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Abstract

Abstract

Material Point Method discretizes material domains by both regular grid
and particles. Compared with Lagrangian FEM, MPM avoided numerical
difficulty induced by grid distortion which is common in FEM. And compared
with Eulerian method, there is no numerical difficulty caused by nonlinear
convective term, and it’s easy for MPM to handle free surface and the material
interface. As a result of these advantages, MPM is widely used in coupled
fluid-solid problem and other dynamic problems that involve large
deformation. However, the computing capablity of common PCs greatly
restrains the scale of problem that can be solved. When solving large scale
problems, the bodies are often discretized with insufficient particles and the
results will definitely be very inaccurate. To enlarge the problem scale,
parallelization of MPM is required. Meanwhile, load balance strategy also

needs to be raised to avoid wasting computing resources.

Similar to all methods in which bodies are discretized by both grid and
particles, such as PIC method, the particles of MPM are free to move
anywhere within the grid. This feature will cause great difficulty in achieving
load balance. This article addressed some issues in the parallel algorithm of
MPM using MPI or OpenMP and discussed how to furthur improve load

balance.

MPI provides a lot of funtions to pass messages between processes. It is
powerful, flexible but requires a lot of work to implement. In this article, the
3D explicit material point method code, MPM3D, is parallelized employing
static decomposition strategy and is named MPM3D_ MPI. The article also
verifies the correctness and stability of MPM3D_MPI. The parallel program

greatly increases the scale of problems that can be solved.

OpenMP is a parallel model based on threads, which mainly uses
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Abstract

directives to realize parallelism. We proposed an alternated grid updating
method to avoid data races when OpenMP is used in the stage of grid updating.
This method can be widely used, easy to implement, easy to realize load
balance and wastes no memory. Based on this method, MPM3D OMP is
developed. Some examples show that the efficiency of MPM3D_ OMP is very
good.

Keywords: Material Point Method MPI OpenMP

alternated grid updating method parallel algorithm
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ADI Alternating Direction Implicit

AMR H iE WV % 4% (Adaptive Mesh Refinement)

CFD VIR AR S /) 2% (Computational Fluid Dynamics)
FLIP B R AA T 5 75 ¥ (Fluid Implicit Particle)

HIC Holmoquist-Johnson-Cook

HPF f5i V£ B Fortran(High Performance Fortran)

JWL Jones-Wilkins-Lee

MPI T B2 1 (Message Passing Interface)

MPM Y i 1532 (Material Point Method)

MUSL Modified Update Stress Last

NPB NAS Parallel Benchmark

NUMA A NAFAFHUH L (Non-Uniform Memory Access)
PIC W% 5 55, 7 ¥ (Particle In Cell)

RCB I YA AR 4% (Recursively Coordinate Bisection)
SMP XIFR 2 Ab BHL(Symmetric MultiProcessing)

SPH JeHE B IR AK B 1724 (Smooth Particle Hydrodynamics)
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B =FAA UL OpenMP (1 IFAT )T sVE R SEERANTY, $2 1 T — Rl 23 X
TG BT, BARGNAECHE, JFHEARTREMNE, IR T
OpenMP #§ MPM3D Jf474L, it 17 IF-47F2 MPM3D_OMP. 73 HG15AIE T
PITVER RAFRCR, IR A B ba i 1 St InE

SRS ASC AR T i SRR, IR IR AT AR T R
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F2E HEFMPIHYRSHITEE

2.1 MPI &4y

MPI &4 PERE, HTAEERR R RS R, A MPL MBS —H =
TSR, SRR AR 4%, RS RO U . BRI S . RERG R AL
THIS PR ERE

(1) MPI Ry 75 TF46 A1 25 F2 1R I fige 52 8 1 1 10 b 5 LA G AN 45 R MPT A2 7
PFEEAT (LA C+241], 1 [A):

void MPI::Init (int argc, char **argv)

void MPI::Finalize ()

(2) RN A B A TR, BH 2 YT A R B o H -

void MPI::Comm::Send(const void* buf, int count, const

MPI::Datatype& datatype, int dest, int tag)
void MPI::Comm: :Recv (void* buf, int count, const
MPI::Datatype& datatype, int source, int tag)

Hrp comm &S T, BI—AHHERMES . W5 78 TR R,
Jp bl DAEfE A TANEAE 1, AR IS i 5 e . 5 — AR
SEILII DI RE K count MEAELE buf HLH datatype FM S Kk 25 L
desto WUERMANHEREZ 0 Z IR RIEFFSZ, "L tag 20 mlE AR,
PADS 050 A5 AN [ CRCAE PR B o 28 AN R B IR D e 2 G5 4 source HE
PR count A datatype REINIHIE, HAFHELE buf W. datatype A& MPI
B2 X PE2AY, 45 MPT INT, MPI DOUBLE, MPI CHAR %%,

BH 8 xR IR A Fi8 A G2 A7 B I s A3 RN A7, QA7 B R G ) 22 A7 HL
T IN RIB G EWOERE, R ik WA REA RS A, WIRIER
OGS 2O R R A T R EOT H C @ i Z LT, A ikl
WERIRAE RGP 2247, (BAGR B N T RETAF KD, KIXRK B2
WRIFESERE o IXMSOUT, W EAHRIEN B ERE, A 2 K SRR I, FR
HBCE . TR AR, [N TR AR R, b Bk S HA T AR

14
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A AT, s B AR P 2 S UK pR AL
MPI: :Request MPI::Comm::Isend(const void* buf, int count,
const MPI::Datatypeé& datatype, int dest, int taqg)
MPI: :Request MPI::Comm::Irecv(void* buf, int count, const
MPI::Datatype& datatype, int source, int taqg)
ARFHZE XSGR PR, HRYIIAE T AR B ERAE, JFBAT5eke, IR
[F{E A — MPI 153K MPI: :Requesto 45 25 il A5 I, 1208 K1 H 2545 R
.
void MPI::Request::Wait ()
A R B B 8 T A BRAE A S IR ] AT JRR%E R BRI R AL bR S S A
PR K2 RS AT DA N A b Bl bl , A R A A 363 SR I ] A [ B A A T
B o ASCAEBURTT SEAS LA XA Sl W) 5 i BT TR MIPT A b 250858 D B
Sl N
(3) HEALEAF AT Fh e . Bt e i, NS, RN N 4HES
% SCHR[33, 34].
(4) MPL BEFPAEAT I, FHAN T i 2
mpirun -np nproc -hostfile hostfile ./a.exe arguments
HP 25 np $8E IHATREF 1 nproc MEEREHAT, ML K hostfile #IE .
“./a.exe A AT A, arguments A& A PAT SCAF I HAR ZHL, dndim A\ D14

2.2 A MPIMYIRASHITEE

VI R KL — 2 A AR T S5 i RO SR I 5, ) s Ay 5 DA
SN TSR, A AR T YR WA TR A R . 51 M
Mgt AR A B A R A 4, I TR E RN —
1102 S s 2 RO/ DTS i PP L7 ol =iy 83 N B 5 S 9 oy = o TR (S 7 DT
RAETS SIS N I 3 AT R A HEAN I S ). B, AR v RE LI 4G 43 A AE A%
(P)—ui, T2 TEIUNE R, YA E] 7RI 5w, i H A R A
CINERSE RS YA ot oz i N PR D 1E A g R - M P e 7 B 7 8

Plimpton 7£ PIC BT i ] 7 RCB B 4pX 553, XA E104E 2R
U R IR 2.1), XA EITT KB A2, XA AT 2 — 4 5 340

15



2E ET MPL IR ST 5

JR RIS, B R SRR R AR H AP 5 o Ak R 40 T )
MIAs BRI A 2 NIERE, LW R IR 8, TR e e Rl 4
IR . Parker ZEEM B IE AT B 2O OR A T A X A2, 9 L
37 RIFMRR. 46 EdFRE, TR MPM3D_MPI KA T iS50 X
ik

K 2.1 RCB X 7pik: SGiHy A LUIT, BB X250 B &DIJT, ZJEHIK
I C D 90 JF, 55 T3 PRUERER K 23 P I K 73 DX AR A 55— 30

2.2.1 XH@AAR

HFATRE MPM3D fii ASCPFI, 2T crarsexmp Ko iRl T FEFIE
ITH BRI s . ISR, e i R SRR T SR X
WIS H VL CHARUERARIPIN S, W map, vector . FEFFAEBITZH],
BRSO S BB AT A IR BN RN o AR5 &SRB V0
Mz R AT R -

AT AE BT R PR 20, — Mot JA 0 S BERR B U A\ SR IF
T4, R RAT A S BAGR S AR . SR ATRE P C &85 AN A 4T 1
U, AFf#AE crarsexmp KX RN, HE TZEME M, AGEEBAH] MPI 2
PP A 328 5 R ) BRI HCRE 1200 RO IR 2 HABRERE . BRI e f8 B3 ik 4 L Atb ik
B, Bl 5 AR B & v SRR O FHZ 38l o B S AT Wi ia 4k, 558k
A R 0 79240 EEANURR I T HLAFE I

5 R B AN [A) R P it Bt B B LA S AR AN [l o, A e 52 4
Ao PALtE MPM3D_MPI ik @R A IS NS SO, AR SRR IR i,
o JECRT T A B 0 X IMEIEAT 20 X5 B AN BRI DU W 2% 00 ot e 1 )
TAGX, WERAJET, W& FAZY TR
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2.2.2 HEXARURFEZHRI

FRATHE MPM3D h )5t s T 5% W9 A& 23 0 i 57 T #5845 44, MPM3D_MPI
WA T IR PR 44, F A B SR 5T T4 X R0 A R SR
AR RS S A BT RS A 0 X720, B I AN R ST, O
D SR HEAN TS SRR TR 5 BT SRS BB (AL, 5 4 il 1) 2 B0 A
75X, FFHRMMNER AT T T FEREAN AR, 2 X 50
SANYERE DT SR AT, AR Ly X, B 2.2 A TS SRS R O3
X 7.

BEEHR
(0,0,1) T — [
(0,0,0) (1,0,0)

1 jy A X &5 K
X

K22 MRS XRER

73 AT AR AN SCAESRAT o AR 73 XA S AR 1R 2 8] S ST AT N ) 225 ) o7
FRAR, WM AHRESRA o T R — i ELA AR AR AR K AR AR Bl 5 ), RE P
MPM3D_MPI A H T 11 1 ek E O 2R (1) 1 R 7R F $h

MPI::Cartcomm MPI::Intracomm::Creat cart (int nDim, const int

Dims[],const bool IsPeriodic[], bool ReOrder)
Hp, npim NEVEMHINFILEL, Dims A HALE nDim NYEE LK,
IsPeriodic FERHENE It ], ReOrder Fomit M X BERE LTS 5o M LE
FEHAMO 2B AL E AR, ) DU SRR BEREAE 2N 1) B AT I IERE 5
L 2 TR SRR TAgics PN N R (e S i X W) ) o Vet g AT S Rl TR VA o
REGIIXAFAE 2, Wt R — 8 MR D5 TSR 1723 18 A7
B AT T PR AR S B AR AN I BERE, XAl D3 3 5t RS 23
Fogs T ANFIRIRERE . 18] 2.2 ZE MK/ IE DT AR BERE S 4T, BN TR AR — At
FE, A MRIE TS RACRBEAR T SRS, BEAS N T IR — A 70X, BRI
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FME L RS 7 DA A X

RE MPM3D_MPT S 142 [ 2 (R A7 P28 4l o0 WA IR B0, EDnT AR
B Sy AN IN 25 & ) T s S vH SRR DR IR 20 X TR LR S 5 AT S (1 47 3T
SR, O — B St o XHfE oK, YR 85 XA sl B ah 2T .

rXSERUR, TEME R MPT S e ol B3R 21 B 5 AR U7 ) B4R
BEREAIERE S -

void MPI::Cartcomm::Shift (int direction, int disp, inté&

rank source, inté& rank dest)

ZBRHGRTT T 95 N rank source (PR, W RS MY direction JT IR #£3))
disp M E KRS, 4iRAFMAE rank_dest W. FiF MPM3D_MPI H 4
ST B4 neighbour (31 (21, ZFHAFEE =N ERE DT ) B e AT AN SR FE IR 20 5

2.2.3 BH=MEHFITERH

FHAR 1 73 DXt B A SO R AT R AR L 7. 15 35 s B3R BB =K,
AN GridInitial, GridForceUpdate, GridMUSLUpdates WS e FH Bk
L, BRIk B R T o IX LIRS E AR A [R] A 5 S5 R T 4 o
Pi, DXHE T OB R AR A . O T ol BTN R), AT R 1 Stk
LTRGBS RS I FRAE i 5K . BEREXS AR, AKUORE &5
MIPTt AL A N GAT

9 9
8 3
7
z 7
517 6
5
4 / 3 0 3
2}
7 ?
1

K23 WML RPN E

ST SR A R A AR I AR A0 23 DX A (0 SRR I 5 & s K RS
PPt 8 BB 2.3 IR YR B DT, R QU N A AR L A
TR 45 A, ARG AR IR A5 R (1 P T PR 2 i 42 SRR [R5
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Une, LA R & R A T K 45 R — 2. A HERE % e
AL H QI R . AR RS B e, B B SO 4 R
R, MBI BRI TR 4 & B ]

3 4 1 o
1 2 @ @
ORI 11
=0 } 0
34 43
12 21 @ @
@ ®
y = $ =
3412 é 4321 ® @
1234 E 2143 @ ®
2.4 FEFIR AT B K2.5  EXBIYI R

RIS IS LR MPM 715 55 R IFAT RTINS DX R A 45 B2l 1 K2
e BN, ARG A BN, R IR R, Rl E AR A AR fif
BN, FREHCRE A7 B IO A D — AN A, IR EEE . R REA I
E S R IT A 5, A4 1 PR R AT DV T ) R 3 0 A I 10 46 Je it

Fe:
For (int 1=0;1i<3;1i++)
send to neighbour[i] [0

]

]
receive from neighbour[i] [
send to neighbour[i] [1]

[

1
receive from neighbour[i] [0]

End

TSN DSV @ ey S W VAR By = g U i B T e ST D €/ 1) 5 B e Sl
TEiR), R EOER R SE R, RIS BRI . IR AT
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K 2.3 FEISTR OIS Rile? B 2.4 A HERB T, AR A ST YA 1)
X, BOSCE RN S S IER I YA RS R SR . B MRS, RN
FORADX [P PR A S 45 A R EHZ R A5 B FESERTT, A HERE R R4S
s ERA A XY USRS B ok L KR A, RN EERE R R 0 4
s AT TR B A BERE P AT IR vk, AT A 2 1 A R SE T .

2.2.4 YMRRBEXBZHIRN

R AR R Z A 26 ANABE T X B KRS, AF—T150
X NI 2D, T RERS B 25 JLAH AR 1K 26 A>7 73 X A AT — A,
EASEGLIX 26 D70 X, BB 170X B4 . MPM3D_MPI ANnA|
EREB BB T AR R T X, K] TS S kR AT
SN PN PIRF
For (int i=0;i<3;i++)
For (int j=0;j<nb particle;j++)
p=particle list[j]
if(p.x[Jj]l<grid.spanlow([i])
add p to plist 1
if(p.x[j]l>grid.spanup[i])
add p to plist r

End

send plist 1 to neighbour[i]
(1]

send plist r to neighbour[i] [
(0]

(0]
receive from neighbour[i]
1

]
0

receive from neighbour[i]
End
ﬁqj P %:Zﬂ?%@"i‘ﬁ, p.x %%%ﬁ@)ﬁ'ﬁ p ENR A= grid ﬁ%%ﬂ@%" grid.spanlow
il grid.spanup %%Uﬁ%%ﬁ@%%_ﬁ—l‘_%: plist 1 %%W%éﬁ%ﬁﬁﬁﬂﬁlﬁ
I B3, AL plist v RN FREHER IETT [ AR MU A1 .
2.5 fw, S RHEIT A 4EE T 0 BRI SN IE, PIBOS R RS B B T A (1 5y
X
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2.2.5 MERREEZBILIF

MPM3D_MPI s 7 AL Bhas s LR 1 3E N T 43 25T 1K)
SCEF. WNIN T XL VLSRR I MPM3D.MPI SRR LI 2.7,

ek AT e R Ak SV B SCREARIAE PN T T . BET 1S S A L
FrEE RIS, AT BR BT SR RS A AR R R A &5 B RS B s 4
BRI G A1 s WO fu AR R 115 S PR AE B E Al e S RS AR AR TR
g5 i BT TR PR, HCURAE N AR A B (1) JR 35 I A%, DRI 75 B A7 I8 53¢
Wk &5 R B I G A AT FOB e vl o JE B2 A 0325 )5 G A7 R A dl 2540 L] 2.6
FEAN G5 RO BC B BOT Sk S A — AN IR, Rz as R R s 24
R RS A 2 PR B, A& 49w 555

nodel node2
[n1] n2] | -

K 2.6 JAM T EMEEIG, 15 RS A 0 EdE 4k

BN IIRS : JFATREFR XT3l 2 RS (0 SCRF -5 0 B S0k (0 S5 S IR AR SR
L, IR T RIS AF G5 o AR ST T S MRS I, 3700 R Bl KRB 27 5t
WA s, MR IZET R KRB 05 MR s B SRIE B2 45 2 H00
0, WIE Bk

IFAT HAG NI 73 38808 515 AN 1 B 3G A o3 B8 I B
U R SRR AR e i Ja 2 A R BB R UR r Ra RY)
FR AL E, I R AR XA s Y i s i, SEIRH A & NIRRT, 5
AW RERLEY) T S R BT DXAMET,  SIE TR R

2.2.6 FiT3xHmEH

MPM3D_MPI 1 ] hSpart Fil vtk [f) 347 31440 H T g .

2.3 BHIRER

AR 5 BT SR WA 2 g RHE T IMT R R 1 s
TSR . AR X F BIa Wy 5 AR e AN, ARl B R i &
DA A ) B AT T I 5 I NN iR 22 o IS A I IO FAT AR, ORAIESS RN IE
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BvE? seAh, IFATRRRPRR T T B KRR AR, 34 i ZEORFF R e 1) IFAT 2%
H, DI A CA M. A SCIEERAL N i LM Oy I UE AT R 1
AR eV, BURiAR T KEAR AT R

| GridInitial (1) |

I BRGS0 E) |
Y
| GridForceUpdate (3) |

v
< MPIGridUpdate >
v

| Vi B 4 A |
v

| GridMomentumUpdate (4) |

v

| ParticlePositionUpdate (5) |

v
| GridMUSLUpdate (6) |

Y

| ParticleStressUpdate (8) |

v
| Y A 033 |

v
< MPIMoveParticle >
v

K 2.7 MPM3D MPI [t fE(MUSL % 20)

2.3.1 EFIEFHMRGIE

M0 A AR S T SRR Pl ok € IR 22, 0 TR e e
XS R A S A 5w, BT A — UL ) — [, A P AN TR] ) 2 R 4
H 5N BAT o5, WA RS AT A 2 6 80 ndl . kAR

OB, LK RE R S

KN RO H 1 2 B0 7O i AR IR AR 4R, TR 3
ERZN ﬂﬂ FERIBIAE R o XS] DU O LA P e, B8R XU A
T SLAE R BAIEM TWL PRESTTFEAAUIEZS, M Grineisen ARZ s
hﬁﬂmomm%§ﬁﬁ%%¢ﬁﬁ:
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0] 10} okF
=A(1-—)e " + Bl———)e ™™ + =— 2-1
p=A( RJ) ( RJ,) v (2-1)

K, 4. By Riv Rov o NMPRIZEL V URPRHARL, E W RPRHIRIAG A7 14
BARE. BRI 2 ALK 2.1,

% 2.1 TNT SIS

A(MPa) B(MPa) R R, w EMJ/m’)

3.73e5 3.74e3 4.15 0.9 0.35 6000

Griineisen JRZS T FE R IE N
p=pﬁ+{(e—%> (2-2)
Hr, py A ey 235120 Hugoniot HHZE F (¥ i s R R E N EE, v A

Griineisen %0 L = 20 =4 3%0, BEBlh RIS MO 2.2,
vV

Vo
22 KHISH
Co(m/s) S %
1647 1.921 0.1

AREBEH — 2T 5P, EMRS NI S A mle R EXRRYE, AR 1/4
PR HAL, AT 2.8, AR e b o BORE LUK O A 51 DY A4k . B
Yot i B H 2o V07 o A FATRE P SN, 0 XRCE Dl 4x2x1 T 8x8x1, )
AN AE = ANYEE BP0 XA B, PR D25 id o TO0 =M Tl =, &
AR Tt BT PREVLEE 2 ok s 1 73 DX SRR I, 70 X 5 A7 AE
X e R R R o S RS, 3B H O e AT R
FeEIETE, e —& ) UZ AR E5gm.

AT RODEIRIT 1000 I, Rk B30 5, S B e AUk AR B T
Bst, RN I EIE SARAG LLR L. o TS B ISR, 3T
HOMEES 800 D INE R . 18] 2.9 it 5D HT 800 IN =Fk LUK S =18«

MIE 2.9 FEA EEEANS TH0 AN T8 = s Iy 0FE B 55 00— HI X il
A=A LU e th 2 dh R e i shaebl N Rese 3, LA P
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St . UL BUE IR R IER T o) DLORAIE Y o

K

TNT ‘
X

K2.8 KNI E

Tt

T

2.9 K FEERIE =
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THh=

B 2.9 K MEERET) =K

2.3.2 IEFREMRIEE

R 1 5 BRIl R e o SO il AU, A2 HH I 2247 A A2 ASIRE [y
TR A o IERIRAER I L MRS . i X R, U T
A, H AR HOT ALK 2,10, & EIREET ORI HIC SRR, JE25f
I TWL AR Ty REfidtl . B isUe B s B A 208 1T )7

K 2.10  HLIZIREIE B BB R &
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K 2.1 8 =R =

WAL R IBEIAT TR & BT, B85 Rl DR AL S, 8 GB
WAL, JE T =AM 00, 2020 GB W A7. AT X 53 8x3x1, & 2.11
N8 ER I A, S FRAHE N P TR LA TS A AR
PAFBR S, a A BRI S T 45 st B LA 0 K I . VBRI
¥4 T MPM3D_MPI [fAs5E v

2.3.3 FHTEFRIHE

MPM3D_MPI KHE A K EE, BEA I ], A8 n) @b ) 5t s (1)
YA ST, T A ) A T R R RS ST A A, PRl e R
SESERANFN e ASCAEW IS S S Pt T MRS, I B T
H%,
2.3.3.1 TS ERME

ZR ST ey S R D R S BG H F T0 AR L R AR A LR I S
EARMER A, MEAET, KA Johnson-Cook 5ift 5 A5 78 5 H v 17

o, =(A+Be" )(1+Cln&H)1-T™) (2-3)

Hrp, A0 By Coone om MEFEEL o W BRBUBVENAR, & ="/ & TR

26



2E ET MPL IR ST 5

REAEE T = (T = T )/ (T = To) IR E , IR T, Sy bR RO R
ﬂmmjbgg%%o EiﬁkEQ$j*42§§ﬁDl%%2fh

*£2.3 BRI S

SR ZHH ST ZHA
po(g/mm?®) 8.9¢-3 C 0.025
E(MPa) 117.0e-3 M 1.09
v 0.3 Troom(K) 293
A(MPa) 98 Tne(K) 1900
B(MPa) 368 ¢ 385
N 0.7 £, 1.0e-3
| Ei
= |
|
\% l “‘HE, """ :
= I
% o
I | I
————- ! |
I | I
I | I
z | | y |
. ] .
I—'» X L, X
g i

B 2,12 R AR, LT 5k

B T2 AR, FRATTAE ] 174 BATHEE, An S IE LK 2120 WA 2
J7 Iy A 2R N BIE B, K R R T s RS AN RT3, SRR A ) £ 3
BRR DR B2 2% . W x Ay 7l PR A IMRANE S o B AT A
TH—, XA Ix1x2 A TH, 30 Ix1x4 JTHL=, 43X 1x1x6 4T
DU, ZrIX R 1x1x8 Tt Ti. SEMA B RCR WK 2.13. o Al
20%. I, CHAAEACEEIN, AT I A W] LA
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1.0

0.8

0.6- \

0.4 '\\\\
0 2 i .\I
00 T T T T v T M 1
0 2 4 6 8
R
Bl 2.13  ZR AT il 1K) IRAT 2%
] -\.\
0.8- T
. 0.64
J'\}ﬂ- e
=
= 0.41
0.2
00 T T v T T T M 1
0 2 4 6 8

BEFEEL
K 2.14 K NERIERIRER

2.3.3.2 KTEE

SRR W, 2.3.1 /T, AR RATHEHIEATRE . HIE 2.8 o WazE e 4
S IR A3A FRUR I S AT b T R SRS, R o A, R B RS
SHBRIETE IR 25 15 3 350m 38 I 1 B s A AT AN I ) A 4 R B — s R B 1) SR A
ST, AT AT RCR N i L . B 2.4 e 2. 4. 8 NIRRT
(R0, A3 I A IR 2% 1x1, 2x2x1 1 4x2x1 . 1 ANHEFE B AT o L 45
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WAL G T 15 4000 AU IETTE] . 244 8 DNHEFETHE R, ORI EIE 75%. |
UL, BT RS A3 B ARER, SR BT IR & .

2.4 NG5

ARFETEA S TATH MPL ()50 AT 5L O TR B R 7 1 sl
DL 7 (B RERE @A, SR T3 S s o X o5 X, Rl i 25 T 50461056
IE TR REMYE. Btk 7EbIent B9t T IE TR MPM3D_MPI.

P T4 5 a5 A 40 o R R S AR U A, T A0 R AE A N TR RS Bl
AR, IX SRS 3P AT B T ORI R . MPM3D_MPI KA T &
OrIX S, FEANEREATT AT AN IX o KT T R A A LA AT 1 1)
MPM3D_MPI FIRILLLE A NI R 100 T s i A AN S il @, np DL
X FLAAR ) R L AR S B R, AR LB — AT R R B R AT
2 38 R (R SR P B, X o A P 5 D R B T DU A 4 X
RN AT, AT 2 ERE I 2 AN (R R B P 47 A P-4

SR, MPM3D_MPI A% =y 7 P05 v ml DA R P i i P RIS o
—FREIA N LI BE R A 1) ) RBURIA R 20 400 JT )5, BEAE THRALE AR
KRR, XA MAM 2 S, (HIET MPL [FIFATHRET T DUE BB = )
H KT 5000 J7H 5 . [ MPM3D._ MPI W S2HL 1 bk . 3h A M1
SEINA P U RPN S
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¥F3E ETF OpenMP BI¥IRSFHITES

3.1 OpenMP f&4}

OpenMP JfAE—Flopr i B iE &, 12 A8 CA Hifeih 5 AL ER gt G &
HENAFIATE I — B3R SHE A B EUR DT SEBLZ R R 471
OpenMP fifi ] fork/join 7, WK 3.1. fEREPHUELM RA — PNERBREERIT, K
SR, M PAT A IR 347X BB ORI R, 72 C B C++
T }? EP RSN jJﬂ = [‘i 74 /FTJ “ #pragma omp parallel num threads
(nthread)”, /I%‘Eg?ﬁ%ﬁ\yjj nthread 4?@2%%, BEANFATIX, /I\gﬁ%;ﬁﬁf
AFEAES . H “4pragma omp” R HJAMTERIZY OpenMP fi5 3 PEEH],
“parallel” BBl — "N IHATIX, “num_threads (nthread) ” & OpenMP
1), AT®RE “parallel” MISHL, & LT IFATIX NEREMAEL.

HAL A4 “private, public, shared, threadprivate” ZEHTIRE
FATX A BB BRI ARG RENE: “for, sections, single” SEF T
SEAE AT XS N A K TAE 4 AR IR s “critical, master, barrier,
atomic” AW EFPHLHING2; “reduction” XFIFATIX N AR B SEAT )H L4
1E.

MAESPATIE R, T &R ATy, R E&REagkaiiir b %, il
3. ATRAE Y, — AR BUMEAEA TIFATIX . Xl A et 7B BOfHr ik
AT A8 S 4h—J5im, ] LLZ BRI -5 i 25 IR AT KB 3%, ok
TR R A BEAR T A T R

AT HATH
Kl 3.1 fork/join FET, R A Sk oy E R FE
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% 3% KT OpenMP K45 xS AT 515

OpenMP 5 7 WL (1 B T2 XS g 0 [ FFAT AL BE, Xl LU BRI 21K “ for”
(S S SC I S WA R
#pragma omp parallel num threads (nthread)
{
#pragma omp for private (RAHZFEIIK)
For (int 1=0; i<end; 1i++)
{(EEZNEN
End
}
o R o A
#pragma omp parallel for num threads (nthread) private (FAH A
HAIR)
For (int i=0; i<end; i++)
{(EEZNEN
End
HIhRe M RARAAR B A RSP BCS AN FILRE, DUy, oy
e ABEOIAT N AE, R 2 AR S WA R AL B, Ry A4
SR E AR, WURA S LB 54 o XN A 0K TT RE T BB e 4 AR
wEAAMOL LAY private FHIFIHE), BIEEALRE N iZ B BRI
A RIRIA, NSRS A SRR,
YRR AR AL R R, A1 N T sum B R
For (int i=0; i<end; i++)
sum+=(...)
End
411 OpenMP Jf-AT I I LA {343 Y VA 24 fiiy < SIE L -
#pragma omp parallel for num threads(n) reduction (+:sum)
For (int 1=0; i<end; 1++)
sum+=(..)
End
H i1k OpenMP 1) C. CHSEBL AN SCRAEAL A, I Fortran SCHLSCRFEAL
A%y . MPM3D & C++4 il i), 7E1EH] OpenMP JfAT AR Pt 7 75 2Nk G
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AR S A A I 2

BEREREHAT DA 7], WikEfT(oarrier) BIHNEN:

#pragma omp barrier
XA TR A LAk AT I e R A B i AL [0, 56 BIA B e M S5 457 ) 21k
WIdeis, BERNPraLrffalik, ef4 Sk s83hir. eI TR g R AL
FE—ANREhS, HAT LU nowait fr B ki. A RBEATZ A R R Fr AT I AR
BN, IXPNAER I BN TR RTR B, DA I R ORI 2R ) 7 3 1

TH) “critical” WHIKMEE BT S. EA LRI AR AL, AP
L RN AT i S B AR, FE ST A R AT AT Il s AR S o G SR 2k
FEECAE 22 e SN AR, A P Il o 7™ H S M R e (R AT R . HiAth
FEAH ) OpenMP 1~ 1) AT p& B/ 4 22 WL SCHR[29, 307

S5 TR T B B . 8] 3.2 BRI AN A s LA
cache line HHAITEN . A7 KA BB AL T AKHENTHRE, £ )G
W T SR a2, ™ B K WA BARAE, BN ZAF AT (cache
friendly). 1% cache line "W HANI > ANGEAE 2 JG T E A 2], R iARS
ANGRBE NN A2 TP, K2 N G2 A7 AN fir H1 (cache miss). A0S HHHLIKN 22 47 AN i
RS RS RE P I RCR, IX4E OpenMP JHATREFH L H B3 . WA OpenMP
FEFP T A SR ] LI, T R R WA R A, T sz AN [R] 2 e
8T A T REDR LA, AT EUE R R, fEAT ol 2 I AL 2 B 2R A7 A
fire, HEE R RCR, KL OpenMP FAT 4 R I 0 H A 2 B0 1) SR 1k

cache line

%A (cache)
—_—D

K] 3.2 cache 1f#
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3.2 {FH OpenMP BI¥IR S FH1TE %

Y5 ik b v SR B K IR 00 )2 ST T 5 RS R SE T ) i s . ST
SRR QAR R ITAH ABR: (D () 3)s () (OFI(T), HHM
B ERAR R, nitE . SR DSERS R R /£ MPM3D H(2). (4). ()Xt
WA 5 AT A, AR AN TR BRI AR AL 1Y, X B ARl il DA AR IR 24
Hﬁ?ﬁbﬂ “#pragma omp parallel for num threads (nthread) ” ;EIWJ-JFﬁ‘o
M)~ (3)s (O) LAWY F i BEAT IR . BB T SRS, i R o R A
HHTERIN OpenMP SR A fKI$5 IR, AT W] REAN R (K ZRAE [ IR o> R A%
4ini EIARE, RS B S S . — DT IR DT SR AU B SO
X RS G s ER o SCHR[3114E GPU _E3AT T PIC WIFHATHEE, &R T “particle
pull” (RIS (K] 3.3), JFERH T MoBr L I s o B B R I, 3k
197 AR R I IFAT 8%, (AN H T MPM3D_OMP, ST 7 AR A 3] o

//loop over vertices first //initialize F(vs)
Foreach vertex vo€&G do Foreach vertex v,€G do
Find P(vg); F(vs)<0;
F(vs)<0; End
Foreach p;EP(vy) do /Nloop over particles first
F(vg) <F (vg) +w0iK (v, pPi) Foreach particle p; €D do
End Find v (pi);
End Foreach vs;&€v (p;) do

F(vs) <F (vs) twiK (vs, Pi)
End
End
//particle pull //particle push

B 3.3 TR R 7 %R particle pull 5% particle push

SCHR2815EHY T AR EAR, Ho2 Y k. MU WA LA —
LR, RN R LREOE B0 SR B i1, AL R B SR A
MK gk, XA DR AR, ] LIFATIAT . 25 PR ITAT LR AT 1 M
1 _EREEE Bk, HARFURN B BT AL . 2R RS, FAE S
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SCHL, W ERATRR PN, AR S R ) 5 R S DS AR s kA
LRI, DR AR SR AT ) B S0k v RS A P PR P A o RE A T ) i A A A
L BIAR i, RN R 2R Bl B WA, SLN AR R S b B R A H 1
BRI L MERE . BRI T R LR

AN e XA i . A AR R SR I 0 o T8, S ficgy
ANRIZRE, REASLRE DR B BT e X A% BRI . XS TR AN B
T SNERRGEMOT . XM RIS, BN AR D EE
WSO BAT SR T S B X IR A 40, H5 MPT 23 X IMESRL, A
(7 PR 0] 258 FR) DX S8 AR I AN R, 0 e M DA SR AR 80487 o e e WA T 1
FEBNN— LRI H A G Hy, ASCAE 3.2.1 TP T AR AT B

OB T A AR R P AT P IR(S) (8), WIBUGHIALE . ML
T NARAG BN HOFT o IX B IE I YA S B, A RIS A Z TR,
A LLERRAEH] OpenMP [¥ifi 3 VETE FOSEILIFAT o F BV Rl S e LA & LK
Pase s, IXHAE 3.2.2 N IEAN DA

3.2.1 Bx=MIBEH
fECBE MPM3D Hh SIS S5t SEOHT A D AR A -

For (int i=0; i<nb point; i++)
Particle = particle list[i];
<map variables on Particle to all grid nodes of the cell
containing the particle>

End

YU B 23 DXORH AR B4 IR B an BT IR s BRI E AN, AT X
710 e R T A RAT T BCP AT, 3 X T 1) — B T S MRS K . R
WA N AR, WYE X7 R E S N AKX, AR Mg, REik
FITA A 73 XN BB P ot s 8 H AR S, BN 0l 9 50— M Xt SRIE RN X
ARELVE IR DX T7 ) 73 RS T I, TSRO R SRR T . 1 XN R )
JR A, a4 R group Al L group, [AIFERS S LEAN [RIZRFE 17 57 X 3811 L
group F1 R group W I s B H 3 I AHAS o 70 BT Se PR I i, ERDR 1S &¢
W44 BT 2 5 BB SO0 ) B s BEAT IR EA WP e 0%, FATTZE R A S fExT B &
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Tt X I L group W IR AR, K e R BB e 0 R SO 30 5
by BCE ARG FEPTTRAERT B ST XK R group A KI5 s ik
TR . B 3.4 83 T AHWADEIERRHE, 7y X EARINE.

052k (part 0) 145 2 F (part 1)
R KA iy AN v pbot
i L group R group | L group R group E
[ e R II
I
'[eelee[oofoolee|eeloo]|oo]|i!
/l|®@®|/e®]|000C/ee/®@o00|00
I
lileeleefoofoofeeleeloofoo]!!
:: @o®(ege0O0j00C|0® | gel00(0O],!
'leeleeloolooleeleeloo|oo]!!
l|ee|ee 0OO0Ofooc|jee|ee®o0O0(00|!,
|
E::::::::::l::::::::;l:::::::::l:::::lij
— X Ti

Kl 3.4 43X LGN T S, B IXIAF SRR L group, KERA R group

TEREAGZ H, BRI B B 28 L group WKW AL, T L group
BHRMTRXIBEAES, RSN EETEERE WSS AEAES, A
SIS . EERE, RUHBAS BIEEE5 . BT L group F1 R
group AT HF I, XA TTVERR A WA AS BB, 7F L group 5 R group Z [H]
WE —ABERG SR T AT R I B e . XFEERAESS, PR NI T
W) R WS B sk b, ORUE TS R AIERTE . O T SN R A Ef
S, R IHE PRS-

#pragma omp parallel num threads (nthread)

{

int ithread=omp get thread num();
For (int i=0; i<nb_ point; i++)
Particle — particle list([i];
if (Particle belongs to L group of ithread)
<map variables on Particle to all grid nodes
of the cell containing the particle>

End
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}

#pragma omp barrier
For (int i=0; i<nb_point; i++)
Particle = particle list[i];
if (Particle belongs to R group of ithread)
<map variables on Particle to all grid nodes

of the cell containing the particle>

End

nb point AYF MM H . I 5508, EW AL SRS, B 5mk
TR =k, Al i, g, P& MUSL # X g, 4 Bl
K IR SR AR 22 AN B IR IR [R), DR A9 £ S i J B AN ER R0 X BT A 0 o s A T
W, At U S AT R AR O W) BUSAEIR 2 T — IR A T RIS AT I A,
AT AR AR ST A T AT iy, G5 2 G AN KX A CL
TS P FV AT IR IR RI AT, IXRE S B g/ I TR TR 2 o XA AR T L FAT
PATI R :

int *LIndex, *RIndex;

<allocate memory for LIndex and RIndex>

#pragma omp parallel num threads (nthread)

{

}

int ithread=omp get thread num();
int m,n;
For (int 1i=0; i<nb point; i++)
Particle = particle listl[i];
if (Particle belongs to L group of ithread)
LIndex[m++]=1i;
elseif (Particle belongs to R group of ithread)
RIndex [n++]=i;

End

M T PRt I m] DU 2 S0 5 T T 5 B0 1K) LR SR B AT B L3
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EOCH AT S S AT R P A EEARZZ 0L, ME— AT 1 N A7 FE 2K B 1 5
BRG] LU0 BRSO KRR f L, RN BN B STt
AP RS R G IR Y ORI S - B A], S IR A R R
ANFARP R fefa, BT R T —4E5r X, ZE W B 5 92 B it i
I8P B S

3.2.2 YIRS EH

Yoot s B AR Y S P SR AR T R N g A ) SR
P 3a S R S ARSI XS AN R A T T AT I, AL ) L
FEXT )T S HT AR PR TSN OpenMP )45 T 75 A1) -

#pragma omp parallel for

T JATRIREP KA CH+iE S i, AR T i e B (0 S AR, - SR N IR A e %
FEARERG A OpenMP (TERIRAATALIN . 40 R IHTAI B ¥

class example(
public:
void a, b;
void func () {
#pragma omp parallel num threads (nthread)

<change a and b>

}

a,b &K example MEIEH A, example WIFKREK A func () SMBEMW a, bo
2 func () BIATIHIHR L2 IR B SE 4. 2R a, b 24, TR
FIREL func O W, R a, b AFlmNAR R, WXBACS EA RS HITATIR o

MPM3D_OMP R 1 1 i3 G AR, FERAT ) 50 BB IS - R ay i
T DABIZERIXS G, B A G20 G N R B DO AT P RE S I B e 4, W
FHUAT AT R IS 58 4 (0 i I AR B B eR BB L N
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3.3 fETEE L
MPM3D OMP )5t s 5B o R A B T OpenMP $#E4E 145 S 415
f], WL EH AT H OpenMP W & 12 FE 8 B2 Bh BE SE I A 480115 .

r——--- 1 e 1
| | | |
| o | | |
o | | |
=T et el ke e L | 11
il I | | x |
(I S O L S = S __------.lbz
| | g |
_ = | | = s |
T e e B ) O 0 A S o PN
a | | I~ |- 11
|- | grfEeqe [
| | g1 (I S
L ——__ a Lo 1 Jr A
t=t, t=t

K 3.5 SHECHITHRNS: R EDAT R

W TP U AE T B N B RS, A AN A), W
TS S A 5B 0 I AN T4 . MPMB3D. OMP i 5% W ks 5397 8 40 1k
“particle push” TRHESEIL, PRI S B 6% A W7 CR4E 25 43 DX N SR I A4 o i 0 E
ST, T DAL R] IRt 2 0 B 9 3T A

1 —b0
20+ ——bl
- — b2
16
]"-312‘
R 8-
4_‘1_\_\_%
0 T T ¥ T T T T T T 1
0 200 400 600 800 1000

HE
3.6 AL
i A2 S0 T AR 25 5% M 3o ) R B 4 T, BRI T
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Bkl 53 o3 DX I 55 0 ORAUEAN R ) 23 DX A 580 AR [R) B0 1200 1 ) Joit s B
o 3.5 s TR BIEIES 0 XSRS, bl RENEREZ H IS, b0 A
b2 T3 PERE N 2 P XIS, BEEIFEP D 2 W B B oR T r XA 5t
72 QAT A ST )

& 3.6 Ron(f2 18 3.5 P BT SLGIE R DR 70 XINA S K224 . 7
RGP FIEARAAR . X R AT R AW s i 2 X %, 2 iE
JEAT SEGEIR AR 9% o ISR BATISR T — B, 5 SO 0 X A B i B
H I KA S P EZ . WERAE T S R i (e 12— e, R
XEL. BHEMBOE T E LR R, el 0.1~0.3 B,

3.2.1 /NP IXEIEY, X H SRR H 2L AR T
AP MG OL N AT 2 AT o X, K AR o B X TR R
RBHA A ISR o 28T HA ] LRI 3.7 M7 XINAE 2. 4 DERe
TS, RNk ORI T A 6 DNERR, REANREIRFF P AT . SRAU
My, 1/4 ZEEIAT S S AMECRFR ST o DRIAE ) BT s S A 2 AT AN B A TR I
N WA X SR S DT . W R KB H I K R
H AT PR AR S5 sk, BIURE S SRS R0 AR 2 “ B 7, SEANEARE o — A ek
2 R AR R BRI H 5 SRR L S H AR, R
WANE, DRIy DOl AEZe R R “F 7 BLA S G-, (HItEARAE MPI
P AR Z, RADAE OpenMP R AT

oooooooooooo

oooooooooooooooo

ooooo
oooooooooo

oooooooooooooooooooo

oooooooo

oooooo

K 3.7 SRR, KGNSS, BEANpXIAT, s E
[LUNEZ P

M ERTRHE T BUR W, A A BEOFTRAT HAL S AT e 9. BB
Oyl RAE A A, (H AR R SRR R AR S A B, AR K R 1
TN, By SR K 9 .
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B TR BRI, A TEH] T HARAE OpenMP FEF> 3 W) IME,
B RIFAT I, JREIEPT A TR I LSS Amdahl FUAISE, ACHqE
IR CA 7S 0 R H RAE %A, Al “4pragma omp nowait”fifs—LE AR ELY)
Fa X BiiG(barrier)d, VEAHIEZ [ SCHR[30].

3.4 HEIEER

KT AR FFATRE P I RCR 5L T — RS EUE R . R T T S A —
&)U TAEW BT, JLARBEZS AWANDURZ CPU: Xeon 5520, WAF A 12GB.
BE RGN CentOS, 1 gee 4.2.1 Hiik4s.

3.4.1 ZRENITHLIE

h T A ) R RS FE P 2 IR R i), FRAT 1K 28 AT B A — A AN (AR 40 2
FE BT A S A 7 B X ((11.4:11.4,  -11.4:11.4, 0:26.6), AL
HEEK, YIRS KN 5 0.76, 0.38 F1 0.19 2K, 5—4IR A&
34596 N A S S 21171 DB BB B E AT 264191 AN IAR 4h i
F1 169376 M, 25 = AR 54T 2064381 ANPIKE 45 R 1346432 M) A,
Srd o Tol— = = R I7TmyEREAAC, WRAS 20 R
WOk SBT3 W5 R ST IR 0% 230 LT 3.8 3.9 1 3,10,

g RAMa AT 03 HW. tHI KA T OpenMP #2471 i bR %
omp get wtime (), FEH R Gevt 7ok E s B A

SER WA . YIS H R, AP AT AR R S . X2
AR R A A AR I S A 20, ) TSI B . X R
1] DL S5 PSSR o 0 AT R AR BN E . UBIR [ e, A I S R K
W2, R IAT RCRIEHI DN o XA, WA X7 1) IR 5 WS 2 202
WE ), LR 2, SRR 1 SR 2 R0t kb, IXFE A
WA LR 2 R AR . ] 3.8 o ST 4 ANERETH R I, A1
80%LA_L, X TH =, BREILFEIE 90%. W5 s 5B il /3 (MR bt 5 2 R4k
W2 A AEBH T, R HROR R W S A R R . XIS
TE 5 T A SR RE S i S8 R I B WS, A0 TS LR RO R A

AEGIHR7R T WA A SR A B A SRR, U T IRATIE

40



% 3% KT OpenMP K45 xS AT 515

ITRCRBEE IR AR I N, o AR B, ARSI RO A Al
LEAE AN RIS, AR R AR 50% L b, B R IR 41 R 70% 4647

3.8 ZEIT LK

K 3.9 AT S5 WA SRR 23 IO 0%
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3% KT OpenMP 4 s AT 559%

Kl 3.10  Z8 BT s SRR 20 R R

3.4.2 —HESKIELE

ARG A TWL RS RERAAYU TNT 1E2y, HSHILK 2.1.
KT RERBUAWTRE, S T FERSEN, PR O H TFIR I 5027 4
KAIRJE 1 94866, H 1T N IR A6 B IR Y AR P IO i A3, IR s
HARAENAE ISR, fE OpenMP FrtfErt, ELEHRN N AF AR 2 ANRENS IF
ArAeis, R B AT (K B AT PR AE e R RO TR P I PR e

600 600

400 | L 400

200

il I BN B Bk \ uE 3
200 400 600 800 200 400 600 800
t=t, t=1,

K 3.11 TNT [#) Sl

42



% 3% KT OpenMP K45 xS AT 515

3,02 4 TNT BRI 0%

H T2 ) R PRI RE R I, FRATTR AT 1/4 B2 AAIE] 3.11 W] LU Stk i) 5 (440 )
SN A], WS AT T o DK A T U 0 SN . B R A
BT AR S 2 DCRC 0 S P ki, B 3012 WoR i B IR T ReR AR —
ANFEBIFELE, ) \ANLFE R RCRA N 75%, Foor TR T AR ACHEE 5 ik
(R
3.4.3 EEEEGTE

ARSI A RN E i mfe R m iR, N T b sOH R
e A I R I AR . BEIPAREE MELY AR A CE W 3.13,
Hrp 0=38° . A 54 E A AR, ¥ATH Johnson-Cook 5 & T 5
Griineisen IR FEBHL, TNT {FH WL RSB, S500LE 2.1,

Ahsi

K 3,13 RAERR IR T T
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% 3% KT OpenMP K45 xS AT 515

AR T, S AL A R PR I v i e s AR B s JE U U SR LA AR
AN, TEARPY, (e BB i B R A BB T, DRI S T A
@A T DY, MBS B E AN Ops A 66912 HENE] 20us 1 112996, 20ps
IR B A TE WKL 3.14, FFATRCEILE 3.15. AHECHETPIANEAG], R &%
FRIAG, fEH 8 MR YT B o MR AR 2 74%, 10 R Y AN 55451 1)
Yo s SRS o AR AR 90% /e A .

AN AR B T T R AF A b o A T s B v, 2
BT, TS A0t B L o S B 5 A ) A T A BT A ) A R
sCEIAE IR o SR 5 T (1 P AN B AR R A A N, T SR A o
TR BEAE R FH 20 588 b — N5 i N N A7 R BSR4 s R, X PR
U R T BAF T, K0 Mo 77 S BB (R A S i TR AR,
SR AL, BRAEAN A R AR L2 AH LU HT P A A0 TR, BR) iy 2508 A A
7o o SV, AR\ AR R R T 60% . AR R T 520 OpenMP
AT RN — AN BRI N R, WERAAmR. —BeRYE, ik
OpenMP F2 /7 BALUI LL, 75 200 AT RR PP UL AT & 2 1) AR LA s L a2
fEFEHZ,

1 3.14  20ps AL A B
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K 3.5 RAEESHRICR

3.5 N

AT N OpenMP B 5T si HAT S5 B T BE T 0 B H T AR AC
SR, AXIMESRT R . ANIRTAAE S TSEEL R ECE . S RVE T, AR
ANERP SRR AT IR S HUAS T REFRIRCR, A \ANZRE, Bl i 541
(IR IITE 50% LA

P 5 AC R BRI T e /N a3 X B TS SRR 2, RERERROK, g LA
BAVAET, XA B Em T IFAT R AR . A, BT VR R A
D5 W SRS I S EOR AR, BRI TR T 2 R R, T R
IR

41 OpenMP [ AT FE 7 B BRAR B HAT ROR I T H2 2 15 2 78 040 1 A
TTFER o WS B AT FE R MPM3D, 722547 55 & A 5 i )56 f5 Tkl ]
AT T 2847 KA “particle pull ™ SEI&, B 42 M4 0T 1) 2 TR R
PHB R R AR
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V)RR B IAT EAEE SR — A A PR SR . T S R R IR
(W3 3 Bk, FIAT BRI, AR T R oA ORI BR B X
PRI o ASSCEF PR AT VH AR, E) MPI A1 OpenMP 43 SIAIFFY 1 A1 W FR) 4 5
MIFATEE . A MPL FIIATRE R A T S o X I ik, iR el
Perm TIBSORE, BSOS AN S A MRS (1 AT S FE . AEAEFH OpenMP
() o8 ROTFAT S B T RS A SR, MRS i e 1 A7 2314 il i
TES R PRI T RAFHIIFATRCR . Iy iR, A SO TR 21
IR Z AT LLCGdE g 77 o MPL 2 PP R A7 3301487 1) 38U A5 TR ABIEST, 1T OpenMP
FEFF ATy R T 4k g

L3 BT S 55 (358 LA S48 MPT AT OpenMP () 347 FEFE 4% B A ok o5,
B 23T I i8R DLE I P AN 7 R A DU —, ARSS IR, BRI A K
SRIRZ R, BRI ANEEA R AR R BE R
HH 5 s g A H AT, TR AN, AT DU o e 2 el (R O
“R7 LRI SO, -, ¥ MPL Y OpenMP 454K, £ MPI 210 FA#
FHRRERE 73 DX, 3K N OB 2 SR AR BT AT o PR AR 23 XA AT OpenMP 1EAT
Ak B AT, W RGO AT I SRR P AT . BT ST IEAT
BUEEZ 4 SMP HLEE, %07 &0 5iX MR 2 85 M ULEC . (R J7%E 4 K2 7E
MPL JZI EZEMR T SHRA AT, B MIRA Byl @, S pos BTl
T2 ARSI, BN GE R AR O — o BT HL RN, MPL R
SAE T, X PRGBS AE MPT 2 [ IR BE 73 DX S B 6 28 T4 1 P 2k
XS TAE R AEA 5 A0 75 ZER A R H T

B, ASCEZWHE T AW sk AT 502, A0 BT o6 AT 1 5
MU ETTE, 0 PIC T4, HEAIRTE X S AESALL, PIC Jrik
KT R 5 A% U B, AR R [ A 7 57 4301 X DL ST PR A
ARICAEW TS FE BN PIC J7v AT B P 3R TR Z 8 Ko
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