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Crarby, BOLICIIINE B HACTOAIIUM COOpPHUK, OCHOBaHBI Ha JOK/IaJaX, NPEICTaBICHHBIX Ha
pacIImpeHHOM ceMUHape «MeToapl CyImepKOMITBIOTEPHOTO MOIETUPOBAHU), KOTOPBIH MPOXOIHIT
21-23 anpens 2015 r. B . Tapyca Ha 6a3e roctTuHHILB! «IHTEpKOCMOC» [0CynapCTBEHHOTO OrOmKET-
HOro yupexjeHus Hayku MHctutyta kocMuueckux uccnenosanuii PAH (MKW PAH). Dto ouepen-
HOIf CeMHHAap U3 CEPUH PACIIUPEHHBIX CEMHHAPOB, TTOCBAMIEHHBIX BRITHCIUTEIBHBIM TEXHOIOT UM
B €CTECTBEHHBIX Haykax. Ha mepBoM ceMHHape paccMaTpHBAINCh BOIIPOCH KOMIILIOTEPHOIO MO-
JEeIMPOBAHUS aKTyalbHbIX 3a4a4 (PU3UKU U MEXaHUKH, €ro Tpyasl u3fansl B 2009 r. B Beimycke 1
(Tpymsr cemuHapa MO BEIYHUCIATEIHHBIM TEXHOIOTHSIM B €CTECTBEHHBIX Haykax. Beim. 1. Beraucnu-
tenpHas Gusnka / [Tox pexa. P.P. Hazuposa. M.: KZ1V, 2009. 288 c.); Bropoii ceMunap ObL1T MOCBs-
EH 00CYKACHUIO (U3MYECKUX M MEAUIMHCKUX ACIEKTOB UCCIIEJOBAHUS CIIOXKHBIX HEIMHEHHBIX
(U3MYecKrX MPOIECccoB B OpraHm3Me dernoBeka (MeToasl HEMHMHEHOTO aHanM3a B KapAHOIOTHH
1 oHKoyoruu: dusnveckne MOAXObl ¥ KIMHUYecKas npaktuka. Beim. 2 / Tlox pen. P.P. Hasupo-
Ba. M.: KZTV, 2010. 206 c.); Ha TpeTbeM CeMHUHApe 00CYKAANUCH IPOOIEMbI KOMIIBIOTEPHOIO MO-
JeNUpOoBaHNA 3a4ad Omonorun u xuMun (Tpyasl ceMHHapa MO BEIYUCITHTENFHBIM TEXHOJOTHAM B
€CTECTBEHHBIX Haykax. Boin. 3. Beruncnurenbaas xumust u ouonorus / [lon pex. P.P. Hasupoga,
JL.H. Ilypa. M.: KTV, 2010. 118 c.); Ha ueTBEPTOM — ITpOOIEMBI TEXHUYECKOT0 3peHus (TexHuue-
CKO€ 3peHHe B CUCTeMaXx yIpaBiIeHHst MOOMIHHBIMU 00bekTaMu-2010: Tpymbl HayIHO-TEXHUIECKOM
koH(pepeHun-cemunapa. Beir. 4. / Tlox pen. P.P. Hasuposa. M.: KJIV, 2011, 328 c.). Ha yeTBepTOom
ceMMHape 00CyKJalliCh BOIIPOCH MOJIEIUPOBAHUS COObITUH M100anbHbIX MacTaboB (Tpyns! ce-
MHHAapa MO BEMUYHUCIUTEIBHBIM TEXHOJIOTHSAM B €CTECTBEHHBIX HayKax. CHCTEMbI IITI00aTBHOTO Mac-
mraba / [Toxn pen. P.P. Hasuposa, JL.H. Illypa. M.: UKW PAH, 2011, 148 c.). [Iareiii cemuHap ObLT
IIOCBJIICH TEMC I/ICCJ]C,I[OBaHI/Iﬁ B o0OmacTu MNEPCICKTUBHBIX KOMIIBIOTEPHBIX CHUCTEM, C aKIICHTOM
Ha 00Cy>KI€HHE KOHLENTYallbHbIX I10JX0J0B, pa3pab0TKe HOBBIX METOAOB U yCTpolicTB (Tpynsl ce-
MHHapa BeraucianTensHble TEXHOIOTHH B €CTECTBEHHBIX HayKaxX. [lepcrieKTHBHBIE KOMIBIOTEPHEIC
CHCTEeMBI: ycTpoiicTBa, MeTonsl U koHuenuuu. / [Tox pen. P.P. Hazuposa, JI.H. Illypa. M.: UK
PAH, 2011, 192 c.). Ha mectoM cemuHape ObLIM OOCYKAEHBI allTOPUTMBI U METOIbI B 00IACTH
BBIYUCITHUTENBHON (QI3HUKH, MPIYEM O0COOBII aKIeHT Jeajcs Ha 00CYKICHNH MOTyIeHHBIX HOBBIX
¢dbusnyeckux pesynabrarax. MaTepuassl 5TOr0 ceMuHapa MOXKHO HalWTH Ha CTpaHUIAX CEeMUHapa
http://www.iki.rssi.ru/seminar/. CenpMoil ceMuHap nosryuus Ha3paHue « M H)OKOMMYHUKAIlMOHHbIE
TEXHOJIOTHHU B HAayYHBIX MCCIECOBAHUAX» M €TO MaTePHabl ObIIM M3IaHEI B IBOWHOM HOMEpE Kyp-
Hana «Mudpopmannonnoe oduecto» (Boimycku 1-2, 2013). BocbMoii ceMunap, Kak U HbIHEIHUH,
HOJTy4uJI Ha3BaHUE «MeToIbl CYyNEPKOMIIBIOTEPHOIO MOZIEJIUPOBAHUSD. DTO CBSI3aHO C TEM, IIPOBe-
JICHHEe CEMIHAPOB C TAKOH TeMATHKOH MOJIeP:KaHO B paMKaX BBITOTHEHHS HayYHBIX HCCIIEIOBaHIH
o rpanty PH® 14-21-00158 «Pa3paboTka anropuTMOB U METOJOB JUIsl 337a4 MareMaTH4eCKOro
MOJZIENIUPOBAHUS Ha CYNEPKOMIIBIOTEPHBIX CHCTEMaX, BKIIIOUasi FTHOpuiHble» BaxHas 0cOOEHHOCTD
PaCIIMPEeHHBIX CEMHHAPOB COCTOUT B MPHBIICUCHIN MOJIOIECKH K aKTUBHOMY yJacTHIO B KaueCTBE
noxnagunkoB. Kak mpaBuiio, 6osee MONOBUHBI JOKIAA0B JETAl0TCA MONOABIME HCCIEIOBATEISIMH.

Kniouesvie cnosa: MareMaTH4eckoe MOAEIUPOBAHUE, THOPUAHBIE KOMIIBIOTEPHBIE CUCTEMBI,
MOJICTTHPOBAHNE HA CYTIEPKOMITBIOTEPAX, METOABI H alTOPHTMEI TTAPAIIICIIBHBIX BRIYHCICHHUH.
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BBEJEHUE
METO/bl CYNEPKOMMbIOTEPHOTO MOAENMPOBAHMS»

Yurarento npemiaratorcsi n30paHHble CTaTbU, HAITMCAHHBIC HA OCHOBE INPHIVIALLICH-
HBIX JIOKJIAJIOB HA O4€PETHOM 9-M pacIIMPEHHOM CEMUHAPE 110 BHIYUCIUTEIbHBIM Me-
ToJaM B ecTrecTBo3HaHMU. [1og HazBaHMeM «MeTo/bl CyNepKOMITBIOTEPHOTO MOJEIH-
poBaHus» ceMuHap OblI poBeseH 21-23 anpens 2015 roxa Ha 6aze «MHTEpKOCMOCH
NuctutyTa xocMuueckux uccnenoBanuid Poccuiickoit akanemun Hayk. Kak v npenbl-
OyUIMHA, CeMHHap ObUI MOCBSIICH METOAAaM U IPAKTHKE pa3paObOTKH M MPUMEHEHUs
METOZI0B MOJIEJIMPOBAHUS HA CYNEPKOMIBIOTEpAX Ul PEIICHUs 3a7ad B pa3IUYHBIX
00JIaCTSAX €CTECTBEHHBIX HayK, a TAaK)Ke BOINPOCAaM NMPUMEHEHHs HOBBIX MH(OpManu-
OHHBIX ¥ TEJICKOMMYHHUKAIIHOHHBIX TEXHOJIOTHH MPH MPOBEACHUH HCCIICA0BaHUH B 00-
JIACTU €CTEeCTBEHHBIX HayK. Oco0oe BHUMaHHE ObUIO YAEJICHO HOBBIM pa3padoTKaMm,
U7esIM U METO/IaM, a TaKKe IPKUM pe3yiibTaTam, JOOUThCS KOTOPHIX 0e3 MPUMEHEHHUS
COBPEMEHHBIX METOAOB NPOBEIEHHS MOAEIUPOBaHUSA U 0€3 HCIIOIb30BAaHHUS HOBBIX
MH(POPMAIIMOHHBIX U TEJICKOMMYHHUKAIIMOHHBIX TEXHOJIOTHH OBLIO Obl 3aTpyJHUTEIIb-
HO MJIM HEBO3MOXKHO.

Oco00OCHHOCTh MPOBOJAMMBIX HAMH HAYYHBIX CEMHHAPOB [1—8]| COCTOUT B aKTHB-
HOM YYacTHH MOJIOJIBIX HAay4YHBIX COTPYAHHKOB M aCHHPAHTOB, YUCIO KOTOPBIX CO-
CTaBJISICT IPUMEPHO 10JIOBUHY YUACTHUKOB. [lpyrast 0cOO€HHOCTb IIPOBOIMMbIX HAMHU
pacIIMPEHHBIX CEMHUHAPOB COCTOMUT B TOM, YTO B MX paMKaX MPOBOJWINCH HAy4HO-
y4eOHbIe CEMHHAPHI C MIPUMTALICHHBIMHU CTYIEHTaMH, KOTOPBIE JICA0OT TIEPBBIC Iaru
B Hay4YHBIX UCCIIEJOBAHHAX 110 TeMaTHKe ceMuHapa. Enie oqHa 0coOeHHOCTh ceMHHa-
POB, HauKWHas C BOCBMOI'0, COCTOUT B TOM, 4YTO MX MPOBEACHUE MOIEPKaHO TPAHTOM
PH® 14-21-00158 «Pa3paboTka aaropuTMoB U METO/IOB JUIS 337184 MaTeMaTHIECKOTO
MOZIETIMPOBAHMSI HA CYIIEPKOMIIBIOTEPHBIX CUCTEMAX, BKJIIOYAsi THOPUAHBIE) (PyKOBO-
mutens Ulyp JL.H.)

Ha cemunape 6bu1 ipeacTaniied 21 yCTHBIN JOKIaM U S CTEHIOBBIX JOKIJIAT0B.

Cotpynnuk MuctuTyTa KocMuueckux uccnenosanunit PAH (r. Mocka) Mouceen-
ko Cepreii I puropreBuu npenctaBui Jokiuan «MoaearupoBaHue KoJularca XoJI0aHOTo
OBICTPOBPAIIAIOLIETOCS IPOTO3BE3AHOTO obaka» [9]. [lmoTHOCT 001aKa MEHsIETCS Ha
MHOT'0 TOPSAKOB, YTO IOTPEOOBAIO MCIIOIb30BaHUS 0CO00M peanu3anny pa3HOCTHON
cxeMbl. [IprMeHsIach NOTHOCTHIO KOHCEPBAaTHBHASL HESBHAS ONEPaTOPHO-PAa3HOCTHAS
cxema B JlarpamkeBbIX KOOpIWHATAX U TPEYTOJIBHAS CETKA MEPEMEHHON CTPYKTYpHI.
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bbun MccnenoBaHbl HeCTAMOHAPHBIE MAarHUTOPOTAIL[MOHHBIE MPOLECCH B 3aMarHu-
YEeHHOM OOIlake. DTOT pe3yNbTar MOyYeH B Pa3BUTHE JOJOKEHHOW Ha MPEAbIAYIIEeM
cemuHape padotsl [32].

Hoxnan Peibakuna bopuca Ilerposuua [10], corpymauka MI'Y um. M.B. Jlomo-
HocoBa (I. MockBa), ObUI MOCBSILEH MOJICIUPOBAHUIO TPEXMEPHBIX T'a30IUHAMUYC-
CKHMX 3aJ1a4 Ha MHOTOIIPOIIECCOPHBIX TUOPUTHBIX KOMITBIOTEPAX.

Kypagenko Anaronwmii BukTopoBuY mpenctaBui paboTy TPYIIBI COTPYIHUKOB
HAay4YHO-HUCCJIE0BATENBCKOI0 LIeHTpa « KypuaTroBCKUiA MHCTUTYT», B KOTOPOU U3JI0KEH
pa3BUBAEMBI TPYIITION MOIXO 1O MPUMEHEHHIO 00IauHBIX CUCTEM JJISl PEIICHHS 3a-
Jau cekBeHupoBanus [11].

JIBa moxiana ObUTH MTOCBSIICHBI IPYTO aKTyallbHOU TeMe — APPEKTHBHOCTH 00-
paboOTKH CeMCMUYEeCKUX JaHHBIX W MOAETUPOBAHHIO MPOIECCOB CEHCMUKH. JTO pa-
0ota koyiekTrBa KasaHckoro rocynapctBeHHoro yuusepcurera (r. Kazanb), KoTopyro
npeacraswi bupsuibues EBrennii Bacunbesnu [12] u pabota kosexTnBa MoCKOBCKO-
ro (PM3UKO-TEXHUYIECKOTO MHCTUTYTA (T. Jlonronpyansrii), KOTOPYIO mpeacTaBuil Xox-
noB Hukomait Uropesud [13].

[TamxoB Jlennc BuranseBud (MOCKOBCKHMI HHCTUTYT 3JIEKTPOHUKH U MaTeMaTH-
k1 HarnmoHanbHOTO MccenoBaTeabcKoro yHUBEpcuTeTa «Bpicias 1mkoia 3KOHOMHU-
Ki», T. MOCKBa) W3JIOXKIIT TTOJIXO] TIO CHHTE3Y allTOPUTMOB IIOCTPOSHUS JOBEPEHHBIX
nH(pOPMAITMOHHEBIX cucTeM [ 14].

[lepBriii geHp paboThl KOH(EPEHIINN 3aBEPIIMIICS TPATUIIMOHHBIM IOKIIAIO0M-
Y>KUHOM, KOTOpPbIM mpencraBuin taHaeM u3 Cankr-IlerepOyprckoro yHuBepcuTera,
borganoB Anexcannp Bnagumuposuu u [sarrapes Anexkcanap bopucosuu. B nokna-
ne «CymnepKOMITBIOTEpHBIE TEXHOJIOTHH 0e3 CyNEepKOMIIBIOTEPOB: KaKue 3aJadd MbI
MOXKEeM, a KaKue ToKa He MOXKEM permuThy [15] ObIT M3I0KEeH B3I HA TIPOoOIeMy
pereHus 3a1aq, TpeOyImuX OOIBIIIOr0 00beMa BEIUNCICHIH, C UCTOPUICCKAM JHIC-
KYpPCOM U M3JIO)KEHUEM JIMYHOTO OIBITa. DTOT JOKJIaa ObUT 0CO00 MHTEPECEH MOJIO-
JBIM HCCIIEN0BATENSIM, TTOCKOJIBKY HEKOTOPBIE M3JI0KEHHBIE TOKIaJUMKaMH UCTOPUU
IIPOM3OIIIIH 3a/10JITO 10 POXKAEHUS MOJIOABIX CITyIIaTeNeH.

C mpakTHUYeCKOTo pelieHHs psijia 3aTPOHYTHIX B JIOKJIaJle-yKUHE MpoOieM Hava-
JIach YTpeHHsis ceccusi. B nokmiane pykoBoautens crapeiiniero B Poccun axynprera
BBIYHMCIUTENbHON MaTeMaTuku 1 kubepuetnku (Hikeropoackuii rocymapcTBeHHBIN
yausepcurteT uM. H.W. Jlobauesckoro, . Huxuuii HoBropos) ['eprenst Bukropa Ilag-
JoBHYa OblJIa M3JI0KEHA METOJUKA PEIeHUs 3a/1a4 1100aIbHON ONTUMHU3aLUH, KOTO-
pas UMEEeT MEPCIEKTUBBI UCIOIb30BAHUS Ha KOMIBIOTEPAX CIEAYIOLIETrO IECSITUIIE-
Tus [16].

KozenkoB Amnpapeit Cepreesuu (Poccuiickuii QenepanbHbIi sIIEPHBIA IEHTP
BHUND®, . Capos) npeactaBuil paboTy KOJUIEKTUBA H3BECTHOTO SEPHOTO UCCIEI0-
BaTeNLCKOTO IIEHTPA 0 pa3paboTKe MPOTPaMMHOT0 00eCIIeueHus I PeIICHHUS UHITY-
CTPHAJNBHBIX 3aJ1a4, TPEOYIOIINX TUTAHTCKUX 00BEMOB BBIYUCICHUS C TPUMEHEHUEM
MOJETUPOBAHUS TUAPOIUHAMUUIECKUX TTporieccos [17].

KonnektuB uccnenoBareneil SpociaaBCKOro rocylapCTBEHHOTO YHHUBEPCUTETA
uM. IL.T. leMu0Ba, COCTOSIIMM KaK U3 MaCTUTBIX YUEHBIX, TAK U IOHBIX UCCIIEA0BATE-
JIed, MONENUIICS yCeXaMu B YMCIIEHHOM HCCJIEIOBAaHUU 33134, UMEIOIUX KaK YUCTO
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TEOpPETUYECKoe, TaK M Cyry0o MpakTHYecKoe 3HaueHHue. PyKOBOAWTENb KOJIEKTHBA
I'me3un Cepreit IMUTpHUEBUY M3N0XKMUI pa3pabaTbiBaeMbld UM MOAXOJ K UCCIIeI0Ba-
HUIO HEKJIACCHUYECKUX PENIAaKCAIIMOHHBIX KOJIeOaHnH, BOSHUKAIOIINX B HEOECHON Me-
xaHuke [18].

Hoxnansl ero monoasix koiier, Anemnda Ceprest Binagumuposuua [19] u @po-
noBa lanuuna Anekcanaposuya [20], ObIIM MOCBSIIEHBI HCCIICAOBAHUIO TOBEICHUS
JUHAMMUYECKUX CHUCTEM C 3alla3bIBAHUEM M aBTOMAaTH3allMU MOJEIMPOBAHUS 3a/ad
T dy3ur Ha THOPHUIHBIX BEIYHCIUTEILHBIX CUCTEMAX.

B nmoxmagax cremyromiei ceccuu pedb Iuia O 3ajladax MOTPAHWYHBIX TEUEHHH
xunkocth. ['afinykoB Poman KoncrantuHoBu (Bpicmas mkona sKOHOMUKH, T. Mo-
CKBa) MCCIIEI0BAJ 3aady TeUCHHUs BOJIM3H [TIOBEPXHOCTH ¢ HEPOBHOCTSAMHU [21].

Hpyxunun Oner Anexcanaposud (MuctutyT npukinagnoit ¢pusuku PAH, r. Hiok-
Huil HoBropos) n3noxui ucciaeoBaHne BaKHOM MPAaKTUYECKON 3a/laud YHCIEHHOTO
MOJICJIMPOBAHUS MEITKOMACIITaOHOI TypOyJIeHTHOCTH U BHYTPEHHHUX BOJIH B KHJIKO-
ctu [22].

Pa3BuTHIO YHNCIICHHBIX METOAOB PEIICHU 3a1a4 ObliIa MOCBsLIeHa ceKuus. B no-
knane bapama Jlea KOpneBnua [23] (Hayunstit nentp PAH B UepHoronoske u UTO
um. JI.J1. Jlannay PAH, r. YUepHorosioBka) ObILT H3JI0)KEH HOBBIM METOJ UCCIIEIOBAHUS
3aJ1a4 peaKcaldy CIMHOBBIX MOJENell U ero peanu3anus Ha THOPUIHBIX BBIYUCITH-
TEJIBHBIX CUCTEMAX.

B noxmane Tecmroka Autona bopucosuya [24 ] (HULL «KypuaTtoBckuii HHCTUTYTY,
. MockBa) 00Cy K 1aJInCh MPOOIEMbI aHAJIN3Y U MOZCIHPOBAHUIO SKCTIEPUMEHTAIBHBIX
JaHHBIX M0 pacmM(pOBKe CTPYKTYPbl MAKPOMOJIEKYII 32 CUET PACCESIHUS JIa3€PHOTO
n3IydeHus. DTa paboTa sIBISETCS MOATOTOBKOM K aHAIU3y JaHHBIX CO CTPOSIICHCS
9KCIEPUMEHTANIEHON YCTAHOBKH.

Ha BeuepHneii ceccuu MOJOABIMH HCCIIEIOBATENSIMUA OBUIO TPEACTABICHO ST
CTEHIOBBIX JTOKJIAI0B:

B.IL I'eprens, M.B. Jleaucenko, A.B.JIunes, JI.C.ITammH (noxmamunk), A.M. Ca-
tanuH (Hmxkeroponckuil rocynapctBennslii yausepcuter um. H.M. JlobaueBckoro,
r. Hwkuauii HoBropon) «KBanToBbIe TpaekTOpuu M ToMOTrpadusi COCTOSHUI CBS3aH-
HOU CHCTeMBI KyOUT-U3MEPUTENBHBIN OCIILISTOP» [25].

CumneB A.A., (Hmwxeropoackuii rocymapCTBEHHBIN yHUBEpcUTET, . Hioxwwmid
Hosropon) «MakpoMomyapHBIH MOAXOM TO pPa3pabOTKe CIOKHOTO IMPOTrPaMMHOTO
obecriedeHus.

Wpanogckwuii JI.U., Camconos C.O. (SIpocnaBckuii ToCynapcTBeHHBIH YHUBEPCH-
ter uM. ILI. [lemunona, r. SIpocnapns) «Da3oBbie MEPECTPOUKH OJHOU NBYMEPHOM
JMMHAMAYECKOM CHCTEMBI C IMITYJIbCHBIM BO3ICHCTBHEMY [26].

Hocaes A.C. (MuctutyT npuxnagaoit ¢usuku PAH, . Hmwkanit HoBropom) «Ywc-
JICHHOE MOJIEJIMPOBaHNE JUHAMUKYI HETMHEHHBIX TPABUTALIMOHHBIX BOJIH Ha TITyOOKOH
Boze» [27].

3uranyposa JI.®., (Beicias mkosa skoHoMukd, Mocksa) «MonenupoBaHnue mpo-
(uIis BpeMeH B JIOKaJIbHOM KOHcepBaTHBHOM anroputme [IM/IC».

TpeTwnii 1eHb KOH(EPEHINN MPOAOIDKIICS TIPEACTABICHHEM UCCIICAOBAHUS IIH-
POKOTO CIEKTpa 3a1ad.



Tpu noknmaza OBUIM TIOCBSIIEHBI HMCCIEJOBAHHIO CBOMCTB MOTEHLHUAIBHBIX
YCTPOMCTB ISl KBAHTOBBIX BbIYUCICHHA. Mononoil corpynHuk MyHsieB Bsuecnas
Onerosud (Hmkeroponckuii rocymapcTBeHHBIN YHUBepcuTeT uM. H.U. JIobaueBckoro,
1. Huwxauit HoBropo) n3nokui uecieoBanne JMHAMHUKH JIKO3e()COHOBCKOTO OCITHII-
nsaTopa [28], a ero HayuHBIN pykoBoauTens CaraHuH Apkannit MuxaiiaoBuy npeacTa-
BUJI Pe3yNbTaThl OPUTHHAIBHBIX HCCIICAOBAaHUN T'eHEPALH IEPEIyTaHHBIX COCTOSIHUH
B BOJIHOBOJZIE€ C TakuM ocumuisitTopoM [29]. KomnexktuBoMm n3 MHCTUTYT mpUKIagHON
¢msuku (r. Hmxauit HoBropom) 0s110 pazpaboTaHo mporpaMmMHoe 00ecTiedeHue s
HCCTIEMOBAaHNS TAaKUX 33]1a4 C UCIONb30BaHueM ruopuaasix OBM [30].

AHanu3 MacmTadupyeMOCTH MapajlieNIbHbIX MPUIOKEHUH Ha OCHOBE TEXHO-
JIOTHH CYNEPKOMIBIOTEPHOIO KoAM3aiiHa ObIT TeMOW Jokjana coTpyaHuka MIY
mM. M.B. JlomoHocoBa (T. Mocksa) Termmoa Asekcest MuxaiiioBuya.

3aBepmraromuii T0KIa1 00 UCTIOIB30BAHNN HOBBIX KOMAaHIHBIX PACIITUPEHUN TIPO-
ueccopos Intel st moBbIIeHNst 9D HEKTUBHOCTH TeHEPALMHN MICEBAOCTYYalHBIX YUCEI
cenana CTyJIeHTKa 3-ro Kypca MOCKOBCKOTO MHCTUTYTA 3JEKTPOHUKH M MaTEMATUKU
I'ycekoBa Mapust CepreeBHa.

C NOJHBIMU MYJIBTUMEIUHHBIMU BEPCUSAMU JIOKJIAZOB MOJKHO O3HAKOMHTBHCS Ha
cTpanwurie cemuHapa [33].
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PaccmarpuBaercs 3a7ada pacpoCTpaHEHHUS BOJTHBI INIOTHOCTH B JIOTHCTHYECKOM YPaBHEHHH C
3ana3npiBaareM u auddysueii (ypaBaenne Oumepa-Kommoroposa-Ilerposckoro-ITinckyHoBa
¢ 3arazzapiBaHueM). IIpoBeieH YHMCIEHHbIM aHaIN3 MIpolecca pacnpoCTPAHEHMST BOJIHBI. BbI-
JIeTICHbI 3HAYEHUS 3ar1a3/IbIBaHMs, U1l KOTOPBIX XapaKTEPHO MOSBICHHUS PA3IMYHbIX IPOCTPAH-
CTBEHHO HEOAHOPOIHBIX PEKUMOB.

HccnenoBanne BHITOTHEHO 3a cueT rpanTa Poccuiickoro HayqHoro (hoHma (mpoekt Ne 14-
21-00158).

Knioueswvie crnosa: ypasaenne ®@umepa-Kommoroposa-Ilerposckoro-ITuckynosa, nuddy-
315, 3aMa3/(bIBaHNE, YUCICHHBIC METO/BI.

BBEJEHUE

VYpasuennem Konmoroposa-Ilerposckoro-ITuckynosa (nanee ypasaennem KIIIT) Ha-
3BIBAIOT JIOTUCTUYECKOE YpaBHEHHE ¢ MU y3ueit
ou 9%u
ot  0dx?

3neck t>0 — BpeMeHHas nepeMeHHasi, a Xe (—00,00) — mpocTpaHcTBeHHast. B ocHo-
BOIOJIATAIONINX paboTax o TMmpolecce pacmpocTpaneHus reanoi Bomasl A.H. Komvo-
ropoBa [Komvoropos u ap., 1937] u P.A. ®umepa [Fisher, 1937] paccmorpen Bompoc
0 TaKWX HEOTPHIATENIBHBIX perreHusx U(t,X), st koTopbix >0 mpu Kask10M BBITIOIHE-
HBI YCIIOBUS: u(t,x)— 1 ipu X —00 u u(t,x)—0 npu X — —oo. [Tokazano, yto npu t—oo
¢ynkuust U(t,X) npuHuMaeT ompeneneHuyo gopmy. O030p pe3ynbTaToB AJs ypaB-
Henwus (1) npusenen B padorax Janwiosa [Danilov et al., 1995], Mioppes [Murray,
2001] n Bompmepra [ Volpert et al., 2000].

Jis moOBIX KIIacCHYeCKUX TPAaHWYHBIX YCIIOBHIA (HampuMmep, Ui ycinoBuid Heit-

Jdu Jdu
MaHa: — =—
x=a 0y

0x
u 1p.) ypaBHeHue (1) umMeeT TOIBKO OJMH aTTPaKTOP — OXHOPOAHOE COCTOSHUE PaBHO-
BE€CUA Uo = 1 BCG OCTAJIBHBIC COCTOAHUS paBHOBeCI/IH HCYCTOﬁqHBLI.
3necy Oymyt paccmarpuBarbes ypaBHenus KIII ¢ 3amasgpiBanuem [AserimH

+u(l—u), (1)

= 0; mepuoOANIECKUX TPAaHUIHBIX yCIoBHiA u(t,x +T) = u(t,x)
x=b

u ap., 2015]
ou 0%u
E = ﬁ + u(l — u(t -1, X)), 2)

Auemmun Cepreit BnaaumMupoBuy — acCUCTEHT, cTapiinuii Jadbopant-uccienosarenb, Spl'y um. ILL. [le-
muoBa, Hayunsiii nentp PAH B Uepnoromnogke, fktiby@yandex.ru
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C.B. Anewun

rae 7 > 0 — Benu4MHa 3ana3/IbIBaHusl, U(t,x) — JOCTATOYHO TaaKas mo X u t GyHkuus
npu t > 0 u Xe (—o0,00). Kpome 3toro Oyaem mpeamnonarars, 9to u(t,x) =0 npu a <x <b.
ITpu sTOM pasuuily [a—b| Oyaem cyutarh 10CTATOYHO GOJIBINON /IS TOTO, YTOOBI YBH-
J€Th PacIpOCTPaHEHUE BOJIHBI 0 MOMEHTA BCTpeun (hpoHTa ¢ rpaHHLiaMu a uin b.

YeroituuBbie HEOTHOPOHBIE 110 TPOCTPAHCTBEHHOM MTEPEMEHHOM pEIlIeHUs ypaB-
HeHUs (2) ¢ MepUOINIECKUMH KPAaeBbIMH YCIOBUSMH H yCIOBUSMH Helimana Obutn
YUCIICHHO MpOoaHaIM3upoBanbl B cTarhsix [[mb3un, 2009; Glyzin, 2013] u [[7b13uH
u ap., 2010].

[lepeiinem K onMCaHUIO BEIYMCIUTENBHOHN poLenypsl. B ypaBHenuu (2) BTopyio
0%u
0x?
HOM pa3HocThIo. J{i1s1 3TOTO0 0Tpe3ok [a,b] pasodbem Ha N paBHBIX YacTeil U mOCTpPOUM

IIPOM3BOAHYIO 10 NPOCTPAHCTBEHHOM EpPEMEHHON 3aMEHHM BTOPOM pazfelieH-

a .
CETKY Yy3JIOB C IIaroM h = :X=a + jh, rne j = 0,...,N-1. O603naunm gepe3 Uj(t)

3HA4YeHUE (PYHKIIUU U(1,X) B COOTBETCTBYIOIIMX y3JIaX CETKHU. B mrore momydum cie-
IYIOIIYI0 CHCTEMY OOBIKHOBEHHBIX U (epeHIInaIbHbIX YPaBHEHUI:
Uipq — 2Uj +Uj

iy =TTy (1 -y (e - D). 3)

Jlns yaeta kpaeBbIx ycioBuii mosaraem U () = uy(t) = 0.

MonenupoBaHue MPOBOIMWINCH HA BRIUUCIUTENbHOM Kinactepe Spl'Y. OxHoBpe-
MeHHO pemaiiock oT N = 0,9x10° no N = 1,8x10° ypaBHeHuii. OCOOCHHOCTBIO YHC-
JICHHOTO PEIICHHS TaKOTO OOJIBITOTO KOJWYECTBA AP PEPCHINAIBHBIX YPAaBHEHUH €
3arna3/iblBAHUEM SIBJISIETCS TOBBIIIEHHAsT TPEOOBATEIBHOCTh K 00beMaM JOCTYITHON
MaMSTH JUIsl XpaHEHUs BCETO PEIICHUs Ha IPOMEXKYTKE 3ara3ibiBanus. B cBs3u ¢ uem
pelIeHre MPUXOIMIOCh COXPAaHATh HA KECTKOM JIMCKE KIIacTepa, U4TO CYIIECTBEHHO
3aMeUIAIIO POLelypy pacyera.

Jns BeluMcneHuid ucnosb3oBaicss Meron Jopmana-IlpuHua nsitoro nopsiika c
MEPEeMEHHOM JUTHHOM 1ara uaTerpupoBanus [Hairer et al., 2008]. AOcomoTHast 1 OT-
HOCHTENTbHASI TOTPEITHOCTE aropuT™Ma ObLTa YCTaHOBIeHA B 3HaueHue 107'2. Hauas-
HBII [Iar UHTErpupoBaHus paBeH 107,

HauanpHbIe yciioBus BEIOpaHBI B BUIE€ IPSIMOYTOJIEHOTO UMITYIIbca BEICOTHI 0,1 1
SIMHUYHON ITUPUHBI, PACIIONIOKEHHOTO B IIEHTpe oTpe3ka [a,b] mmst Bcex —7 < ¢ < 0.
B gactrHocTH, ms cirygas xe [0,1800]:

i (6) = {0,1, j €[89950,90050], @)
0, HHaue,
e te [—,0]. s nocneayroniero aHanmusa nojyu4eHHbIC JJAHHBIC TIPOPESIKUBAITHICE.
[lepeiinem k pesynpratam mopaenupoBaHus. ONUcaHUE TIOBEJICHHS YpaBHEHHS
KITIIT ¢ 3ama3npiBanueM OyJieM MPOBOIUTH B CPABHEHUH C KIIACCHUYSCKUM YPaBHCHHUEM
KITIIT 6e3 3anazapiBanus. Ha puc. 1 npencraBieHo pacnpocTpaHeHHE BOIHBI TOCTOSH-
HOI>'I BBICOTHI OT HAYAJIBHOI'O BCIIJICCKA eI[HHH‘lHOﬁ IHI/IpI/IHI)I U1 BBICOTBI 0,1 OTMCTI/IM,
YTO CKOPOCTh PACIPOCTPAHEHUS BOJHBI paBHA YIIIy HAaKJIOHA MPOQUIiIst BOJHBI HA CO-
OTBCTCTBYIOIHI/IX pI/IC}/HKaX.
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puc. 1. Pemmenne cuctemst (3) npu 7 = 0. CiieBa pactipocTpaHeHNE BOJTHBI HA INIOCKOCTH (X, 7).
Cnpasa paspes mpu t =200

Paccmotpum Teneps cucremy (3) ¢ HeHyNIEBBIM 3amaszpiBanueM. [Ipu yBennye-
HUH TTapaMeTpa T MOXKHO BBIACTHTH HECKOJIBKO ITAllOB Ka94eCTBEHHO PAa3IMYHOIO T0-
Be/ICHUsI pelieHnid cucTeMbl. TouHble 3HAYEeHUs TPAHUI] POMEKYTKOB 3ara3/IbIBaHUs
npuBeeHBI B pabote [AsemuH u ap., 2015].

ITpn oTHOCHTENBHO MaJIOM 3HAYCHUH 7 TIOBEJCHUE PELICHHS MPAaKTUIEeCKU HIICH-

TuHO noBeaennto cucteMbl KIIIT Oe3 3ama3apiBanus.
T
[Ipu yBenmu4eHuu 7 MPUMEPHO JI0 = PACIpPOCTPaHEHHE BOJIHBI HAUMHAET COMPO-

2
BOXK/IaThCsl HEKOTOPBIM KOJIMUECTBOM OCHMIUIALMH B paiione ee pponTa. Tak mpu 7= 1
Ha pHcC. 2 II0Ka3aHa TaKas BOJHA.
B sToMm ciydae makcumanbHas aMIUTUTYJa BCIUIECKa paBHA mpuMepHo 1,2, mpu
TOM, YTO TIOCIIE TIPOXOKIEHUS (hpOHTA BOIHBI 3HAYCHNUE U(1,X) YCTAaHABINBACTCS PaB-
HBIM €JUHHILIE.

puc. 2. Pemenne cuctemsr (3) mpu 7= 1. CiieBa pacnpocTpaHEHHE BOJIHBI Ha TUIOCKOCTH (X, 7).
Crpasa paszpes npu t =200
Crenyroliee CyniecTBEHHOE W3MEHEHHE B paclpoCTpaHeHHH (POHTA BOJIHBI
s
3agaun (3) HaOmromaeTcst mpu T = 5 OTMeTHM, 4TO MPH 3TOM YCJIOBHUHU ypaBHEHHE

U=u(1 — u(y — 7)) UMeeT yCTOMUNBOE NIEPUOINICCKOE perieHue. B aTom ciyyae GppoHT
pacmpoCTpaHeHUs BOJHEI COACPKUT TOBOJIBLHO OOJIBITOE YHUCIO WHTEHCUBHBIX OCITHII-
JISAIIAN, PAcTIPOCTPAHSIIOIINXCS C TOH JK€ CKOPOCTHIO, UTO M (PPOHT BOJHBI y CTAHIAPT-
Horo ypaHeHusi KIIII. [Tocne HEKOTOPOro KONMMYECTBA MHTEHCUBHBIX OCLIMILISLIUN
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nociye ()poHTa BOJHBI BEIWYHMHA U(%,X) OBICTPO CXOOUTCSA K 3HAYCHUIO CAMHUIA 32
HCKIIIOYEHUEM ICHTPaIbHON 00IaCTH, B KOTOPOH MOSBISIETCS CJIEA OT HAaYaJIbHOTO
MIPSIMOYTOJIBHOTO MMITYJIECA, PACTIPOCTPAHSIIOMINIACS CYIIECTBEHHO MEJJICHHEH, deM
(hpoHT BONHEI (CM. pHC. 3).

[ TOoro, YTOOBI MPOSICHUTE XapaKTEpP PaclpoOCTPAHEHUsI BOJIHBI B 3TOM CiIy4ae,
Ha pUCyHKe 3 naHbl paspessl pemenus npu X = 900 u ¢ = 400 coorBercTBeHHO. U3
pHUCYHKa 3 BHJIHO, YTO KOJIeOaTeIbHBIH PEKUM B IICHTPaJIbHOM 001acTh OIM30K, HO HE
TOXKJIECTBEHEH KOJICOAHUSM PEIICHUS JIOTUCTHYCCKOTO YPAaBHEHHMS C 3ara3/IbIBAaHIEM
u nubdy3uei U nepuoaUIecKUMU KpaeBbIMU yCiIoBUAMU. [loaydeHHbIe pe3ynbTaThl
XOPOLIO COMIACYIOTCS C TEM, YTO JIOKAJIbHAsI AMHAMMKA IaHHOTO YPaBHEHUSI B OKPECT-
HOCTH COCTOSIHUSI PABHOBECHS ONMCHIBACTCSI KOMIUIEKCHBIM ypaBHeHHeM | nH30ypra-
Jlannay [AnemuH u ap., 2015]. Ilpudyem 310 ypaBHEHHE HE UMEET YCTOWUYUBBIX aBTO-
MO/JIEJIbHBIX NEPUOTUUECKUX PELICHHUH.

[Ipu nanbHeWIIEM yBEIUYEHUH T XapaKTep MOBEACHUSI CPEIHENW 4acTu pacrpo-
CTPaHSIOLIEHCS BOJIHBI PE3KO MEHSIETCH.

puc. 3. Pemenne cuctemsl (3) mpu 7= 1,6. CiieBa cBepXy pacnpoCTpaHEHHE BOIHBI Ha IUIOCKOCTH (X,1).
CmpaBa cBepxy paspes npu ¢ = 200. CieBa BHU3Y pa3pe3 npu X = 900.
CrpaBa CHU3Y INIOTHOCTb PACIPEACICHUS #(7,X) B OTTEHKAaX CEpPOro

Tak Ha pucynke 4 npu 7 = 1,8 Mbl MO)keM HaOIIOOaTh OTHOCHUTEIHLHO MEUICH-
HO€ PacHpoCTpaHEeHUe KoieOaTeNbHOW CTPYKTYpPbl, HaXoIsIMIEHCS B LEHTPaJbHON
YacTH paclpocTpaHsomencs BoaHbl Ha npoTskennu ot 0 1o nmpumepno 300. A Ha
npomexyTke t > 300 pacnpocTpaHeHHe KOIeOaTeNbHOW CTPYKTYPHI UMEET y>KE CKO-
pOCTh OIM3KYIO K CKOPOCTH PaclpoCTpaHeHHs (PPOHTa OCHOBHOW BOJIHBI U PaBHOU
aByM. OO1iee npencTaBiIeHre O XapakTepe pacipoCTPaHsIOIIErocst BOJIHOBOIO (poH-
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Ta MOYKHO MOJYYHTh M3 MPOJOJIBHOTO U MOMEPEYHOTO paszpesa, MPeCTaBIeHHOTO Ha
pucyHKe 4, a TakKe TPEeXMEPHOH KapTHHBI yYacTKa CIOKHOTO TOBEICHUSI CHCTEMBI
¢ rpannnamu [400,14001%[400,420].

puc. 4. Pemenne cuctemsl (3) mpu 7= 1,8. Ciiea cBepxy ¢pparment (xe [400,1400], te [405,420])
rpaduka pacrpoctpanenus BosnHbl. CripaBa cBepxy paspes mpu t = 200. CieBa BHH3Y pa3pe3
npu x = 900. CripaBa CHU3Y IJIOTHOCTH PACHPEACICHUS 1(7,X) B OTTEHKAaX CEPOTo

OOparuM BHMMaHHE Ha CIIEAYIOIIME OCOOEHHOCTH, BBITEKAIOLIME W3 aHAIN3a
rpa¢ukoB. HeTpynHo BHIETH, YTO y TpaHULBI PACIPOCTPAHEHHSI OCHOBHOM BOJIHBI
UMeeTCsl CXOISIIMNCS K eIMHUIC HAOOp BHICOKOAMIUIMTYIHBIX BCIUIECKOB, KOTOPHIE
MOTOM TIEPEXOMAT B CIIOKHOE MPOCTPAHCTBEHHO-HEOIHOPOJHOE PaclpOCTpaHEHUE
pellieHus B cpellHell YacTH BOJMHBL. B oTIIMYHe OT MPEbAYIINX CIIydaeB 3/1eCh YiKe
HET MPOMEKYTKOB, HA KOTOPOM 3HAueHHE u(%,X) CXOAUTCS K eAuHuIe. PucyHok 4 mo-
Ka3bIBaC€T CHJIBHYIO M3PE3aHHOCTh MPOCTPAaHCTBEHHO-BPEMEHHOTO paclpeIesiCHUs
GYHKIMH U(1,x).

[Ipu 7 = 2 nabmonaercs eme oanH HOBBIH 3 dekT B pacnpocTpaHeHUN BOJHEI
Bo3MyTIIeHUS (puC. 5) mias cuctemsl (3). B aTom ciydae, Tak ke Kak M paHee y Tpa-
HUIIBI BOTHOBOTO (DPOHTA, MMEETCSI HEKOTOPOE YUCIIO BHICOKOAMILIUTY/IHBIX KoJieOa-
HUM, KOTOpbIE MPU MPUOTIKCHUN K CPEMHEH YacTu mpouis u(t,x) CXOAATCS HE K
€IMHHIIE, KaK paHee, a HEKOTOPOMY BBICOKOYACTOTHOMY KOJICOATEIbHOMY PEXUMY,
KOTOPBIH pa3pylaeTcs TOJIBKO B CpeIHEN YacTH, TIe PaCIIONOKEH Cliel OT Ha4albHOTO
BO3MYILICHHS.

OTMETHM TaKKe TO 00CTOSITENBCTBO, YTO CTPYKTYPA PEIICHHS COXPaHSIETCS MPH
BHEITHUX BO3JICUCTBHSIX. Tak q0OaBlIeHNE pa30BOTO €IUHUYHOTO MMITYJhCca Ha yda-
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puc. 5. Pemmenne cuctemsl (3) npu 7 = 2. CneBa cBepxy ¢parment (Xe [300,600], te [200,220]) rpaduka
pacnpocTpanenns BoaHbl. CripaBa cBepxy paspes npu t = 200. Crea BHU3Y pa3pe3 mpu X = 900.
CrpaBa CHU3Y IUIOTHOCTB paclpeeleH s u(?,X) B OTTEHKaxX Ceporo

CTOK €IMHUYHOW IIMPHUHBI, PACIIOIOKESHHBIM B IIEHTPALHONW YacTH M3y4aeMoH 00-
JIACTH HE OKa3aJl CyIIeCTBEHHOTO BIUSHUS (OIBIT MpoBoawIcs mpu 7= 1,6 u t =200 ).
Uepes mpoMexyTOK BpeMeHU He Oosee 10 equHUI] BUA pEIICHUS C BHEITHUM BO3CH-
CTBHEM U 0€3 HETO CYIIECTBEHHO HE OTIINYAIIUCh.

3AKJTIOYEHUE

UwncneHHbli aHaIu3 MpoIiecca pacpOCTPAHEHNS BOIHBI TIO3BOJIMIT BBIACITUTH YETHIPE
MIPOMEKYTKa 3HaYeHUH 3ama3apiBanus. [Ipy 1ocTaTouHO ManbIX 3HAYEHUSAX 3amas3/ibl-
BaHMS JaHHOE YpaBHEHUE UMEET PELICHUS, OJM3KHE K PEILICHUSIM CTaHIapTHOTO ypaB-
Henus KIIII. YBennuenue napaMmeTpa 3ana3ablBaHHs IPUBOJUT CHadasla K MOSBICHUIO
3aTyxaromieil kKoiaeOaTelbHOM COCTaBIIIONEH B MPOCTPAHCTBEHHOM pacIpeeICHUN
pemenus. lanpHeHmii pocT JaHHOTO TapamMeTpa MPUBOAUT K Pa3pylIeHHI0 Oeryiei
BOJIHBL. DTO BBIPA)XKAaeTCsl B TOM, YTO B OKPECTHOCTH y4acTKa HA4aJbHOIO BO3MYIIE-
HUS COXPAHAIOTCS HE3aTyXarollKe 110 BPEMEHH U MEUIEHHO PacIpOCTPaHSIOIINECs 10
IIPOCTPAHCTBY KoeOaHus, ONM3KKE K PELIEHUsIM COOTBETCTBYIOILECH KpaeBoi 3a1a4u C
MEPUOINYECKUMHU TPAaHUYHBIMU YCIOBUSAMH. HakoHel, eciy 3HaueHne 3ama3/ibIBaHus
JOCTaTOYHO BEJIMKO, TO BO BCel 00JIACTH pacrpoCTpaHEHUsI BOIHBI HAOIIOIAIOTCS HH-
TEHCHBHBIE [TPOCTPAHCTBEHHO-BPEMEHHBIE KOJIEOaHUsI.

Astop BeIpaxkaet omarogapHocth [e3uny C.J] n Kamenko C.A. 3a mocTaHOBKY
3aa4M U 00CyXIeHHE IIOIy4YEHHbIX Pe3y/IbTaToB.
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of different spatially inhomogeneous regimes.
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AHANKU3 MACILTABUPYEMOCTN NAPAJINENbHBIX NPOrPAMM
HA OCHOBE TEXHONOTUW CYNEPKOMMbIOTEPHOT'0 KOAU3AUHA

A.C. Aumonos, A.M. Tennos

HayuyHo-uccnegoBaTenbCKNn BblYNCINTENbHbIN LIeHTP MOCKOBCKOro rocygapCTBeHHOro
yHuBepcuTteTa umeHn M.B. JlomoHocosa (HVBLl MI'Y nmeHu M.B. JlTomoHocoBa)

B pabote u3i10’keH Mojxo/1 K aHaIN3y MaclITabupyeMOCTH NapaulebHbIX TPUIIOKEHHHN C UC-
T10JIb30BaHUEM TEXHOJIOT Ui CyNIEPKOMITBIOTEPHOT0 KO/IN3aiiHa, 0OCHOBaHHBIH Ha HCIIOIb30BaAHUH
O00BEIMHEHHBIX U CTPYKTYPHPOBAHHBIX JIAHHBIX O paboTe mapayuienbHON mporpammsl. [Ipen-
JIO)KEHHBIN TTOJIXO/1 TI03BOJISIET M3y4YaTh CBOWCTBA IPHIIOKEHHSI HA OCHOBE COOPAaHHBIX TAHHBIX
0 Pa3JIMYHBIX AMHAMUYECKUX XapaKTePUCTHKaX ero padoThl. PaccmaTpuBaroTcs JaHHbIE C pa3-
JIMYHBIX YPOBHEH HccieoBaHus pabOThI MPUIIOKEHHSI, HAYMHAS C arnapaTrHoro ypoBHs. Takoi
TIOIXO]] TIO3BOJISIET JieJIaTh 0OOCHOBAHHBIC BBIBOJBI O MOTCHIMAJIBHBIX NMPUYMHAX CHHUKECHHS
9 PEKTUBHOCTH MapajuIeTbHbBIX MPHIOKEHUH.

Pabora BeimonHsiercst npu noepxke rpanta POOU 13-07-00790 a.

Kuouesvie cnosa: MacmtabupyeMoCTh, CYNEPKOMITBIOTCPHBIA KOIM3aiH, 3(PQEKTUB-
HOCTb, NapaJuIeIbHbIC BEIYMCICHUSI, TIOJIXO/ K aHAJIN3y MacIITaOupyeMOCTH.

BBEAEHWE

OnHYM U3 BaKHEHIINX CBOMCTB MapayljielbHOW MPOrpaMMbl SIBISETCA €€ MacIITa-
O6upyeMocTh. B HaydHBIX MyONUKaIUsAX MOXHO HAaWTH JOCTATOYHO OOJBIIOE YHCIIO
OTIpENIEIICHN 3TOTO CBOMCTBA. DTH OIPENEIeHNs B OOJIBIIMHCTBE CBOEM YKa3bIBAIOT
Ha TOT (haKT, YTO Ha MIPOTPaAMMBbI IIPH H3MEHEHUH KaKUX-JIHO00 MapaMeTPOB HX paOOTHI
HAuMHAIOT OKa3bIBaTh OOJIbINICE MM MEHbBIIIEE BIUSHUC pa3inyHble (PakTopbl [AHTO-
HOB, Terios, 2014a], u3MeHstoNMEe Ka4eCTBO UX PabOoThI. bosbioe yucio onpeiene-
HUH TOBOPUT O CIIOKHOCTH TIOHSATHUS MacIITaOMPYyEeMOCTH U BaXHOCTH €r0 M3y4eHUs
MIpH aHaIHM3e PaboTHI MapaIebHBIX TPUI0KEHUH.

Baxneitmmm HerocTaTkoM OONBIITMHCTBA TIOIX0/I0B K aHAITU3Y MacIITa0upyeMo-
CTH SBJIIETCA TO, YTO 3TO MOHSITUE PACCMATPUBACTCS aBTOPAMU TOJIBKO C TOUKU 3PEHUS
HU3MEHEHHS KaKOr0-TO OJHOTO MapaMeTpa, U TOJNbKO B PEIKUX ONPEACICHUSX BCTpe-
yaercs ABa napamMerpa. [Ipu npoBeeHUN UCCIeA0BaHUN TaKOW MOAXOJ NMPUBENET K
OoBIIOMY pazopocy pe3yinbTaToB, IOTOMY YTO apaMeTPOB, OKAa3BIBAIOIINX BIHSIHNE
Ha XapaKTePUCTHUKH BBHITTOIHEHUS MPOTPaMMBI, 3HaduTeNbHO Oombiie. Kpome Toro,
paccMOTpPEHUE KAKOM-TO OHON M3 XapaKTEpUCTUK HE OTPAKAET IMOJIHOM KapTHHbI
CBOMCTB UCCIIEAYEMOM TIPOTrpaMMBI.

TexHonornu CynepKOMIbBIOTEPHOTO KOJM3aiiHa IO3BOJIAIOT HMCIOJIB30BaTh IS
pa3paboTKi BBHICOKOA(D(EKTUBHBIX MPOrpaMM HHPOPMALIMI0 00 OCOOCHHOCTSIX BbI-
MTOJTHEHMSI MPOTpaMM, HauWHas C aHAJM3a HWCIOIB30BAaHUS allapaTHBIX PECYpPCOB
BBIYMCIIUTEILHON CUCTEMBI U 10 YPOBHS aJlTOPUTMHUYECKON CTPYKTYPhI IPOrPAMMBI.

AnTonoB Anekcannp Cepreesna — HUBI] MI'Y numenu M.B. Jlomonocosa, Bexi.H.c., asa@parallel.ru
TenuoB Anekceit Muxaitnosia — HUBI] MI'Y nmenn M.B. JlomonocoBa, M.H.c., alex-teplov@yandex.ru
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CortacoBanre 0COOCHHOCTEH BCeX YPOBHEW aHaiM3a pabOThl MPOrpaMMBbI TO3BOJISIET
pa3pabaThIBaTh MPOrPAMMBI ¢ OYCHB BBICOKOW 3P (PEKTUBHOCTHIO. AHATU3 MACIITA0H-
pyeMocTH Ha OCHOBE MH(OpMAITHH 00 3THX 0COOCHHOCTSX PabOTHI IPOTPaMMBI TI0-
3BOJISICT aHAJIM3UPOBATh, KAKMM 00Pa30M M3MEHSIETCs 3PPEKTUBHOCTD MPOTPaMM MIPH
M3MEHEHUH YCIIOBUH BBITIOJHECHUS U JIJIAaTh BBIBOJIBI O MPUYMHAX CHU)KEHUS MacIITa-
OMPYEMOCTH U MyTSIX ee yaydiieHus. [IoToMy aHain3 MacmTabUpyeMOCTH € UCTIONb-
30BaHMEM TEXHOJIOTMH KOJIU3aiiHA SIBISETCS MEPCIEKTHBHBIM HANPABICHUEM H3yYe-
HUS CBOMCTB TapauICJIbHBIX IIPOTrpaMM.

OBOBLUEHWE MOHATUNA MACLLUTABMPYEMOCTb

CBOICTBO MacImITAaOMPyEeMOCTH TapAIIIETBbHBIX MPOTpaMM TpeOyeT 3HAYUTEIIBHO 00-
Jsiee iryookoro aHanu3a [ Terios, 2014] u paccMOTpeHUsI OOJIBIIOTO U Pa3HOOOPA3HOTO
YHUCIIa XapaKTepUCTUK [AHTOHOB H Jp., 2013], oTpakarommx KaueCTBO BHIMOIHCHUS
3THX mporpamm. OO0 3TOM CBUIETEIBCTBYET U TOT (PAKT, YTO B PA3IUYHBIX OMpe/ese-
HUSX MapajuIeTbHON TPOTPaMMBI ClIETaH yIop Ha M3MEHEHHE Pa3TNIHbIX XapaKTepH-
CTHUK BBIIIOJIHCHUS IIPOIr'paMMBbI Ha BBIUYHMCIIMTEILHON CHCTEME.

I[MapameTpom 3anmycka napajuienbHON TPOrpaMMBbI OyeM Ha3bIBaTh 000 Mapa-
METp, OKa3bIBAIOIINI BIMSHUE HA pa0OTy MapasuIeIbHON TPOrPaMMBbI M HE BIHSIFOIINN
Ha pean3aIrio alropuT™Ma paboThl MPOrpaMMBbI (HaITpUMeEp: Pa3MepHOCTh MaTPHUIIBI
C JaHHBIMHU — @, YHUCIIO TPOIIECCOB — b, pazMep OI0Ka MATPHIIBI — ¢, TUCIIO MPOIIECCOB
Ha y3en — d u T.1.). [lapamerpamu 3amycka napaielbHONH MporpaMMbl He OyAyT SIB-
JISITHCS T€ IMapaMeTphl, KOTOPBIC HE BIIHSIOT HA BBHIIIOJHEHHUE ITPOTPaMMBI (HAIIPUMED:
00BheM KOMMEHTApHEB B TEKCTE TPOTPaMMBbI, IMEHOBAHHE TIEPEMEHHBIX B IIPOTPaMMe
u T.H.) — BCE€ TO, YTO MOXCT UBMECHATHCA, HO ITPU 3TOM HE 6YIIGT BJIMATH HA Ha MMOPAAOK
BBITTIOJIHACMBIX onepaum‘/'l B IIporpaMme, HU Ha BPEMA UX BBIITOJIHCHUA.

[Tapamerpsl 3amycka 1o TUILY MOXHO Pa3JIeIuTh Ha:

1. AnmaparHble — OTHOCAIIUECS K TTapaMeTpaM armaparyphl.

2. CucreMHbIe — OTHOCSIIIUECS K OTEPAIOHHON CHCTEME, KOMIIIIATOpaM, MC-

IMOJIb3yEMbIM 6I/I6J'II/IOTCK3M " CUCTCMHBIM IMPUJIOKCHUAM U UX HaCTpOﬁKaM.

3. IlporpaMMHbIe — BIHSIOIINE HA JIOTUKY Pa0OThI MPOTPaMMBbI HITU Ha BBIYHC-

JUTENHHYI0 CIOKHOCTh 33/1auH, a TaKXKe Pa3InIHbIe IMapaMeTphl, IPEayCcMO-
TPEHHBIC Pa3padOTINKOM.

JAMHAMHYEeCKHMMHU XapaKTePUCTUKAMU TapajuieIbHOH MporpaMmbl OyJeM Ha-
3bIBaTh TAKHE XaPAKTEPUCTUKU €€ PadOThI, KOTOPHIC OMPEICIISIOT KaueCTBO PadOThI
Y MOTYT OBITh U3MEPEHBI MIIM BBIYMCIICHBI TOJIBKO MPU HAIMYHH JTAHHBIX O PealbHOM
BBITIOJTHEHUH 3TOU MTPOTPAMMBI.

JII/IHaMI/IT-IeCKI/Ie XapaKTCPUCTUKN MOXXHO pa3fC/IiuTb Ha I'PYIIIbl HECCKOJLKUMH
criocobamu. K mpuMepy, MOKHO IOJIENIUTh UX TI0 CHOCOOY MMOJIyYeHUs] 3HAUYCHHUI Ha
JIBE TPYIIIIBL

K nepBoii rpyrine MOKHO OTHECTH M3MepsieMble XapakTepucTuku. [Ipumepamu
TaKUX XapaKTECPUCTHUK MOTYT 6BITB BpPEMs BBITIOJIHCHUSA, KOJIMYECTBO KI3II-IIPOMAaxoB,
KOJIMYECTBO TIEPEAaHHBIX 32 BpeMs paOOThI OAlT MO CeTH WU MO IWHE JaHHBIX, KO-
JUYECTBO OOpaIIeHUH B TaMATh 3a BpeMst paboThI U T.II.
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Ko BTOpOI1 rpyIine MOXKHO OTHECTH BbIYMCAsIeMble XapAKTePUCTUKHU, 3HAYCHUS
KOTOPBIX MOJKHO MOJYYUTh U3 U3MEPSAEMBIX XapaKTepUCTUK. Takue XapakTepUCTUKU
WCTIONIB3YIOTCA JUIS JIyYIIeTOo MMOHWMAaHUs KadyecTBa padOThl MPOrpaMMBbl U IS JTyd-
IIeTO MpeJICTaBIeHUs pe3yabraToB. [IprMepamu MOTYT OBITh YCKOpPEHHE, TIPOU3BOIH-
TENBHOCTh, CKOPOCTh TIEpefadrl JaHHBIX, KAII-TIPOMaXx0B B CEKyHIY, MOMEHTaIbHAs
u cpeassist 3p(HEKTUBHOCTD U T.II.

Jlnst MOHMMaHUsl CBOWCTB TNapasUIeIbHON MPOTrpaMMbl M JUIS MOHHMAaHUS TpH-
YUH HalJeHHBIX OCOOEHHOCTEH MacIITaOupyeMOCTH BaKHO paccMaTpHBaTh BCE JI0-
CTyITHBIC M3MEHAEMbIE TIapaMeTPhI 3aITycka M BCE JIOCTYIHBIE TUHAMHYECKHE XapaK-
Tepuctukd. Hy)kHO paccMaTprBaTh MacIITaOMPyeMOCTh Kak Oosee o0Iiee CBOHCTBO
NapajuIeIbHOW MPOTrpaMMEl, BKITIOYarolee B ce0sl KaK 3aBUCHMOCTh 3HAYeHUH TUHA-
MHUYECKUX XapaKTEPUCTUK OT PA3NMUYHBIX MapaMETPOB 3aMyCKa, TaK U PACCMOTPEHUE
CBsizel MEXy M3MEHEHUSAMH 3HAYeHNH Pa3IuYHbIX JMHAMUYECKUX XapaKTePUCTHK.

[MosTomy macmitadbupyemoctbio [AnTOHOB, Teruto, 20146] menecooOpasHo
Ha3bIBaTh CBOUCMBO NAPALIENIbHOU NPOSPAMMbL, XAPAKmMepusyuiee 3asucumocims
UBMeHeHUs 8cell COBOKYNHOCTU OUHAMUYECKUX XAPAKMePUCMUK pabomsl 3mou npo-
2PaMMbL O MHONCECTBA NAPAMEMPOS €€ 3aNYCKd.

Takum 00pa3oM, B paMKax MPeIOKEHHOTO IMOIX0/1a K aHAJIN3Y MACIITa0upyeMo-
CTH TapaljIeTbHBIX TPOTPaMM JODKHO pacCMaTpUBATHCS BIMSHUE OOJBIIOTO YHCIa
apaMeTpoB 3alycka BCceX ypOBHEN. AHaIU3 UBMEHEHUN JMHAMUYECKUX XapaKTepu-
CTHK JOJDKEH CBOIWTHCS K aHATN3y M3MEHEHHH BCEX XapaKTEPHUCTHK BBITIOTHEHUS,
HauWHas C MCIIOJIb30BAaHUS alllapaTHBIX PECYPCOB BBIUMCIHUTEIHHON CHCTEMBI M 3a-
KaH4YMBasi HHTETPAIIbHBIMHE TOKa3aTe MU paboTHI.

TexHomoruu CynepKOMIIBIOTEPHOTO KOJAU3aliHa HampaBlICHBI HA CO3JaHUC BhI-
COKOA((PEKTHBHBIX MPOTPaMM, YUUTHIBAIOIIUX U COMIACYIONIMX OCOOCHHOCTH B3au-
MOJIEHCTBHS anmnapaTHbIX CBOMCTB BBIYMCIUTEILHON CUCTEMBI, CBOMCTB peau3aluu
MPOTrpaMMbl B KOJI€ U CBOMCTB allTOPUTMUYECKOM OCHOBBI Mporpammel. [ToTomy uc-
MIOJIb30BaHME IS aHAIIM3a TAKUX TEXHOJOTHH ITO3BOJIUT cOOpaTh U COBMECTHO TIPO-
AHAJIM3UPOBATh KaK JIaHHBIC 00 amnmapaTHbIX O0COOCHHOCTSX, BIUSIONIMX Ha paboTy
pOrpaMMy, TaKk ¥ HEOOXOIUMOCTh BHECEHUSI M3MEHEHUH B aJITOPUTM, PEaTH3aLUI0
WIN anmaparHylo 1miargopMy A yIydiieHus: 3pQEeKTHBHOCTH PadOThl TPOTPAMMBI.
DTO MO3BOJIHT HE TOJHKO HAUTH MPUYUHBI, CHIDKAIOIIHE AP (HEKTUBHOCTH PabOTHI TIPO-
rpaMMBI, HO W OIICHWTh WX BJIHSIHHE HAa MacmTabupyemocTs. Ho mis 3TOro Ba)xHO
paccMmarpuBaTh Kak BCE TapaMeTphl, TaK M XapaKTePUCTHKH COBMECTHO, a HE 10 OT-
JICIIBHOCTH KX IbIH PaKTop.

Hanpumep, ecnu npoBecTH uccieaoBanne Macmradbupyemoctu Tecta Linpack,
pu cOOpKe KOTOPOTo McTonb3oBanack oubnmmoreka MKL, ncrnons3ys B KauecTBe ra-
paMeTpoB 3aITycKa TecTa YHCII0 MPOLIECCOPOB M pa3Mep 3a/ad, TO coOepeM JaHHbIe
0 €e MacIITabMPyeMOCTH B 3TUX KOOPJIWHATaX, COOTBETCTBYIOIINX BHIOPAHHBIM I1a-
pameTpam 3amycka. OOnacTh 3HaYCHHI TTApPaMETPOB 3aIyCKa ISl pelIeHus dTOH 3a-
na4u OyleT COOTBETCTBOBATb BCEM PACCMOTPEHHBIM Pa3MEPHOCTAM 33/aud M YHCITY
nporeccopoB. Ecnu ke 100aBUTH elle OfHO 3HAa4Y€HHE YHCia MPOIECCOPOB, TO IS
MIPOBEACHUS MCCIIEeIOBaHNS TpeOyeTcs BBITIOIHNATH TECT HA BCEX pa3Mepax 3ajaadudl u3
00TacTH 3HaYCHMIA HTOTO IMapaMeTpa 3aIrycka.
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Ecnu MBI 3aXO0TMM CHOBa HMCCIIEAOBAaTH MacIITAOMPYEMOCTh TECTa, HO MPHU €ro
cbopke ¢ apyroii 6ubnuorexort (Hanpumep, ATLAS nmun GotoBLAS), MbI BeIHYXKIE-
HBI JOOABUTH W APYTOH MapaMmeTp 3amycka — «omdmuoreka BLASy. st mpoBeneHus
MIOJTHOIIGHHOTO UCCIIEIOBaHUS MOTPEeOyeTCs MPOBEICHHE IKCIIEPUMEHTOB YKe Ha BCEX
3HAUCHMSAX BCEX OCTAJILHBIX MapaMeTpoB 3allycKa, BKIIOUas pasMep 3afaqyd M YHCIIO
HPOLIECCOPOB.

AHAJIN3 MACLUTABUPYEMOCTW HA TIPAKTUKE

[TokaxkeM Ha MPaKTHKE, KAK MOXKHO HCIIOJIB30BaTh MPEITIOKESHHBIN MOIXO K aHAJH-
3y MacIITaOuPyEeMOCTH MPUIIOKCHHH JJIs IIONCKA TPUYHUH CHIKCHIS (DPEKTUBHOCTH
paboThI IPUITOKEHUH.

Ycnosua nposeneHnAa skcnepmnmeHTa

Jlns uiccnenoBanus ObUTH BBIICTICHBI JBa TIApaMeTpa 3aIlycKa: YHCIIO MPOIECCOB MPH
paboTe TecTa u pa3MepHOCTh MaTPHIIHL.

OO6nacTh U3MEHEHHSI TTAPaMETPOB 3aITyCKa: YUCIIO TporieccoB — [8, 128] ¢ marom
B 8 nporueccos, pazmepHocTb MaTpuliel — 1000, 100 000] ¢ marom B 1000.

Pasmep BIYHCIMTENHHOTO OJIOKA MTPUHST KOHCTAHTHBIM W PaBHBIM 224, 9TO SB-
ngercsi 3HaueHuem 1o ymondanuto st HPL. Pemetka nporieccoB yBeauuuBaiach 1o
¢dopmyne 8*N, 4To TO3BOIMIIO PABHOMEPHO paclpeelUTh MPOLECCHI MO Y3J1aM ¢ MMoJl-
HBIM 3aII0JTHEHUEM MTPOLIECCAMHU.

s 3amycka ucnosp3oBaiu cynepkomibioTep «JlomoHocoB» [BoeBonun u ap.,
2012] ¢ ucronb30BaHUEM Y3IIOB C JAByMs YETHIPEXSIEPHBIMU Tipolieccopamu Intel
Xeon 5570 u 8 I'b oneparuBHO# namsTH. 3amycKaiy 1Mo § MpoIeccoB Ha y3el, YTOObI
Ha KakJ10€ (PU3uUuecKoe Sapo Mpoleccopa pacipeesiioch Mo OHOMY MPOIECCY.

MonyyeHHble pe3ynbTaTbl SKCMNEPUMEHTOB

[IpencraBuM pe3ynbTaThl B BHIIE MMOBEPXHOCTH, B KOTOPOH KoopauHathl X U Y Oy-
JIyT COOTBETCTBOBAThH UUCITY MPOIECCOPOB U Pa3MEPHOCTH MAaTPHUIbI COOTBETCTBEH-
HO, a KoopauHata Z — 3 dexTuBHOCTH padoTh! Tecta. [lon addhekTnBHOCTHIO OyeM
noHuMarb 3GQGEKTUBHOCTh pPEaIM3aldi, PABHOM OTHOIIEHUIO IIOIY4YEHHOH IIpo-
M3BOAMTEIHFHOCTH K MaKCHUMAaJIbHOM TEOpeTHYEeCKH BO3MOXKHOM Ui JaHHOTO THIIA
poreccopa.

IIpu paccMOTpeHWH TMOIYYeHHOW MOBEPXHOCTH (PUCYHOK 1) HY)KHO OTMETHUTH
JIOCTaTOYHO BBICOKYIO 3(PPEKTUBHOCTh paObOThl T€CTa HAa HUCIOIB30BAHHOM 000PYI0-
BaHuu. Ha Oomblieil yacTu pacCMOTPEHHBIX 3HAUYCHHSX MapaMeTpoB 3arycka dh¢ex-
TUBHOCTH Onn3ka Kk 80%. Ecnu paccMoTpers 0o0nmacTh 3HaYSHUH MapaMeTpoB, COOT-
BETCTBYIOLINX OOJIBIIOMY pa3Mepy 3aladd ¥ MajJoMy YHCIy IPOLECCOB, TO MOXHO
3aMETHTh pe3koe cHkeHne 3 dexTruBHOCTH 10 0%. DTa 00IaCTh COOTBETCTBYET IKC-
MEePUMEHTaM, B KOTOPBIX JOCTUTHYT Mpenen pazMepa MaTpullbl, yMeIaroueics B J10-
CTYIHBIM 00bEM ONepaTHBHON IaMSITH.
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Takke Ha MONyYECHHOH MOBEPXHOCTH MOYKHO 3aMETUTH IUTABHO CHIDKAIOLILYIOCS
3¢ (GeKTUBHOCT PabOTHI MPU POCTE YUCIA MPOIECCOB U (PUKCUPOBAHHOM pa3Mmepe
3amaun. Eciam paccMoTpers 00acTh 3HAYEHHWH MMapaMeTpoB, COOTBETCTBYIOIIYIO He-
OOJBIION pa3MEPHOCTH 3aJa4M, TO MOXKHO OOpaTWTh BHUMaHWE HAa OYCHH OBICTpOE
cHIDKeHUe 3(h(hEeKTUBHOCTH BBITIOIHEHHUS TECTA IIPH POCTE YHCIIa MPOILIECCOPOB HA 3a-
Jadax HeOOJBIION pa3MepHOCTH (¢ pazMepoM MaTpuisl nopsaka 15000 u menee).

puc. 1. Macmrabupyemocts Linpack benchmark. /Tantbie 0 3¢ (GeKTHBHOCTH BBIITOIHEHHS IPOTPAMMBI.
[TnockocTh MoKa3pIBaeT ceueHue rpaduka npu pazmepe Marpuisl B 15000. O003HauCHBI MAKCUMYM
B 72% 1 MuHuMyM B 42% 3HaueHui 3 PEKTHBHOCTH B CEUEHUH

O(heKTUBHOCTD BBITOIHEHUS YMEHBILACTCS CO 3HAYeHUs], Onu3Koro K 72%, 1o
3HaueHHs OKOJIO 42% TpY yBEIMUYCHUHU YucIia poreccopos ot 4 o 128. [Nanenne 3¢-
(dextuBHOCTH B 30% U151 JTAHHOTO pa3Mepa 3aJ1auu SBJISICTCS OUYCHb CYIIECTBEHHBIM, U
JUTSL OTIPEJIENIEHHSI €TO TPUIMH MOYKHO OOPaTHTHCS K TAHHBIM CHCTEMHOTO MOHUTOPHHTA
KaKaoro 3ammycka. [I10cKocThio 0003HaYeHO CeUCHHE TOMYICHHON (PUTypsI Tipn (HUK-
cupoBaHHOM pasmepe 3ama4un B 15000. Ilepeceyenue muockoctu ¢ purypoii mo3posser
YBHUIETh KaKk yMeHbIIaeTcst 3 (EeKTUBHOCTD BBIMOIHEHHUS C POCTOM YHCIIa IIPOLIECCOB.

[TorpoOyem BBISICHUTH MPUYUHBI CTOJIb CHIIBHOTO CHM)KEHHSI d9PPEKTUBHOCTH H
paccMoTpuM OoJjiee eTaabHO padoTy MporpamMMbl Ipu (PUKCHPOBAaHHOM pa3Mepe 3a-
nmagn. /g Kkaxaoro 3amycka IporpaMMbl HYXKHO cOOpaTh TaHHBIE CHCTEMHOTO MOHH-
TOpPHUHTA, YTOOBI IOHATH, C N3MEHEHHEM KaKUX TWHAMHUYECKHX XapaKTEePUCTHK ara-
PaTHOTO YPOBHS KOPPENHUPYET TaKOe N3MEHEHHE 3HaYeHUS (P PEKTHUBHOCTH.

HauOonpmmii HHTEpEC IpeACTaBISIOT COOOH TaHHbIE C JATYMKOB, TTOCTYHAIOIINE
B MOMEHT BBIUMCIICHHH B iporpaMme. CaMblid MPOCTOH crmocod — B3ATh cpeiHee 3Ha-
YEeHHE 32 BECh NMPOMEKYTOK pabOThI MPOrPaMMBbl — HE BCET/Ia MOJAXOAMT IS aHaInu3a
MacITabupyeMOCTH, 0COOCHHO TIPH aHAJN3€e IIPOTPaMM C MAJIBIM BpeMEHEM PaOOTEHI.
DTO CBSA3aHO C T€M, YTO CHCTEMbl MOHUTOPUHTA COOMPAIOT JaHHBIE C JATYHKOB arlia-
paryphl ¢ KaKOH-TO MEPUOAMYHOCTEIO, ¥ IOTOMY TOYHOCTh cOOMpaeMoii nHhopMaIim
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MOBBIIIAETCSL ¢ BpeMeHeM paboThl porpamMmbl. C Ipyroil CTOPOHBI MPH TTOCTAHOBKE
MPOTPaMMBbI M 3aBEPIICHUH €€ Pa0OTHI MPOUCXOJIST PA3TUUHBIC CHCTEMHBIE TPOIECCHI
VMHUIMATN3AIIU 1 3aBEPIIEHUS, BpEeMs KOTOPBIX BO3PACTAET C POCTOM YHCIIA UCTIONb-
30BaHHEIX TIporieccoB. [Ipu paboTe mporpamMm ¢ HEOONBIIUMH 00bEMaMHU JaHHBIX 3TO
BPEMSI MOXKET OBITh CPABHUMO C BPEMEHEM PadOThI IPOrpaMMbl. ITO OyieT HaKIa bl
BaTb CYLIECTBEHHbIC UCKAKCHUS HA CpelHEe 3HAUCHUE XapaKTePUCTUKU.

Ecnu paccmarpuBarh ToBeieHHE XapaKTEPUCTUK CHCTEMHOTO YPOBHS [AAWHeIl,
2013], TO MBI yBHAUM, YTO B TIPOIIECCE BHIOJIHEHUS TPOrpaMMBbl OHU HE ITOCTOSTHHBI U
MEHSIOTCSl BO BpEMEHH 110 CIIOKHOMY 3akoHy. Ha pucyHke 2 mokasan rnpumep paboTh
KOPOTKOM mporpaMMel. Ha HeM BHIHO, 4TO BpeMsi paOOThl HEBBIUUCIUTEIbHON YacTH
1 3aBepIICHHE IPOrpaMMbl CPABHUMO C BpEMEHEM pabOThbl BEIYUCIUTEIBHON YacTH.

puc. 2. [Ipumep noBeneHuss AMHAMHYIECKUX XapAKTEPUCTHK CKOPOCTH IIepe/adl JaHHbIX 110 CETH
Infiniband B maxerax B cexynny u Mb/cek npu paGoTe 10cTaTOYHO KOPOTKOIT IPOTpaMMBbI

Ha pucynke 2 B 3aBepuiaronield yactu paboThl IPOrpaMMbl BUIHO W3MEHEHHUE
npod It pabOTHI IPOTPAMMEBI U CHIIFHOE CHIDKEHUE TTOKA3aHUH XapaKTEPUCTHK. DTH
y4acTKH pabOoThI IPOTPaMMbl BHOCSIT UCKa)KEHUE B 3HAYEHUE CPEIHETO 3HAYCHUS Xa-
PAKTEPUCTHK M TOTOMY JIOJDKHBI UCKITFOYAThCS U3 PACCMOTPECHHS.

Jlyis mosydeHus: 3HaYeHUH, ONPENEISIFOIIUX 3HAUCHUE JUHAMUYCCKUX XapaKTe-
PHUCTHK IIPH BBITIOJIHEHUHU BCEH MTPOrpaMMbl, HHTEIPaIbHbBIC 3HAYCHUS JMHAMUYCCKUX
XapaKTEPUCTUK MOTYT OBITh BBIOPAHBI Pa3IMYHBIM criocoboM. J[s ananm3a paboTh
tecta Linpack OymeM ucmois30BaTh cpeaHee 3HAUCHUE XapaKTEPUCTHKH 32 BPEMST BBI-
MTOJTHEHHSI BRIYUCIUTEIHFHON YaCTH MPOTPAMMEI.

PaccMoTpum momyueHHbIe 3aBUCUMOCTH ISt paOboThI TecTa Linpack mpu pa3mep-
HocTH 3a1auu B 15000. PaccMOTprM yuacToK ¢ HAMOOJBIICH HHTEHCUBHOCTBIO CHUKE-
HUS 9PPEKTUBHOCTH pabOThI MPOTrPaMMbl, HA KOTOPOM YHUCIIO TIPOILIECCOB U3MEHSIETCSI
B mpezaenax ot 16 mo 48. Ha atom yuacTtke 3¢ (heKTHBHOCTHh pabOTHI TECTA CHUKACTCS
Ha 14%, 9TO TOCTAaTOYHO CYIIECTBEHHO, YTOOBI YBUACTH U3MEHEHHS B TOBEICHHUH JIH-
HAMHUYECKHUX XapaKTEePUCTUKAX paOOThI allllapaTHOTO YPOBHS U CYIIECTBEHHO COKpa-
TUTh 00BEM aHAU3UPYEMbBIX JTAHHBIX.
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puc. 3. 3menenue npousBomuteabHOCTH TecTa Linpack mpu pasmepe marpuirst 15 000
1 U3MEHEHUH YUCIIa IPOIECCOB

N3 rpadmka mpou3BOAUTETHLHOCTH (PUCYHOK 3) BHIHO, YTO HAa PACCMOTPEHHOM
00JIacTH 3HAYEHWH YMCIIa MPOIECCOB MPOrpaMMa yBEJIIMYHBAET OOIIYIO0 MPOU3BOIH-
TeabHOCTh Ha 160%, XoTs 001mas 3pPeKTHBHOCTH PabOThI, KaK OTHOIICHUE K peailb-
HOU MPOU3BOIUTEIBLHOCTH K TUKOBOM, CHIXKaeTcs Ha 14%. DTo yka3pIBacT Ha HAIU-
Yue KaKUX-TO HAKJIAJHBIX pacxomoB. [Ipoanammsupyem coOpaHHBIE U yCPETHCHHBIC
JAaHHBIC CHCTEMHOTO MOHUTOPHHTA.

[Ipu BeIMONTHEHNH TecTa TP (PUKCUPOBAHHOM pa3Mepe 3adadd Ha pacCMOTPEH-
HOM y4YaCTKE YHCJIO K3II-TPOMAXOB B CEKYHJy CTAOWILHO CHMXKaeTcs (PUCYHOK 4).
OTO yKa3bIBaeT HA TOJOKUTEIBHBIN d((EKT OT JESKOMIO3HMIIUU JIAHHBIX — JIaHHBIC
CTaJM JydIlle TTOMEIIaThCsl B KAMI. BaXHO OTMETUTH, uTO TouTH Ha 20% CHU3UIOCH
YUCIIO 00JIee OPOTUX C TOYKH 3PCHHSI MPOU3BOIUTEIBHOCTA MPOMAXOB B CEKYHIY
L3 u Ha 15% mpoun3omnio CHIKEHHE CPEIHETO YMCia IPOMaxoB B CEKyHIY IO BCEM
BBIYHCIUTEIHHBIM y3JIaM. MEHBIINH YPOBEHb CHIDKEHHS YMCIIa TPOMaXOB B CEKYHIY
L1 moxeT 0OBSICHATBCS BO3POCIHICH MPOM3BOIUTEIHLHOCTBIO: TIPOMaX0B CTAaHOBUTCS
MEHBIIIe, HO OHU TPOUCXOMAT 4YaIlle, IIOTOMY KakK OO0Illee YUCIIO Orepaluil B CeKyH-
1y Bo3pocio. HaOnronaemMoe CHIKEHHE YKCiia K3II-TIPOMAaXO0B JIOJKHO BECTH K POCTY
MIPOU3BOIUTEIHLHOCTH, ¥ TIOTOMY M3 JAaHHBIX CHCTEMHOTO MOHUTOPHHTA CIEAYET, YTO
paboTa KII-IaMATH HE SBISICTCS MPUIMHON CHIKEHUS 3P PEKTHBHOCTH.

Ha pucynke 5 moka3zaHo u3MeHeHHE WHTEHCUBHOCTH PaboOTHI ¢ mamatkio. [lpu
YBEJIMYEHUHU YHCIIA MPOIIECCOB HA TAaHHOM YUYacTKE MO JTaHHBIM CUCTEMHOTO MOHU-
TOPHUHTA CIEAYET, YTO YUCIIO YTCHUN U3 MaMSATHU B CEKYH]Iy OCTACTCs MPaKTUYECKU
HEW3MEHHBIM. POCT MakCMMaJIbHOTO M CPEIHETO MO BCEM y3JIaM YHCia OIeparuit
3aIUCH B IAMATHh MOKET OOBSICHATHCS BO3POCIICH MPONU3BOIUTEIBHOCTHIO TIPOTpaM-
M1 [ToaToMy mporpaMme garre HeoOX0IUMO 3aITHCHIBATh B IAMSATH MTOJTYYSHHEIE pe-
3ynbTathl. be3ycnoBHo, Bo3pocuiee Ha 25% MaKcUMalbHOE YHUCIIO ONEepaluil 3anucu
B CEKyH/Iy OyIeT yBEIMYHMBaTh HAKIaJIHbIE pacxoabl. OJHAKO YMCICHHBIC 3HAUYCHUS
JAJICKU OT TPEICNIbHBIX IS MCIIOIh30BAHHOTO O0OPYJAOBaHUS, U TIOTOMY MajOBe-
POSITHO, YTO OHU CTAaHYT OCHOBHOMW NMPUYMHON CHIKEHHS oOmieit 3¢ (deKTuBHOCTH
MIPOTPAMMBI.
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puc. 4. I3aMeHeHne MakCHMaJILHOTO M CPEIHETO 10 BCEM y3JIaM YHCIIa KAII-IIPOMaXoB
B cexyHay ypoBHs L1 n L3 npu BemonHaeHnn Tecta Linpack mpu pazmepe marpuiisr 15 000
1 U3MEHEHNH YHCIIa MPOIECCOB

puc. 5. VI3MeHeHne MaKCUMaIIbHOTO M CPEIHET0 110 BCEM Y3JIaM YHCIIa ONEPalii YTCHUS U 3arHCH
B MIAMATH B CEKYHY NPH BhIToTHEHNH Tecta Linpack mpu pasmepe marpumst 15 000
1 N3MEHCHUH YHCJIa IPOIIECCOB

Ha pucynke 6 moka3aHo U3MEHEHHE CpeaHEN U MAaKCUMaTLHOH 110 BCEM y3JIaM
CKOPOCTH TI€peIavyy JaHHBIX ITPU BHITIOTHEHUH TecTa. V3 MoIyYeHHBIX TaHHBIX ClIe-
JIyeT, 9TO YBEIIMUEHNE YUCIIA MPOIECCOB MMPUBOJIUT K 3HAYUTEIHHOMY YBEINYCHUIO
WHTEHCUBHOCTH OOMEHA JIaHHBIX 110 KOMMYHUKalMOHHOH cetu Infiniband. Kpaiine
BOKHBIM MOMEHTOM SIBIISIETCSI TO, YTO CPEAHSSI CKOPOCTh (yBenmumiach Ha 35%)
10 y37IaM pacTeT ObICTpee MaKCUMaIbHOH (yBenudmiack Ha 19%) ckopocTu, BeIpa-
KEHHOW B 0alTax B CEKyH/y, YTO yKa3bIBaeT HA yBEIMYECHNE HHTCHCUBHOCTH TIepe-
Jladqd TaHHBIX BCEMH y3iamu. J(pyruM Ba)KHBIM MOMEHTOM SIBIISI€TCS TOT (DaKT, 4TO
Ha BCEX MPOBEJEHHBIX YKCIIEPUMEHTAX CPEIIHSSI U MaKCHMaJlbHas CKOPOCTh Tepe-
Jlaud BhIpAXKCHHAS B MAKETaX B CEKYH]Iy MOYTH HEOTIMYHMA. DTO yKa3bIBaeT Ha TO,
YTO YUCIIO COOOIICHUI MEX/y y3JIaMH OJIHO U TO e, OJIHAKO UX JJIMHA Pa3jIMYHa,
a mepenavya 0ojiee KOPOTKHX COOOIICHHUH COMpshKEHA ¢ OONBINMMH HAKJIaJHBIMU
pacxomamm.

BaxxHo oOparuTh BHIMaHUE Ha TO, YTO CKOPOCTb, BHIpAKEHHASI B TIAKETaX B Ce-
KyHJTy, Bo3pacTaet OoJjiee 4eM B JiBa pa3a 0oyiee MHTEHCHBHO, YeM CKOPOCTh BBIpa-
JKeHHasl B Meradaiitax B cekyuay. [Ipu yBenuyenuu ¢ 16 mporeccopos 1o 48 cpenss
M MaKCHUMaJlbHash CKOPOCTh, BhIP@KECHHAs B MaKeTax B CEKyHIy, Bo3pocia Ha 77%.
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puc. 6. V3MeHeHe MaKCUMAaITbHOM U CpeTHEH 110 BCEM y3J1aM CKOPOCTH Mepeauyl JAHHBIX M0 CETH
Infiniband. B Gaiit/cex u makerax/cek npu BeimoiaHeHUn Tecta Linpack npu pasmepe marpuist 15 000
1 U3MEHEHUH YUCIIa TPOIECCOB

DTO TOBOPUT O 3HAYUTEIHHOM CHH)KCHUH MAaKCUMAJIBHOU M CPEIHEW JITUHBI TTaKeTa,
a TAK)Ke O 3HAYUTEILHOM YBEIIMUCHHUH YMCIIA TTAKETOB, OJHOBPEMEHHO HAXOSIIIUXCS
B COCTOSTHHHM Tiepenayn 1o ceTu Infiniband.

Ha pucynke 7 nokazaHa 3aBUCUMOCTb CpEJHEN U MAKCUMaJIbHOM JUIMHBI AKeTa,
riepenaBaemoro 1o cetu Infiniband. M3 momydenHoro rpaduka MOXKHO C/IeiaTh BEIBOIT
0 TOM, YTO TIPY YBEIMYECHUHU YHCIIa TPOIIECCOB KOMMYHHUKAIIMOHHAS CETh CTAHOBUTCS
CWJIbHEE 3arpyXeHa OOJIBIINM KOJHMYECTBOM MAKETOB Mallo¥ JUIMHBL Tak Kak JuiMHa
COOOIIEHNI CHUYKAETCS TIOUTH Ha TPETh, @ UX YUCIO Bo3pacTaeT Ha 70%, MOXKHO cie-
JIaTh BBIBOJI, YTO 3TO MOXKET SIBJISATHCS OCHOBHOM NMPUUYUHON CHUXEHUS 3D (HEKTUBHO-
CTH pabOoTHI MPOTPAMMBI.

puc. 7. 3MeHeHHe MaKCUMAaIBHOM U CpeIHEH 10 BCEM y3J1aM JITMHBI ITAKeTa MMepeiadn JaHHBIX
1o Infiniband npu BeimoHeHnK Tecta Linpack npu pasmepe marpuiist 15 000
¥ U3MEHEHHH YHCIIa IPOLIECCOB
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AHATI3 MACLUTABUPYEMOCTY MAPANTENbHbIX IPOrPAMM HA OCHOBE TEXHOMOT A CYNEPKOMNbBIOTEPHOTO KOAW3AIHA

B paccmoTrpeHHOM mpuMepe MpeIoKEHHOTO MOX0/a K aHAIN3Y MaciiTadupye-
MOCTH TapaJUICIbHBIX MMPOrPaMM MPAKTHYECKasl CI0XKHOCTh IIPOBEJCHUS HCCIISI0Ba-
HUH 3aKI0YaeTCs B OYCHb OONBIIOM O00beMe JaHHBIX, HEOOXOIMMBIX JIJIS aHAIIN3a.
O0beM JaHHBIX PACTET OYCHB OBICTPO KaK IPHU PACIIMPEHUU 007acTH 3HAYCHHUN YKe
paccMarprBaeMbIX MapaMeTPOB 3aMyCcKa, TaK U MPH J00ABICHUH HOBBIX MapaMeTPOB.
ITpu paccMOTPEHUH HECKOJBKUX TUHAMHUYECKUX XapaKTEPUCTHK HEOOXOIUMO COOU-
paTh M aHAJIU3UPOBATH OYCHH OONBIION 00heM WH(MOPMAIIMKM O HHUX, a TaKKe YacTo
MPOBOJIUTH JOTIOJHUTEIbHBIA aHaTH3 BBEICHHBIX HOBBIX JTUHAMUYCCKHX XapaKTepH-
CTHK. DTO HEOOXOIWMO IJIs BBHIOOpA 3HAYCHHM, 00pa3yIOMNX B3aHMMO3aBUCHUMOCTH
MEXJTy 3HAYCHUSIMU, KOTOPbIE CTAHOBSITCS TIOKA3aTeIIbHBIMU.

3AKJTIIOYEHME

[IpeanoxeHHBII MOAXOA K aHAIN3Y MacIITaOMPyeMOCTH HCIONb3YeT OOJbIIOE YHC-
JI0 AaHHBIX O paboTe MPOrpaMMBbl, TO3BOJISIS TPOAHATM3UPOBATh H3MEHEHUS B paboTe
IPOrpaMMBbl Ha Pa3HBIX YPOBHSIX €€ paboThl. TeXHOIOrHH CYNEepKOMIBbIOTEPHOTO KO-
3aiiHa, UCIOJIb3yEeMBbIE IS aHAJIN3a MacIITa0UPYEMOCTH, ITO3BOJISIIOT H3y4YaTh OCOOEH-
HOCTH IPOTPaMMHOIO U alIapaTHOIO YPOBHS M JeJIaTh BBIBOABI O IyTSX YJIy4IIEHUS
MacIITadOUPyeMOCTH MPOTrPaMMbl: BHECEHHUSI U3MEHEHHUH B aITOPUTMHYECKYIO 4acTh,
IPOrPaMMHYIO PealM3alu0 Wi anmnaparHyro miargopmy. CiI0XKHOCTb MPEIIOKEH-
HOTO TIOAXO/a K M3YYCHHIO TOHATHS MAacIITaOMpyeMOCTH BBICOKA 33 CUET MCIIONb-
30BaHMs OOJBIIOTO YHCIA XapaKTEPUCTUK, HO 3TO KOMIIEHCHPYETCS BO3MOXKHOCTBIO
MOJTY4eHUsI 3HAYUTENLHO Oolbiero oobeMa HH(GOPMAITUH O CBOMCTBAX MacIITa0Hpy-
€MOCTH TIapajuIeIbHBIX IPOTPaMM U MOJYYEHHUS BBIBOIOB, 00OCHOBAHHO yKa3bIBaIO-
[IMX HA MPUYMHBI CHIDKeHUs 3 dekTuBHOCTH porpaMM. ONHCaHHBIN MOX0I MOXKET
OBITH MCIIOJIH30BaH KaK B LIEJSAX OMUCAHUSI CBOWCTB MapauledbHbIX mporpaMm [Dpo-
708, 2015; AaToHoB u 1p., 2015], Tak W A5 NOBBILICHUS YPOBHS 0011el S PEeKTHB-
HOCTH pabOoThl OOJIBIINX BHIYUCIUTEIBHBIX KOMIIEKCOB B LIEJIOM 32 CUET YBEJINUYCHUS
5 PeKTUBHOCTH PabOThl KaKIAOTO 3aMyCKa, UCIOJIB3Ys MOIyYCHHYIO HH(POPMALHIO
0 MacIITabUpyeMOCTH pabOTAIOMIKX Ha KOMIUIEKCE IPOrPaMM.

JINTEPATYPA

[Amurern, 2013] Anuaen A., Bpesranos I1., Boesonun B. u ap. Jobdigest — momxox x uccie-
JIOBaHUIO TUHAMUYECKIX CBOICTB 3a/1a9 Ha CYNEPKOMIBIOTEPHBIX cucTeMax // BecTHHK
Y dpumMcKoro rocyapcTBEHHOTO aBHAIIMOHHOTO TEXHUYECKOro yHuBepeurera. — 2013. —
T. 17, Ne 2 (55). — C. 131-137.

[AnToHOB 1 Ap., 2013] ArToHOB A.C., XKXym™maruit C.A., Hukurenko /[.A., Crepanos K.C.,
TeruoB A.M., IlIeens I1.A. HccrenoBanne THHAMHYECKUX XapaKTEPUCTHK MMOTOKA 33139
CYNEPKOMITBIOTEPHON CHCTeMBI // BBIUHCIUTEbHBIE METO/IBI M ITporpaMmupoBanue: Ho-
BbIC BBIYMCIIUTEIbHBIC TEXHOIOTUH (DNEKTPOHHBIH Hay4YHbIH )kypHai). 2013. T. 14, Ne 2.
C. 104-108.

[AnTOoHOB, Tero, 2014a] ArtonoB A.C., TerioB A.M. Mcnonb30BaHue JaHHBIX CHCTEMHOTO
MOHHUTOPHHTA ISl OIIpeeeHus (pakTOpOB, YMEHBIIAIONIMX MaCIITa0UPYEeMOCTb ITPHIIO-
xenust // ssectust KOOY. Texundeckue nayku. 2014. Ne 12 (161). C. 90-101.

27



A.C. Aumoros, A.M. Tennos

[AnTOHOB, Teruior, 20146] AuToHOB A., TerioB A. O paKTHUYECKOM CII0KHOCTH MTOHSITHS MaC-
mTabupyeMOCTH TapauIeNIbHBIX TPOTpaMM // BEICOKOIPOU3BOANTEBHBIC apaliebHbIC
BbIYMCIEeHUsS Ha KiacTepHbix cuctemax (HPC 2014): Marepuanst XIV MexayHnapoaHoit
koH(pepenuu (T. [Tepmb, 10—12 Hos10pst 2014 1.). M3narenscTBo [lepmckoro HanmoHab-
HOTO HUCCJIeI0BATeIbCKOr0 MOJUTEXHUUecKoro yuusepcurera [lepmb, 2014. C. 20-27.

[AuToHOB U 1p., 2015] AntonoB A.C., BoeBonun Baz. B., Boesoaun Bn. B., Ternos A.M.,
®ponos A.B. Ilepas Bepcust OTKpBITON SHIMKIIONEINH CBOUCTB anropuTMoB. // [Tapai-
JienbHble BeunciauTenbHbie Texnonoruu (I1aBT 2015): Tpyasl MmexayHapoIHOM HayYHOM
koHpepernuun (31 mapra — 2 anpenst 2015 r., . Exarepun0ypr), Wznarensckuit 1eHTp
IOVYpI'Y Yensidunck, 2015. C. 31-42.

[BoeBoauH u nip., 2012] BoeBonun B.B., XKymaruii C., Co6ozes C. u ap. [Ipakruka cynepkom-
nbtorepa “Jlomonocos” // OtkpsiThie cucteMbl. 2012. Ne 7. C. 36-39.

[Terutos, 2014] TeruioB A.M. O6 0HOM TMOAXOME K CPABHCHUIO MACIITA0MPYEMOCTH Mapaj-
JIETIBHBIX ITPOTpamMM // BerancimrenbHble METO/bI M ITporpaMMupoBanne: HoBblie BeIYnCIIu-
TeJIbHBIE TEXHOJIOTHHU (DJIeKTPOHHBIN HayuHbIi xkypHai). 2014. T. 15, Ne 4. C. 697-711.

[@ponos, 2015] ®@pono A.B., Boesogun B.B., Kousmun U.H., Termos A.M. UccrnenoBanue
CTPYKTYPHBIX CBOWCTB aJITOPUTMa Pa3JIoKEeHHs XOJICLKOTO: OT JIaBHO M3BECTHBIX (PAKTOB
JI0 HOBBIX BBIBONOB. // [TapaiuienbHbie Berauciutelbubie Texaonoruu ([1aBT’2015): tpy-
JIbl MEXJIyHapOAHOW Hay4HOU KoH(epeHyHn (31 mapra — 2 ampens 2015 r., . Exarepun-
Oypr), Usnarensckuii nentp FOYpI'Y Yensounck, 2015. C. 320-331.

ANALYSIS OF THE PARALLEL PROGRAMS SCALABILITY BASED
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An approach to the analysis of parallel applications scalability using supercomputer co-design
technologies based on the use of integrated and structured data on the parallel program. The
proposed approach allows us to study the properties of the application on the basis of the data
collected on the various dynamic characteristics of its work. Data is observed from the different
levels of application runtime research, starting with the hardware level. This approach allows
making informed judgments about potential reasons for the parallel applications efficiency
degradation.

Keywords: Scalability, supercomputer co-design, efficiency, parallel computing, approach
to scalability analysis.

Antonov Alexander Sergeyevich — leading researcher, asa@parallel.ru
Teplov Alexey Mikhaylovich — junior researcher, alex-teplov@yandex.ru



YK 519.245

ANTOPUTM «POPULATION ANNEALING»
WEF0 NPUMEHEHWE K ABYMEPHOWU MOAENN N3UHTA

J1.K0. bapaw’, J.H. Wyp', M. boposckuir®

' UHcTtuTyT Teopetuueckon dusmkn nm. J1.4. Nanpay PAH
(UTO vm. N.4. Nanpay PAH), HayuHbin ueHTp PAH B YepHoronoske
2 Yuusepcutet MNasna Moseda Ladapuka B r. Kowmue

[IpoBeneH aHanM3 HEAABHO MPEUIOKEHHOIO alITOPUTMa U3yUeHHs] MOJENel CTaTUCTHUECKON
¢m3ukn. Pazpaborana peanmsanust anropurMa Juisi rpaMUecKux mporueccopos. M3yuaercs
BIIMSTHUE MapaMeTpoB anroputma (ducia maroB Monre-Kapno, pa3Mepa HOmyssinny, ducia
TEMIIepaTypHBIX IIaroB, YHCJIa HE3aBHCHUMBIX 3aITyCKOB) Ha TOYHOCTH BhIYMCIeHHH. [Ipose-
MOHCTPHPOBAHO OTCYTCTBHE KPUTHYECKOTO 3ame uieHus anroputma «Population Annealingy
JUIs1 IByMepHOM Monienu M3uHra.

Pabora BrimonHena npu (uHAHCOBOM moanepkke rpanta PH® 14-21-00158, a takxe
C UCIOJIB30BaHUEM PECYPCOB CyNEPKOMITbIOTEpHOro koMiiekca MI'Y um. M.B. JlomoHocoBa.

Kniouesvie cnosa: Population Annealing, monens WM3unra, meton Monre-Kapio, rpadu-
YECKUI1 IPoLECCop.

BBEJEHUE

OnHUM U3 CIOKHBIX BOIPOCOB BBIYMCIUTEIBHON CTATUCTHYECKON (DU3UKH SIBISETCS
MOJIEJINPOBAHUE HU3KOTEMIIEPaTypHOTO PaBHOBECHS CHCTEM CO CIIOKHBIM CIIEKTPOM
CcBOOOTHOM SHEPTUH, HAIPUMED, TAKUM, KAKOM BOSHUKAET B CIMTHOBBIX CTEKJIaxX 1 OMo-
MoJieKynax. V3BecTHbIe BapHaHTHI MeTooB MoHTe-Kapino mioxo mpruMeHUMBI s
TakuX cucTeM. Hampumep, mpu MX NMPUMEHEHWH MOJCIMPOBAHUE MOXKET MPHBECTH
CUCTEMY B JIOKaJIbHBI MUHUMYM 3HEPTHH M HaXOAUTHCS B HEM OECKOHEYHOE BpeMsl.
TakuMm 06pa3om, OOJBITUHCTBO METOAOB OKa3bIBACTCSl HECTIOCOOHO KOPPEKTHO MPOU3-
BECTH BBIOOPKY M3 PABHOBECHOTO pacmpeeneHus. J{pyroii BaKHOH 3a1a4eid SBisieTcst
HeoO0XoanMocTh 3(h(heKTHBHOM peannzanuu anroputMoB MonTe-Kapio Ha coBpemen-
HBIX BBIYHCIUTEIHHBIX CHCTEMaX, KOTOPbIE, KaK MPaBUIIO, SBISIOTCS T'€TePOTCHHBI-
MH CHCTEMaMH C LEHTPAJIbHBIM MPOIECCOPOM U C TPAPUUECKHUMH YCKOPUTEISIMHU Ha
KaXJI0M y3ie. [y petenus 3Tux npoodiaeM B MocieiHee BpeMsl MPEIIaraloTesi 1 uc-
MOJIB3YIOTCS YCOBEPILIEHCTBOBAaHHBIE aliropuTMbl MonTe-Kapno. Ogaum u3 Takux aji-
ropuTMOB siBjIsieTcs anroput™M Population Annealing (PA). Uaest metona Oblia nipe-
nokeHa B pabore [Hukushima, Iba, 2003], B coBpeMEHHOM yCOBEPIIICHCTBOBAHHOM
BHJIE OH OBLT OITyONIMKOBAaH 3HAYUTENLHO TI03Hee B paboTe [Machta, 2010]. CoiicTBa
3TOTO AJNTOPUTMA, OJTHAKO, HEOCTATOYHO N3ydeHbl. OUEeBHIHO, UTO MPEKIC YeM IIPH-
MEHSITh JIFOPUTM K CIIOKHBIM CUCTEMaM, TaKHM, KaK CIIMHOBBIE CTEKJIa, HEOOXOIMMO

Bapam Jles FOpbeBuu — H.c. UT® um. JI.JI. Jlannay PAH; n.c. Hayunoro uentpa PAH B UepHoronoske;
K.(-M.H., barash@itp.ac.ru

Ilyp Jles HukonaeBuy — 3aBeayronuii otaenaom, a.¢-m.H., npodpeccop, UTD um. JI.JI. Jlangay PAH, Ha-
yunblif nentp PAH B Uepnoromnoske, shchur@chg.ru

Boposckuii Muxan — yausepcuter [lasna Hoseda [llapapuxa B r. Kommurte, CIOBAKHS, ACIHPAHT
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M3y4YUTh CBOMCTBA aJrOpUTMa HAa M3BECTHBIX 3a/1a4ax, HAIPUMEP, Ha JIByMEPHOU MO-
nenu M3uHra, Juisi KOTOPOr XOPOIO U3BECTHO KaK €€ TOYHOE PEIICHUE, TaK U U3yUeHO
MoBeIeHNe APYTux anroputMoB MonTe-Kapmo. 3To mo3BoimuT HaM MPOBECTH H3yde-
HHAE OCOOCHHOCTEW MeTola W BIHMSHUS IMapaMeTpPoB anroputMa Ha d3()PEeKTHUBHOCTH
MPUMEHEHHUS] METOJ/Ia M TOYHOCTh BBIYMCIICHUS TEPMOJMHAMHUYCCKUX BEINYHH.

OOPMYNNPOBKA ANITOPUTMA

Cxema anroput™ma PA nzo0pakeHa Ha HUKECIIEIYIOIIeM PUCYHKE 1.

puc. 1. I[IceBnoxox anroputma «Population annealing

Mpbl HauMHAEeM C MHUIMATH3AIUN Ry PEIUTUK CHCTEMBI, TO €CTh ee Komuid. Kax-
Jast peruInKa UMeeT OJIMHAKOBBINA HA0OP MapaMeTpORB, OMUCHIBAIOIINX MOJICTUPYEMYIO
cucremy. HauanbHas Temrieparypa BeIOUpaeTcs ¢ OeCKOHEUHbIM 3HaueHueM S = 0, u
KaXK/1ast PEeTINKa HAXOUTCSI B CITy9aifHO BEIOPAHHOM COCTOSIHMU (ha30BOTO IMPOCTPaH-
ctBa. CleAyronyM aroM ajiropurMa siBjisieTcs nepeBbiOopka. Ha aTom mare mbl
OJTHOBPEMCHHO IOHIKAEM TEMIIEpaTypy JUIS BCETO MHOXECTBA PEIUIUK. AJITOPUTM
MIPOM3BOAUT MOHIKEHHE TEeMIIEPaTyphbl B 3apaHee W3BECTHOM MOCIIEAO0BATEIbHOCTH:
T=1px, Troi= 1Bk ss..., To= 1/, TE =011 P < fx_; < --- < f,. PaccmoTpum niepe-
BBIGOPKY U3 Temmepatypsl 1/8 B Temneparypy 1/’ ans R, perutuk, rie 4> . B pa6ote
[Machta, 2010] ucnoms3yeTcst METOT ITyaCCOHOBCKOH ITepEBLIOOPKH, B KOTOPOM YHUCIIO
KOTIHI COCTOSTHUS [ B HOBOU Tomyrsiiuiw ecTh N; = M[w,; (B,£)], toe

wi(B,B") = (Rg'/Rg)ti(B, B,
7i(B,B") = exp[—(B" = B)Ei]/Q(B, B"),

Rp
1
QB.B) =% [—(B" — B)E;].
RB IZI exp
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AITOPUTM «POPULATION ANNEALING» U ETO IPUMEHEHWE K 1BYMEPHOI MOLENN U3NHTA

3neck M[a] — ciryuaiinas 1ienas BeJIMYMHA C TyaCCOHOBCKUM paclpeieIeHUeM U Cpe-
HUM 3HaueHueM a. Ecnm n;= 0, To koHUrypanus | yHuuTOKaeTcs. Pasmep HOBOI
nomy/suK GysieT paBe R, = Y ;. ClieloBaTebHO, CpeiHee OTKIOHEHHE BETUYHHBI
R, ot 3apanee 3a/1aHHO} BeMUHMHBL Ry PABHO HYIIO, & CPEIHEKBAIPATUHOE OTKJIO-

HEHUE PaBHO /Rﬁr, OHO MHOTO MeHbIle Ry, ecnu Ry 2 100. Takum o6pazom, pasmep

HOMyJAMHU Oy/IET cIerka OTIIMYaThCs OT 3apaHee 3aJaHHbIX 3HAUSHUH {Ry}.

Hapsimy ¢ myacCOHOBCKOH IEpeBBIOOPKOI CYyIIECTBYIOT BEPCHH aJTrOpUTMa
¢ MyJbTHHOMHAIBLHON TiepeBsIOOpkoit [Machta, Ellis, 2011], ocrarounoil mepeBbI-
oopxoit [Douc, Cappé, 2005] u nepeBsIOOpKOI MeToIOM OJnkaiiiiero iesoro [ Wang
etal., 2015].

JIist MyTETHHOMHAJTBHOMN TIEPeBHIGOPKU pa3Mep MOMyNsun Ry = YN, coBma/a-
€T C 3apaHee 3aJlaHHbIM 3HAUYEHHUEM Ry, a KOIMYECTBA KOMUM Ny, Ny, ..., N BBIOMpA-
IOTCSI COBMECTHO M3 MYJIBTHHOMHAJIBHOTO pactpeneneuus f[n, n,, ..., Mg Ry, Ti/Ry,
/Ry, .., TRﬁ/Rﬂ]. i

J1s ocTaTouHOM MEpeBBIOOPKH TAaKKe BBIOIMHAETCS Ry = Ry Uncna xonuii B
METOJIe OCTaTOYHOM TMepeBbIOOPKH BBIOMPAIOTCS COBMECTHO TPH IOMOIIU MYIIb-
THHOMMAIBHOTO  pacupenenenust  f[ny — |ug ], ny — lpzl, g, — |yR P | ;R—T,

wr—lpal pa—lusl ”RB_l”RﬁJ
R-T ' R-T '’ R-T
OosibliIee 11e7I0€ YUCII0, HE IPEBOCXOISILEE

JIyist epeBLIGOPKH METOIOM GIHKARIIErO HENOro pasMep MOMyISun R 5 MoXKeT
OTJINYATHCS OT 3apaHee 3aaHHOW BEIMYHMHBI Ry, IPH 9TOM C BEPOSITHOCTBIO M; — |14
BiOMpaeM n; = 1 + |y;], B mpoTuBHOM ciiyuae BeiOupaem 1; = ;).

Wrak, BO BceX MCIONB3yEeMbIX METO/IaX MEPEBLIOOPKH YKcia N;, SBISSCH ETBIMH
HEOTPUIATEIbHBIMHI YHCIaMH, BEIOUPAIOTCS U3 HEKOTOPOTO TUCKPETHOTO pacipese-
JICHUS1 BEPOSITHOCTH, TAKOT0, UTO Cpe/iHee 3HAUCHHUE N, PAaBHO L, AUCTIEPCHS BEITUUNHBI
N; He TIPEBBINIAET L, & CPETHEKBAPATUYHOE OTKIOHEHHE BEIMUMHBI R 47 = 2N, OT Ry
MaJjio 10 CPaBHEHHUIO ¢ Ry IIpyu BBINOIHEHNH 3TUX TPEOOBaHMN KOHKPETHBIH BBIOOD
METO/1a HE SIBJIETCS CYIIECTBEHHO BAYKHBIM.

Crenyromuii mar aaroputMa Ha3bIBaeTcs ypaBHoBelBanueM. Ha stom mare s
KOKIOW PETUTUKH MPOU3BOIUTCS & MPOXOAOB pemeTku anroputMom Monte-Kapio,
OCHOBaHHBIM Ha MapKOBCKOI1 LIenH, Harnpumep, anroputMom Metpononuca. Hakoner,
3aTeM BBIYMCIIAIOTCS HAOMI0MaeMble BETMYMHBI KaK CPEJHHUE 3HAYCHHS TIO TTOMYJISIIIHH.
[Mockombky BemmumHa Q(f,5) ¢ Xopoieit TOUHOCThIO MPUOIIDKAST OTHOIICHNE CTa-
THCTHYECKHX CyMM TIpH Temmeparypax 1/8 m 1/f', To cBoGomHyIo 3Hepriio F Toxe
MOYKHO THOJydYaTh JJIs KaKJON TeMIlepaTypsl B MPoOLecce BBIYUCIEHUH MPH MTOMOIIN
BBIPaKCHHUS

].tneR=Ry, T = fo 1Lui]. 3nece | x| oGo3nauaer nau-

k+1

~BeF(B) = ) QB i) +In,
=K

e Q — pasmep (asoBoro mpocrpancTsa cucrembl. Hampumep, Q = 2N s Momenu
Wzunra, conepxameid N ciiHOB. Brrauciienne HabII0MaeMbIX BEIMUNH KaK CPEITHUX
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[0 MOMYJISIIKMN SIBJISIETCSI BAXKHBIM OTAMYMeM airoputMma «Population annealing» ot
MeTon0B MoHTe-Kapiio, oCHOBaHHBIX Ha MapKOBCKOH IIETIH, Il HaOIoqaeMble BeJ-
YUHBI OOBIYHO BBIYUCIIAIOTCA KaK CpeHee 110 MapKOBCKOMY IIPOLIECCY.

[lepeBbIOOpKa ¥ ypaBHOBEIIMBAHNE TIPOU3BOIATCS A0 TEX MOp, TOKa HE 3aBep-
LIMTCS 3apaHee 3aJaHHast I0CIIe0BaTEeIbHOCTh TEMIIEPATYP (CM. pUCYHOK 1).

PEANIM3ALNA ANMTOPUTMA )19 GPU

Hamu 6p11a paspaboTana peaiusarus alropuTMaiis Moienn V3uHra ¢ uemons30Ba-
Huem texHonornu CUDA u Bo3MokHOCTEH Tpaduuecknx yckopurenei Nvidia. Ber-
YUCIUTENLHBIC S/pa, BRITOIHAEMbIE Ha rpadruecKkoM Iporieccope, pa3padoTaHbl s
CIIEAYIOIIUX YacTel mporpamMMsbl: 1) mpouecc ypaBHOBEUIMBaHUS; 2) MapajuleiIbHOe
BBIYUCIICHHE DHEPTrUH, HAMArHWYCHHOCTH M MX MOMEHTOB BCEX PEIUIMK CHCTEMBI;
3) Beuucnenue BenuuuHbl Q(F,4"); 4) BbIUMCIICHHE YKMCTa KOMHUA Ka)IOW PEITHKH
JUTSI TTyaCCOHOBCKOM TIEPEBBIOOPKH.

Jlis peanu3zanuy napaiellbHOTO aJITOPUTMa JUIs Mpoliecca YpaBHOBEIIHBAHUS
MBI HCTIONB30BaIM METOBI, IpUBeIeHHBIC B padorax [Weigel, 2011; Weigel, 2012].
B atux paborax mpeiokeH METOT «ISKOMITO3UIUS TBOMHOM IIaXMaTHOM JIOCKI: UC-
xonnas pemrerka u3 NxN y3710B (CIMHOB) paccMaTpuBaeTcsi Kak BxB 010koB, kaxab1it
13 KOTOPBIX ABJISIETCS pereTKoi u3 7% 7 y3110B, KOTOpasi, B CBOIO O4EPeb, ACIUTCS Ha
YeTHBIC M HEYETHBIC Y3JIbl B IIaXMaTHOM mopsiake. Kaxapiid 010Kk HUTEH 00padarhbl-
BA€T TOJILKO y3JIbl OAHOW U3 mojpenieTok pazmepoM 7x7. Jlnsi OqHOBPEMEHHOIO UC-
MOJIb30BaHMS M OOHOBJICHUS KOH(UTYpAIMU CITUHOB TAKOW MOJPEIICTKH MTPY IIOMOIIN
MHOYKECTBA HUTEH OJI0Ka MOXKHO HCIIONIE30BAaTh OBICTPYIO pa3iesieMylo aMsITh, €CIIN
3Ha4eHne I He CIUIIKOM BEJUKO, Hampumep, it 7=16. [lockonbky HE0OX0AUMO Tia-
paIENbEHO W HE3aBHCHUMO MPOU3BOAUTH OOHOBIICHHE CITMHOB PEIISTKH aJTOPHTMOM
Metpornonuca, To CHadana 00pabaThIBAlOTCs HUTAMHU O10Ka 7%/2 YeTHBIX Y3JI0B MOJ-
penieTky, a 3areM — 7%/2 HeYeTHBIX y3JI0B moapeineTku. [1o Toii xe npudrHe 6110KaMu
HHUTEH CHaYasa mapajuiesibHO U He3aBUCUMO oOpabarsiBaroTcsi B%/2 «4yeTHBIX» mojpe-
meTok pasmepa 7% T, 3atem — B?/2 «HeueTHBIX».

BaxxabiM siBisieTcs n30aBIEHUE OT BBIYHCICHUS SKCTIOHEHTHI ITPH KayKI0M OOHOB-
JICHUW KaKIOTO CIHMHA, MIOCKOJIbKY BBIUYMCICHHE DKCIIOHEHTHI HE SIBIISICTCST OBICTPO
OJIHOTAKTOBOM Orepanueii. ITo HeCJIOKHO Pean30Barh, MOCKOJILKY BO3MOXKHBIX 3Ha-
YeHUH BeMWINHBI AE B anroput™Me MeTpomonuca BCETro JHUIIb HEOOIbII0e KOHETHOE
yucio. Hanpumep, i nBymeproit monenu Msunra AE = 2J8) g cocen S T2HSi, THE
J — KoHCTaHTa CBsA3H, a H — MarHuTHOE 1ose. BeUuuHa ) g, cocex S MOKET IPUHUMATh
OJTHO U3 MATH 3HaueHut —4, -2, 0, 2, 4, a CUH §; — OAHO U3 IByX 3HAaUCHUM +1, mosToMy
BeMMYMHA AE MOXET MPUHUMATH TOJIBKO OJHO U3 JECATH 3HaueHui. Vcnonb3oBanue
TaOJHILIBL, B KOTOPOH XpaHATCs AecSTh 3HaueHui BennuuHbl min(1l, exp(—AE/T)), mo-
MEIEHHOH B OBICTPYIO TEKCTYPHYIO WJIM KOHCTaHTHYIO MaMsITh rpauuecKodl KapThl,
3HAUUTEIILHO YCKOPSIET BEIYUCIICHHE.

HawnbGomee ObICTpBIM CITOCOOOM TEHEpAITH CITyYalHBIX YUCEN M1 BBITIOTHCHIS
YpaBHOBEIINBAHMUS SBIACTCS 3allOJHEHHE TIepes KaXabM mpoxonoM Monrte-Kapio

32



AITOPUTM «POPULATION ANNEALING» U ETO IPUMEHEHWE K 1BYMEPHOI MOLENN U3NHTA

MaccuBa B namsati GPU ciyuaiineiMu unciiamu. Pasmep Takoro mMaccuBa paBeH MOJ-
HOMY 4HCITy 00pabaThiBaeMbIX CIIMHOB (T.€. pazMepy MOMyJSIHN, YMHOKCHHOMY Ha
YKCI0 CMHOB pernetku). [t atoro B 6udnmuoreke PRAND [Barash, Shchur, 2014]
ecTh 2 deKTUBHBIC (YHKIWHM C Ha3BaHUSAMHU INg_generate_gpu_array , tae rng
JIOJDKHO OBITh 3aMEHEHO Ha Ha3BaHWE OJHOTO M3 T€HEPaTOPOB CIYYaWHBIX YHCEI.
B03MOXXHOCTB JIETKO MEHSATH THUII T€HEpaTopa CIy4YalHbIX YHCeNl B paMKax OHOIMO-
Teku PRAND mo3BosisieT TecTHpOBaTh 3aBUCUMOCTD JeTalel alropuTMa oT crocoda
TeHEepaIy CIyYaiHbIX YMCEell, YTO TO3BOJSET N30ekKaTh BOBMOKHBIX KOPPEISIHA C
ocobenHocTsMu anroputMma [Shchur, 1999].

B anroputme «Population Annealing» ypaBHOBeHIMBaHNE MPOU3BOANUTCS Cpazy
JUTSE OOJTBITIOTO KOJTMYECTBA PETTMK CUCTEMBI, TIOPTOMY KaXKIbIid OJIOK HUTEH 00pada-
THIBAa€T TOJPEIIETKY pa3mepa 7xT oqHOW U3 peruuk. KomudecTBo peruiuk, Kak mpa-
BUJIO, IOCTaTOYHO BEJIMKO, IIOATOMY MOXKHO IOCJIEI0BATENILHO 00paldaThiBaTh OHUM
OokoM HHTe# Bce B? mozpereTok oHOW PEIUIMKY (CHAaYaIa YeTHBIC MTOPEIICTKH, 3a-
TEM HEYETHBIE), ¥ 9TO HE MIPUBOJIUT K JTOTIOIHUTEIILHOMY 3aMeJIJICHUIO TT0 CPABHEHHUIO
C WX TapaJiebHON 00paboTKoi. J{JIs Tako# peanmn3aruy 9uciio 6J0KOB HUTEH OymeT
B TOYHOCTH PABHO pa3Mepy MOIYISIHH.

[TapannensHO€ BBIYKCICHHUE YHEPTHH, HAMATHUYEHHOCTH U MX MOMEHTOB JUIS
BCEX PEIUIMK CHUCTEMBI MPOU3BOJUTCS cleqytoumM obpasom. Kaxapiii 010k HHTEH
nocenoBarenbHo o0padareiBaeT B? moapemierok pasmepa 7= 7 OfHON U3 PEIUIHK CH-
CTeMbI TpH noMoIny 77 mapaienabHsix Huteil. [Ipennonaraem, uro 7' = 2". Jlns Ha-
XOXKJIEHHS HAaOTI0jaeMOi BETMYMHBI HEOOXOIMMO BBIYUCIUTH CYMMY TIO BCEM y3JIaM
pemretky. Ha mepBoM m1are BBIUMCIICHUS KaKJas HUTh BBIYHMCISET CBOIO YacTh Kaxk-
JIOW CyMMBI, COOTBETCTBYIOLIYIO OHOMY Y31y PEILETKH, IIPH 3TOM BCE BBIYHCICHHBIC
BEJIMUMHBI 3aAIHMCHIBAIOTCS B OBICTPYIO pa3eiiIeMyr0 MaMmsTh. Takum o0Opa3om, s
KaXXJ10M BBIYUCIISIEMON BETMYMHBI UMEEM MACCHUB B pa3AeiIsIEMON NaMATH, COCTOSIIUI
u3 1% BEIMUYHMH, KOTOPbIE HEOOXOMUMO CIIOKHTH. [IJIsl 9TOTO Kakaas u3 mepBbix 717%/2
HHUTEH MPUOABISIET K CBOEMY 3JIEMEHTY MAacCHBa HOMEpP | 3JIEMEHT MacCHBa HOMEp
i + T%/2, 3aTeM Kakaas U3 nepBbix 1%/4 HUTEH NPUOABISLET K CBOEMY DIIEMEHTY Mac-
CHMBa HOMEp [ 3JIEMEHT MaccuBa Homep [ + T°/4, u Tak manee. ITO MO3BOJSIET IPOU3-
BECTH HEOOXOAMMbIE CYMMHUPOBaHHUs ObICTpEE MO0 CPABHEHMIO KaK C IOCIIEA0BATEIb-
HBIM aJITOPUTMOM, TaK M C MapajIeIbHBIM aJITOPUTMOM, HCIIONB3YIOIIEM aTOMapHbIe
OTIepaIyH.

[MapamiensHoe BbluncieHue BenuduHbl Q') CBOAUTCA K CYMMHPOBAHHIO
OOJIBIIIOTO KOTMYECTBA CIAraeMbIX, KaK0€ M3 KOTOPBIX MOXKET OBITh BBIYHCIICHO OT-
JISNIBHOM BBIYMCIUTEILHON HUTHIO. Takyro CyMMy MOXKHO pa30HWTh Ha KYCKH pa3me-
pa T?, K&KABIH U3 KOTOPHIX MOXKHO ONTUMH3UPOBATH MPHU MOMOIIN HCIOIB30BAHUS
pazzaensieMol MaMATH TaKUM ke 00pa3oM, KaKk U pacCMOTPEHHOE BBIIIE BHIYHCIICHHE

SHEPrui.
Brruncienne gucia KOMui B MTyacCOHOBCKOM TIEPEBBIOOPKE CBOAMTCS K HE3aBHU-
CHMOMY BBIYHCIICHHIO BEJIUYUH Tj, i U N, [UTA KOKIOH PEIUIHKH, T1e | — HOMEp pe-

TIMKH. YTOOBI MPOM3BECTH ITO BBIYUCICHUE MApAJUICIBHO C MCHONB30BaHHEM TI'pa-
(UYECKOTrO YCKOPUTEIIS, JOCTATOYHO MOPYYUTh KaXKI0H HUTH BBIYUCIICHHUE LISl OJTHOM
U3 PEILIHK.
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JanpHelilnas onTUMH3aLUMs aIrOpPUTMa MOXKET OBITh MPOM3BEACHA MPU MOMO-
LM MPUMEHEHUs] COBPEMEHHON BEpCUM TEXHUKH «Asynchronous multi-spincoding
(AMSC), xoTopasi TI03BOJISIET YCKOPUTH BBIYHMCICHUS B Heckonbko pa3 [Lulli et al.,
2015]. Unes metoma AMSC cocTouT B TOM, 9TOOBI XpaHUTh B OJTHOM DJIEMEHTE Mac-
CUBa CIIMHBI HECKOJIBKUX (HAIpUMep, BOCHBMH) PETTUK, HAXOISIINECS B OTHOM U TOM
xe y3ie cuctemsl. [Ipu aTom dopmymnupyeTcs Bepcus anropurMa MeTpononuca, Ko-
TOpasi O3BOJISIET OOHOBUTH BCE CIMHBI, HAXOMAIINECS B OJHOM DJIEMEHTE MAacCHBa,
[IPY TIOMOIIIY TOJIBKO OHOTO CIY4YaiHOTO YKcia M HeOOJIBIIOTO KOJINYeCTBA OBICTPHIX
JIOTHYECKUX onepanuid, Takux kak XOR. Takum 00pazoM, MOKHO COXPAaHHUTh HCIIOIb-
30BaHHE METOJIA «JIBOMHOM IIaXMATHOM TOCKW» AJIs ITpoLiecca ypaBHOBEIIMBAHMS, HO
o0OpabarpIBarh 10 § perunk 3a pa3. [Ipu 3ToOM BO3HUKAIOT KOPPEISAIIUN MEXIY PeTUIn-
KaMH, OJTHAKO BIIMSTHHE TAKUX KOPPEAINi MO)KHO MUHUMHU3UPOBATh.

Jns npumenennst Texauku AMSC k anroputmy «Population Annealingy BaxxHO
yOenuThes, 9TOObI HE BO3HUKIIO CHTYalldH, TaKOH, YTO B OJHOM 3JIEMEHTE MacCHBa
XpaHSTCS CIIMHBI PEIUIMK, KOTOPhIe OBUTH CO3/1aHbl KaK KOIMH OHOM U TOH XKe cucrte-
MBI BO BpeMsl TIpebIayIel epeBbIOOPKH. SICHO, UTO Takasi CUTYyallsi MOXKET ITpHUBe-
CTH K 3HAYUTEIILHBIM KOPPEJISIIMSAM MEXKIy PEIUTMKaMH U K OIIMOOYHBIM pe3ysibTaTam
BBbIUMCIEHUM. [[15 MCKIIIOUEHMS TAKOM CUTyallMu MOKHO HCIIOJIb30BaTh CIEAYIOUIUH
Meton. [IpenmonokuM, 9To y Hac uMeeTCs peTutiK (8R), CITMHBI KOTOPBIX 3aITMCaHbBI B
TpexMepHOM MaccuBe pasmepoM RXNxN, T.e. B smemenTe Maccua ¢ uHIeKcOM (i,K,l)
3alMCcaHbl COMHBI BOCBMH PEILTHK ¢ HOMepamH 8i, ..., 8i+7, HaXxomsumecsi B OAHOM U
oM ke y3ne (K,|) pemerku. Torna mocnenoBarenbHOCTh CO3/1aHMS KOTIMH PEIUIMK B
TeueHHe Npolecca MepeBbIOOPKH T0JDKHA OBITH OpraHU30BaHa, HAIPUMED, TAKUM 00-
pas3om, 9ToOBI CHaYaIa Co3/1aBaNCh Periukn ¢ Homepamu 8i, rie i =0, 1, 2,..., R', 3a-
TeM — peruTukH ¢ Homepamu (8i+1),i=0, 1, 2,..., R’, u T.1. BaxxHO MpoCIeanTh, 4TOOBI
HOMeEpa KOMUM OJIHOM M TOM K€ PEeIUIMKKA UMEJU OJWH U TOT K€ OCTATOK OT JACJICHUS
Ha 8. Takas mocieoBaTebHOCTh CO3/IaHUS PETUINK MUCKITIOYUT BO3ZMOXKHOCTH KOJIH-
pPOBaHUS B OJHOM DJIEMEHTE MACCHBA OJWHAKOBBIX CIHHOB, HAXOSAIIUXCS B KOIMHUSIX
OJTHOM M TOM K€ PEIIMKM Ha OJHOM M TOM K€ y3JI€ ¥ IIPEJOTBPATUT BO3SHUKHOBEHNE
3HAYUTENIBHBIX KOPPESALHHA.

BJIMAHWNE KOJTMYECTBA LUATOB MOHTE-KAPJ1O

Ha pucynkax 2 1 3 mpuBeeHbI pe3y/IbTaThl BRIYUCICHUN AByMepHOH Moaeny V3unra
Ha permetke 32x32 anroputmoM «Population Annealing» ¢ pa3asiM unciaoMm 6 mpo-
xonoB Monre-Kapio. Mcnonp3oBanack mporpaMMa co ClIeIyroIliMU napaMeTpaMu:
guco peruk R = 10%, mar no obparHoii temmeparype A = 1073, yuciio He3aBUCH-
MbIX 3amyckoB M = 200. [lns cpaBHEHHS Ha pUCYHKE 2 TpUBEACH rpa)uK TOUHOTO
pelIeHus i TEeIIOEMKOCTH B AByMepHOW Mojnenu M3uHra, KOTOpbIi mpole BCero
MIOCTPOUTH, UCTIOJB3Ys BhIpaxkeHus u3 padbotsl [Beale, 1996]. Kak BumHO U3 pucyHka
2, pe3ynbTaT BEIYUCICHNS TEIUIOEMKOCTH OJIM30K K TOUHOMY pelieHnto. M3 pucyHkoB
BH/IHO, YTO HAauMWHAs C HEKOTOPOW CPAaBHUTEIBHO HEOOJBIION BETMYMHBI 6 PETUTUKN
MOXHO CUMTaTh ypaBHOBEILIECHHBIMHU. JlanbHeliee yBeauueHue 0 He 1aeT KaKux-JInoo
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puc. 2. CieBa: 3aBUCUMOCTD TEIUIOEMKOCTH OT TEMIICPATYPhI — pE3yIbTaT BBIYHCIICHUHN TSI Pa3HbIX
3HAYCHUN 0, a TAKKE TOYHOC PCHICHUC. CnpaBa: CTaHAAPTHOC OTKIIOHCHUE BBIMUCIICHHBIX 200 3HaucHUit
TCIJIOEMKOCTH, ACICHHOC Ha TCINIOEMKOCTD, B 3aBUCUMOCTH OT TEMIIEPATYPhI, AJI Pa3HbIX 3HaueHui 6

puc. 3. CneBa: cTanAapTHOE OTKJIOHEHHE BhIYMciIeHHbIX 200 3HaYeH BHYTpEHHEH SHEepruy,
JICJICHHOE Ha BHYTPEHHIOK SHEPTHIO, B 3aBUCUMOCTH OT TEMIIEPATypbl.
Crpasa: tucnepcus ob6e3pa3MepeHHON cBOOOAHON SHEPIHH B 3aBUCUMOCTH OT TEMIIEpaTypbl

NPEUMYIIECTB, TIOCKOJIBKY M OMIMOKA BHIYMCICHHUS M JUCTIEPCUSI CBOOOIHOW SHEPTUU
OCTalOTCs MPaKTHYECKH HEM3MEHHBIMU. Anroputmy «Population annealing» veobxo-
JIIMO JIJTsl YPaBHOBEIIMBAHKSI 3HAYMTEIFHO MEHbIIEE 3HAUCHHE #, 4eM alropuT™Mam
MonTte-Kapio, 0cCHOBaHHBIM Ha MapKOBCKOM IIEITH.

BITMAHWE PASMEPA MOMYNALUNNK

Ha pucynkax 4 u 5 npuBeficHBI pe3yIbTaThl BEIYUCICHUNA TByMEpHOUW Moxenu M3unara
Ha pemetke 32x32 anroputmoM «Population Annealing» ¢ pa3HbIM pa3MepoM TIOITy-
msauuu R. Vicnonp3oBanachk mporpaMma co CIASAYIOIIKUMHU MapaMeTpaMu: YUCIIO MPo-
x0710B Monre-Kapio € = 100, mar mo obpatHoii Temmeparype Af = 1073, uncno Hesa-
BUCUMBIX 3arrycKoB M = 200. BeruucieHns NOATBEPKAAIOT, YTO CTaHAapPTHAs omunokKa
MPONOPIHOHATBHA 1R , Tne R — pa3Mep Nnomnyssiuu.
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puc. 4. Ciea: 3aBUCHUMOCTB TEILIOEMKOCTH OT TEMIIEPaTyphl, a Takke TodHoe pemenue. Crpasa:
cTanaapTHOE oTKIoHeHHe 200 3HaYCHNMIT TEIIIOEMKOCTH, AEICHHOE HA TEIIIOEMKOCTh, B 3aBHCHMOCTH
oT Temreparypsl. [IpuBeneHs! pe3ynbTaThl BRIYUCICHUH T pa3HbIX 3HAYCHUH R

puc. 5. Cnesa: cranaaptHoe otkioHeHue 200 3HaueHuil BHyTpEeHHEl SHepruH, JeIeHHOE Ha BHYTPEH-
HIOIO SHEPTHIO, B 3aBUCHMOCTH OT TeMnepaTypbl. CripaBa: 1ucnepcus o6e3pa3MepeHHo cBOOOIHOM
SHEPIUHU B 3aBUCUMOCTHU OT TeMneparypsl. [IpuBenens! pe3yabrarsl BBIUMCIEHUH Ul Pa3HbIX 3HAYeHUHN R

puc. 6. CieBa:cTanapTHOE OTKIOHEHUE M 3HaYEHUM BHYTpEHHEH 3HEpruu,
JIEJICHHOE Ha BHYTPEHHIOIO SHEPTHUI0, B 3aBUCUMOCTH OT TeMrepaTypbl. CripaBa: cTaHIapTHOE
OTKJIOHEHUE M 3HAYEHHH TETIOEMKOCTH, JISIEHHOE Ha TEIIOEMKOCTh, B 3aBUCMOCTH OT TeMIIEPATYPhI.
IIpuBeneHb! pe3ysbTaThl BEIYUCICHUHN JIJIS1 pa3HbIX 3HAUYeHUH M
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puc. 7. lucnepcust o0e3pasMepeHHOM CBOOOIHON SHEPTUN B 3aBUCUMOCTH OT TEMIIEPATYPBI.
[IpuBeneHs! pe3yabTaThbl BEIUMCIEHUHN 1711 pa3HbIX 3HAUYEHUH M

BIIMAHUNE YACIA HE3ABUCUMBbIX 3AMYCKOB

Ha pucyHnkax 6 u 7 npuBeaeHbl pe3y/ibTraThl BBIYUCICHUN AByMepHOU Monenu M3unra
Ha pemetke 32x32 anropurmMoM «Population Annealing» ¢ pa3HbIM KOITHYECTBOM He-
3aBHCHMBIX 3ammyckoB M. Mcnonp3oBanacek mporpaMma co ClIeIyIoIUMHU apaMeTpa-
MU: 90 perk R = 10, uncmo mpoxomxos Monte-Kapiio 6 = 100, mar 1mo odpatHoit
temmeparype Af = 1073, uncno HezaBuCHMBIX 3amyckoB M = 200. PuUCyHKH TOKa3bI-
BAlOT, YTO B CPEIHEM CTaHJAPTHOE OTKJIOHEHHE HE 3aBUCHUT OT M, omHaKo pazdopoc
BEJIMYMH CTaHJAPTHOTO OTKJIOHEHHUS yMEHbIaercs npu yBennuenuu M. KoneuHo,
Oosbliee 3HaYeHue M mo3BossieT Oonee TOYHO OLCHUTh OIIMOKY BBIYHCIICHHH.

METO/ B3BELIEHHbIX CPEAHUX

B pabore [Machta, 2010] npeanaraercs METOX BBIYMCICHHUS CPEIHUX IPH IIO-
MOIIM B3BEUICHHOTO YCPEAHEHHS pE3YyJIbTaTOB HE3aBHUCHMBIX 3aIllyCKOB TIPO-

rpaMMBbIL. I/IMCHHO, npepjaractcsl B Ka4€CTBC B3BCHICHHOIO CpPCAHETO [Jid Ha-
M

6momaemoii  pyHkumHm A BeraucaaTh BemmumHy A(B) = Z A (Pw,(B), rme
=1

M
w,(B) = exp(—BE.(B)) / Z _1exp(—ﬁﬁr (B)) . 3neck F.(f) — 3Hauenne cBOGOHOIM

SHEPTUH, BBIUUCICHHOE Ul TEeMIIEpaTypbl 1/4 mpu BBIIOJHEHUH 3aIllycKa Mporpam-
MbI HOMep ». Ha pucynke 8 npuBeneHo ajis ABymMepHO# Mozaenu M3uHra Ha perieTke
64x64 HOpMHUPOBAaHHOE OTIMYME TEIUIOEMKOCTH (ClieBa) U 3HEPruH (Crpasa), BBIYHC-
JICHHBIX METOZOM B3BEIICHHBIX cpeaHux aist M = 200 3amycKoB ¥ BBIYHCIICHHBIX MTPH
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MIOMOIIH [TPOCTOTO yCpeHEeHHUs TexX ke M 3HadeHuil. Mcnonp3oBanack mporpaMma co
CIEeIYIONIUMU TTapaMeTpaMu: pasMep nomyismun R = 5000, urcno mpoxogoB MoHTe-
Kapio 6 = 100, mar mo obparHoii Temneparype A = 107, 4uciIo He3aBUCUMBIX 3a-
nyckoB M = 200. 13 puCyHKOB BUJIHO, YTO JJiA AByMEpHOU Moxaenu M3uHra s 1o-
CTaTOYHO OOJBIIOTO pa3Mepa MOMYISIAN OTINYNE MEXIY BEIIMYHHOH, MOITydeHHON
METOJIOM B3BEILICHHOTO YCPEIHEHHS M BEITUYMHOH, MOJYYCHHONW METOJOM MPOCTOrO
yCpeaHeHHUs, OYE€Hb MaJIo.

puc. 8. HopmMupoBaHHOE OTIMYHE TEITIOEMKOCTH (CJIeBa) U SHEPTHH (CIpaBa),
BBIYMCIICHHBIX METOJIOM B3BEUICHHBIX CpeAHuX 1yt M = 200 3amyckoB,
1 BBIYMCJICHHBIX MPH TIOMOIIH TIPOCTOTO YCPETHEHHUS TEX JKe 3HAYCHMU

BJIMAHUNE KOJTMYECTBA TEMIEPATYPHbIX LLATOB

Ha pucynke 9 npezacrasneno crangaptHoe oTkiaonenne 200 3HaueHUH TETIOEMKOCTH,
JelleHHoe Ha TernoeMKocTh, 111 Ny= 50, N,= 100, N;= 200, N,= 500, N,= 1000
u N;y= 2000, mraroB 1mo o0paTHOH TemIeparype MpH pacueTe AByMepHOW Monenn W3-
uHra Ha pemetke 32x32. [Ipu 3TOM UCHONB30BAJIUCH CIACAYIOIINE MUHUMAIbHAS U
MaKcuMaJbHas oOpaTHble TeMueparypsbl: B, = 0, B, = 3. Jlpyrue nmapameTpsl npo-
rpammebl: pazmep nomynsuud R = 500, uucno npoxonos Monre-Kaprno 6 = 100, uncio
He3aBHCUMBIX 3armyckoB M = 200. BujHO, 4TO YMCIIO0 TEMIEPATYPHBIX IATOB BIHSICT
HE3HAYNTENHHO Ha TOYHOCTHh BRIYHCIEHUH. Taxke M3 prCyHKa BHIHO, 9TO TPH He-
OONBITUX 3HAYCHHSIX TEMIIEPATyPhl TOYHOCTH BEIYHCICHAN TETUIOEMKOCTH IaJIaeT, KaK
Y CJIeJIOBAJIO OXKUATh. J{J1sl yBeTMYEeHUs] TOYHOCTH CIIEAYET YBEIMUUBATh pa3Mep I10-
ITYJISIIAM JUT HEOOJIBIITNX TeMITeparyp.

Jlnst perieTok OOJIBIIETO pa3Mepa YMCIIO TEMIIEPATyPHBIX IIAr0B JOJDKHO MPEBbI-
1aTh HEKOTOPOE KPUTHUIECKOE 3HAUEHHUE (3aBUCSIIEE OT BEJIMYMHBI ¢)) I TOTO, YTOOBI
TOYHOCTH BBIYUCIIEHUH HE BO3pacTajia B KPUTHUECKOM 00IacTy.

OTCYTCTBUE KPUTUYECKOIO 3AMEOJTIEHNA

Ha pucynkax 10 u 11 uzo0pakeHa 3aBUCHMOCTL OTHOCHUTEIIEHOTO OTKJIOHCHHSI TETII0-
€MKOCTH M BHYTPEHHEH PHEpPruM OT TOUHOI'O pELICHUs AJis pewmerok 16x16, 32x32,
48x48, 64x64 B oonmactu Temneparyp 1 < 7 < 10. [Inanku norpemHocTel n3o00paxa-
10T cragaapTHoe oTkioHeHue 200 3nauenuii. Mcnonap3oBaiack mporpaMma co Cleay-
IOLUMHU TTapaMeTpamu: pazmep nomyssiiuu R = 5000, uncio npoxonoB Monre-Kapio
6 = 100, mar mo obparHoii Temmeparype AS = 1073, 4UCITIO HE3aBUCHMBIX 3aITyCKOB
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puc. 9.CrannaptHoe oTkiioHeHHe 200 3HaYEeHHH TeIIOEMKOCTH, JeICHHOE Ha TeTJI0EMKOCTb,
JUISL PA3HOTO KOJIMYECTBA TeMIIEPATYPHBIX I11aroB

puc. 10. TemneparypHas 3aBUCUMOCTb OTHOCHTEJIBHOIO OTKJIOHEHHUS TEIUIOEMKOCTU OT TOYHOI'O
pemreHus Ut pemetok 16x16, 32x32, 48x48, 64x64. [1nanku norpenrHoctel H300pakarot
cranapTHoe oTkioHenue 200 3HaueHnit

M =200. [{ns mEHOTHEX anroputMoB MoHTe-Kapio, 0CHOBaHHBIX Ha MApKOBCKOM TICTIH,
KPUTHYECKOE 3aMeUIEHHE IPUBOAUT K POCTY OLIMOOK MPU YBEJINUYECHUH PA3MEPOB CHU-
CTEMBI B CBSI3U C POCTOM KOPPEJSILIMOHHOTO BPEMEHH B KpUTHYECKOH obnactu. U3
PHCYHKOB BHJHO, YTO B JAHHOM Cilydae OIIMOKa BBIYMCIICHUH SHEPIHU U TEIUIOEM-
KOCTH HE YBEJIMYMBACTCS MPU YBEIUUEHHH pazMmepa cucTeMbl. Takum oOpazom, w3
PE3yBETaTOB BRIUUCIECHUH HE BUAHO, 4YTOOBI anroput™m «Population Annealingy 6pu1
MOABEPIKEH KPUTUIECKOMY 3aMEIJICHUIO.
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puc. 11. TemreparypHasi 3aBHCHMOCTb OTHOCUTEJILHOTO OTKJIOHCHHS BHYTPEHHEH SHEPruu
OT TOYHOTO PEUICHUs IS pemmeTok 16x16, 32x32, 48x48, 64x64. [1naHKu NOrpemrHoCTe
n300paxaroT craHaapTHoe oTkioneHune 200 3HaYeHHI

KYMYTITAHT BUHOEPA N OLLWBKA ETO BbIYUCIIEHNA

puc. 12. KymynstHT 6uHzaepa st aBymepHoi Moaenn M3nnra st pemerok 16x16 (cepblii rpaduk),
32x32 (cunuii rpaduk), 48x48 (3enensiii rpaduk), 64x64 (GproneToBsli rpaduk)

Ha pucynke 12 wu300pakeHa TemmeparypHas 3aBHCHUMOCTh KyMylsiHTa Bunmepa
[Binder, 1981a; Binder, 19810]

(M*)

3(M?)
Juist pemetok 16x16 (cepsriii rpaduk), 32x32 (cunuit rpaduk), 48x48 (3eneHslii rpa-
¢duk), 64x64 (puoneroBsiii rpaduk). Kak usBecTHo, 115 pa30BOro nepexojiaa BTOporo
pona KyMylsiHTBI BuHzIepa pasHbIX pa3MepoB CETKH IMEPECeKalTCss B KPUTHYECKON

U=1-

40



AITOPUTM «POPULATION ANNEALING» U ETO IPUMEHEHWE K 1BYMEPHOI MOLENN U3NHTA

touke. CpeJHeKBaIPAaTUYHOE OTKIIOHCHUE JIJIsl BEIYUCIICHHBIX 3HAYCHUI KyMYJISIHTA B
kpuTtHueckoi Touke paBHo 0,0037 mst pemetku 16x16, 0,0034 st pemerkn 32x32,
0,0039 s permetku 48%48, 0,0040 mys pemetkn 64x64. Takum 06pazom, CyIIieCTBEH-
HOTO YBEJIMUYCHHS OITHOKH BBIYUCIICHUIN KyMyJISIHTa C YBEIMYCHUEM pa3Mepa CETKH He
HAOJIOACTCSI, YTO TAKXKE SBJISIETCS] KOCBEHHBIM CBH/ICTEIIHCTBOM OTCYTCTBHSI 3 (hexTa
KPUTHUYECKOTO 3aMeICHUS JIJIsl pACCMaTPUBAEMOT0 aJrOPUTMA.

3AKJTIOYEHUE

[IpoBenenHoe netanpHOE TecTHpoBaHue anroputma «Population Annealing» Ha nBy-
MepHOU Mozenu M3nHra noATBEpKAAET, YTO aJITOPUTM SIBIISETCS NEPCIIEKTUBHBIM AJI-
TOPUTMOM BBIYHCIUTEILHON CTaTHCTUYECKON (DU3UKH, CBOOOTHBIM OT HEJIOCTATKOB
KJIacCH4YeCKUX MeTof0B MoHnTe-Kapiio, Taknx Kak KpUTHYECKOE 3aMEUICHUE, a TAKXKE
XOPOLLIO MOAXOISIIIUM Ul UCIIOJIb30BAHUS HA HapajulelbHBIX CHUCTEMax ¢ rpadude-
CKHMH YCKOPUTEIISIMHU.

ABtopsbl Onaropapusl Maptuny Befirento 3a nosesHbie 00CyKIeHUSI.

Peanuzanus anroputma it GPU Oblia BbINIOIHEHA TIPU YaCTUYHOW MOJICPIKKE
rpanta POOU 13-07-00570.
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CUHTE3 ANITOPUTMOB NOCTPOEHWA AOBEPEHHDIX )
UHOOPMALIMOHHBIX CUCTEM C TPEX3BEHHOW APXUTEKTYPOU

A.B. benos, /].B. Nawkoe

MOCKOBCKUI MHCTUTYT SNEKTPOHUKIN 1 MaTeMaTUKN
HayuHo-nccnepnoBaTtenbCcKoro yHnBepcuTeTa Boiclwas wkona skoHomukn (MMM HAY BLLD)

B pabote paccMOTpeHBI BOIPOCH! TOCTPOSHHS TOBEPeHHBIX MH(popMarmoHHbIX cucteM (MC).
B cootBeTcTBHM C pacCMOTPEHHBIMU MOJEISIMU YIPO3 U HApYIIUTENsE 000CHOBaHA HEOOXO/H-
MOCTB HCITOJB30BaHUS TPEX3BCHHOW apXUTEKTYpHI IpH co3nannu 3anmumeHHbx KUC. Tlpen-
JIOKEHBI AJITOPUTMBI TOCTPOCHMS JoBepeHHBIX MC, OTBeHalomuX MOBBIIIEHHBIM TPEOOBaHUSIM
K HH(POPMAITHOHHON 0€30ITaCHOCTH.

Knioueswvie crosa: KUC, 3amura KUC, noBepeHHBIE CHCTEMBI, 3aIuTa 0a3 TaHHBIX, YTPO-
361 IC, Tpex3BeHHasl apXUTEKTypa, IOCTPOCHNE JOBEPEHHBIX CHCTEM.

3ammra koprnoparuBHbIX HH(popManuoHHbIX cucteM (KU C) sBmsiercst oHOM U3 caMbIX
CJIOYKHBIX 3a]1a4, CTOSIINX TIepe]] CIICUAINCTaMH1, OTBEUAIOIIUMH 32 00eCIieueHIe HH-
dhopmanmonHoi 6e3omacHoct. C ogHOU cTOpOHEI, st paboTsl ¢ KNMC HEeoOxommmo
MPEIOCTABIATh JOCTYN K JAHHBIM BCEM COTPYIHHUKAM, KTO TOJDKEH OCYIIECTBIATH
cOop 1 00paboOTKy KOH(PUACHITNATBHBIX TaHHBIX. C Ipyroi CTOpOHBI, TpeOyeTcs orpa-
HUYUTH KPYT JIMIL, UMEIOIINX JOCTYI K 0a3e JaHHBIX, sBistomeiics siupom KUC, co-
XpaHITh KOHPHUICHINATBHOCTD, [EJIOCTHOCTh M JOCTYIMHOCTh JaHHBIX. [Ipu 5TOM B
OTKPBITOH Me4aTH MPaKTHUECKH OTCYTCTBYIOT MaTepHalIbl, TIOCBSIIEHHBIC METOIUKE
KOMITIEKCHOTO PEIICHHs 3a7adn 3amuThl JaHHeIX B KMC, KOTOpyto MOXHO OBIIO OB
NpUMeHsTh 1pu npoektupoBanu KMC paznuuHoro HazHaueHus. Perienust o 3amnu-
te maHHbX KM C MoryT OBITh pa3HBIMH, OHH MOTYT UMETh Pa3IUYHYI0 apXUTEKTYPY,
MCIIOJIb30BATh Pa3JInUHbIC IPOTPAMMHBIC KOMIIOHEHTHI.

Heo0xomuMo OTMETHTBH, YTO OONBIIMHCTBO MPUMEHSEMBIX PEUICHUH SIBIISIOT-
Csl KOMMEPUECKUMH, 4acTO HE MMEIOIUMH POCCUHCKUX CEPTU(PHUKATOB, TO €CTh HE
SIBJISTFOTCST TOBEPEHHBIMH. [ JTaBHOW 0COOCHHOCTBIO TaKMX PEIICHUH SBISCTCS MX 3a-
KPBITOCTh, BCE€ Pa3pabOTKH SIBISIOTCS KOMMEPUYECKON TaifHOW M MX HCXOTHBIE KOIBI
HE MOTYT OBITh MOJHOCTBIO NMPOAHAIM3UPOBAHBI C TOYKH 3PEHHs WHPOPMALIHOHHOM
Oe3onacHoctu. Hanmpumep, npoBepka Ha HeJeKJIapUPOBaHHBIE BO3MOKHOCTH HE MPO-
BOJIMTCSI 10 IPUYMHE OTKa3a MOCTABIIUKOB PELUICHUH NPEIOCTaBUTh UCXOIHBIC KOJIbI
B CIielHajbHbIe cepTuUImpytomue opransl, Takue, kak ®CTOK, ®CB u apyrue.
CoOOTBETCTBEHHO, TaHHBIE TIPOTYKTHI HE SABJISIOTCS JIOBEPEHHBIMHU.

CoBpeMeHHbIE KOPIIOPaTUBHBIC HH(POPMAIMOHHBIE CUCTEMBI SIBJISIOTCS JOKYMEH-
TOOPUEHTUPOBAHHBIMU cucTeMaMH. OCHOBHBIMM HH(OPMAIMOHHBIMU OOBEKTaMU

BesioB Asekcanap BrnaguMupoBiy — pyKOBOAMTENb JielapTaMeHTa MPUKIAIHON MareMaTHKd MOCKOB-
CKOTO WHCTUTYTa JJICKTPOHWKH W MareMaTHKH Hay4HO-MCClie[IoBaTeIbCKOr0 YHHUBEpCHTETa Biciias
nikona sxkoHomuku ( MMOM HUY BIID), k.1.H., AVBelov@hse.ru

MamkoB [lennc BuranbeBud — BBIMYCKHUK MOCKOBCKOrO HWHCTUTYTA 3JICKTPOHHKH M MaTeMaTHKH
HayuHo-uccienoBatenbckoro yauBepeutera Beicias mkona skonomukun (MUOM HUY BIID), 2015 r,
crerranbHOCTh «KoMmbroTepHas 6e3omnacHocTby, denis  pashkov@mail.ru
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KUC sBnsiroTcst JOKYMEHTBI, TPAH3aKIIMHU U TI0JIB30BaTEId CUCTEMBbL. DTO 03HAYALT, YTO
pu npoekTupoBannu AoBepeHHbIX KMC nomkHbI ObITh YYTEHBI OCHOBHBIE CBOMCTBA
XpaHuMoU HH(OpPMAIK — KOH(PHUIECHIIMATLHOCTD, IIEIOCTHOCTD, JOCTYITHOCTh. Takum
00pa3zoM, HEOOXOTUMO OOECIICUHTh TOCTYN K HH(OPMAITHH TTOTHOMOYHBIX TTOIh30Ba-
TeJNei, OrPaHUYNTh TOCTYII JJIsl OCTANBHBIX, COXPAHUTh JIOCTYITHOCTD U I[EIOCTHOCTh
JAHHBIX, CUCTEMa JIOJDKHA YIOBJIETBOPSITH TPEOOBaHMSIM OE30MaCHOCTH B YCIIOBHSIX
MOJISJIA HAPYIIUTEIIS U MOJISTH YIPo3, OTBEYaTh TPEOOBAHUSAM K (DYHKIIHOHAITY.

CTATUCTUKA:

B exeronnom ordere kommanuu Verizon 00 HHIMACHTAX, CBA3aHHBIX ¢ 31, coobmaet-
cs, uto B cpeniHeM 30% arak coBepaeTcs npoTus b/, mpu 3ToM npu ycnemHo arake
koMIipomeTupyercs 75% nanHbIX. /{1 cpaBHEHHUs, IPU YCIIENIHBIX aTakax Ha Jpyrue
cuctemsl — 10% [DBIR, 2015].

puc. 1. KonnuectBo koMnpomeTipyeMoi nHdopmaimn

Jlnst mr00bIX opraHM3anuii HanOOIbIIee 3HAYCHUE HMMEIOT, HEIOCPEICTBEHHO,
camu nansbeie. Yem cnoxnee crpykrypa KMC xomnanuu u yem Oosbiiie 00beM JaH-
HBIX, LIUPKYJIUPYIOLIUX B HEW, TEM BBIIIE PUCKU NOTEPh JaHHBIX. IIpu aToM nmeer-
Ci MHOXKECTBO peHIeHI/Iﬁ 110 3alIMTE OT BHCIIHCTO HAPYHIUTEIIA, U MHOTUEC OYMAroT,
YTO, UCTIONIB3YS JaHHBIE CUCTEMBI 3amunThl, nanubie X KMC B 6e3omacHocTr. Ho 310
He Tak. CUCTeMBI OTKPBITHI JJI1 BHYTPEHHETO HAPYIIUTEINS, Y KOTOPOTO €CTh JOCTYII
K JaHHBIM M KaHaJlaM repeadu HHpopMaIiu.

Taxk kak MMOCTPOUTH JOBCPCHHYIO CUCTEMY, UCIIOJIL3YS HEAJOBECPCHHBIC 3JICMCHTHI,
HEBO3MO)XHO, Pa3pabOTaHO PEIICHHE Ha OCHOBE TPEX3BEHHON apXUTEKTYPHI, MTO3BO-
JIsIroTIee CTpouTh 3amuiieHasie KNC.,

Wnest maHHOTO pelIeHus 3aKIF09aeTcsl B UCTIONh30BaHUH JIOBEPEHHOTO KIIMEHTA H
cepBepa, SBIISFOIIETOCS ITOCPETHIKOM MEXKTy KITHEHTCKAM MPUIIOKEHIEM U CEPBEPOM
XpaHeHUs] 1 00pabOTKM JaHHBIX. B JaHHOM cXeMe TPSMOTo B3aUMOJCHCTBUS MEWKITY
xineHntoM U HepoBepeHHot CYBJl He gomyckaercs. Bee 3ampocsl TIaTenbHO Mpo-
BepsieT U 00pabaTbiBacT cepBep-nocpeHuK. Takoi MoIXo/ MO3BOJISIET U30aBUTHCS OT
m3BecTHRIX ysa3BuMocteit CYB/I.
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Tak e JOCTOMHCTBAaMH PUMEHEHHSI TPEX3BEHHOW apXUTEKTYPHI SBIISETCS:
1. bosee BbICOKNI YPOBEHB 3aIMIEHHOCTH IaHHBIX.
O6ycnosieHo TeMm, uto cepBep-nocpeauuk KMC moxer BKmodars B ceOst moj-
cucrembl COA, moacucTeMsl GUIbTpauu Tpaduka, 0osiee 1eTaabHbINA U TTy-
OOKHUIl aHaJIN3 aKeTOB, MPOBEPKH MOJIb30BaTENIEH Ha OCHOBE CTaHIAPTU3HU-
POBaHHBIX KPUOTOTPa(hUIECKUX MPOTOKOJIOB U T.1.
2. MacmtabupyemMocThb.
3. Bo3MOXHOCTbH 0aJIaHCUPOBKH Harpys3KH.
4. TIpo3padyHOCTb AJis [OJIB30BATENIS.
KUC ¢ nByX3BEeHHOW apXUTEKTYpPOU, HCIIOJIBb3YIOLIAs TOBEPEHHOE KIIMEHTCKOE
10, B3anmoneiicTByromee ¢ HemoBepeHHBIM [10, Takke He OyAeT TOBEPCHHOM.
VIMEHHO 1O3TOMY € TOUKH 3peHHs 0€30MaCHOCTH TPEX3BEHHAs apXUTEKTypa UMe-
€T [IPEUMYIIECTBO IIepe]l IByX3BCHHOM, TaK KaK BCsI JIOTMKa pabOThl B JaHHOM CJIydae
CONIEPYKHUTCSI HAa CEPBEPE MPIIIOKEHUH, SBISTFOIIIeMCs ToBepeHHBIM, a CYbB/] BeICTyMIA-
€T B pOJIM XpaHWJIUIIA JaHHBIX.

puc. 2. Tpex3BeHHast apXUTEKTypa

Tpex3BeHHas] apXUTEKTypa oOnajgaeT sSBHBIMH NPEUMYIICCTBAMU IEPEd JBYX-
3BEHHOH, 110 3TOW MPUYHHE CHHTE3 AITOPUTMOB MOCTPOSHHS JJOBEPEHHBIX HHpOpMA-
IUOHHBIX CHCTEM OCHOBaH Ha JAHHOW apXUTEKType.

OnHUM U3 caMbIX HaJIKHBIX METO/IOB 3aIIUTHI KOH(GHUICHINATBHON HHPOPMALIIH
ABJsieTcs IMGPOBaHUE TAaHHBIX. [Ipr 3TOM BBIIEINSIOT HECKOIBKO MOAXO0A0B: MIH(PO-
BaHME Bcell 0a3bl TaHHBIX, MNU(POBAHKE OTACIBHBIX TA0JHILI, CTPOK WK stueeK. Takum
00pa3oM, ypOBEHb 3alUIIEHHOCTH JaHHBIX OyJeT 3aBUCETh OT CTOMKOCTH KPUIITOrpa-
(hU4ecKoro anropuTMa MUPPOBAHHUSL.

[IpuMmeHeHne TaHHOTO METO/A 3alUThI Ha MIPAKTHKE, K COKAJICHHUIO, OTPaHUICHO.
Hcnonp3ys mmdpoBaHne B Ka4eCTBE 3aIIUTHI JAHHBIX, HHCTPYMEHTHI ISl TIOMCKA U
obpabotku manaeix CYBJI, Takue xak 3ampocsl, uHaekcsl, DML omeparops! He mpH-
MeHUMBL. [loaTomMy amst moncka u 00paboTku nHpOpMAIH HEOOXOAUMO TTOCTOSHHO
BBITIOJTHATD MU poBaHue/pacinpoBKy JaHHBIX. J[aHHBIH MIpoliece SBISETCS TPYIO-
eMKHUM ¥ CHIDKAeT 10 MHUHUMyMa mpousBoautensHocTh KMC, ocobenno mpu odpa-
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00TKe OonpIIMX MaccuBOB JaHHBIX. LlludpoBanue npuMeHsieTcs AJ1sl 3aLIUTHI OT O~
MEHBI KIIMCHTA, a TAKKe ISl 3alIUThl IepeiaBaeMoro Tpaduka 1o KaHajaam CBS3U.

JpyruM HageXHbIM METOAOM 00ecreueHHs KOH(UACHIMAIbHOCTH JaHHbIX SIB-
JIieTcsl pasrpaHHyYeHue J0CTymna. Beiensercss Tpu OCHOBHBIX BUAA pa3rpaHUYEHUS
JIOCTyTa: MaHAaTHOE, TUCKPEIMOHHOE, poieBoe. Ha mpakTuke Takxke MPUMEHSIOTCS
KOMOWHAIUN TaHHBIX MOJENIEH.

Mopienu pa3rpaHuveHus] OCHOBaHbI Ha arprOyTax nonb3osareneid KMC. Manpaar-
HO€ pasrpaHUYEeHUE OCHOBAHO HA METKaX JIOCTYIA, AUCKPELIMOHHOE — HA MaTpULE
JOCTyla ¥ 1paB nojib3oBareneld. Takum oOpaszom, pasrpanuueHue nocryna B KUC
IIOCTPOEHO Ha MPOBEPKE MPEIbABIISIEMBIX M10JIb30BATEISIMHA UACHTH()UKATOPOB.

B pabore paccmarpuBaeTcst OJJH U3 MOJXOA0B K MPOSKTUPOBAHHIO TOBEPEHHBIX
KOPIIOPAaTUBHBIX HH(OPMALIUOHHBIX CHCTEM.

MOCTAHOBKA 3AJA4YN

B cBs13u ¢ Tem, uto npoektupyemsie KUC nomkHBI XpaHUTh 1 00padaTeiBaTh pa3HOKa-
TErOpUHHYI0 HH(POPMALIUIO, HEOOXOIUMO OCTPOUTH MOJEIH YIPO3 M TOTEHIIMATBHBIX
Hapymwureneid. ObocHoBark BeIOOp MH(popMamoHHOH apxutektypbl KMC, pa3pabo-
TaTh Il BBIOPAHHOHM apXUTEKTYPhl MOJIEINb IaHHBIX M aJrOPUTMBI B3aUMOJICHCTBHUS
MIPUIOKEHNH, oOecneunBaronx Tpedyemblil yposens 6ezonacHoct KUC B ycnoBu-
X 3aLIUTHl OT BHYTPEHHETO HAPYIIUTENs, KeM sABJsieTcs nonab3osarens KUC.

KNACCbI YTPO3:

1. WrHopupoBaHue BBEJEHHBIX OIPaHUYEHUN U HapyLIEeHHE MPaBUII MOIb30BaA-
HUS CUCTEMOM MPH IKCIUTyaTallui CUCTEMBI.

Hapyiuenue BblieI€eHHBIX TPUBUIIETUA.

Briaenenue upe3aMepHbIX HOTHOMOUNMN [10JIb30BATENSIM.

Okcrutyaranus ys3sumocteit CYB/I.

HenocraTouHo nonHoe 1OrupoBaHue B KypHajlax ayIuTa.

BrimmonmtreHne 3ampocoB 3aBeqoMo npuHOCSIuX yiiepo B (SQL-uHBeKIIm)
[[Tpockypun, 2009].

7. Ortka3 B 00CIy)KHBaHHH.

SAENANE ol

OCHOBHBbIE YTPO3bl KNC:

HenpennamepenHnoe ynaneHne Wiv NCKakeHHe HH()OPMAITHH.
HrnopupoBaHue BBEICHHBIX OIPAHUYEHUH IPU HKCIUTYaTalui CUCTEMBI.
Hapyiienue npaBuit noib30BaHus CUCTEMOI.

[IpemocraBneHue TpeThUM JIHIIAaM WACHTH()UKAIIMOHHBIX TAHHBIX U JOCTYTIa
kK OBM.

BrisiBiieHue JIoruHa/mapoJis.

HecaHKIIMOHUPOBAHHBIN JOCTYT K HH(QOPMAITHH.

7. lloHmxeHne ypoBHs JOCTyma WH(OPMAITHIH.

o=

AN

46



CWUHTE3 AJIFOPUTMOB NOCTPOEHWSA I0BEPEHHBIX UHOOPMALMOHHBIX CUCTEM C TPEX3BEHHOW APXUTEKTYPOI

8.
9

10.
11.
12.
13.
14.
15.

Monundukanus, iCKaXeHHe, yaaleHine HHPpOopMaInu.
Perucrpanus B cuctemMe OT UMEHH JIPYTOro 0JIb30BATENS.
HecaHkunoHMpoBaHHOE BBIITOIHEHKE 3aIPOCOB K b/I.
HenpaBomepHBIit 10CTyM K CITy»KeOHOH HH(OPMALIUH.
M3meHeHue ponn, ypoBHS JOCTYIIA, TPYIIIBI OJIb30BaTEIs.
HecankunonnpoBaHHbIE JEHCTBYSI B KIMEHTCKON MPOrpaMMe.
ITogmena kiueHTa.

PaboTa pa3nuIHBIX TIOB30BATEIICH MO OTHUM JIOTHHOM.

K BE3OMACHOCTU KNC MPEOBABIAIOTCA C/IEAYIOWME TPEBOBAHNA:

PN R W=

Ne)

10.
11.
12.
13.
14.
15.

Hcnonp3oBanue aTpuOyToB 0€30MaCHOCTH.
I'enepanus xypHaa ayanra.

[IpocmoTp kypHana aynuTa.

XpaHeHue )KypHaia ayauTa.

Perucrtparust mons3oBareseil B CHCTEME.
Oo6ecrieueHre KOH(UICHIIUMATBLHOCTH JIAHHBIX.
PoneBoe pazrpaHnueHue N0Jab30BaTENEH.
Pasrpannuenue nocrymna Kk nH(GOPMAITHH.
VYnpasieHue J0CTYNOM K HH(POPMAIHH.
AyTteHTH(]HKAIIS TOTB30BaTEIICH.
VYrpapneHue JaHHBIMH.

VYnpasieHue NoTokaMu HHPOPMAIHH.
Hmnopt naHHBIX.

OKCHOPT JaHHBIX.

KoHTpoIh eT0CTHOCTH TaHHBIX.

MOZESIb YTPO3 U HAPYLIUTESEN

HenpenHamepeHHble fencTBuUA:

Ealb i

HenpennamepeHHoe yiajieHue WK UCKOKCHUE HHPOPMAITUH.
UrHopupoBaHHe BBEACHHBIX OTPaHUYCHUHN TPU IKCILTyaTallid CUCTEMBI.
Hapy1ienue npaBuil MoJib30BaHUS CUCTEMOM.

[penocraBneHre TPETHUM JIMIAM HICHTU(PUKAIMOHHBIX TaHHBIX U JOCTYIIa
kK OBM.

MNpepnHamepeHHble AeNCTBUA:

Nk L=

HecaHKIIMOHUPOBAHHBIN JOCTYI K HHOPMAITHH.

HecanknnoHupoBaHHOE MOJTydeHHUE JIOTHHA/TIapois ¢/0e3 noctymna k DBM.
Peructpanus B cucteMe OT IMEHH JIPYroro Mojb30BaTelIsl.

TMoameHa KiIneHTa.

BerinosiHeHHE 3aTPOCOB 3aBEIOMO MpUHOCIUX yiepo b/,
Monunbukanys, HCKaKEHIE, yIaleHie HHGOpMAIIHH.

W3MeHeHne poiu, YpOBHSI JOCTYIIA, TPYIIIBI TOJIb30BATES.
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8. TloHmkeHue ypoBHs AOCTyNa HHPOpMALKH.

9. HecankunoHUpOBaHHOE BBITIOTHEHHE 3anpocoB K b/1.

10. HenmpaBoMepHBIii 10CTYM K City>keOHOH HH(OpMALIUH.

11. HecaHkiMOHMPOBAHHBIE IEUCTBUS B KIIMEHTCKON MTpOTrpaMMe.
12. Pabora pa3inyHbIX HOIb30BaTeICH 10/ OTHUM JIOTHHOM.

Mogenb HapywuTena:

1. HesapeructpupoBaHHEIH Moib30Bareib bll, UMEIONHif OCTYT K TporpamMme:
*  He nMeeT HIeHTU(PUKAIIMOHHBIX TaHHBIX.

2. 3apeructpupoBaHHBIN MOJB30BaTeNb b/l, mMeromuii nocTyn K mporpamme:

*  Hwmeer naeHTH(UKAITMOHHBIE TAHHEIE.

e (OOnamaeT BceMU BO3MOXXHOCTSIMU CBOCH POJIM B CUCTEME, TPYIIIbI U YPOBHS
JIOCTyMA.

e Hmeet ponb B HHOOPMALIMOHHON CHCTEME.

* He nMeer goctyna K cirykeOHBIM TabIUIIAaM ¥ HHPOPMAITHH.

3. Apmunucrparop KHC:

Nmeet gocTyn K mporpamme.

Nmeer nneHTn(UKaIMOHHBIE JaHHbIE.

OO6nagaer BceMH BO3MOKHOCTSIMH CBOCH POJIM B CHCTEME, TPYIIIBI  YPOBHS
JIOCTyTa.

Wmeer ponb aqMuHUCTpaTopa B MHPOPMAIIMOHHOW CHCTEME.

*  Hmeer noctyn K ciay>xeOHbIM TaOnunaM U MH(GOPMALIUH.

Nmeet nocTyn K )KypHaTy ayauTa.

4. AnpmunaucTpartop 6e3omacuoctu KUC:

* lmMeer A0OCTYII K IpOrpamMmme.

*  UNmeer uacHTHPUKAITNOHHBIC JaHHBIC.

»  OOmamaeT BceMH BO3MOKHOCTSIMU CBOCH POJIM B CHCTEME, TPYIIIBI U YPOBHS
JIOCTyTIA.

* lmeer posib aAMHHUACTpATOPA B HH(OOPMAIIMOHHOW CUCTEME.

HmeeT 1ocTyn K Cliy)KeOHBIM TabIUI[aM U HH(POPMALIUH.

*  HmMeer A0CTYI K XKypHAITY ayauTa.

OOnazaer BceMH MPUBHUIIETUSIMHA U BCEMHU YPOBHSIMHU JIOCTYTIA.

MoxkeT 00aBIISITh HOBBIX MOJIb30BATEICH.

YcraHaBIMBaeT YPOBEHb J0CTYINA K HHGOPMAIIHH.

MOJEJIb AAHHbIX AAPA CUCTEMbI

1. Ta0auua moJib3oBareJieil COIEPKUT TaHHBIE TT0JIb30BATENEH, ABIIETCS CIIy-
JKeOHOU TaONMHUIIeH, K KOTOPOIH MMEET MOCTYI TOJHEKO aIMHHUCTPATOP CHCTEMEI.
ConepKuT monsi:
» Jlorus.
*  Xom — B B/] XpaHuTcs cBepTKa napois.
e MeTka YpoOBHA JOCTyna — YyKa3blBaeT YpOBEHb JOCTYyNa IOJb30BaTeNs
K HHpOpMAaIHH.
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2.

MerTka rpynmbl JOCTyIa — SIBISIETCs yKazaTeJeM B TaOluile Tpymnn JocTyma
Ha CBOIO TPYIIITY.

CucteMHast poiib — SIBJISIETCSL yKa3aTesleM B TaOIMLEe polieil, yKa3plBaeT poJlb
I10JIb30BATENs B CUCTEME.

Bpewmst )xu3HM yUeTHOU 3aMUCH.

Taﬁ.]mua AAHHBIX COACPKUT JAHHBIC-TOKYMCHTBI, SABJIACTCA pa60qeﬁ TabIu-

L€, K KOTOPOW UMEIOT JOCTYI BCE MOJIb30BATEIN CUCTEMBI.
ComepXuT MoJIs:

3.

WNwms (Ha3BaHME JOKYMEHTA).

Wudopmanus (Tekcr).

I'pynma pocryma — oTpaxkaer rpynimy, K KOTOPOW JIOJDKEH MPUHAIJICKATh
MOJIB30BAaTCJIb AJId JOCTyIlda K JOKYMCHTY.

KOHTpOHLHaH CyMMa — X511 3HaY€HUEC, BEBIYUCIICHHOC 10 MMCHH NOKYMCHTA U
conepkanus (TEKCTa).

Jlara co3maHusl.

YpoBeHB JI0CTyIIa — OTpakaeT YPOBEHbB JOCTYIIA.

Brnanenen — yka3plBaeT Ha MMs TIOJIB30BATENIS, CO3/IABIIECTO TOKYMEHT.

ZKypHaJu ayauTa COIEp>KUT 3alluCU BCEX ACHCTBUI BCEX MOJIb30BATENIEH CH-

CTEMBI, SBIIACTCS CIYKEOHOU TaONMUIleH, K KOTOPOH MMEIOT ITOCTYII TOJBKO aIMUHU-
cTparop 0€30MacHOCTH W aIMHUHUCTPATOP CUCTEMBI.
CoaepxuT noJist:

4.

Koz BeImonHsieMoii onepatiuy — OOUH U3 KOIOB (DUIIBTpa 3apoCoB.
3arpoc oT KJIMEeHTa — OMMCAaHKe 3alpoca WIN caM 3arpoc OT KJIMEHTa.
Craryc 3ampoca.

WwMs 3ammpocHBITIeTo MOIh30BATEINS.

CeaHc BBITIOIHAEMOTO 3aIpoca.

Hata u Bpems 3anpoca.

Tafauna ceaHCoB COJCPKUT JAaHHBIC O BCEX 3aPETHCTPUPOBAHHBIX MOJIB30-

BaTeJISIX CUCTEMBI, TIOCTIE YCTICTHON ay TeHTH(UKAINH KJIHNEHTa, OH PETUCTPUPYETCS B
cUCcTeMe, KITMEHTY BbIJIACTCS CIIeUABLHBIN HIIeHTH(UKATOp — HOMep ceaHnca. Talu-
1a SIBJISICTCS CIYKEOHOM, TOCTYI K KOTOPOW UMEIOT TOJBKO aIMUHUCTPATOp Oe3omac-
HOCTH Y aJIMUHUCTPATOP CUCTEMBI.

CoaepxuT moJs:

5.

MMt nons3oBaress.

CocrosiHue ceaHca — yKa3blBaeT, OTKPHIT WIN 3aKPbIT CEaHC.
Bpewms coznanus ceanca.

Bpems 3akpsiTus ceanca.

@DuabTP 3aMPOCOB CONEPKUT UHPOPMAIIHIO, HA OCHOBE KOTOPOH OCyIecT-

BJISICTCS (PUIIBTPAIUS 3alIPOCOB KIMEHTOB K BJI, COMEpKUT HIeHTH(PHUKATOPHI BCETO
MHO)KECTBA 3aIPOCOB, SIBISICTCS CITYy)KEOHOHW TaOIHIICH.
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CoaepKuT moJs:
*  Kon 3ampoca — crienuaibHbIA HASHTH(GUKATOP 3arpoca.
*  Mertka poiu — pojib, KOTOPOU JIOJKEH 00J1a1aTh KIIMEHT JIJISl BHITOJTHCHHMSL.

6. Tabauma rpynmn copepXUT UMeHa TPYIIT U UX UIACHTHU(PHUKATOPHI (YUCIOBBIC
3HAUEHHMS), ABJSIETCS CIYKEOHOH TabnuLei.

ComepKuT ToJIs:

e HWwms rpynmsl.

*  Hpentudwukarop (mpasa rpymnisl).

7. Tabauma poseil conepKuT UMeHa poJiel U UX UICHTU(PUKATOPHI B CUCTEME,
SIBIIICTCS CITY)KEOHOM TaOIHUIICH.

CoaepKuT noJs:

*  Umsa ponu.

e Wnentuduxarop.

puc. 3. Ces3p Tabnun KUC

Kak BuzmHO Ha cxeme, Bce TaOIUIIHI HAIPSAMYIO CBsI3aHBI C TAaONHIIEH TI0Ih30BaTe-
JIeH, 3TO JIOTUYHO, BEJIb BCSI CHCTEMA Pa3rpaHUUYCHUsI JIOCTYIA K Pa3HOKATETOPUHHOM
nH(pOpMaIHH MOCTPOCHA HA MTPOBEPKE aTPHOYTOB TIOH30BATEIS.

Jannast mogens nokyMeHToopueHTHpoBaHHOW KUC nipenHa3HadeHa s xpaHe-
HUS ¥ 00pabOTKH pa3HOKATETOPUITHONW HH(POPMAITHH, T.¢. HHPOPMAIIUN pa3IeICHHON
Ha KaTerOpUH YPOBHSI JIOCTYIIA, JOCTYI K KOTOPBIM IIPOUCXOTUT HA OCHOBE MaHIaTHOU
Y POJIEBOI MOJIENH pa3rpaHHyueHus 1OCTya.
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NOACNCTEMA OBECIMEYEHNA NB

puc. 4. [Toncucrema obecneuenus Ub

PA3STPAHUYEHWE OOCTYNA. AYTEHTUOWNKALINA.

ObecneueHne KOHPUOEHUNANBHOCTA AAHHbIX:

KOH(i)HI[eHLIHaHBHOCTI/I JaHHBIX obecrneunBaeTcs MMyTEM OI'paHUYCHUA OOCTYyIIa K
I/IH(l)OpMaIII/II/I Ppa3iinIHbIX HOJIL3OBaTCJICI>'I, IIpru 3TOM II0JIB30BATCIIF0O HE MU3BCCTHO
HHUYCTro O HCAOCTYIHBIX JIA HETO JaHHBLIX, B TOM YHCJIC CYHICCTBYIOT JIM OHU B BI[

WJIN HET.

Pa3rpaH|/|qu|/|e pocTtyna:

Kaxnerit xkmueaT UC B COOTBETCTBHE C MPEABSIBICHHBIMUA TPEOOBAHUSIMH 00JIa1aeT
CIICIYIONTUMH aTPUOyTaMH:

Jlorus.

ITapous.

Mertka ypoBHs JOCTYIA.
Mertka rpynnsl JOCTYyIIA.
CucrtemHas poiib.

Bpewmst )x13HM yUETHON 3aMUCH.

Knuent nomyuaer poctyn x ganueiM B/l u gynkumnonany VC Ha ocHOBe cBO-
ux arpuOyToB. Pasrpanuuenue 1octyna K JaHHBIM OCHOBAHO Ha MOJIENIN MaHJaTHOTO
pasrpaHuveHUs, UCTIONB3YIOTCSI METKH JIOCTYTIA, TPYIIBI JOCTYIa K HHPOpMAIIHH.

51



A.B. benoe, JJ.B. llawkos

NHpopmauma moxeT ObITb Tpex YpOBHeli:

1. OtxpsrTas napOpMAaIHS.

2. KounduaenuunansHas nHGOPMAIHS BTOPOTO YPOBHSI.

3. KoudunernnanpHast nHOOPMAIHS IEPBOTO YPOBHSL.

[Tpu sTOM Kaxxaas kareropust HHGOPMALMU JeTUTCs Ha Tpyninbl. Takum obpaszom,
ITOJTL30BATENI0, IMEIOIIIEMY JIOCTATOYHON YPOBEHbB JOCTYIA K HH(pOpMAIUH, HEOOXO-
JIUMO TIPUHAJICKATH K TPYIIIE, UMEIOIICH JOCTYI K 3TOH MH(POPMALINH.

B naHHoI nHGOPMaLIMOHHOM CUCTEME NMEETCA TPU CUCTEMHbBIX POSIN:

e [lomp3oBarens — kimeHT b/, paboTaromuii ¢ HocTymHONW HH()OPMAIIHEH.

e ApmuHucTpartop 0e3onacHOCTH — kiueHT bJl, uMeronuii 1ocTyn K yrnpasie-
HUIO C€aHCaMH IMOJIb30BaTeNel U K KypHAITY peructpanuu coosrtuid. Cieaur
3a pabOTOM KIIMEHTOB, PETUCTPUPYEMOM B KypHAJIC ayIuTa.

*  AIIMUHHUCTPATOpP CUCTEMBbI — KIIMEHT, yIPABISIOIUNA BCEMU TOJIb30BaATEIIIMH,
Bcell MHPOpMaIel CHCTEMBI, IPOBOAUT MOJEPAIINIO HOBBIX JaHHBIX.

AYTEHTUOUKALNA NONTb3OBATENEN:

[IpoBepka NOATMHHOCTH, MPEIBIBISEMBIX HACHTH(PHUKATOPOB TOJIB30BATEIIEM BEIYT-
csl Ha ocHOBe kpunTorpaduueckoro anroputma Cmpubdoe I'OCT P 34.11-2012 na ce-
KpPETHOM KJTFOUE cepBepa MPHUIIOKESHUH.

AOMUHNCTPUPOBAHWE. AYOUT:

KypHan aygura:

HC peructpupyeT KIHNEHTOB B CHUCTEME, a TAKXKE HX NEHCTBUSA B JKypHAJ, KOTOPHIA
o0yaaer CiIeayromuMHI aTpruOyTaMu:

* Ko BbITIONIHAEMOM omiepaluu.

e 3ampoc OT KJIMEHTA.

* Craryc 3anpoca.

* M4 3anpOCHUBIIETO MOJIb30BATENS.

e CeaHc BBINOJIHAEMOTO 3a0poca.

* Jlara u Bpems 3ampoca.

NOACUCTEMA NPOBEPKN U ®UNBTPALIAM ONEPALINI:

Kaxxnas onmepaiiust uMeeT CBOU KO/, HA OCHOBE KOTOPOTO CUCTEMa MPUHUMACT pellie-
HHUE, MOXKET JIU €€ BBIIOIHATh OTAEIbHBIN MT0JIb30BaTeNb. JlaHHAs MPOBEPKa BBIITOJIHS-
€TCsl Ha OCHOBE TaONHIlbl « DUIBTP 3a1IPOCOBY.

3anpoc 3anmycKaeTcsl B CeualbHOM TECTOBOU Cpefie, OCIE 3TOr0, MPOBOAUTCS
aHaJIM3 pe3yibraTa Ha IpeaMeT BO3MOKHOTO HaneceHus Bpena KUC.

[Tpon3BoanTCS KOHTPOJIb IEIOCTHOCTH KPUTUYESCKU BAXKHOUN HMH(OPMAITIH.

KOHTPOJ1b LUETOCTHOCTU JAHHbIX:
OcHoBan Ha kpunrrorpaduaeckom anropurme Cmpuboe IOCT P 34.11-2012.
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NOACUCTEMA YNPABNEHUA MHOOPMALIMEN:

[To3BossieT ynpaBisiTh UMIOPTOM/IKCIIOPTOM WH(POPMAITHH.
[IpousBoautr Monepauuio 100aBICHHBIX [JaHHBIX, H3MEHEHHE aTpUOyTOB
nH(pOpMAITHH.

NMIMOPT/3KCMOPT NHOOPMALINN:

[Mpexycmotpen (yHKIMOHAN BBOAA/BBIBOAA HMH(GOPMALUH, BBIBOA MPOU3BOAUTCS
Ha OCHOBE IOJUTHUKU JOCTyNla K MH(pOpPMAaLMM, IIOC]Ie BBOAA MH(MOPMALUM JOKY-
MEHT MPOXOAUT MOAEPAIMIO CYINEPIONb30BaTeNeM, MOCIe Yero TONbKO CTAaHOBHUTCS
JOCTYITHBIM.

NOACUCTEMA ADMUHNCTPUPOBAHWUA:

Bxurogaer B ce0s ympapieHHe TOIb30BaTENAMHU (J100aBIeHNEe HOBBIX, YJAIeHUE, U3-
MEHEHHUE aTpuOyTOB MOIb30BaTeIIeH ).

B03MOXHOCT ynpaBieHUs ceaHCaMH U TTOJKIIOUCHUSIMH, a Takke OJIOKHpOBa-
HUSI XOCTOB.

MOHHUTOPHUHT MOACUCTEMBI AyANTa, PEaKIus Ha COOBITHS.

Ponn cuctembi:

[MTonb3oBarenu UC mist paboThl ¢ pasHOKaTeropuitHoi nHpopmanueid obnanaroT cie-
JTYIOIIIMMHU BO3MOXKHOCTSIMH:

» Jloctyn Kk onpezaeneHHON HH(OPMALIUH.

*  B03MOXHOCTb BBINOJIHEHHUS 3apocoB K b/I.

* llouck HeoOXoaMMOI HH(DOPMAIUH 110 PA3TUYHBIM [TapAMETPaM.

e JlobGaBleHHEe HOBBIX AaHHEIX B B/I.

* IlpocMoTp IOCTYHHBIX K IPOCMOTPY JaHHBIX.

A,EI,MI/IHVICTpaTOp 6e30nmacHoCTK o6na,qaeT aiegyowmmMmm BO3SMOXKHOCTAMNL

e  BrrovaeT BO3MOXKHOCTH OOBIYHOTO MOJTb30BATEIIS.

*  IHmeer nocTyn K KypHaJIy ayJuTa, MOXKET BHIOMpATh JaHHBIE U3 )KypHaja 110
Pa3IMYHBIM TTApaMETPaM.

*  HWwmeer nocTym K 9acTu ciry>ke0HOM nH(DOpManmm (0 ceancax).

*  VmpaBieHUs CeaHCaMH IOJIb30BaTEIICH.

AZLMUHUCTPATOP CUCTEMbI (Cynepnosnb3oBaTesb):

*  BkJiiodaer BO3MOXKHOCTH TTOJIB30BATENS U aIMMHUCTPATOpa 0€30acHOCTH.

» JlocTtymHa Bcst nH(OpMAIIHs O CHCTEME.

e JlocTymHBI Bce (DYHKITHH ITAHETH aAMUHUCTPUPOBAHHS.

*  BO0O3MOXHOCTH yIpaBieHHUS OIH30BATEISIMU.

*  Mogaeparus nanubix B bJI.

AJMHUHUCTPATOP CUCTEMBI BBIMOJIHACT (PYHKIHMW YHPABICHUS JOCTYNOM K HH-
(opmarn, OH MOKET TIOMEHSITh POJIb, YPOBEHb JOCTYIIA, MPUHAIEKHOCTD K TPYTI-
I1€ NIOJIB30BAaTCJIA, TAKKE OCYHICCTBIIACT YIIPaBJICHUC JaHHBIMU NC: moxxeT H3MEHUTD
YPOBEHB JOCTYIIA WK TPYMITY JOCTYIa JaHHBIX (JOKYMEHTOB), OCYIIECTBIISIET MOJIE-
palrio JaHHBIX. A,ZIMI/IHI/ICTpaTOp CHUCTEMBI CO31a€T PE3CPBHLIC KONMU JaHHBIX.
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CTPYKTYPHO-OYHKLIMOHAJIbHASI CXEMA B3AVIMOJENCTBNA
(OBLLW ANTTOPUTM)

puc. 5. Cxema B3auMOJICHCTBHSI KIIMEHTA U CEpBEpa

Kaxnprit kimenT uist padbotsl B8 KMC o0nagaet T0rHHOM U apoJiem.
s BXOza B cUCTEMY €My HEOOXOIUMO MPOHTH aBTOPHU3AILMIO, TOCIIE YCIICLIHO
MIPOMACHHOTO Tpoliecca ayTeHTU(UKAIIMU, KIUSHTY BBIIASTCS YHUKAIBHBIA WICHTH-
(buKaTOp MPHUIIOKEHHS U CeaHca.
KimeHT oTnpasisieT 3anpoc Ha BEITIOIHEHUE OTIEpalliy CepBepy, KOTOPHIH 0Opa-
OaThIBaeT €ro.
Ha sToMm aTane B paboTy moakrouaeTcs moacuctemMa oodecneuenns Mb:
1. Brimonusiercs MPOBCPKa MOMAJIMHHOCTU KIIMCHTCKOI'O NPUIIOKECHUA Ha OCHOBE
kpunrorpagpudeckoro aaropurma [OCT P 34.11-2012 «Ctpubor» Ha cekpeT-
HOM KJIIOYE cepBepa.

2. IlpoBepka KIHMEHTa Ha OCHOBE aTpHOYTOB IMOJB30BATENSI CUCTEMBI U KPUIITO-
rpadU4ecKoro ajuropuTMa U CeaHca Ha peaMeT OJIOKUPOBAHHMS.
Ecnu ximmeHT coBepIliaeT HECKOIBKO HEYHaYHBIX IMOIMBITOK, XOCT, C KOTOPOTO
OTIIPABIISIINCH 3aIIPOCHI, 3aHOCUTCS B UEPHBIH CITUCOK, OJIOKUPYETCH.

3. Jlamee oOpaboTka mepenacTcss B GIIBTP 3alpOCOB, KOTOPBIA Ha OCHOBE KOAa
oTieparnyy u aTpuOyTOB MOJIH30BATENS IPOBEPSET MOTHOMOYHS MOIH30BATEINS
Ha BBIIIOJIHCHHC.

4. CremyroluM 3TaroM BHITTOIHIETCS TIPOBEPKA 3alipoc Ha TIPEIMET YTPO3bI 1ie-
JIOCTHOCTH U HapylIeHUs] KOHQUACHIMATBLHOCTH HHPOPMAIIHH.
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V KkakJ10i1 3aIIUCH B CUCTEME €CTh METKa, €CIIN B pe3ysIbTaTe 3alpoca OKaKeT-
Csl CTpOKa C HEJOMyCTHMOI METKOW JIJIS TTOJIb30BaTEeNs, TPOBEPKA CUMTACTCS
HE MPOHICHHOH.

5. Tlocne ycnemHo npoWIeHHBIX MPOBEPOK 3alpOC BBINOJIHAETCS U OTBET OT-
MIPABIISETCS KITMEHTY.

AHANN3 PELLEHNA OTHOCUTEJIbHO YTPO3 BE3OMACHOCTW.

PaccmoTpum npouecc ayTeHTMdUKaLmu:

st Toro, 4TOOBI MPOUTH ayTEHTU(UKAIIUIO, KIUEHTY HEOOXOIUMO 3HATh JIOTHH/Ta-
pOJIb JIOCTYIA K CcepBepy NMPWIOKEHUH U Jorun/napoib goctyna k UC. Eciu y Hero
HX HET, BOUTH B CHCTEMY HE yIaCTCsL.

Ecnu Hapymmrens penmT 3aHIMaThCs oJI00pOM JIOTHHA/TIAPOJIsl, EMY TaKKe He-
00xXomuMo Oy/eT 3HaTh KoY MIH(pOBaHUs TpaduKa, TaKk KaK HA HEBEPHOM KIHOUE
cepBep MPOCTO «HE MOMMET» 3alPOChl KIIMEHTa, K TOMY K€ MO’KHO HACTPOUTH CUCTe-
My pearupoBaHHs Ha OJOKMPOBaHHE XOCTa, C KOTOPOTO MOCTYIAET CIAUIIKOM MHOTO
3aIpoCoOB Ha ayTEHTH()UKAIHIO.

[Mapons He XpaHHUTCS B YUCTOM BHUJIC, OH XPAHUTCS TOJILKO B BUJE CBEPTKH, Ha-
PYLIUTENIO IPUAETCS PELIUTh OYEHb CIOKHYIO 3a1a4y 110 BOCCTAHOBIICHUIO CBEPTKU
TOCT P 34.11-2012 «Cmpuboey.

Hapymmrento He ynactces 000iTH ayTeHTU(UKAIIUIO, BCE €r0 JICHCTBUS CBEIYTCS
K TIpo0JeMe TOyYeHUs CEKPETHOTO KiTtoda mudpoBanus Tpaduka, a pu HUTHIAH
TaKOBOTO — K IIpo0JIeMe aHaIM3a KpUNTOrpadhuaecKoi Xam-QyHKIUH.

B pesynbrare npaBHIBHO pEayM30BAHHOIO ANTOPUTMa ayTeHTH(UKAIMH CBejie-
Ha JI0 MUHUMYMa yrpo3a, CBsS3aHHAas C PETUCTpalMedl KIMEHTa OT MUMEHHU JPyroro
TOJIb30BATEIS.

Yrpo3a BBISBICHUS JIOTUHA/TIAPOJISl B JAHHBIX YCIOBUSX CKOpEe pelraercs opra-
HU3AIMOHHBIMA Mepamu. Ho B paMkax nanHOW paOoThl, axke UMest JOCTYI K KOM-
MBIOTEPY JIEraJbHOTO KIMEHTA, HAPYIIUTETh CMOXKET TMOJIYYUTh TOJBKO CIYKECOHYIO
WH(POPMAIIHIO 10 HACTPOHKAM MOAKIIIOYEHHSL.

HecaHKLUMOHMPOBaHHbIN JOCTYN K nHbOpMaLmm:

VYrpo3a cBefieHa K MUHHUMYMY 32 CUET UCIOIb30BAHUS MAHIaTHOTO U POJIEBOTO pas-
rpaHUYCHUA JOCTYyIIA. KinneHT MOXXeT BBIIIOIHATH 3aIpocChl, MOJIb30BaATHCA q)yHKIlI/I-
OHAJIOM, OTBEJICHHBIM TOJIBKO K €r0 KOHKPETHOW POJIH, UMETh JOCTYI K JOKYMEH-
TaM TOJIKO CBOETO YPOBHS IOCTYIA. DTO OCYIIECTBISCTCS C MOMOIIBIO AJITOPUTMOB
MPOBEPKH JAHHBIX MOJIb30BATEIIs, BO3MOKHOCTH U IPABOMEPHOCTH 3ampoca KIHEH-
Ta, a TakKe (UIIBTPa 3alPOCOB.

PaboTa pa3nunyuHbIx Nonb3oBaTenen Nog oAHNM JIOFMHOM:

KnuenTtsr He cMoTyT paboTaTh 1O OHUM JIOTHHOM, TTOCIIE ay TEHTH(HKAINA KITHEHTa
eMy TIPEIOCTABISICTCS UISHTH(DHUKATOP OTKPBITOTO CEaHCa, €CIH CepBEp MOIYYHT 3a-
MIPOC Ha OTKPBITHE €IIe OJJHOTO CeaHca OT UMEHH JaHHOTO KIIMEHTa, eMy OyzeT oTkasa-

55



A.B. benoe, JJ.B. llawkos

HO, TaK KaK CeaHC KIIMeHTa YK€ OTKPBIT. 3aKPBITh CEaHC MOXKET JIMO0 caM JieTalbHbII
KJIMEHT, TM0O0 MPUHYIUTEIbHO aJMUHUCTPATOP.
Takum 00Opa3oM, JaHHAS YTPO3a UCKIIIOUCHA.

MoHwmXeHne ypoBHA gocTyna nHdopmavmm:

JaHHas yrpo3a pemaercs ¢ IIOMOILBIO BBOJIa 00pa0OTKH, TPOBEPKU BCEX HOBBIX JIOKY-
MEHTOB B cucTeMe. Takum 006pa3oM, eciii HapyIIUTeNlb CKOITMPYeT JOKYMEHT ¢ Ooee
BBICOKMM YPOBHEM JIOCTYIIa U COXPAHUT €ro, TO HOBBIM JOKYMEHT yHacllelyeT BCE
arpuOyTHI BJIaJIeJIblia, @ TaK KaK JOCTYI HAapyIIUTENsd K HHQOpMaLul 6osiee BHICOKOTO
YPOBHSI UCKJIIOYEH, JOKYMEHT COXPAHMTCSI ¢ TeMH ke arpuOyTramu. [locie vero no-
KyMEHT OyJIeT IPOBEPEH aAMUHUCTPATOPOM, O€3 UbEeTO TIOATBEPKICHHS JOKYMEHT HE
OKaXETCsl IOCTYIHBIM.

Mogandukauma, nckaxkeHue, yganeHne nHpopmayum:

Bce aeiicTBus, CBSI3aHHBIC C KAKUM JTHOO M3MEHEHUEM JIAHHBIX, HE JOCTYMHbI 00bIY-
HOMY KJIUEHTY, OHH JOCTYIHBI TOJHKO aJMUHHUCTPATOpy. B ciydae BO3HHUKIIHX
npo0sieM agMHHUCTPATOP PEIIUT €€ C MOMOIIBI0 BOCCTAHOBJICHUS U3 PE3epPBHOM
KOITHH.

HecaHKUNOHMPOBaHHOE BbINONHEHWe 3anpocos K B/l

[Ipobnema pemieHa ¢ MOMOILBIO TPOBEPKH MOIJTUHHOCTH KIMEHTA, IPOBEPKH MpaB Ha
BBINOJTHEHUE, (DUIIBTPA 3aMpOCOB. A TakyKe BBEACHUEM POJIEBOTO pa3rpaHUYCHUSI.

Bech BO3MOXKHBIN (yHKIIMOHA CHCTEMbI OTUCAH, M KOJIbI 3aI[POCOB XPAHATCS B
B/, ecnu HapymuTeNb PeIIUT HOAJENIATh 3a1poc, TO IIOMUMO IPOOJIEM CXOKUX IPU
ayTeHTH(HKAMK, HAPYIIUTEIIO PUIETCS yraablBaTh HACHTH(UKATOp ceaHca.

be3 unentudukaropa, To €CTh €CIM KIMEHT HE MpPOILeN ayTeHTU(PHUKALUIO, 3a-
poc He OyNeT BBIMOIHATHCS.

Ecnu kmueHT pemuT NOoAMEHNTH KOJ ONepaldi, MMHTHPOBATh Ha)KaTue Ha He-
JOCTYITHYIO JJIsl HETO KHOIIKY, TO AaHHBIN 3alpoc He OyIeT BBIIOJIHEH, TaK KaK OH HE
MPOMAET MPOBEPKHU Ha BO3MOXKHOCTD U ITPaBO Ha BBHIIOJHEHHE OT UMEHM KIIMEHTA.

HenpaBomepHbIi fOCTyn K cyebHon nHdopmaumm:

[IpoGsiema peliieHa ¢ MOMOIIBIO MPOBEPKU MOAJIMHHOCTH KJIUCHTA, TIPOBEPKH MTPAB Ha
BBITNIOJIHEHHUE, PHIIBTPA 3aIPOCOB. A TaKke BBEJACHUEM POJIEBOTO pa3rpaHUUCHUSI.
Brmonaenne 3anpocos, 3aBejoMo prHOCATIHX yiepo b/l:
[Ipobnema perieHa ¢ TOMOIIBIO MPOBEPKH MONTMHHOCTHY KITMEHTA, TPOBEPKH IIPaB
Ha BBITIOJIHEHUE, (DUIIBTPA 3aITPOCOB. A TAKXKE BBEIICHUEM POJICBOTO pa3rpaHUYCHUS.

[MogmeHa KnueHTa:

[Ipobnema pemieHa ¢ TOMOIIBIO HCIIONB30BAHMS CHEIMATBHBIX HIACHTU()HUKATOPOB
MIPUIIOKEHNS U TIOTOKOB MEKIY KIMEHTOM M CEPBEPOM, CEPBEP XPAaHUT UACHTH(UKA-
TOpBI KIMEHTa, ero aapec. [103ToMy mosydnB 3ampoc OT KJIMEHTa, CEPBEP OTIPABUT
OTBET UIMEHHO TOMY NPUIIOKEHHIO, OT KOTOPOTO MPHILEIN 3alpoc.

OcTanbHble YIpo3bl PEIIaloTCs C TTOMOIIBIO0 OPTraHU3AIMOHHBIX MEp, a TaKKe UX
pELICHNS BXOAST YACTUYHO B OIMCAHHBIC BBIIIEC PEILICHHUS.
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Taxum 06p3,30M, TPEX3BCHHAsA APXUTCKTypa SBJISICTCA PCHICHUCM, OTBCUAIOIIIUM
BCEM TpC6OBaHI/I}IM C TOYKHU 3pCHUA (bYHK]_[I/IOHaIIa nu 6630H3CHOCTI/I, MOXHO pa3pa6a—
ThIBATh NNOJJHOUCHHYIO 3aIlIUIICHHYIO CUCTEMY, YUUTHIBAA ,I[aJ'IBHCI\/’I]_HI/IC 3aMCYaHusl.

CPABHUTE/IbHbIV AHANIA3 CTAHOAPTHbIX PELUEHWW U NMPEATATAEMOTO.
AyTeHTUdrKayma.

Haubosnee yacto npumensiembie npotokoiil — Kerberos, RADIUS u NTS, Tak Ha3bI-
BaeMbIe TIPOTOKONTBI AAA.(Authentication, Authorization, Accounting— aymenmudhu-
Kayus, aemopuzayus, ynpasienue [Kabanos u op., 2012]).

Boigaercss ceaHCOBBIN KIIHOY, MPOTOKOJBI OCHOBaHbI Ha KPUNTOrpadUUIeCKUX
ANTOPUTMAaX

AES, MDS5 (Message-Digest algorithm 5), SHA-2.

AES — mono3penue Ha anropuTMUUecKue 3aKnanku, 3a nmpeaenamu CIIIA Bo Bcex
npoTtokoiax. OCHOBaHHBIX Ha JTAHHOM aJTOPUTME KITtod 56 OUT.

MDS5 — anaropuT™ BbIpaOOTKH XdII-3HaueHus OblI pazpadoran B 1991 rony, kak
Oomnee Han&KHBIA BapuaHT mpenpiaymiero anroputMa MD4. B 1993 roxy bepr nen
Byp — nmepBbie cooOIIeHns 0 KpUITOaHAIN3E.

B konie 2008 roga US-CERT npu3zBan pa3paboTYMKOB MPOrpaMMHOTO obecrie-
YCHUS, BIIAJICIIBIICB BEO-CATOB U IMMOJIB30BATEIICH MPEKPaTUTh UCIONB30BaTh MDS5S B
JOOBIX MENAX, TaK KaK MCCIEeOBaHUS MPOAEMOHCTPUPOBAIN HEHAAEKHOCTh 3TOTO
aJropuTMa.

JlaHHBIC aJrOPUTMBI IIUPOKO MPUMEHSIOTCS B KOMMEPYECKUX MPOAYKTaX B TO
BpeMsi, KaK BBIIUIA OOJIee HaJEKHbBIC aJIFOPUTMbI, HAIIPUMED, aJITOPUTM BhIPAOOTKH
xomr-3HadeHust SHA-3.

AJNTOPUTM MOCTPOCHUSI KOJUTM3H# mpeacTariieH B padote [Ekera, 2009].

IIpennaratorcs ctangaptel [OCT 28147-89, TOCT 34.11, 00 yCHEIIHBIX MOTBIT-
Kax KpUTTOAHAIN3a HEU3BECTHO.

2. KOHTpOsb LIeNIOCTHOCTN.

Kontponr nenoctnoctn B KMC Bcerma ocHoBaH Ha BBIPaOOTKE M TPOBEPKE XOIII-
3Ha4Y€HUs, O3TOMY JJI JAaHHOTO IYHKTA CIIpaBeUIMBbI 3aMEUaHNs U3 MPEbIIYIIEro
IYHKTA.

3. MepexBaT ayTEHTUPMKALMOHHBIX fAaHHbBIX.

Juist Toro, 4ToOBI NMEPEXBATUTh ¥ MOIYYHUTh OTKPHITHIE JIAHHBIC OBLIO MaKCUMAalbHO
CJIOKHO, HeoOxonumo mudposats Tpaduk. I1o moBoay anropurma Onoynoro mmgpo-
BaHHUS OBUIO CKa3aHO B I1.1. PekoMeHTyeTcs HCToIbh30BaTh OTEUECTBEHHBIN aJlTOPUTM
I'OCT 28147-89.

4. SQL-nHbeKkymn.

K manHomy THIly yrpo3 noreHumaibHo yszBuma Jiobas KUC. Kak ycrpoena 3amura
OT JJAHHOH Yrpo3bl B KOMMEPYECKUX CUCTEMax — KOMMepYecKast TaifHa.
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ITpumep:
ITouck B cucteme JOKyMeHTa 110 UMEHHU.
Select * from DOCUMENTS where NAME="T'paduk nexypcts’ and LEVEL=LOW
3anpoc BO3BpaIlaeT J0KyMEHT ¢ HU3KUM YPOBHEM JIOCTYIIA.
Select * from DOCUMENTS where NAME=""union select * from DOCUMENTS -— and
LEVEL=LOW
Pemenue:
OOHapy>kuBath aHoMasbHble SQL-BbIpakeHus.
Kax?
e ['pammaruueckuii aHaIW3 UK PETYASIPHBIC BEIPAKEHUS
*  benble ciucku nin YepHble CIUCKU

5. Mogundukaumsa, nckaxeHwve, yaaneHune nHbopmauum

[Toncucrema Mojepalyu He MO3BOJIUT YIAAJTUTh WM U3MEHHUTH JOKYMEHT Oe3 Moj-
TBEP)KJICHUS], HE JIOMYCTHUT LIEJICHANPABICHHOTO YIaJICHUs] U UCKAXEHUS U TTO3BOJIUT
YMEHBIIUTH MIOTEPH TPH OMIHOKAX IOJIb30BaTEIeH.

6. ickniouaeTca HapyLlueHve YTeHNe BBEPX, 3aMUCh BHY3.

Ilonp3oBareins He IpovIUTaCT NOKYMCHTHI C BBICOKOH METKOM A0CTYyIla — HE IMO3BOJIUT
CHUCTCMA pa3rpaHUYCHUA JOCTYyIa, HC CMOXKET CKOIMMPOBATHL NOKYMCHT U COXPAHUTH
€ro ¢ HU3KUM YPOBHEM — HE MMO3BOJIMUT CUCTEMaA MOACPpALlUN.

7. PeaKLl,I/Iﬂ CcncTembl 3allATbl Ha cobbITuA

Hacrtpoiika mpaBmi peakiiuy TO3BOJIAT pearupoBaTh Ha TE WIM HHBIC COOBITHS,
HanpuMmep:

[Ipu3HaTh MOMO3pPUTETHLHBIM BXOA B CHCTEMY B HEOOBIYHO ITO3/IHEE BPEMSI, BXOJ
B CHCTEMY TIOJI TTOJIb30BaTEJIeM M3 JPyroro pernoHa, pearnpoBarh Ha MHOTOKPATHBIN
OIIMOOYHBIA BBOJ TTAPOJIS.

CooTBeTCTByIOIas pPeaKiys: JOTHpOBaHUE, OJIOKMPOBKA XOCTa, BBEJICHHE Taii-
MayTa JiIsl BBOAA MACHTH(UKATOPOB.

8. HapeXHOCTb 1 oBEpPEHHOCTb MOCTPOEHHOW CUCTEMBI.

Cucrema MOXXeT OBITh MOJHOCTBIO MPOAHAIN3UPOBAHA, ONPEACIUTh PEAKIHUIO CHU-
CTeMbl Ha COOBITHSA, MOXXHO INPOTECTHPOBAaTh Ha BCE YA3BUMOCTH, BBIMOIHUTH
JOpabOoTKy.

ITpoanann3upoBaTh KOMMEPUECKUI NMPOLYKT B IIOJHON MEpE HE MPEACTABIISIETCS
BO3MOKHBIM.

3AKJTIIOYEHUE

Pesynbrarom nccienoBaHus ABISETCS METOA MOCTPOEHUS JOBEPEHHBIX CUCTEM, OT-
BEYAIOLINX TPEOOBAaHMIM K HHPOPMAMOHHON Oe30nacHOCTH. JlaHHBIH METO OCHO-
BaH Ha UCIOJB30BaHUU B TPEXYPOBHEBON MOJIENH IOBEPEHHOTO KIMEHTA U CepBepa-
nocpennuka. KMC, B kotopoll OyayT peaan3oBaHbl MEXaHU3MbI, NEpEUNCICHHBIC
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B TPeOOBAaHMSIX K CHCTEME, OyleT HaaekHOH. [Ipu 3TOM KayecTBO U YPOBEHB 3alllH-
IICHHOCTU CUCTEMBI HAMPSAMYIO 3aBUCHUT OT TOTO, HACKOJIBKO KAaYE€CTBEHHO U IMOJHO
9T MCXAaHU3MbI MPUMCHAIOTCA, HACKOJBKO OTBETCTBEHHO OTHOCHUTCA K BOHIpOCamM
3alUTHI IIEPCOHAI, Pa3padaThIBAIONINN, aIMUHUCTPUPYIONIUHI 1 SKCIUTyaTHPYFOIIUH
CHCTEMY.

[IpenoxkeHHOE PELICHHUE SBISICTCS MOCIBIO JIJISl MTOCTPOSHUS MH(GOpPMAIMOH-
HBIX CHCTEM, K KOTOPBIM MPEbSBISIIOTCS TPeOOBaHMs K MHPOPMAIIMOHHOM Oe3omac-
HocTH. OTnMcaHHas MoACHCcTeMa 0€30ITaCHOCTH OTBEUACT MPEABIBISIEMBIM K CUCTEME
TpeboBanmsiM. OHa TO3BONAET M30aBUTHCS OT M3BECTHBIX YA3BUMOCTEH TaKHX, Kak
SQL naBeKIHH, K KOTOPBIM 3aBenoMo ysa3BumMa modas CYB/I.

3a cdueT WCMONB30BaHUA MHU(POBAHUS TEpEAaBAEMbIX JTaHHBIX CTOWKHM aj-
TOPUTMOM IIH(PPOBAHUSI CTAHOBUTCS HEBO3MOXXHBIM CUWTHIBaHWE Tpaduka u3
cern. Mcmomp3oBaHWE KPHUNTOTPAPUUIECKON XAMI-PYHKIIMH T03BOJIsIET obecrie-
YUTH HAJIEKHYIO MMPOBEPKY U KOHTPOIb IEIIOCTHOCTH JIaHHBIX, 4 TAKXKe aTpuOyTOB
MOJb30BaTeNeH.

3a cueT UCTOIB30BaHUS MOJICUCTEMBI ayJIUTa MOYXHO YCTAHOBUTH IOJIH30BATEIIS,
BBITIOJTHSIBILIETO 3aIPOC, THII, BPEMsl, YTO ITO3BOJIUT ObICTpee pa3o0parbecsi B MHIIUICH-
Tax, CBSI3aHHBIX ¢ (PYHKIIMOHUPOBAHUEM CHCTEMBI, a TAK:KE HAa OCHOBE )KYPHAJIOB ay-
JIUTa BOBMOYKHA HACTPOWKA PEAKIIMHA CUCTEMBI Ha COOBITHSI.

Hcnonp30BaHKue MOACUCTEM OTPAaHUYCHUS JIOCTYIA MO3BOJISET 00CCIICYUTh KOH-
¢unennuanpHoCcTh HanHbix KUC.

HOILCI/ICTCMa AJIMUHUCTPUPOBAHUSA TTO3BOJIUT O6GCHC‘-II/ITI) ruokoe yrpaBJICHUEC
nonb3oBarensimu KUC.

OunpTpaius 1 MpoBepKa 3ampoCOB HE TTO3BOJIUT BHITIONHSATE 3aPOCHI, 3aBEIOMO
HapyIIAIHEe KOHPUICHIIUAIBHOCTD U I[EJIOCTHOCTh HHPOPMAIINH.

Tpex3BeHHas apXUTEKTypa MO3BOJISET 00SCIIEUUTh MAaCIITAOUPYEMOCTh, BO3MOXK-
HOCTB OQJTAHCUPOBKHU HATPy3KH, TPO3PATHOCTD VIS TIOTH30BATEIIS.

Pemenne, crmocoOCTByeT MOBBIIIEHUIO YPOBHS 3aIIUIIIEHHOCTH CHCTEMBI. Takxke
CTOUT OTMETHUTb, UTO JIAHHBIN KJIACC PEIICHUI MOJKET OBITh PEATM30BaH Ha PA3TUIHBIX
CYB/l, OC u T.1., T.e. MOAENb MPUMEHNMA IS IIEJIOTO KJIacca MporpaMM, HMEFOIIIHX
TPEX3BEHHYIO apXHUTEKTYPY.
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CYNEPKOMMbIOTUHT bE3 CYNEPKOMIMbIOTEPOB:
YTO Mbl MOMEM, A YTO HE MOMEM?

A.B. bozoanos, A.b. [leemapes

CaHkT-TeTepbyprckuin rocyfapcTBeHHbIn yHBepcuteT (CMN6IY)

B crarpe nogHIMaIoTCs IpoOIeMBI PEIeHHsI KOMITTIEKCHBIX 3314, TPEOYIOIINX HCII0JIb30BAHHS

CYNEPKOMITBIOTEPHON TEXHHKH, Ha MHOTOIIPOIIECCOPHOM KIIACTEPHOM pecypce, JOCTYITHOM B

HacTosiIee BpeMs OONBIIMHCTBY nccienoBareseil. [lokazaHo, uTo 6e3 cepbe3HOro npeiBapu-

TEJIFHOTO MaTeMaTHYEeCcKOro mcciezoBaHus 3(dexTuBHas peayn3anus KOMIUIEKCHOH 3a1adu

Ha KJIaCTEpHOI TeXHUKE HEBO3MOXKHA. [Ipe/toskeHbl Iy TH pelieHns MOo100HbIX 3a/1ad.
Kniouesvie crosa: xnactep, BUPTyaIbHBIN CyNIEpPKOMITBIOTED.

BBEOEHWE

[loHsATHE CYTIEPKOMITBIOTEPA, KAK BRIYUCIIUTEIILHOTO MHCTPYMEHTA, CTaJI0 HApULIATeITh-
HBIM TIOCJIC TOSIBJICHHS CITMCKA 33J1ad TaK Ha3bIBAEMOIO «OOJIBIIOro BhI3oBay (“Grand
challenges”). 9to npom3oruio B koHIEe 1980-X To0B B 11ensX 0003HaYCHUST HEOOXO M-
MOCTH (PHHAHCHPOBAHUS UCCIICAOBAHHI B 00JIACTH BHICOKOTIPOU3BOIUTENLHBIX BHIUUC-
JICHUW 1 KOMMYHHKaIni. Kak n3BeCTHO, 3TH TOBI OKa3aJIMCh IEPEIIOMHBIMH B O0JIACTH
IT B crty OsIBIIEHUS 11 3aBOEBAHMSI PhIHKA TIEPBBIMHU ITEPCOHATLHBIMU KOMITBIOTEPaMH,
00aTFHOU CEThIO M «BCEMUPHOH mayTuHoi» (WWW). Betan Bompoc o menecoodpas-
HOCTH Pa3BUTHSI BEIYUCIUTEIIHPHON TEXHUKH B TOM KITIOUE, KaK 3TO OBUIO TPEIABITYTITHE
30 ner. bein BeIENCH KpyT DYHIAMEHTAIBHBIX W MPUKIAIHBIX MPOOIEM, KU3HEHHO
B)XHBIX JUIS Pa3BUTHsI 4YeIOBeUeCTBa, d(P(PEKTUBHOE PEIICHUE KOTOPBIX BO3MOYKHO
TOJILKO C MCIIOJIb30BAaHHEM CBEPXMOIIHBIX BBIYUCIMTEIBHBIX PECYPCOB — CYIEPKOM-
MBIOTEPOB (B OTJIMYKE OT MEPCOHAIBHBIX KOMITBIOTEPOB U pa00OUNX CTAHIIUN).

C Tex 1mop KOHKPETHBIN CIHUCOK 33Jlad MHOTO Pa3 BUJIOM3MEHSIICS U KOHKPETH3H-
poBaiics, a cam TepmuH “Grand challenges” ctan Hapunare/ibHbIM. B CrIiCOK BXOASIT
KOMIUICKCHBIC 3a/1aui (DU3MKH, HAHOTEXHOJIOTUH, a3pOHABTUKH, OUOJIOTUH, HAIHO-
HaJIBHON 0€30MaCHOCTH, HAYKU 0 3eMJle, SHEPTETHKH, OKPYKAIOIICH Cpellbl U T.1I.

Ecnu mocraparbcs MOHSITH, KAKUE BRIYUCIUTEIBHBIC CPEIICTBA HEOOXOAMMBI IS
pelieHus 3a/1a4 «OOJBIIOTO BBI30Ba», TO 0YEHHh 00OOIIICHHO MOXKHO 3aKJIFOYHTh, YTO
UMEEM JIeII0 C TPeMsI IPUHITUITHAIEHBIMA KOH(UTYpaIusIMU, KOTOPBIE HAIIPaBICHBI HA
pewenue [bornanos u np., 2015]

1. 3amay 00pabOTKM OONBIINX U CBEPXOOIBITNX 00HEMOB JTaHHBIX;

2. OOJBIIOro KOJUYECTBA CJIa00 CBS3aHHBIX 3a71a4;

3. OomHOW CWJIBHO CBS3aHHOW 3amadd, TpeOyromel OobIIoro o0hemMa MmaMsITH

U TIPOU3BOIUTEIHFHOCTH BEIYUCITUTEIHLHBIX MOIITHOCTEH.
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Cankr-IlerepOyprekuit rocynapcrsennsiii yausepcuteT (CIIOIY), a.degtyarev@spbu.ru

61



A.B. bozdaHos, A.b. Jezmsapes

B mo0oM citydae, 0COOCHHO B TPEThbeM BapHaHTE, TAaKUE 3a7a4l MOXKHO paccMa-
TpUBaTh KaK KOMIUICKCHBIE, T.€. (2) B paccMarpuBaeMoi 3aade MPUCYTCTBYIOT MPO-
LIECCHI MTPUHIUITHAIBHO PA3HBIX MacIITab0B U3MEHUNBOCTH; (0) XapaKTep IMpoIeCCOB
OKa3bIBAETCS CYIIECTBEHHO HEITMHEHHBIM.

Pacder xoMIIIEeKCHBIX 3a/1a4, 0COOEHHO HEIMHEHHBIX, BCET/Ia OBUT BHI30BOM IS
BBIYHCIIUTEIBHBIX HAyK. DTOT BBI30B BCET/Ia MPUBOIMII K 3aMEYaTeIbHBIM B3JIETaM U
O4YeHb OOWIHBIM TajeHusM. [IpuueM majeHus, Ha Hall B3DJISA]l, TECHO CBSI3aHBI C Jie-
rpajaiell apXUTeKTyp BBIYMCIUTEIBHBIX CHUCTEM, KOTOpBIE Ul COXpaHeHus 3¢-
q)eKTI/IBHOCTI/I OKa3bIBaOTCSA MHOTOYPOBHEBBIMU C OYCHb CIIOJKHOM KOMMYHHKaHI/Ieﬁ
ITIOTOKOB JaHHBIX. B HacTosiee BpeMs MOSBICHHE MHOTOMOTOYHBIX U TpadUIecKuX
MIPOIIECCOPOB MPHUBEIIO K IMOSBICHUIO IPOOIEM TOTO K€ THIIA.

Ham mipencrapinsieTcsi, 9To pelieHnue dTUX MpoOIeM TOKHO OBITh KOMIUIEKCHBIM
U COCTOATH

a) 13 MMOATOTOBKH CIICIIUAIU3UPOBAHHBIX BBIYUCIUTCIBHBIX KOMITJICKCOB,

0) pa3pabOTKH aNTOPUTMOB, YIUTHIBAIOIINX CIICIH(PUKY COBPEMEHHBIX BBIYHIC-
JUTENHHBIX KOMILUIEKCOB;

B) IPUMEHEHHUS METOAOB OoJiee IPPEKTHBHOTO YIPABICHHUS TOTOKAMHU JIaHHBIX B

MPOLECCE BHIYUCICHUM.

Yrto ObI MOHSITH BO3HUKAKOIUEC HpO6J’ICMI:I, paccMOTpUM OAWH W3 TUIINYHBIX MO~
XOJIOB YMCJICHHON peanu3aiuy KOMIUISKCHOW 3ajadd. B kauecTBe mpumepa MOXKHO
pPaccMOTpETh:

— METOJI CETOK,

— pelIeHre KOMIUIEKCHOM 3aJIJadi METOJIOM UTEpaIlHii,

— NPUMEHEHHE METO/Ia Pa3JIoKeHHs (IIPeICTaBIICHUE Pe3yNbTara B BUJIE psija 1Mo

M3BECTHBIM PEIIEHUSIM), U T.II.

Bce 3T MeTonbI MPUBOAAT 337a49y K MAaTPUYHON crcTeMe OOJBIION pa3MepHOCTH
(10O MUJUTHOHOB CTPOK M CTONOMOB). [1py mapamiensHOM pacdere MOTOKOB B ATON Ma-
TpHIIe, TP OOJNBIION pa3HUIE MacIITa0OB MPOIECCOB, BOSHUKAIOT HEOIPaBIaHHBIC
3aTparhl BEIYACIUTEIBHOTO pecypca Mpu pacdyeTe MEUICHHBIX HporeccoB. Ecmu oT-
HOILIEHUE MacCIITa00B HE 3aBUCHT OT ITapaMeTPOB, TO MOXKHO CYIIECTBEHHO YIIPOCTUTh
3aJlauy, UCIOJIb3ysl aCUMIITOTUYECKUE MeToIbl. OIHAKO B OOJIBIIIMHCTBE CIy4acB 3TO
He Tak. K coxanenuro, campie HHTepecHbIC 3((EKThI BOSHUKAIOT TaM, TE XapaKTep-
HBbI€ MacIITa0bl ONMMCHIBAEMBIX TPOIECCOB CpaBHHUBAIOTCA. C TOYKM 3PEHHS TEOPHUU
TUHAMHYECKUX cucTeM [ApHonba, 1971] mosBineHwe OONBIIMX HEAMArOHAIBHBIX
YJICHOB MaTPHIIBI CBS3aHO C HEMPABHIBHBIM BbIOOpOM Oasuca. OmHako BBIOOD mpa-
BHJILHOTO 0a3uca, 0COOCHHO JUIsi HETMHEHHBIX CHUCTEM, MPEICTaBiIsIeT co00i OvYeHb
CIoKHYH0 3aaa4y. CyIecTByeT AJIETaHTHBIN MOJXO0J], CBSI3aHHBIN ¢ UCIOIb30BAHUEM
HETTMHEHHBIX HHTETPAbHEIX TpeobpazoBannii [Cymerkmii, @enpmTeiH, 1990], KoTO-
pBI€ /11t OY€Hb MHOTHX CITy4aeB MO3BOJISIOT TUArOHAIN30BaTh COOTBETCTBYIOIIHE Ma-
Tpuibl. LleHTpansHast mpobiaemMa 3TOro moAXoaa COCTOUT B TOM, YTO JIJISl TAKHUX MTPE00-
pa3oBaHMi, KaK MPABHIIO, HE CYIIECTBYET OOpATHBIX MpeoOdpa3oBaHuii. B Tex ciryuasx,
KOTJIa UX yJaeTCs HalTH, MBI IOJIy9aeM U3BECTHBIC Pe3yNbTaThl. B kauecTBe pabouei
TUTIOTE3BI MBI MOJKEM BBICKA3aTh MPEAION0KEHUE, YTO 0OpaTHOE MpeoOpa3oBaHue Cy-
MIECTBYET TOJIBKO JJIS BITOJIHE MHTETPUPYEMBIX cucTeM [Bogdanov, 1986]. Tem Goree,
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OYeHb OOIBIIOE 3HAUYCHHE UMEIOT CIydau, Korna TpeOyeMblil pe3ynbraT MoayvdaeTcs
0e3 mpuMeHeHHst 00paTHOTro MpeoOpa3oBaHus (HapUMep, KOTia Mbl CYHUTAaEM CpE/IHUE
3HAUCHMS KAKUX-TO BEJIMYUH MM HHTEIPAJIbHBIC XapaKTEPUCTUKU HCIIOIb3YIOTCS He-
MOCPEICTBEHHO JJIsl peLeHNUs APYTUX 3a/a4).

OpnHako 3Ty HACI0 MOXKHO NPUMEHHUTH cleaylommmM oOpa3oMm. B kauectBe siapa
pa3iIoKeHus UCIOIb30BaTh BIIOJIHE MHTEIPUPYEMYIO CUCTEMY, a pe3ysibTaT ee KBa3H-
JMATOHAJIN3AINH MTOJICTABUTH B OCTAaTOK.

Orta oOmias uuest Uil cBoel peanuzauuu TpeOyeT HECKOIbKHX LIaroB, KOTOPBIE,
B TOM YHCJI€, HCIIOIB3YIOT OCOOCHHOCTH COBPEMEHHBIX BHIYMCIUTEIBHBIX YCTPOHCTB.
AHanu3y 3TOro BOIpoca MocBsIleHa HaCTOSIIAs CTaThs.

1. MPOBJIEMbl COBPEMEHHbIX BbIYNCITUTE/IbHbBIX TJTATOOPM

BonbIIMHCTBO COBPEMEHHBIX PACUETOB TIPOBOJUTCS HA KIACTEPHBIX CUCTEMAX, T.€. Ha
CUCTEMax C BBICOKOTIPOU3BOIUTEIEHBIMU MPOIECCOPAMH, COSTMHEHHBIX OTHOCHTEIb-
HO MEJUICHHBIMU KOMMYHHUKATOPaMH U C UCTIOIb30BaHUEM IIepeiadn COOOIIEHHH B Ka-
YeCcTBE OCHOBHOTO CIIOCO0a MEXKITPOLIECCHOTO B3aUMOecTBUS. B aTOM cityuae naxe
B OJJHOPAHTOBOI CHCTEME 3Ta CXeMa MPUBOJAMUT K OONBLIMM 3aJiepKKaM B Iieperade
JAHHBIX 1 po0JieMaM pU MaclITabUPYEeMOCTH.

VYckopeHue KIacTepHOW CHCTEMBI MOXET OBITh TPECTABICHO CIEAYIOIINM 00-
pasom [Degtyarev, 2003; Gankevich et al., 2015]:

T, N

Sy=70= ; (1)
Ty, l1-a+oN+pBN

rie N — KOJIM4eCTBO BBIYMCIUTEIBHBIX Y3II0B,

0. — I0JI TTOCIIEA0BATEIbHBIX BBIYHCICHHH,

f — k03 dULKEHT, yUYUTHIBAIOLUINN AUAMETP CUCTEMBI,

Y — KOO(QQHULUECHT, PECTABISIONINI OTHOLUICHHUE TPOU3BOAUTEIILHOCTH BBIUUC-
JUTETHHOTO y3i1a (Mpoleccopa) K MPOM3BOAUTEIBHOCTH KOMMYHHKATOpa (CKOPOCTh
JIUHKA).

Bun 3aBucumoctu (1) mpuseneH Ha puc. 1.

OTnuunTeNbHON YepTol TON 3aBUCHUMOCTH SIBIISIETCS] HAJIMYHE JJI1 KOHKPETHOU
3aJ1a4¥ ONTHUMAJILHOTO YKCIIa MIPOIECCOPOB, 3aBUCSIIIETO MPEUMYIIIECTBEHHO OT Mapa-
MeTpa ). IIpn Haa4ny SIBHBIX HaKIIaAHBIX PACXOL0B C POCTOM KOJIMYECTBA HCIIONIB3Yye-
MBIX IIPOLIECCOPOB YCKOPEHNE HE PACTET, a CIIaaeT 0 HyJIs MOcIe JOCTUKEHUS 3TOT0
ONTHMAJIBHOIO YHUCIIA TIPOLIECCOPOB.

[IpakTudecku 3TO MPUBOIUT K TOMY, YTO JUIsl 3a]ia4 ¢ OONBILION Tepenaueii gaH-
HBIX Ha KaXJIOM TakTe (Harmpumep, WHKEHEPHBIE MPHIOKEHHS) MaclabupyeMocTh
OTPaHUYUBAETCA JECATKOM, PEIKO ABYMS NE€CATKAMU BBIYUCIUTEIBHBIX Y3II0B.

B nmelicTBUTENEHOCTH CHTYyalusl OOCTOMT elle Xyxe. B coBpeMeHHBIX Tpoiiecco-
pax CyliecTByeT MHOTOYPOBHEBasi CUCTEMA MaMSITH ¢ OOJBIINM KOJTMUYECTBOM sIIIEp U
BHYTPEHHEH KOMMYHUKALMEH MexXy HUMHU. [Ipy 3TOM 10JIb30BaTEIb Yalle BCETO HE
MOXET yNPaBIIATh OTAEIbHBIMU SAPAMU M OCYILLIECTBISITh MEXK1Yy HUMU OaJIaHCUPOBKY
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puc. 1. YckopeHne K1acTepHON CHCTEMbI

Harpy3Kku. JTO MPUBOIUT eIe K Ooree cinokHOU hopmyrte, gem (1) u Gosee pe3ko-
My cHIkeHunto macmradbupyemoctu [Illommuna, bornanos, 2007]. I[Toatomy Linux-
KJIaCTEpPbI HEJIB3S PACCMATPUBATh B KAY€CTBE MAIIMH OOIEr0 Ha3HAYCHUSL.

Cy11ecTBYIOT, OHAKO, OYEHb IOKa3aTelbHbIe MpUMEpHI, Korna Ha Oaze Linux-
KJlacTepa Jeaii oueHb 3PPEKTUBHBIC CTICUATN3UPOBaHHbIE CUCTEMBL. CBA3aHO 3TO
C aJjanTalueil apXuTeKTypbl KJIACTEPA MO/, BBIYUCIUTENBHBINA aJrOPUTM U OIITUMU3a-
LMel BBIUMCIUTEIbHBIX IPOLECCOB Ha Bcex dTamax. K coxaneHuro, Takylo ajzanra-
LUI0/TIEPECTPONKY HEBO3MOXKHO IMPOM3BOAUTH KaXKABIH pa3, KOIJa BO3HUKAET HOBAs
3a1aua. CoBpeMEHHbIE BBIYUCIUTEIbHBIE KOMIUIEKCHI OYEHb TPYIHO MOAJAIOTCS Ta-
KO MepecTpoiike, U 10 3TO CTOJIb JOPOTOE, YTO B MPAKTUUECKUX MPUIIOKEHUSIX HE
MOXeT OBITh MCHONIB30BaHO. CBs3aHO 3TO CO 3HAMEHHUTOM MPOOIEeMON 0TOOpaKeHUs
AJTOPUTMA HA BBIYMCIUTENBHYIO apXUTEKTYpY. KaKbplii BBIYUCIUTEIBHBIN AITOPUTM
HUMEET CBOU OCOOEHHOCTH, CBA3aHHBIC C XapaKTEpOM OOMEHOB MEXKAY BBIYMCIUTEIIb-
HBIMU nporieccamu. [10AroToBUTh BBIYNCINTENBHYIO apXUTEKTYPY, KOTOpasi TOAMIACh
ObI Ha BCE CITy4au KU3HH, HEBO3MOXKHO.

I/ICTOpI/IH BBIUMCIIMTEILHON TC€XHHUKH, OAHAKO, IOKAa3bIBACT, YTO BCC HCAOCTATKHU
BBIYUCIUTECIBHBIX CUCTEM BO BCE€ BpPEMCHA KOMIICHCHUPOBAJIMCH 3(1)(1)GKTI/IBHBIM Inpo-
T'paMMHBIM oOecrieuennem. Ham MMpeACTaBIACTCA, YTO Ha COBPEMCHHOM J3Talle€ Ipu
TTOMOIITH TEXHOJIOTHH (2) METaKOMITBIOTHHTA; (0) CEpBUC OPUEHTHPOBAHHOHN apXUTEK-
TYpbI 1 (B) BUPTYaJIN3aL[MH BIIOJIHE MOKHO MOIYYUTh [TOJJOOHOE PELICHHUE.

OcHOBHas Ujies HAILIEro MOAX0/Aa COCTOUT B BUPTyaJIU3allMU BCEX KOMIIOHEHTOB
BBIUMCIIMTEILHON CHUCTEMBbI, CO3JaHusl BUPTYAJIbHOTO BBIYHUCIIUTCIIBHOIO KOMIIJICKCA,
Ha KOTOPBIA HAWTYYIIUM CIIOCOO0M 0TOOpaXkaeTcsi BEIYUCIUTENbHBIN anroputM. Mc-
[10J1b30BaHUE BUPTYaJbHOM OOILEH IaMATH JIEXHUT B OCHOBE peasn3alliy Iapaur-
MBI paboThI C pa3AesieMol MaMAThI0. DTO MO3BOJISIET 000MTH yKa3aHHYIO NpooiIeMy
YXYIIIECHUS MacIITa0UPyEMOCTH BBIYUCIUTEIBHON CUCTEMBI.
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2. PEANIN3ALNA BUPTYAJIbHOIO CYMNEPKOMIbIOTEPA

B xauecTBe OCHOBHBIX NPUHLHUIIOB PeaIN3al BUPTYAJIBHOIO CYyIIEPKOMIIBIOTEPA OT-
METHM clenyromue noinoxenus [Bogdanov, 2012].

1. Obnaxo noiHOCTRIO omnpexaenseTcs ero APL. DTo oueBUAHO ¢ TOYKH 3peHHUs
M0JIb30BATEIs, HO TO K€ CaMOE€ BEPHO M C TOUKHU 3PEHUSI B3aUMOJCHCTBHS Pa3IMUHBIX
BHJIOB 00JTaKOB (CM. . 2.).

2. OmnepanmonHas cpena noikHa Ob1Th THITa UNIX. OqHOM U3 I1aBHBIX IPoOIeM
BeruucnuTensHoro GRIDa siBnsiercst 6anancupoBKa Harpy3Ku. OTo O4eHb TpyaHAas 3a-
JaJa, Tak Kak Mojb30BaTeilb OTPe3aH OT pecypcoB. YacTHuHO 3Ta nmpobieMa peraercs
C MOMOIIBIO OpraHu3anuy npodieMHo opueHTupoBanHoi cpensl (PSE). Tem e me-
Hee, JJIs YCIEIIHOM pean3aliii Takoro MMo/IX0/1a MHOTHE CTaH/AapTHbIE HHCTPYMEHTHI
UNIX nomxabl ObITh BBEEeHBI B API.

3. O06naxo UCTIONB3YET MPOTOKOIBI, COBMECTUMBIE C TMOMYJIIPHBIMU OOIIECTBEH-
HBIMU oOyakaMu. OOIIeCTBEeHHBIE 00JIaka HE CIUIITIKOM IPUCIIOCOOICHBI IS PEIICHUS
CJIIOKHBIX MTPOOJIEM U MPUYUHA 3TOTO sICHAa — OoJiee CIoXKHas mpolieMa, KOTOPYIO BB
peaere, TpeOyer Oojee HAaJEKHBIX HHCTPYMEHTOB B HCIIOJIb30BAHUH. YHUBEPCAIb-
HBIE CPECTBA HE MOTYT OBITh MCIIOJIb30BaHBI IJIsl CIOXKHBIX Ipoliem. Bor mouemy
JUISL UX PELICHUs JOJKHBI ObITh MOCTPOEHBI CIICLMAIN3UPOBAHHbIE YACTHBIE 00JIaKa.
OnHaKo eciM pecypcoB YacTHOTO 00JaKa OKa3blBACTCs HE OCTATOYHO, TO JOIMOIHU-
TEJIbHBIE PECYPChI MOTYT OBITh HOJIyY€HBI U3 ITyOIUYHOTr0 00JIaKa.

4. OOnako oOpabarbIBacT JAaHHBIC HA OCHOBE paclpelesieHHbIX (ailloBbIX CH-
cteM. OcHOBHast ipoOiiemMa B myOarMyHOM o0nake At 00padOTKH AaHHBIX TPOUCXOAUT
M0 TOW NPUYMHE, YTO HA KAKIOM KOMIIBIOTEpE B TAKOM OOJIaKe HCIOJIB3YETCSl CBOS
¢aiinoBasi cucrema. JTO MPEIMATCTBYET Kak 00padoTKe OONBIINX 00bEMOB JaHHBIX,
TaK U MaclITaOMPOBAHHIO MPH PELICHUU 3aaad. YToObl MpeonoaeTh 3To, pacipese-
JeHHas (aioBas cucTeMa JI0JKHA MCIIONb30BaThCsl B YACTHOM OOJIaKe, THUIT KOTOPO-
TO Olpeensercs Npupoaol perraeMoil 3ai1aun. Ecnu 106aBuTh croa Tpu crocoba,
ofecreunBaroIIfe COrIacoBaHHOCTh MaHHBIX (Teopema bproepa [Brewer, 2010]), Ml
MOYKEM YBH/JIETh, YTO €CTh MHOTO BO3MOKHOCTEH Oprann3annu 00paboTKi JaHHBIX, U3
KOTOPBIX MCIIONB3YIOTCS JIUIIIb HEMHOTHE.

5. KoHcommmanus MaHHBIX JOCTUTACTCS IyTEM paclpeaeieHHoN GenepaTuBHON
BJI. Ectb Tpu ypoBHS KOHCOJUJAIIMU — CEPBEPa, TaHHbIE U pecypchl. boiiee nim MmeHee
MOHATHO, KaK MPOM3BECTU KOHCOMUAALMIO cepBepoB. KoHconupauus naHHbIX Ooiee
CJIOKHBIH Tpolecc, a KOHCOMUAALMS PECYPCOB SBISIETCS peabHON MpoOieMon amst
MOCTAaBIIMKa OONAYHBIX yCcIyr. Mbl mpenmnonaraeM, 4To caMblii €CTECTBEHHBIH Iy Th
peLeHus 3TOW NPOOIEMBI SBJISIETCS. HCIIOIb30BAaHUE HHCTPYMEHTapHs (heepaTUBHbIX
BJ. Jlo cux mop HaM yzajiochk clenarh 3TO, HCHONb3ys HHCTpyMeHTsl IBM DB2, ox-
HAKO Mbl CUUTAEM, YTO U BO3MOXKHOCTH nocieaHux Bepcuil PostgreSQL nozBossitor
BbIpaboTaTh OECIUIaTHBIM HHCTPYMEHTAPUH IS IOCTaBICHHOM LeH.

7. O6paboTka 0ONbIIMX 00BEMOB JaHHBIX OCYIIECTBIISCTCS C IOMOIIBIO 00IIeH
BUpTyalbHOU mamsaTu. Ha camoMm Jene Bech NMpEeAbLAYIIUN ONBIT ITOKA3bIBAET, 4TO
€/IMHCTBEHHBIM CTII0CO00M KOM(OpPTHOI 00pabOTKK 0OJIBIINX 00BEMOB JAHHBIX SBJIsI-
etcst ucrionpzopanne SMP cuctembr. Terepb Mbl MOkeM 3(D(DEKTHBHO UCIIOIB30BAThH
WHCTPYMEHTHI 00mieii namstu (Hanpumep, Open CL) B rereporeHHoi cpene U Takum
00pazoM TOCTPOUTE BUPTYanbHyI0 SMP cuctemy. ToT jke HHCTPYMEHT HUCIIONB3YETCS
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JUIs pacrapaiienuBanus. Heo0XoquMo oTMETUTh, YTO OY€Hb d((EKTUBHBIMU SIBIIS-
FOTCSI BOBMOKHOCTH MCITOJB30BAHMSI €JIMHOTO 00pa3a onepanuoHHON CPEJIbI.

8. O0nako UCTIONB3YeT KOMIUIEKCHBIN grid, kak MexaHu3M Oe3onacHoctu. OxHa
13 mMpobIeM 00JIaKOB — ATO BOIPOCH 0€30MMaCHOCTH, OTHAKO MOXKHO HANIEATHCS, UTO
MPaBUIBHOE COYeTaHHe HHCTpyMEHTOB Oe3omacHocTH GRID ¢ TexHOomorusimu qocty-
na Cloud nmact a¢dexTnBHOE pemeHue mpoOIeMBbl.

3. TECTUPOBAHUWE BUPTYAJIbHOTO PACMPEJEJIEHHOTO
BbIYUCITUTESIBHOTO KOMITJIEKCA

[Ipu co3nanny BUPTyaIbHBIX KJIACTEPOB, OPUEHTHPOBAHHBIX HA PELIEHNE KPYITHOMAC-
WTAa0HBIX 3a/a4, MPUEMIIEMBIMH Il MCIIOJIb30BAHHS OKAa3bIBAIOTCSl TOJBKO JIETKHE
TEXHOJIOTUHU BUpTyanu3auuu. [IpudanHa xpoercs B TOM, 4TO IPH MAcIITAOMPOBAHUHU
3aa4d Ha OOJIBIIOE YMCIIO Y3JI0B Ja)Ke Majas IO HaKJIaTHBIX PacXOJOB CIIY:KOBI
BUPTYaIU3aLUH HE SIBJISETCS IPUEMIIEMOH (3TO clieyeT HEOCPEACTBEHHO U3 (hopmy-
abl (1)). B ciiyuae BUpTyanbHBIX KJIAcTEPOB MacITaOMpyeMble HAaKIIaJHbIE PaCXO/bl
IIPOMCXOIAT OT BUPTYaIM3aLUH POLIECCOPOB. DTO O3HAYACT, YTO HUKAKUE CPENCTBA
napa- ¥ MoJHOM BUPTyaIM3allMK HE MOIXOAST I OOJBIINX BUPTYaIbHBIX KIACTEPOB.
B atom ciryuae B kauecTBe 00beKTa IS AaTbHEHIIIETO UCCIICAOBAHNS U TPUMEHEHUS
MOXHO PaccMaTpUBaTh TEXHOJIOTUU KOHTeHHepoB. [pyroii mpoOnemoi sBuseTcs au-
HaMUYECKOE CO3/IaHNE U ylaJeHHe BUPTYAIbHBIX KJIACTEPOB.

J1n1st npoBeAeHHS SKCIEPUMEHTOB HaM1 OblIa CO3/1aHa CUCTEMa, KOTOpPasi BKITIOYaeT
B ce0s1 MHOYKECTBO CTaH/IapPTHBIX KOMIIOHEHTOB, SIBIISIOIINXCS OOLIMMU B OOJIACTH BBI-
COKOIPOM3BOJUTEIBLHBIX BBIYMCICHUN. Cpean 3TUX KOMIIOHEHT HEOOXOIUMO OTMETUTD
paclpeieleHHY0 IapauleNbHy 0 (hailIoByI0 cUCTEMY, KOTOpasi COXpaHsIeT JIOMalllHUE
KaTaJIory C BXOJHBIMH U BBIXOAHBIMHU JJAHHBIMHU 3KCIIEPHMEHTA, MJIAHUPOBIIHK pecyp-
COB KJIacTepa, KOTOPBIN pacrpenensieT pecypcehl U pabounX MECT U KIIMEHTCKUX MPO-
rpamMM JJis ipe- U HOCT- 00padOTKM JaHHBIX U T.1. i1 oOecrieueHus KOHTeHHepu3auuu
ucnons3oBanack Texaonorus LXC (Linux Container technology), GlusterFS ucrnosns-
30BaJIach Uil oOecIieueHus napaiensHoi (aiiinoBoit cucremsl, a cucteMa TORQUE
JUIsi oOecrieueHusl TIaHUPOBaHus 3a7a4. [1ogpoOHbIe XapaKTepHCTHKH arapaTHOTro
U IPOrpaMMHOI0 00ecTieueH s, HoMepa Bepcuil IepednciieHsl B Tabmuue 1

Tabauua 1. AnnaparHele 1 IPOrpaMMHbIE KOMIIOHEHTBI CUCTEMBbI

KOMIIOHCHT OIIMCaHHue KOMIIOHCHT OIIMCAaHUC
Intel Xeon OTIepaoOHHAs
CPU model E5440 N CentOS 7
CPU clock rate (GHz) 2.83 BepcHs sapa 3.10
xon1. sigep Ha CPU 4 LXC Bepcus 1.0.5
xoi. CPUs Ha y3en 2 GlusterFS Bepcust 3.5.1
RAM (GB) 4 TORQUE Bepcust 5.0.0
Disk model ST3250310NS OpenMPI Bepcust 1.6.4
Disk speed (rpm) 7200 IMB Bepcus 4.0
KOJINYECTBO Y3JIOB 12 OpenFOAM Bepcust 2.3.0
cKopocTh koMMyHHKaTopa (Gbps) 1
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Co3nanue BUPTYalbHOTO KJIacTepa B Takol cpesie TpeOyeT cleqyIOUIMX IIaros.
Bo-1nepBbIX, KIMEHT NepeaeT 3afanue, Tpedyromiee onpeieIeHHOe KOITMUECTBO Sep.
Torna, B COOTBETCTBHHM C paCIPEACICHIEM ATHX SII€P CPEIU BHIYUCIUTEIBHBIX Y3JI0B,
Ha KXIOM y3JI€ M3 CIIHMCKa 3alycKaeTcss KOHTEHHep, BHYTPH KOTOPOTO B KadecTBE
€IMHCTBEHHOW IIpoTrpamMMbl paboTraeT yrpasistoniuii nemon SSH. 31ech ecth 1Ba Ba-
puanTa: 1100 3alMyCTUTh KOHTEHHEPHI C BUPTyajau3auueil cetu (Kcmoib3ysl macvlan
unu cetb Tuna LXC) u crenepupoBarh J0CTaTOuHOE KonuuecTBo [P-agpecos mst kia-
cTepa WM HCIOIb30BATh MPOCTPAHCTBO CETEBBIX UMEH JUIS XOCTa (C CEeThIO HE THIIA
LXC) u renepupoBaTh TOIBK0 HOMEp TopTa [yt 3amrycka SSH nemona. Cremyronmm
IIIaTOM SIBJISICTCSI KOTTMPOBaHUE (BO3MOXKHO M3MEHEHHOTO) (paiiiia y3ja ¢ XocTa B mep-
BEIIl KOHTEIHED, U 3aITyCK CKPUIITA YK€ BHYTpH Hero. [Ipu 3aBepiieHu# paboThI 1eMo-
Ha SSH B KaJI0M KOHTEHHEpE Bce KOHTEHHEPHI OYlyT YHUYTOXKEHBI.

JJ1st KOppEeKTHOW PabOTHI TOTO alNrOPUTMA, MIPEXKIIE YeM 3aIyCcKaTh CKPHIIT, BHY-
TpHU KOHTeHHepa J0JKHA ObITh CMOHTHPOBAaHA KJIMEHTCKAs JOMAIIHSAS JUPEKTOPHS.
Kpowme Toro, Tak kak HeKOTOpsIe mporpaMMbl MPI a1t koppekTHO# paboTsl TPEOYIOT
BPEMEHHBIX KaTajJoroB Ha KaXKJOM y3Jie, KOpHeBas (aiifioBas crcTeMa KOHTeiHepa
JIOJDKHA OBITH CMOHTHPOBaHA B PEXKMME KOTTMPOBAHUS TPH 3aITHCH, TaK UYTO BCE M3Me-
HeHUs B (ailylax ¥ Bce HOBbIC (haillibl 3aITUCHIBAIOTCS BO BPEMEHHBIN KaTaJloT XOCTa.
Bce ¢aiinbl, KOTOpble HE MEHSIJIHCH, UCIIOIB3YIOTCS TOJIBKO JAJIsl YTeHUs U3 (HailoBoii
CHCTEMBbI, CMOHTUPOBAaHHON Ha BHPTYaJIbHOM CETH; 3TO MOJKHO Peanu30BaTh Ha 0aze
Union win aHAIOTHYHOH (haliJIoBOM CHCTEMBI, TaK YTO 3a]aud, paboTaroIre Ha Kia-
cTepe, BooOIe He 00paImaroTcs K KOHTeHHepaM.

ITonmBosist UTOT, OTMETHM, YTO TOJIBKO CTAaHAAPTHBIE MHCTPYMEHTHI Linux HCIois-
3yIOTCS JUIsl TOCTPOEHHSI CHCTEMBI, B 3TOW KOH(UTYpaIMy HET HEITPO3payHbIX 00pa3oB
BHUPTYaJIbHBIX MAIIMH, HET CJIOKHBIX TEXHOJIOTUH MOJIHOM BUPTyalu3allud U HET Ts-
KEJIOBECHBIX CTEKOB OOJIAYHBIX BBIYUCICHHUH.

UToOBI OIEHUTEL dPPEKTUBHOCTH MOCTPOCHHOTO BBIUYHUCIUTEIIHEHOTO KOMITICKCA
obuH uctionb3oBanbl TecThl OpenMPI u Intel MPI Benchmarks (IMB) nns nsmepenus
MPOITYCKHOH criocobHocTH ceTH, a nakeT OpenFOAM Ob11 ncnonb30BaH A U3Mepe-
HUSL 0011el TPOU3BOITUTEIBHOCTH Ha PEATIbHBIX TPUIIOKECHUSIX.

[TepBoiii SKCHIEPUMEHT OBLI CBSI3aH C CO3JaHMEM BHPTYaJILHOTO KJlacTepa, 3a-
Mmycka Ha HeMm TycToi (¢ /bin/true B Bume ncnoiHsiemoro (aina) nmporpammel MPI
¥ CpaBHEGHHEM BPEMEHH HCIIOJTHCHHsI C PabOTOH OOBIYHOrO (PH3MYIECKOro KiracTepa.
B sTOoM 3KcriepuMeHTe B KOHTEWHepe Oblila YCTaHOBJICHA Ta K€ OINepariMoOHHAas CH-
crema 1 Bepcust OpenMPI, kak u B xocT-mamuse. [Ipu aToM BUpTyanu3anus ceTH He
HCIOJIb30BAJIACH, KaXAbIi TPOTOH MOBTOPSICS HECKOJIBKO pa3, U CPEeAHNE Pe3yabTaThl
rmokaszaHbl Ha rpaduke (puc. 2).

Pe3ymnbraThl mokas3siBaroT, uTo K Kakaomy LXC mporony mocie 8 sapa mo0aBis-
FOTCS TOCTOSTHHBIE HAaKJTaqHbIe pacxonsl B 1,5 cexyHapl. OHY CEKYHy MOKHO OTHE-
CTH 32 CUET OTCYTCTBHS KdIlIa BHYTPU KOHTEHHepa ¢ ¢aitnamu koHpurypaunu SSH,
KITIIOYeBBIX (PaiIoB M OMOMMOTEK B HEM, a JPYTYIO MOJIOBHHY CEKYHIIBI CIEIyeT CIU-
caTh Ha CO3/IaHKE KOHTCHHEPOB, KaK MoKa3aHo Ha puc. 3. Ckadek mocie 8 sapa oTMe-
YaeT TPaHMIIbl OHOW MAITMHBI, YTO MO/Ipa3yMeBaeT UCTIONb30BaHUE CETH, a HE 00IIei
MaAMSTH, JUTA TIepeadn JaHHbBIX.
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puc. 2. CpasHenue npoussogurensHoctu LXC u puc. 3. O6Ba BUPTyaJIbHOU CeTH
(usnueckoro Kinacrepa, 3amyckaemoro mox MPI (LXC)

Coznanne KOHTEHHEPOB — 3TO MOJTHOCTHIO MapalIeNIbHBIN MpoIiecc, U OH 3aHUMa-
€T MPUMEPHO OJTHO U TO K€ BpeMsl HE3aBUCUMO OT YHcia y3i10B. HakmagHblie pacxoss
[0 YHHYTOXXCHHWIO KOHTEWHEPOB OKAa3aJMCh HE3HAYUTEIbHBIMH W OBLIM BKIIOYEHBI
mpirun. Takum 006pazoM, UCITONIE30BaHUE KOHTEHHEpPOB Linux q00aBseT HEKOTOPHIE
MOCTOSIHHBIC HAKJIQJHbIE PAcXO/bl HA 3allyCK MapajulesIbHOM 3aJaud B 3aBUCHMOCTHU
OT KOH(QUTYpaLUH CUCTEMBI, KOTOPBIE ACISATCS MEKAY CO31aHUEeM KOHTEHHEPOB U pe-
3epBHBIM KOMMHPOBAHUEM.

Bropoii aKcriepuMeHT CcOCTOsT B M3MEPEHUH, C UCTONIb30BaHWEeM Habopa IMB,
xapakTtepucTiK pa3nuunbix THIOB LXC ceteil. bbuto oOHapykeHO, 4TO BBIOODP THIIA
BUPTYaJU3alUH CETH CYLIECTBEHHO BIIMSET Ha MPOU3BOAUTEIBHOCTh. Kak u B mpen-
BIIyIIIEM TeCTe, KOHTEHHep ObLT CO3/IaH C TOH jKe OMepariMOHHON CUCTEMOM U TeM Ke
Habopom IMB, 4T0 HCTIOTHSUIMCEH ¥ HAa XOCT-MAaIlIUHE.

puc.4. TectupoBaHue MPOU3BOAUTENBHOCTH ceTh 1 (kmactep 1)
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[IpomyckHasi cmoCOOHOCTh CeTH ObLIa OIMpPENEieHa C MOMOIIBI0 TECTa TPAHCIIO-
3unui ¥ orodpakaercs: Ha rpaduke (puc. 4). U3 rpaduka BUaHO, 4TO, ITOKA pasmep
c0001eHus: MeHblI1e 214 0aiiT, MPOU3BOAUTEIBLHOCTD SBJISCTCS MPUOTU3UTEIILHO OJIH-
HAKOBOM /ISl BCEX THITOB CETH, OAHAKO, IPU OONBIINX 00beMax JaHHBIX CYIIECTBYET
MpOBaJ MpH peanu3anuu BupTyanbHoro Ethernet. TpyaHo cyauTh, modeMy 3To IpoOUC-
XOIUT: HEKOTOpbIe uccaenoBanus [James, 2004 ] moka3blBaloT, UYTO NMPU BBICOKOM Ha-
rpy3ke nagaet 3pQpeKTUBHOCT, MHOTOCBSI3HBIX CeTel (a BUPTyaJin3allus BCETIa CBsi-
3aHa ¢ MHOTOCBSI3HOCTBIO), HO IMB He mpuBOIUT K OOJBIION HArpy3Ke HA CHCTEMY.
Kpowme Toro, skcriepuMeHT MmoKasall, 4To, Kak U OXKHUIaJI0Ch, TPOITYCKHASI CHIOCOOHOCTh
YMEHBIIIAETCS C YBEIMUEHUEM YHUCIIA sIep M3-3a2 HAKIIAJHBIX PAcXO/I0B HA CHHXPOHH-
3anuto (puc. 5).

puc. 5. TectupoBaHue MPOU3BOIUTEIBHOCTH ceTH 2 (THOPHUIHBII Ki1acTep)

Tpetwii M TOCIEOHHUNA DKCIIEPUMEHT TPU3BaH HM3YYHTH MPOU3BOIUTEIHLHOCTD
peanbHbIX TpuiioxkeHuil. ist atoit ponu 6bu1 BeIOpaH OpenFOAM B kauecTBe KOM-
TUIEKCHON NapaljIeNIbHOM 3a/1auu ¢ yyacTHeM OOJBILIOrO KOJIMYECTBA CETEBBIX KOM-
MYHUKaIM{, BBOAA/BBIBOJIA C IMCKA M BBICOKOH 3arpy3Ku Ipoleccopa, a Takxke Kiac-
cUYecKas 3ajjada MepeMHOKEeHHU MaTpHIl (pe3yabTaThl TECTUPOBAHMS MPUBEICHBI Ha
puc. 8). Cayuait mpopsiBa TUIOTHHBI (MOAYTh RAS) ObLT 3aITyIIeH ¢ pa3HbIM KO-
cTBOM siziep (00IIee KOIMIEeCTBO sI/Iep ONpeNeNsieTcs KaKk KBaipar Yncia sjiep Ha y3ie)
u LXC cerelt paznuusbix THIOB. CpelHUE 110 HECKOJIBKUM MPOTOHAM MPEACTABICHbI
Ha rpaduke (puc. 6). Uzmepenus st 4 u 9 saep Obui OTOpOIIEHBI, IOTOMY YTO Ha-
OJronauch 3HAUYUTEIIbHBIC N3MEHEHHSI BpEMEHH BBITIONHEHHS JJIsl 3TUX Yncel Ha (u-
3U4YeCKHX MammHax. M3 rpaduka BUIHO, 9TO HU3KAS MPOU3BOAUTEIHLHOCTH BUPTYalh-
Hoit cetn Ethernet cam3mna peansuyo npounssoguTensHocTh OpenFOAM npumepHO
Ha 5-10%, Torma Kak pe3ynbTarhl ¢ macvlan u 6e3 BUpPTyalu3aluu OJU3KH K IPOU3-

69



A.B. bozdaHos, A.b. Jezmsapes

puc. 6. YepenHeHHas NpOU3BOIUTEIBHOCTE paboTel  puc. 7. PazHuia B IpOU3BOAUTEIBHOCTH PAaOOTHI
OpenFOAM c paznuunbiMu cetsimu LXC OpenFOAM Ha pu3nuecKoM U BUPTYaIbHOM
Ki1acrepax. OTpuLaTe/IbHbIE YHCIIA TOKA3bIBAIOT
3aMeJUICHHE BUPTYaJIbHOTO KiIacTepa

BOJIUTENBHOCTH (hr3ndeckoro kiactepa (puc. 7). Takum oOpazom, BBIOOp THIIA CETH
SIBJISIETCS. OCHOBHBIM (DAKTOPOM, BIMSIOLUIMM Ha MPOU3BOJUTEIBHOCTD NapajieIbHbIX
MPUWIOKEHHUH, paboTaloMMX HA BUPTYalbHBIX KIacTepax, U WX HAKIaIHbIC PACXOIbI
MOTYT OBITh CHMIKEHBI C ITOMOIIBIO CETeH THIa macvlan ceTy Wi IMyTeM OTKas3a OT
BUPTYaINU3alUH CETH.

Ha puc. 9 npuBeneHO KOMIUICKCHOE CpaBHEHHE pabOThl MOIYNs IaKeTa
OpenFOAM Ha BUpTyaJbHOM M (PU3MYECKOM KJlacTepax.

[ToaBonst UTOT, MOYKHO CKa3aTh, YTO €CTh JBa OCHOBHBIX THIIa HAKJIAAHBIX pac-
XOJIOB MIPU MCIIONIb30BaHUH BUPTYAIBHBIX KJIacTepoB. HakmamHble pacxonsl Ha co3/ia-
HUE BUPTYAIBHOTO KJIACTEPA, KOTOPhIC TOCTOSHHBI U MaJbl 110 CPaBHEHHIO CO Cpell-
HUM BpPEMEHEM THIIMYHOTO MapajulesbHOrO 3a1aHus. CeTeBble HaKJIa[HbIE PacXombl,
KOTOpPbIE MOTYT OBITh YCTPaHEHbI, HE UCIOJIb3YsI BUPTYAIN3aLUI0 CETH WM IPUMEHSIS
CrielMaJIbHbIE IPOTOKOJIbI BUPTYaIU3aLuy.

puc. 8. Perierne TecTOBOW TPUTOHOMETPHYECKOM 3a1a4i Ha THOPHIHOM KJlacTepe
B Pa3JIMYHBIX KOH(PUTYpALUIX
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puc. 9. Bemonuenne monyns OpenFOAM Ha BUpTyaabHOM M (PU3HYECKOM KilacTepe

IIpeacraBiaeHHBIA MOAXOA [JIsl CO3[JaHUsl BUPTYalbHBIX KIACTEPOB U3 KOHTEM-
HepoB Linux oka3zaincs o4eHb 3(pPEKTUBHBIM, U €r0 MPOU3BOIUTEIHBHOCTh CPABHH-
Ma C TPOU3BOJUTEIHHOCTBI0O OOBIYHOTO (pr3MyecKoro Kiactepa. Mcmomp3oBaHUe
KOHTCHHEPOB HE MPUBOAUT K CYIISCTBEHHBIM HAKJIATHBIM pacxoiaM Ha BHUpPTya-
JMW3aIUI0 MPOIECCOopa, HO U CETEBBIC HAKIAAHBIC PACXOAbl BUPTyaTU3AIlUU MO-
ryT OBITh CYIIECTBEHHO YMEHBIIICHBI, €CIIU UCIOIB3YETCS MPOCTPAHCTBO CETEBBIX
HWMEH JIJI1 XOCT-KOMIIBIOTEpPa U Yepe3 CETh aBTOMATUUYECKH MEePeIatoTCsl TOJIBKO Te
¢aiinbl, KoTOphle He0OXOMMBI CETEBOH (aillloBoil cucTeme, a HE Ielibie 00pasbl.
C TOUYKHU 3pEHHSI CUCTEMHOTO aJIMHHUCTPATOpPa, XPAaHEHHUE KaKIAOTO MPUIIOKCHUS
HPC B coOCTBEeHHOM KOHTEHHEpE JeaeT yIpaBIeHHEe BEPCUSIMH U CBS3SIMHU JIETKO
OCYIISCTBISIEMBIM, a UX KOH(GHUTYpaIds He MemaeT KOH(QUTYpamuy X0CT-MaITHHEBI
U IpYyTUX KOHTEHHEPOB.

[IpoBeneHHOE TecTUpPOBaHUE IMOKA3aj0 JOCTATOUHYH 3()(HEKTUBHOCTH BHPTY-
aJIbHOTO KJAacTepa, U B JalbHEHIIEM Mbl MOKEM MEPEUTH K peanu3aluu IporpaMmbl,
OIMMCAaHHOM BO BBEIACHMM.

4. TMPUMEPbBI PEATT3ALIN ANTTOPUTMOB A1 BUPTYAJIbHbBIX KITACTEPOB

B mocnegnee Bpemsi mMpoKkoe NMPUMEHEHHE B MaTeMaTHYecKoW (hM3HKe MOTYUHIN
MeTOb! (PYHKIMOHAIBHOTO HHTETpUPOBaHHsl. OYHKIIMOHAILHBIA HHTETPal SBISETCS
04eHb 3P PEKTUBHBIM HHCTPYMEHTOM, IIOCKOJIBKY B 3aMKHYTOW M KOMITAaKTHOH (hopme
MTO3BOJISIET 3aMMCATh pelieHne U PepeHIIHAEHOTO YPaBHEHUS B YACTHBIX TIPOU3BO-
JHBIX. OH e MOXKET CITY)KHTh OCHOBOM MOITYYESHHUS BEICOKOA(P(DEKTUBHBIX TTapalIeib-
HBIX aJIFOPUTMOB.

Konewyno, ocHOBHas mpobiemMa, ¢ KOTOPOW MPUXOIUTCS CYHTATHCS, ITO OTCYT-
CTBHE MaTeMaTHYEeCKH KOPPEKTHOTO OOOCHOBaHHA (DYHKIIMOHAIBHOTO WHTETPHPO-
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BaHMs B o0mieM ciydvae. i1 MHOTHX MPAaKTUYECKU BaXKHBIX CIy4aeB, OMHAKO, MOX-
HO JM00 MOIYYUTh Takoe 000CHOBaHHE, JIMOO 00OCHOBATH CIIEACTBUS, MOJTYYCHHBIC
B paMKax Takoro mnojxozaa. He mpeteHays Ha oOmMi ciydaid, yKakKeM BayKHYIO IS
HNPUIOKEHUH BO3MOXHOCTb. Tak Il ypaBHEHHUS B YAaCTHBIX NPOU3BOJIHBIX BTOPOIO
MOpSIZIKa JIJIsL OIleparopa dBOJIOIHMH JIETKO MONYYHTh (EeHHMAaHOBCKOE MPEJICTABICHNE
[Bogdanov, 1986]

G(X,X")= [ DX exp(i/hS(X,X),

PacxoaMMOCTh KOTOPOTO JIETKO YCTaHABIMBACTCS aHAIM30M Mepbl DX B TakoM HHTe-
rpane. Eme ®eiiHMan yka3pIBal Ha ya00CTBO AJIsl pELUICHUS 9TOH poOieMbl yBenye-
HUS Pa3MEPHOCTH U TEpexo/ie OT KOHPUTYPaMOHHOTO TPOCTpaHcTBa X K (ha30BOMY
npocTpaHcTBy (X, P). Oka3bIBaeTcsi, 4TO M HHTErpai 1o (pa3oBOMy MPOCTPAHCTBY IS
npomaratopa G(X,.X") pacxonurcs. OTHAKO CXOAUTCSI MHTETPAJl B CMEIIAHHOM TIpe.-
craBieHuu G(P.X).

ITockonbKy Bce OOBEKTbI, HHTEPECHBIE ISl IPUIIOKEHUM, SBIISIIOTCS KBaIpaTHy-
HBIMH (OpMaMH THIIA

A=[ax-G*(P,X)G(X,P),

MMEHHO TaKol OOBEKT M MOXKET MCTOIb30BAThCS IS pean3aliu MPOoLUeaypbl, ONH-
CaHHOM BO BBEJICHHUH.
Hampumep, uist ypaBuenusi llpenunrepa rnpencrapieHue npornararopa UMeeT BUJ]

G(X.P)= [ DPDX /(22 expli/h[xdP~i/h[ Hda +ig)

B nyxe chopMynrpoBaHHOTO MOAXOJa MOXHO C/ejiaTh KaHOHUYECKoe (He Me-
HSIOIIEE MEpbl MHTETPUPOBAHHS) MPeoOpa3oBaHWe TMEPEMEHHBIX WHTEIPUPOBAHUS
(PX)—(Q,Y), obpamaroriee B Hynb ['amuibsTronnan H.

Ocraronuiicss KBaJpaTHUHbINA (DYKIIMOHAIBHBIH WHTETPAIl JIETKO BBIYUCIISETCS H
JUTS TIpOTIaraTopa Mojy4aeTcsl MpeIcTaBICHUE

G(P'X)=expl-i/h-P'X" +i/h-F, | +i/h-Q"(¥,-¥")]

I'ne F, aTo reneparop npeoOpa3zoBaHusl, SIBISIOMINIACS PELICHUEM YpaBHEHHUS TIep-
BOI'0 MopsAAKa B YaCTHBIX IMPOU3BOAHBIX, S9KBUBAJCHTHOIO CUCTEME OOBIKHOBEHHBIX
mddepeHIaNbHBIX ypaBHEHUH.

Takum 06pazom, HCXOmHAS 3a7ada CBOAUTCS K OOBIYHOMY WHTETrpally pasMep-
HOCTH, PaBHOH KOJWYECTBY CTCTICHEH CBOOOMIBI, B KaXKIOW TOUKE MOIBIHTETPAITBHOTO
BBIP@XEHHS KOTOPOTO PEIIaeTCsi CHCTeMa OOBIKHOBEHHBIX AU PepeHITHATBHBIX YpaB-
HeHuil. [lockonbKy HadanbHBIE TaHHBIC NIl CHCTEMBI B KaXKJIOH TOYKE HE3aBHCHUMBEI,
OHH MOTYT PemaTbCs MapajuielIbHO, U MpeiaraeMblii TIOAXOA AaeT HaM aOCOTIOTHO
NapajuIeNIbHBINA AJITOPUTM.

2. CymecTByeT 3aMeyaTeslbHOE IPUMEHEHHE WJIEU, U3JI0)KEHHOW BO BBEJICHUM,
B (M3MYECKOM M XUMHUYECKOH KHMHETHKe. J{eno B TOM, 4TO YpaBHEHHS KUHETHUKH C
MOMOIIbIO HEJTMHEHHOTO MpeoOpa3oBaHus MPUBOIATCS K KBa3UANOTaHAIBHON Gopme
ypaBHeHusi Pukartu. [10CKOJIbKY MPEICTABIISIONIUE HHTEPEC PU3NUCCKUE BEITMUUHBI
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MOTYT OBITh Takke d()(HEKTHBHO TPEICTABICHBI B MPEOOPAa30BAHHBIX KOOPAUHATAX,
KaK U B UCXOJHBIX 3aCEJICHHOCTSX, MpolieMa o0paTHOro MpeoOpa3oBaHus 37eCh HE
CTOMT.

Cucrema KHHETHYCCKUX YPAaBHEHHUH, OMUCHIBAIOIINX PETAKCAIIUIO B MOJICKYIISIP-
HBIX CHCTEMax, COCTOMT B PEaIbHBIX CIIy4asX U3 ThICAY YPaBHEHUIA THIIA

De(j,t)/Dt=1(j-1,t)-1(j,1), )

IJIe j MYJBTH-UHIIEKC, ONMCHIBAIOIIMI MOJIEKY/ISIPHBIC COCTOSTHHUS, 1 [ MOJIEKYJISPHBIi 110~
TOK B MHJICKCHOM TPOCTPAHCTBE (OPMEI I(j,t) = K(j,j + l)c(j,t)— K(j + 1,j)c(j + l,t),
rae K — KOHCTaHTa CKOPOCTH MOJIEKYII.

[Ipobnemsl ypaBHeHH (2), HA cCaMOM JieJie, IPOUCXOAAT U3 IBYX (axTopos. Bo-
MEPBBIX, UMEIOTCS OOJIbIINE HEAHAarOHaJbHBIC YJICHBI, COOTBETCTBYIOIINE BaXKHBIM
¢dusndyeckum nepexopam. Bo-Bropsix, 3HayeHus [(j,t) OuCHb BEUKH, 8 BRIPAKCHHE B
MPaBOM YacTH ypaBHEHUS (2) sBIIETCSA MO pa3HOCTHIO OMU3KKUX BennyuH. Cutya-
LUl CTAHOBUTCSI IpaMaTU4HON, €CJIM Mbl HAUMHAEM HHTEIPUPOBAHUE U3 COCTOSHUS
TEIIOBOTO PABHOBECHS, KOTa Bce / PaBHBL.

YroOBl MpeonoseTb 3TH TPYAHOCTH, IOJIE3HO BBECTH HOBBIC II€PEMEHHBIC
f(j,t)=c(j+1,t)/c(j,t)a(j,t), te a(j,t) sBseTcs oTHOMIEHUEM KOHCTAHT CKOPOCTH
K(J,j+1) u K(j+1,j). f sBusiercss Tak Ha3pIBAEMOIN MEUICHHOH MEPEeMEHHOM, KOTOpast
CTaHOBUTCS TIOCTOSIHHOM B YCIIOBUSIX paBHOBecus. B 3Tom ciyuae ypaBHenue s f
MIPUHAMAET BH]T

df(i.t)/de = R(1 (5.t) + HGO T G6)+ SG)f Gt) 3)
e R penakcallMOHHBII YIeH, KOTOPBIil AuaroHaieH o j, H — 4ieH, mpornopiuoHaib-
HBIA THIPOAMHAMHUYECKOMY TPAJAHNEHTY, a S ABISIETCA NCTOYHUKOM M3MEHEHHs 3ace-
JICHHOCTH. JTO €JMHCTBEHHBIN YICH, KOTOPBI SBIsETCS HeauaroHaibHbIM B f(j,t).
OCHOBHBIM IPEUMYILECTBOM ypaBHEHHUS (3) SBJISETCS TO, UYTO HE TOJILKO CyMMa Tpex
claraeMbIX B IIpaBoi yacTu (3) Mana, HO BCe OHM Mallbl 10 oTAeIbHOCTH. [Ipu aTOM
MX OTHOCHUTEJbHBIE BEIMYMHBI JIETKO ONpeNeianTh 3apaHee. Kpome Toro, BaxHO, 4TO
OCHOBHOIM BKJIaJ| B TpaBoi 4acTH (4) BHOCAT qUaroHajbHbIE 3JIEMEHTHI, 4YTO OTKpPbIBa-
€T MHTEPECHBIE BOSMOKHOCTH IS TApaJuIeIHHOTO aJlrTOpUTMa.

3. OueHb BaXHBIA MPUMEP HaM JacT TEOPHS HEIMHEHHBIX YpaBHECHUU. 3amaqn
3TH XOPOIIO M3YYEHbl M MHOTHME KJIACCHI BIIOJHE MHTETPUPYEMBIX CHCTEM XOPOILIO
onucansl [Yusem, 1977]. Ha npaktuke, oqHaKo, IPUXOIUTCS UMETH JIET0 C CHUCTEMa-
MH, KOTOpbIE HE SBJIAIOTCA BIIOJHE MHTEIpUPyeMbIMH. B nyxe moaxozaa, 3i10KeHHOTO
BO BBEJIGHWH, MBI Oy/leM paccMaTpuBaTh WX, KaKk BO3MYIIEHHUS BIIOJHE MHTErpUpYe-
MbIX cucteM. OHa U3 peaau3aunii ITOro MOAX0Aa MOKET ObITh CBA3aHA C Pa3JIOKEHU-
€M HCKOMOT'0 PELICHNUS 110 PELEHUSIM BIIOJIHE HHTEIPUPYEMbIX ypaBHeHuil. Toraa Best
HEJIMHEHHOCTh YXOANUT UMEHHO B 3TU PELICHUS, a AJISl HEBSI3KM MBI ITOJIy4aeM MIPOCThIE
muddepeHunanbHble YpaBHEHHS, KaK B OOBIYHON TEOpUH BO3MYIUEHHH. B xadectse
peanusaiuu 3ToH UaeH yKkaxeM mpumMep o06o0meHHoro ypaHenus K/IBB.

Vt + VVX + avxx + p\Ixxx = ﬂ(V) (4)
€ o ABISACTCA MCpOfI 3(1)(1)6KTOB JUCCHUIIalluU, ﬂ SABJIACTCS MCpOfI AUCTICPCHUU U BbIpa-
JKacTCA 4€pe3 TPAHCIIOPTHLIC KOE)(b(i)I/IHI/IeHTI)I " BpEM4 peilaKkCalnu, y ABIACTCA MepOfI
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MexX(pa3HOTO B3aUMOJICHCTBYSI M BBIPAXKACTCS C MOMOIIBI0 WHTETPAIbHBIX CKOOOK U
BpEMEHU peakcary, a /(V) — MHTerpadbHbIA oreparop, KOTOPHIH B IIEPBOM PHUOIIH-
KEHUH MOXKET OBITh MPUHSAT JTUHEHHBIM U BBIPAXKEH CIICAYIOLIIM 00pa3oM

I(V)=— j G(t, 7). dr (5)

rae G 1 pa3Iu4HbIX MoJesIel B3aMMO/IEHCTBHS MPEACTABIAETCS B SKCIIOHEHIINAb-
HOM HWJIM 00paTHOM CTEIIEHHOM BH/IE.
[Tpumenss paznoxeHus o peuieHusM ypasHenus KB, nomnyuaem

da =—-D(x)a

dr
rae © »
®(x) = 2[ exp(—x6) [ cosh? (0 + y 0 )cosh™ Osinh 0d6' dO
0 0

[lomumo ympouieHus: NpoueAypbl BBIYMCICHUI aHAIM3 3TOTO YPaBHEHMS IIO-
3BOJISIET JIe7aTh M KadeCTBEHHBIC BBIBOIBI, HANPUMEp, MPEICKa3bIBaTh TOSBICHHE
MIpe/IBECTHUKA.

5. MPUMEPbI 3AAY, PELLUAEMbIX B PAMKAX PA3BMBAEMOTO NMOAXOOA

VYkaxkeM nuIib HCKOTOPLBIC BaAXXHBIC 3a/1a41, KOTOPBIC ObLIH PCUICHBI TAKUM o6pa30M:

1. YucneHHOE MOAETUPOBAHKE KIIACCUUECKOM TPAGKTOPHOH 3a1auu.

KBaHTOBBIM MOIXOJ CTPOMTCS Ha TEHEpalUuu TPYOOK TPAeKTOPUHM, KOTOpbIC
[IO3BOJISIIOT Y4YECTh BIIMSHHUE KIACCHUYECKOH HEMHTErPUPYEMOCTH IMHAMMYECKOH
KBaHTOBOI cucrembl [Bogdanov et al., 2008]. Korna o0beM kiaccuueckoro xaoca
B ()a30BOM MPOCTPAHCTBE HE MPEBBILIIAET Pa3MEPOB KBAaHTOBOH sIUEHKHU, B COOTBET-
CTBYIOLIEH KBAaHTOBON CHCTEME FeHEPUPYETCsI KBAHTOBBIHM Xaoc. YCIeX B YUCICHHOM
HCCJICZIOBAHUN B 3TOM ClIydae ObUI JOCTUTHYT TOJIBKO JIMIIB Oaromapst mpezsarae-
MOMY TOJIXOTY.

2. IIpsiMO¥l BEIYMCIIUTEIBHBIN SKCTIEPUMEHT B TUAPOASPOJHHAMHUKE.

[IpsMBble YHCIEHHBIE KCIIEPUMEHTHl B MEXaHHUKE CIUIOLIHBIX CPEA C HUCIOJIB30-
BaHMEM LIM(POBBIX KOMIIBIOTEPOB OCHOBAaHbI Ha OTPAaHMUYEHHOM HAOOpe YHMCIOBBIX
00BEKTOB, KOTOPhIE WHTEPIOIUPYIOT MapaMeTpbl COCTOSHUS (PU3MUSCKUX TMOJICH BO
BpemeHH. [IpeanaraeMslil moaxo/ MO3BOJSAET UCKIIIOYUTh U3 PACCMOTPEHHUsI MaTeMa-
THUYECKUE MOJEIH MEXaHUKU KUIKOCTH B BHIE MuddepeHInanbHbIX YpaBHEHUN B
YaCTHBIX IIPOM3BOAHBIX. BeIUnCINTENbHBII 3KCIIEPUMEHT IIPOBOIUTCS HA OCHOBE (DYH-
JIAMEHTAJIbHBIX 3aKOHOB COXpaHeHUs. [[yain3M KOpIyCKyJISIPHBIX M KOHTHUHYAJIbHBIX
MoJIeJIel CIUTIOIIHON Cpebl MO3BOJIMI MPEACTaBUTh MPOLEAYPY BBIUUCICHUN B BUJIE
TpEX I0CIIeI0BATEIbHbBIX TANOB, COUETAIOLINX HoAX0Ab! Ditnepa u Jlarpamxka. Takoe
paszeneHue HampaBieHO Ha obecriedenne 3(p(eKTHBHON Mpolueaypsl BBIYUCICHUH,
0COOEHHO B YCJIOBUSX MHOTOIIPOLIECCOPHON BBIUNCIUTEIBHOMN Cpeibl, TOCKOIBKY I0-
3BOJISIET UCMONB30BaTh ABHBIE YHCIIEHHBIE cXeMbl [bormanoB u ap., 2015; errapes,
Xpamyuus, 2014].
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3. BupryanbHbIii OIUIOH.

Ilon BupTyanbHBIM HOJIMIOHOM IIOHUMAETCSl NMPOrpaMMHO-ANNapaTHBI KOM-
TUIeKC, 00ecTeYMBaONIMil BCECTOPOHHEE MOJIEIMPOBAHNE B3aUMOJACHUCTBUS TUHA-
MHUYECKUX OOBEKTOB APYT C IPYyroM M OKpyKaromeil cpenoid. Llenp Takoit cuctembl
MIEPEHECTU B BUPTYaJIbHYIO CPely IIOCTAHOBKY CJIOXKHBIX, TOPOTOCTOSIIHNX U 3a4acTyt0
OTIACHBIX KCIEPUMEHTOB. [I0CKOIBKY CO3/aTh B 3TOM Ciy4ae OAHY YHHUBEpPCAJIbHYIO
MaTeMaTHYECKyI0 MOJETb, B pABHOH Mepe OMUCHIBAIOLICH BCE KOMIIOHEHTHI CUCTEMBI,
HEBO3MOXHO, IPUXOIUTCSI COINIACOBBIBATh M TAPMOHU3UPOBATH PAa3HbIE MOJEIIH, IIPEI-
Ha3HauEHHbBIE JJIS OTIMCAHUS MOBEACHUS OTACIbHBIX KOMIIOHEHTOB. B nanHOM citydae
BO3HMKAIOT MPOOIEMBI 0TOOPAKEHHsI KaXK 101 KOHKPETHOIH CUCTEMBI Ha pacipeieeH-
HYIO BEIYHUCIUTEIBHYIO apXUTeKTypy [Bogdanov et al., 2005; Gankevich, Degtyarev,
2013].

4. Omnucanue GU3NKO-XMMUYECKHX MporieccoB B peakrope PCVD.

Omnucannpiii B pabore [Korkhov et al., 2008] BupTyanpHBIA IJIa3MEHHO-
XUMHMYECKUH peakTop MOXKET paccMaTpHUBaThCs B KauecTBE MpUMepa BUPTYabHOTO
MOJIMTOHA.

5. MopenupoBaHue CUXOIOTMYECKU OJUTHYECKOTO Pa3BUTHS.

TpaIuIMOHHBINA MOIAXOM UCTIOJIB30BAHUSI MaTeMAaTHUECKUX METOIOB B COLMAIIb-
HBIX HayKax 4alle BCEro OrpaHMYMBAETCS NPUMEHEHHEM CTATHCTHYECKUX METOIOB
pa3HoIi CTETIeHU CIOKHOCTH M TeOpuH urp. Vcmons3oBaHue, B IEPBYIO OYepeb, Ta-
KHUX HHCTPYMEHTOB 00YCIIOBJICHO KOMIUIEKCHOCTBIO PACCMATPUBAEMBIX IPOOJIEM U HX
TUIOXOW (popManmu30BaHHOCTHIO. B padore [Bogdanov et al., 2015] npeanpunsTa mo-
MBITKA PAcIIPOCTPAHUTh OMUCAHHBIN TTOIXO0J] K PEIICHUIO 3TOW TIPOOIIEMBI.

3AKJTIOYEHUE

IIpoBeneHHBIN aHaMU3 MOKa3aj, YTO Ha HOBBIX BBIYMCIUTEIBHBIX PECYpCcax MOXKHO
pelars KOMIUIEKCHbIC HeNHHEHHbIe 3a1aun. OgHako 3T0 TpeOyeT OONbLIMX YCHIIHM.
HauOosee cioxHas yacTb COCTOUT B IIOAIOTOBKE BUPTYaJIbHOI'O PACIPEIEIEHHOIO
BBIYUCIUTENBHOTO KoMIulekca. K coxkaneHuro, moka oTy 3afaqy (opMain3oBaTh He
yaaercsi. OHa TpeOyeT BhICOKOW KBaTU(HUKALNH, KAK CUCTEMHBIX IIPOIPaMMHCTOB, TaK
U monk3oBareneil. Yto xacaercst pa3paObOTKH alrOpUTMOB, TO C TOSBICHHEM BUPTY-
aJbHBIX KJIACTEPOB 3Ta 3a/1a4a, CKOPEE BCET0, YIPOIIAETCs, U Ha MEPBBIN MJIaH BBIXO-
IUT UMEHHO MaTeMaTH4ecKas [IOCTaHOBKa 3a1ad. Ham mpezncrasisercs, 4To ciienyer
OXUAaTh 3HAYUTECIBHOTO ITporpecca B 000HX ITUX HanpaBJICHUAX.
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The article discusses the possibilities of solving of complex problems requiring the use of
supercomputer technology on a multiprocessor cluster resource currently available to most
researchers. It is shown that without serious preliminary mathematical research effective
implementation of complex tasks on cluster technique is not possible. The ways of solution of
such problems are illuminated.
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Y1K-004.021

JOCTVMKEHUE 3K3AOONCHON NPOW3BOAUTENBHOCTH
B 3AJAYAX TNI0BAJIbHOU ONTUMU3ALIUN

B.1. lepzens, K.A. bapkanoe

Hwuxeropogckui rocyfapcteeHHbln yHusepcuteT um. H.A. Jlo6auesckoro (HHI'Y)

D¢ peKTuBHOE MCIIONB30BAHUE OTPOMHBIX BBIYMCIHUTEIBHBIX BO3MOXKHOCTEH 3K3a(IONCHBIX
CHCTEM TIPEJICTABIISICT CO00 NI00ANIBHYIO TPOOJIEMY «BBI30Ba» BCEMY CIIEKTPY BBIYHCIUTEIb-
HBIX HayK. YCIOBHSIMH JUISl YCHEUIHOTO JOCTHIKEHHS SK3a(JIONCHONW MPOM3BOIUTEIHLHOCTH
SIBJSIFOTCSI: 3HAUUTEINIbHAsT BBIYMCIIUTEIbHAS TPYIOEMKOCTh PEIIaeMbIX 3a/1a4, BHICOKHH 3arac
Tapauien3Ma BBIYUCICHNH, HU3Kasi HH(OPMAIMOHHAs 3aBUCUMOCTD BBIYMCIICHUH, yCTOHYH-
BOCTh BBIYMCIICHHH K alapaTHbIM cO0sM BblUMciuTeNel. B pabore mokaspiBaeTcs, 4To BCE
TIepeYHCIICHHBIE YCIOBHSI JOCTHKUMBI JUTS 33/1a4 100 IbHOW ONTHMH3ALNH.

HccnenoBanue BeinoaHeHo npu noajaepxkke POOU, rpant Ne 11-01-00682-a, a Takxe Mu-
HUCTepcTBa 0Opa3oBaHus U Hayku Poccuiickoii deneparun, cornamenue Ne 14.B37.21.0393

Kniouegvie cro6a: BHICOKOTIPOM3BOAUTEIBHBIC BBIUMCICHUS, II00AIbHAS ONTHMHU3ANNS,
PEIYKLHS Pa3MEPHOCTH, TTapaJlIeIIbHBIC AJITOPUTMBI.

1. MPOBJIEMA OPTAHU3ALMN SODEKTUBHbBIX SK3ADIOMCHbIX BbIYMCIIEHI

KonoccanbHblii BBIMUCIUTENBHBINA TOTEHIINAI COBPEMEHHBIX CYTIEPKOMITBIOTEPHBIX CH-
CTEM IO3BOJISIET MIPUCTYNUTh K PELIEHUIO MHOTUX CIOKHEHIINX HayYHO-TIPUKIIaIHBIX
po0JieM, aHaIU3 KOTOPBIX paHee HAXOJUIICS 3a TPaHbI0 BO3MOXHOTO. /lnHaMuka pas-
BHTHS IIPOU3BOIUTENHHOCTH CYTIEPKOMITBIOTEPOB OTIEPEKAET BCE CaMble CMEITBIE 0XKH-
nanust cenuanuctoB. Tak, B 2008 1. 6611 peonosnien netaduroncusiii (10'° oneparnmit
C TUIaBaIOLIEH 3aMsIToH B ceK.) pyOek ckopocTu Bbruucienui, B 2018-2020 rr. oxxupa-
ercsi gocTmwkeHne dx3aduioncHoro (10'®) ypoBHs npousBoauTenbHocTH. 1o oreHkam
CTHELUAINUCTOB, MOAOOHBIE CYTIEPKOMITBIOTEPHBIE CUCTEMBI C PEKOPAHBIMU BBIYHCIIH-
TENBHBIMH TTOKa3aTeNs M OyAyT CYIIECTBEHHO MHOTOIMPOIECCOPHBIMH (IO MHUIIIH-
apJa BBIYHACIHUTEIBHBIX SAEp), THOPUIHBIMU C Pa3HBIMH THUIIAMH BBIYUCIHTEIBHBIX
YCTPOMCTB C MHOTOYPOBHEBOU CTPYKTYPOI OpraHU3aIiy BEIYUCIESHUH (pactpeaeeH-
HBIC BBIYHCIIUTENBHBIC YCTPONUCTBA - BRIYUCIUTEIBHBIC Y3JIbI ¢ OOIIECH pa3aensieMoi
MaMATBI0 — MHOTOS,IEPHBIE TPOLIECCOPHBIE IEMEHTBl — YCKOPUTENN BBIYMCIIECHUI)
(International Exascale Software Project. URL: http://www.exascale.org). Dddek-
TUBHOE WCIIOIB30BaHNE OTPOMHBIX BBIUYHCIHUTEIBHBIX BO3MOXKHOCTEH 3K3adrornc-
HBIX CHCTEM IPEJCTABISIET COOOH TII00aIbHYI0 IPOOJIEMy «BBI30Ba» BCEMY CIIEKTPY
BBIYHCIIUTEIBHBIX HAyK. YCIIOBUSAMH JIJIsl YCIICIIHOTO MPEOJOICHUS dTON MPOOIEMbI
SIBIISIFOTCS:

* 3HAYMUTENIbHAS BBIYUCJIMTEIbHAs TPYI0eMKOCTh pEIIaeMbIX 3a7a4 (CBbIIIE

10" onepartmii);

I'epreas Bukrtop IlaBmoBnu — pa.T.H., npod., Hiokeroponckuit rocyrapCTBEHHBIH YHHBEPCHTET
um. H.W. Jlo6auesckoro, gergel@unn.ru

Bapkanos Koncrantun AnekcanapoBud — K.(.-M.H., JI01I., Hmkeropoackuii rocynapcTBeHHBINH YHUBEP-
cutet uM. H.U. Jlo6ayeBckoro, barkalov@vmk.unn.ru
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* BBICOKHI 3amac napamienn3ma (MaciITadupyeMocTh) BEIYUCICHUH (BIUIOTH
10 ucronk3oBanus 10° mporeccopos);

* HU3Kasg WHTEHCHBHOCTh MH(OPMAIIMOHHBIX B3aUMOJICHCTBHN (JOKAJIBHOCTH)
MapauIeIbHO BBIMOIHAEMBIX BBIYMCICHU;

* YCTOHYMBOCTb BBIYMCICHUI K annapaTHbIM cOOSM BBIYMCIMTENEH, KOTOpPbIE
Hen30eKHO OyIyT MPOUCXOAMTH MPH CTOIb OOJBIIMX KOJHUYECTBAX BBIUUCIH-
TEJIbHBIX JIEMEHTOB.

B paGore moxa3siBaeTcs, YTO BCE MEPEUUCIEHHBIE YCIOBUS JOCTHKUMBI JUIS 3a-

Ja4 r100aabHON ONTHMU3AIHY.

2. OUEHKA BbIYNCNNTESIbHOW TPYAOEMKOCTH
3AZIAY TTOBANIBHOM ONTUMU3ALMN

[Ipexxne Bcero, cremayeT OTMETHTh, YTO 33Jadd ONTHMH3AINN WMEIOT BaXHOE IPH-
KJIaJHOE 3HAYCHUE U YPE3BBIUAHO MIMPOKYI0 00JACTh MPHIOKEHUH — MPaAKTHYECKH
KaXK1as 3ajada MPOCKTUPOBAaHUS HOBBIX YCTPOWCTB, W3ENNN, CHCTEM BKIIFOYACT B
ce0s Tan BeIOOpa ONMTUMAJIBHBIX BApHAHTOB. B Hanboiee CIoKHBIX CUTYalusaX Mpo-
Onema BbIOOpa (opMyIUpyeTCs Kak 3ajadya TI00aTbHOW ONTHUMU3AIMH, KOTAa KPH-
TEPUH ONTUMAIBHOCTH MOTYT OBITh MHOTOAKCTPEMANbHBIMH, T.€. UMETh MHOXKECTBO
JIOKAJIBHO-OIITUMAJIbHBIX peHIeHI/Iﬁ, Cpeau KOTOPBIX HGOGXOI[I/IMO BBIJICIIUTE HAWUITy4-
IMe BapuaHThl. J{OMyCTHMOCTh MHOTO3KCTPEMAIIbHOCTH CYIIECTBEHHO MOBBIIIACT
CIIO)KHOCTH PEUIeHHs ONTUMH3AIMOHHON 3a/1auu, MO0, €CJIN IS TIOATBEPKICHHS JIO-
KaJbHOTO MUHUMYMa JIOCTaTOYHO HMCCIICJOBAHUS JIOKATBHOW OKPECTHOCTH, TO IJIO-
OaJIbHBI MUHUMYM SIBIISICTCS MHTETPaJIbHON XapaKTEPUCTHKON perraeMoil OnTHMHU-
3aIMOHHOM 3a71a4u U TpeOyeT UCCIIeAOBaHUS Bcel 00macTu riodabHOro oncka. Kak
pe3yibTaT, HOUCK II00aTbHOr0 ONTUMYMa CBOAUTCS K MOCTPOSHHIO HEKOTOPOTO IMO-
KPBITHS (CETKH) B 00JIaCTH BapuaIliy rmapamMerpoB. [103ToMy Ha CIIOXKHOCTH pEelIeHUs
3aj]a4 paccMaTpUBAaeMOro Kilacca peliaroiiee BIUsSHUE OKa3blBaeT Pa3MEPHOCTh: OHU
MOJIBEPIKEHBI «IPOKIIATUIO Pa3MEPHOCTHY», COCTOSIIEMY B SKCIIOHCHIIUAIBHOM PO-
CTe BBIYUCIUTENFHBIX 3aTpaT MPU YBEITUYEHUH pasMepHOCTH. Tak, eciu BeIYHCIICHHE
OJTHOTO 3HAYEHUS ONTUMH3HPYeMO# (yHKIHH TpeOyeT M omeparuii, a KOJIHYECTBO
Y3JI0B CETKH IMPU PEIIeHUH OJTHOMEPHOH 3a1a4uu paBHO K, To 00Ias orieHka ooIiero
oOweMa BeraucaeHu 11 N-MepHoif 3a1a4n r100aTsHOM ONTHUMU3AINH HMEET BH/T

T'=mk",

[Mpuwnsie, Hanpumep, m = 103, k=10, N = 20, o0mmiunit 00beM BBIYUCIICHUI TOTyYa-
etcst paBHbIM T = 10%, 4t0 TpeOyeT Mops/IKa CyTOK BBIUMCIICHHUH Ha CYTEPKOMITHIOTE-
pe 9K3a(IIOICKOTO YPOBHS MPOU3BOAUTEIHHOCTH.

CHmxeHne 00beMa BBIYUCICHUNH MOXKET OBbITh JIOCTUTHYTO MPU MOCTPOCHHUU CY-
IIECTBEHHO HEPaBHOMEPHBIX MOKPBITHI 001acTell m100aIbHOTO MOMCKA — 3TH CETKU
JIOTDKHBI OBITh AOCTATOYHO TUIOTHBIMHA B OKPECTHOCTH TNI00AJIHHOTO ONITUMyMa U 00-
Jiee pa3peKeHHBIMH BIAJIH OT UCKOMOTO perieHus. [locTpoeHne Takux onTUMaIbHbBIX
MTOKPBITHIA 00€CIIEYNBACTCSI ITPH TIOBBIIIICHUH CIIOKHOCTH CAMHUX YUCIIEHHBIX METO/I0B
1100aTbHOTO TIONCKA.
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[IpumeHeHne HepaBHOMEPHBIX MOKPHITHH IO3BOJISAET MOBBICUTH Pa3MEPHOCTH
pelaeMbIX 3a/1ad T00aNbHONW ONTUMH3ALWHU B 2—3 pasza, YTO SIBISIETCS KPUTHYHBIM
B npuiokeHusx. [lomydaembie orneHKH pa3mepHocTH (25-50) mMo3BONSAIOT OXBAaTUTh
OOJIBIIMHCTBO HAYYHO-NIPUKIIAAHBIX 3a/1a4, IIOCKOJIBKY, KaK IIPaBHJIO, KOJIMYECTBO Ba-
PBUPYEMBIX IAPAMETPOB, 10 KOTOPHIM IPOSBISETCSI MHOTO3KCTPEMAJILHOCT ONITUMHU-
3UpPYEMBIX KPUTEPHUEB, OTPAHUYEHO.

3. OCHOBHBbIE MPUHLMMbl OPTAHU3ALINWM BbIYUCITEHNI
B 3AJAYAX [TIOBAJIbHOM ONTUMW3ALMIA

3.1. Knacc peluaembix 3agay

3agaga MHOTOMEPHOW MHOTO3KCTPEMATLHON ONTHUMH3AITUN MOXKET OBITH OIpeneicHa
Kak Ipo0JieMa IMONCKa HaMMEHBIIIETO 3HAYEHUS JEHCTBUTEIRHON HyHKITHH ¢(Y)'

o(y") = min{p(y): ye D}, D = {ye R: asy< b, 1<isN}, (1)

e a, b € RN ecth 3a1aHHBIC BEKTOPBI.

YucnenHoe pemieHue 3aaa4n (1) CBOAUTCS K MOCTPOCHHIO OICHKH Y, € D, oTBe-
YaloIIeii TOMY WK HHOMY TIOHSTHIO OJTM30CTH K TOYKE Y Ha OCHOBE KOHEYHOTO YnCiia
K 3HadeHuii (yHKIIMOHAIOB 3a/1a49H, BEIYMCICHHBIX B TOUKax obmactu D.

OTHOCHTENBHO KJIacCa PacCMaTpPUBACMBIX 3ajay MPEAIONaraeTcsl BBITOIHEHHE
JIBYX BYKHBIX MPUHIMITAATBHBIX TPEOOBAHUN:

* MPOLEAYPHI IPOBEACHUS Ucnblmanull (BBIYUCICHYS 3HAUCHUH 11eJIeBO (yHK-

LIUH) SABIISICTCS 8bIYUCIUMENbHO-MPYOOEMKUMU,
o ¢yukmus ¢(Yy) JODKHA YIOBICTBOPATEH yciosuio Jlunwuya (OTpaHUICHHOCTD
M3MEHEeHUs 3HaYeHNH (D)YHKIIMY TIPY OTPAaHWYCHHON BapHAIlMK TapaMeTpoB).

Crnemyer OTMETUTh, YTO UMEHHO BBITIOJTHUMOCTH YCJIOBUS JIMMIIMIIA TIO3BOJISIET
CTPOUTH YUCIICHHBIE OLEHKH MCKOMOTO TII00ANIBHOTO peleHHs IO KOHEYHOMY Habopy
BBIYKCJICHHBIX 3HaueHUH QyHKIMu ¢(Yy).

OTMeTUM TaKKe, YTO BCE Jlaliee M3JlaraeMble Pe3yJIbTarhl IMONYyYeHBl B paMKax
MH(OPMAITMOHHO-CTATUCTHYECKOW TEOPHUH MHOTOIKCTPEMAIBHOW — ONTHMHU3AIAN
[Crponrusn, 1978; Strongin, Sergeyev, 2000], sBisromielics oqHIM W3 HauboIee ax-
THBHO Pa3BHBAaEeMbIX HAIIPABIICHUI HCCIIEOBAaHNN B O0JACTH I100aJILHOTO TTOUCKA.

3.2. PegyKumsa pazmepHoCTH

Ji CHIDKEHUSI CIIOKHOCTH aITOPUTMOB ITO0ATBHON ONTHMH3ANNH, (POPMUPYIOLTIX
3¢ eKTUBHBIC TOKPBITUS 00JIACTU ITOUCKA, B TEOPUU U MPAKTUKE MHOTO3KCTPEMalIb-
HOM ONTHMH3ALM{ HMIMPOKO HMCIOIB3YIOTCSI pa3iIMYHBIE CXEMBI PETYKIUH pa3MEPHO-
CTH, KOTOPBIE MO3BOJIIIOT CBECTH PEILICHUE MHOTOMEPHBIX ONTHUMU3ALMOHHBIX 3a1a4
K CEMEHCTBY 3aJiad OJHOMEPHOHN onTuMM3auuu. Peaykius pasMepHOCTH MO3BOJISET
CYIIECTBEHHO CHU3HUTh CIOXKHOCTb pa3padaTblBaeMbIX aJIFOPUTMOB [I0OAJIBHOIO IIO-

! JIyist yMEHBIICHHUS CIIOKHOCTH H3JIOKEHHMS MaTepralia 3a/1ada ro0abHON ONMTUMHU3AIMN B TaHHO# pa-
0oTe paccMaTpUBaeTCs MPH OTCYTCTBUH (DYHKIMOHAIBHBIX OIPAHHYCHHH.
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ucka. KpoMe Toro, naHHBIN MMOIXO] ITO3BOJISET 33/IeHCTBOBATh BECh MMEIOIIUIICS arl-
napar OAHOMEPHOW MHOTOIKCTPEMAILHONH ONTUMHU3AIMH ISl TOCTPOSHHS P PEKTHB-
HBIX MHOTOMCPHBIX METOA0B n100aJIbHOTO MOUCKA.

Onun u3 Hanboree OOMTUX METOIOB PEAYKITMH PAa3MEPHOCTH COCTOWT B MPHUME-
HEHUH Pa3BEPTOK IMHUYHOTO OTPE3Ka BEUIECTBEHHOHN ocH Ha runepky0. Poib Takmx
pa3BepPTOK UTPar0T HEMpPEPBIBHBIC OIHO3HAYHBIE OTOOpakeHHus Tuna kpuoil [leano,
HA3bIBACMBIC TAK)KE KPUBBIMU, 3aMOJIHSIONUMHE ITPOCTPAHCTBO.

HUcnonb3oBanue pazseptku [leano y(X), 0lHO3HAYHO OTOOPaXKAIOIICH eIMHUYHBIH
OTPE30K BEIIECTBEHHOW OCH Ha €MHUYHBINA THIIEPKYO, TO3BOJIIET CBECTH MHOTOMEP-
HYIO 33/1a9y MHHUMHU3alluu B oonactu D k oHOMepHOH 3aj1ade yCIIOBHOW MUHIMH3a-
uuu Ha otpeske [0,1]

e(y(x"))=min{p(y(x)):xe [0,1]}. 2)

Bornpock! unciieHHOTo mocTpoeHus 0ToOpakeHui THIa KprBoii [leano u cooTBer-
CTBYIOIIAs Teopust MoIpoOHO paccMoTpeHsl B [CtponruH, 1978; Strongin, Sergeyev,
2000].

3.3. 061was cxema anropuTMoB rnobanbHOro novcka

VYenexu B pa3pabOTKE OAHOMEPHBIX AJITOPUTMOB INIOOAJIBLHOIO IMOHMCKAa B paMKax
UH(POPMAIIMOHHO-CTATUCTHYECKOW TEOPUH II00aIbHOTO TOMCKA TIO3BOJIMJIN I10JTY-
YUTH YPE3BbIUAHO 3HAYUMBIN pe3yibTaT — K (hopMyIHpoBaHHIO 00MIEl CXeMbl TIpe-
CTaBJICHUS aJITOPUTMOB, B PAMKaxX KOTOPO# ¢ €IMHBIX MO3UIUN MOXHO MTPOBECTH aHa-
JIU3 CBOWICTB METOJIOB M JIaJKe CTABHUTH 33]a4y MOCTPOCHUS aJITOPUTMOB C 3a/IaHHBIMHU
CBOICTBaMHU.

Jlannas o01iasi cxema, MoJyuuBIas HAUMEHOBAHUE CXeMOU Xapakmepucmuye-
CKOU NpedCmaguMoCcCmi aiecopummos 210oaivriozo noucka (cM., Hanpumep, [CTpoH-
ruH, 1978]), cocTout B ciexyromem.

ANTOPUTM II00ATHHOTO MOUCKA HA3BIBACTCS XAPAKMEPUCTULECKUM, SCITH, HauH-
Has ¢ HEKOTOPOTO Inara noucka Ke>1, Beioop Touku XK'! ouepeanoii urepauuu (pewaro-
wjee npasuilo aieopumma) BKIIIOYAET BIMOJIHEHUE CIISIyOIIero Habopa JIeiCTBUi:

1. YOopsiiouuTh MOMCKOBYIO MH(pOPMAIIKIO B TOPSJAKES BO3PACTAHUS 3HAYCHUI
TOYCK paHee BBINOJIHEHHBIX HTEPALUi (HOBBIN MOPSIIOK PACIOI0KEHHUS TaHHBIX B I10-
UCKOBOW MH(MOPMAIIUHU OTPAKACTCS TIPU MOMOIIY HUXKHETO WHJICKCA):

X <X < < X

2. Beramenuts it Kaxaoro uarepsaia (X, Xi), 1 < i <Kk, Benmuunny R(i), Ha3bI-
BaCMYI0 JIAJIee XapaKmepucmurol MHTEpBana.

3. Onpenenutb uHTEPBAN (X! |, X;), KOTOPOMY COOTBETCTBYET MAaKCHUMajbHas Xa-
paxrepuctuka R(t), T.e.

R(t)=max{R(i):1 <i<Kk]},

4. Boruuciauth To4Ky X5 ouepeaHoi uTepairu ro0aibHOro MOMCKa B MHTEPBa-
JIe ¢ MAKCUMAITLHOM XapaKTePUCTUKON B COOTBETCTBUH C HEKOTOPHIM TPABUIIOM
k+1 —
XU =st) e (X, Xo)-
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4. MAPAJUTENbHbBIE BbIYNCITIEHUA AJTA MOUCKA
FMOBANbHO-ONTUMAJIbHbIX PELLEHNI

4.1. OCHOBHOW NPUHLMMN OpraHM3auMm napannenbHbIX BbIUNCIEHWIA

[Ipex e Bcero, CieayeT OTMETUTh, YTO B CITy4ae MHOTOMEPHON MHOTO3KCTPEMAaTbHON
OINITUMH3AaIMU MHOTHUE IINPOKO UCIIOJIB3YEMBIC TOAXOABI JJId paciapalieJIMBaHua Ui
He o0ecrneunBaroT AODKHOTO d(ddekTa nimm BooOIe He MPUMEHUMEBI. B wacTHOCTH,
OJIMH M3 OCHOBHBIX CITOCOOOB OpraHU3aINH MapaJIeIbHBIX BBIYUCICHUH COCTOUT B
paszfeneHun 00JIacTH pelIeHHs 3aaui MEeXKIY MPOIeCCOpaMH W TapajuiebHOTO pe-
IICHHS 3a7]a9d B 3TUX MOA007acTAX. B ciyyae pemieHusi ONTUMU3AIUOHHBIX 3a]1ad
TaKOM TOAXO0J 00JIaIat0T HU3KOH APPEKTUBHOCTHIO, IOCKOJIBKY TPU pa3jieieHUH 00-
JIACTH TIOMCKA TOJIbKO HEOOJIbIIIAs YacTh MPOIIECCOPOB OyIeT 00J1aaTh Mo1001aCThIO ¢
HCKOMBIM TII00aITbHBIM MHHIMYMOM, BCE JK€ OCTaJIbHBIE MMPOLIECCOPHI OyAyT padboTarh
B MTOJJO0JIACTSIX, B KOTOPBIX OTCYTCTBYET TIIO0ATHHBI MUHUMYM UCXOJHOW 3aa4H.

[110X0 MpUMEHNM B TaHHOM CJTy4ae W IOJIXO0l, CBSI3aHHBIHN C pacrapaijieIiBaHu-
€M HEIOCPEICTBEHHO JITOPUTMA PEIICHUs 3aJlauu, H00 B CHITy C(HOPMYITHPOBAHHBIX
MPE/INOJIOKEHUH 0 KJTacCe pacCMaTpUBaEMbIX 3aJ]1ad OCHOBHOW 00bEM BBIUUCIICHUN B
porecce rodagbHOrO MOMCKA 3aHMMAIOT PACUYEThI, CBSI3aHHbBIC C BBIYMCICHUEM 3Ha-
YeHUH (YHKITMOHAIOB ONTHMH3AIIMOHHON 3amaun. B aToM rmiaHe, menecoodpasHbIM
MIPEJICTABIISICTCSl pacTapaieInBaHue MPOIeAyp pacdyera 3HaYeHWH (YHKIIMOHAIIOB,
OJTHAKO TaKOHW MOAXOJ He 001a/1aeT OOIIHOCThIO U TPeOyeT MPOBEICHHS IEHCTBHUH 110
pacrnapauieIMBaHUIO ISl KaXKI0W ONTHUMHU3AIMOHHON 3a/1a4i B OTACIBHOCTH.

C Y4€TOM BBIIIOJIHCHHOI'O O6C}’)KI[CHI/I$I, B Ka4€CTBC OCHOBHOT'O NpHUHIMUIIA I10-
CTPOCHUS MapauICIbHBIX METOAO0B MHOI‘OC)KCTpeMaJ'IBHOfI OINITUMH3allMU B JUCCEpTa-
mu OyleT MPUMEHSTHCS CXeMa MapaJuIeIbHBIX BBIYHACICHNUN, B KOTOPO# OymeTr ode-
CIIEYUBATHCS BO3MOXKHOCTH OJHOBPEMEHHOTO (MapajuIelbHOT0) pacyeTa 3HAaYeHHUU
(D)YHKIIMOHAJIOB ONTUMU3AIMOHHOW 3aJlaud B HECKOJBKHX Pa3HBIX TOYKaX 001acTh
noucka (cMm., Haripumep, [Strongin, Sergeyev, 2000; Crponrun, 2009]). Takou moj-
XOJI XapaKTepHU3yeTcst aghpexmusrocnmuio (pacrnapajieIiBacTCsi UMEHHO Ta YacTh BbI-
YUCIUTEIILHOTO MPOIecCca, B KOTOPOM BBIMTOJIHACTCS OCHOBHONH 00ObEM BBIYHCIICHUH)
1 00WHOCMbI0, TIOCKOIBKY TTPAMEHUM JIJISl BCEX BBIYMCIUTEIHHO-TPYAOEMKHAX 3a/1ad
MHOTO3KCTPEMaTbHON ONTUMHU3AIIH.

4.2. I'Iapanneanble BblUncneHna gna cncrtem c pacnpe,ueneHHon NnamMmATblo

HoBbIii ox01 J1J1s1 OpraHu3aliiy napauieiIbHbIX BEIYUCIICHUH B 3a/1a4axX 1I00aabHON
ONnTUMH3allMU COCTOUT B HMCIIOJIB30BAaHHUEC JId PEAYKHOHUU PA3SMEPHOCTH MHOXECTBA
0TOOpaKEHUI

— 1 L
YL(X)_{y (X)a-'-a Yy (X)}
BMECTO NMPUMEHEHUs eUHCTBeHHON KpuBol Ileano y(X) [Strongin, Sergeyev, 2000;
Crponrun, 2009]. Mcnonp3oBaHue MHOKECTBA OTOOpaskeHUH Y;(X) mpuBOAUT K Qop-
MHPOBAaHUIO COOTBETCTBYIOIIETO MHOXECTBA OJHOMEPHBIX MHOTOIKCTPEMaTbHBIX
3a/a4q
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min{p(y'(x)):xe[0,1]}, 1<I<L. 3)

Kaxxmast 3ayjaua u3 TaHHOTO HaOOpa MOMKET PEIaThCsi HE3aBUCUMO, TIPH ATOM JIFO-
6oe BbIuncIeHHOE 3HauYeHue z=¢(Y'(x")) hyHkmu ¢(Y) B i-if 3a1aue MOXKET UHTEPIIPE-
TUPOBAThCSI KaK BhIUMCIICHUE 3HaUeHUst z=@(Y*(x"")) s Jiro0oii Apyrou s-i 3ajauu 6e3
MOBTOPHBIX TPYIOEMKHX BbruHcieHuil GyHkimu ¢(Yy). [lomobHOE MHpOpMaIMOHHOE
SIMHCTBO MO3BOJIAET PEIIaTh HCXOMHYIO 3a1ady (1) myTeM mapauiebHOTO pemeHus L
3amad Buaa (4) Ha HaObope otpeskos [0,1]. Kaxmas omHOMepHas 3a1a4a perraercs Ha
OTJIETBHOM Tpolieccope. Pe3ysbrarsl BEIYUCIEHUH B TOUKe XK, OIYyYEHHBIE KOHKPET-
HBIM TIPOLIECCOPOM JUISl PEIIaeMOi UM 3aJlaud, HHTEPIPETUPYIOTCS KaK Pe3yJbTaThl
BBIUMCIIEHMH BO BCEX OCTAbHBIX 3a1a4ax (B COOTBETCTBYIOIIMX Toukax X<',...X).
Ipu TakoMm moaxoze BeUuciIeHus B Touke X<e [0,1], ocymecTBiseMble B s-il 3a1ade,
COCTOSAT B ITOCJIEIOBATEIbHOCTH ACHCTBUIA:

1. Omnpenenuts 06pas Y*=y*(x) mpu coorBeTcTBHU Y(X).

2. IlpouHhopMupoBarh OCTaIbHBIE MTPOIECCOPHI O HAUaJIe IPOBEICHUS UCTIHITA-
HUs B TOUKe Y* (6rokuposanue Touku y¥).

BrIumciiuth 3HaueHre onTuMu3upyeMoit pyHkimu z*=¢(y*(x¥)).
4. Ompenenuts mpoodpassr X¥e [0,1], 1<I<L, Touku Y, U uHTEPIPETHPOBATH
3Hayenue QyHKuuu j(y), BeIYHMCIEHHOE B Touke Y*e D, Kak OqHOBpEMEHHbIE

BBIUMCIICHUS B L TOUKax

k1 kL
XKLL X

98]

C OIMHAKOBBIMH pPe3yIbTaTaMH
p(y' (X)) =...= p(y*(x*))=z"
5. IlpouH(pOpMHpPOBATE OCTAIBHBIE MPOIECCOPHI O pe3yibTaTax HCIBITaHUS
B TOUKe Y.

Kaxxnp1il mpoiieccop npu TakoM MOAXOAE JOJIKEH CONEPIKATh CBOIO KOIMUIO MPO-
TPaMMHBIX CPEACTB, PEaTN3YIOMIMX BeIYUCICHNE (DYHKLUI 3a1a4u, U perarolee npa-
BUJIO ajropuTMa. i opranu3anuy B3aMMOIEHCTBHUS Ha KayKJIOM MPOIECCOpe co3za-
ercs L odepeneii, B KOTOPBIC MPOIIECCOPHI MOMEIIAIOT HHPOPMAITHIO O BHITIOTHECHHBIX
uTepanusaxX (TOUYKH OUepeTHBIX UTEPALMi ¥ 3HAYCHUS ONITUMU3HUPYeMON (DYHKIIAN).

PaccMoTpeHHBIN TIOAXOA TMO3BOJIIET WCIOIB30BATh IS PEIICHUs 3aaad Iio-
OaJIbHOM ONTUMH3AIMK TOPSJIKA HECKOJIBKUX THICSIY MPOIECCOPOB — OTPAHHUYCHHU-
€M BO3MOXXHOTO KOJIMYCCTBA MCIIOJB3YyEMbIX BBIYUCIIUTCIIBHBIX 3JIEMCHTOB ABJIACTCA
TPYAOEMKOCTh HHPOPMAITIOHHOTO B3aUMOJICUCTBHSI ITPH OpPTaHU3aIUd OOMEHOB pe-
3yJABTAaTOB UTEPAIHI TTI0O0ATBHOTO MTOMCKA MEXK/TY TPOIIECCOPaMHU.

4.3. MapannenbHble BbIUMCIEHNA AN CUCTEM C 0bLLel pa3aenaemoi NamaTbio

Panee paccmoTpenHas cxema MpUMEHUMA | JIs1 CUCTEM ¢ OOIIEH pa3zenseMoi mamsi-
TBIO, TeM 0oJiee, YTO B 3TOM cilydae OyIyT OTCYTCTBOBATH 3aTparhbl HA OOMEH pe3yiib-
TaTOB WTEpanuii MI00ATBHOTO MOMCKAa MEXAY IMporueccopamu. Bmecre ¢ atum, s
OpTraHM3aINY TTapaJIebHBIX BEIYMCICHUH MOXKET ObITh IPUMEHEHA H IpyTasi cXema,
P KOTOPOI TapajlIeIbHO MOTYT PEIIaThCs U OTAEIbHBIC 3a1a4n cemeiictpa (3). s
000CHOBaHUS TIOJX0a MOKHO OTMETHUTh, YTO UCIIOIb3yEMbIC B aJITOPUTMAX XapaKTe-
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PUCTHKH UHTEPBAJIOB (CM. BBIIIE OOIIYIO0 CXEMY METOJIOB ITI00QJIbHOTO TIOUCKA) MOTYT
paccMaTpuBaThbCA Kak HEKOTOPBIE MEPhI BaXKHOCTU MHTEPBAJIOB HA MPEAMET COepKa-
HUS B UHTEpPBaJaX MCKOMOIO PEIICHUS ONTUMU3ALUOHHON 3anaun. Ciaenysl JTaHHOMY
MMOHMMAHUIO, JIJIS OpPraHU3alliy MapajuIeIbHBIX BBIYHCICHHN TOCIE BBIOOpA TOYKU
BBIYHCJICHUS 3HA4YCHUsl (YHKIIUU ISl TIEPBOTO MPOIECCOpa B TOYHOM COOTBETCTBUU
C TOCIIEAO0BATEIBHBIM AJTOPUTMOM JIJISi BTOPOTO MpoLieccopa TOUKY OYepeaHON uTe-
pamuu 1eaecoodpa3Ho BRIOMPATh M3 CICAYIOLIETO 10 BAYKHOCTH MHTEpBasia (T.. U3
MHTEpBaja co CIeIyroliel o MOPSAKY MaKCUMaIIbHOW XapaKTePUCTHKOM) U T.11.

Ha naHHO# 0CHOBE MOXKET OBITB MPEUIOKEHA 00IIast CXeMa NAPALIETIbHBIX ACUH-
XPOHHLIX XAPAKMEPUCTIUYECKUX Memo008, OIpeeseMas CISAyIIHM 00pa3omM
[CrpouruH u ap., 2012].

Br160p TOUek ouepeHBIX UTEepalyii III00ATLHOTO MIOUCKA, HAYUHASI C HEKOTOPOTO
nrara moucka K,>1 BKJIrouaeT BRIMOJHEHHE CIIEAYIOIIEro Habopa aeicTBuil:

1) [Tpu orcyTcTBHU CBOOOHBIX MPOLIECCOPOB AJITOPUTM HAXOJUTCS B COCTOSIHUU
oxxunanus. Ecnu 3akoHunnu nposenenue ucnbiTanuil 1< =q(k) < p(k) mporecco-
POB, TO YCTaHABIUBAETCS HOMEP HUTepanuu K = k + (, ¥ OCYIIECTBISIETCS EPEXO/T
K CIEAYIONIEMY TIPABIITY OOIICH CXEMBL.

2) YIopsi 04U Th TIOUCKOBYHO HH(OPMAIIHIO B IMTOPSIJIKE BO3PACTAHUS 3HAYCHUN TO-
YEK PaHEEe BHITIOJHECHHBIX UTEpAIliii (HOBBIN MOPSIOK PACTIOIOXKEHHS TAHHBIX B TIOUC-
KOBOW MH(OPMAIIUU OTPAXKASTCS MPH MMOMOIIM HUKHETO UHJIEKCa):

0=Xy <X <...<X,_; <X =1

3) Boraucauts Ut Kaxa0ro uarepsana (X, X;), 1 < i <k, semuuuny R(i), Ha3bI-
BaeMYIO JIaJlee XapaKmepucmuKkol NHTepBaa,.
4) Ynopsinouutsb xapakrepuctuku R(i), 1 <i <17, B mopsiaKe yObIBaHHsI:

R(t,)>R(t,)>...> Rt,_,) > R(t,) (4)

5) Breibpars B nocnenoBarenbHoCTH (4) (f HAUOOJBIIUX XapaKTEPUCTUK C HOME-
pamu tj, 1 <i < ¢, u B UHTEpBaIaxX, COOTBETCTBYIOIIUX 3THM XapaKTE€PHCTUKAM, BbI-
MOJHUTH UCIIBITAHUS B TOUKAX

X =d(tj) € (X, %, ), 1<J<q.

Kak MOXHO 3aMeTHTh, pacCMOTpEHHast 00IIas cxeMa MPAaKTUYECKH MOJTHOCTHIO
COOTBETCTBYET CXEME XapaKTePHCTHUECKON MPEJCTAaBUMOCTH alTOPUTMOB TII0OAIIh-
HOTO TTOHCKA.

OTMeTHM TaKXKe, pacCMOTPEHHAasi CXeMa aCMHXPOHHBIX MapaIeIbHBIX BBIYHCIIE-
HUH TMOJHOCTBIO TIPUMEHNMA U JUIS ClTydasi, KOIIa BBIYHUCIUTEIbHBIE Y3JIbI ¢ O0IIen
paszaensieMol MaMAThIO COAEPKAT YCKOPUTEIH BBIYMCICHUM BH/Ia COBPEMEHHBIX Tpa-
¢uueckux mporeccopoB. OTINYKME COCTOUT JIHUIIb B TOM, YTO OIpeesieMble TOUKU
UTepanni rodaIbHOT0 OUCKA JOJKHBI TIepelaBaThCsl JUIsl HCIONB30BaHHs YCKOPH-
TEJIIM BBIYMCIICHU.

[Ipenmonaras HanMYUe KOJTUIECTBO BBHIYMCIUTEIHHBIX dJIEMEHTOB (sep) Ha 00-
meit mamatu nopsaka 100, Mcmonb30BaHUe MapaijieNbHbIX alTOPUTMOB B paMKax
PacCMOTPEHHBIX CXEeM MapajlIeIbHOTO TII00AIILHOTO TIOMCKA TTO3BOJISIET TOBECTH BO3-
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MOXHOC YUCJIO0 OAHOBPEMEHHO HCIIOJIB3YEMbIX BBIYHUCIIUTCIIbHBIX yCTpOfICTB cynep-
KOMIIBIOTCPHBIX CUCTEM 3K3a(1)J]OHCHOFO YPOBHA NPOU3BOAUTCIIBHOCTU 10 HECKOJIb-
KX COTCH TBICAY.
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KBAHTOBbIE TPAEKTOPWYW 1 TOMOTPA®USA COCTOAHUN
(BA3AHHON CUCTEMDBI KYBUT-USMEPUTENIbHbIU NPUBOP

B.11. lepzens, M.B. flenucerko, A.B. Jlunés, 4.C. Mawun, A.M. Camanux

Huxeropogckui rocyfapcteeHHbln yHusepcuteT um. H.A. Jlobauesckoro (HHI'Y)

Pa3zpaboTan anropuT™M, OCHOBAaHHBIH Ha CTOXAaCTHYECKOM METOAE KBAaHTOBBIX TPACKTOPHH
(xBanTOBOM MeTone Monre-Kapio), s MonenpoBanusl JUCCUITATUBHON IMHAMHUKHA MHOTO-
YPOBHEBOH KBaHTOBOW cHcTeMbl. Ha OCHOBE pa3BHTOr0 MeTona MpOBEJCHO MOJICIMPOBAHNE
TIporecca B3auMOJEHCTBHS KyOUTa ¢ KBAHTOBBIM HEITMHEHHBIM ocmnisiTopoM. [Tokaszano, 9to
B pe3yJbTare U3MEpeHUsl CpeHel SHEeprun (JYUcia KBAHTOB) OCHUIUIATOPA YIAeTCsl IPOBECTH
TOMOTpa(HIo COCTOSTHNH KyOnTa, KaK B CpPETHEM M0 aHCAMOITIO, TaK M B €IMHUIHBIX TPACKTOPH-
six. I1pu aToM KBaHTOBBII MeTox MoHTe-Kapiio mo3BossieT ocymecTBUTh 3 PeKTHBHOE pactia-
pajulenrBaHNe HAa TETEPOTEHHOM BBICOKOIIPON3BOANTEILHOM BBIUMCIUTEIFHOM KJIacTepe MpH
pacdere SKCIIEPUMEHTAIHFHO HAOIIOAAEMBIX BEJIMYMH B MHOTOYPOBHEBBIX KBAHTOBBIX CHCTE-
Max € y9eTOM TporieccoB penakcanuy. OMucanbl OCHOBHBIC TPUHIUITEI pacTiapasieTHBaHIs
JITOpUTMa ISl pEIIeHHsI CTOXacTHYecKoro ypaBHeHus LlIpenuarepa, KoTopble ObITH peann3o-
BaHbBI B MPOTPAMMHOM KOMIUIEKCE, MTO3BOJISTIOIIEM OCYIIECTBIISITh BHICOKONPON3BOAUTEIBHbIC
TlapaJutebHbIe pacdeTs! ¢ ncrnonszoBanneM GPU. [TponemoncTpuposana s dekTuBHOCTH pa-
00TBI rpaUECKUX yCKOpUTEIeH, MacIITabupyeMOCTh METO/Ia ¥ OIMCHIBAETCSI BO3MOXXHOCTh
B3aNMOJICHCTBHSI HECKOJIBKHX IpaMIeCKUX YCKOPHUTENEH ¢ MpuMeHeHneM texHonorun MPI.

Pab6ora nmongnepxana PODU (mpoext Ne 14-07-00582), mporpammoii C17 02.B.49.21.0003
MOH P® u HHI'Y, HekomMepaeckuM GoHIOM «J{HnHACTHD.

Kniouegvie cnosa: xyOWT, HepaspylaeMble M3MEPEHHs, METOJ] KBAaHTOBBIX TPAaeKTOPH
(xBarTOBHII MeTox MonTe- Kapmno), GPU, CUDA.

BBEAEHWE

JIByXypoBHeBasi cucTeMa — KyOUT — sIBJsieTcst 6a30BbIM 3JIEMEHTOM KBAaHTOBOTO KOM-
MBIOTEPA, KOTOPBIA B HACTOSIIIECE BPEMsl aKTUBHO pa3padarbiBacTcs BO MHOTHX J1a00-
paropusix mupa [Hunbscen, Yanr, 2006; Ladd et al., 2010; You, Nori, 2011]. BaxHyto
POJIb B YCIIOBUAX SKCIIEPUMEHTOB C KBAHTOBBIMH CUCTEMAMU UT'PAIOT IMPOLCCChl NHU-
LHAAJIM3ALUHA COCTOSIHUM, MPOLIECChl U3MEPEHUN U IIyMOBOE BO3ZEHCTBUE HA HCCIIE-
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JyeMble cCUCcTeMBI. J{JIsi MHUIanu3anuy 1 n3MepeHuid He0OX0TMMO MPUBECTH PETUCTP
KyOUTOB BO B3aMMOJICHCTBUE C U3MEPHUTEIBHBIM ITPUOOPOM, KOTOPBIH 100aBIseT 10-
TIOJTHUTEINIFHBIE CTETICHH CBOOOJIBI M IIIYMOBOE BIUSHHE, YTO HEOOXOAUMO MTPUHUMATH
BO BHUMAaHHUE IIPU MOAETHPOBAHHH.

B nannoii pabote paccmarpuBaeTcs NpocTeiinas MOieIb MHOTOYPOBHEBOM KBaH-
TOBOM CHUCTEMBI: KyOUT, CBSA3aHHBIN C KBAHTOBBIM HEIMHEHHBIM OCLUIIISITOPOM, KOTO-
PBIH UCTIONB3YeTCs JUIsl MPOSKTUBHBIX M3MEpEeHUH cocTossHui KyouTa [Siddiqi et al.,
2004, 2006], 9to OBUIO MPOJEMOHCTPUPOBAHO KCICPUMEHTAILHO B HElaBHEH pa-
oore [Vijay et al., 2011]. CyTh 3KCHIEpUMEHTa COCTOsUIa B CIICAYIOMIEM: KyOUT OBbLT
IIOMEILCH B KBAaHTOBBIM CBEPXIPOBOIAIINI PE30HATOP, Kyla Yepe3 BXOAHBIE MOPTHI
JUIS. MHULMAJIM3alui HA9aJIbHOTO COCTOSIHUS MTOJaBajich PaOu-uMIyabChl 3a0aHHON
qumTenbHocTH. CUTHAN ¢ KyOuTa Yepe3 BBIXOJHbIC OPTHI OAABAJICS Ha IIyMOYCTOM-
YMBBIA Mapamerpuueckuii ycunurens [Hatridge et al., 2011] — HenuHelHbIi 1K03e(-
COHOBCKHI OCIMIUIATOP, MOKa3aHHUsI KOTOPOTO OKAa3bIBAIOTCS YYBCTBUTEIBHBI K CO-
CTOSIHUAM KyOuta. [Ipouecc MaHUIYIISIUY COCTOSIHUSAIMH KYOUTOB B YCIIOBUSX IlIyMa
MOXXHO OBUIO HaOMIO#aTh BO BPEMEHHM, MCCIedysl KaK JUHAMHUKY CHCTEMbI B Cilydyae
€IMHUYHON pealu3alyy, TaKk U TeHepupys BPEMEHHOHW aHcaMOib cHcTeM, 00Jaiaro-
HIMX OJUHAKOBBIX HAYaJIbHBIMU YCIOBHUSIMH.

YuciaeHHOE MOACTUPOBAHUE BIMSHUS OKPYKEHHS Ha TPOCTEHUINYIO CHCTEMY
«KYOHT + OCHMIIISATOP» UMUTHPYETCS ITyTEM UX B3aMMOJICHCTBUS ¢ OO30HHBIM Tep-
MocrtaroMm [Cxammm, 3yoOaiipu, 2003]. M3MepeHne NMpOU3BOAMTCS 3a CUCT CUHUTHI-
BaHUS CPEJHEr0 YMCIIa KBAHTOB HAa OCHMJUIATOPE (CpeiHEed 3HEPTuu HEeITUHEHHOTOo
JuKko3ecoHoBckoro ocumsTopa). [lpu ycnoBuu ciaboro o0paTHOro Bo3aelCTBUS
Ha TEPMOCTaT M JOKAJHHOIO MO BPEMEHHM BO3MYLICHHs (MapKOBCKOE MPHUOIIIKE-
HUE), AMHAMUKa CHCTEMbI MOKET OBITh ONHCaHA YPaBHEHHUEM JIJISi MATPHIIBI IJIOT-
Hoctu [Ckanmnu, 3y6atipu, 2003]. Uncio cocTosSHUN CBI3aHHOW CUCTEMBI paBHO 2N,
rae N — gnciao ypoBHEH HENMHEHHOTO OCIIULIATOpa. [ BRIMOTHEHUS N3MEPEHUH
BaXXHO, YTOOBI U3MEPUTENbHBIN PUOOP, NPOU3BOASILNN IUCKPUMHUHUPOBAHUE CO-
CTOSIHUH KyOuTa, paboTa B KBa3UKIACCUYECKOM PEXHME, T.€. YUCIO aKTUBHBIX CO-
crossauii N Obuto Benuko. Pemienue cBsizaHHBIX nupdepeHINaTbHBIX YpaBHEHUH
JUISL 3JIEMEHTOB MaTPHIbI MIIOTHOCTH MacuiTadupyetcs kak (2N)*. KBanToBbIl Me-
Tog MonTte-Kapiao ocHOBaH Ha BBEJCHHH Ui pacdeTa dJIEMEHTOB MAaTPHUIIBI TIOT-
HOCTH BCIIOMOTATEeIbHON BOJHOBOHM (YHKIIMH, KOTOpas MOAYMHSIETCS CTOXacTHYe-
ckomy auddepeHnnaT-HOMY YpaBHEHHUIO, 0 (JopMe HATIOMHHAIONIETO YpaBHCHHUE
penunrepa co cinyd4aHbIMUA KO3 duurEeHTaMH (BUHEPOBCKUM CIydaliHBIM MpPO-
neccoM) [Molmer et al., 1992; Plenio, Knight, 1998]. B cnyuae cucremsl «kyOuT-
ocCHHIUIITOp» Heobxoaumo pemars 2N ypaBHEHUH AJSl CTOXaCTHMYECKOW BOTHOBOM
¢$yHKIMH, a HAOIIOMaeMble BETMUUHBI OTPEACSATh 3aTeM YCpeIHEHHEeM OWITMHEH-
HOW KOMOWHAIMI MOHTE-KapjOBCKHX BOJIHOBBIX (DYHKIHMH 1O OONBIIOMY YHUCITY
peanu3anuii M (4UCIIO peanu3anuil onpeaeisieTcss HeoOX0IMMONW TOYHOCTRIO). Pe-
LICHHE HE3aBUCUMBbIX AM(QepeHInanbHbIX ypaBHEHUIH XOpPOIIO pacrapaijiesinBa-
eTCsl, TOITOMY MOYKHO OXKHMJAaTh 3HAYUTEIBbHOTO YCKOPEHHS Mpoliecca BEIYUCICHUH
YCPEAHECHHBIX BEJIMYUH, aHAJOTHYHBIM TEM, YTO MOIYYalOT MPU PEUICHUN MaTPHUIIbI
TUIOTHOCTH.
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B npencraBienHo# paboTe OMKMCAHBI PUHIUIIBI pacliapaiicIMBaHUs U YUCIICH-
HOTO MOJICJTUPOBAHMSI CTOXaCTHUECKOro ypaBHeHus [lpeaunrepa, a Takxke mporpamMmm-
HBbII KOMILJICKC, IO3BOJISIOLIUI OCYIIECTBIISITh BBICOKOIIPOM3BOIUTEIIbHBIC MTAapasLIe/Ih-
uele pacyeTsl Ha GPU. ITokazana 3¢h(eKTHBHOCTh MPUMEHEHHUS KBAHTOBOTO METOA
Monte-Kapiio Jiist YUCICHHOTO MOAICTUPOBAHKS TOMOTpadUK COCTOSIHUI KYOUTOB, KO-
TOpBIE OBUTH BO30YKICHBI KOPOTKUMU PaOu-uMITyibcaMul 3aIaHHOM JUTUTEIIEHOCTH.

MOJEJTb N OCHOBHbIE YPABHEHWA

XOTsI Hallli PACCYKACHUS MOTYT OBITh OTHECEHBI K JIFOO0M MHOTOYPOBHEBOW KBaH-
TOBOW CHCTEME, 371eCh MBI Oy/leM MHTEPECOBaThCS JIMHAMHUKOHN J1PKO3e()COHOBCKOTO
OCITWJUTATOPA, B3aUMOICUCTBYIOIIETO C 3apsIIOBBIM KYOUTOM CIICIIMATEHOTO BHUIA (TaK
Ha3BIBaCMBIN «KBAaHTPOHUYM KyOHT» — quantronium qubit) [Vion et al., 2002]. ®aktu-
YECKHU ATOT MPUOOP COCTOUT U3 PACIIIETUICHHOTO 3apsI0BOT0 KyOuTa, KOT/Ia JBa CBepX-
MTPOBOJISANIMX TIepexoa (TepeuepKHyThIe KBaAparhl Ha puc. 1), QyHKIIMOHUPYIOIIHE B
pex’HMMe KyJTOHOBCKOU OJIOKa/bl, MMEIOT IMOJIHYI0 eMKOCTb Cj , KaXK/blil U3 HUX — JIKO-
3e()COHOBCKYIO SHEPIuto £j/2, KOTOpbIE «CMELIEHbI» OCTOSHHBIM MTOTEHIIHANIOM V, u
MOTYT B036Y)K)13TI)C$I JOMNOJHUTCIIBHO MUKPOBOJIHOBBIM U3JTYYCHUCM 4YE€PE3 €MKOCTH
C, (cm. puc. 1).

puc. 1. Cxema KyOuTa (LeHTp pUCYHKa), CBSI3aHHOTO C YCTPOMCTBOM 3arucy (JIeBast 4acTh PUCYHKa)
Y B3aUMO/ICHCTBYIOIIETO CO CIa00MCCHIIAaTHBHBIM H3MEPUTEIBHBIM J1XK03e()COHOBCKHM OCHUILIITOPOM
(paBast yacTh prcyHKa). I[lepedepKHyTHIMU KBaipaTHKaMu 0003HaYEHBI PKO3e()COHOBCKHE ITEPEX0/IbI

Hcnonw3ys ypaBHenust [xo3edcona u 3akonbl Kupxroda, MOXHO 3amnucarh ra-
MWIBTOHUAH OCTPOBKa U mepexonos B Buae H = Hoo + H,, Tie ramunbsronuan pac-
IIETUIEHHOTO KYTIEPOBCKOTO OCTPOBKA («UEPHBI KPY>KOK», pas3Iestonuil mxo3edceo-
HOBCKHe nepexofibl Ha puc. 1) Hog BKIIIOuaeT B ce0sl ANEKTPOCTATHYECKYIO SHEPTUIO
OCTPOBKa M JIKO3¢()COHOBCKYIO YHEPTHUIO JIBYX MaJCHBKHUX CBEPXIPOBOASIIMX IEpe-
X0/10B (KasK/Iblii ¢ oHepruei £j/2):

-1 CYOY 0
HQQ:4EC N—-———-—-| —E,cos—cosy , (1)
2 2e 2
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a raMIIBTOHHAH Z[)KOBC(i)COH(Z)BCKOFO OCHMJUISITOPA UMEET BU:

H,= Q_ EF coso- L 1(t)8, )

o~ 2C 2e
rie N u Q/2e 060011IeHHbIE UMITYIIBCHI, COMPSKEHHBIC K (ha3am y U 0, COOTBETCTBEH-
HO KYTIEPOBCKOTO U )K03¢(PCOHOBCKOTO ITEPEXOI0B (ITOAPOOHOCTH BBIBOA TAMIIIBETO-
HUaHa CHUCTEMBbI MOXKHO HalTH B pabdote [Vion et al., 2002]). Kak BuaHO, CBSA3b IBYX
MOACUCTEM OCYIIECTBIISICTCS 3a CUET OOIIEro y4acTKa Ienu, 00yCcIaBIMBaloIero mo-
apieHue Qaspl O B moTeHUMANBbHOM dHepruu (1). YnpasieHue cOCTOSHUSIMU KyOuTa
OCYIIECTBIISIETCS IIEPEMEHHBIM HanpshkerueM V(1) =V, +V, . (¢)cos @, kotopoe Mme-
HseT 3aps Ha eMKOCcTH C,, a mepeMeHHbIH ToK /(t) CITyKUT 171 yrpaBIeHus U3MEpH-
TEIBHBIM OCIIHIUISITOPOM.

BOnm3u TOYKM KyTOHOBCKOTO BBIPOXKICHUS, KOTJa SHEpru octpoBka aiust N u
N+1 gacTuil paBHBI, MOKHO MCTIONB30BaTh Gasucheie cocTosnus |N) m [ N+1) ore-
paropa uucia sactur, N|N)=N]|N). B srom noampocrpancTse: |N>=(1,0)T and
| N + 1> =(0,1)" raMWJIBTOHHMAH aNMPOKCUMHUPYETCS BBIPAXKEHUEM

Cgvrf (t) Q 2 h 2
e

o
H=2E o —E, cos—o +=——ERcosd —1(1)6, 3
C X J 2 z 2C J 2e () ()

TAC€ 0oy U 0, — CIIMHOBBIC MaTpPHUIIbI Hame.

IIpu otHOCHTENEHO MasioM Toke /(1) TK03e(COHOBCKHI OCITMILIATOP paboTaeT B
c1abo HeTMHEWHOM pesknme. Torma KocuHycHl a3kl B BRIpakeHue (3) MOXKHO pasiio-
JKUTh TIO CTETICHSIM 6:

Heff = ZEC Cgv—rf(t)ax ; —_

e 4 2e
e A=E,/4E}. BBoas oneparopbl poXIeHHs a° M YHHYTOXKEHHs & Ui Iapa-

B Q? 6 A \0* n’
B0t oot B (1+ /Zaz)? E, (1+—az)m 116, (4)

1/4
METpH3aluKd  KoopauHatel 6= (a+ a+)(2E§ I E J) U UMIyJbca OCIHIUIATOPA

A~ —1/4 A A

. R -
N =—i(a —a+)(EC /2FE J) W YYUTBIBAs, YTO [6’, N ] =1, MOXXHO TOJIy4UTb PPeK-
THBHBIA TAaMIJIBTOHWAH CBSI3aHHOW CHCTEMBl «KYyOWUT+HEIWHEHHBIA OCIUIUIATOP» B
pacIIMpeHHOM THIILOEPTOBOM MIPOCTPAHCTBE pasMepHOCTH 2N:

H@ﬁ :Hq ®E(N) +E(2) ®Hosc +Hint’ (5)

rae eaunuyHbie MaTpuibl £ u EN (pasmeprocTsiMu, cootBeTcTBEHHO, 2 X2 11 N X N),
raMIJIBTOHHAH KyOuTa, 3allMCaH B CTAaHIapTHOM BHUJIE:

h
H, = E(a)qo-z +£(t)o,). (6)
MOosKHO BHJICTB, YTO PACCTOSIHUE MEKY YPOBHsIMU KybuTa (he,= —2E,) onpene-

JAETCSA 9aCTOTOM wy/27 (~101T1m); a ynpasnsromas ynkuus £(¢) = 4E -

CV. (t
L()6YI[CT
e

WHIYIIUPOBATh MEPEXOIbI MEXKTy COCTOSHUSIMU KyOHUTa |(7> (o, (7> = 0'|(7> , o=11).
[Ipennonaraercs, 4To yrpaBiieHue KyOuToM OyaeT ocyIiecTBiseTcst Pabu-ummnyinbcamu

nepeMeHHoro noius £(¢) ~ V(¢) = Acos ot onpeneneHHoN JINTENbHOCTH.
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W3mepeHne coCTOSHUI KyOuTa NpEANoyiaraeTcs MPOU3BOAUTH HEIHMHEWHBIM
OCITWJUIATOPOM, TJ€ JJI1 IPOCTOTHI YUTCHHBI TOJBKO PE30HAHCHBIC CllaraeMbie B OTIIH-
9HUe OT UCXOTHOTO ypaBHEHUS (4):

H,. =hw,a*a—u(a*a)*+ f (t)(a+a"), (7)
2el
e w,= © _ cobcTBeHHAs wacToTa ocumatopa, 4 =ER/12h — mapamerp
nemuueiinocry, f(t)LJ1(t)/1, = f,cosQt — Bo3Oyxkmaromee mnone OCHUILIATOPA
h (2EF .
(fo==— ). IIpakTHYECKH B TIPOLIECCE U3MEPEHHS JHKO3E(COHOBCKHMI OCIIUII-

2e| E,
JIATOP MOXKET OBITh 3aXBaueH B HEMHEHHBIN pe30HaHC TOKOM «Hakadku» [(t). Taxas
MpoIIeypa OCYIIeCTBIEHA SKCIIEpUMEHTAIBHO B [Vion et al., 2002].
CornacHo (4) B3aumozeicTBre KyOuTa ¢ M3MEPUTENBHBIM OCLUIUITOPOM OIHUCHI-
BACTCS BBIPAKCHUEM:

Hi = /Z(th a‘a- %ﬂ(a+a)2)dza ®)
T7e A — KOHCTaHTa CBS3M KyOuTa B OCIUIATOpa. OTMETHM, €CITH YIIPABIIAIONIEE OIS
orcytcrByert, £(t) = 0, To oreparop B3anMoneHcTBH (8) KOMMYTHPYET C TaMHIIBTOHHA-
HOM KyOuTa (6), MOITOMY OCLHJUISTOP MPOU3BOIMT TaK Ha3bIBAEMOE «HEpa3pyLIalo-

mee m3mepenue» [Braginsky, Khalili, 1995]. B cnyuae xe aeticteus nons (g(t) # 0)
COCTOSTHHSI TIOZICUCTEM SIBIISIIOTCSI 3alTyTaHHBIMHK (entanglement states).

METOZ KBAHTOBbIX TPAEKTOPI

[Ipu paccMoTpeHNH THHAMHUKHU CUCTEMBI CYIIIECTBEHHOE BIMSIHIE OKa3hIBAIOT MPOIIEC-
CBI IeKorepeHTHOCTH. Tak, Hanpumep, IJIsi CBEpXIPOBOIHUKOBOTO KyOUTa, TAKOBBIMH
MpOIiecCaMU SABJISIOTCS: (DITyKTyaIluu 3apsaa Ha JHKO3e()COHOBCKUX KOHTAKTaxX, KBa3H-
YaCTHUIbI HA OCTPOBKAX CBEPXIPOBOAMMOCTH, B3AUMOJICHCTBHE C SICPHBIMH CIIHTHAMU
B TMOJJIOXKKE, 3aTyXaHHE MPU B3aUMOAECHCTBUU € 3JIEKTPOMATHUTHBIM YIPABISIFOIINM
MTOJIEM M U3MEPHUTETHHBIM TprOopoM. OTMETHM, YTO SKCTIEPIMEHTHI ITPOBOJIATCS TIPH
KPUOTEHHBIX TeMIIepaTypax, I03TOMY BKJIAJ ITyMa (DepMHOHHBIX BO30YKIACHUN Mall U
HE YYUTHIBACTCS B IAHHOM paboTte. [[aMUIIbTOHNAH, COOTBETCTBYIOIINH BKIa1y O030H-
HBIX BO30YXXICHUH MMEET BU/I:

H, =Fo +Foc +Ra" +R'a, )

noise

IJie 9pPMHUTOBHI oreparopsl F., F, pe3epByapa oTBedaroT 3a MPOAOIBHYIO U TOMEped-
HYIO peJlaKcaluio KyonuTa (JINHEHHO 3aBUCAT OT ONEPaTOPOB pe3epByapa), a oreparop
R(t) oTBewaeT 3a penakcalyio M3MEpUTENsHOro npubopa. TakuM 0Opa3oM, MOTHBIH
TaMHJIBTOHUAH, OTHCHIBAIOIINK DPEJaKCAIlMOHHYI0 TUHAMHKY CBS3aHHOW CHCTEMBI
«KyOUT+OCHWILISATOPY, UMEET BUA

H=H,+H,,.- (10)

s cucteMbl «KyOUT+OCHMIUIATOP» ypaBHEHHE JUIS ONepaTopa IUIOTHOCTH p,
IJie MCKIIIOUEHBI TepeMeHHble pesepByapa F., F,, R B dopme Jlunabnana, B 6opH-
MapkoBckoM npubmmkenun [Ckannu, 3yoaiipu, 2003] 3anucsiBaeTcs B BUAE:
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0, 1
_/0=_[

pras H¢ﬂ+n(@p@—/ﬁ+%%2apmf%aaﬂ—p¢a)

(11)
+§(2apa+— a‘ap—pa‘a),

e oy =(oy iio-y)/ 2,ay,H Y., — COOTBETCTBEHHO (pa30Bas M PHEPreTHYECKas CKO-
pocTu penakcanuu KyOuTa, y — mapaMmerp pesiakcanuu ocuwuisiTopa. OTMETHM, 9TO
JIAHHBIE TTApAMETPhI BBIPAXKAIOTCSI CTAHAAPTHBIM 00pa3oM 4epe3 KOPPEISIUOHHBIMH
(GyHKIMIMUA OO30HHOTO TEPMOCTATa (<FZ (t)FZ*>,<R(t)R*> u T.1.) (cM. BeIBoA B [Ckad-
nu, 3ybaiipu, 2003]).

YpaBHeHue uid MaTpULbl TIOTHOCTH (11) maeT ycpeaHeHHyIO 1o aHCaMOITio JTu-
HAMUKy CHUCTeMBI. UTOOBI MPOCIeINTh TUHAMIKY KyOuUTa M OCIHIUIATOPA B KaXKOM
aKTe U3MEPEHUs], 00paTHMCS K SKBUBAJICHTOHY S3BIKY OIMCAHUS TUHAMHUKU — METOAY
KBaHTOBBIX TPACKTOPHUI WM, KaK €ro euié¢ Ha3bIBalOT, KBAHTOBOMY MeTony MoHTe-
Kapio [Molmer et al., 1992; Plenio, Knight, 1998]. CornacHo jaHHOMY MTOJIXO/Y 3BO-
JIOIHS CUCTEMbI MOXKET OBITh nepeopMyTUpoBaHa Ha SKBHBAJICHTHOM SI3bIKE JIUHA-
MUKH COCTOSTHUN — «KBAHTOBBIX TPAEKTOPHUII».

st paccmarpuBaeMoil CUCTEMBI CyTh METO/Ia KBAHTOBBIX TPACKTOPUNA CBOIAUTCS
K cienytouiemy. [[puMeHsisi KOHeYHO-Pa3HOCTHYIO ANMPOKCUMAIIUIO 1JIsl IPOU3BOAHOM
110 BpeMeHHU B ypaBHeHuH (11) nepenuiieM ero B BUJE:

pt+A)=UptU" + At (7/{90‘po'Z +y.0 po, +yapa’ ), (12)

_ - iHgsAt/h
rae mepoe crmaraemoe B (12) ompenmensiercst omeparopoM sBosrormu U=¢

¥ OTBEYAeT 3a JWCCUIATUBHYIO JWHAMHUKY CHCTEMBlI C TaMWJIBTOHHaHOM Buraepa-
Baiickoria (cm. geramu B [ Cramm, 3yoatipu, 2003])

Hy= H,— ih% 0,0~ ih%q g- ihzl a‘a. (13)

Btopoe cmaraemoe B ypaBHeHHH (12) MOXKHO CBSI3aTh CO CIIOHTAHHBIMH TIEPEXO0-
JlaMU (CKauKaM#) B CHCTEME 3a CUET B3aMMOACHCTBHS ¢ 0030HHBIM TepMocTaToM. [1o-
MBITAEMCS TIPUAATH TIOCTIEHEMY CJIaraeMOMY BEPOSITHOCTHBIA CMBICI, UMESI B BHLY,
410 ¢ ypaBHeHHEM (12) MOXHO CBsI3aTh HEKOTOPBIH CIIydaiHbBIM Mporecc, KOTOpbIe
OyJeT IMUTUPOBATh OTHOCUTENBHBIN BKJIAJl JTUCCUITATUBHOW JTUHAMHUKH M CIIOHTaH-
HBIX TIEPEXOJI0B.

dopmansHOE pernieHue ypaBHeHuUs (12) cBoguTcs K cienyromemy. PaccmoTpum
HEKOTOPYIO PeaM3aluio 4ucToro coctosuus o, (1) =|w; () (w; (t)| (nunexc i, Hymepy-
IOIIUI peanu3aiuu, OyJeM OIyCKaTh B TeX MECTaX, I7Ie 9TO HE BBI3BIBAET HEJIOpa3yMe-
Huil). CToXacTU4eckast BOIHOBas (DYHKIIHS CBS3aHHOM CUCTEMBI | v, (t)> = Z C,.(0) | no‘>

-

MOKET ObIThb pasinoxeHa 1o 6asucy |no)=|n)®|o). CnenosarensHo, onf{a nmeer 2N
KoMITOHEHT. U3 ypaBHeHus (12) MOKHO YBUIETbH, UTO U3MEHEHNE MaTPHUIIBI IIFIOTHOCTH
00yCJIOBJIEHO ABYMSI BO3MO)KHBIMH BKJIa/laMH, COIMPOBOXKAAIOIIUMHUCS HN3MEHEHUEM
k09 punmentos C, (f) CTOXaCTHYECKON BOIHOBOH (QyHKIMH:

1) mu6o ¢ BeposiTHOCTRIOl — AP cormacHo

e_inISAt /n Cnvg (t)

V1-AP

C,,(t+At)= (14)
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MPOUCXOIUT M3MEHEHHE BOJTHOBOI (DYHKINY («TPACKTOPUM») 32 CUET TUCCUITATUBHOMN
JMHAMUKH, 371€Ch BBEJICHBI Cleayromme o0o3HaueHus: AP = Aty

7=y,+ % 1+YolC,, o |+7Xn|c, o

2) 1100 ¢ BepOATHOCTHIO AP U3MEHEHHE «TPACKTOPHIY COMPOBOMKAACTCS OTHUM
U3 CKa4yKOB:
(aszoseii as kyoura — C7_(t+At)=oC, (),

>(0),, Cro(®

SHEepreTHYecKuii ;s Kyouta — C, (t + Ar) = —=

—| 1+ ZO‘
Nn+1G,,, (@)

Sulc, ,of
B3SITBIMU COOTBETCTBEHHO C BECaMHU ne
Py, = 7_;0 > P, = Vel 14 Za Cna(t)| up, = Z:11|Cn,0(t)|2
Y4 2y Y ne
Wrak, 3a Bpems Ha6J'IIOILeHI/I$I 3BOJIFOIIMM CUCTEMBI MbI IIOJy4aeM KBaHTOBYIO Tpa-
EKTOPUIO, IPEICTABISIOLIYIO OIHY PEaIu3alUI0 MBICIIEHHOTO SKCIIEPUMEHTA — TUCCHU-
MaTUBHYIO IMHAMHUKY CHCTEMBl. YUUTBIBAs, YTO MPOLECC PEIAKCALIUM SBISETCS CITy-
YallHbIM, Ka)KJ1asl TPACKTOPHUsl YHUKaJIbHA. I HaX0XKI€HNs YCPEIHEHHON TUHAMUKU
(amaJyor Toro, 94TO TIOMy4YaeM B pesyibrare perieHus ypasaerus (11)) cmexyer moiy-
9UTh HaO0Op ennHUIHBIX peanm3aruii M ~ 1000—10000 u gamee yCpeTHUTE BETHUNHY
110 HUM
1 M
p=—>|wiO)}y O] (15)
M i=1
Kpome TOro, MOKHO BBIYMCINTH OXKHIAEMOE 3HAa4YCHHE JII000H HabmomacMoi
KBaHTOBOW cucTeMbl. Hampumep, cperHee 4HCIO KBAHTOB OCHMIIISATOpA (CpemHss

SHEPTHUA) IJIA IBYX COCTOSTHUN KyOUTOB (OCHOBHOTO «|» M BO30YXICHHOTO «1»):
M 2N

=—ZZ|mwﬂ

i=1 n=0 (16)
M 2N

ny = _ZZ | znm(t)|
i=1 n=0

MeTOH KBaHTOBBIX TpaeKTOpHﬁ, B OTJIMYUC OT aHAJIOTUYHOTO MCTOAA AJII MaTpU-
bl IJIOTHOCTU, UMCCT pAd MPCUMYIICCTB. BO—HepBLIX, 3TO BO3MOXHOCTbH HUCCIICOO-
BaTb pEJIaKCAllMOHHBIC MPOLECChl KBAHTOBBIX CUCTEM B €AMHUYHLIX p€ain3daluiax, a
HE TOJILKO YCPEIHEHHBIE TI0 aHCAMOIII0 KBAHTOBLIE TPAEKTOPHHU. BO-BTOPBIX, 3TO 3(h-
(EKTUBHOCTD paciapajleIMBaHKs METOA. YpaBHEHHME JIJIsi MATPHILIBI IUIOTHOCTH IPH-
BOJIUT K CHCTEME JIMHEWHBIX YpaBHEHUH, BKoYaromux 2N? KOMIUIEKCHBIX ITEpEMeH-
HBIX, T71e 2N — 9TO pa3sMepHOCTh THILOEPTOBA MPOCTPAHCTBA («KyOUT+HOCIMILIATOPY ).
KBanToBbiii sxe Metox MonTe-Kapino tpeGyer sumib paceMorperust 2N KOMIUICKCHBIX

. 0

CIIOHTaHHBIN U1 ocuusATopa — C) (¢ + At) =
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MEPEMCHHBIX, XAPAKTCPU3YIOLIUX BCKTOP COCTOSIHUM. Peanu3amuu CTaTUCTUYECKHU
HE3aBUCHUMBI, IIO3TOMY €CTh BO3MOXXHOCTH I'CHCPUPOBATH KAXKIAYIO pCaIn3alllio B OT-
JCJIIBHOM ITOTOKE (Ha OTACJIBHOM npoueccope), co61/1pa$[ 3aTCM JJaHHBIC U YCPCOHSA.

MOJETMPOBAHWE TOMOTPADVN COCTOAHUI KYBUTA

OnwuieM YMCICHHBIN 3KCIIEPUMEHT, UMUTUPYIOLINH MPOLECCHI, IPOUCXOASALINE B OT-
KPBITOH KBAaHTOBOH CHCTEME «KyOMT+HENMHEWHBbIH ocumiuistop». Kak wn3BecTHO,
KJIACCUYCCKHU HEIMHEHHBIN OCIUIUIATOP AEMOHCTPUPYET OU(YypKaIMOHHOE TIOBEIe-
Hue (oudypkaums AnapoHosa-Xomnda) Npu U3MEHEHUH aMIUTATYAbl BHEIIHETO Iepe-
menHoro moiist [Siddiqi et al., 2004]. BeiOupast cCOOTBETCTBYIOIIMM 00pa30M YacTOTy
AMIUTUTYAY BHEIIHEH CHIIBI (HAKaYKH ), MOXXHO OCYIIECTBUTDH KOJIeOaHUE OCLMIIISTOpa
BOJIM3M CEeMapaTpuChl, OTJEISIONEH B ()a30BOM MPOCTPAHCTBE TMOJIOKEHHS paBHOBE-
CHsI OCIIMIUIATOPA (pa3yMeeTcsi, 3TO OCYLIECTBUMO Ha BPEMEHaX, CylIeCTBEHHO MEHb-
IIUX BPEMEHHU pellakcaruu ocumwuisiTopa). OqHako B cioydae U3MEPEHUN COCTOSHUMN
KyOuTa paboTa OCLUMIIISTOPA OCYLIECTBIAETCS B KBAHTOBOM PEKUME, KOT/la OCLMILILA-
TOp 3aXBaThIBACTCS B KBAHTOBBINM HETMHEHHBIN pe3oHaHc. [10CKoMbKy 4acToTa OCLnII-
JsiTopa OyZeT 3aBUCETh OT COCTOSIHUS KyOHUTa, TO OH MOXKET «I1epe0pachIBaThCs» B TO
WIN MHOE TIOJIOKEHHE PaBHOBECHS, 3aBHCALICE OT COCTOsSHMM KyOuTa. Takoii mepe-
Opoc MOXeT OBbITh 3apEeTHCTPHPOBAH, a MPOIeypa U3MEPEHUSI OCYIIECTBISIET MPO-
LECC «IPOEKTUPOBAHUS» KBAHTOBOI'O COCTOSIHHA. D(PPEKTUBHOCTH HCIIOIb30BAHUS
OoudypKrarMoOHHOTO J1KO3€(COHOBCKOTO OCHMIIISITOPA B HEIMHEHHOM PEKUME JIJIs
KBaHTOBBIX U3MEPEHUI MPOAEMOHCTPUPOBAHA SKCIIEPUMEHTaNIBHO B padorax [Siddiqi
et al., 2004, 2006].

YuciieHHbIH 3KCIEPUMEHT Ka4eCTBEHHO ONUCBIBACT CXEMY JKCIepUMeEHTa [ Vijay
et al., 2011] mo u3MepeHUIo COCTOSHUS KyOUTa TOCie BO3ACHCTBHA KOPOTKUX Padu-
UMIIyJIbCOB: 7T M 27 UMITYJIbCOB. B HadaibHBIII MOMEHT BpeMEHH KyOUT HaXOAWUTCS
B OCHOBHOM COCTOSIHUH, 32 CUET Z-MMITYJIbCa MIPOMCXOJUT BO30YKACHUE Ha BBICIINI
YPOBEHbB, a 277-UMITYJIHC OCTABJISICT KyOUT B OCHOBHOM COCTOSTHHH. J[anmee Bo3meiicTBre
Ha KyOuT npekpamiaercsi (A=0 B BelpaskeHuu (6)), a, clenoBaTeIbHO, TAMUIBTOHUAH
KyouTa (6) KOMMYyTHPYET ¢ TaMHJIBTOHHAHOM OCIMIUIATOpA (7), 9TO TIO3BOJISIET BBI-
JIENUTH JIBa TIOANPOCTPAHCTBA, OTBEYAIOLINE 32 COCTOSIHUSI KyOHTa — OCHOBHOE («|»)
1 BO30YyXKIeHHOE («1»):

H,= hw, (- 4)a’a—x(1-=)(a"a)* + f,cos(Qt)(a+a”),

4 (17)
H, = ho, 1+ 1)a*a—u(l +§)(a+a)2 + f,cos(Qt)(a+a").

Takum o0Opa3zomM, 3a cueT 3((HEKTUBHOTO ClIBUTA COOCTBEHHON YacTOTHI U3MEPH-
TenbHOro ocuuaTopa @, =@, (1-1) u o, =w,(1+ 4), a Taxke napamerpa HeJu-
HEHHOCTH, MMPOU30WET N3MEHEHHE COCTOSHUN KYyOHWTa, YTO MO3BOJUT OCYLICCTBUTH
«IACKPUMHHAIINIO» (TOMOTpa(HIo) COCTOSHUI KyOuTa.

[IpenBapurenbHO TPHUBEIEM pPE3yJbTaT TECTHPOBAaHUs Mporpammbl. Ha puc. 2
TIPUBOIIUTCS XapaKTePHBIN Tpaduk U3MEpPEeHHUs CpemHuX dHepruil ociniatopa (16)
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N, (xpacHas xpuBast) u N, (YepHas KpuBas) Ha BPEMEHAX, KOIJA XapaKTepHOE Bpe-
Msl SHEPreTHUYECKOH pelaKkcaluu MHOTO OOJblle BPEMEHH AEHCTBHS CUMTBIBAIOLLIE-
ro ummynsca 7: 1/y, >>t=50T (T =27/€). 3aBUCUMOCTU Ha PHC. 2 yCpeaHe-
Hel o M = 10000 TpaekTOpHsiM, YTO JaeT XOPOIIEE COITACOBaHME C pPElICHHEM Ha
ocHOBe mnpsiMoro pemenus auddepenuansroro ypasaenus (11). [TorpemrHocTs 3a
CUET HCIIOJIb30BAHMUS CTOXACTUUECKOIO METOJa KBAaHTOBBIX TPAEKTOPUH COCTaBIIET
~1/IM =1%.

puc. 2. CpenHsis SHeprus OCLMIUIATOPA B 3aBUCUMOCTH OT COCTOSIHHMI KyOuTa: KpacHas KpuBas —
nocyue AecTBus Ha KyOuT 2z Pabu-uMmynbca, yepHas KpuBast — [ocje BO3ACHCTBUS Ha KyOuT
7 Pabu-ummynbca. [Tapametpsl cuctemsl: @, =1,03, Q=1, = 107, f,=0,3, 1=0,02, y =0,01
(B Oe3pa3sMepHBIX CIMHHLAX)

[TogoOHbIe SKCTIEpUMEHTHI HaJl KyOMTaMu npoBonwinch B padote [Siddiqi et al.,
2006] nist KanMOPOBKH U3MEPHUTEIBLHOIO IPUOOpa, a TAaKXKe ISl ONPe/Ie/ICHUs uara-
30Ha pa3peLIeHuUs COCTOSHUN KyOnuTa. AHaJIOTHYHBIE 3aBUCUMOCTH pa30opoca cpeTHUX
SHEPTUil OCUMIIISTOPA B 3aBUCUMOCTH OT COCTOSTHMN KyOuTa ObLTH IPOMOJEINPOBa-
Hbl HaMH (cM. puc. 3). [IpsiMOyroibHbIe CTOIOMKH Ha THCTOIPAaMME PUC. 3 OTPaXKalor,
Kakoe KOJMUYECTBO «KBAHTOBBIX TPACKTOPHID» (aHAIOT OIHOTO aKTa U3MEPEHHs CH-
cremsl Ha onbiTe [Siddiqi et al., 2006]) momano B BEIAETCHHBIN HHTEPBAJ YHEPTHA B
MOMEHT MpeKpalleHns AHCTBHS CYMThIBaIOIIEro uMiysbca t' = 507 (koHer| KpUBBIX
Ha puC. 2), a CIUIOLIHbIE KPUBBIC — allIPOKCUMUpYIOLIE QYHKLIUHN paclpeaeaeHus,
MOCTPOEHHBIE TI0 CTATUCTUYECKMM JaHHBIM. 3a CYET TOTrO, YTO COCTOSHHUS XOPOILIO
pasHeCceHbI 10 SHEPTUsIM ((PYHKIMH pacrpeesieHUs He TePEKPBIBAIOTCS ), TO BO BpeMs
SHEPTEeTHYECKOTO CKavYKa KyOHTa dHEPTHs OCIIIUIATOPA U3MEHUTCS HA 3HAYUTEIIBHYTO
BenmuunHy ON =N, —N, ~40 kBaHTOB, 4TO M perucTpupyercs Ha omsite. CenoBa-
TEJIHO, KBaHTOBBIH MeTox MonTte-Kapno mo3BonsieT HampsMyro MpoMOIeINpOBaTh
pesynbratsl skciepuMenToB [Siddiqi et al., 2006; Vijay et al., 2011], a Takxe momo-
OpaTb pabouyI0 TOYKY M XapaKTepUCTUKH UMITYJIbCOB JJISi H3MEPHUTEIHHOTO Mprdopa
1 KyowuTa.
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puc. 3. Tucrorpamma pacmpeneneHns CpeHuX suepruii (6) N (depHas kpusas Ha puc. 2) u (a) Ny
(KpacHast KpuBasi Ha pHC. 2) OCHMILIATOPa B MOMEHT Bpemenw t*= 507 mis M = 10000. [Tapamerpst
CHCTEMe aHAJOTHYHbI TEM, UTO TIPEACTAaBICHBI Ha PUC. 2

CXEMA PACTMAPAJITENIMBAHNA N MACLUTABUPYEMOCTb

[Iporpammuas peanuzanys ONHCAHHOIO BBILIIE METOJA KBAHTOBBIX TPACKTOPUH BbI-
MOJTHeHa Ha A3bIKe mporpammupoBanus C ucnonb3oBanuem texHonoruii MPI [Iep-
renb, 2010] u CUDA [bopecko, Xapaamos, 2010; Canaepc, Kanaport, 2011]. OcHos-
HBIC UCIOJIb3yEeMbIC CTPYKTYPBI JaHHBIX — MAacCUB Ui XpaHeHHs Ko3(duuneHToB
raMHJIBTOHHAHA CBS3aHHOM CHCTEMbI «KyOUT+OCIIMIIISATOPY», MACCHBBI JUISI XPaHECHUS
XapaKTEPUCTUK YCPEOHEHHOU TpaekTopuu. PacnpezneneHue BBIUMCIUTENBHON Ha-
IPY3KA MEXIYy y3JaMH KJlacTepa BBIMIOJHEHO C HCIOJIb30BaHUEM TexHosioruu MPI.
Ha xaxaoMm y3ne kiactepa JUisi pacueTa TPacKTOPUM HMCIOJb3YHOTCS BO3MOKHOCTH
rpaduueckux yckopurenei. [1ocKolbKy pacdeT OTAENbHBIX KBAHTOBBIX TPACKTOPUH
SIBIISIETCS] HE3aBUCUMBIM, KaX/1asi U3 HUX PaCCUUTHIBACTCS OTAEIbHBIM ToTokoM GPU,
pu 3ToM ofuH noTok GPU MokeT nociaenoBaTesIbHO pacCUUTATh HECKOIBKO TPACKTO-
puil. He3HauuTenbHast 10J1s MOCIEA0BATENBHOIO KO/Ia HE OKA3bIBAET CYLIECTBEHHOIO
BITUSTHUS HA BPEMSI BHITIOJTHCHHUS.

Ha nepBom miare anroputma BBINOJHAKOTCA HHMUIManu3auus MPI, Beigene-
nue namstd Ha GPU, pacder ko puIIMEeHTOB raMUIbTOHHAHA CBS3aHHOW CHCTEMBI
«kyout-+ocummsitopy. g xpanenust nanueix Ha GPU B Tekymeit peanusauuu uc-
MOJIB3YETCs TOJNBKO II00ATbHAS TIAMSTh.

Ha BTopoMm mare anroputMma BeITonHsAeTcs pacdeT Ha GPU oTAaenbHBIX TpaeKTo-
puil 1 cOOp CTAaTUCTHYECKHUX XapaKTepUCTHUK TpaekTopwii Ha kaxaoMm GPU. Ipu pac-
YeTe TUCCUMATUBHONW TUHAMMKH CHCTEMBI HCTIoNIb30Basics Meto Pynre-KyTTer 4 mo-
psaka. @opMHUpOBaHNE MAacCUBA CIAYYaHBIX YHUCEN, HEOOXOAUMOTO ISl pear3aliu
CKAUKOB, BBIMOJIHAJIOCH nocpenctsom anroputma MCGS59. HezaBucumocts pacuera
OTIIEIbHBIX TPACKTOPUN MO3BOJIIET PAaBHOMEPHO 3arpy3UTh BCE HCHOJIb3YyEMbIC IS
Beranciennii GPU.

Ha tpeTthem mrare mpou3BoauTCs cOOp CTaTUCTUYECKUX JAHHBIX HA HYJIEBOH Mpo-
LECC, UX YCPEAHECHUE W BBIBOJ, a TaKyKe OCBOOOKICHUE BBIICICHHON MaMsTH U Jie-
nHunmanuianus MPI.
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BeruncnurenbHble SKCIEPUMEHTHI MPOBOAMINCH Ha Kiactepe «JloGaueBckuiiy
Huxeropoackoro rocynapctsenHoro yHuBepcutera uMm. H.M.JlobaueBckoro. Ml uc-
0JIb30BaIM 710 64 y350B cienyroieil konpurypanuu: 2x Intel Xeon ES-2660 CPU
(8 cores, 2.2 GHz), 64 GB RAM, NVIDIA Kepler K20X (2 nim 3), OS Linux (CentOS
6.4), Intel C/C++ Compiler, Intel MPI, CUDA 6.4 Toolkit. Ha xaxtom y371€ HCTI01h30-
BaJIMCH J1Ba rpa)uueCcKUX COMpoLeccopa.

[Ipu mpoBeaeHUM SKCTIEPUMEHTOB paccunuThiBanack cuctema ¢ N = 50 ypoBHsamH,
Bpemst pacdera t*= 507, miar mo BpeMeHH Mpu pacuere ckaukoB dt = 0,02, mar mo
BpEMEHH TIpH pacdete MeTonoM Pynre-KyTTer Atzx = 0,000667, gucio Tpaekropuiit M
ot 4 000 mo 128 000.

Tabdauua 1. Bpems pacdera u ycKOpeHHE anropuTMa Ui pacdera PU3HIeCKUX BETHIHH
npu ycpeaaernd mo M = 128 000 KBaHTOBBIX TPaEKTOPHH.

uyrciao GPU ycrpoiicTB BpeMs, C yckopeHue otHocutenbHo 4 GPU
4 5898 1
8 3841 1,54
16 1291 4,57
32 1163 5,07
64 1054 5,60
128 1017 5,80

B Tabnuue 1 npuBeneHsl JaHHBIE 10 YCKOPEHUIO B 3aBUCUMOCTHU OT MCIIOJIb30Ba-
HUS HECKOJIBKUX Tpaduieckux ycTpoicTB. OTMETHM, YTO IPH HCIIOIb30BAaHUN OOJIb-
LIOT0 4uciia rpaMuecKux YCKOpPUTENel HeI0CTaTOYHOE KOJIMYECTBO TPACKTOPUN Ha
GPU He no3BosnsieT 3pPpeKTUBHO UCIOIB30BaTh €10 BO3MOKHOCTH, YTO HAIVISIIHO BHI-
HO u3 puc. 4, u HaunHas yxke ¢ 32 GPU ycTpolicTB yckopeHUs! MpH BBIYHCICHUSIX
He Haliroaercs.

puc.4. Bpems paboTs! mporpaMMsl Ipy (pUKCHPOBAHUM CYMMApPHOTO YHMCIIa KBAHTOBBIX TPACKTOPHI
M =128 000
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Tabdauna 2. Bpems pacuera npu pacnpenenenuu no M = 1 000 KBaHTOBBIX TpaeKTOpUi
Ha kaxabii GPU yckopuTensb.

gucino GPU ycTpoiicTs BpeMs, C
4 1097,25
8 1101,05

16 1080

32 1055

64 1026

128 1017

puc. 5. Bpemst paboTsI mporpaMMsl IpH (PHKCHPOBAHHOM YHMCIIe KBAHTOBBIX Tpaekropuit M =1 000
Ha kaxxgom GPU

Jannpie TaOmuipl 2, n300pakeHHbIE Ha PUC. 5, WLTIOCTPUPYIOT aOCOMOTHYIO
c1alyro MacIITOMPYEMOCTh Pealiu3allui, OKUJIAEMYI0 MMPU HCIIOIb30BAaHHH METOJIA
MonTte-Kapio ¢ He3aBUCUMbBIMU UCTIBITAHUSIMU.

3AKJTIOYEHUE

B pabore mpoBeneHO YHMCIEHHOE MOJECIUPOBAHUE JMCCHIIATUBHOW TUHAMHUKH KO-
3e()cCOHOBCKOTO KyOMTa, B3aMMOJCHCTBYIOIIETO C M3MEPHUTENILHBIM OCHUILISITOPOM,
C UCIIOJIb30BAHUEM METOJ1a KBAHTOBBIX TPACKTOPUH. J[aHHBII NOAXO0/ TIO3BOJISET IIPO-
MOZETIMPOBATh HANPSAMYIO PE3ylbTaThl «OJHOKPATHBIX)» HEpaspyLIaloLINX H3Mepe-
Huii (single-shot measurement) [Neumann et al., 2010; Vamivakas et al., 2010; Vijay
etal.,2011], To ecTb MPON3BOJUTH MOHUTOPHHT COCTOSTHHI CHCTEMBI B PEabHOM Bpe-
MEHHM JJIs1 OJHOTO aKTa u3MepeHus. [IpuBeneHs! pe3ynbraTsl HCCIEAOBAaHUS BO30YX-
JCHHSI CUCTEMBI AByMs THUIaMU PaOu-MMIyTbCOB: KOPOTKUM M JUTUTEIBHBIM B €IH-
HUYHBIX peaju3alysx U JJs YCpeAHeHHOHW 1o ancaMmOimo auHamuku. [lokazaHo, uTo
HOBEAICHUE KyOuTa B 9THX CIy4asx CyLIECTBEHHO pasziauuarorcs. B ciydae ycpennen-
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HOW JAMHAMMKH AJIS JUIUTENbHOTO Pabu-umimysbca HaceJIeHHOCTH YPOBHEW CHCTEMBI
BBIXOZAIT Ha HacelmieHue P ~ 0,5, B oTMume OT eqUHUYHBIX peau3alnii, I1e MOXKHO
MIPOCJICAUTH HECKOJIBKO TUIIOB KBAHTOBBIX CKauKOB: (ha30BbIii, SHEPreTHUCCKUI U Tep-
MHUYECKHUH (B3aMMOJCHCTBHUE C TEPMOCTATOM). Pe3ylbTaTsl YUCIICHHOTO MOIETHUPOBA-
HUSl Ka4eCTBEHHO COIVIACYIOTCSl C pe3ylbTaTaMH dKcrepuMeHTa [Vijay et al., 2011].
Ecnu npoBoAWTh aHAIOTHIO C M3MEPEHUSAMHU B KBAaHTOBOW OINTHKE, HATIPUMED, U3Me-
pEeHHEM pe30HAHCHOM (ITyOpECIICHIINHE aTOMOB, TO METO/I KBAHTOBBIX TPACKTOPHUH 10-
3BOJISIET TIOIYYHUTh HH(POPMAIIHIO O CUCTEME HE TOJIBKO B CPETHEM 110 aHCAMOJIIO, HO U
[IPOMOJIETUPOBATh MTOBEIEHUE KAXKI0I0 aTOMa B OT/IEIbHOCTH.

B cuimy Toro, uTo pacueT KBaHTOBBIX TPAEKTOPH BHIITOIHAETCS HE3aBUCUMO, JTaH-
HBIM METOJ JAOIyCKAET €CTECTBEHHOE paclapaiieInBaHUE, MO3BOJIIONIEE PEATU30-
BaTh PACUYEThl TPAEKTOPHUI B BUJE OTAEIHHBIX OTOKOB. OCHOBBIBAsSICh HAa 3TOM CBOi-
CTBE, MOJEIUPOBAHUE AMCCUIIATUBHOM AMHAMHUKH B JaHHOW paboTe MpOU3BOAMIICS
C UCTOJIb30BaHNEM rpaduueckux yckopureneit u rexnoiorun CUDA, 4To mo3Bosuiio
JOCTHYb 3aMETHOTO YCKOPEHUS IIPU PACUETE YCPETHEHHBIX XapaKTEPUCTHUK.

JINTEPATYPA

[Bopeckos, Xapmamos, 2010] hopeckos A.B., Xapnamos A.A. OcHOBBI pabOTHI C TEXHOJIOTHEH
CUDA // M.: IMK Ilpecc, 2010. 232 c.

[Teprems, 2010] I'epeens B.I1. Teopuss M mNpakTHKa NapaiebHbIX BbIMHCICHUH // M.:
Wntepuet- Yausepcurer Mapopmarmonusix Texnomornit; burom. Jlaboparopus 3HaHUH,
2010, 423 c.

[Hunbcen, Yanr, 2006] Hunvcen M., Yane M. KBaHTOBBIE BBIYMCIICHHS M KBAHTOBast HH(OpMa-
s // M.: Mup, 2006. 824 c.

[Cannepc, Kanaport, 2011] Canoepc ., Kanopom 3., Texnonorust CUDA B npumepax. Beene-
HHE B IIporpaMMupoBanue rpaduueckux npoueccos: [lep. ¢ anmi. Ciaunkuna A.A. // M.:
JMK TIlpecc, 2011. 232 c.

[Cxammm, 3y6aiipu, 2003] Cranau M.O., 3ybaiipu M.C. KBanTtoBast ontuka / M.: ®usmamiur,
2003. 512 c.

[Braginsky, Khalili, 1995] Braginsky V.B., Khalili F.Ya, Quantum measurement // Cambridge
University Press, 1995. 191 p.

[Hatridge et al., 2011] Hatridge M., Vijay R., Slichter D.H., Clarke J., Siddiqi I., Dispersive
magnetometry with a quantum limited SQUID parametric amplifier // Phys. Rev. B. 2011.
V. 83. P. 134501.

[Ladd et al., 2010] Ladd TD., Jelezko F., Laflamme R., Nakamura Y. Monroe C.,
O’Brien J.L. Quantum computers // Nature. 2010. V. 464. P. 45.

[Molmer et al., 1992] Molmer K., Castin Y., Dalibard J. Wave-function approach to dissipative
processes in quantum optics // Phys. Rev. Lett. 1992. V. 68. P. 580.

[Plenio, Knight, 1998] Plenio M.B. and Knight P.L. The quantum-jump approach to dissipative
dynamics in quantum optics // Rev. Mod. Phys. 1998. V. 70. P. 101.

[Neumann et al., 2010] Neumann P, Beck J., Steiner M., Rempp F., Fedder H., Hemmer P,
Wrachtrup J., Jelezko F. Single-shot readout of a single nuclear spin // Science. 2010.
V. 329. P. 542.

[Siddiqi et al., 2004] Siddiqi 1., Vijay R., Pierre F., Wilson C.M., Metcalfe M., Rigetti C.,
Frunzio L., Devoret M.H. RF-Driven Josephson Bifurcation Amplifier for Quantum
Measurement // Phys. Rev. Lett. 2004. V. 93. P. 207002.

98



KBAHTOBBIE TPAEKTOPUIA 1 TOMOTPAOUA COCTOAHWIA CBA3AHHOI CUCTEMbI KYBUT-U3MEPUTENbHbIA NPUBOP

[Siddiqi et al., 2006] Siddiqi L., Vijay R., Metcalfe M., Boaknin E., Frunzio L., Schoelkopf R.J.,
Devoret M.H. Dispersive measurements of superconducting qubit coherence with a fast
latching readout // Phys. Rev. B. 2006. V. 73. P. 054510.

[Vamivakas et al., 2010] Vamivakas A.N., Lu C.-Y., Matthiesen C., Zhao Y., Fdlt S., Badolato A.,
Atatiire M. Observation of spin-dependent quantum jumps via quantum dot resonance
fluorescence // Nature. 2010. V. 467. P. 297.

[Vijay et al., 2011] Vijay R., Slichter D.H., Siddiqi I, Observation of Quantum Jumps in a
Superconducting Artificial Atom // Phys. Rev. Lett. 2011. V. 106. P. 110502.

[Vion et al., 2002] Vion D., Aassime A., Cottet A., Joyez P, Pothier H., Urbina C., Esteve D.,
Devoret M.H. Manipulating the Quantum State of an Electrical Circuit // Science. 2002.
V. 296. P. 886.

[You, Nori, 2011] You J.Q., Nori F. Atomic Physics and Quantum Optics using Superconducting
circuits // Nature. 2011. V. 474. P. 589.

QUANTUM TRAJECTORIES AND TOMOGRAPHY STATES
OF THE COUPLED SYSTEM QUBIT-MEASURING DEVICE

V.P. Gergel, M.V. Denisenko, A.V. Liniov, D.S. Pashin, A.M. Satanin
Lobachevsky State University of Nizhny Novgorod (NNGU), Nizhny Novgorod

The algorithm based on quantum trajectory technique (Monte Carlo wave-function method) for
modeling dissipative dynamics of multi-level quantum system was developed. The simulation
of the interaction process a qubit with a quantum nonlinear oscillator based on the developed
method has been conducted. It is shown that the measuring result for the average energy
(number of photons) of the oscillator gives a possibility to carry out separation (tomography)
of qubit states both as an average over an ensemble and as for a single trajectory. Monte Carlo
wave-function method allows for effective parallelization on heterogeneous high performance
computing clusters in calculation of experimentally observed values in multi-level quantum
systems with relaxation processes. The basic principles of parallelism algorithm for solving
stochastic Schrodinger equation, which were implemented by us in program complex, allowing
to carry out high performance parallel calculations using GPU have been described. The
efficiency of graphics accelerators, scalability of the method was demonstrated and possibility
of interconnection of multiple graphics cards using MPI-technology was described.

Keywords: qubit, non-destructive measurements, quantum trajectory technique (Monte
Carlo wave-function method), GPU, CUDA.
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[onpobuas nudopmaryst 0 3aBUCUMOCTH XapaKTEPUCTUK KOPOTKHUX KalMJUIIPHBIX BOJH OT Xa-
PaKTepUCTHK OoJiee KpyITHOMACIITaOHOTO BOJIHEHNUST HEOOXOIMMa [Tl MHTEPIPETALUH TAHHBIX
JMCTaHIIMOHHOTO 30HANPOBAHUS IOBEPXHOCTH OKeaHa. B 1aHHOI paboTe MeTo1aMy YHCIIEHHO-
IO MOJEIUPOBAHUS U3yUYaeTCs MPOLECC TeHepaluy IeUMETPOBBIMU BOJTHAMHU «IIAPa3UTHOI
KalMJUISIPHOM psiOu, a TAK)KE UCCIEAYeTCsl MEXaHU3M KacKaJ HOW MOIYIISIUN PSAOH JITMHHBIMU
Bo/HaMU. YHCIeHHas MOJIENIb OCHOBAHA HA MOJIHOCTHIO HEITMHENHBIX YPAaBHEHUSAX JBUKECHUS
JUISL JIBYMEPHOTO TOTEHIIMAIBEHOTO TEYEHUSI CO CBOOOIHOM MMOBEPXHOCTHIO M HUCIIONB3YET OT-
CIIS)KUBAIOLIHE POPMY TPaHHIIBI XKUAKOCTH KOH(POPMHBIE KOOPANHATHI.
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Kniouesvie cnosa: uncieHHoe MOAEINMPOBAHUE, BOJIHBI HA BOJE, ZPEPU.

BBEJEHWE

[Ipu noctpoeHnn pagron300pakeHus MOBEPXHOCTH OKeaHa MOJIE3HBIA CHTHAIl OIpe-
JIeNIAeTCsl XapaKTepPUCTUKAMHU TOBEPXHOCTHBIX BOJH CAaHTHUMETPOBOTO JHaria3oHa,
[T03TOMY ITOHMMAaHHE MEXaHN3MOB MOYJISIIH PACIIPEEIICHUS] KOPOTKHUX BOJIH B ITOJIE
TEYCHUH JVIMHHBIX BOJIH Ba’KHO [UIsSl HHTEPIPETALUH AaHHBIX TUCTAaHIMOHHOTO 30HH1-
poBanus [Hasselmann et al., 1985]. Kpome Toro, mepenada uMIryisca oT aTMocqepsl
OKeaHy MPOUCXOJUT B 3HAUUTEJILHOM Mepe 3a CUeT B3aUMOJEHCTBUS BETPa C KOPOT-
KOBOJIHOBBIMH KOMITOHeHTaMu BosiHeHUs [Miles, 1957; ®@ununc, 1980]. Cyiectso-
BaHUE MEXaHU3Ma, B pe3ysbraTe ACWCTBUS KOTOPOTO pacipe/esieHue KOPOTKUX BOJIH
CTaHOBMTCS 3aBUCUMBIM OT (ha3bl JUIMHHOM BOJIHBI, MOXKET UIPATh BAKHYIO POJIb UL
rporiecca reHepanuu IIHHABIX BoiH [Longuet-Higgins, 1969].

Tpanchopmanus 1eMMETPOBBIX BOJIH Ha HEOJHOPOIHOM TEUECHHH YJIOBICTBOPH-
TEJHHO OMUCBIBAETCS B paMKaxX ypaBHEHUI KUHEMaTHUECKOW TEOPUH U 3aKOHA cOXpa-
HeHUsl BOJHOBOTO jelicTBus [Bretherton, Garrett, 1968]. Takas «aByxmaciiraOHasy»
(T.e. yUHTHIBArOIIAs JIUIIH B3aMMOICHCTBUE UIMHHOW M KOPOTKOHM BOJIH) MOJIENb I10-
BEPXHOCTHOI'O BOJIHCHMS MCIONbB3YETCs U1l pacueTa MOLYISILUOHHON MepenaTouHON
¢yskmnu B [Keller, Wright, 1975]. [IByxmacmitrabHasi Mojenb, OAHAKO, HE MO3BO-
nsieT 0OBSCHUTH OCOOCHHOCTH MOAYJISIIMU CAHTUMETPOBBIX BOJIH; B CBSI3U C 9THM B
[Lyzenga, Bennett, 1988] mpeqaraercs y4uThIBaTh HAJIMYHME B CUCTEME ITPOMEKYTOU-

HocaeB Anexcannp Cepreesud — MHcTuTyT npukiansoi ¢pusnku Poccuiickol akajeMuu Hayk, Miaj-
MK Hay4IHBIA cOTpynHUK, dosaev(@hydro.appl.sci-nnov.ru

Tponnkas HOmust Uropesna — MuctutyT npukiaaHoil ¢pusnku Poccuiickoil akageMun Hayk, 3aBeylo-
11ast OT/ICJIOM, TOKTOp (hrU3MKO-MaTeMaTnieckux Hayk, yuliya@hydro.appl.sci-nnov.ru
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HOTro MacmTada — BOJH C JJIMHOW OOJbIlie OPATTOBCKOM, HO TEM HE MEHEee KOPOTKHX
10 CPABHEHUIO C JUIMHHOW BOJHOW. Mcnonb3oBaHHAs I pacueTa MOAYJISILIUOHHOMN
nepenarouHor GpyHkiuu B [Romeiser et al., 1994] «rpexmaciirabHasy MOJCIb YUH-
THIBa€T MOJYJIALINIO M aCHMMETPHYHOE pacrpesiesieHne OpPITTOBCKIX BOJTH HA BOJTHAX
MIPOMEXYTOUHOH JITMHBI.

B pab6ore [EpmakoB, Camammn, 1994] skcnepumenTtanbHo, a B [Charnotskii
et al., 2002] uncnenno B pamkax npuOnmkeHHoi reopun Jlonre-Xurrunca [Longuet-
Higgins, 1995] uccnenyercs BaMsHUE KPyTHOMACIITAOHOTO TEUEHHs HA pacrpeese-
HUE KaWUISIPHOW PsiOU, BO3HUKAIOIICH HAa CKJIIOHAX JICIIMMETPOBBIX BOJIH. 3BecTHO,
YTO KPYThIC IEIMMETPOBBIC BOJIHBI Ha TIOBEPXHOCTH JKUIKOCTH MOTYT T€HEpUPOBAThH
Ha CBOEM IepeTHEM CKIIOHE KBa3UCTAIMOHAPHYIO OTHOCUTEIFHO TPeOHS KapTHHY «Ta-
pasUTHO» KamyuIsIpHO# psiou. B pabotax Jlonre-Xurrunca [Longuet-Higgins, 1963;
Longuet-Higgins, 1995] onmcan MexaHH3M 3TOTO SIBIEHUS W JAHO JIETAIbHOE 00b-
sCHeHHE (POpMBI TEHEPUPYEMOTO I1yTa KaWUIAPHBIX BOJIH. C yBEIUYEHUEM aMILIUTY-
1l BontHbl CTOKCa Ha rpeOHE BOZHHMKAET y3Kas 00J1acTh, T/ie KPUBH3HA MOBEPXHOCTU
3HAUUTEIBHO TPEBBIIIACT 3HAYCHUS] KPUBHU3HBI JJISI OCTAIBHBIX YYacTKOB MPOQUIIS.
VYuuTpiBas AeHCTBUE CUII OBEPXHOCTHOTO HATSXKCHUS 110 TEOPUU BO3MYILICHHUH, MbI
MOYKEM CUUTaTh, YTO K MOBEPXHOCTH >KMIKOCTH IMPHIIOKEHO naBienue p = Tk, 17e
T — k03¢ (UIMEHT TOBEPXHOCTHOIO HATSKEHUS, K — KPUBU3HA IIOBEPXHOCTU BOJIHBI
Crokca. Toraa cBsi3aHHOE ¢ IpeOHEM y3KO€ paclipeiejieHne JaBIeHHUs MOKHO paccMa-
TPUBATh KaK JBMKYIINICS UCTOYHHK, KOTOPBIH NPH HAINYKHN (a30BOr0 CHHXPOHH3MA
MOKET M3JIydaTb BOJHBI. Tak Kak IpyImnoBas CKOPOCTb KAaMJUIIPHBIX BOJIH IPEBBI-
mraet (azoByro, KanWJUIsIpHas psiOb TeHEpUpYeTCsl Ha TMepefHEeM CKIOHE OCHOBHOM
BOJIHBI. AMITIUTY/Ia TCHEPUPYEMOM psiOM YyBCTBUTEIbHA K U3MEHEHUSIM aMILTUTY/IbI
OCHOBHOH BOJTHBI. [T0CKONBKY IyT TpaBUTAIMOHHO-KATMIISIPHBIX BOJH Ha MOBEPXHO-
CTH JUTMHHOW BOJIHBI MOAYIUPYETCS TaKUM 00pa3oM, 4TO Ha rpeOHe AITMHHON BOJIHBI
KOPOTKHE BOJIHBI CTAHOBSITCSI Kpy4€, YEM Y MOAOIIBBI, aMIUINTYa PAOM TaKKe 3aBU-
CHUT OT (a3bl IJIMHHON BOJIHBL.

Hacrosmas paborta nocssiiieHa HCCIEAOBAHMIO TPEXMACIITAOHOTO MITH «KacKal-
HOT'0» MEXaHNW3Ma MOIYJISIIMHA KOPOTKHUX ITOBEPXHOCTHBIX BOJIH B IPUCYTCTBUH JUTHH-
HBIX BOJIH METOJIAMH YUCIICHHOTO MOJICTUPOBAaHUS B pAMKaX TOYHOM CHCTEMbI ypaBHe-
HUH THIPOTMHAMUKY, BBIPAKEHHBIX B KPUBOIUHEHHBIX KOH()OPMHBIX KOOPJIUHATAX.
[TporpaMma Jijist YUCICHHOTO HHTETPUPOBAHUS YPABHEHHI IBUIKEHUSI ObLIa HAIMCaHa
¢ ucnons3zoBanueM uHTEpdeiica OpenCL u MPOBOAWT BEIYHCICHUS Ha TpauaecKoM
nporeccope.

2. ONMNCAHWVE MOAENN

Jliist onucaHusl AMHAMUKY HEJIMHEHWHBIX TOBEPXHOCTHBIX BOJH Ha TTyOOKOH Boje Oy-
JACEM UCIOJIB30BATh YPABHCHUA 3BOJIIOIHUU ABYMCPHOTO IMOTCHIIMAJILHOI'O TCUCHU A HE-
BSI3KOM JKUJIKOCTH CO CBOOO/IHOM MIOBEPXHOCTHI0. B 00nacTu TeueHust mosie ckopocteit
OIpeaACIACTCA IMOTCHIIUAIOM, KOTOpBIfI B CUJIy HEC)KMMACMOCTHU KUAKOCTH YIOBJICT-
BOpsieT ypaBHeHuto Jlarmaca:
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1
V=Vp, Ap=0.
Ha rpanune >KHIKOCTH [IOMKHO BBIMOJMHATHCS JUHAMUYECKOE TpaHUYHOE

yCIIOBUE
Vg’
1
5 (D)

o, +

I1€e X,y — TOPU30HTalbHAsA M BEPTHUKAJIbHAS JEKapTOBBI KOOPAUHATEL, p — AABICHUE, a
TaKKe KHHEMaTHYeCKOe IPaHUYHOE YCIOBHE, Tpelyloliee, YTOObI IpaHULa )KUAKOCTH
ObL1a KHUIKOM MOBepXHOCTHI0. Eciii Bo3BbIIEHHE MOBepXHOCTH #(X,t) He sBIsieTCS
MHOTO3HAYHOHN (pyHKIIMEH TOPU30HTAILHON KOOPAMHATHI X, KHHEMAaTHYeCKOe TPaHny-
HOE yCJIOBUE MOXET OBITh 3aIIMCAHO KaK

T+ P =@y (2)
CocTosiHUEe CUCTEMBI TIOJTHOCTRIO omnpesensercss (opMoit cBOOOTHON MOBEPXHOCTH U
HOBerHOCTHLIM pacnpeueneHHeM IIOTCHIMAJIA.

PaCHpOCTpaHeHHLIM METOOOM peI_LIeHI/IH 3a4a4Yu CO CB060,Z[HOI71 HOBCpXHOCTLIO SAB-
JISICTCS HUCIIOJIB30BAHHUC KOH(bOpMHLIX KOOpI[I/IHaT, «BLIHp)IMJ'I}I}OH_[I/IX» FpaHI/IL[y. HpI/I
9TOM 00JacTh TEUCHUSI B Kbl MOMEHT BPEMEHHU MPEACTABISETCS KOHPOPMHBIM
00pa3oM HIDKHEH MONTYTIIOCKOCTH KOMITIIEKCHOTO MIEPEMEHHOTO W = U + iV:

X+iy =z(U+iv,t). 3)
B xoHpopMHBIX KoOparHATAX (U,V) TOTEHIIUAI ¢ MO-TIPEKHEMY YIOBIETBOPSET ypaB-
Henwuto Jlamnnaca; peneHre 3Toro ypaBHeHUs B HIOKHEHN MOJIYIIIIOCKOCTH TPUBUAIBHO.

+ p+ gy = const

puc. 1. PsiOb Ha NEPEAHEM CKIIOHE FpaBPITaHI/IOHHO-KaHHHHﬂpHOﬁ BOJIHBI
" KOHq)OpMHaﬂ KOOpJinHaTHas CETKa

JleticTBUTeNbHAS 1 MHMMAsSI 9aCTH Ha IEHCTBUTEIHLHOU OCH CBSI3aHBI TIPeoOpaso-
BaHueM [ mimp6epra H:

zZ(U) =Uu+X(U) +iy(u), X(u)=—Hy(u).
[ToxoxuM 00pa3oM KOHCTPYHUPYETCST KOMITICKCHBIN MOTEHITHAT &

O=p+i&, &u)=He(u)
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— TIoJTyYaeMasi B COOTBETCTBUU C 9THM OIpeesicHneM QyHKIHs H(U) UMeeT aHaIuTH-
YeCcKOe MPOJOIDKEHUE Ha BCIO 00JIaCTh TEUCHHUS H YIOBIECTBOPSIET YCIOBHUIO 3aTyXaHUsI
CBSI3aHHBIX C BOJTHOBBIM JIBHXKCHUEM KOMIIOHEHT CKOPOCTH Ha OOJIBIION ITyOnHe.

YpaBHEHUS IBIKEHUS, OMFCHIBAIONMINEG W3MCHCHHE BO BpeMeHHM (PyHKImA z(U)
1 O(U), MOTYT OBITH TIEpETIMCaHbI B IEpeMEHHBIX [[psUeHKO

r=L, vt )
z Z
4TO MPUBOJUT K cucteme [Zakharov et al., 2002]
R =i(FR'-FR),
v, :i(FV'—f)'QVF+2p))+g(R—1), (5)

rac 1
F=PRV+RV), P=5(1+il:|).

Kaknokazano B [ Dyachenko,2004], 3ta popma ypaBHEeHHI OoJiee ycTOWUNBA, Y€M YPaB-
HEHUS B IEPEMEHHBIX z U 0, 1 OOJIbIIIE TIOAXOAUT JIJISl YUCIICHHOTO WHTETPUPOBAHUS.

Kanumnsiproe ciaraeMoe B TOBEPXHOCTHOM JaBIICHUH BBIPAXKACTCs yepe3 Tepe-
MEHHbIE [[pSIUeHKO KaK

p.=2Tm(QQ’), Q=VR,

rae 7 — ko3¢ UIMEHT NOBEPXHOCTHOTO HATSDKEHUA. D(PQEKT BSI3KOro 3aTyXaHUs BOJIH
MO,I[GJ'II/IpyeTCH BBEJICHHEM }.‘LO6aBKI/I K JaBJICHUIO

rme Vv — K03(1)(1)I/I]_II/IGHT BA3KOCTH, | — HaTypaJIBHLII'/'I napamMeTp Ha CBO6OHHOﬁ
TMMOBCPXHOCTH.

puc. 2. 3HaueHHA sKoOHaHa KOHPOPMHOTO OTOOPAKEHHSI B PA3TMUHBIX TOUKAX MIOBEPXHOCTH
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dopma AaHHBIX YpaBHEHHMH JBIKEHMS TAKOBA, YTO BBIUMCICHHE IMPABbIX 4Ya-
cTeld (5) CBOAMTCS K TTOCIIEA0BATEILHOCTH ITpeoOpazoBaHnii ypbe 1 JTOKaIBHBIX OIle-
paumii Haj GpyHKIMIME B Qypbe- TMO0 B KOOPAMHATHOM IIPEJICTABICHNH.

Ha ogaopomHo# Mo KoHGOPMHO# KOOpAWHATE KOOPIWHATHOW CETKE MOXHO HC-
IOJIb30BaTh ANTOPUTM ObICTpoTo Tipeodpazoanus Dypsee (bIID). Hemocrarkom Taxo-
ro MOJXoAa SIBJIAETCS TO, YTO TOUKH CETKH, OAHOPOIHON 10 U, HEOMHOPOIHO pacrpe-
JIeTICHBI 10 JJIMHE MPO(UIIS OBEPXHOCTH; TOUKH «pa3zderarorcsy ¢ rpeOHeil BOIH U
coOuparoTcs y MOAOIIBBI — 3TO 3aMETHO M3 pUC. | W HAIISIHO WIUTIOCTPUPYETCS Tpa-
(ukoMm sikobmana oTobpaxkenus z(w) Ha puc. 2. [Ipn MogenpoBaHUN OY€Hb KPYTHIX
1 OOpYIIMBAIOIINXCS BOJIH aBTOPaMH HAOIIOIaIOCh ellle 0oiiee CHIbHOE PacTsSKEHNE
ceTkH, ¢ J~10% 9TO COOTBETCTBYET MaJICHUIO IIPOCTPAHCTBEHHOTO Pa3pEIICHUs Ha OT-
JIeIbHBIX YYaCTKaX B JJ ~10° pa3. B paccmarpuBaemoii 3aade moo0HBIX CUTYaIUH
HE BO3HHKAJIO, 1 HEOOXOAUMOCTh KOMIICHCUPOBATh PACTSHKCHUE YBEIMUCHUEM YUCIIa
y3JI0B CETKHM HE MPHUBOAMIIA K CEPhE3HOMY POCTY BpeMeHH BbluucieHuil. C apyroi
croponsbl, BII® sdpdexTnBHO pacnapaienBaeTcs U MO3BOJSET B TIOJIHOW Mepe Hc-
10J1b30BaTh IPEUMYILECTBA APXUTEKTYPbI IpaMueCKUX MPOLECCOPOB.

3. TEHEPALIMA KANWIAPHOW PABW KPYTOW BONTHOW CTOKCA

[IpowuttocTprupyeM ONucaHHbIE BO BBEJEHUH 0COOCHHOCTH I'eHepalyu psou pe-
3yJbTaTaMH YHCIEHHBIX SKCIIEPUMEHTOB. B X01e cepuu sKcrepruMeHTOB MOJeITNpPOBa-
nach 3Bomonus BoiH Crokca mHON A = 10 cM pa3nu4Hoi HaYaIbHOW aMIUIUTYIBL.
B otcytcrBue Bsizkoro 3aryxanusi ¥ 3Q(ekToB MoBEpXHOCTHOTO HATSKEHUSI STH BOJI-
HBI PacIpoCTpaHsiIich Obl O0e3 u3mMeHeHus Gopmbl. JleiicTBrUE cril MOBEPXHOCTHOTO
HaTsDKEHUs IPUBOAUT K TOMY, YTO HA II€PEJHEM CKJIOHE BOJIHBI HAUMHAET (hOPMUPO-
BaTbCsl KAPTUHA KAMUIAPHOH psiou (cM. puc. 3). JleKpeMEHT BSI3KOTo 3aTyXaHus AJIs
P01 3HAYUTENIFHO BBILIE, YEM JAJIsl OCHOBHOM BOJIHBI; OTKa4YKa YHEPTrUH Napa3uTHBIMU
KaIllWJIIPHBIMH BOJIHAMH [TPOAOJIKAETCS JI0 TEX MOp, MOKAa OCHOBHASI BOJIHA HE CTAHO-
BUTCS CJIUIITKOM ITOJIOTOM, 4T00BI 3()()eKTUBHO T€HEPUPOBATH PSIOb.

puc. 3. DBomonus BoiaHbI CTokca [nHOH 10 cM npH BKITFOUCHHN KamuIsIpHBIX 3¢ dextoB (T — nepuon
BOJIHBI CTOKCA, BBIYUCIIICMBIH 110 JIMHEHHOMY JTUCIIEPCHOHHOMY COOTHOLICHHMIO, C — (hpa3oBasi CKOPOCTh)
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puc. 4. be3pa3mepHas sHeprus KaluULSIPHOH psiOU B 3aBUCUMOCTH OT HAa4aJbHON KPYTH3HBI
BostHbl Ctokca (k — BoimHOBOE umcio BoHbl CToKCa)

XapakTepHasl JUIMHA KallMJUIIPHBIX BOJH B JAHHBIX 3KCIIEPUMEHTAX COCTABIISIA
nopsiaka 0,5 cM. byneM onpenensaTs 3aMaceHHOe B KalMUIAPHBIX BOJIHAX KOJIHYECTBO
SHEPIUH KaK pa3HOCTh MEK/Y IOJIHOM SHEpTrHel CUCTeMBI U dHepruei nepsbix 10 rap-
MOHUK OCHOBHOM BOJIHBL:

E =F-F,

Ha puc. 4 nmpuBeseHa 3aBUCHIMOCTh MaKCHMAJIBHOTO HAOIIOABIIETOCs 32 BPEMsI MO-
JIEIAPOBAHUS KOJIMYECTBA DHEPIrUU KaWIISPHBIX BOJH B 3aBHCHMOCTH OT KPYTH3-
HBI HauabHOH BOIHBI CTOKCca. Kak MOXHO BUAETH, CyIIECTBYET IOPOTOBOE 3HAYECHHE
KpyTHU3HBI (B JaHHOM ciydae — ak~0,3), Hike KOTOpPOro KalUISIPHBIC BOJTHBI PAKTH-
YEeCKH HE TeHEPUPYIOTCSL.

4. MOOENMMPOBAHUE KACKAAHOIO MEXAHU3MA MOOYNALNU PABU

JIst SKCIIEpUMEHTAIBHOTO HAOJIOICHUST KACKAJHOH MOAYISAIUU pPIOU HavdallbHbIC
YCIJIOBHS 33J]aBaJIUCh B BUJIC JUIMHHOM M TIOJIOrO¥M CTallMOHAPHOW BOJHBI (1) = 6 M,
ayky~0,06), IO TIOBEPXHOCTH KOTOPOM pacrpoCTpaHSAeTCs IyT KOPOTKHX M KPYTHIX
rpaBUTAIIMOHHO-KANMUPHBIX BOJH (4,~ 15 cm, ak,~ 0,3). Pacnipenenenus BoiHO-
BOTO YHCIIA ¥ aMIUTHTY/BI KOPOTKUX BOJIH B HAYaJIbHBIH MOMEHT BPEMEHH 3a]1aBAIHCh
TakuM 00pa3oM, YTOOBI B XOJI€ JAJIbHEHIIICH 3BOIFOIUY aMILTUTY/Ia U BOJTHOBOE YHCIIO
OCTaBAINCH TPUOIU3UTEIILHO MOCTOSHHBIMU B (DUKCUPOBAHHON (ha3e JJIMHHON BOJI-
HBI. DTH CTallMOHAPHBIC PACTIPECIICHNS HaXOAMINUCh U3 YCIIOBUN TTOCTOSTHCTBA BIOJH
TTOBEPXHOCTH JIJTHHHOM BONHBI 1) 9acTOTHI KOPOTKHUX BOJIH, HAOIIOMaeMoOl B CBsI3aH-
HOM C JUIMHHOM BOJIHOM CHCTEME OTCUETa:

Q+kU = const (6)
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1 2) IOTOKA BOJIHOBOTO JICHCTBUS:

(cg +U )gz*?; = const. (7

3neck U — ckopocTh TeUeHHs Ha TOBEPXHOCTH JJIMHHOMN BOJTHBI B CBSI3aHHOM C BOJTHOM
CHCTEME OTCYETA, C, — TPYNIIOBas CKOPOCTh KOPOTKMX BOJIH,

k. =g’k @®)

— BHYTPEHHSISI 4aCTOTa KOPOTKHUX BOJH (MIPUOIMKEHHO 331a€TCsl JIMHEHHBIM JTUCTICP-
CHOHHBIM COOTHOIIIEHHEM),

g (D=gcosa—xU"’ 9)
— atdextuBHOE yckopeHue cBoboaHoro naaenus [Phillips, 1981], a — yrom Haxiona
HEBO3MYILICHHON MMOBEPXHOCTH JUTMHHOM BOJHEL, | — HaTypanbHbINA mapamerp Ha He-

BO3MYIIIECHHOM TPOQUIIE JTUHHON BOJIHBI.

[Tocne Toro, kak u3 ypaBHenwuii (6), (7) Haitnenst 3aBucumoctu K(l), ay(l), x ko-
opArHATaM CBOOOIHOW TTOBEPXHOCTH JI00ABIISICTCS BO3MYIIICHHE, CBSI3aHHOE C BOJHON
Crokca:

z=z,+ Pz, ((u)),
rae

— An (as ks) (_ ; J' )

z,() g K exp(—in deZA
[IpumeneHue omeparopa MPOeKIHKA P MOTUBHPOBAHO TE€M, YTO ITOCIIEC HAJIOXKEHHUS Ha
KOOPJUHATHI BO3MYILNEHUS z, PyHKIUS z(W) TOJHDKHA OCTAThCsl aHAJIMTUYCCKOM B HUXK-
HEel TONYIUIOCKOCTH. 3aBHCHMOCTh Oe3pa3MepHBIX aMIUTUTYH A, TApPMOHHUK BOJHBI
Ctokca OT KPyTH3HBI a,K, HAXOMUTCS U3 3apaHee COCTaBICHHOM Tabmuipl. TToxokue
HU3MEHEHMS BHOCSTCS B I1OJIE€ CKOPOCTEM.

Pemenne ypaBuenwii (6), (7) TakoBO, 4YTO KOPOTKHE BOJHBI KOpPOYe W Kpyde Ha
rpe6He I[HI/IHHOﬁ BOJIHBI, TA€ OHU CXKUMAIOTCA TCUCHHUEM, Y€M Yy IOJAOLIBBI — 3TO
YTBEPKICHUE OCTACTCSl BEPHBIM TaKXKe W JUIsl JalbHEHIIen sBomouun cucteMel. Ha
YCTaHOBJICHUE KapTHHBI psiou TpeOyetcst Bpemst mopsiaka 0,2 ¢. Ha puc. 5 npusenen
OKOHHBIH CITEKTP BO3BBIIIEHHUs ToBepxHOCTH Y(K,X) Ha MOMEHT BpeMenH | ¢ mociie Ha-
yaJia cyera (MCIOIh30BaAIOCh TAyCCOBO OKHO C NIMPUHOMW, PABHOW MEPHONY ATUHHON
BOJIHBI Ay, U CPEIHEKBApaTHUHBIM OTKJIIOHeHHEM o = 0,054,). KanuuisipHoii psiou Ha
CIIEKTPE COOTBETCTBYIOT BOJIHOBBIE Yrciia K/Ky~10° u 6osbiiie. B aTOT 1 mocneayromume
MOMEHTBI BpEMEHHU paclpeeeHue psou caeayeT 3a TpeOHeM JUIMHHOM BOJIHBI, MEJI-
JIEHHO 3aTyXas M0 Mepe YMEHBIIICHHUS aMIUTATY/IbI ISIIMETPOBBIX BOJIH.

B criektpe Ha puc. 5 (Bo BCSKOM ciiydyae B JUTMHHOBOJIHOBOM O0JIACTH) pa3THYUMBI
ITOJIOCHI, COOTBETCTBYIOIINE IrapMOHHKAaM BOJIHBI Crokca. HOCKOHBKy TNEprOa BOJIHBL
Crokca U3MEHSETCs B 3aBUCUMOCTH OT (ha3bl JUIMHHOW BOJHBI, TTOJICYET KOAPDUITHCH-
Ta MOAYJISAIUU TAPMOHKMK HEIIOCPEICTBEHHO 110 (opMyJie

I(k) — A (k) — i (k)
B (K) 2, (K)
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puc 5. OKOHHBIH CIIEKTP BO3BBILICHUS IOBEPXHOCTH

TIE Apins Amax — MUHUMAIIBHOE U MAaKCUMAJIBHOE BJOJIb BCEH MOBEPXHOCTH JUIMHHOM
BOJIHBI 3HAYEHUS |y(X, k)| 1py GUKCHPOBAHHOM 33/IaHHOM K, aeT OIIM3KHE K eIHHHLE
3HAYCHHsI MPAKTUYECKH JUIs BCEX BOJHOBBIX unce. [ Manbix K GosnbIine 3HaYSHUsI
ko3¢ GuLreHTa MOIYIAIUU OyayT OOYyCIIOBJIEHBI TEM, YTO IOJIOCHI, COOTBETCTBYIO-
e rapMoHuKam BosHbI CTokca k = NK, 3HAYUTEBHO OTKJIOHSIOTCS OT JIF00O0M JIH-
HUH k = const. YTOOBI OLIEHUTH KOAPPHUIIUEHT MOAYJISIIAN C YIETOM TpaHchopMaluu
BosiHBI CTOKCA B 10JI€ TEUEHNUH ITTMHHOM BOJIHBI, aMILTUTY bl IPEABAPUTEIBHO OCPE-
HSIIOTCS 110 IPSIMOYTOJIbHOMY OKHY:

a(k,x) = - > vk, ), Ak =0,2k .
2Ak /K, k' e[ k—Ak k+AK]

upuHa okHa BEIOpaHa TaKUM 00pa3oM, YTOOBI OKHO LIEJIMKOM OXBaTBIBAJIO AUATIA30H
M3MEHEHHs BOJTHOBOTO YHCIIa B Onrkaiimied monoce. Ha puc. 6 mpuBeneH rpaduk Ko-
s punreHTa MOAYISIINHN, PACCINTAHHOTO TI0 YCPEAHEHHBIM 3HaUCHHSIM aMILTHTY]I.

B 10 Bpemst kKak OCHOBHasi rapMoH¥uKa K = <ks> MOIYJUpOBaHa c1abo (ko3 dumm-
SHT MOJYJISILIUK HOPSI/IKA KPYTH3HBI JUIMHHOM BOJIHBI 8oK)), KO3 GUIMEHT MOIYIISILIAH
JUTSL BBICOKMX TapMOHUK BOJHBI CTOKCA M BBIHYXKJICHHBIX BOJH KalWUISIPHOU psiOn
npuobIMKaeTcss K eAMHULE. DTO COOTBETCTBYET MPEACTABICHUIO O TOM, YTO aMIUIU-
Tyza TeHepUpYyEeMOH psiOM 3aBUCHUT OT 3HAYCHUH KPHUBU3HBI Ha rpeOHe BoaHbl CTOKca,
KOTOpasi B CBOIO OYepe/lb OIPE/CIsieTCs] aMIUTUTYaMi BBICOKMX T'apMOHHK. Pe3koe
yBeJIn4YeHHe K03()PHUIUeHTa MOAYISAIMH B HHTepBaiax Mexay K/ < ks> =1,2,3,4,5 Mmox-
HO OOBSICHUTH T€M, YTO IPHU MaJIbIX 3HAUECHHSIX IOJIE3HOTO CHUTHaJIa Ha KO3()(QUIMEHT
MOYJISIIIMN BIUSIIOT IPEUMYIIECTBEHHO IITYMBI.
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puc. 6. KOB(b(bI/ILII/IeHT MOAYJIAOUU B 3aBUCUMOCTH OT HOMEpa rapMOHUKU BOJIHBI Ctokca

5. 3AKJTIOYEHUE

[IpoBeneHo yncIeHHOE MOJIETMPOBAaHIE MPollecca TeHepaIiy «Iapa3suTHBIX) Karui-
JIIPHBIX BOJH KPYTHIMH JEIIMMETPOBBIMHU BOHaMU. [IpogeMoHCTprupoBaHO Hamndue
rmopora 1o KpPyTH3HE OCHOBHOM BOJHBI, HM)KE KOTOPOTO KamwmJUIIpHas psiOb Ha Hel
MpaKTHYeCKu He reHepupyercs. C UCIONB30BaHUEM TOYHBIX YPABHEHUH JBHIKCHUS
BOCIIPOU3BE/ICHO JICHCTBUE KACKAJIHOTO MEXaHWU3Ma MOMIYJISINH KalWUISIPHON psowu,
B TOM YHCIIE MTOKa3aHO, YTO JaKe ciadas MOIYISALUS [yra AeHMUMETPOBBIX BOJH IO-
JIOTOW JUTMHHOW BOJTHOW MOKET NMPUBOAWTH K BOSHUKHOBEHHUIO CHIIBHOTO KOHTpAacTa
MeXTy TpeOHEM U TTOJIONIBOW JUTMHHOW BOITHBI B PACIIPEEIICHUH KaMMJUIAPHON pAOu.
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Detailed knowledge of how short capillary waves characteristics depend on parameters of
underlying long waves is important for making a correct interpretation of ocean surface remote
sensing data. “Parasitic” capillary ripples generation by decimeter waves, as well as the cascade
mechanism of capillary ripples modulation by long waves is studied by means of numerical
simulation. Numerical model used is based on a fully nonlinear system of equations describing
dynamics of a two-dimensional potential flow with a free surface.
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NPAMOE YUCNEHHOE MOZIENNPOBAHWE B3AUMOJEACTBISA
MEJIKOMACLUTABHON TYPBYNEHTHOCTU C BHYTPEHHUMW BOJTHAMMU

0.A. Apyxunun’, J1.A. Ocmposckuii®, X. @3Ho>

' UIHcTnTYT npriknagHon Gu3mnkmn Poccuinckon akagemum Hayk (MO PAH)
2 JlabopaTopus nccnepoBaHuii okpyxatowlen cpegbl NOAA, r. Byngep, Konopago, CLLUA
3 Kutanckuin HayuHo-Uccneposatenbckuin LieHTp Kopabnectpoerus, r. Byken, uanr-Cy, KHP

BzanmopeiicTBre MenkoMacmTabHOM TypOyJICHTHOCTH € BHYTpeHHHMH BojHamu (BB) urpa-
€T BaXKHYIO POJIb B MIEPEMELINBAHNN U JUHAMUKE BEPXHEro cios okeaHa. Cpenu MHOToYHC-
JICHHBIX ACIIEKTOB 3TOTO B3aMMOJCHCTBHSI MOXKHO BBIJICNIUTH Kak dQdekT 3aryxanus BB mox
BO3JIeHicTBIEM TypOYJIEHTHOCTH, TaK U BOBMOXKHOCTh yYCHJICHHS TypOYyJICHTHOCTH B IIOJIE J10-
cratouHo cwibHBIX BB. B ganHoit paboTe 3TH mporecchl HCCIIeTyIOTCs ¢ IIOMOLIBI0 METO/A
MPSIMOTO YHCIEHHOTO MOAETHPOBAHUS.

Pabora BeimonHena npu nopuepxkke PODI (NeNe 14-05-00367, 15-05-02430).

Kniouegvie cnosa: ducieHHOe MOJEIMPOBAHNE, BHYTPEHHHUE BOJIHBI, MEJIKOMAcIITaOHas
TYpOYJIEHTHOCTb, BEPXHHH CIIOH OKeaHa.

1.BBEAEHUE

B3aumopeiicTBue MenkomacmTabHONM TypOYyJIE€HTHOCTH C BHYTPCHHHUMH BOJIHAMHU
(BB) oxa3pIBaeT HeMOCPEACTBEHHOE BIUSHUE HA TUHAMUKY CE30HHOTO MUKHOKINHA
Y TiepeMentnBanue B BepxHeM cioe okeana [Phillips, 1977]. Cpean MHOTHX acriek-
TOB ATOTO B3aMMOACHCTBUS MOXKHO BBIJIEIHTH Kak d¢ ekt 3atyxanus BB mox aeii-
CTBUEM TYypOYJIEHTHOCTH, TaK U BO3MOXXHOCTh YCHIICHUS TypOYJICHTHOCTH B TIOJIE
cuiibHbIX BB.

Dddexr 3aryxanust BB nmon neiictBuem TypOyleHTHOCTH MCCIE0BANICS B HALIeH
npeapayeit padore [Druzhinin et al., 2013] ¢ moMomp0 IPSIMOTO YHCIEHHOTO MO-
JlenupoBaHus. Pe3ynbrarsl MOKa3bIBAIOT, YTO eciiv amIuinTyaa BB nocrarouno mana
(Oomee yem B Ba pa3a MEHbINE) IO CPABHEHHIO C aMIUTATY/IOH TYpOYIEHTHBIX IYIb-
cauui, npoucxogut 3¢dexruBHoe nogasnenne BB typOynentHocThio. OqHako oka-
3aJ0ch Takxke, uto BB Oonbmiol ammmutyapl cnabo 3aTyxaioT Ha TypOyJIEHTHOCTH.
B aTom citydae, orieHKH JiekpeMeHTa 3atyxaHust BB ¢ momoribio 0011en3BeCTHRIX Ta-
pametpu3sanuii [Ostrovsky, Zaborskikh, 1996] naror cyiiecTBeHHO 3aBbllieHHbIE (110
TTOPSIIKY BETTMYMHBI) 3HAYEHUSI.

B nmanHoif paboTe paccmarpuBaeTcst Cllydai, Korja WCXoaHas aMmiumtyga BB
OoJipllle WIIM TOPSIKA aMIUIMTYABl TypOYJIE€HTHOCTH, M HCCIEILYeTCS BOBMOXHOCTD
yCHUJICHUS] MeJIKoMacIuTabHol TypOyieHTHOCTH B Tiose BB.

Jpy:xunun Oner Anexcanaposud — MHcTUTyT npuknaaHoit pusuku PAH, B.H.c., 1.¢.-M.H., druzhinin@
hydro.appl.sci-nnov.ru

OcTtpoBckmii JIeB Aponosuu — Jlaboparopust uccienoBanuii okpyskaromeit cpeast NOAA, mpodeccop,
r. Bynzaep, Konopano, CIIIA, lev.a.ostrovsky@noaa.gov

Kao Ooub — Kuraiickuit Hayuno-Hccenenosarensckuii Lientp Kopabnecrpoenus, npodeccop, . Byken,
Kuanr-Cy, KHP, zhaofeng@cssrc.com.cn
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2. DOPMYJTMPOBKA 3AAYN

PaccmarpuBaeTcs ycToiunBO-CTpaTH(GUIIMPOBAHHAS )KUAKOCTh CO CTYTICHYAaTBIM Bep-
TUKaJbHBIM MTPO(UIEM INIOTHOCTH py(Zz) (T.€. MTUKHOKIMHOM, puc. 1). McxomHas TypOy-
JICHTHOCTB JIOKaJIM30BaHa B CJI0€ HaJ| MMKHOKIMHOM. B HayalbHBI MOMEHT BpeMEHU
B TIMKHOKJIMHE BO30YKAaeTcs epBasi MoJia MOHOXPOMAaTHIECKOH BHYTPEHHEH BOJIHBI,
pacnpocTpaHsIOLIeHCs ClIeBa HAPaBo BI0JIb NUKHOKIMHA. PaccmarpuBatoTcs nepuo-
IMYECKHE TPAaHUYHBIE YCIIOBHS B TOPU30HTAIBHON IITOCKOCTH (110 KOOpAMHATAM X H Y)
u ycnosue HelimaHa (OTCyTCTBHE TIOTOKA) IO BEPTUKAIBHOM KoopauHare z. TommumHa
MUKHOKJIMHA M 4acTOTa IUIaByYEeCTH B

puc. 1. Cxema YHCICHHOTO SKCTIEPUMEHTA

_gdpy
Po dz
OepyTcs B KauecTBE HOPMHPOBOYHBIX MACITA00B JUIMHBI U BpeMeHH, Ly u T;=1/N,,
KOTOPBIC UCIIOIB3YIOTCS IS IPUBEICHUS YPaBHEHHI TUHAMHKH JKUIKOCTH K Oe3pas-

MEpPHOMY BULY.

HucneHHoe MOIETUPOBAHNE OCHOBAHO HA HMHTETPUPOBAHHUH TIOJTHBIX TPEXMEPHBIX
ypaBHeHUl HaBre-CToKca ISl HEC)KMMAEMOM JKHIKOCTH, 3aIIMCAHHBIX B ITPUOITHKE-
oM byccuHecka. YpaBHEHUS 3alUCHIBAIOTCS B Oe3pa3MepHBIX TepeMEHHBIX [MOHUH,
Srnom, 1992]:

1/2
LEeHTpe NUKHOKIUHA N, =[ ] , (Tae g — yckopeHue cBOOOIHOTO MaACHMs),

2
et +U, v, :—a—P+L6—g‘—Rz’§izp (1)
ot 6XJ- 0%, Re OX;
ou,
=0 )
OX

YpaBHEHUE /IS TUIOTHOCTH UMEET BHJI:
0 0 1 0
_p+Uj_p_Uer22f(Z):— f
ot OX; ' RePr 0x;
B (1)-(3) Ui(i = X, Y, z) — KOMIOHEHTBI CKOPOCTH, P U p — OTKJIIOHCHUS TABJICHUS U
IJIOTHOCTH OT THAPOCTAaTUYECKUX 3HaueHui. Yucna PeiiHonbaca u Puuapacona onpe-

JCIIAIOTCA KaK

)
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2
UL LN
Re = °°,Ri=(M] 4)

1% U,

Yucno [Ipanaris (CooTHOIIEHNE KWHEMAaTHYECKOH BA3KOCTH M KOO PHUIIMEHTA MO-
nexynsipaoit nuddysun) Pr=v/k monaraercst paBHbIM enunuIie. [lepemennsie B (1)—(3)
HOPMMPOBaHbl Ha MaclTaObl JUIMHBI U BpeMeHH, L, U T, nu MacmrTad CKOpOCTH
U, = Ly/T,. Ilpu Takoit HOpMHPOBKE YMCIIO PHdap/icona TOXK1eCTBEHHO PaBHO €INHU-
e, Ri = 1. OTKJI0HEeHHE IUIOTHOCTH HOPMHUPOBAHO HA CKaUYOK IUIOTHOCTH B TIMKHOKIIU-
He, Ap, (puc. 1).

Hcxonublii mpoduiik 4acToThl m1aBydecTd, N, (z), 3a1aeTcs paBHBIM

Nor (2)= cosh 2(12 -z)) ©)

P
Tzie Z, OIpeieNisieT MONIOKEHUE IIEHTPa MMKHOKIIMHA, ¥ IpohHiIb Oe3pa3MepHOi II0T-
HOCTH p,.[(z) onpeensercs KakK:

Py (2) = Py (=) = [N}, (2)dz = p,, (—0) ~0.5tanh 2(z - z,) (6)

C IIPOMU3BOJILHON KOHCTAHTOH p,.(—o0). [l ynoOcTBa 3HaYEHHE p,,(—00) 3a1aeTCsl paB-
HbIM 1,5. T.0., icXomHBIH TPOGWITH TUIOTHOCTH IPUHUMAET BUJI:

P, (2)=1+0.5[l ~tanh2(z - z,) | (7)

[TonHoe 3HaUEHME MIIOTHOCTH PABHO CYMME p,.(Z) M OTKIIOHEHUS IIOTHOCTH p.

VpaBuenus (1)—(3) UHTErpUpYIOTCS B TPSIMOYTOIBHOW 0ONacTH C pa3Mepamu
0<x<40,-10<y<10mn 0<z<20 c TOMOILIBIO METO/1a KOHEUHBIX PA3HOCTEHN BTOPOTO MO-
psiJKa TOYHOCTH Ha pa3HECEHHOM («IaXMaTHO») ceTke, cocrosiei u3 400x200x200
y3JI0B TI0 KOOpAMHATAM X, Y ¥ z. IHTerpupoBaHue MPOBOIUTCS C HCIIOIb30BAaHHEM Me-
tofa Anamca-bamidopda ¢ marom no Bpemenu At = 0,01. Ypasuenue [lyaccona ais
JIABJICHUS PEIIACTCs C MOMOIIbIO ObICTPOro Ipeodpa3oBanus Dypbe 10 KOOpIUHATAM
X Uy, 1 Merona ['aycca mo koopauHare z [Druzhinin et al., 2013]. PaccmarpuBaetcs
qucio Petnonbsiaca Re = 20000.

3. MUHWUMANU3AUWA BHYTPEHHIWX BOJIH

HavanbHble 1Ol CKOPOCTH M TUIOTHOCTH 33/Ial0TCS B BUJE PELICHUS ISl TEepBOi
MOJIbI BHYTPEHHEW BOJIHBI C JUTMHOM A (M BOITHOBBIM YUCIOM K = 27/1) 1 4acTOTOH (.
OTO pelieHue MoMydaeTcsl U3 JTUHeapu30BaHHOW cucTembl ypaBHeHUH (1)—(3) mis
BOJIHBI, PACIIPOCTPAHSIONICHCS ClIeBa HanpaBo BIOJb MukHoKiIWHA (ocu X) [Phillips,
1977]:

U (x,zt)y=— 1 PE

sin(kx— at) (8)
U™ (X,z,t) =W (z)cos(kX— at) )

d
P (X,z,t) = @ﬂsm(kx—wt) (10)
o dz

112



NMPAMOE YACNEHHOE MOAENUPOBAHUE B3AMMOAEACTBIA MENIKOMACLUTABHOM TYPBYNIEHTHOCTI C BHYTPEHHIMU BONTHAMMU

Hauaneuble ycnoBus 6epytes npu t = 0. @ynkuusa W(z) onpeaensiercsi ¢ TOMo-
IIbI0 YHCIICHHOTO PEIIeHHs KpaeBoi 3a/1auu Ha COOCTBEHHBIE 3HAYEHUS IS ypaBHe-
nus Tannopa-Tonpamreiina [Phillips, 1977]:

AW [N°_
dz* o’
cycnosusimu W (z) — W, exp lk(z -z, )J npuz <<z, u W(z) > W, exp l— k(z-z, )J
npu z >> z,, rae W, — ammumryna BB npu z = z,. 3agada (11) pemanacek ¢ nomomuso
METO1a «IIPUCTPEIKN» CO CIIUBKOM 1pH z = z, [Hazel, 1972]. Ilpoduns crkopoct W(z)
U aucriepcuonHoe coorHomenue w(K) mwist 1-it moast BB ¢ aiuHo# Bosbt A = 10 mpu-
BE€JICHBI Ha pHUC. 2a.

DNS npoBonunocs anst HayaidbHbIX yeaoBuit (8)—(10) mpu t = 0, cooTBeTCTBY!IO-
mmx BB ¢ 4 = 10 (yacrora @ = 0,489, nepuon 7 = 13). Ammuryaa BB 3anasanacek
pasHoii W, = 0,1. McxoaHoe mosne TypOyJeHTHOCTH MPH 3TOM

lezW:O (11)

puc. 2a. CobcrBennas Gpynkuus W(z) kpaeBoii 3amgaun (11) ms 1-it mogst BB ¢ gunoii 4 = 10 (cneBa)
U TUCIEPCHOHHOE COOTHOIICHHE

puc. 2b. V30muKHBI B IEHTpaJIbHOH MmIockocTH pu y = 0 B moste BB ¢ mimunoi#t 4 = 10
u amruatynou W, = 0,1
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OTCYTCTBOBaJIO. PuCyHOK 2b mMoKa3biBaeT M30MUKHBI B Pa3jiMYHbIE MOMEHTHI BpE-
MEHU. AMIUTUTYAAa CMEIICHHS] U30MUKH paBHa & ~ (0,2, T.0. KpyTHU3HA BOJHBI paBHA
ka = 2ma/l = 0,12. DT0 3HAYCHNE MOXET PACCMATPUBATHCS JOCTATOYHO MAJIBIM, YTO
TTO3BOJISIET MpeHeOpeds HEMHEWHBIMH (G eKTaMu TP pacrpocTpanennn BB.

4. VHNUMANN3ALUMA N XAPAKTEPUCTUKW TYPBYJIEHTHOCTH

[Tonmoxenne TypOyIM30BaHHOTO CIIOS 3371aBAJIOCH paBHBIM 7Z; = 10, Takum, 4T0 3pdek-
ThI TypOYJIICHTHOTO MEPEMEIIUBAHUS U TEHEepaIlMd BHYTPSHHUX BOJH TYpOYJICHTHO-
CTBIO OKa3bIBAIOTCS MPEHEOPESIKUMO MaJIBIMHU.

HcxonHoe TypOyIeHTHOE 1oJie CKOPOCTH 3a1aBajloCh PaBHBIM:

U, (%, ¥,2) =U U, (% Y, 2)exp|-0.5(z =z, 1), (12)

rme i =X, Y, z Uif (X,Y,2z) — OmHOPOJHOE, M30TPOITHOE CIIydaifHOE T0JIe C 3a/IaHHBIM
CIIEKTPOM DHEPTUH B BHJIE

E(k)=E kexp _k (13)
k f

BomroBoe uncio k;: B (13) ompenenser mojaokeHne MaKCHMyMa DHEPTHH U Mac-
mrab TypOynenTHocTH. PakTop £, 3aaeTcs TaKUM, YTO a0COFOTHBI MAKCUMYM ITOJIS
U." (x,y,z) paBeH exunnie. Takum o6pasom, mapametp Uy B (12) onpenernsier amIuim-
Tyny TypOyseHTHoOU ckopoctH; nmapamerpbl Uy u K¢ 3anaBanuce paBabiMu Uy = 0,1 u
k= 1. PacueTbl MOKa3bIBAIOT, 4TO B 3TOM cirydae 3()(GeKThl TypOyJSHTHOTO MepeMeIIH-
BaHUs U reHepanuu BB TypOyneHTHOCTBIO TPeHeOpeKMMO Malbl.

Beprukansubie mpodwian cpemHeidl ckopocTH W MIOTHOCTH,<U>(z) m <p>(z),
MOTY4aJHCh OCPEAHEHHEM I10 TOPH30HTAIBHON IUIOCKOCTH (X,)) Ul PasjInuHBIX Z.

CpenHekBagpaTuvHble OTKIOHEHUS ((DIyKTyalunu) onpeaesuinch Kak
1/2

Ui':(<Ui2—<Ui >2>)l/2, p'=(<p2—<p>2>) (14)
1 KMHCTUYCCKas SOHEPrus paBHAIACh

1
E=1Sur (15)
i=X,y,z

Brraucnsnocs Takxke rpagueHtHoe yucio Pudapacona, Ri, [Phillips, 1977], ko-
TOpOE SIBISICTCSA KPUTEPUEM, PA3ACISIFOIINM PEKUMBI C1a00H U CUIIbHOM cTpaTuduKa-
uuK TypOyneHTHOCTH. B paccmarpuBaeMoM ciydae (IIpu OTCYTCTBHU CPEIHETO C/IBU-
ra CKOpPOCTH) 3TO YHCIIO ONpPE/eIsieTcss OTHOIIEHHEM KBaJ[paTa 4acTOThI TUIaBy4eCTH
U CPEIHEKBAPATUIHOTO CIBUTA CKOPOCTH, MPOIOPINOHAIBHOTO TUCCUTIALINH TypOy-
JIEHTHOW KuHeTHIeckoi sHepruu ¢ [ Thorpe, 2007]:

Ri d<p> N’

Ri, =— = (16)
gRe dz eRe
rae ¢ Berumcisiercs B Buge [Phillips, 1977]:
g= L |V (17)
Re OX;

J
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5. YCUNEHWE TYPBYJIEHTHOCTW B MOJIE BB

Pacdersr muHAMHUKH TYpOYIIEHTHOCTH B NIPUCYTCTBHM BB mpoBOIUCH /17151 HadalbHBIX
MapaMeTpoB, 00CYKIaeMBIX BBIIIE (B pa3fenax 3 u 4).

Ha pucynke 3 mpencraBieHbl BepTHKaJIbHbIE NPOQHIN (IIYKTyaluil CKOPOCTH
Uy, Uy, U; u cpenneil mIOTHOCTH <p> (ClieBa), U TpaJMeHTHOE 4ncio Puuapacona
Ri, (cnpasa), nomyyennsie B DNS npu t = 100 (BBepxy) n t = 400 (BHM3Y). Ha pu-
CyHKE NpPUBOAATCS Takxke npopunu Quykryanuii Uy B orcyrcteue BB u npodum
Uy u U! Bo BHyTpeHHEH BOJHE, pACIIPOCTPAHSIONIEICS B MMKHOKIMHE 0€3 HCXOIHOM
TypOyJICHTHOCTH.

Pucynok 3 nokassiBaer, uro npoduiu gaykryanuii ckopoct Uy u U!Bo BHYTpeH-
HEH BOJIHE, paCIPOCTPAHSIONICHCS B MMKHOKIMHE B IPUCYTCTBUH U B OTCYTCTBHE TYyp-

puc. 3. [Ipodmn drykryanuii ckopoctu Uy, Uy, U 1 cpenneii oTHOCTH <p> (CIeBa), U IPaJAUCHTHOE
gncno Puuapacona Ri, (cipasa), moiyuennsie B DNS npu t = 100 (BBepxy) u t = 400 (BHH3Y)
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OyJIEHTHOCTH, MPAKTUYECKH COBMAIAIOT. DTO O3HAYaeT, YTO TypOYyIEHTHOCTH clabo
BiuseT Ha BB, u addekr 3aryxanns BB B paccmarpuBaeMoM ciydae mpeHeOpeKMMO
MaJl. DT0 HaOJIOIEHUE COMIACYETCs C MPEIbIIyIIUMH pe3yiibratamu [Druzhinin et al.,
2013], moka3siBarommmMu 9To BB 3aTyxaroT Ha TypOyJIEHTHOCTH, €CITH TOIBKO MX aM-
IUIATYAa Maia (Kak MUHUMYM, B JIBa pa3a MEHbIIIE) [0 CPABHEHUIO C aMILIUTYIOH Typ-
OyJIeHTHBIX TyJbcanuii. B paccmarpuBaeMoM cirydae ucxofHas aMmruintyna BB paBha
aMILUTUTY/E TYpOYITEHTHOCTH.

W3 pucynka 3 BUAHO Takxke, 4yTo Ha Oonbmux BpemeHax (t = 400) dnykryanun
Y-KOMITOHEHTBI CKOPOCTH Uy 3HAYMTENILHO BO3PACTAIOT B OKPECTHOCTH NUKHOKIINHA,
npu z = 8, ox aericteueM nosiss BB. BaxkHO OTMETHTD, UTO 3Ta KOMIIOHEHTa CKOPOCTH
SIBIISIETCSL YMCTO TYpOYJIEHTHOM, TOCKONBKY Tioie BB xapakrepusyeTcs Juib X U Z
KOMITOHEHTaMH, U, CJIEI0BAaTeIbHO, HE 1aeT MPSIMOIo BKJIa/la By KOMIIOHEHTY CKOpO-
ctu. KauecTBeHHO moxoskee ycuieHue TypOyJeHTHOCTH HaOIIoanoch B J1abopaTop-
HOM dKcriepuMeHTe [MarycoB u ap., 1989]. B skcmepuMeHTe co3maBainch CTpaTh-
(ukanus ¢ MUKHOKIMHOM. TypOynn30BaHHBIN CION HaJl MTUKHOKIMHOM CO37aBaJICs C
MTOMOIIIBIO OCIIMUTHPYIOIIEH pemeTKH. B MIKHOKIIMHE ¢ TTOMOIIHIO BOIHOTIPOYKTOpa
BO30YKJanach CUIbHAsI, HEOOPYIIAIOMIAsCs CTOSTYasi BHYTPEHHsS BOHA. Pe3ynbraTsl
MOKAa3aJIH, YTO MPH MPEKpaICHUN KOIeOaHnH peleTKH TypOyIeHTHOCTD 3aTyXaja BO
Bcell 00acTy, 3a UCKITIOYeHHEM 001acTH BOIM3M MUKHOKIIMHA, I1ie (GIyKTyaIlluH CKO-
POCTH TOIACPKUBAIIMCH Ha HEKOTOPOM ypoBHe nosieM BB. Dto HabnroneHue Haxo-
JUTCS] B KAYECTBEHHOM COTJIACHH C Pe3yJabTaTaMH pacueToB Ha puc. 3.

Ha pucynke 4 mpencraBieHsl BpeMEHHBIE 3aBUCUMOCTH (DIyKTyaluii morneped-
HOM KOMIOHEHTBI CKOpOCTH Uy B IIEHTpe NMUKHOKINHA (IIpH Z = §), MOIy4YEHHBIX B
DNS kak 1151 cBOOOHO 3aryxaroiiei TypOynenTHocTH (0e3 nHnunanuzauuu BB), Tak
u nox nevicteuem BB. M3 pucynka BuaHo, uto nox Boszaeiictsuem BB Uy pacrer co
BpemeHeM U 1ipu t = 400 Ha MOPSIIOK MPEBBIIIACT TyPOYJICHTHBIC (UIyKTyaI[lK CBOOO/I-
HO 3aTyxaromien TypOyJIeHTHOCTH.

MrHOBEHHBIE TIOJIS Y-KOMIIOHEHTHI 3aBUXpEeHHOCTH (@, =0.U, —0,U ) u mior-
HOCTH (p + p,A2)), momydeHHsie B DNS mpu t = 100 u 400, npeacrapieHsl Ha puc. 5.
Pacrnipenenenue 3aBuxpenoctu mipu t = 100 xapakrepusyeTcst HATHYUEM JBYX pa3iind-
HBIX o0nacterl — 7 <z<9u 9 <z <12 —co cnaboii u cluiIbHOU cTparudukanuei, CooT-
BETCTBEHHO. B o0sacTu ¢ cuiibHOM cTpaTudukanuei, npu 7 < z <9, rue rpajueHTHOe
yuciio Puaapncona Benuko, Ri, > 1, pacnpenenenne 3aBUXpeHHOCTH XapaKTEPU3yeTCs
HaJMYUEM JIOKATbHBIX MUHUMYMOB I MaKCIMYMOB, PACITOJIOKEHHBIX BOJIH3H MTOIOIIB
u rpebueil BB. B obnactu 9 <z < 12, crpatudukanus ciabas, T.k. Ri, < 1, mostomy
pacrpeneneHie 3aBUXPEHHOCTH OIHOPOAHO B FTOPU30OHTAIBHOM MIocKocTH. Ha 60i1b-
mux BpeMeHax (mpu t = 400) 3aBUXpPEHHOCTh CKOHIICHTPUPOBAHA B Y3KOM T'OPU30H-
TaJIbHOM CJI0€ BOJIN3H LIEHTPa MUKHOKIMHA (1pH z = 8). IIpu atom Ri, > 1, n adpdexrs
cTparnUKaluy 3HAYUTENbHBL. B 00MacTH, J0CTaTOYHO yJAJICHHON OT MUKHOKJIMHA
(ipm z > 9), 3aBUXPEHHOCTH MCYE3aloIIee Maa.

Taxum 00pa3om, UCXOIs U3 TaHHBIX HAa PUCYHKAX 4 U 5, IPUXOIUM K BBIBOJLY, YTO
Ha OONBIINX BpeMEHaX TypOyJI€HTHOCTD JIOKAIN30BaHa B Y3KOM CIIO€ B OKPECTHOCTH
LIEHTpa MMKHOKJINHA, T7Ie IPOMCXOINT ee TeHepalus B mojae BB. O1ot BeIBOA cormacy-
€TCs C IKCTICPUMEHTAILHBIMU TaHHBIMU [MarycoB u ap., 1989].
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puc. 4. BpeMeHHBIE 3aBHCUMOCTH (UTYKTyalllii TTONIEPeYHON KOMIIOHEHTHI ckopoctu Uy
B [ICHTPE MUKHOKJINHA (TIpH Z = §) 17151 CBOOOIHO 3aTyXarolei TypOyIeHTHOCTH (CUHHIA I[BET)
U JUIsl TypOYJIEHTHOCTH NpH pacnpocTpaneHny BB B mukHOKIMHE (KpacHBI)

puc. 5. Pactipenenenus 3aBUXpEHHOCTH (TOHHPOBKA) M TIOTHOCTH (JMHUYM ypoBHe# 1.3, 1.5, 1.7)
B IICHTPAJIBHOM TIOCKOCTH (X,Z) B MOMEHTHI BpeMenu t = 100 (BBepxy) u t =400 (B cepenune),
1 pacnpe/eeHue IIOTHOCTH B INIOCKOCTH (X,y) Ha TOPH30HTE MUKHOKIMHA Z = 8 mipu t = 400 (BHU3Y)
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puc. 6. CriekTpsl KHHeTHYeCKoit sHepruu TypOyineHTHOCTH 1 BB B MoMenT Bpemenn t = 400.
KpacHBIM 11BETOM ITOKa3aHbI CIEKTPbI TypOYJICHTHOCTH Ha TOPH30HTE MMKHOKINHA
IIPU PACIIPOCTPAHEHUH B HEM BHYTpeHHe! BOIHBL. CHHHM 1IBETOM 0003HAYEHBI CHEKTPhI CBOOOAHO
3aTyxaromeil TypOy/IeHTHOCTH Ha TOPH30HTE MAKCHIMyMa SHEpPTUH. B depHOM I1BeTe mpecTaBicH
criektp BB. CripaBa noka3aHbl CIIEKTPBI y-KOMIOHEHTEI CKOPOCTH TypOyIeHTHOCTH

PucyHok 5 (HWXHSIS NaHeb) MOKA3bIBAET TAKXKeE, YTO Ha OONBLIMX BpeMeEHaX
¢pout BB cymecTtBenHo nckaxaerca TypOylneHTHOCThI0. JTa pedpaxius BB BbI-
3BaHa BO3pacTaHUEM TypOYJIEHTHOCTH W MOXET HMPUBOIAUTH K 0o0Jiee CyLIeCTBEHHO-
My 3aryxaHuio BB mo Mepe Toro, kak pacteT aMIUIUTy[a TYpOYJICHTHBIX MyJdbcanui
[Druzhinin et al., 2013].

Ha pucynke 6 moka3zaHbl CHEKTPbl KHHETHUECKON YHEPTrUH TYpOYJICHTHOCTH E 1
CIIEKTPBI Y-KOMIIOHEHTBI CKOPOCTH TypOyleHTHOCTH E,, Kak CBOOOIHO 3aTyXaroIleH,
TaK 1 3BONIOLUMOHMpYoniel B none BB, pacnpocTtpanstomieiics B nukHokiauHe. Ha pu-
CYHKE MIPHUBE/ICH TAK)KE CHEKTP BHYTPEHHEN BOJHBI, pACIPOCTPAHAIONIEICS B TUKHO-
KIIMHE B OTCYTCTBHE TypOYJIIEHTHOCTH. PUCYHOK TIOKa3bIBaeT, 4yTo Mo AelicTeuemM BB
CIIEKTP PHEPrHH TYypOYJIEHTHOCTH BO3POC Ha MOPSAOK Ha BCEM MHTEPBaJic BOJTHOBBIX
gucern. ITuk B cexrpe E(K) mpu K = 27/10 00yciioBieH HEMOCPEICTBEHHBIM BKIaI0M
BB B none ckopocty TypOy/neHTHOCTH. DTOT BKJIaJ OTCYTCTBYET B cliekTpe £y, T.k. BB
XapakTepr3yeTcs JHUIIb X ¥ Z KOMIIOHEHTaMH CKOPOCTH M HE BIIMSET HANpsMyIO0 Ha
y-KOMIIOHEHTY CKOPOCTH.

W3 pucynka 6 BUIHO Takke, YTO BBICIIME TapMOHUKH B criekTpe BB umeror am-
IUIATY/Ibl, MHOTO MEHBIINE 10 CPABHEHUIO C AMIUINTY0H OCHOBHOM rapMOHMKH (IIpU
k=27/10)). Takum 00pa3oM, MOKHO CZEJIaTh BEIBOJI O TOM, YTO HEIMHEWHBIE (D PEKTHI
npu pacrnpoctpanenun BB npeneOpexumo mMaibl.
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6. 3AK/TIO4EHNE

MeTomoM IpsSIMOTO YHCIEHHOTO MOICITUPOBAHHUS TIPOBEACHBI pACYEThl IMHAMHUKH TYP-
OyJIEeHTHOCTH, W3HAYAJIBHO JIOKAIM30BAaHHOW B CII0€ HAJ MUKHOKIMHOM B CTpaTH(H-
UPOBAHHOHN JKUJIKOCTH, ¥ UcclienoBaHbl 3)(EeKThl BO3ACHCTBHS HAa TYpOYIEHTHOCTb
BHyTpeHHUX BoJH (BB), pacnpocrtpanstomuxcs B nukHoknuue. [lokazano, yto BB,
aMILTUTYAa KOTOPBIX MOPSAKA MITH MPEBBIIAET aMIUTUTY/Ly TypOYIEHTHBIX MYJIbCAIHHT,
cnabo 3aTyXaloT Ha TPYOYJIEHTHOCTH M CHOCOOHBI CYIIECTBEHHO YCHIIMBAaTh TypOy-
JICHTHOCTB B OKPECTHOCTH TOPH30HTA MMKHOKINHA. PacueThl HOKa3bIBaIOT, YTO CIIEKTP
TypOyJleHTHOCTH, Haxos1eicsa mox Bo3aeiicTBueM BB, ycunuBaercst Ha MOpsIoK 10
CPaBHEHMIO CO CIIEKTPOM CBOOOIHO 3aTyXalolel TypOylIeHTHOCTH.

[IpuBenemM HEKOTOpBIE OLIEHKH MAacIITa00B TypOyJICHTHOCTH U BHYTPEHHUX BOJTH,
peanu3yeMbIX B TA0OPaTOPHBIX M HATYPHBIX YCIOBHUSX, HA KOTOPBIE PACIIPOCTpaHs-
I0TCSl 00CyKIaeMble BBIIIE Pe3ylbTaThl. B qaHHOM paboTe MUCTIONB3YIOTCS MacIITa0b!
CKOpOCTH, AnuHbl U Bpemenn — Uy, Ly u Ty = L,/ U, — npu HOpMHUPOBKE (PU3UUECKUX
nepeMeHHbIX. J[7s1 Bocipon3BeieHus 1abopaTopHBIX YCIOBHMA MONOKUM L, = 20 cM
(mmua BB — 4 = 2, TonmuHa nukHOKIMHA — 20 M), TOT/a JJIsl paccMaTprBaeMoro
yucia Peitnonsaca Re = 20000 u kuHeMaTrdeckoi Bsa3kocTd Boasl v = 0,01 cm?/c
nonyyaem macmtad ckopoct U, = Re v/L, = 10 cm/c. T.0. UCXOIHBIC aMILTUTYIbI
typOynentnoctu u BB 0,1 U= 1 cm/c, BpemenHnoii macutad 7, = 2 ¢ 1 4acToTa Iia-
Bydectu Ny= 0,5 pan/c. IkcTpanonupys Ha HaTYpHBIE YCIOBHSI OKE€aHa, TIOJIOKHM Ya-
croty maBydectu paBHO# Ny=0,01 pax/c [Phillips, 1977], Toraa BpemeHHoii MacmiTad
paBeH T, = 100 ¢ u macmrad mmHbl Ly = 20 M, 9To coorBercTByeT AnuHe BB 200 M
U TonmuHe mUKHOKIMHA 20 M. MacmTad CKOpOCTH TPH 3TOM OKa3hIBaeTCSI PaBHBIM
U, =20 cM/c, 1 ICXOTHBIE aMIUTATYIBI CKOPOCTH TypOYJICHTHOCTH M BHYTPCHHEH BOJI-
HbI paBHBI 0,1 U= 2 cMm/c. [IpuBeneHHbIe MacITaObl MOYKHO paccCMaTpHUBATh KaK TH-
MMUYHBIE U peajn3yeMble KaKk B Ja0OpaTOPHOM 3KCIIEPHMEHTE (CM. HaIlp. MOCTAaHOBKY
sKcniepuMeHTa Matycosa u ap. [Marycos u nip., 1989]), Tak 1 B HaTypHBIX yCIOBHSIX
okeana [Phillips, 1977; Thopre, 2007].
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YIK 517.9

AUHAMWKA OAHOTO 1BYMEPHOTO OTOBPAXXEHWA W YCTOWYUBBIE
PEXXUMbI CUHTYNAAPHO BO3MYLLEHHOW CUCTEMbI HEUPOHHOTO TUMA

J1.U.Neanosckuii, C.0.CamcoHos

flpocnaBckuii rocygapcTBeHHbI yHuBepcuteT um. MN.I. JemunpoBa
(AplY um. MN.I. Jemngosa)

PaccmarpuBaeTcst MaTemMaTndeckas MOIENb HEHPOHHOW CHCTEMBI, MPEICTaBISIOMmAs co0oi
[ETIOUKY U3 TpeX MU PY3MOHHO CBI3aHHBIX CHHTYISPHO BO3MYIIICHHBIX HETMHEHHBIX audde-
PEHIMATIBHBIX YPaBHEHHUH C 3ala3/bIBAHUEM. V3y4JaroTcsi BOIPOCH! CyIIECTBOBAHMS, yCTOWIH-
BOCTH 1 aCHMITTOTHYECKOTO MPEICTABICHHS PEIAKCAIMOHHBIX TEPUOANIECKIX PEIICHNH ITOH
CHCTEMBI Ha OCHOBaHHMH OM(YpPKAIIMOHHOTO aHaJN3a CIEIUAIBHOTO TBYMEPHOTO OTOOpaxe-
Hust. Oco0oe BHIMaHNE YEISETCS! YUCITY COCYIIECTBYIONINX YCTOWIUBBIX PEKIMOB, KOTOPOE
yAaeTcs ONpPEAEINTh, COueTas aCHMITOTHUECKHE M UYHCICHHBIE METOABI. sl HaXOKICHUS
BCEX YCTOHYMBBIX COCTOSHUM PaBHOBECHS MOAEIBHOTO OTOOPayKEHNUS NCTIONB3YIOTCS alTOPUT-
MBI TAPAIVICITBHBIX BHIYUCICHNUI.

HccnenoBanue BRITOTHEHO 3a cueT rpanTa Poccuiickoro HayqHoro horma (mpoext Ne 14-
21-00158).

Kniouegvie crosa: penakcaioHHbIE KOJIeOaHNsI, yCTOHUNBBIE PEKUMBI, OndypKamu.

BBEJEHWE

JI71s1 TIenoYKy CHHTYIISIPHO BO3MYIIICHHBIX OCIIUIISITOPOB C 3aIa3IbIBAHUEM, MOJICITH-
pYIOIIeH ciraboe AIIEKTPpUUIECKOe B3aNMOICHCTBIE HEUPOHOB, B cTaThe [Imer3un C./1.
u np., 2011a; I'mezun C.J1. u np., 20116] npeutoskeHa OCHOBaHHAs HA MOJIEIH U3 KHH-
ru [Kamenko C.A., Maiiopos B.B., 2009] cucrema auddepeHnranbHbIX ypaBHCHUN
C 3ama3/bIBAaHUEM

0= (U, — 2u,+ Upy )+ (-1 + af{ug(t - 1) — Bg(u)]u =1,m, (1)
rae m>2, Uy= U, Us= Uy, A>> 1, >0, a > 144, a maakue Gpyuakuun f(U) u g(u) ymo-
BietBopsitoT yeaosusm f(0) = g(0)=1, f(u), g(u), uf'(u),ug’'(u) = O(1/u), mpu U—+oo.
IMpu chopMyTUPOBAHHBIX OrpaHUYeHUsX cucTeMa (1) JomycKaeT CHHXPOHHBIH UK
U; = U, = U«(t,A), tne dpynkuus U«(t,4) yIoBIeTBOPSIET ypaBHEHUIO

U=A-1+aflu(t— 1)) — pg(u)]u.

B [I'mezur C.J0. u mp., 2011a; Imezun C. . u ap., 20116] mokaszaHo, 4To Tie-
puoamnueckoe pemrenue U«(t,4) ¢ mepuogom T«(A) acumnToTrdecku ONM3Ko mpu A > 1
K QyHKIUH exp(Ax,), Tae

HBanosckmii Jleonnn UropeBud — ctyneHT 5 kypea daxynsrera MHDOpMATHKY 1 BEIMUCIUTEIBHOM TeX-
HUKH SIpociiaBckoro rocynapcrBeHHoro yHusepcutera uM. ILI. JlemunoBa, 1abGopaHT-HCCe0BaTellb
OIICH HIIY PAH, leon19unknown@gmail.com

CamconoB Cepreit OneroBud — cTyfeHT 5 Kypca ¢axyinbrera MHDOpMAaTHKY 1 BBIYUCIUTEIBHON TEXHHU-
Ku SIpocnaBckoro rocynapctBeHHoro yHusepeurera um. I1I. Jlemunona, therealfac@gmail.com
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((a—l)t, npul<t<1,
(t)_4a—t, npul<t<a,
W EY 1+ B - ), npua <t<a+l,

(a—B—-1D(t—-—a—-1)—1-p, npua+1<t<T,,
Ty=0+1+ @+ /(e — B — 1), npuyemM crnpaBeyIUBO MPEICIHHOE PABEHCTBO
lim,_,T- (A) = T,.
C nomo1pko 3aMeH BUaa
j-1
) Zy Z =2 Lt
u; =exp(—),ui =exp| — J=2,me=~— ,
1 P\Z) W Pz Y |+] 1
k=1
rae X OJIM3Ko K Xy, cucteMy (1) MOXKHO CBECTH K CIEyIOLIel cuCTeMe:

X=ed(e — 1) + F(x, x(t - 1), ¢),

yi=d(@in+edi—ei—edil)+

+ G X(E=1), Y1, . Yp Vit = 1),y (1= 1), 8), /=1, m—1,
e Yo=Y, = 0, a pyHKIUU UMEIOT BUJT
u x
€ €

F(x,u,e) = -1+ af (exp( )) — Bg (exp( ))

Gj = (x'u’ylr = Yir V1 ...,Uj,{;‘) =

j j-1 1
_a u u
—;f exp §+ka —f| exp ;+ka +
k=1 k=1 |
j-1 j
B x x . —
+Eg exp E+Zyk —g| exp E+Zyk Jj=1m-—1.
i k=1 k=1

B crarpax [Imenun C.[. u np., 2011a; [mezua C. . u ap., 20116; [meua C..
u np., 2012a; I'mezuu C. . u ap., 20126; I'meua C. . u ap., 2013] BermoHEHO CBe-
JICHUE 9TON CHUCTEMbI K CHCTEME OOBIKHOBEHHBIX JH(D(epeHNaTbHbIX YPABHEHUH C
HMMITYJTbCHBIM BO3JICiCTBHEM. PaccMOTpuM NaHHYIO 33a/jady B CiIydae TpeX OCIHILIS-
topoB (m = 3). IIpu atoMm (cm. [MBanosckuit JI.U., Camconos C.O., 2014]) nonyyaem
CIICIYIOIIYI0 CUCTEMY:

i = d(e”? V1 —eV1—1
{yl (e¥2 +e e ) 2

Yo =d(1l+e™ Y2 —e¥2 —e™1),

a—1 a
y;j(+0) = ﬁ}’j(—o)' yi(1+0)=y;(1-0)— m}’j(ﬁ)).

B
yjla+0) = (1+p)yj(a—0),

yjla+0) =1+ pyj(a—0),
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Oynkiun Y, (t) u Y,(t) xapakTepusyroT (pa3oBble CABUTH MEXKIYy KOMIIOHCHTAMH
cucremsl (1). Hmke OyneM u3ydaTsb cieayroniee oToOpakeHue:
Z1 y1(T")
D(z): ( >—>< i >, 3)
) y2(T*)
e (Y,(1), y,(t))" — perenust cuctembl (2) ¢ UMITYJILCHBIM BO3/ICHCTBHEM U CIICTYOIIN-
MH HadaJbHBIMH YCIOBHAMHU: Y, (—0) = z;, Y»(-0) =z,.

B crarpsx [[me3un C. /0. u ap., 2011a; ['me3un C.[. u gp., 20116; I'neua C.J1. u
np., 2012a; Inezun C. /0. v ap., 20126] noka3aHo, YTO SKCIIOHEHIIUAIEHO YCTOWYHBBIM
HETOJIBMXKHBIM TOUKaM OTOOpaskeHUs (3) COOTBETCTBYIOT OPOUTAIIBHO ACUMITTOTHYEC-
CK{ YCTOWYMBBIE ITUKJIIBI CUCTEMBI (2) U, B CBOIO 04epe/ib, cuctemsl (1). Acumnrornye-
CKH aHaJIu3 0TOOpakeHU (3) MO3BOJIAET IMOKA3aTh, YTO MPU JOCTATOYHO MAJIBIX 3HA-
YEHHSIX MTapaMeTpa d OHO MMeeT Kak MUHIMYM TPH yCTOMYNBBIE HETIOIBUKHBIE TOUKH.
3aMeTuM, 4TO HyJIEBOE COCTOSIHUE PABHOBECHS YCTOMUNBO TPH JTFOOBIX 3HAYCHUSAX d,
IIPU 3TOM €My COOTBETCTBYET OJHOPOAHBIN (CHHXPOHHBIN) LUKI cucteMsl (1). Hama
3ajia4a COCTOUT B ONpE/ACICHUH TaKUX 3HAYCHUH o U 3, IPU KOTOPBHIX OTOOpa)KeHUe
(3) nmeet HanOoOMBIIIEE YMCIIO YCTOMYNBBIX HEMTOABMKHBIX ToueK. [l0CKOIbKY crienars
3TO B TIOJTHOM Mepe C MCIIOIb30BAaHUEM OIHHX JIMIIb aCHMITOTHYECKUX METOIOB JI0-
BOJIFHO 3aTPyAHHUTEIHHO, TOUCK YCTOMYUBBIX COCTOSHHUM OCYIIECTBIISIICS C TIOMOIIBIO
CIEIMAIILHO Pa3padOTaHHOTO NMPUJIOKEHUS. BrraucieHne KoopInHAT HEMOABIIKHBIX
TOYEK B ATOHM MporpaMMme OCYLIECTBISIOCH MapajlyieIbHO, HA HE3aBUCHUMBIX MOTOKaX
LEHTPaJIBHOTO Mpoleccopa.

NOWCK HENOABWXHOW TOYKN PEJTAKCALIMOHHOIO OTOBPAXEHNA

Pacu€r koopauHaT KOHEYHOH TOUKH 0TOOpakeHHs (3) UAET CaeayOMUM 00pa3oM: BbI-
quciieHnsT HaunHATCs 13 ToUKU (Y,(—0), ..., Ym1(—0))” KoopauHaThl KOTOPO# mpen-
CTaBJISIIOT OO0 HavallbHbIE YCIOBHsI cUcTeMBI (2). HauaabHBIM MOMEHTOM BpEMEHHU
cunraercs BenuunHa ¢ = —0. Jlanee, utepalionHo, ¢ marom h, mpu momomnmm Merona
Pynre-KyTThl MOACYMTHIBAINCE KOOPIUHATHI CIEIYIOIIEH TOUKH OoToOpaxeHus (3).
OTOT METOJ UMEET YeTBEPTHIN MOPSAOK TOYHOCTH, T.€. OLTHMOKA Ha KKJJOM HHTEpBaJie
mozacuéra oymer nmethb mopsaaok O(h’). KoopanHars! ciieyromiei TOuKu 0ToOpakeH s
(3) moACYUTHIBAIOTCS IO UTEPALIMOHHON opMyie:

h -
yj(t+h) =y,-(t)+g(k1+2k2 +2k;+ky),j=1m—1

rze Yi(t+h), y;(h) — koopauHATHI TOYEK, MONTYYEHHBIX HA TEKYIIEeH U IPeAbIIyIel nTe-
pauusix, i — BenuunHa mara cetku t mo mist merona Pynre-KyTtol, a ko3 dunmenTs
K, ks, ks, K4 paccuntsiBaroTcst mmo cieayromum Gopmynam:

ky=d(eVi*t +e™Vi—e¥i — e Vi-1)
k3 — d(eyj+1+hk2/2 + e—yj+hk2/2 _ eyj+hk2/2 _ e—yj_1+hk2/2)

k4 — d(ey]+1+hk3 + e—y]+hk3 _ ey]+hk3 _ e_yj_1+hk3)
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Brruncnenus Takoro poga OyAayT MPOAOIDKATBECS J0 TEX TMOop, MoKa He OyneT Io-
JIy9eHO KOHEUYHOE COCTOSIHUE B 3HaYueHUU BpeMeHu 71, Oxgnako B Toukax 0, 1, a, a+1
TIEPEKITIOUCHISI PEeTIaKCAIIMOHHONW CHCTEME MPUAABAIICS UMITYIIbC. KOOpauHATE TOUKH
B 9TOM CJIydae MOJCUNTHIBAIKCH IO (hOopMysIaM:

a—1 a
y;j(+0) = my]'(—o): yi(1+0)=y;(1-0) - m}’j('i'o).
yjla+0) = (1+p)yj(a—0),
yi(a+1+0) =yj(a+1—0)—$yj(a+0),

j=1'2' Yo =1DY3 =0.

Jlanee mpoucxoamia MpoBepKka HAYAIBHONW W KOHEYHOW TOYeK oTOOpaxkeHUs (3)
Ha DKBUBAJCHTHOCTh. ECIHM WX KOOpAWHATHI OBUIH JOCTATOYHO OJHM3KU APYT K JpY-
Ty, 3TO 03Ha4aJjo, YTO HANJEHO yCTOWYMBOE COCTOSIHHE paBHOBecHs. B mpoTHBHOM
ke ciydae HeraBHO nocuutanuyro Touky (Y,(7p), ..., Ym (7o) cunTany HadaabHOW U
MIPOM3BOAMIIM JJIsl He€ Ty e TOCIIeA0BaTeIbHOCTh ONepalyii, KoTopast ObUia OrrcaHna
panee.

PE3YNbTATbI YACJIEHHOTO UCCNEOOBAHUA

Ha xoopauHaTHOM TUTOCKOCTH TTapaMeTpoB (a.,5) MOJKHO BBIICITUTH 001acTh A, A,, Az 1
KkpuBbi¢ |y, ..., |;. Tpadudeckas Busyanusanus JaHHBIX MHOKECTB MIPUBE/ICHA Ha pHC. 1.

[Ipu3Hak, Mo KOTOPOMY MPOU3BEACHO pa30MEeHHEe Ha OOJIACTH, — 3TO Pa3JInYHe
MaKCUMAaJILHOTO KOJIMYECTBA OOHAPYKUBAECMBIX YCTOMYUBBIX HEIMOJBUKHBIX TOUEK
y OTOOpaXKeHHUsI.

puc. 1. Pazbuenne miockocTy mapamMeTpoB Ha 00nacti
C OJJMHAKOBBIMH CIIEHAPUSMHU (a30BEIX MEPECTPOCK
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Jlyis 3HaYeHUH apaMeTpoB ¢ U S u3 00mactu A; BO3MOXKHO €JIMHOBPEMEHHOE Ha-
JUYre y OTOOpakeHUs TSATH YCTOMYMBBIX HEMOJABMKHBIX TodeK. B obmactu A, oOHa-
PY)KHBAIOTCSI CHTyallill MAKCHMYM C CEMBIO YCTOHYMBBIME TTOJIOKeHUIMH. O0IacTu
A3 COOTBETCTBYIOT HauOOJIEE CIIOKHBIC CIyyad, MAKCUMaJIbHOE YHUCIIO YCTOMUMBBIX
HETMOJIBUKHBIX TOYCK B KOTOPBIX TOCTUTACT LICCTH.

Hawnbonee Ba)HBIM 3JIEMEHTOM, CITYKaIllM TSl TIOCTPOSHMS BBEICHHBIX 00Ja-
creit, seisieres npsamast |y = {(a,f): f= a-2}.

CUMMETpHYHBIM 00pa3oM OTHOCHTEIBHO ee MpoBeacHbI KpuBbie |, u |5, kacaro-
muecs |y B Touke (2, 0). DTH KpUBbIE ABIAIOTCS TPaHUIIAMU 001acTh A,:

A, ={(a.f) : > 15, p<L,}.

Taxoxe B Touke (2, 0) mpoBeneHa kacarenbHas |, kpuBast k npsimoii |y, B cOBOKyTI-
HOCTH C OCBIO a0cIHce o0pa3yrolasi TpaHullbl 00IacTH A :

Ai={(ap) : p<Li, >0}

I[BYCBHL”HaSI 0011acTh A3 MMpeACTaBIACTCA B BULC:

As={(ap) : > b, <1y, B> 1y, <13},

rae npsamast |, ={a.p) : f=a—1}.

JHanee paccMOTpyM TUNUYHBIE OMdypKaMy Ui KaXI0W M3 BBEIEHHBIX 00Ja-
creit (cM. Takke 3ameTky [MBanosckuii JLU., Camconos C.O., 2014]).

OcHoBHbIe Oudpypranuu B 061actu A,. [Ipn m3meHennn napameTpa d s Jiro-
ObIX (PMKCHPOBAHHBIX 3HaYeHUH mapsl (o) € A; B (a3oBOM mpocTpaHcTBe 0TOOpa-
JKeHUSI HaOIOIaeTCsl OIMH M TOT K€ CleHapuil OnypKauMoHHBIX mepectpoek. s
ompeeneHHOCTH Bo3bMeM a = 5,0 u f = 0,4. Jlajnee HayHEeM MEHATH 3HAYCHHE Iapa-
Metpa d.

[Tomo6HBINM YMCTIEHHBIN aHATN3 0TOOpakeHU (3) MO3BOJSAET MONYIHTh CICITYIO-
LIYIO TTOCJIEI0BATENFHOCTh OU(ypKALHiA:

1) lIpu d < d,; d, = 0,019 otoOpakeHre UMeET MATh YCTOWIMBBIX HETTOBHIKHBIX
TOYEK W IIECTh HEYCTOWUMBHIX. CXeMaTHUecKoe M300pakeHue (ha3oBOTO MOPTPETa
otobOpakenus @ B JaHHOM Cllyyae MOKHO yBHUAETh Ha puc. 2a. byksamu Sj 0603Have-
HbI ycTON4uBBIE, @ U; — HEyCTONUUBBIE HEMOJBUKHbIE TOUKH.

2) llpu d = d, nBa cummeTpuunbIX Apyr apyry cemia Us u Uq cmmBarorcs ¢ camo-
CUMMETPUYIHOHN TOUKOU Sy M OTOMPAIOT Y HEEe yCTONUMBOCTh, 00pa3ys cemio U,

3) pu d, < d< d,; d, = 0,031 oroOpaskeHUE UMEET YEThIPE YCTOWYMBBIC HEIO-
BIDKHBIE TOYKH U TISITh HEYCTOMYMBBIX. Da30BbIM MOPTPET B JJAHHOM Cly4yae MMEeT
M300pakeHHBIN Ha puC. 20 BUJ.

4) Ipu d = d, veycroiuusbiii y3en Uy u cennio U;, criuBasich, Mpomnaaaror.

5) lpu d, < d< ds; d; = 0,059 oroOpakeHHe UMEeT YeThIpe YCTONYNBBIC HETIO/-
BIDKHBIE TOYKH U TPH HeycToitunBbie. Cxema (ha30BOTO MPOCTPAHCTBA MPEICTaBICHA
Ha puc. 3a.

6) Ilpu d = d; ycroitumsslii y3en S, u cemio U,, camBasick Jpyr ¢ APYroM, Mporiagaror.

7) lpu d; <d<d,; dy = 0,127 oToOpakeHHe UMEET TPU yCTONUUBBIE HETTOIBHK-
HBIC TOUKH | JIBE HEYCTOunBhIe. Da30BEINA MMOPTPET N300pakeH Ha pucC. 30.
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a)d<d, 0)d,<d<d,
puc. 2. ®a3oBrle TOPTPETH 0TOOpakeHUs IpH (0,f) € A,

a)dz<d<d3 6)d3<d<d4
puc. 3. ®azoBbie nopTpeThl 0TOOpakeHus pu (a.f) € A;

8) [Mocnennsisi Oudyprauust npoucxoauT npu d = d,. CHMMETpHYHBIE IPYT APYTY
yCTOMuUnBbIe y31bl S, 1 S; cnuBatoTcs ¢ cummeTpudHbiME ceaniamu U, u U; 1 ncuesa-
1oT. Tem cambim, ipu d > d, 0TOOpakeHNE UMEET eAMHCTBEHHOE HYJIEBOE YCTOWIHBOE
COCTOSIHHE.

[lomy4enHslii cueHapuii (a3oBbIX MEPECTPOEK OCTAETCS BEPHBIM IS JIIOOBIX
(a,f) € A). OTIMUUS OT PACCMOTPEHHOTO CIy4asi COCTOAT JIMIIb B YHCIOBBIX BBIpaXKe-
HUSX On(ypKalMOHBIX 3HaYEHUH apamerpa d.

OcHoBHbIe Oudypkanuu B 06aactu A,. [Ipu n3MeHeHnn nmapameTpa d JJist JIro-
ObIX (PMKCHUPOBAHHBIX 3HaueHUH Tapbl (o.f) € |, B da3oBoM mpocTpaHcTBe 0TOOpA-
JKEHUST HAOJIOMAETCSI OMMH M TOT K€ CIleHapHii OM(ypKaMOHHEIX ITepecTpoek. Jlims
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yaob6cTBa 3adukcupyem BennduHbl o = 5,0 u f=3,0 u OyaeM MEHSITh 3HAUCHHE Mapa-
MeTpa d. B pe3yibrare noiay4uM CIIEIY Oy TOCIEI0BATEIbHOCTh OU(YPKAIIHIA:

1) lpu d < d,; d, = 0,047 oToOpakeHNEe UMEET MATh YCTOWYMBBIX HETIOBIKHBIX
TOYEK M BOCEMb HEYCTONYIHMBBIX. CXeMaTHuecKoe n300pakeHne (ha3oBOTO MOPTpETa
oroOpakeHuss d B JaHHOM ciTy4ae MOXKHO YBHJIETh Ha pHC. 4a.

2) llpu d = d, oT ycTOWYMBOTO CaMOCUMMETPHUYHOTO y371a S}, OTBETBIISICTCS Mapa
CUMMETPUYHBIX APYT APYTY YCTOWYHMBBIX y3JI0B S| 1 S, CAMOCUMMETPUYHAS CEITI0Bast
touka Uy. OTHOBPEMEHHO C 3TOH Ou(ypKaluel MPOUCXoUT MOA00HAS C YCTOMYUBBIM
y31oM Sss. OH TaxKe pacmagaeTcs Ha 1Ba yCTONIHMBEIX y3ma Ssu Squ cemito U,

3) [Ipu d, <d<d,; d, = 0,056 oToOpakeHNE UMEET CEMb YCTOHIMBBIX HETIOABHXK-
HBIX ToueK. Da30BBI MOPTPET B JIAHHOM CIIy4ae UMeeT M300paKeHHbI Ha puc. 40
BUI.

a)d<d, 0)di <d<d,
puc. 4. ®azossie noprpeThl oTobOpaxenus npu (a.pf) € ly

4) Ilpu d = d, neycroituussle y3ibl U; n Ug ciuBaroTcst COOTBETCTBEHHO C CEJI0-
BeIMU ToukamMu Uy u Uy,

5) Ipu d, < d<ds; d; = 0,058 oroOpakeHHE UMEET CEMb YCTOMYMBBIX HEIIOABHIK-
HBIX To4ueK. Pa3oBbIi MOpPTpeT, n300paskeHHbIN Ha puc. 5a npu d = 0,057, no3sossier
HIPOMJUIIOCTPUPOBATH 3TY CUTYaLHIO.

6) Ilpu d = d; cummeTpuuHbBIe APYT APYTY YCTOWYMBBIC Y3761 S| U S, CIIMBAIOTCS
¢ cumMmeTpuuHbIMU ceniamu U, 1 U, u ucuesaror. OMTHOBPEMEHHO € 3THM MIPOXOAUT
aHajorngHas OndypKarmus, B pe3yIbTaTe KOTOPOU NCUe3aI0T YCTOMUNBEIE Y3IIbI S5 Sy
u cemina Us u Ug.

7) lpu ds < d< dy; dy = 0,172 oToOpaskeHUsI UMEET TPU YCTONUMBEIC U JIBE HEY-
CTOWYMBBIC HEMOABIKHBIC TOUKH. Da30BEIi MOPTPET H300pakeH Ha puc. 50.

8) Haxonen, npu d = d, cHMMeTpHUYHBIE IPYT IPYyTy YCTOHUUBBIE Y31kl S; U S, CIH-
BaloTcs ¢ cuMMeTpudHbIMU ceanamu Us u U,. u ncuesatot. [Ipu oToOpakenue nmeer
€IMHCTBEHHOE HYJIEBOE YCTOWYHBOE COCTOSTHHE.
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a)dz<d<d3 6)d3<d<d4
puc. 5. ®azobie mopTpeThl 0TOOpaXkeHus mpu (a.f) € ly

I[anee mporpaMmMHO OBLIIO HCCIICAOBAHO ITIOBCIACHUC OTO6pa)KeHI/I$I B HO}IO6-
JIaCTAX:

As={(@p): p> o, f<l} mAT={(ap): f> 15, f<l}.

Otu obmactu 00pa3oBaHBl pasjeneHueM obmactu A, mpsmoit |, mHa aBe
KOMIIOHEHTHI.

O06HapY HUIIOCH, UYTO B BBEACHHBIX 00MacTax A 1 A’ HapyIaeTcs enHOBpEeMeH-
HOCTB TIpOTeKaHMsI OudypKaruii pacmana yCTOWIUBEIX Y3II0B S|, U S5, @ TAKXKE TIO-
crenyronmx oudypkanuil caustHAS MX KOMIOHeHT. [Ipu a3ToM npyrie kauecTBeHHBIS
OTIHYHs cO ciieHapueM 1pH (a.,f) € l,oTcyTCTBYIOT.

Jlns obmacte A XapakTepeH cIBUT OndypKamuu pacrana yCTOWIUBOTO y3ma S,
1o d Briepen. OHa TIPOUCXOIUT TENEPh NIpH OOIbIIeM d, ueM paHbIle. Takxke ondyp-
Kallys pacrajia yCTOMINBOTO y3Ia Ssq CAIBUTASTCS 10 d M IPOUCXOAUT MPU MEHBIIIEM
d, yem paHbIIe.

Ob6nactu A'Y HA000POT CBOMCTBEHEH CABUT OM(ypKalyu pacmana S, Mo d Ha3aj,
a y3na Sss — BIIEpen.

OcHoBHbIe Oupypramun B odaactu A;. [lockonbky 001acte A; — IBYCBs3HAS,
BBEIEM B PACCMOTPEHHUE CIECAYIOLINE €€ OA00IacTH:

As={(apf): f> 1, <l n AV={(ap): B>, <1}

C MOMOIIBIO yKE XOPOIIIO 3HAKOMOTO METOJIa MOKHO TTOJTYYHUTh MOCIIEI0BATEIb-
HOCTh (Da30BBIX MepecTpoek sl 3HadeHui (a,f) € As. Hampumep, B ciiydae o = 4,0
u f = 2,3 HaOI0Ial0TCs CIIEAYIOUUe OU(ypKaI|u:

1) Ilpu d < d,; d, = 0,040 oToOpaxeHne uMeeT MATh YCTONYNBBIX HEMOABMKHBIX
TOYEK M BOCEMb HEYCTOMYHMBBIX. Cxemaruueckoe m3o0pakeHue (a3oBOro moprpeTa
otoOpaxkeHust @ B JaHHOM clly4ae MOYKHO YBHJIETh Ha pHc. 6a.
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a)d<d, 0)d<d<d,
puc. 6. ®a3oBbie MOPTPETHI 0TOOPAXKEHUS TIPU (0.,f) € A3

a)d2<d<d3 6)d3<d<d4
puc. 7. da3oBsie nOpTPeTHl 0TOOpaXKeHUs pH (a,f) € A,

2) IIpu d = d, oT yCTONYNBOTO CAaMOCUMMETPUIHOTO Y371a S|, OTBETBIIAETCS Mapa
CUMMETPUYHBIX JIPYT IPYTY YCTOMUMBBIX y3/10B S) U S, 1 CaMOCUMMETPUYHAS CEIJI0-
Bas Touka U,.

3) Ilpu d, < d< d,; d, = 0,049 oroOpakeHHEe UMEET MIeCTh YCTOWYMBBIX HEIO/-
BIDKHBIX TOUeK. Da30BBIii MOPTPET B JAHHOM CITydae UMEeT H300paKeHHBIH Ha puc. 60
BU]I.

4) Ilpu d = d, cAiMMETpHUYHBIE IPYT APYTY YCTOWIUBEIC Y3IIBI S; U S, CITUBAIOTCS C
cummeTpudHbIME cepiamMu U, u U, 1 rcyesaror.
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a)d4<d<d5 6)d5<d<d6
puc. 8. ®azoBbie opTpeThl 0TOOpaXkeHust npu (a.f) € A;

puc. 9. ®a3oBblif mopTpeT oToOpaXkeHus NpH ds < d < d;

5) lpu d, < d< ds; d; = 0,053 oroOpakeHHEe UMEET YeThIPe YCTONYHUBBIC HETIO/-
BIKHBIE TOUKU. Da30BbIil MOPTPET N300paxeH Ha puc. 7a.

6) IIpu d = d; neycroituuBsiit y3en U, ciuBaercs ¢ ceuioBoit Touxoi U.

7) pu d; < d<d,; d, = 0,055 oToOpaskeHHEe TTO-TIPEKHEMY UMEET YETHIPE YCTOM-
YUBBIC HETIOABIKHBIC TOUKH. Da30BBIN OPTPET B JAHHOM CIydae MMEET H300paskeH-
HBII Ha puc. 70 BH]I.

8) Ilpu d = d, oT yCTONYNBOTO CAaMOCUMMETPUIHOTO Yy3J1a Sss OTBETBISICTCS T1apa
CUMMETPHUYHBIX JPYT JAPYry YCTOHYHUBBIX Y3JI0B S5 S¢ 1 CAMOCUMMETPHYHAS CEIIIO-
Bag Touka U,.
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9) lpu d, < d< ds; ds = 0,057 oroOparkeHUuEe UMEET MATh YCTOMYUBBIX HETIOJ[BUXK-
HBIX ToueK. Da30BbIil MOPTPET B JAHHOM CiIydae n300pakeH Ha pHc. 8a.

10) Ilpu d = ds neycroituusrii y3en Uy cuBaercs ¢ ceuioBoii Toukoit U,y OmHo-
BPEMEHHO C 3TUM CHMMETPUYHBIC YCTOWYHBBIC HEMTOABMKHBIE TOUKHU S5 U S5 MEHSIOT
CBOH THI M CTAHOBATCS YCTOWIUBBIMHU (POKYCAMH.

11) Ilpu ds < d< dy; ds = 0,069 oToOpaskeHrEe UMEET IATh YCTOWYMBBIX HETIOABHK-
HBIX ToueK. Pa30BbIl MOPTPET B TAHHOM CITydae UMeeT H300pakeHHbIH Ha puc. 80 BU.

12) IIpu d = ds cumMeTpudHbIe APYT APYTY YCTOWUNBBIE (POKYCHI S5 1 Sg CITUBAIOT-
cs1 ¢ cumMerpuuHbiMU centamu Usu Ug 1 ncaesaror.

13) Ilpu dg < d< d;; d, = 0,170 oroOpaxeHue UMEET TPH YCTOWYHBBIC HEMOABHK-
HBIE TOYKH U /1B HeycToiHunBbIe. Da30BbIN MOPTPET B JAHHOM Cllydae M300pakeH Ha
puc. 9.

14) Hakoneu, npu d = d; cHkMMETpHUYHBIE IPYT IPYTy yCTOWYMBBIC Y3Ibl S; U S,
caMBaroTCsA ¢ cuMMeTpudHbIME cemamu U; n Uy, m ucuesarot. [lpu d > d oToOpaske-
HUE UMEEeT eIMHCTBEHHOE HYJIEBOE YCTOMUNBOE COCTOSHUE.

[Nomyuennslii crieHapuii (pa3oBbIX IEPECTPOCK XapaKTepeH s Jro0bIX (a,f) € Al.

OTnuumst OT PACCMOTPEHHOTO CIy4asi MOTYT COCTOSITh B ouepeiHocTH Oudypka-
MY UCYC3HOBEHUS CHMMETPHUYIHBIX APYT IPYTy YCTOMYMBHIX y3710B S; 1 S, 1 0udyp-
KAy CIMSHUS HeycToiunBoro y3na U, ¢ cemniom Uy. AHanornunele H3MEHEHUs T0-
PSAIKa BOBMOXKHEI C y3JIaMu Ss 1 Sy ¥ HeyCTOWIUBBIMH Toukamu Ug i U .

st obmactr A mpucytie 00pa3oBaHHE Maphl yCTONIHBBIX (DOKYCOB U3 TOUKH S5,
a u3 S5, Ha000pOT — mapbl YCTOMYMBBIX y3710B. Taroke 11l JaHHOW 00JIacTh XapakTep-
HBI pa3InYHbIC CIIEHAPUHN UCYC3HOBEHHS TOYEK THIA (GoKyc. BbuTn BhISIBICHBI Ooliee
CJIO)KHBIE CITy9ar BOSHUKHOBEHUS BOKPYT TOUYEK THTA (HOKYC YCTOWIMBOTO U HEYCTOM-
YHBOTO MHBAPHAHTHBIX KPUBBIX. TeM HE MEHee, ONMCAaHHbIC OTIIMYHS HE BIUSIOT Ha
KOJIMYECTBO YCTOWYMBBIX HETMOJIBMIKHBIX TOUYEK — MX YHCJIO C YBEJIMYCHUCM ITapamMe-
Tpa d o-TIpeXXHEMY CIIe/yeT COTIIACHO OMMMCAaHHOMY ClieHapuio: 5—6—4—5—3—1.

3AKJTIOYEHUE

Ha xoopauHaTHOM TJIOCKOCTH MapaMeTpOB OBbUIM BBIJCICHBI 00JIACTH, COOTBETCTBYIO-
IIH€ pa3InyHbIM OM(YpKAIIMOHHBIM ClieHapysM. biarogaps yrcieHHOMY aHaIU3y MO-
JIETTBHOTO OTOOPAKEHMS C TOMOIIBIO TIPHIIOKEHUS, OCYIIECTBIISIONIETO TIOMCK YCTOM-
YHMBBIX PEKUMOB Ha OCHOBE AJITOPUTMOB MapauUICIbHBIX BBHIUMCICHHUH, B KOKIOH M3
oOmacreit OBLTH MTOPOOHO PACCMOTPEHBI OCHOBHBIE MEPECTPOUKH, TPOUCXOIAIINE B
¢azoBoM npocTpaHcTBe 0TOOpaXkeHust. Takke ObUTH yCTaHOBJICHBI MHOKECTBA 3HAUC-
HUI TapamMeTpoB oToOpaxkeHus (3 ), Mpr KOTOPBIX BO3MOKHO COCYIIECTBOBAaHHE CEMH,
IeCTHU UJIN IIITHU YCTOI\/’I‘H/IBBIX HCITOJABUM)XHBIX TOYCK.
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Let us consider a mathematical model of neuron system, which is presented as a chain of three
diffused connected and singularly perturbed nonlinear differential equations. In the further text
researched the questions of existence, stability and asymptotic forms of relaxation periodic
solutions of this system due to a bifurcation analysis of two-dimensional mapping. Also the
special attention is paid to the number of coexisting stable regimes, which were detected due
to asymptotic and computational methods. For searching all stable regimes of model mapping
used algorithms of parallel calculations.
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YOK 532.5

NMPOBJIEMbI UCM0JIb30BAHUA CYNEPKOMNbIOTEPOB
ANA MACLLTABUPYEMOIO YACIEHHOTO MOAENVNPOBAHUA
3A[AY TUAPOANHAMMKN B UHAYCTPUANBHBIX MPUNOMKEHUAX

A.C. Kosenkos, P.M. llazanues, B.B. Kypynu, A.B. inoso, C.B. Jlawkun

DepepanbHoe rocyfapcTBEHHOE yHUTapHOe nNpeanpuatue

Poccuniickui depepanbHbi AREPHbIN LIEHTP

Bcepoccumncknii HayuHo-nccnefoBaTenbCKUM MHCTUTYT SKCNEPUMEHTaNbHON GU3NKK
(®Oryn «POAL-BHNNS®»)

B pabote mpoBoxuTCs aHAIHU3 IBYX OCHOBHBIX MpoOsieM Ha IMyTH 3(P(PEeKTHBHOTO TPUMEHEHUS
METO/IOB BBIYHCIIUTEIbHOM FHIPOIMHAMUKHY B HH/LY CTPUAIIBHBIX ITPUIIOKESHUSIX — MOJICITHPOBa-
HHUE TYpOYJSHTHOCTH U YCKOPEHHE pacdeToB. [IpUBOSITCS pe3yibTaThl UCCICAOBAHUS TIOTEH-
1Majga NPUMEHEHUs] BUXPEepa3peliatoiinX MOIX0I0B Ul MOJACIHUPOBAHUS TypOYJIICHTHOCTH B
WH]IyCTPUAIIBHBIX TPUIIOKEHHSX TP UCIIOJIL30BAHUN TPOU3BOJIBHBIX HECTPYKTYPHPOBAHHBIX
pacdeTHbIX ceToK. [IpeioKeHbl aIrOPUTMBI YCKOPEHHSI MaCILITA0MPYEMbIX BBICOKOTIPOM3BO-
JIUTENbHBIX BBIYUCIICHUH, OCHOBAHHBIC HA MPUMEHEHUH MHOTOCETOUYHBIX TEXHOIOTHH.

Pabora BemmonHeHa mpu ¢uHAHCOBOH momaepxkke PODU — mpoekt «opu m» Ne 13-
0712079.

Kniouegvie cnoga: 4YHUCIEHHOE MOJCIMPOBAHNE, CYNEPKOMIIBIOTEPHI, BBIYUCIHTEIb-
Hasl TUAPOIMHAMHKA, TYpOYJIEHTHOCTh, MHOTOCETOYHbBIC TEXHOJIOTHH, HWHJYCTPUAIIbHbIC
MIPUIIOKEHUSL.
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SIBUJIOCH CIIEACTBUEM KOJIOCCAIBHOIO Iporpecca B HPUMEHEHUH YUCIEHHBIX METO/IOB
B MCCJIENOBAaHUU THIPOJUHAMUKH KUJAKOCTEH, KAK TEOPETUUYECKOM, TaK U IKCIIEPH-
MEHTaJIbHOM. BhruucnuTenbHas THIpOIMHAMHUKA 110 CBOCH TOIHOTE, pa3HO00pa3unio
3a/1a4 ¥, YTO OCOOCHHO aKTyallbHO, MTPAKTUICCKOMY MPUMEHEHUIO BBIICTMIACH B OT-
JIEJIbHYIO CaMOCTOSITEIbHYIO HayKy. [IpakThyeckoMy BHEIPEHHIO BBIYHCIUTEIIBHON
THIPOAMHAMUKH CIIOCOOCTBYET OypHBIN POCT MPOU3BOAUTEIHHOCTH BRIYUCIUTEIHHON
TEXHUKH, BBEJICHUE B CTPOH CYNEPKOMITLIOTEPOB TEPA(IIOMHOTO U JIaXKe MeTa]IIOHO-
ro KJIacca, a TaKXkKe CEPbe3HbIC YCIEXH, TOCTUTHYThIC B TOCICIHUE TO/BI B 001acTH
nocTpoeHust 3PPEKTUBHBIX YUCIEHHBIX MeTOI0B. OJIHAKO, HECMOTPS Ha CYIICCTBCH-
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4YeM MpaBuwiIoM. B mepByro odepesb K TaKUM IpOoIeccaM OTHOCATCS TypOyJICHTHOCTb,
TOPCHUEC, TCUCHUA B aHU30TPOIIHLIX ITOPUCTBIX Cpeaax, MHOI‘O(ba?:HI)IC TCUCHUA U APy~
rue. YeyryOusieT CUTYaluio U TOT (PaKT, 4TO IUPOKOE MPAKTHUECKOE BHEIPCHUE JTaKe
yKe pa3pabOTaHHBIX W MaTeMaTHYeCKH O0OOCHOBAaHHBIX METOJOB BBIYUCIUTEIHHON
THJIPOJTMHAMHUKH BO3MOXKHO JIUIIb MPH MCIIOIh30BAHUH B PACUETAX «KAYECTBEHHBIX)
PacUYEeTHBIX CETOK, COCTOSIIUX M3 MHOTOIPAHHUKOB MPaBUILHON (OPMBI.

CoBepiIeHCTBOBAaHUE BBIUYMCIUTENBHBIX TEXHOJIOTUH UET 1O IyTH Mepexoa OT
aHaJIM3a OTJICJIbHBIX KOHCTPYKTUBHBIX 3JIEMEHTOB K BCe Ooiee U 0osiee BceoOheMITIo-
meMy TpEXMEPHOMY aHaJIM3y IMOBCACHHUA TCXHOJOTMYECKUX KOMIIJICKCOB B ICJIOM.
JlocTrkeHns BBIYUCIUTENBHON THAPOIMHAMUKH IO3BOJISIOT YHTH OT pacueta 000-
COOJIEHHBIX YacTEeN U BKIIOYUTDL B PacCMOTPCHUEC CMEKHBIC 06J'IaCTI/I, a TaKXeE CIICI1-
(hrueckue TEXHOJIOTHUECKHE 0COOCHHOCTH, KOTOPHIE BIUSIOT Ha 3(pPEKTUBHOCTE pa-
OOTBI TIPOMBIIIIICHHOTO MU3JIeNHsl B 1iesioM. TpeOoBaHus, PEAbIBIIEMbIE K MPOIecCy
MaTeMaTHYeCKOr0 MOJICIIUPOBAHUS TIOBEICHHS MPOMBIIIICHHBIX U3/CITHIA, HE MOTIH
HE CKa3aTbCs Ha Pa3BUTHH METOMOB BBIYMCIUTEIHLHOW THAPOIWHAMHUKHU. B HacTos-
1ee BpeMst Bce OOJTbIIHIA M OOJIBINI aKIICHT JIeaeTCsl Ha TOCTPOCHUH 3P (EeKTUBHBIX
MCTOAOB pacucTa Ha NPOU3BOJIbHBIX HECTPYKTYPHUPOBAHHBIX CETKaX, COCTOALIUX U3
MHOTOTPaHHUKOB IPOU3BOIBHON (POPMBL.

JUTMTENBHBIA ONBIT PUMEHEHHS METOJIOB BBIYUCIUTEIILHON THIAPOIHMHAMUKH B
HHTEpecax pPelieHus MHIyCTPUAIbHBIX 3a]1a4 [I0Ka3aJl, YTO U3 BCEX HEPEIICHHbBIX MPO-
OsieM HauOosiee BAKHBIME C (DYHIAMEHTATBHOW TOYKH 3PCHUS SBISIOTCS TYPOYJICHT-
HOCTbh U BpeMsl MpoBejieHust pacueTa. O0e 3TH MpoOIIeMbl JOCTaTOYHO TECHO CBSI3aHbBI
JPYT C IPYTOM.

B npencraBieHHOH CTaThe ACTAILHO aHAIM3UPYIOTCS 00€ TIPOOIeMBbI U BO3MOXK-
HOCTBh UX 3(1)(1)6KTI/IBHOFO peUiCHUA MPU MUCIIOJIE30BaAHUU MaCIHTa6I/IpyeMBIX BBICOKO-
IIPOU3BOAUTEIIBHBIX BBIYMCIIEHUH.

TYPBYJIEHTHOCTb

UucneHHOE MOJICTMPOBAaHUE TypOYJISHTHOCTH OMUPAETCS Ha HECKOIBKO ITOJIXO/OB,
OCHOBaHHBIX Ha OTIMCAHUU BUXPEBBIX CTPYKTYP Pa3IMYHBIX MAacIITabOB, CPEIU KOTO-
PBIX BBIICISIFOT TPH OCHOBHBIX, @ IMEHHO: TIPSMOE YUCIICHHOE MojieaupoBanne DNS
(Direct Numerical Simulation) [Mozer et al., 1999], MonenupoBaHnue KpyImHbIX BUXpel
LES (Large Eddy Simulation) [Lesieur, 2008] u pemenne ocpeqHEHHBIX IO PeiiHoIb-
ncy ypasaennii HaBre-Crokca RANS (Reynolds-Averaged Navier-Stokes) [Bonkos,
Emenbsnos, 2010].

Haubonee npuMmeHnMbIME Ha TIpakTHKe SBIsSiFOTcT RANS Monenu typOyneHTHO-
CTH, KOTOPBIE XapaKTePU3YIOTCS YCTOHYHBBIM UTEPAIMOHHBIM IIPOIIECCOM U TIPUEMIIC-
MBIMH pe3yJIbTaTaMu JijIsl OOJIBITMHCTBA MPAKTHUECKHA BAKHBIX THIIOB TeueHUl [Boi-
xoB, EMenbstoB, 2010]. OnHako OHH HE SBISIOTCS YHUBEPCATHHBIMU H TTOIXOISIITAMU
JUTSL PEIICHUST [IMPOKOTO Kpyra MPHKIAIHBIX 3a/1a4, U 3TO HajaraeT OINpPECIICHHBIC
TpeOOBaHMS K NX MPUMEHUMOCTH Ha MTPaKkTHKe. [laHHOTO HeocTaTka JIUIIEeH «CBOOO/-
HBIH 0T smnupusMay DNS moaxos, mpuMeHeHne KOTOpoTo Ha TPaKTHKE OTpaHHIeHO

134



MPOBNEMbI CTI0/Ib30BAHWA CYNEPKOMMbIOTEPOB A1 MACLUTABIPYEMOTO YACTEHHOTO MOAESUPOBAHIA 3ALIAY...

B BHIY ITOTPEOHOCTH B OTPOMHBIX BBIYHCIHMTENBHBIX pecypcax [Spalart, 2010]. Aunb-
tepHatuBoii DNS sBnsieTcs «mpakTudecku cBoOOMHBIN oT smmupusMa» LES monxon,
MIPUMEHEHUE KOTOPOTOTPEOYET OMPEICICHHOTO KaueCcTBa TUCKPETHBIX MOJICIICH, UTO
TIPOSIBIIIETCS B CYIIIECTBEHHO O0JIee MEIKUX ceTKax 1o cpaBHeHHI0 ¢ RANS. OcobeH-
HO 9TO XapakTepHO Ui o0nacTeil BOIHM3H TBEPIBIX CTEHOK, T1Ie BUXPEBBIE CTPYKTYPHI
MMEIOT JIOBOJIBHO Malible pa3Mepsl U TpeboBanus Kk ceTkam st LES nmoBonbHO 3HAYM-
TenbHBI [Spalart, 2001].

ITonnmanue Toro, yto npumeHeHue LES moaxona BO3BMOXKHO TOJIBKO B OYCHB OT-
JTAaJICHHOW TIEPCIIEKTHBE, TTOCITY)KIIIO TOTIKOM JIJISI CO3MAHUS aTbTePHATUBHBIX MOJIE-
nedt. DT Moaenu 0a3upyroTcs Ha MOCTYJIaTe O TOM, UYTO B TEUCHHE ONMMDKAHIIHMX He-
CATWIICTUH Ha TpakThKe OyayT mpumeHsThbcss RANS mozenu, a s MOIeIUpPOBaHUS
KPYIHBIX OTPBIBHBIX BUXPEBBIX CTPYKTYP BAAJIU OT CTEHOK, B CUJTY HAMHOI'O MCHBIIIHUX
TpeOOBaHMI K BRIYMCIUTEILHBIM pecypcaM 1o cpaBHeHHIo ¢ DNS, MOXKHO MCTonb30-
Bath LES Monenu. Takue Mmonenu noy4uin Ha3Banue ruopuaabpix RANS-LES moe-
ne#t [Spalart, 2001; Travin et al., 2002].

Hcropuduecku TepBOM THOPUIHONW MOAEIBIO SBISETCS METON OTCOCTHMHEHHBIX
Buxpeit (DES) [Travin et al., 2002]. MccnenoBaruro npumenenust DES moaxona amst
MOJICJIMPOBAHUS TYPOYJICHTHBIX TEUCHHUH MOCBSIICHO YK€ JIOCTATOYHO MHOTO PadoT
[Spalart, 2001; Travin et al., 2002; Revell et al., 2008; Ko3zenkos u ap., 20140]. [Ipak-
THKA €TO TIPUMCHEHHSI B OOJBIICH CBOCH YacTH CBOAUTCS K pacueTaM Ha MHOTOOIOY-
HBIX CTPYKTYPHUPOBAHHBIX CETKaX C MPUMEHEHHEM CXEM BBICOKOTO MOPSAKA TOYHOCTH
BITIOTH 70 ceapmoro [KozenkoB u nip., 20140]. VMcmonb30BaHNe CETOK TaKOTo Kiracca
BBI3BIBACT OIIPEJIEIICHHBIE TPOOIEMBI IIPU MOJCITUPOBAHIH TEUCHUH B IIPOMBIIIUICHHBIX
KOHCTPYKIUSAX CJIOXKHON IeOMETPUUYECKON KOH(UTYpAIUH, Ilie TTOCTPOSHUE OJI0YHO-
CTPYKTYPHUPOBAHHOM CETKU BO3MOXKHO, HO 3TO HEOIPABIAHHO JJOPOr0 U KpaiiHe Hedd-
¢dexruHo. [Ipu pacderax MPUKIAIHBIX 334 BEIUUCIUTEIBHON THAPOIUHAMUKH BCE
0oJbIIIee IPEAoYTEeHHE OT/AAETCS HECTPYKTYPHPOBAHHBIM PAaCcI€THBIM CETKaM, COCTO-
SIUM U3 MHOTOTPaHHUKOB IPOU3BOIBHON ()OPMBI C BBIICTICHHEM MPU3MATHYECKUX
MOTPAaHUYHBIX cJ0eB. Mcronp30BaHrue MPOU3BONBHOW HECTPYKTYPUPOBAHHOU CETKHU
MIPUBOIUT K PATY TPYIAHOCTEH, OTHA U3 KOTOPBIX 3aKJIIOUAETCS B TOM, YTO HA HECTPYK-
TypPUPOBAHHOU CETKE 3aMETHO CY’KaeTCsS KPYT JTOCTYIHBIX CXEM JUISl JUCKPETU3ALUU
KOHBEKTHUBHBIX MTOTOKOB. OT CBOWMCTB BEIOPAHHOM CXEMBI TUCKPETHU3AINH HAMIPSIMYO
3aBucuT kauecTBO DES mMonenupoBaHus: cxema JOHKHA UMETh MATYI0 IUCCUIIALUIO U
obecrieunBaTh YyCTOMYMBOCTD CUETa Ha MPOU3BOJIILHOW HECTPYKTYPHPOBAHHOM CETKE.
DTOT aCHeKT SABISETCS OCHOBOMOJAraronum A1 npuMenenus DES moneneit B unre-
pecax pelieHus: HHAYCTPUATbHBIX 3a]a4.

HccnenoBanne MpUMEHIMOCTH CXeM i ucnoib3oBanus DES-moneneit MoxkHO
MIPOBECTH Ha 33/1a49€ O TEUCHUH 32 OOPATHBIM YCTYIIOM, KOTOPas SIBISAETCS TOCTATOUHO
YHUBEPCAJIHHBIM U OOMICTIPU3HAHHBIM TECTOM JIJIsl OLIEHKHA KOPPEKTHOCTH MOJICTHPO-
BaHMs TypOyJeHTHBIX TeueHUH [3aiikoB u ap., 1996; Vogel, Eaton, 1985]. Uccnenyemoe
TEUCHHE COACPIKUT OTPHIB MOTOKA OT MOBEPXHOCTU KaHAJIA U €r0 MOCIeAYIOUIee IPU-
COeIMHeHNE K HIKHeH cTeHke, a npumeHeHne DES nis pemenus 3Toi 3amauu npu-
BOJIUT K 3aMETHOMY YITYUIIICHHIO Pe3yabTaroB o cpaBHeHnto ¢ RANS [Gritskevich et
al., 2011]. TexHOMOTHS MOACTUPOBAHMSI IJII CETOK BCEX THUIIOB OJMHAKOBAs: CHadaja
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OCYIIIECTBIISIETCS CTAllMOHAPHBIN pacyeT ¢ ucnoib3oBaHueM Moaenu SST, nanee npo-
WU3BOJUTCS HECTAIIMOHAPHBINA pacyueT 3aJa4u ¢ ucnoib3oBanueM moaenu IDDES. Ha-
YaJIbHBIMH YCIIOBUSAMH JIJIsl HECTAIIMOHAPHOTO PAacyeTa BBICTYHAIOT PE3yIBTUPYIOIINE
IIOJIS CTALIMOHAPHOTO pacyeTa.

O011ee BpeMst MOAETMPOBAHMSI HECTALIMOHAPHOTO TEUCHHUS COCTABIISCT 1 CeKyHAY,
IIpY 3TOM B TeueHHe NepBbiX 0,5 CEKyH]l TeUeHHE BBIXOJUT HA CTAaTUCTUYECKU yCTa-
HOBUBIIIEHCS PEKUM, TTOCIE Yero B TeueHue cieayromux 0,5 ceKyH HaKalulMBaloTCs
CTaTUCTHUYECKHE JaHHBIC JUIS OIpEeIeHNs] OCPETHEHHBIX XapaKTepPUCTUK TEUCHHUS,
10 KOTOPBIM ompeaenseTcs kodpduuuent Tperus C; BOIb HUKHEH CTEHKH.

Pesynprarsl pacuera Ha OJOYHO-CTPYKTYPHUPOBAHHOIN CETKE IPEICTAaBICHBI Ha
pucynke 1. Pesymsrarer IDDES no orHOmenuio k RANS 3ameTHO Onmke K dKCTiepu-
MEHTY, C XOpOIlEH TOUHOCTHIO MPEICKA3aHO KAK IOJIOKEHHE TOUKU MPUCOEAMHEHUS
BUXpSI, TAK © MUHUMaJIbHOE M MaKCUMaJbHOE 3HaYeHne Kod(pduuenTa TpeHus. JToT
pe3ynbrar Oy/ieM CYUTaTh 3TAJTOHHBIM M IPUMEHSTD JUISI CPABHEHUSI C pE3yJIbTaTaMH,
MTOJTy4YE€HHBIMU HAa HECTPYKTYPHPOBAHHBIX CETKAX.

puc. 1. Kospdumpent tpenus Ha 0104HO-CTPYKTYPUPOBAHHOM CETKe

Jlns ananmmza spdexruHOCTH DES-MOMenmpoBanus Ha MOMMIIPaTBHBIX U TETPa-
9MPATBHBIX CETKAX UCIOB3YIOTCS 7 PACUCTHBIX CETOK: 3 MOMUIAPANBHBIX, 2 TETpad-
JPaTbHBIX M 2 CETKU U3 TPEYTOJbHBIX MpU3M. B Tabnuiie 1 npuBeneHbl X OCHOBHBIC
XapaKTEPUCTUKH.

Tabdamua 1. XapakTepucTUKH HECTPYKTYPUPOBAHHBIX CETOK

No uMms THUII STYEEK KOJI-BO sideeK | pasmep sraeek B oomactu LES, m
1 P1 MOJIUAIPbI 1,2miH. 0,036

2 P2 MIOJIUAIPBI 2,0MIH. 0,027

3 P3 MIOJIUAIPbI 3,2MJIH. 0,022

4 PR1 TPEYrOIbHbIE IIPU3MBbL 2,0 muH. 0,036

5 PR2 TPEYTOIbHBICIIPU3MBI 4,0 miH. 0,025

6 Tl TETPadIPbI 3,8 MJIH. 0,034

7 T2 TeTpasapbl 6,2 MJH. 0,021
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Pesynbrarsl MOAETMPOBAHUS I HECTPYKTYPHPOBAaHHBIX CETOK MIPEACTABICHBI Ha
pucyske 2. Ha nonusapanbHOi pacueTHO# ceTke Pl Xxopomux pe3yapTaroB NOJy4UTh
HE yJalloch — MOJIOYKEHUE TOUYKH MPUCOCAMHEHHS BUXPSI CHIIBHO CIBUHYTO BHH3 IO
nmoTokKy. JlaHHas ceTka MMeeT XapaKTepHBIA pa3Mep sYeeK, COMOCTABUMBIHN C OI0YHO-
CTPYKTYPHPOBAHHOM CETKOW, OTHAKO MOIUAAPATHHBIE SIEMEHTHI 3aMETHO TIOBBIIIIAIOT
JUCCUTIATUBHOCTH CXEMBbI, 1 3TO TUIOXO CKa3bIBaeTCsS HA TOYHOCTH MOJICIMPOBAHUS
BuXpeit B oomactu LES. Dra mpobiieMa 9acTHYHO YCTPaHISTCS IMyTEM H3METBICHUS
CeTKHU: Ha ceTke P2 mono)keHue TOYKH MPUCOEANHEHUS OJIMKE K ero 3KCIIepUMEHTab-
HOMY 3HadeHHI0. Ha camoii menkoii cetke P3 pe3ymbrarsl mydiie U mpuOIMKAIOTCS
K pe3ynbTaraM, OJTy4YeHHBIM Ha OJIOYHO-CTPYKTYPHUPOBAHHON CETKE.

puc. 2. Koapdunment tpenus — noiaudapasibhbie ceTku P1-P3 (crieBa), CeTKH U3 TPEYroibHbIX MPHU3M
PR1-PR2 (o nenTpy) u TeTpadapaibHbIe CeTKH (CIpaBa)

Vcnonb30BaHnE CETOK, COCTABICHHBIX M3 TPEYTOJbHBIX NPHU3M, JAET CXOXKYIO
kaptuny. Paspemenns cetku PR1 He XBataeT /sl IpaBUILHOTO OMIMCAHMSI TCUCHHS B
OCHOBHOH 00J1aCTH, B TO BpeMs KaK pe3yJIbTarhl, OITy4eHHbIe Ha ceTke PR2, cocrosi-
nield u3 4 MIIH. siUeeK U uMmeronei B 1,5 paza MEHbIIMI XapaKTEPHBIN pa3Mep sueek,
CXOXKH C pe3y/bTaTaMHt, ITOJyYeHHBIMHU C IIOMOILBIO OJIOUHO-CTPYKTYPUPOBAHHOMN CET-
ki B 1,05 mutH. staeek (puc. 2 (TI0 TeHTPY)).

[Ipu ncrnosnp30BaHNH TETPAIIPAIBHBIX CETOK IPUEMIIEMbIN PE3yIbTaT M0IydaeT-
cs Ha ceTke T2, KoTopas COMEPIKUT 6 MITH. STUEEK C XapaKTEPHBIM pa3MepoM B 1,7 pasza
MEHBIINM, YeM Ha OJIOYHO-CTPYKTYpUpPOBaHHOU ceTke (puc. 2 (cmpasa)). Pesynbrars
MOKAa3bIBAIOT, YTO MCIOIb30BaHUE B OCHOBHON 001aCTH HECTPYKTYPHUPOBAHHBIX CETOK
TpeOyeT yMEHBILICHHUS XapaKTEPHOT0 pa3Mepa siueeK B OCHOBHON 00J1aCTH, UTO 3aMeT-
HO TIOBBILIAET HEoOXoaumoe olmiee yucio stueek. s moaydeHus: mpueMiieMbIX pe-
3y/IbTaTOB Ha MOJIU3APAIbHON CETKE YUCIIO AYEEK B OCHOBHOM 00JIaCTH IOJDKHO OBITH
Kak MHHMMYM B 2-3 pa3a Ooibllle, YeM Ha TeKCaroHaJbHOW CETKe, a XapaKTepHBIN
pasMep MOIHIIPATBHBIX STYeeK J0JDKEeH ObITh B 1,3 pa3a MeHblIe, YeM XapaKTepHBIN
pasMep LIeCTUTPaHHUKOB. JIsl CETKH, COCTABICHHOHN U3 TPEYTOJIbHBIX IPU3M, IPHEM-
JIEMbIH pe3yabTaT ObUI OTyYeH JIMIIb Ha CETKe, cofepkalieil B 4 paza OoJblIe sUeeK
¢ xapakTtepHbiM pazmepoM 0,025 M, uto B 1,4 pa3a MeHblile, YeM XapaKTepHbIN pazmep
s;IeeK OJIOYHO-CTPYKTYPHPOBAHHONW CETKH. VcTonp30BaHWE TETPadApadbHOW CETKH
TpeOyeT yMeHBIIEHHs XapakTepHoro pazmepa B 1,6 paza o 0,021 m. UroOsl obecre-
YUTh TAaKOW XapaKTEPHBIH pa3Mep TeTpadapoB B OCHOBHOM oOmactu, LES Tpebyercs
OKOJIO 6 MJIH. PacueTHBIX S4YeeK, 4To B 6 pa3 OoJibllIe, YeM YUCIIO SYeeK Ha OJI0YHO-
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CTPYKTYPHPOBaHHOMH ceTke. boree netanpHyto oLeHKY () (EKTUBHOCTH CXeM TUCKpe-
TU3aIlM¥ KOHBEKTHBHBIX TTOTOKOB, a TAK)Ke PEKOMEH/yeMble 3HAYCHNUS KOHCTAHT ISt
DES-moneneit moxHo Haiitu B [Ko3enkos u ap., 2014a].

Heo0xoauMo cka3ath, 4TO B IaHHOH 3afjaye paccMaTpUBaJIMCh JIUIb OCPEAHEH-
HbI€ XapaKTEPUCTUKN TEYCHUS, a UMEHHO — OCPETHEHHBINH KOA((OUIIMEHT TPEHHS.
B ciydae pacuera HecTalMOHapHBIX XapaKTEPUCTUK TEUCHHS HCIIONb30BaHUE He-
CTPYKTYPHPOBAaHHBIX CETOK MOKET MMOTPEOOBaTh JalbHEHUIIEr0 YMEHBIICHUS XapakK-
TEPHOTO pa3Mepa siueek. PacueTHas o0macTh JaHHOM 3a/1aud HE cOo/ieprkaja perHOHOB
C «TIJIOXO» TeoMeTpHel (0CTPhIe KPOMKH, TIJIOX0 00TeKaeMBbIe dJIEMEHTRI) K PETHOHOB
C CHJIBHO M3MEHSIOIUMUCS TPAAUCHTaMH CKOpoCTel, mosromy cxema 0.9CD+0.1UD
ObLTa BIIOJIHE MTPUEMJIEMON IS YCTOWYHMBOTO cueTa. B Apyrux ciydasx ee mpuMeHe-
HUE He TApaHTHPYET yCTOMINBOCTH C TAKUMH KOA(D(DUITHSHTAMI CMEIIICHHS. YBEIHYe-
HUE B OPMYITHPOBKE Pa3HOCTHOW CXEMBI JIOJU «IIPOTUBOMOTOYHOCTHY (10 20-30%)
HE permaet npolsiemMy, T.K. cXeMa CTAHOBUTCS CUIIBHO AUCCHIIATHBHOM.

OCHOBBIBasICh HA JAHHOM HCCIIEZIOBAHUH, MO)KHO CKa3aTh, YTO TPU HCITOIH30Ba-
HUU BUXpPEpa3pelaronmx Moaxo/10B U KOHEYHO-00beMHON TEXHOIOTHH IUCKPETH3a-
LMW OIPaBIIAHHBIM SIBJISICTCS MCIOJIh30BAHUE JIUIIH MPEUMYIICCTBCHHO IIECTUTPAH-
HBIX pacdeTHBIX ceToK. OleHKka HeOOXOIUMOTrO XapaKTepHOTO pasMepa pacyeTHBIX
sYEeeK I MOJISIIMPOBAHNS KOHKPETHOTO TEUEHHS C HCTob30BaHneM Moienu DES sB-
JIIETCSl HeTPUBUANIbHOM 3aaueii [Spalart, 2001]. B ciyuae 3a1a4 BHyTpeHHEH THIPO-
JTUHAMHKH XapaKTEePHBIE pa3Mephl T9eeK MOJKHO OIEHHUTDH U3 YCIOBUS Pa3pelInBaHUs
norpaanyHoro ciosi. B padore [Piomelli, Balaras, 2002] moka3aHo, uto 0e3pazmepHas
BEJIMYMHA SYeMKH BAONb TOoTOKa AX" U mornepek motoka Ay" TOKHBI yI0BIETBOPATH
cienyronmmM TpedoBaHusaM: AX™ < 60, Ay < 25 u BOIHM3M TBepaon cTeHKu AyT,, < 1,
Te:

_ PUAX

AXT Ay = PUAY (1)

\%
31ech p — MIOTHOCTH CPE/bl, V — KHHEMaTn4yecKas BSI3KOCTb, U, — Oe3pazmepHast

CKOPOCTh B OJIMKaMIIeil TOYKe TBEPIOW TTOBEPXHOCTH, Ax 1 Ay — XapaKTepHBIN paz-
Mep siUeeK BAOJIb U MONEPEK NOTOKA. BrinosHeHne Takoro TpeOoOBaHUS rapaHTUPYET
MOJTy4YeHHUE MTPABUIBHOTO PEHICHUS B TOTPaHUYHOM CJIO€ U SBJISIETCSl 00IIeyIoTpeou-
MBIM B 33J[a4ax C MCIOJIb30BAHUEM BHXPEpa3pelIaroluX Moaeiaeld TypOyJeHTHOCTH
[Piomelli, Balaras, 2002].

JI1s TUIMYHOMN 3a7jauu BHYTPEHHEN IMIAPOJMHAMUKY — 33/]1a4a O CMEILEHUU pa3-
HOTeMIepaTypHbIX Terionocureneit [Odemark et al., 2009] npu uucne PefiHomnb-
nca Re = 1,5-10* — Takue omeHkn maror mpuMmepHo 15-10° sueek pacueTHOM CETKH
u 3-10* maroB mo BpemeHu. [yt TypOyJI€HTHOTO TEUEHHs TEIUIOHOCHUTENS B TpyOe
¢ oxJIakIeHneM ¢ urciaoM Re = 5-10° yxxe motpebyercs 6omnee 1-10° situeek u He MeHee
1-10° maroB mo BpeMeHH.

[Ipu Hanwumy OONMBIINX 30H OTPHIBA (0OTEKaHHE TPETIATCTBUMN, YCTYIIOB, KPBLIO-
BbIX MpoduIeii), a TaKke B CIOKHBIX TEOMETPUUECKUX KOH(PHUTYpaHIX MOJ00HBIN
KPUTEPHUH MOXKET JaTh JIMIIb OYE€Hb IpyOyl0 OLEHKY HEOOXOJMMOI0 CETOYHOIO pas-
peIIeHHs, ¥ B 9TOM CITydae JJIsl KaueCTBEHHOTO MCTIOIB30BAHMS BUXPEPa3PEIIatoNnnX
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MoJeneil TpeOyIoTCs pacueTsl Ha HECKOIBKHX T0CIEJ0BAaTEIbHO CTYIIAIOIINXCS pac-
4yeTHBIX ceTkax [Spalart, 2001]. [Ipaktuka ucnons3zoBanust mogenu DES noka3ssiBaer,
YTO JIJISl TIOJYYCHHUsSI XOPOIUX PE3yNbTaToB B 3ajade OOTEKaHUsSI YIPOIICHHON MO-
nmenu apTomoomis [Aljure et al., 2014] neobxomumo mopsiaka 5-10° sueek. B ciyuae
o0TeKkaHns pearbHOW CETOYHON MONETN aBTOMOOWIIS W M3MEPEHHUs a’pOaKyCTHde-
CKHX XapaKTEepPUCTHUK IpHeMIIeMas pacyeTHasi CeTKa MOXKET JIETKO TPEBBICUTH TOPOT
B MWJITHApA s4eek. [ pacyera 3a1a4 Takoro Kjiacca Hy>KHbI BEICOKOA()()EeKTHBHBIE
YHCJICHHBIC METOJIbI PEIICHUS] CUCTEM JIMHEHHBIX ajureOpanuecKuX ypaBHEHUH u ai-
TOPUTMBI pacrapaiienBaHnus BeIMUCIeHnH. Kpome Toro, 4To AJsi WCIONB30BaHUS
Merona DES Hy>XHBI CETKH TOCTATOYHOMN MUCKPETH3AIINH, CIIEe OTHON CIIOKHOCTHIO
€ro HCIIOJIb30BaHUS B WHAYCTPHAIBHBIX MPUIOKCHHUSIX SBISETCS TO, YTO B HEM 00-
nactb moaenu LES onpenensiercs aBToMaTHuecky MO HAJIWYMIO TypOYJIEHTHBIX CO-
CTaBIISIOLIMX TCUCHHUS U XapaKTEPHOMY pasMepy ceTounoro paszpemenus [Gritskevich
et al., 2011]. DTOT MeTO HE CONEPIKUT MEXAHU3MOB CO3/[AHUSI UCKYCCTBEHHBIX TYp-
OyNEeHTHBIX IyJbCAIMil B ToJie CKOpocTH mpu nepexoze oT RANS pemenus k LES,
JTAHHBIC ITYJIBCAIIUU 00pa3yrOTCsl €CTECTBEHHBIMH YCIOBHUSAMH B IIPOIECCE TEUCHUS
JKUAKOCTH. DTO TIPUBOMIUT K TOSBICHHUIO TIEPEXOIHBIX 30H, TAE YKe PYHKIIMOHUPYET
mozens LES, Ho xapakTepHOro TypOyJIeHTHOrO KOHTEHTa B HEl ele Hel0CTaTOYHO
[Spalart, 2009]. Ilpu pacuyere TeueHui ¢ OOJMBIIMMU OTPHIBHBIMU OOJIACTSIMH TaKHUE
30HBI MAJIBI M HE TIPUBOJAT K 3aMETHOMY YXYAIIEHUIO PEIIeHHs, OJTHAKO B 3aja4ax ¢
HEOOJIBIIMMHU 00TACTAMU OTPBIBA, XapaKTEPHBIMHU, HAPUMED, Ui BHYTPEHHHUX Te-
YEHUU, HAJIMYUE MEPEXOIHbBIX 30H MOXKET CYLIECTBEHHO YXYIIIUTh KauecTBO DES-
Mozenuposanus [Spalart, 2009].

Hannoro Hemocrarka numieH 30HHBIN RANS-LES noaxon ¢ mpuMeHeHueM siB-
HOM, UCKYCCTBEHHOW TeHepamnuu TypOyIEHTHBIX (QIyKTyalluii CKOPOCTH Ha BXOIHBIX
rpanuniax LES o6nactu [Jarrin et al., 2009; Anxambsn, 2011]. ITapamerpamu st re-
Hepanuu MOA00HBIX (MITYKTYyaIuili BEICTYIAIOT CKOPOCTh M KOMITOHEHTHI T€H30pa Ha-
npsokenuit PeiiHonbaca, nomydennsle 3 RANS pemienusi, a B kauecTBe reHeparopa
WCTIOJIB3YIOTCS CIICIUAM3UPOBAHHbIE aropuTMEI [Jarrin et al., 2009; Anambsia, 2011;
Menter, 1994]. B OonpmuHcTBE paboT B KadecTBe 0a30BOH HCMONB3YETCS MOACTD
RANS SST [Menter, 1994]. B 3ama4ax ¢ CyIiecTBEHHO aCCUMETPUYHBIMHA 30HAMHU Ta-
KM€ MOJIENIN AAI0T CYIIECTBEHHYIO MOTPEUIHOCTh B ONPENEICHUN TEeH30pa PeiHOb-
JICOBCKMX HampspkeHuH [Menter et al, 2009], uro Ha rpanmme odmacteit RANS-LES
MIPUBOJIAT K TIOTPEUTHOCTSIM B TeHEepaIlu TypOyJIeHTHBIX Mynbcannii. Henocrarounas
TOYHOCTB B F€HEpaIlK MyJIbCALlUi, B CBOIO OUEPEb, IPUBOIUT K YBEIMUEHHUIO 3a Tpa-
Huneid RANS-LES nepexoaHo# 30HbI, YTO MU pacueTe 3aaa4 TpeOyeT JOMOTHUTEIb-
Horo yBennueHus obmactu LES u, ciegoBatensHO, yBeNMUYSHHs KOJTMYECTBA SYEEK B
pacdeTHOl ceTke. BBIXOmoM 37ech SIBIISIETCSI MCTIIOb30BaHne Momeneit kimacca RSM
[Menter et al, 2009]. B pa6ore [KozenkoB u mp., 2014a] mpuBOAUTCS aITOPHTM, OCHO-
BaHHbII Ha Mogenu EARSM, no3Bossitomuil yBeIUYUTh TOYHOCTh pacuera s 1aH-
Horo noaxona. Ha pucyHke 3 moka3zaHbl MTHOBEHHBIE MOJISI CKOPOCTH, IOJIy4YE€HHBIE
o moaenu EARSM-LES u moxenu DES mpu pacuere TedeHus: B IpsSMOYTOJIbHOM
HeCUMMETpUYHOM Ju(D(dy30pe, B KOTOPOM IMOSIBIISIETCS. aHU30TPOITUS THIPOIUHAMU-
YECKUX XapaKTEPHUCTHK.

139



A.C. Kosenkos, P.M. Liazanues, B.B. Kypynun, A.B. finoso, C.B. lawkun

a) Ucnons3oBanue DES;

0) Ucnons3oBanne EARSM-LES ¢ reneparopoM CHHTETHYECKOM TypOYICHTHOCTH
puc. 3. MrHOBEHHOE 0JIE CKOPOCTH

W3 pucynkoB BumHO, uTo Momenb DES 3arsruBaer TypOynu3annio moToka, 9To
TIPUBOIUT K OOJIBITION TIOTPEITHOCTH B IMIPOQIIIC OCpeTHEHHOM CKopocTH. Kpome Toro,
BCJIE/ICTBUE OTPHIIATEIFHOTO T'PaJieHTa MaBICHUS B KaHaje oOpaszyercs oOmupHas
OTpBIBHAS 30HA, HAXOXKICHUE TIOJIOKEHNS U POPMBI KOTOPOH, B CBOIO OYEPETh, SBISET-
s HerpocToi 3amadeii. B pabote [Ko3zenkos u mp., 2014a] mokazaHo, 94TO IPH UCTIOb-
30BaHUHM SIBHOW T€HEpany TypOYyIEeHTHOTO KOHTEHTa CTPYKTypa TeUSHHsSI MEHSETCS B
HY)KHYIO CTOPOHY ¥ TPO(HIIb CKOPOCTH CTAHOBUTCS ONIDKE K AKCIIEPUMEHTAIHLHBIM
maHHBIM (puc. 4). KpoMe Toro, yBEeIMYUBAETCS TOYHOCT pacueTa Oj1aromaps UCIob-
30BaHUIO B KadecTBe 0azoBoi mogenun EARSM.

puc.4. [Ipodunn nporonIbHOil CKOPOCTH

3onnbpit RANS-LES momaxon oka3eBaeTcst 10cTaToqHO A (HEKTHBHBIM TIPH pac-
geTe ¢ JI00BIM pazMepoM obmactu oTpeiBa [Kosenkos u ap., 20148]. Mcnons3oBanue
JTAHHON TEXHOJIOTHH B MHAYCTPUAIBHBIX pacueTax IO3BOJUT BBIJICIUTH TpeOyemble
JUTS yTOYHEHHS PACUETHBIX XapaKTePHUCTHK 30HBI M TPUMEHUTH B HUX T€HEPaTop CUH-
TETHYECKOW TypOyIeHTHOCTH, KOTOPBIH coBMecTHO ¢ Mmozensio EARSM mo3Bommt
P TOPA3I0 MEHBIINX BBIYUCIUTENBHBIX pecypcax 0ojiee TOYHO MPOMOAETHPOBATH
paccmarpuBaeMoe TeYeHHeE.
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CKOPOCTb CHETA

Cpenusig pacueTHas ceTKa, IpUMeHsieMas B HacTosIIee BpeMsl Ha MPaKTUKeE JIJIS pe-
IIeHUS 3a]1a9 BEIYUCIUTEIBHON THIPO-, a9POAMHAMUKH B WHYCTPHAIBHBIX IPUIIO-
KEHUSIX ¢ ucronab3oBanueM RANS mopeneit TypOyJIeHTHOCTH, COCTABIACT MOPSIKA
50-100 muH. siueex, a cpefHee BpeMs pacdeTa [0 YCTaHOBJIEHHUS B 3aBUCUMOCTH
OT 3a7a4u — Ooryee cyTok. J{Jis HCTIOIb30BaHNS YUCIEHHBIX METOAOB TIPH MPOSKTH-
POBaHHH COBPEMEHHBIX MPOMBIIIIEHHBIX H3/ICIUN MOTpeOyeTcs: pemarb HeCKOJb-
KO ITOCTAaHOBOK 3a/1a4 C HECKOJIBKUMU JE€CATKAMHM BapHaHTOB MMapaMeTPOB MOTOKA.
CKOpOCTh cueTa 3/1eCh UTPaeT O4eHb OOJBIIYIO POJib. M, eCTECTBEHHO, CHTYAIHIO
31eCh yCyryousieT ToT (aKT, 4yTo JUIsl pa3pelIeHUs BUXPEBBIX CTPYKTYP Pa3IHYHBIX
MmacitaboB ¢ ucnons3oBanueM LES u DES mopeneit TypOynenTHoctu mnorpe0y-
I0TCSI HE TOJIBKO OoJiee KaueCTBEHHBIE CETKH, HO M 00Jiee MPOIOIDKUTEILHOE BpeMs
cyeTa.

Bonpmias gacte TeueHH, MOJEIUPYEMBIX Ha IMPAKTHKE, PEIIAIOTCS B «KBa3u-
CTAIIIOHAPHOM» PEXHUME, JUII KOTOPOTO MPEANOYTUTEIBHO UCTIONh30BaHNE HESBHBIX
cxeM Juckpernsanuu. [IpuMeHeHne HesIBHBIX CXeM CHUMAET OIpaHUYEHNUs Ha [Iar UH-
TETPUPOBAHUS 110 BPEMEHHU, KOTOPHIH BEIOMpPAETCS, HCXOMSI U3 COOOpaKeHH HEe00X0-
JIMMOM TOYHOCTHU BhrunciaeHuil. HessBHas auckpermusanus ypaBHeHnin HaBbe—Crokca
MIOPOKAAET CUCTEMY PA3HOCTHBIX YPaBHEHHH, KOTOpask pelaeTcs TEM UM UHBIM UTe-
paIOHHBIM METOZIOM. BBIOOp MOAXOMAIIETr0 HTEPAIMOHHOTO METO/Ia U €TO peatn3a-
[Usl BO MHOTOM OTNPEeIIsIIOT 0011y 0 3(p(heKTHBHOCTH BEIYMCIUTEIHHOTO AITOPUTMA.

B GonpmmHCTBE MPaKTUYECKUX 3a1ad TUCKpeTn3anus ypaBHeHnii Hapre—Crokca
JIaeT CHCTEMY pPa3HOCTHBIX YPaBHEHHUH C IUIOXO OOYCIIOBICHHOW MaTpuiei. Uwucio
00yCIIOBIIEHHOCTH TS OONBIIMHCTBA 331a4 coctaBmsiet 107—108, a 1y1st HeKOTOPBIX Te-
yenuii pubmmkaercs k 10'° [Kosenkos u ap., 2014B]. D10 sBIsSCTCS MPUIMHOMN TOTO,
4TO HanOoJee 3aTpaTHBIM 3TaoM siBisieTcs pemenue mMarpuisl CJIAY, koropoe npu
WCTIONIH30BAHNHN KIIACCHYECKUX HTEPAIMOHHBIX METOZOB 3aHMMaeT okoio 90% BEI-
YHCIUTENFHOTO BpEMEHU pacyeTHOro mara. [Ipu aTom kinaccuyeckne uTeparoHHbIe
MeTO/BI THO0 MepecTarT padboTark, MO0 JAIOT OYSHb MEIJICHHYIO CKOPOCTh CXOIIH-
MocTr. OTHAM U3 YHHBEPCAIbHBIX METO/IOB PEIICHHsI CUCTEM Pa3HOCTHBIX ypaBHe-
HUH sBIeTCss MHOTOceTouHbIH MeTon [Stuben, Trottenberg, 1982], ocHOBaHHBIN Ha
WCTIOJIh30BAHUH TTOCIIEI0BATEIbHOCTH BIIOKEHHBIX CETOK M OIEPAaTOPOB Tepexofa OT
OJTHOW CEeTKH K Jpyroi. Jlanusli mMeTon B OymymieM OyleT OCHOBHBIM TPH PEHICHUN
WHyCTpHUAJIbHBIX 3a[a4, OAHAKO MPH PELICHUH TIOXO0 OOYCJIOBJICHHBIX MaTpHLl OH
TpeOyeT aKKypaTHOH M ONTHUMAalbHOW peann3anuu. B nurepatype omuchiBaeTCs J10-
CTaTOYHO OOJIBIIIOE YMCIIO peaju3alyii anredpandyeckux MHOTOCETOUHBIX METOIOB,
MHOTHE U3 KOTOPBIX UMEIOT OTKPBITBIM NCXOAHBIN KOJI Kak, HarpuMep, Boomer AMG.
0O0630p anredpandecKuX MHOTOCETOYHBIX METOIOB MPHBOAUTCS B pabore [Bomkor
u ap., 2013]. Oanako ero peajinsainus Ha CUCTeMax meradioncHoro kiacca Tpedy-
eT CHeru(UUecKnx ajJropuTMOB paclapajuieuBaHusl, 0COOCHHO B MHOTOCBSI3HBIX
o0macTsx.

[Ipu pacnapanienBaHUM MHOTOCETOYHOTO METO/a OrpyOJieHHe MaTpul MpH
Mepexo/ie OT YPOBHS K YPOBHIO IIPOMCXOIUT HE3aBUCHMO Ha Kakaom MPI-mpomecce
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[KozenkoB u ap., 20148]. [Iporecc orpyOiieHUs B MapajieIbHOM PEKUME TTOPOKIACT
JIBE MpoOeMbl. Bo-iepBbIX, OrpyOIeHHE OCTAaHABIMBACTCS B CIIydae, €CIIA Ha KaXK/IOM
MPOIIECCe OCTANIOCH IO OJTHOM stuelike. Bo-BTOpBIX, Ha rpyObIX YPOBHSIX, TJIe pa3Mep-
HOCTh MaTpPHII HEBEJIMKA, BPEMsl, 3aTPaunBacMOe Ha MEXKIIPOIIECCOPHBIC OOMEHBI, H3-
3a JIATEHTHOCTH KOMMYHUKAIIMOHHOM Cpebl HAYMHAET MHOTOKPATHO MPEBOCXOIUTH
BpeMsi, 3aTpayrBaeMoe Ha BeruncieHus. Jlis perenus qanubix npoosiem B [Kosenkos
u ap., 2014B] mpeUIOKEHO BBIMOJIHATE COOP BCEX MAaTpPHIl HEOOJIBIIOrO pa3Mepa Ha
OJTHOM ITporiecce, (POPMHUPOBATH U3 HUX INI00AIBHBIN YPOBEHB H MPOJI0KAThH OTpy0Iie-
HUE U PEIICHUE B MOCIEIOBATEILHOM PEXUME (PHUC. 5 CieBa).

puc. 5. ®opmupoBaHue 100AIEHOTO YPOBHS (CJI€Ba) U €ro KackaaHblil cOop (crpasa)

Hcnonp3oBanne 1100aIbHOTO YPOBHS MO3BOJISET HE TOJNBKO 3aBEPIIUTH IPOIIECC
orpyOJIeHUs TIOJTHOCTRIO B MAPAJUICIILHOM CITy4ae, HO ¥, U3-3a XPaHCHUs TII00aTbHOTO
YPOBHSI Ha OTHOM TIpOIIeCCe, yaeTcsl M30ekKaTh HAKIaTHBIX PACXO/IOB M3-3a M30bI-
TOYHBIX MEKIPOLIECCOPHBIX OOMEHOB MpU 00paboOTKe YPOBHEH C CaMbIMU TPyObIMU
CETKaMH.

Jns ananu3za 3¢ (HeKTHBHOCTH MPENTIOKEHHOTO allTOPUTMa PACCMOTPUM CTaIlHO-
HapHOE W30TEPMUYECKOE TYpPOYICHTHOE TEUYCHHE BS3KOM HECIKUMACMOMN IKHJIKOCTH
B TIPSIMOJIMHEHHOW TIIAIKOH KPYTIIOH TpyOe, COOTBETCTBYyolee ynciy PeifHombaca
10000 Ha Tpex pa3IUYHBIX CETOYHBIX MONENIX, cooTBeTcTBYyRommx 40000, 800000
staeek ¥ 1500000 stueex. 1 Kaxk101 U3 MpenCTaBIEHHBIX MOJIETIEH 3ajaua pelianach
B JIByX MOCTAaHOBKAaX C MCIOJb30BaHUEM ABYX MeTonoB pemrenus CJIAY: mpemnoOyc-
JIOBJICHHBIM METO/IOM COMpPsKeHHBIX TpaaueHToB (PCG) u anredpandeckuM MHOTOCE-
TOYHBIM METOJIOM C arperaruBHbIM criocobom orpyonenus (AMG). Pemenne 3amaun
MIPOBOAIIIOCH B MApaJUICIFHOM PEXKUME, U JIJISI BCEX BAPHAHTOB KOJTUIECTBO TIPOIIEC-
COpPOB PaBHUIOCH ABEHAAIATU. Pe3ynaprarhl perieHus Il MAaTpPULl NaBJICHUS Tpe.-
CTaBJIEHBI B TAOIHIIE 2.
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Tadauua 2. [TorHoe BpeMs pelieHus 3a1a4u (B CeKyH1aX) M YUCIIO UTepalui

cerka 1 (40000) cetka 2 (800000) cerka 3 (1500000)
peg;;iim YHCII0 BpeMs YHCII0 BpeMs YHCIIO BpeMs
nTepanui peleHnsl | UTepauui | peleHusl | UTepauuil | penieHus
AMG 461 20.66 590 565 1168 3828
PCG 489 62.57 549 16113 1168 158742

W3 mpencraBieHHBIX PE3yAbTaTOB BUIIHO, YTO BPEMs PEIICHUS 3aJaud MpU UC-
TIOJIb30BAHUH METOA COTPSDKEHHBIX TPAJUCHTOB IS CaMOi TpyOOH CETOYHON MO-
JICJIA YBEJIIMYWIIOCH B 3 pa3a. Bpems pelieHus JaHHOM 3a1a4u JUist caMoil TopoOHOM
CETOYHON MOJENIN C UCIOJIb30BAHUEM METO/A CONMPSKEHHBIX TPAJAUEHTOB COCTABUIIO
Oomee yem B 40 pa3 OosbIIe BpeMeHH 110 cpaBHeHHI0 ¢ AMG. OTMETHM 3/1€Ch, UTO ITH
IUQPBI HE ABISIOTCS XapaKTEPHBIMU ISl TAHHOTO Ki1acca 3ajiay, a 3aBUCSIT OT MHOTHX
(hakTOpOB, TaKUX, KaK CTPYKTypa TEUCHUS, CIOKHOCTh CETOYHON MOJICIH, HAKJIa bl
BaeMbl€ IPAHUYHBIE YCIOBUSA U T.A. ONBIT IPaKTHYECKOIO MPUMEHEHUSI MHOIOCETOU-
HOTO METOJIa /ISl peIIeHus 3a7a4 BEIYNCIUTEIHHON THAPOJUHAMUKH MTOKA3bIBAET, UTO
cpeaHee BpeMs YBEITHMUEHHUS CKOPOCTH CUETA TI0 CPABHEHHIO C METOIOM COTPSIKEHHBIX
TPaTUeHTOB COCTABIIeTCA 4—6 pa3, XOTS U 3TH MU(PHI HE SBISIOTCS XapaKTEPHBIMU H
3aBHCAT OT THIIA pacCMaTPHUBAaEMO 3a1a4uH.

Jist Toro 4T0OBI OKA3aTh MPEUMYLIECTBO UCIIONb30BaHUs TII00ANTBHOTO YPOBHS,
OBIIO BEIOPAHO TPU PA3IWYHBIX TOCTAHOBKH, OTIIMYAIOIINXCS MEXITY COO0H IO KOJIH-
YEeCTBY HCIONB3yeMbix MPI-tiporieccoB. J[Jis 9rCIeHHBIX AKCIIEPUMEHTOB OBLIO BBI-
Opano 6, 12 u 24 npoueccos. CeTouHas MOAIEb pelIacMOM 3a/1auy MpeCTaBlIeHa Ha
pucyHke 7 — cpeansis. 3ajada pelagach B ABYX BapHALMSIX C UCIOJb30BAaHUEM pellla-
terst AMG 6e3 ncrionszoBanus 1106anbHoro ypoBHsI (AMG1) 1 ¢ ncnons3oBaHrEeM
rob6anpHOro ypoBHs (AMG?2). Bpemst pelieHust 1 4uciio uTepauui 10 CXOIUMOCTH
pelIeHus 3a1a41 MPEeJCTaBIeHO B Tabnwuie 3.

Tadauua 3. [lorHOE Bpems pemieHus 3aqa49u (CeKYHIBI) U YHCIIO HTEPAITIA

6 npoueccos 12 npoueccon 24 npouecca
peuwiarenb
CIIAY YHUCIIO BpeMs 4YHCIIO BpeMs YHUCIIO BpeMs
UTEpaLUi | PELIEHUs | UTepalMil | PelleHUs | UTepalUil | pelleHus
AMGI1 1425 647 1377 365 1397 238
AMG2 1469 552 1402 233 1442 104

W3 npencTaBneHHBIX Pe3yIbTaToOB BUIHO, YTO BPEMs PEIISHHS TIPH UCTIOIh30BaHUH
permratens ¢ Io0alTbHBIM YPOBHEM yMEHBITIAeTCss Ha 24 mporieccax Oojiee 4eM B 11Ba
pasza, XoTs Ha 6 mpolleccax ATO 3HaueHUe paBHO 1,2 paza. Bumna TeHaeHITUS HETUHEH-
HOTO YBEJINYEHUsS (PU3MUYECKOTO BPEMEHH CUeTa C YBEIIMYCHUEM YHCIIa MTPOIIECCOB. DTO
00yCJIOBIICHO, B TIEPBYIO OUYEPEIh, BPEMEHEM, HEOOXOIUMBIM JIJIS TIepeIadu COOOIICHUH
MexKIpolieccopHoro Bzaumozeictsust MPI. Takast TeHAeHIIMS TPOCIIEKNUBAETCA BO BCEX
3a/1a4ax THJIPOIMHAMUKY, U €IMHCTBEHHBIM CIIOCOOOM pEIICHHS TaHHOH MTPOOIEMBI SIB-
nsietcst cOop I00aTBHOIM MaTPHIIBI 1 PEIISHHE €€ B TIOCIIEA0BATEIEHOM PEKUME.

143



A.C. Kosenkos, P.M. Liazanues, B.B. Kypynun, A.B. finoso, C.B. lawkun

Haubonee sipko pasnuume MeXAy NPUMEHEHHEM KIacCHUYECKUX M MHOTOCETOY-
HBIX TexHonoruii pemenus CJIAY npossisieTcst pu perieHny 3a1ad, COCTABISIOINX
JIE€CATKM MUJUIMOHOB CUETHBIX SIYEEK, [JIE€ BPEMsI CUETA KaKJOW OTIEIBHOM 3a/1a4l MO-
JKET pa3iINdaThCsl Ha HECKOJIBKO 9aCcOB, a TO U IECATKOB 4acoB. B kauecTBe 1eMOHCTpa-
LMK TaKoro MperMYLIECTBA MIPUBEAEM PELICHUE 3aJaul TeUCHHs B KaHaJe 3a o0par-
HBIM YCTYIIOM, IIPECTaBICHHON B paszaene « TypOyaeHTHOCT». Pe3ynbTarsl perenus
3aJlaud Ha pa3HOM KOJHMYECTBE MpolieccoB Ha ceTke B 30 MJIH. siY€eK MpeCTaBICHBI
B Tabiuie 4.

Tadauna 4. Pe3ynsrars! peleHns 3a1a4u 00TeKaHHsi 00OpaTHOTo ycTyIma

AMG2 AMGI1 PCG
KOJINYECTBO
BpeMs YHCIIO BpeMs YHCIIO BpeMsi THCITO
MIPOLIECCOB . . .
peuicHusA, C | UTCpalluu | PpCIICHUA, C | UTCpAllU | PCIICHUA, C | UTCPpALlUU
100 42701 10295 176973 10179 177169 10414
250 17458 9886 126147 10240 83461 10719
500 11199 9882 72190 10211 54799 9998
1000 12352 10368 75130 10355 23787 10009
2000 15848 10001 95201 9611 19858 10172

W3 pe3ynsraToB pacdeToB CieAyeT, 9TO HCIIOIB30BaHHUE ITI00AIBHOTO YPOBHS B
MHOTOCETOYHOM METOJIE MO3BOJSIET 3HAYUTEIFHO COKPATUTH BPEMS PEIICHUS 3aadm.
Kpome TOro, MHOTOCETOYHBIN METO]] C TII00ATBLHBIM YPOBHEM TI0 BPEMEHHU pEIICHUs
SIBIISIeTCsl Oosee MPeArnoYTUTEbHBIM, YeM METOA COMPSDKEHHBIX MPpaAueHToB. Tem He
MeHee, ceqyeT OTMETHTh, YTO METOJl CONPSDKEHHBIX TPaJUCHTOB JIydlle MaclITa-
Oupyercst Ha OOJIBIIIOM YHCIIE MMPOLECCOB. JTO CBA3AaHO C TEM, YTO PEIIEHUE Ha IJIO-
OabHOM ypOBHE SIBIISIETCS TAIIOM, BHITIOIHSIONIUMCS B TIOCIIEIOBATEIFHOM PEXHIME,
W, CIIEIOBATEIbHO, YXYAIIAeT MacIITaOUPYEeMOCTh. DTOT acleKT TaKKe CKaKeTCs Ha
OTPaHMYCHHOCTH allTOPUTMa MPU MCHONb30BaHUM MAacIITaOHBIX CETOK B COTHU MUJI-
JIMOHOB STYEEK. DTO XOPOIIO BUJIHO U3 TAONMUILI 5 Jutst pacuera 3aaaun Ha 2000 mpo-
neccopax. B atom pacuere Bpems 1151 AMG u PCG npakTuuecku COOCTaBUMBI, B 3Ta
TEHJICHIIMSI OyZIeT COXPaHATHCS TMPH YBEIMYCHUU KOJIMYECTBA TPOLECCOPOB, HO BCE
e 2PEKTUBHOCTD pacnapaijieInBaHusI OyIeT 3aBUCETh OT CJIOKHOCTH T€OMETPUN U
KOHKPETHOW (hM3MYEeCKON TTOCTAHOBKH 3a/1a4H.

Ha mamr B3misi; Ha OMyKaIyro EpCHeKTHBY 3—5 JIeT JaHHBIN aJITOPUTM 3aKpO-
€T BCce MOTPEOHOCTH B MacITAOMPYEMbIX YHCICHHBIX BEIUMCICHHUAX B HHTEpecax pe-
LICHUS] UHIIyCTPHANBHBIX 3a7a4. Ero MOKHO S((eKTHBHO HCIOIb30BaTh HA CETKAX
BIJIOTH 710 500 MiTH. staeek. OfHAKO MTPH MEPCIIEKTHBE PACIIMPEHHS Kacca perraeMbIx
3aJ1ad BRIYUCIUTENbHOW THIPOANHAMUKY, BKITFOUYAs YCIOKHSIONTUECS MOJIEIH IS TO-
peHust 1 MHOTO()a3HOCTH C UCTIOIb30BaHUEM CBOOOTHBIX OT SMITMPHU3Ma MOJETIEH Typ-
OyJIEHTHOCTH, 3TOTO aNropuT™Ma OyJeT SIBHO HEJOCTATOYHO.

JlucKkpeTHBIe MOAIETH OOJIBIION Pa3MEPHOCTH, COCTOSIIIME U3 JECATKOB M COTEH
MWIIHOHOB SY€EK, HEOOXOJMMO pellaTh C HMCIOIB30BAaHUEM THICSY WIIM HECKOJIb-
KHX JIECATKOB THICSY MpoIieccopoB. [103ToMy JaHHBIN anrOpUTM CTaHOBUTCS CaMBIM
Y3KHM MECTOM BBHIy TNIOXOH MacIITaOMPYyEeMOCTH: TIpH ONPEAeIICHHOM pa3Mepe pe-
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1aeMoii 3aJ1a4u, TaMsITH y3J1a, Ha KOTOPOM pacIoyIoKeH OCHOBHOM IpoIieccop, MOXKET
MPOCTO HE XBATHUTH JIsl HOCTPOCHHS [100aIbHOTO YPOBHS. BRIXOOOM 371€Ch SIBISETCS
NPUMEHEHHUE aJrOpUTMa KaCKaJHBIX YPOBHEH /sl TOCTENEHHOTO YMEHbBLICHUS YuCiia
MIPOLIECCOB, YYACTBYIOIIMX B CUETE, IIPH COXPAHEHUH MPHU ITOM MPEUMYILEcTBa IIIO0-
0anbHOTO ypOBHS. ANTOPUTM KacKaJHBIX YpoBHeH mpexacrtasieH B [Kozenko u np.,
2014B]. OH BriItOYaeT B cebs 3Tan pa3dMBaHUs BCETO MCXOJHOTO Habopa OCTarod-
HBIX TIOCJIE OrpYOJICHHUS MaTPHIL Ha Maphl U BBIMOTHEHNE UX TONAPHOT0 00bEINHEHNSI.
Ha BTOpoM 3Tarne onepanust HOBTOPSIETCS A0 TEX MOp, OoKa He OyJeT mosryueHa oommas
Mmarpuua rpyooro ypoBHs (puc. 5 crpasa).

Camo 1o cebe oObeaMHEHHE YPOBHEH, TOMUMO (POPMHUPOBaHUSI HHPOPMALMH O
HOBOM yPOBHE, COJECPKUT B ceOe MpoLeaypy nepeonpeaencHus HHPopMauu 0 Mex-
MPOLIECCOPHBIX 0OMEHAax, KOTopasi Tak ke TpeOyeT 3arpar Kakoi-TO 4acTH mpoiec-
copHoro BpemeHHu. Kpome Toro, mapasieibHasi Ipoueaypa orpyoiaeHus: KacKaJHoro
ypoBHS TpeOyeT BBEACHHsI JOTOJIHUTEIBHBIX MEXIIPOLECCOPHBIX 0OMEHOB, KOTOpBIE
B Cllyyae CO CKaJSIpHOM peanu3anuedl cOopa To0albHOTO YPOBHS — OTCYTCTBYIOT.
OCHOBHBIM NPEUMYLIECTBOM KacKaJHOH CXEMbl CyMMHUPOBAHUS SIBISICTCS HalUuue
MacITadUpyeMoCTH anropuTMa. IIpu 3ToM (akTHUEeCKH CHUMAeTCsl OrpaHUueHHe Ha
MaKCHMaJIbHBIH pa3Mep peracMoin 3a1auy 3-3a BOZMOXKHOM HEXBAaTKH MaMSTH y3I1a,
Ha KOTOPOM TpOU3BOIUTCS (hopMHpOBaHHE IodanbHOro ypoBHsi. Kpome Toro, yBe-
JIMYUBAETCSI CKOPOCTh MOCTPOEHHSI TIOOATBHOTO YPOBHSI, TIOCKOJNBKY €r0 COCTaBHBIE
4acTH (POPMHUPYIOTCS U OrpyOJISIFOTCS HE3aBHCUMO JAPYT OT jApyra. Pesynsrarsl mpu-
MEHEHUS IaHHOTO aJirOpUTMa JJIsl pacyeTa TypOyJeHTHOTO TeUeHHUs B KpyIiiol TpyOe
MpeACTaBICHBI B TA0IHLE 5.

Tadamuua 5. Pe3ynbTarsl BEIYUCIUTEIBLHOTO SKCIIEPUMEHTA B KPYTIOH TpyOe

CKaJsIpHas peamu3anus coopa KacKaJHbIH cOop
KONMYECTRO 1100aJTFHOTO YPOBHS 1700aITFHOTO YPOBHS
TIPOIIECCOB BpeMs BpeMs BpeMs BpeMs
MIOCTPOCHHUS, C pelienusi, ¢ MIOCTPOCHHUS, C pelienus, ¢
100 0,003 0,019 0,001 0,026
250 0,025 0,021 0,002 0,104
500 0,099 0,069 0,003 0,137
1000 0,294 0,128 0,004 0,198
1500 0,573 0,550 0,005 0,226

Ha He0ombIIoM mpoIiecCOpHOM ToJie BpeMs MOCTPOEHHS TI00aTbHOTO YPOBHSA
COCTAaBIISIET HE3HAYMTENHHYIO YacTh OT OOINEro BpeMeHH Iara, W, HeCMOTpPS Ha TO,
YTO KaCKaTHOE IMOCTPOEHHUE BO BCEX Cydasx paboTaer ObIcTpee, 3TO YyCKOpEHHE HH-
BenmupyeTcs Ha (oHe obmero Bpemenu pemenus CJIAY. B To ke Bpems pu yBeln-
YEHHUH MPOLIECCOPHOTO OIS 10 HECKOIBKIX COTEH BUIHO, YTO KaCKaJHBIN cOOp JaeTr
cylmecTBeHHOe yckopenue obmero pemenns CJIAY, MOCKONBKY B JaHHOM Ciydae
CKaJISIPHBIA aJTOPUTM CT€HEPHPYET OTHOCHTEIHHO OOJNBIIYI0 MATPHUILy TII00ATEHOTO
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YPOBHH, orpy6neH1/Ie " pCHICHUC KOTOpOﬁ MIPOBOAUTCSA B NOCIICAOBATCIIBHOM PCIKUME

1 TpeOyeT 3HAUUTEIbHBIX 3aTpaT BPEMEHHU.

Pemenne 3amaun 00TeKaHHsi OOPATHOTO MOAOTPEBAEMOr0 yCTyNa Ha PacyeTHOU

cetke 14 MuH. maet U psl, IpeacTaBIeHHBIC B Ta0IHIe 6.

Tabauua 6. Teaenne 3a 00paTHBHIM YCTYIIOM Ha CeTKe B 14 MITH. siueek

CKaJIsIpHAasl peaju3aius coopa KacKaJIHbIN cOop
KOJIMYECTBO 100aEHOTO YPOBHS I00aTFHOTO YPOBHS
npouceccon BpeMs 4HUCII0 BpeMs 4uCI0
pelenus, ¢ uTepanun pelenus, ¢ uTepanui
100 13378 6113 11964 5397
250 3977 4484 4466 5581
500 2418 4629 2635 4452
1000 3657 5006 1171 4485
1500 6189 4592 1359 5675

[To pesynsraTam pacueToB, BO-TIEPBBIX, MOJKHO CJIENIaTh BBIBOJI, YTO HCITOIH30Ba-
HUE TIPOIEAYPhl TOCTPOCHHS TIIO0ATHHOTO YPOBHS JaeT 3HAYUTEIHFHOE TpEeuMYyIe-
CTBO TI0 CKOPOCTH CXOIMMOCTH MHOT'OCETOYHOTO METO[a, a CJIeIOBATEIBHO U O0IIIe-
My BpEMEHHU PEILICHUS 3a/1a4u, IIPUYeM JaHHBIH 3PPEKT YCUIUBACTCS C YBEIIMYCHUEM
nporeccopuoro mois. Tak, mns TecToBbiX pacuetoB Ha 1000 u 1500 mporeccopax
WCTIOJIb30BAHUE CKAISPHOM peau3aliy alropuTMa IMOCTPOCHUS II00aIbHOTO YPOB-
HS TIO3BOJIMJIO YMEHBIITUTH 00IIee BpeMs PelIeHHs 3a/ladu pUMepHO B 3 pasa. Bo-
BTOPBIX, KACKATHBIH AJITOPUTM MIOCTPOCHUS III00ATFHOTO YPOBHS JJA€T JTYUIITY O IIPOH3-
BOJIUTEIILHOCTb 110 CPAaBHEHUIO CO CKaJSPHOU MPOLeAypOl TOCTPOCHUS II100aIEHOTO
YPOBHSI Ha OOJIBIIIOM KOJIMYECTBE MPOIECCOPOB. JIJis HANITHOCTH, HIDKE Ha Irpaduke
MIPUBOAATCA TOJIBKO PE3YJIbTAThI, IOJYUYCHHBIC C UCIIOJIb30BAHUCM CKaHHpHOﬁ BEpCUU
anropuTMa c6opa I00aIbHOTO YPOBHS, U KaCKaIHON BEPCHH, PEATM30BaHHON B paM-
Kax naHHou padotel. s ceTku B 30 MITH. pe3ysIbTaThl CBEJCHBI B Ta0muUIE 7.

Tabauua 7. Tegenue 3a 00paTHBIM YCTYIIOM Ha ceTke B 30 MITH. siueek

CKaJIsIpHAs peanu3anus coopa KacKaJJHbIH cOop
KOJIMUYECTBO 100aIbHOTO YPOBHS I100aJIbHOTO YPOBHS
Tiponeccos BpEMst 4HUCIOo BpEMst 4HUCIIo
pelenus, ¢ HUTepanui pelienus, ¢ uTepanun
125 31238 10482 33127 10828
250 17420 10853 18591 11057
500 11500 11241 11227 10142
1000 9382 9144 6263 9043
2000 17124 8463 8184 11240
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CpaBHEHME NPOM3BOAUTEIBHOCTH CKAJSPHOTO M KacKaJHOIO aJrOPUTMOB IIO-
CTPOCHUS TII00AILHOTO YPOBHSI IPUBOJISITCS Ha pHC. 6.

puc. 6. CpaBHeHHE POM3BOAUTEIIBHOCTU CKAJISPHOTO U KACKaIHOTO aJITOPUTMOB Ha 33/1a4e
pasmepHOCThIO 14 MITH. stueek (creBa) u 30 MITH. siueek (crpasa)

Kak BUJIHO W3 MOJMYYCHHBIX PE3yJIbTATOB, UCIOIB30BAaHUE TII00ATHLHOTO YPOBHSI
SHA4YUTCJIbHO YBCIMYUBACT CKOPOCTh CXOAUMOCTH 3aJa4U C YBCIIMUCHHUEM KOJIMYECCTBaA
nporeccopoB. IIpu ucmonms3oBannu 1000 mporieccopoB cKamsipHas MpOIeAypa IMo-
CTPOCHUS TIIOO0ATLHOTO YPOBHS JaeT 00Iee YCKOPSHUE PEIICHHS 33/1a4d IPUMEPHO B
2 pa3a. AITOpPUTM KacKaJHOTO cOOpa 00ecrneunBaeT CyIeCTBEHHOE YCKOPEHHE MPo-
[eyPbl TOCTPOCHUS TNI00aThHOTO ypoBHS. [Ipy M3MenpIeHN 3a/1aui MEHEee 4eM 110
~60 ThIC. pacYETHBIX sYEEK Ha mpoieccop (ucmosnb3oBanuu Ooee SO0 mporeccopos)
UMeeM 3HAuUTeIbHOE M BO3pacTarollee PEUMYIIECTBO MO MPOU3BOAUTEILHOCTH all-
TOpPUTMa KacKaJHOTO cOopa TI00aTBHO YPOBHSI.

Hcnonp3oBanne mI00ANBHOTO YPOBHS IMOJOXKHUTENLHO CKa3bIBACTCS Ha OOMICH
MPOU3BOAUTEILHOCTH MHOTOCETOYHOTO MeTo/Ia. [Ipy 3TOM HCIOIh30BaHHE KACKaTHO-
TO aJTOpUTMa JIaeT elie OOJIBIIYIO IPOU3BOAUTEIBHOCTD 10 CPABHEHUIO CO CKAJSIPHOM
MPOLEAY PO TOCTPOCHNUS II00aIBHOTO YpoBHsL. [Ipruem nomyuaemMoe ycKopeHue pac-
TET C YBEJIMYCHUEM KOJIMYECTBA MPOIIECCOPOB, UCIIONB3YEMbIX JUIsl PEIICHUS 33 Ja4H.
OnHaKo B psifie Cly4aeB allTOPUTM KackaJHOTo cOopa JaeT HeCYIIeCTBEHHOE 3aMe]l-
JICHUE TIPOU3BOUTEIHLHOCTH 110 CPABHEHHUIO CO CKATISIPHOU MPOIIEAYPOi TTOCTPOCHHUS
I00ANBHOTO YPOBHS. DTO OOYCIOBJICHO HAJIWYHEM JOMOIHUTEIBHBIX MEXIPOIIEeC-
COpHBIX OOMEHOB ITPH MOCTPOCHUHU U MOCIICAYIOIIEM OTpyOICHUN HHEePapXUH KACKa/l-
HBIX YPOBHEH.

3AKJTIOYEHUE

B cratbe AaHa OLCHKa MPUMEHUMOCTH COBPEMEHHBIX IMOAXOA0B K MOACIUPOBAHUIO
TypOYJICHTHBIX TEUCHWH B WHIYCTPHAIBHBIX MPUIOKEHUsX. ONMUCaHa TEXHOIOTHS
npumeHeHus 30HH0T0 RANS-LES momxoma coBmectHo ¢ Mmoaensio EARSM, mo3Bo-
JISIFOINAS TTPH TOPA3/I0 MEHBIUX BBIYUCIUTENBHBIX pecypcax 0oliee TOYHO MOJICITHPO-
BaTh TypOyJeHTHbIC TeueHuUs. [yt 3 PEeKTUBHOrO MPUMEHEHHSI MHOTOCETOUHBIX TEX-
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HOJIOTHM IIPEIOKEHBI CIICHUATU3UPOBAHHBIC AITOPUTMBI YCKOPEHUS, OCHOBAHHBIC HA
«KaCKaJIHOM» cOOpe JaHHBIX C MPOLECCOPOB U TII00ATEHOM YPOBHE.
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CHALLENGES ASSOCIATED WITH SUPERCOMPUTERS AS APPLIED TO HYDRODYNAMIC
SCALABLE NUMERICAL SIMULATIONS IN INDUSTRIAL APPLICATIONS

A.S. Kozelkov, R.M. Shagaliyev, V.V. Kurulin, A.V. Yalozo, S.V. Lashkin

RUSSIAN FEDERAL NUCLEAR CENTER

All-Russian Research Institute Of Experimental Physics(RFNC-VNIIEF), Sarov

The paper discusses two major bottlenecks in efficient use of computational hydrodynamics
methods in industrial applications: turbulence simulations and speedup. Results of the analysis
of turbulence simulation capabilities of eddy-resolving methods in industrial applications on
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arbitrary unstructured grids are presented. Speedup algorithms for scalable high-performance
computations based on multi-grid technologies are presented.
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MOAEJIMPOBAHUE KOJITANCA X0JI0AHOTO
bbICTPOBPALLAIOLLLEETOCA NPOTO3BE3AHOM0 OBJIAKA

C.I. Mouceenko', I.C. bucHogameolii-Kozan'>, H.B. Apdenan?, K.B. Kocmayeeckuii®

' VIHCTUTYT KOCMUYeCKnx nccnepgoBaHuin Poccuiickon akagemumm Hayk (MKW PAH)
2 HaumoHanbHbIN nccnefoBaTtenbckuii anepHbln yHnsepcuteT «MUOW» (MockoBcKuiA
UHXeHepHO-GU3NUYEeCKNn MHCTUTYT, FOCyAapCTBEHHbIN yHBepcuTeT) (HAAY MUADW)
3 MOCKOBCKUI rocylapCTBEHHbIN yHUBepcMTeT MMmeHn M.B. JlTomoHocoBa,
baKynbTeT BblUMCINTENIbHOM MaTeMaTUKUN U KnbepHeTnkn (BMuK MIY)

PaccmoTpena 3aada o Kojutarce X0JI0JHOTO ObICTPOBPAIAIONIETOCs IIPOTO3BE3IHOTO o0JIaKa.
UucneHHOe AByMEpPHOE MOJENHUPOBAHME 3a7a4d MPOBEJEHO MPH MOMOILIU MOJHOCTBIO KOH-
CEpBaTUBHOI HESIBHOI ONEpaTOPHO-PA3HOCTHOM CXEMBI Ha TPEYrOJbHOM CETKE MEepPEeMEHHOMN
cTpykTypsbl. [okazaHo, 4To B pe3ynbrare Kojuiarnca (GopMUpPYETCs paclpeiesieHHe INIOTHOCTH
B 9KBaTOPUAJILHON IIOCKOCTH B BUJE JMCKA.

Pabora 'CBK u CI'M 06bu1a yactuuHo nojyiepxkana rpanramu POOU 14-02-00728 u 14-
29-06045, rpantom Ilpesunenta PO nopnepxku Beaymux Hayunsix mxon HIT-261.2014.2,
n nporpamMmoii npesuanyma PAH I121/3. Pa6ora CI'M Oblia Takke 4aCTUYHO MOAJECpIKaHa
rpanToM PODU 14-29-06055.

Kniouesvie crosa: ipoTo3Be3Hble 001aKa, YUCICHHOE MOJICTUPOBAHHE.

1.MMTOCTAHOBKA 3AA4YM O KOJUTATCE
BPALLAIOLLIETOCA XOJTOQHOIO FTA30BOIO OBJIAKA

3agaua O KOJLIAINCE BPALIAIOLIErOCs XOJOAHOIO IPOTO3BE3THOIO ra30BOro obnaka
ONMCHIBACTCS CHUCTEMON YpaBHEHHMH Ta30BOM MUHAMMKH ¢ TpaBuTaiuein [Jlanmay,
JIndmmur, 1988]:

Y s Ly pdivu=0

a W g rearuEs
du

Py = —gradp — pgrad®, (1)
de . 1 TR TR
R ivu = , =—=—) £=—-",

P tD n=o=- i

AD = 4nGo.

Monceenko Cepreii [puropbeBrd — 3aBEAyHONINIA OTACIOM, TOKTOp (DU3UKO-MATEMATHUCCKUX HAyK,
HKU PAH, moiseenko@iki.rssi.ru

BucnoBareiii-Koran T'ennaguii CeMGHOBMY — TIABHBIA HAydHBIH COTPYIHHK, JOKTOP (HHU3UKO-
MareMarnyeckux Hayk, npogpeccop, UKW PAH, HUAY MU®OU, gkogan@iki.rssi.ru

Apnensin Huxonaii BacuibeBnu — Benymiuii HaydHbIH COTPYJHHUK, JOKTOP (PU3HKO-MaTeMaTHYEeCKUX
Hayk, BMuK MI'Y

KocmaueBcknii Koncrantun BukropoBud — crapiumii HayqHBIH COTPYIHUK, KaH M IaT GU3HKO-MaTeMaTH-
yeckux Hayk, BMuK MI'V
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rue Frin cyOCTaHIIMOHANIbHAS POU3BOIHAS TI0 BpeMeHH t, X = (1,z), U=(u",u’,u”) — BeK-
t

TOP CKOPOCTH, p — AaBJIICHUE, £ — BHYTPEHHSIS aHeprust, @ — rpaBUTAMOHHBIN TOTCHIH-
al, p — INOTHOCTh, T — Temneparypa, G — MOCTOSIHHAS TATOTeHHs, R — yHUBEpcaibHast
ra3oBas IMOCTOSTHHAs, Y — IMOKa3aTeNb aanadarhl. 3a1ada pemaeTcs B MPearnoIoKeHUN
0CEBOW CHMMETPUH M CUMMETPHH OTHOCHUTEIBHO SKBATOPHUAITBHOM MIIOCKOCTH.

B HavanpHBIE MOMEHT BpEMEHH MPEAIoNaraeTcsi, 4To OOIaKO IMPEICTaBISIET
co00H OJHOPOJHO BpalAIOIIUIiCA IIap MOCTOSHHOW IJIOTHOCTH CO CIICAYIOIIUMHU
napaMeTpamu:

p=1492-10"Yr/cm3, p = 1,548 1071 qun/cm?,

r=3,81-10%%cM, w = 2,008-10"2pag/c, ()

M = 1,73Mg,, = 3,457 -1033%r, y =5/3, u" =u?=0.

Ha Buemne#t rpanuiie o0naka AaBleHHE PaBHO MajiOM MOCTOSHHOW BETUYHHE
(p = 0,87-10"8 gun/cm?). Ha 3Toit TpaHuIe 3HAYEHUS TPABUTAIMOHHOTO TTOTEHIHAIIA
@ ompenesAIoTCs MPH MTOMOIITH HHTETPATLHON (hOPMYJIBI, SIBIISIOMICHCS aImmpoOKCHMa-
et popmyisl st o0beMHoT0 TToTeHInana [ Tuxonos, Camapckuit, 1972].

Jlns mpuBeneHus cucteMbl ypaBHeHHH (1) k Oe3pasmMepHOMY BHJy BCe pa3mep-
Hble BemunHbl B (1) 6bimn mpeacTasiens! B Buje: F=F(F, e F, — pasMepuslii Mac-
mTabHbIil MHOKHTEND, F — Ge3pasmepHas GyHKIMs. XapaKkTepHble MACIITa0bl ObUIH
BBIOPAHBI CICTYIOIINM 00pa3oM:

r
po = 1,492 - 10—17$, To = Zo = 3,81 - 10%%cm,

to=5-10"¢c, py = poty?1s,
ub = ug =rotyl, @ = 4nGpyré,
Wo = 1/t0,T0 = ug/m,go = u%.

B 6e3pa3mepHbIX IEpEeMEHHBIX cHCTeMa ypaBHEeHUH (1) 3amuchIBaeTCs B CIEIYHO-
eM Buje (3HAK ~ OMYIICH):
dx

= dp+ divu=0
= u 1 pdivu = 0,

p—— = —gradp—qpgrad®, q=4nGp,t§ ~ 3.127,

d£+ di N _1_ _ T
T pdivu = , N = —p, S_y—l'

AD = p.
Cucrema ypaBHeHuU# (3) pemaeTcs Mpu CISAYIONINX TPAHUYHBIX YCIIOBUIX:
w=0npuz=0;
U=0mpur=0
Ha BHEIIHeH rpanurie p = 10°°, 3HaueHuUs TpaBUTAIIMOHHOTO TToTeHIrana @ 3amarorcs,
Kak ¥ B [ApaensH u ap., 19870] mpu mOMOIIH HHTETPATBHON (HOPMYITBI.

3)
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HauanbHble ycloBus B Ge3pa3sMEPHBIX MEPEMEHHBIX 3AMUCHIBAIOTCS B CIELYIO-
EM BHJIE:

p=1,0=1,004,p=1,7810°
B kpyre r*+z2< 1.

2. METO[ PACHETA

Jlist MOIeTMpOBAaHMS 3a/1a4K O KOJUIAIICE OBICTPOBPAIIAIOIIEIOCs XOJIOIHOTO IIPOTO3-
BE3/IHOTO 00JIaKa MCIOJIb30BANIACh HESBHAS MOMHOCTHIO KOHCepBAaTHBHAS cxema B Jla-
IPaHXEBBIX TIEPEMEHHBIX Ha TPEYTOJILHOM CETKE NePEMEHHON CTPYKTYPhI [ ApIeisiH,
1979; Apnensin, 1981; ApnensH, 1983a; Apaensn, 19830; ApaensiH, KocMmaueBckui,
1993; Apaensa u 1p., 1987a; Ardeljan et al., 1996].

3. PACYET FrPABUTALMOHHOIO NOTEHLMANA HA BHELLIHEW FTPAHULIE OBJTAKA
N TPABUTALIMOHHOWM CUNbl BBIN3U OCU Z

3HaueHus TpaBUTAalIMOHHOI'O IMOTCHIIMAJIa Ha BHEIITHEHN rpaHune o0Onaka MOTYyT OBITH
HaWEeHBI TIPU TTOMOIIH (HOPMYITEI U 00BeMHOTO TIoTeHIInana [ Tuxonos, CaMapcKui,

1972]:
1 [ pdV
=—— 4
14

rae Ry, — paccTosiHue OT TOUKH X, 0 TOUKH X, p — INIOTHOCTB U V — 00beM obnaka. Ce-
TOYHBIN aHanor Gpopmyinsl (4) ObuT TosTyydeH B [ApaensH u ap., 19876] nu moxeT ObITh
3amucal B cienytoniei hopme (0003HaueHUs cM. [ApaensH u ap., 1987a)):

1 —
ch = —E z miliq, xq € )/j, (5)

AiEw;

e
1" 15"

Aig = F(E:’ﬁ) +a; F(E;Kz)r

a2 =77 + 1,2+ (2 — zy)? + 27,

ay? =77 + 1,2+ (2 + 24)? + 2747,

6

ki = 4 /a,?, K5 = 4T, /ag?, ©)

3 3
o1 1
T
=1 =1
" :
T
F(E,K) =f (1 — x?sin?t)~Y2dt (7)
0

MOJIHBIH JTHITHYECKUI HHTErpall epBoro poaa. MHIEKe i — HOMep SUeHKH, j — HO-
Mep y37a ¥ ( — HOMEp TPaHUuHOrO y3ia. HeTpyaHo mokas3ark, 4To arnmpoKCHMHUPYET
(4) ¢ Tounoctrio O(h).

153



C.I. Mouceenko, I.C. BucHogameiii-KozaH, H.B. Apdenan, K.B. Kocmayeeckuii

I'paButanmonnyto cuny F=(F,F,) Mo>)xHO HaiiTH, MpuMeHssl pa3HOCTHBIN omnepa-
TOp grad K CeTOYHOH (PyHKITUU IPaBUTAIMOHHOTO MOTeHInana. [ [pumeHenne yka3aH-
HOTO IIpHEMa B y3JIaX CETKU BOJM3U OCH Z MOXKET IPUBECTU K OOJNBLUIMM OLIMOKaM
B 3HAUEHUSAX I'PaBUTALlMOHHON cUJibl F.

B HauanpHbBII MOMEHT BpEMEHHU TpaJMCHT JABJICHUS B 3aJade O KOJUIarce Jo-
CTaTOYHO MaJl M CPAaBHUM IO BEJTMYHWHE C YUCIICHHON OITHOKOH, MMPUCYTCTBYIOMICH B
3HAYEHUSAX TPABUTALIMOHHON CHJIBI, YTO MPHUBOAUT K OMIMOOYHON KapTHHE TEUCHMS.
Hanpumep, mpu pacueTe 3a1a4u 0 KoJJIarce HeBpamaouerocs o0aka ¢ HayalbHBIMU
TaHHBIMH U3 [ApaensH u 1p., 19876] (o = 0) pacnpenenenue mioTHOCTH, CKOPOCTH U
IPYTUX (PU3NIECKIX BEIMYUH CTAHOBUTCS HEC(EPUISCKUM BCKOPE TTOCIIE Havdala pac-
4eTa, XOTs 3aJa4a ABJsieTcsl chepuieckd CUMMETPUYHON U UCKaKeHHE ChepruuecKoi
CUMMETPHH CBSI3aHO C YNCIICHHBIMH OITUOKAMH.

[l mpeoniosieHns yKa3aHHOM TPYIHOCTH ObUI NPEUIOKEH CIEeIYIOLUHUH CrI0co0:
BBIUUCIICHHE 3HaYeHUH rpaBuTaionHoi cwiibl F=(F,F,) B y3nax cetku, BOMU3U ocH Z
HCTIOJNIB3YS TOJIBLKO 3HAUYCHMSI CETOYHOM (PYHKIMHU MJIOTHOCTH. [IJisl 3TOro BBIpa)KeHUE
JUTsT 00BEMHOTO TTOTCHIINANIA B HeTpephsIBHOU (popme (4) 66110 Tpoaud dhepeHImpoBa-
HO TI0 KOOpJIMHATaM 1,Z. Pa3HOCTHBIE aHAJIOTH IS BBIpAKEHUS TPaJIMEeHTa OT 00BheM-
HOTO MOTEHIIMAaJIa 3aUChIBAIOTCS B ceayIouel Gpopme:

1 _
(V@ ~ — Z MmNk, Xy € Wx, (®)
AjEw;
rie
(rx + 7)K% — 213 27
Nik = 3.3 N(—x1?, K1, )+ F( K1) +
(re + 1)K%2 — 213 2r;
23702 M(—rk3%, K, )"‘ F( ,K2),
2 K2
n T
2
T dt
[(h, k,=) =f
2 J (1 + hsin?t)V1 — k?sin?t
— MONHBIN UTMITHYECKHIT MHTErpaj TPETHEro Pojia;
1 _
(V2P ~ — Z mQik, X € Wx, (10)
Aj€Ew;
e Zy — otz m
Cir = H( K12, K1, ) + H( K22, K2, 5).

a3 a,3 2
OcranpHble 0003HAUCHUS TaKHUE XKe, Kak U B (6).
HetpynHo nokasars, 4to ¢popmyssl (8, 10) anmpoKCUMHPYIOT CBOW HENPEPHIBHEIC

ananoru ¢ TouHocteio O(h). Hemocpencteennoe npumenenue gopmy (8, 10) sBis-

€TCsl IOCTaTOYHO JOPOTOCTOSIINM, TaK AJsl BBIYUCIICHUS 3HAYCHUI TPaBUTALIMOHHOM

CWIBI B N y31ax ceTku Tpedyercst O(nN) onepanui, rie N o01iee 9ncio ssueek CeTKH.

MammaHOe BpeMs, He0OX0ANMOE JIsl BBIYUCIICHUS 3HAYEHHI TPaBUTAlMOHHON CHJIBI

o ¢popmynam (8, 10) Bo Bcex y3iax, HAXOIAIIMXCS BOIM3U OCH Z, IPEBBIILIAECT BPEMS,

TpeOyeMoe Ha BCE OCTaJIbHBIE BBIYMCIICHUS HA Ka’KIOM BPEMEHHOM 1iare.
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puc. 1. FBCE — vactb pacueTHOl 00s1acTH, B KOTOPOit KOPPEKTHPYIOTCSI 3HAYEHHS TPAaBUTALIMOHHON
cuibl. B obmact ABCD wucrosnb3yercst mporierypa HHTEPIIOJSIIUH (SKCTPATIONISIIUH).
B o6nactu ADEF npumensitorest popmyser (8, 10)

st yMeHbIlIeHHs 3aTpaT MAIIMHHOTO BPEMEHU UCIIOJIb3YETCS CAEAYIOIUN Npu-
eM. Ha kaxxnoM BpeMeHHOM 1uare 3ajgada Jlupuxsie ajis rpaBUTAllMOHHOTO NOTEHIKA-
Jla pemaeTcs i BCel pacueTHOW oOnacTH. ['paBUTAlMOHHAS CHJIA HAXOIUTCS KAk
grad @, tne ® — rpaBUTAIMOHHBIA MOTCHIIMAJ. 3aTE€M 3HAYCHUSI TPABUTAIIMOHHOU
CHITBI KOPPEKTHPYIOTCA BONMU3M ocu z. Baytpu obmactu ABCD (puc. 1) 3Hadenus z
KOMITOHEHTHI TpaBUTAMOHHOW cwiIbl F, skcTpanmomupytores B obimacts ABCD u Ha
gyacTb ocu Z — AB 13 yactu pacderHol obnacTu, Haxoxsmieiics ciesa ot CD. U3 nipen-
MOJIOKEHUS OCEBOM cuMMeTpuu cienyer, uto F,= 0 Ha ocu z u ¢pyHkuus F, nateprmo-
mupyetcs BHyTpu ABCD no ee 3nauenusm Ha AB u CD. B npsamoyronsauke ADEF
3HAUCHHMS IPABUTALIMOHHON CUIIBI ompenessitores o ¢popmynam (8, 10). [Ipemoxen-
HBIH TPUEM CYIIECTBEHHO YMEHBIIIACT 3aTPAThl MAITMHHOTO BPEMEHH U TIO3BOJISIET CO-
XPaHUTh TOCTATOUHYIO TOYHOCTh IPU BBIYMCIEHUN I'PABUTALIMOHHOMN CHJIBIL.

4. PE3YJIbTATbI PACHETOB KOJUTATCA
BbICTPOBPALLAIOLLIEETOCA TA30BOIO OBJIAKA

B HauanbHBII MOMEHT BpeMEHH B OOIlake:
= B 000425, B = Eror/|Er| = 0,324
) ) rot gr ) i
|Eer|

rae E;, — BHyTpeHHss sHeprus, E,, — rpaBuTannonHas sHeprus, u E,, — BpamarenbHas
sHeprusi. BeiOpaHHbIE 3HAYCHUS TTAPAMETPOB 0,3 JIEKAT CYIIECTBEHHO B TOU 30HE, TJIe
B pabote [Boss, 1980] ObuIO MOTyYeHO KOJIBbIIEOOpa3HOE paCIpe/IesieHUE IOTHOCTH
(T.e. MAKCUMYM TUIOTHOCTH HAXOJWJICS Ha Nepuepru 3KBATOPUATHHON IJIOCKOCTH).
Ha puc. 2 u 3 npeacrapieHa TpeyrojibHas CETKa M pacrpeie/icHHe JI0OTHOCTH Ha Ha-
JagpHOU cTamuu pacuera (t = 0,04). Ha puc. 4 mpeacTaBieHo pacrpeaeieHnue mioT-
HOCTH B0JIb OCH Z B MOMEHT Bpemenu t = 0,04.

a
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puc. 2. TpeyronbsHas ceTka B MOMEHT BpeMmenHu t = 0,04

puc. 3. JIuHuM ypoBHS IIIOTHOCTH B MOMEHT BpeMenH t = 0,04

puc. 4. PacnipenieneHre mI0THOCTH BIOIb OCH BpalleHUs z B MOMEHT Bpemenu t = 0,04
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puc. 5. TpeyronbHas ceTka B MOMEHT Bpemeru t = 0,94

Ha HayanbHO# cTaauu Koyanca o0JIako CKUMAETCsl CYIIECTBEHHO CHITBHEE BIIOJTh
OCH Z, YEM BJ10JIb IKBATOPHAJIbHOM IUIOCKOCTH, YTO CBSI3aHO € IOCTaTOYHO HU3KHUM Ha-
YJaJIbHBIM JIaBJICHHEM B OOJake U ObICTPBIM BpallleHHeM. BiusHue rpaBUTannoHHON
CHJIBI KOMIICHCHUPYETCSl B T HAalpPaBJICHUU JCHCTBUEM LIEHTPOOEKHBIX cuil. Ciemyer
OTMETHUTh, YTO B Ha4aJbHbIC MOMEHTHI BPEMEHH KOJUIANCca «raHTeJeBUIHASY CTPYK-
Typa B paclpe/ielIeHnH IUIOTHOCTH p(Z) He BO3HUKAET (puc. 4), KaKk 3TO UMEJI0 MECTO
B pabote [Apaensa u ap., 19876]. IIponcxoxkaeHue 3TO «raHTEICBUIHON) CTPYKTY-
PBI OBLIIO BBI3BAHO YMCJICHHBIMH OIINOKAMU IPU BEIYUCICHUN IPAaBUTALIUMOHHON CHIIBL.
Ha puc. 5 npeacrasnena tpeyronapHasi ceTka B MOMEHT Bpemenu t = 0,94. Pacnipene-
JICHHE TUIOTHOCTHU B LEHTPAJIBHON YacT o0naka ocTaeTcst ONM3KUM K KOHCTAHTE ISt
MoMeHTOB BpemeHH t = 0,94 (puc. 6) u t = 1,18 (puc. 8, 9).

puc. 6. Pactipenenenne mIoTHOCTH BIOIb OCH 7 (JIEBBIH rpaduk)
1 BJIOJIb OCH z (TIpaBBIii rpaduk) B MOMEHT BpeMerH t = 0,94
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puc. 7. [lone ckopocreii B MomeHT Bpemenu t = 0,94

puc. 8. YpoBHU 110THOCTH B MOMEHT Bpemenu t = 1,18

puc. 9. PactipeseneHue mioTHOCTH BAOIb OcH 7 (JIeBbIi rpaduk)
U BJ10JIb OcH z (TipaBblii rpaduk) B MoMeHT Bpemenu t = 1,18
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puc. 10. YpoBHHU IUIOTHOCTH B MOMEHT BpeMeHu t = 1,27

puc. 11. Pacnipenenenue qaBieHus BIOJIb OCH Z B MOMEHT Bpemenu t = 1,27

puc. 12. Pactipenenenne mIoTHOCTH BIOIb OcH 7 (JIEBBIH TpaduK)
1 BJIOJIb OCH z (TIpaBbIii rpaduk) B MOMEHT BpeMerH t = 1,27
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«HucneHHbIN 1IymM», KOTOPBIA BHJEH Ha puc. 9, 12, cBsi3aH ¢ MCNOIB30BaHUEM
MPOLEAYPHI IEPECTPONKH CETKH. BOSHUKHOBEHHUE 3TOTO «IIyMay, U3BECTHBIN 3 dexT
MIPH KCTIONIb30BaHUH CBOOOIHO-JIarpaHkeBbix MeTonoB [Trease et al., 1991]. [Ipu oT-
CYTCTBUH NPOLELYPBI NEPECTPOUKH CETKHA «UUCIICHHBIA IIyM)» CITIA)KUBAETCS CXEM-
HOM M NCKYCCTBEHHOM BSI3KOCTHIO. [IpH HCIIONB30BaHUN MTEPECTPONKH CETKH HEOOIh-
IIM€ YUCJIEHHBbIE OCHWIISAIUY B PELUIEHUH HUMEIOT MECTO, OJJHAKO OHHU HE MPHUBOAAT
K HEyCTOWYMBOCTH YHCIIEHHOIO pacueTa.

puc. 13. YpoBHH IIIOTHOCTH (JIeBBIN TpaduK) U TOJIE CKOPOCTEH (TIpaBblid rpaduk)
B MOMEHT BpemenHu t = 1,285

puc. 14. Pacnipenenenne mIoTHOCTH B0 OCH 7 (JICBBIH TpauK)
1 BIIOJIb OCH z (TIpaBblid Tpaduk) B MOMEHT BpeMeHu t = 1,285

[Tone cxopocreii (puc. 7) moka3pIBaeT, YTO MPAKTUIECKH BO BCEH pacyeTHOH 00-
JIACTH BEIIECTBO JIBWKETCSA K SKBATOPHAJIBHOM TUIOCKOCTH. ['a3 IBMIKETCS MEIIEHHO
BIOJIb DKBATOPHUAIBHON TUIOCKOCTH JIMIIb BONMU3M Tepu(epuiiHON uYacTh 3KBaropa.
OO6nako NpomomKaeT CKUMATHCS, YIIIOMATHCS, U K MOMEHTY BpeMenu t = 1,276856
3HAYEHHE IUIOTHOCTU B HeHTpe p =~ 150p, (puc. 12), naBnenue B 1ieHTpe p =~ 6-10°p,
(puc. 11). Cnemyer OTMETHTB, YTO, HECMOTPS Ha TO, YTO JJISl YUCICHHOTO MOJICIHPO-
BaHUS WCIIOIL30BAIACh HESBHAS CXEMa, PEIICHNE UCXOMHON CHCTEMbI ypaBHEHHH (3)
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Ha JaHHOW CTaJWHU TEUSHMSI MEHSUIOCHh CO BPEMEHEM HACTOJBKO OBICTPO, YTO IS TOTO,
9TOOBI N30€KaTh MOTEPH TOYHOCTH B YUCIEHHOM PEIICHHUH, BETHYUHA UCIIOIB3yEeMO-
TO Iara 1o BpeMEHH cooTBeTcTBOBasa uuciy Kypanra [Puxtmaiiep, Mopton, 1972],
MEHbLIEMY eJUHUIIBL. M3MeHenne GopMbl MPOTO3BE3HOTO 00IaKa Co BpeMEHEM Ipel-
cTaBiieHO Ha puc. 37. TemHast BepTHUKaiIbHAs MOJIOCA, 3aMETHAs HA 3TUX PUCYHKaX (CM.
HaIpuMep MpaBbli BepxHuii rpaduk Ha puc. 37,t=1,356753), cBsi3aHa co CTyIIeHHEM
CETKH BOJHM3H OCH Z. DTO CryIIEHHE OBUIO CACTaHO «BPYYHYIO» JJIsI TIOBBIILICHHS TOY-
HOCTH pacueToB BONIM3M OcH Z. Bo BHyTpeHHeil 4acTu o0llaka IIIOTHOCTh PACTET MOHO-
TOHHO JT0 MOMeHTa BpeMeHH t = 1,285635 (MOMEHT MaKCHMaIHLHOTO CXKATHS) U paBHA
p =~ 195p,, TO€ Py — 3HAUCHHE TUIOTHOCTH B HAaUaJIHHBIA MOMEHT BpeMmenu (puc. 13, 14).
Bo3mokHOCTB IepecTpanBaHusl CETKH 0COOCHHO BaykHA Ha IAHHOM CTaauu pacyue-
TOB, TTOCKOJIBKY CHJTBHOE M CYIIIECTBEHHO HEOJHOPOIHOE CKATHE IMPUBOIUT K MCKaXKe-
HUIO TPEYTOJIBLHOM JIarpaHKeBOM CETKU M MOCIEAYIOIIEMY MEePEXIICCTY SUEeK CETKH.

puc. 15. YpoBHHU IUIOTHOCTH B MOMEHT BpeMeHHu ¢ ~ 1,3

puc. 16. IToxe ckopocTeii BOMN3KM OCH BPAIEHUS] B MOMEHT BpeMeHH ¢ ~ 1,3
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Ha xoneunoli craguu nepsoro cxatus t = 1,285635 obnako npuHUMaeT Gopmy
3JUIMIICOUIAa C COOTHOLIEHUEM Moyocei ~1:5. OnHako BHyTpeHH:s YacTh o0Iaka, co-
craysttomas 10 90% maccel 001aka, COAEPKUTCS B TOBOJIHHO YIUIOIIEHHOM JJUTAIICO-
uze ¢ cootTHoueHneM nonyoceit ~1:100 (yieBbii rpaduk Ha puc. 13). B nponsBonsHOM
CCUCHMH pacyeTHON 00acTH (4eTBEPTH 3JUIUIICA), TAPAJIeIbHOM OCH Z, YHCIIO y3JI0B
CETKM Ha JAaHHOW CTaauM KoJularnca ObuIo He MeHee 15. B MOMEHT MakCHMalIbHOIO
oxarus t = 1,285635 BOnu3M neHTpa odsiaka BO3HUKAET yaapHas BoiHa. [ paduku s
MoMeHTa BpeMeHH t = 1,299834 (puc. 15, 16, 17) onmuchIBarOT CTaIMIO KoJIIarca, Koraa
yAapHasi BOJIHa y»e cOpMHUpOBaIach ¥ HAYMHACTCS €€ OTPAKCHUE OT IKBATOPHAIIb-
HOM mmockocTH. OPOHT yapHOI BOJHBI SICHO BUJIEH Ha puUC. 16, I1e NpuBeieHa 1eH-
TpajbHasl 4aCTh MOJISI CKOPOCTEH.

Kak BuHO U3 puc. 16, mone ckopocTeii 3a ynapHOH BOJIHOM NMeeT KBa3UIeproIu-
YECKYIO BUXPEOOpa3HyIO CTPYKTYPY; KpOME TOTO, BOJIM3H SKBATOPHATIBHOM IMIIOCKOCTH
IUIOTHOCTh MMEET BOJTHOOOpa3HOe pacmpenesieHue. Pazmep storo kBasumepuoaa co-
CTaBJIAET IPUMEPHO JIECATh y3JI0B B I' HANIPABIEHUH, U3 YETr0 MBI 3aKJIF0YaeM, YTO 3TO
¢usnuecknii, a He YUCICHHBIN dQQEKT, CBI3aHHBIN C HEYCTOMYMUBOCTHIO, BO3HUKAIO-
el 3a yIapHOW BOJHOM, IBUXKYIIIEHCS B TPAaBUTAIIMOHHOM II0JI€.

AHanoru4Hasi BOJJHOBasl CTPYKTypa 3a yAapHOI BOJHOW MpH HaJIUMYUM TpaBUTAIIU-
OHHOTO 10JIs ObLTa UCCIIEA0BaHA AHATUTHYECCKH B OAHOMEPHOM aKyCTHUECKOM MPUOIIH-
*keHnH B pabote [Lamb, 1909] u mis cimydast OqHOMEPHOW TpaBUTAITMOHHONW Ta30BOM
nuHaMuky B padote [Kocosuues, ITomnoB, 1979]. OcHOBHO#M MpUYHMHON BO3HUKHOBEHHUS
TaKUX KOJIEeOaHWH SIBISICTCS M3MEHEHHE TUCIEPCHOHHBIX CBOMCTB CIUIOIIHOW CPEIbl
MIPY HAJTMYHUH TPABUTAIIMOHHOTO TT0JIs. JIByMepHBIit 2 PeKT, moTydeHHbIH B HAIINX pac-
YyeTax, BO3ZHUKAET, I0-BUIMMOMY, IO TE€M e caMbIM npuuuHaM. Kpome Toro, BO3HUKHO-
BEHHE TaKOW BUXPEOOPa3HON CTPYKTYpbl MOXKET OBITh CBSI3aHO C JIBPKCHHEM HAKIIOH-
HOW yIapHOHW BOJIHBI 1O HeomHopoaHoMy ¢ony. KBasuneproamueckast BUXpeoOpazHas
CTPYKTYypa TOJIsl CKOPOCTEH, aHaIOTHYHasl Halled, Obula MmojydyeHa Mpu pacyerax Ha-
YaJIbHON CTaJU1 KOJIJIAIca ra30BoOro obiaka Npy aHaJIOTMYHBIX HaYaJIbHBIX JaHHBIX IPU
niomont PPM-metona (kycodno-niapaboimuecKuil MeTo1) Ha SHIepOBO CeTKe, POBe-
JCHHBIX B HHCTUTYTe M. Makca [Inanka no actpodusuxe (I"apxunr, ©PI).

OO0pa3oBaHue yJjapHOH BOJHBI M Ha4ajlo €€ OTPaKECHHsS 3aBEpIIACT CTAIUIO Iep-
Boro cxkarus. OOpa3oBaBiasics yaapHas BOJIHA CYIIECTBEHHO CHIIbHEE BOJIM3H OCH Z,
4yeM Ha nepudepuu U ABMXKeTCs ObIcTpee BOIM3M OcH BpauieHus. 3a ppoHTOM ynap-
HOW BOJIHBI IJIOTHOCTH OBICTPO crniajiaeT. OpoHT ymapHOH BOIHBI JOCTUTAET BHEIIHEH
rpaHuUIBl o0Naka BOIM3M OCH Z B MOMEHT BpeMmeHu t = 1,314921, mioTHOCTH B IieH-
TpPaJbHBIX SUYCHKAX B ’TOT MOMEHT BpeMEeHH paBHa p ~ 93p, (puc. 18). Pactpenene-
HHUE TUIOTHOCTH BAOJIb OCH T — 3kBatopa p(r) (puc. 20) npeacrapisieT co00ii KOJBIIO,
T.€. MAKCUMYM B pacIpeae’eHuH INIOTHOCTH BAOJIb 3KBAaTOpa PACIOIOKEH Ha epude-
pHUH 3KBaTOpUAIbHON IIJIOCKOCTH, a HE B €e LeHTpe. Ha »Toii mpoMeXyTouHOM cTaqun
pacmpeneneHne IIOTHOCTH BOJIIM3M SKBATOPA HAIIOMUHAET PAcIpeeiIeHUE MIIOTHOCTH,
MOJY4YEeHHOE Ha KOHEYHOH CTaJuM PacyeToB, BBHIIOJIHEHHBIX HA OCHOBE 3MIEPOBBIX
Pa3HOCTHBIX CXEM TPU aHATOTUYHBIX HAYAIBHBIX ycioBusx [Boss, 1980]. Ha atoit
CTaJIuN KOJIJIarica JlarpaHKeB M dMJIEpOB MOIXOb! Jat0T KaUeCTBEHHO aHAJIOIMYHbIE
pe3yibTaThl (T.e. KOJNBLEBUIAHOE pacmpeaeneHne mmiotHocTH). [locie oOpazoBanus
yAapHOW BOJHBI CKOPOCTH T'a3a BOJIM3U SIKBATOPUAIHLHON MIIOCKOCTH MEHSET CBOM 3HAK
13-32 OTPa’KEHUs rasa OT dKBaTOpHAJIbHON MIockocTH. HecMoTps Ha paciinpenue Be-
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puc. 17. Pacnipenenenue napameTpoB BOJIb OCEH 7 M Z B MOMEHT BpeMeHu ¢ =~ 1,3
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LIecTBa BO BHYTPEHHHX yacTsx oOiaka 3a ppoOHTOM yZapHOH BOJHBI, 000I04YKa 00-
JIaKa MPOAOIDKAET CKUMATRCS 10 TeX 0P, TOKa yJlapHask BOJHA HE JOCTUTHET CBOOO/-
HOM MOBEPXHOCTH oOnaka B MoMeHT Bpemenu t = 1,314921 (puc. 19). Yucno Maxa,
XapaKTepu3yIolee HHTEHCUBHOCTh yAApHOH BOJHEI, paBHO M =~ 30 B IeHTpaIbHOMN
yacTu 00JaKa, BCkope mociie (hOpMUPOBAHUS YIAPHOH BOJHBI M Hayayia OTPaKCHUS
rasza OT 9KBaTOPHAIBHOH ITIOCKOCTH. Ynciao Maxa mist ppoHTa yaapHOU BOJHBI BO3-
pacTaet, Tak Kak yiapHas BOJHA JBIMIXKETCS BO BHEIIHHME YacTH oOiaka 1o ObICTPO
HUCHAJaomeMy TpoQuIio MIOTHOCTH. B TOYKe CONMPUKOCHOBEHUS YIAPHOW BOJHBI
Y CBOOOJIHOW TIOBEPXHOCTH BO3HHUKAET HEYCTOWYMBOCTh, KOTOPAs MOXET MPUBECTH K
OINPOKHJIBIBAHUIO YaCTH 000JIOUKK OOJiaka BOJIM3H ocu z. XOoTs 3ToT 3P(HEeKT He oKa-
3BIBAET CYIIECTBEHHOTO BIMSHUS Ha MPOIIECCHI, MPOUCXOSININE BHYTPH siipa o0aKa,
OH HE TO3BOJIAET IMPOAOIDKATh pacueT M3-3a HEJOKaJbHOTo mepexiecra ceTku. Jls
MIPEOIONICHUS] YKA3aHHOW TPYAHOCTH U JIJIsl YMEHbBIIIEHUI KPUBU3HBI CBOOOTHOM Tpa-
HUIIBI CKOPOCTH TPaHUYHBIX Y3JI0B OBLIM M3MEHEHBI IIyTeM BBEJCHHUS B ONEPaTOPHO-
Pa3HOCTHYIO CXeMY OTleparopa, JeHCTBYIOIIEro TOJIBKO B TPAaHUYHBIX y37ax [ Ardeljan,
Kosmachevskii, 1993]. MakcuMyM IJIOTHOCTH Ha IaHHOHM CTaJMK KOJIIarca BCe elle
HaXOJUTCs Ha Tiepuepun IKBATOPUATHHON ITOCKOCTH, U pacipe/ielieHHe MI0THOCTH
sIBJISIETCST KoNblieBUIHBIM. Haunnas ¢ t = 1,314921, obnako pacimupsiercsi, ¥ K Mo-
MeHTY BpemeHu t = 1,356753 ero ¢opma HarmoMUHAET HAYAIBHYIO (IIap eTUHUIHOTO
panuyca) (puc. 37, BepxHuii rpaduK B IpaBoi KOJIOHKE, pHc. 22, 23), HO C CYIIECTBEeH-
HO HEOJHOPOIHBIM pacmpezesieHueM TIOTHOCTH. C 3TOr0 MOMEHTa BpEMEHH 00JIako
HAYMHAET PACUIMPSATHCS TAKXKE U B PaJMAIbHOM HalpaBICHUH. B MOMEHT BpeMeHH,
KOT/Ta TOYKa COTPUKOCHOBEHIS CBOOOIHOM IpaHMIIBI 00Iaka U (ppoHTa yaapHOIl BOJI-
HBI JIOCTHTaeT SKBaTOPUAIBbHON TNIOCKOCTH, yAapHasl BOJIHA MCYE3aeT, HO 00JIaKo Mpo-
JOJKACT pactupsaATbes u mpH t = 1,404643 uMeer GhopMy dIUTHIICONA, BRITIHYTOTO
BIOJIb Ocu z (puc. 25, 26). Pe3ynbraTsl pacueToB Ha 3TOW CTaJUM MOKA3bIBAIOT, YTO
MIPIMEHEHHUE Ha BHEUTHEH TpaHmIle 00J1aKa yCIOBHs TOCTOSTHHOTO 00beMa, KaK 3To Jie-
naeTcs B paborax [Axcenos, UMiennuk, 1994; Boss, 1980], ucmonb3yronumx 3iiepos
TIOJIXOJ1, IPUBEJIO ObI K CYIIECTBEHHOMY MCKKEHHIO KAPTUHBI TCUCHHS.

puc. 18. YpoBHM INIOTHOCTH B MOMEHT BpeMeHH ¢ = 1,315
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puc. 19. ITone ckopocTeit BOIM3M OCH BpallleHHss B MOMEHT BpeMeHu ¢ ~ 1,315

Ha npoTspkeHMn ctaguy NepBOTO CKaTusl M MOCIEIYIOLIEro pasjieTa BpalleHue
oOJaka sIBIISIeTCS IPAKTUUECKN OJHOPOJHBIM, JIMIIb YaCTh 000JI0UKH 00J1aKa BO3JIE OCH
T BpalaeTcsi ¢ MeHbLICH yIIIOBOM cKopocThio. KapTiHa TMHUI ypOBHS IUIOTHOCTH NIPU
t=1,499228 (puc. 28, 29, 30) nmokasbIBact, YTO 00JIAKO COCTOUT U3 HEOOJBILIOTO [LIIOT-
HOTO siZipa 1 000JI0YKH, CYIIECTBEHHO BHITSHYTOH B -HarpaslieHUH. Bpamienne obnaka
CTAaHOBHTCS AU(QepeHINalbHbIM: IEHTPaTbHAs YacTh 00Jlaka BpamaeTrcs ObICTpee,
yeM ero nepudepus. MakcCUMyM IJIOTHOCTH NMPOAOJDKAET OCTaBaThCs Ha nepudepun
AKBAaTOpUaNbHOM Mockoctu. Haunmnas ¢ momenrta Bpemenu t = 1,499228, u nanee
MaKCHMYM IUIOTHOCTH PacIiOfiOKEH B LIEHTpe o0JaKa, U pacrpenesieHue IIOTHOCTH
MpEeACTaBISIET COOOH TUCK. 3HAYCHHE MIIOTHOCTH B LIEHTPE MPOIOJIKAET MaJaTh U PH
t=1,499228 nocturaer coero munumyma p ~ 10p,. C momeHnTa Bpemenu t = 1,499228
HauyMHAeTCs BTOPOE C)KaThue, KOTOPOe MPOUCXOANT TOJIBKO B IEHTPAIBHOM YacTh 00-
JaKa. 3HaueHHEe IJIOTHOCTU B LIEHTPE HAYMHAET IUIaBHO pacTd. CHIIBHO BBITAHYTas
o0osouka oOnaka, MpeacTaBisiionas coboi ra3 ¢ Majaol INIOTHOCTBIO, MPOAOIIKACT
pasnerarbcsi. YacTb BeriecTBa 00051049KH (~5% Macchl 001aka) UMeeT KUHETHIECKYI0
SHEPTHUI0 OONBLIYIO, YeM €€ MMOTEHIMANbHAS YHEPTUsl, 1, CIIeJ0BaTeIbHO, 32 OECKOHEeY-
HOE BpeMs 3Ta 4acTh 00JaKa YIeTHT OECKOHEUHO JajieKo oT oOnaka. B MoMeHT Bpeme-
Hu t = 1,774253 pacder ObIT 3akOHUCH. Pactipe/ienieHre MIIOTHOCTH | TTOJIE CKOPOCTEH
npu t = 1,774253 npeacraeneno Ha puc. 31 u puc. 32 coorBercTBeHHO. Ha puc. 33
MPEeACTaBlICHa LIEHTPAIbHAs YacTh IOJIsl CKOpoCcTeil BOMM3M ocu BpauieHus. BuaHo,
YTO B 00JIaKe MPOUCXOAUT BTOPUUHOE C)KaThe. 3HaueHHe TNIOTHOCTH B LIEHTpE o0JiaKa
B 9TOT MOMEHT BpeMeHH p = 32p, (puc. 34).
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puc. 20. Pactipenesnenue napaMeTpoB BIOJIb OCEH 7 U z B MOMEHT BpeMenu ¢ <~ 1,315
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puc. 21. Pacnipenernenue yriaoBoi CKOPOCTH BIOJIb OCH #* B MOMEHT BpeMeHH ¢ ~ 1,315

puc. 22. YpoBHU IUIOTHOCTH B MOMEHT BpeMeHu t =~ 1,356

puc. 23. Ilone ckopocTeild B MOMEHT BpeMenu t ~ 1,356

167



C.I. Mouceenko, I.C. BucHogameiii-KozaH, H.B. Apdenan, K.B. Kocmayeeckuii

puc. 24. Pacnpesenenue mioTHOCTH (JIEBBIH IpaduK) U YIIIOBOH CKOPOCTH (IIpaBbIii rpaduk)
BJIOJIb OCH 7 B MOMEHT Bpemenu t = 1,356

puc. 25. YpoBHH IUTOTHOCTH B MOMEHT BpemeHH t =~ 1,405

puc. 26. [lone ckopocteii B MOMeHT BpeMeHu t =~ 1,405
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puc. 27. Pacupenesenue MIOTHOCTH BOJIb OCH # (JIEBBIH Ipa¥K), BIOIb OCH z (CpeaHu rpaduK)
1 YIJIOBOM CKOPOCTH BJIOJIb OCH 7 (IIpaBblii Tpaduik) B MOMEHT BpemeHH t ~ 1,405

puc. 28. YpoBHH IUIOTHOCTH B MOMEHT BpeMeHu ¢ ~ 1,499

puc. 29. ITone ckopocTeil B MOMEHT BpeMeHH ¢ ~ 1,499
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puc. 30. Pactipenenenne mioTHOCTH BIOJIb ocH 7 (JIEBBIH TpadyK), BIOIb OCH z (cpeiHuil rpaduk)
U YIJIOBOIT CKOPOCTH BJOJIb OCH # (IIPaBbIi rpa)k) B MOMEHT BpeMeHH ¢ ~ 1,499

puc. 31. YpoBHH TUTOTHOCTH B MOMEHT BpeMEHHU ¢ =~ 1,774

puc. 32. ITone ckopocTell B MOMEHT BpeMeHu ¢ = 1,774
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puc. 33. LlenTpasnbHas 4acTh MoJIs CKOPOCTEil BONMM3M OCH BpallleHHs: B MOMEHT BpeMeHH ¢ ~ 1,774

puc.34. PacripeneneHue MIOTHOCTH BJOJNb OCH 7 (JIEBBIH TpaduK), BIOIb OCH z (CpeIHHA
rpad¥K) U YIIIOBOI CKOPOCTH BIOJIb OCH  (TIpaBbIid Tpad)uk) B MOMEHT BpeMeHH ¢ ~ 1,774

puc. 35. I3MeHeHne pa3InuHbIX BUAOB SHEPIUU CO BPEMEHEM
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puc. 36. I3menenne kodpdunnentoB o = Ei/|E,], f = E./|Eg| 1 atff co BpeMeHEM

puc. 37. M3menenne GopMmbl MPOTO3BE3AHOIO 00IaKa cO BpEMEHEM B IIpoliecce Kojuiarca
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MaxkcuManbHasi OTHOCHTENbHAS OMIMOKa B BETMUMHE MOJHON SHEPIHH B KOHIIE
pacuera coctasuia 4,9%. Ha puc. 35 npuBeneHsl rpadMki U3MEHEHUSI BO BPEMEHHU
pa3inuuHBIX BHIOB dHeprun. Ha puc. 36 mpencraBieHO M3MEHEHNE BO BPEMEHH Clie-
JYIOIIUX MapaMeTpoB: o = Ei/|E,|, B = E,./|E,| n atp.

Bropoe cxarue, HaunHaeTcsi B MOMEHT BpeMmeHu t = 1,499228 npu cinepyromumx
napamerpax

a~0,08, f~0,34 (11)

OHO TPOUCXOTUT CYIIECTBEHHO Oosiee mnaBHO. CleayeT OTMETHTh, YTO JaXKe B
pabore [Boss, 1980] mpu Ha9aJIbHBIX 3HAYCHHSIX IMapaMeTpoB, Omu3kux K (11) B paB-
HOBECHOM COCTOSTHHH, OBbLI TMONyYeH TUCK, U Mbl MOXKEM 3aKJIIOYUTh, YTO BTOPOE U
MOCJICAYIONIHNE CKATUs 00IaKa MPUBEIYT B UTOTE K (POPMUPOBAHHIO JIUCKOOOPA3HOTO
Tena.
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SIMULATION OF THE COLLAPSE OF COLD RAPIDLY ROTATING PROTOSLELLAR CLOUD
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We consider the problem of collapse of cold rapidly rotating protostellar cloud. Numerical
2D simulation was done using comletely conservative implicit operator-difference scheme on
triangular grid of variable structure. It was shown that collapse of the cloud lead to the density
disribution of disk shape.
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YIK 519.3

MOZENVNPOBAHMUE 3D 3A[1AY HECTALIMOHAPHOM rA30MHAMUKN
HA MHOTOMPOLLECCOPHbIX 3BM 1 TPAOUYECKNX YCKOPUTENAX

b.1. Pei6akun

MepepanbHoe rocyfapcteeHHoe yupexaeHve OeaepanbHblii HAYYHbIN LEHTP
HayuHo-nccnenoBaTenbCKmim MHCTUTYT CUCTEMHbIX MCCIeoBaHNM POCCUINCKON akageMmmn HayK
(®Ory ©OHL HANCK PAH),

MocKoBCKMIN rocyfapCcTBeHHbIN yHuBepcuTeT MMmeHn M.B. JTomoHocosa (MI'Y nm. JTomoHocoBa)

B pabote mpuBeneHb! pe3ynbTaThl MATeMAaTHIEeCKOTO MOJISITUPOBAHIS TPEXMEPHBIX Ta30/[IHAMH-
YEeCKHUX TCUYCHHH, MHIYIIMPOBAHHBIX CHJIBHOW yIapHOW BOMHOM. VcciemoBaHbI IPOIECCH B3am-
MOJICHCTBUS YIAPHOU BOJIHBI, PACIIPOCTPAHSFOMICHCS B MEXK3BE3THOU Cpeie, C 0OIaKOM MOJICKY-
nsipHOTO raza. [TocTpoeH mapasienbHbIi alrOpUTM U TIPOTrpaMmMa JJisl TPOBEJCHUST BEIYUCIICHUH
Ha THOPUIHBIX BBIYUCIMTENBHBIX CHCTEMAX ¢ TToMolbio TexHonoruit OpenMP u CUDA.

Jannas pabota Obl1a BRITIONHEHA MTPH TOAEPIKKe TpanTa Poccuiickoro @onma moaepx-
ku OyanamenTansHbx MccnenoBannit Ne 14-29-06055.

Knioueswvie cnosa: CBepX3BYKOBBIC TCUCHHS, YIAPHBIC BOJHBI, MTAPAIUICTHHBIC BRIYHACIIC-
nusi, CUDA.

BBEAEHWE M MOCTAHOBKA 3AJAYN

MareMaTHueckoe MOJEIMPOBAHNE HECTAIMOHAPHBIX MHOTOMEPHBIX 33/a4 ra30BOH
JUHAMHKH TI03BOJISIET MPOBOANTH JI€TaJIbHBIE MCCIIEIOBAHNSA B PA3IMYHBIX 00IaCTIX
3HAHWH. 3a4acTyr0 NMPOBEIEHUE HATYpPHBIX HKCIIEPUMEHTOB 3aTPyAHEHO, 10POrOCTO-
SIIE WU TONPOCTY HEBO3MOXKHO, MOJTOMY TOJBKO YHCIEHHBIM SKCIEPUMEHT JaeT
BO3MO)KHOCTB TIOJIY4UTh HE0OXonnmyto nHpopmManuio. [IpoBeneHrne YucIeHHbIX IKC-
MEPUMEHTOB B TPEXMEPHON IMOCTAHOBKE HA JIOCTATOYHO MOAPOOHBIX CETKax TpedyeT
OOJNBIINX BBIYMCIUTEIBHBIX pecypcoB. st mpoBeneHus pacyeToB ObLI pazpaboTaH
napajuieJbHbINA aITOPUTM PEIICHHS 3aJlad HeCTallMOHApHOU ra3oauHaMuku [Rybakin,
2013]. lms yCKOpeHHs pacueToB OBUIM HCIIONB30BaHbl TexHomoruu OpenMP mms
CPU u CUDA mis1 rpadmueckux yckopurteneil. Buzyanusanunsi BO3HUKaIOIMX MHOTO-
MEpPHBIX TEUEHHH OCYIIECTBISUIACH C MOMOIIbIO rpaduyeckoro xomruiekca HDVIS
[Rybakin, Goryachev, 2014].

PaccmoTpum mporecc B3aMMOJCHCTBUS yAaPHOI BOJHBI OOJNBIION WHTEHCUBHO-
CTH C MOJIEKYJISIPHBIM 00J1aKoM. B3pbIBBI CBEpXHOBBIX 3BE3/ M AajbHEIIee pactipo-
CTpaHEHHE OCTaTKOB 3THX B3PHIBOB CONPOBOXKIAETCS 00Pa30BaHUEM YOApHBIX BOJH
OOJNBIION MHTEHCHBHOCTH. Takue ymapHble BOJHBI OKa3bIBalOT OOJBILIOE BIMSHUE
Ha Mex3Be3nHyto cpeny (M3C) 1 Ha ob1aka MOJICKYISIPHOTO Taza. B3ammomeiicTeue
yAapHbBIX BOJIH OT cBepxHOBBIX (YBC) ¢ MonekynspubiMu obiaakamu (MO) BHOCAT 3a-
METHBIN BKIIaJl B HX (parMEHTAUIO ¥ MPUBOAUT K TypOyIH3auuu cpenbl. MexaHusm
cxatwsl, (hparMEHTAINKA M 00pa3oBaHUe TYpPOYICHTHBIX TEUCHHUH SBISETCS OOBEKTOM
WCCIICZIOBAaHUH B TaHHOH padoTe.

Pui6axun bopuc [lerpoBuy — Bexymuit HayuHbIH cOTPYIHHUK, A.¢.-M.H., Dexepansroe [ocynapcTBeHHOe
Vupexxnenue Genepansublii Hayunstit Llentp Hayuno UccnenoBarensckuii MuctutyT Cucremnsix HMc-
cienoBanuii PAH, MI'Y um. JlTomoHocoBa, rybakin@yvip.niisi.ru
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VYnapHasi BOJIHA B3aMMOJICHCTBYET ¢ MOJICKYJISIPHBIM O0JIAKOM, KOTOPOE HAaXOUT-
csl B MeX3Be3Hol cpene. B pabote ncnonb3yercst onHodazHast MOJeNb Tasza, KoTopast
o0ecrieunBaeT JOCTaTOYHO JeTalbHYI0 Gu3ndecKyto kapTuHy. HeBosmymennas M3C
COCTOUT W3 CpaBHHUTENLHO Terwtoro BemecTBa (~10000 K) m HeOOmpIIMX HEOMHO-
POIHO pacmpeieNeHHbIX X0MoaHbIX 001akoB (~100 K), kotopsie 001anatoT 00IbIION
miotHOoCcThIO [McKee, 1988; Klein et al., 1994; Melioli et al., 2005]. Mi3xHagaibHO 00-
JIaKa HaXOJSTCS B JMHAMUYECKOM paBHOBecuU ¢ (oHOBBIM razom [Poludnenko et al.,
2003]. TenyompoBOAHOCTHIO U PaJANAIIMOHHBIMU IOTEPSIMH [IPU B3aUMOIeHCTBIH Oy-
JeM mpeHeOperatb. B paboTe ucnonb3yeTcs ypaBHEHHE COCTOSIHUS WCabHOTO ra3a
cy=>5/3.

[110THOCTE MEXK3BE3IHOI Cpe/bl MPUHUMAETCS paBHOH p = 2,15-10% r/cm’, Tem-
nmeparypa T = 10* K, u=0,0. ITnoTHOCTH B 06make p = 1,075-10% r/cm?®, Temmeparypa
T=100K,u=0,0. [TapameTpsl ra3a 3a yrapHO#l BOJHOH OIIPEICIISAIOTCS U3 YPAaBHEHUI
Penkuna — I'toronno. B Hammx pacyerax yucio Maxa ynapHOW BOJIHBI paBHO M = 7,
WI0THOCTB p = 8,6°10? r/em?, Temneparypa T = 1,5- 105K, ckopocts 10* km/c [Stone,
Norman, 1992; Truelove et al., 1998]. TonmuHa GpoHTa ynapHON BOJHBI 1OCTATOY-
HO OouibIlast ~ 2—5 MapceKoB, YTO HAMHOTO OoJibIlie paauyca obnaka. Paguyc obaka
paBen r = 0,05 mapceka, Bpemsi POXOXKACHUS YAapHOU BOJIHOM BCEro 00jlaka paBHO
960 ner.

puc. 1. BeKTOpHOC 0JIE TEUEHHUS B CEUCHHH Z = 1/2 JJIA ABYyX MOMEHTOB 6e3pa3M€pH0ro BPEMEHU

Jlnst mpoBeieHnst pacdeToB OBLIO TPOBENEHO 00e3pa3MepruBaHUe BCEX BEIMYMH,
BCE Pe3yJIbTaThl IPUBEICHBI B O€3pa3MEpPHOM BHJIE. 3a/1a4a PEemIacTcsi Ha TPeXMEPHOU
aiIepoBoil ceTke. Pa3smepsl siueek 1o X, Yy, Z B MPUBEACHHBIX PAacueTax OJMHAKOBBI
(dx = dy = dz). Bo3Hukaromee TpexMEpHOE JBHUKEHUE OMKMCHIBACT CUCTEMa YpaBHE-
HAU Difnepa, KOTOpasi COCTOUT U3 3aKOHOB COXPAHCHHSI MAacChl, KOJTUIECTBA JBIKE-
HUS ¥ SHepruu. B pacuerax mcmonb3yeTcsl ypaBHEHHE COCTOSHUS HAEATHLHOTO Tasa.
Bonee mompoOHO MaTemaTHuecKas IMOCTaHOBKA 3a7a4n npuBeneHa B [Rybakin, 2013;
Rybakin et al., 2014].

METOOVKA U PE3YJNIbTATbI PACHETOB

Jiist perieHus NoCTaBIEHHOH 3a/ja4u ObLIa HCIIOJIb30BaHa MporpaMma, KoTopasi 0CHO-
BaHa Ha SIBHOW TpexMmepHoi cxeme tuma TVD Broporo mopsimka tounoctu [Harten,
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1983; Toro, 1997]. [lanHas cxema COXpaHsAeT KOHCEPBATUBHOCTh OTHOCHUTENIBHO Mac-
CBI, IMITYJIbCA W DHEPTUH Ta3a, a TaKXKe XOPOIIO OMHCHIBAET YIapHbBIE BOJHBI U KOH-
TaKTHBIE Pa3pPhIBbI.

Junst Bepudukanyy nporpaMMHOTO Kojia ObUIO TIPOBEJCHO OOJIBIIOE KOJTHYECTBO
pPasTUYIHBIX OBYX U TpeXMepHbIX TecToB [Rybakin, 2013; Rybakin et al., 2014]. I1po-
BEJICHHOE TECTHPOBAHME IOKAa3aJ0 XOPOILEe COBMAJEHHE PE3yabTaTOB PAcueTOB C
AHAJIMTHYECKUMU PELICHUSIMUA M SKCTIEPUMEHTAIIbHBIME JTaHHBIMU. OPOHTBI yIAPHBIX
BOJIH Pa3Ma3bIBAJIMCh HA BEIUUMHY 3—4 sSYCKM, KOHTAKTHBIE pa3pbIBbl HA 3—5 sUeek.
TecToBbIe pacyeThl MPOBOAMINCH HAa CETKAX Pa3IM4HOro pasmepa ot 128° no 1024°.

puc. 2. BektopHOE 10JIe CKOPOCTH U IIUTHPEH-H300paKECHUE TUIOTHOCTH

puc. 3. U3omoBepXHOCTh MIOTHOCTH uist p = 3,25. Ha Heii 1iBeToM 0TOOpaXkeHa SHEPrusl.
CrpesikaMu MOKa3aHbl IMHUH TOKA
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Pasmep pacueTHOl 00nacTu BRIOMpAJICS U3 TAKOTO YCJIOBHSA, YTOOBI paguyc cde-
pudecKoro obyiaka cofeprKai He MeHbIe 64 syeek. MeHbIee KOMMYECTBO siUeeK OT-
pHUIIaTeIbHO CKa3hIBACTCS HAa Pa3pelIeHNH MIPOUCXOSAIINX MpoIleccoB. B HavambHBIH
MOMCHT BpPEMCHU yAapHas BOJIHA IPHUMBIKACT K JIeBOM rpaHune o0aka 1 B MOMEHT
BpeMeHH t = ) HauMHAeT B3aUMOACHCTBOBATE C O0JIAKOM.

[Ipu B3auMOAEWCTBUM yNapHO BOJHBI C OOJIAKOM MPOXOAUT HECKOJIBKO Xapak-
TEPHBIX CTaJui B3auMojielicTBusl. Ha HauanbHOM cTajauu 1moj JeWCTBUEM Maaaroliein
yAapHOW BOITHBI 00J1aKo cxxuMaeTtcs. PazHocTs BermurH B M3C, MOJIEKyIISIpHOM O0ake
1 3a QPOHTOM yJapHOI BOJTHBI MEHSIETCSI HA HECKOJIBKO MOpskoB. [loaToMy Ha npuBe-
JCHHBIX Ipa(uKax UCIONb3yeTCs JorapuM MIOTHOCTH, SHEPTUH U TeMIieparypsl. Ha
puc. 1 (JIeBwIid pUCYHOK) TIPUBEACHBI Pe3yIbTaThl pacueTa s Jorapu(mMa IIOTHOCTH
Ha MOMEHT Oe3pa3MepHoro BpeMmenu t = 7. Ha mpaBom pucyHKe TpuBecH rpaduK Jo-
rapudma mIoTHOCTH B MOMEHT BPEMEHH, KOTJIa yAapHas BOJIHA MPOIILIA Bce 00JIaKo.

[Tocne npoxoxneHus ygapHod BoiHOH | = 3/4 aumameTpa HauMHaeTcs Mpolecc
(parmenTupoBanus obnaka W HadWHaeTcs repememuBanre MO ¢ ymapHOW BOTHOU
n Mex3BesgHou cpemoit [McKee, 1988; Stone, Norman, 1992; Klein et al., 1994;
Truelove et al., 1998]. Ha puc. 1 (nmpaBblii pucyHOK) OyKBaMH OTMEUYEHBI HEKOTOPHIC
XapaKTEPUCTHKH BO3HUKAIOLIETO TCUCHHUSI.

puc. 4. O6pa3oBaHMe TOBEPXHOCTHBIX BO3MYILEHUH. 711 IBYX MOMEHTOB BPEMEHHU NPEICTABICHBI
M30I0BEPXHOCTH Jorapudma riotHoctH log(p)=3 (kpacHbIM 1BeTOM) 1 log(p)=2 — 3eNeHbIM.
[TpuBeeHbl TMHUU TOKA

BykBo# A 0TMEUEHO TIOJIOKEHUE YAAPHOH BOJHBI, KOTOpasi orndaet obnako. Bay-
Tpu anuabarniyeckoro odaka 1o rIoTHOMY BEIECTBY pacnpocTpansercs npsmas (B)
u obparnas (C) BomHbI. BemecTBo BHyTpH 001aka C:KUMaeTCs TPOXOIAIICH uepes 00-
nako BonHOH (B). CkopocTh 3ByKka B oOJlake Ha MOPSIIOK MEHBILE CKOPOCTH 3ByKa B
MEXK3BE3IHOW CpeAe W 3HAUMTEIHbHO MEHBIIE CKOPOCTH caMOi yaapHOi BoiHbl. Ha
puc. 1 MOXXHO 3aME€TUTh, YTO B HaYaJIbHbIC MOMCHTbLI BPEMCHHU, KOT'/la I'OJIOBHAA yaap-
Has BOJIHA Orudaer o0JiaKo, Ha JIEBOW TpaHuIle 00pa3yeTcs BOJHA, KOTOpas JIBUKETCS
HaBCTPEUy MOTOKY. 3a CUET STOTO Ha JIEBOW TpaHuIle 00IaKa HaYnHAET (POPMUPOBATH-
csi mepBuyHoe Bo3mymierne (D). Ha mpaBoil rpaHuile BOSHHKAaeT HEYCTOWYHBOCTH
Puxtmaeiipa-Merkosa (E). Chenyromias cranusi XxapakTepusyeTcs pacipeHueM o00-
naka (puc. 2) 1 00pa30BaHUEM CIOKHOHW CTPYKTYpPbI BOJH. 3a (POHTOM IMpOILEALICH
yAapHOW BOJHBI (POPMHUPYETCSI BUXPb, KOTOPBIA pa3BUBAETCS C TCUCHHEM BPEMEHU
(puc. 5). Ha moBepxHOCTH 00NaKa BUICH MPOLIECC abMsIHy (YHOCA BEIECTBA).
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puc. 5. I'paduk norapudma miorHoctr p = 1,9 B t = 27,03, npuBeAeHbI TUHUN TOKA

[Tocne mpoxoXxaeHnst yaapHOW BOJIHOM ceprudecKkoro obmaka mpopuiib yaapHou
BoiHbI (YBC) craHOBUTCSI BOTHYTBIM, Ha TepeJHEed KPOMKE BUAHBI TPOWHBIC HOXKKH
Maxa (F) (puc. 1, mpaBsrit). [Tamatomas ynapHas BOJIHa paciagaeTcs Ha POXOISITY IO
1 OTPaKCHHYIO yIapHyIo BOJHbL. Ha mo3nHed cragum mocie mpoxXokIeHus! yaapHoOi
BOJIHOH Bcero o0Jiaka Ha OCH THUILHOW MOBEPXHOCTH 00JaKa B 00IaCTH OTPaKEHHOMH
yAapHO# BOJHBL, OpMHUpYETCs 001aCTh BBICOKOTO AABJICHUS. DTa 001aCTh BBICOKOTO
JIaBJIeHUs1 00pasyeT yJapHylo BOJIHY, KOTOpasi HAUMHAET PaCIpOCTPaHAThCS HaBCTpe-
vy nagaromeil BonHe. Ha puc. 3. mpuBeneHs! M30[EHCHI Ul 3HAYEHUS IUIOTHOCTH
p = 3,25. Ha 970l MOBEpXHOCTH LIBETOM OTOOPaKeHO 3HAYEHUE SHEPTUH, IPUBEICHBI
JIMHUU TOKA JJIS1 BBIACJICHHBIX YacTUll. OHU N300pakatoTCsl JINHUSIMU CO CTPEIIKaMH.
Ha nieBoii cropoHe o0naka mo ocu X XOpOIIO BUHA 00JacTh BBICOKOTO IABJICHHUSL.

puc. 6. Opomronus mo BpeMeHn Q — KpuTepus, U30moepxHocTh Q = 10
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[pomwenmias yqapHast BOJIHA «CIyBaeT» BO3MYIIECHH C TOBEPXHOCTH MOJICKYJISP-
Horo obnaka. Ha puc. 4 MOXXHO OTMETUTH 00pa3oBaHME MOBEPXHOCTHBIX BO3MYIIE-
Hui. Ha 5TOM pucyHKe [1st ABYX MOMEHTOB BPEMEHH IPEJICTaBICHBI H30TIOBEPXHOCTH
norapudma riorHocTH log(p)=3 (kpacHbIM IIBETOM) U log(p)=2 — 3eTeHBIM. 3eJIeHbIM
[BETOM TIOKa3aHbI TAK)KE IMHUN TOKA JUISl BBIJICIICHHBIX YaCTHUII.

HeycroiunBocts Puxtmaeiipa-MemkoBa (P-M) siBrsieTcst 4acTHBIM CITydaeM He-
ycroiiunBocTH Panes-Telnopa u BO3HUKAET U3-3a HApACTaHUSI BO3MYIICHHUS Ha rpa-
HUIIE pasJiena JByX CPejl ¢ Pa3IYHbIMU TUIOTHOCTSIMH, MOJBEPTHYTHIX BO3JCHCTBHUIO
yaapHoii BoaHbl. Ha puc. 5 BugHO dopmupoBanne HeycTroitunBocTr P-M Ha mpaBoit
rpanuue. Ha npaBoii monosuHe cdepsl 32 GPOHTOM yIapHOU BOJIHBI BUIHO CHOPMU-
poBaBIIIeeCss BUXPEBOE KOJBII0, KOTOPOE C TEUEHNEM BPEMEHH pa3BHBAETCS U 00pasy-
€T BUXPEBYIO CTPYKTYDY.

Ha puc. 5 nokazana nosepxHocth log(p) = 1,9. Ha 3Ty M3010OBEpXHOCTH OTO-
Opaxxaercs pacmpeneneHne dHepru. Haunnas ¢ MoMeHTa 06e3pa3MepHOTO BpeMEHU
t = 27,03 mosABNAIOTCSA TUHUH TOKA, KOTOPBIE TPOXOMAT Yepe3 TOUKHA Ha OKPYKHOCTH,
¢ neHTpoM Ha ocu X = 6,1 u paguycom R= 0,25. Tpexku HauUHAIOT MOSBISATHCS, KOTJA
BOJIHA JTOCTHTAET ATOH TOYKH. BUIHBI MTMHUM TOKA, 00pasyromuecs B MAPKYISIIHOH-
HOM 30HE y JaiibHEeH (110 X0y IBMIKEHUS BOJIHBI) TOUKE.

®dparmenTanys odiaka HAUMHASTCSI Ha TOBEPXHOCTH o0Onaka (puc. 2) o AeHCTBH-
€M TIPOXOIAIIEH ¥ OTPaXEHHOM YIapHBIX BOJH. DTOT MPOIECC HAYMHAETCS B MOMEHT
Oe3paszmepHoro Bpemenu t = 20,07 mocie npoxoskAeHUs! yAapHOil BOJHOM Bcero 00-
naka. Bo3Hukaromme Bo3MyIeHus IPUBOAAT K 00pa30BaHUIO 3aBUXPEHHOCTH Ha/T IT0-
BEPXHOCTHIO O0JIaKa M YHOCY (a0JIAIMK) €0 BEeIIecTBa. DTO XOPOIIIO BUIHO Ha puC. 6.
Ha sToMm pucyHke npencrapieHa BU3yaan3alusi BTOPOIO HHBApHAHTa TEH30pa CKOPO-
ctu — Q-kputepuii [Hunt et al., 1988; Hejazialhosseini et al., 2012; Hejazialhosseini
et al., 2013; Korneev, Levchenko, 2014]. Buxpu 00pa3yioT KONBIEBBIE CTPYKTYPhI
Ha MmoBepxHOCTH obnaka. Ha puc. 6. mpuBeneHbl pe3yabTaThl PACUETOB B «IIO3THHEY
MOMEHTHI BpeMeHH, HauuHas ¢ t = 60 u mo t = 200. 3apoxxgaroniuecs: BUXpH MpeBparia-
IOTCS B BUXPEBBIC TOPOXKKH W WHUITMHPYIOT BUXPEBble MMHUIbKUA. COCeaHNEe BUXPH C
MIPOTHBOIIOIOKHBIM HAIPABJICHUEM BpAILICHHUsI 00pa3yloT CUCTEMY NMEPBUYHBIX U BTO-
PHYHBIX BUXPEBBIX CTPYKTYP. DTa CHCTEMa XOPOIIO BHIHA Ha 3TOM PUCYHKE, HAUYMHAs
¢ MmoMeHTa BpeMmeHu t = 130. Co BpeMeHeM 3TH BUXPEBBIE CTPYKTYPbI PaCTITUBAOTCS,
n3rubaroTcs U MeHsIoT (opmy, 00pasyst BTOpPUUHBIC, TPETUYHBIC U T.J]. CHCTEMBI.

[IBeToBas manuTpa (0T OUPIO30BOTO K TEMHO-TOIYOOMY) JIJISi M30MTOBEPXHOCTEH
oroOpakaeT 3HadeHHe Jorapudma mIoTHoCcTH obnaka ot 2 o 0,2. AHANIHU3 TOTyYeH-
HBIX TpaUKOB IMO3BOJSACT CAENaTh 3aKJIIOUYEHHE, YTO B MPOIEcCce B3aUMOICHCTBUS
BUXPEBBIE CTPYKTYPhI (PPArMEHTHPYIOT MOJIEKYIISIPHOE 00JIaKO.

NAPANIENIbHbIA ATTOPUTM N BU3YATTU3ALMA

MaremaTtrueckoe MOJICTHPOBaHUE TPEXMEPHBIX 3a/1a4 HeCTallMOHAPHOW Tra30BOH JH-
HaMHWKH HAa 1O0CTAaTOYHO 6OJ]I>HH/IX CCTKax Tp66yIOT 6OJ'H>HH/IX BBIYHUCIINTCIIBHBIX pecyp-
coB. JIys cokpareHuss BpeMEHH PacueToB OBLI TTOCTPOCH IMapauIeIbHBIA alTOPUTM
Y MporpaMMa, KOTopas Mo3BOJISET MPOBOAUTh BHIYMCICHHS HA THOPUTHON BBIYHCITH-
TEJIBHOU CHUCTEME.
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puc. 7. Pesynbrarsl pacnapajuieIiBaHus IporpaMMsl Ha mporeccopax Intel Xeon E2630

s nmpodunupoBanus nmporpaMMel 011 ncnonb3oBad Intel VTune Amplifier XE.
Ha puc. 7 npuBeseHsl pe3yabTarbl MPOBEICHHOTO aHAIM3a 110 pacriapaieIMBaHHIIO
nporpamMmsl Ha CPU. Ha 3TOM pucyHKe MOKa3aHo «KauecTBO» IIOCTPOCHHOIO Hapall-
nenpHOTO anroput™Ma. bomee 80% oOmiero BpeMeH:n 3aHIMAET pacueT YeThIPEX IMOJ-
nporpamm. [lociae onTuMu3anum 3TUX MOANPOrpaMM HX CTEIIEHb paciapaieTHBaHus
cTaJsia JIOCTaTOYHO BBICOKOH. Ha prcyHKe 3eeHbIM IIBETOM MOKa3aHO «HJICATLHOE)
pacrnapaieIiBaHne, KeITbIM — Xopollee, KpacHbIM — Tuioxoe. [lioxoe pacnapain-
JIeIMBaHUE O3HA4yaeT, 4To 3(P(EeKTUBHOCTD B 3ToM ciydae MeHbine 50%. Hekoropsie
MOATIPOrpaMMBl PACCUMTHIBAIMCH HAa rpaduueckoM mpoueccope. bomnee moapoOHas
nHpopManms 0 MeTaasaX pacrhapauienuBaHus mpuBeneHa B [Rybakin, 2013; Rybakin
et al., 2014]. Buzyanuzauus TpeXMEpHBIX PacyeToB MPOBOAMIACH C MOMOIIBIO MPO-
rpammer HDVIS [Rybakin, Goryachev, 2014].

BbIBObl

bbu1o mpoBeneHo YMCIEHHOE MOJEIMPOBAHUE IpOolecca B3aUMOJICUCTBUA yIapHOI
BOJIHBI C MOJIEKYJISIpHBIM oOakoM. [lonpoOHo n3yueH mpouecc aOisinuu ¢ MoBepX-
HOCTH 0o0JaKa 1 00pa3oBaHNe BUXPEBBIX CTPYKTYp. B HauaiabHBIE MOMEHTHI BpEMEHU
Ha JICBOM rpaHulle o0jaka HaunHaeT (HOpMHpOBATHCS MEpPBUYHOE Bo3MylueHue. Ha
MpaBOM TI'paHUIle BO3HUKAET HEYyCTOMUMBOCTH Puxrtmaeiipa-MemxkoBa. Criemyromas
CTazusl XapakTepu3yeTcsl paclinpeHrueM o0Jiaka 1 00pa30BaHUEM CIIOKHON BOJHOBOM
CTPYKTYPHI. 3a (GPOHTOM IPOILIeIIeH yIapHOH BOTHBI (POPMHUPYETCS BUXPH, KOTOPBIE
pa3BUBAIOTCS C TEUCHHEM BpeMeHH. Ha moBepxHocTH o0iaka BUACH Mpolece adsiuun
(yHoca BemiecTBa). B MmoMeHTsI Oe3pazmepHOro BpeMeHu, HauuHas ¢ t ~ 80, oOpa3y-
eTcsl cucTeMa BUXpei. Buxpu o0pasyroT KoJblieBble CTPYKTYpBl Ha IIOBEPXHOCTH 00-
naka. C TedeHueM BPEMEHH OHM NIPEBPAILAOTCS B BUXPEBBIC JOPOKKU U HHULIUUPYIOT
BUXpeBble WIMWIbKA. CoceHre BUXPU € MPOTHBOIMOIOKHBIM HAlIPaBICHUEM Bpallie-
HUs1 00pa3yroT CUCTEMY HIEPBUYHBIX X BTOPHUHBIX BUXPEBBIX CTPYKTYp. CO BpeMeHeM
9TH BHUXPEBBIE CTPYKTYPBl PACTATUBAIOTCS, U3TUOAIOTCS U MEHSIOT (opmy, oOpasys
BTOPUYHBIE, TPETUYHBIC U T.J]. CUCTEMBI.
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MOZENNPOBAHWE 3D 3A1AY HECTALIMOHAPHOI TA30ANHAMUKM HA MHOTOMPOLIECCOPHBIX 3BM 1 TPAOUYECKIX YCKOPUTENAX

MODELING 3D PROBLEMS OF NON-STATIONARY GAS DYNAMICS ON MASSIVELY
PARALLEL COMPUTERS AND GRAPHICS ACCELERATORS

B.P. Rybakin

Scientific Research Institute of System Analysis, Russian Academy of Science (SRISA RAS),
Lomonosov Moscow State University (Lomonosov MSU)

The paper presents the results of mathematical modeling of three-dimensional gas-dynamic
flows induced by a strong shock wave. The processes of interaction of a shock wave propagating
in the interstellar medium with a molecular gas cloud. Parallel algorithm and program for
carrying out calculations on hybrid computing systems using OpenMP and CUDA technologies
was built.
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COMPUTER TECHNOLIGIES IN SCIENCES.
METHODS OF SIMULATIONS ON SUPERCOMPUTERS.
part 2
PROCEEDINGS
Russia, Tarusa, April 21-23, 2015.

Eds. R.R. Nazirov, L.N. Shchur

This issue is the collection of the papers based on the talks presented at the extended
workshop “Methods of simulations on supercomputers”, which was held at 21-23 April 2014,
in Tarusa hotel Interkosmos of the RAS Space Research Institute. It is the workshop in the
series of extended workshops, devoted to the computer technologies in natural sciences. The first
workshop was devoted to computer simulations of the actual problems in physics and mechanics
and papers was published in the issue 1 (Proceedings of the seminar on Computing Technology
in Science. Iss. 1. Computational Physics / Ed. R.R. Nazirov. M.: KDU, 2009. 288 p.), the second
workshop was devoted to the discussion of the physical and medical aspects of the research of the
complex nonlinear processes in the human body (Methods of Non-linear Analysis in Cardiology
and Oncology: Physicist’s Approaches and Clinical Practice Iss. 2. / Ed. R.R. Nazirov. M.:
KDU, 2010. 206 p.), the third workshop was devoted to the computer simulations in biology and
chemistry (Materials of the seminar on Computing Technology in Science. Iss. 3. Computational
Chemistry and Biology / Eds. R.R. Nazirov, L.N. Shchur. M.: KDU, 2010. 118 p.), the fourth
was devoted to the discussion of the computer vision in control systems of the mobile objects
(Computer vision in control systems of the mobile objects: Proceedings of the conference-
workshop-2010. Iss. 4 / Ed. R.R. Nazirov. M.: KDU, 2011. 328 p.). The fifth workshop was
devoted to the simulation of events of global scale (Proceedings of the seminar on Computing
Technology in Science. Global scale systems / Eds. R.R. Nazirov, L.N. Shchur. M.: IKI, 2011,
148 p.). Fifth workshop was devoted to the investigations of promising computing systems,
with emphasis on the conceptual approaches and on the development of new methods and tools
(Advanced computing: systems, methods and concepts. Proceedings of the seminar on Computer
Technology in Science / Eds. R.R. Nazirov, L.N. Shchur. M.: IKI, 2011, 192 p.). Algorithms and
methods in computational physics was discussed at the sixth workshop with the special accents
on the physical results. Materials may be found at the seminar web-pages

http://www.iki.rssi.ru/seminar/ . Seventh workshop was transformed into the conference
«Infocommunication technologies in scientific research» with the papers published in the
double volume issue of journal Information Society». Eighth workshop, as a current one,
named “Methods of simulations on supercomputers”. The name is connected with the fact that
workshops are supported within the research program the grant by Russian Scientific Foundation
14-21-00158 «Algorithms and methods for mathematical simulations on supercomputing
systems, including hybrid ones». Important highlight of the workshop is the active participation
of the young scientists, and more than half of the talks were done by the young speakers.

Keywords: simulations, hybrid computing systems, simulations on supercomputers,
methods and algorithms of parallel computing.
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