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TS U BA M E 2 ] 0 14Z2$ ::d:l:(§985;a(:ll§z) sockets,

4264 GPUs
Performance: 224.7 TFLOPS (CPU) x TurfAQEL Lab.
Rack (30 nodes) 2196 TFLOPS (GPU)
Performance: 51.0 TFLOPS fotal: 2420 TFLOPS
Compute Node Memory: 2.03 TB

(2 CPUs, 3 GPUs)
Performance: 1.7 TFLOPS
Memory: 58.0GB(CPU)
+9.7GB(GPU)
. 7 . Ll 1 |
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uso0 Supercomputer in the world

SUPERCOMPUTER SITES

AOKI Lab.
2011 November
Rank Site ComputeriYear Vendor Cores Rmax Roea Power
RIKEN Advanced Institute for K. computer, SPARCG4 Vilif 2.0GHz,
1 Computational Science (AICS) Tofu interconnect / 2011 705024 1051000 1128038 12659.9
Japan Fujitsu
Mational Supercomputing Center in NUDT ¥YH MPP, Xeon X5670 6C 2.93
2 Tianjin GHz, NVIDIA 2050 7 2010 186368 26600 470100 40400
China MUDT
DOEMSCIOak Ridge Mational Cray XT5-HE Opleron G-core 2.6 GHz /
3 L aboratory 2002 224162 75800 233100 69500
United States Cray Inc.
= : . Dawning TC3600 Blade System, Xeon
National Supercomputing Cenire in X5650 6C 2 B6GHz, Infiniband QDR
4 Shenzhen (MSCS) NVIDIA EEEG | Eﬂm : 120640 27100 293430 25300
China 2
Diawning
GSIC Center, Tokyo Institute of HP ProLiant SL390s GT Xeon 6C X5670,
5 Technology Mvidia GPU, Linux/Windows / 2010 T3278 119200 228763 13936
Japan MEC/HP

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



Heterogeneous Computer %

B Several Bandwidth Bottle Necks AOKI Lab.

Memory
DDR3-1333

32 GB/sec Tesla M2050

1000BASE-T
0.125 GB/sec

PCIl Express 2.0 x16

InfiniBand QDR 80 Gbps (10 GB/sec)

40 Gbps (5 GB/sec)
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Next Generation
Weather Prediction %

AOKI Lab.

Collaboration: Japan Meteorological Agency
Meso-scale Atmosphere Model:

Cloud Resolving Non-hydrostatic model
Compressible equation taking consideration of sound waves.

Meso-scale

' Tornado, Down burst :
' Heavy Rain :
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ASUCA Typhoon Simulation
‘5km-horizontal resolution 479->< <466 %48




ASUCA Typhoon Simulation

500m-horizontal resolution 4792 % 4696 X 48
Using 437 GPUs

e
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Real City Computation

AOKI Lab.

Tokyo 7X&K Area
1km x 1 km

Building Data
1-m resolution 1000x1000x300
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Drop on dry floor







Development of New Materials %

AOKI Lab.
. Microstructure

Mechanical Structure

Low-carbon society

Improvement of fuel efficiency by reducing the
weight of transportation and mechanical structures

Developing lightweight strengthening material by
controlling microstructure
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Impact on Material Science

Previous Research Peta-scale Simulation

AOKI Lab.

2D [ v" GPU-rich Supercomputer
¥ 3 v' Optimization for Peta-scale computing

Single denlc‘nlrit""'
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Phase-Field Model &

The phase-field model is derived from non-equilibrium

AOKI Lab.

statistical physics and f = 0 represents the phase Aand f = 1

for phase B.

Phase B = Liquid
Phase A

! = Solid !
Phase-field ¢ ! :
A | |
1 7\
/ diffusive interface
o t ith finite thickness
; . \ With fini |
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Al-Si: Binary Alloy &%

AOKI Lab.
Time evolution of the phase-field ¢
(Allen-Ca hn equation)
or Mo |V @90 + 5L (agi 1ol ) + 55 (agievel)
+82 ( ;{ZZW@Q) — ASApoaEz:)) - Wd(fi(j)}

Time evolution of the condensation: c

— = . [DSgbVCS + D (1 — Qb)VCL]
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Finite Difference Method

Phase Field : (I)I ix 19 points to solve Condensation : C; ; oK Lab.
/ points to solve

S z=k-1
4 f
3\:90 o) O
z=K
OFCOHO b
QJ z=k-1
O L~
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Dendrite Solidification for pure metal




Multi-GPU Computing

m 2D Domain decomposition (in the y-, z-directions)
v 3D decomposition degrades GPU performance due to
non-continuous memory access patterns for data exchange.

AOKI Lab.

Whole domain Decomposed subdomains
ﬁ"\'\"\\ [ [ [ [ [ [ ] I [ [ /?
.""':i 2Ddecomposition ﬁi;ummumm E"
Z q Pt ; /
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GPU-to-GPU Communication %

H
AOKI Lab.
sub-domain #1 sub-domain #2
‘ i - : Mﬁm S HH
PCI Express
(cudaMemcpy)

CPU ), (2) CPU — CPU @
e MPI
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Multi-GPU Optimization &)

AOKI Lab.

Typical explicit time integration

How to Overlap?

1. GPU-only Method
(without overlapping)

2. Hybrid-YZ Method
3. Hybrid-Y Method

m—{ime
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Overlapping between

Computation and Communication

Asynchro Data transfer Asynchro transfer
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1. GPU-only method

AOKI Lab.

Subdomain S
,,,,,,,,,,,,,,, #
g g g T o : g =
< ¥ 47 “ o
v \ q d
’ :‘ % b :‘. )} -
nz i 8 7
y o4 ’r’” .// " - —
)
y :: "" 71 '1:. : = —
e

S~ny—
Boundary exchange

GPU to CPU CPU to GPU

> >

, GPU kemnel MPI |
- One time step - time

- g .- et
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2. Hybrid-YZ method

|
e AOKI Lab.
]
[e] Inside region
- [b] top};ounda o R
[} /;_/// = - :
1 = Z !
ﬂg ! PR ek — H
i : | .
g : = duc
g 1 : >
i ' i
> ]
-
L : [a] bottom boundary [c] left boundary
. [d] right boundary
z boundary (CPU) y boundary (CPU) Inside region (GPU)
Copy corners of z boundary to y boundary Copy corners of y boundary to z boundary
|| >
MPI communication {[a) z bottom (bl ztop ic] y left i[d] y right |
CPU computation |[a] z bottom 1 [b] z top [c]ly left > , righ > Download data for
P !‘LI - [b] >! ' . - y.z boundaries from GPU
GPU-CPU : ' ! : : ;
communication . : Upload [allb] to GPU |  Upload [c][d] tp GPU |

[e] Inside region
GPU computation

med e -
sfdassnsasd

(1) (2) (3) 4) (5) () (7) (8) .. (9)
time
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3. Hybrid-Y method

[ =
; AOKI Lab.
: [b] top boundary [e] Inside region
:
]
]
I
z [
1
1
1
]
]
I -
x \ [€] left boundary
! [d] right boundary [a] bottom boundary
y boundary (CPU) z boundary and Inside region (GPU)
Copy corners of y boundary to z boundary Copy corners of z boundary to y boundary
— >
MPI communication ilc] v left «[d] y right » {a] z bottom|b] ztop |
CPU computation [y el A [d] y righ ' ! ‘ Download data for
' H Y ' - ' y boundary from GPU

GPU-CPU__ : : : : ! "

e A - Download [a][b] from GPU ! Upload [c]{d] to GPU Upload z boundary to GPU ;

GPU computation l{im . '

1[b) z top ‘ +_[e] Inside region . ' ' ' ; : »

(1) @ @) (4) (5) (6) ) 8 .. 9)
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'a‘ [—

o

E 1 02 - GPU_Only : ; —

=, —| (No overlapping) e 3

8 | OHybrid-YZ 5 BT A T

S -] (y,zboundary by CPU) 1024 AT T -

S T Q Hybrid-Y gl SoRtg ]

= y boundary by CPU) =il :

S 10T T i A
- Meshsize: 2.5 .
L 512° 7 _

gl S — e B e iy e Misser=

1 10 102 103
Number of GPUs
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‘Comparison with Experiment

Observation: X-ray imaging of Solidification Phase-field simulation
of a binary alloy at Spring-8 in Japan p—
by Prof. Yasuda (Osaka University in Japan) - o000x8000x256  TSUBAME 2.0

—_——

-—

7

F-e-5.3mass%Si 10K/min —200um 91 .0s
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AOKI Lab.

Further Tuning
from 1 PFlops to 2PFlops
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Five Key Tunings %

A. CUDA 4.0 is used instead of CUDA 3.2, "™
B. Compiled with —prec-div=false and -ftz=true

v -prec-div=false uses a faster approximation division.

v -ftz=true flushes denormalized numbers to zero.
C. Host memory is allocated by valloc

v Allocated memory by valloc is aligned on a page
boundary.

v Performance of MPI transfer is improved.
D. Compiled as 32-bit app. instead of 64-bit app.
E. SSE is used for CPU computation.
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Breakdown of Elapsed Time

Hyl
Orig
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Breakdown of Elapsed Time
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Breakdown of Elapsed Time
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Breakdown of Elapsed Time

Hybrid-Y method @ ~CPUtime  — GPUtime
Original -
(CUDA3.2) L - _____A__ MPI|time - 100%, 100%, 100%
CUDA 4,0 [Fe=——— ——=

+= Faster

86%, 100%, 100%
56%. 100%. 100%

approximation| ~
Mesh size: 4096x160x128/GPU

+=valloc F— p— z
- -~ - - - 56%, 100%, 60% - -

Comp for Inside region (GPU)
Comp for z boundary (GPU)
Comp for y boundary (CPU)
MPI Communication

GPU to Host Comm (D2H)
Host to GPU Comm (H2D)

—32-bi T L
+=32-bit 50%, 100%, 52% - -

+= SSE E— '509%, 27%, 60%

T »

] ] i i i ]
(0] 20 40 60 80 100 120 140 160 180 200 220 240
Time [msec]



Weak scaling %

s [| UGPU-Only —4096 X 6400 X 12800~
& .[| (Nooverlapping) 4000 (40 x 100) GPUs YK Lab.
E19°El OHybrid-YZ [ 16,000 CPU cores __ &
@ =|  (y,zboundary by CPU) s® :
s I Hybrid-Y ® O :
E 102 i Qy boundaryby CPU) | g = Hybrid-Y method
€ F e 2.0000045 PFlops
a T » GPU: 1.975 PFlops
O i .
10 E ........... m _________________________________________________ | CPU: 24;69 TFIOpS
: single precision Efficiency 44.5%
E (2.000 PFlops / 4.497 PFlops)
10 10° 10°
- Mesh size: 4096 x160x128/GPU Number of GPUs

m NVIDIA Tesla M2050 card / Intel Xeon X5670 2.93 GHz on TSUBAME 2.0

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



ACM Gordon Bell Prize

Special Achievements in Scalability and Time-to-Solution

Takashi Shimokawabe, Takayuki Aoki,
Tomohiro Takaki, Akinori Yamanaka,

Akira Nukada, Toshio Endo,
Naoya Maruyama, Satoshi Matsuoka

Peta-Scale Phase-Field Simulation for Dendritic
Solidification on the TSUBAME 2.0 Supercomputer

Sz, '
e aq /‘ {‘f‘/) \%(‘if W . un
“Scott Lathrdp Thom H. Dunning; J¥. COMPUTER

SOCIETY
SC11 Conference Chair Gordon Bell Chair




Power Efficiency

« The power consumption by application is measured in detail.

* QOur phase-field simulation (real application)
v 2.000 PFlops (single precision)
v’ Performance to the peak: 44.5%

v Green computing: 1468 MFlops/W ~1.36 MW

TSUBAMEZ Grid Power last hour ',’—---~~\

Simulation results by much less iRl DS R
electric power than before. b S
Ref. Linpack ’ ﬂw__
v 1.192 PFlops (DP) o EEm
v Efficiency 52.1% e L~ L

v' 827.8 MFlops/W

’ 02: 00 02:10 02: 20 02: 30 02: 40 02: 50
| A1l E 104 M 1cs W 114 W zos W chiller
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SUMMARY %

AOKI Lab.
B 2-Petaflops performance has been achieved for the

Phase-Field simulation on GPU-based supercomputer
TSUBAME 2.0

B Extremely high-performance 44.5 % of the peak for
a mesh-based practical application

B Green computing : much less electrical power to get
meaningful application results
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&

AOKI Lab.

Thank you

for your kind attention

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



Metal Dendritic Solidification %

. . fiRY L.
B Mechanical Properties of Metal
Mac
acro-properties
depends on micro- _ s s G B S s
structure Experiment in Spring-8
Development of New ‘ Request for large-scale
Material Compounds simulation from microscopic view

Large-scale GPU computing
Spring-8 (http://user.spring8.or.jp/sp8info/?p=17393
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