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AHHOTaNMA

Ipeamet ucciaenopanusi. CoBpeMeHHbIe HHOOPMANMOHHBIE CUCTEMBI CIIOXKHO MPEACTaBUTh 0€3 MCIONb30BaAHUS
MHOTOIIOTOYHOCTH. MHOTOIIOTOYHOCTE MOXET KaK IOBBIIIATH MPOU3BOJUTENBHOCTE CHCTEMBI B IIEJIOM, TaK U
3aMeJUIATh BBHITIOJHEHUE TIPUIOKECHUH 3a CYeT BO3HUKHOBEHHMS ONIMOOK MHOTOITOTOYHOTO IIPOrpaMMHpOBaHus. Jlis
HaXOKJIEHMS TAKNX OMIMOOK Ha s3pikax C/C++ cymectByeT Moay:s kommiistopa Google Thread Sanitizer. Ho mopsimox
BBITIOJTHEHHS IIOTOKOB MOYKET Ka)KIBIH pa3 MEHATHCS IIPH 3aITyCKe IPOrpaMMBI Ha BEITIOIHEHHE U BIHATH Ha MOSBICHHE
Mo00HBIX OMMOOK. J[J1s1 MHOTOKPAaTHOTO M3MEHEHHs MOpPsIIKa BBIIIOIHEHHUS IIOTOKOB 3a BpeMsl paboThI IPOrpaMMbl
B Google Thread Sanitizer mpumeHeH Moxynb (a33UHT-TECTUPOBAHHSI, KOTOPbIH MOBBICHI BEPOSTHOCTH HAXOMKICHUS
omnboK. Bee anropuTMmbl IIaHUPOBAHHUS TIOTOKOB B (ha33MHI-MOJYJIE MIPEAHA3HAYEHB! JUI TI0CJIEA0BATEILHOTO
BBITIOJIHEHUS MTOTOKOB, YTO MPUBOJUT K 3HAYUTEIbHOMY 3aMeieHuIo paboTsl Google Thread Sanitizer. Taxxe
MIPOUCXOANT BIHSHIE Ha TECTHPOBAHNE MPIIOKEHHI, KOTOPOE 3aBUCHUT OT aCHHXPOHHBIX B3aNMOACHCTBNII (0XKUIaHHSA
CeTEeBBIX COOBITHI, OTpPAaHWYCHHS BPEeMEHHU BBINOTHEHHUs omnepanuii). Mertoa. s yckopeHus paboTsl da33uHT-
IUTAHUPOBIINKOB MPEAJIOKEH METO/ paclapauleIMBaHus HE3aBUCHMBIX IepexomoB. OmmOKy MHOTOIIOTOYHOTO
NIPOrpaMMHUPOBAHNS BOSHUKAIOT TIPH M3MEHEHHH Pa3IeNsieMOro COCTOSIHUSI MEXK/y MOTOKaMH, IIPH STOM JIOKaJIbHbIE
BBIYMCJICHUS HE BJIMSIOT Ha BOCIPOU3BEIEHIE MHOIONOTOYHBIX OMIMOOK. V3MeHeHne pa3/ensieMbIX COCTOSHUIT
MIPOMCXOJUT B TOUKAX CHHXPOHU3AIMMH, I7Ie BBIMOIHAETCS MEPEKII0YEHHE TOTOKOB 110 MPUHIUITY KOONEpaTHBHON
MHOT03a1auHOCTH. [IpeioykeHo 0CyIeCTBIIATh yIpPaBIeHNE TTOCTEI0BATENLHOCTIMHU BBITIOTHEHHUS TIOTOKOB TOJIBKO TPU
N3MEHEHUH Pa3/ieNsIeMbIX COCTOSHHUI B TOUKAX CHHXPOHU3ALHUH, a JIOKAIbHbBIE BBIYUCICHHS BBIIOIHATH MAPAJIIETBHO.
JlaHHOE yCIIOBHE MO3BOJMIO COKPATUTh BPEMs TECTHPOBAHUSA 0€3 CHIDKEHUS Pe3ylNbTaTHBHOCTH OOHAPYKEHUS
OIIMOOK MHOTOIIOTOYHOTO NPOTrpPaMMHUPOBaHMUS. [ aHAIHM3a TEOPETHUSCKON CIIOKHOCTH aJTOPUTMA TIAHNPOBAHUS
IIpEMEHEH MeTo]] KOMOMHATOpHOTO mozacyera. OCHOBHBIE pe3yJbTaThbl. [IpeioxkeH HOBEIH IOIX0/ OpraHU3aHN
(a33MHT-TECTHPOBAHMS Ha OCHOBE METO/A pacliapauleIMBaHMsI HE3aBUCHMBIX IIEPEX0/I0B, PeaTn3anusi KOTOPOro
10 TEOPETHYECKUM M NPAKTHYECKUM OLIEHKaM ITOKa3bIBAaeT 3aMETHOE YCKOpEHHE PaboThl (pa33nMHI-IITaHHPOBIIHKOB.
PesynbpraThl 3KCIIEpUMEHTA [TOKA3aJIM, YTO /Ul aJrOPUTMa repebopa BCeX BapUAHTOB BHINOIHEHHS NPHIOKCHUSL
YCKOpEHHUE BBITIOTHEHUS JocTuraeT 1,25 pasa ams AByX MoToKoB. [IpecTaBieHo COOTHOIEHUE AMIs OLIEHKH YCKOPEHHS
B CITy4yae MPOM3BOIBLHOTO Yncia MOTOKOB. IIpakTHueckasi 3HAYUMOCTb. [IpenoKeHHbIH MOAXO0/ MO3BOIISET HOKPHIBATH
(ha33uHr-TECTAMHI MHOTOIIOTOYHBIE MPHIIOMKEHHMS, JUTS KOTOPBIX BaYKHO BPEMsI BBITTOTHEHNS — IPHUI0KEHUS C TIPUBSI3KOIT
K QCHHXPOHHBIM B3aHMOJICHCTBHSIM.
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Abstract

It is difficult to imagine modern information systems without the use of multithreading. The use of multithreading can
both improve the performance of the system as in whole so as slow down the execution of multithreaded applications
due to the occurrence of multithreaded programming errors. To find such errors in C/C++ languages, there exists a
Google Thread Sanitizer compiler module. The order of execution of threads can change every time the program is
started for execution and can affect the appearance of such errors. To repeatedly change the order of execution of
threads during the execution of the program, Google Thread Sanitizer has a fuzzing testing module that allows you to
increase the probability of finding errors. But all the thread scheduling algorithms in this module are presented in the
form of sequential execution of threads which can lead to a significant slowdown in Google Thread Sanitizer as well as
can affect the testing of applications that depends on timers (waiting for network events, deadline for operations, ...).
To speed up the work of fuzzing schedulers, a method for parallelizing independent transitions is proposed. From the
point of view of multithreaded programming errors, it is only important to change the shared state between threads,
and local calculations do not affect the reproduction of multithreaded errors. The changes of shared states themselves
occur at synchronization points (places in the code where threads are switched according to the principle of cooperative
multitasking). The method suggests ordering only the change of shared states at synchronization points, and performing
local calculations in parallel, due to which parallelization is achieved. For the analysis of theoretical complexity of the
algorithm, the method of combinatorial counting is used. A new approach to the organization of fuzzing testing based on
the method of parallelization of independent transitions is proposed the implementation of which, according to theoretical
and practical estimates, shows a noticeable acceleration of the work of fuzzing schedulers. According to the results of
the experiment, it was revealed that for the algorithm of iterating through all execution variants, the acceleration of
execution reaches 1.25 times for two threads. For an arbitrary number of threads, an estimate is presented in the form
of a formula. The proposed approach allows fuzzing tests to cover multithreaded applications for which execution time

is important — applications with reference to timers which improve the quality of the software.
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BBenenue

Jlist MHCTPYMEHTUPOBAHUS U BBISBICHUS OMIMOOK
B IIporpaMMax, HamucaHHbIX Ha sa3bikax C/C++ [1], ga-
CTO HCTONB3yeTcss Moayns kommmisitopa Google Thread
Sanitizers (GTSAN).

J1J1s1 OTHOTIOTOYHBIX TIPHIIOKEHHUH UCTIONB3YIOTCS MO~
nm address, memory u Ap., A7s1 MHOTOTIOTOYHBIX — TOJIBKO
GTSAN. OcHOBHBIEC OIHOKH, KOTOPbIE OOHAPYKHUBACT
Moy GTSAN!L, — rouku ganubix [2-4] u B3auMo6i10-
KUPOBKHU. Kpome OCHOBHBIX OIIMOOK, BCTPEUAIOTCSI M TAKUE
penkue, kak npodiema ABA [5], KoTopble XxapakTepHbl
anroputMam lock-free u wait-free [6, 7], Ho B GTSAN Het
QJIITOPUTMOB JIJISI UX OOHAPYKEHUSL.

YenenrHocTh HaX0KACHNUST OCHOBHBIX OIIMOOK 3aBU-
CHUT OT TIOPSIIKA BBITOJHCHHS TOTOKOB. J1JIs1 TIOBBIMICHUS
BEPOSTHOCTH HAXOXICHHS OIMIMOOK HCIONb3yeTcs (as-
3HHT-MOJYITh, nHTerprupoBaHHEIA B GTSAN [8]. ®a33unr-
MOJIYJIb IMEET JIBa 0a30BBIX BapHaHTA apXUTEKTYPHI YIIPaB-
JICHUS TIOTOKaMH, OCHOBaHHBIE Ha: JIETKOBECHBIX TIOTOKAX
(OTHOTIOTOYHBIN PEXHUM, O€3 BO3MOKHOCTH pacrapaiiie-

I ThreadSanitizer project: documentation, source code,
dynamic annotations, unit tests [Dnexkrponnsiii pecypc]. URL:
http://code.google.com/p/data-race-test, cBoOoaHBII. S3. aHTII.
(mara obpamenus: 19.02.2022).

nmuBaHus); morokax POSIX (Portable Operating System
Interface), KoTOpBIE IPHOCTAaHABIMBAIOTCS B HYXKHBIC (ha3-
3WHT-TUTAHUPOBIIMKY MOMEHTBI BPEMEHHU.

B nomonHenne k (a33suHr-MOIYNISAM CYIIECTBYIOT HH-
CTPYMEHTHI (POpMaIbHON BepUBUKALIUH TPHIOKCHUH —
model checking [9—11]. OTMeTuM, 4TO JJAHHBIC HHCTPYMEH-
ThI MTO3BOJISIFOT [TPOBEPHUTH TEOPETUUECKYIO KOPPEKTHOCTh
AJITOPUTMOB U, KaK IPaBUIIO, HE BCTPAUBAIOTCS TIPH BEPU-
(uKanuy peasbHbIX MPUIOKESHHH.

B monyne GTSAN, kpome apXUTEKTyphl YIIPABICHUS
MOTOKaMH, UCIOJIB3YIOTCSI PA3JIMYHbIC MJIaHUPOBIINKH,
JTAfOIIE BO3MOKHOCTD YIIPABJISITH MOCIIET0BATEIBHOCTHIO
BBITIOJIHEHUSI TIOTOKOB M TTOBBIIIATH BEPOSITHOCTH HAXOXK/Ie-
HUSI OIIMOOK B MHOTOITOTOYHOM KOZIE. AJNTOPUTMBI TIAHU-
poaumst GTSAN peann3yroTcs TOIBKO ITOCIEI0BATEIBHO,
YTO 3aMeJUISAET BBIOJIHEHNE OIHON NTEPALMU IIPOTPaMMBI.
B Hacrosmieit paboTe mpeiiokeH METOI paciapaiiein-
BaHUsl aJIrOPUTMOB (pa33MHT-IUIAHUPOBAHMS TOTOKOB B
GTSAN. IIpoBeneHo cpaBHEHUE BPEMEHH BBITTOTHEHUS
[IPWJIOKEHUH C aHAJI0raMH.

Apxutexktypa Google Thread Sanitizer

GTSAN — BCTpPOEHHBIIl B KOMIUISATOP MOAYJb, KO-
TOPBINA pabOTaeT HA OMHOM M3 cTanuil onTuMm3anuu. Ha
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OpraHnsaums has33nHr-TeCTMPOBaHMS MHOMOMOTOYHBIX MPUIIOXEHWIA. ..

HcxomHbIi Ko,

IIpenpoueccunr

HcnonuasieMbrit

OnruMu3zanus 2
Gaiin

Puc. 1. DTansl KOMIWIALUY IPOrpaMMBbL

Fig. 1. Stages of program compilation

JIAHHOM DTarle NPOMCXOIHUT MEePEXBaT BBI30BOB IS paGOTHI
C aTOMapHbIMH NIEPEMEHHBIMU, MBIOTEKCAMH, YCIOBHBIMH
MIEPEMEHHBIMH U JPYTUMH IPUMHUTHBAME CHHXPOHN3ALIHH.
Ha puc. 1 mpeacraBieHsl STanbl KOMIMIALUN U MECTO
BcrpanBanust GTSAN.

[Mnatdopma ynpaBieHHS MOTOKAMH MOCTPOEHA
¢ ucnonsizoanuemM POSIX nmotoxos [12] u anroputma
yHpaBiieHHs TIOTOKaMH Ha OCHOBe oxunanuid. Korma mc-
TIOJTHEHHE TTOTOKA JIOXOAMT /IO TOYKH CHHXPOHHU3AaLUN —
SynchronizationPoint, HOTOK MOXXET TPHOCTAHOBUTH CBOIO
paboTy WM IepeaTh ee IPyroMy MOTOKY Ha BBITIOJHEHHE
[13]. YToOBI 0becieunTh KOPPEKTHYIO pabOTy ¢ TPUMHUTH-
BaMU CHHXPOHH3ALHMH, ISl KOTOPBIX €Il He MOoAIepiKaHa
pabota B ¢a33uHr-MoAyJe, CyNIeCTBYeT CHEIHaIbHBII
norok — WatchDog. 3agaya WatchDog — crnenuts 3a
BpPEMEHEM, KOTOPOE TPAaTHUT IOTOK Ha BHINOJIHCHHE, A B
cilydae TPEeBBIIICHHs TTOPOrOBOTO 3HAUSHHUSI, IEPEBOANTD
CJIE/IYIOLIUH MTOTOK B COCTOSIHUE BBITIONHEHUS. J{J1sT CMEHbI
COCTOSIHHMSI ITOTOKA IIPUMEHSIETCs TIaHUPOBINUK Scheduler
(puc. 2).

B ciy4ae mapasienbHbIX aJrOPUTMOB ITAHUPOBAHUS
Tpebyeres pasnenuth SynchronizationPoint Ha 1Ba co-

WatchDog

Thread 1

crosaus — 1o (Before) m mocne (After), kak mokazaHo
Ha puc. 3. Pabora B pamkax SynchronizationPoint Oynet
MOCIIEIOBATEILHON (C IPUMHUTHBOM CHUHXPOHHU3AIINH), HO
OHa BHOCUT MUHUMAJIbHBIH BKJIAJ BO BPEMsI BHIIIOTHEHUS
nporpammsl. PacniapamienuBanue OyeT MpOMCXOAUThH Ha
yuactkax Mexny SynchronizationPoint.

Ha puc. 3 B kauecTBe nmpumepa, TOYKH CHHXPOHU3AINT

N300pasKeHBI KEITOH OKPY>KHOCTBIO CO CIIEIYIOLIMMHU OIle-
panusIiMu:
— load/store — uTeHne ¥ 3aKch B aTOMapHYIO ONEPALHIO:
— lock/unlock — 3axBaT ¥ 0CBOOOK/ICHHS MbIOTEKCA;
— wait/notify — oxxumanue u nmpoOyKICHHE ITOTOKA, B3a-

HMMOJIEHCTBYIOILETO C YCIOBHOM IIEPEMEHHOM.

HapaJ’lJ’leJ’lLHBle AJITOPUTMBI IVIAHUPOBAHUA

B GTSAN cyuiecTByIOT nocie1oBareIbHble alfOpUT-
MBI (pa33MHT-TECTUPOBAHMS TIOTOKOB, TAKHE KaK: CIIydai-
HBIH, CITy4aliHbIN C Pa3HBIMH PACHpPENEICHUIMHU, ITOITHBIN
nepebop, TOMHEIH Tepedop Ha PUKCHPOBAHHOM OKHE,
TIOJTHEIA TIepe®op Bcex cocTosHui. Bee atn anroputmsl
CO3JIaHBbl JUISl TOCIIEIOBATEIBHOTO HCIIOMHEHNS TTOTOKOB

SynchronizationPoint

—. ‘ SynchronizationPoint
—>® SynchronizationPoint

Puc. 2. Cxema ynpaBieHusi IOTOKaMU C MIOMOIIbIO aJITOPUTMa HA OCHOBE OXKUJaHUN

Fig. 2. Thread control scheme using based on waiting algorithm

4 : : . , . h
load/store

Thread:

N

Before

SynchronizationPoint

Puc. 3. Tlpeacrasnenne SynchronizationPoint kak iBa yuactka Before/After

Fig. 3. Representation of SynchronizationPoint as two sections Before/After
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0.B. dopoHuH

[14, 15]. PaccmoTpuM mponecc U3MEHEHHUs KaXkJoro Tie-
PEYHCIIEHHOTO JITOPUTMa B TAPAJUICIIbHBIH.

IlepeGop Bcex BaApUAHTOB. DTO OJUH U3 CAMBIX
CJIOXHBIX aJITOPUTMOB JUTS PAcIapauICIUBAHUS B MOAYJIC
(a33uHT-TecTHpOBaHMS MOTOKOB. CO3/1aB MapauIeNbHYI0
peanu3anuio JaHHOTO aJITOPUTMa BO3MOXKHO aBTOMATHYE-
CKH pacrapajie]InTh 1 BCE OCTAIbHBIC allTOPUTMBI. Mnes
MIOCJIEIOBATEIHLHOTO AJITOPUTMA 3aKJIFOUAETCS B CIEAYIO-
mIeM: Ka)J10€ UCIOTHEHNE MOYKHO MPEACTaBUTh B BUJE
TUTaBaroIeil cucTeMbl cuncienus [14], roe MakcuManbHOe
YHCJIO COCTOSIHUHM paspsijia OrpaHMYeHO YHCIIOM MTOTOKOB,
KOTOpbIE MO’KHO BBIOpaTh B 3TOT JIOTHYECKUIT MOMEHT Bpe-
Mmenu. [lepeOGupast Bce BO3MOXKHBIE YnCIIa B TAKOH cHCTEMe
CUMCJICHHS, [TOTyYHM BCE BapUAHTHI HCTIOJTHEHHSI IOTOKOB.
[Tox mornyecknM BpeMeHEM MMEEM B BUIY JUCKPETHYIO
BEJIMYMHY, MOHOTOHHO PAcTyIIyI0 Ha €IMHUILY IIPH MPO-
XOXJICHUH Yepe3 TOUKY CHHXPOHU3AINHN, HAYHHAIONTYIOCS
¢ Hyis1. JlanHOE Bpemst — oO1ee a71st Bcex moTokoB. [Tocie
TIPOXOXKICHHS JIOTHIECKOTO BPEMEHHU BBIOMPACTCS CIEy-
FOILUH MTOTOK, IPOJOKAIOIIUI BBIIIOJHEHUE AITOPUTMA, B
9TO BPEMSI BCE OCTAJIbHBIC TIOTOKN O’KUJIAI0T HACTYTIJICHUS
JIOTMYECKOTO0 MOMEHTA, TI0CJIe KOTOPOTO OHM CMOTYT Hauarh
cBO€ BbINOJIHEHUE. [lOHsATHE BPEMEHH C TOYKH 3PEHHUS
(U3MKH HE MOAXONT, TAK KaK 3TO — HENpepbIBHAs BEIIU-
YHH, ¥ NIEPEKITIOYEHHE TOTOKOB B IIPON3BOJIBHBI MOMEHT
(U3HUIECKOro BpeMEH! MOXKET He J1aBaTh HOBBIX BAPHAHTOB
oOpalieHuil K pasfesieMbIM pecypcaM M He IPUBEIET K
BOCTIPOM3BE/ICHUIO HOBBIX OIIMOOK MHOTOIIOTOYHOTO ITPO-
TrpaMMHUPOBAHHS.

Anroput™ nepedopa BceX BapHAHTOB pa30MBacTCs Ha
JIBE 4acTH: 00paboTKa TOYEK CHHXPOHU3AINH H BEIOOP
MIOTOKA Ha UCTIOTHEHHE.

IToTokn MeXAy TOUKAaMM CHHXPOHM3AIMN MOXHO BBbI-
HOJHATH B MapajlIeIbHOM PEXUME, a JIOTHKY TOYEK CHH-
xponusanuu (load/store, lock/unlock, wait/notify) Tombko
B mocienoBaTenbHOM. [locinenoBaTenbHOE HCTIONTHEHHE
B TOM CJIyyae OKa3blBaeT MUHUMAJIbHOE BIHSHUE, TaK
KaK 9TH 4aCTH ¥ B OOBIYHOI IpOrpaMMe HCIOIHSIOTCS C
CHUHXPOHH3ALUSIMH.

Br10op creyrorero moToka Ha UCTIOTHEHHE OCYIIEeCT-
BrsgeTcs B SynchronizationPointAfter(), GetNextTid()
1 B MOMEHT M3MEHeHusl cocTosiHusA. Ho ecnm u3meHu-
JU COCTOSIHME Ha TOT )€ CaMbIil MOTOK, TO TOTAA B
SynchronizationPointBefore() y moroka mo6asmser-
cs mpoBepka Hanuuusi coctosHuss RUNNING BmecTo
PARALLEL RUNNING, u noTok HE0OXOAUMO MPOI0II-
JKUTh UCIIOJHSITb.

Korna BBI3BIBACTCA byHKIHSA
SynchronizationPointAfter() — 3HauuT KO 00PAbOTKH
TOYKM CHHXPOHHW3AIMU 3aBEpPLICH, U TTOATOMY MOXKHO W3-
MEHUTB JIorHdeckoe Bpems. OnpenesnM uaeHTHduKa-
TOP CJIEIYIOIIEro Ha BBHIIOJHEHUE ITOTOKA ¢ MOMOIIBIO
GetNextTid(), ¥ ecu ATOT ITOTOK OXKHUIACT pa3pelicHHe Ha
BEITIOJTHEHHE, TO TIepeBeaeM ero B coctossane RUNNING.
GetNextTid() MoxkeT BEepHYTh TOT K€ CaMBIi MOTOK
(tid == nextTid), Torna MOTOK HE MOXKET MapauIeIHHO 3a-
mycTUTh caM cedst. Jpyroit BapuanT — xorma GetNextTid()
MIONAJAeT B YK€ BBIIOJIHAIOLUKCS IIOTOK, KOTOPBIM He-
BO3MOJKHO 3alyCTUTh MapalijiebHO C CAMHM COOOi.
Torna HeoOX0aMMO BO3BpaTUTh 00paTHO MAEHTH(DUKA-
TOp CJIEAYIOUIETO HA MCIIOJIHEHUH MOTOKa Yepe3 BHI30B

PutNextTid(nextTid), u on yxe OyneT mogxsaveH Mpu 10-
CTHIKCHUH TOYKH CHHXPOHHM3ALUH OHUM U3 BBIIOJIHSIO-
muxcst norokoB. Ecim GetNextTid() Bo3Bpamiaer noroxk,
KOTOpBIH HaxomuTcs B coctossHun WAIT, To HEoOxoamMo
nepesectd ero B PARALLEL RUNNING, torma norox
npoiinet B SynchronizationPointBefore(). ITpu aTom motox
MOJKET HaXOAuTCs B ukie while, ecim emie He 3amen B
SynchronizationPointBefore(). 3To BO3MOXHO mpu cTapTe
moToka (Bce TMOTOKHU co3/aroTces ¢ coctosaueM WAIT).
ITocne atoro motok mpo#aet SynchronizationPointBefore()
u B SynchronizationPointAfter() u3MeHUT cocrosiHue Ha
PARALLEL RUNNING, u3-3a KOTOPOTO MPH CIEAYIOIIEM
npoxokaeHun SynchronizationPointBefore() on npuocra-
HOBHT CBO€ BEINONHEeHKE, ToIbKo ecnn GetNextTid() He
OXKMJIaJl €r0 Ha BBINOJIHEHHE eIle Pa3.
[ceBmoxon SynchronizationPointBefore nmeert Bua:

SynchronizationPointBefore():
tid = GetTid();
oldState = state[tid];
if (oldState != RUNNING):
state[tid] = WAIT
while (state[tid] == WAIT) Yield();

[ceBnokon SynchronizationPointAfter umeet Bu:

SynchronizationPointAfter():

tid = GetTid();

state[tid] = PARALLEL RUNNING;

nextTid = GetNextTid();

if state[nextTid] == WAIT:
state[nextTid] = RUNNING;

else:
PutNextTid(nextTid)

PaccmoTpum npumMep, B KOTOPOM J1Ba MOTOKA MBITAIOTCS
W3MEHUTD Pa3ieisieMylo IepeMeHHyIo value N pas.

[Ipumep kona 1st OLIEHUBAHUS TEOPETUUECKOTO pacia-
paJUICTUBAHUS TIPOTPAMMBI:

for (intj = 0;j < N; j++) {
value++;
// TOTHKA ¢ MHTEHCUBHBLIM MCIIONL30BAHIEM
PECYPCOB IIEHTPAILHOrO mporeccopa, T’
MIJUTHCEKYHT

}

Bpemst BbIUMCIIeHNS, TIPUCBAaUBAHUS U CPABHEHHUS I1e-
peMeHHBbIX value, j, N Topa3jio MEHbIIE 110 CPaBHEHUIO
CO BpEeMEHEM HHTCHCHBHOTO HMCIIOIB30BAHMS PECYPCOB
[EHTpaNbHOTO Tponeccopa. [Toromy mepemennas 7 Oymet
0003Ha9aTh BpeMs BBITTOJTHEHHUS OHOTO ITMKJIA BBITIOTHE-
HUS TIPOTPaMMBI.

UYuCio JIOTHYeCKUX BPEMEH B 3TOM IIPUMEpPEe PaBHO
2 x N, ¥ B KaXJ0H TaKO TOUKE JOTUYECKOTO BPEMEHHU
MOTYT BHIMTONHATELCS 0 uu 1 motok. 0 1 1 moToku 1o N pas
BCTPEUAIOTCSI B TAKOM IOCIEI0BATEILHOCTH JIOTHYECKUX
BpeMeH. YKco Bcex BO3MOXKHBIX MOCIIEI0BATEILHOCTEH

2xN
HUCIIOJTHCHUA ITIOTOKOB paBHO ( , KaKaasa us3 KOTOpLIX

N
coniepkuT 2 x N — 1 nepexonos.
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OIICHUM YHCIIO IEPEXOI0B MEXK/TY JOTMICCKHM BpeMe-
HeM i — | U i, KOTOpBIE 3aHUMAIOT HYJICBOE BPEMsI UCIIOITHE-
HUs (K 9TOMY BPEMCHH OHU YK€ BBIYHCIICHBI). J[11s1 mepexo-
Jia JJornaeckoro BpeMeHd u3 0 B 1 ¢ yKe BBIYHCICHHBIMU
JTAHHBIMH JIOJDKHA OBITH ITOCIIEIOBATENEHOCTD UCTIOTHCHUS
noroxoB 01 mwim 10, u 1ajiee Bce BO3MOKHBIE KOMOMHAIINHA
Ha OCTaBIIUXCA MOCIEI0BATENbHOCTAX. B ocTaBmietics mo-
CIIEZIOBATENIFHOCTH JJOTMIECKHUX BpeMeH Oymet N — 1 Togex
¢ uaeHtudukaropom moroka 0 u N — 1 touek ¢ uaeHTu -
KaTopoM ToToka 1, B cymme 2 X N — 2 To4eK MmocienoBa-
TENBHOCTH. YUCII0 BO3MOYKHBIX COYCTAHUH MOCIICI0BATE b~
2xXN-2

N-1
nByx ciydaeB 01 wim 10. Jlanee mpeobpasyem 3TO YUCIIO B
JIpyryro GopMy Jisl YIPOIIeHuUs mozcyera. it 3Toro Boc-
MOJIb3yeMCsI PEKYPCHBHOM (hOPMYIION MOJICYEeTa YHCITA CO-
N):(N—l)+(N—1
k k k-1
( A ) = ( N i) TRe k — HAbOp DITEMEHTOB BHIOMPACMBIX W3

HOCTH 6y,I[CT PpaBHO ( ), YMHOXXCHHOC Ha J1Ba JJIA

YeTaHUi ( ) 1 TIPAaBUJIOM CUMMETPHH

N snemMeHTHOTO MHOXCCTBAa, TOTla MOJIyYnM:

2 )

:2X(2XN—3y%2XNA3):4X(ZXN—3)
N-1 N-1 N-1

BBIMOIHIM OIECHKY OCTAIbHBIX IEPEXOI0B MEXIY i — 1
u i, tae i — 1 > 0. BeiOepeM MOAIOCIEI0BATEIIEHOCTH HC-
nonHeHust motokoB 001 wnu 110 B mpou3BOJIBLHOM JIOTHYE-
CKOM BpEMEHH, TaK KaK TOJbKO OHU JalOT HYJIEBOE BpeMs
BBITIOJTHEHHSI TTPOrpaMMBbIL. [10Iy9uM Bcero KoMOMHAIUN

2xN-3
zx( N-1

nMeeM 4 X (

) U mocienoBaTesbHoCcTelr 2 X N — 2. B urore

2xN-3

N-1
(dbopmyIbl U paBuiIa cuMMeTprn. Torna gomst pacnapasuie-
JIMBAEMbIX YYaCTKOB PaBHA OTHOILICHHIO YKCIIA EPEXOI0B C
HYJICBBIM BPEMCHEM HCITIOJIHCHHUSA K YMCITY BCEX BO3MOXKHBIX
MNEPEXOJa0B Jid BCEX BAPUAHTOB MCIIOJITHECHHUSA ITOTOKOB.
s ynporineHust HOpMyJibl BOCIIONIB3YEMCsl BBIPAKCHUEM
MOJICYCTa COYCTAaHUIT Yepe3 (haKTopHabl.

) C MCIIOJIb30BaHUEM PEKYPCUBHOM

2xXN-3
()i,
AW =R v -1y (3)
N dx (2xN-3)!
_ (N-DIx(N-2)! _
(ZXN—l)Xw
N! xN!

_ NX4X(Q2XN-3)IxNIx NI -
C@XN-DX(N-1)Ix(N=2)I x2xN)!
- Nx4xNxNx(N-1) -
C@XN-1)x2xNxQ2xN-1)x(2xN-2)
B NxN . N
C@XN-1)x@2xN-1) \2xN-1

Ecnu paccmoTpeTs rpaduk GyHKIIMH 3aBUCUMOCTH
YycJia IaroB OT pacnapajuleIMBaeMbIX y4acTKOB KOJa,
Hanpumep, npu N = 5, To KO3QPHUIHUEHT MapaieibHo-

ro BeimoiHeHus: paseH 0,308642, a mpexesn GpyHKIUN
2

Alfir; v 1) 0,25. B cpenteM nonyuum kodhdu-
LUEHT pacnapaijleliuBaHus He Xyxke, ueM 0,25 nist oqHoi
UTEpAINH BBITOTHCHUS TIPOTPAMMBL.

BriBenem (hopMmyiy s BEIYHCICHHS pacriapaijiesin-
BAaE€MBIX YYaCTKOB C IMPOHU3BOIBHBIM YHCIOM MOTOKOB 7.
IIponymepyem noroku ot 1 10 i 1 0003HaYNM Uepe3 #; Yuc-
JI0 TI1aroB, KOTOPbIE MPOEIbIBACT TOTOK (MYCTh ISl BCEX
MIOTOKOB OHO OYIET OIMHAKOBBIM M| = Ny = -++ = Ny = N).
Torma n x T= N uncio Bcex maros, a N — 1 — 4ncIIo Bcex
Mepexo/loB. BEIYUCINM UHMCIIO BCEX MEPEX00B MEXIY

N

)‘IHCHy BCEX
ny...n;...N0p

k—1 u k, oHo Oymer paBHO (

myTel (4MCII0 BCEX BO3MOKHBIX KOMOMHAIIMI HCIIOTHEHUSI
noTokoB). M3 momy4eHHOro yuciia nepexosoB paccunTa-
€M YHCIIO NEepPEeX0JI0B C COCETHUMHU TOBTOPSIOMINMHUCS
MOTOKaMH JiIsl epexonoB u3 k — 1 u k. Takue nepexosr
HEBO3MOXKHO pacrapajiesuTh, TaK KaK JJIsl IPOABHKCHHUSI
JIOTMYECKOT0 BPEMEHH TOT K€ CaMblil TIOTOK JTOJDKEH JIOM-
TH JI0 TOYKH CHHXPOHHU3AIMH, & 3TO HEBO3MOXKHO, TaK KaK
OJIMH M TOT K€ MOTOK HE MOXKET BBIMOIHATHCS Mapaslielib-
HO caM ¢ co0oii. [{is Kaxaoi moamociaea0BaTeIbHOCTH
Ha JIOTUYECKOM WHTepBaye BpeMeHu oT k — T+ 1 1o k
Oyznem BectH mozcyeT. Toraa BHE 3TOro MHTEpBaia HMeeM
N — T — 1 nepexonoB. 3adukcupyem paBHbIE MOTOKH Ha
JITAHHOM MHTEepBaJie npH nepexose ot k — 1 B k. Yucro mra-
TOB, B KOTOPBIX OyZeT BCTpe4aThesi (PUKCUPOBAHHBIN MOTOK
BHE TOT0 MHTEpBaja, OyneT He Oouiblle, ueM 7 — 2 pas, a
JUISL OCTAJIBHBIX IIOTOKOB — B 72 pa3. st GPMKCUpOBaHHOTO
Habopa MOTOKOB HA MoOAMOceRoBareabHoctd k — T+ 1
JI0 k TIOTyYUM YUCIIO0 KOMOWHAIIUI MCTIOIHEHUS TTOTOKOB:

( N-T-1
n—2-pi...n;—p;... = pr
JI0 IOTOKOB C HOMEPOM i, UCIIOIb3YeMbIX Ha UHTEpBaJe

or k— T+ 1 no k. PaccunraeM 4nciio Bcex KOMOWHAIIAI
UCTIONHEHNS TIOTOKOB VISl PA3JIMYHBIX Py, P --. P

}Imepppi~~pT4*HH0

¥ ( N-T-1
Pt N A — 2—pi...n;—p;..

0<p<T-1

. anpT)’

a Juis BceX (PUKCUPOBAaHHBIX 1 MOITYyYUM

¥ ( N-T-1 )
pi e\ =2 =py.. o =p; ... np—pr)

0<p,<T-1

T x

CreayromuM maroM BbIYHUCIUM YUCIIO UCTIONHEHUH C
Pa3NUYHBIMU MTOTOKAMH Tepes k, ¥ HE COBIAJAIONIMMU C
k n k — 1. Takue nepexo/pl HENb3sl pacrapaieInTh, TaK
KaK HeOOXOIMM OJIMH JIOTIOJIHUTEIbHBIH CBOOOIHBIN I10-
TOK, a Bce 7 TIOTOKH BBITIOJIHSIOTCS, U JJISI IPOJIBIKCHUS
JIOTMYECKOTO BPEMEHH CIEAYET TOKAATHCS OCBOOOKICHNUS
1oToKoB. Torna B MOMEHT BPEMEHHN K BO3MOKHO BBITIOJTHE-
HHUE OoHOTO U3 7 TOTOKOB, @ B MOMEHT BpeMeHH k — | —
J000T0, KPOME MCTIONHSIFOIIEr0Csl B MOMEHT BpEMEHH k (UX
yucio paBHo 7 — 1). Ha ocraBuieiicst pkcpoBaHHO# 1O/
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rocsen0BareIbHoCTH MoryT ObITh (7' — 1)! mepecranoBok
pa3aMyHBIX MOTOKOB. J{J1si KOHKpETHOW (UKCHPOBAaHHOU
MOAOCIIEI0BATENLHOCTH OIyUYUM YHCIIO MOCIE0BATENb-
HOCTEH UCIOTHEHUS IOTOKOB, PaBHOE YHCIY COYETaHUN

( N-T-1 )
nm=2..n-1..np-1)
CIIOKUM BCE BAPHAHTBI BMECTE M MOJyYHM HTOTOBYIO
opmymy:
N-T-1

Tx(T-1)x(T-1)! X(n1 2 n—1.. nT—l)'

Jl1st BBIUKCIIEHUS YKciia NOoCcie0BaTeIbHOCTEeN Uc-
MOJIHEHUH, KOTOpblE MPUBOAAT K pacrapaljieIMBaHUI0
(bUKCHPOBAHHOTO MEPexo/ia, HEOOXOAUMMO OTHSTH U3 BCEX
MOCJeI0BATeIbHOCTEN TONBKO T€, KOTOPbIE HE MPUBEIYT K
pacnapajuienuBaHuio. B utore nmeem

B
ny...n;...N0p

( N-T-1
priipe A\ =2 =Dj... B;=D; ... A= Dp
T

x (T~ 1) x (T~ 1)! X(n

X

-

N-T-1 )
-2..m—=1..np—1/

Cay4aiiHblii INIAHUPOBINMK U IJIAHUPOBIIUK C pa3-
JUYHBIMH pacnpeeJeHUsIMH CJYYAHHBIX BeJHYHH.
Ciry4daifHBIH TNTAHNPOBIIVK JUTS BBIOOPA TTOTOKOB HCTIONb-
3yeT paBHOMEpPHOE pacIpezecHue, popmylia IIOTHOCTH
KOTOPOTO MMEET BHU]L

Sx) =

, X € [a, b],

b—a
rae a, b — rpaHuIbl KOHEYHOT'O MHTEPBalia, B KOTOPOM
TUIOTHOCTH COXPAHSIET MOCTOSIHHOE 3HAUCHHE.

[Tpu ncrosb30BaHUM aNrOpUTMA TNIAHUPOBAHMUSI C pa3-
JIMYHBIMU CITy4aliHBIMH BEJIMYMHAMH, B IIUKJINYECKOM Oyde-
pe HaiiieM TeHepaTopbl CITyYaifHbIX BETMYHH, U Ha KayKI0H
HTEpalyy BeIOEpeM CBOW reHeparop (HopMalibHOE pacripe-
JIETICHUE, JIOTHOPMAITbHOE, SKCIIOHCHIIHAITBHOE, U Ap.) [ 14].

s pacniapajuienBaHus IJIaHUPOBITUKOB BOCIIOJb-
3yeMcsl TIOJX0/IOM, KOTOPBIH ONMHCAaH B IUIAHUPOBIINKE
nepebopa Bcex BapuanToB. GetNextTid() Bo3Bpamaer
CIydJaifHeIi TOTOK, a SynchronizationPointBefore() u
SynchronizationPointAfter() pemaror, MoXxHO 11 €ro 3a-
MYCTHUTD MapajulebHO ¢ OCTANbHBIMU. OTMETHM, YTO B
QITOPUTME TUIAHWPOBAHUSI €CTh HEKOTOPBIE OIPaHUYCHHS
Ha IpeJiell pacrapasuieIMBaHus IOTOKOB B CPEIHEM.

PaccMoTpuM BTOpOH airopuT™, KOTOPBIH 3aKiIroya-
eTcsl B cleqyroleM. B Kaxaol TOuKe CHHXPOHU3AINH
SyncronizationPoint (BMecto SynchronizationPointBefore()
n SynchronizationPointAfter()) BeibepemM NoTOKH, KOTOpBIE
MOTYT JaJIbIlIe BBITTOIHATHCS, M NCHONHUM uX. [Ipruem
BBIOOp YHMCIIa TOTOKOB OCYIIECTBHM C ITOMOIIBIO TeHEpa-
TOpa CIy4aiHbIX BeNW4nH. VI3MEHsIs 9MCII0 NCIONMHAEMBIX
MTOTOKOB OT MaKCHMaJbHOTO K MHHUMAJIbHOMY, IPOU3-
BEJIEM IIPOBEPKY YPOBHS Mapaulenu3Ma B cucreme. s
CJIy4alHOTO TUIAHUPOBIIMKA CTPOTOH 3aBSI3KU Ha MOPSIIOK
UCIIOJHEHHS [TIOTOKOB He TPpeOyeTcs, U TI03TOMY MOCIIEI0-
BaTeJbHBII MOPSIOK UCIIOJIHEHUSI MKy TOYKAMU CHHXPO-
HU3AIMU MOXHO HE IrapaHTHPOBATh.

IInanupoBmuK ¢ nMepedopoM Ha GUKCHPOBAHHOM
oKHe. l1/1est naHupoBIIMKa ¢ PUKCUPOBAHHBIM OKHOM 3a-
KJIFOYaeTCsl B CICAYIOIIEM: B KadeCcTBe apaMeTpa 3aJaeTCst
pa3Mep OKHa, B KOTOPOM MPOUCXOIUT Nepedop BCex Bapu-
AHTOB, a OKHO JIBUT'a€TCsl B COOTBETCTBHUHU C JIOTHYECKUM
BpemeHeM [15].

OIuH aNropuTM 3aKJIIOYaeTCS B MCIOJb30BAaHUH
moaxojaa, KOTOPBIM omucaH B nepebope BCeX BapH-
AHTOB, YTO IO3BOJISIET MOBBICHTH YPOBEHB Iapa-
nenu3ma. GetNextTid() Bo3BpamaeTr ciaydaii-
HBIH mOoTOK, a SynchronizationPointBefore() u
SynchronizationPointAfter() pemarot, MOXHO JI1 €ro 3amyc-
THUTb IAPAJUIENIBHO C OCTAIbHBIMH.

Jpyroil noaxon 3aKJIr04aeTCs B JOCTH)KEHUU HYKHOIO
JIOTUYCCKOI'o BpEMEHHU IMIYTEM HCIIOJIB30BaHUA cnyqaﬁﬁoro
TUIAHUPOBIIMKA C MAKCHMAaJIbHBIM YPOBHEM TIapajiienn3ma.
B sTOM cityuae MakcumalbHas CKOPOCTb MCIIOIHEHHS 110~
CTHTaeTCsl B MHTEpBaJlaxX JI0 M 1ociie OKHA. A 0OpaboTka
OKHa OCYIIECTBIISICTCS MapauICIbHBIM aJITOPUTMOM I10JI-
HOTO TIepedopa.

[nanupoBIMK ¢ MepeGOpoM BceX cocTOsTHMIA. J{ist
TUTAHUPOBIIMKA C TEPeOOPOM BCEX COCTOSIHUI OCHOBHAS
[eJTb, YTOOB! B KAX/bII JIOTHYECKUH MOMEHT BPEMEHH
mopaboTai KaXKIbIi 13 BO3MO)KHBIX ITOTOKOB. Tora uncio
UTEpALi JUIs TAKOTO TJIAHUPOBIINKA HE MPEBBIIIACT MaK-
CUMAJIBHOE YHUCIIO TTOTOKOB B cucteme [14]. IlepBas urepa-
IIUS] B TAKOM aJITOPUTME MPOU3BOAUTCS O3 OrpaHUYeHUi
Ha MOPSIOK. A ClleAyroIue UTepalui — C UCIOIb30BaHU-
€M I10/1X0/1a, OMICAHHOTO B IOJHOM Nepebope BapHaHTOB.

Pe3y.m>TaT1,1 TECTHPOBAHUA

J11s1 mpoBeAEHNS TECTUPOBAHUS UCTIONb30BAHBI: CYIIIe-
crBytomue unit rectsl mwiargpopmbel GTSAN!; TecToBbIe
MIPUMEPHI, Ha KOTOPBIX YCIICIIHO MPOBEPEHBI MOCIE0Ba-
TEJbHBIEC aNTOPUTMBI.

Jlucmune 1. ITpuMep TOHKY JaHHBIX.

// std::atomic_int d;
// int a;
// thread

++d; ++a; ++d;

B nucmunze 1 mpucyTcTByeT roHKa JaHHBIX Ha IHepe-
MEHHOH a. J/IBa MOTOKA IBITAIOTCS MOIYYHUTh JOCTYII K I1e-
pemMeHHoM 6e3 cuaxpoHu3anuy. [InaHupoBImuKy BCex ma-
paJUIeIBHBIX AJITOPUTMOB YCHEITHO HAXOAAT TOHKY JTaHHBIX.

Jlucmune 2. Ilpumep ¢ peAKUMH CITy4dasiMU MOSABIEHUS
3HAUEHUIL.

// std::atomic_int value { 0 };
// thread:
for (intj = 0;j < 5; j++) {
auto » = value.load();
r++;

value.store(r);

}

! ThreadSanitizer unit tests [DnexTponnsiii pecypc]. URL:
https://github.com/llvm-mirror/compiler-rt/tree/master/lib/tsan/
tests, cBOOOMHBIN. SI3. aHII. (mata oopamenus: 19.02.2022).
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Puc. 4. CpaBHeHNe MJIaHUPOBILUKOB Ha TIPUMEPE KoJa C PEAKUMHU CIydasiMU MPOsIBIEHNs 3HAUEHHI: mepeOophl BCeX BapHAHTOB (a)
1 Ha QUKCUPOBAHHOM OKHe (b); ClTy4aiHbIN MIIaHUPOBIIKK (C)

Fig. 4. Comparison of schedulers on the example of code with rare cases of manifestation of values: iteration of all options (a) and on
a fixed window (b); random scheduler (c)

B aucmunee 2 npuBeneH npumep, KOTOPBIA JTeMOH-
CTPHUPYET, HACKOJIBKO CIIOKHBIEC CIIy4aH MO3BOJISIOT 00-
HapyXMBaTh (a33MHI-IUIAHHPOBIIUKH (TJIAHUPOBIIMKHI
OIIEPAIIMOHHON CHCTEMBI Ha 00Jiee YeM CTO ThICSY UTepa-
LU He CIIOCOOHBI OOHAPYXHUTH BCE BO3MOJKHBIC 3HAYCHUS
value). [TapamiensHble aITOPUTMBI IS TOJIHOTO TIepedopa
BapUaHTOB M IUIAHUPOBIINK C PA3IUYHBIMH pacmpesese-
HUSIMHU CITy9alHBIX BEJIMYUH MO3BOJIAIOT MOJIYYUTh BCE
HaOOPBI pe3yabTAaTOB /IS IEpeMEeHHOH 7 oT 2 1o 10, xak
9TO OBLJIO € OCIIEA0BATEILHBIMH AJITOPUTMaMU.

BbInonHuM cpaBHEHHE TTapaJulelbHbIX U MOCIe]0Ba-
TENLHBIX IUIAHUPOBIIUKOB HAa IIPUMEPE KOJA C PEAKUMHU
cily4yasiMU TposiBIIeHUs1 3HaueHni. [IpoBeaemM TecTupoBa-
nue Ha nporneccope Intel(R) Core(TM) i7-3610QM CPU
@ 2.30GHz (8 smep).

Ha rpaduxax puc. 4 mokazaHo pacrpesesieHie cpel-
HEro BPEMEHH BBIITOJHECHNUS OTHOW MTEpaly Ha CTa 3a-
ITycKax Uil KaKJO0TO aJropUTMa IUTAHMPOBAHMUS C HOCIIe-
JI0BaTeIbHOU U NapajuieabHON pean3auusiMu. B cioyyasx
IUTAaHUPOBIIHMKA C TIepedopoM Bcex BapuaHTOB (puc. 4, a)
1 CITy4aifHOTO TUTAHMUPOBIIKKA (pHC. 4, ) 3aMETHO YMEHb-
LIEHHEe BPEMEHU paboThl B Mapalie]bHON pealn3auu.
[Tpu pukcupoBaHHOM OKHE (pHcC. 4, b) CIOKHO CKazaTh 00
YIIy4IIEHHH BPEMEHHU paboThlI.

3akJ/iouenne

s mepexona OT MOCIEI0BATEIBHOTO UCTIOHEHUS
HIOTOKOB TIPH TECTHPOBAHUHM MHOTOIIOTOYHBIX MPHIIOKEHUH
K IapajIelbHOMY, pa3paboTaHbl alTOPUTMbI paciapaie-
JIMBaHUA [JIs1 pa3HbIX CcIIoco00B (l)a33HHF-1'[J'[aHI/IpOBaHI/IH
notokoB B moayine GTSAN. Jlns kaxaoro u3 paspado-
TAaHHBIX AJITOPUTMOB BBIIIOJIHCHA TCOPCTUUCCKAA OLICHKA
BPEMEHH BBIITOJHEHUS, TIOATBEPXKICHHAS PAKTHYECKUM
IKCTIEPUMEHTOM.

PazpaGoTaHHbIC aJITOPUTMBI MapaielbHoOro ¢as-
3WHT-TECTHPOBAHMS ACUMITOTUYECKH ITOKa3aJIn JIydIIne
PEe3yJIbTaThL, YeM CYIIECTBYIOLIHNE aHAIOTH, a C TOYKH 3pe-
HHSI KOPPEKTHOCTH OOHAPYKEHHS OIIMOOK MHOTOIIOTOYHO-
O IIPOrPaMMHUPOBAHUS TPOAESMOHCTPUPOBAIIN PE3YIBTATH,
aHaJornyHbIe ke peanm3oBaHHBIM B GTSAN mocnemosa-
TENbHBIM ajropuTMaM. [lomydeHHBIE pe3ysbTaThl M03BO-
JISTFOT YCKOPUTH (Pa33UHT-TIIIAHUPOBAHKE TTOTOKOB, a TAKKE
clienaTh BO3MOXKHBIM (ha33MHI-TECTHPOBAHNE TIPHIIOKEHHH,
JJIA KOTOPBIX KPUTUYCCKHU BaKHO BPEMs BBIIIOJIHCHUA O/-
HOM MTepanyy MporpaMmmal.
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