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Rank Site
RIKEN Advanced Institute for
1 Computational Science (AICS)
Japan
National Supercomputing Center in
2 Tianjin
China
DOE/SC/Oak Ridge National
3 L aboratory
United Stafes

Mational Supercomputing Centre in
4 Shenzhen (NSCS)

~ Supercomputer
in the world

s .
-2 900

SUPERCOMPUTER SITES

2011 November

=

Computer/Year Vendor Cores  Rmax Rpeat Power

K computer, SPARCS4 Villfx 2.0GHz,
Tofu interconnect / 2011 705024 10510.00 1123038 12659.9

Fujitsu

NUDT YH MPP, Xeon X5670 6C 2.93
GHz, NVIDIA 2050/ 2010 186368 2560.00 4701.00 4040.0

NUDT

Cray XT5-HE Opteron 6-core 2.6 GHz /
2009 224162 1759.00 2331.00 69500

Cray Inc.

Dawning TC3600 Blade System, Xeon

X5650 6C 2.66GHz, Infiniband QDR, 120640 127100 208430 75800

i NVIDIA 2050 / 2010
China Dawning
GSIC Center, Tokyo Institute of HP ProLiant SL390s GT Xeon 6C X5670,
A Technology Nvidia GPU, Linw¢Windows / 2010 73278 19200 228763 13986
Japan NEC/HP




System (58 racks)

T S U B AM E 2 0 1442 nodes: 2952 CPU sockets,
|
4264 GPUs GPYGPU

Performance: 224.7 TFLOPS (CPU) 3 Turbo boost
2196 TFLOPS (GPU)
Total: 2420 TFLOPS

Memory: 103.9 TB
Performance: 51.0 TFLOPS

Memory: 2.03 TB \¢N ' | /
S L r (

Rack (30 nodes)

Compute Node
(2 CPUs, 3 GPUs)

Performance: 1.7 TFLOPS I‘T
Memory: 58.0GB(CPU) ..
+9.7GB(GPU)
I
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Details of Compute Node

HP ProlLiant SL390s

GPU : NVIDIA Tesla M2050 (Fermi Core) X3 515GFLOPS VRAM 3GB/GPU

CPU: Intel Xeon X5670 2.93Ghz X2
6 core/socket 76.7 GFLOPS (12cores/node) ¥ Turbo boost: 3.196GHz

Memory : 58GB DDR3 1333MHz —#8103GB
SSD : 60GB X2 (120GB/node) —#&f120GB X2 (240GB/node)

QE HEE QDR Infiniband x4
2 § g % % % Intel Xeon '_?c{lrol: an ‘T’ QSFP
28 BE A5 pors S370%2 o xBGen2 | Mellanox Connectx [———[ISEPE]
oele 1 cpur | ° 7,8,9,10 e—2185202 — 216 I5ESIoT S
UL UL (=% 0 0le— 1 Tyle‘?r'thJrg- 7 %8 Gen2 %24 PCIE Riser Conn %8 PCI-SLOT S —
' . nfiniban
o [ I o s R G [ QPI Esl  1.2]¢ X4 Gen2 Intelkawela —NIET L [RI45 HCA
B 2 1|+— 82576 —NIC2 RJ45 Mellanox ConnectX
*=ere 1 CPU2
- 0 g+ ! 1 | T /=== ========" |
gy 2w [ge 1 ] 5 |
22 |22 |=Z=2 0 9 x16 !
22 22 |22 Tylersburg- 8 +—[PCI-SLOT GPU
g8i§ B& [§8 A A S !
ESI S
el 1 [PCiSiOT—  GPU
= 6| PCIE Riser |
SSham-— @ P | feeeee e mem e e L
X —
ERSAT GXE +———| 10/100PHY |[+—| _RJ45
SsD 2XUSB |+— -
ICH10 | Serial (RJ45)

t [ GROM |
Internal |, UsB , 5p|| *L_GROM
Micro SD DVI T »|  SROM
»[ NVRAM
P6| PCl RN50/ES1000 Video
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High-Speed Network and
Reliable Storage System

Thin /—F x 1408 (MCS SwJA 1260+ ZDAth: 148)

1MCS 5w (Thin /—F x30)

& 15 nodes

Thin Node

—

R P

Edge Switch #:

/—REERRY NDO—T

JPAAwF . Voltaire Grid Director 4700 x12
TIwFPAAwF Voltaire Grid Director 4036 X185

Infiniband QDR Network for LNET and Other Services

15 nodes

Thin Node
/\\

Edge Switch #3

Medium /—R x 24

JFPAAuTF
Voltaire GridDirector 4700

Fat /—F x 10

| | . 1 | | | |
- & : ' o f
( A QDR IB(x4) X 20 C QDR IB(x4) ) (_10GbEx2 )
o —1 “.—“.h l‘h o * *_'
31— o GPFS#T "GPFSEZ_ GPF_S_rf;:-_.___(_SPFS#A E
1 —1— e g
e = Ean S SE—
= e S ~HOME HOME
SFA10K #2 SFA10k #5 = S
——— — 5 i“ ~ System __'{ | e
-_—_ﬂ St Fworkt? e ‘application’|  sFA1 ===
Lo e "Global Work "Global Work - “ “cNFS/Clusterd Samba “NFS/CIFS/iSCSI
Global Work Space” #1 Space” #2 Space” #3 Scratch w/ GPFS” by BlueARC”
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ORNL Jaguar vs Tsubame 2.0

Similar Peak Performance, 1/5 the Size and Power

GP™ GPU
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tGREEN

November 2011 50< .:'

Supercomputer
in the world

N
Greens00 : Total Power
MFLOPS/W Site* Computer*

Rank (kW)
[I 2076.48 IEM - Rochester glueﬁenefﬂ, Power BQC 16C 1.60 GHz, a5 12
u ustom
7 IV |BM Thomas J. Watson Research Center o o0 o - - OWer BAC 16C 1.60 Giiz, 85.12
E 1996.09 IBM - Rochester glueGeneJ‘D, Power BQC 16C 1.60 GHz, 170.25
= ustom
ﬂ 1988.56 DOE/NNSALLNL BlueGene/Q, Power BQC 16C 1.60 GHz, 340,50
— Custom
E 1689.86 IBM Thomas J. Watson Research Center NNSA/SC Blue Gene/Q Prototype 1 I8 67
6 1378.32 Nagasaki University %ﬁ;ﬂnﬂdﬂéﬁ}fﬂ Inted 15, ATI Radeon GFU, 47.05
- : Bulkx B505, Xeon ESG49 6C 2.53G
E Barcelona Supercomputing Center Infiniband QDR NVIDIA 2090 = 31.50
0 Curie Hybrid Nodes - Bullx B505, Xeon ESG40
O TGCC / GENCI 2 67 GHz, Infiniband QDR 108 30
) Institute of Process Engineering, Chinese  Mole-8.5 Cluster, Xeon X5520 4C 2 2T GHz, £15.20
= Academy of Sciences Infiniband QDR, NVIDIA 2050 :

iE GSIC Center, Tokyo Institute of HF ProLiant SL380s G7 Xeon 6C X5670, 1243.80
| Technology Mvidia GPU, LinuxWindows :

* Performance data obtained from publicly available sources including TOPS00

TSUBAME2.0 PUE=1.2

(Power Usage Effectiveness)
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Memory Hierarchy

B Several Bandwidth Bottle Necks

Memory

DDR3-1333
32 GB/sec Tesla M2050

ce 384bit
2C

1000BASE-T
0.125 GB/sec

PCIl Express 2.0 x16

80 Gbps (10 GB/sec)
InfiniBand QDR

40 Gbps (5 GB/sec)
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GPU Architecture

GF100, GF103, On Chip
GF104
ALILLIL LD L DL

INENEENRNENEEEN

‘ Video Memory Off Chip‘
1 Global memory ~6GB (VRAM
B Streaming Multiprocessor ~16 (C2050 (GF100): 14)
Shared memory + L1 Cache 64 Kbyte
B Streaming Processor (CUDA core) 8~48 per SM, total 512
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Large-scale memory-bound
and Stencil Applications

on TSUBAME2.0
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Japanese

Weather News L




Next Generation

Weather Prediction

Collaboration: Japan Meteorological Agency

Meso-scale Atmosphere Model:

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

Meso-scale
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WRF GPU Computing

B WRF (Weather Research and Forecast)
WSM5 (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

= o

*). Michalakes, and M. Vachharajani: GPU Acceleration of Numerical
Weather Prediction. Parallel Processing Letters Vol. 18 No. 4. World PU
Scientific. Dec. 2008. pp. 531—548

Accelerator Approach

CPU

**John C. Linford, John Michalakes, Manish Vachharijani, and Adrian Sandu. Multi-core acceleration of
chemical kinetics for simulation and prediction, proceedings of the 2009 ACM/IEEE conference on
supercomputing (SC'09), ACM, 20089.
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Full-GPU Implementation: ASUCA

Initial condition Dynamics Physics

CPU

output
GPU

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

Full GPU Approach

J. Ishida, C. Muroi, K. Kawano, Y. Kitamura, Development of a new nonhydrostatic
model “ASUCA” at JMA, CAS/JSC WGNE Reserch Activities in Atomospheric and
Oceanic Modelling.

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




Entire Porting Fortran to CUDA

m Rewrite from Scratch Lcudah”
init <i05tl‘eal117 #incld e oid init(in
Progl aITnone #indud g|oba|/ -
P ot mainQ e bt adl®es;
thread
Iy

o ,f‘*f“" » GGt 1) ‘CUDA

do '(’) L for ']”’ int 17 .

enad do a[ b M’alloc &a,S zeof(I"

at JMA array order Faapre™”

}

Z, X,y (k,i,j)-ordering X,y (i,k,j)-ordering X7y (i,k,j)-ordering
m 1 Year by one Ph.D student

Introducing many optimizations, overlapping the computation with the
communication, kernel fuse, re-ordering kernel, . ..
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Multi-GPU : Domain decomposition

2D decomposmon /S
i
e
sub-domain #1 ub-domain #2
GPU
Ry '. NN
' A
PCI Express
(cudaMemcpy)
(2) CPU — CPU N

CPU e,
;Corf.’?guﬂd M PI
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Overlapping between
Computation and Communication

Asynchronous.Data transfer

Asynchronous Data transfer

SendBuffer “ RecBuffer

Stream 1
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TSUBAME 2.0 weak Scaling

10° :
e - | m GPU (single precision) | 5
8 ,[ | ® GPU (double precision) iy 1_45-0 TﬂOPS
o 10 §_ R CPU (double precision) ., ....................................... ,........ Slngle preC|S|0n
TR | e 76.1 Tflops
P 10 e ......... .. ..................... .......................... Doublele precision
- F = . _ . .
O - _ S .4 | Fermicore Tesla
g 1 g_ .................................. ................. -.. ...... ..,A“,A‘A .................. M2050
: = . B
g L . oare 3990 cru
- 10- g_ .................................. .............................. o A-‘ ..................................... .. ..........................
o I | W SC’10 Technical Paper
dh, 102 e - Best Student Award finalist |-
a E A : : :
10-3 1 1 1 Ll 1 Ll i | 1 1 Ll 1 1.1 i 1 | | Ll 11 li 1 1 1
1 10 10° 10°

Number of GPUs / CPU Cores
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ASUCA Typhoon Simulation
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ASUCA Typhoon Simulation
500m-horizontal resolution 4792x 4696 X 48

Using 437 GPUs
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Lattice Boltzmann Method

b e, v =—2(f,— 1)
ot P

e 3 9
fiq:,O\Ni 1+C—2(ei‘U)+2—C4

(ei ‘U)Z — 23

Strongly Memory Bound Problem:

Collision step:

Streaming step:

L B a2

¢

[EEY
N
~

;ff /d
i } N
:" l \ : N
.//l 4 l \1}7 iy ]
= 0 o = = 1: -
R Sl e i =
e 7 “6
- ¥
18

I is the value in the direction of
ith discrete velocity

e; Is the discrete velocity set;

w; is the weighting factor

c s the particle velocity

u is the macroscopic velocity
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Real City Atmosphere

e
Tokyo Roppong iisses
Area |

8 km x4 km
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Water-air mixing

Two-Phase Flows
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Two-Phase Flow Simulation

Particle Method
ex. SPH

Low accuracy
< 1057 particles

GPYGPU
Mesh Method (Surface Capture)

Bl Navier-Stokes solver:Fractional Step

B Time integration:3rd TVD Runge-Kutta

Bl Advection term:5th WENO

B Diffusion term:4th FD

H Poisson:MG-BiCGstab

B Surface tension:CSF model

B Surface capture: CLSVOF(THINC + Level-Set)

High accuracy > 10%° mesh points
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Level-Set method (LSM)

- GP" GPU
The Level-Set methods (LSM) use the signed distance By it funtion
function to capture the interface. The interface is
represented by the zero-level set (zero-contour). S
¢>0
¢ : Level-Set function(distance function) z tescs
ﬁGas
H : Heaviside function
- 1 Interface
H(d)) — 5 Qb > £ _—
255, 8 B 210 1 2 3 4 5
1 1 . (= | P
SH@ =5 (L4 (™)) e
2\e 7 € o
~ (¢ o _5 :‘5 0.0
Re-initialization for Level-Set function f‘” |
or -2.0 e
) 20 10 0 ** 10 20
Advantage : Curvature calculation, Interface boundary | Ll it P
Drawback : Volume conservation 0 T o5 D109 s 352300
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Anti-diffusive Interface Capture

THINC (tangent of hyperbola for interface capturing) Scheme

[ Xiao, etal, Int. J. Numer. Meth. Fluid. 48(2005)1023 ]

-VOF(volume of fluid) type interface capturing method
Flux from tangent of hyperbola function

-Semi-Lagrangian time integration —_—
a nterface

1 T—Ti-1/2 . s
Fi(z) = 5 (1 + atanh (ﬁ ( s 3:1)>) I ,._\.,\,\ Lo

{ 1 (if ny >0) b 1, B
a:

~1 (if n, <0) TE N ‘
1 ~ ! L2

1D implementation can be applied to 2D & 3D — Simple

Tip1/2—Uiq1 /200 . .
f w10 > 0)
Fl, = — F,,(z) dx _) b Uy
Tit1/2

-Finite Volume like usage
* THINC is the method how to compute flux
— 3 krenel (X, y, z) can be fused to 1 kernel. Merit in memory R/W
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Continuous Surface Force
(CSF) model by Brackbill, Kothe and Zemach (1991)

The interfacial surface force is transformed to a volume
force in the region near the interface via a delta function

Curvature
| et
1:Surface tension | Fo = ¢ : n «~Normal :-i
orce vector
¢
k=-V-n=-V- (',D
Vo
F¢=0k ()'(Q) Vo Surface tension represented
: ' by volume force
5(¢)
Approximate delta function
. OH (¢) 1 /1 1 T
0(¢p)=—FF"=2|—+ —cos| —
(9) do 2\e ¢ €
5(6) dg = 1
—E =i 0 & 10
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Sparse Matrix Solver

Ax=Dp for v. ivp _vu
P Al

(% x X 9 A
Krylov sub-space methods: exx o oxox X
. X X X X
CG, BiCGStab, GMRes, , , xxx ox T
N X X X X X X 9
- X xz;(x xx x =
Pre-conditioner: o ow o xxx Tk K
Incomplete Cholesky, . xxx x
ILU, MG,AMG, xx x)( X X;:;(x Xx
Block Diagonal Jacobi * x X xx
xx xx X X X
. X x X x>>:>><<
- . NS /
Non-zero Packing: x x

CRS — ELL, JDL
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BiCGStab + (A)MG

Collaboration with
Set K=0r,=p,=M —1(b _ AXO) Mizuho Information & Research Institute

for K=0; k< N: k++:

I, I _
ay = (ro,(l\(/)l 1kA)\pk) a =h —aoM 1Apk W :(

X = X + 0y Py + 0, Qy

(qk’ M _1AQk)
M~Ag,, M?Aq, )

M1 =0 —o,M _1ACI|<
if (r..r.)<e*(b,b) exit;
Bk — (rO’ I’.k+1)
o, (ro, M ‘1Apk)
Pt = Meaa + By (pk -oM _1Apk )

loop end
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MG V-Cycle

n Step Smoother : Red & Black ILU n+1 Step
GO 10F0—-gO Af 1 Fine Matrix
Poisosn Eq. A¢ : Corse Matrix
o R : Restriction .
Restriction . Prolongation
P : Prolongation
1 L'v' = R? 1! = R
G Correction Eq. AC — RAFP V=
Restriction Prolongation
G2 L°v? = R? L°v? = R?
Restriction Prolongation
3 *vé =R? L°v® =R°
Restriction Prolongation
G v = R
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Experiment

Collaboration: Prof. Hu and Dr. Sueyoshi, RIAM, Kyusyu University







Industrial Appl. Steering Oil
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Development New Materials

Mechanical Structure - Material Microstructure

Improvement of fuel efficiency by
reducing the weight of transportation

Developing lightweight strengthening | .
material by controlling microstructure Dendritic Growth
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Phase-Field Model

The phase-field model is derived from non-equilibrium
statistical physics and f = 0 represents the phase Aand f = 1
for phase B.

GP™ GPU

Phase B
Phase A
Phase-field ¢
A
1
diffusive interface
with finite thickness
0
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Requirement for
Peta-scale Computing

Previous works

X 1000 large-scale computation

2D computation

on TSUBAME 2.0
Shde,
= S
3D computation S
{ f \
J1& GENANe - ~ mm scale -
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Multi-GPU : Domain decomposition

2D decomposition // /

/
my

sub-domain #1 ub-domain #2
GPU
b [T =
h il
PCI Express
(cudaMemcpy)
(2) CPU — CPU ¥

C P U i) | (22 04
MPI =
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Multi-GPU Optimization

Typical explicit time integration

1. GPU-only Method
(without overlapping)

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

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



[
I
Whole subdomain |
I
|
- g !
|
7"’ ’ lé : o
2 : if’i@}"’gg : . ;'
W s I
§ i 5;5 .
nz+2 5 gj/f% : i
g1 ! i
Y % nx |, o Y
. 4
T ny+2 ' [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 fb]ztop ifc] y left i[d] y right |
CPU computation bottom ' ' Download data for
a !I!l 2 >: [b) 2 top >. | : ' : y.z:boundaries from GPU
GPFAJIHCPU i : : i p ! : | » | ' :
communication (6] Inside region | Upload [a][b] to GP ' Upload [c][d]tpGPU | :
GPU computation ' ;
f t — ———————»
(1) (2) (3) (4) (5) (6) 7y (8 ,. (9)
time
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3. Hybrid-Y method

[b] top boundary  [e] Inside region

GP" GPU

|

VO OOUUT OO
SRRV,
LU L

nz+2

{:\;;

AATTLLTLLITATTN
1‘;}.\\\\\
TR
-
YOO \

F
4\ 1 na

[c] left boundary [
[d] right boundary [a) bottom boundary
y boundary (CPU) z boundary and Inside region (GPU)

Copy comers of y boundary to z boundary Copy corners of z boundary to y boundary

= =

MPI communication i[c] v left ((d) yright +  {a] z bottom [b] z top
CPU computation {[elyleft i |[d]y right 5

GPU-CPU
communication

Download data for
y boundary from GPU

Download [a][b] from GPU | Upload [c]{d] to GPU Upload z boundary to GIPU

GPU computation z
i|b] z top ‘

T

sl = - - -

. - [e] Inside region . . - ' : >
(1) (2 (3 (4) (5) (6) (7) 8 ,. (9)
time
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Comparison with Experiment

|
Observation: _ _ _
X-ray imaging of Solidification of a binary Phase-field simulation

alloy at Spring-8 in Japan by Prof. Yasuda

8000 x 8000 x 256 TSUBAME 2.0
(Osaka University in Japan)

f-e-5.3mass%Si 10K/min —200um
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Strona Scalabilitv

‘0 B ' 5 N
Q
o | {5 GELOnly 2048° AT _
. | (No overlapping) T .
Q L O Hybrid-YZ 3 """ -
% o (y,z boundary by CPU) 1024 - ‘ : _
€ || A Hybrid-Y ‘ |
qg (y boundary by CPU)
P 10 ‘E‘“ """""""""""" 0 “"E‘
. Meshssize: .
. 512° l
L] SwR— A Y A

l
1 10 102 10°
Number of GPUs

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




Weak scaling

4096 x 6400 x 12800
T[] e 4000 (40 x 100) GPUs ™~ ().
o DI 16,000 CPU cores .a
i 10° | O Hybrid-YZ S e TS
'3' E (y,z boundary by CPU) a8 ﬁ[} :
e [ | A Hybrid-Y » 0 i
g (y boundary by CPU) ® O g
£ 102 o :
e F ® Hybrid-Y method
e I . = 2.0000045 PFlops
I O GPU: 1.975 PFlops
10 [ B CPU: 24.69 TFlops
ingle precisi
>INGIe precision Efficiency 44.5%
- 5 (2 000 PFIops / 4.497 PFlops)
1L ] A . ]
I\ﬂesh size: 4096 x168x128/GPU p}ﬂmber of GPUs

m NVIDIA Tesla M2050 card / Intel Xeon X5670 2.93 GHz on TSUBAME
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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 Dendfritic
Solidification on the TSUBAME 2.0 Supercomputer

N oot 4 /, NSt W )
Scott Lathrop Thom H. Dunning; J¥ COMPUTER

; - o SOCIETY
SC11 Conference Chair Gordon Bell Chair




Power Efficiency

* Qur phase-field simulation (real

AOKI Lab.
* The power consumption by application is measured in detail.

application)

v 2.000 PFlops (single precision)
v Performance to the peak: 44.5%

v Green computing: 1468 MFlops/W

Simulation results by much less

electrical power than before. 1}3:

Ref. Linpack oo
v 1.192 PFlops (DP) :i::
v’ Efficiency 52.1% oan
v’ 827.8 MFlops/W 2

~
TSUBAMEZ Grid Power last hour U4

(

\

RN

[

el

~1.36 MW

‘—--~

~
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SUMMARY @

AOKI Lab.

B Large-scale GPU applications successfully
running on TSUBAMEZ2.0

- Meso-scale weather prediction

- Lattice Boltzmann Method

- Shallow Water TSUNAMI simulation

- Gas-Liquid Two-phase flow

* Phase-Field model for developing new
materials

B GPU Green computing : much less electrical
power to get application results.
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