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Cuctema nnHenHbIX anrebpanyeckux ypasHeHuin (CJ1AY)

= [laHa cUCTEMA NUHENHbIX anrebpanyecknx ypaBHEHU

(11113(,'1 + A1 Xy + ... F A1 Xy = bl
Ar1X1 T A2 Xy + ... T+ Ay Xy = bz

AN

\3,1X1 + X0+ ... +a,,X, = by,
Ax =D

» TpebyeTcs HAUTK pelleHne — HEU3BECTHbIE X1, Xo,..., X,



PeweHnune CJIAY metopom lNaycca

= Metop lNaycca (Gaussian elimination, row reduction) - MeToA Nocie0BaTENbHOIO
MCKNKOYEHNS NepeMeHHbIX

= Llaru MeTtopa lNaycca:

1. Mpamoi xopm (elimination) — CJTIAY npuBoanTCS K TpeyronbHOM popMe nyTem
3/1EMEHTapPHbIX Npeobpa3oBaHuit (BblYMCAUTENBHAS CIOXHOCTb O(n3))

2. O6patHbIn xoa (back substitution) — HaunMHaa ¢ nocneaHero, HAXo4ATCS BCe
HEWU3BECTHbIE CUCTEMbI (BbIYMCIUTENBHAA CNOXKHOCTb O(n?))



PeweHnune CJIAY metopom lNaycca

X1+ Xy + X3 = 6
X1—Xp + ZX3 =5
2X1—X2—X3 =-3

Mpamoi xoa Metoaa lNaycca
X1+ X +x3=6
X1—Xp +2Xx3 =D o X1
2x1—Xr—X3 = -3

X1+ X+x3=6
—2x7 +x3 =—1 - YMHOXM/IM NepBoe ypaBHeHMe Ha 1 v BblYan U3 BTOPOro
—3x,-3x3 =—15 - YMHOXWK MepBOe YpaBHEHME Ha 2 U BbIYIM U3 BTOPOTO

X1+ Xo+X3=06

X1+ Xy + X3 = 6 1 21 3 1

—2x7 +x3 = -1 ¢ X2 X275X3 =5 - pasfenunu Ha -2
—3x,—3x3 =-15 _2x3 __2%7

> > - YMHOXWM BTOPOE YPaBHEHME HA -3 U BbIY/IM U3 TPETLErO



PeweHnune CJIAY metopom lNaycca

X1—Xp + ZX3 =5

X1+ Xy + X3 = 6
2x1—x2—x3 =-3

O6paTtHbIit Xon, MeToaa lNaycca

X1+x+Xx3=6 X{+Xy+X3=6
xz—%x3=% O X2:2 o
X3:3 X3:3

X1 =
XZZZ
X3—3



MocnepoBatenbHag peanmsauma metoaa MNaycca

int main(int argc, char *argv[])
{
int n = 3000;
double t = wtime();
double *a = malloc(sizeof(*a) * n * n); // MaTpuua Kos3bdMUMEHTOB

double *b = malloc(sizeof(*b) * n); // CTonbeu cBOOOAHbLIX YNEHOB
double *x = malloc(sizeof(*x) * n); // HensBecTHble
for (int 1 = 0; 1 < n; i++) { // WHuumanmsauma

srand(i * (n + 1));
for (int j = 0; j < n; j++)
al[i * n+ j] = rand() % 100 + 1;
b[i] = rand() % 100 + 1;
by

#if 0
for (int i = 0; i < n; i++) {
for (int j = 0; j < n; j++)
printf("%12.4f ", a[i * n + j1);
printf(" | %12.4f\n", b[i]);
b

#endif



MocnepoBatenbHag peanmsauma metoaa MNaycca

// TpaMon xop No BCeM HM3BECTHbIM (ypaBHeHUAM) -- 0(n"3)
for (int k = 0; k< n - 1; k++) {
// WNcknwyeHne x_k u3 cTpok k+l...n-1
double pivot = a[k * n + k];
for (int 1 = k + 1; 1 < n; i++) {
// W3 ypaBHeHua (CTPOKWM) 1 BblMMTAETCSH ypaBHeHUe K
double lik = a[i * n + k] / pivot;
for (int j = k; j < n; j++)
al[i *n + j] -= lik * a[k * n + j];
b[i] -= lik * b[k];

}

// 0BpaTHbIn xog -- 0O(nA2)
for (int k = n - 1; k > 0; k--) {
x[k] = b[k];
for (int i = k + 1; 1 < n; i++)
x[k] -= a[k * n + 1] * x[1];
x[k] /= a[k * n + k];

A11X1 + 10Xy + ... +d15X5 = by
A’59Xo + ... + A/y5X5 = b/,
Ar35Xy + ... +a/35X5 = b/
Al 4o Xy + ... + Al y5X5 = b1y
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MocnepoBatenbHag peanmsauma metoaa MNaycca

// TNposepka: CpaBHeHne pesynbTaToB ¢ GNU Scientific Library (GSL) -- <gsl/gsl_Llinalg.h>
for (int 1 = 0; 1 < n; i++) {
srand(i * (n + 1));
for (int j = 0; j < n; j++)
al[i * n+ j] = rand() % 100 + 1;
b[i] = rand() % 100 + 1;
b

gsl _matrix _view gsl_a = gsl _matrix view_array(a, n, n);

gsl _vector view gsl b = gsl _vector_ view array(b, n);

gsl _vector *gsl_x = gsl _vector_alloc(n);

int s;

gsl _permutation *p = gsl _permutation_alloc(n);

gsl linalg LU decomp(&gsl _a.matrix, p, &s);

gsl linalg LU solve(&gsl a.matrix, p, &gsl _b.vector, gsl x);

printf ("GSL X[%d]: ", n);
for (int 1 = 0; 1 < n; i++)

printf("%f ", gsl _vector get(gsl x, 1));
printf("\n");

$ gcc ... -lgsl -lgslcblas -1lm




MocnepoBatenbHag peanmsauma metoaa MNaycca

// CpaBHeHMe BEeKTOpPOB
for (int 1 = 0; 1 < n; i++) {
if (fabs(x[1] - gsl_vector_get(gsl_x, 1)) > 0.0001) {
fprintf(stderr, "Invalid result: elem %d: %f %f\n", i, x[1i], gsl_vector_get(gsl_x, 1));
break;

b
b

gsl_permutation_free(p);
gsl_vector free(gsl _x);

free(b);

free(a);

t = wtime() - t;

printf("Gaussian Elimination (serial): n %d, time (sec) %.6f\n", n, t);

#if ©

printf("X[%d]: ",n);

for (int 1 = 0; 1 < n; i++)
printf("%f ", x[1i]);

printf("\n");

#endif

free(x);
return 0;



MapannenoHbit MeTOA Naycca

Bepcua 1

= 33 KaXabIM MOTOKOM 3dKperJieHa ogHa CTpOKa MaTpULbl

= Tpebyetca P nomokosoueccosB

a11X1 S A12X» +

61213(1 + azz.X'z + ...
ﬂ31xl + ﬂ32X2 + ...
ay1Xq + Ay Xn + ...

a51x1 Sis ﬂ52x2 + ...

. +a15X5 = by
+ap5X5 = by
+ a35X5 = bs
+ a45X5 =Dy
+ assX5 = bs

[MoTok O

[MoTok 1

[MoToK 2

[ToTOK 3

[ToTok 4

Mpamoiu xop,
[MoTok O "nepepaet” cBOK CTPOKY 1 BCEM
[loToku 1..P-1 ncknwovaroT X; U3 CBOUX YpaBHEHUM
[MloToK 1 nepepaeTt CBOK CTPOKY 2 BCEM
[loTokK 2..P-1 ncknovarT X; U3 CBOUX YpaBHEHUM

[loToK P-2 nepepaeT CBOK CTPOKY n-1 Bcem
[loToK P-1 UCKNHOYAOT X,.1 N3 CBOEro YpaBHEHMUS

O6patHbIit XoA
[loTok P-1 BbluMCnSeT X, U NnepenaeTt BCEM
[loTOK P-2 BblUMCNSET X,.1 U NepeaaeT BCEM

[MoToK 1 BbIYMCNAET X, M NEpenaeT BCEM
[MoToK 1 BbIYMCNAET X1 M NEPEeOAET BCEM



NMapannenoHbit MeTOA, aycca

// Mpsamon xop -- 0(n”3) :

for (int k = 0; k < n - 1; k++) { O

// WUcknwyeHne x_ 1 m3 cTpok k+1l...n-1

double pivot = a[k * n + k];

for (int 1 = k + 1; 1 < nj; i++) {
// W3 ypaBHeHua (CTpoOKM) 1 BblMMTaeTCA ypaBHeHMe K
double lik = a[i * n + k] / pivot;
for (int j = k; j < n; j++t)

al[i * n + j] -= lik * a[k * n + j];

b[i] -= lik * b[k];

J

// 06paTHbin xon -- O(n"2)
for (int k = n - 1; k > 0; k--) {
x[k] = b[k];
for (int 1 = k + 1; 1 < nj; 1i++)
x[k] -=a[k *n + 1] * x[1];
x[k] /= a[k * n + k];

allxl + a12x2 + ...+ a15x5 = bl

X1 =

Xy =

X3:

Ar99Xy + ... +A/o5X5 = b1y
Ar30X + ... + A/35X5 = b1y
Al 49X + . + Al y5X5 = b1y

Ar5yXg + . +a x5 = b/

. ’ ’ ’
b"1—a"1pxp—0" 13x3—a" 14x4—0" 15X5

/
a4’ 11

. ’ ’
b" =" p3x3—a" p4x4—0" y5x5

/
a’ 2o

. ’
b"3—a" 34x4—0" 355

/
a’ 33



MapannenbHbin Meto Naycca

Bepcua 2

// TpopoomkeHme main

double s
double t

#pragma

{

.
H

= omp_get _wtime();

omp parallel

// Elimination stages

for

(int k = 0; Kk <n - 1; k++) {
double pivot = a[k * n + k];
#pragma omp for
for (int 1 = k +
double lik =
for (int j =

1; 1 < n; i++) {
af[i * n + k] / pivot;
k; jJ < n; j++t)

afi * n + j] -= lik * a[k * n + j];

b[i] -= lik * b[k];
} // barrier: wait for a[] and b[]

PacnapanneneH uMkn UCKIIOYEHU HEU3BECTHOIO
X, U3 Bcex ypaBHeHuu (ot k+ 1 po n)

k=0, n=4, 3 noToKa

for i = 1 to 4 do:
ar1X1 + Ay Xo + ... + ﬂ25x5 = bz [MToToK O
(131xl + ﬂ32X2 + ... + a35x5 = b3 MoToK O

ay1Xq + Ay Xn + ... + a45x5 = b4 NMoTok 1

ﬂ51xl + a52x2 U oo T (7155x5 = b5 [NoToK 2



Y //
t =

MapannenbHbin MeTtop Naycca

// #pragma omp barrier pona koppekTHoro ¢gopmupoBaHusa MaTpuubl al ][]

// Backward substitution O(nA2)
for (int k =n - 1; k > 0; k--) {
s = 0;

#pragma omp barrier // Xoem noka BCe MNOTOKU OBHYNAT S

#pragma omp for reduction(+:s)
for (int i =k + 1; 1 < n; i++)
s += a[k * n + i] * x[1];
#pragma omp single
x[k] = (b[k] - s) / a[k * n + k];
by

parallel
omp_get wtime() - t;

#pragma omp for reduction(+:s)
[ToTokM HOpMUPYIOT pe3ynbTaT pedyKyuu B
NOKANbHbIX MepeMeHHbIX, a MO0 OKOHYAHMUIO
LMKSIa CYMMa KOMUPYETCH B UCXOOHYIO
NepeMeHHyY S

#pragma omp single
Kof BbIMOJIHAETCS TONbKO OAHUM MOTOKOM
MnapasnnesibHoro perMoHa (nepBebiM BOLIEALLNM)




AupekTtuBbl master u single

void fun()
{
#pragma omp parallel
{
#pragma omp master
{
printf("Thread in master %d\n", omp_get thread num());
by
BbinonHgetcs notokoM ¢ Homepom O
#pragma omp single
{
printf("Thread in single %d\n", omp_get thread num());
by
by

BbinonHaeTca oamH pas, NtobbiM MOTOKOM



Pepykuus

Syntax B OpenMP >= 4 x
C/C++ A0MNyctuMo co3gaHne CBOUX
The syntax of the reduct ion clause is as follows: onepauu ¥ peayKunu

reduction (reduction-identifier : list)

#pragma omp for reduction(+:a)

where:

C

reduction-identifier is either an identifier or one of the following operators: +, =, *, &, |, ”, && and
I
C

TABLE 2.7: Implicitly Declared C/C++ reduction-identifiers

Identifier Initializer Combiner

+ omp_priv = 0 omp_out += omp_in

* omp_priv = 1 omp_out *= omp_in

- omp_priv = 0 omp_out += omp_in Identifier Initializer Combiner

& omp_priv = 0 omp _out &= omp_in max omp_priv = Least omp_out = omp_in > omp_out ?
: : representable number in the omp_in : omp_out

| omp_priv = 0 omp_out |= omp_in reduction list item type

- omp_priv = 0 omp_out "= omp_in min omp_priv = Largest omp_out = omp_in < omp_out ?
. i representable number in the omp_in : omp_out

&& omp_priv = 1 omp_out = omp_1in && omp_out reduction list item type

|1 omp_priv = 0 omp out = omp_in || omp_out G rCii




MapannenbHbit MeTopA aycca
Bepcua 3 (banaHcnpoBKa 3arpy3ku noToKOB)

// TpooomkeHme main <chedule
double s; [lo3BonsieT 3a4aTb CXeMy pacnpeaeneHums
double t = omp_get wtime(); uTepaumMn Mexay notokamMm — 6noyvHas,
LUKIn4eckas. ..
#pragma omp parallel
¢ // Elimination stages /‘;;;;Efi////////’
for (int k = 0; k <n - 1; k++) { PacnapanneneH UMKA UCKIOYEHUS HEU3BECTHOTO
double pivot = a[k * n + k]; Xy U3 BCEX YpaBHeHwuii (oT k + 1 o n)
#pragma omp for schedule(runtime)
for (int i =k + 1; i < n; i++) k=0,n=4,3 notoka
double lik = a[i * n + k] / pivot; fori=1to 4 do:
for (int j = k; j < n; j+t)
af[i *n + j] -= lik * a[k * n + j];
y //b\,[\lz_g_t_gol:l]a([; gr[]](;_:lg[] (A21X1 + Ay Xy + ... +Ar5X5 = bz [MoTok O
} a31X1 + A3>Xp + ... + A35X5 = b3 [MoTok O

ﬂ41xl =7 a42x2 P oo AF ﬂ45x5 = b4 [ToTOK 1

6151.76'1 Sis ﬂ52x2 SIS 6155.76'5 = b5 [ToToK 2



PacnpeaeneHune utepauum umkna for MeXkay notokamm

TABLE 2.5: schedule Clause kind Values

static

dynamic

guided

When schedule (static, chunk_size) is specified, iterations are
divided into chunks of size chunk_size, and the chunks are assigned to
the threads in the team in a round-robin fashion in the order of the thread
number.

When no chunk_size is specified, the iteration space is divided into chunks
that are approximately equal in size, and at most one chunk is distributed to
each thread. The size of the chunks is unspecified in this case.

A compliant implementation of the statiec schedule must ensure that

the same assignment of logical iteration numbers to threads will be used

in two loop regions if the following conditions are satisfied: 1) both loop
regions have the same number of loop iterations, 2) both loop regions

have the same value of chunk_size specified, or both loop regions have no
chunk_size specified, 3) both loop regions bind to the same parallel region,
and 4) neither loop is associated with a SIMD construct. A data dependence
between the same logical iterations in two such loops is guaranteed to be
satisfied allowing safe use of the nowait clause.

When schedule (dynamic, chunk_size) is specified, the iterations are
distributed to threads in the team in chunks. Each thread executes a chunk

of iterations, then requests another chunk, until no chunks remain to be
distributed.

Each chunk contains chunk_size iterations, except for the chunk that contains
the sequentially last iteration, which may have fewer iterations.

When no chunk_size is specified, it defaults to 1.

When schedule (guided, chunk_size) is specified, the iterations are
assigned to threads in the team in chunks. Each thread executes a chunk
of iterations, then requests another chunk, until no chunks remain to be
assigned.

For a chunk_size of 1, the size of each chunk is proportional to the number
of unassigned iterations divided by the number of threads in the team,
decreasing to 1. For a chunk_size with value k (greater than 1), the size

of each chunk is determined in the same way, with the restriction that

the chunks do not contain fewer than k iterations (except for the chunk
that contains the sequentially last iteration, which may have fewer than £
iterations).

When no chunk_size is specified, it defaults to 1.

auto When schedule (auto) is specified, the decision regarding scheduling is
delegated to the compiler and/or runtime system. The programmer gives the
implementation the freedom to choose any possible mapping of iterations to
threads in the team.

runt ime When schedule (runtime) is specified, the decision regarding
scheduling is deferred until run time, and the schedule and chunk size are
taken from the run-sched-var ICV. If the ICV is set to auto, the schedule is
implementation defined.

v v

Note — For a team of p threads and a loop of n iterations, let [n/p] be the integer ¢ that satisfies

n =p#*q—r, with0 <= r < p. One compliant implementation of the static schedule (with no
specified chunk_size) would behave as though chunk_size had been specified with value g. Another
compliant implementation would assign ¢ iterations to the first p — r threads, and g — 1 iterations to
the remaining r threads. This illustrates why a conforming program must not rely on the details of a
particular implementation.

A compliant implementation of the guided schedule with a chunk_size value of & would assign

q = [n/p] iterations to the first available thread and set n to the larger of n — ¢ and p * k. It would
then repeat this process until ¢ is greater than or equal to the number of remaining iterations, at
which time the remaining iterations form the final chunk. Another compliant implementation could
use the same method, except with ¢ = [n/(2p)], and set n to the larger of n — g and 2 % p * k.

b, 4n




Pacnpenenenue urepaumii umkna for mexxay notokamm

#pragma omp for schedule(static, 1)

* Atpunbyt schedule(type, chunk)

O static - ctaTMuyeckoe uuknunyeckoe pacnpegenenme 6nokamm no chunk utepaunn
(no npuHumMny round-robin, neTepMMHMPOBAHHOE)

O dynamic - auHamunueckoe pacnpeaenenue 6nokamum no chunk-utepaunn
(no npuHuMny master-worker)

 guided - gMHaMuyeckoe pacnpeneneHue C yMeHbLALWUMKUCI NOPLUSIMU

O runtime - TMn pacnpeaenenusa bepetcs 3 nepeMeHHon cpenbl okpykeHns OMP_SCHEDULE
(export OMP_SCHEDULE=“static,1”)

#pragma omp for schedule(static, 2)
0 1 2 3 4 5 6 7 8 9 (10 | 11 | 12

T0 T1 T2 T3 TO T1 T2



PacnpepeneHue utepaumim no nOToKam

O603HaueHus:
= P — YMCNO0 NOTOKOB B NapannenbHoM pernmoHe (nthreads)

« g=ceil(n/p)
= N=p q-r

#pragma omp for PasbueHue Ha p CMeXHbIX HenpepbIiBHbIX AMana3oHa
for (int 1 = 0; 1 < n; i++) o
» [lepBbIM p - r NOTOKaM OOCTAETCA MO g UTepaumi, OCTaNbHbIM r

notokamno g - 1

« MNpumep anap=3,n=10(n=3"*4- 2):
0000111222

#pragma omp for schedule(static, k) Liuknnueckoe pacnpeaenenue urepauuii (round-robin)
for (int 1 = 0; 1 < n; i++) .
« [lepBble k uTepaumn goctatotcs noToky O, cneayowme k
uTepaumm noTtoky 1, ..., k Tepaunm NoToky p - 1, n 3aHOBO k

urepauum notoky O u T. 4.

« lpumep anap=3,n=10,k=1(n=3"4-2):
0120120120



PacnpepeneHue utepaumim no nOToKam

O603HaueHus:

= P — YMCNO NOTOKOB B NapannensHom pernoHe (nthreads)
= g=ceil(n/p)

« N=pqg-r

#pragma omp for schedule(dynamic, k) AnHamuueckoe BbiaeneHue 610KkoB no k utepauui
for (int 1 = 0; i < n; i++) o
« [loTOKM nonyyatoT no k utepaymim, N0 OKOHYaHMUIO MX 0O6PABOTKM

3anpawunBatoT ewe k ntepaunm v T.4.

= 3apaHee HEU3BECTHO KaKMe UTepaunmn AOCTAHYTCS NOTOKaM
(3aBMCKUT OT NOpsSAKa U OUTENbHOCTU MX BbIMOJHEHMS)

#pragma omp for schedule(guided, k) LMHaMuueckoe BblAeIeHMEe YMEHbLIAIOWMXCA 6NI0KOB
for (int 1 = 0; 1 < n; 1i++) . .
= Kaxablit NOTOK nonyyaet n/ p utepaumii
= Mo OKOHYaHMI0 UX 06pabOTKM, M3 OCTABLUMXCSA N' UTEPaLIMA

NOTOK 3anpawmeaetrn’ / p



const double goldenratio

BuaumocTtb paHHbiX (C11 storage duration)

1.618; /*

double vec[1000]; /*
int counter = 100; /*

double fun(int a)

{

double b = 1.0; /*
static double gsum = 0; /*

_Thread_local static double sumloc = 5; /*
_Thread_local static double bufloc; /*

double *v = malloc(sizeof(*v) * 100); /*
#pragma omp parallel num_threads(2)

{
double c = 2.0; /*

/* Shared: goldenratio, vec[], counter,

/* Private: sumloc, bufloc, c */

b

free(v);

Static (.rodata) */
Static (.bss) */
Static (.data) */

Automatic (stack, register) */
Static (.data) */

Thread (.tdata) */
Thread (.tbbs) */

Allocated (Heap) */

Automatic (stack, register) */

b, gsum, v[] */

|:| Shared data
|:| Private data

Stack (thread 0) | Stack (thread 1)
intb=1.0 double c = 2.0
double c=2.0
Heap

double v[100]

.bss (uninitialized data)
double vec[1000]

.data (initialized data)

int counter = 100
double gsum =0

rodata (initialized read-only data)
const double goldenratio = 1.618

.tbss .tbss
int bufloc int bufloc
tdata tdata

int sumloc =5

int sumloc = 5

Thread 0

Thread 1




BuaumocTtb paHHbIX (C11 storage duration)

const double = 1.618; /* Static (.rodata) */
double [1000]; /* Static (.bss) */ Stac.k ('tl):hrfgd 0) Sti:jﬁ':b(lthcrsaz%l)
s = . * : * intb=1. :
int 100; /* Static (.data) */ ol e 50
double fun(int a)
{ Heap
double = 1.0; /¥ Automatic (stack, register) */ double v[100]
static double = 0, /* Static (.data) */ .bss (uninitialized data)
double vec[1000]
_Thread_local static double sumloc = 5; /* Thread (.tdata) */
_Thread _local static double bufloc; /* Thread (.tbbs) */ .data (initialized data)
int counter = 100
double *v = malloc(sizeof(*v) * 100); * Allocated (Heap) * Nerilslim merien

objdump --syms ./datasharin
#pragma omp parallel num_thre $ J P y / g

{

double c = 2.0, ./datasharing: file format elf64-x86-64
/* Shared: goldenratio, vV SYMBOL TABLE:
ﬁéPrhmte:stoc,bufu>@@@@@@@@@@6@1@88 O .bss 000V LVVVOS gsum. 2231
Y 515151515151%]15]%15]%]5151%]1%]1% .tdata 00OV LVVVOS sumloc.2232
000V LVVVOS .tbss 000V LVVVOS bufloc.2233
free(v); 00006010 cH .bss 00000V 1£40 vec
} 0000060104 C .data 0000V V4 counter

00000VVB4008e0 .rodata 000000BVVOVLVLVAS goldenratio



OpenMP-aTtpubyTbl BUAMMOCTU AAHHDbIX

#pragma omp parallel shared(a, b, c) private(x, vy, z) firsprivate(i, j, k)

{

#pragma omp for lastprivate(v)
for (int 1 = 0; i < 100; i++)

= shared (list) — yka3aHHble nepeMeHHble COXPAaHAT UCXOLHbIM K1acc naMaTtu (auto, static, thread_local),
BCe nepeMeHHble KpoMe thread local 6yayT paspenseMbiMu

= private (list) - o5 KaXXA0ro NOTOKa CO34at0TCA NOKANbHbIE KOMWUU YKA3aHHbIX NepeMeHHbIX (automatic
storage duration)

= firstprivate (list) — 019 Kaxgoro NOToKa CO34aK0TCA SIOKaNbHbIE KOMKUKM MepeMeHHbIX (automatic storage
duration), OHM MHMLMANUIUPYIOTCA 3HAYEHUAMU, KOTOPbIE MMEIM COOTBETCTBYHOLLME NEPEMEHHbIE A0
BXO/Ja B NapannesibHbli perMoH

= lastprivate (list) - 0n19 KaXXA0ro NOTOKa CO34at0TCA IOKANbHbIE KONMWUK NepeMeHHbIX (Qutomatic storage
duration), B nepeMeHHble KOMUPYKTCS 3HaYeHMUS NocnegHen utepaumm Umkna, nmbo 3HavyeHms
nocnegHen napansesnbHOM CEeKLMM B Koae (#¥pragma omp section)

= #pragma omp threadprivate(list) — nenaet ykasaHHble cTaTUYECKME NepeMeHHble IoKanbHbIMU (TLS)



ATpubyTbl BUAUMOCTU BAHHDbIX

void fun()
{
int a = 100; int b = 200; int ¢ = 300; int d = 400;
static int sum = ©;
printf("Before parallel: a = %d, b = %d, ¢ = %d, d = %d\n", a, b, c, d);

#pragma omp parallel private(a) firstprivate(b) num_threads(2)

{
int tid = omp_get thread num();
printf("Thread %d: a = %d, b = %d, ¢ = %d, d = %d\n", tid, a, b, c, d);
a =1;
b =2 Before parallel: a 300, d = 400
#pragma omp threadprivate(sum)
sum++; Thread 0: a = @, b = 400
Thread 1: a = 0, b = 400
#pragma omp for Llastprivate(c)
for g”“ﬂl = 0; 1<160; i++) After parallel: a
= 1,
/* ¢=99 - has the value from last iteration */
3

// a =100, b = 200, c = 99, d = 400, sum = 1
printf("After parallel: a = %d, b = %d, c %d, d = %d\n", a, b, c, d);



[Moacuyet KonnyecTBa NPoOCTbIX YMCen Ha oTpeske [a, b}

const int a = 1;
const int b = 20000000;
int is_prime_number(int n) { int count prime numbers(int a, int b)
int limit = sqrt(n) + 1; {
for (int i = 2; i <= limit; i++) { int nprimes = 0;
if (n% 1 ==0)
return 0; /* Count '2' as a prime number */
3 if (a <= 2) {
return (n > 1) ? 1 : 9; nprimes = 1;
3 a = 2;
3
/* Shift 'a' to odd number */
if (a % == Q)
a++;
/* Loop over odd numbers: a, a + 2, a + 4, ... , b */

for (int i = a; i <=b; i += 2) {
if (is_prime_number(i))
nprimes++;

by

return nprimes;



[Moacuyet KonnyecTBa NPoOCTbIX UMCen Ha oTpeske [a, b}

int main(int argc, char **argv)

{
printf("Count prime numbers on [%d, %d]\n", a, b);
double tserial = run_serial();
double tparallel = run parallel();
printf("Execution time (serial): %.6f\n", tserial);
printf("Execution time (parallel): %.6f\n", tparallel);
printf("Speedup: %.2f\n", tserial / tparallel);
return 0;

)

TpebyeTtcsa paspaborartb NnapannenbHylo Bepcuio



[MapannenbHbIM NOACYET KONMUYECTBA NPOCTbIX YUCEN

int count_prime_numbers_omp(int a, int b) {
int nprimes = 0;
if (a <= 2) {
nprimes = 1; /* Count '2' as a prime number */
a = 2;
by

if (a % 2 == 0) at+; /* Shift 'a' to odd number */

#pragma omp parallel

{

double t = omp_get wtime();

int nloc = 0;

#pragma omp for mnowait

for (int 1 = a; 1 <=b; 1 += 2) {

if (is_prime_number(i))
nloc++;

b

#pragma omp atomic

nprimes += nloc;

t = omp_get _wtime() - t;

//printf("Thread %d execution time: %.6f sec.\n", omp_get thread num(), t);
b

return nprimes;



[MapannenbHbIM NOACYET KONMUYECTBA NPOCTbIX YUCEN

int count_prime_numbers_omp(int a, int b) {

int nprimes = 0;

if (a <= 2) {
nprimes = 1; /* Count '2' as a prime number */
a = 2;

3

if (a % 2 == 0) at+; /* Shift 'a' to odd number */

#pragma omp parallel

{

double t = omp_get_wtime(); [ToTOKM HepaBHOMEPHO 3arpyXeHbl BbIMUC/IEHUAMMU

int nloc = 0; .

#pragma omp for nowait (load imbalance) — HeapdekTMBHOE pacnpeaeneHme

for (int 1 = a; 1 <=b; i += 2) { UTEPALLMA MO NOTOKAM

if (is_prime_number(i))
nloc++;

b

#pragma omp atomic

nprimes += nloc;

t = om et _wtime - t; . . . .
3 P9 O = Bpemg BbinonHeHna GyHKLUMK is_prime_number(i) 3aBUCUT OT 3HAYEHUS |
return nprimes; » [loTokaM c 60MbWKMMN HOMEPAMU AOCTANUCL BoNbLIME 3HAYEHUS |
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[MapannenbHbIM NOACYET KONMUYECTBA NPOCTbIX YUCEN

int count_prime_numbers omp(int a, int b) {
int nprimes = 0;
if (a <= 2) {
nprimes = 1; /* Count '2' as a prime number */
a = 2;
3
if (a % 2 == 0) at+; /* Shift 'a' to odd number */

#pragma omp parallel

{
double t = omp_get wtime();
int nloc = O;
#pragma omp for schedule(dynamic, 100) nowait
for (int 1 = a; 1 <=b; 1 += 2) {
if (is_prime_number(i))
nloc++;
3
#pragma omp atomic
nprimes += nloc;
t = omp_get wtime() - t;
3

return nprimes;



[MlapannenbHbIX NOACYET KONUYECTBA NPOCTbIX YUCEN

int count_prime_numbers _omp(int a, int b) {
int nprimes = 0;
if (a <= 2) {
nprimes = 1; /* Count '2' as a prime number */
a = 2;
by
if (a % 2 == @) at+; /* Shift 'a' to odd number */

#pragma omp parallel for schedule(dynamic, 100) reduction(+:nprimes)
for (int 1 = a; 1 <=Db; 1 += 2) {
if (is_prime_number(i))
nprimes++;
by

return nprimes;

b

= CokpauweHHaa ¢popMa 3anucu: parallel + for
= 3aMeHunu atomic Ha reduction
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