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[lencTtBue nepeoe:
LTest in a nutshell

YTO Takoe KOHKYPEHTHbIEe CTPYKTYPbl AAHHbIX
Kak nx rectupoBaTtb

Kakue npob6nembl BO3HMKAOT NPy TECTUPOBAHUM
Kak LTest pewaeTt 3Tn npobiembl

Kak LTest ycTpoeH BHyTpu (BKpaTLe!)
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[TochepoBaTesibHbIe CTPYKTYPbI OdHHbIX m
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[TochepoBaTesibHbIe CTPYKTYPbI OdHHbIX

* B xope onepauun MHBApWAHTbl CTPYKTYPbI AdHHbIX MOTYT HapyLwaTbCs
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[TochepoBaTesibHbIe CTPYKTYPbI OdHHbIX

* K KOHLY onepaunm Bce MHBaApUaHTbl CTPYKTYPbl AaHHbIX
BOCCTaHOB/EHbI, MOXHO HauMHATb C/IeyoLLY0 onepayuio
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KOHKYpPEHTHbIe CTPYKTYPbl AaHHbIX

RN

MNHBapUaHTI * Onepauusa HaumnHaeTcsa

HapyLLEHbI [0 3aBepLUEeHns npegbiayLlen
MHBapuaHTbl A
co6noaeHsl A * B Hauane onepauuu CTPyKTypa

' : NAHHBIX MOXXeT HAaX0AMNTbCH
: : B HEKOHCUCTEHTHOM COCTOSHUU




KOHKYpPEHTHbIe CTPYKTYPbl AAHHbIX 3TO CJI0XKHO

/Témplate<typename T>
struct stack_t {
void (T value) {
auto* new_node = new node_t<T>{};
new_node->data = std:: (value),
new_node->next = head;
head = new_node;

}

std::optional<T> pop() noexcept {

if (head == nullptr) return
std::nullopt;

T result{std:: (head->data)};

node_t<T>* const new_head =
head->next;

delete head;

head = new_head;

return result;

}

std::optional<T> () const {
return head != nullptr
? std::optional{head->data}
std::nullopt;
}
private:
node_t<T>* head{nullptr};
\};

~

Treiber R. K. et al.
Systems programming:
Coping with parallelism

(/’>template<typename >

\ J

)

struct concurrent_stack_t {
void (T value) {
auto* const new_node = new node_t<T>{};
new_node->data = std:: (value);
while (true) {
node_t<T>* cur_head = head.load();
new_node->next = cur_head;
if (head.compare_exchange_strong(
cur_head, new_node))
return;
}
}
std::optional<T> O {
while (true) {
node_t<T>* cur_head = head.load();
if (cur_head == nullptr) return std::nullopt;
if (head.compare_exchange_strong(
cur_head, cur_head->next)) {
T result{cur_head->data};
retire(cur_head);
return result;
¥
}
}

std::optional<T> () const {
const auto* const cur_head = head.load();
return cur_head != nullptr
? std::optional{cur_head->data} : std::nullopt;
}
private:
std::atomic<node_t<T>*> head{nullptr};




KOHKYpPEHTHbIe CTPYKTYPbl AAHHbIX 3TO CJI0XKHO

NosBNAKOTCA aTOMapHbIE PerucTpbl
Hy>kHo aymaTb Hag memory order

MosenaroTca CAS loops

\}

éa )
void (T value) {
auto* new_node = new node t<T>{};
new_node->data = std:: (value),
new_node->next = head;
head = new_node;
J y,
(rVoid (T value) {

auto* const new _node =
new node->data = std::
while (true) {

node t<T>* cur_head = head.load();

new_node->next = cur_head;

if (head.compare_exchange_strong(

cur_head, new_node))
return;

new node_ t<T>{};
(value);

~
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KOHKYpPEHTHbIe CTPYKTYPbl AAHHbIX 3TO CJI0XKHO

-

st

N

~

d::optional<T> () noexcept {
if (head nullptr)
return std::nullopt;
T result{std:: (head->data)};
node_t<T>* const new_head =
head->next;
delete head;
head = new_head;
return result;

J

Henb3a ncnonb3soBaTtb std: :move

YcnoxxHgaetca memory reclamation

//;;d::optiona1<T>

0 1
while (true) {
node t<T>* cur_head = head.load();
if (cur_head nullptr)
return std::nullopt;
if (head.compare_exchange_strong(
cur_head, cur_head->next)) {
T result{cur_head->data};
retire(cur_head);
return result;

}
}

\J

Fraser K. Practical lock-freedom

Michael M. M. Hazard pointers: Safe memary
reclamation for lock-free objects

~
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KOHKYPEHTHbIE CTPYKTYPbl AaHHbIX 3TO NOJIE3HO

* Pazpengembit Mmexxgy paboummm
NnoToKamu Beb-cepBepa Kew

N
-
=
-
N

Querries

13



KOHKYPEHTHbIE CTPYKTYPbl AaHHbIX 3TO NOJIE3HO

* Producer-consumer ouepeau gasa nepegaydv 3aaaHum
OT NOTOKOB, 06CNY>KMBAKLWMX NOMb30BaTeIbCKUE 3anpochl,
NOTOKam, paboTarowmm € 6J10UHBIM YCTPOMNCTBOM

N
-~
-
S
N

Querries
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KOHKYpPEHTHbIe CTPYKTYPbl AdHHbIX 3TO NONE3HO

( Haw koA BbIrnaauT Tax

NodeRef tail = tail_;
NodePtr next = GetNext(tail).load(std::memory_order_acquire);

if (tail == &stub ) {
if (next == nullptr) {
if (mode == PopMode: :kWeak) return nullptr;
if (tail == head_->load(std: :memory_order_acquire))
return nullptr;
next = BlockThreadUntilNotNull(GetNext(tail));
+
GetNext(stub_).store(nullptr, std::memory_order_relaxed);
tail_ = *next;
tail = *next;
next = GetNext(tail).load(std::memory_order_acquire);

if (next != nullptr) {
tail_ = *next;
GetNext(tail).store(nullptr, std::memory_order_relaxed);
return tail;

NodeRef head = head_->load(std::memory_order_acquire);
if (head == tail &&
head_->compare_exchange_strong(head, stub_,
std::memory_order_release,
std: :memory_order_relaxed)) {
tail_ = stub_;
return tail;

if (mode == PopMode::kWeak) return nullptr;
next = BlockThreadUntilNotNull(GetNext(tail));
tail_ = *next;

GetNext(tail).store(nullptr, std::memory_order_relaxed);
Qtur‘n tail;

YT00bI I'IpO.EIYKTOBbIﬁ KOA BbIrnAaaen 1axk \

#include <userver/easy.hpp>
#include "schemas/key_value.hpp"

int main(int argc, char* argv[]) {
using namespace userver;
easy: :HttpwWith<easy::PgDep>(argc, argv).Get(
"/kv", [1(formats::json::Value request_json,
const easy::PgDep& dep) {
auto key =
request_json.As<schemas: :KeyRequest>().key;
auto res = dep.pg().Execute(
storages::postgres::ClusterHostType: :kSlave,
"SELECT value FROM key_value_table WHERE key=$1",
key
)i

schemas: :Keyvalue response{
key, res[0][0].As<std::string>()};
return formats::json::ValueBuilder{response}.Extractvalue();

)i

Hukuta KocT/inBLEB,
YctpovictBo coroutine scheduler
111 COBPEMEHHOIro paHTanmma
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https://vk.com/video-147415323_456240437?t=46m41s

(MouTtn) Herlihy & Wing Queue
4 )

struct queue_t {
explicit (const uint32_t queue_size) noexcept
: data_queue_size {
for (int32_t i = 9; i < queue_size; ++i) {
data_|1i std::nullopt;

}
}
void (const int32_t value) noexcept { /* ... */ }
std::optional<int32_t> () noexcept { /* ... */ }
private:

std::vector<std::atomic<std: :optional<int32_t>>> data_;
std::atomic_int32_t index_ 0 ;

}s

N\ J

FIFO-ouepepb Ha maccuee
OrpaHWYeHHOro pasmepa

MaccumB 3n1emMeHTOB 1 MHOEeKC
cnefyrowen BCTaBkun

Herlihy M. P., Wing J. M.
Linearizability: A carrectness
condition for concurrent
objects
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(MouTtn) Herlihy & Wing Queue

- BcTaBka

-

void (
const int32_t value) noexcept {
const int32_t i =

~

index_. (1);
data_|1i value;
}
%] 24 42 %) %) 1)

[na BCTAaBKU HY>KHO
aTOMapHO NpoYnNTaTh

MU YBEJIMUUTb HA eguHnLYy
3HaueHue nHpekca

B Maccmee
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(MouTtn) Herlihy & Wing Queue

- BcTaBka

-

void (
const int32_t value) noexcept {
const int32 t i =

~

index_. (1);
data_|1i value;
}
%] 24 42 %] %] %]

[na BCTAaBKU HY>KHO
aTOMapHO NpoYnNTaTh

MU YBEJIMUUTb HA eguHnLYy
3HaueHue nHpekca

B Maccmee
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(MouTtn) Herlihy & Wing Queue

- BcTaBka

-

void (
const int32_t value) noexcept {
const int32_t i =
index_. (1);
data_ i value;

}

~

CoxpaHgem 3HaueHue
No NMPOYNTAHHOMY UHOEKCY

Cnepyrouwee 3HayveHue bygeT
COXPaHeHOo B C1eAyHOLLYI0
auemnky
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(MouTtn) Herlihy & Wing Queue: YoaneHue

Ana ynaneHna Hy>KHOo
3aMoOMHUTb TekyLllee
3HaueHue nHpekca

-

std::optional<int32_t> () noexcept {

const int32_t last = index_. O

for (int32_t i = 0; i < last; ++i) {
const auto maybe_result =

data_[i]. (std::nullopt);
if (maybe_result. O) {
return "maybe_result;
}
}
return std::nullopt;
}
1
%] 24 42 %] 6] %]

~
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(MouTtn) Herlihy & Wing Queue: YoaneHue

« Kaxkagbiv 3ieMeHT a0
3arNnoOMHEHHOM rpaHnLbl
NblTaeMCH aTOMapHO 3aMeHUTb
Ha NycToe 3HauveHune

-

std::optional<int32_t> () noexcept {
const int32_t last = index_ . O
for (int32_t i = 0; i < last; ++i) {
const auto maybe_result =
data_'i . (std::nullopt);

if (maybe_result. O) {
return "maybe_result;
}
}
return std::nullopt;
}
%]
1
1G] 24 42 %] 6] %]

~
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(MouTtn) Herlihy & Wing Queue: YoaneHue

 Ecnu paHee xpaHuBLLeecs
B AUenKe 3HaueHune 6biJ1o
NyCTbIM, Nepexoanm
K cnegyrouen suemke

-

std::optional<int32_t> () noexcept {

const int32_t last = index_ . O

for (int32_t i = 0; i < last; ++i) {
const auto maybe_result =

data_|i]. (std::nullopt);
if (maybe_result. O) {
return "maybe_result;
}
}
return std::nullopt;
}
%]
1
%] 24 42 %] %] %]

~
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(MouTtn) Herlihy & Wing Queue: YoaneHue

 Ecnu paHee xpaHuBLLeecs
B AUenKe 3HaueHune 6biJ1o
NyCTbIM, Nepexoanm
K cnegyrouen suemke

-

std::optional<int32_t> () noexcept {

const int32_t last = index_ . O

for (int32_t i = 0; i < last; ++i) {
const auto maybe_result =

data_'i . (std::nullopt);
if (maybe_result. O) {
return "maybe_result;
}
}
return std::nullopt;
}
%]
%] 24 42 %] %] %]

~
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(MouTtn) Herlihy & Wing Queue: YoaneHue

* [lepBoe HenycToe
BCTpeyeHHOe 3HaueHue
BO3BpawaeTcs U3 QyHKLUUN
Pop()

-

std::optional<int32_t>
const int32_t last =
for (int32_t i =9; i
const auto maybe_re
data_|i].
if (maybe_result.
return maybe_res
}
}

return std::nullopt;

}

~

() noexcept {
index_. O
< last; ++i) {
sult =
(std::nullopt);
) {
ult;

24



TecTupoBaHMe KOHKYPEHTHOrO KoAa

[

P2

!

data_ = {42, @, o, ..

index =1

-}

Invoke (P2, Queue, Pop)

last = index .load() // 1

HEI'IYCTaFI ouepeib

HaunHaeTcqa onepaund
Pop()

VcnonHawowum onepauuto
NOTOK BbITECHAETCS C A4pa
nnaHuposwmkom OC

25



TecTupoBaHMe KOHKYPEHTHOrO KoAa

\‘ P1 ‘ P2
data_ = {42, @, 2, ...}
index =1
Invoke(P2, Queue, Pop)
last = index .load() // 1
Invoke(P1, Queue, Push, 24)
i = index .fetch add(l) // 1
SN data = {42, o, @, ...}
Ak &
QY [ index_ = 2
@ p 1
¥ { data [1] = 24 { }
' data_ = {42, 24, &, ...}
index = 2
’ Response(P1, Queue, Push, 0k) I I

Opyroi noTok ncnonHaeT

onepauuto Push(24)

26



TecTupoBaHMe KOHKYPEHTHOrO KoAa

’ P+ ‘ P2

data_ = {42, ¢, &, ...}

index =1
Invoke (P2, Queue, Pop)
last = index .load() // I
Invoke(P:, Queue, Push, 24)
i = index_ .fetch add(1l) // 1
\(\Q/tx\ . data = {42, @, @, ...} ]
Q¥ : index_ = 2 : o
ity ey e 0 — | ¢ [Jpyron noTok ucnonHaet
data = {42, 24, &, ...} onepaumio Pop()
index = 2 H
"""""""" Response(Ps, Queve, Push, OK) | ]
Invoke(P1, Queue, Pop)
OQQ last = index .load() // 2
Q?f.z maybe result = data [0].exchange(std::nullopt) // 42
o¥ T T hata = e, 24, 0, .y
: index_ = 2
Response(P1, Queue, Pop, 42)
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TecTupoBaHMe KOHKYPEHTHOrO KoAa

’ P4 ‘ P2

data_ = {42, @

index =

L

Invoke(P2, Queue, Pop)

last = index .load() // 1

Invoke(P1, Queue, Push, 24)

i = index .fetch add(l) // 1

Response(P1, Queue, Push, 0k)

N
Invoke(P1, Queue, Pop) G

last = index .load() // 2

maybe result = data [0].exchange(std::nullopt) // 42

Response(P1, Queue, Pop, 42)

data = {e, 24, @, ...}

’ maybe result = data [0].exchange(std::nullopt) // @ l
i index =2 5

‘ Response (P2, Queue, Pop, @) l




JInHeapun3yemocCTb

* B nocsepoBaTesibHOCTU MHCTpYKLI,VIVI OCTaBJ/IAEM TOJ1bKO CO6bITUA BbI30BA
1 3aBepLueHn4d Ka>kaomn onepauunn

* lluwem 3KBMUBaJIeHTHOE noc/egoBaTesibHOe UCMOJIHeHue,
He HapyLuakoLlLee Nopsaa0K onepaummn

« CocTouT 13 Tex >Xe onepauumn
* OuepegHas onepaums HAUMHAETCHA TOJIbKO NOC/IE 3aBEPLUEHMSA NPeabiayLLEen

* Ecnum OPA 3akoHuUunachk go Havana OPs, B noc/siegoBaTe/lbHOM UCMNOJIHEHUU
O0JIXXHO 6bITh TaK XKe

Queue.Push(42) Queue.Pop() » @

Response Invoke Invoke Response Invoke Response Response

(P2, Queue, Push, 42) | (P2, Queue, Push, Ok) | (P2, Queue, Pop) (P1, Queue, Push, 24) | (P1, Queue, Push, Ok) |  (P1, Queue, Pop) (P1, Queue, Pop, 42) | (P2, Queue, Pop, &)

D

Queue.Push(24) Queue.Pop() — 42
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[lpoBEpKa Ha IMHEAPU3YEeMOCTb

* [Mepebupaem BCce BapMaHTbl YUepeaoBaHUA onepauni,
He HapyLllawLwme Nnopaaka onepauni

Queue.Push(42) Queue.Pop() — &
Invoke Response Invoke Invoke Response Invoke Response Response
(P2, Queue, Push, 42) | (P2, Queue, Push, Ok) (P2, Queue, Pop) (P1, Queue, Push, 24) | (P1, Queue, Push, Ok) (P1, Queue, Pop) (P1, Queue, Pop, 42) | (P2, Queue, Pop, &)
Queue.Push(24) Queue.Pop() — 42

Queue.Push(42)

Queue.Push(24) Queue.Pop() —» @

Queue.Pop() — 42

Herlihy M. P., Wing J. M. Linearizability: A correctness
condition for concurrent objects



[lpoBEpKa Ha IMHEAPU3YEeMOCTb

* [Mepebupaem BCe BapMaHTbl YUepeaoBaHNA onepauni,
He HapyLllawLwme Nnopaaka onepauni

Queue.Push(42) Queue.Pop() — &
Invoke Response Invoke Invoke Response Invoke Response Response
(P2, Queue, Push, 42) | (P2, Queue, Push, Ok) (P2, Queue, Pop) (P1, Queue, Push, 24) | (P1, Queue, Push, Ok) (P1, Queue, Pop) (P1, Queue, Pop, 42) | (P2, Queue, Pop, &)
Queue.Push(24) Queue.Pop() — 42

Queue.Push(42)

Queue.Pop() — @

Queue.Push(24)

Queue.Pop() — 42

Herlihy M. P., Wing J. M. Linearizability: A correctness
condition for concurrent objects



[lpoBEpKa Ha IMHEAPU3YEeMOCTb

* [Mepebupaem BCce BapMaHTbl YUepeaoBaHUA onepauni,
He HapyLllawLwme Nnopaaka onepauni

Queue.Push(42) Queue.Pop() — &

Invoke Response Invoke Invoke Response Invoke Response Response
(P2, Queue, Push, 42) | (P2, Queue, Push, Ok) (P2, Queue, Pop) (P1, Queue, Push, 24) | (P1, Queue, Push, Ok) (P1, Queue, Pop) (P1, Queue, Pop, 42) | (P2, Queue, Pop, &)

Queue.Push(24) Queue.Pop() — 42

Queue.Push(42) Queue.Push(42)

Queue.Pop() — & Queue.Push(24)
Queue.Push(24)

Queue.Pop() — 42 Queue.Pop() —» @

Queue.Pop() — 42

Herlihy M. P., Wing J. M. Linearizability: A correctness
condition for concurrent objects



[lpoBEpKa Ha IMHEAPU3YEeMOCTb

* [Mepebupaem BCce BapMaHTbl YUepeaoBaHUsA onepauni,
He HapyLllawLwme Nnopaaka onepauni

Queue.Push(42)

Queue.Pop() — &

Invoke
(P2, Queue, Push, 42)

Response
(P2, Queue, Push, Ok)

Invoke
(P2, Queue, Pop)

Invoke
(P41, Queue, Push, 24)

Response
(P1, Queue, Push, Ok)

Invoke
(P1, Queue, Pop)

Response
(P1, Queue, Pop, 42)

Response
(P2, Queue, Pop, &)

Queue.Push(42)

Queue.Push(42)

Queue.Pop() = &

Queue.Push(24)

Queue.Push(24)

Queue.Pop() — @

Queue.Pop() — 42

Queue.Pop() — 42

Queue.Push(24)

Queue.Push(42)

Queue.Push(24)

Queue.Pop() — 42

Queue.Pop() —» @

Herlihy M. P., Wing J. M. Linearizability: A correctness
condition for concurrent objects

Queue.Pop() — 42




[lpoBEpKa Ha IMHEAPU3YEeMOCTb

* [Mepebupaem BCce BapMaHTbl YUepeaoBaHUA onepauni,
He HapyLlalowme nopsaaka onepaumn

Queue.Push(42)

Queue.Pop() — &

Invoke
(P2, Queue, Push, 42)

Response
(P2, Queue, Push, Ok)

Invoke
(P2, Queue, Pop)

Invoke
(P1, Queue, Push, 24)

Response
(P1, Queue, Push, Ok)

Invoke
(P1, Queue, Pop)

Response
(P1, Queue, Pop, 42)

Response
(P2, Queue, Pop, &)

Queue.Push(24)

Queue.Push(42)

Queue.Push(42)

Queue.Push(42)

Queue.Pop() = &

Queue.Push(24)

Queue.Push(24)

Queue.Push(24)

Queue.Pop() — @

Queue.Pop() — 42

Queue.Pop() — 42

Queue.Pop() — 42

Queue.Pop() = &

Herlihy M. P., Wing J. M. Linearizability: A correctness
condition for concurrent objects

Queue.Pop() — 42

Queue.Push(24)

Queue.Push(42)

Queue.Pop() — 42

Queue.Pop() —» @

)




TecTupoBaHMe KOHKYPEHTHOrO KoAa

TecT noyemy-To ycnewHo
npoxoanT

/

TEST(concurrent_queue, simple) {

queue_t q{3};

g.Push(42);

std::thread t1([&q] {
g.Push(24);
const auto pop_res = qg.Pop();
assert(pop_res.has value());
assert(*pop_res == 24 || *pop_res == 42);

})s

std::thread t2([&q] {
const auto pop_res = qg.Pop();
assert(pop_res.has value());
assert(*pop_res == 24 || *pop_res == 42);

})s
tl.j0in();
t2.90in(); [ RUN ] concurrent_queue.simple
} [ 0K ] concurrent_queue.simple (0 ms)

J
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TecTupoBaHMe KOHKYPEHTHOrO KoAa

* He nnHeapusyemoe | :
MCNOMHEHME MOXKHO HE HANTU | Gt = U @ 8 o)

TEST(concurrent_queue, simple) {
queue_t g{3;};
q. (42);
std: :thread t1([&q] {
q. (24);
const auto pop _res = q. 0);
assert(pop_res. 0));
assert(*pop_res == 24 ||
pop res == 42);
})s
std: :thread t2([&q] {
const auto pop_res = q. O

assert(pop_res. 0));
assert(*pop_res == 24 ||
pop res == 42);
})s
t1. O
t2. O



TecTupoBaHMe KOHKYPEHTHOrO KoAa

* 171 uenukom 3aBepLuaeTcd
[0 3anycka t2

TEST(concurrent_queue, simple) {

queue_t q{3}; &

q.Push(42); §§§

std::thread t1([&q] { &
g.Push(24);

const auto pop_res = q.Pop();
assert(pop_res.has value());
assert(*pop_res == 24 ||
*pop_res == 42);
})s
std::thread t2([&q] {
const auto pop_res = q.Pop();
assert(pop_res.has value());
assert(*pop_res == 24 ||
*pop_res == 42);
})s
tl.j0in();
t2.70in();

data = {42, @, o2, ...}

index_ =1

Invoke(P:, Queue, Push, 24)

i = index_.fetch_add(1) // 1

data_ = {42, @, o, ...}
index_ = 2

data_[1] = 24 | ----------------------------------------------------------------- I

data = {42, 24, 2, ...}
index_ = 2

Response(P1, Queue, Push, 0k) |
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TecTupoBaHMe KOHKYPEHTHOrO KoAa

* 171 uenukom 3aBepLuaeTcd
[0 3anycka t2

TEST(concurrent_queue, simple) {

queue_t q{3}; &

q.Push(42); ééﬁ |

std::thread t1([&q] { &
g.Push(24);

const auto pop_res = q.Pop();
assert(pop_res.has value());
assert(*pop_res == 24 || &
*pop_res == 42); S
})s
std::thread t2([&q] {
const auto pop_res = q.Pop();
assert(pop_res.has value());
assert(*pop_res == 24 ||
*pop_res == 42);
})s
tl.j0in();
t2.70in();

data_ = {42, 2, &, ...}

Response(P1, Queue, Push, 0k)

index =1
Invoke(P1, Queue, Push, 24)
i = index_.fetch_add(1) // 1
data_ = {42, 2, @, ...}
index = 2
| data [1] = 24 |
: data_ = {42, 24, o, ...}
index_ = 2

Invoke(P2, Queue, Pop)

last = index_.load() // 2

maybe_result = data [0].exchange(std::nullopt) // 42

data_ = {2, 24, 2, ...}
index_ = 2

{ Response(P:1, Queue, Pop, 42)
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TecTupoBaHMe KOHKYPEHTHOrO KoAa

* 171 uenukom 3aBepLuaeTcd | o .
[0 3anycka t2 | s = M, B <5
1 index_ =1
Invoke(P:, Queue, Push, 24)
TEST(concurrent_queue, simple) { 1 = index_.fetch add(1) // 1
queue_t CI{3}3 ‘Q@"‘\ data = {42, 2, @, ...} :
q.Push(42); B S lodgp.~9 i
© d [1] =
std::thread t1([&q] { & etz 1
; data = {42, 24, 2, ...}
q'PUSh(24); index_ = 2
const auto pop_res = q.Pop(); Response (P, Queue, Push, 0k)
assert(pop_res.has value()); Imvoke{Pz, Queve, Pop]
asser‘t(*pop_r‘es — 24 | | QOQQ last = index .load() // 2 ’
" L . Q’\\,Q, maybe_result = data [0].exchange(std::nullopt) // 42
pop_res == 42), o’ data_ = {e, 24, o, ...}
}); . index_ = 2
Std: :thr\ead tz( [&q] { Response(P1, Queue, Pop, 42)
const auto pop_res = q.Pop(); - I”tmk?”:’ Ouf“ed’(ff/) -
ast = 1ndex_. Loa
asser‘t ( pOp_I"eS . haS_Value( ) ) _; maybe result = data [0].exchange(std::nullopt) // @ QQ
assert(*pop_res == 24 || § data = {o, 24, 0, .3 LS
H % H W
*pop_res == 42); . B e A
}) . ‘ | maybe_result = data_[1].exchange(std::nullopt) // 24 “
5 d
L. : data_ = {2, 24, &, ...}
tl.j0in(); " D, :
‘t2 . jOin ( )_; ‘ | Response(P:, Queue, Pop, 24) ‘




TecTupoBaHMe KOHKYpPeHTHOro Koga

Queue.Push(42) Queue.Pop() — 24

Invoke Response Invoke Response Invoke Response Invoke Response
(P2, Queue, Push, 42) | (P2, Queue, Push, Ok) | (P1, Queue, Push, 24) | (P1, Queue, Push, Ok) (P1, Queue, Pop) (P1, Queue, Pop, 42) (P2, Queue, Pop) (P2, Queue, Pop, &)

Queue.Push(24) Queue.Pop() — 42

TEST(concurrent_queue, simple) {

queue_t q{3};

q.Push(42);

std::thread t1([&q] { QueneRushide)
g.Push(24);
const auto pop_res = q.Pop();
assert(pop_res.has_value());
assert(*pop_res == 24 || Queue.Pop() — 42

*pop_res == 42);
1 ST Y KOppeKTHOoro Kkoga

std::thread t2([&q] { BCe UCNnoJIHeHun4
const auto pop_res = q.Pop();

assert(pop_res.has value()); JINHEAPU3yemMble
assert(*pop_res == 24 || *pop_res
})s
t1.j0in();
t2.j0in();
¥

Queue.Push(24)




CTpecc-TecTMPOBAHUE KOHKYPEHTHOro Koaa m

//7TEST(concurrent_queue, stress) { ﬁ\\
* VIHorga moXkeT NnomMoub CTpecc- for (int32_t i = 05 1 < 1'000'000; ++i) {

queue_t g{3;};
TecrmpoBaHue
P q. (42);

* [lnanmpoBwwuk OC ynpasngeTt
) std::thread t1([&q] {
OUepenHoCTbH UCMOJIHEeHUSA q (24);
. 3

NOTOKOB const auto pop_res = q. O
assert(pop_res. 0));
assert(*pop_res == 24 ||

*  HeT neTepMMHMPOBAHHOIO s pop_res == 42);
J
BOCNponsseneHnA std::thread t2([&q] {
const auto pop_res = q. O
assert(pop_res. )
assert(*pop_res == 24 ||
pop res == 42);

* EWE KoHTpOoep namMaTu

FAILED ] 1 test, listed below:
FAILED ] concurrent_queue.stress

1)
t1. OF
FAILED TEST oy 0
}

\ J




[lpnHLUMN TeCcTMpoBaHUS
BupTyanbHbIN NOTOK —
nocnenoBaTesibHOCTb
HN3KOYPOBHEBbLIX
MHCTPYKLUN

Ka>xkpasa takas
MHCTPYKUUA —

YyacTb onepauuu,
MCNOJIHAEMON

Hag CTPYKTYPOW AAHHbIX

NHCTpYKUMM yepenyoTcs
B OQHOM (pU3NUECKOM
noToke

P4

a := Value_.load()

a+=1

b := Second_.load()

b+=2

c:=abs(a-Db)

Value_.store(c)

P>

x := Value_.load()

yi=x+1

ti=x+2

Value_.store(y)

Second_.store(t)

L

J

+

BupTyanbHbie NOTOKM

a := Value_.load()

x = Value_.load()

y=Xx+1

ti=x+2

a+=1

b := Second_.load()

Value_.store(y)

Second_.store(t)

b+=2

c :=abs(a-b)

Value_.store(c)

v

EAWHCTBEHHbIN
NOTOK onepaLoOHHOM
CUCTEMbI

Touku
NepeKOYEHN
aKTUMBHOro
BUPTYanbHOro
noToka




[lonHOTa n peTepMUHNU3IM

B_.store(24)

Maoxxkem

nepe6paTb

BCE BO3MOXXHbIe
BapuWaHThI . .
yepeanoBaHM4A X := A_.load() y 8 - B_store(x + 1)
MHCTPYKLMIA Bstoreter 1)

B_.store(24)

n P2
erko A__.store(42) B_.store(x + 1)

BOCNpounsBoaunm B_.store(24)

(€ J
ag

NMHTEe DECH ble BupTyanbHble NOTOKM
NMCNnoJiHeHN4A

B_.store(24)

B_.store(x + 1)




AHaAeFes-HeFAHanoru ectb: Lincheck

Oka3an Ha Hac OorpomMmHoe BJindHue

o

Lincheck

JetBrains [official § License 'MPL 2.0

Lincheck is a practical and user-friendly framework for writing deterministic and robust concurrent tests on JVM.
When detecting an error, Lincheck provides a reproducible execution trace an ability to debug it step-by-step in
IntelliJ IDEA.

J

Moppoep>kka C++ gueHb

IKCNEPUMEHTaIbHES {1 Kotlin/Native and C/C++ support

#68 opened on Dec 4, 2020 by Krock21 « Changes requested
TonbKo CTpecc-TecThl
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https://github.com/JetBrains/lincheck

AHaAaeres+HeT+AHaNorm ectb: GenMViC

* QueHb MHOT0 NPOABUHYTLIX aArOPUTMOB

 HeTt noagaep>xku C++ (ToNbKO He6oNbLME nporpamMmmbl Ha C)

* WHTepnpeTupyeT KOA

-

GenMC: A model checker for weak memory
models

Summary

GenMC is an open-source state-of-the-art model checker for verifying
concurrent C/C++ programs under the RC11, IMM, and LKMM memory
models. e

[init]

“ induced ™

lock order

GenMC is based on a stateless model checking algorithm that is

' ' y '

' d '

' ' ' '
parametric in the choice of memory model. Subject to a few basic s b 4 ! ‘ g
conditions about the memory model, our algorithm is sound, complete ' W(X‘ l) ' 1> R(X) '
and optimal, in that it explores each consistent execution of the program | | 4 rf g i s
according to the model exactly once, and does not explore inconsistent ! | : . 1(/ ]
executions or embark on futile exploration paths. ' rel( ) ' , re ( ) '

It incorporates many optimizations, such as lock-aware and barrier-aware partial order reduction, symmetry
reduction, and automatic spinloop bounding.

~
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https://plv.mpi-sws.org/genmc/

AHaAeres+HetTAHAN0rn ectob: Iwist

* HakoHeu-To nogoep>xka C++

* C(CoBpemeHHOro C++

* Koa npuxoamTca MeHATb pyKamu

* He BCe Hy>XHble HAM CTpaTernn nepebopa NCNOJIHEHUM

* He npoBep4deT JInHeadpuU3yeMoCTb

Twist ¥

He must look to meet whatever events his own fate and the stern Klothes twisted into his thread of destiny when he entered
the world and his mother bore him.

—Homer §f, Odyssey 7193 (trans. Walter Shewring)

Systematic concurrency testing for modern C++

.

~
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https://gitlab.com/Lipovsky/twist/

APXUTEKTYpa TECTUPYHOLLEN CUCTEMDI

* LTest xpaHUT HeCKo1bKO BMPTYyaJibHbIX NOTOKOB

* Kaxabli BUPTYaibHbIA NOTOK COAEPXKUT MHCTPYKLUU OHOMN
onepaunu Hafg CTPYKTYPOM AaHHbIX

void f() { int g() {
x = X_.load(); X = X_.load();
Y =Y R loBdl t = T_:load().
store(x +v); return & = X;

}

LTest

X_.load();
X_.load();
Y_.load();

: X .load(); ¥ =X Tealit)
T Lead():
);

Y_.load(); X 5 3 Toad();
B gl 1y £ 55 T Tead{];
return t - Xx;

mt-x; y == Y. . 1ead();

= T_.load();
_.Store(x + vy); etu

eturn t - x; _.store(x + y); T_.store(x + ¥);




APXUTEKTYpa TECTUPYHOLLEN CUCTEMDI

* [locne Kka>kaon nMHTepecyoLwen Hac onepaumm BCTaBgeM
BbI30B PyHKUMM context switch ()

* Bo3BpalaeT ynpaBJieHME B TECTUPYHOLLYH CUCTEMY

» [lenaem 3TO Ha 3Tane cTaTUYeckon NpenobpaboTKM Koaa

void f() {
f() { X 1= X_.load();
1= X_.load(); context_switch();

;= Y_.load(); y := Y_.load();
.store(x + vy); context_switch();
T_.store(x + y);

}
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Icnonb30BaHMe KOPYTUH m

* W3HauanbHO yrnpaBJieHNe HaxXoanTCcA B TECTI/IpYI-DLLI,EI\/’I cncreme

n := Index_.load();

context_switch();

TEE 1 = @ 4. % N ¥E { Index_.store(s);
v 1= Arr_[i].load(); context_switch();

context_switch(); Arr[0].store(42);
SUCCESS = context_switch();

Arr_[i].compare_exhange(v, v + 1); [Arri1l].store(24);
context_switch(); context_switch();
if success return true; 2 maw B

}

return false;




ichonb30BaHMe KOPYTUH

* YnpaBJieHMe NepefaeTcs NoJjib30BaTebCKOMY Kooy

* (yHKUKMSA UCNOJIHAETCH A0 NepBoro context switch ()

n := Index_.load();

context_switch();

for i := 0; i < n; ++n { Index_.store(5);
v := Arr_[i].load(); context_switch();
context_switch(); Arr[0].store(42);
success := context_switch();

Arr_[i].compare_exhange(v, v + 1); [Arrl[1l].store(24);
context_switch(); context_switch();
if success return true; o

¥

return false;




ichonb30BaHMe KOPYTUH

* YnpaBJieHMe BO3BPaALLAeTCs B TECTUPYHOLLYH CUCTEMY

* MO>XXHO HauyaTb UCNOJHATb APYroM BUPTYabHbIA NOTOK

n := Index_.load();

context_switch();

for i := 0; i < n; ++n { Index_.store(5);
v = Arr_[1i]:lead(); context_switch();
context_switch(); Arr[0].store(42);
success := context_switch();

Arr_[i].compare_exhange(v, v + 1); [Arr[1].store(24);
context_switch(); context_switch();
if success return true; I e

3

return false;




ichonb30BaHMe KOPYTUH

* BupTtyanbHble NOTOKN 06MeHNBaKOTCA MHDOpMaLVeEN

n := Index_.load(); // n

context_switch();

for i 1= 0; i < n; ++n { Index_.store(5);
v = Arr_[i].load(); context_switch();

context_switch(); Arr[0].store(42);
success := context_switch();

Arr_[i].compare_exhange(v, v + 1); [Arr[1].store(24);
context_switch(); context_switch();
if success return true; I e

3

return false;




ichonb30BaHMe KOPYTUH

YnpaBneHue ondATb
B TECTUPYHOLLLEN CUCTEME

n := Index_.load(); // n =5
context_switch();
for i :=0; 1 < n; ++n {
v := Arr_[i].load();
context_switch();
success :=

Arr_[i].compare_exhange(v, v + 1);
context_switch();
if success return true;

3

return false;

Index_.store(5);
context_switch();
Arr[0].store(42);
context_switch();
Arr[1].store(24);
context_switch();
FE

53



ichonb30BaHMe KOPYTUH

ABa>kabl noapsaa Bbibpaem akTUBHbIM
OOWH N TOT >Xe BUPTYaJibHbIN MOTOK

n := Index_.load(); // n =5

context_switch();

for i ;= 0; i<n; ++tn { // 1i
v := Arr_[i].load(); // v
context_switch();
success :=

Arr_[i].compare_exhange(v, v + 1);
context_switch();
if success return true;

3

return false;

Index_.store(5);
context_switch();
Arr[0].store(42);
context_switch();
Arr[1].store(24);
context_switch();
FE
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ichonb30BaHMe KOPYTUH

YnpaBneHune CHOBA
B TECTUPYHOLLLEN CUCTEME

n := Index_.load(); // n =5

context_switch();

for i :=0; i<n; ++tn { // 1i
Vv = Arr_[i].load(); // v
context_switch();
success :=

Arr_[i].compare_exhange(v, v + 1);
context_switch();
if success return true;

3

return false;

Index_.store(5);
context_switch();
Arr[0].store(42);
context_switch();
Arr[1].store(24);
context_switch();
FE
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ichonb30BaHMe KOPYTUH

* llcnosnHeHWe Npoao/iKaeTcs C MHCTPYKUMK ciiefylowen 3a
NOCNegHUM UCNOJIHEHHbIM context switch ()

n := Index_.load(); // n =5

context_switch();

for i :=0; i<n; ++n { // i Index_.store(5);
v := Arr_[i].load(); /] vV context_switch();

context_switch(); Arr[0].store(42);
success := context_switch();

Arr_[i].compare_exhange(v, v + 1); [Arr[1].store(24);
context_switch(); context_switch();
if success return true; I e

3

return false;




ichonb30BaHMe KOPYTUH

YnpaBneHune CHOBA
B TECTUPYHOLLLEN CUCTEME

n := Index_.load(); // n =5

context_switch();

for i :=0; i<n; ++tn { // 1i
Vv = Arr_[i].load(); // v
context_switch();
success :=

Arr_[i].compare_exhange(v, v + 1);
context_switch();
if success return true;

3

return false;

Index_.store(5);
context_switch();
Arr[0].store(42);
context_switch();
Arr[1].store(24);
context_switch();
FE
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ichonb30BaHMe KOPYTUH

Arr_[0].CAS(0, 1) npoBannsaeTcs

B Arr_[0] 3anucaHo 42

n := Index_.load(); // n =5
context_switch();
for i :=0; i<n; ++tn { // 1i
Vv = Arr_[i].load(); // v
context_switch();
success := // success = false

Arr_[i].compare_exhange(v, v + 1);
context_switch();
if success return true;

3

return false;

Index_.store(5);
context_switch();
Arr[0].store(42);
context_switch();
Arr[1].store(24);
context_switch();
FE
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ichonb30BaHMe KOPYTUH

CHOBa B TeCTUpYyHOLLEN CUCTEME

n := Index_.load(); // n

context_switch();

for i :=0; i<n; ++tn { // 1i 0]
Vv = Arr_[i].load(); // v =0
context_switch();
success := // success = false

Arr_[1i].compare_exhange(v, v + 1);
context_switch();
if success return true;

3

return false;

Index_.store(5);
context_switch();
Arr[0].store(42);
context_switch();
Arr[1].store(24);
context_switch();
FE
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Icnonb30BaHMe KOPYTUH m

* [lpu cnegyrowen nepegayde ynpaBieHUA HAUHEM CefyoLLyH
nTepaumnio umkna

n := Index_.load(); // n =5

context_switch();

for i :=0; i<n; ++n { // i=1 Index_.store(5);
W AR toadia context_switch();
context_switch(); Arr[0].store(42);
success := context_switch();

Arr_[i].compare_exhange(v, v + 1); [Arr[1].store(24);
context_switch(); context_switch();
if success return true; I e

3

return false;




OnTuMmmn3saumns KOPYTUH m

° 06pau_\eH|/|;| K JIOKAJIbHbIM NeEpeMeHHbIM HeE
MEHART pa3aendemoro CoctodHunA

////7 val_cur := A_.load(); ﬁ\\\\

context_switch(); B oival clr
.store cur); _
val_cur := A _.load(); B_ r (Vél_ )
context_switch(); C =0
B_.store(val_cur); e
val_new := val_cur;
val_new := val_cur;

— > context_switch();
++val_new;
context_switch();
++val_new;
context_switch();

\\\\‘ C_.store(val_new); 4////
61

++val_new;
++val_new;
C_.store(val_new);




OnTMmmnsaumg KoOpyTuH m

* BcraBndem context switch () TONbKO nepej
o6palleHnem K pasgensemMbiM NepemMeHHbIM

////7 val_cur := A_.load(); ﬁ\\\\

context_switch(); B =val cur
B_.store(val_cur); — _
val_cur := A _.load(); - ( L )
context_switch(); C =0
B_.store(val_cur); -
val_new := val_cur;
val_new := val_cur;

—— OO
++val_new;

++val_new;
++val_new;

con /
C_.store(val_new); ++val_new; )’
_ 4

context_switch();

\\\\‘ C_.store(val_new); 4’///
62




[lpoBEpKa Ha IMHEAPU3YEMOCTb

B cnyuae SIGABRT/SIGSEGV/SIGFPE/etc Hawnm ownbky

P+

P2

Invoke (P2, Queue, Push, 42)

i = index .fetch add(1l) // 0@

data [0] = 42

Response (P2, Queue, Push, 0Ok)

Invoke (P2, Queue, Pop)

last = index .load() // I

Invoke(P:, Queue, Push, 24)

i = index .fetch add(l) // 1

data_[1] = 24

Response(P:1, Queue, Push, 0k)

Invoke(P:1, Queue, Pop)

last = index .load() // 2

maybe result = data [0].exchange(std::nullopt) // 42

Response(Pi1, Queue, Pop, 42)

maybe result = data [0].exchange(std::nullopt) // @

Response (P2, Queue, Pop, @)

<e°QQ
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[lpoBEpKa Ha IMHEAPU3YEMOCTb

*  WHaue npoBepmM Ha JINHEAPUN3YEMOCTb

* [lepebupaem Bce BapuaHTbl UepeaoBaHMsa onepauun,
He HapyLwalouwme NopanoK onepaumin

Queue.Push(42) Queue.Pop() = &

Invoke Response Invoke Invoke Response Invoke
(P2, Queue, Push, 42) | (P2, Queue, Push, Ok) (P2, Queue, Pop) (P1, Queue, Push, 24) | (P1, Queue, Push, Ok) (P1, Queue, Pop)

Response
(P1, Queue, Pop, 42)

Response
(P2, Queue, Pop, )

Queue.Push(24) Queue.Pop() — 42

Queue.Push(42)

Queue.Pop() — @

Queue.Push(42)

Queue.Push(24)

Queue.Push(24)

Queue.Pop() — 42

Queue.Pop() — @

Queue.Pop() — 42

Queue.Push(42)

Queue.Push(24)

Queue.Pop() — 42

Queue.Pop() —» @

Queue.Push(24)

Queue.Push(42)

Queue.Pop() — 42

Queue.Pop() —» @




[lpoBEpKa Ha IMHEAPU3YEMOCTb

 Mo>XHO nun 6biCTpee?

* Mcnonb3yem Kew COCTOAHUN AN YCKOPeHUsd
npMMeHeHus o6wmnx npedunKkcos

Queue.Push(42) @
w nil

Queue.Push(24)

Queue.Pop() » @

Queue.Pop() — 42

Wing J. M., Gong C. Testing and
verifying concurrent objects

Queue.Push(42)

Queue.Push(24)

Queue.Pop() — 42

Queue.Pop() —» &

Lowe G. Testing
for linearizability
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[lpoBEpKa Ha IMHEAPU3YEMOCTb

3KCNOHEeHUManbHbIN aNropuUTMm

3ajayva npoBepky 04HOMo UCMOJIHEHUSA Ha
IMHeapM3yemMocTb B obwem caydae NP-nonHa

* Gibbons P. B., Korach E. Testing shared memaries

nns HEKOTOPbLIX CTPYKTYP OdHHbIX MO>XHO PeLlInNTb 3d
noJiMHOMUAJIbHOE BPEMA

« Emmi M., Enea C. Sound, complete, and tractable
linearizability monitoring for concurrent collections

* PyuHas npoBepka

std::vector<std::variant<invoke, Response>>

(P2, Queue, Push, 42) | (P2, Queue, Push, Ok)

Invoke Response Invoke Invoke
(P2, Queue, Pop)

Response Invoke
(P1, Queue, Push, 24) | (P:, Queue, Push, Ok) (P1, Queue, Pop)

Response
(P1, Queue, Pop, 42)

Response
(P2, Queue, Pop, &)

true / false
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VHTepaoansa: TECTUPYEM userver

* TecTupyem

userver: :concurrent::impl::IntrusiveStack
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HTEepnioaua: TeCTUpyem userver

 BHyTpu ctek Tpanbepa

* TreiberR. K. et al. S5ystems programming:
Coping with parallelism

void Push(T& node) noexcept {
NodeTaggedPtr expected = stack_head_.load();
while (true) {
GetNext(node) .store(expected.GetDataPtr());
const NodeTaggedPtr desired(
&node, expected.GetTag());

T* TryPop() noexcept {
NodeTaggedPtr expected = stack_head_.load();
while (true) {
Tx const expected_ptr = expected.GetDataPtr();
if (lexpected_ptr) return nullptr;
const NodeTaggedPtr desired(
GetNext (xexpected_ptr).load(), expected.GetNextTag());

if (stack_head_.compare_exchange_weak(
expected, desired)) {
break;

if (stack_head_.compare_exchange_weak(expected, desired)) {
GetNext(xexpected_ptr).store(

nullptr, std::memory_order_relaxed);
return expected_ptr;




HTEepnioaua: TeCTUpyem userver

Muwem o06EpTKyY struct IntrusiveStack {
public:

ONS UHTPY3MBHOIO CTEKa IntrusiveStack() {

IR TN EHD conepiiT nodes. emplace_back(1);

XpdHWJINLE 3J71EMEHTOB }

non_atomic int Push(size_t index) { /* ... */ }

struct BoxInt { non_atomic int TryPop() { /* ... */ }

BoxInt(int v) : x{v} {} private:

concurrent::impl:: concurrent: :impl::IntrusiveStack<
BoxInt,

SinglylLinkedHook<BoxInt>
concurrent: :impl: :MemberHook<

stack_hook;
int x: &BoxInt: :stack_hook>>
’ intrusive stack{};

s };




HTEepnioaua: TeCTUpyem userver

Push BcTtasnsier
B MHTPY3UBHbIN CTEK i-bliA
3JIEMEHT U3 XPaHUINLLA

Pop yoanaet anemeHT
U3 CTeka U Bo3BpaLiaeT
MHOEeKC yoaneéHHOoro
3/1eMeHTa B XpaHunuiie

non_atomic int Push(size_ t index) {

intrusive stack.Push(nodes[index]);
return 0;

}

non_atomic int TryPop() {

auto res = intrusive stack.TryPop();
return res ? res->x : -1;
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HTEepnioaua: TeCTUpyem userver

struct IntrusiveStackHash {
Muwewm hash code size_t operator()(const IntrusiveStack &r) const {

e [VELS int res = 0;
. for (int elem : r.intrusive stack) res += elem;
anga tTectmpyemou

return res;
CTPYKTYPbI }

* Yto6bl 3apaboTan I

K3 COCTOAHUN struct IntrusiveStackEquals {

template <typename PushArgTuple, int ValueIndex>

bool operator()(const IntrusiveStack &lhs,

bynet nonbuie const IntrusiveStack &rhs) const {
return lhs.intrusive_stack == rhs.intrusive_stack;

}

be3 Hux paboTaTb

s

using spec_t = ltest::Spec<IntrusiveStack,
IntrusiveStack,
IntrusiveStackHash,
IntrusiveStackEquals>;




WHTepnwgnsa: TecTUpyem userver m

* OTmeuyaem, Kakyl CTPYKTYpPY OaHHbIX TeCTUPYEM
N Kakue y Heé meToApbl

* WMkak reHepmMpoBdTb dpryMmeHTbl Ka>kgoro 13 MetToaos

auto generateInt([[maybe_unused]] size_t arg_size) {
static int a = 0;
if (a == 100) a =
return ltest::generators::makeSingleArg(a++);

}

LTEST_ENTRYPOINT(spec_t);
target_method(generatelnt, void, IntrusiveStack, Push, int);
target _method(ltest::generators::genEmpty, int, IntrusiveStack, TryPop);




MHTepnwoauda: TECTUPYEM userver

Komnunupyem clang -fpass-plugin
PaccTaBngeT TOUKM NepektoyYeHnss KOHTeKCTa

Moppep>kka thread-local, etc...

; Function Attrs: mustprogress noinline nounwind optnone sanitize_address uwtable
define linkonce_odr hidden void
@_ZN7userver8v2_11 rcl@concurrent4impll4IntrusiveStackINSO_6BoxIntENS2_10MemberHookIXadL_ZNS4_ 10stack_hookEEEEEE4Pus
hERS4_(ptr noundef nonnull align 8 dereferenceable(8) %this, ptr noundef nonnull align 8 dereferenceable(12) %node)
#2 comdat align 2 personality ptr @__gxx_personality ve@ !dbg !27806 {
entry:
%this.addr = alloca ptr, align 8
%node.addr = alloca ptr, align 8
%agg.tmp = alloca %"class.std::basic_string view", align 8
%agg.tmp8 alloca %"class.std::basic_string_view", align 8
%expected alloca %"class.userver::v2_ 11 rc::concurrent::impl::TaggedPtr", align 8
%desired = alloca %"class.userver::v2_11 rc::concurrent::impl::TaggedPtr", align 8
%agg.tmp25 = alloca %"class.userver::v2_11 rc::concurrent::impl::TaggedPtr", align 8
%cleanup.dest.slot = alloca i32, align 4
store ptr %this, ptr %this.addr, align 8
#dbg_declare(ptr %this.addr, !27807, !
call void |(@context _switch()
store ptr %node, ptr %node.addr, align 8
#dbg_declare(ptr %node.addr, !27810, !DIExpression(), !27811)
call void (@context switch()

DIExpression(), !27809)




MHTepnwoauda: TECTUPYEM userver

* YKa3blBaem napamMeTpbl TECTUPOBAHUS

* CKOMbKO UCNOMHEHU NepebupaTs,
Kak nepebupaTtb ncnoaHeHus, etc

* Hacnaxpaemcs pe3ynbtatom!

./stack-1ltest-no-asan --tasks 40 --rounds 1000

-
(a1}
p==}
(4
(1}

verbose:
threads
tasks
switches
rounds
minimize

N

40
100000000
1000

true

exploration runs = 15
minimization runs = 15
targets 2

strategy pct

--strategy pct

--minimize
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MHTepnwoauda: TECTUPYEM userver

B cnyuae owmbkm
nonydyaem npobnemHoe
NCNOJIHEHME

KoTopoe MoXHO
MHOIOKpPaTHO
BOCMPOU3BOAUTL B Llenax
OT/1IaAKN

12: Test command: /__w/LTest/LTest/build/verifying/targets/nonlinear_queue_with_custom_round "--rounds" "@" "--
exploration_runs" "100000" "--strategy" "random"

12: Working Directory: /__ w/LTest/LTest/build/verifying/targets

12: Test timeout computed to be: 1500

12: verbose: false

12: threads = 2

12: tasks = 15

12: switches = 100000000

12: rounds =0

12: minimize = false

12: targets =0

12: strategy = random

12::

12:

12: non linearized:

TIOMT S e e e S S s T S e g e 0 g i S e S
12: | T0 | T1

S0 S e s e e S s s T e e i
128 | [3] Push(3)

12: | [0] Push(1) |

Atz || | <-- void

120 | [4] Pop()

12: | <-- void |

12: | [1] Push(2) |

12: | <-- void |

12: | [2] Pop() |

128 [ F<=ER3 |

12: | | <-- 0

R o o s B s S S S S e S S S e e S e S e S e e e S e

5 iy ey ey S Ay iy i g
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[lencTtBue BTOpOE:
>XUTb CJIOXKHO

Kak TectupoBaTtb 60/blLUME NPOrpamMmbl

Kak TecTnpoBaTb CTPYKTYPbl OaHHbIX,
NCNosb3ykoLwme cnabbie memory order’sl

Kak TecTupoBaTb NporpamMmel,
KOTOPblE NCNOJb3YHOT 6J1I0KMPOBKU
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[lencTtBue BTOpPOE:
>XUTb CJIOXKHO

Kak TectupoBaTb 60/blLMEe NpOrpaMmbl

Hy>KHO nyulle noHMMaTb, UTO Mbl Nnepebupaem

77



Interleavings vs states

4 N N

A_.store(42) A_.store(42)
P1 P2
B_.store(24) x :=A_.load()
x :=A_.load() B_.store(24)
B_.store(x + 1) B_.store(x + 1)
A_.store(x +2)| |A_.store(x + 2)

N I\ e) L]

x:=A .load() | A .store(42)
B .store(x +1) | B_.store(24)
A_.store(X + 2)
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State space P: P
x:=A_.load() | A_.store(42)
B .store(x + 1) | B_.store(24)

A_.store(x + 2)

* Hac uHTepecyroT pa3Hbie

COCTOSHNA Hallewn A =0
nporpamMmmbil B_=0
* lpag*
* BepLlwnHbl — COCTOAHUA P1 P2
x:=A .load() | A .store(42)
B_.store(x + 1) | B_.store(24)

A_.store(x + 2)

*Ha camom gene 310 LTS (labeled transition system) B =0



State space P: P
x:=A_.load() | A_.store(42)
B .store(x + 1) | B_.store(24)

« Hac MHTepecyT pa3Hble A_store(x + 2)

COCTOAHMA Halwen nporpamMmbl A =0
 [pag* B =0
* BepwwuHbl — cocToAHUA
* Pebpo mexay BepluMHaMmm — P, P>

NCNOJIHEHNE UHCTPYKUUN x:=A load() | A .store(42]
*  McnonHeHne — nyTb B rpage B_.store(x + 1) | B_.store(24)

A_.store(x + 2)
A =42

*Ha camom gene 310 LTS (labeled transition system) B =0



State space

P

P2

P1

P2

X :=A_.load()

A_.store(42)

X :=A_.load()

A_.store(42)

B_.store(x + 1)

B_.store(24)

B_.store(x + 1)

B_.store(24)

A_.store(x + 2)

A_
B_

A_.store(x + 2)

x :=A_.load();

0
0

P1

P2

x :=A_.load()

A_.store(42)

B_.store(x + 1)

B_.store(24)

A_.store(x + 2)

B_.store(x + 1) A =0
1 B =1

A_.store(42)
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State space explosion

Beenu dopmanbHyo Mmogens
CoCcTO9HUM 3IKCNOHeHUMalbHO MHOTO
icnonHeHun ewe 60nblue

ABa Tuna anropntmos: Model checking n Controlled
Concurrency Testing (CCT)

XoTnm nepebpaTb BCe COCTOAHUA U MPOBEPUTb Ha HUX CBOWCTBO

XoTuM nepebpaTb YaCTb COCTOSAHUIA U NPOBEPUTb HA HUX CBOMUCTBO
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Model checking

0O6xo0aum rpad BCcexX BO3MOXXHbIX
COCTOSHUW Npu nomowm DFS

Ka>kaoe paccmoTpeHHoe ncnosiHeHue
NnpoBepaeTCHd Ha KOPPEeKTHOCTb
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Model checking

P1 P2 Ps P P2 Ps
A.store(1) B.store(1) a :=A.load() A.store(1) B.store(1) a :=A.load()
b := B.load() b := B.load()
A_=0 A.store(l) JOA=1 a:=Aload)
B0 |  B=9 '
G'Sfo, B.store(1)
a :=A load() X - - -
A.store(1) B.store(1) a :=A.load()
) ! b := B.load()
A=l | :
B_=1 a :=A.load() i’
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YMeHbLleHne KoJinyectsa MCNOJIHEHUN

e HeonTtumanbHO

 [lpobyem aBa nyTm BMECTO OQHOro

P+ P2
B .store(10) | A_.store(42)
(LQ\
A_.store(20) | B_.store(24) %\0@

N
P, o P, P2
Q. B .store(10) A .store(42)
B_.store(10) | A_.store(42) i e M M — i S
A _store(20) | B_.store(24) o A SIoe20) | B store(4)

B_.store(10) | A_.store(42)
A_.store(20) | B_.store(24)




YMeHbLleHne KoJinyectsa MCNOJIHEHUN

« [lBe onepauuu U3 pasHbiX NOTOKOB MOryT KOMMYTUPOBaTb

* WcnonHeHune OP1; OP2; npnBoguT B TO >Ke cOCTOAHUe, uto u OPZ2; OP1;

P2

A__.store(42)

B_.store(24)

P1

B_.store(10)

A__.store(42)

A__.store(20)

B_.store(24)

B_.store(10)

A__.store(20)

B_.store(24)

P2

<]

store(42)

A__.store(20)

B_.store(24)




YMeHbLleHne KoJinyectsa MCNOJIHEHUN

 [lBe umntawowme onepaunmn KOMMYyTUPYHOT BCerad

A .load(seq_cst); B _.load(seq cst); kommyTUpyHOT

A .load(seq _cst); A .load(seqg cst); kKomMmyTUPYHOT

87



YMeHbLleHne KoJinyectsa MCNOJIHEHUN

° |_|VILIJYLLI,E|F| onepaund KOMMYTUPYET TOJIbKO C DI'IE[JEILI,MEVI no gpyromMmy perncrtpy

A .store(x, seq cst); B .load(seq cst); kKoMMyTUPYHOT

A .store(x, seq cst); B .store(y, seq_cst); kommyTupyraT
A_.store(x, seq cst); A .load(seq cst); He koMmyTUPYHIT

A .store(x, seq cst); A .store(y, seq_cst); He kKOMMYyTUPYOT

* He KOMMYTUPYyHOLwmne onepadumnm Ha3biBAOTCAH KDH(IJJ'IMKTYI-DLLI,VIMM
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YMeHbLleHne KoJinyectsa MCNOJIHEHUN

« A .store(x); A .store(y); He KOMMYTUPYIOT

P

P-

A_.store(24)

A_.store(42)

P1 P2 P1 P2
A_.store(24) | A_.store(42) A .store(24) | A_.store(42)
A_.store(42)
» A =42
A _.store(24) ), Siddh
P1 P2 P1 P2

A_.store(24)

A_.store(42)

ctaral2 )
A_.store(24)

7/
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OnpegeneHne KOMMYTUPYHOLWUX onepaumnmn m

 [Jlenaem context switch nepepg ka>kabim o6palieHnem
K pa3gensieMmon nepemMeHHOU

* [lepep BO3BpaLEHUEM YNIPABAEHUSA TECTUPYHOLLEN CUCTEME
3anoMuHaem Tmn o6paweHna K namMmaTn, KoTopaa A0/>KHa
NPOM30OUTU CIeayHoLLen

« AOpec nepeMeHHONn, K KOTOpPOM NPpon3onaeT obpalieHme
* Pasmep nepemeHHon, memory order, etc
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OnpegeneHve KOMMYTUPYOLWMX ONepaunn m

const int32 t i = calculate index();

Array [i].store(42);

const int32 t i = calculate index();
G_Scheduler State ->OpType = op_types t::WRITE;
G_Scheduler_State_->Addr = &Array [1i];

context switch();

Array [i].store(42);
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Partial order reduction

 Jlnga poctm>xeHna oNnTUManbHOCTU
AOJDKHbI YUUTbIBATb KOMMYTAdTUBHOCTDb

* Dynamic Partial Order Reduction (DPOR)

4 )
P1 P2

x:=A .load() | A _.store(42)

B .store(x +1)| B_.store(24)

A_.store(x + 2)




Partial order reduction

4 I
P1 P2

x:=A_.load() | A_.store(42)
B_.store(x + 1) | B_.store(24)
A_.store(x + 2)

N [
AN

x :=A_.load()
B _.store(x + 1)

A_.store(x + 2)
A_.store(42)
B_.store(24)




Partial order reduction

-

N [

\
P1 P2
x:=A_.load() | A_.store(42)
B _.store(x + 1) | B_.store(24)
A_.store(x + 2)
J
X :=A_.load() x = A .load()
B_.store(x + 1) race B_.store(x + 1)
detection

A _.store(x + 2)

A_.store(42)

B_.store(24)

Y

A_.store(x + 2)

A_.store(42)

B_.store(24)
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Partial order reduction

-

N [

\
P1 P2
x:=A_.load() | A_.store(42)
B _.store(x + 1) | B_.store(24)
A_.store(x + 2)
%
X :=A_.load() X :=A_.load() A_.store(42)
B_.store(x + 1) race B_.store(x + 1)
detection

A_.store(x + 2)

A_.store(42)

B_.store(24)

A

A_.store(x + 2)

A_.store(42)

B_.store(24)

~
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Partial order reduction

-

N [

\
P1 P2
x:=A_.load() | A_.store(42)
B _.store(x + 1) | B_.store(24)
A_.store(x + 2)
J
X :=A_.load() X :=A_.load() A_.store(42)
B_.store(x + 1) race B .store(x + 1)| A_.store(42)
detection

A_.store(x + 2)

A_.store(42)

B_.store(24)

A

A_.store(x + 2)

A_.store(42)

B_.store(24)

~
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Partial order reduction

-

N [

\
P1 P2
x:=A_.load() | A_.store(42)
B _.store(x + 1) | B_.store(24)
A_.store(x + 2)
J
X :=A_.load() X :=A_.load() A_.store(42)
B_.store(x + 1) race B .store(x + 1)| A_.store(42)
detection

A_.store(x + 2)

A_.store(42)

B_.store(24)

A

A_.store(x + 2)

A_.store(42)

B_.store(24)

A_.store(42)

~
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Partial order reduction

-

P1

P2

x :=A_.load()

A_.store(42)

B_.store(x + 1)

B_.store(24)

A_.store(x + 2)

J

N [

x:=A_.load()

B_.store(x + 1)

A_.store(x + 2)

race
detection

A

x:=A_.load()

B_.store(x + 1)

A_.store(42)

B_.store(24)

A_.store(x + 2)

A_.store(42)

B_.store(24)

A_.store(42)

A_.store(42)
A_.store(42)

~

/

X :=A_.load()

B_.store(x + 1)

A_.store(42)

A_.store(x + 2)

B_.store(24)

\_

~

A_.store(42)
A_.store(42)
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State space explosion

OnTumanbHO
Bce ewe oonro gng peasibHbiX NporpamMmm
A ecnu Bpems Ha TeCcTbl OrpaHUYeHo?

Controlled Concurrency Testing (CCT)
XoTum 060MTK yacTb state space

X0TUM 3anTu B Kaxkg0e COCTOSIHUE C 0A4MHAaKOBOW BEPOSITHOCTbHO

99



CeMnJZIMHI UCMNOJTHEHUN

Cny4yanHbiv BbIGOP

P:

P-

x :=A_.load()

A_.store(42)

P:

P2

B_.store(x + 1)

B_.store(24)

x :=A_.load()

A_.store(42)

A _.store(x + 2)

B_.store(x + 1)

B_.store(24)

A_.store(x + 2)

P:

P-

x :=A_.load()

A_.store(42)

B_.store(x + 1)

B_.store(24)

A_.store(x + 2)
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CeMnJZIMHI UCMNOJTHEHUN

 [MNopgkuabiBaHUE MOHETKU

Ha Ka>kKa0oMm are paboTaeT naoxo

-

std::atomic<object t*> Ptr_
new object_t{.field = 0
5

std::atomic_int32_t Value {42;};

N\

~

J

«—x—>

T1 T2
++Value_; Ptr_.load()->field = 42;
++Value_;

Ptr_.store(nullptr);
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CeMnJZIMHI UCMNOJTHEHUN

. 7’
BepoaTHOCTb HAnUTK Bar ++Value_;
YMeHbLIdEeTCAd 3KCNOHeEHUWMAJIbHO
++Value_;
++Value_;
( At the outset, it may seem impossible to provide effective prob-
abilistic guarantees without exercising an astronomical number of
schedules. Let us take a program with n threads that together ex-
ecute at most k instructions. This program, to the first-order of .
) ++
approximation, has n* possible thread schedules. If an adversary Value—’
picks any one of these schedules to be the only buggy schedule,
then no randomized scheduler can find the bug with a probabil- Eenassisone ( nul lpt r ) ’
ity greater than 1/ n”. Given that realistic programs create tens of
threads (n) and can execute millions, if not billions, of instructions Ptr load ( )_>f ield = 42:
(k), such a bound is not useful. — !

\_ J
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CemnnumHr ucnonHeHmn: PCT

* Bbibupaem 3apaHee KOJIMYECTBO Waros, CKOJIbKO
npopaboTaeT KaXkabl NOTOK A0 CMEHbl aKTUBHOI0 NOTOKA

* BepoaTHOCTb HANTK BAr yMeHbLIAeTCs NoJMHOMUASIBHO

16 operations

S O B B

d-1 randomly distributed
priority change points

Burckhardt S. et al. A randomized scheduler with
probabilistic guarantees of finding bugs

Given inputs n, k, and d, PCT works as follows.

range [1, k]. Each k; has an associated priority value of i.

1. Assign the n priority values d, d+1, ..., d+mn randomly to the

n threads (we reserve the lower priority values 1,...,(d — 1)
for change points).
2. Pick d — 1 random priority change points k1, ..., kq_1 in the

3. Schedule the threads by honoring their priorities. When a thread
reaches the i-th change point (that is, when it executes the k;-th
step of the execution), change the priority of that thread to i.

This randomized scheduler provides the following guarantee.

Given a program that creates at most n threads and exe-
cutes at most k instructions, PCT finds a bug of depth d
with probability at least 1/nk% ™.

\_

J

103



CeMnJZIMHI UCMNOJTHEHUN

P1

P2

B_.store(10)

A__.store(42)

A__.store(20)

B_.store(24)

P1

Pz

B_.store(10)

A__store(42)

A_.store(20)

B_.store(24)

CHoBa He yunTbiBdeM KOMMYTAdTUBHOCTb

P1

P2

B_.store(10) A_.store(42)

A_store(20) | B_.store(24)

A__.store(42)

A__store(20)

B_.store(24)

P4

P2

B_.store(10)

A__.store(42)

A_store(20)

B_.store(24)

P2

A_.store(42)

A__store(20)

B_.store(24)

B_=24
P1 P2
B_.store(10) A_.store(42)
A_.store(20) | B_.store(24)
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CeMnJZIMHI UCMNOJTHEHUN

* lMonpobyem yuecTb

P1

P2

B_.store(10)

A__.store(42)

A__.store(20)

B_.store(24)

P1

Pz

B_.store(10)

A_.store(42)

A__.store(20)

B_.store(24)

CHoBa He YYnNTbiIBAEM KOMMYTATUBHOCTDb

Yuan X., Yang J., Gu R. Partial order

aware concurrency sampling

P1

P2

A

.store(42)

B_.store(24)

A_.store(42)

A__store(20)

B_.store(24)

P4

P2

B_.store(10)

A__.store(42

A_store(20)

B_.store(24)

P2

P:

B_.store(10)

A__store(20)
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CeMnJIMHI UCMNOJITHEHUN

CHOBa He yunTblBdeM KOMMYTATUBHOCTDb

Monpobyem yyecTb
Partial Order Sampling (POS)

Pacnpe,uem/nvl NPpUOPUTETbI NMHCTPYKUUAM

Byoem MeHATb NpUOPUTETHI, KOHDIUKTYHOLWMM
onepaunam, Korga UCnoJIHUM 0OHYy U3 HUX
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ITor

A ecnun y Hac ecTb 6onee cnabslie memory order’sl?

NMoroBopuan, Kak TECTMPOBATb 6OJIbLLIXE NPOrpamMmMbl
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Mogaep>kka cnabbix mogenem namaTu

* Mo>XeT 11 nporpamMmma ynacTb no accepry?

std::atomic_int32 t X {6}, Y {0};

void threadl() noexcept {

X _.store(1, std::memory order relaxed);

Y .store(l, std::memory order relaxed);

void thread2() const noexcept{

inty =Y_
int x = X_
assert(!(y

.load(std: :memory order relaxed);

.load(std: :memory order relaxed);

== 1 && x == 0));
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Mogaep>kka cnabbix mogenem namaTu

Mo>xkeT i nporpamMmma ynacTb
no accépry?

Mo>keT

Ho He npu ncnonHeHuu
B eAMHCTBEHHOM noTtoke OC

-

std::atomic<int> X{0}, Y{0};

X.store(1, std::memory_order_relaxed);

Y.store(1, std::memory_order_relaxed);

inty = Y.load(std::memory_order_relaxed);

int x =X.load(std::memory_order_relaxed);

)

assert(!(y == 1 && x == 0));

\_

J
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Mogaep>kka cnabbix mogenem namaTu m

struct MpLitmusTest {

« Kakpas nepemMeHHas XpaHuT std::atomic_int32_t X {0}, Y _{0};

MCTDpMI’D CBOUX M3MEHEHMI‘;I void thr\eadl() noexcept {
e [119 Ka>KA0ro YTeHms X_.store(1l, std::memory_order_relaxed);
Y_.store(1, std::memory_order_relaxed);
onpegendem anana3oH }
BO3MO>XHbIX MPOYUNTAHHbIX
3HaUeHMW 1 BO3BPaLLAEM void thread2() const noexcept{

int y = Y_.load(std::memory order_relaxed);
int x = X_.load(std::memory_order_relaxed);
assert(l(y == 1 & x == 0));

}

0OHO U3 HUX

}s

test failed: I(y == 1 && x == 0) at
/Ltest/verifying/targets/wmm_litmus/__tmp_litmus_mp.cpp:19
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[ToMnNTUBLI "
CUHXPOHM3aLNN

A ecnu Mou Ko ucrnonb3yeT 0fIOKUPOBKN?




MNogaoep>kka NPUMUTUBOB CUMHXPOHU3ALUNN

° TECTMpyE‘MbIﬁ KOO MO>XXeT MCrnoJib30BAdTb
NMPUMUTUBBI CUHXPOHWU3adUUN

bnokunpoBku, 6apbepsbl, cemagopbl, ...

Mutex_.Lock()

struct counter {

void () A
mutex_. ();
++data_;
mutex_. ();

}

private:

std: :mutex mutex ;

int32 t data {0};
¥
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MNogaoep>kka NPUMUTUBOB CUMHXPOHU3ALUNN

[MepBbi NOTOK 3aLUE

B KPUTUUECKYH CEKLUIO

Mutex_.Lock()

value += 1

struct counter {

void () A
mutex_. ();
++data_;
mutex_. ();

}

private:

std: :mutex mutex ;

int32 t data {0};
¥

113



MNogaoep>kka NPUMUTUBOB CUMHXPOHU3ALUNN

CMeHnNCca akTUBHbLIN NOTOK

BTopon NnOTOK NbiTaeTcd 3anuTu
B KPUTUUECKYH CeKL U

Mutex_.Lock()

value += 1

Mutex_.Lock()

struct counter {

void () A
mutex_. ();
++data_;
mutex_. ();

}

private:

std: :mutex mutex ;

int32 t data {0};
¥
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MNogaoep>kka NPUMUTUBOB CUMHXPOHU3ALUNN

Undefined behvaiour B cnyuae
HepeeHTepabesnbHON 610KUPOBKU

B nyuwem cnyyae nonyumm 6biCTpbIv CH60M

Mutex_.Lock()

value += 1

Mutex_.Lock()

5

struct counter {

void () A
mutex_. ();
++data_;
mutex_. ();

}

private:

std: :mutex mutex ;

int32 t data {0};
¥
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MNogaoep>kka NPUMUTUBOB CUMHXPOHU3ALUNN

NkDKETCﬂYHMTbCHBBBMCBHME

[MoTOK NbiTaeTcqd B3ATb 6J'IOKMDOBKy,
HO HE MOXXET, NOTOMY 4UTO CaMm ee OEePXUT

Mutex_.Lock()

value += 1

Mutex_.Lock()

struct counter {

void () A
mutex_. ();
++data_;
mutex_. ();

}

private:

std: :mutex mutex ;

int32 t data {0};
¥
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MNogaoep>kka NPUMUTUBOB CUMHXPOHU3ALUNN

* B cnyuyae peeHTepabenbHOM 610KNPOBKU
ABa BUPTYyasibHbIX MNOTOKA OQHOBPEMEHHO
B KPUTUUYECKOW Cekumm

Mutex_.Lock()

value += 1

Mutex_.Lock()

value += 1

struct counter {

void () A
mutex_. ();
++data_;
mutex_. ();

}

private:

std: :mutex mutex ;

int32 t data {0};
¥

117



MNogaoep>kka NPUMUTUBOB CUMHXPOHU3ALUNN

* Ha3rtane komnunaunm nogMmeHnm NMPUMUNTUB CUHXPOHU3aALUNN

Ha ero mock-Bepcuio

 ToT>Xe nHrtepgenc, Ho NnpasuibHoe B3anmogenctTeume c LTest

LTest

A 4

Mutex_.Lock()

value += 1

Mutex_.Unlock()

Y

Mutex_.Lock()

value += 1

Mutex_.Unlock()
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MNogaoep>kka NPUMUTUBOB CUMHXPOHU3ALUNN

MbHOTEKC 3HAeT, UTo OH B34T

LTest

Mutex_.Unlock()

Y

Mutex_.Lock()

value += 1

Mutex_.Lock()

value += 1

Mutex_.Unlock()
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MNogaoep>kka NPUMUTUBOB CUMHXPOHU3ALUNN

* [pu NnonbITKE NOBTOPHOMO B3ATUA NOMeUaeT BUPTYasibHbIN

NOTOK KakK 3a6/10KMPOBaHHbIN

° 386HDKMDOBaHHbIVI NMOTOK HE MO>XeT CTAaTb dKTUBHbIM

LTest

Mutex_.Unlock()

-

Mutex_.Lock()

value += 1

Mutex_.Lock()

value += 1

Mutex_.Unlock()
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MNogaoep>kka NPUMUTUBOB CUMHXPOHU3ALUNN

MNocne oTnyckaHmMa 6/10KMPOBKM pa3bnokupyem BCcex

0XXUaaroLwmx

CHOBa MO>XeM UCMNOJIHATb UX MHCTPYKUNUA

LTest

Mutex .Un

Y

Mutex_.Lock()

value += 1

‘ ~~l,
O(C K I ]

Mutex_.Lock()

value += 1

Mutex_.Unlock()

Mutex_.Unlock()
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MNogaoep>kka NPUMUTUBOB CUMHXPOHU3ALUNN

* Hy>kHbl nogo6Hble Mock-Bepcum Bcex NCNOJib3yeMbIX
NPUMNTUBOB

LTest

Mutex_.Lock()

value += 1

Mutex_.Lock()

Mutex_.Unlock()

value += 1 value += 1

(@ S —t

e » i +=
Mutex_.Unlock() Mutex_.Unlock() value 1
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bubnuorpadgud

* Truly stateless, optimal dynamic partial order reduction

A randomized scheduler with probabilistic guarantees of finding bugs

 Partial Order Aware Concurrency Sampling

» Selectively Uniform Concurrency Testing

« Repairing sequential consistency in C/C++11

A Practical Approach for Model Checking C/C++11 Code
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https://dl.acm.org/doi/10.1145/3498711
https://dl.acm.org/doi/10.1145/1736020.1736040
https://dblp.org/rec/conf/cav/YuanYG18.html
https://dl.acm.org/doi/10.1145/3669940.3707214
https://dl.acm.org/doi/10.1145/3062341.3062352
https://dl.acm.org/doi/10.1145/2806886

Ctapwwnin pa3paboTumnk
B KOMaHae 6a3 gaHHbIX

M vk.com/rpc
t.me/ilyambda

Pa3spaboTuunk B KOMaHge
core infrastructure

m vk.com/svilex

t.me/lim123123123 ithub.com/ITMO-PTDC-Team/LTest
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http://vk.com/rpc
http://github.com/ITMO-PTDC-Team/LTest

Thanks for your attention
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