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o Eimi~A—X : Node-based partitioning
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o EIRIILLTDIFELHICH4E
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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) =
®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.
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®Partitioned nodes themselves (Internal Nodes) MM
®Elements which include Internal Nodes RRZ&2ER

®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

Linear Solvers

Local Data
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Parallel Computing in FEM seice
SPMD: Single-Program Multiple-Data sess’

Linear Solvers

MPI
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Parallel Computing in FEM

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

Linear Solvers

Linear Solvers

Linear Solvers

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

Local Data ===p> m Linear Solvers
Local Data == m
Local Data ===> m Linear Solvers
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MPIIZ &4 514k : SPMD

» Single Program/Instruction Multiple Data
o ERMIZEZTAERIETRILIEEZ DS IMNTT—2HNES]
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Preconditioned Conjugate Gradient Method (CG)

31

Compute r®= p-[A]x©®
mpi: 1, 2, . i o HIWLLEEQ
solve [M]z(-D= (G- ﬁZIT_U./7
pi = r@-10 zG-n .
if i1 ® lﬁljﬁLLIEi MNLELZITOER
pD= 7
i1~ Pi-1/Pi- 1781~ g
l;(i%: F;(il—l)p+2[5i_1 pGi-1 (el a7
endif _ _
qO= [A]p® D 0 0 0
o; = pi_/pPqd®
¥ (D= i(i%l)p+ gip(i) 0 D2 0 0
r= rG-D - g.qM M]=] ...
check convergence |r]| 0 0 D 0
ﬂ N-I1
0O O 0 D,
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HIALIE ’*‘OHLE;AIPO)?JILDZ
ST EHE (REDOHA) Al ge= i 5| AL T

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
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NiE
ERTHZEDDELHLH=EIE?

1
IC 2
1C— ALPHA= RHO / {p} {a} 3
1= 0.d0
do i=1, N 4
Cl= C1 + W(i,P)*W (i, Q)
enddo 5
ALPHA= RHO / Cf
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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« OZSa=4H—A— TcommlAD, FETAEANDZEIE/ YT 7 sendbuf]IZDLT,
EEoplZEEL, FDHRREZ1DODOZETOEArootI1DZIE/NYT7
lrecbuf] ZH#&#R9 5,

— #8F0, B, =K, &/t

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

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

MP1_MAX, MPI_MIN, MP1_SUM, MPI_PROD, MPI_LAND, MPI_BAND etc
A—H—IZkDEZELAHE: MPI_OP_CREATE
— root B | ZIETT7AEADID(SY)

— comm B | OS2 —3%EET S -
— ierr B 0 =T3—Fk Fortran
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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=4H—A— TcommIRD—DONEETTALAroot]1D/\v I 7 buffer]

NS, FOtETHT7atAMN/\vIrlbuffer][ZAvE—IFEIE,

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

— count 2 | Iyt—oDH A4 X

— datatype ZE# | Iyt—SNT—R3ALT
FORTRAN MPI_INTEGER, MPI_REAL, MP1_DOUBLE PRECISION, MPI_CHARACTER etc.
C MP1_INT, MPI_FLOAT, MPI_DOUBLE, MPI_CHAR etc.

— root B | EET7OLEADID(S2Y)

— comm B | A= —R%EETH

— lerr B 0 sZETa—KF
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P#0 | A0|BO|CO|DO P#0 | op.A0-A3 | 0p.B0-B3 |op.C0-C3|0p.D0-D3

M PI AL L RE 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
« HF, ZKXEZEHELEL, FTO0EATHRALEWMEEAN S

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

— sendbuf FE | EEN\YVIT7FDERETRLR,
— recvbuf = 0 ZIE/NYIT7DEETRFLX,

A4 T datatype |IZKYRE

— count B | Iyt—SDHAX

— datatype E# I A= DT—R2E4T
— op B I TEDESE

— comm B I O =45 —3%TET S
— ierr 2= 0 SET3—F
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MPI Reduce/Allreduced “op” R

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

e MPI_MAX, MP1_MIN =XNE, &/IME
e MPI_SUM, MPI_PROD faF0,

e MPI_LAND SRIEAND
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Preconditioned Conjugate Gradient Method (CG)

38

Compute r®= p-[A]x©®
mpi: 1, 2, . i o HIWLLEEQ
solve [M]z(-D= (G- ﬁZIT_U./7
pi = r@-10 zG-n .
if i1 ® lﬁljﬁLLIEi MNLELZITOER
pD= 7
i1~ Pi-1/Pi- 1781~ g
l;(i%: F;(il—l)p+2[5i_1 pGi-1 (el a7
endif _ _
qO= [A]p® D 0 0 0
o; = pi_/pPqd®
¥ (D= i(i%l)p+ gip(i) 0 D2 0 0
r= rG-D - g.qM M]=] ...
check convergence |r]| 0 0 D 0
ﬂ N-I1
0O O 0 D,
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THRIRILEE
NRADENLE=RE?

IC
1C— {a}= [A] {p}

do i=1, N
W(i,Q = DIAG(Ci)*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 1 for node and elem at each domain
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1D FEM: 12 nodes/11 elem’s/3 domains

Internal/External Nodes
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1 1LREEE ?

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

« MREREK, ARJMVE, R FRAEFIO—NILGHEERDHLFIE
- AtE, RKELGEDFRL—23Yy

« 1%t1:815 : Point-to-Point
— MPI1_Send, MPI_Receive
—-BEOTORREDHBIENHD n 0-0,0-0,0.0

o [EfEnEIE
— WA

« ENiLE, ARERZELGEO—NILLE
MeFEO>FE
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SEND(E(E) IR A DE(E
EEN\YI7OEELI-T—2ZBETOEXITES

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

— sendbuf E£E | EENYITTFDERETRLX,
— count B | Iyt—UDHARX

— datatype E# | A= DT —REA4T

— dest B | EETOELRADTRLA(S29)

PE#3
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MPI ISEND

o FEIE/NvTF7Isendbuf IND, EHELI=TcountlBDEEAVE—%, 44 Ttag]
{1+ T, a2 = —2RAD, destlIZiEIET S, TMPI._WAITALL |ZFESNET,
EE/N\VI7OABZTEFHLTIEZELALY,

e call MPI_ISEND
(sendbuf,count,datatype,dest,tag,comm,reguest, i1err)

— sendbuf EE | EAE/NYTFDHETRLR,

— count B | Ayt—IDHAX

— datatype E# | Iy —oDT—REA4T

— dest B I SEIETAERADTRELR(TY)

— tag B I Ayt—U8Y5  EEAVE—CDIEEEXANTHESITEA,
BERKIOITEL, ALAYE—U25 B SR TERE,

— comm B I O —3%BTET S

— request E#H 0 BIE#EAF. MP1_WAITALLTfER,

(BRH: A XIIREEATH2LEDHASIMPI_ISENDIFEUNHL
HMOBEREIIBEEITOLRLGE)) :CEEIZ DL\ TIFER
— l1err B O =T3—K
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RECV (Z{E) : N E~ADZ{E
ZE/N\YI7ICBETAOLANSEGLE-T—42 (TS

call MP1_IRECV
(recvbuf,count,datatype,dest,tag,comm, reqguest, i1err)
— recvbuf EE | RE/INVTFDHRETRLR,
— count B | Ayt—TDHAX
— datatype % | A= DT—RE4T
— dest I RAETOERDTELR(S2Y)

i i
%3

52
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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,

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

— recvbuf EE | ZIENVI7DFERIETRLR,

— count B | Ayt—IDHAX

— datatype E# | Iy —oDT—REA4T

— dest B I SEIETAERADTRELR(TY)

— tag B I Ayt—U8Y5 ZEAVE—CDIEEEXAITHESITEA,
BERKIOITEL, ALAYE—U25 B SR TERE,

— comm B I O —3%BTET S

— request E# 0 BIE#EAF. MP1_WAITALLTfER,

(B YA XIIREEATHILEDHASIMPI_IRECVIFFEUNHL
HMOBERIIBEEITORRHLE)) . CEEICDOL\TIFER
— l1err B O =T3—K
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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 B | REAT AL EDHSTMPI_ISEND], TMPI_RECVIFEUH LK,

— request E# 1/0 BIEHRIF, TMPI_ISENDJ, TMPI_IRECVITHIFRALT =87
FAIZHIE, (ERF]H 4 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
INTGA—H:CEREIC DL\ T &R
— iderr B 0 SE 73—k
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Node-based Partitioning
Internal nodes - elements - external nodes

PE#1
PE#1 4 5 6 12 15 6 ]
i 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 ./ O/ \)
2 3 14 13 4 )
17 18 19 ) [ ) ) [
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
i 8 ©
5 6 o IO 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 T
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EHREBT —2 (BT —4%) L#&

12 « NA, 4} & (internal/external nodes)

p
S

()
\/

e

7 R~ E LD ESICBFESE D15

O

()

-h\/

N
J

6+ BEHESEIL B
— F—N—SYTERFHE T HMEE

<3> — BRI, &S
« S RIEER
— EQMEENG, fED, EDNNRDIFHRE
[ %48 :import]9 5 hH
- IBR AR

— [[E®D, EDERADERE, £EDFEEIC
[1%1{5 :export] 9 5 H
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External Nodes (4} 51) : RECEIVE

PE#2 : receive information for “external nodes”
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Boundary Nodes (#Z5 ) : 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
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