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BBenenue

CunxpoHU3aIMs JOCTYIIA K PA3AeJIIeMbIM PECYPCAM SIBJISIETCS OHON M3 BAYKHBIX U CJIOKHBIX
3a/1a49 pu pa3paboTKe MapauieIbHBIX aJTOPUTMOB JIJIsi MHOTOTIOTOYHBIX TTporpamm. Mcnob3ys
MPUMHATHBBI CUHXPOHU3AIMN (ceMadOpbl, MBIOTEKCHI U JIP. ), MTPOTPAMMHECT JOJZKEH 06eCednTh
HE TOJIBKO KOPPEKTHOCTD MPOrPaMMBbl — OTCYTCTBHE B3auMHbIX 610kupoBoK (deadlock, livelock)
U COCTOSTHUIT TOHOK 3a JaHHBIMHU (data race), HO U MUHUMU3HPOBATH BPEMSsT OKUIAHWS JOCTYTIA K
KPUTHIECKUM CEeKIusiM (paszenseMbiM pecypcam). Kiaccuaeckne MeTOnbl CHHXPOHU3AINH, OC-
HOBAHHBIE Ha MeXaHU3Me OJOKUPOBOK, MO3BOJISIOT CO37ABATH B KO/E MPOrPAMMBI KPUTHIECKIE
CeKIM, BBIMTOJIHEHNE KOTOPBIX BO3MOXKHO TOJIBKO OJHWUM TIOTOKOM B Ka,)K,Z[beI MOMEHT BpEMe-
uu [1]. Takue MPUMUTHUBBI CHHXPOHU3AIMK TTO3BOJIAIOT 3AIIUTHTH YYACTOK KOJA MPOTPAMMBI,

OJHOBPEMEHHO BbIHOJ’[HHIOH.LI/IfICH MHOZKECTBOM IIOTOKOB.

*CraThs pEKOMEHI0BAHA K MyOJIMKAIMH TIPOTPAMMHBIM KOMUTETOM MexK 1yHaposHo HaydHO# KoHbepeHmmn «Ila-
p A Yy I IIPOTP AyHapOZ y PeHI

paJuieIbHbIe BBIYUCIUTE/IbHbIE TexHoaoruu — 2016».
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AHaym3 MHOTOTIOTOYHBIX MPOTPAMM TIOKAZBIBAET, ITO TPHU OJHOBPEMEHHOM BBITIOJTHEHHH TT0-
TOKAMHI OTHON KPUTUIECKOH CEeKINii B HEMl MOKET IPOUCXOANTEL OOpAIeHNd [0 PA3HBIM aIpecam
TaMATH U, CJIeI0BATETHHO, BO3HUKHOBEHUE COCTOTHIS TOHKH JAHHBIX MaJIoBepoaTHo. Hampumep,
Takas CuTyalusi HabJIF/IaeTCs, eC/i B KPUTUIECKYEO CEKITUIO [TOMEINEH KOJT J00aBJeHns 3JIeMeH-
Ta B xerr-Tabsmuiy (puc. 1). Ecim Bce moToKM B OMH MOMEHT BpeMeHH 00pardrcd K GyHKIUN
Jutsd 106aB/IEHUS] HOBOT'O 3JIEMEHTA C XEII-KOJIOM ¢, TO C DOJIBINOil /10J1ell BEPOSTHOCTHU KJII0Un key
OyayT UMeTh Pa3HbIE XeI-KOIAbI U, KaK CJAEJCTBUE, KAXKIbIH TOTOK OYIeT BHITOJHITEH T0DaBICHUE
HOBOTO y3J1a B OT/IeJIbHBI CBA3HBIN crmcok h[i]. 3neck 610KMpOBKa MbIOTEKCOM BCefi (yHKIMN

ABasgeTcs n30bITOIHON 1 HEIPDEK THBHOII.

function hashtable_add(h, key, value)
lock_acquire()
i = hash(key)
list_add_front(h[i], key, value)
lock_release()

end function

Puc. 1. JTo6asnenune napwt (key, value) B xem-rabauiy h

AKTHUBHO pa3BUBAIOTCA JBa aJbTEPHATUBHBLIX II0AX0/a K CO3LAHUIO IIOTOKODE30IIACHBIX U
MaCIITAOUPYEMBIX MHOTOIMOTOYHBIX MPOTPAMM — 3TO HEOAOKUPYIOUWUE AA20DUMMDL U CIMPYK-
mypu dannwx (lock-free data structures) [2] u mpansarxyuonnas namamo (TIL, transactional
memory) |3, 4]. Vcnonb3oBanne HeGJOKUPYIOMUX CTPYKTYD JaHHBIX, KAK MMPABUIIO, TPEOYeT Iiry-
Hokoit mepepaboTKM MHOTOIIOTOYHBIX TTPOIPAMM U COBMECTHO HUCIIOJIB3YEMBIX TOTOKAMU 00bEKTOB
B maMsTH [2].

Menee TpyI0EMKUM U ITPO3PAYHBIM [JIsi TPOTPAMMUCTA BUJUTCS UCIIOJIb30BAHUE TEXHOJIOIUU
TPAH3AKIIMOHHOW TIaMsATH, OCHOBHAsI MJes KOTOPOW 3aKJYaeTcsd B 3allUTe OT KOHKYPEHTHOTO
JlocTyma obJIacTu MmaMsaTh TPOrPaMMbl, & HE y4acTKa KO/d, KaK B CJIydae UCIO/Ib30BaHus 0J10-
KUPOBOK Ha 6aze MbIOTEKCOB. VI3BeCTHBI KaK IIpOIrpaMMHbIE peau3allui TPAH3AKIIMOHHOM aM -
n (software transactional memory — STM): LazySTM, TinySTM, GCC TM, DTMC, RSTM,
STMX, STM Monad, Tak u anmaparnble peanmsanuu B nponeccopax (hardware transactional
memory): Intel TSX, AMD ASF, Oracle Rock, IBM POWERS, IBM PowerPC A2.

B pamrax npozpammnot mpaH3akyuonHot naMAMY TPOTPAMMUCTY TPEIOCTABIITIOTCT A3bI-
koBble kKoHCTpyKImn win API gia dpopMupoBanus B mporpaMMe mpaH3aKUUOHHbLL Ceryul
(transactional section) — y4acTKOB KOJa, B KOTOPBIX OCYIIECTB/ISETCS 3AIIUTA, COBMECTHO HC-
ITOJIB3YEMbIX O6.}IaCTeIU/I IIaMATH. BbIHOHHeHI/Ie IIOTOKaMM TaKNX CeKI_II/IfI OCyIIEeCTBJIIAETCA 683 nux
6nokupoBanus. Ha cpemy BbimosiHeHHsT (runtime) JI0XKaTCs 3a7a91 0 KOHTPOJTIO 38 KOPPEKTHO-
CTBIO BBITIOJIHEHUS TpaH3aknuit. Eciu Bo BpeMst BBITOJTHEHNA TPAH3AKIINN APYTUE TIOTOKH OJTHO-
BPEMEHHO C Hell He MOAUMUIIMPOBAIHN 3AIUIIEHHYIO 001aCTh TTAMSTH, TO TPAH3AKIIUS CIUTAETCS
KOPPEKTHOMU, u oHa durcupyercs. Kcan ke nBa win 60jiee MOTOKA IPU BBIMOJHEHUU TPaH3aK-
1uii oOpaIamTcs K OJHOM U TOH Ke 06JacTh NaMATH U KAK MUHUMYM OJIMH W3 HUX BBIIIOJTHSIET
OMEPAITIIO 3alUCH, TO BO3HUKAET Kon@aukm (aHATOT COCTOsTHWS TOHKY JaHHbIX ). st ero paspe-
II€HMs] BBITOTHEHIE OJHON Wi HECKOJbKUX TPAH3AKIINI MOZXKeT OBITH JTHO0 IIPHOCTAHOBJICHO (/10
3aBeprenust KOHMINKTYIOMEH TPAH3AKIINY ), TU00 MTPEPBAHO, & BCe MOIMDUIMPOBAHABIE NMU (KX
MOTOKAMM) 00JIACTH TTAMSITH TIPUBEJIEHBI B UCXOHOE COCTOSTHUE (Ha MOMEHT CTAPTA TPAH3AKITAN )

— omwmena mpansaxyuu u soccmanosaenue (cancel and rollback).
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g Toro 9Tobbl 06HAPYKUBATE KOHMJIUKTHI, runtime-cucreMa J0J2KHA OTCIEKUBATH I10-
IIBITKU OJHOBPEMEHHOI'O JOCTyNa K OJHON M TOU Ke 00JacTy MaMsTH. DTO PEAJU3IYeTCH IMyTeM
MO/I/IEPKKU MH(MOPMAIIUU O COCTOSTHUU 3AIMUIIAEMBIX PEMMOHOB NMaMsaTh. BO3MOXKHBI 1Ba ypOB-
HsI TPAHYJISIPHOCTH KOHTPOJUPYEMBIX 0bJIacTeit: yposens npozpammmunix obsexmos (object-based
STM) u yposensv caos namamu (word-based STM).

YpoBeHb NPOrpaMMHBIX OOBEKTOB I0/[PA3yMeBaeT MOJJIEPKKY runtime-cucremMoil MeTa/aH-
HBIX O COCTOSHUM KarKJI0ro oObekTa nporpamMbl. Hanpumep, 06bekroB B C++-nporpamme.

Jlms peam3anuu ypOBHS CJAOB MaMATH B MPOCTEHIeM caydae Tpedyercs KaxK bl DaiT Jiu-
HEWHOTO a[PeCHOTrO TPOCTPAHCTBA MPOIECCa COTTPOBOXKIATH METAIAHHBIMU, 9TO ABISIETCI TTPAK-
TUYIECKH HEBO3MOYKHBIM. BMECTO 9TOT0 JIMHEHHOe aIpecHOe TPOCTPAHCTBO mMpoitecca pa3buBaercs
Ha (PUKCUPOBAHHBIE OJIOKW, KAXKIBI 13 KOTOPBIX COMPOBOXKIACTCA METAJAHHBIMUA O COCTOSHUN
(nomxom, nomOOHBIH NPAMOMY OTOOpaXKEHNIO (DUMUECKUX AJAPECOB HA KEII-TIAMSIThH ITPOIECCO-
pa) |5, 6]. Dro upuBoAUT K TOMY, YTO MHOKECTBY 0B/1aCTEH HAMSITH COOTBETCTBYIOT OJHU MeTa-
JMaHHBIE, UTO ABASIETCS UCTOUHUKOM BO3SHUKHOBEHUST JIOXKHBIX KOH(MIUKTOB. Jlosichvil kKondauxm
(false conflict)— 910 curyarus, mpu KOoTOpoii JBa win 60jiee MOTOKa BO BPEMs BBITIOJTHEHUST TPAH-
3aKIK 00paIarTcd K Pa3HbIM yYacTKaM JUHEHHOrO aJpecHOr0 TPOCTPAHCTBA, HO OTOOpaXKae-
MBIM HA OJHU U Te Ke MeTajaHubie. [losTomMy runtime-cucrema BOCIPUHUMAET TAKYH CUTYAIIUIO
kak KoHDUKT (data race), XOTst Ha CAMOM JieJie TAKOBOM OTCYTCTBYET.

JloxkHble KOHMJIUKTBI CYIECTBEHHO CHIXKAIT SPGEKTUBHOCTD Tapaiesbubix STM-
nporpamm. llosromy ocTpo crout 3as1a4a pa3paboTku ajaropuTMOB OOHAPYKEHUS U COKPAIIEHUS
YHCJIA, JIOKHBIX KOHMJINKTOB B peannsanuax STM.

B npammoit pabore mpemjaraeTcd METOM ONTUMW3ANNK JOXKHBIX KOH(MJIMKTOB TI0 DPE3YJIhb-
taraMm upeaapurenbroro npoduauposanus C/C++ STM-uporpammbr. s dero paspabo-
TaH MPOTPAMMHBIN WHCTPYMEHTAPHUL, KOTOPBIH TO3BOJISIET BBHIMOIHATE npoduanposanne STM-
MpOTPaMM U BAPBUPOBATH TMapaMeTphbl peajmwsaruu runtime-6ubaumoreku STM B KoMOIuIgTOPE
GCC (libitm).

Pabora opranuzosana ciemyrommm odpazom. Pasnesn 1 BBOAUT OCHOBHBIE TIOHSATHUS CBI3AHHBIE
C TPOTPAMMHOI TPAH3AKITMOHHON TMAMSITHIO, COAEPKUT MPUMEPHI UCTIOJIB30BAHUS JAHHOTO TPHU-
MUTHBA CHHXPOHMU3AINH, OTIUCHIBAET OCHOBHBIE acteKThl peanusanunu STM B runtime-cucremax,
a TaKKe COJIEPYKUT ONUCAHUE MTPEJJTOYKEHHOr0 MEeTO/[a COKPAIIEHUST THCJIa, JIOYKHBIX KOH(DIUKTOB.
Paznen 2 packppiBaer jerajn peajiM3aliiil MPOrPaAMMHOTO MHCTPYMEHTApUs JJIsi OITUMUAZAIIY
JIOXKHBIX KOH(MDINKTOB, BOSHUKAIOIIUX TP BBIMOJHEHUH MAPAJLIEIbHBIX IPOTPAMM C TPaH3aKIIN-
OoHHOI maMmsThi0. B pazjesne 3 moka3aHbl OCHOBHBIE PE3Y/IbTATHI SKCIEPUMEHTATBLHOTO HUCCIEI0-

BaHud IIPEIJI0ZKEHHOI'0 MeTO Ja OIITUMHU3AITUN JIO2KHBIX KOH(bJ'[I/IKTOB.

1. Meroa onTuMmu3anum oOHAPYKeHUsA KOH(PJINKTOB

MexaynaponabiMm koMuTeroM [SO mo cranmapruzanuu s3eika C++, B pamirax paboueit
rpynmsl WG21, BeayTest paboThl M0 BHEJPEHUIO TPAHBAKIIMOHHONW TAMSITH B CTaHIAPT S3bIKA.
OxonuarenbHoe BHeApenne mwianupyercs B crammapt C+-+17. Ha cerogusmmuii mers npeio-
JKE€H YePHOBOI BaphaHT CrenuduKau TOIepKKU Tpan3aknuonuoit mavstu B C+-+ [7]. Ona
peasmzoBana B Komruiastope GCC, maunnast ¢ Bepcuu 4.8 W TMPeIOCTABISIET KJIIOUYEBBIE CJIO-

Ba _ _transaction atomic,  transaction relaxed mia cozpanma TpaH3aKIIMOHHBIX CEKIWH, a

Takke  transaction cancel s npuHyIUTEIBHON OTMEHBI TPAH3AKIINN.
JIis BBITIOHEHWS TPAH3AKIIMOHHBIX CEKIUIT Tuntime-cucTeMoit CO3MA0TCS TPAH3AKIIWH.

Tpansaryus (transaction) — 3TO KOHEUHAsS MOCIEJOBATETBHOCTL OMEPAIMH TPAH3AKIIMOHHOTO
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uTeHusd /3amucn mamatu. OTneparyst mpaH3akyuoOHH020 YMENUA BBITIONHSIET KOMUPOBAHKE COMEP-
JKAMOT'0 YKA3aHHOT'O y4acTKa oDIell maMsiTi B COOTBETCTBYIOIIUN yIACTOK JIOKAJTBHON TaMATH
noToka. 1pan3axyuonnas 3anucs KOMUPYeT COAEPKUMOe YKA3aHHOTO YIACTKA, JIOKAJIBHOW HaMs-
TH B COOTBETCTBYIOIIMI yIacTOK OBIeH maMATH, JOCTYIIHON BCEM ITOTOKAM.

WHeTpyKIuy TpaH3aKIHii BHIIOJHSIOTCA OTOKAMHY IapaJjuieibio (KoHKyperTHO). Ilocse 3a-
BEPIIEHUS BBITOTHEHIS TPAH3AKIIN MOKET ObITE J00 sadukcuposana (commit), tubo ommene-
na (cancel). ukcanus TPaH3AKINY MOJAPA3YMEBAET, ITO BCE CJENAHHBIE B DAMKAX HEE M3MEHEHU S
IIaMATU CTAHOBATCH HeO6paTI/IMBIMI/I. HpI/I OTMEHE TPaH3aKINHN €€ BBLITTOJITHEHUWE IIPEPhIBACTCA, A
COCTOSTHIE BCeX MOAMMUIIMPOBAHHBIX 001aCTel MTAMATH BOCCTAHABINBAETCS B MCXOIHOE C TTOCITE-
JYIOIIUM TepPe3aIyCKoM Tpausakimn (omxam mpansakyuu, rollback).

OTmMena TPAH3AKIME TPOUCXOANT B CAYIAE OOHAPYICEHUA KOHPAUKMG — CUTYAIIUU, TPH
KOTOpO# JiBa myin Gosiee 1HOTOKA OOPAIIAOTCH K OJHOMY M TOMY K€ y4acTKy HaMATH U Kak
MUHUMYM OJWH U3 HUX BBIITOJHACT OLIEPALlUIO 3alIUCH.

Jlna pasperienns KOH(DIUKTA Pa3padOTaHbl PA3IUUHBIE TOXOIbI, HAMPUMED, MOYXKHO TPH-
OCTAaHOBUTH HA HEKOTODOE BPEMS UJIU OTMEHUTDH OJHY W3 KOH(MIMKTYIOIIUX TPAH3AKIINN.

Ha puc. 2 npejicrapier mpuMep CO3/aHus TPAH3AKIIMOHHOW CEKIIUU, B T€JIe KOTOPOU BBITIOJI-
HsieTcd j1o6aBeHne 3JIEMEHTa B X3MI-TabauIy MHOXKecTBOM 10TOKOB. [locje BeimosiHeHUS Tesia
TPAHBAKIIMOHHOM CEKITUU KaKJbIHl MOTOK MPUCTYIUT K BBITOJHEHUO KOJA, CJAEIYIOMEro 3a Heil,
B Cjydae oTCcyTCTBusi KOH(MIMKTOB. B mpPOTHUBHOM Ciydae MOTOK IOBTOPHO OY/ET BBIMOJHATH

TPAH3AKIIUIO /IO TeX II0p, IIOKA €ro TpaH3aKIus He Oy1eT yCIelmHo 3a(uKCHpPOBaHa.

/* CoBMeCTHO HCIOJb3yeMas xeu-Tabiuma */
hashtable_t *h;
/* Koz moTokoB */
void *thread_start(void *arg) {
struct data *d = (struct data *)arg;
prepareData(d) ;
/* TpaH3akIWOHHasd Ccexuusa */
__transaction_atomic {
/* JobaBieHue sieMeHTa B xew-Tabmmiy */
struct data *d = (struct data *)arg;
hashtable_insert(h, d);
}
saveData(d) ;
return NULL;

Puc. 2. lobasnenue nmapsel (key, value) B xem-tabaury h

OCHOBHBIMU aCTIEKTAMU PEAJTH3AINN TPAH3AKIIMOHHON MaMsIT B runtime-crucreMax siBJISFOT-
cs:

® OTNTUKA OOHOB/IEHNSA OOHLEKTOB B TAMATH;

e crparerud O0bHAPYKEHNUS KOHMINKTOB;

® MeTO paspernenns KOHMIMKTOB.

TlosmmTrka obHoBieHNS 00 BEKTOB B MAMATH ONPEIE/IIET, KOrJAa n3MeHeHns 00bEeKTOB B PaM-
Kax TPaH3aKuu OyJyT 3alMCAHbl B IaMsTh. PacnpocTpaHeHre Moy u/in JBe OCHOBHbBIE I10JIM-
TUKW — JIEHUBasi ¥ paHHsis. Jlenusas TMOMUTHKA OOHOBJIEHUsT 06beKTOB B Tlamatu (lazy version

management) OTKJIQJbIBAET BCE ONMEpann ¢ 0ObEKTaAMU 0 MOMEHTa (DUKCAIIMH TPAH3aKITHIH.
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Bce omepanunm 3amuchiBaioTCs B crenunaabHoM kypHaste (redo log), korTopsrit mpu dukcanumn
UCIIO/TB3YETCs It OTJI0YKEHHOTO BBITOJHEHUS onepalinii. OYeBUIHO, YTO 3TO 3aMeJIsIeT Olepa-
1m0 UKCAINHN, HO CYIIECTBEHHO YIIPOIIAET MPOIEIYPhl €6 OTMEHBI U BOCCTaHOBJeHUs . [Ipume-
pom peanmsarmit TI1, wcronp3yomux manuyo noantuky, seiagiores RSTM-LLT [8] w RSTM-
RingSW |9, 11].

Pannas nosumura obnossenusa (eager version management) Ipeznosiaraet, 9To BCe H3Me-
HeHust 00bEKTOB CPa3y 3alMCBIBAIOTCA B MaMsaTh. B xxypHase orkara (undo log) dpukcupyrorces
BCe BBITIOJTHEHHBIE OTlepalinn ¢ maMaThio. OH UCHOIB3yeTcs JIsT BOCCTAHOBJIEHUS OPUTTHAJIBHO-
TO COCTOSTHUST MOJU(PUIUPYEMBIX YIACTKOB MaMITH B CJIy9ae BOSHUKHOBEHUS KOHQMIMKTA. DT
MOJTUTHKA XapaKTepru3yeTcs OBICTPBIM BBITOJTHEHUEM OTepaIiui (DUKCAINN TPAH3AKITIH, HO Me/I-
JIEHHBIM BBITIOJIHEHUEM TIPOIEyPhl €6 OTMeHbl. [IpuMepamu peasmsaruii, UCIOIB3YIONIX PaH-
HIOKO [OJUTUKY 00HOBJeHUs ganHblX, siBiasitorcss GCC (libitm), TinySTM [5], LSA-STM 6],
Log-TM [10], RSTM [8] u up.

MoMeHT BpeMeHU, KOT/a WHUIUUPYETCS AJrOPUTM OOHApPYXKeHUs KOH(MIUKTA, OMpeIesisd-
ercst cmpamezueti obnapyoicenua kondaurmos. Ilpu omaoscennot cmpameeuu (lazy conflict
detection) asropur™m obGHapyKeHHs KOHMDJIMKTOB 3allyCKaeTCs Ha dTane (QUKCAIMH TPaH3aK-
i [11]. HemoctaTkoMm 9Toil cTpaTerun sBIMETCst TO, 9YTO BDEMEHHON HHTEPBAI MEXK1Y BO3HUK-
HOBEHUEM KOH(MJINKTA U €ero 00HapyKEeHUeM MOXKET ObITh JOCTATOYHO OOJIBINUM. DTa CTPATETUs
ucnonb3yerca B RSTM-LLT [8] w RSTM-RingSW |8, 9, 11].

Heccumucmuunas cmpamezus obnapyscenus xongpaukmos(eager conflict detection) zamyc-
KaeT ajrOpUTM WX OOHAPYKEHWs TP KayKJ0l omepainy obpalieHnst K maMsiTi. Takoil moaxos
MO3BOJITET U30EKATH HEJOCTATKOB OTJIOYKEHHOHN CTpaTernu, HO MOXKET MTPUBECTH K 3HAUNTETbHBIM
HaKJIAIHBIM PACXO/aM, & TaK¥Ke, B HEKOTOPBIX CAyYasix, MOYKET PUBECTH K YBEJTUIEHUIO TUCJIa
orkaros rpanzakiuii. Crparerns peanusosana 8 TinySTM [5], LSA-STM [6] u TL2 [12]. B kom-
masrope GCC (libitm) peamuzoBan KOMOMHMPOBAHHBIN TOAXO0/] K O0HAPYKEHUIO KOH(MDINKTOB
— OTJIOXKEHHAs] CTPATEr WS UCIOJB3YETCS COBMECTHO € TIECCUMUCTHIECKOM.

Jltst obrapykeHnst KOHMIMKTHBIX Oneparuii Tpedbyercs: OTC/IeKUBATH U3MEHEHUS COCTOSHU S
UCTIOTh3YEMBIX 00JacTeil maMsaTu. VHGopMaIlis 0 COCTOSTHUN MOXKET COOTBETCTBOBATE 00/1ACTAM
MaMSATH PA3JIMIHON CTeneHn rpanyisipHocTu. Beibop rpanyaspHocTr 0O0HAPYKEHUS KOH(JIUKTOB
— OJIMH U3 KJIOYEBBIX MOMEHTOB DU PEAJIUBAINY [TPOTPAMMHOM TPAH3AKIIMOHHOW TTAMSTH.

Ha ceropmsimuunii JIeHb UCIIOIB3YIOTCS IBA YPOBHS I'PAHYJISIPHOCTH: YPOSEHD TPOZPAMMHBLT
o6sexmos (object-based STM) u yposens caos namamu (word-based STM). Yposens mporpaMm-
HBIX 00BEKTOB TO/IPA3yMeBaeT 0TOOparKeHne 00bEKTOB MOJIETH TaMATH si3bIKa (06beKkThl C+ -+,
Java, Scala) ma meramamable runtime-6ubanorexku. [lpu ucmonp30BaHUN yPOBHS CJIOB ITAMSITH
OCYTIIECTBIISIETCST 0TOOparkeHue HJIOKOB JHHEHHOTO aJpPecHoro MPOCTPAHCTBA TTPOITECCca Ha, MEeTa-
marable. MeragaHHble XpaHATcs B Tabjnlle, Kaxkjgas CTPOKa KOTOPOHM COOTBETCTBYET OOBEKTY
TPOTPAMMBI MK O0OJACTH JUHEHHOTO a pecHOT0 TPOCTPAHCTBRA TMporiecca. B cTpoke comepkaTcs
HOMEp TPAH3aKIUHI, BLIIOJIHSIIOIEH ONepaIiio YTeH!sl /3aIICH TTAMITH; HOMep BepCun 0Tobparkar-
eMBIX JAHHBIX; UX COCTOgHME 1 1p. Mogumpukarnst MeTaJaHHBIX BBITOJTHSIETCS runtime-cucreMoit
¢ TTIOMOTIBIO ATOMAPHBIX OTEPAIHN TPOIIECCOPA.

B nanHoit pabore paccMarpuBaeTCsl peasin3aliiis TPOrPAMMHON TPAH3AKITMOHHOW HaMSITH B
kommnuasarope GCC, ncnonb3yomast yposeb ¢ios namsaru (B Bepcusx GCC 4.8+ pasmep 6i10ka
— 16 Gaiir).

Ha puc. 3 mpencrapiien npuMep opraHu3aliny MeTaIAHHBIX TPAH3AKIIMOHHONW MaMsTH C HC-

nosb3oBanneM yposHs cioB mamaru (GCC 4.8+). Jluneiinoe aJpecHOe MPOCTPAHCTBO MPOTIEC-
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ca HUKCUPOBAHHBIMY OJIOKAMU ITHKJIUYECKH 0TOOPAXKAETCA HA CTPOKU TaOJIUIIBI, OIOOHO KeIry
IpsIMOTO 0TOOpazkeHusi. BBIIOTHEHNE OTIEpAIlUN 3AIUNCH TPUBEJET K M3MEHEHUIO M0JId «COCTOs-
HHE» COOTBETCTBYIONIEH CTPOKHW TabJUIBI Ha «3abMoKnpoBamoy». JlocTyn K obgactn JHHEHHOTO
AJIPECHOTO TIPOCTPAHCTBA, ¥ KOTOPOH COOTBETCTBYIOITAs CTPOKA TAOIUITHI TOMEYeHa Kak «3a0.10-

KUPOBAHO», IIPUBOJIUT K KOH(IUKTY.

Jluneitnoe agpecHoe
MPOCTPAHCTBO MpoIecca

[ oxe...0 )
| X0...
B < ( MertanaHHbIe O COCTOSIHUT
. exi...e o0IacTeil maMsTH Hporecca
- ™
( 0x2...0 L Cocrosnue | Bnanenen
B < T
0x3...0 ‘ CocrosHue Branenen
. < PENN
- ~ Y
( OX. ... \ > CocrosiHue Bnanenen
B< e
| ox.e.... | Cocrosinne | Branenen
\_ J 4
(" ex..... \L /
B< (
k OxF...F )

Puc. 3. Tabnuma ¢ meratanaeiva GCC 4.8+ (word-based STM): B = 16, S = 219

OcHOBHBIMEU TTApaMeTpaMy TPAH3AKIIMOHHON MaMsTH C UCIOJIB30BAHUEM YDPOBHS CJIOB [TaMsi-
TH ABJSIOTCS 9UCJI0 S CTPOK TabJIUIIBI U KOJIU4IecTBO B ajpecos JIMHEHHOTO aJpecHOro IpOCTPaH-
CTBa, 0TOOparkaeMbIX Ha OjiHy CTPOKy Tabsuibl. OT BHIOOpA 3TUX TAPAMETPOB 3aBUCHUT YHUCJIO
JIOXKHBIX KOH(IUKTOB — CUTYyallUll aHAJOTHUYHBIX CUTYAIUK JIOXKHOT'O Pa3/e/eHus JaHHbIX TPU
pabore kema mponeccopa. B rekymeit peammzanun GCC (4.8-5.1) stu napamerpsr dbukcuposa-
Hbl [13].

TIpm oTobpaxkennn OJIOKOB JUHEHHOTO aIPECHOTO TPOCTPAHCTBA MPOIECCA HA MeTaTaHHbIe
runtime-6ubIMOTEKN BOSHUKAIOT KOJLIM3UU. DTO HEM30EKHO, TaK KaK pasMep TabJnibl MeTaIaH-
HBIX TOPA3JI0 MEHBINE pasMepa JIMHEHHOTO aIPeCHOT0 MPOCTPAHCTBA, Tporecca. Koumsun npu-
BOJSIT K BO3HUKHOBEHUIO JIOXKHBIX KOH(MPIUKTOB. JI0MHCHVI KOHPAUKM — CUTyaIust, TPU KOTOPOi
ABa WJIN 60ﬂee IIOTOKa BO BPEMA BbLIIIOJIHEHUA TPAH3AKIIUN O6paH_LaIOTC5[ K Pa3HbIM Y4YaCTKaM
JIMHEHHOTO aIPECHOTO TTPOCTPAHCTBA, HO COMPOBOXKIAEMBIM OJHUMU U TEMU KE METATAHHBIMEI O
COCTOSTHUM, U KAaK MUHUMYM OJIUH ITOTOK BBITIOJIHSAET OMEpaInio 3anucu. Takum obpaszom, JIoxK-
HBII KOH(DIUKT — 3T0 KOHMJIUKT, KOTOPBIH TPOUCXOIUT HE HA YPOBHE JAHHBIX ITPOTPAMMBI, a Ha
YPOBHE MeTaJlaHHBIX runtime-6ubanorexn.

BosuukHoBeHUE JIOKHBIX KOH(MIUKTOB TPUBOJIUT K OTKATY TPAH3AKIINI TaK Ke, KAK U BO3-
HUKHOBEHUE OOBIYHBIX KOH(DJIUKTOB, HECMOTPSI HA TO YTO COCTOSTHUE TOHKH 33 JJAHHBIMU HE BO3HU-
KaeT, 4To BjedeT 3a coboil yBenuyuenue Bpemenn BoinosHenud S TM-nporpamm. CokpaTus 4uc/io
JIOZKHBIX KOHC}).HI/IKTOB7 MOYKHO CYINECTBEHHO YMEHLIIMUTHL BPEMA BBITIOJTHEHUA TIPOTPDAMMBI.

Ha puc. 4 mokazam mpumvep BOZHUKHOBEHHS JIOYXKHOTO KOH(MIWKTA B PE3y/AbTATE KOJLIN3UH
0TODpaXKeHUs JTUHEHHOTO 4 PecHOTO MPOCTPAHCTBA Ha, ¢TPOKY Tabauribl. [loTok 1 mpu BBITOJ-
HEHUHW ONEpATy 3aUCH HaJ 00JacThio maMaTh ¢ ajgpecoM Al 3axBaThIBAET COOTBETCTBYIOILYTO
CTPOKY TabJuIbl. BeIMOTHEHNE OMepariu YTeHnst Hal 00IaCTBIO TTAMSTH € aJIpecoM A2 moToKoM
2 IPpUBOAUT K BO3ZHMKHOBCHUIO KOHC})J’[I/IKT&7 HECMOTPA Ha TO 9TO OIlepalv YTCeHUA U 3allCHU BbI-
MOJIHATOTCH HaJ, pas3jaudnbiMu agpecavu. [lociennee obyciosieno tem, uro 1 u 2 orobparkeHbl

Ha OJIHY CTPOKY TAOJIHUIBI METaJaHHBIX.
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Jluneiinoe
aJipecHoe MPOCTPAHCTBO MpoIiecca
Motok 1 Al lobalB
/ g MerananHbie O COCTOSIHUT
/* TpaH3akuma 1 */ N
. . ox1...0 oOJacTelt mamsITH mporecca
__transaction_atomic {
globalB++; 0x2...0 CocTtosinne Bnanenen
} 0x3...0 3abnokuposano | Tpansakuus 1
OX.....
MoTok 2
/* TpaH3akuua 2 */ OX.....
transaction_atomic
— - {— globalA
tmp = globalA;
} OxF...F

Puc. 4. [IpumMep BOSHUKHOBEHUS JIOKHOTO KOHMDIMKTA IPU BHITOJIHEHNH ABYX Tpan3aknuii (GCC

481)

B pabore [14] ayist MUHMMU3AIMK YUCTA JOXKHBIX KOHMIMKTOB [IPEJIAraeTCs UCIOIb30BATh
BMecTO Tabsunbl ¢ npsmoii agpecanmeii (kak B GCC 4.8+ ), B KOTOPOit MHIEKCOM SIBJISETCS YACTh
JIMHEHHOI'O ajpeca, Xell-TabJInily, KOJJIU3UU B KOTOPOH Pa3pellaroTcsd MeToioM Lenodek. B ciy-
Jae 0TOOparKeHUsI HECKOIBKUX aJPecoB Ha OJHY 3alNCh TAO/INILI KAkl agpec JobaBIseTcs B
CITCOK ¥ TIOMEYAeTCsT TIrOM st uiaeHTudnKamn (puc. 5). Taxoi moaxon mo3Bosisger n36exarhb
JIOKHBIX KOH(IMKTOB, OJHAKO HAKJAJHBIE PACXOAbl Ha CHHXPOHU3AIHWIO JOCTYIA K MeTaJaH-
HBIM CYIIECTBEHHO BO3PACTAIOT, TaK KaK 3HAUYNTEIBHO YBEIMYUBAETCH KOJUIECTBO ATOMApPHBIX

omeparmii «cpaBaeHne ¢ ooMeroM» (compare and swap — CAS).

JIuneitnoe anpecHoe
IPOCTPAHCTBO IpoLecca

0x0...0 MerTalaHHbIE O COCTOSTHUM 00JIacTei
[aMsITU Iporuecca
ox1...0 P
Xew | Cocrostnue | Bnanpeneu | Ter | Ykazarenb

0x2...0

\ 0 NULL
0x3...0

1 0x2 | Vka3arenb —»I CocTosiHue | Bnaneneu | 0x5 | NULL |
OX.vonn
NULL

Ox5 0

/ S-1 0xF NULL

Puc. 5. Xem-1adbanma I XpaHeHnsT MeTa aHHbIX

ABTOpaMU TIPEIOKEH METOJ, TO3BOJISIONNN COKPATUTH YHUCIAO JIOXKHBIX KOHMJIUKTOB B
STM-uporpammax. Ilpeanonaraercs, 4ro MeTragaHHbEe OPraHU30BaHbI B BUAE TAOIUIBI C Ips-
Moit agpecariueii. CyTh MeTO/a 3aKJIOUAETCS B aBTOMATHIECKON HACTPOIiKe mapamerpos S u B
TabJINIIBL IO/, IMHAMUYIECKHIE XapakTepucTuku KoukpeTHoi STM-nporpammbr. MeToj BKJIOUaeT
TPU ITAIA.

Oran 1. Baeapenue dynkimit 6ubsmmorekn npouaInpoBaHus B TPAH3AKIINOHHBIE CEKIIUH.
Ha nepsowm stame Buimosasiercst KoMmmusityst C/C+-+ STM-mporpamMMbl ¢ HCTIOIB30BAHIEM Das3-
paboTaHHOTO MOJIY/Is aHAJIN3a TPAH3AKIIMOHHBIX CEKIINN U BHEIPEHUS BbI3oBa (DyHKITHH 6ub,1imo-
reku npodumposanus (Moaysab pacmmpennss GCC). B xoje crarndeckoro anaam3a TpaH3aK-

IHOHHBIX ceknuit STM-porpaMM BBIIOJHSETCS BHEAPEHNE KO3, /s PErHCTPaIuu oOpaleHunit
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K dynakmusm Intel TM ABI (_ ITM _ beginTransaction, ITM comitTransaction, ITM LUA4,
_ITM_ WU4 u np.). Jerasn peaju3aiun MOJYJIsI OMUCAHBl HUKE.

Oran 2. Ilpodunuposanne nporpammbl. Ha ganHOM 3Tamne BbinoJiHsiercs 3anmyck STM-
nmporpaMMbl B pexkume npoduiinpoBanust. [1poduanpoBuink perucTpupyer Bce OMEPAIUU UTe-
HIIs/3aIMCH TAMSITH B TpaH3akiusX. B pesymabrare dopmupyercs mporokon (trace), comeprka-
it wHMOPMAIINIO 0 X0/1e BBINOTHEHUS TPAH3AKIIMOHHBIX CEKITHil:

e ajpec m pazmep 00JIaCTH TAMSTH, HAJ KOTOPON BBITTOTHAETCA OTEPAITHST;

e BpeMeHHast MeTKa (timestamp) Havama BHITOTHEHNS] OIEPATIUH.

DTan 3. Hacrpoiika mapamMerpos Tabauibl. 110 MpoTOKOIY OTPemeasroTcst CpeTHIi pasMep
W uuraemoii /3anuceiBaemMoii 061acT HaMsiTH BO BPEMsl BBIIOJIHEeHHsI TpaH3akiuii. [To 3HaveHno
W nopbuparorcs cybonTuMasibabie mapaverpbl B u S tabsmisl, ¢ koropbivu STM-iporpamma
KOMITUJIMPYETCs. DKCIepuMeHThl ¢ rectoBbiMu STM-nporpammamu n3 nakera STAMP (6 tunos
STM-uporpamm) 110380/ CHOPMYJIMPOBATH IBPUCTUHUECKUE IPABUIA, JIJIg 10100pa HapaMer-
poB B u S mo 3uauenuto W. 3navuenune mapamerpa S 1esiecoo6pa3Ho BLIOMPATH M3 MHOXKECTBA
{218 219 920 9211 Bpavenne mapamerpa B BLIGHPAETCA CIEAYIONHM 06Pa3OM:

e ecn W =1 6aiir, To B = 2% Gaiir;

e ecn W = 4 6aiir, To B = 26 Gaiir;

e ecn W = 8 6aiir, To B = 27 Gaiir;

o ccn W >= 64 6aiit, To B = 2° Gaiir.

2. IIporpaMMHBIiI MHCTPyMEeHTApuii AJs COKPAINeHNs JIOXKHBIX

KOH(JINKTOB

Arropamu paspaboran mporpammubiii nacrpymentapuit (STM false conflict optimizer) pus
ONTUMHUBAINN JIOKHBIX KOHMDIUKTOB, BOSHUKAIOIIUX TP BHIOJHEHUN TAPAJIIEIBHBIX TPOTPAMM
¢ TPAH3AKITMOHHOM maMaThio. HCTpyMeHTapuil MO3BOJISET BBIIOJIHITH npodumposanue STM-
nporpaMm. MudopMmalius, moiydeHHas B pe3yabraTe TpOQUINpOBAHUS, TPEJOCTABISIET JTOCTA-
TOYHO CBEJIEHUN O IUHAMUYIECKUX XaPAKTEPUCTUKAX TPAHIAKITUOHHBIX CEKIIUN JIJIsT TOTO, YTOOBI
OTBETUTH HA Bonpoc: «PuKcalum KaKuxX TPaH3aKIUi Wik Onepanny HaJl KAKUMEA JTAHHBIMY TTPHU-
BOJAT K OTMEeHe Jpyrux Tpanzakiuii?». Kpome sroro, pazpaboTaHHOe TPOrpaMMHOE CPEICTBO
ITO3BOJISIET OMPEJIETUTD 3HAYEHHS CYOOIITUMAIBHBIX 3HAUEHUI [TapaMeTPOB peaju3aluy runtime-
cucrembl TIl, a uMeHHO YMCJIO CTPOK TAOJMIBI METAJAHHBIX O COCTOSTHUM ObJacTell mamsTu u
KOJITYECTBO &JIPECOB JIMHENHOTO a{PECHOI0 IPOCTPAHCTBA, 0TOOparKaEeMbIX HA OJHY CTPOKY Tab-

JIAIIHI.

2.1. PyukummoHaJIbHad CTPYKTypa HmakKeTa

ITporpaMmHbIil HHCTPYMEHTAPUI COCTOMT U3 TPEX OCHOBHBIX KOMIIOHEHTOB (puc. 6):

® MOAYJIb BHenpenus PpyHkimilt 6ubimorexku npoduimpoBanus B KOJI TPAH3AKIIMOHHBIX CEK-
it (tm__prof _analyzer);

e Oub/MoTeKa TPOMUINPOBAHUS TAPAJIEABHON TPOrPAMMBI ¢ TPAH3AKIIMOHHON MaMsThIO
(libitm_prof);

® MOJIYJIb AHAJIM3A, TPOTOKOJIA, BHIMOJHEHUS TPAH3AKIIMOHHBIX CEKIINN, YCTAHOBKU 3HAYUEHUI

napaMeTpoB peasm3armu (tm_ proto _analyzer).
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CyOonTuManbHbIe
3HAYEHHS TapaMeTPOB
peanuzamun STM

L A

Komnunstop GCC STM false conflict optimizer

[NapannensHas
STM-nporpamma

AHanm3atop
IIPOTOKOJIA BBITOTHEHHS
STM-IIporpammsl
tm_proto_analyzer

| Front-end xomnunsiTopa |

s e e e

| bubnunoreka

[IpoToko BhIOTHEHUS
. IpoUIHPOBAHUS > STM

| Back-end xommuisitopa | . libitm_prof -IIPOTPaMMBbI

BrlimotHeHUE
STM-niporpamMmMbl

MomupunupoBanHas
STM-IIporpamma

Pesynbrar BBITOTHEHHS
STM-niporpamMMbl

Puc. 6. OyHkImoHAJbHAS CTPYKTypa paspaboTaHHOTO makera; 1 — koMmmaanus STM-
nporpamMmbr; 2 — 3amyck STM-mporpaMMbl TOf, yIIpaB/eHre TPOpUINPOBIINKa; 3 — obpaleHne
K GYHKIHAM TPOMUINPOBITAKA

2.2. Bueapenwune dyHKIuit n1poduInpoBIIAKA

STM-KOMIUASITOP OCYIECTBJISIET TPAHCSINIO TPAH3AKIIMOHHBIX CEKIUH B TIOCIEI0Ba-
TeJIbHOCTH BbI30BOB (yHKIWiA runtime-cucrembr noguepxkku TM [15]. Komnanus Intel npej-
goxkuia cuenucuranuio ABI pjst runtime-cucreM 1OAAepKKU TPaH3aKIUOHHONW LaMITH —
Intel TM ABI [16]. Kommuisrop GCC, 6ubnmorexa libitm, peasusyer 9ToT nHTepdeiic HAUMHAST
c sepcun 4.8. Ha puc. 7 npejgcrasnien npumMep Tpancasnun komnuasgTopom GCC TpaH3aKITMOHHOM
ceknuu B obparenns K dyakmusaM Intel TM ABIL

B obmiem ciyuae nocsieoBaTe IbHOCTD BBITOJTHEHUS TPAH3AKIIUN CJIETYOIAsT:

1. Cosnmanune Tpansaknuu (Bb3oB ITM  beginTransaction) u ananun3s ee cocrosinusi. Eciu co-
CTOSIHUE TPAH3AKIUY COJEPKUT (hJiar IIPUHYIUTETbHON OTMEHBI, TO BBIIIOJTHEHUE TPOI0JIZKA-
ercd ¢ meTku <L3d>, T.e. OCyIIeCTBJISETCS BBIXO/ U3 TPAH3AKIINY, WHAYE BLIMIOJIHEHNE TeJIa,
TpaH3aKIINM HAUMHAETCs ¢ MeTKn <[L2>.

2. Boimosnenne Tpam3aknuu. Kcan BRITOJHAETCS TPUHYIATEIbHAS OTMEHA TPAH3AKIINN, TO B
COCTOSTHUN yCTaHaBAMBaeTcst (yiar npuHyanTeapHol orvensl (a_abortTransaction) u ynpas-
JeHue mepegaercs MeTke <L1>.

3. Tonwirka dukcamun rpanzakiun (Berzos ITM  commitTransaction). B cayaae BosHUKHO-
BeHNs KOHMIMKTA TPAHBAKITNA OTMEHAETCH, B COCTOSHNE TPAH3AKIIAY 3AIIUCHIBAETCH TPUIN-
Ha OTMEHBI W BBIIIOJHEHNE TPAH3AKIIUY [TOBTOPIETCS HadnHass ¢ MeTku <L1>.
Pazpaborannbiit momyns tm_ prof analyzer Buenpenus pyarnmii 6ubamorexn npodusim-

pOBaHMsS BBLITIOJIHEH B BuUe BCTpamBaemoro mojyist kommnuasgTopa GCC. Ilporpamvuct komnu-
gupyer STM-nporpammy ¢ kawuom — fplugin = tm__prof analyzer.so. Monyib BHeIpEHUS
BBITIOJTHSIET AHAJIN3 TPOMEXKYTo4uHOro npeactasienus GIM PLFE TpaH3akInOHHBIX CEKITHiT U J0-
Hasager (hyHKMN perucrpanun obpammennit k gyukmuaM Intel TM ABI: perucrpamnust nagana

TpaH3aKIUK U ee PUKCAINH, TPAH3aKIMOHHOE UTEHNUs /3aMuch obacTeil maMsaTn.
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int a, b;
state = _ITM_beginTransaction()
__transaction_atomic { <L1>:
if (a == 0) if (state & a_abortTransaction)
b=1; goto <L3>;
else else
a = 0; goto <L2>;
} <L2>:
if (_ITM_LU4(&a) == 0)
_ITM_WU4(&b, 1);
else
_ITM_WU4(&a, 0);
_ITM_commitTransaction();
<L3>:
/*Ucxomnas TpaH3aKIWOHHAS CeRLIus*/ /*TpaHchopMupOBaHHas TPAH3AKIWMOHHAS CEKIUs*/

Puc. 7. Tpancnanua rpanzaknuonnoi cexmuu komnuagropom GCC; kox ciaeBa — HMCXOAHAS
TPAH3aKIIMOHHAA CEKIUs; KO, CIIPaBa — MPOMEKYTOYHOE NMPEACTABICHIE TPAHC(HOPMUPOBAHHOM

TPAH3aKIIMOHHON cexnuu

Ha puc. 8 mpencrasien mpuMep BHeAPEHUS BBI30BOB (BYHKINN OUOIMOTEKN TPOMOUINPOBA-
HHUs B TPAH3AKIIMOHHYIO CEKINI0. OYyHKINN ¢ TpeduKCOM tm_ prof  BBIMOJHSIIOT PETUCTPAITHIO
cobBITHI.

Bo Bpemst Bemosmenus STM-mporpammbl  Tog  ympaBiaeHWeM — TpOMOUIHPOBITAKA
(libitm_prof), dbyukmuu perucrpanun obpamennit K wHTepdeiicam Intel TM ABI 3amo-
CAT B TIPOTOKOJ aJpeca U pasMep objacTefl maMaTH, HAJl KOTOPBIME BBITOJHSIIOTCS OTEPAITHH,
a TakyKe BpeMs Hadaja BhimoaHenus omepanwmii. [locme 3aBeprmenuns somosaenus STM-
mporpaMMbl (DOPMUPYETCST TTPOTOKOJ BBIMOJHEHUSA TPOTPAMMBI, HA OCHOBE KOTOPOTO MOIYJIh
ananmsa (tm_ proto_analyzer) ocymecTBasieT BHIGOP CyOOTTHMAIBHBIX APAMETPOB Tab/HIIHI

MeTaOdaHHBIX TP aHSaKL[I/IOHHOﬁ IIaMATH.

3. DKcnepuMeHTbI

DKCIIEPUMEHTAIbHOE MCCJIEI0OBAHNE [IPOBOJIUIIOCh HA BBIYUC/IUTETHHON CUCTEME, OCHAIIEH-
HOIl AByM« deTbipexbsaepubiMu mporteccopavu Intel Xeon EbH420. B mammbix mporeccopax or-
CYTCTBYET TOJIepykKa annapartnoit rpansakuunonnoi namaru (Intel TSX). B kagecTre TecToBBIX
POrPaMM HCIOJIB30BAMNCH MHOTOnoTouHble STM-niporpammbr n3 nakera STAMP [9, 11, 12].
Yucno norokos Bapbuposasoch or 1 g0 8. Tecrwr cobupasmncs komnuasgropom GCC 5.1.1. One-
panmonnas cucreMa GNU /Linux Fedora 21 x86 64.

B pamkax sxcrepuMeHTOB M3MEPIINCH 3HAYCHUS ABYX MOKA3aTe ed:

e Bpewmsi ¢ BrimoiHeHus STM-iporpamMmer;

o konuecTBO C' JIOXKHBIX KOH(MJIUKTOB B POIPAMME.

Ha puc. 9a, 9b, 10a, 10b nmokazana 3aBucuMocTb KosuuectBa C' JTOKHBIX KOHMJINKTOB U Bpe-
MEHU t BBITTOJHEHUSA TECTa OT YUCAA TOTOKOB MPU PA3IUYHBIX 3HAUEHUSX TapamMeTrpoB B u S.
PesynbraTht npuBeieHns! A1 mporpaMMbl genome n3 naketa STAMP. B mett mopsika 10 Tpamsak-
IIMOHHBIX CEKIINH, Pean3yioNnX ONepaluu HaJ| Xer-Tabauiell u cBsa3HbIMU crinckaMu. BujHo,

4TO yBeJuvueHne 3HaueHu i mapaMerpoB S u B NpUBOIUT K YMEHBITEHUIO YNCIA BO3MOXKHBIX KOJI-
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int a, b;
state = _ITM_beginTransaction()
__transaction_atomic { tm_prof_begin(state);
if (a == 0) <L1>:
b=1; if (state & a_abortTransaction)
else goto <L3>;
a = 0; else
} goto <L2>;
<L2>:
tm_prof_operation(sizeof(a));
if (_ITM_LU4(&a) == 0) {
tm_prof_operation(sizeof (b)) ;
_ITM_WU4(&b, 1);
} else {
tm_prof_operation(sizeof(a));
_ITM_WU4(&a, 0);
}
_ITM_commitTransaction() ;
tm_prof_commit () ;
<L3>:

/*Ucxomuaa TpaH3aKIMOHHAS CEKIUI*/ /*TparcopMupoBaHHas TpaH3aKIUOHHAS CEKIUs*/

Puc. 8. BecrpanBanue B TpaH3aKIMOHHYIO CEKITNIO (DYHKITUH 6UOIHOTEKY TPOMUINPOBAHNST; KO
cJaeBa — HUCXOJIHAs TPAH3AKIIMOHHAST CEKIUsl; KOJI CIpaBa — MPOMEXKYTOTHOE IPEICTABICHUE

TPaHCHOPMUPOBAHHON TPAH3AKIINOHHON CEKITIHI

m3nii (JIOKHBIX KOH(DJIMKTOR), BOSHUKAIOIINX P 0TOOPaYKeHNN aIPECOB JTMHEHHOTO aPECHOTO
IPOCTPAHCTBA IPOIecca Ha 3armmcu Tabuisl. Ipu pazmepe tabuuist 221 3amuceit, Ha Kax1yio n3
KOTOPEIX oToGpazkaercs 20 apecos MHEHHOro a1pecHOr0 IPOCTPAHCTRA, JOCTUIAETCS MUHIMYM

BPEMEHU BBINIOJTHEHUA TECTa genome, a TakKXKe MUHUMYM 9UC/Ia JTOZKHBIX KOH(bﬂHKTOB.

700000 500000
600000 | 450000
400000 |
500000 ¢ 350000 F
400000 | 300000
250000 |
300000 ¢ 200000 F
200000 | 150000
100000 | 100000 1
50000 | /.-
0 0 . o i i H i H
i 2 3 4 5 6 7 8
N
(b) B =26

Puc. 9. 3aBucumocts uncia C JIOKHBIX KOHQIUKTOB OT ducia N mTOTOKOB

Bpems BLITIOJIHEHHS TECTa genome yaaJoCh COKpaTuTh B cpegreM Ha 20% 3a caerT MUHAME-

3allu 91CJIa JIOZKHBIX KOH(l)JII/IKTOB.
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Puc. 10. 3aBUCHMOCTb BpeMeHU ¢ BBITIOJHEHUsT TeCTa OT dncja [N TOTOKOB

3akJro4eHue

OCHOBHBIM BKJIQJIOM JIaHHON paboThl SBAAETCS METOJ| OINTUMU3AINUK TapaMETPOB BHYT-
PEHHUX CTPYKTYpP JAHHBIX runtime-6ubamoreku TpaHzaknuoHHONW mamsTn koMmmigTopa GCC
(libitm) mox koukpernoe mpuaoxkenue. Co3qaH TPOrPAMMHBIN WHCTPYMEHTAPHH COKPAIEHUS
unca J0KHBIX KoHGIUKTOB B STM-nporpammax. IIporpaMMHBIN MHCTPYMEHTAPUI MO3BOJIAET
OCYIIECTBJISITE MHCTPYMEHTAINI0 U MPOQUINpOBaHue napamieababix S TM-mporpavm. Pesyiis-
TaThl TPOQUIUPOBAHNA TOKA3BIBAIOT XPOHOJOTHUIO BBIMOIHEHNA Tpau3akimit. B mammoii pabore
pe3yabTaThl MTPOMUINPOBAHNS UCIOIB3YIOTCS TOJBKO Jjid BEIOOPA 3HAYEHUN 1apaMeTPOB PeaJin-
zaruu runtime-6ubMoTeKn TPAHBAKIMOHHON TAMSITH, OJIHAKO, OHU MOTYT OBITH MCIIOJIB30BAHBI
U I APYTUX Tejel, HampuMep, I BbIOOpa MOJUTHKA OOHOBJIEHNsT OOBEKTOB B MAMSITH U CTPa-
Teruu OOHAPYKEHUsT KOH(MIUKTOB.

IIpemioxkenHbIit MeTO OBLT 3KCIEPUMEHTATBHO MCCIAEIOBAH HA TECTOBBIX MPOTPAMMAX U3
makera STAMP. DrcnepuMenTh TIOKA3aIM, YTO MPUMEHsI pa3pabOTaHHBIH MeTOM, BpeMsl BbI-
IOJTHEHUsI TECTA enome yaaaoch COKpaTuTh Ha 20% 3a cuyeT MUHMMU3AIMNA YHUCIa JIOXKHBIX KOH-
QUMK TOB.

B nasnbreiiniem miarupyercs pazpadborarh aJropuTM peasin3alinil NporpaMMHON TpaH3aKIIN-
OoHHOIl mamsaTu 6e3 IEeHTPAJTU30BAHHOIO0 XPAHEHUs METaaHHbIX O COCTOAHUM OOJIacTell maMsTu

nporiecca.

Paboma evinoanena ¢ CII6I'ITY npu dunancosot noddepocke Munucmepcmsa obpasosanus
u Haykyu Poccutickot @edepayuu 6 pamxax dozosopa M 02.G25.31.0149 om 01.12.2015 .
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