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Tnbl MHOro3a4a4HOCTU

* Cooperative (coBmecTHas). ChegytoLan
3a/,a4a BbINOJHAETCA TO/IbKO NOC/Ie TOro, KakK

npeablaywas ABHO OTAa/a NOTOK YNpPaB/ieHUSA
(lightweight threads, fibers).

* Preemptive (BbiTecHAOWaA). OnepaunoHHas
CMCTEMA Cama onpeaenseT Koraa 3abpatb
NOTOK yNpaB/ieHMA Y 334341 N OTAATb €ro
Apyron 3anave.



MHoOronotouyHocTb B C++

Memory model

Threads management
e std::thread object
» threads utility (id, yield, sleep, ...)
* thread_local (TLS)

Locking

e Mutual exclusion

* Lock management
* Condition variables

Tasks
e async

 future & promise

Parallel/vectorized algorithms (C++17)

models
atomic template
atomic_flag

C++20

Executers

Latches and barriers
Coroutines*
Transactional memory
Task blocks

jthread

KocBeHHO

OpenMP*
Exceptions
Message/event loop
Priorities



MHoOronotouyHocTb B C++

Threads management Memory model

* std::thread object * models

« threads utility (id, yield, sleep, ...) * atomic template
Locking C++20

e  Mutual exclusion
* Lock management
e Condition variables

Tasks
e async
e future & promise KocBeHHO
e OpenMP*
Parallel/vectorized algorithms (C++17) * Exceptions

* Message/event loop
* Priorities
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Multithreaded programming
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YacTtb 1. [lapannenbHble
aITOPUTMb



[MapannenbHble anroputmbl (C++17)

coNO VT D WNBR

{

}

void parallel run()

vector<double> data = {/*...*/};

// before:

sort(begin(data), end(data));

// now we could run in parallel:
sort(execution::par, begin(data), end(data));

Bonbwad yactb anropntmos STL noaaeprKMBaeT Tenepb NapannenbHbin
3aMyCK € Heckosbknmm policy (ctpaternamm)

NOuiph WN R

execution:
execution:
execution:
execution:

:seq // sequenced

:par // parallel

:par_unseq// parallel + vectorized (SIMD)
:unseq // vectorized, since C++20

// 69 new functions + a few new
sort, for_each, transform, tranform_reduce,




Hwun3kaAa 3arpy3ska CPU

1. std: :transform(std: :execution: :par,

2. vec.begin(), vec.end(), out.begin(),

3. [ ](double v) { return v * 2.0; });
Operations Vector Size i7 4720 (4 Cores) i7 8700 (6 Cores)
execution::seq 10k 0.002763 0.001924
execution::par 10k 0.009869 0.008983
openmp parallel for | 10k 0.003158 0.002246
execution::seq 100k 0.051318 0.028872
execution::par 100k 0.043028 0.025664
openmp parallel for | 100k 0.022501 0.009624
execution::seq 1000k 1.69508 0.52419
execution::par 1000k 1.65561 0.359619
openmp parallel for | 1000k 1.50678 0.344863

https://www.bfilipek.com/2018/11/parallel-alg-perf.html



https://www.bfilipek.com/2018/11/parallel-alg-perf.html

BbicokaAa 3arpy3ka CPU

1. std: :transform(std: :execution: :par,

2. vec.begin(), vec.end(), vecNormals.begin(),// input vectors

3. vecFresnelTerms.begin(), // output term

4. [J(const glm::vec4& v, const glm::vecd4& n)

Z: { return fresnel(v, n, 1.0f);

7. })s
Operation Vector Size i7 4720 (4 Cores) i7 8700 (6 Cores)
execution::seq 10k 0.246722 0.169383
execution::par 10k 0.090794 0.067048
openmp parallel for | 10k 0.049739 0.029835
execution::seq 100k 2.49722 1.69768
execution::par 100k 0.530157 0.283268
openmp parallel for | 100k 0.495024 0.291609
execution::seq 1000k 25.0828 16.9457
execution::par 1000k 5.15235 2.33768
openmp parallel for | 1000k 5.11801 2.95908




CoobpaeHnsa nu pekomeHaaumnm

[MapannenbHbie anropnutmbl aenatot bonblue paboTbl yem
nocnepoBaTebHble

BaXXHO He TO/IbKO KON1-BO 3/1eMeHTOB, HO M 3arpy3ka CPU
Kaxaomn onepauuen (bonblie anemeHToB 1 3arpyskul)

Jlydwe ecnm meHblle yTeHUa namaTtn, bonblie CPU usage

[MpaBunabHO Bcerga nposoantb benchmark, ytobwbl
OLUEHUTb YCKOpPEHUE U LienecoobpasHoCTb

HaunnHante c OpenMP, ecam oH ymecTeH



YacTtb 2. [10TOKU



Race condition/data race (cocTtosHMe roHKu).

[TpobnemHbie cuTyauuu

Thread 1

Thread 2

X =x1
X = X2

a=x
a=="7?

Deadlock (B3anmHas 610kmpoBKa).

Livelock — 610KMpPOBKK KaK TAKOBOM HET, HO KPYTUMCA B

Thread 1

Thread 2

locks A

waits for B
?

locks B

waits for A
?

beccmbiCIEHHOM LIUKAeE.

etc.




Hac He ucnyratb dead lock’amu!
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Co3aaHMe NOTOKa

* [1OTOK co34aeTca C NOMOLLbIO 0H6BbEeKTa
std::thread (3aronoBo4yHbIn Ppann <thread>).

1. | void big calc(string how)

2.1 {

3. cout << "i\'m working " << how << "\n";
4.1}

5.

6. | int main()

7.4

8. thread thl{big calc, "hard"};
9. thread th2{big calc, "24/7"};
10.
11. // doing smth
12.
13. thl.join();
14. th2.jo1in();
15. return 0;
16. | }




ObbeKkT notoka std: :thread

R R R RRRRRRR
LCoONOUDNWNROO

OO0 NOOULDSWDN PR

// can be moved, not copied
class thread

{
/600
template< class Function, class... Args >
explicit thread(Function&& func, Args&&... args);
// std::terminate if joinable
~thread();
bool joinable () const noexcept;
std: :thread: :id get id () const;
native _handle type native_ handle (0);
static unsigned hardware_concurrency();
void join (); // waits for thread func finish
void detach(); // detaches thread object from system thread
Il G oc
}s
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BcnomoratenbHble PyHKUUN

* HaxopAaTtca B namespace std: :this thread
—yileld - oTmaeT NOTOK ynpaBaeHUA
— get id - Bo3BpawaeTt std::thread::1id

— sleep for/sleep until - npuocTaHaBAuBaeT
NOTOK

. | void thread_func()
{

lock_guard<mutex> lock(m);

if (task _queue.empty())
std: :this_thread::yield(); // Hmmm... Really?
else

e

OooNOULTDS, WDN R
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Mutual exclusion

mutex: obecneymnBaet 6a3oBble
dbyHKumm lock() n unlock() n He Bnoknpyemoin
meTop, try lock()

recursive_mutex: MOXHO NMNOBTOPHO 3aXBaTUTb

timed _mutex: B oTan4me ot 06bIYHOrO MbIOTEKCA, UMEET
ewe aBa metoaa: try lock for() n try lock until()

recursive_timed mutex: ato KombunHauyma timed mutex
U recursive_mutex

shared timed mutex : npepgoctasaset obWmM AOCTYN
HECKONIbKMM MOTOKaM (YnTaTenn) Uam sKCKIH3UBHbIN
Oo4HOMY MOTOKY (NucaTennb).
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Lock management

lock guard — cambI¥ YTO HM Ha eCTb NPOCTOM
RAIl pepxateTb mutex’a

unique_ lock
—try lock[ for/ until]

— KOHCTpyupoBaHue 6e3 nam c Tarom: defer lock,
try to lock, adopt lock

—owns_ lock npoepkKa

shared lock —T0 e, yto munique lock, HO
ana shared timed mutex

Valery Lesin, C++, 2019 18



[lpmep 3axBaTa mutex

* YT106bI M36€KaTb deadlock’a Ha HeCKONbKUX
mutex’ax ucnonb3ymte pyHkumto std: : lock

1. | void move_money(account& al, account& a2, int amount)
A

3. unique_lock 1l1(al.mut, defer_lock);
4. unique_lock 12(a2.mut, defer_lock);
5.

6. // avoids deadlocks

7. std::lock(al.mut, a2.mut);

8.

9. if (al.balance >= amount)
10. {
11. al.balance -= amount;
12. a2.balance += amount;
13. }
14. //
15. |}




Exception catching

* Exception HMKaKum obpa3om He TpaHCcAnpyeTcH
flanee yepes rpaHMLYy NOTOKA.

* Y10 penatb?

1. | void thread func()
2. | {

3. try
4. {
5. // function body
6. }
7. catch (...)
8. {
9, // what to do with the exception?
10. }
11. |}




Exception rethrow (1)

* [onbiTaemcs ero cnepsa NOMMaTb U COXPaHUTB!

1. | void thread_ func()

2. | {

3. try

4. {

5. // function body

6. }

7. catch (...)

8. {

9. std: :exception ptr p = current _exception();
10. exceptions_queue.push back(p);
11. }

12. |}




Exception rethrow (2)

NRRPRRPRRPRRRRRRR
@O VWoONIOOTUDWNRO®L

cONOUIL DS WN R

void invoker()

{

thread th(thread_func);

//...
th.join();
while(!exceptions_queue.empty())
{
try
{
auto p = exceptions_queue.top();
exceptions_queue.pop();
rethrow _exception(p);
}
catch(std: :exception const& e)
{
cout << "FAILURE: " << e.what() << end,
}
}

Valery Lesin, C++, 2019
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Condition variables

BaoknpytoT noTok(n) noka He byaeT NnoayyeHo
yBeZloMJIEHME OT APYroro NOoTOKa.

[1o Hayana oxxnaaHma no condition variable
(wait) Bnokmpyetca mutex, a B camom wait —
pa3bnoKkunpyetcs.

wait BbIXOAWUT, KOraa Apyrom NOTOK yBeaOMANAET
condition variable (nmbo mupunuecknm spurious
wakeup), nnbo timeout.

Korga wait BbIXOAUT, OAHOBPEMEHHO 0bpaTHO
bnoknpyetca mutex.



Y10 ecTb ana condition variable 8 C++11°7

e Knaccol

1. | class condition variable;
2. | class condition_variable any;

* OYyHKUUM

void notify one();
void notify all();

void wait( std::unique_lock<std::mutex>& 1 );
void wait( std::unique_lock<std::mutex>& 1, Predicate pred );

cv_status wait for (unique_lock<mutex>& 1, const chrono::duration& t);
cv_status wait until(unique lock<mutex>& 1, const chrono::time point& t);
91 // the same + Predicate

cONOYUT RS WN
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NNNNRRRRRRPRRRRER
WINROUOUWOMNOTUDNWNRO®O

cONOYUT S~ WN

[Mpnmep condition variable

mutex mt;
condition _variable «cv;
vector<char> buf;

void sending thread()

{

while (<some condition>)
{
unique_lock<mutex> 1(mt);
while (buf.empty())
cv.wait(l);

send(buf.data(), buf.size());

}
}
void on_frame(vector<char> const& data)
{

{

unique_lock<mutex> 1(mt);
buf.insert(buf.end(), data.begin(), data.end());

}

cv.notify one();

}

C++ in Depth. Valery Lesin
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[Mpnmep condition variable

OooNOULES, WDN B

mutex mt;
condition_variable «cv;
vector<char> buf;

void sending thread()

{

while (<some condition>)
{
unique_lock<mutex> 1(mt);
cv.wait(l, [](){ return 'buf.empty(); });

send(buf.data(), buf.size());

}
}
void on_frame(vector<char> const& data)
{

{

unique_lock<mutex> 1(mt);
buf.insert(buf.end(), data.begin(), data.end());

}

cv.notify one();

}

C++ in Depth. Valery Lesin
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HacTb 3. 3a0a4un



OTnoX»eHHble BblYNCIeHNA

MpeactaBum cebe, YTO BbIYMC/IEHNA 3aHMMALOT
ANNTENbHOE BPEMS.

3aKOHOMEPHO, XO4YEeTCA NepeaaTb Takme
BbIYMCIEHMNA APYTOMY MOTOKY.

Ho pe3ynbTaT *KenatenbHO BUAETb B MOTOKE,
NHNUMMpoBasLLeMm Bbldnucnenuna. Pull model

KaK 3To caenaTtb, HO MPM 3TOM He co3aaBaTb
CaMMM NOTOK, 3aWMLLATb AaHHble mutex’om n T.A4.



Future and Promise

* future no3sonAeT AOKAATbCA BbIYUCNEHUS
pe3ynbTaTa

PR RPRRRPRRRPRRRLRR
WoONOUDWNROO®UV

cOoNOYUT A~ WN

void calc(promise<long> p)

{
long sum = 0;
long sign = 1;
for (long i = @; i < 100000000; ++i)
{ sum += 1 * sign; sign *= -1; }
p.set_value(sum);

}

int main()

{

promise<long> p;
future<long> f = p.get_future();
thread t{calc, move(p)};

std::cout << f.get() << '"\n';
t.join();




Packaged task and Future

* Kak 6bl HAM He BHOCUTb MoaUPUKaLUIO B
camy GYHKUUIO?



Packaged task and Future

* Kak 6bl HAM He BHOCUTb MoaUPUKaLUIO B
camy GYHKUUIO?

NRRPRRRPRRRRRRPR
©@ VOO NOTUDWNRO®L

cOoNOYUT A~ WN

long calc()

{
long sum = 0;
long sign = 1;
for (long i = @; i < 100000000; ++i)
{ sum += 1 * sign; sign *= -1; }
return sum;

}

int main()

{

packaged_task<long> task{calc};
future<long> ¥ = task.get future();

thread t{move(task)};

cout << f.get() << endl;
t.join();




async and future

* MOXHO /In NpolLle, ecnn He xo4eTcA
YrpaBAATb MOTOKOM CAMOCTOATE/NIbHO?

OuUulh WN K

int main()

{

future<long> f = std::async(std::launch::async, calc);

cout << f.get() << '\n';

}

* BO3MOXHble CTpaTernm sanycka:
— std::launch::async — B ApPYyrom noToKe

— std: :launch: :deferred — B 3TOM e NOTOKe

C++ in Depth. Valery Lesin
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future class

R RPRRRPRRRRLRPR
NoOubhwNhmRr o

OooOoNOTUILPS,WDNBR

template <class R>
class future {
public:
/*constructors and assignment operators skipped*/

shared future<R> share();
/*see description*/ get();
// functions to check state
bool valid() const noexcept;

void wait () const;

// template declaration are skipped
future_status wait _for (const chrono::duration& rel time) const;

future_status wait _until(const chrono::time point& abs time) const;

Ik

C++ in Depth. Valery Lesin
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Yactb 4. O4yepeamn coobLieHnm



Ouepeab cobbiTUin/coobLLeHn

° XO‘—Iy UHUUUNUNPOBATb BbIMNC/IEHUA B
NnapajaneZibHOM NMOTOKE

* A nonyyaTb HOTUPUKALMMN C pe3ybTaTaMU
BbIYNCAEHNN B UICXOAHOM (MHULMNPYIOLLEM)
notoke. Push model

e Kak?



Ouepeab cobbiTUin/coobLLeHn

OooNOULID WDN PR

boost::asio::io service io;

void some long calc_thread 1(function<void(long)> const& cb)
{

long res = 0;

long sign = 1;

for (long i = 0; i < 100000000; ++i)

{ res += sign * i; sign *= -1; }

io.post(bind(cb, res));
}

void print_res_thread 0(long res)
{ cout << res; }

int main()
{
thread th (some_long calc thread 1, print res_thread 0);
// do smth
io.run();
th.join();
return 0;




Yactb 5. Memory model



[laBante coenaem CUHINTOH

3alMTUM CUHIATOH mutex om
double-checked locking (anti-pattern)

1. | singleton* instance() {

2. if (ptr_ == nullptr) {

3. lock guard lock(mtx);

4. if (ptr_ == nullptr) {

5. ptr_ = new singleton();
6. }

7. }

8. return ptr_;

S. |}




[laBante coenaem CUHINTOH

3alMTUM CUHIATOH mutex om
double-checked locking (anti-pattern)

singleton* instance() {
if (ptr_ == nullptr) {
lock guard lock(mtx);
if (ptr_ == nullptr) {
ptr_ = new singleton();
}
}

return ptr_;

Ooo~NOTULT DS, WDN R

}

Onepauna co3aaHusa o6 beKTa U NPUCBANBAHMA
VYKa3aTena He 06A3aHa OblTb aTOMapHOU




[laBante coenaem CUHINTOH

KOMI’IMI’IFITOp MOXET CAeNATb CO34aHNE NMPUNUMEPHO TAK, KAK
HAaMMCaHO HUXKe

Tenepb B 3TOM KoAe KpoeTca owmnbKa
NcnpasnaeTca sTo obbABNEHUEM std: :atomic<singleton*> ptr_

1. | singleton* instance() {

2. if (ptr_ == nullptr) {

3. lock guard lock(mtx);

4. if (ptr_ == nullptr) {

5.

6. ptr_ = aligned alloc

7. (alignof(singleton), sizeof(singleton));
8.

S /* creating thread may switch here... */
10. ptr_ = new (ptr_) singleton;
11. }
12. }
13. return ptr_;
14. | }
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[loarotoBMM AaHHbIe B APYrom NOTOKe

(lock free)

Thread 1

coNoOouT b~ WDNPR

uinted t key{ 0 };
volatile bool key ready{ false };

void calculate key()
{

secret_key = make_key();
key ready = true;

Thread 2

uvi b WN R

void use key()

{
if (key ready)

cout << secret _key;

Valery Lesin, C++, 2019
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{KOMNUAATOP MOXKET nepecTaBmnTb 0bpaLLeHuna

Thread 1

uinte4 t key{ 0 };
volatile bool key ready{ false };

void calculate key()

{
Ckey_ready

secret_key

true;
make_key();

cONO VTIPS WDN R

Thread 2

void use_key()

{
if (key_ready)

cout << secret key;

vi b W N R

}

volatile HMKAK He cnacaeT OoT NnepecTaHOBKU B
C++, OH BOObOLLE HE ANA MHOTONOTOYHOCTM
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Bctasum bapbepol

Thread 1
1. |uinte4 t key{ @ };
2. | bool key ready{ false };
3.
4. | void calculate key()
5.
6. secret key = make_key();
7. STORE4{ ------- X STORE
8. key_ready = true;
S. 1}
Thread 2
1. |void use key()
2. 1A
3. if (key ready)
4. LOAD 4 ------- A LOAD
5. cout << secret key;
6.1}

Valery Lesin, C++, 2019
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B C++11 onpegeneHbl moaenn NnamaTu

coNOYUT A~ WN

enum memory_order {
memory_order_relaxed,
memory_order_consume,
memory_order_acquire, // LOAD---STORE ; LOAD---LOAD
memory_order_release, // STORE---STORE; LOAD---STORE
memory_order_acq_rel, // no STORE---LOAD; x86/64
memory_order_seq cst // ALL

Iy

=
R ®

OWoONOULE, WN PR

void do_smth _useful()

{

/...

if (can_start) {
ACQUIRE
/[/...
// any store/load stay between ACQUIRE&RELEASE
[0 6 oo
RELEASE
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[MloarotoBMM AaHHbIE B APYrOM MOTOKE

(Tenepb NpaBu/IbHO)

Thread 1

cONO VTIPS WDN R

uinte4 t key{ 0 };
atomic<bool> key ready{ false };

void calculate key()
{

secret _key = make_key();
key ready.store(true, memory_order_release);

Thread 2

vi b W N R

void use_key()

{

if (key ready.load(memory_order_acquire))
cout << secret key;




[laBante caenaem NpaBUAbHbIM CUHINTOH

1. |struct singleton

2.1

3. /[/...

4.

5. static singleton* instance() {

6. if (ptr_.load() == nullptr) {// memory order seq cst
7. lock guard lock(mtx_ );

8. if (ptr_ == nullptr) {// memory order_seq cst
9. // memory order_seq cst

10. ptr_.store(new singleton());

11. }

12. }

13. return ptr_;

14.| }

15.

16. | private:

17. static std::mutex mtx_;

18. static std::atomic<singleton*> ptr_;

19. | };
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34€eCb AONXKHO OblN0 HACTYNUTb
npocseTneHune!

MULTL-THREADING
e 12eseaSasyersfe s O

[A pake s 2t LOT net

Valery Lesin, C++, 2019
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Bonpocobi?



