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WHBREREZDANE: SPMD
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o HEimi~A—X : Node-based partitioning
e AT —RIZEENDED:
ZDEEICAREEENDEH R
FNODNEREEVCER
AREBEHNTHSD, TNODERICEFNIEHR
o EIRIILLTDITELRHICH4E
A= : Internal nodes TDEEICKREESENDEI A
4\ /= : External nodes RKEFEHNTHAINT M) D RERKICHELE A
15 | - Boundary nodes {iDREE®D [4tm] EH->TWHETIR

o MEBHEDBEET—TI

o MEIFDEMRZNDE &, REMTERIFTE
BEREREOEN  ERTHLUHE
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Node-based Partitioning
Internal nodes - elements - external nodes
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Node-based Partitioning
Internal nodes - elements - external nodes

®Partitioned nodes themselves (Internal Nodes) N
®Elements which include Internal Nodes NEZE2ER

®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.
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®Partitioned nodes themselves (Internal Nodes) MM
®Elements which include Internal Nodes REFxE&1E%

® 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.
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Parallel Computing in FEM
SPMD: Single-Program Multiple-Data

FEM code Linear Solvers

Local Data

FEM code

Linear Solvers

Local Data

FEM code Linear Solvers

Linear Solvers

Intro pFEM 13

Local Data

FEM code

Local Data




Parallel Computing in FEM S
SPMD: Single-Program Multiple-Data -

FEM code Linear Solvers

Linear Solvers

Linear Solvers
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Parallel Computing in FEM
SPMD: Single-Program Multiple-Data -4

FEM code Linear Solvers

10 1 2 3

14 ‘13 ‘4 ‘5
£ Local Data

*o—0 90
8 9 11 12

10 9 11 12

zE }4 {5 }6 Local Data

FEM code

Linear Solvers

1 1 2 3

FEM code Linear Solvers

Linear Solvers
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Local Data

Local Data FEM code
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Parallel Computing in FEM
SPMD: Single-Program Multiple-Data

15

FEM code

Linear Solvers

IE { { ’ FEM code

8 9 11 12
4 5
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4 5 6 12

7 8 9 10

1 0 12

Linear Solvers

Linear Solvers

Linear Solvers
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L.'l FEM code

1

FEM code
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Parallel Computing in FEM
SPMD: Single-Program Multiple-Data

Local Data FEM code Linear Solvers

FEM code

Local Data Linear Solvers

Local Data FEM code Linear Solvers

Local Data

MPI
17
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—XRITERE: 118 %, 1280, 381
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MPIIZ K53 F4E : SPMD

» Single Program/Instruction Multiple Data
o ERMIZETAERIETRILIEEZ DL INTT—2HNES]
- KBREREGT—3%Z2723IL, EEA(CO20TETAEX(TatwyH)”n
SETS
o 2RTERE/IT—F, EREBESLEMES
« BIELSMIEACPULREIL, ELVODHIETE

PE #0 PE #1 PE #2 PE #M-1

00000 Program

Programl Programl Program

Data #0 Data #1 Data #2

Data #M-1
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ERERZDODULIE . ONTS L

» #EAME MLFIETE AT
— fﬁ”‘fﬁﬂﬂﬁ nJLJ%;'AJ"

iy

EARS A H > BRERM (NEIRZ, NE: ZHE)

— EeBI#EAE (AR M) OR, BERETRIIR)
— BELAERTMN)ORATYE LY (Index, Item)

o?I\

ngf Jﬂz '§|Jn'|'§:_f

— BFRHAMOWIE (doicel= 1, NE)

« ERVYN)HOREE

e £IRATNJORADEREDOE
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¢ BIT—RAENK:?

H R WECE (CG)
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HITALEE

Preconditioned Co

30

TS HEDEE

njugate Gradient Method (CG)

Compute r®= b-[A]xO® s 6
i o HIMLIE
solve [M]z(-D= (G- iq‘ﬁ}(’r—')‘z’]
pi = rG-1 zG-1 .. .
if i=1 o AiFMBNNELTOER
pM= z(© -
else N5
i-1= Pi-1/Pi- 1T N =
E(i%: g(il-l)p+2[5i_l p(i-l) 1T§IJ/\7I\)I/$E
endif
gO= [AJp®

o = pyo/pPa®

XM= (-1 + ¢.p®
rd= rG-n - ¢.q®
check convergence

)
-
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HIALIE /*‘OHI/E;&PO)?JILDZ
ST EHE (REDOHA) A Al ge= i 5| AL IE

VN

1
1 2
1G— {z}= [Minv] {r}
3
do i=1 N
Wi, Z)= W(i DD) * W(i R) 4
enddo
5
IC 6
IG— {x}= {x} + ALPHA*{p}
IC  {r}= {r} - ALPHA*{q} 4
do i=1, N 8
PHI (i)= PHI (i) + ALPHA * W(i,P)
W@, R)= W(i,R) — ALPHA * W(i Q) 9
enddo
10
11
12




Intro pFEM

iR
ERTHZEDDELHLH=EIE?

1
IC 2
IC— ALPHA= RHO / {p} {q} 3
C1= 0.d0
do i=1, N 4
C1= C1 + W(i,P)*W (i, Q)
enddo 5
ALPHA= RHO / C1
6
7
8
9
10
11

N
N
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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 = aa s
— P#2 | A2|B2|C2|D2 P#2
P#3 |A3|B3|C3|D3 P#3

e« OZSa=4H—A— TcommlAD, FETAELANDEIE/\vIF7Isendbuf]IZDLT,
EEoplZEEL, FDHRREZ1ODOZETOEArootI1DZIE/NYT7
lrecbuf] IZH#&#R89 5,

— #8F0, B, =K, &/t

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

— sendbuf EE I EE/NYITFDHETRLUR,
— recvbuf & 0 ZIENVITDEBETRLX,
A4 F I datatype |IZKYRTE
— count B | Iyt—SNDH AR
— datatype E# | A= DT —REA4T
FORTRAN MPI_INTEGER, MPI_REAL, MP1_DOUBLE PRECISION, MPI_CHARACTER etc.
C MP1_INT, MPI_FLOAT, MPI_DOUBLE, MPI_CHAR etc
— 0op B | HEDOIESE

MP1_MAX, MPI_MIN, MPI_SUM, MP1_PROD, MPI_LAND, MPI1_BAND etc
A—H—IZkDEZELAHE: MPI_OP_CREATE
— root B | ZIETTT7AEADID(SY)

— comm B | OS2 —AR%EET S -
— ierr B 0 E=T3—Fk Fortran
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P#0 | A0O|B0O|CO|DO P#0 | A0|B0|CO|DO

MPI_BCAST T — s
—_— P#2 P#2 | A0 |B0O|CO|DO

P#3 P#3 |A0|B0O|CO|DO

e OZa=4H—A— TcommIRD—DONEETTALAroot]1D/\v I 7 buffer]

NS, FOtETHOT7atAMN/\vIrlbuffer][ZAvE—IFEIE,

e call MPI_BCAST (buffer,count,datatype,root,comm,ierr)
— buffer & 1/0 INVIFDEETRLR,
A4 F I datatype]IZKYRTE

— count B | Iyt—o DY AR

— datatype ZE# | Iyt—NT—R3A4T
FORTRAN MPI_INTEGER, MPI_REAL, MP1_DOUBLE PRECISION, MPI_CHARACTER etc.
C MP1_INT, MPI_FLOAT, MPI_DOUBLE, MPI_CHAR etc.

— root B | EIETXT7OEADID(S2)

— comm B | A= —R%EETH

— lerr B 0 s=Ta—F
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P#0 | A0|BO|CO|DO P#0 | op.A0-A3 | 0p.B0-B3 |op.C0-C3|0p.D0-D3

I\/I P I A L L R E D U C E P#1 |A1|B1|C1|D1 All reduce P#1 | op.A0-A3|0p.B0-B3|op.C0-C3|0p.DO-D3
— P#2 |A2|B2|C2|D2 P#2 | op.A0-A3 | 0p.B0-B3 |op.C0-C3|0p.D0-D3

P#3 |A3|B3|C3|D3 P#3 | op.A0-A3 | 0p.B0-B3 |op.C0-C3|op.D0-D3

 MPI_REDUCE + MPI_BCAST
WA, mKEZEFELEZD, FT0ERATHRALEZWEEN S

e call MPI_ALLREDUCE
(sendbuf, recvbuf,count,datatype,op, comm,lierr)

— sendbuf FE | EEN\YVIT7DERETRLR,
— recvbuf = 0 ZIE/NYIT7DEBETRLX,

A4 F LI datatype]IZKYRE

— count B | Iyt—DHAX

— datatype E# I Ay —DT—R234T
— op B I TEDESE

— comm B I O =45 —3%BTET S
— ierr 2= 0 SET3—F
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MPI Reduce/Allreduce® “op”

call MPI_REDUCE
(sendbuf, recvbuf,count,datatype,op,root,comm, 1err)

e MPI_MAX, MP1_MIN =XNE, &/ME
e MPI_SUM, MPI_PROD faF0, 1

e MPI_LAND SRIEAND
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HITALEE

Preconditioned Co

37

TS HEDEE

njugate Gradient Method (CG)

Compute r®= b-[A]xO® s 6
i o HIMLIE
solve [M]z(-D= (G- iq‘ﬁ}(’r—')‘z’]
pi = rG-1 zG-1 .. .
if i=1 o AiFMBNNELTOER
pM= z(© -
else N5
i-1= Pi-1/Pi- 1T N =
E(i%: g(il-l)p+2[5i_l p(i-l) 1T§IJ/\7I\)I/$E
endif
gO= [AJp®

o = pyo/pPa®

XM= (-1 + ¢.p®
rd= rG-n - ¢.q®
check convergence

)
-
o
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THRIRILEE
NRADENLE=RE?

IC
1C— {a}= [A] {p}

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

0000090
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1D FEM: 12 nodes/11 elem’s/3 domains
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1D FEM: 12 nodes/11 elem’s/3 domains

Local ID: Starting from O for node and elem at each domain




1D FEM: 12 nodes/11 elem’s/3 domains

Internal/External Nodes
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1 1LEEENE ?

e /J)L—7 3815 : Collective Communication
— MPI_Reduce, MPI_Scatter/Gather 7&:&
— ELCAZ 2=y —2ANETOLREBIET S
— & 57 B

« WMREREK, ARJMVE, #FERAEFIO—NILGHEERDOHLFIE
- AtE, RKELGEDFRL—23aY

o 1%713815 : Point-to-Point
— MPI1_Send, MPI_Receive
—-BEOTALREDHBELDHD # QTQTGTQTTT?

o [hiEpELE
» 0-0-0,0-0
- iﬁa /\EP _ _ _ _

- ENiE, ARERELGEO—HILIEE
MEFEO>FIE

#0 ogoleze?o




SENDGEE) :EBER A NDEE
BENYTPOEEL-TF—4ERETOLRIZES

call MPI_ISEND
(sendbuf,count,datatype,dest,tag,comm, request, I1err)

— sendbuf EE | EENYIFDOHRETRLX,

— count B | Iyt—UDHARX

— datatype E# | A= DT —REA4T

— dest B | EETOELRADTRLA(S2Y)

PE#3

laasl
L

O—O—O 8 9 11 12
10 9 11 12
5 .—.6—() 9 T T
36— @©® O 38 8 6
4 I4 :[5
e—0 O O O
1 ) 7 7 1 2 3
PE#1 PE#2

49
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MPI_ISEND

o FEIE/NvT7Isendbuf IND, EHELI=Tcount]BDEEAYE—%, #4 Ttag]
{1+ T, a2 = —2RAD, destlIZiEIET S, TMPI._WAITALL | ZFESNET,
EE/N\VIT7OABRZTEFHLTIEESALY,

e call MPI_ISEND
(sendbuf,count,datatype,dest,tag,comm, reguest, I1err)

— sendbuf EE | EAE/NYITFDIHETRLUR,

— count B | Ayt—IDHAX

— datatype E# | Iyt —DT—R2E4T

— dest B I SEIETAERADTRELR(TY)

— tag B | Ayt—U8Y5  EEAVE—CDIEEEXANTHESICEA,
BERKIOITEL, ALAYE—U45 B SR TERE,

— comm B | O =45 —3%BTET S

— request E#H 0 BIE#EAF. MP1_WAITALLTER,

(B YA XIIREEATH2LEDHASIMPI_ISENDIFEUNEHL
OB IIFEEITOLRLGE)) :CEEIZ DL\ TR
— ierr B 0 5 T7T3a—F
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RECV(ZE) : S m~DZIE
Si= /Ny TFICBET O RN DEELE T —AE 2 (RS

call MPI1_IRECV
(recvbuf,count,datatype,dest,tag,comm, reqguest, i1err)
— recvbuf EE | RE/INVTFDHEETRLR,
— count B | Ayt—TDHAX
— datatype % | A= DT—RE4T
— dest I RAETOELRDTELR(S2Y)

i i
S 3

51
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MPI_IRECV

o Z{E/NvT7lrecvbuf IRD, EHELI=Tcount D EEAVE—%, 44 Ttag]
T T, A2 = —3HD, ldestIMoZ{ET S, TMPI_WAITALLIZMFESFE
T, RIENVI7ORBZFIALI-NEBZE L TIEGESLEL,

e call MPI_IRECV
(recvbuf,count,datatype,dest,tag,comm, reguest, 1err)

— recvbuf EE | ZIENVIF7DERETRLR,

— count B | Ayt—IDHAX

— datatype E# | Iyt —DT—R2E4T

— dest B I SEIETAERADTRELR(TY)

— tag B | Ayt—U8Y5 ZEAVE—CDIEEEXATHESITEA,
BERKIOITEL, ALAYE—U45 B SR TERE,

— comm B | O =45 —3%BTET S

— request E# 0 BIE#EAF. MP1_WAITALLTER,

(B YA XIIREEATHI2LEDHASIMPI_IRECVIFEUNHL
HMOBERIIBEEITOLRHLGE)) . CEEICDOL\TIFERR
— ierr B 0 5 T7T3a—F
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MPI_WAITALL

« 1XM1IETAVFUTBIEVTIL—FTHAIMPI_ISENDIEITMPI_IRECV 1% %A
L=5&, 70 ADORAZWMAIDIZERT 5,

o EERIZSOIMPI_WAITALLIZFESETIZEE/ NV I7ORNBZERELTIEGELE
LYo ZIERFIXTMPI_WAITALL IZFESHIIZRIE/NNYIT7ORNBTZFI AL TIEGELEL,

« EBEMEARNTILINIL, TMPI_ISENDJETMPI_IRECV I1ZFREBFIZEEIL TH KLY,
— [MPI_ISEND/IRECVITRICEBIEFH A FEERT L

« [MPI_BARRIERIEBIC KOG HEBETH AN, KAIETEALY,
— FEH(ZH KB, Trequestl, Mstatus | DRBEMNELLEFHFINT, [{IEL

'MPI_ISEND/IRECV |ZE U EMEBAELE D, ELVIKILRBRBREH D,

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

— count B | REAT ALEDHSTMPI_ISEND], TMPI_RECVIFEUH L%,
— request E# 1/0 BIEHRIF, TMPI_ISENDJ, TMPI_IRECVITHIRAL=8 7

F ARG, (ERF]H 4 X (count))
— status E#H 0 WiRA Tz HMERS (B2 5|4 X (MPI_STATUS_SIZE,count))

MPI_STATUS SIZE: “mpif.h”,”mpi.h”TEHLNDS
INGA—H:CEREIC DL\ T &R
— iderr B 0 SET3—F
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Node-based Partitioning
Internal nodes - elements - external nodes

PE#1
PE#1 4 5 6 12 15 6 1
# PE#0 O—O—0O0—0 O—O0—0
21 22 23 24 25 PE#0
Q O O f) O Y )\ ) e 7\ ) [
1(/ ./ ./ \)11 O ./ W/ \)
2 3 14 13 4 )
17 18 19 ) e ) ) [
160 O O O O 20 e— 0 O0—0O0 6—0O0—0—0
7 8 9 10 10 1 2 3
12 13 14 1 10 12
1@ @ O O O 15 O O O
1 8 ©
5 6 o lo oLy 5 @—0—0 9
30—0-—03
@ @ O O O
1 2 3 4 5
e—0 O
PE#3 PE#2 1 2 7
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EHREBT —2 (BT —4%) LH&

0 98 u 12 - N =, 4} & (internal/external nodes)
- NE~NEG G b5ORmMEEZDITH
s 0—O0—0—0¢p * lEEEMEEER
40 — F—N—SYTEEREHET HESE
: <1> O—oO — RIS, B

3 . s AR
— EDEEAD, MED, EOSNENDIERE
[ %48 :import] 9 %
- IR AER

— [[E®D, EDERADEHRE, EDFHEEIC
[1%1{5 :export] 9 5 hH
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External Nodes (4} 51) : RECEIVE

PE#2 : receive information for “external nodes”
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Intro pFEM

Boundary Nodes (N m) : SEND

PE#2 : send information on “boundary nodes”
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