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CpeacrBa MHOronoTo4YHOro NporpaMMmupoBaHus

YpoBeHb
nosnb3oBartens
(User space)

YpoBeHb siapa
(Kernel space)

MpuknapHblie 6UM6AKMOTEKM A3bIKM NnporpaMMMUpOBaHUS
» |ntel Threading Building Blocks
(TBB) = OpenMP » C# Threads
= Microsoft Concurrency Runtime (C/C++/Fortran) = Java Threads
= Apple Grand Central Dispatch = |ntel Cilk Plus » Erlang Threads
= Boost Threads » C++11 Threads = Haskell Threads
= Qthread, MassiveThreads = C11 Threads

CucreMHble 6ubnMoTeKkn (System libraries)

POSIX Threads Win32 API/NET Threads Apple OS X Cocoa, Pthreads

Thread Thread Thread Thread Thread Thread Thread .ed Thread

___________________________________________________________________________________________________________

Kernel Kernel Kernel Kernel Kernel Kernel Kernel s Kernel
thread thread thread thread thread thread thread thread

Process scheduler

OnepauuMoHHas cuctema
GNU/Linux, Microsoft Windows, Apple macOS, IBM AlX, Oracle Solaris, ...

Hardware (Multi-core processor, SMP/NUMA)

clone()
(Linux syscall)



[Tpoueccbl U NOTOKU

Crek notoka 0

Crek notoka 1

Crek notoka N -1

Kyua (heap)
(AMHaMuyecku BblaensiemMasa naMmatb: malloc/free)

Obnactb HEMHULMANU3NPOBAHHbIX AaHHbIX (BSS)
(rno6anbHble HEMHULUMANN3UPOBAHHbIE MEePEMEHHbIE)

O6nacTb MHULMANU3NPOBAHHbIX AaHHbIX (Data)
(rno6anbHble UHULMANU3NPOBaAHHbIE MEPEMEHHbIE)

MNotok O Mortok 1 Mortok N-1
int fun() int fun() int fun()
{ { {
// ... // - // ..

} } }

MporpaMma (program) - ncrnonHsemoiin gpan B
onpepeneHHoM dopmaTte

o GNU/Linux - ELF
o Microsoft Windows - PE
o Apple maxOS - Mach-O

Mpouecc (process) - ak3eMnaap 3anyLweHHOM
nporpaMmmsl|
= BupTtyasnbHOe aapecHoe NpoCcTPaHCTBO
(address space)
= [/1aBHbIN NOTOK BbiNoAHeHus (thread)

NMoTtok BbinosHeHUsa (thread) - koA 1 IokanbHas
061acTb NaMATU AN XPAHEHUSA AAHHbIX:
ctek u TLS - thread local storage



[TporpaMMbl U NpoLecchbl

#include <stdio.h> # CumBONbl ucnonHaemoro danna
$ objdump --syms ./prog

const int globalConst = 100;
int globalVar = 10; ./prog: file format elf64-x86-64
int globalVarNI;

SYMBOL TABLE:

int main() 00000000004005b0 g : 0000000000000 4 globalConst

{ 0000000000601024 g : 0000000000000 4 globalVar
int stackVar = 10; 0000000000601028 1 : 0000000000000 4 staticVar.2214
static int staticVar = 100; 00000000004004f6 g : 0000000000000020 main

0000000000601030 g : 0000000000004

printf("Hello, World!\n"); globalVarNI
return 0;

¥ " cnonHsaembin pann coaepXmnT cekumm, Kotopble cGopMUPOBaHbI

KOMMNUAATOPOM (gcc) u KoMrnoHoBLwmKoM (Id)

.rodata - rnobanbHbi€ KOHCTAHTbI

.data - MHMUMannsnpoBaHHble rnobasbHblE NEPEMEHHbIE
.bss - HemHMUKManm3npoBaHHble r10b6asibHbIE NEPEMEHHbIE
.text - Kog nporpamMmel

$ gcc -o prog ./prog.c

O
O
O
O

= [Ipu 3anycKe nporpamMmmbl CEKLMM 3arpy»KatoTcs B NaMAaTb NpoL,ecca



[TporpaMMbl U NpoLecchbl

#include <stdio.h> $ ulimit -a
core file size (blocks, -c) unlimited
const int globalConst = 100; data seg size (kbytes, -d) unlimited
int globalVar = 10; scheduling priority (-e) ©
int globalVarNI; file size (blocks, -f) unlimited
pending signals (-1) 61834
int main() max locked memory (kbytes, -1) 64
{ max memory size (kbytes, -m) unlimited
int stackVar = 10; open files (-n) 1024
static int staticVar = 100; pipe size (512 bytes, -p) 8
POSIX message queues (bytes, -q) 819200
int stackArray[ 100000007, real-time priority (-r) @
stack size (kbytes, -s) 8192
return 0; cpu time (seconds, -t) unlimited
} max user processes (-u) 61834

virtual memory (kbytes, -v) unlimited
file locks (-x) unlimited

$ ./prog
Segmentation fault (core dumped)

= Pa3Mep cTeKa r;1aBHoro notoka paseH 8 KiB
(8 * 1024 * 1024 / 4 snemMeHTOB TUNA int, 4 * 1024 * 1024)

= B nporpamMMme co3gaH aBToMmatundyeckmm maccms 13 10 000 000 sneMeHTOB



[Tpoueccbl U NOTOKU

Ctek notoka O

Crtek notoka 1

CreknotokaN-1

Kyuya (heap)
(oMHaMumuyecku BbigensemMas namMatb: malloc/free)

O61acTb HEMHULMANIM3UPOBAHHbBIX AaHHbIX (BSS)
(rnobasibHble HEMHULMANU3UPOBAHHbIE MEPEMEHHbIE)

0O61acTb MHULMANN3NPOBaAHHbIX AaHHbIX (Data)
(rno6asibHble MHULMANU3UPOBAHHbIE MEPEMEHHbIE)

NMotok O Motok 1 Motok N-1
int fun() int fun() int fun()
{ { cos {

/] ... /] ... /] ...

} } }

// Uninitialized data (BSS)
int sum[1007; // BSS

// Initialized data (Data)
float grid[100][100] = {1.07},;

int main()

¢ // Local variable (stack)
double s = 0.0;
// Allocate from the heap
float *x = malloc(1000);
//
free(x);

by



Cradpapt POSIX Threads

POSIX.1c: Threads extensions (IEEE Std 1003.1c-1995) - onpeaenset APl ans ynpaBnaeHus NnoTokamMm
[ Thread Creation, Control, and Cleanup
O Thread Scheduling
[ Thread Synchronization
[ Signal Handling

The Single UNIX Specification // http://www.unix.org/version4/

Peannsauumu POSIX Threads
 FreeBSD, NetBSD, OpenBSD, GNU/Linux, Apple OS X, Solaris
1 Windows Services for UNIX (POSIX subsystem), pthreads-w32, mingw-wé4 pthreads

man pthread
man nptl


http://www.unix.org/version4/

Thread 0

Mopaenb fork-join ynpasneHmsa notokamum

Fork Fork Join Join
= Fork -
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Mopaenb fork-join ynpasneHmsa notokamum

Email Client
(GUI thread + data process thread)

Thread 0
. )
Drawing GUI
Fork Terminate
Thread 1
Loading emails
in background N

Time



Mopaenb fork-join ynpasneHmsa notokamum

Multithreaded HTTP-server

Master thread + 1 thread per request

Thread O Fork
Accepting requests

Worker thread
Loading HTML-document
and sending response

Time



Mopaenb fork-join ynpasneHmsa notokamum

Multithreaded HTTP-server
Master thread + thread pool

Thread O Fork Terminate
Queue of requests

Worker thread

Processing requests Ih

from the queue

Time



Mopaenb fork-join ynpasneHmsa notokamum

Recursive Parallelism - Divide & Conquer
(Parallel QuickSort, Reductions, For loops)

function fib(int n)
if n <2 then
return n
x = fork threadX fib(n - 1)
y = fork thready fib(n - 2)
join threadX
join threadY
return x +vy
end function




O630p POSIX Threads

#include <pthread.h>

int pthread_create(pthread t *thread, const pthread attr_ t *attr,
void *(*start routine) (void *), void *arg);

int pthread_join(pthread t thread, void **retval);
int pthread_attr_init(pthread _attr t *attr);

int pthread_cancel(pthread t thread);

pthread_t pthread_self(void);

int pthread_equal(pthread t tl, pthread t t2);



Hello, World of POSIX Threads!

#include <unistd.h>
#include <pthread.h>

void *thread_func(void *arg)

{

int

// Kop po4yepHero noToka

pthread_t tid = pthread_self();

printf("Hello from slave thread %u\n'", (unsigned int)tid);
sleep(5);

return NULL;

main()

pthread t tid;
int rc = pthread_create(&tid, NULL, thread_func, NULL);
if (rc = 0) {

fprintf(stderr, "Can't create thread\n'");

exit(EXIT _FAILURE);
3
printf("Hello from master thread %u\n'",

(unsigned int)pthread_self());

// MacTep-noTOK OXMAAEeT 3aBEpLWIEHME OOYEPHETrO MOTOKA
pthread_join(tid, NULL);
return 0;

$ gcc -Wall -pthread ./prog.c -oprog

$ ./prog
Hello from master thread 1971812096
Hello from slave thread 1963546368

MoToK 3aBepLuaeTcs npu:

= Bbi3oBe B HeM pthread_exit()
= Bbixoge 13 GYHKLMM NOTOKA
= OTMeHe Bbi3oBOM pthread_cancel()

= [Ipu BbI30Be exit() Bce NoToKM npoLiecca

NPUHYAUTENBHO 3aBepLUaoTCH
(Hanpumep, nNpu BbIxoae u3 main())



Hello, World of POSIX Threads!

#include <unistd.h>
#include <pthread.h> $ gcc -Wall -pthread ./prog.c -oprog

void *thread_func(void *arg) $ ./prog

{ Hello from master thread 4256687872

// Kop po4yepHero noToka
pthread t tid = pthread sel£(): Hello from slave thread 4248422144

printf("Hello from slave thread %u\n'", (unsigned int)tid);

sleep(5);
return NULL;
3 $ ps -L -o comm,pid, lwp,nlwp,psr,pmem,pcpu -C prog
COMMAND PID LWP NLWP PSR %MEM %CPU
int main() prog 18357 18357 2 1 0.0 0.0
{ prog 18357 18358 2 0 0.0 0.9

pthread t tid;
int rc = pthread_create(&tid, NULL, thread_func, NULL);

it (re 1=0) { o . O LWP - thread id

fprintf(stderr, "Can't create thread\n'");

exit(EXIT_FAILURE); O NLWP - y1cno noToKoB npoLiecca
3 1 PSR - HomMep npoueccopa

printf("Hello from master thread %u\n",
(unsigned int)pthread_self());

// MacTep-noTOK OXMAAEeT 3aBEpLWIEHME OOYEPHETrO MOTOKA
pthread_join(tid, NULL);
return 0;



3anycK N NoTOKOB

int main(int argc, char **argv)

{ $ ./prog
int nthreads = argc > 1 ? atoi(argv[l]) : 4; Launching 4 threads
pthread t *tids = malloc(sizeof(*tids) * nthreads); Hello from slave thread 2625984256
if (tids == NULL) { Hello from slave thread 2617591552
fprintf(stderr, "No enough memory\n"); Hello from master thread 2634249984
exit(EXIT_FAILURE); Hello from slave thread 2609198848

} Hello from slave thread 2600806144
printf("Launching %d threads\n'", nthreads);
for (int 1 = @; i < nthreads; i++) {
if (pthread_create(&tids[i], NULL, thread_func, NULL) != 0) {
fprintf(stderr, "Can't create thread\n");
exit(EXIT_FAILURE);

h;
h;
// Now we have nthreads + 1 master thread

printf("Hello from master thread %u\n",

(unsigned int)pthread_self());
$ ps -L -o comm,pid, lwp,nlwp,psr,pmem,pcpu -C prog

for (int 1 = 0; 1 < nthreads; 1+ comao " pio” LUe e PSR e s
pthread_join(tids[i], NULL); prog 18697 18698 2
free(tids); prog 18697 18699 2
return 0; prog 18697 18700 0
3} prog 18697 18701 %)




dopmyna cpeaHnx npsamoyroabHukoB (midpoint rule)

AnAa BbIYHUC/IEHUA onpeae/sIeHHOINo UHTerpaja

double func(double x)

{
by

]

return exp(-x * x)

Bmopol nopsiaok moyHocmu

int main(int argc, char *¥*argv)

{

= -4.0;
4.0

const double a
const double b

100

]

int n

in

const

]

a) / n

b

(
0

double h

LIEN

double s

5));

++)
(i + 0

]

%.12f\n", s *¥ s)

tf("Result Pi

return 0

prin

]




f£X)

MapannenbHbI aATOPUTM UHTETPUPOBAHUA METOAOM
cpeAHUxX npamMoyrosibHuMKoB (midpoint rule)

= KakAbli1 MOTOK BbIYUCAIAET YACTUYHYIO CYMMY
(4acTb NIOWAAM MO KPUBOM)

= [locsie Yero, pesyibTaTbl CYMMUPYHOTCA
(cBOMCTBO a4 4UTUBHOCTU MHTErpPana)

v n n } .
/f(.r)dlr ~ h Zf (.1?1«_1 o E) = h Z 4 (I,- - EI) . B — b—a
i=1 ‘

n

double func(double x)

{
by

return exp(-x * Xx);

int main(int argc, char *¥*argv)

{

const double a = -4.0;
const double b = 4.0;
const int n = 100;

double h
double s
for (int
s +=
s *= h;

printf("Result Pi:

return 0;

(b -a)/ n;

0.0;

= 0; i < n; i++)
unc(a + h * (i + 0.5));

HhoHe

%.12f\n", s * s5);



MapannenbHbI aATOPUTM UHTETPUPOBAHUA METOAOM
cpeAHUxX npamMoyrosibHuMKoB (midpoint rule)

1. WUtepauuu umkna for pacnpeenstorcs Mexay noTtokaMu
2. Ka)kablih MOTOK BbIYMCASET YaCTb CYyMMbI (naoLwanm)

3. CyMMUpoBaHUE pe3ynbTaToB NOTOKOB (BO BCEX UM OHOM)

BapuaHTbl pacnpegeneHus ntepaumi (Toyek)

MeXay NoToKaMu:

1) Pa3zbuneHune Ha p CMEeXKHbIX HEMPEPbIBHbIX YacTen

TO [ TO | TO | TO | T1 | T1 | T1

T1

T2

T2

12

T2

TIDO TID 1

2) LluknnyecKkoe pacnpepeneHme utepaumii no notokam

TID 2

TO | T1 | T2 [ TO | T1 | T2 [ TO

T1

T2

T0

T1

T2

TIDO, TID1, TID2,TIDO, TID 1, TID 2, ...

double func(double x)

{
by

return exp(-x * x);

int main(int argc, char **argv)

{

const double a = -4.0;

const double b = 4.
const int n = 100;

double h = (b - a)
double s = 0.0;
for (int 1

s += f

printf("Result Pi:
return 0;

9;

/ n;

= 0; 1 < n; i++)
unc(a + h * (i + 0.5));

%.12f\n", s * s);



MapannenbHbI aATOPUTM UHTETPUPOBAHUA METOAOM
cpeAHUxX npamMoyrosibHuMKoB (midpoint rule)

KaaoMy MOTOKY H€O6XO,EI,I/IMO nepegartb:
double func(double x)

u I'IOpFI,EI,KOBbIVI HOMepP NOTOKa {
- * .
" 4KC/I0 MOTOKOB ) return exp(-x * xJ;
= h,n,a
T int main(int argc, char **argv)
{
const double a = -4.0;
const double b = 4.0;
const int n = 100;
double h = (b - a) / n;
double s = 0.0;
for (int 1 = 0; i < n; i++)
s += func(a + h * (i + 0.5));
s ¥= h;
printf("Result Pi: %.12f\n", s * s);
return 0;
Ib ub 3

TO [ TO | TO | TO | T1 [ T1 [ T1 | T1 | T2 | T2 | T2 | T2

TIDO TID 1 TID 2



NHTerpupoBaHue MeToA0M cpeAHUX NpsaMoyroabHukos (midpoint rule)

struct thread_data {
pthread_t tid;

int threadno; // Tlopsakosbin HOMep noToka @, 1, 2, ..
int nthreads; // KonunyecTBO MOTOKOB

1

int main(int argc, char **argv)

{

int nthreads = (argc > 1) ? atoi(argv[1l]) : 2;
printf("Numerical integration (%d threads): [%f, %f], n = %d\n", nthreads, a, b, n);

struct thread_data *tdata = malloc(sizeof(*tdata) * nthreads);
if (tdata == NULL) {

fprintf(stderr, "No enough memory\n");

exit (EXIT_FAILURE);

}
for (int 1 = 1; i < nthreads; i++) { // 3anyck nthreads - 1 noTtokos!
tdata[i].threadno = 1i;
tdata[i].nthreads = nthreads;
if (pthread_create(&tdata[i].tid, NULL, integrate, &tdata[i]) != 0) {
fprintf(stderr, "Can't create thread\n");
exit (EXIT_FAILURE);
by
3
tdata[@].threadno = 0;
tdata[@].nthreads = nthreads;

integrate(&tdata[0]); // MacTep-noToK y4yacTBYEeT B BblUUCNEHUAX, Bcero nthreads noTokoB



NHTerpupoBaHue MeToA0M cpeAHUX NpsaMoyroabHukos (midpoint rule)

// npoponmkeHme main()

for (int 1 = 1; i < nthreads; i++)
pthread_join(tdata[i].tid, NULL);
free(tdata);

printf("Result Pi: %.12f\n", s * s);
return 0;



NHTerpupoBaHue MeToA0M cpeAHUX NpsaMoyroabHukos (midpoint rule)

const double a = -4.0;
const double b = 4.0;
const int n = 10000000 ;

// TnobanbHas cymMa
double s = 0.0;

double func(double x) {
return exp(-x * x);

b
void *integrate(void *arg)
{
struct thread data *p = (struct thread_data *)arg;
double h = (b - a) / n;
int points_per proc = n / p->nthreads;
int lb = p->threadno * points_per proc;
int ub = (p->threadno == p->nthreads - 1) ? (n - 1) : (lb + points_per _proc - 1);
for (int i = lb; i < ub; i++) // Bcs cyTb pacnapanfenuMBaHusa - UMKN pacnpeneneH mexay noTOKaMu
s += func(a + h * (1 + 0.5));
s *= h; // O6bHoBneHune rnobanbHOM CYMMbl Ib ub
) return NULL; To|TO|TO|TO|T1|T1|T1|T1|T2|T2|T2|T2

TIDO TID 1 TID 2



NHTerpupoBaHue MeToA0M cpeAHUX NpsaMoyroabHukos (midpoint rule)

struct thread_data {

int

pthread t tid;
int threadno; // lopsagkoBbii HOMep noToka @, 1, 2, ..
int nthreads; // KonmnyecTBO MOTOKOB

main(int argc, char **arg

int nthreads = (argc > 1)

printf("Numerical integraf ./integrate

Numerical integration (2 threads): [-4.000000, 4.000000], 10000000
struct thread_data *tdata JRYSSEFEECES

if (tdata == NULL) {
fprintf(stderr, "No erjypEraseneras

DSERSNM UM \unerical integration (2 threads): [-4.000000, 4.0000007, 10000000

3 ) ) ) Result Pi:
for (int 1 = 1; i < nthrea

tdata[i].threadno = i; ./integrate
REELC RN RS\ merical integration (2 threads): [-4.000000, 4.0000007, 10000000
if (pthread_create (&t N ygpuuEy
fprintf(stderr, "C
exit(EXIT_FAILURE ./integrate

b Numerical integration (2 threads): [-4.000000, 4.000000], 10000000

b Result Pi:
tdata[@].threadno = 0;

tdata[@].nthreads = nthreads;
integrate(&tdata[@]); // MacTep-noTOK y4acTBYeT B BblYUCIEHUAX, Bcero nthreads nNoOTOKOB



NHTerpupoBaHue MeToA0M cpeAHUX NpsaMoyroabHukos (midpoint rule)

const double a = -4.0;
const double b = 4.0;
const int n = 10000000 ;

// TnobanbHas cymMa
double s = 0.0;

double func(double x) {
return exp(-x * x);

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

CocTosiHMe roHKM AaHHbIX
(data race)

Heckonbko NOTOKOB OCYLLECTBAAIOT
KOHKYPEHTHbIN AOCTYN K pa3aensieMomn
NEepeMEHHON S — OAHOBPEMEHHO YMTAIOT €&
M 3aNMCbIBAOT

(lb + points _per proc - 1);

for (int i = lb; 1 < ub; i++) // Bcs cyTb pacnapanfenuMBaHusa - UMKN pacnpeneneH mexay noOTOKaMu

by
void *integrate(void *arg)
{
struct thread data *p = (struct thread_data *)arg;
double h = (b - a) / n;
int points_per proc = n / p->nthreads;
int lb = p->threadno * points_per proc;
int ub = (p->threadno == p->nthreads - 1) ? (n - 1)
s += func(a + h * (1 + 0.5));
s ¥= h; // O6HoBneHue rnobanbHOM CYMMbI
return NULL;
by

Ib ub

T0

T0

TO | TO (T | T4 | T1 | T1 [ T2 [ T2 | T2 | T2

TIDO TID 1 TID 2




CocTosiHMe roHku aaHHbIX (race condition, data race)

[Ba NnoTOKa 0A4HOBPEMEHHO YBE/IMYMBAIOT 3HAYEHMUE NepeMeHHOM X Ha 1
(Ha4yanbHoe 3HayeHue x = 0)

Thread © Thread 1
x=x+1; x=x+1;

Oxupaembiit (MaeanbHbIM) NOPAAOK BbINOJHEHUS NOTOKOB: NEpPBbIA MOTOK YBE/IUYUA X, 3aTEM BTOPOM

Time Thread 0 Thread 1 X
0 3HauveHue x = 0 3arpyxaetcs 0
B pernctp R npoueccopa
1 3HauveHue O B peructpe R 0
yBenMumnBaeTcs Ha 1
5 3HauveHue 1 n3 pernctpa R 1
3aMmMCbIBAETCS B X
2 3HauveHune x = 1 3arpyaetcs 1
B pernctp R npoueccopa
4 3HauveHue 1 B peructpe R 1
yBenMunBaeTcs Ha 1
5 3Ha4veHue 2 u3 pernctpa R y) OwM6GKU HeT
3aMmMCbIBAETCS B X




CocTosiHMe roHku aaHHbIX (race condition, data race)

[Ba NnoTOKa 0A4HOBPEMEHHO YBE/IMYMBAIOT 3HAYEHMUE NepeMeHHOM X Ha 1
(Ha4yanbHoe 3HayeHue x = 0)

PeanbHbliit NOpAAOK BbINONHEHUS NOTOKOB (HeAETEPMUHUPOBAHHbIN)
(MOTOKKM MOTYT BbINOJIHATLCA B IOO6OM NocnefoBaTeNbHOCTH, NPUOCTAHABINBATLCS

Thread ©
X =X+ 1;

Thread 1
X =X+ 1;

M 3aMyCcKaTbCA)

Time

Thread 0

Thread 1

3HayeHue x = 0 3arpyxaetca
B pernctp R npoueccopa

3HaueHue O B pernctpe R
yBenmumsaetcs Ha 1

3HayeHue x = 0 3arpyxaeTcs
B perncTtp R npoueccopa

3HayeHune 1 u3 peructpa R
3aMMCbIBAETCS B X

3HauveHune 1 B pernctpe R
yBenmunsaetcs Ha 1

3HayeHune 1 n3 pernuctpa R
3aMMCbIBaeTCa B X

OwunbKa - data race
(oxxnpanu 2)



NHTerpupoBaHue MeToA0M cpeaHuX npsamMoyroabHuUKoB (midpoint rule)

const double a = -4.0;
const double b = 4.0;

const int n = 10000000; CocTtosiHne roHku paHHbIX (data race)
// TnobanbHasa cymma = GCC -02
double s = 0.0; = System V Application Binary Interface (ABI)
double func(double x) { % // xmm@ = func(xmmo)
return exp(-x * x); | mulsd xmm@, xmml
) § call exp(...) // Pe3ynbTaT B perucrpe xmmod
void *integrate(void *arg) | // s += func(xmmo)
{ | movsd xmm2, qword [rsp] // Load s to xmm2
e — % . ‘ addsd xmm2, xmmo // Xmm2 = xmm2 + xmm@
struct thread_data *p (struct thread_data *)arg; movsd gword[s], xmm2 // Store xmm2 to s

double h = (b - a) / n;
int points_per proc = n / p->nthreads;

int lb = p->threadno * points_per proc;

int ub = (p->threadno == p->nthreads - 1) ? (n - 1) : (lb + points_per _proc - 1);

for (int i = lb; 1 < ub; i++) // Bcs cyTb pacnapanfenuMBaHusa - UMKN pacnpeneneH mexay noOTOKaMu
s += func(a + h * (1 + 0.5));

s ¥= h; // O6bHoBneHMe rnobasbHOM CYMMbI Ib ub

return NULL; olTo|lTlT|T{T|T{T |2 12| 1

TIDO TID 1 TID 2



CocTosiHMe roHKu aaHHbIX (data race)

CoctosaHue roHKM (race condition, data race) - 3To cocTosaHMe nporpamMmei,
B KOTOPOW HECKOJ/IbKO NMOTOKOB OJIHOBPEMEHHO KOHKYPUPYIOT 33 AOCTYN K 06LLElN
CTPYKTYpPE AaHHbIX (415 YTeHUs/3anmcu)

HODFI,EI,OK BbINMOJIHEHUA NMOTOKOB 3apaHee HE N3BECTEH — HOCUT CIYdamHbIMN XapaKTep

MnaHupoBLKMK OC AMHAMUYECKU pacnpeaenseT NpoLeccopHoe BPeEMS YYUTbIBAS
TEKYLLYIO 3arpy>X€HHOCTb MPOLLECCOPHbIX AAep, HAarpy3Ky (NOTOKK, NpoL.ecchbl) co3aatoT
N0JIb30BaTE/IN, MOBEAEHUE KOTOPbIX HOCUT C/IYYaMHbIX XapaKTep

CocTosHMe roHKU AaHHbIX (race condition, data race) TpyaHo ob6Hapy»KmMBaeTcs
B MporpaMmax n socrnpounssoauntca B Tectax (Fensenbar - heisenbug)



CocTosiHue roHKM AaHHbIX (data race)

IdVnHaMunyeckue aHaau3aTopbl Kojga
= Valgrind Helgrind, DRD (valgrind --tool=memcheck ./prog)

» ThreadSanitizer - a data race detector for C/C++ and Go (gcc 4.8, clang)

Intel Thread Checker

Oracle Studio Thread Analyzer
» Java ThreadSanitizer

= Java Chord

CraTuyeckue aHanmM3aTopbl KoAa

= PVS-Studio (Vivaé4)



[ToHATHE KpuTudeckom cekumuu (critical section)

= Kputnueckas cekums (critical section) — 310 yyactok ucnosiHgseMoro Koaa,
KOTOPbIN B 11060 MOMEHT BPEMEHMU BbIMOAHAETCA TOJIbKO OAHMM NOTOKOM

Critical
section

Wait CS
Thread 1 I [ s
Wait CS
Thread 2 I I

Time



MbloTeKcbl (mutex)

= MbloTtekc (mutex) - NPUMUTUB CUHXPOHM3ALUM ONA OPraHMU3aLLMKM B MPOrpaMMax KPpUTUYECKUX CEKLNI -
B3aMMHoro nckatoveHms (mutual exclusion) BbInosIHEHUA 3a4aHHOMO y4acTKa Koga B OAUH MOMEHT
BpeMeHn 60s1ee 0 AHUM NOTOKOM

double s = 0.9; // paspenseMasa nepemeHHas
pthread mutex t mutex _sum = PTHREAD MUTEX INITIALIZER;

pthread_mutex_Llock(&mutex_sum);
s = s + val;
pthread_mutex_unlock(&mutex_sum);

= Jock/acquire - 3axBaT MblOTEKCA OCYLLLECTBASETCA TOJIbKO OAHUM MOTOKOM, OCTaJIbHbIE OXKUAAKOT €ro
0CBOOOXXAEHMS

= unlock/release - ocBo60XXaeHMe MblOTEKCA



NHTerpupoBaHue MeToAoM cpeAHUX NPSAMOYTroJibHUKOB

double s = 0.0;
pthread mutex t mutex sum = PTHREAD MUTEX INITIALIZER;

void *integrate(void *arg)

{
struct thread_data *p = (struct thread_data *)arg;
double h = (b - a) / n;
int points_per proc = n / p->nthreads;
int lb = p->threadno * points_per proc;
int ub = (p->threadno == p->nthreads - 1) ? (n - 1) : (lb + points_per_proc - 1);
double locs = 0.0;
for (int 1 = lb; i < ub; i++)
locs += func(a + h * (i + 0.5));
// Update global sum
locs *= h;
pthread mutex Llock(&mutex_ sum); $ ./integrate
s += locs; // KpuTmnyeckasa cekuus Numerical integration (2 threads): [-4.000000, 4.000000], n = 10000000
pthread_mutex_unlock(&mutex_sum); Result Pi: 3.141589720795
return NULL; Elapsed time (sec.): 0.151318
¥ $ ./integrate

Numerical integration (2 threads): [-4.000000, 4.000000], n 10000000
Result Pi: 3.141589720795
Elapsed time (sec.): 0.152941




$ cat /proc/cpuinfo
processor : ©

cpu family

model

model name
stepping : 10
microcode : ©@xabdb
cpu MHz

cache size
physical id
siblings : 4
core id

cpu cores : 4
apicid

initial apicid
fpu

fpu _exception
cpuid Llevel

wp

flags

UHPopmMauma o cuctemMe: npoLeccopbl

6
23
Intel(R) Xeon(R) CPU E5420 @ 2.50GHz

1998.000
6144 KB
0

0

0

0

yes

yes

13

yes

fpu vme de pse tsc msr pae mce cx8 apic sep mtrr pge mca cmov pat pse36 clflush dts acpi mmx fxsr sse

sse2 ss ht tm pbe syscaLL nx lm constant_tsc arch_perfmon pebs bts rep_good nopl aperfmperf pni dtesé64 monitor ds_cpl vmx
est tm2 ssse3 cx16 xtpr pdcm dca sse4_1 xsave lahf_Llm dtherm tpr_shadow vnmi flexpriority

bogomips : 4987.59
clflush size
cache_alignment
address sizes

64
64
38 bits physical, 48 bits virtual




UHPopmMauma o cuctemMe: npoLeccopbl

$ ls /sys/devices/system/cpu

cpud@
cpul
cpu?l
cpu3
cpu4
cpub
cpub
cpu/
cpufreq
cpuidle

root root
root root
root root
root root
root root
root root
root root
root root
root root
root root
root root kernel max
root root microcode
root root : modalias
root root : offline
root root : online
root root : possible
root root X power

root root : present
root root : probe

root root : release
root root : uevent

drwxr-xr-x
drwxr-xr-x
drwxr-xr-x
drwxr-xr-x
drwxr-xr-x
drwxr-xr-x
drwxr-xr-x
drwxr-xr-x
drwxr-xr-x
drwxr-xr-x
-r--r--Tr--
drwxr-xr-x
-r--r--Tr--
-r--r--Tr--
-r--r--Tr--
-r--r--Tr--
drwxr-xr-x

OO0

N
(QN]
O

SO O

9
38
38
38
38
38
38
38
3
2
1
2
1
1
1
1
2
1

[RRNRE RN

-rw-r--r--




$ dmesg | grep

[
[
[
[
[
[
[
[
[
[
m
[
[
[
[
[
[
[
[
[
I

O OO

WWWUWWUWWWOOO® -

. 000000 ]
. 000000 ]
. 000000 ]
. 000000 ]
. 000000 ]
.010784]
.010785]
.010788]
.010796]
.033284]

UHPopmMauma o cuctemMe: npoLeccopbl
CPU

smpboot: Allowing 8 CPUs, @ hotplug CPUs
setup_percpu: NR _CPUS:1024 nr_cpumask bits:1024 nr_cpu_ids:8 nr_node_ids:1
PERCPU: Embedded 29 pages/cpu @ffff88025fc00000 s86784 r8192 d23808 u262144
SLUB: HWalign=64, Order=0-3, MinObjects=0, CPUs=8, Nodes=1
RCU restricting CPUs from NR_CPUS=1024 to nr_cpu_ids=8.
CPU: Physical Processor ID: ©
CPU: Processor Core ID: ©
mce: CPU supports 6 MCE banks
CPUO: Thermal monitoring enabled (TM2)

smpboot: CPUO: Intel(R) Xeon(R) CPU E5420 @ 2.50GHz (fam: 06,

17, stepping: 9a)

.047160]
.180019]
.382722]
.873633]
.873695]
.873747]
.873783]
.873823]
.873865]
.873922]

NMI watchdog: enabled on all
Brought up 8 CPUs

microcode: CPUO sig=0x1067a,
microcode: CPUl sig=0x1067a,
microcode: CPU2 sig=0x1067a,
microcode: CPU3 sig=0x1067a,
microcode: CPU4 sig=0x1067a,
microcode: CPU5 sig=0x1067a,
microcode: CPU6 sig=0x1067a,
microcode: CPU7 sig=0x1067a,

CPUs, permanently consumes one hw-PMU counter.
pf=0x40,
pf=0x40,
pf=0x40,
pf=0x40,
pf=0x40,
pf=0x40,
pf=0x40,
pf=0x40,

revision=0xalb
revision=0xalb
revision=0xalb
revision=0xalb
revision=0xalb
revision=0xalb
revision=0xalb
revision=0xalb



$ lstopo
Machine (7980MB)
Socket L#0
L2 L#0 (6144KB)
L1d L#0 (32KB)
L1d L#1 (32KB)
L2 L#1 (6144KB)
L1d L#2 (32KB)
L1d L#3 (32KB)
Socket L#1
L2 L#2 (6144KB)
L1d L#4 (32KB)
L1d L#5 (32KB)
L2 L#3 (6144KB)
L1d L#6 (32KB)
L1d L#7 (32KB)
HostBridge L#0
PCIBridge
PCIBridge
PCIBridge
PCI 8086:107d
Net L#0 "p3pl"
PCIBridge
PCI 8086:1096
Net L#1 "eml"
PCI 8086:1096
Net L#2 "em2"
PCIBridge
PCI 1002:515e

(32KB)
(32KB)

(32KB)
(32KB)
(32KB)
(32KB)

(32KB)
(32KB)

Pecypchbl cuctembl




Pecypcbl cuctemMbl: NaMATb

$ free

total used free shared buffers cached
Mem: 16429124 15327724 1101400 1056 361236 12686560
-/+ buffers/cache: 2279928 14149196
Swap: 18108436 1279484 16828952

$ cat /sys/devices/system/node/noded/meminfo
Node @ MemTotal: 16429124 kB
Node @ MemFree: 1097292 kB

Node © MemUsed: 15331832 kB
Node Active: 7235284 kB
Node Inactive: 7125736 kB
Node Active(anon): 200724 kB
Node Inactive(anon): 1113492 kB
Node Active(file): 7034560 kB
Node Inactive(file): 6012244 kB
Node Unevictable: 0 kB
Node Mlocked: 0 kB
Node Dirty: 252 kB
Node Writeback: 0 kB
Node FilePages: 14127436 kB
Node Mapped: 712380 kB
Node AnonPages: 262700 kB
Node Shmem: 1056 kB
Node KernelStack: 4544 kB
Node PageTables: 58760 kB
Node NFS_Unstable: 0 kB
Node Bounce: 0 kB
Node WritebackTmp: 0 kB
Node Slab: 758652 kB
Node SReclaimable: 707824 kB
Node SUnreclaim: 50828 kB
Node AnonHugePages: 34816 kB

[N R MR R R R NI R R R R RO RO R ]
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