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AT %

| pmmey—mEm O

% i(ﬁ G_Tj Q=0
/ OX OX

_
X=0 (Xnin) X= Xmax

T=0@x=0 a_T:O@X:XmaX
OX
AT"=-0

AT'=-Qx+C, = C, = Qx

T'=0@x=X___

max ?

AT =—%Qx2+C1x+C2:>C2 =0, T=0@x=0
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TJ74)LaAE—, A/ IL(1/2)

T4 L0 bYAER
>$ cd
>$ mkdir pFEM
>$ cd pFEM

FORTRAN—H'—
>$ cd ~/pFEM
>$ cp /home/S11502/nakajima/2015Summer/F/1d.tar .
>$ tar xvf l1ld.tar

Ci—H—
>$ cd ~/pFEM
>$ cp /home/S11502/nakajima/2015Summer/C/1d.tar .
>$ tar xvf 1d.tar




S2-re

TJ74)LaAE—, a2/ ()L (2/2)

T4 L YRR - a2 /ML

>$ cd ~/pEFM/1d
> mpifrtpx —Kfast 1d.T
>$ mpifccpx —Kfast 1d.c
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#1277 4 JL : input.dat

FE 7 7A4JL input.dat

A NE (ERED

1.0 1.0 1.0 1.0 Ax (BfREZXL), Q, A, A
100 RIEEE (CGEgR)
1.e-8 CG/fﬂ&ﬁ*TUJEE&%

BRES
HRES (2F)

S

IN
|
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3 JRXTJ1) Ik :go.sh

#1/bin/sh

#PJIM -L "‘node=4""

#PJIM -L "elapse=00:10:00"
#PJIM -L "rscgrp=school™
#PJIM -}

#PJIM -0 "'test.Ist"

#PJIM --mp1 '‘proc=64"

mpiexec ./a.out
858l 165> &l 3258 6452l 1925l

“node=1* node 1 node 2% “node=4* “node=12*
“proc=8~ “proc=16" “proc=32" “proc=64"  “proc=192"



S2-ref

[ A5 ETE 1D FIE

e FEHTFAIL, [EEBERBUZHHAD

« RNERTIBMAMAY AT —RIZERT S
o YR)ORERK

« HIEHEEICKYTR) DR ZH#ES

e« STDTAYSLEIFEAETHSEL

10
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- FREDOBE, EITAHE
s BRI T—32DEZRA
« 70T 35 LDEREA

« 5T EHI

11
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ERERZEZDONE . 0T 5 L4

. fIHAYE
— Hll{E 22 20 e A 3A H
— BEFEMAAA>ERER (NETEE, NE: EXRZ
— EE5I#EAE (2R FUO R, ERT LU I R)
-~ EBFE=>2KT ) ORI YETS (Index, Item)

« YU RER
— BXRHEMOMNE (doicel=1, NE)

- ERV MU REE
s EIAT MY RANDEREDOE

—ﬁﬁ 0D 0 52

—RXAEN
— 7 x'fX/__, @Ezf (CG)

?-Irrll




6 0 o
1 2 3

0O— 0 o
6—0 QO

1 3
oo o0

6—0 7
1 2 2 3

1 o

[EIRAN—R (B EDE R
MINSURT D) 1D TE]
BHE R LTES

NTIEYR) O RERICHEL
EH LT+ 5

TRJORERDE=HIZIE, A7 —
N—TYTE D DEZRLET ADF
AN E
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W BREREZODRAAT—FBE

o Eimi~A—X : Node-based partitioning
e RATT—RIZEENDHD :
ZDEEICAEEENDEH R
FNODNEREEVCER
AREBEHNTHSD, TNODERICEFNIEHR
o EIRIILLTDIFELHICH4E
A= : Internal nodes TDBEICKREESENDEI A
4\ /5 : External nodes RKEFEHNTHAINT M) D RERKICHELE A
155 | : Boundary nodes {iDREE®D [4tm] EH->TULHETIR

o MEEBHEIDBEET—TI

o MEIFDEBZNDE &, REMTFEREIFTE
BEREREOEN  ERTHLHE

S2-ref 14



Node-based Partitioning

Internal nodes - elements - external nodes

PE#3
PE#1 4 5 12
# PE#0 o O—O—0
21 22 23 24 25
N (R I I R 1 O—O—0O—O 11
2 3
17 18 19
160——0O—-O0H O—0 &e—0—0—O
1 8 9 10
12 13 14 11 10 12
ne—— @ o O—015 O—O0—0
1 8 9
60—0—4%) O——010 50— 9% ¢°
30—0—08 8 @—0O—0-—0¢
e @ [ O—O0 =
1 2 3 4 o
e—90 O & —O0—0—O
PE#3 PE#2 bz reer 2l
PE#1 PE#2

S2-ref - - 15
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Node-based Partitioning
Internal nodes - elements - external nodes

®Partitioned nodes themselves (Internal Nodes) =
®Elements which include Internal Nodes REZELER

®External Nodes included in the Elements 4} &=
In overlapped region among partitions.

®|nfo of External Nodes are required for completely local
element—based operations on each processor.

15 6 7

Q=@—®

O O O O
‘4 13 4 5

e B O O
9 { 2 3

@
o O
)
O

16
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—REE 11E5%, 12811, 38

17



Intro pFEM

BT —2 (BT —3) it

A5 4} &= (internal/external nodes)

O
Ow
o=
oR
([ ]

— NR~NRELGDAEIIZEEBEETEDITSH
8§ 0—0O0—0—0g ° PAEEMEEIFEHR
400 — A—N—SYTEREFLET HEH
: O—O0—=o0 — EEEER, S

T2 3L hiER
— EDEEHID, AED, EDSEDERE
[ %48 :import]9 5 hH
- IR AIER

— [[E®D, EDERADERE, £EDFEEIC
[1%1{5 :export] 9 5 H

18
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—RTREE11ER, 128, 365
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— RITRE: — R BFREEORITS
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#PETot-1: N+18i 5, NE*

— a O — - — A& D FELE :
@ N 0 1 2 MQMQ N+28im, N+1E&
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—RTRIEE:11ER, 1285, 3558

BRED, ERVN) VA=A TMNIVR
NR, TNZEESTER, SR THEE

w 00000
o e
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RIALIE T E K i DBt iE
Preconditioned Conjugate Gradient Method (CG)

Compute r®= p-[A]x©®
m i: 11 21 e >
solve [M]z(-D= G- ﬁIJMIEE:%JﬁX’T—U‘/O
pi_= ra-n zG-n
if i1=1
pW= z©®
else
Bi-1= Pi—1/Pi-2
p(O= zG-D + g, pG-D
endif
q(O= [A]p<
o = py1/pPOGD
x(D= (-1 + ¢.p®
rd= rG-n - ¢.q®
check convergence |r|

@D
>
o
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IR RNOKN)LEBEZD IR

B PATHIZEET & (N

L -

IC
1C— {z}= [Minv]{r}
do i=1, N
W(i,Z)= W(i,DD) * W(i,R)
enddo
IC
IC—— {x}= {x} + ALPHA*{p}
IC  {r}= {r} - ALPHA%{q]}

do i=1, N
PHI (i)= PHI (i) + ALPHA x W(i,P)
W(i,R)= W(i,R) — ALPHA * W(i, Q)
enddo

A..“O)J%)b\_IﬁEﬁ\

i3

Ol o N OO O B W IN|-—-

RN
o

—
—

RN
N

I



S2-ref

NI
STHELDBDELHH=>HEIE?

1
Ic 2
1C— ALPHA= RHO / {p} {q} 3
C1= 0.d0
do i=1, N 4
Cl= C1 + W(i,P)*W (i, Q)
enddo 5
ALPHA= RHO / C1
§)
V4
8
9
10
11
12
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1TEINIRILIR
9} R ODTE (BRHFDp) BT 13113

IC
1C— {a}= [A] {p}

do i=1, N
W(i,Q) = DIAG(i)*W (i, P)
do j= INDEX(i—-1)+1, INDEX(i)
W(i,Q = W(@i,Q + AMAT(J)*W(ITEM(j),P)
enddo
enddo

0000090
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Intro pFEM 32

BT —2 (BT —3) it

A5 4} &= (internal/external nodes)

O
Ow
o=
oR
([ ]

— NR~NRELGDAEIIZEEBEETEDITSH
8§ 0—0O0—0—0g ° PAEEMEEIFEHR
400 — A—N—SYTEREFLET HEH
: O—O0—=o0 — EEEER, S

T2 3L hiER
— EDEEHID, AED, EDSEDERE
[ %48 :import]9 5 hH
- IR AIER

— [[E®D, EDERADERE, £EDFEEIC
[1%1{5 :export] 9 5 H




Intro pFEM

Boundary Nodes (15t sm) : SEND

PE#2 . send information on “boundary nodes”

15 6 7
O O O
PE#0

O O O @)

14 13 4 5

I\ I\ f)

G/ O/ \q

10 1 2 3
1 10
O O
5 @ Q
6
3@ Q
4

PE#3

33



S2-ref 34

1=1E (MPI Isend/lrecv/Waitall)

SENDbuf
neib#1 neib#2 neib#3 neib#4
® ® @
}4 BUFlength_e i BUFIength_e>< BUFlength_e i BUFlength_e i
export_index(0)+1 export_index(1)+1 export_index(2)+1 export_index(3)+1 export_index(4)

do neib= 1, NEIBPETOT
do k= export_index(neib-1)+1, export_index(neib)
kk= export_item(k)
SENDbuf (k)= VAL(kk)

enddo EE/NYIT7FADKA
enddo BELGEDERHZEREE, ZEIZE
do neib= 1, NEIBPETOT SN TIFEL, TDOEHIGINYTFA~A—IH]

iIS_e= export_index(neib-1) + 1 RALTEHETAZEZEHOH S,

1IE_e= export_index(neib )
BUFlength e= 1E e + 1 - 1S e

call MPI_1SEND &
& (SENDbuf(1S_e), BUFlength_e, MPI_INTEGER, NEIBPE(neib), 0,&
& MPI_COMM_WORLD, request _send(neib), i1err)

enddo

call MP1_WAITALL (NEIBPETOT, request send, stat recv, 1err)



Intro pFEM 35

External Nodes (4} 51) : RECEIVE

PE#2 : receive information for “external nodes”




S2-ref 36

21 (MPI Isend/lrecv/Waitall)

do neib= 1, NEIBPETOT
1S _1= 1mport_index(neib-1) + 1
1IE_1= import_index(neib )
BUFlength 1= 1E 1 + 1 - 1

call MPI_IRECV &
& (RECVbuft(1S_1), BUFlength_1, MPI_INTEGER, NEIBPE(neib), 0,&
& MPI_COMM_WORLD, request _recv(neib), i1err)

enddo

call MPI_WAITALL (NEIBPETOT, request_recv, stat recv, 1err)

do neib= 1, NEIBPETOT
do k= mmport_index(neib-1)+1, import_index(neib)
kk= 1mport_item(k) . -
VAL(Kk)= RECVbuf(k) ZENVITHLHKA
enddo
enddo

neib#1 neib#2 neib#3 neib#4
® ®

- + S + :

BUFlength_i BUFlength_i BUFlength_i BUFlength_i
import_index(0)+1 import_index(1)+1 import_index(2)+1 import_index(3)+1 import_index(4)
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7047 5.,:1d.f(1/11)

£ o &
n%%?&
program heat1Dp

implicit REAL*8 (A-H, 0-2)
include "'mpif.h’

integer :: N, NPLU, ITERmax
integer :: R, Z, P, Q, DD

real (kind=8) :: dX, RESID, EPS

real (kind=8) :: AREA, QV, COND

real (kind=8), dimension(:), allocatable :: PHI, RHS
real (kind=8), dimension(: ), allocatable :: DIAG, AMAT
real (kind=8), dimension(:, :), allocatable :: W

real (kind=8), dimension(2,2) :: KMAT, EMAT

integer, dimension(:), allocatable :: ICELNOD
integer, dimension(:), allocatable :: INDEX, ITEM
integer (kind=4) :: NEIBPETOT, BUFlength, PETOT
integer (kind=4), dimension(2) :: NEIBPE

integer (kind=4), dimension(0:2) :: import_index, export_index
integer (kind=4), dimension( 2) :: import_item , export_item

real (kind=8), dimension(2) :: SENDbuf, RECVbuf

integer (kind=4), dimension(:, :), allocatable :: stat_send
integer (kind=4), dimension(:, :), allocatable :: stat_recv
integer (kind=4), dimension(: ), allocatable :: request_send
integer (kind=4), dimension(: ), allocatable :: request_recv

38
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A5 5.L:1d.f(2/11)
HllfE)-T — 2 3R A 3A A

IC

IC +~———— +

IC | INIT. |

IC +———— +

!C:::

IC

IC— MPI init.
call MPI_Init (ierr) WPLEEAE - bR
call MPI_Comm_size (MPI_COMM_WORLD, PETOT, ierr ) 70 X# : PETOT
call MPI_Comm_rank (MPI_COMM_WORLD, my_rank, ierr ) BOoNDS >y ES (0~PETOT-1) : my_rank

IC

IC— CTRL data

if (my_rank.eq.0) then
open (11, file="input.dat’, status="unknown’)
read (11,*) NEg
read (11,*) dX, QV, AREA, COND
read (11,*) ITERmax
read (11,%) EPS
close (11)
endif

MPI Bcast (NEg :
MPI Bcast (ITERmax,
MPI Bcast (dX

I MPI INTEGER, O, MPI_COMM WORLD, ierr)
|
caII MPI Bcast (QV
|
|

MPI_INTEGER, 0, MPI_COMM_WORLD, ierr)

MP1_DOUBLE_PRECISION, MP1_COMM_WORLD, ierr)
MPI_DOUBLE_PREGISION, MP1_COMM_WORLD, ierr)
MPI_DOUBLE_PRECISION, MPI_COMM_WORLD, ierr)
MPI_DOUBLE_PREGISION, MP1_COMM_WORLD, ierr)
MPI_DOUBLE_PRECISION, MPI_COMM_WORLD, ierr)

MPI Bcast (AREA
MPI Bcast (COND
MPI Bcast (EPS

— — — — — — —
g:g:g:g:c:
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055 .:1d.f(2/11)
HIHET — S A

IC
[ —— +
IC | INIT. |
IC +———— +
IC
IC— MPI init.

call MPI Init (ierr) MPI#DHEAME : AR

call MPI Comm size (MPI_COMM WORLD, PETOT, ierr ) €70+t X# : PETOT

call MPI_Comm_rank (MPI_COMM_WORLD, my rank, ierr ) B> >9&ES (0~PETOT-1) : my_rank
IC
IC—— CTRL data ) )

if (my_rank.eq.0) then my_rank=0 @ & EHIEHT—2 ZHAHAD

open (11, file="input.dat’, status="unknown')
read (11,*) Neg Neg: 2] EF

read (11,%) dX, QV, AREA, COND
read (11,*) ITERmax
read (11,*) EPS
close (11)
endif

MPI Bcast (NEg :
MPI Bcast (ITERmax,
MPI Bcast (dX

I MPI INTEGER, O, MPI_COMM WORLD, ierr)
|
cali MPI Bcast (QV
|
|

MPI_INTEGER, O, MPI_COMM WORLD, ierr)

MPI DOUBLE_PRECISION, O, MPI_COMM WORLD, ierr)
MPI_DOUBLE_PRECISION, MPI_COMM_WORLD, ierr)

MPI Bcast (AREA MPI _DOUBLE PRECISION, MPI_COMM WORLD, ierr)

MPI Bcast (COND _ B

MPI Bcast (EPS

MPI_DOUBLE_PREGISION, MP1_COMM_WORLD, ierr)
MPI_DOUBLE_PRECISION, MP1_COMM_WORLD, ierr)

— — — — — — —
coocoo
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704 5.,:1d.f(2/11)
i Bl T — 2P A A P

IC
IC +~———— +
IC | INIT. |
IC +———— +
' =
IC
IC— MPI init.
call MPI _Init (ierr) MPI#DHEAME : AR
call MPI_Comm size (MPI_COMM_WORLD, PETOT, ierr ) 7+t X% ;- PETOT
cal| MPI_Comm_rank (MPI_COMM_WORLD my rank, ierr ) BANDS 9 &E (0~PETOT-1) : my_rank
IC
IC—— CTRL data ) )
if (my_rank.eq.0) then my_rank=0 @ & EFlEHT—2 ZHAHAD
open (11, file="input.dat’, status="unknown')
read (11,*) Neg Neg: 2] EF
read (11.%) dX_ QV, AREA, COND
read (11,*) ITERmax
read (11,*) EPS
close (11)
endif

MPI_Bcast (NEg
MPI Bcast (ITERmax
MPI_Bcast (dX

I MPI_INTEGER, O, MPI_COMM_WORLD, ierr) OF/BM K TALRIZTF—ARE(E
|
caII MPI Bcast (QV
|
|

MPI_INTEGER, O, MPI_COMM_WORLD, ierr)

MP1_DOUBLE_PRECISION, MPI_COMM_WORLD, ierr)
MPI_DOUBLE_PRECISION, MPI_COMM_WORLD, ierr)
MPI_DOUBLE_PRECISION, MPI_COMM_WORLD, ierr)
MPI_DOUBLE_PRECISION, MPI1_COMM_WORLD, ierr)
MPI_DOUBLE_PRECISION, MP1_COMM_WORLD, ierr)

MPI Bcast (AREA
MPI Bcast (COND
MPI Bcast (EPS

— el ——) ) — — —
_o_o_o_oo
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P#0 | A0 |BO|CO|DO P#0 | A0 |BO|CO|DO

M PI BC AST P#1 Broadcast P#1 [A0|BO|C0|DO
— P#2 P#2 [A0|BO|CO|DO

P#3 P#3 | A0 |BO|CO|DO

e OZa=H—A— TcommIAD—2DEEFEITOA rootiD/\wI7lbuffer| hhin, F
DihETHOTAtERD/\vI7Ibuffer][ZAvE—I%F(E,

e call MPI1_BCAST (buffer,count,datatype,root,comm,lerr)
— buffer &= 1/0 INVITTDFRETRLUXR,
247 LM datatype]IZ&YRE

— count B | Iyt—oDH AR

— datatype E# | It—NT—REAT
FORTRAN MPI_INTEGER, MP1_REAL, MP1_DOUBLE PRECISION, MPI_CHARACTER etc.
C MPI_INT, MPI_FLOAT, MPI_DOUBLE, MPI_CHAR etc.

— root B | EETTOEADID(S2Y)

— comm B | A= —R%EETH

— ierr B 0 57—k
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7047 5.:1d.f(3/11)

ST A Y AT —4

L -

IC
IC—— Local Mesh Size
Ng= NEg + 1 AR R
N = Ng / PETOT e R
nr = Ng — NxPETOT NgHDPETOTTEI|Y YN Z WS
if (my_rank. It.nr) N= N+1
NE=N-1+ 2
NP=N + 2
if (my _rank.eq.0) NE= N - 1 + 1
if (my_rank.eqg.0) NP=N + 1
if (my_rank.eq. PETOT-1) NE= N - 1 + 1
if (my_rank.eq. PETOT-1) NP= N + 1
if (PETOT.eq.1) NE= N-1
if (PETOT.eq.1) NP= N
IC
IC- ARRAYs

allocate (PHI (NP), DIAG(NP), AMAT (2«NP-2), RHS(NP))
al locate (ICELNOD (2«NE))
al locate (INDEX(O:NP), ITEM(2xNP-2), W(NP, 4))
PHI= 0.d0
AMAT= 0. d0
DIAG= 0.d0
RHS= 0. d0
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7047 5.:1d.f(3/11)

IC
IC— Local Mesh Size
Ng= NEg + 1 T BN R 2K
N = Ng / PETOT BATEl R
nr = Ng — N+PETOT NgHPETOTTEIY I LNEE
if (my_rank. It.nr) N= N+1
NE=N-1+ 2 NE : BRTERE
NP=N + 2 NP : BRTEiRE (MR+5 =)
if (my _rank.eg.0) NE= N - 1 + 1
if (my_rank.eqg.0) NP=N + 1
if (my_rank.eq.PETOT-1) NE= N - 1 + 1
if (my_rank.eq. PETOT-1) NP= N + 1
if (PETOT.eq.1) NE= N-1 S _Q_Q_ —
if (PETOT. eq. 1) NP= N \+1 N o 1 @& MQM@
IC
IC- ARRAYs

allocate (PHI (NP),

DIAG (NP), AMAT (2«NP-2), RHS (NP))

al locate (ICELNOD (2«NE))
al locate (INDEX(O:NP), ITEM(2xNP-2), W(NP, 4))

PHI= 0. d0
AMAT= 0. dO
DIAG= 0.d0

RHS= 0. d0

BAIDERA AV AT —3, FBFR>—Fk

— AR D FEE :
N+2&im, N+1EHR

44
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7075 51:1d.f(3/11)
RFS#AYS 1T —4, EER—k

NgWPETOTTEIY I L5 E

NE : BRTERH
NP : BFTEIRE (AR+5R)

IC

IC—— Local Mesh Size
Ng= NEg + 1
N = Ng / PETOT
nr = Ng — NxPETOT
if (my_rank. It.nr) N= N+1
NE=N-1+ 2
NP=N + 2
if (my_rank.eq.0) NE=N -1 + 1
if (my_rank.eg.0) NP= N + 1
if (my_rank.eq. PETOT-1) NE= N - 1 + 1
if (my_rank.eq. PETOT-1) NP= N + 1
if (PETOT.eq.1) NE= N-1
if (PETOT.eq.1) NP= N

IC

IC- ARRAYs

allocate (PHI (NP), DIAG(NP),
al locate (ICELNOD (2«NE))
allocate (INDEX(0:NP),
PHI= 0.d0
AMAT= 0. d0

DIAG= 0.d0

RHS= 0. d0

AMAT (2xNP-2),
ITEM (2%NP-2) ,

RHS (NP) )
W(NP, 4))

(1 - & - QMQEQ #0: N+18

= NEXR

45
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IC
IC— Local Mesh Size
Ng= NEg + 1 TREN m Ak
N = Ng / PETOT BATEl R
nr = Ng — N+PETOT NgMPETOTTEIY YINnZ LGS
if (my_rank. It.nr) N= N+1
NE=N -1+ 2 NE : BFTER
NP=N + 2 NP : BFrEi=E (HE+5 =)
if (my _rank.eg.0) NE= N - 1 + 1
if (my_rank.eqg.0) NP=N + 1
if (my_rank.eq.PETOT-1) NE= N - 1 + 1
if (my_rank.eq. PETOT-1) NP= N + 1
if (PETOT.eq.1) NE= N-1
it GEroTeq 1) W= N (@~ az QMQ
IC

IC- ARRAYs

allocate (PHI (NP), DIAG(NP), AMAT (2«NP-2), RHS(NP))
al locate (ICELNOD (2«NE))
al locate (INDEX(O:NP), ITEM(2xNP-2), W(NP, 4))
PHI= 0.d0
AMAT= 0. d0
DIAG= 0.d0
RHS= 0. d0

7075 51:1d.f(3/11)
RFS#AYS 1T —4, EER—k

#PETot-1:
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DEAY 1T —R

L -

IC
IC—— Local Mesh Size
Ng= NEg + 1 TR R
N = Ng / PETOT ISR
nr = Ng — N+PETOT NgMPETOTTEIY YINnii LN EE
if (my_rank. It.nr) N= N+1
NE=N-1+2 NE : BFFER
NP=N + 2 NP : BFrEi=E (HE+5 =)
if (my _rank.eq.0) NE= N - 1 + 1
if (my_rank.eqg.0) NP=N + 1
if (my_rank.eq. PETOT-1) NE= N - 1 + 1
if (my_rank.eq. PETOT-1) NP= N + 1
if (PETOT.eq.1) NE= N-1
if (PETOT.eq.1) NP=N
IC
IC- ARRAYs

allocate (PHI(NP), DIAG(NP), AMAT (2«NP-2), RHS(NP)) NTLZNPTEIZEZEL TLWSAITTEE
allocate (ICELNOD (2«NE))
allocate (INDEX(O:NP), ITEM(2%NP-2), W(NP, 4))
PHI= 0. d0
AMAT= 0. d0
DIAG= 0.d0
RHS= 0. d0



S2-ref
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BRI, B~

do icel=1, NE
ICELNOD (2%icel-1)= icel
ICELNOD (2%icel )= icel + 1
enddo

if (PETOT.gt. 1) then
if (my_rank.eq.0) then

icel= NE
ICELNOD (2*icel-1)= N .
ICELNOD (2*icel )= N + 1 icel

| if (my_rank. eq. PETOT-1) th i .
“icel= NE " Icelnod(2*icel-1) Icelnod(2*icel)
ICELNOD (2xicel-1)= N + 1 . o

[CELNOD (2*icel )= 1 =icel =icel+1

else
icel= NE - 1
ICELNOD (2*icel-1)
ICELNOD (2*icel )
icel= NE
ICELNOD (2*icel-1)
ICELNOD (2*icel )

endif
endif
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7°I:I7°5L\-1df(4/11)
BoHIRIHAE, ER~Ei N
d°1éﬁﬁhénkz*?ﬁe|-1>: icel

ICELNOD (2*icel )= icel + 1

enddo
. M2 DEFREIM1ET S
if (PETOT. gt.1) then

if (my_rank.eq.0) then
icel= NE

ICELNOD (2%icel-1)= N _ o b
ICELNOD (2%icel )= N + 1 0?9 2 QMQ N @ #O0: N+1EimR, NEX

else if (my_rank.eq. PETOT-1) then

icel= NE

[CELNOD (2*icel-1)= N + 1 @—O—Q—Q—Q

ICELNOD (2xicel )= 1 N 1 2 W #PETot-1: N+1&im, NER
else

icel= NE - 1

ICELNOD (2*icel-1)
ICELNOD (2*icel )
1)
)

icel= NE
ICELNOD (2*icel-
ICELNOD (2xicel

endif
endif

_ 'la' 'll' "1%%091§§ti
@’ 0 N-1 N+1 N+2 ,“ N+1g$

+ 2
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KMAT (1, 1)= +1.d0
KMAT (1, 2)= -1.d0
KMAT (2, 1)= -1.d0
KMAT (2, 2)= +1.d0

1C

IC A

:8 | CONNECTIVITY |

C:::
INDEX =2
INDEX(0)= 0
INDEX (N+1)= 1
INDEX (NP )= 1

if (my_rank.eq.0)

if (my_rank.eq. PETOT-1) INDE

do i= 1, NP

o045 5.4 :1d.f(5/11)

IndexE &

M 2 QMQ N @ #O: N+18i45S, NEX
Q'Ec - eZ QMQ #PETot-1: N+18im, NE%
N ""E’}"“II}-- — & D FELE :
' 0 N-1 N+1 N+2&i 5=, N+H1EHK

INDEX (1)
X(N)

INDEX (i)= INDEX(i) + INDEX(i-1)

enddo

NPLU= INDEX (NP)
ITEM= 0
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7047 5.:1d.f(6/11)

ltemE &

do i=1, N

jS= INDEX (i-1)

if (my_rank.eq.0.and. i.eq.1) then
ITEM(jS+1)= i+1

else if (my_rank.eq.PETOT-1.and. i.eq.N) then
ITEM(jS+1)= i-1

else
ITEM(jS+1)= i-1
ITEM(jS+2)= i+1

if (i.eq.1) ITEM(jS+1)= N +
if (i.eq.N) ITEM(jS+2)= N +
if (my_rank.eq.0.and. i.eq.N) ITEM(jS+2): N+ 1
endif
enddo
0-0-0— 00— s nEs
1 2 N-1 N
i =N+ 1

jS= INDEX (i-1) | —
if (my_rank.eq.0) then a’ N o 1 eg QMQ #PETot-1: N+181m, NEZE

ITEM(jS+1)= N

else

ITEM(jS+1)= 1 _ — & D FEE :
endif a’ 0 e °N1 N+1 N+2&im, N+1EH
I =N+ 2

if (my_rank.ne.0.and. my_rank. ne. PETOT-1) then
jS= INDEX (i-1)
ITEM(jS+1)= N

endif
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BIET—7ILER

1G
|C—— COMMUNICATION
NEIBPETOT= 2

if (my_rank.eq.0 ) NEIBPETOT= 1
if (my_rank.eq.PETOT-1) NEIBPETOT= 1
if (PETOT.eq. 1) NEIBPETOT= 0

NEIBPE (1)= my _rank — 1
NEIBPE (2)= my_rank + 1

my_rank + 1
my_rank — 1

if (my_rank.eq.0 ) NEIBPE(1)
if (my_rank.eq. PETOT-1) NEIBPE(1)

BUF length= 1

import_index (1
import_index (2
import_item (1
import_item (2

(i) | O - QN_1 O—8 #0:N+EiR NER
@'Eo 1 92 QMQ #PETot-1: N+18im, NE&
— iR DB :
@'_0 e °N1 N+1 N+;En,1.j“, N+1ER

then
+1

==2N—

+ +

N —

export_index (1
export_index (2
export_item (1
export_item (2

=—No—

)
)
)
)
)
)
)
)

if (my_rank.eq.0) t
import_item (1)=
export_item (1)= N

. endif

IC— INIT. arrays for MPI_Waitall
allocate (stat_send (MPI_STATUS_SIZE, NEIBPETOT), stat_recv (MPI_STATUS_SIZE, NEIBPETOT))
al locate (request_send (NEIBPETOT), request_recv (NEIBPETOT))
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MPI ISEND

o FEIE/NvTF7Isendbuf IND, EHELI=TcountlBDEEAVE—%, 44 Ttag]

3T, 322 =4 —3RD, [destlIZiX{ET %, TMPI_WAITALL | ZFESFE T,

EENVIT7FORNBTEEHFL TGS,

 call MPI_ISEND

(sendbuf,count,datatype,dest,tag,comm,reguest, i1err)
sendbuf &

count
datatype

dest

tag

comm

request

1

B
B
B
B

B

B

B

EIE/NYTFDERETRLR,

Iyt—oDH A X

Iyt—SDT—R2E4T

SEETOLRADTRLR(S2Y)

Iyt —U85  FEEAVE—DDEEEZXBITAHESIZEA,

BEEI0ITEL, ACAYE—U25 B SR TEE.

O —3%BTET S

BEHAF. MP1_WAITALLTERA,

(B25: A XEXEEATI2DHEDHASIMPI_ISEND JIFEUAHL
MOBEBEXBETORRELL))

SET3I—F
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MPI IRECV

o Z{E/NvT7lrecvbuf IRD, EHELI=TcountlBDEEAVtE—T%, 44 Ttag]
T T, A2 = —3HD, ldestIMoZ(ET S, TMPI_WAITALLIZMFESFE
T, RIENVYI7ORBZFIALI-NEBZE L TIEXGESMEL,

 call MPI_IRECV

(recvbuf,count,datatype,dest,tag,comm, reguest, 1err)
— recvbuf E£E

— count
— datatype

— dest

— tag

— Ccomm

— request

1

B
B
B
B

B

B

B

ZE/NYIFDHEETRLUX,

Iyt—oDH A X

Iyt—SDT—R2E4T

SEETOLRADTRLR(S2Y)

Ayt—U85 ZIEAYE—UDIEEEZRXAITAEEIZEA,

BEEI0ITEL, ACAYE—U25 B SR TEE.

O —3%BTET S

BEHAF. MP1_WAITALLTERA,

(B25: A XEXEEATI2DHEDHASIMPI_IRECVIFEUHL
MOBEBEXBETORRELL))

SET3I—F
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MPI_WAITALL

« 1MIETAVFUTBIEYVTIL—FTHAIMPI_ISENDIEITMPI_IRECV 1% %A
L=5&, 70 ADORAZEWMASDIZERT 5,

o FEBIZZOIMPI WAITALLIZFESRHIIZEEN\YI7ORNBREERELTIEALE
LY, ZAERFIZTMPI WAITALL JZMESETIZRE/ NV I 7ORBRZF AL TIEGELALY,

« EBEMAENTLINIL, TMPI ISEND1ETMPI_IRECV1ZRFFIZEHEIL THELY,
— [MPI_ISEND/IRECVITRICEBIEFH A F=ERT L

« [MPI_BARRIERIERBIL KOG EETH LAY, (KA TEGLY,
— FEH(ZH XD, Trequestl, Mstatus | DRBEMNELLEFHINT, {IEL

MPI_ISEND/IRECV |ZMFUH T LIBAGEES, EWVSK51EREEH D,

e call MPI_WAITALL (count,request,status,ierr)

— count 2 | REAT AL EDHSTMPI_ISEND], TMPI_RECVIFEUH LEK,

— request E#H 1/0 BIEFHAIF. TMPI_ISENDJ, TMPI_IRECV I THIAL= A
FRAIZH G, (B4 X: (count))

— status E#H 0 WiRA T O MRS (B2 5|4 X (MPI_STATUS_SIZE,count))
MPI_STATUS SIZE: “mpif.h”,”mpi.h”TEHLNDB
INDA—A

— ierr L 0 5 rad—k




— IS BET—T IV E(E

- EEMF
— NEIBPETOT, NEIBPE(neib)
s TNETNDEEMFICTESIAVvE—IH AKX
— export_index(neib), neib= 0, NEIBPETOT
s [RFARIES
— export_item(k), k=1, export_index(NEIBPETOT)
¢ TINENDEEHFICEDIAVE—D
— SENDDbuf(k), k= 1, export_index(NEIBPETOT)
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1=1E (MPI Isend/lrecv/Waitall)

SENDbuf
neib#1 neib#2 neib#3 neib#4
® ® @
}4 BUFlength_e i BUFIength_e>< BUFlength_e i BUFlength_e i
export_index(0)+1 export_index(1)+1 export_index(2)+1 export_index(3)+1 export_index(4)

do neib= 1, NEIBPETOT
do k= export_index(neib-1)+1, export_index(neib)
kk= export_item(k)
SENDbuf (k)= VAL(kk)

enddo EE/NYIT7FADKA
enddo BELGEDERHZEREE, ZEIZE
do neib= 1, NEIBPETOT SN TIFEL, TDOEHIGINYTFA~A—IH]

iIS_e= export_index(neib-1) + 1 RALTEHETAZEZEHOH S,

1IE_e= export_index(neib )
BUFlength e= 1E e + 1 - 1S e

call MPI_1SEND &
& (SENDbuf(1S_e), BUFlength_e, MPI_INTEGER, NEIBPE(neib), 0,&
& MPI_COMM_WORLD, request _send(neib), i1err)

enddo

call MP1_WAITALL (NEIBPETOT, request send, stat recv, 1err)
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ibé‘{i : —;ki'.ﬁ:ﬁﬁ

58

Ol 4

000

®

- FEEF
— NEIBPETOT, NEIBPE(neib)

SENDbuf(1)=BUF(1)

SENDbuf(2)=BUF(4)

« NEIBPETOT=2, NEIB(1)= my_rank-1, NEIB(2)= my_rank+1

s TNENDEEMFIZESAvE—VH AKX
— export_index(neib), neib= 0, NEIBPETOT

« export_index(0)=0, export_index(1)= 1, export_index(2)= 2

- ERAI1EBS

— export_item(k), k= 1, export_index(NEIBPETOT)

« export_item(1)= 1, export_item(2)= N

¢ TNENDEEFEMEFICELIAVE—D
— SENDDbuf(k), k= 1, export_index(NEIBPETOT)
» SENDbuf(1)= BUF(1), SENDbuf(2)= BUF(N)




— LS BET IV Z{E

Z{EHF
— NEIBPETOT, NEIBPE(neib)

¢ TNETNDZEMEFIZITRMEIAYE—IDH (X
— import_index(neib), neib= 0, NEIBPETOT

s S RI1ES
—import_item(k), k= 1, import_index(NEIBPETOT)

s TNTNDZERFEIOZITIDAYE—D
— RECVbuf(k), k=1, import_index(NEIBPETOT)
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21 (MPI Isend/lrecv/Waitall)

do neib= 1, NEIBPETOT
1S _1= 1mport_index(neib-1) + 1
1IE_1= import_index(neib )
BUFlength 1= 1E 1 + 1 - 1

call MPI_IRECV &
& (RECVbuft(1S_1), BUFlength_1, MPI_INTEGER, NEIBPE(neib), 0,&
& MPI_COMM_WORLD, request _recv(neib), i1err)

enddo

call MPI_WAITALL (NEIBPETOT, request_recv, stat recv, 1err)

do neib= 1, NEIBPETOT
do k= mmport_index(neib-1)+1, import_index(neib)
kk= 1mport_item(k) . -
VAL(Kk)= RECVbuf(k) ZENVITHLHKA
enddo
enddo

neib#1 neib#2 neib#3 neib#4
® ®

- + S + :

BUFlength_i BUFlength_i BUFlength_i BUFlength_i
import_index(0)+1 import_index(1)+1 import_index(2)+1 import_index(3)+1 import_index(4)
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61

Om0—0—001©

L

=2 /=+0 3
. — —
S 1I=I *E ; BUF (0)=RECVbuf(1) BUF(5)=RECVbuf(2)

— NEIBPETOT, NEIBPE(neib)
« NEIBPETOT=2, NEIB(1)= my_rank-1, NEIB(2)= my_rank+1
¢« TNTNDZEMEFIOZITREAVE—IH AKX
— import_index(neib), neib= 0, NEIBPETOT
« import_index(0)=0, import_index(1)= 1, import_index(2)= 2
« THEIBS
— import_item(k), k=1, import_index(NEIBPETQOT)
« import_item(1)= N+1, import_item(2)= N+2
s TNENDZEMFENLZITIDAYE—
— RECVbuf(k), k= 1, import_index(NEIBPETOT)
« BUF(N+1)=RECVbuf(1), BUF(N+2)=RECVbuf(2)
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— &SN T-E{ET— )L :Fortran

@_

lol-0—o-0!

_@

SENDbuf

(1)=BUF(1)  SENDbuf(2)=BUF(4)

B

0000

o)

BUF (5)=RECVbuf(1)

BUF (6)=RECVbuf(2)

NEIBPETOT= 2
NEIBPE(1)= my rank - 1
NEIBPE(2)= my_rank + 1

import _index(1)= 1
import_index(2)= 2
import _1tem (1)= N+1
import _i1tem (2)= N+2

export _index(1)= 1
export_index(2)= 2
export _1tem (1)=1
export_i1tem (2)= N

iIT (my rank.eq.0) then
import _item (1)= N+1
export _i1tem (1)= N
NEIBPE(1)= my rank+1
endif
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—fBibEnf-@ET—T I .CEE
NEIBPETOT: 2
1000101 NEIBPE[O]= my_rank - 1

SENDbuf[0]=BUF[0]  SENDbuf[1]=BUF[3]

import _index[1]= O
import_index[2]= 1

import_item [O]= N

@-0 O 0 9‘@ import _i1tem [1]= N+1
export_index[1]= O
BUF[4]=RECVbuf[O] BUF[5]=RECVbuf[1] export index[2]: 1

export_item [0]= O
export_i1tem [1]= N-1

iIT (my rank.eq.0) then
import _item [O]= N
export _1tem [O]= N-1
NEIBPE[O]= my rank+1
endif
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o045 5.4:1d.f(8/11)
é1$7l~')75<*_& 1CPUD ¢EELEECEIL: B EZ —F

:8 | MATRIX ASSEMBLE |
| C::: I #0

do icel= 1, NE alazeéoée
o gy W

cK=_AREA*COND/DL #1

N MO L0300y
? = * ’

EMAT (2, 1)= Ck*KMAT(Z,;g

EMAT (2, 2) = Ck*KMAT (2

’ ’ #2
DIAG(in1)= DIAG(in1) + EMAT(1,1) S 4 0&9\2-9\;9
DIAG(in2)= DIAG(in2) + EMAT (2. 2) Y

if (my_rank.eq.0.and. icel.eq.1) then
k1= INDEX (in1-1) + 1
else
k1= INDEX(in1-1) + 2
endif
k2= INDEX(in2-1) + 1

AMAT (k1)= AMAT (k1) + EMAT (1, 2)
AMAT (k2)= AMAT (k2) + EMAT (2, 1)

QN= 0. 50d0*QV*AREA*DL

RHS (in1)= RHS (in1) + QN

RHS (in2)= RHS(in2) + QN
. enddo

ﬁlll'




Local Matrix: &7 At XRIZEIT5{Z2501T75

NP N NP N internal
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NP N

NP




pFEM3D-2

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, ICGELTOT
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 “iten” : Kk Je

O|l0|O|OO0|0|0]|0
do kpn=1, 2
do jpn=1, 2 OlO1O0[O0|1O0]|O|10]|0O
do ipn=1, 2 :

integration on each eI'%O ©|©|0|0|©|®|O
coefficients of element mg O | O|O|O|O|O|O|O
accumulatlognggoglobal m olololololololo
oncdo olo|o|o|o|o|o|o
enddo O|O0|O|OO0|0|0|0O
encdo ololololololo]e




pFEM3D-2

ETHEFRDHEZRRET S

NRZBETCH—N\—IVTHEBOEZRDFHELER

PE#1
PE#1 PE#0 4 5 6 12 15 6
O O O @) O O
21 22 23 24 25 PE#0
Q Q Q Q o N A A - A A -
1 CJ ./ ./ \) 1 1 O ./ O/ \)
2 3 14 13 5
17 18 19 A r A A c
16O O O O Q20 @ @ O O O O O
7 8 9o 10 10 |1 3
12 r\T 3 r\1 4 _ 11 10 12 @ O O O
1@ @ O O O 15 O O O 8 9 11 12
. - - 10 9 11 12
- A ~
3 @ Q ; O 8 8 @ 04 @, O 6
@ @ O O O
1 2 3 4 5
@ @ O O O O O
PE#3 PE#2 1 2 Ji Ji 1 2 3
PE#3 PE#2



FFFFF

NP

NP




FFFFF

RRTHALZEZDITHIEART=E
LAL, STRICEERALEVLDOTINTERL

-

- |

nnnnnnnn
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o045 5.4:1d.f(9/11)

71

EREMH - 1ICPUDEZTLIFEALERL
IC
IC
Eg_l_BOUNDARY CONDITIONS | 40 ° - e : e - 0 - e
16 XeXni 1 T
1C—— X=Xmin
#1
|f(myTrankeq0)then eﬂoiezeﬁaﬁo
j$= INDEX (i-1) l T
AMAT = 0. #2
DIAG ()= 1 d0 0-©
RHS (i)= 0.d0
do k=1, NPLU
if (ITEM(k).eq.1) AMAT (k)= 0.d0
enddo
endif
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IC
IC -

70%55.,:1d.f(10/11)
SRR

IC | CG iterations

IC +

1G

O OO N

(=
I I A N I N I
oo —

do i=1, N
W(i,DD)= 1.0D0 / DIAG(i)
enddo

1C— {r0}= {b} - [Al{xini} |

IC-

init

do neib= 1, NEIBPETOT
do k= export_index (neib-1)+1, export_index (neib)
kk= export_item (k)
SENDbuf (k) = PHI (kk)
enddo
enddo

72

Compute r@®= b-[A]x©®
for 1= 1, 2, .
solve [M]zG-D= yrG-1
Pi_1= ri-1 z(i-1)
if i=1
p(l): z(0)
else
Bi-1= Pi-1/Pi-2
p(i): 7z(@(-1) 4 Bi—l p(i_l)
endif
gM= [A]p®
o; = pj/pMg
x(M= x(-1) 4 OCip(i)
r(= pG-1) _ aiq(i)
check convergence |r]|
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* TTEINTRIVIR
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» HTLIE:1CPUMDEELRL
» DAXPY:1CPUMD EEERIL
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BIALIE DAXPY

1C
1G— {z}= [Minv]{r}
do i=1, N
W(i,Z)= W(i,DD) * W(i,R)
enddo

1C
1C—— {x}= {x} + ALPHAx{p]
IC  {r}= {r} - ALPHA*{q]

do i=1, N
PHI (i)= PHI (i) + ALPHA * W(i, P)
W(i,R)= W(i,R) — ALPHA * W(i, Q)
enddo



S2-ref

THIRTFILEE(1/2)
BIET—JILER, (PO EHEFERIICERG

IC— {a}l= [A] {p}

do neib= 1, NEIBPETOT
do k= export_index (neib-1)+1, export_index(neib)
kk= export_item(k)
SENDbuf (k) = W(kk, P)

enddo
enddo
do neib= 1, NEIBPETOT
is = export_index(neib-1) + 1
len_s= export_index (neib) - export_index (neib-1)
call MPI_Isend (SENDbuf (is), len_s, MPI_DOUBLE_PREGISION, &
& NEIBPE (neib), 0, MPI_COMM_WORLD, request_send(neib), ierr)
enddo
do neib= 1, NEIBPETOT
ir = import_index(neib-1) + 1 _ _
len_r= import_index (neib) - import_index (neib-1)
call MPI_Irecv (RECVbuf(ir), len_r, MPI_DOUBLE_PRECISION, & _
& e NEIBPE (neib), 0, MPI_COMM_WORLD, request_recv(neib), ierr)
enddo

call MPI Waitall (NEIBPETOT, request recv, stat recv, ierr)

do neib= 1, NEIBPETOT
do k= import_index (neib-1)+1, import_index(neib)
kk= import_item (k)
W(kk, P)= RECVbuf (k)
enddo
enddo
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THIRINILEE(2/2)
{q)= [A}{p}

call MPI Waitall (NEIBPETOT, request send, stat send, ierr)

do i=1, N
W(i,Q = DIAGC)*W(i, P)
do j= INDEX(i-1)+1, INDEX(i)
WGi,Q = Wd@i,Q + AMAT(j)*W(ITEM(j), P)
enddo
enddo
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iR

£7AEATEHEL-{EZ, MPI_Alreduce T& &t

1C

IC— RHO= {r} {z}
RHOO= 0. d0
do i=1, N
RHOO= RHOO + W(i, R)*xW (i, Z)
enddo
call MPI _Allreduce (RHOO, RHO, 1, MPI_DOUBLE_PRECISION, &

& MPI_SUM, MPI_COMM_WORLD, ierr)
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P#0 | A0 |BO|CO|DO P#0 | op.A0-A3|0op.B0-B3 |op.C0-C3|op.DO-D3
MPI_REDUCE =i omss
— P#2 | A2|B2|C2|D2 P#2
P#3 |A3|B3|C3|D3 P#3

e OZa=4H—Z— TcommIAD, £7AELADNZEE/\vITF7sendbuf]I[ZD\T, EE
lop ZZEEL, ZDHRE1DDZET O X root1DZE/\v T 7 recbuf |IZH&HHT 5,
— #1, 1B =X, w=/h ity

- call MPI_REDUCE
(sendbuf,recvbuf, count,datatype,op, root,comm, ierr)

— sendbuf EE | EAE/NYTFDHETRLUR,
— recvbuf EE 0 ZIE/NVITDEBETRLUX,
A4 T datatype ]IZKYRTE
— count B | Ayt—IDHAX
— datatype E# I A= DT —REA4T
FORTRAN MPI_INTEGER, MPI_REAL, MPI_DOUBLE PRECISION, MPI_CHARACTER etc.
C MPI_INT, MPI_FLOAT, MPI_DOUBLE, MPI_CHAR etc
— op B | HEOESE

MP1_MAX, MPI_MIN, MPI_SUM, MP1_PROD, MPI_LAND, MPI1_BAND etc
A—H—[CkDHEZELAIEE: MP1_OP_CREATE

— root B | ZETTAELADID(SY)

— comm B I OS2 —3%BTET S

— ierr B 0 SET3d—k
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KB /NI 7 ERENVT7

o MPITIZIEE/NYT7L, TRE/NNVTF7IELSZEHALIE
LIX&EHT 5,

o« EFENYIFEZENYIFIILT LLELES-ZFDE
SITHAIDEITLZEWND, T FRLANERLGSTLVEITN
(X745 5750Y,




S2-ref

MPI_REDUCE® I (1/2)

call MPI1_REDUCE
(sendbuf, recvbuf,count,datatype,op, root,comm, ierr)

real(kind=8):: X0, X1

call MPI_REDUCE
(X0, X1, 1, MPI_DOUBLE_PRECISION, MPI_MAX, O, <comm>, 1err)

real(kind=8):: X0(4), XMAX(4)

call MPI_REDUCE
(X0, XMAX, 4, MPI_DOUBLE_PRECISION, MPI_MAX, O, <comm>, 1ierr)

LITOERIZETS, XO0>()DRAREHIOZETOERDXMAX()IZAS (i=1~4)
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MPI_REDUCE® I (2/2)

call MPI1_REDUCE
(sendbuf, recvbuf,count,datatype,op, root,comm, ierr)

real(kind=8):: X0, XSUM
call MPI_REDUCE

(X0, XSUM, 1, MPI_DOUBLE_PRECISION, MPI_SUM, 0, <comm>, ierr)

Z7OvRIZEITSH, XODHBIMNOBPEDXSUMIZAS,

real(kind=8):: X0(4)

call MP1_REDUCE
(X0(1), X0(3), 2, MP1_DOUBLE_PRECISION, MPI_SUM, 0, <comm>,

£7O0VXRIZHEITB,
- X0(1) O#EFMN0FTOEADX0(3)IZAS,
- X0(2) DFFIA0FETOERADX0(4)IZAB,

ierr)
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P#0 | A0 |BO|CO|DO

)

)

MPI_ALLREDUCE -~:@:::

P#3 |A3|B3|C3|D3

- MPI_REDUCE + MPI_BCAST

N
[] R

 call MPI_ALLREDUCE

M, RREZEHELE-S, £70XATHRAL-WLWEEAZLY

P#0
P#1
P#2
P#3

82

op.A0-A3

op.B0-B3

op.C0-C3

op.DO0-D3

op.A0-A3

op.B0-B3

op.C0-C3

op.D0-D3

op.A0-A3

op.B0-B3

op.C0-C3

op.DO0-D3

op.A0-A3

op.B0-B3

op.C0-C3

op.D0-D3

(sendbuf,recvbuf,count,datatype,op, comm,lierr)

sendbuf FE
recvbuf FE

count B
datatype E#
op B
comm B

ierr B

I
O

I
I
I
I
O

EENYITTFDERETRLX,
ZE/NVIFTDFRETRLUR,

A4 F Il datatype]IZKYRTE
Iyt—UDHARX
A= DT —REA4T
EDIESE

OS2 =4 —3%EETH
SET3—F
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IC

83

CGix(1/5)

IC— {r0}= {b} - [A]{xini}

Qo @o o

@o @o o

do neib= 1, NEIBPETOT Compute r®= b-[A]x®
do k= export_index (neib-1)+1, export_index(neib) for 1= 1. 2. .
kk=_export_item (k) — MG Gi-1)
SENDbuf (k)= PHI (k) solve [M]zC-D=r
engggdo Pi 4= ra-1n »(i-1)
d ib= 1, NEIBPETOT It 1=l
0 neib= 1, _
is = export_index(neib-1) + 1 pM= z©O
len_s= export_index (neib) - export_index (neib-1) else
call MPI_Isend (SENDbuf (is), len_s, -
NEIBPE(he By . NP COMM WORLD Pi1= Pia/Pis
neib), O, _COMM_ , i) — i1 i-1
request_send(neib), ierr) p(_l)_ z(-D + Bi-1 p(' )
enddo endif
doneib= 1. NEIBPETOT qV= [A]p™
ir = import_index(neib-1) + . = 0. (Mgl
len_r= import_index (neib) - import_index (neib-1) Ui p'tllp 9 _
call WPl treov (s rYROUBLE pregisTon X Xy TP
_ _ , i)— i-1 i
NEIBPE (neib), 0, WPI COMM_WORLD, REO=ERCEDI=arig
request_recv(neib), ierr) check convergence |r|

enddo
call MPI Waitall (NEIBPETOT, request recv, stat recv, ier €Nd

do neib= 1, NEIBPETOT
do k= import_index (neib—1)+1, import_index(neib)
kk= import_item (k)
PHI (kk)= RECVbuf (k)
enddo
enddo
call MPI Waitall (NEIBPETOT, request _send, stat send, ierr)




S2-ref

CGi%(2/5)

84

do i=1, N _
‘g(i"R)IEDE)I(QG( g*I;HII(riq)DEX(') ope 0
O N \J . for 1=1, 2, .
W(i,R) = W(i,R) + AMAT (j)=*PHI (ITEM(j)) E— ? ? _ _
ggddo solve [M]z(-D= G-
enadao . - o
Pi 1= ra-1 »(@-1)
BARI20= 0. 0DO if i=1
o I= 1, —
BNRM20 = BNRM20 + RHS(j) ##2 p= zO
W(i,R) = RHS(i) - W(i,R) else
NPT Al Ired (BNRM20, BNRM2, 1 B /
ca _Allreduce : i-1— Pi-1/Pi-2
& MP1_DOUBLE_PREGISION, S_ s .
& MPI_SUM, MPI_COMM_WORLD, ierr) p(_'::— z(-D + B, p@D
! C***********************************************************1 % ( j )
do iter= 1, ITERmax qtv= [Alpt"
IC o = pi/POgL)
16— {z}= [Minv] {r} XM= xU-1) + ¢o,p®D
doi=1, N | rM= pG-1) _ aiq(l)
W(i,Z)= W(i,DD) * W(i,R) check convergence |r|
enddo
1C end
IC—— RHO= {r} {z}
RHOO= 0. d0
do i=1, N
RHOO="RHOO + W(i, R)*W (i, 2)
enddo
cal| MPI_Allreduce (RHOO, RHO, 1, MPI_DOUBLE_PRECISION,
& MPI_SUM, MP1_COMM_WORLD, "ierr)
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CGi% (3/5)

IC _
IC— {p} = {z} if [TER=1 Compute r®= b-[A]x®
IC  BETA= RHO / RHO1 otherwise for i= 1, 2,
i d( ite%‘.eﬂj ) then solve [M]z(-D= (G-
o 1= 1, — i-1 i-1
W(i, Py= (i, 2) pi= ré-b za-H
elznddo if i=1
else
BETA= RHO / RHO p= z(®
o i=1,
W(i, P)= W(i,2) + BETAMW(i,P) else
end?-rf]ddo Bi-1= Pi-1/Pi-2 _
p(_l): z(-1) 4 Bi_y p(l-l)
@ endif
IC— {a}= [A] {p} qV= [A]p"
. = 0. (Ml
do neib= 1, NEIBPETOT a; = pi-/ptgtt
doktz export_indeﬁé?eib—1)+1, export_index (neib) x(M= x@-1) 4 cxiF)(')
= export_item iy _ i i
SENDbuT (k)= W (kK, P) rd= ra@-1 - ¢;q®
enddo check convergence |r|
enddo
end
do neib= 1, NEIBPETOT
is = export_index(neib-1) + 1
len_s= export_index (neib) - export_index (neib-1)
call MPI_Isend (SENDbuf (is), len_s, MPI_DOUBLE_PRECISION, &
& NEIBPE (neib), 0, MPI_COMM_WORLD, &
& request_send(neib), ierr)

enddo
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CGi% (4/5)

do neib= 1, NEIBPETOT
ir = import_index(neib-1) + 1
len_r= import_index(neib) — import_index(neib-1)
call MPI Irecv (RECVbuf(ir), len_r,

& MPI_DOUBLE_PRECISION,

& NEIBPE (neib), 0, MPI_COMM_WORLD,

& request_recv(neib), ierr)

enddo
call MPI Waitall (NEIBPETOT, request recv, stat recv,

do neib= 1, NEIBPETOT
do k= import_index (neib—1)+1, import_index(neib)
kk= import_item (k)
W (kk, P)= RECVbuf (kk)
enddo
enddo
call MPI Waitall (NEIBPETOT, request_send, stat send,

do i=1 N
W(i,Q) = DIAGCi)*W (i, P)
do j= INDEX(i-1)+1, INDEX(i)
W(@i,Q = W@,Q + AMAT(j)*W(ITEM(j), P)
enddo
enddo

1C
1C-— ALPHA= RHO / {p} {q}

C10= 0.d0
do i=1, N

C10= C10 + W(i,P)*W(i, Q)
enddo

Compute r®= pb-[A]x©®
for i= 1, 2, ..
solve [M]zG-D= rG-D
pi_g= ra- za-b
1t 1=1
p(l): 7 (0
else
Pi-1= pi—_llpi_z _
p('): z(@-1) 4 Bi—l p(l_l)
endif
q(i): [A]p(i)
OLi - pi—llp(i)q(i)
XM= x(-D + ¢.p®
r(D= pG-1) _ aiq(i)
check convergence |r|

)
-
o

call MPI_Allreduce (C10, G1, 1, MPI_DOUBLE_PRECISION, MPI_SUM, MPI_COMM_WORLD, ierr)

ALPHA= RHO / C1
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CGi% (5/5)

IC

G [X]: + ALPHA*[p] Compute r®= pb-[A]x©®
Ic  {rl= — ALPHA*{q for 1= 1, 2, ..
do :(1) N 0 Wi P solve [M]z(-D= (G-
PHI (i)= PHI (i) + ALPHA * W(i,P Gy (it
W(i, R)= W(i,R) - ALPHA * W(i. Q) piy= ré-H zG-H
enddo if i=1
DNRIZO = 0.0 p= 2z
o I= 1,
DNRM20= DNRM20 + W (i, R)#%2 else
enddo Bi-1= Pi-1/Pi2 _
call MPI_Allreduce (DNRM20, DNRM2, 1, pH= zG-D + g, , pt-D
& MP1_DOUBLE_PRECISION, endiF
& MPI_SUM, NMPI_COMM_WORLD, ierr) v -
qHV= [A]p®
RESID= dsqrt (DNRM2/BNRM2) a; = pijllp(')q(') _
if (my_rank. eqg.0.and.mod (iter, 1000). eq. 0) then XM= x(-D + q.pl®
en\(fjvli’]lcte (x, " (i8,1pe16.6)' ) iter, RESID F(d= pG-1) _ Otiq(i)
£ ( RESID. le. EPS) goto 900 check convergence |r]
RHO1 = RHO end

enddo
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7075 .L:1d.f(11/11)
BREBEHL: £ TOLRTLIER

1C
IC— OUTPUT
iIf (my_rank.eq.0) then
gr%te (%, " (2(1pel16.6))") E1Time-S1Time, E2Time-E1Time
endi

grite f*,ﬁ(/a)') " #it TEMPERATURE’
o i=1,

write (x,’ (2i8, 2(1pel16.6))') my rank, i, PHI(i)
enddo

call MPI_FINALIZE C(ierr)
end program heat1Dp



S2-re

- HREDOWE, EITAHE
s BFIOET—2NDEAA
« JO4Y 5 LMDEREA

- ETEHI

89



S2-ref

n'l'ﬁ%%('lka) CG/f'tB
RIEICET HEFME]

N=10°(M 15 & [£100[E

——ideal
100.0 ¢ ¢ N=10M
i A N=10"6 ' -~ 100.0

1/—FK-16a7%H#%

A
—ideal 159.2‘ 82.2
131.7
A N=10"6
A 95.0
A 3909
16.0
10 100

10.0

1Q07 &
IEvA |

Core #
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HAEEMNMDOTHH

« MPLBEZTDHDIZET HFF/H]
— T—3%& XL TSR]
— /—FREIZEVWTIEEEN\VFBIZE2>TRFES
- Gigabit EthernetTld 1Gbit/sec. FE1E1E)
— BERBIIEZE/NNYI7OH A XA
« MPIDILE EAYRFE
— latency
— ERIE/NVITTFDH A XKLL
s FUHLEIHKE, TOEXMAIENT 5EEMT HIER
- BE, M~#Ht+usechr—4%—
« MPI®DRIEAD 1= ) B E]
— JOEREHENT HEEMNT HIER
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IL.\1 b\ba)fh ( ‘JL%)

SRR ANSLVES (S1-3T .
A -3TIENA/] 2 A — 3.~
DN REFRSFATEEL, MWgE) [EIns
— (T, BEAVE—SHAUNSNME AL, TLatency  AHIK.
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137 ~1637 THFEYERRMNH TLENME

—ideal
100.0 | o N=10M - A815 MEREIZULME->TLVEL\D I,
[ A N=10"6 A A 80.7 )‘:EU ﬁﬁéo)f:&)o

« 167 T1a7 D7 1ZEED

A 583

42 1 — STREAMO)/T_X
— BENRETIEARL

100 c ccjcjcjcjcjcjcjcjcjcjcjc|c|c

Core #



BRES TIEHFEYEZEH L
- ®:N=10°, @:108, A:10°9 —: IE4E{E

« 1O7IZHITHETRIFER (sec.) TN ETNEH
20.0
° Aﬁ/*ﬁ T FEAE A | [ —ideal
EUEBORL, AT || o
JIZEHEDO MBS b a N=10%9
NFTYr—vary 5 | ’
s 1 F—R(RA5)E ;| -
Allreduced %11+ | |
5.0
J'l 4 2dX 1.02.0
0]+ X 00 Ly
0 5 10 15
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Strong-ScalinglZ# 1+ %[ Super-Linear

ideal

- MRERBEZEELT, FRAPEH#ZIE
super-linear ® bﬂéﬁ'f'ﬁ'ﬁf:i’g‘é, ﬁﬁ(iﬁ1§®
° EZED=HIZ, HEFEEE(MED
o ° PEZERALIIGE, BEMICIEmIE
gy .actual DHEEEIZTED) KFYBIELTE DD HE
THb

PE# - LA, 1733—7°El—l2“/*7“(PC%)0)
ZE, HICEBELYE, S0V

HAIGENH D, ;ODJ:')EIE%’E

[ Super-Linear] &M 51,

— NORILETEHTIERI DALY,

Speed-Up

Em
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A g5 8

GFLOPS

3.00

2.50

2.00

1.50

1.00

0.50

0.00

1.0E+04

8 % of peak |

DOF: Problem Size

IBM-SP3:

BT A AANE NEAEF vy Y10
228 ) = HIEREA R L)

GFLOPS

1.0E+05 1.0E+06 1.0E+07

1.0E+02

1.0E+01

1.0E+00

1.0E-01
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40 % of peak

/././H—O/H

;/»/

1.0E+04 1.0E+05 1.0E+06 1.0E+07

DOF: Problem Size

Earth Simulator:

ABRBLGEEEERY FLEBRCGY,
EREA S LY
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A 5| 5 &

Strong Scaling (£ AR RERR = [E TE)

S

= Ideal o

£ ®

£

S @)

o O

PE#

IBM-SP3:

PE (Processing Element) #AhYAr 770
BEIFEWHLRHR—/IN—ZA D F—,
PEH#MIEMNT 5 EBIEF—/N\—~Y
DI=HHEREIET,

S

c Ideal

©

£

o

O

5 o ¢

o

PE#

Earth Simulator:

PEEMNEMY 5 &, BIEA—/\—~v FIC
Mz, PEHT=Y DREIERENNS LG ST
HHEREIE T,
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Super-Linear® £ L5 H

o Xy aDEE

« AAS5—T0tvYTlE, &%

|IZRIRERENPNINFE S

L
" He

MELY,

— Xyl aDEMF R

CPU
Register
FAST *
Cache
SLOW 1

Main Memory
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AE)—aE—bE %I-H#Faﬁh\h\é(HZ)

SENDbuf
neib#1 neib#2 neib#3 neib#4
® ® @
}4 BUFlength_e i BUFIength_e>< BUFlength_e i BUFlength_e i
export_index(0)+1 export_index(1)+1 export_index(2)+1 export_index(3)+1 export_index(4)

do neib= 1, NEIBPETOT
do k= export_index(neib-1)+1, export_index(neib)
kk= export_item(k)
SENDbuf (k)= VAL(kk)

enddo EE/NYIT7FADKA
enddo BELGEDERHZEREE, ZEIZE
do neib= 1, NEIBPETOT SN TIFEL, TDOEHIGINYTFA~A—IH]

iS_e= export_index(neib-1) + 1 RALTEHETAZEZEHOH S,

1IE_e= export_index(neib )
BUFlength e= 1E e + 1 - 1S e

call MPI_1SEND &
& (SENDbuf(iS_e), BUFlength e, MP1_INTEGER, NEIBPE(neib), 0,&
& MPI_COMM_WORLD, request_ send(nelb) |err)

enddo

call MP1_WAITALL (NEIBPETOT, request send, stat recv, 1err)



S2-ref

AE)—aE—bE %I-H#Faﬁh\h\é(ZIZ)

do neib= 1, NEIBPETOT
1S_1= 1import_index(neib-1) +
iE_i= import_index(neib )
BUFlength 1= 1E 1 + 1 - 1S_1

call MPI_IRECV &
& (RECVbuf(iS_i), BUFlength_ i, MPI_INTEGER, NEIBPE(neib), 0,&
& MPI_COMM_WORLD, request_ recv(nelb) |err)

enddo

call MPI_WAITALL (NEIBPETOT, request_recv, stat recv, 1err)

do neib= 1, NEIBPETOT
do k= mmport_index(neib-1)+1, import_index(neib)
kk= 1mport_item(k) . -
VAL(Kk)= RECVbuf(k) ZENVITHLHKA
enddo
enddo

neib#1 neib#2 neib#3 neib#4
® ®

PR .

BUFlength_i BUFlength_i BUFlength_i BUFlength_i
import_index(0)+1 import_index(1)+1 import_index(2)+1 import_index(3)+1 import_index(4)

00
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