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nVIDIA GPU

GeForce GTX 280 (nVIDIA)

GPU Peak Performance [GFlops] 622, 933*

#ofsP | 240

'SPClock [MHz] | 126
Video Transfer Rate[GB/s] 140
Memory [Memory Interface [bit] | s2

Memory Clock[MHZz] 2214 (GDDR3)
Capacity MB] | 1024

+2 instruction issue

Peak Power : 236W

GPU Architecture

Video Memory

Global memory ~4GB (video memory: VRAM)
Multiprocessor 16(G80, G82), 30(G200)
Shared memory 16 Kbyte

Ll

Streaming Processor 8 SP for 1 Multiprocessor: ~ 240
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Types of GPU Usage

FULL G

on HPC Applications

Acceleration

X 10~ x100
2 limited types of calculations
2¢ amount of on-board memory

PU Use

Partial GPU Use Acceleration

10% ~ X3

X Hot spot M #A GPUALIE

2 Data communication between
CPU main memory and GPU VRAM 4




HPC Computation

e

C[N] Data load from the array

BIN] AJi] = BJi] + CIil;

calculation

Save the data to the array

AIN]

GPU Architecture
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Video Memory

Global memory
Multiprocessor

256MB~1GB (video memory: VRAM)
16{#(8800GTX(G80, G82))

Shared memory 16 Kbyte

Streaming Processor 8 SP for 1 Multiprocessor: total 128
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Types of Memory Access
Continuous Access O
FDM (Finite Difference)
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Ali] = A[IP[i]] + A[IP[i-11];

Data Dependency
Ali] = Afi-1] + A[i-2]*C;
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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




Incompressible CFD Application

Incompressible Navior-Stokes Equation

RIKEN Benchmark Problem

Poisson Equation: /. (Vp) =p

(Generalized coordinate)

o’p o*p o*p  o°p _o*p  o%p

} /* end n loop */ 11

V. u= O Poisson equation aXZ + 8y2 + 822 Ta axy +B axz +y ayz = p
aU V l V A A n+1 V ¢ Un+1
+U-VU=——Vp+val b= A Discretized Form:
ot p t
. . Pisajk _zpi,j,k + Pigjx i Pi ik _Zpi,j,k + Pijo1k i pi,j,k+1_2pi,j,k + Dk
B Advection Term: High-accurate FDM AX2 Ay? AY?
i 18 neighbor
. . (Suitable for GPU) ‘o Pistjork = Picyjork = Pivnjoak + Picgjoa point access
M Diffusion Term: 2nd order Center FDM (easy) 4AXAY
[ | Ve|OCity Divergence: Staggered FDM (easy) B Pistjkss = Pigjkss = Pisnjak T Pisjka
. . 4AXAZ
B Poisson equation: Red & Black MG (hard) B et = Pt = Pr et By s
. + 1, ]+ K+ 1, ]+ K= I, ]-1,K= I, ]-1,K= — -
B Pressure Gradient: Staggered FDM (easy) 9 ! 4AYAZ Lk 10
Detail of RIKEN Benchmark Problem Shared-memory Use
Read only 12 arrays : a, b, ¢, bnd, . .. ﬁﬂZﬁ::Z mm gg
andowrite O arravs © 5 wrkd fidefine NKHAX 129 1 block = 16x16x8 : A part of the Computation Domain
e static Float pIMINAX] [NJHAX] [HKHAX]
tatic float al[4][MIMAX][MJMAX] [MKMAX],
for (i=1 © i<imax-1 ; i+ SRR 1O a1 IHIMAX] NOWAX) THKHAX] Jde, . 64 16 for1 block, 256 thread
for (j=1 ; j<imax-1; j+) ot 2[3][ Hm][ mwl[ 'm%q; cae2
for (k=1 ; k<kmax-1 ; k static floa n : T a7 el =
o;é = a[0] [iT?j(] (k1 *+;)[i[+1] [ 1k 1 static float wrk1[MIMAX][MJMAX] [MKNAX], / > Total 256 block = 65536 thread
+a[11LILTK] * pli 10+11k 1 wrk2[MIMAX] [MJWAX] [MKMAXD: | L
+ a2 L1011 * pLi I0j 10k+1] (7 g
+ b[OILiT[J1[K] * ¢ p[i+1][j+1]1[k I - pLi+11[j-11k 1] l
BUTLILT * (bt Et10et] - obi 101 L Maximum Use of
+ i1 * (pli 1Lj+11[k+1] - pLi 10j-1][k+ -
- pli IG#I0] +pli 1011011 ) | LB the shared memory = 16kB
+ bI21[ITLII K] * (p[i+1100 TLk+1] - pLi-11L0 10k+1] £ 0
= pli+110j 10k-11 + p[i-110j 1[k-11) 128+2 [ | 16+2
+ o[O1[ITLIICK] * pLi-110j 1Lk ] 1 Taa— B
+ o[11LITLJI K] * pLi 1Li-11Lk 1 e e 16+2
+ c[21[I1LJ10K] * pLi 1Lj 10k-1] | | j £
+ wrki L1 L] KD | = Sia
85 = (80 * a[31[i][j1[k] - pLil[i1[K] ) * bnd[il[lLKl; T 8+2 e
} wrk2[i1[j1[k] = p[i1[j1[k] + omega * ss: i i A EmaEERas

Boundary : Non-coal eased data access




Memory Bounded Problem

. #define MIMAX 65
A[129][65][65] : 2.18 MB % 14 variables | tdefine MHAX 65
tidefine NKHAX 129
12 : read on!y static float p[MIMAX] [MJMAX] [MKMAX] ;
1 : read-write static float a[4][NIMAX] [MJNAX] [MKMAX],
1 - writ b[3] [ IMAX] [MJMAX] [MKMAX]
. write [31 [NIMAX] [MJMAX] [MKNAX] ;

static float bnd[MIMAX] [MJMAX] [MKMAX] :
static float wrk1[MIMAX] [MJMAX] [MKMAX],
wrk2 [MIMAX] [MJMAX] [MKMAX] ;

per 1 grid = 34 floating point calculations
per 1 word Data transfer = 34/14 = 2.4

If GPU data transfer rate is
60 GB/sec (15 GWord/sec),

Even if GPU is very fast

15%x2.4 = 36.4 GFLOPS

Without shared memory : 34/14 — 34/(14+18) = 1.06

15x2.4 = 15.9 GFLOPS 13
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Open MP Parallel

64x64x128

Parallelization using 4 GPU

Host ﬁ

exchange

exchange

PCI

exchange ! EXpI'ESS

D
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GPUs

-
-
-
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Machine (Phenom Desktop PC + 4 GPU)
GeForce 8800 Ultra X 4
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Specifications of GPU and Motherboard

GeForce GeForce
8800Ultra(G80) 8800Ultra(G80)
(M (El QA
(MsSh (ELSA)
GPU Peak Performance [GFlops]* | 414.2 384
# of SP 128 128
SP Clock(CoreCock)[MHz] | 1618(660) 1500(612)
Video | Transfer Rate[GB/s] |- o4 ] 0368 .
Memory | Memory Bus width[bit] 384 384
Data Rate[GHz] 2.3(GDDR3) 2.16(GDDR3)
Capacity [MB] 768 768

* 2 instruction issue

| +2 slot
i +2 slot

' MSI K9A2 Platinum

AMD 790FX + AMD SB600

: 4 PCI-Express x16-type slots
Support up to PCI-Express 2.0 x 16
Support up to PCI-Express 2.0 x 8

When using 4 GPU card, it works as PCI-Express x 8 for each GPU




RESULT Parallel Performance

S model [65x65x129]
0.976 GFLOPS (8.431sec) 51.91 GFLOPS (0.158sec)
1 GPU (no datatransfer) 30.6 GFLOPS (0.269sec)
X 53.1 2 GPU (16kB transfer)  42.5 GFLOPS (0.193sec)
4 GPU (32kB transfer) 51.9 GFLOPS (0.158sec)
» Before +  After
mimax = 65 mjmax = 65 mkmax = 129 [INFO] Number of host available GPU 4
imax = 64 jmax = 64 kmax =128 [INFO] Number of CUDA devices e RN Reference @ s
Start rehearsal measurement process.
Measure the performance in 3 times. 4-GPU OpenMP execution . . . . .
) ) ) M model [129x129x257]
MFLOPS: 941.082902 time(s): 0.052496 3.288628e-03 T[:]r:gx:ﬁiSjmJar;a: z462mrgl)§m:¥2; 129 1 GPU (no data transfer) 29.4 GFLOPS (2.328sec)
Now, start.the actual measurement process. Start rehearsal measurement process. 2 GPU (66kB transfer) 53.7 GFLOPS (1 .275360)
The loop will be excuted in 500 times Measure the performance in 3 times.
This will take about one minute. . 4 GPU (131kB transfer) 83.6 GFLOPS (0.819sec)
Wait for a while MFLOPS: 34717.560084 time(s): 0.001423 3.295089e-03
Iéoop ?xgcg;ggsgoroioo times #ﬁw, Istartlilzfllebactual mga.fsurgg(e)nt.process. L model [257x257x512]
NFLOPS measured  976. 566470 cpu : 8.431426 | | This wiil take sbout one minute. 1GPU (no data transfer) ...
Score based on Pentium 111 600MHz : 11.909347 Wait for a while

2 GPU (262kB transfer)
Loop executed for 500 times

Gosa : 9.672065e-04 4 GPU (524kB transfer) 93.6 GFLOPS (5.974sec)
MFLOPS measured : 51909. 594689 cpu : 0.15861% 18
Score based on Pentium |11 600MHz : 633. 043838

Poisson Equation solved by ‘ ‘ |Cme N
MG(Multi Grid), Red & Black method {2 esrerederey
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B Algorithm Acceleration

Point Jacobi s SOR ====p MG-SOR

B Hardware Acceleration :

000000000DOCGOCGOOOOS
GPU (CUDA) X907 @ @ Dependency on neighboring data @ @ @
00000000 0OCDOCGOOOOOO
ER Invinx/21@ @ Continuous dataaccess @ @ @ @ @ @
fi+1,j _Zfi,zj + fi—l,j + fi,j+l_2fi,2j + fi,j—l =i [nylinx/ ]. 0000000000000 0 .FB[ny][nX/Zl
AX Ay ' 0000000OCDOGOOGOOOIOOS
000000000C0COCGOOOOOO 20
0000000000COCGOOGOGOS




Multi-Grid Method

G°l | L1 l | [ | ! |
Gl | | | | |
G2l | |

AX¥ Grid spacing of the k-th Grid G*

AxK = 2AxK

Discretized Poisson Equation on G*

Lk F k — S k L : operator  F*: exact solution

S source term

flk = SORRED&BLACK (Lk 'S k’ 1:ok ' n)

n-times iteration result, starting from f,*

Residual Rk = S K _ Lk flk

Correction Equation

Correction VK = FX — flk
Residual R* = gk _ X flk

_1kk kek _ 1 kfpk k
LR Ll =L (Fe - 1Y)
K, kK k
L'v: =R
The k-th grid correction equation has the same form as Poisson equation.

Lk+1vk+1 _ Rk+1

The k+1-th grid correction equation

(Axk+l = 2Ax")

Restriction and Prolongation V-Cycle MG
vl L1 l nstep n+1 Step
R > S RN
Vit = %( Lt 2V Vik—l) G CI;lr\r{alctEnIE:. Lvi =R
Solving k+1-th correction equation LkJrlvk+l = Rk+l , Res‘i‘;‘\‘/":_ R’ LZ\F;;O'O_”:ZO”
SERSEERERARL AN
=L ) ) o g 3




Two-dimensional Advection Equation
. 0<u =mmp fin

of of of
+U—+v—=0

ot ox oy

Cubic Semi-Lagrangian Scheme ( 3-order accuracy
in time and space

fjn+1 _ Fcn (Xj _uAt) = a(—l_jAt)3 + b(—UAt)2 + C(—UAt) + fjn

fr, —3f+3f 11,

o b:fj’ll—ij”+fj'11 C:2fj'11+3fj"—6fj'11+fj’12

3 2
6AX 2AX 6AX 25

Two-dimensional Advection Equation

Frontgenesis
velocity profile:

GeForce 8800 GTS
65 GFLOPS

1024 x 1024

Two-Stream Instability
in Plasma Physics

Vlasov-Poisson Equation:

2 — 11
of +V8f_eEaf:0 é9qz>:e(ne n.)
ot oXx m,ov OX €

(E S o fdvj
OX

f : electron distribution function
n: electron number density 27

CIP MethOd for 2-dimensional Advection Equation
of of of f

X,i

(—UAX,—VAt)

f." = Fop(-UAX) =ag® +bE> + f, £+ ,

1 2 1 3
a:F(fx.i + fx‘ifl)iﬂ(fi - fi—l) . b :E(Z foit fx‘i—l)iﬁ(fi - f&%)




120 GFLOPS using 8800GTS
—
S—

Two-dimensional Burgers Equation

ou du  du o’u ol
—tU—+V—=K —+—
o ox oy Lo oy
N N v ov o
— U —F+V—=K —+—
ot ox oy ok oy

GeForce 8800 GTS

40 GFLOPS
ui,j. O

1024 x 1024
:ﬁ V OEBAHIBEELY U, =L +ri'j’1+u$61'j’1

Incompressible Flow around a Body

Incoming Flow: uniform

Karman Vortex street behind the
body depending Reynolds number

12222

Burgers Equation

Poisson Equation

Re = 2000

o*p *p 1(éu ov
ox* oy At

h ox oy

Correction
u_ 1 w__1op

ot p OX ot p oy

31

Compressible CFD Application




Numerical Scheme IDO-CF

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

Rayleigh-Taylor Instability
X 90

Heavy fluid lays on light fluid and unstable.

512 x 512

X X +AX
f P, = fdx f. Piap=|  fdx f. :
i+ o o Li’“ « ’ e LJ‘ - Euler equation:
AX AX 0 oE OF
a? NPV
F(x) =ax®+bx’ +cx* +dx + f, X oy
. - x 0=t p pu pv
Four matching conditions :L,,AXF(X)"X:PJ‘M F(-Ax) = f j FOOX=p,.y ou oUZ+ P puv
53p., 30,4, —6FAX 3f  —2f +f - £t Q= E= F= ,
Unknown coefficients : e=3 ey 2= 2onym s g P P i pv puv pVe+p
e eu+ pu ev+ pv
EF(O):ijA/Z_pj—l/Z_ fj+1_fj—1 P P
OX AX? 2AX
&2 5(3p:.1,+3p: 4, —6F.AX) 3( f,—2f +F,_
aXZF(O)=2( Pz ijgllz : j—z( s '1J 5 42 GFLOPS using 6x280
Phase Separation 2-D Computation of Phase Separation
Mixture of Oil and Water:
Phase transition dynamics is described by the Phase Field Model. 114 GFLOPS using oTx280
Cahn-Hilliard equation: v, 512 x 512
I+
H : free energy o
0 oH H
—\V = LVZ ——CVZ\V a_z'c‘ll_u‘lfs Vi Vi1 ja
ot oy oy o 0 ©o
) . . o oAy By Ay vy, Vi, Vi j Wi j
Discretization: Y _ Yirai 7 MWin; T OV 7 Wi T Wica o & & o o
ox* Ax*
o'y oo @
ox2oy? :( Viajn—2Wija TWVisja
=2Vt —2v Wi j-2
F Wi =2V tWigja ) 35




3-D Computation of
Phase Separation
Mixture of Oil and Water: 158 GFLOPS using GTX280

256 x 256 x 256

Used register number = 46

2 nvcce option —maxrregcount 32
for G80, 92




