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— MPI, PVM
H£EARYTOTS2T
- RIFRLYRTOT S5
e Pthread, Solaris thread, NT thread
— OpenMP
e {ERXIZ&Bannotation
e threadfllfilZzE B/ AT AT
— HPF
e {ERXIZ&Bannotation
o MiBNFEX
o distributionZi & B EIATE [ (T
B &l 511t
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o« ALYKD AR o LI—T DI DHNE
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double s; /* global */

Pthread, Solaris thread

for (t = 1; t < n_thd; t++){ int n_thd; /* number of threads */
r = pthread_create(thd_main, t) int thd_main(int id)
} {intc, b, e, i; double ss;
thd_main(0); c=1000/ n_thd;
for (t=1;t<n_thd; t++) b=c*id;
pthread_join(); e=b+c
ss =0.0;

for (i=b;i<e;i++) ss+=ali];
pthread_lock();

S +=SS;

pthread _unlock();

return (0);
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=TT, OK!

#pragma omp parallel for reduction(+:s)
for (i=0; i <1000; i++) s += a[i];




OpenMP& [

« XBEAETILFTOEYHOHHTOT ST D
0T O 5345FT)L

- N—X 535 (Fortran/C/C++)Zdirective ($§7R X) T3 1 51| 7
O 339 TE5ELIIZHLR

o KEAV/NAFEFZDISVERILIZHERETZRTE
— Oct. 1997 Fortran ver.1.0 API
— Oct. 1998 C/C++ ver.1.0 API
— IR7E. OpenMP 3.0H R E H

e URL
— http://www.openmp.org/
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MPI (Message Passing Interface)
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/77477U
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— Send/Receive
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MPI| — The Message Passing
Interface

o Ayt—IUBEAA—TI—ADIZHEE
o 1992F KYIRH#EAL BRI
e 19944, MPI-1.01)1)—X
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— C, C++, Fortran

— £HE http://www.mpi-forum.org/
« MPI-2.1A%200849 A (21—

— #1ER http://phase.hpcc.jp/phase/mpi-j/ml/
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SPMD - Single Program, Multiple
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« MPI COMM_WORLD
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#include <stdio.h>
#include <mpi.h>

int

main(int argc, char *argv(])

{

Int rank, len;
char name[MPl_MAX PROCESSOR_NAME],

MPI_Init(&argc, &argv);
MPI_Comm_rank(MPl_COMM_WORLD, &rank);
MPI _Get processor_name(name, &len);
printf("%03d %s¥n", rank, name);

MPI_Finalize();

return (0);

N

7/
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mpi.hzEA27)IL—k

anh

K 7OEX [EmainmMo7045 5 LMNEST

SPMD (single program, multiple data)

- B—OT70J5L%%/—FTET
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FIEAE
— MPI_Init
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e JOERSUVIBEDEIF
— MPI_Comm_rank(MPI_COMM_WORLD, &rank);
- OS2=4—4MPI_COMM_WORLDIZX®L, BV oxME

- iE:L:’T—’)"liopaqueTj’)Iﬂ\ NAIIE#ETT Ot

o /—FAZTHF

— MPI_Get_processor_name(name, &len);

o XIZIZexitDHIT,. €70y HYT!
MPI_Finalize();
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e int MPI_Comm_size(MPI_Comm comm, int

*size);
e IS ="/ —HcommDTALRT IL—T DA
MZsizelZIR T

e int MPI_Comm_rank(MPI_Comm comm, int

*rank);

e ASA =4S —BRcommDT7AOLRYT JL—TIZH

IT4E
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#include <mpi.h>
double A[1000 / N_PE];

int main(int argc, char *argv(])

{

double sum, mysum;

MPI_Init(&argc,&argv);

mysum = 0.0;

for (i=0;i<1000/ N_PE; i++)
mysum += A[i];

MPI_Reduce(&mysum, &sum, 1, MPI_DOUBLE,
MPI_SUM, 0, MPI_COMM_WORLD);

MPI_Finalize();

return (0);
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— MPI Reduce(&mysum, &sum, 1, MPI_DOUBLE,

- MPI_SUM, 0, MPI_COMM_WORLD);

— O3a=4—%IZMP|_COMM_WORLDZ%3EE

- £70FXOMPI_DOUBLEDEHZ#1 D mysumIZxtlL
— E53 DEATIEMPI_SUM, #ERIEXS5220MDsumlZ
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MPI_Bcast(&n, 1, MPI_INT, 0, MPI_COMM_WORLD);

h=1.0/n;

sum = 0.0;

for (i = myid + 1; i <= n; i += numprocs){
x=h *(i-0.5);
sum += f(x);

}

mypi = h * sum;

MPI_Reduce(&mypi, &pi, 1, MPI_DOUBLE,
MPI_SUM, 0, MPI_COMM_WORLD);



SM@EE: 7A—FFv Xk

MPI_Bcast(
void  *data_buffer, // 7O—FX ¥ AFAZEZE/NNYIFDFTKLAR
int count, /[ 7—KFXyATF—20OEHK
MPI_Datatype data_type, //7O—KFX¥AFT—2DHI(*1)
int source, /] 70—FxX¥Xbx7OtRADS2Y
MPI_Comm communicator [/ ZEZEZTTIL—T

);

= 201 B L

source
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MPI_Reduce(

void  *partial_result, // &/—FDNBHEHEENRIEMSNTWHNB 7L R

void  *result, /] REHERERMTEHTRELR

int count, /| T—32OEH

MPI_Datatype data_type, // T—53DH!(*1)

MPI_Op operator, [/ Y)Ta1—RXRARL— 3> DIEE(*2)
int destination, /| KEHEREZH/H TO0ER

MPI_Comm communicator [/ EREEZTSTI—TF
);

partial_repult

result

/

270 RATCETINGLTII ALY
ResultZ £ 7Ot RATRITES1H A L. MPI_Allreduce

destination

= [z




/* cpi mpi version */
#include <stdlib.h>
#include <stdio.h>
#include <math.h>
#include <mpi.h>

double
f(double a)
{
return (4.0 / (1.0 + a * a));
}

int
main(int argc, char *argv|])
{
int n =0, myid, numprocs, i;
double PI125DT = 3.141592653589793238462643;
double mypi, pi, h, sum, x;
double startwtime = 0.0, endwtime;
int namelen;
char processor_name[MPI_MAX_ PROCESSOR_NAME];




MPI_Init(&argc, &argv);
MPI_Comm_size(MPI_COMM_WORLD, &numprocs);
MPI_Comm_rank(MPI_COMM_WORLD, &myid);
MPI_Get_processor_name(processor_name, &namelen);
fprintf(stderr, "Process %d on %s¥n", myid, processor_name);

if (argc > 1)
n = atoi(argv([1]);
startwtime = MPI_Wtime();
/* broadcast 'n' */
MPI_Bcast(&n, 1, MPI_INT, 0, MPI_COMM_WORLD);
if (n<=0) {
fprintf(stderr, "usage: %s #partition¥n", *argv);
MPI_Abort(MPI_COMM_WORLD, 1);




/* calculate each part of pi */
h=1.0/n;
sum = 0.0;
for (i = myid + 1; i <= n; i += numprocs){
x=h *(i-0.5);
sum += f(x);
}
mypi = h * sum;
/* sum up each part of pi */
MPI_Reduce(&mypi, &pi, 1, MPI_DOUBLE, MPI_SUM, 0, MPI_COMM_WORLD);
if (myid ==0) {
printf("pi is approximately %.16f, Error is %.16f¥n",
pi, fabs(pi - PI25DT));
endwtime = MPI_Wtime();
printf("wall clock time = %f¥n",
endwtime - startwtime);
}
MPI_Finalize();
return (0);
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e Send/Receive

MPI1_Send(
void
int
MP1_Datatype
int
int
MP1_Comm

);

MP1_Recv(
void
int
MP1_Datatype
int
int
MP1_Comm
MP1_Status

*send _data buffer,
count,

data_type,
destination,

tag,

communicator

*recv_data buffer,

count,
data_type,
source,

tag,
communicator,
*status

Il

/! BETEAIBEMENTULBAE)DTPZRLR
// EET—IDOEH

/! EET—2DE (1)

// EEETOEADSVYH

// EETADENETSST

/! EREETIITIN—T.

/! ZETIVEMEINBZIAEIDTEFLA

// ZETAOEK

// ZETAOHECL)

// EETXTTORRADSUH

// ZET—AQOENEITIIHDET.

// EREETIITIN—T.

// ZEICETIFEREEMITLIEBRDOTFLR
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o Ayt—TXT—ETRLAREYAX
— BIp%HA MPI INT, MPI_DOUBLE, ...
— BinaryDi5& (&, MPI_BYTET. Y41/ X(Zbyte$iZiEE
» Source/destinationld, 7A€ XE S (rank) &EXJ
15
— ZEETEEELLZVEGEIXMPI_ANY_SOURCEZ#{EE
— B2 Z#EF->TLVASendERecv Ty F
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int MPI_Isend( void *buf, int count, MPI_Datatype datatype,
int dest, int tag, MPI_Comm comm, MPI_Request *request)

int MPI_Irecv( void *buf, int count, MPI_Datatype datatype,
int source, int tag, MPI_Comm comm, MPI_Request *request )

- .

int MP1_Wait ( MPI_Request *request, MPI_Status *status)
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e int MPI_Cart_create(MPI_Comm comm_old,
int ndims, int *dims, int *periods, int reorder,
MPI_Comm *comm_cart);

e ndimsRITD/NA/N\—F21—TDrROEEL
DOZa=4H—%comm cartZ{ERK

o dimslEZNEFNDRITDTOERE

o periodslFENENDRITHEEMNESH

e reorderlIFTIBOAZ =4S —2Trank®D EZ
TERBITHMNEIMN
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e int MPI_Cart_shift(MPl_Comm comm, int
direction, int disp, int *rank_source, int
*rank_dest);

e directionld 79 5K IT
— ndimsRITTHAIX0~ndims-1

o dispfZIFTLTRLIZEE, Z(THRY 5D
rank_source, 1X{§5EH rank_destIZiR S

e BEIHAMTIX GG S, IRFZEBADHLE
MPI PROC NULLAMREIN B




/* calculate process ranks for ‘down’ and ‘up’ */
MPI_Cart_shift(comm, 0, 1, &down, &up);

/* recv from down */

MPI_Irecv(&uu[x_start-1][1], YSIZE, MPl_DOUBLE, down, TAG_1,
comm, &reql);

/* recv from up */

MPI_Irecv(&uu[x_end][1], YSIZE, MPl_DOUBLE, up, TAG_2,
comm, &req2);

/* send to down */

MPI_Send(&u[x_start][1], YSIZE, MPI_DOUBLE, down, TAG_2, comm);
/* send to up */

MPI_Send(&u[x_end-1][1], YSIZE, MPI_DOUBLE, up, TAG_1, comm);

MPI_Wait(&reql, &statusl);
MPI_Wait(&req2, &status2);

i (0&numprocs-1)D 7O+t yH 2 DULVNTIEMPI_PROC_ NULLAFEE S
e AL A YA A



/*
* Laplace equation with explict method
*/

#include <stdio.h>

#include <stdlib.h>

#include <math.h>

#include <mpi.h>

/* square region */
#define XSIZE 256
#define YSIZE 256
#define Pl 3.1415927
#define NITER 10000

double u[XSIZE + 2][YSIZE + 2], uu[XSIZE + 2][YSIZE + 2]; — Tt S 4E
double timel, time2; uul X E AL

void lap_solve(MPI_Comm);

int myid, numprocs;

int namelen;

char processor_name[MPI_MAX_PROCESSOR_NAME];
int xsize;




void
initialize()
{

intx,vy;

/* FEIEZ R E */
for (x = 1; x < XSIZE + 1; x++)
for (y=1;y <YSIZE + 1; y++)
u[x][y] = sin((x - 1.0) / XSIZE * PI) +
cos((y - 1.0) / YSIZE * PI1);
J* EREEOT*/
for (x = 0; x < XSIZE + 2; x++) {
u [x][0] = u [X][YSIZE + 1] = 0.0;
uu[x][0] = uu[x][YSIZE + 1] = 0.0;
}
for (y =0; y < YSIZE + 2; y++) {
u [O][y] = u [XSIZE + 1][y] = 0.0;
uu[O][y] = uu[XSIZE + 1][y] = 0.0;




#define TAG_1 100
#define TAG_2 101

#ifndef FALSE
#define FALSE O
#endif

void lap_solve(MPI_Comm comm)
{
intx, vy, k;
double sum;
double t_sum;
int x_start, x_end;
MPI_Request reql, req2;
MPI_Status statusl, status2;
MPI_Comm comm1d;
int down, up;
int periods[1] = { FALSE };




/*

* Create one dimensional cartesian topology with

* nonperiodical boundary

*/

MPI_Cart_create(comm, 1, &numprocs, periods, FALSE, &comm1d);
/* calculate process ranks for 'down' and 'up' */
MPI_Cart_shift(comm1d, O, 1, &down, &up);

x_start = 1 + xsize * myid;
x_end =1 + xsize * (myid + 1);

e CommldZ1RThRODTIER
— IERIIF AR TIEZL

« FTOT7OEREFEEZFuUp, down[ZHERF
— EBERTIZMPI_PROC NULL&EES




for (k = 0; k < NITER; k++){
/* old <- new */
for (x = x_start; x < x_end; x++)
for (y=1;y <YSIZE + 1; y++)
uu[x]y] = u[x]lyl;

/* recv from down */

MPI_Irecv(&uu[x_start - 1][1], YSIZE, MPI_DOUBLE,
down, TAG_1, comm1d, &reql);

/* recv from up */

MPI_Irecv(&uu[x_end][1], YSIZE, MPI_DOUBLE,
up, TAG_2, comm1ld, &req2);

/* send to down */

MPI_Send(&u[x_start][1], YSIZE, MPI| _DOUBLE,
down, TAG_2, comm1d);

/* send to up */

MPI_Send(&u[x_end - 1][1], YSIZE, MPI_DOUBLE,
up, TAG_1, comm1d);

MPI_Wait(&reql, &statusl);
MPI_Wait(&req2, &status2);




/* update */
for (x = x_start; x < x_end; x++)
for (y=1; y <YSIZE + 1; y++)
ulx]ly] =.25 * (uu[x - 1][y] + uu[x + 1][y] +
uulx][y - 1] + uu[x][y + 1]);
}
/* check sum */
sum =0.0;
for (x = x_start; x < x_end; x++)
for(y=1; y<YSIZE + 1; y++)
sum += uu[x][y] - u[x][yl;
MPI_Reduce(&sum, &t _sum, 1, MPI_DOUBLE, MPI_SUM, 0, comm1d);
if (myid == 0)
printf("sum = %g¥n", t_sum);
MPI_Comm_free(&comm1d);




int

main(int argc, char *argv[])

{
MPI_Init(&argc, &argv);
MPI_Comm_size(MPI_COMM_ WORLD, &numprocs);
MPI_Comm_rank(MPI_COMM_WORLD, &myid);
MPI_Get_processor_name(processor_name, &namelen);
fprintf(stderr, "Process %d on %s¥n", myid, processor_name);

xsize = XSIZE / numprocs;
if ((XSIZE % numprocs) !=0)
MPI_Abort(MPI_COMM_WORLD, 1);
initialize();
MPI_Barrier(MPI_COMM_WORLD);
timel = MPI_Wtime();
lap_solve(MPI_COMM_ WORLD);
MPI_Barrier(MPI_COMM_WORLD);
time2 = MPI_Wtime();
if (myid == 0)
printf("time = %g¥n", time2 - timel);
MPI_Finalize();
return (0);
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MPIEOpenMPD;RET A

DEIAE [EMPIT, HDSMPIZOpenMPT

MPI+OpenMP

— [ILHIMPIDTOYT S LEES

- WHIZITEDII—TEHHNEITIERXEAND
o MiFIERHIESMPLETHiFIZETSIND,

OpenMP+MPI
— OpenMPIZ&LBTILFALYRTOS S L
— single’& 3 masterfg X criticalE XN T, Ayt—T@IEZX1TO.
e Thread-safe’ZZMPIA HEE
o LXDOQIDET.HEOEENTHLZANHS
- TILFRALYRRETOMPI
— OpenMPthreadprivateZE# D EZE ?

SMPIANTCT—A%HFATAIENTEREZIZTHEMNH S,
— WFLEFIELIENCENABHD(AEYNRBEDMEE?)
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CoinsIRIZEIZH 153 51| L 18

 violaO[1-6].coins.tsukuba.ac.jp
— 8a7//—F.6/—FK
e 2.93GHz Nehalem x 24 vk
— 12GBAE)//—F
e 1333MHz 2GB DDR3 X 3F )L X 2
— R —4/ 2 KRiig4GB/s
e 4x QDR Infiniband
) Ly k4
e CentO0S5h.4

e OpenMPI*, MVAPICH1, MVAPICHZ2
— T 7#4JLREOpenMPI, mpi-selector-menu T &

e gcc, gfortran, Sun JDK6
 BLAS, LAPACK, ScaLAPACK



:.E:

XTE

e SShTHY AVHEEIC
% ssh-keygen —t rsa
% cat .ssh/id_rsa.pub >> .ssh/authorized keys

e Known hosts®D{ERE (viola01-ib0%: EIBRAINDKRARE(ZE)
% echo StrictHostKeyChecking no >> .ssh/config
% ssh viola01-ib0 hostname
violaOl.coins.tsukuba.ac.jp
% ssh viola02-ib0 hostname
viola02.coins.tsukuba.ac.jp

% ssh viola06-1b0 hostname
viola06.coins.tsukuba.ac.jp



MPI®DEIR

MPI®DFER
— T I74ILREOpenMPI
—  &iR(Empi-selector-menua< KT

VAT LT IAILEEOpenMPI,

$ mpi-selector-menu s —o -
Current system default: openmpi-1.3.2-gcc-x86_64 A—YTIA4ILRI7EL
Current user default: <none>

"u" and "s" modifiers can be added to numeric and "U"
commands to specify "user" or "system-wide".

mvapich-1.1.0-gcc-x86_64
mvapich2-1.2-gcc-x86_64
. openmpi-1.3.2-gcc-i386

. openmpi-1.3.2-gcc-x86_64
U. Unset default

Q. Quit MVAPICH2% & iR

Selection (1-4[us], U[us], Q): 2u

BN




¢« MPIZ
% mpicc

« MPIZZERLELE-RIL. E

CI

a1l

55 LMD

—02 a.c

INT)L

INA LD W



OpenMPITMNDELT
o« IRARI7AILDVERK

% cat hosts-openmpi
viola01-ib0 slots=8
viola02-ib0 slots=8

viola06-1b0 slots=8

e 217 (OpenMPI)
% mpirun —hostfile hosts-openmpi —np 48 a.out



MVAPICHTOZET

o IRARI7ZAILDVERK
% cat hosts
violaO1-ib0O
viola02-ib0

viola06-ib0
% cat hosts hosts hosts hosts hosts hosts hosts hosts >
hosts-mvapich

« E{T
% mpirun_rsh —hostfile hosts-mvapich —np 48 a.out
— MVAPICHIZZEfTa~< > FAmpirun_rshTHAHAZEITEE ! !



Open SourceZ# L8 &

OpenMP

« GNU GCC 4.2L1&
% cc -fopenmp . ..

« Omni OpenMP
Compiler

— http://phase.hpcc.jp/O
mni/

- % (=) k&

MPI

e OpenMPI
— http://www.open-
mpi.org/
e MPICH2

— http://www-
unix.mcs.anl.gov/mpi/m
pich2/

e YAMPII

— http://www.il.is.s.u-
tokyo.ac.jp/yampii/



AN ILFEITDEA

e OINA)L
% mpicc ... test.c ...
- MPIA@IaV /A LA UELH S
- FEIT-Impixc )T 5H5¢EHTES

% mpiexec —n #procs a.out ...
— a.outhtprocs7AL R TETEND

— LIHIDMNIE R TIEmpirunMFIFBIH, de factokZi>TULVS A, 71R—
2T )L TIEELY

% mpirun —np #procs a.out ...
- BEfTSNSTOCRBEIO B I7AIVIEETEET S
- HoMLOT—ELTOEREILL LITOLENHDLDE
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