155N 2712-9940

BB, BETEAM

L
e *
Ld
a O
® ‘
*ee

N
AKAAEMIAK

A

ol E

. \
I 1
-
|
3
|
] t

¢

YCIEXW KIABEPHETVIKIA
RUSSIAN JCTRNAL OF EYBERNETICS

2021
\ 12No?2



®EJIEPAJIBHOE TOCYJIAPCTBEHHOE YUPEXKJIEHUE
«DEJEPAJIbHBIA HAYYHBIN IIEHTP
HAYYHO-UCCJEJOBATEJIBCKU HTHCTUTYT CUCTEMHBIX
NCCJIEJOBAHUN POCCUUCKOM AKAJIEMUHU HAYK»

Yenexu KHOEpHEeTUKH

Russian Journal of Cybernetics

Tom 2
Ne 2

Vol. 2
No. 2

Mocksa

2021



2 Venexu kubepnemuxu / Russian Journal of Cybernetics. 2021;2(2)

Yupenureab u usgarenab
®denepanbHOE TOCYIapCTBEHHOE yupexaeHue «DenepanbHbIi HayIHBIH [EHTP
Hayuno-uccnenoBarenbCkuii HHCTUTYT CUCTEMHBIX HcclieqoBaHui Poccuiickol akajieMuu HayK»
(®TY ©HIL HUNCH PAH)

«Ycrexu KHOEPHETUKM» — 3TO PEeLeH3UPYEMbI HayYHBIH KypHaJ, B KOTOPOM ITyOJIMKYIOTCSl HayYHbBIE CTaTbU
T10 CIIEAYIONMM CHEeNHaTbHOCTAM ((pu3nKo-MareMaTnyeckue, TeXHUIECKUE HAYKN):

1.2.2. MaremMaTiuecKkoe MOJEIMPOBAHNE, YHCICHHBIE METOB! M KOMIUIEKCHI IIPOTPaMMm;

2.2.2. DneKkTpoHHAs KOMIIOHEHTHas 0a3a MUKPO- ¥ HAHOAIEKTPOHHUKH, KBAHTOBBIX YCTPOUCTB;

2.3.1. CuctemHbIi aHaM3, yIpaBieHUue 1 00paboTka HHPOPMALIUH.

Muccus KypHalla — pa3BUTHE Hay4YHBIX HalpaBJICHWH 10 3asBIEHHON Temarnke B Poccum u 3a pyOexom,
COOTBETCTBYIOILUX MPHOPUTETHBIM HAIPABIECHUSAM Pa3BUTHUs HAyKH, TEXHONOTUN U TexHUKH B Poccuiickoit denepanun,
a TaK)Ke MEPEYHIO0 KPUTUUECKUX TEXHOJIOruil PO.

KypHan opreHTHpOBaH Ha IpoMNaraHgy HEpPeNoOBBIX HACH B 00MacTH (PU3UKH, MAaTEMAaTUKH, TEXHHIECKUX Ha-
VK, Y9acTHe B peann3anuu 3a1ad, copmynmupoBaHabix [Ipesunerrom PO B Ykaze ot 01.12.2016 Ne 642, mo Hay4HO-
TEXHOJOIHYEeCKOMY pa3BUTHIO P®, a Takxke MMIOPTO3aMEIIEHUIO TI0 IPUOPUTETHBIM HAIMPABICHUSAM CTPATETHYeCcKOro
Pa3BUTHS CTPAHbI, COOTBETCTBYIOLIMM TEMaTHKE )KypHaja, 00ecredeHre NeYaTHBIMU IIIOIIAIIMH BEICOKOKBAIN (PHIIUPO-
BaHHBIX Ka/IpOB, OBBIIIEHHE Ka9€CTBA ANCCEPTAIMOHHBIX HCCIICIOBAHUHN B JAHHBIX OTPACIIAX IIyTeM Pa3BUTHS MEXaHU3-
Ma MpOoQeCcCHOHATBHOTO W OOIIECTBEHHOTO OOCYKICHUS NX HAYYHBIX PE3yJbTaTOB, BOCIUTAHUE MOJIOJOIO MOKOJICHHS
YUCHBIX.

’KypHan npuHHMaeT K MyONMKaIMy OPUTHHAJIBHBIC CTAaThH; MEPEeBOABI CTareil, OMyOIMKOBaHHBIX B 3apyOek-
HBIX JKypHaiax (IpU COINIACHM NpaBooOjajaressi Ha MEPeBOA M ITyOIHMKaIMIo); 0030pbl; 3cCe; KOMMEHTapUH; IpyrHe
MH(OPMALMOHHEIE MaTepHaIbl.

W3nanue Oyner moje3Ho ydeHBIM, padOTAIOMMM B COOTBETCTBYIOIIMX OONACTSIX HayK, a TaKKe aclUpaHTaM U
CTyZACHTaM.
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CONEPKAHUE

C. E. Baacos
75 netr berenuny Bnagumupy bopucoBuuy e e e
Pemenne MexxayHapoaHoi KoH(EepEeHLINH, TPUYPOUEHHONH K 200 -JIETUIO CO JIHS POXKJCHUS BEIUKOIO
pycckoro Maremaruka akagemuka 1. JI. UeOpiméBa «Marematuueckue uneu I1. JI. UeOpnméBa 1 ux
MIPUIIOXKEHHUSI K COBPEMEHHEBIM IIPOOJIEMaM €CTECTBO3SHAHMS)

B. b. Bereaun, B. A. I'nakun, A. B. PsaxoBckuii
ToueuHble U pacipeelieHHbIE MOJICIU PACIIPOCTPAHEHH KOPOHABUPYCHOM HH(EKIINU

A. C. Axmanos, B. . Cokouos, B. 5I. Ilanuenko
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MPEeBPALLECHUSIMU

A. TIanagomyJioc
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C. E. Bracos
6 75 nem Bemenuiy Braoumupy Bopucosuyy

1S JET

bereauny Biaagumupy bopucoBuuy

8 aBrycra 2021 roma ucronmHsiercss 75 met akamemuky PAH, ogHOMYy M3 OoCHOBarened W HAydYHOMY
pykoBonutento denepanpbHOro Hay4Horo neHTpa HaydHo-uccnenoBaTenbckoro HHCTUTYTa CUCTEMHBIX HCCIle-
Jnoanui Poccuiickoii akanemun Hayk Brnanumupy bopucosuuy berenuny, 1THpeKTOPOM KOTOPOIO OH SIBIISLICS
¢ 1989 mo 2015 roxsr.

B. b. berenun poamncs 8 asrycra 1946 . B . Kunemme MBanoBckoit o6n. B 1970 r. oxoHumn
MexaHHKO-MaTeMaTn4ecKuil pakymsreT MOCKOBCKOTO TrocynapcTBeHHOTo yHuBepcuTera uM. M. B. JlomoHo-
coBa. B 1981 r. 3ammrui kaHIUAATcKyro nuccepranmio, B 1986 1. — mokropckyro. B 1991 r. emy Obuio
MIPUCBOCHO 3BaHME mpodeccopa. B 1997 r. u3dbpan wieHoMm-koppecnorneaTroM PAH mo Otnenenuro uHpOp-
MaTHKH, BBIYMCIMTENbHON TeXHUKH W aBromarm3auuu PAH (cmenumanbHOCTh «ABTOMATH3aIUs MPOTpaMMHU-
poBaHm»), a B 2003 . — nmetictBuTenbHBIM WieHoM PAH mo Otnenernio MHGOPMAIMOHHBIX TEXHOJIOTHHA U
BbIUMCIUTENBHBIX cucteM PAH (cenmanbHOCTh «TH(GOPMALIMOHHBIC TEXHOIIOTUU U aBTOMATH3AIIHS ).

Brmagumup BopucoBny berennH — MMPOKO W3BECTHBIM CIIENUATHCT B 0OMACTH WH()OPMAITMOHHBIX
TEXHOJIOTUI M CHCTEM aBTOMATH3allMH, BHEC OONBIION BKIal B Pa3BUTHE TEOPHUHM M NPAKTUKU Pa3pabOTKU
WHCTPYMEHTAJIBHBIX CHCTEM IPOTPaMMHOTO O0ECTeUYeHHs, CHCTEM HWHTEPaKTUBHONW MAamIMHHON rpaduku n
TreOMETPHYECKOT0 MOJIETUPOBAHMS, & TAK)KE MIPOTPAMMHBIX CUCTeM MarrHOCTpouTenbHbIX CAIIP.

B. b. berenuH B TeueHHe MHOTHX JIET MPEMOaBall Ha MeXaHUKO-MaTeMaTndeckoM (akyisrere MIY.
OH sBNsieTCS aBTOPOM IIEJIOTO Psifia METOAMYECKUX MocoOmii st cryneHToB. B 1971-1986 1. Ha MexaHuKo-
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marematuyeckoM akynsrere MI'Y u B UTIM AH CCCP (1975-1979 rr.) 3anumMascs nmpobneMaMu co3qaHust
OTJIaZIOYHBIX KOMIHMJIATOPOB C SI3bIKa BBICOKOTO YPOBHS M Ha 3TOW OCHOBE — 3((EKTUBHBIX KOMITHISATOPOB
¢ s3pika DOPTPAH c pacimpeHHO#M AMarHOCTHKOM i By30BCKHMX BBIYHCIHMTENBHBIX IEHTPOB. Pazpaboran-
HBIE TIOJI €TO PYKOBOACTBOM H IPU €T0 HEMOCPEICTBEHHOM yYaCTHH CHCTEMBI MakeTHOH obpabotku ACDPOP
u auanorosas MHorotepmuHaibHas cuctemMa DKCIIPECC mis EC 9BM skcrunyatupoasiuch B MI'Y, MU-
CUC, MI'TIU u B psize Apyrux By30B CTpaHbl. Pe3yisTarsl 3THX pabOT COCTAaBMIIM OCHOBY JANMCCEPTAIMH HA
COMCKAaHHUE YUCHOU CTEeNeHH KaHauaara GU3HMKO-MaTeMaTHIECKUX HayK.

Taxoke B 3TOT IEPUOA O] €TO PYKOBOACTBOM U IPU €0 HEMOCPEACTBEHHOM yYacTHU Ha MEXaHHUKO-
MaTreMaTn4deckoM (paKyibTeTe pa3padaThIBaeTCs CIEeNHaTbHOE MPOTpaMMHOE OOecTiedeHre MPAKTHKYMOB TI0
MIPOrpaMMHPOBAHUIO U APYTMM MaTeMaTHYECKUM IUCLUIUIMHAM, JAIOIIee CTYIEHTY BO3MOXKHOCTH TUAJIOro-
BOTO B3amMmozencTBus ¢ OBM B TepMuHaxX 0OBEKTOB M3Y4aeMOM AMCIUIUIMHBI MPH OTHOCHTENHBHO HHU3KHX
3aTparax Ha BBIOJIHEHHE PYTHHHBIX paboT. CHcTeMa AMANIOroBOrO AOCTYNA K y4eOHBIM HakeTaM NpHKJIal-
HBIX MIporpamm Mo anredpe, nupdepeHuantbHbIM YpaBHEHUAM, MaTeMaTndecKkoil cTaTucTuke u T.A. 11 CM
OBM skcmutyatuposaiack B MI'Y, MI'TIW, MOU, M®TH u psge apyrux By30B CTPaHBbI.

B 1979-1991 rr. 3anumMancst npoOneMaMy CO3JaHUS allapaTHO-MPOTPAMMHBIX CHUCTEM aBTOMAaTH3a-
LMY TPOEKTUPOBAHMS B MAILTMHOCTPOEHHUH B paMKax coBMecTHBIX pador MI'Y u AH CCCP c 10 3UJI. Umen-
HO B Te rogsl B. b. berenun pa3zpaboTan METOROIOTHIO U TEXHOJOTUIO CO3AaHUsI MIPOrPaMMHO-aIIIapaTHBIX
KOMIUTIEKCOB MAIITMHOCTPOHUTEIBHBIX CHCTEM aBTOMAaTH3MPOBAHHOTO MPOEKTHPOBAHUS, a TAKXKE COOTBETCTBYIO-
LIMEe CPEICTBAa aBTOMATU3AIMH [IPOrPaMMHUPOBaHUs. BbIT pelieH psii ONTUMH3ALMOHHBIX 33134, YOeAUTEeIbHO
MOKa3aBIINX, 4To Oe3 ymiepba AJsi MPOYHOCTH HECYLIYIO0 paMy Ky30Ba MOXKHO oOneryuts Ha 50 Kuiorpam-
MOB. B 3TOT mepuon mon ero pykoBOACTBOM M IIPHU €0 HEMOCPEACTBEHHOM YYacTHH ObLIM pa3paboTaHbI
OCHOBHBIE NPOTPaMMHBIE CHCTEMBI T€OMETPUYECKOTO MOAEIUPOBAHUS JIBYMEPHBIX U TPEXMEPHBIX 0OBEKTOB,
MTOBEPXHOCTEN CIIOXKHOH (OPMBI, a TaK¥Ke TOACHCTEMBl WHTEPAKTHBHON MAaIIMHHON TpaduKu UIA BU3yalH-
3allUU pe3yNbTaToOB MOIETUPOBaHUA. Pe3ynbTaTsl 3TUX paboT JErI B OCHOBY OUCCEPTAllMd Ha COMCKaHHE
YYEHOU CTENEeHH JOKTOpa (QH3UKO-MaTeMaTHdeckux Hayk (1986 r.).

B stot xe mepuon mox pykoBoiactBoM B. b. berenuna coBmectHo co crnenuanucramu 110 3UJT
BeAyTCsl pabOTHI IO CO3/IaHUIO MEPBHIX OTEYECTBEHHBIX pabo4YMX cTaHIMNA Ha 0aze 32-pa3psaHBIX MUKPOIPO-
meccopoB ¢ omnepanuoHHoW cuctemoir UNIX, a Takxke MHHH-(DAOPHUKH IO MPOW3BOIACTBY ITHX CTAHIIMHA, B
MIEPBYIO OYEpEb, Ul 0OeceueHs] KOHCTPYKTOpCcKo-TexHonornueckux ciyx0 10 3UJI. B mapre 1989 r. ObI-
JIa BRIMYyIIEHA YCTaHOBOYHAs MapTusa padounx cranunii «BECTA-88», a k 1990 1. 6110 mpomsseneno Oomee
TBICSTYM TAKUX CHUCTEM C HapaboTkoit Ha otka3 10 000 yac.

B nactosmee BpeMs o6iacTe HaydHBIX MHTepecoB B. b. berennna BkiouaeT cynepKOMIBIOTEPHBIE
TEXHOJIOTHH, apXUTEKTYpy, EeMEHTHYI0 0a3y cynepOBM. OcHOBHBIE pe3ynbTaTbl HAyYHOH IESTEIbHOCTH
B. b. berenuna 3a nocnennue 20 jeT: oTe4ecTBEHHAS HHPOPMAIIMOHHO-0e30MacHas anmnapaTHo-IporpaMMHas
watopMa, OTedeCTBeHHBIE CyOMUKPOHHBIE 32- U 64-paspsaHbie MuKpornponeccopsl ¢ RISC-apxurekTypoid,
OTEUECTBEHHAs ONEPALMOHHAS CUCTEMA PEATTLHOTO BPEMEHH, a TAaKXKe COBPEMEHHBIE CPEACTBA ABTOMAaTHU3aLuU
pa3paboTKH MPUKIAAHBIX IPOTpaMM, OTCUCCTBEHHAs TEXHOJOTHYEeCKas JUHUS 1Mo mpousBoactBsy CBUC c
CYOMHUKPOHHBIMH IPOEKTHBIMH HOPMaMH.

Ilepron ¢ 2007 mo 2020 roas! 03HaAMEHOBAJICA CIETYIOIUMH Pe3yabTaTaMH.

B. b. berenaunpiM Obl1a ocymiecTBIeHa pa3paboTKa M OpraHU3aLUs CEPUITHOTO MPOU3BOJACTBA OTEUe-
CTBEHHBIX 32- U 64-pa3psiIHBIX MUKPOIIPOIecCOpoB M KoMMyHUKaIMOHHBIX CBUC, B TOM 4HCiie YCTOHYMBBIX
K BO3IEUCTBUAM (PAKTOPOB KOCMHUYECKOTO MPOCTPAHCTBA, BHIYUCIUTENBHBIX CHCTEM CIIEIHATFHOTO Ha3HAYe-
HUS HA UX OCHOBE, B TOM YHCJI€ BBICOKOIIPOM3BOAUTEIBHBIX CUCTEM TepaduIONCHOro Kinacca. B aTot mepuon
MIPOU3BEACHO U MOCTaBIeHO 3akazumkam Oomee 300 Thic. oTeuecTBEHHBIX MukpomporeccopoB u CbBUC, 75
TBIC. BJIIEKTPOHHBIX MoAyier u 15 Teic. 9BM Ha ux ocHoBe.

B. b. berenuHbIM OCyIIECTBIEHO HayYHOE PYKOBOACTBO M HEMOCPEACTBEHHOE YYacTHE B peanu3a-
uu npoekra «Pa3BuTne cynmepKkoMmbIOTepHBIX U rpua-TexHonoruin» B 2010-2012 . B mHTEpEcax aTOMHON
SHEPTeTHKH, PaKeTHO-KOCMUYECCKOH, aBUAITMOHHON M aBTOMOOMIBLHOM oTpacieil. [IpoekT yTBepxkaeH B 2009
r. Komuccueit npu Ilpesugente PO no Bonpocam MOAEPHU3ALUU U TEXHOJIOTHYECKOTO Pa3BUTHSI SKOHOMHUKU
Poccuu B 2009-2012 rr.

ITox pyxoBoactBoMm B. b. betennna ocymiectBieHsl pa3paboTKa COBPEMEHHOTO OTEUECTBEHHOIo 64-
pPa3psAIHOTO MHKPOIIPOIIECCOpa TBOWHOTO HA3HA4YCHHS ¢ pabodeil wactoroil dyHkmumonupoBanus 1 [T u
CO3IaHUE Ha €r0 OCHOBE CEMEHCTBA HACTOJIBHBIX U MOOMJIBHBIX IEPCOHAIBHBIX KOMIIBIOTEPOB.
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B 2014-2020 rr. B. b. berenun ocyuiecTBui opraHu30Bajl U HENPEPHIBHO KOOPAMHHMPOBAJI pa3BU-
THE U cTaHOBJIeHHE DenepanabHOro rocyapCcTBEHHOro yupexxaeHus «DenepanbHplid HayuHslid neHTp HaydyHo-
HCCIIeI0BaTEeIbCKUM UHCTUTYT CUCTEMHBIX HccienoBaHuil Poccuiickoit akagemun Hayk» (OI'Y OHIL HUU-
CU PAH), muccus u cTparerndeckas elb KOTOPOTO COCTOUT B OOECIIE€YeHNH BEIYIINX OTpacieil SKOHOMH-
ku Poccun (MamMHOCTpPOUTENbHAs, aTOMHAs!, aBUAaKOCMHUYecKas, HeyTerazosasi) MepCHEKTUBHBIME 0Opa3iua-
MU BBICOKOHa/IeXKHOH ammaparypsl, 110 peanbHOro BpeMeHH, TEXHOJIOTHHA, TApaHTHPOBAHHO BBIMOJIHAIOIIMMU
KpUTHYeCcKUe (QYHKIMH U HE YCTYNAIOIIKMMH JIyYIINM 3apyOeKHBIM MPOAYKTaM IO TEXHUKO-3KOHOMUYECKUM
XapaKTepUCTHKaM. Pe3ynbTaThl BEICOKO OLEHEHbI KOHTPOJUPYIOIIMMHI OpPraHU3alMsIMM, [0 UTOTaM peaju3a-
uuu IIporpammer pazputus OI'Y OHI[ HUMCHU PAH na 2016-2020 rr. denepanbHblii HayuHBIH IIEHTP
MIOJITBEPAMI CBOIO MPUHAMIEKHOCTD K 1 (BBICIIEH) KaTEropuu HayYHBIX OpPraHU3alni.

C 1997 r. B. b. berenun — nupexrop MHctutyta Mukporexnonoruid PHII «KypuaToBckuil nHcTu-
TyT», rAe k 2003-2004 rr. Obi1a 3amynieHa MUHH-(Gadpruka — KIacTepHas TEXHOJIOTHYECKasl JIMHUS IS U3r0-
TOBJIEHUs1 MUKpornpoleccopoB U cioxHelx CBUC. B 2005 r. on cran Bune-npe3unenTrom HaydHoro neHtpa
«Kypuarosckuit uactutryt». C 2010 . B. b. berenun — Hay4yHBIi pyKOBOAUTENh CO3MAHUS U MPUMEHEHUS
CYTIEPKOMITEIOTEPHBIX TEXHOIIOTUN B TPAXIAHCKUX OTpaciisix mpomeiuieHHOCTH POAL-BHUND®.

B. B. bereiaun — unen 6ropo OTHelIeHNs HAHOTEXHOJIOTHH U MH(MOPMAMOHHBIX TeXHOIOoruil Poccuii-
CKOHM aKaJieMHH Hayk, compezacenarens Cosera PAH mo xoopauHanyuy Hay9HBIX HCCIEOBAaHUI MO Hampasiie-
Huto «CTparernyeckre MHGOOPMAIMOHHbBIE TEXHOJIOTHH, BKIIIOYAsi BOIPOCH! CO3AaHUs CYNEPKOMIIBIOTEPOB U
pa3paboTKy MPOrpaMMHOr0 obecredeHns», wieH Hay4Ho-KoOpaIuHalMOHHOro coBeTa uieHoB PAH — Hayd-
HBIX PYKOBOAUTENECH HayYHbIX OpraHu3aliii, I0JBeIOMCTBEHHbIX MUHOOpHayKu Poccun 1 HaXoasmuxcst noxg
Hay4HO-MeToAndeckuM pykoBoacTBoM PAH, unen HayuHo-koopannarnuonHoro cosera PAH mo mpob6iemam
MPOTHO3UPOBAHUS U CTPATETHYECKOTO IIaHupoBaHus B Poccuiickoit denepanuu, npencenaTesib IKCIEPTHON
koMuccuu no npemun uMenu C. A. Jlebenesa PAH, unen OkcneprHoil komuccun MuHHCTEpCTBAa HAayKu U
BhIcmiero obpazoBanus PO no Hanpasnenuio «HpOpMaIOHHO-TETEKOMMYHHKAIIMOHHBIE CHCTEMBI U TEXHO-
JIOTHW», YIEH PEIKOIIIErny XypHana «DyHaMeHTanbHas 1 MPUKIIaJAHas MaTeMaTuKay, 4ieH pelaKIIHOHHOTO
coBeTa XypHana «MH}opManMOHHbIE TEXHOJIOTHN W BBIYHCIUTENbHBIE cucTeMbl» PAH, wieH pemkomnernu
KypHana «Bompocsl aToMHOI Hayku W TeXHUKH» (cepusi «MaTeMarndeckoe MOIAECTUPOBaHHE (H3HMUCCKUX
nporieccoB») POAL-BHUNO®, rmaBHbI pemakTop XypHayia «Ycrexu KuOepHEeTHKH», uieH Haywanoro co-
Bera npu Cosete Oe3omacHocTH Poccuiickoit @enepanum, wien HTC BIIK PO, uien Cekuun «1{udpossie
PETHOHBL: JIy4Illlie MPAaKTUKH M CTpaTerud pa3sutus» CoBeTa MO pa3BUTHIO HU(PPOBOH sKoHOMUKH Tipu Co-
Bere @enepannu ©C PO, unen MexBenoMcTBeHHOHM padodeli rpynmnsl CoBeTa mpu ryoepHaTope Camapckoi
00JIacTH Mo HayKe, TEXHOJOTUSAM U BEICHIEMY 00pa30BaHHMIO 11O HampaBieHUI0 «H(POKOMMYHHKAIIHOHHEIE 1
U(POBbIE CUCTEMBI U TEXHOIOTUM», 4ieH KoHcynsratuBHOro Hay4Horo cosera Hexommepueckoil opranusa-
uuu @onp pazsurus LlenTpa pazpaboTku U KOMMEpLHATU3alui HOBBIX TEXHOJIOTUH («CKOIKOBOY).

B. b. berenmmr — 3aBemyrommii kadenpoil BHICOKOTIPOM3BOMUTENBHBIX BbuucieHuit MI'Y uMeHu
M. B. JloMoHOCOBa, Ha KOTOPOH €XKEroJHO NMPOXOAAT BBIYMCIMTENBHBIN NMPAKTUKYM CTYAEHTbl MEXaHUKO-
MaTeMaTH4ecKoro M Apyrux (akyasreToB. OH moArotoBui 1 TOKTOpa M 8 KaHAWIATOB HayK.

B. b. berenun — aBrop u coaBtop Ooyiee 150 HaydHBIX padoT, B ToM yucie 10 moHorpaduii u 9
narenToB. B HUMCH PAH u3nano 20 monorpadwuit u cbopHukoB craredd mo peakiueid B. b. bereanna. 13
YKcIa HayYHBIX paldoT, MHOCKCUPYEMBIX B MEXIYHApOIHbIX CHCTEMaxX LUTHPOBAHMSA, 12 BBIIIIM B BBICOKO-
PEHTHHTOBBIX JXypHalax, BXOAALINX B MEpPBbIi kBapTHiIb. Hanbonee nutupyemble myOIuKauy HaCUUTHIBAIOT
274 n 256 TUTUPOBAHUI COOTBETCTBEHHO, M0 JIAHHBIM SCOpUS.

B. b. berenun — naypear l'ocynapcTBenHoil npemun P®, HarpaxaeH Meaanbio oplieHa «3a 3aciyru
riepen OteuectBom» 11 crenenu, opmenom [pyx0s1, opaerom Ilodera, robmneitnoi menansio CoBera 6e3omac-
Hoctu Poccuiickoit @enepanuu.

Pacnopsxennem IlpaBurtensctBa Poccuiickoit denepanmu ot 26 ¢espans 2015 . B. b. berenuny
npucyxaena [Ipemus [IpaBurensctBa Poccuiickoit @enepanuu 2014 . B 00JIaCTH HAYKH M TEXHHUKH.

Hupexmmus @I'Y OHIl HUMCU PAH ot Beeir mymu mo3apasisier Bmamumupa bopucosmua bere-
JIMHA — BEJHMKOI'0 POCCUICKOTO YUEHOTO, MaTpUOTa U IPakdaHUHA — CO CIABHBIM IOOHJICEM U JKEJIACT eMy
J00pOro 3710poBbs, yaul BO BCEX HAYMHAHUAX U OOJIBIINX TBOPYECKHUX YCIIEXOB.

/

Jupextop ®I'Y ®HIIl HUMCHU PAH na.T.H. - A C. E. Bnacos
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PEIIEHUE MEXJIYHAPOJHON KOH®EPEHIIUU, IPUYPOUEHHOH K 200-JIETHIO CO
JTHA POXKIEHUSA BEJIUKOI'O PYCCKOIO MATEMATHUKA AKAJIEMUKA 11. JI. YEBBIIITEBA
«MATEMATHYECKME UJIEU I1. JI. YEBBIIIEBA U UX MPUJIOKEHUA K COBPEMEHHBIM

HHPOBJIEMAM ECTECTBO3HAHMUSA»

Mex9ynapoonas Kongepenyus
«MamemamuvecKue udeu J1. 1. Yebvrmésa u ux
NPULOKEHIUS K COBPEMEHNHDIM NPObAEMAM
ecmecmsosnanusy, npuypouennasn K 200-aemuio co
013 POXKeHUs 6eAUKDZ0 PYCCKOZ0 MAMEMAMUKY,
aKaoemuxa
Jlagnymus Aveosura Yeboviumésa

INTERNATIONAL CONFERENCE
“@. Chebyshev Mathematical 1deas and Their
Applications to Natural Sciences”
commemorating the 200th anniversary of
Pafnutiy Chebyshev,
the great Russian mathematician

Jlagpnymuii Aveoeus ebouuée (1821-1894) Obnuscx, 14—18 mas; Cypzym, 22—23man 2021 2.

14-16 mas 2021 roga B 1. O6HHMHCKe Kamyxckoit oomactu u 22-23 mas 2021 1. B . Cypryre XaHTHI-
Mascwuiickoro aBTOHOMHOTO OKpyra — FOrpsl cocrostnacek 10-1 MexayHaponHast KoHpepeHuus: «Maremarnye-
ckue uaen [1. JI. YeOrIméBa 1 vX MpHIIOKEHUS K COBPEMEHHBIM ITPO0JIeMaM €CTECTBO3HAHUS, TIPUYPOUYECHHAS
B 3TOM Toxy K 200-JIEeTHIO CO JHS POXJICHUS BEJIUKOTO PyCCKOro MaTemarnka akanemmuka 1. JI. YeObimépa.
MepormpusTrie mpoaobKaeT MUKI Mpenpaymux kKoHdeperuii, mocBameHHbIX I1. JI. UeOnmeRy, COCTOSBIIIX-
cs B I. OOHuHCKe 1 T. CypryTe B 1996-2019 rT.

Kondepennus 6vima opranusosana [IpasurensctBom Kamyxckoit obmactn, denepanbHeM rocymap-
CTBEHHBIM yupexaeHueM «DenepanbHblii HayuHbli HeHTp HayuHo-uccnenoBarenbCKkuil MHCTUTYT CUCTEMHBIX
uccnenosanuii Poccuiickoit akanemun Hayk» (OI'Y ®HL HUVICHU PAH), OOHUHCKMM MHCTUTYTOM aTOMHOMN
SHepreTuku — ¢umanom HASY MUDN.

Y4acTHUKOB 100MIIeHHON KOH(EpeHMH B YeCTh BETMKOTO PyCCKOrO MaTeMaruka u Mexanuka I[laduy-
tis JIbBoBHYa YeOnIméBa mpuBeTCTBOBAN rydepHaTop Kamyskckoit oomactu B. B. Illamma.

Ha otkpeitin konpepenunu ot umenn [Ipesnaunyma PAH BricTynmn Bune-npesunent PAH akanemuk
PAH B. B. Koznos. Conpejcenaresib OpraHu3allMiOHHOTO KOMUTETA U MpeAceaaTeNb NPOrpaMMHOIO KOMUTETA
KoH(epeHuny, HaydHblii pykoBoputens ®I'Y OHI[ HUMCH PAH akanemuk PAH B. b. Berenun B cBoéM
MIPUBETCTBEHHOM CJIOBE OTMETHII BHICOKYIO 3HAUMMOCTh Hacienus akanemuka [1. JI. UeOpméra st MUpOBOM
Hayku, a Takxke 10, 4To I1. JI. YUeOBIméB ObLI (pakTHUYECKHM OCHOBATENEM TpUAAbl: 00pa3oBaHHE, HayKa U
WH)XEHEepHsl.

OT JMIa KJIFOYEBOr0 OpraHu3aropa KOH()EPEHIINH YIaCTHUKOB MPUBETCTBOBAN nupekTop ®I'Y OHI|
HHUNCHU PAH n.t.u. C. E. Bnacos.

I'maBa Anmunnctparuu . O6uuHCKa T. H. JIeoHOBa momdyepkHyia 3HAYUMOCTh B 1011 HAyKH U TEXHO-
JOTUH A7 TepBoro Haykorpana P® mexxayHapomHOW KOH(EPEHIUH CTOJb BBICOKOTO YPOBHSL.

14 mas Ha TUTeHapHOU ceccuM (Tpeacenarenb ceccuu — akagaemuk B. b. berenwn) B Jlome yuéHBIX T.
OOHuHCKa OBLIM 3aciTyIlaHbl TOKIAIbl BEAyIUX HccueaoBateneil Poccuiickoit depepanuu u Apyrux cTpan
MHpa, KOTOpPBIE BBI3BAIM OTPOMHBIA MHTEpPEC NMPUCYTCTBYIOIIMX. bbuin mpeacrapieHsl noknaaasl akan. PAH
B. b. berenuna (Poccust), akan. PAH B. B. Kosznosa (Poccust), mpod. A. Papadopoulos (onnaitn, ®pannus),
mpo¢. B. H. Uybapukosa (Poccust), mpod. Ya. Zempo (onnaiiH, SAnonns), wi.-kopp. PAH M. B. Slko6oBckoro
(Poccus), mpod. P. M. Illaranuesa (Poccus), wi.-kopp. PAH U. b. Ilerposa (Poccus), mpod. C. A. Kamenko
(Poccus), mpod. M. M. JlaBpertneBa (Poccust), mpod. H. H. Cmuprosa (Poccus), mpod. C. O. Crapkosa (Poc-
cus), npod. B. A. I'ankuna (Poccus). B pabore koH(pepeHIINN ydacTBOBaIH NpencraButenu Poccun, dpan-
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uuy, Anonun, Kananel, Ykpaunsl, Y36ekucrana. Poccus mpezcrasieHa cleAyOIIMMU ropogaMu: MockBa,
[Terepbypr, Kanyra, O6uunck, Bemukuit Hosropon, Hkanit Hosropon, Sipocnasms, [lepecnasnb-3anecckuii,
ExarepunOypr, HoBocubupck, Cypryt u zp.

15 mas 2021 1. Ha 6a3ze OOHMHCKOTO WHCTUTYTa aTOMHOW DHEPTETHKH — (Qruana ¢enepasbHOTo
rOCyIapCTBEHHOTO aBTOHOMHOTO OOpPa30BaTENbHOTO YUPEKICHHS BbICIIEro oOpasoBaHus «HarmoHanmbHbIN
HCCIEeNOBaTeIbCKUN simepHbId yHUBepcuTeT "MIMU®DU ) OBIIN MPOBEICHBI CEKITMOHHBIC 3aCEIaHuUs 110 TEMaM:

- «/luddepennmanpaple ypaBHCHUS W HEIWHEWHAs OUHaMHKay» (cekmus 1, mpeacemarens — Tpod.
C. A. Kamenko);

- «UncneHHOe MOJETMPOBAHWE B MEXaHHWKE CIUIOIIHBIX cpely» (CeKuus 2, Mmpeacenareib — WI.-KOpp.
PAH W. b. IleTpoB);

- «Bompockl coBpeMeHHOU MareMaTHKm» (Cekius 3, npencenarens — npod. M. M. JlaBpeHTheB);

- «Maremarnueckoe MOJEIHPOBaHUE (PU3HKO-MEXaHUYECKHUX MPOLECCOBy» (ceKuus 4, mpeaceaarelb —
mpod. H. H. CmupHOB);

- «ACHUMITOTHYECKHE METOIbl B CHHTYISPHO BO3MYIIEHHBIX 3afadax» (CeKuus 5, mpencemarenph —
mpo¢. B. ®@. byrty30B);

- «MonenupoBanue GU3HYECKHUX MPOIECCOBY (cekmus 6, mpencenarens — wi.-kopp. PAH M. B. Sko-
0OBCKUI);

- «CoBpeMeHHBbIE HH(POPMAIIOHHBIE TEXHOJOTHH B MOJEIMPOBAHUH CIIOXKHBIX CHCTeM» (cekuus 7,
npencenarens — npod. C. O. Crapkos);

- «CrenpnoBrie noxnansl B T. OOHHHCKE» (CeKmus 8).

[Ipencenarenn cexmwii 0co00 OTMETHIIN BBICOKHIT YPOBEHB JOKIAJA0B MOJIOIBIX YIEHBIX.

16 mas 2021 1. y4acTHUKH KOH(EpEeHINMH MOCETHIH MaMsITHBIE MECTa, CBSI3aHHBIC C JKU3HBIO aKaje-
muka I1. JI. YeObméBa, B JKykoBckoM patione Kamyxckoir obmactu B ¢. Crac-Ilporaanp, c. OKaTtoBo | C.
MarkoBo.

22 m 23 mas 2021 1. koHbEpEeHIHS TPOIOJIKIIIa CBOI0 padory B I. Cypryre mom pyKOBOICTBOM 3a-
MECTHUTENS Tpecearelis nmporpaMMHoro komurera npod. B. A. Iankuna: B ounom Qopmare — Ha Oase
Cyprytckoro ¢mimana TroMeHCKOro WHAyCTpHaIbHOTO YHUBepcuTera u 23 Mas 2021 . — B Cypryrckom
¢unmmane OI'Y ®HI[ HUWCHU PAH B muctanumoHHOM (opmare:

- qucTaHIMoOHHBIE nokiaael B Cypryte (cekmus 9, compencemarenu — gom. A. B. Topenmxos, moir.
1. A. Moprys, gom. A. A. Eropos);
- «MexaHMKa KOMIO3UTHBIX MarepuanoBy (cekuus 10, npencenarens — npod. . JI. Topbiaus).

Bcero Ha xondepenmuu Obuto mpezacrasieHo 6onee 200 HaydHBIX A0KTag0B. K OTKpHITHIO KOH(e-
peHImu ObUT M3aH COOPHHK TE3WCOB, MPOrpaMMa 3aceAaHni, yYaCTHUKaM MEPOIPHUATHS BPyUeH MaMSTHBIH
3HAYOK ¢ M300paKeHHEM BEJIHMKOIO PYCCKOro maremaruka akajgemuka [1. JI. UeOnluéBa, a Takke MamsTHBINA
Habop ¢ CHMBOJIMKOH KOH(EPEHITNH.

duHaHCcoBas MojAepkka KoHpepeHIn ocymecTrieHa [IpasurensctBom Kamyskckoit obnact u npu
coneiictBumn ynpapnenus 1T [TAO Cypryraedreras, a Takxke kommanusmu: CAIT CHI, B/IO HOuukon Co-
aromHe, XpronetT [akkapa Durepnpaii3, Mumnaitn [pyn, NetApp, Commindware.

B teuenme momyTtopa cronerwii HaydHas MIKoNa, co3fnaHHas akagemukoM [1. JI. YeOwmuéBbiM, co-
XpaHsAeT JUIUPYIOoIIee MOMOKEHUE HAa IIABHBIX HANMPAaBICHUSIX MATEMaTHUECKON TEOpUH, MaTeMaTHYECKOTO
MOJIEITMPOBAHHS, IPUMEHEHNS M 000CHOBAaHUS NMPHUOIMKEHHBIX METOJI0B B HEJIMHEHHBIX 3a/1a4ax, UMEFOIINX
IIMPOKHIA CHEKTP MPUMEHEHHSI B TEXHUKE, SKOHOMHUKE, JHEPIreTHKE, DKOJIIOTUH, COIMOJIIOTHH M JPYTruX 00-
JIACTAX, TECHO CBSA3aHHBIX C MpobOjeMaMu pa3BHTHS Poccuy Kak mepenoBOd HHIYCTPHAIbHON JEpiKaBbl B
pamMkax MHPOBOTO coolmiecTBa. BaxkHemum (hakTopoM pa3BUTHs HAyYHBIX HATPABICHUH, PUHAICKAIIUX
mrkosie akamemuka I1. JI. UeOwnméRa, SBISETCS HEUCCIKAIONTUI MPUTOK MOJIOAEKH, O YEM CBHUICTEIHCTBYIOT
JIOKJIA/Ibl aclPaHTOB M MOJIOJBIX YYCHBIX, IPEACTaBICHHbBIC B paMKax KoH(epeHuuu. HecomHeHnHo, mmpo-
Kasg TeMaTuka JOKJIaJ0B KOH(EepeHIIMH CrocoOCTBOBaja B3aMMHOMY NPOHUKHOBEHHIO HJIEH, yrmyOIeHHOMY
MMOHUMaHHI0 (PyHIIAMEHTaJIbHBIX MPOOIEeM COBPEMEHHOW HEIIMHEHHON MaTeMaTHYecKOH (H3UKH, KHOSepHEeTH-
KW, THPOPMATHKH, WHXEHEPHBIX TUCIHUITIINH, TPOopeCCHOHAIEHOMY pocTy MoJozexu. ClienyeT Moa4epKHyTh,
YTO OONBIIMHCTBO JIOKJIAJOB, MPEICTABICHHBIX Ha KOH(EPEHIIMH POCCUICKIMH YYEHBIMH, BBHITIOIHSIOTCS B
paMKax IpaHTOB, oAaep>kaHHbIX PODU.

1. YyacTHUKH KOH(EPEeHIIMH OTMEYAIOT, YTO 3acedaHus, JOKIabl, JUCKYCCHH HOCHUJIM TBOPYECKHH Xa-
paKkTep W MO3BOJIWIN TIyOXKE MO3HAKOMHUTHCS CO MHOTMMH HOBBIMH pe3yJIbTaTaMu TEOpHH (YHKIUH, ypaBs-
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HEHHMH C YaCTHBIMH IPOM3BOJHBIMHU, TUHAMUYECKUX CHCTEM, TEOPHH alIpPOKCHUMAINM, METOJaMl MaTeMaTH-
YECKOTO MOJICIMPOBaHUS, HH(POPMAIIOHHBIX TEXHOJIOTHI M WX MPHIOKEHUSIMH K 3a1adaM B 0o0OlacTH ecte-
CTBEHHBIX U MHXECHEPHBIX HayK.

2. YyacTtue B paboTe OONBIIOro KOJMYECTBA MOJOABIX UCCIEA0BaTeNeH, aCUPaHTOB U CTYyAEHTOB, MHO-
rHe U3 KOTOPBIX BBICTYIANIN C IPEKPACHBIMH PE3yabTaTaMHU, JAacT YBEPEHHOCTh B TOM, YTO POCCHUIICKas HayKa
COXpaHsEeT CBOM MOTEeHIHUAaI.

3. Y4acTHUKM KOH(EPEHINHU CUNUTAIOT LEIecO00pa3HbIM IPOBEACHHE Clenyoueld KoHepeHIun yepes
2 roga (B mae 2023 1.). B cBs3M ¢ 3TUM y4YacTHHKH KOH(EPECHIHH MOPYYalOT OPIKOMHUTETY OIyOJIMKOBATH
nH(pOpMaNUIO 0 KOH(GEPEHIMH U IIPUHATHh MEPhl K N3AaHUI0 COOPHMKA N30paHHBIX TPYIOB KOH(EpeHIHH.

4. Y4acTHUKH KOH(QEPEHLIUH BBIpaXKaloT Mpr3HaTenbHoCTh [IpaButenscTBy Kanysxckoit obnactu, Anmu-
Huctpauu . O0HMHCKA, Poccuiickoit akagemuu Hayk, ®I'Y ®OHIl «Hayduno-uccrnemnoBarenbCKuii HHCTHTYT
cucteMHBIX uccnenoBanuii PAH», ynpasnenuto IT ITAO CyprytHedreras, OOHUHCKOMY HHCTUTYTY aTOMHOM
sHepretukn — pummany HUSY MUOU, Poccuiickomy ¢hoHIy hyHIaMEHTaIbHBIX HUCCIEIOBAHUHN, QrTHAITY
OI'Y ®HI[ HUMCHU PAH B 1. Cypryre, CypryrckoMmy WHCTHTYTY Hedtu W raza (¢pwmmarny ®I'BOY BO
«TromeHcknit MHIYyCTpHANBHBIN yHUBEpcuTeT»), Kommanusam AVPKO, CAIl CHI, B1O FOuukon CosromHc,
Xpronett Ilakkapn Ontepnpaii3, Unnaita [pyn, NetApp, Commindware, dieHaMm JIOKaIbHOTO OPTKOMHTETa
3a MPOJIENTaHHYIO0 OTPOMHYIO paboTy MO OpraHU3aly U MPOBEIACHNUIO KOH(PEPEHIIHH.

5. YdacTHUKH KOH(pEpESHINH XomaTaicTByioT nepen [IpaBurenscTBoM Kamykckod oOmacth U AJMUHH-
cTpanueii . OOGHIHCKA O JOCTOWHOM YBEKOBEUCHUHU MAMSITH OCHOBOTIOIOKHUKA POCCUICKON MaTeMaTHIeCKOi
mkois! akafgemuka [1. JI. YUeOpnmépa. [laduyTnii JIbBoBrd YeOBIMEB — KPYMHEHIINN yIEHBIH, TPH3HAHHBIN
HalIUM TOCYyJapCTBOM BEIUKHM PycCKHM MaremarukoM XIX cronertus. Ero mpax NmOKOUTCS B LIEPKBU B C.
Cmac-IIporanp, MOCTPOEHHOM ero mpeakaMu Henofaiéky oT I. OOHMHCKA. YYacTHUKH KOH(PEPEHIINN XO/a-
TalCTBYIOT 0 HEOOXOJUMOCTH MOCTAHOBKM B Haykorpage OGHUHCKE NaMATHUKA BenukoMy yuéHomy I1. JI. Ye-
OBITIIERY.

6. YdacTHUKHM KOH(EpEeHIHH X0AaTalCTBYIOT mepen rydbepHaropom Kamyxckoit obnacTu, a Takxke mnepen
MuTpononuToM KamyXCkum 1 BOpOBCKHM O BBIICTICHWN CPENCTB ISl 000pYyIOBaHHS JIECTHHUIIBI, BEAYIICH B
CKJICH, ¥ OCYIICHHH Ha MOCTOSHHOM OCHOBE CKJIeNa, B KOTopoM mokoutcs npax 1. JI. YeObruéna.

7. B cBa3u ¢ KpaifHell BaXXHOCTBIO M aKTYaJIbHOCTHIO IMPOOJIEM COBPEMEHHOTO 00pa3oBaHUs, MOAHA-
TBHIX HA IUVICHAPHOM ceccHu, KOH(EpEeHIHs cunTaeT HeOOXOAUMBIM 00paTUTHCS B KOMUTETHI [ ocynapcTBeHHOM
Hymbr PO no ob6opoHe, nmo o0pa3oBaHHIo M Hayke W HaOmtomarenbHbli coBeT ITAO «Cbepbank» ¢ mpeaso-
XKeHHeM 00 OpraHu3aluM CIyILIaHUH 1o mpobieMaM 00pa30BaHUs U UCKYCCTBEHHOI'O MHTEIUICKTA CO CIEoYO-
LIMMHU TeMaMH MOBECTKH o0cyxaeHus: «CucremMa oOpa3oBaHUs OT ACTCKUX CaloB M 0 BY30B — (yHIAMEHT
000poHb! U Oe3omacHOCTH cTpaHb, «[Ipenensr npumennmoct cucreM MU B 060poHE, NPOMBIIUIEHHOCTH,
o0pazoBaHNmM», «/HTENNEKTyalbHbIe TH(POBBIE CHCTEMBI YIIPABICHHS CTPATETHYECKH BaXKHBIMU OObEKTaMH,
obecrieunBaroNIe MTaTHOE (GYHKIIMOHUPOBAHUE dTUX OOBEKTOB B YCIOBUAX KHOEpaTaKy.

8. Co3mare pemakIMOHHBIN KOMIEKTUB oA pykoBoacTBoM akangemuka PAH B. b. berenuna s opranu-
3aIuy IMyOIUKAITMN TPYAOB KOHPEPESHIINN. YCTaHOBUTH 00BbEeM IyOuKaruii 1o 10 cTpaHuIl 1 IIeHapHBIX
JOKJIa[0B U 0 5 CTpaHHI — AJIsl CEKMOHHBIX JOKIaa0B. CpOK 04y MaTepruaioB yCTAHOBUTD A0 1 OKTAOpS
2021 r. Madopmarmro u TpeGoBaHUS K MyOIMKAMAM pa3sMECTUTh HAa OQHUIIMATBHOM caiTe KoH(pepeHIny.

3assnenue npuaTo 01 utonsa 2021 .
IIpencenarens oprkoMurera
akaneMuk B. b. berenun

[Ipennoxennst akagemuka B. b. berenuna mo pesyiasratam MexmyHaponHo# koHpepeHuu «Mare-
marnyeckue uaen [1.JI. UeOrméBa u X MPUIOKEHUS K COBPEMEHHBIM NPOOJieMaM €CTeCTBO3HAHUA»:

3A — 186 ronocos, 100 %;
ITPOTHB — 0 romocos, 0 %.

Bcero mporonocosasmux: 186.
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AHHOmMayus: PacCMOTPEHBI JIB€ MOJENU I MareMaTH4eCKOTO MOJIEIHPOBAaHUS PAaCHpPOCTPaHCHHS
nHpeknun. [lepBas Momens — TodedHas, BTOpas MOJENb — paclpeiesieHHas, C Y9eTOM 3aBHCHMOCTH OT
MIPOCTPAHCTBEHHBIX KOoOpAWHAT. [IpeicTaBineHsl pe3yabTaThl BHIYHCIUTEIBHBIX 3KCIIEPUMEHTOB, OCHOBaHHBIX
Ha MPUMEHEHHUH TIPEIOKEHHBIX MOJIEIEH.
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spatial coordinates. The results of the numerical experiments with these models are presented.
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BBenenne (BUpycHBI peakTop — 3eMuIs)

[Tannemus, Bei3BaHHas kopoHaBupycom COVID-19, cipoBonupoBana Ha IulaHeTe 3eMisl TaKue Ieo-
TEeKTOHWYECKHE U3MEHEHHMs, 4To (pa3a «Mup yke HUKOrga He OyAeT NpeKHUM» U3 OaHaIbHOW HpeBparia-
eTCsl B MPOPOYECKyI0. DTOT 3JIOBEUINH BHUPYC CTajl MHUPOBBIM TPHUITEPOM, CITYCKOBBIM KPIOYKOM, KOTOPBIH
CMOT 3aIlyCTHTh 300POBBIC IPOLECCH IPUOPUTETa HAMOHAIBHBIX HHTEPECOB Iiepel Mu30(ppeHneil rodanu-
3aruu [1].

[To cytu mena, Hamma TUTaHETa C TI00ATHPHON YKOHOMHUKOW MacCOBOTO ITOTPEOJICHUS MPEACTABIISET CO-
001 BUPYCHBII peakTop — aHaJor' OTPOMHOTO aTOMHOTO peakTopa 0e3 CTEHOK B (ha3e KaracTpo(huuecKoro
Pa3BUTHSI HEKOHTPOJIUPYEMONW LENHOW peakluy pa3MHOXKEHUS HEHUTPOHOB, POJb KOTOPBIX UIPAIOT BUPYCHI.
Taxoil MIaHeTapHbI BUPYCHBIM PEAKTOp, B KOTOPOM MEPEMEIINBAIOTCSA HEYIPABIsIeMble MHOTOMUJUIMOHHBIE
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MOTOKU OOJIBHBIX M 3I0POBBIX, MPEBPAILAIOIINXCS B OONBHBIX, NPUHIWIHAIBHO HEynpasisieM. Jpyrumu cio-
BaMH, YTOOBI CHPABUTHCS C MAHAEMHUEH, HaJ0 OTKa3aTbCid OT OCHOBBHI INIOOANBHOW SKOHOMHUKHA MAacCOBOTO
NoTpeOICHUS] — MHOTOMMJUTHOHHBIX HHTEPHALIMOHAJIBHBIX YEJIOBEYECKUX MOTOKOB, H B Ipe/esiaX OTACIbHBIX
CTpaH, PETHOHOB M TOPOJOB, M B MaciTabax Bcel ruraHeTsl. 1o ecTh AeHCTBOBAaTh HA OCHOBE MOJENH TLIaHe-
TBl KaK MHOKECTBA YIPABJISIEMbIX W30JMPOBAaHHBIX BHPYCHBIX PEAKTOPOB — THIIA CTPAaHBI, PErHOHA, ropoja
U T. 1., o0ecriednBaonmx 3PPEeKTHBHYIO M30JIALNI0 TIOTOKOB OONBHBIX OT 310poBbIX. M Ha mpumepe Kuras,
ctpad EBpocoro3a u Poccun Mbl BUIUM, 4TO 4eM Oosee XKeCTKUE U AaXe JKeCTOKHE MEpbl 00CCIICUCHHUS U30-
JSIIAY OOJNBHBIX OT 3I0POBBIX MPUMEHSIOTCS HA YPOBHE CTPaHbI, PErHOHA, FOpojia U 0COOEHHO B MEramnoimcax
macmtaba Yxans, Mockssr, Heto-Mopka, Tem Gosee 3 pekTHBHO yaaeTcsi IPOTHBOCTOATh PACIIPOCTPAHEHHIO
BHpYCa.

B Hacrosimee BpeMsi, yUUTBIBasi MacmiTad mpoOiIeMbl, BeAyIHNe MUPOBBbIC YHHBEPCUTETH H UCCIEI0-
BaTEJIbCKUE LEHTPHI CO3AAI0T TPYIIIBI AJIs U3yUEHHs U MoJienupoBaHus pacnpocTtpaneHus COVID-19, k Hum
otHocsTesa: yHUBepcuteT xonca XonkuHca (CIIIA), Mmnepckuit komnenx Jlongona, CuHranypckuil yHu-
BepcuteT TexHonornu u mu3aiiHa (SUTD Data-Driven Innovation Lab) n ap. Pa3paGorumkn mpukiagHOTO
porpaMmMHoOro obtecneueHust, Hanpumep, Comsol Multiphysics, Takxe NPUHHUMAIOT YCHIIUS JJIsl CO3IaHUS
MIPOrpaMMHOTO 0OeCTIedeHHs] MOICTMPOBAaHUS pacnpocTpaHeHust nHpekunu. Cpean 0Te4eCTBEHHBIX HCCIen0-
BaTeNIel 3asBJICHBI TpymInbl dkcepToB Coepbanka 1 HTU Cn6ITY. OnHoi#t u3 Hanbosee MOMyIspHBIX MOJIe-
Jel U1 uccienoBanus pacipoctpaneHus napexnuu spiusercs monenb SIR (Susceptible-Infected-Recovered).
Tak, Hanmpumep, ucciaenoBatenu u3 Oxchopaa moctporwan Mmoxeas COVID-19 B pamkax nmoaxona SIR Ha oc-
HOBE JJaHHBIX pacrpocTpanenus nHpeknun B Mtanun n BennkoOpuranuu [2].

CranmaptHas SIR-Monens He YUHTHIBAa€T POXAAeMOCTb M CMEPTHOCTh M 3amaercs cuctemoit OLY
n3 Tpex ypaBHeHMH. [laHHBIA TUI Monenel y4YMThIBaeT, YTO MH(EKUHOHHOE 3a00JeBaHHE 3aBepIIaeTCS U
YeJIOBEK «yNaJIseTCS» W3 Yucia MHQUIUPOBAHHBIX M YSI3BUMBIX, JHO0 mprobOperas ummyHureT (SIR), nu-
60 ymupas (SID — Susceptible-Infected-Dead). B nHacTosmmii MOMEHT pa3pab0TaHO MHOXKECTBO Pa3IMUHBIX
JETEPMUHUCTUYECKUX MOJENECH pacrpocTpaHeHus 3a0071eBaHUI W aKTHBHO BEAETCS pa3pabdoTKa HOBBIX MO-
neneii. Tak, momens SIS (Susceptible-Infected-Susceptible) mcmonp3yercs, ecmu 3aboeBaHue IMTepenacTcs
BO3IyLIHO-KAeJIbHBIM IIyTeM B OONBLIOM Topoje (MOMYJsSHs OTHOCHUTEIBHO T'OMOI'€HHA) M HE OCTaBIISET
rmocine ce0st UMMYHHUTETA, T. €. BCS MOMYJISIIHA pa3OuBaeTca Ha ABE TPYIIIBI HHPUINPOBAHHBIX U ySI3BUMBIX.
SEIRD-Mozenb yuuThIBaeT JTaTCHTHBIM nepros 3a0oaeBaHus. B 3ToM citydae BCst OMyIsiusl ASTUTCS HA AT
KJIACCOB: BOCIIPUMMYMBEIE, JIATEHTHBIE, MHPHUINPOBaHHBIE, HEBocpuuMunBbie, ymepimue. SEIHFR-monens
JEIUT MOMYIALUIO YK€ Ha IIECTh KJIAcCOB: BOCHPUUMYMBBIC, JAaTCHTHbIC, HHQHULIUPOBAHHBIC, IOCIUTAIU-
3UpOBaHHBIE, HETIOXOPOHEHHbIE, HEBOCTIPUUMUUBEIE. [laHHAs MOJENb UCHONb3YeTCs A U3y4eHHUs TUHAMH-
KU Tiepenaqn 3aboneBanuii mocie BaknuHanuu. B SEIR-momensax (Susceptible-Exposed-Infected-Recovered)
B OTIMYME OT MPEIBIIYLUINX YUUTHIBAETCA MHKYOAIlMOHHBIN MepuoA. Mojenp 3aluchiBaeTCsl B BUJE CHUCTe-
MBI TpeX YpPaBHEHHH B YaCTHBIX NPOW3BOMHBIX M YYWUTHIBACT pacIpeleleHHe 10 BO3pPacTy MHIWBUAOB. B
pabote rpynnsl u3 HUramum [3] mpemnoxena monens SIDARTHE (Susceptible-Infected-Diagnosed-Ailing-
Recognized-Threatened-Healed-Extinct), onmceiBatomiast BoceMb cTanuii mpoTekanus 3aboneBanus. [pyras
BOCHMUKOMITIOHEHTHAs1 Mofienb [4] Obuia npeanoxena rpynmnoit u3 CLIA, u pe3ynsrarsl JaHHOHW MOJIENU Ha-
XOJIITCSL B COINIACHH C JAaHHBIMH paclpocTpaHeHus MHPEKIHH B ropoae Yxane, Kutail. YkazaHHbIE MOaeIH
MIPEACTABISIOT COOOH CHCTEMBI OOBIKHOBEHHBIX ANM((EpEeHINAIBHBIX ypaBHEHHH, KOTOpPBIE OOBIYHO pera-
forcst Merogamu PyHre—KyTTel. AnbTepHaTHBHBIN MOAXOJ K MOJAEIMPOBAHUIO OCHOBAH Ha HCIIONB30BAaHHUU
HEHpOHHBIX ceTel. MccenoBarenu n3 MaccaqyceTckoro TEXHOJIOTHYSCKOTO HHCTUTYTA [ 5] pa3paboTanu Hel-
POHHYIO C€Th, OOYYEHHYIO Ha JIaHHBIX M0 JAuHaMKKe uHpekmu u3 ropona Yxaus, Uramuu, CIIA u FOxHoi
Kopen n 1mo3Bossiontyo MOIEIUpOBaTh OCIEACTBHS BBEACHUS U CHATHS KapaHTHHA.

PacnpenencHHas MareMaTndyecKas MOJENb 3a/aud, pacCMaTpuBaeMas B JaHHOHW paboTe, COCTOUT W3
CHUCTEMBI ypaBHCHI/Iﬁ NnepeHoca, OIUCHIBAOIIUX HU3MCHCHHUE BO BPCMCHHU MJIOTHOCTEH I/IH(I)I/II_[I/IPOBS,HHOFO,
HEeMH(HUIMPOBAHHOTO ¥ MMMYHH3HPOBAHHOTO HACENIEHM, a TaKkKe HadaJIbHBIX YCJIOBUH. V3MeHeHmMe mccie-
JYeMbIX BEJIMYHMH B MPOCTPAHCTBE MOJECIUPYETCS 32 CUET BBEACHUs B ypaBHEHUS MH((Y3MOHHBIX U KOHBEK-
TUBHBIX cjaraeMbiX. JIJIsl YUCIICHHOTO peIIeHHs 3a/1ad JaHHOW MOJEIM MCIOIb30BaIMCh MHOTOKPATHO arpo-
OMpPOBAHHBIC METOJIbI BEIYUCIUTEILHON THAPOIUHAMHUKY (METOJ] KOHTPOJIBHOTO 00beMa, HesIBHAS 110 BPEMEHH
cxema) [6].
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MaremaTn4yeckne MoAeJI «KKOPOHABHPYCHOIO PeaKTOpay

PaccMaTpuBaeTcs mOMyISANUs, B KOTOPOH paclpoCTpaHsAeTCss HHPEKITMOHHBIN MPOTIECC, OCHOBAHHEIIM
Ha B3aUMOJICHCTBUM MPOLECCOB MEPEHOCa M B3aUMHBIX NPEBpAIICHUN (peakluii) 3eMeHToB cucTeMbl. [lo
CBOEH TNpHpOJEe AWHAMHKA TaKHX CHCTEM OCHOBaHA Ha COOTHOIIEHHIX OanaHca (3aKOHOB COXpaHEHUs), TH-
MUYHBIX JUI1 KHHETUYECKOM TeOpUH, A ypaBHEHUH bosibliMaHa B TEOpUH Ia30B, AEPHBIX PEAKTOPOB, KMHE-
TUYECKOW TEOPUH KOATYJSAIUH | T. TI.

Koneuno, pazpaboTka Mozeneil CTojlb MacIITaOHOTO M OBICTPO MPOTEKAIOILETO SIBICHUS U3HYTPH Je-
JI0 CIOKHOE ¥ MHOTHX JaHHBIX He XxBartaeT. Ho, B 1e71oM, MO)KHO YCMOTPETh aHAJOTHIO TEKYIEH CUTyalluu ¢
MPOLECCAMH, TIPOUCXOJAIINMU B AJEPHOM PEAaKTOPE, YTO MO3BOJISET PACCMATPUBATh BCE NMPOUCXOASIIEE KaK
«BHPYCHBIH» PEaKkTop, B KOTOPOM «BBITOpPaeT» TOIIMBO — JIIOAH, BCTYHAIOIIME BO B3aUMOAEHCTBHE C BHpYC-
Ho mH(pekuuel. C 3ToH TOYKM 3peHHs N30JTMPOBABIINECS TEPPUTOPUH (CTPaHBI) MOXKHO PacCcMaTpPHBATh Kak
«BHPYCHBIA KOTEM» C HEMPOHHIIAEMBIMU TPAaHMLIAMH 0 MEPEKPBITOMY BIACTSIMH MEPHUMETPY, B KOTOPOM B3a-
MMOJICHCTBYET CMECh M3 3I0OPOBBIX M 3apaKEHHBIX JIIOZCH. 30pOBBIE B PE3yNbTaTe MepeMEnINBaHNs 32 CUET
KOHTAKTOB C 3apaKCHHBIMH TaKXe CTaHOBATCS 3apaKeHHBIMH. IlocieaHue MOryT MpeBpaTHTHCS B OONBHBIX,
4acTh U3 KOTOPBIX BBI3ZIOPABIUBAET (BO3MOXKHO, MPHOOPETasi UMMYHHUTET), a 9acTh, yBBI, THOHET.

B pamkax 3Toii aHaJOrMU Ba)KHO HOHSTH, YTO SBISIETCSA PEabHBIM YIPABIAIOMNMM (aKTOpOM HaIo-
nobue ympasistomux crepxkHed (CY3 — cuctema ympaBleHHUs 3allUTON) B SICPHOM peaktope. Hammuwme
YIpPaBJICHUS TO3BOJISIET «IIOTACUTH» PEAKTOp WM €r0 «pa3orHarhy. M3 myOnuKyeMbIX CTaTUCTUYECKUX CBO-
JOK MOXKHO TIOKa BBISIBUTH BaKHBII yIpaBisIolIuid GakTop — 3T0 KOIPQUIUECHT MepeMeIInBaHHS 310POBBIX
U 3apaXCHHBIX Jofed. DTOT Kod(p(UIMEHT CyIIeCTBEHHO CBSA3aH C HAJMYHEM HEJIOKAIbHBIX CBS3CH B peak-
TOpe, TMPEXKJE BCET0 — C TPAHCIOPTHBIMU IOTOKaMH (METPO, Ha3eMHBIH TPaHCIOPT), MOCKOIBKY HMEHHO OHU
CIIOCOOCTBYIOT IIEPEMEIINBAHNIO HACEICHUS U COILYTCTBYIOLIECH Iepenade MH(EKIUH.

st omucaHus pacpocTpaHeHus] HHPEKIMK UCTIONb3YIOTCS BEIWYMHEL 111, Mg, N3, COOTBETCTBEHHO
0003HavaroMe KOHIEHTPAINH «HEWH(PUIIMPOBAHHOT0», «MHPHUIIMPOBAHHOTO» U «IMMYHH3UPOBAHHOTO» Ha-
CeJICHUs, IMEHYEMBbIE HIKE COCTOSTHUSMH 3JIEMEHTOB cucTeMbl. Hike, TaMm, rae 3To He BiieueT 3a co0oii more-
PH CMEBICIIa, COCTOSTHUS 3JIEMEHTOB CHCTEMBI OyeM 0003Ha9aTh CHMBOJIAMHU COTBETCTBYOIIUX KOHIIEHTPAITHH.
PaccmarpuBarorcs 1Be Moznenu — mepBas MOAEIb TOYEYHas, HE MpeNyCMaTpUBaloIias IpOCTPAHCTBEHHOTO
pacnpeneneHusl BeNW4HH, a BTOpas — pacipeeneHHas, B KOTOPOH 3aBHCHMOCTb OT NMPOCTPAHCTBEHHBIX KO-
OpIMHAT yYUTHIBAaETCA 3a c4eT BBeACHUS NU((Y3MOHHBIX U KOHBEKTHBHBIX claraeMbiX. Bxitouenue nuddy-
3MOHHOTO ONY>KAaHUs MPUBOJUT K MOJENsAM Tuma «reaction-diffusion», paccmarpuBaBmmmMcsi B paboTax 1o
TEOPUH TOPEHMS U NE€TOHALMH, LIEMHBIX PEaKIUN U CaMOOPraHU3allli, B YaCTHOCTH, CM. [7-9].

1. ToueuHnast Mmoge/ib KOPOHABMPYCHOIO peaKTopa

Mogens MpocTpaHCTBEHHO-OAHOPOAHON cuUCTeMBl (0e3 ydyeTa MpOCTPaHCTBEHHOTO MEPEeHO0ca) COOT-
BETCTBYET B 3a7a4yax siaepHoil sHepretuku [10, 11] Tak Ha3piBaeMoMy TodeyHOMY peakTopy. OHa OCHOBBI-
BaeTcs Ha cucTeMe OOBIKHOBEHHBIX AU (EepeHINANBHBIX YPaBHEHUN AJIsl TUHAMHUKH HEM3BECTHBIX BEINYMH
(xoHtteHTparuit) 11 (t), no(t), nz(t):

dn
T = —A\imng + ang + qi,
dny _

ai d)\lnlng—*yng—)\n2+ﬁn3+qQ, (1
G =qne — (a+ ) n3+gs,

rae { — Bpems; « > 0 — HHTEHCHBHOCTbH MEPEX0/Ia U3 COCTOSIHUSA 113 B COCTOSIHUE 711; 3 > (0 — HHTEHCUBHOCTh
Mepexosia U3 COCTOSHHUS 713 B COCTOSIHUE 9; Y > () — MHTEHCHBHOCTB Tepexojia U3 COCTOSIHUS 19 B COCTOS-
Hue n3; A > 0 — UHTEHCHUBHOCTh CMEPTHOCTH, A| — MHTEHCHUBHOCTh 3apPAXKCHHS, T.C. MEpexoja IEMEHTOB
U3 COCTOSIHHS 71| B COCTOsIHME Ng; q;(f) > 0, i = 1, 2, 3 — ucrounukossie wiensl. [To cymectBy cucrema (1)
SIBIIIETCST OajJaHCOM (CHUCTEMOM 3aKOHOB COXPAHEHUS) aKTOB «POXKIEHUS» U «TUOETN» 3JIEMEHTOB CHUCTEMBI
B pe3yJbTare ux B3aumMmojencTus. [lapamerp A; > 0 3amaeT HHTEHCUBHOCTD 3apa)KCHUS MPH MepeMenInBa-
HUY 3]I0POBBIX U MH(MUIUPOBAHHBIX IMPEICTaBUTENCH MOMYNSAUH. B pe3ynprate Takoro B3auMOICHCTBUS C
WHTEHCHBHOCTBIO \| MPOHMCXOAUT NPEBpAICHHE 3JOPOBBIX MPEJCTABUTEICH CUCTEMBI B 3aPayKCHHBIX.
HauanbHble 3HaYCHUST BETUYWH MPEIIONAraloTCs H3BECTHBIMH:

n; (0)=ny, i=1,2,3,

mpuuem n;0 > 0, i=1, 2, 3.
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Ecmu A =0,¢q =0,i=1, 2, 3, To cucrema (1) onpenensier COOTHOLICHHE COXPAHCHUS ISl CYMMBI
BEIIUYHH 11, Mo, N3. JJeHCTBUTENBHO, B 3TOM CIydae CyMMa IIpaBhIX dacTel cuctemsl (1) Oymer paBHA HYIIO,

T. €.0
dm | dny | dng _

-0,
at " ar o dt
OTKy/Ia CIEYET, YTO
ni(t) + no(t) + n3(t) = const.

Teopema. [lpasas uacme cucmemol (1)aeraemcsa onepamopom 6orvymarnosckoeo muna. Eciu napa-
mempul o, B, v, A1, A u 3navenus @yuxkyutl u q;, i = 1, 2, 3, nHeompuyamenvhvl, mo onepamop 8 Npasoll
yacmu cucmemst (1) obnadaem ceoticmeamu ouccunamusnocmu u neompuyamensrocmu npu n; > 0 [12,
13]. Coomseemcmeenno, cucmema (1)npu Heompuyamenvuvlx HA4ANLHLIX OAHHLIX 001a0Aem eOUHCMBEHHbIM,
HeompuyamenbHviM, 21a0KUM peweHuem 01 6cex sHavenuti epemeru t > 0.

2. PacnipenesienHasi Mmojesib
PaccmarpuBaeTcs  3ajaua  mepeHoca Ha  cdepe  eIMHMYHOTO  pagmyca S =
{ (x,y,2) €eR®: x?+y?+2%=1}. Maremaruueckoil MONeNBIO 3a/auM SBISIETCS CHCTEMA YypaB-

HEHUH:
% + (v V) np=—-A\ning + anz + o1An; +qp,
%-F(‘U-V) N9 = A\{ning — yng — A\ng + Bng + o9Ang + qo, 2)

s 1+ (v-V) ng =ny — (a+ B) nz+a3Anz + gs,

rae t — Bpems; n1(r,0,¢,t), no(r,0,6,t), n3(r,0,¢,t) — HeU3BECTHBIE BENUYMHEL; <, 3, 7, A, A; — MapaMeTphl
3a/1auM, OMpeeIsIeMble TaK ke, Kak u i cuctemsl (1); oy, 09, 03 — koadpdunumentsr quddysun; (7,60,¢) —
cdepuueckue koopaunarel; ;(t) > 0, i = 1, 2, 3 — ucTouHnKOBBIC WieHbl. [1oe CKOPOCTH U TIPemoaraeT-
s 3a/IaHHEIM.

C‘{I/ITaeTCH, YTO B HavalbHBIH MOMEHT BpPEMCHU t = 0 wusBecTHBI pacupCaciiCHusA BCIWMYHNH

ny(r,0,0,t), no(r,0,0,t), n3(r,0,0,t):
ni(r,0,¢, 0) = ;(r,0,0), i =1, 2, 3.

TecToBbIE PacyY€ThI

1. Toueunass MoaeJib
Uucnennoe pemeHue cucTeMsl (1) Iporn3BOAMIOCH MTPH TTOMOIIH CXEMBI Diiepa. 3HaUCHMSI TTapaMeT-
POB Mozeny ObUIH BBEIOPAHBI CIEAYIONIHMU:

A =5,7v=5a=5=0,1=0.1,
MCTOYHUKOBEIN WIeH ObUT paBeH:
q(t) =0.1.

Ha‘IaJ'IBHBIe YCJ'IOBI/ISI NMCIIU BU.
n1 (0) = 0.99999, 15(0) = 0.00001, n3(0) = 0.

Pe3yneraThl BEIYMCIMTENBFHOIO 3KCIIEPUMEHTa NPUBEACHBI Ha pUC. 1, KOTOPBIH AEMOHCTPHPYET Oc-
LMIISIMOHHBIN PEeXUM, THITUYHBIA 17151 pactpocTpanenuss COVID-19.

2. PacnipenejieHHAsi MOJI€eJIb

JIucKpeTHBIH aHaANOT s CUCTEMBI (2) OBUT IOCTPOEH MPH OMOIIM METO/Ia KOHTPOJIBHOTO 00beMa ¢
WCIIONIb30BaHUEM MOTHOCTBIO HesiBHOU cxembl [6]. ms pemenus CJIAY, nonydeHHON B pe3yibraTe AUCKpe-
TU3aIUH, OBLT UCTIONB30BAaH METOJI IEPEMEHHBIX HalpaBIICHHH.

Janee npuBomATcs pe3yabTaThl BHIUMCIUTEIBHBIX SKCIIEPUMEHTOB IS pacipeneiaeHHON Monenn. B
MIPOBE/ICHHON CEPHH PacueTOB OBIIHM MCIIONB30BAHbI CIEAYIONINE 3HAYCHUS TapaMeTPOB:

AM=5,vy=5,a==0,A=0.1.
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n1, n2

05

o v e b b
0 5 10 15 20 25 30 35 40
t

Puc. 1. 3asucumocmu ny u no om epemenu. CniowHas TUHUSL — N1, WIMPUX-NYHKIMUPHASL TUHUS — 19

Koadpdumuentsl quddys3un npearnonaraaick MOCTOSHHBIMUA U PABHBIMHU APYT IPYTY:
o1 =09=03=0=1.
3ananHoe Ha cdepe Tone CKOpOCTH V = (Uy, Uy, U;) UMEET BUJ:
Uy = —2siny ,u, = 2Sinx , U, = Xsiny — ysinx .
HavanbHble ycnoBus BEIOpaHBI CIEAYIOMINM 00pa3oM:
ni(r,0,¢, 0) =1,

B A,eanGE[%— ,§+5],¢E[7r—5,77+5],
(10,9, 0)_{ Occma 6 ¢ [ — 6, %+ 6] wm ¢¢ [ — 6, m+6] ,

n3(r.0,¢, 0) = 0,

rme A u 0 — mapaMeTpbl, ONpenessIONIMe BEIMYNHY U JIOKAJIM3alMI0 HAYaJbHOTO pacrpeneieHus no. Mx
3HaueHus OpuH BEIOpaHsl paHeiME A = 1000, 6 = 0.05. HauaneHsle pacnpeneNneHus 1y U fo N300pakeHbl
COOTBETCTBEHHO Ha puUC. 2 U 3. Pe3ynbTarhl BBIYHUCIUTENBHBIX KCICPUMEHTOB NPHUBEACHBI Ha puc. 4 u 5,
KOTOPBIC WILTFOCTPUPYIOT COOTBETCTBEHHO YMCHBIICHUE YMCICHHOCTH 30POBOTO HACCICHUS U YBEIUYCHHUE
YHUCIICHHOCTH WH(UIIMPOBAHHOTO.

B kadecTBe MHTErpaibHBIX XapakKTepUCTUK Beawdud ni(r,0,¢,t), no(r,0,¢,t), ns(r,0,¢,t) Opimn pac-
CYMTaHBI MOBEPXHOCTHBIE HHTETPANIBI OT 3TUX (QYHKIHMH 110 chepe S:

Ni(t) = //S ni(r,0,0, H)dS, (i=1,2,3).

Ha puc. 6 npuBeneHa 3aBUCHMOCTh HHTETpaIbHBIX Xapakrepuctuk N;(t), i = 1, 2, 3 or BpeMeHH 115t
pacueTa Mpu 3HaueHuu o = 1.

3akJjoueHue

[IpemtoxkeHpl Be MOAENH AJISi PACIIPOCTPAHEHUS KOPOHABUPYCHON WHpexnuu — todedHas (1) u
pacmpenenennas (2), yYUTHIBaIOIIAas MPOCTPAHCTBEHHYIO 3aBUCHMOCTh HEM3BECTHBIX. IIpoBenena cepusi BhI-
YHCITUTEIHHBIX IKCIIEPUMEHTOB C MCIIONBb30BaHIEM JIaHHBIX MOJielieil, KOTOphIe YKa3bIBalOT Ha BOSMOXKHOCTh
ONMM3KOM K Tiepuorueckoi (puc. 1) TMHAMUKH B TOYEYHOM MOnenu. JTa MOJIeb COOTBETCTBYET peakTopy 0e3
MIPOCTPAHCTBEHHBIX TPAHUIl. DBOJIONHS KOPOHABUPYCHOM HHQEKINH (HOBBIX 3apakeHUI) B IUTAHETapHOM
MacinTabe Ka4ecTBEHHO MOJTBEPkKAaeT 3To HabmroaeHue (cM. puc. 7).

st momHO#M HACTpOWKM Mozenell HeoOXOaMMBl BEpU(DHUIIMPOBAHHBIE IKCTICPUMEHTAIBHBIC JTaHHEIC,
MTO3BOJISAIONINE JOCTOBEPHO OICHUTH KOI(D(UITUSHTEI.

PacdeTsl MOKa3pIBAIOT, YTO C TEUCHUEM BPEMEHH MPAKTUICCKU BCE HACEICHHE CTaHET MH(PHUITMPOBAH-
HBIM (70151 THPUIIMPOBAHHOTO HACEJICHUS B TIOMYIANNY MPUOIMKaeTcs K equnauie). s Monenu BUpyCHOTO
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n1

-

Puc. 2. Pacnpedenenue ny na momenm spemenu t = 0

Puc. 3. Pacnpeoenenue ny na momenm gpemenu t = 0

peakTopa (6e3 ydera MPOCTPAHCTBEHHOTO paCIpENIEIeHUs] HacelleHHs] M TPENNojIOKEeHH O eCTeCTBEHHOM
WMMYHH3aLUH) HA OCHOBE MOJCYMTAaHHOH BeMTUUMHBI Kodduuuenta nepemernBanus 0,118136 omnenka ymc-
JIEHHOCTH OOJBHBIX Ha paHHEH cTaawy HaOmromeHui pacnpoctpanenus uHbeknun (19 anpens 2020 1) momy-
yuiack paBHOU 23 966 uen. dakTuueckoe YnUciio OONBHBIX B MOCKBE ¢ MPAaKTHYECKH HEIPOHUIIAEMON Ha 3Ty
JaTy TpaHWIleH, 1Mo OQUITHAIBHEIM TaHHBIM, ObUTO paBHO 24 433. Ha manpHe#mmil mporHO3 HAYall BIUATH
MPOITYCKHOM PEeXUM, KOTOPBII M3MEHII KOA(Q(QHUIUECHT NepeMeINBaHHS.

Bosmoxken cuenapuii ynpasiieHHsT KOOQQUIUEHTOM MEpeMEIINBaHMs, KOTIa OH CTAHOBUTCS MPAKTH-
YeCKH HyJEeBBIM. B 3TOM citydae o7l MHOHUIIMPOBAHHBIX MOXET OBITh 3a()MKCHpOBaHA Ha 3aJJaHHOM yPOBHE
MEHBLIE SAUHULBL, T. €. CUTYaLUsI MOXKET OBITh «3aMOPOXKEHa» C BBIXOIOM Ipaduka yrcia HHPUIUPOBAHHBIX
Jofiell Ha TOPU30HTAIBHOE TIJIATO, HO TOJBKO B TEUEHHE BPEMEHH JIEHCTBHS MaJOCTH KO3 HUIMEeHTa TiepemMe-
muBaHuA. Torma cucTeMa 3acThIBaeT B METAaCTaOMIBLHOM cocTossHMU. Ho 3To upeBaTto moTpsceHusMHu yxe B
WHOH 00NacTH — B 3KOHOMUKe. Kak TONbKO orpaHuueHust OyIyT CHATHI, BUPYCHBI PEakTOp CHOBA IMYCTHTCS B
pasros!
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Puc. 4. Pacnpedenenue ny na momenm eépemenu t = 0.25 npu o = 1

Puc. 5. Pacnpedenenue ny na momenm epemenu t = 0.25 npu o = 1

[Ipobnemy permraer TOIBKO BaKIMHANWS HaceleHHs (IPH YCIOBUH pa3paboTKu 3(peKTHBHONM BaKIu-
HBI, THOO ecTeCTBEHHAs: MMMYHHU3AIMs HaceJICHUs, KOHEYHO, €CIIM OHA MMEET MECTO 3a CUeT NPUOOPETEHHOTO
MMMYHUTETa y TIepeOoIeBIINX ), YTO ITO3BOJISET CYLIIECTBEHHO CHHU3HUTH JOJII0 MHPUIHMPOBAHHBIX M MOAABUTH
SMHUIEMUIO.

ITocaecioBue

[Mocne oTmpaBKku AaHHOH CTaTbU B PEAAKLHUIO JKypHaja COOBITHS, CBA3aHHBIC C PACHPOCTPaHEHHEM
KopoHaBupycHo# nH(pekunu B PO (cm. puc. 8), moOyaniam aBTOPOB BHOBh OOPAaTUTh BHUMaHNE Ha CYIIECTBEH-
HOE BIMAHHUE (QaKTopa MepeMEIIUBaHus Ha BO30yKAEHHE KoJIeOaTeIbHBIX PEKUMOB B MOMYISIUHA. OTKpHITas
rpanuna ¢ Maauen npusena B TedeHue Masg-uioHA 2021 I K 3HAYUTEITHHOMY BCIUIECKY KOJIMYECTBA WHQHIIH-
POBaHHBIX KOPOHABUPYCHOM MH(]EKLMeH Ha ypoBHE, IpeBocxoaseM 3 ¢GeKTsl ToqoBol faBHOCTH. Tak yTo
3TO SBISIETCS OYEPENHBIM MOATBEP)KJICHHEM SIBJICHHUS KOPOHABUPYCHOTO peakTopa B IIodaspHOM MacuiTale,
KOTOpO€e TpeOyeT IeTaJbHOro UCCIeN0BAaHUA HA OCHOBE TOYHBIX CTATHCTHYECKUX IAHHBIX.



Venexu kubepnemuxu / Russian Journal of Cybernetics. 2021;2(2):12-20 1 9

0.8

o
o

N1, N2, N3
<
H

0.2

Puc. 6. 3asucumocms senuuun Ny, No, N3 om epemenu ¢ cniyuwae o = 1. llImpuxosasn aunuss — Ny, cniownas
aunusi — No, wmpux-nynkmupras aunus — N3

Mup

N AN 322326
°

17 906 8579

il =
®EB MAP AMP MAW WIOH UION ABI CEH OKT HOSl JEK SIHB ®EB MAP AMP MAW

Puc. 7. [annvie na 26.05.2021: uucino Ho8bIX 3apadicenuti — KPACHblU 2paur u cmepmeti — Yephvlil 2pagux
(u3 omkpvimuix ucmounukos: Andexc. Koponasupyc: cmamucmuka)

QHAEKE KopoHaBMpycC: CTaTUCTHKA

Poccua

29935

17594
11656
-

635 548
AMEMABIOHIO MBI CEHOK THOFIERRHEDE BMARNAVABICH
YuCcno HOBBIX 3apaMmeHui

B NOCNEAHWE ABE HEAENW, ThIC.,
Poccua

17,317.97.617,445 7176
11.712,513818-713.714.213 4141

WEOH 11 12 13 14 15 16 17 18 13 20 XM 22 23

Puc. 8. Januvie no PO na 23.06.2021 (uz omxpeimoix ucmounuxos. Anodexc. Koponasupyc: cmamucmuxa)
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BBICOKOCKOPOCTHBIE OIITUYECKHUE IIUHBI IIEPEJIAYA JTAHHBIX HA IIEYATHBIX
IVTIATAX JJIsA MUKPOITPOLECCOPHBIX BBIYUCJIUTEJIBHBIX CUCTEM

A. C. Axmanos!2, B. H. Cokouos!2, B. SI. lan4enxo!
U @edepanvuuiii nayuno-uccnedosamenscruii yenmp «Kpucmannoepagus u pomonuxay Poccuiickoii
akademuu nayx, e. Mocxaa, Poccuiickas @edepayus
2 ®edepanvroe cocydapcmeentoe yupexcoenue «Dedepanbhuiii HAYUHbLL YeHmp
Hayuno-uccredosamenvckuii uncmumym cucmemuvix ucciedoganuti Poccutickoti akademuu Hayky,
2. Mockea, Poccuiickas @edepayus

AHnHOmMayusA: pacCMOTPEHBI BOIPOCH (POPMUPOBAHUS ONTHYECKOTo HHTepKoHHekTa Mexxay CBUC Ha
MIEYATHBIX IUIATaX C MUCIOJIB30BaHUEM (DTOpCOMEpKANINX MOJMMEPHBIX MarepraioB. OOCYXIAIOTCS pa3ind-
HBIC aCIEKThI TeXHOJOTHU Y®D-horomurorpaduu s co3maHUs MOJUMEPHBIX BOJHOBOAOB. [IpuBomsarcs pe-
3yIbTAaThl UCCICIOBAHUHN, HAMIPABICHHBIX HA (POPMUPOBAHUE BBICOKOCKOPOCTHOW ONTHYECKOHN IIMHBI Iepena-
YU MTaHHBIX I MHKPOIIPOIIECCOPHBIX BBIYUCIUTENBHBIX CHCTEM (cynepOBM) ¢ ucnoiap30BaHHEM MacCHBOB
MIOJIMMEPHBIX BOJIHOBOJIOB HA IMEYAaTHOW TINIaTe.

Kurouesvie crosa: onTudeckue MEXCOSTUHEHUS, TTOJTUMEPHBIC BOITHOBOJBI, ONTHUYECKAs IIMHA TIepe-
Jauyu JaHHBIX Ha MeJyaTHoM mare, cynepOBM.

brazooapnocmu: aBropsl Omaromapsat akagemuka B. b. betenuHa 3a akTHBHYIO HMOANEPIKKY KOHIICTI-
AW Pa3BUTHS ONTHICCKAX MEKCOCTUHEHHUH s cynepOBM u mogoTBopHEIE 00CykaeHus. PaboTa BBITOI-
HeHa npu puHancoBoi mogaepxkke PODU (rpant Ne 18-29-20102).

s yumuposanus: AxmanoB A. C., Cokonos B. U., [1lanuenko B. 5. BeicokockopoCTHBIE ONITUYIECKHE
IIWHBI MepeJladyd JaHHBIX Ha MeYaTHBIX IlaTax AJII MUKPOIMPOIIECCOPHBIX BBIUMCIUTENBHBIX CUCTEM. Ycnexu
kubeprnemuxu. 2021;2(2):21-28. DOI: 10.51790/2712-9942-2021-2-2-2.
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Abstract: the study deals with the optical interconnect between VLSIs on a PCB with fluorine-
containing polymers. Various aspects of the UF photolithography for making polymer waveguides are
discussed. The results of the research aimed at making a high-speed optical data bus for SoC (supercomput-
ers) with PCB polymer waveguide arrays.
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Beenenne

CoBpeMeHHBIE MUKPOIPOLECCOPHBIE CHCTEMBI CO3JAIOTCS IyTeM OOBEOUHEHHs OOJBIIOrO 4YMciia
cBepx0opmuX nHTErpalnbHbIX cxeM (CBUC), BemonHAomumx pa3nuansie pyHKIMN (MUKPOTPOIIECCOPHI, CXe-
MBI TTaMSITH, CXEMBI YIIPABICHUS U KOMMYTalUH, YIIPABIECHHS BBOAOM-BBIBOIOM H Jp.), B OXUH MOAYJb C IO-
MOIIBI0 METAIIIMYECKUX MPOBOJAHMKOB HA MEYAaTHOH IUIaTe M COSNMHEHHS MOIYJIeH MOCPEICTBOM KPOCC-TIIaT.
Hannble Mexny CBUC Ha meuaTHBIX IUIaTax MEpEAaroTcsl EKTPUUECKUMM CHUTHajlaMu. BwicTpoapeiicTBue
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Bovicokockopocmibie Kue Wbl nepeoaiu OaHHbIX Ha X naamax ons mi

(PONPOYECCOPHBIX BbIHUCI X cucmem

MHUKPOIPOIIECCOPHOI CUCTEMBI B 1IEJIOM 3aBUCHUT OT ObICTpojeiicTBus Bxomsamux B ee coctaB CBUC, a Tak-
K€ OT CKOPOCTH OOMEHA MaHHBIMH MEXAy HUMH. KOMMyHHKaITMOHHAS cpena, 0ObeIUHSIONmAs IPOIeCCOPHI,
[aMATh U CUCTEMBbI BBOJA-BBIBO/IA, SBISCTCS OAHUM U3 KIIOUEBBIX 3JEMEHTOB cynepOBM.

HauGonee BaXHBIMH MapaMeTpaMd KOMMYHUKAIMOHHOW cpelbl (MHTEPKOHHEKTa) ISl MEPCHEeKTUB-
HBIX cynepOBM sk3adioncHOM MPON3BOMUTENFHOCTH SBISIOTCS MPOITYCKHAs CIIOCOOHOCTH (IIUPHHA TTOJIOCH
BW) u notpebisiemas MomHOCTh. X OLIEHKY MOKHO CIIeJIaTh IyTeM SKCTPAIOJSIHMU TapaMeTPOB, U3BECTHBIX
Ul coBpeMeHHBIX DBM meTadioncHoi Mponu3BOAUTENHHOCTA. B HacTosmIee BpeMsi BBEIACHBI B DKCILTyaTa-
LU0 HecKoNbko cynepOdBM mnpoussoaurensHocThio 20-200 nmeraduon/cek. [lorpebnseMass MOITHOCTh 3TUX
OBM Haxonutcs B amamnazoHe 2-30 MBT, MomHOCTS, OTpedasieMass HHTEPKOHHEKTOM, COCTABIISIET OKOJIO
30 % moIHON MOIIHOCTH.

HHTerpanbHOil XapakTepUCTUKON CKOPOCTH MEpefaudl JaHHBIX SBISETCsS OMCEKIMOHHAs MPOITyCKHAs
CHOCOOHOCTh MHTEPKOHHEKTA, T.€. CKOPOCTh MEepeAadyrd MEXAy ABYMs yCIOBHBIMH TonoBuHamu ODBM. Jlms
s dextuBHOl padoTel DBM nmpon3BOIUTENBHOCTHIO HECKOIBKO MeTadonc, OMCEeKIMOHHAs MIPOITYCKHAs CIO-
cobHOCTB cocTaBmsier mopsiaka 100 TOUT/cex, YNCI0 OTICNbHBIX KaHAIOB cBsi3u gocturaet 108, Macira6u-
poBaHMe 3THX mapameTpoB Ha DBM npousBoauTensHOCTBIO 1 3K3aduionc maet oueHKy moTpediasieMoi Mol-
HoctH mopsinka 50 MBT, uto TpeOyeT pa3pabOTKM MPUHIMITHAIGHO HOBBIX METO/IOB Iepesadd U 00padoTKu
InaHHbIX B OBM.

BuceknnonHas mporyckHasi CHOCOOHOCTh MHTEPKOHHEKTa dK3aduionicHoit OBM momkHa HaXOAUTHCS
B juamasore 100 ITerabur/cex — 1 Dx3abur/cex, a umciao kanamos csszu 102-10°. TIpu stom smepromo-
TpeOJICHNE B OOHOM KaHaje IOJDKHO COCTaBIATh 1 muko/[xoyns/outr — 100 dpemrolxoynei/out, nmm 0,1-1
MBT/I'6ut/cex. Britie mpuBeIeHB CpeHIE ONIEHKH TapaMeTPOB MHTEPKOHHEKTA B dk3aduionicHol DBM, mo3-
BOJISIIONINE YKa3aTh 00JacTh MapaMeTPoB IS UCCIIEAOBAaHUN U Pa3padOTOK HOBBIX TEXHOJIOTHH €ro CO3IaHus.
WHTEpKOHHEKT SBISAETCS CIIOKHOM UEPAPXUUECKOW CUCTEMOM U COCTOUT U3 MOJICUCTEM KOMMYHUKALIUN: BHYT-
pu mporieccopHoro szpa (1 MM), Mexay sapaMu ¥ NaMsITBhIO Ha TporeccopHOM Kpuctaiute (1 cMm), Mexmy
MPOIECCOPaMHU HAa BBIYUCIUTEIBHOM y3iie (node, mevyarHas miara 10-50 cM), B MOayae MEXAy NMEYaTHBIMU
maramu (backplane kpocc-manens 100 cMm), MexIy MOAYIIsIMU B cToiike (1-3 M) u Mmexmy ctotikamu (10-100
M). HeoOxonumble CKOpPOCTH Mepeaadn Ha KaXKA0W U3 STHX CTyNEHEH CYLIeCTBEHHO 3aBUCST OT KOHKPETHOH
APXUTEKTYPHI BEIYACITUTEIEHON CUCTEMBL.

KoMMyHuKalimoHHbIE Cpefibl, OCHOBaHHBIC Ha AJIEKTPUUECKUX JIMHUSIX CBS3H, CYIIECTBEHHO OrpaHHuyYe-

HBI 110 OBICTPOJICHCTBHIO U TAPAILICIU3MY BCICACTBUEC (GU3NUCCKUX OTPAHUYCHUH, TOATOMY MEPCIICKTUBHBIM
ABJISIETCS IEPEXO] HA ONITUYECKUE JINHUU Ha BCEX YPOBHX uepapxuu. OCHOBHbIE IIPEUMYIIECTBA ONTHYECKUX
TEXHOJIOTHH JJ1s1 BBICOKOCKOPOCTHOM nepenayu nHpopManuu B cynepOBM U MUKpONpOLECCOPHBIX cUCTEMax
CIIEyIOIINE:

® CYIECTBEHHOE YMECHBIIICHUE BPEMEHHBIX 3aJIepKeK (ONTHISCKHE CUTHAJIBI PACTIPOCTPAHSIOTCS CO CKO-
POCTBIO CBETA);

e [IMPUHA IOJIOCHI Cpeibl MpakThuuecku He orpanudeHa — 0 100 TT'u. CxopocTs nepeaayu mo oJJHOMY
KaHaJy ONPENeNsieTCs TOIbKO MOJI0CAMU HCTOYHUKA CBETa U (DOTONPUEMHUKA;

e 715 yBeNWYeHHU WH(POPMALIMOHHOW eMKOCTH KaHalla MOKHO HCIIOJIB30BATh METOIBI MYJIBTHIIIEKCHPO-
Banus (TDM u WDM);

e (OTOHBI HE B3aUMOICHCTBYIOT APYT C APYTOM, MOKHO MUHUMH3HUPOBATh B3aWMMHEBIE HABOJIKU COCE-
HUX JUHUHA ¥ BHEUIHHE BO3ACUCTBUSI;

e MEHBIIIE TIPOOIEM C PACCEUBACMON B TEIIO MOITHOCTHIO, TCINIOBBIICICHUE HE YBEIIMINUBACTCS C JIJTH-
HOM COCOUHECHUII;

e HET MpobiieM ¢ CorIacOBaHWEM MMIIEAaHCOB JIMHUN U HATrPy30K;

® HET OrpaHUYeHUH JJIsl apXUTEKTYP, CBA3AHHBIX C JIBYMEPHOCTBIO Pa3BOJKH;

® TIpU MOMOIIU ONTHYCCKUX TEXHOJIOTHI MOXKHO pealli30BaTh TPEXMEpPHBIC IM0OaIbHBIC MEXKCOCIUHE-
Hus Oomapmroro ynciaa CBUC;

® ONTHUYECKYIO CBsSI3b MOXKHO NMPUMEHSTH Ha BCEX YPOBHAX HEPapXUU MEXKCOCIUHEHUH B cynepOBM;

® CyIIECTBEHHOE NMPEUMYIIECTBO ONTUYECKUX JIMHUM CBSI3U COCTOUT TAKXKE B TOM, UTO JJI YBEJIUYEHUA
CKOPOCTH Tiepefadn He TpeOyeTcs MPUHIUIUAILHO W3MEHSTh apXUTEKTypy JHHHUH, KaK 3TO Jejaercs s
JIEKTPUUECKUX COCTUHEHUI.

TexHOIOTHS ONTHYECKUX MC)KCOGZ[I/IHCHI/II\/II SHAaYUTCIIbHO IMPEBOCXOAUT TCXHOJIOTHUIO SJICKTPUUCCKUX
COGI[I/IHCHI/Iﬁ 0 MIMPOU3BOAUTCIIbBHOCTH WU INIOTHOCTU PACIOJOKCHHA KaHAJOB. O,Z[HaI(O H606XOZ[I/IMOCTL uc-
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MIOJIb30BAHUS JTOTIOIHUTEIBHBIX 3JIEMEHTOB — ONTHUYECKUX IMPHUEMOIIEepeNaTIMKoB (TPaHCUBEPOB) NMPUBOAUT K
YCIIO)KHEHHUIO KOHCTPYKIINN W HEN30e)KHOMY POCTY KaK CTOMMOCTH, TaK ¥ MOTPeOJIIeMO MOIIHOCTH.

B nHacrosmem uccienoBaHWM HaMHU ONMCAH MOAXOJ K PELICHWIO JAHHOW MpOOJIEeMBI C MCIONb30Ba-
HUEM MacCHBOB MOJIMMEPHBIX ONTHYECKUX BOJHOBOJOB Ha MEYATHBIX IUIaTax. B omn4Me OT aneKkTpudecKkux
IIMH Ha OCHOBE METAJUIMYECKUX MPOBOAHUKOB, TEIUIOBBIEIIEHNE B TAKOM MHTEPKOHHEKTE MPOUCXOMIUT, B OC-
HOBHOM, IIpU NPE0Opa30BaHUM HIEKTPHUUECKOTO CUI'HAIA B ONTUYECKUI U 00paTHO, T.e. HCTOUHMKAMH TeIlIa
SIBSIFOTCS J1a3epbl U (pOoTONpUEeMHUKH. [103TOMY ISl COKpallleHHs SHEPronoTpeOieHns: HHTEPKOHHEKTa HeoO-
XomuMa pa3paboTKa apXUTEKTyp U TOIIOJIOTHH, MUHUMH3UPYOIINX YUCIIO TaKuX nmpeobpasoBanuii. [Ipemmara-
eMBIH MOIXO0J K CO3JaHUI0 BBICOKOCKOPOCTHBIX ONTHYECKHUX IIWH Nepeady JaHHBIX Ha OCHOBE «CKBO3HBIX»
ONITHYECKHUX KaHAJIOB MPEIyCMaTpHBAET:

- ONTHYECKHE MEKCOEIUHEHHS Ha KpUcTaje (IIPOLECCOPHOM SIIPEe) U MEXAY SAApaMH C HCIIOJIb30BAHU-
€M BOJIHOBOJIOB U3 KPEMHHMA B OKHCH KpeMHU. [IockonbKy KpeMHHEBbIE BOTHOBO/IBI IPO3PAYHBI B TEIEKOMMY-
HUKALMOHHOM 00JIaCTH JUIMH BOJH BONM3U 1.5 MKM, HMEHHO 3TOT CHEKTPaJbHBIN AUAIAa30H IPEICTABISAECTCS
ONTUMAJIBHBIM JUISI «CKBO3HBIX» MEKCOEANHEHHI;

- ONTHUYECKHE MEKCOCIMHEHHUS MEXTY MPOIECCOPaMH Ha BBIYMCIUTENFHOM Y3JIe U MEeXAY y3JIaMH Ha
KpOCC-IUIaTe Ha OCHOBE MOJUMEPHBIX BOJIHOBOAOB. [IpH 3TOM KOHIIENIUSA «CKBO3HBIX» MEXCOEINHEHNH Npe-
TI0JIaraeT, YTO TOJIMMEPHBIE BOITHOBO/IBI HA TIEYaTHOW TUTaTe COCTHIKOBAHBI HETIOCPEIACTBEHHO C KPEMHHUEBBIMU
BOJIHOBOAAMH Ha yune. OTMETHM, 4TO OOBIYHBIE YITIEBOAOPOIHbIC MOJMMEPHBIE MaTepuaibl UMEIOT 3HAa4H-
TeNbHOE momtomeHune Bomm3u 1.5 Mxm. [ToaToMy A1t yMEHBIIEHUS ONITHYECKHUX TIOTePh U TETIOBBIIEIECHNUS B
OINITHYECKOM MIMHE pa3paboTaHbl U UCCIENOBaHbl ClenualbHble (ropcogepikaline moauMepbl, o0Ialaromue
MTOBBIIIEHHOW ONTHYECKOH MPO3PaYHOCTHIO W HU3KUM morionieHreM B 6mrkHei K obmactu cnexrpa;

- COEIOVHEHUS MEXIYy MOAYISAMH B CTOMKE M MEXIY CTOMKaMH PEaU3yIOTCA C IOMOIIBbIO JKTYTOB OII-
TUYECKHX BOJIOKOH, COCTBIKOBAaHHBIX C MOJIMMEPHBIMH BOJHOBOJAMM Ha IE€YAaTHOM ILIaTe.

B crarpe mpuBeneHB! pe3ynbTaThl COBMECTHBIX MCCIIEIOBaHMN, MPOBEACHHBIX B VHCTHTYyTE IpoOiemM
na3epHbIX M HHGOopMauroHHBIX TexHonorni PAH u HayuHo-uccienoBaTeabckoM MHCTUTYTE CUCTEMHBIX HC-
cnemoBaamii PAH mo pa3pa0boTke TEXHOIOTUH CO3MaHUs MOTUMEPHBIX KaHATBHBIX BOJHOBOIOB Ha IMEYATHBIX
iatax. 9Ty paboTsl Bexytes ¢ 2005 ropa mo nHUOMarTuBe akagemuka B.b. berenuna.

@opMupoBaHHe ONTHYECKUX BOJTHOBOIOB M3 (TOpPCOAEP:KAIIMX MOJUMEPHBIX MATEPHAJIOB Ha
MeYaTHOM MJIaTe METOAOM KOHTAKTHOI (poTosmTorpadun

Jlns co3maHus ONTHYECKUX MIWH Tepeladd NaHHBIX HauOoJiee MEePCICKTUBHBIMH SBIISIFOTCS TTOJIH-
(YHKIIMOHATBHBIE aKPUJIOBBIE MOHOMEPHI C OOMNBINON cTemneHbto (ropupoBanus. OHU 00NIAAAIOT BHICOKOH
OTITHYECKOW TIPO3PAYHOCTHIO B TEIICKOMMYHHUKAIIMOHHBIX TUAa30HAX JITHH BOJH M BHICOKOW aKTUBHOCTHIO B
porecce paaukaibHoi Goronoiaumepusanuu [ 1-14]. [ToaroMy Takre MOHOMEPBI MOT'YT OBITh UCIIOIB30BaHbBI
Ut HOpMUPOBAHUS MTOTMMEPHBIX BOJIHOBOIOB MeTooM YD-dhoTomuTtorpaduu, B OCHOBE KOTOPOTO JIEXKHT pe-
aKIHs paTuKaIbHONW (GOTOMONIMMEPU3alMd MOHOMEPOB O ACHCTBHEM Y®D-aKTHHHUYECKOro u3ayueHus. dop-
MHPOBAHHE TOJIMMEPHBIX BOJHOBOIOB METOIOM KOHTAaKTHOU (poTonmrorpaduu SIBISETCS TPEXCTYyIEHUATHIM
nporeccoM. OH BKIIOYaeT GopMHUpOBaHHUE HA MeUYaTHOW Iuiare OyepHOro MmoJIUuMEPHOTO CIIOS ¢ HU3KUM TI0-
KasarelieM IpenoMIIeHHsI; (opMUpoBaHHe Ha Oy(pepHOM ClI0€ CBETOBEAYIIMX KU BOJHOBOIOB IYTEM OCBE-
IICHUS KUAKOH KOMITO3HMIIMK C BBICOKHM ITOKa3aTelieM TpeioMicHus YD-u3nydeHneM depe3 (OTOIIadIoH;
3apaliBaHie CBETOBEIYIIUX XIJI MOKPOBHBIM IOJMMEPHBIM CIIOEM C HU3KHM IOKa3aTelieM MpeJIOMIICHUS,
puc. 1.

dororpaduss MHOTOMOJIOBBIX BOJTHOBOIIOB, H3TOTOBJICHHBIX JAHHBIM METOJIOM, IPHUBEICHA HA pHC. 2.
[[IupuHa ¥ BBICOTA BOJHOBOJIOB cocTaBiseT S0 MKM, pacCTOSIHUE MEXy BOJIHOBOJaMHU paBHO 200 MKM.

1. ®opmMupoBaHUEe MACCHBOB MOJUMEPHBIX BOJJHOBOJOB C BBHICOKON CTENEHbI0 HHTErpaluu

Jnst yBenIMYeHUs] CTETICHW MHTETPallid MOJMMEPHBIX BOJIHOBOJOB Ha NEYAaTHOH Iiare HEOOXOANMO
YMEHBIIATh PACCTOSHUE MEXTy CBETOBEAYIIUMH KIJIaMH. DTO MPEIbIBISIET 0cOO0bIe TpeOOBaHMS KaK K KOM-
MO3HLUSAM, TaK U KO BceMy Qotonurorpaduyeckomy mpoueccy. Jannas 3agada Obuia pelieHa myTeM HCIOJb-
30BaHMS aKTHHUYECKOTO M3IY4eHHUs ¢ IIMHON BoMHBEI 250-280 HM. DT0 mM0o3BONMIO (POPMHPOBATH MACCHBHI
BOJIHOBOJIOB C INTIOTHOCTBIO YIAKOBKHU 10 625 mt/cM (puc. 3), 4To B 2 pa3a NPEeBOCXOANT IJIOTHOCTD YIIAKOBKU
BOJIHOBOZIOB B onTtHyeckoi mmHe «Green Optical Link», pa3paborannoii ¢pupmoii IBM [15].
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[TonumepHslit OydepHsiit ciot Ny 1)

IleuaTHad rata

W CBeTtoBeny1as xuia

2)

3)

IleuaTHad riata

Puc. 1. Dmanwvt popmuposanus norumepHvix 60JHOB0008 HA NEHAMHOU NIAme Memooom
Y@-pomonumoepaguu. ny u ng — noxkazamenu npenomnenus 6ypepHo2o cros u ceemosedyujeli Heuvl
coomeemcmeenno, W — wupuna, H — svicoma eonnoeooa, Hy, — monwuna o6yghepnozo cnos, L —
paccmosiiue mexncoy 0IHO800AMU

ITOKPOBHBII
cioi

CBETOBEMYIIHIA
— Y

CIIoH

1 OyhepHublil

cIoi

——— lcuaTHas

miara

Puc. 2. @omozcpagdus MHo20MO006bIX NOTUMEPHBIX B0THOBO008, ULOMOBIEHHBIX HA NEYAMHOU naame
MemoooM KOHMAKMHOU (pomorumozpaguu noo oeticmsuem aKmuHUYecKo20 Uy4eHus: ¢ OAuUHou 6oamvl 365
HM. Buo c mopya

2. ®opMuUpoBaHHe MOJUMEPHBIX BOJTHOBOIOB HA THOKHX MOIJI0KKAX

Wnes mHTErpanbHO-ONTHYECKOTO MHTEPKOHHEKTa HA MEYATHOW IUIare, MO3BOJSIOIIETO OOBEIMHHTH
MAaCCHUBBI IMOJIMMEPHBIX BOJTHOBOAOB Ha KPOCC-IUIATE U JOUYCPHUX INIATaX B €AMHYIO ONTUYCCKYIO IIUHY IICPE-
Jlauy JaHHBIX, WILTIOCTpHUpyeTcs puc. 4. Ha aToMm pucyHke nmpeacTaBieHa cxema Kpocc-naHenu (motherboard)
u tpex podepHux mar (daughterboard), BcraBlieHHBIX B Kpocc-maHeNb. ONTHYECKUI CHTHAJ, pacipocTpa-
HSFOLIMICS 110 TTOJIMMEPHOMY BOJTHOBOJY Ha KpOCC-TIaHENH, IIepEHaIPaBIsieTCsl B OJIMMEPHBIH BOJHOBOJ Ha
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16 MKM

TTOKPOBHbII
coi

. CBETOBE/lyIIjyie
JKUJIBI

<« 6y¢)§pm>n71
0¥t

Puc. 3. Qomoepaghus maccusa norumepHwix 80IHOB0008, CHOPMUPOBAHHBIX HA NEHAMHOU NiAMe Memooom
Y®-chomonumoepaghuu noo oeticmeuem uznyuenus ¢ onunou sonuvt 250-280 um. lupuna u evicoma
60711080006 cocmagnaiom 10 u 15 mxm coomeemcmeenHo, paccmosiHue mexcoy cemo8edyUUMU HCULAMU
PpasHo 6 MKM

CreToremymmit
cnoi

CreToreTymmit

CperoBeay il
cnoit

cIoi

marta (daughtercard) I

I mtara (daughtercard) I

mnata (daughtercard) I

kpoce-manensk (motherboard)

Puc. 4. Cxema onmuueckoeo UHMEPKOHHeKmMa Ha OCHOBE NOJIUMEPHbLX B0JIHOB0008 HA 2UDKOL NOOJIOMCKe.
CmpeﬂKaMu NOKA3AaHO HanpaejieHue pacnpoCmpanerHus onmu4ecKkoco cucHala ont Kpocc-nuianiol K doqepHuM
niamam

JIOYEpHEH I1aTe, mpeTepreBast ToBopoT Ha 90 Tpagycos.

KoHkpeTHas peanusanusi ONTHYECKOTO MHTEPKOHHEKTAa MOXKET OBITh OCYIIECTBIICHA C MMOMOIIBIO Mac-
CHBOB ITOJIMMEPHBIX BOJIHOBOJIOB Ha TMOKWX IUTACTUKOBBIX IMOIJIOXKKAX, TOMYCKAOIHUX MOBOPOT Ha 90 rpamy-
coB nipu paamyce m3ruda 10-20 mm. [IpenmymiecTBamMu nuieii)oB Ha OCHOBE TOJMMEPHBIX BOJHOBOJOB IO
CPaBHCHHIO C BOJIOKOHHO-ONTHYSCKUMHU TIIciiaMu SBISIOTCS OoJiee BHICOKAS IMIIOTHOCTh YITAKOBKH BOJTHOBO-
JIOB B MacCHBE H IPOCTOTa POPMUPOBAHISI TOPIIOB.

st co3manust THOKUX ONTUYECKUX MEXCOCIMHEHHUH MCTIONh30BAIMCH KOMIIO3HIINA U3 (DTOpCOMEpKa-
IIUX MOHOMEPOB — aKpHWJIaToB. Bua muiefida, BKIIOYAIONIET0 ABCHAANAThL BOJHOBOIOB, JaH Ha puc. 5 [16,
17]. Hupuna BonHOBOAOB cocTaBiseT 40 MKM, BbicoTa — 20 MKM, pacCTOSIHHE MEXIY BOJIHOBOJAMH B Mac-
cuBe — 120 mxm. Topen muieda, mMoka3aHHBINA Ha PUC. 5B, MOJYYCH METOIOM CKPaiOMpPOBaHUS IIACTHKOBOM
MIOJIIOKKHU C TOCIEAYIOUIUM CKOJIOM IO JIMHUU HAJICCUKH.

3. ®opmMupoBaHUe ONTHYECKUX MeKCOEAMHEHMIT B HECKOJIbKHX YPOBHAX MHOIOCJIOIHOI mevyar-
HOI IIATBI

IIpu co3maHuM ONTORIEKTPOHHBIX MEYATHBIX IIAT ¢ MHTETPUPOBAHHOM ONTHYECKON IIMHOM nepena-
YM JaHHBIX >KEIaTEIbHO MMETh BO3MOXKHOCTb Pa3MeEIlaTh MOIMMEPHBIE BOJHOBOABI B HECKOIBKHUX YPOBHSX
MHOTOCJIOWHOH I1I1aThl. DTO MO3BOJISET, C OJHON CTOPOHBI, CYIIECTBEHHO PACIIUPUThH MPOIMYCKHYIO CHOCO0-
HOCTb ONTHYECKOW IIUHBI, a C JPYTroi — OTKPBIBAET HOBBIE BO3MOKHOCTH JUISl apXUTEKTYPHBIX PEIICHUI IpH
CO3JIaHUM ONTHYECKUX MEXKCOEAWHEHUH AJIA MEepPCIEeKTUBHBIX cynepOBM MOBBIIIEHHON MPOU3BOIUTEIHHO-
ctr. OTHaKO pa3MeleHre BOITHOBOIOB B HECKOJIBKHX YPOBHSX ITEUATHO IUIATHI MPEIBIBISIET Ooee )KeCTKHE
TpeOOBaHMS K TEPMHUYECKOH CTAOMIIBHOCTH HMCIOJB3YyEMBIX MMOJMMEPOB. B 4acTHOCTH, OHM JOJKHBI BBLIEP-
KUBATh KpaTKOBpeMeHHBIH HarpeB 1o Temmeparyp 200-230 oC B TedeHnEe HECKOIBKUX JECATKOB MUHYT U 70
temneparyp 170-180 oC B TeueHHEe HECKOIBKUX 4acOB 0€3 yXY/IICHUS ONTHYECKUX CBOWCTB. Takoil nuarma-
30H TEMIIEpaTyp JUKTYyeTCS TPeOOBAHUSAMH COBPEMEHHOTO TEXHOJIOTHYECKOTO MpoIlecca MPOU3BOACTBA MHO-
TOCJIOMHBIX MEYaTHBIX IUIAT, KOTOPBIM BKJIIOYAET TEPMUYECKOE CHIEKaHWE OTAENBHBIX IIAaT MPHU MOBBIIIEHHOM
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a) 0) 6

Puc. 5. O6wuii 6uo wineliha na eubKou nIACMUKOBOU NOONOJICKE, BKIIOUAIOWE20 O8EHAOYAMb NOJUMEPHBIX
601H060008 (a). Pomozpaghusi NoAUMEPHBIX 8OIHOB0008 8 uinelighe. 8ud ceepxy (6) u c mopya (8)

nasneHnH. KoMmo3unuy Ha oCHOBe (hTOpCOmepKaIuX aKpHIaTOB YOBIETBOPSIOT TPEOOBAHUSAM TIO0 TEpMUIe-
CKO# cTOlKOCTH. DTO 00YCIIOBICHO TeM (DyHAaMEHTAIbHBIM OOCTOSITEIBCTBOM, YTO SHEPTHUS pa3pbiBa CBSI3H
C-F Boime sueprun paspoiBa cBsa3u C-H. [losTomy monmmumepsl, IMeEIONie BEICOKYIO CTETIeHb (PTOPHUPOBAHMS,
0oJiee yCTOMYUBEI K MOBBIIICHHBIM TEMIIEpaTypaM, 4YeM UX YIJICBOJOPOIHBIC aHAJIOTH.

dotorpadusi N3TOTOBICHHBIX MAaCCHBOB IMOJIMMEPHBIX BOJHOBOJOB, PACIOJIOKEHHBIX B JABYX CIIOSX
MeYaTHOM IUIaThl, MpeacTaBieHa puc. 6 [16, 17]. [lupura u BbicoTa BOJHOBOMOB cocTaBisOT 40 n 30 MKkM
COOTBETCTBEHHO, PACCTOSHUE MEXAYy HUMH paBHO 120 MKM.

40 nxm

30 mEm

MoKpOBHbLIN CNoONn

BydepHbii cnon

ke - e
BytepHbIn crnoi
MeyatHas nnata

Puc. 6. Obpasey 08yxcotiHo2o mMaccusa NOTUMEPHbIX 0THOB0008, CHOPMUPOBAHHBIX HA NEYAMHOU niame
Memoodom konmakmuou YD-gpomonumoepaguu (6uo ¢ mopya)

4. ®opMupoBaHUe ONTHYECKUX BOJHOBOIOB CO CKOIIEHHBIM TOPLIOM

B nacrosimee BpeMsi B KaueCTBE HMCTOYHHKOB U MPUEMHHUKOB HM3IYYCHHS B ONTUYECKOM IIMHE HC-
TIOJTE3YIOTCST JTMHEWKHU TIOTYTIPOBOAHUKOBBIX Ja3€POB ¢ BEPTHKAIBHBIM BBIBOJOM H3ITyUEHHUS U MATPHUITHI (o-
TOIPHEMHUKOB, PACIOJIOKEHHbBIE B INIOCKOCTH TMEYATHOM IIaThl. BBOJ M3IIy4eHUs U3 JIa3epOB B BOTHOBOIBI
Y BBIBOJ] €TO W3 BOJTHOBOIOB K (POTONMPHUEMHHUKY MOXKET OBITH OCYIICCTBIICH C MCTIOIH30BAaHHUEM BOJTHOBOIOB
CO CKOIIICHHBIMH IT0]T yIIIoM 45 TpafycoB ToplamMu. JTO MO3BOIISET OCYIIECTBUTh MTOBOPOT J1y4a Ha 90 rpaay-
COB 3a cueT 3P QeKTa MOITHOTO BHYTPSHHETO OTPAKCHUS, TEM CaMBbIM 00ECIIeUHBasi CTHIKOBKY HM3IIydaTeIeH U
(hOTONPHEMHHKOB C TOJIMMEPHBIME BOJHOBOAAMH, cM. puc. 7 [16, 17].
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CaeToBeyILHii C/10# (TT0TMMEePHBIN BOTHOBOJ,

CO CKOILEHHBIMHU 10/, yI7IoM 45 rpaj, TopLamu) BO3IYX  —»
\ BOJIHOBOJT —»|
( * TOpEI BOITHOBOTA,
Zl Gy(pepustii " CKOIIEHHBII 0T
croit viowm 45 rpag
Kpocc-niaHesb (motherboard) > ) : "
TOIIIOXKKA

Puc. 7. (a) Cxema sonnosoda co cxoweHHbIMU OO Yerom 45 epadycos mopyamu 0isi CMbIKOBKU €20 C
domonpuemnurxamu (1) u uzryvamenamu (2). (6) @omozpaghus uz3e0MoBIEHHO20 NOTUMEPHO2O BOIHOBOOA CO
CKOWEHHbIM MOPYOM

Co31aHue oNTHYECKOW IIMHBI MepeJavyd JAHHBIX HA ONTOYIEKTPOHHOUH MeYyaTHOH 1uiaTe JJIst
MHKPONPOIECCOPHBIX BHIYHCIUTEILHBIX YCTPOHCTB

UIJIAT PAH coBmectHo ¢ HUMCU PAH BmepBbic B Poccum M3roTOBHII MakeTHBIN oOpa3erl moju-
MEPHOI ONTHYECKOH IIMHBI Ha redaTHol mare FR4 st MUKpOITPOIIECCOPHBIX BEIYMCIUTENBHBIX CUCTEM [ 16,
17]. luna umeet 12 kaHANIOB Mepeiavy ONTHYCCKUX CHTHAIOB cO cKopocTsmu 6omee 10 I'0ut/c Ha kamai.
®dororpadus MakeTHOro obOpasiia ONTOAICKTPOHHOM IIIAThl ¢ MHTCIPUPOBAHHON B HEE ONTHYECKOM IIMMHOMN
mpencraBieHa Ha puc. 8a, a Ha puc. 80 gana dotorpadus 3Toro 0dpasna, MOMEIEHHOTO B KPEUT KOMITBIOTE-
pa. CyMMapHas CKOPOCTb MepeIayn ONTHICCKUX CUTHAIOB 0 H3TOTOBJICHHOH ONTHYECKOW TUHE TPEBHIIIACT
120 I'but/cek.

Puc. 8. Maxemuoiii obpasey nonumepHou onmosieKmporHOU NeYamHoll NIamol ¢ UHINE2PUPOBAHHOU 8 Hee
NOAUMEPHOU ONMUYECKOU WUHOU Ha cOopounom cmende (a) u 6 kpetime komnviomepa (0). 1 — newamuas
naama FR4, 2 u 3 — BGA-paszvemvl 018 nooxmoueHus mpauncugepos, 4 — maccug uz 12 nonumepnvix
B0/1H080008, 5 U 6 — MHOL0JHCUTbHBIE BOJIOKOHHO-ONMuU4ecKue Kxabeiu

3akJ/oueHue

B pabore onucaH moaxon K CO3AaHUIO BBICOKOCKOPOCTHOTO ONTHYECKOTO MHTEPKOHHEKTA IS CyIep-
OBM Ha 0CHOBE «CKBO3HBIX» ONTHYECKUX KaHAJIOB, KOTOPBIM MIPEyCMATPUBAET ONTHYECKUE MEKCOCTUHEHUS
Ha KPEMHHEBOM 4YHIIe (IIPOLIECCOPHOM SIPE) C UCIOIBb30BAHUEM KPEMHUEBBIX BOJTHOBOIOB, ONITUYECKUE MEXK-
COEIMHEHUS MEX/Iy MPOIeCCOpaMH Ha Kpocc-IulaTe Ha OCHOBE (PTOPIIOTMMEPHBIX BOTHOBOJIOB, COSIMHEHUS
MEXIYy MOAYJISIMH B CTOMKE U MEXAY CTOMKaMU C IOMOUIBIO KT'yTOB ONTUYECKUX BOJOKOH, COCTBIKOBAaHHBIX
C MOJMMEPHBIMHU BOJTHOBOJAMH Ha TI€YaTHOM IjIare.

OKCIIepUMEHTAIFHO TPOJEMOHCTPUPOBAHO, YTO MeTonoM Y®D-doTtonmurorpaduu ¢ HCIOIB30BAHUEM
(dTopconepKaluX aKpUIaTOB MOXKHO ()OPMHPOBATh 0A30BBIE AIEMEHTHI ONTUYECKOTO MHTEPKOHHEKTa Ha Iie-
YaTHOM IUTaTe: MACCUBHI MOJIMMEPHBIX BONHOBOJOB C TUIOTHOCTHIO yIakoBKU Oosee S00 mT/cM, BOTHOBOIBI
Ha THOKHUX TOJIIOXKKaX, MHOTOCJIOWHBIE BOTHOBOJIHBIE CTPYKTYPBI, BOJIHOBOJBI CO CKOIIEHHBIMU TOPIIAMU IS
CTBIKOBKH C JIa3epaMH B (OTONPHEMHHKAMH, PACTIONIOKESHHBIMH B TUNIOCKOCTH N€YaTHOW IJIaThI.

[IpencraBneHsl XapaKTEPUCTHKHA MAKETHOTO 0Opasia MOIMMEPHON ONTHYSCKON IMIUHBI HA TIEYaTHOM
miare FR4 nnst MUKponponecCOpHBIX BBIUUCIUTENbHBIX cucTeM. IlIuna umeer 12 kaHanoB mepegayd ONTHU-
YEeCKUX CHUTHAJIOB cO ckopocTsmu Ooiee 10 ['Out/c Ha xanan. CymmapHas CKOPOCTh Mepefadl ONTHYECKUX
CUTHAJIOB IT0 W3TOTOBJICHHOM ONTHYCCKOW ImuHe npenbimaeT 120 I'out/cek.
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AnHOmMayusA: B CTaThe TPECTaBICH 0030p Pe3yJbTaTOB TEOPETUYECKUX, YACICHHBIX M IKCIEPUMEH-
TaIbHBIX HCCICIOBAHHUM IPOIECCOB TOPCHUS M MHHUITMHPOBAHUS JCTOHAIIMH B TETEPOTCHHBIX IMOIUIUCTIEPC-
HBIX cMecsaX. OOCyKIaroTcs MpodieMbl PacIlbUICHHS, NCTIApEeHUs M TOPEHHS Kareilbh TOIUINBA, a TaKKe HepaB-
HOBeCHbIC 3(h(DEKThI MPH paclbUICHUH Karenib U (a30BbIX Mepexonax. BiusHue HEOAHOPOTHOCTH Pa3MEpOB
Kareslb 1 HeOJHOPOIHOCTH MPOCTPAHCTBEHHOTO pacIpe/ie]ieHNs] Ha BOCINIAMEHEHHE CMECH M YCKOPEHHE TuTa-
MEHH OBLIO HUCCIICAOBAHO I CHIIBHOTO W MSTKOTO WHHUIIMMPOBAHHS JICTOHAIMU: YIapHON BOJHON M HCKPO-
BBIM 32)KUTAHHEM C MTOCIIETYIONHM ITepexoaoM ot aeduiarpanuu k neronanuu (J/1T). Uzydensr ocoberrocTH
BIIPBICKA W 32)KUTAHUS CTPYH B PEAKIIMOHHOM Kamepe.

Knoueswie cnosa: ropenne, a’spo30ib, OTHIUCIIEPCHAS CMeCh, HEpaBHOBECHBIE 3(D(EKTHI, HEOTHO-
POIHOCTB.
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Abstract: the paper presents the results of theoretical, numerical and experimental investigations of
combustion and detonation initiation in heterogeneous polydispersed mixtures. The problems of fuel droplets
atomization, evaporation and combustion, and the non-equilibrium effects in droplets atomization and phase
transitions are discussed. The effects of droplets size non-uniformity and spatial distribution non-uniformity
on mixture ignition and flame acceleration were investigated for strong and mild initiation of detonation: by
a shock wave and spark ignition followed by deflagration to detonation transition (DDT). The features of
jet injection and ignition in a reaction chamber are studied.
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BBenenue

Lenp HacTosIIeTO MCCIIENOBaHHUS — pa3pabOTKa, TECTUPOBAHWE M BEPU(PHKANHUS CYNEPKOMITBIOTEP-
HOI MOJeNH IJIsi OMHCAHVS HEPAaBHOBECHBIX BOJHOBBIX IIPOIECCOB B XUMUYECKH PEATHPYIONINX MHOTO(A3-
HBIX Cpelax W Ha €€ OCHOBE HMCCICIOBAaHUSA OCOOCHHOCTEH NMEPEeXOMHBIX MPOIECCOB, a UMECHHO: YCTaHOBIIC-
HUS JETOHAIMOHHOTO PEXHMMa, a TaKXKe €r0 PACIICIUICHHUS Ha yAapHYIO BOJIHY U CICAYIONIYIO 3a HEil BOJHY
nedmarpanu. AKTYaIbHOCTh (DyHIaMEHTAIBHOTO HCCICIOBAHHUS ONPEAEIIAETC HEOOXOMUMOCTBIO PEIICHUS
JBYX MPOOJIEM MPOTUBOIOIOKHOW HAPABICHHOCTH:

1. [TpoGnema B3pBIBOOE30MACHOCTH, KOTOPAs 3aKJIOYAeTCsl B OpraHu3aliy S(pPEeKTUBHBIX TPEBEHTUB-
HBEIX Mep, HalpaBJICHHBIX HA JOCTIKEHHUE NIBYX IICNIeH: TIPEIOTBPAIICHHS TTepexXoaa TOPCHHS B JETOHAIUIO B
Clly4yae BOCIUIAMCHEHHS TOpIOYEH CMecH, a TakKe MOAABICHUS JETOHAIIMOHHOMN BOJHBI B CIy4yae €€ BO3HHK-
HOBEHHS.

3HaHWe METOJOB YMPAaBICHHS dTUMHU MEPEXOAHBIMU MPOIIECCaMU HEOOXOIUMO TP OICHKE BO3JCH-
CTBUSI Ha OKPY>KAIOIIYIO Cpely pa3pyllieHus pe3epByapoB ¢ TOPIOUMMHU KOMIIOHEHTaMHU U TOCJIENYIOIIUM BOC-
[JIJAaMEHEHHEM TOIUTMBO-BO3AYLITHOW CMECH U PAa3BUTHEM B3PBIBA.

2. [IpuMeHeHe NeTOHAIIMOHHOTO PEXKUMA CXKUTaHHS TOTLIMBO-BO3YIIHBIX CMeceil MOXKeT ObITh 00-
nee 3pPeKTUBHBIM I pa3paOOTKH JBUTATENCH HOBOTO MOKOJIEHUSA. BO3MOXKHOCTH 1O COBEPIICHCTBOBAHUIO
XUMHYECKUX PaKETHBIX JBHUTaTEIel TPAJUIMOHHBIX TUIIOB WM TypOOPEaKTUBHBIX JBUTATENICH MPaKTUYCCKH
TTOJTHOCTBIO MCUEPIIaHbl U OTPAHUYCHBI HE3HAYUTEIHHBIM YITYUIICHUEM YHEPTOMACCOBBIX XapaKTCPUCTHK.

KagecTBeHHBIN CKa4OK B Pa3BUTHH JBUTATEICCTPOCHHS MOXET OBITh JOCTUTHYT ITyTeM pa3padoT-
KU U BHEJPEHUS MPUHIMIINAIHHO HOBBIX THIOB JBHUrartesneil. [lepcriekTuBHbBIE HallpaBiIeHUs HCCIEIOBaHUM
JUTSI CO3/IaHUSI HOBBIX THIIOB JABUTATENECH — 3TO HCIONH30BAHUE OBICTPHIX PEKHMOB TOPEHUS, a UMEHHO Jie-
ToHanMu. [IpeuMyIIecTBO JaHHOTO peKHMMa 3aKJII0YAeTCA B 3HAYUTEIbHOW SKOHOMHH TOPIOYEro BCIIEICTBUE
0oJiee BHICOKOH TEPMOANHAMHUYECKON A(PPEKTHBHOCTH JICTOHAIIMOHHOTO TOPSHUS U HU3KOTO BBIXOJIA BPEIHBIX
BemecTB. [10CKOMbKY OONBITMHCTBO TOPIOYUX CMECEH SIBIITFIOTCSI MHOTO(a3HBIMU, B KOTOPBIX TOPIOYEE W OKHC-
JUTEIh HAXOJATCS B Pa3HbIX (Dazax v MpeBapUTEIbHO HE MepPEeMeEIIaHbl, BO3PACTACT POJIb PEACKA3aTEIILHOTO
BBIYHCITUTEIIFHOTO MOJCIIMPOBAHUS U YIPABICHUS TPOIECCAMU YCTAHOBJICHHSI ICTOHAIINY B HEOIHOPOIHBIX
MHOTO()a3HBIX XMMHYECKU PEarHpPYIOIIUX CPElaX C YYETOM MPOILECCOB TYPOYJISHTHOTO MepeMEITNBAHNS.

B pamMkax mpoBeIeHHOT0 HCCIIeAOBaHUs pa3paboTaHa CyNepKOMITbIOTEpHAS MOJIEIh HEPABHOBECHBIX
BOJIHOBBIX TPOIIECCOB B XUMHUYECKH PEarnpyroNIiX MHOTO(A3HBIX CMECSX FOPIHOYEro U OKUCauTesst. Mojelb
BKJTFOYAeT OJIOK-MOZEITH HEePaBHOBECHBIX (Da30BBIX IEPEXOMIOB KOHICHCHPOBAHHBIX YACTHI] B Tra3oBYIO a3y,
TYpOYJIEHTHOTO MEPEMEIIMBAHUS U XUMUYESCKUX PEaKIUii, APOOICHHS Karellb )KUAKOM KOHJICHCUPOBAaHHOH (a-
3BI TIPH B3aUMOJICHCTBUH C ITOTOKOM HecyIel razoo0pa3Hoi (a3sl, Momenu Mexk(a3zHoro oOMeHa SHepruei u
uMIysbcoM. [IpoBeieHo TecTUpOBaHNE BRIYUCIUTEILHOTO KOIa HA PA3JIMYHBIX PEKUMax paboThl B 3aaHHOM
JMaria30He W3MEHECHHSI OTIPEICIIIONTNX MapaMeTPOB 3a/1a4ui. BrIeneHsl 001acTi H3MEHEHHS OTTPEIEIISTIOTITIX
MapaMeTpoB, B KOTOPBIX KoJ paboTaeT ycToH4MBO U 0e3 cOoeB. Bepudukaius co3qaHHON BEIYUCIUTEILHON
MOJICTIM TIPOBEICHA HA TPEAMET aeKBATHOCTH HAXOXKICHUS PEIICHUNA OMPENCSISIIONIeH cucTeMbl nuddepeH-
IMANBHBIX YpaBHeHWH. Bamumanus pazpaboraHHON (M3NYECKOM M MareMaTW4ecKOol MOJeliell Ha MpeaMer
aJICKBAaTHOCTH OMHUCAHUS UMH HCCICTyEMBIX (U3NKO-XUMHUYECKUX TPOIIECCOB MPOBEACHA ITyTEM CpPaBHEHUS
pe3yJIbTaTOB MOJCIIbHBIX PACUETOB C AKCIIEPUMEHTAIbHBIMU TaHHBIMU. [Ipon3BeeHa HacTpoiika mapaMeTpoB
MOJIEIH IS TIOTYYCHUS yAOBICTBOPUTEIBHOTO COTIIACHS PACUETHBIX M IKCIICPUMEHTATBHBIX JAHHBIX.

Maremarn4yeckas MoAe/Ib

Maremarndyeckiue MOAETH I MOJIETHPOBAaHUS TYpPOYIEHTHBIX XUMUYECKH PEardpyrolux TeYeHUH
B IE€TEPOTCHHBIX CMecsX MoapoOHOo omucaHsl B [1, 2]. [Iporecchl TopeHuss B TeTEPOTEHHBIX CMECIX CHIIBHO
OTIIMYAIOTCS OT MPOIIECCOB TOPEHUSI B TOMOT€HHBIX CMECSX, MIOCKOJIIBKY OHH PErYIUPYIOTCS HE TONBKO XUMH-
eil, HO 1 (PM3UYECKUMHU MPOIECCaMK, TAKUMH KaK pacrbUIeHUE Kareib [3, 4], ucnapenue u nquddy3noHHOES
repeMelIMBaHie apoB TOPIOYETro C OKUCIUTENEM.

B maHHBIX MOAENAX UCTIONB3YIOTCS KaK JCTCPMUHUPOBAHHBIC METOMBI MEXaHUKH MHOTO(a3HBIX TeUe-
HUU JJI OTpENeICHUs CPETHUX 3HAYCHUI MapaMeTpOB Ta30BOM (pa3bl, TAK U CTOXACTUYECKHE METOIBI IS
OTIMICAHMSI ABOIIOIMH TOMUANCIIEPCHBIX YacTUIl U (paykTyaruii mapameTpoB. Takum 006pa3oM, MOXKHO OIle-
HUTH BIIMSIHAE XaOTUYECKHX IyJIbCAllMi Ha CKOPOCTH BBIIEICHUS SHEPTHUH U CPEIHUE 3HAYCHUS MapaMeTpoB
oToka. IlepeHoc KMHETUYECKOH YHEPTHH TypOYJIECHTHBIX MyIbCAUNA B TO e BPEMs MOTIHHSICTCS TETCPMU-
HUPOBAHHBIM 3aKOHAM, SIBJISIOIUMCS MaKpOCKOMUYECKON XapaKTePUCTHKOM.
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Yepennsisi mo ®aBpy ¢ maccort ap (v — oObeMHast 10 ra30Boi (asbl, p — IJIOTHOCTH r'a3a), MbI MO-
JydaeM CIEIYIONIYIO0 CUCTEMY IS ra30BoH (a3pl B MHOTO(A3HOM MTOTOKE [5] (CHMBOIBI YCPETHEHUS YIaICHBI
JUTSL IPOCTOTHI):

Oi(ap) + V - (apid) = M, (1)

A (apYy) + V - (apYyil) = =V - T + My, + i, (2)
az(apﬁ’)—i-v-(apﬁ@i[)=0¢p§—an+V-T+l?, 3)
O(apE) +V - (apEil) = api - § —V -pil =V -1, +V - (1- i) + E. (4)

VYpaBHenus (1-4) BkitoyaroT 6ajgaHC Macchl B ra3oBoi (ase, OanaHc Macchl k-ro KOMIIOHEHTa, OataHc
KOJINYECTBA JIBIDKEHHS M OallaHC SHEPTUHM COOTBETCTBEHHO. 3/1€Ch p — JABICHHUE, i/ — BEKTOP CKOPOCTH

=

KUAKOCTH, § — BEKTOp YCKOpEHHs CBOOOAHOro majeHus, £ — ynenbHas dHeprus, K — yICIbHBIA MOTOK
MMITyIbca B raszoyio (asy, M — yleibHbIi IOTOK Macchl, £ — yuenbHbIl MOTOK SHEPrHH, T — TEH30P
TypOYJNEHTHBIX HampsKEeHUH, I, — TypOyneHTHBIN 1 y3HOHHBIN MOTOK k- KOMIIOHEHTHI. Takke 4ieHBI B
ypaBHeHUsX (1-2) cBA3aHBI CIIEAYIONIMMU COOTHOUICHUSMHU:

d V=1, > My =M, d T =0, > @ =0.
k k k k
Hcnonb3yloTes clenyonue ypaBHEHNs COCTOSIHUASL Ta30BOM CMECH:

p=RepT > Ye/ W,
k

)
E =" YilcwT +hop) + % + R, (5)
k
rae £ — sHeprus raza, & — TypOyJieHTHas KHHeTH4eckas sHeprusi, W, — MomspHast Macca k-ro KOMIIOHEHTa
rasa, figp — yAelbHAs XUMHUECKAs SHEPTHS, Cy, — YACTbHAS TEIMJIOEMKOCTb, Y, — MaccoBasi KOHICHTpaIusl k-
ro KOMIIOHEHTa rasa, 7 — Temmeparypa rasa, R, — yHuBepcalnbHas ra3oBas NOCTOsHHas. UleH, OTBeYaromuii
3a XUMHYECKHE TPEBPAICHNS, W), OYCHb YYBCTBUTENCH K M3MEHEHHUSIM TEMITEPaTyPhI, TOCKOJIBKY OOBIYHO BBI-
pakaercst QpyHKUMeH THIa 3aKkOHA AppeHuyca Uil ckopocTel peakuuid. UToObl yyecTh H3MEHEHHUS TeMIepa-
TYPBI, UCXOIHBIA WIEH Wy B YPaBHEHUAX (2) OBIII CMOIEIHPOBAH C MCIIOIB30BAaHUEM KBaIpaTyPHOH (OPMYIIBI
T'aycca.

PaccMOTpHUM TeMmeparypy Kak CTOXacTHUecKyko GyHKIMIO T co cpeqHuM 1 M CPeTHEKBApaTHIHBI-
mu otkioHeHusmu 6 = T'T’. Torma cpemHee 3HadyeHue (QyHKIHMH, UMeomed 7 B KaueCTBE HE3aBHUCUMOU

TIEPEMEHHON, MOXKET OBITH OIPENEICHO CICAYIONUM 00pa3oM:

FT) = / F(T + CVB)PA(Q)dL,

rae ¢ — ciydaifHoe 3HaueHHEe C HyJEBBIM MaTeMaTH4eCKUM OXKHIaHUEM U €IWHUYHBIM OTKJIOHEHHEM, a €To
IUIOTHOCTB BeposiTHOCTH paBHa Py (). Jlyst olleHKH HHTErpajia UCHONIb3YeTCss MUHUMAJIbHOE KOJIUYECTBO Cla-
raembIx (a UMeHHO TpH), u Py(() mpeamnonaraercs yeTHbIM. B aToM ciydae dopmyna mis ycpeanenust f(7)
HUMEEeT CJeNYIOIIUNA BU/I;

1 = 1 - 1 -
) = gl (T V) + (1 _ Xg) )+ 55t T +xV0)

B citydae HOPMaTbHOTO (IayCCOBCKOI0) OTKIOHEHHS 3HAYEHHE X paBHO /3 (cirydaii ['aycca—Dpmura).
CrenoBarensHO, IPUBEJCHHAS BbIIE (OPMYIIa MOXKET OBITh MPeoOpa3oBaHa CIEAYIOIMM 00pa3oM:

FT) = g (T~ V/30) + S1(T) + 5/ (T + V/30).

B nmamem ciygae ¢yuknus f(7) 3aBUCHT OT TeMIIEpaTyphl IO 3aKOHY AppeHHmyca, a BCE CpEeaHUE
3HAYEHUS JUIS Wy, SBISIOTCS KOMOMHAIIMEH 3TUX 3aBUCUMOCTel. B 3akoHe AppeHnyca Juis Wy, NCTIONB30BAIHCh
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yCpEeOHEHHbIE BETMYMHBI MacCOBBIX J10JIEH U MJIOTHOCTH, MMOCKOJIBbKY 3aBUCUMOCTh OT 3THX (DYHKLUI HE Takas
CHJIbHAS, KaK 3aBHCHMOCTH OT TeMIIePaTypHI.
TypOynenTHblii Tenno0BoM MOTOK I; B ypaBHeHuu (4) CKIaabIBAETC U3 JBYX CIIaraeéMbIX:

Ip =Jg +> (eorT + hoe) i, (6)
k

rze J; MOXHO HHTEPIPETHPOBATH KaK TypOy/JIE€HTHBIH TEIIONPOBOAHbIM IIOTOK Tema. Buxpesas kuneMaruye-

2
CKas BA3KOCTb I/t BbIPAKACTCA B COOTBETCTBUU C MOJCJIbIO K-O3IICUJIOH KaK I/t = CN% Typ6yH6HTHI>Ie IIOTOKH

HUMEIOT CIEAYIOIIUI BUA:

= a(p+ p/) (Vi + Vil —(2/3)(V - Z)U) — (2/3)apkU, (7)
Iy = —ap(D + (V' /04))VYs, ®)
Iy = —a\ 4> cup(/o))VT. )

k

Mogenb 3aMbIKacTCs YpaBHCHUAMU IJIA k, 0 ue:

Oi(apk) + YV - (apiik) = V - (o + p(V'/op))VE) + 7' - Vii — ape, (10)
d(ape) + V - (apiie) = V - (alp + p(t'/02))Ve) + (e/k)(CiT" : Vii — Co-axpe), (11)
() +V - (apiid) = V - (alu + Y cprp(v'/01))V6) + Py + Wy — Dy, (12)

k

rae nmpou3BoACTBO Py, Wy u muccunarus Dy onpenensrorcs CIeayImUMA COOTHOIIICHUSIMH:

0
Py = 2apt,—- |V T, Wy =3 0 Thy, Dy=Coapy oo 7. (13)
oh - p k6, —0
KoHCTaHTHI MPUHUMAIOT ClIEAYOIIKE 3HaYeHus [S]:
C,=0.09, Ci- = 1.45, Co. = 1.92, oq =1, o =0.9,

=2
op =1, o. =113, 9m=T/4, Cg=28.
Bunno, uto ypaBuenns (10-12) He comepxar 4IeHOB, OTBETCTBEHHBIX 3a BKJIAJ TOW WJIM MHOH (ha3bl
B POCT 3HEPIHH TYpOYJCHTHOCTH. DTO CBS3aHO C MPSMBIM CTOXAaCTUYECKHM MOJAEIHPOBAHUEM IUCIIEPCHON
(ba3pl: BIMSHME TOCTETHEH Ha Ta30BYIO (ha3y MPHUBOIUT K CTOXACTHYECKOMY IMTOBEICHHIO WIEHOB HCTOYHHKA

AMITYJIbCa K. DTi uieHbl BIMSIOT Ha YCPEIHEHHYIO0 CKOPOCTh ra3oBoOi (pa3bl CTOXaCTHYECKHM O0pa3oM H,
CIIeI0BATENIBHO, TAKKE BIHSAIOT Ha MCXOOHBIN wieH 7 : Vii. JBUKEeHNE MONMUIUCTICPCHBIX Karemb (4acTull)
MOJIEIIUPYETCS C HCIIOIB30BAHUEM CTOXACTHYECKOTO MOAXOna. BwlhenseTcst rpymma THIMAYHBIX MOACITBHBIX
yacTuil. J{BIKEHUE 3TUX YaCTHI] MOJEIHPYETCS HEMOCPEACTBCHHO C YUYE€TOM BJIFSIHHS CPEIHEro MOTOKA ras3a
U MyJIbCalliii mapaMeTpoB B Ta3oBoi ¢asze. [lonpobdHO mporenypa onrcana B padorax [1, 2, 5].
HepasuosecHsie 3(pPeKThl ra30KaneabHOr0 B3aUMOJACHCTBUS ISl UCHAPAIOMINXCS Kaleinb U ISl TO-
PAMINX Kareibh YYUTHIBAJINCh HA OCHOBE B3aMMOJCHCTBHS ONWHOYHOM KAIUIH TOIIMBA C HArpeThIM ITOTOKOM
okucnutens [6-8]. DpdekTHBHOCTh YMCICHHOW CXEMBI MPEICTaBIsIa COOOU JIMHEHHYIO (PYHKIMIO: BpEeMs
pacdera mpsiMo MPOITOPIIHOHAIBHO YBEITHUEHUIO sIMeeK B Ta30BOM (ha3e M KOJUIECTBY KaIleidh MOJIEIIH.
JIBrKeHHE MONUIUCTICPCHBIX Kallelb MOACTUPYETCS C UCIOIB30BAaHHUEM CTOXAaCTHUECKOTO IMOIXO.a.
Brinensercs rpynmna TAMTAYHBIX MOIETHHBIX Karelb, KaKIas M3 KOTOPBIX TMPEACTABISAET COOOU DS pealb-
HBIX Karenb. J[BIKEeHUE 3TUX Kalellb MOJISIUPYETCS HEMOCPEACTBEHHO C YYSTOM BIUSHUS CPEIIHETO MOTOKA
raza W myJbCalliii mapaMeTpoB B ra3oBoil ¢aze [1, 2], a Takke ucmapeHus W pacubiUicHHS. Takum oOpa-
30M, OOJIBIIIOE KOJMUYECTBO PEANBHBIX Karelb (KaIeib XKUIKOCTH) MOJAEIHPOBAIOCh aHcaMOIeM MOJIEITbHBIX
Karenb. Kaknmass MomenpHas 9acTUIla XapakTepru30Bajach BEKTOPOM 3HAYCHUH, MPEACTABISIONIAM €€ MECTO-
MTOJIOKEHHUE, CKOPOCTh, MACCY, KOJMYECTBO PEabHBIX Kalelb, MPEICTaBICHHBIX JaHHOW MOJENbIO, U IpyTHe
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cBoiicTBa. IIpuBEeNeHO MUHMMAIIBHOE CPEAHEE KOJIUYECTBO Kalledb MOZACIU Ha y3€ll CETKU, YTO FapaHTUPYET
JOCTAaTOYHYIO TOYHOCTH OIEHKH MIOTOKOB MEXIy (pazamu.

di . - ar - Cy nd? e L
- = — - — = = —p,— (T — — 14
Koaddumment no6oBoro conpoTuBieHus sBisieTcst GyHKIUeH yncna Pelinonbaca:
24 44 p|7 — idld p ( p> <T>4/5
Ci=|—=—+ + 0,42 -K, Re="——— =4/=12-=, K== ,
‘ <Re VRe > ’ Iz 4 Ps Ps T
. 1/(v—1)
(1 + 1 1M2> , M <1,
Ps 2
— = 1/(v=1) (s)
p G+DM? (4=l (=DM +2 Mo
(y—1)M2 +2 2 29yM? —(v—1) ’ -
VYpaBHEeHHE SHEPTUH KalUI UMEET Cleayromui Bua [2, 5]:
de dm
ma =4+ Qs, rae e =cyTs + h/(f)a Qs = EhL; (16)

rae Ay — CKpbITas TEIUIOTa UCHapeHus, s — Heprus Gpa3oBbIX mepexonoB. TemnoBoi MOTOK K OMUHOYHON
KaIie 0T OKPY’KaIOIIEro ra3oBoro moToKa OMpenesseTcs ciemytommmM odpa3om [6]:

[ wd\-Nu-(T—Ty), Re < 1000,

C; —2/3
1= { 7d%p |7 — il - St - (H, — Hy) , Re > 1000,

1/3
Nu=2+0,16-Re*? . Pr, St=- Pr. (17)

Mopnenp HepaBHOBECHOTO HCIIAPEHUS UCTIONB3YeTCs sl OTIPeIesIeHUs] CKOPOCTH UCTIapeHus [2]:

m=md - pD - Nu - log i ZWNPOexp @ ;_i _m@
I-Y)" % Wp R\T,(R) T wopd®

JluHaMuYecKoe B3aUMOJICHCTBUE KHUJIKUX Kaleldb ¢ Ta30BbIM MIOTOKOM MOTJIO MPUBECTH K HEYCTOHYH-
BOCTH T'PaHMIIbI Pa3jeiia B CABUIOBOM IIOTOKE M PACHBUICHHUIO Kareib. KpurepueM HEYCTOWYMBOCTH KHIKUX
Karreb SBISETCS KpuTHIeckoe uucio Bebepa [4, 7]: We = ’w’ZT“d, IJle 0 — MOBEPXHOCTHOE HATSKEHUE Ha
IpaHuIE pa3jiena, U,,, — OTHOCHTENbHAS CKOPOCTh Kallld OTHOCHTENIBHO ra3a.

[Ipu mpeBBIMIEHNN KPUTHIECKOTO 3HAUCHIS drciia Bebepa mpoucxomuT pacnaa Kamneib u3-3a KoyeOa-
TEJNBHOW HEYCTOHUMBOCTH. [Ipu 3HaYMTENEHOM NPEBBINICHHH KPUTHYECKOTO urcia Bebepa npyrue mexaHus-
MBI HAYMHAIOT UTPATh CYMISCTBEHHYIO POJIb B MPOIIECCE pa3pyIICHIs, IPUBOIAIICTO K 00pa30BaHUI0 METKO-
IUCIIEPCHOTO TyMaHa [2, 4, 6]. DTH OCHOBHBIE XapaKTEPUCTHUKH IPOIIecca PaCHbUICHUS MOTYT OBITh Y4TEHBI
CIeMyromIel mpuommKkeHHon GopMymoit [2], ompenemnstonieil cpeaHue TUaMETPhI Kaellb d,, 00pa3yromxcs
IIPH PACBUICHHH UCXOMHBIX Kamelb (IuamMeTp d):

1
3
- (%‘2) . We < We,,
™
do =1 d
‘ ‘U)Zee We, <We < We,., We, = 12(1 + Lp~°%), We,, = 350,
dy, We > We,,,

I7ie 7 — KOJNMYECTBO Kallelb Ha €AMHUIYY 00beMa, oy — oObeMHas nois ¢asbl kammm, We, — Kputndeckoe
yucio Bebepa, Lp = % — ygucno Jlamnaca, p;, [, — INIOTHOCTb U BA3KOCTb >KUIKOCTH.

KoaJleCleHIHeil KarlelTb W3-3a CTONKHOBEHHil npeHeOperaT. ITo NPEAIOIOKEHNE CIPaBEJIMBO IS
paspekeHHBIX cMecel. B HacTosieM MOIEIMPOBaHUH MBI Oy/IeM U3y4aTh CMECH, B KOTOPBIX OOBEMHAsH JIOJIS

KHUAKOCTH COCTABJIACT 10_3, 4yTO 00ecrmeynBaeT BEPOATHOCTDb CTOJIKHOBCHMA 10_6.
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Pe3yabraThbl YUCICHHBIX HCCICAOBAHMI
Hcnonp3ys Monmens qHHaMUKA OAMHOYHOHN KarlIi, MBI MOJIETUPOBAIIN B3aUMOIECTBHE CHIIBHOM yaap-
HOW BOJHBI B BO3JyXe C a3p030JIeM, COCTOSAIIMM M3 Karelib TOIuMBa. Karmu a’po3ois UMET HeOONbIIon
pasmep u chepuueckyro Gopmy. VicxomHoe coCTOsTHEE a3po30IIs MOTUANCIEPCHOE, TO €CTh MOXKHO paccMart-
pHUBaTh OJJHOBPEMEHHOE CYIIIECTBOBAHUE Kalellb Pa3HOr0 HAaYallbHOTO quamerpa [4, 5].
[Ipu m3ydeHnn B3aMMOAEHCTBUSI yAapHOH BOJIHBI C a’pO30JI€M IOCIEI0BAaTENFHO PacCcMaTPHBAETCs
CIIEYIOIas UEPAPXUSL MOJEIICH:
1) ¢ y4eToM TONBKO CHJIBI CONTPOTUBICHNUS,
2) C y4eTOM CHUIBI COIPOTUBIICHHUS U TEIUIOOOMEHa;
3) c y4eToM CONpOTUBIEHUS, TEMJIONEPeaad U UCTIapeHNUs;
4) c y4eToM CHIIBI CONPOTUBIICHHUS, TETUIONEPEadH, HCIIAPEHUS U PACTIBUICHHS Karlelb;
5) ¢ y4eToM CONpOTUBICHUS, TEILIONEPEIaur, HCIIAPESHUS, PACTIBIIICHUS Kallellb 1 TOPSHHSL.
[IpoBeneHo yucieHHOE MOJCTUPOBAHKUE JBYMEPHOTO TEUCHHS B IMIMHIpHUYECKol TpyOe. Tpyba co-
CTOUT U3 JIByX 4dacTed. /laBneHue m temmneparypa Ha JIeBoi cTopoHe x < b mossimensl (P; = 10 + 100 Oap,
T1 = 1500 K) mo cpaBHEHHIO ¢ ycinoBusME B mpaBoi yactu (Py = 1 6ap, Tp = 300 K). JleBas yacTh 3amonHeHa
BO3yXOM, IpaBas 4acTh Ipu b < x <x¢ TaKKe 3amoJHEHa BO3AYXOM, a MPH X > X T00aBIeH a’dpo30b (puc.
1). Jinuna tpy6xu L = 2 M, quamerp D = 8 cM. IlnoTHOCTS a3po3ois 0,8 Kr/M>, 4T0 COOTBETCTBYET 0GBEMHOM
xoHIenTparuu 1073,

b x,

Puc. 1. Cxemamuuecroe uzobpasicerie nocmano8xku 3a0auu

Ha puc. 2-6 mpencrasneHs! rpaduKyd CKOPOCTH yIapHOH BOJHBI BAOJIb OCH TPYOBI ISl pa3sTHYHBIX
3HAUCHMH HavyaJIbHBIX OTHOIUCHMH naBieHUH P1/Pg. Pa3Hble kpuBble ¢ HOMEpaMH OT 1 10 5 COOTBETCTBYIOT
Pa3HBIM MOJIENISM Ta30KarelbHOTO B3AaUMOACHCTBHS, ONTMCAHHBIM BBIIIIE.

Ha puc. 2 npeacraBieHbl pe3yabraThl Ui HadajdbHOTO mepenana AasineHuit Pi/Py=10. BugHo, yto
MIpH TOTIAJAaHUHU YAAPHOW BOJHBI B 00JIaCTh, 3alIOJHEHHYIO a’p030JIeM, CKOPOCTh BOJIHBI yMeHbIIaeTca. Han-
OoJsice MHTEHCUBHOE CHIKEHHE CKOPOCTH MPOMCXOAUT NPH y4YeTe TOJILKO CONPOTHBICHUS M TEIUIONEepeNadn
(kpuBas 2), HaMMEHee MHTEHCUBHOE CHMKEHHE CKOPOCTH BOJHBI — MPHU YUETe TOJIBKO CONMPOTHBICHHS (KpH-
Bas 1). pyrue, Gonee CIoXHBIE MOIEIH COOTBETCTBYIOT NPOMEXKYTOUHBIM pe3yjbTaTraM. Y4eT HCHAapeHUs
MIPUBOIUT K MEHBIIEMY CHIDKEHHIO CKOPOCTH YIAapHOM BOJIHBI IO CPAaBHEHHIO C YYETOM TOJIBKO TEIUIOBBIX U
MeXaHN4ecKUX norteps. IlpuunHa B ciexyromeM: ucnapeHue IPUBOIUT K 00pa30BaHUIO 33 YIapHOH BOIHON
JONOJNHUTEIBHOTO 00beMa ra3a, KOTOPbIi OIAEePKUBACT e paclpocTpaHeHue (Kpusas 3).

C yBenMYeHHEM HaYaJIbHOH WHTCHCUBHOCTH YIapHOU BONHEI (P)/Py=25, puc. 3) HanOoJbIlIee yMEHb-
IIEHHE €€ WHTEHCHUBHOCTU TaKXKe IPOMCXOJUT NPH y4yeTe CONPOTUBIECHUS W TeruiooOMeHa (kpuas 2), a
HauMeHbIlee — MPH y4YeTe CONPOTUBICHUS, TeIUI00OMEeHa U ucnapeHus (kpusas 3). DTO CBSI3aHO C TeM, YTO
MHTEHCUBHOCTb HCIApeHMs Kallelb yBEIIMYMBaeT 00beM raza. YueT paclbUICHHUs Kaleib MPUBOAMT K Oonee
OBICTPOMY YMEHBIICHHIO CKOPOCTH YAapHOW BOJHBI II0 CPAaBHEHHIO C YYETOM TepPMOMEXaHHMYECKOTO B3anMMO-
neiictBusa U ucnapenus (kpusasg 4). OObsicHeHHe 3Toro (akra cienyromiee: paclubUIeHHE Kanelb TPUBOAUT
K 00pa3oBaHMIO HOBOH CBOOOAHOI NMOBEPXHOCTH, YTO yBEITMYMBAET OOMEH HMITYJIBCOM M DHEPIHEd MEeXIy
ra3oM M KOHAEGHCUPOBaHHOW (a30il; MEJIKUE KalelbKy 3aMEIJISIIOTCA U HarpeBaloTCsl HAMHOTO OBICTpee, TeM
CaMBbIM YBEJIHYHUBAs MOTEPH MMITYIbCa W DHEPTMU B IOTOKE Tasa, 4TO MPHUBOIUT K 3aMEIUICHHIO yHAapHOMH
BonHbL. C y4yeToM ropeHusi (KpuBasi 5) OKOJIO HPaBOro KOHIA TPYOBbl CKOPOCTH BOJHBI YBEIMYHMBACTCS M0
1500-1700 m/c, 4TO COOTBETCTBYET BOCIUIAMEHEHHIO Ta30BOM CMECH M NEePeXOAy TOPEeHHUs B JETOHAIMOHHBIN
PEXKHM.

Ha puc. 4 pe3ynsrarsl COOTBETCTBYIOT MHTEHCHUBHOCTH ynapHoU BoiHBI P1/Py=50. O0muii xapakrep
YMEHBIICHUS! HHTEHCUBHOCTH YAAPHOM BOJIHBI B 00JIACTH, 3alIOJIHCHHOW a3p030JIeM, OCTACTCS aHAJIOTHYHBIM
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MPEeNbIAYIINM pe3yJIbTaTaM, HO C YYeTOM TOpeHus (KpuBas 5) mepexoa K JETOHAIMU BO3HUKAET Ha paccTo-
saaud 1,2-1,5 M ot ncrounuka. [Iporcxoqut odncTka TPyOBI; MOCIE 3TOTO WHTEHCHBHOCTH BOJHBI HEMHOTO
yMeHbIlaeTcs. Takoe MoBeeHHEe MOXKHO HMHTEPIPETUPOBATH KaK Mepexoi OT TOpeHUsl K ACTOHAIMH uepe3
MIEePErpy>KeHHbIH PEXUM C TOCIETOBATENIbHBIM 3aMEIJICHHEM JI0 CaMOTIOIAEP KUBAIOIIECHCs CTAallMOHAPHON
CKOPOCTH.

Puc. 5 cooTBeTCTBYeT HauanbHOMY mepenany naaBicHuid P/Po=75, a puc. 6 COOTBETCTBYET Hadajb-
HOMY miepeniany nasienui Pi/Pg=100. M3 3THX pHUCYHKOB MOXXHO YBHIIETh XapaKTep YMCHBIICHUS HHTCHCHB-
HOCTH HauyaJbHOM yIapHOW BOJIHBI [T MOJIeNel B3aUMOJAEHCTBUS pa3IndHOl cioxHOCTH. C y4eToM ropeHus
(kpuBas 5) yckopeHHE TOpeHUs M Mepexol K JeTOHAMH mpoucxomuT Ha 1,2-1,3 M (P/Po=75) — na 0,7-1,1
M (P1/P¢=100). Ha puc. 6 mokaszaHo, 4TO ACTOHALIUS PACIIPOCTPAHSIETCS B IIEPETPYKEHHOM pEeKUME (CHIbHAS
JeToHaIus) Ha BeicoTe 1,2—1,3 M, a 3aTeM 3aMeIaeTcs 0 CTalMOHAPHOTO pekuMa (eroHarmwsi YenmeHa—

Kyre).
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Puc. 2. Dgonioyus ckopocmu yoapHou 80HbL 8001b OCU MPYObL NPU 6X00€ 8 OUCNEPCHYIO CMeCh O
PA3MUYHBIX MoOeell 2a30KaneibHo20 e3aumooeticmeus. P1/Po=10
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Puc. 3. Deonioyus ckopocmu yoapHou 8onHbl 8001b 0CU MPYObL NPU 6X00€ 8 OUCNEPCHYIO CMeCh O
PA3UYHBIX MOOeell 2a30KaneivHo2o e3aumodeicmaus. Pi/Py=25

Puc. 8-12 mokazaHo pacmpeznerieHHe TeMIIepaTypbl W OIS JaBlIeHHS Kaluld BIOJIb TPYOBI IS Ha-
YaJlbHOTO OTHOIIICHUS JaBieHuit P/Py=75 B mocienoBareabHble MOMEHTHI BpeMeHH. TeMrieparypa (a Takxke
pacmpenenenue U pa3Mep) 4acTUIl N300pa’KeHbI C MOMOIIBI0 KPY)KKOB B MECTE PACIOIOKEHHUS KaKIO0W MO-
JIeNbHON YacTULbl. Pazmep Kaxaoro Kpy»kKa COOTBETCTBYET pa3Mepy KaIlld, a IBET COOTBETCTBYET TeMIlepa-
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2000

1500

1000

v, [M/c]

500

XM

Puc. 4. Dsonroyusa ckopocmu yoapHoil 8oHbL 8001b 0cU MpPydbl NPU x00e 8 OUCNEPCHYIO CMeCh OA
PA3TUYHBIX MoOeell 2a30Kanenbho2o gzaumoodeticmeaus. P1/Py=50
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Puc. 5. Deonroyusi ckopocmu yoaphoii 6onHbl 80016 0cu mpybvl npu 6x00e 8 OUCHEPCHYIO CMECh Ol
PA3TUYHBIX MOOenell 2a30Kaneibho2o g3aumodeticmeus. P1/Py=75

Type. Pasmep MOmENpHBIX YaCTUL] IPONOPLUUOHAIBHO YBEJIWYEH IS JIydIleld BUIUMOCTH [4].

Ha puc. 8 nokazaHsl pe3ynbTarsl, MOIYUYEHHbIE IPH B3aUMOACHCTBUH YIAPHOM BOJHBI C a3p0O30JIEM, C
Y4ETOM TOJBKO CHJIBI COPOTUBIIEHUS (T. €. 0OMEeHa UMITYJIbCOM). BHIHO, YTO CO BpeMEHEM OKOJIO OCH TPYObI
MIPOUCXONUT Pa3pekeHHe a’po30is, Macca KOTOPOrO B IIEJIOM OCTaeTCsl HEM3MEHHOH. JTO CBA3aHO C TEM,
4TO BOMU3M OCH TPYObI CKOPOCTH ra3a 3a BOJNHOHM BBIIIE, Y€M Y €€ CTEHOK, H YaCTHIbI, YHOCHMBIE BOJHOW,
[IEPEMELIAIOTCS Ha OoJIbIIee PACCTOSIHUE OT CBOETO NIEPBOHAYAIBHOIO MECTONONOXKeH!s. HekoTopeie uacTuiist
JBIDKYTCS BICBO MPOTUB HANPABICHHUS YAAPHOH BOJHBI. DTO MOXET OBITh CBS3aHO C MX B3aMMOAEHCTBHEM CO
BTOPHYHBIMHU BOJTHAMH, 0Opa30BaHHBIMHU B Pe3yJIbTaTe B3aUMOACHCTBHS TIEPBUYHOI BOJHBI C a3PO30JIEM.

Ha puc. 9 noka3aHbl pe3yabTaThl, IOJyYeHHBIC TIPH yYeTe CHJIbI CONPOTHBICHUS M TemIooOMeHa (T.
e. Mex(dazHOro oOMeHa UMITYIbCOM M TEIUIOBOW 3Heprueid). M3 3Toro pucyHkKa BHAHO, YTO TeMIleparypa
KaIesb, B3aMMOJECHCTBYIOIINX C YAapHOH BOJHOM, yBenuuuBaercs. Pacnpenenenue gactur no tpyode Giausko
K U300paXeHHOMY Ha puc. 8.

Ha puc. 10 moxa3aHbl pe3yisTarsl, MOMyYeHHbIE TP yUeTe HucrapeHus. M3 aToro pucyHka BUAHO, YTO
KaIlTl IPaKTHYECKH II0 BCEMY CEUCHMIO TPYOBI OBICTPO MCHAPSAIOTCS MOCIE OTHOCUTENIBLHO KOPOTKOM CTaanu
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Puc. 6. Dsonioyus ckopocmu yoapHou 8onHbL 8001b 0CU MPYObL NPU 6X00€ 8 OUCNEPCHYIO CMeCh OIS
PA3IUYHBIX MoOenell 2a30KanenbHo2o ezaumooeticmeus. P1/Po=100

Puc. 7. IIpumep 63aumooelicmausi yOapHoll 01HbL C Kaniel

TIOBBIIICHUST TEMIIEPATyphl. DTOT 3Tal YAJIWHIETCS TI0 Mepe TOTo, KaK yapHas BOJHA MPOHUKAET ITyOXe OT
Hayasa TpyObl W3-32 YMEHBIICHHS HHTEHCHBHOCTH YIapHOI BOJIHBI M, COOTBETCTBEHHO, CKOPOCTH Ta3a 3a Hel.
YacTumpl y CTEHKH UCTAPSIOTCS HAMHOTO MeIJIEHHEee W3-32 HH3KOH OTHOCHTEIHHOH CKOpOCTH Tasa (W3-3a
YCIJIOBHSI IPUJIMIIAHUSI CKOPOCTH Ta3a K CTeHKaM TpyObl). B manbHelIeM 3TH YacTHUIbI YIAISIOTCS OT CTEHOK
U TEM CaMbIM CO3JAIOT ClIa0yr0 KOHIICHTPAIMIO HEWCHapWBIICHCS TUCIIEPCHOHN (a3bl Janeko 3a HadalbHOU
yIOApHO# BOJIHOMA.

Ha puc. 11 moka3zaHb! pe3yasTaTsl, MOTyYeHHBIE TP YU€Te PAaCTIbUICHHUS Kareilb. JTH pe3ybTaThl aHa-
JIOTHYHBI TipeapytyuM (puc. 10, ¢ yueTom ucnapeHusi, HIOTOKOB TeIlla U UMITyJbca, 0e3 yueTa pacibUIeHHS
Karesb), 32 UCKIIOYCHUEM TOro (akTa, YTo UCMapeHHe MENKUX Kalelb IMOCIe PaCcTbUICHUs] CTAHOBUTCS Ha-
MHOTO OoJiee MHTeHCHBHBIM. Ha mocnenneit craaum, Kkorna yrapHas BOJHA ITyOOKO MPOHUKIIA B TUCTIEPCHYIO
cMech, Nuiel() B3aMMOACHCTBYIONIMX C HEW YacTHIl, HO HE MCHAapSIOMINXCS, YBEIMIUBACTCS 3a CUET ocialbie-
HUSl HHTEHCUBHOCTH YIapPHOM BOJHBI U, KaK CIIEJCTBHE, YMEHBIIICHHUS TEIUIOBOTO IMOTOKA K KallIsiM OT MEeHee
Harperoro rasza. ToT 3QQeKT aHaIOTHUYeH TOMY, KOTOPBIN MPOsBISETCS B Cilydae MclapeHus Oe3 yuera pac-
meuTeHns. Karmm, mpuMbIKaBIIne K CTeHKaM B MOMEHT B3aUMOAEWCTBUS C yIapHOI BOJTHOH, IPAaKTHYECKH HE
pacmazaioTcs U BeAyT celsl Tak ke, Kak M B ciiydae 0e3 ydera pacubuieHus (puc. 10).

[Ipu ropernn B Ta30BO# ¢a3e yauTsiBaeTcs (puc. 12), 9o GpoHT HCTIapeHus YacTHI] U GPOHT TOPSHUS
OYCHb ONIM3KH JPYr K JpYyry; UX (opMa MPaKTUYECKU COBIAAACT C MONEPEYHBIM CEYCHUEM TPYOKH. DTO
CBSI3aHO CO 3HAYHMTENHHBIM YBEIHMYCHUEM OTHOCHUTENBHOM CKOPOCTH Ta3a 3a BOJIHOM B peXXHME AETOHAIWH.
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3 8 Boiuuc p 1] no,mducnepcnbuc 2a30KANENbHBIX CMecell ¢ XUMUYECKUM npeepauwjeHuamu
Temneparypa karm (K) Hasnenwue (bar)
464.5 30.73
- -
389.1 9.188
351.4 4.958
313.7

276.8

t=0c¢ ] t=0c
t =0.23 mc =023 Mmc

t=0.51 mc

t=1.21 mc

t =2.67 mc

Puc. 8. Yuumwvisaemcsa monvko 380n0oyus nonei memnepamypul (ciesa) u 0asienus 2asa (cnpasa)
MOOENbHOU Kaniu npu yciosuu cuivl conpomusienus. Hauanvnas cmenens cocamus P1/Py=75

BroiBoabI

UccnenoBanue pa3nuyHbIX MOJENEH ra30KaneIbHOTO B3aUMOACUCTBUSA MO3BOIIIO OLIEHUTh POJIb Pas-
TUIHBIX () ()EKTOB B MOBENCHUN yIapHOW BOJNHEBI: MEXaHUYECKUX MOTEPh, TCIUIOBBIX TOTEPh, CIIAPCHUS Ka-
IeJb, PACTIBUICHUS, BOCIIAMEHEHHS U TOPEHUS MapOB TOIUIHMBA.

Iloxa3zano, 4TO NpY MOMaJaHUH YIAPHOH BOJHBI B 00JIACTh, 3AIIOJIHEHHYIO a3p030JieM, CKOPOCTh BOJI-
HBI YMeHbIaeTcs. Hanbomnee HHTEHCHBHOE CHIDKEHHE CKOPOCTH MPOUCXOAMT MPH yUYETe TOJIBKO COMPOTHBIIE-
HUS ¥ TETJIoNepeaayy, HauMeHee HHTEHCUBHOE CHIDKEHHE CKOPOCTH BOJHBI — IIPH YUETE TOJIBKO COIPOTUBIIE-
HUSL

YueT ucnmapeHus MPUBOAUT K MEHBIIEMY CHIKCHHIO CKOPOCTH YIApPHOW BOJIHBI IO CPaBHEHUIO C
Y4eTOM TOJIBKO TETUIOBBIX W MEXaHWUYECKUX IMoTeph. [IpuunHa B criemyromemM: ncnapeHue MpuBOIUT K oOpa-
30BaHUIO 32 yAapHOW BOJHOM AOMOIHHUTENFHOTO 00BeMa ra3a, KOTOPBIH MOJIEPKHUBACT €€ paclpoCTpaHeHHeE.

VYder pacnbuieHHs Kaneilb MPUBOIUT K OoJiee OBICTPOMY YMEHBIIEHHIO CKOPOCTH yAapHOH BOJHBI 11O
CPaBHCHHUIO C YYETOM TEpPMOMEXaHHMUYECKOTO B3auMoAeHcTBUS U ucnapeHus. OObsicHeHue 3Toro Qakra cre-
IyIolee: paciblIeHne Kareidb TPUBOIUT K 00pa30BaHUIO HOBOI CBOOOIHOM IMOBEPXHOCTH, YTO YBEIHIUBACT
00OMEH UMIYIICOM U SHEPrHel MEXy I'a30M M KOHACHCUPOBAHHOM (pa3oil; MenKue KallelnbKH 3aMeJITIOTCS
Y HarpeBaroTcsi HAMHOTO ObICTpee, TeM CaMbIM YBEIMYUBAs MOTEPH MMITYIbCAa M SHEPTUH B ITOTOKE Ta3a, 4To
NPUBOIUT K 3aMEIJICHUIO YIapHON BOJHBI.

C y4eroM ropeHus mocje HEeKOTOPOTro Mepruoaa TOPMOXKEHHS B adpo30Jie CKOPOCTh YIApHOI BOJHBI
yBenmauBaercs 10 1500-1700 M/c, 9TO COOTBETCTBYET BOCIIAMEHEHHIO TAa30BOM CMECH W TIEPEXOIy TOPCHHUS
B PEKUM JIETOHAIUH.

Ilepexon OT ropeHHs K JETOHALWU MPOUCXOJUT B PEKUME C MEperpy3Koil (pekuM CHIBHOHN JIeTOHa-
LMY, XapaKTEePU3YIOIMUNCS TOBBIIMICHHON CKOPOCTHIO U JABICHUEM) C MOCIEI0BATECIBHBIM 3aMEIJICHUEM 10
CaMOIOAIEP>KUBAOILEHCS CTALIMOHAPHON cKOpocTH pexxnMa Uenmena—Kyre.
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Temmnepatypa Kamiu HaBnenue

t =0.67 mc

t=1.81 mc

t =3.08 mc

Puc. 9. Yuumwvisaemcs s8onoyusi noneti memnepamypul Mooenu Kaniu (ciesa) u oasienus 2asa (cnpasa)

npu yCaosuu Cubl cConpomusienus u meniooomena. Hauanonas cmenens cocamusi P/ Pg=75

[Jasnenue (bar)

Temneparypa Karu

=0.19 mc

t=0.19 mc

t=244mc t =244 mc

Puc. 10. Dsonroyus noneti memnepamypsi (ciesa) u 0asieHus 2aza (Cnpasa) mMooeiu npu ycioeuu yuyema
UMRYTIbCA, MENTOB020 U MACCOOOMENHA (UCnaperust) Medcdy Kanasamu u 2a3o8ou ¢azou. Hauanrvnas cmenens

coicamus P/ Py=75
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TemniepaTypa Karum [Jasnenue (bar)

t = 0.83 mc
t = 1.54 mc )
t=265Mc

Puc. 11. Dgonioyus noneu memnepamypul Kaniu (criesa) u 0asieHus 2asa (Cnpasa) npu yciosuu yvema
pacnwvlieHusi Kaneib, KOTU4ecmea 08UNCEHUS, MEeNL08020 U MACCOOOMeHa (UCnapeHus) mexcoy Kanaamu u
2azoeoul ¢azou. Hauanvnas cmenens cocamus P/ Py=75

Temneparypa kamiu Jasnenue (bar)

t =1.43 mc

t=172mc t=1.72 mc

Puc. 12. Dsonroyus noneii memnepamypvl kaniu (ciesa) u 0agienus 2aza (Cnpasa) npu yciosuu yuyema
pacnvlieHus Kaneib, UMNYIbCd, Meniogo20 U MaccoobMera (Ucnapenus) mexcoy Kanisamu u 2azo8ou ¢asotl,
socniamenenuss u eopenusi napa kaniu. Hauanonas cmenenv cocamus P/ Py=75
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Aunnomayua: 1o cIy4aro ABYXCOTJIETHETO ro0mies UeOrIEBa s M3ydrnil 9acTh €ro paboT U MpHIIeN K
BBIBOAY, 4TO B IEJIOM psiZie MOMEHTOB OH IPOJOJDKAeT HAy4YHbIE Tpagumuu Dinepa. I paccmarpuBai paboThI
Oinepa 1 YeObIuéBa Mo TpeM NPUKIAAHBIM TeMaM: MPOMBILUIEHHOE 000pyloBaHKe, OaIIHCTHKA U Teorpa-
¢us, a Taxke MO TpeM pasfesiaM YHUCTOM MaTeMaTHKW: WHTETpajbHOE MCUHUCIIEHHE, HENpephIBHBIE ApoOH U
Teopus uncen. [lokazaHo, 4TO BO BCeX ciaydasx 00a MaTeMaTHKa M3y4alld OJMH M TOT )K€ KPYT BOIPOCOB.

Kuroueswvie crosa: Diinep, UeOnméB, poccuiickas Mmarematuka, CeTHEpOBO KOJIECO, TapoBasi MaIluHa,
reorpadusi, apTHIUIEpHs, OAJUTUCTHKA, OpPYXeHHOe Jen0, Kaprorpadus, dUTUNTHYECKUE WHTErpalibl, Helpe-
PBIBHBIE IPOOH, pacTpeielIeHre MPOCTHIX YHCEN.

Jlns yumuposanus: Tlanagomnynoc A. Ilpo Diinepa n YeOwiméBa, ocHOBaTeNEeH POCCHICKON MareMa-
TUKH. Ycnexu kubepnemuru. 2021;2(2):42-63. DOI: 10.51790/2712-9942-2021-2-2-4.

Introduction

We celebrate this year the two-hundredth anniversary of the birth of Pafnuty Lvovich Chebyshev
(1821-1874), considered as the founder of a remarkable mathematical school in Saint Petersburg usually
referred to as the “first Russian mathematical school”, to distinguish it from the previous mathematical
school, which can naturally be termed “first mathematical school in Saint Petersburg”, that prevailed there
for more a century, which was founded by Leonhard Euler and which was dominated by the latter’s disciples
and by mathematicians that were mostly trained in the West.

Chebyshev and Euler were both involved in several fields of pure and applied mathematics. For each
of them, a non-negligible part of the work he did in theoretical mathematics was impelled by applications
in the other sciences, and, conversely, the applications he worked on were steered by his research in pure
mathematics. Since it is not possible in a few pages to consider all the subjects on which these two
prominent mathematicians worked, I have chosen, to illustrate my argument, six topics: three from pure
mathematics and three from applied. I will start with the latter. In the next sections, I will talk respectively
about machines, artillery, geography, then integration, continued fractions and number theory. I have already
considered relations between Euler and Chebyshev’s works in the article [1] which appeared in the same
journal.

It is known that Chebyshev was a devoted reader of Euler, and more generally, of mathematicians
from the past. The authors of the biography contained in his Collected Works edition [2] write that he was
an industrious reader of Euler, Lagrange, Gauss and Abel, and that as a general rule he avoided reading
the mathematical works of his contemporaries, considering that this would distract him from having original
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ideas. Thus, it is not surprising that Chebyshev was influenced by the work of Euler. I will take advantage
of this commemoration to talk about the two mathematicians, Euler and Chebyshev, highlighting several
ways in which the latter was a heir of the former.

Most of Euler’s written work and correspondence is now published in his Opera Omnia (Collected
Works edition), and I shall refer to it. When quoting Chebyshev’s works, I shall generally use his French
Collected works edition [2], and sometimes the more recent Russian Collected works edition [3] which
contains more material.

The present text arose from notes | wrote for three talks I gave at conferences dedicated to the 200th
anniversary of Chebyshev: on May 14, 2021, in Obninsk, the chief-town of a small region to which belongs
Okatovo, the village where Chebyshev was born; on May 16, 2021 at the Euler International Mathematical
Institute in Saint Petersburg, and on May 23, 2021 at Surgut State University. I would like to thank Valerii
Galkin, the organizer of the conferences in Obninsk and Surgut, for his invitation to give the talks there,
and for motivating me to write this article, and Anton Baranov, who invited me to give the talk at the Saint
Petersburg conference.

Mechanical engines

Let me start by a few words of historical context, which will bring us back to the foundation of the
city of Saint Petersburg.

Peter the Great’s contribution to the development of mathematics in Russia is seldom enough
emphasized. Mechanical engines, which constitute the subject of the present section, together with the
sciences of artillery and geography which we shall discuss later in this paper, were among his priorities
when he decided to found the Saint Petersburg Academy of Sciences. At the same time, the tsar was aware
of the fact that in order for his country to be at the forefront in these fields, it was necessary to promote
there the study of mathematics.

Bringing mathematics to Russia was not an easy task. Peter the Great first attempted to send
Russians to learn mathematics in Western Europe, but this was not conclusive, because the adaptation of the
Russian young men that were sent turned out to be difficult. He then created what was called “ciphering”
schools for teaching elementary mathematics to Russian children, but this also did not bring significant
results. He ordered the translation of mathematical works of Euclid, Descartes, Leibniz and Newton, but
the impact of this project was also low, because of lack of readers. The impetus for the beginning of high-
level mathematics in Russia came later, after the tsar made several visits to the West, where he encountered
preeminent scientists, in particular at the Paris Royal Academy of Sciences. He decided to attract outstanding
mathematicians to Saint Petersburg, in order to establish a strong mathematics section at the Academy of
Sciences which he had decided to found, and which he wanted to be of the same level of the French
Academy of Sciences or the London Royal Society, with the additional stipulation that the scientists in the
Saint Petersburg Academy were asked to teach. This is how remarkable mathematicians like Nicolas and
Daniel Bernoulli and Christian Goldbach arrived to Saint Petersburg, followed by the young Leonhard Euler
(he was 19), who became later on the leading mathematician of the eighteenth century. We refer the reader
to the book [4] for a comprehensive account of this side of Russian science history.

Euler was interested in all fields of pure and applied mathematics, and mechanics was one of his
favorite subjects. His work on this topic transformed it into a mathematical science, based on integral and
differential calculus. He introduced methodically in the solution of mechanical problems the techniques he
developed for differential equations, integration and infinite series. Among his achievements in mechanics,
we mention the systematic use of the equations of motion, a thorough study of the dynamics of rigid bodies,
and the application of the methods of the calculus of variations in the solution of problems in elasticity and
hydrodynamics. A major reference for Euler’s work on mechanics is his 2-volumes Mechanica [5, 6], but
he also wrote many other memoirs on this topic, and we shall review some of them.

Besides theoretical mechanics, Euler was interested in several practical mechanical problems, making
connections between mathematics and engineering. He wrote more than 40 memoirs on machines. We
mention a few of them, because they give us an idea of the questions he dealt with:

e Discussion plus particuliére de diverses maniéres d’élever de I’eau par le moyen des pompes avec
le plus grand avantage (A more particular discussion on the various methods of raising water using
pumps with the greatest advantage) [7] (1754);
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e Recherches plus exactes sur [’effet des moulins a vent (More exact researches on the effect of wind-
mills) [8] (1758);

e Sur ’action des scies (On the action of saws) [9] (1758);

e Scientia navalis (Naval science), a fundamental treatise in 2 volumes totaling more than 1000 pages,
published in 1738 and 1749, [10, 11], in which Euler sets the foundations of the theory of naval
science; the treatise includes sections on hydrostatics, equilibrium, stability, resistance, etc.

To give an idea of some of Euler’s work on machines, I will consider especially his memoirs
in which he studied a turbine known as the Segner turbine (also called Segner wheel). This is a water
turbine which was used, in the eighteenth century, as a low cost power source for mills, in Germany and
probably in other countries as well. The machine was conceived around the beginning of the 1750s by the
Hungarian-born mathematician and engineer Johann Andreas von Segner (1704-1777), who was the first
professor of mathematics at the University of Gottingen and who, later, at the recommendation of Euler,
became professor in Halle and corresponding member of the Saint Petersburg and Berlin Academies and
of the London Royal Society. His discovery of the turbine that was later called after his name was based
on work on water jet action done by Daniel Bernoulli, who was Euler’s close friend and among his first
colleagues in Saint Petersburg. Segner’s machine is also considered as a modern version of the aeolipile, a
water turbine invented by Heron of Alexandria (I1st ¢. AD) which works according to the same principle
and which is considered as the first known steam engine.

During his stay in Berlin (1741-1766), Euler became thoroughly interested in the Segner turbine,
and he wrote several memoirs on this topic, among which we mention the following:

o Recherches sur leffet d’'un machine hydraulique proposée par M. Segner, professeur a Gottingue
(Researches on the effect of a hydraulic machine proposed by M. Segner, professor at Gottingen), [12],
published in 1752;

o Application de la machine hydraulique de M. Segner a toutes sortes d’ouvrages et de ses avantages
sur les autres machines hydrauliques dont on se sert ordinairement (Application of the hydraulic
machine of Mr. Segner to all sorts of situations, and on its advantages over the other hydraulic
machines which are ordinarily used) [13], published in 1753;

o Theorie plus compléte des machines qui sont mises en mouvement par la réaction de [’eau (A more
complete theory of the machines that are put in motion by water reaction) [14], published in 1756;

e De motu et reactione aquae per tubos mobiles transfluentis (On the motion and reaction of water
flowing through moving tubes) [15], published in 1761;

o Détermination de [’effet d’'un machine hydraulique inventée par M. Segner, professeur a Gottingue
(The determination of the effect of a hydraulic machine invented by Mr. Segner, a Professor at
Gottingen), written in 1752 and published posthumously.

These works contain a detailed analysis of the functioning of this hydraulic machine. For Euler,
working on these memoirs was also the occasion to apply in a particularly interesting practical instance his
theoretical researches in mechanics, hydrodynamics, and the theory of motion. Let us say a few more words
on them.

In the memoir [13], Euler discusses the ways in which the Segner machine can be used in a most
efficient manner, showing the advantages that it is capable of providing, comparing it to other sources of
energy based on water flow. He demonstrates that by employing the same quantity of water and the same
fall, the new machine produces an effect about four times greater than the other known machines, when
they are most advantageously used. Figure 1 is extracted from this memoir. In the memoir [15], Euler
computes the optimal proportions of the Segner machine. In the posthumous memoir [16] he declares that
the principles of this machine are completely new because the pipes through which the water passes are not
at rest, but are subject to a motion caused by the force of the water itself. Thus, the usual laws of hydraulics
are not sufficient for the study of this machine, and a completely new approach is needed. In the same
memoir he gives an outline of the construction of a new water turbine which became the basis of his later
study of a centrifugal pump.

Most of all, this collection of memoirs constitute a detailed mathematical study of a mechanical
device based on differential calculus. In this study, the shape of the vase, the motion, the curvature and the
other geometrical properties of the pipes play central roles. Euler states the problems that he solved in the
form of optimization problems. For instance, Problem 6 asks the following:
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To find the most advantageous figure that one can give to the horizontal pipes, for which the
machine has the largest effect.
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Figure 1. From Euler’s memoir on Segner’s hydraulic machine [13]

Among the other writings by Euler which concern machines and optimization, we mention his
memoir Maximes pour arranger le plus avantageusement les machines destinées a élever de ['eau par le
moyen des pompes (Maxims for the most advantageous arrangement of the machines designed to raise water
by the use of pumps) [17]. Euler declares in this memoir that to set such a machine in motion, one can
use the forces of water (rivers, etc.) or those of wind, or of men or of horses (he mentions incidentally
that a single horse produces the same effect as a dozen men). His aim in his memoir is to find the most
advantageous design for such a machine. He studies the various parameters that are involved with the aim
of optimizing the results. For example, he searches for the speed with which the force, when it acts on the
pumps that have to be put in action, produces the greatest benefit. The amount of water that a machine must
raise also depends on the geometrical properties of the pipes. The shape and dimensions of these pipes are
among the parameters that has to be optimized. In the same memoir, Euler considers other machines that
are used to lift water and he presents applications to the functioning of windmills.

The Segner turbine, which we mentioned above, was considered as an important step in the later
development of steam engines, see [18, p. 41]. Now we turn to the latter, with which Chebyshev was
intensely concerned.

Chebysheyv, like his famous predecessor, was most interested in mechanical engines. We learn from
the biographies contained in his Collected Works [2] and from the article in his article P. Tchébychef and
his scientific work by Vassiliev [19] that since his childhood, one of his favorite occupations was the
construction of mechanical toys, and that he kept this passion during the rest of his life. Wooden automata,
speed regulators, calculating machines, mechanical linkages and other devices he constructed at various
stages of his life are displayed in a number of museums and science galleries, including the Conservatoire
National des Arts et Métiers in Paris, the Academy of Sciences in Saint Petersburg, the Museum of History
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in Moscow, and the museum dedicated to Chebyshev, hosted in the school named after him in the village
of Mashkovo, a few kilometers from his birth place.

As a student the University of Moscow, Chebyshev was highly attracted by the course on mechanics
taught by N. D. Brashman (1796-1866), for whom he kept a profound respect, both as a mathematician and
as a person. It is known that Chebyshev asked Brashman for a photograph that he always carried with him
and that he still had it at the moment of his death. We also learn from Chebyshev’s biography in [2] that
after his arrival to Saint Petersburg, Chebyshev had close relations with another eminent mathematician, O.
I. Somov (1815-1876), who was a specialist of applications of analysis and geometry to kinematics and the
author of a geometric approach to theoretical mechanics. Let us also note that in addition to his work at
Saint Petersburg’s University and Academy of Sciences, Chebyshev taught applied mechanics at the Imperial
Alexander Lyceum of Saint Petersburg.

Besides his interest in theoretical mechanics, Chebyshev, like Euler, was deeply interested in indus-
trial machines. In a document reproduced in his Collected Works [2, vol. I, p. VII-XVIII], he reports on
a trip he made to Western Europe in the summer of 1852, during which he spent a significant part of his
time observing systems for raising water, agricultural machines, wind-mills, factories, cotton and flax spin-
ning machines, metallurgical plants, foundries. He also visited several science museums in which he could
contemplate steam engines. In the same report, Chebyshev makes detailed comments on the design of the
wings of the wind-mills he saw during his journeys, expressing the desire to write analytical expressions for
the surfaces of these wings in order to find the most economical way of using them in making oil, grinding
grain, pounding flax, etc. We also learn from the same report that Chebyshev was particularly interested
in the automata built by the French artist and mechanical engineer Jacques de Vaucanson (1709-1782),
including automatic figures of the size of a human being that play music, models of digesting ducks which
are capable of eating grains, then metabolizing and defecating them. Chebyshev was mostly fascinated by
the steam engine invented by James Watt (1736-1819), the Scottish engineer who played a major role in
the nineteenth century industrial revolution. He was particularly attracted by a piece of mechanism included
in Watt’s engine consisting of a mechanical linkage that transforms an almost circular motion of a rocker
beam in the pumping part of the machine into the straight-line motion of a piston shaft. This linkage, to
whom Chebyshev gave the name “Watt parallelogram”, played a major role in his later work. It acted as
a motivation for his investigations on approximation theory and on what became later known as the theory
of linkages. In his report, Chebyshev makes a rather detailed review of the history of this linkage and its
use in steam engines, explaining the reasons that led Watt to invent it and declaring that it is necessary
to submit the Watt parallelogram and its variants to a rigorous scrutiny. Chebyshev declares that it is for
this reason that he started studying conditions under which several elements of this mechanism in factory
machines and on steamboats depend, and that, while he wanted to deduce the rules for the construction of
these parallelograms, he encountered difficult problems of analysis which were still poorly studied. He says
that the only person who tackled these problems was J.-V. Poncelet, the well-known French mathematician,
engineer and general, and member the Academy of Sciences of Paris. Poncelet was known for his work
in applied mechanics. Chebyshev points out that the theory of the Watt parallelogram, like several other
problems in mechanics, requires formulae that are more general than those currently known.

As a matter of fact, Chebyshev’s first published results on approximation theory are contained in
his article on mechanical linkages titled Théorie des mécanismes connus sous le nom de parallélogrammes
(The theory of mechanisms known under the name of parallelograms) [2, Vol. I, p. 111-143], published
in 1854. In the introduction of this memoir, Chebyshev mentions, as a motivation for his work, the design
of steam machines, and he explains that his aim in writing this article is to present a slight modification
of Watt’s parallelogram which reduces the deviation of the piston rod with respect to the pendulum of the
machine. From the mathematical point of view, the problem needed approximation techniques which were
much more elaborate than the existing ones. This led him to the basic question of finding a polynomial
which approximates a function whose difference with the polynomial on a certain fixed small interval of the
real line is minimal. Almost all the techniques that were available from analysis relied on the polynomials
given by Taylor expansions, which give only approximations in the neighborhood of specific points, but they
were not useful in the approximation problems along a whole interval. Legendre polynomials, introduced
in 1782 by A.-M. Legendre, were already known, and they found applications in physics, but they had not
been used in such approximation problems. This paper by Chebyshev contains his first investigations on
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what became later known as the Chebyshev polynomials, and the beginning of his theory of orthogonal
polynomials. The basic question addressed in this paper, viz., that of finding a mechanical linkage that
transforms a rectilinear motion into a circular one, gave rise to a large amount of works, by Chebyshev and
others. This problem was eventually solved and by A. Peaucellier [20] and, later, by Chebyshev’s student L.
Lipkin [21]. One talks now about the Lipkin—Peaucellier inverter, a linkage having seven elements; see the
report in [22].

Chebyshev wrote several other articles on the same subject, and we mention the following memoirs:

o Sur une modification du parallélogramme articulé de Watt (On the modification of Watt’s articulated
parallelogram) [2, Vol. I, p. 533-538] (1861);

o Sur les parallélogrammes (On parallelograms), [2, Vol. I, p. 85-106] (1870);

o Sur les engrenages (On gears) [2, Vol. 11, p. 129-161] (1875);

o Sur les parallélogrammes composés de trois éléments et symétriques par rapport a un axe (On
the parallelograms composed of three elements symmetrical with respect to an axis) [2, Vol. 1I, p.
285-297] (1879);

o Sur les parallélogrammes composés de trois éléments quelconques (On the parallelograms composed
of three arbitrary elements) [2, Vol. II, p. 301-331] (1890);

o Sur les plus simples parallélogrammes qui fournissent un mouvement rectiligne aux termes du qua-
trieme ordre prés (On the simplest parallelograms that provide a rectilinear motion up to terms of
degree four) [2, Vol. 11, p. 359-374] (1882);

o Sur la transformation du mouvement rotatoire en mouvement sur certaines lignes, a [’aide de systemes
articulés (On the transformation of the circular motion into a motion on certain lines, using articulated
systems) [2, Vol. II, p. 726-732], (1884); Sur les parallélogrammes les plus simples symétriques
autour d’un axe (On the simplest symmetrical parallelograms that are symmetrical around an axis) [2,
Vol. 11, p. 709-714] (1885).
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Figure 2. From Chebyshev’s article [2, Vol. II, p. 709-714], concerning various forms of symmetrical
mechanical linkages that produce straight lines

Chebyshev presented his results on linkages at several meetings of the Saint Petersburg Academy of
Sciences, but also at the Association frangaise pour 1’avancement des sciences, a learned society whose aim
was to promote science at various levels, connecting scientists and science amateurs coming from different
backgrounds and establishing links between various fields of knowledge. Chebyshev participated to several
meetings of this society, which were held in the summer, each year in a different city in France. He also
presented his mechanical linkages and other machines he invented at the Columbian World’s Fair (Chicago,
1893) and at the Musée de I’Ecole des Arts et Métiers in Paris.

Like Euler, Chebyshev approached systematically the theory of machines using mathematical meth-
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ods. Conversely, his study of linkages acted as a stimulus for his mathematical work on the theories of
approximation and optimization.

Vassiliev in [19] reports that Chebyshev, for his work on the approximations of functions was not
only motivated by problems raised in the theory of mechanisms, but also by problems on ballistics. In the
next section, we shall report on Chebyshev’s work on this topic, but before, that, we shall review Euler’s
work on the same subject.

Ballistics

I will start by mentioning a book by the English mathematician and military engineer Benjamin
Robins (1707-1751). The latter was a student of Henry Pemberton, who was Newton’s disciple and the
editor of the third edition of the Principia (1726). Robins is well known for his invention of a method
for measuring the speed and the kinetic energy of a projectile from the effect of its impact on a pendulum
which was given the name ballistic pendulum. He was familiar with Euler’s works on the theory of motion,
and in 1739 he published an article titled Remarks on Mr. Euler’s Treatise of motion, Dr. Smith’s complete
system of optics, and Dr. Jurins essay upon distinct and indistinct vision in which he discussed this theory,
see [23]. Robins used several ideas of Euler on motion in his later works.

In 1742, Robins published a book titled New Principles of Gunnery [24]. Euler was very much
interested in this topic, in which several of his ideas in physics could find their application. Indeed, gunnery
involves the theory of motion, the nature of air and fire, the physics of air resistance, elasticity, fluid
mechanics, the study of the dependence of air resistance and elasticity on temperature and their impact
on the velocity of a projectile, etc. Furthermore, this was a time where Euler was working at the Berlin
Prussian Academy under the auspices of Frederick the Great, and gunnery was a subject which was of high
importance for the Prussian ruler.

Euler translated Robin’s book into German, and he presented it, together with his own commentary,
to the Berlin Academy of Sciences, in 1753, under the title Neue Grundsdtze der Artillerie (New Principles
of Gunnery) [25]. This translation, with the commentary, were in turn translated into English again, and
published in 1777, by the British ballistician Hugh Brown, see [26]. A French edition of the same book,
together with Euler’s comments, was published in 1783 under the title Nouveaux principes d’artillerie de M.
Benjamin Robins, commentes par M. Leonard Euler (New principles of artillery by Mr. Benjamin Robins,
commented by Mr. Leonard Euler) [27].

In Euler’s edition of Robin’s work, each proposition of the latter is followed by several complements
by Euler. These complements sometimes consist in small new sections proving the same results, in which
Robins’ geometrical methods are replaced by analytical methods, using the tools of calculus and algebra,
which Euler considered easier for the student. Euler’s complements also involve the introduction of tools
from infinitesimal calculus and ideas originating in physics, from the study of air resistance and its elastic
properties to that of the force of powder explosions. We note that Euler had already published several
memoirs related to this topic, and we shall mention some of them below.

Let us give now a few examples of Robin’s results.

Proposition VII of the first Chapter deals with the following problem:

Given the length and the diameter of a piece of cannon, together with the weight of the bullet,
the charge of the powder and its elastic force at the first moment of the explosion, to determine
the velocity with which the bullet is projected out of the cannon.

Proposition VI of Chapter 2 says the following:

The curve described in the air by a bomb, or a bullet, is not a parabola, and it is even not
close to a parabola, unless the velocity of the body projected is very small.

In fact, Robins did not give the nature of that curve. Euler, in three different addenda to this
proposition, developed the same subject based on his own researches on air resistance, treating three cases
separately: the motion of a body projected horizontally, then vertically, and finally obliquely. In each case
he determined and studied the nature of the curve obtained.

In 1727, Euler, who was only 21 years old, wrote a paper titled Meditatio in experimenta explosione
tormentorum nuper instituta (Meditation on experiments made recently on the firing of a cannon) [28]. In
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this paper, he describes seven experiments on gunnery performed between August 21 and September 2, 1727.
The paper is known also because it is the first time that the letter e is used to represent the basis of natural
logarithms. It was published posthumously, only in 1862 (that is, 79 years after Euler’s death).

In 1755, Euler published a memoir on ballistics titled Recherches sur la véritable courbe que
décrivent les corps jetés dans ['air ou dans un autre fluide quelconque (Researches on the real curve
described by the bodies thrown into the air or into an arbitrary fluid) [29]. In this memoir, he starts by
recalling that Galileo Galilei’s discovery of the fact that a body projected obliquely in the air describes a
parabola cannot be used in artillery, because the velocity of the projectiles that are used in this field (i.e.
bombs, bullets, etc.) is very high, and air resistance is too large compared to gravity. Precisely, velocity
and air resistance are the two parameters that divert projected bodies from following a parabolic trajectory,
as they would do in vacuum. In this paper, Euler studies in detail these questions using the tools he had
already developed in mechanics, improving results that were obtained by Johann Bernoulli. The latter had
developed the mathematical aspect of the question of the trajectory of a bullet submitted to air resistance
under the assumption that the bullet is subject to a force which is proportional to the square of its velocity,
in addition to the gravitational force.

The French version of Euler’s edition of Robins’ book contains, as an appendix, excerpts from a
memoir of Euler published in 1729, titled Tentamen explicationis phaenomenorum aeris (An essay on the
explanation of the phenomena of air) [30], in which the author elaborates on his theory of the atmosphere.

In the nineteenth century, the field of ballistics was as much important as it was in the eighteenth.
Vassiliev, in his biography [19, p. 10], writes that when Chebyshev was appointed on the chair of applied
mathematics at the Saint Petersburg Academy, he was concerned with two problems in applied mathematics:
the theory of mechanisms, and ballistics.! In fact, these are the two subjects that led Chebyshev to the
development of the theory of approximations. From the same article, we learn that it was a problem in
ballistics that was proposed to Chebyshev by his hierarchy in the artillery administration, that led him to
concentrate on questions of interpolation [19, p. 17]. His written work on ballistics is reproduced in Volume
V of the Russian edition of his complete works. An English summary is given in the article [31]. We can
read there that in 1856 Chebyshev became a member of the Artillery committee of the Imperial Russian
army, a committee which was in charge of introducing scientific novelties in Russian artillery. Three years
after his nomination at that committee, Chebyshev was awarded the second-degree of the St. Anne Order,
a highly valued medal, for his “three-year long meticulous and useful work, in addition to performing his
direct duties at the Academy of Sciences, on mathematical research at the Artillery Committee, a work
which turned out to be so beneficial for the development of rifle guns and shells.” In 1867, Chebyshev
obtained a formula for the range of spherical shells whose initial velocities are within a certain limit. His
works on interpolation theory was in part motivated by the computation of a table on the effect of bullets
based on experimental data. His Russian collected works edition [3, Vol. 5, p. 239] contain a document
extracted from the Saint Petersburg Military Scientific Council of 1863, displayed in the Artillery museum
of Saint Petersburg, presenting the difficult problems of artillery that needed to be solved using mathematical
tools. We read there:

The efforts of officers well-versed in general mathematical sciences are not enough and call the assistance
of great geometers. For many centuries outstanding geometers of all countries have been engaged in
artillery studies and it is to them alone, of course, that artillery as a science owes the precious stock of
rational and reasonable ideas.

The document’s conclusion reads:

In the future, the Artillery Committee will be still very much in need of Chebyshev’s assistance; if he
abandons artillery, the committee will be compelled either to abandon the investigation into mathematics-
based issues or turn to the mercy of Mr. Chebyshev, who, with no direct obligations before the committee,
will have no reason to devote his precious hours of scientific research to artillery questions.

Chebyshev’s results also include the application of probability theory in artillery, an explanation of
the role of rotary motion in shell fire and the study of the optimal shape of a shell.

! As a matter of fact, Chebyshev was elected in 1853 on the chair of applied mathematics at the Saint Petersburg Academy,
because the chairs of pure mathematics were already full (they were occupied by Fuss, Ostrogradsky, and Bunyakovsky). This
reminds us of the fact that Euler, at his arrival in St Petersburg in 1727, was offered the chair of physiology, because the chair of
mathematics-physics was occupied (by Daniel Bernoulli).
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I will end this section with two pictures on ballistics. The first one, Figure 3, reproduces a drawing
by Leonardo da Vinci extracted from the Codex Atlanticus.

Figure 3. From Leonardo’s Codex Atlanticus
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Figure 4. From a 17th century manuscript on geometry and artillery.
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The second one, Figure 4, is also an Italian drawing. It is reproduced from an 17th century
manuscript on geometry and artillery titled Di alcuni principi di Geometria necessarij per intendere, e
sapere fare spedissamente tutto quello che si appartiene ad un valoroso Bombardiere (Some principles of
Geometry necessary to understand and know how to do very quickly everything that belongs to a valuable
bomber). The drawing is inspired from a drawing by the Spanish military writer and artist Diego Ufano.

We now pass to geography.

Geography

In Euler’s times, the geography department at the Saint Petersburg Academy of Sciences was one
of the most important departments. This section (like the one of astronomy) belonged to the class of
mathematics, and it was headed by the famous French geographer Joseph-Nicolas Delisle. One of his
main tasks was to make precise measurements of the Russian Empire and to draw geographical maps.
For this, Delisle needed the help of mathematicians. He was first assisted by Daniel Bernoulli and Jakob
Hermann, but later, these two left Russia and Euler became his main collaborator. Eventually, the relations
between Delisle and the Academy’s administration became tense, and Euler became himself the leader
of the geography department. As such, he became responsible for the publication of the so-called Atlas
Russicus (the “Russian Atlas™), a project which was one of the major enterprises at the Academy and of
which Delisle was in charge previously. The Russian atlas was eventually published under the direction of
Euler, in 1745. It carried the title Atlas Russicus mappa una generali et undeviginti specialibus vastissimum
Imperium Russicum adjacentibus regionibus secundum leges geographicas, et recentissimas observationes
delineatum exhibens (Russian Atlas containing a general map and nineteen particular maps of the whole
Russian Empire and its limiting countries in conformity with the rules of geography and the most recent
observations), see [32]. It contains 20 maps, including a general map of the Russian empire and nineteen
particular maps.

In Figures 5 and 6, we have represented two of these maps.

7

Figure 5. Map of the Russian Empire, extracted from Euler’s Atlas Russicus Saint Petersburg, 1745 [32],
Bibliothéque nationale de France, Département Cartes et plans

In 1753, Euler published another atlas, this time under the auspices of the Prussian Academy of
Sciences in Berlin where he had settled [33]. The atlas was meant essentially for the use of school children.
It contains 44 maps, representing all the regions of the Earth. One should remember in this respect that
a fierce international competition was taking place in that period, for the drawing and publishing of maps
of Russia and its bordering countries (in particular China and Japan). Furthermore, in both academies, the
selling of individual maps was a non-negligible source of income. In Figure 7, we have reproduced a map
from the Prussian atlas, representing the land of Palestine. This map was especially intended for religious
studies classes.
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Source gallica.bnf.fr / Biblioth&éque nationale de France

Figure 6. Map of part of Siberia, extracted from Eulers Atlas Russicus, Saint Petersburg, 1745 [32],
Bibliotheque nationale de France, département Cartes et plans
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Figure 7. Map of part Palestine, extracted from Euler’s Atlas Geographicus, Berlin 1753 Atlas, David
Rumsey Map Collection at Stanford University Libraries
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Euler wrote several articles related to geography. We briefly review some of them, explaining the
context.

In the last quarter of the seventeenth century, the sphericity of the Earth was challenged by Newton,
who deduced from his gravitation theory developed in the Principia, that the Earth was rather spheroidal
than spherical. A spheroid is a figure obtained by the revolution of an ellipse along one of its two axes.
More precisely, Newton considered that the Earth is a spheroid whose axis is the axis around which the
Earth actually revolves, and that its form is that of an orange, flattened at the top and at the bottom. A large
debate around this question kept busy the scientific community of the Eighteenth century during several
decades, a debate in which Euler was involved. A conflict arose between, on the one side, supporters of
the Newtonian theory, including Delisle and Euler, and on the other hand, the “French geographers” led by
the influential astronomers of the Cassini family, in charge of the Paris Observatory, who considered on the
contrary that the Earth has the form of a spheroid which, like an egg, is elongated at the poles and flattened
at the equator.

With the appearance of the new theories of the figure of the Earth, many geographical and astro-
nomical results that were obtained during the preceding centuries needed to be revised. Euler wrote several
geometrical memoirs on this subject, some of them theoretical, and others involving practical methods:
finding the geodesics and measuring distances on a spheroid, drawing maps of regions on the spheroidal
Earth, etc. Even elementary notions needed to be modified. For instance, with the Earth being considered
as spheroidal and not spherical, the length of an arc of a meridian depends on the latitude.

In the memoir Methodus viri celeberrimi Leonhardi Euleri determinandi gradus meridiani pariter
ac paralleli telluris, secundum mensuram a celeb. de Maupertuis cum sociis institutam (Method of the
celebrated Leonhard Euler for the determination of a degree of a meridian, as well as of a parallel of
the Earth, based on the measurement undertaken by the celebrated de Maupertuis and his colleagues) [34]
(1750), Euler studies several problems in this new setting, including the determination of the length of a
degree of a meridian from the latitude at a point.

In the memoir De attractione corporum sphaeroidico-ellipticorum (On the attraction of spherico-
elliptical bodies) [35] (1747), he obtains a formula for the attraction between a particle situated at a pole
and another one situated at the equator, taking into account the spheroidal shape of the Earth. His memoir
Elémens de la trigonométrie sphéroidique tirés de la méthode des plus grands et plus petits (Elements
of spheroidal trigonometry drawn from the method of the maxima and minima) [36] contains the bases of
spheroidal geometry. In particular, Euler gives there the formula for the distance between two locations on
the surface of the Earth, given their latitude and longitude. Of course, the solution of this problem is much
more involved than the analogous one in the case of a spherical Earth. One complication arises from the
fact that the perpendicular line to the tangent space at a point of a spheroid does not pass through the center,
except if this point is on the equator or at the poles, therefore the latitude at a point is equal to the angle
that this perpendicular makes with the rotation axis of the Earth.

In the memoir titled On the parallax of the moon with respect to its elevation and azimuth, under
the hypothesis of a spheroidal earth [37] (1751), Euler studies an astronomical problem in the setting of the
spheroidal shape of the Earth. The term “parallax” in the title refers to the influence of the position of an
observer on an object he sees in the sky. The object is, here, the moon. From the mathematical viewpoint,
this is a coordinate change problem, in spheroidal geometry.

In 1738, Euler published an exposition, intended for general audience, of the problems represented
by the shape of the Earth, Von der Gestalt der Erden (On the shape of the Earth) [38].

In 1777, he published three memoirs on the mathematical problem of drawing geographical maps,
De repraesentatione superficiei sphaericae super plano (On the representation of spherical surfaces on the
plane) [39], De proiectione geographica superficiei sphaericae (On a geographic projection of the surface
of the sphere) [40] and De proiectione geographica De Lisliana in mappa generali imperii russici usitata
(On Delisle’s geographic projection and its use in the general map of the Russian Empire) [41]. These
memoirs constitute a major advance in cartography. Besides giving a firm basis to Delisle’s methods
of map drawing, Euler systematically introduced in this field the use of differential equations and the
methods of the calculus of variations. Together with Lagrange, who also published two long memoirs on
the construction of geographical maps [42], Euler included this subject in the general setting of mappings
between differentiable surfaces. The forthcoming book [43] contains a detailed account of Euler’s works on
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geography and cartography, with their relation with other important eighteenth century works on the same
subject.

Let us note that besides his work on the theoretical problems of cartography, Euler’s duties at the
Saint Petersburg and the Berlin Academies included the organization of the sale of geographical maps for
the benefit of these academies. He was also asked to examine and to check thousands of maps that were
printed there. This is mentioned at several places in his correspondence with the administration of the
Academies, where we can also read that Euler became very annoyed with such tasks, and that he considered
that the examination of so many maps was the reason for the deterioration of his vision. In a letter to
Christian Goldbach, dated August 21st (September 1st, new Style), 1740, he writes (cf. [44] p. 163, English
translation p. 672):

Geography is fatal to me. As you know, Sir, I have lost an eye working on it; and just now I nearly
risked the same thing again. This morning I was sent a lot of maps to examine, and at once I felt the
repeated attacks. For as this work constrains one to survey a large area at the same time, it affects the
eyesight much more violently than simple reading or writing. I therefore most humbly request you, Sir,
to be so good as to persuade the President by a forceful intervention that I should be graciously exempted
from this chore, which not only keeps me from my ordinary tasks, but also may easily disable me once
and for all.

From the purely geometrical point of view, the problem of drawing geographical maps is that of
studying maps from a curved surface (in general, the sphere or a spheroid) onto a flat surface (the Euclidean
pane). This gives rise to several interesting geometrical questions. Chebyshev, almost a hundred years later,
became most interested in this subject, and we shall talk now about his work.

In 1856, Chebyshev wrote two memoirs on cartography with the title Sur la construction des cartes
géographiques (On the construction of geographical maps) [2, Vol. 1, p. 233-236 and 239-247]. The title
is the same as that of the two memoirs that Lagrange published fifty-seven years earlier [42]. Chebyshev’s
main technical notion that he used in this work is a mathematical concept of infinitesimal dilatation of a
conformal map, which is based on a formula that Lagrange obtained. He introduced a notion of distortion of
the map, which is a measure of how much the infinitesimal dilatation differs from its mean values over all
the region represented. Chebyshev addressed the question of finding geographical maps whose distortion is
minimal. Whereas Lagrange worked in the setting of a spheroidal Earth, Chebyshev considered the simpler
case where the Earth is spherical. This mathematical problem of finding maps from the sphere to the
Euclidean plane with minimal distortion is typically a problem in the calculus of variations, a field which
was founded by Euler and Lagrange. Chebyshev introduced a new ingredient in this study, namely, the
Laplace equation, establishing relations between the construction of geographical maps and the question of
heat equilibrium. His main result in this domain reduced the search for the best geographical map to that
of finding a solution of the Laplace equation with given boundary conditions. More precisely, he proved
that for any a region of the sphere (representing a country), this distortion is smallest when dilatation on the
boundary of the region is constant [2, t. I, p. 242].

In his memoirs on geography, Chebyshev compares his result in this domain with those that he
obtained on linkages. He writes [2, p. 242]:

This problem is similar to those which were the subject of my dissertation on Watt’s parallelogram, but
it is related with a higher order such problems: one was looking for certain constant quantities, whereas
here one must find two unknown functions, which corresponds to the determination of an infinite number
of constant quantities. This establishes a distinction between these problems similar to the one that
exists between the problems of differential calculus and those of calculus of variations. This subject
is all the more interesting from a theoretical point of view because it is related to the investigation
of an extremely remarkable partial differential equation, which expresses, for example, also the heat
equilibrium in infinitely thin membranes. Thus the question of the best projection is related to the
remarkable property of heat, namely: when heat is in equilibrium in an infinitely thin circular membrane,
the temperature at the center is an average of the temperatures at all points on the circumference; a
similar proposition is true for the sphere: the temperature at the center is an average of the temperatures
at the surface.

We now point out another problem on geography on which Chebyshev worked, and which is
analogous to a problem considered by Euler. We recall that the latter, in several memoirs, gave formulae,
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based on trigonometric computations, giving the distances between two points on the Earth if one knows
their latitude and longitude. In a note titled Chebyshev's rule for the approximate evaluation of distances on
the surface of the Earth, published in the second volume of his collected works, Euler gave a practical rule
for giving an approximation of this distance, avoiding the long trigonometric formulae. He first addressed
the question: [2, t. II, p. 736]:

Given two locations on the surface of the Earth (considered to be spherical), determined by
their geographical coordinates, that is, their longitude and latitude, to compute their actual
distance.

He then gives the rule:
1) Express in minutes the difference in longitudes and latitudes of the two locations;
2) Take the double of the difference in latitudes;
3) From the two numbers, namely, the difference of longitudes and the double of the difference in
latitudes, multiply the smallest by 3 and the largest by 7, and add the result.
4) The sum of the resulting two numbers, divided by 8, will give the required distance (in versts).?

I also discuss Chebyshev’s work on cartography, making relations with works of Euler and with
other topics, in the papers [1, 45-49] and the chapter of the forthcoming book that will be published on the
occasion of the 2022 ICM in Saint Petersburg, [50].

I will pass now to works of Euler and Chebyshev on pure mathematics.

Integrals

Generally speaking, in the works of Euler and Chebyshev which we shall discuss in this section,
integration was considered as the operation inverse to differentiation. We naturally start with Euler. The
study of integrals in his work was intimately related to that of differential equations. Finding a formula
for an indefinite integral [ f is equivalent to solving a differential equation of the type dy/dx = f(x). Of
course, the modern idea of measure theory was not known, even though the geometric interpretation of the
integral as the area of a region below a curve, or as the length of a curve, was known to Euler’s; we shall
talk about this soon. In fact, this subject has a long history in which the Bernoullis, Huygens and even
earlier mathematicians were involved.

Euler wrote more than a hundred memoirs on integration. The three-volume treatise on the founda-
tions of integral calculus, Institutionum calculi integralis (Institution of integral calculus) [51-53] contains
many of his results on indefinite integrals and on differential equations. Among the huge class of integrals
of functions that he studied, elliptic integrals play a major role. Between 1738 and 1882, he wrote more than
30 memoirs on these integrals. We shall say a few words about Euler’s work on such integrals (together
with their generalizations to the so-called Abelian integrals). Chebyshev also worked on this subject.

We start with an analogy. Whereas the integral | dx__ represents the length of an arc of a circle

V1-x2
dx

centered at the origin, the integral o represents the length of an arc of another curve in the plane (a
—X

lemniscate of polar equation 7> = cos 26). More generally, the theory of elliptic integrals involves the study

of properties of some integrals of plane curves (the term elliptic refers to the special case of an ellipse), and
in this topic, one looks for properties that are analogous to those of integrals representing arcs of circles,
that, in fact, are the trigonometric functions. For instance, one searches for sums and product formulae,
for the existence of periods, etc. The subject of elliptic integrals can be traced back to Giulio Carlo de’
Toschi di Fagnano and to Johann I Bernoulli. The latter was Euler’s teacher in Basel. Finding general
addition theorems for elliptic integrals became one of the major problems for the following hundred years,
with works of Euler, Legendre, Abel, Jacobi and Riemann. Legendre, in his Traité des fonctions elliptiques
et des intégrales eulériennes (1825-1828 3 volumes), highlights a special class of such integrals he calls
Eulerian.
Let us mention a few memoirs by Euler on integration, whose title is always informative.
e Specimen de constructione aequationum differentialium sine indeterminatarum separatione (Example
of the construction of differential equations without separation of the indeterminates) (1738 ) [54],
where Euler gives a formula for arc lengths of ellipses;

% The verst is an ancient measure of distances used in Russia, equal to 1066.8 meters.
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e De integratione aequationis differentialis mdx//'1 — x* = ndy/+/1 — y* (On the integration of the
differential equations mdx/v'1 — x* = ndy//1 — y*) (1761) [55];

o Observationes circa integralia formularum fxp_ldx(l — xMY"=1 posito post integrationem x =
1 (Observations concerning the integrals of formulae [ xPldx(1 — x™)¥/"1 setting x = 1 after
integration) (1766) [56];

e Speculationes super formula integrali £ dx

T one o2 Ubi simul egregiae observationes circa fractiones
continuas occurrunt (Speculations concerning the integral formula % , Where at once occur
exceptional observations about continued fractions) (published in 1786) [57]; in this memoir Euler
uses continued fractions in problems of integration. We shall consider continued fractions in the next
section.

In the nineteenth century, the study of indefinite integrals and the question of finding explicit for-
mulae for integrals of some special functions in the huge collection of arbitrary functions was a fashionable
topic in Russia (as it was in France). We recall incidentally that Lobachevsky, in struggling for the recogni-
tion of his discovery of non-Euclidean geometry, endeavored to find a large number of indefinite integrals,
each time by calculating areas and volumes of certain domains of the hyperbolic plane or hyperbolic 3-space
in two different manners and putting the results to be equal. Some of his papers contain a large number of
such integrals. For him, this was a matter of finding applications of hyperbolic geometry.

We pass now to Chebyshev.

One of the very first works of Chebyshev is on integration theory. In 1843, he published in
Liouville’s journal a paper on multiple integrals titled Note on a class of multiple indefinite integrals 2, p.
3-6]. In this paper, he obtained new proofs of formulae of Liouville and Cauchy on the multiple integration
of some special functions. The work immediately attracted the attention of French mathematicians. In the
same issue of the journal, Catalan published a 2-page complement to Chebyshev’s result, of which, therefore,
he was aware, before the paper appeared in print.

In 1847, Chebyshev moved from Moscow to Saint Petersburg where he submitted a pro venia
legendi dissertation titled On integration by means of logarithms. The problem he addressed was to express
some indefinite integrals of the form

/ x + Adx
Vit +ax3+bx2+cx+d

in terms of logarithms of algebraic functions. This problem was posed by M. V. Ostrogradsky, one of the
prominent mathematicians in Saint Petersburg. Chebyshev was working on this question since 1843, that is,
since the publication of the paper we mentioned above. In his 1852 report on his journey to Western Europe
which we quoted in §, Chebyshev writes that he chose the subject of this dissertation on the instigation of
Liouville and Hermite. He mentions that such integrals involving only square roots of rational functions
are the simplest and at the same time, they are most frequent in applications. In the same dissertation, he
presented the state of the art for the general problem of integrating irrational differentials, quoting works of
Jacobi, Abel and others. The dissertation was published posthumously in the Russian edition of Chebyshev’s
Collected Works [3, Vol. V]. A summary in French is contained in the French edition [2, Vol. II, p. xix—xx].
Chebyshev published later on a long series of papers on indefinite integrals, several of them in
Liouville’s journal. Along the years, he studied integrals of more and more complicated functions. We
mention the following papers:
o Sur l'intégration des différentielles irrationnelles (On the integration of irrational differentials) [2, Vol.
I, p. 147-168] (1853), in which Chebyshev presents a method for finding an algebraic expression for
integrals of differentials of the form

where R(x) is a rational function of x (a quotient of two polynomials) and # a polynomial. His goal
is to see whether these integrals are expressible by simple functions, and to investigate the number
of logarithmic parts they involve. He uses techniques introduced by Abel and Liouville, which give
representations of such integrals as infinite series. His article contains proofs of statements that were
made without proof by Abel.
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o Sur l'intégration des différentielles qui contiennent une racine carrée d’un polynéme du troisieme ou
du quatrieme degré (On the integration of differentials that contain a square root of a polynomial of
the third or fourth degree) [2, p. 171-200] (1857) in which Chebyshev shows how to find expressions
for the integral

x+L
1 3 2 dx
x*+Ix°+mx*+nx+p

under some hypothesis on the decomposability of the polynomial in the denominator, using a method
of Abel involving a development in continued fraction of this function and searching for periodicity
in this development.

o Sur l'intégration des différentielles irrationnelles (On the integration of irrational functions) [2, Vol.
I, p. 511-514] (1860), which is a continuation of the preceding article, where Abel’s methods are also

used;
e s . s ppr . x+A . . . .
o Sur l'intégration de la différentielle [ mdx (On the integration of the differential
/ x+A dx) [2, Vol. I, p. 517-530] (1861) in which Chebyshev gives a method in the

Vx4 ax3+Bx2+yx+6

case where the coefficients «,,7,0 are rational;

o Sur [intégration des différentielles qui contiennent une racine cubique (On the integration of differ-
entials containing a cubic root) [2, p. 563-608] (1865);

o Sur lintégration des différentielles les plus simples parmi celles qui contiennent une racine cubique
(On the integration of the simplest differentials among those which contain a cubic root) [2, Vol. II, p.
43-47] (1867), in which Chebyshev shows that one cannot find explicit finite formulae for integrals

of the form [ =—L—dx.
f \3/x3+ax+? )
We now pass to continued fractions.

Continued fractions

We mentioned in the preceding section that Euler used the method of continued fractions in his work
on integration which Chebysheyv, later, used extensively. We make some comments on this method.

A continued fractions is originally an algorithm for finding an approximation of a real number by a
sequence of rationals. This notion is contained in Euclid’s Elements (see Propositions VII.1, VII.2 and X.2).
It is the method that the Greeks (who called it Anthyphairesis) used to define incommensurability.

The modern theory of continued fractions starts in the work L algebra parte maggiore dell aritmetica
(1572) by Rafael Bombelli, which this author uses to find approximations of square roots. A century later,
John Wallis, in his Arithmetica infinitorum (1656) used continued in a more systematic way.

Euler started working on continued fractions in the early 1730s, but his first memoir on the subject,
De fractionibus continuis dissertatio (A dissertation on continued fractions) [58], was published in 1744. In
this memoir, he used continued fractions to solve the Riccati differential equation. At the same time, the
memoir contains an introduction to the theory of continuous fractions, in which Euler also informs his reader
that he was working on this subject since a long time, despite the fact that he had not published anything.
Incidentally, he mentions the work of Wallis on this subject, and he also recalls that the method originates
in the Euclidean algorithm. He notes that even though this notion is less used than infinite series or infinite
products, it is a very efficient tool for obtaining approximations. After giving examples of continued fraction
expansions (in particular for v/2, v/2 and 7), Euler gives a proof of the fact that periodic continued fractions
arise from fractions that are solutions of quadratic equations. He then looks for patterns that are more
general than periodicity, in particular, sequences displaying arithmetic progressions. He observes that the
continued fraction expansion of e and its powers exhibit such special patterns, and he develops a method of
finding the value of a continued fraction expansion whose denominators form an arithmetic progression. He
then presents the solution of the Riccati equation in the form of a continued fraction expansion.

Euler’s famous treatise Introductio in analysin infinitorum (Introduction to the analysis of the Infi-
nite) [59, 60] (first volume published in 1748) contains several sections on continued fractions. In fact, the
subject of this book consists of three major topics: infinite series, infinite products and continued fractions.

The memoir De fractionibus continuis observationes (Observations on continued fractions) [61]
(1750) is a self-contained treatise on continued fractions and their applications, in which Euler claims that
this is a completely new theory which is useful in all branches of analysis. There are many other memoirs
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of Euler on continued fractions, including several on the solution of the Pell equation, in which continued
fractions are used in an essential way.

Like Euler, Chebyshev used continued fractions expansions of functions in his study of integrals of
certain irrational functions. His paper titled On continuous fractions [2, Vol. 1, p. 201-230] contains the
foundations of his theory of orthogonal polynomials. In this paper, presented in 1855, at the Saint Petersburg
Academy, the method of least squares, continued fractions and Chebyshev polynomials are used to obtain
an interpolation formula which gives a polynomial function approximating a certain function on a certain
function on an interval, from the values at certain points. The paper was translated into French by Bienaymé
and published in Liouville’s Journal in 1858. A few years later, Chebyshev’s wrote to Brashman a letter
carrying the title On algebraic continued fractions. The letter was read on September 30, 1865 at a meeting
of the Moscow Mathematical Society. It was published in the same year in Liouville’s Journal [2, Vol. 1, p.
611-614]. This letter is a sequel to the article On the interpolation by the method of least squares. In the
introduction to the letter, Chebyshev reports on the use of algebraic continued fractions, together with the
method of least squares, in interpolation theory. He shows that given two function « and v, one can find,
by developing « in continued fractions, two polynomials X and Y such that the expression

uX -Y

is the closest possible to v. At the same time, he gives a method for finding the two polynomials X and
Y. He further developed the same ideas in his memoir Sur le développement des fonctions en serie an
moyen des fractions continues (On the development of functions in series using continued fractions) [2, Vol.
1, p. 617-636] (1866), and in his much later memoir Sur une serie qui fournit les valeurs extrémes des
intégrales, lorsque la fonction sous le signe est décomposée en deux facteurs (On a series that gives the
extremal values of integrals, when the function is decomposed into two factors) [2, Vol. 2, p. 405-417]
(1883).

Other interpolation techniques are developed in his paper On the interpolation by the method of
least squares (1859) [2, Vol. 1, p. 473-498]. We finally mention the paper On interpolation in the case of a
great number of data obtained by observation (1859) [2, Vol. 1, p. 387-469] whose title is self-explanatory.

Let us conclude this section by mentioning that Chebyshev also used continued fractions in his
fundamental work on probability theory, see the paper Sur ['interpolation des valeurs équidistantes (On the
interpolation of equidistant values) [2, Vol. 2, p. 219-242] (1875).

Number theory

I will end this paper by a few words on number theory, one of the major topics on which both Euler
and Chebyshev worked. Of course, it is not possible to give an idea of the broadness of their works on this
subject, and I will limit myself to a few remarks, indicating how Chebyshev was the heir of Euler in this
field.

In fact, Chebyshev, very early in his career, examined all Euler’s work on number theory. Indeed,
at the time he became adjunct professor at the University of Saint Petersburg, the Academy of Sciences had
started the far-reaching project of publishing Euler’s collected works on number theory. The project was led
by Bunyakovsky who, when he noticed Chebyshev’s talents, proposed him to contribute to that edition. The
1849, two large volumes were published under the direction of Bunyakovsky and Chebyshev, carrying the
title Index systématique et raisonné des oeuvres arithmétiques d’Euler (Systematic and rational index of the
arithmetical works of Euler). The volumes included Euler’s published paper on the subject (99 memoirs)
together with annotations and corrections. (Indeed, several mistakes had been introduced in Euler’s paper
that were published in the last 17 years of Euler’s life, a period where he was completely blind, and where
he was relying on his young collaborators for writing his papers).

Chebyshev, like Euler, was totally involved in investigations around the distribution of prime num-
bers. This is probably the most difficult problem in number theory. Euler wrote the following about this
question, in his paper titled Discovery of a very extraordinary law of numbers in relation to the sum of
their divisors [62], written in 1747:

Mathematicians tried in vain, until now, to discover a certain order in the sequence of prime numbers,
and we have reasons to think that this is a mystery which human mind will never be able to penetrate.
To be convinced, it suffices to have a look at the tables of prime numbers, that a few persons have taken
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the trouble to continue beyond one hundred thousand: one will primarily notice that there is no order
and no rule there.

Chebyshev introduced completely new ideas in this area, developing methods that stand at the
foundation of the field of analytic number theory. In 1848, he presented at the Saint Petersburg Academy
of Sciences a paper titled Sur la fonction qui détermine la totalité des nombres premiers inférieurs a une
limite donnée (On the function which determines the totality of prime numbers which are smaller than a
given limit) [2, vol. I, p. 29-48] in which he starts the investigation of the function ¢(x) which to each
positive integer x assigns the number of primes that are < x. He obtained the first important result on this
function, correcting assertions that were made by Legendre before him, based on empirical observations and
making them more precise. One of Chebyshev’s results asserts that we can approximate this function by
the integral f; i if ~, a result that was stated without proof by Gauss. The next year, Chebyshev defended a
doctoral thesis on number theory titled The theory of congruences, which was published as a book which
became a classic: it remained for several decades the only available Russian textbook on number theory.
The next year (1850), Chebyshev published another paper on the distribution of primes, titled Mémoire sur
les nombres premieres (Memoir on prime numbers) [2, Vol. I, p. 51-70], in which he gave a proof of the
Bertrand postulatum which asserts that for any n > 3, there always exists a prime number between a and
2a — 2.

Let us recall the important result of Euler, relating a quantity indexed by all natural integers, and
another quantity indexed by the set of primes, which, in fact, is Euler’s famous equality between the zeta
function and an infinite product:

o) 00 1 —1
s (NOR
n=1 p=2
Here, n describes the set of positive integers and p the set of primes. In Chebyshev’s 1848 memoir which
we just mentioned, he recalls that Euler proved that the series

Lot
2¢  3a  ha 7a  ]la’

indexed by the primes, and the series
i SR

indexed by all integers > 2, converge or diverge for exactly the same values of a. (In fact, they both
converge if and only if @ > 1.) He then shows that this is not true in general, and he gives, as a

counter-example, the series
1 1 1 1

2log?2 + 3log3 * 5logh + 7log7 T
indexed by the primes, which converges to a limit whose value is < 1.73, whereas the series

1 1 I 1 1
log2 " 3log3 | 4logd  Hlogh ' 6logh

indexed by all integers > 2, diverges. He then addresses the general problem of finding a criterion for the
convergence of a series indexed by prime numbers, and in the case where this series converges, to find a
good approximation of its sum. He describes a general approach to this problem, which involves considering
the function 6(x) which, for any number x, gives the sum of the logarithms of all primes that are at most x.

The examples we gave should be sufficient to show that Chebyshev’s work on number theory, like
all his other works, were very closely connected with his passion for approximation theory.

Conclusion

In many ways, Chebyshev’s work is in the continuity of that of Euler. These two exceptional
mathematicians were interested in similar problems, sometimes the same questions, always combining
theory and practice. Chebyshev’s influence in Saint Petersburg was still felt long after him, where most of
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the chairs of mathematics were occupied by his students or by mathematicians directly influenced by him.
His impact was perceived far beyond the city of Saint Petersburg: some of his students and descendants
founded mathematical schools in Kiev, Kharkov, Odessa, and in other centers of the Russian Empire. The
combined efforts of Euler and Chebyshev are at the origin of the fame of the Saint Petersburg mathematical
tradition. Their influence, beyond the city of Saint Petersburg and beyond Russia, is strongly felt worldwide.
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NPUMEHEHUE METOJIA MAKCUMAJIbHOM SHTPOIINY K BPEMEHHBIM PSIJIAM,
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Aunnomayua: MeToJ MaKCHMaJIbHOM SHTPONHMH — OIWH M3 OCHOBHBIX B CHEKTpajbHOM aHaiuse. Ero
IVIaBHasi O0COOEHHOCTh — OINMCAaHHE HHU3KOYACTOTHBIX CIIEKTPOB KOPOTKMMH BPEMEHHBIMM PAJaMU JaHHBIX.
ABTOpBI IPUMEHWIH METOJ, MaKCUMaJIbHOM SHTPONUU Ul aHaju3a CHEKTPOB AMIOIBHOIO MOMEHTA, IOy-
YeHHBIX pacdeTaMd B peajbHOM BPEMEHH 10 HECTAI[MOHApHOW TeOopuH (YHKIMOHATA IUIOTHOCTH. J{aHHBIN
BOIIPOC MHTEHCUBHO U3y4YaeTCs U HAXOAUT IPAKTUYECKOE IIPUMEHEHHE IIPU pacyeTaX ONTHUYECKUX CBOMCTB.
[Ipn anamm3e MeTOAOM MaKCHMAaJbHON SHTPONHH MPENJIOKEHO HCIIONB30BaTh OObEIWHEHHBIE HAOOpHI daH-
HBIX, BKJIIOYAIOIINE HECKOJIBKO MOBTOPSIOLIMXCS MOCIEAOBATENILHOCTEH HCXOMHBIX NaHHBIX C Y4eToM (asbl.
Jannprii Metox ObLT IPUMEHEH NMPH MPOBENCHUN CHEKTPaJbHOTO aHaIH3a JAWHAMHYECKOTO AMIIOIBHOTO MO-
MEHTa, PACCUNTAHHOI'O 10 HECTALMOHAPHOM TeopuH (PyHKIMOHAA IVIOTHOCTH HA OCHOBE JUIIOJILHOTO MOMEH-
Ta HECKOJIBKAX MOJIEKYJI — B YaCTHOCTH, MOJIEKYJI OJHMToQiyopeHa mpu 1 = 8. B urore ynanoch MOBBHICHTH
pasperueHue 6e3 CMEIeHHUsI MaKCUMYMOB U3-3a ckauka ¢asbl. [lonoxeHre MaKCHMyMOB XOPOIIO COIIACyeTCsl
C pe3ynbTaTaMu IpUMeHeHHs npeoOpa3oBanus Pypbe kK HeoOpabOTaHHBIM UCXOTHBIM JTaHHBIM. B HacTosmei
CTaThe MPEICTaBICHBl 0COOCHHOCTH JAHHOIO METOAA U II0Ka3aTenu ero 3¢gdexTuBHOCTH.

Karouesvie crnosa: CEKTpaIbHBIN aHAIW3, BPEMEHHBIE PAIbI JaHHBIX, METOJ MAaKCHMAaJIbHOW 3HTPO-
[IUH, Pa3BUTHE BO BPEMEHH, HECTALMOHApHAs TeOopHs (PyHKIHMOHAIA IUIOTHOCTH.
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Introduction

The maximum entropy method (MEM) is frequently used to analyze natural phenomena with long
periods such as earth and planetary science, and seismic waves and tsunamis that can be measured for a
short time [1]. However, little research has been done on applying MEM to the optical spectrum analysis
associated with the electronic structure calculation. The purpose of the research is to apply this method to
electronic state calculation.

Time-dependent density functional theory (TDDFT) is one of the most prominent and widely used
tool for calculating excited states. A real-time and real-space technique is employed to solve the time-
dependent Kohn-Sham equations. Within the framework of this approach, the wave functions are calculated
by the finite difference method on real spatial grids [2, 3] without using explicit bases such as plane waves or
Gaussian. In our procedure to calculate optical properties, we use the time-series data, namely the dynamic
dipole moment. In a usual technique, Fourier transform (FT) is applied to it for calculating optical properties
to derive the electronic transition spectrum from TDDFT. The most useful information is obtained in the
low frequency region. Since the spectral resolution depends on the total time length of the dipole moment,
to obtain the good resolution, the computational cost becomes quite expensive.

To solve this difficulty, we focus on Maximum Entropy Method (MEM) [4] which is one of the key
techniques of spectrum analysis. MEM is based on the of the information theory for estimating unknown
probability distributions relevant to the information about their expected values. The main feature is to obtain
a fairy high resolution and accuracy with a relatively small number of time-series data. This technique was
applied to the spectral analysis of time-dependent dipole moments of molecules, which is calculated by
real-time TDDFT, and evaluated the efficiency of this method. We realize that MEM needs less time step
than FT to obtain the optical spectrum with same level resolution [5]. Further, we proposed to use the
concatenated data set made from several-times repeated raw data [6] together with the phase to minimize
the side effect of the artificial periodicity. The introduction of this MEM provides the much better spectral
resolution of the target peak near the energy gap.

The paper is organized as follows. In the next section, we briefly describe a procedure of our
TDDFT calculation. Then, we explain MEM and our signal enhancement technique. In following section,
we present our results of absorption spectra of some molecules, discuss the efficiency, and finally summarize
our techniques.

Time-Series Data Obtained from Real-Time Evolution

The essential in recent development of material depends on the density functional theory, which is
based on the ground state, and successfully in describing the physical properties of materials. On the other
hand, in describing the optical responses and the excitation spectra where the electronic excited states are
involved, DFT is much less successful. However, this difficulty is, in principle, solved by the extension of
DFT to time-dependence, e.g., TDDFT, which was established by Runge and Gross [7]. In analogy to the
time-independent case, the TDDFT equation of motion coupled with pseudopotentials is given by

H ) =i (), (1)

1
H= _§V2+Vps (r»t) +VH (r’t) +VXC (p (rvt)) +V€Xf (rvt)v (2)

where V)5 ion is an ionic pseudopotential, V is the Hartree potential, and V¢ is the exchange-correlation
potential. Since the exact time-dependent xc kernel is not known, the originally nonlocal time-dependent
xc kernel is replaced with a time-independent local one. This is reasonable when the density varies slowly
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with time. This approximation allows the use of a standard local ground-state xc functional in the TDDFT
frame work. The Hartree and exchange-correlation potentials can be determined from the electronic charge

density, p(r, t) =>_ Wj (r, t)}Q. The summation is over all occupied states j. The Hartree potential is

i

determined by V?V}; = —4np, and as the xc potential Vyc, the usual local density approximation (LDA)
is used in our study. For the ionic potential, we employ the pseudopotential Vs in the separable form so
that the only valence electrons are considered. Prior to the calculation of optical responses, we first obtain
the optimized electronic structure. Then, we apply an external field V,,; = —kJ (f) 2 to the system as a
perturbation and follow the linear responses of the system in real time. The time dependent wave function
is given by ¢(t) = exp[ — iHt] ¢(0), with the initial wave function ¢ at t =0, ¥|,_, = e*21)(0), where H
is the Hamiltonian of the system, and # is a small wave number corresponding to the external perturbation
in the z direction.

p() = (Wilr.t)lr| i (r.) (3)

The polarizability a(w) is numerically calculated using the fast Fourier transformation (FT) of j(¢)
as follows.

1
a(w) = 7 /dtexp [—iwt] p(t) 4)
The oscillator strength S(w) is related to the imaginary part of the polarizability,
2
Sw) = =Im a(w). 5)
™

In our approach, we use MEM in this procedure in eq. (4) and (5), considering the dynamic dipole
moment 4(t) as a time series data. Figure 1 shows the dynamic dipole moment of benzene.

Dipole moment

0 2 4 6 8 10
Time [1/eV]

Figure 1. Example of dynamic dipole moment of benzene

Although this type of TDDFT is simple calculation, e.g., time-evolution of the ground state due
to the external potential at # = 0, the effect is quite significant. Figure 2 shows the HOMO-LUMO gap
of benzene, compared this TDDFT to the results from the usual density functional theory (DFT) with the
local density approximation (LDA), the generalized gradient approximation (GGA), and the experiment.
The simple LDA provides a small gap 5.04 eV. When we use GGA, the gap is slitely improved. TDDFT
calculation give us the value 6.90 eV, which is comparable to the experimantal value 6.94 ¢V.

Maxmum Entropy Method

As shown in the previous section, the resolution of the FT absorption spectrum S(w) is ~7 !,
corresponding to the finite spectral bandwidth of the limited time series of p(f), where T=N At is the total
evolution time. MEM, in contrast, estimates the full spectrum from the limited data based on information
theory. The entropy in information theory has been recognized as a measure of uncertainty [8-10]. Any
inferences made from incomplete information should use with the probability distribution which maximizes
the entropy under the constraints of available information [11]. The present study is based on Burg’s method
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Figure 2. Comparison of the benzene band gap calculated by LDA, GGA, TDDFT that are referenced to
experimental data

[12], where the dipole moment p is assumed to be a random variable and the samples are given by TDDFT,
um=p(mAt). The calculated autocorrelation C,, at the time lag m is

| N—|m|—1
Cn = » ) 6

In Eq. (6), we use the general autocorrelation form in the case of the general time-series data. For
N —o00, the Fourier transformation of the autocorrelation function is the power spectrum P (w) [13] which
is directly comparable to S(w).

P (w)/At = " Cpexp(—iwmAt) (7)
m=0
1 /At
Cn = / P (w)exp(iwmAt) dw ®)
27 —7/ At
When each random variable i, obeys the Gaussian distribution,
A
h / logP (w) dw 9)
=

is maximized, and thus % is taken as the entropy. Conversely, under the constraints of Eq. (6) with the
given value of Eq. (4), we find the value P (w) which maximizes Eq. (7). The solution is

2

B

P w /At - ’
) 1+ 224:1 arexp (ikwAt)

(10)

where M(< N) is the maximum number of |m| in Eq. (4). The parameters a, are the Lagrange multipliers
which are the solution of the Yule-Walker equation

M
Cn = Zakcm—k + ‘5’25%07 (11)
k=1

or equivalently, the linear Toeplitz matrix equation [13],

G G o Cy 1 ER

Ci G e Oy a 0
. . = ) ) (12)

CM CMfl s Co am 0

We adopt the Levinson-Durbin algorithm to solve Eq. (3) efficiently. The Yule-Walker equation Eq.
(9) is also derived by the autoregressive model. We also extend the autocorrelation to the complex data,
which is useful and explained in detail in the next section.
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The periodicity of the signal is expressed by the lag in the autocorrelation. Figure 3(a) shows the
relation of periodicity and the lag m schematically. The value at shorter lags shows the contribution from
high frequencies, and the value at longer lags shows the contribution from low frequencies. Even though
the information in the low energy region is important for the optical spectrum analysis, the value of the
autocorrelation at larger lags can become quite small. In the autocorrelation calculation, the maximum size
lag m is denoted by M Of course, the effective value of M is restricted by the number of data N. Therefore,
we require a sufficiently large N to obtain a reasonable spectral resolution in the low frequency region; the
same as in the case of FT.

Signal Enhancement Technique

As a new MEM, we propose using a concatenated data set made from repeated raw data coupled
with the phase shift so as to minimize the side effect of artificial periodicity. Our interests are in the in the
lower energy region such as the energy gap. To emphasize the signal in this region, we need a larger lag
M, which is the maximum lag of the autocorrelation. However, increasing M sometimes causes unphysical
results such as peak splits and false peaks. In addition, the number M is limited by the total number of time
steps N. To solve this difficulty, we repeat the raw data many times as shown in Fig. 3(b). The resolution
in the lower energy region is attributed to the maximum lag M. With the repeated signal, the value of M
may be selected at sufficiently large values without additional computations. With this procedure, we can
save on computational costs.

At the concatenated point, of course, there is a phase jump for each frequency component, which is
recognized as noise in the total signal. The side effect of phase jump may be added, for example, the peak
shifts. To reduce side effects of the phase jump such as peak shifts, we introduced a phase shift at each
concatenated data in the repeated data.

p(n) = (n) exp(ike) , (13)

where p/(n) is the repeated raw data, and 7i(n) is the k-times repeated and concatenated data y’ (n) with an
appropriate phase ¢ for the target frequency (—m < ¢ < 7). This introduction of the phase to the signal
does not affect to the total power spectrum due to the definition used in Eq. (8). Of course, a different
target frequency has a different phase. Since the phase ¢ is a constant value, it is necessary to choose
the appropriate phase for the target frequency to minimize the side effects of the phase jump due to the
concatenated repeated data.

(a) , , , (b)
u(n)

A A

I
EEWEE | W YV NN
1 i

Figure 3. Conceptual image of the autocorrelation calculation for (a) the raw data, and (b) our
concatenated data made from several-times repeated raw data together with the phase

Figure 4. shows the practical dynamic dipole moment ji(7) that the three times concatenated data
N = 5000, and the maximum lag M = 1800 with the phase shift ¢ = —0.257. Although this dipole
moment is complex, we can calculate the autocorrelation using Eq. (6). The Yule-Walker equation does not
change, and we solve eq. (12) as usual. The calculated spectrum S (£) by our MEM method is shown in
Fig. 5. In this case, the target peak or the lowest energy peak is the first peak around 7.5eV, which is shown
as an arrow in Fig. 5(a). In Fig. 5, we compare the spectrum S (£) obtained from the non-repeated data
N = 5000, and the concatenated data N = 5000 x 100 together with an appropriate phase ¢ = —0.257,
and that concatenated data in out of phase ¢ = 7. In all cases, we use the maximum lag M= 1800. For
the benzene molecule, this time step seemingly provides a good resolution so as to see the first peak clearly.
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However, there are differences due to the side effect of phase jump as mentioned above. In Fig. 5(b), the
first peak in detail is described in the region from 6.5 eV to 7.5 eV. Our method with the matched phase
provides the good resolution compared with that of a conventional MEM. On the other hand, the result of
the mismatched phase provides the different peak position and the broad peak. To obtain a good spectrum,
corresponding to the energy gap peak, we have to find the matched phase. If we choose the mismatched
phase for the target peak, the position of that peak shifts, and the strength decreases. From this point of
view, we can select the better phase both to make the target peak sharp and to maximize the strength.

0.008

fi(n)
0.004

-0.004

-0.008
0 5 10 15 20 25 30

Time [1/eV]

Figure 4. The Concatenated repeated raw data N = 5000 x 3, and M = 1800 of Benzene dipole moment
together with the phase ¢ = —0.25w. The solid and the dotted line shows the real and imaginary part,

respectively
14 14
1) (a) ,, non-repeated (b)
) "~ data only
S(E) 1 S(E) 1 Matched phase

0.8 0.8

0.6 0.6 Out of phase
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: i —
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Figure 5. Comparison of the spectrum each condition: Thin solid line shows the MEM spectrum with
non-repeated data N = 5000, Thick line shows the spectrum with the repeated data N = 5000 x 100 and
matched phase, ¢ = —0.2bw; Dotted line is the spectrum with the repeated data N = 5000 x 100 and out

of phase p =7

Our method with the matched phase provides the good resolution compared with that of a conven-
tional MEM. On the other hand, the result of the mismatched phase provides the different peak position
and the broad peak. To obtain a good spectrum, corresponding to the band gap peak, we have to find the
matched phase. Spectrum our MEM comparison obtained from the time-series data for benzene, which was
made using real-time TDDFT. (a) Real time evolution up to N = 20000 for FT. (b) Four times repeated
data of the dipole moment with N = 5000x4. (c) The data in panel (b) together with the phase ¢= 0.257.
The solid line is the real part of the data, and the dashed line is the imaginary part of the data.
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Results for small and mediumsize molecules

As a simple example to confirm the efficiency of our proposed method, we applied our MEM to
the analysis of benzene, naphthalene, anthracene, and tetracene. The molecular structure of these molecules
is based on the ground state. The time evolution is carried out according to real-time TDDFT [14]. The
spectrum S (w) is calculated from the time-series data in our MEM technique. The results are shown in
Fig. 6, where the solid line is meant for the result for benzene, the dashed line is that for naphthalene, the
dash-dotted line is that for anthracene, and the dotted line is that for tetracene. These spectra are normalized
by the intensity at the first peak. Figure 6(a) shows the results of the improved MEM. The parameters
(M and ¢) of our MEM are M = 1800 and ¢ = —0.257 for the analysis of benzene, M = 2500 and
¢ = —0.207 for that of naphthalene, M = 2000 and ¢ = —0.23x for that of anthracene, and M= 3000
and ¢ = —0.217 for that of tetracene. For both MEM calculations, the same number of the time steps,
N = 10000x 100, is used. Figure 6(b) shows the results of FT with N = 10000. Our method provides good
resolution compared with that of FT. In addition, we can see a clear spectrum in comparison to FT. This is
one feature of our MEM.

S(E) S(E)
1.2 1.2
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-

L i

S
0
S
o

Scaled Spectrum
=] 1=
B (=2}

Scaled Spectrum
=1
(=2

N
'S

0.2 4 [y 02 4
0 2 4 6 8 10 0 2 4 6 8 10
Energy [eV] Energy [eV]

Figure 6. Comparison of the improved MEM and FT spectra for benzene (solid line), naphthalene
(dashed line), anthracene (dash-dotted line) and tetracene (dotted line). (a) Results of our MEM using
N = 10000 x 100 with (M= 1800,¢ = —0.257), for benzene, (M=2500,¢p = —0.207), for naphthalene,

(M=2000,¢p = —0.23n) for anthracene, and (M=3000,¢ = —0.217) for tetracene. (b) Results of FT with
N = 10000. All the spectra are normalized at the first low energy peak

Poly(9,9-dialkyl-uorene) and their substituted derivatives are used as organic LED material and are
expected to be basic materials for blue emission LEDs. Their electronic structures have been extensively
studied [15]. We employed the oligomer of fluorene (oligo-FL) with n = 8 and performed the MEM
calculation. The molecule size is fairly large; therefore, then the calculation for each step is quite expensive.
It takes a long time to perform the calculation to obtain the low energy part of the spectrum. If we
can save on the calculation cost when calculating the lower energy part of the spectrum, our method will
be considered effective. We applied our MEM to this signal analysis. Figure 7 shows a comparison of
the absorption spectra using four different methods. The solid line shows the result of our MEM with
N=5000x100, M = 2500 and ¢ = 0.257 the dashed line is that of FT for N = 20000, the dash-dotted
line is our conventional MEM spectrum with just the real time steps N = 5000 and M = 2500, and the
dotted line is that of MEM with N = 5000 x 100 and M = 2500. These spectra are normalized at the
second low energy peak, which is relevant to the absorption of a fluorene unit.

FT (the dashed line) and the simple MEM (the dash-dotted line) provide a broad peak at the bandgap
area. With only the repeated signal (the solid and dashed lines), the strength of the first peak is emphasized.
Without a phase shift, we can observe that the peak position shifts due to the side effect of the phase jump
[6]. However, we can obtain a clear first peak using our new method (the solid line). In this case, we choose
the matched phase corresponding to the first peak. Therefore, the position of the second peak differs from
those in the other methods. (Note that the normalization of the signal was done at the second peak.) If we
choose the mismatched phase for the target peak, the position of the peak shifts and the strength, decreases
as we mentioned above. The bandgap peak at 2.53 eV for our MEM may correspond to the experimentally
observed peak at 3.56 eV for poly-FL. This discrepancy is due to an inherent problem in DFT.
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Figure 7. Comparison of the absorption spectrum for oligo-fluorene with n= 8. The dashed line is the
result of FT with N = 20000, the dash-dot line is that of MEM with N = 5000, the dotted line is the that
of MEM with repeated data N = 5000 x 100, and the solid line is that of our MEM with
N = 5000 x 100, M = 2500 and ¢ = 0.2b7. Spectra are normalized at the second low energy peak

Discussions

In our MEM, there are two important issues. One is the use of a concatenated data set made from
repeated raw data. The other is the introduction of the phase to minimize the artificial periodicity. In MEM,
the periodicity is on the autocorrelation function. The small lag m and large lag m represent information
of higher and lower frequencies, respectively. If we have infinite time-series data, there is no difference
between the signal strength in high and low frequency. However, we have is finite time-series data. Naturally,
the information of the lower frequencies decreases compared to that of the higher frequencies. The interests
are, on the other hand, in the low energy region such as energy gaps in the optical material properties.

Figure 8 shows the magnitude of the Yule-Walker equation eq. (12). In the traditional MEM, the
magnitude of the diagonal element is the largest. Then, that of the off diagonal elements decreases as shown
in Fig. 8(a). When we use the concatenated made from repeated raw data, we can see the higher-order
autocorrelation functions (around the upper right and lower left corners of the matrix) clearly contain a lot
of long-period information as expressed in Fig. 8(b).

The selection of the appropriate phase is depend on the target peak. As we see the spectrum
in Fig. 7. In our MEM (N= 5000x100) using just repeated data, the intensity of the first peak is the
most developed. However, the peak position is shifted. On the other hand, in our proposed method
(N=5000x100, and ¢ = 0.257), there is no deviation in the position of the first peak, and we can
obtain the good resolution. Although the intensity is different, it is a sharper developed peak than the FT
of N = 20000. In Fig. 7, the phase ¢ was decided for the largest first peak. Naturally, the value of ¢ is
different at the second peak. If an inappropriate ¢ is used in this calculation, the peak will be out of position,
and the intensity will decrease. Good example is the spectrum around the second peak. The intensities of
the second peak are normalized for all cases. We can see that only the second peak position has changed,
because the phase was selected for the first peak.

In addition, our MEM is not always work well for target peak. With this method for the spectrum
analysis, we cannot obtain the low energy component which is not included in the data. We have to calculate
a certain level of the time evolution until the information of the low energy part is obtained.
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(a) 0 (b) M

25001 2500¢

Figure 8. The effect of repeated data on long-period components. The magnitude of each matrix elements
of the coefficient matrix in eq. (12) is represented by a color distribution. (a) The results of N = 5000,
and (b) the results of N = 5000 x 100 are shown. In both cases, M = 4999. All elements are normalized
by the diagonal element value (autocorrelation function with lag 0, Cy), which is expressed as dark red

Summary

We employed MEM to obtain optical spectra of molecules, and the spectral resolution was quite
improved, which is better than that of FT with the same number or total time steps. As a new aspect, we
introduced the use of repeated the same signal together with the phase to make apparently long data. The
resolution of the spectrum is dependent on the total number of time steps N and the autocorrelation lag
M. A longer time lag is involved, the spectrum is efficiently enhanced in the lower frequency region. We
obtained quite better resolutions for target peak without adding practical machine time. This means that we
can save our calculation cost efficiently.
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Annomayus: CymecTByeT 3HaUUTEIHHOE KOTUYECTBO MPUKIAAHBIX 33/1a4, AJIs PEIICHUsI KOTOPBIX MPH-
MEHSETCS MaTeMaTHIeCKOe MOICTUPOBAHNE TUHAMHYECKUX TIPOIECCOB B AchopMupyeMsbIx cpenax. K Takum
3aJjayaM OTHOCSIT MOJICIIMPOBAaHUE PACIPOCTPAHEHUS YIPYTUX BOIH B IE€OJOTHMYECKUX Cpelax, B TOM YHC-
JIe ¢ yYeTOM JICMOBBIX 00pa3oBaHUl, MX paccesHUS Ha 30HaX TPEIIMHOBATOCTH. AKTyaJbHOCTH 3THUX IOCTa-
HOBOK 0OYCJIOBJICHa Ba)KHOCTBIO DPEIICHUs OOpaTHBIX 3a/iad CEeHCMHYECKON pa3BeIKH, OOpaOOTKH JaHHBIX
CEHCMUYECKON pa3BEAKH C IEIBI0 YTOYHEHUS 3allacoB YITICBOJOPOJOB M OIPEIEICHIS PACIIONOKEHUS YIie-
BOJIOPOZIOB U JIPYTHX TOJIE3HBIX MCKOmaeMbix. [1oaToMy mpuoOpeTaeT BaXKHOCTh pa3paboTKa BBICOKOTOYHBIX
YUCIICHHBIX METOJIOB, ITO3BOJISIIOIINX MOJIECIHPOBATh YIPYTHE BOJHEI B Je(OpPMUPYEMBIX cpenax. OnHuM u3
3THX METOJIOB SIBJISIETCS CETOYHO-XapaKTePHCTUUECKHI YHCICHHBIH METOll, IPIMEHEHHBIN B TaHHOH pabore.
OTOT YHCIEHHBIA METOA MPUMEHSIETCS ISl PEIIeHUs IPSIMBIX 3a/1ad, TO €CTh ISl pacueTa pacipoCcTpaHeHUs
YIpPYTUX BOJH IIPH W3BECTHBIX MapaMeTpax paccMaTpuUBaeMOU cpenbl. A Ui pelleHns 00paTHOH 3a1adu 1Mo
BOCCTAHOBJICHUIO MApaMEeTPOB T€ONOTUYSCKON CPEbl MO JAHHBIM CEHCMUYECKON Pa3BEAKH MOXKHO IpUMe-
HATH HEUPOHHBIE CETH, TSI OOYUICHHSI KOTOPBIX MOXHO HCITOJIE30BaTh MHOTOKPATHOE PEIICHUE MPSAMBIX 3a1ad
CETOYHO-XapPaKTePUCTUIECKUM MeToloM. B nmaHHO# paboTe mpHBEICHBI MPUMEPH PELICHUs Pa3HOOOPa3HBIX
MIPSMBIX 3a7ad TI0 PACIPOCTPAHCHHUIO YIIPYTHX BOIH B HEOJHOPOTHBIX TEONIOTHUECKHUX CpellaX, B TOM YHCIe
B 30HE APKTHKH, a TaKXe IMPEJCTaBJieHa MMOCTAaHOBKA 3a/laud M0 OOyYeHUI0 HEHpPOHHBIX ceTeil U rpadukwy,
MoKa3pIBarome 3p(HEeKTUBHOCTh UX 00yUEHUS C UCTIOIB30BAHUEM JABYX PA3IMYHBIX ITOIXOIOB.
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Abstract: many problems can be solved with the simulation of dynamic processes in deformable
media. They are the simulation of elastic wave propagation in rocks including ice formations, and wave
scattering on rock-fracture zones. Such studies are important for solving inverse problems of seismic explo-
ration and seismic data processing to get a better estimation of hydrocarbon reserves, locate hydrocarbons
and other minerals. Therefore, it is necessary to develop high-precision numerical methods used to simulate
elastic waves in deformable media. One of such methods is the grid-characteristic approach used in this
work. It is suitable for solving direct problems, i.e., to analyze the propagation of elastic waves in a medium
with known properties. Neural networks can be applied to solve the inverse problem: reconstructing the
geology from seismic survey data. Multiple solving of direct problems by the grid-characteristic approach
is used for network training. This paper contains some examples of solving a range of direct problems on
the elastic wave propagation in heterogeneous rocks, also in the Arctic zone, and the problem statement
for training neural networks and graphs is proposed to demonstrate the efficiency of training with two
approaches.
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BBenenue

CeToYHO-XapaKTepPUCTHUECKUI YNCIEHHBI METO| YCTIEHTHO NMPUMEHSIETCS U PeLIeHUs Pa3TudHbIX
3a[1a4 0 MOJIEIMPOBAHHUIO PACIIPOCTPAaHEHHs YIIPYTUX BOJH B AePOpMUpYyeMBIX cpenax. K HUM MOXKHO OTHe-
CTH 3aJlaud celicMuYecKor pa3Benku [1-3], B ToM uncie mOpUCThIX cpef [4], yapTpa3ByKOBON METUITUHEL [5],
CEHCMOCTOHKOCTH COOpYKEHUH [6, 7], 0€30MaCHOCTH KEJIEe3HOIOPOKHBIX IMyTeH [8], cciaemoBaHus pemeHui
KpaeBbIX 3a7]ay yOPyroro U akyCTHUECKOT0 BOJHOBBIX ypaBHEHUH [9].

brum paspaboTaHbl pa3nn4Hble MOAU(UKAIINE CETOYHO-XapaKTEPUCTHIECKOTO METO/Ia: Ha CTPYKTY-
PUpPOBaHHBIX PaBHOMEPHBIX ceTKax [6—8], CTpyKTypHpOBaHHBIX I'eKcadpaibHBIX CETKaxX [5], TPEyroiabHbIX U
TeTpasipaibHbIX ceTkax [10], ¢ SBHBIM BBIJIEJIEHUEM TpaHull pazaena cpen [5, 11] u ¢ 3agaHueM napameTpoB
YIOPYTUX Cpell B KaXIOM y3Jie pacdeTHOM CeTKH [2], C NCIONb30BaHNEM KOMIIAKTHBIX Pa3HOCTHBIX cxeM [12]
U BBICOKOIIPOU3BOAUTENBHBIX BBIUUCIUTENBHBIX cucTeM [11].

B nanHoit paboTe paccMaTpuBaroTCs JByMEpPHBIE U TPEeXMEpHbIe TOCTAaHOBKHU 3aJiad, CTPYKTYpPUPOBaH-
HbI€ PaBHOMEPHBIE PACUETHBIE CETKHU, SBHOE BBIJCIICHUE IPAaHULl pa3zeiia CPell U CXEMBI CO CKBO3HBIM CUETOM
Y 33J]aHUEM YIIPYTHX MapaMeTPOB B KKIOM Y3IIe.

MaremaTnuyeckasi MoAe/Ib
PaccmarpuBaeTcs runepOonnueckasi CHCTeMa ypaBHEHHH, OMUCHIBAIOLIAsl PACIPOCTPaHEHHE YIIPYTUX
BOJIH:

pv; = (V- T)T, (1)
th)\(V-v)I+u<V®v+(V®v)T>, 2)

rJe p — IWIoTHOCTh, T — CHMMeTpHUYHBIN TeH30p HanpsbkeHuid Komm BToporo paHra, ¥ — cKOpocTh (IIpou3-
BOJIHAsI CMEILEHHSI TI0 BpEMEHH), A, (4 — TapameTpsl Jlame, cBA3aHHBIE CIEIyIOIUM 00pa3oM CO CKOPOCTAMHU
pactpocTpaHeHHs MPOAOILHBIX U MOMEPEYHBIX BOJIH:

o= (" ram) ", G)

o = (p—m)w. )

Cucrema ypasrenuii (1), (2) MOXeT ObITH IPEACTABIEHA B CIEAYIOIIEM BUIE B TPEXMEPHOM CIIyYae:
q: + Aqu + Aqu + Aqu =0. %)

Jlanee mpoBOAUTCS pacillelyIeHHe MO MPOCTPAHCTBEHHBIM KOOPANHATAM M MOJTYYal0TCsl CHCTEMBI ypaB-
HEHUH BUAA:

q+Aq=0. 6)

C nomompio npeacTasnenus Marpuis A, = (@) 1A Q) cucremy ypaBHeH#Hii (6) MOXHO CBECTH K
CHCTeMEe HE3aBUCHMBIX YPaBHEHUH IEpeHOCa, KaX10€ U3 KOTOPBIX MOXKHO PEIIUTh C IIOMOLIbI0 COOTBETCTBY-
OIIe pa3HOCTHOM CXEMBI U COBEPIINTH 0OpaTHBIN Mepexo/] K BEKTOP-(QYHKINN HEU3BECTHBIX (.

YucsieHHOE pelieHMe 33124 ceiicMUYeCKOH pa3BelKu

PacnipocTpanenne celicMUUecKUX BOJIH MojaeInpoBajiock B 2D-moxenn Marmousi2. B nenowm, niryou-
Ha cocTaBiser 3,5 kM, a mmpuHa — 17 kM. Mozgens cogepxut 199 noBepxHOCTel pa3pbiBa cpel, 4TO Aeact
ee Oosee CIOKHOM, UeM ee TpemecTBeHHUK (Marmousi). JlomomauTensHO BOAHEIN ciioi yBenwmdeH a0 450
METPOB. DTa MOJE/b NPEACTABISET COO0H YIPYTyI0 MOIENb C IUIOTHOCTBIO B auamasone 1010-2627 kr/m®,



U. B. Ilempos
7

popmupy i cpede ¢ np c p op 4eCK020

76 M xoe s

3

CKOPOCTBIO MPOAOJIbHBIX BOJH B auana3one 1028-4700 mM/c U CKOPOCTHIO MONEPEYHBIX BOJIH B AMana3oHe 1—
2802 m/c. Crmoit BOIIBI OTUCHIBAJICS OYCHh HU3KUM 3HAYCHHEM CKOPOCTH TOMEPEUHBIX BOJH. Vcmonb3oBanack
MPSIMOYTOJIbHAs CETKA C MPOCTPAHCTBEHHBIMU IIaraMu 5 M X 5 M, 3401 x 701 y3noB. B xaxxnom y3ne xpaHu-
JIOCHh TPHU YIPYTHX MapaMeTpa (IIOTHOCTh U CKOPOCTH MPOJOIBHBIX M MOMEPEYHBIX BOJIH). J{JIs1 BBITOMTHEHHS
YCIIOBHS YCTOMYMBOCTH WAl 10 BpeMeHH paBHsIICH 1 Mc, Bcero O0but0 BhIMoaHeHO 5000 1raroB mo BpeMeHU
IUIS MOJICTIMPOBAHMS 5 CeKyHJ (PU3NUECKOTO BPEMEHHU PAaclpOCTpaHeHHs YNpyrux BoiH. s pemenus Hesa-
BHUCHMBIX YpaBHEHHMH IepeHOCa Ha IIMPOKOM IaliioHe Obula IpuMeHeHa cxema PycanoBa. BonHoBble momst B
pa3Hble MOMEHTHI BpEMEHHM NPHUBEIEHBI HA PUCYyHKax 1, 2.

1200 1400 1600 2000 2200 2400
I | | | | |

Puc. 1. Bonnosoe none celicmuueckoco omkauka om 2eono2udeckoli mooenu Marmousi2

1.0e+03 1200 1400 0 2000 2200 2400
I

| \7 :

Puc. 2. Bonnosoe none ceticmuyecko2o omxauka om 2eono2uyeckou mooenu Marmousi2, bonee no3ouuu
MOMeHm 8peMeHU

Takoxe ObLIM IPOBEICHBI pacueTsl Al TpexmepHoit mogenu SEG C3 NA. Pacnpenenenue ckopoctu
MIPOOJIBHBIX BOJH NMPHUBEACHO Ha PUCYHKE 3, a BOIHOBOE IOJIE MPEACTABIECHO HA PUCYHKaX 4, 5 B pa3InyuHbIC
MOMEHTHI BpEMEHHU.

Ha pucynke 6 m300paxxeH OTKIMK OT TPEIIMHBI, BOSHUKIIEH B pe3ylibTaTe THApOpa3pbiBa miacra. B
KadyecTBE MCTOYHMKA BOJIH PACCMaTPHUBAJICS €CTECTBEHHBIN MOA3EMHBII MEPHOANIECKUI HCTOYHUK — «MUKpPO-
ceiicMbl». Moznenp TpelmuHbl — OECKOHEYHO TOHKAs TPEIIMHA.

Ha pucynke 7 paccMOTPEHO paclpoCTpaHEHUE KPaTHBIX BOJIH B CJIO€ JIba (MOZEIb COCTOUT U30 JbJa,
BOJIBI M TPYHTA, HCTOYHUK B LIEHTPE Ha MoBepXHOCTH ¢ yactotoit 100 I'u), momenT Bpemenu ¢ = 0.05 cek.

IIpnMeHeHne ceTOYHO-XapaKTePHCTHYECKOro MeToa Al 00yueHHs] HeHPOHHBIX ceTeil

Kak u3BecTHO, Iy 0OyueHHs HEHPOHHBIX ceTell HEOOXOOMMO OOECIIEYUTH JOCTATOYHOE KOJIHYe-
CTBO JaHHBIX. Ecny menpio oOydeHnss HEHpOHHOH ceTw sBisieTcs oOpaboTka ceficMorpamM, IMOTyYeHHBIX
B XOZI€ CEHCMMYECKOHW Pa3BeAKH TPEIIMHOBATBHIX CPEl, TO OOHUM M3 BO3MOXHBIX BApHAaHTOB €€ OOy4YeHUs
SIBIISIETCSI pacdeT OONBIIOr0 KOJMYECTBA MPSAMBIX 3a7ad C MOMOIIBI0 YHCICHHOTO MOJAEIHPOBAHUS CETOYHO-
XapaKTEePUCTUYECKUM METOIOM. PaccMOTpHM MacCHB MOHETOOOpa3HBIX TPEILUH, IPUBEICHHBIN Ha PUCYHKE 8.

Crporo roBopsi, paccMaTpuUBaeTcsi CKOIJICHHWE Oojee 3HaYUTENbHOTO KOJIWYEeCTBA MOHETOOOpa3HBIX
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Puc. 8. Maccus monemoobpazuvix mpewun

TPEIHH, @ IMEHHO TPEeXMEpHasi MOJIeNIb, 3alI0JIHEHHAs MOHETOOOPAa3HBIMHU TPEIIMHAMY C TUAMETPOM TPEIIH-
Hbl 8 M, pucyHOK 9. biiok ¢ TpemuHamu pacnosiaraerca Ha rryousae 1500 m.

Paccunrannrie celicMOrpaMMBbl KOMIIOHEHT cKopocTd X, Y, Z mpuBeAeHbl Ha pucynke 10.

[Ipu oOydeHNN HEHUPOHHOW CETH pacCMaTPHUBAICA CICTYIOMMHA (YHKITMOHAT CpemHel abCONOTHOM
omnoku MAE:

N
1 .
MAE = N > "y — 9. (7
i=1
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Puc. 10. Ceticmoecpammspl OmKauKa ynpyeux 6011 om Kidcmepa MOHemooOpA3HbIX MPEeWUuH: a —
X-komnonenma cxopocmu,; 6 — Y-KOMNOHeHmMa cKOpocmu, 8 — Z-KOMNOHEHMA CKOPOCmu

Hcnonp3oBanuck aBa moaxona. B mogxome 1 oOywaromias W BainuIalMOHHAs BBIOOPKH COCTOST M3
JIAHHBIX JIByX KOMIIOHEHT ckopocTed. B moaxone 2 moMuMo 3Ha4eHUN KOMIIOHEHT CKOPOCTEH B DJIEMEHTE
BBIOOPKH TIPUCYTCTBYET UX 4acTOTHBIN criekTp (Dypbe-nipeodpazoBanue). [paduku MAE s m1aHHBIX IBYX
MO/IXOJIOB MPHUBEJICHBI Ha pUCYHKe 11.

3akaouenue

CeToYHO-XapaKTEePUCTHUECKAH METOJ] YCHEIIHO MPUMEHUM JUIS PelleHHs OIMPOKOTo Kilacca 3aaad
MaTeMaTHYEeCKOTr0 MOIETMPOBaHMS JUHAMHUYECKHX MPOLECCOB B nedopMUPYyEMON cpene, HEKOTOphle U3 KO-
TOPBIX PAaCCMOTPEHBI B JTAHHOM paboTe, BKIIOYAsl aKTyalbHbIE 3a/1aul CEHCMUYECKOH pa3BeAKH M O0y4YeHHS
HEUPOHHBIX CETEH.
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Abstract: the state-of-the-art experimental and theoretical studies of the elastic properties of porous
media containing gas hydrate was analyzed. It is concluded that all the experiments identified a relationship
between the elastic wave velocities and the hydrate content in the porous space: the velocities increase with
higher hydrate saturation. The theoretical research produced simulation models for estimating the modulus
of elasticity of hydrate-containing porous media to qualitatively and quantitatively describe the results of
laboratory experiments.
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BBenenue

IIpuponssblif ra3 U3 3anexell ra30BBIX THAPATOB B OyAyIleM MOXET CTaTh OCHOBHBIM HCTOYHHUKOM
OHEPIruM, TakK KakK €ro pa3BCIaHHBIC 3ariaCbl MHOI'OKPAaTHO MNPEBBIIIAIOT 3al1aChl ra30BbIX MCCTOpO)I(Z[eHI/Iﬁ. Ta-
30THIpAT MPEACTaBIsIeT cOOOW TBEpIOE BEIIECTBO, NOXOXEE Ha CHpPeccCOBaHHBIA cHer wid Jied. OH umeer
KJIATPaTHYI0 CTPYKTYpY M SIBIISIETCSI COEIMHEHWEM BOIBI M Taza. MexaHWYecKHe CBOWcTBa ruipara (IUIoT-
HOCTh, CKOPOCTh 3ByKa, MOJYJIM YNPYTOCTH) ONHM3KW K cBoiicTBaMm sbna. [IpupoaHbie razoruaparsl Ha 98
% COCTOAT U3 METAHTUAPATOB. O)Z[HI/IMI/I 13 OCHOBHBLIX METOAOB ITOHCKaA MCCTOpO)KIIeHI/Iﬁ Ta30BbBIX TUAPATOB
SIBJITFOTCSI CEHiCMOpa3Beika U aKyCTHYSCKHH KapoTaK. DTO, B CBOIO O4epeib, OOYCIOBIMBACT aKTYaIbHOCTh
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HCCIICOBAaHUN YIIPYTUX XapaKTEPUCTUK ra30TUAPaTHBIX [IACTOB, CKOPOCTEH paclpoCTPaHEHUs MPONOJIbHBIX
U TONEPEYHBIX BOJH B TOPHBIX MOPOJAX M OCAJKaX, COAEPKAIIMX Tasoruapar. B mpupone razosslid rugpar
BCTpEYaeTcsi B BEYHOMEP3JIBIX IIOPOJax, HO Yale — B TyOOKOBOIHBIX IOHHBIX OCaKax, KOrJa TeMIeparypa u
JIaBJIEHHE COOTBETCTBYIOT YCIIOBHSIM 00pa3oBaHus ruapata. B Poccun W3BeCTHBI 3a1€KH THAPATOB B OCAIKaX
TepPUTOPUAIBHBIX BOZX Mopel u o3epa baiikan. B 60-e rogsl mponutoro cronetus OblIM 0OHAPYKEHBI MECTO-
POXIIEHUS TUAPATOB B 30HE BeuHOU Mep3noThl Ha ceBepe CCCP. IlponsBoamnachk onbITHas 0oOBYa raza Ha
MeccosxCKoM MECTOPOKACHUH. ['MIpaThl MOTYT UMETh Pa3jindHy0 MOpGoIoruio: (opMy MAaCCUBHBIX CIIOEB,
MIPOXKMUIIOK WIIM OTAEIBHBIX BKpamjieHUH. [ MapaTHbI mIacT MOXKET MOACTHIIAThCA MPOHUIAEMBIM IJIACTOM C
MOABWXHBIM I'a30M WJIH BOJIOW WJIM OBITH M30JIMPOBaHHBIM. B mopax rumpaTHoro miacta MOTYT HaXOOUTHCS
rHApaT ¥ Ta3 Wik BoAa (Jen). HakoruieHHbIe K HAcTOALIEMY BPEMEHHU JJaHHBIE HAOIIOACHUH M j1abopaTop-
HBIX WCCIIEIOBAaHUN 10 00Pa30BaHUIO/Pa3iIOKEHUIO THIPATOB, WCIOIh30BaHHE KOMIBIOTEPHON ToMorpadu,
MarHUTHOTO PE30HAHCa MO3BOJISIET ONMUCATh M KJIaCCU(QUIUPOBATh CTPYKTYpY MIOPOBOTO MPOCTPAHCTBA THI-
parocoiepKaux OTIOKEHUH B 3aBUCHMOCTH OT yCJIOBH 0Opa3zoBaHus ruapara. Eciam ruapar oOpasoBaics
npy HeOOJIBLIOM HauyaJIbHOM COIIEpKaHUM BOABI M M30BITKE CBOOOJHOTO ras3a, TO OH PacHONaraeTcs BOKPYT
KOHTaKTOB 3€pEH OCaJIKa WM OOBOJIAKMBAET ITH 3€pHA, TEM CaMbIM YBEIWYHBAsA )KECTKOCTh CKeJleTa 0cajKa
(uemenTauus). [pyroit kpaiiHuii ciydyail — oOpa3oBaHHe THIpaTa U3 ra3a, paCTBOPECHHOTO B 3aIlONHSIOIICH
MOpHI Bojie. B 3TOM citydae 4acTHIIBI THApaTa MOTYT IUIaBaTh B TIOPOBOM KHUJIKOCTH MO0 MPH JOCTaTOYHOM
KOJIMYECTBE ra3a KacarbCsl CTCHOK IOp U OpaTh Ha cedsl 4acTh Harpy3KHd Ha CKEJIET, U3MEHsSI TeM CaMbIM yIpY-
r'He XapaKTepUCTHUKH TiacTa. B ciyuae, korna HayaslbHas HaCHIIEHHOCTh MOP BOJON MMEET MPOMEKYTOUHBIE
3HAUCHHUS, BOSMOXKHA KOMOMHAIIMS ONMCAHHBIX BapUaHTOB. TakuM 00pa3oM, yIpyrue XapakTEpUCTHKH THI-
pPaTHOTO IUIacTa 3aBHCAT OT HACBIIIEHHOCTH IMOp THAPATOM, M YCTAHOBJICHHE TaKUX 3aBUCHUMOCTEH ABISETCS
aKTyaJTbHOW W 3HAYMMOW 3amadeii. PemeHume Takoil 3amadd HEOOXOMMMO JUIS PEIICHUS OOpaTHBIX 3amad ITo
pa3Bellke U OLIEHKE 3aIlacOB MECTOPOXKACHUN IPUPOAHBIX Ta30BbIX THIPATOB.

Jna pa3BUTHS BOJHOBOW AMHAMHUKHM TOPHCTON CpENbl C Ta30BBIM THAPATOM HEOOXOAMMO TOCTpoe-
HUE MaTeMaTH4eCKUX MOoJelieil Tpex(a3HbIX Cpei, YUYUTHIBAIOLIMX HECOBIAJCHUE HANPSKEHUH, CKOPOCTEH,
B o0mieM ciryqae — temneparyp ¢a3. Takue Momenn HEOOXOIMMBI IS aIeKBaTHOTO OMHCAHUS CKOPOCTEH U
3aTyXaHUS MPOAOJIBHBIX U TONEPEYHBIX BOJIH, UX OTPAKEHMs U MPOXOXKIEHHS depe3 TPaHULbl MEXIY pas-
JUYHBIMU CJIOSIMU IIOPUCTOM CpeJibl, OTPAXKEHUS OT Mperpajg U T.I. YPABHEHHE COCTOSHUS IOPUCTOM cperbl
COZIEPXKUT B Ka4eCTBE MapaMeTpoB ynpyrue moxnynu. Boobuie rosops, oHu HewsBecTHBI. [Ipy Hammumm KoH-
KpeTHOTro 00pasiia ropHOH TOPObl HX MOXKHO OINPEICIHUTh B Ja00PaTOPHOM OTIBITE, HAIPUMEP, IIyTeM H3Mepe-
HUS CKOPOCTEH IIPOIOIBbHON M HonepeyHoil BoiaH. OgHako 0ojee MpearouTHTENIbHBIM SBISETCS OCTPOCHUE
MaTeMaTHYeCKHX MOJeNeil yIpyrux Momylei Kak (QyHKUUH, 3aBUCSIIMX B TOM YHCIE OT YIPYTHX MOIYyIeH
(a3 mopucToii cpespl: MUHEPAIOB, U3 KOTOPBIX COCTOUT CKEJIET, IOPOBBIX JKUAKOCTHU U T'a3a, ra30BOr0 IMpara,
JUISl KOTOPBIX UMEIOTCSI TaOJIMYHbIC 3HAYCHHS.

Mopnenm ynpyrux mMoayJiei

PaccMoTpuM Mopzenu, TOCTpOCHHbBIE paHee pa3HbIMH aBTOPaMH, ONPEICISIONINe YIIPYTUe MOIYIU O~
PHUCTOI ruaparocoaepkamiell cpeibl B OMUCAHHBIX BHIIIE CIydasx oOpa30BaHUS TUapara: 4acTHUIIBl THApaTa
HECyT Harpy3Ky Ha CKelleT BMecTe ¢ 3epHamu ckenera (load-bearing model), runpar oOpa3oBan Ha KOHTaKTax
3epeH (contact-cementing model) wim o6BomakuBaeT 3epHa ckenera (envelope-cementing model). Bo Bcex
3THX CIy4asiX CKeJeT CPEeIbl MOXKHO PacCMaTpUBaTh COCTABICHHBIM U3 3€PEH MOPOIbI M THIpaTa, TO €CTh
nByx(haszHeIM. Panee mis onpeneneHns MOAYJEH yIpyrocTH cpel ¢ AByX(pa3HbIM CKEJIETOM OBUIH TpesioxKe-
HBI JIBE TUNOTE3bl: 00 ofHOpOmHOCTH AedopMmariuii [1] u omHOpOAHOCTH HamnpsbkeHudt [2] dha3. Otu npemnmno-
JIOKEHUS MO3BOJIIIOT TONyYUTh clieaytomue Gopmynbl s 3QpQeKTuBHBIX Mofyleil ymnpyroctu (gamee K —
00BbEMHBIN YIIPYTUii MOAYJIb BCECTOPOHHErO cxarusi, G — MOJIyJb CJBHra, (|, (o — OObEMHBIC 0N (a3 B
CKeJIeTe) Uepe3 MOMYIU YIpyTrocTH (as:

KV:a1K1+O[2K2,

Gy=a1G1+a9Gy

IIPH OMHOPOIHBIX AedopMalusX,
| a;p 9
— =4 =
Kr K1 Ko
I oy a

Ge G Gy
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IIPU OTHOPOJHBIX HAMPSIKEHUAX.

ITozouee B pabote [3] moka3zaHO, YTO AJIS W3O0TPONHBIX MOJUKPUCTAINIMUYECKUX cpel OObeMHBIH U
CABHMTOBBIM MOMYJIH YIIPYTOCTH MPHUHUMAIOT IPOMEXYTOUYHbIe 3HaueHus mexny Ky, Kp n Gy, Gg.

B pabore [4] npeayioxkeHO BBIYUCIATH OOBEMHBIN M CIBUTOBBIM MOIYIH YINPYTOCTH HCXOAS U3 MU-

HEPAJIBHOI'0 COCTAaBa CKEJIeTa M3 M COCTABIIAIONIMX KaK CpeiHee apuPMETHUECKOEe 3HAYCHHUH, BEIYUCICHHBIX
cornacHo rumnore3am Voigt W. [1] u Reuss A. [2]:

1 [ m m o -1
i
K =2 ZO&[KL‘—{‘ : E
_z=1 i=1 ]
1 [ m m o -1
_ G- —t
G =5 ;alGﬂ- 2 G

OTH uzxen ObUTH UCIONB30BaHBI B paboTax IO MOCTPOCHUIO MOJEIEH YHNPYIMX MOAYIeH MOPHCTON
TUAPATOCOIEPKALIEH CPEIBL.

1. Yacmuywl cuopama necym Hacpysky Ha ckeiem emecme ¢ 3epramu nopoowl (load-bearing model).

B pabore [5] npenmoxeHsl ciaemyromnpe GopMYITBI I BEIYUCICHUS YIPYTUX MOIYJICH THApaTOCOoaep-
JKaIIMX HACBHIIIEHHBIX TA30M OCAJ0YHBIX TOPOA;

—1
Ky p= @/ bo 1—¢/¢0 4 G
KHM"‘%GHM K-I-%GHM 3 ’
I
= _D
Gz [GHM+D+ G+D ’

D _GHM 9Kym+8GHum
6 Kym+2Guy ) -
3nech K, G — MOy/i yIpyrocTu HOpOibl, ¢y — HadaibHas (10 MUAPaTOO0OPa3s0BaHMUs) OPUCTOCTS,

¢ = ¢o(1 —sp,), THe 5, — TUAPATOHACHIIICHHOCTh. Kppr, Giypr — MOMYIH YIOPYTOCTH YITAKOBKH c(hepruuecKux
YacTHL, KOTOPbIE BEIYUCIIIOTCS COIIaCHO KOHTakTHOU Teopuu Hertz-Mindlin [6]:

1/3
2(1-g0%G2 1"

1872(1-v)?

1/3
54 [3n%(1-00°C? , /

G e
M5 Q-0 | 2m2(1—1)?

3nece P — adpdexTuBHOC maBnenue, v — koddpdumment [lyaccona mopossl, n — cpeHEe YHCIO KOH-
TaKTOB YACTHIIbI C COCEJHUMHU YaCTHULIAMH.

2. Tuopam obpazosan na xonmakmax sepen (contact-cementing model) uiu obeonaxusaem sepha
ckenema (envelope-cementing model).

JI1st HACBIIIEHHOM Ta30M CPEeIbl U3 OMHAKOBBIX [IAPHKOB, IIEMEHTUPOBAHHBIX THIPATOM, MPEI0KEHO
paccunThiBaTh 3¢ (GEKTHBHBIE YIIPYTHE MOIYIIH CIeIyromuM oopasom [5]:

Ko @) ="C5 2 (Kt 501) 80 (@),
Ge () =2 200D g g (a),

5 20
S, (@) = Apo® + Bpa + C,
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A, = —0.024153 - D 13646 B — 0.20405 . D 0-89008

_ QGH (I—V)(I—I/H)
- 7G 1 —2v ’

S:(a) = A.o? +B.a+C,,

C, = 0.00024649 - D194 p,

Ar = =107 (2.261% +2.07v + 2.3) - DROT 01T 1302
B, = (0.05730% +0.0937v +0.202 ) - DL0T I 0.05200—0:5765,

C.—10~* (9.6541/2 1 4.945y + 3.1> 'D9.01867u2+0.4011;/—1.8186’

Gu
el

3neck K¢, G¢ — 0OBEMHBIN M CABUTOBBIA 3((GEKTUBHBIC MOIYIH YIPYrOCTH IIEMEHTHPOBAaHHOW TH/I-
parom niopuctoii cpenst, Gy, vy, — yIpyruit Moayib capura u koddguiuent [lyaccona Juist ruapara, n — Cpej-
Hee YHCJI0 KOHTAKTOB OJHOTO 3€PHA C COCEIHUMH, () — IMIOPUCTOCTS, §j, — THUIPATOHACBHIIIEHHOCTh. DyHKIIMN
Sn(@), Sy(e) 3aBucar ot G, v, Gy, v,. [lapamerp o 3aBUCUT OT THIPATOHACHIIMIEHHOCTH S, U XapaKTepU3yeT
OTHOIIIEHHE paJuyca [EMEHTHPYIOIIEro TUapara K paanycy 3epHa. llpu koHTakTHOM meMeHTHpoBaHWU (the
contact-cementing model) a=a¢¢, npu oOBoNakuBaroleM eMeHTHpoBanuu (the envelope-cementing model)

Q=QEC.
g by 0.25
cC 73’1 (1_¢) )

(208 \"P
%“<wbw>'

Junst pacuera 3pEKTHBHBIX YIPYTHX MOIYJICH MO0 JAaHHOW MOJEIH HEOOXOAWMBI 3HAYCHUS YIPYTHX
MOJIyJICH TOpOJIBI CKeJleTa M THApara, CPEeAHEe YMCIO KOHTAKTOB N (U1l YHAKOBKU C(EPUYECKUX IIAPUKOB
00BIYHO HcTIONb3yeTcs n~9 [7]) u Beipaxenus st S,(a), S-(a). @opmynsl gt Sy (), S-(a) [5] sBasoTcs
CTaTUCTHYCCKUMH MPUOMMKCHUSIMU (IIOTPEIIHOCTD HE MpeBbImaeT 1 %) CTpOrux peuieHuil Teopun LeMeHTa-
uuu [7].

D, =

3. Hopucmas cpeda, HacvluyeHHAs HCUOKOCIBIO U 2UOPAMOM.
Monymu ynpyroctu ckenera Kgu, Gsq¢ HACBIICHHONW KHUAKOCTHIO MOPHUCTOW CPENbl BBIUUCISIOTCS
comnracHo Teopuu ['accMaHna:

1+¢)K; Ky
¢dey*(¢+dy+[{f

KiKgy
(1-6) KoK -3

Ksat=K Gsat = Gdry s

e Kgry, Ggry — MOIYM YIIPYTOCTH CKEJNIETa CYXOH TOPHUCTOH cpenbl, K; — 00bEMHBIH MOIYJIb YIIPYTOCTH
xunkocTd. Kak mokasanu omeITel, Ipu 00pa3oBaHMWU TUApaTa U3 PacCTBOPEHHOIO ra3a WM U3 CMECH BOABI U
TI'® peanmsyercs cxema «load-bearingy. B 3ToM citydae miis pacuera MOAyJeH yIpyroCcTH OPUCTON CPENEI,
HACBIIEHHON BOJIOM M TMIPaToM, B NPUBEIECHHBIX Bbille popmynax BMecTo Kyry, Ggryucnonbyercs K p,
GLp, a BMeCTO K;

-1
— N 1—Sh
K=

! {K/ﬁ K; }

IJKCHepUMEHTATbHbIE MCCIe0BAHNS AKYCTHYECKUX CBOICTB rHAPaTOCOAEPKALIMX Cpel

7151 moHMMaHUS ¥ MPaBUWIBHOM MHTEPIpPETALUU PE3yIbTaTOB CEUCMOPAa3BEAKH U aKyCTUYECKOrO Ka-
poTaxa, HOCTPOEHHUS M MPOBEPKH MaTeMaTHYECKUX MOJIENEH YIPYTHX MOIYJIeH THAPATOCOAep KalliuX MOpH-
CTBIX Cpell HeOOXOAMMO TMPOBEICHHUE JTa0OPATOPHBIX HCCIEJOBaHUH. YMECTHO OTMETUTh, YTO DS MOJeNei
SIBIISTIOTCS TIOJTySMITUPUIECKIMH, HE OTPakatoT (PM3UKU IPOILIECCOB, HE TOBOPA yKe 0 GopMysax, ammpoKCH-
MUPYIOIIUX IKCIEPUMEHTAIbHbIE TOUKH.
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B skcneprMeHTaIbHBIX padOTax OCHOBHBIM CIIOCOOOM ONpenesieHHs YIPYTHX MOAYJel SBIseTCS u3-
MEpeHHE CKOPOCTEH MPOJOIBHBIX M MOMEPEYHBIX YABTPa3BYKOBbIX BOJH (Cp, Cs) U THIPATOHACHIIIEHHOCTH
(s4,) B 00Opasax MOPUCTHIX CPEA B Mpolecce 00pa30BaHMs U Pa3ioKEeHHs ra3oBoro ruapara. B mopucroii cpe-
Jie TIPO/IONIbHAs BOJIHA MMEET JIBE MOIBI — OBICTPYIO (AepopMaIioHHYI0) U MENJICHHYIO ((QUIBTPAIlMOHHYIO).
[opucras cpena ob1agaeT TUCIEPCHOHHBIMY M IUCCUIIATHUBHBIMHU CBOHCTBAMH, TIOATOMY CKOPOCTH BOJIH 3aBU-
CST OT YaCTOTHI BO3MYILIEHHS, a UX aMIUIUTY/Ibl YMEHbIIAIOTCS 10 MEpe pacpocTpaHeHns. MeyieHHast BOJIHA
HMMeET MEHBIIYI0O CKOPOCTh U MHTEHCHBHEE 3aTyXaeT MO CPAaBHEHHUIO C OBICTpOH BOJHOW. B skcnepumenTax
OOBIYHO HMCTIONB3YIOT YIBTPa3ByKOBbIE BO3MYIIEHHUS M IO MPONOIBLHON BOJIHON MMEIOT B BHIY €€ OBICTPYIO
Mmony. IIpu 06paboTke pe3ynbTaToB UCTIONB3YIOT (POPMYIBI ISl CKOPOCTEH BOJIH B TBEPAOM TeElIE:

K+4/3G
Co=y[FEEE Co= VOTe

riae K, G — 00beMHBIH U CIIBUTOBBIA MOIYIH YHPYTOCTH, p — IUIOTHOCTb.
Ecnu oOpaser; cpeipl MOXKHO MOJEIHPOBATh CTEPXKHEM, TO HCIOIb3yeTcs (opMmyna Uil CKOPOCTH
HPOAOIbHON BOJHBI B CTEPIKHE:!

9GK
C=vVElp, E=gp 06

OKCIIEPUMEHTBI TIPOBOASTCS, B OCHOBHOM, C BBICOKOIIPOHUIIAEMBIMH CHHTETHYECKUMH 00pa3laMu
(mwapuky 13 KBapia), 1u00 HACHITHBIMU KPYITHO3EpHUCTHIMU cpefiamMi (Iecok). B kagectBe rumparoodpasyro-
IIeTo BemecTBa 00bIYHO Hcmob3yercs ra3 Metad (CHy), mubo xunkocts Terparunpodypan (TI'D, C4HgO).
B ucxomnom coctossHuM, 10 00pa30oBaHMs THApATa, Ta3 MOXKET OBITH CBOOOIHBIM HIIM PACTBOPECHHBIM B BOIIC.
s mnaboparopHOTO MOJECITUPOBAHHUS IITACTa, COACPIKAIIETO THAPAT U ra3, IKCIIEPUMEHT OOBIYHO MPOBOAUTCS
C HarHETaHWEM METaHa M0 METOIUKE «C M30BITKOM ra3a». B 3aBUCHMOCTH OT HA4albHOTO COACPXKAHUS BO-
IIBI B TIOPaX MOXKET 00pazoBaThCs Pa3IYHOE KOJMYECTBO THpaTa U, COOTBETCTBEHHO, MOTYT Pean30BaThbCs
cxeMbl “‘contact — cementing”, “envelope — cementing”, “load — bearing” u ux xomOuHauuu. st cirydast
IIacTa ¢ THAPATOM WM BOJOW B OIBITaX MCIONB3yeTcs: cMech TI'®D ¢ Bojoii, KoTopas sBiseTcs ogHoha3HOH
JBYXKOMIIOHEHTHOH KUAKOCTBIO, HJIM BOJIA C PACTBOPCHHBIM METAHOM.

B pabote [9] mpoBeneHbI IKCTIEPUMEHTHI ¢ 00pa3aMu TecKa, COIEPKAIUMH Pa3IMIHOE KOJIMIECTBO
ruapata MeTaHa. Pe3ynbraTsl mokasanu peskoe Bozpactanue ckopocteid Cp, Cs MpH U3MEHEHUU COJCPKAHUS
ruapara ot 0 10 ~ 3-5% u npu AalbHENIeM YBEIMUYSHUH THAPATOCOAEPKaHU — ITOCTETIEHHOE YBEJIMUEHUE
Cp n Cs. OTO TOBOPUT O TOM, YTO T'MIpaT METaHa BHauaje LEMEHTUPYET IEeCOK, 3aTeM 3allojHsSeT IOopo-
BOE MPOCTPAHCTBO. Pe3ynmbTaTsl MPOJeMOHCTPUPOBAIH BIUSHAC IIEMEHTAIUN TTeCKa THIPATOM Ha CKOPOCTH
YIPYTUX BOJIH. DKCIIEPUMEHTHI ¢ oOpasuamu, coxepkamumu ruapar TI'D [10], mokasanu, 4yTo ¢ yBenuye-
HUEM COJEpXaHWS TUApaTa B IOPOBOM IPOCTPAHCTBE CKOPOCTH MPOAOIBEHONW BOJIHBI MOHOTOHHO BO3pPacTaeT
U CTPEMHTCS K TpeeibHOMY 3HadeHnto. B pabote [11] mpencraBineHbl pe3ynbTaThl UCCIEA0BaHHUS IO COOpy
Y aHau3y PE3yJIETATOB M3MEPEHUN CKOPOCTEH BOIH B BOCHMH JIA0OpATOPHSIX M3 HECKOIBKHX CTpaH. beumn
m3MepeHsl ckopocTH P- u S- BoaH (Cp u Cg) B CyXOM, YaCTHYHO M ITOJIHOCTHIO HACBIICHHOM BOJIOM, 3a-
MOPOXKEHHOM M cozepikaieM ruapar mertana OtraBckoM mecke F'110. Habnromgancs 3HaunTenbHBIN pa3dpoc
3HA4YEeHUI CKOPOCTEH, KOTOPBIA. B OCHOBHOM. OOBSICHSJICS Pa3IMYUsAMH B YIUIOTHEHHH U TIOPUCTOCTH 00pa3-
LI0OB, HEOTHOPOIHBIM pacHpeeIeHueM MOPOBBIX KUAKOCTEH, JIb/Ia U THAPATa, a TAKXKE OTIUYMSIMHI B METOAaX
ITOITOTOBKHM 00pPAa3IloB M M3MEPEHUH B pa3HBIX Jlaboparopusx. B skcnepuMenTtax [12] u3Mepsuinch ruapaTo-
HACBIIIEHHOCTH (S;) ¥ CKOPOCTH YIBTPa3BYKOBBIX P- 1 S- BonH (Cp u Cg) B mporecce 00pa3oBaHuUs ra30BOr0O
rugpara B oOpasmax. AHaIHU3 pe3yIbTaToOB TOKa3aj, YTO THApAT BHa4aje oOpa3oBajicsi HA KOHTAaKTaxX 3epeH,
3aTeM poC B OPOBOM MPOCTPAHCTBE U JOCTUT CTEHOK IOP.

[lepBas B Poccuu opurnHambHasi yCTaHOBKA | OTIBITHI TI0 CO3JIAHUIO THIPATOCOIEpKAIUX 00pas3oB U
M3yYCHHUIO UX aKyCTHYSCKHUX CBOWCTB ObUIM omucaHbl B ctathe [13]. [To3ke mpoBeneHa Gosnbinas (Oonee cra)
cepust paboT [14] u moTydeHbl pe3yIbTaThl SKCIIEPUMEHTOB 110 H3MEPEHUI0 aKyCTHIECKIX CBOMCTB 00Pa3IoB C
LUIMPOKHUM CIIEKTPOM BELIECTB U MapaMeTpoB. B uccnenoBanusx [15-16] mpencraBieHbl pe3ylbTaThl ONBITOB €
TecYaHbIMU 00pasiaMu, CoNepKanuMH pa3Hbie 00bEMBI BOJIBL, b, TuApaToB Metana u T1'®. [loxyueHHbre
3aBUCUMOCTH aKyCTHUECKHX CKOPOCTEH MHTEPIPETUPYIOTCS KaK COOTBETCTBYIOIINE PAa3HBIM THIIAM 3aIlOJIHE-
HUS TIOp JIBJIOM WJIM THIPATOM: MONEIh «IIEMEHTAINI» KOHTAKTOB MEXKy 3€pHAMU IECKa MPU 00pa30BaHUU
JbJIa TUApATa, MOJIENh «IIEMEHTANN) ¢ 00OBOJIAKMBAHMEM 3€pHA IPU 00pa30BaHUM THApaTa METaHa, MOJENb
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«3aroJHeHus» mop npu obpasoBanuu rugpara TI'D. Ormeuaercs, yro npu Manbix (MeHee 0.2) HachllIeH-
HOCTSIX JIBJIOM HJIM THIPATOM CKOPOCTH TMPOAOIBHBIX M TOMEPEUYHBIX BONH OBICTPO PacTyT M OYCHH OJNM3KU.
Hanee, ¢ yBennyeHHEeM HACBHIIICHHOCTH B CIy4ae JbJa CKOPOCTH MPONOJIKAIOT PacTH, a B cllydyae ruipara
pocT cuibHO 3amemsiercs. OMHAKo C JOCTIDKEHHUEM THUAPATOHACHIIEHHOCTRIO 3HadeHui 0.6-0.7 ckopoctu
BHOBB OBICTpO Bo3pactarrT. [locrmenHee MOXXHO OOBSCHUTH T€M, YTO YAaCTHIIBI B MOpaxX KAacaloTCs CTCHOK U
HECyT Harpy3Ky BMECTE CO CKEJIETOM. B ompITax Takxke M3MepsUIOCh 3aryxaHue (moromenne) BomH. OtMede-
HO, 4TO ¢ 00pa3oBaHUEM JIbJIa WM THApaTa MPH MajbIX HACBHIIIEHHOCTSAX IMOTIIOIIEHHE PE3KO yMEHBIIaeTcs,
YTO TaKXKE CBUICTEIHCTBYET O KOHCOJHUIAINU CKEJIeTa 3a c4eT IeMeHTauu. B padore [17] mpoBeneHbI OmbI-
THI ¢ 00pa30BaHUEM THIpaTa U3 PACTBOPEHHOTO B Bojie MeTaHa. OTMedaeTcs, 4To Tak ke, Kak B ciydae TI'O,
CKOPOCTH BOJIH C YBEJIIMYCHUEM THAPATOHACBHIIICHHOCTH PAacTyT IUIaBHO. ONbBITHI ¢ TUAPO(GOOHBIM MECKOM
MTOKa3aJId, YTO B 3TOM CIIydae THIApAT o0pas3yercs Mo CXeMe «3allOJHEHHS MOp» M He IIeMEHTHPYET CKEJeT.
B npyrom omeite [18] oOHapyxeHbI ABa 3ddekra: majeHue CKOpOCTel MpH UIMTEIBHON BBIAEP)KKE 00pas-
Ila C THAPATOM W C YBEIMYECHUEM TEMIIEpaTyphl, IPUUEM TEMI MaJIeHUS YBEIMUUBACTCSA C MPUOIIKEHUEM
TEeMIIepaTyphl K paBHOBeCHOU. KpoMme omucaHHBIX, TPOBOIUINCH OMBITHL C YTOIBHBIME 00pa3amMu, TuApaToM
KceHoHa [19], B mocnemueM cirydae OMHOBPEMEHHO BEITIONHSUIACH PEHTTEHOBCKAs ToMorpadus. B padore [20]
C MOMOUIbI0 CUHXPOTPOHHOI'O PEHTTEHOBCKOI'O M3YyUYEHUS BBINIOJHEHA YHHMKAJIbHAs TPEXMEpHas BU3yasH3a-
U TpoLeccoB 00pa3oBaHUS W Pa3NOXKEHUS THUApara B MacmiTabe mop mecyaHoro obpasma. B wactHocTH,
OTMEUEHO, YTO MOBEJCHUE THIpaTa MPH Pa3iIoKEeHHH MOKET 3aBHCETh OT HCTOPHH €T0 00pa3oBaHUsI.

3ameTnM, 9yTO HAOMOAaeMbIE B KCIIEPUMEHTAX 3HAYCHISI CKOPOCTEH NMEIOT CYIIECTBEHHEIN pa3opoc.
Hanpumep, B skcniepumentax [12] ¢ ruaparom meraHa npu usMeHeHuu s, ot 0 go ~0.6--0.7 ckopoctu
M3MEHSITUCH B TIPEaenax

712 (m/c) < Cs < 1189 (m/c), 1722 (m/c) < Cp < 2583 (m/c).
B skcnepumentax [14] mpu uzmeneHuu s, ot 0 10 0.7 CKOPOCTH U3MEHSUINCH B Mpeaeax

950 (m/c) < Cs < 2550 (m/c), 1400 (m/c) < Cp < 4000 (m/c).

ComnocraBieHue pe3yabTaToB IKCIIEPUMEHTOB C JIAHHBIMU JIPYTHX aBTOPOB M BepU(HKAILIUS MaTeMaTH-
YeCKHUX MOJeNeH yIpyrux Moayiiel BeIoHEHH B [21]. B pabote ncmons3oBansl pesynsrats [11, 9, 22-24]
st Metanruapara u [25-27] — nnst TT'®. HecMoTpsi Ha KONUYECTBEHHBIE OTIMYMSA, BBI3BAHHBIC Pa3iInuueM
B YCTAaHOBKAX M METOAWKAX, BCE PE3yIABTATHI JEMOHCTPHUPYIOT OTUCTIUBYIO 3aBUCIMOCTHh CKOPOCTEH BOJH OT
rUIIpaToHachIIeHHoCTH. [Ipy Bepudukanum MareMaTn4ecKuX MOJIeNIe OTMEUEHO, YTO Pe3yJIbTaThl ONBITOB B
cirydae o0pa3oBaHUS THUApATa IO METOMY «C M30BITKOM Ta3ay XOPOIIO OMHCHIBAIOTCS MOJENBIO «envelope —
cementingy», a B cirydae TI'® mydme mogxomut Momenb «load — bearingy.

3akaouenue

BeimonHeH aHan3 COBPEMEHHOTO COCTOSHHS dKCIIEPUMEHTAIBHBIX H TEOPETUYECKUX UCCIECIOBaHUN
YIPYTHX CBOMCTB THIPATOCOAEPKAIINX ITOPHCTHIX cpel. B skcneprMeHTalbHEIX paboTaX OCHOBHBIM CIIOCO-
O0oM onpeneneHus YHOpYrux MOXIYJIEH SIBISETCS M3MEPEHHE CKOPOCTEeH MPOIOJBHBIX M MONEPEYHBIX YIbTpa-
3BYKOBBIX BOJIH W THIPATOHACHIIICHHOCTH B HEKOHCOJNMAWPOBAHHBIX 00paslax B mporecce 0Opa3oBaHUS U
Pa3IOKEeHUs Ta30BOT0 TUIpaTa. DKCIEPUMEHTBI IIPOBOJSATCS C BHICOKOIIPOHUIIAEMBIMU CHHTETUYECKHUMHU 00-
pas3iamMu Ju00 HACHITHBIMH KPYITHO3EPHUCTHIMHE CpellaMi. B kauecTBe ruipaToo0pa3yromiero BemecTsa 00bd-
HO UCIIOJNB3yeTCs a3 METaH WIH KUAKOCTh Terparuapodypan (TI'®). Bo Bcex skcriepuMeHTax ycTaHOBJICHA
CBSI3b CKOPOCTEH YIPYI'HX BOJH C COACP)KAHUEM THApaTa B IOPOBOM IPOCTPAHCTBE, a IMEHHO, HAOIIOIACTCS
POCT CKOpPOCTEH ¢ yBEJIIMUSHUEM THUIPATOHACKIIIEHHOCTH. [Ipy 3TOM B 3aBUCHMOCTH OT yCJIOBHI 00pa3oBaHus
THIpaTa BBIACISIIOTCS IBAa XapaKTepHBIX BUIA 3aBHCUMOCTed. ECiU Mophl 3aloHeHbl ra30M M THAPATOM, TO
CKOPOCTH PE3KO BO3PACTAIOT IIPU MaJIBIX TUApaTOHACKIIeHHOCTIX (<0.2), nanee Temi pocTa HagaeT U CHOBa
yBEJIMYMBAETCS PU OONBLIMX THAPATOHACHIIEHHOCTSX (>0.6). B aTOM Ccityyae B 3aBUCHMOCTH OT Ha4aJIbHOTO
CONIeprKaHUs BOIBI THAPAT 00pa3yeTcss Ha KOHTAKTax 3€peH CKeleTa WM OOBOJAKMBAET MX M LEMEHTHUPYET
CKeJIeT, Jajiee pacTeT B MOpax M HauMHAET KacaTbCs CTEHOK MOp M YBEJIMYUBACT KECTKOCTH ckeyieta. Eciu
MOPBI 3aMOJHEHBI THIPAaTOM M BOJAOM, HACBIIICHHOH Tra3oM, WM TeTparuapodypaHoM, TO THApAT pacTeT B
NOpax W HAYMHACT BJIMATH HA )KECTKOCTh CKEJIETa MOCIIE JOCTATOYHOTO 3aIllOJHEHUS TIOPOBOTO IMPOCTPAHCTBA.
HaOmonaempie B 9KCIIEpUMEHTAX PA3IMYHBIX aBTOPOB 3HAYCHHS CKOPOCTEI HMEIOT pa3dpoc, YTo 00bsCHSIETCS
pa3IM4YreM CBOWCTB 00pa3IOB, YCTAHOBOK M METOIVK IPOBEICHUS SKCIIEPUMEHTOB.

Co3aHbl MaTeMaTUYeCcKue MOJIETH YIPYTUX MOAYJIeHd THAPATOCOAEPKAIIUX TOPUCTBIX Cpell, MO3BO-
JSFOLIME Ka4eCTBEHHO M KOJIMYECTBEHHO ONMCATh PE3yNIbTaThl Ja0OpaTopHbIX onbIToB. [Ipu mocTpoenunn mo-
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JeJiel yYuTBIBAIOTCS TapaMeTpbl OCHOBHOW MOPOABI M HACHILIAIOUIMX cpeny (ironaa U ruapara (IIOTHOCTH,
yHpyTHue MOIYIH, MOPUCTOCTD, HACKHIIIIEHHOCTH (a3). Monmenn MOTyT cofiepKaTh MapaMeTphl, 3HAYeHHU KOTO-
PBIX cleqyeT MoaOUpaTh U3 YCIOBHS COBIAJCHUS M3MEPEHHBIX B HKCIIEPUMEHTE M PACCUMTAHHBIX CKOPOCTEH
YIPYTHX BOJH.
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Aunomayua: B paboTe pacCMaTpUBAIOTCS BOIMPOCH TOCTPOSHUS NMPOCTHIX M HA/IEKHBIX PEIICHUH TS
00paboTKK HeNpepbIBHBIX ITOTOKOB JAHHBIX HA OOBIYHBIX OIEPALIMOHHBIX CHUCTEMAax, KOTOPHIE HE SIBIISIOTCS
CUCTEMAMU PEAIBHOIO BpeMeHU. Pe3ylbTarhl OJIy4eHbl B XOJ€E IIJIOJOTBOPHOIO COTPYAHHYECTBA MexAy MH-
ctutyToM aBToMaTuku u 3ekTpomerpurn CO PAH 1 OO0 «Cod1JIadb-HCK». [Ipemmararorcs HeoOxoqmumblie
U JOCTAaTOYHBIE MPOTPaMMHO-AMIIAPATHBIE PELIeHUs], 0OBIACHIIOTCS NPUHIMITHAIBHBIE TPEOOBAaHUS K (yHKIHU-
OHAJIBHOCTH IPOrPaMMHBIX U alllapaTHbIX KOMIIOHEHT IpeaaraeMblix peleHnid. Taxke B cTarbe mpejiaraer-
Csl METOJl pa3AeiIeHusl IPOTPaMMHBIX KOMIIOHEHT, 00ECIICUMBAIOLINN BBICOKYIO HAJICKHOCTD PE3yIbTHPYIOIIEH
CUCTEMBI.
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Abstract: this study covers the development of simple and robust solutions for processing continuous
data flows on conventional (not real-time) operating systems. It is collaborative research by the Institute
of Automation and Electrometry and SoflLab-NSK. The necessary and sufficient software and hardware
solutions are proposed, the basic requirements for the functionality of the software and hardware components
of the proposed solutions are explained. This paper also proposes a software components separation method
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Hauano corpynHuyecrBa

B nanexom 1991 rony corpyannkamu aboparopuu MamuaHOM rpaduxu MAnD CO PAH 6si1a o6pa-
3oBaHa koMnaHus «CodrJIa6-HCK». IlepBbIM MponyKTOM KOMIAHUHU CTaJI0 ycTpoiicTBo «Buaeosmay, obec-
TIeYNBAIOIIEe 3aMCh CHHTE3UPOBAHHON KOMITBIOTEPHOI! rpaduky Ha BUAeoMarHuToQoHbl. OHO OBIIO CO3/1aHO
Ha 0Oase pa3zpaboTaHHOIO B JIaOOpaToOpuK TpeHa)kepa Uil 0Oy4eHHs TOJIOBOK HAaBEACHUS KPBIIATBHIX PakeT B
pamMKax KOHBEPCHM BOEHHBIX pa3pabOTOK B Ipa)KIaHCKYIO MPOMBINUIEHHOCTh. B T0 Bpems amroputMm JPEG
TOJIBKO CO3/1aBAJICS], IOTOMY AJISl yCTPOICTBA B paMKax HHCTUTYTA ObLI pa3paboTaH OpUTrHHAIBHBIA aJITOPUTM
C)KaTHsl CHHTE3UPOBaHHbIX n300paskeHuii [1, 2]. Kommnanus *e BBIIYCTHIIA HAa PRIHOK COOTBETCTBYIOIIMH MPO-
JYKT.

OnBIT 3KCIUTyaTalliyl MEPBBIX YCTPONCTB MOKa3al HEOOXOIMMOCTh PE3KOTO YAEUIeBICHHS UX CTOH-
MocTH. Torga-To M ponunace uaes UCIOJIB30BaHMS NIEPCOHATBHOIO KOMIBIOTEPA KaK OCHOBBI ISl CO3AAHUSA
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CHCTEMbI BOCIPOU3BEACHHUs CUHTE3UpoBaHHON rpaduku. B 1993 rogy Obuia coBMecTHO pa3paboTaHa U BbI-
[Jla B CBET IUIaTa PaclIMpeHus B MepcoHaibHBIN kommbiorep IPM-PC, kotopsiit MokHO OBIIO CBOOOTHO
KyIHUTh W KOTOPBIA YK€ UMENM KOMIaHuu, paboratonme B oonactu 3D-rpaduku. [Iporpammuoe obecrieue-
HHUE 00eCTIeYrBajIO BOCIPON3BEIEHNE CHHTE3NPOBAHHOTO ()parMeHTa POJIMKA JITMHON IO HECKOIBKUX CEKYHIT
B BH/JIe cTaHaapTHOrO TenesusnonHoro curHana (ITAJI, CEKAM, Y/C, YUV unu RGB). B 1996 roay Beinuia
BTOpas miata — «DopBapay», Ha KOTOPOIl MCIIONB30BajICs anmnapatHeid kogek JPEG, daro mo3Bonuio Ha mopsi-
JIOK TIOHU3UTh TPeOOBaHMUS K TepefaBaeMbIM IMIOTOKAaM JaHHBIX M 00ECIIEYHIIO HETIPEPBIBHBIA PEXUM PaOOTHI
cuctemsbl. Pemenus Ha miarax «D@opBapa» MOIIH BOCIHPOU3BOAWTH POJHMKH HETPEPHIBHO HEOTPAHUUCHHOE
BpeMs B pexume 24/7/365 — 24 gaca B cyTKHW, 7 AHEW B Hememro, 365 mHel B romy (pa3 B rom HYXKHO BBI-
KIFOUUTh ¥ 00cmyxuth [1K, 4T0OBI OH Halle)kHO paboTall Bech CIeAyoNIuii ron). «DopBapaby pa3oluIuCch He
TOJIBKO 10 Bcer Poccuu, HO 1O BceMy MHUpY.

SEFPRERRNIEEEEET FRrESEER))
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Puc. 1. Ilnama «@opeapo» ¢ KoMnieKmom npocpamMmHo20 obecneyenus

Komnanus «Cod1JIadb-HCK» u naboparopust HHCTUTYTa aKTUBHO COTPYIHUYAIOT: naboparopus obec-
MIeYNBAET UCCIIENOBaHNE U Pa3pabOTKy HOBBIX TEXHOJIOTHH, a KOMIAHHUA OTBEYACT 32 MX BHEJAPEHHUE U CO3/a-
HUE KOMMEPUYECKUX MpOoxykToB. OCHOBHOM NMPUYMHOW ycIleXa CTajlo TPaMOTHOE pasjelieHHe paboThl MEXIy
MIPOTPAaMMHOHN W ammmapaTHON KOMIOHEHTaMu cucteMsl [3]. Pemenus «DopBapay» 6a3upoBairch HA ONEpaId-
onHo# cucteme Windows. B Te BpemeHna nmenHO Ha Windows paboTanu OOJBITHHCTBO KOMIIAHHHA, 3aHIMAr0-
LIMXCSl KOMITBIOTEpHOH rpadukoii. ToroBbie cucteMsl kommanuu «Silicon Graphics» ObUTH O4eHb TOPOTH IS
pOCCHICKHX TOTpeduTenei. «Apple» MpHILUIM B BUICOMOHTaXX CIUIIKOM To3aHO. CrucreMsl Ha 6a3ze UNIX
BcerJa ObLIM CIIMIIKOM CIIOXHBIMH JUISi TBOPYECKHX Pa0OTHHUKOB (XyHIOXKHUKOB, au3aiiHepoB). Ha poccwii-
CKOM DBIHKE KOMITbIOTEepHOH Tpaduku Torma mapun 3DStudio Max mog Windows. OmepaiinonHas cucreMa
Windows He fBJiseTCS CUCTEMOI peajbHOro BpEeMEHH. 3afepskKKa BBIMOJHEHUs JI000H MpPOrpaMMbl MOXKET
JOCTUTaTh MHOTHUX COTE€H MIJUIMCEKYH]I MIIM JaXke CEeKyHI. TeM He MeHee /IS TOJIb30BaTelsl 3TH 3alepiKKU
SIBIISIFOTCS. MIPUEMIIEMBIMH, W TIPUILIOCH pa3padarhiBaTh pemieHne uMeHHO mon Windows. TeneBU3MOHHBIM
CHUTHAJ KECTKO TalMHUPOBaH — crucTeMa 00s13aHa Kax/ple 40 MIILTHCEKYH T€eHEpUPOBATh OYepeHoe H300pa-
KeHre. JTa 3ajada ObLIa BO3JIOKEHA Ha IUIATy BBOJA-BBIBOAA. [lara MCHONb3yeT BHYTPEHHIOW MaMSATh IS
Oydeprzanmu o4epeHOro M300paKeHUs M 3aHUMAaeTCs (OPMHUPOBAHWEM TEIEBU3MOHHOTO CHUTHAJa B COOT-
BETCTBHH ¢ TpeboBaHusaMHu cTaHmapTa. [To DMA (Direct Memory Access) miaTa caMOCTOATEIHHO KOIMAPYET
JIAHHBIC M3 TIAMSATH KOMIIbIOTEpa BO BHYTpPeHHHMI Oydep u, HA000pOT, U3 BHyTpeHHEro Oydepa — B MaMsTh
KOMITBIOTepa (BXOJHBIE U BBHIXOJHBIE TOTOKH BUI€0). PaboTa 0OBIYHBEIX MPOrpaMM Ha KOMIBIOTEPE HE MOXKET
nomMeriath pabore DMA, mo3ToMy JJaHHBIC YCIIEBAIOT CKOIIMPOBATHCS 32 BpeMs Kajpa. Takke ruiaTa Kax/pie
40 MIUTHCEKYHII MHAIIMUPYET Yepe3 aImapaTHbIe MPephIBaHUS BBI30B MPOTPaMMHOTO OOecTiedeHusT — apaii-
Bepa IIaThl. X0Ts 00paboTKa MpephIBAHUS MOXKET 3aJIep)KUBAThCsl HA KAKOe-TO BpEMsl, MPAKTHUECKU BCETa
3TO BpeMs He MPEeBBIIIAeT JecsaTKa MunincekyHa. [lomyauB ynpasienue, apaiiBep mnepenaer B miaty uH)oOp-
MAIMIO O TOM, OTKYJIa HY>KHO KOIIMPOBAaTh CIIAYIOIIUN OJIOK JaHHBIX.

[Inara obecrnieunBaeT Oydeprus3annio JaHHBIX Ha YPOBHE HECKOJILKHUX KaJIPOB: MTOKA IJIaTa BEIBOAUT Ha
BBIXOZ ONIMH KaJIp M KOMHPYeT BHYTPH ce0sl clemyromuil Kaap, IpaiiBep ycleBaeT AaTh ei 3a/aHue emle Ha
kanp Brepen. OMHAKO U3 OMBITA SKCILUTyaTallMH M3BECTHO, YTO OIEPAIMOHHAS CHCTEMa MOXET «3aBUCHYTH»
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Puc. 2. «@enuxcy — nepsas niama pacuiuperus 8 NEPCOHANbHbIN KOMNbIomep 0Jis 8b1600a 8UOE0

Ha JECATKU KaJpoB, BIUIOTh A0 ceKyHAbl. IloaToMy ciemyroumuii ypoBeHb OydepHu3anuy peaan3oBaH Ha MPo-
rpaMMHOM ypoBHe. [IpaiiBep IUIaThl BBIIONHSET PONb MUKIIEpa/KoMmyTaTopa. Ilo 3ampocy mporpamMMmbl OH
OTBOZAUT B OIIEPAaTUBHOM IaMATH KOMIIbIOTEpa O0JbIIoi Oydep (Ha HECKOIBKO ECSITKOB KaJpOB) U OPraHU30-
BBEIBaeT Ha 3ToM Oydepe ouepens. [Iporpamma reHepupyeT Mocae0BaTeIbHOCTh H300paKeHUH U 3aliChIBAET
WX B o4epenp, ciens 3a TeM, YTOOBI ouepeh Oblla MOCTOSTHHO 3aroiiHeHa. [[paliBep B NpephIBaHUH yHajseT
U3 ouepeny yxe MoKa3aHHbIe N300paKeHUsI U MPOMKUCHIBACT B MJIaTy MHPOPMALHUIO O CIeayIoeM n3o0paxe-
Huu. Kak npasuio, npuioxeHue co3aaeT napy odepeeil: oqHa odepeb UCIO0JIb3yeTCsl Ul BOCIIPOU3BEICHUS
TEKYLIEro CIHCKa POJIMKOB, a BTOpas Ouepeb 3aloIHEHa MEPBBIMH KaJpaMH ajbTepHAaTHBHOIO CIIMCKA PONIHU-
KOB. B 111000#1 MOMEHT BpeMeHH OIepaTop MOXKET HakaThb KHOIMKY CTapTa aJlbTepHAaTHBHOTO CIIMCKA, TOT/AA
porpaMma IacT KOMaHIy ApaiBepy M OH IEpeKIouuTcs ¢ onHoro Oydepa Ha apyroif. Ilockonbky naHHbIE
B Oydepe yxe 3alOoTHEHBI, MEPEKIIoUueHIe MPOUCXOIUT MAaKCUMAIbHO OBICTPO — OYKBAJIBHO B CIIEAYIOIIEM
Kazape. 3aJepKKa IMEePEeKIIIOUeHUS] COOTBETCTBYET IPUBBIYHBIM IS [T0I30BATEIIs 3aA€PKKaM U HE PEBBIIIACT
BpPEMEHH peakluy yesnoBeka. Takum oOpa3om, anmaparHas Oydepusanus rapaHTUpyeT cTabWIbHOCTh BBIAAYN
JAHHBIX Ha YPOBHE JECSTKOB MUJUIMCEKYH]I, a IporpaMMHasi Oydepuzaryst B olepaTUBHOM aMsTH KOMIIbIOTE-
pa — rapanTupyeT cTaOMIBHOCTh Pa0OTHI Ha HECKOJIBKO CEKYHJ BIIEpeaA. JTa TEXHOJOTHs yCIEIHO padoTaeT
u ceiyac.

3a 30 ner corpynnukamu kommnanuu «CoprJIa6-HCK» u maboparopuu Ne 13 MAuD CO PAH 6buto
pa3paboTaHO MHOTO Pa3HBIX PEIICHUN, OPUEHTUPOBAHHBIX HA 00pa0b0TKy OONBIINX TOTOKOB JaHHBIX B TEMITC
MOCTYIUIEHUSI ATHX JaHHBIX. [IJis OONBIIMHCTBA M3 HUX TeXHOJOrus Oydepusanuu TaHHBIX Ha OYepelsx B
OTIEPATUBHOM MaMATH KOMIIbIOTEpA SBJISIETCS KIIFOUE€BOM. BOT HEKOTOpBIE U3 HUX:

- «TitleEngine» — TEXHOJIOTHSI TEHEPAIIMA M COBMEIIEHUS MHOTOCIOWHBIX MOJYIMPO3PAYHBIX THTPOB,
TTO3BOJIAIONIAs COBMEIIATh TapaHTHPOBAHHYIO IIAaBHOCTH ABM)KCHUS C WHTEPAKTUBHOCTBIO YIIpaBiieHUS (B
J000H MOMEHT MOXHO BKITFOUUTh WIJIM BBIKIIOUUTH JIF000M ciioil TUTpoB) [4, 5, 6];

- «PostPlay» — Texnomorus Oydepn30BaHHOW 3alVCH C)KATHIX BHICO- M 3BYKOBBIX JTaHHBIX Ha JKECT-
K€ IUCKU MEPCOHAIBFHOTO KOMITBIOTEPa, MO3BOJSIONIAS MUHUMU3HPOBATh HATPYy3Ky HA TUCKU M MOIYYUTH
MaKCHMaJbHYI0 CKOPOCTh UTCHHSI/3AINCH JAHHBIX Ha JUCK IMPH MHOTOKAHAIBHOHN 3aIMCH/dYTCHUH;

- «AutoDetect» — TeXHONOTHs aHANIM3a MOTOKA BUACO/3ByKa IS JICTEKTUPOBAHUS B HEM 3allICAHHBIX
paHee QparMeHTOB BHICO/3ByKa. IIpyu coBmagmeHNH BXOTHOTO BHUIEO/3BYyKa C OTHUM M3 (PparMEeHTOB CHCTEMa
TeHEepHUpPYET YIPABIIoNIee COOBITHE, KOTOPOE MOXKET, Hal[pUMEp, HAaUMHATh C TOYHOCTBIO JIO KaJipa BOCIIPOU3-
BEJICHUE CIUCKA POJIUKOB.

OtMmetruM, 4TO pa3zpaboTaHHOE i YIOOHOTO BOCIPOM3BEACHUS BHJICOIIOBTOPOB IPOrPaMMHO-
anmnaparHoe peuieHue Hanuio cBoe npumenenue B PI'BY «HaydHo-ucciaenoBarenbCKUil UCIBITATEIbHBIN
LIEHTP HOATOTOBKU KOCMOHaBTOB MMeHH FO.A. T'arapuna». Kak MHCTUTYTOM, Tak M KOMIAHHUEH BBINOJIHE-
HO HECKOJIBKO IPOEKTOB, MOCTABJIEHHbIE CHUCTEMbl BU3YaJIbHOTO KOHTPOJS SKCILTYaTUPYIOTCA W MOJYyYHIN
BBICOKYIO OIICHKY.
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Puc. 3. Pewenue 0ns 8u3yanvioco Konmposis npoyecca mpenupogok kocmonaemos 6 HUU I[IIK umenu
0. A. Tacapuna

IIpo6aema HageKHOCTH

Jpyroii npobiaeMoii co3naHus CIOKHBIX IPOrpaMMHO-aNMapaTHBIX CUCTEM JUIl 00pabOTKU OOJIBIINX
ITIOTOKOB JaHHBIX SIBIISETCS MpobiemMa HaASKHOCTH [7]. A ©UMEHHO, TIOCTETICHHO, C YCIOKHEHUEM CHCTEM 00-
paboTKH, IPUXOAUTCS MCIONB30BaTh IPOrpaMMHOE obeciieyeHne (OMOINOTEKH) OT CTOPOHHUX HMPOHU3BOIUTE-
neil. Ecnu mporpamMMHBIi Kozl COOCTBEHHOM pa3pabOTKU MOYKHO OTJIaIUTh U OBITh YBEPEHHBIM B €TI0 BBICOKOM
HaJIe)KHOCTH, TO BHEIIHUE OMOIMOTEKH BBICTYIAIOT B POJIM «UEPHOTO sAlMKay. K coxaleHHIo, Takue TeXHO-
norun Windows, kak DirectShow, ciaBsTcsi cBoel HecTaOWIBHOCTBIO. Kak co31aTh Halle)KHYIO CHCTEMY U3
HEHaJIe)KHBIX KOMIIOHEHT?

Cotpynuuku jaboparopun MAuD CO PAH npeyioxuiiu pelieHrue B 0TBETE Ha BOIPOC O MAKCUMAJIb-
HO JIOIIyCTHMOM BPEMEHH OTKa3a CHUCTEMbI, TO €CTh O TOM, KaK JOJI'0O CHUCTEME MOXXKHO He pabotars. Eciu
BpeMsi OTKa3a He JIOJDKHO mpeBblmarsl00 MumucekyHza, To B pemeHusx komnanun «CodrJla6-HCK» pe-
KOMEH/IyeTCsS HCIOJIb30BaTh ropsiuee pe3epBUPOBAHME M CIIENMANIbHOE YCTpoiicTBo «watch dog». Topsuee
pe3epBUPOBaHNE O3HAYAET IOJHOE OyOIMPOBAHWE CHCTEMBI BTOPBHIM KOMIIBIOTEPOM C HMICHTHYHBIM Ha0oO-
poM «kene3a» u cora. Berxomp! 06enx crcTeM MMOCTYHa0T Ha KOMMYTAToOp pe3epBa, KOTOPBIH YIPaBIsAeTCS
ycrpoiictBoMm «watch dogy». Jloruka ynpasnenus ycrpoiictBom «watch dog» cnemyromast. Ilons3oBarensckoe
MIPUJIOKEHUE PETYISIPHO COOOIIaeT ApaiiBepy, YTO Y HEro Bce OyeT XOpoIIo emle HekoTopoe Bpems. [paiisep
B K)KJJOM NPEPBHIBAHUN CPAaBHUBACT 3TO BPEMs C TEKYLIUM U OLICHUBAET IIyOMHY 3allOJIHEHHOCTH OYepear Ha
BocHpousBeneHne. Eciau manHble B ouepenn ecTh M NPUIOKEeHHE HeJaBHO ParopToOBaJio O XOPOIIEM CTaTyce,
TO JpaiiBep MOChUIAeT KOMaHIy Ha yCTPOHCTBO «watch dog», uto Bce xopomo. Eciu B TeueHne nmapsl KaipoB
Ha ycTpoiicTBo «watch dog» He mpuXoAnIa KOMaHa, TO OHO aBTOMAaTHYECKH IEPEXOIHUT B PEXKHUM «aBapHsD»
U NEePEeKIIoYaeT KOMMYTATop pe3epBa. TpalullMOHHO YCTPOHCTBO «watch dog» MOnKIIo4aoT K OCHOBHOMY
KOMIIBIOTEPY, MO3TOMY HEPEKIIIOUCHHE MPOUCXOIUT HPH JIF0OOM OTKasze: MpU OTKIIOYEHUH IMHUTAHMSA, IPH OT-
Ka3e IUIaThl BBO/IA-BBIBOJIA, TIPH «3aBHCAHUI KOMITBIOTEPA, TIPH «3aBUCAHUI MOJIH30BATEIBCKUX TPOTPAMM.
Jns ynpomeHus: paboThl oneparopa U yMEHBILICHHUS YHCIIa YeTOBEYECKHX OLIMOOK MOIb30BaTEIbCKUE PHIIO-
xenns komnaann «Co¢TJ1a6-HCK» nomnepkuBaroT pexuM «3epKaJHpOBaHU), KOTAa ASHCTBUS OnepaTopa
B OZIHOM TPWJIOKCHUHM aBTOMAaTHYECKU MEPECHUIAIOTCS B NMPHIOKEHUE Ha 3epKalupyeMoM KoMmmbloTepe. To
€CTh OTIepaTopy HE HYXKHO MOBTOPATH AEHCTBUSA HA 000MX KOMITBIOTEpax.

Ecnu ke BpeMs 0TKa3a MOXKET OBITh JOCTATOYHO OOJBIINM, B IPEeax JECITKOB CEKYHA WIH MUHYT,
TO B PEIICHUSAX KOMITAHUH JOCTAaTOYHO MCIONB30BaTh pa3ieiieHne CUCTEMbI Ha OT/IENbHbIE MPOrpaMMHBIE MO-
IyJI¥, NCTIONIHSIOIIMECS B HE3aBUCUMBIX npoueccax. [Ipu «B3peiBe» 11000T0 mpolecca crenraibHas cucreMa
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ABTOMaTHYECKH 3aIlyCKaeT HOBBIH MpPOLECcC BMECTO BHIOBIBLIETO M3 PabOThl. Takas MOAYAbHOCTD CUCTEMBI Ha
YPOBHE OTACIIBHBIX ITPOLECCOB, KOHECYHO XK€, MOPOXKAACT JOIMOJTHUTCIBHBIC TPYAHOCTH, CBA3AaHHBIC HE TOJIBKO
C yHpaBJIGHHWEM, HO M C Tepenadcii OONbIIMX TMOTOKOB JaHHBIX MEXIy mpolieccamu. s 3Toro omsrth xe
HEOOXOIMMO HCIOIB30BaTh Oy(epr3annio JaHHBIX B ONEPaTUBHON MaMsITH KoMmbioTepa. [Ipudem pernenuns
KOMITAaHVH U30€TaroT JIMITHIX KOITMPOBAaHUH JaHHBIX: MOAYJb «OCTABIIMK JJAHHBIX) 3aIlOIHIET U300paKeHHe
B maMATH Oydepa, a MOAYIb «IIPUEMHUK JTaHHBIX» OepeT JaHHBIE JUIA aHaju3a IpsMo U3 mamsaTu Oydepa.

Taxoke pazzeneHre Ha MPOLECCH YCIIEIIHO pemraeT MpooieMy Hale)KHOCTH paboThl CHCTEMBI B IIEJIOM
P HETIPOAOIDKUTEIBHOM Tieperpy3ke. 3aaBasi pasHble MPUOPUTETHI Pa3HBIM MPOTPAMMHBIM MOIYJISAM, MOX-
HO yIPaBIATh BpeMeHEM paboThl Kakmoro Momyis. Ilpu momHON 3arpys3ke mpoieccopa B MEPBYIO Odepenb
OyayT paboTaTh TOJIBKO BaYKHBIE MOAYJIH C BhICOYAMITNM IpuopuTeToM. K coxkaneHuto, B 0OBIYHBIX OIepallu-
OHHBIX CUCTEMAax HET aHAJIOTUYHOI'O YIIPABJICHUA NPHUOPUTCTOM BBIINIOJIHCHUA (I)aﬁHOBbIX onepauuﬁ. HOE)TOMy
B pEIIeHUSIX KOMITAaHUH HCIIOJIB3YeTCsl COOCTBEHHBIH MOIYIh TPUOPUTH3AINH 3aIIPOCOB K (DallIoBON cucTeMe.
310 pemaer npobiaeMy NpH CIEIOBAHUH PEKOMEHIOBAHHOMY pabodeMy IMpOLEecCy, HO €CIH I0JIb30BaTelb
3aIlyCTUT CTOPOHHEE MPHIIOKEHHE, TO CHCTEMa B IIEJIOM MOXKET HE yCIIeTh CBOEBPEMEHHO 0TpaboTaTh BCE 3a-
MpOChI Ha uTeHue/3anuck. Texnomorus «PostPlay» kak pa3 rapaHTUpyeT CBOCBPEMEHHOCTD 3allUCU U YTCHUS
JaHHBIX.

3akio4eHune

B nacrosimee Bpemst kommnanus «CodtJla6-HCK» BbimyckaeT mMpoKuil cOeKTp IuiaT BBOAA-BHIBOAA,
BKJIFOUAsl TUTATHI I paboTHl C TEIeBU3MOHHBIM curHamoM ¢ pazpemenuemM UHD 4K (2840x2160 60 x/c).
[To-npexxHeMy co31aHMEM aJropuTMOB 00pabOTKM MOTOKOB JJaHHBIX 3aHUMaroTcsi corpyauuku MAun3d CO
PAH, a ux BcTpanBaHUEM B PHIHOYHBIE POIYKTHI — KOMITaHUSA. B cCOBpeMeHHBIX miiaTax Bce OOJBIINI aKIeHT
JeJlaeTcsl Ha IPOrpaMMHOM OOECIICUEHHHU: B HUX HE HCIIOJb3YIOTCS alllapaTHBIE KOAEPbI BUIEO, ITOCKOJIBbKY
BCsi 00paboTKa, BKIIIOUAs KOJUPOBAHHE U JIEKOIUPOBAHUE BHUIEO, BHIMOJHSIETCS CTAHIAPTHBIMU CPEACTBAMHU
COBPEMEHHOTIO MEPCOHANBHOTO KOMIBIOTEpA. PellleHnss KOMIaHWH MHUIPHUPYIOT Ha ONEPAIOHHYIO CHCTEMY
Linux, B mepByIo ouepelns, 3TO KacaeTcs pelleHui A1l COBPEMEHHOTO IIU(POBOTro TeleBUACHUS. YBEIHMUCHUE
ITOTOKOB JTaHHBIX, NIepeIaBaeMbIX B COBPEMEHHOM TEJEBUJCHHUH, CTaBUT II€pe]l COTPYAHUKaMH J1JabopaTopuu
HOBBIE 3a]1a4M, KOTOPbIE OHH YCIICIIHO PEIIaloT COBMECTHO C coTpyaHukamu Kommanuu «Co¢tJIad-HCK».

Puc. 4. Jluneiika cospemennvix nram xomnanuu « CogpmJla6-HCK»
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