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Parallel Version: OpenMP

e OpenMP version of L2-sol

— Number of threads= “PEsmpTOT”
e can be controlled in the program

e Fundamental Idea

— Meshes in a same color/level are independent, therefore
parallel/concurrent processing is possible for these
meshes.



4-Colors, 4-Threads
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4-Colors, 4-Threads
Renumbering according to Color ID
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4-Colors, 4-Threads

Meshes in a same color/level are independent,
therefore parallel/concurrent processing is possible for
these meshes, renumbered meshes are assigned to

threads
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OMP-3

How to Run

>$ cd /work/gt69/t69XXX

>$ cp /work/gt69/z30088/omp/multicore—-c.tar
>$ tar xvf multicore-c.tar

>$ cd multicore/L3
>SS 1s
run src src0 srcx reorderO

>$ cd src

>$ make

>$ cd ../run

>$ 1ls L3-sol
L3-sol

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

>$ pjsub gol.sh



OMP-3

Files on OBCX

e Location
— <$0-L3>: /work/gt69/t69XXX/multicore/L3
— <SO-L3>/src, <SO-L3>/run

e Compile & Run

— Source Code
e cd <$O-L3>/src
* make
e <50-L3>/run/L3-sol execution file

— Control Data
e <SO-L3>/run/INPUT.DAT

— Shell Script
e <SO-L3>/run/gol.sh



Running the Program

L3-sol
Poisson Solver
FVM

l

}

INPUT.DAT
Control File

J

— T
—

test.inp

ParaView File
\\/



Control Data: 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
NX, NY, NZ
— Number of meshes in X/Y/Z dir. }
DX,DY,DZ NZ NZ
— Size of meshes 2y oy T e

- »* NY

EPSICCG ‘5 -
— Convergence Criteria for ICCG *
PEsmpTOT

— Thread Number (--omp thread=XX)
NCOLORtot

— Reordering Method + Initial Number of Colors/Levels
— 22: MC, =0: CM, =-1: RCM, -2=: CMRCM
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Job Script: gol.sh

e /work/gt69/t69XXX/multicore/L3/run/gol.sh
o Scheduling + Shell Script

#!/bin/sh

#PJIM —-N “test” Job Name (not required)

#PJM -L rscgrp=lecture9 Name of Queue (Resource Grp.)
#PJM —-L node=1 Node # (=1)

#PJM —-omp thread=24 Thread # (=1-56) (=PEsmpTOT)
#PJIM -L elapse=00:15:00 Computation Time

#PJIM —-g gt69 Group Name (Wallet)

#PJM -7

#PJM —e err Standard Error

#PJM -0 test.lst Standard Output

export KMP_AFFINITY=granularity=fine, compact
./L3-sol Execution of the Program

export KMP_AFFINITY=granularity=fine, compact
All of 1-28 threads are on Socket #0



* Applying OpenMP to L2-sol
 Examples
e Optimization + Exercise




Applying OpenMP to “L2-sol”
 on ICCG solver

Dot Products, DAXPY, Mat-Vec
— NO data dependency: Just insert directives
* Preconditioning (IC Factorization,
Forward/Backward Substitution)

— NO data dependency in same color: Parallel processing
IS possible for meshes in same color
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Just Inserting directives works fine,
but ... (1/2) (Mat-Vec)

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

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

WIQI[i] = VAL;
}

 Thread number cannot be handled in the program
 This may work better on GPU and manycore’s

13



Just Inserting directives works fine,
but ... (2/2) (Forward Substitution)

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];

 Thread number cannot be handled in the program
* This may work better on GPU and manycore’s
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Parallelize ICCG Method by OpenMP

* Dot Product: OK

« DAXPY: OK

o Matrix-Vector Multiply: OK
* Preconditioning



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;



#ifndef __H_STRUCT
#define __H_STRUCT

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

int NX, NY, NZ, NXP1, NYP1, NZPf1,
int NXc, NYc, NZc;

struct.h

IBNODTOT;

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 */

ICELTOT:
Number of meshes (NX X NY X NZ)

N:

Number of modes

NX,NY,NZ:
Number of meshes in x/y/z directions

NXP1l,NYP1l,NZP1:
Number of nodes in x/y/z directions

IBNODTOT:
= NXP1 X NYP1

XYZ[ICELTOT] [3]:
Location of meshes

NEIBcell [ICELTOT] [6] :
Neighboring meshes

PEsmpTOT :

Number of threads

17
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#ifndef __H_PCG

#define _H_PCG ng ] h
static int N2 = 256;
int NUmax, NLmax, NCOLORtot, NCOLORK, NU, NL:
int METHOD, ORDER_METHOD:
double EPSICCE:;

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



Variables/Arrays for Matrix (1/2)
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Name Type Content
D [N] R | Diagonal components of the matrix (N= ICELTOT)
BFORCE [N] R | RHS vector
PHI [N] R | Unknown vector
indexL[N+2] I | # of L/U non-zero off-diag. comp. (CRS)
indexU[N+2]
NPL, NPU I | Total # of L/U non-zero off-diag. comp. (CRS)
itemL [NPL] I | Column ID of L/U non-zero off-diag. comp. (CRS)
itemU[NPU]
AL[NPL] R | L/U non-zero off-diag. comp. (CRS)
AU [NPU]

Name Type Content
NL, NU I | MAX. # of L/U non-zero off-diag. comp. for each mesh (=6)
INL[N] I | # of L/U non-zero off-diag. comp.
INU[N]
IAL[N] [NL] I | Column ID of L/U non-zero off-diag. comp.

IAU([N] [NU]




Variables/Arrays for Matrix (2/2)

Name Type Content
NCOLORtot I |Input:
reordering method + initial number of
colors/levels
=2: MC, =0: CM, =-1: RCM, -2=: CMRCM
Output:
Final number of colors/levels
COLORindex I | Number of meshes at each color/level
[NCOLORtot+1] 1D compressed array
Meshes in icol®® color/level are stored in
this array from COLORindex[icol]
{0 COLORindex[icol+1]-1
NEWtoOLD [N] I | Reference array from New to Old nhumbering
OLDtoNEW [N] I | Reference array from OIld to New numbering
PEsmpTOT I | Number of Threads
SMPindex I | Array for OpenMP Operations (for Loops with
[NCOLORt ot *PEsmpTOT+1] Data Dependency)
SMP indexG [PEsmpTOT+1] I | Array for OpenMP Operations (for Loops

without Data Dependency)
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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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iInput: reading INPUT.DAT

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

#include “struct_ext.h “; “pcg_ext.h “; “input.h” °® PEsmpTOT

t t
TR lvord — Thread Number
define BUF_SIZE 1024

har |ine[BUF_SIZE];
ghgﬁlcﬁgﬁéw”; ¢ NCOLORtot

ouble ; i
FILE *fpl1; — Reordering Method
if ((fp11 = fopen (“INPUT.DAT”, “r”)) == NULL) { it

P prlntf(?tderr “Error: %s¥n”, strerror (errno)) ; + |'1ItIEiI Pdl]fT]k)EEr C)f

]s.scanf(linere"‘l’/:‘:/]d%d’ &NX, &NY, &NZ); Colors/Levels
ssoanf (| ine, “%d’. SMETHOD): ' — =22: MC
sscanf (| ine, ”%Ie%le%le . &DX, &DY, &D7);
sscanf (line, “%le”, &EPSICCG) — =0: CM
sscanf (line, “%d”, &PEsmpTOT) .
sscanf (line, “%d”, &NCOLORtot) — =1 RCM
fcl fp11);
]rzta’?ﬁ%? ’ — -2=: CMRCM
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



cell metrics

#include <stdio.h> ...

extern int
CELL_METRICS (void)
double VO, RVO;
int i;
VOLCEL =
(double *)allocate vector (sizeof (double), ICELTOT) ;

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

XAREA = DY * DZ;
YAREA = DZ * DX;

ZAREA = DX * DY;

SHE
RDZ = 1.0 / DZ: DZ
RDX2 = 1.0 / (pow(DX, 2.0));
RDY2 = 1.0 / épowgDY, 2.0;);
RDZ2 = 1.0 / épow(DZ, 2.0));
R2DX = 1.0 / (0.5 * DX); Z4 y
R2DY = 1.0 / éO 5 % DYg;
R2DZ = 1.0 / (0.5 % DZ
X

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

VOLGEL[i] = VO,

RVCLi] = RVO;

return 0; }

DX

XAREA

DY

23



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 *)allocate_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;

{
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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

NEIBcell[icel][1]

Lower Triangular Part
NEIBcell[icel][4]= icel = NX*NY + 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; ic
icN1 = NEIBcel | [icel][0];
icN2 = NEIBcel | [icel] [1];
iIcN3 = NEIBcel | [icel][2];
IcN4 = NEIBcel | [icel][3];
iIcNS = NEIBcel | [icel][4];
icN6 = NEIBcell[icel][5];

if(icN5 1= 0) f{
icou = INL[icel] + 1;
IAL[!ceI][lcou 1]
INL[icel

]

|f(|cN3 I=0) {
icou = INL[|ceI] + 1,
IAL[icel] [icou-1]
INL[icel]

if(icN1 1= 0) {
icou = INL[icel] + 1;

lAL[lceI][lcou 1] = |cN3:
=

INL[icel] cou;
|f(|cN2 I=0) {
icou = NU[|ceI] + 1,
IAU[lceI icou-1] = |cN2
icel = icou;
if(icN4 1= 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;

cel++)

{
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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

NEIBcell[icel][1]

Upper Triangular Part
NEIBcell[icel][1]=icel + 1 +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)

Reordering

NCOLORtot > 1: Multicolor
NCOLORtot = 0: CM
NCOLORtot =-1: RCM
NCOLORtot <-1: CM-RCM
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N111:

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

“¥n¥nYou have%8d elements¥n”, ICELTOT) ;

“How many colors do you need ?¥n”) ;

“ #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”) ;

fprintf (stderr, if #COLOR<-1 then CMRCM ordering¥n”);

fprintf (stderr, “=>¥n");

fscanf (stdin, “%d”, &NCOLORtot) ;

i f (NCOLORtot == 1 && NCOLORtot > ICELTOT) goto N111;

OLDtoNEW = (int *)cal loc (ICELTOT, sizeof (int));
i f (OLDtoNEW == NULL) {
fprintf (stderr, “Error: %s¥n”,
return -1;

}
NEWtoOLD = (int *)calloc (ICELTOT, sizeof (int));
i f (NEWtoOLD == NULL) {
fprintf (stderr, “Error: %s¥n”,
return -1;

strerror (errno)) ;

strerror (errno)) ;

}
COLORindex = (int *)calloc (ICELTOT+1, sizeof (int));
i f (COLORindex == NULL) {
fprintf (stderr, “Error: %s¥n”,
return -1;

strerror (errno)) ;

J

i f (NCOLORtot > 0) {

MC (ICELTOT, NL, NU, INL, IAL, INU, IAU,

&NCOLORtot, COLORindex, NEWtoOLD,
} else if (NCOLORtot == 0) {
CM(ICELTOT, NL, NU, INL, IAL, INU, IAU,
&NCOLORtot, COLORindex, NEWtoOLD,

} else if (NCOLORtot ==-1) {
RCM(ICELTOT, NL, NU, INL, IAL, INU, IAU,
&NCOLORtot, COLORindex, NEWtoOLD,
} else if(NCOLORtot <-1) {
CMRCM (ICELTOT, NL, NU, INL, IAL, INU, IAU,
| &NCOLORtot, COLORindex, NEWtoOLD,

fprintf (stderr, “¥n#t TOTAL COLOR number%8d¥n”,
return 0;

NCOLORtot) ;

ICELTOT) ;

OLDtoNEW) ;

OLDtoNEW) ;

OLDtoNEW) ;

OLDtoNEW) ;



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

T 0L RtotsPEsnpToT 1) poi_gen (4/9)

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

nnl = COLORindex[ic] — COLORindex[ic-1]; SMPindex.
num = nn} / BEsmp¥8¥ f (j't' .
nr = nnl — PEsmp * num;
for (ip=1; ip<=PEsmpTOT; ip++) { or preCon IIOnlng
|f(|p_<= nr) {
SMPindex[ (ic—1) *PEsmpTOT+ip] = num + 1;
} else {

| SMPindex[ (ic—1) *PEsmpTOT+ip] = num;

J
J

for (ic=1; ic<=NCOLORtot; ic++) {
for (ip=1; ip<=PEsmpTOT; ip++) |{
Ja = ({c 1% * PEsmpTOT + ip;
SMPlndex[J1] += SMPindex[0];

J

SWPindex& = (int ) gl locate vestor for (ic=0; ic<NCOLORtot; ic++) {
smplOT+1) ;
memset (SMPindexG, 0, sizeof (int)x* (Pl #pra'%glf(?ngpairgglllfegmg?&'..i.p++) {

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

SMPlndexG[lp] = nn; ) T

if(ip <= nr) [SMPlndexG[lp] +=

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

for preconditioning

30

for (ic=0; ic<NCOLORtot; ic++) {
#pragma omp parallel for ...
for (ip=0; ip<PEsmpTOT; ip++) {
ipl = ic * PEsmpTOT + ip;
for(i:SMEindex[ip1]; i<SMPindex[ip1+1]; i++) {

(.
J
J

|

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

e 5-colors, 8-threads
 Meshes in same color are independent: parallel processing
* Reordering in ascending order according to color ID



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), 33
NCOLORtot*PEsmpTOT+1) ;

memset (SMPindex, O, -
sizeof (int)* (NCOLORtot+PEsmpTOT+1)) ; pO | g en (4/ 9)
for (ic=1; ic<=NCOLORtot; ic++) {

nnl = COLORindex[ic] — COLORindex[ic-1];

num = nnl / PEsmpTOT;

nr = nnl — PEsmpTOT * num;

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

if(ip <= nr) {
SMPindex[ (ic—1) *PEsmpTOT+ip] = num + 1;

} else |
SMPindex[ (ic—1)*PEsmpTOT+ip]

num,

J
J

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

J

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

PEsmpTOT+1) ; . .
memset (SMPindexG, O, s?ggof (Jirn%:)*(PEsmpTOTH)): SMPindexG:
nn = IGELTOT / PEsmoTOT. for Dot-products, DAXPY,
= ICGELTOT - nn * PEsmpTOT; :
for(lp 1; ip<=PEsmpTOT: ip++) { Mat-vec, and POl-gen

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

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



SMPiIndexG

ip=3

ip=4

Ip=5

\

ip=3

ip=4

ip=6

for Dot-products, DAXPY, Mat-vec, and Poi-gen
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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];

New numbering is applied

pol_gen (5/9)

after this point

35

}

NPL = indexL[ICELTOT]; Name Type Content

NPU = indexU[ICELTOT]; D[N] R | Diagonal components of the matrix (N= ICELTOT)

. . . . BFORCE [N] R RHS t

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

itemU = (int *)al locate_vector (sizeof (int), NPU) ; PHI[N] R | Unknown vector

AL = indexL[N+1] I |# of L/U non-zero off-diag. comp. (CRS)

(double *)al locate_vector (sizeof (double), NPL) ; indexU[N+1]

/}g :bI Sl : tor (si £ (double) . NPU) NPL, NPU I | Total # of L/U non-zero off-diag. comp. (CRS)
oubte allocate_vectorsizeo oubte/, ' itemL [NPL] I Column ID of L/U non-zero off-diag. comp. (CRS)

memset (itemL, 0, sizeof (int)*NPL); itemU[NPU]

memset (itemU, 0, sizeof (int)*NPU) ; AL[NPL] R | L/U non-zero off-diag. comp. (CRS)

memset (AL, 0.0, sizeof (double)*NPL) ; AU[NPU]

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

“itemL” /"itemU”

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

itemU[kk]= TAU[i][k];
9 110 11

J

12

free (INL) ; free (INU) S| 6|7

free (IAL) ; free(IAU);

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

qli]= D[] * p[il;
for (jJ=indexL][i]; j<indexL[i+1]; j++) {

qli] +=AL[}] * p[itemL[j]-1];

}

for (j=indexU[i]; j<indexU[i+1]; j++) {
qfi] +=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, jj, kk, isL, ieL, isU, iel)

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

icO = NEWtoOLD[icel];

N2 = NElBos I Fio0-1] I

1C = ce LI CU— i .
domElel S oD
IcN4 = cellL[1cO- : i .

icN5 = NEIBce ! | [ic0-1][4] icO: Old ID
icN6 = NEIBcel |l [ic0-1] [5]

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

if(icN5 1= 0) {
icN5 = OLDtoNEW[icN5-17;
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;

J

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

J
J

36

poi_gen (6/9)

New numbering applied

Greificel)[0] ~ Picel AyAZ +
AX

Rreivfice1iy ~ Aes AYAZ +
AX

Dreificel)[2) ~ Pea AZAX +
Ay
Dreivjicaz) ~ Bea
Ay

AzZAX +

Rreivfica]ia) ~ Hee AXDy +
Az

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




Coef. Matrix: Parallel, “SMPIndexG”

“private”

#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 I [icO-1][0];

37



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];
% B
1C = ce 1CU— 1 .
icN3 = NEIBcel | [ic0-1][2]" icel: New 1D
icN4 = NEIBce! | [ic0-1] [3]°

1][4];

1] [5]

icN5 = NEIBcel | [ic0- icO: Old ID

icN6 = NEIBcel I [icO-

isL =indexL[icel 1; ieL =indexL[icel+1];
isU =indexUlicel 1; ieU =indexU[icel+1];

if(icN5 1=0) {
icN5 = OLDtoNEW[icN5-17;
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;

J

J
J
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poi_gen (6/9)

New numbering applied

Greificel)[0] ~ Picel AyAZ +
AX

Rreivfice1iy ~ Aes AyAZ +
AX

Dreificel)[2) ~ Pea AZAX +
Ay

Wneib[icel][s] L/ AZAX +
Ay

Rreivfica]ia) ~ Hee AXDy +
Az

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




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 [icO-1][4];
icN6 = 1115]

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

isL =indexL[icel
isU =indexU[icel

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;
}

100~
NEIBce! | [icO-
]
]

J
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poi_gen (6/9)

New numbering applied

Greificel)[0] ~ Picel AyAZ +
AX

Rreivfice1iy ~ Aes AyAZ +
AX

Dreificel)[2) ~ Pea AZAX +
Ay
Dreivjicaz) ~ Bea
Ay

AzZAX +

Rreivfica]ia) ~ Hee AXDy +

Az

qﬂneib[iceIXS] ~ @ AXDy + ficel AXAYAZ =0
Z
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S1t = omp_get_wtime() ; .
#pragma omp parallel for private

(ip. icel, icO, icNl, icN2, icN3, icN4, icN5, icN6, coef, |, " 6/9
o ol 120 148 T pol_gen (

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

for (icel=SMPindexG[ip]; icel<SMPindexG[ip+1]; icel++) { NeW numbering apphed
icO = NEWtoOLD[icel];
icN1 = NEIBcel | [ic0-1][0]
N3 = NElBoel I F1oot] 2]
= ce |CU— ) R -
oN4 = NEIBoel | [1c0-11 [3]" Graiicat)i0] ~ i AyAz +
icN5 = NEIBcel I [ic0-1][4]; AX
icN6 = NEIBcel | [icO-1][5];
isL =indexL[icel 1:  ieL =indexL[icel+1]; Breinyi -
s ohibhie 11 I nsstieel st B pynz
if(icNs != 0) { X
icN5 = OLDtoNEW[icN5-11; 1 @ i -
coef = RDZ * ZAREA; RDZ= — neiblicd](2] Fed nnv 4
D[icel] —= coef; Az ZX)/
if<1i:cN5271_<Lice;?_L{ o ZAREA = AxAy
o reni L == 1o : : Areivtica i3] ~ Hea
U™ | ioNs <icel S Az
LS Lower Part y
) Breivi ~4
| neiblicel ][4] cel
! efgs(j[:isu: j<ieU; j++) { AXAy+
if(itemU[j] == ioN5) | Az
éU[ja = coef; 0 44
reak; ihli -
} nebliedllSl T8 AxAy + f,_ AxAyAZ =0

}1 AV
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S1t = omp_get_wtime() ; .
#pragma omp parallel for private

(ip. icel, icO, icNl, icN2, icN3, icN4, icN5, icN6, coef, |, " 6/9
o ol 120 148 T pol_gen (

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

for (icel=SMPindexG[ip]; icel<SMPindexG[ip+1]; icel++) { NeW numbering apphed
icO = NEWtoOLD[icel];
icN1 = NEIBcel | [ic0-1][0]
o6 gl i)
= ce |CU— ) Lr -
N4 = NEIBoe! | [100-1][3]" Freiviice110) ~ e AyAz +
icN5 = NEIBcel I [ic0-1][4]; AX
icN6 = NEIBcel | [icO-1][5];
isL =indexL[icel 1:  ieL =indexL[icel+1]; Drcinyi -
s et 3 o hsttieeti it~ Bt pyng 4
if(icN5 1= 0) { X
icN5 = OLDtoNEW[icN5-11; 1 @i -@
coef = RDZ * ZAREA; RDZ= — heiblicel][2] e o ny 4
D[icel] —= coef; Az Z&)/
if<1i:cN5271_<Lice;?_L{ o ZAREA = AxAy
=isL; ; —
Tt Genl )] = ios) | Bravticanis ~Fos pny 4
AL[j] = coef;
break; ZX)/
} @i -q@
| neiblicel ][4] cel
b eSe (it ciel: j+) A AxQy +
rteit] = o) ([ ENEEEE Z
j1 = coef;
break; Upper Part Dreivfical](s] ~ Aea AXDy + f. AXDYAZ =0
icel -

]1 AV



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

43

Dreivjicas] ~ e AXDy + ficel AXAYAZ =0

Az



#pragma omp parallel for private
(ip, icel, icO, icN1, icN2, icN3, icN4, icNb5,
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<ieL; j++) {

if(itemL[j] == icN6) {
ALLj] = coef;
break;
}
}
} else {
for (j=isU; j<ieU; j++) {
if(itemU[j] == icN6) {
AULj] = coef;
break;
}
}
} }
BFORCE

i1 = XYZ[ic0-1][0];

ij = XYZ[ic0-1][1]; using original

kk = XYZ[ic0-11[2]; mesh ID

BFORCE[icel]l= —(double) (ii+jj+kk) * VOLO;
ii,jj,kk,VOLO:
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



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 T (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,

D, BFORCE, PHI, AL, AU_ NCOLORtot, PEsm
SMPindex, SMPindexG, EPSICCG, &ITR, &IE

Etime = omp_get wtime();
for (ic0=0; icO<ICELTOT; |cO++) {
icel = NEWtoOLD[lgO]
WK[icel-1] = PHl[lcO];

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

i f (QUTUCD ()) goto error;
return 0;

return -1;

R

itemU,
10T,

)) goto error;
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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
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solve ICCG_mc (2/6)

W=
(double *x)allocate matrix(sizeof (double %), 4, N+128);

#pragma omp parallel for private (ip, i)
for (ip=0; 1p<PEsmpTOT; ip++)
for (i=S |n8e66[|p] i<SMPindexG[ip+1]; i++) {

i 'U

ﬁor(ic=0: ic<NCO%?RFo¥: iG++) E il T
pragma omp parallel for private (ip, ipl, i, . “ ified”
RO Tpo0" T EcPESRTOT: —iped 1 Incomplete “Modified

ipl = ic * PEsmpTOT + ip
for (i=SMPindex[ip1]; |<SMP|ndex[|p1+1] i++) |
VAL = D[i];
for (j=indexL[i]; j<indexL[i+1]; j++) {
VAL—= AL[jI*AL[jI+W[DD] [itemL[j] - 11;

WIDDI[i]l = 1.0 / VAL;

Cholesky
Factorization
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Incomplete “Modified” Cholesky

Factorization
-1 -1 WDD][i]: d
d :(aii - a1k2 mk} = lii_l D[] A
< temL[j]: kK
AL[]]: Sy

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];

A
WIDDIL[il = 1.0 / VAL;
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Incomplete “Modified” Cholesky
Factorization: Parallel Version

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

d :(aii _Zaikz mk] =1, DLI]: G
- itemL[j]: K
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;
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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|



Mat-Vec
NO Data Dependency: SMPindexG

#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];

]
WIRILil = B[il - 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|



Dot Products: SMPindexG, 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[ip+1]; i++) {
BNRM2 += B[i]*B[i];
}
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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++)
WLZI[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++) {

#ipragma omp parallel for private(ip, i) SOlVe ICCG I I IC
TSP naen Lip) <SP ndexLipH]: i+4) | iy -

or (i=SMPindexG[ip]; i indexG[ip+1]; i++

} WCZI[i]l = W[RILil; (4/6)
] SMPindex
for (ic=0; ic<NCOLORtot; ic++) | (M ){Z} = (LDLT ){Z} :{r}
#ipragma omp parallel for private (ip, ipl, i, WAL, j)
for(ipTO: ip(PEgngO¥6Tip+f) {

= % + ; —
1I°gr(i=éﬁPinde;S("[“i)p1]: iégMPindex[ip1+1]: i++) { (L){Z} {r}

WVAL = W[Z][i]l;

for (j=indexL[i1;_j<indexL[i+1]; j++) { Forward Substitution
WVAL —= AL[j] = W[Z][itemL[jI-1];

J
WCZ][i]l = WAL = W[DD] [i];
J

}
ﬁor(ic=NCOL0RtotT}:Ii$>=0: EG_E){(' i BET0)
BT T (P D (DT =)
%p1(? éﬁP$ Sgi??g?]'+iégﬁPindex[ip1+1]' i++) |
or (i=SMPin . . : :
SW=00 o Backward Substitution
for (j=indexU[i]; j<indexU[i+1]; j++) {
SW += AULj] * W[Z][itemU[j1-1];

}
WIZ1[il= WLZ1[il - WIDDI[i]l * SW;



Forward Substitution: SMPIndex

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

58
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[ipl;]; i++) | | if i=1
WIPI1[i]l = W[Z][i] + BETA * W[PI[i]: pl= z(®
| J else
Bici= Pi-1/Pi-:
/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.



* Applying OpenMP to L2-sol
 Examples
e Optimization + Exercise




Results

e Hitachi SR11000/J2 1-node, 16-cores
— Retired in Fall 2011, based on IBM’s Power 5+

e« 1003 Meshes

Memory Memory Memory Memory
1 4 1 A / 1 A 4 1 A J
L3 [==]Core|Core|| L3 [==]Core|Core|| L3 [==]Core|Core|| L3 [==]Core|Core
NEE AR AEE Jin ]
L2 < L2 < L2 < L2
A i\\\\ A i\\\\ ,//1 A ,’/’ A
< \\\.‘\\ - - ’/,:,"‘\: ‘\\ - - ’,'//4 rd
~ > \\ *”/, Pd ~ \\\\A’,/’ Pd
_~ ,’ G v\\\\\\ /,’/” v\\\\\\ o
Y - ,’/4’ - Y :(, ;"\\: R Y \\\\\ . Y
> L2 > L2 > L2 > L2
L1 | L1 | L1 | L1 | L1 | L1 | L1 | L1
L3 [==]Core|CPU|| L3 [==]Core|Core|| L3 [==lCore|Core|| L3 [==]Core|Core
A A A A
v v v v
Memory Memory Memory Memory
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SR11000, 1-node/l16-cores,

ITERATIONS

Sec.

1003

. (@:MC, A:RCM, -: 06C )
i o ® g ® 0o,
- e ., °°,
B ~ :H:
300 £ 1E+04 E
c M
® =
3
o
250 ) § 1E+02 | |
- \ g 5
3 Iterations [ fl ICP#
200 L L aaaanl L Al il Aianl 1.E+00 | A A |||||“ A A ||||||| A {T"“"l A (TN
1.E+00 1E+01 1E+02 1.E+03  1.E+04 1E+00 1E+01 1.E+02 1E+03 1E+04
COLOR# COLOR#
300 T .—l LOE-02 B
d Time (solver) ¥ Time/lteration o
[ [ ®
250 ® o ° _ 8OE-03 [
- S )
I e 5 I o®
I ® A 3 I o
o ® 2 3
2.00 ° e 6.0E-03
® ® / i
150 4OE_O3 Lanl 1 L b 111l
1.E+00 1.E+01 1.E+02 1.E+03 1.E+00 1.E+01 1.E+02 1.E+03
COLOR#

COLOR#



Iterations

SecC.

400

350

300
250

200

12.00
10.00 |
8.00 |
6.00 |

4.00 }

0.00 L

FX10, 1-node/16-cores, 1003
(@:MC, A:RCM, -:CM-RCM)

"o [EEEN - Fuiitsu PRIMEHPC FX10

A\ 00 an’s o®

..N

==CM-RCM

\\\\\ ® emc
A\ A RCM

10 100 1000 10000

¢ MC Time (solver)

A RCM '
==CM-RCM )

o |
o °

I ) °
[ o © O

10 100 1000 10000
COLOR#

v' Oakleaf-FX, Oakbridge-CX

v" Commercial Version of K

e Apr. 2012-Mar. 2018

4.00E-02

3.00E-02

sec./iteration

0.00E+00

2.00E-02

1.00E-02
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® MC ]
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1 10 100 1000 10000
COLOR#



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



* Applying OpenMP to L2-sol
 Examples
e Optimization + Exercise




 Running the Code
o Further Optimization




Compile & Run

>$ cd /work/gt69/t69XXX

>$ cd multicore/L3/src

>SS make

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

>$ ed ../run

>$ pjsub gol.sh
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Running L3-sol

L3-sol
Poisson Solver
FVM

}

INPUT.DAT
Control File

J

—

— T
—

test.inp
ParaView File

\\/
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Control Data: 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
NX, NY, NZ
— Number of meshes in X/Y/Z dir. 1
DX,DY,DZ NZ NZ
— Size of meshes 2y oy ! e

- > NY

EPSICCG ‘4 \X
— Convergence Criteria for ICCG ™
PEsmpTOT

— Thread Number (--omp thread=XX)
NCOLORtot

— Reordering Method + Initial Number of Colors/Levels
— 22: MC, =0: CM, =-1: RCM, -2=: CMRCM




OMP-3

gol.sh

#!/bin/sh

#PJM —-N "test"

#PJM -L rscgrp=lecture)9

#PJM -L node=l

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

#PJIM —-g gt69

#PJIM -3

#PIJM —-e err

#PJM -o testl.lst

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
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74

OBCX,
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1283
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 Running the Code

o Further Optimization
— OpenMP Statement
— Sequential Reordering
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Forward Subst.: Current Impl. (C)

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] [1i];

e At“'omp parallel”, generation and corruption of
threads (up to 28) occurs: Fork-Join
— In each color, this occurs
— Some overhead

e Qverhead increases, If number of color increases.



For. Subst.: Reduced Overhead (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];

* Generation of threads occurs just once before
starting forward substitutions.

 Loops with “#pragma omp for” are parallelized.
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Programs (src0)

cd /work/gt69/t69XXX
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
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go0.sh

#!/bin/sh

#PJM —-N "test"

#PJM -L rscgrp=lecture)9

#PJM -L node=l

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

#PJIM —-g gt69

#PJIM -3

#PIJM —-e err

#PJM -o testl.lst

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

solO
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Programs (srcx )

cd /work/gt69/t69XXX
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
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gox.sh

#!/bin/sh

#PJM —-N "test"

#PJM -L rscgrp=lecture)9

#PJM -L node=l

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

#PJIM —-g gt69

#PJIM -3

#PIJM —-e err

#PJM -o testl.lst

export KMP_AFFINITY=granularity=fine, compact
./L3-so0lx
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leference #pragma omp parallel private (ic, ip, ipl, i, VAL, j)

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

i f
between P For (ip=0;  |p<PESmPTOT; ip++) {
o0 Gi=SHPindexl ot i QWPindexCipt+1]; i++) {
or(I= InaexLi I index[i v
srcO & srcx VAL Dr "
for (j=indexL[i]; j<indexL[i+1]; j++) {
(1/2) } VAL-= AL[j]*AL[j]*W[DD] [itemL[j] - 11;
WIDDI[i] = 1.0 / VAL;

)
|C Fact. -

#ioragma omp parallel private (ic, ipl1,i2, i, VAL, j)

Srcx: OpenI\/IP for (ic=0; ic<NCOLORtot; ic++) |
) ] ipl = ic * PEsmpTOT;
directives were ip2 = ic * PEsmpTOT + PEsmpTOT;

#pragma omp for

Cirectly Inserted to fOF(\I/AEM_Plgc[ie]X[lpH i<SMPindex[ip2]; i++) {

T ” f dexL indexL[i+1]; j++
| 2-sol”, and }‘”(dAtﬂ_eXL%H*Aﬂ[}?*ﬁxméi[i]temﬂ[ R
erformance Is not WIDDI[i] = 1.0 / VAL:
peric } SICX
so different from }

that of srcO
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Difference
between
srcO & srcx
(1la/2)

|C Fact.

srcx: OpenMP

C

Irectives were

83

#ioragma omp parallel private (ic, ip, ipl, i, VAL, j)
for (ic=0; ic<NCOLORtot; ic++) {
#ipragma omp for
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[jI*AL[j]+W[DD] [itemL[j] - 1];

J
WIDD][i] = 1.0 / VAL;

!

#ipragma omp parallel private (ic, ip1,i2, i, VAL, j)
for (ic=0; ic<NCOLORtot; ic++) {
#ipragma omp parallel for
for (i=COLORindex[ic]; i<COLORindex[ic+1]; i++) {
for (j=indexL[i]; j<indexL[i+1]; j++) {
VAL—= AL[jI*AL[jI+W[DD] [itemL[j] - 1];

directly inserted to
T _ ” WIDD][i] = 1.0 / VAL;

| 2-sol”, and | } SrCex
performance is not Corresponding

so different from
that of srcO

Implementation
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#ipragma omp parallel for private (ipl1, i, VAL, j)

' for (ip=0; ip<PESmpTQT: |
Ditterence or (oot el 1) |
e e e !
between SrCO for (j=indexL[i]; j<indexL[i+1]; j++) {
} VAL += AL[J] * WIP][itemL[j]1-11;
& SrCX (2/2) for (j=indexU[i]; j<indexU[i+1]; j++) {

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

SpMV WG (1] = VAL,

srcx: OpenMP

#ipragma omp parallel for private (i, VAL, j)

directives were for (i=0; i<N; i++) |

' VA ted to ¥ﬁk(] ?géle[v{P]EéqndexL[|+1 ;) |
SlreCt ynmser } VAL += AL[j] * W[P][itemL j]—1];

"ZZ_ESC)I ) Eif](j for (j=indexU[i]; j<indexU[i+1]; j++) {
performance is not AL AULSD * WIPILitemULj]=11°
so different from that ; "t = VA SICX

of srcO
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Color#~Iterations for CM -RCM

1283 case
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o
400 |
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0 |
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©
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Time for ICCG Solver: CM -RCM

“src” becomes slower if color# is larger: overhead of
fork-join, unstable for many colors (24 threads)

240
230 |
220 F

2.10 |

SecC.

1.90 |
1.80 F
1.70 F

1.60 L

2.00 F

Osrc @srcO0 Asrcx

N
O
(A OO
O
oéoQ
ogaﬁé
o onl
NN
0 100 1000

Color



 Running the Code

o Further Optimization
— OpenMP Statement
— Sequential Reordering




Problems in Reordering

e Coloring
— MC
— RCM
— CM-RCM

 Renumbering is according to color/level ID

e On each thread, numbering is not continuous
— reduced performance

88



SMPindex:

for preconditioning

Initial Vector

do ic= 1, NCOLORtot

|$omp parallel do ---
do ip= 1, PEsmpTOT
ipl1= (ic—1)*PEsmpTOT+ip

lomp end parallel do

do i= SMPindex (ip1-1)+1, SMPindex(ip1)

(-+)
enddo
enddo

enddo

\

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 2/3|4|5|6 1|2|3|4|5|6

e 5-colors, 8-threads
 Meshes in same color are independent: parallel processing
* Reordering in ascending order according to color ID




Sequential Reordering

« Reordering for continuous memory access on each
thread (core)

— Performance is expected to be better.
« Continuous address of arrays, such as coefficient matrices
» Locality (2-page later)

e |nconsistent numbering
— itemL(k) > icel
— indexL (icel-1)+1=k=indexL (icel)
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Sequential Reordering

Further reordering for continuous memory access on
each thread, 5-color, 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] -




Inconsistent numbering may occur

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

Sequential

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

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

4/5|6[7/8l [1[2|3]a[s]6|7[8 |1|2|3|a[5|6|7[ |1]2|3]4]5]6|7 B

. . Coalesced
icel2 _— icell

——A a

_ _ Sequential
icelln icel2n

Coalesced _
112 3[3[3[33]|4|4|4|a|4|5k5|5]5]5) [6]6]6]6]6| |7]7|7|7|7| ElEIEIEE
\J
Sequential

92
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Sequential Reordering

CM-RCM(2), 4-threads
Continuous Data Access on a Thread: Utilization of
Cache, Prefetching

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
29160/26/56/21|50(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



Sequential Reordering
CM-RCM(2), 4-threads
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1st--Color
#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
54/19/48/13/42/ 8 38 46|35/32/24/26/ 8,14
-
59/2§/55/2Q49/1443 5914947/36/41/2227/1%]
60/26/56/21/50/15/44 60/50/48/37/42/23/28
63[3Q/6127/5722/51 63/54/61/54/57/38/43
64/34,62/28/58 23|52 56/64/58/62/52/58/3944

CM-RCM(2)

Seqguential Reordering, 4-threads



Sequential Reordering
CM-RCM(2), 4-threads

2"d-Color
#0 thread, #1, [ #2, | #3

10[39Q, 5 3§ 2 3§/ 1 1825/ 5 N 2 |9 1
17/46/112Q) 6 3§ 3 3330/19/2¢| 6 | IR 3

18/47/12/21 7 3| 4 34/31/20/25/ 7 2R 4
24/54/19/48/13/42 8 40(26|35/32/21/26| 8

255520491443 9 49|27/36/44,2227/17
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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Sequential Reordering

Coalesced

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

Sequential

Coloring

color=1 color=2 color=3 color=4 color=5
(5 colors)
+Ordering *
%-}L»y FET color=1 color=2 color=3 color=4 color=5
RERFTG AT
7oez@o  [120l45e[78 [1]2[2la5e[78 [2]2[zlal5le[78 [2]2/2lal5le[78 [2]2[2l4l56[78
IEIZFESTIT)
>
1l1l1111[2]2]2]2l2l [3]3]3]3]3|[a]alalal] [5[5]5]5]5) [6]6]6]6]6] [7]717] 77 -

ALYFATERICES T
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Programs (reorder0)

o°

cd /work/gt69/t69XXX
cd multicore/L3
ls
run reorder(0 src srcO0 srcex

o°

o°

o°

cd reorderO

o°

make

cd ../run

ls L3-rsol0
L3-rsol0

o°

o°

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

% pjsub gor.sh
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gor.sh

#!/bin/sh

#PJM —-N "test"

#PJM -L rscgrp=lecture)9

#PJM -L node=l

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

#PJIM —-g gt69

#PJIM -3

#PIJM —-e err

#PJM -o testl.lst

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

rsolO
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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
~10 NCOLORt ot
0 NFLAG
0 METHOD
PEsmpTOT
— Thread Number (--omp thread=XX)
NCOLORtot

— Reordering Method + Initial Number of Colors/Levels

— 22: MC, =0: CM, =-1: RCM, -2=: CMRCM

NFLAG

— =0: without first-touch, =1: with first-touch

METHOD

— Loop structure for Mat-Vec

— =0: conventional way, =1: similar to forward/backward
substitution
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#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;
}else 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-11; SMPindex Coalesced

num = nnl / PEsmpTOT; : _ _ _ .
nr nn1 - PEsmpTOT * num; | it f[ =2 || =3 f[ ie=a || =5 |
for(igili LD<ZPESTDT0T? ip++) | 112[3la[sle|7H [1[2[3la[sle|7 [1[2[3]4[sle|7 [1/2[3[4[sle]7H [1/2[3]4[sle]7

if(ip <= nr

| ?ﬁPdeex[(ic—1)*PEsmpTOT+ip] = num + 1;

else .

| SMPindex[ (ic—1) *PEsmpTOT+ip] = num; SMPlndex_neW Sequential

} 25l 8B 554 251 288 2 21

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—1)*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]; —



102

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
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Sequential

#pragma omp parallel private (ic, ip, ip1, i, WAL, j)
for (ic=0; i1c<NCOLORtot; ic++) {
ipragma omp for
for (ip=0; ip<PEsmpTOT; ip++) {
ipT = ip * NCOLORtot +_ic;
for (i=SMPindex_new[ip1]; i<SMPindex_new[ipl1+1]; i++) {---

Thread (ip)

Color (ic) ip1= ip*NCOLORUtot + ic Parallel
Accessing
thread #0 0(1|2]|3|4
thread #1 0(1/23|4
thread #2 011|234
" thread#3 |0|1|2]|3|4/
thread#4 (0123
thread#5 |0 |1|2|3 4"
thread#6 |0]1|2|3|4

[thread#7 | |0 |1[2[3[4] ip1+1

Numbering



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[ik0-1]; _Coalesced iko
} Sequential -Sequential icel

for (i=1; i<=ICELTQT; i++) { , _
indexLnew_ org[ ] indexLnew 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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Forward Substitution

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

for (ic=0; ic<NCOLORtot; ic++) { Color #1 | Thread #0-#(Pe-1
#pragma omp for _
for(!p?O; !p<PEI§r£pTO¥(;)T|p+f) { Color #2 § Thread #0-#(Pe-1)
Ipl = IC * sSmp + 1P,
for(\annPinﬁveEE][i[p}]; i <SMPindex[ipl+1]; i++) { Color #3 | Thread #0-#(Pe-1)
= ], _ _
for (j=indexL[11; j<indexL[i+11; j++) { Color#4 | Thread #0-#(Pe-1)
WVAL —= ALTj1 * WLZ][itemlL[j1-1]; :
WCZI[il = WVAL = W[DD][il; Color #Nc | Thread #0-#(Pe-1)

}
}
}

#ipragma omp parallel private (ic, ip, ipl, i, WAL, j)
for (ic=0; ic<NCOLORtot; ic++) {

#pr$gma('om8 er<PE o7 W Thread #0 C E #1-#(Nc)
or (ip=0; ip<PEsmpTOT; ip++
ipl = ip * NCOLORtot + ic; Thread #1|  Cliofl#1-#(Nc)
for (vivvﬁll\flPin‘tljvclaé]_r[lg\ﬂv[ip1]; i<SMPindex_new[ip1+1]; i++) { Thread #2| C m #1-#(Nc)
= 1],

for (j=indexLnew[i]; j<indexLnew[i+1]; j++) { Thread #3| C m #1-#(Nc)

| WVAL —= ALnew[j] * W[Z][itemLnew[j]-1]; I .

W[ZI[i] = WVAL * W[DDI[il; Thread '
- #Pe1) L_C lof#1-#(Nc)

} Sequential
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Mat-Vec

#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_new[ip*NCOLORtot]; i<SMPindex_new[ (ip+1)*NCOLORtot]; i++) {
VAL = D[newi] * W[P][i]; ]
for (j=indexLnew[i]; j<indexLnew[i+1]; j++) {
VAL += ALnew[j] * W[P][itemLnew[j]-1];

for (j=indexUnew[i]; j<indexUnew[i+1]; j++) {
VAL += AUnew[j] * W[P][itemUnew[j]-1];

%[O][i] = VAL;
} METHOD=1
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Comp. Time for ICCG, CM -RCM

Generally “sequential (reorder0)” is stable and faster
than “coalesced (src, src0)”. Effects should be more

significant in cases wit

N more colors, but ... (24 threads)
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> @
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Results on OBCX (Baseline) : 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

25.00 15.00
Z’ ® MC(2) i ® MC(2)
[ A RCM A RCM
20.00 | !
: —CM-RCM(20) _ —CM-RCM(20)
1000 Ideal
¢ 15.00 g
@ 5
® B
I o
1000 | )
I 5.00 |
o
5.00
N N !‘!
0.0o ........................... 000
0 4 8 12 16 20 24 28
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Results on OBCX (Sequential) : 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

25.00 15.00
@ ® MC(2) - e MC(2)
I A RCM I A RCM
20.00 I
I —CM-RCM(20) i —CM-RCM(20)
[ 10.00 Ideal
8 15.00 %
o
) ®
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
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OBCX
1-node: 2-CPU’s/sockets

4 Intel® Xeon® ) 4 Intel® Xeon® )
CBoraS  Platinum 8280 Platinum 8280
“ (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 / KSOC. #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 x 3 140.8 GB/sec

Socket #0 ~'*°®®**° Socket #1

Each Node of OBCX
— 2 Sockets (CPU’s) of Intel Cascade Lake
— Each socket has 28 cores

Each core of a socket can access to the memory on the
other socket : NUMA (Non-Uniform Memory Access)

Utilization of the local memory is more efficient

So far, only a single socket has been used
— Let’s utilize both sockets
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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.qg.
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.

v’ Page/Memory Page/Virtual Page : A fixed-length continuous block of
virtual memory, smallest unit of data for memory management in a
virtual memory OS

 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.

e Avery common technique in OpenMP program for optimization

IS to initialize data in parallel using the same loop schedule as
will be used later in the computations.
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Summary: First Touch Data
Placement

 On NUMA architecture (Non-Uniform Memory Access), “pages
of memory” are not allocated when variables and arrays are
declared/allocated in the program.

« “Pages” are allocated at the local memory of the “socket” for the
“core/thread” that first touches the variables and/or arrays.

 If the pages are not on the local memory of the socket for each
thread, performance of the program is very bad.

* A very common technique in OpenMP program for optimization
IS to Initialize data in parallel using the same loop schedule as
will be used later in the computations.

e You have to consider this if you use two sockets of the OBCX
system for a single OpenMP program
— Not needed for a single socket case



Local/Remote Memory

| Memory
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Control Data: INPUT.DAT

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

e PEsmpTOT

— Thread Number (--omp thread=XX)

e NCOLORtot
— Reordering Method + Initial Number of Colors/Levels
— 22: MC, =0: CM, =-1: RCM, -2=: CMRCM

e NFLAG
— =0: without first-touch, =1: with first-touch

e METHOD

— Loop structure for Mat-Vec
— =0: conventional way, =1: similar to forward/backward

substitution
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go2.sh: reorder0O

#!/bin/sh

#PJM -N "test"

#PJM -L rscgrp=lecture)9

#PJM -L node=1

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

#PJIM —-g gt69

#PJIM -5

#PJM —-e err

#PJM -o testl.1lst

export KMP_AFFINITY=granularity=fine, compact

./L3-rsol0

117



118

Array Initialization: NFLAG=0/1 (1/3)
pPol_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.



Array Initialization

i f (NFLAG == 0) {
for (i=0; i<ICELTOT; i++) {
BFORCE[i] = 0.0;
D[i] =0.0;
PHI[i] = 0.0;

J
for (i=0; i<=ICELTOT; i++) {

indexLnew[i] = indexLnew_org[i]l;
indexUnew[i] = indexUnew_ orgl[i]l;

}

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;

lelse {

A very common technique in OpenMP program for optimi
Initialize data in parallel using the same loop sch

later in the computations.

NELAG=0/1 (2/3)

19

Pages are allocated at the

local memory of the master
thread

zation is to
edule as will be used
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Array Initialization: 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_orgl[icel]; j++) {
itemLnew[j]1=0;
ALnew[j] = 0.0;

for (j=indexUnew_org[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 oo .
for (i=0; i<=ICELTOT; i++) {

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

Lo
ot (=Tt {Emfhéw'ﬁ)={o; Pages are allocated at the
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| Aenti] <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_orglicel]; 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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Results: reoderQ, 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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Summary

Material: ICCG solver for sparse matrices derived
from FVM applications (Finite Volume Method).

Parallelization on a single node of OBCX using
OpenMP

— Data Placement
— Reordering

Effects of reordering
First-Touch Data Placement



Future Directions

Gap between performance of CPU & memory
— BYTE/FLOP

Multicore/Manycore
— Intel Xeon/Phi, GPU with OpenACC

Supercomputer system with >10° cores
— Exascale: >108

Reordering/Ordering

— Intensity of components of matrices should be also
considered (not only the connectivity information)

— Selection of optimum number of colors: research topic,
especially for ill-conditioned problems

OpenMP/MPI Hybrid -> One of effective choices

— Optimization for OpenMP is the most critical

— Winter School: Parallel FEM using OpenMP/MPI
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