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O MOJIEJIMPOBAHUN JUHAMMWYECKOW MUT PALTAN
BUPTYAJIBHBIX MAIIIUH B INTAT®OPME SIMGRID

B cTatbe paccMaTpUBAarOTCS METOJbI AMHAMUYCCKONH MHUIPAIMX BUPTYAIbHBIX MAaIIWH B 00JIAYHBIX CUCTEMAX
U peanu3anus XUBOW MUTpalMid B pacumpeHun ¢peiiMBopka mMoaenupoBanust Simgrid. PaccmarpuBarotes
METOABl JTUHAMHYECKOW MHUTPAIMH C MpPel- U MOCT-KOIMHPOBAHUEM, BIHMSHHE CKOPOCTH U3MEHCHHS CTPAHHUI]
OTEPATHUBHOW MaMATH Ha BpeMsi Murpanud. [IpuBefeHbl MPUMEpbl AWHAMHYECKOW murpamuu B Simgrid-
MOJIeNH 00JIaYHOI CUCTEMBI.

Kntouesvle cnoea. oGnauHble BBIUMCICHUSA, LEeHTp o0pabdotku naHHbix (LIOJ),
BUpTyalbHas MammHa (BM), runepsuszop, murpauus BM, nuHamunueckas Murpanus,
MojenupoBanue, Simgrid.

BBenenue

OGnayHble BHIYMCICHUS MTPEJOCTABIISIOT MOJIB30BATENIO IOCTYI K pecypcam 4epes3 CeTh 1o
3ampocy, B TpeOyeMoM oObeMe, HEe3aBUCUMO OT MECTOINONIOKeHUs. Pecypcamu MoryT ObITh He
TOJIBKO TIPHJIOKEHHSI, HO W BBIYMCIUTEIFHBIE MOUIHOCTH, CUCTEMBI XpaHEHHs, CETH, TO €CTb
nenass uHOpacTpykrypa. OCHOBOW  OONAYHBIX MPHJIOKEHUN  SBISETCS  TEXHOJOTHUS
BHUpTYyallM3allii, BUPTyanbHble MammHbl (BM) ¢ HE0OXOMUMBIM [UTsl OOCTY)KHUBAHUS 3ampoca
IPOrpaMMHBIM OOeCTIeUeHUEM pa3MelaloTcs Ha (PU3MUECKUX MallMHaX (cepBepax, XOCTax).
[Tpu mimaHupOBaHUM STOTO pa3MEIICHUs JOJDKHBI YYUTHIBAThCS pa3Hble (PakTOpbl — TpeOOBAHUS
cornamienuss o6 ypoBHe ycayr (Service Level Agreement), mokasatenu Mpou3BOIUTEILHOCTH,
3aTpaThl TpoBaijepa obiaka Ha oOcaykuBaHue 3ampoca. [loTpebieHne 3JIEeKTPOIHEPTUH U
yraepoanbiii cien [1] AomkHBI OBITh MHHHUMAIBHBIMH. B HEKOTOPBIX CIyYasx TpeOyercs
NEePEMECTUTh BUPTYAJIbHBIE CEpBEPHl Ha JPYTyI0 (PU3HYECKYI0 MAIIMHYy — JUIsI SKOHOMHH
3JEKTPOIHEPrur, OaJTaHCUPOBKU HArpy3KH, OOecrmedeHHus TOCTYHNHOCTH CepBHca, MpUYEM
nepeMenIeHne MOXKET MPOU3BOIUTHCS KaK BHYTPU, TaK U MEXKAY IEHTpaMHu 00paOOTKH JaHHBIX
(IIOM). Tak kak peandbHbIe OOJAYHBIE CHCTEMBI CIIOKHBI, BETUKH U YACTO HEAOCTYIHBI IS
HaTypHBIX JKCIEPUMEHTOB, B HCCJIEIOBATEIILCKOM COOOIIECTBE HCMOIB3YIOTCS (pelMBOPKHU
(mmatdopmbl) MOJETHPOBAHHUS PACIPEACTCHHBIX UM OONAYHBIX CHUCTEM. AKTYalbHOCTH,
JOCTOBEPHOCTb, THOKOCTh, BO3MOXKHOCTb CO3/aHUsI KpPYITHOMACIITaOHBIX MOJENEH C
UCIONBb30BAaHUEM  OTKphITOro  (peiimBopka  SImMGrid  gokazaHa  MHOTOYHCICHHBIMH
nyonukanusmMu [2], mMOATOMy HMMEHHO OH ObUI BBIOpaH /ISl MOJCIMPOBAHUS OOJIAUHBIX
UH(POPMAIIMOHHO-U3MEPUTEIBHBIX CHCTEM [3], BKIFOYAIONMX, MOMHUMO OOBIYHBIX CEPBEPOB,
dbuznyecKkre U BUPTyaJIbHbIE TaTYUKU .

Bupryaauszanus M runepBu3opbl

Bupryanmsauus — mpouecc, IMO3BOJSIOIMN HECKOJIBKUM H30JMPOBAHHBIM CpElaM C
COOCTBEHHOH OIEpAIlMOHHONH CHUCTEMOM COBMECTHO MCIOIB30BATh AallapaTHBIE PECYpPCHI
koMmrbloTepa Kaxkmas U3 Takux BUPTYaTU3UPOBAHHBIX cpell paboTaeT C BBLACICHHBIMHU i
pecypcaMu — ONEPaTUBHOMN MaMAThIO, BBIUNCIUTENIBHON MOIIHOCTBIO, XPAHWINILEM, BHEIITHUMHU
ycTpoiicTBamMu. briaromaps BupTyalau3alud MOXHO IEpPEKI0YaTbCcs MEXIy Ppa3HbIMU
OTIEpPAIlMOHHBIMH CHCTEMaMH Ha OJHOM cepBepe 0e3 mepe3arpysku [4]. Bupryanuzanus MoxeT
OBbITh anapaTHOM UJIM IPOrPaMMHOM.

Bupryanbhas wMammbaa (BM) — 53T0 mnporpaMMHO ONpEneNsieMblii  KOMIIBIOTED,
M30JMPOBAHHO paboTaromuii Ha (PU3MYECKOM KOMITBIOTEPE, C YCTAHOBJICHHOW C OTHEIBHOM
OIEPALMOHHONW CHUCTEMOM W BBIJIEICHHBIMU pecypcaMu. OPU3MYECKUN KOMIIBIOTEP, HA KOTOPOM
cospgaerca BM, HaspiBaeTcs XOCT-MalIMHOM, a BUpPTyalbHas MalmMHa — rocreBod. Ha ogHon
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¢uznyeckoil MammHe MoOKeT paboTaTb HECKOJIbKO BUPTYalIbHBIX MallMH. BupryanbHbie
MaIlMHBI [TOJIy4aloT JOCTYI K anmapaTrype XocTa 4epes3 THIepBu3op,

['unepBu30p MM MOHUTOP BUPTYaJbHBIX MAalllMH — IporpaMma WIM ammaparHasl cxema,
MO3BOJISIIOIIASL  OJTHOBPEMEHHO TMapajUIeNIbHO 3allyCKaTh HECKOJIBKO BHUPTYaIbHBIX Cpel
(omepanMOHHBIX CHUCTEM) Ha OJHOM XOCT-KOMITBbIOTEpe. [ MIepBH30p 00eCeunBaeT U30JISIUI0
ONEPAllMOHHBIX CHUCTEM JPYT OT APYTa, 3allUTy U O€30MacHOCTh, Pa3/IEICHUE PECYPCOB MEXKITY
paznuunbiMu 3amyiieHHbIME OC 1 yrpaBieHue pecypcamu [4].

AnmnapatHasg BUpPTyalu3aallds — BUPTyalIu3alMs C TOMJICPKKOW  CHEIUATbHOM
MPOLIECCOPHOM apXUTEKTYpbl. B 0Tim4ne oT mporpaMMHON BUPTYJIU3aLN U, C TOMOIIBIO JAHHOU
TEXHUKH BO3MOXXHO HCIIOJIB30BAaHUE M30JUPOBAHHBIX TOCTEBBIX OINEPAMOHHBIX CHCTEM,
yIOpaBIsieMbIX THUIIEPBU30pPOM HampsMyto [5]. AnmapatHas BuUpTyanu3anus oOecreuyrMBaeT
IPOU3BOAUTEIBHOCTh, CPABHUMYIO C IPOU3BOJUTEIBHOCTHIO HEBUPTYAIN30BAHHOM MalllMHBI,
YTO JAaeT BUPTYaJU3alUH BO3MOKHOCThH MPAKTHUYECKOTO MCIIOIb30BAHMS U BIICUET €€ MIMPOKOE
pacnpoctpanenne. Hanbomnee pacrnpoctpaneHbl TexHoloruu Buptryanu3anuu Intel-VT u AMD-
V.

B3aumopeiictBus Mexay rocreBbiMu OC, pabGoTaronmMM Ha OJHOW XOCT-MAalllMHE
IPOUCXO/UT TaK, KaK €cH Obl OHM BBHIMOJIHSUTUCH HAa Pa3HBIX (PH3MYECKUX MAIIMHAX, TO €CTh MO
cetu. CyllecByeT JBa OCHOBHBIX THUIIa rumepsuzopa — Tun 1 (X), aBTOHOMHBIN THIIEPBU30D,
ammapartHblii runepsusop u tan 2 (V) — runepsusop Ha ocHoBe OC.

['unepBu3opbl NEpBOro THUIIA YCTAaHABIMBAIOTCA HEMOCPEACTBEHHO Ha amnnapaTHOM
obecrieucHnu kommbrorepa (bare metal), mmeer cBon apaiiBepsl yCTPOICTB, CBOM ITAHUPOBIIUK
U He 3aBHCcAT 0T xocToBoi OC. OGecreynBaOT BHICOKYIO MPOU3BOAUTEIBHOCTh, UMEHHO OHH
ucnons3ytorcs B IO/l u kKopmnopaTUBHBIX NpuiIokeHUsX. K 3ToMy Tumy OTHOCATCS
runepsusopsl Xen, VMware ESX, Citrix XenServer. KVM wucmone3yer rumnepBu3op MepBoro
THUIIA 17151 XOCTUHTa HECKOJIbKUX BUPTYaAJIbHBIX MALIMH B ONEPallMOHHON cucteme Linux.

l'unepBu3opsl BTOporo Tumna ycranaBiauBaroTcs Ha xoctoBoi OC. ['ocTeBoil Ko MOKET
BBITIOJIHATHCA NPSIMO Ha (U3MYECKOM IMPOIECCOpe, HO AOCTYN K YCTpOWCTBaM BBOJAa-BBIBOJIA
KomrbioTepa u3 rocteBoir OC ocylecTBiseTcs Yepe3 BTOPO KOMITOHEHT, OOBIYHBIN Mpoliecc
ocHoBHOU OC — MOHHTOp YpOBHS mojb3oBarens [4,5]. K TakuM TumepBu3opaMm OTHOCSTCS
Microsoft Virtual PC, VMware Workstation, QEMU, Oracle VirtualBox.

CymectByroT Takxke rubpuanbiii (tun 1+). [UOpUAHBIA TUNIEPBU30pP COCTOUT W3 JABYX
yacTel: W3 TOHKOrO THUIIEPBHU30pa, KOHTPOJIMPYIOLIETO MpOIECCOp U IMaMATh, a TaK¥kKe
cenuanbHOW cimyxeObHoir OC, pabotaromieit moa ero ympasienueM. Yepes cimyxeOnyro OC
rocreBbie OC mosyyaroT A0CTyn K pusnueckoMy o0opyaoBanuio. ITo rurepu3opbl Microsoft
Virtual Server, Sun Logical Domain, OVirt [5].

KonreiiHepHass BupTyanus3auus, KOHTEHHepU3alMs, BHUpPTyalu3alus Ha YypOBHE
ONEPALlMOHHON CUCTEMBI — METOJI BUPTYAJIU3aLlUH, IPU KOTOPOM SIPO ONEPALUOHHON CUCTEMBI
MOJJIEPKUBAECT HECKOJBKO M30JMPOBAHHBIX JK3EMILISIPOB MPOCTPAHCTBA MOJIH30BATENSI BMECTO
OIHOTO. OTH 3K3EMIUISAPbl C TOYKHM 3pPEHMS BBINOJIHSAEMBIX B HHMX IMPOLECCOB HJIECHTUYHBI
OTJACNTBHOMY  JK3EMIUIAPY  ONEpAllMOHHOW  cHCTeMBl. SIapo  oOecrmeymBaeT  MOJNHYIO
M30JIMPOBAHHOCTh KOHTEHHEPOB, MOATOMY MPOrpamMMbl M3 Pa3HBIX KOHTEHHEPOB HE MOTYT
BO3/ICIICTBOBATH JIPYT Ha npyra [6].

Konrelinepsl ucnons3yror spo xocroBoil OC, B koHTelHepe MoxHO 3amyctuth OC
TOJIBKO C TeM Xke SAPOM, 4TO Y XocToBoit OC, mo3TOMY HE HYKHBI JOMOJIHUTEIbHBIE PECYpPChI Ha
amysiuio  obopynoBanus W nonHoueHHyto OC. Ilpumep — LXD Linux xoHTeiHepsI,
koHTteiHepsr Docker [7].

Murpauusi BUPTYaJIbHbIX MAIIMH B 00JIa4HOW cpejae

B pabore oOnaka MOeT BO3HMKHYTh HEOOXOIUMOCTh IepemecTuTb BM Ha npyroif
cepep, nHoraa B apyroit 1[OJI. Murpamuss BM MoxeT moHagoOUThCs TpH OallaHCHUPOBKE
Harpys3Ku, A5l 00ecliedeHHs BBIOJHEHUS YCIOBUIM cOTrjalieHusi 00 ypoBHE OOCITy>KUBAaHMUS, B
clydasix, KOrja cepBepy HE€ XBaTaeT BBIYMCIUTEIbHOW MOIIHOCTH, Ui SKOHOMHU
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9JEKTPOIHEPrUM M YMEHBIIEHHUS YIJIEpOJHOro cjena, a Takke B ciydyae cOoeB B pabore
oOopynoBanus. Jlias SKOHOMUHU 3JeKTposHeprun BM ¢ HeZorpyxkeHHbIX CEepBEpOB
nepeMeIarTcs Ha JPYroil cepBep, a OCBOOOJUBIIMICS CEpBEP MEPEBOIUTCS B CIISAIINI PeXXUM

Hnsa  ocymectBinenuss murpauud BM MOXHO HMIM TOJMHOCTBIO OCTaHOBHUTH, WU
OPUOCTAHOBUTh — TO €CTh OCTAHOBUTHb C COXPAaHEHHUEM COCTOSHHUS BCeX pabOTaroIUX
IPHUJIOKEHUH, TEPEMECTUTD Ha IpyToi cepBep ¢aiin BM u 3amycTuTh ee yke Ha HOBOM CepBepe.
B stom ciyqae BM ocraercs HedOCTymHO#M Ha Bce Bpems mepememnienus. Ito Off-line mm
XOJIOAHAS! MUTPALIUSL.

JluHamuueckas, skuBast, niu ontaH-murpanus (Live Virtual Machine Migration) — meron
nepemenieaus BM, To ectb OC 1 CBSI3aHHBIX C HEH MPUIIOKCHUN C OTHON (PU3MYECKON MaITMHBI
Ha Jpyryio 0e3 mpekpamieHus padOoThl 3alMyIICHHBIX MPUIIOKEHHH, TO €CTh MPHIIOKEHUE
OCTaeTcsl NOCTYIHBIM BO BpeMs Murpanuu. [Ipu ocymecTBieHnu xuBoi Murpanuuu BM Toxe
MPUOCTAHABIUBAETCS, HO BPeMsI OCTaHOBA U HEOCTYITHOCTH 3HAUYUTEIHLHO MEHBIIIE.

Jl1s o1ieHKH Mporiecca MUTPAIUU UCIIONb3YHOTCS CIEAYIOIINE TOKA3aTENH:

- oOuiee BpeMs MUTpaluu — o0Iee Bpems, He00X0AUMOE Ul MUTPAIlMU BUPTYaJbHOM

MAIIIMHBI ¢ €€ XOCT-MaIlIMHBI Ha [1eeByio MammuHy (total migration time).

- BpeMs OCBOOOXKICHHSI cepBepa-ucTouHuKa (eviction time);

- Bpewms mpoctos (downtime). [Tpu BBIONHEHUH JUMHAMHYECKOW MUTPAL[H BUPTYyabHAasI
MalllMHa BCE K€ OyJeT Kakoe-TO BpeMs HEIOCTyIHa (BpeMsl MpoCTosi), TaK Kak
nepemeniaercss BM B cocrosiHum npuoctanoBku (Suspended). DTo BpeMs JOIDKHO ObITh
MHUHUMAJIBHBIM [8].

[IpousBoautensHOCcTh MuUTpanuu (Migration performance) — ato o0iee BpemMss MUTpaIHK
u oOmree Bpems poctosi. DakTopsl, BIUSIONIME HA TPOU3BOAUTEIBHOCTh MUTPAIIMH — IIMPHUHA
I10JIOCHI IIPOIYCKAHUSI KaHaja, 00beM IepelaBaeMblX JaHHBIX, 3aTPaThl CUCTEMHBIX PECYpPCOB Ha
murpanuioo  (Mmigration  overhead).  Takke  MoXeT  paccMaTpuBaThCsi ~ M3MEHEHUE
MPOM3BOUTEIHHOCTH MPUIIOKESHHH, BHITIOJHSIONIMXCS Ha MUTPUPOBABIIEH MalInHE.

JUis  OCyIIeCTBJIEHMsSI JKMBOW MHUIpAallUd HEOOXOAUMO IEPEMECTUTh: COCTOSIHHUE
YCTPOMCTB, ceTeBbIX mnoakatodeHui, OC u BcexX MNPUIIOKEHUM, CTpPaHMIbl ONEPATHBHOMN
namsata (Memory) u, ecnm HYXHO, JaHHBbIE Ha BHemHeM Hocutene (Storage). Jlanubeie Ha
BHEIIHEM HOCHUTENIE HE MEPEHOCATCS, €CIM OHM JOCTYHHBI C LIEJIEBOr0 XOCTa, Ha KOTOPBIH
nepemeniaercs BM, TO ecThb HMCXOOHBIM M ILEJIEBOM XOCT HAaxOIATCA B  KIIACTEpeE,
ucnone3yercst cereBoe xpanwmiuine — Network Access Storage wim Storage Area Network
(NAS, SAN), k koTopomy 00a xocta umMeroT noctyn [9].

CymecTBYIOT ~pa3nuyHbIe TMOAXOAbl K BBINOJIHEHHUIO JKUBOH MHUrpamud — C
IpEIBAPUTEIBHBIM KONMPOBAHUEM CTPAHUIl MAMATH, C IOCT-KOIMMPOBAHUEM U PA3IUYHbIE UX
KOMOUHAIHH.

IMoaxon ¢ npeaBapuTedbHbIM KonupoBanuem (Pre-copy)

[lepBbIMU ITEpEMELIAIOTCS CTPAHUIIBI IAMSITH, 3aTEM BCE OCTAJIBHOE, dTAallbl MUTPALlUH:
1.  Bnibop nepemeniaemoit BM u nieneBoro xocra.

2.  IlpenBaputenbHOE KONMHUpPOBaHUE COCTOSHUS mamsaTd BM Ha meneBoit xoct, BM He
mpeKpamaer padoTel Ha UCXOqHOM Xocte. Tak kak BM He mpekparniaer paboTy, BO
BpeMsI MEePEMEIICHUS HEKOTOPhIE CTPAHUIIBI MOTYT OBITh M3MEHEHBI. I3MeHEeHHbBIE
(«rpsi3HBIE») CTpPaHUIBI TAaK)Ke MEPEMEIIAloTCs, HO BO BpeMs MEpeMEelIeHHUS OHU
TaK)kKe MOT'YT ObITh M3MEHEHBI. [103TOMY 3TOT HIar UTEpaTUBHO MOBTOPSIETCA 0 TEX
1op, NoKa 00bEM CTPAHMI] JJIS IEPEMEIIECHHUS HE CTAaHET JOCTaTOYHO HEOOJIBIINM.

3. IlpuoctaHoBka pabOThl BUPTYyaJbHOW MAaIIMHBI W IEpPEChUIKA COCTOSHHUS (HE
CBSI3aHHOI'O € aMsAThI0). ['MmepBu30p crapaeTcss MUHUMHU3UPOBATH 3TO BPEMSL.
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4. Ilepecbuika  OCTaBIIErOCS  COCTOSHUS ~ TaMaATH  (ocTaBiieecs  HEOOJbIOe
KOJINYECTBO CTPAHUI], U3MEHEHHBIX BO BpEMs BBINOJIHEHMS CTaJUU 2 U yJaleHue
3aBUCUMOCTEH Ha mcxoaHom xocre [10, 11].

5. Tlepemaua ympasienus BM Ha 1eneBoM XOCT€ W BO30OHOBJIEHHE PaOOTHI.

«/loctarouHo HeOosbIION» 00BEM Ul IMepeJauyd Ha mare 2 O3HayaeT Takoil o0beM,
KOTOPBI MOKET ObITh IE€pesiaH 3a 3aJlaHHOE BpeMsi TpuocTaHoBKU BM. DTOT 00beM 3aBUCHUT OT
IPOIYCKHOW CITOCOOHOCTH CETH, a TAKXKe OT HHTEHCUBHOCTH OOHOBJICHUS ONIEPAaTUBHOMN MaMsTH
npu paboTe IPUIIOKEHUH.

Moaxon ¢ mocr-konmupoBanuem (Post-copy)

B mnonaxome ¢ mOCT-KOMMpPOBAaHMEM CHAydala IEPEHOCSATCS COCTOSHUS BUPTYaJTbHOU
MallliHbI, He OTHOCsIMecs K maMsatu (coctosrue LII1), a 3aTeM nepenaroTcs CTPAHUIIBI TaMSITH
BUPTyallbHOH MamMHBI. [JlaBHOE TPEUMYIIECTBO JTOTO IOAXOAA 3aKIFOYAeTCsl B TOM, YTO
KaX/aasi CTpaHWla IMaMATH Ieperaercs He Oojee OJHOrOo pasa, YTO IO3BOJSET H30eXaTb
TyOIMpYIONIMX HAKIATHBIX PACX0/I0B Ha Tepeady Ipy MpeaBapuTeIbHOM KOITMPOBAHUH.

Crpaterus NOCT-KOIMMPOBAHHSI MOXKET 00ECTIEUNTh BHIMTPHIII 32 CUYET COKPAILEHUS O0IIEeT0
BPEMEHM MHTpAllMM TIPU COXPAHEHHH XU3HECIIOCOOHOCTH BHUPTYAJIBHON MAIIMHBI BO BpEMsI
MHUTPaliH, HO BpPEMs IPOCTOSl MPH TAKOM IoAXxojae OyaeT Oouiblle, yeM NpH CTPATErHH C
npeABapuTeIbHBIM KonupoBanueM [10, 11].

Biausinue ckopocTH OOHOBJeHHS omnepaTuBHOH mnamatTu BM Ha Bpemsn
MHUTpalUU

['mnepBu30op mMbITaeTCS MUHUMHM3UPOBATh Bpems ocTtaHOBa BM, 4To0bl OHO OBLIO
HE3aMETHO VI II0JIb30BaTeNed U NpuilokeHui. Hanmpumep, MakcuManbHOE BpeMst IPOCTOs IS
runepsusopa Qemu/KVM (ne-dpakro BM menemkep Linux) mo ymondanuto cocrasiser 30 mc
[12]. Ha sTame nepeHoca cTpaHHI[ TaMATH MPH TPEABAPUTEIBHOM KOMHUPOBAHHH THIIEPBU30P
Qemu/KVM utepaTuBHO KOMUPYET OOHOBJICHHBIE CTPAHUILIBI TAMSTH B MECTO Ha3HAUEHUSs, I10Ka
pa3Mep OCTaBIIMXCS CTPAaHMI] MaMITH HE CTaHET MEHbBIE IMOPOroBOTO 3HAUEHHUsS, KOTOpOe
MO3BOJIUT JAOCTUYb BpeMeHH mnpocTtost B 30 mc. CiienoBarenbHO, BpeMsi MUTPAallUl B OCHOBHOM
3aBHCHUT OT CKOPOCTH OOHOBiIeHUA maMsaTH BM u cereBoil ckopoctu Tpaduka murpanun. BM,
WHTCHCUBHO OOHOBJISIONIAS CTPAHUIIBI MaMATH, TOTpeldyeT OoJjiee IUTEIBHOTO BPEMEHU
MUTpalli¥, U B XyamieM ciaydae (T. €. CKOpPOCTh OOHOBIEHHUS MaMSTH BBIIIE MPOMYCKHOM
CIOCOOHOCTH CETH ), MUTPALIUS HE 3aBEPIIUTCS (T. €. HE COWJETCS B TEXHUYECKOM ILJIAHE).

B [11] moxa3zaHbl pe3yJbTaThl AKCIEPUMEHTOB, HCCICAYIOMMX CKOPOCTh OOHOBIICHHS
namsaTh B 0OJauyHBIX MPUIIOKEHUSX (BeO-cepBep U cepBep 0a3bl JAHHBIX) B 3aBHCHUMOCTH OT
pabouux Harpy3ok. Bpulo moka3aHo, YTO CKOPOCTh OOHOBIICHHS MaMSTH MOXKET OBITH BechMa
3HAUUTEJILHOW MO CPAaBHEHUIO C MPOMYCKHOM ClIOCOOHOCTRIO ceTH. [IpenocraBieH e «HauBHOW»
MOJIENIM, KOTOpas IPOCTO IOJY4YaeT CTOMMOCTb XMBOM MMIPAllUM IIyTEM [IEJIEHUS pa3Mmepa
NaMATH BUPTYaJbHOM MAaIIMHBI Ha JOCTYIHYIO IPOIYCKHYIO CIIOCOOHOCTh CETH, SBJSETCA
HEBEPHBIM, MTOCKOJIBKY CKOPOCTh OOHOBJICHHS MMaMSITU OIpeieNsieT TPOJOHKUTENFHOCTD dTarna 2
(mepeHoc cTtpaHull namatd BM) anroputma npeaBapuTensHOro KonupoBaHus. Kputnuecku
BAKHO YYHUTHIBATh BIUSHUE OOHOBJIEHMI MaMATH, YTOOBI TOYHO OII€HUTH BPEMS MUTpallUU U
TeHEepUPYEMBIH CETEBOM TpaduK.

Kpome Toro, Bpemsi BBIIIOJIHEHHS MEPBBIX JBYX 3TAllOB 3aBUCUT OT AaKTMBHOCTH JIPYIUX
BUPTYaJIbHBIX MAllIMH U pabOYMX HArpy30K, 3alyHIEHHBIX B CUCTEME:

- ceTb — KpoMe Tpaduka KHUBON MUTpAIUU, 110 CETH IMepeAaloTcs Ipyrue AaHHbe. DTO

MOeT ObITh pabouasi Harpy3ka nepemeniaemoid BM nnmn npyrux BM, paboraronmx Ha
TOM K€ CEepBEpe WJIM B TOM )K€ CETMEHTE CETH, TPa(UK OT IPYrux KUBBIX MUTPAIUH.
Bcerna Hago yuuThIBaTH, YTO JAOCTYyNHAs [ KUBOM MHUIpAallMM MPOIYCKHas
CIIOCOOHOCTB CETU JUHAMUYECKU U3MEHSIETCS;
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- KOrja HecKosibko BM pa3MenieHbl Ha OHOM XOCT€, OHU KOHKYPUPYIOT IpYT C IPYrOM
3a noxyuyeHue pecypcoB LIII. DTo comepHMYECTBO MOMKET NPUBECTH K CHHIKEHUIO
MpOU3BOAUTENBHOCTU Kaxkaoi BM. CkopocTh u3MeHeHus namstu (To €CTh MOSBIICHUE
«TPSI3HBIX» CTPAaHUL, KOTOpBIE IEPEMELIAIOTCS HECKOIBKO pa3 BO BPEMs KXUBOU
MUHpAlMH) BUPTYaJIbHOH MAIIMHBl AWHAMHUYECKHM WM3MEHSETCS W3-3a aKTUBHOCTH
npyrux BM, pazMemeHHbIX Ha TOM ke CepBepe.

«HauBHass» Mozeiab BBIYHCISIET BpeMs MUTpalldd KaK COOTHOIIEHHWE o0bhema
nepeMenaeMbIX JaHHBIX U MPOMYCKHOM CITOCOOHOCTH KaHala MUTPAIUu, U 3TO BpeMs 0e3 yueTa
TUHAMHYECKUX W3MEHEHUM OyAeT BBIYMCICHO HempaBuiibHO. ClieoBaTeabHO, TaKOM CIOCO0
BBIYKMCIICHUS BPEMEHU MUTpALlMA HE MOXKET HMCIOJIB30BAaThCSA MPU MOJACIMPOBAHUHU Ipolecca
KUBOW MUTPAILIMH, TaK KaK MPHUBEJCT K OMMOOYHBIM PE3yIbTaTaM MOJCIUPOBAHUS, TAJTCKUM OT
pE€aTbHOTr O MOBEACHHUSL.

®peliMBOPK MOJICTUPOBAHUS IOJHKEH YUUTHIBATh KOHKYPEHIIMIO B BUPTYaIU3UP OBAHHBIX
U HEBUPTYAJIU3UPOBAHHBIX CHUCTEMAX: €CJIIM BUPTYaJbHbIE MAIIMHBI Pa3MEIICHbl HA OIHOMU
bu3nYecKol MalmHe, CHCTeMa JO0JDKHA BBIYHCIATH mpaBuiibHOe Bpems LIIT mis xaxkmoit
BUPTyaJIbHOM MallMHBI. Eciii ceTeBoe COeNMHEHUE UCIOJb3YETCs] COBMECTHO C HECKOJIBKUMU
nepefavyaMy JIaHHBIX, BKIJIIOYAash MHUTPAIlUU, CHUCTEME HEO0OXOJMMO Ha3zHayaTh MPaBUIBHYIO
M0JIOCY TPOITYCKaHMsI JJIsl Kax 104 mepenauu [11].

IpeacraBiaenne BUPTYaJdbHbIX MamuH B Simgrid

Paccmorpum  mHTepdeiic  mporpammupoBanms  S4U  (SimGrid  for  you),
IpEeanoYTUTENbHBIN, a ¢ 2023 rofa riaBHbIA HHTEepdeiic mporpammupoBanus [13]. OcHOBHBIMU
sspikamu S4U sBistorest C, C++. Mogens  Simgrid cocroutr u3 ACIOroB, BBITTONHSIONMX
byHkuuK, 3agaHHBIe  MoJb3oBareseM.  Actor  BemoaHser  aktuBHoctd  (Activity),
IPEICTABISIOIINE BBIYUCICHUS, KOMMYHMKAIIMU, HCIOJIb30BaHUE JHMCKA, TaK, YTO OHH
YUUTBHIBAIOTCS B MOJIETH. AKTUBHOCTH HCIIOJIB3YIOM PECYPCHI — XOCTHI ((PU3NYECKIEe MAIIMHBI —
Host), cBs3u (MuHUSA cBs3M M ceTeBble ycrpoiictBa, Link), mucku (Disk). Simgrid Beramciser
BpeMsl BBIMIOJHEHUS aKTUBHOCTH U YNpaBJseT 3allyCKOM akTopoB. KoMmyHuKammu
OCYIIECTBIISIIOTCS 4epe3 mouToBbie siuku (MailBox). AKTOpBI MOTYT BBIMOJHSTBHCS HE TOJIBKO
Ha (U3MYECKMX, HO W Ha BUpTyaitpHbIXx Mammuax (VirtualMachine). BuprtyanbHas mammnHa
CO3[aeTCs Ha XOCTe, NpPH 3TOM MOXKHO YKa3aTh KOJMYECTBO IIPOLIECCOPOB M pPa3Mep
ONEepPaTUBHOMN MAMSITH.

VirtualMachine *simgrid::s4u::Host::create vm(const std::string &name,
int core amount)
VirtualMachine *simgrid::s4u: :Host:?create_vm(const std: :string &name,
int core amount, size t ramsize)

MoxHO moyuuTh HHpOpMaLKio o padoTtaroieid BM, onpenenuts 1 U3MEHUTh COCTOSIHHE,
TO ecThb crapToBaTh start() U ocraHoBUThH shutdown(), mpuocranoBuUTH suspend() U 3amycTUTH
resume(), Tak *e, Kak 3TO JEJIaeTCsl B pealbHOM MHpE.

JmHamMu4yecass MUTpanus BUPTYaJbHBIX MamuH B Simgrid

Monens >KMBOW MuUTrpanuu, peanu3oBaHHas B Sim(Grid, ocHOBaHa Ha MOJX0JE
npeaBapuTeabHoro konupoBanus. B [11] onucano pacmmpenue runepsusopa Qemu, Co3naHHOe
JUIsl Ucronb3oBanus (perimBopkom Simgrid npu ynpasnenun padotoit BM B mozenu. st
BBIYMCIICHHUS BPEMEHU MUTPAIIUU UCTIOIB3YIOTCS TapaMeTphl:

- R — pa3Mep mamsiti BUPTYaIbHON MaIIMHBI,

- o (GaifT/dyonic) — MHTEHCUBHOCTh OOHOBJICHUS TIaMATH BUPTYyaJIbHOW MAIUHBI,
0003HaYaeT, CKOJIbKO CTPAaHUIl MaMsITH OMEYAIOTCs KaK «TPSA3HBIE» MPHU BBINOJIHEHUH
onHoil onepauus LIl (B Mupe momenupoBanusi). Ho nns koHEYHOro nosb3oBaTess
yKa3aHHEe 3TOT0 MapaMeTpa MOXKET ObITh 3aTPyAHUTENHHO, IOITOMY €r0 MOKHO YKa3aTh
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yepe3 00beM H3MEHseMbIX naHHbBIX (T. €. MO/c) mpum 3arpyske IIII na 100%
(mpeoOpa3zoBaHKe 3aTE€M BBIUYMCIIACTCS BHYTPEHHE, CBSI3b MOKa3zaHa B [11]).

Pacumpenne Qemu 1o3BOJSET MOJIy4YaThb WHTEHCHUBHOCTh OOHOBJIEHUS IaMATH
KOHKPETHON BUPTYabHOM MAaIIMHBI, CJIEI0BATEIIbHO, MOXHO OMNpPEAeINTh HHTEHCHUBHOCTH
OOHOBIIEHUS MaMSTH JUISI U3ydaeMoil paboueil Harpy3ku. Bo BpeMs KUBOW MUTpallU MOJENb
MOBTOPSIET Tepeaady JaHHBIX 10 KOHIla 3Tama 5 (mepemadya OCTaBINCHCS HEOOJBIION MOPIIHH
CTpaHHII TTaMSITH ).

Pasmep nmanHbIX 1-i mepemaum ompexensercss kak X; Oait. Ha stame 1 anaroputm
IIPEABAPUTEIBLHOTO KOIIMPOBAHHUS OTIPABJISET BCE CTPAHHUIIBI IMaMATH, T. €. X1 = R. Ha arame 2
QITOPUTM OTIIPABJISET CTPAHULIBI MaMsATH, OOHOBJIEHHBIE BO BpeMsl IpeablAyIled Iepenadu
manHbiX. B [11] moka3zaHo, YTO CKOpPOCTh OOHOBJICHHS IMaMSATH TPOMOPIHOHAIBEHA YPOBHIO
3arpy3ku L1, To ecth pasmMep OOHOBJICHHBIX CTPAaHUI] MAMSITH BO BpeMs Iepefadd JTaHHBIX
MpOINOpIUOHANeH o0memMy KonuuecTBY pgojeit L[II, HazHayeHHBIX BUPTyadbHOW MaIlMHE B
TEUYeHHue HTOro nepuona. Takum obpa3om, pa3Mep mepefadn JaHHBIX CleAyromei (Gpa3bl MOXKHO
ompenenuTh Kak Xj+1 = min(oSi; RO), rae Si (mmaBaromme omepamuu, flops) — 3To obmee
koinuecTBo nonei LI, HasHaueHHBIX BUPTYyaIbHON MalllMHE BO BpeMs i-il mepenaun JaHHbIX, a
Ro — pasmep mamsru pabGouero Habopa (HaOOp CTpaHMI] MaMSTH, UCIOJIb3YEMBIX BO BpeMs
BBITTOJIHEHUSI OTepaliu), UCIOJIb3YyeMOro MPUJIOKEHHUSIMH Ha BUPTYyaJbHOM MammHe. Pa3zmep
OOHOBJICHHBIX CTPaHUIl TAMATH HUKOT/Ia HE TIPEBHIMIAeT pa3Mep padouero Hadopa [11].

OpeiiMBOpK MOJAETUPOBaHUS (HOPMYyIUpPyeT HAOOpP OTpaHWUYCHUW JUIS OIMpPEIeIICHUS
MPOJOJKUTEIbHOCTH K10 Tepelaul JaHHbBIX, UCXO/ISl U3 CKOPOCTHU CETH, 3aJCPKKU U IPYTUX
3aJa4 CBS3U, MWCIOJB3YIOIIMX TO JK€ CETeBOe coeAuHeHue. Ecnu 3agaHa MakcuMasabHas
IPOMYyCKHasi CHOCOOHOCTh TpadMKa MHUTPALUHU, MOJEITh KOHTPOIUPYET CKOPOCTh Ieperavu
JAHHBIX MUTPAIMU TaK, YTOObI HE MPEBBIIIATH 3Ty MPOMYCKHYIO CIOCOOHOCTh. DTOT MapaMeTp
cooTBeTcTBYeT migrate-set-speed API libvirt [14].

[Ipn mnepenade [aHHBIX MUTpAllMd MOJENb OLEHHUBAET JOCTYIHYIO MPONYCKHYIO
CIIOCOOHOCTH JUI TEKYIIEH KUBOW MUTPAIMU TaK K€, KaK 3TO JeJIaeT TUIEPBU30p B pPEalbHOM
mupe. Tekylas mpomycKkHas ClOCOOHOCTh TpauKa MUTPALMU BBIYUCISIETCS IMyTeM JeTeHUs
pa3Mepa OTHpaBJISIeMbIX JAaHHBIX Ha BpeMs, HEOOXOoAMMOEe i OTHPaBKU JaHHBIX. JTO
pacueTHOE 3HAUEHHE HCIOJIb3YeTCs NJs OINpeAeieHHs MPHEMIIEMOro pa3Mepa OCTaBIIMXCS
JAHHBIX TPU MUTpAalMK Ha 2 3Tamne (mepenava cTpaHull naMsaT). Eciu MakcumanbHOe Bpems
npoctos coctapsieT 30 Mc (T. €. 3HaYeHue 1o ymoirdanuio Qemu), a mponmyckHasi CoCOOHOCTh
Tpaduka MUTpanuu onieHuBaeTcsa B 1 ['0ut/c, Ha ATane 3 momwkHO ocraBaThes MeHee 3750 KO
(MU3MEHEHHBIE CTpaHULIbl). MexaHW3M MUTpPALNU TMOBTOPSIET UTEpaluio dtana 2 (mepeaavy
CTpaHHI[ MMaMATH), TTOKa 3TO yCjaoBHE He Oyaer BoimonHeHo. Ha stame 4 momens [11] cozmaer
3aJady CBs3M pazMepoM Xn OalT i mepeqadd ocTaBIIUXCs cTpaHul] mamstd. [locne
3aBEpUICHMS 3TOM NOCIEAHEN 3a7a4M cUcTEMa IMEPEKIII0YAeT XOCT BHIIIOJIHEHUS BUPTyaJlbHOMN
MAaIllMHbl Ha TYHKT Ha3HAUYEHUSL.

Pacmupenue (maarun) live_migration
Jlns MojeaupoBaHuUs KUBOM MHUTparuu B Simgrid ucmonssyercs miarud live_migration,

ero HEOOXO0IMMO UHUIHUUPOBATH c MTOMOIIBIO byHKIIHNA void
sg_vm_live_migration_plugin_init(). =~ Tlmarus  1O3BOJIAET  YCTAHOBUTH W  IOJYYHThH
WHTCHCHBHOCTh ~ W3MEHeHHs mamsatd  —  GyHknud  Sg_vm_set dirty page_intensity,
sg_vm_get dirty_page_intensity;  oTcie:xxuBaTh ~ M3MEHCHHE  CTpaHUIl —  (QYHKIHH

sg_vm_dirty_page_tracking_init, crapt ortcnexuBanus Sg_vm start dirty page_tracking, wu
ocraHoB Sg_Vm_stop_dirty_page_tracking; ycranaBnuBarh u moJiydaTh pa3mep pabouero Habopa

— byHKIITH sg_vm_set working_set_memory, sg_vm_get working_set_memory;
yCTaHABJAMBAaTH W [OJydaTh CKOPOCTh  MHIpamuud —  Sg_Vm_set migration_speed,
sg_vm_get migration_speed(const_sg_vm_t vm); 0Jy4arTh BpEMsI OCTaHOBa

sg_vm_get_max_downtime(const_sg_vm_t vm).
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BupryaneHad MammHa A8 MHTpPalMM - CO3JAeTCs € MOMOINBIO  (DyHKIMH
sg vm_t sg vm create migratable(sg host t pm, const char* name, int
coreAmount, int ramsize, int mig netspeed, int dp intensity).

[Mapamerper — Qu3uyeckas MammHa (XOCT), Ha KOTOpod cosmaercs BM, ums BM,
KOJIMYECTBO TMPOIECCOPHBIB siaep, pasmep omeparuBHoW mamsatu (OIl), ckopocts ceTw,
WHTEHCUBHOCTH 0OHOBIeHUs OIT.

Murpanus ocyuecTBisiercs QyHKIMeH sg vm migrate (sg vm t vm, sg host t
dst_pm), mapaMeTpamu SBJIIOTCS UM BM 1 X0CT, Ha KOTOPBII €€ epPEMEILAOT.

PaccmoTpuM npuMep MCIoNIb30BaHM IJIAarMHA Ha TUIaTopMe, TOKa3aHHOH Ha pucyHke 1.

[Tpu 3anycke moaenu B L{OJ] BkirogaeTcst TONBKO oauH cepBep — KoHTposutep L[O/] cbl,
OCTaJIbHBIE CEpBEPHI 3alyCKAIOTCS B 30HE (M3MYECKUMX MamMH. MalluHbl BHYTPH 30HBI
(HU3MUEeCKUX MAIIMH CBS3aHbI MEXAY cO00i CEThI0 C MPONMYCKHON crocoOHocThi0 116/, Kak u
kouTposuiep LIOJ] ¢ 3oHOM ¢u3mveckux mammH. 30Ha mojik3oBarenei cBs3piBaercs ¢ [{O/] mo
MeJUIEHHOH JINHUM ¢ TPONyCKHOU criocoOHocThI0 10MO/c.

B npumepe Ha ¢u3ndeckoit MmammHe co3natotcss BM i MUTpHpYIOT Ha pa3Hble (PU3NYECKHE
MalllMHbI, CHaJyajla U3 30Hbl (pu3ndeckux mamuH B ToM ke [{O/l, moTom Ha MalMHy K3 30HBI
I10JIB30BATENEH, OTCIEKUBAETCS BPEMs IPOCTOSI U BPEMSI MUTPALIUH.

30Ha nonvsosartenen

Orser

3anpoc

Konrtponnep UOA

! | : Cepsep
3anpoc 2 6anaHCUpPOBKM Harpysku
g Web-cepsep
Cepsep NprNoXKeHUH
Cepesep 64
Knacrep $umamnyeckux
3oHa UOA MalWnH

Pucynok 1 — LlenTp 00pabOoTKM JaHHBIX C 30HOW (U3NUECKUX MALIMH U 30HA
noJsip3oBarenei [15]

OyHKIUSA METpaIKK KpaitHe mpocta [13]:
static void vm migrate (sg4::VirtualMachine* vm, sg4::Host* dst pm)
{

const sg4::Host* src pm = vm->get pm();

double mig sta = sg4T:Engine::get:clock();

sg_vm migrate(vm, dst pm);

double mig end = sgé4::Engine::get clock();

XBT_INFO("%S migrated: %$s->%s in %g S, Speed %g downtime %g",
vm->get cname (), src pm->get cname (),
dst_pm—;get_cname(),_mig_end_— mig sta,
sg_vm get migration speed(vm), sg vm get max downtime (vm)) ;
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B Ttabmune 1 mnpexacraBieHO BpeMs MHUTpPAMKA € OJHOW (U3MYECKOW MAaIIMHBI Ha
npyryto BayTpu LIOJI. Murpupyrort no ouepenu: oana BM c onepatuBHoil mamsreio 1 I'6
(ctpoka 1) um omna ¢ nmamsareto 100 M6 (2), ise BM ¢ oxHoli mammHbl Ha Apyryro (3), aBe
BM c¢ onHOW MammHBI Ha JIBE pa3HbIX MamuHBI (4,5). YBennueHWe BpPEeMEHU MUTpAIlUH B
ciydasx 3-5 oOycCOBJIEHO OJHOBPEMEHHOM mepefayeil CTpaHMI] MaMATH MO OJHOM JIMHUU
CBs3U (OT OAHOM (PM3MYECKOIN MAINHBI).

Tabnuua 1 — Bpemst murpauuu BM B cetn 1 '6/c

Ne | HUcTounuk IlpuemHuk Cetp Bpewms Bpewms
dM Kom-so | OIT dM Kom-Bo MpOCTOS, MHTPaLAH, C
BM BM c

1 pm1-0.pm 1 1T'6 pml-1.pm 1 1T'6/c 0.03 1.08716

2 pm1-0.pm 1 100M6 [ pml1-1.pm 1 1T'6/c 0.03 0.112931

3 pm1-0.pm 2 1T'6 pml-1.pm 2 1T6/c 0.03 2.16963

4 pm1-0.pm 2 1T'6 pml-1.pm 1 1T6/c 0.03 2.16963

5 pml-2.pm 1 1I'6/c 0.03 2.16963

B tabnuue 2 npeacraBieHo BpeMsi MUTpaLlMU ¢ 01HOM (usnueckoi mamHbl BHyTpu L{O/]
Ha JpYTyI0 MallMHY U3 30HbI I10Jb30BaTENEH, C MEJUICHHON JIMHUEH CBSI3H.

Tabnuua 2 — Bpems murpanuu BM B cetu 10 M6/c

No | HcTounuk IIpuemuuk Certb Bpems Bpewms
oM Komn-so | OIl oM Kou-Bo pOCTOS, MHUTpaIMH, C
BM BM c

1 pml-1.pm 1 1T6 u-0.uz 1 10 M6/c 0.03 108.641
2 pml-1.pm 1 100M6 | u-O.uz 1 10 M6/c 0.03 11.2183
3 pml-1.pm 2 1T6 u-0.uz 2 10 M6/c 0.03 216.888
4 pml-1.pm 2 1T6 u-0.uz 1 10 M6/c 0.03 216.888
5 u-0.uz 1 10 M6/c 0.03 216.888

Pesynbrar oueBuaeH, Tak kak Ha BM HET akTOpOB, OHU HE U3MEHSIIOT CTPAHUILBI, I0ITOMY
BO BpEMs MUTpAIMU IPOCTO OAWH pa3 Konupyercs Bcs namsarb. Bpems npocros (30 Mc), nnu
BpeMst HeiocTyntHOcTH BM, He MeHsieTcs, Tak Kak HeT U3MEHEHHBIX CTPaHULL.

3akjgwo4yenue

B 00na4HBIX BBIYMCICHHUSIX MUTPALUS BHUPTYATbHBIX MAIIMH MEXKIY CEpBEpaMH YacToO
CTAaHOBUTCS HEOOXOMMMOM JUIsl ajanTalud K HM3MCEHSIOMIMMCS YCIOBHsM. Tak Kak Bpems
IPOCTOS. W HENOCTYIHOCTH BUPTY&IbHOM  MAIIMHBI  JOJDKHO OBITh  MHHHMAIBHBIM,
OCYILECTBJISICTCS IMHAMUYCCKas (JKUBAst) MUTPALHSI C MIPEJI- WK [TOCT- KOMUPOBAHUEM CTPAHHII
onepatuBHOW mnamsaTd. [lns HWCCiaeAOBaHUs OOJAYHBIX CHUCTEM H3-32 JIOPOTOBHU3HBI HIIH
HEIOCTYITHOCTH HATYPHBIX 3KCIIEPUMEHTOB HCIOJB3YIOTCS MMUTAIMOHHBIC MOJIEIN OOIAaYHBIX
CHUCTEM, B KOTOPBIX JOJKHBI OBITh MPEICTABICHBI M (U3HYCCKUE, U BUPTYAIbHBIC PECYPCHI, a,
CIICIOBATENIbHO, U MUTPAIHMs BUPTYAIbHBIX MAlIMH. B cTaTrhe pacCMOTPEHO pacCHIMpEHUE IS
MOJICTTUPOBAHUsSL JKUBOW Murpainuu ¢peiimBopka Simgrid, wucnomib3yromiee TMOAXOT C
IpeIBApPUTEIbHBIM KOMHMPOBAHHEM, OIKMCAaH PacyeT BPEMEHHM MHUTPAIMU C YYETOM CKOPOCTH
M3MEHCHHU S ONIEPATUBHOMN MAMSATH U KOHKYPUPYIOIIETr0 CETeBOr0 TpaduKa, MPUBEICHBI IPUMEPHI
MCTIOJIb30BAHMUS IITarWHA.
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