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(a) Original X 1(b) Printout of the digit- (c) Binary
photograph al gray-level picture picture

Figure 3-2 Picture input and line extraction.
The dark horizontal 1ine in the upper
part is due to the burn in the CRT
surface of the FSS used for digitization.
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Z(D=XD*Y(I)

SET Vector Length
LOADV VRO M(R2+D1)
LOADV VR1 M(R2+D2)
MULFV VR2 VR1 VRO
STOREV M(R2+D3) VR2
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1000

2000

3000

Z(N=X(D)*Y(I)

SET Vector Length 128
LOADV VRO M(1000)
LOADV VR1 M(2000)
MULFV VR2 VR1 VRO
STOREV M(3000) VR2

ﬁ> VRO |
- VR1 1L
' VR2 |
< a—
Load/ >128
Store
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Two-way data rate
(SendRecv)

2397 MByte/s

MX/Myrinet MX/Ethemet MX/Ethernet OpenlB with
Myricom Fulcrum Fujitsu Intel MPI
MPI Benchmark 10G Myrinet 10G Ethernet 10G Ethernet Mellanox
switch switch switch InfiniBand
PingPong latency 24us 24us 2.818 4.0us
One-way data rate
(PingPong) 1204 MByte/s 1201 MByte/s 1002 MByte/s 964 MByte/s

[ —— S —
2162 MByte/s 1762 MByte/s

1902 MByte/s

MX Myrinet Express

Myri-10G

Gigabit/s,dual protocol NIC
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NoW Network of Workstations 1990

Myrinet

Commodity Computing

NAREGI National Research Grid Initiative)

TFLOPS
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NEC

Cray-1 1976
SX-1/2 1984
SX-3 1989
SX-4 1994
SX-5 1998
SX-6 2001

CMOS
0.15pm

SX-7 2002
(32PE/
SX-8 2004
SPE/

12.5ns 160MF 160MF
ons 1.3GF 1.3GF
2.9ns 5.5GF 22GF

8ns 2GF 1TF

4ns S8GF 4TF

2NS S8GF STF
8PE/

1.8ns 11.4GF 23TF
0.15pm
0.5ns 16GF G65TF
0.09pm

512
512
1024

2048

4096
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S-820

S-3000

SR

SR8000
SR11000

Powerb

GHz)

MFLOPS
GFLOPS
GFLOPS

GFLOPS
TFLOPS
TFLOPS

PE/

121.6GFLOPS/
GB/sx2
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FUJITSU PRIMEPOWER HPC
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Fig.1-System configuration of PRIMEPOWER HPC.
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* Fujitsu PRIMEPOWER HPC

%1 PRIMEPOWER HPC/ — Fifist
®= L

CPU SPARC64 V

CPUJH 1.3 GHz

T RKCPU# 128

TN A R X — T PEEE 133 G314 h/Fb
WRRAA AT ERE 512G 1
MARKAAAFY A5 —T% Il 2t

EIPCIA T v M 320

#-2 PRIMEPOWER HPC A7 4§ 0

=

IR — Rk 128

e RCPUL 16.384

i I P RE 85.2 TFLOPS*

I

RKAA AT KR 64 T 34 k

i

J — FRIRE G H2 5o &S

1/ — FK&H7=v

) — RIS ‘

* : Tera FlLoating point Operation Per Second



A—H7AssLy
DO i=1, 400
A()=A()*B
ENDDO

FHED
BEIE B /(5 _

O BBt

|

CALWRS CALYK> CALR> ALyk>
DO i=1,99.2 DO i=101,199.2 DO i=201,299.2 DO =301,399 2
A(=AG)*B AG)=AG*8B AG)=A)*B A()=AG*8B 4+—B YIrHTTIA4T

A(i+1)=A(i+1)*B Ali+1)=A(+1)*%B A(i+1)=A(i+1)*B Ali+1)=A(i+1)*B

ENDDO ENDDO ENDDO

2 RLyRMALEH0E

| @ TYIzvFOEEI,

vl DEHFE
FEy T—06 ZEAYTRAH

A(1:400), B

4-2  /— RPIEEIALER
Fig.2-Parallel execution method in node.
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SPARC64 V

27" | BA #maml| mE | 2F | ook
= GPR

: ; RSE GUB %__‘ GUB GPR
W > [ -
R| [ #|| RSF FPR ; FUB FPR
o FUB -

[%]-2  SPARC64 VO

A T T AL
Fig.2-Pipeline structure of SPARC64 V.
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]32;{4’I~/r II 8/\Ah/ T X2

L1I$ L1D$ 128 Kz/xAk
128 K/NA b 2991 A, 8:\>%7
2914 XA

32N/ T J 1686/ T

L2$ 2 M/AA b
2/47px A, ARFTAY

l 16754 /UPAH A %)L (SDR)
32,34 /UPAH (%)L (DDR)

SDR: Single Data Rate DDR:Double Data Rate
T :CPUa7HA9IL

[X]-3 SPARC64 VDO F v 3z
Fig.3-Cache structure of SPARC64 V.
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7.6.2 TOP500
June2000

Rank Site Computer Processors Year Ry, . R ..,
Sandia National Laboratories ASCI Red
1 United States Intel 9632 1999 2379 3207
) ) ASCI Blue-Pacific SST,
5 Lawrence Livermore National Laboratory IBM SP 604¢ 5808 1999 2144 38565
United States o
IBM
Los Alamos National Laboratory ASCI Blue Mountain
3 United States SGI 6144 1998 1608 3072
IBM/Naval Oceanographic Office
1 (NAVOCEANO) SP Power3 375 MHz 1336 2000 1417 2004
: IBM
United States
5 Leibniz Rechenzentrum SRSOOQ-F 1/112 112 2000 1035 1344
Germany Hitachi
High Energy Accelerator Research
6 Organization /KEK SR8000-F1/100 100 2000 917 1200
Hitachi
Japan
Government T3E1200
7 United States Cray Inc. 1084 1998 891 13008
g US.ArmV HPC Research Center at NCS  T3E1200 1084 2000 891 1300.8
United States Cray Inc.
9 University of Tokyo SRSOOQ/ 128 128 1999 873 1024
Japan Hitachi
Government T3E900
10 United States Cray Inc. 1324 1997 815 1151.6
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TOPS00LIST-June2001

Rank Site

Processors

Year

Computer max peak
) ) ASCI White, SP Power3
1 Lawrence Livermore National Laboratory 375 MHz 3192 2000 7226 12288
United States e
IBM
SP Power3 375 MHz 16
) NERSC/LBNL way 2528 2001 2526 3792
United States
IBM
Sandia National Laboratories ASCI Red
3 United States Intel 9632 1999 2379 3207
. . ASCI Blue-Pacific SST,
1 Lawrence Livermore National Laboratory IBM SP 604c 5808 1999 2144 38565
United States o
IBM
5 University of Tokyo SRSOOQ/MPP 1152 2001 17091 2074
Japan Hitachi
Los Alamos National Laboratory ASCI Blue Mountain
6 United States SGI 6144 1998 1608 3072
Naval Oceanographic Office
7 (NAVOCEANO) SE Power3 375 Mz 1336 2000 1417 2004
: IBM
United States
g Osaka University SX-5/128M8 3.2ns 128 2001 1192 1280
Japan NEC
National Centers for Environmental
9 Prediction fgﬁoweﬁ 375 MHz 1104 2000 1179 1656
United States
National Centers for Environmental
10 Prediction IS];\EOW“:“ 375 MHz 1104 2001 1179 1656

United States
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TOPS500LIST-
June2002

Rank Site Computer Processors Year Ry, Ry,
1 The Earth Simulator Center Earth-Simulator 5120 2002 35860 40960
Japan NEC
Lawrence Livermore National ASCI White, SP Power3 375
2 Laboratory MHz 8192 2000 7226 12288
United States IBM
Pittsburgh Supercomputing Center AlphaServer SC45. 1 GHz
3 United States Hewlett-Packard 3016 2001 4463 6032
Commissariat a I'Energie Atomique
AlphaServer SC45, 1 GHz
4 (CEA) Hewlett-Packard 2560 2001 3980 5120
France
NERSC/LBNL SP Power3 375 MHz 16 way
5 United States IBM 3328 2001 3052 4992
Los Alamos National Laboratory AlphaServer SC45. 1 GHz
6 United States Hewlett-Packard 2048 2002 2916 4096
Sandia National Laboratories ASCI Red
7 United States Intel 9632 1999 2379 3207
Oak Ridge National Laboratory pSeries 690 Turbo 1.3GHz
8 United States IBM 864 2002 2310 44928
Lawrence Livermore National ASCI Blue-Pacific SST,
9 Laboratory IBM SP 604e¢ 5808 1999 2144 3856.5
United States IBM
IBM/US Army Research Laboratory .
10 (ARL) pSerics 690 Turbo 1.3GHz 0o 2002 2050 39936
: IBM
United States
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TOP500LIST-June2003

Rank Site Computer Processors Year R., - R .
1 The Earth Simulator Center Earth-Simulator 5120 2002 35860 40960
Japan NEC
) ASCI Q - AlphaServer SC45, 1.25
2 B‘;f tﬁag‘t‘;fﬁamnal Laboratory 5y, 8192 2002 13880 20480
Hewlett-Packard
Lawrence Livermore National MCR Linux Cluster Xeon 2.4 GHz
3 Laboratory - Quadrics 2304 2002 7634 11060
United States Linux Networx/Quadrics
Lawrence Livermore National ) ) )
4 Laboratory ASCI White, SP Power3 375 MHz ¢, o, 2000 7304 12288
: IBM
United States
; Seaborg - SP Power3 375 MHz 16
5 NERSC/LBNL way 6656 2002 7304 9984
United States
IBM
Lawrence Livermore National xSeries Cluster Xeon 2.4 GHz -
6 Laboratory Quadrics 1920 2003 6586 9216
United States IBM/Quadrics
National Aerospace Laboratory of PRIMEPOWER HPC2500 (1.3
7 Japan GHz) 2304 2002 5406 11980
Japan Fujitsu
Pacific Northwest National Cluster Platform 6000 rx2600
8 Laboratory Itanium?2 1 GHz Cluster - Quadrics 1540 2003 4881 6160
United States Hewlett-Packard
Pittsburgh Supercomputing
9 Center AlphaServer 3C45, 1 GHz 3016 2001 4463 6032
- \ Hewlett-Packard
United States
Commissariat a 'Energie
10 Atomique (CEA) AlphaServer 545, 1 GHz 2560 2001 3980 5120

France

Hewlett-Packard
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TOPS00LIST-June2004

Rank Site Computer Processors Year Ry, Ry,
1 The Earth Simulator Center Earth-Simulator 5120 2002 35860 40960
Japan NEC
Lawrence Livermore National Thunder - Intel Itanium?2 Tiger4
2 Laboratory 1.4GHz - Quadrics 4096 2004 19940 22938
United States California Digital Corporation
Los Alamos National ASCI Q - AlphaServer SC45, 1.25
3 Laboratory GHz 8192 2002 13880 20480
United States Hewlett-Packard
BlueGene/L. DD1 Prototype (0.5GHz
4 (Bl - Rochester PowerPC 440 w/Custom) 8192 2004 11680 16384
- IBM/ LLNL
NCSA Tungsten - PowerEdge 1750, P4
5 Uni Xeon 3.06 GHz, Myrinet 2500 2003 9819 15300
nited States Dell
ECMWE eServer pSeries 690 (1.9 GHz
6 United Kingdom Egltv/[er4+) 2112 2004 8955 16051
Institute of Physical and . .
7 Chemical Res. (RIKEN) RIKEN Super Combined Cluster  ,4g 2004 8728 12534
Fujitsu
Japan
IBM Thomas J. Watson BlueGene/L. DD2 Prototype (0.7
8 Research Center GHz PowerPC 440) 4096 2004 8655 11469
United States IBM/ LLNL
Pacific Northwest National Mpp2 - Cluster Platform 6000
9 Laboratory rx2600 Itanium?2 1.5 GHz, Quadrics 1936 2003 8633 11616
United States Hewlett-Packard
. Dawning 4000A, Opteron 2.2 GHz,
10 Shanghai Supercomputer Center Myrinetg P 2560 2004 8061 11264

China

Dawning
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TOPS500LIST-June2005

Rank Site Computer Processors Year R, . R ..
\ BlueGene/L - eServer Blue Gene
1 DOE/NNSA/LLNL Solution 65536 2005 136800 183500
United States
IBM
IBM Thomas J. Watson )
2 Research Center BGW - eServer Blue Gene Solution 6 2005 91290 114688
. IBM
United States
NASA/Ames Research Columbia - SGI Altix 1.5 GHz,
3 Center/NAS Voltaire Infiniband 10160 2004 51870 60960
United States SGI
4 The Earth Simulator Center Earth-Simulator 5120 2002 35860 40960
Japan NEC
Barcelona Supercomputer MareNostrum - JS20 Cluster, PPC
5 Center 970, 2.2 GHz, Myrinet 4800 2005 27910 42144
Spain IBM
ASTRON/University )
6 Groningen Stella - eServer Blue Gene Solution 5, ¢¢ 2005 27450 34406.4
IBM
Netherlands
Lawrence Livermore National Thunder - Intel Itanium?2 Tiger4
7 Laboratory 1.4GHz - Quadrics 4096 2004 19940 22938
United States California Digital Corporation
Computational Biology Blue Protein - eServer Blue Gene
8 Research Center, AIST Solution 8192 2005 18200 22937.6
Japan IBM
Ecole Polytechnique Federale .
9 de Lausanne cServer Blue Gene Solution 8192 2005 18200 22937.6
: IBM
Switzerland
10 Sandia National Laboratoriecs Red Storm, Cray XT3, 2.0 GHz 5000 2005 15250 20000

United States

Cray Inc.
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TOP500LIST-June2006

Rank Site Computer Processors Year Ry, . Ry
BlueGene/L - eServer Blue Gene
1 DOE/NNSA/LLNL Solution 131072 2005 280600 367000
United States
IBM
IBM Thomas J. Watson .
2 Rescarch Center BGW - eServer Blue Gene Solution 4, 2005 91290 114688
. IBM
United States
ASC Purple - eServer pSeries pS 575
3 DOE/NNSA/LLNL 1.9 GHz 12208 2006 75760 92781
United States IBM
NASA/Ames Research Columbia - SGI Altix 1.5 GHz,
4 Center/NAS Voltaire Infiniband 10160 2004 51870 60960
United States SGI
Commissariat a I'Energie Tera-10 - NovaScale 5160, Itanium2
5 Atomique (CEA) 1.6 GHz, Quadrics 8704 2006 42900 55705.6
France Bull SA
) . . Thunderbird - PowerEdge 1850, 3.6
6 Sandia National Laboratories 5y, 11 sniband 9024 2006 38270 64972.8
United States Dell
) TSUBAME Grid Cluster - Sun Fire
GSIC Center, Tokyo Institute of
7 Technology X64 Cluster, Opteron 2.4/2.6 GHz. 364 2006 38180 498688
Japan Infiniband
P NEC/Sun
Forschungszentrum Juelich :
3 (FZJ) JUBL - eServer Blue Gene Solution 16384 2006 37330 45875
IBM
Germany
9 Saqdla National Laboratories  Red Storm Cray XT3, 2.0 GHz 10880 2005 36190 43520
United States Cray Inc.
10 The Earth Simulator Center Earth-Simulator 5120 2002 35860 40960
Japan NEC
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7.6.3 NEC

Cray-1
1976 12.5ns 160MF 160MF 1

SX-1/2 1984 6ns 1.3GF 1.3GF 1

SX-3 1989 29ns 5.5GF 22GF 4

SX-4 1994 8ns 2GF 1TF 512

SX-5 1998 4ans 8GF 4TF 512

SX-6 2001 2Nns 8GF 8TF 1024

CMOS 8PE/ 0.15pm
SX-7 2002 1.8ns 11.4GF 23TF 2048

(32PE/ 0.15pm

SX-8 2004 0.5ns 16GF 65TF 4096
SPE/ 0.09jum
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7.6.4 BlueGene/L IBM

TFLOPS
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513-212.eps

Figure 7-2. MOESI State Transitions

To maintain memory coherency, external bus masters (typically other processors with their own
internal caches) need to acquire the most recent copy of data before caching it internally. That copy can
be in main memory or in the internal caches of other bus-mastering devices. When an external master
has a cache read-miss or write-miss, it probes the other mastering devices to determine whether the
most recent copy of data is held in any of their caches. If one of the other mastering devices holds the

most recent copy, it provides it to the requesting device. Otherwise, the most recent copy is provided
by main memory.
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DO 30 I—1, M
DO 20 J—1,4

XTEMP (J) =b (J)
DO 20 XK=1.4 Yy
XTEMP (J) =XTEMP (J) +B (J, K) * X (K) i’

R A O e, e e
FRAFE DO 10 J=—1,4 s
X (J) — XTEMP (J) J=1.2 Pa =
=] 25 10 CONTINUE ’ >
iy SEa
=RIE 30 CONTINUE J , PDb
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Zero Copy
(1)DMA
DMA AM-I1I,Hamlyn
BIP,LFC
TLB VMMC-2,U-NET

Write Combining FM,LFC,AM-II,Hamlyn,BIP
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Tabie 1. Characteristics of 11 communication systems built for Myrinet.

System Datatramsfer Translation Protection Control Reliability Multicast
R - trmsfer  suppet
AM-H PO & DMA* DMA areas Yes Polling + interrupts Reliable, network interface: No
alternating bit,
.................................................................................................................................................... host: shding window
e PIO .. DMA area (recv) | No ... Polling ... .. Reliable, host-level credits | NO o,
FMMC®  PIO DMA area (recv) No Polling + interrupts Reliable, unicast: host-level Yes
credits, multicast: network- (on network

.................................................................................................................................................... interface-levelcredits ~ interface)
PM* DMA Software TLB* on  Yes Polling Reliable, ACK/NACK Yes

network interface  (gang protocol on network interface (multiple sends)
................................................................................... SOOI e et
VMMC® DMA Software TLB on Yes PoHing + interrupts Reliable, exploits No
................................................ networkinterface .. ... /hardwarebackpressure
VMMC-26 DMA UTLB™ in kernel, Yes Polling + interrupts Reliable No

cached on network
................................................ BT O et e e
LFG7 PI0 User translates No Polling + interrupts Reliable, unicast: network-interface-  Yes

+ watchdog level credits, multicast: (on network interface)

........................................................................................................................... oo Network-interface-level credits.
Hamlyn® PI0 & DMA DMA areas Yes Polling + interrupts Reliable, exploits hardware No
.................................................................................................................................................... DACKPIBSSUTE e
Trapeze® DMA DMAto page frames No Polling + interrupts  Unreliable | NO
BIP10 Pi0 & DMA User translates No Polling Reliable, rendezvous No
.................................................................................................................................................... and backpressure s
U-Net'!  DMA TLB on network Yes Polling + interrupts Unreliable No

interface

(U-Net/MM)
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Throughput (Mbytes/s)

4 Cache-coherent DMA
® Cache-coherent DMA

B

M >

= ..'

100 plus on-demand pinning

© Programmed /0
plus write combining ' . o o

0 Cache-coherent DMA O = i .
plus memory copy

® Programmed /O

50—
0 | ! | ' l |
256 1K 4K 16K 64K

Buffer size (bytes)

A.F.Raoul et al IEEE
Computer Nov,1998,p.53

139



Two-way data rate
(SendRecv)

2397 MByte/s

MX/Myrinet MX/Ethemet MX/Ethernet OpenlB with
Myricom Fulcrum Fujitsu Intel MPI
MPI Benchmark 10G Myrinet 10G Ethernet 10G Ethernet Mellanox
switch switch switch InfiniBand
PingPong latency 24us 24us 2.818 4.0us
One-way data rate
(PingPong) 1204 MByte/s 1201 MByte/s 1002 MByte/s 964 MByte/s

[ —— S —
2162 MByte/s 1762 MByte/s

1902 MByte/s

MX Myrinet Express

Myri-10G

Gigabit/s,dual protocol NIC
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SimpleScalar PISA (MIPS R10000 )
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CMOS

ON OFF A fCV?
Vlleak
X 1:stlshortv
X C
V:
P=ax C/V? Vi, o tl
max V'Vthreshold A
Ieak EXp 'thhreshoId/kT)

V

short

T.Mudge: Power: A First-Class Architectural Design
Constraint, IEEE Computer, pp.52-58, April 2001
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7.10.2

Temporal Multi-Threading TMT)
Simultaneous Multi-Threading(SMT)
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