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PACHPEJEJEHHAS OUEPE/b C OCJTABJEHHON CEMAHTHUKOM
BBIIIOJTHEHUA ONEPALIMIA B MOJIEJIA YJIAJEHHOI'O JOCTYIIA K IAMATH

Ilybruxayus evinoanena npu punarcogou noooepacke PODPU u CUTMA 6 pamkax HayuHbIX NPOeKmMos
Ne 19-07-00784, Ne 18-57-34001 u Cosema no epanmam Ipezudenma PD (npoexm CI1-4971.2018.5).

Mogpens ynanenHoro goctyna kK namatd (RMA) sBisieTcs mepcneKTHBHBIM CPEACTBOM MOBBIMIECHUS 3 (HEKTHBHOCTH
U yIpOLIEHHs pa3pabOTKH MapauIeNbHBIX MPOTPaMM Ul PACcIIPEAeICHHBIX BEMHUCIUTENBHBIX CHCTeM. MoJerb pea-
nu3oBana B cranmapre MPI (Message Passing Interface) u npumensiercs B si3bikax cemeiicrBa PGAS (Partitioned
Global Address Space). Ipemiaraertcst OpUIrHHANBHBIN TTOAXO/ IJIsI PEIICHUs aKTyalbHON 3a/1a4i pa3paboTKu B MO-
nemt RMA macmtabupyeMbIX pacnpeIeiieHHBIX CTPYKTYp NaHHbIX. OCHOBHAs WJes 3aKJI0YAeTCs B OCIaOJICHUU
(relaxation) cemanTuku BeimosHEHUs! onepanuii. Mccnenyercst 3G peKTHBHOCTh CO3IaHHON OCIa0JIEeHHOM pacrpeje-
JICHHOW OYepe/d; HKCIIEPUMEHTAIFHO MOKa3aHo, YTO MOAX0[] oOecrednBacT OONbIIy0 3PPEKTUBHOCTH IO CPaBHE-
HHIO CO CTPYKTYPaMHU CTPOTON CEMaHTHKH.

KnoueBnle ci10Ba: pacnpeseneHHasi ouepeb; 0cinadIeHHbIe CTPYKTYPhl JaHHBIX; MaclITaOMPYeMOCTb; yAaleHHBII
noctyn k mamsta; MPI; RMA.

IIpu pa3paboTke mapamienbHbIX IPOrpaMM AJIsl BEIYUCIUTENbHBIX cucteM (BC) omHOM U3 KITlO4eBbIX
SIBJSIETCST 3aJladya CHHXPOHM3AIMK IPOIECCOB (ITOTOKOB), OOpamIalIUXCs K pasaesieMbiM (concurrent,
thread-safe) ctpykrypam nanHbiX. PasziensieMbie CTPYKTYpbI JaHHBIX SIBISIOTCSI Oa30BBIM 2JIEMEHTOM B Ma-
paJUIeTbHOM MPOTPAMMHUPOBAHUH, TOATOMY 3(h(PEeKTUBHOCTH CHHXPOHH3AINHU CYIIECTBEHHO BIIUSET HAa Bpe-
Ms BBIIOJIHEHHs Tporpamm. Takue CTPYKTYphl AOJDKHBI 0O€CIedMBaTh JOCTYI MapajlIeNIbHBIX IPOLIECCOB
(TOTOKOB) B MPOM3BOJILHBIE MOMEHTHI BpeMeHH [ 1-3].

Cunxponmsaiuss B BC peanusyercs cpeactBamu OnokupoBok (locks) u HeGmokupyemsix (Non-
blocking) crpykTyp nanubiX. BiokupoBKH 00J1aJal0T MHTYMUTHBHOW CEMAHTHKON M 4acTO HE MeHee I dek-
THUBHBI 110 CPABHEHHIO C HEOJIOKMPYEMBIMU MeToaMH. B To ke Bpemsi mporpaMMupoBaHue 6e3 OJIOKMPOBOK
no3Boiisier u3bexkarh TynukoBbix cutyanuit (deadlocks), mmBepcuii mpuoputeToB (priority inversion) u
o0ecrieunBaeT rapaHTHU BhITONHEeHMs. He3aBucumo oT peanusanuu OoJblIas 4acTbh CTPYKTYpP JaHHBIX Xa-
paktepusyeTcs HamuureM y3kux mect (bottlenecks) mist omeparuii, Takux Kak BCTaBKa U yJaJCHUE JIEMEH-
TOB (0oUepenn, CTEKH), yIaJeHIEe MAaKCUMAIBLHOTO dJIeMEHTa (0YepeIn C IPUOPHUTETOM).

Bonbmas yacte paboT B 00JIaCTH pa3eisieMbIX CTPYKTYp JaHHBIX opueHTHpoBaHbl Ha BC ¢ o0Omeit
MaMSThIO, IPOU3BOAUTEIBLHOCTE KOTOPBIX MOXET OBITh HEJOCTATOYHOMU /JISl PEIICHHsI COBPEMEHHBIX 3aJad.
Hanpumep, pasmepsl rpad)oB cCOLHMaNbHBIX CETEH IOCTUralOT HECKOJIBKHUX METa0alT, a YHCIO BEpIIMH
B rpagax u3 recra Graph500 — HECKOIBKUX TPUILTHOHOB. [IpoekThl B 00s1aCTH (HU3UKU BBICOKMX YHEPTHid,
takue kak CMS u Atlas, npousBoasar aecsatku netabaiT exxeroano. [lmanupyercs, uro bosbioi 0630p-
HBIN TEJIEeCKOI OyJeT KaXIyl0 HOUb reHepupoBath okojio 20 Tepabaiit. Ilockonbky BC ¢ oOmiel maMsaThio
UMEIOT TEXHOJOTMYECKUH Mpeaes 4Yuciia MPOLIECCOPHBIX SAEp, Ul pEeIleHUs] Takux 3aaad TpedyeTcs
ucnons3oBatb BC ¢ pacnpenenenHoi mamsateio (kinactepHsie BC, BC ¢ mMaccoBbIM mapaiienn3MoMm).
B mpomecce mporpaMMHpOBaHHMS TakuX cUCTeM oOpaOaThiBaeMble IaHHBIE MPEICTABISAIOTCA B BHUAC
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pacripeneneHHbIX CTPYKTYp AaHHBIX, IS KOTOPBIX HEOOXOAMMO 00ECTeYUTh MacCIITAOMPyEeMyI0 CHHXPO-
HU3ALMIO.

OmHo¥ M3 MEPCIEKTUBHBIX MOJIeNeH mapauieIbHOTo mporpamMupoBanus st BC ¢ pacmpeneneHHOM
MaMSATBIO SBJSICTCS MOJISNb yJIAICHHOTO qoctyna k namsatu (Remote Memory Access, RMA), peanu3oBan-
Hast B crangapre MPI [4, 5]. B pamkax RMA mporiecchl HEOCPEACTBEHHO 00PaIaloTCs K MaMSITH IPYTHUX
MPOIIECCOB BMECTO OTHPABKHU M MOJY4YeHHUs cooOLIeHuil. B oTinmune oT Mojenu pa3aeneHHoro rao0aibHoro
aapecrnoro mnpoctpancta (Partitioned Global Address Space, PGAS), npeacrarnentoit s3pikamu UPC,
CAF, Chapel, X10, mogens RMA TecHo unterpupoBana ¢ oudnuorekamu MPIl 1 MOXeT ObITh HCIIONIB30BA-
Ha HapaBHE ¢ MoJelnblo nepenaun cooduenuii. [Iporpammer B Mogenn RMA xapakTepusyroTcss MEHBIIUM
BpPEMEHEM BBITIOIIHEHHMS 10 CPAaBHEHMIO ¢ MOJIENbI0 nepenaun coobmienuii 1 PGAS. bonbmas gacts coBpe-
MEHHBIX KoOMMyHUKaIuoHHbIX cetelt (Infiniband, PERCS, Gemini, Aries, RoCE over Ethernet) o6ecnieunBa-
et monaepxkky RMA ¢ momomipio Texnonornn RDMA [4], peanusytorieit oOpaiieHne K yIajleHHBIM Cer-
MEHTaM MaMATH 0e3 y4acTHs LIEeHTPaIbHOIO MPOLECcopa.

Onumem nporpammuyo mozaeidb RMA B MPI. OcHOBHBIMH SBISIIOTCS HEOJIOKHpYyeMble (YHKIUU
MPI_Put (3ammce B mamsaTs ynanenHoro nporecca) u MPI_Get (urenue u3 ynaneHHOW maMaTH), aTOMapHbIE
MPI_Accumulate, MPI_Get_accumulate, MPI_Compare_and_swap. RMA-BbI30BbI TOKHBI HAXOIUTHCS
BHYTpH obOJacteit (3moxu, epochs), B paMKax KOTOPBIX BBITIOJIHSETCS CHHXpOHH3aIHs. B paboTe mpuMeHsieTcst
MACCUBHBIA METOJ CHHXpOHHU3anuu (passive target synchronization), peanusosannsiii B crangapre MPI [5].
[Ipu maccuBHON CHUHXPOHH3AIMK MPOIIECC OTKPBHIBACT JIOXY pealM3alldyd yAaJeHHOTO JocTyma (access
epoch) mocpeacreom BeizoBa Gpyukuuit MPI_Win_lock/MP1_Win_lockall, mociie uero on MOXET BBITOTHSTH
RMA-onepanuu [yist 10CTymna K 3aperuCTPUPOBAHHBIM CErMEHTaM namsti (okHa, Windows) apyrux mporiec-
coB. Takum oOpazom, RMA-omepanny BBHIONTHSIOTCS B OJHOCTOPOHHEM TOpsIKE, 0e3 SBHOTO BHI30BA
(GYHKIMI CHHXPOHHU3ALUHU IPYTUMH MPOIIECCaMH.

OcHoBHas yacTb padoT B 00JacTH pa3lesieMbIX CTPYKTYp JaHHBIX HalpaBJieHa HAa CO3AaHUE CPEICTB
cunxporusaiuu Uit BC ¢ o6mieit mamsteio. K HUM OTHOCATCS aJrOpUTMBbI GJIOKMPOBKH MOTOKOB [1, 6]
(TTS, Backoff, CLH, MCS, Oyama, Flat Combining, RCL u ap.). Xots nexkoropsie merosl (Hierarchical
Backoff (CLH, MCS), Cohorting u ap.) y4HTBIBatOT OTAEIbHBIE HEPAPXUUCCKUE YPOBHHU, OHH HEIPHME-
HuMbl B BC ¢ pacnpenenenHoil namsateio. Hebnokupyemsie cTpykTypsl [1-3, 7] Taxke pa3paboTaHsl 1i1s
MHorosiepabix BC u HenmpumeHumsl B pactpeneneHHbix BC. IlepcrieKTHBHBIM METOAOM IOBBILICHHUS
MacTabupyeMOCTH pas3lelisieMbIX CTPYKTYp JaHHBIX sIBIsieTCsl ocnabieHue ux cemantuku (relaxation)
[8-14]. Hanpumep, B ocrabiaeHHOW OYepeqy C MPHOPUTETOM HM3BIIEKACTCS HE MaKCHMAJbHBIH 3JICMEHT,
a dJIeMeHT, OIM3KUi K MakcuMajibHOMY. B ocnabnenHoil ouepenu (creke) ynansercs He nepBbli (ocnen-
HUI) JOOaBIEHHBIA 3JIEMEHT, a 3JEMEHT B ero okpectHocTdu. OcnabieHHble CTPYKTYphl 00€CHeunBaIoT
BBICOKYIO MPOIYCKHYIO CHIOCOOHOCTb U MPHEMJIEMbIH YPOBEHb YNOPAJOUYCHHOCTH ONEpalil B pealbHbIX
nporpammax. B pabotax [8, 9] mist mocTpoeHHst TOTOKOOE30IMaCHOH OYepear C MPHOPUTETOM IpeIJiaraet-
Csl UCIOJIb30BaTh HAOOP IOCJIEOBATENbHBIX Ouepeneil. AHAIOrMYHasl peanu3auus CTeKa, OCHOBAHHOTO
Ha BPEMEHHBIX MeTKax, mpemitaraercs B [10]. Taxke mocTpoeHbl aHAaIUTHYECKHE MOAETH OcialJjeHus
[13, 14], Bximrouas KBaswiIMHeapu3yemocTb (quasi linearizability), kxomuuecTBeHHOE ocnabieHHe
(quantitative relaxation).

Hackonpko usBecTHO, uig pactpenenenHsix BC He pa3paboTtanbl 3 GeKTUBHBIE MacIITAOUPyEeMbIe
pasfenseMble CTPYKTYpbl JAaHHBIX. MeToxbl, NpeanoKeHHble s pacnpeaeneHHbix BC, BkmodaroT
MPOCTHIE CIMHIIOKH, OMIOKUPOBKU uTeHus-3anuc u MCS-6mokupoBku [15]. PabGoTsl, mocBsmieHHbIe pac-
MpeJleIeHHbIM CTPYKTypaM NaHHbIX [16—18], nHenpumenumel B Mojenu RMA. B s3eikax PGAS peanuzo-
BaHbI OTJIEJIbHBIC IPUMUTHBBI CHHXPOHHU3AIMH U paclpe/ie]IeHHbIE CTPYKTYPBI, HO OHU XapaKTePH3YIOTCs
HAJIMYUEM y3KHUX MECT ¥ BBICOKHMMHU HaKIIQJHBIMK pacxojaM. Mcxolis u3 BhIIECKa3aHHOTO, 3ajlada pa3pa-
00TKH PPPEKTUBHBIX pasfeliieMbIX CTPYKTYp JaHHBIX JUIs pactupeaeneHHbix BC sBisercst BoctpeboBaH-
HOW W HEpEIIeHHOH B HAcTosIIee BpeMs. B maHHOM cTaThe MpemiaraeTcs METO ] MOCTPOSHUs MacIiTabu-
PYEMBIX paclpesielieHHBIX CTPYKTYp Ha OCHOBE oclabieHHs UX CEMaHTHUKHU, pAaCCMOTPEHHBIH Ha TIpUMepe
ouepenu.
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1. PacnipenenenHas ociadjieHHasi o4epelb
1.1. Ocnabnenue cemanmuxku 6blnOJHEHUA ONEPAYUIL 015 PACHDPE)eNeHHBIX ouepelell

Ouepens — KOJUICKIHS 00BEKTOB, peanusyromas auciuminay FIFO («mmepBbIM Boles — epBbIM BbI-
men»). OcHoBHBIE oneparmu: gobasienue (insert, enqueue) sreMenTa B IMOCIEAHION MMO3UIHI0 (XBOCT, tail)
u u3BIeueHue (remove, dequeue) sieMeHTa M3 mepBoii mo3umuu (rojaosa, head). B kimaccnueckux peannsa-
IUSIX pacTpe/ielIeHHBIX ouepeiel HeoOXOAMMO 00eCTIeYMBATh AKTYaIbHOCTh JJAHHBIX O PACIIOIOKEHHH (paHT
mporiecca) roJOBHOTO M XBOCTOBOTO 3JIeMeHTOB. [Iporiecc mepes BBIMOJHEHHEM Oomnepaliii pyu HeoOX 0o H-
MOCTH OOHOBJISIET JAHHBIE O PACIIONIOKEHUU TOJIOBHOTO (XBOCTOBOTO) JIEMEHTA. JTO MPUBOAUT K JOTIOJIHH-
TENIBHBIM HAKJIQJHBIM PAacXoJlaM U YBEIUUUBACT BPEMs BBIIIOJIHCHHUS onepauuii. J{pyruM 3HaAuMMBbIM HeJ0-
CTAQTKOM SIBJISICTCSl HAJIMYUE Y3KUX MECT HPU OJHOBPEMEHHOM OOpAICHUM HECKOJIBKUX MPOLECCOB K IMPO-
1eccy, B HaMATH KOTOPOTO HaXOAUTCSI TOJIOBHOM (XBOCTOBOH) JIEMEHT.

C 1enplo yBEIMYEHUS MacIITaOUPyeMOCTH paclpelielieHHON oueped MpeaiaraeTcsi OcinaduTh ee ce-
MaHTHKY U JIOYCTUTh MU3BJICUYCHUE DIIEMEHTA U3 OKPECTHOCTH MEPBOTO N00aBIEHHOTO 3eMeHTa. [1Jist 3Toro
pacrpe/ielieHHas CTPYKTypa MPEJICTaBIseTCs B BUJE MHOXKECTBA TOCIIEAOBATEIBHBIX CTPYKTYp, pacmpese-
JICHHBIX MEXKAy mpoueccaMu. Kaxaplii mpoliecc acCHHXpOHHO o0paniaeTcs K yAaJeHHbIM CETMEHTaM IOCPe/-
ctBoM RMA-BbI130BOB (puc. 1). [laHHbIil MOAX0A HE MPEaIonaracT BHIIOJHCHUS ONEpaliid Ul aKTyain3a-
UM JaHHBIX O PACIOJIOKEHHH TOJIOBBI M XBOCTa OUYEpEH M TMO3BOJISET M30€KaTh BOSHHUKHOBEHHS Y3KHX
MecT. Kpome Toro, 3a cueT HU3KOM JTaTEHTHOCTH OAHOCTOPOHHUX KOMMYHUKAILIUHM U allapaTHON MOAAep KU
RDMA mMeTo[ rapaHTUPYET CHIKEHHE BPEMEHH BBITTOJTHEHUS OTICpalli.

Mpoueoc Mpoueac? Mpovieacn

JlokarbHasi navsiTb JlokarbHasi navsiTb JlokarbHasi navsitb
tail tail ... | |head tail

o'm'myo M ==FolMl ='=¥o

CIpYKTYPR faHHbIX WAQHJWNMf CIpyKTyPa AaHHbIX

A
[(EE_E)-—E|

Puc. 1. Onepanus u3pneyeHus 3JIeMeHTa B 0CTIablIeHHOH pacipeeIeHHON o9epen
Fig. 1. Execution of item remove operation for relaxed distributed queue

OnuiieM ornepaiuy JoOaBIeHUs U yaneHus dneMeHToB. O003HaUUM P — 4uciio nporeccoB. Cunrtaem,
YTO Yachl MPOILECCOB CHHXPOHU3UPOBAHBI U KAKIOMY 3JIEMEHTY € O4epe I COOTBETCTBYET BpeMEHHasi METKa
t(e) — MoMeHT n006aBieHks ero B ouepe/b. [Ipu BBIMOMHEHHH omiepanuy iNSert mporecc ciaydaitHbiM 00pa3om
BeIOHpaeT ouepens S € {1, 2, ..., p} u momenaer B Hee neMeHT. OTMETUM, YTO BMECTO CIy4aifHOro BhIOOpa
MO>KHO UCTIONTb30BATh JIPYTHE CXEMBI JUIS JIOKATU3AIMHA 00paIlleH!i K MaMsITH U APYTHX ONTHMHU3AIHH.

Ilpu BBINOJHEHWH OIEpalMU  yAaJeHUs FEMOVe mpoliecc BbiOMpaeT K ouepeneii-kaHIuIaTOB
Rc{l,2,...,p} u nocpenctBom RMA-onepanumii mosyyaer 3Ha4eHUs SJIEMEHTOB {€1, €2, ..., €k}, HaXOs-
LIMXCSI B TOJIOBE COOTBETCTBYIOUIMX ouepenaei. Jlamee cpean 31eMeHTOB-KaHIUIATOB ONPENENETCS «Iyd-
MK JIEMEHT ¢ MUHHUMAJIBHOI BPEMEHHON METKOI1: €° = argmin; < g1, 2, ..., k3 t(€i) (puc. 1).

PaccMmoTpuM neTtanpHO peamu3anuio pacrpeneleHHon oclabienHoi odepenu. [lpyn wHUIMAA3AITIN
CTPYKTYPBI JJAHHBIX HA Ka)JIOM IPOIlecce OpPraHu3yeTcst UKInYeckuii Oydep puKkcHpoBaHHOTO TOCTATOYHO
0osbimoro pasmepa (100 000 B qanHOM peanu3anyn) ¥ CHHXPOHU3UPYIOTCS Yachl poreccos [19].

1.2. Onepayus oobasnenusn 3nemenmos

BxoHBIMY JaHHBIM OTiepaiuu iNSert oboaBneHus dJIEMEHTA SBIIAIOTCS 3HaUCHUE deMenTa val, urcio
MPOIIECCOB P, OKHO st BhinonHeHus: RMA-omneparumii Win u maccuB 010kupoBok 10cks mmst 3amuthbr JaHHBIX
B OUEpEeIsIX Ha KaxJOM mpoiecce. BIOKMpOBKH MOTYT OBITh peaM30BaHbl C IOMOINBIO JHO0OOT0 CIIHHIIOKA,
B JJaHHOU paboTe ucnonb3yercs npoctoit amroputM TASLock [1]. Tlox MPI_Put_Atomic u MPI_Get_atomic

99



A.A. Iaznukos

3leCh W Jajiee NoHuMaroTcs atomaphbeie omeparuu MPI_Put m MPI_Get, peanmu3zoBaHHBIe Ha OCHOBE

MPI1_Accumulate u MPI_Get_accumulate.

Tadonuma 1

AJITOpUTMBI BBINOJIHEHHUS ONlepalnuii VIl pacnpeeJeHHOil ociadJieHHOll ouepenn:
a — onepauus iNSert xo0aBJieHHsI 21eMeHTa B 04epe/b, 6 — onepanus FeMOVe u3BJIeYeHUsl JJIEMEHTa U3 0Uepeau

a b
Bxoaueie  val — no6asiseMslil 31eMeHT Bxoansre ncand — uucio ouepeneili-kaHIuIaToB
JIAHHBIC: locks — MaccuB GIIOKHPOBOK ISt 3QIIUTHI JIAHHBIC: locks — MaccuB GIIOKHPOBOK st 3ALIUTHI OUepe-
ouepenei nei
P — 4HCII0 IPOLECCOB KOMMYHHUKATOPa P — 4HCII0 IPOLIECCOB KOMMYHHKATOPa
Wwin — okHO mJ1s BeioIHeHuss RMA - Win — okHO JIs BBITIONTHEHHsT RMA -omepartuii
onepanuit
1 ngueues = p 1 MPI_WIN_LOCK_ALL(win)
2 do 2 ncurr=0
3 rank = GETRAND(p) 3 navail = p
4 elem.val = val 4 nattempts =0
5 elem.ts = GETTIMESTAMP() 5 | while ncurr < ncand do
6 MPI_WIN_Lock(rank, win) 6 rank = GETRAND(p)
7 Lock(rank, locks[rank], win) 7 rc = TRyLock(rank, locks[rank], win)
8 MPI_GEeT_AToMmiIc(rank, state, win) 8 if LockISACQUIRED(rc) then
9 MPI_WIN_FLUSH(Win) 9 MPI_GEeT_ATomic(rank, states[ncurr], win)
10 if IsFuLL(state) then 10 MPI_WIN_FLUSH(Win)
11 nqueues = nqueues — 1 11 if ISEmMPTY(State) then
12 if nqueues = 0 then 12 UNLock(rank, locks[rank], win)
13 UNLock(rank, locks[rank], win) 13 navail = navail — 1
14 MPI_WIN_unLock(rank, win) 14 if navail < ncand then
15 return ErrQueueFull 15 if ncand = 0 then
16 end if 16 MPI_WIN_UNLOCK_ALL(win)
17 else 17 return ErrQueueEmpty
18 MPI_Put(rank, elem, win) 18 end if
19 state.tail = (state.tail + 1) mod size 19 ncand = navail
20 MPI_Put_ATtomic(rank, state.tail, win) 20 end if
21 end if 21 else
22 UNLock(rank, locks, win) 22 MPI_GeT(rank, elems[ncurr], win)
23 MPI_WIN_uNLock(rank, win) 23 MPI_WIN_FLUSH(Win)
24 | while IsFuLL(state) 24 ADDCAND(rank, cands)
25 ncurr = ncurr + 1
26 nattempts =0
27 end if
28 else if LocklIsBusy(rc) then
29 if ncurr > 0 then
30 nattempts = nattempts + 1
31 if nattempts = max_nattempts then
32 for i =0 to ncurr do
33 UNLock(cands[i], locks[cands][i]], win)
34 end for
35 ncurr =0
36 end if
37 end if
38 end if
39 | end while
40 | bestrank = GETBESTRANK(cands, elems)
41 | states[bestrank].tail = (states[bestrank].tail + 1) mod
42 | size
43 | MPI_Put_ATtomic(bestrank, states[bestrank].tail, win)
44 | fori=0 toncand do
45 UNLock(cands[i], locks[cands[i]], win)
46 | end for
47 | MPI_WIN_UNLOCK_ALL(win)
return elems[bestrank].val
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OcHoBHbIe miaru anropurma (tadim. 1, a):

1. IIponHNIIMATN3UPOBATh YUCIIO TOCTYIHBIX ouepeneii nqueues (ctpoka 1).

2. CnyvaiiHpiM 00pa3oM BbIOpaTh mporiecc rank (ctpoka 3). YCTaHOBHTH MOJIS dIeMEHTa (CTPOKH 4,
5). Hayate 3moxy CHHXpOHH3AIMK JJIs BEIOPAaHHOTO Tporiecca (CTpoka 6). 3a0IoKupoBaTh oYepeab MpoIec-
ca rank (ctpoka 7) 1 OJIy4HTh €€ COCTOsTHHE (CTpOKa 8).

3. Ecnu ouepenp 3amonHena (ctpoka 10), ymeHbmuts NQUEUES. Eciii HET TOCTYMHBIX ouepenei (cTpo-
Ka 12), pa30oJIoK1poBaTh 04epe/ib, 3aBEPLINTD SMO0XY CHHXPOHH3AIMH, BEPHYTh KOJ omnOKu (ctpoku 13-15).

4. Ecnu ouepenp He TOJHA, 100aBUTh B Hee dJeMeHT (cTpoka 18), yBennuuTh ykaszatenb State.tail na
XBOCT ouepean (cTpoka 19) 1 ycTaHOBUTH HOBOE 3HAYCHUE COCTOsIHMS odepenu (cTpoka 20).

5. Pa3bnokupoBaTh ouepeap (cTpoka 22) 1 3aBEepIIUTh 30Xy NAaCCUBHOW CHHXPOHHU3AIMH (cTpoka 23).

6. BemoaHATh maru 2—5, moka kKak MUHUMYM OJTHA ouepe/lb He OyJeT HalijieHa (cTpoka 24).

1.3. Onepauyus yoanenus nemeHmos

BxoaHbIME JaHHBIMH JUTsl GYHKIUH [EMOVe yIaleHus JIeMEHTa SIBISIFOTCS YHUCIO0 KaHIuaaToB ncand
JUIsL BBIOOpA DIIEMEHTa, KOJMYECTBO IMPOILIECCOB P, OKHO st BhinonHeHus: RMA-onepaimii Win 1 Maccus
O10kupoBok 10CkS utst 3amuThl JaHHBIX ouepeneit. Onepanus BKIOYaeT ciaeayromue maru (taou. 1, b):

1. Hayate 310Xy macCHMBHOW CHHXPOHM3ALIUH IS BCEX MPOIeccoB (CTpoka 1), MpOMHUIIMAIN3UPOBATh
TEKyIllee YUCII0 HalICHHBIX ouepeneil NCUrr (cTpoka 2), 4ucio JOCTYNHBIX ouepenei navail (ctpoka 3) u
YHCIIO MOTBITOK OJIOKUPOBKH ouepeau Nattempts (ctpoka 4).

2. Ecau TekyIiee 4rCI0 HaAEHHBIX KaHIWIATOB NCUrT paBHo Ncand, mepeiitu Ha trar 7. Eciun Her,
ciy4aitHo BIOpaTh odepens rank (crpoka 6). [TombiTaThest 3a010KHPOBATE OUepeb (CTpoka 7).

3. Eciin ouepens 3a010KupoBaHa, MOMYYUTh e cocTostHue State (crpoka 9). Ecnu Het, nepexon Ha mar 6.

4. Ecnu ovepenb mycta (cTpoka 11), pa3onokupoBats ee (cTpoka 12), ymenbmuts Navail (crpoka 13).
Ecmu navail < ncand, copocuts ncand mo suauenwms havail. Ecim He ocTamoch AOCTYMHBIX KaHAMIATOB
(ctpoka 15), 3aBepIIuTh 3MOXY CHHXPOHHU3ANUH (CTpoKa 16) u BepHYTh KOJ omubku (cTpoka 17).

5. Ecnint odepe/is He mycTa, MOIYyYUTh 3JIEMEHT B TOJIOBE (CTpoKa 22), 100aBUTh B CIIMCOK KaHIHJIATOB
(cTpoxka 24), yBenuuuTh NCUIT (cTpoka 25), coOpocuts Nattempts (ctpoka 26). Ilepeittu Ha mar 2.

6. Eciiu ouepens He 3axBaucHa, yBEIMUUThL NAttempts (eciim 3To HE mepBas ouepenb-KaHauaaT) (CTpo-
ka 30). Eciu nattempts nocturio makcumanbHoro (ctpoka 31), pa3diokupoBaTh 3axXBaueHHBIE OYeped
(ctpoxu 32—34), copocuth NCUrr (ctpoka 35), mepeittu Ha mar 2. JlaHABIN mar HeoOX0 UM T N30SKAHUS
B3aMMHOH OJIOKHPOBKH, KOT/Ia JiBa Mpoliecca MbITAI0TCA 3a0JI0KMPOBATh YiKE 3aXBaUCHHBIE OUEPE/TH.

7. BeiOpaTh KaHIuaTa ¢ MUHMMAJIbHBIM 3HaYCHHEM BpeMeHHOH MeTku (cTpoka 40). /s nanHo# oue-
pear MHKPEMEHTHPOBATh YKa3aTelbh Ha TOJIOBY M OOHOBHTH COCTOsIHUE ouepenu (ctpoka 41, 42). Pa3oioku-
poBatTh Bce ouepeu-KaHIuAaThl (CTpOKH 43, 45) v 3aBepIINTh AOXY CHHXPOHU3AINH (CTpoKa 46).

2. IIpoBeneHue IKCIEPUMEHTOB

OKCIEpUMEHTAILHOE HUCCIICIOBAHUE OCJIAOJICHHOW OuYepead MPOBOJIIOCh HAa BBIYHACIUTEILHOM
knactepe Jet LleHTpa mapayiensHBIX BBIUMCIUTENBHBIX TEXHOJOTHH CHOMPCKOTO TOCyNapCTBEHHOTO yHH-
BEepCUTETa TeIeKOMMYHUKaIMK U nHpopMmatuku. Kiactep ykoMIDIEKTOBaH 18 BBIYMCIMTENEHBIMU Y3J1aMH,
00opyZOBaHHBEIMH JIByMs1 4-siiepHbiME miporieccopamu Intel Xeon ES5420 (cymmapnoe uucino sinep 144).
B kauyectse MPI-6u6mmorexn npumensiiace MPICH 3.2.1.

Paspaboran cunTetnueckuii Tect, Boimonusonmid N = 100 000 oneparuii BctaBku / ynaneHus (Tur
oTieparyii BEIOMpaeTcs CirydaiHo). Yucio mpormeccoB P BapprpoBaiiochk oT 16 o 144. Co3gannas pacrpene-
JeHHast ociaabnennas ouepenp Relaxed Queue cpaBHMBANIACh CO CBA3HBIM CITHCKOM, PEATM30BAaHHBIM B OMO-
moreke MPICH (MPICH linked list) B Mmomenin RMA. Vcriosib30Baioch /1Ba THUIIA CIIMCKA: Ha OCHOBE IKCKITIO-
3uBHOM M pazzaensemoil maccuBHOM cuaxponuzampm (MPI LOCK EXCLUSIVE u MPI LOCK_SHARED).
Tun cUHXpOHHU3AIMU ONpENeIIsieT, IOIYCKAeTCsl JIM OJHOBPEMEHHOE OOpalleHHe HECKOJIbKUX IPOLECCOB
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K MaMsITH yJaJeHHOTo Tporecca. Takke UCCIeA0BaloCh BIUSHUE YUCIa ovepeaei-kanauaaToB ncand Ha
sddexTrBHOCTH 0uepenn. Jist atoro ncand BapsupoBanocs ot 1 1o 4. Kpome Toro, aHaau3HpoBaiach 3aBHU-
CUMOCTbH 3 (HEKTHBHOCTU OYepenr OT THIa MAaCCHBHOW CHHXPOHM3AlUH B (PYHKIMM BCTaBKH. M3Mepsiach
npoIycKHast crocoOHocTh b =t/ n, roe t — Bpems npoBeieHNs SKCIEPUMEHTA.

[IponyckHast cmocoOHOCTH pa3paboTaHHON OuYepenr 3HAYUTEIBHO MPEBOCXOJUT IMPOIMYCKHYIO CIO-
COOHOCTH IMHEHHOTO CIHCKa CTPOTOW CEMaHTHKH (pHc. 2, a). ONTUMHU3aHs TOCTUTASTCs 3a CYET COKpalle-
HUS HAKJIAJAHBIX PacXOA0B, BOSHUKAIOUINX MU BBIMOJIHEHUH JOCTyNa K neMeHTaM. HemoctaTku Kiaccuye-
CKUX paclpelielIieHHBIX CIUCKOB — HEOOXOIMMOCTb aKTyalM3allH JAHHBIX O PACHOJI0KEHUH TOJOBHOTO
(XBOCTOBOTO) 3IEMEHTOB M BO3MOXKHOCTh 00Pa30BaHUs y3KUX MECT MPH OAHOBPEMEHHOM OOpallieHHH He-
CKOJIBKUX TpoLeccOB K HUM. Pa3paboTanHas ocnabneHHas odepenb He TpeOyeT moanaep KaHusl COryiacoBaH-
HOTO COCTOSIHUSI TOJIOBBI (XBOCTA) OUEpEaH, IIOCKOIBKY KaXKIbIH pa3 MpoLecc-KaHAUIAT U COOTBETCTBYIOIIAS
ouepenab BBIOMpatOTCs ciydaitHo. Takoil moaxo[ Takke MO3BOJSIET paclpeaeuTh Harpy3Ky MEXIy IpoLec-
caMH U U30eXaTh BOSHUKHOBEHHS y3KUX MECT. JIMHEHHBIN CIIMCOK CTPOrol CEMaHTHKU HA OCHOBE pa3zeiis-
eMoii CHHXpOoHU3anuH 6osiee 3)(HEKTUBEH, N0 CPABHEHHIO C IKCKIFO3UBHBIM PEXUMOM (puc. 2, b), TOCKOIIb-
Ky BO BpeMsl BCTaBKH / yaJleHHs HECKOJIBKO MPOLECCOB OHOBPEMEHHO O0OpAIIatoTCsl K OJHOMY TPOIIECCY,
B MaMSITH KOTOPOTO HaXOUTCS TOJIOBHOM (XBOCTOBOM ) 3JIEMEHT.

b, onep/c b, omep/c
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Puc. 2. CpaBHeHne 3 GEKTHBHOCTH CTPYKTYp NAHHBIX: d — IPOITyCKHAS CIOCOOHOCTB;
b — IpOoITyCKHasd CIIOCOOHOCTE JIMHEMHOIO CIIMCKA CTpOFOﬁ CEMAHTUKU I Pa3HBIX PEKUMOB CUHXPOHHU3AIIUU
Fig. 2. Comparison of efficiency of data structures: a — throughput;
b — throughput of list with strong semantics for different synchronization modes
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Puc. 3. Ananus sdpdexruBHocTr Relaxed Queue: a — mporyckHas criocOOHOCTh B 3aBHCHMOCTH OT YHCIIa OYepeiel-KaHIH/IaToB;
06— HOpPOITyCKHast CII0OCOOHOCTE OCIA0IEHHOI odepeau Al pa3HbIX PEXKMMOB CUHXPOHU3aAUN
Fig. 3. Analysis of Relaxed Queue efficiency: a — throughput depending on number of candidates;
b — throughput of Relaxed Queue for different synchronization modes

Kak 1 05ku1anoch, mpormycKHasi CmocOOHOCTh YMEHBIIIACTCS ¢ YBETHUCHHEM YHCIa KaHAUIaToB Ncand
(puc. 3, a). D10 00BsACHAETCS NOMOIHUTEIBHBIME HAKJIAJHBIMH PAcXOJlaMU Ha BBIMOJHEHUE OJOKHPOBKHU
ouepejieli, MoTydeHrne COCTOSTHUN 1 3HAUEHH DIIEMEHTOB ouepeel-kanauaaTos. Ha namr B3rmsa, hcand = 2
SABJIACTCA AOCTATOYHBIM JJIA 6OJ'II)IIII/IHCTBa ClIy4dyacB u oOecrieynBaeT HpHeMHeMBII)’I IJId TMIPAKTUKU YPOBEHb
YHOPSAIOYEHHOCTH onepauni. J{aHHbIe BBIBOJIBI COTTIACYIOTCS € PE3YJIbTATAMH aHAJIOITMYHOM CTPYKTYPBI IS
BC ¢ o6meit mamsateio [8]. TeM He MeHee A1 MOBBIMIEHNS OJIM30CTH MOPSAIKA BCTABKH [ yIaJeHHs dIIEMEH-
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ToB K nopsaky FIFO moxHo yBenmunth Ncand mo 3 u 4. B nanHoit paboTe He BHIMOIHACTCS OLICHKA OJIN30-
ctu k FIFO, HO 5TO nmanupyeTcs caenars B OyayIieM.

B oTnuuune oT pacmpeneneHHBIX CIHCKOB CO CTPOTOM CEMaHTHKOH, ISl OCJIAOJICHHOW odepeny K-
KITIO3UBHBIA PEXHUM TMAacCCHBHOW CHHXPOHHM3AIWK OOECTIeYHBaET OOJBIIYIO MPOIMYCKHYIO CIIOCOOHOCTDH IO
CPaBHEHHIO C pasfesieMbIM PeXUMOM (puc. 3, b). DTo 00BsACHSICTCSA TeM, YTO OpraHu3anusi pasaeasieMOro
pexuMa SIBIISIETCS JOPOrocTosmieil onepanueii. Bmecte ¢ TeM B ocnabneHHON oyepean OIHOBpEMEHHOE
oOpaleHue K 0OIHOMY Ipoleccy (TOCIeI0BaTeNbHON oYepein) ABISETCS peAKHM coObITHeM. [loaToMy MBI
MoJIaraeM, 4To pas3lessieMblil PEXXUM SBISETCS H30BITOUHBIM.

3akiIouyenue

B nanHO# cTatbe pa3paObOTaHbl 3BPUCTUYECKUE AITOPUTMBI pealln3allii OCIA0ICHHBIX pacipeesieH-
HbIX ouepeneit B Mogenu RMA. Co3naHHas odepellb OCHOBaHa Ha MHOXECTBE MOCIICA0BATEIIbHBIX OYePECH,
pacmpenesieHHBIX MeX Iy nporeccamu. Odepens XapakTepru3yeTcst 3HaUUTEIbHO OOJIbIIeH MPOIYCKHOI cI1o-
COOHOCTBIO TIO CPaBHEHHIO C JTMHEWHBIMH CHHCKaMH CTpOroi cemanTtuku B Moaenn RMA. Onrtumuszarus
JOCTUTACTCS 3a CYET YCTPAHEHHs y3KHX MECT IIPU BBIIOJIHEHNUHU onepanuii. [Ipy peanusanuu ouepenyu pexo-

MEHJIyeTCSI UCIOJIb30BaTh 2 WK 3 O4Yepenr-KaHIUAaTa U SKCKIKO3UBHBIA THUI MAaCCUBHOM CHHXPOHU3ALUU
(MPI_LOCK_EXCLUSIVE).
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Remote memory access (RMA) technique is a very attractive way for improving efficiency of high-performance computations
(HPC) and simplifying parallel program development. Unlike message-passing, in RMA programs processes communicate by directly
accessing each other’s memories. RMA model is implemented in MPI standard and offers Partitioned Global Address Space (PGAS).
Many applications have been shown to benefit from RMA communications, where a process directly accesses the memory of another
process instead of sending and receiving messages. To the best of knowledge, there are no efficient scalable concurrent data struc-
tures designed in RMA model.

In modern computer systems, multiple processes (threads) execute concurrently and synchronize their activities through shared
(concurrent) data structures. Such data structures are therefore key building blocks in parallel programming, and their efficiency is
crucial for the overall performance. Concurrent data structures are, however, much more difficult to design than their sequential
counterparts, as processes executing concurrently might interleave their shared-memory steps in very complicated ways, with often
unexpected outcomes. Coming up with efficient concurrent data structures for distributed environments with deep hierarchy, such as
computer clusters and data centers, is challenging. A lot of prior work focused on designing efficient synchronization techniques for
shared-memory systems. However, in such systems the shared memory itself may become an impediment for scalability. Moreover,
shared-memory systems are not sufficient for processing of large data volumes in current applications. Hence, there is growing
demand for efficient concurrent data structures in hierarchical distributed systems (supercomputers, clusters, grids).

Regardless of the design, many data structures are subject to inherent sequential bottlenecks for some operations, such as the
delete-min operation for priority queues or insert and remove operations for queues and stacks. A promising way to alleviate
the bottleneck problem is relaxing the consistency requirements for such operations. There are evidences that, on most workloads,
relaxed data structures outperform data structures with strict semantics and ensure acceptable degrees of operation reordering.
However, to the best of our knowledge, nobody looked at relaxed concurrent structures in the distributed environment.

As data structures to study, we consider relaxed queues. Relaxed queues do not guarantee strict FIFO order: remove operation
might not remove exactly the first inserted element, but an element close to it. We propose an approach based on multiple sequential
data structures distributed among the processes. This approach is well approved for shared-memory systems and outperform data
structures with strong ordering. Every process can asynchronously access to the remote segment via RMA calls. Thanks to low latency
of one-sided communications and hardware support of RDMA this scheme will guarantee high performance. When a process
executes insert operation for the relaxed queue, it sets timestamp value and just picks (randomly or by a specified algorithm) the
remote process and inserts the element along with timestamp to its data structure. When it executes a remove operation, the calling
process selects a subset of other processes and remotely gets “candidate” elements from the set of processes. Finally, it chooses
among candidate elements the “best” one with minimal timestamp and returns it.

We evaluated developed relaxed queue on computer cluster. In experiments we compared developed distributed queue with the
linked list, implemented in MPICH library (MPICH linked list) in RMA model. Throughput of developed relaxed distributed queue
substantially outperforms MPICH linked lists. Optimization was achieved by reducing overheads for communications while accessing
the elements of the structures. The main drawback of common distributed lists that the head pointers become sequential bottlenecks.
Unlike them developed distributed queue has multiple access points distributed among the processes and no bottlenecks. In the work
we also investigate the influence of candidate elements number and chosen type of synchronization on the efficiency of the queues.
As expected, throughput is decreasing with increase of number of candidates. This is explained the additional overheads for locking,
getting states and values from candidate queues. We also found for the relaxed queue exclusive mode of synchronization provides
better throughput compared with shared mode.

Thus, proposed decentralized asynchronous approach for designing relaxed distributed data structures, as we expected, eliminates
bottlenecks, minimizes latency of the operations and provides high scalability of parallel programs.

Keywords: distributed queue; relaxed data structures; remote memory access; MPI; RMA.
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