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_ 2 _
Zpi1 =25 +c, zog=0




MHoxxectBo MaHaenbbpoTta — Bepcua 0

int MandelbrotCalculate(complex c, int maxiter) {
complex z = ¢;
int n = 9;
for (; n < maxiter; n++) {
if (std::abs(z) >= 2.09) break;
z =2z %z + ¢c;
}

return n;

int main() {

//

for (int pix = ©@; pix < npixels; ++pix) {
const int x = pix % width, y = pix / width;
complex ¢ = begin + complex(x * span.real() / (width + 1.9),

y * span.imag() / (height + 1.9));

int n = MandelbrotCalculate(c, maxiter);
if (n == maxiter) n = 9;
pixels[pix] = n;




MHoxkectBo MaHgenbbporta — Bepcua 1 (static)

int main() {

/] ...

#pragma omp parallel for

for (int pix = 0; pix < npixels; ++pix) {
const int x = pix % width, y = pix / width;
complex ¢ = begin + complex(x * span.real() / (width + 1.9),

y * span.imag() / (height + 1.0));

int n = MandelbrotCalculate(c, maxiter);
if (n == maxiter) n = 0;
pixels[pix] = n;



MHoxectBo MaHaenbbporta — sepcua 1 (static)

332335323332353232353253CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC, 5,555 55522522322223235 |
332335323333323235CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC,,,y5,55555252222235 | d 1 -t
332333532333 3555CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC, 5,555,505 5222035 | ° ma n e Se
3253533355 5CCCCCCCCCCCCCCLCLLCCCCCCCCCCCCCCCB88888888888888CCCCCCCC,,,,,,y0sss005 |
yasss333ssssCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCE888888MArj@MMMBE8888CCCCCCCC,,,,,,,555, ]
TN ddd dddddddddedddddeddddddddedded @aga@@ CCCCCCCy, 5555555 ]
»33333333,CCCCCCCCCCCCCCCCCCCCCCCCCCCCC IMMM@3 oF j@@RE CCCCCCCC,,,y,,,]
23323335 CCCCCCCCCCCCCCCCCCCCCCCCCCCCT IMMM@@j ropaaarj CCCCCCCC,,,,, |
» 3225 CCCCCCCCCCCCCCCCCCCCCCCCCECCT IMMMM@7 j arQoP gw@g ccccecc,,, | ° °
s 55 ,CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCE88888888888MMMMM@@Taarg. pwjj@MM888888888cccccccc,, | Tlme ° 17 ° 45 345@ S eC °
) 3ssss,CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCE888888888888 @@jawpw, .Oraj@@MMM88888888ccccccccc|
s 5255 ,CCCCCCCCCCCCCCCCCCCCCCCCCCCCCE8888888888888) @@arcpgj Gorwa@MMMMMS888888cccccccc| .
4555, »CCCCCCCCCCCCCCCCCCCCCCCCCCCCCE888888888888N ja.08Mj  a,0Qwj@MMMMMM888888ccccccc | Th r\ea d @ t 1me @ 9@@164 S eC
s 155 CCCCCCCCCCCCCCCCCCCCCCCCCCCCS888888888888MMMMAERART jawoG MM88888cccccc | . °

555 CCCCCCCCCCCCCCCCCCCCCCCCCCCCC888888888888MMMEERAAARAT JjawMg j MMM8888ccccc|

,»»,CCCCCCCCCCCCCCCCCCCCCCCCCCcc888888888888MMMAR@AEART jjjaawrga @MM8ssccccc | °
» 5, CCCCCCCCCCCCCCcccccccccccccc88s8s8ss8s8sMMMM@aoawwwaaawrrrpg. 0 rEopwwwwj j@@@j jQjM8s8cccc | T h r‘ e a d 1 t 1 m e 1 5 ° 9 2 5 6 7 7 S e C °
»»»CCCCCCCCCCCCCCCCCCCccccccc888888888MMMMMM@jaowIPprurG.QIMjpMO  g@.aEEo. Epaajjawjw@Msssccc |
,»,CCCcccccccccccccccccccccc8s8sssssMMMMMMMA@@iallor, aggg QM o
, » CCCCCCCCCCCCceccccccccccc8888sss8MMMMMMMMM@@@@jar0]  GE WW@@EOa@MMS
,,Cccececceccccccccccccccccc8d8888MMMMMMMMMMMM@@EE@E@j aarEp i Th r\ead 2 t 1me 17 [ 45@@@9 Sec [
,,Ccccececccccccccccccccc88asl MMMM @ M
,ccecececececcccecccccccccc8888MMI MMMM MM °
,,Cccececcecccccccccc88888M@ @@ \@ M @3] ajj@ Th r\ead 3 tlme 2 2@8@47 Sec
,cccceccccccccc8888888MM@IrQjJj 337 e °
,ccccccccc888888888MMI j
Ndddddds jriprrrwwrEpwwy wwpj8 pr@sss|
,ccccc88888888888MMMMMM@@jaro . . EPpoQj8gGpruwrroQa wj@mass |
]
]

Cccc88888888888MMMMMMM@@] jawpOr OP@C gcQ@PopppOs
ccc88888888888M! T 00J0ggPJ
€c88888888888MMMMMMMM@] 0QQ,
c88888888888MMMMMMM@awaawroP 0G0
8888888888M jjalprppo.w @
c888888888M@ ) jawpPQGEPS

: (]
MM
CMMMM@@@aaj I I@@T i jwwrePi Qr ’ l
M@Mjj@aao@rwarorrrpggo.a ‘ oa m a a n C e !

M@Mjj@aao@rwarorrrpggo.a

cMMMM@@@aa jwwrgPj  Qr
c888383833MAEAEAA] jjawpPQGEPS
8888883838MMM@R@E@@] jalprppO. w @
c88888888888MMMMMMM@awaawroP 0G0
€c88888888888MMMMMMMM@3 j jw. 0QcQ 0QQ,
Ccc88888888888MMMMMMMM@] j jwroPg 0030ggPJ
cccc88883838888MMMMMMM@@] jawpOr OP@c gcQ@Poppp0O8
,€Ccccc88888888888MMMMMM@@Iaro. . EPpoQj8gGpruwrroQa
]
]

,ceeeecce JprrrwwrEpwwy wWwp38
,CCCccccccc888s88s888gMM gaajjjaaorajjjjjaaawo.r
,ccccccccccccc8ssssss| @6 jjjjjaaroc
X jjjawl0od
@jwoPQOw.
, » CCCCCCCCCCCCCCCCecccc8888MMMMMMMMMMMMMG jawrpgE@
,»CCCCCCCCCCCCCcccccccccc88888MMMMI MMMMM@@E@@] aarEp
, » CCCCCCCCCCCCCCcccccccccc888888sMMMMMMMMM@@@@ ar0]  GE 1
»55CCCCCCCCCCCCCCCCCCCCccccc88888888MMMM )jalJIOP,aggg QM Q@ rgrrPgrp,rr@M8sccc|
,»»CCCCccccccccccccccccccccccc8s88s8s8s888MMMMMM@jaowIPprrG.QIMIpMO  g@. aEEo. Epaajjawjw@Msssccc |
,»»CCCCcccccccccccccccccccccccc88ssssssssMMMM@aoawwwaaawrrrpg. 0 ~Eopw jjQjM888cccc]|
» 55, CCCCCCCCCCCCCCCCCCCCCCCccccc888888888888MMMARAEARATjjjaawrga
L5, ,CCCCCccccccccccccccccccccccccc8sssssssssssMMMARARAR] jjawMg
» 55 CCCCCCCCCCCCCCCCCCCCCCCCCCCc8888888888888MMMMAREAAT jawoG *j J@MMMMMMM88888cccccc |
»5555»CCCCCCCCCCCCCCCCCCCCCCCCCCCCCE888888888888MMMMMA@Ia.08M]  a,0Qw@MMMMMMB88888ccccccc |
355555CCCCCCCCCCCCCCCCCCCCCCCCCcccc88888838888888MMMM pgj Gor M8888888cccccccc|
335555 ,CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCE888888888888MMMMMG .Oraj@@MMM8s888888ccccccccc|
y233ss5CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCEB88888888888MM @jaarg. pwjj@MM888888888cccccccc,, |
53333355CCCCCCCCCCCCCCCCCCCCCCCCCCLLCC IMMMM@3 j arQoPgw@( cccececec,,, |

r
r

rraaaaassCCCCCCCCCCCCCCCECECCCECECECECE MME@;j ropaaari ccceccce, sy, |

y533332555CCCCCCCCCCCCCCCCCCCCCCCCCCCCCC IMMM@3 o j@@A( CCCCCCC,,,,,,, |

SrasaarsssssCCCCCCCCECCECCECECECCECCECCeee M@aga@aM) cccecec,,, Al
15552555 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCBBE8888MAr]@MMMBB888B ccccccc, , , ,, |
Jyssss3s9ssCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCBB8888888888888CCCCCCCC,,,,,,,,

N |




MHoxectBo MaHaenbbpota — sepcua 2 (dynamic)

int main() {

/] ...
#pragma omp parallel for schedule(dynamic, 16)

for (int pix = 0; pix < npixels; ++pix) {
const int x = pix % width, y = pix / width;
complex ¢ = begin + complex(x * span.real() / (width + 1.9),
y * span.imag() / (height + 1.0));
int n = MandelbrotCalculate(c, maxiter);
if (n == maxiter) n = 0;
pixels[pix] = n;

/] ... Time: 11.857098 sec.
} Thread © time: 11.854174
Thread 1 time: 11.842355
H ?
" HO“GMX (dynamic, 16)? Thread 2 time: 11.842731
= Kaxabl NOTOK byaeT umeTb 16 anemeHTOB MaccuBa Thread 3 time: 11.846665

pixels (64 6anTa)



MHoxectBo MaHgenbbporta — Bepcua 1.1 (static, 1)

int main() {

/] ...
#pragma omp parallel for schedule(static, 1)

for (int pix = 0; pix < npixels; ++pix) {
const int x = pix % width, y = pix / width;
complex ¢ = begin + complex(x * span.real() / (width + 1.9),
y * span.imag() / (height + 1.0));
int n = MandelbrotCalculate(c, maxiter);
if (n == maxiter) n = 0;
pixels[pix] = n;

/... Time: 12.110358 sec.
} Thread 0 time: 11.473495

Thread 1 time: 12.106071
Thread 2 time: 12.090148
Thread 3 time: 11.732312




MHoxkectBo MaHaenbbporta — Bepcua 3 (ordered)

int main() {

/] ...

#pragma omp parallel for ordered schedule(dynamic) nowait

for (int pix = @; pix < npixels; ++pix) {
const int x = pix % width, y = pix / width;
complex ¢ = begin + complex(x * span.real() / (width + 1.90),

y * span.imag() / (height + 1.9));

int n = MandelbrotCalculate(c, maxiter);

if (n == maxiter) n = 0;
#pragma omp ordered // Xgem rnoka BbIMOJNIHATCA uUTepaunum < pix
{

char c = ' ';

if (n > @) ¢ = charset[n % (sizeof(charset) - 1)];
std: :putchar(c);

if (x + 1 == width) Time: 12.967938 sec.
std: :puts("|"); Thread © time: 12.964203
} Thread 1 time: 12.955229
} Thread 2 time: 12.964203
/] ... Thread 3 time: 12.950563




#pragma omp sections

#pragma omp parallel
{ Mopoxaaet nyn notokos (team of threads) u Habop 3agau (set of tasks)

#pragma omp sections

#pragma omp section Koa, KaxKaoi CeKLuMm BbINONHAETCA OAHUM MOTOKOM
{ _ (B KOHTEKcTe 3a4a4m)
// Section 1

NSECTIONS > NTHREADS
#pragma omp section

; He rapaHTupyetca, 4To BCe cekuum byayT BbINOAHATLCS

// Secti 2 pa3HbIMM NOTOKamMu OgMH NOTOK MOXKET BbINOJIHUTb HECKO/IbKO CGKLI,I/II71
ection

}
#pragma omp section
{

// Section 3
}

} // barrier



#pragma omp sections

#pragma omp parallel num_threads(3)

{

#pragma omp sections

{

// Section directive is optional for the first structured block

{

}

sleep rand ns(100000, 200000);
printf("Section @: thread %d / %d\n",

#pragma omp section

{

}

sleep_rand _ns(100000, 200000);
printf("Section 1: thread %d / %d\n",

#pragma omp section

{

}

sleep rand ns (100000, 200000);
printf("Section 2: thread %d / %d\n",

#pragma omp section

{

sleep rand ns (100000, 200000);
printf("Section 3: thread %d / %d\n",

omp_get _thread _num(),

omp_get thread num(),

omp_get thread num(),

omp_get thread num(),

omp_get _num_threads());

omp_get num_threads());

omp_get _num_threads());

omp_get _num_threads());

3 NOTOKa, 4 cekuuu



#pragma omp sections

#pragma omp parallel num_threads(3)

{
#pragma omp sections 3 NOTOKa, 4 cekuyumn
{
// Section directive is optional for the first structured block
{
sleep rand ns(100000, 200000);
printf("Section 0: thread %d / %d\n", omp_get thread num(), omp_get num_threads());
}
#pragma omp section
{
sleep_rand _ns(100000, 200000);
printf("Section 1: thread %d / %d\n", omp get thread num(), omp_get num_threads());
}
#pragma omp section
{
sleep rand ns(100000, 200000);
printf("Section 2: thread %d / %d\n", omp _get thread num(), omp_get pum
}
$ ./sections
f{#pragma omp section Section 1:
sleep_rand_ns(100000, 200000); Sectlon 6:
printf("Section 3: thread %d / %d\n", omp_get thread num(), omp_get SIS NCliRPE
} Section 3:



Py4yHoe pacnpepeneHve 3aaay no notokam

#pragma omp parallel num_threads(3)
{ 3 noToKa, 3 6a10Ka

int tid = omp_get thread num();
switch (tid) {

case 0O:
sleep _rand _ns (100000, 200000);

printf("Section @: thread %d / %d\n", omp_get thread num(), omp_get num_threads());
break;

case 1:
sleep_rand_ns (100000, 200000);

printf("Section 1: thread %d / %d\n", omp_get thread num(), omp_get num_threads());
break;

case 2:
sleep _rand _ns (100000, 200000);
printf("Section 3: thread %d / %d\n", omp_get thread num(),

break; $ ./sections
Section 3: thread 2
default: Section 1: thread 1
fprintf(stderr, "Error: TID > 2\n"); Section ©: thread ©




Bno)xeHHble napannenbHble pernoHbl (nested parallelism)

void level2(int parent)

{
#pragma omp parallel num_threads(3)
{
#pragma omp critical
printf("L2: parent %d, thread %d / %d, level %d (nested regions %d)\n",
parent, omp_get thread num(), omp_get num_threads(), omp_get active level(), omp get level());
}
}
void levell()
{
#pragma omp parallel num_threads(2)
{
#pragma omp critical
printf("L1: thread %d / %d, level %d (nested regions %d)\n",
omp_get thread num(), omp get num threads(), omp_get active level(), omp_get level());
level2(omp get thread num());
}
}
int main(int argc, char **argv)
{
omp_set nested(1);
levell();
return 0;



BrnoXxxeHHble napannenbHble pernoHbl (nested parallelism)

void level2(int parent)
{ 0: levell 0: level2 > 0
#pragma omp parallel num_threads(3)

{

#pragma omp critical
printf("L2: parent %d, thread %d / %d, level %d (nested regic
parent, omp_get thread num(), omp_get num_threads(), ¢

}
} 1: level2 > 0
void levell()
{
#pragma omp parallel num_threads(2) omp_set_nested(1)
{ 6 noTtokoB
#pragma omp critical
printf("L1: thread %d / %d, level %d (nested regions /d)\n s
omp_get thread num(), omp get num_ threag
. $ ./nested
} level2(omp_get_thread_num()); L1: thread © / 2, level 1 (nested regions 1)
} L1: thread 1 / 2, level 1 (nested regions 1)

L2: parent @, thread © , level (nested regions
int main(int argc, char **argv) L2: parent 0, thread , level (nested regions
{ L2: parent 0, thread level (nested regions

?mp—iEt—?eSted(1)3 L2: parent 1, thread level 2 (nested regions
evell(); L2: parent 1, thread level (nested regions
return ©; L2: parent 1, thread level (nested regions



BrnoXxxeHHble napannenbHble pernoHbl (nested parallelism)

void level2(int parent)

{ 0: levell 0: level2 > 0
#pragma omp parallel num_threads(3)
{
#pragma omp critical
printf("L2: parent %d, thread %d / %d, level %d (nested regic
parent, omp_get thread num(), omp_get num_threads(), ¢
}
b 1: level2 > 0
void levell()
{
#pragma omp parallel num_threads(2) Omp_Set_neSted(O)
{ 2 noToka
#pragma omp critical
printf("L1: thread %d / %d, level %d (nested regions %d)\n",
omp_get thread num(), omp get num threads(), omp_get active level(), omp_get level());
level2(omp get thread num());
}
}

int main(int argc, char **argv)

{
omp_set _nested(9);

levell();

return 0;

$ ./nested
L1: thread @ / 2, level 1 (nested regions 1)

L1: thread 1 / 2, level 1 (nested regions 1)
L2: parent @, thread @ / 1, level 1 (nested regions 2)
L2: parent 1, thread 0 / 1, level 1 (nested regions 2)




OrpaHunyeHue rnybuHbl BOXEHHOIrO napasnaienm3ma

void level3(int parent)

{
#pragma omp parallel num_threads(2)
{
// omp_get active level() == 2, omp_get level() == 3
}
}
void level2(int parent)
{
#pragma omp parallel num_threads(3)
{
// omp_get active level() == 2
level3(omp get thread num());
} [lpn co3gaHnu NapannenbHOro permoHa
b runtime-cmncrema nposepseT rnyouHy
void levell()
{ BJTOXXEHHOCTW Mapasiyie/ibHbIX pErMoHOB
#pragma omp parallel num_threads(2)
{
// omp_get_active level() == omp_set_max_active_levels(N)
level2(omp_get thread_num());
}
}

Ecnu rnybunHa npesbllweHa, TO
napannenbHbln pernoH byaeT cogep>aTb O4AMH NOTOK

int main(int argc, char **argv)

{
omp_set nested(1);
omp_set_max_active_levels(2);
levell();



OrpaHunyeHue rnybuHbl BOXEHHOIrO napasnaienm3ma

void level3(int parent)

{
#pragma omp parallel num_threads(2)
{
// omp_get_ active_level() == 2, omp_get level() == 3
}
}
void level2(int parent)
{
#pragma omp parallel num_threads(3)
{ y Level() MaKkcunManbHas FJ'IY6l/IHa BJTOXKEHHOCTWU MNapaJiyie€JsibHbIX
omp_get active leve == 2
level3(omp get thread num()); PErMOHOB paBHa 2
} } omp_set_max_active_levels(2)
void levell()
{
#pragma omp parallel num_threads(2) B napajyiesibHOM peErmMoHe 1 noToK —
{ -
// omp._get _active level() == NOTOK, KOTOPbIN Bbi3Bas pyHKuuto level 3
level2(omp_get thread_num());
}
} Bcero notokoB 2 * 3 = 6

int main(int argc, char **argv)

{
omp_set nested(1);
omp_set_max_active_levels(2);
levell();



OnpeaneneHne 4ncna NOTOKOB

#pragma omp parallel num_threads(n)
// code

OMP_THREAD_LIMIT —
MaKCMMaJibHOEe YMC/I0 MOTOKOB B NMporpamme

OMP_NESTED — pa3spelwaeT/3anpewiaer
BNIOXXEHHbIV Napannennsm

OMP_DYNAMIC — paspewaeTt/3anpewaeTt
ANHaMMYeCcKoe yrpaB/ieHUe YNCIOM MOTOKOB
B nNapanjienbHOM pernoHe

ActiveParRegions — 4u1C/10 aKTUBHbIX
BJIOXKEHHbIX MapanfnenbHbIX permoHOB

ThreadsBusy — 4u1Cn0 yXe BbIMNOAHSAOLWNXCS
NOTOKOB

ThreadRequested = num_threads
nn6o OMP_NUM_THREADS

Anroputm

ThreadsAvailable = OMP_THREAD_LIMIT — ThreadsBusy + 1

if ActiveParRegions >= 1 and OMP_NESTED = false then
nthreads = 1

else if ActiveParRegions == OMP_MAX_ACTIVE_LEVELS then

nthreads = 1

else if OMP_DYNAMIC and ThreadsRequested <= ThreadsAvailable then
nthreads = [1: ThreadsRequested] // BbibupaeTca runtime-cucremon

else if OMP_DYNAMIC and ThreadsRequested > ThreadsAvailable then
nthreads = [1: ThreadsAvailable] // Bbibupaetca runtime-cucremon

else if OMP_DYNAMIC = false and ThreadsRequested <= ThreadsAvailable then
nthreads = ThreadsRequested

else if OMP_DYNAMIC = false and ThreadsRequested > ThreadsAvailable then
// 4UMCNo NOTOKOB ONpeaenaeTcs peanmsaumen

end if



PekypcnMBHOE CyMMUpPOBaHme

double sum(double *v, int low, int high)

{
if (low == high)
return v[low];
int mid = (low + high) / 2;
return sum(v, low, mid) + sum(v, mid + 1, high);
} 5110 15|20|25|30|35 |40 |45 |50
v[0..9]
v[0..4] V[5..9]
v[0..2] v[3..4] V[5..7] v[8..9]
v[0..1] V[2..2] v[3..3] V[4..4] V[5..6] V[7..7] v[8..8] v[9..9]
/\ /\

v[0..0] v[1..1] v[5..5] v[6..6]




[TapannenbHoe peKypcnBHoOe CyMMUPOBaHMe

double sum(double *v, int low, int high)

{
if (low == high)
return v[low];
int mid = (low + high) / 2;
return sum(v, low, mid) + sum(v, mid + 1, high);
} 5110|15|20|25|30|35|40 45|50
PelwueHue v[0..9]
«B 106> o hed e T
mread A thveas Tread B Tovesa
v[0..2] rend rend v[3..4] V[5..7] v[8..9] Thread
Thread/\T\rea T reNread Thread/\Th\read Thread/\rea
v[0..1] v[2..2] v[3..3] V[4..4] Vv[5..6] V[7..7] v[8..8] v[9..9]
/\ /\
v[0..0] v[1..1] v[5..5] v[6..6]




PeweHne «B NobH»

double sum_omp(double *v, int low, int high)

{
if (low == high)
return v[low];
double sum_left, sum_right;
#pragma omp parallel num_threads(2)
{
int mid = (low + high) / 2;
#pragma omp sections
{
#pragma omp section
{
sum_left = sum_omp(v, low, mid);
}
#pragma omp section
{
sum_right = sum_omp(v, mid + 1, high);
}
}
}
return sum_left + sum_right;
}

double run_parallel()
{

omp_set_nested(1);
double res = sum_omp(v, 0, N - 1);



PeweHne «B nob»

double sum_omp(double *v, int low, int high)

{
if (low == high)
return v[low];
Fny6MHa B/IOXKEHHbIX NapansienbHbIX permMoHoB
double sum_left, sum_right;
#pragma omp parallel num threads(2) He OorpaHn4yeHa (CO3,£I,aeTCFI o4yeHb MHOTIo I'IOTOKOB)
{
int mid = (low + high) / 2;
#pragma omp sections Ha xBaTaeT pecypcoB A4n14 nogaepraHma nyaa NOTOKOB
{
#pragma omp section
{
sum_left = sum_omp(v, low, mid);
}
#pragma omp section
{
sum_right = sum_omp(v, mid + 1, high);
}
}
}
return sum_left + sum_right; # N = 100000
} $ ./sum

libgomp: Thread creation failed: Resource temporarily unavailable

double run_parallel()

{
omp_set_nested(1);

double res = sum omp(v, @, N - 1);



OrpaHunyeHune rnyburHbl BJIOXKEHHOIO napa’sienn3ma

double sum_omp(double *v, int low, int high)

{ MpuBaxxem rMybuHy BNOXKEHHbIX
if (low == high) napannesbHbIX PErMOHOB
return v[low]; P P
double sum_left, sum_right; K YNCny AOCTYNHbLIX NPOLUECCOPHbIX Aaep
#pragma omp parallel num_threads(2)
{
int mid = (low + high) / 2; 2 noTtoKa (npoueccopa) — rybuHa 1
#pragma omp sections 4 NOTOKa — I'J'Iy6MHa 2
{
#pr\agma Omp Section 8 nOTOKOB - rJTY6V|Ha 3
{
sum_left = sum omp(v, low, mid);
} - —omp( ) n NoTokoB — rnybuHa log_ 2(n)
#pragma omp section
{
sum_right = sum_omp(v, mid + 1, high);
}
}

}

return sum_left + sum_right;

}

double run_parallel()

{
omp_set_nested(1);
omp_set_max_active levels(ilog2(4)); // 2 ypoBHA
double res = sum omp(v, 0, N - 1);



OrpaHuyeHmne rnybumnHbl BNOXXEHHOr0 napasnajenm3ma

double sum_omp(double *v, int low, int high)

{ MpuBaxxem rMybuHy BNOXKEHHbIX
if (low == high)
return v[low]; napannesbHbiX permoHos
double sum_left, sum_right; K YNCny AOCTYNHbLIX NPOLUECCOPHbIX Aaep
#pragma omp parallel num_threads(2)
{
int mid = (low + high) / 2; 2 noTtoKa (npoueccopa) — rybuHa 1
#pragma omp sections 4 NOTOKa — rny6MHa 2
{
#pr\agma omp Section 8 HOTOKOB - |'I'IY6MHa 3
{
1 'Ft = k) 1 ) 'd ;
} SH-te sum_omp(v, low, mid) n NoTokoB — rnybuHa log_ 2(n)
#pragma omp section
{
sum_right = sum_omp(v, mid + 1, high);
}
} . .
} Recursive summation N = 100000000
ATV S TS Al Result (serial): 5000000050000000.0000; error ©.000000000000
} Parallel version: max_threads = 8, max_levels = 3
q Result (parallel): 5000000050000000.0000; error ©0.000000000000
ouble run_parallel() . . .
{ Execution time (serial): 0.798292

omp_set_nested(1); Execution time (parallel): 20.302973
omp_set_max_active_levels (iloeYXe[i]s BN~ N-V:!
double res = sum_omp(v, 0, N



CokpallleHne aKTuBauui napanienbHbiX PEFTMOHOB

double sum _omp fixed depth(double *v, int low, int high)

{

if (low == high)
return v[low];

double sum_left, sum_right;
int mid = (low + high) / 2;

if (omp_get _active_level() >= omp_get max_active levels())
return sum_omp_fixed depth(v, low, mid) + sum_omp_fixed depth(v, mid + 1, high);

#pragma omp parallel num_threads(2) \\\\\\\ |

{ . PyuyHasa npoBepKa ryb6uHbl
?p"agma omp sections Mpu AOCTUNKEHUMN NPeAeNbHOM FYBUHBI
#pragma omp section n3beraem akTmBaumu
sum_left = sum_omp fixed depth(v, low, mid); napannenbHOro perMoHa
#pragma omp section
sum_right = sum_omp_fixed depth(v, mid + 1, high);
}
}

return sum_left + sum right;



CokpallleHne aKTuBauui napanienbHbiX PEFTMOHOB

double sum _omp fixed depth(double *v, int low, int high)

{

if (low == high)
return v[low];

double sum_left, sum_right;
int mid = (low + high) / 2;

if (omp_get _active_level() >= omp_get max_active levels())
return sum_omp_fixed depth(v, low, mid) + sum_omp_fixed depth(v, mid + 1, high);

#pragma omp parallel num_threads(2) CeKuuun moryT BbINONHATLCA
{ OAHUM U TEM }Ke NOTOKOM
#pragma omp sections P

. rlpMBf-l)KeM CeKunn K pa3HbIM NMNOTOKam
#pragma omp section }

sum_left = sum_omp fixed depth(v, low, mid);

#pragma omp section
sum_right = sum_omp_fixed depth(v, mid + 1, high);
}
}

return sum_left + sum right;



PekypCHBHbIE BbI30Bbl B Pa3HbIX

double sum omp_ fixed depth static(double *v, int low, int high)

{
if (low == high)
return v[low];

double sum_left, sum_right;
int mid = (low + high) / 2;

if (omp_get active level() >= omp_get max_active levels())
return sum_omp fixed depth static(v, low, mid) +

sum_omp_fixed depth static(v, mid + 1, high);

#pragma omp parallel num_threads(2)

{
int tid = omp_get thread num();
if (tid == 0) {
sum_left = sum omp fixed depth static(v, low, mid);
} else if (tid == 1) {
sum_right = sum_omp_fixed depth static(v, mid + 1, high);
}
}

return sum_left + sum_right;

MOTOKAX

1. OrpaHnumnnn rnybuHy
PEKYPCMBHDbIX BbI30BOB

2. MMpuBA3ann «cekumm»
K pa3HbIM MOTOKaMm
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BbicTpaa coptuposKa (QuickSort)

void partition(int *v, int& i, int& j, int low, int high) {

= low;
J = high;
int pivot = v[(low + high) / 2];
do {

while (v[i] < pivot) i++;
while (v[j] > pivot) j--;

if (1 <= J) A
std::swap(v[i], v[i]);
i++;

J--3
}
} while (i <= j);
}
void quicksort(int *v, int low, int high) {
int i, j;
partition(v, i, j, low, high);
if (low < j)

quicksort(v, low, j);
if (i < high)
quicksort(v, i, high);
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BbicTpaa copTuposka (QuickSort) — Bepcua 1 (nested sections)

omp_set _nested(1); // Enable nested parallel regions

void quicksort_nested(int *v, int low, int high) {
int i, j;
partition(v, i, j, low, high);

#pragma omp parallel sections num_threads(2)

{

#pragma omp section

{
}

if (low < j) quicksort_nested(v, low, j);

#pragma omp section

{
}

if (i < high) quicksort_nested(v, i, high);

HeorpaHuyeHHas
rNy6buHa BNOXEHHLIX
napannenbHbIX perMoHOB

OThenbHbIe NOTOKU
CcOo3Aar0TCA Aaxe Ang
COPTUPOBKU KOPOTKUX
oTpeskos [low, high]



BbicTpasa coptuposKa (QuickSort) — sepcua 2 (max_active_levels)

omp_set _nested(1); // Enable nested parallel regions
omp_set _max_active_levels(4); // Maximum allowed number of nested, active parallel regions

void quicksort_nested(int *v, int low, int high) {
int i, j;
partition(v, i, j, low, high);

#pragma omp parallel sections num_threads(2)

{
#pragma omp section
{
if (low < j) quicksort nested(v, low, j);
}
#pragma omp section
{
if (i < high) quicksort _nested(v, i, high);
}
}



BbicTpasa coptupoBKa (QuickSort) — Bepcua 3 (noporosoe 3HaueHue)

omp_set nested(1); // Enable nested parallel regions
omp_set _max_active levels(4); // Maximum allowed number of nested, active parallel regions

void quicksort_nested(int *v, int low, int high) {
int i, j;
partition(v, i, j, low, high);

if (high - low < threshold || (j - low < threshold || high - i < threshold)) {
if (low < j) // Sequential execution

quicksort nested(v, low, j); . K
if (i < high) OpPOTKUE UHTEpBASbI

quicksort_nested(v, i, high); COpTUpYeM NoceaoBsaTesibHbIM
} else { - anropUTMOM

#pragma omp parallel sections num_threads(2) = CokpalleHue HaKNAaAHBIX

{ . pacxonoe Ha co3aaHMe NoTOKoB
#pragma omp section

{ quicksort nested(v, low, j); }

#pragma omp section
{ quicksort_nested(v, i, high); }



BbicTpaa copTuposka (QuickSort) — sepcusa 4 (tasks)

#pragma omp parallel
{
#pragma omp single
quicksort tasks(array, 0, size - 1);

void quicksort_tasks(int *v, int low, int high) {
int i, j;
partition(v, i, j, low, high);

if (high - low < threshold || (j - low < threshold || high - i < threshold)) {
if (low < j)
quicksort tasks(v, low, j);
if(i < high)
quicksort_tasks(v, i, high);
} else {
#pragma omp task
{ quicksort_tasks(v, low, j); }
quicksort_tasks(v, i, high);



BbicTpaa copTuposka (QuickSort) — sepcusa 4 (tasks)

#pragma omp parallel
{
#pragma omp single
quicksort tasks(array, 0, size - 1);

void quicksort_tasks(int *v, int low, int high) {
int i, j;
partition(v, i, j, low, high);

if (high - low < threshold || (j - low < threshold || high - i < threshold)) {
if (low < j)
quicksort tasks(v, low, j);
if(i < high)
quicksort_tasks(v, i, high);
} else {
#pragma omp task untied // OTkpennTb 3agady OT noToka (3agayvyy MOXeT BbIMOJAHATb W60 MOTOK)
{ quicksort_tasks(v, low, j); }
quicksort_tasks(v, i, high);
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[Mapannenn3m 3apad (task parallelism, >= OpenMP 3.0)

void fun()
{

int a, b;
#pragma omp parallel num_threads(2) shared(a) private(b)

{

#pragma omp single nowait

{
for (int i =0; i < 3; i++) {
#pragma omp task default(firstprivate)
{
int c;
// A — shared, B — firstprivate, C - private
}
}
}
}
}
int main(int argc, char **argv)
{
fun();
return 0;

Team
of threads

Implicit
tasks

Explicit
tasks

ThreadO Threadl

TaskO Task1

TaskO

Task1
Task1



[Mapannenn3m 3apad (task parallelism, >= OpenMP 3.0)

MapannenbHan o6paboTka AMHAMUYECKUX CTPYKTYP AAHHbIX
(cBsiI3HbIE@ CMUCKWN, AepeBbS, ...)

#pragma omp parallel void postorder(node *p)
{ {
if (p->left) {
#pragma omp single nowait #pragma omp task
{ postorder(p->left);
for (; list != NULL; list = list->next) { }
#pragma omp task firstprivate(list)
{ if (p->right) {
process_node(list); #pragma omp task
} postorder(p->right);
} }
}
} #pragma omp taskwait

process(p->data);



[TapannenbHoe peKypCUBHOE

double sum _omp tasks(double *v, int low, int high)

{

}

if (low == high)
return v[low];

double sum_left, sum_right;
int mid = (low + high) / 2;

#pragma omp task shared(sum_left)
sum_left = sum_omp tasks(v, low, mid);

#pragma omp task shared(sum_right)
sum_right = sum_omp_tasks(v, mid + 1, high);

#pragma omp taskwait
return sum_left + sum_right;

double sum_omp(double *v, int low, int high)

{

double s = 9;
#pragma omp parallel

{

#pragma omp single nowait

s = sum_omp_tasks(v, low, high);
}
return s;

cymmupoBaHue (tasks v1)

OThenbHanA 3a4a4a AnA Kaxkaoro
PEKYPCUBHOTO BbI30OBA

OnpgaHue 3asepLueHmA
Ao4YepHMX 3a4au

Myn n3 N notokoB + N 3agauy (implicit tasks)



[TapannenbHoe pekypcuBHoe cyMmMmupoBaHue (tasks v1)

double sum _omp tasks(double *v, int low, int high)

{
if (low == high)
return v[low];

double sum_left, sum_right;
int mid = (low + high) / 2;

#pragma omp task shared(sum_left)
sum_left = sum_omp tasks(v, low, mid);

#pragma omp task shared(sum_right)
sum_right = sum_omp_tasks(v, mid + 1, high);

#pragma omp taskwait
return sum_left + sum_right;

}

double sum_omp(double *v, int low, int high)

{
double s = 9;

#pragma omp parallel

{

#pragma omp single nowait

s = sum_omp_tasks(v, low, high);
}
return s;

vi0.6] | 5 10| 15|20 | 25|30 | 35

Team

Thread O Thread 1 Thread N -1
of threads
Implicit Task Task Task
tasks
Explicit
v[0..3] vi4.6]
v[0..1] v[2..3] v[4..5] v[6..6]
v[0..0] V[1..1] v[2..2] v[3..3] V[4..4] Vv[5..5]

Cospgaetca 6onblLUoe KoNM4ecTBo 3adau
3HauuTeNbHbIE HAKNagHble pacxoabl



[TapannenbHoe pekypcuBHoe cyMmMupoBaHue (tasks v2)

double sum_omp_tasks_threshold(double *v, int low, int high)

{
if (low == high)
return v[low];
if (high - low < SUM_OMP_ARRAY MIN_SIZE) |
return sum(v, low, high); 7777777777777 nepeKnl.oquMe Ha
double sum_left, sum_right; nocnefoearesibHylo Bépcuto
int mid = (low + high) / 2; npun AOCTUXeHUM npeneribHoro
pa3mepa nogmMaccuBea
#pragma omp task shared(sum_left)
sum_left = sum_omp_tasks_threshold(v, low, mid);
#pragma omp task shared(sum_right) “rEalk
sum_right = sum_omp_tasks_threshold(v, mid + 1, high); v[0..6]
#pragma omp taskwait
return sum_left + sum_right;

}

v[0..3] v[4..6]
double sum_omp(double *v, int low, int high)

{ /\ /N -
double s = 0; 1
#pragma omp parallel v[0..1] v[2..3] v[4..5] : v[6..6]
{ : . threshold = = = = = = = = = = = = =/= = = = = = = = =g === == !

#pragma omp single nowait

s = sum_omp_tasks_threshold(v, low, high); 5 q 5 4z
} v[0..1] v[2..3] v[4..5]
return s;



[TapannenbHoe pekypcuBHoe cyMmMupoBaHue (tasks v3)

double sum_omp_ tasks maxthreads(double *v, int low, int high, int nthreads)

{

}

if (low == high)
return v[low];

if (nthreads <= 1) AJ

Peturn Sum(v) 1OW) high); Tw777777777777777777777777777777’””””"wfw,,,,,w’nw nepeKn}oquMe Ha
double sum_left, sum_right; nocnenoBaresibHyrO BepCcuro
int mid = (low + high) / 2; npun AOCTUXEeHUN npenernbHoro

Yncna 3anyweHHbIX 3agav

#pragma omp task shared(sum_left)
sum_left = sum_omp tasks maxthreads(v, low, mid, nthreads / 2);
#pragma omp task shared(sum_right)
sum_right = sum_omp_tasks_maxthreads(v, mid + 1, high, nthreads - nthreads / 2);

#pragma omp taskwait
return sum_left + sum_right;

double sum_omp(double *v, int low, int high)

{

double s = 9;
#pragma omp parallel

{

#pragma omp single nowait

s = sum_omp_tasks_maxthreads(v, low, high, omp_get num_procs());
}
return s;



BbluncneHue onpeaeneHHoOro UHTerpaaa MeToaom Tpaneuum

f(x)
A

f(a)

f((a + b) / 2)

f(b)

Q TTnowaab nesov Tpaneuum:

S =(f(a)+f(m))*(m-a)/2

Q TTnowaab npasov Tpaneumu:

Sp= (f(m)+f(b))*(b-m)/2

S=5 + 5,

m=(a+b)/2

O ¢

> X



MeToa Tpaneuuu — BblUUCEHUE YNUCcha Tt

long double f(double x) { return 4.0 / (1.0 + x * x); }

long double quad(double left, double right, long double f left, long double f right,
long double 1lr_area)

{
double mid = (left + right) / 2;
long double f mid = f(mid);
long double 1 area = (f _left + f mid) * (mid - left) / 2;
long double r_area = (f mid + f _right) * (right - mid) / 2;
if (fabs((l_area + r_area) - 1lr_area) > eps) {
1 area = quad(left, mid, f_left, f mid, 1 area);
r_area = quad(mid, right, f mid, f right, r_area);
}
return (1 _area + r_area);
}

int main(int argc, char *argv[]) {
double start = omp get wtime();
long double pi = quad(@.0, 1.0, f(0), (1), (f(©) + f(1)) / 2);



MeTopa Tpaneuunit — sbiuucneHue yucna  (OpenMP tasks)

long double quad_tasks(double left, double right, long double f_left, long double f right,
long double 1lr_area)
{

double mid = (left + right) / 2;
long double f mid = f(mid);
long double 1 area = (f_left + f mid) * (mid - left) / 2;
long double r_area = (f mid + f right) * (right - mid) / 2;
if (fabs((1l_area + r_area) - lr_area) > eps) {

if (right - left < threshold) {

1 area = quad_tasks(left, mid, f left, f mid, 1 area);

r_area = quad_tasks(mid, right, f mid, f right, r_area);
} else {

#pragma omp task shared(1l_area)

{

1 area = quad_tasks(left, mid, f left, f mid, 1 area);
}
r_area = quad_tasks(mid, right, f mid, f right, r_area);
#pragma omp taskwait
}
}

return (1_area + r_area);



MeTopa Tpaneuunit — sbiuucneHue yucna  (OpenMP tasks)

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

{

start = omp_get wtime();
#pragma omp parallel
#pragma omp single
{
pi = quad_tasks(0.0, 1.0, f(0), f(1), (f(0) + f(1)) / 2);
printf("PI is approximately %.16Lf, Error is %.16f\n", pi, fabs(pi - pi_real));
}

printf("Parallel version: %.6f sec.\n", omp_get wtime() - start);

return 9;



HaknagHble pacxoabl OpenMP (overhead)

Constructs Cost (in microseconds) Scalability
parallel 15 Linear
Barrer 1.0 Linear or O(login))
schedule(static) 1.0 Linear
schedule(guided) 60 Depends on contention
achedule(dynamic) S0 Depends on contention
ordered 05 Depends on contention
=ingle 1.0 Depends on contention
Feduction 25 Linear or Olog(n))
Atomic 0s Depends on datadype and
hardware
Critical 05 Depends on contention
Lockinlock 05 Depends on contention

Shameem Akhter and Jason Roberts. Using OpenMP for programming parallel threads in multicore applications: Part 2
// http://www.embedded.com/design/mcus-processors-and-socs/4007155/Using-OpenMP-for-programming-parallel-threads-in-multicore-applications-Part-2

AxTep L., PobepTc K. MHOrosgepHoe nporpammuposanue. — Cl6.: MNutep, 2010. — 316 c.


http://www.embedded.com/design/mcus-processors-and-socs/4007155/Using-OpenMP-for-programming-parallel-threads-in-multicore-applications-Part-2

Y10 ocTanochb 3a Kagpom

#pragma omp atomic
#pragma omp barrier
#pragma omp flush
#pragma omp parallel if
#pragma omp for ordered

omp_lock_set(), omp_lock_unset()

OpenMP 4.0

#pragma omp target device(acc0) in(B,C)

#pragma omp parallel for simd

#pragma omp parallel proc_bind(master | close | spread)

#pragma omp declare reduction



OpenM 4.0 — nporpammunpoBaHue yckopurteneu

sum = 9;
#pragma omp target device(accO) in(B, C)
#pragma omp parallel for reduction(+:sum)
for (i = ©0; 1 < N; i++)

sum += B[1] * C[i]

= omp_set default device()
= omp_get default device()

= omp_get num_devices()



OpenM 4.0 — SIMD-gupeKkTusbl (BeKTtopnsauus)

void minex(float *a, float *b, float *c, float *d)
{

#pragma omp parallel for simd
for (i = 0; 1 < N; i++)
d[i] min(distsq(a[i], b[i]), c[i]);

¥

= SIMD-KOHCTPYKUMN ON1A BEKTOPU3ALUUN LUKNOB
(Habopbl SIMD-uHcTpyKumin: SSE, AVX2, AVX-512, AltiVec, NEON SIMD, ...)



OpenM 4.0 — MpusasKa K npoueccopam (Thread affinity)

Thread affinity — npnBaA3Ka NOTOKOB K NpOLECCOPHbIM AApaM
(nornyeckmm npoueccopam onepaLMOHHOM CUCTEMDI)

#pragma omp parallel proc bind(master | close | spread)
omp_proc_bind t omp get proc bind(void)

[lepemeHHaa cpeabl OMP_PLACES



