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e Efaipeital amo tnv we avw adeLlor UALKO Ttou
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UTTOKELTOL o€ AAAou TUTIou adeLla xpnonc. H adela
XPNoNG OTNV OMoLa UTTOKELTAL TO UALKO aUTO avadEpPETaL
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Xpnuatodotnon

e To nmapov eKMALOEVUTLKO UALKO £XeL avamtuyBel ota mAaiola
Tou ekmatdevtikol £pyou tou dldaokovta.
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HHaparinior Yaorloyiopot IIvakmy

Due to their regular structure, parallel computations involving matrices and
vectors readily lend themselves to data-decomposition.

Typical algorithms rely on input, output, or intermediate data
decomposition.

Most algorithms use one- and two-dimensional block, cyclic, and block-
cyclic partitionings.
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HHaparinior Yaorloyiopot IIvakmy

Decomposition for matrix-matrix multiplication in C.

« A =B*C product.

 Matrices A and B are shown with multicolored rows. Each color denotes a different
process. Matrix C is broadcast to all processes.
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HHaparinior Yaorloyiopot IIvakmy

Decomposition for matrix-matrix multiplication in Fortran.

« A =B*C product.

 Matrices A and C are shown with multicolored columns. Each color denotes a
different process. Matrix B is broadcast to all processes.
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HHaparinior Yaorloyiopot IIvakmy

The basic steps of the algorithm (in C language) are:

1. Distribute the columns of C among the processors using a scatter
operation.

2. Broadcast the matrix B to every processor.

3. Form the product of B with the columns of C on each processor.
These are the corresponding columns of A.

4. Bring the columns of A back to one processor using a gather
operation.

EM 361: ITapariniotr Yroroyiopoi 2010/11, Kepdaiaro 6

8



HHaparinior Yaorloyiopot IIvakmy

» Assume A(n,n), B(n,n), C(n,n) matrices and p processes.
[* Data distribution */

if(myrank ==0) {
for(i=1; i<p; i++){
MPI1_Send( &a[from[i]], n*n/p, MPI_INT, i, tag,
MPI_COMM_WORLD );
MPI_Send( &b, n*n, MPI_INT, i, tag, MPI_COMM_WORLD );

}

}else {
MPI_Recv( &a[from[myrank]], n*n/p, MPI_INT, 0, tag,
MPI_COMM WORLD, &status ):

MPI_Recv( &b, n*n, MPI_INT, 0, tag, MPI_COMM_WORLD,
&status );
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HHaparinior Yaorloyiopot IIvakmy

[* Computation */

for (i=from[myrank]; i<to[myrank]; i++) {
for (j=0; j<n; j++) {
ClIID1=0;
for (k=0; k<n; k++)
, ClID] += AD]IKI*BIKIDL: &

/* Result gathering */
If (myrank!=0) {

for(1=1; i<p; i++)

MPI_Recv( &c[from[i]], n*n/p, MPI_INT, i, tag, MPI_COMM_WORLD, &status);
else

MPI1_Send( &c[from[myrank]], n*n/p, MPI_INT, 0, tag, MPI_COMM_WORLD);
b
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HHaparinior Yaorloyiopot IIvakmy

» Use of collective communication routines

main(int argc, char *argv(])
{

ﬁé)lm = (myrank * n)/p;
to = ((myrank+1) * n)/p;

MPI_Scatter (a, n*n/p, MPI_INT, a, n*n/p, MPI_INT, 0, MPI_COMM_WORLD);
MPI_Bcast (b,n*n, MPI_INT, 0, MPI_COMM_WORLD);

[* Computation */

MPI1_Gather (C[from], n*n/p, MPI_INT, c[from], n*n/p, MPI_INT, O,
MPI_COMM_WORLD);
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Ipopinua — Movtédro: Laplace cuvoprakomv Tinov:
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Partial Differential Equations

Boundary Conditions (Xvvoplokés cvuvOnKeg):

Consider simple 1D bar discretised into 8 intervals

> Interior values U,, U ... Uy determined by PDE
» U, and U,, determined by boundary conditions

Ui—1_2Ui +U, ., =0

Classification of BCs:

» Dirichlet: specify value, e.g. U; = ¢,

G

» Neumann: specify derivative , e.g. -
X

= CO
x=0

» Discrete form, e.g. U, - U, =¢,
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& Partial Differential Equations

H dwopépion 1ov ypov 0AOKANP®ONS 00NYEL 6€ GVGTNUA YPAUUKOV EEICMCEMY
70 0moio Abvetan emavaAnTTikd. Alapopetikol pEBodot exilvonc.

M
‘Eoto 1 1 e&lowon: Zai U, =b
j=1

Jacobi:

M
(k)
Uk = =i

ai,j

» H Mon (ot k+1 emoavainymn) sivar:

IMAeovektpota:
» EvkoAn ot ypnon.
» AveldptnTtol vToAoYIG oL (EDKOAOC TOPUAANAIGLOC TOV GEIPLOKOD KOOKA).

Mewovektiporta:
» ITolhb apyoc puOuds cuykAong.
» 20vN0m¢ YPNOILOTOIEITAL LOVO Y10, EKTOOEVLTIKOVS CKOTOVC.
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Partial Differential Equations

Gauss — Seidel:

Xpnowomotel Tipég Yo tnv U HOAIS avtég vtoAoyichovv.

M M
h-Ya Uk -Ya u®
» H Aon (otv k+1 gnavéinym) sivo: U (D E >

aI’J

IMieovektpota:
» I'pnyopotepoc puBudg cvykAiong.
» ZyETIKA OTAN 1 AVATTUEN TOV GEPLOKOD KMOTKO.
» AveEdptntol vToLoyiIGHol (E0KOAOC TOUPUAANAIGUOS TOV GEIPLIKOD KMOTKO.

Mewovektipora:

» Ov mpaeic eivon  oeplakéc  (akoAovOlokéc): o MOPUAANAMGUOC  omoTel
Tpomomoinon g uebdoov.
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& Partial Differential Equations

Successive Over-Relaxation, SOR:

Enéxtaon tg Gauss-Seidel: Aaufaver vwoyn v TponyodUEVN ETOVAANYT LEC® EVOG
Bapovg w.

» H Mon (ot k+1 emoavainymn) sivar:

M M
B (k1) )
b -> a U] > U

Ui(k+l) — W j<i j>i +(L-wW)U i(k) _ WUi(k+1) +(1-w)U i(k)

ai,j

» "o v otabepdtnTa ™ nebodov amarteitor. 0 <w < 2
> W = 1: Gauss-Seidel, w < 1: Under-relaxation, w > 1: Over-relaxation.
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Partial Differential Equations

Red/Black SOR: Kprtijpro Xoykiiong

>  Zyeddv mavrto amorteiton-eEetdleton ) akpifeia 6t Ao, ZUVETHOS 0 aAYOP1OLOC
YPEWLETAL VO TPEYEL EMG OTOV GUYKAIVEL KO OYL Y10, GUYKEKPIUEVO oplOuod
EMAVOANYEDV.

[TBavé Kprnpra XoykAiong:

/ , , , , (k+1) (k)
A) H Stapopd petald S1000y1k®@V ETAVOANYEMV Y10l OA0L TO max ‘Ui, i -Ui<e
onueia etval pikpotepn evog LKpov apldpon

B) H EvkAeidio voppo HLETAED 1000 KOV ETOVOAYEMV givorl \/Z Z(Ui(kj+1) _Ui(l}) )2 <,

LUKPOTEPT EVOS LIKPOV aplOpov i
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Partial Differential Equations

Model Problem: Laplace (f=0). U, = (U

+U,,,+U +Ui,j_1)

i+1, | I, j+1

1

. (k+1) _ (k) (k) (k) (k)

1
Gauss-Seidel: Uf"}*l)zz(u_(k) LyU&D L y® +U_(k+1))

i+1, | i-1, I, j+1 i,j-1

] i+1, ] -1, j I, j+1 i, j-1 v

SOR: U (D) :%(U 0 Lk o +U-(k+1))+(1—W)Ui(k.)
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PDEs — Model Problem (Laplace)

SOR: Serial Implementation
O cepraxdg alyopfuog meprrapPdvel ta tapakdto Prpota:

A) Apykomoinon tov grid: diveton po apywkn tiun oto wivaxka U(1,j) (== Uold(i,j)) v
oo oL, J.

B) Zekivnuoa tg emavaAnmTikng otadikociog. YToAoyioudg e Kovoplag EKTIUNONG TOV

U(i,)).

C) "EAleyyoc tng ovykAtong: edv n EvkAeidia vopua etvat pukpotepn piog
TPOKAOOPIGUEVNC LUKPNG TIUNG,.

B) Edv n ouykAion €yel emttevydei 0 aplBudg tov enavaiyemv €xel EEMEPAGEL Lo,
LEYIOTT T TEPUATICUOC TOV TPOYPAUUATOC. AAMAOC emoTpopn oto frua (B).
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PDEs — Model Problem (Laplace)

SOR: Serial Implementation

main(int argc, char *argv([])

I* Initialize grid*/

for (k==1; k<maxiter; k++) {

[* Computation */
for(i==1; i<N; i++) {
for(j==1; J<N; j++){
U(i,j) = (1-w)*Uold(i,j) + w*(U(i-1,j) + Uold(i+1,j) + U(i,j-1) + Uold(i,j+1));
}
}

/* Check convergence */

sum=20

for(i==1; i<N; i++) {

for( j==1; J<N; j++ ) { sum =sum + (U(i,j)-Uold(i,j))**2; }

¥
if (sgrt(sum) < TOL) exit(1);
Uold =U;

¥

¥
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PDEs — Parallel Implementation
Awyopiropdég Tov grid:

» Emwcowvovio oedopévav: kabe emelepyootnc otéAvev/Aaupdvel dedouévo amd Tov
TPOTYOVUEVO KOl TOV ETOUEVO.
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PDEs - Parallel Implementation

» Emwcowvovio Agdopévav: kabe emefepyaotis otédlvel/AauPdvel dedopéva amd Tov
TPONYOVLEVO KOl TOV EMOUEVO.

If (myrank !'=0) {
MPI1_Send (grid[from], n, MPI_DOUBLE, myrank-1, tag, MPI_COMM_WORLD);
MPI_Recv (grid[from-1], n, MPI_DOUBLE,myrank-1, tag, MPI_COMM_WORLD, &status);
¥
if (myrank '=p-1) {
MPI1_Send (grid[to-1], n, MPI_DOUBLE, myrank+1, tag, MPI_COMM_WORLD);

MPI1_Recv (grid[to], n, MPI_DOUBLE, myrank+1, tag, MPI_COMM_WORLD, &status);
by
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N\~ PDEs — Parallel Implementation
Hapdiinin Egeappoyn s SOR: Kokkivo/Mavpo (Red/Black) SOR

» To miéypa dwoympiletal emmAéov o€ KOKKIVO Ko podpo onueia, mwy. povd onueia:
«KOKKIVOYY, Cuyd onueio: «ULovpo.

a0 O @« O 80 8 0808 opldvTn haopido
C® O ® O ® 0O® O ® O @0 ‘
P |—m
® C ®# C ® O 80 80 8O @
0O ® o8 O % 08 08 O8O
® C®#C ® 0O @& O8O0 8O S
P, O ® O ® O @ O ®O0O SO0 ®O0 | M padpo onpsio
O ® 0O & O ® 0O 8 O 8 O Bk
OC® O ® O 80 @0 80 8 O K wockavoonueio

W
> Kékkwva onpeia: U i(,i;ﬂ) = Z(U i(fl),j +U i(_kl),j +U |(Ijzrl +U |(i])—1) +(1-w)U i(,i;)

W
, ; (k+1) _ (k+1) (k+1) (k+1) (k+1) (k)
» Movpa onpeio: U','+ _Z(Um,j +Ui—1,j +Ui,j+1 +Ui,j—1 )+(1_W)Ui,j
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Y PDEs — Parallel Implementation

Red/Black SOR: lTapaiiniicipog ALyoprOpog

‘Eoto N elicnoceic oe m=1,2,...P eneéepyactéc. Ztov 1-D daywpiopd tov grid €xovue
NIP ypauuéc og ka0e emeEepyaoty:
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PDEs - Parallel Implementation
Red/Black SOR: lTapaiiniicipog ALyoprOpog

O R/B SOR aAyop1Ouog meptiopuavet ta mopakato ryporto:

A) Apykomoinon - Atoyopiopodc tov grid: Aiveton pia apykn T tov U otic N/P
YPOUUES KAOE emelepyaotn.

B) Eekivnuo g emavainmtikng dtadikosiog. [ToapdAinAog vToAOYIGHOC THE KOVOVPLOG
ektiunong tov U(i,j).

C) "EAleyyog tng ovykAiong: kdbe emeEepyaoctng vroroyilel tnv Evkieidio vopua twv
ototyeiov tov. To abpoicuota petapépovior 6Tov KeVTpiko (master) emeéepyaotn
OOV VTOAOYILETAL TO GLVOAIKO ABPOIGLO KOt YiVETOL O EAEYYOG TNG CLYKAIONG.

D) Edv n ovykAiion €xel emttevydei 1 0 aplOudg tov emavaiyemv £xel EETEPAGEL Lo,
LUEYLOTN TIUN TEPUOTIGUOC TOV TPOYPAUUATOC. AAMMMG emaTpopn) 6To Prua (B).
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PDEs - Parallel Implementation
Red/Black SOR: lapaAiiniicipog aryoprOpog

Bina (B) — llapaiinioc Yroloyiopnog tns Kawvovprag Extipnong tov U:

» Ynohoyilovue 6Aa ta kokKiva U onueia e kK+1 emavainyng: Ui(,|}+l)

» Xtéhvoupe to KOKKva onueia g ypauung 1 otov X-1 enelepyaotn yio m=2,3,...P.
» Xtélvovue to KOkKvo onueio g ypauung NP otov X+1 enelepyaoty yuoo m=1,2,...P-1.

» YrnoloyiCovue 6Aa to pavpo U onueia g K+1 eravdinymng: Ui(kj+l)

» Xtéhvoupe to pavpa onueia g ypouunc 1 otov X-1 enelepyaoty yio m=2,3,...P.
» Xtélvovue to pavpo. onueio g ypouung NP otov X+1 enelepyaot yio m=1,2,...P-1.
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PDEs - Parallel Implementation

Red/Black SOR: Kprtijpro Xoykhong oc [llapaiinio AlyopiOpo

» Xpnon npaéemv tepiotorng, w.x. MPI1_Reduce.

/* Check convergence */
my _sum =0
for(1==1; i<N/P; i++) {
for(j==1; J<N; j++) { my_sum = my_sum + (U(i,j)-Uold(i,j))**2; }
¥
MPI_Reduce(&my_sum, &sum, 1, MPI_DOUBLE, MPI_SUM, 0, MPI_COMM_WORLD); if

if (rank==0) {
if (sqrt(sum) < TOL) exit(1); }
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» Parallel Programming, B. Wilkinson, M. Allen, Prentice Hall, 2nd Ed. 2005.

* Introduction to Parallel Computing, A. Grama, A. Gupta, G. Karypis, V. Kumar, Addison-
Wesley, 2003.

» Parallel Computing: Theory and Practice, M. J. Quinn, McGraw-Hill, 1994,

» Designing and Building Parallel Programs, lan Foster, Addison-Wesley 1994,
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