛ

• iroot : ąĄ�ɛiȢʺˢ人ʘkɪjʔPEʀ
icommDɻʀ˘休ʦʘî¥ɱʔɛ

•?ɺʀicommDʀPEɻsɰ3ʘî¥ɱʔÓǉ
上一ʔɛ

• icomm : ąĄ�ɛPEȢ�ʘǙǢɱʔťpɻ一
ʔ

交ː˕ʾʨˢ人ʘî¥ɱʔɛ

• ierr : ąĄ�ɛʡ˘ˢ交ˢ介上>ʔɛ

��	ĨKNL=� 1772017/1124

MPI_ScatterÍ`KĎ«2¤�ď
��	ĨKNL=� 178

PE0 PEģ PEĤ PEĥ

iroot

JȌHŜ

ʺˢ人A

ʺˢ人B

ʺˢ人C

ʺˢ人D

ʺˢ人C ʺˢ人Dʺˢ人Bʺˢ人A

MPI_Scatter() MPI_Scatter() MPI_Scatter() MPI_Scatter()
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MPI_ScatterÍ`KĎ«2¤�ď
��	ĨKNL=� 179

PE0 PEģ PEĤ PEĥ

iroot

JȌHŜ

ʺˢ人A

ʺˢ人B

ʺˢ人C

ʺˢ人D

ʺˢ人C ʺˢ人Dʺˢ人Bʺˢ人A

MPI_Scatter() MPI_Scatter() MPI_Scatter() MPI_Scatter()
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ûĊîßċá³ôċûĊîßċá

1. ˉ˜ʷʥ休ʧ
• Ǻ0˪k06ʀ˃ʷˈʚȮ�ɿ˒ʷʱˢ京上ħ
ƕɮ了ɚk0˪Ǻ06ʀ˃ʷˈʚȮ�上Ƹšɿ
ʛʦʱʯˡ�ė下ɻ下ʔʊɻɚyʄIɯ上áʒ
ɾɠ

• ˃ʷˈʚȮ��ʀʺˢ人ʀ�ǧØʘ/Ƞ
• MPI_Send, MPI_Bcastɾɽ

2. 仕休ˉ˜ʷʥ休ʧ
•Ǻ0˪k06ʀ˃ʷˈʚȮ�ʀʺˢ人ʘ/Ƞ並両
ɱɩɿyʄIɯ上áʔ

• ˃ʷˈʚȮ��ʀʺˢ人ʀ�ǧØʘ/Ƞ並両
• �ǧØʀ/ǖʁ企ˢʬʀǨ�

2017/1124 ��	ĨKNL=� 180



ûĊîßċá¤�É"pÍM·�

• 代˜ʱʯ0上Óǉɾʺˢ人ʘíɸɺɠʔ�r

2017/1124 ��	ĨKNL=� 181

Ǒƌ send Ǒƌ

…

Čěüû0

Čěüû1 Ǒƌ recv

k0Ì

eÜ
'J×Ü
/\m

ČěüûĤ Ǒƌ recv

Čěüûĥ Ǒƌ recv

send k0Ì send k0Ì …

Ǒƌ

Ǒƌ

Ǒƌ

ĲʀhÑɻʀsĜÌɷ

ĲʀhÑɻʀsĜÌɷ

ĲʀhÑɻʀ
sĜÌɷ

…

��Íèsend×¼!pÜLÁ)�FÔV£Å7w

ôċûĊîßċá¤�©S

• ierr = MPI_Isend(sendbuf,  icount,  datatype,  
idest,  itag,  icomm,  irequest);

• sendbuf :  Ǻ0Ȯ�ʀ=ȯť�ʘî¥ɱʔ
• icount :  ąĄ�ɛǺ0Ȯ�ʀʺˢ人ǉƘĄʘî¥ɱ
ʔ

• datatype :  ąĄ�ɛǺ0Ȯ�ʀʺˢ人ʀ�ʘî¥ɱ
ʔ

• idest :  ąĄ�ɛǺ0ɯɵɠPEʀicommDɻʀ˘休
ʦʘî¥ɱʔ

• itag :  ąĄ�ɛk0ɯɵɠ˒ʷʱˢ京ɿ�ɪʒ了ɵ
人ʧ
ʀ3ʘî¥ɱʔ
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ôċûĊîßċá¤�©S

• icomm :  ąĄ�ɛPEȢ�ʘǙǢɱʔťp
ɻ一ʔ交ː˕ʾʨˢ人ʘî¥ɱʔɛ

•ǾÀɻʁMPI_COMM_WORLD ʘî¥
ɱ了ʂʑɠɛ

• irequest :  MPI_Request�˥ąĄ�ʀȌ
L˦ɛ
Ǻ0ʘǉĺɯɵ˒ʷʱˢ京ɿɹɪʒ了ɵ
ǢN 上áʔɛ

• ierr :  ąĄ�ɛʡ˘ˢ交ˢ介上>ʔɛ

��	ĨKNL=� 1832017/1124

/\HÆ©S

• ierr = MPI_Wait(irequest, istatus);

• irequest :  MPI_Request�˥ąĄ�ȌL˦ɛ
Ǻ0ʘǉĺɯɵ˒ʷʱˢ京ɿɹɪʒ了ɵǢN ɛ

• istatus : MPI_Status�˥ąĄ�ȌL˦ɛ
k0ŗľɿȘɱʔÛ�上>ʔɛ
• ǉƘĄ上MPI_STATUS_SIZEʀąĄȌLʘ§ǐɯɺ
î¥ɱʔɛ

• k0ɯɵ˒ʷʱˢ京ʀǺ0<ʀ˘休ʦ上
istatus[MPI_SOURCE] ɚ人ʧ上istatus[MPI_TAG] ɿ
�>ɮ了ʔɛ

• Ǻ0ʺˢ人ʘ�ĖɱʔSˡk0ʺˢ人ʘǝʋIɱSɿ
ʁÓ両yʅɬ主
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MPI@�
• 仕ˢ介一ɵʓ1代˜ʱʯʀęȇ3

• HTĄ上Ŧɾʔ�rʁ`%OpenMPʀǔ¥ʘfưɿ
• (KMP_AFFINITY, KMP_HW_SUBSET)

export OMP_NUM_THREADS=64 # 1HT���

export I_MPI_DEBUG=5  # 
	������

export I_MPI_PIN_DOMAIN=256

export I_MPI_PIN_PROCESSOR_EXCLUDE_LIST=0,1,68,69,

136,137,204,205 # �����
	��

export KMP_AFFINITY=scatter

export KMP_HW_SUBSET=1t
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MPI@�Ďôčò¶ÅÔ�SüĊéè: 2ď
• PPN (Process Per Node) 

= 2 ʀ�r
• I_MPI_PERHOST=2
ʊɵʁ
• mp exec.hydraʀÆĄɿ

“-ppn 2”ʘǹV

• I_MPI_PIN_DOMAINɻ
代˜ʱʯķʆʀ交ʛTʓ
Éɺʘî¥

export OMP_NUM_THREADS=32
# 1HT���
export I_MPI_DEBUG=5  
# 
	������
export I_MPI_PIN_DOMAIN=128

export I_MPI_PERHOST=2

export 
I_MPI_PIN_PROCESSOR_EXCLUDE_
LIST=0,1,68,69,136,137,204,2
05 # �����
	��
export KMP_AFFINITY=scatter

export KMP_HW_SUBSET=1t

2017/1124 ��	ĨKNL=� 194

MPI@�Ďôčò¶ÅÔ�SüĊéè: 4ď
• PPN (Process Per Node) 

= 4 ʀ�r
• I_MPI_PERHOST=4
ʊɵʁ
• mp exec.hydraʀÆĄɿ

“-ppn 4”ʘǹV

• I_MPI_PIN_DOMAINɻ
代˜ʱʯķʆʀ交ʛTʓ
Éɺʘî¥

export OMP_NUM_THREADS=16
# 1HT���
export I_MPI_DEBUG=5  
# 
	������
export I_MPI_PIN_DOMAIN=64

export I_MPI_PERHOST=4

export 
I_MPI_PIN_PROCESSOR_EXCLUDE_
LIST=0,1,68,69,136,137,204,2
05 # �����
	��
export KMP_AFFINITY=scatter

export KMP_HW_SUBSET=1t
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MPI@�Ďôčò¶ÅÔ�SüĊéè: 8

�³ÄÍ�ď

• 8��ʎsĮɿǔ¥
• I_MPI_PERHOSTʀ3主ɚI_MPI_PIN_DOMAINʀ3ʀƁ上

256ɿɾɸɺɠʔÓǉ一ʓɚɴɡɯɾɠ主ɚ1交ʛɿ代˜ʱʯ上4ɸ
ɺɯʊɡ

• I MPI DEBUG=5ɿɱʔ主ɚ代˜ʱʯɿTʓÉɺʒ了ɵ交ʛ
ťp上Ïʒ了ʔʀɻÝ�ǾʓɤŶǙɱʔɬ主

[40] MPI startup(): shm and tmi data transfer modes

…

[0] MPI startup(): 192     269565   c3850.ofp {2,70,138,206}
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•作ǐǚŔˡFortran90ŔAǾˈʚ互˚体
Samples-knl.tar.gz

• tarɻ·ȖÍɚqʫ休代˚主主ʎɿ作ǐǚ主
Fortran90ǐǚʀ
ʺʜ˛ʦ今˙上'ʒ了ʔ
• C/  : Cǐǚş
• F/ : Fortran90ǐǚş

•�Ǔʀˈʚ互˚上Ƭɠɺ一ʔ�â
/work/gt00/z30105 (/homeɻɾɠʀɻŁÝ˦
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üĊáĆĀ×ãċ÷ÚĈÁÓ¸(1/2)
1. cd 交ˏ休介ʘ¦ǂɯɺ Lustreˈʚ互˚ʭʯʹˑɿŽZɱʔ

$ cd /work/gt00/t0004x

1. /work/gt00/z30105 ɿ一ʔ Samples-knl.tar.gz ʘ
ƸJʀʺʜ˛ʦ今˙ɿ交ˇˢɱʔ
$ cp /work/gt00/z30105/Samples-knl.tar.gz ./

2. Samples-knl.tar.gzʘ·Ȗɱʔ
$ tar xvfz Samples-knl.tar.gz

3. Samples ˈʢ˚ʵɿ>ʔ
$ cd Samples-knl

4. ʛ代˙tʀˈʢ˚ʵɿ>ʔ
$ cd stream

5. Cǐǚ 体 $ cd C
Fortran90ǐǚ体 $ cd F
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üĊáĆĀ×ãċ÷ÚĈÁÓ¸(2/2)
6. make ɱʔ

$ make

7. ¦ǂˈʚ互˚(stream)上ɻ下ɺɠʔɬ主
ʘŶǙɱʔ

$ ls 

2017/1124 ��	ĨKNL=� 215

üĊáĆĀ×@�ÁÓ¸

1. streamˈʢ˚ʵ	ɻ��ʘ¦ǂɱʔ
$ pjsub stream.bash

2. ƸJʀ°>ɮ了ɵ京˗ˉʘŶǙɱʔ
$ pjstat

3. ¦ǂ上Ɯ�ɱʔ主ɚ��ʀˈʚ互˚上Şàɮ了ʔ
stream.bash.eXXXXXX
stream.bash.oXXXXXX ˥XXXXXXʁĄ¡˦

4. �ǓʀįŊIUˈʚ互˚ʀ	ǯʘǊɺʋʔ
$ cat stream.bash.oXXXXXX

5. ʡ˘ˢIUʁ��ʀˈʚ互˚ɿ一ʔʀɻÖʀɵ也
ŶǙ
$ cat stream.bash.eXXXXXX
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