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Finite-Element Procedures

« Governing Equations
e Galerkin Method: Weak Form

 Element-by-Element Integration
— Element Matrix

e Global Matrix
 Boundary Conditions
e Linear Solver
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FEM Procedures: Program

* |nitialization
— Control Data
— Node, Connectivity of Elements (N: Node#, NE: Elem#)
— Initialization of Arrays (Global/Element Matrices)
— Element-Global Matrix Mapping (Index, Item)

e Generation of Matrix

— Element-by-Element Operations (do icel= 1, NE)
« Element matrices
e Accumulation to global matrix

— Boundary Conditions

e Linear Solver
— Conjugate Gradient Method
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Procedures for Parallel FEM

pfem3d/run/
INPUT .DAT
/<\ I
1| pFem3d/mesh/ . pfem3d/run/
<HEADER>.* sol
\
- l
\
Files
pfem3d/run/
test.Inp

ParaVIEW File
(fixed file name)



FEM3D

Control File: INPUT.DAT

INPUT . DAT
../mesh/aaa HEADER
2000 ITER
1.0 1.0 COND, QVOL
1.0e-08 RESID
e HEADER : HEADER of distributed mesh
files “HEADER” .my rank
e ITER : Max. lIterations for CG
e COND : Thermal Conductivity
e QVOL : Heat Generation Rate
e RESID: Criteria for Convergence of CG
0 (/IaT% 0 /IaT N 0 (ﬁmj%'}(x,y,z):o
ox\ ox) oy\ oy ) oz\ oz

Q(x,y,2)=QVOL|X. + Y|
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<$0-TOP>/pfem3d/run/go.sh

#1/bin/sh

#PJIM -L “node=1*

#PJIM -L “elapse=00:10:00*
#PJIM -L “rscgrp=lecture*
#PJIM -g “gt71*

#PIM -}

#PJIM -0 ““hello.lIst*

#PIM —-mpi “‘proc=4*

mpiexec

/ \ 2“

“node=1*
“proc=8~

./sol
/ \E“ / \':EIJ
node 1 node 2°
“proc=16"  “proc=32"

Number of Nodes
Computation Time
Name of ““QUEUE”
Group Name (Wallet)

Standard Output
MP1 Process #

Execs
/\2“ 192/\2“
node 4 “node=12“

“proc=64"  “proc=192"
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testl

main

Structure of
heat3Dp

Input_cntl
input of control data

input_grid
input of mesh info

find_node
searching nodes

mat_con0
connectivity of matrix

mSORT

sorting

mat_conl
connectivity of matrix

mat_ass _main
coefficient matrix

jacobi
Jacobian

mat_ass_bc
boundary conditions

solvell
control of linear solver

Cg

CG solver

output_ucd

visualization
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Main Part

#include <stdio. h>

#include <stdlib.h>

FILEx fp_log;

#define GLOBAL_VALUE_DEFINE
#include “pfem_util.h”

extern void PFEM_INIT (int, charx) ;
extern void INPUT_CNTLQ) ;
extern void INPUT_GRID() ;
extern void MAT_CONO() ;

extern void MAT_CON1() ;

extern void MAT_ASS MAINQ) ;
extern void MAT_ASS BC() ;
extern void SOLVE11() ;

extern void OUTPUT_UCD() ;
extern void PFEM_FINALIZE() ;
int main(int argc, charx argv[])

double START_TIME, END_TIME;
PFEM_INIT (argc, argv) ;

INPUT_CNTL () ;
INPUT_GRID () ;

MAT_CONO () ;
MAT_CON1 () ;

MAT_ASS_MAINQ) ;
MAT_ASS_BC(O

SOLVE11 () ;

OUTPUT_UCD () ;
PFEM_FINALIZE() ;
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Global Variables: pfem_util.h (1/4)

Name Type Size I/O Definition
fname C [80] 1 Name of mesh file
N, NP I l # Node (N: Internal, NP: Internal + External)
ICELTOT I I # Element
NODGRPtot I I # Node Group
XYZ R [NP]I3] 1 Node Coordinates
ICELNOD | [ICELTOT][8] 1 Element Connectivity
NODGRP__INDEX | [NODGRPtot+1] I # Node in each Node Group
NODGRP_ITEM | (I):gggg?g?:—T:[;sX[N I Node ID in each Node Group
NODGRP_NAME C80 gsggg_lf_g?ﬂ:g :Ii XIN I Name of NodeGroup
NLU I 0 # Non-Zero Off-Diagonals at each node
NPLU I 0 # Non-Zero Off-Diagonals
D R [NP] 0 Diagonal Block of Global Matrix
B, X R [NP] 0 RHS, Unknown Vector
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Global Variables: pfem_util.h (2/4)

Name Type Size I/O Definition
Non-Zero Off-Diagonal Components of
ANMAT R [NPLU] 0 Global Matrix
indexLU [ [NP+1] O | # Non-Zero Off-Diagonal Components
i temlLU I [NPLU] 0 Column ID of Non-Zero Off-Diagonal
Components
Number of Non-Zero Off-Diagonal
INL [ NP
v [NP] 0 Components at Each Node
Column ID of Non-Zero Off-Diagonal
1ALU [ NP][NLU 0
[NPTINLU] Components at Each Node
IWKX | [NP]1[2] O | Work Arrays
ITER, ITERactual I I | Number of CG Iterations (MAX, Actual)
RESID R I | Convergence Criteria (fixed as 1.e-8)
pfemlarray | [100] O | Integer Parameter Array
pfemRarray R [100] O | Real Parameter Array

11
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Global Variables: pfem_util.h (3/4)

12

Name Type Size I/O Definition
08th R | =0.125
PNQ, PNE, PNT | R | [21[21[8] 0 a@“f%“}‘?‘?a“[(. —1~8pt each Gaussian Quad. Point
POS. WEI R 2] 0 Co_ordinates, Weighting Factor at each Gaussian Quad.
Point
NCOL1, NCOLZ2 I [100] 0 Work arrays for sorting
SHAPE R [21[2]1[2]][8] 0 N; (i=1~8) at each Gaussian Quad Point
PNX, PNY, PNZ | R | [21[21[21[8] 0 Z“i%“;%“z(. -1~8) at each Gaussian Quad. Point
Determinant of Jacobian Matrix at each Gaussian
DET R 2112112
] [21[2]112] 0 Quad. Point
COND, QVOL R I Thermal Conductivity, Heat Generation Rate
o ,0T o ,0Tl o ,0T :
A— |+—| A— |+ +Q(x,y,2)=0
oXx\_ ox) oy\ oy) oz\ oz

Q(x,y,2)=QVOL|x. + Y|
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Global Variables: pfem_util.h (4/4)

Name Type Size I/O Definition
PETOT I 0 Number of PE’s
my_rank I 0 Process ID of MPI
errno I 0] Error Flag
NEIBPETOT | I Number of Neighbors
NE1BPE | [NEIBPETOT] I ID of Neighbor
I;EA(ESEI:: EEE§ | [NEIBPETOT+1] I _SI_;zbeleof Import/Export Arrays for Communication
IMPORT_ITEM : [NPimport] ! ﬁ?ﬁmnrfzﬁﬂbfo(gﬁmEPQi[ﬁse)l BPETOT+1])
EXPORT ITEM I [NPexport] I Sending Table (Boundary Points)

NPexport=EXPORT _INDEX[NEIBPETOT+1])

ICELTOT_INT

Number of Local Elements

INtELEM_list

[ICELTOT_INT]

List of Local Elements

13
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Start/End: MPI_Init/Finalize

#include “pfem_util.h”
%oid PFEM_INIT (int argc, charx argv[])

int i;

MPI_Init (&argc, &argv) ;

MPI_Comm_size (MPI_COMM_WORLD, &PETOT) ;
MPI_Comm_rank (MPI_COMM_WORLD, &my_rank) ;

for (i=0;i<100; i++) pfemRarray[i]=0.0;
for (i=0;i<100; i++) pfemlarray[i]=0;

#include <stdio.h>
#include <stdlib. h>
#include “pfem_util.h”

%oid PFEM_FINALIZE ()
MPI Finalize QO ;
if( my_rank == 0 ) {

fprintf (stdout, “* normal terminatio¥n”);
exit(0);

14
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Reading Control File: INPUT_CNTL

#include <stdio.h>
#include <stdlib.h>
#include “pfem_util.h”
/*k kk/

%oid INPUT_CNTL O
FILE *fp;

if( my_rank == 0 ) {
if( (fp=fopen ("INPUT.DAT”, “r”)) == NULL) {
fpr{Q¥;(stdout,”input file cannot be opened!¥n”);
exi ;

fscanf (fp, “%s”, HEADER) ;
fscanf (fp, “%d”, &ITER) ;

fscanf (fp, “%If %If”, &COND, &QVOL);
fscanf (fp, “%If”, &RESID) ;
fclose (fp) ;

J

MPI_Bcast (HEADER , 80, MPI_CHAR, O, MP1_COMM_WORLD) ;

MPI_Bcast (&ITER , MPI_INTEGER, O, MPI_GCOMM_WORLD) ;
MPI_Bcast (&COND , MP1_DOUBLE, 0, MP1_COMM_WORLD)
MPI_Bcast (&QVOL , MP1_DOUBLE, O, MP1_COMM_WORLD)
MPI_Bcast (4RESID , MP1_DOUBLE, 0, MP1_COMM_WORLD)

pfemRarray[0]= RESID;
| pfemlarray[0]= ITER;

— ek k. k.

15
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Reading Meshes: INPUT _GRID (1/3)

#include <stdio. h>

#include <stdlib.h>

#include “pfem_util.h”

#include “allocate. h”

/*xx external functions *x/

extern void ERROR_EXIT (int, int);

extern void DEFINE_FILE_NAME (char, char*, int) ;

/xk kk/
%oid INPUT_GRID ()
FILE *fp;
int i,j,k, ii,Kkk, kkk, nn, icel, iS, iE, ic0;
int NTYPE, IMAT;
int idummy;
DEF INE_FILE_NAME (HEADER, fname, my_rank) ;
if( (fp=fopen(fname, “r”)) == NULL) {
fprintf (stdout, “input file cannot be opened!¥n”);
exit(1):]}
/%%
NEIB-PE
ok /

fscanf (fp, “%d”, &kkk) ;
fscanf (fp, “%d”, &NEIBPETOT) ;

NEIBPE=(int*)al locate_vector (sizeof (int), NEIBPETOT) ;
for (i=0; i<NEIBPETOT; i++) fscanf (fp, “%d”, &NEIBPE[i]) :

for (i=0; iKNEIBPETOT; i++) {
if ( NEIBPE[i] > PETOT-1 ) {
} ERROR_EXIT (202, my_rank) ;}
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Name of Distributed Local Mesh File:
DEFINE FILE NAME
HEADER + Rank ID

#include <stdio.h>
#include <string.h>
%oid DEFINE_FILE_NAME (char HEADERo[], char filename[], int my_rank)
char string[80];
sprintf (string, ”. %-d”, my_rank) ;
strcpy (filename, HEADERO) ;
strcat (filename, string) ;

17



allocate, deallocate

#include <stdio. h>
#include <stdlib. h>
voidk al locate_vector (int size, int m)

void *a;

if ( (a=(void * )malloc( m * size ) ) == NULL ) {
fpri?¥;(stdout,”Error:Memory does not enough! in vector ¥n”);
exi ;

} return & Same interface with FORTRAN

void deal locate_vector (void *a)

free( a );

voidx* allocate matrix(int size, int m, int n)

yoid_**aa:

int i;

if ( (aa=(void ** )malloc( m * sizeof (void%) ) ) == NULL ) {
fpriq?f(stdout,”Error:Memory does not enough! aa in matrix ¥n”);
exi ;

if ( ( aa[0]=(void * )malloc( m * n * size ) ) == NULL ) {
fpriq?f(stdout,”Error:Memory does not enough! in matrix ¥n");
exi ;

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

J

void deal locate_matrix(void **aa)

free( aa );

J

18
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Local Numbering: Neighbors/Nodes

=113 ~ 1317

1 0 ID of PE

1 1 NEIBPETOT: # neighbors
0 1 NEIBPE(neib): 1D of neighbors
16 12 16 12

1 1 0.00 0.00 0.00 1 0 3.00 0.00 0.00

2 1 1.00 0.00 0.00 2 0 4_00 0.00 0.00

3 1 2.00 0.00 0.00 3 0 5.00 0.00 0.00

4 1 0.00 1.00 0.00 4 0 3.00 1.00 0.00

5 1 1.00 1.00 0.00 5 0 4_00 1.00 0.00

6 1 2.00 1.00 0.00 6 0 5.00 1.00 0.00

7 1 0.00 0.00 1.00 7 0 3.00 0.00 1.00

8 1 1.00 0.00 1.00 8 0 4_00 0.00 1.00

9 1 2.00 0.00 1.00 9 0 5.00 0.00 1.00

10 1 0.00 1.00 1.00 10 0 3.00 1.00 1.00

11 1 1.00 1.00 1.00 11 0 4_00 1.00 1.00

12 1 2.00 1.00 1.00 12 0 5.00 1.00 1.00

1 0 3.00 0.00 0.00 3 1 2.00 0.00 0.00

4 0 3.00 1.00 0.00 6 1 2.00 1.00 0.00

7 0 3.00 0.00 1.00 9 1 2.00 0.00 1.00

10 0 3.00 1.00 1.00 12 1 2.00 1.00 1.00
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Reading Meshes: INPUT _GRID (2/3)

NODE
fscanf (fp, “%d %d”, &NP, &N) ;

XYZ = (KREAL**) a| locate_matrix (sizeof (KREAL), NP,
NODE_ID=(KINT **)al locate_matrix(sizeof (KINT ), NP,

for (i=0; i<NP;i++) {
for (j=0; j<3; j++) {
XYZ[i1[j]1=0.0;

ok /

3);
2);

J
for (i=0; i<NP; i++) {
| fscanf (fp, “%d %d %I %I %If”, &NODE_ID[i][0], &NODE_ID[i][1], &XYZ[i1[01, &XYZ[i1[1]1, &XYZ[i1[2]):

/%

ELEMENT
fscanf (fp, “%d %d”, &I CELTOT, &ICELTOT_INT) ;

ICELNOD=(KINT*%) al locate_matrix (sizeof (KINT), ICELTOT, 8) ;
intELEM_I ist=(KINT*)al locate_vector (sizeof (KINT), [CELTOT) ;
ELEM_ID=(KINT=x)al locate_matrix (sizeof (KINT), ICELTOT, 2) ;

for (i=0; i<ICELTOT; i++) fscanf (fp, “%d”, &NTYPE) ;

for (icel=0;icel<ICELTOT; icel++) {
fscanf (fp, “%d_%d_%d %d %d %d %d_%d_%d %d %d”,
g%hg¥_lD[icel][0],&ELEM_ID[iceI][1],
&ICELNOD[ice!][0], &ICELNOD[icel][1], &ICELNOD[ice!]
&ICELNOD[icel] [4], &ICELNOD[ice!] [5], &ICELNOD[ice!]

*k /

(2], &ICELNOD [icel] [3
(6], &ICELNOD [icel][7]):

L

J
for (ic0=0; icO<ICELTOT_INT; icO++) fscanf (fp, “%d”, &intELEM_list[ic0]) ;
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Local Numbering: Nodes

e Local node ID starts from “1” in each PE
— Same program for 1-CPU can be used: SPMD
— Local element ID also starts from “1”

 Numbering: Internal -> External Points

 Double Numbering

— Local node ID at its “home” PE
— ID of “home” PE
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Local Numbering: Nodes

g s

1 0

1 1

0 1

16 12 16 12 (# Nodes, Internal Pts.)
1 1 0.00 0.00 0.00 1 0 3.00 0.00 0.00
2 1 1.00 0.00 0.00 2 0 4_00 0.00 0.00
3 1 2.00 0.00 0.00 3 0 5.00 0.00 0.00
4 1 0.00 1.00 0.00 4 0 3.00 1.00 0.00
5 1 1.00 1.00 0.00 5 0 4_00 1.00 0.00
6 1 2.00 1.00 0.00 6 0 5.00 1.00 0.00
7 1 0.00 0.00 1.00 7 0 3.00 0.00 1.00
8 1 1.00 0.00 1.00 8 0 4_00 0.00 1.00
9 1 2.00 0.00 1.00 9 0 5.00 0.00 1.00
10 1 0.00 1.00 1.00 10 0 3.00 1.00 1.00
11 1 1.00 1.00 1.00 11 0 4_00 1.00 1.00
12 1 2.00 1.00 1.00 12 0 5.00 1.00 1.00
1 0 3.00 0.00 0.00 3 1 2.00 0.00 0.00
4 0 3.00 1.00 0.00 6 1 2.00 1.00 0.00
7 0 3.00 0.00 1.00 9 1 2.00 0.00 1.00
10 0 3.00 1.00 1.00 12 1 2.00 1.00 1.00
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Local Numbering: Nodes

|~

|01

g

=

Po—

s

1 0

1 1

0 1
16 12 16 12

1 1 0.00 0.00 0.00 1 0 3.00
2 1 1.00 0.00 0.00 2 0 4 .00
3 1 2.00 0.00 0.00 3 0 5.00
4 1 0.00 1.00 0.00 4 0 3.00
5 1 1.00 1.00 0.00 5 0 4 .00
6 1 2.00 1.00 0.00 6 0 5.00
7 1 0.00 0.00 1.00 7 0 3.00
8 1 1.00 0.00 1.00 8 0 4 .00
9 1 2.00 0.00 1.00 9 0 5.00
10 1 0.00 1.00 1.00 10 0 3.00
11 1 1.00 1.00 1.00 11 0 4 .00
12 1 2.00 1.00 1.00 12 0 5.00
1 0 3.00 0.00 0.00 3 1 2.00
4 0 3.00 1.00 0.00 6 1 2.00
7/ 0 3.00 0.00 1.00 9 1 2.00
10 0 3.00 1.00 1.00 12 1 2.00

“Home” PE, Local ID Coordinates “Home” PE, Local ID

PORPORFRPFROOORRFRPFROOO
o
o

PROOFRFRFRPFRPFRPRFROOOOOO

(cleolololololo]ololololololole)

SOOOOOOOOOOOOOOO

Coordinates

23
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Local Numbering: Nodes

|~

|01

g

=

Po—

s

1 0

1 1

0 1
16 12 16 12

1 1 0.00 0.00 0.00 1 0 3.00 0.00 0.00

2 1 1.00 0.00 0.00 2 0 4.00 0.00 0.00

3 1 2.00 0.00 0.00 3 0 5.00 0.00 0.00

4 1 0.00 1.00 0.00 4 0 3.00 1.00 0.00

5 1 1.00 1.00 0.00 5 0 4.00 1.00 0.00

6 1 2.00 1.00 0.00 6 0 5.00 1.00 0.00

7 1 0.00 0.00 1.00 7 0 3.00 0.00 1.00

8 1 1.00 0.00 1.00 8 0 4.00 0.00 1.00

9 1 2.00 0.00 1.00 9 0 5.00 0.00 1.00

10 1 0.00 1.00 1.00 10 0 3.00 1.00 1.00

11 1 1.00 1.00 1.00 11 0 4.00 1.00 1.00

12 1 2.00 1.00 1.00 12 0 5.00 1.00 1.00 (
1 0 3.00 0.00 0.00 3 1 2.00 0.00 0.00 (3
4 0 3.00 1.00 0.00 6 1 2.00 1.00 0.00 (4
7 0 3.00 0.00 1.00 9 1 2.00 0.00 1.00 (5
10 0 3.00 1.00 1.00 12 1 2.00 1.00 1.00 (6

“Home” PE, Local ID Coordinates “Home™” PE, Local 1D Coordinates

24
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Reading Meshes: INPUT _GRID (2/3)

*k /

/%%

ok /

NODE
fscanf (fp, “%d %d”, &NP, &N) ;

XYZ = (KREAL*%) al locate_matrix (sizeof (KREAL), NP, 3
NODE_ID=(KINT *x)allocate_matrix (sizeof (KINT ), NP, 2

for (i=0;i<NP; i++) {
for (j=0; j<3; j++) {
XYZ[i][j1=0.0;

~—

J
for (i=0; i<NP; i++) {
| fscanf (fp, "%d %d %If %If %If”, &ODE_ID[i][0], &NODE_ID[i][1], &XYZ[i]1[0], &XYZ[i1[1], &XYZ[i][2]);

ELEMENT
fscanf (fp, “%d %d”, &ICELTOT, &ICELTOT_INT) ;

ICELNOD= (KINT**) al locate_matrix (sizeof (KINT), ICELTOT, 8) ;
intELEM_I i st=(KINT*)al |ocate_vector (sizeof (KINT), ICELTOT) ;
ELEM_ID=(KINT*x)al locate_matrix (sizeof (KINT), ICELTOT, 2) ;

for (i=0; i<ICELTOT; i++) fscanf (fp, “%d”, &NTYPE) ;

for (icel=0;icel<ICELTOT;icel++) {
fscanf (fp, “%d_%d_%d %d %d %d %d_%d_%d %d %d”,
g%hﬁ¥_lD[lcel][0],&ELEM_ID[|ceI][1].
&ICELNOD[ice!][0], &ICELNOD[icel][1], &ICELNOD[icel][2], &ICELNOD[ice!][3
&ICELNOD[icel][4], &ICELNOD[icel][5], &ICELNOD[icel][6], &ICELNOD[icel][7

| N R

)

for (ic0=0; i cOKICELTOT_INT; icO++) fscanf (fp, “%d”, &intELEM_|ist[icO0]) ;

25
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Local Numbering: Elements

- {531

3
3 2 3 3
361 361 361 361 361 361
1 1 1 1 2 ) 4 7 8 11 10 1 0 1 13 1 4 14 15 7 10 16
2 1 1 2 3 6 ) 8 9 12 11 2 0 1 1 2 ) 4 7 8 11 10
1 0 1 3 13 14 6 9 15 16 12 3 0 1 2 3 6 ) 8 9 12 11
1 2 1 2 3
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Local Numbering: Elements

g Bl b

3 (2EXR, HEFRER)

3 2

361 361 361 361 361 361
1 1 1 1 2 ) 4 7 8 11 10 1 0 1 13 1 4 14 15 7 10 16
2 1 1 2 3 6 ) 8 9 12 11 2 0 1 1 2 ) 4 7 8 11 10
1 0 1 3 13 14 6 9 15 16 12 3 0 1 2 3 6 ) 8 9 12 11
1 2 1 2 3

e “‘Home” PE of Element
— Defined by “home” of 8 nodes

— If all of 8 nodes are internal pts., “home” of the
element is that of 8 nodes.

— |f external nodes are included, the smallest
number of ID of “home” of the nodes Is selected.

— In this case, “home” PE’s of elements In
overlapped region are all “0".

— used in OUTPUT_UCD
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Local Numbering: Elements

g Bl b

3 2 3 3

361 361 361 361 361 361 (Element type for all elements)
1 1 1 1 2 5 4 7 8 11 10 1 0 1 13 1 4 14 15 7 10 16
2 1 1 2 3 6 5 8 9 12 11 2 0 1 1 2 5 4 7 8 11 10
1 0 1 3 13 14 6 9 15 16 12 3 0 1 2 3 6 5 8 9 12 11
1 2 1 2 3
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Local Numbering: Elements

- {531

3 2 3 3

361 361 361 361 361 361
1 1 1 1 2 5 4 7 8 11 10 1 1 0 1 13 1 4 14 15
2 1 1 2 3 6 5 8 9 12 11 2 2 0 1 1 2 5 4 7
1 0 1 3 13 14 6 9 15 16 12 3 3 0 1 2 3 6 5 8
1 2 1 2 3

 Double Numbering for Element
— Local ID at “home” PE
— ID of “home” PE

« Material ID
8 Nodes
« Underlined local ID is used in the program

10 16
11 10
12 11

[WIN[F-

29
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Local Numbering: Elements

- {559

3 2 3 3
361 361 361 361 361 361

1 1 1 1 2 5 4 7 8 11 10 1 1 0 1 13 1 4 14 15 7 10 16
2 1 1 2 3 6 5 8 9 12 11 2 2 0 1 1 2 5 4 7 8 11 10
1 0 1 3 13 14 6 9 15 16 12 3 3 0 1 2 3 6 5 8 9 12 11
1 2 1 2 3

e aaa.l

— 1, 2 are “Local Elements” (“"Home
Elements”)
e aaa.0l

— 1, 2, 3 are “Local Elements”

[WIN-
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Reading Meshes: INPUT _GRID (3/3)

sk /

/%

*k /

COMMUNICATION table

IMPORT _INDEX=(int*) al |ocate_vector (sizeof (int), NEIBPETOT+1) ;
EXPORT_INDEX=(int*) al locate_vector (sizeof (int), NEIBPETOT+1) ;

for (i=0; i<NEIBPETOT+1;++i) IMPORT_INDEX[i]=0;
for (i=0; i<NEIBPETOT+1;++i) EXPORT_INDEX[i]=0;

if( PETOT !=1) {
for (i=1; i<=NEIBPETOT; i++) fscanf (fp, “%d”, &IMPORT_INDEX[i])
nn=IMPORT_INDEX [NEIBPETOT] ;

if(nn >0 ) IMPORT_ITEM=(int*)allocate_vector (sizeof (int), nn);

for (i=0; i<nn; i++) fscanf (fp, “%d %d”, &IMPORT_ITEM[i], &idummy) ;

for (i=1; i<=NEIBPETOT; i++) fscanf (fp, “%d”, &EXPORT_INDEX[i]) ;
nn=EXPORT_INDEX [NEIBPETOT] ;

if( nn > 0 ) EXPORT_ITEM=(int*)al |locate_vector (sizeof (int), nn) ;

for (i=0; i<nn; i++) fscanf (fp, “%d”, &EXPORT_ITEM[i]) ;}
NODE grp. info.
fscanf (fp, “%d”, &NODGRPtot) ;

NODGRP_INDEX=(KINT* )allocate_vector (sizeof (KINT), NODGRPtot+1) ;
NODGRP_NAME = (CHAR80x) al locate vector (sizeof (CHAR8O) , NODGRPtot) ;
for (i=0; i<NODGRPtot+1; i++) NODGRP_INDEX[i]=0;

=0;

for (i i<NODGRPtot; i++) fscanf (fp, “%d”, &NODGRP_INDEX[i+1]) ;
nn=NODGRP_INDEX [NODGRPtot] ;
NODGRP_ITEM=(KINT*) al locate_vector (sizeof (KINT), nn) ;

for (k=0;k<NODGRPtot; k++) {
iS= NODGRP_INDEX [k] ;
iE= NODGRP_INDEX [k+17;
fscanf (fp, “%s”, NODGRP_NAME [k]. name) ;
nn= iE - iS;
ifCnn 1=0){

for (kk=iS;kk<iE;kk++) fscanf (fp, “%d”, &NODGRP_ITEM[kk]) ;}
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PE-to-PE Communication
Generalized Communication Tables

e “Communication” in parallel FEM means
obtaining information of “external points” from
their “home” PE’s

o “Communication Tables” describe relationship of
“external points” among PE’s

— Send/Export, Recv/Import

e Sending information of “boundary points”
* Receiving information of “external points”
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Generalized Comm. Table: Send

Neighbors
— NelbPETot, NeibPE[nelb]

Message size for each neighbor

— export_index[neib], neib= 0, NelbPETot-1

ID of boundary points

— export_item[k], k= 0, export_index[NelbPETot]-1
Messages to each neighbor

— SendBuf[k], k= 0, export_index[NeibPETot]-1
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Communication Table (Send/Export)

g i

13 0 13 1
14 0 14 1
15 0 15 1
16 0 16 1
4 4 export_index(neib)
3 1 export_item
6 4
9 7
12 10

e export _index Size of Messages sent to Each
Neighbor
— # Neighbors= 1 in this case

e export_item Local ID of boundary points
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SEND: MPI Isend/lrecv/Waitall

SendBuf _ _ _ :
neib#0 | neib#1 neib#2 neib#3
@ @ @
}‘ BUFlength_e ><BUFIength_Z< BUFlength_e i BUFlength_e >‘
export_index[0] export_index[1] export_index[2] export_index[3] export_index[4]

export_item (export_index[neib]:export_index[neib+1]-1) are sent to neib-th neighbor

for (neib=0; neib<NeilbPETot;neib++){
for (k=export_index[neib];k<export_ index[neib+1];k++){

kk= export_item[k];
SendBuf[k]= VAL[kk];

}

Copies to sending buffers

for (neib=0; neib<NeibPETot; neib++){

tag= O;

1S_e= export_index[neib];
1IE_e= export_index[neib+1];
BUFlength _e= IE e - 1S e

ierr= MPI Isend

(&SendBuf[iS_e], BUFlength e, MP1_DOUBLE, NeibPE[neib], O,

}

MP1_COMM_WORLD, &RegSend[neib])

MP1_Waitall(NeibPETot, RegSend, StatSend);
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Generalized Comm. Table: Recelve

Neighbors
— NelbPETot , NeibPE[nelb]

Message size for each neighbor

— Import_index[neib], neib= 0, NeibPETot-1

ID of external points

— Import_item[k], k= 0, import_index[NelbPETot]-1
Messages from each neighbor

— RecvBuUf[Kk], k= 0, import_index[NelbPETot]-1
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Communication Table (Recv/Import)

#

4 import_index(neib)

13 0 13 1 import_item, “home” PE
14 0 14 1

15 0 15 1

16 0 16 1

4 4 export_index(neib)

3 1 export_item

6 4

9 7

12 10

e Import_index Size of Messages recv. from Each
Neighbor

— # Neighbors= 1 in this case

e Import_item  Local ID of external points, ant their
“*home”
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RECV: MPI

for (neib=0;
tag= O;
1S 1= 1mport_index[neib];

iE_i= import_ |ndex[ne|b+1]
BUFlength_i= iE_i - iS_i

~|Isend/Irecv/Waitall

neib<NeibPETot; neib++){

ierr= MPI Irecv

(&RecvBuf[iS_i], BUFlength i, MP1_DOUBLE, NeibPE[neib], O,
MP1_COMM_WORLD, &ReqRecv[nelb])
+

MP1_Waitall(NeibPETot, RegRecv, StatRecv);

for (neib=0; neib<NeibPETot;neib++){

for (k=import_index[neib];k<import index[neib+1];k++){
kk= 1mport_item[K];

; VAL L= REeEi L) Copies from receiving buffers
+

import_item (import_index[neib]:import_index[neib+1]-1) are received from neib-th neighbor

neib#0 neib#1 neib#2

}4 - L] < L
BUFlength_i BUFlength_i BUFlength_i BUFlength_i

neib#3

import_index[0] import_index[1] import_index[2] import_index[3] import_index[4]

38
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Internal nodes - elements - external nodes

Node-based Partitioning

PE#1 PE#0
21 22 23 24 25
Q Q Q @ o
17 118 19
160 O O O 020
12 | L13 14
1@ @ O O 015
7 8 9
6@ ® @, Q 010
@ ® O O O
1 2 3 4 5
PE#3 PE#2

PE#1
4 5 6 12
O—O0—0—=0
1 O—O——C0O—011
2 3
e—0 00—
7 8 9 10
110 12
O——C0O0—=0
5—0 —09
36—0—038
@ O
1 1

39

15 6 7
O—O0—=0

PE#0
O—O——0—=0
14 1 5
O —O——0—=0
10 1 3
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1 10 12 8 9 1 12
10 9 11 12
5 5 9 { O ?
8 4(?—(?
4

PE-to-PE comm. :

PE#0

PE#2

o0

5
1 2 7 7 1 2
6

3
15 1

6
PE#0
14 T13 4 L

10 1 2 3
A\

40

Local Data

=

=
OURADMRPNNRPOOONW WNN
O OO OoOWwWwo» O
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PE-to-PE comm. : Local Data

PE#O 2 ID of the PE
2 # Neighbors
3 O ID Neirghbors
(¢--2)
3 6
7 3
8 3
10 3
9 0)
11 0)
12 0)
PE}#2 2 5
1
4
4
5
6
NEIBPE= 2

l NEIBPE[0]=3, NEIBPE[1]= O
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PE-to-PE comm. : SEND

14 Ts I4 5

0 1 T2 8 (...)

=

e

OIOCO0OO0OWWWoy O

export_index

OURBEENNRFRPOOONW WNN

export _index[0]= O
export _index[1l]= 2
export _index[2]= 2+3 = 5

export _i1tem[0-4]=1,4,4,5,6

4th node is sent to two PE’s

42
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PE-to-PE comm. : RECV

PE#0

2
14 Is I4 5 % .
0 T T2 |3 (...)
3 6 1mport_index
/ 3
8 3
10 3
9 0]
11 0
12 0]
PE#2 2 5
1
A
5 6 7 4
)
6

import _index[0]= O
import _index[1]= 3
import _index[2]= 3+3 = 6

import_item[0-5]=7.,8,10,9,11,12
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Parallel FEM Procedures: Program

 |nitialization
— Control Data
— Node, Connectivity of Elements (N: Node#, NE: Elem#)
— Initialization of Arrays (Global/Element Matrices)
— Element-Global Matrix Mapping (Index, Item)

e Generation of Matrix

— Element-by-Element Operations (do icel=1, NE)
 Element matrices
« Accumulation to global matrix

— Boundary Conditions

e Linear Solver
— Conjugate Gradient Method
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testl

main

NOT so different from
1-CPU code

Structure of
heat3Dp

Input_cntl

input of control data

input_grid

input of mesh info

mat_con0
connectivity of matrix

mat_con1
connectivity of matrix

mat_ass_main
coefficient matrix

mat_ass_bc
boundary conditions

solvell
control of linear solver

find_node
searching nodes

mSORT

sorting

jacobi
Jacobian

Cg

CG solver

output_ucd

visualization

45
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Towards Matrix Assembling

* In 1D, it was easy to obtain information related to
Index and item.
— 2 non-zero off-diagonals for each node
— ID of non-zero off-diagonal : i+1, iI-1, where “I” is node ID

* |n 3D, situation is more complicated:

— Number of non-zero off-diagonal components is between
7/ and 26 for the current target problem

— More complicated for real problems.

— Generally, there are no information related to number of
non-zero off-diagonal components beforehand.
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Towards Matrix Assembling

* In 1D, it was easy to obtain information related to
Index and item.
— 2 non-zero off-diagonals for each node
— ID of non-zero off-diagonal : i+1, iI-1, where “I” is node ID

* |n 3D, situation is more complicated:

— Number of non-zero off-diagonal components is between
7/ and 26 for the current target problem

— More complicated for real problems.
— Generally, there are no information related to number of
non-zero off-diagonal components beforehand.
e Count number of non-zero off-diagonals using
arrays: INLU[N], IALU[N][NLU]
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Main Part

#include <stdio. h>

#include <stdlib.h>

FILEx fp_log;

#tdefine GLOBAL_VALUE_DEFINE
#include “pfem_util.h”

extern
extern
extern
extern
extern
extern
extern
extern
extern
extern

void
void
void
void
void
void
void
void
void
void

PFEM_INIT (int, charx**) ;
INPUT_CNTL () ;
INPUT_GRID () ;
MAT_CONO () ;
MAT_CON1 () ;
MAT_ASS_MAINQ) ;
MAT_ASS_BC () ;
SOLVE11 () ;
OUTPUT_UCD () ;
PFEM_FINALIZEQ) ;

int main(int argc, charx argv[])
double START_TIME, END_TIME;
PFEM_INIT (argc, argv) ;

INPUT_CNTL O MAT_CONQO: generates INU, IALU

INPUT_GRID () ; ] ;
MAT_CONOO) MAT _ CONI1: generates index, item

MAT_CON1 () ;

MAT_ASS_MAINQ ; - PRI
NAT_ASS BCO) Node ID starting from “1

SOLVE11 () ;

OUTPUT_UCD () ;
PFEM_FINALIZE()

48
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MAT_CONO: Overview

do icel= 1, ICELTOT (-1+1,+1) (+1,+1,+1)
generate INLU, IALU
according to 8 nodes of hex. elements
(FIND_NODE) (~1-1+1) (+1-1,+1)
enddo
(+1,+1,-1)
/ /
1,¢)=(-1-1-1 1-1-1
&) an @ @ (&n.¢)=( ) (+ )
7 8 9
A
O—wW—~1—©
4 5 6

@
®
O
©,

[—
IN
[¢8)

Z
D
®

49
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Generating Connectivity of Matrix
MAT CONO (1/4)

/%

*x MAT_CONO
%k /

#include <stdio.h>
#include “pfem_util.h”
#include “allocate.h

extern FILE *fp_log;

/*x* external functions sxx/
extern void mSORT (int*, intx, int);
/*x%x static functuons skx/

static void FIND_TS_NODE (int, int);

¥oid MAT_CONO ()
int i, ], k, icel, in;
int in1,in2, in3, in4, inb, in6, in7, in8;
int NN;
NLU= 26;

INLU= (KINT* )al locate_vector (sizeof (KINT), NP) ;

IALU= (KINT=**) al locate_matrix (sizeof (KINT), NP, NLU) ;

for (i=0; i<NP;i++) INLU[i]=0;

for (i=0; i<NP; i++) for (j=0; j<NLU; j++) ITALULi][j]=0;

NLU:

Number of maximum number
of connected nodes to each
node (number of upper/lower
non-zero off-diagonal blocks)

In the current problem,
geometry is rather simple.
Therefore we can specify NLU
in this way.

If it's not clear ->
Try more flexible
implementation
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Generating Connectivity of Matrix
MAT CONO (1/4)

/%
*x MAT_CONO
%k /

#include <stdio.h>
#include “pfem_util.h”
#include “allocate.h

extern FILE *fp_log;

/*x* external functions sxx/
extern void mSORT (int*, intx, int);
/*x%x static functuons skx/

static void FIND_TS_NODE (int, int);

¥oid MAT_CONO ()
int i, ], k, icel, in;
int in1,in2, in3, in4, inb, in6, in7, in8;
int NN;

NLU= 26;

Array Size Description
Number of connected

INLU [NP] nodes to each node
(lower/upper)
Corresponding

IALU [NP] [NLU] | connected node ID

(column ID)

INLU=(KINT* )al locate_vector (sizeof (KINT), NP) ;

IALU= (KINT*x) al locate_matrix (sizeof (KINT), NP, NLU) ;

for (i=0; i<NP;i++) INLU[i]=0;

for (i=0; i<NP; i++) for (j=0; j<NLU; j++) ITALULi][j]=0;

51



pFEM3D-2

Generating Connectivity of Matrix
MAT _CONO (2/4). Starting from 1

for ( icel=0;icel< IGELTOT; icel++) {
in1=ICELNOD[icel] [0];
in2=1GELNOD[icel]
in3=IGELNOD[icel ]
in4=IGELNOD[icel]
inb=IGELNOD[icel ]
in6=IGELNOD[icel]
in7=IGELNOD[icel]
in8=ICELNOD[icel]

] (-1+1+1) (+1+1,+1)

(-1-1+1) (+1,-1+1)

SeTE W

ND_TS_NODE (in1, in2):
D_TS_NODE (ini. in3): / /
TS_NODE (ini. ind):

TS NODE (ini” 1re): Em¢)=(1-1-1) (+1-1-1)

TS_NODE (int, in7):
TS_NODE (int, in8):

TS_NODE (in2, inl):
TS_NODE (in2, in3):
TS_NODE (in2, ind) :
TS_NODE (in2, inb) :
TS_NODE (in2, in6) :
TS_NODE (in2, in7):
TS_NODE (in2, in8):

TS_NODE (in3, inl):
TS_NODE (in3, in2) :
TS_NODE (in3, ind) :
TS_NODE (in3, inb) :
TS_NODE (in3, in6) :
TS_NODE (in3, in7):
TS_NODE (in3, in8):
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FIND TS NODE: Search Connectivity
INLU,IALU: Automatic Search

sxx FIND_TS_NODE
%% /

?tatic void FIND_TS_NODE (int ipl, int ip2)
int kk, icou;
for (kk=1;kk<=INLU[ip1-1];kk++) {
if(ip2 == IALU[ip1-1] [kk-1]) return;

icou=INLULip1-1]+1;
IALULip1-1][icou-11=ip2;
INLULip1-1]=icou;

return;

Array Size Description

Number of connected
INLU | [NP] nodes to each node
(lower/upper)

Corresponding connected

[ALU | [NP]NLU] node ID (column ID)
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FIND TS NODE: Search Connectivity
INLU,IALU: Automatic Search

sxx FIND_TS_NODE
%% /

static void FIND_TS_NODE (int ip1, int ip2)

int kk, icou;

for (kk=1: Kk<=INLU[ip1=1] : kk+) | If the target node is already included
it (ip2 == IALULip1-1]1[kk-11) return: in JALU, proceed to next pair of

nodes
icou=INLULip1-1]+1;
IALU[ip1-1] [icou-1]=ip2;
INLU[ip1-1]=icou;

return;
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FIND TS NODE: Search Connectivity
INLU,IALU: Automatic Search

sxx FIND_TS_NODE
%% /

?tatic void FIND_TS_NODE (int ipl, int ip2)

int kk, icou;

for (kk=1; kk<=INLU[ip1-1] ; kk++) { |

, Tz == IALULpT=1 Tkke1)) return: 1 f the target node is NOT included in
, , _ IALU, store the node in IALU, and
icou=INLU[ip1-1]+1;

IALULip1-1] [icou-1]=ip2; add 1 to INLU.

INLULip1-1]=icou;

return;
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Generating Connectivity of Matrix
MAT_ CONO (3/4)

FIND_TS_NODE (in4, ini
FIND_TS_NODE (in4, in2
FIND_TS_NODE (in4, in3
FIND_TS_NODE (in4, inb

(-1+1,+1) (+1,+1,+1)

FIND_TS_NODE (in4, in6
FIND_TS_NODE (in4, in7
FIND_TS_NODE (in4, in8

FIND_TS_NODE (in5, ini
FIND_TS_NODE (in5, in2
FIND_TS_NODE (in5, in3

(-1-1+1) (+1,-1+1)

FIND_TS_NODE (inb, in4

FIND_TS_NODE (in5, in6 - /
FIND_TS_NODE (in5, in7

FIND_TS_NODE (inb, in8 (&n.¢)=(-1-1,-1) (+1-1-1)

FIND_TS_NODE (in6, ini
FIND_TS_NODE (in6, in2
FIND_TS_NODE (in6, in3
FIND_TS_NODE (in6, in4
FIND_TS_NODE (in6, in5
FIND_TS_NODE (in6, in7
FIND_TS_NODE (in6, in8

FIND_TS_NODE (in7, inl
FIND_TS_NODE (in7, in2
FIND_TS_NODE (in7, in3
FIND_TS_NODE (in7, in4
FIND_TS_NODE (in7, inb
FIND_TS_NODE (in7, in6
FIND_TS_NODE (in7, in8
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Generating Connectivity of Matrix
MAT_ CONO (4/4)

TS_NODE (in8, inl):
TS_NODE (in8, in2) :
TS_NODE (in8, in3) :
TS_NODE (in8, ind) :
TS_NODE (in8, inb) :
TS_NODE (in8, in6) :

y THBLISRERS (S, D) Sort IALU[i][K] in ascending order by
For (in=0: in<N: in++) { “bubble” sorting for less than 100
NN=INLULin]; D

for (k=0;k<NN;k++) {
| NCOL1[k]=IALU[in] [k];
mSORT (NCOL1, NCOL2, NN) ;

for (k=NN:k>0;k—-) {
| TALU[in] [NN-k]= NCOLT[NCOL2 [k-1]-11;
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MAT_ CON1: CRS format

#include <stdio.h>
#include “pfem_util.h”
#include “allocate. h”
extern FILEx fp_log;
%oid MAT_CON1 ()

int ik, kk;
indexLU=(KINT*) al locate_vector (sizeof (KINT), NP+1) ;
for (i=0; i<NP+1;i++) indexLU[i]=0; C

for (i=0; i<NP; i++) { s
indexLU[i+1]=indexLU[i]+INLULi]; ) . !
index[i +1] =) INLU[K]
k=0

NPLU=indexLU[NP] ;

i temLU= (KINT) al locate_vector (sizeof (KINT), NPLU) ; index[0] =0
gL e
kk=k+indexLU[i]:
i temLUkk]=1ALULi ] [K]-1: i
)| index(i) = 3" INLU(K)
k=1
Gea locatervestor (IALD) index(0) =0
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MAT_ CON1: CRS format

#include <stdio.h>
#include “pfem_util.h”
#include “allocate. h”
extern FILEx fp_log;
%oid MAT_CON1 ()

int i,k kk;

indexLU=(KINT%) al locate_vector (sizeof (KINT), N+1) ;
for (i=0; i<N+1;i++) indexLU[i]=0;

for (i=0; i<NP; i++) {
indexLU[i+1]=indexLUL[i]+INLU[i];

NPLU=indexLU[NP] ;

itemLU= (KINT*) al locate_vector (sizeof (KINT), NPLU) ;

for (i=0; i<NP; i++) {
for (k=0; k<INLUTi];k++) {
kk=k+indexLU[i];

| i temLU[kk]=IALU[i] [k]-1; NPLU:mdeXLU[NP]
] Size of array: itemLU
deal locate_vector (INLU) ; Total number of non-zero off-
deal locate_vector (IALU) ; diagonal blocks
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MAT_ CON1: CRS format

#include <stdio.h>
#include “pfem_util.h”
#include “allocate. h”
extern FILEx fp_log;
%oid MAT_CON1 ()

int i,k kk;

indexLU=(KINT*) al locate_vector (sizeof (KINT), NP+1) ;
for (i=0; i<NP+1;i++) indexLU[i]=0;

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

indexLU[i+1]=indexLUL[i]+INLU[i];
NPLU=indexLU[NP];
itemLU=(KINT*) al locate_vector (sizeof (KINT), NPLU) ;
for (i=0; i<NP; i++) {

for (k=0; k<INLULi];k++) {

kk=k+indexLU[i];

\ itemLU[kk]=IALULi] [k]-1;
} itemLU
dea||ocate_vector(lNl_U); Store nOde ID Starting from O

deal locate_vector (IALU) ;
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MAT_ CON1: CRS format

#include <stdio.h>
#include “pfem_util.h”
#include “allocate. h”
extern FILEx fp_log;
void MAT_CON1 ()

int i,k kk;

indexLU=(KINT*) al locate_vector (sizeof (KINT), NP+1) ;
for (i=0; i<NP+1;i++) indexLU[i]=0;

for (i=0; i<NP; i++) {
indexLU[i+1]=indexLU[i]+INLU[i];
NPLU=indexLU[NP] ;
itemLU=(KINT*)al locate_vector (sizeof (KINT), NPLU) ;
for (i=0; i<NP; i++) {
for (k=0;k<INLU[i];k++) {
kk=k+indexLU[i];
itemLU[kk]=IALU[i] [k]-1;

J

deal locate_vector (INLU) ; .
deal locate_vector (IALU) ; Not reqUWEd any more
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Main Part

#include <stdio. h>

#include <stdlib.h>

FILEx fp_log;

#define GLOBAL_VALUE_DEFINE
#include “pfem_util.h”

extern void PFEM_INIT (int, charx) ;
extern void INPUT_CNTLQ) ;
extern void INPUT_GRID() ;
extern void MAT_CONO() ;

extern void MAT_CON1() ;

extern void MAT_ASS MAINQ) ;
extern void MAT_ASS BC() ;
extern void SOLVE11() ;

extern void OUTPUT_UCD() ;
extern void PFEM_FINALIZE() ;
int main(int argc, charx argv[])

double START_TIME, END_TIME;
PFEM_INIT (argc, argv) ;

INPUT_CNTL () ;
INPUT_GRID () ;

MAT_CONO () ;
MAT_CON1 () ;

MAT_ASS_MAINQ) ;
MAT_ASS_BCO

SOLVE11 () ;

OUTPUT_UCD () ;
PFEM_FINALIZE()
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MAT ASS_ MAIN: Overview

do kpn=1, 2
do jpn=1, 2
do ipn=1, 2
Define Shape Function at Gaussian Quad. Points (8-points)
Its derivative on natural/local coordinate is also defined.

enddo
enddo
enddo

do icel=1, ICELTOT
Jacobian and derivative on global coordinate of shape functions at
Gaussian Quad. Points are defined according to coordinates of 8 nodes. (JACOBI)

do ie= 1, 8
do je=1, 8
Global Node ID: ip, jp
Address of A, in “itemLU” : kk

ip, jp

Je
O|O|0|0|0|O0|O0|0
do kpn=1, 2

do jpn=1, 2 O|O1010|0|10|0|0

do ipn=1, 2 :
integration on each element . 0|0|0|0|0|0|@|O
coefficients of element matrices OlO|OIO|O0|O010|0
enzzgumulatlon to global matrix olololololololo
,nddo ololo|lo|lo|o|o|o
enddo O|l0|0|O0|0[0|0|0
cnddo ololo|o|o|o]o]e
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MAT ASS MAIN (1/6)

#include <stdio.h>
#include <math. h>
#include “pfem_util.h”
#include “allocate. h”
extern FILE *fp_log;
extern void JACOBI () ;
%oid MAT_ASS _MAIN()

int ik, kk;

int ip, jp, kp;

int ipn, jpn, kpn;

int icel;

int ie, je;

int iiS, iiE;

int in1,in2,in3, in4, inb, in6, in7, in8;
double SHi;

double QP1, QM1, EP1, EM1, TP1, TM1;
double X1, X2, X3, X4, Xb, X6, X7, X8;
double Y1,Y2,Y3, Y4, Y5,Y6,Y7,Y8;
double 71,172,173, 174,175, 76,71, 78;
double PNXi, PNYi, PNZi, PNXj, PNYj, PNZj;
double CONDO, QVO, QVC, COEFij;
double coef;

KINT nodLOCAL[8];

AMAT= (KREAL*) al locate_vector (sizeof (KREAL), NPLU) ;

B =(KREAL*) allocate_vector (sizeof (KREAL), NP) ;
D =(KREAL*) allocate_vector (sizeof (KREAL), NP) ;
X =(KREAL*) allocate_vector (sizeof (KREAL), NP) ;

for (i=0; i<NPLU;i++) AMAT[i]=0.0;

for (i=0;i<N ;i++) B[i]=0.0;
for (i=0;i<N ;i++) D[i]=0.0;
for (i=0;i<N ;i++) X[i]=0.0;
WEI[O]= 1.0000000000€0;
WEI[1]= 1.0000000000€0;
POS[0]= -0. 5773502692¢0;
POS[1]= 0.5773502692¢0;

Non-Zero Off-Diagonal components (coef. matrix)
RHS vector

Diagonal components (coef. matrix)

Unknowns
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MAT ASS MAIN (1/6)

#include <stdio. h>
#include <math.h>
#include “pfem_util.h”
#include “allocate. h”
extern FILE *fp_log;
extern void JACOBI () ;
%oid MAT_ASS_MAINQ

int i,k kk;

int ip, jp, kp;

int ipn, jpn, kpn;

int icel;

int e, je;

int iiS,iiE;

int inl,in2, in3, in4, inb, in6, in7, in8;
double SHi;

double QP1, QM1, EP1, EM1, TP1, TMT1;
double X1, X2, X3, X4, X5, X6, X7, X8; =
double Y1,Y2,Y3, Y4, Y5,Y6,Y7,Y8; A=d

double Z1,72,73,74,175,176,71,18; 7

double PNXi, PNYi, PNZi, PNXj, PNYj, PNZj; fEat 1) (1, 1)
double CONDO, QVO, QVC, COEFij; / y
double coef;

KINT nodLOCAL[8];

AMAT= (KREAL*) allocate_vector (sizeof (KREAL), NPLU) ; £
B =(KREAL*) allocate_vector (sizeof (KREAL), NP) ; O
D =(KREAL*) allocate vector (sizeof (KREAL), NP) ;
X =(KREAL*) allocate_vector (sizeof (KREAL), NP) ; . =

for (i=0; i<NPLU; i++) AMAT[i]=0.0;
for (i=0;i<N ;i++) B[i]=0.0; fig i) @ =1
for (i=07i<N 7i++) D[i]=0.0; : 4

for (i=0;i<N ;i++) X[i]=0.0; oS+ a & L5 W

WEI [0]

WEI[1]
POS[0]
POS[1]

}888888888828 POS: Quad. Point 0.57735 02692 1.00000 00000
Welighting Factor

—0. 5773502692¢0;
0.5773502602¢0:  WEI :

65



pFEM3D-2

ZE1TH] : MAT ASS MAIN (2/6)

/%K
INIT.
PNQ - 1st-order derivative of shape function by QSI
PNE - 1st-order derivative of shape function by ETA

PNT - 1st-order derivative of shape function by ZET
sokk /

for (ip=0: ip<2; ip++) {
for (jp=0; jp<2; jp++) {
for (kp=0; kp<2; kp++) {

QP1=1.e0 + POS[ip];
QM1=1.e0 - POS[ip];
EP1= 1.e0 + POS[jp];
EM1= 1.e0 - POS[jp];
TP1=1.e0 + POS[kp];
T™M1=1

.e0 - POS[kp];

SHAPE[ip] [jp] [kp][0]= 08th * QM1 * EM1 % TM1:
SHAPE [ip] [jp] [kl [11= 08th * QP1 * EMi * TMi:
SHAPE[ip] [ip] [kp][2]= 08th * QP1 % EP1 * TMi:
SHAPE[ip] [ip] [kp][3]= 08th * QM1 * EP1 % TMi:
SHAPE[ip] [ip] [kp][4]= 08th * QM1 * EMi * TPi:
SHAPE[ip] [ip] [kp][5]= 08th * QP1 * EM{ * TP1:
SHAPE[ip] [ip] [kp][6]= 08th * QP1 % EP{ * TP1:
SHAPE[ip] [Jp] [kp][7]= 08th * QM1 % EP1  TPi:

Soomen—o
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/%K
INIT.
PNQ - 1st-order derivative of shape function by QSI
PNE - 1st-order derivative of shape function by ETA

PNT - 1st-order derivative of shape function by ZET
sokk /

for (ip=0: ip<2; ip++) {
for (jp=0; jp<2; jp++) {
for (kp=0; kp<2; kp++) {

= 10 Postil: QP1(i)=(1+&) QMI()=(1-¢&)
1 150 = post EP1(j)=(+7y,) EMI(j)=@-7)
TP1- }:eO + POS[Kp] )=\&+5) ==

0 - Pl TP1k)=(1+¢,), TMk)=Q1-¢,)
SHAPE[ip] [jp] [kp][0]= 08th * QM1 * EM1 % TM1:
SHAPE[ip] [ip] [kp][1]= 08th * QP1 * EM{ * TMi:
SHAPE[ip] [ip] [kp][2]= 08th * QP1 % EP1 * TMi:
SHAPE[ip] [ip] [kp][3]= 08th * QM1 * EP1 % TMi:
SHAPE[ip] [ip] [kp][4]= 08th * QM1 * EMi * TPi:
SHAPE[ip] [ip] [kp][5]= 08th * QP1 * EM{ * TP1:
SHAPE[ip] [ip] [kp][6]= 08th * QP1 % EP{ * TP1:
SHAPE[ip] [Jp] [kp][7]= 08th * QM1 % EP1  TPi:

SN =
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/%K
INIT.
PNQ - 1st-order derivative of shape function by QSI
PNE - 1st-order derivative of shape function by ETA

PNT - 1st-order derivative of shape function by ZET
sokk /

for (ip=0: ip<2; ip++) {
for (jp=0; jp<2; jp++) {
for (kp=0; kp<2; kp++) {

Q1= 1760 ~ POST1p]:
=1.e0 - ipl; g
EP1= 1.0 + POS[jp]: (-1+1.+1) (+1+1+1)
e e e
=1.e0 + pl;
THi= 1.0 — POS[kp]: (~1-1+1) (+1-1+1)

SHAPE[ip] [ip] [kp] [0]= 08th * QM1 * EM1 * TMI;
ip] [ip] [kp] [1]= 08th * QP1 % ENM1 * TMi:

1Lip] [kp] [2]= 08th * QP1 * EP1 * TM1:

ip] [ip] [kp] [3]= 08th * QM1 * EP1 % TM1:
SHAPELip] [1p] L] [4]= 08th * QUT * EM1 * TP
6

7

1= 08th * QP1 * EM1 * TP1;

[6]= 08th * QP1 * EP1 * TP1: _
71= 08th * Qi % EP1 * TP (&7.¢)=(-1-1-1) (+1-1-1)
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MAT ASS MAIN (2/6)

/%K

INIT.
PNQ - 1st-order derivative of shape function by QSI 1
PNE - 1st-order derivati f sh function by ETA N 1, =—(1- 1- 1-
et st o e ety i (&) =g L= EN-n)i~¢)
kkk
for (ip=0; ip<2;ip++) { N =—(1+ =
G0 ip<sion [ (61,8 = ( E)-n)1-¢)
for (kp=0; kp<2; kp++) {
g3 R N6, ) = 51+ Hn)i=0)
EP1=1.e0 + POS[jp];
SHEH
= 1]1.eU + : _
THI= 1 60 - POS[kp] ' N,(&,n.8) —g(l—f)(“’?)(l—f)

SHAPE[p] [jp] [kp] [0]= 08th * QM1 * EM1 * TH1:
D P T atn % GPl % BN = T 1
= *k *k *k , —
Fip] [ip] [kp] [3]= 08th * QM1 * EP1 * THI: N5(§777,§)——(1—5)(1—77)(1+§)
SHAPE[ip] [1p] [kp] [4]= 08th + QN1 * EMI * TP1:
] [1p] ko] [5]= 08th * Gp1 * Eil » TP
7

K01 U712 ath O * EP1 » Th1: Ne(&.7.8) =~ (1+f)( -n)1+¢)

N, (&m1,¢) == (1+§)(1+77)(1+§)
Ng(£,7,) =§(1—§)(1+n)(1+:)
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MAT_ASS_MAIN (2/6)

el e s
L JPJ LKpd L11= + * * ;
PNQLIp] [kp] [2]= + 08th * EP1 * THI: PNQ(j, k) = L (¢ = &, = 716 =Gk)
PNQ[jp] [kp] [3]= - 08th * EP1 * TM1; 5
PNQ[ip] [ko] [4]= - 08th * EM1 * TP1:
reelE NG
| JPJ LKpJ LO|= + * * : = = — 1. —
PNQ[jp] [kp]l[7]= - 08th * EP1 * TP1: (k) Gn(§ Sl =156 =6)
nefeioi: e s ot M N
LIPJ LKPJ L1 1= — * * ; . .
PNE[ip] [kp] [2]= + 08th * QP1 * TMI: PNT(i, j)=—2>(=&.1=1,.{ =)
PNE[ip] [ko] [3]= + 08th * QM1 * TM: 14
PNE[ip] [ko] [4]= - 08th * QM{ * TP1;
PNE[ip] [ko] [5]= - 08th * QP1 * TP1;
PNE[ip] [ko] [6]= + 08th * QP1 * TP1: 1
PNE[ip] [kp] [7]= + 08th * QM1 * TP1; N, (E.1:,C0) :__( U'Xl_gk)
ir i
PNT[ip] [ip] [0]= - 08th * QM1 * EM1; 5' 8
2
[ip] [ip] [2]= - * QP1 * EP1; 2 B
PNT[ip] [ip] [3]= - 08th * QM1 * EP1’ (&im;, 6 ) =+= Ql 77;)61 )
PNT[ip] [ip] [4]= + 08th * QM1 * EM1’ (f
BEIEE g
LIPp] LJP]LO= + * * : 3
, PATLip] il [7)= + Osth + Qi + EP1; gg (&7, 0) =+ (1+77,-)(1—CK)
]
) ON,
_(gi’njiék):_ (+ijl_§k)
for ( icel=0:icel< ICELTOT;icel++) | o0&
CONDO= COND:

in1=ICELNOD[ i ce!]
in2=ICELNOD[ i ce ]
in3=ICELNOD[ i ce ]
ind=ICELNOD[ i ce ]
in5=ICELNOD[ i ce ]
in6=ICELNOD[ i ce ]
in7=ICELNOD[ i ce ]
in8=ICELNOD[ i ce ]

First Order Derivative
of Shape Functions at

(éi’?pgk)

SogiEeN =S
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PNQL jp] [
PNQL jp] [
PNQL jp] [
PNQL jp] [
PNQL jp] [
PNQL jp] [
PNQL jp] [
PNQ[jplL

PNE[ip]|
PNE[ip]|
PNE[ip]|
PNE[ip]|
PNE[ip]|
PNE[ip]|
PNE[ip] |
PNE[ip] [

PNT[ip][]

PNT[ip][]
PNT[ip][]
PNT[ip][]
PNT[ip][]
PNT[ip][]
PNT[ip][]
PNT[ip] [}

J
J
J

for ( icel=0;icel< ICELTOT; icel++) {

CONDO= COND;

in1=IGELNOD
in2=]GELNOD
in3=IGELNOD
in4=IGELNOD
in5=]GELNOD
in6=IGELNOD
in7=I1GELNOD
in8=ICELNOD

icel]
=!ce|=
=!ce|=
=!ce|=
=!ce|=
=!ce|=
=!ce|=
[icel]

SOTEENAS NooiEN—=S NooiheN o

SIS

MAT ASS MAIN (3/6)

- 08th * EM1 * TM1
+ 08th * EM1 * TM1;
+ 08th * EP1 * TM1;
- 08th * EP1 * TM1;
- 08th * EM1 * TP1;
+ 08th * EM1 * TP1;
+ 08th * EP1 * TP1;
- 08th * EP1 % TP1;

- 08th * QM1 % TM1;
- 08th * QP1 * TM1;
+ 08th * QP1 * TM1;
+ 08th * QM1 * TM1;
- 08th = QM1 * TP1;
- 08th * QP1 * TP1;
+ 08th * QP1 * TP1;
+ 08th * QM1 * TP1;

— 08th * QM1 * EMI;
- 08th * QP1 * EM1;
- 08th * QP1 * EP1;
— 08th * QM1 * EP1:
+ 08th * QM1 * EMI:
+ 08th * QP1 * EMI:
+ 08th * QP1 * EP1: (-1+1,+1) (+1,+1,+1)
+ 08th * QM1 * EP1;

Ll (+1,-1,+1)

(&7.¢)=(-1-1-1) (+1,-1,-1)
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nodLOCAL [
nodLOCAL [
nodLOCAL
nodLOCAL
nodLOCAL
nodLOCAL
nodLOCAL [
nodLOCAL [

[in]-1]

[in2-1]
[in3~1]
[in4-1]
[in5—1]
[in6-1]
[in/-1]
[in8-1]

[in]-1]
[in2-1]
[in3-1]
[in4-1]
[in5—1]
[in6-1]
[in/-1]
[in8-1]

X1=XYZ
X2=XYZ
X3=XYZ
X4=XYZ
X5=XYZ
X6=XYZ
X7=XYZ
X8=XYZ

Y1=XYZ
Y2=XYZ
Y3=XYZ
Y4=XYZ
Y5=XYZ
Y6=XYZ
Y1=XYZ
Y8=XYZ

SRTBLON—O

inl

'MAT_ASS_MAIN (4/6)

in2;
in3;
ind;

ind;
inb;

Node ID (Global)

in7;
in8;

EEEEEEES

| e | e | s | sy | s | s | ey | ey |
RS W G W G QN Q—y
[N | WY | NN | WO | NN | SN | WO | B |

(-1,+1,+1)

(-1-1,+1)

(&.n.¢)=(-1-1-1)

QVC= 08thx* (X1+X2+X3+X4+X5+X6+XT+X8+Y1+Y2+Y3+Y4+Y5+Y6+YT+Y8) ;

Z1=XYZ
£2=XYZ
£3=XYZ
Z4=XYZ
£5=XYZ
26=XYZ
L1=XYZ
£8=XYZ

[in1-1][2]:
[in2-1]
[in3-1]
[in4-1]
[in5—1]
[in6-1]
[in/-1]
[in8-1]

SISISISISISISIS

JACOBI (DETJ, PNQ, PNE, PNT, PNX, PNY, PNZ,
X1, X2, X3, X4, X5, X6, X/, X8,
Y1, Y2, Y3, Y4, Y5, Y6, Y7, Y8, Z1, 72, 73, 74, 15, 16, 71, 18);
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nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [

[in1-1]
[in2-1]
[in3-1]
[ind-1]
[in5—1]
[in6-1]
[in7-1]
[in8-1]

[in1-1]
[in2-1]
[in3-1]
[ind-1]
[in5—1]
[in6-1]
[in7-1]
[in8-1]

QVC= 08thx* (X1+X2+X3+X4+X5+X6+XT+X8+Y1+Y2+Y3+Y4+Y5+Y6+YT+Y8) ;

[in1-1][
[in2-1]
[in3-1]
[ind-1]
[in5-1]
[in6-1]
[in7-1]
[in8-1]

X1=XYZ
X2=XYZ
X3=XYZ
X4=XYZ
X5=XYZ
X6=XYZ
X7=XYZ
X8=XYZ

Y1=XYZ
Y2=XYZ
Y3=XYZ
Y4=XYZ
Y5=XYZ
Y6=XYZ
Y7=XYZ
Y8=XYZ

Z1=XYZ
£2=XYZ
23=XYZ
Z4=XYZ
25=XYZ
26=XYZ
Z1=XYZ
28=XYZ

e, &

inl

CEEEEEES

[ s | e | pn | ey |y | oy |y |y |
— ek ) —) —) —) — —
[ TN T | N | NN | MU | N | B |

SIS

73

'MAT_ASS_MAIN (4/6)

in2;
ind;
ind;
ing;
in6;
inl;
ing;

X-Coordinates
of 8 nodes

Y-Coordinates
of 8 nodes

Z-Coordinates
of 8 nodes

JACOBI (DETJ, PNQ, PNE, PNT, PNX, PNY, PNZ,
X1, X2, X3, X4, X5, X6, X/, X8,
Y1, Y2, Y3, Y4, Y5, Y6, Y7, Y8, Z1, 72, 73, 74, 15, 16, 71, 18);

(-1,+1,+1)

(-1-1,+1)

&7.¢)=(-1-1-1) (+1-1-1)
Coordinates:
Node ID - 1
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nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [

X1=XYZ[
X2=XYZ[
X3=XYZ[
X4=XYZ[
Xb=XYZ[
X6=XYZ[
X7=XYZ[
X8=XYZ[

Y1=XYZ[
Y2=XYZ[
Y3=XYZ[
YA=XYZ[
Y5=XYZ[
Y6=XYZ[
Y7=XYZ[
Y8=XYZ[

e, &

in1-1]
in2-1]
in3-1]
ind-1]
ino-1]
in6-1]
in7-1]
in8-1]

in1-1]
in2-1]
in3-1]
ind-1]
ino-1]
in6-1]
in7-1]
in8-1]

inl

'MAT_ASS_MAIN (4/6)

in2;
in3;

ind;
ing;
in6;
inl;
ing;

CEEEEEES

[ s | e | pn | ey |y | oy |y |y |
— ek ) —) —) —) — —
[ TN T | N | NN | MU | N | B |

(-1,+1,+1)
(-1,-1,+1)
X-Coordinates
of 8 nodes
&7.¢)=(-1-1-1) (+1-1-1)
Y-Coordinates Coordinates:
f 8 nod
o1 & NOEES Node ID - 1

QVC= 08th* (X1+X2+X3+X4+X5+X6+X7+X8+Y1+Y2+Y3+Y4+Y5+Y6+Y7+Y8) ;

Z1=XYZ[
72=XYZ[
Z3=XYZ[
Z4=XYZ[
Z5=XYZ[
Z6=XYZ[
Z7=XYZ[
Z8=XYZ[

in1-1]1[2]:
in2-1]
in3-1]
ind-1]
ino—1]
in6-1]
in/-1]
in8-1]

SISISISISISISIS

2 (/Imj o [zaT]+ﬁ(za—Tj Q(x,y,z)=0

+
ox\ ox) oy\ oy) oz\ oz

Q(X, Y, z)=QVOL|x; + Y|
Heat Gen. Rate is a function of location

JACOBI (DETJ, PNQ, PNE, PNT, PNX, PNY, PNZ,

XT, X2, X3, X4 X5, X6, XI, X8, (cell center: x.,y.)
Y1, Y2, Y3 YA Y5 Y6, YT, Y8 Z1, 72, 74, i, cu, v, o1y Lo
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%#1751 : MAT_ASS_MAIN (4/6)

nodLOCAL [0
nodLOCAL [1]
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [61= 1nJ
no in7;
nodLOCAL[7]= in8; (-1,-1,+1) (+1-1+1)

X1=XYZ[in1-111
X2=XYZ[in2-1]
X3=XYZ[in3~1]
X4=XYZ[ind~1]
X5=XYZ [inb-1]
X6=XYZ[in6~1]
X7=XYZ[inT-1]
X8=XYZ[in8~1]

Y1=XYZ[in1-1]
Y2=XYZ[in2-1]
Y3=XYZ[in3~1]
YA=XYZ[ind~1]
Y5=XYZ[in5-1]
Y6=XYZ[in6-1]
Y7=XYZ[inT-1]
Y8=XYZ[in8~1]

QVC= 08th* (X1+X2+X3+X4+X5+X6+X7+X8+Y1+Y2+Y3+Y4+Y5+Y6+Y7+Y8) ;

Z1=XYZ[in1-1][2]:
22=XYZ[in2-1] 0 (ZéTjJr 0 ZaT 0 (ﬂa_TjJrQ(x Y, z):
ox\_ ox) oy\ oy az 0z

Z3=XYZ[in3-1]
Z4=XYZ[ind-1’

Q(X, Y, z)=QVOL|x; + Y|
QVC =|x. + Y|

inl;
|n2:
|n3§
:H%; (-1,+1,+1) (+1,+1,+1)
inb;

SHooiswn —o

EEEEEEES

(&n7.¢)=(-1-1-1) (+1,-1-1)

Coordinates:
Node ID - 1

| e | e | s | sy | s | s | ey | ey |
RS W G W G QN Q—y
[N | WY | NN | WO | NN | SN | WO | B |

Z5=XYZ[ inb-1]
Z6=XYZ[in6-1]
Z7=XYZ[in7-1]
Z8=XYZ[in8-1]

JACOBI (DETJ, PNQ, PNE, PNT, PNX, PNY, PNZ,
X1, X2, X3, X4, X5, X6, X/, X8,
Y1, Y2, Y3, Y4, Y5, Y6, Y7, Y8, Z1, 72, 73, 74, 15, 16, 71, 18);

SISISISISISISIS
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nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [
nodLOCAL [

[in]-1]

[in2-1]
[in3~1]
[in4-1]
[in5—1]
[in6-1]
[in/-1]
[in8-1]

[in]-1]
[in2-1]
[in3-1]
[in4-1]
[in5—1]
[in6-1]
[in/-1]
[in8-1]

X1=XYZ
X2=XYZ
X3=XYZ
X4=XYZ
X5=XYZ
X6=XYZ
X7=XYZ
X8=XYZ

Y1=XYZ
Y2=XYZ
Y3=XYZ
Y4=XYZ
Y5=XYZ
Y6=XYZ
Y1=XYZ
Y8=XYZ

e, &

inl

'MAT_ASS_MAIN (4/6)

in2;
ind;
ind;
ing;
in6;
inl;
ing;

EEEEEEES

| e | e | s | sy | s | s | ey | ey |
RS W G W G QN Q—y
[N | WY | NN | WO | NN | SN | WO | B |

QVC= 08thx* (X1+X2+X3+X4+X5+X6+XT+X8+Y1+Y2+Y3+Y4+Y5+Y6+YT+Y8) ;

Z1=XYZ
£2=XYZ
£3=XYZ
Z4=XYZ
£5=XYZ
26=XYZ
L1=XYZ
£8=XYZ

[in1-1][2]:
[in2-1]
[in3-1]
[in4-1]
[in5—1]
[in6-1]
[in/-1]
[in8-1]

SISISISISISISIS

JACOBI (DETJ, PNQ, PNE, PNT, PNX, PNY, PNZ,
X1, X2, X3, X4, X5, X6, X7, X8,
Y1, Y2, Y3, Y4, Y5, Y6, Y7, Y8, Z1, 72, 73, 74, 15, 16, 71, 18);
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MAT ASS MAIN (5/6)

/%
CONSTRUCT the GLOBAL MATRIX

%k /

for (ie=0;ie<8;ie++) {
ip=nodLOCAL[ie]:

for (je=0; je<8; je++) {
jp=nodLOCAL[je];

kk=-1; .
if( jp 1= ip){
iiS=indexLU[ip-1];
i iE=indexLULip 1;
for ( k=iiS;k<iiE;k++) {
if( itemLU[k] == jp-1){
kk=k;
break;

(-1+1,+1) (+1,+1,+1)

il (+1-1,+1)

Non-Zero Off-Diagonal Block
in Global Matrix

A

ip, jp

kk: address in “itemLU”

Ip= NodLOCAL[ie]
Jp=nodLOCAL[je]

Node ID (ip,jp)
starting from 1
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Element Matrix: 8x8

|.kijJ (i’ J :1---8)

(+1,+1,+1)

(-1,+1,+1)

(-1,-1+1)

O|1010|0|0]10|0|0||®

O|00|0|0]0|0|0||®
OO0 |0]0|0|@]|0|®

O|O00|010]0|0|0||®

O|010(0|0|0|0|0||®

O|O00|0|0]0|0|0]||®

O|O0|0|0|0]0|0|0|®

O|1010|0|0|0|0|0||®

(+1-1-1)

(&m1.¢)=(-1-1-1)
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MAT ASS MAIN (5/6)

/%
CONSTRUCT the GLOBAL MATRIX

%k /

for (ie=0;ie<8;ie++) {
ip=nodLOCAL[ie];

for (je=0; je<8; je++) {
jp=nodLOCAL[je];

kk=-1;
if( jp 1= ip )|
iiS=indexLU[ip-1]:
iiE=indexLU[ip 1:
for ( k=iiS;k<iiE;k++) {
if( itemLU[k] == jp-1){
kk=k
break;

(-1+1,+1)

(-1,-1+1)

Element Matrix (i,~j,): Local 1D
Global Matrix (i ~j,): Global ID

kk:address in “itemLU” starting from “0”
k: starting from “0”
ip,jp: starting from “1”

(+1,+1,+1)
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MAT ASS MAIN (6/6)

QV0= 0. e0;
COEFi j= 0.e0;

for (kpn=0;kpn<2;kpn++) {
for (jpn=0; jpn<2; jpn++) {
for (ipn=0; ipn<2; ipn++) {

coef= fabs(DETJ[lpn][Jpn][kpn])*WEI[lpn]*WEI[Jpn]*WEI[kpn]

PNXi= PNX
PNZi= PNZ
PNXj= PNX

[ipn] [
PNYi= PNY[ipn]

[ipn]

[ipn]
PNYj= PNY[ipn]

PNZj= PNZ[ipn]

COEF i j+= coef*CONDO= (PNXi*PNX j+PNY i *PNY j+PNZ i*PNZj) ;

=Jpn=
=Jpn=
LJpn |

[ jpn]
[ jpn]
[jpn]

[kpn] [ie];
[kpn] [ie];
[kpn] [ie];

kpn] [je]
kpn] [je]:
[kpn] [jel;

SHi= SHAPE[ipn] [jpn] [kpn] [ie];
QVO+= SHi * QVOL * coef;

}
}
}

if (jp==ip)

{
DLip-1]+= GOEFi j;

BLip-1]1+= QVO*QVC:

if (jp 1= ip)

{
AWAT [kk1+= COT™" ",

-1

-1-1-1

J
J

[, N, ON;

ON;

1‘ OX  OX "

ON
)liﬁbd

@y@y

)liﬂhd

0z

0z

}d t|J|

Icdnds
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MAT ASS MAIN (6/6)

QV0= 0. e0;
COEFi j= 0.e0;

for (kpn=0;kpn<2;kpn++) {
for (jpn=0; jpn<2; jpn++) {
for (ipn=0; ipn<2; ipn++) {
coef= fabs(DETJ[lpn][Jpn][kpn])*WEI[lpn]*WEI[Jpn]*WEI[kpn]

PNXi= PNX[ipn] [jpn] [kpn] [ie];
PNYi= PNY[ipn] [jpn] [kpn] [ie];
PNZi= PNZ[ipn] [jpn] [kpn] [ie]:
PNXj= PNX[ipn] [jpn] [kpn] [je];
PNYj= PNY[ipn] [jpn] [kpn] [je]:
PNZj= PNZ[ipn] [jpn] [kpn] [je];
COEF i j+= coef*GONDO* (PNX i*PNX j+PNY i *PNY j+PNZi*PNZj) ;

SHi= SHAPE[ipn] [jpn] [kpn] [ie];

QVO+= SHi * QVOL * coef: H o414
} I=[ [ [t&n.¢) dadnds
} 104
} L M N
ol o =2 2 2w, W (&n;.80)
BLip-1]+= QVO*QVC; i=1  j=1 k=1
it cor-
) T et oN ON ON, ON,
N S R R & el
}} —1—1—1l oX  OX ay ay @Z 0z
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MAT ASS MAIN (6/6)

QV0= 0. e0;

O

EFij= 0.e0;

for (kpn=0;kpn<2;kpn++) {
for (jpn=0; jpn<2; jpn++) {

for (ipn=0; ipn<2; ipn++) {

coef= fabs (DETJ[ipn] [jpn] [kpn]) *WEI [ipn]*WEI [ jpn]*WEI [kpn];

}
if

i f

J
J

PNXi= PNX
PNZi= PNZ
PNXj= PNX

[ipn]
PNYi= PNY[ipn]

[ipn]

[ipn]
PNYj= PNY[ipn]

PNZ j= PNZ[ipn]

[ jpn]
[ jpn)]
| Jpni

[ jpn]
[ jpn]
[jpn]

kpn] [ie]
kpn] [ie];
[kpn] [iel;
kpn] [je];
kpn] [ je]
[kpn] [je];

coef =W, -W, -W, -det‘J(é,m,éVJ

COEF i j+= coef*CONDO= (PNXi*PNX j+PNY i *PNY j+PNZ i*PNZj) ;

SHi= SHAPE[ipn] [jpn] [kpn] [ie];
QVO+= SHi * QVOL * coef;

}
}

(jp==ip)

{
DLip-1]+= GOEFi j;

BLip-1]1+= QVO*QVC:

(jp !'=_ip)

! {
AWAT [kk1+= COT™" ",

-1

-1-1-1

+1 +1 +1

L= | [1&n.¢) dedndg
- :§: j;: Egi:lA/i'\A/j'\A/k' f (43177j’€:k)|

[, N, ON;

* o ox pa N N, aNj}det\J\

n oy o a lednde
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MAT ASS MAIN (6/6)

QV0= 0. e0;
COEFi j= 0.e0;

for (kpn=0;kpn<2;kpn++) {

for (jpn=0; jpn<2; jpn++) {

for (ipn=0; ipn<2; ipn++) {

[lp l]+— OVO*OVC;

J

coef= fabs(DETJ[lpn][Jpn][kpn])*WEI[lpn]*WEI[Jpn]*WEI[kpn]

PNXi= PNX
PNYi= PNY
PNZi= PNZ

PNX j= PNX

if (jp !=_ip)

{
AMAT [kk]+= COEFij;

J

[ipn] [
L1 pn]
[ipn]

[ipn]
PNY j= PNY[ipn]
PNZj= PNZ[ipn]
COEF i j+= coef*CONDO* (PNXi*PNX j+PNY i xPNY j+PNZi*PNZj) ;

SHi= SHAPE[ipn] [jpn] [kpn] [ie];
QVO+= SHi * QVOL * coef;

:Jpn:
:Jpn:
Ljpn}

[ jpn]
:J.pn:
LJpn]

[kpn]
[kpn]
[kpn]
[kpn]
[kpn]
[kpn]

[ie]:
[ie]:
Lle];
[je]

[jel:
el

,_
ey

—

S &

I
=

o0
N

O|0|0|0|0|0|0|O
O|0|0|0|0|0|0|0
O|0|0|0|0|0|0|0O

O|0|0|0|0|0|0|0| =—
O|O|O0|0|0|0|0|0
O|O|O0|0|0|0|0|0

O|0|0|0|0 | @0 |0O|—
O|O|0|0|0|0|0|0
L A A A B B B BT
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MAT ASS MAIN (6/6)

QV0= 0. e0;
COEFi j= 0.e0;

for (kpn=0;kpn<2;kpn++) {

for (jpn=0; jpn<2; jpn++) {

for (ipn=0; ipn<2; ipn++) {
coef= fabs(DETJ[lpn][Jpn][kpn])*WEI[lpn]*WEI[Jpn]*WEI[kpn]

PNXi= PNX
PNYi= PNY
PNZi= PNZ

PNX j= PNX

;Ipn:
:Ipn:
LIpn]

[ipn]
PNYJj= PNY[ipn]

PNZ j= PNZ[ipn]

:Jpn:
:Jpn:
Ljpn}

[ jpn]
:J.pn:
LJpn]

[kpn]
[kpn]
[kpn]
[kpn]
[kpn]
[kpn]

[ie]:
[ie]:
L1el.
[je]

[jel:
el

K7} = {1}
117 = [QINT av

COEF i j+= coef*CONDO= (PNXi*PNX j+PNY i *PNY j+PNZi*PN.J) ;

SHi= SHAPE[ipn] [jpn] [kpn][ie]:
QVO+= SHi * QVOL * coef:

}
}
}

if (jp==ip)

{
D[lp—l]+— COEFi j;

B[ip-1]+= QVO*QVC;

if (jp I=_ip)

{
AMAT[kk]+— COEFij;

Q(x, y,2)=QVOL|X. + Y|
QVC =X + Y|
QV0=[QVOL[N]dv

(] =Qvo0-QvC
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MAT ASS BC: Overview

do i= 1, NP

“Mark” nodes where Dirichlet B.C. are applied (IWKX)
enddo
do i= 1, NP

if (IWKX(i, 1).eq.1) then
corresponding components of RHS (B),
Diagonal (D) are corrected
do k= indexLU(i-1)+1, indexLUC(i)
corresponding comp. of non-zero off-diagonal
components (AMAT) are corrected

enddo
endif
enddo NZ

T=0@Z=2z

max

do i= 1, NP
do k= indexLU(i-1)+1, indexLU(i) >
if (IWKX(itemLU(k),1).eq.1) then / Y

NX

corresponding components of RHS and AMAT are corrected (col.) NY
endif
enddo
enddo
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MAT ASS BC (1/2)

#include <stdio.h>
#include <stdlib.h>
#include <string.h>
#include “pfem_util.h”
#include “allocate. h”
extern FILE *fp_log;
¥oid MAT_ASS_BC ()

int i,j,k, in,ib, ib0, icel;

int in1, in2, in3, in4, inb, in6, in7, in8;
int iql, 192, 193, iag4, igb, ig6, iq7, ig8;
int iS, iE;

double STRESS, VAL;

IWKX= (KINT**) allocate_matrix(sizeof (KINT) N, 2);
for (i=0; i<N;i++) for (j=0; j<2; j++) IWKX[i][j]=0;

/%%
/=Imax

%k /
for (in=0; in<NP; in++) IWKX[in][0]=0;
ib0=-1;

for ( ib0=0; ibOKNODGRPtot ; ib0++) {

i f ( stromp (NODGRP_NAME[ibO]. name, “Zmax”) == 0 ) break;

for ( ib=NODGRP_INDEX[ib0] ; ib<NODGRP_INDEX[ib0+1] ; ib++) {
in=NODGRP_ITEM[ib] ;
IWKX[in-1][0]=1;

If the node “in” iIs included in the
node group “Zmax”

IWKX[in-1][0]= 1
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MAT ASS BC (2/2)

if ( IWKX[in][0] == 1){
BLin]= 0.e0;
DLin]l= 1.e0;
for (k=indexLU[in];k<indexLU[in+1];k++) {
| AMAT [k]= 0. €0;

J
J

for (in=0; in<NP; in++) {
for (k=indexLU[in];k<indexLU[in+1];k++) {
if (IWKX[itemLU[k]I[0] ==1) {
| AMAT [k]1= 0. e0;
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MAT ASS BC (2/2)

if ( IWKX[in][0] == 1) .

| B(Ein%f (1').ne8; [ Boundary Nodes: IWKX][in-1][0]=1
fo;Qk;indngU[in]:k<indexLU[in+1]:k++)[
; AMAT [k]= 0. €0;

}

] |
for (in=0; in<NP; in++) { Erase !l
for (k=indexLU[in];k<indexLU[in+1];k++) {
if (IWKX[itemLU[K]][0] == 1) {

| AMAT [k]= 0. e0;

B

Same as 1CPU case



MAT ASS BC (2/2)

if ( IWKX[in] [0] == 1) .

| E%in%f (1')%8; { Boundary Nodes: IWKX][in-1][0]=1
fo#?k;indngU[in];k<indexLU[in+1];k++){
: AVAT [k]="0. €0;

J
J il

for (in=0; in<NP; int++) { _
for (k=indexLU[in] ;k<indexLU[in+1];k++) {
if (IWKX[itemLU[K11[0] ==1) {
\ AMAT [k]= 0. €0;

[e—

Elimination and Erase

Same as 1CPU case
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Parallel FEM Procedures: Program

 |nitialization
— Control Data
— Node, Connectivity of Elements (N: Node#, NE: Elem#)
— Initialization of Arrays (Global/Element Matrices)
— Element-Global Matrix Mapping (Index, Item)

e Generation of Matrix

— Element-by-Element Operations (do icel= 1, NE)
« Element matrices
e Accumulation to global matrix

— Boundary Conditions

 Linear Solver
— Conjugate Gradient Method
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testl

main

Structure of
heat3Dp

Input_cntl

input of control data

input_grid

input of mesh info

find_node
searching nodes

mat_con0
connectivity of matrix

mSORT

sorting

mat_conl
connectivity of matrix

mat_ass _main
coefficient matrix

jacobi
Jacobian

mat_ass_bc
boundary conditions

solvell
control of linear solver

output_ucd

visualization

Ccg
CG solver
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Main Part

#include <stdio. h>

#include <stdlib.h>

FILEx fp_log;

#define GLOBAL_VALUE_DEFINE
#include “pfem_util.h”

extern void PFEM_INIT (int, charx) ;
extern void INPUT_CNTLQ) ;
extern void INPUT_GRID() ;
extern void MAT_CONO() ;

extern void MAT_CON1() ;

extern void MAT_ASS MAINQ) ;
extern void MAT_ASS BC() ;
extern void SOLVE11() ;

extern void OUTPUT_UCD() ;
extern void PFEM_FINALIZE() ;
int main(int argc, charx argv[])

double START_TIME, END_TIME;
PFEM_INIT (argc, argv) ;

INPUT_CNTL () ;
INPUT_GRID () ;

MAT_CONO () ;
MAT_CON1 () ;

MAT_ASS_MAINQ) ;
MAT_ASS_BC(O

SOLVE11 0 ;

OUTPUT_UCD () ;
PFEM_FINALIZE()
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#include <stdio. h>
#include <string. h>
#include <math.h>
#include “pfem_util.h”
#include “allocate. h”
extern FILE *fp_log;
extern void CG() ;

%oid SOLVE11 ()

int i, j,k, ii,L;

int ERROR, [CFLAG=0;
CHAR_LENGTH BUF;

/%
| PARAMETERS |
**/I I
ITER = pfemlarray[0];
RESID = pfemRarray[0] ;
/%
| ITERATIVE solver |
**/I I

CG (N, NP, NPLU, D, AMAT,

SOLVE1]

Number of Iterations for CG
Convergence Criteria for CG

indexLU, itemLU,

B, X, RESID, ITER, &ERROR, my_rank,
NEIBPETOT, NEIBPE, IMPORT_INDEX, IMPORT_ITEM,

EXPORT_INDEX, EXPORT_ITEM) ; }
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Preconditioned CG Solver
Diagonal Scaling/Point Jacobi Preconditioning

Compute r®= p-[A]x©® _

for i= 1, 2, .. D 0 .. O

solve [M]Z(i‘l): r(i-1 O D2 O
Pi_1= r-1 »@G-1) _

pM= zO® 0 0 DN_l

else 0o o )

Bi-1i= Pi-1/Pi_2 B
pO= zG-D + g, pG-D

endif

qd= [A]p®

o; = pijo/pg®

XM= x(-D + o.p®

rd= rG-1 _ g.qd

check convergence |r|

)
>
o
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Diagonal Scaling, Point-Jacobi

Db 0 .. 0 O
0 D, 0 O
M]=]| ...

e solve [M]zCO-D= rG-1 jsvery easy.
* Provides fast convergence for simple problems.
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#include <stdio.h>
#tinclude <math.h>
#include “mpi.h”
#include “precision.h”
#include “allocate.h

extern FILE *fp_log;
extern void SOLVER_SEND_RECV ()

/%%

CG Solver (1/6)

CG solves the linear system Ax = b using the Conjugate Gradient
iterative method with the following preconditioners

KREAL AMAT[], KINT indexLU[], KINT itemLU[],
KREAL B[], KREAL X[], KREAL RESID, KINT ITER, KINT *ERROR, int my_rank

sokk
void CG (
KINT N, KINT NP, KINT NPLU, KREAL D[],
int NEIBPETOT, int NEIBPE[],
int IMPORT_INDEX[], int IMPORT_ITEM[],
{ int EXPORT_INDEX[], int EXPORT_ITEM[])
int i, ], k;
int ieL, isL, ieU, isU;
double WVAL;

double BNRM20, BNRM2, DNRM20, DNRM2 ;

double S1_TIME, E1_TIME;
double ALPHA, BETA;

double G1, G10, RHO, RHOO, RHO1;
int iterPRE;

KREAL *WS, *WR;

KREAL *xWW;

KINT R=0, Z=1, =1, P=2, DD=3;
KINT MAXIT;
KREAL TOL;

double COMPtime, COMMtime, R1;
double START_TIME, END_TIME;

Sending/Receiving Buffer
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97

CG Solver (2/6)

ERROR= 0;

WW=(KREAL**) allocate matrix(sizeof (KREAL), 4, NP) ;
WS=(KREAL* ) allocate_vector (sizeof (KREAL), NP);
WR=(KREAL* ) allocate_vector (sizeof (KREAL), NP);

MAXIT = ITER;
TOL = RESID;

for (i=0; i<NP;i++) X [i
for (i=0; i<NP;i++) for (j
for (i=0; i<NP;i++) WS[i
for (i=0; i<NP;i++) WR[i

/%

[ T M T
Igigigl

4 j++) WW[j1[i1=0.0;

’
’

0
|
.0
.0

OSOOO

i {ro}= {b} - [A]{xini} i
**/I I

SOLVER_SEND_RECV

( NP, NEIBPETOT, NEIBPE, IMPORT_INDEX, IMPORT_ITEM,

EXPORT_INDEX, EXPORT_ITEM, WS, WR, X , my_rank) ;

for (j=0; j<N; j++) {
WWIDD][jI= 1.0/D[]l;
WVAL= B[j1 - DLjI*X[jl;

for ( k=indexLU[j];k<indexLU[j+1];k++) {
i= itemLU[k];
WVAL+= -AMAT [k1*X[i];

| WWIRT [j1= WVAL;
BNRM20= 0. €0;

for (i=0; i<N; i++) {
BNRM20+= B[i]*B[il;]}

Compute r®= b-[A]x©®
for i=1, 2, .
solve [M]z(-D= rG-D
Pi_1= r@i-10 z@-1)
it i1=1
p(l): 7 (0)
else
Bi-1= Pi-1/Pi-2 _
pW= zG-D + B. , pG-b
endif
qﬁ): [A]p(U
a; = pi_/pMg®
x(M= x(i-1) 4 Otip(i)
r= rG-H - ¢.q®
check convergence |r|

D
-

MPI_Al lreduce (&BNRM20, &BNRM2, 1, MPI_DOUBLE, MPI_SUM, MPI_COMM_WORLD) ;
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SOLVER SEND RECV (1/2)

#include <stdio.h>

#include <math.h>

#include “mpi.h”

#include “precision. h”

#include “allocate. h”

static MPI_Status *stal, *sta2;

static MPI_Request *reql, *req?2;

static KINT NFLAG=0;

extern FILE *fp_log;

void SOLVER_SEND_REGCV ( int N, int NEIBPETOT,
int NEIBPE[], int IMPORT_INDEX[], int IMPORT_ITEM[],
int EXPORT_INDEX[], int EXPORT_ITEM[],
KREAL WS[], KREAL WR[], KREAL X[1, int my_rank)

int ii,k, neib, istart, inum;
/*kk
INIT.
*okk /
if( NFLAG == 0 ) {
stal=(MPI_Status*)al locate_vector (sizeof (MPI_Status), NEIBPETOT) ;
sta2=(MP]_Status*)al locate_vector (sizeof (MPI_Status), NEIBPETOT) ;
regl=(MPI_Request*)al locate_vector (sizeof (MPI_Request), NEIBPETOT) ;
reg2=(MPI_Request*)al locate_vector (sizeof (MPI_Request), NEIBPETOT) ;
NFLAG=1;}
/%%
SEND
*okk/

for ( neib=1;neib<=NEIBPETOT; neib++) {
istart=EXPORT_INDEX [neib-1];
inum =EXPORT_INDEX[neib]-istart;
for ( k=istart;k<istart+inum;k++) {
ii= EXPORT_ITEM[k];
| WS[kl= X[ii-1];

MPI_Isend (8WS[istart], inum, MPI_DOUBLE,
NEIBPE[neib—-1]1, 0, MPI_COMM_WORLD, &reql [neib-1]) ;
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SOLVER SEND RECV (2/2)

/%%

RECEIVE

*okk/

for ( neib=1;neib<=NEIBPETOT; neib++) {
istart=IMPORT_INDEX[neib-1];
inum =IMPORT_INDEX[neib]-istart;
MPI_Irecv(8WR[istart], inum, MPI_DOUBLE,
| NEIBPE[neib—1]1, 0, MPI_COMM_WORLD, &reg2 [neib-1]) ;

MPI_Waitall (NEIBPETOT, req2, sta?);

for ( neib=1;neib<=NEIBPETOT;neib++) {
istart=IMPORT_INDEX[neib-1];
inum =IMPORT_INDEX[neib]-istart;
for ( k=istart;k<istart+inum;k++) {
ii = IMPORT_ITEM[k];
X[ii—-1]1= WR[k];

]
MPI_Waitall (NEIBPETOT, reql, stal);
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/%

2

CG Solver (3/6)

for ( ITER=1; ITER<= MAXIT; ITER++) {

i {z}= [Minv] {r} i

sk /

/*%

for (i=0; i<N; i++) {
} WW[ZI[il= WW[DD][i]*WW[R][i];

i {RHO}= {r} {z} i

sk /

/*%

RHOO= 0. €0;

for (i=0;i<N; i++) {
RHOO+= WW[RT [i]+WW[Z][i];

MPI_Al [reduce (&RHOO, &RHO, 1,
MP1_COMM_WORLD)

ol = ] if IR

sk /

BETA= RHO / RHO1 otherwise

ifC ITER == 1)
for (i=0; i<N; i++) {
WWIPILil=ww[z][il;

lelse{
BETA= RHO / RHO1;
for (i=0; i<N; i++) {

MP1_DOUBLE, MPI_SUM,

] WWIPTLi1=WW[ZI[i]l + BETA+WW[P][i]:

Compute r®= b-[A]x©

for 1= 1, 2,

M

solve [M]zG-D= rG-D

pi_= r@-10 zG-n
1f 1=1

DW= 7(®
else

Bi-1= Pi-1/Pi-2

pHO= z0G-1) + Bi 1 pC-1

endif

q= [A]p®

oj = pi-/pMg®
x(M= xG-1D + ¢.pd
rd= rG-1 - ¢.qM®

check convergence |r|
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CG Solver (4/6)

/%

| fal= G |

sk /

SOLVER_SEND_RECV

( NP, NEIBPETOT, NEIBPE, IMPORT_INDEX, IMPORT_ITEM,
EXPORT_INDEX, EXPORT_ITEM, WS, WR, WW[PI, my_rank) ;

for ( j=0; j<N; j++) {
WVAL= D[j] * WW[PIL[j];
for (k=indexLU[]j]; k<|ndexLU[J+1] k++) {
i=itemLU[K];
WVAL+= AMAT [k] * WPI[il;

] WWLQ] [jI=WVAL;

/*%

i ALPHA= RHO / {p} {a} i

sk /
C10= 0.e0;
for (i=0; i<N;i++) {
] C10+=WW[P] [i1*WW[QI[i];

MPI_AlIreduce (&G10,&C1, 1, MPI_DOUBLE, MPI_SUM,

MP1_COMM_WORLD) ;
ALPHA= RHO / C1;

Compute r©®= b-[A]x®
for i= 1, 2, .
solve [M]z(-D= rG-D
Pi_1= r@i-10 z@-1)
if i1=1
p(l): 7 (0)
else
Bi-1= Pi-1/Pi-2 _
pW= zG-D + B. , pG-b
endif
g®= [A]p@®
a; = pi_/pMqg®
x(M= x(@@-1) 4 Otip(i)
r= rG-H - ¢.q®
check convergence |r|

D
-
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CG Solver (5/6)

/

Kk
| {x]= ALPHA* {p} |
| 12 B A |
**/I I
for (i=0;i<N; i+ {
X [i] += ALPHA *WW[PI[i];
] WWIR] [i]+= -ALPHA *WW[Q][il;

DNRM20= 0. e0;
for (i=0; i<N; i++) {
DNRM20+=WW[R] [i J*WW[R] [i]:

MPI_AlIreduce (&DNRM20, &DNRM2, 1, MPI_DOUBLE, MPI_SUM,

MP1_COMM_WORLD) ;
RESID= sqrt (DNRM2/BNRM2) ;

if ( RESID <= TOL ) break;
if ( ITER == MAXIT ) *ERROR= -300;

RHO1 = RHO ;

SOLVER_SEND_RECV

( NP, NEIBPETOT, NEIBPE, IMPORT_INDEX, IMPORT_ITEM,
EXPORT_INDEX, EXPORT_ITEM, WS, WR, X, my_rank) ;

free ( (KREAL*x)WW) ;
deal locate_vector ( (KREAL*x)WR) ;
deal locate _vector ( (KREAL*x)WS) ;

Compute r©®= b-[A]x®
for i=1, 2, .
solve [M]z(-D= rG-D
Pi_1= r@a-1 »@G-1)
1t 1=1
p(l): 7 (0)
else
Bi-1= Pi-1/Pi-2 _
pW= zG-D + B. , pG-b
endif
qﬁ): [A]p(D
a; = pi_/pMg®
x(M= x(i-1) 4 Otip(i)
r= rG-1H - ¢.q®
check convergence |r]|

D
-
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CG Solver (6/6)

/%

| x]= [x] + ALPHA¥ [o] i
! ir}= {r} - ALPHAx{q} !

*k /
for (i=0; i<N;i++) {
X [i] += ALPHA =WW[P][i];
} WW[R] [i]+= —ALPHA *WW[Q][i];

DNRM20= 0. e0;
for (i=0;i<N; i++) {
DNRM20+=WW[R] [i J+WW[R]I[i];

MPI_Allreduce (&DNRM20, &DNRM2, 1, MPI_DOUBLE, MPI_SUM,
MPI_COMM_WORLD) ;

RESID= sqrt (DNRM2/BNRM2) ;

if ( RESID <= TOL ) break;
if ( ITER == MAXIT ) *ERROR= -300;

RHO1 = RHO ;

SOLVER_SEND_RECV

( NP, NEIBPETOT, NEIBPE, IMPORT_INDEX, IMPORT_ITEM,
EXPORT_INDEX, EXPORT_ITEM, WS, WR, X, my_rank) ;

free ( (KREAL*x)WW) ;
deal locate_vector ( (KREAL*x)WR) ;
deal locate _vector ( (KREAL*x)WS) ;

Updated temperature for external nodes
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OUTPUT UCD for Visualization

e Gather information of elements in “IntELEM _list” on
each process

« Gather the following information to process #0 using
MPI1_Allgatherv

— Nodes: Coordinates, Displacement
— Element: Connectivity

104

« Some overlapping in part of
node information

* Not good for large-scale
problems
— Entire model on a single process
— parallel visualization
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e 128X 128 X128 meshes

Example

e 16~128 cores

— RCB, pMETIS (for 96 cores)

e Linear Solver

core # Fortran C
sec. (speed-up) | sec. (speed-up)

16
32
64
96
128

10.8 (16.0)
4.93 (35.0)
2.52 (68.5)
1.44 (120.)
1.24 (139.)

11.3 (16.0)
7.59 (23.8)
2.31 (78.3)
1.35 (134.)
1.21 (149.)

105
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Report S3 (1/3)

« Evaluation behavior and performance of “sol”

« Example

— Strong Scaling
* Fixed entire problem size

— Weak Scaling
* Fixed problem size/core, time for 1 iterations

— Parameters
 Problem size
 Domain decomposition (RCB, K-METIS, P-METIS, 1D-3D)

— Mesh generation, partitioning: FX10 is slow
. ~1283

o “*Iinp” may take long time.
— delete “call OUTPUT_UCD”
— src, part
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Report S3 (2/3)

e Improve PE-to-PE communication part (solver SR)
— Copying to receiving buffer, Combining MPI1_Wait_all

Actually, numbering of external nodes in each
neighboring domain is continuous

for (neib=0; neib<NeibPETot; neib++){
tag= O;
1S_1= 1Import_index|[neib];
IE_1= Import_index[neib+1];
BUFlength_i1= 1E_ 1 - 1S_1

ierr= MPI_lrecv

(&RecvBuf[iS_i], BUFlength i, MPlI_DOUBLE, NeibPE[neib], O,
MP1_COMM_WORLD, &ReqRecv[neib])
+

MPI1_Waitall(NeibPETot, ReqRecv, StatRecv);

for (neib=0; neib<NeilbPETot;neib++){
for (k=import_index[neib];k<import_index[neib+1];k++){
kk= 1mport_item[k];
VAL[Kkk]= RecvBuf[k];
+
+
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Report S3 (3/3)

« Deadline: 17:00 October 12t (Sat), 2013.
— Send files via e-mail at nakaj ima(at)cc.u-tokyo.ac.jp

 Report
— Cover Page: Name, ID, and Problem ID (S3) must be written.
— Less than ten pages including figures and tables (A4).
o Strategy
« Structure of the Program

* Numerical Experiments, Performance Analysis
 Remarks

— Output list (as small as possible)
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1D-3D Decomposition
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1D-3D Decomposition

Amount of comm.: each edge has 4N points, 8 domains

1D 2D 3D
16 N2 x 7 = 112 N2 16 N2 x 4 = 64 N2 16 N2 x 3 = 48 N2



pFEM3D-2 111

1D-3D Decomposition

Inp_rcb

1D 2D 3D
cube.O cube.O cube.O
1 1 1
3 3 3
aaa aaa aaa
1 1 1
1 2 2



