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YncneHHoe nHTerpupoBaHue (MeToj NpPAMOYrojlbHUKOB)

flz)
A CDopMyna cpegHnXx NpsaMoyrosibHMKOB const double a = -4.0; /* [a, bl */
const double b = 4.0;
const int nsteps = 40000000; /* n */
double func(double x)
{
return exp(-x * x);
}
double integrate(double a, double b, int n)
{
double h = (b - a) / n;
double sum = 0.0;
for (int i = 0; 1 < n; i++)
sum += func(a + h * (i + 0.5));
> X
b sum *= h;
return sum;
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PacnapannennBaHue

const double a -4.0;
const double b 4.0:
const int nsteps = 40000000;

double func(double x)
{

}

return exp(-x * x);

double integrate(double a, double b, int n)

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

for (int 1 = 0; 1 < n; 1++)
sum += func(a + h * (1 + 0.5));

sum *= h;
return sum;

Ntepaunn umkna for pacnpegennm mexay notokamu

KaXkablh NOTOK BbIYNCAAET YaCTb CyMMbI (Mowaan)

BapunaHTbl pacnpegeneHunsa ntepaunm (touek)
MeXAy p NMOTOKaMW:

1) Pa3buieHne Ha p CMeXHbIX HernpepbIBHbIX YacTei

TO TO TO TO T1 T1 T1 T1 T2 T2 T2 T2

Thread 0 Thread 1 Thread 2

2) Lmknnyeckoe pacnpegeneHe ntepaunii no notokam

TO T1 T2 TO T1 T2 T0 T1 T2 TO T1 T2

Thread 0, Thread1, Thread 2, Thread 0, Thread 1, Thread 2, ...



[NapannenbHas Bepcus

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 1lb = threadid * items_per_thread;

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

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

sum += func(a + h * (1 + 0.5)); Pa36ueHne NPOCTPaHCTBA UTepaLmii
} Ha CMeXXHble HemnpepbiBHbIE YacTn
sum *= h;
1b ub

return sum; TO TO TO TO T1 T1 T1 T1 T2 T2 T2

Thread O Thread 1 Thread 2



NapannenbHaa Bepcusa (npoao/HKeHUe)

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 0;



Komnunayua n sanyck

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

$ export OMP_NUM_THREADS=4

$ ./integrate

Result (serial): 1.772453823579; error 0.000000027326
Result (parallel): 0.896639185158; error 0.875814665748

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

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




CocTosiHUe roHKU 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

{
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) : (lb + items_per_thread - 1);
for (int 1 = 1lb; 1 <= ub; 1++) .
sum += func(a + h * (i + 0.5)); OwumbKa - race condition
ium *= h- = Hecko/1bKO NMOTOKOB OHOBPEMEHHO
’ YNTAKT U 3aNMNCbIBAKOT NepeMeHHYy sum
return sum; = 3HauyeHue sum 3aBKCUT OT NOopsAKa

b BbINMO/IHEHWUA NMOTOKOB



CocTosiHUe roHKu AaHHbIX (race condition, data race)

[lBa NOTOKa 0 AHOBPEMEHHO yBeMUMBaloT 3HaYeHne nepeMeHHon X Ha 1
(HayasibHoe 3HaueHue X = 0)

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

Oxungaemblii (MaeanbHbIN) NOPAAOK BbIMOMHEHUA MOTOKOB: NePBbIX NOTOK YBENNYUA X, 3aTEM BTOPOWA

Time Thread 0 Thread 1 X
0 3HaueHue X = 0 3arpy>kaetcs 0
B peructp R npoueccopa

1 3HaueHue 0 B peructpe R 0
yBennymBaeTca Ha 1

7 3HayeHue 1 u3 peructpa R 1
3anuncbiBaeTca B X

3 3HaueHue x = 1 3arpyxaercs 1

B peructp R npoueccopa
4 3HayeHue 1 B peructpe R 1
yBenm4ynBaetcs Ha 1
5 3HayeHue 2 u3 peructpa R 2 OWN6KN HeT
3aMnuncbiBaeTcs B X




CocTosiHUe roHKu AaHHbIX (race condition, data race)

[lBa NOTOKa 0 AHOBPEMEHHO yBeMUMBaloT 3HaYeHne nepeMeHHon X Ha 1
(HayasibHoe 3HaueHue X = 0)

PeanibHbIl NOPAAOK BbIMNOJIHEHUA NOTOKOB (HeAETEPMUHNPOBAHHbIN)
(MOTOKM MOTYT BbINOSTHATLCA B /11060M NocneaoBaTe/ibHOCTH,

Thread O
X=X+ 1;

Thread 1
X=X+ 1;

MPMOCTaHaBNNBATLCS M 3aMyCKaTbCs)

Time

Thread 0

Thread 1

3HaueHue x = 0 3arpyxaeTtcs
B perucTtp R npoueccopa

3HaueHue 0 B peructpe R
yBennymsaetca Ha 1

3HaueHue x = 0 3arpyxaeTtcs
B pernctp R npoueccopa

3HayeHue 1 u3 peructpa R
3anuncbiBaeTcsa B X

3HayeHue 1 B peructpe R
yBennymBaetca Ha 1

3HaueHue 1 n3 perncrpa R
3aMnncbIBaeTCa B X

OwnbkKa - data race
(oxxunpaanum 2)



YcTpaHeHue 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) : (lb + items_per_thread - 1);

for (int i = 1b; i <= ub; i++)
sum += func(a + h * (1 + 0.5));
} . Hapo caenatb Tak,
sum *= h; UTO6bI yBEANYEHNE NepeMeHHON sum
B /IH0601 MOMEHT BpeMeHU
return sum,;
1 BbIMOJIHANOCb TONbKO OA4HUM MOTOKOM



Kputnueckasa cekyua (critical section)

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

{

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

#pragma
{
int
int
int
int
int

for

}
}

omp parallel

nthreads omp_get_num_threads();
threadid omp_get_thread_num();
items_per_thread = n / nthreads;
lb = threadid * items_per_thread;
ub = (threadid == nthreads - 1) ? (n -

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

{

sum += f;

}

sum *= h;
return sum;

1) @ (lb + items_per_thread - 1);

Kputnueckasa cekuyms (critical section) —
nocneso0BaTe/IbHOCTb MHCTPYKLUWIA,
B 11060 MOMEHT BpeMeHU BbIMOJIHAeMas
TONbKO OJHMM MOTOKOM

Kpntnueckas cekums byaeT BbIMNOJHEHA
BCEMW MOTOKaMu, HO Nnocsiej0BaTeIbHO
(o4WH 3a Apyrum)



Speedup

MacwitabupyemocTb € #pragma omp critical

8.00

7.00

2.00

I
Linear speedup —

Critical section —%— . T .

: 3ameaneHune

—

0.00 *

BoluncanTenbHblid y3en knactepa Oak
=  8apep (aBa Intel Quad Xeon E5620)

= 24 GiB RAM (6 x 4GB DDR3 1067 MHz)

4

Processors

= (CentOS 6.5 x86_64, GCC4.4.7

= Knoum komnunaumm: -std=c99 -02 -fopenmp

#pragma omp parallel

{
/*

Thread 0
Thread 1
Thread 2

e */
for (int 1

1b; 1 <= ub; 1++) {

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

sum += T;

{
}
func CS

= [loToKM OoXmaarT OCBO60)K,£I,€HI/IF|
KpI/ITI/I‘-IECKOVI cekunmnm ApyrimMm noTokom

= Koa ctan nocneaoBaTeNbHbIM +
HakKnaHble PaCcXo4bl Ha NMOTOKN

Wait CS Barrier

S

» Time




AToMapHble onepayum (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) : (lb + items_per_thread - 1);
for (int 1 = 1b; 1 <= ub; 1i++) {
double f = func(a + h * (1 + 0.5));
#pragma omp atomic : .
sum += f; ATomapHas onepauymsa (atomic operation) —
} 3TO NHCTPYKLMS npoLeccopa, B npouecce BbIMONHEHWSA
} KOTOPOW onepaHj B NaMATN 610KNPYHOTCS
sum *= h; ANA APYrmx NOTOKOB

return sum;
Onepauum: x++, X=X+y,X=X-y,X=X*y, x=x/Y, ..



Speedup

MacwtabupyemocTb ¢ #pragma omp atomic

8.00 I
Linear speedup ———
7.00 Critical section
Atomic operation —»—
2,00 [ 3a|vleAneHVIe
— —— .
0.00 :
2 4 6

Processors

BoluncnutenbHbI y3en knactepa Oak
= 8apep (aBa Intel Quad Xeon E5620)

= 24 GiB RAM (6 x 4GB DDR3 1067 MHz)
= CentOS 6.5 x86_64, GCC 4.4.7
= Knoum komnunaumm: -std=c99 -02 -fopenmp

#pragma omp parallel

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

= Tenepb NOTOKM OXUAAOT OCBOOOXAEHUS
nepemeHHo sum (annapatHas CS)

= KaxAblA NOTOK BbINOAHAET ub - b + 1
3aXBaTOB MepeMeHHO sum



#pragma omp atomic + noKasibHas NnepemMeHHan

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

{

double h = (b - a) /7 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 lb = threadid * items_per_thread;

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

double sumloc = 0.0;

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

sumloc += func(a + h * (1 + 0.5));
= KaXablii MOTOK HakanJinBaeT cyMmy

#pragma omp atomic B CBOE N0KaNbHOW nepeMeHHoOn sumloc

sum += sumloc; = 3aTeMm aTOMapHOIi onepavmeli BoluMcaseTcs
ium *= h: NTOroBas cymMma

return sum;

(Bcero nthreads 3axBatoB nepeMeHHO sum)



#pragma omp atomic + noKasibHas NepemMeHHan

8.00 :
Linear speedup ———
7.00 - Critical section .
Atomic operation —»— :
6.00 - Local var. —— -
3.00 oo Linear scalability!
1.00 |- |
: e
——
0.00 : T
Processors

BoluncnutenbHbI y3en knactepa Oak
= 8apep (aBa Intel Quad Xeon E5620)

= 24 GiB RAM (6 x 4GB DDR3 1067 MHz)
= CentOS 6.5 x86_64, GCC 4.4.7
= Knoum komnunaumm: -std=c99 -02 -fopenmp

8.00

7.00

6.00

~ Local var, n=120E6 —%*— _

I !
Linear speedup ———

Local var. n=40E6 —+— -~

Local var. n=80E6

YckopeHue pacTtet
C YBEIMYEHUNEM
pa3mepa 3agauu

4 6
Processors




3ajaHvie

Peann3oBaTb NapasuiefibHyl0 BEpCUIO NPOrpaMmbl UNCJIEHHOTO MHTErpMpOBaHKs
METOA0M MPSMOYTrOJIbHUKOB:

= HanumcaTtb Kog GYHKUMKM integrate_omp € UCnonb30BaHMeM #pragma omp atomic
NOKaJIbHOW nepemeHHoM (cnang 15)

" OLLeHWTb YyCKOopeHMe nporpamMmmbl Ha 2, 4, 6 1 8 NOoTOKax Npu Ynciae Touek
nHTerpuposaHuga nsteps =40 000 000 n 80 000 000

LLla6noH nporpamMmmbl HaxoAUTcs B KaTanore _task
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