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YBaxcaeMble yHTaTeJH,

Hacroawmii Bbinyck »xypHana «Pamuodu3nka» nocssieH 100-sietHemy 1o6usiel0  akajieMHuKa
Anexcannpa Anekcanpposuya AuapoHoa (1901—1952) — Bbimalolerocsi pyccKoro y4eHoro, OfHOro Hs
OCHOBOIIOJIOXKHHKOB TEOPHH JHHAMHYECKHX CHCTEM H HeJIHHeHHO# HaykH B uesioM B GbiBLieM CoBerckom Co-
103e H, Mbl NoJiaraeM, B Mupe. Ero ocHoBHble HayuHble JOCTHXKEHHS! OTHOCATCH K TEOPHH AHHAMHUYECKHX CH-
CcTeM, TeopuH GuypKaLuit H HX PUMEHEHHIO K aBTOMaTHYeCKOMY ynpasJieHHio. HecMoTps Ha To, 4To OH Gblnt
du3MKOM No 06pa3oBaHHIO, €ro (GyHAaMeHTa/IbHas MaTeMaTHyecKas MOAroTOBKa B MOCKOBCKOM yHHBEpCH-
TeTe, Ny6OKasi HHTYHMLHSA H BKYC K OCTAaHOBKE MaTeMaTHUYeCKH CTPOrHX 3a7ay Mo3BOJH/H eMy chopMyJIH-
pOBaTb U pelliuThb MPoGJieMbl, ONpeeJIHBILHE Pa3BHTHE ITHX TEOPHHi Ha MHOTHe rofibl. Bsiaronaps ero Bkiagy
MHOTHe (PU3MYECKHE 3a/1a4H NOMYUU/IH aZIeKBaTHYIO MaTeEMaTHYECKYIO (POPMYJIHPOBKY H HHTeprpeTaiio. OT-
METHM 3/leCh aBTOKOJIeOaHHs (reHepallsi, 3BOJIOLMSA H CHHXPOHH3ALMA ), peslakCaLlHOHHbIE KoJleOaHHs, KOH-
KyPeHLIHIO H 3aXBaT MOJ, LUyMOBble 3()(eKThl B AMHAMHYECKHX CHCTeMaX, aBTOMaTHYeCKHe PeryJiaTopbl H Ap.
OH 6bl/1 TaJIaHTJIMBBIM YUHTEJIEM H HayYHbIM PYKOBOAMTEJEM /ISl MHOTHX YU€HbIX H CTYEHTOB, CO3/aTe/IeM
H3BeCTHO! B MHpe [OpbKOBCKO ILIKOJIbI HEIHHENHBIX KOJleOaHHit H COABTOPOM H3BECTHbIX KHHT, ChIrPaBLUHX
BaXXHYIO POJib B MOArOTOBKE HECKOJIbKHX MOKOJIEHHH yueHbIX B o6acTy HeJiuHeitHO# Hayku: « Teopust Kosie-
Ganuit» AHnpoHoBa, Burra u Xaiikuna, aByxToMHuK «KauecTBeHHas TeOpHsl AMHAMHUECKHX CHCTEM BTOPOTO
nopsinka» ¥ « Teopus 6upypkauuit iMHAMHYECKHX CHCTEM Ha IIOCKOCTH» AHAPOHOBA, JIeoHToBHYa, [opaoHa
1 Maiiepa. [ToauepkHeM Takxke, uTo A. A. AHAPOHOB GblJ1 OZIHHM H3 OCHOBaTeJel (haKyJ/bTeTa pafHOH3HKH
B Huxeropoackom (TopskoBckom) yHuBepcutete B 1945 . M ofHHM M3 €ro nmepBbiX GIECTSILMX JEKTOPOB.
Sto Gbl nepBbIit paaHodusuueckuii pakynsrer B 6biBlieM CoBerckoM Cotose, U M0 ceif AeHb OH OCTaeTcs
OJIHO# M3 BeJyILHX LIKOJI paaHO(H3HKH H poICTBeHHbIX obaacTel (¢pu3nku nnasmel, CBU BoJH, KBaHTOBO#
3JIEKTPOHHKH, aKyCTHKH, PaIHOTEXHHKH H Ap. ). Be3 Bcskoro npeyBesinueH st MOXKHO CKa3aTb, YTo AJieKcaHp
AnexcanapoBuy AHAPOHOB GblJ OZHHM U3 yYEHBIX, C(HOPMHPOBABILHX COBPEMEHHOE JIHLIO TEOPHH KoJleGaHH#
JMHAMHYECKHX CHCTEM H HeJIHHeHHBIX KosieGaHHii. Ero moixon k Hayke H 06pa30oBaHHI0, INIyGOKOe NOHHMaHHe
GynylLero nporpecca HeJIMHeRHON HayKH H ipKasi HHAWBH/YalbHOCTb OCTAHYTCS B TAMATH €10 MHOTOYHCJIEH-
HBIX YUEHHKOB, NTOCJIe/loBaTeJIell H BCeX TeX, KTO LIEHHT HayKy.

B nanHOM BbiMycKe XKypHaJia npeicTaBJieHbl paGoThbl, JEMOHCTPHPYIOLIHE Pa3BUTHE HEJIHHENHOM HayKH
B CaMbIX pa3HbIX 06/1aCTsX, OT MaTeMaTHKH 40 GHoJioruH. Haneemcsi, 4To OHH HHTepeCHbI CaMoii IIHPOKO#
ayIMTOPHH H JaflyT BO3MOXKHOCTb BCTIOMHHTD YeJIOBEKA, KOTOPBIi GblJ OXHHM H3 OCHOBaTeJIei 3TOH MeXauc-
UMIVIHHAPHOM 06J1aCTH 3HAHHH.

375



2001 H3zeecmus sy3os. Paduogusuka Tom XLIV, Ne5—6

YK 538.56:517.33:621.373

NPOrHO3 KAYECTBEHHOI'O MOBEAEHUSI AUHAMWYECKOW CUCTEMbI
MO XAOTHYECKOMY BPEMEHHOMY PALY

A. M. Deiieun, 5. H. Moavkos, [I. H. Myxun, E. M. Jlockymos

[MpesnoxeHn noaxon K NOCTPOEHHIO NPOrHO3a KAUECTBEHHOTO NOBEAEHHS AMHAMHUECKON CHCTEMbI, OCHOBaHHbI/
Ha HeJIHHERHO-RHHAMHYECKOM aHa/u3e cJ1a6oHeCcTauHOHapHOro XaoTHYECKOro BpeMeHHoro psina. OnucaH MeToa no-
CTPOEHHS MPOrHOCTHYECKHX MoAeNiell No HaG.1l0aeMoit SBOJIIOLMH OAHOM AMHAMHUYECKO# NepeMeHHO, peann3yiowWwu
JaHHbIA NOAXOA NPHMEHHTENLHO K NPOrHo3y GHypKaumii HH3KOpa3MepHLIX AMHAMHYECKHX cHcTeM. Metoa npume-
HEH ANNA aHa/M3a BPEMEHHLIX PANOB, CreHEPHPOBAHHLIX CHCTeMoN Péccaiepa u cHcTeMoi ypaBHeHH#, MOAeHPYiO-
uteit poToxuMHUECKHe npouecchl B Me3ocdepe, [Las aHanmsa Gbisl HCMONL30BaH BPEMEHHOM PAill, PACCUHTaHHBIA NPH
Me/IEHHOM H3MEHEHHH ynpaBasiioLero napaMerpa cucteMsbl. [Tpy aToM B «HaGaofaeMoii» peanin3aluy cHCTeMa fie-
MOHCTPHPOBAJA TOJILKO OJIMH — XaOTHYECKHA — THN noBefieHHs 6e3 Kakux-au6o Gudypkauuit. Meroa no3soaun
Ha BpEMEHaX, CYLLIECTBEHHO NPEeBbILLIAIOLHX AJHHY HCXOLHOA peasiu3aliiy, CAeNaTh A8 06Genx CHCTEM MPaBHILHBIA
NPOrHo3 noc/efoBaTesbHOCTH GuypKaLmii, yka3aTb OXKnaaeMble MOMEHTbI GH(YpPKaLHOHHBIX NEPEXOA0B H TOYHOCTD
Onpeae/ieHHn 3THX MOMEHTOB, a TaK)Ke pPacCYMTaTb BEPOATHOCTb OGHAPYKHTb B HHTEpECYIOUIMii MOMEHT BpeMeHH
NpeACKa3biBaeMble PeXKHMbI NOBEACHHS CHCTEMBI.

BBEAEHHE

1. Pa3BuTHIO MeTOZI0B aHa/In3a XaoTHYECKHX BpeMeHHbIX psinoB (BP) nocesiuleHo 3a nocJenHue apa-
AUATh JIET HECKOJIbKO COT paboT (cM., HanpuMep, [1] u uutHpyeMmyio Tam Jutepatypy). Llesb Takoro aHaan-
3a — PEKOHCTPYKLHs (a30BOro NpoOCTPAHCTBA, B KOTOPOM MPOHCXOIHMT HAGJIOaeMas IBOJIIOLHS CHCTEMB,
M OTbICKaHHE XapaKTePHCTHK (CrekTpa nokasateseil JIsmyHoBa 1 pa3MepHOCTH aTTpaKTopa) 3TOH 3BOJIO-
umH. OyHnameHTaNbHOM OCHOBOM AaHHBIX HCC/EAOBaHHI siBsIOTCS TeopeMbl TakeHca [2], U3 KOTOpBIX cJe-
ZyeT, 4To MO €IMHCTBEHHOH 6ECKOHEYHOH H CTAaLHOHAPHON peasu3aLMH MOXeT ObiTb TOUHO BOCCTaHOBJIEHA
TOMOJIOTHYECKast CTPYKTYpa COOTBETCTBYIoLIe 06s1acTH (a30BOro NMpoCTPaHCTBA H NepPeyHcJIeHHbIE KOHYe-
CTBEHHbIE XapaKTepHCTHKH. B peasnbHocTH Habaoaaemulit BP Bcerna orpaHHueH BO BpeMeHH, UTO PHBOAMT
K OLIMOKE MPH PEKOHCTPYKLIHH aTTPaKTOpa H OnpeJiesieHHH ero XxapakTepHCTHK. TeM He MeHee cO3/laHHBIE K
CErofIHALLIHEMY JHIO aJIFOPHTMbI MO3BOJIAIOT JOCTATOYHO AaKKYPaTHO BOCCTaHABJIMBATh AHHAMHYECKHE CBOH-
CTBa 110 KOHEYHOMY CTALHOHAPHOMY | BpeMeHHOMY psity J1sl IUHPOKOTO KJIacca CHCTEM, B TOM YHCJIe JiefiaTh
KOJIMUECTBEHHbIN («JIOKaJIbHBI») NPOTHO3: MpeACKa3biBaTh GyAyLLYIO SBOJIOLMIO CHCTEMbI B Npejesax Ha-
6J110/1aeMOro XaoTHUEeCKOro aTrpakropa [3].

2. Hepezko (Hanpumep, npH HCC/1€A0BaHHH MPUPOIHBIX IMHAMHYECKUX CHCTeM) HabutioaeMblil JHHAMH~-
uecKH#i poLiece He ABASETCS CTalHOHapHBIM 2. Bbisio nokasawo [8), uto Teopembt TakeHca MOryT GbITb 0606-
leHbl Ha cayyal HecTauuoHapHbIX BP, T. e. HecTauMoHapHOCTb He HajlaraeT OrpaHHYEHHH C TOUKH 3PEHHs
NPHHLMIHALHONA BO3MOMKHOCTH PEKOHCTPYHpOBaTh Ha6/onaeMbiit attpakrop . Llens nanHo# paGoTs —
TNpPOAEMOHCTPHPOBATh, YTO HECTALMOHAPHLIN BP faéT BO3MOXKHOCTb MOJyYHTb HH(OPMALHIO O KaUeCTBEeH-
HBIX 0coGeHHOCTAX GyayLuero noBeaeHHs AuHaMHyeckoi cucrembl (I1C).

! C TOuHOCTBIO 210 OrpaHHYEHHOCTH BPEMEHHOTO PAAa.

2 [pennoxenbl HECKOJILKO CMOCOGOB BLIABACHHA HecTaunoHapHocTH BP (cu., nanpumep, [4—71). Ewg oauu cnocoG BuiseieHHs
HECTaUHOHAPHOCTH ABJIRETCA YACTbIO H3NAraeMoro HHXXe aJiropHTMa.

3 Wnn aTTpaKTOpLI, €cin 32 BpeMsi HAGMIOZEHHA HMEH MeCTO Gidypkaunn. OIHH H3 CIOCOGOB OLEHKH XapaKTEpPHCTHK HaGmio-
NaeMbix aTTPaKTOPOB ONHCaH, Hanpumep, B (7).

376 A.M. Deiieun u op.
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YTBepxaeHHe O HecTaUHOHApHOCTH HaGmofaeMoro BP osHauaer HasiHuKe y COOTBETCTBYIOLLErO Mpo-
Liecca, o MeHbllel Mepe, IByX CHJILHO Pa3JjIHualolLMXCs BpeMeHHBIX MaciuTa6oB. B nanHoii pa6oTte Mbl pac-
CMOTPHM CHTYaUHIO, KOTJa MPOAOKHTENbHOCTb HaGaiofaemoro BP cyliiecTBeHHO nmpeBbilliaeT MeHbLLHI U3
3THX ABYX MaciuTa6oB, GyAyyH MpH 3TOM MeHblue 6oJbLiero U3 HuX. Takasi CHTyalus XapaKTepHa AJisi MHO-
rHX JOJOXXHBYLLHX PHPOAHBIX CHCTEM, MEJIEHHbIE TPEHIbl TapaMeTPOB KOTOPbIX 06YCJI0BJIeHbI MJIaBHBIMH
M3MEHEHHSMH BHELIHHX YCJIOBHH.

B onucaHHO# cHTyallH ecTeCTBEHHBIMH C (PH3HYECKOH TOUKH 3pEHHS ABJSIOTCS CJEYIOLLIHE JBE FHIoTe-
3bl.

Tunomesa 1. HabaonaeMblit HecTaUHOHapHbIH BpeMeHHOH pff CreHepuHpoOBaH CJIaGOHEaBTOHOMHOM
«O6bICTPOH>» JMHAMHYECKOH MOACHCTEMOH, YUbH [TapaMeTpbl MeIJIEHHO MEHSIIOTCS Ha XapaKTepPHbIX BpEMEHHbIX
Macita6ax 3BOJIOUHH €€ IHHAMHUECKHX MepeMeHHbIX.

Tunomesa 2. XapakrepHoe BpeMsi 3BOJIIOLMH «MeJJIEHHOM» l'lO).'lCPlCTeMbl B3aHMOJIEHCTBHE C KOTOPO#
siBIfieTCSA NMPHYHHONX HEABTOHOMHOCTH «GBICTPOH» MOACHCTEMBI, OCTAETCS HEH3MEHHBIM B He CJIHLIKOM Ja-
JiéKkoM OyayLeM «MeJieHHO#» noacucteMbl. [loa Hepanékum GyayilupuM MeAJIeHHO! MOACHCTEMbI Mbi MOJA-
pa3yMeBaeM BpeMeHHO#H HHTepBaJ MOPsAKA HECKOJBKUX JUIHH HabaionaeMoro BP, Ha koTepoMm H3MeHeHHs
napameTpoB GbICTPOF MOACHCTEMb! OTHOCHTEJIbHO HEBEJIHKH.

Hnurepnperauus HectauvoHapHoctH BP kak HeaBTOHOMHOCTH Habuiomaemoii JIC (runoresa 1) umeer
CMBIC/ B CJiyyae, KOrla 3aBHCHMOCTb 1MapaMeTpoB CHCTeMbl OT BpeMeHH u3BecTHa. [lpu 3Tom BTOpas ru-
noresa Aa€T MPHHUHMHAILHYIO BO3MOXKHOCTb BOCCTAaHOBHTb TPEHJIbl NapaMeTpoB GLICTPOH MOACHCTEMbI Ha
HOCTaTOYHO MPOTSXKEHHOM BPEMEHHOM HHTepBaJe.

3. OnuHcaHHbI# MOAXOA MO3BOJISAET MOCTaBUTb 3afiayy O NPOrHO3e KaueCTBEHHOrO MOBENEHHs IHHAMHYe-
CKo#i cucTeMbl 10 HaGuofaeMoMy cilaGoHecTaunoHapHoMy BP. B nanHoit paGoTe uanaraercst ajlropuT™, pea-
JIU3YIOILMI JaHHBIH MTOIX0 MPHMEHHTEJbHO K NporHo3y 6udypkauuit HuskopasmepHbix JIC no Ha6oaaemoi
XaOTHYECKOH AHHAMHKe.

I[Npepnaraemblii airOPUTM BKJIOYaeT TpH 3tana. [1epBhiii U3 HHUX 3akJiOyaeTcsl B CO3JAaHHH MOJIEJIH, Xa-
paxTepusyeMoii HEKOTOPLIM HaGOPOM NapaMeTpoB U BOCMPOH3BOASALIEH NOBEEHHE CHCTEMbl HA BPEMEHHOM
HHTepBaJie, ABJIAIOLIEMCS YaCTbio HabJiofaemMoit peanu3alpy. Ha aToM stane napamerphbl MoesiH noJiaraior-
csi hukcuposannbiMu. 4 Ha BTopoM 3Tane ocTaBiLasics 4acTh peau3aliy HCHObL3YeTCs J1f BOCCTaHOBJIe-
HHs1 3aBHCHMOCTH 1apaMEeTPOB MOZEJIH OT BPEMEHH B MPEATIOJIONKEHHH, YTO 3Ta 3aBHCHMOCT SIBJISIETCA CyLie-
CTBEHHO 6oJiee MeJJIEHHOH, YeM XapaKTepHble BpeMeHHble MacLuTabbl 9BOJIIOLMH «MTHOBEHHOM>» MOJEJH, M0~
CTpoeHHO# Ha nepBoM 3Tane. Co3aaHHyio TakiM 06pa3oM MozieJib GyeM AaJiee Ha3biBaTh MPOrHOCTHYECKOH.
Hakonel, Ha TpeTbeM 3Tane CTPOHTCS NPOrHo3 GHdypKaLmii: TPOU3BOAUTCS SKCTPANOJALHMA 3aBHCHMOCTeH
napaMeTpoB MPOrHOCTHYECKOM MOJE/H OT BPEMEeHH H Npe[CKa3biBaeTCsl MOC/el0BaTeIbHOCTb GHypKaLkil U
MOMEHTbI GH(PYPKALIMOHHBIX MEPEXOJ0B.

4. OueBHIHO, 4TO JII06Gasi NOCTPOEHHAS MOZEJIb BOCTIPOH3BEAET HA6JI0AaeMYI0 IBOJIOLIMIO CHCTEMBI C KO-
HeuHo# ToYHOCTbI0. COOTBETCTBEHHO, C KOHEUHO#H TOYHOCTBIO 6YET BOCPOM3BEEH XaOTHUECKHH aTTpaKTop
H ero xapakrepuctHkd. HerpyaHo nonsith, 4to npu npeackasanuu 6yayiero noesenus JIC no Hecraum-
oHapHoMy BP Takasi norpewHocTb upeBaTa NMpOrHOCTHUeCKOH own6Koi. JleficTBHTENbHO, MOrPEILHOCTD B
3TOM CJIyyae fBJISIETCA B TOM YHCJIE H NOrPELLHOCTHIO BOCCTAHOBJIEHHS! HEaBTOHOMHOCTH HaGmopaemoit JIC.
Jlpyrumu ciioBaMH, BO3HHKaeT oLLIHGKa NPH peKOHCTPYKLMH TpeHaoB napametpoB JIC, a ciienoBarenibHO, MO-
2KeT OKa3aTbCsl OLUHGOYHBIM H MPOrHo3 6udypkatmit. Cka3aHHOe 03HaYaeT, YTO OLEHKa TOYHOCTH MPOHU3BO-
JWMMBIX OTiepaLluii ABAETCS 0653aTe/IbHLIM KOMIIOHEHTOM aJIFOPHTMa TaKOTo NPOTHO3a. SICHO TaKkxKe, uTo caM
MPOrHO3 MOXKeT ObITh TOJILKO BEPOATHOCTHLIM: peyb JOJKHA HATH 0 HanGoJiee BepOATHBIX Gyayiuux 6udyp-
KaL|sX, MaTeMaTHYECKUX OXKHIAAHHAX MOMEHTOB GHypKaLuii, BEPOATHOCTH OGHAPYXUTb B ONPEAeEHHBbI
MOMEHT BpeMeHH OmnpeJe/i€HHbIA THI MOBEJEHHS CHCTEMBI H T. .

4 Monenb, BOCNPOH3BOAALLLYIO C 32AaHHOM TOYHOCTLIO HaGalonaemoe noseaeHue JIC, HHOT/A Ha3bIBAIOT r0GaaLHOH Moaenbio[1],
a npouecc NoCTPOeHHA Takoi MoAenH — rio6anbHo# pekoHeTpyKuued IC no oaHomepHoit peaausaumu [9].

A. M. Pedieun u dp. 377
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5. B nanHoit pa6oTe BO3MOXKHOCTH Npe/araeMoro MeTozia ISMOHCTPUPYIOTCS C NIOMOLLBIO KOMITbIOTEp-
HbIX MOJieJIeii: HCTOYHHKOM HCXOZHBIX IAHHbIX ABJISETCS, BO-TEPBBIX, XOPOLIO H3BECTHAs H H3yueHHas CHCTe-
Ma Péccaiepa [10] u, Bo-BTOpBIX, GoJsiee CJI0XKHAA CHCTEMA MATH OGLIKHOBEHHBIX AH(epeHUHaNbHbIX ypaB-
HeHHi#, MozeaunpyioLilas poToXHMHUecKHe npoliecchl B Me3ocdepe 3eman [11, 12]). B kauectBe Habonaemo-
ro BP Mbl Henosib30BasiH 3aBHCHMOCTb OT BpEMeHH OJIHOM AMHAMHUYECKO! NlepeMeHHOM, PacCYHTaHHYIO NpH
MeJl/IeHHOM H3MEHEHHH YNpaBJsIoILero napamerpa cucreMbl. [1pH 3ToM npofo/mKHTENbHOCTD «Ha6Jmonae-
MO#i» peasiH3aliMH OrpaHHYHBaJach TakHM 06pa3oM, YTOObI Ha BCEM e€ MPOTAKEHHH CHCTeMa JAEMOHCTPH-
poBaJia TOJIbKO XaOTHYeCKHil THN noBefeHusi. HecMOTpst Ha Takylo MHHHMaJIbHYIO HCXOAHYIO HH(OpMaLHIO
0 BO3MOXXHbIX THNaX MoBeJeHHs «Ha6JII0faeMoi» CHCTEMbI, NpeJJiaraeMblii aJirOPHTM MO3BOMHJ PABHALHO
npeacKasarth NocJ/e40BaTe/IbHOCTb GHYPKaLHMi H ONPeAeNHTb APYrHe NepeurceHHble Bblllie B noapasjede 4
XapaKTEePHCTHKH NPOrHO3a Ha BpeMeHaXx, CyLLECTBEHHO NMPeBbILLAIOLIHX JHHY HCXOAHOH peaH3aLuH.

IepBoiit pa3nen paGoTbl NOCBALLEH H3N0XKEHHIO OGILEH METOAHKH MOCTPOEHHS! IPOTHOCTHYECKHX MOJie-
Jieit H OCHOBAHHOFO Ha HHX NporHo3sa GHgypkauwuii. Bo Bropom pa3zesne noapo6HO pacCMOTPEHO NMpHMeHeHHe
npeJiaraemMoro aJropuTMa B cjlyuae, KOria B KauecTBe HCTOYHHKA AaHHbIX HCMOJb3yeTcst ceTeMa Péceriepa.
B TpeTbem pa3sziesnie npoaeMOHCTPHPOBaHbI BO3MOXKHOCTH METO/1a B NIPHMEHEHHH K Me3ocdepHO# OoTOXHMH-
yeckoil cucteme (MO XC). B 3akioueHnH pa6oThl chopMyJIHPOBaHbI NOJyYEHHbIE Pe3yJIbTaThl H 06CYKAEHbI
BO3MOXKHOCTH Pa3BHTHS H3JIOXKEHHOTO MOAX0AA.

1. METOAUKA MOEJIHPOBAHHS U NOCTPOEHHSA MPOTHO3A

1.1. Ilpennaraembiit aArOpHT™M MOXKeET GhITh NMPEACTABJIEH B BUAE CJIEAYIOLIEH MOLIAroBoi MpoLEayphl:

1) npou3BoaHTCSA peKOHCTPYKLIHA (ha30BOro MpocTpaHCTBa H BhiGHpaeTes cekyiuas [Tyankape;

2) N0 YaCTH HCXOAHOM peasiu3allii CTPOHTCA «MTHOBEHHas» MOZie/ib B BHJIE 3alTHCAHHOH aHAIHTHYECKH
(YHKUHH NOC/IeA0BaHHUS;

3) aHanu3upyeTcs BeCb HCXOAHBII BpeMEHHOI! Psiii M BOCCTaHABJIHBAETCS HEaBTOHOMHOCTD HabJlioaeMoi
CHCTeMbl (CO31aéTCsl MPOTHOCTHYECKAs MOAEJb );

4) oTbicKMBaeTCsl KOBapHALMOHHAsi MaTPULIA MAPAMETPOB MPOTHOCTHYECKOH MOAENH H TPOM3BOAUTCSH
3KCTPanoAsLHA TPEHAOB NapaMeTPOB H HX KOBapHALIMOHHON MaTpHLbI B GyaylLee;

5) crpouTcs nporHos GHypKaLmii: NpeacKasbiBaeTCs MOCAe40BaTeNbHOCTb GH(YPKaLHi, paCCUHTHIBA-
I0TCSl MaTeMaTHYeCKHe OXKHIaHHst MOMEHTOB GH(YpPKALIHOHHBIX NIEPEXOL0B, ONPENNAIOTCA 3aBUCHMOCTH OT
BpeMEeHH BepPOSITHOCTeH peasiu3aLMH NMpeACKa3aHHbIX PeXKHMOB MOBEAEHHS] CHCTEMBbI.

Onepauwu, nepeyncienHbie B nyHKTax 1) u 2), 06¢yxaanuch BO MHOTHX paGoTax (cM., Hanpumep, [1, 9] u
LIMTHPYEMYIO TaM JIUTepaTypy ), NO3TOMY HHXKe, B noApaszee 1.2, Mbl OrpaHHYHMCS HX KPaTKHM H3JI0XKeHHEM
C NosiCHeHHeM 0COGEHHOCTel B paMKax npejyiaraemoro anropurma. CopepkaHue nyHKTa 3), H B 0COGEHHOCTH
MyHKTOB 4) U 5), IB/IsieTCA KJIOYeBBIM NPH MOCTPOEHHH NPOrHo3a Guypkauuit. Panee raHHble onepay, Ha-
CKOJIbKO HaM H3BECTHO, He 06CY>KAJIHCh, B CBA3H C UeM OHH GyAyT OnHcaHbl GoJiee NOAPOGHO B MoApasaesax
1.3—1.5.

1.2. B nauHoi pa6ote Moziesb Hab6monaemoii JIC ctpoutcs B Bune dyHKunH nocnenobanus. B cootser-
CTBHH C BbIGOPOM JUCKPETHOI! MOJE/IH BEKTOP COCTOSIHUSI B BOCCTaHAB/IHMBaeMOM (ha30BOM MPOCTPAHCTBE B
MOMEHT BPeMeHH tj, 3a1aéTcsl KOOPAUHATaMHU C 3aJepXKKaMH [2]:

x(tk) = {z(tk)’z(tk + At)’ ce ’w(tk + (dE - 1) At)}’ (l)

rae z(t) — MCXOAHbIIl BpeMeHHOi psif, dg — pasMepHOCTb (ha3oBOro MpoCTPaHCTBa (MHHHMaJbHas pas-
MEPHOCTb BJIOXKEHHA), At — BpeMs 3aJiepXKKH, OnpefieineMoe, HaNnPHUMep, H3 YCJIOBHS NIEPBOro MHHHMYMa
¢yHKLWH B3aumHo# HHdopmaumu [13]. Bennunna dg paccuuthiBanach MeTofoM «danblinBbix cocened» [1,
14].

378 A. M. delicun u dp.



Tom XLIV, Ne 5—6 H3zsecmus s8y3os. Paduogusuxa 2001

Ilanee B BoccTaHOBJIEHHOM (ha30BOM NMPOCTpaHCTBe BbiGHpaach cekyiuas ITyankape. B pesyavrare us
HCXOJIHOM BPEMEHHO! peaJiu3alMH H3BJEKAJICS HOBbIA DAL JaHHbIX T; = x(t;), rae t; — MOMEHTHI nepe-
ceyeHusi ha30Boil TpaekTopHeil cekyiueit [Tyankape B onpenenéutyio croposy. Mozesab ctpounach B BUAE
HeKoTOpo (DYHKUHH f, aNMPOKCHMUPYIOLIEH (GyHKLIHIO NOCAe0BaHHs O:

Tj = f(wj—lv «oe yTj-N; ”’)’ 1S RM‘ (2)

Snecb N — nopsinok otroGpaxkeHusi, g — Ha6op U3 M mnapaMeTpoB MC1e/H, KOTOPhIE OMPENEIsJIHCh H3
YCJIOBHSI MHHHMYyMa CpeIHeKBaAPaTHYHOH HEBSA3KH

X (p) = <(fb‘j - f(®j-1, .-, Tj-N; M))2>J., (3)

r/ie yrJoBble CKOGKH 03HaualoT yCpeiHeHHe 110 COOTBETCTBYIOLEMY HHIEKCY. B pesyJbTate co3aasanach Mo-
nenb Habmopaemoit 1C B BHae QyHKLHH NOC/e10BaHHS

Jin = f(@j=1, ... 1 Zj—N; Ho)s 4)

rae py 0603Hauaer Ha6op napameTpoB, MUHHMH3UPYIOILHX BEJTHUHHY HEBA3KH:
2_ .2 2
X0 = X°(Ko) = Xmin-

Oco6eHHOCTH onepaLyii, HCMOJIb30BAHHbIX NPH CO3AaHHH MOAENH (4), COCTOSAIT B CJIEAYIOLIEM.

1) Ansi noctpoeHus moaenu (4) ucnonbayercs HayalbHas 4acTb JJIMTENbHOCTbIO L HCXORHOH peain3auuu
T. o oueBHAHBIM NPHYHHAM MPOJOJIKHTENBHOCTL OTpe3Ka L cyuiecTBEeHHO NpeBLILLAET XapaKTepHoe Bpe-
Ml H3MeHeHHs Ha6JlofaeMoit IMHaMHuecKoil nepeMeHHoH. OnHoBpemeHHO L ynoBJETBOPSET HEPAaBEHCTBY
L < T, uto no3BoJisieT BOCCTaHABJIWBATh HEABTOHOMHOCTb CHCTEMbI C TPeOyeMOi TOUHOCThIO (CM. HHXKe B
noppasgaedne 1.4.2).

2) IMpennonaraercs, 4To Ha NPOTSKEHHH BpeMeHHOro oTpe3ka L Habnonaemas JIC aBJiseTcsi aBTOHOM-
HO#, T. €. mapameTpbl MozieJiH (4) He 3aBUCAT OT BpeMeHH. [TocTpoeHHyI0 B 5TOM NpHOJIMKEHHH MOAEND fin
6yZieM Ha3bIBaTb MrHOBEHHOH.

1.3. Cnenyiowuii war COCTOMT B BOCCTAHOBJIEHHH HEaBTOHOMHQCTH Ha6Jtofaemoro noseaexus J1C.

Mbl HCXOAMIH H3 JOCTAaTOYHO OYEBUIHOIO COOOpaX<eHHs: H3MeHeHHe napaMeTpoB JIC 10/KHO BbI3bIBaTh
TpeHAbl MapaMeTpoB Moaenu (4). Ipyrumu cioBamu, HeaBToHoMHOCTb JIC 10/KHA NPHBOAHTL K 3aBHCHMO-
CTH NapaMeTpoB {4y MTHOBEHHOH MOJEJIH OT anMpPOKCHMHPYEMOro y4acTKa HCXOAHOM peasiH3aLiHH.

J1nsi BOCCTaHOBJIEHHS] HEABTOHOMHOCTH Pa306b&M HCXOAHBIH BpeMeHHOH psif T' Ha HemepeKpbiBaloLHeCs
oTpe3ku JJiuHbl L. B pesysbrare nosnyunm S = T'/ L oTpe3KOB psifia, Ha Ka)KA0M H3 KOTOPbIX BLIYHC/IUM Na-
pameTpbl MrHOBEHHO# Moziesi (4), pyKOBOACTBYSICh ONHCAHHOM B Npe/playlleM pa3aese npouyeaypoii. Byaem
NPeANoAarath, 4T NOJydeHHbIe 3HaUeHUst i, = po(ts) COOTBETCTBYIOT NapaMeTPaM B CPEIUHHbIE MOMEHT
ts,rae s = 1,2,...,S5, OTPe3KOB HCXOZHOrO BPEMEHHOTO PSZa, N0 KOTOPbIM OHH GbIAH BbIUHCJIEHBI. Takas
TEXHHKA NO3BOJISIET MOCTPOHTb 3aBHCHMOCTH KaXK/I0r0 U3 NapaMeTpPOB MOJEJIH OT «MeJIeHHOT0» BPeMeHH &,
JMCKPETH30BaHHOrO ¢ waroM L, oTpaxkaiolye, B CHIly 3TOro, H3MeHeHHe BHELUHHX YCJIOBHH C XapaKTepHbIMH
BpeMeHaMH Goblue Wi nopsaka L. 6

Tunoresa 1, cdopmynuposanHas B mojpasjiesie 2 BBeNeHHS, O3HauaeT, uto HaGop {m,,ts}, rae
s=1,2,...,5, Moxer GbiTb aNMPOKCHMHPOBaH NMOJHHOMHAJILHOH 3aBHCHMOCTBIO L, (t5) HEBBICOKOI! CTe-
nexd. Mozesb (4) ¢ noJyyeHHoil B pe3ysibTaTe annpoKCHMaLHH 3aBHCHMOCTbIO TapaMeTPOB OT MeJIEHHOTO

5 Hanaraemas B noapasnenax 1.2, 1.3 npouenypa nocTpoenus NporHocTHuecKo# Mosenn HaGamionaemoi JIC He 3aTparusaer
sonpoca o BuiGope BHaa pyHkumuH f. Hekotopbie cooGpakenns no 3Tomy noBoy NpuBeseHb! B pasaede 4.

% Mono6Han TexHuka ucnonb3oBanach B [15] Ans H3BNEUEHHS H3 BPEMEHHOTO Pslla HHAOPMALIAH O 3aBHCHMOCTH OT BpeMeHH
U3BeCTHbIX Napamerpos u3asectHoit J1C.
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BpeMeHH

Ty
Hor(ta) =D oit] (5)
=0
6ynem Ha3biBaTh nporHocTHyeckoit. B (5) I'; — cTeneHb nosMHOMa, anmpoOKCHMHPYIOLLEro TPeHA ¢-ro napa-
MeTpa, ai, — nocTosiHHbIe K03(uuKeHTbl. BTopas runoTesa u3 noapasziena 2 BBeieHHs AET BO3SMOXKHOCTD
NpOrHo3HpoBaTh KauecTBeHHOe noBeaeHHe Habatonaemoit JIC 3a npenenamu HexoaHoi peanusauny T' nyTém
3KCTPANO/IALHK 3aBHCHMOCTH o, (t,) B Gynyiuee ’ v HCCIENOBaHHS MOBEIEHHS TPOTHOCTHYECKON MOJEIH.

1.4. Kak yxce 6blJI0 CKa3aHO, BaXKHO# COCTAaBHOH YacCTbio aJIFOPHTMA AABJISIETCS OLIEHKa TOYHOCTH IPOH3-
BOJMMbIX onepauHii. Boillie roBOPHJIOCH O YETHIPEX TaKHX OMepPaLHsX:

1) o pekoHcTpyKuMH a30BOro MPOCTPAHCTBA H MOJNYYeHHH HH(OPMALMH O nepeceyeHHH (pa30Boi Tpa-
eKTopHei BbIGpaHHOI1 cekyiue# [TyaHkape;

2) o nocTpoeHnn MraoBeHHoO# MozesH (4), Bocnipou3BoasLuei 3Bosmouuio JIC Ha KaxK1oM H3 S OTPe3KoB
AnuHbl L Ha6monaemoro BP;

3) 0 NOIHHOMHANLHO# annpoKCHMAaLMH g, (ts) (cM. (5)) HaGopoB napamMeTpoB MrHOBEHHOH MOJIENH i,
raes =1,2,...,S, B nocienoBatesibHbie S MOMEHTOB <MEJJIEHHOr0» BPEMEHH;

4) 06 3KCTpanoNALHH 3aBUCHMOCTH faq,(t5) B Gyayluee.

OGcynuM npoHCXoXKAEHHE M OLIEHHM OLUHGKH, BO3HUKAIOLLHME MPH BbINOJHEHHH KaX<A0H H3 NepeuncieH-
HbIX OMepauuii.

1.4.1. NepBas us own6ok onpeaensiercs aauHoit T ucxoaHoro BP (nponopuuonansHa 1/T') u ero auc-
KpeTH3auuedi (yBeJHYHBAETCS C POCTOM Liara JUCKPETH3aLHH ).

Owwn6Ka npu NOCTPOEHUH MFHOBEHHOH MOJENH CYTb MOrPELHOCTb anMpOKCHMALIHH «HalJ101aemMoro»
TOYEYHOr0 OTOGPaXKEeHHS aHAAUTHYECKO!H (yHKUHMell. DTa owKHOKa JJ1si KaXKA0ro U3 S OTPE3KOB, COCTaBJIsi-
toux BP, xapakrepusyercsi cooTBeTCTBYIOILEl MUHHMAJILHOMN HeBsisKol X3(ts), rae s = 1,2,...,5,uB
paMKax M3JIOXXEeHHO npoLeaypbl BO3HHKaeT Mo AByM npuunHaM. [lepBast H3 HHX — KOHEeUHasi TOYHOCTb
«KyCOYHO-aBTOHOMHO#1>» annMpPOKCHMaLMH AaHHbIX, creHepupoBaHHbIX HeaBToHOMHO# JIC. [TockobKy BHeL-
HHE YCJIOBHS YCMeBalOT HEMHOTO H3MEHHTbCS 32 BpeMsl MOPsAKA LIHTENbHOCTH L OTpeska peasin3alliH, no
KOTOPOMY CTPOHTCSI MFHOBEHHasi MOJIeJIb, OLUMOKA anmpoOKCHMaLMK BCEr/ia OTJHYHA OT HyJss. Bropas npu-
YHHA — HEMOJIHOE COOTBETCTBHE MOJEJH Ha6I04aeMoil JUHAMHUECKOH CHCTeMe — MPHBOIMT K KOHEUHOH
OLUHGKE annpoKCHMALIHH Jaxe B OTCYTCTBHE HEABTOHOMHOCTH.

Bce nepeunciiennble OLIMGKH MPHBOAAT K CJY4aiHO#M MOrpelHOCTH £; NPH MOCTPOEHHH MTHOBEHHO! MO-
nenu:

T = fin+ Ej- (6)

Bynewm untepnpernpoBaTh 3Ty NorpelHocTs Kak CJeACTBHE 3alUyMJEHHOCTH HexoaHoro BP.

ITpeanosioxum Teneps, 4To MrHOBeHHast MOAb (4) aGCoOTHO afekBaTHa HaGmonaemoit J1C, T. e. ms
Kaxuoro otpeska L cyiuecTByeT Takoii Ha6op napamerpoB j*(t,), IPH KOTOPOM MOAE/Db HAEANLHO BOCTPO-
M3BOJIHT IMHaMHUYeCKyI0 KoMroHeHTy BP. TouHOCTb BLIYHCJ/IEHHS 1apaMeTPOB MIHOBEHHOH MOJIG/IH B KaXKAbIi
MOMEHT MeJIEHHOr0 BpeMeHH t, onpeie/ifieTcsi KOBapHALMOHHOM MaTpHLIeH MapaMeTpoB

Ci(ta) = { (bt — w7i(t) (uilts) — w9 (82)) ) - (7)

3nechb po(t,) — HaGop napameTpOB, NPH-KOTOPLIX CPEAHEKBALPATHUHASA HEBA3KA MHHHMAJIbHA, BEDXHHE HH-
AEKChI HYMEPYIOT KOMIOHEHTBI BEKTOPa MapaMeTpOB, a YIVIOBble CKOGKH 03HAUaIoT yCPEeHEHHE N0 CTaTHCTH-
yeckomy aHcam6yio. [Tocsiennsis onepauys npearnosaraeT 3sHaHue COOTBETCTBYIOLIEr0 pacnpe/iesieHHs Bepo-
AITHOCTH, OTbICKaHHE KOTOPOro Ha OCHOBE HMEIOLLEHCsi B HaLleM PacropsKeHHH eIMHCTBEHHOH BpeMEHHOM

7 Ouesunno, uto «Gyayliee» 3nech ABAAETCA YCAOBHBIM, T. K. PEANAraeMan Npolieaypa N03BOSSET NPOBOAHTL SKCTPANOAALHIO
KaK o, TaK H MPOTHB TeYEHHA MELJIEHHOr0 BpeMEeHH.
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peasiu3almnn HeBO3MOXKHO. TeM He MeHee I0CTaTOYHO OGLIKe PEACTaBJIEHHS O MPHPOJE LYMOBOH KOMMNOHEH-
Thl MO3BOJISIIOT HaliTH, onUpasich Ha TeopeMbl Baiieca [16), cooTBeTcTBYyIOILEE pacnpenesieHHe BepOATHOCTE
napaMeTpoB MOJIeJIH.

B nanHoft pa6oTe Mbl paccMaTpHBaeM cJydai, Kora cToxactHueckas kKomnoHenta §; B (6) sasasiercs Hop-
MaJIbHO pacrpeesiEHHbIM 6eJsibiM LIYMOM C HyJ1eBbiM cpeaHHM. IMeHHO TakHM NpeAnosoXeHHsIM aieKBaTeH
MOKCK NMapaMeTpoB METOJOM HaHMEHBILUHX KBAJ|PaToB, HCMONb30BAHHbIH HAMH MPH MOCTPOEHHH MOAENH (4).
Ecai, kpoMe TOro, 3aBHCHMOCTDb YHKLIHH f OT NapamMeTpoB JIHHEHHa, TO MOXKHO M0Ka3aTh, YTO NapamMeTphbl
MOJIEJIH B KaXK/Iblii MOMEHT BpeMeHH t, SBJISIOTCA HOPMaJIbHO pacnpenenéHHbIMH CJy4yaiHbIMH BeJTHUHHAMH
co cpelHHMH p* (t5) 1 koBapHauHaMH C,(ts), onpenensieMbiMH CJIEYIOLHM COOTHOILIEHHEM:

- (8)

p=p*

A1 g [OF(@k-1y - kN B) OF (Zh-1y - -, Th-N3 1)
Co=p U U= Opi O k

B(8) (¢2) — mucnepcHsi wyMma, ycpeaHeHHe B BblpaxkeHHH 15l U;j NPOM3BOAMTCS MO OTCUETaM, IPHHAAJIEKE-
LLUMM OTPe3KY AIHHBI L, LeHTPHPOBaHHOMY OTHOCHTEJIbHO COOTBETCTBYIOLIEIO MOMEHTA MEIEHHOTrO Bpeme-
HH t5, N, — YHCJIO TAKHX OTCYETOB.

B nauHHo# paGoTe B KauecTBe OLEHKH f*(£5) Mbl GyZieM HCIO/Ib30BaTh HaGop napamMeTpoB fg(t,), MHHH-
MH3HpYIOLIK# HeBA3KY (3).

OueBHIHO TaKXKe, YTO B CJyyae MaJbiX LIyMOB CAeJaHHbIE MPEANOJIOXKEHHS NPHBOAAT K HOPMaJIbHOMY
pacrnpesie/IeHHIO apaMeTpoB MPH NPOH3BOJIbHOI 3aBUCHMOCTH MIHOBEHHO#H MoJeJH (4) OT 4.

1.4.2. Own6Ka annpoKCHMaLHH H3MEHeHHs ¢-T0 apaMeTpa MrHOBEHHOH MojiesiH BHYTpH HabatofaeMo-
ro BP (npu 0 < t, < T') onpenensercs crenenbio I'; annpokcumupyiouero nosuHoma pd.(ts) (cMm. (5)).
B cooTBeTCTBHH C NPeIbIRYLIHM Pa3/eioM OrpaHHYHM 3TY CTeNeHb HAHMEHbLUHM H3 3HaUEHHH, 4151 KOTOPbIX

MHHHMaAJIbHbI€ HEBA3KH ) ) )
[(M)?] i = [C(e(Es) — 16(t6))®) ) i »

raei = 1,2, ... , M, annpokcumauuu ué (ts) MeHbLUE COOTBETCTBYIOIUMX 3/IEMEHTOB KOBaPHALIHOHHOM Ma-
TpuLbl Cp(t,), yepenHEHHbIX O OTCUETAM MEVIEHHOTO BPEMEeHH BHYTPH WHTepBaaa T':

[(M)?] i < (C3), - (9)

3pech 8 = 1,2, ..., .S, ycpenHenue nNpoBOAKTCS MO OTCYETAM MeJIEHHOrO BpeMeHH, BepXHHe HHJIeKChbl 060-
3HaYaloT KOMIMOHEHThI BEKTOpa MapameTpoB. YcJjoBHe (9) o3HayaeT, 4To oLIMOKa BOCCTAHOBJIEHHS TPeHJa
apaMeTpoB MPOrHOCTHYECKOH MOJEJH He NPEBOCXOAUT MO NMOPSAKY BENHYHHBI OLIHOKY OMpeNeNeHHs CaMHX
BEJIHYHH [,

Mbl MOXEM Tenepb CKa3aTb, UTO MPOTHOCTHYECKasi Mofiedib (4), (5) BOCIpOHU3BOAMT HeCTaLMOHAPHYIO
sposiioumio JIC BHyTpH Ha6moaaeMoro BP ¢ morpenHocTbio, BO3HHKAIOLLEH BC/IeACTBHE Cay4aitHOM OLIHOKH
NpH OTHICKaHHH apaMeTpoB MoziesiH. [Tpu aToM «GbicTpas» sBoouks Ha6monaemoit JIC 3anaéres nonoxe-
HHEM TOYKH B MIPOCTPAHCTBE NapaMeTpOB NPOrHOCTHYECKOH MOJEJH B (PHKCHPOBAHHBIA MOMEHT MEJIEHHOTO
BpeMeHH t,, a caabas HeaBTOHOMHOCTb JIC oTpakaeTcsi B «Me/IEHHOM» NepeMelleHHH YKa3aHHOH TOUKH,
OMKChIBAEMOM 3aBHCHMOCTbIO (5) BEKTOpa napaMeTpoB fig, OT ts.

[TorpelHocTb B OnpeaesieHHH MOJOMXKEHHS TOUKH B MPOCTPAHCTBE NapaMeTPOB ONpeaeseTcs, OUEBH-
HO, pacnpe/ieJieHHeM BEpOSITHOCTel 3HaueHHiH napaMeTpoB MPOrHOCTHYECKO# Moae/H. B fanHo# pabGoTe Mbl
PacCMOTPHM CHTYaLHIO, ONHCaHHYI0 B nozipasaede 1.4.1, n Gynem xapakTeprHsoBath CJydaiHblit pasépoc na-
paMeTpoB NMPOTHOCTHYECKOH MOJIE/IH HOPMAaJIbHBIM pacrpefeseHHeM, BEKTOP CPENHHX fig(ts) H KOBapHaLIH-
oHHas MaTpHUa C(t,) KOTOPOro H3MEHAIOTCS C TeUeHHeM BPEMEHH BCJIEACTBHE HEaBTOHOMHOCTH CHCTEMBI.

1.4.3. Takum 06pa3oM, 1,151 aHanu3a GyayLuero noBeaeHus Hadonaemoii JIC Heo6X0AHMO IKCTpanoH-
poBarth 3a npefie/ibl Ha6JiofaeMoro BP BoccTaHOB/IGHHbIE TPEH/BI TAaPaMeTPOB fuq,(t5) H HCCIIEN0BATD N0BE-
JIeHue NPOrHOCTHYECKO# MOAEH NpH GyAyLIMX 3HaueHHsIX napameTpoB. [TocKO/IbLKY B paMKax H3/iaraeMoro
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aJropHTMa OLIKGKA B PEKOHCTPYKUKH NoBeneHHs HaGnionaemoit JIC npu KaXkioM GHUKCHpOBaHHOM HaGope
napameTpoB (T. €. B KaXK/blii MOMEHT Me//IEHHOTO BPEMEHH ) LIETHKOM ONPEAENSETCS NOrPEeLIHOCTLIO BbIYHC-
JIEHHsi 3THX NapaMeTpoB, TPeGyeTcs OLEHHTb STy MOrPeLLHOCTb 3a npeaesamu Habaogaemoro BP. JIas storo
CJleflyeT JKCTpanosupoBath B Gyayliiee, Hapsly CO CPellHHM TPEHIOM fiq,(is), KOBapHALMOHHYIO MaTPHLY
napametpoB C(ts). [TposieMOHCTPUPYeM HCMOMb3YeMblii METOA SKCTPAMOJSILIUE HA IPHMEpE MPOCTelLIero
TpeHla NapaMeTpoB.

ITycts ycnosuio (9) ynosnerBopsiet iuHeliHas perpeccus HaGopa {u,,ts}, raes = 1,2, ...,S:

bor(7) =P +Qr. (10)

TNapamerpsi Tpenna (koagpduumenTs nosrHoma (10)) Hiem MeToIOM HaHMeHbLIMX KBAJPaToB, UTo AaéT

(“)8_ "Z”ﬂ (ll)

s=1
Q_(ﬂ‘r)s 2 __1_3 2 _ 12 (ur)s = Z 12
- (72)3 ’ (‘r )8 - S;Ts - T(T'I"L) ’ HT)s = ‘_l “31.8 ( )

3uech BBeIEHO HOBOE MejIeHHOe BpeMsi T, = t; — T'/2, cHMMeTpH3yioLiiee «Gyaylliee» H <MPOLLIOE», T. €.
OTCUHTHIBAEMOE OT CepefHbI HexoaHO! peanu3aunn T’ 7, = —T'/2 + L (28 — 1) /2 — cpennHHbIE MOMEHTbI
0Tpe3KkoR L, OTcuHTLIBAEMbIE MO CHMMETPH3OBaHHOI BpeMeHHO 1Kane. 8

UroGhi oLeHHTH OWIHGKY B ofipesiesieHuH napametpos P u Q Tpenaa (9) npeanosoxum, uto peasibHbiii
JIHHEHBI TPEH, 3alLyMJIEH CTALHOHAPHBIM Jie/IbTa-KOPPEeJHPOBAHHBIM [TPOLECCOM Vg C HYJIEBbIM CPEaHHM:

Bs =P +qrs + Vs, (13)

TaK YT0 - o -
(Vsho =0, CY = (1)) = (C}})sat; (14)

rae &g -— cumBodt Kpouekepa. M3 (10)—(14) HeTpyaHO NoJiy4uTh BEIP@XKEHHS /151 KOBAPHAIHOHHBIX MaTpPHLL
C" ] ("" napamerpos Tpensa (10), a Takxke 115 KX B3aUMHOI1 KOBapHaLHH C‘

(@) @-), =, c=(in/s, o= (9

l'akum 06pa3oM, KOBapHaLMOHHAs MaTpHLIA C',Z,, 1151 SKCTPANoONHPOBAHHbIX MapaMeTpoB fag, (77) GyLeT uMeThb

BHJL .
= B (14 ) 2 G (1 ) (G (1,20
s (12), S T(T+ L) S T2
B (16) Mu! orpaHHuHAKCD (B CHJTY OueBHAHOrO ycsioBus T' > L) cTapiluuMH ujieHaMH pasJioXKeHHs 1o napa-
metpy 1,/T.°
QueBHIHO, YTO U3JIOXKEHHDIH MOAXOJ, N03BOJISIET IKCTpanoanpoBaTh 3aBHcHMocTb Cp(ts) 3a npenedsl
HexonHoi peasusauun T 15 J11060# CTeneH! NoJHHOMA, aniPOKCHMHPYIOILET0 3aBHCHMOCTb fig(ts).
1.5 Tlocnenuee, uTo HEOGXOAUMO CAieNATh — NOCTPOHTH MPOFHO3 GHpypKaLHit H OLEHHTD €ro TOYHOCTb.
B HaueM pacropsiKeHuH UMeeTcsi POrHOCTHYeCKast MOAeIb: (hyHKLMS nocJiefioBauHs (4) ¢ BoccTaHOB/EH-
HOIl 3aBHCHMOCTbIO €8 NapaMeTpoB fiy(t,) oT BpemenH. JlaHHas 3aBUCMMOCTb ONpeJleNIfieTcsl, BO-NEPBbIX,

8 310 06ecnieuuBaeT, B YaCTHOCTH, BHINO/HEHHE COOTHOWeHHS (T), = S™1T5_, 70" = 0 a1n Beex HeuéTHbIX n > 0.
9 Ot™erum, uto ¢ Takol TouHocTbo (T7), & T [ T,/.';‘, 7" d7, YTo y106HO HCNOJIb30BATh PH ANNPOKCHMALHMH TPEHIOB MOJH-
HOMaMH Gonee BLICOKOM CTeneHH.
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CPeIIHMM TPEHIOM fuq, (ts) = {pé.(ts)}, raei = 1,2, ..., M, B npocTpaHCTBe NapaMeTpOB MOeH (3a/1aBa-
eMbIM, Hanpumep, cooTHowenusiMu (10)—(12)). Bo-BTopbix, oHa XapakTepH3yeTcs cJyyaitHbiM pa3GpocoM
BeJIHUHH 3THX MapaMeTpoB, ONMHChIBAEMbIM COOTBETCTBYIOLLMM pacnpesesieHneM BeposiTHocTelt. [Tocaentee
(cm. moxpasnen 1.4.2) onpenensiercst BCE T€M XKe CPEHHM TPEHIOM g (ts) ¥ KOBapHALMOHHON MaTpHLEeH
Cy(ts) (umeroweit, Hanipumep, B (16)). 3HaHue Gyaylx 3aBHCHMOCTeH pg, (t5) H Cp(ts) nospoasier pe-
KOHCTpYHpoBaTb GHdypKauHoHHyto auarpammy (BJ1), Henosb3ys B KauecTBe €AMHCTBEHHOTO YNPABJISIIOLLEr0
"lapaMeTpa MejJieHHoe BpeMs t,. [1pu 3TOM, KaK nosicieHo B noapaszenax 4 BBeneHus U 1.4.3, cayuaiiHblii
pa36poc napaMeTpoB NPHBOAUT K HEOGXOAMMOCTH paccMaTpHBaTh OHYpKaLH, NOC/1e10BaTe/IbHOCTb KOTO-
pbIX NPOrHO3UpYeTCs B pe3yJbTarte noctpoeHus BJ1, Kak cayuaiitbie COGBITHS, @ MOMEHTbI GHyPKALHOHHbIX
nepexoioB — Kak cJyuaiiHble BeJqHuHHbl. [T03TOMY nporto3 6udypKaliuii JoMKeH AaTh OTBEThI Ha CJeAyo-
LuHe BOMPOChL: .

1) C KaKoii BeposiITHOCTbIO NMpefcKasbiBaeMbie 61ypKaLH MPOU3OHARYT O ONpeaeNEHHOrO MOMEHTa?

2) Uemy paBHO MaTeMaTH4YeCKOe OXKHIaHHe MOMEHTa BpeMeHH KOHKPETHOro 6H(ypKaLMOHHOro nepexo-
na?

3) KakoBa TouHOCTb ONpefesieHHs: cpefHero MoMeHTa 6udypkauuu?

4) KakoBa BepOSITHOCTb OGHApYKHTb B 3alaHHbIIl MOMEHT BPeMEHH HHTEpPeCYIOLLHi THI MOBEACHHS CH-
CTEMbI?

YTo6bl OTBETHTDH Ha MOCTaBJIEHHbIE BONPOCH, BOCMO/b3yeMcst MeToioM MonTe-Kapaso. PaccmoTpum Ha-
6op u3 II nyueii (HONONHUTEBHBIX TPEHAOB), MOCTPOEHHBIX B POCTPAHCTBE NapaMeTPOB MOAENH TaKHM 06-
pa3oM, uToGbl 3aJjaBaeMble HMH B MIPOH3BOJIbHLIA MOMEHT BpeMeHH t, HaGOpbl NapaMeTpOB OMHCHIBAIHCD
pacnpefie/ieHHeM BePOATHOCTEM, XapaKTepH3yeMbiM HafIeHHbIMH 3aBHCHMOCTAMH o (ts) ¥ Cp(t;). To-
crpous BJI, oTBevalolylo KaxaoMy JOMOJHHTENbHOMY TPEHAY, Mbl NOJYYHM aHCaMOJb MOMEHTOB GHdyp-
Kalmil A1l KaXKAOro NpeickazaHHOro GHgypKalHOHHOro nepexona. Pa3o6béM BCIo LKasly BpeMeHH Ha 10-
CTaTOYHO MaJible HHTEPBaJIbl 5t; M GYIeM PETHCTPHPOBATH KOJIMYECTBO MONAJAHHIl U B KaXKIblii U3 HUX e~
MEHTOB Ka)k[0ro MoJlyueHHOro ancam6iisi. 3aBHCHMOCTb OT BpeMeHH MJIOTHOCTH BEPOATHOCTH MOMeHTa b-it
6udypKaLuH onpesenHM Kak

3

V;
eb(ts) = ﬁ. (17a)

3pecbb=1,2, ... ,B, B — noJHoe YHCJIO NPOrHo3upyeMbix GudypKauHii.

3nanue @p(t,) NO3BOJSET Cpa3y OTBETHTb Ha TPH MEPBLIX U3 YETHIPEX CHOPMYJIHPOBAHHBIX BOMPOCOB,
Onpe/ieJIMB CTaHAAPTHLIM 06Pa30M 3aBHCHMOCTb HHTErpasibHOH BEPOATHOCTH P, MOMEHTa COOTBETCTBYIOLLIEH
6udypKaLKH OT MEJIEHHOrO BpeMeHH:

t;

&(®) = [ wtd, &>, (176)
T

a TaKXKe pacCYHTaB MaTeMaTHYECKOe OXKHAaHHe MOMeHTa GH(ypKallMH W COOTBETCTBYIOLUYIO AHCIEPCHIO.
Kpome Toro, aHanu3 Bcero HaGopa dyHKUM op(t;) AAET BO3MOXKHOCTb OMPEAEIHTb BEPOATHOCTb Py 06-
HapyHTb B 3alaHHbIIl MOMEHT BpeMeHH t; k-H THI NOBeJEHHS CHCTEMBI:

Pi(t;) = P (t3) [1 - P (t;)). (18)
3nechb
f
PE(E) = / GEt)dts, 85T, (19)
T
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a dysxwn o (t5) ¥ @, (t5) €CTb CyMMbI MIOTHOCTe BEPOATHOCTeN BCeX BO3MOMXHBIX GH(ypKauuil BXoaa B
k- pexcum u Bbixoaa U3 Hero cooTBeTcTBeHHO. B (176) 1 (19) T 0603HayaeT rpaHHLL HCXOAHOTO BPEMEHHOTO

pAna.

2. NOCTPOEHHE NPOrHO3A BUOYPKALHIA L1 CHCTEMbI PECCJIEPA

2.1. [ins neMOHCTPALMH NpPeIaraeMoro METoAa Mbl HCIO/b30BaIH B KaueCTBE MCTOYHHKA LAHHBIX pe-
anu3almio, CreHepHpoBaHHYIO XOpOLIO H3BeCTHOH cHcTeMoii Pécciiepa [10], kotopasi npescrasasier co6oi
CHcTeMy TPEX 0GbIKHOBEHHbIX AH(depeHLHaIbHBIX ypaBHEHHIT NepBOro nopska:

dz/dt = -y — z,
dy/dt = z + ay, (20)
dz/dt =b—rz + z2.

TTapamerpsi a H b pHKCHpoBasHCh U Nosaranuch pasHbiMU 0,2, [Tapamerp r Gbla BHIGPaH B KauecTse yrpa-
BJISIOLLIETO: OH MEJIEHHO (MO CPaBHEHHIO C XapaKTePHbIMH BpeMEHaMH 3BOJIIOLIMH CHCTEMb) MEHSJICS €O Bpe-
MeHeM no JiHHeiiHoMy 3akoHy. Ha puc. 1 noka3sana 6udypkauponsas auarpamma (BJ1) cucremsi (20). Opau-
HaTa Ka)XKIoH TOUKH Ha naHHOi BJI onpenensiercs JOKaJbHbIM MaKCHMAJIbHbIM 3HaYeHHEM IepeMeHHOH 2,

3 r

6000 ¢

Puc. 1. Budypkauronnan auarpamma cuctembl Pec-
caepa. INepemennas z, ynpasasioumii napa-
METP  H BPEMS B OTHOCHTEJ/IbHBIX IMHHLIAX

a abcuycca — MOMEHTOM BpeMeHH t, B KOTOPbIH AaH-
Hoe 3HaueHue JocTurHyto. [Ipu nocrpoennn BJI ma-
pametp r MeHsiicsi oT 6 nput = 0 10 2,5 mpu ¢t =
= 7000. BudypkaunoHHsle AHarpaMMbl TaKOro BHAA
MbI Gy/IeM HCIO0JIb30BaTh H B laJibHei1IeM, MTOCKOJbKY
OHH M03BOJISAIOT NPOCJIEAHTD He TOJIbKO H3MEHEHHS Ka-
YeCTBEHHOrO MOBeJIeHHs1 HEABTOHOMHOH CHCTEMBI, HO H
3a(MKCHPOBaTb MOMEHTbI BpeMeHH GHypKaLHOHHBIX
nepexozoB. Ha puc. 1, Hanpumep, BHAHO, 4TO MpH 3a-
JIaHHO# CKOPOCTH TpeHJa napaMeTpa r CHCTeMa B MO-
MeHT ¢ = 1000 BbIXOAMT uepe3 0OpaTHbLIA KackKaj yi-
BOEHHIi NepHO/ia H3 XaOTHYECKOr0 PeXXHMa H pealiusy-
€TCSsl OKHO PeryJisipHOro NoBeJeHHs, COOTBETCTBYIOLLIEE
Npefie/IbHOMY LIMKJY C MepHOAOM 3 B TOYEYHOM OTO-
6paxkenuu. Jlanee, npu ¢ ~ 1850, uepe3 nepemexxae-
MOCTb MPOHCXOJHUT NePeXos K XaoTHYECKOH IHHAMHKE,
KOTOpasi, MpepbiBaeMasi y3KHMH OKHaMH PEryJspHo-
ro noBejeHus, cymecTByet a0 t ~ 3 800. [lanee yepes

eLE oAHH 06paTHbIA KacKaj yABOEHHUI CHCTEMa MepexouT B oHoNnepHoauuecKHii pexxuM. B]1, npusenguHas
Ha pHc. |, GyzieT HCTO/Ib30BaHa B AaJbHEMLIEM /1S KOHTPOJIsl KauyecTBa NporHo3a 6udypKauui, NocTpoeH-
HOro Ha OCHOBE CreHepHpOBaHHOro cHeTeMoi Pécciiepa BpeMeHHOro psifia.

2.2. Jlnst noCTpOEHHUs IPOrHOCTHYECKOH MOAGH IAHHON CHCTEMbI Mbl HCTIO/Ib30BaJIH YYacTOK peajusa-
LMK M3 NPaBOi LIMPOKOMA XaoTH4YecKoii o6actH (cM. puc. 1)t € [2000, 3 500], npencTaBJeHHbI# Ha pHc. 2a.
ITonuepkHEM, UTO B COOTBETCTBHH C MOCTABJICHHOM 3ajaueil BCsl JasibHelilLas poLeAypa OCHOBaHAa Ha aHa-
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it
Lt L
2000 2075 ¢ 2180

Puc. 2. Cuctema Péccriepa: «HaGionaeMulii» BpeMeHHO# psizl (@) H HauaabHbI OTPe3oK 3Toro psna (6). Bpems t u
nepeMeHHas z B OTHOCHTEJIbHBIX €MHHLIAX

JIH3€ TOJIbKO JAaHHOTO yYacTKa peain3auuy, 6e3 npuBjeyeHnst Kakoi-JH60 JOMOJHHTeNbHOH HHOPMALH O
cBoficTBax creHepuposabiueii ero JIC.

IMpexxpe Bcero no HCXOAHOMY Y4acTKy peasiu3aliH Gbll PeKOHCTPYHPOBAH aTTpaKTop B (ha3oBOM npo-
CTPaHCTBe, B TOM YHCJIe ONpe/iesieHO, YTO MHHHMaJIbHasi pa3MepHOCTb BJIOXKeHHs paBHa 3. [lasiee HCXOAHBIA
Y4aCTOK peasiu3aiiiy Oblji pa3GHT Ha OTPe3KH AHHbl L = 150, H no nepBoMy U3 oTpe3koB ¢ € [2000,2 150]
(cM. prc. 26) 6bl1a nocTpoeHa MrHOBeHHast Moesib. B kauecTBe cekyuueit [Tyankape Gulsia BbiGpaHa noBepx-
HocTh dz/dt = 0. PeructpupoBanuch nepeceueHust (pa3oBoit TpaeKTopHeH JaHHON CeKyllei cO CTOPOHbI
dz/dt > 0 (s10KkanbHBIE MaKCHMYMBI NepeMeHHof 2). [Tocnie aToro cTpounach dyHKUMS NOCAEN0BaHHSA Nep-
BOrO MopsiiKa:

Zre+1 = f(zk, p).

3nech uHaeKe k HyMepyeT MakCHMYMbI MEPEMEHHOM 2, a j4 ABJISIETCA BEKTOPOM MapaMeTpoB Mojeay. Mel
annpoKCHMHPOBaJIH IaHHOe 0TOGPaXKeHHe, NPHUBEIEHHOE Ha pHC. 3, pyHKLMell BHaa

Zgaar

£2k, 1) = pazre ™% + pazpe™#%,  (21) 1

3HaueHKs mapaMeTpoB Lg;, rae i = 1;2; 3; 4, HafineH- 12
Hble METOAOM HaHMEHbIUWX KBaipaToB, paBHbI 17,2;

0,46; 13,6 u 1,04 coorBerctBeHHo. [Ipu maHHBIX ma- 8
pameTpax MrHOBeHHasi MojeJsb (21) BOCTPOH3BOAHMT

(YHKUHIO NOCJe0BaHHS, COOTBETCTBYIOLLYIO 3BOJIO- 4
MM Ha oTpeske ¢ € [2000,2150], co cpeanexBaapa-
THYHO# HeBsi3Koi & = 0,03.

Ha caenyiolem 1iare Gblla BOCCTAHOBJIEHA HeaB-
TOHOMHOCTb HaGJiofaeMoii cuctembl. C 3TOl LesibiO
«ONTHMaJbHBIA» Ha6Op NapaMeTpoB (PYHKLUHH Moc/e-
noBaHus (21 ) Gbl HafiieH 151 KaXKA0ro oTpesKa ¢ Vi~
TeabHocTbio L. HopmupoBaHHble 3Ha4YeHHs napamer-

2 18 g

Puc. 3. ®yHKuMA nocsiesoBaHHs NMepBOro MNopsiaKa
Zk+1(2k) AN MAKCHMYMOB NepeMeHHOil 2, o=~
CTPOeHHas N0 HauyaJIbHOMY OTPe3Ky «HaGuio-

POB B 3aBHCHMOCTH OT MeJIJIeHHOTO BPEMeHH NpHBee- flaeéMOro> BPEMEHHOTO psijla

HbI Ha puc. 4. HopmupoBouHbie KO3 (HUHEHTbI BHIGH-

paJHCh TaK, 4ToGbl MapameTps! GblIH nopsaka eauHuupl. Haiinennsie ansi T'/ L MOMEHTOB MeJJIEHHOTO Bpe-
MeHH t, HaGopbl JAHHBIX o;(ts), Tae © = 1;2;3; 4, annPOKCHMHPOBAJIHCH MOJHHOMHAJILHOMA 3aBHCHMOCTbIO
Lo (ts). st Bcex napameTpos MopenH (21) anekBaTHo# (T. €. ynosnerBopsioLei ycaosuio (9)) okasanach
JIMHeHHas annpoKCHMAaLHs
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wr 6)
1,3
1,2
1,1
0’9 1,1 - -
0,7 1
2000 : 2000 2400 2800 3200

Puc. 4. 3aBucHMocTb OT BpeMeHH MapaMeTpPOB NPOrHOCTHYECKO! MOJEJIH, PEKOHCTPYHPOBaHHas Mo «Ha6JioqaeMo-
My» BpeMeHHOMy psay (cM. puc. 2a). [Tapamerpbl po1, Koz, o3 H ft04 HOPMHPOBaHEI HA KO3 dHLMEHTH! 14;
0,455; 10 u 1 cootserctaenHo. [IpAMbIMH JIHHHAMH NOKa3aHbI aNMPOKCHMaLMK JaHHbIX 3aBHCHMocTel. [To
FOPH30HTAJILHON OCH OTJIOXKEHO Mej/IeHHOe BPeMsi, N0 BepTHKAJbHOM — BeJIHYHHLI NapaMeTpoB

ph = b+ alts, (22)
rae i = 1;2;3;4. Koabduunentol {af;ci}, HailneHHble MeTonoM HaMMeHbIUMX KBAApaToB, PABHBI
{1,68; -2 - 1074}, {1,4;-10"%}, {0,89;6 - 105}, {0,64;1,8 - 10~} ans i = 1;2;3;4 cooTBeTCTBEH-
HO.

DyHkuusa nocaenosanus (21) ¢ BoccTaHOBJEHHON 3aBHCHMOCTbIO (22) eé mapaMeTpoB OT BPeMEHH SIB-
JISIeTCsl POrHOCTHYECKOH MOAEJIbIO IMHAMHYECKOH CHCTEMbI, CreHepHPOBaBLUeHl HCXOAHYIO PeallH3aLHIo Ha
BpeMeHHOM HHTepBaJe ¢ € [2000, 3500].

anee cTpouicsi nporHos GHdypKaLuil no cpefHeMy TPeHIY pig,(ts), L5 uero 3aBucuMocTH (22) sxeTpa-
NONMPOBAJIHCh Ha BeCb HHTepBaJ nporxHo3a t € [0, 8 000] HCXOAHOI CHCTEMBI H CTPOHIach GHGYpPKaLHOHHAs
auarpamma (BJ1) nporHocTyyeckoi MoaesH ¢ MelJIeHHbIM BpeMeHeM B KauecTBe YIpaBJIsoLLEero napamerpa.
Ha puc. 5a B]l, otBeuaioluast cpeaHemy TpeHzy, npHBefieHa BMecTe ¢ HeThHHO#M BJI ¢ puc. 1. Buano, uto Ha
BC&M paccMaTpHBaeMOM BPeMEHHOM HHTepBaJie NPOrHOCTHYECKasi MOJEe/b BEPHO BOCTIPOM3BOJMT MOCJEN0-
BaTeJIbHOCTb GH(ypKauuit «Ha6monaemoii» JIC. OTMeTHM, UTO B JaHHOM CJiyuae NMpaBHJbHO TpeACKasaHbl
IBa cueHapHs Bbixoaa JIC u3 xaoTHuecKoro pexxnma: yepes oGpaTHbIi KacKaj, yABOEHHs NEPHOJA H Yepe3
nepeMexKaemMocCTb. .

2.3. Iepefiném K oueHke TouHoCTH mporHo3a. Kak o6cyxaanock B noapaszienax 4 senenus  1.4.3, Ta-
Kas OLLeHKa MoJipa3yMeBaeT OThICKaHHe BEPOSITHOCTHLIX XapaKTePHCTHK NMPeJCKa3aHHbIX GHypKalil u pe-
XKHMMOB noBefieHHs cieTeMbl. C 3Toil LieNbIo 11 KaXKIA0ro oTpe3ka AMHTENbHOCTbIO L HCXOAHOH peannsalmu
Gblia paccunTaHa KoBapHaLUHOHHas MaTpHLa napamerpos mozienu Cy, (cM. (8)), KoTopast 3aTeM IKCTPanou-
poBaJiach 3a nmpejesibl HCXOAHOI BpeMeHHOi peannsauuu T' cnoco6oM, onucaHHbIM B noapaszene 1.4.3 (cM.
(16)). lanee B npocTpaHCTBe MapaMeTpoB MoJeJH bl nocTpoeH ancam6ub U3 10000 napamerpuueckux
TPaeKTOPHHi (TPEeHA0B) TAKHM 06Pa30M, YTOOBI B KaXK/blil MOMEHT BPEMEHH KOMITOHEHTbI BEKTOPa apaMeTpoB
MOJIEJIH SIBJISVIHCh HOPMAJIbHO PacnpeeiéHHbIMH CJIy4aiiHbIMH BeJIHYHHAMH, YbH CPeJIHHe 3HaUeHHs H KOBa-
pHaLIHHK NPEJCTaBASIOT COGOi SKCTPANoIHPOBAHHbIE 3aBHCHMOCTH ftg, (ts) H Cp(t,). Hakonew, s Kaxaoro
TaKoro TpeHza Gbisia peKoHCTpyHpoBaHa BJI 1 onpe/iesieHa MOC/IeI0BaTe/IbHOCT H MOMEHTBI GH(YPKalOH~-
HBIX MEPeXoJIOB Ha BCM HCC/lellyeMoM BpemeHHoM HHTepBase ¢ € [0, 8000]. Pe3yabTaThl CTaTHCTHYECKOH
06paGoTKH MoJlyueHHbIX aHCaMGJieli MOMEHTOB GHdypKaLwii IpHBEAEHbI Ha pHC. 56-2.

ITpexkne ueM nepeiiTi K 0GCYXKAEHHIO TMOJyYEHHBIX Bbillle Pe3yJ/IbTaToOB, 0GpaTHM BHUMaHHE Ha CJIefyio-
wee o6croaTenbeTBo. [pecTaBieHye 3aBHCHMOCTeE! CPEIHHX 3HAYeHHH NapaMeTPoB H KOMITOHEHT KOBapH-
aLMOHHON MaTPHLbI B BUE HENPEPBIBHLIX (GYHKLMII MeIEHHOTO BpeMeHH (CM., Hanpumep, (22)) nossoauia
HaM «3a6biTb» O AHCKPETHOCTH NOCJIHErO MPH NOCTPOEHHH GHYPKALHOHHBIX HarpaMM, OTBEYAIOLIKMX KaK
CPe/iHeMy, TaK H JOMOJIHHTE/ILHLIM TPEHAaM B MPOCTPAHCTBE MapaMeTpoB MPOrHOCTHUECKOH MojenH. flc-
HO, OJIHaKO, YTO B paMKaX OMHCBIBAEMOTO aJIrOPHTMa HMeET CMbICJ POaHaIH3HPOBaTh BEPOATHOCTHLIE Xa-
PaKTepHCTHKH GH(ypKaLHil, OTHOCSILMECS K PeXKHMaM, 4bsi MPOTSXKEHHOCTb BO BPEeMEHH MpEBbILLIAeT wwar
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L = 150 aukpeTtusauuu MenieHHoro BpeMeHH. Ha puc. ba BHAHO, UTO TaKMMH JOCTAaTOYHO AOJTOXKHBYLLMMH
peXKMMaMH ABJSIOTCS TPEXTIEPHOAHYECKHI H XaOTHUECKHIH PeXKUMbI B NIPOLJIOM H YEThIPEX-, ABYX- H OIHO-
nepuoaHUeCKHe pexxuMbl B OyayLieM. B cuiy yka3aHHbIX 0GCTOATENLCTB Ha PHC. 56 NpHBeEHbI MIOTHOCTH
BEPOSTHOCTH MOMEHTOB GHypKauuil y(t,), paccunTtanHble no gopmyde (17), ans «GymylUX» Nepexonos:
1) u3 BocbMHU- B YeTHIpEXnepHoaHYeCKHil PeXKHM (3 4(ts)); 2) U3 ueThipEX- B ABYXNEPHOAMUYECKHI PEXKHM
(pa—2(ts)); 3) H3 IBYX- B oHOMEPHOAHYECKHIT pexuM (21 (t5)), a Takxke 4) A5 GuypKaLMK NOTEpH Mo~
6asbHOM YCTOHYHBOCTH OJIHOMEPHOAHYECKOTO PEXKHMA (0 1500(Es) ), 3aperucTprupoBaHHoii npu ¢ > 6 000 ans
YacTH HOMOJIHHTEJbHBIX TPEHAO0B. B «npoluioM» nokasaHbl MIOTHOCTH BEPOSITHOCTH MOMEHTOB Mepexo/a H3
Xaoca B TPEXNeEpHOAUYECKHi! PeXXHM (ch—3(ts)) U H3 TPEXNIEPHOAUUECKOTO PEXKHMA B LLIECTHIIEPHOAHYECKHIl
(¢3-6(ts))-

HerpynHo noHsTh, 4TO paccyHTaHHbIe C MOMOILLIO JAHHBIX MJIOTHOCTE!H BEPOSITHOCTEH H NOKa3aHHbIe Ha
pHC. 56 MaTeMaTHUeCKHe OXKHAAHHSA U CPelIHeKBaipaTHUHble OTKJIOHEHHs] MOMeHTOB GHdypkauuii onpenens-
1oTcs iByMsi hakropamu. [TepBbiii hakTop — yBesiHueHHE C TeUeHHEM BpEMEHH XapaKTepHO# LIMPHHbI
GyHKUMH pacnipelie/ieHHsi TMapameTpoB, BTOPOH — (hopMa KOHKpeTHO!H GHypKaLMOHHOH NOBEPXHOCTH B
npocTpaHcTBe napamerpos MofesH. Hanpumep, BHaumoe Ha puc. 56 MOHOTOHHOE YOLIBaHHE TOYHOCTH npes-
CKa3aHHA MOMeHTa GudypKaLuH NpH yAaJeHHH COObITHA OT PaHHL] HCXOAHOTO BPEMEHHOrO psija ABJASETCS
He TOJIbKO CJIEICTBHEM MOHOTOHHOIO PACIJILIBAHHS C TeYeHHEM BpeMeHH (PpyHKLUHH pacrpeielieHHs napa-
METPOB, HO H CBHETEJIbCTBYET O KBa3UNof0GHOH ¢opMe GHbypKALMOHHBIX MOBEPXHOCTEH, OTBEYAIOLUX
passiyHbIM GHypKaLHAM.

3HaHHe NPUBELEHHOrO Ha pHC. 56 Ha6opa MJIOTHOCTEl BepOsTHOCTE! MOMEHTOB GHdYpKaLuii No3BoJIsieT
pacCuHTaTh UX HHTErpajibHble BEPOATHOCTH, a TaKXKe BEPOSITHOCTH OOHApYKEHHS B ONpeNe/iEHHbIH MOMEHT
BpEMEHH OMNpefieJIEHHOro pexxuMa nosefeHus cucteMbl. Ha puc. 58 npuBeaeHsl paccunTaHHble Mo Gopmy-
Jie (176) 3aBHCHMOCTH HHTerpaJibHOH BEPOSTHOCTH OT BpeMeHH i LieCcTH GH(ypKaLMOHHBIX Mepexo-
IOB, TWIOTHOCTH BePOSITHOCTeH KOTOpbIX MOKa3aHbl Ha pHC.56. BuaHo, 4To MakcHMa/bHble 3HaYeHHs
HHTerpaJibHOl BeposTHOCTH GudypKaumii ch — 3 U 3 = 6 (Pchn3)max = (P346)max = 1, T. €. AaHHble
6udypKaLHK 3aperHCTpHpOBaHbl «B fpouiom» (npu ¢ < 2000) aJist Bcex HOMOJHHUTEbHBIX TPeHAoB. Mak-
CHMa/lbHasi HHTerpajibHasi BepOATHOCTb «Oyayiuei» OudypkauuH 8 — 4 HEMHOro MeHbllie EIHHHLIbL:
(®8—4)max = 0,99. D10 03HAUAET, YTO /ISl HE3HAUUTEILHOH YaCTH JOMOJHUTEbHbIX TPEHIOB BbIXOA H3
BOCbMHIIEPHOHYECKOr0 peXMMa MPOHCXOAUT HMHBbIM MYTEM (He B pe3yJbTaTe GHpypkauuu 8 — 4). AHa-
JIH3 MOCJIeIOBATENbHOCTH OHYpPKaLyii 1J1s BCeX JOMOJHHTENbHBIX TPEHIOB M0Ka3aJl, YTo AJ1si He6oJbLLIOro
HMX YHCJIa BLIXOJ H3 BOCbMHIEPHOANYECKOr0 pe2KHMa NMPOUCXOIHUT BCJIACTBHE I106aIbHOMH HEYCTORYHBOCTH
Mozie/H. AHaJIOrHUHAs CHTYaLs HMEET MECTO JJisl YeThIPEX- H JABYXMepHOAUYEeCKUX PeXXKHMOB: (Ps_;4)max
HeMHOro Godblue (B4—2)max = 0,97, KoTOpas B CBOIO ouepenb NpeBOCXOAHT (P21 )max = 0,86 (zocTHraer-
sl BHe rpaHHLL puc. 58). Boixoa U3 0HONEPHOAHYECKOrO peXKHMa BCera CBsidaH C rJ06abHOi HeyCTOHYH-
BOCTbIO MOZENH: (100 )max = 1 (TaKxKe BHe rpaHuLL pHC. 58).

Ha puc. 5e noctpoeHbl 3aBUCHMOCTH OT BpeMeHH BePOSITHOCTeH 0GHAPY>KHTb Y CHCTEMbI Pa3JiHuHble pe-
JKHMbI MOBEICHHS], B TOM YHCJIE [V106aJIbHYI0 HEyCTOAUHBOCTb. BHAHO, BO-NEPBBIX, YTO OTVIHYHAS OT HYJIs Be-
posATHOCTb P, IV106a/1bHOM HEYCTOHYHBOCTH AEACTBHTEJNbHO COCYLIIECTBYET BO BpEMEHH CO BCeMH OyAYLLIHMH
pexxuMamu nosefieHusi. Bo-BTopbiX, 06paTHM BHHMaHHe Ha cJeylollee NpHMedaTebHoe 06CTOATENbCTBO:
COOTHOLIEHHS MEXAY MaKCHMAaJIbHbIMH 3HaYEHHSAMH BEPOATHOCTeH 06Hapy»KeHHsl KOHKPETHOrO pexHMa rno-
BeJIeHHs1 CHCTEMbI MOTYT OTJIHYATbCS OT COOTHOLLEHHHA MeXy MaKCHMaJIbHbIMH HHTErpajlbHbIMH BEPOSITHO-
CTAMH MOMeHTOB OH(ypKalHii BXoJa B COOTBETCTBYIOLIME pexKHMbI. JleiCTBUTEIbHO, HECMOTDSI Ha PaBHY!O
eZIMHHULIE BEPOATHOCTb Mepexoja ch — 3, MakCHMaJIbHasi BEPOATHOCTb OGHAPYXKHTb Y CHCTEMbI TPEXTepH-
onuyeckui pexxuM (P3)max =~ 0,84 MeHbllle MAKCHMaJIbHOH BEPOATHOCTH NPeOGbIBAHHA CHCTEMbI B JIByXMe-
pHosHYeCcKOM pexkuMe (P2)max =~ 0,9, MakCHMaJIbHas BePOSITHOCTb Mepexoja B KOTOPLIA MEHbLLe eIHHH-
ubl. OGbsICHEHHE NaHHOTO KMPOTHBOPEYHS» MOYTH TPHBHAJNLHO: MAKCHMAJIbHAs BEPOATHOCTL OOGHApYKeHHS
HEKOTOPOro peXXHMa NOBeIeHHs1 3aBUCHT He TOJIbKO OT MaKCHMaJIbHOH BEPOATHOCTH BXO/IA B 3TOT PEXKHM, HO
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Puc. 5. Pesynbratsl nportosa: BJI, cootsetctsylomas cpeaneMy TpeHay (cepble ToukH) H nexoanas BJ1 ¢ puc. 1
(u€pHbie TOUKH), NepeMeHHasi 2z MpPHBeAEHa B JorapudMuyeckoM Maclutabe (a); 3aBHCHMOCTH OT BpeMeHH
MJIOTHOCTE BEPOATHOCTH MOMEHTOB GHdypKaLMii ¢ MaTeMaTHYECKHMH OXHIAHHAMH M Cpe/HeKBalpaTHy-
HBIMH OTKJIOHEHHAMH (6); 3aBHCHMOCTH OT BPEMEHH HHTErpaJibHbIX BepOATHOCTe/ MOMEHTOB GHpypKaLwh

(8); 3aBHCHMOCTH OT BpeMeHH BEPOATHOCTEl OGHAPY)KEHHS PasJIHYHBIX PeXXHMOB (2)
H OT CTeMNeHH MepeKpLITHS BO BpeMeHH IJIOTHOCTel BeposiTHOCTel GHypKalHii BXOJIa B PEXKHM H BbIX0Ja H3
Hero. Ha puc. 56 BuaHO, 4TO CTENeHb nepekphITHA 3THX MUIOTHOCTE! BEPOATHOCTE 15 TPEXNEPHOAHYECKOro
PeXHMa BeJiHKa, B TO BpeMs KaK y ByXNEePHOAHYECKOTO PEXXHMA MIIOTHOCTH BeposiTHOCTeH GHbypKaLuii BXO-
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Jia B PEXKHM H BbIXOJIa H3 HEro MouTH He nepekphiBaioTcst. I1o 3T0# ke NpHuHHE MakCHMaJIbHasi BEPOATHOCTD
06GHapyXHTb YeTbIpéxnepuoanueckHit peXxuM (Pg)max = 0,77 < (P2)max-

2.4. B 3akaioueHHe JaHHOTO pasjiesia OTMETHM, YTO NPHBEAEHHbIE HA PHC. 56— BePOATHOCTHbIE XapaK-
TEPHCTHKH MOTYT GbIThb HCMOJIb30BaHbl A1 OLIEHKH KaueCTBa NPOrHo3a GHeypKaLHii ¥ onpeesieHUst ero ro-
pH30HTa BO BpeMeHH. B 3aBHCHMOCTH OT KOHKPETHO/ 3ajauH B KauecTBe YCJIOBHS AOCTHXKEHHS FOPHU3OHTa
NPOrHO3a MOXeT GbiThb BLIGPaHO OnpeeéHHOe 3HaueHHe IMG0 OTHOCHTEJIbHOM TOYHOCTH NPOrHO3a MOMEHTa
€udypKaLuH, JH60 MAKCHMAaJbHOM HHTErPaJIbHOM BEPOATHOCTH, JIH60 MAaKCHMaJIbHOIl BePOSTHOCTH OGHapy-
XKEHHsl HEKOTOPOro pexxuMa NoBeJieHHs. BeIHuHHbI NepeyHCIeHHbIX XapaKTepHCTHK NpeACKa3blBaeMbiX GH-
¢bypKaLHii U peXKHMOB NMOBEAEHHS SIBJISIIOTCA €CTeCTBEHHOH OCHOBOM H JUI5l OLLEHKH KauecTBa NMPOrHo3a, B TOM
yHCJle 15 CPaBHEHUs! Pas/IMYHBIX IPOrHOCTHYeCKHX Mozienei 10 naGnonaemoit JIC, MOCTPOEHHBIX MO OAHOMY
1 Tomy ke BP. BoJiee nospo6Ho naHHLIe BONpOCH! GYAyT pacCMOTPEHbI B OTAE/IbHOM paGoTe.

3. MPOTHO3 BUGYPKALIMIA ME3OC®EPHOH ®OTOXUMHYECKOH CUCTEMDI

3.1. B naHHOM pasjiesie B KauecTBe HCTOYHHKA AaHHBIX Mbl HCMOJIb3YeM CHCTEMY, OMHCHIBAIOLLYIO MO-
BeJIeHHe MaJibiX XHMHUECKHX COCTaBJSIOLIMX aTMocdephl 3eMiH B paiioHe Me3onay3bl (Ha BbicoTax 70 +
+90 km) [11, 12, 17]). 1a cucrema BKioyaeT B ce6si NATb HeJMHEHHbIX AH(depeHLHaNbHbIX YpaBHEHHUI
1-ro nopsiKa ¢ nepHOAHYECKHM BHELLIHHM BO3JeACTBHEM:

dz1/dt = —(ag + 2a1121 + a10T3 + a4T4 + a5T5) T1 + A1T2T5 + A15T3 + a168(t)x3 + 2ass(t),
dzz/dt = —(ag + a12z3 + (a1 + a2 + a14) Z5) T2 + a4z124 + a7s(t)r,

dz3/dt = —(a1071 + a12Z2 + a13%4 + a165(t)) T3 + a9z, (23)
dzy/dt = —(a4z1 + 201574 + a3zs + a13%3) T4 + asT1T5 + 612Z2%3 + 2a1472T5 + ars(t)r,
dzs/dt = —(asz1 + a3z4 + (a1 + a2 + a14) T2) T5 + @62 + 613T3T4.

JlaHHble ypaBHeHHsI SIBJSIIOTCA YPaBHEHHSIMH XHMHUYECKOH KHHETHKH H OnMcbiBaloT 16 xuMHueckux peak-
uuii (B TOM uHcJje peakuuH ¢oTosIM3a), NPOTEKAIOIMX B Me3ocdepe ¢ yyacTHEM MATH XMMHUYECKHX KOM-
noxent (O, H, O3, HO, HO2), ubH KOHLEHTpaLuH SIBJISIOTCA AHHAMHYECKHMH NepeMeHHbIMH H 0603Haue-
Hbl T3, ... ,T5 COOTBETCTBEHHO. JlHiHaMHKa 3THX nepeMeHHbIX onpenensercs KosgdHuueHtamu ay, . .. ,a16
(KOHCTaHTaMH peaKLWil) H HMeeT B YCJIOBHAX Me30cdepbl XapakTepHblii BpeMeHHO# MacluTa6 OfHH CYTKH HIH
MeHee. KOHLIGHTpaLH OCTaJIbHbIX PEareHTOB — YYaCTHHKOB peakilMii — CYLUEeCTBEHHO NPeBLILIAIOT KOH-
LIEHTPALIMH MepPeYHCJ/IeHHbIX MATH KOMITOHEHT H CYHTAIOTCS NOCTOSHHBIMH. [TeprHoanueckoe BHellHee BO3fiel-
cTBHe 06YCJIOBJIEHO CYTOUHBIMU BapHaLMAMH OCBELLEHHOCTH, CBA3aHHBIMH C BOCXOJAMH H 3aXOaMH COJIHLIA
H NPUBOASILMMH K NEPHOAUYECKOH MOAYJALMH CKOPOCTH (hOTOAHCCOLHALIMH MOJIeKY/l 030Ha (KOHLIEHTpa-
LMS KOTOPOro SIBJISIETCS OJHOM U3 AMHAMHYECKHX MepeMeHHbIX cHcTeMbl (23)), Kucopoaa, KOHLUEHTpaLws
KOTOPOT0 CUHMTAETCH HEM3MEHHOM, H NapoB BOAbI, Ybsi OTHOCHTEJIbHAS KOHLIEHTPALHS 7 ABJIAETCS OJHHM H3
ynpasJsioux napamerpos cucreml. ! Takas Moaynsuus yutena B cucreme (23) ¢ MOMOLIbIO NepHOaHYE-
cKoil pyHKuuH s(t), KOTOpast JOCTHraeT MaKCHMYMa Smax = 1 B cepeliiHe [HS, @ MHHHMYMA Spin = 0 B
cepesuHe HouH. 12 BesiesicTBHe yKa3aHHO# HEABTOHOMHOCTH Pa3MepPHOCTb (ha30BOrO NPOCTPAHCTBA CHCTEMBI
(23) paBHa 1wecTH.

10 B pamKax H31araeMoro aAropHTMa Apyrie NPOrHOCTHYECKHE MOAGAH MOTYT GbiTh OCTPOEHBI NYTEM BHIGOPA HHBIX BHAOB (yHK-
UMK nocnenoBaHus (2).

1 Beiogy HHXKe T NPHBOAMTCA B TPAIHUHOHHBIX 415 OTOXHMHH aTMOCepbl eannuuax ppmv (particles per million in volume),
onpefieifieMbiX KaK YHCJIO MOJIEKYJ BOASIHOTO Napa Ha MHJTHOH MOJIEKY.l BO3/yXa.

2 MonpoGHoe o6eyxnenne cucteMbi (23) (3Hauenns KoIPHHLHEHTOB a1, a3, . . . , @16, AHANA30H HIMEHEHHA KOHTPOALHOTO Na-
pametpa r, BUA yHKUMK 8(t)) H €€ HeslHeliHO-AHHAMHYEeCKHX CBOCTB cM. B paGotax [17, 18],
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JuHamHuecKoii nepeMeHHO#, BpeMEHHOH psill KOTOPOil «HAGJIOAAJICS», SIBAAACh NepeMeHHas T (KoH-
LIEHTPALHS aTOMapHOro KHCJIOPOAA ), XOTA AaHHbIH BbIGOP NPHHLMITHALHOrO 3HaueHHs He uMeeT. Ha puc. 6a
nokasaHa GH(ypKaLHOHHas AHarpaMMa, o BepTHKaJbHOM OCH KOTOPO# OTJIOXKEHa KOHLIEHTpALIKMs aToMap-
HOTO KHCJIOPO/Ia B MOMEHT BOCXO/1a COJIHLIA, @ M0 FOPH3OHTANbHON — OTHOCHTE/IbHAas KOHLIEHTPaLMA r BOAs-
HOro napa, KOTopasi, Kak 0TMeYaJioCh, IBJISIETCA YNPaBJIAIOLLHM NapaMeTPoM cHCTeMbl. Kak MOXHO BHZETb,
cHcTeMa o6J1ajiaeT IWHPOKHM HaGOPOM AHHAMHUYECKHX PeXKHMOB, PeaJin3aliisi KOTOPbIX 3aBHCHT OT yNpaBJsi-
loutero napamerpa. CooTBeTCTBHE KaKOMY-JIHG0 T HECKOJIbKHX 3HAYEHHI T 03HAYaeT Pealin3aLmio peXxuMa
C MEpPHO/IOM B COOTBETCTBYIOLLIEE YHCJIO CYTOK. «3aMa3aHHbie» 06JiacTH Ha GH(ypKaLMOHHO# AUarpamme oT-
BEYaloT HHTepPBaJlaM NapaMeTpa, B KOTOPbIX CHCTEMA AEMOHCTPHPYET XaOTHUYECKYIO JHHAMHKY.

Bunno, uto B paccmaTpHBaeMOM AHanasoHe H3MEHEHHs! YNPaBJISIOLLEro NapaMeTpa HMEETCsl TpH 06Ja-
CTH XaOTHYECKOrO rnoBeieHHs cHcTeMbl. Oco6blii HHTepeC NpeACTaBsIOT JBE H3 HHX, PeaJl3yIoLHecs NpH
OTHOCHTEJIbHO MaJibix 3HaueHusx r € [1,5;2,1). Ha puc.66 coorserctsytowmit dparment BJ npusenét B
YBEJIHYEHHOM 110 OCH abcuuce Maciutabe. OTMETHM, YTO JBe yKa3aHHbIE 06JIaCTH XaOTHYECKOTO MOBEJeHHs
YacCTHYHO NepPeKpLIBAIOTCA. ITa 0COGEHHOCTb ABJIAETCS CJEACTBHEM GHCTaGHIILHOrO MOBENEHHS CHCTEMbI,
CONpPOBOXKAAIOLLEroCs FTHCTEPE3HCOM NPH H3MEHEHHH ynpasJsiollerocs napamerpa. I1pu uameHenun napa-
MeTpa cJieBa Hanpapo B npejenax puc. 66 meer MecTo nocJefioBaTesbHOCTb GHypkauuii. CHauana ABH-
XKEHHE C NMePHOJIOM B OIIHH CYTKH TepsieT (npH r = 1,65) yCTOAYHBOCTb H NPOHCXOAHMT YABOEHHE MEPHOAA
(poxnaercst yCTOAUMBbIH PEXKHM C ABYXCYTOUHBIM nepHosiom). [lasiee cieaiyeT Kackaj TaKHX yABOEHHA, H NPH
r ~ 1,8 nMHamuKa xaotu3yercsa. ByaeM Ha3biBaThb MmoJsyuHBLeecs B pe3yJibTaTe XaOTHYECKOE MHOXECTBO
BHYTPeHHUM atTpakropoM. [Ipu r ~ 1,87 naHHOe HBH)KeHHe HMCUe3aeT, H CHCTeMa CKAauKoM MepeXONHT B
MHOH, COBEPLLEHHO OTJIHYHBII PEXKHM NOBEAECHHS.

ITpu o6paTHOM H3MeHEHUH NapamMeTpa Mbl CTApTYeM MpH 7 = 2,1 ¢ YCTOHYMBOrO ABHXKEHHS, HMEIOLLEro
nepuoz 3 CyToK, KOTOpbIf NpH r & 2 yABauBaeTcs, NpH r = 1,9 yueTBepsieTcs H Yepe3 KacKajl yABOEHHS ne-
pHOZa NEPEeXOAMT B XaoTHYeCKH#H pexxuM. [TosyueHHOe xaoTHUECKOE MHOXKECTBO Oy/ieM Ha3biBaTh BHEIHHM
aTTpakTopoM. JlaHHbl# aTTPaKTOp, KaK BHAHO H3 PHCYHKa, COCTOMT H3 TPEX obJacTeld, H C NIEPHOJIOM BHelL-
Hero Bo3JieHcTBHA (OAHH CyTKH) H306parKaloLiiasi TOUKa MOC/IeI0BaTe/IbHO NepecKaKHBaeT H3 OJHOA 06J1acTH
B Apyryio. [Ipu nanbHefilieM yMeHbLUIEHHH YNpaB/sIoOLLIEro NapaMeTpa, npH r &~ 1,7, HauuHaetcs 06paTHbIH
Kackajll yaBoeHWd, NpH r =~ 1,63 cHoBa peasnu3yeTcsi pPeXHM C TPEXCYTOUYHBIM TMEPHOJAOM, KOTOPbIH
npH r = 1,58 Hcyesaer, H CHCTeMa NEPEXOAUT B YCTOHUHBBII PEXKHM C MEPHOAOM OHH CYTKH. Takum o6pa-
30M, KaK MPH yBeJIHYEHHH, TaK U NPH YMEHbLLICHHH apaMeTpa r B CHCTEME peasiH3yloTCs KaTacTpodHueckne
6udypKaLmH.

3.2. Mbl HCNIO/Ib30BaJIH XaOTHUECKYIO 3BOJIOLHIO Me3ocdepHoil doToxumuueckoii cucrembl (MPXC)
(23), «nabaogaemyio» B npeaesax BHEILHEr0 H BHYTPEHHEr0 aTTPaKTOPOB, /IS IOCTPOEHHS COOTBETCTBYIO-
LLIMX NPOrHOCTHYECKHX MOJeNel JaHHOM AMHAMHYeCKo# cHcTeMbl. [TporHocTHyeckas Mojiedib, OCHOBaHHas Ha
pea/iu3aLyH, CreHepUPOBAHHON BHELIHHM aTTpakTopoM '3, nossoskna ¢ Xxopolue# TOYHOCTbIO MpeAcKasaTh
MOCJIEZIOBATE/IbHOCTH BCEX «GYAYLLMX» M MPOLLIbIX» GHypPKaLHil H PeXXHMOB, H306PaXKEHHbIX Ha PHC. 66.
Curyaunsi ¢ nporHosom GHGypKaLuii BHYTPEHHEro aTTpakTopa okasajiach Gojiee cJI0XHOMH. [Tostomy Hixke
MblI OMIHLIEM MOCTPOEHHE MPOrHOCTHYECKON MOAEH H NPOrHo3a GudypKalHii Ha OCHOBE peasin3aLHH, Nopo-
XKIEHHON BHYTPEHHHM aTTPaKTOPOM.

Ha ocHoBe cuctembl (23) 6511 creHepupoBaH BpeMeHHO# Psif NepeMeHHOM ) NPOoAoKHTeNbHOCTbIO T' =
= 2000 cytok (cM. puc. 7a), B npee/siax KOTOpOro napaMerp r y6biBaJ (JHHeliHO BO BpemeHH) ot 1,855 10
1,81. K peanusaumu Gbl NPUMEHEH aJIFOPHTM, H3JOXKeEHHbII B pasaene 1.

13 Kak otmeueno Buiute, BHewkHil aTTpPaKTOp ABASETCA TPEXCBASHBIM (CM. pHC. 66), NosToMy Ha ocHoBe euHcTBenHo# | 500 cy-
TOYHOMA peann3auuu GbIM NOCTPOEHB! TPH NPOrHOCTHYECKHe Moaeau. Kaxaas u3 HHX BOCPOH3BOAKAA c/laGoHeaBTOHOMHOE Mo-
senenne MPXC 8 npesenax cooTseTcTByIOLER 06ACTH BHELLHEN0 aTTPaKTOPa H NPEACTaBAANA COGOR (YHKLMIO NOCAEA0BAHHA,
CBRA3bIBAIOLLLYIO 3HAYEHHS NEPEMEHHONA T1 B KOHLIE HOUH, pa3feiEHHble HHTEPBAJIOM B TPOE CYTOK, H OTJIHYAIOLLYIOCA OT ABYX APYTHX
dynKkuni nocnenoBanus ¢a3oi nepeMeHHOA T1 BHYTPH TPEXCYTOYHOMO HHTEPBaJA.
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Puc. 6. B/ mesocdepHoit poToxumuueckoi cuctembl (23) (a); dparment BJ] ¢ yBesmueHHbIM MacLiTaGoM Mo ocH a6-
cuwcc (6). KoHueHTpauus £, aToMapHOro KHCJI0Po/ia B MOMEHT BOCX0/1a COJTHLIA OT/IOXKEHA 110 BEPTHKAJILHOM
OCH, OTHOCHTEJIbHasi KOHLIGHTpaLWs r NapoB BOJbl — MO FOPH30HTaJIbHOI

Bo-nepBbix, Gbl/ peKOHCTPYHPOBaH aTTpaKkTOp B ha30BOM MPOCTPAHCTBE H YCTaHOBJIEHO, YTO MHHHMAJlb-
Hast pasMEPHOCTD BJIOXKeHHs! cHcTeMbl (23) pasHa 3. !4 Bo-BTOpIX, HCXOAHBIf y4aCTOK peaiH3aliy G pas-
6uT Ha oTpe3KH anuHON L = 110, 1 no nepBoMy 3 oTpe3koB ¢ € [0, 110] (cM. puc. 76) Gbl1a nocTpoeHa
MrHOBeHHasi MozieJib. B kauecTse cekyuueit [Tyankape Gbina BeiGpana noBepxHocTb dzy/dt = 0. Peructpu-
poBaJHCh NepeceyeHHs (a30Boi TpaeKTOpHel NaHHOI cexylued co cTopoHbl dz/dt < 0 (JIoKanbHbie MH-

" IMpuuuna cTonb HeBLICOKO pa3MepHOCTH cHeTeMbl (23) noapo6Ho o6eyxKnaerca B paGotax [17, 18).
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Puc.7. MesocdepHas doToxumHueckas cuctema: «HaG/iofaeMblit» BpeMeHHOM Psl, HCMONb3yeMblit /IS OCTpoe-
HHS NIPOrHO3a (a); HayaJbHbIit OTPe30K 3Toro pszia (6). Bpems B cyTkax 0TJI02KeHO 110 OCH aGCLIMCC, HOPMH-
poBaHHasi nepeMeHHas 3 — M0 0CH OPAMHAT; HOPMHPOBOYHbI KOI(GHLHMEHT (Z1), = 1,61 - 10° cM~3

o -
log zy(tn41) o a)
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Puc. 8. @yukums nocsienoanus nepsoro nopsiaka, NOCTPOEHHasi N0 HaYaAbHOMY OTPe3Ky «Ha6J1i0flaeMoro» Bpe-
MEHHOrO0 psifia (a); Ta e (yHKUHUS N10C/Ie0BaHHSA C OTGPOLIEHHON «I0MOJIHHTENLHOM» BETBbIO H €€ annpok-
cHMalus nosHHoMoM (24) (6). ITo oGenm ocsiM OTJIOXKEeHb HOPMHPOBAHHbIE BEJIHUHHBLI NEPEMEHHOM T B
JorapiMHuecKoM MaciuTabe

HHMYMbI NIepeMeHHOM ;). B paclunpensom ¢a3oBoM npocTpaHCTBE TaKasi CEKYLLAs COOTBETCTBYET MOMEHTY
BOCXO/1a COJIHLIA.

Hanee Gbina noctpoeHa pyHKUHUsI IOC/eN0BaHHs NepBoro nopsiaka. Okasanoch, 4To 31a GyHKUMSA ABJIs-
ercsi, BOoGllle roBOps, HEOAHO3HAUHOM (CM. pHC. 8a) H3-3a HaJMYHS HEGOIbILOH «IOMONHHTE/bHON» BETBH
B JIEBO/ YaCTH TOYEYHOro oToGpaxkeHusi. [TpH MoCTPOEHHH MrHOBEHHOM MOJIe/IH laHHasi BETBb OTGpachIBa-
Jacb (Mbl MOCYHTAJIH 3TO AOMYCTHMBIM, T. K. CPEHSIS IVIOTHOCTb TOUEK Ha STOM BETBH MHOIO MEHbLLE, YeM
Ha OCTaJIbHOM YacTH aTTpakropa). OcTaBluasicst 4acTb (YHKLMH NOC/IeN0BaHHS, PHBEAEHHAs Ha pHC. 86,
annpoKCHMHPOBAaJach MOJHHOMOM MATOM CTENEHH:

(Z1)n+1 = p1 + p2 (21)n + w3 (€1)2 + pa (21)3 + p5 (21)5 + pe (z1)5- (24)

Kak u B catyuae cucrembl P&ccsiepa, napamerpbl MrHOBEHHO# MoziesiH (24 ) HAXOIHTHCh METOZIOM HAHMEHBILHX
KBajpatoB. Mx sHaueHus ug;, raei = 1,2, ... ,6, paccuntanuble no otpe3ky ¢ € [0, 110] BpemenHoro psaa,
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pasubl —0,13; 11,78; 9,97; 3,44; 0,56 u 0,035 cooTBeTCTBEHHO. 3aBUCHMOCTb (24) I/1s1 AaHHBIX 3HAUEHHi
napaMmeTpoB MOKa3aHa Ha pHC. 86 MyHKTHPOM.

ITocae sToro no Bcem octanbHbIM oTpe3kaM L € T 6blia BOCCTaHOBJIEHA HEABTOHOMHOCTb «Ha6Jioxa-
eMoii» JHHaMHYECKOH CHCTeMbl B BHJle 3aBHCHMOCTH BEKTOpa NapaMeTpPoB {4y OT MELJIEHHOTO BPeMEHH t,.
B kauectse npumepa Ha puc. 9a, 6 MPHBEEHb! TaKHe 3aBHCHMOCTH 1Sl KOIHHLMEHTOB Lg(5,6) MPH ABYX
CTapILUHX CTeNeHsAX nosiuHoMa. [lnst Bcex iiecT napameTpoB Mozenu (24) anekBaTHOH (yROBJIETBOPSIOLIEH
ycaoBHIo (8)) oka3anach JiHHelHas annpoKCHMaUus (Lior); 3aBHCHMOCTH f.0; (t5), TOKa3aHHast yHKTHPOM Ha
puc. 9a, 6. !5 Annpokcumarius Ko3¢HLHEHTOB NPH CTApLIHX YleHaX NosHHoMa (24) HMeeT BHA

(wor)s = 0,17 +3,3-107%,, (por)e = 3,9-107% +2,6-1075¢,. (25)

B cootBetcTBHH C 0GILHM aJITOPHTMOM NMOCTPOEHHAs MPOTHOCTHYECKast MOZeJb ((DYHKLIHSA NOCJIe0BAHHSA
(24) c BoCCTaHOBJIEHHOH 3aBHCHMOCTBIO 4, (t,) €€ mapaMeTpoB OT BpeMeHH) HCMOJIb30Bajach AaJee As
MOCTpOeHUs MporHo3a GudypKarui.

3.3. Bo-nepBbix, 6bl MOCTPOEH MPOrHO3 GHdypKaLuit MO cpeHeMy TPeHAY i o (ts), MPHBEAEHHDIA Ha
puc. 10a. Ha aTom e prcyHke Bocrnpon3BeéH ¢parMeHT HCTHHHOM GHYPKaLMOHHOM AHarpamMmsl ¢ puc. 66,
BKJIIOYAIOLIMI BHYTpPeHHH aTTpakTop. BuaHo, uto BepHO npenckasanbl Bce GudypKaLu (B TOM YHC/Ie Ka-
TacTpoHuecKasi, NPHBOAALLAS K HCUE3HOBEHHIO aTTPAaKTOpa C POCTOM 7), KPOME OIHOM: IPH YMEHbILIEHHH
KOHTPOJILHOTO MapaMeTpa He yAAJ0Ch BOCPOU3BECTH BbIXOJ CHCTEMbI Ha PEXXHM, COOTBETCTBYIOLUHMI KoJie-
6aHHAIM C NEPHOZOM B OJHH CYTKH (OTMETHM, UTO HMEHHO 3TOT GH(YypPKaLHOHHbIH Nepexos HauGoJee yaanéH
BO BPeMeHH OT rpaHuL, HcxonHoro BP). Bmecto sToro nporHo3 mo cpeaHeMy TpeHAy npeackasbiBaeT NpH
t ~ 9100 nepexoa U3 ABYXMEPHOAHYECKOTO PeXXHMa B OTCYTCTBYIOLLUMIA Y HCXOQHOH CHCTEMbI YeTbipéxne-
pHOAHYECKHH U NaJiee, yepe3 Kackajl yABOEHHS], B XaOTHUECKHH PeXKHM, 3aKaHuMBaloLuics npu ¢ ~ 10000
karactpogoii (ry106abHOMH HeyCTOAUYHBOCTBIO MPOTHOCTHYECKOH MoesH (24 )).

Jlanee 6bl1a paccuHTaHa H SKCTPaNoJHpPOBaHa 3a npezedisl HabJonaemoro BP koBapuaunoHHas MaTpu-
ua C, napamerpoB nporHoctHyeckoi moaenu (cm. (8) u (16)). Iocae atoro Guin HalneHb! 3aBHCHMOCTH
OT BpeMeHH IJIOTHOCTeH BEPOSITHOCTH MOMEHTOB GHypKaLHOHHbIX NepexoioB. Mbl HCI0/1b30BaJIH HaGOp H3
10000 TpennoB, pacnpefiesi€HHbIX, KaK 3TO OMKMCaHO B noApasaese 1.5, cayyaiiHbiM 06pa3oM B LecTHMEp-
HOM MpOCTpPaHCTBe napameTpoB MoaesH (24). ITocTpoenuio cTaTHCTHYECKOrO aHCaM6J1si MOMEHTOB GHdyp-
KaLMOHHBIX TePeX0I0B MpeAIeCTBOBAJ aHaIH3 6HypKaLHOHHBIX IMarpaMM, COOTBETCTBYIOLLMX Pa3/IHYHBIM
Tpennam. HanomHum, uto anisi cucteMbl Pécciiepa B pesyiibtate Takoro aHasiu3a GblH BbisfiBJIeHbl GHdypKa-
LIMH MOTEePH IM106aJIbHOM YCTOHYHBOCTH MOJIEJIH, He HMEBLLHE MeCTO A1 cpeaHero TpeHaa. B npoctpaHcTee
napametpoB nporHoctruueckoit Mozesn M®XC 6blin o6HapyxKeHbl yeTbipe GHYpKaLHOHHbIE MTOBEPXHOCTH,
KOTOpbI€ He epeceKaeT cpeiHuii TpeHA: 1) moBepXHOCTb, COOTBETCTBYIOLIAs nepexoay 2 — 1 oT ocLMIsALME
C MEepHOZIOM JIBOE CYTOK K CYTOUHbIM KOJIEGaHHUSM U 2)—4 ) TOBEpXHOCTH, pasaessioLne o6aacTi KosebaHui
C NIEPHOZIOM YETBEPO, ABOE H OIHH CYTKH H 06/1aCThb IN106a/IbHOA HEYCTONYHBOCTH MOJEH (Nepexosb 4 — 0o,
2 = oo 1 = 00). OTMeTHM, uTO nepBast 3 AaHHbIX OHypKaLKii AACTBUTENLHO HMEET MECTO B CHCTEME
(23) npu yMeHbLLIEHHH KOHTPOJIbHOTO MapameTpa 7.

Kak u B ciyuae cucteMbl Pécciiepa, BU3yasbHO passiHuuMble GHypKalH, COOTBETCTBYIOLIHE Nepexo-
IaM B peXXHMbI C BpeMEHeM YKH3HH, MEHBLUUM LlIara AMCKPEeTH3aLHH MeJJIEeHHOTO BpeMeHH, OblIH HCKJIOYEeHbI
M3 CTaTHCTHYecKoro aHasu3a. Ha puc. 106 npuBeaeHbl VIOTHOCTH BEPOATHOCTE!H MOMEHTOB «GyayLLUX>» GH-
¢dypkauuii 8 — 4,4 — 2,2 — 1,2 = 44 2 — 00, a TakKe 6udypkauuu ch — oo B «npouiom». BuaHo, uto
B OTVIMYHMe OT cHcTeMbl Pécciiepa TOYHOCTD Npeicka3aHKs MOMEHTOB GudypKaluii He yObiBaeT MOHOTOHHO

15 OTmeTHM, UTO 3aBHCHMOCTb NapaMeTPOB MOJE/H BHEWHErO aTTPaKTOPa OT MELIEHHOrO BPEMEHH OKa3aoCh HEOGXOAHMLIM
annNpOKCHMHPOBATL NOJIKHOMOM BTOPO# CTeneHH.
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Puc. 9. PekoHcTpynpoBaHHast 3aBHCHMOCTb NapaMeTPOB figs H Lo OT MELJIEHHOTO BPEMEHH

NpH ylaJleHHH MOMeHTa GH(YPKaLMH OT rpaHHLL HCXOAHOrO BpeMeHHoro psina. Hanpumep, MomeHT Grdyp-
KalMH 2 — 1 npejckasaH nouyTH BABOe TOYHee, YeM MeHee yaa/éHHbIH «B Oyayluee» MOMEHT GHdypKauuu
8 — 4. 370 03Hauaer, 4TO COOTBETCTBYIOLHE GH(YPKALHOHHbIE TOBEPXHOCTH B MPOCTPAHCTBE MapaMeTpoB
nporHoctHyeckoit Mogenn M®XC umelot cylecTBeHHO paannynyio dopmy. Ha puc. 108 npuBeneHb 3a-
BHCHMOCTH HHTErpaJjibHOH BepOSTHOCTH MOMEHTOB GH(ypKaLuii OT BpeMeHH. BuaHO, 4TO MakcHMaljbHOe
3HaYeHHe HHTerpaJbHON BePOSITHOCTH paBHO | ans 6udypKaLHOHHBIX nepexonoB ch — 00,8 - 41H4 — 2,
HauGoJiee GIM3KUX K FPaHHLIE HCXOQHOMH peasiu3ali. MakcHMaJbHOe 3HaueHHe HHTErpajibHOH BEPOATHOCTH
ana nocneaxei 6udypkauuu 2 — 1 06paTHOro Kackaaa yABOEHHsI NepHOJA CYLUECTBEHHO MeHblle eHHH-
ubl: (P2-31)max = 0,2, uTo 0GBACHSETCS, KaK U B Cayyae cHcTeMbl Pécciiepa, nosiB/ieHHeM aJlbTepHaTHBHBIX
BO3MOXHOCTeH BbIXOAa H3 pexxuma. Jlas nByxnepHoAHYeCKOro THNA MOBEAEHHA HMeeTCsl TPH BapHaHTa Bbl-
Xo/la U3 pexxuma: Gudypkaunn 2 — 1, 2 — 4 U MeHee BepOATHbIN nepexof 2 — oo. Takoe pasMHOXKeHHe
6H(YypKaLHOHHBIX CLIEHapHEB CHH)XKAET, eCTECTBEHHO, KauyeCTBO MpPOTHO3a: MaKCHMaJsbHas HHTerpaJjbHas
BEPOSITHOCTb Bcex Oyaylux 6udypKalimii, HaunHas ¢ nepexoza 2 — 1, CylIecTBEHHO MeHblue 1.

Ha puc. 10e noctpoeHbl BepOATHOCTH OGHApY)XXKEHHSI Pa3/IMUHbIX PEXHMOB MOBEJEHHS CHCTEMbl Kak
¢yHKumMH BpeMeHH. C BEpOSITHOCTbIO, PaBHOM eAMHHLE, MPEICKa3aHa [o6GaJbHas HeyCTOHYHBOCTD «B NPO-
LWJIOM», NeACTBHTENbHO HMeloLast MecTo y HaGaionaemoit JIC. MakcumalibHbie BEPOSTHOCTH OCTaJIbHBIX
pexxumoB 3aMeTHO MeHblue 1. JIjsi yeTbipéX- H ABYXMEPHOAHUECKHX PEXKHMOB MPHYHHONH 3TOro SBJSET-
CAl 3HAYMTeJIbHOE MEepeKpbiTHE BO BpPEMEHH IUIOTHOCTEH BeposTHOCTel MOMeHTOB GudypKauuii BXoaa B
3TH PEXXHMbI H BbIXOZIa H3 HUX (cM. puc. 106). [Ins ocuMAALHi ¢ MEPHOJOM B OJHH CYTKH JOMOJHHTE/NbHBIM
taxropoM, ymeHbiuaowkM (P))max, ABIAETCA CYLIECTBEHHO MeHblUee eMHHIBI MAKCHMAJIbHOE 3HaYeHHe
(®2-+1)max = 0,2 HHTErpa/bHONH BEPOSITHOCTH BXOAA B 3TOT PEXHM.

B LenoM MOXHO KOHCTaTHPOBaTb, YTO KauecTBO MporHosa Gudypkauuit pns MOXC xyxe, ueM pis
cucrembl Pécciiepa. OiHa U3 NPHYHH 3TOr0 — CyLLECTBEHHO GoJiee CJI0XKHAsA CTPYKTypa MPocTpaHCTBa napa-
METPOB MPOrHoCTHYeCKO# MoaesiH. BropbiM (hakTopoM, yxy/AluaiolHM KauecTBO [POrHo3a, siBjisieTcs BecbMa
rpy6as annpoKcHMaLus Ha6J1ioaeMoil (pYHKLMH NOCJIe10BaHus PU nocTpoeHHH MoaedH (24). HeomnosHay-
HOCTb NPHBEAEHHOI Ha puC. 8a PyHKLMH NOC/Ie0BaHHS NEPBOTO NMOPAAKA 03HAYAET, UTO JYIA YJIyULlEHHs Ka-
YeCTBa NPOrHO3a CJieyeT CTPOUTb MPOTHOCTHYECKYIO MO/ B B tyHKLHH Noc/e0BaHHs 6oJiee BLICOKO-
ro nopszaka. O4eBHIHO, YTO YHCJIO MapaMEeTPOB MOJEH BO3PaCTET MPH ITOM B HECKOJIBKO Pa3, YTO MPHBEAET
K cHTyauuu, tunuuHoit aas JIC Gonee BbicoKoii pasamepHocTH. Haiuu npeBapuTebHbie HCCJEN0BaHHs MO~
Ka3aJi4, YTo B 3TOM cJiyuae GoJiee 3¢peKTHBHBIM OKa3bIBaeTCsl IOCTPOEHHE MOZIENIH B BHIE HEAPOHHOM CETH.
CoortBercrayioLias MoaHGHKaLHUs airopHTMa NOCTPOEHHs MPOrHO3a Oy/eT NPeIMETOM OTAENbHOM My6JHKa-
LMH.
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Puc. 10. PesyasraThl nporHosa: BJI, cooTeTcTByloLIas cpenHeMy TpeHAy (cepble ToukH) M HexoaHas BJI ¢ puc.6
(uépHble TOYKH) (a); 3aBHCHMOCTH OT BPEMEHH IIOTHOCTe#i BEPOATHOCTH MOMEHTOB GudpypKalmi ¢ MaTe-
MaTHYECKHMH OXHIAHHAMH H CPeJHeKBaJAPaTHUYHLIMH OTKJAOHEHHSAMH (6);, 3aBUCHMOCTH OT BPEMEHH HHTe-

rpaJibHbIX BEPOATHOCTe/ MOMEHTOB GHypKalHil (8); 3aBHCHMOCTH OT BpeMeHH BepOsITHOCTEl 0GHapY)KeHHs!
Pa3NHYHLIX PEKHMOB (2)
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4. 3AKJTIIOYHUTEJIbHDIE 3AMEYAHHA

4.1. B nanHoit paGoTe nocTapJieHa 3aiaya JOJIrOCPOYHOrO NPOrHO3a KaueCTBEHHOTO NOBEJIeHHst AHHaMH-
YECKHX CHCTEM Ha OCHOBE aHa/H3a HaGJII0/laeMbIX C/IaGOHECTALMOHAPHBIX Xa0THYECKHX BPEMEHHBIX PAIOB.
IMpennoxeH MeToA NOCTPOEHHSI NMPOTHOCTHUECKHX MOZeJeli Mo Ha6JoflaeMOoii 9BOJIIOLHH OJHO# AMHAMHYe-
CKOil nepeMeHHOM, pelualoLuil JaHHYI0 3aiauyy NMPHMEHHTEIbHO K NporHo3y GHdypKauHii HUI3KOpasMepHbIX
IcC.

Merton npHMeHEH A5 aHaJIM3a BPEMEHHbIX PSIOB, CreHepHPOBaHHbIX cHeTeMol Pécciiepa H Mesocep-
HOH (poTOXHMHUYECKO# cHcTeMoi. Bl Henosb30BaH BpeMeHHON psijl, PaCCYHTAHHBIA MPH MELJIEHHOM H3-
MEHEHHH YNpaBJsioLLero napamerpa cucreMbl. [IpH 3TOM NpoAOMKHTENLHOCTL «HaGbJI0AaeMOi» peasi3a-
uuM Gbl1a orpaHHYeHa TakKHM 06pa3oM, YTOObI Ha BCEM €€ NPOTSMKEHHH CHCTEMaA JIEMOHCTPHPOBAJIA TOMILKO
OIMH — XaOTHUECKHI — THIN NoBeieHHs, 6e3 KaKHX-J1IH60 OudypKaLHii.

Mertoz n03BOJHI Ha BpeMeHaX, CYLIECTBEHHO NPEBbILIAIOLIMX JJIHTEJIbHOCTL HCXOHOM peaJln3aliuy, clie-
J1aTh 17 06eHX CHCTeM NMPaBUJIbHbINA MPOrHO3 MNOC/E0BaTENLHOCTH GHypKaLHii, yKa3aTb OXKHAaeMble MO-
MEeHTbl BpeMeHH GH(YpKaLMOHHBIX NepPexoioB H TOYHOCTDb OMpe/ie/ieHHsl THX MOMEHTOB, a TaKXe pPaccyu-
TaTh BEPOATHOCTH OGHAPYXKHTb B HHTEPECYIOLLIHA MOMEHT BPEMEHH MpEICKa3biBaeMble PEXXHMbI MOBEIEHHS]
CHCTEMBI.

4.2. IpHHUHTHANBHBIM JJIS IPHMEHEHHS H3JIOXKEHHOTO MOJAXOJia SABMISETCA NpefcKasaHHe GHdypKaLuit
Gonee CJI0XKHOTO NOBEAEHHA B GoJsiee MPOCTOE: Pa3MepPHOCTb aTTPaKTOPOB, BO3HHKAIOLLMX B (ha30BOM Npo-
crpatctse JIC B pesysibrate 6udypKaliHii, He J0JKHA NPEBbILLIATL Pa3MEPHOCTH aTTPaKTOPa, OTBEYAIOLIEro
HabaioflaeMoMy BpeMeHHOMY psfy. [TonuepkHEM, uTO NpeIOKEeHHBIH aJrOPHTM MO3BOJISET NPEoJ0NeBaTh
OKHa PeryJ/ifipHOro MOBENEHHS B XaOTHYECKOM aTTPaKTOpe, OJHAKO HCMOJIb30BaHHE VISl MIOCTPOEHHS MPO-
FHOCTHYECKO# MoJiesIu HanGoJiee CJI0XKHOTO THMA MOBEAEHHS CHCTEMbI HMeeT peluaiolee 3HayeHue. Jlocra-
TOYHO O4YEBHAHO, HaNpHMeP, UTO OMHMCaHHast o6Luas Mpoueaypa He MO3BOJAET NMpeAcKa3aTh Kackaa Gudyp-
KaUHi yIBOGHHS NepHOAa B CJyyae, KOra HCXOAHbIA BpeMEHHO#H Pl COAEPXKHT HH(OPMALHIO O NpoCTeii-
LIEM J/151 TAKOTO KacKajia THre noBefeHHs. OTMETHM NPH 3TOM, YTO KPYT PeasibHbIX CHCTEM, IEMOHCTPHPYIO-
LLHX XaOTHYECKYIO AMHAMHKY, laXKe Ha CErofHsILHHI ieHb BeCbMa LHPOK (0T aTMocdepHBIX H aTMocdepHo-
OKeaHH4YecKHX cHcTeM [19—22] o pasauuHbIX CHCTeM HEAPOHOB B XKHBBIX OpraHH3Max [23, 24] u TekToHH-
YECKO¥ aKTHBHOCTH [25]) H HMeeT TeHICHLMIO K PaCLIHPEHHIO N0 Mepe NPHJIOMKEHHS! COBPEMEHHBIX METOIOB
HeJIHHeHHO-IHHAMHYECKOro aHaJIH3a K HOBbIM 623aM JIaHHbIX, OTHOCAILUMCS K IBJIEHHAM Pa3/IHYHON NPHPO-
Abl.

4.3. Ipyrum ycJioBHEM NPHMEHHMOCTH PaCCMOTPEHHOTO MOAX0Aa AIBJSETCA TpeGoOBaHHE K MeJIEHHOCTH
M3MEHEHHs! BHEWHHX YCJIOBHi MO CPaBHEHHIO C XapaKTepPHbIMH BpeMeHaMH 3BOJIIOLMH ObICTPOH AMHAMH-
yecKoi noucucreMbl. TpeGyemasi cTeneHb MeJICHHOCTH UMEET eCTeCTBEHHbie OrPaHHYEHHsI CBEPXY H CHH-
3y. OrpaHuyeHHe CBepXy CBf3aHO C HEOGXOAUMOCTDIO BbIAEJHTb TPEH/b! TAPaMETPOB B YCJIOBHSAX KOHEUHOMH
TOYHOCTH BOCMPOH3BEJEHHSA NMPOTHOCTHYECKOH MoAeJblo Ha6JonaemMoit 3BosoLHH. HiKHsAs rpaHnua Mea-
JICHHOCTH ONpefeNseTca BJIHAHHEM HeCTaLMOHapHOCTH Ha6JiogaemMoro BP Ha TOUHOCTb OThICKaHHs napa-
METPOB MIHOBEHHO# MOZIe/IH: MOTPELIHOCTb KyCOYHO-aBTOHOMHOTO NPHGJIHXKEHHS TeM 6odibllie, yeM Gosblie
CKOPOCTb TPeHAa.

4.4. VlanoxceHHbI#i a/IrOpUTM BKJIIOYAET B ce6sl Onepaly, MHHHMH3HPYIOLLKe MOrpeLHOCTb BOCPOH3Be-
AeHust HabmonaeMqro nosesnielus JIC KOHKpeTHO!H AMHaMHYECKO# MOZieNIbIo. 3aia4a NOCTPOSHHS MOJIEJH M0
BPEMEHHOMY pAifly ABAsieTC OGPaTHOM H B CHJIy 3TOTO IOMYCKAeT MHOXeCTBO pelleHHH. Bbi6op KOHKpeTHOH
MOJEJIH I0JKEH ONpeNeNsThCA LeJbIo MOAeAHPOBaHHUs. EcTecTBeHHBIM KpHTEpHEM 0TOOPa NPH MOCTPOEHHH
MPOrHOCTHYECKHX MoJeJieil ABJISieTCs KauecTBO MPOrHo3a, OLEHHBaeMoe, HanpHMep, Mo cTeneHH GJAM30CTH
K eIHHIIE MaKCHMAJIbHBIX HHTErpa/bHBIX BEPOATHOCTE! NpeicKasbiBaeMbix GHbypKauui. Hawm yucien-
Hbl€ 9KCMIEPHMEHTBI MOKa3aJlH, 4TO A5 KaXKAO0ro BHaa MoaesH (2) (noaHHOM, APOGHO-TNONHHOMHANbHAsA HIH
9KCIMOHEHLHAJIbHO-NTOJIHHOMHAJIbHAS 3aBHCHMOCTH H T. [i.) CyLLECTBYET ONTHMAJIbHOE C TOUKH 3PEHHS Kaue-
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CTBa MPOrHO3a YHCJIO NapaMeTPOB MPOTHOCTHYECKOH MoZieH. 3iech HMeeTCsl B BUAY MOJIHOE YMCJIO napa-
METpOB, paBHOe

M
My = Z(Pi + 1)’
i=1
rae M — uxcio napameTpoB MrHoBeHHO# Moaea (2), I'; — creneHb nosiuHoMa (5), annpoKCHMUPYIOLLETro
TpeHp, ¢-ro napamerpa. OTMeTHM, YTO Ha CETOAHALIHHIA JeHb HaM HeH3BeCTeH OOLLMii peLenT anpHOPHOro
BbIGOpa ONTHMAJIBHOIO BHAA MOZEJH, H TaKOH BbIGOP MPOM3BOAMJICS MyTEM CpaBHEHHS KauecTBa NPOrHo30B
6udypKaLuit, TOCTPOEHHBIX C MOMOLLbIO ONTUMAJILHBIX MOJE/IeH Pa3JIHYHbIX BHIOB.

4.5. JlocTaTo4uHO OUYEBHAHLIM SIBASIETCS Pa3BHTHE aJIFOPHTMA, MO3BOJISIOLLEE MPEONOJIETh YKa3aHHbIE B
pasgesie 4.3 orpaHHueHHsl, HaJlaraeMble KyCOYHO-aBTOHOMHBIM NpHGAHXKeHHeM. [leficTBUTE/bHO, TOCE TOTO,
KaK MOCTPOeHa MFHOBEHHasi MOZIeJIb H BOCCTaHOBJIEHA 3aBHCHMOCTb €€ NapaMeTpoB OT BPeMEHH, MpoLey-
pa OThICKaHHsl ONTHMAJIbHBIX 3HAYeHHH BCeX MapamMeTPoOB MPOrHOCTHUECKOH MOEH MOXKET GbiTh MOBTOPEHa
ye Ge3 pas6uenns HaGmonaemoro BP Ha asroHoMHbIe oTpeskH. [TorpeiuHocTs Bocnpoussenenus Habmona-
emoro nosefieHust JIC no/mKHa MPH 3TOM YMEHBLLUHUTLCS He TOJIbKO BCJAEACTBHE «IVIAJKOH» HEaBTOHOMHOCTH
MOJEJIH, HO U H3-3a 3¢deKTHBHOrO yBesHueHusi npotsxénHocty BP, ucnosnbayeMoro aisi OTbICKaHHS oni-
THMaJIbHBIX 3HauYeHH# nmapamerpoB. MolepHH3HPOBaHHAs BEpPCHS aJirOPHTMa OYZIET H3J10XKeHa B OTAEJIbHOM
nyGJHKaLKH.

Astopnl 6naronaphsl A. B. lanoxosy-IpexoBy 1 M. M. Pa6iHOBHYY 32 N/I0X0TBOPHbIE AUCKYCCHH.
Pa6ota BuinoJsiHena npu noanepxxke POOU (npoekr Ne 99—02—16162) u KomnaekcHoit nporpammst
HayuHbix HccaenoBanuil [Tpesnanyma PAH «HenuneliHas auHamMuKa H COTMTOHBE (poeKT 3.3).
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Hucturyr npuknaaHoit ¢pusnku PAH, . IMTocTynuna B pepakuuio
r. Hwkuuit Hosropon, Poccus 11 anpeas 2001 r.

PROGNOSIS OF QUALITATIVE BEHAVIOUR OF A DYNAMIC SYSTEM BY THE OBSERVED CHAOTIC TIME SERIES

A. M. Feigin, Ya. l. Molkou, D.N. Mukhin, and E. M. Loskutov

An approach to the long-term prognosis of qualitative behavior of a dynamic system (DS) is proposed,
which is based on the nonlinear-dynamical analysis of a weakly nonstationary chaotic time series (TS).
A method for constructing prognostic models using the observed evolution of a single dynamical variable
is described, which employs the proposed approach for prediction of bifurcations of low-dimensional DSs.
The method is applied to analyze the TSs generated by the Rossler system and the system of equations
modeling photochemical processes in the mesosphere. The analysis is performed for a TS calculated in
the case of a slow variation in the control parameter of the system. The duration of the «observed» TS
is limited such that the system demonstrates only one, chaotic, type of behavior without any bifurcations
during the observed TS. The proposed algorithm allows us to predict correctly the bifurcation sequences for
both systems at times much longer than the duration of the observed TS, to point out the expected instants
of specific bifurcation transitions and accuracy of determining these instants, as well as to calculate the
probabilities to observe the predicted regimes of system’s behavior at the time of interest.
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YK 530.182 .
ABTOCOJIMTOHDbI B CHCTEMAX C I'V10BAJIbHOW HEJIMHEHHOCTbIO

I'. 3onnemann?, B. E. Ceménoa?

Paccmartpuaetcs npocTefiiias MaTeMaTHUeCKas MOAEb JIOKANH30BaHHLIX AHCCHNATHBHBIX CTPYKTYP, ONKCLIBA-
eMbIX OIHHM AKH((Y3HOHHBIM ypaBHEHHEM C HCTOYHHKOM, COAEPXKALUMM KaK JIOKaJbHYIO, TaK H [MI0GaJIbHYIO HeJH-
HeAHOCTb, T. €. 3aBHCSILLHM OT HHTErpaaa no BceMy 06bEMY OT HenssecTHO (yHKuuH. Ha ocHoBaHHH KayecTBeHHOro
aHa/n3a AeNaeTcs BbIBOA O BO3MOXKHOCTH CYLLLECTBOBaHHS CTaGH/IbHBIX aBTOCOJIMTOHOB B pacCMaTPHBAEMOM CHCTeMe.
Jlauubiit BUIBOA NMOATBEPXKAAETCA pe3yJibTaTaMH YHCJAEHHOTO MOCNHPOBAHHUS B paMKax TPExmepHoit 3anaud. Onpe-
AeJieHa 3aBHCHMOCTb MOLLLHOCTH aBTOCOJIMTOHA OT NapamerpoB 3afaun. O6Hapy»eHbl MeTacTaGH/bHbie MHOTOCO/IH-
TOHHbIE COCTOSIHHA W HCC/IEN0BaHbI HX cBolicTBa. O6CyXK1aeTCs BO3MOXKHOCTb CTaGHAH3ALUMH TPEXMEPHBLIX aBTOCO-
JIHTOHOB B CHCTeMe 6e3 JIOKaIbHbIX NoTephb.

BBEAEHMUE

B cBo& Bpems H3yueHHe HeJIMHEHHbIX JHCCHMATHBHbIX CHCTEM MPHBEJO K OTKPBITHIO TaKHX MPOLIECCOB,
KaK aBToKoJsieGaHusi [ 1] 1 aBTOBOJIHBI [2], KOTOpLIE B OTJIHYHE OT HEJIMHEAHBIX KoJieGaHK# U BOJIH B KOHCEpBa-
THBHbIX CHCTEMaXx c/1a60 3aBHCAT OT HayaJIbHBIX ycJ0BHil. HenpepbiBHO pacTyluuii HHTEpeC K 3THM SIBJICHHAM
06YyCJIOBJIEH TeM OGCTOATE/IbCTBOM, UTO OHH BCTPEUAIOTCH B CaMbIX Pa3/IHYHBIX 0GJACTAX HAyKH, OT (H3H-
KH U XMMHH JI0 GHoJIorHH H MeauuuHbl [3]. ITo aHanoruu ¢ aBTOKO/NIeGAaHHAMH NOJ aBTOBOJIHAMH MOHHMAJIH
NepBOHAYaJIbHO CaMOMOIePXKHBAIOILIHIACA BOJIHOBOH mpowecc (B BHe GeryLmx HMNyJabCOB HJIH CTYNeHeK) B
HepaBHOBECHOH cpee. 3aTeM 3TO MOHATHE GblJI0 0606LIEHO H Ha CTaLlHOHAPHbIE AUCCHNATHBHBIE CTPYKTYPHI,
M3 KOTOPbIX CO BpeMeHeM GblJIH BbiAe/ieHbl B OTACIbHbIA Kiace (M0 aHaJIoTHH € COJIMTOHAMH ) aBTOCOJIHTO-
Hbl [4], npeacTasasioLIye co60# JIOKaAH30BaHHbIE B MPOCTPAHCTBE CTPYKTYphl. Hallle Bcero aBTOBOJIHOBbIE
NpOLIECCH! aCCOLMHPYIOTCS C MaTeMaTHYeCKUMH MOJIEJISIMH, ONHPAIOLLUMHCS Ha ypaBHeHHs AHGdY3HOHHOTrO
THNA C HeJIMHeHHbIMH HCTOUHHKAMH [2, 3]. B paMKax TakuXx ke Moje/ieil ONMCHIBAIOTCS H aBTOCOJIHTOHBI [4].
OunHako B nocJsieHee BpeMst BCE GOJIbLUMI HHTEPEC BbI3bIBAIOT CHCTEMBI C TaK Ha3biBaeMo#t r106aabHOM (MK
HHTErpaJibHO# ) HeJIHHeHHOCTBIO [2, 3, 5—8], B KOTOPBIX HCTOYHHKH BKJIIOYAIOT B Ce6si 3aBHCHMOCTD OT HHTE-
rpajibHbIX XapaKTePHCTHK HEH3BECTHBIX MPOCTPAHCTBEHHbIX pacnpeiesieHHi NapaMeTpoB, T. €. OT HHTerpa-
JIOB 110 BCEMY MPOCTPAHCTBY OT HCKOMBIX (pyHKuMi. HennHeiHOCTH TaKoro THNa OMHCHIBAIOT, B YaCTHOCTH,
HCTOLLIEHHE PeCcypCOB HCTOYHHKA, 06YCJIOBJIEHHOE KOJIEKTHBHBIMH 3¢dekTamu. Kak 6b110 noKasaHo B OfHOM
3 NoCJIeiHUX pa6or [8], B oTyiHuHe OT cJyyast JIOKaJibHOH HeIMHEHHOCTH HCTOYHHKA, KOT/Ja YCTOAYMBbIE aB-
TOCOJIHTOHBI CYLLIECTBYIOT JIMILb NIPH HCMOJNb30BaHHH MOJEJIeH, COAEPKALLHMX He MeHee ABYX AN dy3HOHHBIX
ypaBHeHHi1 [4], B yc/I0BHAX [VI06a/IbHOM HEJIHHEAHOCTH YCTOAYHBbIE aBTOCOJIMTOHBI PEAIM3YIOTCSl B paMKax
OueHb MPOCTBIX MAaTEMaTHUECKUX MoJieJiefl, OMHCBIBaeMBIX TOJIBKO OJIHHM ypaBHeHHeM AHtdy3HoHHOro THNA.
AHanu3 oiHO# M3 TaKHX MojeJieil H pe3yJ/IbTaThl COOTBETCTBYIOLIMX YHCJIEHHBIX HCCJIE0BaHHi U NPeACTaB-
JieHb! B HacTosLue# pa6Gore.

1. OBLLMI AHAJIN3 BA30BO# MATEMATHYECKOI MOJEJIH
HcxoaHbiM ypaBHEHHEM pacCMaTpHBaeMo# Hixke 6a30BOfi MaTeMaTHYECKO#H MOJeJH ABJIseTcsa napao-

JIH4YECKOE YpaBHEHHE C HeJIMHEAHBIM HCTOUHHKOM:

%t'i = DV2%u+ A(J)f(u) — vu, (1)
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rie Heu3BecTHast PYHKUMS KOOPAHHAT U BpeMeHH u(Z, y, 2,1), XapaKTepH3yIolLasi HCKOMOe pacnpejeeHHe
NJIOTHOCTH HEKOTOPOro MapaMeTpa B MPOCTPAHCTBE, NpeArnoJiaraeTcsi HeOTPHILATENIbHO Onpeaen&HHOM (u >
2> 0) u uHTerpupyeMoii, GyHKuMs f(u), ONHCHIBAIOLILAs JIOKAJIbHYIO HeJIHHEHHOCTb HCTOYHHKA, MpeAnoara-
€TCsi MOHOTOHHO BO3pacTalollei H o6paluaiouieiicsi B Hyab NpH u = 0, KoadduuueHT auddysun D u a¢-
(beKTHBHAs YaCTOTa NOTEPb ¥ MOJArAlOTCA MNOCTOSAHHBIMH, 8 HHTEHCHBHOCTb HCTOYHHKA A MOHOTOHHO YObi-
BaeT C POCTOM [OJIHOM MOILHOCTH napameTpa, T. e. uuterpana J = [wudxzdydz no BceMy npocTpaHcTsy.
HenokanbHas HeJIMHEHOCTb TaKOro THNA OMUCHIBAeT, HalpUMeP, HHTEHCHBHOCTD 3J1EKTPOMArHHTHOTO NOJIs
B 06'b&Me BbICOKOZI0GPOTHOrO pe30HaTOpa, 3aMoJIHeHHOr0 HEOAHOPOHO! paspexceHHOoi nya3moit. CooTser-
CTBEHHO, ypaBHeHHe (1) MoxeT GbiTb HCMO0Jb30BaHO V15l ONHCAHHSA MPOLIECCA KOHTPAKLIMH HEPaBHOBECHOIO
MHKPOBOJIHOBOIO pa3psiia B KBa3HONTHYECKOM pe3oHaTope [8, 9].

Huxe ocHoBHOe BHHMaHHe GyZieT yeJleHO YaCTHOMY CJIy4alo JIOKaJIbHO#H HEJIHHEAHOCTH C HaChILLEHHEM:
f(u) = u*/(1 + u®), roe NOCTOAHHDIA NMOKa3aTeNb & > 1, HO OCHOBHbIE Pe3yJbTaThl, 10 BCEH BHAHMO-
CTH, MOTYT GbiTb 0GOGILEHbI HAa AOCTAaTOYHO LUHPOKHUI Kaace dyHKUHi f(u), KOTOpble NMPH ONpeAeNEHHbIX
(HKCHPOBaHHLIX 3HauUeHUAX A 06eCreunBaloT CylLeCTBOBaHHe y ypaBHeHus (1) B oqHOMepHOM cliyyae Jio-
KaJIH30BaHHOTO B MPOCTPAHCTBE CTALMOHAPHOTO PELEHHs! THIMA COJIHTOHA C MOJIOXKHTEJIbHO ONpPEeeNEHHOM
NJIOTHOCTHIO U.

Ipu ¢HuKCHPOBAHHOM 3HAaUEHWH MHTEHCHBHOCTH A aHa/i3 MPOCTPAHCTBEHHO OAHOPOIHBIX PELICHHH
ypaBHenus ( 1) npeacraeasier co6o#i TpuBHaJbHYIO 3afauy. Ero pesysbtaThl il paccMaTpHBaeMoil HelHHel -
HocTH f(u) = u®/(1 + u®) MOXXHO copMyIHPOBaTD CJeayioLMM 06pa3oM. B 3aBHCHMOCTH OT OTHOLLIEHHS
p = A/v umeercs omun (pH p < py(a) = (e — 1)~1+1/®) yny pu (npu g > p1(r)) KOpHS ypaBHeHHst
Af(u) — vu = 0, U3 KOTOpPbIX MHHHMAJIbHBIH 4 = 0 H MAKCHMAJIbHBIH U = Uy OTBEYAIOT ACHMNTOTHYECKH
YCTOHYHBbIM CTAaLHOHAPHBIM PEeLLEHHSM.

B o61wueM cayuae HHTErpHpyeMoro NpoCTPAHCTBEHHOIO pacrpeeieHHs ¥ MOLUHBLIM HHCTPYMEHTOM aHa-
JIH3a pelueHus ypasHenus (1) npu pukcHpoBaHHO! HHTEHCHBHOCTH A siBisieTcs: hyHKuUHOHaN JIsanyHoBa

2 2
Glu] =/{9—(-Vé-“)——,4p(u)+1“§-} dz dydz, (@)
e F(u) = [ f(u')du'. BapuaunonHasi npou3soanas JaHHOrO (yHKUHMOHANA, KaK HETPYAHO YGeuTbCH,
o6pallaeTcsi B HyJlb Ha CTaLHOHAPHBIX pelieHusix ypaBHeHus (1). B To xxe Bpemsi G[u] ABsieTcs HeBO3pa-

cTaioulel pyHKLHel BpeMeHH: R
dGlu] _ _ / (@) <
5+ = o) dwdydz<0. 3

[ToaToMy cTaupoHapHble peLieHusl, o6ecneunBaroLe MUHUMYM Gu], IBJSIOTCS aCHMNTOTHYECKH YCTORYM-
BbiMH. AHanu3 dyHKuKMOHaMa JIsinyHoBa NMO3BOJISET, B YACTHOCTH, CAeJIaTh BbIBOJ O TOM, UTO HMEETCs eLlé
OJIHO XapaKTepHOe 3HAUeHHe NapaMeTpa i = c(Q) > w1, NPH KOTOPOM uF (um) = uZ,/2. Ecin p < i,
T0 yHKLMOHAN JIANYHOBa Ha KJacce HHTErpHpYeMbIX (pYHKLHIA OrpaHHueH CHH3Y, JOCTHIrasi MHHHMaJIbHOrO
3HaYeHHUsl Ha TPUBHAJBHOM pelLleHHH u = 0, K KOTOPOMY H CTPEMHTCS C TeUeHHEM BPEMEHH Jil060e HHTe-
rpHpyeMoe HauajbHOe pacrpenesienue u(z,y, z). Eci xe p > pe, 10 pF(um) > u2 /2, u dyHKuHOHAN
JlanyHoBa cHH3y He orpanuyeH. B pesyisibraTe y pelleHusi HauabHOMH 3ajiauy C HHTETPHPYEMBIM Haua/IbHbIM
pacnpeziesieHHeM u(z, y, z) NOABJSETCS €LE OfHA BO3MOXKHOCTb — NPHO/HKEHHE C TEUEHHEM BPEMEHH K
HEeTPHBHALHOMY YCTOHUHBOMY NPOCTPAHCTBEHHO OJIHOPOJIHOMY COCTOSHHUIO C U = Up.!

BrinosniHeHHblil paHee aHasiu3 ogHOMepHOro aHasora 3ajaum (1) ¢ A = const [2, 3] nokasbiBaer, yto npu
g > p1(c) THNHYHBIMH YCTOMUMBLIMH PELLEHHAMHU ABSIOTCS CTaLHOHApHBIe aBTOBOMHLl u = U(z — Vi) B
BHJle nepenaza, Geryiiye ¢ MOCTOSAHHO CKOpOCTbio V. 3HaueHHst u 10 pa3Hble CTOPOHBI OT Geryliero ppoHTa

! Kak uasectHo, B cayyae A = const BO3MOXHbIE COJHTOHOMOAOGHbIE pelueHHsi ypaBHeHHA (1) ABAAIOTCA HeYCTOAYNBDLI-
mu[10, 11].
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nepenasa COBNajaloT ¢ YCTOHYHBbIMH CTaLHOHAPHBIMH TPOCTPAHCTBEHHO OAHOPOAHBIMH COCTOSIHUAIMH u = 0
H 4 = up, WHPHHA poHTa onpenensietcs AHdpdy3HOHHOM IuHOH Ly = /D /v, a ero ckopocTb V 3aBHCHT
OT HHTEHCHBHOCTH A H JIOKaJIbHO! HeJIMHeHOCTH HeTouHHKa f(u). Ecam p < e, TO cTaumoHapHas aBTo-
BOJIHA OMHCHIBaeT paciuupeHue obsact ¢ u = 0. B 3ToM ciyyae penakcaums LHPOKOro (MO CpaBHEHHIO
¢ Lq) cnosi ¢ u X up, Ha Ha4aJIbHOM 3Tane 06yCJIOBJIeHa YMEHbLUEHHEM €ro TOJILIHHLI 6e3 3aMEeTHOTO H3Me-
HEHHs MaKCHMAJIbHOTO 3HAY€HHS U, YTO MOXKET ObITb MPHOJHKEHHO OMHCAHO MOCPEACTBOM JABYX BCTPEUHBIX
anToBOJIH. B mpoTHBONoONIOKHOM cJyyae (4 > pc) CTaLUMOHapHasi aBTOBOJIHA OTBeYaeT pacluHpeHHIo o6a-
CTH C ¥ = Um. COOTBETCTBEHHO, JBe pa36eraioLuyecs: aBTOBOJIHbI GyAYT ONMHCHIBAaTh pacLIHpPeHHe LIHPOKOro
CJI0,l C U N Uy, @ PENAKCHPYIOUIMM OyIeT JHILb HayaJibHbIA MUK ¥ C HEAOCTAaTOYHO GOJIbLLOH LUHPHHON HIH
BbicoTOM. CTalHOHAPHBIH COTHTOH, KOTOPBIi CYLLECTBYET B JaHHOM CJlyuae, fiBJIsSieTCsl, KaK y2Ke 0TMeyaJioch,
HeyCTO/uMBBIM 06Pa30BaHKeM U MIPEACTaBJsieT COGO/ CBOE0GPa3HyIO FPaHHLY MEXAY HeOrpaHHYeHHO pac-
LUHPSAIOLMMCS H PeJIaKCHPYIOLLMM CJIOAMH. JIpyruMH cJioBaMH, CJIOH C MJIOTHOCTBIO U = Uy H TOJLLHHOHN,
MpeBbILLIAIOILEH WHPHHY COJNHTOHA, GyAeT HeorpaHHYEHHO PaCLUHPATLCS, a CJIOH C TaKoil e MJIOTHOCTBIO H
TOJILIMHOM MeHbLl€ IWHPHHbI COJIHTOHA OY/eT pelakCHpOBaTh K TPHBHAJIbHOMY OJHOPOAHOMY pacnpesee-
uuio u = 0. CJielyeT OTMETHTD, YTO C yMeHbILEHHEM NapaMeTpa /i LHPHHA OJHOMEPHOIO COJIHTOHAa MOHO-
TOHHO BO3PaCTaeT H CTPEMHTCH K 6ECKOHEUHOCTH MPU s — pc. COOTBETCTBEHHO, NPH f4 = Y NOABASETCSH
CTalMOHapHOe pellieHHe THMAa Nepenazja, OTBeyalolliee aBTOBOJIHE C HyJIEBOH CKOPOCTBIO.

[Tonxas MOLHOCTD CTALIMOHAPHOTO COJIMTOHA Jg =
= Lqp(p) (3nech pyHkuus ¢(p) onpenensiercs Buaom  J|
JIOKaJIbHOM HesiuHeliHoCTH f(u)) OKa3biBaeTcsl TakKe
MOHOTOHHO yObiBaloLell (pyHKLHel napamerpa p (npH
¢ukcupoBanHoil auddysHonHo# aaune Ly ). Heycroii-
YHBOCTD K€ COJIMTOHA NO3BOJISIET C ONpeAeNEHHON cTe-
NeHbIO IOCTOBEPHOCTH YTBEPXKAATh, UTO V1S KBAa3HCO- -
JIHTOHHBIX pacrpefieJieHHH MJIOTHOCTH u MOLUHOCTDb J
HeOrpaHHYeHHO BO3PacCTaerT ¢ TEUYEHHEM BpeMeHH, ec-
au J > J,, 4 yObiBaeT 10 HyJsi B MPOTHBOMOJOXHOM
cJayuae.

Pe3synbraThl JaHHOTO KaueCTBEHHOTO aHaJ/H3a Ofi- - 3 o
HOMEpHO# 3aJjauH JAl0T OCHOBAHHS Mperioararhb, YTo 2 —_—
NpH KOHTPOJIHPYEMOM H3MEHEHHH HHTEHCHBHOCTH HC- Vike A, A
TOYHHKA A C TeUeHHEM BPeMeHH BO3MOXKHA, B PHHLM-
ne, crabuan3sauus conuroHa. Heo6xoaumoe anist sToro

Puc. 1. Ipaduueckuit aHa/iH3 BOSMOXKHBIX Mapamer-
POB aBTOCOJIHTOHA. YCTOAUHBOMY aBTOCOJIHTO-

ynpasJieHHe JOJKHO 06ecrneyHBaTb yMeHbIlIeHHe HH- HY COOTBETCTBYeT TouKa O NepeceuenHs KpH-
TEHCHBHOCTH HCTOYHHKA MPH paCILUHPEHHH CJIoA C Boix / u 3. Kpuaag 3 oTpakaer o6yc;|oB-
MOBbIILIEHHOM TIOTHOCTBIO 4 H yBeJiHUeHHe A B mpo- JIEHHYIO TVI06aJIbHOH HEJIHHEHHOCTBIO 3aBUCH-
THUBOIIOJIO2KHOM c.nyqae. ﬂaHHbIFl l'lpHHLlHl'l yl‘lpaBJ'[eHH;l MOCTb HHTEHCHBHOCTH HCTOYHHKA OT MOJIHOM
MoxKeT GbITb peajiu30BaH B aBTOMaTHYECKOM pexKHMe, MowHocTH J napamerpa u. [Tapamerp Ag xa-

PaKTepH3yeT HEBO3MYLUEHHYIO HHTEHCHBHOCTb
HCTOYHHKa, cooTBercTByMoyio J = 0. B cay-
yae HeJIMHeRHOCTH (4) Ag = 1

€CJIH MHTEHCHBHOCTb A SIBJISETCS MOHOTOHHO YObl-
Barolue#t GpyHKuuedt nmosHo# MowHocTd J. UMeHHo Ta-
KO} peXXHM peasiu3yeTcsi B Mpoliecce KOHTPaKUHH Kak
Tieioutero [ 12], Tak u MukpoBosHoBoro [9, 13—15] pas-
PAIOB, I/ie yBeJIHUEHHE NMOJIHOTO YHCJIa 3/IEKTPOHOB MPHBOAHT K CHHXKEHHIO HanpsKEHHOCTH 3JIEKTpHYeC-
KOTO N0J151 B CHCTeMe H SKCMepPHMEHTaJIbHO HabJII0aloTCs JIOKaJH30BaHHbIE COIMTOHOMOAOGHBIE CTPYKTYPHI.

HamocTpauus Heo6XoAUMOI 1151 CTaGUIM3aLHK COJIMTOHA [06asbHON HesmHelHocTH A(J) npHBeneHa
Ha puc. | (kpuBast 3). KpuBhie / u 2 n306pakaioT 37ieCb 3aBHCHMOCTb MOLLHOCTH CTALHOHAPHOTO COJIHTOHA
OT HHTEHCHBHOCTH HcTouHHKa J = J5(A, D,v) = +/D/v p(A/v) nns 1ByX pasnuuHbiX 3HaueHH# KO3(DH-
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uueHTa mHhdysun (D; < D2). BoamMoxHbIM NapaMeTpam aBTOCOIHTOHA MPH pacCMaTpHBaeMoi [N106abHOM
HEJIMHEHHOCTH oTBeyaloT ToukH O, Oz nepeceyeHus: KpuBoi 3 ¢ KpUBbIMH | Wi 2. 3aMeTHM, YTO Takue
TOUKH CYLLECTBYIOT TOJIbKO IPH JOCTAaTOYHO MaJibiX 3HaYeHHAX KoapdruuenTa audpdysun D u 3ddekTHBHOH
yacToTbl notepb . Kak yxe orMmeuasioch Bbilue, npH (PHKCHPOBaHHOM HHTEHCHBHOCTH HCTOYHHKA A MOJHas
MOLLHOCTb J KBa3HCOJIMTOHHOIO MHKa NMapaMeTpa u HMeeT TEHJEHLHIO K BO3PaCTaHHIO, eciH J > J;, HiH
yGbiBauHio, eciid J < Js. [Tostomy Touka O;, oTBeualoLasi aBTOCOJIHTOHY C GOJIbIIHM 3HaU€HHeM HHTerpa-
N1a J, MOXeT COOTBETCTBOBaTb YCTOHYHBOMY COCTOSIHHIO, 8 TO4Ka Oz COOTBETCTBYET HEYCTOAYHBOMY COCTO-
sfinuIo. JlaHHbie KauecTBeHHbIe BbIBOJIbI Obl/IH BliepBbie MOATBEPKAEHE! B paGoTe [8), rae Metonamu unceH-
HOro MOJEIHPOBAHHSA HCCJIE0BaJI0Ch (POPMHPOBaHHE aBTOCOJIHTOHA NPH CTENEHHOM XapaKTepe ro6aJibHOM
HEJIHHEAHOCTH:

AJ)=@1+J)P (4)

2. PE3YJIbTATbI YACJIEHHOI O MOAEJIHPOBAHHSA

Uucnentoe petuenne ypaBHenus (1) ¢ JokanbHo# HenuneiHoctbio f(u) = u®/(1 + u®) ¥ Mio6anb-
HO#t HeIHHeHHOCTbIO (4) GbIJIO MPOBEIEHO B LUHPOKOM AHANa3oHe OCHOBHBLIX MapaMeTpoB cHcTembl D, v, B
H a. B cooTBercTBHH ¢ BbIBOZAMH KaueCTBEHHOrO aHa/H3a Gbljo 0GHApYXKeHO, YTo NpH a > 1 cyILecTByioT
YCTOHUHBBIE aBTOCOJIHTOHDI, €CJIH OCTaJIbHblE TapaMeTphbl OrpaHHYEHE! CBEPXY ONpeAeEHHBIMH NOPOrOBHIMH
3HaYeHHSIMH. ABTOCOJIHTOHBI XapaKTepH3YIOTCs ChepHYeCKH-CHMMETPHYHBIM pacrpe/ie/ieHHeM MJIOTHOCTH U
B MPOCTPaHCTBEe H GOPMHPYIOTCS H3 BCeX HayasbHbIX pacrpeielieHui ¢ JOCTaTOYHO GOJIbLIHMH IJIOTHOCTBIO
U H MOLIHOCTDbIO J.

MakcHmanbHOe 3HaueHHe MJIOTHOCTH B aBTOCOJIHTOHE ONPEAENsieTCs B OCHOBHOM JIOKaJbHO!H HeJIHHeH-
HOCTbIO H NPH (PHKCHPOBAHHOM 3HaYeHHH o C/1a60 3aBUCHT OT apametpoB D, v, B, KOTopbie, OZHAKO, CyLlle-
CTBEHHO BJIHSIIOT Ha LUHPHHY aBTOCOJIHTOHA H, CJIEIOBATENIbHO, Ha €ro MOJIHYI0 MOLIHOCTb J. B To4HOM cooT-
BETCTBHH C pe3yJIbTaTaMH KaueCTBEHHOro aHajiH3a (CM. puc. | ) MOLIHOCTb aBTOCOJIMTOHA MOHOTOHHO BO3pa-
CTaer ¢ yaaneHueM napamerpoB D, v, B oT CBOHX NoporoBbix 3HaueHu#. I1InpuHa aBTocoNHTOHA NPH STOM
YBEJIMUMBAETCS TaK, YTO €ro BepiuHHa ynJoiaercs (puc. 2). Ecau xe napamerpsi D, v, B npHGIHXKAOTCA K
CBOHM MOPOroBbIM 3HAYEHHSIM, TO MOLLHOCTb aBTOCOJIHTOHA YMEHbLLIAETCS, a LIHPHHA ero NpHOIHKaercs K
Aucy3HoHHo# aiuHe Ly, T. €. MUK MJIOTHOCTH B HEM CTAHOBUTCS HMOJIbYaTHIM (PHC. 3).

XapakrepHbifi MaciuTa6 NOrpaHHYHOrO CJI0s1 (B KOTOPOM IUIOTHOCTD U MaJiaeT OT CBOEro MaKCHMAJIbHOTO
3HAYEHHS U R Uy 10 HYJIf) LUHPOKOTO aBTOCOJIHTOHA MaJl N0 CPaBHEHHIO C PaiHyCOM KPHBH3HbI 3TOrO CJIOf,
COBMaAaLLKM C paarycoM R conntoHa. [To3ToMy CTpyKTypa morpaHH4YHOrO CJI0st MOXKET GbITb paCCMOTPeHa
B PaMKax OJIHOMEPHOH MOZEJIH, Iie 3TOMY CJIOI0 COOTBETCTBYET HEMoABHXKHAsi aBTOBOJIHA THIA Nepenaja.
Cllefl0BaTe/IbHO, LIMPOKOMY aBTOCOJIHTOHY OTBeYaeT HHTEHCHBHOCTb HeTouHHKa A = (1 + J)~# m vpe, T. €.
C yAaJleHHeM OT NOPOroBLIX 3HaueHHi1 napameTpoB D, v,  MOUIHOCTb aBTOCO/IHTOHA NPHGIHKAETCA K

Joo = ()~ VP - 1. (5)

Hcnonb3ys MeToabl KaueCTBEHHOTO aHa/Iu3a M Pe3yJIbTaTbl YHCJIEHHOr0 MOAEJIHPOBaHHKA, /15 LIHPOKOTO aB-
TOCOJINTOHA MOXKHO ONpeeJIHTb H nonpaskH K (5). IleficTBUTe/IbHO, H3 ypaBHeHHs (1) cieyer, uTo A Jio-
Goil 3ajiaHHO! JIOKAIbHOM HeIMHEAHOCTH f(u) 3aBHCHMOCTb MOLLHOCTH aBTOCOJIHTOHA OT NMapaMeTpoB CH-
CTeMbI MOXKET GbITh MPEACTaBJieHa B BUE '

Jo(A,D,v) = (D/v)* /2 y(Afv), (6)

rae BUA QyHKIMH (V) 3aBHCHT OT JIOKAJLHOH HEJIHHEAHOCTH, T. €. OT MOKasaTelisi a B PacCCMaTPHBAEMOM
cayuae f(u) = u*/(1+ u®). PeayabraThl YHC/IEHHOrO MOJENMPOBaHHS MOKA3BIBAIOT, YTO B MpeAe/]bHOM
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U] U1

2,01

Puc. 2. IlInpokuii aBTOCOJHTOH C NJIOCKOH BepLiH- Puc. 3. Urosibuatas cTpykTypa aBTOCOJIMTOHA (pac-
Hofl (pacrpefie/ieHHe TUIOTHOCTH u B IWIOC- npeaesieHHe MJOTHOCTH U B MJIOCKOCTH CHM-
KOCTH CUMMETPHH aBTOCO/IMTOHA). Pe3ysbra- METPHH aBTOCOJIHTOHA) NMPH OKOJIOMOPOrOBbIX
Thl YHCJIEHHOrO MOJIE/IMPOBAHHS MPH CJledyio- 3HaueHUsIX napaMeTpoB 3afiauu (a = 5; f =
IMX 3HAYEHHSIX OCHOBHBIX NTapaMeTpoB 3afia- =0,7,D =0,01;» = 0,01)

yn:a =5;8=04; D =0,01;,» = 0,01
cJiyyae LIHPOKOTro aBTOCOJIHTOHA, KOraa A/v — e < e, GyHKUHS 9(A/V) HMeeT CTeNeHHyI0 aCHMNTOTHKY:
Y(A/v) = a® (Afv — pc) 3, (7)

rie MOCTOSIHHBIE @ H § 3aBHCAT OT NoKa3atens a. Paspewasi ypaBHeHHs (4)—(6) oTHOCHTENBHO J, MOXKHO
HaHTH, YTO MOLLHOCTD LLIHPOKOTO aBTOCOJIMTOHA PaBHa

_ -1/8 L é
T (ve)~ Ve — 1 - Bu(:[l(tlc)-l/(:—di]“/?" @)

Heo6xoauMbIMH YCJIOBHSIMH KOPPEKTHOCTH 3TOTO NpPHGJIHXKEHHS SBJSIOTCH MOJIOXKHTEILHOCTb NPaBoH
yacTH (8) ¥ MasloCTh NocJIeiHero uieHa B MPaBoi YacTH Mo cpaBHeHHIO ¢ nepBbIM. [Ipu a = 5 pesynbTa-
Thbl YHCJICHHOTO MOJIJIHPOBAHHS MOKA3bIBAIOT, YTO BEJIHYHHA & C GOJIbLLOH CTENeHbI0 TOYHOCTH paBHa 2, H,
CJIe[I0BaTeJIbHO, MOILHOCTb LIHPOKOTO aBTOCOJIUTOHA JIMHEHHO 3aBHCHT OT Koa(dHLHeHTa Auddy3uu:

(vuc)"'/P oD
B (o) 7P — TP

re NOCTOSIHHbIE @ H [ HE 3aBHCAT OT NapameTpoB 3afaud D, v 1 B (B 4aCTHOCTH, P o = 5 UMeeM a = 5,7,
Be = 2,1).

Baaronaps riio6abHo# HeJIHHERHOCTH B pacCMaTpPHBaeMOil CHCTEME OKa3biBaeTCsl BO3MOXHBIM 3(hex-
THBHOE B3aHMOJEACTBHE JaXKe YAaJEHHBIX APYT OT Apyra COJMHTOHONOAOGHLIX 0Gpa3oBaHHit. Kak yxe oTMe-
4aJIoCh B PaMKax KaueCTBEHHOro aHaJH3a OXHOMEPHOH 3aaul, KaXJ10My (PHKCHPOBAHHOMY 3HAYEHHIO MH-
TEHCHBHOCTH HCTOUHHKA A > v COOTBETCTBYET HEYCTOMUHBBIf CTALMOHAPHBIA COJIMTOH, MOLUHOCTb KO-
Toporo Js; = Lgw(A/v) MoHOTOHHO y6uiBaeT ¢ poctoM A. CoJsuToHONON0GHOE 0Gpa3oBaHue C U & U
pacLIHpsieTcsl C TeYeHHEM BPEMEHH, €CJIH €ro MOLLHOCTD NpeBbiilaeT Jg, H peJIakCHpPYeT B IPOTHBOTION0XKHOM
cayuae. [Tostomy B paccmMaTpiBaeMoii cHeTeMe C [V106a/IbHO# HeJIHHEHHOCTDIO CJIe/lyeT 0XKHaTh, YTO COCTO-
fIHHE C HECKOJIbKHMH YA aJIEHHbIMH APYT OT Apyra COJIHTOHaMU HeyCTOH4HBO. TOT H3 HHX, KOTODPLIH BCJIEACTBHE
dayKkTyauuit npuoGpeTET GObLLYI0 MOLIHOCTD, 6YeT paclIHpATbCS, 06ecreYnBast CHHXKeHHE HHTEHCHBHOC-

J = (vpe) VB -1 - (9)
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Puc. 4. MeracrabuiibHas ABYXCOJIMTOHHAs CTPYKTYpa Puc. 5. Meracrabu/ibHasi MHOMOCOJIHTOHHAs CTpYK-
(x=5;8=0,5,D=0,01;»=0,01) Typa (napametpsl a, 8, D, u v Te Xe, 4TO H
Ha puc. 4

TH HCTOYHHKA A, YTO NOBJIEYET 3a COGOil peslakCcaLHio BCEX OCTaJIbHBIX COJMHTOHOB. OUeBHIIHO, YTO CKOPOCTb
Pa3BHTHA JaHHOTO NpoLIeCcCa He 3aBHCHT OT PaCCTOSIHHA MEXKY COJIHTOHAMH.

[TpoBenéntble unceHHbIe HCCJIEAOBAHUSA NMOKA3aJH, YTO OMHCAHHAsl Bbillle KOHKYPEHLHSI COJIHTOHOB,
NPHBOJALLAA K «BbDKHBAHHIO» CAMOr0 MOLLIHOTO, I0CTATOYHO THIHYHA H B TpéxMepHo# 3aaave. OnHako ans
He OYeHb LIHPOKHX H He OYeHb YAaJEHHbLIX APYr OT APyra COJIMTOHOB Gbljia 3apHUKCHPOBAHA BO3MOXKHOCTb
(opMHpOBaHHS METaCTaGHJbHBIX MHOTOCOJIMTOHHBIX COCTOSIHHI (CM. PHC. 4, 5). Bce CONMTOHBI B TaKHX CO-
CTOSIHHAX 06J1aflal0T NPHMEPHO OJMHAKOBOH MOLLHOCTbIO. MIX cyMMapHasi MOLIHOCTb OKa3blBAa€eTCsl MeHbLLe
MOLLHOCTH OHOCOJIMTOHHOIO COCTOSIHHSA, POPMHPYIOLLEroCs B CHCTEMe MpH TeX XKe napameTpax (cM. puc. 6),
T. K. HHTEHCHBHOCTb HCTOYHHKA A, Heo6XoauMas JJisi MOAAEPAKAHUS KaXOro H3 COJIMTOHOB B OTAEJIbHO-
CTH, BO3pacTaeT C yMeHbLLUEHHEM €r0 MOLLHOCTH. JIHHaMKKa MeTaCTaGHIbHbIX MHOTOCOJIHTOHHBIX COCTOSIHHMA
XapakTtepH3yeTcsl C/IaGbiM MPHTAXKEHHEM COCEIHHX COJIMTOHOB, MPUBOASLLMM B KOHEUHOM HTOre K MX CJIHsI-
HHIO (pHc. 7). 3anac yCTOHYHBOCTH Y MHOTOCOJIHTOHHBIX COCTOSIHHI HEBEJIHK, NO3TOMY NocJie CJHSAHUS OfL-
HOMH H3 Nap HCXOMHBIX COJIHTOHOB, IPHBOAALLETO K HOPMHPOBAHHIO OJHOTO COJIMTOHA C MIPHMEPHO YABOEHHOH
MOLLHOCTbIO, HAYHHAETCS OMHCAHHDIN BbiLLE POLLECC PACILHPEHHS STOrO COJIMTOHA 3a CYET peslakcallMi BCexX
OCTaJIbHBIX.

3. ABTOCOJIHTOHDbI B CHCTEMAX BE3 JIOKAJIbHbIX MOTEPDb

B pamkax paccMOTpeHHOIT MOZIeJIH JIOKAJIbHO#M HeJIHHEHHOCTH HET MPHHLUMITHAJBHBIX OTIHYHIA TPEXMEp-
HBIX CHCTEM OT CHCTEM C MeHbliell pa3MepHOCTbIO (JBYMEPHBIX HJH OAHOMepHBIX). CTalOHapHble JOKaJIH-
30BaHHbIE peLleHHs CYLLEeCTBYIOT B MPOCTAHCTBE C JI060# pasmMepHocTbio. [TosToMy cliefyer 0XKHAATb, YTO
npenjioxeHHas rno6ajbHasi HeJIHHEAHOCTD M03BOJISIET CTAGHJIH3HPOBATh He TOJIbKO HCCJEAOBaHHbIH TPEX-
MepHBIil aBTOCOJIMTOH, HO H IByMepHbIii H OJHOMEPHbIil aBTOCOJHTOHBI. CJielyeT OTMETHTb, OIHAKO, YTO MPH
OTCYTCTBHH JIOKAJIbHBIX NMOTEPb (v = () NOABJISETCS KaYeCTBEHHOE pa3JjIHUHEe MEXK/ly CHCTeMaMH B TPOCTPaH-
CTBaX pa3jIHuHON pa3MepHOCTH. B 3TOM cayuae cTaLHOHapHbIE JIOKAIH30BaHHbIE CTPYKTYPhl B OXHOMEPHOH
W IByMEpHO# CHCTeMaXx HeBO3MOXHEL 2 B TPEXMEPHOM e CJiyyae TaKHe CTPYKTYpbl PH HEKOTOPLIX BHAAX
JIOKaJIbHOH HEJIMHEAHOCTH BO3MOXKHbI, XOTSl H HEyCTOHYHBbI. B yacTHOCTH, A/Isi CTENEHHOH HEJIHHEHAHOCTH

% B HeorpaHHueHHOM 0GJaCTH ABYMEPHONO HAIH OHOMEPHOTO NPOCTPAHCTBA BOOGILE HE CYLIECTBYET CTALHOHAPHOTO pellieHHst
JIMHEAHOrO ypaBHeHHs AN dY3NH C 3alaHHBIM NOJIOXHTENbHBIM HCTOUHHKOM.
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Puc. 6. 3aBHCHMOCTb MOLHOCTH OT/AEJIHOTO aBTOCO- Puc.7. Jlunun ypoBHSI MJIOTHOCTH % HA TJIOCKOCTH
JuToHa (KpuBasi /) H CyMMapHOiM MOILHOCTH (z,t), rae * — KoopaMHaTa BHOJb JIHHHH,
BCEX aBTOCOJIMTOHOB (KpHBas 2) ot uncia N NpoXoAsilell yepe3 LEHTPHl [BYX COJHTOHOB,
aBTOCOJIATOHOB B METACTaGHJIbHBLIX MHOTOCO- JNEMOHCTPHPYIOLUHE MPOLECC CJHAHHA HBYX
JIMTOHHBIX COCTOSIHHAX (napametpl a, 3, D u GJIH3KHX aBTOCOJIMTOHOB (Mapamerphl a, 8, D
V Te Xe, YTO U Ha pHc.4). 3Hauenne J mpH H V Te XKe, UTO 1 Ha pHC. 4)
N = 1 cooTBeTCTBYeT MOLIHOCTH OXHOCOJIH-
TOHHOTO COCTOSIHHS

f(u) = u® Nokanu30BaHHbIE CTaLHOHAPHbIE pellieHus ypaBHeHHs (1) npu dukcupoBaHoM A 1 v = 0 cyuie-
CTBYIOT, €c/iH @ > 5 [16]. Bonpoc 0 BO3MOXHOCTH CTaGHAN3ALHH TaKHX CTPYKTYP B YCIOBHSX [M06aNbHOM
HeJIHHEeHHOCTH OCTa€TCs MOKa OTKPLIThIM. [T/I0THOCTb © B 3THX CTPYKTYpax y6bIBaeT ¢ pacCTOSIHHEM T OT HX
LeHTPa He ObicTpee, ueM 1/r. TToaTomy ux noaxas MowHocTs J = [ ud3r GeckoHeuHo BesuKa M, Cie0Ba-
TeJIbHO, /1A HX CTAaGHJIM3aLMH He MOXKeT GbiTh HCMOJIb30BAHO YNpaBJ/ieHHe HHTEHCHBHOCTbIO HCTOYHHKA MO
aToii MouHocTH. Ho 1151 ctaGuiin3aumy MOXKHO GblIo Gbl BOCTIO/Ib30BaThCSA APYroi HHTErpasibHOMN XapakTe-
PHCTHKO# CTPYKTYPHI.

Ipu ¢uxcHpoBaHHOM 3HaueHHH A U CTENeHHOH JIOKAJbHON HEJMHEHOCTH XapaKTepPHbIM 3JIEMEHTOM
JAMHAMHKH JIOKaJIH30BaHHbIX CTPYKTYP SIBJISIETCS B3PbiBHAsl HEYCTOHYHBOCTb C 0GOCTPEHHEM IHKA MJIOTHO-
cti [16]. AHasIM3 COOTBETCTBYIOLMX aBTOMOAEJIbHBIX PELleHHH N0Ka3bIBaeT, YTo NpH & > 5 TaKylo HeyCToii-
YUBOCTb OYE€Hb TPYAHO MOAABHTH, HCIOJIb3YS YIpaBJieHHE MO HHTErpaJbHbIM XapaKTEePUCTHKaM, T. K. €€ pa3-
BHTHE IPAKTHYECKH He CONPOBOK/AeTCS yBeHueHHeM uHrerpaios J = [ uddr, J = J u*d®r. Onnako ans
PaccMOTPEHHON BbiLLe JIOKAJIbHOM HEJIMHERHOCTH C HachiieHHeM f(u) = u®/(1 + u®) B3pbiBHOE pellieHHe ¢
o6ocTpeHrHeM HeBo3MOxkHO. [ToaToMy npu @ > 5 ¥ HapieXKaleM BbIGOpe HeJIOKAJIbHOH HEJIMHEHHOCTH MOX-
HO HaJleATbCSl Ha CTaGMJIH3ALMIO COOTBETCTBYIOLEro TPEXMEPHOro aBTOCONHTOHA. [laHHas runoresa »aet
CBOeH NPOBEPKH.
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AUTOSOLITONS IN SYSTEMS Wl’l‘i'l GLOBAL NONLINEARITY

G. Sonnemann and V. E. Semenov

We consider the simplest mathematical model of localized dissipative structures described by a single

diffusive equation with the source containing both local and global nonlinearities, i.e., depending on an in-
tegral of the unknown function over the entire volume. On the basis of qualitative analysis, we find out that
stable autosolitons exist in the medium considered. This conclusion is confirmed by the results of numer-
ical simulation of a three-dimensional problem. We determine the dependence of autosoliton power on the
parameters of the problem. Metastable multisoliton states are found and their properties are studied. The
possibility of stabilization of three-dimensional autosolitons in a system without local losses is considered.
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0B 39 PEKTE 3JIEKTPOMATHUTHON UHYLIUPOBAHHOM NMPO3PAYHOCTH
B KJIACCHYECKHUX CUCTEMAX

A.T.Jlumsak, M. /1. Tokman

[TocTpoena knaccHueckas MoAenb BecbMa MOMYJSPHOro B NOCAEAHee BpeMs NapameTpuueckoro adgekra anex-
TPOMarHHTHOA HHAYLUHpoBaHHO npo3pauHocTH (EIT) — dopmupoBanns «okHa Npo3pauHOCTH» BHYTPH JHHHH pe3o-
HaHCHOIO NOIVIOLIEHHA KBaHTOBOH TPEXypPOBHEBON CHCTEMbI, OlHOBPEMEHHO COMPOBOXKAZEMOrO PEKOPAHO CHABHBLIM
3aMe/ieHHeM CHIrHaabHOM cBeToBO# BosHb. Ha ocHoBe 310t Monenn pacemotpeH adidext EIT ans anekrpomartut-
HbIX BOJIH Ha YaCTOTaxX 3JIEKTPOHHO-LMKJIOTPOHHONO pe3oHaHca B Xos0AHo# nuiasme. MccaenoBao napamerpuueckoe
(TpéxBosiHOBOE) B3aHMOJIEACTBHE ABYX 3JIEKTPOMArHHTHBIX MOJ (4acTOTa OfHON M3 BOJIH COBNAAaeT C THPOYacTOTON
3/IEKTPOHOB) C 3/IeKTpocTaTHUecKo# Monoii. [Toka3aHo, uTo pe3oHaHCHas packauka KosieGaHHii 3J1eKTPOHOB Ha FHpPo-
yacToTe MOXeT AeMN(HPOBaTbCA 32 CUET NAaPaMETPHUECKOH CBA3H C KOJIEKTHBHLIMH 3/IEKTPOCTATHUECKHMHU KoJle-
Ganusimu. Kak 1 B aHalorHuHO# KBAHTOBON cHCTeMe, B OKHE MPO3PayHOCTH B JIaHHOM CJlyuae uMeeT MeCTo rpynnosoe
3aMe//IeHHe CHIHAJIbHOH 3J1eKTPOHHO-LHKJIOTPOHHO# BOJIHBI,

BBEAEHHUE

OnHuM U3 NepCreKTUBHbIX HaMpaBJieH il pPa3BHTHS COBPeMeHHOMH (H3HKH Jla3epoB H HEJIHHEHHOM ONTHKH
AIBJISIETCS HCCJIelOBaHHE MPOLIECCOB NapaMeTPHYECKOro B3aHMOEHCTBHSA JIEKTPOMarHHTHBIX BOJIH CO Cpe-
110it, B KOTOPO# BO3OYXK/IEHA T. H. KBAHTOBasi KOTepeHTHOCTb.! B pamKax 3Toro HanpasJienus GbLIM NpeacKa-
3aHbl H peasii30BaHbl TakHe HHTepecHble 3((eKThI, KaK reHepaLHsi CTHMYJIHPOBAHHOTO H3JIy4eHHS! B HEHH-
BEpPTHPOBAHHO# CPEle H 3/IeKTPOMArHUTHAs HHAYLHPOBaHHAsA NPO3payHocTb 2 [1—3].

[TepBoHayanbHO naHHble 3(eKThbl HCC/IEN0BAIHCh B aHCaMOJIAX KBAHTOBBIX OCLMJLISTOPOB: HX peajH-
3allus CBSI3bIBajlaCh ¢ HHTepdepeHLHell BOJHOBBIX (PYHKLUHH «KBAHTOBAHHBIX» 3JIEKTPOHOB. UTo Kacaer-
cs a¢pcekra EIT, To B HacTosiliee Bpemst o6LiIenpH3HaHa MEPCNEKTHBHOCTb €ro HCMOJIb30BaHHS B 3ajauax
CMEKTPOCKOMHH, (POPMHPOBaHHA H KOPPEKLHH NPOCTPaHCTBEHHO-BPEMEHHOM CTPYKTYPhI J1a3epPHOrO H3Jy-
yeHus [3]; ¢ TOUKH 3peHHs 3afay HeUHEHHOH ONTHKH AHCMEPCHS 3JEeKTPOMArHHTHBIX BOJIH B HHAYLMPO-
BaHHOM OKHe MP03payHOCTH 06J1afiaeT upe3BblyaifHO BaXKHbIMH H HHTEPECHbIMH 0COOEHHOCTSAIMH: IpynnoBas
CKOPOCTb BOJIH MOXKET YMEHbLIATHCA A0 HECKOJNLKHX METPOB B CEKyHIY NpH (pa3oBoi CKOPOCTH, GJIH3KOM
K CKOPOCTH CBeTa B BakyyMme, B pexxuMe EIT cyliecTBeHHO MOHHXKeHbI MOLLIHOCTHbIE MOPOrH GOJbLIHHCTBA
HeJIHHeliHooNnTHYeCKHX 3¢ deKToB [3, 4].

B nocsenHee BpeMsi NposiB/IsieTCsl 3aMeTHBIA HHTEpeC K MOUCKY KJIaCCHYECKHX aHaJIoroB KBaHTOBOIO
«(pa3oHHyMa». DTOT HHTepeC 06YCJ/IOBJIEH Kak CTpeMJieHHeM K GoJiee riTyGOKOMY MOHHMaHHIO (PH3HKH KO-
repeHTHbIX PaiIHaLiHOHHbIX MPOLIECCOB, TaK H HAJEXKAAMH NepeHeCTH HOBble HAeH (DH3NKH JIa3epoB B KJIacCH-
yeckyto ajiektponuky CBY u ¢u3nky nnasmol. Eciin Bo3MoXXHOCTH peann3auuy Ge3bIHBEPCHOM FreHepaLuH B
KJIaCCHYECKUX CHCTEMAX yKe TeOPETHUECKH HCCJIeloBaJIUCh B psije pa6ot (cM. [5—8]), To Teopus snekrpo-
MarHUTHOH HHAYLMPOBAHHOH MPO3PaYHOCTH B aHCAMOJIAX KJACCHYECKHX 3JIEKTPOHOB B HacTosillee BpeMst
HAXOJUTCS B CAaMOM HauaJie CBOEro CTaHOBJIEHHs. 3/1eCb MOXKHO OTMeTHTb pa6oThl [9—11], rae paccmarpu-
BaeTcs pacnpocTpaHeHHe B M30TPOMNHO# IJ1a3Me BOJIHbI C 4aCTOTOH MeHblue [VIa3MeHHOH 3a CYET napaMeTpH-
YecKoro B3aHMOJIEACTBHS C MOLLIHOH BOJIHOH HaKa4yKH. DTOT NpPHMEp, OJHAKO, JIHILbL C H3BECTHOH HATAXKKOH

! Ilnsi 0603Hauenus cpeasi B TAKOM COCTOHHH YaCTO HCTIOJb3YETCS TePMHH «(a3oHHyM».
2 Wmes B BHAY OPMHPOBAHHE OKOH NPO3PAUHOCTH HMEHHO B PEXKHME MapaMETPHUECKOrO B3aMMOACACTBHS BOMH, Mbl GyleM
HCMoNb30BaTh OGLUENPHHATYIO ANs 3TOr0 3¢dekTa a66pesuatypy EIT (cm. [3]).
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MOXKET CYHTATbCHl KJaCCHYECKHM aHaJIOroM COOTBETCTBYIOLLEro KBaHTOBOro 3(dekTa, T. K. 06biuto ¢ EIT
CBA3bIBAIOT NOfABJIEHHE OKHA MPO3PayHOCTH BHYTPH JIKHHH PE30HAHCHOTO MorvioLleHuUs [3].

B nauno#t paGorte paccMmaTpHBaloTCs NpsiMble KJacCHYECKHe aHAJIOMH KBaHTOBOro 3¢iekTa 3JeKTpo-
MarHuTHO# HHAYLMPOBaHHO! npo3pauHocTH. [1nan craThu caenyiowwmii. B pasnene | kpatko o6eyxnaercs
peanu3auysi 3eKTPOMarHHTHOM HHIYLMPOBAHHON NPO3PAYHOCTH B KBAHTOBOM TPEXYpOBHEBO# cHcTeMe u
CTPOHTCA €€ NPOCTEAILHA KIAaCCHYECKHH aHaJIOr — CHCTEMa CBASAHHbIX OCLIM/WISITOPOB C NapaMeTpPHYeCKOH
cea3blo. [Toka3ano, uto knaccHueckHM aHasorom 3ddexra HHTephepeHUHH KBaHTOBbIX COCTOSIHHI TPEX-
yposHeBo# cucTembl B pexxume EIT siBasiercs ouH H3 BapHaHTOB XOPOLLO H3BECTHOIO B TEOPHH KoJieGaHHH
s¢dekra auHamMHyeckoro aemndupoanus [12]. B pasnene 2 pa3Buta TeopHs 3JeKTPOMarHHTHOM HHAYLH-
POBaHHOH MPO3payHOCTH B 06/1aCTH JIEKTPOHHO-LIMKJIOTPOHHOTO Pe30HaHCa /IS JIEKTPOMArHHTHBIX BOJIH B
nnasme. Pasznen 3 cofepuT 06CyKaeHHE NOMyUEHHbIX Pe3yJILTaTOB H 3aKJIOUEeHHe.

1. «MAPAMETPHYECKOE» AJUHAMKYECKOE AEMNGHPOBAHHE — KJACCHYECKHA AHAJIOT 3®®EKTA
3JIEKTPOMATHHTHOI HHAYLUHUPOBAHHOI MPO3PAYHOCTH B AHCAMB/ISIX KBAHTOBbIX
OCLHJIJIATOPOB

PaccMoTpHM KBaHTOBYIO TPEXYPOBHEBYIO CHCTEMY (CM. pHC. 1) ¢ COGCTBEHHBIMH 4aCTOTaMH I1epPeXooB
Q, Q2 u QL = Q1 — Q2. Bynem onucbiBaTh €€ MaTpuLeii nioTHOCTH [13]
M pf Pl
pij=| p. N2 p; |,
p p2 N3
rae N1 = p11, N2 = paa 4 N3 = p33 — HacesIEHHOCTH YPOBHeil, a HelHaroHaJIbHbIE JIEMEHTDI P = p31, P2 =
= p32 H p, = P21 — T. H. KBAHTOBblE KOrePEHTHOCTH — XapaKTePH3YIOT aMIUIHTYAY H a3y KoseGaHHHA CH-

CTeMbi Ha nepexofiax 3 — 1,3 — 2 H 2 — 1 COOTBETCTBEHHO H ONMPEAENSAIOT, B YaCTHOCTH, 3JIEKTPOIAHMNOJb-
Hblit MomenT P [13]:

P =2Re(dip; +d3p; +dipL). )
13) 3nech d; = dg;, d2 = d3 u dy, = dg; — MaTpHuHble
3JIeMeHTbI OTlepaTopa AMMOJbHOI0 MOMEHTa J/Ist nepe-
Q xonoB3 — 1,3 =& 21 2 — 1 COOTBETCTBEHHO.
Q, Hccnenyem B3anMozefcTBHE JAHHOH CHCTEMbI C
6HXPOMAaTHUYECKHM [10J1eM

E(t) = xo Re(Ere™t + Ee™™2t),  (2)

e Xo — €AHHHYHbIA BEKTOP NOJIAPH3ALIHH, YaCTOThI
w1 H wo GIM3KH K YaCcTOTaM nepexozos §2; H (22, a ua-
cToTa GHEHHIl wf, = Wy — Wws, CJeNoBaTeNbHO, 6JH3Ka
Puc. 1. KsanroBas TpéxypoBHeBas cucteMa K 4acToTe KOMOHHALMOHHOrO Nnepexoaa §y,:

X 12)

Y 11)

wigL — 2L
Q2L
Onpenenum NHHEHHBIA OTKJIMK PaCCMaTPHBAEMOl CHCTEMBI Ha YACTOTE w) B YCJIOBHSAX BO3IEACTBHA Ha-

KauKH Ha 4yacToTe wo. B 3T0i1 cuTyaumn pacnpeseneHne HacenénHocteft Ny 23 onpenensiercs, BOOOLIE ro-

BOPS, MOIIHOCTbIO HaKAYKH H peJIaKCaLHOHHBIMH npoueccaum4 Ha OCHOBE COOTBETCTBYIOLUMX YPaBHEHHH

1L 3)

3 Teopus EIT B KBaHTOBBIX CHCTEMaxX paccMaTpuBanach B 60/bLIOM uKce paGoT (cM. 0630p [3] n unTHpyeMyio TaM HTepaTypy);
Mbl OCTaHOBHMCS Ha Heil JIMLLb B TO/ Mepe, B KaKOH 3TO NMOJIE3HO 1A MEpeXo/ia K KAacCHUeCKOMY aHanory.
4 Peub ungt 0 T. H. <NPOROALHOA» penaKcalHK [13].
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6ananca [13). Mel, oqHako, GyaeM /s MPOCTOTHI NoJlarath BeJH4HHbl N1 23 NapaMeTpaMu 3ajaud — 3T0
NpHGJHKEHHE BIIOJIHE JOCTATOUHO ISl aHaJ/IH3a NPHHLMNHAMbLHBIX (M HaHOGoJIee HHTepEeCHbIX) 0cOGeHHOCTEl
paccMaTpHBaeMbIX NPOLIECCOB.

Jlns onpenesieHHst HeIUAroHaJIbHbIX 3JIEMEHTOB MaTPHULIbl VIOTHOCTH (KOrepeHTHOCTEl ) Mbl BOCMOJb3Y-~
€MCsl H3BECTHBIMH ypaBHeHUsIMH [13], B KOTOpBIX, YUHTLIBasi YCJIOBHSI CHHXPOHH3MA (3), COXpaHHM TOJILKO
«pe30HaHCHbIE» YJIeHbl, T. €. HCTIOJb3YeM MeTOJl YKOPOUeHHbIX ypaBHenuiid [15]. B pesynbTate nmeeM cie-
TYIOLLYIO CHCTEMY YpPaBHEHHI:

1 +1(Q1 —wy —im) o1 =i (a1 (N1 — N3) + azoL),
oL +1(Q — wr — i) oL =1 (a0 — a103),
02 + (2 — we —iy2) 02 = i (a2 (N1 — N2) + 07, (4)

TZie 0,2,, — KOMILIEKCHbIE aMIIHTY/Ibl KBAHTOBBIX KOTEPEHTHOCTeH: p 9.1, = 01,2, €XP(—iw1 2,Lt), 71,2, —
(peHOMEHOJIOTHYECKHE peJlakCaLMOHHbIE KOHCTAHTbI COOTBETCTBYIOLLUHMX NepexooB (06paTHble BpeMeHa T. H.
«monepeyHoi» pesakcauut [13]), a1,2 = dy 2E1 2/(2F) — HopMmupoBaHHble amnanTyast BU noneit 6 dig2—
MaTpHYHbIE 3JIEMEHTbI IPOEKLIHH OMepaTopa AHIOJIbHOrO MOMEHTA Ha OPT Xg AVIs nepexofoB 3 — 113 — 2,
h — nocroauHas Ilnaunka.

B nuHefiHOM MO @) NPHOJIHXKEHHH MOJyyaeM cleflyioliiee CTalHOHapHOE peLlieHHe /IS KOTePEHTHOCTH Ha
nepexoje 3 — 1:

o1 =a; (N1 — N3) 2 (wl,wL, Iazlz) s s (5a)
rae
_ (N — N3) ||
(N1 — N3) (022 — w2 + i72)
(- w1 —im) (U —wL — i) — oo
PaccmarpuBast cpefly U3 HAEHTHYHBIX (/151 TPOCTOTHl — HEB3aHMOJEHCTBYIOILHX) TPEXYPOBHEBBIX aTO-
MOB, NpH MOMOLUH cOooTHOLEHHH (5) u (1) MOXKHO nepedTH K BbIPaXKEHHIO /IS MAKPOCKOMHYECKOH noJsi-

pH3YEMOCTH HJIH AH3JIEKTPHYECKO# npoHuuaeMocTH cpeabl (cM. [13]). duanekTpHueckas NpoOHHLLaEMOCTb Ha
yacToTe wq (HeJHHeAHas 110 MOJI0 HaKauKH Ha YacToTe wo ) IPH 3TOM paBHa

£ =1+ wc®(w1,wy, |az|?). (6)

3nech we = 4 |d1|? (N1 —Ns)/h, HacenéuHocTd Ny 2 3 YAOB/IETBOPSIOT HopMupoBKe Ny +Na+Ng = N,
rae N — KOHLIEHTpALUsi aTOMOB B Cpefie.

Mopuduxalms suHeliHOH BOCTIPUHMUHBOCTH Cpe/ibl MO AeiiCTBHEM HakauKH (T. e. nosist B3 ) onpenensier-
CSl BeJIMUHHO Ge3pa3MepHOro napameTpa HeuHeHocTH € = |az|?/(111L). B npenene £ — 0 u3 (56) caeny-
€T CTaHapTHOE BhIpaXKeHHe, ONpe/ieisiolLee IMHEHHYIO AH3/IEKTPHYECKYIO BOCTIPHHMYHBOCTD B OKPECTHOCTH
pe3oHaHca [13]:

(U — wL — ¥71)
o=

(56)

_1__._. . (7)
N —w1 —in

SddeKT 3JeKTPOMarHHTHOH HHAYLMPOBaHHON NPO3PaYHOCTH HaHGoJiee HArJISAHO MPOABJISETCA B Npe-
nene N3 3/Ny — 0 (npu 3T0M IpOGbIO B YHCJIHTeNE BhIpaXkeHHs (56) MOXKHO npeHe6peusb). B sTom cayuae
L/l YaCTOTHO# 3aBHCHMOCTH JM3JIeKTPHUECKO#H BOCIPUHMYHBOCTH CPEibl TOJTyHaeM BbipaXKeHHe

(I>—)§1=

QL — wi, — L
: . 2"
(u — w1 —im) (O — wi — i) — |az|
5 B KBaHTOBO# 3/1EKTPOHHKE B STOM CMBIC/IE HCMOJb3YIOT TAKXKE TEPMHH NPHGAIXKeHHe Bpaulaoluedicst BoHb [14]).

8 Besmumnbl a3 onpenensiior T. H. yactotsi Pa6u [13]: 4 o,2/? = Q5. [ToMuMo yenoBuit cuixponuama (3), yenoBHem npu-
MEHHUMOCTH cHCTeMbl (4) siBiIsieTcA TpeGoBaHKie MasocTH YacToT Pa6Gu No CpaBHEHHIO C YaCTOTaMH NEPEeXO/0B MEX/Y YPOBHAMH.

P — PgiT =

(8)
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ConocraBass Bbipaxenus (7) u (8), MOXKHO YGeAHTbCS, YTO B Mpefie/ie CHIIbHON HEeJMHEMHOCTH, Koraa
& > 1, nuHeitHOe MOMVIOLEHHE CHTHAJBHOM BOJIHBI B LIEHTPE Pe30HAHCHOI JIHHUK MOXKeT GbITb MOJABJIEHO B
MoJIoce YacToT NopsiKa yacTotsl Pabu 7

Im(®grr) ~ Im(®1)/€ 9

npH jwi,L — Q1| < QR2/2 = |ag|.

IMonpoGHoe o6cyxaerue dopmbl auHuK B pexkuMe EIT H ocoGeHHOCTel AUCNEpCHH BOJIH BHYTPH CO-
OTBETCTBYIOLLEr0 HEJIHHEHOr0 OKHa Mpo3pauyHOCTH (06 3THX OCOGEHHOCTSAX Mbl YNOMSIHYJIH BO BBEJEHHH)
MOXHO HaHTH, HanpuMep, B 063ope [3] 1 uuTHpPYeMo#t TaM auTepaType. Hatuedi xe Lenblo aBasercs nepexoa K
KJ1aCCHYECKOMY aHaJIory pacCMOTPEeHHO# BbillLie TPEXYpOBHEBO# KBaHTOBO#H CHCTeMbl. B 310 CBf3H 0TMeTHM,
yTO cCHCTeMa (4) coOTBeTCTBYeT, BOOGLLE FOBOPS, YPaBHEHHSIM, OMHCHIBAIOLLUM BO36YXKIEHHE CHCTEMBI KJlac-
CHYECKHX CBfI3aHHbIX OCLMJIITOPOB BHEIUHHM Pe30HAHCHLIM Bo3jieHcTBHEM. JlefiCTBHTE/IbHO, XOTA B JieBble
YaCcTH CTaHAAPTHLIX YPaBHEHHH KJIaCCHYECKHX OCLMJUITOPOB BXOAAT BTOPbie MPOH3BOAHbBIE 0GOOILEHHBIX
KOOD/IMHAT, B paMKax NMPHMEHHMOCTH YKOPOUYEHHbIX ypaBHeHHii (T. €. Koraa cO6CTBEHHbIE YaCTOThbl CHCTEMbI
GJIH3KH K YaCTOTaM He CJIMIUKOM CHJIbHBIX BHELIHHX BO3/IeACTBHI1) ypaBHEHHS OCLMJIATOPOB OGbIYHO CBO-
JATCS K ypaBHEHHSIM NepBOro NopsiKa JJisi KOMIIEKCHBIX aMIIMTY A KoJieGaHHi COOTBETCTBYIOILHX BEJTHYHH
(cM., HanpuMep, [16]). C Touku 3peHns peannsauun pexxuma EIT BaxkHeiiuieli 0cO6eHHOCTbIO CHCTeMbI (4)
fiBJIfieTCs TO 0GCTOSATENILCTBO, YTO B Heil BHELLIHHE HCTOUHHKH He TOJIbKO HEMOCPEACTBEHHO BO36YKAAIOT «0C-
LHJJIATOPBI», HO H 06ECNeYHBaIOT NapaMeTPUYECKHe CBA3H MEXY HUMH: AeHCTBHTEJIbHO, B (4) nepeMeHHbIe
o(j = 1,2, L) BXOAAT B 3BOJIIOLHOHHLIE YPABHEHHS LSt Oizj TOJBKO B GH/IMHEAHbIX KOMOHHALHUSIX C @] 2.

Boipaxkenuio ais dopmbl auHnK B pexxume EIT (8) cootBercTsyer npuGiukeHue, B KOTOPOM B CHCTEME
(4) MOXXHO OCTaBHTb JIHLUb 11BA NePBbIX ypaBHEHHSA (1151 KOrepeHTHOCTeH 01 1, ), OJI0XKHB 02 = 0 B ypaBHEHHH
s oy,.8 [pu 3ToM B NpaBoii YacTH ypaBHEHHS 1Sl KOTEPEHTHOCTH g (B NIEPBOM ypaBHEHHH cHcTeMbl (4))
«MapaMeTpHYeCKOe» BLIHYXKIAIOLLEE C/IaraeMoe 0,02 KOMIEHCHPYET <JIHHEHHbIA HCTOUHHK> tay (N1~ N3),
noaasJisisi BO36GY>KeHHe KBAHTOBOH KOrepeHTHOCTH Ha nepexoie 3 — 1.

AnanoruyHas kJaccHueckas KoJeGaresibHasi CHCTeMa npHBefieHa Ha puc. 2. OHa npexcrasasier co6oi
ABa KoJsie6aTe/IbHbIX KOHTYpa C COOCTBEHHBIMH YaCTOTaMH §2 1, = (L1,L6'1,L)‘1/ 2 u conpoTHBNeHHAMH Ry 1,
CBsI3aHHBIX Yepe3 NapaMeTPHUECKYIO B3aHMHYIO HHAYKTUBHOCT M = Re[ug exp(—iwst)). I1pu Hannunu nefi-
cTByloweil Ha nepsbiii KOHTYp cToponHeil DJIC U = Re[v; exp(—iwit)], NPy BLINOJHEHHH PE30HAHCHBIX
yenosuii jwyp, — QL] € QL H 7L € DL (38ech wy, = wy — wz — KOMGHHALMOHHAs 4acToTa, 1,L =
= Ry1L/(2L1,L) — penaKkcaluHOHHble KOHCTaHTbl KOHTYPOB), MOXKHO MOJIyUHTh CJIEAYIOlHEe YKOPOUEHHbIe
YPaBHEHHS 151 3apAIOB gy, Ha EMKOCTSX:

6f +i (2 — w1 —im) of = i (v1/(2L1wn) + ofwipe/(4L1)),
61, +i(Q — wg — i) of = iojwyp3/(4LL), (10)

TAe o] — KOMIUIEKCHbIe aMIUIHTYabl KoneGanHii 3apsinos g1 = Relo] exp(—iw,t]. OueBuaHo, uTO
cHctema (10) B TOUHOCTH COOTBETCTBYET CHCTEME ypaBHEHHI /151 3JIEMEHTOB MaTpHLIbI IVIOTHOCTH (B npeaese
o2 = 0). I1pu 3TOM rapMOHHYECKH H3MEHSAIOLLLAsICS CBA3b MEXKAY KOHTYPaMH HIpaeT PoJib HaKauKH Ha 4acToTe
w2 B KBaHTOBO# cHcTeMe. M3 (10) caienyer BhipaXkeHHe A1 KOMIJIEKCHOH aMIUVIMTYZbl 3apsiia, COBEpILEHHO

7 B yacto paccMaTpHBaeMOM MOZEAbHOM NPUGAWKEHHH 4, — 0 norvioueHne B LIEHTpe JHHHH BooG1le oTcyTeTsyer (cM. [3]); 8
ITOM CJlyyae, OIHaKO, CHCTEMA MOXKET OLITh HEyCTOMUWBOM AaXKe NMPH HCUe3alole MabiX HaCeNEHHOCTAX BepXHHX yposHed. [lefi-
CTBHTENIbHO, B 06nacTH napametpoB € > (N1 — Ns)va/[(N2 — Ns)v1] 3HaK MHHMO#A YaCTH AMINEKTPHUECKOA NPOHHLLAEMOCTH €
NpH w1 — 1 = wy, — O, = 0 COOTBETCTBYET HEYCTOAUHBOCTH NPOGHO# BOJIHBI HA HYACTOTE W1 JaXKe B OTCYTCTBHE HHBEPCHH, KOraa
N1 > Nz > Ns. Ha atom addekre ocHOBaHa Hzes T. H. P-cxeMbi «Ge3biHBEpCHOro» Jiasepa [2].

8 [pn N3,3/N1 — 0 yu&T KOHEUHOM BEHUHHBI 02 7 0 NPHBOAHMT K NOSIBJEHHIO IMWb KBAAPATHYHBIX NO |ce1 | 4€HOB B HTONOBOM
BblpaXkeHuu pas Perr.
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U=petut
! . n‘ Ll LL QL

Rl M= ”Ze-‘“\,’t RL

Puc. 2. kBuBaneHTHas KoJieGaTelibHasi CHCTEMA C COCPEJIOTOUEHHBIMH NapaMeTpaMH

aHaJIOTMYHOE BbIpaXKeHHIO 151 KBaHTOBOI KorepeHTHocTH BY nepexona 3 — 1 B pexkume EIT (cp. ¢ (ba) u

(8)):

V1
2L3wy

rae |o2l2s = wiwy, |u2|?/(16L1Ly); onpenensiowas dopmy Junun ynkuus Sgrr onpenenena B (8). Kak
¥ B KBaHTOBO{1 CHCTEMe, Pe30HaHCHas packauka KoJieGaHH#i nepBoro Kose6artesibHOro KOHTypa nojasJieHa B
nosoce yactot jwy,L, — Q1| < |o2les MpU yeaoBuH Lo = |o2|25/(117L) > 1.

OtmerHM, uTo caM no ce6Ge 3ddexT noaaBneHHsi pe30HAHCHON pacKauKH OCLIMJIIATOpPA 33 CYET CBA3H
C Apyroii KosieGaTe/IbHOM CHCTEMOH XOpOLIO H3BECTEH: 3TO T. H. AMHAMHueckoe AeMrHpoBaHHe (CM., Ha-
npumep, [12]). Onxako B CBOEM CTaHAApPTHOM BapHaHTe 3TOT 3(ipeKT obecrneunBaercst OGLIYHON JIHHEHHOM
CBSI3bI0 [IByX OCLIMJIIATOPOB, YTO MPHBOAHT K BO36YXKAEHHIO AeMMdHpyioLIell CHCTEMbl HAa 4acTOTe BbIHY-
xaamoueit 06061UEHHOM CHIbL. B paccMaTpiBaeMOM HaMH cllydyae «napaMeTpHuecKas» CBAi3b OCLH/IATOPOB
NpPHBOAMT K pacKauke AeMrHpyIoLLeH CHCTeMbl Ha KOMOHHALMOHHO! YacToTe. B 3TOM ocHOBHas ocoGeH-
HOCTb paccMaTpuBaemoro sddekra.

Takum 06pa3om, pacnpocTpaHeHHe BOJIHbI C YaCTOTOM w1 B PeXKHMe 3JIeKTPOMArHHTHOMN HH/YLIHPOBAHHOM
MPO3PayHOCTH C TOUKH 3PEHHS TEOPHH KoJieGaHH# 06yCJIOBJIEHO OMHCAHHBIM BhiLLIE <[TapaMEeTPHYECKHM» IH-
HaMHYeCKUM AeMM(HPOBaHHEM Pe30HAHCHOTO BO36GYXKIEHHS 3a CUET pacKayKH KosieGaHHH AeMMQHUpYIoLHX
OCUHJIJIITOPOB Ha KOMGHHALMOHHOMN YaCTOTe W, = W) — W2.

B 3akjioueHHe 3TOro paspgena OTMETHM, YTO B KBaHTOBOH cHCTeMe BO36GYXKIEHHE KOrepeHTHO-
CTH Ha «aeMnupyioiem» nepexoze 2 — 1 (puc. 1) BoBce He 06513aTe/IbHO A0/XKHO NMPUBOAHTD K PacKayke
KoJie6aHuil NoNIAPU3ALHH CPelibl HA KOMGHHALHOHHOH YacToTe: C LieJbl0 MHHHMH3ALHMH AMCCHIIaTHBHOTO Na-
pametpa 7, pexxuM EIT 06bluHO peanH3yioT B CHCTEMe ypOBHei#i C 3anpelléHHbIM 3JIeKTPOAHNONbLHBIM fepe-
xoziom (d, = 0) [3]. MoxHo, 0fHaKo, yGeHTbCS, YTO HECMOTPS Ha 3To o6cTosTebeTBO NpH pexkume EIT B
TPEXypOBHEBO# CHCTeMe Ha mepexoje 2 — 1 3amacaeTcsi SHeprus 3a C4€T PoCTa HaCENIEHHOCTH COCTOSHHUS
|2). Mbl He MpHBOAKM 371€Ch COOTBETCTBYIOLIMI pacuér (oH TpebyeT aHa/H3a CHCTeMbl (4) ¢ yuéToM KBaapa-
THYHBIX 110 vy NionpaBok ?), orpanHuKBasch GoJiee MPOCTHLIMU COOGPaXKeHHAMH. JIeACTBHTENbHO, MYCTh B Ha-
YaJibHbIfl MOMEHT BPEMEHH OTJIHYHA OT HYJIS TOJIbKO HaCeJIEHHOCTb HHXKHero ypoBHs, T. €. N; = N, N3 3 = 0.
ITpu ycranosnennu pexxuma EIT Ha nepexope 2 — 1 Bo36y»KaeTcs KorepeHTHOCTb p, ~ a1. M3 cBoiicts
MaTpHLbl MoTHOCTH (cM. [13]) umeem NoNy > |o|?, oTKyna chienyer, uto HaceIEHHOCTb BTOPOTO YPOBHS:
IOJDKHA CTaTh OTJIHYHOM OT HYJIA.

o] = g1 (W1, WL, |a2|%), (11)

® Hacen&unocTs BTOporo yposHs (cocTosius |2)) BospacTaer kak oz |2, a BepxHero yposHsi (cocTosiius |3)) — TosbKO Kak
€72 |01 |? (Hanomuum, uTo 3n€eCh € 3> 1).
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2. 3JIEKTPOMATHHTHAS HHAYLUHUPOBAHHASA MPO3PAYHOCTb
B 30HE LIHKJIOTPOHHOIO PE30OHAHCA B MATHUTOAKTHBHOM MJIA3ME

Sddexr EIT B aHcambiie KBAHTOBBIX OCLIM/IITOPOB, KaK y>Ke OTMeYaJsioCh, 0GyCJ/IOBJIEH NapamMeTpHye-
CKHM B3aHMoJefiCTBHEM KoJleGaHHii Ha pe30HaHCHBIX H KOMGHHALMOHHBIX Nepexozax. B niasme cyuiecTsyer
BO3MOXKHOCTb MOJaBJIEHHsI PE30HAHCHOIO B3aMMOAEHCTBHSA BOJIH C YaCTHLIAMH 3a CYET MapaMeTpHYECKOro
BO30Y>K/EeHHA KOJVIEKTHBHBIX CTeneHelt cBo6ozibl. B KauecTBe npocToro npHMepa Mbl pacCMOTPHM FHAPOAH-
HamHuecKyio TeopHio EIT ans aneKTpoHHO-LUMKJIOTPOHHOrO pe3oHaHca B XOJIOAHOM MarHHTOaKTHBHOM NJia3-
me. [1yctb B nia3me BAO/IL NOCTOSIHHOrO MarHuTHoro nosisi H = zoH pacnpocTpaHsIOTCS ABE LUPKYJIAPHO
NoAsPH30BaHHbIE BOJIHbI C 3JIEKTPHUECKHM M0JIeM, BPALLAIOILUMCS 10 HaNpaBJIeHHIO LIMKJIOTPOHHOrO Bpallie-
HHA 3JIEKTPOHOB (HEOGbIKHOBEHHBIE BOJIHbI):

E _|_(z, t) = Re[e+ (Ele_iwlt-"iklz + E2e_imt+ik’z)]’ (12)

rae e; = (xo + iyo)/ V2 — BEeKTOD NOJIipH3aLIMH BOJIH, Zg, X0, Yo — OPThI AeKapToBbix oceil. Kose6anus
nornepeyHo# U NPOA0JbHOM (OTHOCHTENLHO NOCTOHHOrO MarHKUTHOTO MO0JIs) KOMIIOHEHT CKOPOCTH 3JIEKTPO-
HOB ONpeAensIoTCs ypaBHEHUAMH Diiiepa, Tie Mbl yuTéM Bo3zieficTBHE CHJIbl JIOpeHLIa CO CTOPOHBI BOJIHOBBIX
noJieit:

ov, ov,y e o [t

—8t—-+QH [VJ_,ZO]""YVJ_‘FO"E- =— (E_L(z,t)-i-v"-a-;/;ooEJ_ (z,t’) dt') , (13)
9y Oy _ e o [ ' dp
3{"‘7‘0“4“0“5—;((V_]_,—a;‘/;oE_L(z,t)dt’ +E . (14)

3nech Qg = eH/(mc) — rupouacTtoTa, e U ™ — 3apsij H Macca 3JIeKTPOHa COOTBETCTBEHHO, ¥ — 3¢ dek-
THBHas YaCTOTa COyAapeHHH, ¢ — 3JIeKTPOCTaTHUeCKHI NOTEeHLKa, onpesensieMblit ypaBHeHHeM [Tyaccona

8%p/82% = 4we (N, — N;), (15)
rae Nje — KOHLEHTpaLHH HOHOB U 3JIEKTPOHOB COOTBETCTBEHHO. YUHTbIBAsK ypaBHEHHE HENpPePbIBHOCTH

on,
ot

B paMKax npennonomeuuﬁ O NMOCTOAHCTBE KOHUEHTPALIHH HOHOB H KBa3HHeHT PaJIbHOCTH:

+ ;% (v Ne) =0, (16)

Ni=const =N, n=N,-N;, < N;j,

u3 (14)—(16) nonyyaem ypaBHeHus

n on eN, 8 o [t
e+ Q2n —=-—°—(v ~ [ B, (2t dt’), 17
oz TR T Vg m 9z \ 0z J_., 1 (=t) (17)
4
w=-5 [ S (18)
)

OnHcbiBaioLHe BO36YXAeHHE MPOAOJIbHBIX KOJJIEKTHBHBIX KoJleGaHHi MOHAEPOMOTOPHOMH CHJIOHN, 06yCJIOB-
aenHof BU nosem. 3peck Q, = 1/4me2N/m — s/eKTpoHHas Ii1a3MeHHas YacToTa.

Bynem unTepecoBaThes cayuaeM, KOria AJist BOJIHbI Ha YaCTOTE w) BBINOJIHEHO YCJIOBHE LIUKJIOTPOHHOTO
CHHXPOHH3Ma C 3JIeKTPOHaMH:

{lwr — |, 7} < Q. (19)
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BHeHus 3/1eKTPOMArHUTHLIX BOJIH HaHGoJee 3¢ (eKTHBHO BO36YKAAIOT MIa3MeHHbIe KoJieGaHHsl Ha KOMOH~
HaLUMOHHOM YaCTOTe WL, = W) — Wa MPH COOTBETCTBYIOLLHX YCJOBHAX CHHXPOHH3Ma:

{lwL — Qpl, 7} < Qp. (20)
BBoast KOMIJIEKCHBIE aMIJIMTY bl KOJ1IeGaHHI COOTBETCTBYIOLLMX BEJIHUHH
v, =Re| e, Z i’jeik,-z—iwjt , oy = Re(z“)" ei(h—lcz)z—iw;,t) . n= Re(ﬁei(kl—kg)z—iwl,t) :
j=1,2

B JIHHEAHOM 110 1oJiio By npuGmxennu nosyuum u3 (12), (13), (17), (18) cucreMy yKopoueHHbIX ypaBHeHHH,
KOTOpast HMeeT CJleflylolliee CTalHOHapHOe pellieHHe:

inty = <1 T (22)

Uy =102+ ”mf: = eEzifgza; #) (23)
i=2"Bgn, (24)
m (250 k).

re z1,2 = wy,2 + iy — Q. zp = Wi +iwry - Q2.
N3 (21)—(25) nonyuaem BbiparkeHHe JJIsi aMIUIHTY/Ibl OCLIMJLISILIMA CKOPOCTH Ha LIMKJIOTPOHHOMH YacToTe:

2kywo 3
B, ®t 5y, Qr —in)wiiec

(26)

0 = - -
m i (212p + 223 (Qn — 47) wLéec) ’
rae égc = |eEa/(2ma)|? (k2/w2)? = |92|?/(2vpn)? — napamerp HeJMHEAHOCTH, ONpenesieMblii OTHOLIe-
HHEM KBaJIpaTOB OCLJLIATOPHO# M (ha30Boi cKopocTeil Ais noist Hakauku B exp(—iwat).

Iepeiiném Tenepb K BhIpXKEHHIO 1151 3JMEKTPHUECKOTO TOKA Ha YacTOTe wy. YUHTHIBas KoJleGaHHUsl 3/eK-
TPOHHOI MJIOTHOCTH, NMOJIy4aeM

Jun = Rﬁ(%iﬁ"""”*”) )
rIe
5= —e(Noy +ijd2/2). (27)

Bripaxenue (27) ajs KOMIIEKCHON aMIUIMTYAbI TOKA ONpejeNsier rnokasatesb NpeioMJIeHHs 1ist pac-
NpOCTpaHsIoLLEeACs BAOJb MarHUTHOTO MOJISt BOJIHBI HAa 4acTOTE wy:

-
Nir=1- w’:gl . (28)
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ITpene6peras (Tam, rae 3To KOPPEKTHO ) MaIbIMK BeJIMYHHAMH nopsaaka YEec/ Uy v z1€ec/ Ny, Nonyyaem

. 2ck1
2 _ -
(A2 — v +isA) + 28pcA Vu (wl A 1+ A)

(1 — Vu+1is) (A2 — v + isA) — 26gcA% Vu

raev = (Qp/w1)?, u = (Vg /w1)?, s = 7/wr, A = wp /w1, N2 = cka/wa.
B npenene ucuesaolile c/1a6oit HaKauKu Ha 4acToOTe wp, KOr/A

(29)

Ngr=1-v

gEC < 32/A’

3 (29) cnenyet cTaHAapTHOE BbipaXkeHHe A5 OKa3aTeJis NPEeJIOMJIeHHsT HeOGbIKHOBEHHOMN BOJIHBI NIPH NMPO-
AOJIbHOM PacnpoCTPaHEHHH OTHOCHTENIbHO MarHuTHoro noJs [17]:

2_q___ Y
M=1-rm 7 (30)
B npoTHBONO/I0KHOM Mpeae/ibHOM CJlyuae
ec > s*/A (31)

UHKJIOTPOHHOE MOMVIOLLEHHE CYLIeCTBEHHO YMEHbLIAETCA MO0 CPABHEHHIO C JIHHEHHbIM pe€XXHMOM B YaCTOTHOH
noJioce, COOTBET CTBY!OUJ.CFI YCJIOBHIO

|(1 = v +is) (A% — v + isA)| < €gcA? (32a)

(B aTOM cayuae nonyuaem Im(Np) = Im(N?) [s2/(€ecA)] < Im(NE)).
Yo Kacaercs NoKa3aTe/si IPeJIOMJIEHHs, TO OH MOPAAKA eAHHHLbI, €C/IH BMeCTe ¢ ycoBHeM (32a) Bbi-

MOJIHEHO HEPaBEHCTBO
v|(A% — v +isA| < EpcA’. (326)

Kak BuaHO, HMeeT MecTo noJsiHas aHaJorus ¢ pexxumom EIT B ancam6iie KBaHTOBBIX ocL/IsTOpOB. Bo-
Jiee Toro, B OKPeCTHOCTH MJ1a3MEHHOrO pe30HaHCca Ha GHEHHAX JIEKTPOMarHHTHLIX BOJIH, KOT/la B CHJTy Hepa-
BeHcTBa (20) MOXHO HCTIOb30BATh NPHOJMKEHHOE COOTHOLLIEHHE Wi + fwyy — Qg ~ wy, (WL +47/2 - Qp),
B 0o6a1acTH napaMeTpoB

8> €xc > 8°/A

3 (29) cnepyer BbipaxkeHHe, TOYHO COOTBETCTBYIOLLEE YACTOTHOH 3aBHCHMOCTH KOMILJIEKCHOTO MoKasaTes
NpeJIoMJIeHHA /11 KBaHTOBOH cpenpi B pexkume EIT:

(Vv —A-is/2) (Vu—1-1is) - €ecAvu

NéIT ~1+4

3. OCOBEHHOCTH PACNIPOCTPAHEHHS LIMK/JIOTPOHHBIX BOJIH B YCJIOBHSIX 3JIEKTPOMATHUTHO#M
MHAYLUHPOBAHHOM NPO3PAYHOCTH

[MTonyueHHoe B mpeapiayilem pasaene Bbipaxkenne (29) mns s¢ddekTHBHOrO Mokasatessi MpeaOMJEHHS
CHIHaJIbHOM BOJIHbI N03BOJISIET HCCJIEN0BAaTh 0COGEHHOCTH PAaCPOCTPAHEHHS H3JIyUYEHHS B OKHE HHIYLIHPO-
BaHHOH NPO3payHOCTH.

B npenese caa6oi auccunauu, koraa [Re(Nip)| > [Im(N2;1)|, AeficTBUTENIbHOE BOJIHOBOE YHCIIO H
rpynmnoBasi CKOPOCTb B OKHE PO3PaYHOCTH MOTYT GbiTh OMpe/iesieHbl H3 CTAHAAPTHBIX COOTHOLIEHHH

¢’} = w} Re(Ngrr) = wiNG, (34)
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Vo = 0wy _ 2cNog—w, (ONE/0ky)
&7 0ky 2N} +wy (ONZ/0uwr)’

(35)

rae No = NEIT':—)O'

Crporo roBopsi, B AHCEPCHOHHOM ypaBHeHHH (34) BMeCcTO 6eCCTOJNKHOBHTE/IbHOIO OKa3aresisi PeJioM-
JieHust N¢ MOXHO HCMO/b30BaTh BesinunHy Re(NZpr), IPH 3TOM YUHTBIBAETCs BAHSHUE KOHEUHOI BEHYHHDI 8
H7 AucnepcHio BoH. OiHaKo NMpH onpeesieHHH rpynnoBoi CKOPOCTH B paMKax CTaHAapPTHOIO COOTHOLLEHHS!
Ow/Ok y4&T COOTBETCTBYIOLMX MaJIbIX MONMPABOK B 3aKOHE AMCMEPCHH He HMEET CMBICJIA, T. K. He CYLIeCTBY-
et o61ero heHOMEHOJIOrHYECKOro BbiPaXKeHHS! /11 TPYNIOBOH CKOPOCTH BOJIHOBbLIX MOJIeH B AMCCHNATHBHbIX
cpenax [17]. B 3ToM cMbicsie HCnO/Ib30BaHHE 6eCCTONKHOBHTEIBHOTO AHCMIEPCHOHHOTO YPaBHEHHS BMOJIHE
ONpaBJlaHo. .

OnpezensiiolLKe MOTVIOLIEHHe BOJH MHHMbIE KOMIIOHEHTbI BOJIHOBOrO BekTOpa H yacToThi 10 k3 u I'y mas
rpaHuuHoi (koraa I'y = 0) u HauaabHo# (Koraa k1 = 0) 3afau onpezneasioTcs BbipaxkeHHsAMH [ 18]

K1 [2¢No — w1 (ONE/0k1)] ~ w1 Im(NEyy), (36a)
Ty [2N3 + wy (ONE/0w1)] & —wy Im(NEyp). (366)

B o6aactu EIT (7. e. npu ycaioBusix (32)) aist yMepeHHbIX 3Hauennit Ng;r u3 (29) u (35), (36) nosyuaem
cJenyolye NpHOIHKEHHbIE COOTHOLLIEHHS:

. cVuéEc A 1 8wy Il
Ve~ —— (NEITU Nz)’ I 5 fm Ver (37)

(3HaK k) coBrmajaer co 3HaKOM Vg, T. €. BOJIHA BCe- o 18
rla 3aTyxaeT B HanpaBJ/ieHHH pacrnpocTpaHenus). Uu- 11; ’
TepeCHO OTMETHTb, YTO JHCNEpPCHS LUMKJIOTPOHHbLIX 1,6
BoJiH B pexxume EIT umeer psan ocoGeHnocreii, oTcyT-
CTBYIOLIMX B KBaHTOBOH TPEXYPOBHEBOH cHCTEME. DTH
0COGEHHOCTH CBf3aHbI C TeM (PaKTOM, UTO NoKasareJb 1,2
npejomienuss Ngrr 3aBUCHT OT BOJIHOBOrO YHcna ky
(cM. dopmyay (29)), T. e. HecMOTps Ha MPHOJHKEHHE
XOJIOJIHOM MJIa3Mbl B 3TOM pexKHMe MOsBJsAETCA Npo- 0,8
CTpaHCTBEHHas! AMCMEPCHs, HHAYLMPOBAHHAA MOLLHOH
Hakaukoil. Ha puc. 3 noka3saHa cTpykTypa aucnepcH-
OHHBIX BeTBeHl MPH NOMOJHHTENLHOM YMPOLIAIOLLEM 04
npeanosioxkenu Qp + we = Ny, koraa 1 — u =
= A — /v, a Ha pHC. 4 MOKa3aH KayecTBEHHbIH BHJ,
3aBucHMOCTH NZip(v)|s—0 = N (v). 0 -
EIT\Y)ls 0 L R ()
BuaHo, uTO AMCNepCHOHHble BETBH OKa3biBaloT- Re(ck, /0)
Csl aCHMMETPHYHBIMHU (MpHBEAEHHBIE Ha PUC. 3, 4 KpH- 3
BBIe COOTBETCTBYIOT Caydaio ko > 0). Jlucnepcuonnas Puc. 3. Jlucnepcus 3/1eKTPOHHO-LHKJIOTPOHHOR BOJ-
Hbl B YCJIOBHSIX 3J1€KTPOMAarHHTHOI HHAYLHPO-
3aBHCHMOCTb Ha pUC.3 HMEET Y4acCTKH, COOTBETCTBY- .
BaHHOMH mpo3spauHocTh (v = 0,64; w2 /Qy =
jolMe «06paTHEIM» BOJIHAaM (KOrAa HarpasJeHHs: pa- =02);8=0
o ’ -
30BOi1 H 'PYNNOBO# CKOPOCTH MPOTHBOMOJOXHbI). Ha-
KOHell, B OTVIMYHE OT KBaHTOBOIO CJIy4yasi TOUKa C HyJIeBOH pyNMoBOH CKOPOCTbIO CMelleHa ¢ ocH k; = 0,
NpH 3TOM JaHHO# TOYKe COOTBETCTBYET HeHyJIeBO#H NoKa3aTelb NpeJioMJIeHHs. B To Xke Bpemsi npu HyJ/ieBOM
3HaYeHHH

19 HanomHuM, uTo A1t NPHHATOM HAMH rapMOHMUECKO# 3aBUCHMOCTH exp(ikz — iwt) HepaBeHCTBO &3 > 0 COOTBETCTBYET 3aTy-
XaHHIO BOJIHbI BJIO/Ib OCH 2, 8 BpeMeHHOe 3aTyXaHHe COOTBeTCTBYeT cooTHoweHuio I'y < 0.
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N; 1-¥6 >0 N? 1-Vu >0
8 1-Vu (1+€g5) >0 9 8 1Yt (1+£g5) <0 6)

m 1-V >0 6)
1‘:) 1-V8 (1+£55)<0

Puc. 4. 3aBucumocTb 3¢ eKTHBHOTO nokasateds
NpeJIOMJIEHHs OT MJIOTHOCTH MJa3Mbl (we/Qy =
35 =0,2; épc = 5-107%)

v

MoKasare/st MPeoMJIeHHs] IMeeTCs KoHeuHasi rpynnoBas ckopocTb. !! U3 puc.3 u Bbipaxenus (35) Bua-
HO, YTO BaXkHefLass 0COGEHHOCTb AMCMEPCHH BOJIH B OkHe npo3pauHocTd EIT — 3HauuTtesnbHoe rpynnoBoe
3aMejuieHHe NpH (a3oBbIX CKOPOCTAX MOPsKa CKOPOCTH cBeTa B BakyyMme (cM. [3]) — umeeT mecto  ans
UMKJIOTPOHHBIX BOJIH B MJ1a3Me.

O6ecneueHue CHJILHOrO rPyNMOBOro 3aMe/ieHus Ha oHe MaJioro ha3oBOro 3ameyVieHus H caaéoro no-
FJioLeHHs TpeGyeT orpaHH4eHH il Ha peslaKCaLMOHHYIO YaCTOTy Swi, @ TAKXKe NMpeAbABJAET JOCTaTOYHO BbICO-
KHe Tpe6OBaHHA K CTaGHIbHOCTH YaCTOT BOJIH, KOHLIEHTPALMH NJ1a3Mbl H MarHuTHoro noasi. M3 (37) caenyer,
YTO, XOT#1 /15l OTHOCHTEJIbHOTO YMEHbLUIEHHS JIMHEAHOr0 LIMKJIOTPOHHOTO MOIVIOLLIEHHS! HHTEHCHBHOCTb HaKay-
KH JI0JXKHa YJI0BJIETBOPATL YCJ/I0BHIO (31), An151 RoCTHMKEHHS aGCOJIOTHONH MaJIOCTH MOTVIOILEHHSA Ha <BaKyyM~
HOM» J/IMHE BOJIHbI HEOGXOMMO BbINOJIHEHHe 6oJiee CHILHOTO, BOOGLLE roBOPS, HepaBeHCTBA

8 < Eec/v'/2. (38)

Uro KacaeTcsi OTHOCHTEJIbHBIX YaCTOTHBIX BapHalMil ) = §/wy, TO A/ BCEX YacCTOT wy 2 H Ny, OHH
He JIOJIKHBI CYILIECTBEHHO NpeBbiaTh £pc/v/2.

B 3akuioueHHe 3TOr0 paspesia pacCMOTPHM CleAyIOLHit OLLeHOUHBIN npHMep. ITpH MOLIHOCTH H3JyueHHS
B 500 kBT, aMamerpe oKycHPOBKH MyuKa HaKauKH OKOJIO MSATH BAKYYMHbIX JJIHH BOJIH 1ist (Qpr — wa) /wy =
~ A = 0,1 nonyuaem (yuuthipas, uto B 3oHe EIT A ~ v1/2) fonycTHMyio OTHOCHTE/IbHYIO YaCTOTHYIO pac-
cTpoiiky £gc/v'/? ~ 1073, JInn uacToThl CHrHAJIBHOM BOJHBI wy /21 = 94 I'Tit Besunna v1/2 ~ 0,1 coot-
BETCTBYeT IUIOTHOCTH MJ1a3Mbl 0K0J10 1,5 - 1012 cM~3, npu 3TOM yacToTa KyJIOHOBCKHX COYAapeHHit Aaxe st
HH3KO# TeMnepaTyphl 3JeKTPoHOB B | 3B cootBercTByeT napamerpy s = 10~4, uto oGecneunBaer BbINO-
HeHHe HepaBeHcTBa (38). Ha puc. 5 npousunioctpupoBano ¢hopMHpOBaHHe OKHA MTPO3PaYHOCTH BHYTPH JIHHHH
LMKJIOTPOHHOTO MOMVIOLUEHHS 4151 6JM3KUX napaMeTpoB. OTMETHM, 4TO BCe HCMOJIb30BaHHbIE 3/1eCh Nnapa-
METPbl COOTBETCTBYIOT TeXHHYECKHM BO3MOXKHOCTSIM COBPEMEHHBIX Ma3epoB Ha LMKJOTPOHHOM pe3OHaHce
(cm. [20)).

! Tako# 3akon aucnepcumn ontumanes ans T. H. rupo-JIBB, T. K. NPH PaBHOM HYJIO NMOKa3aTesle NPEAOMEHHA LHKIOTPOHHOE
B3aWMOJIeACTBHE PacnpOCTPaHAIOLLEACH BOJIHBI C YaCTHLAMH HEYYBCTBHTE/IbHO K TUTY-YJIOBOMY pas6pocy ssiektpoHos [19].
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Puc. 5. dopmupoBaie 0KHa NPO3PaYHOCTH BHYTPH JIHHHH LMKJIOTPOHHOTO noriowenust (v = 1072 we /Qy = 0,9;
s=5-10"1)

4. OBCY)KAEHHE H 3AKJTIIOYEHHUE

OCHOBHBbIM pe3y/IbTaTOM AaHHOH paGoThi fBJISETCA AEMOHCTPALMA MPSAMBIX KJAACCHYECKHX aHAJOroB
kBaHTOBOrO 3dpexra EIT, cBsizaHHOro ¢ HHTEepGepeHLMel COCTOSHHI KBAHTOBBIX OCLMJIATOPOB, H OCHO-
BaHHOE Ha HCCJIEIOBaHHH 3THX aHaloroB o6bsicHeHHe MexanuaMa EIT ¢ o6uiedusnyeckoli TOukH 3peHns,
eIMHOM VIl KBAHTOBBIX W K/accHYecKHX cHcteM. [TokasaHo, B 4aCTHOCTH, UTO MojaBJieHHe Pe30HAHCHOro
norsiouietust B pexkume EIT BoaMoxHO, B npHHLKMNE, PH NapaMeTpPHYeCKOM B3aHMOAEHCTBHH GHXpOMATH-
4eCKOro MoJist He TOJIbKO € HHAUBUAYaJIbHBIMH CTENeHAMH CBOGOb! 3JIEKTPOHOB (OCLIMJLIITOPOB), HO H C HX
KOJIJIEKTHBHBIMH KOJIe6aHHSIMH.

UYro kacaercs Bo3amMoxHbIX npuioxkenuit EIT B ancam6asx ki1accHuecKHX 3JIEKTPOHOB, TO 3TOT 3(eKT,
B MPHHLMME, MOXET GbITb HCMOJIb30BaH Al HEJIMHEHHONH TPAHCMOPTHPOBKH 3JIEKTPOHHO-LIMKJIOTPOHHBIX
BOJIH B IJ1a3Me, OIHAKO 15l pa3paGoTKH KOHKPETHLIX NpeaioxKeH i Heo6X0AHMO 06OGLLUTD Pa3BHTYIO 34eCh
TEOPHIO Ha CJIyuaii HenpoJOJILHOrO PacpOCTPAHEHHS BOJIH C YUETOM 6ECCTONKHOBHTELHONO PE30HAHCHOTO
B3auMozeiicTus '2 BosH u vacTHLL

Jlpyras Bo3M0OKHas 06J1aCTb MPHJIOXKEHHI CBSi3aHa C TeM 0GCTOSATILCTBOM, UTO 3¢eKT nofaBeHHs pe-
30HaHCHOTO MOIVIOILEHHS! BOJIH HU3KOHEPrHYHbIMH 3/IeKTPOHAMH (32 CUET MapaMeTPHYECKOro BO3AeHCTBHSA
MOLUHOM HaKauKu) MOXET, Mo-BHIAMMOMY, 06eCNeyHTh reHepaLio LHKJIOTPOHHOTO H3JYUEHHSI <KrOPSUMMH»
3JIEKTPOHaMH B To# 06J1aCTH MapaMeTpoB, rfie CTaHAAPTHBIH JIHHEAHBIH HHKPEMEHT fIBJISIETCS OTpHLATE b~
HeiM. [To cyuiecTsy, sfiech HAET peub o mepexoze oT pexxuma EIT k GesninepcHo# reHepauuu B P-cxeme, 13
HurepecHble nepcrnekTHBbI MPOABHMKEHHS B TOM HanpaBJieHHH MOTYT GbiTh CBAI3aHbI U C OTMEUYEHHOI! BbiLle
0COGEHHOCTbIO AMCTEPCHH LIHKJIOTPOHHBIX BoJIH B ycsoBusx EIT, nossossioleli koMneHcHpoBaTh aonJe-
POBCKO€ YLIHPeHHE JIHHHHM LIMKJIOTPOHHOTO pe3oHaHca. BecbMa HHTepeCHBIM NMPECTaBAETCS TaKKe Hecie-
IoBaHHe 3TOro 3¢peKTa Ha BHICLIMX LIMKJIOTPOHHBIX FAPMOHHKaX, KOTAA GHEHHS 3JIeKTPOMArHHTHBIX BOJIH
Pe30HaHCHbI He MJ1a3MEHHO# YacToTe, a OAHON H3 LIMKJOTPOHHbIX MAPMOHHK.

Apropbl  GnaronapHel A.B.TanoHoBy-Ipexosy u B.A.MupoHOBy 32 M/IOAOTBOPHbIE AHCKYCCHH,
A.10. Kpsuko 3a BbinoJIHEHHe YHCJEHHBIX pacuéToB U M. A. BanakuHoit 3a nomolp B oopmieHHH paGo-
THI

Pa6ota nopnepxkana POPH (rpant Ne 99—02—-16230).
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THE EFFECT OF ELECTROMAGNETIC INDUCED TRANSPARENCY IN CLASSICAL SYSTEMS

A.G. Litvak and M. D. Tokman

We develop a classical model of the recently popular parametric effect of electromagnetic induced trans-
parency (EIT), i.e., the formation of a «transparency window>» inside a resonance absorption line of a three-
level quantum system, which is accompanied by a record strong slowing of the signal wave. Basing on
this model, we consider the EIT effect for electromagnetic waves at frequencies of the electron-cyclotron
resonance in a cold plasma. The parametric (three-wave) interaction of two electromagnetic modes (the
frequency of one of these modes is equal to the electron gyrofrequency) with the electrostatic mode is con-
sidered. It is shown that the resonance growth of the electron oscillations at the gyrofrequency can be
damped due to the parametric coupling with the collective electrostatic oscillations. Similar to the anal-
ogous quantum system, the group slowing of the signal electron-cyclotron wave takes place in the case
considered.
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®PAKTAJIbHAS CTPYKTYPA HEJTMHEHHOM AUHAMUKHU SJEKTPHYECKOIO
3APSIIIA B TPO30BOM OBJIAKE

A. H. Hydun, B. IO. Tpaxmeneepy

Hcenenyerca dpakranbHas AHHAMHKa BHYTPHOG/IAYHOTO NPOCTPAHCTBEHHOTO 3JIEKTPHYECKOro 3apAaa Ha npea-
BapHTe/IbHOM CTaAWH rPO30BOrO pa3psa, B npolecce KOTOPo# GopMHpyeTCs TaK Ha3biBaeMan APeHaXKHas CHCTeMa
c6opa 3apsaa co Bcero 06bEMa 06.1aKa, CyKalllas OCHOBOM ANS 3aPOXKAEHHS NMAEPHOTO KaHana MosHuH, PopMu-
poBaHKe APeHaXKHOH CHCTEMbI OGYCJIOBJIEHO NOABAEHHEM 3JIEKTPHUECKHX MHKPOPa3pAI0B, CBA3AHHbIX C HelHHel~
HOW CTaauell pasBHTHA BHYTPHOGNA4HON HeyCTOAYHBOCTH MyuKOBO-NMa3meHHoro Thna. [ocaeanss moaennpyercs
Ha OCHOBE JByMEpPHO# PellETKH KOHEYHbIX aBTOMaToB. Pesy/abTaThl YHC/IEHHOTO MOENHPOBAHHSA CBHAETENLCTBYIOT
0 NPHHAANENHOCTH BO3HHKAIOLLER APEHANKHO CHCTEMBI K CeMeACTBY NEPKOSLMOHHBIX KiacTepoB. YKa3aHa corna-
cylolLasncs ¢ npeAnoxeHHo! MoAebIio 06aacTb NapaMeTpPoB, B KOTOPO#i rpO30BOe 06/1aK0 0GHAPYKHUBAET NOBEACHHE,
COOTBETCTBYIOLLEE PEXKHMY CAMOOPraHH30BaHHOM KpHTHYHOCTH. [TpennioxeHn MeToa pacuéra paaHoH3syucHHs! OT BHY-
TPHOGa4YHBIX MHKPOPa3PA0B, NO3BOJISIOLLHI NPOBOANTD HEMOCPEACTBEHHOE CONOCTaBJIEHHE TEOPETHYECKON MOAENH
C 3KCMEPHMEHTAIbHBIMH JAHHbIMH,

BBEQAEHHE

BaxkHblM 06bEKTOM HCCJIEIOBAaHHA B OO/IaCTH HEJIMHEAHOH JUHAMHKH SIBASIIOTCS MPOLIECCHl B CHJILHO
HepaBHOBECHLIX OTKPHIThIX CHCTeMax. [ToTokH sHepruy u BellecTBa, NPOXoAsLIHE Yepe3 ITH CHCTEMBI, 06ec-
NeuHBaloT BO3HHKHOBEHHE B HHX 3¢ (eKTOB CaMOOpraHH3aluH — 06pa30BaHHA MaKPOCKOMHYECKHX AHCCH-
NaTHBHLIX CTPYKTYp. Hasnuune HCTOYHHKOB H CTOKOB HEPrHH JesiaeT HeBO3MOXKHOMN peJslakCalMio 3THX CH-
CTeM K COCTOSIHHIO TEMJIOBOr0 paBHOBeCHS. Jlaxke B yCcTaHOBHBLIEMCSI COCTOSIHHH COXPaHfeTCs OTOK 3Hep-
HH, MPOXOASALLMII Yepe3 CHCTEMY H AHCCHIUPYIOLUHIA B OKpyXKatoLeii cpene. IMeHHO Gnarofapst 3ToMy noTo-
Ky CHCTEMa CTaHOBHTCSl aKTHBHOH, T. €. MpHoOpeTaeT cnoco6HOCTL K aBTOHOMHOMY 06pa30BaHHIO CTPYKTYP.
C pocTOM HHTEHCHBHOCTH HCTOUHHKOB CHCTEMA YAAJISIeTCS OT TEMNJIOBOr0 PaBHOBECHS H MPOXOAHT NMOCJeN0-
BaTe/IbHOCTh HEYCTOHYUBOCTE!, BEAYLIMX K KaueCTBEHHbLIM MepecTPoHKaM YCTaHOBHBLLEroCs KHHETHYECKOTo
pexxuma. Kaxknas tTakas nepecTpofika npeacTaBisieT co60i KHHETHUECKHH Nepexofi, CONpoBOXKAAIOLHIACS
M3MEHEHHEM BHYTPeHHel CTPYKTYpb! OTKPBITOH CHJIbHO HEPaBHOBECHOH CHCTEMBI.

3a nocsieiHHe AECATHIIETHS HAKOMUJIOCh MHOTO MPHMEPOB (PH3HYECKHX M XHMHUYECKHX CHCTEM, JeMOH-
ctpupyroux 3¢dektol camoopranusauuy [1—3]. Knacchueckne npumepbl KHHETHUECKHX NpeBpallleHH#
IaéT rHApOIMHAMHKA: KOHBEKTHBHbIE TeueHHs B 3aiaue Benapa, Buxpu Teftsiopa u 1. n. Kak u xuBas mare-
pHus, TakHe CHCTEMbI MOTYT (PyHKLIHOHHPOBATD JIHILbL 32 CYET MOABOAA K HHM MOTOKA SHEPIHH H BElLEeCTBa.
AHaJorusi ¢ XKMBBLIMH CHCTEMaMH OTpasuJiaCh M Ha COOTBeTCTBYloILe# TepMuHoJorHH. [Ipumepom Moxer
CJyXKHTb KHHETHYECKHIi Nepexoji, Ha3biBaeMblil EPeXoJ0M THIMA «3aceieHHs cpefbl». M3HayanbHo oTHOCS-
Lwics K 3ajjayaM aHaJH3a NMoBeNeHHs GHOJIOrHYECKUX COOGLLECTB, STOT THIT KHHETHYECKOro nepexoaa Obli
BIOCJIEACTBHH OGHapy>KeH B SIBJICHHSIX aBTOKAaTaJsIu3a, NPH SEPHBbIX PeaKLMAX pacLUeNnJIeH s, NPH LEenHbIX
XMMHYECKHX peaKLHsX, IEeKTPHUECKHX pa3psiiax B Pa3JHYHbIX Cpeax, MpoLeccax nepeHoca B MJia3MeHHbIX
CHCTEMaX H T. [, — MPaKTHYeCKH BO BCEX HEPABHOBECHBIX CHCTEMaX, XapaKTepH3YIOLHXCS Pa3MHOXKEHHEM
u pacnagom [4]. CueHapuit 3TOr0 KHHETHYECKOro NMpeBpaLleHHs BHINIAAUT caeayiounm o6pasom. CHauana
B CHCTEMe NPOHCXOAMT Pa3BUTHE HEYCTOHUHBOCTH, IPHBOASLLEH K HEOrpaHHUEHHOMY BO BPEMEHH POCTY YHC-
JICHHOCTH HeKo# monyJssiuxd. B cayyae du3HuecKux CHCTeM peub HAET O HEOrPaHHYEHHOM POCTe COOTBET-
CTBYIOLIMX (H3HUECKHX MOJIedl: KOHLIEHTPALMH HOCHTeNel 3apsaa, MJIOTHOCTH TOKa, OGbEMHOM MJIOTHOCTH
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NPOAYKTOB fIIEPHBIX H XHMHYECKHX peakuuit U T. 1. [lanee HeycTOAYHBOCTb MOXKET GbITh MOAABJIEHA HEJH-
HeHHbIM MEXaHH3MOM 3aNoporoBoro orpaHHueHus. B 3ToM ciyyae Bbillie MOpora HEyCTOMYHBOCTH B Cpene
YCTaHaBJ/IHBAETCS OTJIHYHAS OT HYJSA MJIOTHOCTb MOMYJSALHH, T. €. MPOUCXOAHUT 3ace/ieHHe Cpefibl.

TpanuuMoHHBIH MOAX0M K ONMCAHHIO KHHETHYECKOTO Nepexo/ia NpeanoJaraeT NpoCcTpaHCTBEHHO-BpeMeH-
HYIO JIOKaJIbHOCTb HEJIHHEHHOrO MeXaHH3Ma MOJABJIEHHs] POCTa HaCeIEHHOCTH H OCHOBLIBAETCS Ha aHAJIUTH-
YECKOM HJIH YHCJIEHHOM PelleHHH HEeJHHEHHbIX 3BOJIIOLHOHHLIX YpaBHEHHH, MPHYEM OCHOBHBIMH KOMIOHEH-
TaMH pellieHHs ABJIAIOTCS HeJIHHeHHble epHOAHYeCKHE JIH60 YeIHHEHHbIE BOJIHbI — aBTOBOJIHOBbIE (POHTHI,
CMHpaJbHbie CTPYKTYpBI H T. 4. [5].

Metnee u3yyeHHO# SIBASIETCA CHTyaLlHsl, KOT/a HETHHEMHDBII MEXaHH3M 3aMoporoBOro OrpaHHYEHHs ABJS~
€TCSl CYLLECTBEHHO HeJIOKaJIbHbIM B MPOCTPaHCTBe H (MJiH) Bo BpemeHH. [1pH 3TOM moJie anccHnauyH B CHeTe-
Me HMeeT YPe3BbiYaHHO CJIOMKHYIO CTOXaCTHYECKYIO CTPYKTYPY, H OrpaHHU€HHe pOCTa OXBaThiBaeT MPOCTPaH-
CTBEHHO-BpPEMEHHbIEe 06/IaCTH CaMbIX Pa3JiHuHbIX KOHGHrypauu#i H pa3mepoB. [Tpupona yctpoeHa Takum 06-
pa3oM, 4YTO OYEeHb YACTO ITH CJIOXKHbIE AUCCHNATHBHbIE CTPYKTYpbl ABJSIOTCS (PH3HUECKHMH (PpaKTajamH,
T. €. IGMOHCTPHPYIOT CKEHJIHHIOBbl€ CBOHCTBA B LLHPOKOM JHana3oHe NPOCTPaHCTBEHHbIX H BpEMEHHbIX Mac-
wra6os. [IpocTpaHcTBeHHO-BpeMEeHHO!H CKEIMHT XapaKTepH3YeTCsl CHJIbHLIMH CMIafialoLMMH 110 CTENEHHO-
MY 3aKOHY KOppeJISILIMAMH, KOTOpbIe THITHYHBI A1 KPHTHUECKHUX siBJeHHi. [109TOMY KauecTBEeHHO AHHAMHKa
Nolo6GHbIX CHCTEM NPOH3BOAHT BrieyaT/ieHHe CaMOOPraHH30BaHHOTO H CAMOHACTPaHBAIOLLIErOCs KDHTHYECKO-
ro pexxuma. SIBieHHs Takoro poja HelaBHO GblJIH 0GbeHHeHbl 06GILUM HaHMEHOBAaHHEM — CHCTEMBI C CaMO-
opraHH3oBaHHOH KpHTHUHOCTbIO (self-organized criticality) [6, 7]. HasBaHHe He TO/ILKO yAauHO COenHHSET
B ce(e [iBa NepCMeKTHBHBIX HanpaBJieHHs COBPEMEHHO! (H3HKH — CaMOOPraHH3aLMIO H KDHTHYECKHE siBJie-
HHS, HO H OTPAXKaeT CyTb MPOHCXOASALLErO B CHCTEME,

B nauHoii pa6ore Mbl 06paTHMCSi K KOHKDETHOMY MpHMEpY NOTOKOBO# CHCTEMbI — rpo3oBoMy 06Jia-
Ky. Cu/ibHble KOHBEKTHBHBIE ABHXKEHHS ABJISIOTCA TOM BHELLHEN CHJIOMH, KoTopas oGecrieunBaer BCE GoraT-
CTBO BHYTPHOGJIaYHOM AHHAMHKH OT Pa3HOOOpa3HefilLInX MeXaHH3MOB 3JIeKTpH3alMH o6saKa 10 (eepuue-
CKOH KapTHHbI aTMOC(epHOro HCKpoBOro pa3psifia. B HenaBHeit pa6oTe [8] aBTOpLI NOCTPOHIIH Ka4eCTBEHHYIO
MOJie/Ib Pa3BUTHS MOJIHHH, OCHOBAHHYIO Ha 3BPHCTHYECKHX COOGpaXKeHHsX, HABESIHHBIX HAEAMH (hpaKTalb-
HOH reoMetpuH. B ocHoBe 3To# MoaesH JieXHT AByXMaciuTabGHasi CTPYKTypa 3JIEKTPHUYECKOro MoJisi B rpo-
30BOM o6JaKe, rae Hapsiay ¢ KpynHOMAcIUTaGHbIM MOJieM CYLLECTBYIOT MeJIKOMACIUTaGHbIe JIEKTPHUECKHE
slUerKH ¢ paamepom ! ~ 10 M, MHOr0O MeHbLLIMM pa3Mepa o6Jiaka. Takue siuefiKH BO3HHKAIOT BCJIEACTBHE BHY-
TPHOOGJIA4YHON HEYCTOHYHBOCTH, OOYCJIOBJICHHOH MHOrOMOTOKOBBIM TEYEHHEM B BOCXOAALLIEM KOHBEKTHBHOM
noroke. Kak Mbl nosiaraeM, ajieKTpudecKne pa3psiibl BHyTPH 3THX siueeK U CO3JAI0T CBOEOGPa3HyIo IpeHax-
HYIO IMHaMHYeCKyI0 CHCcTeMy, o6ecneunBalolLyio c6op 3apsina co Bcero 06b&Ma 006/1aKa H Mpefonpeesio-
LLyI0 MOsABJIEHHE JIMAEPHOrO KaHasla MOJIHHH, 110 KOTOPOMY 3apsifi CTeKaeT MoA AefcTBHEM KpynHoMacLiTa6-
HOro MoJist B ocHoBaHHe o6Jaka. IlpeanosioxeHue o TOM, YTO BO3HHKAIOLLAA CETb MHKPOPa3psiioB sBJfET-
Cfl B KaXK/bIi MOMEHT MepPKOJISILIMOHHBIM MPOBOASALIMM KJaCTEPOM, NMO3BOJIHJIO HaM OMNpeAe/uTb OCHOBHbIE
3JIeKTPHYECKHE MaKponapameTpbl rpo30Boro o6saka u 3anucaTh 3akoH OMa fisi hpaKkTajlbHOH 3JIEKTPH-
YECKO LIeMH, XapaKTePU3YIOWHii POCT TOKA C yBeJHUEHHEM pa3Mepa MepKoJALHOHHOrO Kiaacrtepa. C sTux
no3HuKit GOpMHPOBaHHE JIMAEPHOrO KaHa/la MOJIHMH MOXHO PacCMaTpPHBaTh KaK Mepexol K HanpasJeHHOH
NepPKOJISILIMU 3JIEKTPHUECKOr0 TOKa BO BHELLIHEM 3JIeKTpHYecKoM noJie. HanpasnieHnas nepKoJisiuys MpHBOAHT
K HaKOMJIEHHIO 3JIEKTPHYECKOrO 3apsiAia B JIOKaJbHOM 06bEMe Ha HHXKHeH KpOMKe 006J1aKa H MocJ/ieyioLiemy
npoG6oio NpoMexyTKa 06/1ako—3eMJIsi.

Ceituac Mbl XOTHM GoJlee MOC/Ie0BaTENbHO H3JI0XKHTD CyTb (PPAKTAILHOTO MOAX0AA K aHAH3Y HeUHel-
HOH BHYTPHOGJIaYHON AHHAMHKH H, ONMHPasiCb Ha KOMMNbIOTEPHOE MOJE/IHPOBaHHE, MOJYYHTb HEKOTOPbIE KO-
JIHYECTBEHHbIE XapaKTEPHCTHKH BHYTPHOGJAUHBIX 3JIEKTPHYECKHX Pa3psifioB. Mbl COCPENIOTOUMMCS Ha aHa-
JIH3e Npe/iBapHTEJIbHOI CTaMH MOJIHHEBOI BCMIbILIKH. DTa CTafiusA NpeAllecTByeT (POPMHPOBAHHIO JHAEPHOrO
KaHaJ1a MOJIHHH M Pa3BHTHIO TaK Ha3biBaeMOro 06paTHOro yiapa, KoTopblii iBJjisieTcsl Han6oJiee MOLLHBIM NPO-
siBJIeHHeM MOJIHHeBOro pa3psfa. CoriacHO 3KCrepHMeHTaJbHbIM AaHHbIM MpeJBapHTebHas CTalHs JIHTCS
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OT JECATKOB 0 COTE€H MHJIIHCEKYHJ H XapaKTepH3yeTCsl aHOMaJIbHO BbICOKOM BHYTPHOOGJIaYHOM aKTHBHO-
cTblo. OHa COCTOHT W3 MHOTOYHCJIEHHBIX KOPOTKHX (Nopsiika | MKC) HMIyJIbCOB, OGbEAHHEHHBIX B LIenoY-
KH Pa3JIHYHOH AIHTENbHOCTH. BoccTaHoB/IEHHBIE O 3THM HMMYJIbCAM PAJHOH306PaXKEHHS AEMOHCTPHPYIOT
CHJIbHO Pa3BEeTBJIEHHYIO BHYTPHOOGJ/IAuHYIO CeThb MHKPOPa3psA0B, HAMOMHHAIOLLYIO CTPYKTYpPY (paKTajbHbIX
KJ1acTepos.

IMpenBapuTesbHas CTafHs MOJTHHEBOTO Pa3psiia MOXKET GbITb OCMBIC/IEHA KaK KHHETHUECKHIi Iepexoi TH-
r.a 3acesieHus cpenbl. [TosmancnepcHbiit aHcaM6/ib 3apsiXKeHHbIX BHYTPHOGJIAYHbIX YaCTHLL NPEACTABJSET CO-
601 ceLdHUECKYIO [/1a3MEHHYIO Cpelly, B KOTOPO# KOHBEKTHBHbIE MOTOKH BbI3bIBAIOT Pa3BHTHE HEYCTOHYH-
BOCTH, aHAJIOTHYHO# MyYKOBOH HEYCTOAUMBOCTH B M/1aaMe. KpaTkoe 3HaKOMCTBO C 0COGEHHOCTAMH Pa3BHTHA
My4KOBOH HEYCTOHYHBOCTH COCTaBJISIET COlepXKaHHe NnepBoro paszea paGotsl. HeycToAunBOCTb NPHBOAKT
K POCTY MEJIKOMacLITaGHOro 3JIEKTPHUECKOTO N0JIs, a MeXaHH3M, OFPaHHYHBAIOLLMI 3TOT POCT, 0GYCJIOBJIEH
MHMKpOpaspsilaMi MeX/y MakCHMyMaMH H MHHHMYyMaMH BO3HHKaloLUeH 3JIeKTpHUecKoil BoJHbL. B nepBom
pasfieJie NOKa3aHo, YTO MPH CaMbiX OOLLHX NPEANOJIOMKEHHAX OTHOCHTEJIbHO XapaKTepa MeJIkoMacluTaGHOro
pa3psiia MeXaHH3M IMO/IaBJIEHHSI POCTa MeJIKOMAcIUTaGHOM 3JIEKTPHYECKO#N CTPYKTYpPbl OKa3bIBaeTCsl CylLe-
CTBEHHO HEJIOKaJIbHbIM. Mbl OrpaHHYUM pacCMOTpeHHe aHaJIH30M MOJEJIbHON CHTYaLIMH, B KOTOPO# OTAE/b-
HbIif MesIKoMacLUTaGHbI nMpo6ofi cioco6eH CpOBOLMPOBATh «3MHAEMHIO» BHYTPHOGIAUHbIX pa3psnos. [Tpu
ITOM pa3birpbIBAeTCsl CTOXaCTHUECKHH npoecc PppaKTabHON «MeTa/IM3aLMH» BHYTPHOOJIauHO# cpelpl, OT-
paXkaioLlHi, ¢ OXHOM CTOPOHBI, IKCMIEPHMEHTaJIbHO HabJiofaeMble OCOGEHHOCTH NpeJBapUTEJIbHON CTaHH
H, C JIPYroi CTOPOHbI, 06JIaflaloLLHi YHHBEPCAILHLIMH CKEAJIMHIOBLIMH CBOHCTBAMH, THNHYHBIMH 1Sl KPH-
THYECKO# KHHETHKH CHJIbHO HePaBHOBECHBIX cHCTeM. PpaKTa/bHbIi acneKkT AHHAMHKH MOAEJbHOMN CHCTEMBI
nofipo6HO paccMaTpHBaeTCs BO BTOPOM pasjielie C MO3ULIHI TEOPHH NMpOoTeKaHHs. TpeTHit pases NOCBALEH
aHa/Iu3y MOJEJH B, MPHOJHKEHHH cpefHero noJsi. BeicokouacToTHOe paauou3iyyeHHe MHKPOPa3psiloB Ha
npeABapHTEJIbHOH CTafIHH MOJIHHEBOro pa3psia o6cyxaaercsi B yetBéprom pasaene. [IpeacraBnenHoie B nsi-
TOM pa3jiesie KOJHYECTBEHHbIE CJEACTBHS Pa3BHTOH MOJENH HAXOAATCA B Pa3yMHOM COINIaCHH C 3KCMepH-
MeHTOM. B 3ak/ioueHHe aBTOpLI CyMMHPYIOT MOJy4eHHble pe3yJibTaThbl.

1. IYYKOBO-MJIASMEHHbIA PA3PA [ B TPO30BOM OBJIAKE

B pa6orax [9—11] 6in1a BbLABHHYTA rHNOTE3a O PU3HUYECKOH CBSA3H NPEABAPHTE/BHOM CTAJHH MOJIHHEBO-
ro paspsa ¢ MeJKkoMaciuTaGHO# 3JeKTpHYecKoii cTpaTH(HKaLkel rpo30Boro o6Jiaka — HaJHuHeM TOHKOM
CTPYKTYPbl B pacnpejie/ieHHH 3JIeKTPHYECKHX 3apAA0B H 3JIEKTPHYECKOrO N0JIsl, KOTOpas NPOsBJsETCS npaK-
THYECKH BO BCEX HaTyPHbIX IKCNepuMeHTax [12—15].

Jlnsi cyLiecTBOBaHHs TaKOH MeJIKOMacIUTaGHOM 3JIEKTPHUECKOH CTPYKTYpbI B 'PO30BOM 06JiaKke eCTb Bec-
Kue (u3HyecKHe OCHOBaHHsA. Bo BBelleHHH yxe GbLIO OTMEUEHO, YTO rpo30Boe 06/1aKO Ha 3peJioil CTaauH
pasBHTHs MpeACTaBsieT co60# N1a3MONOA06HYI0 MHOMONIOTOKOBYIO CHCTeMY. B3auMonpoHHKaloLHe NoToKH
3apsiKeHHBIX TSKENOM (KPYMHbIe Karuii U rPajL) 4 JIErKO# (KPHCTaJIbl JIbIa H MEJIKHE KallJIH ) KOMIIOHEHT BO3-
HHKaIOT B 06J1aKe 6J1arofiapst COBMECTHOMY J€HCTBHIO CHJIBI TSXKECTH H BOCXOASILLIEr0o KOHBEKTHBHOIO NOTOKA
Boszyxa. [Tpu Ha6JTi0faeMBbIX CKOPOCTSAX BOCXOAAILEro MOTOKa 4 = 5-+-20 M/C KpynHbie yacTHubI (¢ Maccoi
M ~ 1075 kr) okasbiBaloTCA B3BELIEHHBIMH B TOTOKE, 3aMOJIHsASl B OCHOBHOM HHIXHIOIO MOJIOBHHY 06J1a-
Ka, B TO BpeMsl KaK JIérkasi (paKLHst YHOCHTCS BMECTe C [TOTOKOM B BEPXHIOIO 4acTb o6saka. Cutyalms Bo
MHOFOM HaNOMHHaeT My4KOBO-MJIa3MeHHbIi pa3psil. Kak 6bi10 noKasaHo oIHKM 3 aBTOpoB [9], 3Ta cucTeMa
MPH 0CTaTOYHO GOJIbLLIOM 3apsifie Ha KPYIHbIX YaCTHLIAX CTAHOBHTCSA HEYCTOXYHBOH O OTHOLLEHHIO K BO36Yy-
MKIEHHIO 3/IEKTPHUECKHX BOJIH IPOCTPAHCTBEHHOrO 3apsza. Ha nnHeiiHo# cTafuu pa3BHTHS HEYCTOMYHBOCTH
noJie BOJIHbI MOXKHO MpeJICTaBHTD B BHAE E ~ exp(—iwt + i(k,r)), rie r H ¢ — COOTBETCTBEHHO NMPOCTPaH-
CTBeHHast KOOpAHHATa H Bpemsl. PaccMaTpuBas B npocTeiLLeM CJlyyae MOHOAUCIIEPCHbIH aHCaMOJIb THMKENBIX
YaCTHLL B MOTOKE HOHH3HPOBAHHOTO BO3JyXa, MOXKHO 3aMKCaTh AMCIIEPCHOHHOE COOTHOLIEHHE, CBA3bIBaloLIee
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BOJIHOBO# BekTop k asiekTpHyecKoi BoJIHbI ¢ €€ YacToTol w [9):

02 4rio

l-w(w+iu,t) w — (k,u) =

0, (1

rae 22 = 4ng?N/M W vy ~ g/u — COOTBETCTBEHHO KBaJpAT M/Ia3MEHHOM YacTOTHl H 3dheKTHBHAA ua-
CTOTa COYAapeHHii JJifl ra3a TAXKENbIX YacTHL, g, N H M — COOTBETCTBEHHO 3apsiil, KOHLEHTPALUA H Macca
TAXKE/LIX YACTHLL, g — YCKOpeHHe CBOGOHOrO NMajieHHsl, U H ¢ — CKOPOCTb U NPOBOAMMOCTb MOTOKA HOHH-
3upoBaHHoro Bo3ziyxa. [Topor HeycroitunBocTH onpenensiercsi yeaoBueM (/v )2 > 1, TeMn pocta HeycToii-
YHBOCTH ¥ = 2ma§)/vst NS ONTHMAJILHOTO MPOCTPAHCTBEHHOrO NepHoa a ~ w/k ~ wu /. s yacTuu
Jbja paauyca npumepHo 0,5 cM u N ~ 10% m~3 nopor seycToituuBocTH nocturaercs npu g ~ 10710 K.
Monarasi u ~ 10 M/c 1 Q ~ 20, HaxoMUM Vg ~ 1 ¢ a ~ 10MH Y ~ 470 ~ 1 ¢! (dm0 ~ vg). danb-
HefillKe HeeaenoBatHs [11] ¢ yuérom o6MeHa 3apsaaoM MeX Ay B3aHMOAEHACTBYIOLIMMH YaCTHLIAMH NOKa3aH
3HAYHTEJIbHYIO YHHBEPCA/IbHOCTb TAKOH HEYCTOHYHBOCTH B LUMPOKOM HHTEpBaJie YCJOBHi BHYTPH o6JaKa.
Ha nenuueliHo# cTaauu aMmiIHTya MeIKOMacLUTaGHOrO 3/1€KTPHYECKOTO MOJISt 110 MOPSAKY BEJIHYHHBI OMpe-
JeNIIeTCA PaBHOBECHEM MEXIY JIEKTPHYECKOH CHJION H CHJION TAXKECTH, NeHCTBYIOIMMH Ha TSXKENYI0 ya-
cruny: E ~ Mg/q ~ 10° B/m. CnenoBatesbio, aMIUIHTYIa MeKOMACLITAGHOTO 3/IEKTPHYECKOTO oS
MOXKET 3HAYHTEJIbHO MpPEBLILLATL CPEAHIO HaNPAXKEHHOCTb KPyNHOMAcLITaGHOrO BHYTPHOGJAYHOro MOJist.
Mui nonaraeMm, 4To POCT aMILIHTYAbI MEJIKOMACIUTaGHOrO MOJIsi OTpaHHYEH HEKOTOPOH KPHTHYECKOH BeJlH-
YHHOMH, MO JOCTHXKEHHH KOTOPOi MEXAy MaKCHMyMaMH H MHHHMYMaMH 3JIeKTPHYECKO# BOJIHBI Pa3BUBaETCS
MCKpOBO# paspsifi. FIMeHHO BO3HHKHOBEHHE MeJIKOMaCIUTaGHbIX MPOGOEB OrpaHHUMBAET Pa3BHTHE HEYCTOMN-
YMBOCTH H JIEXKHT B OCHOBe (OPMHPOBaHHs JiHJepa MOJIHHEBOTO pa3psaa.

2. MOAEJIHPOBAHHE HA OCHOBE CETH KOHEYHbIX ABTOMATOB

DBOJIIOUHA MeJIKOMacCIUTaGHONH  3JIeKTPHUECKOH
CTPYKTYPbl Ha MpeiBapHTeJIbHON CTafHH MOJHHEBOIO
pa3psiza onpejensiercsi B3aHMOJIEACTBHEM MPOLIECCOB

pocTa, 06yCJ/IOB/JIEHHbIX Pa3BHTHEM MYYKOBOH HEYyCTOH~
YUBOCTH, H MPOLIECCOB HeATpa/NH3aLyH, 06yC/IOBJEH-
‘ @ ‘ HbIX BO3HHKHOBEHHeM MeJIKOMaciuTabHbX Mpo6oes
BHYTpHOGJ1auHO# cpeibl. Mbl npoaHaJiMsHpyeM aeTa-

JIH 3TOTO B3aHMOJEACTBHS, HCTO0JIb3Ysl MOAEIHPOBAaHHE

Ha OCHOBE CeTH KOHeyHbIX aBToMaroB. [l HarsaHo-

CTH PacCCMOTPHM ABYMepHbI# cayyaii. Byaem monenun-

. poBaTh MeJKoMacLUTaGHyIO CTPYKTYpY o6JaKa 3JieMeH-

Puc. 1. MozesbHas peiuéria notenusasos TaMH KBaJIpaTHO# pewiéTku (cM. puc. 1). Llar pewér-

\ KH COOTBETCTBYeT pa3Mepy siuefiku MesIkoMacliTaGHOH

3JIEKTPHYECKOH CTPYKTYpbl H COCTaBJISIET MOPsAKA AecATH MeTpoB. Ecan yuecTb, 4To MaKCHMAaJIbHLIA NPo-

CTPAHCTBEHHLIA MaclUTal CHCTEMbl ONpeeJIsieTCsl pa3MepoM aKTHBHOM 4acTH rpo3oBoro o6/aka H cocTa-

BJISIET HECKOJIbKO KHJIOMETPOB, TO JIHHEHHbLIA pasMep MOAEIbHOH PEILETKH JOJKEH COAEPIKATh HECKOJIBKO
COTEH MPOCTPAHCTBEHHbLIX MEPHOAOB.

Kaxxnomy yasty peluéTky nocrasJieHa B COOTBETCTBHE 3aBHCSLLAs OT BpEMEHH CKasisipHasi BeanunHa Uy;,
XapaKTepu3yloLasi 3/IeKTPHYECKHII MOoTeHLMas. DBOJIOLKS MOTEHLUMAIbHOro pesibea Ha peluéTke onpese-
JIANAch B paMKax MOJEJH CJIy4yafHOro pocTa: Ha KaXKIOM Liare MOAEJIbHOrO BPEMEHH K 3JIEKTPHUECKHM M0~
TeHuHanaM U;; B yanax pelIéTKH NpHGaBJsIHCh HOPMaJIbHO pacrpelieiéHHble cayyaiiHble o6aBkH. [1pn
3TOM KaXIblil y3eJs1 COBepILaeT He3aBHCHMOE OT coce/ieii 6GpPOYHOBCKOE JBHXKEHHe B MPOCTPaHCTBE 3HaYEHHH
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JIEKTPHYECKOro rnoTeHuHxana. Pa3HocTH noTeHUHanoB MeXay COCEAHHMH Y3JlaMH COﬁpaHbl B MaTpuLe A,

3JIEMEHThI KOTOpOﬁ onpeneyaloTCa COOTHOLLCHHAMH

Ai-1)25 = Ui+1) — Uijy

Azi 2j-1) = Ugi+1)j — Usjs

Ai-1) (2j-1) = A2i2 = 0. (2)
HeHyuieBbie 3J1eMeHTBI MAaTPHLIbl A XapaKTePH3YIOT CBsl-

34 MeX]y y3/1aMH HCXOAHO# peléTku. Kaxaylo cBsisb
MOXKHO PacCMaTpHBaTh KaK KOHEUHblii aBTOMAT, npa-

a) 6)

BHJ1a MOBEAEHUA KOTOPOro OINPeASJIAIOTCS ero Cco6CTBEH- Puc.2. Jlpa Bapu aHTa BbiGOpa GAMKafLKX cocelel

HbIM COCTOSIHHEM — MepernajoM MOTeHLHala Ha HEM,
M COCTOsIHHEM ero Guixadiunx cocenei. [Tpuuém BbI-
6op GaHKaALIKX cocelel ABAAETCA AONONHHTENbHBIM
«MPaBHJOM Hrpbi». Mbl HCMIO/Ib30BAJIH [Be Pas3JIHYHbIE
KOHHrypauuu GamxadLIHX cocelel, H306paxKEHHble
cXeMaTHYeCKH Ha pHC.2a u 6. B nepsom cayuae 6u-
KafAlUUMH  coceliiMH  OODBABJSAIOTCH  YeThl-
pe CMeXHbIX CBfi3H, BO BTOPOM — BCe 11IeCTb CBsi3eH,
HMeIOLLHX 061Kt y3eJ1 C BbIGPaHHLIM 3/1EMEHTOM.

100

1S GHKCHPOBaHHO# (BbifieieHa YEPHLIM) CBsi-
3H: GIHKAALLIUMH COCEJISIMH SIBJISIIOTCS YeThbl-
pe CBSI3H, CMEXHBIX N0 OTHOLUEHHIO K HCXOA-
HOlt (a); GnuKalMMH COCeAsIMH SBJSIOTCA
BCe LIeCTb CBfA3eil, HMeloWMX OOWMHA y3en ¢
HCXOJHOI CBA3bIO (6). 3aMeTHM, YTO CeThb Kie-
TOYHbIX aBTOMaToB 0Gpa3yeT MOKPLIBAIOLLYIO
PELIETKY 1O OTHOLLUEHHIO K HCXOAHOM, mped-
CTaBJIeHHOM Ha puc. 1

100

Puc. 3. MrHoBeHHas doTorpadusi c/rydaliHOro NOTEHLMANBLHOTO peJibedha, SBOJIOLHOHHPYIOLIEro Ha KBaPaTHOA

peérke 100 x 100
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YPpoBeHb aKTHBAUHH f

104 2-104 3104 4-104 lwe,‘ms-m-‘

Puc. 4. Dsosiouus pa3HOCTH NMOTEHLUHANOB Ha OTAE/b-

1,01

0,8f

0,6f

ot

0,41

0,2}

HOM 3s1iemMeHTe ceTH. CTpesikaMH yKa3aHbl MO-
MeHTb! NpoGost (MeTa/IH3aLHK) aKTHBHPOBaH-
HOW CBSI3H, KOTla NMPOUCXOAUT BbIpaBHHBAHHE
NOTEHLHAJIOB B COCENHHX siueikax MeJKoMac-
WTAGHON 3JIEKTPHUECKOH CTPYKTypbl. AGco-
JIOTHAs BeJIHUHHA Pa3HOCTH MOTEHUHAOB Ha
KOHLIaX CBA3H MeHbLue KputHueckoi (U, = 50),
cJ1el0BaTe/IbHO, YKa3aHHbIe MPoGOH CTHMYJIH-
PoBaHbl G/IHXKaAILIHMH COCEAMH

iy

0 T8100

84107 188104 192107 1,96107 BpeMmn

Puc.5. DBosiouns yaeabHOro YHC/a aKTHBHPOBAHHBIX

cBfi3efi (XKHpHAs JIMHHS) H 3aBHCHMOCTb OT MO-

IeJIbHOTO BPEMEHH YHCJIa KPHTHYECKHX CBfi3eil
(nenbTao6pa3Hbie BCMJIECKH €AHHHYHOM AHHbI)

BepHnémcs k npaBusiam Hrpbl. PoCT noTeHUManbHO-
ro pesibeca orpaHHueH HEKOTOPOi# KPHTHYECKOH pas-
HOCTbIO MoTeHUHaN 0B U Mexay COCEIHHMH y3jaMH,
No AOCTHXXEHHH KOTOPOH NPOHCXOAHUT Npo6oit — «Me-
TaJuH3aumua>» cBasu. [Ipeanonaraercs, uto Ha caeny-
IOLLIeM Lare MOJENbHOr0 BpeMeHH BO3HHKLIKH Npo6oi
MOX<eT HHHLIHHPOBaTb NMPOGOH COCeHHX CBsi3eH («HH-
¢huLHpOBaTh» coceneil), eciiH NPHJIOKEHHAs K HHM pa3-
HOCTb NMOTEHLMAJIOB NPEBbILLIAET HeKOTOPbIA (PHKCHPO-
BaHHbIA ypoBeHb aKTHBALHH Uy, KOTOPbIi MEHbLLE KPH-
THYECKOro. 3eCb yMECTHO NPOBECTH aHAJIOTHIO C 3KC-
nepMMeHTaMH N0 HHHLUMALMH HCKPOBOTO pa3psia Jia-
3epHbIM MYYKOM, rae mnoJjie npo6osi YMeHbILAJOCh
B HECKOJIbKO pa3 noa AeficTeHeM HasyueHus [16). ITpo-
6HTast CBSI3b Ha CJIe/IyIOLLeM Lliare MOJE/IbHOrO BpeMe-
HH BO3BpalllaeTcsi B J€aKTHBHPOBAHHOE COCTOSIHHE
C HyJIeBO#i pa3HOCTbIO MOTEHLIHAJIOB.

Ha puc. 3. npencraBiieH xapakTepHbIf BHJ MOTEH-
uMajbHOro pesibedpa, peajH30BaHHOrO B YHCJIEHHOM
akcnepuMmeHTe. [ToBeseHHe pa3HOCTH MOTEHLHAJOB Ha
OT/IE/IbHOM 3JIEMEHTE CeTH B 3aBHCHMOCTH OT MOJ€JIb-
HOrO BpEMEHH MOKa3aHO Ha pHc.4. DneKTpu3auus
o6/1aka H POCT MeJIKOMAcIUTaGHOro MOTEHUHAIbHOro
pesibedha onpenesioT MeJIEHHYIO 3BOJIOLHIO BHYTPH-
o6s1auHo# cpefpl, Ha hoHe KOTOPOil MPOHCXOAAT ObICT-

60-
50.

40r

UL |

0 10 20 30 40 50 60 70 80 Bpems, MC

Puc. 6. dsonouys yHc/Ia METaIIH3HPOBAHHBIX CBSA3EH.
Ipy6Goe BpeMeHHOe pa3pellieHHe: LieHa Ne/ICHHA
N0 OCH aGCLMCC COOTBETCTBYET ACCATH MHJLIH-

CceKyHIaM

pble peJlakcaLMOHHbIe MPOLECCHl, 06YC/IOB/EHHbIE MeJKoMacluTaGHbiMU pa3psaaaMu. [Tapamerpsl Monenu
nofoGpaHbl TaK, 4To6bl 06eCNeYnTb CPaBHUTENBHO GLICTPYIO AHCCHMALHIO MOTEHLHAa NPH MeIEHHOM ero
pocTe: OTAe/bHBII LIar B XKH3HH aBTOMAata COOTBETCTBYET XapaKTepHOMY BPeMeHH nepeiayn Bo3GyXKIeHHs

424
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ero GJHXaiILHUM COCESIM, [IPH 3TOM H3MEHEHHe Pa3HOCTH NMOTEHLHAJI0B MeXIY COCEAHHMH y3JaMH 3a OfHH
LLIar MOAEbLHOrO BpPEMEHH Ha HECKOJIbKO nopsaKoB MeHblue Uc. 3Has pa3mep suefikd (nopsiaka 10 M) v no-
Jarasi, uTo BO3GyXKIeHHe NepefasTcsi CO CKOPOCTbIO cTpuMepa (nopsaka 107 M/c), MOXKHO OLEHHTS ar Mo-
IeJIbHOTrO BpeMeHH BEJIHYHHON NOpsika MHKPOCEKYH b, JITHTeIbHOCTD NpeBapHTENbHON CTafHH MOJIHHE-
BOro paspsija, AMAILAACS OT JECATKOB 0 COTEH MHJUIHCEKYHA, OMpee/sieT NOJHbI HHTEPBaJ MOJIeJIbHOro
cuéra, KOTOpbIii, CJIEIOBaTEJILHO, IOJXKEH COCTaBJIATH OT JECATKOB JI0 COTEH ThICAY LIAroB.

OG6patuMmcs K pesy/ibTaTaM YHCJIEHHOTO SKCIepH-
MeHTa. Ha pic. 5 nokasaHa 3BoJloLHs yAeNbHOrO0 YHC-
Jla aKTHBHPOBAHHBIX CBSi3el; TaM Ke BepTHKaJbHbI-
MH JIHHUSIMH OTMEYEHbl MOMEHTbI MOSIB/IEHHS KPHTH-
YeCKHX CBsi3eil, HHHLMHPYIOLLMX MeTaJH3auuio. Jler-
KO 3aMETHTb, UTO MOSBJIEHHE KPHTHYECKUX CBsA3efi AB-
JISieTCS Ype3BbIYafHO pelIKHM COGLITHEM Ha (oHe 06-

LLIero YKCJia MeJIKoMacLITaGHbIX po6oeB. Buaxo, Kpo- 5 | “
Me TOrO, YTO YAEJIbHOE YHCJIO aKTHBUPOBAHHBIX CBS-

3eil pAYKTyHpYeT BOJIH3H YPOBHSA p = pe ~ 0,5. dtor 07T 73 73 14 75
KPUTHYECKHH YPOBEHb OMpee/sieTCsl paBHOBECHEM

MeXy NpoLeccaMu POCTa MeJIKOMAcIUTaGHOro NOTeH- 2 6)
LHaJbHOTO peJibeda H MpoLiecCaMH BbipaBHHBaHHS MO~
TEHUHAJIOB B COCEIHHX slYefiKax NMPH BOSHHKHOBEHHH
npo6osi Mexkay HUMH. [TosiB/IeHHe HOBbIX akTUBHpO- 1
BaHHBIX CBfi3eli KOMIIEHCHPYETCS HX MCUE3HOBEHHEM |
B npoliecce MeTalIH3alH. MOXXHO CKa3aTb, YTO MPo-
MCXOJIMT 3aceJieHHe Cpe/ibl aKTHBHPOBAHHBIMH 3JIeMeH-
TaMH. . 07m —7a 7% LB 130 182

CooTBeTCTBYIOLIasi BpeMEeHHas 3BOJIIOLMA YHCJa

BHYTPHOGJaYHbIX Pa3psifioB MpeCTaBjeHa Ha puc. 6
u 7. Ha Gosbluux BpeMeHax npH rpy6oM BpeMEHHOM
pa3spelleHHH COOLITHSA NPEACTaBASAIOT COO0H aesbTa- 15
o6pasHbie BCMbILKH (CM. pHc. 6), yacToTa nosiBNeH s
KOTOPBIX 06GPATHO MPOMOPLHOHANbHA UX amnuuTyse. 10
Hanportus, npu GoJiee BHICOKOM pa3pellieHHH Ha KO-
POTKHX BpeMeHaX MpOSIBJISETCA TOHKas CTPYKTypa
OTAE/IbHOrO BHYTpHOGNAYHOro pa3psifia, onpefensie- 0
Mast POLIECCOM METaJIH3ALIHH OTAEIbHOTrO KJ1acTepa
aKTHBHPOBAHHBIX cBs3ell (cM. puc. 7a—a). [Ton kna-  Puc.7. DBosouns uncia MeTa/IH3HPOBAHHBIX CBSA-
CTEpPOM aKTHBHPOBAHHbIX CBSi3efl Mbl NOJpa3ymeBa- 3eil. Boicokoe paspelueHKe N0 BpeMEHH: LieHa
€M TaKylo COBOKYMHOCTb aKTHBHPOBaHHbIX dJleMeH- AeneHHsi o ocH aGeumce Mensercs ot 500 mke
TOB peli&TKH, JioOble [Ba M3 KOTOPBIX CBf3aHbl Ha BepXHeM rpadue 0 20 MKC Ha HUXKHEM
HernpepbIBHON LIEMOYKON aKTHBHPOBAHHLIX CBs3eH,
NpHYEM Kaxkaas M3 3THX CBsi3ell SIBIAECTCA YIEHOM COBOKYMHOCTH. [TpHHUMNHANLHO BaXKHBLIM 0Ka3blBaeTCs
TOT ¢paKT, UTO KJacTephbl aKTHBHPOBAHHbIX CBA3eH OKa3biBaIOTCH (hPaKTaJIbHLIMH CTPYKTYpaMH. MrHoBeHHas
dortorpadusi npouecca MeTa/M3aUMH KJacTepa aKTHBHPOBAHHBIX CBfi3ell NpuHBelleHa Ha pHC.8.
YgépHble TOYKH Ha PHCYHKE COOTBETCTBYIOT (DPOHTY HOHH3ALMH — SJIEMEHTaM CTPYKTYpbl, MPOGHTLHIM Ha
AaHHOM Luare MOJIeJIbHOTO BpeMeHH. BbluKcsieHHas o pe3ysibTaTaM MOJENHPOBaHH: (paKTaibHas pa3mep-
HOCTb MeTa/VIM3HPOBAHHbIX KJIaCTEPOB COCTaBH/Aa df ~ 1,9, 4TO MPAaKTHUECKH COBMAJAET, Kak Mbl YBHAMM
B pa3geJie 4, C pasMepPHOCTbIO JIByMEPHOro NMepKONALIMOHHOTrO KiacTepa.

a)

N

Lol 1

7,236 7,‘240 ‘ 7,‘244 ' 7,.248 BpeMs, MC
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Ha nepsblit B3rsia yauBHTENIbHO, YTO OJHOPOAHAs BO BPEeMEHH H B MPOCTPAHCTBE HaKauyka — CJy-
YaiiHO-paBHOMEPHLIA POCT MOTEHUHAJILHOTO peJibetha NPHBOAHT K MOSBJIEHHIO HEONHOPOAHBIX (paKTajb-
HbIX AHCCHMATHBHBLIX CTPYKTYp. B o6/ake Takas kjiacTepHas AHCCHMALHs 0GYCJIOBJ/IEHA TEM, UTO BEJIHYHHA,
o6paTHas HHKpEMEHTY poCTa MeJIKOMacIUTaGHOro NoTeHLUHaJbHOro pesibeda, Ha HeCKOJIbKO MOPSAKOB npe-
BhbiLLIAeT BpeMst nepeau Bo36YKAEHHS OT TPOGHTOrO 3/ieMeHTa ero GiIHXKaHILIHM aKTHBHPOBAHHBIM COCE/ISM.
ITpu 3TOM Aaxke camblit KpYNHbIH KJacTep aKTHBHPOBAHHbLIX CBfi3ell «Bbiropaer» GhiCTpee, YeM CpellH ero
6amKafiuX cocefiedl MOABSAIOTCA HOBble aKTHBHPOBAHHbIE 3JIEMEHTbI CeTH. Mbl XOTHM NMOAYEPKHYTb MPHH-
UHIHAJBHYIO BaXXHOCTb TaKOIO Pe3KOro pas/ie/ieHHsi XapaKTepHbIX BpEMEHHbIX MacluTaGoB B paccMaTpH-
BaeMo# cHCTeMe, KOTOpPOe Hapsifly C MOPOroBbIM XapaKTepoM GbICTPLIX AHCCHMATHBHBIX MPOLIECCOB BOOGLIE
THIHYHO JJISl CHJIbHO HEePaBHOBECHBIX CHCTEM, IEMOHCTPHPYIOLUKX KpHTHUeCKoe noBeaeHHe. Hike, B pa3ne-
Jie 3, Mbl YBUIIHM, YTO ITOT Pe3KHI KOHTPACT THIHYHbIX BPEMEH, XapaKTEPH3YIOIHX HAKAYKy H IMCCHNALHIO,
fiBJIfieTCS HeOGXOAUMBIM YCJIOBHEM MPOCTPAaHCTBEHHO-BPEMEHHOIO CaMOMNOA06HS AMCCHIATHBHBIX CTPYKTYP.
CHsiTHe 3T0r0 Tpe60BaHHA CyILECTBEHHEAILHM 06pa3oM H3MEHSIET XapaKkTep JHHAMHKH cHcTeMbl. JleficTBH-
TeNbHO, €CJIH KJacTep aKTHBHPOBAHHbIX CBSI3eil He yCreBaeT «BbIrOPeTb>» Mpexkae, YeM CPeliH ero GimKari-
LLIHX coceieil MoAPacTYT HOBble aKTHBHPOBAHHbLIE 3JIEMEHTBI CETH, TO MPOLIECC MeTaJIH3aLHH yXKe HHKoraa
He OCTaHOBHTCS JJaXKe B OTCYTCTBHE HOBBIX CMIOHTaHHbIX BenbiLiek. 1o cHereme npu aToM GyayT pacnpoctpa-
HATbCS CMEHsIOLLHe APYT Apyra (h)pOHTHI FOPEHHS, HMEIOLLHE KBasHPEryJIsipHYIO CIIUPAJIbHYIO CTPYKTYpPY (CM.
puc. 9). 3amMeTHM, YTO XapaKTepHblil IPOCTPAHCTBEHHBIH MacluTa6 cnupaJeil H THTHYHOe PaCCTOSHHE MEXIY
HHMH 06paTHO NMPONOPLHOHAJLHBI CKOPOCTH POCTa MeJIKoMacIuTaGHOro pesibeda.

IMpu nosnyyeHun peanu3auuii, MOKa3aHHbLIX

0  Ha puc.6—8, Mbl HCTIOJIb30BaJIH OTHOLLEHHE YPOBHS

akTHBaluMH U, K KPHTHUECKOH Pa3HOCTH MOTeHLHa-

. a0 Ue, 6uskoe K 20 % (U, /U. ~ 0,2 cootBeTcTBY-
. €T pe3yJ/IbTaTaM 3KCMEepPHMEHTOB MO JIa3epHON HHHLIH-

. auuu Hckpbl). [IpH nuiaBHOM yBeJIHUEHHH Mapamer-

. =50  pa U, /U, npoHcxoauT GbiCTpOe COKpallieHHe pa3Me-

POB MeTaJNIH3HPOBAaHHBIX 006J1aCTei, XOTS CaM Xapak-

) Tep AMHAMHKH He MpeTepreBaer Cepb&3HbIX KauecT-
. BeHHbIX H3MeHeHHil. OZHaKO yMeHbllleHHe OTHOLIe-
: Hus U, K U, npH PpHKCHPOBaHHO# CKOPOCTH pocTa Mo-
100 renumanbHOrO pesbeda MPHBOAHT K CPHIBY KPHTHYE-

CKO#l IMHAMHKH H YCTaHOBJICHHIO PEeXHMa peslakca-

' . LIMOHHBIX aBTOKOJIeGaHHM, KOTZia BCSl CeTh BEAET ce6st

¢ KaK OJIHH COCPe0TOYEHHBIH 3/ieMeHT. Takas cHHXpoO-

HH3aLUs aBTOMAToOB OGYCJIOBJIEHA TEM, YTO BCE OHH

0 5 ] 00 500 K MOMEHTY MOSIB/IEHHs! [IEPBOTO CTIOHTAHHOTO NPOGOsT
Puc.8. MrHoseHHas dotorpadus mpolecca METallii-  yeriepajoT npeojioseTh ypoBeHb akTHBaLuH. Bocera-
SallHH KAacTepa aKTHBHPOBAHHBIX CBASeA HA  yopreuye kpHTHYECKON AHHAMHKH IPH (PHKCHPOBAH-
:Banpaﬂloﬂ petuérke pasmepa 150 150. Hép- HoM U, /U, Tpebyer elié GoJbiuero yMeHbLIEHHs CKO-
ble TOYKH COOTBETCTBYIOT (POHTY HOHH3a-

UWHH — 3/IeMEHTaM CTPYKTYpH, NpoGHTHM Ha  POCTH POCTa MOTEHLMANLHOMO peabeda. Huxe, B pas-

JIAHHOM LLIare MOZIEILHOTO BPEMEHH aene 3, paccMaTpuBasi NPUGJIHKEHHe CPeiHero NoJs,

Mbl YBHUM, YTO YCTOMYHBOCTb KPHTHUECKOIO PeXH-

Ma HaGuionaetcs B npejieJie GeCKOHEYHO MaJIbIX CKOpocCTeii pocTa.

Ecsin oTHoweHHe ypoBHs akTHBaUMH U, K KPHTHUECKO#H Pa3HOCTH MOTeHLHMaN0B Ue H COOTHOLLEHHE Xa-
paKkTepHbIX BpeMEH POCTa W AMCCHMALMH OKa3biBalOT MPHHUHMNHAJbHOE BJHSIHHE Ha JHHAMHKY, TO JAETa/H
JIOKaJIbHBIX B3aHMOOTHOLLIEHHI aBTOMATOB He OKa3bIBAlOT 3aMETHOrO BJIHSIHHS Ha KaueCTBEHHBIA XapakTep
noBefeHus cucTeMbl. Tak, ais o6enx KoHpHrypauui GrKafillnX cocenied, CXeMaTHYECKH H300PaXKEHHBIX
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Ha pHC. 2a 1 6 Mbl MOJTy4HJIH KaueCTBEeHHO COBMaaalo-
Lye pesyabrathbl. KosiHuecTBeHHbIE OTIHYHSA NPOSIBH-
JIHCb B POCTE XapaKTepHbIX pa3MepoB MeTaJlJIH3HPO-
BaHHBIX KJIaCTepOB JJIf CJyyasi Ha puc. 26, uto 06y-
CJIOBJIEHO yBeJIHUeHHEM 4HcJia GHKaHILHX cocened,
7 ClleloBaTeIbHO, H YBeJIHUEHHEM BEPOATHOCTH fNepe-
nauu Bo3GyxneHus. Kpome Toro, ysesuuenue yucia
6JHXKaflMX cocefiell CyLIEeCTBEHHO MOHUWXKAET ypo-
BeHb KPHTHYECKOH 3aCeJEHHOCTH: Mbl MOJYYHJIH
Pc = 0,27 B cayuae puc. 26 npoTHB p =~ 0,5 B ciyyae
puc. 2a. He BHecJs1a KaueCTBEHHbIX H3MEeHeHHit B 11~
HaMHKYy H CMeHa MOCJ/1e0BaTeJIbHOCTH BbIMOJIHEHHS
npoLeayp aKTHBALMH H BbIPAaBHHBaHHS NOTEHLHAJOB
COCEJIHHX slueeK.

6) 101. 8)
x 400
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Puc.9. INosBnenne cnupanbHLIX BOJMH B CETH KOHEUHBLIX aBTOMATOB MpH HAapyLIEHHH YCJIOBUS CYLLECTBEHHOrO
OT/IMYUS BPEMEHHEIX MaclUTaGoB HaKauKH H AMCCHMNALMH: MrHOBEeHHas dororpadus cucteMbl (a); Bpe-
MEHHAs 3BOJIOLIMA YHCJIa Benbliliek (6) M pacnpesiesieHHe 4acTOTh! BCIbILLIEK B GH0rapHMHuecKoM Mac-
wra6e (8)

BepHéMcs K Moc/IeIoBaTe/IbHOCTH BCMbILIEK MeTaJIM3aLHH, NPeACTaBJIeHHON Ha pHc.6, H Hccaenyem
cTaTHCTHKY cobbithil. Ha puc. 10 yacToTa nosiBienus MeTa/JIH3HpOBaHHbIX K/1aCTepoB, coaepxaluux N aJe-
MEHTOB, Npe/CTaBJ/eHa KaK (hyHKLHS yHca aaeMeHToB N B Guniorapugmuueckom maciutabe. OueBuzieH cre-
NEeHHON XapaKTep 3aBHCHMOCTH, YKa3bIBAIOLLMIA Ha caMonojo61e NpoCcTpaHCTBEHHO-BPEMEHHOH AMHAMHKH:
B LIMPOKOM JHarna3oHe 3HaYeHHi HeJb3sl BbIICJIHTb XapaKTepHbie pasMephl K1acTepoB H XapakTepHbie ya-
CTOTbI UX MosBJeHHs. CKeAJIMHTOBLIi PeXXHM OrpaHHY€eH, C OHO CTOPOHbLI, pa3MepPaMH CHCTEMbI H BpeMeHeM
cuéTa, c Apyroi — pa3MepoM KjlacTepa, COCTOSILLEro U3 eNMHCTBEHHOTO 3/IeMeHTa, H 06paTHON YacToTOl no-
AIBJICHHSA ITHX eMHHYHBIX K1acTepoB. XapaKTepHblil HHTepPBaJ MEXKIY YaCTbIMH MeJKUMH COGBITHAMH (MOsIB-
JieHHe KJIaCTepOB C pa3MepoM He 6oJiee IECATH SJIEMEHTOB) COCTABJISIET COTHH 111aroB MOZE/IbHOTO BPEMEHH.

[pumeuaTesbHO, uTO H NpH 6oJiee BLICOKOM pa3pelleHHH Ha KOPOTKHX HHTepBaJjax (OT OHOro i0 COTeH
1LIaroB MOJEJIbHOTO BpeMeHH ) Gbiiii 06Hapy»KeHbl CKeHJIHHroBble CBOHCTBA NPOLIeCCa MeTa JIH3aLHH OTARJb-
HOTO aKTHBHPOBAHHOTO KJacTepa. Beiunciisisi, Hanpumep, cpeaHiolo AHHY rpacduka N (t) — uucnia MeTasiu-
3HPOBaHHbLIX Ha JAHHOM Luare cBsidell Kak (PYHKLMIO HHTepBaJa yCpeAHEeHHs Mbl OGHAPYXKHJIH, UTO OHA PacTET
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Puc. 10. YacTota nosiBfieHHs1 MeTa/UIH3HPOBAHHBIX Puc. 11. INonyueHHas B YHC/IEHHOM SKCrEepHMeHTe 3a-
KnacTepoB KakK (yHKUMA HX pasMepa B BHCHMOCTb JJIHHbI rpaduka N(t) oT HHTepBa-
6unorapHgmuyeckoM MaciuTabe Ja BpeMeHH. Hak/oH nostyueHHo# 3aBHCHMO-

cTH B GuorapudmMuyeckoM MaciutaGe ornpe-
nensieT (pakTaJbHyl0 pa3MepHOCTb rpadimka
Ds ~ 1,28

GbicTpee, ueM JiHHelHas pyHKUHS, T. €. ABJseTCA (ppaKTanoM ¢ pasmepHocTbio Dy = 1,28 (cm. puc. 11). Uc-
noJib3ys u3BecTHoe onpepenetne Dy = 2— Hu, rae Hu — nokasatesib Xépcta 0606LLUEHHOr0 6pOYHOBCKOrO
npouecca [17], Mbl nosyunau cienyiouiee aCHMITOTHYECKOE COOTHOLIEHHE, MOATBEPXKAEHHOE B YHCJIEHHOM
IKCMepHMEHTe:

N(t) o tO72, (3)

Hanomuum ans cpaBHeHus, uto aas rpaduka cMelueHnil z(t) KiaccHuecKoi G6pOyHOBCKOM YaCTHIb! (ppak-
TasbHasi pasMepHocTb Dy = 3/2 B COOTBETCTBHH C H3BECTHOM acumMnTOTHKOI z(t) o< %5, B pasnene 4, uc-
MoNb3ys MPeICTaBJ/ICHHS TEOPHH NEPKOJIALIMH, Mbl A€TaJIbHO HCCJIeyeM NPOCTPAHCTBEHHYIO CTPYKTYDY aKTH-
BHPOBAHHBIX K/IaCTEPOB, HaiiIéM HX Pa3MepPHOCTb H C NMOMOLLLIO CPEACTB (hPaKTaNbLHOM FeOMETPHH BhiBEleM
acHMmnToTHyYeckyio popmyay (3).

3. NPUBJIM)KEHHE CPEAHEIO MOJIA

B 3ToM pasnienie Mbl XOTHM BBISICHHTb O6LLE KPHTEPHH, 0GeCneuuBaloLLKe NOABJIEHHE KPHTHUECKOH K-
HaMUKH. HHCeHHbIf SKCTIepHMEHT, HanpHUMep, 10Ka3aJl CyILECTBOBaHHEe KPHTHYECKOTO YPOBHS 3aCe/EHHO-
CTH, IyKTyalHH BGIH3H KOTOPOro 06J1aiaioT CKeHJHHIOBLIMU CBOfiCTBaMH. KpoMe Toro, B aKcrepuMeHTe
6Ll BbisiB/ieHa 3aBHCHMOCTb 3TOTO YPOBHS OT YHCJa GMIHXKANILKX cocefieli IS 3alaHHON PELIETKH aBTo-
MaToB, T.e. OT €€ KOOPAHHALHOHHOrO uhca 2. UeM Gosbllee YHC/IO JIEMEHTOB HaXOAUTCH B KOHTAaKTe C
«3apaXXKE€HHbIM», TeM BblLLIE BEPOSTHOCTb Pa3MHOXKEHHS «HH(EKLIHH» H TeM, CJIEIOBATENIbHO, HHXKE KPHTHYE-
CKHi1 ypOBeHb 3aceNéHHOCTH. KoopAHHALIMOHHOE YHCJI0 BO3PACTAeT C YBeJHUEHHEM Pa3MePHOCTH PeLUETKH.
B npenesie BLICOKHX KOOPAMHALMOHHbIX YHCEJ /151 PACYETA KDUTHUYECKOTO YPOBHSI 3aCeJIEHHOCTH MOXKET GhITh
HCI0/Ib30BaHO NMPHOJIHMKEHHE CPERHEro NoJs.

Beeném ¢yHkumio pacupenesiennsi cBsiseil Mo aGCOMOTHON BeJMUHHE TMepenajia MOTEHIHANa Ha HHX
J(lAij]). Bennunna f(]Aij|) d|Aij| onpenensier nomo cBsiseii ¢ aGCOMIOTHON BEJHUHHOM Pa3HOCTH MOTEH-

UHasnoB B uHTepBane (| Aj|, |Asj| + d|A;j|]. Ouesnano, uro f0'° F(1Aij]) d|As5| = 1. YnenbHas nons akTHBH-
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POBaHHbIX CBsI3eHl onpeensieTcs BeJHUHHON

le
p= / £(14s5]) d] A (4)
la

H sIBJISIETCS CBOEOGPa3HBIM KPHTHYECKHM NAapaMeTPOM CHCTEMBI.

Pa3Butast HaMH MOZieJib PacrPOCTPaHEHHs «HH(EKLUH» MHKPOPa3psALoB B 06/1aKe HAXOAUTCS B OLHOM
KJlacce YHHBEPCAJIbHOCTH C XOPOLLO H3BECTHOM MOJEJIbIO pacrpoCTpaHeHHs JieCHbIX noxapos (forest-fire
model [18]). [To aHasornu ¢ 3TUM KJ1accom Mozesieii MOXKHO COpMyYIHPOBATh AOCTATOYHO HAISAHbIN KpHTeE-
pHil YHHBepCaJIbHOr0 KPHTHYECKOTO NOBEAEHHS CHCTeMBI. [1/1s1 3TOro Mbl HCMOJIb3yeM CpeHernoieBble nepe-
MeHHbie, XapaKTepH3yIoLLHe IHHAMHKY aKTHBHPOBAHHbIX (p), METa/lIM3UPOBAHHBIX (1) H HHEPTHLIX () CBAi-
3eil. 3Has CpeNHIOI0 CKOPOCTb POCTa MeJKOMacwiTaGHoro pesbeda (HHKPEMEHT HeEYCTOHYHBOCTH)
Q = AU/At, BBenéM BepOSTHOCTb MOSBJIEHHS B €IHHULY MOJEJNbLHOIO BPEMEHH aKTHBHPOBaHHOMN CBS3H
€ = Qf(Ua) 1 BepoATHOCTb CTNIOHTAHHOH MeTaJIH3aLHH CBA3H B euHHLY BpeMenn & = Qf(Uc) . B mo-
JeJlH JIECHBIX M0XKapOB € XapaKTepH3YeT CKOPOCTb MOSIBJIEHHS HOBbIX IePeBbEB B JieCy, a £ — BEPOSITHOCTD
nonafaHus MOJIHHH B iepeBo (BO3HHKHOBEHHS oXKapa) B efuHHLYy BpeMeHH. Caenys [ 18], sanucbiBaem pas-
HOCTHbIE YPaBHEHHS ISl p, M H q:

p(t+1) — p(t) = —[€ + 2m(t)] p(t) + €q(2),
m(t + 1) — m(t) = —m(t) + [£ + zm(t)] p(t),
q(t +1) — q(t) = —eq(t) + m(t), ()

COBMECTHO C 3aKOHOM COXPaHeHHs!
p(t) + m(t) +q(t) =1, (6)

rae t — TeKylliee BpeMs, z — KOOPAHHALHOHHOE YHCJIO (4HCJIO cocefieii), a uHTepBas At = 1 COOTBeTCTBYeT
OJIHOMY LLIary 10 BpeMeHH B KOMIbIOTEPHOM 3KcnepuMeHTe. Micnobays (6), MOXKHO HCKIIOYHTD OJHY H3 ne-
peMeHHbIX B ypaBHeHusX (5). Kpome Toro, Gynem paccMatpHBaTh BpeMsi Kak HenpepbiBHYIO epeMeHHYIO H,
3aMeHsst KOHEYHbIe Pa3HOCTH MPOH3BOJHBIMH, MepenuilieM JHHAMHUYeCKylo cHeteMy (5) B auddepeHumanb-
Hoi1 dhopme:

p=—({+2zm)p+e(l—p—m)=F(p,m), 1h=-m+({+2m)p=G(p,m). )

Haiiném cHavyana Touxu nokosi cuctemsl (7), mosiaras p = 0 u i = 0. 3zech cylecTByeT eIHHCTBEHHOE
peliieHHe, COBMECTHMOe C ycJioBHeM p < 1:

p‘_1+z+k—[k2+2(1+2)k+(2—1)2]1/2 = €

2z ’ 1+¢

(1-p°), (8)

rne k = £(1 + €)/e. IloBeneHne cucreMbl B6/M3K HEMOABHKHON TOUKH (p*,m*) onpeaensieTcsi KOPHAMH
XapaKTepPHCTHYECKOro YpaBHEHHs!

dF/dp—) OF/om

8G/op 8G/om—x |~ ©)
KOTOPOE MOXKHO nepenucath B Bue A2 + BA + C = 0, rae
B=1+&+e+z(p*—-m'), C={(1+e)+e[l+2z(p"—m")]+2zm" (10)
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Puc. 12. ®azoBas naockocTb MOAENH B NPHOHKEHHH Puc. 13. Betssimiics npouece MeTaiIH3alnH akKTHBH-
CpeaHero noJs POBaHHBIX CBsi3e#H

B To BpeMs KaK xapaKTepHOe BpeMsi Pa3BHTHS TOHKOH 3/IEKTPHYECKOH CTPYKTYphi 06/1aKa cocTaBJsier
eIMHHLBI—AECATKH CEKYHA, eé GbICTpasi peslakcaLs 3a CYET MHKPOPa3psioB OCYLIECTBISETCS 32 MHKpoce-
KyHZBl. DTO 03HAYaer, 4To B YCJIOBHAX peasibHoro obiaka £ < €. B mBoitHom npenene /e — Oune — 0
06a KOpHS XapaKTepHCTHUECKOr0 ypaBHEHHs OKa3biBalOTCS KOMIWIEKCHBIMH YHCJIAMH C OTPHLIaTeJIbHO#H pe-
anbHOM yacTblo. ClieioBaTe/IbHO, TOUKA NMOKOsi cHeTeMbl (7) siBasietcs okycoM. PasoBbiii nopTper CHCTEMbl
H306pax<éH cxeMaTHUeCKH Ha puc. 12.

Yenoue £ /e < 1 o6ecneunBaeTrcs IKCMOHEHLHANBLHOM MaJIOCTbIO (PyHKLMH pacnipenenenus f(U) B6au-
3H KpHTHUeCKOro 3HaueHus U 1 pu3nuecKu 06yCa0BJIEHO Ype3BblyaitHON PENKOCTbIO CIOHTAHHBIX MHKPOPa3-
panoB. B npeaenie ¢ — 0 acHMNTOTHUECKOE MOBeIeHHE YAEJIbHOrO YHCJ/1a aKTHBHPOBAHHbIX CBsi3efi onpee-
JI€TCS COOTHOLLUEHHEM

prz N p, (11)

KOTOpOe He 3aBHCHT OT KOHKPETHbIX 3HaueHHi € H §.

Merannusauus cBsidefl akTHBHPOBAHHOTO KJlacTepa MOXeT GbiTb PaCCMOTPeHa KaK BeTBSILLMiACA Mpo-
uecc. Puc. 13 namiocTpupyer NpeBOBHAHYIO CTPYKTYpY, CO3/aBaeMyio BeTBALUMMCS npoueccom. Ilpouece
CTapTyeT C BepxHero ypoBHsi (¢ = 1), COOTBETCTBYIOLLErO MOMEHTY NMpo6Gosi KpHTHYecKo# cBasH. Hcxon-
HBIA y3es1 Ha BepXHeM YpOBHe MOXKeT uMeTb n BeTOK (0 < n < 2), COOTBETCTBYIOLUHX BO3MOXXHOMY YHCJTY
GauxKaLIHX aKTHBHPOBAHHBIX coceliell. B ciielyiommii MOMEHT BpeMeHH (¢ = 2) Kax1as H3 BHOBb MeTa/lIH-
3HPOBaHHbLIX CBAiell BO36Y)KAAET yKe CBOMX GJHKaHILIHX aKTHBHPOBaHHBIX cocesiei H T. A. Cpenxee yHC/Io
HOBbIX BeTBeH — NPOGHTHIX CBsi3eil, BO3HHKAIOLLHX B POLIECCE METAJLIH3ALMH, Ha3bIBAaeTCs KO3 (DHLHEHTOM
BeTBJIeHHs o = (n). [To onpenenenuio

z
0= 3 nCund" (1= " = 1= 2 + O(FY), (12)

n=0
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rae C, n, — GHHOMHaJIbHble K03 dHLHeHTHl, k = £ (1 + €)/e. BuaHo, 4TO BeTBALUMIICA NPOLIECC CTAHOBHTCS
KpHTHUeCKHM, Koraa & — 0.

ITpuBengHHOeE Bhille 3HaYeHHe KPHTHYECKOH KOHLIEHTPaLIHH p aKTHBHPOBaHHBIX CBs3eil MOXeT GbiTb 06-
Hapy»KeHO B paMKax MOJEJIH KHamnpaBJIeHHOro npoTekaHus» [19]. Mbl BuzenH, YTO ecsiH B JaHHbIH MOMEHT
BpPeMeHH CBSA3b HaXOAUTCS B BO3GYKAEHHOM COCTOSIHHH, TO B CJIEAYIOLLUHH (AHCKPETHDIA) MOMEHT BpeMeHH
OHa BO3BpALLAETCAA B HCXOAHOE COCTOSIHHE MOKOS, HO MOXKET MPH 3TOM C BEPOATHOCTbIO p BO3GYAHTb CBOHX
ANHXaLLIKX cocenei no pewérke. B pesysbTaTe pasbirpbiBaeTcsi CTOXaCTHUECKHI MPOLECC, HAaNOMHHAI0-
LUK pacCMOTPEHHOE HaMH pacnpocTpaHeHHe «HHGEKUHH». FICHO, YTO Kora BeposTHOCTb Nnepeaaun Bo36y-
XKIEeHHsl OYeHb MaJla, YHCJIO BO3OYKAEHHBIX 3J1eMeHTOB GyaeT yObIBaTh CO BpemeHeM. B o6paTHoM npenene,
KOTla BepOATHOCTb Mepefiaud BO3OYKAeHHs 6JIM3Ka K eAMHHLE, YHCJIO BO3GYKAEHHBIX 3/IEMEHTOB PELLETKH
HeorpaHHueHHO Bo3pacTaeT. KpuTHueckoi siBisieTcsl BepOATHOCTb Nepeaaun Bo3GyKIAEHHS Pe, PH KOTOPO#
MofBJISIETCS KOHEYHasi BEPOSITHOCTb POCTa «SMHIAEMHH>» NPH €IHHCTBEHHOM «HH(HLHPOBAHHOM>» B HayaJlb-
Hblil MOMEHT.

B npeznene BLICOKHX KOOPAHHALMOHHBIX YHCEJT /1S pacuéra nopora npoTeKaHusi MOXET ObiTb HCMOJb30-
BaHO npHO/HKeHHe cpeaHero noJisi. [TycTb B ¢HKCHpOBaHHBIH MOMEHT BPeMeHH t [0/l 31IEMEHTOB Cpefibl,
HaXoAslMXCs B BO3GY)KAEHHOM COCTOSIHHH, cocTaBJsieT g;. Ecam uncnio Ganxalilinx cocenieil 2 y Kaxaoro
3JIeMeHTa Cpefibl BEJIHKO, MOXKHO CUMTaTh, UTO CPeHHX B MOMEHT BPEMEHH ¢ UMeJIOCh gy BO3GY)KAEHHbIX
3J1eMeHTOB. BbiGpaHHbIii HAMH 3JIeMEHT MOXeT GbiTb «HH(HLMPOBaH» B ceaylowwii (t + 1)-it MOMeHT Bpe-
MeHH C BEpOSITHOCTBIO

1-(1-p)"®, (13)

MOCKOJIbKY MbI I1pe/rio/iaraeM He3aBHCHMOCTD fepefiaud <HHbEKLMU» yepes GanxKaiiuux coceseit. Boipaxe-
nue (13) naér no/o 3J1eMeHTOB Cpeabl, HAXOAALMXCS B BO3GY)KAEHHOM COCTOSIHHH B caeaytowmii (£ + 1)-i
MOMEHT BpeMeHH, T. €.

g1 =1— (1 —p)*. (14)
Boiwe rnopora nepKoJIALHH B&JIHYHHA g; A0/KHA CTPEMHUTLCSA K OTVIMYHOMY OT HYJIsi KOHEYHOMY Npeaeny:
Jlim ¢; = ¢, , (15)

KOTOPbIfi HaéT f0J110 BO36YKAEHHBIX 3/IEMEHTOB B YCTaHOBHBLLEMCS PEeXKHME, TOrIa KaK HHXe fopora nepko-
JIALMH tlim g =0.
00
Hccnenys Toueunoe oto6pakeHue (14), HeTpyaHO NOKa3aTh, YTO €0 ATTPAKTOPAMH MOTYT GbiThb TOJILKO
CTalMOHApHbIE TOYKH, TPHYEM NOTEPSA YCTOHUHBOCTH CTALMOHAPHOH TOUYKH ¢ = 0 H poXKJeHHe HOBOH yCTOH-

YHBOW CTALHOHAPHON TOUKH ¢ = § > 0 MPOHCXOIHT MpPH NMPOXOXKAEHHH BEPOATHOCTH p uepe3 3HaueHHe P,
YIOBJIETBOPSIIOLLIEE YCJIOBHIO

—p. = lim(1 — §)V/ (3 = -1/2).
1-pc=lim(1-9) exp(—1/2) (16)
Takum 06pa3soM, MOPOr NMEPKOJISALMH ONpe/IesieTCsl COOTHOLLEHHEM
pe=1—exp(-1/2) =1/z-1/(22%) +.... (17)

IMpH yMeHblLUEHHH KOOPAHMHALMOHHOTO YHCJIA z MPHOJHKEHHE CPENHEro MO/t CTAHOBHTCA HEMPUMEHH-
MbIM H BO3pacTaeT poJib uIyKTyauHoHHbIX 3ddekToB. Tak, B Halueii KOMIbIOTEPHO#H MOJIEJIH, BBIYHCJIASA CPel-
Hee YHCJIO aKTHBHPOBaHHbIX CBfidel p = j}': F(|Ai;]) d] Aij|, Mbl o6Hapyunu pe = 0,5 npu 2 = 4upc = 0,27
npu z = 6, YTO MJIOXO COrIacyeTcsl C NpeJicKa3aHHAMH CPEAHeNno/eBoro paccMoTperus. [lna npeononenus
STHX TPYAHOCTE! H afleKBaTHOro yuéra (hJyKTyaLuit Mbl B CJIe/IyIOLLEM pa3jiesie BOCNOJb3yeMCsl CPeCTBaMH
TEOPHH NEPKOJIALIHH.
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4. NEPKOJISUHOHHAS CTPYKTYPA METAJNIH3UPOBAHHbLIX KJIACTEPOB

HuTynTHBHO ficHO, YTO XapaKTepHble MacLITaGbl METa/VIH3HPOBAHHbIX KJIaCTEPOB CYLLECTBEHHBIM 06pa-
30M 3aBHCAT OT Y/IeJIbHOIO YHCJIA P aKTHBHPOBAHHbIX 3/1eMEHTOB pelléTKH. JleficTBHTeNbHO, PH MaJIbIX KOH-
LCHTPaLMAX aKTHBHPOBaHHbIE CBA3H JIHG0 H30/IHPOBaHbI APYT OT Apyra, JH60 (GOPMHPYIOT HeGoJbLIHE Kila-
cTephbl GHxanLInx cocenedi. COOTBETCTBEHHO H pacnpocTpaHeHHe MHKPONpPOGOEeB OrPaHHYEHO B 3TOM CHTY-
alHH OTAENbHBIMH CBA3AAMH H HX HEOOJIbILIMMH IPyNMNaMH — BEPOSITHOCTb Pa3BHTHSA «3MHUAEMHH» HHUTOXHA.
HaoGopor, npu yaesbHOM uHc/le aKTHBHPOBAHHbIX CBsi3eil, 6JIM3KOM K eAHHHLe, BOSHHKHOBEHHE «3Muie-
MHH» MHKPOPA3psiI0B CTAHOBHTCS JOCTOBEPHBIM COGbITHEM. CylllecTBYeT HEKOTOPOe KPHTHYECKOEe 3HaueHHe
P = Pc, NPH KOTOPOM NMPOHCXOHT NMEPEXOA OT KOHEYHBIX 04aroB «HHMEKLHH» (NPH P < Pc) K «IMHAEMHH» —
HEOrPaHHYEHHOMY pacnpOCTPaHEHHIO KHHGEKUHH» (NpH p > p.). KpHTHYecKoe 3HaueHHe p = p. Ha3bIBAIOT
06bIYHO MOPOroM npoTekaHus (nepkossumu) [20].

INepkonsiLOHHBIf nepexos ABJSETCH reoMeTpHYECKHM (ha30BbIM NpeBpallleHHeM BTOPOro pojia H Xapak-
TEpPH3YeTCsl reOMETPHYECKHMH CBOACTBAMH aKTHBHPOBAHHLIX KJacTepoB BOJIH3H p = pc. [Ipu p < p cy-
LLECTBYIOT TOJIbKO KJIacTepbl He6obIIHX pa3mepoB. [To Mepe pocTa KOHLUEHTPALHMHK p CPeAHHT pa3Mep KJja-
cTepoB ysennunBaercs. [1pu KOHUEHTpaLKH, GIH3KOH K KPHTHUECKO#, MOSBJISAETCA KJacTep, CBA3bIBAIOILHI
NPOTHBONOJIOXKHBIE CTOPOHBI peluéTkH. Takoii KiacTep Ha3bIBAIOT MEPKOALMOHHBIM. C fasibHEALLHM POCTOM
KOHLIEHTPALMH A0J1S NPHHALIEKALLHX EPKOJISILLMOHHOMY KJ1acTepy cBA3ell Py, (MIOTHOCTD MEPKOJISILHOHHO-
ro Knactepa) Bo3pacTaer, COOTBETCTBEHHO CPe/iHHUil pa3Mep KOHEUHbIX KJ1acTepoB, He MPHHALIEXKALLHX Nep-
KOJIALMOHHOMY KJ1acTepy, YMeHbLUAeTCsl, M NPH p ~ 1 Bce CBA3H NPHHALIEKAT, OUEBHIHO, TOJNLKO OLHOMY
KJacrepy.

Bennunna Py, siBaisieTcsl napaMeTpoM Nopsijaka NepKoJIAILLMOHHOrO Nepexosia H MoXKeT ObiTb OnpesiesieHa
KaK BEpOATHOCTb TOr0, YTO CBfA3b NPHHAANENKHT 6eckoHeuHOMY KJacTepy. Korzna p < p, CylecTBYIOT TOJIbKO
KOHeYHbIe Kj1acTepbl, H Poo, = 0. Tlpu p > p. napamerp nopsznka P, yBeJHUHBAETCS M0 CTENEHHOMY 3aKOHY:

POOOC(P—Pc)ﬁ- (18)

Papmuyc koppensitii € nepKoJISILIOHHOTO Nepexo/ia HMeeT NPOCTOH reOMeTPHYECKHH CMBICJI: HHXKE Pe OH
onpefieNsieT XapaKkTepHble JIHHeHHble pa3sMepbl KOHEYHbIX KJacTepoB, a Bblllle pc — XapaKTepHbIA pa3Mep
«ZpIp» B 6eCKOHEYHOM NEPKOJIILHOHHOM KJiacTepe. C npuGiHxeHHeM K MOPOry pe Pafiiyc KOppeJsiLiiH pac-
XOZHTCS:

§o|p—pc|™, (19)
C OJMHAKOBbLIM MOKa3aTesieM v HWXe H Bbille nopora. CpesiHee YHCJIO y3/10B (Macca) KOHEYHOro Kiaactepa
TOXKe pacXoAHTCs BOJIH3H ropora:

S o |p—pel™, (20)
TaKxKe C 0JHHAKOBbIM MIOKa3aTeJleM <y HHXKe H Bhillie pe. [lns nosnyuenus § u S TpeGyeTcs BLIYHC/IEHHE CPEIHHX
10 BCEM KOHEYHbIM KJlacTepaM Ha pelléTke.

[Mokasarenu B, v 1 7y ONHUCHIBAIOT KPHTHYECKOE MOBEAEHHE THITHYHBIX BEJIHYHH, CBA3AHHBIX C MepKoJs-
LIMOHHBIM NePEeX0/iOM, H Ha3bIBAIOTCA KPHTHYECKHMH HHeKcaMu. HaeKchl 3TH yHHBepCalibHbI H He 3aBHCAT
HH OT CTPYKTYPHbIX 0COGEHHOCTel peluéTKH (KBafpaTHast M TPeyroJbHas H T. 1), HH OT THMA NPOTEKaHHUs
(no yasaMm, o CBA3SIM HJH KOHTHHYaJIbHOE ), HO TOJIbKO OT Pa3MEPHOCTH NMPOCTPAHCTBA.

3ameTHM, uTO BCe BBEAEHHBIE Bhlilie BeJIHYHHbI Onpe/esieHbl B npejese 6eCKOHEYHO GOJbIUHX CHCTEM.
B orpanuyenHoit cucteMe Py, HanpuMep, He 06513aTeJIbHO PaBHO HyJTIO HiKe nopora (MpH p < pc).

[MepxonsiunoHHbIN KnacTep siBasierca (usnuueckuM ¢pakrajsoM. OH camonono6eH Ha BCeX JIHHEAHbIX
MaciuTa6ax, 66JbLIKX NEPHOiA PELIETKH H MEHbIUHX pa3Mepa cucTeMmbl. PpakTajibHasi pa3MepHOCTb KJa-
CTepa OMHChIBAET, KaK B CpelIHeM MeHsieTCsl ero Macca (4MCJIo NPHHALIeKALIMX eMy 3JieMeHTOB) M BHYTpH
eBKJIH0BOI cepbl C pocToM €€ paauyca 7

M(r) o r. (21)
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3necb M(r) npeacTaBisieT pe3ysbTaT YCPeHEHUS 110 MHOTHM Pa3JIHYHBIM KOH(HIypaLHsAM NepKOJIALHOH-
HOTrO KJ1acTepa.

CasxxeM (hpakTa/IbHYIO pa3MepHOCTb df MEPKOJIALHOHHOrO KJ1acTepa ¢ KpHTHUECKUMH HHeKcaMH B 1 v.
BepositHOCTDb TOT0, YTO HEKOTOPBIi BbIOPaHHbIN Hayraj, y3eJ BHyTPH €BKJK0BOI cdephl paauyca r < € npu-
HaJVIEXKHT NEPKOJIALIMOHHOMY KJlacTepy, ONnpejesieTCsl OTHOLLIeHHEeM YHCJ1a y3J10B, MPHHAAJIeXKALLHX NePKo-
JIILMOHHOMY KJIacTepy, K MOJIHOMY YHCJIy Y3JI0B B cepe:

Po xr/rd, r <& (22)

3xecb d — pa3MepHOCTb NMPOCTPaHCTBA BJOXKeHuUsA. [TocnenHee cooTHOLLEHHE KOPPEKTHO ans r = af, rae
a — HeKoTopas KoHcTaHTa MeHblue 1. [Toacraeass r = a€ B (22), nosyuaem

Py o £% /€% (23)
OGe yacTH MOCJeHEr0 COOTHOLLEHHUS IBJSIOTCA CTENEHHbIMH (YyHKLHMAMH BbipaxkeHusi p — pe. [loacra-
Basisi (18) u (19) B (23), Haxonum .

dg=d-B/v. (24)

Takum o6Gpa3soMm, ppakTasibHasi paaMepHOCTb dy MEPKOJIALIMOHHOrO KJacTepa Ha rnopore NpoTeKaHHs He SB-
JiieTcsl HOBbIM He3aBHCHMbLIM NTapaMeTpoM, HO BhipaXkaeTcst uepe3 nokasarteau B u v. [Tockodbky B u v siB-
JISIOTCSA YHHBEpCaJIbHBIMH HHAEKCaMH, df TaKxKe SIBJSETCS YHHBepCalbHOH BeJTHUHHON, 3aBHCALLEH TONbKO
OT pa3MepHOCTH npocTpaHcTBa. s aByMepHoro cayuas df =~ 1,89. Huxe nopora u Ha nopore (npu p < pc)
BbipaxkeHHe (24) onpenensieT u paKTaabHYI0 pa3MEPHOCTb KOHEUHBIX K/1aCTEPOB C JIHHEHHBIMH pa3MepaMH,
He NpeBbILLAIOWHMH §.

Jnst nonyueHus HOBOM cylecTBeHHOH HH(OPMaLHK 06 yCTPOFACTBE NePKOIALIMOHHOIO KJacTepa, BO3HH-
KaIOLIEro B NpoLecce MeTa/lIH3aLHH, paCCMOTPHM HauKpaTuaiLIHil NyTb MeXAy ABYMsi ero ToukaMu A H B.
DJyieMeHTHI KJ1acTepa, MpHHaJJIeXallHe 3TOMY MyTH, (hOPMUPYIOT CaMOMNOAOGHYIO CTPYKTYPY C (hpaKTaibHOM
PasMepHOCTBIO dyyin. TaKHM 06pa3oM, [ViHHA | 3TOro HaHKpaTYaiLLero MyTH, YacTo Ha3biBaeMas XHMHUECKHM
pacCTOsIHHEM, MEHSAETCS C YBeJIHUeHHEM eBKJIHAOBOH AUCTaHLMH Mexay A U B no 3aKoHy

| ~ gmin, (25)

OGpaTHoe COOTHOLLIEHHE

7~ [Ymin = [P (26)

MOKa3bIBAET, KaK T MEHAETCA NPH H3MEHEHHH l

C PasMEepHOCTAMH dmin 1 df TECHO CBA3aHA TaK Ha3biBaeMasi XHMHUECKast pa3MepHOCTb dy, KOTOpas onu-
ChbIBaeT H3MeHeHHe Yucsa M 3/1eMeHTOB KJjacrepa, yllaJléHHle OT HEKOTOpOT'o (bHKCHpOBaHHOI‘O 3JIEMEHTA Ha
XHMHUYECKOE pacCTOsiHHE, He MpeBbILlalolliee TMCTAHLHIO l,c YBEJHYEHHEM MOCJICAHEH:

M(l) x 1. (27)

Ecau ¢pakTanbHas pa3MepHOCTb df XapaKTepu3yeT POCT MacChl K/acTepa ¢ yBeJIHueHHeM ero pasmepa

B €BKJIHI0BOM NPOCTPAHCTBE, TO XHMHUECKasi pa3MepHOCTD dj OMHChIBAaeT POCT MacChl KJlacTepa B POCTPaH-
cTBe XMMHuecKuX paccTosiHuit I. Kom6unupys (21), (25) u (27), Haxonum cBsi3b

d; = ds/dmin. (28)

B nBymepHoMm ciyyae dmin = 1,10 + 0,02; d; = 1,72 £ 0,02.
IMpouecc MeTalH3aUMH HHHLMHPYETCA OTAEJbHOH NPOGHTOH CBA3bIO aKTHBMPOBAHHOTO KJacTepa,
M KaXKAIblH MOCJIEAYIOLIH [Iar MOJEIbHOrO BPEMEHH COOTBETCTBYET YBeJIHUEHHIO XHMHUYECKOTO pacCTOAHHUS
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MeXAy HCXOIHBIM 3/IEMEHTOM H PPOHTOM MeTaJlIn3aLIHH Ha MPOCTPAHCTBEHHbIH nepHos pewétku. Cienosa-
TeJIbHO, B HallleM cJiyyae ¢ o I, H V1Sl YHCJIa METaJIM3HPOBAHHBIX Ha JaHHOM Luare cBs3eil N (t) Mbl MOXeM
3amHcaThb CJe/yloLlee aCHMITOTHYECKOE COOTHOLLEHHE:

N(t) @# o t41 x5 072, (29)

HIH
N(t) ot (30)

rae Hu =~ 0,72 — nokasaresb Xé&pcrta ais aaHHoro npouecca. CooTHouieHue (29) otpaxkaer reometpuye-
CKHI CMBICJI MIpoLIecCa MeTaJlIH3aLHH:

t
M) x f N(t')dt. ‘ 31)
0

®pakranbHas paamepHocTb rpaduka N (t) onpenensiercsi cootHoweHneM Dy = 2 — Hu =~ 1,28. banskoe
3HauyeHHe GbIIO NMOJIyYeHO HaMU B KOMNbIOTEPHOM 3KcnepHMeHTe (cM. puc. 11).

5. PAMIMOM3JIYYEHME OBJIAKA HA NPEABAPUTEJIbHON CTAZIUH MOJTHHEBOTO PA3PSI A

B pamkax pa3BiBaeMoii MOie/IH MOXKHO OMNPEAEJHTb XapaKTePHCTHKH PaIMOH3JTyueHHs rpo30Boro o6sa-
Ka Ha MpeBapHTe/IbHOMN CTaHK MOJIHHEBOTO pa3psiza. [Tose uamyyeHus popMHpyeTcs COBOKYMHOCTBIO MH-
KpOpa3psioB, BO3HHKAIOLLHX B POLIECCEe POCTA OMUCAHHBIX Bbillle KJ1aCTepOB MeTaJJu3auuH. B pacemarpu-
BaeMO# MOJI@JIH KaXK1asi MeTaJVIH3HPOBaHHAs CBAA3b MpeACTaBJisfieT CO60M JHHEAHBI TOK C pa3sMepoM a, Te-
KyLuii oT GoJbLero noTeHuMana K MeHblueMy. [TockosibKy B HecsienyeMoi MOZIesIH 3HaK Pa3HOCTH MOTeH-
uMaoB HKCHpYeTCs, TO, CJIeN0BaTe/bHO, H3BECTHO H HampasJieHHe BO3HHKAIOLIHX TOKOB. AMIIHTYAa TO-
Ka ji1, aCCOLIMPOBAHHOTO C kl-M 3/IeMEHTOM CeTH, NPONOpLHOHaJbHA pa3HOCTH noTeHuHanoB AUy = Ap,
TNPHJIOXKEHHO# K 3/1eMEHTY B MOMEHT NMpo6osi, H 3aBUCHT OT 3JIEKTPHUECKO# EMKOCTH siueiiki Cyy ¥ MpoaoJ-
JKHTENBHOCTH pa3psna 7. [1o nopsaKy BeHYHHbI

NCklAUkl
o~

(32)

JLnsi onpesiesieHust CneKTpa U3NyYeHHst HeOGXOAMMO 3a1aTh MPOCTPAHCTBEHHO-BPEMEHHYIO 3aBHCHMOCTb TO-
Ka, KOTOPYIO Mbl BbiGEpPeM B CJIEYIOLLEM BUAE:

3(¥') = it (exp(—at') — exp(—6t') — 8(t — T){exp[—a (t — 7)] — exp[-6 (t — 7)]}), ¢ =t—s/V, (33)

rie s — KOOpAMHATa BJOJb 3JeMeHTa ToKa, 0(t) — enunnuHas dyHKuua Xesucaiina, a BpeMs 3anasfbipa-
HHA T onpejensieTcss CKOpocTbio V' pacnpocTpaHeHHsi ()pOHTA HOHHM3AlMH B 3JIEMEHTapHOM paspsife:
T ~ a/V. Takum 06pa3oM, ecJii NMPH paCCMOTPEHHH METAJTH3ALIMH KJIacTepa aKTHBUPOBAHHBIX CBfi3el BHY-
TPEHHSAA CTPYKTYpa OTASJNbHOro Mpo6os Gbljia HECYILECTBEHHOM, TO NPH Pacyére paJHOH3yYeHHS! Mbl IOJIK~-
Hbl B35ITb COOTBETCTBEHHO MEHDLLMH, YeM JUIHTEbHOCTb TOKA, BPEMEHHO Luar, 4To6b! 3aBUCUMOCTb (33 ) Gbi-
Jla KOPPEKTHO OrnucaHa. 3aMeTuM, uTo K03 dHiKeHTs a U § B (33), KOTOpbIE ONPEeSIOTCS BHYTPEHHEN
JMHAMHKO#M OTAE/bHOr0 MUKPOpPa3psia, MOTYT ObiTh BLIGPaHbI H3 SKCIIEPHMEHTAJIbHBIX JaHHBIX N0 PaAHOH3-
Jly4eHHIO Ha MPeBapHTE/IbHON a3e pasBuTHst MOJHEH [21, 22].

Jlns pacuéra BOJIHOBLIX ()OpPM PaJHOCHTHAJIOB OT COBOKYMHOCTH JIHHEAHLIX TOKOB C MPOCTPAHCTBEHHO-
BpPeMeHHbIMH XapaKkTepHCcTHKaMH (33 ) Mbl BOCTosIb3yeMcst pesyJibTaTaMH pa6oThl [23), corsiacHO KOTopo# aM-
MJIMTYAa 3JIEKTPHYECKOro noJsisi uanyyenuss E(r,t) COBOKYNMHOCTH JIHHEAHBIX TOKOB B JajibHel 30HE
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(Ir| > A) onpenensiercs BbipaxkeHHeM

N
Z . .
Eo(r,t) = o= 3 ou [it— ) - it - )], (34)
k,l=1

TAe Ty — pajauyc-BeKTOp OT kl-ro sjiemenTa ToKa B TOUKy npuéma (cM. puc. 14), A\ — xapakrepHas A/iuHa
BOJIHBI H3JyueHHst, Zg = o /€9 — MMIMENAHC BaKyyMa, TOK j onpezieasercs dopmyJioi (33), amnautyna

= _Hou - -
Tou = — V¢ K= (90, 801), Skt = (ro,80k1), (35)

V — cKkopocTb (hpoHTa TOKa, ¢ — CKOPOCTb CBe- z)\
Ta, Sgkl, To H Y9 — eIMHHYHBbIE BEKTOpHl B cepH-
yecKoii CHCTeMe KOOPAHHAT, OKa3aHHO# Ha pHc. 14;
BEKTOP Sqk; HanpaBJieH BAOJb kl-ro Toka, HauaJlo pa-
ZMYC-BEKTOPA Tk JIEXKHT B cpefiHed Touke kl-ro sim-
HeHOro ToKa. 3anasabiBaloLLHe apryMeHTb!

=B, @ =t n,  36)
rae it = (1 — {uV/c)a/V — Bpems 3anasapiBa-
HHA 110 3JIEMEHTY ToKa, £ — TeKy1uee BpeMsi. CyMMHu-
poBaHue B (34) Ben€rcsi o BceM OTJIHYHBIM OT HyJIs

"§ MeakomacwraGnas
A 3JIeKTPHUecKas
CTPYKTYypa

Toxa
HaGMioAgHHS
!

I

3/1eMEHTapHBIM TOKaM B MOMEHT BpeMeHH ¢. Puc. 14
3r 1
' E*w),
2 yca.en,
3
| 10%
<
S
= l
g’ !
< 101.
ak
-2 -. . . )
~ 3700 3900 4100 4300 Bpems 100J St el

Puc. 15. BosHoBasi popMa uanyueHHs MofieibHOM cH-  Puc. 16. DHepreTnHuecKui cnekTp nons HanydyeHus
cTeMbl

[Mpeanonaraercs, uTo MoAe/bHasA pellI&éTKa OPHEHTHPOBaHA B BEPTHKAJILHON MJIOCKOCTH H PacCTOSHHE
Mexay eé HHxKHell KpOMKO# 1 3eMJiéli COCTaB/SeT OJMH KHJIOMETP, a TOUKa NPHEMA H3JTyuyeHHs pacnoJara-
eTcsl HeBbICOKO (0KoJ10 10 M) Haj MoBepXHOCTLIO 3eMJH Ha PaCCTOSIHUM A0 LieHTPa o6Jiaka, MHOro 6oJibLieM
pa3smepa caMoro o6Jsiaka. B aToM ciyyae ¢ yuéToM oTpaxkeHHs MOBEPXHOCTbIO 3EMJIH MOJIHOE NoJie H3JTyde-
Hus E,(r,t) ~ 2Ey. Ucnoabays dopmyay (34) H npocTpaHCTBEHHO-BPEMEHHbIE XapaKTEPHCTHKH npoliecca
MeTaJl/IM3aLKK, HETPYAHO HallTy noJie uanyueHus E,(r,t) B Kaxabiit MoMeHT Bpemenu ¢ = n At.'Ha puc. 15
1MoKa3aHbl BOJIHOBblE (POPMbI pafiHOCHTHaMOB. B KOHKpeTHbIX pacyérax OblH BbIGpaHbLI CJEAYIOLIHe napa-
MeTpbi: @ ~ 10 M, V' ~ 107 M/C H COOTBETCTBEHHO T MOPS/IKA MUKPOCEKYHIRL.
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IMo BpeMeHHEIM XapakTepHCTHKaM Nodist E(t) HaXOAHM CMEKTPasIbHYIO MJIOTHOCTb H3JYYeHUs!, KoTopas
yaoBjeTBopsier acuMnTotHke B2 (w) o« N(w) ox w=2Hu—1 5 y=244 (cwm. puc. 16).

6. SAKJIIOYEHHE

+

Bblile Ha npuMepe AMHAMHKH 3JIEKTPHUECKHX Pa3psioB Ha MPENBAPHTENbHON CTaguH (HOpMHPOBaHHUS
MOJIHHH MBI NPOAEMOHCTPHPOBAJH YHHBEPCAJIbHbIA MOAXOA K ONHCAHHIO HEPaBHOBECHBIX CHCTEM, Pa3Mephl
KOTOPLIX CYLUECTBEHHO MPEBbILAIOT BHYTPEHHHE MacluTabbl XapaKTepHOM IS JaHHOH CHCTEMbl HeyCTOH-
YHBOCTH. TaKko#H MOAXOA IUMPOKO HCIOJb3YeTCs B HaCTOsILEe BpeMsi NPH aHajIn3e HEPaBHOBECHBIX CHCTEM,
COCTOSILLIMX H3 MHOXKECTBa B3aHMOJEHCTBYIOLIMX MeXay Co00ii aKTHBHBIX siueeK. [J106a/bHOe NoBeieHHe Ta-
KHX CHCTeM cJ1aGo 3aBHCHT OT MPOLIECCOB BHYTPH OTAEJIbHOM SIYEAKH H OmpejesieTcs B OCHOBHOM Xapak-
TEpoOM B3aHMOJEHCTBUS fiueeK Mexnay coboil. B ciyuae, korna KoppeJsiiHOHHbIE CBSI3H MeXJy sieliKaMH
NPOCTHPAIOTCS HAa KOHEYHOe pacCcTOsiHHE, MHOTO MeHblliee XapaKTepPHOro Maciutaba CHCTEMbI, /ISl ONHCa-
HHSl MaKponapaMeTpoB 3aJa4d NMPHMEHSIOTCS XOPOLIO H3BECTHbIE METO/bI TPAAHLIMOHHONH CTaTHCTHYECKOH
¢u3uku. B HaweM ciyyae KoppeJsiMOHHbIE ITHHBI CPaBHHMbI C MaclUTa6aMH pacCMaTpHBaeMO# CHCTEMBI.
3aecb yHHBepCaJbHOCTb MOAX0AA 06YCJIOBJIEHA TEM, YTO MHOrHe (hH3HUECKHE NPOLeCChl YAAETCS MOAEIHPO-
BaTb CETbI0 KOHEYHbIX aBTOMATOB, NPHYEM CHCTEMbI OGHAPYKHBAIOT (hpaKkTasibHble CBOHCTBA (T. €. CBOACTBA
caMonofo6Hs B ILIHPOKOM HHTEpBaJie MPOCTPaHCTBEHHO-BPEeMEHHbLIX MacILTaGoB).

B cOOTBETCTBHH C YKa3aHHbIM MOAXOAOM Mbl CMOAECJHPOBAIH AHHAMUKY 3JIEKTPHYECKHX pa3psiioB Ha
OCHOBe CeTH KOHEYHbIX aBTOMAaTOB C YY&TOM crnel(pHKH HepaBHOBECHOCTH 06JsauHoii cpenbl. Ha ocHoBa-
HHH 3TOH _Moile.vm HaM yaanoch A0Ka3aTh NPHHALIEKHOCTb PaCCMAaTPUBAEMOTO MPOLECCa K Kaccy nepKo-
JIILIHOHHBIX CHCTEM H OMNpefe/HTb 06/1acTb NapaMeTpoB 3aJauH, rie CHCTeMa OGHapYKHBaeT KPHTHUECKoe
nosesieHHe. Mbl NEMOHCTPHPYEM, 4YTO NapaMeTpbl FPO30BOro 06JiaKa JieXKaT HMEHHO B 3TOiH 06/1aCTH.

BaxkHyio ungopmalmio o puaHuecKHx nporieccax BHYTpH 06J1aKa COLEPMHT NPOCTPaHCTBEHHO-BPEMEH-
Hasl AMHaMHKa pa3psiioB, KOTOpas CJeAyeT HermocpeACTBEHHO H3 KOMIMbIOTEPHOro MOJAENHPOBAHHS H MOXKET
ObiTb HanNpsiMyI0 COMOCTABJIEHA C SKCMEPUMEHTAJbHBIMH JaHHBIMH MO PaHOH3Jy4YeHHIO rpo3oBoro 06JiaKa.
Takas BO3MOXXHOCTb OTKpbIBaeTcs Garoaaps npeiodKeHHOMY B paboTe cnoco6y onpeesieHHsl XapaKTepH-
CTHK PalHOH3JyYEHHSs! B NPSIMO#i CBA3H C NMPOLIECCOM «Pa3MHOMKEHHSA» JIEKTPHUECKHX Pa3psioB.

Hesnbio HacTosilelt paGoThl He fiBASieTCA A€TajlbHOE COMOCTaBJIEHHE MOJEJH C SKCNEepHMEHTaJbHbIMH
JaHHbIMH, MIOCKOJIbKY JJIs1 3TOr0 Heo6X0AUMO MOZIe/IHPOBaHHe, N0 KpaliHeii Mepe, B IPOCTPaHCTBE TPEX HaMe-
peHuii. OHaKo yxe nepBble CONOCTABJEHHS Pe3yJ/IbTaTOB MOACNHPOBAHHSA C SKCMEPHMEHTAJIbHBIMH JaHHbI-
MH [0Ka3biBalOT XOpolliee KauecTBeHHOe coBnajeHHe. M3 ppakrasbHOro xapakrepa MHKpOpaspsiioB CJieiyeT
H YHHBEPCaJbHOCTb CIIEKTPOB PaJHOH3JIyUEHHS, KOTOpPasi OGHApY)KHBAeTCs B SKCIIEPHMEHTaX.

B kauecTBe H/JIIOCTPALIMH KOJIHYECTBEHHOrO COMOCTABJICHHS! Pe3yJIbTaTOB TEOPHH H 3KCMEPHMEHTa NpH-
BeZIEM OLIEHKY YacTOThI MOSIBJIEHHS1 MUKPOPA3psZ0B 110 H3MEPEHHSIM PalHOMMITYJIbCOB Ha3eMHOH NMPHEMHOM
aHTeHHOM. DTa 4acTOTa ONpeAe/NAeTCs COOTHOLIEHHEM

F= '7% P,

[/le Y XapaKTepH3yeT TeMN POCTa 3JIeKTPHYECKOro NoJis B siuefike, w — OGbEM aKTHBHOM 4acTH [PO30BOr0
o6n1aKa, IJie pa3BHBaeTCs HEYCTOMUYHBOCTb, p — JOMs aKTHBUPOBAHHLIX sueek. Ha paccmatpuBaeMoit cTa-
LMK, KOTAA JVIHHA aKTHBHPOBAHHOIO KJacTepa COMOCTaBUMa C pasMepaMH 06Jaka, p ~ pc, Tie pe ~ 0,25
COOTBETCTBYET NMOPOry NepKOJSLMH B TpEXMepHoM cayuae. [Tonaras w ~ 1000 M3,y ~ 1,1cua ~ 10 M,
HaxoauM F ~ 2,5 - 10% ¢~1, uto xopowo cornacyetcsi ¢ 3KcriepUMeHTOM [24].
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FRACTAL STRUCTURE OF THE NONLINEAR DYNAMICS OF ELECTRIC CHARGE IN A THUNDERCLOUD

D. 1. ludin and V. Yu. Trakhtengerts

We study the fractal dynamics of the intracloud space charge during the preliminary stage of a lightning
discharge, during which the so-called drainage system of charge collection from the entire cloud volume is
formed. The drainage system is a basis of the initiation of the leader channel of a lightning. This system is
formed due to the appearance of electric microdischarges related to the nonlinear stage of the development
of an instability of the beam—plasma type. The latter is modeled using the two-dimensional lattice of finite-
state automata. The results of numerical simulations show that the developed drainage system belongs to
the percolation-cluster family. We point out the parameter region relevant to the proposed model, in which
the thundercloud exhibits the behavior corresponding to the regime of self-organized criticality. A method
of calculating the radio emission from the intracloud microdischarges is proposed, which allows one to
compare directly the theoretical model with experimental data.
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SOME PROBLEMS OF INFORMATION NEURODYNAMICS

M. I. Rabinovich,}*2 R. D. Pinto,* and R. Huerta'3

The goal of neural science is to understand the brain, how we perceive; move, think and remember. All of these
things are dynamical processes which are taking place in a complex, non-stationary and noisy environment. This
means that these dynamical processes at all levels from small neural networks to behavior should be stable against
perturbations but flexible and adaptive. The goal of neurodynamics is to formulate the main dynamical principles
which can be a basis of such behavior and to predict the possible activities of neurons and neural ensembles using
the tools of nonlinear dynamics. In this paper we discuss our last results related to the mostly challenging part of
neurodynamics: information processing by dynamical neural ensembles.

Will it ever happen that mathematicians
will know enough about the physiology of the brain,
and neurophysiologists enough of mathematical discovery
for efficient cooperation to be possible?
Jacques Hadamard

INTRODUCTION

1. Neuroscience and nonlinear dynamics. The last decades have seen increasing efforts of neuro-
physiologists and neuroscientists to use dynamical models as a key element to understand how different
neural systems function [1—6]. It is clear now that detailed physiological data alone are not sufficient to
understand how even simple neural systems work. Experimentalists need a qualitative approach to the dy-
namical theory. Dynamical modeling can be important for prediction of the fundamental consequences of
neural behavior. In fact, the new branch of Science that has been started to be built in the last few years is
called Neurodynamics.

Nowadays, after 100 years of intensive studies of the nervous system, both experimentalists and theo-
retician agree that nerve cells and synapses are functional elements that process the information about the
environment and control the behavior of the animals [7]. There is a lot of experimental evidence that neurons
and neural ensembles behave as dynamical systems [8—11]. The major challenge of the dynamical approach
arises from the diversity of neurons, synapses, network topologies and functions. A single neuron stands in
the midst of a controversy of modelers deciding the level of detail to address in their specific problem. Many
scientists think that details of a single neuron are superfluous when neurons operate in a large network.
So, very simple input-output functions can be used to represent the neuron. On the other extreme, you
can find researchers who model very carefully the morphology and electro-chemical details of the neurons
to reveal how the various kind of dendrites, axons, membrane channels, synapses fit together to create a
realistic functional element. The question is then: Which one of the two extreme approaches is right? We
have no universal answer. From our point of view what really matters is to model functions and phenomena
like synchronization, competition, rhythmic activity responsible for swimming,running, breathing and so
on. Despite the variety of neurons and network topologies the phenomena and the functions are universal.
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What is the nature of this universality? From the point of view of dynamics we can answer this question
using the experience and the knowledge accumulated in the classical theory of oscillations, in particular
the ideas put forth by Andronov in 1931 concerning the structural stability of dynamical systems and the
investigation of their bifurcations. We briefly review the essential points of these ideas, the roots of which
are traced back to Poincaré. In his book “The Validity of Science” (1905) in the chapter entitled “Anal-
ysis and Physics,” Poincaré wrote that “The main thing for us to do with the equations of mathematical
physics is to investigate what may and should be changed in them.” Indeed, any description of real life is
a.model, and in modeling the dynamics of nonlinear systems one is usually confronted with ordinary or
partial differential equations containing different nonlinear dependences. Ideally it would be great to obtain
. their general solutions and thus predict the behavior of a given model subject to specific initial conditions.
However, it is impossible and even useless. Andronov's remarkable approach toward understanding such
systems contained three key points:

1) Only those models demonstrating motions which do not vary with small changes of the parameters
can be regarded as really interesting ones (Andronov refereed to these as models or dynamical systems that
are structurally stable);

2) To gain insight into the dynamics of the system means clarifying all principal types of its behavior
under all possible initial conditions, i.e., one should analyze the behavior of the model as a whole rather than
to find particular solution under specific initial conditions (this is why Andronov was fond of the methods of
phase space analysis);

3) Consideration of the behavior of the system as a whole allows one to introduce the concept of topo-

logical equivalence of dynamical systems, and requires an understanding of local and global bifurcations as
control parameters are varied. )
Conservation of the topology of phase space partitioning into trajectories corresponds to a qualitatively
stable motion of the system with small variation of the governing parameters. Partitioning of the space of
parameters into regions with different behavior then furnishes a complete picture of the potentialities of a
dynamical model [12, 13]. Thus the reasonable dynamical model of the neural unit has to capture the mostly
essential structurally stable features that are required to reproduce the global behavior of the unit, instead
of replicating the details.

Neurodynamics is distinguished from classical nonlinear dynamics by an explicit focus on how the neu-
ral systems process the information. Dynamical description, representation, processing of the information,
learning and memory is a extremely promising way for an interpretation of the experimental data and the
formulation of the direction of future experiments.

What kind of dynamical system are the neurons and neural networks? We proceed to answer this ques-
tion using the following lessons learn from the experiments. First of all, as a rule, the response of neurons
to incoming signal is reproducible; second, the behavior of neural groups is robust against fluctuations; and
third, the action of the neuromodulators or sensory inputs is able to change qualitatively the neurons or
neural networks dynamics.

Based on these messages, we can formulate the general features of the neural ensembles as a dynamical
system (DS) in the following way:

(i) Strongly dissipative DS that has a short time memory about the initial conditions and, therefore, the
responses of the system to the same input of different experiments need to be the equivalent (reproducibility).

(ii) The trajectories corresponding to the response of the system to the action of the stimuli need to have
large basins of attraction (robustness).

(iii) DS must be nonlinear, nonequilibrium, and sufficiently complex to be able to separate many different
inputs.

2. Neural dynamics and information. Now we can state the key questions related to the neural dy-
namics and information transduction and encoding as follows:
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(i) How does the changing behavior of the DS influence the information that every neuron exchanges
with each other?

(ii) How does the cooperative dynamics of interacting neurons encode the sensory information?

(iii) What is the role of the dynamical complexity and time as a variable in the representation of the
information by neural ensembles?

The complete answers to these questions are not clear yet. Nevertheless some existing results are very
i-nportant and promising.

Before we discuss these results let us to emphasize the main differences between living neural sys-
tems and communication channels traditionally considered in classical Shannon’s information theory [14).
In classical theory the set of possible symbols (coding space) is a priori defined and the “state” of the re-
cipients is not supposed to change. The information content of a message z with prior probability p(z) is
I(z) = —log p(z). This quantification of information assumes some prior knowledge on the part of the re-
cipient characterized by the probability distribution P for all the messages z. That means that the receiver
knows in the statistical sense the composition of the character set to be used. The classical theory always
refers to an ensemble of possible events and analyses the uncertainty with which the occurrence of these
events is associated. The best way to describe the ability of the communication channel in the framework of
such theory is the input-output statistical description [15,16] which does not take into account the intrinsic
“dynamical life” of the channel.

The input-output description of the nervous system can be useful in many ways [15, 16}, but it can be
improved for the following reasons: (i) In neural systems the set of possible symbols and coding space are
not fixed a priori and the system may formed the coding space itself; (ii) The neural code is changed at
different stages of the information transduction, or, in other words, the system itself is able to transform
one coding space to another one. Such transformation is the result of nonlinear dynamical activity of neu-
rons and neural network as a whole under the action of the stimulus; (iii) In contrast with the classical
communication channels a neural network is able, as a nonequilibrium system, to create new information
which contains the information about the autonomous dynamics of the network. The simplest example is
the chaotic behavior of neurons under the action of periodic stimulus; (iv) The nervous system is not fixed:
its dynamical features and informational abilities are changing in the learning process. After learning, the
way the information is encoded can change.

1. GENERATION OF THE SPATIO-TEMPORAL INFORMATION BY CPGs:
SYNCHRONIZATION AND COMPETITION IN SMALL NEURAL NETWORKS

In the early 70s it was shown that the highly repetitive patterns of rhythmic motor activity of inverte-
brates could be sustained without any sensory stimulus, without any external influence or without neural
signals from higher functions. These patterns are programmed by central pattern generators (CPGs). If a
CPG is removed from an animal’s body and placed in a salt solution that keeps the cells alive, this CPG may
still generate essentially normal motor-output patterns for as long as many hours. There are several basic
“minimal circuits” of neurons that are known to generate characteristic oscillatory behaviors. This circuits
are responsible for the fast onset of synchronous behavior, rhythmic activity and regularization of neural
signals. To understand the origin of the synchronization and competition phenomena in neural ensembles
we have to begin from the simplest circuits: two neurons coupled together.

1.1. Minimal CPG circuit

Experimental studies of synchronization and competition in a pair of neurons that interact through nat-
urally occurring electrical and inhibitory coupling have been reported in [9, 10]. Some of these experiments
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Fig. 1. Regimes of oscillations in two coupled PD neurons from the stomatogastric ganglion of the California spiny
lobster for different coupling conductances ga. The first three rows show the bursting behavior of the two
neurons with different levels of synchrony. The last row shows synchronous spiking behavior [9, 10], V; and
V3 are the membrane potentials of different PD neurons

were carried out on two pyrolic dilator (PD) neurons from the pyloric CPG of the California spiny lobster.
Let us discuss in more detail the case of electrical coupling.

The strength of the natural electrical coupling can be altered during the observations by use of a feed-
back device. Individually, these neurons can generate highly irregular spiking—bursting activity (Fig. 1b).
Varying the control parameters (injected DC current and interneuron conductance) we found the following
regimes of behavior [9, 10].

Natural coupling produces state-dependent synchronization as shown in Fig. 1. With little or no applied
current, the neurons fire spikes in irregular bursts in which the slow oscillations are well synchronized while
the spikes are not; this is shown in Fig. 1a. Changing the magnitude and sign of electrical coupling restruc-
tures the cooperative dynamics. Increasing the strength of coupling produces complete synchronization of
both irregular slow oscillations and fast spikes. Compensating the natural coupling of about 200 nS leads
to the onset of independent irregular pulsations as in Fig. 1b. With net negative coupling, the neurons burst
in antiphase, but now in a regularized pattern as in Fig. Ic. When depolarized by a positive DC current,
both neurons fire a continuous pattern of synchronized spikes as we show in Fig. 1d. In this figure, g, is the
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Fig. 2. Phase portraits of the slow components of oscillations in two coupled PD neurons as a function of the
external conductance. The coordinates V() and Vi2(t) are the filtered membrane potentials of the two
neurons [9] and tq4 = 0.3 s. There is no externally injected DC current here

externally controlled conductance level.

The dynamics of slow oscillations changed as the external coupling conductance g, was altered. With
natural coupling g. = 0nS the slow oscillations stayed synchronized as seen in Fig. 2a even though each
neuron displays very complex dynamics as shown in Fig. 2b or Fig. 1a. Additional dissipative coupling(ga <
0nS) led to desynchronization. The desynchronized slow oscillations remained complex and aperiodic as
we see in Figs. 2c and 2d (see also Fig. 1b).

Adding further negative coupling conductance which could represent an inhibitory synaptic connection
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caused the neurons to compete with each other and behave in an antiphase manner as seen in Fig. 2e. This
regime of antiphase behavior was characterized by the onset of more regular, “almost periodic” bursts as
we see in Fig. 2f.

We now consider the competition between neurons in more detail. Spatio-temporal patterns of neural
activity can be generated by competition mechanisms among the cells. Competition means that several
units are active at the same time and through inhibition between the component neurons, even with si-
multaneous excitation, their states alternate as in the antiphase bursting of our two PD neurons coupled
electrically with negative coupling as shown in Fig. 2e. The results from another experiment in our lab-
oratory with two different neurons (lateral pyrolic (LP) and PD from the pyloric CPG with an inhibitory
- connection from PD to LP) show that the neurons burst in a nearly periodic alternating temporal pattern
and their individual chaotic activity is regularized [9]. When the polarity of one of the mutual connections is
changed to excitation, regularization of the bursting behavior is lost.

Inhibitory synaptic connections between neurons appear to have a distinctive, even critical role to play in
neuron assemblies. This type of connection between nonlinear oscillators is not typically found in physical
systems, and this lesson from biology in itself represents an important new direction for the dynamical
systems study of collections of nonlinear oscillators.

The experiments we have just described indicate that the slow bursting oscillations and the fast spiking
oscillations of these two neurons have different thresholds for the onset of synchronization. This can be un-
derstood in terms of the different spatial sites of origin of the two types of voltage signal, the different mech-
anisms of synchronization, and the different conduction pathways and attenuation factors involved. The
slow voltage oscillations that underlie bursting activity arise as a result of voltage-dependent ion channel
activity in the membrane of neuropilar processes. The summed voltage signal will suffer some attenuation
as it spreads by local current flow in the leaky cable array of the neuropil. However, two factors favor its
effective transmission between the neurons: (a) the location of electrical coupling sites close to the site of
slow wave generation, and (b) the slow time course of the voltage signal itself. In combination, these should
allow a relatively strong and continuous interaction between the irregular slow oscillators. This mechanism
resembles the synchronization seen in dissipatively coupled chaotic electrical circuits [17, 18]. In contrast,
fast spike signals suffer strong attenuation as they spread between the spike initiation zone at the origin of
the axon and the coupling sites in the neuropil. These factors argue for weak current flow between spike
generators. If the spike generator of a neuron is close enough to its threshold, the transient current from
the coupling pathway may drive it to phase-locked firing. In electrical circuits, this type of chaotic pulse
synchronization is known as threshold synchronization [19]. With natural coupling, these threshold mech-
anisms can synchronize spike activity in tonic firing but not in the bursting regime. When the neurons
generate slow voltage oscillations, ion channels open in neuropilar processes, decreasing the membrane
resistance. This shunts the spike-evoked currents as they flow in their coupling pathway, causing a failure
in threshold synchronization.

As the strength of net coupling is decreased the slow oscillations remain irregular with little change in
waveform, but make a sharp transition from synchronous to asynchronous behavior (see Fig. 2). When the
net coupling reaches an expected, negative conductance, the slow oscillations resynchronize in antiphase
and become regular. These bifurcations argue for a dynamical origin of the irregular neural activity.

1.2. Information as a global measure of the CPG activity

The inner properties of every neuron in a CPG together with the connection topology between them
determines the phase relationship in the electrical activity that commands the muscles responsible for ac-
tivities like chewing, walking and swimming [20].

A group of neurons can generate many different spatio-temporal patterns of activity, but only a small
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subset of the possible solutions of activity of the CPG will work for a given mechanical device. Since the
number of different spatio-temporal patterns that can be generated by a set of neurons connected using
different topologies bears infinite, it should be very useful to find a way to reduce the large number of possible
solutions without knowing a priori the specific function that the CPG is supposed to carry out [21, 22].

We discuss here the use of Shannon and Weaver information [ 14] as a global measure of the efficiency in
the CPG activity as a method able to point out in a large ensemble those specific solutions found for some
particular CPGs.

Since we do not intend to insight into information encoding and transmission between arriving spikes
and the neural outputs we consider the input to the CPG as a set of synaptic conductance configurations
ij [2]. In most of the CPGs, the rhythm changes due to neuromodulatory input that modifies the synaptic
connections between neurons and the ionic conductances of the cell {3,4,23], one input generates a specific
synaptic pattern and a set of conductance values. For simplicity we consider only variations in the synaptic
connections. Therefore the input to the system is given by

In={gij;osgij<gmax$i3éj;i’j=l1"°)N}’ (])

where gmax is the maximum synaptic conductance and N is the number of neurons in the CPG.

Since the spikes of a neuron are carried through the axon to the muscles that integrate them to pro-
duce an action we disregarded in our calculations the frequency of the spike firing and consider that the
information carried to the muscles is mainly contained in when the burst starts and ends.

Our CPG elements are chaotic elements based on the Hindmarsh—Rose model [24]. Random sets of
input configurations implemented both in computer simulations and in electronic analog model neurons [25]
were used to integrate the CPG so the conditional distributions and entropies could be calculated. The
estimation of the maximum of the mutual information lead us to a subset of configurations in In, and we
found out that a 15% of the input configuration set were sufficient to obtain the maximum of the mutual
information, that all of these configurations lead to a regular rhythmic activity (as observed in real CPGs),
and all of them are closed topology configurations. This last property is widely observed in CPGs where
there is not a neuron that do not receive any feedback from any other neuron in the CPG (see, e.g., [26—28]).

To estimate the information we acquired long time series of the membrane potential of all the neurons in
the CPG for a given G; € In, where j = 1,..., M and M is the cardinality of the set In. We attributed to all
neurons two counter arrays, Cg; (R, t), of length T sufficiently large (one for beginning of bursting and one
for end of the bursting activity) and R represent the specific neuron and the event considered (beginning or
end of bursting). We choose one of the neurons as a time reference, every time the reference neuron starts
bursting the reference time was set to zero and we started looking for the beginning (end) of a burst in
all neurons increasing their beginning (end) of burst counter array in the corresponding time. When the
integration is finished in all of the time series we normalized the counters to 1 to obtain the conditional
probabilities pg, (R, t). We determined the values of the conditional entropies as follows:

T 2N
HGj =- Z Z pG; (R’ t) 10g2 el (R’ t)' (2)
t=1 R=0

By Bayes we know that the joint probability
p(R’ t, GJ) = PG; (R’ t)p(Gj)) (3)
where p(Gj) is the probability of the configuration G; in the set In. The marginal probability

M
p(R,t) =Y pe;(R,t)p(Gj), (4)
j=1
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Fig. 3. Distribution of inputs with specific values of the conditional entropy #1I in [Hg — &, Hg + €] for e = 0.225
in a 3-neuron CPG (a). Input distribution in a 4-neuron CPG for & = 0.58 (b)

which is used to calculate the output entropy H(O) as

T 2N
H(0)==-)_) »(R,t)loga p(R,?) (5)
t=1 R=0
and the conditional entropy
M
H(O/In) = } p(Gj)H;. (6)
J=1

In order to maximize the mutual information as a function of p(G;) (we rename p(G;) = x; and Hg, = h;
for convenience) we calculated the gradient of MI(In/O) on the z; space with restrictions 3°; z; = 1and
.'L'j Z 0.

The single neuron model used in our simulations and analog implementations is a modified version of
the Hindmarsh—Rose (HR) that is known to generate chaotic behavior [24]. The model is made of three
dynamical variables comprising a fast subset, = and y, and a slower 2:

%’ti = 4y + 1.52% — 0.252° — 22 + 2e + Igyn, @

dy _ 2
3t = 0.5 — 0.625z° — y, (8)

%% =pl-2+2(x+3.2)], (9)
where e is a constant injected (DC) current, and x is the parameter that controls the time constant of
the slow variable. The parameters were chosen to set the isolated neurons in the chaotic spiking-bursting
regime (e = 3.281, 4 = 0.0021). Iy, represents the current injected in the neuron after the onset of a
chemical graded synapse. We considered only inhibitory synapses, which is the main kind of interconnection
present in most of the CPGs. The synaptic current has been simulated according to a first order kinetic
model of the release of neurotransmitter [5, 29].

In the analog implementation of the CPGs the electronic neurons were connected using a program
developed at the INLS for simulating synapses using dynamic clamp protocol [29]. Both in analog and
computer simulations for every trial of synaptic configurations 20 % of the synapses were randomly chosen
to have their gmax = 0 and the other 80 % of the synapses were chosen to have their gmax ranging uni-
formly from 0 to a maximum conductance (500 nS for the analog implementations and 1 for the computer
simulations).
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Fig. 4. Examples of time series for a 3-neuron analog CPG. Time series for a configuration g;2 = 239nS, g13 =
37418, g21-= 0nS, gas = 27718, g3; = 217nS, and g32 = 0nS, which generates a conditional entropy with
a value of 6.44 bits (a). Time series for a configuration g;2 = 277nS, g13 = 0nS, g21 = 260nS, go3 = 257nS,
g31 = 0nS, and g3 = 443 nS that generates a conditional entropy with a value of 3.37 bits (b).

Here we describe only the main results obtained for the analog computations but they are qualitatively
similar to those obtained for the computer simulations.

We first performed our simulations in a CPG composed by three chaotic neurons where the connections
between them were chosen at random as described. A pool of 500 random synaptic configurations were
tested (#I = 500), their conditional probabilities and entropies calculated and the maximization of the
mutual entropy MI(In; O) as a functions of p(G;) was carried out. The same procedure was repeated for
CPGs composed by four analog electronic neurons where we tested a pool of 630 synaptic configurations
(#I = 630). In Fig. 3, we show the distribution of the conditional entropy values for a random set of In
where all the elements were chosen from an uniform distribution for both three and four neurons CPGs.

We have most of the input configurations situated in a small range of entropies (between 5.0 and 6.5
bits). These values of entropy represent irregular activity (example time series in Fig. 4) and the values close
to 3 bits represent regular rhythms.

The main results are summarized as follows. A small subset of configurations of In accounts for 99 %
of the configurations that maximize M I(In; O). The best preferred connectivity patterns are the ones with
entropy values between 2 and 3 bits. These ones produced the most regular CPG activity than any others
as can be seen in Fig. 4. Finally, all of these configurations are closed topologies. Most of the known CPGs
have non open topology connections. Since the model neurons are chaotic, a neuron that do not receive
any inhibitory feedback from any other neuron remains chaotic and the open configuration is not selected
because it can not produce a regular spatio-temporal pattern.

2. INFORMATION PATTERNS IN LARGE NEURAL ENSEMBLES

2.1. Coarse grain patterns

We will discuss here time-periodic and spatially-ordered patterns that appears as a result of partial
synchronization in randomly inhomogeneous media with chaotic local dynamics that is a very interesting

M. I. Rabinovich, R. D. Pinto, R. Huerta 447



2001 Hasecmus sy3os. Paduogusuka Tom XLIV, Ne5—6

—~
8
~-
<
N

0 400 800 1200 1600
Time

Fig. 5. Numerical simulations of the mean values (z);; of all activities z;; (a) and the time series of four different
elements x;; (b) described by Egs. (10) for a lattice of 100 x 100 Hindmarsh—Rose oscillators with different
. strengths of diffusive coupling: first rows g = 0.04, middle rows g = 0.4, and bottom rows g = 230

and important problem, for example, in cellular dynamics. In particular, the continuous macromolecular
oscillator functioning as a cell cycle attractor was observed in eucaryotic cells [30,31]. Another important
example is an ensemble of chaotic neurons [32].

The birth of coherent structures in such random media is paradoxical: every individual element of an
ensemble of discrete elements pulsates chaotically and all of the elements are different. What can we expect
when such oscillators are coupled to form a lattice medium? What kind of dynamics should an ensemble
of chaotic elements with different parameters produce? The intuitive answer seems clear: it should be hy-
perchaos or developed turbulence. The mathematical image of the dynamical regime should be a chaotic
set whose dimension increases with an increase in the number of elements in the ensemble. We consider
a dissipative medium, therefore the mathematical image is a strange attractor with dimension of order of
Nm, where N is the number of elements in the system and m is the number of positive Lyapunov expo-
nents characterizing the chaotic dynamics of an individual element. Note that in the case of an unbounded
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Fig. 6. Evolution of a periodic spatio-temporal pattern observed in a network of 100 x 100 HR elements with
g = 1.5 (a). Periodic spatio-temporal patterns observed in a network of 30 x 30 coarse-grain elements
computed for R = 0.23 and G = 0.5 (the rest of the parameters have the same values used in the HR
lattice) (b). The value of R is close to the bifurcation point and the individual coarse grain dynamics is
periodic. Taken from [35]

medium we have to consider not dimension, but dimension density (see [33] for further discussion of this
topic).

To check this prediction, we exhibit some numerical results obtained for a two-dimensional lattice of
Hindmarsh—Rose (HR) chaotic neural oscillators, diffusively coupled to each other through coupling pa-
rameter g (see Eq. (10) below). We exhibit results for four different elements in a network of 100 x 100
elements subjected to weak, moderate, and strong coupling in Fig. 5. Fig. 5a shows the average value (z);;
of the activity of all 100 x 100 elements and Fig. 5b displays the individual activity z;; responses of the four
elements. Our intuition about the existence of hyperchaos is vindicated in the first rows of Figs. 5a, b for
weak coupling g = 0.04. For g = 230 in third rows of Figs. 5a, b the coupling is so strong that all elements
in the system are chaotically synchronized. For the moderate coupling value g = 0.4 in the middle rows of
Figs. 5a, b, it is observed that the average cooperative dynamics of the chaotic elements produces regular
pulsating patterns.

It turns out that many features of individual element dynamics are key features in the birth of ordered
patterns in chaotic media. Nevertheless, universality of the topology of coherent structures (spirals, targets,
etc.) in different chaotic media needs explanation in every particular case. It is important to understand that
universality itself is a nontrivial phenomena.

Let us first determine what surely has to be common for different chaotic media. As we know, usually
generators of periodic oscillations with sufficiently close frequencies will synchronize if the coupling is not
too small. This is possible for chaotic generators as well, but their synchronization is a chaotic synchro-
nization. We recall the essence of this phenomenon. The main difference between chaotic synchronization
and the synchronization of periodic motions is that the former is the coordination of unstable motions. The
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images of these motions in phase space are saddle trajectories. Since almost all trajectories that form a
strange attractor are saddle trajectories, synchronization of even identical oscillators is nontrivial: owing
to arbitrarily small perturbations that are different in different oscillators, even identical systems will select
different trajectories among those present in the phase space. The result of the interaction of identical ele-
ments will depend on the magnitude of the dissipative coupling. If the coupling g is large, then the difference
- of signals u = (u; — u;) must tend to zero with increasing g [17,34]. This occurs because when g is large,
' the difference signal obeys u ~ uge~9¢ and two oscillators will evolve identically, although still chaotically.
This is complete chaotic synchronization.

The situation is much more complicated when the individual dynamical elements are different. They do
. not have identical trajectories, the motion along which could be coordinated by strong dissipative coupling
trying to zero the difference signals, independent of initial conditions. New, though similar motions are born
in nonidentical subsystems under the action of coupling.

Consider a lattice composed of many different chaotic generators that can interact locally, e.g., each
generator is electrically coupled to its nearest neighbors. Suppose that the individual chaotic dynamics of
an element is characterized by slow and fast pulsations. This behavior is typical of many kinds of neurons
in small and large neural systems. At present the most popular model of such a neural oscillator is the HR
model [24].

It is particularly interesting that in the phase space of this system there exists a strange attractor that
emerges after a sequence of period-doubling bifurcations. This attractor exists in a finite region of the con-
trol parameter space (s, e, d, ). We will describe here an investigation of a lattice made of disparate chaotic
HR oscillators placed randomly inside the chaotic regime found through an appropriate choice of parame-
ters. The dynamics of the square lattice system is described by the following set of coupled ordinary differ-

ential equations [32]

dz; :

—d-tl=y,~+az?-a:?—zi+e.~—g§ (zi — =),

dy; 7

5 =t -w (10)
1dz;
;-a-il’-‘-'—z“+8($i+d),

where i = 1,..., N, the index j runs over the four nearest neighbors of unit ¢ in the lattice,a = 3,b =1,
c=5,d = 1.6, u = 0.0021,e; = 3.281 + 0.005, and s = 4. The modifiable parameter is g, the strength of
the electrical coupling. We suppose that the boundary conditions are periodic.

If the coupling is strong, the chaotic behavior of the whole lattice is identical to the chaotic pulsation of
an individual element as one can see in bottom rows of Figs. 5a,b. This example illustrates the role of chaotic
synchronization in the birth of trivial patterns in inhomogeneous chaotic media: spatially homogeneous
irregular oscillations. One can easily imagine that, for not too strong coupling, and when the spatial scale of
synchronization is smaller than the size of the system yet larger than the distance between just two or three
elements, the system might exhibit nontrivial spatial patterns — clusters of synchronization. Before we
discuss this phenomenon let us analyze in detail the cooperative behavior of two coupled chaotic generators
with slow and fast dynamics.

The nature of the patterns observed in a lattice of chaotic neurons (cf. Fig. 6) is connected with the pres-
ence of two distinct time scales in the neural oscillations: fast chaotic spikes rising out of the background of
slow yet chaotic pulsations. The coherent patterns observed in numerical experiments, like those displayed
in Fig. 6, vary periodically in time. Therefore, one of the principal questions that needs to be answered in
order to clarify the nature of these patterns is: Are fast chaotic oscillations able to change the dynamics of
large-scale collective motion by making it regular? By large-scale patterns we understand structures whose
characteristic size is much larger than a cell of the lattice. These together with the pattern topology, which
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appears like waves of switching between states in regular excitable media, leads to a possible mechanism
for the formation of patterns at moderate values of neural coupling. This may be analyzed by introducing
the concept of neuron clusters, as discussed below.

The cluster with the average time periodic behavior will be called a coarse grain (CG)[35]. We suppose
that the regular spatio-temporal patterns observed in the computer simulations are strongly related to the
existence of the coarse grain for a moderate value of the coupling. The cooperative behavior of diffusively
coupled coarse grains (periodic oscillators in our case) produce many different regular spatio-temporal pat-
terns similar to those obtained with the discrete analog of the complex Ginzburg—Landau or the FitzHugh—
Nagumo models. To analyze this behavior we need an equation that describes the average dynamics of the
coarse grain.

The coarse grain dynamics are described using the cluster variables

M
X(t) = 3 3 w(0) = (odegy Y= (Wi)ess  Z(t) = (zdegs (11)

=1

where M is the number of elements in the cluster. An approximate system of equations for X, Y, Z is ob-
tained by substituting

i =X(@)+&(), w@)=Y@®)+m@), z@)=2(¢)+G@) (12)

into Eq. (10). Ignoring terms of order higher than £? gives, after averaging over M elements, the governing
equations

%=Y+aX2+ar(t)—X3—3Xr(t)—Z+e,
%:—cxz—Y—cr(t)—b, (13)
1dZ

where € = (e;)cg. We have taken into account from the definition of X, Y, and Z that (£i(t))cg = (0i(t))cg =
(¢i(t))eg = 0, and consequently the only function left to be determined is 7(t) = (£2)cg.

In order to describe the slow dynamics, we need to make a reasonable assumption about the nonau-
tonomous terms on the right-hand side of Eqgs. (13). Since r(¢) varies much more rapidly than the slow
coarse-grain oscillation, we suppose that the dynamics of an individual coarse grain will depend on the
time-averaged value of r(t) defined as

t+7

R@)=7 [ rit)ar (14)

t
with t, < 7 < T, where t,. is the characteristic time scale of the fast oscillation r(t) and T is the character-
istic time scale of X (t). In Eq. (13), we now replace r(¢) by the slow function of time R(t) given by Eq. (14)
which also depends on the strength of the diffusive coupling g between elements and on the size M of a
coarse grain. If our hypothesis is correct, R is very nearly a nonzero constant for small values of g, and Ris
almost zero for large values of the coupling; for moderate values of the coupling, prediction of the behavior
of R is not intuitively clear. Computer simulations at g = 0.1, however, indicate that for moderate values
of g the behavior of R becomes periodic. This g-dependent behavior of R infers that the averaged dynamics
X (t) will vary as the coupling parameter is varied.

For sufficiently small values of g, R is nearly constant taking on values in the range 0.4—0.5, and only a
single stable fixed point appears corresponding to steady-state behavior of the cluster. For R < R (g > gc),
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this fixed point becomes unstable and the limit cycle in the three-dimensional phase space of the average
coarse-grain system undergoes a supercritical and sharp Andronov—Hopf bifurcation to a stable fixed point.
Strictly speaking, at the moment of this bifurcation R becomes a periodic function of time. However, as the
numerical results confirm, slightly above the threshold for bifurcation, the influence of this periodicity on the
existence of the limit cycle is not important.

The dynamical mechanism giving rise to the ordering behavior of the coarse grain relies on the synchro-
nization and regularization of the activity of the M elements inside the grain.

Using the above observations, we are now in a position to explain the existence of large (N >> 1) regular
spatio-temporal patterns in a discrete diffusive medium. First, the existence of regular structures is impos-
sible in weakly diffusive media because local oscillations of neighboring elements are not correlated for small
couplings g, and the mean field of the coarse grains becomes homogeneous and stable. Direct computa-
tion of the Kolmogorov—Sinai entropy confirms that the level of spatially homogeneous chaos increases as
g—g <1l

For moderate coupling, the coarse-grain assembly should exhibit regular spatio-temporal patterns. As
confirmation of this conjecture we have checked the behavior of a lattice medium consisting of coarse-
grain elements with slow periodic behavior. The description of this medium is analogous to that given by
the network of HR elements wherein (z;, y;, 2;) are replaced by (X;, Y;, Z;). We are looking for patterns in
the coarse-grain system that have the same space scale, relative to the size of the lattice, as the pattern
in the original HR lattice. Thus, the pattern in the coarse-grain lattice should be of identical structure but
with a smaller absolute size. Since the patterns on the two lattices have the same time scale, the speed of
front propagation in the HR lattice must be larger than in the coarse-grain lattice. The propagation speed
of the front increases with increasing values of the diffusion. We surmise, based on this scaling argument,
that a coarse-grain pattern with the same relative size as the original may be found only in the case when
the coarse-grain lattice coupling G is smaller than the diffusive coupling g of the original HR network.
Verification of this conjecture is given by the sequence of patterns obtained for the 30 x 30 network of
coarse-grain units shown in Fig. 6. These patterns, plotted for G = 0.5 in Fig. 6b, are clearly similar to
those produced by the original heterogeneous lattice of chaotic HR elements for g = 1.5 in Fig. 6a. Thus,
identical periodic boundary conditions applied to both the HR and the square coarse-grain networks give
the same topology of the patterns observed. Furthermore, additional computations have revealed the same
correspondence of pattern topology when hexagonal lattices were used. In the latter case, the strength of
the coupling was reduced to take into account the larger number (six) of nearest neighbors.

We conclude that the formation of large-scale coherent structures in nonequilibrium media consisting
of discrete and chaotic HR elements with fast and slow oscillations exhibits two key features. The first is the
regularization phenomena in small assemblies of chaotic elements, i.e., coarse grains. This regularization
of behavior is the result of the action of the averaged activity of fast oscillations in the slow coarse grain
dynamics. The second feature is the instability of homogeneously oscillating modes in a media considered
to be a coarse-grain lattice. It is important to keep in mind that the coarse grains are a temporal assembly
of neurons whose relaxation time is smaller than the relaxation time of the coherent structures.

2.2 Coherent patterns in chaotic networks with lateral inhibition

Another example of regular spatio-temporal behavior in a nonregular lattice described by Egs. (13)
and (14)is shown in Fig. 7. The origin of this regular behavior is absolutely different from that of the regular
behavior of the coarse-grain patterns discussed in the previous section.

The behavior we shall discuss now is typical of negative electrical couplings that model inhibitory con-
nections in neural networks [8). This regularization phenomena is intimately related to the behavior of two
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Fig. 7. Checkerboard patterns (top row) in a network of 100 x 100 chaotic HR elements with negative electrical
coupling between nearest neighbor units and the regular slow oscillations of a single neuron’s activity
(bottom row) for (a) g = —0.95 and for (b) a stronger absolute value of the coupling, g = —1.12. The
characteristic oscillation period is about 1 s. Taken from [35]

negatively coupled chaotic HR neurons. When the two oscillators are coupled with negative conductance
(g =~ —1), the antiphase regularization is observed. The two neurons regulate their slow oscillations in the
sense that the lengths and shapes of the bursts are kept uniform. This happens because the origin of the
chaoticity of the model is related to the interaction of the fast subsystem (z, y) with the slow variable z: the
homoclinic nature of the fast oscillations are regulated by the slow oscillations. In the absence of inhibitory
action from other neurons to limit the rise of this slow variable, the system will be driven to a near homoclinic
orbit which is unstable. Negative electrical coupling, however, will not permit individual neurons to reach a
fast oscillation which is unstable.

When we have a lattice of such chaotic generators with negative coupling, they will form antiphase be-
havior with their nearest neighbors to form stable, regular checkerboard patterns as in in Fig. 7. These types
of regular spatio-temporal patterns are reminiscent of the regular envelope patterns of antiphase oscillation
in the discrete variant of the complex Ginzburg—Landau model [36].

2.3. The robustness of patterns against noise

In our previous studies we dealt with systems free of noise (see [32]). However, neural systems in fact
are influenced by large amounts of noise. It is interesting to invesigate the effect of the noise on the spatio-
temporal patterns. We investigated a lattice made of non-identical Hindmarsh—Rose neurons placed ran-
domly inside the chaotic regime. Each element is electrically coupled to its nearest neighbors. The system
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is described by the set of coupled ordinary

z(t) differential equations (13). We include ad-

ditive noise p gw(t) to the first = variable of

these equations. Here gy(t) is a Gaussian
white noise with the following properties:

{gw(t)) = 0 and (gw(t)gw(t')) = o(t - ¥').

First, we show in Fig. 8 the time series of

one of the neurons of the lattice in the pres-

‘ ence of value of noise p = 0.5.

43000 In Fig. 9, we can see that the spatio-
temporal patterns in the lattice survive even
though the level of noise is extremely strong.

Fig. 8. Time series of the variable z of one randomly selected neu-  We can conclude that the strong coupling

rons in the lattice. This illustrates the high level of noise prevents the patterns of synchronization
present in the network from breaking.

40000 41000 42000
Time

Fig. 9. Spatio-temporal snapshots of the HR lattice in the presence of value of noise p = 0.5. The snapshots are
ordered by increasing time from left to right through one cycle

1 '

3. SPATIO-TEMPORAL REPRESENTATION OF THE SENSORY INFORMATION

3.1. Computing with separatrices

There is a growing body of evidence [11,37—39] that the information in neural systems is often recoded
into a spatio-temporal format, where “space” is the identity of the neuron, then delivered to other nervous
system functions. The use of time in encoding has a broad scientific interest ranging from understanding
how real neural networks compute to insights on how nonlinear dynamical systems represent and trans-
form information. Over the past decade there has been a developing interest in these spatio-temporal codes
[6, 15], and our work will build on these developments.

One can imagine a variety of ways to transform a spatial pattern to a spatio-temporal code including
a simple scanner which transforms a pattern into a pulse sequence. Experimental evidence suggests that
nervous systems work as dynamical systems [6, 15]. We shall explore a class of dynamical systems called
competitive networks or winner-less competition (WLC) networks. They produce spatio-temporal coding
of temporal signals using deterministic trajectories moving along heteroclinic orbits connecting saddle fixed
points or saddle limit cycles in the system state space. Instabilities of the nonlinear system are utilized to

reliably encode and sensitively discriminate among sensory inputs.
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We use observed features of biological sensory networks as a guide to computation using competitive
networks. The experiments-on which our ideas are based suggest the following features of neural encoding:
the representation of input (sensory) information (i) employs both space and time; (ii) is nonperiodic in time;
(iii) is deterministic and reproducible; (iv) is sensitively and uniquely dependent on the input stimulus; and
(v) is robust against noise. 4

These observations suggest(a) that a dynamical system wh:ch possesses these characteristics should
he strongly dissipative so that orbits rapidly “forget” the state of the system when the stimulus arrives,
and (b) that the system should represent information by transient trajectories, not by attractors (regular
or strange), of the unstimulated system. Indeed, a sensory system cannot have multistability because then
noise could drive the system irreversibly to a new “representation.” On the other hand, a class of systems
which we have been studying, exhibits transient near-heteroclinic trajectories which are robust against
noise and always respond to a change in environmental stimuli in the same way. We will investigate the
design of competitive information processing systems possessing the described features.

Let us illustrate the idea of “spatio-temporal coding with separatrices” on the following simple model,

(:; =u [1 - (”' + qu(s)y,)] + Si(t), (15)

J#i

where y;(t) is the intensity of the oscillations of one of the competitive elements, and p;;(S) is the stimulus-
dependent competitive matrix. This Lotka—Volterra model has been analyzed in detail for N =3and S =0
in {40—42].

To begin, we ignore the additive sensary input in (15). This tells us how the network operates and allows
an estimation of its encoding capacity. Information about the input resides solely in the couplings p;;(S),
as in Hopfield models for which p;; = pj;. If the inhibitory connections are symmetric (p;; = pji) and
identical (p;; = p, pi = 1), the dynamics is very simple. For weak coupling, p < 1, the system has a
global attractor, i.e., the stable fixed point 3 = {1 + p(V + 1)]~! corresponding to simultaneous activity
of all neurons. If p > 1 the system is multistable: depending on the initial conditions, one neuron becomes
active and the others are quiet. The nonsimmetrical case is more interesting and more realistic from the
biological point of view. When the inhibitory connections are not symmetric, the system has different closed
heteroclinic orbits that consist of saddle points and one dimensional separatrices connecting them. Such
heteroclinic orbits are global attractors in phase space and are found in various regimes of the p;;(S). This
implies that if the stimulus is changed, different heteroclinic orbits become global attractors.

To have a closed heteroclinic orbit, we need N > 3. Each saddle fixed point on the closed heteroclinic
orbit must have one positive eigenvalue. The other N —1 are negative so that all other directions are attracted
to the saddle. Movement from saddle point to saddle poirit along this sequence of unstable directions results.
For this to occur when S; = 0, the sequence from fixed point i to fixed point j must occur when p;; = 1,
pij > 1, and pj; < 1[43]. The only positive eigenvalue of the Jacobian at the fixed point is 1 — pj;.

One of the most important characterisitcs of the system is the number of different heteroclinic orbits
that we can store in this system, that is, the capacity C of the system, which can be estimated as follows.
If we satisfy the conditions for one heteroclinic orbit to exist, we can build another from it by permuting the
indices of the y; and of the matrix p;;. There are N permutations of the indices. Some of these generate the
same heteroclinic orbit: firing as (1,2, 3,4, 5) or (2,3, 4,5, 1) is equivalent. For a given permutation there
are N — 1 permutations that are cyclically equivalent. The number of heteroclinic orbits involving all N
neurons is (N — 1)L

There are still more heteroclinic orbits. These are associated with the N — 1, N — 2, ... dimensional
subspaces which can be selected by eliminating one saddle point at a time from allowed orbits. The total
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number of these is the capacity C:

N
k=3
N! N-3 1 N N- 3
soC > — N Zk'a ndC < — 5 Zk' Forlarge N,
k=0 k=0
1 C N 1 ,
l_e(N—z)!<e(N—1)!<§<1“_e(N_2)!)- (17)

Our networks are also robust against noise in the network present when the stimulus begins. This is
achieved since each region is strongly unstable and a particular stimulus launches the trajectory in a par-
ticular direction much more rapidly than noise can deflect it to an alternative orbit. We have shown (not
presented here) that quite high noise levels are required to overcome this important feature. The properties
of these simplified models can also emerge from more realistic networks having the same dominance by
asymmetrical inhibitory connections. We conjecture that a large network with sparse, random connections
will effectively exhibit the same stimulus dependent sequential activation and deactivation of subgroups of
neurons. Our central idea does not depend on the nature of the stirhulus: It may thus apply to brain circuits
other than oliactory processing system. It may perhaps underlye interesting experimental observations such
as the flipping between quasistationary states of activity seen in monkey cortex [39]. Beyond the biological
observations which suggested these investigations WLC networks provide an attractive model for compu-
tation because of their large capacity as well as their robustness to noise contamination.

3.2. The role of synchronization on learning

There is a natural generalization of the previous model to understand the role .of synchronization in
learning. The ‘generalized model of the network of oscillators has connections both in competitive (“in-
hibitory”) and supportive (“excitatory”) manners. We will use generalized Lotka—Volterra model discussed
above (15) in the following form: o ' ’

dz;s ({ N o N

T z; |1— | |z +‘Zpij(5) |51 + Zqij:z:j. (18)
i#Fo J g

Here z; is the complex amplitude of the i-th oscillator, p;;(S) is as before the stimulus-dependent matrix of

inhibitory connections, and g;; is the matrix of the excitatory connections.

Recent experimental results with sensory and cortical systems [44, 45] showed that neural network
spatio-temporal dynamics are modified in a slow time scale when the stlmulus is present. We argue that this
kind of slow dynamics represent the mechanism for unsupervised learning in neural systems. The repeated
application of a stimulus will allow an increasingly refined characterization of the input. The fundamental
mechanism for such dynamical self-organization is claimed to be oscn]latory synchronization. It is believed
that the dynamical synapse increases its strength when the coupled neurons oscillate in coherent way. In the
olfactory system of the locust the slow unsupervised learning enhances the discrimination between different
spatio-temporal patterns [44]. To enhance the discrimination ability based on synchronization we propose
the following slow evolution of excitatory connection matrix: ‘

E? —"qz_1+f(s)+'7$z . (19)
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The last term in this equation is significant only if ith and jth neurons are synchronized. Thus, as an in-
coming stimulus via functions p;;(S) and f(S) forms groups of synchronized neurons, the excitatory con-
nections among them will strengthen according to Eq. (19), and these connections will remain even after
the stimulus disappears. When a similar stimulus arrives again, the familiar pattern of synchronization will
emerge much faster than before the original learning stage. We are planning to study a class of models of
the form of Egs. (18) and (19), because we believe they may bring new insights in understanding the role of
synchronization for the unsupervised learning in complex systems.

4. INFORMATION TRANSMISSION AND RECOVERY

4.1, Stimulus-dependent propagation of information

The information propagation in nonequi- E
librium media has been addressed by a num- (Ri5) 1

ber of authors- beginning from [46] (see al- ool \\/
s0[47]). These authors used the information- )

theoretic concepts to characterize the infor- 0.8¢
mation flow in spatio-temporal systems. The 0.7f
key remaining question is, how the informa- 0.61M
tion transmission depends on the statistical 05t H_\.»—‘
and dynamic features of the incoming sig- 0al
nal. Let us illustrate this problem on the sim- )
plest chain of diffusively coupled neurons 031
with complex dynamics which we model by 0.2f .
the HR equations [24](see also previous sec- 0.1}
tions). The parameters of the elements are 0 X . . .
chosen such that, without an input signal, 5 10 15 20 25
each neuron is in the periodic regime. Neuron index i

When the first neuron in a chain is ex- i 10, Normalized mutual information between stimulus (S)
cited by a stimulus, its dynamics changes to and ith neuron (R;) in an unidirectional coupled chain
a specific temporal pattern of information. for three different statistics of the input signal, period-
These changes propagate along the chain ic spikes with inter-spike interval 400 (crosses), spikes
and thus transmit the input information. In with Gaussian distributed time intervals with mean
our preliminary study we showed that the value of 400 and variance of 10 (circle) and 200 (tri-

angle). The entropy for each case is 0, 2.6, and 4 bits,
respectively. The parameters of the neurons correspond
to the regime of continuous spiking

maximum distance at which the information
can be recovered (synchronization cluster
size) depends on the statistics or the dynam-
ics of the incoming signal. We used as an input signal spike trains with varying inter-spike intervals ¢;, with
different entropies. An example of the stimulus depending clustering is presented in Fig. 10. As seen from
the figure, the cluster size strongly depends on the entropy of the incoming signal. The higher the entropy,
the shorter is the distance at which the signal can be detected, as determined by the mutual information
analysis.

In order to see what happens when the stimulus event times are nonregular, we used Gaussian-distribu-
ted spike trains with different variances. Even with a small variance of 10, the message is less efficiently
transmitted over the chain than for the periodic case (see Fig. 10). With increasing variance it gets even
less efficient because the likelihood that the stimulus has an event while the first neuron is hyperpolarizing
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increases, which means this event is overlooked by it. Since the excited neuron is kicked more arbitrarily
with increasing variance, the deviations in the dynamics of neighboring neurons become larger, and the
message is dissipated more rapidly along the chain. As a result, the normalized mutual information E(R;, S)
decreases stronger along the chain for larger variance, as can be seen in Fig. 10.

4.2. Recovery of the hidden information by the dynamical synapse

When information is transmitted through a neural medium, the mod-
| ulation (information) can be carried from one varibale to another one. It
‘? can be tranformed from one coding space to another which ean render

it unreadable using membrane potential coding spaces. This is specially
important if the information channel has a chaotic neuron. Nevertheless,
the information that is not lost in this transformation can be recoverd
\ using specific nonlinear dynamical elements as decoders [48]. The main
dynamical element that can recover the information hidden in the chaotic
bursting model neuron is the synapse. We use the average mutual in-

Fig. 11. Experimental

layout.
The input signal con-
sists of unimodal or
bimodal Gaussian dis-
tributions of interspike
intervals. The input
induced by the spike
sequence is generated
using a digital to analog
converter controlled by
the PC. The input signal
inhibits the neuron EN1
through an analog elec-
tronic model chemical
synapse. The time series
of the current synaptic
activation S is used for
the results described

formation (AMI) to show that the AMI between an input signal and a
synaptic output is larger than the AMI between the input and the out-
put of the presynaptic bursting neuron. This appears to violate the data
processing inequality. However, it is not the case. It seems evident that a
neuron with chaotic dynamics does not improve the transmission of the
information but vice versa mask it making hidden. It is because the neu-
ron generates the information about itself that has nothing related to the
information carried by incoming signal. However, the dynamical synapse
with appropriate parameters is able to recover the signal that has been
scrambled by the chaotic neuron. '

To better illustrate the phenomena we present in Fig. 11 the exper-
imental setup we use to investigate how the hidden information can be
recovered by a dynamical synapse. The experimental setup is composed
of two electronic neurons (EN1 and EN2) that are connected through a
dynamical synapse [49]. The ENs are electronic circuits that integrate in
real time four ordinary differential equations of an enhanced Hindmarsh—

later Rose type model neuron [24,49]. The synapse is modeled by the dynamic
clamp software developed in the INLS [29]. This software implements standard chemical synapses using
a first order kinetic model. The most relevant parameter of the dynamical synapse is the integration time
constant 7. As we will show the parameter 7 is able to introduce a wide range of variation of average mutual
information (AMI) between the input and the output signals. In the experiments the input signal consists
of unimodal or bimodal Gaussian distributions of interspike intervals. The input induced by the spike se-
quence is generated using a digital to analog converter controlled by the PC. The input signal is numerically
generated and consists of long sequences of spikes with a unimodal or bimodal distributions of the inter-
spike intervals (ISIs). We used three different interspike distributions: L1 consists of a bimodal distribution
composed of one “fast” Gaussian with a mean of 200 ms and a standard deviation of 50 ms along with a
“slow” Gaussian centered at 500 ms and also with a standard deviation of 50 ms; L2 consists only of the
“fast” Gaussian; L3, of just the “slow” Gaussian.
The input signal governed by the input distribution introduces changes in the dynamics of the neuron
ENI1 that can not be easily detected by using a membrane potential bursting code as shown in Fig. 12.
.The bursting code detects an event every time the membrane potential drops under some given thresh-
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Input

Input

b
250ms
Vi

Input

Fig. 12. Examples of the time series obtained us-
ing the L2 (fast) distribution of ISI as in-
put and different synaptic characteristic time
constants at the dynamic clamp synapse: (a)
7 =2ms,(b)T =26ms, and (c) 7 = 48 ms.
In (b), we mark with the asterisk an event
that can not be detected using a threshold
level Vinres to encode the information in the
membrane potential V; for any value chosen
for Vinres but that can easily detected using a
threshold level Sihres in the synaptic activa-
tion signal S

old. Figure 12b shows an example (marked with the
asterisk) of an event that is not possible to be detect-
ed using bursting code, in this sense the information
about this event was lost. This happens because of
the separation between the effect of the events and
the effect of the baseline of the spikes in the mem-
brane potential. The information is not actually lost
but it found itself encoded in some other dynamical
variables of the neuron not accessible to our thresh-
old level coding. When a dynamical synapse is used
we need to tune it up in order to recover the informa-
tion that is not easily readable. If the synaptic char-
acteristic time 7 is too small, as in Fig. 12a, the in-
formation can not be recovered using threshold lev-
els because the effect of the spikes of the presynaptic
cell have large amplitudes in the S trace and S de-
cays so fast that mixes events and the baseline of the
spikes at the bottom of the trace. If 7 is too large as
in Fig. 12c, both spikes and events have small am-
plitudes, and is also more difficult to separate them.
This suggests there might be an optimum value of 7
that, as shown in Fig. 12b, allows the bursting code
applied to the synaptic activation variable S to be able
to recover the information about the occurrence of the
lost event.

The synapse activation variable S is a dynamical
function of the membrane potential of the presynaptic
cell, Vpre:

(1-Sw) 'rsis- = Seo — S,
where
Vpre — Vihres | .
otherwise,

75 is the time constant for the synaptic decay, Vinres is
the synaptic threshold voltage and Vyiope is the synap-
tic slope voltage.

Although we did not need to make any assump-
tions on the properties of the postsynaptic cell we still
need to rely on using a threshold level Sipres to codify
the data using the S(¢) time series. It is worthy noting
that this threshold level has an important physiologi-
cal meaning, closely related to the postsynaptic cell.

The synaptic activation variable assumes values between 0 and 1 and it is a measure of the modulation of
the release of neurotransmitter in the synaptic cleft by the presynaptic cell. One can consider that the con-
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centration of neurotransmitter released is roughly proportional to S(t) times the synaptic strength. So, for
our hypothetically designed inputs we can consider Siyres as proportional to a level of input neurotransmit-
ter that separates the behavior of the postsynaptic cell in two different states of activity, and so it is directly
related to the sensitivity of the postsynaptic cell to the particular neurotransmitter.

Figure 13 shows bidimensional plots of the
amount of information recovered as a function
of 75 as well as of the different values Stpres cho-
sen for codifying the data in the S variable and
for the different distributions of ISI chosen as
input.

For different distribution of input ISI and
each value of 7 we acquired time series of the in-
put, membrane potential of the cell and S vari-
able one hour long. The analog signals were dig-
itized using 500 Hz sample rate and the data was
codified using fixed optimal threshold levels for
the input and the membrane potential and vari-
able Sinres as indicated in the y axis scales. We
built words of 8 bits with the data and calculated
the average mutual information between input
and the membrane potential (AMI(I, V7)) and

max[AMI(I,S )~ AMI(I,V})), bits

0.5833—0.7000
2247 0.4667—0.5833
B2 0.3500-0.4667
B 0.2333-0.3500
58 0.1167-0.2333
0.0000-0.1167

b)

0.8333—-1.0000

{1 0.6667—0.8333
[ 0.5000-0.6667
8 0.3333—0.5000
[ 0.1667—0.3333
2 0.0000-0.1667

the average mutual information between input
and S (AMI(Z, S)). We defined the recovered
information as a positive  difference
AMI(1,S) — AMI(1,V;). The maximum val-

ues of AMI(Z, S) are in all cases around 2.4 bits
and roughly coincides in (7, Sinres) parameter
space with the maxima of the recovered infor-
mation, which means that approximately 30 %
of the total information transmitted from input
to S came from the recovery phenomenon.

As it can be seen in Fig. 13, the dynami-
cal synapse is able to recover input information
that was hidden in other degrees of freedom in
the membrane potential of the cell for a wide
range of time constants and the gain of informa-
tion is also dependent on the type of input (L1,
L2, or L3) that is introduced in this neural in-
formation transport channel. Moreover, the dy-
namical synapse can be adjusted to maximize
the gain of information. For a given codifying
threshold for S (Sinres related to the sensitivity of the postsynaptic cell), our experiments shown that a
synapse can be tuned to specific values of the time constant to allow the system to transfer information in
the most reliable way. If one need to optimize the dynamical synapse tuning the time constant 7 in order to
transmit one specific information it is always still possible to fit the postsynaptic cell sensitivity to obtain
the maximum information transmission by changing the strength of the synapse in the classical way during
the learning process. These results may shed light on the origin of the heterogeneity of synaptic dynamics

c)

0.4167~0.5000
#9 0.3333-0.4167
[§E 0.2500-0.3333
[ 0.1667—0.2500
[ 0.0833-0.1667
283 0.0000-0.0833

40 .
Ts, MS

Fig. 13. Amount of information recovered by the dynamical
synapse: L1 bimodal distribution of input 1SI (a), L2
fast unimodal distribution of input ISI (b), and L3
unimodal slow distribution of input ISI (¢)
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in the brain [50,51].

It may also be reasonable to hypothesize that during learning, alterations in synaptic dynamics leads
to changes in the efficiency of information transmission in different ways depending on the specific features
of the incoming temporal patterns. There is a need to find a reader or decoder that is able to extract the
information from the channel, and this is provided by the dynamical synapse. The synaptic properties we
have discussed will separate those states that seem to be mixed in the dynamics of the neuron so that they
can be read at the next higher level. We hypothesize that this tuning of dynamical synaptic parameters may
significantly contribute to the learning process for neural communication.

5. DISCUSSION

In fact, the subject of the information neurodynamics is to describe how to process the incoming infor-
mation and generate new one by coupled neural networks with complex dynamics. In order to understand
the information transformation and interaction in any dynamical system we need to know how the informa-
tion about stimuli is to be fed into it and how the result of the dynamically activity is to be read out. These
questions are nontrivial even for artificial systems and became much more complex for biological neural
ensembles. In biological systems sometimes we even don’t know who are the “readers.” There are many
publications about the right coding and decoding spaces, the role of time and so on but the final criteria of
the validity of these ideas is the behavior only. From this point of view, all the results that we discussed in
this paper do not give us a clear answer to the question: how the intrinsic dynamics of the nervous system
is related to information processing? However, the discussed results build a good basis for future investiga-
tions. We think that in the light of it the experiments with simple animals (like mollusks) are very important
because in such experiments we can find a direct connections between behavior and changing environment.
In fact we are trying to solve the inverse problem: to reconstruct the dynamics of the nervous system using
the knowledge about the incoming signal and behavior. The solution of this problem is not hopeless because
the nervous system is not a “black box.” We know a lot about the topology of the network and the dynamics
of the individual neurons from the anatomical and physiological experiments. To show how the changes of
the sensory environment mark events to which an organism is react let us describe the hunting behavior of
the mollusk Clione. This behavior is really amazing. In the presence of the smell of the prey in the water
the Clione behavior becomes a chaotic scanner of the surrounding space in search of the target. The way
this scanning is performed is by loops in the water caused by a strong flexion of the tail and as a result
the planes where this loops are carried out are changed chaotically. The dynamics can be represented by
symbolic dynamics of the random sequence of the four symbols : L, R, A, B (Left, Right, Ahead, Back)[27].
To understand the origin of such chaotic activity of the mollusk we have to make a choice between two
conceptions: (i) the Clione nervous system itself generates chaotic spatio-temporal patterns and the me-
chanical part of the system just follows the “commands from above,” and (ii) random hunting is the result of
the dynamically interaction of the position sensory system and “brain.” Given the importance of robustness
and stability in animal behavior we find the second concept as a more suitable mechanism. The anatomical
and physiological data support our hypothesis [52, 53). As our preliminary results showed, the dynamical
model describing the interaction of the body motion with the nervous system activity in the presence of the
prey smells has a strange attractor. This strange attractor is the mathematical image of the chaotic Clione
hunting. From this point of view we can conclude that a simple mollusk brain generates new information in
the form of a chaotic attractor in order to achieve survival.

This paper is the result of numerous discussions with our colleagues at INLS (Henry Abarbanel, Yury
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AUCCHUNATHUBHBIE COJIMTOHbI B KOMIVIEKCHOM YPABHEHHUH
FMH3BYPTA—JIAHIAY M1 ®PEMTOCEKYHAHDBIX TEHEPATOPOB CBETA

A. H. Kopoimun, A. 0. Kpauko, A. M. Cepeees

PaccmotpeHbl MoziesH reHepauny (heMTOCEKYHAHOTO H3yYeHH B TBEPAOTEJbHBIX a3epax C NacCHBHON CHHXPO-
HH3auue#t MoaL. Pa3BUT Noaxoz, B KOTOPOM YJIbTPAKOPOTKHE JiasepHble HMNYJIbChl aCCOLMHPYIOTCA C AHCCHNATHBHbI-
MH CONIHTOHaMH 0606LIEHHOrO KOMNIeKCHOro ypaBHetnsa MunaGypra—Jlanzay. B pase npesenbHbix cayyaes aHanu-
THYECKH onpejieieHbl CTPYKTYPa COJIMTOHOB, 0G/IaCTH NapaMeTPoB HX CYLLECTBOBAHHS, CHOPMYIHPOBAHB! KPHTEPHH
YCTOAYHBOCTH COIHTOHOB. MccnienoBaHbl CLEHAPHH LMKIHYECKOH CMEKTPasbHOM H BpeMeHHON AWHAMHKH AHCCHNa-
THBHBLIX COJIMTOHOB, CBA3aHHON C HEYCTONYHBOCTbIO POHOBOTO MO,

BBEJLEHHE

B nocJiennue roasl 0O U3 HaHGOMIEE HHTEPECHBIX NIPOGJIEM HeTHHENHOM ONTHKH SABJAETCS TEOPETHYE-
CKO€ H 3KCNepHMEeHTaJIbHOe HCCJIeloBaHHe MPOLIECCOB FreHepalHH YJILTPaKOPOTKHX HMNyabcoB (YKH ) pem-
TOCEKYH/IHOH JUIHTE/IbHOCTH B TBEPAOTEJIbHBIX LIHPOKOMOJIOCHBIX Jiadepax. O6acTb HayuHO-TEXHHYECKHX
NpPHUMEHEHHH TaKHX reHepaTOpOB CBeTa JOCTAaTOYHO LUHPOKA H BKJIOYAeT B ce6s, HanpHMep, AHarHOCTHKY
GbICTPO MPOTEKAIOILHX MPOLLECCOB, MHKPOMOAH(HKALMIO BeLIeCTBa, pa3paGoTKy TeJIEKOMMYHHKALMOHHBIX
TEXHOJIOTHH, CO3/laHHe HCTOYHHKOB CBEPXCHJIbHBIX J1a3epHbIX MoJied H T. 1

Jlns onucanusi GU3HUECKHX MPOLIECCOB JIa3epHOH reHepaLHH KOPOTKHX HMYJbCOB MPHHATO HCTIOIb30-
BaTb /1Ba Pa3/IHYHBIX MOAXO/A: MOJIOBBI H MPOCTPaHCTBEHHO-BPEMEHHOH. B Mo10BOM noaxoze, BOSHHKLLIEM
Ha OCHOBE HJEH MapaMeTpPHYECKOH TeOPHH HeJIHHEeHHbIX KosieGaHHiA, B pacCMOTpPeHHe BKJIOYaeTcs orpaHi-
yeHHoe (KaK MpaBHJIo, MaJloe) YHCJI0 MO KosleGaHuit pe3oHaTopa H HCcJlelyeTcs ycoBHe HX (a30Bo# CHH-
XpOHH3aLKH (CM., Hanpkmep, [1]). DTo no3BonseT B ABHOM BHJE CHOPMYIHPOBATL YC/IOBHE HEYCTOMYHBOCTH
HEeNpepbIBHON reHepal|H H JETajbHO HCCJIENOBaTb 3HEProo6MeH B HEGOJbIIOM CeMeACTBE COCEHHX MOX
pesoHaropa. [IpocTpaHCcTBEeHHO-BpeMeHHO# MOAXO0A NocTeneHHo (popMHpOBaJICs 1O Mepe CO3aHUsA BCE Go-
Jiee KOPOTKOHMINYJIbCHBIX KBAHTOBLIX reHepaTopoB [2—6). B cayuae, ecsi B mpoliecc reHepauuu BosJjeye-
HO OYeHb GOJIbILIOE YHCJIO NPOJIOJILHBIX MO/ (B COBPEMEHHBIX (heMTOCEKyHIHbIX HCTouHHKaxX 10 10°), To ans
MaTeMaTH4YeCKOTO OMHCAHHS H (hH3HYECKOTO MOHHMAHHS NPOLECCOB (hOPMHPOBAHHS JIa3EPHBIX HMITYJILCOB
ecTecTBEeHHO HaGJII0AaTh 32 SBOJIIOLHEl HauaJIbHOrO NPOGHOro UMMYyJbca B cHeTeMe. TTpu aTOM ycraHoBJe-
HHeE JIa3epHOH reHepalH 03HAYaeT aCHMNTOTHYECKYIO 3BOJIIOLHIO MPOGHOr0 BOJIHOBOTO MaKeTa K yHHBEp-
CaJIbHOMY JIOKaJIn30BaHHOMY BpeMeHHOMY pacrnpeeJieHHI0 — aBTOCOJHTOHY, HJIH JHCCHIIaTHBHOMY COJIHTO-
HY HE3aBHCHMO OT HCXOZHO# (popMbl. MaTeMaTHUECKH 3TO 03HauaeT CTPeMJIEHHE TPAeKTOPHi K yCTORYHBOMY
COCTOSIHHIO paBHOBECHsI B (/a30BOM MpPOCTPAHCTBE MapaMeTpoB HMMyJbca. C TOUKH 3peHHS TPAAHLHOHHOM
HeJIMHEAHON JMHAMUKH NPOLECC YCTAHOB/ECHHS! (DEMTOCEKYHIHON JIa3epHOil reHepaLtH SBJSETCH YaCTHbIM
CJly4aeM peasiu3allii aBTOK0JIEOATE/IbHOrO pexKHMa [7] B 1a3epHOM pe3oHaTope.

Llesbio naHHOro 063opa siBjisieTcsl H3J0XKEHHe JOCTaTOYHO LIHPOKOro Kpyra BOMPOCOB, MOCBSLUEHHBIX
MOHCKY H HCCJIEIOBaHHIO YCTOHYHBOCTH aBTOCOJIMTOHHBIX peluennit (coorsercTsyloux YKH) B samauax
reHepauMH COBpeMeHHbIX TBEPAOTEJbHbLIX Jia3epoB. B paGore paccMoTpeHbl caeayollie OCHOBHbIE BONpPO-
cbl. B pasznene 1 npuBenéH BbIBOA CHCTEMbl ypaBHEHHI, OMUCHIBAIOILHX npouecc reHepauud YKHU B o6iem
cayyae. B pasgenax 2 u 3 paccMOTpeHbl 1Ba BaXKHbIX CJyyasi peXKHMa J1a3epHOH reHepaluH: npH GLICTpOM
H MeJJIeHHOM Hacbllaloliemcs noryioturene. [1pu sTom o6¢yKnaiorcst o6LLHe CBOACTBA PEILIEHHs], a TaKXKe
paccMaTpHBalOTCA BONPOCH! YCTOHYHBOCTH Jla3epHO# reHepaLH.
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1. OCHOBHBIE YPABHEHHS A1 ONHCAHHUSA NMPOUECCOB rEHEPAUHHU YKH B COBPEMEHHbIX
TBEPAOTEJIbHbLIX JIASEPAX

HauGonee npocto Monenn Ja3epHoii reHepaunu YKHW crpoutcs npH cAenylOLHX MPearoNoKeHHAX:
1) cymmapHoe noJie CHHXPOHH30BAHHBIX MPOAOJIbHLIX MOJL, J1a3epa NMpeacTaB/ser coO00H KOMMNAKTHbIA 6ery-
LM BOJIHOBOH MakeT, BpeMeHHOR MacluTtab KOTOpPOro 7 MHOrO MeHbllie BpeMeHH 06xoja pesoHatopa TR;
2) H3MeHeHHs, MPOHCXOASLLME C NOJIeM MPH MPOXOXKAEHHH OTAESJbHbIX 3JIEMEHTOB Jla3epa, He3HAUHTeJIbHbI,
a CYILLeCTBEHHbIE H3MEHEHHs! BOJIHOBOTO NTaKeTa BO3MOXKHbI JIHLLb 32 BpeMs, MHOTO GoJibliee TR; 3) noJie HM-
MyJbca OCTA&TCS B OCHOBHO! MOMepeyHoi NPOCTPaHCTBEHHOH MOJle pe3oHaTopa (MpHOJHXKeHHe oaHOMEp-
HbIX BOJIHOBBIX nakeToB). [Toc/ieHee npeanooxeHHe CAeJaHO Ha OCHOBaHHH TOTO, YTO B PACCMAaTPHBaEMOM
KJ1acce J1a3epoB MHKOBAsi MOILHOCTb HMITYJIbCA He MPeBbILIAeT KPUTHYECKYIO MOILHOCTb CaMO(OKYCHPOBKH,
M M3Jy4yeHHe Jla3epa B PeXKHMe CHHXPOHH3aLHH MOJ, HMeeT OXHOMOIOBYIO MOMNEPeYHYIO CTPYKTYPpY, 4TO Ha-
6mozaercs B GOJIbILUHCTBE 3KCniepHMeHTOB. Toraa Kaxaomy o6Xoiy pe3oHaTopa, COCTOSILLEro H3 AMCKpeT-
HbIX 3/IEMEHTOB, CTABHTCS B COOTBETCTBHE LIar PacnpoCcTpaHeHHs HMIYJ/IbCa B SKBHBAJICHTHOH pacnpeneneH-
HO¥ HeJIMHEeHHOM cpele, NPHUBOAALLMI K aHAJOrHYHOMY MaJloMy H3MEHEHHIO napameTpoB HMMyJabca. Huxe
NpHBeAEH BbIBOJ YPaBHEHHS, OMHCHIBAIOILEr0 H3MEHEHHEe KOMIIEKCHOH orubalollieil aMIJIHTy/bl HMIYJbca
B MPOLIECCE YCTAHOBJIEHHS J1a3ePHOH reHepallH.

B o6iueM cayyae B J1a3epHOM pe30HaTOpe MOXKHO BBIAE/HTL CJIelyloLHe OCHOBHbIE JieMeHThl (pHc. 1)
H COOTBETCTBYIOILIHE HM MEXaHH3Mbl TPAHCGHOPMALIHH HMIYJIbCa:

1) Henunefinblit nasepubiit KpHcTasw, obecneun-

BaIOLLMA YCH/IEHHE MPOXOAALIEr0 MMIYyJbCa 33 CUET 5 JK
MHBEPCHH HaceJIEHHOCTeH, (pa3oByio caMoMOAyJIsALHIO ——e- .|:|_ -9- .\
3a CYET HEJIMHEHHOCTH roKasareJisi NPeJIOMJIEHHS Be- 1 2 :

LEeCTBa KPHCTaJIa, Paci/biBaHHEe UMMYJbCa 3a CUET
MaTepHasIbHOM JAuCMepCHH (AMCMEPCHH TpynnoBbIX
ckopocTef) U (PUALTPaLMIO GOKOBBLIX CMEKTPasbHbIX
KOMIOHEHT HMIYJ/IbCa 33 CUET HAJIMUUA KOHEUHOH Mo~ 4 3 '
JIOChl YCHJIEHHSI. <4-- --.--D--.-.}/

2) KomneHcaTop mMaTepHaJbHOH AHCIIEPCHH KPH- B3 HI
CTala — CHCTeMa, o6Jjajaloulas OTpHUATENbHOH
JMcnepcHedi rpynnoBbix ckopocteit. Hanuume nanxo- Puc. 1. OcHoBHbie 3/1eMEHTBI J1a3epPHOr0 pe3oHaTopa:
ro 3/1eMeHTa HeOGXOMMMO ISl KOMIEHCALMH AHCep- JIK — nasephbifi kpuctans, KI — komnerca-
CHOHHOTO pacIIbIBaHUS HMITyJbca NocJjie NpoxXoxie- Top Aucnepcun, HI1 — nachiluaiotuniics mo-

rnotuteib, B3 — BhixoaHoe 3epKano
HHS yepe3 KpHCTaJll, YTo, B CBOIO Ouepeab, HeoOXoaH-
MO YISl IOCTHXKEHHS KaK MOXKHO MeHblLLeH JJIHTebHOCTH HMIYJIbCa.

3) Hacblwarowwiicst MorJoTutesb, Heo6XxoauMblil it 3¢ deKTHBHOR CHHXPOHH3ALMH MO/ B pPe30HaTO-
pe A1sl JOCTHXKEHHsSI MHHHMaJIbHOH JJIHTeJIbHOCTH HMMyJ/Ibca. Kak npaBuio, JaHHbIA 3JIEMEHT NPeACTaBAseT
c0G6oii IBYXyPOBHEBYIO Cpe/ly, HaChILIAIOLLYIOCH NPH NPOXOXACHHH HMMNYJIbCa H, C/IEI0BATENbHO, oGecneyn-
BalolLylo creurdruecKHe HeJIMHEAHbIe MIOTEPH HMIYJIbCa.

4) IMoaynposapauHoe 3epKaJio, HCMOJb3yeMoe IS BbIBOJA H3JlyueHHs: H3 pe3oHaTopa. [laHHbli 3/1eMeHT
OTBeyaeT 3a JIHHeHHbIe NOTEPH HMIyJIbCa.

ITycts nocnie N 06X0/10B MMIyJIbC HaXOAUTCSA B TOUKe / pesonatopa (A(n) = A1). Paccmotpum 3sodio-
LIHIO HMITYJIbCa 32 OHH 0GXOZ [0 Pe30HATOPY.

Hanuuue HeJMHEHOTrO Jla3epHOro KpHCTaJiia o6GecrneynBaeT cpa3y HeCKOJIbKO MeXaHH3MOB TpaHcgop-
MauuHi umnyJbca. Ho B cuily npeanosioxxeHust 0 MaJloCTH H3MEHEHHH HMITyJ1bCa BIHSHHE JaHHbIX PaKTOPOB,
BO-NEePBbiX, AIAHTHBHO:

']

KA

4a(t) = exp[g(t) - i6 A + D(E) + G)] A ®), (1)

A. H. Kopoumun u dp. 465
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a BO-BTOpbIX, 3KCMOHeHTa B (1) MoxkeT GbiTh pasJioxKeHa B psifi C NpeHeGpexKeHHeM UieHaMH BTOPOro Nopsiika
H BbiLLIE:

Aa(t) = A1() + [9(t) — 8| 412 + D(t) + G@)] Ax(¢). (@)

3nech Aj(t) — komnekcHas oru6aiolllasi HMMyJbca B j-i TOUKe pe3oHaTopa, ¢ — BpeMs B JIOKAJILHOM,
T. €. IBHXKYILENACS C FPYNMoBo# CKOPOCTbIO Vgr = 8w/8k|w —wo CHCTEME KOOD/IHAT, wo — LEHTPa/IbHas a-
CTOTa reHepaLyy Jiasepa, g(t) — ko3pduuKMeHT ycuaeHus (refiH) akTHBHOH cpefibl, § — K03 duuHeHT pa3o-
BOH CaMOMOJYJISILIMH, ONpeeJsIoLIHil HeJHHeliHbIN HaGer ¢a3bl noas 3a oaHH 06x0/ N0 pe3oHaTopy (npea-
nosaraeTcs KyGHUHaA HeJIMHEAHOCTL NoKa3aTeNs npesomaenus), G(t) u D(t) — onepatopbl, onkchbiBalowMe
COOTBETCTBEHHO KOHEUHYIO M0JI0CY YCHJIEHHS akTHBHO# Cpefibl H 3¢pheKT AHCNEePCHH rPynnoBbIX CKOPOCTEH.
HaunGonee npocTo faHHble onepaTopbl BHIVIAAAT B NPEANOJNOXKEHHH KBaAPaTHYHOH AHCMEPCHH IPYNMOBLIX
cKopocTeit u ycunenus: D(t) = iDpay 82/8t2, G(t) = Dy 8%/0t%. 3nech Dipay = %k /02|, —wo /2> 0,
Dg = g(wo)L/N?, rae g(wo) — KOI(dHLUMEHT YCHICHHSA HA LEHTPAJILHOM YacToTe, & — LIMPHHA NOJIOCHI
ycusenus, L — nanHa Kpucrasmia.

BJusinve KoMneHcaTopa AMCIEpPCHH aHAJIOTHYHO BJAHAHHIO 3¢deKTa MaTepHasibHOH AUCTIEPCHH KPHCTall-
Ja:

A o . 8%
Ag(t) = exp[Dug(t)] A2(t) ~ As(t) + Duog®)42(t),  Dueg(t) = iDneggz 3)

HO K03 duumeHT aucnepch Dyeg B KOMNeHcaTope oTpHuaTeeH. [lanee Mbl Gy1eM ONUCHIBATD BAHSIHHE AUC-
NepCHH TPyNMoBbIX CKOPOCTe#l eAuHbIM Ko3(hdHLUHEHTOM aucrnepcHH D, XapaKTepH3YIOWHMM BIHSAHHE HC-
NepcHH 3a OHH 06X0 10 pe3oHaTopy: D = Dmat + Dreg. [1pH 3T0M D MoXeT UMeTb /1060 3HaK.

TpaHcopmauus UMNYJIbCa NPH MPOXOXKACHHH HACHILLIAIOLLIETOCS MOMJIOTHTEJSt MOXKeT GbITh OMHCaHa co-
OTHOLLEHHEM

Aq(t) = exp[—q(t)]As(t) ~ As(t) — q(t)As(t), 4)

rae g(t) — HOpMHpPOBaHHas Pa3HOCTb HaCEIEHHOCTE! B MOIVIOTHTENE.
Y, HakoHeL, BIHAHHE JHHEAHBIX NOTEPb MOXKET ObITh 3aMHCaHO B BHIE

As(t) = A(v41)(t) = exp(—lo) A4(t) =~ Aa(t) — loAa(2), (5)

rae lp — ko3¢ HLHEeHT JHHEAHBIX MOTepb 32 OAHH OOGXOZ MO pe3oHaTopy.

B cuity npeanosioxkeHHst 0 MaJIOCTH H3MEHEHHS! HMNYJIbCa 3a OAHH 06X0/1 pe30HaTOpa PasHOCTb AMIVIHTYA
Ha (N + 1)-M 1 N-M 06x0aX MOXKHO 3aMEHHTb Ha NIPOU3BOAHYIO MO HEKOTOPOH 3(PheKTHBHOM KOOpAHHA-
Te z = T /TR, rae T' — BpeMsl B 1JaGOpaTOPHO# CHCTeMe OTCUETa, HJIH, B TepPMHHAX 3 (eKTHBHOM pacrnipesie-
JIEHHO# cpelbl, 10 KOOPAHHATE BAOJb AAHHO#H CPeibl:

Aviny(t) = A)(t) ~ 0A(t, 2)/0z. ()
’ U3 cootHoluennii (2)—(6) BuiTekaeT caeaylolliee ypaBHEHHE VIl KOMILIEKCHO# oru6atoliiesi noas:
08 — lot,9)~ bl A—i8 AIAP + (D +iD) T2 — a(t)4. ™

JlanHOe' ypaBHEeHHe HOCHT Ha3BaHHE 0GOGILIEHHOTO KOMILIEKCHOro ypaBHenus TunsGypra—Jlanpay (YIVI)
H IWHPOKO HCMOMb3YeTCs VISl TEOPETHYECKOr0 HCCJEN0BaHus MPOLLECCOB reHepauwy H ycrofiunsoctd YKH
B COBPEMEHHbIX TBEPAOTE/IbHBIX Jla3epax.

.. BuiBonypaBrenns [un36ypra—Jlanaay (TouHee, pas/iHuHbIX €r0 YaCTHBIX CJIy4aeB) H MOUCK €ro pellleRHs
B aHAJIHTHYECKOM BHJE NPOBOJKJHCH B GOJIbLLIOM KOHYeCTBe paGoT, HauuHas ¢ 60-X rozos. B cBsisu ¢ 3THM
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MHTEPECHO TIPOCJIEIHTb XPOHOJIOTHIO OCHOBHBLIX 3TaloB B HCCHEI0BaHHH JaHHOrO ypaBHeHus. YIJI B pam-
Kax HCCJIe0BaHHSA BOJIHOBBIX MPOLIECCOB B MJ1a3Me 6bl0 noJyueHo B [8)]. YpaBHeH#ue, onHchiBalolLee Jasep-
HyI0 [eHepaLMio (MMeloLiIee BHA YPaBHEHHS epeHoca) GbLIo nostyueHo B [3, 4] ¢ yuéToM HaJHUHSA YCHIICHHS
¢ GeCKOHEUHO LIHPOKOH MOJIOCOH, JIHHEAHBIX H HeJHHEHHbIX noTepb. B yacTHoCTH, B faHHbIX pa6oTax Obl-
Jia BbICKa3aHa ujiesl O BbIBOJE AAHHOTO yPaBHEHHS yTEM PaCCMOTPEHHSA MaJibix H3MEHEHHI HMITYJ/IbCa Nocie
MPOXOXKAEHASA OYepeIHOTO dJemMeHTa pe3oHaTopa. B [5] ypaBHenHe nasepHoii reHepaLu GBIIO HCCEA0BAHO
MDH JONOJIHUTEJILHOM YuéTe KOHeUHO# noJsiockl ycuaenus. Hakoneu, B [9] 66110 npoBeeHo HanGosiee NoHoe
HCCJIeOBaHHE YPaBHEHHUS! J1a3epHol reHepaluy B Bulie YIJI: yurensl Bce akropsl, npucyrcrsyioutye B (7),
HaiileHO B aHAJINTHYECKOM BHJIE H HCCreloBaHO peluerve YTJI.

Ypasnenue (7) 10/KHO ObITb AONOJHEHO YPABHEHHSIMH, OMHCHIBAIOLLIMMH JMHAMHKY K03 dHLMeHTa yCH-
Jenus g(t, z) 1 HachlLalouterocs norsotutens g(t). Hacbienue norsioTHTeNs NpH HeKOrepeHTHOM B3aHMO-
JeACTBHH OIS C ABYXyPOBHEBO#H cpeJloit MoXKeT ObiTh ONHCAHO YpaBHEHHEM

&~ "  Ex ®)

3pechb go — Pa3HOCTb HaCeJNEHHOCTel NPH cJ1aGoM CHrHaJe, TA H Ep — BpeMst peslakcauuy H SHeprys Hacbl-
LLeHHs noryioTHTes. [ToCKOMIbKY BpeMst peslakcaliii NOMVIOTHTENS B TBEPAOTEJbHBIX Jladepax, Kak NpaBuJo,
MHOTO MeHbllie BpeMeHH 06X0/1a pe30HaTopa, pa3HOCTb HAaCeJIEHHOCTEN 3aBHCHT JIHLLD OT JIOKaJIbHOrO (B CH-
CTeMe OTCYETa, CBA3aHHOM C MMMYJIbCOM ) BpeMeHH t.

KoadduimeHT ycHieHHs g HCMBITHIBAET AByXMACIUTAGHYIO BPEMEHHYIO 3BOJIIOLHIO — GLICTpOe YMeHb-
LLIeHHE Ha HeGOJbLIYIO BEJIHUMHY 32 CUET HACBILLEHHS YCHJEHHS NPH NPOXOXKAEHHH HMIYJbCA U MEJIEHHOEe
BOCCTaHOBJIEHHE CBOHX CBOMCTB MOJ AefiCTBHEM MOCTOSAHHOM Hakauku P. Takoe pa3saesieHHe XapaKTepHbIX
BPeMEH U3MeHEeHHs refiHa BO3MOXHO, T. K. COBpeMeHHble TBEpAOTeJIbHbie J1a3epbl XapaKTepH3YIOTCsl GOJIbILIOH
3Hepruedi HachiLLeHUs akTHBHO cpefbl: W < Wy. 3nech W = [ |A|? dr — sHeprus umnyJibca (Ha equHuLLy
TIOLa/H NonepeyHoro ceyenus ), Wy — sHeprusi HachileHHst Koadduumenta yeunenus. Besencrsue storo
refiH MOXKHO NMPEJCTaBUTh B BHAE NPOH3BEEHHUS:

¢

2
9= gm(2) 1—/'—’% , 9)

—00

a an MeJieHHOM oru6alolieit HCnoJib30BaTh ypaBHeHHe GalaHca:

dgm _ _gm—9go _gmW(2)
Ver dz T TrWs (10)

3nech T) — BpeMs peJiakcaLlMi pa3HOCTH HaCeJEHHOCTEH aKTHBHOI cpeabl, go = PT)] — HeHacbIlEHHbIA
reiH.

Cucrema ypasHenuii (7)—(10) onucbiBaet npouecc renepaunu YKH B o6iuem cayvae. B cuny csoeit
CJIOXKHOCTH HCCJIeOBaHHE NAHHOM CHCTEMBI BO3MOXKHO JIMLIb B PAMKaxX YHCJIEHHOrO MOAENHPOBaHHS, Of-
HAKO CYILECTBYET P 4aCTHBIX CAY4aeB, B KOTOPBIX AaHHLIE YPaBHEHHsI CYLLECTBEHHO YNPOLIAIOTCS H B TO Xe
BpEM 1103BOJISIOT MOJIYUHTD PAJ BAXKHLIX Pe3yJIbTaTOB B aHAaJIHTHIECKOM BHJIE. ,

s nanbHefwero HaioXKeHHs ya0O6HO NPOBOAUTL PACCMOTPEHHE 15l ABYX POTHBONOJIOXKHBIX MPeae/ib-
HBIX CJIyyaes: GbICTPOro HachilLalouerocs nornotureds (74 < 7)[4—6, 9—14] u menenHoro Hachilaloule-
rocs noryiotHtens (7a 3> 7)[9, 15—21],
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2. CJIYYAH BbICTPOI0 HACDILUAIOLLErOCS MONIOTHTENSA

B nannom cnyyae pa3HoOCTb HaceN€HHOCTeH g ABIACTCA MIHOBEHHOH (DyHKLMEH HHTEHCHBHOCTH MOJIs.
ChnenosaTtesibHO, MOXKHO MpeHeGpeub MPOM3BOAHOM B JieBo# yacTH (8) no cpaBHeHHio ¢ (¢ — go)/7a. Ipu
3TOM BbipaxceHHe aas g(t) 6yneT UMeTb BHAL

90
t)= . 11
W) = T3 AP ra/En (n

Tpeanonoxum aanee, YTo IHEPrus HACHILLICHHSA MOTIOTHTENA BeMKa, Tak 4To |A|2 7o /Ea < 1. Toraa (11)
NpHHUMaET BHJ
2
go7a |4|
t)=¢qp - —=——. 12

at)=90-"F (12)
Paccmotpum Takxke HauGoJiee MPoCToe NPEANONOoKeHHe OTHOCHTEILHO AMHAMHKH refiHa — chydaii Gecko-
HeYHO GOJIbLUIOH SHEPTHH HACILLEHUST aKTHBHO# cpeabl: Ws — oo. Toraa cooTHolueHue ans g(t) npuHuMaer

BHA
9(t) = go. (13)
C yuérom (12) u (13) YIJI npuHHmMaeT BHA
2
%‘3=(go—l)A+Dg(1+id)%£-+('y—i6)A|AI2, (14)

rael =lp + go, ¥ = qo7a/Ea, d = D/Dg — Ge3pasmepHbiii KO3 (HUHEHT AUCNIEPCHH.

2.1. O6une cBoficTsa pemeHun

Moakauxa Ypasuenue [unabypra—Jlannay B popme (14) ume-
U SHepruu 1Al €T aHaJIMTHUECKOe pelleHHe B BHAE JIOKaJH30BaHHOTO
umnyJbca [9, 14):

Huccunauun
IHeprHH

A Aoeihz
o - chl-i-t'ﬂ(t /1.) ’
. XapaKTepH3ylolLlleeCsi YeThiPbMs MapaMeTpaMH: aM-
MAKTYROI Ag, IIMTENLHOCTBIO 7, MOAYJIsALMeR (UHp-
B : nom) 4yacToThl S ¥ NOCTOAIHHOMA pacnpocTpaHeHHs h.
_l/ \i_ DTH CTPYKTypbl HHTErpajibHO GaJJaHCHPYIOT HaKauKy
Yun Gtat 3HEpr{H U MOTEPH, TaK YTO B LIEHTPAJILHON YaCTH HM-
\ nynbca go+ | A2 > 1, a Ha KpbUIbsAIX COMMTOHA gg < 1,
Puc. 2. Pacnpene,neuue aMIIIMTYaAbl  MOJISt |A|, oT- UeM JI0CTHraercs yCTOI’l‘llleOCTb cpelibl OTHOCHTEJIbHO
CTPOIIKH 4aCTOTHI £ B HMITYJIbCE H NTOJIHOTO Fefi-  HapacTaHHs LLyMOB BHe HMITyJibca (pHc. 2). Popmanb-
Ha gt = go — ! + v|AJ?, cooTBeTcTBylO- HO TaKHe pelLeHHS CYLIECTBYIOT B MOJIOCE apaMeTPoB
wnx (14), (15). 3neck gmin = 9o — b, gmax =  § < §, = v[3 (1 + d?)!/2 — d], a B o6siacTn & > &, cu-
= go — I +7|Al§. lan (15) B < 0, T.e.4acTO-  (roya yaparepHayeTCs CJI0KHBIM AHHAMHYECKHM 110~
;as::s:;;aer OT MEPEIHEO (POHTA HMMY.IbCa BeneHueM. [Ipy 3TOM 3BOJIOLHS HMIYJIbCa B Pe30Ha-
TOpe MPOMCXOAHMT B pexxHMe KoJuianca ¢ o6palleHH-
€M 3HepruH, aMIVIHTYbl H OGPaTHOMH JJIHTEJIbHOCTH HMIYJ/bca B 6ECKOHEYHOCTb Ha KOHEYHOM PacCTOSIHHH

pacnpocTpaHeHHs BAOJb z N0 3aKOoHY [22, 23]

W,Ap o (20— 2)"12, 7o (20— 2)"2

. (15)

———m -
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25} —— §r=03 |. ! S
""" dy=10
-— - 6/7:2,0 . '

20t — " ""dr=40 |.,
—_—--- =100 .| .
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sf  —— =03\
------ g;:yy=l‘o \‘ \ .

| == =20 .
N <y A
a2 - =100 :

i L \ A
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Puc. 3. 3aBucuMocTb mMoayasiuuu B oT Koadouunenta Puc.4. 3aBHCHMOCTb JIHTENLHOCTH HMIYJbCA Ty, OT KO-
aucnepcHu d LA pa3HbIX 3HaueHHA mapamer- sppHumeHTa aucnepcHH d ANs Pa3HbIX 3HAYEHHI

paéd/y napamerpa d/y

[Moxncrasnsas peienue B Bune (15) B ypaBHenne (14), MOXKHO MOJYUHTb BbipaXKeHHs /151 MapamMeTpoB

MMMyJbCa:
g 3lE/md -1~ V91(6/7)d = 1] + 8 (8/7 + d)®
2(6/7+4d) '
ra=Wré/Dg=2(6/7) (2~ f*~36d), h=(Dg/r)d(1-FY+28l,  AZ=W/(2r). (16)

3pech BBefieHa 6e3pa3MepHas AJIMTENbHOCTb HMIYJIbCA Ty.

Ha puc. 3 1 4 n3o6pakeHa 3aBUCHMOCTb 3 H Ty, OT KO3(¢dHLHeHTa aucnepcHH d. B 3aBUCHMOCTH OT 3Ha-
Ka d CyILECTBYIOT 1Ba CYLUIECTBEHHO Pa3jIMYHbIX pexxuMa reHepauuu [6, 10]. B cayuae nosoxurenbhbix d
a6CoJIOTHOE 3HaueHHe [ NOCTaTOYHO BEJHKO, H JJIMTEJbHOCTb HMIYJbCA OMpefessercss ACHCTBHEM ABYX
(aKTOpOB: YMeHblLUEHHEM AHANa30Ha U3MEHEHHsI YaCTOTHO!H OTCTPOMHKH (a cllefoBaTe/IbHO, H YKOPOYEHHEM
MMITYJIbCa) 32 CYET (PHABTPALUH KpaiiHHX CMEKTPAJIbHBIX KOMITOHEHT MOJIOCOM YCHJIEHHS! H AUCNIEPCHOHHBIM
pacr/ibIBaHHEM MMITyJIbCa B CJIEACTBHE MOJIOMKHTELHON AHCMEPCHH IPYNMoBbIX cKopocTeit. [las oTpuua-
TeNIbHBIX d MOAYJISILMSA YaCTOTbl HMIYJIbca GIM3Ka K HYJIIO, a IJIUTEbHOCTb HMITYJIbCA CYLLIECTBEHHO MEHBILE,
yeM B CJIyuae MoJIOXKUTENbHBIX d. B 1aHHOM pexKHMe OCHOBHOE BHSIHHE Ha HOpMHUpPOBaHHe HMITYJIbCA OKa3bi-
BalOT AMCMEPCHSA FPYNMOBBIX CKOpOCTe# U (pa30Basi CAMOMOLYJISILIHSA, 0GeCneynBas CyLLECTBOBAHHE JIOKAJH-
30BaHHbIX peLleHHH, KOTOpble OMHCLIBAIOTCS YPaBHEHHEM THINA HeJlHHefiHoro ypaBHeHus LlIpéauuHrepa (Tak
HasblBaeMbie LIPEAHHrepOBCKHE COMUTOHBI ) [6].

2.2, HceaepoBanue yCTORYHBOCTH COMMTOHHOTO PellIEHHR

B demTocekyHIHO# ONTHKE LIHPOKO PacnpOCTPaHEHO MHEHHE, YTO HMEHHO COJIHTOHDI BHAA (15) onuchi-
BAIOT H3JyueHHEe reHepaTopoB CBEPXKOPOTKHX HMMYJbcoB cBeta. OAHAKO Jio6ble CTaLHOHAPHbIE JIOKAJH-
soBaHHble petteHus (15) YTJI rno6anbHo HEyCTOAYHBLI OTHOCHTENILHO B3PLIBHOMO HapaCTaHHs aMIIHTY/bI
B LIEHTPaJIbHOM YacTH cosnuToHa. CTaGH/IH3aLHs 3TOM HEyCTOAYHBOCTH BO3MOXKHA NPH YYETe HaCbILLCHHS
reiiHa reHepupyeMbIMH HMITYJIbCaMH Ha MeJl/IeHHOM BpeMeHHOM MacllTa6e ero H3MeHeHHs (T. e. B CpeliHeM 3a
o6xon) B ypaBHenuu (10)[11]. 1o pusoaut k Moaudukaumu (14) nyrém sameHbi

g0 = gm = go/ (1 + W/Wy), ' \17)
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s o OV

Puc.5. da3osoe npoctpauctso (W, a, 8) B cayuae cnaGoro HachilleHus nornotutens 4 Wo > Wy, (a),
Wo<Wy. (6). Buiuncaiennsi nposomuauch anst go/l = 1,2;d = 0,5; /v = 0,5 u YWy /(Dgl)Y/2 = 5(a),
YWo/(Dgl)'/2 = 3(6)

rae Wo = WsTr /Ty < Wg. Ipu atom (14) npunumaer Bua

%’zl = [g0/(1 + W/Wp) — [] A+ Dg (1 + id) %2;24 + (v —i8) A|AP. (18)

JanHyio 3asauy ynoGHO MccliefioBaTh Ha ¢a30BOH MJAOCKOCTH mapamerpoB umnyJbca (W, a, B), rae
a = 1/7 — o6GpaTHas nTeAbHOCTb WMNYyJbca. Kak nokasano B [12, 13], B HoBoM MozieJIbHOM ypaBHeHHH

cyuiecTByeT 6udypKaLHOHHOe 3HaueHHe napamerpa Wo:

2(1 - &) Vilg, 1)
V7 (90/1 =1+ &) [1 = 2B, (Bu + d)/(um)]/2’

re & =1 - 3go[1 — /T—81/(990) | /(2]), 1o = 2(2 = B2 — 3dB.)/7, B = A £ VITF2, X = 3(7~
—dd)/[2 (dvy + 8)] (3Hauenne B, BLIGHpaeTCs TaKHM, uTo6bl 1 > 0). [Tpn ymenbiuennn Wy H npoxoaeHuu
yepes 3T0 3HaueHue B ¢pa3oBoM npoctpaHcTse (W, a, B) cHCTeMbI, ONHCHIBAIOLIEM AHHAMHKY HMITYJIbCOB CO-
nuToHHON dopmbl ( 15), nosiBasieTcs napa cocrosiHuii paBHoBecks (pHc. 5). OnHo U3 HUX MpeacTaBasieT coGof
CeJ10 H COOTBETCTBYET HMMYJIbCY C GoJiblielt SHepruei, a Apyroe — YCTOHUHBBIHA y3eJi C MEHbLel SHeprued.
[Tpu 3TOM y3es1 COOTBETCTBYET PEXKHMY YCTOHYHBOMH HMMYJIbCHOM reHepaLHH C MArKHM BO3HHKHOBEHHEM K3
HenpephiBHOil. BudypkalnoHHoMy 3HaueHHI0 Wy, OTBe4aeT MaKCHMaJIbHO BO3MOXKHAs SHEPTHS COIMTOHA

2 VEH
- W = 5 =2. (o + DTG (20

ﬁg'rom SHEprysi HMITyJ/Ibca AN cayyas go—I < go POBHO BBOE NpeBbiiliaeT sHepruio Wey = Wo(go/1—-1),
COOTBETCTBYIOLLYIO 3aMac&HHOMA B Pe30HATOPe MPH HernpepLIBHOH reHepaLkHy.

HecMoTps Ha cyluecTBOBaHHe peXxHMa yCTOHUMBOM UMNYJIbCHOM reHepauuH B (18), pasosoe npoctpan-
ctBo (W, a, B) cHCcTeMbl PH A0CTATOYHO GOJbLLIOH SHEPTHH BOJHOBBIX [IAKETOB MO-TPEXKHEMY, KaK H B CJyyae
Ws — 00, 3an0/IHEHO HeyCTOHYHBBIMH TPAEKTOPHSIMH, YXOASALUHUMH Ha 6ECKOHEYHOCTD, 2 BOJIIOLIMA BOJIHO-
BOrO NaKeTa BAOJIb HHX POHCXOIHUT B PeXKHME KoJlanca. 1o 03Hauaer, YTO YUET HaChILIeHHsS YCPEAHEHHOTO
K03(hHLHEHTa YCHIIEHHA CTaGHJIM3HPYeT AMHAMKKY He JIo60ro HauajJbHOro pacrpenesequs. Bosee Toro,
NIpaKTHYECKH camasi HHTepecHast 06/1acTb MapamMeTPoB ¢ GOJIbIUHMH SHEPTHAMH HMMYJAbCa H MaJIbIMH JJIH-
TeAbHOCTSIMH reHepaLuH onucbiBaetcs B ( 18) HekoppeKTHO.

Pewntsb 31y npo6JsieMy MOXHO NpH yuére HAChILLEHHS HEJHHEHAHOro MONIOTUTEs, PACCMOTpEB, HaNpH-
Mep, caeflylouuit uled B pasnoxeHun (11) no crenensm |AJ? [24, 25). Onnako NpH ZOCTAaTOUHO GOJBLIHX

Wo, =

470 A.H. Kopsumun u dp.



Tou XLIV, Ne5—6 Hssecmus 8y3os. Paduogusauka 2001

HHTEHCHBHOCTSIX HMITyJ/IbCa, KOTZIA BCE YJieHbl B pa3JioxkeHHH (11) okasbiBaioTest 04HOrO Mopsiaka, NOAXOA,
onucaHHbIi B [24, 25], HenpuMeHuM. B 1aHHOM cJtyuae MOXKHO yuecTb HaChILLEHHE HEeJIHHEHHOro MOIoTHTe-
7151, B3SIB B HCXOHOM ypaBHeHuH (7) ¢ = go/(1 + |A|? 7a/Ea) v coxpansis s g, D n G ananornuibie (18)
BoipaxkeHus. Torna naxe npu Wy > W, B hasoBoM mpocTpaHcTBe NOSABJSAETCS HOBBIN aTTPaKTOp B BHAE
YCTOHUMBOrO y3J1a MPH GOJIbIUMX 3HAYEHHSIX HEPrHH Wpat M MEHbLIHX IJIHTEJBbHOCTAX HMMYJILCOB Tsat
(puc. 6). Tak, B ciyuae § = 0,d = 0 umeeM Wy =
& Wo (g0/lo — 1), Teat = [DgWo (go/lo — 1)]*/2/EA.
Ecan Ag = go — (lo + g0) < go 1 lp = go, renepauusi
YKH moxet umetb B go/Ag pa3 GoJbLLyI0 MOLIHOCTb,
yeM HenpephbIBHas.

[Tpu uamenetnn Wy u Ep ¢a3oBoe MpoCTpaHCTBO
cucrtembl (W, a, 8) HMeeT pa3jIHuHYIO TOMOJIOTHYECKYIO
CTPYKTYpY. st JOCTATOUHO GOJILLUKX MOJIel Hachile-
uusi Ea U Ag < go MMEIOTCS [Ba YCTOMYHUBLIX COCTO-
IHUSl PaBHOBECHS], COOTBETCTBYIoOLIHE caabomy (aHa-
JoruyHo (18)) U CHALHOMY HACBILLIEHHIO MOIVIOTHTEIS,
MpH 3TOM OTHOCHTENLHO JJIHHHOMMITYJIbCHasi reHepa-
UM BO3MOXKHA MPH MSIFKOM pexkuMe BO36YXKIAEHHS,
a KOpOTKOHMITYJIbCHast — TOJIbKO TpH kéctkoM. I1pu
yMeHbLueHHH Wy CeA0Bast TOUKa H KOPOTKOMMITyJIbe-  FHC- 6. ®asosoe npoctpanctso (W, a, ) B cayuae
HbIfi ATTPAKTOP MOFYT AHHHHIHPOBATb, OCTABASA BO3- CHJ/IbHOTO HACBILLEHHS MNONIOTHTeAs. Bbiuncie-
MOXKHOCTb CYLLECTBOBaHHS TOJIbKO IAJIHHHOUMITYJIbC- o7, IPOBOAIIACH LA oo/l = 1,007 d = 05;

. (lo+90)/lo = 2; 6/ = 0,5 u YWy /(Dgl)/2=27
HOM reHepaLyH NpH cJ1a6oM HaChILLEHHH MOTJIOTHTEIS.
Ecuim xxe Hapy1eHo ycsioBre Ag < go HIH lg & go, To GHypKaLKH POXKIEHHS NJIHHHOMMITYJIbCHOM reHepa-
LIMH He CYILIECTBYET, H YCTOHYHBOE COJIMTOHHOE PellieHHe BCer/ia COOTBETCTBYET PEXKHUMY CHJIbHO HACBILLIEH-
HOTO MOIVIOTHTEJIS MPH MATKOM pex<uMe BO36Y>KAEHHS.

2.3. CoantoHnasn FeHepauHua B peXXHMe NOJHOro HaChlICHURA HeJHHEHHOro NOrIoTHTENS

Pexum renepauun YKH ¢ pocrarouno 60ib-
woit uutencusHocTbio (|A|27a/Ea > 1) MoXHO ﬂ l'g;‘lgsar:';a
OMHCATb B MPHOJIHMKEHHH MOJHOCTbIO HACHILLIEHHOTO
HEJIHHEAHOTO MOIVIOTHTEIS, KOTAA NPaKTHYECKH BO T —
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