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AHHOoTaumsi. B 1aHHOil pabGoTe WH3y4aroTCs MEPCHEKTHBBI INPUMEHEHHS TEXHOJIOTHi
BUPTYyalH3alii B 00JIACTH BBICOKONPOU3BOAMTEIIBHBIX BBIYUCICHUII Ha riardpopme x64.
PaccmarpuBaloTCsi OCHOBHBIC IIPUYMHBI MAJCHUS IPOM3BOJUTENILHOCTH IIPU  3aIlyCKe
NapajuleNIbHBIX IPOrpaMM B BHUPTyasIbHOH cpezne. [1oapoOHO paccMaTpHBAIOTCS CHUCTEMBI
suptyanmanun KVM/QEMU u Palacios, B kauecTBe TeCTOBBIX [AaKeTOB Hcmoub3ytoTes HPC
Challenge u NAS Parallel Benchmarks. TectupoBanue BBINONHIETCS Ha COBPEMEHHOM
BBIUMCIUTEIFHOM KJlacTepe, IMMOCTPOCHHOM Ha 0a3e BBICOKOCKOPOCTHOH ceTw Infiniband.
PesynbTaThl TPOBEACHHOTO HCCICIOBAaHMS B LEJIOM MOKAa3bIBAIOT LEJIECO0OPa3HOCTD
NPUMEHEHHs  BHUPTyalIn3alUd Ui OOJBIIOrO  Kjlacca  BBICOKOIPOHM3BOJUTEIBHBIX
npuiIokeHuil. J[oBojika paccMaTpHBaeMbIX CHCTEM BHPTYyaJlHM3aliH I03BOJMIIA CHHU3HTH
HaksagHble pacxosl ¢ 10-60% no 1-5% Ha GonpmmacTBe TecToB nakeroB HPC Challenge u
NAS Parallel Benchmarks. OcHOBHBIMH “y3KMMH MeCTaMH”’ CHCTEM BHPTYyalN3aluH
SBJIIOTCS YMEHBIICHHAS HPOM3BOJMUTENBHOCT CHUCTEMbl NAaMATH (KPUTHYHO TOJBKO IS
y3KOro Kjacca 3aad), pacxobl NpU BUPTYaJM3aLUM YCTPOKHCTB, a TaKkKe MOBBILICHHBIH
YPOBEHBb “IIyMa’, UCTOYHHKOM KOTOpOro craHoBsTcs ocHoBHas OC m rumepsuzop. Lllym
MOXXET OKa3blBaTh HETaTUBHOE BJIMSHHE Ha IPOM3BOAUTEIBHOCTh M MAacLITaOMPyeMOCTb
“MENTKO3epHHUCTHIX” TPUIIOKEHUH (MPUIIOKEHUH C YaCTBIMH KOMMYHHKALUSMUA HEOOIBIIOTO
obbema). Ilpm yBenuueHMH 4YHCIA Y3J0B B CHCTEME, BIMSHHE IIyMa CYIIECTBEHHO
yCHIIUBaETCS.

KiioueBble cjoBa: BBICOKONIPOU3BOAUTEIIBHBIC CHCTEMBI; BHPTYyaJIU3alusd, MOHHUTOPBI
BUPTYAJIbHBIX MAllIUH; BEICOKOIIPOU3BOAUTECIIbHBIE BEIYUCIICHUSA; IAPAJIJICIIbHBIC BEIYUCIICHUA

1. BeaedeHue

Bo3MokHOCTH TEXHOJIOTHI BUpTYyanu3anuu miathopmsl Xx86 64 B mociieHue robl
pacTyT BBICOKMMHU TeMIaMH. TEXHOJIOTMH anmapaTHOM M KOHTEHHEepHOMH
BUPTyaIN3allMd yXE ITO3BOJIAIOT OOECHEYUTh NPON3BOJUTEIBFHOCT OTIEIBHBIX

' PaGora BhINONHeHa HpH (UHAHCOBOH moanepxkke MunOb6pHAaykH Poccuu mo

rocyaapcTBeHHOMY KOHTpakTy oT 15.06.2012 r. Ne 07.524.11.4018 B pamkax OIIIT
«HccnenoBanuss W pa3pabOTKA MO TIPHOPUTETHBIM HAIMPABICHUSAM Pa3BUTHS
HAy4YHO-TEXHOJIOTHYecKoro koMruiekca Poccun Ha 2007-2013 rogsn»
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KJIacCOB NPHJIOKEHHH B BUPTYaJbHBIX CpelaX, MPAKTHYECKH HE OTIMYUMYIO OT
IPOU3BOAUTENFHOCTH HAa PeajbHOM 000pynoBaHHU. B pesynbTate ncciemosatenu
[0 BCEMY MHUpY Hayald HM3ydaTb BO3MOXXHOCTHM W OTPAaHMYEHHs BUPTyaIH3aLUH
BeIcOKonpon3BoauTesbHbIX Berunciiennii (HPC, High Performance Computing).

JloCcTOMHCTBa MPUMEHEHHsI BUPTyalIH3allid B 00JIAaCTH BBICOKOIPOU3BOAUTENBHBIX
BBIYUCIICHUH MUpPOKo obcyxnatorcs [1], [2]. Cpemn HEX yCTOMYMBOCTH K COOSIM,
COBMECTHUMOCTb ¥ I'MOKOCTh ITpH paboTe ¢ BUPTyaibHbIMU MammHaMu (BM). Takxke
BECbMa WHTEpECHa HAes IMPUMEHEHHs KOHLEHIMU OOJIAYHBIX BBIYUCICHUH IS
CO3JJaHUSI BBICOKONPOM3BOAUTENBHBIX OOJIAUHBIX CHUCTEM, IPEIOCTaBIISIONINX
MacimTabupyeMocTb, 3(PQEKTUBHOCT HCIOJIB30BAHUSI PECYpPCOB U yHOOCTBO
jpocryna. Ilocnennue uccnenoBanus NOKa3bIBAOT, 4To BupTyanusanus HPC umeer
CMBICII IO KpailHell Mepe Il OTAENbHBIX KiaccoB mpunoxenuit [1]. HecmoTps Ha
9TO, B HACTOSIEE BpPEMs CYIIECTBYET CEpbe3Has HEXBAaTKa DKCIIEPHUMEHTAIIbHBIX
JaHHBIX. HeoOxoamMmo uccienoBaTh IMOBEACHHE Pa3IMYHBIX IPWIOKEHUH NpH
3allyCcKe Ha pPa3INYHOM O0OpPYIOBaHMM C HCIOJNB30BAHHUEM psifia CHUCTEM
BUPTYaJIM3allMd, AL TOTO, YTOOBI JOCTOBEPHO OLEHUTH OrPAaHUYEHHUS W
BO3MOXKHOCTH CYILECTBYIOIIMX TexHojoruil. CoBpeMeHHbIE MHOTOINPOIIECCOPHBIE,
MHOTOSIIEPHBIE  CHCTEMBbI MHPEABSBISAIOT HOBbIE TpPeOOBaHMA K CHCTEMaM
BUPTyaJU3aliy, BKJIIOYas KOPPEKTHYIO sMyssnuio apxutektypel NUMA (Non-
Uniform Memory Access, apXUTEKTypa ¢ HEpaBHOMEPHBIM JJOCTYIIOM K ITaMsTH) B
TOCTEBOM CHCTEME.

OpnHoli W3 mened naHHOW paboThl OBIIO JOCTHYH MAaKCUMAIBHO BO3MOXKHOM
MPOU3BOIUTEIBHOCTH 33/1a4, 3aIlyLICHHBIX B BUPTYaIbHON CPEZE, IO CPABHEHHIO C
3aIlyCKOM Ha pealbHOM 000pyaoBaHuu. OCHOBHOM LENIbIO PabOTHI SIBIISIETCS OLIEHKA
HaKJIQHBIX PAcXOAOB BUPTYAIM3AllMM B LIEJIOM, a TaKXX€ BbISBJICHUE NPUYUH H
MHHUMH3ALMST 3THX pacxonoB. VccienoBaHusi HPOBOASTCS C HCHOJIB30BaHUEM
cucremsl Buptyannzanun KVM (Kernel-based Virtual Machine) [3] u runepsuzopa
Palacios [4], xoTOpblii W3HA4YaIbHO pa3padaTBIBAICS  CHELMAIbHO IS
BBICOKOTIPOM3BOJUTENILHBIX cHcTeM. Heo0X0IMMO OTMETHTh, YTO B XOJAE JaHHOM
paboTHl MCIIONB30BAIACH CHENMATBLHO MOANWGHIMPOBAHHAS BEpCHsl THUIEPBH30pa
Palacios, MOCKONBKY OpUTHHANBHAs BEpCHsl HEAOpaOOTaHAa W HE MOXKET OBITH
3alylieHa Ha HCIOJIb3YyeMOM TECTOBOM oOopynoBaHuu. ChenaHHbIE H3MEHEHUS
OymyT KpaTKO OMHCaHbI B TEKCTE CTaThU.

Jns  nocTiKeHWs HawiIydmled HpOW3BOMUTENBHOCTH (OTHOCHUTEIBHO —CiTydast
3allycka Ha pealbHOM OOOpYNOBaHMM), BHUPTYalIbHBIM MalIMHAM BBIJIEISETCS
MaKCHMaJIbHO BO3MOXHOE KOJHMYECTBO PECYpCOB, BKIIOYAasi BCE IPOIECCOPHBIC
anpa. IloMuMO 3TOro, BUPTYaJBHBIM MAaIIMHAM [PEAOCTABISCTCS pPEATbHOE
KOMMYHHUKaIlMOHHOE YCTPOHCTBO, C MCIIOJIb30BAaHUEM TEXHOJOTHI BUPTYaIH3alliH
BBOJa-BbIBO/IA Intel VT-d B ciiyyae KVM u napaBupTyanusanuu B ciydae Palacios.
Take B BM smymupyercs apxurekrypa NUMA B COOTBETCTBHH C pPEANBbHOM
KOH(UTypaluei y3IoB KiacTepa.

B kadgecTBe TecToBBIX makeToB Hcmonb3yioTcs maketsl HPC Challenge [5] u NAS
Parallel Benchmarks [6]. [laHHple OcHUMapKkd JOCTATOYHO  ITHPOKO
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pacrpoCTpaHeHbI B O0JACTH BBICOKOIPOM3BOAUTEIILHBIX BBIYHCICHHH, a IaKeT
HPCC wucnonb3yercs aiasi MOCTPOCHMsI PEUTHHTA cynepkommbioTepoB Top500.
TectupoBanue MPOU3BOIUTEIBLHOCTH BBIMOIHSJIOCH HA COBPEMEHHOM KiacTepe, C
HCIIOJh30BaHUEM JI0 8 Y3II0B, MOCTPOCHHBIX Ha 0a3ze mporeccopoB Intel Xeon (B
cyMMe 10 96 TPOIECCOPHBIX siAep). Y3IbI KJIacTepa CBS3aHBI BRICOKOCKOPOCTHOM
cetbio Infiniband 40I'6ut/cex. CTOMT OTMETHThH, YTO MHOTHME HCCJIECIOBAHHUS B
obnactu Buptyanusanuu HPC, npeacraBieHHble paHee, IPOBOIUIIUCH HA CHCTEMaX
M3 OJHOTO y3/1a, YTO HE MO3BOJISUIO MOJHOIICGHHO OLCHUTHh HAKJIAJHBIE PACXO/IbI,
BBI3bIBACMbBIC BUPTYaIH3aI[HCH.

B XO0J¢€ BBIIIOJIHCHUA I[aHHOﬁ pa6OTBI JAOCTUTHYTHI CJICAYIOIINE PE3YyJIbTAThI:

e Onucansl 6a3oBble, HO 3 dexTrBHBIE MeTOBI HacTpoiiku KVM/QEMU
qutst 3anycka HPC-nipusioskenuii B BUpTyansHOit cpene. [Tokazana
HEOOXO0MMOCTh KOPPEKTHOH amyisiiun apxutekTypsl NUMA B
BUPTYaJIbHOH Cpeie B COOTBETCTBHHU C PEAIEHOM TOIOJIOTUEH CHCTEMBI.

e [IpoBeneHa oleHKa HAKJIAJAHBIX PACXOI0B BUPTYIU3ALNH LIS
coBpemenHoro HPC kiacrepa, mocTpoeHHOTo Ha 6a3e BEICOKOCKOPOCTHOM
cetu Infiniband. Y3me1 kmactepa — qByxmnpoueccopHslie 12-saepHbie
cepBepsl apxuTekTypsl NUMA, ncnonb3yeTcst 10 8 y370B.

e  BrmonnreHo cpaBHeHue runepsusopa Palacios, BCTpoeHHOTO B OCHOBHYIO
OC Kitten, u cuctems! BupTyanuzauun KVM/QEMU, ¢ ocHoBHO# OC
Linux. [Toiyuennsle nanHble nokasbiBarot, uto KVM/QEMU naer 6osee
CTaOWJIBbHBIE U IIPE/ICKa3yeMble PEe3yJIbTaThl, B TO BpeMst kak Palacios
UMeeT MEHbIIINE HaK/IaJHbIe pacXo/bl Ha “MENIKO3EepPHUCTHIX TecTax,
0COOEHHO TIPH UCTIOJIB30BAHMH OOJIBILIOTO YHMCIIa BEIYUCINTEIBHBIX SJep.

e [IpoBeneHo uccienoBaHue MMOTYYEHHBIX TECTOBBIX JAAHHBIX U HAKJIAJHBIX
pacxozoB, BEI3BAHHBIX CHCTEMOW BUPTyaln3auuu. B yactHOCTH,
HCCIIEIOBAHO BIMSHUE I'PaHyIipHOCTH KoMMyHHKanui HPC-nipunoxxenns
1 4acTOTHI IPEPHIBAHNI HA BEIMYMHY HAaKJIaJHBIX PACXOIOB.

Texct nanHO#M pabOTHI OPraHU30BaH ClexyonMM o0pa3oM. B ciiemyromem pasnene
npuBoAMTCS 0030p pabor. B pasmene 3 ommcaHBl HcCIeIyeMbIe CHCTEMBI
BUPTyaln3allii W HEKOTOpble  0a3oBble  METOABI 10  YJIYYIICHHIO
npousBoauTensHOCTH BM. B pasmeme 4 ommceBaeTcs METOAWKA —OICHKH
IIPOU3BOANTEIBHOCTH, MPUBOIITCS pE3yibTaThl TECTOB M uX aHaimu3. Paszgen 5
COZIEPIKHUT 3aKITIOYCHUE.

2. O630p pabom

PasBuTre TEXHONMOTHI BHUPTYyaldW3alM{d OTKPHIBACT INMHPOKHE TMEPCIEKTHBH B
pa3IMYHBIX O0NacTsAX HMCclenoBaHWi. B 4acTHOCTH, ammapaTHas BHPTYAIH3ALAS
JOCTAaTOYHO YacTO pacCMaTPUBAETCA B KOHTEKCTE MHPOPMAIIMOHHONW 0€301MacHOCTH
[7], a cucrembl AUHAMUYECKOW OWMHAPHOW TPAHCIALMW HAILIM TPUMEHEHHE B
obmactu ortmagku. Ha 6aze cumymsaropa QEMU, B MCIT PAH OGrina peanmzoBana
CHUCTeMa JETEPMUHHPOBAHHOTO  BOCHPOM3BEACHHUS  INPOIECCa  BBITOTHEHHUS
nporpamM B BM [8], mo3Bossiomias OTIaXHWBaTh TPYIHOBOCIPOU3BOIAUMEIE
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OmMOKA Kak B TPUIIOKEHHUSX, Tak M B kojge OC ¢ HCMONBb30BAaHUEM METOJOB
pPEBEpCHUBHOM OTIafAKH. B mociaemHee Bpems HCCIEOBAaTENId BCE  Yalle
paCCManl/IBaIOT HepCHeKTI/IBbI HpI/lMeHeHI/IH BMpTyanmaunu B 06J'laCTI/I
BBICOKOTIPOU3BOIUTEIILHBIX BRIYUCIICHUH.

IlompoOubIl aHamm3 cymecTByOmUX pabdoT B obmactu BupTyammsaumn HPC
npoBeneH B pabore [1]. ABTOpBI OTMEUYAalOT, YTO PE3YJIbTaThl AKCIEPHUMEHTOB,
JOCTYIIHBIE W3 CTaTed, 3a4acTyi0 NpPOTHUBOpEYaT APYr APYTrY, U CTaBAT 3ajady
OOBEKTUBHOTO CPaBHEHMsI CYILIECTBYIOIIMX CHCTEM BHPTyaln3alliy, BKJIIOYas
KVM, Xen [9], VirtualBox [10]. [dnsi cpaBHEHHs HMCIOJB3YIOTCSI TaKHe KPUTEPUH
KaKk  JIOCTyIHas (hyHKIIMOHAJIBHOCTB, yno0cTBO HCIOJIb30BAHUS u
MIPOU3BOAUTENLHOCTE. ABTOpPHI ucnonb3oBanu TecToBble makersl HPCC u SPEC
OpenMP; nmns tecra HPL nmakera HPCC HakmanHble pacxoisl BHUPTyalu3allu
cocraBmn okoio 30% Ha 8-saaepHOU cucteme. IlameHne MPOM3BOIUTETHHOCTH B
OCTalIbHBIX TECTax cOCTaBmwIO 10 50% IO CpaBHEHHWIO C 3aIlyCKOM Ha peabHOM
obopynoBanun. Kak TmOKa3pIBalOT pe3yabTaThl HAIIMX MWCCICIOBAHMH, TaKHe
3HAYNTEIbHbIE HAKIAIHBIE PACXOIbl MOXHO CYIIECTBEHHO COKpPAaTUTb. ABTOPBI
ctath [1] OoTMeYarOT, 4TO MPOU3BOAMTEIHLHOCTh CHCTEMBI Xen HecTabuiabHa —
pas3IUYHbIE 3aITyCKH OZHOTO M TOTO )K€ MPHUII0KEHHS B OJMHAKOBBIX YCIOBUSIX AT
PE3YJIBTAaThl C CYLIECTBEHHBIM Pa30pOCOM MO MPOM3BOAUTEIBHOCTH — YTO CHIIBHO
CHIDKAET MacuTabupyemMocTb napajuIeIbHbIX IIPUIIOKEHUH. Hamu
IpeaBapUTeNIbHbIE 3KCIEPUMEHThl TaKXKe II0Ka3ajh, 4TO THIEpBH30p Xen He
MIPUCTIOCOOJIEH ISl BBICOKOIIPOM3BOAMTENBHBIX 33/1a4, 10 KpalHeW Mepe, 0e3
crienuaigbHON HacTpoiiku. HeoOXomumo Takke OTMETHTh, YTO aBTOPHI CTAThH
BBITIOJHSAIM BCE TECTHl HA OJHOM MAalIMHE, YTO HE ITO3BOJMIIO OLCHUTH IaJCHHUE
MIPOM3BOANTENBHOCTH BHPTYaJIbHOW CpeAbl NMPH MacTabMpOBAHUM YHCIIA Y3JIOB.
Macmrabupyemocts HekoTopsix HPC mpuimoskeHnid MOXKET TakKe yXyIIIaThCs 13-
3a JOTOJIHUTENIFHOTO IIyMa, BBI3BIBAEMOTO CHCTEMOM BupTyanuzanuu. lllymom B
KOHTEKCTE BBIMIOJHEHHSI KOHKPETHOTO IPUIIOKEHHSI HA3bIBAIOT BIMSIHUE HEKOTOPBIX
JEWCTBUI CHCTEMBI, HE OTHOCSIIUXCS K MPHUII0KEHHIO, Ha ero padory. Cpeau Takux
JelcTBui — paboTa MporpamMM-IeMOHOB, OOpPaOOTYMKOB MPEPHIBAHUM, IPYTHX
IpOTrpaMM B CHCTEME.

ABTopel pabotel [l] mpuXOmAT K cIemyromeMy BEIBOAY. Bupryamuzarms
MpUMEHNMa, TI0 KpalHedl mepe, Kk HekoTopbiM HPC-npunoxkeHusM, a Hambojee
IPUCTIOCOOIEHHOM CHUCTEMOM BHpTyalnM3aluy A TakuX 3a4ad  sBISETCA
KVM/QEMU. C Hamreii Touku 3peHms, cucreMa KVM CTaHOBHTCSA OMHOW u3
HauboJiee Pa3BUTBIX CUCTEM BUPTYyaJIMU3allUM C OTKPLITBIM HCXOAHBIM KOIOM. Ilo
cpaBHeHuro ¢ Xen, KVM HamHOro mnpome [uisi yCTaHOBKM U IIOHUMAaHMUS,
MOCKOJIbKY SIBIISIETCSl YacThIO HMCXOJHOTO Kozaa siapa Linux, a rumepBuzop Xen
npejacTaBleH B Buie mnardeid. B memom, rumepsuzop KVM kaxkercs Ooiee
NEepPCIEeKTHBHBIM, B CBSI3M C 4Ye€M B HAllMX HCCIEJOBAaHMUAX OBUIO pEIIeHO
HCIIOJIb30BaTh ~ MMEHHO ero. [lpm  3TOM, Hemb3s  yTBEpXHaTh, 4YTO
TIPON3BOIUTENFHOCTE CUCTEMBI Xen xyxe, dem KVM. IIpoGmema B TOM, 4YTO
KaKIas CUCTeMa BUPTyaIu3anud BMecTe ¢ 0cHOBHOW OC NOIKHBI OBITH THIATEITHHO
HACTPOEHBI JUISl 3aIlyCKa BBICOKOIPOM3BOJUTENIBHBIX 3a/1a4, OJHAKO A Xen TakoH
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HACTPOMKH HE MPOBOAWIOCH. Takke OAHOW M3 MPUYMH HCCIIEIOBAHUS WMEHHO
cucteMol KVM/QEMU siBiisieTcsl HajdW4yHe OMNbBITA ONTHMHU3AIMH CHMYJISATOPA
QEMU B UCII PAH [11].

B pab6ote [12] npoBoaNuTCS CpaBHHUTEIBHBIA aHAN3 MPOU3BOAUTEIHHOCTH BBOJA-
BBIBoJa cucteM BupTyanmsamun KVM, Xen, OpenVZ [13] u oGmagHoro cepsuca
¢bupmbr Amazon “EC2 Cluster Compute Node”. ABTOpsI OTMEYAOT, YTO BOMPOCHI
BUPTyaJIM3allMM IIPOIIECCOpa B HACTOAIIEE BpeMs TLIATENBHO M3YUYEHbl, |
Pa3JINIHBIC moaxoabl K peain3anun TUTICPBU30POB IIO3BOJIAKOT A0CTUYb
NPOU3BOJIUTENBHOCTH, OJIM3KOW K MPOM3BOJIUTEIBHOCTH PEaIbHOTO IIpoleccopa
IIPU 3aIlycKe TNPHJIOXKEHHs, TPeOOBATENbHOTO K BBIYMCINTENbHOW MoIHOCTH. C
JPYTOH CTOPOHBI, HAKIAJHBIC PAcXOJbl BUPTYalIH3alHU BBOJA-BBHIBOJA H3YYCHEI
HEI0CTaTOYHO MOJPOOHO, M B padOTe aBTOPHI OLIEHMBAIOT MPOHM3BOIUTEIHHOCTD
IMCKOBOTO W CETEBOTO BBOJA-BBIBOJA. BrepBbie oreHmBaeTcs S(PQPEKTHBHOCTD
paboter amantepa Infiniband mpu ero mpobpoce BHyTpr BM ¢ mcmons3oBaHneM
texronoruun Intel VT-d. Pesymprarer makera NAS Parallel Benchmarks
MOJIy4€HHbIe TPU 3arycke Ha cucteMe U3 4-x y3ioB Ha Oasze mpoieccopos Intel
Xeon E5520, mo 32 mpoueccopHBIX SAep B CyMMe, INOKAa3bIBAIOT yXy/IIICHUE
MIPOU3BOAUTENHHOCTH B XyAmeM ciaydae 10 30 pa3 st KVM u no 50% ans Xen, mo
CPaBHEHHIO C 3allyCKOM Ha peaJlbHOM 000pyIoBaHHH. Bo03MOXHO, aBTOpHI
UCTOJBb30BaK ycrapesinyto Bepcrro KVM/QEMU, wiu Obuia fomylieHa onmoka B
METOJIKE TECTHPOBAHMS, ITOCKOJIBKY pe3yJbTaThl, NOIyUYeHHbIE B Hallel padore,
HaMHOTO 00Jiee ONITHMHUCTUYHBI.

[TpousBoauTENBHOCTL cucTeMbl OpenVZ He TecTHpOBaJach B paccMaTpUBaeMOM
paboTe, TOCKOJIBKY B JaHHOW CHCTEME OTCYTCTBYET IIOIJCPIKKA TEXHOJIOTUU
Infiniband B kOHTeWHepax, OIHAKO aBTOPBI yTBepxknaarT, uro OpenVZ naer
NPOU3BOJIUTEIBHOCTh BBOJIA-BBIBO/IA, HACHTUYHYIO Cily4yaro 0e3 BupTyanu3aiuu. B
LIEJIOM, ATO YTBEP KICHHUE PABIONO00HO, MOCKONBKY BUpTyanu3anus ypoBHs OC
(KOoHTeHHEepHAs BHUPTyaIHM3alus) TpeOyeT HAMHOTO MEHBIIE JIOTOJHUTEIHHBIX
pecypcoB, uYeM monHas BUpTyanuszauui. C Apyroil CTOPOHBI, TEXHOJOTUHU
ammapaTHOW BUPTYAIN3AIlUH TIPOJOKAIOT PAa3BUBATRCS, U C HAIIICH TOUKU 3PCHHUS B
Ommkaiiliee BpeMs MPOU3BOIUTEIBHOCTh MOJCHCTEMBI BBOJA-BEIBOJA TAKXKe
VITyYIIHATCS.

Kak yrBepxknmator aBTopbl paboTel [4], OCHOBHOW NpPWUYMHON TameHUs
MIPOM3BOANTEIHHOCTH YCTPOHCTBA BBOJA-BBIBOJA, NMPOOPOIIEHHOrO BHYTph BM,
SIBIIIFOTCSL HaKJIaJHbIE pacxolsl Ha 00paboTKy mnpepbiBaHuil yctpoiictBa. [Ipm
Ka)KIO0M IPEpBIBAHUM TPOLECCOP JOKEH NEPEAaTh YIPABIEHUE OT BUPTYalbHOMN
MaIlMHbEl TUNepBru3opy. Jlanee, TMIEpBU30p nepenaeT ynpasieHne ocHoBHOW OC,
KOTOpas, B CBOK OYEpPENb, ONPEAENsAeT, YTO MpepbIBaHHE NPUHAMICKUT
runepBu3opy. Ilocie sToro, THmEpBH30p NPOM3BOAWUT ‘‘BOpOC” TpEpHIBAaHHA B
rocreBy0 cucremy. Ilocne okoH4aHMs OOpaOOTKM MpPEPBIBAHUS TOCTEBOM
CHCTEMOM, CUTHAJI OKOHYAaHUS 00pabOTKH, TO1aBaeMbIil KOHTPOJIJIEPY IIPEePHIBAaHHM,
TaKke 00padaThIBAaeTCsl TMIIEPBU30POM. DTa LIENOYKA BBHI30OBOB MOXET 3aMEINTh
JIOCTaBKY IPEPHIBAHUII M CEPHE3HO YBEIMUUTH 331€PKKYy KOMMyHUKauuii. B pabore
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[14] nanHOE TpEAONOKEHIE TOATBEPKAACTCS. ABTOPHI PEIOKIWIH cuctemy ELI
(ExitLess Interrupts), xoTopasi mo3BousisieT OOpabaThIBaTh 4acTh HpEepbIBaHUN B
rocTeBoi cucreme 0e3 HeOOXOIMMOCTH BBIXOJOB B THMIEpBH30p U ocHOBHYI0 OC.
PesynbraTsl TecToB mokasanu, yto cucreMa ELI MOXeT yMEHBIIMTH HakJaJHble
pacxomet KVM/QEMU ¢ 40% mo 1-2% mnpu pabore BM Ha omgHOM
BBIYHMCIINTENILHOM siipe M ucnoib3oBanuu Netperf, Apache m Memcached B
KayecTBE  TECTOBBIX  MNPWIOXKEHWH. B maHHOM  cioydae — yXyZ[uieHne
MIPOM3BOANTENBHOCTH OBIIO  CBSI3aHO € OONBIIMM  YHCIOM  IPEPBIBAHHH,
TeHEepPHPYEMBIX MpoOpoIIeHHol BHYTps BM ceteBoit kaproii Ethernet 10I'6uT/cek.
C wucnons3oBanneM ELI, uucio BbeIxomoB 3 BM B THIEpPBHU30P COKPATHIIOCH
npumepHo B 100 pa3.

B pabore [15] nmokazaHo, uto npu 3amycke TectoB NAS Parallel Benchmarks B
BUPTYaJbHBIX MAallMHAX, BBIIOJHAIOLIMXCS Ha cuctemax apxuTekTypel NUMA,
MIPOM3BOANTENBHOCTh CHIKAETCs B cpeHeM Ha 50% 1o CpaBHEHHIO C 3aIlyCKOM Ha
peabHOM O0OpYyZOBaHMH. ABTOPHl OTMeHaroT, 4ro moxagepxkka NUMA B
CYIIECTBYIOIMX CHCTEMAax BHPTyalH3allMd HE MOJIHOCTBIO  PEaIH30BaHA,
BCJIEICTBHE YETO HE YAAeTCs [OCTHIHYTh JIOKAIbHOCTH [aHHBIX B T'OCTEBOH
cucreme. bosee TOro, aBTOpBI CUUTAOT, YTO JJAKEe Pealn3anus HOTHON MOJAEPKKH
NUMA B BM He cuiibHO OMOXeET TIpH padoTe Heckoyibkux BM Ha oHOM cepBepe.
st peuienust npoOJieMbl peiaraeTcs KCIosb30BaTh IapaBUPTYAIU3AIHMIO ITyTEM
JN00aBJICHUsI HOBOTO OWT-TPAaHCIIOPTHOTO NpOTOKosia “bypass” B peaau3aluro
6ubmmorekn OpenMPI. DTOT NpOTOKON TO3BOJSET OCYIIECTBIATH Hepenady
JaHHBIX Mexny BM ¢ ucmosb3oBaHueM oOmield mamsTH, IOCTYITHOH BCeM
ydactBytonM B obmeHe BM. Ilpm 3amycke mo omuoit BM Ha mpomeccoprHOM
COKETe, aBTOPHI JOOWINCH CHIDKCHHS HAaKIAJHBIX PacXomoB 1Mo 5-7%. B mamiei
paboTe TeCTHl BBIMONHSUIACH Ha 2-X TPOIECCOPHBIX |2-sNIEepHBIX cepBepax
apxurektypel NUMA, oxHako, HakiIagHble pacxofsl B meixoM MeHbire 50%. B
ciryyae Buprtyanusanuu HPC-cucteM, runepBu3op MOXKET 3MYIHPOBATh TOIOIOTHIO
NUMA B COOTBETCTBHH C PEaIbHOM TOIOJIOTHEH cepBepa, UTO MO3BOJIUT H30€KaTh
OMHCAaHHBIX B CTaThe MpoliieM, MOCKoibKy rocrteBas OC OyneT OCyLIeCTBIATH
yIpaBJIeHUE MaMATHIO ¢ yueToM apXxuTekTypsl NUMA.

HccrnenoBanus 10 BUPTyaIH3allull CYNEPKOMIIBIOTEPOB BBHITIOJTHEHHI B padote [4].
Hcnonp30Bajcs CrieuaibHO pa3paboTaHHbIA rurnepBu3op Palacios, BCTPOCHHBIN B
ocHoBHyto OC Kitten [16], mnpeaHasHaueHHyr0 i pabOTBI Ha y3lax
cynepkoMmbioTepa. [umepBusop Palacios paspabaTsiBaeTcs B paMKax MpPOEKTa
V3VEE [17]. ABtopsl momyumnu pe3ynbTatsl ans paga HPC-mpunoxenuit u
TCECTOBBIX MAKETOB, HAKJIAJAHBIC paCXo/Jbl BUPTYyAJIH3allUU COXPAHAIOTCA Ha YPOBHC
He Oonee 5% c yBenmyeHueMm umciaa y3ioB A0 4096. OmHako HE0OXOAUMO
OTMETUTh, YTO JaHHBIC PE3yJbTAThl OBLIM MOJYyYEHBI IPH 3arycke Mo OJHOM 1-
aaepHo BM Ha kaxaoM 4-x saepHOM y3ne cynepkomimbroTepa. Kak moxassiBaeT
Hallle KCCIIe/IOBAaHNE, COBPEMEHHBIC MHOTOIPOLIECCOPHBIE CHUCTEMBI TPEOYIOT
COOTBETCTBYIOIIEH MOAICPKKH CO CTOPOHBI THUIIEPBH30DA, BKIIIOYAs KOPPEKTHYIO
sMysAun0  apxutektypsl NUMA. ABTOpel paccMaTpuBaeMOl CTaTbu TakKkKe
UCCJIEJOBAIM Pa3IMYHbIE METOMABl CTPAaHWYHOW ajpecalyu, BKIIOYas TEHEBYIO
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cTpaHmuHylo aapecanuio (shadow paging) u BIOXKEHHYIO CTPaHHYHYIO aApecanuio
(nested paging). BiosxeHHast ajpecaiusi IaeT JIyYIIHe Pe3yJbTaThl JUIsl TOCTEBBIX
CHCTEM C YacThIM MepeKIoueHreM Tadnui crpanuy, Hanpumep st OC Linux. B
Hamreld paboTe MBI TaKXKe HCIONB30BATH BIIOKEHHYIO aJIpecallfio, MOCKOJIBKY B
kauectBe rocteBoit OC ucnonp3yercs Linux.

ABTopsI TuniepBu3opa Palacios Takke ormeuaroT mpobiemy BrusHug mryma OC Ha
paboTy napajuiesIbHbIX IPUIIOXKEeHUH. BinsiHue myma mupoko nsyqaercs [18], [19].
B CJIOM, BJIMAHHMC IIyMa CWJIBHO 3aBUCUT OT psAda (baKTOpOB, B TOM 4YHCJIE OT
COOTHOIIEHHS  00beMa  BBIYMCIEHHMH W KOMMYHUKAllMH  NPUIIOKEHUS,
TPaHyJISIPHOCTH KOMMYHHUKanui (pasMep M YacToTa IOCBUIOK), XapaKTEPHCTHK
CeTKH mporeccoB. s psina NPUIIOKEHUH, Nake MHHHUMAIbHBIA YPOBEHb LIyMa
MOXET TIPUBECTH K 3HAYUTEIBHOMY YXYIIICHHIO NPOU3BOJUTEIBHOCTH |
MacIITabupyeMOCTH. Taxim obpazom, npu BHPTYaITH3aIIH
BBICOKOTIPOM3BOANTEIHHON CHCTEMBI, OCOOCHHO C OONBIIMM YHCIIOM Y3JIOB,
HEOO0XOAMMO YUUTHIBATh JOMONHUTEIBHEIA IIyM OT runepBu3opa u ocHOBHOH OC.
C stoit Touku 3penus, OC Kitten nmeer npeumyIecTBo neper Linux, kak OCHOBHAs
OC, rak kak ganHas OC cmenumansHO pa3zpaborana s 3amycka HPC-npunosxeHwin
Ha CHCTEMax C OOJBIINM YHCIIOM Y3JIOB.

3. PaccmampuegaemMbie cucmemMbl supmyasu3sayuu

Hambomee pacmpocTpaHeHHBIE CHCTEMBI BHUPTYalIH3alldd B IEIOM 0O0IagaroT
OJIMHAKOBBIMU BO3MOMKHOCTSIMH. Takve CHCTEMBbl MCIOJb3YIOT JOCTYIHBIE Ha
cepBepe TEXHOJIOTHH almapaTHOH BUpTyaimm3anud. Cpeau CHCTEM C OTKPBITHIM
HCXOAHBIM KoioM, Hanbosnee nomymsapasl KVM u Xen. Kak yxe otmeuanocs pasee,
B JaHHOW paboTe mcciemyercs runepBuzop KVM, MmOCKombKy, Ha HaIl B3IIIAL,
KVM 6oJee nepcreKTHBeH 1 BeChMa yI00CH B MCIIOJIb30BaHUU. [|Jis YCTAaHOBKU U
uccienoBanusl Xen Tpedyercst OoJbllle BPEMEHH, TaK KaK CYIIECTBYET HECKOJIBKO
pa3IMYHBIX BEpCHM NAHHOTO TUIepBH30pa. Taxke paccMaTpUBaeTCs THUIIEPBU30D
Palacios, KOTOpbIi crHenuanbHO pa3paboTaH IS HUCCICAOBAHUS AapXUTCKTYPHI
KOMITBIOTEPOB M WCIIOJB30BaHMA B  00JNACTH  BBICOKOIIPOM3BOAUTEIBHBIX
BBIYHMCIIEHUI.

3.1. Cucrema Buptyanusauumn KVM/QEMU

l'umepsmzop KVM coctouT U3 HECKONBKUX MOAyJed sapa Linux um ympasnseTcs
nocpencTtBoM (aiina ycrpoiicTBa, MOCTYH K KOTOPOMY OCYILECTBISETCS C
UCIIONIb30BaHUEM cucTeMHoro Bbi3oBa ioctl. KVM peanusyer BupTyaslbHbIA
IPOIIECCOP U CHUCTEMY MaMSTH, OCTAJbHbIE KOMIIOHEHThl BUPTYaJIbHOI MaIlWHBI
peanuzoBassl amynsTopoM QEMU. QEMU ympasinseT pecypcaMu U IpeoCcTaBIseT
BupTyanbHbele ycTpodctBa. C mnomompbio QEMU wMoxHo 3amyckate BM ¢
WCIIOJIb30BAHMEM  TEXHOJIOTHMH  anmapaTHOM  BUpTyaiu3auud (Uil 3TOTO
ucnionszyercs KVM) nmubo OuHapHOM TpaHCsiuuu (TeHepaTtop Koja BCTPOEH B
QEMU).
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KVM/QEMU Bmecte ¢ ocuoBHOM OC Linux MO3BOJSIOT Ha3HA4YaTh pPeajbHBIC
ycrpoiicTBa otaenbHbiM BM (mmpoOpacsiBath ycrpoiicTBa BHYyTps BM). Jlns nanHo#
BO3MOYKHOCTH HEOOXOIMMO HAJMUYUe CICIUAIBLHON ammaparypbl — yCTPOHCTBa
yInpaBieHus naMsaThio BBoga-BeiBosa (IOMMU, 10 Memory Management Unit). B
ciyyae 1uardopmsl npousBoacTBa Intel TexHonorms HasweBaercs Intel VT-d, y
¢upmer  AMD — AMD IOMMU. OcnoBroii 3amaueit IOMMU  sBusercs
0TOOpaXKEHHUE aAPECHOTO MPOCTPAHCTBA POOPACHIBAEMOT'0 YCTPONCTBA B apeCHOE
TIPOCTPAHCTBO (PUIUIECKON MAMSATH TOCTEBOW CHUCTEMBI. [IpW OTCYTCTBHH TaKoTo
YCTpOMCTBa, TOCTEBas CHUCTEMa JOJDKHA OBITh OCBEJOMJIEHA O HAINYNHU
TUTIEPBHU30pa U TIOJIOKEHUH TOCTEBON (PM3MUECKOHN MaMSITH B pealbHON (U3HUECKOM
MaMATH, 9TO MO3BOJIUT BBIOJHSITE 3alPOCHl Ha NMpsMOH mocTyn K namata (DMA,
Direct Memory Access) KOPpEeKTHO.

st BO3MOXXHOCTH HCIIOJIB30BAHHSA BBICOKOCKOPOCTHOM CETH B BHUPTYaJIbHOM
MalliHe, KOMMYHUKaIMOHHEBIH agantep Infiniband 6sm1 mpoOpomen BayTps BM ¢
ucnons3oBanueM Intel VT-d. HeoOxomaumo OTMETHTH, 4YTO Ha3HaYeHHble BM
YCTPOWCTBA MOTYT MMETh 0ojiee HU3KYIO MPOU3BOIUTEIHHOCTh, UM €CIH ObI OHU
pabotamu B ocHoBHOM OC. Kak ObII0 ommcaHO BHINIE, 5TO MOXKET OBITh BHI3BAHO
HakKJIaAHBIMU pacxoJaMy Mo o0paboTke mpephiBaHuid. bonee moapoOHO maHHAs
npobiemMa paccMaTpuBaeTcs B paszene 4.

3.2. Acnonb3oBaHue 6ONbLUMX CTPAHUL,

Cucrema BUPTyalbHOH NaMsITH apXUTEKTYpbl X86 64 MoanepKUBaeT HECKOIBKO
pa3MepoB CTpaHWI] NPH CTPAHWIHOHN anmpecarmu, cpeau Hux 4K6, 2M6 u 116
ctpannbl. Aapo Linux mo ymomdanuio ucmonszyer 4KO cTpaHHIBL, CTpaHHIIBI
Oosipiiero pasmepa MOTYT OBITh 3a/€HCTBOBAHBI C HCIIOJIB30BAHHEM CHCTEMBI
HugeTLB. C Touku 3peHHs BUPTyalU3alMH MaMITH, OONBIINE CTPAaHUIBI MOTYT
OBITH MCIIOJIB30BAHbI Ul YMEHBILIEHHUS YHCIA JAOCTYIIOB K MaMATH, HEOOXOAUMOTO
JUISL TPAHCIIALMN TOCTEBOTO (PU3MUYECKOro aapeca B peabHblid (hu3nueckuil aapec, a
TaKke Uil yMmeHblieHuss uucia npomaxoB TLB (Translation Lookaside Buffer,
Oyep TpaHCIIAIUKN CTPAHHUII).

Anpo Linux mpemocrariser nBa crocoba ucmnonb3oBanmst HugeTLB: Transparent
Hugepages u HugeTLBfs. Mexanmsm Transparent Hugepages mo3Bomsier aapy
BBIJCIATh IaMsATh OOJBIIMMHU CTPAaHWLAMH aBTOMATHYECKH, €CIHM 3alpOLICHHBIH
00bEeM MaMATH KPaTeH pa3Mepy OOJbIIOW CTPaHHIIBI, MPH 3TOM MPUIOKCHUE HE
Tpedyercs moaudumpoBark. B ornmune or Transparent Hugepages, mexaHusm
HugeTLBfs ucnonb3yer 3apanee 3ape3epBUPOBAaHHBIE PYIIIBI OOJIBIINX CTPAHHMLI.
HugeTLBfs npexncrasisier coboii crienuanbHyo (aiaoByIo cucTeMy, ISl XpaHEHUS
(daiiloB B KOTOpOW HCIONB3YIOTCSL OOJbIIMe CTpaHuibl. [IporpamMma MoxeT
0T0Opa3uTh Takue (ailyibl B mamsTh (MCHONB3Ysl CUCTEMHBIM BBI30B mMmap) M JUIs
3TOr0 OTOOpaXKeHus Aapo Linux OymeT HCrmons30BaTh OONBIINE CTPAHHUIIEL.

Hcnons3yemas Hamu Bepcust QEMU (1.0) BeiaensieT namsITh AJ1 TOCTEBOM CUCTEMBI
MOCPEICTBOM BbI30Ba posix _memalign ¢ 2M0 BbIpaBHUBaHHEM, [T09TOMY MEXaHU3M
Transparent Hugepages nomken paboraTh 0 yMOJTYaHUIO.
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3.3. NpepnocraBneHne BM peansHou Tononorun NUMA

Kak moka3pIBaroT pe3ynbTaThl TECTOB, 3almyCK BHpTyanbHO SMP cucrempl Ha
peanbHON cucreme apxuTekTypel NUMA BedeT K CyLIEeCTBEHHBIM HaKJIaJHbIM
pacxonam. Kaxnprit y3en B Tonoigorun NUMA mMmeer cBoil HaOOp MPOLIECCOPHBIX
Sfep W Y4acTKOB (DM3MYECKOH MaMATH, M JOCTYIl IpoIeccopa OXHOTO y3ia K
MaMATH JPYToro y3ina TpeOyeT CYIIECTBEHHO OOIbIIE TAaKTOB, YE€M JOCTYH K
nmokanmpHOW mamsaTH y3ma. Omynarop QEMU wmmMeeT mOmIepx Ky apXHUTEKTYpPHI
NUMA B BM, oxnako sMynupyemas TOIOJIOTHS HHKAaK HE CBs3aHa C peajbHOI
TOMOJIOTHEH cucTeMbl. J[JIs pereHus 3Toil mpoOieMsl, ObUTH BHECCHBI H3MCHCHUS B
ucxonueii kox QEMU. Ilpexxne Bcero, ObUla OCYHISCTBICHA “‘HpUBs3Ka”
BUPTYaJIBHBIX IPOLECCOPOB (S€p) K OTACIBHBIM (PU3MUECKHUM sIIpaM IIPpOLeccopa,
YTO MO3BOJWIO HpeAoTBpaTtuTh nepememeHne Huteil QEMU wexny sapamu
mporeccopoB. Jlanee, OBLUT MCIIONB30BaH CHCTEMHBIN BBI30B mbind [T BBIICICHUS
OTPE3KOB IaMSITH TOCTEBOH CHUCTEMBI Ha COOTBETCTBYIOIIMX Y3JIaX pEalbHOTO
cepBepa. bBBIIO Takke BBIIBIEHO, 4YTO BBI30B mbind mpemarcTByer pabote
MexaHu3Ma Transparent Hugepages, mo3ToMy HamMsTh BBIAEISIETCS IOCPEICTBOM
HugeTLBfs ¢ wucnosib3oBanueM kimtoya koMangHoit crpokn QEMU -mempath.
Mexanmsm HugeTLBfs mmeer HekoTopele mpoOneMsl C 0€30MacHOCTBIO U
MacurradbupyemocTbio [20], 0THaAKO B JAHHOM CJIy4ae THM MOKHO NpeHeOpeyb.

3.4. T'vnepBusop Palacios

I'unepBuszop Palacios paspabarteiBancst ¢ 1enpto 3(pQexkTHBHON BUPTyanu3anuu
BBICOKOTIPOM3BOAMNTENBHEIX cucTeM. Bepens 1.0 Bemmuia B 2008 romy, mocienHss
Bepcus 1.3 Bemwra B mexadbpe 2011 roma. OmnnaurensHOM ocobeHHOCTRIO Palacios
SIBISIETCSL  €T0  BCTPaMBaeMOCTh, pEAJM30BaHHAs IIyTeM BBIJENCHUS Habopa
yHA(UIIIpoBaHHEIX HHTEepdeiicoB ¢ ocHoBHOM OC. Kox Palacios moxer OBITH
BCTPOGH B pAa3M4HblE CHCTEMbl MYTEM pealu3alul 3TUX HHTEPQEHCOoB.
W3nagansHo rumepBm3op Palacios Opm1 BcTpoeH B crnenmanmsupoBaHHylo OC
Kitten, B nmocnenneit Bepcun 1.3 Takke peann3oBaH MOJAYJb Ui BCTPaUBAHUS B
Linux. [pyroit oTnuuurensHOM ocoOeHHOocThio Palacios  sBisercs — ero
KOH(QHUTYPHUPYEMOCTh, TO €CTh BO3MOXXHOCTh Ha 3Tale KOMIIWISAIMHA BKIFOYNTh WK
UCKJIIOYHTh Pa3InYHble KOMIOHEHTH THIEPBH30pa. DTa OCOOCHHOCTH IO3BOJISIET
JIETKO CO3[aBaTh BEPCHUM THIIEPBU30pA, CIENUAIBHO “TIOJOTHAHHBIE”  T0J
KOHKpEeTHbIe HYyXAbl. Ha wnam B3rmsa, cucrema Palacios sBisercs BecbMa
mepcriektuBHON. OcHoBHasgs OC Kitten maer BaxkHOe mpemmymiectBo — 3Ta OC
TeHepUPYET HAMHOTO MEHBIIIE IITyMa 110 CPaBHEHHMIO ¢ Linux, ¥ 3TO MpenMyIecTBO
0Cc00EHHO WHTEPECHO C TOYKH 3pEHHSI POBOAUMBIX HccaenoBannii. Yacts koma OC
Kitten 3ammcTBOBaHa M3 sApa Linux, OJHAKO KPUTHYECKHE C TOYKU 3PEHUS
MIPOU3BOANTEIBHOCTH TIOACHUCTEMBI pa3paboTaHbl C y4YEeTOM OCOOEHHOCTEH
BBICOKOIIPOU3BOUTENBHBIX CHCTEM.

Palacios momiepKuBaeT BIOXKEHHYI) CTPAaHUYHYIO aJIpecallii0 U  HECKOJIBKO
METOJIOB TEHEBOW azpecaruu. [l SKCIEPUMEHTOB HCIOJIb30BAIACH BIIOKCHHAS
azpecanus, Tak Kak JaHHBIA METOJ Jry4iie moaxoanT it rocteBoit OC Linux [4].
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3.5. MeTtoa npo6poca ycTponcTB

ABtoper  Palacios  oTmedaroT =~ HEOOXOIMMOCTH  Tpodpoca  PeansbHOTO
KOMMYHHUKAIIIOHHOTO yCTPOICTBa BHYTPh BM IS MOCTHXXEHHSI COMOCTABHMOTO C
peampHBIM  00OpPYIOBaHHEM YPOBHS Hpom3BoguTenpHOCTH. Jlms mpobpoca
YCTPOWCTB HCIIONIB3YETCS CHENHMANbHBIM TapaBUPTyalbHBIH HUHTEpdeiic (Bce
B3aMMOJICHICTBHE MEXIy THIIEPBH30POM M TOCTEBOW cHCTeMOH B pamkax Palacios
Ha3piBaeTcs “CumOmoTmdeckas BUpTyanu3anus’). IlamMaTe uig rocTeBOH CHCTEMBI
BBIJIENAETCSl €IUHBIM HEMPEPHIBHBIM OTPE3KOM, IIOCJIE Yero TrocTeBas cHcTeMa
3ampaiidBacT y THUIEPBU30pa cMelleHue namsatd BM B peanbHON (U3UUECKOit
namsatd. C HCMOJIb30BaHUEM 3TOro cmelieHusi, rocreBass OC MOXET MpaBHIBHO
¢dopmupoBate  DMA-3anpockl it npoOpomeHHsIX B BM  ycTpolcTB IyTem
npubaBieHuss CMEIIeHUs K LelleBoMy anapecy. M3menenust rocrteBoit OC,
HEOOXOAUMBIE IUIS MOANCPKKH JTaHHOTO MEXaHW3Ma, MHHAMANbHBEL. Bbul Hamucan
nmatd it sapa Linux Bepcun 2.6.18, KOTOpEIA mo3xe ObUT MOPTHPOBAH Ha Oojee
HOBBIE BEPCHH SAPa.

[Mockonpky OC Kitten mpakTH4ecKy HE COAEPXKUT IpaiBEpPOB YCTPOICTB, TOMUMO
ananrepa Infiniband BHyTps BM 06butn Takxke npoOpomensl SATA-koHTpoiep u
cereBas kapra Ethernet.

3.6. Bo3HuKwiune TpyaHocTu ¢ runepsusopom Palacios

Bo Bpemsi skcrnepuMeHTOB ¢ runepBu3opom Palacios Obu1 oOHapyxeH psf
TPYAHOCTEH, BBI3BAHHBIX ‘‘HE3PENIOCTHIO” CHUCTEMBI. TpyTHOCTH BKIIOYAIH B ceOs
HEMOJIHYI0  MOJJEepKKy  mpobOpoca  ycrpoitictB  (anmement  Capabilities
koH(purypaunonHoro npocrpadcrsa PCI Obut HegoctyneH B BM, u3-3a uero Obutu
HeZ0CTyNHbI pepbiBanus TuoB MSI u MSI-X), HenonHas peanuzanus moaIepKKu
texHoyiorun Intel VT-X, mMakcuManbHbII 00beM mamata BM mpumepno 3.51°0,
orcyrcTBue noanepxku apxurekrypsl NUMA B BM u psin ommbok B MCXOIHOM
kone. bruta co3maHa sokanbHas BeTka perosutopust Palacios, B xoTopoil Obuia
peann3zoBaHa HeAOCTaromas (YHKIMOHAIBHOCTh. YacTh CO34aHHOTO Koaa Obuia
nepenana paspaborumkam Palacios B Buae mardel, HEKOTOPBIE W3 KOTOPBIX
JIOCTyIHBI Ha odunmansHoM caite mpoekta V3VEE. YacTe matdeld BKIIOUEHBI B
OCHOBHYI0 BeTKy pa3paborku Palacios.

OnHa cepbe3Hast mpoOiieMa cCOBCeM He Oblia pelieHa —IpodieMa ¢ peanu3anuer
cucTeMHBIX TaiimepoB B BM. Bpemst B BM runepsusopa Palacios nner HerouHo, 3a
CYTKH JOCTHTAeTCsl COBUT 4dacoB mpuMepHO Ha 30-40 mmHyT. s Toro droOsI
KOHTPOJMPOBaTh 3TOT 3(G¢EeKT BO BpeMs 3alycka TECTOB, HCIIOIb30BAJIach
CUHXpOHM3aLMs 10 IpoTokoay NTP u npoBepsuioch 3HaU€HUE CMEILEHUSI BPEMEHH.

4. OueHka u aHanu3 npouszeooumesibHocmu

3a cyeT MCHOJNB30BaHUS JBYX MOMyJsipHBIX TecToBbIX nakeroB HPC Challenge u
NAS Parallel Benchmarks, omenuBaercs gocrarouno mmpokuii kimacc HPC-
NpWIOKeHUi. B crepyrommx mnojpaszienax ONKMCHIBAIOTCS SKCHEPUMEHTAIbHAs

198



cpelma, METONOJIOTHS TECTHPOBAHMS M  pe3ylbTaThl. B  KoHIE paszgena
AHATM3UPYIOTCS PUYUHBI HAKJIAHBIX PACXO/I0B B PA3JIMYHBIX CIydasx.

4.1. dkcnepumeHTanbHasa cpena

B kauectBe crennma ucmnonb3oBancs kimacrep ¢upmbel HP. Kiactep cocrout u3 8
oneitnos HP ProLiant BL2x220c G7, xaxneiid 61ei KoMOMHHPYET B cede o aBa
BBEIYMCIIATENBHBIX y3ma. i1 TeCTOB HCIIONB30BAIIOCH 0 § y3JIOB OJHOBPEMEHHO.
Kaxmprit y3en comepxxut mo 2 npoueccopa Intel Xeon X5670 ¢ gactoroit 2.93 I'rip
(mo 6 simep Ha mporeccop), a takke 2416 O3Y. Texmomoruss Hyperthreading
JICaKTUBHPOBAHA HA BCEX Yy3JIax. ¥Y3Jbl B3aUMOJAEHCTBYIOT IIOCPEICTBOM CEPBUCHOM
ceru Ethernet 1I'0ut/cex. 1 BeruncnurensHoi cetu Infiniband 40I°6ut/cek.

Jiss  TectToB Ha peanbHOM OOOpyIOBaHMM UM B KadecTBe rocteBoii OC
ncnoip3oBamack cucrtema Linux CentOS 6.0 ¢ sgpom Bepcunm 2.6.32-
71.29.1.e16.x86_64. Smpo OC momuduuupoBaHO IS TOAJEPKKH TMpodpoca
ycrporictB Palacios. Bepcust 6ubmmoreku MPI — OpenMPI 1.4.3, xommumnsTopa
GCC - 4.4.4. 10O Infiniband — Mellanox OFED 1.5.3-1.0.0-rhel6-x86_64.

OcnoBHas OC mms KVM/QEMU - Linux CentOS 6.2, Bepcus sapa 2.6.32-
220.2.1.e16.x86_64. Bepcus QEMU - gemu-kvm-1.0 c¢ wmoguduxanusmuy,
onmcaHHbIME paHee. Bepcus Palacios — 1.2 ¢ M3MeHEHUSIMH, OTICAaHHBIMH BBIIIE.
Bepcus OC Kitten — 1.2.0 ¢ u3MeHEHUSAMH, HEOOXOJAMMBIMHU JIsI KOPPEKTHOTO
mpobpoca ycTpoiictB B BM.

locteBass cucrema ckoHdurypupoBana ¢ 16 I'6 O3V, 12-10 mpomeccopHBIMU
snapamu, apxutektypsl SMP mm NUMA. Kortpomnep Infiniband mpoGpomen B
BM, xkax ommcano panee. s Palacios Taxke mpoOpacwiBaeTcst ceTeBas Kapra U
SATA-koHTpOIIED.

4.1.1.benumapku

JUIs  OICHKM TPOWM3BOAMTENBHOCTH HCHOIB3YIOTCSA TecToBble makeTsl HPC
Challenge u NAS Parallel Benchmarks. Kaxpiii TecTOBBII IMakeT BBITOTHSIICA Ha
2,4 u 8 y3nax.

Bepcus NPB — 3.3.1 MPI. U3 nanHoro maketa ucnonb3ytotcs tectol IS, EP, CG,
MG, FT, BT u LU, knacc 3agauu C. s tecroB IS, CG, FT, MG 3amyckaetcs o 8
MPOIIECCOB Ha y3e (YKCIIO0 MPOIECCOB JODKHO OBITh CTENEHbI0 nBoliku). Jist EP u
LU — nmo 12 npoueccos Ha y3en, mist BT — nmo 8, 9 u 8 mponeccoB Ha y3en
COOTBETCTBCHHO (CyMMAapHOE YHUCIIO IPOIECCOB JOMKHO OBITH KBagpaToM). Takxke
TecTsl NPB BEIONHSIIHCE Ha OTHOM y371e, 1Mo 9 mpoueccos it BT, mo 12 mist EP u
LU, mo 8 mis ocranpHBIX TecToB. Pesymbratel TectoB NPB mpuBeaeHsr k
YHADUIIUPOBAHHOMY BHIY U BBIPAXKAIOTCS B CEKyHJaX.

B recre IS (Integer Sorting) BbImosHsieTcs: udpoBast COPTUPOBKA, OOJIBIIONH 00beM
KOMMYHUKAIM{ W CIy4aiHbIX poctynoB K namstu. EP (Embarrassingly Parallel) —
re’eparop 3HaueHui ['ayccoBbIxX ciyuaifHbiX BenuuuH. CG — METOJ CONpSKEHHBIX
TPaZMeHTOB HAXOXKACHWS JIOKAITBHOTO MHHHUMYMa, C HEpETYJSIPHBIM XapaKTepoM
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JIOCTYTIOB K HaMATH M KOMMYHHUKaiuii. B tecte MG anmpokcumupyercs: pereHue
JcKpeTHOro ypaBHeHust [TyaccoHa, TecT XapakTepu3yeTcsi HHTEHCHUBHOW paboToii ¢
namsIThl0 W KomMMmyHHKarmsmu. FT — nmuckperHoe mpeoOpazoBanue Dypbe,
ncnosb3yer koMmyHukanuu trna “all-to-all”. Tectst BT n LU — pematenu cucrem
muddepeHIMANBHBIX ypaBHEHHH B YAaCTHBIX ITPOM3BOAHBIX C HCIIOJIL30BAaHHEM
pa3IMYHBIX METOOB.

Hcnone3yemas Bepcus nakera HPCC — 1.4.1, oubmuorexku ATLAS — 3.8.4. Tectsr
nakera HPCC BreimomnHstoTcs ¢ 3amyckom 1o 12 mporeccoB Ha y3en. O1eHUBaroTCs
pesyabTathl TecToB STREAM, RandomAccess, HPL. Tect PTRANS Brinonasiercst
cimikoM 0bicTpo (0.1-0.5 cekyHpI) M MPUHAUISKUT K TOMY )K€ KJIaccy 3aaad, 4To
u STREAM. Takxe u3 paccMoTpeHus HckiaroueHel Tectel DGEMM,
Bandwidth/Latency, FFT u3-3a orpanndenuii no o0semy marepuaia. Mccnemyembie
tecTsl makera HPCC mMeroT clieayronme XapakTepuCTHKH:

e STREAM. OneHka yCTOHYMBO# POITyCKHON CIIOCOOHOCTH TaMSITH JUIs
BEKTOPHOM onepanuu (KOIMpOBaHUE, YMHOXKEHHE Ha KOHCTaHTY,
CIIOKeHUe, KOMOWHANNSA), B JAHHOW paboTe MCCIe0BAIICh PE3YIbTaThI
KOMOWHUpOBaHHOH oneparmu (B ['0/cex.). OTieHNBAIOTCS pe3yIbTaThl IS
Bepcuii Single (BeimonmHseTcs poBHO oauH mporecc) u EP (Embarrassingly
Parallel) — Bce mocTynHble sApa BBITOIHAIOT OOHY M Ty XKe 3a1ady
He3aBucHMoO. 3amyck Bepcuit Single  EP ocymiectBisiercss TONbKO Ha
OJJHOM Y3JI€.

e RandomAccess. OueHka CKOPOCTH OOHOBJICHUH NAMSTH MO CIIyYaiHbIM
ajipecaMm B MUJLIHapaax ooHosienuit B cekynny (GUP/s). M3BecTHo, uTO
JaHHBIN TecT paboTaeT B BUPTYaJIbHOW Cpejie JOCTATOYHO TUIOXO0 M3-3a
BBICOKOI1 Harpy3ku Ha Oy¢ep Tpancisinun (TLB). Mcnons3yrores Bepcun
Single, EP u MPL.

e HPL (High Performance Linpack). Pemenne ciucteMsr THHEHHBIX
ypaBHEHHIA, pe3yNbTaT — ckopocth pemenns B GFlops. [TapameTpsr Tecra:
pa3mep matpunbl — 30000, pasmep 610ka 150, BEIUACIHTENEHAS CETKA B
BUJIE KBaJ[paTa, KOTZla 3TO BO3MOXHO.

W3BecTHO, YTO BpeMs B BHUPTYQJIBHBIX MalllMHaX HAET HETOUHO. ['mmepBusop u
ocHoBHast OC SBISIOTCS JONOJHUTEIBHBIMA WCTOYHMKAMH IIyMa M BBI3BIBAIOT
HETOYHOCTH B Taiimepax rocteBoit OC. B pesyiprare, BpeMs BBIIOIHEHHS OJHOTO
TECTa MPH MHOTOKPATHHIX 3amyckax B BM umeer Goipmmii pa3dpoc mo cpaBHEHHIO
C 3alyCKaMH Ha peagbHOM oOopymoBaHuM. st TOTO YTOOBI PE3yNbTaThI
MPOBOJIMMBIX JKCIEPUMEHTOB ObUIM 00Jiee TOYHBIMH, OOJIbIIAS YAacTh 3aIlyCKOB
NPB sremonssnacs mo 50 pa3, HPCC — mo 20 pa3. B xauecTtBe pe3ynbTata cepuu
3aIlyCKOB, BBIUMCIIETCSl OLEHOYHOE MaTeMaTHYecKoe OXHIaHue (cpeaHee
apu(pMeTHUecKoe) ¥  JIOBEpUTENbHBI HHTEpPBAI C BEPOSATHOCTBIO  97%,
BBIYMCIICHHBIH C MCHONb30BaHUeM pacnpeneneHus: CrplofeHTa. JloBepHUTEIbHBIH
HMHTEpBAJ IIO3BOJIICT OIIEHHBATH JIOCTOBEPHOCTH IOJIYYEHHBIX JAHHBIX. XOTS
MOCIIEIOBATENbHbIE 3allyCKH TECTOB HE MOTYT CUHUTAThCs HE3aBUCHMBIMHU
9KCIEPUMEHTAaMH, JOBEPHUTEIBHBIA HHTEPBAJI MOXKET IIOMOYbL OLCHHTH BIHSIHUE
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pas3IndYHbIX NUCTOYHHUKOB OIIMOKU B HU3MEPEHNN BPEMEHU U yIAOCTOBEPUTHCHA, UTO
BBIIMMOJIHEHO JOCTATOYHOC YHCJIO 3allyCKOB.

4.2. PesynbTaThbl TECTOB

[lepBoHauanbHble TecThl IpoBOAWIHCh ¢  KoHdurypammeit QEMU  “mo
yMomgaHuo”’, mo 12 BuptyanmpHBIX saep Ha BM. [lepBuunbple pe3ynbTaThl IS
makera NPB mpencraenenst Ha puc. 1. “KVM” o603HadaeT KOHOUTYpAIHIO “TIO
YMOJYaHUIO”, TOHKHE YEpHBIC CTOJNOLBI — JOBEPHUTENBbHBIA WHTEPBAI IS
COOTBETCTBYIOIIMX CPEIHUX 3HaueHWH. JlaHHBIE W300pakC€HbI OTHOCUTEIHHO
ciyyas Native (3amyck Ha peaibHOM OOOpYIOBaHHH), KOTOPOMY COOTBETCTBYET
cpennee 3HaueHue 0 B Kaxaoit rpymme ctonbuos. [loanuce moj kaxaon rpynmoi
CTOJIOLIOB COCTOMT U3 HAa3BaHMs TECTA U YKCJIA IIPOLIECCOB, HA KOTOPOM BBINOJHSIICS
tect. Kak mokaspiBaeT pucyHok, B kKoHpurypamun “KVM” HaknmamHble pacxombl
u3Mensitores ot 2-4% na tecte EP o 32% na tecte MG, 64 nponecca.
70

Native

KVM s

KVM, HugeTLBfs mmmm

50 — KVM, vCPU pin

40 -

Pasumia B npougHTax OTHOCHTENLHD chy4an Native

&),/ 0)) &5 (\C‘ (‘C‘
T u

G 4

2

By

Puc. 1. [lepsuunsie pezynomamer KVM/QEMU na mecmax nakema NPB.

Hanmee Obuto mpenmonoxeno, uro wurpanus Hutelik QEMU wmexny saopamu
MIPOIIECCOPOB MOXKET HETaTUBHO CKa3bIBAaThCS Ha IPOU3BOIUTENBHOCTH. YTOOBI
MIPEAOTBPATUTh MHIPAIMIO HHUTEH, OblIa BBHIMOMHEHA TNPHUBA3KA 3THX HHUTEH K
COOTBETCTBYIOIINM SIIpaM IPOLIECCOPOB, MO OJHOMY BHPTYaJbHOMY SIIpy Ha
peanmpHOe. Taroke Obuto TpoBepeHo, uTo MexaHm3M HugeTLBfs maer takme xe
HakJIaJHble pacxoabl, kak u Transparent Hugepages. Pe3ynbraThl A ONMCaHHBIX
MOTU(HUKAIMKA MPEACTaBICHbl Takke Ha puc. 1, cronbipr “KVM, vCPU pin”,
“KVM, HugeTLBfs”. /lanHble 1Be rpymIibl TECTOB OBUTH BBITIOJIHEHBI TOJIBKO 1O 10
pa3 u3-3a HEXBaTKM BpeMeHH. Kak moka3piBaeT PUCYHOK, MOCIE€ H3MEHEHUI
HaKJIaJHbIE PACXOAbl OCTAINCH TAKUMHM XK€ U JaX€ YBEIMUWINCH B PAJE CIIydaeB.
Coyuail npuBsI3KM HHUTEH naeT Oosee HecTaOWIIBHBIE pe3yibTaThl aist TectoB BT,
CG, FT. D10 MOXeT OBITh BBI3BAHO HEJOKAIBHBIMH JOCTYIIAMU K MaMSTH. Takxke
uHTepeceH ciydait LU, 96 mporeccos, Tie BIIEH BeCbMa HeCTaOMIIBHBIA Pe3ybTaT.
[IpennonoxuTeNbHO, BIUSHAC OKa3all HEN3BECTHBIN HEYUTCHHBIN (aKTop.
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Puc. 2. I[lepsuunsie pezynomamor KVM/QEMU na mecmax nakema HPCC.

ITepsuunslie pe3ynsraTtsl TecToB nakera HPCC nmpencrasnensl Ha puc. 2. B tanHHOM
cllydae, OICHUBAINCH KOHHUTypammu ¢ wucmonb3oBanneM HugeTLBfs u ¢
mpussi3koit HUTeH BMecte ¢ HugeTLBfs. Cokpamenue “R. ACC.” o3magaer tect
RandomAccess, “S.” — Single-Bepcuss Tecta. PazHuma B mpomeHTax B JaHHOM
Cllyyae OTpPHLATEIbHA, IOCKOJBKY H3MEPSEMbIE BEIMYMHBI IMPOIOPLHOHAIBHBI
npousBoautenbHocTH. [list TecroB Stream Bepcuit Single, EP HaknaaHble pacxobl
okono 20% xpome ciydas HpUBS3KH HuTeH, rae it Bepcun EP tomsko 10%
pacxozos. Tecr RandomAccess MOKa3bIBAaeT 3aMeTHOe najieHue
npousBoauTeibHOCTH At Bepeuid Single u EP — ot 20 no 45%, onsars xe, ciydait
NPUBA3KK HUTEH naerT naydmmi pesynbtaT g Bepcuun EP, 20% pacxonos.
PesynbraTel RandomAccess MPI HecTaOuibHBI 1 pacxozabl MeHee 7% mpu 3amycke
J0 72 mpoueccoB, OJHAKO I 96 MpoIeccoB CUTyalusl KapAWHAJIbHO MEHSETCS —
HaKJaJHble PACXOAbl yCTOWYMBEI Ha ypoBHE 34%. BosMmoxHO, Ha 96 mpoueccax
Y3KUM MECTOM CTaHOBSITCS KOMMYHHKAIIH, OZHAKO MOAPOOHO JAaHHBIN BONPOC HE
HCCIIEIOBAIICS.

Haxkoserl, ObUIO BBIABHHYTO MPEINOJIOKEHHE O TOM, YTO OCHOBHOHN MPHUYMHOU
MaJIeHus] TIPOU3BOJUTENIFHOCTH SIBJISIETCS HECOOTBETCTBHE BHpTyanbHOH SMP
apxutexTypsl peansHoi apxurektype NUMA. ITo ymomyanuto, QEMU smynupyer
SMP cucremy, 4To BeAeT K Hey4TeHHBIM rocTeBoii OC HaKIaIHBIM pacxoiaM Ipu
HeJIOKaJbHOM JocTyne. CremyromuM miaroM OBIIO MPEIOCTaBICHHE TOCTEBOM
cucreMe apxutekTypsl NUMA Tak, 4TOOBI TOMOJIOTHSI COOTBETCTBOBANIA PEATBHOM
CTPYKType cHCTeMbl. Takas BO3MOXHOCTh ObLIa peaju30BaHa Ha OCHOBE
nognepkkn smymanud NUMA B smymarope QEMU, kak 3To ommcaHo B
IpeABbIIYIIEM pasiere.
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Puc. 3. Pesynomamuvt KVM/QEMU u Palacios ons mecmos CG, FT, MG, IS nakema
NPB.

Hdus cucrembr Kitten + Palacios TectupoBanmmce aBe koHpurypamun: BM
apxurektypel SMP u NUMA. B o0oux ciiydasx HCIIOJNB30BANACh BIIOXKCHHAS
cTpaHm4Has afgpecanus ¢ 2M6 cTpannmamu. PesynbraTel cpaBHeHnss NUMA u SMP
Ha Tectax NPB mis cucrem KVM/QEMU wu Palacios mpejacrasiensl Ha puc. 3, 4,
pe3yabTatel TectoB HPCC — Ha puc. 5.
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Puc. 4. Pesynomamuvt KVM/QEMU u Palacios ona mecmos BT, EP, LU nakema
NPB.

IIepBblif 1OCTATOYHO OYEBUIHBIN BBIBOJ, KOTOPBIA MOKHO CHEJIATh U3 IOIYYEHHBIX
JAHHBIX — BIUsIHUE KOppekTHOU amysinud NUMA Ha nmpou3BOIUTENBHOCTh BECbMa
3HaunTenbHO. [Ipu 3amycke BM apxutektypst SMP, Palacios 1 KVM nokassiBatoT
naJieHue pou3BoAnTeIbHOCTH Ooniee ueM 60% u 40% COOTBETCTBEHHO Ha TecCTe
MG 8, mpu smymssnua NUMA nmaHHBIE pacXoibl MPaKTHYECKH HCYe3aroT. To xe
caMoe€ BEpHO Ul OOJNBIIMHCTBA APYTHX TECTOB. MIHTEpeceH Takke TOT (akT, 4To
JUIL MHOTHX PE3yJIbTaTOB BHPTYaJIbHOW apXUTEKTypsl SMP, HakiamHble pacxombl
YMEHBLIAIOTCS TPU YBEJIIMYEHUH YHUCIIA MPOLECCOB, NMMPUYEM Pa3sHHULA AJS OIZHOTO
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Tecta MOXKeT ObITh 3HauuTenbHOH — 30% u Ooinee, cMm. TecTol IS 1 MG. B 1O xe
BpeMs, U Pe3ynbTaToB ASMyJsinuu apxutekTypel NUMA Ha MHOrux Tecrax
HaKJIa/IHbIE PacX0/ibl KOJIEOIIOTCS HE3HAYUTEIBHO.

=30
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KVM s
K.-NUMA s
-30 Palacios I
P.-NUMA 55

-40

-60

Pasumua B npoueHTax OTHOCHTEALHO cayvan Native

Puc. 5. Pesynomamor KVM/QEMU u Palacios 0ns mecmos nakema HPCC.

Jusa tectoB HPCC, amynsanus NUMA ynydmaeT npou3BOAUTENBHOCTh HA TECTAaX
STREAM, RandomAccess Bepcuit Single u EP. ns tecta RandomAccess EP,
smysauus NUMA 1o3BOJIIET NPAaKTHYECKH MOJHOCTbIO YCTPAHUTh HaKJIaJHbIE
pacxonsr 45-50% ciyuas 6e3 NUMA. Jlnst tecta RandomAccess MPI, curyarus ve
cToJb ogHO3HaYHa. KVM moka3sIBaeT JydIre pe3yabTaThl IPH 3ammycke Ha 24, 48,
72 nporeccax, Palacios — npu 3amycke Ha 96 nporeccax.

MoxHO czaenarh cieqylolnii BbIBOA: peanu3auus Palacios mmeer HekoTopble
HEIOCTAaTKH, YTO TOKA3bIBACT CpaBHEHHE ¢ pe3yibratamMu KVM 6e3 momnepKKu
NUMA st mpaktudeckn Bcex TectoB maketra NPB u tecra RandomAccess s
24, 48, 72 mpomeccoB. Hambompimas pasHHIA MEXOy pe3ylbTaTaMH IBYX
runepBu3opoB okosio 24% wna Ttecte LU, 12 mponeccoB. Tarxxke Palacios naer
“aHomMayibHBIE” pe3ynbTaThl I Tecta EP Ha 96 mpomeccax, ydauThiBas TOT (axT,
YTO JJAHHBII TECT OLIEHUBACT IPOU3BOJUTENILHOCTD Tpolieccopa. Pe3ynbraTsl Tecta
HPL rtakxe BbI3bIBaloT Bompockl — Ha 24, 48 u 72 mponeccax Palacios 6e3
smyisaimd NUMA  nokasbiBaeT HAaWIydIIHM pe3ysbTaT, OAHAKO C AMyJsuueit
HaKJIQJHBIE PAcXoJpl pe3Ko yBeandyuBaioTcs. OCHOBHAsl THIIOTE3a, OOBSICHSIOMIAS
pasHuiy B mpousBoauTensHocTH Mexay KVM m Palacios B ciyuae smyinsiiun
apxutektypel SMP, 3aimowaercs B ciexytomeMm. Sapo  Linux  umeer
MIPEUMYILECTBO, ABTOMATHYECKH YNPABIsisl TMaMSTBIO W IPOLEccaMH B CIydae
ucnonb3oBaHus koHpurypammun QEMU “mo ymomganuio”, B TO BpeMs Kak s
runepsu3opa Palacios oToOpakeHre BHUPTYaIbHBIX SACpP B pEaNbHBIE W3HAYAIBHO
¢ukcupoBano. Kak mnpuHyguTenpHOE Ha3HauU€HHWE SAAEP HUTSIM, Tak H
HCII0JIb30BAHUE MEXaHu3Ma HugeTLBfs BEIYT K YXYILIEHUIO
MPOU3BOJUTEIBHOCTH, IIOCKONBKY  MEXaHW3Mbl  yNPABICHUS  NaMATBIO H
npoueccamu OC Linux TepstoT yacth CBOUX (DYHKIIHH.
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B HeckombKHX Ciydasx pe3yJbTaThl B BHPTYaIbHOH Cpele OKa3bIBAIOTCS JIydIle
pe3yJbTaToOB Ha peaibHoM oOopymoBanuu. Hanpumep, rectel CG 8, MG 8, MG 16,
rae KVM c smynsaueit NUMA naet sydiime pe3yibTarhl, YeM B ciiydae Native.
Amnanornynas cutyamusi ¢ runepsusopom Palacios Ha Tecte BT 16. BepositHo,
MIPUYHMHON TAaKOTO MOBEACHHS SBISIETCS HAINYME HEKMX HEYYTEHHBIX YCTOWYHBBIX
(haxTOpOB, MOBNHUSABIINX HA PE3yJIbTAThl JAHHBIX TECTOB, OJHAKO TpeOyercst Ooiee
TIIATENIEHOE UCCIIEIOBaHNE 3TOTO (peHOMEHa.

Haxkownern, pesynbtatel TecToB CG, FT, IS Ha 64 npomeccax u RandomAccess MPI
Ha 96 mpolieccax MOKa3bIBAIOT MpeuMyiecTBo cBsizku Kitten + Palacios wag Linux
+ KVM/QEMU B cnywyae smymsuuu apxurektypsl NUMA. [IpeumymectBo
Bapbupyercs oT 3.5 10 21%. BeposTHO, Takoe MOBEJCHHUE CBSA3aHO C YMEHBIICHHBIM
mymom OC Kitten mo cpaBHeHuto c¢ Linux, ocobenHo mis tecra IS. Taxke
HCCIEIOBANIACh TPAHYJSIPHOCTh KOMMYHUKauuid B Tecrax NPB myrem oueHku
YacTOThI IPEPHIBAHUI, CM. CIEAYIOIIUN Opa3aeil.

Eciu cpaBuuth pesynbrathl ¢ apxurektypodr NUMA cuctem KVM/QEMU u
Palacios u ncronis3oBath nopor B 3%, KVM Oyner snyuine B 11 ciryqasx, Palacios B
9 ciyyasx, pe3yJabTaThl OAWHAKOBBl B Ipeienax mopora B 22 ciydasx. [Ipu
ncrons3oBanuu nopora B 5%, KVM nyumie B 8 cirywasx, Palacios — Tonbko B 4. B
menoMm, KVM mpenocrasisieT 6onee cTabMIIBHBIC U MIPEICKa3yeMbIe Pe3yIbTaThl, B
To Bpems Kak Palacios BeITpbIBacT Ha ‘‘MEIKO3EpHHUCTHIX” TecTax THma IS
(ocobenno mpu OonpmioM duciie mporeccoB). B To xe Bpems, Palacios mmeer
aHOMAJIMU B IIPOU3BOANUTEIHHOCTH HA HEKOTOPBIX TECTAX.

4.2.1 Bauanue wacmomaol npepuvléanuil

CornacHo ctatee [14], BupTyanu3auus MNOpPEpbIBAHUN MOXET IPHUBECTH K
CYIIECTBEHHOMY  TJICHUIO  IPOM3BOJUTENIFHOCTH  PEabHOTO  YCTPOMCTBA,
HazHaueHHOro BM. Jlns mpoBepkH OaHHOW Teopwu, OBUTM IPOBENCHBI 3aMephI
YacTOTHl MpPephIBaHUA KOMMYHHKAIMOHHOTO YycTpoiictBa Infiniband Bo Bpems
BeImotHeHUsT TecToB NPB. PesympraTtel mpezncraBiensl Ha puc. 6. Ha manHOoM
pPHUCYHKE CrpyNIIUpOBaHbl ABa HaOOpa [aHHBIX: KPAcHBIM I[BETOM OTMEUYCHO
NaicHue IPOU3BOJUTENBHOCTH B IPOLEHTaX, 3€lEHBIM — CpEIHEE HYHCIIO
npepsiBanuii B cekynay (IPS, Interrupts per second) mns ycrpoticrsa Infiniband.
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Puc. 6. Cpasnenue naxnaonuvix pacxooos Ha mecmax nakema NPB u yacmomut
npepuvleanull 01 cayuasn smyaayuu apxumexkmypvl NUMA, cucmema
supmyanuzayuu KVM/QEMU.

MaxkcumanbsHas gactoTta mpepbiBaHuid paBHa okono 11000 IPS, uro o3HadaeT mo
kpaitaeir mepe 11000 BBIXOOB B THIEPBU30P B CEKYHIY, YTO JOJDKHO MPHBECTH K
3aMETHOMY CHIDKCHHIO TPOM3BOAMTEIHHOCTH. XOTS B OPHUTHHAIBHON padote [14]
yactoTa mpepeiBanuid Oputa Bbime (40000-60000 mpepslBaHWA B CEKyHIY),
BEpOSATHO, B CiIy4ae TecTa IS, mo kpaifHeil Mepe dYacThb pacxoJOB CBs3aHA C
BUpTyann3anueil npepsiBannii. UToObI J0Ka3aTh 3TO NPENIONOKEHNUE, HEOOXOJUMO
MPOBECTH TECTHI ¢ aHanoroM cucremsl ExitLess Interrupts.

Bricokas gactoTa npepbeiBaHui i TecTa IS Ha 32, 64 mporeccax Takke oTpakaeT
IPaHYJAPHOCTh KOMMYHHMKAallMii B JaHHOM Tecre. B  maHHOM ciydae,
KOMMYHHUKAIIMA HUMEIOT ‘‘MEJIKO3epHHUCTBIH~ XapakTep, 4TO OOBSACHSIET OOJBIIOE
yucio npepbiBaHui. Ha puc. 3 BHAHO, YTO HaKJIamHBIE PACXOIbl I'MIEPBHU30PA
Palacios menbpmie Ha 20% uem pacxonsl KVM, uTo MOXeT OBITH CBsI3aHO C

MOHIKEHHBIM ypoBHeM 1ryma ocHoBHOM OC Kitten.

5. 3aknroyeHue

OCHOBHBIM BKJIQJIOM JIaHHOW pPAaOOTHI SIBISAETCS AEMOHCTpAIUs HEOOXOIUMOCTH
KOppeKTHON sMmynsamuu  apxuTekTypsl NUMA B COOTBETCTBHM C pEANbHOU
koH(purypauueir npu 3anycke HPC-npuiiokeHuit B BUPTyalbHBIX MallMHAX Ha
cepBepax apxutektypsl NUMA. HccnenoBanusi mpoBeAeHbl C HCIOIb30BAHUEM
cucreM Bupryanmusaund KVM/QEMU wu Palacios. KVM/QEMU  mmmpoko
UCIIOJNIB3YEeTCsl B MHIYCTPUH, B TO BpeMsi kak Palacios — runepBusop, crenuaibHO
paspabatsiBaemsblii Ui BupTyanusanun HPC. B mcxoxneiii kog QEMU u Palacios
OBUTH BHECCHBI HEOOXOJIMMBIC U3MEHECHUS ISl TPEAOCTABICHUS TOCTEBON CHCTEME
peansHoi Tonosorun NUMA. C ucnonb3oBanueM smyisinud NUMA, HakiagHble
pacxonsl BUpTyanu3aun Obutn cHiKeHsl ¢ 10-60% mo 1-5% Ha MHOTHX TecTax u3
naketoB HPCC u NAS Parallel Benchmarks. EnnHcTBeHHBIE TECTBI, Ha KOTOPBIX
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HakjJIagHble pacxozpl Beime — RandomAccess 1 HPL u3 makera HPCC, ¢ moTtepsmu
npousBoauTeabHOCTH 10 30% 1 15% cooTBeTCTBEHHO.

Bce TecThl BBITOIHAINCH HA COBPEMEHHOM BBICOKOIPON3BOJIUTEIBEHOM KIIACTEPE,
o0veauHeHHOM ceThio Infiniband. [Iis BBIYHCIIEHHIH HCITONB30BAIOCH H0 96
npoueccopHbIX siaep. llomyueHHbIE pe3ynbTaThl MO3BOJIMIIM OLIEHUTh HAKIIAHbBIE
pacxozipl, BBI3BaHHBIC BUPTyaIH3alMel Kak MPOIeccopa, Tak 1 KOMMYHHUKAIMOHHON
cpenbl. Takxke OBUIO TPOBEAEHO MCCIIEOBAHUE CBSI3M YaCTOTHl IPEPHIBAHUI
KOMMYHUKAIIMOHHOT'O YCTPOICTBAa W HAaKJIaJHBIX PAcXOAOB BHUPTyaIM3al[MH; IS
ananrepa Infiniband, namepena makcumanpHas vacrora g0 11000 npepsiBaHuii B
cekyHny Ha Tecre IS makera NPB mnpu 3amycke Ha 64 mpoleccax, HakaJHbIE
pacxoasl nipu 3toM pocturanu 20% mns cucremsl BupTyanmsannn KVM/QEMU.
Henp3st yTBep)kIarh, YTO JaHHBIE PACcXObl BBHI3BAHBI TOJBKO BBICOKOW YacTOTOM
NIPEepbIBAaHUMA,  OJHAKO, TakKas 4YacToTa  MOXET  CBHICTENLCTBOBATH O
“MeITKO3epHUCTOM” XapaKTepe KOMMyHHKaIuii Tecta IS.

CpaBnauBas cuctembl Bupryanmzanud KVM/QEMU u Palacios, MoxHO craenath
BBIBOJI, UTO B CPEAHEM Pe3yJibTaThl TECTOB C amyJsinueil NUMA oauHaKOBBI JIst
obenx cucrem, npudeM KVM naer Oosnee craOwibHBIE W IIpelCKasyeMble
pe3yibTaTthl, B TO BpeMs Kak Palacios moOKasbIBaeT Jydiine pe3yJbTaThl Ha
“MENTKO3EPHUCTHIX TECTaX MpPH OOJBIIOM YHWCIIE 3a/ICHCTBOBAHHBIX IMPOIECCOB. B
TO ke Bpems, Palacios mmeer aHOMaiWyu B MPOHU3BOIAUTEIHHOCTH HAa HEKOTOPBIX
tectax. lllym ocHoBHOit OC mmeeT OonpmIOe 3HAYEHHE IS MacIITaOHpPyeMOCTH
“MEIIKO3EpHUCTHIX” TecToB, W B 3ToM acmekre ocHoBHas OC Kitten wnmeer
mpenMymiectBo  1mo  cpaBHeHmIo ¢ OC  Linux, d9ro maer JIy4myo
MMPpOUXBOAUTEIILHOCTL U MaCLHTa6I/IpyeMOCTI) JJI1 TECTOB, BBIINMOJHAKIIUXCA B BM
runepsusopa Palacios. C Hamiell TOYKH 3peHHs, 00BbEM IIyMa, TeHEPUPYEMOTO
ocHoBHOM OC u cucTeMOll BUpTyaldM3allUU, SBISIETCS KPUTHYECKH Ba)KHBIM
rapamMeTpoM JUIsl YCTICIIHON BUPTYaIN3allid MHOTOIIPOLIECCOPHBIX, MHOTOSIIEPHBIX
BBICOKOIIPOU3BOJUTENBHBIX ~ CUCTEM  C  JIOCTATOYHO  OOJBIIMM  YHCIOM
BBIYHMCIIUTENBHBIX Y3JI0B.

B 1uenoM, mnomydyeHHble pe3ysbTaThl CBHAETEIBCTBYIOT O LEIECOOOPa3HOCTH
NPUMEHEHUS] BUPTYAIM3alMu sl OOJBIIOro Kiacca BBICOKOIPOU3BOIUTEIBHBIX
npuioxeHnil. OCHOBHBIMHU “y3KHMH MeCTaMH~ CHCTEM BHUPTYaJU3aIlM SBISIOTCA
YMEHbIIIEHHAsI TPOU3BOJUTENLHOCTE CHUCTEMBI HaMATH (KPUTHYHO TOJBKO IS
y3KOro KJjlacca 3ajad, B ToM unciie RandomAccess), pacxos! Ipu BUPTyaIu3annu
YCTPOMCTB, a TakKe IOBBIIIEHHBI YPOBEHb “IIymMa”, HCTOUHHUKOM KOTOPOTO
cTaHoBsATCS ocHOBHast OC 1 TUTIEpBU30P.
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The prospects for virtualization of high performance x64
systems

Alexander Kudryavtsev, Viadimir Koshelev and Arutyun Avetisyan,
talexk,vedun,arut}@ispras.ru

Abstract. In this paper we explore the prospects of virtualization technologies being applied
to x64-based high performance systems. The main reasons for performance overhead when
running parallel programs inside multiple virtual machines are discussed. We consider
KVM/QEMU and Palacios systems and use HPC Challenge and NAS Parallel Benchmarks
packages as a test suite. All tests are performed using high performance cluster with high-
speed Infiniband interconnect.

Gathered results show feasibility of applying virtualization to a big class of high performance
applications. After tuning of virtualization systems under consideration, overhead decreased
from 10-60% to 1-5% for the most tests from HPC Challenge and NAS Parallel Benchmarks
suites. The main bottlenecks of virtualization systems are decreased memory system
performance (critical only for a narrow class of applications), device virtualization overhead,
and increased noise level caused by the host OS and hypervisor. Noise could affect
performance and scalability of fine-grained applications (those with frequent communications
of small size). While the number of nodes in the system grows, the noise influence
substantially increases.

Keywords: high performance systems; virtualization; virtual machine monitors; high
performance computing; parallel computing
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