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[Tapannenusm B pamkax y3na. MHOronoTo4YHOCTb.

MpuknagHbie 6ubnnoTekn f3bIKM NporpammupoBaHua OpenMP
I
= |ntel Threading Building Blocks (TBB) = OpenMP = C# Threads :
= Microsoft Concurrency Runtime (C/C++/Fortran) = Java Threads I
= Apple Grand Central Dispatch = |ntel Cilk Plus = Erlang Threads :
= Boost Threads = C++11 Threads = Haskell Threads -
= Qthread, MassiveThreads = C11 Threads :
1
1
CucremHble 6ubnuoteku (System libraries) .
POSIX Threads Win32 API/.NET Threads Apple OS X Cocoa, Pthreads pthreads

YpoBeHb (glibc)
nosib3oBaTensa i
(USEI‘ space) Thread Thread Thread Thread Thread Thread Thread | ... | Thread :
____________________________________________________________________________________________________________________________ i
y \4

OBeHb A4pa
(erme' spfcz) L Cucremrivie Boi3osel (Systemcalls) ] clone()
Kernel Kernel Kernel Kernel Kernel Kernel Kernel Kernel (Linux Sysca“)
thread thread thread thread thread thread thread thread
Process scheduler |
OnepaumoHHaa cuctema
GNU/Linux, Microsoft Windows, Apple OS X, IBM AIX, Oracle Solaris, ...
Hardware (Multi-core processor, SMP/NUMA)

https://www.mkurnosov.net/teaching/docs/pct—-spring—-lech.pd




CucTteMHble BbI30BbI. PasaeneHne pecypcos.

CosgaHue npoueccax-rnoTomMkKa nocpeacTtBoM KonnmpoBaHmA C pasgerneHnem pecypcos:

#include <unistd.h>
pid_t fork(void);

Co3sgaHue NoToMKa C COBMECTHbBIM MCMNOMb30BaHWEM YKa3aHHbIX PECYPCOB:

/* Prototype for the glibc wrapper function */
#define _GNU_SOURCE
#include <sched.h>
int clone(int (xfn)(void %), void *stack, int flags, void
*arg,
/* pid_t #*parent_tid, void *tls, pid_t
xchild_tid */ );

/* Prototype of the raw clone() system call, see NOTES */

#include <linux/sched.h> /* Definition of struct —
clone_args */ AT
#include <sched.h> /* Definition of CLONE_x

constants */
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PasneneHue pecypcos.

Jlerkme notokum,
conporpammsl 1 np.

Mpouecc HaTuBHbIE NOTOKMN

| text | |.data | |,£leCKpMnTopb|mnp.| | text | |.data | |ﬂeCKpmnTopbmnp.| | text | |.data | |,£lecxpmnTopb|unp.|

| PerncTpsbl | | Ctek Peructpsbl PerucTpsbl PerucTpsbl | PervcTpsl | | Crek |
Ctek CTek CTtek

PaHTanm

MoToK [MoToK [MoToK

OaHonoTouHbIA Npoyecc "3eneHble "3eneHble "3eneHble

noTokun" noTokun" noToKun"




[NMoTtokn POSIX.

pthread_t — nmenTudmxarTop noroka,
pthread_attr_t — nepeuens aTpudbyTOB IIOTOKA

#include <pthread.h>
int pthread create(pthread t *thread, const
pthread attr_t *attr,

void *(*start)(void *), void *arg);
int pthread_join (pthread_t thread, void ** data);
int pthread detach(pthread t thread);

int pthread cancel(pthread_t thread); o



I'Iou,,u,emea MHOIonoToO4HOCTN B COBPEMEHHOM C++.

cppreference.com Create account

Page Discussion

C++ Concurrency support library

Concurrency support library (since C++11)

C++ includes built-in support for threads, atomic operations, mutual exclusion, condition variabl

Threads

Threads enable programs to execute across several processor cores.

Defined in header <thread=

manages a separate thread

(class)

std: : thread with support for auto-joining and cancellation
(class)

thread (C++11)

jthread (C++20)

Functions managing the current thread

Defined in namespace this_thread

yield C++11) suggests that the implementation reschedule execution of threads

(function)
x returns the thread id of the current thread
get_id(C++11) "
(function)
stops the execution of the current thread for a specified time duration
sleep_for (C++11) tiidEtian

stops the execution of the current thread until a specified time point

sleep_until (C++11) ikt




//#define multiThread
int main()
{
// N N#1 N+2 M const int maxVal = 300000000;
o #ifdef multiThread
void thread_function(int N, int M, int64_t *sum) const }nt rangel = maxVal / 3;
( const int range2 = 2 * rangel;
int64_t suml = 0, sum2 = 0, sum3 = 0;

#include <iostream>
#include <thread>

std::cout << "Thread num " << std::this_thread::get_id() << " sum
before is " << *sum << " N =" << N <<"; M = " << M << std::endl;

for (auto i = N; i < M; ++i) std: :thread tmpThreadl(thread_function, 0, rangel, &suml);

( std: :thread tmpThread2(thread_function, rangel, range2,
*sum += 1i: &sum2);

} ’ std: :thread tmpThread3(thread_function, range2, maxVal,
&sum3);

std::cout << "Thread num " << std::this_thread::get_id() << " sum

after is " << *sum << std::endl; L.
} tmpThreadl.join();

tmpThread2. join();
tmpThread3. join();
std::cout << "sum is " << suml + sum2 + sum3 << std::endl;

#else

int64_t sum = 0;

thread_function(®, maxVal, &sum);

std::cout << "sum is " << sum << std::endl;
#endif

return 0;



POSIX mutex

pthread mutex_ t

int pthread mutex init(pthread mutex_t *mutex,
const pthread mutexattr_t *attr);

int pthread mutex destroy(pthread mutex_t *mutex);

int pthread mutex lock(pthread mutex_t *mutex);

int pthread mutex unlock(pthread mutex_ t *mutex);




OpenMIP

OpenMP - BbicokoypoBHeBbIN API 4ns MHOronoTo4YHOro nporpammupoBaHuns Ha C, C++ n Fortran
- OpenMP 1.0 - okTs6pb 1997
- OpenMP 5.1 - Hos6pb 2020
- nHTepdenc ansg pacnapannenmeanusa Ha CPU/GPU
- nopaepxwusaetcsa komnunatopamu GCC, LLVM, Intel, Nvidia (PGl), IBM
https://www.openmp.org/

: 1 Overview of the OpenMP API

The collection of compiler directives, library routines, and environment variables that this
document describes collectively define the specification of the OpenMP Application Program
Interface (OpenMP API) for parallelism in C, C++ and Fortran programs.

This specification provides a model for parallel programming that is portable across architectures
from different vendors. Compilers from numerous vendors support the OpenMP API. More
information about the OpenMP API can be found at the following web site

NOoO O ~AWN

https://www.openmp.org/wp-content/uploads/OpenMP-API-Specification-5-1.pdf (e




Kak aT0 BbIrNAgnT?

- pacnaparuienmnBaHmne oCcyecTBindeTCcAa C NOMOLLUBbIO ANPEKTUB KOMIMUITATOPA.
fpragma omp <OpenMP directive>

- obnacTtb gencTBusa ANpeKTMBbl - briok koga { ... }

#include <omp.h>
#include <time.h>

#include <stdio.h> mkhalilov@MacBook-Air-Arina omp % gcc-11 —fopenmp -03 testl.c
gcc-11 —-fopenmp -03 testl.c

int main() mkhalilov@MacBook-Air—-Arina omp % OMP_NUM_THREADS=3 ./a.out

{ OMP_NUM_THREADS=3 ./a.out

Hello world

int i Hello world
OMP thread id: ©
#pragma omp parallel Hello world
{ OMP thread id: 2
printf("Hello world\n"); OMP thread id: 1 _
printf("OMP thread id: %d\n", omp_get_thread_num());
}
return 0;

Mpumep. OpenMP Hello World.




(He)nocnegoBaTtesibHOCTb ncnonHeHnss B OpenMP

mkhalilov@MacBook—-Air—-Arina omp % gcc-11 —-fopenmp -03 testl.c
gcc-11 —-fopenmp -03 testl.c

mkhalilov@MacBook—-Air—-Arina omp % OMP_NUM_THREADS=3 ./a.out
OMP_NUM_THREADS=3 ./a.out

Hello world

Hello world

OMP thread id: @

Hello world

OMP thread id: 2

OMP thread id: 1

Operation1 Operation 2

- / \ b \‘\ ) i = e ///‘ v‘j"‘,
threads _| | '\\ ' ' “ 7 . |

time

output [ il 1 | |




Haunbonee ncnonb3yembln dyHkumoHan OpenMP

OpenMP pragma, function, or clause

Concepts

#pragma omp parallel

Parallel region, teams of threads, structured block, interleaved
execution across threads.

void omp_set_thread_num()
int omp_get_thread_num()
int omp_get_num_threads()

Default number of threads and internal control variables.
SPMD pattern: Create threads with a parallel region and split up
the work using the number of threads and the thread ID.

double omp_get_wtime()

Speedup and Amdahl's law.
False sharing and other performance issues.

setenv OMP_NUM_THREADS N

Setting the internal control variable for the default number of
threads with an environment variable

#pragma omp barrier
#pragma omp critical

Synchronization and race conditions.
Reuvisit interleaved execution.

#pragma omp for
#pragma omp parallel for

Worksharing, parallel loops, loop carried dependencies.

reduction(op:list)

Reductions of values across a team of threads.

schedule (static [,chunk])
schedule(dynamic [,chunk])

Loop schedules, loop overheads, and load balance.

shared(list), private(list), firstprivate(list)

Data environment.

nowait

Disabling implied barriers on workshare constructs, the high cost of
barriers, and the flush concept (but not the flush directive).

#pragma omp single

Workshare with a single thread.

#pragma omp task
#pragma omp taskwait

Tasks including the data environment for tasks.

Tim Mattson, The OpenMP Common Core: A hands on exploration, Intel Corp.




[Mpumep 1. lNocnegoBaTenbHasa cymma Maccma (peaykuus).

17 int main()

18 {
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36 }

double array[ELEMS];
double start, end;
double sum = 0.0;
size_t i, nthreads;

init_array(array, ELEMS);

start = omp_get_wtime();

for (i = @; 1 < ELEMS; i++) {
sum += arrayl[il;

}

end = omp_get_wtime();

printf("Array sum: %f\n", sum);

printf("Elapsed time: %1fs\n", end - start);

return 0;



[Mpumep 2. Peaykuuns ¢ parallel for.

32 start = omp_get_wtime();
33 #pragma omp parallel
34 {
35 int nthrds = omp_get_num_threads();
36 int tid = omp_get_thread_num();
37 int Jj;
17 int main() 38
18 { 39 if (tid == 09)
19 double array[ELEMS]; 40 nthreads = nthrds;
20 double start, end; 41
;% 22;2? ’:fu:t;r’:gsg: 42 for (j = tid, sum[tid] = 0.0;
23 43 j < ELEMS;
24 sum = malloc(sizeof(double) * omp_get_max_threads()); L4 j = j + nthrds) {
25 if (sum == NULL) { _ 45 sum[tid] += array[jl;
26 fpz“lntf(stderr, "Malloc failed. Abort!"); 46 B
27 exit(EXIT_FAILURE);
28 3 47 }
29 48
30 init_array(array, ELEMS); 49 for (1 = 1; i < nthreads; i++)
-t 50 suml@] += sum[il;
51
52 end = omp_get_wtime();
53
54 printf("Array sum: %f\n", sum[@1);
55 printf("Elapsed time: %1fs\n", end - start);
56
57 free(sum);
58 return 0;




[Mpumep 3. Peaykuuns ¢ parallel for n kputnyeckom cekumnen.

17 int main()fi

18 {

19 double start, end;

20 double array[ELEMS];

21 double sum = 0.0;

22 size_t 1i;

23

24 init_array(array, ELEMS);

25

26 start = omp_get_wtime();

27 #pragma omp parallel

28 {

29 double local_sum = 0.0;

30 int nthrds = omp_get_num_threads();
31 int idx = omp_get_thread_num();

32 int j;

33

34 for (j = idx; j < ELEMS; j = j + nthrds)
35 local_sum += arrayl[jl;

36

37 #pragma omp critical

38 sum += local_sum;

39 }

40 end = omp_get_wtime();

41

42 printf("Array sum: %f\n", sum);

43 printf("Elapsed time: %1fs\n", end - start);
44

45 return 9;

46 }




[Mpumep 4. Peaykumns ¢ omp parallel for u reduction.

17 int main()

18 {

19 double array[ELEMS];

20 double start, end;

2. double sum = 0.0;

22 size_t i, nthreads;

23

24 init_array(array, ELEMS);

25

26 start = omp_get_wtime();

27 #pragma omp parallel

28 {

29 #pragma omp for reduction(+:sum)
30 for (1 = @; 1 < ELEMS; i++) {
31 sum += arrayl[il;

32 }

33 }

34 end = omp_get_wtime();

35

36 printf("Array sum: %f\n", sum);
37 printf("Elapsed time: %1fs\n", end - start);
38

39 return 0;

40 }




CpaBHeHue npoussoanTensHocTU. 3akoH Amgana. MacwtabupyemocTb.

OpenMP strong scaling, Apple M1
© Amdahl's law (ideal), alpha=0 @ parallel for parallel for + critical section A parallel for + reduction
; l — o
; o+ ———
4
S
o
(7]
2
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2

1 -4
4

Threads num




HomawwHee 3aganuve 1. MNapannenbHoe ymHOXeHne matpul (DGEMM)

1. PeanusoBaTb napannenbHyo peanusauunto YMHOXEeHUs MaTpuLy C=axAxB+ 5 x C
DGEMM (Double precision General Matrix Multiplication) 13 B
naketa BLAS c¢ ucnonesoaHnem OpenMP. (4 6anna) — —

2. [puBectn aHanuna cunbHon/cnabon macwTabnpyemocTu
napannenbHOM peanusaunn Ha cynepkoMnbtoTepe Xapuama. (2
6anna)

3. PeanunsoBaTb ONTUMU3NPOBAHHYIO MOA Y3ribl CynepkoMmnbloTepa
Xapwuama napannenbHyto peanusauunio DGEMM, a,|a.
npoaHanu3npoBaTb XapakTEPUCTUKN ee curbHown/cnadon
macwtabupyemoctu (2 6anna). Al =

4. PeanusosaTtb Bbl4MCrEHNE CYMMbI psga C UCMNOSIb30BaHMEM 3,2,
pthreads v nogaepxKon NPon3BoOSIbHOrO KONMYecTBa NOTOKOB. a,,la

41|%a2

O
iy
N

O
-
w

Oj¢= 7|

2,2

|

https: en.wikipedia.org/wiki/Basic Linear Algebra Subprograms




[NomawHee 3agaHue 1. 3ame4vaHus.

C=axAxB+3xC

- alpha =1 unbeta = 0;

- anemeHTbl A, B 1 C nmerot Tn double;

- A, B n C xpaHaTtcsa B ogHOMEpPHbIX MaccmBax B column-major nopsigke
(https://en.wikipedia.org/wiki/Row-_and_column-major_order);

PYHKUNA YMHOXEHUS MaTpUL, LOMMKHA peann3oBbiBaTb Crieayowmnmn MHTepgenc:
void blas_dgemm(int M, int N, int K, double %A, double *B, double *C)

{

/ M MM - m smont ada " ~ Ao har < /
/* My DGEMM 1implementation goes here x/

}




[lomaluHee 3aganune 1. 3ame4vanus.

- 131 gomkHo ObITb peann3oBaHo Ha A3blike C;

- Kog porkeH 6biTb opopmneH B cooTBeTcTBUM C Linux kernel conding style
https://www.kernel.org/doc/html/v4.10/process/coding-style.html
(3a HeBbINOJIHEHME 3TOro KpuTepusa oueHka 3a [131 oyaet cHuxkeHa Ha 3 6anna!);

- KOMMEHTapun OOSMKHbl 0O BACHATbL HEOYEBUNOHbIE MOMEHTbI (ECNN TaKOBbIE MMEKDTCS),
a He oyonMpoBaTb HanNMCaHHbIN KOA,;

- KOMMEHTapun OOSMKHbI MPUBOAUTHCS HA aHIFIMMCKOM SAI3bIKe;

- Ha cpayvy [131 paetcsa BTopas nonbiTka Npu Hey4OBNETBOPUTENLHOW NEPBOW MOMbITKE;

- peanaunH no [131 6yoet obbasneH Ha CemuHape 3.




Jlutepatypa

1)  OpenMP API Specification: Version 5.1 November 2020,
https://www.openmp.org/spec-html/5.1/openmp.html

2) OpenMP Application Programming Interface Examples,
https://www.openmp.org/wp-content/uploads/openmp-examples-5.1.pdf

3) Tim Mattson, The OpenMP Common Core: A hands on exploration,
https://extremecomputingtraining.anl.gov/files/2019/07/ATPESC_2019_Track-2_2_7-31_830am_Ma
ttson-The-OpenMP_Common_Core.pdf

4) https://www.mkurnosov.net/teaching/docs/pct-spring-lec5.pdf

5) M. Herlihy, N. Shavit, The Art of Multiprocessor Programming, Revised pring




