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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 = 1.90; /* Automatic (stack, register) */

static double gsum = ©; /* 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 */
}
|:| Shared data
free(v); |:| Private data

Stack (thread 0)
intb=1.0
doublec=2.0

Stack (thread 1)
doublec=2.0

Heap
double v[100]

.bss (uninitialized data)
double vec[1000]

.data (initialized data)

int counter = 100
double gsum =0

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

tbss tbss
int bufloc int bufloc
tdata tdata

int sumloc=5

int sumloc=5

Thread 0

Thread 1




const double =
double

int

Buamnmoctb aaHHbIxX (C11 storage duration)

1.618;
[1000];
= 100;

double fun(int a)

{

_Thread_local static double
_Thread _local static double bufloc;

double = 1.0;

static double = 0;

sumloc = 5;

double *v = malloc(sizeof(*v) * 100);

#pragma omp parallel num_threads(2)
{

double c = 2.0;
/* Shared: goldenratio, vec[], cou
/* Private: sumloc, bufloc, c */

}

free(v);

/>I<
/>I<
/>I<

/>I<

/>I<

$ objdump --syms

./datasharing:
SYMBOL TABLE:

0000000000601088
0000000V
000000000008
0000000060100
000000000060104C
00000000004008e0

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

Automatic (stack, register) */

Static (.data) */

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

./datasharing

Stack (thread 0)
intb=1.0
doublec=2.0

Stack (thread 1)
doublec=2.0

Heap
double v[100]

.bss (uninitialized data)
double vec[1000]

.data (initialized data)

int counter = 100
double gsum =0

file format elf64-x86-64

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

00000008
00000008
0000008
0000000000001 140
000000000004
0000008

gsum.2231
sumloc.2232
bufloc.2233
vec

counter
goldenratio




ATpubyTbl BUAMMOCTU AAHHbIX

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

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

» shared (list) — yKa3aHHble nepemeHHblie COXPaHAOT UCXOAHbIN Knacc namaTtu (auto, static, thread _local),
BCe nepemeHHble Kpome thread local byayt pasaenaembimm

= private (list) — Ana Ka)kaoro NnoToKa co34atoTCA NOKa/IbHblE KONMWK YKa3aHHbIX nepemeHHbIX (automatic storage
duration)

= firstprivate (list) — 4na Kaxkgoro NoToKka co3aatoTcA IOKaAbHblE KONMUMKM NepeMeHHbIX (automatic storage duration),
OHWU MHULUMANU3NPYIOTCA 3HAYEHUAMM, KOTOPbIE UMESIN COOTBETCTBYHOLME NEPEMEHHbIE A0 BXO4a B
napannenbHbIN PerMoH

» |astprivate (list) — gnAa Ka)kgoro NoToka co34at0TCcAa N0Ka/IbHble KONUK NepemeHHbIX (automatic storage duration),
B MepeMeHHble KONMNPYITCA 3Ha4YeHuA nocneaHen utepaumm umkna, 1mbo sHavyeHua nocnegHen napannenbHom
cekumu B Koae (#pragma omp section)

= f#ipragma omp threadprivate(list) — nenaet yKasaHHble cTaTU4ecKkue nepemeHHble oKanabHbiMK (TLS)



ATpnbyTbl BUAUMOCTU AAHHDbIX

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;
sum++; Thread 0: = 0, b = 200, c = 300, d = 400
Thread 1: =0, b =200, c = 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);



PeayKkuusa (reduction, reduce)

int count_prime numbers omp(int a, int b)

{

int nprimes = 0;

/* Count '2' as a prime number */

if (a <= 2) {
nprimes = 1;
a = 2;

}

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

#pragma omp parallel

B Ka*KAOM NOTOKe co3AaeT private-nepemeHHan nprimes
Mocne 3aBepLUEHMA NAPaANIENbHOTO PErMOHa K I0Ka/IbHbIM
KOMMAM NPUMEHAETCA onepauma «+»

Pe3ynbTaT peayKLuum 3anuncbiBaeTca B NepeMeHHyo nprimes

Jonyctumble onepauun: +, -, *, &, |, », &&, ||

#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 nepemMeHHbIX peayKuuu

Identifier Initializer Combiner

+ omp priv = 0 omp out += omp in

* omp priv = 1 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




YMHOXeHune matpuubl Ha sektop (DGEMV)

" TpebyeTca BbIYMC/IUTb MPOU3BEAEHMNE NPAMOYIO/IbHOM MATpULbl A pasmepa m X n
Ha BeKTop-cToNbel B pasamepa m X 1 (BLAS Level 2, DGEMV)

mel — Amxn  Bpx1

¢1 ai1 Q12 A1in b,

by) az1 04y Aon b
C = A= B = 2

Cm aml amz amn bn



DGEMV: nocnepoBatenbHana sepcua

/*
* matrix_vector product: Compute matrix-vector product c[m] = a[m][n] * b[n]
*/

void matrix_vector product(double *a, double *b, double *c, int m, int n)

{

for (int 1 =0; 1 < m; i++) {
c[i] = 90.0;
for (int j = 0; j < n; Jj++)
c[i] += a[i * n + J] * b[]];

Ci:ZZZEE:(Iii' kv, l 1,2,...,TKL

j=1



DGEMV: nocnepoBatenbHana sepcua

void run_serial()

{

double *a, *b, *c;

xmalloc(sizeof(*a) * m * n);
= xmalloc(sizeof(*b) * n);
c = xmalloc(sizeof(*c) * m);

c o
Il

for (int 1 = 0; i < m; i++) {
for (int j = 0; j < n; Jj++)
ali * n+ j] =1+ J;

for (int j = 0; j < n; j++)
b[3] = J;

double t = wtime();
matrix_vector product(a, b, c, m, n);
t = wtime() - t;

printf("Elapsed time (serial): %.6f sec.\n", t);
free(a);
free(b);
free(c);



DGEMV: napannenobHana sepcun

A[m][n] C[m]
B[n]
for (int 1 = 0; i < m; i++) { Tpeb6oBaHUA K NapannenbHoOMy anropuTmy

c[i] = 0.0;
for (int j = @; J < n; Jj++)
c[i] += a[i * n + J] * b[]];

= MaKkcnumanbHasd 3arpy3ka noTtokoB BblHNCNIEHUAMUN

" MMHVIN\YM COBMECTHO UCNOJIb3yeEMbIX AYEEK NMAMATU —
He3aBUCUMble 0bnacTu AadHHbIX



DGEMV: napannenobHana sepcun

fomoxa|  Alm]ln] C[m]
lMomok 2
Momok 3
lMomok 4
B[n]
for (int i = 0; i < m; i++) { PacnapannennsaHue BHelLHEro LMKNA
c[i] = 0.0;

= Kaxkgom MOTOKY BblAENAETCA YaCTb

for (int j = 0; j < n; j++) CTPOK MaTpuLbl A

c[i] += a[i * n + J] * b[]J];



DGEMV: napannenobHan sepcun

/* matrix_vector product omp: Compute matrix-vector product c[m] = a[m][n] * b[n] */

void matrix_vector_product omp(double *a, double *b, double *c, int m, int n)

{
#pragma omp parallel

{
int nthreads = omp_get num_threads();
int threadid = omp_get thread num();
int items_per_thread = m / nthreads;
int 1b = threadid * items_per_thread;

int ub = (threadid == nthreads - 1) ?» (m - 1) : (1lb + items _per_thread - 1);

for (int i = 1b; i <= ub; i++) {
c[i] = 0.0; Almln]

C[m]

for (int j = 0; j < n; Jj++)

c[i] += a[i * n + J] * b[]J];

1b

ub




DGEMV: napannenobHan sepcun

void run_parallel()

{

double *a, *b, *c;

// Allocate memory for 2-d array a[m, n]

a = xmalloc(sizeof(*a) * m * n);
b = xmalloc(sizeof(*b) * n);
c = xmalloc(sizeof(*c) * m);

for (int i =0; i < m; i++) {
for (int j = 0; j < n; j++)
ali * n+ j] =1+ J;
}
for (int j = 0; j < n; j++)
b[J] = 3;

double t = wtime();
matrix_vector_product_omp(a, b, c, m, n);
t = wtime() - t;

printf("Elapsed time (parallel): %.6f sec.\n", t);
free(a);
free(b);
free(c);



DGEMV: napannenobHan sepcun

int main(int argc, char **argv)

{
printf("Matrix-vector product (c[m] = a[m, n] * b[n]; m = %d, n = %d)\n", m, n);
printf("Memory used: %" PRIu64 " MiB\n", ((m * n + m + n) * sizeof(double)) >> 20);

run_serial();
run_parallel();

return 9;



AHanus apdpekTusHoctnu OpenMP-Bepcun

= BBeaem 0603HaueHuUA:

L T (n) — Bpems BbINOAHEHUA NOCNEA0BATENbHOM NPorpammbl (serial program) npu 3agaHHOM
pa3mepe n BXOAHbIX AAaHHbIX

d T,(n, p) - spemsa BbiNnoNHeHNA NapasnenbHomn nporpammel (parallel program) Ha p npoueccopax
NP 3al@aHHOM pPa3Mepe N BXOAHbIX AaHHbIX

" KoadduumeHt S (n) yckopeHus napannensHoit nporpamm (Speedup):

Bo CKONbKO pa3 napannenbHaA

S (n) — T(n) Nporpamma BbIMONHAETCA Ha p
p
Tp(n) npoLeccopax 6bicTpee

nocnefosaTesIbHOM NPOrpammbl

n 06paboTKe OAHUX N TEX XKe
= KaK npaBuio MPY 0bpaboTke Of 1
[aHHbIX pasmepa n
S,(n) <p

= Llenb pacnapannenMBaHuva —
AOCTUYb IMHEMHOTO YCKOPEHMA Ha Hanbonbluem Yncae npoLeccopos: Sp(n) =>C+p, IPUP > O HUC >
0



AHanus apdpekTusHoctnu OpenMP-Bepcun

Konnuyectso noTokos

M=N 2 4 6
T, T, S, Ty S, Ts Se Tg S,
20000 1 53| 034 | 212 | 024 | 311 | 023 | 3.14 | 0.25 | 2.84
(~ 3 GiB)
40 000
(~ 12 GiB) 298 | 1.30 | 2.29 | 095 | 3.11 | 091 | 3.21 | 0.87 | 3.38
49 000

BbiuncantenbHbiu y3en Knactepa Oak (oak.cpct.sibsutis.ru):

= System board: Intel 5520UR

= 8apep — aBa Intel Quad Xeon E5620 (2.4 GHz)
= 24 GiB RAM -6 x 4GB DDR3 1067 MHz
= CentOS 6.5 x86_64, GCC4.4.7

= Knwoum Komnunaymm: -std=c99 -Wall -O2 -fopenmp

O P N W & U1 O N 00 O

- Linear

/'U
o M = 40 000
-~ —
/ o
M =20 000
2 4 6 8

Hu3zkaa macwmabupyemocms!

Mpu4uHe! ?



DGEMYV: KOHKypeHUHMA 3a A0CTYN K NAaMATHU

/* matrix_vector product omp: Compute matrix-vector product c[m] = a[m][n] * b[n] */
void matrix_vector_product omp(double *a, double *b, double *c, int m, int n)

{

#pragma

{
int
int
int
int
int

for

omp parallel

nthreads = omp _get num threads();
threadid = omp_get thread num();
items per_thread = m / nthreads;
1b = threadid * items_per_thread;
ub = (threadid == nthreads - 1) ?» (m - 1) : (1lb + items _per_thread - 1);

(int 1 = 1b; 1 <= ub; i++) {
c[i] = 0.0; // Store - 3anucb B NaMATb
for (int j = 0; j < n; Jj++)
// Memory ops: Load c[i], Load a[i][]j], Load b[j], Store c[i]
c[i] +=a[i * n + J] * b[]];
= DGEMV —data intensive application
= KOHKypeHUMA 3a AOCTYN K KOHTPO/Iepy NamaTu

= ALU agep 3arpyXeHbl He3HAUYNTENbHO



KoHdurypaumusa yana Knacrepa Oak

BbluncautenbHblii yzen knacrepa Oak (oak.cpct.sibsutis.ru): NUMA-node 0 _ _NUMA-node I

= System board: Intel 5520UR (NUMA-cuctema) CPUO: : CPU1 Bytipigly

= [poueccopbl cBA3aHbl WwKHoM QPI Link: 5.86 GT/s N ! A4
24 GiB RAM -6 x 4GB DDR3 1067 MHz

,,,,

$ numactl --hardware

available: 2 nodes (0-1) 'Li_ Series Chipast

node © cpus: 9 2 4 6 |

node @ size: 12224 MB ' 2 Gt
node © free: 11443 MB A Piot Il
node 1 cpus: 1 3 5 7 s usa S50 : ’ it
node 1 size: 12288 MB

node 1 free: 11837 MB

distances:

node
node %) 1
0: 10 21
1: 21 10

http.//download.intel.com/support/motherboards/server/s5520ur/sb/e44031012 s5520ur s5520urt tps r1 9.pdf



http://download.intel.com/support/motherboards/server/s5520ur/sb/e44031012_s5520ur_s5520urt_tps_r1_9.pdf

KoHdurypaumusa yana Knacrepa Oak

BblumcauTenbHbii y3en knacrepa Oak (oak.cpct.sibsutis.ru): NUMA-node 0 NUMA-node 1
= System board: Intel 5520UR (NUMA-cuctema)

= [Ipoueccopbl cBA3aHbl wWnHou QPI Link: 5.86 GT/s
= 24 GiBRAM -6 x 4GB DDR3 1067 MHz

CPUO:

"""

$ numactl --hardware

available: 2 nodes (0-1)
node © cpus: 0 2 4 6

node © size: 12224 MB A Ha kKakom NUMA-y3ne (y3nax)

(%)

node @ free: 11443 MB

node 1 cpus: 1 3 5 7 pa3melleHa matpuua A n sektopsl B, C?
1
1
d

)

-

node size: 12288 MB
node free: 11837 MB
node distances:
node %) 1

0: 10 21

1: 21 10

http.//download.intel.com/support/motherboards/server/s5520ur/sb/e44031012 s5520ur s5520urt tps r1 9.pdf



http://download.intel.com/support/motherboards/server/s5520ur/sb/e44031012_s5520ur_s5520urt_tps_r1_9.pdf

BbiaeneHune namatn notokam B GNU/Linux

* CtpaHuua namatm Bbigenaetca ¢ NUMA-y3na Toro noTtoka, KOTopbli NepBblii K Helt obpaTuaca
(first-touch policy)

= JlaHHble }XenatesibHO MHNUUNATN3NPOBATb TEMU NMOTOKAMU, KOTOPbIE 6y,£|,yT C HUMUA pa6OTaTb

void run_parallel()

{

double *a, *b, *c;

// Allocate memory for 2-d array a[m, n]
xmalloc(sizeof(*a) * m * n);

ada =
b =
C =

for

for

xmalloc(sizeof(*b) * n);
xmalloc(sizeof(*c) * m);

(int

for (int j = 0; j < n; j++)

i

O; i < m; i++) {

al[i *n+ j] =1 + j;

s

9; j < n; Jj++)

NUMA-node 0

RAM (12 GiB)

a[lll

b

C

Cl1] C2

C3

c4

|

Thread O

* [loTok O 3anpalinBaeT BblAeieHNe NaMATU NOJ,

MaCCUBbI

" [loKa XBaTaeT NaMATU, AP0 BblAENAET CTPAHULbI

Bus

NUMA-node 1

RAM (12 GiB)

Cl]C2|C3]|C4h

c NUMA-y3na 0, 3atem c NUMA-y3na 1




BbiaeneHune namatn notokam B GNU/Linux

* CtpaHuua namatm Bbigenaetca ¢ NUMA-y3na Toro noTtoka, KOTopbli NepBblii K Helt obpaTuaca
(first-touch policy)

= JlaHHble }XenatesibHO MHNUUNATN3NPOBATb TEMU NMOTOKAMU, KOTOPbIE 6y,£|,yT C HUMUA pa6OTaTb

void run_parallel()

{

double *a, *b, *c;

// Allocate memory for 2-d array a[m, n]
xmalloc(sizeof(*a) * m * n);

ada =
b =
C =

for

for

xmalloc(sizeof(*b) * n);
xmalloc(sizeof(*c) * m);

(int

for (int j = 0; j < n; j++)

i

O; i < m; i++) {

al[i *n+ j] =1 + j;

s

9; j < n; Jj++)

NUMA-node 0 NUMA-node 1
RAM (12 GiB) RAM (12 GiB)
Bus

a[lll ||b]|c
/ — =\* —~
C( C2 31C4 Cl]jC2|C3]|C4

1

Thread 0 Thread 1

|

|

Thread 2 Thread 3

ObpalleHne K MaccMBam M3 NOTOKOB
NUMA-y3na 1 byaet natm yepes
MEKMPOLLECCOPHYIO WNHY B NamATb y371a 0




[NapannenbHaa MHULUMANN3ALUA MACCUBOB

void run_parallel()
{
double *a, *b, *c;
// Allocate memory for 2-d array a[m, n]
a = xmalloc(sizeof(*a) * m * n);
b = xmalloc(sizeof(*b) * n);
¢ = xmalloc(sizeof(*c) * m);

#pragma omp parallel
{
int nthreads = omp_get num_threads();
int threadid = omp_get thread num();
int items_per_thread = m / nthreads;
int 1b = threadid * items_per_thread;
int ub (threadid == nthreads - 1) ? (m - 1) : (1b + items per thread - 1);

for (int i = 1b; i <= ub; i++) {
for (int j = 0; j < n; j++)
ali *n+ j] =1+ 3j;
c[i] = 0.0;

for (int j

/* o0 %/



AHanus adPpekTtusHoctn OpenMP-Bepcun (2)

Konnuyectso noToKkos
M=N 2 4
Tl T2 SZ T4 S4 T6 SG T8 58
AL 00.0 0.73 | 034 | 212 | 0.24 | 3.11 | 0.23 | 3.14 | 0.25 | 2.84
(~ 3 GiB)
40 000
(~ 12 GiB) 298 | 130 | 2.29 | 095 | 3.11 | 091 | 3.21 | 0.87 | 3.38
49 000
(~ 18 GiB) 1.23 | 3.69
Parallel initialization
L 009 298 | 1.22 | 243 | 0.67 | 4.41 | 0.65 | 4.65 | 0.54 | 5.48
(~ 12 GiB) . .
49 000 “ ,’
) 0.83 | 5.41
(~ 18 GiB) ‘\ I’
¥ v

CynepnuHeiiHoe yckopeHue (super-linear speedup): S, (n) >p

O R, N W & U1 O N O O

o Linear

Par. init

M =40 000

M =20 000

Ynyywunu macwmabupyemocmeo

DanbHenwmne onTuMmmnsaumm:

3P PEKTUBHbBIN AOCTYN K Kel-NamsaTu

BekTopu3saums koga (SSE/AVX)



bapbepHaa CMHXPOHU3AUMUA

void fun()

{

#pragma omp parallel

{

// Parallel code

#pragma omp for nowait

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

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

#pragma omp barrier
// Xoem rotoBHOCTM X[0: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 KAYT NOKa BCe HE AOCTUTHYT

3TOro MecCTa B nporpamme



Hopmanusauma apKoctu usobparkeHusn

const uint64_t width = 32 * 1024; const uint64_t height = 32 * 1024;

void hist_serial(uint8 t *pixels, int height, int width)

{
uint64_t npixels = height * width;
int *h = xmalloc(sizeof(*h) * 256);
for (int i = @; 1 < 256; i++) h[i] — KonnyecTBO TOYEK LBETA i B U306parKeHUU (rmcTorpamma)
h[i] = ©;
for (int i = @; i < npixels; i++)
h[pixels[i]]++; ‘
L , LUT}i] = 255 - ——fmin
int mini, maxi; Tnax — Tmin
for (mini = @; mini < 256 && h[mini] == 0@; mini++);
for (maxi = 255; maxi >= @ && h[maxi] == 0@; maxi--);
int g = 255 / (maxi - mini);
for (int i = @; i < npixels; i++)
pixels[i] = (pixels[i] - mini) * q;
free(h);
}

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

uint64_t npixels = width * height;

pixelsl = xmalloc(sizeof(*pixelsl) * npixels);
hist_serial(pixelsl, height, width);

/] ...



Hopmanusauua apkoctu nusobpaxkeHua (OpenMP) vl

void hist_omp(uint8_ t *pixels, int height, int width) {
uinté64_t npixels = height * width;
int *h = xmalloc(sizeof(*h) * 256);
for (int i = @; i < 256; i++) h[i] = 0;

#pragma omp parallel
{

int *hloc = xmalloc(sizeof(*hloc) * 256);

for (int i = @; i < 256; i++)
hloc[i] = ©;

#pragma omp for nowait

for (int i = @; i < npixels;
hloc[pixels[i]]++;

#pragma omp critical

{
for (int i = @; i < 256;

h[i] += hloc[i];
}
free(hloc);

#pragma omp barrier

int mini, maxi;

for (mini = @; mini < 256 &&
for (maxi = 255; maxi >=0 &&

int g = 255 / (maxi - mini);
#pragma omp for
for (int i = @; i < npixels;
pixels[i] = (pixels[i] -
}
free(h);

i++)

i++)

h[mini]

h[maxi]

i++)
mini) *

;3 mini++);

=0
= @; maxi--);

Speedup
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Hopmanusauua apkoctu nsobpaxkeHua (OpenMP) v2

void hist_omp_v2(uint8_ t *pixels, int height, int width) {
uinté64_t npixels = height * width;
int *h = xmalloc(sizeof(*h) * 256);
for (int i = @; i < 256; i++) h[i] = 0;
int mini = 256, maxi = -1;

#pragma omp parallel

{
int *hloc = xmalloc(sizeof(*hloc) * 256);
for (int i = @; i < 256; i++) hloc[i] = ©;
#pragma omp for nowait
for (int i = @; i < npixels; i++)
hloc[pixels[i]]++;
int mini_loc, maxi_loc;
for (mini_loc = @; mini loc < 256 && hloc[mini loc] == 0; mini_loc++);
for (maxi_loc = 255; maxi_loc >= @ && hloc[maxi_loc] == 0; maxi_loc--);
#pragma omp critical
{
if (mini > mini_loc) mini = mini_loc;
if (maxi < maxi_loc) maxi = maxi_loc;
}
int q = 255 / (maxi - mini);
#pragma omp for
for (int i = @; i < npixels; i++)
pixels[i] = (pixels[i] - mini) * q;
free(hloc);
}
free(h);

JlokanbHaa Tabanua hloc|]
B Ka)K0OM MOTOKe

CUHXPOHM3ALMA NPU NOUCKe
rnobanbHbIX . 1l __

LUT}i] = 255 - ——Jmin

Imaac — dmin



#pragma omp parallel

{

#pragma omp sections

#pragma omp sections

{

#pragma omp section

{
}

// Section 1

#pragma omp section

{
}

// Section 2

#pragma omp section

{
}

} // barrier

// Section 3

MopoxaaeT nyn notokoB (team of threads)
n Habop 3apau (set of tasks)

Kopa, Ka»KaoM cekuum BbINONHAETCA OAHUM NOTOKOM
(B KOHTEKCTe 3a4aun)

NSECTIONS > NTHREADS
He rapaHTupyeTcsa, 4To BCe ceKuum byayT BbINONHATLCS
Pa3HbIMW NOTOKAMM
OAMH NOTOK MOMKET BbIMOJIHUTb HECKONIbKO CEKLINI



#pragma omp sections

#pragma omp parallel num_threads(3)

{ 3 NOTOKa, 4 ceKuuu
#pragma omp sections
{
// 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 num_threads());
}
#pragma omp section
{
sleep _rand ns(100000, 200000);
printf("Section 3: thread %d / %d\n", omp_get thread num(), omp get num_threads());
}



#pragma omp sections

#pragma omp parallel num_threads(3)

{ 3 NOTOKa, 4 ceKuuu
#pragma omp sections
{
// 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(),
} .
#pragma omp section b ./%ectlons
{ Section 1:
sleep_rand_ns(100000, 200000); Section O:
printf("Section 3: thread %d / %d\n", omp_get thread num(), ESI(easie]gVw
} Section 3:




PyyHoOe pacnpeaeneHue 3aaa4d No NOTOKam

#pragma omp parallel num_threads(3)
{ 3 noToka, 3 6a10Ka
int tid = omp_get thread_num();

switch (tid) {

case 0:
sleep_rand ns(100000, 200000);

printf("Section ©0: 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(),

$ ./sections

break; Section 3: thread 2 / 3
default: Sect+on 1: thread 1 / 3
fprintf(stderr, "Error: TID > 2\n"); Section @: thread @ / 3




BnoxXeHHble 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("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());
}
}
int main(int argc, char **argv)
{
omp_set nested(1);
levell();
return 0;



BnoxXeHHble napannenbHble pernoHbl (nested parallelism)

void level2(int parent)

{
?pragma omp parallel num threads(3) E—— T R .
#pragma omp critical
printf("L2: parent %d, thread %d / %d, level %d (nested
parent, omp_get thread_num(), omp_get num_thread
}
}
1: level2 > 0
void levell()
{
#pragma omp parallel num threads(2)
{ omp_set_nested(1)
#pragma omp critical 6 noTokoB
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());
$ ./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 0, thread © , level 2 (nested regions
int main(int argc, char **argv) L2: parent 0, thread level 2 (nested regions
{ L2: parent @, thread level 2 (nested regions

omp_set nested(1); L2: parent 1, thread level 2 (nested regions
levell(); L2: parent 1, thread level 2 (nested regions
return 0; L2: parent 1, thread level 2 (nested regions




BnoxXeHHble napannenbHble pernoHbl (nested parallelism)

void level2(int parent)

{
?pragma omp parallel num threads(3) E—— T R
#pragma omp critical
printf("L2: parent %d, thread %d / %d, level %d (nested
parent, omp_get thread_num(), omp_get num_thread
}

}

1: level2 >
void levell()

{

#pragma omp parallel num threads(2)
{ omp_set_nested(0)
#pragma omp critical 2 NOTOKaA
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());
}

}

int main(int argc, char **argv) % ./nested .

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




OrpaHuyeHue rnybuHbl BNOXXEHHOro napansienmsma

void level3(int parent) {
#pragma omp parallel num_threads(2)

{

// omp_get active level() == 2, omp get level() ==

}
}

void level2(int parent) {
#pragma omp parallel num_threads(3)
{
// omp_get active_level() ==
level3(omp get thread num());

}

void levell() {
#pragma omp parallel num_threads(2)
{
// omp_get active level() ==
level2(omp get thread num());

}

int main(int argc, char **argv) {
omp_set nested(1);
omp_set _max_active levels(2);
levell();

Mpw co3gaHMmM NapannenbHoro permoHa runtime-cucrema
npoBepseT rMybuHy BNAOKEHHOCTU
napannenbHbiX PErMoHOB

omp_set_max_active_levels(N)

Ecnn rnybmnHa npesbilleHa,
TO NapaanesbHbi PernoH byaet coaepXaTb OAUH MNOTOK



OnpepeneHuve yncna NOTOKOB

#pragma omp parallel num_threads(n)

// code

OMP_THREAD_LIMIT — makcumanbHoOe 4ncno

NMOTOKOB B lMporpamMmme

OMP_NESTED — paspeluaet/3anpeLiaet
BNOXEHHbIN napannennuim

OMP_DYNAMIC — paspeluaet/3anpeLiaet
ANHaMU4ecKoe yrnpaBrieHMe YMCIOM NOTOKOB
B napannensHOM pernoHe

ActiveParRegions — 4ncrno akTuUBHbIX
BMNOXEHHbIX NapansiesnibHbIX PErMoHoOB

ThreadsBusy — 4uMCrno yxe BbIMOMHAIOLMXCA
MOTOKOB

ThreadRequested = num_threads
nméo 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-cucTtemol

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

else if OMP DYNAMIC = false and ThreadsRequested <= ThreadsAvailable then
nthreads = ThreadsRequested

else if OMP _DYNAMIC = false and ThreadsRequested > ThreadsAvailable then
// 4MCNoO NOTOKOB onpejenseTca peanu3aumen

end if



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

{

if (low

PeKypcuBHOe cymmupoBaHue

== high)

return v[low];

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

5 (1015|120 25|30|35|40 |45 | 50
v[0..9]
v[0:4] v[&g..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] Vv[6..6]




MapannenbHoe peKypcMsHoe CyMMUpPOBaHUe

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);
}
5110151202530 |35|40 45| 50
PelwueHue v[0..9]
«B 106> L Twed o Thed
v[0..2] v[3..4] V[5..7] v[8..9] Thread
ThreaNead ThreWread ThreaNread Thre:ad/\rea
v[0..1] v[2..2] v[3..3] v[4..4] v[5..6] Vv[7..7] v[8..8] v[9..9]
/\ /\
v[0..0] v[1..1] Vv[5..5] Vv[6..6]




PeweHue «B n06»

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);



PeweHue «B n06»

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)

{ # N = 100000
int mid = (low + high) / 2; A
#pragma omp sections libgomp: Thread creation failed: Resource temporarily unavailable
{
#pragma omp section
{
sum_left = sum_omp(v, low, mid); [MyBuHa BMOXEHHbIX NapanmnesibHbIX PErmMoHoB
¥ He orpaHun4yeHa (co3gaeTcs 0MeHb MHOIMO NOTOKOB)
#pragma omp section
{ Ha xBaTaet pecypcoB Ans nogaepxaHusi nyna noTtokos
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);



OrpaHuyeHue rnybuHbl BAOXKEHHOro napanneinsma

double sum_omp(double *v, int low, int high) {
if (low == high) return v[low];

double sum_left, sum_right; anIBil)KeM rny6MHy BJTOXXEHHbIX
#pragma omp parallel num_threads(2) napannesfibHbIX permoHoB
{

K Yncny AOCTYNHbIX NPOLIECCOPHbLIX Aae
int mid = (low + high) / 2; y AocTy poL, P Aep

#pragma omp sections
{ 2 notoka (npoueccopa) — rnybuHa 1

#pragma omp section 4 notoka — rnybuHa 2
{ 8 notokoB — rnybuHa 3

}

sum_left = sum_omp(v, low, mid);

N NOTOKOB — rnyounHa log,(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, ©, N - 1);



OrpaHuyeHue rnybuHbl BAOXXEHHOro napannenanusma

double sum_omp(double *v, int low, int high) {
if (low == high) return v[low];

double sum_left, sum_right; MpuBsxem FHyGVIHy BITOXE€HHbIX
#pragma omp parallel num_threads(2) napannesfibHbIX permoHoB
{ K YUcny AOCTYNHbLIX NPOLUEeCCOPHLIX Aaep

int mid = (low + high) / 2;
#pragma omp sections

{ 2 notoka (npoueccopa) — rnybuHa 1
#pragma omp section 4 notoka — rnybuHa 2
{ 8 notokoB — rnybuHa 3

sum_left = sum_omp(v, low, mid);

}

N NOTOKOB — rnyounHa log,(n)

#pragma omp section

{ sum_right = sum_omp(v, mid + 1, high);
}
} } Recursive summation N = 100000000
return sum_left + sum_right; Result (serial): 5000000050000000.0000; error 0.000000000000
} Parallel version: max_threads = 8, max_levels =
Result (parallel): 5000000050000000.0000; error ©.000000000000
double run_parallel() { Execution time (serial): 0.798292

omp_set_nested(1); Execution time (parallel): 20.302973
omp_set_max_active_levels(ilog2(4)); // Speedup: 0.04
double res = sum_omp(v, ©, N - 1); T



CoKpaljeHune aKTUBaLUM NnapannenbHbiX 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) _;ii;;:\\\\\\\\\\

t #praema omb sections PyuyHasa npoBepka rnybuHbl
{p © P Mpwn gocTUXKeHUn npeaenbHOM rybuHbI
#pragma omp section nsberaem akTmaumm
sum_left = sum_omp_fixed_depth(v, low, mid); NapanienbHoro permoHa
#pragma omp section
sum_right = sum_omp_fixed depth(v, mid + 1, high);
}
}

return sum_left + sum _right;



CoKpaljeHune aKTUBaLUM NnapannenbHbiX 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)
{ CeKuumn MOryT BbINONHATLCA

#pragma omp sections OAHUM U TeM }Ke NOTOKOM

{

#pragma omp section

[MpnBAXKEM CeKUUU K pa3HbIM NOTOKamM
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;



PeKypcuBHbIe Bbi30Bbl B Ppa3HbIX MOTOKaX

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()) 1. OrpaHuymnan rnybuny
return sum_omp_fixed_depth_static(v, low, mid) + PEKYPCUBHbIX BbI30OBOB
sum_omp fixed depth static(v, mid + 1, high);

#pragma omp parallel num_threads(2) 2. MpueaAsanu «cekummn»
{ K Pa3HbIM NMOTOKaM

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;
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