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IMpoBomurcs anamm3 3GEeKTUBHOCTH BBITIOJIHCHHUS aTOMapHBIX OIIEpalnii «CcpaBHEHHE ¢ 0OMeHOM» (compare-and-swap,
CAS), «Bbibopka u cnoxenue» (fetch-and-add, FAA), «oomen» (swap, SWP), «urenue» (load) u «3anmce» (store)
Ha COBPEMEHHBIX MHOTOSIEPHBIX BEYHCIUTENBHBIX CHCTEMax ¢ oOmieil naMsaTeio. JJaHHBIE ONepanuy peaan30BaHbI
B BHUJIE MTPOLIECCOPHBIX MHCTPYKIHUHA U MPUMEHSIOTCS MPU pa3paboTKe MapauieNbHBIX MPOrpaMM (CpeacTBa OIoKH-
POBKH TIOTOKOB U HEOJIOKHpYEMBIE CTPYKTYPHI AaHHBIX). Mccneayercss 3aBUCHMOCTD BIMSHHS MEXaHU3Ma KOTEPEHT-
HOCTH K3m-namsTH (cache coherence), pa3mepa 1 JOKaJBHOCTH JAaHHBIX Ha BPEMs BBHIIOJHEHHS aTOMapHBIX OIepa-
. PaspaboTana TectoBasi mporpamMma, MO3BOJISIONIAS AHATM3UPOBATH 3aBUCHMOCTh HPOIYCKHON CIIOCOOHOCTH M
JIATeHTHOCTH BBINOJIHEHHMs onepanuii. [IpuBonsaTest pe3ynbTarsl aHanu3a 3()(GEeKTUBHOCTH aTOMAPHBIX OIEpaIyil Ui
MIPOLIECCOPOB APXUTEKTYPHI X86-64 U peKOMEHIALUK 10 ONTUMH3ALMU UX BBIIOJIHEHHA. B yacTHOCTH, ompeneneHbl
aToOMapHbIe olepalyy, xapakrepusyomuecs Haumenbiueit (load), Hanbosbieit («ynaunstii CASy, store) u cornocra-
Bumol («Heynauneiii CAS», FAA, SWP) narentHOCTBIO. [lOKa3aHO, YTO MPH Pa3IMIHOM BHIOOPE MPOIECCOPHOTO
sapa A7 BBINOJTHEHUS ONEpPAallid M COCTOSHUS KAUI-TMHUU BPEMs BBINOTHEHMS ONEpaluil MOMKET pa3iIudaThes
B cpexHeM B 1,5 u 1,3 pa3a cooTBeTcTBeHHO. BEIGOp CyOONTHMATBHBIX APaMETPOB ITO3BOJISIET YBEIUIHUTH IIPOITYCK-
HYIO CIIOCOOHOCTH BBIINOJIHEHUS aTOMApHBIX onepauuii ot 1,1 1o 7,2 pasa.

KuioueBble c10Ba: aToMapHBIE ONEpaiH; IIPOTOKOI KOTEPEHTHOCTH KAIIIa; MHOTOIIOTOYHBIE IPOTPAMMEL.

K MHOTOSIIepHBIM BEIMHCTUTENRHBIM cucTeMaM (BC) ¢ o0mieli maMsaThi0 OTHOCSTCSI KaK aBTOHOMHBIC
JIECKTOTIHBIE M CEpBEPHBIE CUCTEMBI, TaK W BBIYMCIUTENBHBIE Y3IIBI B cocTaBe pacmpezaeneHHsix BC (kmactep-
ueie BC, cucteMsl ¢ MacCOBBIM Mapaiuienu3MoM). Takue CHCTEMBI MOTYT BKJIIOUATh JIECSITKA U COTHH TPOILIEC-
COpHBIX Anep. HamprumMep, BEIMUCIUTENBHBIN Y3€lI CYyIepKOMITEIoTEpa Summit, 3aHUMAIOIIETO TIEPBOE MECTO B
petitare TOP-500 (6osTee 2 mMutH mporeccopHbIX simep, 4 608 y3110B), BKIItOUaeT 1aBa 24-sepHBIX YHUBEP-
canpHbIX Tiporieccopa IBM Power9 u miects rpadudeckux yckopurteneii NVIDIA Tesla V100 (640 saep).
Sunway TaihuLight (6omee 10 MuiH mpouecCOpHBIX sAep, TpeTbe MecTo B pedtunre TOP-500) ykomiuiekto-
BaH 40 960 mpoueccopamu Sunway SW26010, Bkmrouaromumu 260 gnep. Ilpu peanuzanum Kam-nmaMatu
B Takux BC npuUMEHSIOTCS pa3iMyHbIe MOJMTUKY BKIFOYCHUS (MHKIFO3UBHBIA U SKCKIIO3UBHBIN K3III), IPO-
tokoubl korepertHoctu (MESI, MOESI, MESIF, MOWESI, MERSI, Dragon) u TOHOJOTHH MEXITPOIEC-
copubix wuH B NUMA-cuctemax (Intel QPI, AMD HyperTransport).

Opnolt 13 Hanbouiee 3HAYMMBIX 3a/1a4 MIPH Pa3pabOTKe MapaIeNIbHBIX MMPOTPAMM SIBISIETCS CO3JaHHE
3G GEKTUBHBIX CPEJCTB CHHXPOHHU3AINHN MapaliebHBIX MOTOKOB. OCHOBHBIMUA METOJAMH CHHXPOHH3AIUU
SIBIISIIOTCS cpeacTBa OnokupoBku noTokoB (locks, mutexes), HeGnokupyemsie (non-blocking, lock-free) mo-
TokoOe3omacHble (concurrent, thread-safe) cTpykTypsl HaHHBIX U TpaH3aKIMOHHAs HaMsTh [1-5]. Atomap-
HBIE omepanuu (atomic operations, atomics) IPUMEHSIOTCS MPH PEATH3AIIUH BCEX METOAOB CHHXPOHH3AIHH.
Onepartusi Ha3pIBACTCS aTOMApPHOM, €CITM OHA 3aBEpPIIAeTCS B OJWH HEASIUMBIN IIar OTHOCHTENBHO JIPYTHX
MOTOKOB. HY OfIH M3 MOTOKOB HE MOKET HAOIIIO/IaTh OTMEPAINI0 «9aCTUYHO 3aBepIIeHHOI». Ecnu nBa mim
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0o0Jice MOTOKOB BBIMOJIHSIOT OTIEPAIMH HAJ pa3ieiisieMOl MEPEeMEHHON U XOTsI Obl OJIMH BBITIOJIHSAET Orepa-
U0 3aIllUCH, TO TOTOKH JOJDKHBI HCIIONB30BaTh ATOMAapHBIC ONEpAIU IS M30CKaHUS TOHKH JaHHBIX
(data race).

K naubonee pacnpocTpaHEHHBIM OTHOCSTCS aTOMapHbBIC ONEpallii «CpPaBHEHHE C OOMEHOM)»
(compare-and-swap, CAS), «Bbi0opka u cnoxenue» (fetch-and-add, FAA), «oomen» (swap, SWP), «ure-
nue» (load) u «3amuce» (store). Onepanust load(m, r) peanusyer uTeHHEe 3HAYCHUS IEPEMEHHOHN U3 STUCHKU
MaMsATH M B PETUCTD r; store(m, r) — 3amucCh 3HAYCHUS TMEPEMEHHOW B SUYCHKY MaMSITH m U3 PETUCTpaA 7.
FAA(m, ri, ) yBenuuuBaet (yMEHBIIIACT) HA Pa3MEIICHHOE B PETUCTPE 71 3HAYCHUE B SUYCHKE MaMSTU M U
BO3BpalllaeT MpebIaylee 3HaUeHUE B peructp 2. SWP(m, r) — oOMeH 3HadYeHUH MEXy sIYeHKON maMsTu m
u peructpom r. CAS(m, r1, r2) peau3yeT CpaBHEHUE 3HAUCHUS TUYCUKY ITAMSTH 7 C PETUCTPOM 71; €CITH 3Ha-
YCHHS PAaBHBI, TO B m yCTaHABIMBAeTCA 2. [Ipu pa3paboTke mapaielbHBIX MPOrpaMM HEOOXOAUMO YUUTHI-
BaTh BJIMSHUE HA 3PPEKTUBHOCTh aTOMAPHBIX ONEPAIMil TAKUX ACHEKTOB, KAK BBIMOJIHEHUE MEXaHU3Ma KO-
TePEHTHOCTH K3II-IAMSTH, pa3Mep Oydepa, Yuciia NIOTOKOB, yIAICHHOCTH JaHHBIX OT spa.

Hecmotps Ha mmpokoe mpuMeHeHue, 3PPeKTUBHOCTh aTOMapHBIX OINEpanrii He MpoaHATN3UPOBaHA
B JO0CTaTOYHOU cteneHu. Hampumep, cuntaercs, uro CAS memnennee FAA [6] 1 ee ceMaHTHKa ITO3BOJISET
BBECTH IOHATHE «Oecrmoiie3Has padora» (wasted work) [7, 8], MOCKOIBKY HEyIaYHbIC IMOMBITKA CPABHEHHUS
JAHHBIX B MMaMSITH U B PETUCTPE MPUBOAAT K JOMOTHUTEIBHON HAarpy3ke Ha sapo. B padore [8] aHamusupy-
€TCsl POU3BOIUTENHFHOCTh aTOMAPHBIX OMepaluii Ha Tpaduveckux MPOIEccopax, OJHAKO CETOMHS OCTPO
CTOWT 3aJada ONeHKH d(P(HEKTHBHOCTH aTOMAapHBIX OIepariuii Ha YHHBEPCAIBHBIX Ipolieccopax. B [9] pac-
cMatpuBaeTcs 3¢ hekTuBHOCTh BhIMoHeHUs onepanuii CAS, FAA, SWP ¢ nenpio aHanmv3a BIMSHES TUHA-
MHYECKHX MTapaMeTPOB MPOTPaMMBI Ha BpeMsI BBITTOJIHEHUST aTOMApHBIX ornepanuii. Pe3ynpTarsl nccienoBanuii
JEMOHCTPHUPYIOT HEAOKYMEHTHPOBAHHBIE CBOMCTBA TECTUPYEMBIX CHCTEM U OLIEHKHM BPEMEHH BBITIOJHEHHS
aToMapHbIX orepanuii. OJHAKO TECTHl MPOBOIWINCH MPH (HUKCUPOBAHHOW YaCTOTE MPOIECCOPHBIX sTEP,
WCTIONIb30BAaHUH OONBIIUX CTPAHMII MTAMATH U C BBIKIIOYEHHON MpPeIBApPUTENbHOI BBIOOPKON JaHHBIX, YTO
HCKaXaeT pe3ybTaThl MOAETHPOBAHUS U peaJbHBIX IporpamMM. Kpome Toro, He McCCieaoBaIich aToMap-
HbIe oreparuu load u store.

B pabote paccmatpuBarotcst onepanuu CAS, FAA, SWP, load, store, mpu 3TOM yCIIOBHSI TIPOBEICHUS
JKCIIEPUMEHTOB MaKCHUMaJIbHO PUOIMKEHBI K PeaTbHBIM YCIOBHSAM BBIITOJIHEHUS TAPAIIIEbHBIX TIPOTPaMM,
B YaCTHOCTH HE MPOBOAATCS (UKCAIUS YaCTOTHI siAiep, M3MEHEHNE pa3Mepa CTPaHWIl, OTKIIOUYEeHNE TpeaBa-
pHUTEIBHOH BBHIOOPKU AaHHBIX. [IpoBoguTes aHamn3 3QPEeKTUBHOCTH aTOMApHBIX OTEpPAIMi JUI MPOIEecCo-
pPOB apXUTEKTYpHI X86-64. Kpome Toro, paccMaTpuBaroTCs pa3Hbie BapuaHThI BeITOTHEHUS CAS (ymauHbIil u
HEyJIa4HbIi), a TaKKe BBIMOJIHEHNE aTOMApPHBIX ONEpanyid MpH MUCIOJIB30BAHUH JAHHBIX JOKaJbHOW U yIa-
JIEHHOW KAMI-aMSTH (TI0 OTHOIIEHUIO K SAPY, BBIIOIHAIOMIEMY OTIEPAIiH).

1. MeTonnka npoBeeHUsi IKCIIEPUMEHTOB

B kauectBe mokasarteneil 3QpEeKTMBHOCTH HCHONB3YIOTCS JIATEHTHOCTH / BBINIOJHEHHS] aTOMapHON
OIlepaluy M MPOIycKHas crnocoOHocTh b. [lpomyckHas ciocoOHOCTh b = n/t, Tie 1 — YUCIO BBHITOJTHEHHBIX
oTepaluii 3a BpeMs ¢ IpH pean3aliy MociIeJ0BaTeILHOTO TOCTYMA K s4yeiikaM Oydepa.

Ji1st TOYHOTO U3MEpEeHUs BpeMeHH NpuMeHsiica Habop uHeTpykauid RDTSCP. s npenorspamnienus
NepeynopsA0unBaHA HHCTPYKIMH UCTIOJIB30BANIUCH MTOJIHBIE Oaphephl MaMsTH.

Hccnenyercs BnusiHAE COCTOSHUS KAII-TMHUK B paMKax MpoTokosioB korepenTHoct (M, E, S, O, I, F)
Ha 3¢ QEKTUBHOCTD BBINIOJIHEHUsS] aTOMapHBIX omepanuid. OnpenenuM OCHOBHBIE COCTOSHHS KAII-THHHU.
M (Modified) — kom-nuHus MoaUUUUPOBaHA U COACPKUT akTyanbHble naHuble. O (Owned) — KaLI-TMHUS
COJCP)KUT aKTyaJIbHbIE JaHHBIE U SBJISIETCS MX eAMHCTBEHHBIM BianensieM. E (Exclusive) — kam-nuHus co-
JEP)KUT aKTyaJlbHbIE JaHHBIC, KOTOPBIE COOTBETCTBYIOT COCTOSIHWIO mamstu. S (Shared) — kam-nmuHust
COJIEPKUT aKTyalbHbIE TaHHBIC, IIPU 3TOM APYTHE MPOLIECCOPHBIE AApa UMEIOT KOMMMU ITUX JAaHHBIX B pasjie-
nsiemoM coctosiHud. F (Forwarded) — KamI-nuHUs comepxuT Hanbonee CBEKUE, KOPPEKTHBIE JaHHBIE, MPU
3TOM JIpyTue siipa B CUCTEME MOTYT MMETh KONHMH JaHHBIX B pasaenseMoM coctosauu. | (Invalid) — kom-
JIUHUS COAEPKUT HEKOPPEKTHHIE TaHHBIE.
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Pazpaborana TecroBas nporpamma. [lepen HauamoM BBIOJTHEHUS opraHusyercs Oydep g B Buze 1e-
JIOYHMCIICHHOTO MaccuBa pasMepa s = 128 MO. JlaHHbIe pazmemaroTcsi B K3II-MAMSTH, KILI-IMHUHA TEPEeBO-
JSITCSL B 33/IaHHOE COCTOSHHE MPOTOKOJIA KOTepeHTHOCTH. [lofkauka cTpaHuIl HE NMpuMeHsuiach. J[aHHbIE He
BBIpABHUBAIKCH. [lepeBoj] KAMI-TUHUN B COCTOSHUE M IPOHMCXOAUT TPU 3aIMCH TPOU3BOJILHBIX 3HAYCHUN B
syeliku Oygepa. Jlnsa nepeBona B cocrosinue E BbImonHsieTcs 3anuch B siueiiku Oydepa, 3aTeM — HHCTPYKIHUS
clflush ans mepeBona kK mI-TUHUE B cocTosiHUE 1, mocie aToro — urenue stueek Oydepa. [lepexon B cocTosiHMe S
MPOUCXOINT TOCTIe YTeHHS sTueeK Oydepa u3 Ka-naMsata B coctosiHuK E omgHoro siipa B K3I-NaMsTh APyroro
sapa. IlepeBon kam-muHui B coctostare O TOoCTHraeTcs MyTeM YTEHHsSI U3 K3I-IIaMsTH B COCTOSTHUM M ofHOTO
STpa B K3MI-TIAMSTh APYTOTO SIIpa, IPY 3TOM K3II-THHUY s/pa w3 M nepekiodarorces B cocrosaue O.

Jna oneparun CAS BBIIONHSIETCA JBa SKCIEPUMEHTA: IJs YCIEIIHONM U HeyAauyHoW omeparuu. He-
yrnauneiM cuntaeTca CAS, mpu BBIIOJIHEHUH KOTOPOTO M # 7. 3aBeAOMO HeyaauHoe BbinmonHernne CAS no-
CTHTaeTCs IyTeM CPaBHEHHUS aJipeca yKazaTelsl ¢ JaHHBIMH 110 3ToMy ykazarento. B ycnemrnom CAS m = ry.
OKCIEepUMEHTHI TPOBOAWINCE Ha mpormeccopax AMD Athlon II X4 640 (Muxpoapxurekrypa K10), AMD
A10-4600M (mukpoapxutekrypa Piledriver) (mporokon xorepentHoctd MOESI [10]), Intel Xeon X5670
(mukpoapxutekTypa Westmere-EP) u Intel Xeon ES5540 (Mukpoapxutektypa Nehalem-EP) (MESIF [11])
(puc. 1). Pasmep xom-uHuu 64 Oailita. B KauecTBe KOMIMJIATOpPAa HCIHOJIB30BANICA KOMIIMIIATOD
GCC 4.8.5, onepanmonnas cuctema SUSE Linux Enterprise Server 12 SP3 (Bepcus simpa 4.4.180).

AMD ALD - 4600M AMD Athlon 2 X4 640
G € [ [ Cy c, [ <
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Puc. 1. Uccrnenyemblie Mukpoapxutektypsl: @ — Piledriver, b — K10, ¢ — Nehalem-EP, d — Westmere-EP
Fig. 1. Target microarchitectures: a — Piledriver, b — K10, ¢ — Nehalem-EP, d — Westmere-EP

OnumreM OCHOBHBIE IIardl aJITOPUTMa M3MEPEHHUS BPEMEHH BBIITOJIHEHUS aTOMApHBIX ONEparui s
coctosians E (puc. 2). BemomorarensHas ¢yukmmst DoOper peanusyeT BBIIOJHEHHE 3aIaHHON aTOMapHOM
OTICpAIlUH JJIs BCEX JIeMEHTOB Oydepa (cTpoku /—4). OCHOBHOHM aNTOPUTM BBITIONHAETCS A0 TEX IOP, TTOKa
pasmep Oydepa He TOCTUTHET MAaKCUMAIBHOTO (CTpOKa J). 3a1eliCTBOBAaHHBIN TUANa30H TECTOBOTO MacCHBa
testSizeBuffer B akcniepuMeHTax BapbupyeT oT 6 KO (MUHMMANBHBIN pa3Mep Kaliia IepBoro yposHs) 10 128 M6.
Kaxnprit sxciepumenT 3armyckaetcs nruns pa3 (CTpoka 6). BeimomHseTcs: 3anich MPOU3BOIBHBIX JAHHBIX B
sueiikn Oydepa A mepeBoia K3II-TUHAN sSpa ¢o B cOCTOSIHAE M (JIJ1s1 OCTaNBHBIX SIIEP COCTOSHHUE KOIII-
nuHui epesoautcs B 1) (ctpoka 7). Jlamee BBITTONHSICTCS MHBATHAANS KAII-THHUH (CTpoka /2) ¢ mocieny-
IOIIUM YTEHHEM, YTO MEePEeBOANT KAII-THHUHN sipa co B coctosinue E (ctpoka 9). Ha criemyromem mare Han
KaKJIOM TIepeMEHHON BBIMIONHICTCS aToMapHas omeparus (ctpoka /7). Beramcinsercs BpeMs BBITIOTHEHUS
oreparyii 1 CyMMapHOe BpeMs BRIIOTHEeHHs (cTpoka /3). PaccumThIBalOTCS MTaTeHTHOCTH (CTpoka 15), mpo-
MyCKHasi crocoOHOCTh (cTpoka /6) M yBelW4MBaeTcs TEKyWIWH pasmep Oydepa Ha step = L./ 8 (rae Lx —
pasMep K3m-namsTu ypoBHs x = 1, 2, 3)) (ctpoka /7).

ANTOPUTMBI BBITIOJTHEHHS aTOMAaPHBIX OTepaIiil it COCTOSHUN M U | aHaIOTHYHEI ONTUCAaHHOMY, TIPU
aToM 171t M cTpoku 8, 9 He BBIMONHSIOTCS, A1 | He BRIMONHSIOTCS CTPOKH 7, 9.
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Function DOOPER(oper)
fori=0toddo
buffer.oper()
end for
while d < testSizeBuffer do
for j =0 to nruns do
DOOPER(STORE(1))
CLFLUSH(buffer, d);
DOOPER(LOAD)
start = GET_TIME();
DoOPER(ATOMICOP(buffer(i]))
end = GET_TIME();
sumTime = sumTime + (end — start);
end for
latency = sumTime / nruns / d,
bandwidth = (d / sumTime / nruns) x 10° / 2%,
d=d + step;
end while

P A A E PN NSV XTI U AW =

XSRGEBSISeRaa e wy -

IlepBblii TOTOK Ha co:
while d < testSizeBuffer do
for j =0 to nruns do
DOOPER(STORE(1))
CLFLUSH(buffer,d);
DOOPER(LOAD)
Bropoii noTok Ha c2:
DOOPER(LOAD)
IlepBblii TOTOK Ha co:
start = GET_TIME();
DoOPER(ATOMICOP(buffer(i]))
end = GET_TIME();
sumTime = sumTime + (end — start);
end for
latency = sumTime / nruns / d,
bandwidth = (d / sumTime / nruns) x 10° / 2%,
d=d + step;
end while

a

b

Puc. 2. AnropuT™ n3Mepenus JIATEHTHOCTH ¥ IIPOITyCKHOM CIIOCOOHOCTH BBINOJIHEHHS aTOMApPHBIX ONepannii
SWP/FAA/CAS/Load/Store: a — Exclusive co, b — Shared co
Fig. 2. Algorithm for measuring the latency and throughput of atomic operations
SWP/FAA/CAS/Load/Store and throughput: a — Exclusive co, b — Shared co

OcHOBHBIC IIATY AITOPUTMa U3MEPEHUSI BPEMEHH BBIIIOJIHEHUS] aTOMAPHBIX ONepaLuil sl co B COCTO-
STHUH K3II-THHUHE S (cM. puc. 2, b). AITOpPUTM BBIIONHSIETCS B ABYX MOTOKAX, MPHUBSI3AHHBIX K SAPAM Co U Ca.
CuHXpOHHM3aLHUs Peann3yeTcsi HOCPEACTBOM aTOMapHBIX (iaros. B mepBoM moToke Ha sape ¢y BHITOIHIETCS
3aIllMCh NMPOU3BOJIBHBIX JaHHBIX B Oydep, IepeBo] KAI-THHUN B COCTOSHUE M, IpH 3TOM IS OCTAIbHBIX
saaep coctosiHue m3MeHsiercst Ha | (cTpoka 4). Jlanee BBIMOMHSIOTCS OUMCTKa K3-muHui (copoc B I) (ctpoka )
W YTCHUE JaHHBIX Ui U3MEHEHHS COCTOSHMSA KAILI-TMHUHA ¢o B cocTosiHue E (cTpoka 6). Bo BropoM moToke
(sLIpo ¢2) BBHIMOHSETCS YTEHHE JAHHBIX, YTO U3MEHSET COCTOSIHUE KALI-IMHUN A1ep Co U c2 Ha S (cTpoka §).
Jlanee mepBBI MOTOK Ha SIAPE Co Pealn3yeT aTOMapHYIO OIepalMio HaJl dJeMEHTaMH TEeCTOBOro Oydepa
(ctpoka /7). Beraucisitorcsi Bpems BHIIIOJHEHHUS ONepalluy U Mmokaszarenn 3pdexkruBHoCTH (CTpOKU 15—17).

Ha puc. 3, 4 npuBeneHs! pe3ynbTaThl SKCIIEPUMEHTOB I onepaun SWP.
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Puc. 3. JlareHTHOCTD BBINIOTHEHHS aToMapHOH onepaunu SWP s kam-nunmii
B cocrosinuu Exclusive: a — Piledriver, b — K10, ¢ — Nehalem-EP, d — Westmere-EP
Fig. 3. Latency an atomic operation SWP for cache lines in the Exclusive state:
a — Piledriver, b — K10, ¢ — Nehalem-EP, d — Westmere-EP

d, bait
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Puc. 4. JlareHTHOCTD BBINIOTHEHHS aToMapHO onepaund SWP s kam-nuxuii
B cocrosinuu Shared: a — Piledriver, b — K10, ¢ — Nehalem-EP, d — Westmere-EP
Fig. 4. Latency an atomic operation SWP for cache lines in the Shared state:

a — Piledriver, b — K10, ¢ — Nehalem-EP, d — Westmere-EP

OmnuineM OCHOBHBIE IIard ajJropuTMa M3MEPEHUs] BPEMEHM BBIIIOJIHEHHs aTOMApHbBIX ONepaunui mJis
SIIEP €1 ¥ ¢2 B COCTOSIHMM S KAII-JIMHAU s7pa ¢o (pUC. 5). ANTOPUTM BBITIOTHACTCS B TPEX IMOTOKAX, MPUBS-
3aHHBIX K SIIPaM Co, C1, ¢2. [1epBBIi MOTOK (SO o) peanusyeT 3anuck B Oydep, 4To NEPEeBOJUT COCTOSIHHE
K3MI-TTUHUN ¢o B M (1151 OCTaNIbHBIX siZIep COCTOsIHUE n3MeHseTcs Ha ) (cTpoka 4). [laniee BRIONHSIOTCS COpOC
coctosinus B | (cTpoka 5) M UTeHHE OaHHBIX, YTO MEPEBOAUT KAII-THHUU ¢o B cocTosHue E (ctpoka 6). Bo
BTOPOM TIOTOKE (SIIPO ¢1) BBIMOJHAETCS YTEHHE AaHHBIX (COCTOSHHE KAII-TMHHUU Co M €| U3MEHsSeTcsl Ha S)
(ctpoka 8). Ha cnexyromem mare B TpeTheM MOTOKE (SAPO €2) HAIl KAXKIBIM dJIEMEHTOM Oydepa BBITOTHSET-
cs aTomapHas onepauus (crpoka /7). Berauciusitores nokazarenu 3¢dexkruBHoctr (ctpoku /5—17). st us-
MEpPEHUsI JTATEHTHOCTH BBIMOJIHEHUS] aTOMAapHBIX OINEpalidi Ha sIpe ¢ UCIONB3YETCs aHAJIIOTHYHBIA anro-

PpUTM, B KOTOPOM IIarv Jid A4€p €1 U ¢2 MCHAKOTCA MCCTaMU.

IlepBblii TOTOK Ha Co:
while d < testSizeBuffer do
for j =0 to nruns do
DOOPER(STORE(1))
CLFLUSH(buffer,d);
DOOPER(LOAD)
Bropotii noTok Ha ci:
DOOPER(LOAD)
Tperuii 10TOK Ha c2:
start = GET_TIME();
DOOPER(ATOMICOP(buffer(i]))
end = GET_TIME();
sumTime = sumTime + (end — start),
end for

P A A E NP NS0 AW =

IlepBblii TOTOK Ha co:
while d < testSizeBuffer do
for j = 0 to nruns do
DOOPER(STORE(1))
Bropoii notok Ha c2:
DOOPER(LOAD)
IlepBblii TOTOK HA co:
start = GET_TIME();
DoOPER(ATOMICOP(buffer(i]))
end = GET_TIME();
sumTime = sumTime + (end — start);
end for
latency = sumTime | nruns / d,
bandwidth = (d | sumTime / nruns) x 10° / 22,

ST SR el =IN-JCCIEN Io RV I VNI S

latency = sumTime / nruns / d, d=d + step;
bandwidth = (d / sumTime / nruns) x 10° / 2%, end while
d=d + step;

end while

a

0

Puc. 5. Anroput™ u3MepeHus IJAaTEHTHOCTH M IPOITYCKHOW CIIOCOOHOCTH BBIIMOJIHEHUS] aTOMAPHBIX OTepaLuii:
a — K3II-JIMHAY siipa co B cocTosTHUY Shared, m3Mepenust Iuist siiep c1 U c2, b — cocrostane Owned
Fig. 5. Algorithm for measuring the latency and throughput of atomic operations:
a — Shared co, measurements for ¢1 and ¢2, b — Owned state
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OnuieM OCHOBHBIE IIArK aJrOPUTMa U3MEPEHUS BPEMEHH BBITIOJHEHHUS aTOMAapHBIX ONepalyi B CO-
cTostHAM K3mI-nuHui O Ha saape co (cM. puc. 5, b). ANropuTM BBITIOJIHSIETCS B IBYX MOTOKAX, IPUBA3aHHBIX K
SAapaM ¢y U ¢2. B mepBoM moToke (SLIpo ¢o) MPOM3BOJIBHBIE TaHHBIE 3aIMCHIBAIOTCS B Oydep A n3MeHeHus
COCTOSIHUSI KRILI-JIMHUH si7ipa ¢o B M (A7 ocTalbHBIX sifiep coctostnue uamensercs 1) (crpoka 4). Bo BTopom
MOTOKE (SIIPO ¢2) BBIMOJHSIETCS] YTEHHE AaHHBIX, YTO U3MEHSET COCTOSHUE KAII-TUHHUN JIOKaJIBbHOTO SApa Co
Ha O, a simpa ¢; — Ha S (cTpoka &). Ha crnepytomem mare B IepBoM MOTOKE (SIAPO ¢o) HAJ KAKIOU MEpeMeH-
HoM Oydepa BeIMOMHIETCS aToMapHas onepauus (ctpoka 9). Beraucisiores: BpeMsl BHIIOIHEHUS ONepaluy U
nokazatenu 3Q¢pexkTuBHOCTH (cTpoku /3—15).

Ha puc. 6 npusenens! pe3ynsratel 11 onepauuu SWP, cocrosaue O.

I, HC [, HC
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Puc. 6. JlaTeHTHOCTD BBINOHEHUS aToMapHOi onepauun SWP kamr-nmuHuit
B cocrositunn Owned: a — apxutekrypa Piledriver, b — apxurextypa K10
Fig. 6. Latency of atomic operation SWP for cache lines in the Owned state:
a — Piledriver, b — K10

Tabnumna 1
Cy6onTuMaibHble HapaMeTphl 1St apxuTeKTypsl Westmere-EP
Cy06onTiuMasbHbIe TapaMeTpsl OO6uwmii
Oneparnust Cocrosinue Pasmep YPOBEHb l, He b, M6/c
N Snpo
KOII-JINHAN Oydepa naMATH
Load Exclusive L2 co, C1, C2 L3 1,1-1,15 823-866
Store Modified RAM o, C1, C2 L3 4,1-4,21 226 —230
FAA Invalid L1 co, c1, C2 L3 1,89-1,91 490499
SWP Invalid, Modified RAM co, C1, €2 L3 1,93 493
unCAS Exclusive L1,L2 co, C1, C2 L3 2,55-2,59 367-372
CAS Invalid 12,13 co, C1, €2 L3 4,9-19,3 49-194
Tabnuma 2
OTHOLIEHUS MAKCHMAJILHOH 1 MUHUMAJIbHOI NPOIYCKHOI CIIOCOGHOCTH
NPH BBINOJHEHHH ATOMAPHBIX ONepaumii
Oneparms Piledriver K10 Nehalem-EP Westmere-EP
bmax/ bmin bmax/ bmin bmax/ bmin bmax/ bmin
Load 1,4 1,1 2,1 2
FAA L1 1,2 2,2 1,1
Swp 1,1 1,2 2,1 1,1
unCAS L1 1,2 2,4 2,0
Store 3,9 1,1 2,1 1,1
CAS 1,1 1,6 6,1 7,2

B tabn. 1 npencraBieHsl cyOONTHMAaNbHBIC MAPAMETPHI BBIITOJIHEHUS aTOMApPHBIX OIEpalyii Ha Mpo-
IIeccope ¢ MUKpoapxuTekTypoit Westmere-EP. AHanoru4HbIe pe3ynbTaThl MOJIYYEHBI U JUTS IPYTHX MPOIEC-
copos. Tak, HampuMep, A1 nporeccopoB Mukpoapxutektyp K10, Nehalem-EP, Westmere-EP nanmensbimas
JIATEHTHOCTH BBITOJTHEHHS oreparuu load momydeHa B coctossHuu S Ha smpe ¢o (ot 1,14 1o 1,81 HC), B TO
BpeMs Kak IS Tpolleccopa ¢ MUKpoapxuTekTypoil Piledriver maHHas omepaliis MMEeT HAaMMEHBIIYIO Jia-
TEHTHOCTb Ha sapax cou ¢z (ot 1,8 10 2,4 He). B Tabi. 2 maHbl OTHOIICHUS MaKCUMAaJIbHOW U MHHUMAJIbHON
MPOITYCKHOM CIIOCOOHOCTH.
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2. AHAJIM3 Pe3yJIbTATOB IKCIIEPHMEHTOB

Cocrosiane kom-nmuHuid M. 3HadeHus mokaszaresnerd 3(h(EeKTUBHOCTH I aTOMapHBIX onepaunii SWP,
FAA, unCAS na siape co apxurextypsl Piledriver He3HauMTENbHO BapbUPYIOT MIPH U3MEHEHHH pa3zMepa Oy-
(epa, B To BpeMs Kak ISl SAEP C1 U ¢; yBelandeHue pasmepa Oydepa 6onee L2 nmpuBOIUT K COKpaIEHUIO Jia-
TEHTHOCTH 10 MUHHMAJBHOTO 3HaueHus i oboux saep. Jma K10 mpu pasmepe Oydepa, npesblmaromemM
L2, narentHocTh onepaumii SWP, FAA, unCAS pa3nuuaetcs B npeenax NOTPeMIHOCTH 171 Beex saaep. [pu
BemonHennu load, SWP, CAS mns Nehalem-EP naTeHTHOCTB comocTaBuMa Ajisi BCEX sA€p MPH pa3Mmepe
Oydepa 6osee L3. [Ipu BeimonHenun onepanuid load, SWP mns Westmere-EP naGmomaetrcs aHamorugHas
CUTyanus, Ui ocTanbHbIX oneparuil (store, CAS, FAA, unCAS) naTeHTHOCTD SBISCTCS HAUMCHbBIIEH IS
sIIpa co M HE 3aBUCHUT OT pa3Mmepa Oydepa.

Cocrosinue xam-munuid E. [pu Bemonnennn onepamuii SWP, FAA, unCAS Ha apxurektype Piledriver
u pasmepe Oydepa O6omee L2 ans sinep ¢ U ¢2 TaTEHTHOCTh COIOCTaBMMA, MPH 3TOM Ha SIpPE Co MOIyYEeHbI
MakcuManbHble 3HadeHus. st apxurekTypsl K10 marentaocts onepammii SWP, FAA, unCAS anamornyna
IUTS BCeX siaep npu pasmepe Oydepa, mpepsimnaromeM L2, [ns Nehalem-EP natentaocts SWP, load coro-
CTaBMMa Ha BCEX sAMpax mpu pazmepe Oydepa 6omee L3. s Westmere-EP MuanManbHas TaTeHTHOCTD IS
load, SWP, FAA, CAS nonydeHa Ha siIpe co, IJIs SIIEP €1 B ¢ TIPH pa3Mepe Oydepa Gonee L3 gareHTHOCTD
pa3nu4aercsi He3HAYUTEIbHO.

Cocrosaue xam-manid S. [Ipu Bemonnennn SWP, FAA Ha apxutektype Piledriver pu pa3zmepe 0y-
tdepa L1 mareHTHOCTH, MakcUManbHa Ha sape co. s K10 npu pasmepe Oydepa L2 Hambonpiias aTeHT-
HOCTH TIOydeHa Ha sape co miist SWP, FAA, store. /g Nehalem-EP u Westmere-EP mipu pasmepe 6ydepa
L2 marentHoctsh BeimoHeHUI SWP, FAA MakcumanbHa Ha s1Ipax ci, Ca.

Cocrosaue xam-muauit 1. [Ipu Bemomaennn SWP, FAA, unCAS na apxurektype Piledriver pasmep
Oydepa HE3HAUUTENBHO BIUSET HAa BPEMs BBIIIOJHEHUS AJIS BCEX si7iep, HAUMEHbIIAs JJaTeHTHOCTh II0Iy4eHa
Ha sapax ¢ ¥ ¢;. [Ipu Beimmonunenuu load, SWP na K10 npu pasmepe Oydepa He Oonee L2 naTeHTHOCTh BbI-
TIOJTHCHISI MUHUMAaTbHA 1A spa co. st Nehalem-EP nareataocts SWP, load comocTaBnMa Ha Beex sipax
pu pasmepe Oydepa 6omee L3. Ilpu Bemonanernn load, SWP, FAA, CAS nma Westmere-EP nHanmenbImas
JIATEHTHOCTH IOJIy4€Ha Ha SIpe Co.

Cocrosane xomr-muanid O. Ilpu BeImoaHeHWHM aToMapHbBIX omeparuii SWP, FAA Ha apxuTekType
Piledriver npu pasmepe Oydepa L1 HanbosibInas JaTCHTHOCTh MOJy4YeHA Ha sape co. st sapa ¢ pasmep
Oydepa He BIHseT Ha BpeMs BBITOJIHCHHs oreparuii. Hambomnpmras mateHTHOCTH omeparmii SWP, FAA,
store Ha apxuTekType K10 monyuena npu pazmepe Oydepa L2 Ha smape co.

HauOosbiueil 1aTEeHTHOCTBIO, TI0 CPAaBHEHUIO C JIPYTUMH OIEpaLUsIMH, XapaKTepU3yeTcs OlepaLus
CAS (ycnemnsiit). Oneparus load BEIMOTHSETCS ¢ HAUMEHBIIICH JTATCHTHOCTRIO. Harpumep, ass mporecco-
poB K10, Westmere-EP munumaneHas nateHTHOCTE CAS mosydeHa JUIsl COCTOSTHUSL S Ha SIApPE Co U COCTaB-
nsiet ot 18 mo 24 ue, 1 npoueccopa Piledriver CAS nMeeT HaMEHBIIYIO TATEHTHOCTD Ha SIpax co U ¢ (OT
42 no 44 uc), na npoueccope Nehalem-EP B coctosinuu S CAS BbINONHSAETCS ¢ HAMMEHBLIEH JTaTEeHTHOCTHIO
Ha sipe co (0T 22 1o 46 Hc), mpu 3TOM HauOOJbILIAs JATEHTHOCTH (46 HC) MonydeHa mpu pasMepe Oydepa
L2. Ins apxutektypsl Piledriver MunuMansHas naTeHTHOCTH omnepauuu load (1,76 HC) mpeBblIaeT MUHH-
ManbHyto nateHTHOcTh omeparun CAS (12,39 uc) B 7 pa3. Jna apxurexktypsl K10 MuHuManbpHas naTeHT-
HocTh load (1,72 HC) mpeBblmaeT MuHUMaNbHYyIo tateHTHOCTHE CAS (22,38 He) B 13 pa3. [nsa Nehalem-EP
OTHOIIICHUE MUHHMaNbHOU naTteHTHOCTH load (1,3 HC) k MuHMManbHOU natenTHocTu CAS (9,86 HC) — 7,5.
Hnst apxurextypsl Westmere-EP oTHomenne munumanbsHo# natentHoctH load (1,1 HC) K MUHUMAaIIBHOH J1a-
teHTHOCTH CAS (4,9 HC) — 4,5. CpaBHHBasE MUKPOAPXUTEKTYPBI, OTMETHUM, YTO B CPEAHEM HAaHMEHbBILAS Ja-
TEHTHOCTH NoyudeHa Ha nporeccope Westmere-EP (MESIF), naunbonbias — va Piledriver (MOESI).

3akiouenue

Pa3pa60TaH I/IHCTPYMCHTapI/If/JI " MMPOBCJACH aHAJIN3 3(1)(1)€KTI/IBHOCTI/I BBITIOJIHCHUA aTOMApPHBIX OIICpa-
LII/Iﬁ B MHOTOAACPHBIX BBIYUCIUTCIBHBIX CUCTEMAX C 06H.[Cﬁ NaMATbIO B 3aBUCUMOCTU OT pa3dMepa 6y(1)epa,
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COCTOSIHUSI KAII-TMHUHN U JIOKAIIBHOCTH JTAHHBIX. DKCIIEPUMEHTAIBHO MTOKAa3aHO, YTO OMNEPallui «HEYTauyHbIN
CAS», FAA u SWP xapakrepusyroTcs conocTaBuMon 3anepxxkoi. s oneparwmii load monmyueHa HaMeHb-
1as JTaTeHTHOCTh, sl «yaadnbiii CAS» u store — HanOoIbIIast.

B pesynbraTe aHanmmza pe3ysibTAaTOB 3KCIEPUMEHTOB IOCTPOEHBI PEKOMEHIALMK IO YBEIMUYEHUIO
MPOITYCKHON CITOCOOHOCTH M MUHHUMM3AIINH JIATSHTHOCTH BBITIOJIHEHUSI AaTOMAPHBIX ONEPaIUi Ha MPOTECTH-
POBaHHEIX Ipolieccopax. Tak, MpUMEHEHHE JaHHBIX PEKOMEHIAINI MTO3BOIUT YBEIIUYUTh MPOITYCKHYIO CIIO-
COOHOCTH Ha TIpoleccope ¢ Mukpoapxutekrypoit Piledriver ot 1,1 mo 3,9 pas, s npoueccopa K10 — ot 1,1
1o 1,6 pa3, ais nporeccopa Nehalem-EP ot 2,1 g0 6,1 pas, ans nponieccopa Westmere-EP — ot 1,1 1o 7,2 pas.
Takum 00pa3oMm, MONYYECHHBIC PE3yJbTaThl MOKA3bIBAIOT, YTO BPEMs BBITIOJHEHUS aTOMApPHBIX OIICpAIlHid
MOXKET BaphbUpPOBaTh B HIMPOKHUX IMpeaeiax B 3aBUCUMOCTH OT YCIOBUH WX BBIMOJHEHUS (COCTOSHUE KOIII-
JIUHUH, JOKaTU3aIus u pasMep 0ydepa). IT0 HEOOXOIUMO YUIUTHIBATE MPH Pa3pabOTKe pa3eiiieMbIX CTPYK-
TYp AaHHBIX U IPUMUTHBOB CUHXPOHHU3AIUY.
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Goncharenko E.A., Paznikov A.A. (2020) ANALYSIS OF THE EFFICIENCY OF ATOMIC OPERATIONS IN MULTI-CORE
SHARED-MEMORY COMPUTER SYSTEMS. Vestnik Tomskogo gosudarstvennogo universiteta. Upravlenie vychislitelnaja
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One of the most relevant problems of parallel programming, both for shared-memory and distributed-memory systems, is the de-
velopment of effective thread synchronization tools. The main synchronization methods are locks (spinlocks, mutexes), non-blocking
(lock-free, wait-free, obstruction-free) concurrent data structures and software transactional memory. Atomic operations (atomics),
implemented in hardware as processor instructions, are used in all these synchronization techniques. An operation is called atomic if
it completes in one indivisible step relative to other threads. None of the threads can see the modification of a variable partially com-
pleted. In other words, if two or more threads perform operations on a shared variable and at least one writes into it, then both threads
should use atomics.

For efficient parallel programming with atomics, we should consider the caching algorithms. In particular, we have to study the
influence of the cache coherence protocol on the efficiency of atomic operations, as well as the effect of buffer size, the number of
threads, the distance of data from the processor core (shared cache level). In this work we analyze the efficiency of atomic operations
compare-and-swap (CAS), fetch-and-add (FAA), swap (SWP), load and store on modern multi-core processors. These operations are
the most widely used and implemented as atomic instructions at the hardware level on most microarchitectures. We study the impact
of the cache coherence protocol, buffer size and data locality on the efficiency of atomic operations. In particular, we study the
impact of the cache line state within the cache coherence protocol (M, E, S, O, I, F) on the efficiency of atomic operations. M (Modi-
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fied) — a cache line is modified and contains actual data. O (Owned) — a cache line contains actual data and is their sole owner.
E (Exclusive) — the cache line contains actual data that correspond to the state of the main memory. S (Shared) — cache line contains
actual data and other processor cores have actual copies of this data in a shared state. F (Forwarded) — the cache line contains correct
data, while other cores in the system may have copies of the data in a shared state. I (Invalid) — the cache line contains incorrect data.

At present, the efficiency of atomic operations has not been sufficiently analyzed. This paper discusses the CAS, FAA, SWP, load,
store operations and experimental conditions are as close as possible to the actual parallel programs: the core frequency is not fixed, pages
are not resized, and data prefetching is enabled. In addition, we consider different variants of CAS operation (successful and unsuccessful),
as well as atomic operations using data from the local and remote caches (with respect to the core performing the operations).

We designed the algorithms and software toolkit for evaluation efficiency of atomic operations. We experimentally shown that
the operations “unsuccessful CAS”, FAA and SWP have comparable latency. For operations load and CAS, the smallest and largest
latencies are obtained, respectively. A “successful CAS” with any buffer size and cache line conditions runs faster on the local core.
The unsuccessful CAS operation is performed faster on the local core in any states, if the buffer size does not exceed the sizes of L1
and L2 caches. SWP operation has the lowest execution latency on the local core for any size of a buffer in the Modified and Exclu-
sive cache line states.

We analyze the experimental results and give the recommendations to increase the throughput and minimize latency of atomic
operations on the given processor architectures. For example, based on these recommendations, we can increase the throughput
of atomics on processors with Piledriver microarchitecture from 1.1 to 3.9 times, for K10 processors from 1.1 to 1.6 times, for
Nehalem-EP processors from 2.1 to 6.1 time, for Westmere-EP processors from 1.1 to 7.2 times. Thus, the obtained results show that
the latency of atomic operations can vary in wide range, depending on the conditions of their execution (cache line state, locality and
buffer size). These evidences should be considered in designing concurrent data structures and synchronization primitives.

Keywords: atomic operations; cache coherence protocol; multithreaded programs.
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