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Input: Choose a vector v; such that ||v || = 1.
Output: vectors vy, Vo, ..., Up .

1: forj =0,1,...,mdo

2: wj = AUj

3: fori=0,1,...,5 do
4 hij = (wj,v;)

5: W; = W; — hi,jvj
6: end for

7 hjag = (w2

8: if hj+1,j = 0 then
9: break

10:  end if

e v = wj/hjia

12: end for
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break
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1 pjv1 = rjp1 + B5p;
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3
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Input: Choose a sparse matrix in CSR format and a vector z.

Output: vector y.
1: fori =0ton do

22 y[i] =0

32 forj=1A[i]to [A[i+ 1] —1do
4: t=JA[j]

5 ylil+ = z[t] « AA[]

6 end for

7: end for
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//0penMP header \
#include <omp.h> Y
#include <stdio.h> Y
¥

int main(int argc, charx argv[]) 0
{ §
//Beginning of parallel region \%
#pragma omp parallel A

{ q
printf ("Hello World OpenMP...\n"); \o

} 1)
//Ending of parallel region \Y

} Y
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Configuration: | Active(Debug) | Platform: | Active(x68) | | Configuration Manager.

Open MP Support
ustom Build Step ;|| Enable OpenMP 2.0 language extensions.  (/openmp)
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Language Command
C gcc -fopenmp Sourse.c
C++ g++ -fopenmp Sourse.cpp

Paa YL il )5 s GCC LLeS 5l eslanal b Hauy s Jolopm 2 (\=3-Y) Jis gl ol 9 >

G OMT)J J&Q‘LM @ (q—\)ﬁ_}sﬁs

B Command Prompt - m} X

W

GNU LLaLS 31 oslinal b 35553 V=8=) Jlte o b Lo ()l 5 JlolS :0-) s

Se [SYEY) LSLAJALPM leja S ol J‘“"‘.’.\ )‘ C++‘5 C 6&/,.1.1\.:./315 )\ thjg :Intel C++J'li"$'°\s L4
05 9 Ll )Lf)Lw BYEHE I Microsoft Visual C++ L: J:;J Lgbbjlit.:als Mb‘f osliiul J;LB wSrQ 9
Lsuf\.;l:.ats 4L goe L’ LAJJ{‘E.A\SQ:{‘ ‘MachinuX B J;}i:@ H&é‘ J'<i')‘§'.’. L’ﬁﬁjfwu‘ d\j}ij @L»jél.o
ﬁ)}.’l,w‘ J‘jjﬂj ML}J_J L:?u CU)bLi) JLAJ}L} Q)}Jj)‘\.gb‘;’g.\ jli\.:.asz\ oslaul L: Mbﬁ d);‘).i\.:.ds

53 0k 03,51 ol xws )| Sl JLLelS sleslanal b sle b o Oygm 4 asl n ilalS (6l ool 355!

A ax>1,0 http://mingw-w64.org/doku.php 4 Jsl5 e 2ém Sledbl gl ¥

'GNU Compiler Collection ZRichard Stallmaypp 3Minimalist GNU for Windows


http://mingw-w64.org/doku.php

J‘PQ_SA oslaul (Y—\) JJJ.:-

S9du s s Intel G LLelS lav s 4ol 5 JLelS s 1Y =) Jgu

Language Command
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Language Command
C icc -qopenmp Sourse.c -0 out
C++ icpc -qopenmp Sourse.cpp -0 out
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#include <omp.h>

\

#include <stdio.h> Y

v

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

{ 0

int nthreads, tid; 4

#pragma omp parallel \

{ A

tid = omp_get_thread_num(); q

nthreads = omp_get_num_threads(); \o

printf ("Hello World. I am Thread %d of %d Threads.\n", tid, A\
nthreads) ;

¥ \Y

} \Y

Identifier(Id)



I

Hello World. I am Thread 0 of 4 Threads.
Hello World. I am Thread 1 of 4 Threads.
Hello World. I am Thread 2 of 4 Threads.
Hello World. I am Thread 3 of 4 Threads.
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?pragma omp parallel #pragma omp parallel for[clause]
#pragma omp for [clausel ' // for loop to parallelize
// for loop to parallelize } P P

}
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int main(void){ \

int x=10; Y

#pragma omp parallel for shared(x) Y

for (int i=0; i<4; i++){ ¥

X = x+i; 0

printf ("threadNumber:%d -> x:%d\n",omp_get_thread_num() ,x); ¢

} v

printf ("x is:%d\n", x); A

} 4
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threadNumber:2 — x:12
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int main(void){ \
int x=10; Y
#pragma omp parallel for private(x) Y
for(int i=0; i<5; i++){ ¥

x = x+i; o
printf ("threadNumber:%d -> x:%d\n",omp_get_thread_num() ,x); ¢

} v
printf ("x is:%d\n", x); A
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int a=10, n=5; \
int c[n]; Y
#pragma omp parallel for default(shared) private(c) Y
for (int i=0; i<n; i++){ ¥
cl[il= a+i; 0
printf ("threadNumber:%d -> c[%d]=d\n",omp_get_thread_nuf
O,i,clil);
} v
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threadNumber:2 — c[3]=13
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OpenMP L s default(none) 4 3l eslicul .0=Yo-) Jlie

int a=10, n=10;
int vector[n];
#pragma omp parallel for default(none) shared(n,vector)
for (int i=0; i<n; i++){
vector[i] = ix*a;

}
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Error: ‘a’ not specified in enclosing parallel
vector[i] =1%*a;
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int main(void) { \
int x=10; Y
#pragma omp parallel for firstprivate(x) Y
for(int i=0; i<5; i++) { ¥

X = x+i; (o)
printf ("threadNumber:%d -> x:%d\n",omp_get_thread_num() ,x); ?

} v
printf("x is:%d\n", x); A
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OpenMP L s lastprivate uu 3l eslizel V=Yo-) Jls

int main(void) { \
int x=10; Y
#pragma omp parallel for lastprivate(x) Y
for(int i=0; i<5; i++) { ¥

x = x+i; o
printf ("threadNumber:%d -> x:%d\n",omp_get_thread_num() ,x); ¢

} v
printf ("x is:%d\n", x); A

Q

}
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threadNumber: 3 — x:4

threadNumber: 1 — x:2

threadNumber: 0 — x:0

threadNumber: 0 — x:1
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int sum=0;
int vector [10];
#pragma omp parallel for shared(vector) reduction (+:sum)
for(int i=0; i<10; i++){
sum += vector[i];

}
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thread 0:

sum(©®) = vector|0] + vector[1] + vector[2]
thread 1:

sum) = vector[3] + vector[4] + vector|5)]
thread 2:

sum®) = vector[6] + vector[7]
thread 3:

sum3) = vector[8] + vector[9]
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sum = sum 9 + sum®) + sum? + sum®)
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int main(void){ \
int i, n=15; Y
#pragma omp parallel for schedule(static,2) Y
for(i=0; i<=n; i++)A{ ¥
printf ("Thread number:%d received the iteration(%d)\n", 0
omp_get_thread_num(),i);
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Thread 3 *OOE oK
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int main(void){ \
int i, n=15; Y
#pragma omp parallel for schedule(dynamic,2) Y
for(i=0; i<=n; i++){ ¥
printf ("Thread number:%d received the iteration(%d)\n", 0
omp_get_thread_num() ,i);
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int main(void){ \
int i, n=15; Y
#pragma omp parallel for schedule(guided,2) Y
for(i=0; i<=n; i++){ ¥
printf ("Thread number:%d received the iteration(%d)\n", 0
omp_get_thread_num() ,i);
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Thread 2 koK
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int main(void){ \
int i, n=15; Y
#pragma omp parallel for schedule(auto) Y
for(i=0; i<=n; i++){ ¥
printf ("Thread number:%d received the iteration(%d)\n", 0
omp_get_thread_num() ,1i);

(-
o

schedule Ly 3l eslinl b Jslas CIl ol 15 983 eslinul for adl> 5l Schedulexg@;.ad@\.g -
22 s il SLaplS B pmy o e Cpgeo @ of chunk-size Ll sl s static zelb b
oS sl for el Jals Jte ) $ 6 F bshast 48 am 5 (WW=Yom1) Lo 4y ol a3l

MM%\F\M)YLJQ)bf@\?

schedule 4 & S ealiad o5y 550 ail> gl >l AY-Ye-) Jle

int main(void){ \
int i, n=15; Y
#pragma omp parallel for Y
for(i=0; i<=n; i++){ ¥
printf ("Thread number:%d received the iteration(%d)\n", 0
omp_get_thread_num() ,i);
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#pragma omp parallel 1
{ 2
#pragma omp for 3
for(int i=0; i<4; i++){ 4
b(i); 5
c(i); 6

b 7

¥ 8
#pragma omp parallel 1
{ 2
#pragma omp for ordered 3
for(int i=0; i<4; i++){ 4
b(i); 5
#pragma omp ordered 6
c(i); 7
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Thread 1:
Thread 2:
Thread 3:
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Thread 1:
Thread 2:
Thread 3:
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b(0) | c(0)
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b(2) | c(2)
b(3) | c(3)
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b(2) ¢(2)
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#pragma omp parallel for
private(j)

for (int i=0; i<n; i++){

for (int j=0; j<m; j++)

=

NUATN W

#pragma omp parallel for
private(j) collapse(2)
for (int i=0; i<n; i++){
for (int j=0; j<m; j++)
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a();
#pragma omp parallel
{
bO;
#pragma omp for
for(int i=0; i<=5; i++){
c(i);
b
d0O;
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#pragma omp parallel
{
b();
#pragma omp for nowait
for(int i=0; i<=5; i++){
c(i);
X
d0;
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Thread0: | a | b | c(0) | ¢(1) | d
Thread 1: b|c?)|c?3)|d
Thread 2: b | c(4) d
Thread 3: b | c¢(5) d

A
Thread0: | a | b | c(0) | c¢(1) | d
Thread 1: b|c?2)|cB)|d
Thread 2: b|c4) | d
Thread 3: blc®h) | d
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Slles aS358 0 JSE5 ) ¥ dllodd il lanen ¥ (28l o aali 5 Sl 2 3L 355 00 oo
Ly g 0ok Al .Ju)w¢@?p6;\yal.>@uujw Al dalg |l andy Hle a buwsb()
Seb o 5k, ol b chunk-size (5 5 static b b schedule uy 4lis o (ol odd 4285 schedule
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Lk 3 48 GilaKinlon daw 3gad Ainlss [l ) aile 510 5 ¥ GlaplS 55 oS A Y 5 Y slaand,
L) s plows] \,wduftfua;) ples a5 5l B d() Slles 558 o0 Sl 2l 595 (53150 a2l
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AP=Vo-) Jle
int x=0; \
#pragma omp parallel shared(x) Y
{ A

X = x+1; ¥
printf ("threadNumber:%d -> x:%d\n",omp_get_thread_num() ,x); 0
} e
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OpenMP L. s critical jluKiales 3l eslinal \V=Vo-) JLe

printf ("threadNumber:%d -> x:%d\n",omp_get_thread_num(),x);

int x=0; \
#pragma omp parallel shared(x) Y
{ Al
#pragma omp critical ¥

x = x+1; 0

4

v

}

FOTF oleds Lo 5348 Sl ol b al oo (V8 =10=)) Jlis gl Jlio ) .S a5 (WV=Vom)) Jlo
Sl sl ol Ll andy YU 8 Jle s Jle ol 4SSyl o3 b .Sl 0 eslizad criitical jlucSialon
bz gl - 53 i osled andy oS glakasd jsdas o gLl )l gl 3 Oy anl )
splads a2y 9% pled i oylets 4ty (! aSiul 3 s 3515 ISl 6l ) syl axdy (ol O 5l
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threadNumber: 0 — x:1
threadNumber: 1 — x:2

0l oSl 315 e critical jlucKialon 3 Ko oS abens S Glucialen ol :atomic jluKialon
Lol Ll s critical JlucSinlon 4 and SIS 5 51 S o Syl plojon o w4y i (2l
q;ﬂ;ugA}&u;xé))54¢ﬂwdéﬁuﬁ¢gobmny45g§ngj\AJAQTQ;;rgugxxgchg}fj\ﬁig

.3 S oyl capture s update «write read L

4 b el e atomic jluKalon Jls o) ¥ ojleds Jas 55 .S a5 (\A-Yo-)) Jlte 4 tread Ly -
)\bxﬁé.:.a QJCJBP- cjl;:‘ AL:)&MMJA)JOUMB)}J‘J{L% el eJ\.i:o.sLé;eread
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OpenMP L sread A b of jon atomic jlucKialon 3l oslizul VA=YVo-) Jlie

int x=1, var; \
#pragma omp parallel Y
{ A
#pragma omp atomic read ¥
var=x; 0
b 4

L ol yon atomic jlucSKialon Jlio ool ¥ ojlads las 3 .00 25 o 551, (V4-Ve-)) Jle write Ly -
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OpenMP Loows 3 write ds b of on atomic jlucSialen 5l oslizwl 14=Yo=) Jls

int x=1, var; \
#pragma omp parallel Y
{ Y
#pragma omp atomic write ¥
X=eXxpr; 0
} 4

SaKaler oS b plply s ol atomic HluKisles 3 du ol 2bs tupdate Ly -
4 das o sl 8 eslinal 3yse Ly update dy o3 o Dy w4 sl aths gy & 0ok atomic
e ol 4 ol o 03Ul e 4 lncKialan ) oF oyl ot 53 S g (YomNom) Lo
mmmm;dwlyép\)xwwur@ww Bl g andey G Jaib alam] a3 aS

AL

OpenMP Las s update 4o b of jon atomic jlucKialon 3l oslizul . Yo-Yo-) Jlis

int x=1, var; \
#pragma omp parallel Y
{ Y
#pragma omp atomic ¥
//one of the forms: I
x++; or x--; or ++x; or --X; or X binop expr; 4
} v

AL (N=10=)) Jle S o oS5 0 b pla e ) Sl 30 5 01> (slanksy tcapture Ay -
b S 515 eslitul 3540 CAptUrE Ly L ol on atomic jlu Kaalen (o ol ¥ ojled bas 53 .00 K
03 S o ol 501 Ol Sl e ol o X kte e 4Gyl ogdle 4y 84S psgde ool 4 o
Slhes ool 4ty S o glabamd 55 13, 13 eslinl 5550 003,51 (glaay 38 51 (6 il o & a5
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OpenMP Las 53 capture A b ol on atomic HlwcSalos 3l eslizal . YV=Yo-) Jlis

int x=1, var; \
#pragma omp parallel Y
{ A
#pragma omp atomic capture ¥
//one of the forms: 0
v=x++; or v=x--; Oor v=++X; Oor V=--X; Oor V=X binop expr; 4
b v
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Al o MPT Jaoes 53 asls o Seslos a8 0 150 5 55 1, (V-))-1) Jls

MPI L. 55> Hello World eslu Jlte . V=1YV-) JLe

//MPI header \
#include <mpi.h> Y
#include <stdio.h> Y
f

int main(int argc, charxx argv) { 0
// Initialize the MPI environment #
MPI_Init (NULL, NULL); \%

A

printf ("Hello world MPI...\n"); q
Yo

// Finalize the MPI environment. \
MPI_Finalize(); \Y

} \Y

Cp) o e S 93,5 518 4 60 5 MPT Jaome 305 oo sl 45 St MPL_INi()  2ns U MPT sl 65,
JSe 358 Gl (80 MPT s o 3l 13 4 Sl ol oo 4S5 L 3,50 13 sl Cond 1S 55 g
AL e 25 Sgee 4 O S

MPI _Init (int** argc, char*** argv);

Sl O 3 4, S & sla el
iU NULL Wl 55 o o 5ldie 515 o)Ll asls Syl sl a a5 (g Seylil carge
AU NULL &l 5 o o) 5laie 53505 o)Ll a0l 3 (5La 20l 51 iend @5 48 (5 Seyli) sargy
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MS-MPI Lo 3l eslanul U MPT 4ol 3 51 21 (612 g3 520l Jlg3 5 Sl das VY=Y S8

omd Laes j3 Sle b las Oygo 4 9l Jolopiones MS-MPI LLslS 3l eslazal U MPL asls 3 (gl >
MS-MPI_LolS 5 bl a5eun ¥ 31 3Lzl L1 (1=11=1) o gl il s 5 OVF=1) s 501 s ol
a3 s Ghaled Gk Jeleptna 3

BE® Command Prompt == O X

3935 53 MS-MPI _LLalS 5l eslanal L A=1V=Y Jle (gl 1 VY=Y S8

osliil Sl 5 33 5 Sa ol s 53 MPI slaasls ;51,1 5 LLalS (slp LLalS 1 51 :IntelMPI @
plomdl Sle b o &0 4 ol gl Les MS-MPL LLalS dioles 5o 5 3 sl JoleolS gl 205 0
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g e o3linal F TOP500 lawlyly il 31 (65l Lawss a5 ol MPI 650S 05,5 K :OpenMPI ®
5 Slidss ( alKals G154 5 e Jawg a5 AL s MPL 31T 5L o $olwesly S OpenMPI o3 ,,
(F=1) Ut 53 .7 515 Jol8 3Lt MPI-3.1 (slaslslesd L Open MPI L5 5 o (651045 5 dmusss sinio

il 0k 03,51 OpenMPT LslS 31 oslinal b asls 5y JolaslS (61 0l o 4 by o Sy gnas

oS Jole e 2 OpenMPI LLalS Lo 4ol JilolS Ooly s 1¥=Y Jgu

Language Command
C mpicc Sourse.c -0 out
C++ mpicxx Sourse.cpp -0 out

3905 3l 55 gn 2 s 33 3 O ) Sl sl ol 3l
mpirun -n <num-of-procs> out
mpexec -n <num-of-procs> out
Lol Sl ol Cay a5 MPT s l5lesl js mpexec )giws w358 o0 oslinwl MPL 4l (gl > (51, )52 35 5o
4 sl 03 35l 5 358 o |t MPT (gla g5l 3Ly 31 (6 5koms Jaws oS sl Sle 5 mpirun siws
O=11=1) Jls gl 3l ool (s 3 200 g 0303 o 5 MPEXEC g 40l ()l pl&as L5 et

Sl 0l oJ)jT(\a—\) J.U..,d BE OpenMPI J.lilc.ALSJ‘ oslail L’ JS}‘:J J’AL‘;M Br)

hello mpi.cpp -o out
-n 4 .fout

o world from
world from
world from
world from
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Language Command
C mpiicc Sourse.c -0 out
C++ mpiicpc Sourse.cpp -0 out

MPI o 3540l pp Jaes 53 355 90 Oy g2ws 5 S VY-)

OLT (s 9 L, Kijla SIS cpuass  1-1Y-)

MPT Lo 4l ol V7 Jas 53 55,8 dalys S a4 £5,8 MPT Lo 0 6)lets a3 53 1S a5 (1-1Y-) Jle
a0 U K83l o 3 (e315)ply JUil 5 J5 (51 cdiS oo 5S4 3,5 MPT S oy .l dal g iy 5 oy 0L @
MPI_COMM_WORLD b3l o5 S Jle 55b 4 oS iy 125 (B 05,8 S5 il y ol 5L (Lo oy S S5
Sl Kiils s 5 S aS 3yls 3935 5 ol W6l ) Ll ol LS5 n K83l pled 3l o B pseo 4 S
L aS )lS S s Lol oS oslinud O 51 5 ey K25 15 05 (Bl 05 8 G 5 oS el sl |5 (B3l 05 S
dny oS oo 03Ul LS o w23 olesly MPL_COMM_WORLD S oo 5| (ep3 oo ploil 4ol cal 5
o5 ady Sl bl 5l o215 63lge bl laes 500l ale MPL_COMM_WORLD Sl |
S s Lails s p sliss plASs 4l ool A ojlets Jas 5 MPL_Comm_rank )gws g1 b .S b os |,
MPI_Comm_size jsws 31 V) Lt )5 pzeen S 0 Cobps hp-16 0w ady olijls jgia= blijles S 55
oeile 53y aslp cpl S e st (BL3)l oy S G s |y e Kasls IS sl gis ol 45 ol ol eslinud

Wl 0w S L s Sl S 0l ) aed oS 0l ] as ¥ L S 23

MPI Laoes 55 oUT (sdasy 5 b, Kiils s sl fpans N =1Y =) Jlie

#include <mpi.h> \
#include <stdio.h> Y
int main(int argc, char**x argv) { Y
// Initialize the MPI environment ¥
MPI_Init(NULL, NULL); o
// Get the rank of the process 14
int world_rank; \
MPI_Comm_rank (MPI_COMM_WORLD, &world_rank); A
// Get the number of processes q
int world_size; Vo
MPI_Comm_size (MPI_COMM_WORLD, &world_size); \
// Print a hello world message \Y
printf ("Hello world from processor %d out of %d processors.\n", \Y
world_rank, world_size); VY
// Finalize the MPI environment. V0
MPI_Finalize () ; \5
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Hello world from processor 0 out of 4 processors.
Hello world from processor 1 out of 4 processors.
Hello world from processor 2 out of 4 processors.
Hello world from processor 3 out of 4 processors.

MPI _bls)l Sfygiws Y=Y

P e 4 OS] L ABL alls S5l o ils 93 ) i b edils 93 ladh Sl Ko (o.s\.s)rl.:; Jal 5 & s
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a0 S8 5 358 o oslinad Sos Kasls 4 Sl Kl (e3l0)ply Jwsl g1 :MPI_Send ) gws ©
Wl ) O gee
MPI Send(const void *buf, intcount, MPI Datatype datatype, intdest, inttag, MPI Comm

comm)
u\.\sk;ﬁ a)Li»\ ASSL'“)‘ J.BLJ w))T‘Q ASVOId; C,ab C}J )‘ L;;tvw\ :buf
Aas oo olis |y Jlapl 3L j5 54050 Lolie slas ASC?D.; ¢5 3l s scount
S o asia |y Sl 3L sle 51K a el & aS ol MPI Datatype 5 3 i :datatype
sslitul Calises gla K4y Fortran 3 C oLy )3 48 555 0 i 25 MPI_Datatype g5 MPT 5 Laesls s

Sl 0 ob)jT<9—\) J).b- B cbj_ﬁ:@ oslaul C)Jﬂ\sw\b Zy\_y\ )‘ d’ljf .)j&@

MPI s osls C\)S\ =) Jgd>

C,CH++ j503ls & Jdolee | MPI 50305 C\}.}l
int MPI_INT
float MPI_FLOAT
double MPI_DOUBLE
char MPI CHAR
short int MPI_SHORT
long int MPI_LONG
bool MPI BOOL
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gt odommir (Jlsl 3L (55 2 s oo ool |y ) IS oS (5 K850

S o et |y Kils 5 b3l os S a8 dil s MPI_Comm g5 ) & it scOmm

Rl 3L gl st dlu)) s Sl 4 Sals 5 51 (eala)ply G 35 :MPI_Recev ) gas
FABb 23 S 4 O S 5 555 o0 03l MPI_ReeV 552 3 o35 K831 03 ply
MPI_Recv(void *buf, intcount, MPI Datatype datatype, intsource, inttag, MPI Comm
comm, MPI Status *status)
Lo Commed Sl e Soylil ol .S o oLl 3L j5 3L sl 4 a8 il e vOId g3 Solsl K sbuf
58 ool 0T (655 2 (Slhes ool Sl s 3l oy Sl SCos
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@Ual Sl LS e pamlialy 283 3L solis esls g5 a8 sl MPIL_ Datatype ¢ 55 5l 5 iz :datatype
S x>0 (£=) Jgd= o MPT 55 Laesls ¢lsl 5l
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RGIU S O/ VU | WP t%}bd})ﬁ‘\smjf ‘tag
S e et |y Kiils 5 b3 o5 S a8 dil s MPI_Comm g5 ) & iz cOmm
Al e (SBL s el Cunios 3)50 5 Sl (g5l 5 1L s MPI_Status g5 ) s istatus
Al s MPL_Recv mb o5 o oslisd Ol aS sl 5l S s a8 Sl Jl-le S :MPI_Status
ol Sl )3 fys 4 LTS S oo s 2 1y ply Sl 55 Camlos b Lo ol sl ol G oS pggio ol 4
gos 4 (YAY-)) iy 53 a8 050 oo ealisud 5 T bl e &l okl pl el s b el
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Struct MPI_Status{
int count, — ol 3L )5 (63945 ,lhie
int cancelled, — ab 5 o Csls5 )5 g2 4 05LA
MPI_SOURCE, — si&s <l 55 ol 5l pls 5 K515
int MPI_TAG, — ply oz
int MPL_ERROR — ol 4; by, o (sl
¥

IMPI_Wait  2MPI_Test



3L KI5 e b oS Sl Jysee 4 o S5l 5 Cowl oS 03lizel MPI_Recv s MPI_Send &l s
Slygws Guzmend OA 5 ¥ byl ;s MPI Finalize s MPL Init &lygnas 5550 53 2358 Ll o3l
aliy ol CIB Lol el osls e N3l V5 7 Lz ;s MPI_Comm_size s MPI Comm_rank
38 Al Sl 1y o Y aleds [ Ka31s 5 5 Jlyl |y esls i aylads K&3ls s o8 Sl odls 1 b (5550
Ve3lil b buffer_send CJB s 1, VYYFO jlude Jho Sails, of 55 a8 4,8l 53 1) Vo ojleds s
Gob 3l 5035 Voo ply o 358 g0 Jla)) Y glads K831 40 5039 e 615 3 (Lol ply s 3 00
03,8 1S53 Ly (88315 53) e gla K513 5 plas o o o3k 3 MPL_COMM_WORLD b3l o5 S
L 53 gh e el Vojlad Kilsn Jauys L5 Sl s Slles a5 U oo oot \WWo)leds Jas oo
g5 3 ) slul« |y received 3L\ o)les a3, S Al o BB oy g ol 4 L 55 Slles 10 ojleds
Bl g Voo O oy 45 0l 3L 53 o ojla SB35, 3 (Bl 3Ll S e 3L s MPLINT

A M‘j> oﬂ}..) status Pr oI rlﬁ C,él.i)é e SV 039 MPI_COMM_WORLD 6)‘5 6@

MPI L ;s MPI_Recv s MPI_Send <l goes 3l eslazal . Y=1Y-) Jlu

//This application is meant to be run with 2 processes \

MPI_Status status; Y

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

MPI_Init (&argc, &argv); ¥

int my_rank, world_size; 0

MPI_Comm_rank (MPI_COMM_WORLD, &my_rank); 4

MPI_Comm_size (MPI_COMM_WORLD, &world_size); \%

if (my_rank==0) { A

int buffer_send = 12345; q

MPI Send (&buffer send,1,MPI INT,1,100,MPI_COMM_WORLD); Yo

printf ("MPI process %d sends value %d.\n", my_rank, )

buffer_send) ;

b VY

else if (my_rank==1) { Y

int received; VY

MPI_Recv(&received,1,MPI_INT,0,100,MPI_COMM_WORLD, 'O
&status) ;

printf ("MPI process %d received value %d.\n", my_rank, \#
received);

b N

MPI_Finalize(); A

¥ 14

bﬁ;y{dj>65\@ufvj;

MPI process 0 sends value 12345.
MPI process 1 received value 12345.
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b e 5 3L 38 50 (6358 (52,8 Jgms L K3l 5 ) (S5 a5 Wil oo Oy 50 ol 4 MPIT_ Beact s
oo &2 DLl Sy o 4 A3 5 (508G 0T 3 48 (9 0 0l g5 (535,55 MPT_Beact  gns 31 o3lizal
FBL oo 3 D 4 giwd ol JST S8 a8 )l (Bl 655 55 Kos sl Kasls
MPI_Bcast(void *buffer, intcount, MPI Datatype datatype, introot, MPI Comm comm)
(12 s ggmed ol 53 el el (Sla e 51 S 8 o5 4 -

S b it G 3l ol Ko S o oyl1 Jlsl 3l 3T 4y 48 A2l e void 551 (5 Selil sbuffer
ASL 4]

e oo olialy Jlayl 3L olie slaes a5 ull o e §5 0 pioe scount

oyLal ol 4 (F=1) Jsd> 43 D3 s <owl MPI_Datatype g5 348 Ll Jlo)l 3L esls ¢ 55 datatype
sl 0l

3,8 el dlw Slles of 3o b 3148 (6, K&3ls 43, oot

.Zesl MPI_Comm ¢ S b, laes :comm

eiile (S35 aslp ol el ol e3linul MPL Beast sz 31 ol 55 48 .50 s s 1) (F-1Y-)) Js
S s Y K831 S olse 4 1) baasas (o) 51 eS8 MPI Jases oS ol [>) aven L
o S35 e ws 53 cdsl o MPLINT g5 O S VYYD s L buffer i VY ojlad Las
Sgb oo Jlw)l b3 ley S sla Kails pled 5l oiis ul MPL_Beast ;g3 b 5 ool (broadcast_root)
eble atn ¥ 31 IS8 Lnty] 3 48 555 s ploil MPLCOMM_WORLD (slis 5> <NUssl 5 J& oy
dans o pualed ]y les S Bl 534S (6 ks )l Jhes f 4l a8 plaelils  pled VFojled Lo 5s il o
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MPI L ;5> MPI_Bcast jgws 3l eslazal Y-1Y-) Jlo

int main(int argc, charx argv[]){ \
MPI_Init (&argc, &argv); Y
int my_rank, world_size; Y
MPI_Comm_rank (MPI_COMM_WORLD, &my_rank); ¥
MPI Comm size (MPI_COMM_WORLD, &world size); o
int broadcast_root = 0; 4
int buffer; \
if (my_rank == broadcast_root) { A
buffer = 12345; q
printf (" (MPI process %d) I am broadcast root,and send value )
%d.\n",my_rank, buffer);
} AR
MPI_Bcast (&buffer,1,MPI_INT,broadcast_root ,MPI_COMM_WORLD); \Y

o

¥y




if (my_rank != broadcast_root) { \Y

printf (" (MPI process %d) I am a broadcast receiver,and 'Y
obtained value %d.\n", my_rank, buffer);

} \0

MPI Finalize(); \§

b WV

SOCHEN r L P

(MPI process 0) I am the broadcast root, and send value 12345.

(MPI process 1) I am a broadcast receiver, and obtained value 12345.
(MPI process 2] I am a broadcast receiver, and obtained value 12345.
(MPI process 3] I am a broadcast receiver, and obtained value 12345.
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MPI_Scatter(const void *sendbuf, int sendcount, MPI Datatype sendtype, void *recvbuf,

int recvcount, MPI Datatype recvtype, int root, MPI Comm comm)
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MPI_Gather(const void *sendbuf, int sendcount, MPI Datatype sendtype, void *recvbuf,

int recvcount, MPI Datatype recvtype, int root, MPI Comm comm)
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cr) XS e op3my_value ;s 1, MPLINT g 51 s5b 53 o3l | Seils a ek e dlyl bl
Sa3lsn 2V o)led a3 55 358 e plowil MPI_COMM_WORLD _bUs,l 658 53 55 oYUl 5 J&
sl Yo L 3 asls) )3 S o Coll | 0T e 503,5 mexm 595 435 o)lad b |y o 3L s my_value
o gl g Jaame SuSs 4 gjjTCQ? s Sals ples SIMPLINT ¢35 5\ o361 Lmy_value ,slis
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int main(int argc, charx* argv[]){ \
MPI_Init (&argc, &argv); Y
int my_rank, world_size; Y
MPI_Comm_rank (MPI_COMM_WORLD, &my_rank); ¥
MPI Comm size (MPI_COMM_WORLD, &world size); o
7

int root_rank = 0; \%
int buffer[4], my_value, collect_buffer [4]; A
q

if (my_rank == root_rank){ \o
for (int i=0; i<4; i++){ 1\
buffer [i] = i%*100; VY

} VY

printf ("Process %d scatter the buffer: %d, %d, %d, %d.\n", V¥
my_rank ,buffer [0] ,buffer [1],buffer[2],buffer[3]);
} V0
MPI_Scatter(buffer,1,MPI_INT,&my_value, 1,MPI_INT, root_rank, \#
MPI_COMM_WORLD) ;

printf ("Process %d received value = %d.\n",my_rank,my_value); \V
A

my_value = my_value + my_rank; 4
MPI_Gather (&my_value,1,MPI_INT,collect_buffer,1,MPI_INT, Yo

root_rank ,MPI_COMM_WORLD) ;

AR

if (my_rank == root_rank) { Yy
printf ("Values collected on process %d: %d,%d,%d,%d.\n", Yy

my_rank,collect_buffer[0],collect_buffer[1],collect_buffer
[2],collect_buffer[3]);

} YY
MPI_Finalize(); YO
¥ Ys
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Process 0 scatter the buffer: 0, 100, 200, 300.
Process 0 received value =0.

Process 1 received value =100.

Process 2 received value =200.

Process 3 received value =300.

Values collected on process 0: 0, 101, 202, 303.
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MPI_Allgather(const void *sendbuf, intsendcount, MPI Datatype sendtype, void *recvbuf,

int recvcount, MPI Datatype recvtype, MPI Comm comm)

R Y b T LB =SB LR T PSRV NP

el b e 5 AL e vOId g5 51 Ll 30 o031 :sendbuf

s e ol \)J.{a;\;,;,a;l Sl 5L ole sl 6@“9@ 3l e :sendcount

ol > MPI_Send i 55 .00 MPI_Datatype &) ASJi:J‘\;J.;,a;\ Slalesls & :sendtype
RGO P W EIEY cra); chA; Lyf

el void g5 51 a8 B s 5L e 3 :recvbuf

AL e e aS' 8L, 3L 43 3490 wolie sldad irecveount

LS o i ]y 8L s 3Ll & 4§ MPI_Datatype & O G ere TECVEYpE

A2l o MPL_Comm g5 31 o5 bLs)| 05,5 odins Hlis :comm

A4



2 aslp opl £ ojlads a3 s el ol | ) pcile aten ¥ 3l eslinad L oS 0 50 s s 1, (0-VY-Y) Ul
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int main(int argc, charx* argv[]){ \
MPI_Init (&argc, &argv); Y
int my_rank, world_size; Ay
MPI_Comm_rank (MPI_COMM_WORLD, &my_rank); ¥
MPI_Comm_size (MPI_COMM_WORLD, &world_size); 0
int my_value = my_rank *100; 7
printf ("Process %d, my value = %d.\n",my_rank,my_value) ; v
int buffer[world_size]; A
MPI_Allgather (&my_value,1,MPI_INT,buffer,1,MPI_INT, q
MPI_COMM_WORLD) ;
printf ("Process %d received value = %d, %d, %d.\n",my_rank, \o
buffer [0] ,buffer[1],buffer[2]);
MPI_Finalize(); 1)
} VY

:ﬂjl;,;\”db\q&jf

Process 0, my value =0.

Process 1, my value =100.

Process 2, my value =200.

Process 0 received value = 0, 100, 200.
Process 1 received value = 0, 100, 200.
Process 2 received value = 0, 100, 200.
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MPI_Scatterv(const void *sendbuf, constint *sendcounts, constint *displs, MPI Datatype
sendtype, void *recvbuf, int recvcount, MPI Datatype recvtype, int root, MPI Comm

comm)
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MPI_Gatherv(const void *sendbuf, intsendcount, MPI Datatype sendtype, void *recvbuf,

const int *recvcounts, const int *displs, MPI Datatype recvtype, int root, MPI Comm

comm)
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scounts 3l estizel b 5ol Lg)ﬂ@; s Sals ples 3l chunk o1 b my_values slaal,l Y8 ojled
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MPI L ;5> MPI_Gatherv s MPI_Scatterv &l giws 3l eslisl .#=1Y=\ Jls

int main(int argc, char* argv[]){ \
MPI_Init (&argc, &argv); Y
int my_rank, world_size; \s
MPI_Comm_rank (MPI_COMM_WORLD, &my_rank); ¥
MPI_Comm_size (MPI_COMM_WORLD, &world_size); 0
?

int root_rank = 0; \%
int counts[world_size] = {2, 2, 1}; A
int displacements[world_size] = {0, 2, 4}; q
Yo

int chunk = counts[my_rank]; 1)
int buffer[5], my_values[chunk], collect_buffer[5]; \Y
\Y

if (my_rank == root_rank) { V¥
for(int i=0; i<5; i++){ VO
buffer[i] = i%100; \§

} \\%

printf ("Process %d scatter the buffer: %d, %d, %d, %d, %d. A

\n",my_rank ,buffer [0] ,buffer[1],buffer[2],buffer[3],
buffer [4]) ;
\4

¥4




MPI_Scatterv(buffer,counts,displacements ,MPI_INT,&my_values, Yo
chunk ,MPI_INT,root_rank,MPI_COMM_WORLD) ;

printf ("Process %d received my_values.\n", my_rank); Y
YY

for(int i= 0 ; i <chunk ; i++) { Yy
my_values[i] = my_values[i] + my_rank; Y¥

b YO

MPI_Gatherv (&my_values,chunk ,MPI_INT,collect_buffer,counts, AR 4
displacements ,MPI_INT,root_rank ,MPI_COMM_WORLD) ;
Yv
if (my_rank == root_rank) { YA
printf ("Values collected on process %d: %d, %d, %d, %d, %d. YA
\n",my_rank,collect_buffer [0],collect_buffer[1],
collect_buffer[2],collect_buffer[3],collect_buffer[4]);

¥ Yo
MPI_Finalize(); Y\
} Yy

:o.u;l.sﬂ'\" shla s~

Process 0 scatter the buffer: 0, 100, 200, 300, 400.

Process 0 received values.

Process 1 received values.

Process 2 received values.

Values collected on process 0: 0, 100, 201, 301, 402.
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MPI_Allgatherv(const void *sendbuf, intsendcount, MPI Datatype sendtype, void *recvbuf,

const int *recvcounts, const int *displs, MPI Datatype recvtype, MPI Comm comm)
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MPI L~ ;5 MPI_Allgatherv ,gws 3l oslizal V=1Y-\ Jlis

int main(int argc, charx* argv[]){ \
MPI_Init (&argc, &argv); Y
int my_rank, world_size; Ay
MPI_Comm_rank (MPI_COMM_WORLD, &my_rank); ¥
MPI_Comm_size (MPI_COMM_WORLD, &world_size); 0
?

int counts[world_size] = {2, 2, 1}; \%
int displacements[world_size] = {0, 2, 4}; A
4\

int start = displacements [my_rank]; Vo
int chunk = counts[my_rank]; )
VY

int buffer[5], my_values[chunk]; \Y
\Y

int size=0; VO
for(int i=start; i<start+chunk; i++){ \§
my_values[size++] = i%100; \\%

} A
MPI_Allgatherv (&my_values, chunk ,MPI_INT,buffer,counts, V4

displacements ,MPI_INT,MPI_COMM_WORLD) ;
printf ("Process %d received value = %d, %d, %d, %d, %d.\n", Yo
my_rank ,buffer [0] ,buffer [1],buffer [2],buffer [3],buffer[4]);
MPI_Finalize(); AR
} Yy
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Process 0 received value = 0, 100, 200, 300, 400.

Process 1 received value = 0, 100, 200, 300, 400.

Process 2 received value = 0, 100, 200, 300, 400.
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1450, 00t R
MPI_Reduce(const void *sendbuf, void *recvbuf, int count, MPI Datatype datatype,

MPI_Op op, introot, MPI Comm comm)

MPI_Allreduce(const void *sendbuf, void *recvbuf, int count, MPI Datatype datatype,

MPI_Op op, MPI_Comm comm)
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MPI L ;5 MPI_Allreduce s MPI_Reduce &l giws 3l eslazal A=VY=Y Jls

int main(int argc, char* argv[]){ \
MPI_Init (&argc, &argv); Y
int my_rank, world_size; \s
MPI_Comm_rank (MPI_COMM_WORLD, &my_rank); ¥
MPI_Comm_size (MPI_COMM_WORLD, &world_size); 0
int Prod_resault, Sum_resault = O; 4
if (my_rank == 0){ v
Prod_resault = 1; A
} q
MPI_Reduce (&my_rank ,&Prod_resault,1,MPI_INT,MPI_PROD,O, Yo
MPI_COMM_WORLD) ;
MPI_Allreduce (&my_rank ,&Sum_resault, 1,MPI_INT,MPI_SUM, 1)
MPI_COMM_WORLD) ;
if (my_rank == 0){ VY
printf (" (MPI Process %d) The product of all ranks is %d.\n", \¥
my_rank ,Prod_resault);
} \¥
printf (" (MPI Process %d) The sum of all ranks is %d.\n", V0
my_rank,Sum_resault);
MPI _Finalize(); \§
} 1\
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(MPI Process 0) The product of all ranks is 0.
(MPI Process 0) The sum of all ranks is 6.
(MPI Process 1) The sum of all ranks is 6.
(MPI Process 2) The sum of all ranks is 6.
(MPI Process 3) The sum of all ranks is 6.
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MPI_Wait(MPI_Request *request, MPI_Status *status)
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MPI_Test(MPI_Request *request, int *flag, MPI Status *status)
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LT USsk s Islee s MPT S,k Sl siaes :A=) gl

Sebk e ol Slygiws | MPI s Sols Ol gnas
MPI Isend MPI_Send
MPI Irecv MPI Recv

MPI_Iscatter MPI_Scatter
MPI Igather MPI_Gather
MPI Iallgather MPI_Allgather
MPI Ireduce MPI Reduce
MPI_Iallreduce MPI_Allreduce
MPI Ibcast MPI_Bcast

Febeey g (Sl s oS o0 sy 2 L MPL Irecy s MPI Isend  Sls 8 552 55 o el il aslal 5o

MPI_Irecv s MPI_Isend s 55 51 (4=VY=Y) Jls ys a8 (.i\a.s)ﬂ Ly dle g5 (Seks e Ol g oslanal o goe 3l

MPI_Test Lol ,oa MPI_Irecv sMPI_Isend  giws 95 (Vo=VY=1) Jls 55 5 .ol o osliw] MPI_Wait Lol yon
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MPI_Isend(const void *buf, int count, MPI Datatype datatype, int dest, int tag, MPI Comm

comm, MPI Request *request)

MPI_Irecv(void *buf, intcount, MPI Datatype datatype, intsource, inttag, MPI Comm comm,

MPI_Request *request)

MPI_Recv 3 MPL_Send &) gis )5 3590 (gla el alice Wids Heiws 93 cpl s 4, S 4 sla el

sy grequest alol oyl s 95l 3 bl Ll ol osls s Jate sk 4 (Y=1Y=Y) s p5 a8 Uil o

Conizy b goddoslinal Sob o jmus j5aS Cunl ulgsysodias olils 5 UiL s MPL Request &5 aS 3yls
3580 5B o 3550 O

S5 53 L ab sl ) MPL_Wait 3l e3lizsl UMPI_Irecy s MPI_Isend &l snss 5l eslinad .4-1Y=) Jls
(551 >

//This application is meant to be run with 2 processes
int main(int argc, char*x argv[]){

MPI_Init (&argc, &argv);

int my_rank, world_size;

MPI_Status status;

MPI_Request request;

MPI_Comm_rank (MPI_COMM_WORLD, &my_rank);

MPI_Comm_size (MPI_COMM_WORLD, &world_size);

int buffer_send, received;

if (my_rank == 0) {

buffer_send = 12345;
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MPI Isend(&buffer send,1,MPI INT,1,100,MPI_COMM_WORLD, VY
&request) ;

} \Y

else if (my_rank == 1) { \¥

MPI_Irecv(&received,1,MPI_INT,0,100,MPI_COMM_WORLD ,&request); \0

} \$

MPI_Wait (&request ,&status); \\%

printf ("Processor %d is waiting...\n",my_rank); \A

if (my_rank == 0) { 4

printf ("Processor %d sent %d\n",my_rank,buffer_send); Yo

} Y

else if (my_rank == 1) { YY

printf ("Processor %d received %d\n", my_rank,received); Yy

} Ye

MPI_Finalize(); Yo

¥ Y5
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Processor 0 is waiting ...
Process 0 send 12345
Processor 1 is waiting ...
Process 1 received 12345

;&;\JJU; L b asl o) MPIL_Test 3l eslizwsl LMPI_Irecy s MPI_Isend <y giws 5l aslizal Vo= Y=Y Jlie

(555 1>
//This application is meant to be run with 2 processes \
int main(int argc, charx argv[]){ Y
MPI_Init (&argc, &argv); Y
int my_rank, world_size; ¥
MPI_Status status; o
MPI_Request request, request2; b4
MPI_Comm_rank (MPI_COMM_WORLD, &my_rank); \%
MPI_Comm_size (MPI_COMM_WORLD, &world_size); A
int flag,test=0, buffer_send, received; q
if (my_rank == 0) { \o
buffer_send = 12345; )
MPI_Isend(&buffer_send,1,MPI_INT,1,100,MPI_COMM_WORLD, Y
&request) ;

¥ Y
else if (my_rank == 1) { \¥f
MPI_Irecv(&received,1,MPI_INT,0,100,MPI_COMM_WORLD ,&request); \0

¥ \
MPI_Test (&request, &flag, &status); \\%
while (!flag && test<leb){ A
test ++; \4

if (test == 1){ Yo
printf ("Processor %d is testing...\n",my_rank); Y\

} YY
MPI_Test (&request, &flag, &status); Yy

X YY
if (my_rank == 0) { YO
printf ("Processor %d sent %d\n",my_rank,buffer_send); Y§

} Yv

[\Y4




printf ("Processor %d received %d\n", my_rank,received);

else if (my_rank == 1) {
}
MPI_Finalize();

}

YA
Y4
Yo
Y\
Y'Y

Processor 0 sent 12345

Processor 1 is testing ...
Processor 1 received 12345
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Input: Choose a vector 1 and &.
QOutput: approximate solution ;4.
I: rog=b— Arg.po =10
2. forj=0,1....do
3: sp_mv_product
| a; = (rjr)[(wy, p;)
Tijp1 = I; + a;p;

LM

6| Tj41 =T — O;W;

7: | if |rjull; Seothem |— 3 dot_product
8: break

9:  endif

16: | B = (rjs1,7j41) /(15 75)
1 pis1 =14+ 55p;

12: end for
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57 S 53 CSR b b 5 oy 5l 50 V=Y o5 581

Y

Input: sparse matrix A in CSR format and a vector x.
Output: vector y.
1: fori=0tondo
22 K1 =1A[i
30 K2=TA[i+1] -1
4. forj = K1to K2do
5 yli] = dotproduct(AA[j], z[JA[j]])
6 end for
7

- end for
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AA=[o 5 [on¥]-a8 VY[ Vre |
JA= L3 T | '\ o T |

o \

1A= [-[Y][]0]

.J;Sggpwbmb)bﬁjéwjujb&'ywu— cﬁ)ﬂ\f)b-%jrgﬁ

(Z: 0) Jj‘r@
Ky = ]A[o] =
KY=TAD] =)=\
j= = 30 = AL % alJAL]] = « 2Vl = o 51
j=\— y[o]m = AA\N] x x[JAD]] = o V¥ x z[Y] = o V¥
o S b polie ) Ll 53 5 o aslous o Sl i ojled o i b palis il 4 y[o] Slis
.J‘)M\}}Wbyﬂbﬁdj‘ wj.ajc.hi:

yle) = Y] + 9] = 051+ VE =1 ¥

(i =1) ip2pl8
K\=TAN =Y
KY=TA[Y]—\=Y
i=Y =y = AA[Y] x 2[JA[Y]] = - 88 x 2[)] =+ 44
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Ky=TA[v] =Y
KY=TA[Y]-\=¥
ji=Y— y[Y](°) = AA[Y] x 2[JA[Y]] = o ) VF x x[c] = o V¥

j=Y¥ = y[Y]) = AA[f] x 2[JA[¥]] =\, Yt x z[¥] =\, V¥

5ol e SIS L ol ) el 53 5 ok draloes o le ST Jaw o b alie Sl 4 9 Y] s
Sl dalgs LSS Ly Sls 5T adlge

y[¥] = y[Y]© + y[Y]) = VE 41, YF =1 47

S sbe cl gl -r-:)ﬂ‘_;‘ﬁ Sl Sypo 4 |y O )l adl~ ‘pla))-ﬁ‘ ol ol silwesly (gl
G S Sl by aal> ol B S o ool OPenMP L 5 (5315 for ail> slaay
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o s 4 b il e Bl sp_mv_product asb ;5 53 a5 el ol ) pl [A] 5,5 o 53y
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void sp_mv_product (double *y, double *AA, int *JA, int *IA, \
double *x, int n) {

v
//! Compute the sparse matrix-vector product (CSR format) Y
int 1i,j; ¥
#ifdef OPENMP 0
#pragma omp parallel for default(none) \ 14
private(i,j) shared(y,AA,JA,IA,x,n) \%

A

#endif
for (i = 0; i < n; i++) { q
y[i] = 0.0; Ve
for (j = IA[i]; j < IA[i+1]; j++) { A
y[i]l += AA[j1*x[JAL[j]11; Y
} VY
} V¥
¥ \0
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double dot_product(double *x, double *y, int n) { \
Y

//' Compute the dot product of the provided vectors Y
double result = 0.0; int 1i; ¥
0

#ifdef OPENMP 4
#pragma omp parallel for default(none) \ v
private(i) shared(x,y,n) ordered reduction(+:result) A
#endif q
for (i = 0; i < n; i++) { \o
result += x[i]lxy[i]; 1\

b VY
return result; VY

} VY
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void daxpy(double *z, double alpha, double *x, double x*y, \
int n) {

Y

//!' Compute the addition of a vector with a vector times a Y
constant

int i; ¥

#ifdef OPENMP 0

#pragma omp parallel for default(none) \ b4

private(i) shared(z,alpha,x,y,n) \%

#endif A

for (int i = 0; i < n; i++) { q

z[i] = alphaxx[i] + y[i]; Vo

b 1)

} \Y
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MPI_COMM_WORLD) ; YV
YA
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//' Allgather partial vector from each processor to convert
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MPI_Allgatherv(
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MPI_DOUBLE, 0
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MPI_DOUBLE, !
MPI_COMM_WORLD) ; Yo

void MatrixMulVec(double *my_aa, int *my_ja, int *my_ia, double Y
*x, double *y, int myRowsSize) {
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//!' Compute the matrix-vector product 'Y
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void daxpy(double *z, double alpha, double *x, double x*y, \
int myRowsSize) {

Y

//' Compute the addition of a vector with a vector times a Y

constant

for(int i=0 ; i<myRowsSize ;i++){ ¥

z[i] = x[i] + alphaxy[i]; [

} 4

} %
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double dot_product (double *x, double *y, int myRowsSize) { \
Y

//' Compute the dot product of the provided vectors Y
double result = 0.0; ¥
for(int i=0 ; i<myRowsSize ;i++){ I
result += x[ilxy[il; 7

} v
return result; A

} 4
Vo

MPI_Allreduce( A\
&result, VY
&resid, Y
1, V¥
MPI_DOUBLE, \O
MPI_SUM, \#
MPI_COMM_WORLD) ; \V
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Generate a sparse symmetric definite positive matrix.

Parameters
dim : int,

The size of the random matrix to generate.
alpha : float, default=0.95

The probability that a coefficient is zero (see notes).

Larger values

enforce more sparsity. The value should be in the range

0 and 1.
smallest_coef : float, default=0.1
The value of the smallest coefficient between O and 1.
largest_coef : float, default=0.9
The value of the largest coefficient between O and 1.
Returns
prec : sparse matrix of shape (dim, dim)
The generated matrix.
Notes
The sparsity is actually imposed on the cholesky factor
of the matrix.
Thus alpha does not translate directly into the filling
fraction of the matrix itself.

import numpy as np
import sys

if (len(sys.argv) > 1):

dim = int(sys.argv[1])

alpha=0.99

smallest_coef=.1

largest_coef=.9

random_state = np.random.mtrand._rand

chol = 1*np.eye(dim)
aux = random_state.rand(dim, dim)
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aux [aux < alpha] 0

aux [aux > alpha]

aux = np.tril(aux, k=-1)

# Permute the lines

permutation = random_state.permutation(dim)
aux = aux[permutation].T[permutation]

chol += aux
prec = np.dot(chol.T, chol)

rowptr = []

val = []
colidx = []
ans = [1 for i in range(dim)]

b = [0 for i in range(dim)]

count = 0;
rowptr.append (count)
for i in range(0 , dim):
for j in range (0, dim):
if precl[i]l[j] != O:

val.append(prec[i]l [j1)
b[i] += precl[il][j]
colidx.append(j)
count=count+1
rowptr.append (count)

f = open('matrix_csr', 'w');
f.write(str(dim))
f.write('\n')
f.write(str(rowptr[-1]1))
f.write('\n"')

for i in range(len(val)):
f.write(str(round(vall[il,6)))
f.write('\t"')

f.write('\n"')

for i in range(len(colidx)):
f.write(str(colidx[i]))
f.write('\t")
f.write('\n")

for i in range(len(rowptr)):
f.write(str(rowptr[i]))
f.write('\t")
f.write('\n")

for i in range(dim):
f.write(str(round(b[i],6)))
f.write('\n")

f.close()

AN

(smallest_coef + (largest_coef -
smallest_coef) * random_state.rand(np.sum(aux > alpha)))
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f = open('ans_csr', 'w') QY

for i in range(dim): 4y
f.write(str(round(ans[i],6))) q¥
f.write('\n') 10
f.close() 47

Qv

else: qA
44

print ("please input the size of matrix (N)") \oo
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#include <stdio.h>
#include <stdlib.h>
#include <fstream>
#include <iostream>
#include <cmath>

#include <ctime>

#include <string.h>

#define OPENMP "openmp_enable"
#ifdef OPENMP

#include <omp.h>

#endif

using namespace std;

/3 3% sk sk sk ok sk sk sk ok ok sk sk ok ok sk sk sk ok ok sk sk sk ok sk sk sk K ok sk sk sk ok sk sk sk K ok sk sk s ok sk sk sk ok ok sk sk sk ok ok sk sk ok ok sk sk sk ok ok /
/* Set the variable parameters for the simulation here.

Note that the number of threads for the OpenMP implementation
can be set at the command line. */

/% 3% 3k ok ok ok sk ok ok ok ok ok ok sk ok sk ok ok ok ok ok ok sk ok sk sk ok ok ok ok ok sk ok sk sk sk ok ok ok ok sk ok sk sk sk ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok /

//! Convergence criteria in terms of orders reduction in the L2
norm
#define TOLERANCE 1le-6

/% K sk ok ok ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok o ok ok ok ok ok koK ok ok o kok ok Rk ok o ok /

/* Function prototypes. All necessary functions are contained in
this file. */

/% ok sk ok sk ok ok ok ok sk ok ok ok sk ok ok o sk ok ok ok sk ok ok s sk ok ok ok sk ok ok o sk k ok ok ok ok ok s sk ok ok ok ok ok ok ok skok ok ok ok kok ok ok ok /

//' Driver routine for the conjugate gradient method
void conjugate_gradient (double *A, int *rowA, int *colA, double
*x, double *b, int n_nodes, double tol, int freq);

//' Subroutine for calculating a sparse matrix-vector product
void sp_mv_product(double *result, double *A, int *rowA, int
*colA, double *x, int n);

//' Subroutine for adding a vector to another multiplied by a
constant

void daxpy(double *result, double alpha, double *x, double *y,
int n);

//' Subroutine for calculating the dot product of two length n
vectors
double dot_product (double *x, double *y, int n);

//! Subroutine for taking the L-2 norm of a vector
double vector_norm(double *vec, int n);

//' Subroutine for performing a deep copy of a vector
void vector_copy(double *vec_in, double *vec_out, int n);

//! Subroutine for deallocate all dynamic memory in the program
void deallocate_arrays(double *A, int *rowA, int *colA, double

9.
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*x, double *b);

/*************************************************************/

/* Main function driving the high-level solver execution.

*/

/*************************************************************/

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

#ifdef OPENMP

cout<< "OpenlMp Is Active\n";
#else

cout<< "OpenlMp Is Deactivated\n";
#endif

//!' Local variables and settings for the CG algorithm
int freq, n, numberOfNonZero;
double tol = TOLERANCE, StartTime, StopTime, UsedTime;

//' Check for number of threads for the OpenMP version
#ifdef OPENMP

int n_threads;

printf ("Give the number of threads: ");

scanf ("%d", &n_threads);

omp_set_num_threads (n_threads) ;
#endif

//!' Pointers to arrays that we need throughout the solver
double *xA, *x, *b;
*rowA, *coll;

//' Allocate memory

ifstream matrixfile("matrix_csr");

if (! (matrixfile.is_open())){
cout<< "Error: file not found"<<endl;
return O;

}

matrixfile >> n;

matrixfile >> number0OfNonZero;

A = new double [numberOfNonZero];
colA = new int [numberOfNonZerol];
rowA = new int [n+1];

x = new double [n];
b = new double [n];

for(int i = 0; i < numberOfNonZero; i++){
matrixfile >> A[i];

}

for(int i = 0; i < numberOfNonZero; i++){
matrixfile >> colA[il];

}

for(int i = 0; i <= n ; i++){
matrixfile >> rowAl[i];

}
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Vo ¥

for(int i = 0; i < n; i++){ Vol
matrixfile >> b[i]; Vo

} YoV
matrixfile.close(); VoA
Vo4

//' Start the timer for benchmarking D
StartTime = double(clock())/double (CLOCKS_PER_SEC); Y
#ifdef OPENMP WY
StartTime = omp_get_wtime(); Y
#endif Wy
1o

//' Solve the system using the Conjugate Gradient method W\ ¢
conjugate_gradient (A, rowA, colA, x, b, n, tol, freq); WY
WA

//! Stop the timer AR
#ifdef OPENMP \Yo
StopTime = omp_get_wtime () ; Y)Y
UsedTime = StopTime-StartTime; \YY
#telse \YY
StopTime = double(clock())/double (CLOCKS_PER_SEC); \YY
UsedTime = StopTime-StartTime; \YO
#endif \Y#
\YYV

//Generate files for debug purpouse \YA
ofstream Af; \Y4
Af .open("omp_csr"); \Wo
for (int i = 0; i < n; i++) { 1Y
Af<<x[i]<<endl; Y'Y

} Y'Y
Af .close(); YWY
WO

//! Free all memory used by the solver A4
deallocate_arrays (A, rowA, colA, x, Db); YV
YA

//' Print the total time for performance benchmarking. AR
UsedTime=UsedTime*1000; VYo
YFA

#ifdef OPENMP \YY
cout << "Completed in " << fixed << UsedTime << " ms with "; VFY
cout << n_threads << " threads." << endl; VFY
#else YO
cout << "\nCompleted in " << fixed << UsedTime; VY $
cout << " ms in serial." << endl; YV
#endif VFA
V¥4

cout<< "result saved on file omp_csr.\n"; V0o
return O; VO

} \OY
\OY

void conjugate_gradient (double *A, int *rowA, int *colA,
double *b, int n, double tol, int freq) {

//!' Initial variables.

freq = nx*n;
double resid, alpha, beta, sum;

qy
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//' Allocate auxiliary vectors for the CG algorithm
double *r = new double[n];
double *p = new double[n];
double *mv_product = new double[n];

0; i < n; i++) {
0;

for (int i

x[i]

}

//' Initialize the r0ld and p0ld
sp_mv_product (mv_product, A, rowA, colA, x, n);
daxpy(r, -1.0, mv_product, b, n);
vector_copy(r, p, n);

int iter = 0;
while ( true && iter < freq ) {

//' CG iteration
iter ++ ;

//! Sparse matrix-vector product (major portion of the work)

sp_mv_product (mv_product, A, rowA, colA, p, n);
//!' Compute the alpha step
resid = dot_product(r, r, n);

alpha = resid/dot_product(p, mv_product, n);

//! Update the value of the solution
daxpy(x, alpha, p, x, n);

//!' Residual update (mv_product still holds Ax*p)
daxpy(r, -1.0*alpha, mv_product, r, n);

//!' Check the convergence condition

sum = vector_norm(r,n);
if (sum < tol)
break;

//! Compute the beta value
beta = dot_product(r, r, n)/resid;

//!' Update the p vector
daxpy(p, beta, p, r, n);
}

//!' Free memory and exit
delete [] r;

delete [] p;

delete [] mv_product;

}

void sp_mv_product (double *result, double *A, int *rowA,
*colA, double *x, int n) {

//' Compute the sparse matrix-vector product (CSR format)

qy




int 1i,j;

#ifdef OPENMP

#pragma omp parallel for default(none) \
private(i,j) shared(result,A,rowhA,colA,x,n)
#endif

for (i = 0; i < nj; i++) {
result[i] = 0.0;
for (j = rowA[i]; j < rowA[i+1]; j++) {

result[i] += A[jl*x[colA[jl];
}
}
}

void daxpy(double *result, double alpha, double *x, double *y,

int n) {

Y
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//!' Compute the addition of a vector with a vector times a constant¥d

int 1i;
#ifdef OPENMP
#pragma omp parallel for default(none) \
private(i) shared(result,alpha,x,y,n)
#endif

for (int i = 0; i < n; i++) {

result[i] = alphax*x[i] + y[i];

}

}

double dot_product(double *x, double *y, int n) {

//' Compute the dot product of the provided vectors
double result = 0.0; int i;

#ifdef OPENMP
#pragma omp parallel for default(none) \
private(i) shared(x,y,n) ordered reduction(+:result)
#endif
for (i = 0; i < mn; i++) {
result = result + x[ilx*xy[i];
}

return result;

¥
double vector_norm(double *vec, int n) {

//' Compute the L-2 norm of the provided vector
double norm = 0.0; int i;

#ifdef OPENMP
#pragma omp parallel for default(none) \
private (i) shared(vec,n) ordered reduction(+:norm)
#endif

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

norm += vec[i]*vecl[il];

¥

norm = sqrt(norm) ;

return norm;
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} Y#q

YVo

void vector_copy(double *vec_in, double *vec_out, int n) { YV

YVY

//!' Copy input vector into output vector YvYy

int i; YvY

#ifdef OPENMP YVO

#pragma omp parallel for default(none) \ YV#

private(i) shared(vec_out,vec_in,n) YVV

#endif YVA

for (i = 0; i < n; i++) { Yva

vec_out[i] = vec_in[i]; Y Ao

} YA\

} YAY

YAY

void deallocate_arrays(double *A, int *rowA, int *colA, double YAY
*x, double *b) {

YAO

//' Deallocation of all dynamic memory in the program. YAS

delete [] A; YAV

delete [] rowA; YAA

delete [] colh; YAQ

delete [] x; Y4o

delete []1 b; Y4y

} Y4y
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#include
#include
#include
#include
#include
#include
#include

<iostream>
<cmath>
<algorithm>
<stdio.h>
<stdlib.h>
<fstream>

<time.h>
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#include <mpi.h>
using namespace std;

/% ok ko ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok o ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok o ok ok o ok ok ok Rk ok o ok /

/* Function prototypes. All necessary functions are contained
in this file. */

/% o ok sk ok ok sk ok ok ok sk ok ok ok sk ok ok o sk ok ok ok sk ok ok ok sk ok ok ok sk ok ok ok sk ok ok ok ok ok ok o sk ok ok ok ok ok ok ok skok R ok ok kok ok ok ok /

//' Driver routine for the conjugate gradient method

int conjugate_gradient (double *my_aa, int *my_ja, int *my_ia,
double *bPart, double *x, int *datacounts,int *datadispls,
int myRowsSize, int M);

//' Subroutine for calculating a matrix-vector product
void MatrixMulVec (double *my_aa, int *my_ja, int *my_ia, double
*x, double *result, int myRowsSize);

//' Subroutine for adding a vector to another multiplied by a
constant

void daxpy(double *result, double alpha, double *x, double *y,
int myRowsSize) ;

//' Subroutine for calculating the dot product of two vectors
double dot_product (double *x, double *y, int myRowsSize);

/% % 5k ok ok s ok ok ok sk ok ok sk ok ok ok s ok oK 3k sk ok K 3 ok ok 3k 3 ok ok 3k ok ok 3k 3 ok ok 3 3 ok ok 3k 3k ok %k 3 ok ok %k 3 ok %k ok k % * ok k % % /

/* Main function */
/% sk sk ok ok sk sk ok ok sk ok ok sk sk ok ok sk ok ok sk sk ok ok ok sk ok ok s sk ok ok ok sk ok ok sk ok ok o ok sk ok ok sk ok ok ok sk ok ok ok sk ok ok sk kok ok /

int main (int argc, charx* argv([]){

int M, myid,numprocs,count,remainder ,myRowsSize ,NumofNonZero,
num_e,iter;

MPI_Init(&argc, &argv);
MPI_Comm_rank (MPI_COMM_WORLD, &myid);
MPI_Comm_size (MPI_COMM_WORLD, &numprocs);

int *datacounts= NULL, *datadispls= NULL, *ecounts= NULL,
*edispls= NULL, *ia= NULL, *ja= NULL;

double *aa=NULL, *b= NULL, *x , *res ;
clock_t startTime, endTime;

//read the matrix of file
if (myid == 0){
ifstream matrixfile("matrix_csr");
if (' (matrixfile.is_open())){
cout<< "Error: file not found"<<endl;
return O;
}
matrixfile >> M;
matrixfile >> NumofNonZero;

24

\O
W\
Y

V¥
VO
\#

A
\4
Yo

AR
Yy

Yy

Yy
Yo
A4
Yv
YA
Y4
Yo
AR
Y'Y
Yy
Y'Y
Yo

Y#
v
YA
Y4
¥o
¥

¥Y
fr
A
¥0
¥5
v
YA
¥4
[\
o)
oy
ov
of
00




aa new double [NumofNonZero];
ja = new int [NumofNonZero];
ia new int [M+1];

b = new double [M];

for(int i = 0; i < NumofNonZero; i++){
matrixfile >> aalil;

}

for(int i = 0; i < NumofNonZero; i++){
matrixfile >> jal[il;

}

for(int 1 = 0; i <=M ; i++){
matrixfile >> ialil;

3

for(int i = 0; i < M; i++){
matrixfile >> b[i];
}

matrixfile.close();

datacounts = new int[numprocs];
datadispls = new int[numprocs];
ecounts = new int[numprocs];
edispls = new int[numprocs];
count = M / numprocs;
remainder = M - count * numprocs;
int prefixSum = O;
for (int i = 0; i < numprocs; ++i) {
int t1 = (i < remainder) 7 count + 1 : count;

datacounts[i] = t1;
int t2 = prefixSum;
datadispls[i] = t2;
prefixSum += t1;
ecounts[i] = ial[t2 + t1] - ial[t2];
edispls[i] = ial[t2];
}
}
MPI_Bcast (&M, 1, MPI_INT, O, MPI_COMM_WORLD) ;

if (myid '= 0){

count = M / numprocs;

remainder = M - count * numprocs;
datacounts = new int[numprocs];
datadispls = new int[numprocs];

}

MPI_Bcast (datacounts, numprocs, MPI_INT, O, MPI_COMM_WORLD);
MPI_Bcast (datadispls, numprocs, MPI_INT, O, MPI_COMM_WORLD);

MPI_Scatter(
ecounts,
1,
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myRowsSize =

double *bPart =
double *my_aa =
int *my_ja =
int *my_ia =

a

MPI_INT,

&num_e,
1,
MPI_INT,
0,

MPI_COMM_WORLD) ;

myid < remainder 7

new double[num_e
new int[num_e];

MPI_Scatterv(

s

aa,

ecounts,
edispls,
MPI_DOUBLE,
my_aa,

num_e,
MPI_DOUBLE,

0,
MPI_COMM_WORLD) ;

Scatter partial Column Index

MPI_Scatterv(

a

ja,

ecounts,
edispls,
MPI_INT,

my_ja,

num_e,

MPI_INT,

0,
MPI_COMM_WORLD) ;

Scatter partial Row pointers

MPI_Scatterv(

ia,

datacounts,
datadispls,
MPI_INT,

my_ia,
myRowsSize,
MPI_INT,

0,
MPI_COMM_WORLD) ;

int Offset = my_ial[0];

for (int i = 0; i < myRowsSize;
my_ial[i]l = my_ial[i] - Offset;

¥

my_ia[myRowsSize] = num_e;

aA

count + 1 count; // own size

new double[myRowsSizel];

1;

new int[myRowsSize+1];

Scatter matrix entries to each processor

i++){
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//! Scatter vector entries to each processor
MPI_Scatterv(
b,
datacounts, //t1l
datadispls, //t2
MPI_DOUBLE,
bPart,
myRowsSize,
MPI_DOUBLE,
0, //root rank
MPI_COMM_WORLD) ;

if (myid == 0){
delete [Jaa;
delete []ja;
delete [Jia;
delete []b;
delete [Jecounts;
delete [Jedispls;

x = new double [myRowsSizel;
res = new double [M];

//' Solve the system using the Conjugate Gradient method
startTime = clock();
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iter=conjugate_gradient (my_aa, my_ja, my_ia, bPart, x, datacount®y

datadispls, myRowsSize, M);
endTime = clock();

//' concatenate solution

MPI_Allgatherv(
X,
myRowsSize,
MPI_DOUBLE,
res,
datacounts,
datadispls,
MPI_DOUBLE,
MPI_COMM_WORLD

);

//! Generate files for debug purpouse
if (myid == 0){
ofstream Af;
Af .open("mpi");
for (int 1 = 0; i < M; i++) {
Af<<res[i]<<endl;
¥
Af.close();
//' Print the total time
double algorithmLen = double(endTime - startTime) /
CLOCKS_PER_SEC;
cout<< "\nAlgorithm Time "<< algorithmLen*1000.0<< " ms."<<
endl;
printf ("result saved on file mpi.\n");
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3

int conjugate_gradient (double *my_aa, int *my_ja,
double *bPart, double *x, int *datacounts, int *datadispls,

printf ("exit from iteration= %d\n",iter);

}

//!' Deallocation of all dynamic memory in the program.
delete [Imy_aa;

delete [Imy_ja;

delete [Imy_ia;

delete []DbPart;

delete [Ix;

delete [Jres;

delete []Jdatacounts;

delete []ldatadispls;

MPI_Finalize();
return O;

int myRowsSize, int M) {

//' Initial variables.

int iter = 0;

double *tmp, *r ,*p;

double alpha, beta, result, resid=0.0, resid2=0.0;

const double MaxIter = Mx*M;
const double eps = le-6;

//' Allocate auxiliary vectors for the CG algorithm
r = new double [myRowsSizel];
p = new double [myRowsSize];

tmp = new double [myRowsSize];

for (int i = 0; i < myRowsSize; i++) {
x[i] = 0;

}

//' Initialize the rO and pO
double *xx= new double[M];
MPI_Allgatherv(

X,

myRowsSize,

MPI_DOUBLE,

XX,

datacounts,

datadispls,

MPI_DOUBLE,

MPI_COMM_WORLD) ;

MatrixMulVec (my_aa, my_ja, my_ia, xx, tmp, myRowsSize);
daxpy(r, -1.0, tmp, bPart, myRowsSize);

memcpy (p,r,myRowsSizexsizeof (double)) ;

while (true && iter < MaxIter){
//' CG iteration

\oo
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iter ++;

MPI_Allgatherv(

P

myRowsSize,
MPI_DOUBLE,

XX,

datacounts,
datadispls,
MPI_DOUBLE,
MPI_COMM_WORLD) ;

//' matrix-vector product

MatrixMulVec (my_aa, my_ja, my_ia, xx, tmp, myRowsSize);

//!' Compute the alpha step
result = dot_product(r,r,myRowsSize);
MPI_Allreduce(

&result,

&resid,

1,

MPI_DOUBLE,

MPI_SUM,

MPI_COMM_WORLD) ;

result = dot_product(p,tmp,myRowsSize) ;
MPI_Allreduce(

&result,

&resid?2,

1,

MPI_DOUBLE,

MPI_SUM,

MPI_COMM_WORLD) ;

alpha = resid/resid2;

//' Update the value of the solution
daxpy (x,alpha,p,x,myRowsSize);

//' Residual update (tmp still holds Axp)
daxpy(r,-1.0*alpha,tmp,r,myRowsSize) ;

//!' Check the convergence criterion
result = dot_product(r, r, myRowsSize);
MPI_Allreduce(

&result,

&resid?2,

1,

MPI_DOUBLE,

MPI_SUM,

MPI_COMM_WORLD) ;

double norm = sqrt(resid2);
if (norm < eps) break;

//! Compute the beta value
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beta = resid2/ resid;

//' Update the p vector
daxpy(p,beta,p,r,myRowsSize) ;

}

//!' Free memory and exit

delete []tmp;

delete [lp;

delete [Ir;

return iter;

3

void MatrixMulVec (double *my_aa, int *my_ja, int *my_ia, double
*x, double *result, int myRowsSize) {

//!' Compute the matrix-vector product

for (int i = 0; i < myRowsSize; i++) {
result[i] = 0.0;
for (int j = my_ialil; j < my_ial[i+1]; j++) {

result[i] += my_aal[jl*x[my_jaljll;

}

}

}

void daxpy(double *result, double alpha, double *x, double *y,
int myRowsSize) {

//' Compute the addition of a vector with a vector times a
constant
for(int i=0 ; i<myRowsSize ;i++){
result[i] = alphax*x[i] + y[i];
3
X

double dot_product (double *x, double *y, int myRowsSize) {

//' Compute the dot product of the provided vectors
double result = 0.0;
for(int i=0 ; i<myRowsSize ;i++){
result += x[il*y[i];
}

return result;
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Abstract:

Today one of the most important problems in scientific computation is solving linear equation
systems Az = b. Directive or iterative methods can be used to solve these systems. The conjugate
gradient method is one of the iterative methods based on Krylov subspace where it can be used to
approximate the solution of the system. In high dimension problems, we will incur a lot of time
and money to solve this system. Therefore, reducing computational time to increase efficiency
has always been of interest to researchers. With the advent of parallel architecture in computers,
parallel programming has significantly reduced computing time. In this thesis, we discuss in
detail the implementation of the conjugate gradient algorithm in each of the OpenMP and MPI
parallel environments. In the following, using artificial systems, we analyze the execution time of
the program in each of these environments, and compare the execution time with different number

of cores.
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