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CopepKaHme ——— ==

U TeHaeHUMM pa3BUTUA COBPEMEHHbIX BbIYUCITUTESbHbLIX CUCTEM
0 OpenMP — mogenb napannennama no yrnpasneHuto

O KoHcTpyKkumn pacnpenernenns paboTol

U KoHCTpyKumn ons CUHXpOHU3aumMn HUTeun

0 Cuctema nogaepxkn BbinosiHeHns OpenMP-nporpamm.

O OpenMP 4.0
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B TeyeHne HecKonbkux gecatunnetTnn passntme 9BM conpoBoxxganoch
yOBOEHNEM NX ObICTPpoaenNCcTBUA Kaxable 1.5-2 roga. 9To obecnevnBanoch U
NOBbILUEHMEM TAKTOBOW YaCTOThl M COBEPLLUEHCTBOBAHMEM apPXUTEKTYPbI
(mnapannenbHOEe U KOHBENEPHOE BbINOMMHEHNE KOMaHA).

Y3KMM MeCcToM CTana oneparnBHasa namsatb. 3HAaMeHUTbIN 3akoH Mypa, Tak
XOpOoLUO paboTtaroLwmn ang npoueccopoB, COBEPLUEHHO HE NMPUMEHUM OS5
namaTn, rae CKOpoCTM OOCTyNna yaBanBalTCA B NydlleM crnydae Kaxable 5-6
ner.

COBepLUGHCTBOBaJ'II/ICb CUCTEMBDI KSLWW-NaMATN, YBEINTNYUBAJICA O6'beM,
YCITOXHAJTNCb aJiflOPUTMbIl €€ UCTOJ1Ib30OBaHUA.

[Ona npoueccopa Intel ltanium:

Latency to L1: 1-2 cycles

Latency to L2: 5 - 7 cycles

Latency to L3: 12 - 21 cycles

Latency to memory: 180 — 225 cycles

BaxHbiM napameTtpom ctaHoButca - GUPS (Giga Updates Per Second)

TeHAeHUNN pa3BuTUA-COBPEMEHHBIX MPOLIECCOPOB

23 nrons
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TeHAEeHUMKU pa3BUTMA-COBPEMEHHbIX IPOLIECCOPOB
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-_ Tembl (Top500)

Rmax POWER

NAME SPECS SITE COUNTRY CORES PFLOP/S MW
1 Tianhe-2 (Milkyway-2)  NUDT, Intel lvy Bridge (12C, 2.2 GHz) & Xeon Phi (57C, 1.1 GHz), Custom interconnect ~ MSCC Guangzhou  China 3,120,000 339 178
2 Titan Cray XK7, Operon 6274 (16C 2.2 GHz) + Nvidia Kepler GPU, Custom interconnect DOE/SC/ORNL USA 560,640 176 8.2
2 Sequoia IBM BlueGene/Q, Power BOC (16C 1.60 GHz), Custom interconnect DOE/NNSA/LLNL ~ USA 1,572,864 172 79
4 K computer Fujitsu SPARCG4 VIlIfx (8C, 2.06Hz), Custom interconnect RIKEN AICS Japan 705,024 105 127
9 Mira IBM BlueGene/0, Power BOC (16C, 1,60 GHz), Custom interconnect DOE/SC/ANL USA 786,432 8.59 3.95
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CynepromnbiorepHbie CUCTEMBI (Top500) =

Ne 4 B Top 500

Cynepkomnbilotep K computer, SPARC64 Vllifx 2.0GHz, Tofu
interconnect

a lNnkosaga npoussoantTensbHocTb - 11280 TFlop/s

d Yucno agep B cucteme — 705 024

Q lNMpounseoantenbHOCTb Ha Linpack - 10510 TFlop/s (93.17 % oT nnukoBow)
d 3SHepronoTpebnerHune komnnekca - 12659.89 kBT

23 urons
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CynepkomnbloTepHbie-cuctemsot (Top500) ==

Ne 3 B Top 500

Cynepkomnblotep Sequoia, IBM BlueGene/Q, Power BQC 16C 1.6GHz,
Custom interconnect

a lNmkosaga npoussoantTenbHocTb — 20142.66 TFlop/s
d Yucno agep B cucteme — 1 572 864

Q lNpounssoguTtenbHOCTb Ha Linpack — 16324.75 TFlop/s (81.08 % ot
NNKOBOMN)

d 3SHepronoTpebnenune komnnekca - 7890.0 kBT
BaxHbim napameTtpom ctaHoButcs — Power Efficency (Megaflops/watt)

Kak 4obutbcs makcmmarnbHOW npon3BoauTensHOCTN Ha BaTtTt => Chip
MultiProcessing, MHOrosaepHOCTb.

23 nrons
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AMD Opteron cepuu 6300

6380 SE 16 spep @ 2,5 Ty, 16 Mb
L3 Cache
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BCTPOEHHbLIN KOHTposep namatu (4
kaHana namsatn DDR3)

4 KaHana «To4Ka-ToYKa» C
ncnonb3oBaHuem HyperTransort 3.0
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Intel Xeon Processor cepuun E5

E5-2699 v3 (45M Cache, 2.30 GHz) 18 sagep, 36 HuTen
E5-2698 v3 (40M Cache, 2.30 GHz) 16 agep, 32 HuTHK
E5-2697 v3 (35M Cache, 2.60 GHz) 14 agep, 28 HuTen
E5-2643 v3 (30M Cache, 3.40 GHz)

E5-2637 v3 (15M Cache, 3.50 GHz)

6 anep, 12 HuTen
4 apnpa, 8 HUTEN

Intel® Turbo Boost
Intel® Hyper-Threading
Intel® Intelligent Power
Intel® QuickPath

23 urons
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& Intel Core i7-3960X Extreme Edition
3,3y (3,9 M)
| & 6sapep

. 1 12 notokoB c TexHonorwuei Intel Hyper-Threading
§ _ 15 MB kaw-namsTu Intel Smart Cache
§ O

BCTPOEHHbIN KOHTpOnep namaTtn (4 kKaHana namsaTu
DDR3 1066/1333/1600 MI'y, )

TexHonorus Intel QuickPath Interconnect
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Mocksa, 2015 Texuonorus napamuiensaoro nporpammuposanus OPENMP 10 u3 196




Intel Itanium cepun 9500
9560 8 sapep @ 2,53 I'Tw, 16 HUTen, 32 Mb L3 Cache
9550 4 agpa @ 2,40 [Ty, 8 Huten, 32 Mb L3 Cache

23 urons
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IBM Power8
2,75-421Tu

12 anep X 8 HUTen
Simultaneuos
MultiThreading

64 Kb Data Cache +
32KB instruction Cache

L2 512 Kb
L3 96 Mb

$10J.13[322Y
YU dINS

Core Core Core Core | Core

www.idh.ch/IBM_TU_2013/Power8.pdf
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-_ Tembl (Top500)

Rmax POWER

NAME SPECS SITE COUNTRY CORES PFLOP/S MW
1 Tianhe-2 (Milkyway-2)  NUDT, Intel lvy Bridge (12C, 2.2 GHz) & Xeon Phi (57C, 1.1 GHz), Custom interconnect ~ MSCC Guangzhou  China 3,120,000 339 178
2 Titan Cray XK7, Operon 6274 (16C 2.2 GHz) + Nvidia Kepler GPU, Custom interconnect DOE/SC/ORNL USA 560,640 176 8.2
2 Sequoia IBM BlueGene/Q, Power BOC (16C 1.60 GHz), Custom interconnect DOE/NNSA/LLNL ~ USA 1,572,864 172 79
4 K computer Fujitsu SPARCG4 VIlIfx (8C, 2.06Hz), Custom interconnect RIKEN AICS Japan 705,024 105 127
9 Mira IBM BlueGene/0, Power BOC (16C, 1,60 GHz), Custom interconnect DOE/SC/ANL USA 786,432 8.59 3.95
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TEHAEWPQMEHHHX BblYNCNIUTENbHbBIX-CUCTEM

d Temnbl YMEHbLUEHUA NATEHTHOCTU NMaMATU ropa3fo HNXeE TEMIOB

YCKOPEHMS NPOLIECCOPOB + NPOrpecc B TEXHOMNOMMN N3roToBNEHMS
kpuctannos => CMT (Chip MultiThreading)

0 OnepexaroLum pocT NnoTpedbneHnsa aHeprmm Npu pocTte TakTOBOM YacTOThl
+ porpecc B TEXHOSOrMM narotoeneHns kpmuctannos => CMP (Chip
MultiProcessing, MHOrosgepHoCTb)

O U 1o n gpyroe Tpebyet boree rnybokoro pacnapannenusaHus ans
9do(PEeKTUBHOIO NCNOMNbL30BaHUSA annapartypbl

23 urons
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A CO34aHMNA Napanne

Hporpamm

ABTOMaTU4eckoe / aBToMaTU3npoBaHHOE pacnapannenuBaHme
bubnmnotekn HuTen

Win32 API

POSIX
bubnnoTtekn nepeagayn coobLieHNN

MPI

OpenMP

23 urons
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BbluncneHue-unena®—— —
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BbluncneH eaoBaTe/ibHaA Nporpamma

#include <stdio.h>

int main ()

{
int n =100000, i;
double pi, h, sum, x;
h =1.0/(double) n;

sum = 0.0;
for(i=1;i<=n;1i++)
{

X = h * ((double)i - 0.5);
sum += (4.0 / (1.0 + x*x));
}
pi = h * sum;
printf("pi is approximately %.16f”, pi);
return 0;

}

23 urons
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ABTOMWPaIIHEHMBaHMe =

Polaris, CAPO, WPP, SUIF, VAST/Parallel, OSCAR, Intel/OpenMP, ParaWise

icc -parallel pi.c

pi.c(8): (col. 5) remark: LOOP WAS AUTO-PARALLELIZED.
pi.c(8): (col. 5) remark: LOOP WAS VECTORIZED.

pi.c(8): (col. 5) remark: LOOP WAS VECTORIZED.

B obwem crny4ae, aBTomatnyeckoe pacnapannenmBaHue 3aTpyaHeHo:
kKocBeHHasa nHgekcaumsa (A[B[i]]);
ykasarenu (accouuauus no namstn);
CITOXXHbIN MeXMnpoueaypHbIN aHanmas.

23 urons
Mocksa, 2015 Texuonorus napamuiensaoro nporpammuposanus OPENMP 20 u3 196



ABTOMaTU3UMpOBaHHOE-paclapanieimBaHmne =

Intel/GAP (Guided Auto-Parallel), CAPTools/ParaWise,
BERT/7, FORGE Magic/DM, [1BOP ([nanoroBbii
BbicokoypoBHeBbIt ONTUMUIUPYHOLLNN
Pacnapannenusartens), CAINPOP (Cuctema ABTOMaTmM3saunm
[Tapannenusaumn POPTpaH nporpamm)

for (i=0; i<n; i++) {
if (A[i] > 0) {b=A[i]; Ali] = 1 /A[i]; }
if (A[i] > 1) {A[i] += b;}

}

icc -guide -parallel test.cpp

23 urons
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ABTOMaTU3UpOBaHHOE pacnapannennsaHue -

test.cpp(49): remark #30521: (PAR) Loop at line 49 cannot be parallelized
due to conditional assignment(s) into the following variable(s): b. This loop
will be parallelized if the variable(s) become unconditionally initialized at
the top of every iteration. [VERIFY] Make sure that the value(s) of the
variable(s) read in any iteration of the loop must have been written earlier
in the same iteration.

test.cpp(49): remark #30525: (PAR) If the trip count of the loop at line 49 is
greater than 188, then use "#pragma loop count min(188)" to parallelize
this loop. [VERIFY] Make sure that the loop has a minimum of 188
iterations.

#pragma loop count min (188)

for (i=0; i<n; i++) {
b = A[il;
if (A[i] >0) {A[i]=1/A]i];}
if (A[i] > 1) {A[i] += b;}

}

23 nrons
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BbluncneHue yucaa-w-c-ucnonbosaHnem Win32 APl

#include <stdio.h>

#include <windows.h>

#define NUM_THREADS 2

CRITICAL_SECTION hCriticalSection;

double pi = 0.0;

int n =100000;

void main ()

{
int i, threadArg[NUM_THREADS];
DWORD threadID;
HANDLE threadHandles[NUM_THREADS];
for(i=0; i<NUM_THREADS; i++) threadArg[i] = i+1;
InitializeCriticalSection(&hCriticalSection);
for (i=0; i<NUM_THREADS; i++) threadHandles[i] =

CreateThread(0,0,(LPTHREAD_START_ROUTINE) Pi,&threadArg[i], 0, &threadID);

WaitForMultipleObjects(NUM_THREADS, threadHandles, TRUE,INFINITE);
printf("pi is approximately %.16f”, pi);

}

23 nrons
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Boluncnenune uucnha w-c-ucnonbsosaHnem Win32 APIL_—

void Pi (void *arg)
{
int i, start;
double h, sum, x;
h =1.0/(double) n;
sum = 0.0;
start = *(int *) arg;
for (i=start; i<= n; i=zi+NUM_THREADS)
{
x = h * ((double)i - 0.5);
sum += (4.0 / (1.0 + x*x));
}
EnterCriticalSection(&hCriticalSection);
pi += h * sum;
LeaveCriticalSection(&hCriticalSection);

23 urons
Mocksa, 2015 Texuonorus napamuiensaoro nporpammuposanus OPENMP 24 13196



B3amMHOe UckaouyeHue KPpUTUYECKUX UHTEpPBANOB

anI B3aMMOAEeNCTBUMN yepe3s O6LL|,yI-O namMmAaATb HUTU OOJTXKHblI CUHXPOHU3O0OBATb
CBO€ BbINOJIHEHUe.

ThreadO: pi = pi + val; && Thread1: pi = pi + val;

Thread 0 Thread 1

1 LOAD R pi
LOAD R2,val
ADD R1,R2 LOAD R pi
LOAD R2,val

2
3
4
5 ADD R1,R2
6 STORE R1,pi
7

STORE R1,pi

Pe3yanaT 3aBUCUT OT nopAakKka BbinoJyIHeHNA KOMaHA. Tpe6yeTc;| B3anMHoOe
UCKJTIO4eHune KputTn4yeCKnxX nHTepBasioB.

23 urons
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BbluncneH o/ib3oBaHunem. VPl e

#include "mpi.h"

#include <stdio.h>

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

{
int n =100000, myid, numprocs, i;
double mypi, pi, h, sum, Xx;
MPL_Init(&argc,&argv);
MPI_Comm_size(MPI_COMM_WORLD,&numprocs);
MPI_Comm_rank(MPI_COMM_WORLD,&myid);
h =1.0/(double) n;
sum = 0.0;

23 urons
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BblunucneH NAb3oBaHuem VIPI e

for (i = myid + 1; i <= n; i += numprocs)
{
X = h * ((double)i - 0.5);
sum += (4.0 / (1.0 + x*x));
}
mypi = h * sum;
MPI_Reduce(&mypi, &pi, 1, MPI_DOUBLE, MPI_SUM, 0, MPI_COMM_WORLD);
if (myid == 0) printf("pi is approximately %.16f”, pi);
MPI_Finalize();
return O;

23 urons
Mocksa, 2015 Texuonorus napamuiensaoro nporpammuposanus OPENMP 21 u3 196
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BbluncneHue uucaa-n-c-ucnoibsosaHuem . OpenMiP -

#include <stdio.h>
int main ()
{
int n =100000, i;
double pi, h, sum, x;
h =1.0/(double) n;
sum = 0.0;
#pragma omp parallel for reduction(+:sum) private(x)
for(i=1;i<=n;i++)
{
X = h * ((double)i - 0.5);
sum += (4.0 / (1.0 + x*x));
}
pi = h * sum;
printf("pi is approximately %.16f”, pi);
return 0;

3 urons
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AocrovHcTBa ucnroabsosaHua OpenMP-smecto MPI Aﬂﬂ/

MHOrosiaepHbIX NpoLeccopoB
B0O3MOXHOCTb MHKpEMEHTanbHOro pacrnapannenmBaHus

YnpolyeHne nporpaMmmMmnpoBaHns n adPekTUBHOCTL Ha HeperynapHbIX
BbIYUCIIEHUSX, MPOBOANMBIX HaA 0OWMMN JaHHBbIMU

INnksnpauma oybnmpoBaHnsa gaHHbIX B NaMaTn, ceonctBeHHoro MPI-
nporpamMmmam

Obbem namATK nNponopuUnoHaneH dbiICTpoaeNCTBUIO NpoLleccopa. B
nocnegHue rogbl yBernunyeHmne nponssoamnTenbHOCTU npoLueccopa
OOCTUraeTca yaBoeHnem 4ncna gaaep, npu aToMm YactoTa Kaxgoro aapa
CHmXaeTtcs. HabnogaeTca TeHOeHUUs K cokpalleHuio obbema
onepaTUBHOW NaMATK, NpMxogdawencs Ha ogHo aapo. [pucylias
OpenMP 3koOHOMMA NAaMSATU CTAHOBUTCH OYEHDb BaXKHA.

Hanunuue nokanbHbIX U/nnn pasgensiemMmolix agpamm Kolllen 6yaoyT
yuntbiBaTbCs npu ontummndaummn OpenMP-nporpamm KoMnunsaTopamu,
4YTO HEe MOryT Aenartb KOMMUAATOPbLI C NocneaoBaTesibHbIX A3bIKOB A4
MPI-npoueccos.

23 nrons
Mocksa, 2015 Texuoorus napamiensaoro nporpammuposanus OPeNMP 29 13196



/
TectbFNAS __——— —

BT 3D HaBbe-CTOKC, MeToq nepeMeHHbIX HanpaBieHnn

CG OueHka HanbonblLuero cobCTBEHHOIO 3Ha4YEHMUS
CUMMETPUYHON pa3peXXeHHON MaTpuLbl

EP [eHepauunsa nap crny4vaunHbix yncen aycca

FT beicTpoe npeobpasoBaHne dypbe, 3D cnekTpanbHbIn
MeTo[

IS [TapannenbHasa copTUpoBKa

LU 3D HaBbe-CTOKC, METO BEPXHEWN penakcauun

MG 3D ypaBHeHue [lyaccoHa, metog Multigrid

SP 3D Haebe-Ctokc, Beam-Warning approximate

factorization

23 nrons
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PI B UPC OpenMP

HiH

Analyzing the Effect of Different Programming Models Upon Performance

and Memory Usage on Cray XT5 Platforms
https://www.nersc.gov/assets/NERSC-Staff-Publications/2010/Cug2010Shan.pdf
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Analyzing the Effect of Different Programming Models Upon Performance

and Memory Usage on Cray XT5 Platforms
https://www.nersc.gov/assets/NERSC-Staff-Publications/2010/Cug2010Shan.pdf
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CopepKaHme ——— ==

U TeHaeHUnn pa3BUTUA COBPEMEHHbBIX BbIYUCITUTESNbHbLIX CUCTEM
O OpenMP — mogenb napannennama no yrnpasneHnto

O KoHcTpyKkumn pacnpenenenns paboTol

U KoHCTpyKumn ons CUHXpOHU3aumMn HUTeun

O Cuctema nogaepxkn BoinosiHeHns OpenMP-nporpamm

O OpenMP 4.0

23 nrons
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Uctopua OpenMP—— — /

1998 2002 2005 2008 2011 2013

OpenMP
C/C++ 2.0

OpenMP
C/C++1.0

OpenMP
F/C/C++ 3.1

OpenMP
Fortran 1.0

OpenMP
Fortran 1.1

OpenMP
Fortran 2.0
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OpenMP Architecture-Review Board ==

a AMD o ANL

Q Cray Q0 ASC/LLNL

a Fujitsu Q cOMPunity

a HP a EPCC

Q IBM O LANL

Q Intel O NASA

O NEC O Red Hat

Q The Portland Group, Inc. O RWTH Aachen University
Q Oracle Corporation O Texas Advanced Computing
Q Microsoft Center

0 Texas Instrument O SNL- Sandia National Lab
0 CAPS-Enterprise QO BSC - Barcelona

a NVIDIA Supercomputing Center
a Convey Computer
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CummerTp

CPU CPU CPU

eI\ e—

Crossbar

Memory Memory NMemory NMemory Memory NMemory Memory Nemory

Bce npoueccopbl MMEOT AOCTYN K No6on Touke NamMATU ¢ OAMHAKOBOM
CKOPOCTLIHO.

[Mpoueccopbl NOAKNOYEHbI K NaMATU MO0 C MOMOLLIbIO OOLLEN LLUWHBI,
nndo ¢ nomMmoLlbo crossbar-kommyTaTopa.

O AnnapatHO Noa4epXMBAETCA KOrepeHTHOCTb KALLEeN.
Hanpumep, cepsepn HP 9000 V-(lass, Convex SPP-1200,...
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Cucrtemnl noctynom K namatu (NUMZ

O Cwuctema coCcTOUT U3
i OLOHOPOAHLIX Da30BbIX MOAYIEN
i: i (nnar), CoCToSALMUX U3

Il Riser

| Chipset
— HeOOornbLLIOro YMcna NPoLEeccopoB

Pl I t o N Onoka namsaTu.

s -

e ' l_'lHl O Moagynun obbeanHeHbI ¢

- of et eon i NOMOLL|bO BbICOKOCKOPOCTHOTO
praCELsor

= of e L KOMMYyTaTopa.

- i 0 MoaaepxvBaeTcs eguHoe

DDR3 ROIMMs o S afipecHoe NpoCTPaHCTBO.

comn Q [ocTyn K nokanbHoOW namaTu B
(Fnock Acceleration] HECKOJIbKO pa3 bbiCcTpee, YeM K
yOaneHHon.

Diiresctory ||
FB-DI M= |

MURALnk ™ 5
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Cuctembl

SGI Altix UV (UltraVioloet) 2000

O 256 Intel® Xeon® processor E5-4600
product family 2.4GHz-3.3GHz - 2048 Cores
(4096 Threads)

O 64 TB namaTtu

O NUMAIiInk6 (NL6; 6.7GB/s bidirectional)

http://www.sgi.com/products/servers/uv/
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0630p 0CHOBHbIX-Bo3MOXKHOCTEN OpenMP -

OpenMP: API ansa HanucaHus
CSOMP FLUSH MHOTOHUTEBbIX NPUMOXEHWIA

CSOMP THREADPRIVATE (/ABC/)
1 MHoXecTBO AMPEKTMB KOMMUNATOPA,

C$SOMP PARALLEL DO SHARED (A,B,C  Habop dpyHKUMUM ONONNOTEKN CUCTEMBI
noaAepPXKKN, NepeMeHHble OKPYXKEHUS

CALL OMP_INIT LOCK (LCK) 0 O6neryaeTt co3naHnue MHOTOHUTUEBBIX
CSOMP SINGLE PRIVATE (X) gy POrPaMM Ha ®opTtpaHe, C n C++
1 O606LeHne onbiTa co3aoaHus

CSOMP PARALLEL DO ORDERED PRI napannenbHbix nporpamm ana SMP v
DSM cuctem 3a nocnegHue 20 net

CSOMP PARALLEL REDUCTION (+:

4

#pragma omp parallel for private(a, b)

CSOMP BARRIER

CSOMP PARALLEL COPYIN (/blk/) CSOMP DO LASTPRIVATE (XX)

nthrds = OMP_GET_NUM_PROCS() omp set lock(lck)

23 nrons
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Aw PEeKTUBblL U-KAQY3bl— | /

Cneundomkauum napannenunama B OpenMP npencraBnsatoT cobon ANPeKTUBHI
BuAaa:

#pragma omp Ha3BaHue-AupeKTuBbl[ knay3al [,Jknaysaj...]

Hanpumep:
#pragma omp parallel default (none) shared (i,))
cnonHsiemble OUPEKTUBDI:
barrier
taskwait
taskyield
tlush
taskgroup
OnucaTtenbHas OUpeKkTmBea:
threadprivate

23 nrons
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CTPYKTYpHbIL 6AOK—— =

[encrteme ocTarnbHbIX AUPEKTUB PacrnpoCTpaHAETCA Ha CTPYKTYPHbIN B510K:
#pragma omp HasBaHue-aupekTusbl[ Knaysa[ [,Jknay3saj...]

{
cCmpyKmypHbIU 6510K
/
CTpYKTYpHbIN Bnok: 6110k Koga ¢ 0aHOW TOYKOM BXoda U O4HOU TOYKOM
BbIXo4a.
#pragma omp parallel #pragma omp parallel
{ {
mainloop: res[id] = f (id); mainloop: resjid] = f (id);
if (res[id] != 0) goto mainloop;
}
exit (0); if (res[id] != 0) goto mainloop;
} CTPYKTYpPHbIN GFOK He cTpyKTypHbIN GOk

23 nrons
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CocTaBHbI B

#pragma omp parallel private(i) #pragma omp parallel for private(i) \
{ firstprivate(n)
#pragma omp for firstprivate(n) for(i=1;i<=n;i++)
for(i=1;i<=n;i++) {

{ A[i]=A[i]+ BIi];

A[il=A[i]+ BJil; }

}
}
23 mons
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KomnWmmmmue OpenMP =

OpenMP 4.0:

GNU gcc (4.9.0)

Intel 15.0: Linux, Windows and MacQOS
OpenMP 3.1:

Oracle Solaris Studio12.3: Linux and Solaris

Cray: Cray XT series Linux environment

LLVM: clang Linux and MacOS
OpenMP 3.0:

PGl 8.0: Linux and Windows

IBM 10.1: Linux and AlIX

Absoft Pro FortranMP: 11.1

NAG Fortran Complier 5.3
MNMpeabiaywme Bepcun OpenMP:

Lahey/Fujitsu Fortran 95

PathScale

Microsoft Visual Studio 2008 C++

23 urons
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Romnnnauus OpenMP-nporpammel

MpousBoguTenb KomnunsaTtop Onuus KOMNUNALUK
GNU gcc -fopenmp

LLVM clang -fopenmp

IBM XL C/C++ / Fortran _qsmp=omp

Oracle C/C++ / Fortran -xopenmp

Intel C/C++ / Fortran ;gzigl::r[:,p-qopenmp
Portland Group C/C++ / Fortran -mp

Microsoft Visual Studio 2008 C++ /openmp

Mockaa, 2015

Texuonorus napamuiensaoro nporpammuposanus OPENMP

44 w3196



ycnosWenM P-nporpammbl =

#include <stdio.h>
#include <omp.h> // OnncaHbl NPOTOTUMbLI BCEX PYHKUNU N TUMNOB
iInt main()
{
#ifdef OPENMP
printf("Compiled by an OpenMP-compliant implementation.\n");
int id = omp_get _max_threads ();
#endif
return O;

}

B 3HauyeHnn nepemeHHon OPENMP 3awmndoposaH rog n mecay, (yyyymm)
Bepcuun ctaHgapta OpenMP, koTopyto nogaepxnBaeT KOMNUMNATOP.

23 urons
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Fork-Join napannenusm:

0 [maBHas (master) HUTb NopoXaaeT rpynny (team) HAUTEN No Mepe
HEOXOONMOCTMW.

Q I'Iapannean nobasnsieTcd MHKpPEMEHTAlIbHO.

MapannenbHble obnacTu

23 mons
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Mopenb nams

obwas namsy
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Mopenb

oobwan namsr,
static=int i = 0: ~  #Pragma omp flush (i)

#pragma omp flush (i)
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KoHcucTeHTHOCTL-RamAaTU B OpenMIP S

KoppekTHasa nocnegoBaTenbHOCTb PpaboTbl HATEN C NEPEMEHHOMN:
HunTb0 3anucebIiBaeT 3Ha4YeHne nepemMeHHoun — write (var)
HunTb0 BbINONHAET onepaunto CMHXpoHu3auum — flush (var)
HuTb1 BbINONHAET onepaunto CUHXpoHu3auum — flush (var)
Hutb1 YynTaet 3HadeHne nepemeHHon — read (var)

1:A=1

2: flush(A)

23 urons
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/ 7

KoHcucTeHTHOCTL-RamaTU B OpenMP ==

#pragma omp flush [(criucok nepemeHHbIx)]

[To ymon4aHuio Bce nepeMeHHbIe NMPUBOOAATCA B KOHCUCTEHTHOE COCTOSIHUE
(#pragma omp flush):
npn 6apbepHON CUHXPOHU3ALIUN;
npu BXode v Bbixode n3 KoHcTpykuun parallel, critical n ordered;

Npu BbIXO4E N3 KOHCTPYKUMIA pacnpeaeneHna pabort (for, single,
sections, workshare), ecnu He yka3aHa knay3a nowait;
npu BbizoBe omp_set_lock 1 omp_unset_lock;

npu BbizoBe omp_test lock, omp set nest lock,
omp_unset _nest lock n omp_test nest lock, ecnu nameHunoco
COCTOsIHMEe cemadpopa.

[Tpn BXOo4e v BbIxode U3 KOHCTPYKUMKM atomic BbinosiHAeTcA #pragma omp
flush(x), roe x — nepemMeHHasi, usmeHaemMasi B KOHCTpyKLum atomic.
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/ (

RAaccbl NepemeHHbIXx— —

B mooenu nporpaMmmMnpoBaHns ¢ pasgendemMoun NnaMmaTbio:
- bonbLINMHCTBO NepeMeHHbIX Mo ymonyaHuto cuuTtatotca shared

[mobarnbHble NnepeMeHHbIE COBMECTHO NCMONb3YTCA BCEMU HATAMM
(shared) :

doptpaH: COMMON 6nokn, SAVE nepemerHblie, MODULE
nepeMeHHble

- Cu: file scope, static
- AuHamunyeckm Bblgensemasi namatb (ALLOCATE, malloc, new)
Ho He Bce nepeMeHHble SBNSATCS pasnensiemMbiMu ...

CTeKkoBble rnepemMeHHble B nognporpammax (pyHKUMAX),
BbI3blBAEMbIX U3 MaparnnenbHOro permoHa, sBnaTcs private.

[TlepemeHHble 0ObABMEHHbLIE BHYTPU BNOKa onepaTtopos
napannenbHOro permoHa SABNATCA NPUBaTHLIMM.

CYeTUnKM LMKITOB BUTKU KOTOPBLIX pacnpenenarTca Mmexay
HUTSAMW Npu nomowm KoHcTpykuum for n parallel for.

23 nrons
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Knaccobl ne o

#define N 100 extern double Array1[N];

double Array1[N];
int main() { void work(int *Array, int i) {
int Array2[N],i; double TempArray[10];
#p{ragma omp parallel static int count;
int iam = omp_get_thread_num();
#pragma omp for }

for (i=0;i < N; 1++)
work(Array2, i);

} TempArray, iam, i
printf(“%d\n”, Array2[0]);

}
Array1, Array2 ” TempArray, Array1, Array2,
lam, i

AN
> )
$ TempArray, :‘;?
- iam, i -
m

23I/HOH5[ r Im
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Kaaccel ne .

MO>XHO U3MEHUTL Knacc nepemMeHHOU NpY NOMOLLN KOHCTPYKLMN:
shared (cnnucok nepeMeHHbIX)
private (crnmcok nepemMeHHbIX)
firstprivate (crnimcok nepemeHHbIX)
lastprivate (cnncok nepemMeHHbIX)
threadprivate (cnncok nepemMeHHbIX)
default (private | shared | none)

23 urons
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/
KoHcTpyKuuma private— = e

KoHCTpyKkuus «private(var)» cosgaet fiokanbHyH KONuo nepeMeHHoN
«var» B KaXXgomn n3 HUTemn.

- 3Ha4YeHMe NepeMEHHON HE UHULMANU3NPOBAHO
[lpnBaTHasa Konua He cBA3aHa C OpUrMHaNbLHOU NepemMeHHOU

- B OpenMP 2.5 3HauyeHne nepeMeHHOon «var» He onpeaerieHo
nocne 3aBepLueHnsa napannenbHOU KOHCTPYKUUK

sum = -1.0;
#pragma omp parallel for private (i,j,sum)
for (i=0; i< m; i++)
{

sum = 0.0;

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

sum +=Db[i][j]*c[j];

afi] = sum;

}

// sum == -1.0

23 nrons
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KoHcTpyKuua firstprivate =

«firstprivate» sBnaetcsa cneuunanbHbIM criydaem «private»

MHnumnanuamnpyeT Kaxxayto NpuBaTHYIO KONUIO COOTBETCTBYHOLLIUM
3HadyeHneM 13 rmaBHon (master) HUTWN.

BOOL FirstTime=TRUE;
#pragma omp parallel for firstprivate(FirstTime)

for (row=0; row<height; row++)

{
if (FirstTime == TRUE) { FirstTime = FALSE; FirstWork (row); }

AnotherWork (row);
}

23 urons
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KOHCT‘W 2=

lastprivate nepenaet 3Ha4YeHMe NpuBaTHOM NEPEMEHHON, MOCYNTAHHON Ha
nocnegHen ntepauun B rnobanbHy0 NEPEMEHHYIO.

inti;
#pragma omp parallel
{
#pragma omp for lastprivate(i)
for (i=0; i<n-1; i++)
a[i] = b[i] + b[i+1];

}
a[il=b[i]; /*i==n-1%*

23 urons
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AnpekTnea threadprivate =

OTnu4yaeTcsi OT NPUMEHEHNS KOHCTPYKUMK private:
private ckpbiBaeT rnobanbHble NepeMeHHble

threadprivate — nepemeHHble coxpaHAT rnodanbHy0 0bnacTb
BUONMOCTU BHYTPU KaXKOOM HUTU

#pragma omp threadprivate (Var) e

He U3MEeHUII0Cb, TO
Kaxgas HUTb NONy4vunT
Var =1 ... = Var 3HayeHue, NOCYMTaHHOoe
B npeAablayLien
napannesibHon oonacTu.

... = Var

Var =2

137TvVdvd
13T71vVdvd AN
1371vVdvd
1371vdvd AN
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/V
KoHcTpyKuua default— — B

MeHseT Knacc nepeMeHHOU No yMon4aHuio:
default (shared) — gencresyet nNo ymonyaHuto
default (private) — ectb TonbKoO B Foriran
default (firstprivate) — ectb Tonbko B Fortran OpenMP 3.1
default (none) — TpebyeT onpegennTb KNacc anga KaXxgom nepeMeHHON

itotal = 100 itotal = 100

#pragma omp parallel #pragma omp parallel default(none)
private(np,each) private(np,each) shared (itotal)

{ {

np = omp_get_num_threads() np = omp_get_num_threads()

each = itotal/np each = itotal/np

} }

23 nrons
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#pragma omp parallel [ knay3a[ [, | knaysaj ...]
cmpyKkmypHbIU 610K

20e Knay3a 00Ha u3 :
» default(shared | none)
private(/isi)
firstprivate(/isi)
shared(/ist)
reduction(operator: list)
if(scalar-expression)
num_threads(integer-expression)
copyin(/isi)
e proc_bind ( master | close | spread ) //OpenMP 4.0

23 wrons
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BoluncneHue unena-n— ==
1
J‘ 4.0
™ 0
N
N
\ Mbl MOXKem

\ annpoKCUMMPOBATb UHTErparn
Kak CyMMY NPAMOYrOSibHUKOB:

N
Z F(x)Ax = TU

i 0

4.0/(1+x2)

F(x)

[ e KaxObln NPAMOYronbHUK
+ MMEET LUMPUHY AX N BbICOTY

0.0 3
X F(x;) B cepeauHe nHTepBana
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/

BblunucneH A0BaTE/ibHaA NPOrpaMmma

#include <stdio.h>

int main ()

{
int n =100000, i;
double pi, h, sum, x;
h =1.0/(double) n;

sum = 0.0;
for(i=1;i<=n;1i++)
{

X = h * ((double)i - 0.5);
sum += (4.0 / (1.0 + x*x));
}
pi = h * sum;
printf("pi is approximately %.16f”, pi);
return 0;

}

23 urons
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/

BbluucneH NnenbHaA nporpamma____—

#include <omp.h>

int main ()

{
int n =100000, i;
double pi, h, sum, x;
h =1.0/(double) n;

sum = 0.0;
#pragma omp parallel default (none) private (i,x) shared (n,h,sum)
{

double local sum = 0.0;
intid = omp_get_thread_num();
int numt = omp_get_num_threads();
for (i=id + 1; i <= n; i=zi+numt) {
x = h * ((double)i - 0.5);
local_sum += (4.0 /(1.0 + x*x));
}
#pragma omp critical
sum += local_sum;
}
pi = h * sum;
printf("pi is approximately %.16f”, pi);
return 0;
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/

BblqMWapenMP. Knaysa reduction -

#include <stdio.h>
#include <omp.h>
int main ()
{
int n =100000, i;
double pi, h, sum, x;
h =1.0/(double) n;
sum = 0.0;
#pragma omp parallel default (none) private (i,x) shared (n,h) reduction(+:sum)
{
int id = omp_get_thread_num();
int numt = omp_get_num_threads();
for (i=id + 1; i <= n; i=zi+numt)
{
x = h * ((double)i - 0.5);
sum += (4.0 / (1.0 + x*x));
}
}
pi = h * sum;
printf("pi is approximately %.16f”, pi);
return 0;

}
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PeAyKUMOHHble-oRepayun_

reduction(operator:list)

/

BHyTpun napanenbHon obnactu
[N K2KO0W NEPEMEHHON U3 Onepatop HayanbHoe 3Ha4yeHue
cnucka list cosgaerca konus aToun = 0
nepemMeHHON. JTa nepemeHHas
NHULManu3npyeTcs B : 1
COOTBETCTBUM C ONepaTopom z 0
operator (Hanpumep, 0 Onga «+»).
& ~0
[na Kaxxgon HUTU KOMNUATOP | 0
3aMeHsEeT B NaparnnenbHOU A 0
obnacTtn obpalleHus K
peayKUuMOHHOU nepeMeHHON Ha && 1
obpalleHnst K co3aaHHOM KOMUN. T 0
Least number in

Mo 3aBepLLUEHUN BbINONTHEHUS e reduction list item type
napannensHon obnacTtu : Largest number in
ocyLecTBnseTca obbeanHeHne in reduction list item type
NOSTy4EeHHbIX Pe3yrnbraTos.

23 urons
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Ucnonb3o HbIX onepauum S

void reduction (float *x, int *y, int n)

{
inti, b, c;
float a, d;
a=0.0;
b=0;
c = y[0];
d = x[0];

#pragma omp parallel for private(i) shared(x, y, n) \
reduction(+:a) reduction(”:b) \
reduction(min:c) reduction(max:d)

for (i=0; i<n; i++) {
a += X[i];
b A= yli];
if (c > y[i]) ¢ = y[i];
d = fmaxf(d,x[i]);
}
}
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Peannwnxonepauuﬁ

#include <limits.h>
void reduction_by hand (float *x, int *y, int n)
{

inti,b,b_p,c,c _p;

float a, a_p, d, d_p;

a = 0.0f;

b =0;

c = y[0];

d = x[0];

#pragma omp parallel shared(a, b, c, d, x, y, n) private(a_p, b _p,c _p,d _p)

{
a p=00f; b p=0; c_ p=INT_MAX; d _p=-HUGE_VALF,;
#pragma omp for private(i)
for (i=0; i<n; i++) {

a_p+=x[i]; b_p*=y[i]; if(c_p>VY[i]) c_p=yV[i]; d_p =fmaxf(d_p,x[i]);

}
#pragma omp critical
{
a+=a_p; br=b p; if(c>c p)c=c_p; d=fmaxf(d,d_p);
}
}

23 urons
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/
PeayKiOHHble-oRepaL iy, onpeaeifaembie NoNb3oBarenem

(OpenMP 4.0)

#pragma omp declare reduction (reduction-identifier : typename-list :
combiner) [identity(identity-expr)]

Ureduction-identifier - HazBaHue peaAyKUMOHHOU onepaunmn
dtypename-list — Tun (Tunbi)

dcombiner — BbipaxxeHue AN 06 beAUHEHUS YaCTUYHbIX pe3ynbLTaToB
Qidentity — HauanbHOe 3Ha4YeHMe co3aaBaeMbiX NPUBATHLIX NepPeMeHHbIX

23 urons
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W /
Wcnonb3oBaHue-peAYKUMOHHDIX ONEpaLitii, onpeaeniemsiX

nonb3osatenem (OpenMP 4.0)

struct point
{
int Xx;
inty;
} points[N], minp = { MAX_INT, MAX_INT };

#pragma omp declare reduction (min : struct point : \
omp_out.x = omp_in.x > omp_out.x ? omp_out.x : omp_in.x, \
omp_out.y = omp_in.y > omp_out.y ? omp_out.y : omp_in.y )\
initializer ( omp_priv = { MAX_INT, MAX_INT })

#pragma omp parallel for reduction (min: minp)
for (inti=0;i<N;i++)
{
if (points[i].x < minp.x) minp.x = pointsf[i].x;
if (points[i].y < minp.y) minp.y = points[i].y;
}
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#pragma omp parallel proc_bind(spread) num_threads(4)

{

#pragma omp parallel proc_bind(close) num_threads(2)
work();
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CopepKaHme ——— ==

U TeHaeHUnn pa3BUTUA COBPEMEHHbBIX BbIYUCITUTESNbHbLIX CUCTEM
0 OpenMP — mogenb napannennama no yrnpasneHnto

O KoHcTpyKkumn pacnpenernenuns paboTol

U KoHCTpyKumn ons CUHXpOHU3aumMn HUTeun

O Cuctema nogaepxkn BoinosiHeHns OpenMP-nporpamm

O OpenMP 4.0

23 nrons
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/

KoHCcTpyKuuu pacapegeneHnsa pabotsl =

1 PacnpeneneHne BUTKOB LUMKITOB (anpekTtmea for)

4 Lmknbl ¢ 3aBUCUMOCTBIO MO gaHHbIM. OpraHum3auums
KOHBEWEPHOIO BbINONMHEHUA ONS LMKIMOB C 3aBUCUMOCTbLIO MO
OAHHbIM.

1 PacnpegeneHne HeECKONMbKUX CTPYKTYPHbLIX ONOKOB Mexay
HUTAMn (aupexktnea SECTION).

(] BbINONHEHWE CTPYKTYPHOro 6rioka o4HOW HUTbIO (OUPEKTUBA
single)

 PacnpefeneHue onepatopoB O4HOMO CTPYKTYPHOro broka
mexay Hutamum (ampektuea WORKSHARE)

d lNoHaTme 3apaun
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Bbluncnernue uucaa-n-Ha-OpenMPp =

#include <stdio.h>
#include <omp.h>
int main ()
{
int n =100000, i;
double pi, h, sum, x;
h =1.0/(double) n;
sum = 0.0;
#pragma omp parallel default (none) private (i,x) shared (n,h) reduction(+:sum)
{
int id = omp_get_thread_num();
int numt = omp_get_num_threads();
for (i=id + 1; i <= n; i=zi+numt)
{
x = h * ((double)i - 0.5);
sum += (4.0 / (1.0 + x*x));
}
}
pi = h * sum;
printf("pi is approximately %.16f”, pi);
return 0;

}
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Beluncnenune uncaa-r-Ha OpenMp s

#include <stdio.h>
#include <omp.h>
int main ()
{
int n =100000, i;
double pi, h, sum, x;
h =1.0/(double) n;
sum = 0.0;
#pragma omp parallel default (none) private (i,x) shared (n,h) reduction(+:sum)
{
#pragma omp for schedule (static,1)
for (i 4 I i <= n; i++)
{
x = h * ((double)i - 0.5);
sum += (4.0 / (1.0 + x*x));
}
}
pi = h * sum;
printf("pi is approximately %.16f”, pi);
return 0;

}
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Bbiuncnenune uucaa-r-Ha-OpeniviP =

int main ()

{
int n =100000, i;
double pi, h, sum, x;
h =1.0/(double) n;

sum = 0.0;
#pragma omp parallel default (none) private (i,x) shared (n,h) reduction(+:sum)
{

int iam = omp_get_thread_num();
int numt = omp_get_num_threads();
int start =iam * n/ numt + 1;
intend = (iam + 1) * n/ numt;
if (lam == numt-1) end = n;
for (i = start; i <= end; i++)
{
X = h * ((double)i - 0.5);
sum += (4.0 / (1.0 + x*x));
}
}
pi = h * sum;
printf(“pi is approximately %.16f”, pi);
return 0;

P
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Beluncnenune uncaa-r-Ha OpenMp s

#include <stdio.h>
#include <omp.h>
int main ()
{
int n =100, i;
double pi, h, sum, x;
h =1.0/(double) n;

sum = 0.0;
#pragma omp parallel default (none) private (i,x) shared (n,h) reduction(+:sum)
{

#pragma omp for schedule (static)
for (i = 1; i <= n; i++)
{
x = h * ((double)i - 0.5);
sum += (4.0 / (1.0 + x*x));
}
}
pi = h * sum;
printf(“pi is approximately %.16f”, pi);
return 0;

}
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Pacnpepenenue-sutkos-LIUMKNA B

#pragma omp for [knay3a[l,Jknaysaj ... |
for (init-expr; test-expr; incr-expr) cmpykmypHbit 6510k

20e Kriay3a oOHa U3 :
private(/ist)
firstprivate(/isi)
lastprivate(/ist)
reduction(operator: list)
schedule(kind[, chunk_size))
collapse(n)
ordered
nowait

23 urons
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PacnpegeneHue-BurkoB-LLMUK/A

init-expr : var = loop-invariant-expr1
| integer-type var = loop-invariant-expr1

| random-access-iterator-type var = loop-invariant-expr1

| pointer-type var = loop-invariant-expr1

test-expr:
var relational-op loop-invariant-expr2
| loop-invariant-expr2 relational-op var

incr-expr: ++var

[ var++

| --var

[ var --

| var += loop-invariant-integer- expr

| var -= loop-invariant-integer- expr

| var = var + loop-invariant-integer- expr
| var = loop-invariant-integer- expr + var
| var = var - loop-invariant-integer- expr

23 utons
Mockga, 2015

relational-op: <
/ <=

[ >

/>=

var: signed or unsigned integer type
| random access iterator type
| pointer type
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Ucnonb3oBaHue yKase " B uukne (OpenMP 3.0

void pointer_example ()
{
char a[N];
#pragma omp for default (none) shared (a,N)
for (char *p = a; p < (a+N); p++)
{

use_char (p);

}
}

for (char *p = a; p != (a+N); p++ ) - olunbGka

23 urons
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apse (OpenMP 3. 0)

void work(int i, int j) {}
void good_collapsing(int n)
{
inti, j;
#pragma omp parallel default(shared)
{
#pragma omp for collapse (2)
for (i=0; i<n; i++) {
for (j=0; j < n; j++)
work(i, j);

Knay3sa collapse:
collapse (monoxxumenbHasi yenass KOHCmMaHmMa)
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Mocksa, 2015 Texuonorus napamuiensaoro nporpammuposanus OPENMP 80 13196




apse (OpenMP 3. 0)
void work(int i, int j) {}
void error_collapsing(int n)
{
inti, j;
#pragma omp parallel default(shared)
{
#pragma omp for collapse (2)
for (i=0; i<n; i++) {
work with_i (i); // OwmnodkKa
for (j=0; j < n; j++)
work(i, j);

}
}

Knay3sa collapse moxeT 6bITb UCNONb30BaHa TONMTbLKO AJiA pacnpeaeneHus
BUTKOB T€CHO-BJI0OXK€HHbIX LIMKIOB.

23 urons
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/
PaCHW[OMEPHbIX LUKNoB. Knaysa

collapse (OpenMP 3.0)

void work(int i, int j) {}
void error_collapsing(int n)
{
inti, j;
#pragma omp parallel default(shared)
{
#pragma omp for collapse (2)
for (i=0; i<n; i++) {
for (j=0;j < 1; J++) /[ OwmnobKa
work(i, j);
}
}
}

Knay3a collapse moxeT ObITb UCNONb30BaHa TONMbLKO ANA pacnpenerieHus
BUTKOB LIMKITIOB C NMPAMOYrofibHbIM MHAEKCHbLIM MPOCTPaHCTBOM.
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ParalW&ator Loop (OpenMP 3.0) -

#include <vector>

void iterator_example()

{
std::vector<int> vec(23);
std::vector<int>::iterator it;

#pragma omp parallel for default(none) shared(vec)
for (it = vec.begin(); it < vec.end(); it++)
{

// do work with *it //

}

}
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/

PeAyKUMOHHble-oRepaLun, onpeaennemble no/b3oBateNnem
(OpenMP 4.0)

#pragma omp declare reduction (merge : std::vector<int> :
omp_out.insert (omp_out.end(), omp_in.begin(), omp_in.end()))

void schedule (std::vector<int> &v, std::vector<int> &filtered)
{
#pragma omp parallel for reduction (merge: filtered)
for (std:vector<int>::iterator it = v.begin(); it < v.end(); it++)
if ( filter(*it) ) filtered.push_back(*it);
}

omp_out refers to private copy that holds combined value
omp_in refers to the other private copy
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PacnpegeneHue-sutkos UUKNa. Knaysaschedule

Knaysa schedule:
schedule(anzopumm nnanupoeaHusif, 4ucso _umepauuu])

ne anroputm nNaHMpoOBaHUA OOUH U3:
schedule(static/, yucno_umepauyuij) - ctratTuyeckoe nnaHMpoBaHMUe;
schedule(dynamic/, yucno_umepauyut]) - aAuHaMmmn4eckoe nryaHUMpoBaHue;
schedule(guided/, yucno_umepayuu]) - ynpaBnsiemoe nnaHnpoBaHue;
schedule(runtime) - nnaHnpoBaHue B nepunos BbINOJSIHEHUS;
schedule(auto) - aBTomaTnyeckoe nnaHmposaHue (OpenMP 3.0).

#fpragma omp parallel for private(tmp) shared (a) schedule (runtime)
for (int i=0; i<N-2; i++)
for (intj=i+1; J< N-1; j++) { -

tmp = a[i][jl; ('

ali]ljl=aljllil;
}a[j][i]:tmp;
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Pacnpegenenune-surkos-LUKna. Knaysasschedule

#pragma omp parallel for schedule(static)
for(inti=1;i<=100; i++)

Pe3ynbraT BbINOSIHEHUA NporpamMmMbl Ha 4-X siAepHOM npoueccope byaer
cneayrowmm:

NMotok 0 nony4yaeT npaBo Ha BbINOJfIHEHMEe utepauun 1-25.
NMoTtok 1 nony4yaeT npaBo Ha BbINOJSIHEHME UTepauumn 26-50.
NMoToK 2 nony4yaeT npaBoO Ha BbiNoOJsIHEHMe utepauumn 51-75.
NMotok 3 nony4yaeT npaBo Ha BbinosiHeHMe utepauun 76-100.
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PacnpegeneHue-sutkoB LUKNA. Knaysasschedule

#pragma omp parallel for schedule(static, 10)
for(inti=1;1i<=100; i++)

Pe3ynbraT BbINOSIHEHUA NporpamMmMbl Ha 4-X siAepHOM npoueccope byaer
cneayrowmm:

NMotok 0 nony4yaeT npaBo Ha BbinosiHeHne utepauun 1-10, 41-50, 81-90.
NMotok 1 nony4yaeTt npaBo Ha BbinosriHeHMe utepauun 11-20, 51-60, 91-100.
NMoToK 2 nony4yaeTt npaBo Ha BbinoriHeHMe utepauun 21-30, 61-70.

NMoTtok 3 nony4yaeTt npaBo Ha BbinosiHeHne utepauun 31-40, 71-80
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/ 7

PacnpegeneHue-surkoB UUKNa. Knaysaschedule

#pragma omp parallel for schedule(dynamic, 15)
for(inti=1;i<=100; i++)

Pe3ynbTtat BbINOMHEHUA NporpamMmbl Ha 4-X sg4epHOM npoLeccope MoXeT
ObITb CreayroLWnmMm:

NMotok 0 nony4yaeT npaBo Ha BbiNOsfIHEHMe utepauun 1-15.
NMoTtok 1 nony4yaeT npaBo Ha BbiNosiHeHMe utepauun 16-30.
NMoToK 2 nony4yaeT npaBo Ha BbiNosiIHeHMe utepauun 31-45.
NMotok 3 nony4yaeT npaBo Ha BbiNosiHeHMe utepauun 46-60.
lNMoTok 3 3aBepluaeT BbINOSIHEHME UTepalunn.

NMoTok 3 nony4yaeT npaBoO Ha BbINOJSIHEHME UTepauun 61-75.
lNMoTokK 2 3aBepLuaeT BbINOSIHEHME UTepauun.

NMoToK 2 nony4yaeT npaBo Ha BbiNosIHEHMe utepauun 76-90.
lNMotok 0 3aBeplIaeT BbINOSIHEHUE UTEpPaLUN.

NoTok 0 nony4yaeT npaBo Ha BbiNnonHeHue ntepauun 91-100.
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/ (

PacnpegeneHue surkos uMKna. Knaysa schedule

YUCINO_BbINOJIHAEMbIX_MNOTOKOM_MUTepauun =
max(4Mcno_HepacnpegeneHHbIX_utepauun/omp_get num_threads(),
YUCNO_uTepauunn)

#pragma omp parallel for schedule(guided, 10)
for(inti=1;i<=100; i++)

lNycTb nporpamma 3anyuwieHa Ha 4-xX sgepHOM npoueccope.
NMoTtok 0 nony4yaeT npaBo Ha BbINONIHEHNe utepauuun 1-25.
NMoTok 1 nony4yaeT npaBo Ha BbINONIHEHME UTepauuun 26-44.
MoTok 2 nony4aeT npaBo Ha BbINONIHEHMe utepauuun 45-59.
NoTok 3 nony4yaeT npaBo Ha BbiNofIHeHne utepauuun 60-69.
NoTok 3 3aBepLuIaeT BbINOSIHEHUE UTepauumn.
NMoTok 3 nony4yaeT npaBo Ha BbiNofIHeHMe utepauuun 70-79.
[NoTok 2 3aBepLIaeT BbINOSIHEHUE UTepauun.
NMoTok 2 nony4aeT npaBo Ha BbiNonHeHne utepauuun 80-89.
[NMoTok 3 3aBepLuIaeT BbINOSIHEHUE UTepauun.
NMoTok 3 nony4yaeT npaBo Ha BbiNonHeHne utepauuun 90-99.
NMoTtok 1 3aBepLuaeT BbINOSIHEHME UTepaUunn.
NoTtok 1 nony4yaeTt npaBo Ha BbinoriHeHne 100 ntepauum.
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PacnpegeneHue-sutkoB LUKNA. Knaysasschedule

#pragma omp parallel for schedule(runtime)

for(inti=1;1<=100; i++) /* cnocob pacnpeneneHnsa BUTKOB LMKNa Mexay
HUTAMU OyaeT 3afaH BO BPpeMSA BbINOJIHEHUSA NporpamMmmbi™/

Mpn nomoLwmn nepeMeHHbIX cpeabl:

csh:

setenv OMP_SCHEDULE "dynamic,4“
ksh:

export OMP_SCHEDULE="static,10“
Windows:

set OMP_SCHEDULE=auto

UNu npu nomMmoLwmn PyHKUMN CUCTEMbI NOAAEPKKN:
void omp_set _schedule(omp_sched t kind, int modifier);
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Pacnpej,wuukna. Knay3a schedule

#pragma omp parallel for schedule(auto)
for(inti=1;i<=100; i++)

Cnocob6 pacnpegeneHusi BUTKOB LMKIIa MeXay HUTAMK onpeaensieTcs
peanusauuen KOMNUNATopa.

Ha atane komnunsiuum nporpamMmmMbl UM BO BpeMsl ee BbINOSIHEHUSA
onpeaensieTcs onTUManbHbIN CNOCOO pacnpeneneHus.

23 urons
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Pacnpesenenue-sutkos LUuKa. Knaysa:nowait -

void example(int n, float *a, float *b, float *z)
{
inti;
#pragma omp parallel
{
#pragma omp for schedule(static) nowait
for (i=0; i<n; i++)
cli] = (a[i] + b[i]) / 2.0;
#pragma omp for schedule(static) nowait
for (i=0; i<n; i++)
z[1] = sqrt(clil);

BepHo B OpenMP 3.0, ecnu konnyecTBO UtTepauun y LMKNIOB COBNaaaeT u
napameTpsbl knay3bl schedule coBnagatot (STATIC + yucsio_umepayuu).
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PBC"pEﬂW 3daBUCMMOCTbLIO NO AdHHbIM

for(inti=1;i<100; i++)
ali]= a[i-1] + a[i+1];

Mexay Butkamu umkna ¢ nuHgekcamm i1 ni2 ( i1<i2 ) cywecrtsyert
3aBUCUMOCTb NO AaHHbIM (MH(pOpMaLMOHHAA CBA3b) MaccuBa a, ecrnu oda
3TU BUTKa OCYLUECTBNAIOT oOpaLleHme K OgHOMY 3fieMeHTy MaccuBa no
cXeme 3anucb-YTeHue UIun YTeHne-3anuchb.

Ecnun BUTOK i1 3anucbiBaeT 3Ha4YeHne, a BUTOK i2 YUTaEeT 3TO 3HAa4YeHue, To

MeXay 3TUMU BUTKaMu CyLlecTBYeT NOTOKOBas 3aBUCMMOCTb UMK NPOCTO
3aBUCUMOCTb i1 -> i2.

Ecnu BuToK i1 unTtaet "crtapoe"” 3HayeHue, a BUTOK i2 3anucbiBaeT "HoBoe"

3HaYeHue, TO Mexay 3TUMM BUTKaMu cyllecTByeT obpaTHaA 3aBUCUMOCTb
i1<-i2.

B 06ounx cnyvyasix BUTOK i2 MOXeT BbINOMHATLCSA TONMbLKO nocrie BUTKa i1.
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/
Pacnpesenexue-uukAOB-C 3aBUCUMOCTbIO MO AAHHbBIM-

for(inti=0;1<n;i++){

x = (b[i] + c[i]) / 2;

ali] = af[i + 1] + x; // ANTI dependency
}

#pragma omp parallel shared(a, a_copy) private (x)
{
#pragma omp for
for(inti=0;1<n;i++){
a_copyli] = a[i + 1];
}
#pragma omp for
for(inti=0;1<n;i++){
x = (b[i] + c[i]) / 2;
a[i] = a_copy]li] + x;
}
}
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/
PaCHWBMCMMOCTbM No AdHHbIM-

for(inti=1;i<n;i++){

b[i] = b[i] + a[i - 1];

a[i] = a[i] + c[i]; // FLOW dependency
}

b[1] = b[1] - a[0];
#pragma omp parallel for shared(a,b,c)
for(inti=1;1<n;i++){
a[i] = a[i] + clil;
bl[i + 1] = b[i + 1] + a[i];
}

a[n-1]=a[n-1] + c[n - 1];
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Knaysa u gupexrusa-ordered -

void print_iteration(int iter) { Pe3ynbTat BbINONIHEHUA
#pragma omp ordered nporpaMmmebi:
printf("iteration %d\n", iter);
} iteration 0
iteration 1
int main( ) { iteration 2
int i; iteration 3
#pragma omp parallel iteration 4
{

#pragma omp for ordered
for(i=0;i<5;i++){
print_iteration(i);
another_work (i);

}
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nupeKtuea ordered

#pragma omp parallel for ordered
for(inti=1;i<100; i++) {
#pragma omp ordered
{
a[i]= a[i-1] + a[i+1];

}
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JpraHn3auma KOHBenepHoro BbiNno/IHEHUA UNKNa
for(inti=1;i<M; i++)
for(intj=1;j<N; j++)
a[i][j] = (ali-110] + a[i](j-1] + ali+1][j] + a[il[j+1]) / 4;

_%4_
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_—OUpraHn3auma KoHBenepHoro BbiNnoJIHEHNUA UUKANA

for(inti=1;i<M;i++)
for(intj=1;j < N; j++)
a[il[i] = (a[i-11(j] + alil[i-1] + ali+ 1101 + alil[j+1]) / 4;

23 wrons
Mocksa, 2015 Texunonorus napamenasHoro nporpammuposanus OpenMP 99 u3 196




/
Pacn pWBBMCMMOCTbD NOo AdHHbIM.

OpraHn3sauua KOHBEMEPHOro BbiNO/IHEHUA LUKAA

int iam, numt, limit; #pragma omp for schedule(static) nowait
int *isync = (int *) for (int j=1; j<N; j++) {
malloc(omp_get _max_threads()*sizeof(int)); a[illil=(a[i-11[j] + a[il[j-1] + a[i+1][j] +
#pragma omp parallel private(iam,numt,limit) a[il[j+11)/4;
{ }
lam = omp_get _thread num (); if (lam<limit) {
numt = omp_get_num_threads (); for (isync[iam]==1;) {
limit=min(numt-1,N-2); #pragma omp flush (isync)
isync[iam]=0; }
#pragma omp barrier isync[iam]=1;
for (int i=1; i<M; i++) { #pragma omp flush (isync)
if ((lam>0) && (iam<=limit)) { }
for (sisync[iam-1]==0;) { }
#pragma omp flush (isync) }
}

isync[iam-1]=0;
#pragma omp flush (isync)
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#pragma omp parallel
{
int iam = omp_get_thread_num ();
int numt = omp_get_num_threads ();
for (int newi=1; newi<M + numt - 1; newi++) {
inti = newi - iam;
#pragma omp for

for (int j=1; j<N; j++) {
if (i >= 1) && (i< N)) {
a[illil=(ali-11[il + alil[j-1] + a[i+1][j] + a[i][j+1])/4;
}

23 urons
Mocksa, 2015 Texuonorus napamuiensaoro nporpammuposanus OPENMP

101 13 196



/
PacnpesieneHue-HeckoAbKUX CTPYKTYPHbIX 610KOB MeXAY

HUTAMM (AnpeKkTuBa sections)

#pragma omp sections [knay3a[[,] knayza] ...] void XAXIS();
{ void YAXIS();
void ZAXIS();

[#pragma omp section] void example()

CTPYKTYPHbIN ONOK {

[#pragma omp section #pragma omp parallel

CTPYKTYPHbIN ONOK ] {

#pragma omp sections

{
} #pragma omp section
XAXIS();

IAe Knaysa oaHa us . #pragma omp section
private(list) YAXIS();
firstprivate(list) #pragma omp section
lastprivate(list) \ ZAXIS();
reduction(operator: list) )
nowait }

23 urons

Mocksa, 2015 Texuonorus napamuiensaoro nporpammuposanus OPENMP 102 u3 196



/
BblﬂOnWGHOKa Op,HOﬁ HUTDLIO (p,upe KTUBAd
single)
#pragma omp single [knaysal,] knaysaj ...] #include <stdio.h>
cmpyKkmypHbIU 610K static float x, y;
#pragma omp threadprivate(x, y)

20e Kray3a o0OHa us3 : void init(float *a, float *b ) {

private(/isi)

firstprivate(/ist) #pragma omp single copyprivate(a,b,x,y)
copyprivate(/ist) scanf("%f %f %f %f'", a, b, &x, &y);
nowait }

CTPYKTYpPHbIU OFIOK OyaeT BbINOMHEH int main () {
OOQHOM U3 HUTeU. Bce ocTanbHble HUTUM  #pragma omp parallel
oyayT noxumaaTtbCcs pe3yrnibTaTtoB

BbINOJSIHEHMA ONOKa, ecriu He yKa3aHa {

knay3za NOWAIT. float x1,y1;

init (&x1,&y1);
parallel_work ();
}
}
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/

PacnpeaeneHue-onepaTopoB OAHOFO'CTPYKTYPHOIO  6aoKa
mexay Hutamm (ampektusa WORKSHARE)

SUBROUTINE EXAMPLE (AA, BB, CC, DD, EE, FF, GG, HH, N)
INTEGER N
REAL AA(N,N), BB(N,N), CC(N,N)
REAL DD(N,N), EE(N,N), FF(N,N)
REAL GG(N,N), HH(N,N)
REAL SHR
1ISOMP PARALLEL SHARED(SHR)
1ISOMP WORKSHARE
AA = BB
cCC=DD
WHERE (EE .ne.0) FF =1/ EE
SHR =1.0
GG (1:50,1) = HH(11:60,1)
HH(1:10,1) = SHR
1ISOMP END WORKSHARE
ISOMP END PARALLEL
END SUBROUTINE EXAMPLE

23 urons
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[loHATMe 3apaun—— —

3apgaum nosiBunucb B OpenMP 3.0
Kaxpasa 3apgava:

Q

Q

Q

lNMpencraBnsier cobon nocrnengoBaTeNbHOCTbL ONEpPaTopoB, KOTOpbIe
Heob6XxoAMMO BbINOMHUTD.

BknioyaeTt B cebA AaHHbIe, KOTOPble UCNONb3YHOTCA NPU BbINONMHEHUN 3TUX
onepaTopos.

BbINonHAETCA HEKOTOPOWU HUTLIO.

B OpenMP 3.0 kaxabiy onepaTtop nporpaMmbl sIBRsieTCA YaCTb OAHOU U3

a

DOD

3agau.

NMpu Bxoae B napansenbHy0 odnacTb co34arTcA HesiBHbIe 3aaaym (implicit
task), no ogHoun 3agayve AN KaXXO0oW HUTW.

Co3paeTtcsa rpynna HUTeMW.

Kaxgas HUTb U3 rpynnbl BbIMNOMHAET OOAHY U3 3a4ad.

Mo 3aBepLweHUN BbINOMHEHUA NapannenbHOU obnacTtn, master-HuTb
OXuaaeT, NoKa He OyayT 3aBepLUeHbl BCe HesIBHbIe 3agauM.
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lMoHaTne 3apaun-AupexkTuBa task =

fABHbIe 3apgaun (explicit tasks) 3aparoTca npyu nomowm AUPEKTUBDI:
#pragma omp task [knay3a][,] knay3za] ...]

CTPYKTYPHbIN OOK

rae Krnaysa ogHa us :

L

Q
Q
Q
Q
Q
Q
Q
Q
B

if (scalar-expression)

final(scalar-expression) //OpenMP 3.1
untied
mergeable //OpenMP 3.1

shared (list)
private (list)
firstprivate (list)
default (shared | none)
depend (dependence-type: list) //OpenMP 4.0

pe3yribrtate BbIMNONMHEHUA OANPEKTUBDbI task co3aeTcsAda HOBasA 3agadvda, KOTopas
COCTOMT U3 ONepaTopoB CTPYKTYPHOro 6rnoka; Bce UCNosib3yemMble B
oneparopax nepeMeHHble MOryT ObITb JIOKanM3oBaHbl BHYTPU 3a4auum npu
NOoMoLLM COOTBETCTBYHOLMX Krnay3. Co3gaHHana 3agada OyaeTt BbINosfIHEHa
OAHOVI HUTbIO U3 rpynnbil.
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#pragma omp for schedule(dynamic)
for (i=0; i<n; i++) {
func(i);

}

#pragma omp single

{
for (i=0; i<n; i++) {
#pragma omp task firstprivate(i)
func(i);

23 urons
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McnoWJtask =

typedef struct node node;
struct node {

int data;

node * next;

¥
void increment_list_items(node * head)
{
#pragma omp parallel
{
#pragma omp single
{
node * p = head;
while (p) {
#pragma omp task
process(p);
p = p->hext;
}
}
}
}
23 urons
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/
Ucnonb3osaHue-aupektusbl task. Knaysa. if f /

e

double *item;
int main() {

#pragma omp parallel shared (item)
{
#pragma omp single
{

int size;

scanf("%d",&size);

item = (double*)malloc(sizeof(double)*size);

for (int i=0; i<size; i++)

#pragma omp task if (size > 10)

process(item[i]);

}
}

Ecnu HaknagHble pacxoabl Ha OpraHu3auMio 3aga4y NPeBOCXOAAT BpeMs,
HeoOxoaumoe Ans BbINOSIHEHUA OrioKa onepaTtopoB 3TOM 3a4a4vun, To 65Ok

ornepaTopoB dbyaeT HemeAsIeHHO BbINOMHEH HUTHIO, BbINMOSTHUBLUEN
aupekTtuBy task

23 urons
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/
Ucnonb3oBaHue-anpeKTUBbl task /

#define LARGE_NUMBER 10000000
double item[LARGE_NUMBER];
extern void process(double);

int main() {

#pragma omp parallel shared (item)
{
#pragma omp single
{
for (int i=0; i<LARGE_NUMBER; i++)
#pragma omp task
process(item([i]);

}
}

Kak npaBuIio, B KOMNMUNATOpax CywecTByrOoT orpaHn4eHmsa Ha Kormn4ectBoO
co3aaBaeMbiX 3apady. BoinonHeHue yukna, B KOTOPOM CO344d0TCA 3aAauum,
6y.qu NMPUOCTAHOBJIEHO. HuTb, BbINONHABLUAA 3TOT LUK, 6y.qu
ucnonb3oBaHa AJiS BbINOJIHEHUA OOHOWU U3 3a4aud

23 urons

Mocksa, 2015 Texuonorus napamuiensaoro nporpammuposanus OPENMP 110 u3 196



WUcnonb3oaHue-anpekTusbl task. Knaysa untied

#define LARGE_NUMBER 10000000
double item[LARGE_NUMBER];
extern void process(double);

int main() {
#pragma omp parallel
{
#pragma omp single
{
#pragma omp task untied
{
for (int i=0; i<LARGE_NUMBER; i++)
#pragma omp task
process(item[i]);
}
}

}
}

Knaysa untied - BbinonHeHne 3agayum nocne NpMoCcTaHOBKU MOXET ObITb
NPOAOIMKEHO NMHOOON HUTLIO rpynnbl

23 urons
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Wcnonb3osaHue-3agay.-[upektusa taskwait =

#pragma omp taskwait int main () {
int res;
int fibonacci(int n) { #pragma omp parallel
inti, j; {
if (n<2) #pragma omp single
return n; {
else { int n;
#pragma omp task shared(i) scanf("%d",&n);
i=fibonacci (n-1); #pragma omp task shared(res)
#pragma omp task shared(j) res = fibonacci(n);
j=fibonacci (n-2); }
#pragma omp taskwait }
return i+j; printf ("Finonacci humber = %d\n", res);
} }
}
23 urons
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McnoW&ﬂtask. Knaysa final

void fib (int n, int d) {
int x, y;
if (n < 2) return 1;
#pragma omp task final (d > LIMIT) mergeable
x= fib(n-1,d + 1);
#pragma omp task final (d > LIMIT) mergeable
y=fib(n-2,d +1);
#pragma omp taskwait
return X + y;
}

int omp_in_final (void);

23 urons
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3aBUCMMOCTU-MEKAY-3aAa4aMN (OpenMP 4.0) s

Knay3a depend(dependence-type : list)
20e dependence-type:

din

Uout

Qinout

inti, y, a[100];
#pragma omp task depend(out : a)

; for (i=0;i<100; i++) a[i] =i + 1;

#pragma omp task depend(in : a[0:49]) depend(out : y)

y=0;
\ for (i=0;i<50; i++) y += a[i];

#pragma omp task depend(in : y) {
printf(“%d\n”, y);

23 urons
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3aBucumoctu-mexxay-3agadammu (OpenMP 4.0) s

void matmul_depend (int N, int BS, float A[N][N], float B[N][N], float C[N][N] )
{
int i, j, k, ii, jj, kk;
for (i=0;i < N; i+=BS) {
for (j = 0; j < N; j+=BS) {
for (k = 0; k < N; k+=BS) {

#pragma omp task private(ii, jj, kk) firstprivate(i, j, k) \
depend ( in: A[i:BS][k:BS], B[k:BS][j:BS] ) \
depend ( inout: C[i:BS][j:BS] )
for (ii = i; 1i < i+BS; il++ )

for (jj = j; Il < J+BS; jj++)
for (kk = k; kk < k+BS; kk++ )
Cliilljj] = Clii]lji] + Alii][kk] * B[kk][jjl;

23 nrons
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CopepKaHme ——— ==

U TeHaeHUnn pa3BUTUA COBPEMEHHbBIX BbIYUCITUTESNbHbLIX CUCTEM
0 OpenMP — mogenb napannennama no yrnpasneHnto

O KoHcTpyKkumn pacnpenernenns paboTol

U KoHCTpyKUMn ons CUHXPOHU3aLUUnN HUTEN

O Cuctema nogaepxkn BoinosiHeHns OpenMP-nporpamm

O OpenMP 4.0

23 nrons
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KOHCTW%*poausauuu HUTEU ———

d OupektuBa master

O OupekTtunBa critical

O OupekTtnBa atomic

d Cemadopbl

d Oupektnea barrier

d AupekTtua taskyield

O Oupektnea taskwait

d OupekTtusa taskgroup // OpenMP 4.0

23 urons
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AVpeKkTnBa master—— - /

#pragma omp master
CMpPYKmMypHbIl 6110k

/*CmpyKkmypHbIl 6510k 6ydem ebinosiHeH MASTER-Humesto epynnsl. 1o
3aeepuwieHuUU ebINnOJIHEHUs1 CMPYKMypHo20 6510ka 6apbepHasi CUHXPOHU3ayus
Humeu He ebInosiHssemcs”/

#include <stdio.h>
void init(float *a, float *b ) {
#pragma omp master
scanf("%f %f", a, b);
#pragma omp barrier
}
int main () {
float x,y;
#pragma omp parallel
{
init (&X,&y);
parallel_work (x,y);

}

} 23 urons
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BbluncneHue
TUYECKOMN CeKumm

#include <omp.h>
int main ()
{
int n =100000, i;
double pi, h, sum, x;
h =1.0/(double) n;
sum = 0.0;
#pragma omp parallel default (none) private (i,x) shared (n,h,sum)
{
double local_sum = 0.0;
#pragma omp for nowait
for(i=1;i<=n; i++){
x = h * ((double)i - 0.5);
local_sum +=(4.0/ (1.0 + x*x));
}
#pragma omp critical
sum += local_sum;
}
pi = h * sum;
printf("pi is approximately %.16f”, pi);

return 0;
} 23 urons
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Wcnonb3oBaHue KpUTULECKOU CERLIUN =

int *next_from_queue(int type);
void work(int *val);

void critical_example()

{

#pragma omp parallel

{
int *ix_next, *iy_next;
#pragma omp critical (xaxis)
iXx_next = next_from_queue(0);
work(ix_next);

#pragma omp critical (yaxis)
iy_next = next_from_queue(1);
work(iy_next);

}
}

23 urons
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AuvpektnBa atomic—— - /

#pragma omp atomic [ read | write | update | capture ] [seq_cst]
expression-stmt

#pragma omp atomic capture
structured-block

Ecnu YKa3aHa Kray3a read:
V = X,

Ecnu yka3aHa knay3sa write:
X = expr;

Ecnu yka3aHa knay3a update unm knay3sbl HeT, TO expression-stmt:

X binop= expr:
P Pr; X — CKansipHaa nepemMeHHasl, expr — BbipaxeHue, B

X = x binop expr; KOTOPOM He MPUCYTCTBYET NepeMeHHas X.
X++; binop - He neperpyxeHHbIU onepartop:
++X; +5*5'5/5&5A5|5<<5>>

X=-=; binop::

==X 323 urons oy
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AvpeKkTuBa atomic—— —

Ecnu ykasaHa knay3a capture, To expression-stmt:

V = X++,
V= X--;

V = ++X;
V==X,

v = X binop= expr;
Ecnu ykasaHa knay3a capture, To structured-block:
{ v = x; X binop= expr;}
{v=x;x= xbinop expr;}
{v=X; X++;}
{v=X; ++X;}
{v=x;x--3}
{v=x;-x}
{ x binop= expr; v = x;}
{ x = x binop expr; v = Xx;}
{ v = x; X binop= expr;}
{ X++; v =Xx;}
{++Xx;Vv=Xx;}
{ x--; v=x;}
{-x; Vv =x;} TeXHOMOrHA MapaIeNsHOTO TporpamMuposanus OPENMP 122 13196



/7
BcTpoeHHble dyHKumuu-ANA aTOMAPHOTro-A40CTYNa K mﬂ{
GCC

type sync_fetch_and_add (type *ptr, type value, ...)

type sync_fetch_and_sub (type *ptr, type value, ...)

type sync fetch_and_or (type *ptr, type value, ...)

type sync _fetch_and_and (type *ptr, type value, ...)

type sync_fetch_and_Xxor (type *ptr, type value, ...)

type sync fetch_and_nand (type *ptr, type value, ...)

type sync_add and_ fetch (type *ptr, type value, ...)

type sync_sub_and fetch (type *ptr, type value, ...)

type sync_or_and_fetch (type *ptr, type value, ...)

type sync_and and_fetch (type *ptr, type value, ...)

type sync xor_and fetch (type *ptr, type value, ...)

type _ sync_nand_and_fetch (type *ptr, type value, ...)

bool __sync_bool_compare_and_swap (type *ptr, type oldval type newval, ...)
type __sync_val_compare_and_swap (type *ptr, type oldval type newval, ...)

http://gcc.gnu.org/onlinedocs/gcc-4.1.2/gcc/Atomic-Builtins.html

23 nrons
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BbluncneHUe
AMPEKTUBbI atomic

int main ()
{
int n =100000, i;
double pi, h, sum, x;
h =1.0/(double) n;
sum = 0.0;
#pragma omp parallel default (none) private (i,x) shared (n,h,sum)

{

double local sum = 0.0;

#pragma omp for
for(i=1;i<=n; i++){
x = h * ((double)i - 0.5);
local_sum +=(4.0/ (1.0 + x*x));

}
#pragma omp atomic
sum += local_sum;
}
pi = h * sum;
printf("pi is approximately %.16f”, pi);
return 0;

}

23 urons
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Ucnonb3oBaHue-gupeKTUBLIL atomic =

int atomic_read(const int *p)
{
int value;
/* Guarantee that the entire value of *p is read atomically. No part of
* *p can change during the read operation.
%/
#pragma omp atomic read
value = *p;
return value;

}

void atomic_write(int *p, int value)
{
/* Guarantee that value is stored atomically into *p. No part of *p can change
* until after the entire write operation is completed.
*/
#pragma omp atomic write
*p = value;

}

23 urons
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Ucnonb3oBaHue-AnpPeKTUBbL atomic —

int fetch_and_add(int *p)
{
/* Atomically read the value of *p and then increment it. The previous value is
* returned. */
int old;
#pragma omp atomic capture
{ old =*p; (*p)++; }
return old;

seg_cst - sequentially consistent atomic construct, the operation to have the same meaning
as a memory_order_seq_cst atomic operation in C++11/C11

#pragma omp atomic capture seq_cst // OpenMP 4.0
{--x; v = x;} // capture final value of x in v and flush all variables

23 nrons
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/ 7

Cemadopbr ——— =

KoHuenuuto cemadopoB onucan flenkcrtpa (Dijkstra) B 1965

Cemadcpop - HeoTpuLaTenbHas Lernasa nepeMeHHasi, KoTopass MOXeT U3MEHATLCA U
NPOBepPATLCA TONILKO NOCPeACcTBOM ABYX (DYHKLUK:

P - ¢yHKUMA 3anpoca cemacpopa
P(s): [if (s == 0) <zabnokupoBaTb TeKywuu npouecc>; else s = s-1;]

V - dbyHKUnA ocBobOXAeHUA cemadopa
V(s):] [if (s == 0) <pa3bnokupoBaTb OAUH N3 3a06NOKUPOBAHHbLIX MPOLLECCOB>; S =
s+1;

23 nrons
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Cemagopbl B OpenMP—_ 5

CocTtosaHusa cemacpopa:
Quninitialized
Qunlocked

Ulocked

void omp_init_lock(omp lock t *lock); /* uninitialized to unlocked*/

void omp_destroy_lock(omp_lock_t *lock); /* unlocked to uninitialized */
void omp_set lock(omp_lock t *lock); /*P(lock)*/

void omp_unset_lock(omp_lock t *lock); /*V(lock)*/

int omp_test_lock(omp_lock _t *lock);

void omp_init_nest_lock(omp_nest_lock t *lock);
void omp_destroy nest_lock(omp_nest _lock t *lock);
void omp_set_nest_lock(omp_nest_lock t *lock);
void omp_unset_nest_lock(omp_nest_lock _t *lock);
int omp_test_nest_lock(omp_nest_lock _t *lock);

23 nrons
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/
BbluncneH Jib30BaHUeM cemapopos--

intmain ()
{
int n =100000, i; double pi, h, sum, x;
omp_lock_t Ick;
h =1.0/(double) n;
sum = 0.0;
omp_init_lock(&Ick);
#pragma omp parallel default (none) private (i,x) shared (n,h,sum,lck)
{
double local_sum = 0.0;
#pragma omp for nowait
for(i=1;i<=n; i++){
x = h * ((double)i - 0.5);
local_sum += (4.0 /(1.0 + x*x));
}
omp_set_lock(&lck);
sum += local_sum;
omp_unset_lock(&lck);
}
pi = h * sum;
printf("pi is approximately %.16f", pi);
omp_destroy lock(&lck);

return 0;

3 urons
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Ucnonb3oBaHue-cemadopos -

#include <stdio.h>
#include <omp.h>
int main()

: void skip(int i) {}

omp_lock_t Ick; void work(int i) {}

intid;
omp_init_lock(&Ick);
#pragma omp parallel shared(lck) private(id)
{
id = omp_get_thread_num();
omp_set_lock(&lck);
printf("My thread id is %d.\n", id); /* only one thread at a time can execute this printf */
omp_unset_lock(&lck);
while (! omp_test_lock(&Ick)) {
skip(id); /* we do not yet have the lock, so we must do something else*/
}
work(id); /* we now have the lock and can do the work */
omp_unset_lock(&lck);
}
omp_destroy_lock(&lck);
return 0;

}

23 urons
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Ucnonb3oBaHue-cemadopos

#include <omp.h>
typedef struct {
int a,b;
omp_lock_t Ick;
} pair;
void incr_a(pair *p, int a)

{

}
void incr_b(pair *p, int b)

{

p->a += a;

omp_set_lock(&p->Ick);
p->b += b;
omp_unset_lock(&p->Ick);
}
void incr_pair(pair *p, int a, int b)
{
omp_set_lock(&p->Ick);
incr_a(p, a);
incr_b(p, b);
omp_unset_lock(&p->Ick);

}

23 urons

/

void incorrect_example(pair *p)

{

#pragma omp parallel sections
{
#pragma omp section
incr_pair(p,1,2);
#pragma omp section
incr_b(p,3);

Deadlock!
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NUcnonb3o

#include <omp.h>
typedef struct {

int a,b;
omp_nest_lock_t Ick;
} pair;
void incr_a(pair *p, int a)
{
pP->a += a;
}
void incr_b(pair *p, int b)
{
omp_nest_set_lock(&p->Ick);
p->b += b;
omp_nest_unset_lock(&p->Ick);
}

void incr_pair(pair *p, int a, int b)

{
omp_nest_set_lock(&p->Ick);
incr_a(p, a);
incr_b(p, b);
omp_nest_unset_lock(&p->Ick);

}

23 urons

void incorrect_example(pair *p)

{

#pragma omp parallel sections
{
#pragma omp section
incr_pair(p,1,2);
#pragma omp section
incr_b(p,3);
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Avpektusa barrier— = /

Touka B nporpammMme, 0oCTnNXnMmaad BCEMU HUTAMMU rpynribl, B KOTOpOI\/JI BblINOJTIHEHUE MPOorpamMmmbl
NMPUOCTaHaBIINBAETCA OO TEX NMOP NMOKa BCE HUTU rpynrnbl HE AOCTUTHYT AAaHHOW TOYKUN N BCE 3ala4M,
BbIMMOJIHAEMbIE TPpYynrnon HATEN 6y,El,yT 3aBepLUEHbI.

#pragma omp barrier
Mo ymonuaHuio 6apbepHas CUHXPOHU3ALMS HUTEN BbINOSTHAETCA:
Lno 3aBepLieHunto KoHCTpyKumn parallel;

Unpu Bbixode 13 KOHCTPYKUMI pacnpenenexus pabor (for, single, sections, workshare) , ecnu
He yka3aHa Kknaysa nowait.

#pragma omp parallel

{

#pragma omp master
{
int i, size;
scanf("%d",&size);
for (i=0; i<size; i++) {
#pragma omp task
process(i);

}

#pragma omp barrier

;3 HUIOHA
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AuvpeKkTuBa taskyield— -

#include <omp.h>
void something useful ( void );
void something_critical ( void );
void foo (omp_lock t * lock, int n)
{
inti;
for(i=0;i<n;i++)
#pragma omp task
{
something_useful();
while ( lomp_test_lock(lock) ) {
#pragma omp taskyield
}
something_critical();
omp_unset_lock(lock);

}
}
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AvpekTtusa taskwait— - /

#pragma omp taskwait int main () {
int res;
int fibonacci(int n) { #pragma omp parallel
inti, j; {
if (n<2) #pragma omp single
return n; {
else { int n;
#pragma omp task shared(i) scanf("%d",&n);
i=fibonacci (n-1); #pragma omp task shared(res)
#pragma omp task shared(j) res = fibonacci(n);
j=fibonacci (n-2); }
#pragma omp taskwait }
return i+j; printf ("Finonacci humber = %d\n", res);
} }
}
23 urons
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AnpekTnea taskwait— s

#pragma omp task {} // Task1
#pragma omp task // Task2

{
#pragma omp task {} // Task3

}
#pragma omp task {} // Task4

#pragma omp taskwait
// TapaHTUpyeTcHa 4TO B AaHHOMU TouKe 3aBeplartca Taskl && Task2 && Task4
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AnpekTnea taskgroup— —

#pragma omp task {} // Task1
#pragma omp taskgroup
{

#pragma omp task // Task2

{
#pragma omp task {} // Task3

}
#pragma omp task {} // Task4

}

// TapaHTUpyeTcHa 4TO B AaHHOMU TouYKe 3aBepliatca Task2 && Task3 && Task4

23 urons
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Ucnonb3osaHue-anpekTusbl taskgroup -

struct tree_node
{
struct tree_node *left, *right;
float *data;
b
typedef struct tree_node* tree_type;
void compute_tree(tree_type tree)
{
if (tree->left)
{
#pragma omp task
compute_tree(tree->left);
}
if (tree->right)
{
#pragma omp task
compute_tree(tree->right);
}
#pragma omp task
compute_something(tree->data);

} 23 urons

int main()
{
tree_type tree;
init_tree(tree);
#pragma omp parallel
#pragma omp single
{
#pragma omp task
start_background_work();
#pragma omp taskgroup
{
#pragma omp task
compute_tree(tree);
}
print_something ();
} // only now background work is required
} // to be complete
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CopepKaHme ——— ==

U TeHaeHUnn pa3BUTUA COBPEMEHHbBIX BbIYUCITUTESNbHbLIX CUCTEM
0 OpenMP — mogenb napannennama no yrnpasneHnto

O KoHcTpyKkumn pacnpenernenns paboTol

U KoHCTpyKumn ons CUHXpOHU3aumMn HUTeun

O Cucrtema nogaepxkm BbinosiHeHns OpenMP-nporpamm

1 OpenMP 4.0

23 nrons
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Ona napannenbHbIX obnacreun:
nthreads-var
thread-limit-var
dyn-var
nest-var
max-active-levels-var

ona umMknoBs:
O run-sched-var
O def-sched-var

Ana Bcen nporpamMmmbi:
U stacksize-var

d wait-policy-var

O bind-var

O cancel-var

O place-partition-var

23 urons
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Internal Con iables. nthreads-var

void work();

int main () { He koppekTHo B OpenMP 2.5

omp_set_num_threads(3);
#pragma omp parallel KoppektHo B OpenMP 3.0
{

omp_set_num_threads(omp_get _thread_num ()+2);
#pragma omp parallel
work();

CyuwecTtByeT oHa KONUA 3TOMN NepeMeHHON ANA KaXXaoun
3agayu

23 urons
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Internal Control-Variables. nthreads-var

OnpenenﬂeT MaKcnMarbHO BO3MOXHOE KOJIMYEeCTBO HUTEU B CO34aBaeMoN

napannensHon obnacTu.
HayanbHoe 3HauyeHune: 3aBUCUT OT peanu3aLum.

CyLuecTByeT ofiHa KOMus 3aTon NepeMeHHoON ANns KaXkaou 3agayn.

3Ha4YeHne nepeMeHHON MOXHO U3MEHUTD:
C shell:

setenv OMP_NUM_THREADS 4,3,2
Korn shell:

export OMP_NUM_THREADS=16
Windows:

set OMP_NUM THREADS=16

void omp_set_num_threads(int num_threads);
Y3HaTb 3Ha4yeHne nepeMeHHON MOXHO:
int omp_get_max_threads(void);

23 urons
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Internal Control-Variables. thread-limit=var .

OnpenensieT MakcuManbHOE KONMMYECTBO HUTEN, KOTOPbIE MOTYT BbITb
NCNONb30BaHbl A5S BbIMNOSTHEHNSI BCEW NMPOrpaMmbi.

HauvarnbHoe 3HayeHune: 3aBUCUT OT peanu3aunu.
CyLlecTByeT oflHa KOnus 3Ton NepeMeHHon Ans BCeN nporpamMmbi.

3Ha4YeHne nepeMeHHON MOXHO U3MEHUTD:
C shell:

setenv OMP_THREAD LIMIT 16

Korn shell:

export OMP_THREAD_LIMIT=16
Windows:

set OMP_THREAD LIMIT=16

Y3HaTb 3Ha4YeHne nepemMeHHON MOXHO:
int omp_get_thread_limit(void)

23 urons
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/
Internal Control-Variables. dyn-var - /

BkntoyaeT/oTKNoYaeT pexnm, B KOTOPOM KONMMYECTBO CO34aBaeMbIX HUTEN NMpu
BXOJe B napannenbHyo 06nacTb MOXET MEHATLCSA AMHAMUYECKMN.

HayanbHoe 3HauyeHue: Ecnn komMnnnaTop He Nnogaep)XMBaeT AaHHbIN PEXUM,
TO false.

CyLlecTByeT ofiHa KOMus 3aToM NepeMeHHON ANs KaXaon 3agayn.
3Ha4yeHne NnepeMeHHON MOXHO U3MEHUTD:

C shell:

setenv OMP_DYNAMIC true

Korn shell:

export OMP_DYNAMIC=true

Windows:

set OMP_DYNAMIC=true

void omp_set_dynamic(int dynamic_threads);

Y3HaTb 3Ha4YeHne nepeMeHHON MOXHO:
int omp_get_dynamic(void);

23 nrons
Mocksa, 2015 Texuonorus napamuiensaoro nporpammuposanus OPENMP 144 u3 196



Internal Control-Variables. nest-var = =

Bkritovaet/oTkno4aeT pexxmm rnogaepkkm BAoXeHHOro napannenusma.
HauvanbHoe 3Ha4veHue: false.
CyLlecTBYyeT ofiHa KOMusa 3aTOM NepeMeHHON ANs KaXkaomn 3agayn.

3Ha4yeHne nepemMeHHON MOXHO U3MEHUTD:
C shell:

setenv OMP_NESTED true

Korn shell:

export OMP_NESTED=false

Windows:

set OMP_NESTED-=true

void omp_set_nested(int nested);

Y3HaTb 3Ha4YeHne nepeMeHHON MOXHO:
int omp_get_nested(void);

23 urons
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/

Internal Control-Variables. max-active=levels-var

3agaeT MmakcMmarnbHO BO3MOXKHOE KONMMYECTBO aKTUBHbLIX BNOXEHHbIX napanfienbHbIX
obnacten.

HauvarnbHoe 3HayeHune: 3aBUCUT OT peanu3aunu.
CyLlecTByeT oflHa KOnus 3Ton NepeMeHHon Ans BCEN nporpamMmbi.

3Ha4YeHne nepeMeHHON MOXHO U3MEHUTD:
C shell:

setenv OMP_MAX ACTIVE LEVELS 2
Korn shell:

export OMP_MAX ACTIVE LEVELS=3
Windows:

set OMP_MAX ACTIVE _LEVELS=4

void omp_set _max_active_levels (int max_levels);
Y3HaTb 3Ha4yeHne nepeMeHHON MOXHO:
int omp_get_max_active levels(void);

23 urons
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/
Internal Control-\Variables. run-sched-var = /

3apaeT cnocob pacnpegeneHns BUTKOB LMKIa MexXay HUTSMW, eCriv ykasaHa
knaysa schedule(runtime).

HayanbHoe 3Ha4vyeHune: 3aBUCUT OT peanmaauun.
CyLuecTByeT ofiHa KOMus 3aToM NepeMeHHON ANs KaXaon 3agayn.
3Ha4yeHne nepemMeHHON MOXHO U3MEHUTD:

C shell: typedef enum omp _sched t {
omp_sched_static =1,

setenv OMP_SCHEDULE "guided,4" 2

omp_sched_dynamic = 2,
Korn shell: omp_sched guided = 3,
export OMP_SCHEDULE "dynamic,5" omp_sched auto =4
Windows: } omp_sched_t;

set OMP_SCHEDULE=static

void omp_set _schedule(omp_sched t kind, int modifier);
Y3HaTb 3Ha4YeHne nepeMeHHON MOXHO:
void omp_get_schedule(omp_sched_t * kind, int * modifier );

23 nrons
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Internal Control-Variables. def-sched-var -

3apaet cnocob pacnpeneneHnss BUTKOB LMKNa Mexay HUTSMU NO YMOSTYaHWIO.
HavarnbHoe 3HayeHue: 3aBUCUT OT peanu3auunu.
CyLlecTByeT ofiHa KOnusa 3aTon NepeMeHHOoON Ans BCeEW nporpamMmbi.

void work(int i);

int main () {
#pragma omp parallel
{
#pragma omp for
for (int i=0;i<N;i++) work (i);

23 urons
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/
Internal Control-Variables. stack-size-var = /

Kaxxgas HUTb npeactaBndeTr cobon HeE3aBUCUMO BbIMOSTHAKOLLMNCS MOTOK
ynpasfeHnUs co CBOMM CHETYMKOM KOMaHA, PErMCTPOBLIM KOHTEKCTOM Y
CTEKOM.

[MlepemeHHas stack-size-var 3agaet pasmep cTeka.
HauvarnbHoe 3HayeHune: 3aBUCUT OT peanusaunu.
CyLlecTByeT ofiHa KOnusa 3ToM NepeMeHHoON Ans BCeN nporpamMmbi.

3Ha4yeHne nepemMeHHON MOXHO U3MEHUTD:

setenv OMP_STACKSIZE 2000500B

setenv OMP_STACKSIZE "3000 k™

setenv OMP_STACKSIZE 10M

setenv OMP_STACKSIZE "10 M"

setenv OMP_STACKSIZE "20 m"

setenv OMP_STACKSIZE "1G"

setenv OMP_STACKSIZE 20000 # Size in Kilobytes

23 nrons
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Internal Control-Variables. stack-size=var =

int main () { icl /Qopenmp test.cpp
int a[1024][1024]; —=Program Exception — stack overflow
: Linux: ulimit -a
;{!tpragma omp parallel private (d) ulimit -s <stacksize in Kbytes>
for (int i=0;i<1024;i++) Windows: /F<stacksize in bytes>
for (int j=0;j<1024;j++) -WI,--stack, <stacksize in bytes>
ali]lil=t+J; setenv KMP_STACKSIZE 10m
} setenv GOMP_STACKSIZE 10000
}
setenv OMP_STACKSIZE 10M
23 urons
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Internal Control-Variables. wait-policy-var

[Mogckaska OpenMP-koMmnunaTopy o XKernaeMmom NoBe4EHUMN HUTEN BO BPEMS OXKUOAHUS.

HayanbHOe 3Ha4yeHne: 3aBUCUT OT peanun3aunn.

CyLuecTByeT olHa KONUS 3TOW NepeMeHHON a1l BCeN nporpamMmbi.

3HayeHne nepemMeHHON MOXXHO U3MEHUTb:

setenv OMP_WAIT POLICY ACTIVE
setenv OMP_WAIT POLICY active
setenv OMP_WAIT POLICY PASSIVE

IBM AIX

SPINLOOPTIME=100000
YIELDLOOPTIME=40000

setenv OMP_WAIT POLICY passive

23 nrons
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Internal Control-Variables. [pnopurteTs!

Knaysa BbI30B (pyHKLUMU nepeMeHHasi OKpyXeHus ICV
omp_set_dynamic() OMP_DYNAMIC dyn-var
omp_set nested() OMP_NESTED nest-var

num_threads omp_set_num_threads()

OMP_NUM_THREADS

nthreads-var

schedule

omp_set_schedule()

OMP_SCHEDULE

run-sched-var

schedule

def-sched-var

OMP_STACKSIZE

stacksize-var

OMP_WAIT_POLICY

wait-policy-var

OMP_THREAD_LIMIT

thread-limit-var

omp_set_max_active
levels()

OMP_MAX_ACTIVE_
LEVELS

max-active-levels-var

23 urons
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/
CMCTeWﬂonHeHm OpenMP-nporpamn

int omp_get num_threads(void);
-BO3BpaLlaeT KONM4eCcTBO HUTEU B TEKYLLEU napannesibHOW obrnacTtu

#include <omp.h>
void work(int i);
void test()
{
int np;
np = omp_get num_threads(); /* np == 1*/
#pragma omp parallel private (np)
{
np = omp_get _num_threads();
#pragma omp for schedule(static)
for (int i=0; i < np; i++)
work(i);

}

23 urons
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/
CMCTeWHQnHeHm OpenMP-nporpamn

int omp_get_thread _num(void);
-Bo3BpawaeT Homep HUTK B rpynne [0: omp_get num_threads()-1]

#include <omp.h>
void work(int i);
void test()
{
int iam;
lam = omp_get_thread_num(); /* iam == 0%/
#pragma omp parallel private (iam)
{
iam = omp_get thread _num();
work(iam);

}

23 urons
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/
CMCTeWHQnHeHm OpenMP-nporpamn

int omp_get_num_procs(void);
-BO3BpaLLaeT KOJIMYECTBO NMPOLLECCOPOB, HA KOTOPbIX NPOrpaMmma BbINOJIHAETCA

#include <omp.h>
void work(int i);
void test()
{
int nproc;
nproc = omp_get_num_ procs();
#pragma omp parallel num_threads(nproc)
{
int iam = omp_get_thread_num();
work(iam);

}

23 urons
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/
CMCTeWHQnHeHm OpenMP-nporpamn

int omp_get _level(void)
- BO3BpalyaeT ypoBeHb BIIOXXEHHOCTU AJIA TEeKyLWen napannesibHOu obnacTu.
#include <omp.h>
void work(int i) {
#pragma omp parallel
{
int ilevel = omp_get _level ();
}
}
void test()
{
int ilevel = omp_get_level (); /*ilevel==0*/
#pragma omp parallel private (ilevel)
{
ilevel = omp_get_level ();
int iam = omp_get_thread_num();
work(iam);
}
}

23 urons
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/
CMCTeWHQnHeHm OpenMP-nporpamn

int omp_get_active level(void)

= BO3BpallaeT KOJIn4yeCTBO aKTUBHbLIX NapariesfibHbIX obnacteu
(BbINONMHAEMBbIX 2-MA UK 6oree HUTAMM).
#include <omp.h>
void work(int iam, int size) {
#pragma omp parallel
{
intilevel = omp_get_active_level ();
}
}
void test()
{
int size = 0;
intilevel = omp_get_active level (); /*ilevel==0*/
scanf("%d",&size);
#pragma omp parallel if (size>10)

{
intiam = omp_get_thread _num();
work(iam, size);
}
} 23 urons
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CMCTEWRHEHMH OpenMP-nporpam

int omp_get_ancestor_thread num (int level)

- ANS HUTW, Bbi3BaBLUEW AaHHYIO beHKLI,VII-O, BO3BpallaeTcda HOMep HUTU-
poAauTesiad, KOoTopas co3aalia YKa3aHHYH napaniersibHyr oonacTtb.

omp_get ancestor thread hum (0) =0

If (level==omp_get level()) {
omp_get_ancestor_thread_num (level) == omp_get_thread_num ();

}

If ((level<0)||(level>omp get level())) {
omp_get ancestor thread num (level) == -1;

}

23 urons
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/
CMCTeWHQnHeHm OpenMP-nporpamn

int omp_get _team_size(int level);
- KOFIN4EeCTBO HUTEN B YKa3aHHOW napannenbHon obnacTtu.

omp_get_team_size (0) =1

If (level==omp_get_level()) {
omp_get team_size (level) == omp_get num _threads ();

}

If ((level<0)||(level>omp get level())) {
omp_get team_size (level) == -1;

}

23 urons
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CMCTeWﬂonHeHMﬂ OpenMP-nporpamm:

®yHKUMn pabotbl co BpemeHem

double omp_get_ wtime(void);

BO3BpaLlaeT Ans HUTU aCTPOHOMUYECKOE BPEMSA B CEKyHAaX, npoLuesllee C
HEKOTOPOro MOMeHTa B NpoLUnoM. Ecnm HEKOTOPbIN y4aCTOK OKPYXXUTb Bbl30BaMU
OaHHOM PYHKLMKN, TO pa3HOCTb BO3BpaALLL@EMbIX 3HAYEHNIN MOKaXXeT BpeMs paboThl
OAaHHOro yyacTka. [apaHTupyeTcs, 4TO MOMEHT BPEMEHU, UCMOSIb3yeMbIN B
KadecTBe TOYKMN OTcyeTa, He ByaeT n3aMeHeH 3a BpeMsl BbINOSTHEHNA MPorpamMmbi.

double start;

double end;

start = omp_get_wtime();

/*... work to be timed ...”/

end = omp_get wtime();

printf("Work took %f seconds\n", end - start);

double omp_get_wtick(void);

- BO3BpaLLAET pa3peLleHne Tanmepa B cekyHaax (KOfIM4ecTBO CEKYHO Mexay
nocregoBaTenbHbIMU UMMYyNbCaMn Tanmepa).

23 urons
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/

CopepxaHme ——— B

U TeHaeHUnn pa3BUTUA COBPEMEHHbBIX BbIYUCITUTESNbHbLIX CUCTEM
0 OpenMP — mogenb napannennama no yrnpasneHnto

O KoHcTpyKkumn pacnpenernenns paboTol

U KoHCTpyKumn ons CUHXpOHU3aumMn HUTeun

O Cuctema nogaepxkn BoinosiHeHns OpenMP-nporpamm

O OpenMP 4.0

23 nrons
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HoBble BosmoxkHocTu-OpenMP 4.0 =

J BekTopusauusa koaa

L ObpaboTka ncknoumnTenbHbIX cuTyaumn / cancellation constructs
4 lNpuBsaska HUTeN K agpam

0 MNogaepxka yckopuTtenen/conpoueccopos

23 urons
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NUcnonb3o nm

void add_float (float *restrict a, float *restrict b, float *restrict c,
float *restrict d, float *restrict e, int n) // C99

{
for (int i=0; i<n; i++)
a[i] = a[i] + b[i] + c[i] + d[i] + e[il;

23 urons
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° /
Ucnonb3oeaxue-sexkropusaLumn. Cneunpukauma simd-

#pragma omp simd [clause[[,] clause]..]
for-loops

#pragma omp for simd [clause[[,] clause]..]
for-loops

rge Knaysa ogHa ms:

safelen (length)

linear (list[:linear-step])

aligned (list[:alignment])

private (list)

lastprivate (list)

reduction (reduction-identifier: list)

collapse (n)

COooo0oop

23 urons
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cnonb3oBaHue BeKFOpU3aLINm ==

void add_float (float *a, float *b, float *c, float *d, float *e, int n)
{
#pragma omp simd
for (int i=0; i<n; i++)
ali] = a[i] + b[i] + c[i] + d[i] + €][i];

void add_float (float *restrict a, float *restrict b, float *restrict c,
float *restrict d, float *restrict e, int n) // C99
{
for (int i=0; i<n; i++)
ali] = a[i] + bJi] + c[i] + d[i] + €[i];

23 urons
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/
WUcnonb3osaHue-Bekropusalun. Cneundukal s declare-simd

#pragma omp declare simd [clause][[,] clause]..]
function definition or declaration

rae Knaysa ogHa u3s:
O simdlen (length)
the largest size for a vector that the compiler is free to assume
O linear (argument-list[:constant-linear-step])
in serial execution parameters are incremented by steps (induction variables with
constant stride)
O aligned (argument-list[:alignment])
all arguments in the argument-list are aligned on a known boundary not less than the
specified alignment
O uniform (argument-list)
shared, scalar parameters are broadcasted to all iterations
inbranch
notinbranch

DO

23 urons
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Ucn OHWM%HM n g

#pragma omp declare simd notinbranch
float min(float a, float b) {
returna<b ?a:b;

}

#pragma omp declare simd notinbrach
float distance (float x, float y) {

return (x -y) * (X - y);
}

#pragma omp parallel for simd
for (i=0; i<N; i++)
d[i] = min (distance (a[i], b[i]), c[il);
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Cancellation Construets

[npekTmBa

#Dhragima omp cancel c/ausefl,/ clause /
20e Clallsé oona u3:

Q parallel

(] sections

Q for

 taskgroup

Q if (scalar-expression)

[npekTnBa

#pragma omp cancellation point c/ausell,/ clause /
a2oe Clallse oona u3:

Q parallel

1 sections

1 for

d taskgroup

HoBas dyHKUMA cucrtembl noaaepXKKu:
1 omp_get_cancellation

HoBasi nepemeHHast OKpyXeHus:
J OMP_CANCELLATION

23 nrons
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O6paboTka UCKAIOUUTEIbHDIX CUTYaLINNA

void example() {
std::exception *ex = NULL;
#pragma omp parallel shared(ex)
{
#pragma omp for
for (inti=0;i<N;i++){
try {
causes_an_exception();
} catch (std::exception *e) {
#pragma omp atomic write
ex = e; // still must remember exception for later handling
#pragma omp cancel for // cancel worksharing construct

}
}

if (ex) { // if an exception has been raised, cancel parallel region
#pragma omp cancel parallel

}
}

if (ex) { // handle exception stored in ex

} 23 urons
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Mouck 8 pepese(yactb-1)

typedef struct binary tree s {

int value;

struct binary_tree_s *left, *right;
} binary_tree t;

binary_tree t *search_tree_parallel (binary_tree_t *tree, int value) {
binary_tree t *found = NULL,;
#pragma omp parallel shared(found, tree, value)

{

#pragma omp master
{
#pragma omp taskgroup
{
found = search_tree(iree, value, 0);
}
}
}

return found;

} 23 nrons
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Mouck 8 gepese-(yactb2)

binary tree t *search_tree(binary tree t *tree, int value, int level) {
binary tree t *found = NULL,;
if (tree) {
if (tree->value == value) {
found = tree;
1 else {
#pragma omp task shared(found) if(level < 10)
{
binary_tree_t *found_left = NULL;
found_left = search_tree(tree->left, value, level + 1);
if (found_left) {
#pragma omp atomic write
found = found_left;
#pragma omp cancel taskgroup

}
}

23 nrons
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fonck s pepese{yacrb3) —

#pragma omp task shared(found) if(level < 10)
{
binary tree t *found_right = NULL;
found_right = search_tree(tree->right, value, level + 1);
if (found_right) {
#pragma omp atomic write
found = found_right;
#pragma omp cancel taskgroup

}
}
#pragma omp taskwait
}
}

return found;

}
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L4
[IpuBA3Ka HUTEeU-K-AAPaM ==
node (
socket socket 1
core 0 core 1 core 2 core 3 core 4 core § core b core 7
to | [ t1 t2 || t3 t4 || t5 th | | t7 tg | | t9 t10] [t11 t12] [t13 t14 ] [t15

setenv OMP_PLACES=cores

setenv OMP_PLACES="(0,1),(2,3),(4,5),(6,7),(8,9),(10,11),(12,13),(14,15)"
setenv OMP_PLACES="(0:2):2:8"

setenv OMP_PLACES threads

setenv OMP_PLACES "threads(4)"

setenv OMP_PLACES "{0,1,2,3},{4,5,6,7},{8,9,10,11},{12,13,14,15}"
setenv OMP_PLACES "{0:4},{4:4},{8:4},{12:4}"

setenv OMP_PLACES "{0:4}:4:4"
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Pac

ore OI'E ore ore

"Core Core' "‘Core Core’
'Eé%e{%ﬂ? Té%fkéﬂ?

—

Node 64
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Anropntm Axkobu-Ha-asbike Fortran -

PROGRAM JACOB SEQ
PARAMETER (L=4096, ITMAX=100)
REAL A(L,L), B(L,L)
PRINT *, Yhkkkkkkkkkk TEST_JACOBI *kkkkkkkkkk?
DOIT = 1, ITMAX
DO J = 2, L-1
DO I = 2, L-1
A(l, J) = B(l, J)
ENDDO
ENDDO
DO J=2, L-1
DO I1=2, L-1
B(l,J) = (A(I-1,J) + A(l, J-1) + A(l+1,J) +
* A(l, J+1)) /4
ENDDO
ENDDO
ENDDO
END
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Fortran Cuda

PROGRAM JACOB CUDA
use cudafor
use jac_cuda
PARAMETER (L=4096, ITMAX=100)
parameter (block_dim = 16)
real, device, dimension(l, ) ::a, b
type(dim3) :: grid, block
PRINT *, "**** TEST_JACOBI| *******
grid = dim3(l / block_dim, | / block_dim, 1)
block = dim3(block_dim, block dim, 1)
DOIT =1, ITMAX
call arr_copy<<<grid, block>>>(a, b, I)
call arr_renew<<<grid, block>>>(a, b, I)
ENDDO
END
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Anroputm Akobu-Ha-asbike Fortran Cuda =

module jac_cuda
contains
attributes(global) subroutine arr_copy(a, b, k)
real, device, dimension(k, k) ::a, b
integer, value :: k
integer i, j
| = (blockldx%Xx - 1) * blockDim%Xx + threadldx%X
j = (blockldx%y - 1) * blockDim%y + threadldx%y
if (i.ne.1 .and. i.ne.k .and. j.ne.1 .and. j.ne.k) A(l, J) = B(l, J)
end subroutine arr_copy
attributes(global) subroutine arr_renew(a, b, k)
real, device, dimension(k, k) ::a, b
integer, value :: k
integer i, |
| = (blockldx%Xx - 1) * blockDim%Xx + threadldx%Xx
j = (blockldx%y - 1) * blockDim%y + threadldx%y
if (i.ne.1 .and. i.ne.k .and. j.ne.1 .and. j.ne.k) B(l,d) =(A( I-1,J)+A(l,J-1)+A(l+1,J)+
A(l,J+1))/4
end subroutine arr_renew
end module jac_cuda
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"HMPP

ISHMPP jacoby codelet, target = CUDA
SUBROUTINE JACOBY(A,B,L)
IMPLICIT NONE
INTEGER, INTENT(IN) :: L
REAL, INTENT(IN) :: A(L,L)
REAL, INTENT(INOUT) :: B(L,L)
INTEGER I,J
DO J = 2, L-1

DO | = 2, L-1
A(l,J) = B(l,J)
ENDDO
ENDDO
DO J=2, L-1
DO I=2, L-1
B(l,J) = (A(l-1,J ) + A(l,J-1) +
* A(ll+1,d ) + A(lLJ+1))/ 4
ENDDO
ENDDO
END SUBROUTINE JACOBY

Anroputm

23 urons
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PROGRAM JACOBY_HMPP

PARAMETER (L=4096, ITMAX=100)

REAL  AQLL), B@LL)

PRINT *, '**********TES'I‘JA“)BI**********‘
DOIT = 1, ITMAX

ISHMPP jacoby callsite

(ALL JACOBY(,B.1)
ENDDO

PRINT *, B
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PROGRAM JACOBY_HMPP
PARAMETER (L=4096, ITMAX=100)
REAL A(L,L), B(L,L)
I$Shmpp jac allocate, args[A;B].size={L,L}
I$hmpp jac advancedload, args[B]
PRINT *, Vhkkkkkkkkkx TEST_JACOBI *kkkkkkkkk?
DOIT = 1, ITMAX
I$Shmpp jac region, args[A;B].noupdate=true
DO J = 2,L-1
DO I = 2,L-1
A(l, J) = B(l,J)
ENDDO
ENDDO
DO J=2, I1
DO I=2, I1
BA, )=A@-1.)+AQJ-)+A(+1,)) +
AQ,J+1) / 4
ENDDO
ENDDO
I$hmpp jac endregion
ENDDO
IShmpp jac delegatedstore, args[B]
I$hmpp jac release
PRINT *,B
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PROGRAM JACOBY_PGI_APM
PARAMETER (L=4096, ITMAX=100)
REAL A(L,L), B(L,L)
PRINT *, Vhkkkkkkkkkx TEST_JACOBI *kkkkkkkkk?
I$acc data region copyin(B), copyout(B), local(A)
DOIT = 1, ITMAX
I$acc  region
DO J = 2, L-1
DO I = 2, L-1
A(l,J) = B(l,J)
ENDDO
ENDDO
DO J=2, L-1
DO I=2, L-1
B(l,J) = (A(I-1,Jd) + A(lLJ-1) + A(lI+1,J ) + A(LJ+1)) / 4
ENDDO
ENDDO
I$acc end region
ENDDO
I$acc end data region
PRINT *, B
END
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Cray Compiling-Environment 7.4.0 —

I$Somp acc_region
I$Somp acc_loop
DOj=1M
DOi=2,N
c(i,j) = a(i,j) + b(i,j)
ENDDO
ENDDO
I$Somp end acc_loop
I$Somp end acc_region

acc_region:
acc_copy, acc_copyin, acc_copyout, acc_shared, private, firstprivate,
default(<any of above>|none), present, if(scalar-logical-expression),
device(integer-expression), num_pes(depth:num [, depth:num]),
async(handle)

acc_loop:
reduction(operator:list), collapse(n), schedule, cache(obj[:depth], hetero...
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OpenACC

#pragma acc data copy(A), create(Anew)
while (iter<iter_max) {
#pragma acc kernels loop
for(intj=1;j<n-1;j++) {
for (intl=1; 1 <m-1; i++) {
: Anew[j][i] = 0.25* (A[j][i+1] + A[jl[i-1] +A[j-1][i] + Alj+1][i]);
}

#pragma acc kernels loop
for (intj=1;j<n-1; j++) {
for (intl=1;i<m-1;i++) {
A[j1li] = Anew/[j][i];
}
}

iter++;

}
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Idir$ offload target(mic)
ISomp parallel do
do i=1,10
A(i) = B(i) * C(i)
enddo
ISomp end parallel
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OpenMP acceleratermodel

23 urons

Mockaa, 2015

HoBble AnpeKTUBDI
Utarget

Qtarget data
Qtarget update
Uteams

O ditribute

HoBble hyHKLUMUN CUCTEMbI NOAAEPKKU
Qomp_ get num_devices

Uomp_set default device

Qomp_get default_device

Qomp is initial _device

Uomp_get num_teams

LUomp_get team_num

HoBas nepemMeHHas OKpPy>XeHus
QOMP_DEFAULT DEVICE

Texuonorus napamuiensaoro nporpammuposanus OPENMP
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OpenMP accelerator-model. inpektusa target —

#Dragma omp target /c/ausefl/ clause Jj
structured-block

20e Cldllse oona u3:
Udevice(integer-expression)
Umap ([map-type]:list)

map-type:
« alloc
e to
e from

 tofrom (no ymonyaHuio)
Qif (scalar-expression)

sum=0;
#pragma omp target device(acc0) map(A,B)
#pragma omp parallel for reduction(+: sum)
for (i=0;i<N;i++)
sum += A[i]*B]il;

23 urons
Mocksa, 2015 Texuonorus napamuiensaoro nporpammuposanus OPENMP 185 u3 196



OpenMP accelerator-model -

#Dragma omp target data /c/ause/l ] clause Jf
structured-block

20e Cldllse oona u3:
Udevice(integer-expression)
Umap ([map-type]:list)

map-type:
« alloc
e to
e from
e tofrom

Qlif (scalar-expression)

#pragma omp target update/c/ausefl,/ claise j/

eoe Clalise oona u3:

Qto (list)

Ufrom (list)
Udevice(integer-expression)
Qif (scalar-expression)
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/

OpenMP accelerator-model. inpekTusa target data

#pragma omp target data device(acc0) map(alloc: tmp[0:N]) \
map(to: input[:N)) map(from: output)
{
#pragma omp target device(acc00)
#pragma omp parallel for
for (int i=0; i<N; i++)
tmp[i] = some_device computation (input[i]);

input[0] = some_host _computation ();
#pragma omp target update to (input[0]) device(accO)

#pragma omp target device(acc0)
#pragma omp parallel for reduction(+: output)
for (int i=0; i<N; i++) output += final_device_computation (tmp[i], input[i])
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/

OpenMP accelerator-model. iInpektusa.declare target

#pragma omp declare target
function-defenition-or-declaration

#pragma omp declare target
float Q[N][N];
#pragma omp declare simd uniform(i) linear(j) notinbranch
float func(const int i, const int j)

{ return Q[i][j] * QLjllil;

#pragma omp end declare target

#pragma omp target
#pragma omp parallel for reduction(+: sum)
for (inti=0; 1 < N; i++) {
for (int j=0; j < N; j++) {
\ sum += func (i,});
}
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/

OpenW&mcdeLﬂ,upeKmea teams

#pragma omp teams [clause[ [, Jclause] ,...]
structured-block

20e clause o0OHa u3:
 num_teams (integer-expression)
» thread_limit (integer-expression)
« private (list)
 firstprivate (list)
» shared (list)
« default (shared | none)
 reduction (reduction-identifier: list)
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Ucnonb3oBaHue-aupeKTUBb] teams

float dotprod(float B[], float C[], int N)
{
float sumO = 0.0, sum1 = 0.0;
#pragma omp target map(to: B[:N], C[:N])
#pragma omp teams num_teams(2)
{
if (omp_get_team_num() == 0)
{
#pragma omp parallel for reduction(+:sum0)
for (int i=0; i<N/2; i++)
sumO += BJi] * CI[i];

} else if (omp_get team_num() == 1) {
#pragma omp parallel for reduction(+:sum1)
for (int i=N/2; i<N; i++)

sum1 += BJi] * CJil;
}
}

return sumO + sum1;
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ekTuBa distribute

#pragma omp distribute [clause[ [, Jclause] ,...]
for-loops

20e clause o0OHa u3:
« private (list)
 firstprivate (list)
« collapse (n)
« dist_schedule (kind[,: chunk_size]) // kind=static

MoXXeT ncnonb3oBaTbCs BHYTPU KOHCTPYKLUK teams.
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/

OpenMP accelerator-model. finpekTuea distribute -

float dotprod(float B[], float C[], int N)
{
float sum = 0;
int i;
#pragma omp target teams map(to: B[0:N], C[0:N])
#pragma omp distribute parallel for reduction(+:sum)
for (i=0; i<N; i++)
sum += BJ[i] * C[i];
return sum;
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/

OpenMP accelerater-model. inpekTusbl teams&&distribute

#pragma omp declare target
extern void func(int, int, int);

#pragma omp target device(0)
#pragma omp teams num_teams(60) num_threads (4)
// 60 physical cores, 4 threads in each team
{
#pragma omp distribute // this loop is distributed across teams
for(inti=0;1<2048; i++){
#pragma omp parallel for // loop is executed in parallel by 4 threads of team
for(intj = 0; j < 512; j++) {
#pragma omp simd // create SIMD vectors for the machine
for (int kK=0; k<32; k++) {
func @.),K);
}
}
}
}
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/
OpenMP accelerator-model. YMHOXeHne BEKTOpPOB /

extern void func_on_host(;

void vec_muli(float *p, int N, int dev) extern void output_on_host(lloat *,int);
{ #pragma omp declare target
float *v1, *v2; int I; extern void Init_on_device(float *,{loat *,int);

#pragma omp task shared(vi, v2) depend(out: v1, v2)
#pragma omp target device(dev) map(vi, v2)
{

vi=malloc(N*sizeoi(float)); v2=malloc(N*sizeoi(float)); init_on_device(vl,v2,N);
}
func (; // execute other work asychronously
#pragma omp task shared(vi, v2, p) depend(in: v1, v2)
#prasma omp target device(dev) map(to: vi, v2) map(irom: pjo:N])
{

#pragma omp parallel for

for (1I=0; I<N; i++) pli] = v1[i] * v2[i];

free(vl); free(v2);
}
#pragma omp taskwait

outpui(p, N);
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/
Jintepatypa—— /

O OpenMP Application Program Interface Version 4.0, July 2013.

O AHTOHOB A.C. NapannenbHoe nporpamMmmMmmMpoBaHMe C UCMOJNIb30BaHUEM
TexHonorum OpenMP: Yyeb6Hoe nocobue.-M.: U3a-Bo MITY, 2009.

O 3. TaHeHO6aym, M. BaH CteeH. PacnpeneneHHblie cuctemsl. INpnHUmnnbl n
napaaurmel. — Cl16. MNutep, 2003

0 BoeBoaguH B.B., BoeBoauH Bn.B. lNapannensHblie Bbluncnenms. — Cl16.:
BEXB-letepbypr, 2002.

O lMpe3eHTauusa
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http://www.openmp.org/mp-documents/OpenMP4.0.0.pdf
http://www.openmp.org/mp-documents/OpenMP4.0.0.pdf
http://www.openmp.org/mp-documents/OpenMP4.0.0.pdf
http://www.openmp.org/mp-documents/spec30.pdf
http://parallel.ru/info/parallel/openmp/OpenMP.pdf
http://parallel.ru/info/parallel/openmp/OpenMP.pdf
ftp://ftp.keldysh.ru/K_student/Academy2015/OpenMP.ppt
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