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dopmyna cpeaHnx npamoyronbHukKos (midpoint rule)

double func(double x)
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return exp(-x * x)
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MapannenbHbI aATOPUTM MHTETPUPOBAHNA METOA0M
cpeaHux npamoyrosbHMKoB (midpoint rule)

. double func(double x)
= KaX4blW NpPOLECC BbIYMUCAAET YHAaCTUYHYIO CYMMY

f(x) (4acTb NoWAAM NO KPMBOIA) { return exp(-x * x);
i * [locne yero, pe3ynbraTbl CYyMMUPYIOTCA }
(cBOMCTBO aA4ANTUBHOCTU MHTErpPana)
int main(int argc, char **argv)
{
const double a = -4.0;
const double b = 4.0;
const int n = 100;
double h = (b - a) / n;
double s = 0.0;
for (int 1 = 0; i < n; i++)
- s += func(a + h * (1 + 0.5));
e s *= h;
X, X, X, e X4 X, printf("Result Pi: %.12f\n", s * s);
return 0;
. }




MapannenbHbI aATOPUTM MHTETPUPOBAHNA METOA0M
cpeaHux npamoyrosbHMKoB (midpoint rule)

1. WUtepauumn ymkna for pacnpeaenarTca mexay npoueccamm double func(double x)
y {
2. KaKablv NOTOK BbIYUCAAET YacTb CyMMbl (naowaam) return exp(-x * X);
3. CymmupoBaHUe pe3ynbTaToB NOTOKOB (BO BCEX MM OAHOM }
npouecce)
int main(int argc, char **argv)
BapuaHTbl pacnpegeneHns ntepauuni (Touek) {

const double a -4.0;
const double b = 4.0;
const int n = 100;

mexagy npouecCamMmu:

1) Pa3bueHune Ha p CMeXKHbIX HENPEPbIBHbIX YacTel

double h = (b - a) / n;
TO|[To|TO|TO|[Ta | T1 [Ta |T1|[T2|T2|T2]| T2 double s = 0.0;

Proc 0 Proc 1 Proc 2 for (int 1 = @; 1 < nj i++)
s += func(a + h * (i + 0.5));
s *= h;

2) Unknnyeckoe pacnpegeneHme utepaumii No noTokam

printf("Result Pi: %.12f\n", s * s);

TO| T2 | T2 | TO | T1 | T2 | TO|T1|T2|TO| Tl | T2
return 0;

Proc O, Proc 1, Proc 2, Proc O, Proc 1, Proc 2, ... }



MapannenbHbI aATOPUTM MHTETPUPOBAHNA METOA0M
cpeaHux npamoyrosbHMKoB (midpoint rule)

double integrate omp(double (*func)(double), double a, double b, int n)

{
double h = (b - a) / n;
double sum = 0.0;
#pragma omp parallel
{
int nthreads = omp_get num_threads();
int threadid = omp_get thread num();
int items_per _thread = n / nthreads;
int 1b = threadid * items_per_thread;
int ub = (threadid == nthreads - 1) ? (n - 1) : (1b + items_per_thread - 1);
for (int 1 = 1b; i <= ubj; i++)
sum += func(a + h * (i + 0.5));
} Pa3zbueHue npocTpaHCcTBa UTEpauumn
sum *= h; Ha CMe}KHble HenpepbiBHbIE YacTH
Ib ub
} return sum, TO TO TO TO T1 T1 T1 T1 T2 T2 T2

Thread O Thread 1 Thread 2



MapannenbHbi¥ aATOPUTM UHTETPUPOBAHUA METOAOM
cpeaHuX npamoyrosibHMKoB (midpoint rule)

const double PI = 3.14159265358979323846;
const double a = -4.0;
const double b = 4.0;
const int nsteps = 40000000;
double run_serial() {
double t = wtime();
double res = integrate(func, a, b, nsteps);
t = wtime() - t;
printf("Result (serial): %.12f; error %.12f\n", res, fabs(res - sqrt(PI)));
return t;

}

double run_parallel() {
double t = wtime();
double res = integrate_omp(func, a, b, nsteps);
t = wtime() - t;
printf("Result (parallel): %.12f; error %.12f\n", res, fabs(res - sqrt(PI)));
return t;

int main(int argc, char **argv) {
printf("Integration f(x) on [%.12f, %.12f], nsteps = %d\n", a, b, nsteps);
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 9;



Komnuaauuma n 3anyck

$ make
gcc -std=c99 -Wall -02 -fopenmp -c integrate.c -o integrate.o
gcc -0 integrate integrate.o -1lm -fopenmp

$ export OMP_NUM_THREADS=4
$ ./integrate
Result (serial): 1.772453823579; error 0.000000027326

Result (parallel): ©.896639185158; error ©.875814665748 Ha kaxxaom 3anycke

pa3Hble pe3ynbraTthi!

$ ./integrate
Result (serial): 1.772453823579; error 0.000000027326 B uem npuunHa?
Result (parallel): 0.794717040479; error 0.977736810426

$ ./integrate
Result (serial): 1.772453823579; error 0.000000027326
Result (parallel): 0.771561715425; error 1.000892135481




CoctoAAHMe roHKM AaHHbIX (race condition, data race)

double integrate_omp(double (*func)(double), double a, double b, int n)

{

double h = (b - a) / n;
double sum = 0.0;

#pragma omp parallel

{

}

sum *= h;

return sum;

int nthreads = omp_get num_threads();

int threadid = omp_get thread num();

int items_per_thread = n / nthreads;

int 1b = threadid * items _per_thread;

int ub = (threadid == nthreads - 1) ? (n - 1) : (1b + items_per thread - 1);

for (int i = 1b; i <= ub; i++)
sum += func(a + h * (i + 0.5)); .
OwumbKa — race condition

0 HeckonbKo noTtokos o4HOBPEMEHHO YUTAOT
N 3arnnmcbiBaloT NepemMmeHHyYHo sum

O 3HauyeHme sum 3aBUCUT OT nopAaKa
BbINMNO/IHEHUA MOTOKOB



CoctosAsHMe roHKu AaHHbIX (race condition, data race)

J1Ba NOTOKa OAHOBPEMEHHO YBENIMUYNBAIOT 3HAUYEeHME NepeMeHHOM X Ha 1
(HayanbHoe 3Ha4yeHume x = 0)

Thread 0 Thread 1
X=x+1; X=x+1;

OxXunpgaembin (MaeanbHbIii) NOPAAOK BbINOIHEHMA NOTOKOB: NMEepPBbIiA NOTOK YBEAUYUA X, 3aTeM BTOPOMU

Time Thread O Thread 1 X
0 3HauveHue x = 0 3arpy>xaeTtcs 0
B perncTtp R npoueccopa

1 3HaueHwne 0 B pernctpe R 0
yBenmumsaerca Ha 1

5 3HaueHue 1 n3 peructpa R 1
3anncbiBaeTCa B X

3 3HauveHwe x = 1 3arpy>xaeTtca 1

B pernctp R npoueccopa
4 3HauveHue 1 B peructpe R 1
yBesnumeaetca Ha 1
5 3HaueHune 2 n3 perncrpa R 2 OWn6KM HeT

3arfnnCbiBaeTCA B X




CoctosAsHMe roHKu AaHHbIX (race condition, data race)

J1Ba NOTOKa OAHOBPEMEHHO YBENIMUYNBAIOT 3HAUYEeHME NepeMeHHOM X Ha 1
(HayanbHoe 3Ha4yeHume x = 0)

PeanbHbI NOPAAOK BbINOJIHEHUA NOTOKOB (HeaeTepMUHUPOBAHHDIN)
(NOTOKM MOTyYT BbINO/IHATLCA B 110O0OM NocnesoBaTe/IbHOCTH, MPUOCTaHAB/IMBATbLCA

Thread 0
X=x+1;

Thread 1
X=Xx+1;

N 3amnycKaTtbca)

Time

Thread 0

Thread 1

3HayeHune x = 0 3arpy>xaeTtca
B peructp R npoueccopa

3HaueHue 0 B peructpe R
yBesnymsaetca Ha 1

3HauveHune x = 0 3arpy>xaertca
B pernctp R npoueccopa

3HayeHune 1 n3 peructpa R
3anmncbiBaeTCca B X

3HayeHune 1 B perncrpe R
yBesnumeaeTcs Ha 1

3HayveHune 1 n3 perncrpa R
3anmcbiBaeTca B X

OwwunbkKa - data race
(oxkmnpanu 2)



YcTpaHeHUue roHKU AaHHbIX

double integrate_omp(double (*func)(double), double a, double b, int n)

{

double h = (b - a) / n;
double sum = 0.0;

#pragma omp parallel
{
int nthreads = omp_get num_threads();
int threadid = omp_get thread _num();
int items_per thread = n / nthreads;
int 1b = threadid * items_per_thread;
int ub = (threadid == nthreads - 1) ? (n - 1) : (1b + items_per thread - 1);

for (int i = 1b; i <= ub; i++)
sum += func(a + h * (i + 0.5));

}
sum *= h; Hapo caenatb Tak, 4Tobbl yBeAnYeHume

nepemeHHOM sum B Nt060M MOMEHT BPEMEHMU

return sum;
? BbIMOMHANOCHb TO/ZIbKO OAHUM NMOTOKOM



Kputnueckas cekuusa (critical section)

double integrate_omp(double (*func)(double), double a, double b, int n)

{
double h = (b - a) / n;
double sum = 0.0;

#pragma omp parallel

{
int nthreads = omp_get num_threads();
int threadid = omp_get thread num();
int items_per_thread = n / nthreads;
int 1b = threadid * items _per thread;
int ub = (threadid == nthreads - 1) ? (n - 1) : (1b + items_per_thread - 1);
for (int 1 = 1b; i <= ub; i++) {
double f = func(a + h * (i + 0.5));
#pragma omp critical
{
sum += f; Kputnueckasa cekuus (critical section) —
) } nocneaoBaTeIbHOCTb MHCTPYKLUUK, B 1060 MOMEHT
} BpemMeHU BblNosIHAEMAaA TO/IbKO OAHNUM NMOTOKOM
sum *= h;

return sum; KpuTtnueckas cekuma byaert BbINOAHEHA BCEMW MNOTOKAMMU,
} HO nNocneaoBaTeNbHO (0ANH 33 Apyrvm)



Speedup
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MacwTtabupyemoctsb ¢ #pragma omp critical

I !
Linear speedup ——
Critical section —»— T

- 3amepneHue

Processors

BbluncautenbHbin y3en knacrepa Oak

8 apgep (aBa Intel Quad Xeon E5620)

24 GiB RAM (6 x 4GB DDR3 1067 MHz)
CentOS 6.5 x86_64, GCC 4.4.7

Kntoum komnunaumm: -std=c99 -02 -fopenmp

#pragma omp parallel

{
/* ... */
for (int i = 1b; i <= ub; i++) {
double f = func(a + h * (i + 0.5));
#pragma omp critical
{
sum += f;
}
}
} [NOTOKK OXMAOAOT 0CBOOOKAEHUA
KpMTMLIeCKOl‘;I cekunmn 4pyrum noTokoOm
Kopg, ctan nocneposatenibHbIM +
HaK/1a4Hble pacXodbl Ha MOTOKU
func CS Wait CS Barrier
Thread 0
Thread 1 |
Thread 2

» Time




ATOomapHble onepaumu (atomic operations)

double integrate omp(double (*func)(double), double a, double b, int n)

{
double h = (b - a) / n;
double sum = 0.0;
#pragma omp parallel
{

int nthreads = omp_get num_threads();

int threadid = omp _get thread _num();

int items_per thread = n / nthreads;

int 1b = threadid * items per_thread;

int ub = (threadid == nthreads - 1) ? (n - 1) : (1b + items_per_thread - 1);

for (int i = 1b; i <= ub; i++) {

double f = func(a + h * (i + 0.5));
#pragma omp atomic
sum += f;

} AtomapHana onepauua (atomic operation) —
ium ¥o R 3TO MHCTPYKLMA NpoLeccopa, B npoLecce BbINOJHEHUA
return S;m; KOTOpPOW onepaHs B NnamaATn B1OKNpyIOTCA

} ANA APYyrmx NOTOKOB

Onepaunm: X++, X=X+y, X=X-y, X=X*y, x=x/Yy, ...



ATOomapHble onepaumu (atomic operations)

int counter = 0; double counter = 0;

g o Pl o
for (int i = 0; i < 1000; i++) { ’ ’

) #pragma omp atomic
#pragma omp atomic counter += (double)i;

counter += 1i; }
0 0 : .L8: movq %rax, %rdx
lock addl %ecx, (%rsi) A l4: movg %rdx. 8(%rsp)
v movq %rdx, %rax
' movsd 8(%rsp), %xmml
| '\‘ addsd %xmm@, %xmml
Loop: | movq %xmml, %rsi
\\ lock cmpxchgq %rsi, (%rcx)
N cmpq %rax, xrdx
““-ejne .L8

LluKkn 8binonHAemca noka a4yelKa ycrnewHo
He obHosumMCA



Speedup

MacwTtabupyemoctsb ¢ #pragma omp atomic

8.00 I
Linear speedup ———
7.00 Critical section -
Atomic operation —»—
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Processors

BbluncnautenbHblid y3en Knacrepa Oak

« 8saaep (aBa Intel Quad Xeon E5620)

= 24 GiBRAM (6 x 4GB DDR3 1067 MHz)

» CentOS6.5x86_64, GCC4.4.7

«  Knoun komnunsaumm: -std=c99 -02 -fopenmp

#pragma omp parallel

{
for (int i = 1b; i <= ub; i++) {
double f = func(a + h * (i + 0.5));
#pragma omp atomic
sum += f;
}
}

Tenepb NOTOKWN OXKUAAKOT OCBOOOXKAEHMUS
nepemeHHou sum (annapaTHas CS)
KaKabin NOTOK BbinonHAeT ub -1b + 1
3aXBaTOB NepemMeHHOM sum



#pragma omp atomic + noKanbHaA nepemeHHas

double integrate_omp(double (*func)(double), double a, double b, int n)

{

double h = (b - a) / n;
double sum = 0.0;

#pragma omp parallel

{

int nthreads = omp_get num_threads();

int threadid = omp_get thread num();

int items_per_thread = n / nthreads;

int 1b = threadid * items_per thread;

int ub = (threadid == nthreads - 1) ? (n - 1) : (1b + items_per_thread - 1);

double sumloc = 0.0;

for (int i = 1lb; i <= ub; i++)

sumloc += func(a + h * (i + 0.5));

#pragma omp atomic KaXkablil NOTOK HaKananBaeT CyMMy B CBOEM NOKaNbHOM

sum += sumloc; o
} nepemeHHon sumloc
sum *= h;

return sum;

3aTem aTOMapHOM onepauuen BblunucaaeTcs
nToroBad cymma (Bcero nthreads 3axBatoB nepemeHHoOM sum)
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#pragma omp atomic + noKanbHaA nepemeHHas

I
Linear speedup ———
Critical section b
Atomic operation —*—
Local var. ——— gl
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BbluncauTtenbHbli y3en Knacrepa Oak

8 apep (aBa Intel Quad Xeon E5620)

24 GiB RAM (6 x 4GB DDR3 1067 MHz)
Cent0S 6.5 x86_64, GCC 4.4.7

Kntoun komnmnaymu: -std=c99 -02 -fopenmp

8.00

7.00
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_ Local var. n=120E6 —%—

| i
Linear speedup ——— -
Local var. n=40E6 —+— -
Local var. n=80E6 :

_ YckopeHue pacret
'C yBeJInueHneM pasmepa 3ajaum

4 6 8
Processors



PacnapannenusaHue umknos (#pragma omp for)

double integrate_omp(double (*func)(double), double a, double b, int n)
{

double h = (b - a) / n;

double sum = 0.60;

#pragma omp parallel
{

double sumloc = 0.0; Pa3buBaeT NpoCTpaHCTBO UTepaumit Ha nthreads
HenpPepbIBHbIX CMEXKHbIX UHTEPBA/IOB
#pragma omp for
for (int 1 = 0; 1 < n; i++)
sumloc += func(a + h * (i + 0.5));

Pa3zbueHue npocTpaHCcTBa UtTepauumn

#pragma omp atomic Ha CMeXHble HenpepbIBHbIE YacTH

sum += sumloc;
} i=0 i=n-1

. TO TO TO TO T1 T1 T1 T1 T2 T2 T2 T2
sum *= h;

return sum; Thread 0 Thread 1 Thread 2



PacnpeneneHue utepauunm umkna for mexkay notokamm

#pragma omp for schedule(static, 1)

= Atpubyt schedule(type, chunk)

 static — cTaTyecKoe unKanYeckoe pacnpegeneHne 6nokamm no chunk ntepauuii (no npuHLUMUNY
round-robin, neTepMnUHMPOBAHHOE)

O dynamic — guHamunyeckoe pacnpeaeneHue 6aokamm no chunk-utepauymi
(no npuHumny master-worker)

O guided — aguHammnuyeckoe pacnpegeneHune ¢ yMeHbLUAOLWUMUCA NOPLUUAMM

O runtime — T1n pacnpepenenua 6epetca U3 nepemeHHon cpebl 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

TO T1 T2 T3 TO T1 T2



PacnpeneneHue utepaumm Nno NOTOKam

0O603HauyeHuA:
= P — YMC/I0 NOTOKOB B NapannensHom permvoHe (nthreads)
« g=ceilln/p)
s N=p*qg-r
#pragma omp for PazbueHune Ha p CMEXKHbIX HENPepbIBHbIX Anana3oHa
for (int i = 0; i < n; i++) = [lepBbiM p - r NOTOKam A0CTaeTCcA NO ¢ UTEPALMIA, OCTa/IbHbIM I MOTOKaM —
noq-1
« Mpumep anap=3,n=10(n=3*4-2):
0000111222
#pragma omp for schedule(static, R) LiMknnueckoe pacnpeaeneHue utepaumii (round-robin)
for (int 1 = @; 1 < n; i++) = MNepsble k UTepauuii goctatoTcs NoToky 0, cneaytowwme k UTepaLmii NOTOKY

1, ..., k nTepaymin noToky p - 1, n 3aHoBO k ntepauunn notoky 0 u T.4.

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



PacnpeneneHue utepaumm Nno NOTOKam

O603HaueHun:
= P — YUCNO NOTOKOB B NapannenbHom permoHe (nthreads)
= g =ceil(n/p)
s N=p*qg-r
#pragma omp for schedule(dynamic s k) AvHamunuecKoe BbigeneHue 6nokoB no k nrepauuii
for (int i = 0; i < n; i++) = [oToKM nony4yatoT no k utepaumii, N0 OKOHYaHMIO X 0B6PabOTKM
3anpawmnsatoT ewe k utepaunii u T.4,
= 3apaHee HeM3BECTHO KaKue ntepauumn 4OCTaHyTCA NOTOKaM
= (3aBMCUT OT NopAAKa U AAUTENbHOCTU UX BbINOSHEHWA)
#pragma omp for schedule(guided, R) [iInHamuyecKoe BblAeIeHMe YMEHbLUAIOLWMXCA 610K0B
for (int 1 = @; 1 < nj i++) = KaXkablii NOTOK nonyyaeT n / p utepauunii

= [10 OKOHYaHMIO NXx 06PaboTKK, N3 OCTaBLIMXCA N' UTepaL M NOTOK
3anpawwuBaetrn'/p



const int a
const int b

int

{

int

NoacueTt Konn4yecTsa NPOCTbIX YUCen

1;
10000000 ;

is_prime_number(int n)

int limit = sqrt(n) + 1;
for (int i = 2; i <= limit; i++) {
if (n % i == @)
return 0;

}

return (n > 1) ? 1 : 0;

count_prime_numbers(int a, int b)

int nprimes = 0;

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

}

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

/* Loop over odd numbers: a, a + 2, a+4, ... , b */

for (int i = a; i <=b; 1 +=2) {
if (is_prime_number(i))
nprimes++;
}

return nprimes;

Onpe,u,enﬂT, ABNAETCA N UNCNO N NPOCTbIM

[MoacunTbIBAaET KOANYECTBO
NPOCTbIX YUNCNEe B MHTEpBane [a, b]



MoacueTt Konnuecrea npoctbix uncen (OpenMIP)

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;

}

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

#pragma omp parallel
{

int nloc = 0;

/* Loop over odd numbers: a, a + 2, a +4, ... , b */
#pragma omp for
for (int i =a; i <=b; i += 2) {
if (is_prime_number(i))
nloc++;

}

#pragma omp atomic
nprimes += nloc;

}

return nprimes;

Pa3buaun nHtepan [a, b] npoepsaembix uncen
Ha CMe>XHble HenpepbiBHblE OTPE3KU



HepaBHoMmepHasa 3arpy3Ka notoKos (load imbalance)

int count_prime_numbers_omp(int a, int b)

L orines - 8; $ OMP_NUM THREADS=4 ./primes
if (a <= 2) {
gp:i’;?s =1 Count prime numbers on [1, 10000000 ]
} ’ Result (serial): 664579
if (a % 2 == 0) a++; Thread © execution time: 1.789976

Thread 1 execution time: 2.961944

# 1lel
pragma omp paralle Thread 2 execution time: 3.004635

{
double t = omp get wtime(); Thread 3 execution time: 3.588935
int nloc = 9; Result (parallel): 664579
#pragma omp for nowait Execution time (serial): 7.190282
for (int i = a; i <= b; i += 2) { Execution time (parallel): 3.590609
if (is_prime_number(i)) Speedup. 2.90
nloc++;
} /* 'nowait' disables barrier after for */
#pragma omp itomic MoToKun 3arpy»KeHbl He paBHOMepHO (load imbalance) —
nprimes += N1loC;
NOTOKM C HONbLIMMW HOMEPAMM BbINOAHAOTCA AONbLUE
t = omp_get wtime() - t;
printf("Thread %d execution time: %.6f sec.\n", )
omp_get_thread_num(), t); MNpuumnHa:
}

return nprimes;



HepaBHomepHasna 3arpy3Ka notokos (load imbalance)

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;

}

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

#pragma omp parallel

{
int nloc = 0;
/* Loop over odd numbers: a, a + 2, a +4, ... , b */
#pragma omp for
for (int i =a; i <=b; i += 2) {
if (is_prime_number(i))
nloc++; HeaddekTuBHOE pacnpeaeneHme ntepaumm no notokam
}
O Bpewms BoinonHeHua dyHkUMK is_prime_number(i) 3aBUCUT OT 3HaYEH WA |
#pragma omp atomic .
nprimes += nloc; U lMotokam ¢ 6oabwMy HOMepamMu J0CTanncCb 6oabLLME 3HAUEHMA |
} 000000000000011111111111112222222222223333333

return nprimes; 33333



AnHamunyecKkoe pacnpegeneHue utepauum

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;

}

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

#pragma omp parallel

{
int nloc = 0;
/* Loop over odd numbers: a, a + 2, a +4, ... , b */
#pragma omp for schedule(dynamic,100) nowait
for (int i = a; i <=b; 1 += 2) {
if (is_prime_number(i))
nloc++;
} /* 'nowait' disables barrier after for */ AnHammnyeckoe pPacnpefEneHNE
ntepaumn 6aokamm no 100 anemeHTOB
#pragma omp atomic
nprimes += nloc;
}

return nprimes;
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Buamnmoctb aaHHbIxX (C11 storage duration)

const double goldenratio = 1.618; /* Static (.rodata) */
double vec[1000]; /* Static (.bss) */
int counter = 100; /* Static (.data) */

double fun(int a)

{

double b = 1.0; /* Automatic (stack, register) */

static double gsum = 0; /* Static (.data) */

_Thread local static double sumloc = 5; /* Thread (.tdata) */
_Thread local static double bufloc; /* Thread (.tbbs) */

double *v = malloc(sizeof(*v) * 100); /* Allocated (Heap) */

#pragma omp parallel num_threads(2)

{
double c = 2.0; /* Automatic (stack, register) */
/* Shared: goldenratio, vec[], counter, b, gsum, v[] */
/* Private: sumloc, bufloc, c */
}
free(v); [ ] shared data

|:| Private data

Stack (thread 0) | Stack(thread1)
intb = 1.0 double c = 2.0
double c = 2.0
Heap
double v[100]

.bss (uninitialized data)
double vec[1000]

.data (initializ
int counter

ed data)
= 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 o

Thread 1




Buamnmoctb aaHHbIxX (C11 storage duration)

const double = 1.618;
double [1000];
int = 100;

double fun(int a)

{
double = 1.0;

static double = 0;

/* Static (.rodata) */

/* Static (.bss) */

/* Static (.data) */

/* Automatic (stack, register) */

/* Static (.data) */

_Thread_local static double sumloc = 5; /* Thread (.tdata) */
_Thread_local static double bufloc; /* Thread (.tbbs) */

double *v = malloc(sizeof(*v) $ objdump --syms ./datasharing

#pragma omp parallel num_thre

{
double c = 2.0;

/* Shared: goldenratio, v
/* Private: sumloc, buflo

}

free(v);

./datasharing:
SYMBOL TABLE:
0000000000601088
0000000000000000

0000000008
00000000006010cO
000000000060104
00000000004008e0

o)

.bss
.tdata
.tbss
.bss
.data
.rodata

Stack (thread 0) | Stack(thread1)
intb = 1.0 double c = 2.0
double c = 2.0
Heap

double v[100]

.bss (uninitialized data)

double vec[1000]

file format elf64-x86-64

000000000008
000000000008
000000000008
0000000000001 140
0000000000000V 4
0000000008

.data (initialized data)
int counter = 100

gsum.2231
sumloc.2232
bufloc.2233
vec

counter
goldenratio



ATpnbyTbl BUAMMOCTU AAHHbIX

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

{

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

shared (list) — yKa3aHHble nepemeHHble COXPaHAT NCXOAHbIN Knacc namaTtu (auto, static, thread local),
BCe nepemeHHble Kpome thread local byayT paszgensembimu

private (list) — Ana KaXKa0ro NnoToKa co3AatoTcA IOKabHbIE KOMUK YKa3aHHbIX NnepemeHHbIx (automatic
storage duration)

firstprivate (list) — AN KaX0ro NOTOKa Co34at0TCA IOKabHbIE KoMK nepemeHHbIx (automatic storage
duration), oHM MHUUMANU3NPYIOTCA 3HAYEHUAMMU, KOTOPbIE UMENIN COOTBETCTBYIOLLME NEPeMeHHbIe 0 BXOAa
B Napa/jieNbHblA PErmoH

lastprivate (list) — anA KaXka0ro NoToka co3aatoTcs N0KabHble KONMUK NepeMeHHbIX (automatic storage
duration), B nepemeHHble KONUPYIOTCA 3HAaYEHMA NocneaHen ntepaummn Umkna, nmbo sHayeHnsa nocneaHemn
napannenbHon cekuum B Koge (#pragma omp section)

#pragma omp threadprivate(list) — nenaet ykasaHHble cTaTUYECKME NepemeHHble IoKanbHbiMK (TLS)



ATpnbyTbl BUAMMOCTU AAHHbIX

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 200, C 300, d = 400
#pragma omp threadprivate(sum) Thread 0: a = @, b = 200, 300, d = 400
UM+ Thread 1: a = @, b = 200, 300, d = 400
#pragma omp for lastprivate(c) After parallel: a = 100, b = 200, ¢ = 99, d = 400
for (int i = 0; i < 100; i++)
c = 1i;
/* ¢c=99 - has the value from last iteration */
}

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



MoacueTt uncna npocrtbix Uncen (napannenbHana sepcua)

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;

}

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

#pragma omp parallel
{

int nloc = 0;

/* Loop over odd numbers: a, a + 2, a+4, ... , b */
#pragma omp for schedule(dynamic,100) nowait
for (int i = a; i <=b; 1 += 2) {
if (is_prime_number(i))
nloc++;
} /* 'nowait' disables barrier after for */

#pragma omp atomic
nprimes += nloc;
} Cymmupyem pesynbratbl BCEX NOTOKOB

return nprimes;



MoAacuer Uyncna NPOCTbIX YUCEN: peayKuums

int count_prime numbers omp(int a, int b)

{

int nprimes = 0;

/* Count '2' as a prime number */ 0 B kaxaoMm notoke co3aaeT private-nepeMeHHasa nprimes
if (a <=2) { QO TMocne 3aBeplUeHUs NapanienbHOro permoHa K JoKanbHbIM
nprimes = 1; KOMNUSM NPUMEHSETCS onepauns «+»
a = 2, .
} ’ O Pe3ynbTaT peaykumy 3anucbiBaeTCs B MEPEMEHHYO nprimes
/* Shift 'a' to odd number */
if (a %2 == 0) Q [Jdonyctumble onepauuu: +, -, *, &, |, ™, &&, ||

a++;

#pragma omp parallel

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

return nprimes;



HauyanbHble 3HaYeHUA NepeMeHHbIX peayKuuu

Identifier Initializer Combiner

+ omp priv = 0 omp out += omp in

B OpenMP 4.0
AONYCTUMO co3gaHune
CBOMX onepauni peayKkumm

]
[

* omp priv omp out *= omp in

- omp priv = 0 omp out += omp in

& omp priv = ~0 omp out &= omp in
omp priv 0 omp out omp in

~ omp priv 0 omp out omp in

&& omp priv = 1 omp out = omp in && omp out

| | omp priv = 0 omp out = omp in || omp out

max omp priv = Least omp out = omp in > omp out ?
representable number in the omp in : omp out
reduction list item type

min omp priv = Largest omp out = omp in < omp out ?

representable number in the
reduction list item type

omp in : omp out




O6beauHeHne BNOXKEHHbIX LIUKI0B

// N < KO/NM4ecCcTBO MNOTOKOB; KakK 30pPeKTUBHO 3arpy3nTb MNOTOKM?
for (j = 0; j < N; j++) {

for (1 =0; 1 < M; i++) {

\ A[i][3] = work(i, J);

// O0bbeauMHAeM UMUKIIb
#pragma omp parallel for private(j, i)
for (ij = 0; 1j < N * M; ij++) {

j =13 / M;

i=1j % M;

A[i][3] = work(i, J);



#tdefine N 3
#tdefine M 4

O6veguHeHMe NPOCTPAHCTB UTEpaLlMn LUKNOB

#pragma omp parallel

{

#pragma omp for collapse(2)
for (i
for (j = 0; j < M; j++)
printf("Thread %d i = %d\n", omp_get thread num(), i);

= 0; 1 < N; i++) {

}
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NupekTtnea collapse(n)
obbveanHAET NPOCTPAHCTBA
NTEPaLUN N LUKIOB



AunpeKtnebl master u single

void fun()
{
#pragma omp parallel
{
#pragma omp master
{
printf("Thread in master %d\n", omp_get_thread_num()); BbINONHAETCA MOTOKOM C HOMepom O
}
#pragma omp single
{
printf("Thread in single %d\n", omp_get thread num()); BbinonHAeTca oauH pas, 1t06bIM NOTOKOM
}
}



bapbepHaa CUHXPOHU3ALUMUA

void fun()

{

#pragma omp parallel

{

// Parallel code

#pragma omp for nowait

for (int i = 0; i < n; i++)
x[1] = £(1);

// Serial code
#pragma omp single
do_stuff();

#pragma omp barrier
// Xoem rotoBHOCTM X[@:n-1]

// Parallel code

#pragma omp for nowait

for (int i = 0; i < n; i++)
y[i] = x[i] + 2.0 * f(i);

// Serial code
#pragma omp master
do_stuff last();

#pragma omp barrier

[TOTOKMU XKAYT NOKa BCe HE AOCTUTHYT
AaHHOIo mecCta B nporpamme



