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Voltaire ISR288 Infiniband Sun/AMDES I BEEH B 52 5
PS X (Opteron Dual core 8-Way)

~13.5Terabits/s .
(3Thits bisection 10480core/655/—F

50.4TeraFlops
oL OS(IE’U() Linux
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38.18Teraflops ﬁ
1 (Top500) Dy
== =0
e ]

1 Petabyte (Sun “Thumper”) :
0.1Petabyte (NEC iStore) ClearSpeed CSX600
Lustre 77 ILY AT L SIMD accelerator
>400Gbps l 360 boards,
30TeraFlops

f —
ALY | IR vt

l

l

l

\



RET OtV ERD

TSUBAME/—R D #

Other nodes

ClearSpeed Accelerator
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Advance™ Dual CSX600 PCI-X

' Processor

o
i 1 { B
a4k

accelerator board

360 boards in TSUBAME1.0
-> Increase to ~648 in 2007
(>50TeraFlops)

50 DGEMM GFLOPS sustained

0.4 M 1K complex single precision FFTs/s (20 GFLOPS)
~200 Gbytes/s aggregate B/W to on-chip memories
6.4 Gbytes/s aggregate B/W to local ECC DDR2-DRAM
1 Gbyte of local DRAM (512 Mbytes per CSX600)

~1 Gbyte/s to/from board via PCI-X @133 MHz

< 25 watts for entire card (8” single-slot PCI-X)




Speed [GFlops)

Measured Kernel Performance

Performance of Multiply of (MxB) x (BxM)
Opteron (1core) ClearSpeed

G200 Tesla
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Opteron: GotoBLAS by Kazushige Goto
ClearSpeed: CSXL by ClearSpeed

Matrix size should be multiple of 288 \
Tesla: NUBLAS from our group /



Results---5 consecutive Top500
Performance Increase

First ever "Heterogeneous”
Architecture on Top500
w/47.38TF (#9 Nov. 2006
28t Top 500)

— 648 nodes 360

Accelerators

"Heterogeneous HPL"
algorithm published @
TEEE IPDPS 2008

Continued improvements via

— Adding more Clearspeed
boards (648)

— Algorithmic Improvements
— Various Tuning

Now at 67.7 TF for the
June 2008 (31st) Top500

200TF
180TF
160TF
140TF
120TF
100TF
80TF
60TF
40TF
20TF
0TF

—4-Rmax 8- Rpeak
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ClearSpeed Experience: Mode-of Use

* 1. Numerical Library Acceleration

- Transparent to users (Fortran/C bindings)

- BLAS/LAPACK, IMSL (Dense LA) - often used
- Joint CPU-CS acceleration - x2 for TSUBAME

- BW-intensive kernels very slow - not used
+ 2. User Application Acceleration

- Matlab, Mathematica, AmberlO, ...

- Slow: Perf(Opteron Node) > Perf(CS) - not used
» 3. User Applications

- Need MPI-like programming with C-dialect Cn

- Hardly any users here...

CS Acceleration is extremely “Narrow Band”=> Hard to Scale




GPUs as Commodity Massively Parallel

Vector Processors

E.g., NVIDIA Tesla, AMD Firestream

- High Peak Performance > 1TFlops
* Good for tightly coupled code e.g. Nbody

- High Memory bandwidth (>1006B/s)
* Good for sparse codes e.g. CFD

- Low latency over shared memory

* Thousands threads hide latency w/zero overhead
- Slow and Parallel and Efficient
vector engines for HPC

- Restrictions: Limited non-stream memory
access, PCI-express overhead, programming
model etc.

How do we exploit them given vector

computing experiences?



NVIDIA Fermi
Many Core, Multhreaded, SIMD-
Vector, MIMD Parallel Architecture

[ Host I/F |
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Copyright (c) 2009 Hiroshige Goto All rights reserved

(Figure by Kazushige Goto)



NVIDIA Fermi SM "Core”

Fermi Streamin;

Instruction Cache

Dual Issue Instruction Units

Warp Scheduler Warp Scheduler
Warp Dispatcher Warp Dispatcher

I I 2 inst/2 cycle, up to 48 Warps

.

Hun 2i04s/po07]
Hun 2ie}s/ppo]
Hun 8i0}5/ppo]
{un 21045/poo]
Hun 8io}s/poo]
uf 8io§S/pRo]
Hun 2u0j5/ppo]
jun a105/pooT |,
Hun ai045/poo]
yun ai0}s/po0
jun a104s/poo]
Jup a.0}s/poo7
Jun 21045/pDOT
4up 21045/pD01
Jun 310}5/pPDO1
4un 8iojs/poo]

CUDA cores x146 CUDA cores x16 Loqd/Sfore Units x16

Register Files 128KB
(32-bit Register x 32768)

64KB Configurable L1 Cache/Shared Memory
(16KB Cache + 48KB SM/48KB Cache + 16KB SM)

Uniform Cache

32-bit Single Precision FMA 32 Ops/cycle

' Special
64-bit Double Precision FMA 16 Ops/cycle Function Load/Store 16 Ops/cycle
4 Ops/cycle

Integer 32 Ops/cycle

Copyright (¢) 2009 Hiroshige Goto All rights reserved.

(Figure by Kazushige Goto)




Parallelism in CUDA GPUs

SIMD-Vector Parallelism (WARP)
— 32 (16) way vector parallelism
SPMD Thread Parallelism

— Thousands of threads possible

— Cyclic pipeline, hides memory latency, like vector
processor but allows out-of-order execution

MIMD Parallelism (Kernel)

— Up to #SM (16 in Fermi) Kernels with independent
Instruction streams

GPU-CPU Heterogeneous Parallelism

— Streaming Data Transfer Enginer via PCI-e

— Massive Parallelism: GPU, Short Latency: CPU

— In single chip sharing memory in Denver generation



Fermi Warp Schedulingesssssssssssss
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Fermi: MIMD Execution of CPU threads
and Multiple GPU Kernels

B KernelRRKFET + 5FE1Y Kernel Kernel 2

'7‘-:‘:'7\|‘Z'f‘)7‘ _1 (muliple SMs)
SMEICE2GLHm B AN)—LA g Kernel 2 LKernel ?j el
By & TAT B = &
=16 FDRAR I 1\FL )L+ nel Kernel 5
RNERDFHLESIMD i 5

GigaThread Streaming Data Transfer | gine

¢ CPU>GPU BRU GPU>CPU T—ARELE D RIBFELT
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Unified Address Space

f
- *p _— =

0o 40-bit

9%, GPUs/CPUs DEETRLYI S
- Barcelona SC: GMA (FExIFrttH AEY))
- CUDA XXX (COHALIWLVERAFEA)
- NVIDIA Denver, HPCH AMD Fusion
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プレゼンター
プレゼンテーションのノート
Each processor type has their target application area.
At first, vector processors are best for memory intensive applications including FFT.
Today, many of existing processors are cache based processors and works for
many kinds of applications. 
And there are many kinds of accelerator devices, such as ClearSpeed, CELL B.E., etc., 
they can achieve high performance especially in compute intensive applications.

Unlike the conventional accelerators, GPUs have very high memory bandwidth,
so they are also good at memory intensive applications.
In addition, latest high-end GPUs support double precision operations.
GPUs now also work as commodity vector processors.
Thus, the target application area of GPUs is very wide.


Compute Intensive or
Memory Bound ?

B 2-dimensional diffusion Equation

1
fort =1, :K[fizl,,-—zﬁ,"ﬁ Y S =S ]

At Ax?

1
fznf = COfi,nj + Clﬁil,j + CZﬁfl,j
+ C3fi,nj+1 + C4fi,nj—1

FLOP =9
Byte = 4*6 = 24 byte : read 5, write 1

FLOP/Byte = 9/24 = 0.375 !
i,j-1

Copyright © Takayuki Aoki / Global Scientific Information and Computing Center, Tokyo Institute of Technology



Arithmetic INTENSITY: FLOP/Byte

FLOP = number of FP operation for applications
Byte = Byte number of memory access for applications

F = Peak Performance of floating point operation
B = Peak Memory Bandwidth

# FLOP R
Performance =
FLOP/F+Byte/B +a
:!F/BF
L FLOP/Byte + FIB+a

Copyright © Takayuki Aoki / Global Scientific Information and Computing Center, Tokyo Institute of Technology



GPU vs. CPU Performance

Roofline model: Williams, Patterson 2008 FLOP/Byte =

Communication s of the ACM F/B
10 — | _EQ
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(following slides courtesy John Shalf @ LBL NERSC)

NAME Discipline Problem/Method Structure
Cosmology CMB Analysis Dense Matrix
Climate AGCM 3D Grid
Modeling
Astrophysics General Relativity | 3D Grid
Plasma Physics | MHD 2D/3D

Lattice
Magnetic Fusion | Vlasov-Poisson Particle in
Cell
Material DFT Fourier/Grid
Science
Multi-Discipline | LU Factorization Sparse
Matrix
Life Sciences Molecular Particle
Dynamics
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Latency Bound vs. Bandwidth Bound?

How large does a message have to be in order to
saturate a dedicated circuit on the interconnect?
» N'/2 from the early days of vector computing
» Bandwidth Delay Product in TCP

1.9GB/s
7.3us 6.3GB/s 46KB
5.6us 1.5GB/s 8.4KB
5.7us 500MB/s 2.8KB
1.7us 2GB/s 3.4KB

Bandwidth Bound if msg size > BandwidthxDelay

Latency Bound if msg size < BandwidthxDelay
- Except if pipelined (unlikely with MPI due to overhead)
- W/HW DMA a few 100ns but not much more

(Original slide courtesy John Shalf @ LBL)


プレゼンター
プレゼンテーションのノート
In the absence of a discrete event simulator, this metric is a “reasonably good guess” for determining when messages are latency bound.  However, a full event simulation would be required to determine this with certainty.

A more accurate model would be LOGP.  However, the LOGP model does not make sense unless constructed in the context of a *real* interconnect parameters.  For an arbitrary interconnect, the logp model has too many free parameters (not very useful).


# calls <= buffer size

BLOXRBBIERIEIL—FT NI R

—-INRIEBEX Y-Sy 70y ORIE-

100

8o

=14

4

20

Collective Buffer 5S5izes for All Codes

i
95% Latency Bound!!!

Don’t need all that global NW
bandwidth?

—=Great news for weak scaling
"_',,J’_/' codey

—Bad news for strong
scaling codes

—=Weak scaling=> What
if O(N?) complexity=>
Infeasible runtime!

I I I I I I
10 100 1k 10k, 100k, 1MB

buffer size {(bytes)

NEC Connaenual (Original slide courtesy John Shalf @ LBL)
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» Extreme multi-core incl. vectors
» "Fat" nodes, exploit short-distance interconnection
» Direct cross-node DMA (e.g., put/get for PGAS)

LR, L—F 2 kT F

» Dynamic multithreading (Old: dataflow, New: GPUs)
» Trade Bandwidth for Latency (so we do need BW...)
» Departure from simple mesh system scaling

L—F XS s T T Y XL EE

» From implicit Methods to direct/hybrid methods
» Structural locality, extraploation, stochastics (MC)
» Still may require global bandwidth for implicit solvers
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CPU "Centric 6-7 Mom BW

xf6 NW BW

GDDR5
>150GB STREAM
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PCTex16 "reear, Irr'egular'
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TSUBAMEM FE SR

72 FNo.l 100TFlops/1.6PB TSUBAME 1.2

[AAEDR /N ]
x86 CPU+T7 5L —4A 160TF|OpS/1.6PB

2006
TSUBAME 1.0 2007
85TFlops/1.1PB TSUBAME 1.1 »[ 2008 J

AL—2-7oE5L—4

L GPUTOtSL—4
68041 7%
4 2010/11/01 )
TSUBAME 2.0
2.4PFlops/7.1PB

\ BARFIDOREZI TSUBAMELOD30fEDERE
* TSUBAMERID L) TL—X

TSUBAME 2.0 /%R 25




Highlights of TSUBAME 2.0
Design (Oct. 2010) w/NEC-HP

2.4 PF Next gen multi-core x86 + next gen GPGPU

» 1432 nodes, Intel Westmere/Nehalem EX
» 4224 NVIDIA Tesla (Fermi) M2050 GPUs ’,
» ~100,000 total CPU and GPU "cores”, High Bandwidth S 2

» 1.9 million "CUDA cores”, 32K x 4K = 130 million CUDA threads(!)
0.72 Petabyte/s aggregate mem BW,
» Effective 0.3-0.5 Bytes/Flop, restrained memory capacity (100TB)

Optical Dual-Rail IB-QDR BW, full bisection BW(Fat Tree)
» 200Tbits/s, Likely fastest in the world, still scalable

Flash/node, ~200TB (1PB in future), 6606B/s I/0 BW
» >7 PB IB attached HDDs, 15PB Total HFS incl. LTO tape

Low power & efficient cooling, comparable o TSUBAME 1.0
(~IMW); PUE = 1.28 (60% better c.f. TSUBAMEI)

Virtualization and Dynamic Provisioning of Windows HPC +
Linux, job migration, etc.




TSUBAMEZ2.0 20105F11A1

TSUBAME2.0: A GPU-centric Green 2.4 Petaflops Supercomputer

Tsubame 2.0: "Tiny" footprint, very power efficient System

42 Rack
* Floorspace less than 200m?2 (2,100 ft?) (1 408?;3) Compute Nodes

* Top-class power efficient machine on the Green 500 34 Nehalem "Fat Memory" Nodes

Rack
(8 Node Chassis)

Node Chassis

Compute Node (4 Compute Nodes)

_ (2 CPUs,3 GPUs)
Chip

(CPU ,GPU)

4 ot
2.4 PFLOPS
80 TB

' 6.7 TELOPS 53.6 TFLOPS
: ;%JSGT&%ESGB 220 GB/412 GB 1 7TB/3.2 TB
CPU(Westmere EP) GPUs(Tesla M2050)
76.8 GFLOPS 515 GFLOPS

3 GB Integrated by NEC Corporation
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HP SL390z G7 x1408

*CPU:215.99TFlops
*CPU+GPU
2391.35TFlops
*Memory 80.55TB
*SSD 173.88TB

HP DL580 G7 x24

*CPU:6.14TFlops
*Memory 3.07TB
*SSD 11.52TB

K ________________ _I_ .....

HP DL580 G7 x10 2.4PFlops (CPU+GPU)
*CPU:2.56TFlops — K
tMemory 3.07TB =5l gﬁ K CPUClock Memory SSD
*SSD 4.8TB
Thin 1367 2.93GHz 54GiB 120GB
41 2.93GHz 96GiB 240GB
Medi 24 2.0GHz 128GiB 480GB
- _ | um
/\ N—— / Fat 8 2.0GHz 256GiB  480GB /
| 2 2.0GHz 512GiB  480GB
| |

InfiniBand Network

12 switches

Voltaire GridDirector 4700

/—FEIHEERFES
FatTreeift />J0Ovyx29-J)LiNA4E92 3>

-

= Bt il il RINAMRAL—D
i BHIT7A LS AT LSE —— | 7.13PB
5.93PB a )
1180TB 1180TB = 1180TB 1180TB = 1180TB
= 590disks = 590disks = 590disks 590disks = 590disks

/

Empowered by Innovation N E‘



TSUBAME | T2KIA | TACC Ranger | TSUBAME2.0
1 (20064, | (2008E, | (2008E. (2010¢F, 32(&M)
ZZﬁFq) 90ﬁ|:q) 6OIEFT’)

Cores/Node
Node Mem BW(GBytes/s) 20 20 20
Node Network BW (Gbps) 20 40 10
#Nodes 655 952 3,936
#Cores (Total) 10,480(CPU) 15,232 62,976
# GPUs/Accelerators 360 (Clearspeed) 0O 0
IB:M Peak TFLOPS ({&48E) 80 141 579
BEATVINNIE(TB/S) 17 (Oé) 20 (0.13) 80(0.13)
(Flops/Byte) .

40fgLL L
2YNT=O 1193 (Tbps) 6 41 80
Memory (Tbytes) 21 30 126
Linpack (fS¥8E-TFLOPS) 48 102 433
A% 3D-FFT 25673 ~13 ~20 ~80
(TFLOPS)
HDD Storage (Raw TBytes) 1100 1500 1700
Local SSD Storage/BW (Raw 0/0 0/0 0/0
TBytes) (Bandwidth TByte/s)
Energy(Incl. Cooling) 850KW/ £ ~IMW/E 2.4MW Year
Compute Racks 65 70? ~100

12(CPU)+1344(GPV)
64(CPU)+450(GPU)

80

1408(Thin) + 34(Med/Fat)

17,664(CPU)+18973(GPU)
4224 (Tesla M20
2400

~720 (0.3)
=/\URIE RN
2063(7]5—55'5‘%

100
>1000
~700 (GPU only)

7130
~200 (0.66PByte/s)

~1MW/SE
~44



TSUBAME2.0 Compute Nodes

Infiniband QDR
X2 (80Gbps)

HP SL390G7 (Developed for

TSUBAME 2.0)

GPU: NVIDIA Fermi M2050 x 3
515GFlops, 3GByte memory /GPU

CPU: Intel Westmere-EP 2.93GHz x2

1408nodes:

4224GPUs:59,136 SIMD Vector
Cores, 2175.36TFlops (Double FP)

2816CPUs, 16,896 Scalar Cores:
215.99TFlops

Total: 2391.35TFLOPS

Memory: 80.6TB (CPU) + 12.7TB
(GPU)

SSD: 173.9TB

(12cores/node)
\&?Dnlory: 54, 96 GB DDR3-1333 / p @
SSD:60GBx2, 120GBx2 (D Total Perf
/IB oor [ Fci-c Genoxas xz\ 34 nodes: 24PF|OpS
"Si070 R0 8.7TFlops Mem: ~100TB

HP 4 Socket Server .

CPU: Intel Nehalem-EX 2.0GHz x4 Memory: SSD: ~200TB
(32cores/node) 6.0TB+GPU )
Memory: 128, 256, 512GB DDR3-1066 W,

SSD:120GB x4 (480GB/node) SSD: 16TB+ 41
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TSUBAME2.0/—KFE#HE{E S

10Gb Ethernet x2

10Gb Ethernet x10

771NV A5 L5ElE E1E/—K x51 +—LSElE
S& 204=F  qou—k | xBEETE/KE 47—k 2=k
SFA10K esee SFA10K @%@ 6@@9 “ ” ” @ g:jg ercur
| S | | |
| | | | |
/ | Voltarie Grid Director 4036E x6 + Grid Director 4036 x1 |
~ AN Y

HR—IFADIN1EI3IN R (200Tbps)
FIS000EKDFKT7 71/
Voltaire Grid Director 4700 X12/ . | >~ N\~
N N SO

Z0intta Fat Tree-/o70YF 0 R INI—

= \ \
Efige Switch #1 / w
ltaire 4036 | Edge Switch #2 | Edge Switch #3] | Edge Switch #4 Edge Switch x2
A = g /] _ ~

1 JAN\
edyWed) edyMea) (Eat) ..... qtatg
d¢ WodeNodeNode *°° NodeNodeNode (] ode/* *** 0

16—k 16J—K

Y Y
* Mediumst&./—K x24 Fats+&./—K x10
x44Racks

TSUBAME2.0%vh7—97 2R

ThinEF & /=K 1408 Rack#

N

Sun SL8500
Tape 8PB HFS

RENKEI-POP

SINET 3
JGN 10Gps

HPCI

( t@ IT.T. T3 NEC Confidential

4-7



RIAEER TR —
| |

EJ 2
@y

Fiber Cable .




TSUBAME 2.0N&Z/IN1MRAN—D

1) &/—RDOIERAZEEASSD. 2) Lustre/GPFSERIALZ #7710V AT LGSR I
NFS,CIFS,iSCSI&fA 7=l F—L 777 —E ARG I OHDD#, &4U 3) REIREFERT—7

Lustre iFU7 7V AT LSAIEE
MDS:HP DL360 G6 x10
-CPU:Intel Westmere-EP x2 socket (12377)
-XA¥1):51GB (=48GiB)
-IB HCA:IB 4X QDR PCIl-e G2 x1port
O0SS:HP DL360 G6 x20
-CPU:Intel Westmere-EP x2 socket (12377)
-XA¥1):25GB (=24GiB)
-IB HCA:IB 4X QDR PCl-e G2 x2port
AbL—</:DDN SFA10000 x5
-Total&¥=:5.93PB
2TB SATA x 2950 Disks + 600GB SAS x 50 Disks

SFA10K 600 Disks SFA10K 600 Disks

OST, MDT /\ OST, MDT /

SFA10K 600 Disks
OST, MDT

SFA10K 600 Disks
OST, MDT

771NV AT LSEE 5.93PB

SFA10K 600 Disks
\ OST, MDT

K—L- 9578 —EAREE
NFS/CIFSF:HP DL380 G6 x4
-CPU:Intel Westmere-EP x2 socket (12377)
-X¥1):51GB (=48GiB)
-IB HCA:IB 4X QDR PCl-e G2 x2port
NFS/CIFS/iSCSI 72t 35L—<3>/:BlueArc
Mercury100 x2
-10GbE x2
AdL—</:DDN SFA10000 x1

-Total&B=:1.2PB
2TB SATA x 600 Disks

SFA6620 100 Disks /

F—LsakE 1.2PB

¥9200TB SSD+7.13PB HDD + ¥38PBF—7(F5E) (D*EIEIZN/—“’)J
BN1ISRGNId 2EXFERE F-HENOHENER
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I TSUBAME2.0(Green: &5 )
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I TSUBAME2.0(Green: &5 )
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ORNL Jaguar and Tsubame 2.0
Similar Peak Performance, 1/4 the Size and Power




I TSUBAME2.0 (AT LAZYY)

GPU Enabled OSS and ISV SW: Amber, Gaussian (2011), BLAST, SW, ---
04553245 11% (GPU) ERSEY ) 1—2ay
CUDA, OpenCL, MATLab, Mathematica, - 1—HEE
500 PR NI EYA _ = ] (ot
PGl Fortran, CUDA Fortran, “NAREGI. Globus. Gfarm2 .%(%Tﬁ;fjﬁr;r .j -;%yj)
INYFRTD21—5 — e "
PBS professional (w/GPU extensions), Windows HPC Server 1 _ %;;;ﬁ 7
GPU Libraries geSS:ngl;el msASIlrllgHz EiletSystggIFs (BEhEER, EiRFIE)
CUDA Lib, CULA, penmPl, 2y Bt - =RV &
NUFFT, - (MKL/AKML) | W/GPU Direct AlFEiAlEs (e 2z (GRS
Compiler
PGl, Intel, TotalView Debugger Operating Systems/Virtual Machine
(GPU/CPU) SUSE Linux Enterprise Server, Windows HPC
Server, KVM
Driver (Voltaire OFED/InfiniBand, CUDA Driver)
Server and Storage Platform
(HP ProLiant SL390z G7, DL580G7, NVIDIA Tesla M2050/M2070, Voltaire InfiniBand)
DDN DFA10000, Oracle SL8500, ---

iE :‘—1_ Empowered by Innovation NE‘



TSUBAME2.0 77V r—>ra&RET il

1.192 TFlops Linpack [TEEE IPDPS 2010] -
» Top ranks Green 500? 500

~0.5 PF 3D Protein Rigid Docking (Node 3-D FFT)
[SCO8, SCO9]

145Tlops ASUCA Weather Forecast [SC10 BesT |
Student Paper Finalist]

Multiscale Simulation of Cardiovascular
[SC10 Gordon Bell Finalist]

Various FEM, Genomics, MD/MO (w/IN
Apps: search, optimization, ...




TSUBAME2.0 (2010) vs. Earth Simulator1 (ES)
(




The "IDEAL TSUBAMEZ2.0"

- What are architecturally
possible without excessive )
design, power, or SW change

GDDBR5 Mem
6GB .
150+GB/s'\

- In the REAL TSUBAME2.0, | [iEsnidsiss ,‘

/

will have to compromise N nVudla Fermi
various parameters for cost . .600+GF
and other reasons “DFP--- | gocg;e X80ICRY

- 0S
- Services
- Sparse access

- Almost Equal to

“ngh BG“dW'dTh" PCI -e X16 SGB/S
TSUBAME2/SL390 ~  QDRIBXZ 1. .
Config (up/down gggMzé)/oeB 30-436B/s

TSUBAMEZ.O
Node



The “IDEAL TSUBAME2.0"
(w/o0 cost constraints) node vs. ES1 node

\
\

\To Crossbar' NW
12.86B/s (up[down)

——

RCU/MNU (NW) T
Main Memory (1668)”’ \\\ nVidjaFérmi
.~ B15GF
_-N 6 Core x86 CPU

-0S

————— \ D FP 706F

- Services

- Sparse access

":10 1 Acre 16 BGB/s
\ ~=8GB/s! 16-3268 Mem

SSD ZOOGB
SOOMB/< 30-436GB/s

SUBAMEZ.-G Nede. _




The “IDEAL TSUBAME2.0™

node vs. 10PF NLP Node (2012)
DDR3-1066 Mem

1668 646B/3, L=t PDORD Mem
) ~150+6B/s
l\\ :BYTeS/F|Op \:
\‘\\[:‘-'J'E;GVF_?"US' =0.370.51 ) nVidia Fermi

- OEP *..500+6F .

-6 Core x86 CPU
---- 70GF
DP 7061
i - Services

- Sparse access

: E 16-326B Mem

SSD ZOOGB
S00MB/s 30-436GB/s

TSUBAMEZ.O
Node




Comparing the Networks

N
|

1

7 74 '0’\

‘ BERY FO—D N : e \/// /!I!!,
202)¢ FF IR | TR || TR U U U E Wf ﬁ %
| ﬁJﬁ?l%E ‘ | 0 ‘ ‘ #1\ | ‘/227 | = o o S

i !
i . ‘/"“\'

Ll il Ideal ;
ES1 , 10PF NLP
| TSUBAME?2.0 .
12.8GB/s Link ) BGB/s Link
Bus latenc (4+4)GB/s Link ?us latency
= LIJI Ca by 2us latency 6-D Torus
. ~8_r|'_oBs/s ar Full Bisection Fat Tree ~30TB/s?
A ~60TB/s Bisection BW Bisection BW
Bisection BW Isection



Summary of Comparisons

(1) ES1 vs. Ideal TSUBAME2.0
» Similar (Mem BW : Network BW), full bisection NW
»ES1 BW: TSUBAME2 >*BW=1:6

— BW-bound apps (e.g. CFD) should scale equally on both
w.r.t. ZBW (TSUBAME2.0 6 times faster), Other apps
arastically faster on TSUBAME2.0

(2) 10PF NLP vs. Ideal TSUBAME2.0

» Similar Memory Bytes/Flop (0.370.5)

» NLP x2 superior on Mem BW : Network BW

» TSUBAME2.0 x2 hetter on Bisection BW?

— Most apps similar efficiency and (strong) scalability
NLP ~4 times faster on full machine (weak scaling)



TSUBAME2.OTHHRE S X245
ANV ZKIJA (2010511 F

The Top 500 (R FI—fExitEeE. R2T7OYTX)
1457 : 2.566 FPEFLFEK Tianhe 1-A (11)
2451 : 1.758 KEA—2") vy EIHZERT Cray Jaguar (81)
36 1.271 - REFEINEILAR/N\Ot>2F— Dawning Nebulae (13)
447 : 1.192 : HAX E I X/HP/NEC TSUBAME2.0 (2) (Green500 rank)
54: 1.054 :KEAO—L 2 R/N—YL—EILHZEF Cray Hopper (30)
64iL: 1.050 :{LCEAE I HFZLAT Bull Bullx (97)
732 1.042  KEA—2") v EILFZERT IBM Roadrunner (16)

11
~—

®
500

SUPERCOMPUTER SITES

33GL(AAR2MI): 0.1914: BXREFH AR FEHEE/E L@ (95 i %y P \1—“\ ”
=N

The Green 500 (N FI—OEBHMERE. AH 70V TR /W) SOC\

14i2: 1684.20 : K[E IBMH#FZEFT BlueGene/Q ZOREA T (116) &

24 : 958.35 : HAR E I X/HP/NEC TSUBAME2.0 (4)

34 : 933.06 : ¥ [E NCSA Hybrid Cluster=2ER#4 (403) (Top500 rank)
4fii: 828.67 : HA IEHF IR (170)

5-74L: 773.38 : kY 2—!)wEXZ IBM QPACE SFB TR (207-209)

10fs2( H A3{I): 636.36 : HA REERF (102)

“Little Green 500” Tl TSUBAME2.00) EEX &R A
1.037 Gigaflops/W ZE X (KkMicrosoft&d B A L)
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sponsored by

SUPERMICRe®"

rtificate is in recognition of your organization’s achievements in reducing the
environmental impact of high-performance computing.

This ce

GSIC Center, Tokyo Institute of Technology

Is recognized as the
Greenest Production Supercomputer in the World

on the world’s Green500 List of computer systems as of

November 2010

el 2

Wu-chun Feng, Co-Chair Kirk Cameron, Co-Chair
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RAJAYTRA?2 X H78YTX/W?

Laptop: SONY Vaio type Z (VPCZ1)

CPU: Intel Core i7 620M (2.66GHz)

MEMORY: DDR3-1066 4GBx2

OS: Microsoft Windows 7 Ultimate 64bit

HPL: Intel(R) Optimized LINPACK Benchmark for
Windows (10.2.6.015)

256GB HDD

18.1 ¥AH(110)7Ov TR
369 AH09)7O0v SR / Watt

6. 6751|:| I_JL
IBEILR

Supercomputer: TSUBAME 2.0

CPU: 2714 Intel Westmere 2.93 Ghz

GPU: 4071 nVidia Fermi M2050

MEMORY: DDR3-1333 80TB + GDDR5 12TB
OS: SuSE Linux 11 + Windows HPC Server R2
HPL: Tokyo Tech Heterogeneous HPL

11PB Hierarchical Storage

1.192 RE(10%)7Av T X
1037 AH089)7Av TR / Watt
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FIRT—=IVRR[Zab—ay:
ERBF/FNTEHETIL

Compressible equation taking consideration of sound waves.

Meso-scale

Copyright © Global Scientific Information and Computing Center, Tokyo Institute of Technology



WRF @ GPU Computing

B WRF (Weather Research and Forecast)

F—T Y —RX A2 21 =F 43— (NCAR, NCEP, OU, NOAA/FSL, AFWA)

WSMS5 (WRF Single Moment 5-tracer) Microphysics*

Represents condensation, precipitation and thermodynamic effects of latent heat release
1 % of lines of code, 25 % of elapsed time
= 20 x boost in microphysics (1.2 - 1.3 x overall improvement)

WRF-Chem™*

provides the capability to simulate chemistry and aerosols from cloud scales to regional
= x 8.5 increase

Initial condition Dynamics Physics output

-

FOEIL—4%2-770—F

GPU

Copyright © Global Scientific Information and Computing Center, Tokyo Institute of Technology



[RTORMTFZFRI—FASUCA

mASUCA Production Code

v A next-generation high resolution weather simulation code
that is being developed by Japan Meteorological Agency (JMA)

v ASUCA succeeds the JMA-NHM as an operational non-
hydrostatic regional model at JMA

mSimilar Structure as WRF
v HEVI (Horizontally explicit Vertical implicit) scheme
v Dynamical Core uses a numerical scheme with 3“-order

accuracy in time and space
Flux-form non-hydrostatic compressible equation
Generalized coordinate

Initial condition Dynamics Physics output

&

J)L.GPU 77A—F

Copyright © Global Scientific Information and Computing Center, Tokyo Institute of Technology



ASUCA Typhoon Simulation
500m KFHaFREE 4792 ><.46_ﬁ.>< 48

\;‘\.4





— o — e e W
B . . . . . . :
Q. 3 . . s a 5
2 40— ----------------------- ----------------------- m GPU, Singleprecision
LL _ : : ® GPU, Doublg precision
(2, - 5 5 v CPU (12 corfs), Fortran, Double precision
Q B0f— e e A CPU (1 corell C/C++, Double precision
S | o ca | x99 speedup
E 20 :_ ................... .................. ~X6speedup ............. ............ Comparedto
- : f compared to Xeon: 1 CPU core
2 ob | X5670 1socket N (SFP) ..
M 10} | (DFP) | | 5 |
o | vy Vv vy vy
o 3 i i
0: [ A | Ll ‘ ] | |A A |é| L1 |A| L |é| |A| I | X103
0 500 1000 1500 2000 2500 3000

Grid number (nx x ny x nz)

Copyright © Global Scientific Information and Computing Center, Tokyo Institute of Technology



TSUBAME 2.0CO X471 HE

BRy—1) 9
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Performance [TFlops]

m GPU (single precision) : :
® GPU (double precision) m 145'0 '_I'flops
e e R mE Single precision
A CPU (double precision) ...l °®
f g " e 76.1 Tflops
......................................................................................... m o ........||Doublele precision
: u :
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e e

.................................. AA5OTFLO PS(D FP )

. .xl0 ngkeLSmmt

A
<
w
—h

10 102

Number of GPUs / CPU Cores
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Copyright © Global Scientific Information and Computing Center, Tokyo Institute of Technology
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TSUBAME 1.2 120 GPUs
for 1920x3072x1152 2.1 TFlops

Time: 9.25s

HIKRERNFER FETABK =H "GSIC

37

36

35°

P

Global Scientific Information
and Computina Center

34

120 GPUs
2.1 TFlops

1920x3072x1152 —&— 3
2304x2304x768 —¥
1536x1536x768 —#

768x768x768 —8—
384x384x384 —=

CPU 768x768x768 —e—

1 10 100 1000

Number of GPUs or CPUs

TSUBAME 2.0 Global Scientific Information and Computing Center, Tokyo Institute of Technology




Physis: A Domain Specific Framework
for Large-Scale GPU Clusters

* Portable programming environment for stencil
computing on structured grids
— Implicitly parallel
— Distributed shared memory

* Provides concise, declarative abstractions for stencil
computing

Preliminary Performance Results

250

anually Implemented
utomatic Ger
leal

Source-to-source | Cw/ Physis
translations extensions

200

15

CPU CUDA 5
0 1 ’ ’ ) ° ° ! ’ ’ b

number of nodes

o

GFlops

o

o




A five-point stencil

» T:time
» X,Y : space

O O

|
O

'
|

\

for (£t =0.0; t<T; t+=dt) {
for (y = 0; y <Y; y+) |
for (x = 0; x < X; x++) {
new f(x,y) = elxold(y, x)
+ e2*old(y, x-1) + e3*old(y, x+1)
+ edxold(y-1,x) + ebxold(y+1, x);

63



Implementation on GPU clusters

L
l l boundary

i e T———=———====-




Complexity of implementation

» CPU,GPU,MPI

» Code for omputation is concise, code
for parallelization isn’ t.
Problem decomposition
Boundary exchange

GPUs cannot communicate directly

GPU->CPU -> CPU->GPU

» Code for optimization brings more

complicacy

» Most difficult parts are non—essential

for stencil computation

65

fm\ ~ o ™
= =
4 o=—=n| |oc=—=n h
Node OL_JI=»C_]
> ——
Node 1[[ |« [I*]_II
> ———————§
Node 2| || =]
\_ °='°J
L J 1\ J

Procedure of boundary exchange



Overview of the framework

Target Processors

» Archtecture independent, global

view description

» CPU,GPU,MPI code generation

» Code 2 Code | -

.C a.out

» Optimization e

» Auto—tuning

» Checkpointing

Parallerization

» Optimal resource allocation




An example of a 7-point stencil

_stencil__ void average(int x, inty, int z, grid3d_real g) {
float ret = psGridGet (g, 0,0, 0) b

+ psGridGet(g,-1,0,0) + psGridGet(g, 1,0,0)

+ psGridGet (g, 0,-1,0) + psGridGet(g, 0,1,0)

+ psGridGet (g, 0,0,-1) + psGridGet(g,0,0,1); [

(pstridEmit(e, ret /7.0);

Parallel execution

|

void computation (float *inbuff, float *outbuff) {
PS Grid g = psGridNew(float, N,N,N);
psGridCopyln(g, inbuff);
for (int t =0; t <T; t += dt) psStenci IMap (average, g):

psGr idCopyOut (g, outbuff); ///)7
} Apply stencil kernel to a grid

67



Execution Model

AR AR A AR A 4

!




Evaluation

» Evaluated the performance and scalability of Physis on
TSUBAME 2.0
1D/2D decomposition

Overlapping of boundary exchange and computation

» Target applications
3D diffusion equation
Himeno benchmark

Seismic wave simulation code

Free surface boundary condition is not supported

69
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Lines of code

3.5

3.0

2.5

2.0 ® seaquential
® physis

1.5 O i
mpi

1.0 . L A | ® generated

0.5 II | II | I |

0.0 ——— 1

3d diffusion himeno seismic



Weak Scalability

16000 Diffusion 3D weak-scaling 10000
14000 8000
12000
10000 6000
2 8000 2,
2 9 4000
= 6000 =
¢ 4000 @) 2000
2000
0 g T T 1 O
0 100 200 300

Number of GPUs

Himeno weak-scaling

e

e

el ,

0 200 400
Number of GPUs

Seismic weak-scaling

1200

1000

/

e

e

200
o ﬂ)p/

=

0

71
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i isthe value in the direction of

’ < > ‘7 ith discrete velocity
e; is the discrete velocity set;

w; is the weighting factor
¢ is the particle velocity

v
4’ , ,7 u is the macroscopic velocity

Copyright © Global Scientific Information and Computing Center, Tokyo Institute of Technology
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Mesh Method

a7 3k B Navier-Stokes solver:Fractional Step
) B Time integration:3rd TVD Runge-Kutta
- SPH B Advection term:5th WENO

M Diffusion term:4th FD
Low accuracy M Poisson:AMG-BiCGstab
< 10° particles B Surface tension:CSF model
B Surface capture: CLSVOF(THINC + Level-Set)

ey
e

curacy > 10% mesh points
e .

High ac
i

Numerical noise and unphysical oscillation

Copyright © Global Scientific Information and Computing Center, Tokyo Institute of Technology












MUPHY : Multi-Physics Simulator Blood Plasma via Lattice Boltzmann
[MaSSimO Bernaschi] From (minimal) Boltzmann equation

-0ad spectrum of fluid-particle coupling mechanisms
(af +vax)f(x?v?t) = _aj(f - feq)(x?vst)

brary of particle and molecular representations

Collision + Streaming of a set of discrete velocities

Superset of the Navier-Stokes dynamics

brary of fluid types

o-polymers, colloidal suspensions, gels, biofluids, ...

ulti-Platform

Exact streaming (no self-convected): uniform mesh

Complexity O(N)

Enable complex geometries
MUPHY Performance on the TiTech GPU cluster

S : The performance of 1536 # of GPUs || time | efficiency
= _ N GPUs for the Lattice Boltzmann 556 7616 NA
0.« ()= | [0 ((Ox),) : kernel is the same as the whole ' Qo
| 200 118, — er 512 38.52 | 98.86%
) Jilich Bluegene/P system 1024 19.95 | 95.37%
t _ (294712 cores) 1536 13.43 | 94.43%
[ |

v Tensorial drag

X3 40 rack BG/P

v Tank Treading # of GPUs time
256 648.23

Strip off DOFs: O(10) per RBC LB and Molecular Dynamics

d e A o d e AN . AME a1
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プレゼンター
プレゼンテーションのノート
細菌は地球上のあらゆる場所に、互いに影響を及ぼしながら存在しています。
環境はそのような細菌由来の遺伝子に満たされた遺伝子のプールだと考えることができます。
今までの解析手法では、細菌の単離、培養が必要だったのでこの巨大な遺伝子プールを解明することは困難でした。しかし、新型シーケンサーの登場ならびにコンピューター技術の発達で、遺伝子プールの全容を明らかにするメタゲノム解析が可能になってきました。
メタゲノム解析は環境中からDNAを網羅的に抽出し、それを直接シークエンスして解析を行います。


]

Oweek
1week C
1week M
3week C
3week M
oweek C
oweek M
12week C
12week M
24week C

24week M

) . o
%%9’7’/.[;7’!3’/17|~ — KEGG DBANMBLASTX —

fRFTIZ{E FALT-SolexaBf2 5| D A %K

12,717,083
13,595,042
11,728,687

8,695,063
10,405,877
12,073,087
11,493,280
11,188,195

7,360,481
12,979,727
14,516,215

KEGG DBET7ZS/BEERHILNILTCHEL ., MEYMRBKEBLFHEEXZHTET S,

= 58 #Hi=
(RIXESFRFER)

HEICIEERIKRODTSUBAMEZ{E A
=974 T«Solexal)—K

A 4

=¥ . BLASTX

A 4

AO740LLE?

A 4

HERITE70%LLE?

A 4

Top 10 Hit?

9250 7 Hit / 47“/7)1,
H.tl,mﬁfﬁwé’f‘:ffﬁ% BEREZFTH 1Y



プレゼンター
プレゼンテーションのノート
土壌メタゲノム解析では，土壌細菌由来の１億２千万本を超える膨大な遺伝子配列の相同性検索を実施する必要があったが，TSUBAMEの利用により極めて迅速な解析を実現した．
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1) XgDNAEﬁJ#EEﬁIJr"H‘J'O)*E rjfri:ﬁ?é: M = R

TREAREIFHET
BLASTjth).—, <E @?&:é‘h’) "GHOST" ‘/ZTL\%EEJ%

o ARG/ LB TCREEGDTI/BAN—AD LM ETHEE, m

e AGPUMTesla S1070F 1 ALNV-E4S BE—CcPUua7 LT “G.?U cha/lenge 2010”
BLASTPEESTT DA THI200E D B &b EZE R, BEBEFEMM B1URE
— R —4 2 llluminatt Genome AnalyzerlZ&k > TRESNT=
TIERDOWMEMARY / LW F (6015 E) 105K % KEGG DBELEER,

2) BNV E I K EE DR RBHEIERTT. g

« 1000 X 1000 =HAXRTHED ., #5H5-YD
HRERANVERFY TR EICHE T 5
WmBAEHY T T "MEGADOCK" %BiF.,

(MEXT REEKEGREKEIaL—30P)

KGR ELEERDOMBEME YT F B (JBCB 2009)
o INITYUTDILZEEM D HIEHEAE D 24T - CheY, CheD, CheCD3 DDA /S BRID

e AAIZEIZET BEGERU Y FILIGER DR RAMOHEEEADOAIREEESFE TRELT,



NukadaFFT 1.0 release !”? [SC08,SC09]

NukadaFFT library is a very fast auto-tuning FFT library
for CUDA GPUs.

Tuning Param_eterS: , For more details, you can see GTC 2010
(1) Factorization of transform size. Research Poster, or catch the author.

(2) # of threads launched per SM. R —
(3) Padding insertion patters for shared memory oL e
The library generates many kinds of FFT kernels
and selects the fastest one. (exhaustive)

GFLOPS stk Praciion, S
150 — - NukadaFl_—I- 10 I:I CUF'__I_ 31 Auto-tuning procedure may take @ while

120

90 o A-TUHERENELE ?4:5477%%\&!{:7#‘ = 3 Y ®100% v
You can try online benchmarking as for the
60 size you are interested in.
30 http://matsu-www.is.titech.ac.jp/~nukada/nufft/
0 | | | | | | Ll
144 160 192

128 200 240 256 320 420 512
Transform Size

Performance of 1-D FFT.
{Double Precision, batch=32,768, GPU=GeForce GTX 480.)
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497 X 497 = 247,009 pairs#&fZH1% (TSUBAME1)
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INAF AT+ B FHERE#RZRBLAST on GPUs
+ CUDA-BLASTP (NTU)

http://www.nvidia.com/object/blastp on tesla.html

CUDA-BLASTP vs NCBI BLASTP Speedups _ Oﬁ-ﬁd) -Iﬁ"_t 0) GPU CPU
4
12 1 N
Yk t=Y3~sENEE R L
104 3.6 SEL:. 3.6 sec 8.5 see.;
= P ﬂ ’_I 21 sec
g LRivne rl NCBI BLASTP: 1 Thread Intel i7-920 CPU
E 64 H NCBI BLASTP: 4 Threads Intel i7-920 CPU
& CUDA BLASTP: 1 Tesla C1060 GPU
8 ™ CUDA BLASTP: 2 Tesla C1060 GPUs
21 36 sec 36 sec 1.4 min 216 min 29 min
= ® & 5 % TSUBAME2.0TI&

Query Sequence Length %{] 1 . 6 75 \/"7-“/ I\

Data Courtesy of Nanyang Technological University, Singapore ( 1 O 75 C P U :I 7 ) *E %
e GPU-BLAST (CMU)

http://eudoxus.cheme.cmu.edu/gpublast/gpublast.html
“4 times speedup on Fermi GPUs”



http://www.nvidia.com/object/blastp_on_tesla.html
http://eudoxus.cheme.cmu.edu/gpublast/gpublast.html
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| SHEDRAFIT
nst/Agency/Countryl | Name | Machine | peakpert

ORNL/DoE/US Jaguar Upgrade Cray XT5 2.3PF
Tennesseej(l'_“'T—/NSF/Ug009 Cracken Cray XT5 1PF
Julich/BXM (k1) Jugene IBM BG/P 1PF
h[E-fFEKE XA (Tihanhe 1) GPU Cluster/Dawning 1.2PF
th[E-FEEZ R/ N3V £ = (Nebulae) GPU Cluster/??? 3PF
HAR-BEIX TSUBAME2.0 GPU Cluster/HP-NEC 2.4 PF
LBNL/DoE/US 2010 Hopper Cray XE6 1.3PF
hE-ERFE XA (Tihanhe 1-A) GPU Cluster/Dawning 5 PF

FR I PRACEETE - {LCEA Tera 100 Nehalem-EX Cluster/Bull  1.25PF
ORNL/DoE/US Jaguar Upgrade 2 Cray XE6 +GPU 20PF
NCSA/NSF/US Blue Waters IBM Power7 server 10PF
LLNL/DoE/US Sequoia IBM BG/Q 20PF
ArgonneNL/DoE/US 2011_12??? IBM BG/Q 10PF

B A - IEE b=y =118 Venus BERERET 10PF

A A- SRR HA-PACS GPU Cluster/HP-NEC 1PF

BRI RAZ0 B /PRACESTE ??7? IBM, CrayZs ~PF x 4~5
FE 4~6{EFT ???Dawning? BEHPFLULE
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ExaScale Computing Study:
Technology Challenges in
Achieving Exascale Systems

J%EZO

{—|| log

Dan Campbell
William Harrod \ *|
Dean Klein
Allan Snavely
o
L7R—k

William Carlson

Kerry Hill E ( 1 1 8 )f I .
Robert Lucas

Thomas Sterling

This work was sponsored by DARPA IPTO in the ExaScale Computing Study with Dr. William Harrod

September 28, 2008

1.E+05 7

1.E+04 -—’

—

: Challenge

s
s o
~

}8 202<

0

In 7:"!2
n &

s

—

Top 10 Bmax
HAmax Leading Edge
—— —Hpoak Leading Edge
o Exascale Goal
Agogressive Strawman - 20MW

1/1/04

DoE Exascale

1/1/0¢ | ———— Evolutionary Light Simplistically Scaled Powsr Unconstrained
— B— = Evolutionary Light Simplistically Scaled 20MW Constrained
——— Evolutionary Heawy Simplistically Scaled Power Uinconstrained

— & — Evolutionary Heawy Simplistically Scaled 20MW Constrained

Peter Kogge, Editor & Study Lead
William Dally
Jon Hiller
meine — Peter Koggebl ’%:@
R. Stanley Williams
Exa-scale Computational Resources

Keren Bergman P
eta% iEpk

Monty Denneau

Sherman Karp

Al Scarpelli /\ \ > O
300X—2MDDoD

Katherine Yelick

(slide courtesy Martin Savage)

2 OOO- 5000 [[3%) Fq C‘z #= = BEvolutionary Light Fully Scaled 20MW Constrained

Evolutionary Light Fully Scaled Power Unconstrainad

Paul Franzon *l/ T: * E
Exascale’ AT LD
Mee'ring@?at!u rﬁ&%@&&@s @w@ureus of

+ F 5T E

——— Bvolutionary Heaw Fully Scaled Power Unconstrained
—% — Bvolutionary Heaw Fully Scale 20MW Constrained

effort WOf‘kShOp(ZOOS 2009) B
. N -
EXEfES' nle coanc 2020 FVE. |
: = T B /FSHMPIe COre/r cocUHral—
1':}£ AT fm ,yl, ot
BEZN. I~ IM=E 0D AT
Through silicon vias forming L s
Nuel Cold QCD and Nuel Struct Accelerator Hot and Dense “}I‘!h_:ﬂl.ﬂm tl.lm____ 7___.7--".'-i' .
luciear uclear ructure . m . - E 000 s
Astrophysics Nuclear Forces and Reactions Physics QcD FVFAR T 33 *
. . . FIVFARC _|-emmooggo8 ge¢d
Exa-scale computing is REQUIRED to accomplish the Nuclear - ——ease o gse
(K37, n o
Physics mission in each area of Kl |
. R . inte 11704 111108 1112 11116 1120
Staging to Exa-flops is crucial :
= TopSystem ~Top 1 Trend
1 Pflop-yr to 10 Pflop-yrs to 100 Pflop-yrs to 1 Exa-flop-yr Fiber rical O ExaStawman + Evolutionary Light Node
(susiqined} Paul Messina June 28, 2009 onnections ftionary Heawy Node
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DoE Exascale M REIEIE

2SI “2010” “2015" “2018-20"
attributes

System peak 2 PetaFlops 100-200 1 ExaFlop
PetaFlops
Power Jaguar TSUBAME 15 MW 20 MW
6 MW 1.3 MW
System Memory (0.3PB 0.1PB 5PB 32-64PB
Node Perf 125GF 1.6TF 0.5TF 7TF 1TF 10TF

Node Mem BW  25GB/s 0.5TB/s 0.1TB/s 1TB/s 0.4TB/s 4TB/s

Node Concurrency 12 O(1000) O(100) O(1000) O(1000) ©O(10000)
#Nodes 18,700 1442 50,000 5,000 1 million 100,000
Total Node 1.5GB/s 8GB/s 20GB/s 200GB/s

Interconnect BW

MTTI O(days) O(1 day) O(1 day)
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CSX600 coprocessor layout

e Array of 96 Processor
Elements
ipgle erface 1 =250 MHz, 48 GFlops (Double FP
— —— Hl- c.f. Grape SFP)
IBM 0.13um FSG process, 8-
layer metal (copper)
* 47% logic, 53% memory

— More logic than most
processors!

— About 50% of the logic is FPUs

— Hence around one quarter of
the chip is floating point
hardware

15 mMmm X 15 mm die size
e 128 million transistors
e Approx. 10 Watts

96



CSX600 processor core

| SN

Contralf
Debug

r o
Req File

| il
SRAM

=) Multi-Threaded Array Processing

— Programmed in high-level languages

— Hardware multi-threading for latency
tolerance

— Asynchronous, overlapped I/O
— Run-time extensible instruction set
— Bi-endian (compatible with host CPU)

Array of 96 Processor Elements (PEs)

— Each is a Very Long Instruction Word (VLIW)
core, not just an ALU

— Flexible data parallel processing
— Built-in PE fault tolerance, resiliency

High performance, low power dissipation

97
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プレゼンター
プレゼンテーションのノート
図修正
iSCSI、ISERは要確認！！
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プレゼンター
プレゼンテーションのノート
■変更履歴
RAID6について追加．
ZFSに関連する箇所を水色に変更　2009.9.17 yotsu
GPFSに変える。
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NIC 10GbE (without TCP/IP Offload Engine)
System Disk  500GB HDD
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REMIICE R, 110TBOEEAE 7 7 7FAMN—2ELTHIRAT E

WRTRAS KIRAZ R |2 ks
EIBEEHRA  BIINE— RS T
ZEEAS ARA .

T 10Gbps Network

ExREWEaMRm RIALXF



GV)=2ZANa0: IRIBER AT L

HTE/—K, V7, RUMTERZDREIRR -HE
ENFEERIIRIRERATLLL
YRR UEHE/ —FOBREA S TE=S) T

REFBCREL Y—HSIE)
> ANAFIVIRER, Y- RRBIKR, REOER
> HBEN(E/ K RUEHBEHSIE)

E@EE Y158 T 7 s/—onmmn )
DB|EET. | AR ||@ B SERHCER
N ~ P SYFTI J=RDOANIVA
sRmkrSBALER || SLEY-H50 ' A ! FrysRREFEN
E74)b9')>7“b, Etﬁ 'Eiﬁ’&ﬁﬂi?ét: I zbl,_t/ 11 - §5‘77¥m®iﬁf§
B RDBICHE M HOMEEET 3. I Ses |11 BEE /  mmeigm,
L

S s S —— Il_._______\{SNMPfJE] J
I

O S 1
-~~~ ) &Em
_ [SNMP:¥]

|
|
HBENIEE

ZIREY
[SNMP#E]

4 7l'l\lz—/a/

®.L

%i!%‘

' 'k ¢, 3 NEC Confidential 4-52




I TSUBAME2.0(Green:E—4 & /1 HIHIH )

(oa78BORATL (EHBEEBIATL &Y, BHAMBERESEICFEDT
FIRBEEABIT, Cchic&kl), PeakE HZHIRT A EH AT HE

ENNFEZERRTROBH
> RITI-VDFIYIRL/NDREIHAIEELaTRFIVIRI/MERY, /—FeF
L9 3l IVHIREREICBLT.

> FIYIRL /% abi‘-yaﬂd:');w H%au METELWa7IIBIgAICKY,
A-Y a7 EBEMNICIHITACEHEE

G N (
& SREE (R
o BIEEERBATL

\

/—FEHLIETR

[937%&*’/27‘1\1

N

!

Empowered by Innovation N EE]

‘” Ulll!m...,.



	GPUは専用アクセラレータではない-ポストペタスケールへのスケーリングへの本質的な変容
	「アクセラレータ」の定義
	2006年4月東工大 ”TSUBAME1.0”�日本一の「みんなのスパコン」
	異種プロセッサを持つ�TSUBAMEノードの構成
	Advance™ Dual CSX600 PCI-X accelerator board
	Measured Kernel Performance
	Results---5 consecutive Top500 Performance Increase�
	ClearSpeed Experience: Mode-of Use
	GPUs as Commodity Massively Parallel Vector Processors
	NVIDIA Fermi�Many Core, Multhreaded, SIMD-Vector, MIMD Parallel Architecture
	NVIDIA Fermi SM “Core”
	Parallelism in CUDA GPUs
	スライド番号 13
	Fermi: MIMD Execution of CPU threads and Multiple GPU Kernels　
	スライド番号 15
	新世代のベクトル計算機としてのGPU
	Compute Intensive  or Memory Bound ?
	Arithmetic INTENSITY:  FLOP/Byte
	GPU vs. CPU Performance
	DOE のキーアプリケーション群�(following slides courtesy John Shalf @ LBL　NERSC)
	アプリケーションにはバンド幅？レーテンシ？Latency Bound vs. Bandwidth Bound?
	多くの実問題は実はレーテンシバウンド�-小規模メッセージパッシングプロセッサの問題-
	ペタからエクサへのスケーリング�強スケーリング達成のためには
	TSUBAME2.0のノードアーキテクチャ�GPU+CPUによるベクトル・スカラー混合アーキテクチャ
	TSUBAMEの歴史
	Highlights of TSUBAME 2.0 Design (Oct. 2010) w/NEC-HP
	TSUBAME2.0 2010年11月1日稼働開始
	TSUBAME2.0の性能向上
	スライド番号 29
	TSUBAME2.0システム概念図
	スライド番号 31
	TSUBAME2.0 Compute Nodes
	スライド番号 33
	スライド番号 34
	スライド番号 35
	スライド番号 36
	TSUBAME 2.0ペタバイト級ストレージ
	スライド番号 38
	スライド番号 39
	スライド番号 40
	ORNL Jaguar and Tsubame 2.0�Similar Peak Performance, 1/4 the Size and Power
	スライド番号 42
	TSUBAME2.0 アプリケーション性能予測
	TSUBAME2.0 (2010) vs. Earth Simulator1 (ES) (2002) vs. Japanese 10PF NexGen @Kobe (2012)
	The “IDEAL TSUBAME2.0”�
	The “IDEAL TSUBAME2.0”�(w/o cost constraints) node vs. ES1 node
	The “IDEAL TSUBAME2.0”�node vs. 10PF NLP Node (2012) 
	Comparing the Networks
	Summary of Comparisons
	TSUBAME2.0世界ランキング�スパコン二大リスト (2010年11月)
	スライド番号 51
	スライド番号 52
	スライド番号 53
	ペタフロップス？ギガフロップス/W?
	気象計算
	WRF の GPU Computing
	気象庁の次期気象コードASUCA
	スライド番号 58
	TSUBAME 2.0 (1 GPU)
	TSUBAME 2.0での実行性能
	地震波伝播シミュレーション
	Physis: A Domain Specific Framework for Large-Scale GPU Clusters
	A five-point stencil
	Implementation on GPU clusters
	Complexity of implementation
	Overview of the framework
	An example of a 7-point stencil
	Execution Model
	Evaluation
	生産性的な
	Weak Scalability
	格子ボルツマン法による流体計算
	肺気管の呼気流解析
	肺気管の呼気流解析
	気液二相流
	スライド番号 76
	スライド番号 77
	スライド番号 78
	コンピュータで生物学に関する�大量データを解析・理解・予測する学問。�「生命情報科学」
	スライド番号 80
	メタゲノム解析
	スライド番号 82
	マルチGPU環境による大規模バイオインフォマティクス　
	NukadaFFT 1.0 release !?
	肺がん関連（EGFR系）シグナル伝達系
	スライド番号 86
	バイオインフォ：遺伝子相同性検索BLAST on GPUs
	分子動力学：GPU Amber 11
	GPUは「アクセラレータ」か？
	以下参考資料
	今後のペタ級マシン
	ペタ～エクサへのスケーリングのロードブロック
	スライド番号 93
	DoE Exascale 性能指標
	Exaflopsへ向けた我が国のeScience�インフラ・基盤センターへの提言
	CSX600 coprocessor layout
	CSX600 processor core
	スライド番号 98
	スライド番号 99
	スライド番号 100
	TSUBAME2.0 テープシステム(別調達)�合計15PB以上、階層ファイルシステムの構築
	東工大 e-Science RENKEI-POP�による分散ストレージ・HPCIへの貢献
	スライド番号 103
	スライド番号 104

