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#pragma omp sections

#pragma omp parallel
{ [NopoxagaeT nyn notokos (team of threads) n Habop 3apau (set of tasks)

#pragma omp sections

{

Koa KaXkaon cekumm BbINONHSAETCS OAHUM MOTOKOM

: (B KOHTEKCTE 33434M)
#pragma omp section

{
by

// Section 1 NSECTIONS > NTHREADS

He rapaHTupyeTcs, 4To BCe CeKLMM BYyayT BbINOJHATHCS

] pa3HbIMX MOTOKaAMU
#pragma omp section

{ OOuH NOTOK MOXET BbINMOMHUTb HECKO/IbKO CEKL MM
// Section 2

)
#pragma omp section
{

// Section 3
)

} // barrier



OpenMP Work Stealing — 6anaHcupoBKa 3arpy3ku NOTOKOB

Ouepenpb 3aay AN
deque (double-ended queue) TaskB \ TaskA
= Push (#omp task) Taskc | Steal TaskA TaskB
= Pop TaskD \~> TaskB TaskC
= Steal
ushf| Pop 1] 1| 1

Team of threads (pool) Thread Thread Thread Thread

#pragma omp parallel 0 2 3 1
Processor Cores (HW threads) Core 0 Core 1 Core 2 Core 3

Ha nornyeckmx npoueccopax onepaumMoHHON CUCTEMDI (PU3MYECKUX g4paxX, annapaTHbIX NOTOKAX)
BbINONHAETCA Nyn notokos (num_threads(), OMP_NUM_THREADS)

Kaxabli NOTOK MMeeT ABYCTOPOHHIO oyepenb (aek)
O C HMXKHEro KOHLA NOTOK A00aBNsieT HOoBble 3aaaum (#pragma omp task, push)
O C HMXKHEro KOHL,a NOTOK M3BJIEKAET 3a/,a4M A5 BbiNosHeHUS (pop)

EC/iM Yy MOTOKA 3aKOHYUAMCH 33Ja4M B o4epeam: reHepupyeT ncesaocay4vyaliHblii HOMep NMOTOKa U U3BJIEKAET C BEPXHEro
KOHLLa ero oyepeau 3agavy (steal)



#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'",
3
#pragma omp section
{
sleep _rand ns(100000, 200000);
printf("Section 1: thread %d / %d\n'",
3
#pragma omp section
{
sleep_rand ns(100000, 200000);
printf("Section 2: thread %d / %d\n'",
3
#pragma omp section
{
sleep_rand ns(100000, 200000);
printf("Section 3: thread %d / %d\n'",
3

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 cekuumn




#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",
3
#pragma omp section
{
sleep_rand ns(100000, 200000);
printf("Section 1: thread %d / %d\n",
3
#pragma omp section
{
sleep_rand ns(100000, 200000);
printf("Section 2: thread %d / %d\n",
3
#pragma omp section
{
sleep_rand ns(100000, 200000);
printf("Section 3: thread %d / %d\n",
3

omp_get_thread_num(),

omp_get_thread_num(),

omp_get_thread_num(),

omp_get_thread_num(),

3 noToKa
4 cekuumn

omp_get_num_threads());

omp_get_num_threads());

omp_get_num threads

$ ./sections
Section 1:
Section
omp_get |EESiely
Section



PyyHoe pacnpeaeneHue 3a4a4 No NOTOKaMm

#pragma omp parallel num_threads(3)

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

case O:
sleep_rand_ns(100000, 200000);

3 noToKa, 3 6n10Ka

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(), omp_get num_threads());

break;

default:
fprintf(stderr, "Error: TID > 2\n'");

$ ./sections

Section

Section
Section

3: thread 2
1: thread 1
O: thread 0




BnoxxeHHble napannenbHblie 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());
3
3
void levell()
{
#pragma omp parallel num threads(2)
{
#pragma omp critical
printf("L1l: 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());
3
3
int main(int argc, char *%*argv)
{
omp_set nested(1l);
Levell();
return 0;



BnoxxeHHble napannenbHblie pernoHbl (nested parallelism)

void level2(int parent)

{
#pragma omp parallel num threads(3) mlﬂm“-RT____ﬂ[°=MVﬂ2JS::::T*£"j
{ E ~
#pragma omp critical \ -
printf("L2: parent %d, thread %d / %d, level %d (nested regions Y N
parent, omp_get_thread_num(), omp_get_num_threads(), omp_¢ \\
) } Lilevelz 0
void levell() omp_set_nested(1)
{ 6 noTokoB
#pragma omp parallel num threads(2)
{
#pragma omp critical
printf("L1l: 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()); . /nested
by : thread / 2, level 1 (nested regions 1)
J : thread / 2, level 1 (nested regions 1)

parent thread 0

, Level 2 (nested regions

-

int main(int argc, char *%*argv)

thread
thread

, Level
, Level

(nested regions
(nested regions

-

return 9; . parent
) . parent

P RPPOOCOFLOD

( parent thread , Level 2 (nested regions
omp_set _nested(1); parent @, thread , Level 2 (nested reg?ons
levell(); : parent 1, thread , Level ; (nested regions

2

3
3
3
3
3
3

-




BnoxxeHHble napannenbHblie pernoHbl (nested parallelism)

void level2(int parent)

{
#pragma omp parallel num threads(3)
{ 0: levell 0: level2
#pragma omp critical
printf("L2: parent %d, thread %d / %d, level %d (nested regions %
parent, omp_get_thread_num(), omp_get_num_threads(), omp_ge
3
3
void levell()
{
#pragma omp parallel num threads(2) omp_set_nested(0)
{ 2 NOTOKa
#pragma omp critical
printf("L1l: 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());
3
3
int main(int argc, char *%*argv)
{ $ ./nested
omp_set_nested(0); L1: thread @ / 2, level 1 (nested regions 1)

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




OrpaHuuyeHue rnybuHbl BAOXKEHHOr0 napannenmsma

void level3(int parent)

{
#pragma omp parallel num_threads(2)
{
// omp_get active level() == 2, omp_get level() == 3
3
3
void level2(int parent)
{
#pragma omp parallel num_threads(3)
{ // omp_get active level() == |_|pl/1 CO340aHUN NMapannenbHoOro permoHa
level3(omp_get_thread num()); runtime-cucrema NpoBepsIET rNyouHy
) 3 BJIOXKEHHOCTU NapanjiefibHbIX permoHOB
void Llevell()
{ omp_set_max_active_levels
#pragma omp parallel num_threads(2) P_set_ - - (AD
{
// omp_get active level() ==
level2(omp_get. thread num()): ECi'II/I F}'Iy6MHa NnpeBbillEHa, TO
3} napannenbHblt pErmoH 6y,£I,ET cogepxXartb OAUH NOTOK
3
int main(int argc, char *%¥*argv)
{

omp_set_nested(1l);
omp_set_max_active_levels(2);
levell();



OrpaHuuyeHue rnybuHbl BAOXXEHHOro napannenmsma

void level3(int parent)

// omp_get active level() == 2, omp_get level() == 3

{
#pragma omp parallel num_threads(2)
{
3
3
void level2(int parent)
{
#pragma omp parallel num_threads(3)
{
// omp_get active level() ==
Level3(omp_get thread num());
3
3
void Llevell()
{
#pragma omp parallel num_threads(2)
{
// omp_get active level() ==
level2(omp_get thread num());
3
3

int main(int argc, char *%¥*argv)

{
omp_set_nested(1l);
omp_set_max_active_levels(2);
levell();

MakcuManbHas rnyobuHa BNOXEHHOCTH
napanienbHbix
PErMOHOB paBHa 2

omp_set_max_active_levels(2)

B napannenbHoM perMoHe aktmeeH 1 noTok —
MOTOK, KOTOPbIX Bbi3BaN pyHKuUMiO level 3

Bcero notokoB 2 *3=6



OnpepeneHue yncna noToKoOB B perMoHe

#pragma omp parallel num_threads(n)

// code

OMP_THREAD_LIMIT —
MaKCUMaJibHOE YNC/10 NMOTOKOB B NMporpamMmme

OMP_NESTED — paspelwaet/3anpewiaet
B/IOXKEHHbIV Mapannenusm

OMP_DYNAMIC — paspewaet/3anpeLLaer
AMHAMMYecKoe yrnpaB/ieHNe YMCI0M NOTOKOB
B NapanfienbHOM permoHe

ActiveParRegions — 4ncno akTmMBHbIX
B/IOXKEHHbIX NapaniefbHbIX PErMoHOB

ThreadsBusy — 4ncno yxxe BbINOMHSOLWMXCA
NMOTOKOB

ThreadsRequested = num_threads
namb6o OMP_NUM _THREADS

AnropunTm
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-cumcTemown
else if OMP_DYNAMIC and ThreadsRequested > ThreadsAvailable then
nthreads = [1 : ThreadsAvailable] // Bbibupaercsa runtime-cucTemon
else if OMP_DYNAMIC = false
and ThreadsRequested <= ThreadsAvailable then
nthreads = ThreadsRequested
else if OMP_DYNAMIC = false
and ThreadsRequested > ThreadsAvailable then
// 4MCNO NOTOKOB onpefensieTcs peanumsauuven

end if



PekypcuBHOE CyMMUpOBaHUe

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);

5

v[0..4]

v[0..2]

v[0..1]

v[0..0]

v[2..2]

v[1.1]
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v[3.4]

v[3.3]

v[0..9]

v[4..4]

v[5..9]

v[5..7]

v[5..6]

v[5..5]

v[7..7]

v[8..9]

v[8..8]

v[6..6]

v[9..9]




[MapannenbHoe peKypcMBHOEe CYMMUpPOBaHUE

double sum(double *v, int low, int high) " "
{ HauBHOe pelieHue

if (low == high) NOPOXOEHWE NOTOKA HAa KaXKAabli
return v[low]; BbI30B sum()

int mid = (low + high) / 2;
return sum(v, low, mid) + sum(v, mid + 1, high);

)
5 10 15 20 25 30 35 40 45 50
v[0..9]
Thread Thread
Thread M| qpread Thread 22| Thread
v[0..2] v[3.4] v[5..7] v[8..9]
Thread Thread Thread Thread  Thread Thread  Thread Thread
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]



BbinonHeHMe peKypCUMBHOro Bbi30Ba B OTAE/IbHOM NOTOKe (3aaaue)

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

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

v[0..9]
double sum_left, sum_right; Section Section
#pragma omp parallel num_threads(2)

{
int mid = (low + high) / 2; v[0.4] v[5.9]
#pragma omp sections
{
#pragma omp section
{
sum_Lleft = sum_omp(v, Llow, mid);
3
#pragma omp section
{
sum_right = sum_omp(v, mid + 1, high);
3
b
} // barrier
return sum_Lleft + sum_right;
3

double run_parallel()
{

omp_set _nested(1);
double res = sum_omp(v, @, N - 1);



BbinonHeHMe peKypCUMBHOro Bbi30Ba B OTAE/IbHOM NOTOKe (3aaaue)

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)
( < [NybrHa BNOXEHHbIX NapansiebHbIX PETMOHOB
int mid = (low + high) / 2; He orpaHun4yeHa (co3paeTcss o4eHb MHOIO NMOTOKOB)
#pragma omp sections
{
#pragma omp section Ha xBaTaeT pecypcoB And noaaepxaHusa nyaa noToKoB
{
sum_left = sum _omp(v, low, mid);
3
#pragma omp section
{
sum_right = sum _omp(v, mid + 1, high);
3
3
3
return sum_left + sum_right;
3
double run_parallel()
{ # N = 100000
omp_set_nested(1); $ ./sum

double res = sum_omp(v, @, N - 1); Libgomp: Thread creation failed: Resource temporarily unavailable




OrpaHuuyeHue rnybuHbl BAOXXEHHOro napannenmsma

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);
3
#pragma omp section
{
sum_right = sum_omp(v, mid + 1, high);
3
3
3
return sum_left + sum_right;
3
double run_parallel()
{

omp_set_nested(1);
omp_set_max_active_levels(ilog2(4)); // 2 ypoOBHS
double res = sum _omp(v, @, N - 1);

MpussykeM rnybuHy BNOXEHHbIX
napajnenbHbIX PpEerMoOHOB
K YMCNy AOCTYMHbIX NPOLLECCOPHbIX AAep

2 noToka (npoueccopa) — rnybuHa 1
4 noTtoka — rnybuHa 2

8 noTokoB — rnybuHa 3

n NOTOKOB — rnybuHa Llog,(n)



OrpaHuuyeHue rnybuHbl BAOXEHHOro napannenmsma

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

{
if (low == high) MpusskeM rnybuHy BNOXKEHHbIX
return v[low]; napannenbHbIX perMoHOB
double sum_left, sum_right; q
#pragma omp parallel num_threads(2) K Hucny AOCTYMHBIX NpoLeccopHbIx SAep
{
int mid = (low + high) / 2; 2 noToka (npoueccopa) — rnybuHa 1
#pragma omp sections
( 4 noTtoka — rnybuHa 2
#pragma omp section 8 NOTOKOB — rnybuHa 3
{
sum_left = sum _omp(v, low, mid); h
3 n NOTOKOB — rnybuHa Llog,(n)
#pragma omp section
{
sum_right = sum_omp(v, mid + 1, high);
3
3
b
return sum_left + sum_right; Recursive summation N = 100000000
} Result (serial): 5000000050000000.0000; error ©.00000VYVLOOQ

double run_parallel() Parallel version: max_threads = 8, max_levels = 3

{

Result (parallel): 5000000050000000.0000; error ©.000000OVLLOO
Execution time (serial): 0.798292

omp_set max_active levels(ilog2(4)); ///aaaeisuieltiysstuiil@erEa- 1NN R NI Py
double res = sum_omp(v, @, N - 1); Speedup: 0.04

omp_set_nested(1);




CokpalweHue akTMBaLMn napannenbHbIX perMoHoB

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)

{ #pragma omp sections "Py4yHag” npoBepkKa rnyomHbl
( [1pn BOCTUXEHUM NpenenbHOM rnyoOuHbl
#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);
b
b

return sum_left + sum _right;



CokpalweHue akTuBaLUn napannenbHbIX perMmoHoOB

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)

{
#pragma omp sections
{
#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);
b
b

return sum_left + sum _right;

CeKuuun MOryT BbINOJIHATbLCA
OAHUM U TEM XKE NOTOKOM

[MpuBA3aTh cekumnmn
K pa3HbIM NOTOKaM?



PekypcuBHbIe Bbi30Bbl B pa3HbIX NOTOKaX

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);
by
by

return sum_left + sum_right;

1. OrpaHn4uAn rnyouHy
PEKYPCUBHbBIX BbI3OBOB

2. MpuBSA3aN «CeEKLUU»
K pasHbIM NOTOKaM



Speedup

AHanus 3dpdpekTuBHoCcTH (2 X Intel Xeon Quad, NUMA)

N =1 000 000 000 N =1 000 000 000
I I I I

Linear speedup - Linear speedup
7.000000 F sum_omp_fixed depth —<—v 2 000000 sum_omp_fixed_depth —<+—
sum_omp_ﬁxed_depth_static' ' sum_omp_fixed_depth_static -~

8.000000 8.000000

) 6.000000 ~-~-~-~~-~}~-~-~-~-~-;;%7~-~-~-~---—
5.000000 - : > . B
4.000000

Speedup

0.000000 ' ' 1.000000 : :

2 4 6 8 2 4 6
Threads Threads

omp_set_max_active_levels(log2(nthreads)) omp_set_max_active_levels(log2(nthreads) + 1)
levels: 1, 2,2, 3 levels: 2, 3, 3, 4



Mapannenusm 3apau (task parallelism, >= OpenMP 3.0)

void fun()

{ Team
int a, b; of threads
#pragma omp parallel num_threads(2) shared(a) private(b)

{ .
#pragma omp single nowait Implicit
{ tasks
for (int 1 = 0; 1 < 3; i++) {
#ipragma omp task default(firstprivate) Explicit
{ tasks
int c;
// A — shared, B — firstprivate, C - private
b
b
b
b

b

int main(int argc, char *¥*argv)

{
fun();
return O;

ThreadO Threadl

TaskO  Taskl

TEN

Task1l
Taskl



[Mapannenusm 3apau

MapannenbHasa 06paboTka AMHAMUUYECKUX CTPYKTYP AaHHbIX
(cBAI3HbIE CNUCKU, AepeBbA, ...)

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

process(p->data);



[MapannenbHoe pekypcuBHoe cymmupoBaHue (vl)

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_Lleft = sum_omp_tasks(v, low, mid);

#omp task

OTtpenbHag 3agava ons Kaxkaoro

#pragma omp task shared(sum_right) . UBHOTO Bbi30B3
sum_right = sum_omp_tasks(v, mid + 1, high); peKypcC oro 0

#pragma omp taskwait
return sum_left + sum_right; #omp taskwait

3
OXunaoaHue 3aBepLueHuns

double sum_omp(double *v, int low, int high) 00YepHMUX 3a4au
{

double s = 0;
#pragma omp parallel

{

#pragma omp single nowait ) o
s = sum_omp_tasks(v, low, high); [lyn n3 N notokos + N 3agady (implicit tasks)

by

return s,



[MapannenbHoe pekypcuBHoe cymmupoBaHue (vl)

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

{
if (low == high) v[0..6] 5 10 15 20 25 30 35
return v[low];
double sum_left, sum_right; Team Thread 0 Thread 1 - Thread N - 1
int mid = (low + high) / 2; of threads
#pragma omp task shared(sum_left) hnphzt Task Task Task
sum_Lleft = sum_omp_tasks(v, low, mid); tasks
#pragma omp task shared(sum_right) Z////////////\\\\\\\\\\\\\\\$
sum_right = sum_omp_tasks(v, mid + 1, high); Explicit
v[0..3] V[4.6] tas’;(s
#pragma omp taskwait
return sum_left + sum_right; é///////\\\\\\\§ é//////ﬁ\\\\\\\§
i v[0.1] v[2.3] V[4.5] v[6..6]
double sum_omp(double *v, int low, int high) ;///\\\& Z//“\\& Z//”\\&
{
double s = 0; v[0.0] Vv[1.1]  v[2.2] V[3.3] V[4.4]  V[5.5]
#pragma omp parallel
{
#pragma omp single nowait
) s = sum_omp_tasks(v, low, high); = Co3paetcs 60/blIOE KONMYECTBO 33434
AN * 3HauuTeNbHble HaKNaLHble pacxoabl



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

{

[MapannenbHoe pekypcuBHoe cyMMUpOBaHue (v2)

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

if (high - low < SUM_OMP_ARRAY_MIN_SIZE)
return sum(v, low, high);

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

MepeknioyeHmne Ha
nocaenoBaTeNibHyK BEPCUIO
Npy OOCTUXEHUN NpenenbHoro
pa3Mepa noaMaccmBa

#pragma omp task shared(sum_Lleft)

sum_Lleft = sum_omp_tasks_threshold(v, low, mid);

#pragma omp task shared(sum_right) Task
sum_right = sum_omp_tasks_threshold(v, mid + 1, high); v[0..6]
#pragma omp taskwait

return sum_left + sum_right;

} T T

double sum_omp(double *v, int low, int high) v[0..3]
{
double s = 0O; é///////\\\\\\\ﬁ
#pragma omp parallel v[0.1] v[2.3]
c .
#pragma omp single nowait threshold T i
s = sum_omp_tasks_threshold(v, low, high);
3 v[0..1] v[2..3]

return s;



double sum_omp_tasks_maxthreads(double *v, int low, int high, int nthreads)

{

by

[MapannenbHoe pekypcuBHoe CyMmmupoBaHue (v3)

if (low == high)
return v[low];
if (nthreads <= 1)
return sum(v, low, high);

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

#pragma omp task shared(sum_left)

sum_left = sum_omp_tasks maxthreads(v, low, mid, nthreads / 2);

#pragma omp task shared(sum_right)

NMNepeknioyeHne HaA
nocsiegoBartesibHYyIO Bepcuio
Nnpun OOCTMXXEHUN NpeaesibHOro

yucna 3anylleHHbIX 3agad

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 = 0;
#pragma omp parallel

{
#pragma omp single nowait
s = sum_omp_tasks maxthreads(v,

by

return s,;

Llow, high, omp_get _num_procs());



void partition(int *v,

3

void quicksort(int *v,

Low;
high;

i =
j=

boicTpasa coptuposka (QuickSort)

int& 1,

int& j, int Llow,

int pivot = v[(low + high) / 27];

do {

while (v[i] < pivot) i++;
while (v[j] > pivot) j--;
if (i <= 3) ¢

std:

1++;

Jj--;
)

:swap(v[i],

Y while (i <= j);

int 1, Jj;
partition(v,
if (low < j)

quicksort(v,

if (i < high)

quicksort(v,

i, J,
low, j);

i, high);

int Llow,

vLID;

int high) {

Llow, high);

int high) {
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boicTpas coptupoBKa (v1): nested sections

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

void quicksort_nested(int *v, int low, int high) {
int 1, 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);
by
#pragma omp section
{
if (1 < high) quicksort_nested(v, i, high);
by

HeorpaHuyeHHas
rNybuHa BNOXEHHbIX NapasinenbHbIX
perMoHoB

OToenbHble NOTOKM
CO34a0TCA AaXKe AN COPTUPOBKM
KOpPOTKMX 0Tpe3KoB [low, high]



boicTpasa copTupoBka (v2): max active levels

omp_set _nested(1l); // 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 1, j;
partition(v, i, j, Llow, high);

#pragma omp parallel sections num_threads(2)

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



bbicTpasa copTupoBka (v3): noporosoe 3Ha4YeHue

omp_set _nested(1l); // 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, Llow, high);
if (high - low < threshold || (j - low < threshold || high - i < threshold)) {

if (low < j) // Sequential execution
quicksort nested(v, low, j);

if (i < high)
quicksort nested(v, i, high); i = KOpOTKMe NMHTepBanbl COPTUPYEM

} else { nocnenoBaTesibHbIM aITOPUTMOM
#pragma omp parallel sections num_threads(2)
{ » (CokpaleHne HaKaaHbIX pacxoaos
#pragma omp section Ha CO34aHWE NOTOKOB

{ quicksort_nested(v, low, j); 7}

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



bbicTpasa copTuposka (v>): tasks

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

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



boicTpaa coptupoBka (v6): untied tasks

#pragma omp parallel

{
#pragma omp single
quicksort_tasks(array, @, 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 // OTkpenuTb 3agadyy OT noToka (3afayvyy MOXET BbINOJHATb JHOOM MOTOK)
{ quicksort_tasks(v, low, j); 7}
quicksort_tasks(v, i, high);



boicTpaa coptupoBKa (QuickSort)

BoluncnutenoHbint y3en Intel SS5000VSA:
2 x Intel Quad Xeon E5420, RAM 8 GB (4 x 2GB PC-5300)

8.00 l 8.00 I
Linear speedup ——— : y Linear speedup ——
. Nested sections S - S u Nested sections L=4 _
7.00 ; 7.00
Tasks —»— - - Tasks —»—
: A Nested sections L=8 —&—
6.00 e L SRS B e - 6.00 + Mcetod sactions |12 ]
5.00 ~ =
4.00 L . ......
3.00 P e e - max_active_levels(8)
' : max_active_levels(12)
2.00 / e + max_active_levels(4)
1.00 ' ' 1.00 | |
2 4 6 8 2 4 6 8

Processors Processors



BbiuncneHue onpeaeneHHOro MHTerpasa MeToaoM Tpanewum

fo
fl(a +b) / 2) Jib) d Mnowanb 1eBOM Tpaneuuu:
SL=(f(a) + f(m)) * (m-3a) /2
O lNnowanb npaBor Tpaneunu:
fla) Sk = (f(m) + (b)) * (b - ) / 2
S=5.+5Sg
© ® ® » X
a m=(a+b)/2 b



MeToa, Tpaneuuit — BbIMMCIEHMUE YUCaA TT

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

Llong double quad(double left, double right, long double f left, long double f right,
Llong double lr area)

{
double mid = (left + right) / 2;
Llong double f mid = f(mid);
Llong double L area = (f _left + £ mid) * (mid - left) / 2;
Long double r area = (£ mid + £ right) * (right - mid) / 2;
if (fabs((l_area + r_area) - lr_area) > eps) {
L _area = quad(left, mid, f left, f mid, Ll _area);
r area = quad(mid, right, £ mid, £ right, r area);
3
return (l_area + r_area);
3

int main(int argc, char *argv[]) {
double start = omp_get wtime();
long double pi = quad(©.0, 1.0, £(0), £(1), (£(9) + £(1)) / 2);



MeTopa Tpaneuun - BbluMcneHUe ymucna Tt (#omp tasks)

Long double quad_tasks(double left, double right, long double f left, long double f right,
Long double lr_area)
{
double mid = (left + right) / 2;
Llong double f mid = f(mid);
Llong double |l _area = (f_left + £ mid) * (mid - left) / 2;
Long double r area = (£ mid + £ right) * (right - mid) / 2;
if (fabs((l_area + r_area) - lr_area) > eps) {
if (right - left < threshold) {
L_area = quad_tasks(left, mid, £ left, f mid, |l _area);
r area = quad_tasks(mid, right, f mid, £ right, r area);
} else {
#pragma omp task shared(l_area)

{
by

r area = quad_tasks(mid, right, f mid, £ right, r area);
#pragma omp taskwait

L_area = quad_tasks(left, mid, £ left, f mid, |l _area);

by
by

return (Ll _area + r_area);



MeTopa Tpaneuuun - BbluucieHUe yucna Tt (#omp tasks)

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

{

start = omp_get wtime();
#pragma omp parallel
#pragma omp single
{
pi = quad_tasks(©.0, 1.0, £(9), f£(1), (£(0) + £(1)) / 2);
printf("PI is approximately %.16Lf, Error is %.16f\n", pi, fabs(pi - pi_real));
b

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

return 0;



OpenM 4.0 - nporpammupoBaHue GPU u yckoputenei

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

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

= omp_set _default _device()
= omp_get _default _device()

= omp_get num_devices()



OpenM 4.0 - SIMD-aupekTuBbl (BekTopusaums)

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

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

= SIMD-KOHCTpYKUMKU 015 BEKTOPU3ALIMK LIMKIIOB
(Habopbl SIMD-uHcTpykumn: SSE, AVX2, AVX-512, AltiVec, NEON SIMD, ...)



OpenM 4.0 - npuea3Ka NOTOKOB K npoueccopaM (thread affinity)

Bbibop siaep Ang BbiNONHEHUS NOTOKOB
= OMP_PLACES="cores | threads | sockets"

= Places — abcTpakuma "Touyek” npuBsA3KM NOTOKOB (061aCTU, rpynnbl NpoLEeCcCOpoB)
(MOXKHO BblOpaTb Kakmne npoueccopsbl 6yayT AoCTynbl NporpamMmMme)

= [Ipumep: 8 obnacten (obnactb — 4 normyeckmnx npoueccopa):
OMP_PLACES='{0:4},{4:4},{8:4},{12:4},{16:4},{20:4},{24:4},{28:4}'

MpuBa3Ka NOTOKOB K 0b6nacTam (normyeckum npoueccopam)

= OMP_PROC BIND=false — nnaHMpoBLUMK ONepauMOHHOM CUCTEMbI MOXET NepMeLLaTb MNOTOKU Mexay
npoueccopamm (OMP places)

= OMP_PROC BIND=true — noToku NpmBS3bIBAKOTCA K 06/1aCTIM

= #pragma omp parallel proc_bind(master | close | spread) —
3aaeT CXeMy pacnpeaeneHmns NoToKoB Mo obnacTam (npoueccopam)



OpenM 4.0 - npuea3Ka NOTOKOB K npoueccopaM (thread affinity)

# {processor-id:list-length}

# 8 places
OMP_PLACES="'{0:4%},{4:4},{8:4},{12:4},{16:4},{20:4},{24:4},{28:4}'
OMP_NUM_THREADS=4

OMP_PROC_BIND=master
# Every thread in the team is assigned to the place on which the master executes
# Four threads are assigned to place 0.

OMP_PROC_BIND=close

# The thread is assigned to a place that is close to the place of the parent thread.
# The thread assignment is as follows:

# OMP thread © is assigned to place ©

# OMP thread 1 is assigned to place 1

# OMP thread 2 is assigned to place 2

# OMP thread 3 is assigned to place 3

OMP_PROC_BIND=spread

# The number of threads 4 is smaller than the number of places 8, so four subpartitions are formed.
# 8 is evenly divided by 4, so the thread assignment is as follows:

OMP thread 0 is assigned to place ©

OMP thread 1 is assigned to place 2

OMP thread 2 is assigned to place 4

OMP thread 3 is assigned to place 6

#* oH R B



