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SUBAMEZ2.0 System Overview (2.4 Pflops/15PB)

Petascale Storage :

Total 7.13PB(Lustre + Accelerated NFS Home)

(ustre Partition 5.93PB

DDN SFA10000x5
(10 enclosures xb)

7 N
/ \
1

MDS,0SS Home NFS
HP DL360 G6 30nodes iSCS| Storage Server
Storage il I HP DL380 G6 4nodes
il
7 BlueArc Mercury 100 x2

Storage

Lustre (5 Filesystems)
0SS: 20 OST: 5.9PB

DDN SFA10000 x1

MDS: 10 MDT: 30TB

(10 enclosures x1)

[ Tape System ]
Sun SL8500 8PB

0SS x20 MDS x10

NFS,CIFS,iSCSI
NFS,CIFS x4
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Node Interconnect:

Optical, Full Bisection, Non-Blocking, Dual-Rail QDR\

Voltaire Grid Director 4700
IB QDR: 324ports

e g N Edge Switch \ / Edge Switch(W/10GbE)
' g e “ - S p——
6 switches

179 switches
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_— SuperTitenet

Voltaire Grid Director 4036E

Voltaire Grid Director 4036

IB QDR:34ports
10GbE: 2ports

Compute Nodes :

2.4PFlops(CPU+GPU)

IB QDR : 36 ports

LR (odEs

(TB

0OS: Su

NEW DESIGN Hewlett Packard CPU+GPU
High BW Compute Nodes x 1408
Intel Westmere-EP 2.93GHz

Mem:55.8GB(=52GiB)or 103GB(=96GiB)

GPU NVIDIA M2050 515GFlops,

3GPUs/node

SSD 60GB x 2 120GB $55.8GB node
120GB x 2 240GB 103GB node

3.196GHz) 12Cores/node

se Linux Enterprise + Windows

\\i&OSnodes
297n0de Y44 Racke)

~ 4224 NVIDIA “Fermi” GPUs
Memory Total :
SSD Total :

80.55TB
173.88TB

)

Q4 nederonee B 1ATFLOPS S/

R
' PCI -E gen2 x16 x2slot/node

Mgmt Servers

)“Medlum” Nodes : “Fat” Nodes

HP 4Socket Server

24nodes

o CPU Nehalem-EX 2.0GHz

teeedl 32Cores/node
Mem:137GB(=128GiB)

SSD 120GB x 4 480GB

HP 4Socket Server 10nodes
CPU Nehalem-EX 2.0GHz
32Core/node
Mem:274GB(=256GiB)x8
549GB(=512GiB) x2
SSD 120GB x4 480GB
OS: Suse Linux Enterprise

Klo nodes

ll2.56TFLOPSJ



TSUBAME 2.0: GPU Centric Nodes

Total M2050 4224 GPUs
Total 1408 nodes

CPU “Centric ="~ [E==teEliy 3 GB per socket
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- E!| Isomorphic oo
- // but much parse
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SOl PClext6 ~  __—=-===F}F--- Algorithms
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GPU Applications
of our group

Higher-order Compressible Flow

_attice Boltzmann for Pulmonary Airflow
~DTD for Electromagnetic wave Propagation
_arge-Eddy Simulation for Turbulence Flow
Real-time TSUNAMI Simulation

Dendrite Solidification based on Phase Field
Model

Numerical Weather Prediction

Two-Phase Flow Simulations
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Material Compound

<€ >
~um Scale

Meso-scale Analysis for Solidification Process

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



Phase Field Model

* Non-equilibrium Statistical Physics
« Phase Field Model ¢

— Introduction of index function
¢=0 ¢=1
liquid solid

— diffusive surface
— stabilization of
surface energy

$ =1(Solid)

¢ = O(Liquid)

* High computational cost of non-linear term
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Phase Field Equation

Allen-Cahn Equation

( 2 90, \M [ @%ﬁ\wf]ﬁ(gz&bﬂa‘; \vq)f]
2 _ | 0% x oyl oy a9, oz\ oz o9,

+4W¢(—¢§¢—§+B+ax}

4 4 4
15LT-T - o, +¢, +0,
—_ m b q— e=¢|1-3y+4y -
Thermal Conduction Phase Field 0< ¢ <1
™ Introduction of non- Liquid ¢ = O
%_kVZT 6304) ' (I)@cl) isotropic surface energy Solid ¢ =1

Second-order Finite Difference Method and 1st-order
Euler Time Integration
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Numerical Stencil Access

Phase Field ¢ Temperature T

19 points to solve ¢i,j,k 7 points to solve Ti,j’k
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Thread Assignment

NX =256
4 blockDimx = 64
ny = 296 - // // // blockDim.y =4
- blockDimz =1
///
/
//
/
nz =256 111
/ NX =64
1] S ny=4
V
g nz=>64

64 threads in the x-direction for Coalaesed memory access
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Sweep of 1 thread in a block

GP"’ GPU
nxX =064
4 6 threadDimx =64
threadDimz =1

|
nz=64| |

:

|

Jmooocoooo _
I‘/

Z-axis

Marching in the z-directional direction
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Recycle of Shared Memory

1) (nx+2)*(ny+2)x3

2) z=k+1 read the data
<:I from the global
memory

3) Stencil Computation

O

4) z=k-1 recycle
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y = 0.015, A=0.01 y =0.075, A=0.01 y = 0.015, A=0.01, At=half

y=0.1, A=0.01 y =0.075, A=0.01 y = 0.075, A=0.005
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Multi-GPU Peformance

w/o overlapping
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Multi-GPU : Domain decomposition

- GP" GPU
2D decomposition — —
> z
GPU
\W A\ st
Xpress =
( Memcpy) Pl
(2) CPU — CPU ol

e ) o/
C P U (:Ofe::;d M P I jfore < Quag
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Overlapping between

Computation and Communication

Asynchronous Data transfer Asynchrong ta transfer

ESNANARRSARNANANREN
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Multi-GPU Peformance

1 GPU/node

w/o overlapping

10

O

Performance [TFLOPS]
ol

o
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[HEN

= = 4l = = 512x512x512 [Non Overlapping]
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Breakdown of Overlapping Case

0.45

m Compute

0.40

m Comm.

0.35 u

M Total

0.30

0.25

0.20

0.15

0.10

Time per step [sec.]

0.05

0.00

8 16 32 64
Number of GPUs

« Computational time becomes short for more GPU numbers
« Communication time is almost same
e The communication time can not be hidden for more than 32 GPUs

Grid Number:
1024x1024x1024

Machine:
TSUBAME

Tesla S1070
Infiniband
(hpcltes2 Queue)
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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

'Tornado, Down burst,

| Heavy Rain .
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Atmosphere Model

Dynamical Process:
Full 3-D Navior-Stokes Equation

Z—l:+u-Vu:—EVP—Zqu—Qx(erHg+F
p

Physical Process:

Cloud Physics, Moist, Solar Radiation, Condensation,
Latent heat release, Chemical Process, Boundary Layer

So called “Parameterization” including many empirical rules.
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WRF GPU Computing

B WRF (Weather Research and Forecast)
Community Code developed by NCAR, NCEP, OU, NOAA/FSL, AFWA

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

->

Accelerator Approach GPU

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



Full GPU Implementation

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 39-order

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

Initial condition Dynamics Physics output

Full GPU Approach
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Entire Porting Fortran to CUDA

m Rewrite from Scratch

. <treaM” #i - int ")l
#include “io® g|ob€‘|/vo)i((]i I—nlt( "
in( —apthread
int main thread'dx'x
{ @ } (
€ _
_ » CIC++ B CUDA
iy =i fO;Ei] =i+ 1 int " cof(int)
end do . } cud@lMalloc(&al e
v Origjpakee v ' 0); 05772
Origjparcdte Changing /&prigode
at JMA array order o
Z, X,y (K,1,))- x,z,y (i,k,))-ordering  x,z,y (i,k,))-
ordering

Oﬁdle%gr by a Ph.D student

Introducing many optimizations, overlapping the computation with the
communication, kernel fuse, reordering kernel execution
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Implementation : Advection

Thread

Block m‘v U 64 x 4 threads (2D) in a block

m Each thread specifies a (X,
Z) point, marchinginy
v Improve data transfer
performance using
domain
decomposition

—_—

Marching direction

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



Using Shared Memory

m Shared Memory (SMem) = Software Managed Cache 1 Block
m Read a 2D sub-domain from VRAM into SMem

m Advection : 12-point stencil
v Store the xz-slice in (64 + 3) x (4 + 3) SMem

Access GMem directly : 4 + 4 read,

Dt

1write

Using SMem ~1
read, 1write

B 2D sub-domain
Memory) ] Not in use

Access speed ~ 2 cycle 400-600 cycle

Capacity 16 kByte/Block 2 GByte (Total)

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




m Register Marching direction
v Access speed : 1 cycle

Shared Register
v used for data not shared among threads
m Advection : 12-point stencll

v Each thread keeps 4 y-elements in registers
v Elements are reuse

Access GMem directly 4+4+4

read, 1write '

Using SMem and Registers : ~1 read, lwrite VRAM (Global Mem)

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



Implementation :

_ 1D Helmholtz eguation .

Thread
Block mg’ ﬂ 64 x 4 threads (2D) in a block
m 1D Helmholtz equation ny

v Element in k depends on
elements in k+/- 1

= marching in z direction

Nz

Marching direction

Copyright © Takayuki Aoki / Global Scientific Information and Computing Center, Tokyo Institute of
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TSUBAME 2.0 weak Scaling

10° g :

py — | m GPU (single precision) 5 5
8 ,[ | ® GPU (double precision) . 145.0 Tflops
o 10 E_ A CPU (double precision) .. ....................................... _......’ Slngle preCISlon
— = : i : °
LL N 5 é . " % e 76.1 Tflops
h 10 L LL SR LTI EER R PR RPRRR ............... I . .......................... Doublele precision
— = : ! u :

= ] o .
@ n g . s Y| Fermi core Tesla
(&) S ] o W @ i) IS M2050
- = g o g LA

- I é A h
g - -~ . ® L . A4 3990
- 10-1 s .................................... A‘ ..................................... _ ..........................
o) E_ A AL
‘c n
o 10-2 §_ .................................. ,‘, .....................................................................................................

10-3 1 | 1 L1l 1 1.l | 1 1 1 L1 1l Ii 1 | | L1 1l li 1 | 1
1 10 102 10°

Number of GPUs / CPU Cores
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Two-Phase Flows

m Navier-Stokes solver : Fractional Step

Mesh Method ® Time integration : 3rd TVD Runge-Kutta
different from m Advection term : 5th WENO
SPH m Diffusion term : 4th FD

® Poisson : AMG-BiCGstab
_ m Surface tension : CSF model
High accuracy m Surface capture : CLSVOF(THINC + Level-Set)

Continuum eq. V-u=0

ou 1 1
Momentum eq. — +(u-V)u= ——Vp-I—I/V2u-|— —-F

ot p p

Y

Level-Set advection E + (U- ‘ V) Cb =0 Staggered variable position

a?f) —* u: velocity on x-direction
VOF continuum eq. Fn +V-(a)=0 “ v velocity on y-direction

T8 T w : velocity on z-direction

Level-Set ¢ ¥  scal bl
re-initialization or sgn(¢) (1 — |V¢|) i g P®Wwp . scaarvarables
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Advection equation

of
Z +qQ-V]=0
at € ]

3 stencils ﬁ

M. . .
(ij.k)

19 input values/cell

z 259 flop/cell (5th-WENO)
‘1 x 49 flop/cell (5th-up FD)

Discretization: ~ Space : 5th-WENO
Time : 3rd TVD Runge-Kutta

312 GFlops (1GPU:GTX285)
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Level-Set method (LSM)

GP" GPU
Uisniour of

Level Set Function  Heaviside Function

The Level-Set methods (LSM) use the signed distance
function to capture the interface. The interface is
represented by the zero-level set (zero-contour).

¢ : Level-Set function(distance function)

H : Heaviside function

r 1
H(¢) = 2 ¢ >
1 1 . T
< H(qb):—(?—b——sm(—)) 0| < e
2\e €
! ;
\H(Qb) — _5 ¢ < —¢ % | |
E &5 Phase ; Sy
Re-initialization for Level-Set function £l T Hi
agb =0
—— = sgn(¢) (1 - |Ve|)
aT —=0 —E"E- 0 - 0O = 1:{.'- 2{.'-
Advantage : Curvature calculation, Interface boundary | # Lo st oo
Drawback : Volume conservation Fig. ng;“g;;(gggf)’:pfégé_gzﬂg’
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Continuous Surface Force
(CSF) model by srackbill, Kothe and zemach (1991)

GP" GPU
The interfacial surface force is transformed to a volume
force in the region near the interface via a delta function
Curvature
|
, \/
Surface tension Fs=0ckn «~Normal
force i vector
v i
K= -V.on—-v. %
Vo
Fg=0k f_‘](gj) Vo Surface tension represented
_ ' by volume force

(o)
Approximate delta function

i OH (¢ 1 /1 1 T
)

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



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 t, [nterface
1 X —Ti—1/2 . : R

FZ(CC) B 5 (1 +otanh (6 ( Az N ZZ))) o1 i-1 r.;h‘.\\& i+1 I 'i::f::"

1 (if n:}: > 0) h i wch lh.ll.

o = e i
~1 (if n, <0) ‘ N .
0 i - | . 1 :?_'

i-1 i i+1 .

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

Tiy1/2—WUiq1 /200 . .
i (if 4172 > 0)
FZ:I:??;—I—IXQ = —/ Fup(.’ﬂ) dx up{
£

i+1/2

- 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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Sparse Matrix Solver

AX=D for v. EVp _vu
P At

/X X X \

Krylov sub-space methods: Tk xox %

CG, BiCGStab, GMRes, , , xxx o
Pre-conditioner: ek xxx

Incomplete Cholesky, * xxx X

ILU, MG, AMG, " Coox xxx

Block Diagonal Jacobi " o
Non-zero Packing: N . " )

CRS — ELL, JDL
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BICGStab + AMG

Collaboration with
_ ~ Mizuho Information & Research Institute
Mg Ax,

Set k=0 r,=p,=
for kK=0; k< N; k++;
G 1 4
K (3, I\/I‘lApk/ kK = Tk — G k
X1 = X + 4 Py 0, Gy

_ ™N
0. = ﬂk’ M 1'A‘qk/ .
‘ M_lAChu M_lAqk,

1 =0 — oM _lACIk

. ™ = .
If <&+1’ rk+1/< 82 6’ b, exit;

IBk — (O’ r'k+1: .
O, ()’ M~ Ap, _

Pesa = N + Ok ()k -o,M 7 Ap, _
loop end
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AMG V-Cycle

GP" GPU
n Step Smoother : Red & Black ILU n+1 Step
G |19f0 = g0 AF . Fine Matrix
Poisosn Eq. A¢ :  Corse Matrix
o R : Restriction .
Restriction . Prolongation
P . Prolongation
.1 pl
Gl Clgrlzcti;\EF(s C lel — Rl
' A¢ = RAFP
Restriction Prolongation
G2 L°v? = R? L°v? = R?
Restriction Prolongation
3 v =R? v =R’
Restriction Prolongation
G L°v* = R*
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Multi-Dimensional

Domain Decomposition

- 3D domain decomposition
- 1 GPU is assigned to each domain

- Communication buffer for each face
- Host buffer & Device buffer
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Multi-GPU Performance
on TSUBAME 1.2

10000 - - 19”3 C 3115 | R —
U - & 384, Cells =
D el 384 Cells (2 GPUs/node) 4069
= ~ —v 768° Cells (2 GPUs/node) . ¥
o
= 1493111719
3 "# ,“
% 1000 - %
O g
D v
— ) 4 |

n
% -
o B
O '
I 10 100

Number of GPUs
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Multi-GPU Summary

Some CFD applications show good strong scalability up to
32 GPUs in the case of TSUBAME.

The balance between computation and communication
performance becomes bad because of the high GPU
performance.

In order to achieve high performance for multi-GPU
application, the overlapping technique between
computation and communication is very important.

Be careful for GPU-to-CPU data transfer (cudaMemcpy)
and CPU-to-CPU data transfer (MPI library).
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Thank you

for your kind attention
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Profile of functions in ASUCA

GTX 285 0% , GPU Time (Total) 10 % 13% Gp¥epu

0.00% 16T 11.09% 3%

dyn_hewi_momz_update_momz_stage0_gpu { 1800 )
diagnose_gpul 2163 )
dyn_hevi_momz_cale_flux_gpu ( 1800 )
adv_scalar_cale_flux_gpu( 1980 )
dyn_hevi_momx_calc_flux_gpu { 1800 )
utl_u2ui_gpu (1980 ')
penodical_boundary_3d_yz_plane_gpu ( 18238 )
diagnose_ptemp_gpu ( 1981 )
dyn_hevi_momx_update_momx_gpu { 1800 )
adv_scalar_update_tend_gpu ( 1980 )
dyn_hevi_dens_gpu ( 1800 )

calc_density_gpu ( 2041 )
dyn_hevi_momz_update_momz_stagel_gpu { 1800 )
dyn_hevi_mptmp_v_gpu ( 1800 )

diag_u_gpu ( 361 )

rg_v2q_gpul 734 )

adv_momz_calc_flux_gpu ( 180 )
adv_momx_calc_flux_gpu ( 180 )
adv_momy_calc_flux_gpu [ 180 )

add tend_gpu ( 720) Memory bandwidth Instruction throughput

adv_p_gpu ( 180 )

dampptem ron o (190 (peak 159 GB/s) (max 1.25)
59.4 GBIs 0.30
37.0 GBIs 1.04
78.1 GBIs 0.51

ridampu_run_gpu ( 180 )
memcpyHtoD { 64 )
44.7 GB/s 0.81
74.0 GB/s 0.53

adv_momy_update_tend_gpu ( 180 )
adv_momx_update_tend_gpu ( 180 )
adv_momz_update_tend_gpu ( 180 )
setval_gpu_kernel ( 285 )
update_gpu ( 180 )
positive_run_gpu ( 180 )
dynamics_gpu ( 60 ) []
calc_reciprocal_number_gpu (5 )
multiply_gpu-1( 3)
calc_damping_coefficient_gpu (1)
calculate_gpu (1)
periodical_boundary_2d_y gpu{ 3)
diag_psea gpu{l) I I
multiply_gpu-01{2)

o b~ W N P

T T T T T T T T
0.00% 1.67% 3.34% 5.01% 6.68% 8.35% 10.02% 11.69% 13.35%
GPU Time ( Total )
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TSUBAME 1.2 node detall

SunFire X4600

Memory 32GB~128GB
DDR?2 | |

Dual core Opteron 2.4GHz

CP CP CP CP
U U U U
CP CP CP CP
U U U U

VEAM

1000BASE-T

0.125 GB/s PCI xpress 1.0x8 2
InfiniBand SDR x2

1 GB/s x2 GPU
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Re-ordering the communication
and computation

m Overlapping comm and comp in each function

Funcl Func2 Func3

Comp Datatransfer Comp Data transfer Comp Data transfer

TR S S S—— —
Inside —_— —_— =

Comp Comp Comp

- No overlapping

m Overlapping overall comms and comps in functions
Comp Data transfer

TR S —
Inside ﬁﬁ é

Comp
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Overlapping communication with
. .

: Halo comp Halo transfer N\

Stream1

GPU1 GPU2

Data exchange
cudaMemcpyAsync + MPI

Inside comp

| Stream?2

SN J




Implementation : Advection

Thread

Block m‘v U 64 x 4 threads (2D) in a block

m Each thread specifies a (X,
Z) point, marching iny
v Improve data transfer
performance using
domain
decomposition

—_—

Marching direction
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Using Shared Memory

m Shared Memory (SMem) = Software Managed Cache 1 Block
m Read a 2D sub-domain from VRAM into SMem

m Advection : 12-point stencil
v Store the xz-slice in (64 + 3) x (4 + 3) SMem

Access GMem directly : 4 + 4 read,

Dt

1write

Using SMem ~1
read, 1write

B 2D sub-domain
Memory) ] Not in use

Access speed ~ 2 cycle 400-600 cycle

Capacity 16 kByte/Block 2 GByte (Total)
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m Register Marching direction
v Access speed : 1 cycle

Shared Register
v used for data not shared among threads
m Advection : 12-point stencll

v Each thread keeps 4 y-elements in registers
v Elements are reuse

Access GMem directly 4+4+4

read, 1write '

Using SMem and Registers : ~1 read, lwrite VRAM (Global Mem)
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Implementation : w
_ 1D Helmholtz equation

Thread
Block mg’ ﬂ 64 x 4 threads (2D) in a block
m 1D Helmholtz equation ny

v Element in k depends on
elements in k+/- 1

= marching in z direction

Nz

Marching direction
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Single GPU Performance

GP" GPU
— 501
§- 455,_ [ [ | [ | [ |
L "F ¥ E . 44.3 GFIop5}
g 0 single precision / GPU
E 35;—
$ a0
£ 251
20E double precision / GPU
15;‘— - - [] n
10F-
si- double precision / CPU (original Fortran)
nl_IIII-IIII-III|-|l||.|III-IIII.-Ill..IIII.IIIIIIII.‘-‘Cﬂln3
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Grid number (nx*ny*nz)
Mountain Wave Test 1
NVIDIA Tesla S1070 card 320 x 256 x 64
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Multi-GPU Peformance

w/o overlapping

10
— 5
% 1920x1920%x1920
O
I_—'L 960x960x960
-
S 1
g 512x512x512
(qv)
g 0.5 .- -I -‘ E;léx512x512
= e oz
o e - 102009204020 1D

0.1 IR IR

1 5 10 50 100 200
Number of GPUs
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Multi-GPU Peformance

w/o overlapping

2 GPU/node
10

o1

1920%1920%x1920

960x960x960

[HEN

512x512x512

©
Ul

= = 4l - = 512x512x512 [Non Overlapping]
el 512x512x512 [Overlapping]
= = A - = 960x960x960 [Non Overlapping]
A= 960x960x960 [Overlapping]
- - @ - - 1920x1920x1920 [Non Overlapping]

—Q—— 1920x1920x1920 [Overlapping]

Performance [TFLOPS]

1D

[ j R T T T A

1 5 10 50 100 200
Number of GPUSs

o
[HEN
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Thread Assignment
nX =256

ny =256

nz =256

Mesh number
256x256x256
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Thread Assignment
NX =256

ny =256
/ / / /

Z

nz=256 f

A nx = 64

4 nz =64
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