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A8, AR YD
)%

HAY 2

57|58(59(60/61|62|63/64
4950|51/52|53|54/55/56
4142|4344/45|4647/48
33/34(35(36|37|38/3940
25|26(27|28/29(30|31|32
17|18|19(20|2122|23|24
9110/11|12(13|14/15|16
112345678
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A8, AR YD
)+

HAY 2

0/7|58(59/60/61/62|63/64
49|5051/52|53|54/55|56
4142|43|44/45/46|47|48
33|34(35(36|37|38|3940
25|26(2728|2930[31|32
17|18|19(20|2122(23|24
911011112|]13|14/15|16
112/3/45/6|7|8
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A8, AR YD
BEDIEIZHES{FIT

4561/46/62/47|63/48|64
13|29(14(30|15/31/16|32
4157|42/5843|59/44/60
9125(10126|11|27/12|28
37/53|38/54|39/55/40|56
52116 22| 7 23| 8 |24
33|49|34/50135/51|36|52
117,218/ 3|19 4 20




OMP-3

A8, ARy DB

FRICEOZRRITMIL: WHETF A6

ESIEIZALYRIZEIYH TS
45614662|4763/48/64
13[29]14]30[15[31]16]32
4157/4258/43/59/44/60
9 |25|10]26|11f27]12[28
37/53/38/54,39/55/40/56
521{ 6 ]22] 7 [23] 8 |24
33/49/34/50/35/51/36/52
1)17/2]18]3]19]4 |20

thread #3

thread #2

thread #1

thread #0



OMP-3
-/
E 171 : OBCX
>$ cd /work/gt00/t00XYZ
>$ cp /work/gt00/z30088/omp/multicore—-c.tar
>$ tar xvf multicore-—c.tar
>$ cd multicore/L3
>SS 1s
run src src0 srex reorderO
>SS cd src
>S$ make
>$ cd ../run
>SS 1ls L3-sol
L3-sol

<modify “INPUT.DAT">
<modify “gol.sh”>

>$ pjsub gol.sh



OMP-3

055 LDHYH on OBCX

« FTTE
— <$0-L3>: /work/gt00/t00XYZ/multicore/L3
- <$0-L3>/src, <SO-L3>/run

o /NS IL, RITHE
— IR

e cd <$0O-L3>/src

e make

e <$0-L3>/run/L3-sol (EfTH=)
—avka—)LF—4

e <SO-L3>/run/INPUT.DAT
- EfTHRAY L

e <SO-L3>/run/gol.sh
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o095 LNDELT
JASS5 L, WERI7FAILE

L3-sol
R7YAHER
JILIN—

}

INPUT.DAT
HEI77AIL

J

i

—
—

test.inp
ERIFAIL

(ParaView)
\_//



OMP-3

#1757 —4 (INPUT.DAT)

128 128 128 NX/NY/NZ
1.00e-00 1.00e-00 1.00e-00 DX/DY/DZ
1.0e-08 EPSICCG
24 PEsmpTOT
100 NCOLORtot
e | N ®
NX, NY, NZ I BT O EFZE
DX, DY, DZ (et e S ZBZEDOINDOEI (AX, AY, A7)
EPSICCG fEAG 523K HRH?%IJ“@
PEsmpTOT L 7 SEE (AL R
NCOLORtot L&y Ordermg%‘:ﬂ% &P
=2 : MC¥E (multicolor) , fa#k
=0 : CM{£ (Cuthill-Mckee)
=—1 : RCM{%E  (Reverse Cuthill-Mckee)
<-2 : CM-RCM{E




37 A1) Tk:gol.sh
e /work/gt00/t00XXX/multicore/L3/run/gol.sh
o RTTa—3~DET + YTILRI)TH

#!/bin/sh
#PJIJM -N “testl”
#PJM -L rscgrp=tutorial

#PJM -L node=1
#PJM —-omp thread=24

#PJIM -L
#PJIM —g
#PJIM -5
#PIM -e
#PJIJM -o

elapse=00:15:00
gt00

err
testl.1lst

a7 (HEEW)
ETx+1—4%

/—Fr# (JRE|=1)

ALYy F# (1-56, [FRE|1-28)
1T

JIL—T7% (Btfn)

IS5—HAT77A4I)L
BEEHRAT7AIL

export KMP_AFFINITY=granularity=fine, compact

./L3-so0l

J0%5 5 LFEST

export KMP_AFFINITY=granularity=fine, compact
FAL Y Fhisocket#0DOFEMNIRFHFIATICIEHFICEIVE TN D

10
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E(LZNDESIZL TDirectiveZ
EIEEALTHERLNDEA - (1/2)

#ipragma omp parallel for private(i, VAL, j)
for (i=0; i<N; i++) {
VAL = D[i] * W[P][i];
for (j=indexL[i]; j<indexL[i+1]; j++) {
VAL += AL[j] * W[P][itemL[j]-1];
}
for (j=indexU[i]; j<indexU[i+1]; j++) {
VAL += AU[j] * W[P][itemU[j]-1];
}
WLQI[i] = VAL;

}

e ALYR#MZETOYT S LTHIFEITESLSIZLTHEDS
e GPU, * =7 TlIZOFEFFEDOAILEBWNEGEELHD
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E(LZNDESIZL TDirectiveZ
EIEEALTHERLNDIEA - (2/2)

for (ic=0; ic<NCOLORtot; ic++) {

#ipragma omp parallel for private (i, WVAL, j)
for (i=COLORindex[ic]; i<COLORindex[ic+1]; i++) {
WVAL = W[Z][i];
for (j=indexL[i]; j<indexL[i+1]; j++) {
| WVAL —= AL[j] * W[Z][itemL[j]-11;

W[ZI[i] = WVAL = W[DD][i];

o ALYF#EHZETOY S LTHIFEITEALIICLTHELD
o GPU, A=/a7TIZZOFEFFEFOANEBWEESELHD



ICCGZD i 511k : OpenMP

¢« NFE:0OK
e DAXPY:OK

o THIRTK)LFE:OK

« HIALIE



Main Program

#include <stdio.h> ...

int
main ()

double *WK;
int NPL, NPU; ISET, ITR, IER; icel, icO, i;
double xN, xL, xU; Stime, Etime;

if (INPUT()) goto error;

i T (POINTER INIT()) goto error;

i f (BOUNDARY CELL ()) goto error;
if (CELL_METRICS()) goto error;

if (POI_GEN()) goto error;

ISET =
WK = (double x)mal loc (sizeof (double)*ICELTOT) ;
if (WK == NULL) {
fprlntf(stderr, “Error: %s¥n”, strerror(errno));
oto error; .
time = omp_get wtime() _ . . _
if (solve_ICCG_mc (ICELTOT, NL, NU, indexL, itemL, indexU, itemU,
D, BFORCE, PHI, AL, AU, NCOLORtot, PEsmETOT,
SMPindex, SMPindexG, EPSICCG, &ITR, &IER)) goto error;
Etime = omp_get wtime() ;
for (ic0=0; icO<ICELTOT, |GO++) {
icel = NEWtoOLD[lcO]
WKLicel-1] = PHI[|cO]

for (icel=0; |ceI<ICELTOT icel++) {
PHI[|ceI] = WKlicell;

i f (OUTUCD()) goto error;
return O;

error:
return -1;



struct.h

#ifndef __H_STRUCT
#define __H_STRUCT

#include <omp. h>
int ICELTOT, ICELTOTp, N;

int NX, NY, NZ, NXP1, NYP1, NZP1, IBNODTOT;

int NXc, NYc, NZc;
double DX, DY, DZ, XAREA, YAREA, ZAREA;

double RDX, RDY, RDZ, RDX2, RDY2, RDZ2, R2DX, R2DY, R2DZ;

double *VOLCEL, *VOLNOD, *RVC, *RVN;
int *kXYZ, #*xNEIBcell;

int ZmaxCELtot;

int *BC_INDEX, *BC_NOD;

int *ZmaxGCEL;

int *k[WKX;
double *xFCV;

int my_rank, PETOT, PEsmpTOT;
#tendif /* __H STRUCT */

17
ICELTOT

BEEH (NXXNY XNZ)

N
B 3K

NX,NY, NZ

x,y, z R ERE

NXP1,NYP1l,NZP1
X, Yy Zﬁﬁﬁﬁl‘ﬁ%&

IBNODTOT
NXP1 XNYP1

XYZ[ICELTOT] [3]
BRERZR

NEIBcell [ICELTOT] [6]
pEEER

PEsmpTOT
ALwvw F#
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#ifndef __H_PCG

#define __H PCG pcg . h
static int N2 = 256;

int NUmax, NLmax, NCOLORtot, NCOLORk, NU,
NL;

int METHOD, ORDER_METHOD;
double EPSICCG;

double *D, *PHI, *BFORCE;
double *AL, *AU;

int *INL, *INU, *COLORindex;
int *indexL, *indexU;
int *SMPindex, *SMPindexG;
int *OLDtoNEW, *NEWtoOLD;
int *k[AL, **x[AU;
int *itemL, *itemU;
int NPL, NPU;

#tendif /* __H PCG */

NCOLORtot Total number of colors/levels
COLORindex Index of number of meshes in each color/level
[NCOLORtot+1] (COLORindex[icol+1]—- COLORindex[icol])

SMPindex [NCOLORtot*PEsmpTOT+1]
SMPindexG [PEsmpTOT+1]

OLDtoNEW, NEWtoOLD Reference table before/after renumbering
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TR (1/2)
Al

BCAl - 34 i, =
D[N] R |xARKSD, (N:EAva$)
BFORCE [N] R | GiIAXIKL
PHI [N] R | RHEEBARIFIL
indexL[N+2] | I |&ITODIIEFTT=ZAMDE(CRS)
indexU[N+2]

NPL, NPU I | &BTDEZEL=AKDE(CRS)
itemL [NPL] I |IEBIT=ZANHEE(CRS)
itemU[NPU]

AL [NPL] R |EZELE=ADHE(CRrRS)

AU [NPU]

ECFl - 4 s, N B
NL, NU I |ETOFRFLTZARDTOERE (C ZTIH6)
INL [N] I |BITOEFT=ZAMDH
INU[N]

IAL[N] [NL] I |BTOEZTL=ZARSH

IAU([N] [NU]




TR (2/2)

ECAl - ZE 84 i, N B

NCOLORtot I | ASJEFIZIZOrdering Tk (=2 0 MC, =0 : CM,
=—1 : RCM, 2= : CMRCM) ,
BASHNZIZ I, LoV A D

COLORindex I | &6, LNYLIEENAEZERD

[NCOLORtot+1] — R T EAERC A,
COLORindex (icol-1)+1/ 5
COLORindex (icol) F COHEFZENicolEH
DOl (L)L) IZa&FENDH,

NEWt oOLD [N] I | FiEEe=>IEES~DOSHEE

OLDtoNEW [N] I |IHESSHE T ~OSRES

PEsmpTOT I | ALy N

SMPindex I | XLy NAGBBES (F—2IKFEERH 5

[NCOLORtot *PEsSmpTOT+1] JL—FITAE)

SMPindexG [PESmpTOT+1] I |21y FA®BBES (55— KEMEINE

JL— I fE)

20



Main Program

#include <stdio.h> ...

int
main ()

double *WK;
int NPL, NPU; ISET, ITR, IER; icel, icO, i;
double xN, xL, xU; Stime, Etime;

|f§INPUT()) oto error;

if (POINTER_INIT()) goto error;
i f (BOUNDARY CELL ()) goto error;
if (CELL_METRICS()) goto error;
if (POI_GEN()) goto error;

ISET =
WK = (double x)mal loc (sizeof (double)*ICELTOT) ;
if (WK == NULL) {
fprlntf(stderr, “Error: %s¥n”, strerror(errno));
oto error; .
time = omp_get wtime() _ . . _
if (solve _ICCG_mc (ICELTOT, NL, NU, indexL, itemL, indexU, itemU,
D, BFORCE, PHI, AL, AU, NCOLORtot, PEsmETOT,
SMPindex, SMPindexG, EPSICCG, &ITR, &IER)) goto error;
Etime = omp_get wtime() ;
for (ic0=0; icO<ICELTOT; icO++) {
icel = NEWtoOLD[lgO]
WK[icel-1] = PHI[|00];

for (icel=0; icel<ICELTOT; icel++) {
PHI[icel] = WK[icel];

i f (OUTUCD()) goto error;
return O;

error:
return -1;
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Input: NIPNUT.DAT 1D & & IAH

#include <stdio. h>; <stdlib.h>; <string.h>: <errno.h>

#include “struct_ext.h “; “pcg_ext.h “; “input.h”
BT ord)
VO
Adefine BUF_SIZE 1024 ° PEsmpTOT
char |ine[BUF_SIZE]; — OpenMPZI/“JP#ﬂ

char CNTFIL[81];
double OMEGA;

FILE *fpl1; e NCOLORTtOt
if ((fp11 = fopen ("INPUT.DAT”,_ “r”)) == NULL) { oL
fp{lntf(?tderr “Error: %s¥n ., strerror(errno)) ; — ‘@,’!ﬂ
return —1,;
} _
ssoant (line, "Sddtd’. ANX, ENY. &NZ) — =01DFEIICM
Sscanm!ne' E?Mli %1 e% ITHODB&BX DY, &DZ) B A\
sSScan Ine, enlenle , , ; —_—
sscant (| ine ;;z//ﬁ(lje", &§EPSI%8(T5 - =-11017EERCM
Sscan 1ne, Sm
sscanf (Iine, “%d”, &NCOLORtot) _ =210 BEI1ZCM-
fclose (fp11) ;
Hr RCM
100 100 100 NX/NY/NZ
1.00e-02 5.00e-02 1.00e-02 DX/DY/DZ
1.00e-08 EPSICCG
24 PEsmpTOT

100 NCOLORtot
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cell metrics

#include <stdio.h> ...

extern int
CELL_METEICEfvoog) 2V0:

ouble i . o
voLoeL = HEICRELE/TA—S
(double *)allocate vector (sizeof (double), ICELTOT) ;

RVC
(double *)allocate vector (sizeof (double), ICELTOT) ;

R
= Xk ;
ZAREA = DX * DY: XAREA
L
Ry =10 7 ¥ 1
RDZ = 1.0 / DZ: DZ
RDX2 = 1.0 / (pow(®DX. 2.0)):
RDY2 = 1.0 / épowgDY, 9 03); DY
RDZZ = 1.0 / épow(DZ, 2.0)): DX
R2DX = 1.0 / (0.5 * DX): Z) y
R2DY = 1.0 / §° b % DY;:
R2DZ = 1.0 / (0.5 * DZ
X

VO = DX * DY * DZ;
RVO = 1.0 / VO
for (i=0; i<ICELTOT; i++) {

VOLCEL[i] = VO:

RVC[i] ~ = RVO;

return 0; }



Main Program

#include <stdio.h> ...

int
main ()

double *WK;
int NPL, NPU; ISET, ITR, IER; icel, icO, i;
double xN, xL, xU; Stime, Etime;

if (INPUT()) goto error;

i £ (POINTER_INIT()) goto error;
i f (BOUNDARY_CELL ()) goto error;
!f§CELL_METRICS()) goto error;
if (POI_GEN()) goto error;

ISET = 0;
WK = (double *)malloc (sizeof (double)*ICELTOT) ;
if (WK == NULL) { 5
fprintf (stderr, “Error: %s¥n”, strerror (errno));
oto error;} .
Stime = omp_éet_wt|me(); _ . . _
i f (solve_ICCG_mc (ICELTOT, NL, NU, indexL, itemlL, indexU, itemU,
D, BFORCE, PHI, AL, AU, NCOLORtot, PEsmETOT,
_ SMPindex, SMPindexG, EPSICCG, &ITR, &IER)) goto error;
Etime = omp_get wtime() ;
for (ic0=0; icO<ICELTOT; icO++) {
icel = NEWtoOLD[icO];
WK[icel-1] = PHI[ic0];

for (icel=0; icel<ICELTOT; icel++) f{
PHI[icel] = WK[icel];

i f (OUTUCD()) goto error;
return O;

error:
return -1;
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#include “allocate. h
extern int

POI_GEN (void) "
N poi_gen (1/9)

int ic0, icN1, icN2, icN3, icN4, icN5, icN6; —_—

int i, J, k, ib, ic, ip, icel, icou, icol, icouG;

int i1, jj, kk, nn1, num, nr, jO, j1;

double coef, VOLO, S1t, Elt;

int isL, iel, isU, ieU;

NL=6; NU= 6;

IAL = (int #%)al locate_matrix(sizeof (int), ICELTOT, NL) ;

IAU = (int *x)al locate_matrix (sizeof (int), ICELTOT, NU) ;

BFORCE = (double *)al locate_vector (sizeof (double), IGELTOT) ;

D = (double *)allocate_vector (sizeof (double), ICELTOT) ;

PHI = (double *)al locate_vector (sizeof (double), IGELTOT) ;

INL = (int *)al locate_vector (sizeof (int), ICELTOT) ;

INU = (int *)al locate_vector (sizeof (int), ICELTOT) ;

for (i = 0; i <ICELTOT ; i++) {
BFORCE[i]=0.0;
D[i]. =0.0; PHI[!]:0.0;
1I°§|F E.II ]_ O?_j 2 6 ) .II _':I_EJ_)[ '{] =0 Y
—w Ny - | locate matr i | locate.
IALLi]1[j]=0; TAULi]1[j1=0; **:**:::*:*zi*iii*********/ 4 00d1e. L
void*x allocate_matrix(int size, int m, int n)

} {
for (i = 0; i <=ICELTOT ; i++) { void **aa;
indexL[i] = 0; indexU[i] = 0; int i;
if ( (aa=(void ** )malloc( m * sizeof (void%) ) ) == NULL ) {
fprintf (stdout, “Error:Memory does not enough! aa in matrix ¥n”);
! exit(1);
if ( (aal0]l=(void * )malloc( m * n * size ) ) == NULL ) {
fpriq¥;(stdout,”Error:Memory does not enough! in matrix ¥n”);
exit(l);

for (i=1;i<m; i++) aalil=(charx)aali-1]+size*n;
return aa;



for (icel=

0; icel<ICELTOT; icel++)
icN1 = NEIBcel | [icel][0];
icN2 = NEIBcel | [icel][1]:
iIcN3 = NEIBcel | [icel][2];
icN4 = NEIBcel | [icel][3]:
iIcNS = NEIBcel | [icel][4];
icN6 = NEIBcel |l [icel][5];

i f(icNb I= O) {
icou = [|cel] + 1,
IAL[lceI [icou-1] = icN5;
icel = icou;

if(icN3 1= 0) {
icou = INL[icel] + 1;
IAL[lceI [icou-1]

]
i1 f(icN1 1= 0) {
icou = INL[|ceI] +1;
IAL |ceI [1cou-1] = |cN3

INL[icel icou;
|f(|cN2 I=0) {

icou = INU[icel] + 1;

lAU[lceI][lcou 1] = |cN2;

INULicel = jcou;
|f(|cN4 1= 0) {

icou = INU[icel] + 1;

lAU[lceI][lcou 1] = |cN4;

INULicel = jcou;
|f(|cN6 1= 0) {

icou = INU[icel] + 1;

lAU[lceI][lcou 1] = i N6

INULicel = jcou;

= |cN3:
icel = jcou;

{

26

poi_gen (2/9)

NEIBcell[icel][5]

NEIBcell[icel][3]

NEIBcell[icel][0]

zZ) y NEIBcell[icel][2]
Z NEIBcell[icel][4]

X

T=Amk5
NEIBcell[icel][4]= icel = NX*NY + 1

NEIBcell[icel][1]

NEIBcell[icel][2]= icel — NX +1
NEIBcell[icel][0]=icel - 1 +1

1211314 |15 131141516
8|9 10 11 9110|1112
4 | 516 |7 5| 6|78

0|12 )3 11234




for (icel=

0; icel<ICELTOT; icel++)
icN1 = NEIBcel | [icel][0];
icN2 = NEIBcel | [icel] [1];
iIcN3 = NEIBcel | [icel][2];
icN4 = NEIBcel | [icel][3]:
iIcNS = NEIBcel | [icel][4];
icN6 = NEIBcell[icel][5];

i f(icNb I= O) {
icou = INL[icel] + 1;
IAL[!ceI][lcou 1] = icN5;

Llicel = icou;

if(icN3 1= 0) {

icou = INL[icel] + 1;

lAL[lceI][lcou 1] = ioN3;
INL[icel] = icou;
|f(|cN1 I=0) {
icou = INL[|ceI] +1;
lAL[lceI][lcou— ] = i oN3
INL[icel] = icou;
|f(|cN2 I=0) {
icou = INU[icel] + 1;
IAU[lceI [icou-1] = |cN2:
icel = icou;
|f(|cN4 I=0) {
icou = INU[icel] + 1;
IAU[lceI [icou-1] = |cN4:
icel = icou;
|f(|cN6 I=0) {
icou = INU[icel] + 1;
IAU[icel][icou-1] = |cN6
INULicel = icou;

{
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poi_gen (2/9)

NEIBcell[icel][5]

NEIBcell[icel][3]

NEIBcell[icel][0]

zZ) y NEIBcell[icel][2]
Z NEIBcell[icel][4]

X

=R
NEIBcell[icel][1]=icel + 1 +1

NEIBcell[icel][1]

NEIBcell[icel][3]= icel + NX +1
NEIBcell[icel][5]= icel + NX*NY + 1

“Icel” starts at O “IAU” starts at 1

121314 |15 131141516
8|19(10|11 9110|1112
415|167 5| 6|78

O|1|2]3 11234




POI_gen

(3/9)

N111:

fprintf (stderr,
fprintf (stderr,
fprintf (stderr,
fprintf (stderr,
fprintf (stderr,
fprintf (stderr,
fprintf (stderr,

fprintf (stderr

"¥n¥nYou have%8d elements¥n”, ICE
"How many colors do you need 7¥n”):

ICELTOT) ;

#COLOR must be more than 2 and¥n”) ;
#COLOR must not be more than%8d¥n”,
if #COLOR= 0 then CM ordering¥n”);
if #COLOR=-1 then RCM ordering¥n”) ;
if #COLOR<-1 then CMRCM ordering¥n”) ;

ICELTOT) ;

“=>¥n");

fscanf (stdin, “%d”, &NCOLORtot);
i f (NCOLORtot == 1 && NCOLORtot > ICELTOT) goto N111;

OLDtoNEW = (int *)cal loc (ICELTOT, sizeof (int));

28

i f (OLDtoNEW == NULL) {

fprintf (stderr, “Error: %s¥n”,

strerror (errno)) ;

return -1;

}
NEWtoOLD = (int *)calloc (ICELTOT, sizeof (int));
i f (NEWtoOLD == NULL) {

fprintf (stderr, “Error: %s¥n”,

strerror (errno)) ;

return -1;

}
COLORindex = (int *)cal loc (ICELTOT+1, sizeof (int));

i f (COLORindex

fprintf (stderr, “Error: %s¥n”,

NULL) {
strerror (errno)) ;

return -1;

J

i f (NCOLORtot > 0) {

il N A DR : MC(IGELTOT, NL, NU, INL, IAL, INU, IAU,
SNCOLORtot, COLORindex, NEWtoOLD, OLDtoNEW) :
else T eETor N Ny I, AL, INU, TAU
NCOLORtot > 1 : Multicolor - _f(NCOLORt’t ’1&N’c{0L0R’tot, COLORindex, NEWtoOLD, OLDtoNEW):
_n. else i ot ==-
NCOLORtot = 0 : CM RMCICELTOT, ML, N, INL, IAL INU. IO, = NEWD
__q. ot, index, oOLD, Y ?
NCOLORtot =-1 : RCM ] else if (NCOLORtot <-1) {
NCOLORtot <-1 - CM=RCM CHRCM (ICELTOT, NL, NU, INL, IAL, INU, IAU,

J

fprintf (stderr,

return 0

“¥n# TOTAL COLOR number%8d¥n”,

&NCOLORtot, COLORindex, NEWtoOLD, OLDtoNEW) ;

NCOLORtot) ;



SMPindex = (int *) allocate_vector (sizeof (int),
NCOLORtot*PEsmpTOT+1) ;

t (SMPindex, O, "
T 0L RtotsPEsnpToT 1) poi_gen (4/9)
for (ic=1; ic<=NCOLORtot; ic++) { : i
o r|1ﬁ1 = (|}8LORindex[(i)c] lcCOLORindex[ic—1]: SMPindex.
num = nn} / BEsmp¥8¥ f (j.t. i
= — PEsm * num;
?gr(l];g:? éE<—P$gﬂ{lpTOT TR or precon | Ionlng
}I SI:ﬁBianeQE(ic—D*PEsmpTOTﬂp] = num + 1; KERNOERL -
SWP i ndex [ (ic—1) *PEsmoTOT+ip] = num: COLORindex([¢]-COLORindex i c-1]
} B CENDERIFKFENEN-O,
] WFZETHERIEE = OpenMP:iE
for (ic=1; ic<=NCOLORtot; ic++) { “MEHE(Z TPEsmpTOT] TEI-T
for (ip=1; ip<=PEsmpTOT; ) — =9 plUl] TH&>
o BTl i FSMPindex) [ZEIY 4T %,

j0=j1 - 1;
SMPlndex[J1] += SMPindex[j0]; M ALIE T {E

J

SMPindexG = (int *) all t tor .o
tnaex N SESI‘T’IC%%‘{?C or for (ic=0; ic<NCOLORtot; ic++) {

#pragma omp parallel for ...
memset (SMPindexG, O, S|zeof(|nt)*(P[ G e P T T e

nn = ICELTOT / PEsmpTOT; ipl = ic * PEsmpTOT + ip;
nr = IGELTOT - nn * PEsmpTOT; for (i=SMPindex[ip1]; i<SMPindex[ip1+1]; i++) {
for (ip=1; ip<=PEsmpTOT; ip++) { C.)

SMPindexG[ip] = nn; ) T

if(ip <= nr) {SMPindexG[ip] += -

for (ip=1; ip<=PEsmpTOT; ip++) { -}
SMPindexG[ip] += SMPindexG[ip-1;.



for (ic=0; ic<NCOLORtot; ic++) {

" . #pragma omp parallel for ...
SMPindex: For (ip=0: ip<PEsmpTOT: ip+H) {
ipl = ic * PEsmpTOT + ip;

_H\-IITME-:I-E_I (j_ fOF(i(.=.S|.V|)Pindex[ip1]: i<SMPindex[ip1+1]; i++) {

B )
)

|

Initial Vector

\

Coloring color=1 color=2 color=3 color=4 color=5
(5 colors)
+QOrdering *

color=1 color=2 color=3 color=4 color=5

12|13|4|5|6|7|8| [1(2|3|4|5|6|7|8| [1({2|3|4|5|6|7|8| |1({2(3|4|5|6|7|8| |1|2(3|4|5|6|7|8

e 5f, AL YF®DHI
. FUT& BT 2 E R (TIAT = 1 51 58 AT A




SMPindex

for (ic=0; ic<NCOLORtot; ic++) {
#ipragma omp parallel for private (ip, ipl, i, WAL, j)
for (ip=0; ip<PEsmpTOT; ip++) {
ipl = ic * PEsmpTOT + ip;
for (i=SMPindex[ip1]; i<SMPindex[ip1+1]; i++) {--

Color (ic)

-%

Thread (ip) _

color=0 0/1(2(3|4
color=1 01 4

color=2 0 / 2 3\4

color=3 0/1 213 >\

o101 || O1] O

Coei] f11]2s]

/

Ip1=Ic*PEsmpTOT + ip

ipl+1

Numbering

Parallel
Accessing

[——]
[——]
[——]
[——>]
[——]
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SMPindex

COLORindex[ic ]= 100
COLORlndex[|c+1]— 200

PEsmpTOT = 8

nn1= 200-100 = 100

num= 100 /8 = 12 (12.5)

nr = 100 - 12x8= 4

ip0= 1c*PEsmpTOT (ic: starting at 0)

SMPindex[ip0 1= 100

SMPindex[ip0+1]= 113 (13 elements in the 1st threac
SMPindex [ip0+2]= 126 (13 elements in the 2" threac
SMPindex[ip0+3]= 139 (13 elements in the 3rd thread
SMPindex[ip0+4]= 152 (13 elements in the 4t thread
SMPindex[ip0+5]= 164 (12 elements in the 5t thread
SMPindex[ip0+6]= 176 (12 elements in the 6t thread
SMPindex[ip0+7]= 188 (12 elements in the 7t thread
SMPindex[ip0+8]= 200 (12 elements in the 8t threac

N’ N NN



SMPindex = (int %) allocate _vector (sizeof (int),

NCOLORtot*PEsmpTOT+1) ;
memset (SMPindex, O,
sizeof (int)* (NCOLORtot*PEsmpTOT+1)) ;

for(ic?1: ic<=NCOLORtot; ic++) {
nn
num = nnl / PEsmpTOT;
nr = nnl — PEsmpTOT * num;
for (ip=1; ip<=PEsmpTOT; ip++) {
if(ip <= nr) {
SMPindex[ (ic—1)*PEsmpTOT+ip]
} else {
SMPindex[ (ic—1)*PEsmpTOT+ip]

J
J

for (ic=1; ic<=NCOLORtot; ic++) {
for (ip=1; ip<=PEsmpTOT; ip++) {
Jé ({c 1% * PEsmpTOT + ip;
SMPlndex[J1] += SMPindex[j0];

J

COLORindex[ic] — COLORindex[ic-1];

num + 1;

num,

SMPindexG = (int *) allocate_vector (sizeof (int),

PEsmpTOT+1) ;

memset (SMPindexG, 0, sizeof (int)* (PEsmpTOT+1)) ;

ICELTOT / PEsmpTOT;

ICELTOT - nn * PEsmpTOT;

for(lp 1; ip<=PEsmpTOT; ip++) {
SMPlndexG[l 1 = nn;

if(ip <= nr) {SMPindexG[ip] += 1;}

for (ip=1; ip<=PEsmpTOT; ip++) {
SMPindexG[ip] += SMPindexGLip-1]1;

nn

poi_gen (4/9)

SEZHM%E PEsmpT0T] TE|-T
[SMPindexG] [ZE|Y K T3,

NiE, 17515 ~ILEE, DAXPYTEHA
ChZEERAINE R,

fpoi_gen(2/9] MERH L HMFIL AT EE
fpoi_gen(5/91 LIBETIXERIZHER
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SMPiIndexG

ip=3

ip=4

Ip=5

\

ip=3

ip=4

ip=6

BEALYRTHILIZETE 1THIRIRILEE, RTE, DAXPYE
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indexL =
(int *)al locate_vector (sizeof (int), ICELTOT+1) ;
indexU =
(int *)al locate_vector (sizeof (int), ICELTOT+1) ;

for (i=0; i<ICELTOT; i++) {
indexL[i+1]=indexL[i]+INL[i];
indexU[i+1]=indexU[i]+INU[i];

]

NPL = indexL[IGELTOT];

NPU = indexU[IGELTOT];

itemL = (int *)allocate_vector (sizeof (int), NPL) ;

AEemU = (int *)allocate_vector (sizeof (int), NPU) ;
&ﬂoﬁble %) al locate_vector (sizeof (double), NPL) ;
(doable *) al locate_vector (sizeof (double), NPU) ;

memset (itemL, 0, sizeof (int)*NPL);
memset (itemU, 0, sizeof (int)*NPU) ;
memset (AL, 0.0, sizeof (double)*NPL) ;
memset (AU, 0.0, sizeof (double)*NPU) ;

for (i=0; i<ICELTOT; i++) {
for (k=0; k<INL[il;k++) {
kk= k + indexL[i];

itemL[kk]= IAL[i][k]; Start at 1

pol_gen (5/9)
LA ETLLY

35

%Hﬁﬁ%ﬁ.

5| - 4 i)

D [N] R | XARKS, (N:2Avyia$)
BFORCE [N] R |HARIRIL

PHI[N] R | REEARIRIL

indexL[N+2] | I |&{TOIEZFT=ZAMSE(CRS)
indexU[N+2]

NPL, NPU I | BADESE=HHESE(CRS)
itemL[NPL] I |EFET=ZARDBE(CRS)
itemU[NPU]

AL[NPL] R |EFL=AKSHE(CRS)
AU [NPU]

for (i=0; i<N; i++) {

“itemL” /"itemU”

]
for (k=0;k<INU[i];k++) {
kk= k + indexU[i];

itemU[kk]= TAU[i][k];

| 9 1101112
free (INL) ; free (INU) ; S| 6|78
free (IAL) ; free (IAU);

1|2 3

qli]= D[] * plif;

for (jJ=indexL][i]; j<indexL[i+1]; j++) {
qli] += AL[j] * plitemL[j]-1];

}

for (j=indexUl[i]; j<indexU[i+1]; j++) {
qli] += AU[j] * plitemU[j]-1];




S1t = omp_get wtime() ;

#pragma

omp parallel for private

(ip, icel, icO, icN1, icN2, icN3, icN4, icN5, icN6, coef, j,

ii, Ji,

kk, isL, ieL, isU, iel)

for (ip=0; ip<PEsmpTOT; ip++) {

for (icel=SMPindexG[ip]; icel<SMPindexG[ip+1]; icel++) {
icO = NEWtoOLD[icel];
EH- e
icN2 = cell[icO- . .
domElel S oD
icN4 = celll[1cO- = i .
icN5 = NEIBce ! | [ic0-1][4] ic0: Old ID
icN6 = NEIBcel | [ic0-1][5];
VOLO = VOLCEL[icO];
isL =indexL[icel 1; ieL =indexL[icel+1];
isU =indexUlicel 1; ieU =indexU[icel+1];
if(icN5 1= 0) {

J

icN5 = OLDtoNEW[icN5-1];
coef = RDZ * ZAREA;
Dlicel] —= coef;

if(icN5-1 < icel) {
for (j=isL; j<ieL; j++) {
if(itemL[j] == icNb) {
AL[j] = coef;
break;

J

} else {
for (J=isU; j<ieU; j++) {

if(itemU[j] == icNb) {
AU[j] = coef;
break;

}

}
}

36

poi_gen (6/9)
FTLWVES 2

Greificel)[0] ~ Picel AyAZ +
AX

Rreivfice1iy ~ Aes AYAZ +
AX

qp _ -
neibficel ][ 2] qqcel AZAX+

Ay

qq\eib[icel][B] qqcel AZAX +

Ay

Rreivfica]ia) ~ Hee AXDy +
Az

qﬂneib[iceIXS] ~ @ AXDy + ficel AXAYAZ =0
Z



ZREMDETE W H|ZZE 7] gE
SMPindexG #{€£ FH

e
=

privateES [TFE

#pragma omp parallel for private
(ip, icel, icO, icN1, icN2, icN3, icN4, icN5, icN6, coef, |,
jj, kk, isL, ieL, isU, iel)

for (ip=0; ip<PEsmpTOT; ip++) {
for (icel=SMPindexG[ip]; icel<SMPindexG[ip+1]; icel++) {

icO NEWtoOLD[icel];
icN1 = NEIBcel I [icO-1][0];

37



S1t = omp_get_wtime() ; .
#ipragma omp parallel for private
(ip, icel, ic0, icNIl,

ii, jj, kk, isL, ieL, isU, iel)

for (ip=0; ip<PEsmpTOT; ip++) {

for (icel=SMPindexG[ip]; icel<SMPindexG[ip+1]; icel++) {
icO = NEWtoOLD[icel];
N = Nelboet [ Heoot1 B
icN2 = cell[icO- . .
EE i
icN4 = cell[icO- .
icN5 = NEIBcel I [ic0-1] [4]; ic0: Old ID
icN6 = NEIBcel I [ic0-1][5];
VOLO = VOLCEL[ic0];
isL =indexL[icel 1]; ieL =indexL[icel+1];
isU =indexU[icel 1]; ieU =indexU[icel+1];
if(icN5 1=0) {

J

icN2,

icN3, icN4,

icN5 = OLDtoNEW[icN5-1];

coef = RDZ * ZAREA;
Dlicel] —= coef;

if(icN5-1 < ice

1) |

for (j=isL; j<ielL;

i f (itemlL

[i] =

j+) |
icN5) {

AL[j] = coef;
break;

J

} else {

for (j=isU; j<ieU;

if(itemU

[i] =

j+) |
icN5) {

AU[j] = coef;
break;

J
J
J

icN5, icN6, coef, j,

poi_gen (6/9)
FTLWVES 2 fE)

Greificel)[0] ~ Picel AyAZ +
AX

Rreivfice1iy ~ Aes AyAZ +
AX

Dreificel)[2) ~ Pea AZAX +
Ay

Preipice13] ~ Hee AZAX +
Ay

Rreivfica]ia) ~ Hee AXDy +
Az

Dreivjicas] ~ e

Az

38

AxAy + f._ AxAyAz =0



S1t = omp_get_wtime() ;

#pragma omp parallel for private

(ip, icel, ic0, icN1, icN2, icN3, icN4,
ii, jj, kk, isL, ieL, isU, iel)

for (ip=0; ip<PEsmpTOT; ip++) {

icN5,

icN6, coef, j,

for (icel=SMPindexG[ip]; icel<SMPindexG[ip+1]; icel++) {

icO = NEWtoOLD[icel];
icN1 = NEIBcel | [ic0-1][0]
icN2 = NEIBcel | [ic0-1][1]
icN3 = NEIBcel I [ic0-1][2];
icNd = NEIBcel I [ic0-1][3];
icN5 = NEIBcel I [ic0-1][4];
icN6 = NEIBcel | [ic0-1][5]
VOLO = VOLCEL[icO];

isL =indexL[icel 1;
isU =indexUlicel 1;

if(icN5 1= 0) {
icN5 = OLDtoNEW[icN5-1];
coef = RDZ * ZAREA,
Dlicel] —= coef;

if(icN5-1 < icel) {
for (j=isL; j<ieL; j++) {
if(itemL[j] == icNb) {
AL[j] = coef;
break;

J

} else {
for (J=isU; j<ieU; j++) {

if(itemU[j] == icNb) {
AU[j] = coef;
break;

}

}
}
}

ieL =indexL[icel+1];
ieU =indexU[icel+1];

poi_gen (6/9)
FTLWVES 2 fE)

Greificel)[0] ~ Picel AyAZ +
AX

Rreivfice1iy ~ Aes AyAZ +
AX

qp. : -
neibficel ][ 2] qqcel AZAX+

Ay

qq\eib[icel][B] qqcel AZAX +

Ay

Rreivfica]ia) ~ Hee AXDy +
Az
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Dreivjicas] ~ e AXDy + ficel AXAYAZ =0

Az
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S1t = omp_get_wtime() ; .
#pragma omp parallel for private

P g e e et o] gen (6/9)
S, st o) | LN E T4,

ic0 = NEWtoOLD[icel];
icN1 = NEIBcel | [ic0-1][0]
e bl
= ce 1CU— ) R -
oN4 = NEIBoel | [1c0-11 [3]" Fratticatio) ~ Yoo AyAz +
icN5 = NEIBcel I [ic0-1][4]; AX
icN6 = NEIBcel I [icO-1][5]
VOLO = VOLCEL[icO0]; o -
isL =indexLlicel 1:  ieL =indexL[icel+1]: neblicdlll Hed AyAzZ +
isU =indexU[icel 1; ieU =indexU[icel+1]; AX
if(icNd 1= 0) { 1 . —
" "icNS = OLDtONEW[ioN5~11; RDZ= — Breicatiz) ~ el pny 4
coef = RDE * ZAREA; Az A
Dlicel]l -= coef; ZAREA= Axhy y
if(icN5-1 < icel) { 42\. . —-qq
for (j=isL; j<ieL; j++) | . ; eib[icel ][ 3] cel
o ff'(?temﬂ[ﬁ LioNs) | ICNS < icel A AZAX +
ALLi1 = coef: Lower Part y
Dreivjicaifa) ~ Bea
} else | AxAy +
for (j=isU; i<iel; j++) { JAV
if(Aﬁ%m?[j] =:ficN5) { @ —q
= coeT, ibli
brezk: neblicalS) 74 AxAy + . AxAyAZ =0

}1 AV

J



S1t = omp_get_wtime() ;

#pragma omp parallel for private

(ip, icel, icO, icN1, icN2, icN3, icN4, icN5, icN6, coef, j,
ii, jj, kk, isL, ieL, isU, iel)

for (ip=0; ip<PEsmpTOT; ip++) {
for (icel=SMPindexG[ip]; icel<SMPindexG[ip+1]; icel++) {

icO = NEWtoOLD[icel];
icN1 = NEIBcel | [ic0-1][0]
icN2 = NEIBcel | [ic0-1][1]
icN3 = NEIBcel I [ic0-1][2];
icNd = NEIBcel I [ic0-1][3];
icN5 = NEIBcel I [ic0-1][4];
icN6 = NEIBcel | [ic0-1][5]
VOLO = VOLCEL[icO];

isL =indexL[icel 1;
isU =indexUlicel 1;

ieL =indexL[icel+1];
ieU =indexU[icel+1];

if(icN5 1= 0) { 1
icN5 = OLDtoNEW[icN5-1]; RDZ= —
coef = RDZ * ZAREA; Az
Dlicel] —= coef; ZAREA = AxAy
if(icN5-1 < icel) {

for (j=isL; j<ieL; j++) {
if(itemL[j] == icNb) {
AL[j] = coef;
break;
] e%se({ isU; j<ieU; j++) {
= ; ;o JHt 1 I
or ffl(f\ﬁ?"’ﬁjj[ﬁ ::: o) | iIcNS > icel
(oLl = e Upper Part
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poi_gen (6/9)
FTLWVES 2 fE)

Greificel)[0] ~ Picel AyAZ +
AX

Rreivfice1iy ~ Aes AyAZ +
AX

Dreificel)[2) ~ Pea AZAX +
Ay

qq\eib[icel][f%] qqcel AZAX +

Ay

Rreivfica]ia) ~ Hee AXDy +

Az

Dreivjicas] ~ e AXDy + ficel AXAYAZ =0

Az



if(icN3 1=0) {
icN3 = OLDtoNEW[icN3-1];
coef = RDY * YAREA;
D[licel] —= coef;

if(icN3-1 < icel) {
for (j=isL; j<ielL; j++) {
if(itemL[j] == icN3) {
AL[j] = coef;
break; }

} else {
for (J=isU; j<ieU; j++) {
if(itemU[j] == icN3) {
AULj] = coef;
break; }

J
J

ifCicN1 1=0) {
icNT = OLDtoNEW[icN1-1];
coef = RDX * XAREA;
D[icel] —= coef;

if(icN1-1 < icel) {
for (j=isL; j<ieL; j++) {
if(itemL[j] == icN1) {
AL[j] = coef;
} break:}
} else {
for (J=isU; j<ieU; j++) {
if(itemU[j] == icN1) {
AULj] = coef;
break:}

poi_gen (7/9)

Greivfica1io] ~ Hcel AyAZ +
AX

Rrevtica ] ~ Hea AYAZ +

AX

qp. : -
neibficel ][ 2] qqcel AZAX+

Ay

qq\eib[icel][?)] chl AZAX +

Ay

Rreivfica]ia) ~ Hee AXDy +
Az

42

Dreivjicas] ~ e AXDy + ficel AXAYAZ =0

Az



if(icN2 1=0) {
icN2 = OLDtoNEW[icN2-1];
coef = RDX * XAREA;
D[licel] —= coef;

if(icN2-1 < icel) {
for (j=isL; j<ielL; j++) {
if(itemL[j] == icN2) {
AL[j] = coef;
break:}

} else {
for (J=isU; j<ieU; j++) {
if(itemU[j] == icN2) {
AULj] = coef;
break;}

J
J

if(icNd 1= 0) {
icN4 = OLDtoNEW[icN4-1];
coef = RDY * YAREA;
D[licel] —= coef;

if(icN4-1 < icel) {
for (j=isL; j<ielL; j++) {
if(itemL[j] == icN4) {
AL[j] = coef;
} break; }
} else {
for (J=isU; j<ieU; j++) {
if(itemU[j] == icN4) {
AULj] = coef;
break; }

pol_gen (8/9)

Greivfica1io] ~ Hcel AyAZ +
AX

Rrevtica ] ~ Hea AYAZ +

AX

qp. : -
neibficel ][ 2] qqcel AZAX+

Ay

qq\eib[icel][?)] chl AZAX +

Ay

Rreivfica]ia) ~ Hee AXDy +
Az
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Dreivjicas] ~ e AXDy + ficel AXAYAZ =0

Az



#pragma omp parallel for private
(ip, icel, icO, icN1, icN2, icN3, icN4, icN5, icN6,
coef, j, ii, jJj, kk, isL, ieL, isU, iel)

if(icN6 1= 0) {
icN6 = OLDtoNEW[icN5-17;
coef = RDZ * ZAREA;
D[icel] —= coef;

if(icN6-1 < icel) {
for (j=isL; j<ielL; j++) {
if(itemL[j] == icN6) {
ALLj] = coef;
break;
}
}
} else {
for (j=isU; j<ieU; j++) {
if(itemU[j] == icN6) {
AULj] = coef;
break;
}
}

J
J

i = %ch_H %‘H HEDEIZIZHREST
jj = i c0- : s
kk = XYZ[ic0o-11[2]; BFORCEStZE

BFORGE[icel]= —(double) (ii+jj+kk) * VOLO;

ii,jj,kk,VOLDO:
private

44

poi_gen (9/9)

Greificel)[0] ~ Picel AyAZ +
AX

Rreivfice1iy ~ Aes AyAZ +

AX

Dreificel)[2) ~ Pea AZAX +
Ay

qq\eib[icel][f%] qqcel AZAX +

Ay
Rreivfica]ia) ~ Hee AXDy +

Az

qpneib[iceIXS] ~ @ AXDy + ficel AXAYAZ =0
Z
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Main Program

#include <stdio.h> ...

int
main ()

error:

double *WK;
int NPL, NPU; ISET, ITR, IER; icel, icO, i;
double xN, xL, xU; Stime, Etime;

if (INPUT()) goto error;

i T (POINTER INIT()) goto error;
i f (BOUNDARY CELL ()) goto error;
if (CELL_METRICS()) goto error;
if (POI_GEN()) goto error;

ISET =

WK = (double x)mal loc (sizeof (double)*ICELTOT) ;

if (WK == NULL) {
fprlntf(stderr, “Error: %s¥n”, strerror(errno));
goto error,
time = omp_get_wtime() ;

if(solve_ICC mc(ICELTOT NL, NU, indexL, itemL, indexU, itemU,

D, BFORCE, PHI, AL, AU, NCOLORtot, PEsmETOT

SMPindex, SMPindexG, EPSICCG, &ITR, &IER)) goto error;
Etime = omp_get wtime();

for (ic0=0; OZ%CELTOT ic0+) |
icel = NEWtoOLD[lcO]
WK[icel-11 = PHI[ic0]:

for (icel=0; icel<ICELTOT; icel++) {
PHI[icel] = WK[icel];

}if(OUTUCI_)()) goto error; :@H%,.‘%—C“, ﬁtﬁ, Eﬂ&al‘\“’
return 0; EBIC, THLLMIFESICLENST
AL iR, EBflEsh TS,
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solve ICCG_mc (1/6)

#include <stdio. h>
#include <stdlib.h>
#include <string. h>
#include <errno. h>
#include <math. h> etc.

#tinclude “solver ICCG. h”

extern int
solve_ICCG_mc(int N, int NL, int NU, int *indexL, int *xitemL, int *indexU,
int *itemU,
double #D, double *B, double *X, double *AL, double *AU,
int NCOLORtot, int *COLORindex,
int PEsmpTOT, int *SMPindex, int *SMPindexG,
: double EPS, int *ITR, int *IER)
double *xW;

double VAL, BNRM2, WVAL, SW, RHO, BETA, RHO1, C1, DNRM2, ALPHA, ERR;

int i, j, ic, ip, L, ipl;

int R = 0;

int Z=1;
1;
2;

int Q
int DD = 3;

int P



W = (double **)mal loc (sizeof (double *)%*4) ;
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gr(vlvnﬁ(':glaléz'r{ “Error: %s¥n”, strerror(errno)); SOIVe_I CCG_mC
(2/6)

return -1;

for (i=0; i<4; i++) {
WLi] = (double *)mal loc (sizeof (double)*N) ;
iTAW[i] == NULL) {
fprintf (stderr, “Error: %s¥n”,
strerror (errno)); return -1;

J

#ioragma omp parallel for private (ip, i)

X[i] =

W[1]1[i] = 0.0;
W[2][i] = 0.0;
W[31L[i] = 0.0;

for (ic=0; ic<NCOLORtot; ic++) {
#pragma omp parallel for private (ip, ipl, i, VAL, j)
for (ip=0; ip<PEsmpTOT, ip++) {
ipl = ic * PEsmpTOT + ip;
for (i=SMPindex[ip1]; i<SMPindex[ip1+1]; i++) {
VAL = D[i];
for (j=indexL[i]; j<indexL[i+1]; j++) {
VAL-= AL[j]*AL[jI*W[DD] [itemL[j] - 1];

WIDD][i] = 1.0 / VAL;
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AEEEEIL R XF—5 fiE

1 1 W[DD][i]:
d :(aii - a1k2 mk} = lii_l MUk
o1

‘ itemL[j]:
AL[j]:

for (i=0; i<N;_i++) {
VAL = D[i];
for (j=indexL[i]; j<indexL[i+1]; j++) {
VAL-= AL[jI*AL[jI*W[DD] [itemL[j] - 1];

%[DD][i] = 1.0 / VAL;

d
;i

A



AREEBEILRAFT—5fF: Wk

-1 1 W[DD][i]: d

d = (aii - a1k2 mk] - lii_l DLI]: G
< itemL[j]: Kk
AL[]]: A

for (ic=0; ic<NCOLORtot; ic++) f{
#pragma omp parallel for private (ip, ipl, i, VAL, j)
for (ip=0; ip<PEsmpTOT; ip++) {
ipl = ic * PEsmpTOT + ip;
for (i=SMPindex[ip1]; i<SMPindex[ip1+1]; i++) {
VAL = D[i];
for (j=indexL[i]; j<indexL[i+1]; j++) {
VAL-= AL[j]*AL[jI*W[DD][itemL[j] - 11;

&[DD][i] =1.0 / VAL;

privatelZiEE,
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solve ICCG_mc (3/6)

#ipragma omp parallel for private (ip, i, VAL, j)
for (ip=0; ip<PEsmpTOT; ip++) {
for (i=SMPindexG[ip]; i<SMPindexG[ip+1]; i++) {
VAL = D[i] = X[i];

for (j=indexL[i]; j<indexL[i+1]; j++) {
VAL += AL[j] * X[itemL[j]-1];

}
for (j=indexU[i]; j<indexU[i+1]; j++) {
| VAL += AU[j] * X[itemU[j]-1];

J
WIRI[i]l = B[i] - VAL;

BNRM2 = 0.0;
#pragma omp parallel for private (ip, i)
reduction (+:BNRM2)
for (ip=0; ip<PEsmpTOT; ip++) {
for (i=SMPindexG[ip]; i<SMPindexG[ip+1]; i++) {
} BNRM2 += B[i]*B[i];

0]
O,

Compute r®= b-[A]x(?
for i= 1, 2,

solve [M]zG D= r@G-1)

Pi-1

if i=1

pL= 70
else
Bi—1= pi—l/pi—Z

p(l)z Z(i_l) + Bi—l p(j—_l)

endif

qP’= [Alp™

a; = pia/pHat

xW= xE1 4 o pd
rdi= pGE-1 _ g q@)
check convergence |r|



THANURILEE
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#ioragma omp parallel for private C(ip, i, VAL, j)
for (ip=0; ip<PEsmpTOT; ip++) |
for (i=SMPindexG[ip]; i<SMPindexG[ip+1]; i++) {

VAL

for

}

for

}
]
WIRI[i]

= D[i] * X[i];

(j=indexL[i]; j<indexL[i+1]; j++) {
VAL += AL[j] * X[itemL[j]-1];

(j=indexU[i]; j<indexU[i+1]; j++) {
VAL += AU[j] * X[itemU[j]l-1];

= B[i] - VAL;
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solve ICCG_mc (3/6)

#pragma omp parallel for private (ip, i, VAL, j)
for (ip=0; ip<PEsmpTOT; ip++) {
for (i=SMPindexG[ip]; i<SMPindexG[ip+1]; i++) {
VAL = D[i] = X[i];

for (j=indexL[i]; j<indexL[i+1]; j++) {
VAL += AL[j] * X[itemL[j]-1];

}
for (j=indexU[i]; j<indexU[i+1]; j++) {
| VAL += AU[j] * X[itemU[j]-1];

J
WIRIL[i] = BLi] - VAL;

BNRM2 = 0.0;
#ipragma omp parallel for private (ip, i)
reduction (+:BNRM2)
for (ip=0; ip<PEsmpTOT; ip++) {
for (i=SMPindexG[ip]; i<SMPindexG[ip+1]; i++) {
} BNRM2 += B[i]*B[i];

}

0]
O,

Compute r®= b-[A]x(?
for i= 1, 2,

solve [M]zG D= r@G-1)

Pi-1

if i=1

pL= 70
else
Bi—1= pi—l/pi—Z

p(l)z Z(i_l) + Bi—l p(j—_l)

endif

qP’= [Alp™

a; = pia/pHat

xW= xE1 4 o pd
rdi= pGE-1 _ g q@)
check convergence |r|



N SMPindexG{E FH, reduction

BNRM2 = 0.0;
#ipragma omp parallel for private (ip, i)
reduction (+:BNRM2)
for (ip=0; ip<PEsmpTOT; ip++) {
for (i=SMPindexG[ip]; i<SMPindexG[lip+1]; i++) {
BNRM2 += B[i]*B[i];
J
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*[TR = N;
for (L=0; LKG+ITR); L++) {

#ipragma omp parallel for private(ip, i)
for (ip=0; ip<PEsmpTOT; ip++) {
for (i=SMPindexG[ip]: i<SMPindexG[ip+1]; i++)
WLZIL[il = WIRILil;
}

for (ic=0; ic<KNCOLORtot; ic++) {

{

#ipragma omp parallel for private (ip, ipl, i, WAL, j)

for (ip=0; ip<PEsmpTOT; ip++) {
ipl = ic *x PEsmpTOT + ip;
for (i=SMPindex[ip1]; i<SMPindex[ipl1+1]; i++)
WVAL = W[Z]I[i];
for (j=indexL[i]; j<indexL[i+1]; j++) {
WVAL —= AL[j] * W[Z][itemL[j]-1];

J
W[ZI[i1 = WVAL = W[DDI[i];

}

}
for (ic=NCOLORtot-1; ic>=0; ic—) {
#ipragma omp parallel for private (ip, ip1, i, SW, j)
for (ip=0; ip<PEsmpTOT; ip++) {
ipl = ic *x PEsmpTOT + ip;
for (i=SMPindex[ip1]; i<SMPindex[ipl1+1]; i++)
SW=0.0;
for (j=indexU[i]; j<indexU[i+1]; j++) {
SW += AU[j] * W[Z][itemU[j]1-1];

J
WLZI[il= W[ZI[i]l - WIDDI[i] * SW;

{

{
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solve ICCG_mc
(4/6)

Compute r(®= b-[A]x(9
for i= 1, 2,
solve [M]z(@ D= p@E-1)
P, = rt-b zG-D
if i=1

Bi—lz Pi_1/P;is

p(l)z Z(l_l) + Bi—l p(l_l)
endif
gqi= [A]pWD
ai = pi_l/p(l)q(l)
xW= xE1 4+ g.pd
ri= rE-1 — g, g
check convergence |r|

0]
3
o,



*[TR = N;
for (L=0; LKG+ITR); L++) {

#ipragma omp parallel for private(ip,
for (ip=0; ip<PEsmpTOT; ip++) {

for (i=SMPindexG[ip]; i<SMPindexG[ip+1]; i++) {

WIZI[i] = WIRILi]:

] ) SMPindex

for (ic=0; ic<KNCOLORtot; ic++) {

#pragma omp parallel for private (ip, ipl, i, WAL, j)

for (ip=0; ip<PEsmpTOT; ip++) |{
ipl = ic * PEsmpTOT + ip;

for (i=SMPindex[ip1]; i<SMPindex[ip1+1]; i++) {

WVAL = W[Z][i]l;

for (j=indexL[i]; j<indexL[i+1]; j++) {
WVAL -= AL[j] * W[Z][itemL[j]1-1];

}
WCZ1[i]l = WAL = W[DD][i];

]
]
for (ic=NCOLORtot-1; ic>=0; ic—) {

#ipragma omp parallel for private (ip, ip1, i, SW, j)

for (ip=0; ip<PEsmpTOT; ip++) {
ipl = ic * PEsmpTOT + ip;

for (i=SMPindex[ip1]; i<SMPindex[ipl1+1]; i++)

SW=20.0;

for (j=indexU[i]; j<indexU[i+1]; j++)
SW += AU[j] * W[Z][itemU[j]1-1];

J
WLZI[il= W[ZI[i]l - WIDDI[i] * SW;
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solve ICCG mc
(4/6)

Compute r(®= b-[A]x(9
for i= 1, 2,
solve [M]z(@ D= p@E-1)
p,_,= riD z{-D
if i=1

Bi—lz Pi_1/P;i—;

p(l)z Z(l_l) + Bi—l p(l_l)
endif
gqi= [A]pWD
ai = pi_l/p(l)q(l)
xW= xE1 4+ g.pd
ri= rE-1 — g, g
check convergence |r|

0]
3
o,



«ITR = N: >
for (L=0; L<(*ITR); L++) {

#ioragma omp parallel for private(ip, i) SOlve ICCG mC
for(;p:(gg éﬁé?ﬁgggéﬂ;]!inrz%MliindexG[i +1]; i++) | . -
I= : ,
" WIZITi] = WIRITIT: i (4/6)

] ) SMPindex

for (ic=0; ic<NCOLORtot; ic++) {
#pragma omp parallel for private (ip, ip1, i, WAL, j) (M){ } = (LDLTX } :{ }
for (ip=0; ip<PEsmpTOT; ip++) {

ipl = ic * PEsmpTOT + ip

for (i=SMPindex[ip1]; <SMP dex[ip1+1]; i++) —
T (B 2 E413

for (j=indexL[i]; j<indexL[i+1]; j++) {
WVAL —= ALLj1 * W[Z][itemL[jI1-1]; BIEE A

)
WLZI[il = WVAL * WLDDI[il; Forward Substitution
)

}
for (ic=NCOLORtot-1; ic>=0; ic—) {
#ipragma omp parallel for private (ip, ip1,i,SW, j)

for (ip=0; ip<PEsmpTOT; ip++) { ( 1_){
i PEsmpTOT + ip; -
B et oo 1 1 \OF A2 =12
for (j=indexU[i]: j<indexULi+1]; j+) %R A

SW += AULj] * W[Z][itemU[j]1-1];

] L
WIZITi1= WIZI[i]1 - WIDDI[iT * SW: Backward Substitution
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AIEE A : SMPindex{# B

for (ic=0; ic<NCOLORtot; ic++) f{
#ipragma omp parallel for private C(ip, ipl, i, WAL, j)
for (ip=0; ip<PEsmpTOT; ip++) {
ipl = ic * PEsmpTOT + ip;
for (i=SMPindex[ip1]; i<SMPindex[ipl1+1]; i++) {
WVAL = W[Z][i];
for (j=indexL[i]; j<indexL[i+1]; j++) {
WVAL —= AL[ ] * W[Z][itemL[j]1-11;
J

W[ZI[i] = WVAL = W[DD][i];



/********************************
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SR e solve ICCG mc

********************************/

if(L ==0) {
#ipragma omp parallel for private(ip, i) (5/6)

for (ip=0; ip<PEsmpTOT; ip++) {
for (i=SMPindexG[ip]; i<SMPindexG[ip+1]; i++) {

} for i= 1, 2, ..
} else { (i-1)= p(i-1)
BETA = RHO / RHO1; solve [M]z* %= ¢
#ipragma omp parallel for private(ip, i) P, ;= ri1 g@-n
for (ip=0; ip<PEsmpTOT; ip++) { ot
for (i=SMPindexG[ip]l;]; i++) | | if i=1
WIPI1[i]l = W[Z][i] + BETA * W[PI[i]: pl= z(®
| J else
Bici= Pi-1/Pi-2
/rkkrskokokskoksdokokkokok ()= z(i-1) 4 f3. (i-1)
* {a} = [Al{p} * P Pia P
soksoksorskoRskkokdokdokk / endif
q’= [A]lp®
#pragma omp parallel for private(ip, i) . .
for (ip=0; ip<PEsmpTOT; ip++) | o; = pP;,/pPag
for (i=SMPindexGlip]; i<SMPindexG[ip+1]; i++) { x 1= x{-1) 4 g.p)
VAL = D[i] * W[PI[i]; . . +
for (j=indexL[i]: j<indexL[i+1]: j++) { rt= -l — q.qt)
] VAL += ALLIJ + WIP] Liteml Li]-1]: check convergence |r|
for (j=indexU[i], j<indexU[i+1]; j++) { end

| VAL += AU[j] * W[P][itemU[j]-1];
WLQI[i] = VAL;



/ skkskokskokokskokskokkokkokokkokskokskokkkk sk ok sk ok sk ok >k

} else {

J

* {p}
* BETA

= {z} if ITER=0 *
= RHO / RHO1 otherwise *

skkskokskokkskokskokkokkokokkokskokskokkkk sk ok sk ok sk kk /

if(L =0 {
#pragma omp parallel for private(ip, i)
for (ip=0; ip<PEsmpTOT; ip++) {

J

WIPI[i]l = WLZILil:

BETA = RHO / RHO1;
#pragma omp parallel for private(ip, i)
for (ip=0; ip<PEsmpTOT; ip++) {

J

for (i=SMPindexG[ip]l;]; i++) {

for (i=SMPindexG[ip]; i<SMPindexG[ip+1]; i++) {

WIPI[i]l = WLZI[i] + BETA * W[P][i];

/ skkskokskokkskkkokskokkokk

* {q} =

[A] {p} *

skkskokskokkokkskokkokkokk /

#pragma omp parallel for private(ip, i)
for (ip=0; ip<PEsmpTOT; ip++) {

for (i=SMPindexG[ip]; i<SMPindexG[ip+1]; i++) {

VAL += AL[j] * W[P][itemL[J]—1]% {

VAL += AULj] * W[P][itemU[J]—1]% {

VAL = D[i] * W[PI[i];
for (j=indexL[i], j<indexL[i+1]; j++

}
for (j=indexU[i]; j<indexU[i+1]; j++

%[Q][i] = VAL;

solve ICCG mc
(5/6)

Compute r®= pb-[A]x()
for i= 1, 2,
solve [M]zG D= pG-1)

Bi—llz pi—ll/pi—2 |
p(l)z Z(l_l) + Bj_—]_ p(l_l)

endif

q¥’= [a]lp®

ai = pi_l/p(l)q(l)

xW= xG1 4+ q,p@

ri= pi-1 — g g

check convergence |r|
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solve ICCG_mc
YR (6/6)

************************/

C1 =0.0;
#pragma omp parallel for private(ip, i) reduction(+:C1) (0) — (0)
for (ip=0; ip<PEsmpTOT; ip++) { Compute r b-[A]x

for (i=SMPindexG[ip]: i<SMPindexG[ip+1]; i++) { for 1= 1, 2,
C1 += W[PI[i] * W[QIL[il; solve [M]z@ D= pG-1)

} = (i-1) o (i-1)
ALPHA = RHO / C1: Pi= T z

if 1=1
/R$kkkkkkdkkokkkkdkokokok Rk dkokokok (1= 5 (0)
* {x} = {x] + ALPHA * {[p} * P
x {r} = {r} - ALPHA * {q} = else
skkokokkkkokkokkkkokokokk Rk dokokok B
#pragma omp parallel for private(ip, i) Bl—l pi—l//pl—Z
for (ip=0; ip<PEsmpTOT; ip++) { pi= zGED 4 B__l p -1
for (i=SMPindexG[ip]; i<SMPindexG[ip+1]; i++) { . *
X[i] += ALPHA * W[P][i]; endif |
WIRI[i]l —= ALPHA = W[Q][i]; giP= [A]p{
J a; = pi—l/p(l)q(l)
DNRW2 = 0. 0; xH= xCG + a,p®
ipragma omp parallel for private(irz, i) ) riW= -1 — gq.qt
reduction (+:DNRM2
for (ip=0; ip<PEsmpTOT; ip++) | check convergence |r|

for (i=SMPindexG[ip]; i<SMPindexG[ip+1]; i++) {
DNRM2 += W[RI[i]+W[RI[i]:

0]
3
Q.
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solve ICCG_mc
YR (6/6)

sokkkkkokokkdokokkkokokkkdokokk /
C1 =0.0;
#pragma omp parallel for private(ip, i)reduction(+:C1) (0) — 1 (0)
for (ip=0; ip<PESmpTOT; ip++) | SCRIINES) F8E 5 Jor |12
for (i=SMPindexG[ip]; i<SMPindexG[ip+1]; i++) { for i= 1, 2,
Cl1 += W[P][I] * W[Q][I], solve [M]Z(i_l)= r(i_l)

J = p(i-1) L (i-1)
ALPHA = RHO / C1: Pi = T &

if 1=1
[Hkkrklkiclkcllkokkokookokokk (1)= o (0)
* {x} = {x} + ALPHA * [p} = P
* {r} = {r} - ALPHA * {q} * else
Skokkkskskskokok ok kk sk sk ok ok ok k sk k sk ok ok ok k >k k / _
#pragma omp parallel for private(ip, i) Bl—l Pi-1/Pis
for (ip=0; ip<PEsmpTOT; ip++) { pil= zG1 4 B__l p -1
for (i=SMPindexG[ip]; i<SMPindexG[ip+1]; i++) { £ *
X[i] _ += ALPHA * W[P][i]; endl |
WIR][i] — ALPHA * W[Q][i]; q(l)= [A]p(l)
} Gl = pl_l/p(l)q(l)
DNRM2 = 0. 0; xH= x4+ a,p™
#pragma omp parallel for private(irz, i) ) ritl= r3-1) — q.q®)
reduction (+:DNRM2
for (ip=0; ip<PEsmpTOT; ip++) | check convergence |r|

for (i=SMPindexG[ip]; i<SMPindexG[ip+1]; i++) {
DNRM2 += W[RI[i]+W[RI[i]:

0]
3
Q.
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solve ICCG_mc
YR (6/6)

sokkkkkokokkdokokkkokokkkdokokk /
C1 =0.0;
#pragma omp parallel for private(ip, i)reduction(+:C1) (0) — 1 (0)
for (ip=0; ip<PEsmpTOT; ip++) | Compute r b-[Alx
for (i=SMPindexG[ip]; i<SMPindexG[ip+1]; i++) { for i= 1, 2,
Cl1 += W[PI[i] = W[QI[i]: solve [M] Z (1-1)= 1 (i-1)

J = p(i-1) L (i-1)
ALPHA = RHO / C1: Pi = T &

if i=1
/xxkkkkkkokokk kool ok (1= 5 (0)
* {x] = {x} + ALPHA * {p} * b
* {r} = {r} - ALPHA * {q} * else
skl kkololokokokok / _
#pragma omp parallel for private(ip, i) Bl—l pi—l/pl—Z
for (ip=0; ip<PEsmpTOT; ip++) { pi= zGED 4 B__l p -1
for (i=SMPindexG[ip]; i<SMPindexG[ip+1]; i++) { . *
X[i]  += ALPHA = W[P][i]: endif
WIRI[i] —= ALPHA = W[QI[i]; giP= [A]p{
] Gl, = pl_ll/p(l)q(l) |
DNRM2 = 0. 0; xH= x4+ o;pt
#ipragma omp parallel for prciivate(i[z, il))NRMZ) riW= -1 — q.qt
reduction (+:
for (ip=0; ip<PEsmpTOT; ip++) | check convergence |r|

for (i=SMPindexG[ip]; i<SMPindexG[ip+1]; i++) {
DNRM2 += W[RI[i]+W[R][i]:

0]
3
Q.
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A
1 10 100 1000
Color
® MC A RCM —CM-RCM ®
[
[
o [
Time (solver)
1 10 100 1000

sec./iteration

67

OBCX,

1-soket/24-cores,

1283

(@:MC, A:RCM, -:CM-

1.50E-02

1.00E-02 [

5.00E-03 |

0.00E+00

RCM)

® MC A RCM —CM-RCM
o
Time/lteration
1 .10 100 | 1000

Color
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o TILFOATRIA—FDERF
e Bi5HmiE(L




OMP-1

a2\ )L-E

>$ cd /work/gt00/t00XYZ

>$ cd multicore/L3/src

>SS make

>$ 1s ../run/L3-sol
L3-sol

>$ ed ../run

>$ pjsub gol.sh

/,

1T
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o095 LNDELT
JASS5 L, WEEI7FAILE

L3-sol
R7YAHER
JILIN—

}

INPUT.DAT
HEI77AIL

J

i

—
—

test.inp
ERIFAIL

(ParaView)
\_//
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#1157 —4 (INPUT.DAT)

128 128 128 NX/NY/NZ
1.00e-00 1.00e-00 1.00e-00 DX/DY/DZ
1.0e-08 EPSICCG
24 PEsmpTOT
~-10 NCOLORtot
e | N ®
NX, NY, NZ I BT O EFZE
DX, DY, DZ (et e S ZBZEDOINDOEI (AX, AY, A7)
EPSICCG fEAG 523K HRH?%IJ“@
PEsmpTOT L 7 SEE (AL R
NCOLORtot L&y Ordermg%‘:ﬂ% &P
=2 : MC¥E (multicolor) , fa#k
=0 : CM{£ (Cuthill-Mckee)
=—1 : RCM{%E  (Reverse Cuthill-Mckee)
<-2 : CM-RCM{E

72



OMP-3

gol.sh

#!'/bin/sh

#PJM -N "test"

#PJM -L rscgrp=tutorial

#PJM -L node=1

#PJIM ——omp thread=24 (= PEsmpTOT)
#PJIM -L elapse=00:15:00

#PJIM —-g gt00

#PJIM -3

#PJM —-e err

#PJM -o testl.1lst

export KMP_AFFINITY=granularity=fine, compact
./L3-

sol
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Iterations

Sec.

500

450 |
400 |
350 |
300 |

250 L

5.00
400 |
300 |
200 |
100 |

0.00

Color

I . ® o MC
: Iteratlons A RCM
—CM-RCM
o ° ° ®
A
1 10 100 1000
Color
® MC A RCM —CM-RCM ®
[
[
o [
Time (solver)
1 10 100 1000

sec./iteration
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OBCX,

1-soket/24-cores,

1283

(@:MC, A:RCM, -:CM-

1.50E-02

1.00E-02 [

5.00E-03 |

0.00E+00

RCM)

® MC A RCM —CM-RCM
o
Time/lteration
1 .10 100 | 1000

Color



o YIILFATMRA—FDEST
« B/iHmBEIL
— Z®M1: OpenMP Statement
— Z®M2: Sequential Reordering




AERA BROBEFIEC)

for (ic=0; ic<NCOLORtot; ic++) {
#fpragma omp parallel for private (ip, ipl, i, WVAL, j)
for (ip=0; ip<PEsmpTOT,; ip++) {
ipl = ic * PEsmpTOT + ip;
for (i=SMPindex[ipl]; i<SMPindex[ipl+1l]; i++) {
WVAL = W[z] [1];
for (j=indexL[i]; j<indexL[i+1]; j++) {
WVAL —-= AL[Jj] * W[Z] [itemL[]]-1];

}
W[z] [1] = WVAL * W[DD] [i];

[#pragma omp parallel JTRAL YR D E L, JHIRA FE

Y

- BILIZCDEHREES
— ZLDF—IR—~IRE B HS
BHAIER DEF —/IN—NYEDBET

e

L
s



BIEEFE A : Overhead gllJE (C)

#pragma omp parallel private (ic, ip, ipl, i, WVAL, j)
for (ic=0; ic<NCOLORtot; ic++) {
#pragma omp for
for (ip=0; ip<PEsmpTOT; ip++) {
ipl = ic * PEsmpTOT + ip;
for (i=SMPindex[ipl]; i<SMPindex[ipl+1l]; i++) {
WVAL = W[Z][1];
for (j=indexL[i]; j<indexL[i+1]; j++) {
WVAL —= AL[3j] * W[Z][itemL[j]-1];
}

W[z][1] = WVAL * W[DD] [1i];

¢ CDKIITTAHILIZEST, AL YRERFEFRTERAIC
ABRID—EBITEFELHIENTES
 [#pragma omp for M JL—T A3 511t
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704 5L %8 (src0)

cd /work/gt00/t00XYZ
cd multicore/L3
ls
run reorder(0 src srcO0 srcex

o® o° o

o°

cd srcO

make

cd ../run

ls L3-s01l0
L3-s010

o° o° o

<modify “INPUT.DAT">
<modify “goO.sh”>

% pjsub go0O.sh



OMP-3

go0.sh

#!/bin/sh

#PJM -N "test"

#PJM -L rscgrp=tutorial

#PJM -L node=l

#PJIM ——omp thread=24 (= PEsmpTOT)
#PJIM -L elapse=00:15:00

#PJIM —-g gt00

#PJIM -3

#PJM —-e err

#PJM -o testl.1lst

export KMP_AFFINITY=granularity=fine, compact
./L3-s010

79



JR495LFE (srex)

cd /work/gt00/t00XYZ
cd multicore/L3
ls
run reorder(0 src srcO0 srcex

o® o° o

o°

cd srcx

make

cd ../run

ls L3-solx
L3-so0lx

o° o° o

<modify “INPUT.DAT”>
<modify “gox.sh”>

% pjsub gox.sh



OMP-3

gox.sh

#!/bin/sh

#PJM -N "test"

#PJM -L rscgrp=tutorial

#PJM -L node=l

#PJIM ——omp thread=24 (= PEsmpTOT)
#PJIM -L elapse=00:15:00

#PJIM —-g gt00

#PJIM -3

#PJM —-e err

#PJM -o testl.1lst

export KMP_AFFINITY=granularity=fine, compact
./L3-so0lx

81



OMP-3 82

SrCO tSrCX 0) #tpragma omp parallel private (ic, ip, ipl, i, VAL, j)

for (ic=0; i1c<NCOLORtot; ic++) {

EUN(L/2) e o o ToT: o) |

ipl = ic * PEsmpTOT + ip
/\ﬁg for(\;;EMPllgu[ie]x[lpﬂ |<SMP|ndex[ip1+1]; i++) |
= 1],
for (j=indexL[i]; j<indexL[i+1]; j++) {
VAL—= AL[jI*AL[j]1+W[DD] [itemL[j] - 11;

J
WIDD][i] = 1.0 / VAL;

srcxldL2-sollZ :
OpenI\/IP’E%O)i }
FEAL=DIZ8

#pragma omp parallel private (ic, ipl,i2, i, VAL, j)
LY for (1c=0; ic<NCOLORtot; ic++) |
ipl = ic * PEsmpTOT;

o] ‘ ip2 = ic * PEsmpTOT + PEsmpTOT;
ﬁﬂ%@'liﬁgﬁli(i #praéfr)]a Omrl)cf:r smpTOT + srTlp | |
t/\/Efd:L\ fOF(\'/AEMPIS([ie]X[mH i<SMPindex[ip2]; i++) |

for (j=indexL[i]; j<indexL[i+1]; j++) {
VAL—= AL[J]*AL[J]*W[DD][itemL[j] = 1

}
WIDDI[i] = 1.0 / VAL;
| } SICX
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SrCO tSrCX 0) #tpragma omp parallel private (ic, ip, ipl, i, VAL, j)

for (ic=0; i1c<NCOLORtot; ic++) {

ELN(La/2) e o e e tor: o

ipl = ic * PEsmpTOT + ip
/\ﬁg for(\;;EMPllgu[ie]x[lpﬂ |<SMP|ndex[ip1+1]; i++) |
= E
for (j=indexL[i]; j<indexL[i+1]; j++) {
VAL-= AL[j]*AL[j]+W[DD] [itemL[j] - 1];

J
WIDD][i] = 1.0 / VAL;

srcxldL2-sollZ )
OpenMP’E%O)i }
FEALE=D[ZE

#pragma omp parallel private (ic, ipl,i2, i, VAL, j)
LY for (ic=0; ic<NCOLORtot: ic++) |
#ipragma omp for

— ‘ For (i=COLORndex[ic]; i<COLORindex[ic+11; i

1aDMHEEEIXIF Orf(ér(\m ndlgxte?i_[%l;cj ﬂf'lﬁ]dﬁ’fbé]'lﬁ]:)([ﬂlfig ] 1']++) |
N == * * - ,

EAETTLY ) T o

WIDDI[i] = 1.0 / VAL; SICX

=U
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SrCO &SrCX 0) #pragma omp parallel for private (ipl, i, VAL, j)

- For Sl rammatipy ) !

. or (i=SMPindexGL[ip

\ <SMPindexG[ip+1]; i++)

&L 202) T
or (j=indexL[i]; j<indexL[i+ j++

1T§IJ/\7 F)L*ﬁ } VAL += AL[] * WIP][itemLTj1~ 1];
for (j=indexU[i]; j<indexU[i+1]; j++) {

VAL += AU[j] * W[PI[itemU[j]1-1];

J
WLQIL[i]l = VAL

srcxlEL2-sollZ }
OpenMP’&%O)ii
JEJ LT’@‘ #ioragma omp parallel for private (i, VAL, j)
maED |$ﬁ'é§li(ir‘: fordac% o i |
pemn e

for (j=indexU[i]; j<indexU[i+1]; j++) {
VAL += AU[J] * WIP][itemU[j]-1];

} |
} WIQI[il = VAL; SICX
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86

ICCGEETE R (24RLYK) : CM-RCM

N N

B EAEEZ BEsreh (O0)BLY: RALYRAER - JHiR D222

srcO/srexMEIFZIFIFEL, BHBZBOEESARMICARE

SecC.

2.40 [
2.30
2.20
210 |
2.00
1.90
1.80
1.70

1.60 L

Osrc @srcO0 Asrcx

O
(A OO
O
QéoQ
ogaﬁé
o nl

gﬁgg

10 100 1000
Color



o YILFATRI—FDET
« H/FTHEEL
— ZM1: OpenMP Statement
— £ M2: Sequential Reordering




REDA—HF)2T DRERE

{5 [

~- MC

~ RCM

— CM-RCM

SCRBICEI HERIIINIL: 5|5 E AT 6E
BIDIEEIZESFIT

)

N N

BARADERTZALYRIZIRY TS

BRICALYKR (TbERERCa7)IZETIEZRITESRD
B TlEAEL

— HEDET



OMP-3

do ic= 1, NCOLORtot

S MP | N d ex: !$omgop?rt)’: |1| ,e lPI(Ej:mp.).T.OT

ipl1= (ic—1)*PEsmpTOT+ip

Bil do i= SMPindex (ip1-1)+1, SMPindex (ip1)
F§IJ<6L[LEI;::.rEi] (-j_ 0(1_) Inaex(ip + index (ip

enddo
enddo
lomp end parallel do
enddo

Initial Vector

\

Coloring

color=1 color=2 color=3 color=4 color=5
(5 colors)
+QOrdering *
color=1 color=2 color=3 color=4 color=5

12|3|4|5|6|7|8| [1(2|3|4|5|6|7|8| [1(2|3|4|5|6|7|8| |1(2(3|4|5|6|7|8| [1|2|3|4|5|6|7

e 5f, AL YKF®DHI
o FUTIICEY 2 E R (TIAT = 1 5 58 AT A




OMP-3 90

T—ARBELE : Sequential Reordering

I

e BICALYRTUIET BT —3FHANGERICERET
HEOIZHIZHUEZ

- NEORLELNEAFEIND
s BRBITIFDTRLAMERIZED
« BFTEAEFELQ2R—TUHE)

e BFEBEDFFFTBEAIZEI O TEZROX/PERIIENLSD,
F=A T=ZAOBRIIZEALGNBEDETELRE

o] £ a"j"'?bbﬁl,\)

— - TERKYERBFENKREVLDICIAL(TFZA)ICEEN
TWW=Yd9 %




OMP-3 91

T—AHBEE: Sequential Reordering
BALYR ETARY 7O RANEHGEELGDAIOFRIZHUER
5 colors, 8 threads

Initial VVector

Coloring

color=1 color=2 color=3 color=4 color=5
(5 colors)
+QOrdering *
color=1 color=2 color=3 color=4 color=5

Lol 12345678l [1]2/3(4[5]6|7[8 |1|2|3l4l5l6|7 |8 |1[2[34l5]6] 78] |1|2/3]4]5]6|7/8]

Sequential  [EiKRERERE] -




92

&S {F1+Hlinconsistent
» Coalesced (:fd:éﬁ_l-ﬁﬁ'|$7§§ﬁ35

— icell > icel2, therefore, icel2= itemL[k], where
indexL[icell] =k<indexL[icell+1]
e Seguential

— jcelln < icel2n, butstill icel2n= itemL[k],
where indexL[icelln] =k<indexL[icelln+2]

color=1 color=2 ” color=3 ” color=4 ” color=5 |

J icel2 _— icell

——A a

1J1[1|1[o][dl2B[2]2l[3[]3[a[3| [e[a[alal2[sE[5]5]E] [6]6leleel [7]7]7]7|7| ElEER
\ 4

icelln icel2n
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T—ABEE : Sequential Reordering
CM-RCM(2), 4-threads
ALyk LD T—5E RS FvvaBUMFIA, TV

2TIFHNERI LS
45(10[39| 5 35/ 2 33| 1 29/18(15/5(11|2 |9 | 1
17|46/11/40| 6 |36| 3 |34 33/30(19/16| 6 |12/ 3 |10
53|18/47|1241| 7 |37/ 4 45(34(31/2025| 7 |13| 4
24/54(19|48/13/42| 8 |38 40(46|3532(21|26| 8 (14
59/25|5520(49|14/43| 9 0914947\361412227\17
29/60(26|56/2150{15/44 53/6050|48|37/42|23|28
63|30612757|22|51/16 6354/61/51/57(38|43|24
32/64/31/62|28|58|23|52 56/64|55/62/52|58|39/44

CM-RCM(2) Seqguential Reordering, 4-threads
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T—ARBEE : Sequential Reordering
CM-RCM(2), 4-threads

F16

#0 thread, #1, [ #2, | #3

4520395, 35/ (33} 29/16/15/511/'”] 9
46|14/40 6,36/ '3 [34 30,1916/ 612810
53(28/47/12/41 X 37 45(34/31|20/25 /13
54/10/48(13/42/ 8,38 46/35/32/24/26 814
59(2§|55|2Q/49(14/43 59\29/47|36/41|22/27/1%
602656245015 44 60/5Q48[37/4223/28|
63/3Q6127/57[22/51 6354/61[54,57/38/43
64/34,62/28/58 23|52 56/64/58/62/52/58/3944

CM-RCM(2) Seqguential Reordering, 4-threads
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T—AHBEE  Sequential Reordering
CM-RCM(2), 4-threads

F26
#0 thread, #1, [ #2, | #3

10/3Q/ 5 3§/ 2 3] 1 18255 N 2 9 1
17/46/112Q) 6 3§ 3 3330/19/2¢| 6 | IR 3

18/47/12/21 7 3| 4 34/31/2025| 7 2§ 4
24/54/1948/13(242| 8 40/46/35/32/21 26/ 8

25|552049/14(43| 9 49|47/36/44,22|27|17
29/6Q/26/56/21/5Q/15 53/6Q/5048|37|42/23

30(64/2757(22/54/16 54/64,51/57|38/43 24
32/64/31/62/2858/23 56|64/55/625258/39

CM-RCM(2) Seqguential Reordering, 4-threads
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T—AHBBELE: Sequential Reordering

Initial Vector

Coloring

color=1 color=2 color=3 color=4 color=5
(5 colors)
+QOrdering *
color=1 color=2 color=3 color=4 color=5

1(2|3|4|5(6|7(8| [1|2(3|4|5|6|7|8| |1|2|3|4|5|6|7|8]| |1|2|3|4|5|6|7|8| |1|2|3|4|5|6|7|8

Initial Vector

Coloring

color=1 color=2 color=3 color=4 color=5
(5 colors)
Coalesced +Ordering ¥
=+ A .

GPU (j: ht'-) b 75 ?XE;;I\;—'C) color=1 color=2 color=3 color=4 color=5

~ L X IAN
&E)J&) R (B0 1[213/4lsl6|78) [2[2|3]4l5]6|78] |2]2|3l4l5l6]78] 2]2[l4l5le] 78 [2]2[2l4l5le[78

IBIZFES{TT)

D

>
Sequential 1[1)1]1]1][2[2]2[2]2) |3[3[3[3[3]|[4]al4]4]4| 5[5]51515 [e]ele[6]6| 7|71 7]7]7| BRI

ALYFATERICES T



7074 5 L %8 (reorder0)

cd /work/gt00/t00XYZ
cd multicore/L3
ls
run reorder(0 src srcO0 srcex

o® o° o

o°

cd reorderO

make

cd ../run

ls L3-rsol0
L3-rsol0

o° o° o

<modify “INPUT.DAT”>
<modify “gor.sh”>

% pjsub gor.sh



OMP-3

gor.sh

#!/bin/sh

#PJM -N "test"

#PJM -L rscgrp=tutorial

#PJM -L node=l

#PJIM ——omp thread=24 (= PEsmpTOT)
#PJIM -L elapse=00:15:00

#PJIM —-g gt00

#PJIM -3

#PJM —-e err

#PJM -o testl.1lst

export KMP_AFFINITY=granularity=fine, compact
./L3-rsol0
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T

—& (INPUT.DAT)

128 128 128 NX/NY/NZ
1.00e-00 1.00e-00 1.00e-00 DX/DY/DZ
1.0e-08 EPSICC
24 PEsmpTOT
~100 NCOLORtot
0 NFLAG
0 METHOD
I v NOE
PEsmpTOT I T EE (A Ly )
NCOLORt ot FEN Ordering £ & A3k
=2 : MC¥E (multicolor) , ik
=0 : CM¥£ (Cuthill-Mckee)
=—1 : RCM{E (Reverse Cuthill-Mckee)
<-2 : CM-RCM}E
NFLAG L& g 0 : First-TouchZEL, 1: 5V
A Al I B4R
METHOD B IR T S AFED N — TR
(0: fEdkmv, 1: anERBRAERFL)

99



#include <stdio. h>
#include <stdlib.h>

il e Sequential
#include "struct.h”

Reordering

int main() {

error:

double *WK;
int ISET, ITR, IER; 1 5
int icel, ic0, i;

double Stime, Etime;

if (INPUT()) goto error;

i T (POINTER_INIT()) goto error;

i T (BOUNDARY CELL ()) goto error;
i T (CELL_METRICS()) goto error;

if (POI_GEN()) goto error;

ISET = 0;
if(METHOD )| .
|f(solve ICCG_mc (ICELTOT, NL, NU, indexLnew, itemLnew,
indexUnew, |temUnew D, BFORCE PHI, ALnew, AUnew,
NCOLORtot, PEsmpTOT, SMPlndex new, EPSICCG
&ITR, &IER)) goto error;
lelse if (METHO 1) , ,
if(solve_ ICCG _mc_ft (ICELTOT, NL, NU, indexLnew, itemLnew,
indexUnew, itemUnew, D, BFORCE, PHI, ALnew AUnew,
NCOLORtot, PEsmpTOT, SMPlndex new, EPSICCG
&ITR, &IER)) goto error;

]
for (ic0=0; icO<ICELTOT; icQ++) |
icel = NEWtoOLDnew[icO];
| WK[icel-1] = PHI[icO];
for (icel O: ice|KICELTOT; icel++) {
Hi[icel]l = WK[icell;

if (OQUTUCD()) goto error;
return 0;

return -1;

100
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SMPindex = (int *) allocate vector (sizeof (int), NCOLORtot * PEsmpTOT + 1);
memset (SMPindex, 0, sizeof (int)*(NCOLORtot*PEsmpTOT+1)) ;

for (ic=1; ic<=NCOLORtot; ic++) { .
nn1 = COLORindex[ic] — COLORindex[ic—1]; SMPindex

num = nnl1 / PEsmpTOT;
nr nnl - PEsmpTOT * num; o=t || je=2 | ie=3 | je=4 || iess |
for(igili LD<ZP§STDT0T? ip++) | 1[2l3}a[sle| 78 [1[2ls]s[s[e|7 8 1[2ls]s[sle|7f /2ls]4[sle|7 8 [/2l3]4[sle7]
if(ip <= nr
| ?MPdeex[(ic—1)*PEsmpTOT+ip] = num + 1;
else :
: SMPindex[ (ic-1)*PEsmpTOT+ip] = num; SMPindex new
} 1[23}4[o| afalBfale]1]2ls}a]e]1]2ls]a]s] [1]2ls]a]s] [1]2]s]e]s] 1] -| AR

J

SMPindex_new = (int *) allocate vector (sizeof (int), NCOLORtot * PEsmpTOT + 1);
memset (SMPindex_new, 0, sizeof (int)* (NCOLORtot*PEsmpTOT+1)) ;

for (ic=1; ic<=NCOLORtot; ic++) | "
for (ip=1; ip<=PEsmpTOT; ip++) | Sequentlal
il :(ic—!)*PEsmpTOT + ip;

v =J1=1, : N . o -
- SERBrRUshaEr@Laee” Reordering
J

(2/5)

for (ip=1; ip<=PEsmpTOT; ip++) {
for (ic=1; ic<=NCOLORtot; ic++) {

i1 = (ip-1) * NCOLORtot + ic; " 1
jo = j1 - 1; I:)(:)I !;]‘EEIﬂl -
SMPindex_new[j1] += SMPindex_new[jO]; —
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Coalesced

#ipragma omp parallel private (ic, ip, ip1, i, WAL, j)
for (ic=0; i1c<NCOLORtot; ic++) {
#pragma omp for
for (ip=0; ip<PEsmpTOT; ip++) {
ipl = ic * PEsmpTOT + ip;
for(l SMP|ndex[|p1] i<SMPindex[ip1+1]; i++) {--

Color (ic)

Thread (ip) _ Numbering iicr;iléesling
color=0 0123456. E
color=1 0 14 0 6. E

[ color=2 |[o[7|2|3\4]5]6 [ [——]
VWO//123‘>\56. E
Bl 122l o BN —=

[\

Ip1=Ic*PEsmpTOT + ip ipl+1




Sequential

#pragma omp parallel private (ic, ip, ip1, i, WAL, j)

for (ic=0; i1c<NCOLORtot; ic++) {

fipragma omp for

for (ip=0; ip<PEsmpTOT; ip++) {
ipT = ip * NCOLORtot + ic;
for (i=SMPindex[ip1]; i<SMPindex[ip1+1]; i++) {---

Thread (ip)

-

Color (ic) _ Ip1=ip*NCOLORtot + ic
thread #0 0(1(23|4
thread #1 0(1/23|4
thread #2 01234
thread#3 |0(1]|2|3 |4/
thread#4 |0|1]2 |3
thread#5 (01|23
thread#6 |0]1|2|3|4

Numbering

Parallel
Accessing

103



for (%gr(glcl(%wlfcszrg (T)8EOR’IcgJ1;+) I{G++) { Seq u e ntl al

icNS = SMPindex_new[ip*NCOLORtot + ic];

ic01 = SMPindex[ic*PEsmpTOT + ip]; .
1002 = SHPindex[ioxPEsmpIOT + ip+11; Re()rdeﬂng (3/5)

for (k=ic01; k<ic02; k++) {
icel NEWtoOLD[k]

o e o pol_gen -2

NEWtoOLDnew: Sequential -> Original

ﬁ%ﬁ%gg%ﬂgﬂ}ggmﬂ]z :ggIN OLDtoNEWnew: Original -> Sequential
] J -Original: Initial  icel
-Sequential icelN

indexUnew int *)al locate_vector (sizeof (int), ICELTOT+1) ;
INLhew = glnt *;allocate vector S|zeof§|nt ICELTOT) ;

INUnew = (int *)al locate_vector ( sizeof (int), ICELTOT) ;
indexLnew_org = glnt *gallocate vector§S|zeof§|ntg ICELTOT+1;:
indexUnew_org = (int *)al locate_vector (sizeof (int), ICELTOT+1) ;

for (ip=1; ip<=PEsmpTOT; ip++) {
idl ip *NCOLORtot;
|d2 (ip—1) *NCOLORtot ;

for (ice|=SMPindex new[id2]+1; icel<=SMPindex_new[id1]; icel++) {
ic0 = NEWtoOLDnew[icel-1];
ik0 = OLDtoNEW[icO-1];

indexLnew = int *gallocate vector§8|zeof§|nt; ICELTOT+1;:

INLnew[iceI—q =INL[ik0-1]; -Original: Initial  icO
| INUnew |cel—1 =INU[ikO0-1]; _Coalesced iko
} Sequential -Sequential icel

for (i=1; i<=ICELTQT; i++) { , _
indexLnew_ org[ ] i ndexLnew org[!—1 +INLnew[!—1];
indexUnew_org indexUnew_org[i—1]+INUnewl[i-1];
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105
* ARRAY init.

kekekokkkkkekokokkk /

OO0, e o Sequential
1cor(i:0; i<=ICELTOT; i++) { Reordering (4/5)

indexLnew[i] indexLnew_org[i];

indexUnew[i] z indexUnew_org[i]; pO i g e n _3

}

for (i=0; i<NPL; i++) {
itemLnew[i] = 0;
ALnew[i] = 0.0;

}

for (i=0; i<NPU; i++) {
itemUnew[i] = 0;
AUnew[i] = 0.0;

I_IO

lelse {
indexLnew[0]=0;
indexUnew[0]=0;
#pragma omp parallellfor private (icel, J)
for (ip=1; |p<-PEsmpTOT ip++) {
for (icel = SMPindex new[(lp I)*NCOLORtot]+1 icel<=SMPindex_new[ip*NCOLORtot]; icel++) {

BFORCE[icel-1] =
PHI[icel-1] = 0. 0
D[icel-1] = 0.0;
indexLnew[icel]=indexLnew_orglicel];
indexUnew[icel]=indexUnew_orglicel];

for (j=indexLnew_org[icel-1]; j<indexLnew_org[icel]; j++) {
i temLnew[j]=0;
ALnew[j] = 0.0;

for (j=indexUnew_org[icel-1]; j<indexUnew_orglicel]; j++) {
i temUnew[j]=0;
AUnew([j] = 0.0;



#pragma omp parallel for private (icel, idl, id2 ---) 106
for (ip=1; ip<=PEsmpTOT; ip++) {
idl= ip *NCOLORtot; id2= (ip-1)*NCOLORtot;
for (icel=SMPindex_new[id2]+1; icel<=SMPindex_new[id1]; icel++) {
icO = NEWtoOLDnew[icel-1];
ik = OLDtoNEW[ic0-1];

.y 1oN10 = NElBeel ITico-1] (0] Sequen“al

icN50 = NEIBcel | [icO-1] [4];

e Lo el ndesL [0 1 Reordering

isU=indexU[ikO-1]; ieU=indexU[ik0 1;

if(icN50 1= 0) { (5/5)

icN5 = OLDtoNEW[icN50-1];
coef = RDZ * ZAREA;

Dlicel-1] —= coef; -
if(icN5 < ik0) { pOI_gen 4
for (j=isL; j<ielL; j++) {
if(itemL[j] == icN5) {
j_new=indexLnew[icel-1]+j-isL;
ALnew[j new] = coef;

itemLnew[j_new] = OLDtoNEWnew[icN50-1]: icel: Sequential
: break: icO: Original
] IkO: Coalesced
} e#se({ isU; j<ieU; j++) |
or (j=isU; j<ielU; j++ : _ ..
if(itemU[j] = icN5) { ICN50: Orlglnal
j_new=indexUnew[icel-1]+j-isU; icN5 : Coalesced

AUnew[j_new] = coef;
i temUnew[j_new] = OLDtoNEWnew[icN50-11];

} break; ICN5>Ik0: Upper (AU)
] ICN5<ikO: Lower (AL)
}
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#ipragma omp parallel private (ic, ip, ip1, i, WAL, j)
for (ic=0; i1c<NCOLORtot; ic++) {
#ipragma omp for
for (ip=0; ip<PEsmpTOT; ip++) {
ipl = ic * PEsmpTOT + ip;
for (i=SMPindex[ip1]; i<SMPindex[ip1+1]; i++) {
WVAL = W[Z][i];
for (j=indexL[i]; j<indexL[i+1]; j++) {
WVAL —= AL[j] * W[Z][itemL[j]-1];

J
W[ZI[i]l = WVAL * WDD][i];

}
}

#ipragma omp parallel private (ic, ip, ip1, i, WAL, j)
for (ic=0; ic<NCOLORtot; ic++) {
#ipragma omp for
for (ip=0; ip<PEsmpTOT; ip++) {
ipl = ip * NCOLORtot + ic;
for (i=SMPindex[ip1]; i<SMPindex[ipl1+1]; i++) {
WVAL = W[Z][i],;
for (j=indexL[i]; j<indexL[i+1]; j++) {
WVAL —= AL[j] * W[Z][itemL[j]-1];

J
W[Z][i] = WAL = W[DD][i];

Color #1
Color #2
Color #3
Color #4

Color #Nc

Thread #0
Thread #1
Thread #2
Thread #3

Thread
#(Pe-1)

107

Thread #0-#(Pe-1

Thread #0-#(Pe-1)

Thread #0-#(Pe-1)

Thread #0-#(Pe-1)

Thread #0-#(Pe-1)

Coalesced

chiofl#1-#(Nc)

CRlofl#1-#(Nc)

chofl#1-#(Nc)

chiog#1-#(Nc)

chiof#1-#(Nc)
|

Sequential
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Y /— N = =1 =&
1THRIDRILEDETES
#ipragma omp parallel for private(ip, i)
for (ip=0; ip<PEsmpTOT; ip++) {
for (i=SMPindexG[ip]; i<SMPindexG[ip+1]; i++) {
VAL = D[i] =* W[P][l]

for (j=indexL[i]; J<|ndexL[|+1 ;) |
VAL += AL[J] * WIP][itemL[j]-1];

#OF(J indexU[i]; j<indexULi+1]; j++) {
VAL += AU[J] * WIP][itemU[j]-1];

%[Q][I] = VAL;
| } METHOD=0

#ipragma omp parallel for private (ipl, i, VAL, j)
for (ip=0; ip<PEsmpTOT; ip++) {
for (i=SMPindex [ip*NCOLORtot]; i<SMPindex[ (ip+1)*NCOLORtot]; i++) {
VAL = D[i] = W[PI[i];
for (j=indexL[i]; J<|ndexL[|+1 ;) |
VAL += AL[J] * WIP][itemL[j]-1];

#OF(J indexU[i]; j<indexULi+1]; j++) {
VAL += AU[J] * WIP][itemU[j]-1];

%[Q][I] = VAL;
} METHOD=1
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ICCGixaT B¢ : CM-RCM
Coalesced(src,src0) &L L TSequential (reorder0) H°
ZE TRV FFIZBHAKRELISEE) (24-threads)

2.40
2.30 é Osrc @srcO AreorderO
2.20 5
2.10 O O
A N . O
O i A o .O.
Q  2.00 : 5 .. oo
190 | ® o ® QZ WD
f e se A AD A
1.80 | A
Z AN AN
1.70 A A
1.60 : .
1 10 100 1000

Color
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Results on OBCX : 1283

24 cores, src: MC (2-colors) :424 iter’s, 2.287 sec.
RCM (382-levels) : 287 iter’s, 2.117 sec.
CM-RCM(Nc=20) : 318 iter’s, 1.830 sec.

Speed-Up based on RCM (src)
with 1 thread

15.00

25.00
@ ® MC(2) - ® MC(2)
[ A RCM A RCM
20.00 | 3
: —CM-RCM(20) [ —CM-RCM(20)
10.00 Ideal
8 15.00 %
2 5
® 3
I o
10.00 0
I 500
°
5.00
~—n 0
0.0o nnnnnnnnnnnnnnnnnnnnnnnnnnn 0.00
0 4 8 12 16 20 24 28
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Results on OBCX : 1283

24 cores, reorderQ : MC(2-colors) :424 iter’'s, 2.287 sec.
RCM (382-levels) : 287 iter's, 1.857 sec.
CM-RCM(Nc=20) : 318 iter’s, 1.754 sec.

Speed-Up based on RCM (src)
with 1 thread

15.00

25.00 T
@ ® MC(2) - e MC(2)
I A RCM A RCM
20.00
I —CM-RCM(20) i —CM-RCM(20)
10.00 Ideal
8 15.00 %
" S
) ®
F o
10.00 } )
I 5.00 F
o
5.00
o
-, \ 4}
000 b v v v 0 0.00
0 4 8 12 16 20 24 28




OBCX:1/—K:2CPU (Y4 vk)

)
4 Intel® Xeon® ) 4 Intel® Xeon® )
(' DbR4. Y  Platinum 8280 Platinum 8280  ,DDR&, >
“ (Cascade Lake, CLX) m (Cascade Lake, CLX)
( DDRA,»  2.7GHz, 28-Cores ” 2 7GHz, 28-Cores
2.419 TFLOPS 2.419 TFLOPS

K Soc. #0: 0th-27th cores j \Soc. #1: 28th-55t cores /

Memory
96 GB

—__
2933 MHz X 6¢ch Ultra Path Interconnect 2033 MHz X 6¢h
140.8 GB/sec 10.4 GT/sec x3 140.8 GB/sec

Socket #0 ~'*?¢¥**° Socket #1

CCEFTIFICPUY 7 yh) ZE->TEL-
1/—K (2CPU, 56CPU) Z#{F>TH LD
NUMA7 —F%T72F+ (Non-Uniform Memory Access)

AEVIFFCPUICHEZH SN TLNTHIL, £54H5CPUD
A—AIAE) EDT—3ET7 7RI HIEIEATHEE

TEHREFO—HILATY LOTF—2EFE>THET S
DA
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FT—ARZO—HJLAE)IZELHE (1/2)

o NUMA7 —XTUF ¥ TlL, TAT S LIZEWNTERAOE
FZEEL-FATIE MERMATY) EIZEEIEREIIHE
1%&“*1,3' DAEHERIITIERALE=EO7Z (DETSY
) DO—hAILAEY EIZ, ZOEHDEEEE (RN—
V)DERIND,

o ZH%First Touch Data Placement (First Touch) &FETX
, BEEH DAL FIEIC KLY FoNSEREN KIGIZEILT
BIGENHH=80, TENNLETHS,

e BIZIEHLHEENZMEAILT HIHFE, FICTHEELLGZFNIXO
B2V RTHREIENTTHhNST=8, SLIEFEEIF0EY
’7"‘J|~0)EI—73)I/)‘:E'JJ:(:EE1%§1’L%>




W‘T“—St’i—lzl—ﬁ»%%') ICELAE(2/2)

o LT=hoT, DOV YFTCIDOBIIDT—3%TIERT
HIGEIZIE, BT OBV INDAEINIZTIERT HHE
MHH=0H, BWLVEEEZHFLIZEIIREHTH D,

o EEHDAEEZE, EEFEDFTEDFIEIZLI=A>T
OpenMPZE->THEFI[ZERI NI, ERICFHEZES
AT IRDAE)IZZEDESI DB A EH D EREFEE A
RSN, KUYMBMIGTEZRETHIENTED,

o IV yrULAMERLGEWGSIXZDFIOGEREIIFE
— OpenMP/MPI/NAJ1)yKkTICPU (V4 vh) HYIZ1IDDOMPIT

OtRZEAT S5 R
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First Touch Data Placement
“Patterns for Parallel Programming” Mattson, T.G. et al.

To reduce memory traffic in the system, it is important to keep the
data close to the PEs that will work with the data (e.g. NUMA control).

On NUMA computers, this corresponds to making sure the pages of
memory are allocated and “owned” by the PEs that will be working
with the data contained in the page.

The most common NUMA page-placement algorithm is the
“first touch” algorithm, in which the PE first referencing a region of
memory will have the page holding that memory assigned to it.

A very common technique in OpenMP program is to initialize
data in parallel using the same loop schedule as will be used later
In the computations.



Local/Remote Memory

| Memory
A !
L3
L2 | L2 | L2 | L2
L1 | L1 ]| L1 | L1

Core|Core|Core

Core

I

Core|Core|Core

Corel

L1 | L1 | L1

f

L2 | L2 | L2

1
/L2

13/
Iﬂb

L2

L2

L1

L1

Core

Core|Core

Core

|

Core

Core|Core

Core

L1

L1 | L1

L1

L2

L2 | L2

L2

Local Memory

Remote Memory

| Memory | | Memory |
A | / A |
L3 / L3
L2 | L2 | L2 ||L2 | — ,12 L2 | L2 | L2
L1t e =—— Y|l
Core|Core|Core|{Qore Core|Core|Core|Core
Core|Core|Core|Cor Core|Core|Core|Core
L1 | L1 | L1 | L1 L1 | L1 | L1 | L1
L2 | L2 | L2 | L2 |=— (L2 |L2|L2]| L2
L3 ] L3
A A
Memory | | Memory |
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T

—& (INPUT.DAT)

117

128 128 128 NX/NY/NZ
1.00e—-00 1.00e—-00 1.00e-00 DX/DY/DZ
1.0e-08 EPSICC
48 PEsmpTOT
-50 NCOLORtot
0 NFLAG (0 or 1)
0 METHOD
BHA, n %
PEsmpTOT I T EE (A Ly )
NCOLORt ot K Ordering 15 & 42K
=2 : MC¥E (multicolor) , ik
=0 : CM¥£ (Cuthill-Mckee)
=—1 : RCM}E (Reverse Cuthill-Mckee)
<-2 : CM-RCMj
NFLAG &g 0 : First-TouchZEL, 1: &Y
METHOD LSS 1THNIR T R IVFE DLV — T RS
(0: fkmy, 1: AiEZIERALFL)
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go2.sh: reorder0O

#!/bin/sh

#PJM -N "test"

#PJM -L rscgrp=tutorial

#PJM -L node=1

#PJIJM ——omp thread=48 (= PEsmpTOT)
#PJIM -L elapse=00:15:00

#PJIM —-g gt00

#PJIM -5

#PJM —-e err

#PJM -o testl.1lst

export KMP_AFFINITY=granularity=fine, compact

./L3-rsol0
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AR5 D #EA1E (NFLAG=0/1) (1/3)
poI_gen.c

i f (NFLAG == 0) {
for (i=0; i<ICELTOT; i++) {

OLDtoNEWnew[i] = 0;
NEWtoOLDnew[i] = O; local memory of the master

thread

Pages are allocated at the

Jelse {
#ipragma omp parallel for private (icel, j)
for (ip=1; ip<=PEsmpTOT; ip++) {
for (icel = SMPindex_new[ (ip—1)*NCOLORtot]+1;
icel<= SMPindex_new[ip*NCOLORtot]; icel++) {
OLDtoNEWnew[icel-1] = 0;
NEWtoOLDnew[icel-1] = 0;

| Pages are allocated at the

local memory of each thread

A very common technique in OpenMP program for optimi zation is to
Initialize data in parallel using the same loop sch  edule as will be used
later in the computations.
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B 5 D #)#A1E (NFLAG=0/1) (2/3)
. pol_gen.c

for (i=0; i<ICELTOT; i++) | P e allocat e
BFORCELi] = 0.0; ages are allocated at the

D[i]
PHI[i]

]

for (i=0; i<=ICELTOT; i++) {
indexLnew[i] = indexLnew_ org[i]l;
indexUnew[i] = indexUnew org[i]l;

]

for (i=0; i<NPL; i++) {
itemLnew[i] = O0;

} ALnew[i] = 0.0;

for (i=0; i<NPU; i++) {
itemUnew[i] = O;

local memory of the master
thread

0.0;
0.0;

AUnew[i] = 0.0;
Jelse {
A very common technique in OpenMP program for optimi zation is to

Initialize data in parallel using the same loop sch  edule as will be used
later in the computations.
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B2 5| D #EA1E (NFLAG=0/1) (3/3)

lelse {
indexLnew[0]=0;
indexUnew[0]=0;
#ipragma omp parallel for private (icel, j)
for (ip=1; ip<=PEsmpTOT; ip++) {
for (icel = SMPindex_new[ (ip—1)*NGOLORtot]+1;

icel<=SMPindex_new[ip*NCOLORtot]; icel++) {
BFORCE[icel-1] = 0.0;
PHI[icel-1] = 0.0;
Dlicel-1] = 0.0;
indexLnew[icel]l=indexLnew_orglicel];
indexUnew[icel]l=indexUnew_orglicel];

for (j=indexLnew_org[icel-1]; j<indexLnew_orglicel]; j++) {
itemLnew[j]1=0;
ALnew[j] = 0.0;

for (j=indexUnew_orgl[icel-1]; j<indexUnew_orglicel]; j++) {
itemUnew[j]1=0;
AUnew[j] = 0.0;

Pages are allocated at the

} local memory of each thread

}
J
A very common technique in OpenMP program for optimi zation is to
initialize data in parallel using the same loop sch  edule as will be used
later in the computations.
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* ARRAY init

. Sequential
i Reordering (4/5)

BFORCE[I]
b .
for (i=0; i<=ICELTOT; i++) {

indexLnew[i] = indexLnew_orgl[il; ":E;
indexLrewC] = indoxLnew ore]: POI_gen

Lo
ot (=Tt {Emfhéw'ﬁ)={o; Pages are allocated at the

122

| Al <0.0; local memory of the master
ror (i nent 1= 0: thread
AUnew[i] = 0.0;

lelse {
indexLnew[0]=0;
indexUnew[0]=0;
#ipragma omp parallel for private (icel, j)
for (ip=1; ip<=PEsmpTOT; ip++) {
for (icel = SMPindex new[(lp 1)*NCOLORtot]+1 icel<=SMPindex_new[ip*NCOLORtot]; icel++) {

BFORCE[icel-1] =
PHI[icel-1] = 0. 0
Dlicel-1]1 = 0.0;
indexLnew[icel]=indexLnew_org[icel]:
indexUnew[icel]=indexUnew_orglicel];

for (j=indexLnew_org[icel-1]; j<indexLnew_org[icel]l; j++) {
i temLnew[j]=0;

ALnew[j] = 0.0;

for (j=indexUnew_org[icel-1]; j<indexUnew_orglicel]l; j++) {
i temUnew[j]=0;

AUnew([j] = 0.0;
C o Pages are allocated at the

] ] local memory of each thread
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= E# B -reoder0, L3 -rsol0

128 128 128 NX/NY/NZ
1.00e-0 1.00e-0 1.00e0 DX/DY/DZ

1. 0e-08 OMEGA, EPSICCG
48 PEsmpTOT
—1 NCOLORtot
O NFLAG
METHOD
_
0 1.736 1.670
28 0] 1.859 1.764
0] 1.550 1.275
48
1 1.274 0.891
56 0] 1.681 1.297
1 1.321 0.819
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FED

[BRAFENLENNDSBEITIZERRELIZICCG
E1ZBMELTz, T—RECE, reordering’d &, 5
RSt EDT=ODTILFIAT7ITATFIUTZHE T
EETILIAYXLIZDNTODES
HIZIEEEZEHD-HD, OBCXEFAL-ES

| lml

=57 DR

First-Touch Data Placement
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SHOBME

AEYINURIBEERED Xy T

— BYTE/FLOP, F &< #zEohaly

YIJLFaA7E, A=—a71k

— Intel Xeon/Phi

>10°a7 DY AT L

— Exascale: >108

A—=F)2T

— JZ7@H|IEZT TR, TS DRESDEBELDLEMN?
— ERBEEEHOE R HRERE (FICESHHRE)
OpenMP+MPID /N T )yk=>—D2DF H15ER
— 70+ XA (OpenMP) D it hiaxHcritical
AEESODABTNDLTHLERICITIEENTHS
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ICCGEET B B : CM-RCM, reorder0

ETHHEZEBE - BRETERLZIZEES DL
(ERE>HERBE) R1EMRIZEL: 20-25%15 0,
=& BEE : 30-40%;8 4
140 |
50 o O Iterations @ ICCG Time
- o o oo o 0% ropg
o 110
2 100 |
% 0.90
» g0
0.70 o .O.”
- o © ® ° ®
0.60 *” o ®
0.50 © -
1 10 100 1000

Color
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