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GPGPU

General-Purpose Graphics Processing Unit

B Major differences from Previous Accelerators
ClearSpeed, Grape, , ,

High Memory Bandwidth
suitable for wide variety of applications

Consumer Product
inexpensive

Software Development Environment
CUDA, Open CL
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NVIDIA GPU

Intel Core i7 GeForce GTX | GeForce GTX
Extreme 285 480 Fermi

Peak Performance [GFlops] 102.4 708*,1063 1300

GPU Number of Processor

Core Clock [MHZz]
Bandwidth[GB/s]

GPTGPU

Memory f-----------===-----------------

Capacity [GB]
B/F Bandwidth/Performance

A

Peak Power : 183W
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NVIDIA GPU Architecture

On Chi
G80, G90, G92, e
GT200
E ister Memory
EEEEEEEENRN
y 3 ' 3 Y s A A Y 3 ' 3 Y 3 A ' 3 ' 3 Y 3 A ' 3

A 4 \ 4 A 4 \ 4 \ 4 \ 4 \ 4 \ 4 \ 4 \ 4 A 4 \ 4 \ 4 \ 4 A 4 \ 4

Video Memory Off Chip
[] Global memory ~4GB (VRAM
B Streaming Multiprocessor ~ ~30 (GTX280(GT200))
[ shared memory 16 Kbyte
Il Streaming Processor 8 per SM, total 240
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Tokyo Tech TSUBAME 1.2

Storage

GSIC

Gkl Sicientitic Infarmation
and Gompating Center

Voltaire ISR9288 Infiniband x8 NEC SX-8i ] — 1.5 Petabyte (Sun x4500 x 60)
10Gbps x2 ~1310+50 Ports . -'—“"—*. " 0.1Petabyte (NEC iStore)
~13.5Terabits/s s l |  Lustre FS, NFS, CIF, WebDAV (over IP)

(3Thits bisection)

60GB/s aggregate /0 BW
500GB
CI, t’tores Sun x4600 (16 Opteron Cores)

- 32~128 GBytes/Node

10Gbps+External N o ya¥ |
Ugified Infinib . \SM Dré 10480core/655Nodes

\ske) | 2 e
~170TFlops-DFP inux (SuSE 9, 10)
807B/s Mem BW (x2 ES)

/ AREGI Grid MW

R LA
NEW: co-TSUB
72Node 586CPU (Low Power)

~5TeraFlops PCl-e

&
ClearSpeed CSX600
SIMD accelerator
360 648 boards,

NWIDIAL 35 52.2TeraFlops

170-Nvidia Tesla $1070: total 680 GPU cards
High Performance in Many BW-Intensive Apps
10% power increase over TSUBAME 1.0 (130TF SFP / 80TF DFP)
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Memory Access

ITTTTTTTTTTT o e oifeence

Coalescing

| ll lll l l Random (Indirect) Access

FEM (Finite Element)
A[i] = B[IP[i]] + B[IP[i-1]];

PRI LEL] Dotpesendeny
FITTERREE -~ A

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




Compute Intensive or
Memory Bound ?

B 2-dimensional diffusion Equation

St ]{ Flay =2+ Sy | fha =20+ f]
At

Ax® Ay?

.

1
fi,nj+ = COfi,nj + le;'flrl,j + CZfZl,j
+ Csfi,njﬂ + C4fi,nj—1

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

FLOP/Byte = 9/24 = 0.375

Jija
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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

f FLOP B
Performance =
FLOP/F +Byte/B+«a

—F
y FLOPByte + FiB i

FLOP/Byte
FLOP/Byte +F/B

Performance/F =
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Application Performances

Roofline model: Williams, Patterson 2008 FLOP/Byte = F/B
Communication s of the ACM

10° g |
: e GeForce
s s . GTX 285
'U "Oz -
o ﬁ% g’ )+
g. 5.5 E aw
= 10° f = ’é“: Core i7
3 i A OG g Extreme
8 2 (@)
®
1 1
3 0
(@]
© N
(4]
[ ===
10° :
102 10" 10° 10"
FLOP/Byte
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Classification of CFD

Compressible fluid analysis

Supersonic flow, Acoustic wave, Explosion, Shock wave, . . .

High-accurate numerical methods:

T. Aoki, Comp. Phys. Comm., Vol.102, No.1-3, 132-146 (1997)

Y. Imai, T. Aoki and K. Takizawa, J. Comp. Phys., Vol. 227, Issue 4, 2263-2285 (2008)

K. Kato, T. Aoki, M. Yoshida, et. al., Int. J. Numerical Methods in Fluids, Vol.51,
1335-1353 (2006)

Y. Imai, T. Aoki, J. Comp. Phys., Vol.217, 453-472 (2006)

Y. Imai, T. Aoki, J. Comp. Phys., Vol.215, 81-97 (2006)

Incompressible fluid analysis

® Most of flow phenomena in our daily life,
® Turbulent flow, Multi-phase flow, Reacting flow, . .
® Semi-implicit Time Integration — Poisson Solver
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Rayleigh-Taylor Instability

GPTGPU

Y. Imai, T. Aoki and K. Takizawa, J. Comp. Phys., Vol. 227, Issue 4, 2263-2285 (2008)
512 x 512

IDO-CF Scheme

Euler equation:

0 oE OF
Q +—+—=0
ot oOx Oy
p pu | pv |
2
Q- pu E:pu +p F:P“:
pv puv pv-+p
e _eu +pu_ _ev+ pv_

Heavy fluid lays on light fluid and
unstable.
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Lattice Boltzmann Method

Discretizing Boltzmann-BGK equation in the momentum space
using a finite set of velocities {e.}

D2QS D3Q15 D3Q19

i is the value in the direction of
- 3 9 ) 3 ith _disr(]:re(;g velocityI _
- _ . . _ 3 e; is the discrete velocity set;
fi - le- 1+ 2 (ei U)+ 2 4 (ei U) 2 2 (U U) w, is the weighting factor
c ¢ isthe particle velocity
u is the macroscopic velocity
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_ Lattice Boltzmann Method

Further discretization in physical space x, and time t
fi(x+eAt,t+ A1) fi(x,1)= —%(fl.(x,z)—ﬁeq(x,t)) =218t

LBM code

Collision step: Streaming step:

A= S i)=fr) | fcreni+an)= 7 (x0)
|

Purely local !! Uniform data shifting

Little computational effort !!
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Incompressible Turbulent Flow
behind a spherical body




1-D domain decomposition
and GPU-to-GPU communication

GPTGPU
S  Host T\ ~———— GPUs ———\
Open MP or MPI
. an
echI'?atggef Express
384x384x192 v / l
384x384x192 Data t
exchange
384x384x192 / '
384x384x192 ex‘?ﬁggge *
v /
384x384x768
\_ _/
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TSUBAME 1.2 node detail

SunFire X4600

Dual core Opteron 2.4GHz Memory 32GB~128GB

1000BASE-T
0.125 GB/s

InfiniBand SDR x2
1 GB/s x2

Telsa S1070

PCl Express 1.0 x8 2 GB/s I
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Multi-GPU Scalability

s00
200

400

300

200

Performance (GFLOPS)

| 7eeqEmTEs |
f| —m— 384x3B4x384 | ¢ ¢ ¢
—m— 384x192x192

0" 10 10’
Number of GPUs
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Memory

DDR3-1600
32 GB/sec GeForce GTX 285

1000BASE-T
0.125 GB/sec

PCI Express 2.0 x16

80 Gbps (10 GB/sec)
InfiniBand QDR

40 Gbps (5 GB/sec)

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




Overlapping between
Computation and Communication

Asynchrono ta transfer

Asynchronous Data transfer
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TSUBAME 1.2& D14 REL B

GPTGPU
BIELHEDA—IN—3vTik BELHEDA—IN—5vT %
DEA DEAGL
(BBFH X 144144 x 144) (BTH1X 144 %144 X 144)
8 — 8 7
T Red & Black 43
6| 6 —
o : o [
D 5F D 5} Red & Black
3 . 3.
gt 2 *f
» 3f » 3}
.1 TSUBAME1.2 N
i o 9 E TSUBAME1.2
14 16 ——— ¢
0:\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 0:\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
GPU number GPU number
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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

|
|
L

Atmosphere Model

Dynamic Process:
Full 3-D Navior-Stokes Equation

a—u+u-Vu=—EVP—Zqu—Qx(Qxr)+g+F

ot p

Physics 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

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 scales

= x 8.5 increase

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

**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 (5C'09), ACM, 2009.
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WRF versus ASUCA

B ASUCA : developed by Japan Meteorological Agency
(JMA) for the next-generation weather prediction

Meso-scale non-hydrostatic Atmosphere Model

Time-splitting method: long time step for flow

Cv o ey

u, v (~ 100 m/s), w (~ 10 m/s) << sound velocity (~300/ms)

HEVI (Horizontally explicit Vertical implicit) scheme
Horizontal resolution ~ 1 km
Vertical resolution ~ 100 m

1-D Helmholtz equation (like Poisson eq.) |:> sequential process
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ASUCAIZBITHETE DN

CPU

GPU

initialize
|

A 4
advection Long time step \
\ 4
Coriolis force
i

/ \ Shorttimestep

horizontal pressure gradient force
I

Vertical pressure gradient force

+ gravity force (1D Helmholtz eq.)

equation of continuity
|

Update potential temperature
|

Update pressure (EOS)
A y

4
data transfer r/ 25/

Initial data

N

output

p

Profile of functions in ASUCA

GTX 285 0% GP,U Timg (Total)

00% LEP

1_0% . 13?{0 GPTGPU

% ¥

A e _momE_BpOSIE_Gme_SEAGEl G0 |
dagacse g K]

b momz_cale flx_gpw [ BEDE A

ady statar cale flx goo @ 25800

opn hewt moms cale o gpe § BEDE T

Wl 2 gpw | B 98T 3
pesiodical boundary 3¢ yz_plan: gps( 1BF32]1
dagnsse premg: gpu | 198 1

oym_hed mome updabe_mons_ gpe [ BE0E 3
afv scalar updabe bevd gpw § B8
oym_hewi_devs gpe £ 1506 1

zailc_densty gpw [ 2085 3

dyn_hew, mome update memz_stagel gpw [ LEDE 3
dyn_hewi,_mpemg v gpw [ BEDE 3

diag uopel 3683

o vy gpud 7341

sy mome_cabe Mo gpe (B8 3

sy mome_cabe Mo gpe [ B8 3
aurv_rmormy_caft_fux_gpu € 180 7

add_tend_gpu (720 )

adv_p_gpu (180 )

memcpyDtoH ( 35 )

rldampptamp_run_gpu { 180 )

q2rg_v_gpu { 244 )

rldampw_run_gpu ( 180 )

ridampv_run_gpu ( 180 )

ridampu_run_gpu { 180 )

memcpyHtoD ( 64 )

. Memory bandwidth Instruction throughput
(peak 159 GB/s) (max 1.25)

1 59.4 GB/s 0.30

37.0 GB/s 1.04

78.1 GB/s 0.51

44.7 GB/s 0.81
74.0 GB/s 0.53

t T T T T T T T T
0.00% 167% 334% 5.01% 6.68% 8.35% 10.02% 1169% 13.35%
GPU Time ( Total

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 (1)
multiply_gpu-0( 2 )

v A W N
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Single GPU Performance

— 501
& ok : '
i BE s om * | 44.3 GFlops
g 40F ° single precision / GPU
g 35;—
§ aof-
a 251
20 double precision / GPU
15;— . = [ =
1u§—
sf- double precision / CPU (original Fortran)
Dl_ll||.||||-||||.||||.||||-||||.]|||.||||.|||| |||K1D3
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Grid number (nx*ny*nz)
Mountain Wave Test i\
NVIDIA Tesla S1070 card 320x 256 x 64
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Multi-GPU : Domain decomposition

4 Y4 YA

y
X
dec osed PCl Express
(cudaMemcpy)

Data exchange
via MPI

2D decomposition \_
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Overlapping communication

with computation
a Halo comp Halo transfer I

8 4 S 4
yow
Data exchange
cudaMemcpyAsync + MPI

GPU1 GPU2

Inside comp

Stream?2

)

X
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Benchmark Test

Mountain Wave
. Wind e %

—007482

100 m

Y .

10 km

Ax = Ay = 1000 m, T = 60 min
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ASUCA Example: Typhoon

—
GrADS: COLA/IGES 60 2010-03-23-1%:38
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Multi-GPU ASUCA Performance

E 3.5
S 3.2 TFlops
3 .

E Overlapping .
§ 2.5 Non-overlapping 3164 x 3028 x 48
5
5 2
o

1.5

1900 x 2272 x 48
05 1268 x 1264 x 48
636 x 760 x 48 | | |
1 1 1 1 1 1 1 I 1 1 | 1 1 1 1 1 1 1
20 40 60 80 100 120
Number of GPUs

Mountain Wave Test in single precision
NVIDIA Tesla S1070 on TSUBAME
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Multi-GPU ASUCA Performance

15.0 TFlops

iy
L=

=k
&

Overlapping
Non-overlapping

iy
=]

[Ilr]||1[||r]r||[1r|]r1||1r|

Performance [TFlops]
-
ha

6956 x 6052 x 48
528 (22 x 24) GPUs

I m 1 Il IIII 1 1 1 1 1 1 Il 'l I '] 1 L 1 I 171

[ |
100 200 300 400 500
Mumber of GPUs / CPU Cores

Mountain Wave Test in single precision
NVIDIA Tesla S1070 on TSUBAME
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Dendrite Solidification

t=3.44x10" 1=6.88x10° £h £=2.06x10"

Zoom up

Iso-surface ¢$=0.5

Phase Field [0~1]
Liquid ¢=0
Solid o =1

1024 X 1024 X 1024

Visualization by Paraview 3.6
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Dendrite Solidification

Allen-Cahn Equation based on Phase Field Model

( 2 00, |v<|>| ] ( 220,
@:M ox 8x 8y

d
t +4W¢(1—¢){¢—E+B+ax}

15LT-T, .
B=-— PR T . o(1—¢) s_s(l 3y+4y

6. +¢," +¢;‘]

Thermal Conduction

™ Introduction of non-
isotropic surface energy

oT o0
— =kVT+ 30 21-¢)=—
ot C ¥*L-0) ot

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

Phase Field ¢ Temperature f

19 points to solve ¢, 7 points to solve ¢, .,
()

f\%\zj Z:k_l
—~
|

EirCr:C
<§’<*ifij -

JT A

A

/]

P
P
A

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




y = 0.015, A=0.01 y = 0.075, A=0.01 y = 0.015, A=0.01, At=half
vy =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

10 7~
— 5 a
o L SV e 1920 x 1920 x 1920
o A ge®
> , R 4
- 7 oaada | 960960 X960
— A At
ed '4' —A‘
a) o ‘—
o 1 e e 512 %512 x 512
/lll' _-".-
505 L = R
h / ’_/ == <@ -~ 1920x1920x1920 1 D
g [
./
0.1
1 5 10 50 100 200
Number of GPUs
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Multi-GPU Peformance

1 GPU/node

w/o overlapping

10

o1

[EEN

Performance [TFLOPS]
o
(Ga]

GPYGPU
| 10TFLOPS : 60GPU |

==l - - 512x512x512 [Non Overlapping]

el 512x512x512 [Overlapping]
- - -k - - 960x960x960 [Non Overlapping]

—A—— 960x960x960 [Overlapping]
-- ‘- = 1920x1920x1920 [Non Overlapping]
——Q—— 1920x1920x1920 [Overlapping]

--@-- 2400x2400x2400 [Non Overlapping] | |
2400x2400x2400 [Overlapping]

Number of GPUs

5 10 50 100 200

2400 x 2400 x 2400

1920 X 1920 x 1920

960 x 960 x 960

512x512 %512

1D
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Breakdown of Overlapping Case

0.45

0.40 -
0.35
0.30
0.25
0.20
0.15
0.10

Time per step [sec.]

0.05

0.00

m Compute

m Comm.

Total

16 32 64
Number of GPUs

Computational time becomes short for more GPU numbers
Communication time is almost same
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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© 0.1
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GPU
2l ot ’ Tesla $1070
60 GPU
=" CPU
P4
.
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" [
---@--- CPU s
T oot |- - 10000 CPU
IR
10 10 1000 5000 TSUBAME 1.0
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Electric Power Consumption
for Multiple-GPU Applications

CFD Applications
Comparing to TSUBAME Opteron CPU 1 core,

Tsunami: x100 (10 GPU =1000 CPU) :
Lattice Boltzmann: ~ x100
Phase Field Model: x170

When we assume the acceleration is typically x100,

1 GPU < 200W for our applications TSUBAME mw/wooocpu

100 GPU: 20 kW
10000 CPU core of TSUBAME : 1MW (1000kW)

1/50 Ultra low Power

CompView
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Multi-GPU Summary

GPTGPU

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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GPTGPU

| TSUBAME SEE5=IE

fIAFPLAHME EMEXEOSD TOMOHEMCES
BREOMEE o1 HEAEHOLS0

& fis# rEEﬂJFﬁJ Eic [eillh

g 31& & B B

Rk A it

=] w B OB = ﬁ

N o & FE n 3E
R I SRR
Z1 IHI R

Ef‘**l]ﬁﬁliﬂﬁﬁﬁ%%%ﬁqﬂ /']
BREAR 105H/10
AR IEAR 40BA /10

Copyright © Takayuki AoKi / Glol e e e e e T e g o oo s

http://www.gsic.titech.ac.jp/kyodou/
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GPU OB a1—FT1 RS
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