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AHHOTADUA

I[loMmumo cocTtaBieHHs TPOTHO30B MaTeMaTWKa HAaXOIHUT CKpBITHIE
3aKOHOMEPHOCTH B Y€ MPOU3OMIEANNX cOObITHAX. [locnennuii pruHaHCOBBIN
KpHU3HUC, MOJKOCHUBIIMKA IKOHOMHUKH BCeX 0€3 HMCKIIOYEHUS CTpaH, MHOTHE
CpaBHUBAJIM C LyHaMu. MareMaTtuk Hu3 Heto-Mopka Pemxunansy Cmut
(Redginald Smith) cuwnTaer, d9ro ero pa3BuTHE, CKOpee, HAIIOMHHAET
AMUAEMHUI0 WHPEKINOHHOTO 3aboneBanns. B cBoeil ctaThe, OMyOInKOBaHHON
B skypaasie Physical Society of Korea, y4enblii BbIssBiII o4ar 3a00JeBaHHs U
MPOCIEANT JUHAMUKY €r0 PaclpoCTpaHeHHs [0 MUPY.

MareMaTHKH OYCHb JABHO HM3YHYaIOT PA3BUTHE SMHUIEMHUHA U OOHAPYKUIH
OTPOMHOE KOJHMYECTBO 3aKOHOB, KOTOPHIE YIIPAaBIAIOT 3apaXeHHEM B
MOMYJISLMAX JIIOJEH U KUBOTHBIX.

OTMeyaeTcsi, YTO BBISIBICHHBIC 3aKOHOMEPHOCTH BIIOJIHE MPUMEHUMBI AJIS
OIMMCaHUs PACIPOCTPAHCHMS CKPBITHIX MH(pEKIMi. MaTeMaTuka OueHb JTaBHO
M3y4aeT pa3BUTUEC OIUJACMHN, TMMaHASMHA U OOHapyXWjia OrPOMHOE
KOJINYECTBO 3aKOHOB, KOTOpBIE YIPABISIOT 33apaK€HUEM B TOMYJISALIUIX
JIIOJIEN U ')KUBOTHBIX.

KaroueBble cJioBa: 9SKOHO(PHM3UKA, DBOJIOIUS HEJIMHEHHBIX CHCTEM,
HEHPOHHBIE  CETH, MEIWIMHA  KaTacTpod, TAHAEMHUH,  OSIUIACMHH,
BEPOSTHOCTHBIE M  CTATHCTUYECKHE METOHbI, (DpakTanbHbBIM  aHaJM3,
aIafTUBHBIC CHCTEMbI, SHTPOIHS, HETdHTPOINHMS, 3alyTaHHBIC KBAHTOBBIE
COCTOSIHUSI, JICKOTEPEHIIMs, KBAHTOBas JKOHOMHKA, KBaHTOBas OHOJOTHS,
HBUKC (uano-, 6uo-, uado-, KOrHO-, COIHO0-) — (hopmar.

BBEJEHUE (MH®OPMAIIUA C PECYPCOB: CM. B CIIMCKE
HOUTUPYEMbBIX NCTOYHHUKOB)

«OxoHO(U3MKa mosiBuiack B cepeauHe 1990-x B pe3ysbTare MOMBITKH
3aHATHCS CJIOKHBIMH TPOOJIeMaMH, W3JI0)KEHHBIMH SKOHOMHKOH, C TOUYKH
3peHust GU3NUECKUX METOJO0B. HeynoBIeTBOpPEHHOCTh  TPaJUIMOHHBIMU
OOBSICHEHHSAMH  SKOHOMHCTOB  Obia  00ycCJOBJE€HAa  HECOOTBETCTBHEM
(hMHAHCOBBIX HAOOPOB JIAHHBIX CYIIECTBOBABIIIMM TEOPETHUYECKIM MOJICIISIM.

Cam TepMHH SKOHO(H3HMKa OB BBEAEH amepHKaHCKuM ¢usukom [appu
IOmxuaom Crammm (en:H. Eugene Stanley) mnst oObeIMHEHUs MHOMXECTBa
UCCJIEJIOBAaHNI, B KOTOPBIX THUIHWYHO (HU3MUYECKHE METOABl M IPUEMBI


http://arxiv.org/abs/0901.1392
http://lenta.ru/news/2009/01/14/creditcrunch/
https://ru.wikipedia.org/wiki/1990
https://ru.wikipedia.org/wiki/%D0%A4%D0%B8%D0%B7%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B8%D0%B9_%D0%BC%D0%B5%D1%82%D0%BE%D0%B4
https://en.wikipedia.org/wiki/H._Eugene_Stanley

HCIONB30BANNCh HPU pelleHuy skoHomuueckux 3agaull. Top:xectBenHoe
3aceaHune, MOCBAIICHHOE OTKPBITHIO SKOHO(DU3UKHU OBLIIO OPraHM30BAHHBIM B
1998 rony B bynanemre dxxeHocom Kepreczom u Umpe Konmopom.

B mHacrosiiee BpeMs, TOUYTH PEryJSIpHBIE CEpUH BCTPEY HA TEMy
SKOHO(M3MKA BKIIOYalOT: cemuHap Hukken Econophysics Research, u
cumnosuymsl APFA, ESHIA, xomtokBryMm 1o skoHo(pm3mKe» [1].

«OCHOBHBIMH HHCTPYMEHTAMHU SKOHO(MU3UKH SIBISIOTCS BEPOSTHOCTHBIC H
CTATUCTUYECKHAE METOJ(bl, YacTO B3SThle W3 CTATUCTUYCCKON (DU3UKH.
duznyeckre MOJEITH, KOTOPble MPUMEHSIIUCh B OKOHOMHKE, BKJIFOUYAIOT
KHHETHYECKYIO TEOpUI0 Taza (Tak Ha3biBaEMbIC MOJETH KHHETHYECKOTO
oOMeHa Ha pBIHKAx), MOJCIN [EPKOJIALMU, XaOTHUSCKUE MOJCIH,
pa3paboTaHHbIe NS HM3YYEHHS OCTAHOBKH CepAlla, H MOJEIH C
CaMOOPTaHM3YIOMICHCS ~ KPUTUYHOCTBIO, a TaKke JIpyrue  MOJIEIH,
paspaboTaHHble UIS TIpeAcKazaHus 3emuerpsceHuid. bomee Ttoro, ObuIH
MOMBITKA HCIIONh30BATh MATEMATHUECKYIO TEOPHUIO CIOKHOCTH H TECOPHUIO
WHpOPMAIUH, pa3padOTaHHYK) MHOTHMH YYEHBIMH, CPEIU KOTOPHIX Mroppei
l'enn-Mann u Knon 3. llleHHOH, cOOTBETCTBEHHO. JlJi1 MOTEHUUANBHBIX UTP
ObUIO  TMOKAa3aHO, 4YTO TMOPOXKAAIOIIee BO3HHKHOBCHHE PaBHOBECHE,
OCHOBaHHOE Ha WH(popMalnK depe3 nHopmarmonnyro saTponuio [llenHona,
JaeT TaKyl e paBHOBeCHYIO Mepy (Mepa ['mO0Oca u3 CTaTHCTHYECKOH
MEXaHHMKH), YTO M CTOXAaCTHUYECKOE JMHAMHYECKOE YPaBHEHHE, KOTOPOE
MPEICTABRISICT 3allyMJICHHBIC pElIeHUs, 00a W3 KOTOPBIX OCHOBaHBI Ha
OTPaHUYEHHBIX MOJICIH PAIMOHATILHOCTH, HCIOIb3YeMbIe JKOHOMHCTAMHU.
Teopema (GyKTyalMu-IUCCUNAIUA COSIUHICT STH JBa IOHSATHS, YTOOBI
YCTAaHOBUTh KOHKPETHOE COOTBETCTBUE «TEMIIEPATYPbI», «IHTPOIHNY,
«CBOOOJHOTO TOTEHIMANa/ JHEPTHW» M APYruX (U3NYECKUX TOHSATHH C
SKOHOMHUYECKUMH U OWMOJIOTHYECKHMHU CHCTeMaMHu. MoOJeNnb CTaTUCTHIECKOH
MEXaHMKH HE CTPOMTCSA alpHoOpH — O9TO PEe3yJIbTaT OTrPaHHYCHHO
pallMOHAJIBHOIO  JIOMYIIEHHS W MOJCIMPOBAHHUS  CYHICCTBYIOIIMX
HeokJaccuieckux Mojeneii. OH ObIT HMCIIONB30BaH ISl JIOKa3aTeNbCTBA
«HEW30eXKHOCTH CcroBopa» Xbio JlukcoHa B ciydae, s KOTOPOTO
HEOKJIACCUYeCKasi BEPCHS MOJICNIM HE TPEACKa3bIBaeT CroBOpP. 37ECh CIPOC
pacTeT, KaK H B cliyyae ¢ ToBapaMu BebOneHa, moKynaTenu akiuii ¢ OmmOKon
«ropsYey PYKW», TPEANOYHUTAIONIUE TOKyNarh OoJjiee YCIEIIHBIE aKIUH H
MpojiaBaTh MEHEE YCIECIIHBbIC, WIM CPeId KOPOTKUX TPEHAECpPOB BO BpeMs
KOPOTKOTO C)KaTHs, KaK 3TO MPOM30ILUIO IpH croBope rpymmsl Wall Street


https://ru.wikipedia.org/wiki/%D0%AD%D0%BA%D0%BE%D0%BD%D0%BE%D1%84%D0%B8%D0%B7%D0%B8%D0%BA%D0%B0#cite_note-1
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Bets ¢ nensto nonuats kypc akuuid Game Stop B 2021 roay. KonuuectBennsie
MOKa3aTeNy, TOJIY4YeHHblE W3 TEOpHUH WH(MOPMAINH, HWCHOIB30BAINCH B
HECKOJBKHX paboTax skoHodm3uka Aypenno @. bapuBbepa u coaBTOpOB Ay
OIICHKN CTerleHH WH(QOpMAITMOHHONW 3(PGEKTHBHOCTH (HOHIOBBIX PBHIHKOB.
3YHUHO | JIp. MUCIIOJF30BaTh MHHOBAIIMOHHBIN CTATHCTUYECKHU HHCTPYMEHT B
(hMHAHCOBOI nUTEpaType: IUIOCKOCTh MPUYMHHOCTU CIIOKHOCTHU-DHTPOIINH.
OTO JEeKapTOBO TNPEACTABICHHE YCTAaHABIMBACT PEHUTHHT 3()(PEKTHBHOCTH
Pa3IMYHBIX PHIHKOB M BBIJCNISACT Pa3HYI AMHAMUKY pbIHKA oOyranmii. beuio
o0OHapyKEeHO, YTO B OoJiee pa3BUTHIX CTPaHaX (POHIOBEIC PHIHKM HMEIOT Oojiee
BBICOKYIO DHTPOIHIO W MEHBIIYIO CIOXHOCTh, B TO BpeMs KakK pPBIHKH
Pa3BHUBAIOIINXCS CTpAaH UMEIOT OoJiee HU3KYIO SHTPONHIO W 0oJiee BBICOKYIO
CJIO)KHOCTh. bollee TOro, aBTOPHI MPUXOAAT K BBIBOAY, YTO KIIACCHU(HUKAIIHS,
MOJTlydeHHas] W3 TUIOCKOCTH TPUYMHHO-CIICACTBEHHOW CBS3M CIIOXXHOCTH U
SHTPOMNHH, CcOrjlacyeTcs ¢ KBanuuKanueld, TPUCBOCHHON KpPYIHBIMU
PEUTHHTOBHIMA KOMIIAHUSMHU CYBEPEHHBIM HHCTPYMEHTaM. AHAJIOTHYHOE
uccienoBanue, paspaboranHoe Bariviera et al. ucciiezoBath B3aUMOCBS3b
MEXIY KpPEAUTHBIMH PEUTHHTaMH W HH(POPMALMOHHOH 3(PPEKTHUBHOCTHIO
BEIOOPKM KOPIOPATHBHBIX OONHMranmuii HEPTIHBIX W JHEPreTHIEeCKHUX
kommanuil CIIA, ucnonb3ys TakkKe IMIOCKOCTh NPUYMHHO-CIIEICTBEHHOU
CBS3M CIOXHOCTH-3HTpormd. OHHM CYHMTAIOT, YTO JTa KIACCU(UKAIIIL
COOTBETCTBYET KPEIWUTHBIM pEeUTHHTaM, MpUcBOeHHBIM Moody's. Eme omun
XOpOIIMA MpUMEP — TEOpPUA CIYYalHBIX MaTpUL, KOTOPYK) MOKHO
WCIIOJIb30BaTh JUIsl BBISIBJICHUS IIIyMa B MaTpHUIax (PMHAHCOBOW Koppesnuu. B
OJTHOH CTaThe YTBEPXKAAETCA, UYTO ITOT METOJ MOXET YIydIIuTh
MPOU3BOAMTEIBLHOCTD MOPTQEIiel, HanpuMep, P ero ontumusauu. OIHaKo
CYHIECTBYIOT pPa3JIM4YHblE JAPYyTrHe WHCTPYMEHTHl W3 (DHU3WKH, KOTOpHIE
WCIONB30BAIUCH J0 CUX TOp, TaKMe KaKk THAPOJAMHAMHKA, KJacCHU4ecKas
MEXaHWUKa U K8AHMO8As Mexanuka (BKI0Yas TaK Ha3bIBAEMYIO KIIACCHUECKYIO
OKOHOMUKY, KEAHMOBYI) IKOHOMUKY, KEAHMOBYI) OUONO2UN0 U KBAHMOBbIE
¢unance), a TaKke (GOPMYIUPOBKA HMHTErpaja IO  TPACKTOPHUAM
cTaTUCTHYecKor  MexaHwkun. KoHmenmus  WHIEKCAa  DKOHOMHYECKOM
CJIOKHOCTH, npejacTaBicHHas pusukom CezapoM A. Maanbro u 5KOHOMHCTOM
n3 [apBapna Pukapno XaycmanHoM W mpejacraBieHHas B OOcepBaTtopuu
SKOHOMUYECKOM CIOKHOCTH MaccauyceTckoro TEXHOJIOTUYECKOI 0
WHCTUTYTa, ObLTa pa3padoTaHa B KadyeCTBE WHCTPYMEHTA MPOTHO3UPOBAHUS
SKOHOMHYECKOT0 pOCcTa B «ATiace dKOHOMUKM» ['apBapjackoil mabopartopuu
pocta. Ilo onenkam XaycmanHa u HWpansro, ECI wamHOro TOUHEE



mpenckaspiBaeT poct BBII, dYem TpagunuoHHBIE MEpHl  YIPaBICHUS
Bcemupnoro Oanka. EcTh Tarke aHamormm Mexmy Teopuerd (QUHAHCOB W
teopueit muddysun. Hanpumep, ypaBHerne bidka — Illoymsa anms ommmona
1eHooOpazoBaHus sABiseTcs AUQPPYy3us - aABEKIUS ypaBHEHHE (CM. OITHAKO
Uit KpuTuku Merononoruu bmka — Illoymsa). Teopuro bmska — Ioymnsa
MOXXHO pAaCHIMPUTh, YTOOBI JIaTh AHAJIUTUYECKYIO TEOPHUI0 OCHOBHBIX
(haKTOPOB IKOHOMHYECKOU JeATSILHOCTH [2].

«Haumnas c cepenuubl 1990-x To0B B JIEKCHKOH YYaCTHHKOB HayYHBIX
KOH(EepeHIINH BOILIO CTPaHHOE CIOBO-THOPHU - SKOHO(QHU3UKA. DTOT TEPMHUH
ObUT mpuayMaH amepukanckuM (usukom [Mappu Ctannum (Harry Stanley) mns
00bEeMHEHUSI MHOKECTBA HCCIICIOBAHUI, B KOTOPHIX TUIMHYHO (PU3NUECKHE
METOABI ¥ IPUEMBI HCTIONIB30BAIUCH MTPH PELICHUH SKOHOMHYECKHX 3a/1a4.

®U3MKM ¥ MaTeMaTUKU MPUILTA Ha MOMOIIs 3KOHOMHCTaM, Tak Kak Te He
MOTJIM CIIPABUTHCS C PACTYIIUM IIOTOKOM JIaHHBIX, HCIIOJIb3Ysl IPUMEHUMBIE B
9KOHOMHKE MeToIbl aHanu3a. OKaszajloch, YTO MHOTHE HKOHOMUYECKHE
SIBJICHUS, HApUMeEp, pa3BUTHE (POHIOBBIX PHIHKOB MM WHQIALMS, XOPOIIO
OIMCBIBAIOTCS NPHU MOMOIIM MAaTeMaTHYECKOIO allnapaTa TEOpUH Xaoca WU
3aKOHOB, KOTOPBIM ITOIYHMHACTCS OBEACHNE TUHAMUYECKUX CHCTEM.

CBexuii B3IVl MaTeMaTHKOB HAa JKOHOMHKY II03BOJIUJ  BBISBHTH
HECKOJIbKO ~ HETPUBUAIBHBIX  3aKOHOMEPHOCTEW, KOTOPhIE  YIPAaBISIOT
NBIOKCHUSMU JIEHS)KHBIX TIOTOKOB W IeHHBIX Oymar. B 2006 romy B
ABTOPUTETHOM ¢duzngeckoM xypHaie Physical Review
Letters nosiBuiach CTaThsl AMOHCKUX  3KOHO(PH3UKOB, KOTOPBIC CpPaBHUIU
JUHAMHUKY (DOHJIOBBIX PBIHKOB ¢ (Da30BBIMHM IEPEXOJIaMH B CHCTEME
KOHJICHCUPOBAHHBIX CPE]I.

@Da30BbIM MEPEXOJIOM HA3bIBAIOT IEPEXOJ BellecTBA W3  OJHOTO
TEPMOJAMHAMMYECKOIO COCTOSIHUS B Jpyroe. XapaKTepHbIM IHPUMEPOM
(dazoBoro mepexoma SBISETCA 3aMep3aHHUE BOJbI MPU  OMYCKAaHUH
TeMIIEpaTypbl HWXKe Hynss rpagycoB llenbcus (mpu  HOpMaabHOM
atMochepHoM aaBiieHuH). Kpuctamibl jiba 00pa3yroTcsi 0 BCE eMKOCTH C
BOJIOH MPaKTHUYECKA MTHOBEHHO TIIOCIE€ TOrO, Kak OyJeT mpeojoieHa
KpUTHYECKass TOYKa. ABTOpBI pabOTHI MOKA3alld, 4TO OOBaJibIl Ha (DOHIOBBIX
pBIHKAX TOMYHMHSIOTCS TEM JKE€ 3aKOHaM — JI0 ONPEJNEICHHOrO0 MOMEHTa
CUTyalus cTaOMiIbHA, HO Tocje "mepeBana” HHACKCH HAYMHAIOT HEOOPaTUMO
MaaTh.
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Omnepupyss TeMH Xe 3aKOHaMH, YTO M SIOHCKHE YYEHbIE, POCCHUUCKHI
matemMaTuk Buktop MacioB, mo ero cioBaMm, peacka3ail 3KOHOMHYECKUN
kpusuc 2008-2009 romoe 3a ImecTh MecsaleB g0 ero Hadama. O
CHocOOHOCTH TIPeaBUACTh Oyaymiee (hoHmoBEIX pbHKOB B 2009 romy 3asBuia
rpynma skoHo(m3mkoB w3 llBedimapmm wu Kwuras. [IpoanammsmpoBan
IUHAMUKy KuTaiickoro ¢onmoBoro wuHaekca Shanghai Composite,
WCCIIEIOBATENN 3aKIIOYHIN, YTO OH TNPEACTaBIsieT cOOOi HaTyBalOLIMKCS
My3bIPb U MPEICKa3aliv 1aTy, KOTJa My3bIpb JOJKCH JIOMHYTh.

B Ha3HaueHHBIH CPOK 3HAYCHHE WHJEKCA HE W3MEHHWIIOCh, HO CITYCTS
HECKOJIBKO JHEH OH pe3ko yrai. [Toka ydeHble He MOTYT OJIHO3HAYHO CKa3aTh,
OBUIO JIM ATO TO CamoOe MPEJICKAa3aHHOE DKOHO(MU3MKAMU IAJCHHUE, WIH KE
COBIaJICHUE 110 BPEMEHHU ObLIO City4aiiHbiM. Kosutern "scHOBUIIEB" TakKe HE
WCKITIOYAIOT, YTO MMEHHO MX paboTa W CIPOBOIMpPOBANA TMAJeHUE HHJEKCA -
(hOHIIOBBIE PHIHKKA OYEHb YYBCTBUTENEHBI K MTPOTHO3aM, KaK TIO3UTUBHBIM, TaK
Y HETaTUBHBIM (MOYKHO OXHJIAaTh, 9YTO B CKOPOM BPEMEHH 3Ta UX 0COOEHHOCTh
Takke Oyzer hopMann3oBaHa).

MaremaTtrka O4Y€Hb NaBHO H3y4aeT pPa3BUTHE JMHJEMHUN W OOHApYXHIa
OTPOMHOE KOJHMYECTBO 3aKOHOB, KOTOPBIE YIPABIAIOT 3apaXCHHEM B
MOMYJISILUSAX JIFOJICH ¥ )KUBOTHBIX. B moCiIeIHNE TO/IbI CIIUCOK MH(EKITMOHHBIX
areHTOB, 4Ybsl JCITEILHOCTh ObLa OIMHCAHA S3BIKOM (OPMYJ, IOMOJHUIH
KoMIbiOTepHBIE BuUpychl. Jletom 2009 TOma KaHAJACKHE MAaTEMAaTHKH
paccuuTaI MOJIEITb TTOCIICACTBHIA TOSIBIICHHUS Ha 3eMIle «30MOu-Bupycam» [3].

«ABTOpBI ~ OTMEYAIOT, YTO BBHISIBICHHbIE 3aKOHOMEPHOCTH  BIIOJIHE
MPUMEHHUMBI JJIs1 OMTUCAHUS PACIIPOCTPAHEHUSI CKPBITHIX MH(EKINH.

AMepI/IKaHCKI/Ie YUC€HBIC YCTAHOBWJIM, YTO OBBOJIOLUA TCPPOPHUCTHUCCKUX
opraHmauHﬁ BO MHOI'OM HAIIOMHMHAC€T JSBOJJIOLOWIO IIPONU3BOACTBEHHBIX
KoMIaHuii, Haripumep GepM (JTMO0 KOHCOPTUBHBIX OTHOIIEHHH B KOHIICHTPAX
OKOCUCTEM — IIPHUM. aBT.). Yuensle HAACKOTCA, YTO HOBBIC 3HAHUA IMOMOTYT B
6opb6e C OTHUMH OpraHusalusIMU. Cratbs YUYCHBIX IIOKa CII€ HUIAC HE
onyONMKOBaHa, OJHAKO €€ MPENpuHT AOCTyeH Ha caiite arXiv.org:
https://arxiv.org/abs/0906.3287» [4].
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OCHOBHOE COJEPKAHUME

I'JIABA 1. METOJAbI U MOJAEJIA JJIS1 TIPOIHO3UPOBAHUSA
MOBEJEHW A HEJIMHEMHBIX CUCTEM

1.1. O6mmii 0030p Moaesiell 1 MeTOA0B MPOTHO3MPOBAHMSA

Ilo oueHkam 3apyOeXHBIX W OTEUECTBEHHBIX CHUCTEMAaTHKOB IPOTHOCTHKH,
yke HacuuThiBaeTcs cBoimie 100 MeTomoB mporno3upoBanus. Ynciao 6a3oBbIX
METOJI0B IIPOTHOCTHKH, KOTOPHIE B TE€X WJIU MHBIX BApUALUAX [TOBTOPSIOTCS B
JpYruX METOJax, ropasio MeHbllle. MHOIHME U3 3TUX «METOJOB)» OTHOCSITCS
CKOpee K OTIEIbHBIM IIPHUEMAM WM IPOLENypaM MPOTHO3UPOBAHUS, IPYyrue
MPEACTABISIIOT HA0OP OTIENBHBIX MPUEMOB, OTIHYAOIINXCS OT 0a30BBIX MU
JApyr OT Ipyra KOJIM4eCTBOM YaCTHBIX IIPUEMOB U IOCIENOBATEIBHOCTBIO UX
IIPUMEHEHUS.

B mmreparype mmeercss OONBIIOE KOJMYECTBO KIACCU(DUKANMOHHBIX CXEM
METOJIOB  MporHOo3WpoBaHWs. OpHako, OONBIIMHCTBO W3 HUX WK
HEeMpHueMJIeMbl, WM 00JaIal0T HEAOCTATOYHOH MO3HABATEIHHON IEHHOCTHIO.
OCHOBHO# TOTPENTHOCTBIO CYMIECTBYIONMUX KIACCU(PUKAIUOHHBIX CXEM
SIBJIICTCS] HAPYILICHUE PUHITUIOB Kiaccudukanuu. K 4ucily OCHOBHBIX TaKHX
NPUHITMIIOB, HA HAIl B3TJISAM, OTHOCSTCS: JOCTaTOYHAsl TOJHOTAa OXBaTa
MPOTrHOCTHUYECKUX METOJIOB, €IMHCTBO KJIacCH()HUKAIMOHHOIO MMpH3HAKa Ha
KOKJIOM YPOBHE WICHEHHs, OTKpPBITOCTh kKiaccubukanuu. [Ipemnaraemas
aBTOPOM CXeMa KIIACCH(UKAIIMK METOIOB IMPOTHO3UPOBAHMs MOKa3aHa Ha
puc. 1, rae MHK-wmeronq HauMmeHpliux kBajparoB, MIVA —wmeron
TPYNIIOBOTO y4eTa apryMeHTa, MPeJICTaBISIOMUNA Cco0ol JanbHeilee
pa3BUTHE METO/a PErpPeCCHBHOIO aHalli3a, OCHOBAHHOTO Ha TPUHITUIIAX
Teopur  OO0ydeHWUs W caMOOpraHm3anuu  (TPUHIIAI «CEIICKITHI,
HalpaBJIeHHBIA 0TOOp U T. 1.) [1].

Kpome TOro, CymecrtByrOT 4YacTHbIE KIIACCU(PUKAIIMOHHBIC  CXEMBI,
NpeHa3HAYEHHbIE JUIsl ONpPEACIICHHOW 1enu Wi 3a1aun. Kaxaplid ypoBeHb
NeTalu3allid  ONPEICNIIeTCS CBOMM  KJIacCU(DHMKALMOHHBIM  MPU3HAKOM:
CTCNECHBIO  (opManu3aluy, OOLUM NPHHIMIIOM JIUCTBUSA, CIIOCOOOM
MOJIyYEHHS MMPOTHO3HON MH(OPMAIIHH.

[lo cremenn Qopmanuzau BCce METOIbI IPOTHO3ZUPOBAHUS AENATCS Ha
WHTYUTHUBHBIE © (opmanu3oBaHHblE. HTYHTHBHOE TPOTHO3WPOBAaHUE
MPUMEHSETCS TOT/Ia, KOrJa 00BEKT MPOrHO3UPOBaHUS JINOO CIIMIITKOM IPOCT,
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00 HACTOJBKO CIIOKEH, YTO AHAJIUTHUYCCKA YYECTh BIUSHHUE MHOTHX
(hakTOpOB MPaKTUIECKH HEBO3MOXKHO. B 3THX ciydasx mpuOeraroT K ompocy
skcriepToB. llomydeHHbIe WHAWBHIyalbHBIE W KOJUJIEKTHBHBIE JKCIIEPTHBIE
OIICHKH HCIONB3YIOT KaK KOHEYHBIE MPOTHO3BI WM B KAa4€CTBE HMCXOIHBIX
JTAHHBIX B KOMILUIEKCHBIX CHCTEMax aHallnu3a U MporHosuposanus [1 — 123].

I MeTo/1bl IPOTrHO3NPOBAHHA I
HHTYHTHEHBIE METO/BI DopManH3oBaHHbIE METOTB
HPOTHOIHPOBAHHA NPOTHOIHPOBAITHSA
Huansuayansubie| | Konnexrnenie DKCTpanons- Cucremno- A ; MeToas
IKCMEPTHRIE IKCTIEPTHRIE IHOHHBIE CTPYKTYPHBIC ACCOLMATHBHLIE oliepeskatoeii
N . METOL
OUCHKH OLECHKH METOb METOLL MeTazEL ur(opmannm
DYHKIHOHAIBHO- MeTo ATTHS
Meron Merox Meron p——— u\nlrluuo]lmc)lc) Do
. .. HEPAPXHHUECKITT MHT4 ca
“HHTEPRBIO AHKCTHPORAHHA MHEK pap floToka
MeTozL MOJIC/IHPOBAHIA nyBankauit
AHaTHTHYECKHE Meron IKCMOHEHIH- Meron Hectopuko- Ouenka
< oC "
AOKJIAIHBLE “KOMHCCHIT” AILHOE CIa- Moposoruec- JIOTHYECKHH HATHMOCTH
3AMHCKH KHBAHHE KOTO aHa1msa FUEiTeS usobperenni
MeTo; BepoatnocTHoe B MeToawi Ananus
MeTon . MOJCJIHPOBAHHE Matpuuni e CCKY "
“MO3IOBBIX e, MATEeHTHOH
CLICHAPHEB ! . H AJIalTHBHOE METOI pacnosiasan
aTaK’ CrIKHBATHE obpazon nipopmaLnn
Meton Cereso "
porpaMMHoro eTeBoe ciipocetesoe
NPOTHO3HPORAHHA MOJCIHPOBAHKE TPOrHOIHPOBAHKE
MeToxn Metount Hurennexry-
IBPHCTHYHECKOTD CTPYKTYPHOIH anbHblii ana-
MPOTOHOSHPOBAHHA aHanorum JIH3 JAHHBIX
Konnekruenas Ipady n nepero
reneparms niei Heneu
[pornosublii
cLeHapuii
Maremarnieckue MeTos!
K”PPL‘J‘NA'.U‘“””“-‘[f MIVA DaKTopHbIH Pacnosuasanue Bapuaunonnete | | Cnexrpansnbiit
H PerpeccHOHNEIT ‘ aHaIH3 obpasos METO/IbI ananmus
aHaH3
Monennposanue | | Monenuposanue "
Uem: MareMatiiceran L‘TE]ID((]SL\ HBIX m:Liuuur(.mu HbI bpaktanshbii
Mapkora NOrHKa o P P aHaAIH3
L .

Puc. 1 — KnaccudukarmonHas cxema METOJI0B IPOTHO3UPOBaHUS [ 1]

B BI:I60pC MCTOOB MPOrHO3UMPOBAHHA BaXXHbBIM IMOKA3aTCJICM ABJIACTCA
FJ'IY6I/IH3 YOPEKACHUA IIPOTrHO3a. HpI/I 9TOM HGO6XOI[I/IMO HC TOJIBKO 3HAaThb
a6COJ'IIOTHy10 BCJIMYMHY 3TOTI'0 IMOKA3aTeCJIsl, HO U OTHCCTU €TI0 K INTCIbHOCTU
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SBOJIIOLIMOHHOTO IMKJIA Pa3BUTHS O0BEKTAa MpOrHo3upoBaHus. Jlns 3Toro
MOXKHO HCTOJIB30BaTh Oe3pa3MepHBIl ToKa3aTenb TIIyOWHBI (JAITBHOCTH)
nporrosupoBanus (7) [1]:

T=At/t,,

rae At — aOcoroTHOE BpeMsl YIPeXIeHHs, a {, — BeJIMYKMHA 3BOJIFOLIUOHHOIO

IUKJIa 00bEeKTa TPOTHO3UPOBAHUSI.

dopmann3oBaHHBIE METOABI INPOTHO3WPOBAHUS SIBISIFOTCS JIE€HCTBEHHBIMH,
ecIM  BEIWYMHA [IIyOMHBI  YIPEXKICHHUS  YKIAQAbIBAaCTCS B PaMKH
ABOMONMOHHOTO THKIA ( 7 <<1). [Ipr BO3HUKHOBEHUH B paMKax MPOTHO3HOTO
nmeprojia «cKadka» B pa3BUTHM O0BEKTa MporHosupoBanus (7 =1)
HEOOXO/MMO HCIOJNIB30BaTh MHTYHTHUBHBIE METOIBI, KaK JUIA OINpPEHETCHHS
CHJIBI «CKaukay, TaK M JUI1 OIEHKH BPEMEHH €ro OCYyHIeCTBICHHUS, JHOO
Teoputo karactpod [2]. B 3ToM ciaydae QopmMannzoBaHHBIE METOIBI
MPUMCHAIOTCA 1A OLUCHKU 3BOJJIIOONMOHHBIX YYAaCTKOB Pas3sBUTHUA JO W IIOCJIC
ckauka. Ecim ke B INPOrHO3HOM IEpUOAE YKIAABIBACTCS HECKOJBKO
SBOJIOIMOHHBIX IHKJIOB Pa3BUTHs 00BEKTa MpOrHO3upoBanus (7 >>1), To
NpU KOMIUIEKCUPOBAaHUM CHUCTEM MPOTHO3MPOBAaHHS OoJjblliee 3HAYCHHE
HUMCIOT UHTYUTHUBHBIC MCTO/IbI.

B 3aBucuMocTtd OT OOIIMX NPUHLMIOB JEHCTBUS, MHTYHTUBHBIE METOIBI
[IPOTHO3UPOBAHMS, HAIPUMEDP, MOKHO pa3leiauTb Ha JABE TPYIIIBL:
WHJVBUYyAJIBHBIE SKCIIEPTHBIE OLIEHKU U KOJUIEKTUBHBIE 3KCIIEPTHBIE OLICHKH.

MeToapl KOJUIEKTUBHBIX OKCHEPTHBIX OLIGHOK YK€ MOXKHO OTHECTH K
KOMIUIEKCHBIM CHCT€MaM MPOTHO3MPOBAaHUSA (OOBIYHO HETIONHBIM), TOCKOJIBKY
B IIOCJIEIHUX COYETAIOTCSI METOJbl MHIWBUAYAIbHBIX SKCIEPTHBIX OLICHOK U
CTaTHCTUYECKHE MeTONbl 00paboTkM 3THX omeHok. Ho Tak Kkak
CTATUCTUYECKUE METOJbl MPHUMEHSIOTCS BO BCIIOMOraTEIbHBIX IPOLENYpax
BBIpaOOTKM TPOTHO3HOW HH(MOpMAlMK, Ha Haml B3IV, KOJJICKTHBHBIC
SKCHEPTHBIE OLIEHKU ILeJlecoo0pa3Hee OTHECTH K CHUHTYJSIPHBIM METOAaM
IIPOTHO3UPOBAHMUSL.

B rpynmy uWHIMBUAYaJdbHBIX SKCHEPTHBIX OLEHOK MOXHO BKIIIOYHTH
(mpuHLMT KIacCU(PHUKALUU — CIIOCO0 MOyYeHHsl MPOrHO3HON MH(OpMAIHH)
CIIEAYIOIIME METOABI: METOJ «HHTEPBBIO», AaHAJIUTHYECKUE JOKJaIHBbIE
3aIMCKH, HAMHCAaHWE CIEeHapui. B Tpymnmy KOJUIEKTHBHBIX OSKCIEPTHBIX
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OIICHOK BXOJST aHKETUPOBAHUE, METOJNbI «KOMHCCHH», «MO3TOBBIX aTaK»
(KOJIEKTHBHOM TeHEpAIUN UACH).

Knacc ¢opmann3oBaHHBIX METOJOB B 3aBHUCHMOCTH OT OOIIMX IMPHHIIAIIOB
JNCHCTBHST MOYHO pa3JIeNIuTh Ha TPYNIbl SKCTPAMONSIIMOHHBIX, CHUCTEMHO-
CTPYKTYpPHBIX, AaCCOLIMATUBHBIX METOJOB W METOJZOB  OIepeKaromiei
nHpopMaIuu.

B rpynmy MeTomoB mpOTHO3HOM SKCTPANONSAIMHA MOXKHO BKIFOUUTH METOJBI
HAMMEHBIINX KBaJIpaToB, HKCTIOHEHIIMAIILHOTO CTITa)KUBaHUS,
BEPOATHOCTHOTO MOJEIMPOBAHUS W aJalTHBHOTO criaxusanus. K rpymme
CHCTEMHO-CTPYKTYPHBIX METOJ0B MOKHO OTHECTH METOJbI (PyHKIHOHAIHHO-
HEPaPXUUECKOr0 MOIETUPOBaHMSI, MOPPOIOTHIECKOTO aHAIN3a, MATPUYHBIM,
CETEBOr0 MOJICITUPOBAHUS, CTPYKTYPHOU aHaJIOTHU. ACCOIMATHBHBIE METOIbI
MOKHO pa3aciuTb Ha METOAbI UMHUTAIIMOHHOT'O MOACIMPOBAHUA U UCTOPUKO-
JIOTHYECKOTO aHanu3a. B rpymnmy MeTomoB omepexaromeil uHQopMauu
MOXXHO BKJIIOYATH METOJBl aHAJIM3a [OTOKOB IyOJNMKanuii, OIEHKH
3HaYMMOCTH M300pETEHUI U aHAIIN3a TATeHTHON HH(OPMAITHH.

HpeI[CTaBHeHHHﬁ NnepeucHp MCETOAOB W UX TIpylIr HE  ABIACTCA
HUCYCPIIBIBAIOLIUM. Hwmxune YPOBHHU KJ'IaCCI/I(i)I/IKaI_II/II/I OTKPBITHI I BHECCCHUA
HOBBIX DJJICMCHTOB, KOTOPBIC MOT'YT IOSIBHUTLCA B IIPOLCCCE ,I[aJ'IBHeﬁH.IeFO
Pa3BUTUA HHCTPYMCECHTApHA IPOTHOCTHUKHU.

HeKOTOpBIe HC HA3BAHHBIC 371€Chb MCTOAbI SABJIANOTCA WJIN PA3HOBUIAHOCTBIO
BKJIFOUCHHBIX B CXEMY METOJ0B, NI ,Z[aJ'ILHefIIHefI nux KOHKpGTHSaL{Heﬁ.

Huxe MNPUBEACHBI OCHOBHBIC HCAOCTATKH MCTOAOB IIPOTrHO3UPOBAHUA, HC
CBsA3aHHBIX C Teopneﬁ xaoca:

- Hemoctatkm wmertoma namMmenpmmx kBamgpatoB (MHK). HWcmomp3oBanue
MpoLeAyphl olleHKH, ocHoBaHHOW Ha MHK, mnpenmomaraer oOs3arenpHOE
YAOBIIETBOPEHHUE LEJIOT0 psifa MPEANOChUTOK, HEBBHIIIOIHEHUE KOTOPBIX MOXKET
MPUBECTH K 3HAYUTEITHLHBIM OITHOKAM:

1. CHy‘IafIHLIC OIIHOKH HUMEIOT HYJICBYIO CPCIHIOI0, KOHCUHBIC AUCIICPCUN U
KOBapHualuu,

2. Kaxxmoe wu3MepeHHe CIIydaliHOW OIIMOKH XapaKTEePHU3YeTCs HYJICBBIM
CPEIHUM, HE 3aBUCSIIUM OT 3HAYCHHUN HAOII0aeMbIX TIEpEMEHHBIX;
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3. lucnepcun KakOoW ClIyd4alHOH OIIMOKM OIWHAKOBBL, HMX BEJIHMYUHBI
HE3aBUCHMBI oT 3HA4YEHUH HaOIr01aeMbIX MIEPEMEHHBIX
(TOMOCKEIaCTHIHOCT );

4. OTcyTCTBUE aBTOKOPPEIISIMUA OIIMOOK, T.€. 3HAYCHHUS OIIMOOK Pa3IUYHBIX
HaOIIO/ICHNI HE3aBUCHUMBI JAPYT OT APYyTa;

5. HopmanbHoCTh. Ciy4aifHble ONIMOKHA UMEIOT HOPMATIbHOE PACIPE/ICIICHNUE;

6. 3HaueHUs SHIOTEHHOW MEPEMEHHON X CBOOOJHBI OT OMIMOOK M3MEPCHUS U
MMEIOT KOHEYHBIE CPeHIE 3HAYCHUS U TUCIIEPCH.

- [IpoGembr  BBIOOpa ajexkBaTHOW Mojend. Bpibop Momenn B KaXIOM
KOHKPETHOM CIIy4ae OCYIIECTBIISICTCS IO IIEJIOMY pSAY CTaTHCTHYECKUX
KPHUTEpPHEB, HAIPHMED, 110 AUCTIEPCUH, KOPPEISIIMUOHHOMY OTHOIICHHIO H JIp.

- JuckontupoBanue. Kiaccuueckuii MeTON  HAUMEHBIIUX  KBaJApaTOB
IpearnonaraeT pPaBHOLEHHOCTh HCXOZHOW HHpOpMamuu B Moxend. B
peanbHOM e MpakTuke Oynyliee IOBEACHHE IIpolecca 3HAYUTENBHO B
OoJsbLIel CTENEHU ONpEaeNIseTcs] NO3THUMU HAOMIOACHUSIMH, YeM PaHHHMHU.
DT0 00CTOATENBCTBO MOPOAWIO TaK HA3bIBAEMOE UCKOHTUPOBAaHHE, T.€.
yYMEHbIIIEHUE IIEHHOCTHU OoJiee paHHeH uHpopmanuu.

- [IpoGema OIEHKH JOCTOBEPHOCTH TPOTHO30B. BaKHBIM MOMEHTOM
noJtydeHus: mporuo3a ¢ nomorisio MHK sBisieTcss omeHka JTOCTOBEPHOCTH
MOJyYeHHOTO pe3yibTrata. [ng 3Toll 1enu HCHOoJIb3yeTCs bl  psij
CTaTUCTHUYECKUX XapaKTEPUCTHUK:

1. Onenka cTaHIApPTHON OMIUOKY;

2. CpenHsst OTHOCHUTEIbHAS OIINOKA OLEHKH;

3. CpenHee IMHEHHOE OTKIIOHEHUE;

4. KoppesIMoHHOE OTHOIIICHHE ISl OIICHKH HAJIEKHOCTH MOCIIH;

5. OmeHka JOCTOBEPHOCTH BBHIOPAHHOW MOJEIHM HYepe3 3HAYMMOCTh HHIEKCA
Koppesiiuu o Z-kpureputo duiiiepa;

6. OreHka 10CTOBEPHOCTH MoieiH Mo F-kputepuio duiepa;

7. Hanuue aBTokoppensuii (kputepuii JapOuna-YoTcona).
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- Henocratku, oOycioBieHHbIe jkecTKOM (hukcanueit TpeHma. Kectkue
CTaTUCTUYECKUE  TIPEUIOKEHUS O  CBOHCTBAX  BPEMCHHBIX  PSIOB
OTPAaHUYHMBAIOT BO3MOYKHOCTH METOJOB MaTEMaTHICCKOW CTATUCTHUKU, TCOPHH
pacmo3HaBaHHsS 00pa30B, TEOPWUH CIydalHBIX MPOIECCOB W T.M., TaK Kak
MHOTHE peajbHbBIE MPOIECCHl HE MOTYT aJIeKBaTHO OBITH OTHCAHBI C TIOMOIIIHIO
TPAIUIIMOHHBIX CTATUCTUYECKUX MOJENEH, MOCKOJBKY, MO CYTH, SBISIOTCS
CYIICCTBEHHO HEIMHCHHBIMH W HMMEIOT JU00 XaOoTHYECKyl, JHOO
KBa3UNEPUOINICCKYIO, JIMOO CMEIIAHHYI) OCHOBY.

- [IpobneMbl 1 HEOOCTaTKW METOJa SKCHOHEHIUAIBHOTO CriaxuBaHus. s
METOJa SKCIIOHCHIHUAJIBHOI'O CIJIa’)KMBaHWA OCHOBHBIM H Hauboee TPYAHBIM
MOMCHTOM SABJIACTCS Bbl60p napamMeTpa CriiaXxuBaHus, Ha4aJIbHbIX yCJIOBI/Iﬁ u
CTElleHH IporHo3upyromero nonuHoMa. Kpome Ttoro, ans onpeneneHus
HayYalbHBIX MapaMEeTPOB MOJENIH OCTalOTCA AKTyaJbHBIMH IEPEUHCICHHBIC
Hegoctatku MHK n mpobnema aBToxoppemnsiuii.

- [IpoGmeMbl ¥ HEMOCTAaTKW METOMa BEPOSTHOCTHOTO MOAEITUPOBAHUS.
Henocratkom Mopenu siBisieTrcs TpeboBaHWME OONBIIOTO  KOJHMYECTBA
HaOIIO/ICHUH ¥ He3HAHKE HAYaJIbHOTO PACIIPEIEICHHS, 9YTO MOXKET IIPUBECTH K
HEIPaBUIHLHBIM OIIEHKAM.

- [IpoGieMb! 1 HeTOCTATKK METO/Ia aTaTHBHOTO CriaxkuBaHus. [lpyn Hammunm
JOCTATOYHOW MH(OPMAIIMA MOXHO TIONYYUTh HAJEKHBIA MPOTHO3 Ha
WHTEpBaJ OOJNBIINH, YeM MPH OOBIYHOM SKCIIOHEHIIMAIBHOM CTIIaKHBaHUU.
Ho »T0 mump mpu oueHb MIMHHBIX psgax. K cokameHuto, ms TaHHOTO
METOJIa HET CTPOrOW MPOILEAYpPhl OLIEHKH HEOOXOAMMOM WIIM JOCTAaTOYHOMN
JUIMHBI UCXOJIHOW WH(OpMAIUU, JJIi KOHEYHBIX PSJIOB HET KOHKPETHBIX
YCJIOBHM OIICHKA TOYHOCTH TIporHo3a. [loaToMy 111 KOHEUYHBIX PpSIIOB
CYIIECTBYET PHCK MOJIYyYUTh BEChbMa MPHOIM3UTENbHBINA MIPOTHO3, TeM OoJiee
4TO B OOJBIIMHCTBE CIy4aeB B PEAIbHOW MPAKTHKE BCTPEYAIOTCH PSJIbI,
conepkariue He 6onee 20-30 Touek.

- [Ipobmembr u  HemoctaTku  MeToga  bokca-JlxkeHkumHca — (Momenu
ABTOPETPECCHH — CKOJB3AIIET0 cpeanero). [IpoOiieMbl CBS3aHHBI, MPEXKIE
BCEro, C HEOJHOPOAHOCTHIO BPEMEHHBIX PSIIOB U MPAKTUUECKON peanu3aluu
METOJa U3-3a CBOCH CIIOKHOCTH.

- [IpobOaeMbl U HETOCTATKH METOJOB, PCATM30BAHHBIX Ha 0a3e HEHPOHHBIX
cereit (HC). IlpoOnembl HEONpeeICHHOCTH B BEIOOpE 4HCIa CIOCB H
KOJIMYECTBA HEUPOHHBIX DJIIEMCHTOB B CIIOC, MEIJICHHAS CXOJHUMOCTh
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TPaJANEHTHOTO METOAA C MOCTOSHHBIM IIaroM oOy4YeHHsl, CIIOKHOCTH BBIOOpa
ONTUMANBHON CKOPOCTH OOYYeHHS, BIUSHUE CIyYaliHON WHHUIIMAIH3AIIH
BecoBbIX  Koa(pdurmmentoB HC Ha mowmck MuHEMyMa  (YHKIUH
cpemHeKkBapaTHdeckoil ommoOkn. OaHa U3 Hanboee Cephe3HBIX TPYTHOCTEH
mpu 00y4eHWH — 3TO siBIIeHWE mepeoOydeHus. Kpome Toro, mcmonp3oBaHne
HEMacIITaOMPOBAaHHBIX JaHHBIX MOXKET MPUBECTHU K «Iapalindy» CETH.

- [IpobneMbl 1 HETOCTATKH METOJIOB, PEAIM30BAHHBIX HA 0a3e TeHETHYCCKHX
QITOPUTMOB. OTO TIpoOiieMa KOAMPOBKH WHOOpPMAIWH, comepiKameics B
MOJICTT HEHPOHHOW CETH, a TaKKe CIIOKHOCTh NTOHMMAaHHUS U TPOTPaMMHOMN
peanu3amnuu.

[Ipu mocTpoeHNH peasbHBIX MPOTHO30B BCETJa HEOOXOIUMO YUYUTHIBATH HE
TOJIBKO CHEIU(PUUISCKAE OCOOCHHOCTU MPHMEHSEMBIX METOIO0B, O M HX
OTPaHUYEHUS U HEJOCTATKHU.

1.2. budpypkauuu u KatacTpopbl B HeJMHEHHBIX JTUHAMUYECKHX
cucreMax

B Hacrosimiee Bpemsi W3 CHCTEM, PacCMOTPEHHBIX B KHuUre (M3 obiactu
TEXHHUKH, MEJUIIMHBI U SKOHOMHUKH ), HanOO0JIee XOPOIIO U3yueHbl HEIMHEHHbIE
muHamuyeckue cucrembl (H/C). IlosatoMy, mpuBeneM OCHOBHBIE MOHSTHS
HJIC, cBsizaHHBIE CO CIIOKHBIM KOJIEOaHUSAMH, TPUBOISIINMH K KatacTpodam.

[Ipur MaTremMaTH4ecKOM MOJETHMPOBAHUM OOJBIIMHCTBA MPAKTHUECKUX 3a/1a4 B
HEJIMHEWHOW JMHAMHKE Hauboliee 4yacTo MCHOJIB3YIOTCS MU PepeHInaIbHbIE
YpaBHEHHsI U OTOOpa)KeHHMs, 3aBHCAIIME OT psjia mapameTpoB. V3meHeHue
MapaMeTpoB CUCTEMBI MOXKET MPUBECTH K KaueCTBEHHOMY IPeoOpa3OBaHUIO
(azoBOro moOpTpeTa CHCTEMBI, Ha3biBaeMomy Oudypkarmueit [3]. Ilox
KayeCTBEHHbIM HM3MEHEHHeM () a30BOro MOpTpeTa MOApa3yMeBaeTCs €ro
CTPYKTypHast NepecTporiKa, HapyIIaromas MONOLOUHECKYIO
IKBUBANEHMHOCb. 3HAUEHHE TMapaMeTpa, NpH KOTOPOM MPOHCXOAMT
oudypkanus, Ha3pBaeTcs OUPYPKAIMOHHBIM 3HAYCHWEM WM TOYKOM
oudypkaruu. [Tomumo dazoBoro npocrpanctsa, JJC xapakTepusyeTcs Takxe
MIPOCTPAHCTBOM MapamMeTpoB. Ompese/ieHHbIi Ha0op 3HAYCHUHA TapaMeTpoB
a,,Q,,...,a,, 00pa3yeT pajuyc-BEKTOp « B OJTOM IpoOCTpaHcTBe. B
MHOTOMEPHOM TPOCTPAaHCTBE TApaMEeTPOB CHCTEMbI OU(YpKaIMOHHBIM
3HaYeHUSIM  MOTYT  COOTBETCTBOBAaTh  OIpEJAEJICHHBIE  MHOXXECTBa,
MPeACTaBISIONINEe cCOOOH TOYKH, JIMHUH, TIOBEPXHOCTU M T. A. budypkanun
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XapaKTepU3YIOTCS HEKOTOPHIM KOJIMYECTBOM YCIOBHI, HajaracMblXx Ha
mapaMeTpsl CHCTEMBI. UHCIIO TakuX yCIOBHH Ha3bIBACTCS KOPa3MEPHOCTHIO
ondypxanun. Hanpumep, kopasmepHOCTs 1 O3Ha4aeT, 4TO MMEETCS TOJBKO
0JTHO OM(YPKAITMOHHOE YCIIOBHE.

Paznuyaror mokanbHele W HenokanmbHBle Oudypkamuum JIC. JlokampHbIE
Oudypkamy CBA3aHBI C JIOKATHHOH OKPECTHOCTBHIO TPAaeKTOpHH Ha
npenenbHOM MHOKecTBe. OHH OTpa)kaloT W3MEHEHHE YCTOWYMBOCTH Kak
OTJENBHBIX TPAaeKTOPWH, TaK W BCETO MPEAEIHHOrO MHOXECTBA IEIHKOM, H
MOTYT CBHIETEIbCTBOBATH 00 MCUYE3HOBEHUH HCCIECAYEMOTO MPEAeIEHOIO
MHOXECTBA B pe3yJbTaTe €ro CIUSHUS C APYTHM MpPEeACIbHBIM MHOXKECTBOM.
Bce mepeuuncrieHHbIe BhIIIE SBICHHS MOTYT OBITh OOHApYKEHBI B paMKax
JIMHEMHOro aHaiu3a ycronuumBocTh. Hampumep, cMeHa 3HaKa OJIHOIO U3
JSAMYHOBCKUX TIOKa3aTreledl TpaeKTOPUH Ha TpPelelbHOM MHOXECTBE
CBUAETEIBCTBYET O JIOKATbHOH OM(ypKaluu TMpeneTbHOr0 MHOMKECTBA.
Henokanvuvie O6ugypxayuu CBA3aHBI C TIOBEJCHHEM MHOTOOOpPAa3Hii
MpeNelbHBIX CEUIOBBIX MHOXKECTB, B YAacTHOCTH, C OOpa3OBaHHEM
cermapaTpUCHBIX MeTeNlb, TOMOKITMHHYECKUX U FCTEPOKINHIUUECKUX KPUBBIX, a
TaKXKe ¢ BOZHUKHOBEHHEM KacaHUsl aTTPaKTOpa U CernapaTpUCHON KpUBOW WIiH
noBepxHocTH. [lepeunicieHHble d(QEKThl HE MOTYT OBITH OOHApPYXKECHBI B
pamMKax JIMHEHHOTO mNpUOMKeHus. B Takod cUTyaluu HE00X0IUMO
YYUTHIBATh HEJTMHEHHBIC CBOWCTBA N3y4aeMOW CUCTEMEI.

Budypkamuu MOryT MpOUCXOJHUTh C JIOOBIMU TIPEIeIbHBIMH MHOXECTBAMH,
HO HauOOJNBIIMK WHTEpeC MpPEICTaBISIOT OUQypKalMu aTTPaKTOPOB,
MOCKOJIBKY OHHM HMPUBOAAT K U3MEHEHHUSIM JKCIIEPUMEHTAIBHO HAOII0aeMBbIX
pexuMoB.  Budypkammm  arTpakTopoB  OOBIYHO  IOAPA3IACISIOTCS  HA
BHYTpeHHHE (MsArKHe) OMQypKauud W KpHU3UCHl (GKECTKHE OU]ypKauum).
BayTtpennue Oudypkaunu CBsi3aHbl C TOMOJIOTHYECKUMH W3MEHEHUSIMH CaMHUX
MPUTATUBAIONINX TMPEJIeIbHBIX MHOXECTB, HO HE 3aTparuBaloT UX OacceilHOB
npuTsbkeHus.  Kpu3uchl  aTTpakTOpOB — COMPOBOXKIAIOTCS — KAa4eCTBEHHOU
MIePECTPOHKOM TpaHHUIl 0ACCEHHOB MPUTSHKCHIUS.

Konuemms epybocmu (cmpyxkmyproit yemotiuueocmu) JIC TecHO cBszaHa ¢
oudypranusamu. JJC Ha3bpIBaeTCS 2pyOOU WA CMPYKIMYPHO-YCIMOUHUBOT, SCITH
Mayble IaJKHEe BO3MYIICHHS  ONEparopa 3BOJIIOUUH  TPUBOIAT K
TOTIOJIOTUYECKH SKBHUBaJIEHTHBIM pemeHusM [3]. budypkammio HC MoxHO
NPEACTaBIATh KaK MEPEeXO CHCTEMBI OT OJHOTO CTPYKTYPHO-YCTOMYHBOIO
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COCTOSIHHSL K JIPYTOMY Yepe3 CTPYKTYPHO-HEYCTONYMBOE COCTOSHHE B TOYKE
oudypraum.

Anamuz 6udypkanuii JJC npu M3MEHEHHH MapaMeTPOB CHUCTEMBI ITO3BOJISIET
MOCTPOUTL  Oughyprayuounyro  ouazpammy CUCTEMBL.  bughypxayuonnasn
ouazpamma TPENCTaBIAET co00i HabOp TOYCK, JIMHUA W TOBEPXHOCTEH B
MPOCTPAHCTBE  [MApPaMETPOB,  KOTOPBHIE  COOTBETCTBYIOT  Pa3iIHYHBIM
oudypkanusiM MpesebHBIX MHOXECTB CUCTEMBl. ECIM NpH HEKOTOPHIX
3HAYCHUSIX MMAapaMETPOB CYIIECTBYIOT HECKOJIBKO MPEACTbHBIX MHOMXECTB, TO
OoudypkanmoHHas auarpaMma siBJIsIeTCs «MHOTOMUCTHOWY. CocyliecTBOBaHUE
00J1bIIOr0 (1aXke OECKOHEYHOT0) YHCIIa MPEASIbHBIX MHOXKECTB TUITUYHO IS
CHCTEM CO CIIO)KHOW AMHAMHKOH. B 3TOM ciydae Touku Oudypkamuii MOTyT
OBITh BCIOAY IUIOTHBI B MPOCTpAaHCTBE MapameTpoB. [IpyM Takux ycloBHAX
MOCTPOCHUE TIONHOW OW(YpKAIMOHHONH JUarpaMMbl CHUCTEMbI CTaHOBHTCS
HEBO3MOJXKHBIM, TTO3TOMY MMEET CMBICT PACCMATPHUBATEH TOJBKO OT/CIBHBIC ¢
mucTel u pparmeHTHl. [ToMrMo OndypKanMOHHBIX JUarpaMM B TIPOCTPAHCTBE
napaMeTpoB, JUIsl HArISITHOTO MPEICTABICHHS YACTO HCIOJb3YIOTCS Tak
Ha3bIBaeMble pa3zo-napamempuyeckue ouazspammul. [Ipu mocTpoeHun Takon
JMarpaMMbl 3HAYCHHsl YIPABISIONIETO MapaMeTpa OTKIAABIBAIOTCS MO OCH
abcipce, a oOChb OpAMHAT COOTBETCTBYET OJHOHW M3 JWHAMHYECKHX
MIepEMEHHBIX, WJIH HEKOTOPOH BEIMYUHE, CBA3aHHOU ¢ cocTossaueM [[C.

OOb1yHO cnoxHble u3MeHeHuss HJIC omnuchiBalOT ¢ MOMOIIBIO OIepaTopa
sojtoriuu [3]. Peskue wuU3MEHEHHMS COCTOSIHHUS CHCTEMbI, BBbI3BaHHbBIC
TIIAJKMMH  BO3MYIICHUSMH OIEPaTopa DBOJIONUH, B YACTHOCTH MAllbIMU
BapHAIUSIMU TIAPAMETPOB, HA3bIBACT KAMAacmpopamu.

Ecmu ommceiBaTh KaTacTpody ¢ TOMOIIBIO TapaMmeTpa OUQypKanuu, TO
KaracTpoda ONKCHIBaE€TCS C MOMOIIBI0 Oudypkamum «kpusuc». B [3]
JeNlaeTcsl OYeHb OCTOPOXKHOE YTBEpXKIEHHE, 4TO KpH3HC M KaracTtpoda
TOXKJECTBEHHbIE MOHATHA. CyIIECTBEHHBIM BKIAJ B pa3BUTHE TEOPUHU
karactpo¢ Obu1 BHeceH B.W. ApHonpaom [4].

1.3. HeiipoHHBbIe ceTH ¥ reHeTHYeCKHe aJITOPUTMbI

MHorue peanbHBIE TPOIECCHl HE MOTYT aJeKBAaTHO OBITh OIUCAHBI C
MIOMOIIBbIO TPATUIMOHHBIX CTaTHCTUYECKMX MOJEJEH, MOCKOJIBKY, MO CYTH,
SIBIISIIOTCS CYILIECTBEHHO HENMHEHHBIMH, U UMEIOT OO XAaOTHYECKYIO, JTHOO
KBa3UIEPUOJNYECKYIO, 1100 CMEIIAHHYIO (croxactukat+xaoc-
JUHaMHKa+AEeTepPMUHNA3M) OCHOBY.
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B nmaHHOW cHTyanuu ajeKBaTHBIM amnmapaToM JUIS peIIeHUs 3aaad
JVMAarHOCTHMKA W  TPOTHO3UPOBAHHS  MOTYT  CIYXKUTh  CICIUAbHBIE
WCKYCCTBEHHBIE ceTH [5-8] peanm3yoomue uWIAeW TpeicKa3aHus u
Kiaccu(UKaIMy TPU HATAYAK OOYYAIONIUX MOCIEeOBATEILHOCTEH, MPUYEM,
KaKk BeCbMa IICPCIICKTUBHBIC, CJIEIYyeT OTMETHUTh paJHalbHO-0a3MCHBIC
CTPYKTYPBI,  OTJIMYAIOIIUECS  BBICOKOH  CKOPOCTHIO  OOYYCHUS W
YHHBEPCAIBHBIMH alllIPOKCUMHUPYIOIIMMU BO3MOKHOCTSIMHU.

B ocHOBEe HEWPOUHTEIIEKTA JIEKUT HEMPOHHASI OPraHU3aLUsl HCKYCCTBEHHBIX
chcTeM, KOTopas uMeeT Ouonorndyeckue mpeAnocbulkd. CrnocoOHOCTh
OMOJIOTHYECKUX CHCTEM K OOyYeHHIO, CaMOOpraHM3allid W aJalTalud
oOnagaer OONBIIMM TPEUMYIIECTBOM II0 CpPaBHEHUIO C COBPEMEHHBIMHU
BBIYUCIUTEIbHBIMA cHcTeMaMu. [lepBble mard B 00JacTH HMCKYCCTBEHHBIX
HeWpoHHbIX cereid caenanu B 1943 r. B. Mak-Kanox u B.Ilurc. Onu
MOKa3ajgy, 4YTO MPH IIOMOLIM IOPOTOBBIX HEWPOHHBIX 3JIEMEHTOB MOXHO
peann30BaTh UCUUCIECHUE MOOBIX Jorndecknx QyHknuid [6]. B 1949 r. Xe60
NPEVIOKIIT TPAaBUIO OOYYEHHs, KOTOpOE CTal0 MaTeMaTHUYECKOH OCHOBOU
st oOydeHusl paga HelpoHHbIX ceredl. B 1957-1962 r1r. @. PozenOnart
MPEJIOKMI U HMCCIEA0Bal MOJENh HEMpPOHHOHM ceTH, KOTOpYI0 OH Ha3Baj
nepcentponom [7]. B 1959 r. B. Bunpoy u M. Xodbd npeaioxuin npoueaypy
oOyd4eHus ans JmHeliHoro agantuBHoro anementa — ADALINE. TIpouenypa
oOydueHus Toly4ymiia Ha3BaHue "aenbTa npaBuio” [6]. B 1969 r. M. MuHckuit
u C. [Naiinept omyOnukoBanu moHorpaduio "llepcentponsl”, B KoTOpoi ObLI
JaH MaTeMaTHYeCKHH aHalInM3 TMEepCenTpOHa, M II0Ka3aHbl OrpaHUYCHHS,
npucymme emy. B 80-e ronpl 3HaUMTENBHO PACIIMPAIOTCS UCCIECIOBAaHUS B
o0sactu HelipoHHbIX cereld. J{. Xondwuia B 1982 r. nan aHain3 yCTORYUBOCTH
HEHPOHHBIX CeTel ¢ OOPATHBIMH CBS3SIMHU U MPEUIOKUI UCTIONB30BATh UX JIJIS
pemenuii 3amad ontuMm3aruu. 1. KoxoneH pazpabotan um wucCieqoBat
camoopraamsytonecss HC. Paa aBTOpoB MpemioXui anropuTM oOpaTHOTO
pacrpocTpaHeHHWEe OLIMOKM, KOTOPBIA CTal MOIIHBIM CpPEACTBOM  JUIS
oOydyenus: muorocnoiiaeix HC [5-7]. B Hactosimee Bpems pa3paboTaHo
OoJbIIOE YMCIO HEHPOCHUCTEM, MPHUMEHSIEMBIX B Ppa3IHYHBIX O0JIACTAX:
MIPOTHO3HPOBAHNH, YIPABIEHWH, IUArHOCTHUKE B MEIUIMHE M TEXHUKE,
pacrno3HaBanuu 00pa3oB u T.1. [8-10].

Hetipounas cemvb — COBOKYITHOCTb HEHPOHHBIX 3JIEMEHTOB M CBS3CH MEXKIY
HuMu. OCHOBHOW 3JIEMEHT HEUPOHHOW CETH — 3TO (POPMANbHBIL HEUpoH,

21



OCYIIECTBIISIONIMN  ONEpalMi0  HETUHEWHOTO MpPeo0pa3oBaHUS  CYMMEI
MIPOM3BEICHUH BXOIHBIX CHTHAJIOB Ha BECOBBIC KO (PHUIIMECHTHI

y=F| > wx |FWX),
i1

rae X =(X, Xy, X,)' — BekTop BxogHOro curnama, W =(W,W,,...,W,) —

BECOBOH BEeKTOp, F — omepaTop HeMMHEHHOTO TpeoOpa3oBaHUs.

st 00ydeHusI CeTH UCIOJB3YIOTCS Pa3iIMyHbIe alTrOPUTMbI OOYYEHHUS U HX
Momupukammu [11-16]. OgeHp TPYAHO OIpENeNHTh, KaKOH 0O0yJaromuit
aIroput™M OyneT caMbIM OBICTPHIM NPH PELICHWHM TOH WM MHOM 3agauu.
HauOonpimnii wuHTEpec AN HAc MNPEICTAaBISIET alropuT™M 0OpaTHOro
pacmnpocTpaHeHus] OUIMOKH, TaK Kak SBiseTcst SQ(EKTUBHBIM CPEICTBOM IS
00y4YeHHs MHOTOCIOHHBIX HEHPOHHBIX CETeH NPSMOTO paclpOCTpaHEHUs
[17,18]. Airoput™M MHHHMHU3UDPYET CPEJHEKBAJIPATUUYHYIO  OHIMOKY
HEWpOHHOW ceTu. I 3TOro C LEJbI0 HACTPOMKH CUHANTUYECKUX CBS3El
UCTIONB3YEeTCS METOJ TPaJUeHTHOI'O CIyCKa B TPOCTPAHCTBE BECOBBIX
K03 PULIMEHTOB U MOPOroB HEWpOHHOH ceTu. Ciemyer OTMETHUTh, YTO AT
HAaCTPOMKM CHHANTHYECKUX CBA3EH CETH HCIIOJIB3YETCS HE TOJBKO METO[
I'PaJNEHTHOrO CITyCKa, HO U METOIbl CONpPSDKEHHBIX I'paaneHToB HproToHa,
KBa3WHBIOTOHOBCKUN Meton [19]. na yckopeHus mpoueaypbl oOyueHUs
BMECTO TIIOCTOSHHOTO Iara oOydueHHs MpPEJIOKEHO  HCIOJIb30BaTh
ajanTuBHBIA mar oOy4yeHus: «(t). ANTOpUTM C aJanTUBHBIM IIAaroM

oOyueHus paboraeT B 4 pa3za ObicTpee. Ha kaxxaoM sTarne oOydeHUs: CETH OH
BBIOMpAETCS TaKuM, YTOOBl MUHHUMH3MPOBATh CPEAHEKBAIPATHUYCCKYIO
omuOKy ceTH [35,6].

s mporrosupyromux cuctem Ha 6a3ze HC Hawmmydime kauecTBa OKa3bIBaeT
reTepOreHHasi CeTh, COCTOSIIAS U3 CKPBITHIX CJIOEB C HEITMHEWHOU (QyHKIMeH
aKTHBAIlUM HEUPOHHBIX 3JEMEHTOB M BBIXOJHOTO JHMHEWHOIO HEHpOHa.
HenocratkoM  OONBIIMHCTBA  PACCMOTPEHHBIX  HEIMHEWHBIX  (DyHKIWI
AKTHBAITMH SIBISICTCSI TO, YTO OOJIACTh BBIXOJHBIX 3HAUEHWH WX OTpaHUYICHA
orpeskom [0,1] wmm [-1,1]. Drto nmpuBoAMT K HEOOXOIUMOCTH
MacImTaOupOBaHUs JAHHBIX, €CIM OHU HE NPHHAIJIC)KAT yKA3aHHBIM BBIIIS
ouarna3oHaM — 3HadeHWd. B paboTe  NpPeIOKEHO  KCIIOJIb30BaTh
nmorapudMuyeckyro  (YHKIMIO ~ aKTUBallMU  JUIs  peUIeHHWsS  3ajad
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MMPOTrHO3UPOBAHMUA, KOTOpad IMO3BOJIACT MOJYYHUTH IIPOrHO3 3HAYUTCIILHO
TOYHEEC, YEM IIPU UCIIOJIB30BaHNN CHFMOH,Z[HOﬁ (IJYHKHI/II/I

Ananu3 paznuunbix THnoB HC nokazan, yto HC mMoxeTr pemats 3agadu
CJIOKEHUS, BBIYUTAHUS JECATHYHBIX YHCEN, 3aJa4d JIMHEHHOTO aBTO
pPErpEeCCHOHHOTO aHajgnu3a ©W IIPOTHO3HUPOBAHHMS BPEMEHHBIX pSIOB C
HCITOJTH30BAaHHUEM METOJIa «CKOJIB3SIIET0 OKHay [14].

IIpoBeneHHbIN aHAIM3 MHOTOCJIOMHBIX HEUPOHHBIX CETEH U aJTOPUTMOB MX
00y4YeHUsI TO3BOJIMII BBISIBUTH PSJT HEIOCTATKOB M BOSHUKAIOIINX MPOOIIEM:

1. HeompeneneHHOCTh B BBIOOpE YHCHA CIOCB W KOJNWYECTBA HEHPOHHBIX
3JIEMEHTOB B CJIOE;

2. MeyieHHass CXOMUMOCTh TPATIUCHTHOTO METOJa C TOCTOSHHBIM IIIaroM
o0yueHus;

3. CnoxxHOCTBH BBIOOPA MOAXOAAIIEH cKOpocT 00yueHus. Tak Kak MaleHbKas
CKOpPOCTh 00yUeHUs MPUBOIUT K cKkaThiBaHHIO HC B JIOKaJIbHBI MUHUMYM, a
0oJbIIasi CKOPOCTh OOYYEHHS MOXKET TMPHBECTH K IPOITYCKY TIIOOAIBHOTO
MHHUMYMa H C/IeJIaTh MPOLECcC O0YUSHHUS pacXOAsIINMCS;

4. HeBO3MOKHOCTb ~ ONpEJENeHUus] TOYEK JIOKAJbHOTO M  TJI00AJIBHOIO
MUHHMMYMa, TaK KaK I'PaJlMeHTHBIA METO UX HE pa3InyacT;

5. BnusiHue cnyuaiiHOH WHMIMaIM3aliu BEeCOBbIX Ko3(duumentor HC Ha
MOUCK MUHUMYMa QYHKIIH CPEAHEKBAPATHYECKON OIMOKH.

Bounbiryto pons st addexTuBHOCTH 00y4eHust ceT urpaet apxurekrypa HC.
I[Ipu mnomommu TtpexcimoitHoiik HC MOXHO ammpoKCHMHUPOBATH JFOOYIO
(YHKLHMIO CO CKOJIb YTOJHO 33JaHHOW TOYHOCTBIO. TOUHOCTH ompexpessieTcs
YHCIOM HEHPOHOB B CKPBITOM CJIO€, HO MPH CIUIIKOM OOJBIION pa3MEpHOCTH
CKPBITOTO CJIOSl MOXET HACTYIIUTh SBJICHHE, Ha3bIBAEMOE INEPETPEHHUPOBKON
cerd. /i ycTpaHeHHs 3TOro HEAOCTaTKa HEOOXOIWMO, YTOOBI HYHCIO
HEHPOHOB B MPOMEKYTOYHOM CJIO€ OBUIO 3HAYMTEIHHO MEHBIIE, YeM YHCIIO0
TPEHUPOBOYHBIX 00pa3oB. C ApPYrod CTOPOHBI, MPH CIWIIKOM MaJeHbKOW
Pa3MEpPHOCTH CKPBITOTO CJIOSi MOXKHO IONACTh B HEXKENATEIbHBIN JTOKaIbHBIN
MUHEMYM. JlJIss HEHTpalM3aly 3TOTO HEJOCTaTKa MOXKHO TPUMEHSTH Pl
METO0B onucaHHbIX B [18,20].
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BriepBple uzess MCHONB30BaHUS TEHETHUECKUX AITOPUTMOB JAJSl OOYYEHHUS
(machine learning) s mPOrHO3MPOBaHMSA TIOBEAECHUS CHCTEM ObLIa
npemiokera B 1970-e roner [21-24]. Bo Bropoi momoBuHe 1980-x k 3TOM
ujee BEPHYIHUCh B CBSA3U ¢ OOydeHHEM HEHpOHHBIX ceTedl. OHM IO3BOJIIOT
pemaTh 3ajadd INPOrHO3UPOBAHUSA (B IOCIenHEee BpeMsl HauOojee LIMPOKO
TCHETHUYECKHE QITOPUTMBI OOYYEHHUS HCHONB3YIOTCS Uil  OaHKOBCKHX
MPOTHO30B), KiIaccM(UKAIMM, TIOUCKA ONTHUMAaJbHBIX BapuUaHTOB, W
COBEPILCHHO HE3aMEHHMBI B TE€X CIy4dasX, KOrJa B OOBIYHBIX YCIIOBHAX
pelieHre 3aayll OCHOBAaHO HAa WHTYHMIWHU WM ONbITE, a HE HAa CTPOroM (B
MaTEeMaTHYECKOM CMBICJIE) €€ OmucaHuH. Vcrmonb3oBaHuE MEXaHU3MOB
TeHeTUYECKOW DBONIOIMH s OOy4YeHHs HEWPOHHBIX CeTed KaKeTcs
€CTECTBEHHBIM, ITOCKOJIBKY MOJENH HEHPOHHBIX ceTeil pa3pabaThIBalOTCS IO
AHAJIOTHH C MO3TOM U PEaIM3yI0T HEKOTOPbIE €r0 OCOOCHHOCTH, MOSBUBIINECS
B pe3yJibTaTte OMOIOrHuecKOi 3Boonun [9,25,26].

OcCHOBHbIE KOMIIOHEHTBl TCHETHYECKHUX alrOPUTMOB — OTO CTpaTeruu
PENpPOAYKINH, MyTalii 1 oTOOp "MHIMBUAYATBHBIX" HEHPOHHBIX ceTei (1o
aHAJIOTHUHU ¢ 0TOOPOM MHIUBHIAYaIbHBIX 0co0ei) [9].

BaxXHbIM HEJOCTATKOM I€HETHYECKUX AITOPUTMOB SIBIISIETCS CIOXKHOCTB JJIS
MOHUMAaHUS U IPOTPaMMHON peanmu3anui. OJJHAKO MPEUMYIIECTBOM SIBIISIETCS
3G PEKTHBHOCTh B TIOMCKE TI00aJbHBIX MUHUMYMOB aJaliTUBHBIX pelbe(oB,
TaKk Kak B HHUX HCCIEAYIOTCS OoJblIue 00JacTH JOMYCTHUMBIX 3HAuYCHHH
MapaMeTpoOB HEHMPOHHBIX ceTel. Jlpyrad npuyMHa TOrO, YTO T€HETHUYECKUE
JITOPUTMBI HE 3aCTPEBAIOT B JIOKAIBHBIX MUHUMYMax — ClIydailHble MyTaliH,
KOTOpbIE aHAJOI'MYHbI TEMIIEPAaTYpHbIM (UIYKTyalHsM MeTOJa HMHTAlHd
OTXMTa.

B [9,26] yka3zaHus Ha JOCTaTOYHO BBICOKYIO CKOPOCTh OOYYECHHS IPHU
WCIIOJIb30BAHUU TE€HETUYECKUX aITOPUTMOB. XOTS CKOPOCTH CXOJAMMOCTH
CPAIMEHTHBIX aJITOPUTMOB B CPEAHEM BBIIIE, YEM M€HETUUECKUX aITOPUTMOB.

I'eneTnyeckue anropuTMbl AaOT BO3MOXKHOCTH ONEPUPOBATh AMCKPETHBIMHU
3HaueHusiMu napamerpoB HC. Orto ympomaer pa3paboTky H(pPOBBIX
anmapatHbeix peanuzauuii HC. IIpu oOydyeHun Ha KOMIbIOTEpEe HEHPOHHBIX
ceTell, He OPHEHTUPOBAaHHBIX Ha aNlapaTHYI pean3allio, BO3MO>KHOCTb
UCIIOJIb30BaHMUs JUCKPETHBIX 3HAYCHUN [apaMEeTPOB B HEKOTOPBIX CIydasx
MOJKET IIPUBOJIUTH K COKPAILEHUIO O0ILEro BpeMEHU 00yUeHHUS.
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B paMkax «reHeTHUYecKOro» IOAXOJla B TOCIEAHEE BpeMs pa3paboTaHbI
MHOTOYHMCIICHHBIE anropuTMbl oOydenuss HC, pasnmmdatomuecst crocobamu
MIPEACTABICHUS MAaHHBIX HEUPOHHOW CeTH B "Xpomocomax', CTpaTerusMu
penpoaykuuu, MyTanuid, oroopa [21,23,24].

1.4. DxoHodu3uka u puHAHCOBbIE BpeMEeHHbIE PSAAbI

Hayka o ()MHAHCOBBIX BPEMEHHBIX PsiJiaX JIOJTOE BpeMs pPa3BUBAIACh B BUJIC
JIBYX HECBSI3aHHBIX HANpPABICHUNM W JIMIIb B MOCICAHEC BpeMs HAMETHUIIACH
HEKOTOpas TSHACHIIUS K UX COMMKeHuto [27].

[lepBoe HampaBieHHE, KOTOPOE MOXXHO Ha3BaTh CTATUCTUYECKUM, OEpeT CBOE
Havajyio ot pabotsl Jlyuca bamense 1900 r. [28], rae aBTop, €le 3a ATk JIET
no DHHIITeHHA, NPEeIIOXKMI IEPBYI0 MOJCIb OpOYHOBCKOTO JIBIMIKEHUS
(Mozenp ciryqaiiHOTO ONyKIaHWs) W MPUMEHWI €€ I OIMMCAaHUS KOJICOaHus
1eH aknuid Ha QoHAoBo# Ompxke. CTPOro MaTeMaTHYECKH 3Ta MOJENb Oblia
obocHoBaHa B Hadaje 20-x rogoB mponuioro seka Hopoeprom Bunepom [29]
¥ TIPIMEHUTENBHO K PBIHKY JOJTrOe BpeMs pa3BHBajach HCKIIOUYUTEIHHO B
akajgemuueckoit cpene. [lociaennee ObLIO CBA3aHO C TEM, YTO B COOTBETCTBHUH
C 3TOHM MOZENbI0 MPUHIMINAIHLHO HEBO3MOXKHO TMONYYHUTh MPHOBUTE OOJbINE
cpeaHedi mo peHKY. OJHAKO 53TO MNPOTHBOPEYWIIO OMBITY PpEaTbHOro
Tpeiinuura. [loaToMy, cpeu HWHBECTOPOB OpPOYHOBCKYIO MOJIENb CTaJIU
CEepbe3HO TPHWHMMATh B pacueT TOJIbKO B Hadaire 60-x TIT., Korjga
OKOHYATEIIbHO OQOpMHMIIaCh KOHIENHNs «3(h(HEKTHBHOTO PBIHKA» (pBIHKA, Ha
KOTOPOM II€HBI B TIOJHOW Mepe OTPaKaloT BCIO AOCTYIMHYIO HH()OPMAIIUIO).
Cornmacio ®am> [30] ans CymeCTBOBaHHS TaKOrO0 pPhIHKA JOCTATOYHO
MPENONIOXKUTh, YTO Ha HEM JeHCTBYeT OOJbIIOE YHUCIO TIOJHOCTBIO
WHPOPMHUPOBAHHBIX areHTOB, KOTOPbIE MIHOBEHHO PEarupyroT Ha BHEIIHHE
COOBITHS, ACUCTBYS MPU STOM PAMOHAIBHO M HE3aBUCHMO. HeoOXxommMocTh
MOI00HOM KOHIICMIIMY JTUKTOBaJaCh TEM, YTO B €€ paMKax oOpeTaja CMBICI
Teopust (GOPMHUPOBAHHUS ONTUMabHOrO mopTdens Ywunbsaima I[llapma (HoO.
npemus 1o 3koHoMmuke 1990 r.) [31], koTopast uMena OONIBIIOe MPAKTUIECKOE
3HaueHue. OCHOBHOM K€ MOJICJIBIO MOBEJCHHMS LIEHbl Ha TAKOM PBIHKE cTalia
MOJIeJIb  OpOYHOBCKOTO JBIDKEHHS. BBICIIMM JOCTHXKEHHMEM IOAXOJa,
OCHOBAHHOT'O Ha XTOW Mojenw, ctanu padbotel bidka, llloymsa n Meprona
(Ho0. mpemus mo sxonomuke 1997 r1.) [32,33], KOTOpBIC MO3BOJISLIIA TOYHO
paccUMTHIBaTh  «CHPABEUIMBBIE» IIEHBI OMIMOHOB. HamomHMM, dYTO
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KJlaccuveckass Mofelb OpOYHOBCKOTO [BM)KEHHsS OCHOBaHa Ha JIBYX
nocryjiarax. Bo-mepBeIX, mpupameHus Ipolecca Ha J000M HHTepBale
BPEMEHH HMEIOT HOpPMalbHOE (TayCcCOBO) pacIpeleNeHHe C HYJIEBBIM
CpPEeOHMM, KOTOpOE CIEAyeT U3 ILIEHTPAIbHOW NPEAETIbHOM TEOpeMbl H
MOJy4aeTcsl KaK pe3yibTaT CyMMHPOBAHMS JOCTATOYHO OOJBIIOIO YHCIHA
HE3aBUCHMBIX  CIly4alHbIX  (akTOpoB. Bo-BTOpHIX, TpupamieHus Ha
HETIepeCceKAIOINXCS UHTEPBANax SBIAIOTCS CTATUCTHYECKH HE3aBUCHMBIMH.
Opnako HaOmMoOAeHUS (UHAHCOBBIX BPEMEHHBIX PAJOB BBIBHIN Pl
0coOeHHOCTEH, KOTOphIe HE COTJlacyroTcs C 3TUMH mNocTyinaramu. HamGomee
Ba)XKHbIE M3 HUX CBSI3aHBI C TE€M, YTO CHJIbHBIC U3MEHEHUsS BPEMEHHOrO psijia
MPOUCXOIAT 3HAYUTEJIBHO dYalle, YeM CJIeJOBalno Obl OXXKHUIATh HCXOIS M3
rayccoBa pacmpezerneHusi (mpoOjeMa «TOJCTBIX XBOCTOBY»), NMPHYEM TaKHe
W3MEHEHUSI OOBIYHO pasfeNieHbl KOJeOaHWSMH OTHOCUTENBHO Majlod
WHTEHCUBHOCTH (3G QEKT KIacTepu3aliy BoJaTWibHOCTH). [1o 3Tol mpudnHe
napaieasHO ¢ OPOYHOBCKOW MOJIENBIO CTalll pa3BUBAThCSI BCEBO3MOXKHBIC €€
00001IeHNs, KOTOpble OBIIM CBS3aHBI C OTKAa30oM JHOO OT YCIOBHS
HOPMAaJIbHOCTH paclpe/eNieHusl npupaiieHnii (epBblii moctynar), 0o OT
YCIIOBHSL HE3aBHCHUMOCTH IOCTEIHUX (BTOpoW mocTynaT). B mepBoMm cimydae
MBIl mpuxoauM K aBmwkenuto Jlesu (Levi Motion) u, B wacTtHOCTH, K
ycToiuuBbIM pacnpenenenusm Ilapero [34,35]. Bo Bropom — k mporeccam ¢
naMsAThI0O U 00001IeHHOMY OpoyHOBCcKOMy aBmxenuto (Fractional Brownian
Motion) [36]. Hakoner, ecniu 0TKa3aThcst OT 000OMX MOCTYJIATOB OPOYHOBCKOU
MOJEJIH, TO MBI MPUXOAUM K MACSIM aBTOPETPECCUOHON  yCIIOBHOM
TeTePOCKETACTHYHOCTH (3aBHCUMOCTH 3HAYCHWH BPEMEHHOTO psia OT €ro
NpeIbAYIIUX 3HAUYCHUH TMPH W3MEHEHUHM JHCIEPCHH BO BpPEMEHH), WIU
ARCH-mogensm Ounrma (HoGeneBckast mpemust mo 3xoHomuke 2003 1.), u
pasnuuHbiM ee o00oOmeHusM (cM. o0030p [37]). HambGonee momHO u
MOCJIEI0BAaTEIbHO  CTATUCTHYECKUH MMOJXOM, CBSI3aHHBIA C TUIOTE30H
addexruBroro prinka (Effective Market Hypothesis), nznoxen y Illupsesa
[38]. Bropoe HampaBieHHE, KOTOPOE €CTECTBEHHO HAa3BaTh OUHAMUHECKUM,
POJIMIIOCH U CTAll0 pa3BUBAThCS B Cpejie MPAKTHKYIOIIUX TPEHIEpOB B Hadaie
30-x rr. OpoILIOro Beka. DTOT IMOAXOJ MOJYYH HA3BAHUE «TEXHUYCCKHIMA
aHanmu3» (B OTIMYME OT (YHJaMEHTAIBHOIO aHali3a, OCHOBAHHOTO Ha
pacuere «cnpaBeATUBON LEHBI aKIMK B BU/IE AUCKOHTUPOBAHHOW CTOMMOCTH
Oymymux [0xoA0B). Mneonorndeckoil OCHOBOM TakKoro MOAXOJa CTajlo
u3BecTHOe nonokeHne Yapneza [loy (r1aBHOTO aBTOpa M3BECTHOTO MHIEKCA),
BbIIBUHYTOe UM eme B koHue XIX B. Jloy yTBepknan, 4To ecTeCTBEHHOE
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COCTOSIHME LIEHBI — 3TO TpeHJ (HaIlpaBJICHHOE ABIXCHUE BBEPX WIIM BHHU3),
KOTOPBIH SIBJISIETCSI PE3yJIbTaATOM COBMECTHOI'O NEMCTBHSI TONIBI M OTPa)XaeT
JEWCTBYIOUIYI0 Ha PBIHKE COLMajibHYIO TeHaeHuuio. [loatomy Tpenn Oyzmer
IIPOOJDKATECSL 0 TEX IOp, MOKAa Ha PBhIHKE HE NPOU30MIET CMeHa 3TOH
TeHAeHIMU. llenp TEXHMYECKOrO aHauu3a — BCKPBITh BHYTPEHHHE
3aKOHOMEPHOCTH BpPEMEHHOIO psAa, Ha OCHOBE KOTOPBIX MOXKHO
MPOTHO3MPOBATh MEPEXOAbl U3 TpeHAa BO (AT (OTHOCHTENBHO CTaOWIBHOE
COCTOSIHME pbIHKa) W oOpatHo. Ha 23ToM myTm OBUIM  OTKPBITHI
MHOTOYMCIICHHBbIE ~ (JOPMBI  OTHOCHUTENIFHO  YCTOWYHMBOTO  IOBEIACHHUS
BPEMEHHOTO psAna ((hUrypsl TEXHUYECKOTO aHaim3a). llepBeie paboThl B 3TOM
HanpaBJIeHUH MpuHaIekar Yuibamy ['anny u Panedy Doty [39]. Ve B
50-e rT. TWOYTH Bce KIAcCHUeCKWe (QUTYphl TEXHHYECKOTO aHaIH3a
(«TpEYTONbHUKY», «Tpamleuus», «rojioBa W IUICUYW» M T.1.) ObUIM HM3BECTHBI.
Opnako juiib B 80-¢ IT. B M3BECTHBIX MoHOrpadusx [Ixona Mepdu [40]
Pob6epra Ilpextepa [41] npoucxomut wux cucrematusauusa. llocimemanss
COBIIajJia MO0 BPEMEHHU C HEOXKUJAHHON MOJJEPKKOHU, KOTOPYIO B 3TH TOJBI
TEXHUYECKUH aHaJIU3 MOTYyYMII CO CTOPOHBI TEOPUH TMHAMHUYECKOro Xaoca. 13
o0IIIeil TEOPUH CIEeTOBANO, YTO BPEMEHHOM psifl, KOTOPHIA BHEIIHE BBHITIISIIENT
KaKk peanu3alusi CIydailHOro mpolecca, BIOJIHE MOT IOPOXKIATHCS
HEIMHEHHOW JUHAMHYECKOW CHUCTEMOM Mallol pa3MEpHOCTH. DTO O3HAYaeT,
YTO €ro MOXXHO IPEICTaBUTh B BHIE OAHOMEPHOH IMPOEKLHH TPAaCKTOPUHU
TaKOM CHCTEMBI B pPACHIMPEHHOM (a30BOM TIPOCTPAHCTBE, KOTOpas
ONMCHIBAETCS C  [OMOIIbIO  HEOONBIIOr0  4Kcia  OOBIKHOBEHHBIX
middepeHnmanbHbIX ypaBHeHud. CornacHo ke KoHuenuuu Jloy noBeneHne
LIEH aKIM{ OMpeaeNaeTcsl CTaAHbBIM WHCTHHKTOM, KOTOPBIN (KaK yOeauTeIbHO
CBHUIETENLCTBYIOT JAaHHBIE COLMANBHOW IICHXOJIOTMH) MOAYMHAETCS KpaiiHe
NPUMUTHBHOMY MexaHu3My. [lo3ToMy BronHe OOOCHOBAaHHOW Ka)eTcs
THIIOTE332 O TOM, YTO TaKOH MEXaHH3M HPEACTAaBISET COOOH AMHAMHYECKYIO
cucteMy. B sTtom cnyuae, ucnonp3ys Tteopemy TaxeHca [42], MOXHO
BOCCTAaHOBUTH TEKYIle€ 3HaUCHHE BPEMEHHOTO psAaa, UCXOJs M3 AOCTATOYHO
OOJNIBIIIOTO  YKMclla  WCTOPUYECKUX  JaHHBIX. [IlpuueM  Juis  Takoro
BOCCTAHOBJICHHSI COBCEM HE 00f3aTeNbHO 3HATh KOHKPETHBIM BHJl W YHCIIO
ypaBHeHUN cuctembl. [lo cyiiecTBy 3Ta mpoiieaypa CBOJIUT 3ajiady
9KCTPANOJIALIMA OAHOMEPHOIO psfa K 3ajade WHTEPHOIALUM HEKOTOPOH
MHOroMepHOW ¢yHkimu. [locnenuss sxe SABISETCS THIIOBOW 3amadell s
HelpoHHBIX ceTel [43]. IloaTomMy Teopuio IHHAMHYECKOIO Xaoca MOXKHO
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CUMTaTh  WJCOJOTMYSCKOW  OCHOBOW  TOTO  MOINHOTO  BHEAPCHUS
HEUPOTEXHOJIOTHI B OM3HEC, KOTOPOE MBI IIOBCEMECTHO HaOmoaamm B 90-X IT.

OpmHako ¢ TOYKM 3peHHUs CTAlMOHAPHOTO TMOAXOJa TOYHBIA MPOTHO3
(hMHAHCOBOTO BPEMEHHOTO PsAJa B MIPUHLIMIIC HEBO3MOXKEH. UTOObI pa3penTh
MPOTUBOpPEYHE JBYX TOIXOIOB, CIEAyeT OOpaTHTbCA K pe3yibTraram
JKCIIEPUMEHTAIBHOTO WCCIEIOBaHUS pbIHKA. Kak MOKa3bIBarOT MOHO0OHBIE
WCCIIEIOBAHNA, HA PEaTbHOM PBIHKE BCS COBOKYITHOCTH areHTOB PacIaiaeTcs
Ha KiacTepsl (peddepeHTHBIE TPYIIBI), B KKIOM W3 KOTOPBIX areHTHI
noJpaxaroT Apyr Apyry. Kiactepsr MoryT 0Opa30BbIBaTh JOBOJIBHO CIOXKHBIC
HUCPAPXUYCCKUC CBA3U, MOT'YT CJIIMBATLCS B 6OJICC KPYIIHBIC U pacliagaTrbCsa Ha
Oonee menkue. Ilpu 3TOM sicHO, 4TO KOHUENIMS YPPEKTHUBHOTO PHIHKA U
koHuenuus Jloy onuchiBaroT Ba MpEAETbHBIX Ciaydas. B mepBom ciydae Ha
pPBIHKE TPHUCYTCTBYET OOJBIIOE YMCIO MPUMEPHO OIWHAKOBBIX KIACTEPOB.
PerHOK HaxomuTcs B Hambosiee CTaOMILHOM COCTOSHHHM W €TO JBOJIOIHS B
OCHOBHOM  ompejeisercs BHemmHed wH(popManueil, KoTopas HMeeT
Cly4ailHblid XapakTep. Bo BTOpOM ke ciiydyae Ha pbIHKE NMPUCYTCTBYET OAUH
OONBIION KJacTep, 3HAYMUTENBHO MPEBOCXOSIINN BCE OCTalbHBbIC. PBIHOK
HauOosiee OJM30K K O0OBaly U €ro JUHAMHKA MOJAYUHSICTCS WUCKIFOYUTEIBHO
BHyTpeHHNUM (dakropam. B cBs3M ¢  BBIIECKa3aHHBIM  BO3HUKAIOT
€CTEeCTBEHHBIC BOTPOCH: «Il0 KakMM 3aKOHaM 3BOJIIOIMOHUPYET KiacTepHas
CTPYKTypa M KakoBa IIpUYMHA 00pa30BaHMs OONBLINX KIacTepoB?». OTBETUTh
Ha TOJ00HBIE BOMPOCHI M 03HAYAET OCYIIECTBUTH CHHTE3 IBYX YKa3aHHBIX
KOHIeNIMiA. B TocnenHee MecsATHIIETHE CEPbhE3HBbIE PE3YNBTAThI B 3TOM
HaIpaBlIieHUH OBLIH MOJYYEeHbI B paMKaX dKOHO(HU3HUKH.

Kak otnensHOe HampaBieHne 3KOHO(QU3MKA cTana o)OPMIIATECS C CEpeIUHBI
90-x TO10B IPOLLIOro BeKa, HA CThIKE SKOHOMUKH U (uzuku. [Ipu sTom camo
CJIOBO «3KOHO(HM3MKa» BOLILIO B 00IIee ynoTpeOsieHHe JTUILb [OCIe TOro, Kak
B 1997 r. Nmpe Kommop m Snom Keptuc opranmzoBanm B bynamemte
«cumMmo3uyM 1o skorodusuke» (Workshop on Econophysics). Cranosnenue
HOBOW JHCIUIUIMHBI BO MHOTOM OBIJIO CBSI3aHO C MPUXOJOM B SKOHOMHUKY
KpymHbIX (u3uKoB, Takux kak Oumunm Aunepcon (Hobenesckas npemus 1mo
¢uzuke 1977 r.), llep bak, IOmxun Crennu u uenslid psag apyrux. K tomy
BPEMEHH B JKOHOMHUKE U, B IIEPBYIO OdYepelb, B (UHAHCAX HAKOIHJIIKCH
3aJau, KOTOPbIE HE MOTJIM OBITh PELICHBI B paMKax 3TUX HayK. s perieHus
TAaKUX 3aJad TMPEeAIoaralioch MCIONb30BaTh amnmapar M METOJOJIOTHIO
TEOpEeTUYECKOH (U3MKH. 3aMETUM, 4YTO I10JI00HBIC TMOMNBITKA COJIU3HUTH
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SKOHOMHKY M ()U3MKY MHOTOKPATHO MpEANpUHUMANUCh W pasbiie. OmHaKo
HHUKOT/a €I ITOT IIPOCKT HE BbI3BIBAI TaKOI'O OOIIECTBEHHOI'O PE30HAHCA.
[Iponomkaer HEYKIIOHHO pPAaCTH YHCIO HAyYHBIX CTaTeid, MOHOTpaduil u
KoH(pepeHIuil 1o 3koHo¢u3uKe. lIpecTmKHblE YHMBEPCUTETHI BKJIIOYAIOT
COOTBETCTBYIOIIME Kypchl B CBOM YydueOHble nporpammbel. Bcee Oonbimit
WHTEpeC MPOSIBISIOT K 3TOW HayKe U (pMHaHCOBBIE CTPYKTYphL. [loMmumo 3toro,
SKOHOPU3HUKY YK€ HAUMHAIOT paccMaTpuBaTh B KauecTBE €AWHOW TEOPHH,
ONUCHIBAIOMIEH KaK (DYHKIMOHHPOBaHHWE TJIOOAIBHONW CHUCTEMBI MHPOBOTO
Kalmurana, Tak M TIOBEJACHHE Ha pBIHKE OTAEIbHBIX 3KOHOMHYECKHX
cyOobekToB. Cnenyer cka3aTh, YTO B KOHLENTYaJbHOM IUIaHE 3KOHO(PHU3HKA
ONUpaeTcsi Ha IO3ULHI0, KOTOpas He sBISeTcs TPAaAULUOHHOH B
Teoperndeckoit ¢usnke. Takas mosunus ObLTa TpencTaBieHa OuIUIIOM
Angepcom B [44] eme B 1972r1. B aroii paboTe aBTOp yTBEpKIal, YTO
«pu3rMKa DIEMEHTapHBIX YaCTHI W, B YaCTHOCTH, PEAYKIHOHHCTCKHUE
MOAXOAbl OOJIANAIOT JIMIIb OTPaHUYEHHOH BO3MOXKHOCTBIO OOBSICHHTH
YCTPOWCTBO MHMpO3/aHusA. PealbHOCTh MMEET HepapXHyecKyl0 CTPYKTYpY,
Ka)XXJIbIil ypOBEHb KOTOPOM B OIIPEJEIICHHON CTEIIEHH HE3aBUCHM OT YPOBHEH,
HaxoJsIIMXcs Bbllle U HIbKe. Ha kaxaol craguyu HEOOXOOMMBI COBEPILIEHHO
HOBBIE 3aKOHbBI, KOHLENMUMH U 0000meHus, TpeOyoue HEe MEHBIIEro
BJOXHOBEHHMSI U TBOPUYECTBA, YeM Ha Hpeaplaymmx». «llcuxomorust — 3To He
NpUKJIagHas OMOJIOTrHs, TaK K€ KaK U OMOJIOTHS — 3TO HE MPHUKJIATHAS XUMUS»
— orMeuan AHjaepcoH. TakuM oOpa3oM, €ciii paHbIle «IepBble MPUHIUIIBI,
KOTOpbIE HE MOTYT OBITh OOBSCHEHHI B TEpMHHaxX Oosee TIIyOOKHX
MPUHIMIIOBY TI0 OMpEICICHNUI0 COoJepKana TOJIBKO (U3MKA 3JIeMEHTAPHBIX
YacTHll, TENeph OKa3aJioch, YTO TaKUE MPUHIIUIBI MOXKET COJEpKaTh JTro0as
mucuumiuHa. Konnoenuust AHzepcoHa crasa OOBEIMHSIOIIMM JIO3YHIOM
OOIIMPHBIX MYJIbTU-TUCUMIUIMHAPHBIX HUCCIECIOBAaHUM, Ui TNPOBEACHUS
KOTOphIX B cepenuHe 80-x rT. B Hpro-Mekcuko 0b1 cozman Mucturyt CaHra-
@e. Ilpenmonaranoch, 4TO 3TH HCCIEIOBaHMS BHECYT «CEPbE3HBIN BKIaa B
pellieHre TaKUX OCTPBIX JOJITOCPOYHBIX MPOOIIeM, KaK JeQHIUT TOPrOBOTO
O6anmanca, CIIMA, reHernyeckne AeEKTbI, YMCTBEHHOE  3JOPOBbE,
KOMITBIOTEPHBIE BUPYCHI». VIMEHHO B 3TOM HMHCTUTYTE BIIEPBBIE CTal
MOSIBIISITECSL PA0OTHI IT0 SKOHOMHKE C MCIIOJIh30BAHUEM CAMOTO COBPEMEHHOTO
anmapara teopetndeckoil pusuku. B Hactosmee Bpems Uuctutyr Canrta-de
SABNSIETCS OAHMM W3 TJABHBIX IIEHTPOB SKOHO(QHU3UKHM, Tle O5Ta Hayka
pa3BuBaeTCs B paMKax OOLIEH TEOpHUH CIOXKHBIX aJalNTHBHBIX CHCTEM.
[Ipumepamu MOmOOHBIX CHUCTEM CITy’KaT LEHTpaJbHBIC HEPBHBIE CHUCTEMBI U
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HEHpOCeTH, PKOCHCTEMBl W KOJOHHH MYpPaBbEB, COLMAIBHBIE CTPYKTYPHI U
MOJUTHYECKNE CUCTEMBI, U, KOHEYHO, Pa3INYHbIe CTPYKTYPHI, BOSHUKAIOIINE
B DKOHOMHKE. Bce 3TH cucteMbl cocTOAT M3 MHOKECTBA B3aMMOAEHCTBYIOIINX
SNIEMEHTOB, KOTOphIE CIOCOOHBI ~ HAaKaIIMBaTh ONBIT B  IIpOIecce
B3aMMOJCHCTBHS C JAPYTUMH DJIIEMEHTaMH, a 3aTeM H3MEHATHCS TaKUM
00pazoM, YTOOBI MPHUCIIOCOOMTHCS K OKpYXKalowlel cpele. XapaKTepHBbIM
STAallOM  SBOJIIOLUHM  BCEX  QJalTHBHBIX CHUCTEM  SIBJSIETCS  MPOIECC
CaMOOpraHW3aluy, MPH KOTOPOM B PE3yNbTaTe CaMOYCHIJICHHS OTIEIbHBIX
B3aMMOJICHCTBUI B CHCTEME CIIOHTaHHO BO3HHKaeT mopsiaok. [Ipu atom cama
CHCTeMa KakK Ieloe NpuoOpeTaeT HOBOE KadecTBO, KOTOPOE MOXKET
OTCYTCTBOBaTb y  OTAGNBHBIX  DJIEMEHTOB.  ba3oBRIM  TpHMEpoM
CaMOOPTaHHU3aIMH B SKOHOMHKE CITY’KHT IPOIECC, YIPABISIEMbIH «HEBHIMMON
pykoit» Apama CMura, TIA€ MHOXECTBO HHIUBUIYYMOB, CTPEMSChH
YIIOBIETBOPUTH UCKIIIOYUTEILHO CBOM JIMYHBIE MaTepHaIbHbIE MOTPEOHOCTH,
POXIAIOT MOBEACHYECKOE Iej0e C NMPUHIMITHAIBLHO WHBIM KadecTBOM. Kak
MOKa3ally UCCIIEA0BaHMsI, POBEICHHBIE OONBIION TPYNIIO SKOHOMHUCTOB, «BO
MHOTHX 3KCIIEPUMEHTaX MO MOJCIUPOBAHMIO DPHIHOYHBIX CHCTEM ILIOXO
MH()OPMHUPOBaHHBIC, CKJIOHHBIE K OIIMOKAaM W HEMOHSTIHMBBIE CYOBEKTHI,
KOHTaKTHPYIOT MEXIy CO0Oi Ha OCHOBE YCTAHOBJICHHBIX MPABWJI M CO3JAIOT
COIMAIbHBIE ~ aNTOPUTMBI 110 MAaKCHMH3AaUUH OOMIMX  MaTepHAIbHBIX
LEHHOCTEH, SIBHO MPUOIIKAIONINECS K ONITUMAIBHBIM pe3yiibTaTaM, KOTOpBIE,
KaK TPaJMIUOHHO CYUTAIOCh, MOXKHO OBUIO OBl MOJNYYHTH JIUIIL Ha OCHOBE
nonHoM wWHQoOpMaMM W €  TOMONIBIO  KOTHHTUBHO-PAIIMOHAIBHBIX
nngHocTei». KpoMe Toro, 3T paboThl TakKe MOKa3bIBAaIOT, YTO C TEUCHHEM
BPEMEHH PBHIHOK MOXKET MPHOJIMKATECS K 3pPekTHBHOMY. DTO 03HAUYAET, YTO
OH CIIOCOOCH arperupoBaTth B ceOe C IOMOLIbIO ILEH BCIO 3HAYMMYIO
nHpopmanuto. Ilpuy 3TOM Ha NPOMEKYTOUHBIX BpeMEHaxX H3-3a TOTO, YTO
CYOBEKTBI IMOCTOSIHHO COBEPIIAIOT KaK OMIMOKH BOCHPHUATHS, TaK M OLIMOKH
MoJ JEHCTBHEM SMOLMH, a TakkKe H3-32 TOro, YTO HPU HEJOCTaTKe
WHPOPMAILIUK OHH OOBIYHO HAYMHAIOT MOJPAXKaTh JIPYT APYTY, B CHUCTEME
MOTYT BO3HHMKATh CaMOOpPraHU3ymoIuecs HWHOOPMAIIMOHHBIE «MHPAXKNY,
KOTOpBIE B CKOPOM BpPEMEHHM pacrajfarorcs. Takum o0pa3oM, MOXKHO CKa3arTh,
YTO <JTFOJH HBONIOLMUOHUPYIOT K PAllMOHAIBHOCTH, y4ach Ha OMIMOKax». JTH
IKCIIEPUMEHTAIBHBIC HCCICAOBAHUS CTAIM MOOYAUTEIBHBIM MOTHBOM JUIS
MOSBIICHUS LEJOTr0 pasfena JKOHOMU3WKH, TOCBSIIEHHOTO «UIpe B
MmeHbImHCTBO» (Minority Game) [27]. Llenb 3TO# «urpbl» — mokas3ath Ha
MPOCTON MOJENH, KaKUM 00pa3oM 3KOHOMHUYECKHE areHTHl ¢ OrpaHUYCHHOU
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PAIlMOHANBHOCTRED TIPU  HENOJMHOW  WH(GOpMAalM  MOTYT  CO3/1aBaTh
3(hPEeKTUBHEII PHIHOK.

1.5. «Camoopranmonaﬂﬂaﬂ KPUTHYHOCTD>» B 9KOHOMHYECCKUX CUCTEMAX

Jlns omucaHus KatacTpod) B SKOHOMHUYECKHX CHCTeMax B [27] BBOIAT
ynpasnsitomnid  mapamerp  «(t)=1(t)/ N, toe |(t) —uncno pazaTMYHBIX
COCTOSHUI  (yHIaMeHTaabHON uHpOpManuK, N —YHUCIO BO3MOXKHBIX
cocTosiHui. Hanpumep, Tpu ONMMCAHUN AMHAMUKH (PHHAHCOBOTO PBHIHKA Yepe3
N 0003HAYAIOT YHCIIO AT€HTOB, KAX/bIH U3 KOTOPBIX MOXET BBHIOUPATH OHO
3 OByx coctosiHuit: buy (+1) mmm sell (—1). DTH cocTOSHUS OMUCHIBAIOTCS

byskuusamu a, (t) [i =1,N;t :0,_00] [3,44].

Breipaxkenue A(t) ompexnensiercs mo gopmyne [27]:
N

Alt) =D a(t).
i=1

B HekoTOpo#l TOuke ¢, B HEJMHENHHOH cucreme Habmogaercst (a3oBbli
nepexoz. [Ipu sToMm, eciim & < . cucTeMa HaXOAUTCS B CAMMETPHUYHOM (ase,

IJle HEe CYIIECTBYET HHUKAKOHW JIOMOJHUTEIbHOW WH(POPMALIUH, KOTOPYIO
MOJKHO OBLTO OBl HUCIIOJIL30BATH JJIsi O0Jiee TOYHOTO TPEACKa3aHusl, U PHIHOK
okasbiBaercs 3¢ dexTuBHBIM. HanpoTtus, ecim o > ¢, cucreMa HaxOAWTCS B

acMMeTpu4HOW ¢aze, rae Haubosiee WHPOPMUPOBAHHBIE areHTHl HMEIOT
JICHCTBUTEIBHOE MPEUMYIIECTBO HaJl OCTAJbHBIMH U PBHIHOK OKa3bIBAETCS HE
s¢dexTuBHBIM. KpoMe TOro, Mozaenb MO3BOJIAET AETANBHO HPOCIEIUTh, Kak
Ha pBIHKE 00pa3yeTcsi paBHOBECHE M KaK OHO HapylIaeTcs M0 MPUYHMHE TOTO,
YTO areHThl, KOTOpBIE BexyT ceOsl He3aBUCUMO, HAUMHAIOT BECTH ce0s €JMHBIM
obpaszom. Ha 3Ty Mozenb MOXHO OTYACTH OPHEHTHPOBATHCS U MPH PELICHUN
Oonee BaxHbIX mpoOieM. OaHa W3 mpobieM MomoOHOro poaa, KOTopas
BO3HHKAET NPU UCCIICIOBAHUM JTFO00 aJaliTHBHON CHCTEMBI, CBS3aHA C OYEeHb
OBICTPBIM M OYEHb PE3KHMM M3MEHEHHEM €€ COCTOSHHA. B pesynbrare Takoro
W3MEHEHUSs!, Ha3bIBAEMOT0 KaTacTpooid, CUCTEMa IIPUXOUT B COOTBETCTBHE C
OoKpyXaromeit cpernoif. Ha mnpaktuke katacTpodsl NPHUHOCAT OTPOMHBIE
paspyleHus U HeucuuciauMele OeactBus. [1oaToMy o4YeHb Ba)KHO MOHSTH WX
NPUYMHY U HAyYUTHCS UX BOBpeMs mpenckassiBaTh. [lep bak [45] pazpaboran
LEJIOCTHYI0O ~ TEOpPHIO  TaKMX  SBIGHMHA W Ha3Bal ee  Teopuei
«camoopranuzoBanHol kputuuHocTH» (Self-Organized Criticality). On
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MPEIIONIOXKHUIL, YTO KaTaCTPO(BI B CIOXKHBIX CHCTEMaX IIPOUCXOIAT HE TONBKO
BCJIECTBHE BHELIHUX IIPUYMH, HO U BCIEICTBHE TOTO, YTO MEJIKHE COOBITHS,
CKJIaipIBasiCh BMECTE, MOIYT IPUBOAWTh K LENHOM peakuuu. s
WJUTIOCTPANAX TIOJO00HOTO siBJIeHnS bak 0OBIYHO HCTIONB3yeT MeTadopy Kydu
IecKa, KOTopasi MEAJICHHO Hachimaercs cBepxy. IIpu 3Tom oueBHIHO, 4TO
BpeMs OT BpeMeHH OyJeT BO3HHMKATh CHTYyallus, KOTrJa JOCTaTOYHO BCETO
JUIIB OJHOW MECYMHKH, YTOOBI BBI3BATh JIaBUHY. [locie 3Toro Kyda ocenaer,
W Tpolecc MOBTOpsETCS CHOBa. MeTadopa Kydu mecka MO3BOJSIET MOHATH
MHOTHE PUPOIHBIE U COLUATBHBIE CUCTEMBI, Y KOTOPBIX MBI BUIUM OHY U TY
XKe [MHAMUKY: 3BOJIIOUUOHHUPYSA, 3TH CUCTEMBl CaMOOPIaHU3YIOTCS OO0
KPUTHYECKOTO IpeAeia, IOCIEe Yero CTPEMHUTENBHO Ppa3pyLlaroTcs, YTOObI
3aTeM OISITh CIIOHTAHHO OpraHu3oBaThci. B pabote [46], koTopas sBiseTcs
ogHOH u3 0a30BBIX B SKOHO(QHU3UKE, AaBTOPbl NPUMEHWIH TEOPHUIO
CaMOOPTaHU30BAaHHON KPUTHYHOCTH K (POHAOBOMY PBIHKY. OHH MOCTPOHIN
MOJIeNIb, B KOTOPOH BCE [EHCTBYIONIME Ha 3TOM pPBIHKE areHThl OBUIN
pas3ziesicHbl Ha pallMOHAJIBHBIX MHBECTOPOB (Ar€HTOB, KOTOPHIE MOKYMAIOT H
NPOJAIOT AKLUUU MCXOAS M3 Pa3HULI MEXAY KOTUPOBKOM aKIUU U
«CHpaBeATNBOMN» LEHOM) U NIYMOBBIX TPEHIEPOB (areHTOB, KOTOPBIE CIEAYIOT
TPEHAY, YTOObI H3BJIeUb NPHOBLIL Os1aroaaps KPaTKOCPOYHBIM U3MEHEHUSIM Ha
pbiHKe). Bosblnyro yacTh BpEMEHHU YMCIIO MEPBBIX U BTOPBIX COATaHCUPOBAHO.
OnHako, KOrja IeHbl HAUMHAIOT PacTH, YBEIWIMBACTCS YUCIIO PAlMOHATBHBIX
HWHBECTOPOB, JKEJNAOIIMUX MpoAaTh aKUMU U yUTH ¢ pbiHKa. Ha nx mecto
MIpUXOJUT BCE 6OJ'II)IHCC YHCJIO HIYMOBBIX Tpeﬁ[lepOB, KOTOPBIX HNPHUBJICKAOT
pactymye 1eHsl. Takum 00pa3oM, BO3HHKAET (a30BbIi Mepexo/], B pe3ysibTare
KOTOPOTO PE3KO BO3pAcTaeT OTHOCUTEIHHOE YMCIIO IIIYMOBBIX TpeiiepoB. OTo
MPUBOIUT K CHIIBHOMY POCTY LI€H, 00pa30BaHUIO «IIy3bIPEi» U MOCIEAYIOIINM
obBasiam. CrieryeT 3aMeTHTh, YTO TEOPHsI CAMOOPTaHU30BaHHON KPUTUYHOCTH
JaeT BO3MOXKHOCTB JIMIIb Kauy€CTBEHHO MOHATh BO3HMKHOBEHHE KaTacTpod.
OnHako OHa HE MO3BOJIAET MPOCIECIUTh BOZHUKHOBEHHE M Pa3BUTHE KaXKIOH
OTIENBbHON KaTacTpodpl. DTy mnpobieMy MNPUMEHHUTEIBHO K (OHIOBBIM
peiaKaM otdacty peurin dunbe Coprerre [47]. OH mokaszaln, 9YTo HEIWHEHHOe
B3aUMOJICUCTBHE PallMOHAIBHBIX UHBECTOPOB U IIYMOBBIX TPEUIEPOB MOXKET
NPUBOIUTH K TOSIBICHHIO KPUTHYECKOW TOYKM . Ha BpPEMEHHOM OcH, B

KOTOPOH BEPOSTHOCTH pe3Koro oOBama SBISETCS MaKCUMaidbHOW. B
OKPECTHOCTH 3TO¥ TOUKHM LIeHOBOH psin Pp(t) umeet Bux [47]:

p(t) =a, +a(t. —t)"[L+bcos(wIn(t. —t)+C)], @
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rae a,,a,,7,b,@,C — KoOHCTaHTHI.

N3 dopmyist (1) BunHO, 4TO 10 Mepe NPUOIIKEHUS K MOMEHTY t. (yHKIus
p(t) coBepmaet Bce Oolee OBICTpBIE KOJICOAHHS, TIEPHO KOTOPBIX CTPEMUTCSI
K Hymo. Takum oOpa3om, mnosBieHue y ¢yHkuun p(t) n0a00HBIX

OCHWUIALIMY MOXKHO PacCMaTpUBaTh B KaueCTBE MPEIBECTHHUKA KAaTacTPO(bI.
[Ipu 3TOM, MOCKOJIBKY OTHOLIEHUE ABYX MOCIEAOBATEIbHBIX MEPUOJOB TaKUX
OCUMJUISIUMKA  OCTaeTCAd IOCTOSHHBIM, TO MCXOAs W3 TIOJIOXKEHHS TpeEX
MOCIEA0BATEIbHBIX JIOKAJIBHBIX MakCHMyMoB t .t ..t MOXHO OILICHUTD

n?n+l? tn+2
3HaveHue t. mo gopmyie:
2, -t

n+l t

n+2°n . (2)
2tn+1 - tn - tn+2

t. =
Ucnone3yss 31y Meroauky, COpHET HcciefoBal BCE OCHOBHBIE Kpaxw,
W3BECTHBIC U3 UCTOPUU (PMHAHCOBBIX PHIHKOB. B pe3ynbrare BBISICHHIOCH, YTO
MOBE/ICHNE IIeH Mepe]] KpaxoM BO BCEX CIyyasX JOCTATOYHO XOPOIIO MOXHO
npubmu3uTh Gopmynoit (2). OgHAKO MPH MOMBITKE HCIONB30BaTh (2) Ass
npeacKa3aHus 00BaJOB B PEaIbHOM PEXHME BPEMEHH, BBISICHWIIOCH, YTO OHA
pabotaeT nuip B OOJBIIMHCTBE, HO HE BO Bcex ciyyasx. Kak okazanocs,
OKOHYATENbHOE pelIeHre NpoOIeMbl MpPEACKa3aHusl KaracTpod sBisieTcs
3ajaueil Oojee CIIOKHOW M, BO3MOXKHO, /A0 KOHIA IPHHIUIHAILHO HE
pa3penmmMoii.

Ocob6oe MecTo B 3koHO(DM3MKe 3aHNMaeT padoTa [48] rae HeoKUAaHHO OblIa
oOHapyXeHa aHaJOorHs, KOTOpas CYIIECTBYET MEXIy SHEpreTHYeCKUM
KackajioM B THIPOJUHAMUYECKON TypOYJIEHTHOCTH W WH(POPMAIMOHHBIM
KackajoM Ha (UHAHCOBOM phiHKe. Kak W3BECTHO, B TpPEeXMEpHOM
TypOyJIEHTHOM TIOTOKE KWHETHYecKas JHEeprusi mepenaercs OT OONbINUX
MPOCTPAHCTBEHHBIX MAaclITa00OB K MaJbIM, HadyWHas C HEKOTOPOro
XapakTepHOro Macirtaba, Ha KOTOPOM HPOHMCXOAWUT IOJAKAa4YKa SHEPrHU CO
CTOpOHBI BHEIIHeH cwibl [27]. IIpu 3TOM CylecTByeT HEKOTOPBII MHTEpBal
MaciiTaboB  (MHEPLUMOHHBIA  WHTEpBall), TIAe Bce  HaOIOAaeMble
xapakTtepucTiuku g, (X) (B JaHHOM CydYae CTATUCTHYSCKHE MOMEHTBI IMOJIS

CKOpOCTI/I) YK€ HC 3aBHCAT OT XapaKTCPpHOI'O Macimraba W SBIISIOTCS
MNPOCTPAHCTBCHHO OJHOPOAHLIMU. 910 03Ha4acT, 4YTO IpH HU3SMCHCHUU
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Mmacmrada X — AX ¢yHKImA ;(X) IpOCTO YMHOKAeTCsl HA HEKOTOPOE YHCIIO

i = u(A) . ApyrumMu cioBamu,

9 (4x) = u(2)g; (x) .
PerirleHneM 3TOro ypaBHEHHS SIBISICTCS CTEIICHHAST ()yHKIIUS
g (x)=cx*,

rae  C,o; —HEKOTOpble KOHCTaHTBL. CpaBHHTE C (DpakTalbHOH pOJIBIO

cTeneHHbIX 3akoHOB 10 [lpenepy.

ITpn sTOoM, moOKaszaTenb ¢;, HA3bIBACTCS Pa3MEPHOCTbIO (yHKIMU J;(X) .

CreneHHBIE  3aBUCHMOCTH  SIBISIIOTCS  OTJIMUUTENBHBIM  TPU3HAKOM
MaciTaOHOH MHBAPUAHTHOCTH, MOCKOJIBKY KOAPPHUIUEHT

/—Lai — gi (A’X)
g; (x)

HE 3aBHCHUT OT X.DTO 03HA4aeT, YTO OTHOCUTEJIbHOE 3HAUCHHE HAOJII01aeMO
BEIIMYMHBI 3aBUCUT TOJNIKO OT OTHOIIeHHs MacmTaboB. Ilpu 3Towm,
pacnpezie/iecHue BEPOSITHOCTH M3MEHEeHHMsi AX Ha BpeMeHHOM Macitabe At
SIBIIIETCS. OJTHOPOJIHBIM TIIpH Bapualusix At OT HECKOJIBKHX MHHYT 0
HecKosbKux JHeil. Kpome Toro, 3to cemeiictBo pacmpexnenenuii P, (AX)

YIUBHUTEIHLHO HAITOMHHAET MPH COOTBETCTBYIOIIEH HOPMHPOBKE CEMENCTBO
pacnpenenenuii P, (Au) g pasHoctH ckopocTer AU B TOUKax,

HaxXOJAIIMXCs Ha paccTossHUU Al B TypOyJIeHTHOM MOTOKE. DTO BBI3BAHO TEM,
YTO HAa PBIHKE CYIIECTBYeT MEXaHHW3M pPAaCIpPOCTPAaHEHUS BO3MYIIECHUH,
HAallOMHUHAIONIMI  TypOyjeHTHbI  Kackam [27]. Tlpu arom, poib
MPOCTPAHCTBEHHBIX MACIITA0OB WIPAlOT BPEMEHHBIE MAacCIHITa0bl, a pOIb
sHepruu — uHpopMarusa. bonee Toro, kak mokazaHo B [48], maxe XOpoIIo
M3BECTHAs TMEPEMEXKAeMOCTh MEXAY TypOYJIEHTHbIM U JIaMHHAPHBIM
IBW)KEHHEM HMEET COOTBETCTBHE Ha pBIHKE B BHJE IEPEMEKAEMOCTH
KJIACTEPOB BBICOKOM W HH3KOW BOJATWIBHOCTH BpeMEHHOro psna. Hamo
CKa3aTb, YTO dTa paboTa OKa3ajoCh MPaBMWIIBHOHN Juilh oTdyacTH. OJHAKO BO
MHOTOM WMEHHO OHa HMHUIIMMPOBANIa IENBId MOTOK paboT, MOCBSIICHHBIN
YCTOWYHMBBIM CTENIEHHBIM 3aKOHaM. Takue 3aKOHbI ObUIM YCTaHOBJICHBI, B
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YaCTHOCTH, JUTsI PaCIpeICIICHUs] JOXOTHOCTU aKIui, 00beMa POIaX U YuCiia
caenok [27].

K camoMy u3BEeCTHOMY pe3yNbTaTy 3KOHO(MHU3WKH, MOKHO OTHECTH PaboTy
Mantenbst u CTeHIIM, T/I€ OHU SKCIICPUMEHTAJIbHO TMOKazamu [27], d4to
INIOTHOCTH BepostHocTH P(Z,,) m3menenus nunekca S&P500 Ha nntepBaie

At ot 1 MuH. 10 1 Mec. ONUCHIBAIOTCA «yCEUEHHBIM» pacnpezeneHueM JIeBu.
Takoe pacmpenencHrue B CBOCH IICHTpanbHOM dacTh (TIe W3MEHEHHS HE
MPEBHIIAIOT I[IECTH CTAaHAAPTHBIX OTKJIOHEHWI) COBMAJaeT C OOBIYHBIM
pacnpeznenenueM JleBu, a Ha Kpasgx OHO «OIYCKAeTCs» HUKE IOCIEIHEro,
0CTaBasiACh MpPH 3TOM 3HAYUTCIILHO BBIIIC Ir'ayCCOBLIX pacnpez{eneHI/H‘/’I C TEM K€
o . Pacnpenenenne JleBu HOpMUpPOBAaHHOW Ha a BENHYMHBI Z,, B JTAHHOM

cilydae JJis BceX HHTepBajoB At mumeer Bup [27]:
2 T — At

R(B) == [cos(Bx)e ™ dx, 3)
%

rne a=14, y=000375, p=2Z,lc, Z,=Y@{A)-Y({t-At), Y() -
3HaueHWe wHAekca S&PS500 B MoMeHT BpeMeHW t. 3ameTwM, 4YTO eCiH
rpaduku ¢ pa3nuIHbBIME At TPUBECTH K HOPMHUPOBAHHOMY MacIITaly

Z, =2, I (At"),

TO BCE OHHM COBIAIYT. DTO O3HAYAET, YTO YCEUCHHOE pacmpeseineHue Jleru
JUTSI MTHTEPBAJIOB OT 1| MUH. 10 1 Mec. SBISETCS OMHOPOIHBIM MO At Tak ke
kak u umcroe pacnupeneneaue Jlesu (3). [HampHeimue wuCciemoBaHus
MTOKa3aJId, YTO 3TOT 3aKOH OCTAETCS BEPHBIM U IS APYTHX WHICKCOB, a TaK
)K€ JUIA OTHAENbHBIX akiuid. [Ipu 3TOM B KaXIOM cily4ae TMOSBISETCS CBOU
mokasarenb ¢ . Kpome Toro, okasajgoch, uro HauuHas oT At=1wmec. u
0oJbllle, A3TO YHHBEPCAILHOE pACIPEJeICHUE HAYMHACT CXOJHUTHCA K
raycCOBOMY pacIpeIeICHHIO.

1.6. ®pakTajJbHBIe CTPYKTYPbI

OmvH UW3 OCHOBOIOJNATAIONIMX NPUHIUIOB HAyKH — CYIIECTBOBaHHUE
OOBEKTUBHBIX 3aKOHOB, KOTOPHIM TOJYUHSCTCS JIOOOH, CIIOHTaHHO
BO3HUKAIOIIUH TOPAIOK, a TaKKe Bepa B TO, YTO MOPSIOK MOXKET OBITh
OTIFICAaH Ha S3BIKE MaTeMaTHKH [49].
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OnHUM W3 TMPHUMEPOB TAKOTO MOpPsAKa sBIsieTCs (pakTajabHBIE CTPYKTYPBI,
KOTOpbIE BO3HHMKAe€T paBHO M B TeOpUH (PAa30BBIX MEPEXOAO0B, U B
TypOyJIEHTHOCTH, U B TEOPUH CaMOOPTaHU30BAHHON KPUTHYHOCTH.

CornacHo omHOMY M3 ompeaenenuii benya MannensOpora [49] «dpakramom
Ha3bIBACTCSI MHOXKECTBO, XaycIopdoBa pa3sMEpHOCTH KOTOPOTO CTPOTO
OonpIlE €ro TOMOJOTHYECKOH pa3MepHOCTH». UTOOBI pacKphITh 3TO
OIpesieNieHne, HAlOMHUM O IBYX NPUHIHUIHAIBHO PA3IMYHBIX ITOAXOIaX K
HOHATHIO  pasMepHOcTH. C  TOYKHM 3peHHs IEpBOTO, Pa3sMEPHOCTh
reoOMeTpHYecKol (QUrypel - 95TO MHHUMAalbHOE YHCJIO KOOpAMHAT,
HCO6XOI{I/IMBIX i1 €€ ONMCAaHUA KaK MHOXKECTBAa TOYEK C COXpPAaHCHHUEM
CTPYKTYPBl €CTCCTBCHHOM OJIM30CTH: HAmpuMmep, IS ONUCAHHs JIUHUH
JOCTAaTOYHO OI[HOP'I KOOpAWHAThI, AJId OIKMCAaHHA MOBEPXHOCTU — JABYX, IJIA
ONHMCaHMs Tena — TpexX KoopauHAT. IToCKONBKY 3Ta pa3MEpHOCTH SBISETCS
TOIIOJIOTUYECKMM  WHBAPHAHTOM  (T.e.  COXpaHSAETCS TPH  B3aHMHO-
OTHO3HAYHOM U HEMPEephIBHOM B 00€ CTOPOHBI OTOOpaXEHHWH), TO €e
Ha3bIBAIOT TONOJOTUYECKO pa3MEepHOCTBIO U 0003HadaroT D, . DToT moaxon

oTpakeH B m3BecTHBIX paborax Ilyankape, bpayspa, Menrepa, YpsicoHa,
JleGera u np. C TOUKH 3peHUsI BTOPOTO MMOIX0/1a, pa3MEpHOCTb — 3T0 yncio D
BBIP@XKAIOIIEE CBA3b €CTECTBEHHOHM MEphl TE€OMETPUYECKOr  (Qurypsl
(HampuMep, JJIVHBL, TUIOIIAAN WIM 00beMa) ¢ BEIMYMHOW (B JaHHOM Cilydae
JUITMHOM), TIOJIOXKEHHONH B OCHOBY HMCXOJHON MeTpuueckoi cuctembl. Ecnu
METPUYECKUN ATAJIOH TAKOH BEIWYMHBI, IIPUHATHIA 34 €IMHHUILY, YBEJIUYUTh
(yMeHbIIUTE) B b pas3, To ykazaHHas Mepa ymeHbluTCs (yBeauuurcs) B b°
pa3. OTy pa3MEpHOCTb Ha3bIBAlOT METPUUYECKOW. JICTOYHMKOM Takoro
OIIpENeNICHUs SIBJISICTCS CIIEAyIollee BhIpaKCHHE Ui OOBIYHOM Mepsl M
(IUHBI, TUIOIIATX WM O0bEeMa) IMPOU3BOJIIBHONH TI'€OMETPUYECKON KpHUBOM,
[IOBEPXHOCTH WM TENA:

M =lim[N(6)5°], D=1,2.3,

rie  N(J) —umcino cummiekcoB (OTPE3KOB, KIETOK HIM KyOOB) ¢

reoMeTpuueckuM (akTopoM (JIMHEWHBIM pa3MepoM) &, ONpeAeSIOIIUX
annpOKCUMAIMI0 HMCXOJHOrO MHOXKecTBa. Ha oOCHOBE WMMEHHO 3TOro
BeIpakeHHst, Xaycaopd B 1919 r. mpennoxxun cBoe 3HAMEHUTOE OIpeAeIICHIE
pasMEpHOCTH AJsl Cilydas KOMIIAKTHOTO MHOXECTBA B IIPOU3BOJIEHOM
METpUIECKOM mpocTpancTse [50]:
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D=limlinN(8)/In(L/ &)]. (4)

rie N(J) — MUHUMAaNIbHOE KOJIMYECTBO INAPOB paanyca o , MOKPHIBAIOIINX

3TO MHOXECTBO. 3aMETUM, UYTO IUIsI OOBIYHBIX PErYJISPHBIX T€OMETPUUECKUX
¢uryp D =D,. Onnako, mis Oomnee 3K30THYECKUX MHOXECTB (a MMEHHO

¢pakranos) D> D;. Cnemyer oTMETHUTb, YTO €CIM HCXOJHOE MHOMKECTBO

MOTPY>KEHO B EBKJIMIOBO IPOCTPAHCTBO, TO B OMNpeAcieHHH (4) BMECTO
MOKPBITHI 3TOr0 MHOXECTBa LIapaMH MOXKHO OpaThb JI00OBIe JIpyrue ero
anmpoKCUMaNWud  OPOCTHIMH  (urypamu  (Hampumep,  KJIETKaMH) C
reomeTrpuyeckuM Qakropom & . [Ipu 3TOM Hapsiy ¢ HUCXOAHON cepruecKon
pasmepHOcThI0 D mosBnAOTCS  HOBBIE  (PpakTadbHBIE —Pa3MEPHOCTH
(x1erouHasi, BHYTPEHHSA U T.J.), KOTOpbIe, KaK INpeaeibHble 3HAUCHUS MpU
0 — 0, 00b14HO coBMnaaarT. OAHAKO CKOPOCTH CXOAMMOCTH K 3TOMY IIPEICITy
JUT TaKUX pa3MepHOCTeH MOKeT OBITh BechbMa paznuuHoil. [lockonmbky Ha
MPAaKTUKE Pa3MEPHOCTh BBIYMCIIAETCS HA OCHOBE KOHEYHOT'O YHCIa TOKPBITUH
WIA [IpYTUX AamnmnpoKCUMauuil, TO NPaBUJIbHBIA BBIOOP MOCIEAHHUX MOXKET
HUMETH MPUHIUIIMAJIBHOC 3HAYCHUC.

Puc. 2 — Kpusas Koxa Ha nepBbIX miecTH marax UTepaium

[lepBonayansHOe ompeneneHue (4) paccMaTpUBajoOCh JIMIIL KakK yIoOHOE
CPEICTBO I CHUCTEMAaTH3aIlMH Pa3IMYHBIX «HATOJIOTHMYECKHUX» MHOXKECTB
tina ¢yHkuuu Beeprmitpacca, kpuBbix [leaHo W HMX MHOTOYHCIIEHHBIX
pa3sHOBUAHOCTEH, KOTOpbIE BO3HHMKAIOT €CTECTBEHHBIM 00pa3oM Ipu
00CYXJIeHUM OCHOBAaHUI MaTeMaTH4ecKoro aHanu3a. [lockonbky Bce Takue
MHOXECTBA, HECMOTpPS Ha CBOIO KpalHIOIO HEPEryISpHOCTb, OOBIYHO
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VHBapUAHTHBI OTHOCUTEIHLHO MACIITa0HBIX MPeoO0pa3oBaHUl, TO BCE OHU
nMeroT xaycnophoBy pazmepHoCTbh. [Iprdaem, Kak mpaBmIilo, 3Ta pa3MepHOCTh
OKa3bpIBaeTCs ApoOHOM. Jlamee MBI pacCMOTPUM IPOCTEHIIHE TPUMEPHI TAKUX
MHOKECTB, YTOOBI Ha JTHUX MpHUMepax TIOSCHUTh HIEI, KOTOpas CTaHeT
OCHOBHOM TIPH UCCIICIOBAHUN BPEMEHHBIX PSIOB.

[TepBrrit npumep — 310 KpuBas Koxa. CTpoUTCst 0Ha ¢ IIOMOIIBIO UTSPATHBHOMH
(moBTOpsromeiics) mporenypbl. Ha HynmeBom miare Oepercsl €IMHWYHBIN
oTpe3ok (puc. 2). Ha mepBoM mrare 3TOT OTPE30K ACTUTCS Ha TPU pPaBHEIC
yacTH. 3aTeM Ha CPeJHEH 4acTH CTPOUTCS PABHOCTOPOHHUI TPEYTOJIBHUK U
€ro OCHOBaHWE BbIOpachiBaeTcsl. Jlanmee Ha KaXIOM CJEIyIONIeM  IIare
MOBTOpsieTCd Ta K€ TMpoLeAypa CO BCEMH OCTaBIIMMHUCA OTPE3KaMHU.
MHOXeCTBO, KOTOpPO€ MOJIY4YaeTCsi B pe3yJbTaTe TaKOW WTEPaTUBHOMN
npouenypsl, Ha3zpiBaeTcsi kKpuBoil Koxa. Hano ckazate, 4To Bce MOAENbHBIE
¢pakTanbl CTPOATCST Kak Mpenen  IOCJIEAOBaTEIbHOCTH  HEKOTOPBIX
KOMIUTEKCOB. Takne KOMIUIEKCHI MaHIenp0poT HaszBal npeddpakmaniamu.
dns  BeludmcneHuss  pasMepHoctd  kpuBod  Koxa B kadectBe
MOCJEIOBaTEIFHOCTH  amMpoOKCUMaluid  yoqoOHO  BOCIONIL30BATHCS €€
npecTaBiIeHueM Ha N -M mare urepanuu (mpeappakranoM N -ro MOKOJICHUs).

B 3TOM cllyda¢ OHO O JACT  AlllIPOKCUMHPOBAHO 4n OTpE3KaMn
&

yMmeHbiieHHbiME B 3" pa3. M XOTS Takue anmnpoKCHMAIMd HE SIBISIFOTCS
MIOKPBHITHSIMH, OJTHAKO UMEHHO OHH JIJISl JAHHOTO O0BEKTa SBIIAIOTCS Haubosee

ecrectBeHHbIMU. Ecin teneps B3t & =(1/3)", T0 N(J)=4". Ilepexons

npeneny npu N—oo no ¢opmyne nonydaem D=In4/In3~1.26.... Takas
pa3MepHOCTh Ha3bIBAeTCsl BHYTpeHHeH. HeTpyJqHO Mmokas3arh, YTO B JIaHHOM
Cllydae OHa COBIAJAET C XaycAop(oBOi pa3MEPHOCTHIO.

A Xk X%

Puc. 3 — [loctpoenue cuexunku Koxa
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a)
A ia
A AA A
AA Ak
Aada v yvy
A Ad Ah
AA AA Ak AM
AA AA A'A ACA AV
A A LAOLLA  S04040
0)

Puc. 4 — Iloctpoenne xoBpa (a) u canderku (6) CeprmrHCKOTO

[lomyTHO 3aMeTHM, 4TO €CM B HYJEBOM NPUOIMKEHHUU B3ATh HE OTPE30K, a
TPEYrOJNbHUK C €AUHUYHOU CTOPOHOM M MPOAENATh ¢ KAKIOM U3 €ro CTOpOH
ONMCAHHYIO BBIIIE MPOLELYpPY, TO B pe3yjibTaTe IOJYyYUTCS MHOXKECTBO,
U3BeCTHOE Kak cHexxnHKa Koxa (puc. 3).

Bropoit mpumep — 310 koBep CepHUHCKOro, KOTOpBHIM cTpoutcss Tak. Ha
HyJIeBOM mIare Oepercsi eOMHWYHBIA KBazapar. Ha mepBoM — 3TOT KBajapar
JeNTUTCS Ha IEBATh PABHBIX KBaJIpaToB W BhIOpackiBaeTcs cpeanuil. Janee Ha
KaXJIOM CJIEAyIOIleM LIare 23Ta Ipoleaypa IOBTOpPSAETCS CO BCEMU
OCTaBIIUMUCSA KBaaparaMH. MHOKECTBO, KOTOpOE IIOJIydaeTcs B IIpefele
TakOW WTEpaTUBHOW IMpOLEAYpHl, Ha3biBaeTcs KOBpoM CepmuHCKOro
(puc. 4,a). Ins Beruucienus: GppakTalbHOW Pa3MEPHOCTH 3TOTO MHOXECTBA B
KadecTBe N-i anmpokcMMalnuu ONSTh HCHOJb3yeM mpeadpaktan N-ro

nokojeHus. B atom cmyuae oHOo Oyaer mokpeito 8" KBajgparamu,
yMeHbIineHHbiME B 3" pa3. Dt1o o3Hauaer, uro npu O =(1/3)", N(5)=8".

Ilepexoass k mpemeny mnpu h—»oo, momydaem D=In8/In3~=1.89....
AHanmornyHeIM 00pa3zoM ctpouTcs canderka CepruHCKOTo, MpeacTaBIcHHAS
Ha puc. 4,06
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Puc. 5 — 3aBucMMOCTE B JBOWHOM
morapudMudeckoM  Macmrabe — dmcia

CHUMILIEKCOB N () COCTaBJISIOIINX

InN(@) anmpOKCUMAITHIO, oT XapaKTEpPHOTO
e pasmepa cumiviekca o . Ecmum Takue

J arnmpOKCUMAITIH SIBIISTFOTCS

"’.»"" n(/e) npendpakTaiaMmu, TO CiTa “3aBI/ICI/IMOCTI>
= . SIBIISIETCSL JIMHEHHOM. B
MTPOTHUBOIIOIOKHOM 3aBHCHMOCTD

MPUOTMKATHCS K JIMHEWHOM B

acumnroruke mpu 0 — 0 [27]

3aMeTuM, 4TO anmpOKCUMAIIIH, KOTOPhIE MbI HCTIOIb30BAIIU B 3TUX CIy4YasX, B
HEKOTOPOM CMBICIIE ONTUMAIIBHBIM 00pa30M MPHOIMKAIOT COOTBETCTBYIOIIHIA
¢dpakTanm Ha KaxIOM Iiare urepaiud. VIMEHHO 3TOT (akT MO3BONSET HaM
NONy4YdTh 3HaueHHe D yxe Ha MepBOM MIare, 4YTO HEBO3MOXHO IpU
UCIIOIb30BAaHUH JPYTUX annpokcuManuid. st Toro 4ro0bl MOSCHUTH 3TO
Oosnee TOAPOOHO, ISl KAaKOro-MMOO M3 3THX JABYX INPHMEPOB IOCTPOUM
rpaduk, TAe MO TOPH3OHTAIBHON OcH oTiokeHbl 3Hauenus IN(l/5), a mo

BepTuKanbHOW — 3HaueHust INN(S) (puc. 5). Ilockonbky B 3TOM Macmitabe

BC€ CTCIICHHBLIC (bYHKI_II/II/I SBJIAIOTCA J'IHHeﬁHBIMH, TO CTCIICHb D
OIpeACIsaCTCd KaK TaHTCHC YIJla HaKJIOHa COOTBeTCTByIOI].IefI HpHMOﬁ.

OuesuHo, uto nipu O = (1/3)" Bce maHHble I yKa3aHHOTO TpUMepa OymayT

HaxoJIUTbcs Ha ogHOU npsimoil. Eciu sxe 1151 Beruncnenust D B aTom npumepe
WCTIONb30BaTh JIPYTHE AaNMPOKCUMAIMU, TO IIONYyYUTCS TpaduK, KOTOPHIH
JUIIb ACHMIITOTHYECKH NpuOmmKkaeTcs K mnpsmod. [lpm stom, ecnn
anmnpoOKCUMAIIMU BBIOpAHBI HEYJAYHO, TO TaKOE NMPHOJIMKEHUE MOXKET OBITh
BecbMa MeuleHHBIM. Jlamee, TpuW aHamM3e BPEMEHHBIX PSIOB, 3TO
coobpakeHne OyJeT OCHOBHBIM /ISl OCO3HAaHUSI HEOOXOAMMOCTH Tepexona K
ONTUMAJIBHBIM AMNPOKCHUMALUSM.

Kornma paccmarpuBanmucs mofgo0HBIE TPUMEPH, TO HUKTO HE HAJESIICA, YTO
MHOXECTBA C HETPUBUAILHON XaycIophoBOil pa3MEpPHOCTHIO MOTYT HMETh
Kakoe-1100 OTHOIIeHHE K npHupoje. Temnepb, BO MHOTOM Onarofapsi yCHIHAM
MangensOpota MBI 3HaeM, 4YTO (pakTajmbl OKPY)KalOT HAc IMOBCIOJY.
Hexortopeie n3 ¢pakraioB HEMpPEpHIBHO MEHSIOTCS, MOJOOHO IBIKYLIMMCS
o0iiakaM WM MeplalouleMy IUIaMEHH, B TO BpeMs Kak Ipyrue, MoJo0HO
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JepEeBbSIM WJIM HAIIUM COCYIUCTBIM CHCTEMaM, COXPAaHSIOT CTPYKTYpY,
MPHOOPETEHHYI0 B TpoIlecce HBOMIONWHU. [Ipu 3TOM peanpHBIA AMAa3oH
MacmITaboB, I7ie MOXKET HaOIroAaThes (hpaKTabHasl CTPYKTYpa, MPOCTUPAETCS
OT PACCTOSHHH MEXJy MOJIEKyJaMH B TIOJHMEpax JO PACCTOSIHUS MEXITy
CKOIJICHUSIMH TaJIAKTHK BO BCEJEHHOW. MOXXHO CKa3aTh, YTO BCE CHIIbHBIE
HEPeryJIipHOCTH B TPHUPOJAE  CTpeMsATcs  oOpecTH  caMOIoJOOHYIO
(ppaxTanbHyI0) CTPYKTYpPY Kak Hauboliee SHEPreTHUECKH BBITOJHYIO.

Obmyro crnenupuKky NTPUPOAHBIX (PAKTATIOB MBI TOSCHUM Ha TpHUMEpe
OeperoBoii InHUM, TeM 0oJiee, YTO ATOT NPUMED MPESACTABIACT UCTOPHUECKUH
uHTepec. VMeHHO 31ech BHepBbIe ObUIa OOHAapy)KEHAa 3aKOHOMEPHOCTH,
BIIOCJICJICTBHM OCMBICIICHHAs Kak (paKTaabHOCTh. B paboTe M3BECTHOTO
aHTJIMICKOro MeTeoposiora W Kaptorpada Puuapncona (BbIIEIIICH Yyke
mocne ero cMeptd B 1961 1.) ¢ MOMOIIBIO TOCIENOBATEIHLHOCTH BCe Ooee
TOYHBIX KapT W3MepsIICsS MepuMerp OeperoBoil nuHWHM BennkoOpuTaHww.
JlaHHBIE HAHOCWINCH HA TpaWK, I/Ie MO0 TOPU3OHTAIHHONW M BEPTHUKAIHHOMN
OCSIM OTKJIAJ[BIBAJIUCh COOTBETCTBEHHO JIOTapU(PMBI MacmTabHOTO (axTopa
KapTel M u nepumerpa P(mM). Pe3ynbTaT okazaiics mopasutebHbIM. JaHHbIC
MIOYTH TOYHO JIETJIH Ha MPSIMYI0. DTO O3HAYAET, YTO OJarojaps «I0BECKaM,
KOTOPBIC IMOABIAIOTCA IO MEPE YMCHLUICHUA MaCIlITa6HOFO (I)aKTopa KapThl,
nepumerp «pacxomutcs» (T.e. P(M)—>oo mpu m—>0), u npuyem mo
cTenmeHHOMY 3akoHy. OTcioma clienyer, 4to OeperoBas IIMHUS HWMEET
(pakTambHyI0 pa3MepHOCTh. J[eWCTBUTENHHO, TIOCKOJNBKY MacIITaOHBIHI
¢dakTop KapThl M MPsIMO MPONOPLHMOHANIEH MHUHUMAJIBHOMY Pa3IndHMOMY
pasmepy O («paspelieHuro» KapThbl), TO U3MEPEHHE MEPUMETPa C MOMOIIBIO
MOCJICZI0BATEIBHOCTH BCe 00Jiee TOYHBIX KapT MOXKHO MPEACTaBIATh Kak
M3MEpPEHHE C IIOMOIIBI0  IIOCJICAOBATEIIBHOCTH BCE 00JI€e  TOUYHBIX
anmpoKkcuManui OeperoBoil JIMHUK JIOMaHBIMU C pa3MepoM 3BeHa O . Torna
BEITIOJTHEHWE CTETICHHOTO 3aKOHA IPH Iepexoje K 0ojee TOYHBIM KapTam
MIPOCTO 03HAYAET YTO BHIMOJIHAETCSA CTEIIEHHOM 3aKOH [27]:

P(6)~6",

rae P(6) — nepumMerp, COOTBETCTBYIOIIMIA pa3pelieHHI0 J , @ — KOHCTaHTa, a

CHUMBOJI ~ O3HAa4aeT, 4To npu O — 0 BBIpaXKeHHUs crpaBa U cjieBa (KOTOpbIE
O0OBIYHO CTpEeMATCS K HYJIO I OCCKOHEYHOCTH) Pa3IndaloTcs He Oosee deM
Ha KoHCTaHTy. Eciu teneps ydecth, uro P(6)=N(5)5, rne N(J5) — umcno
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3BEHBEB JIOMAHOH, aNmpoKCUMUpytoulei nepumerp, 1o it N(J) momydum

BbIpa)KCHHE:
N(S) ~ o5,

OTKyZla cpa3y ClelyeT, 4To Oeperomas JIMHHS — (pakTal C Pa3ZMEPHOCTHIO
D =a+1 (cMm. hopmyny (4)).

Ha ocHoBe »5TOro mpuMepa OTMETUM OCHOBHBIE OCOOCHHOCTH BCEX
MIPUPOTHBIX ()PAKTATIOB B HX OTIUIHH OT MOJAETHHBIX [27]:

- BO-TICPBLIX, CBOMCTBO CaMOHOI[O6I/ISI JJI1 HUX BBIINIOJHACTCA KaK IIPaBUIIO
JIMIIb B CPEAHEM,

- BO-BTOPBIX, TIPU BBIUUCIICHHN (PaKTAILHONW pa3MEpHOCTH CTEIIEHHOHN 3aKOH
NposiBIIIET cebsi KaK «IIpPOMEXYyTOYHas acuMNToTHKa» (T.e. mpu J —0
Oepercs MacmTad, Majblii 0 CPAaBHEHHIO C HEKOTOPBIM XapaKTEpHBIM, HO
MHOTO 00JTbIIIe HEKOTOPOTO MUHHMAIBHOTO).

[TocnenHee o3HayaeT, 4TO MPHU MOCTPOCHUU COOTBETCTBYIOIIECH 3aBUCUMOCTH
B JIBOMHOM JOrapu()MUYECKOM MacIiTade CIeAyeT HCKIIOYNUTh MaciiTaObl
MopsiIKa MUHUMAIILHOTO, TPHYEM OCOOYIO pOJIb 3/I€Ch UIPACT «HCKYCCTBOX»
MPaBUIIBHOTO BIOOPA CUCTEMBI ampOKCUMAITUH.

1.7. Onpenesienne (ppakTaJbLHONH pa3MepPHOCTH BPpeMEHHBIX PSAI0B

Hwxe npuBeaem npoctoil cnoco0 BBYMHCICHUS (PAKTAIBHOW Pa3MEPHOCTH
D uepe3 knerounyro pasmepHocts D. . st onpenenenus pasmepHoctu D
pa3o0beM IUIOCKOCTh, Ha KOTOPOW OIpeesieH rpaguk BpeMEHHOIo psija Ha
KJIETKU pa3MepoM O H OnpeneiauM 4uciio kietok N(J), riae HaxoauTes XOTs
ObI ontHa TOYKa 3Toro rpaduka [27]. 3areM, Ipu pPa3IUYHBIX O B JBOHHOM
norapupmudeckoM Mmacmrabe moctpouMm  ynkumro  N(JS), KoTopas
anMnpOKCUMHUPYETCsl TPSAMOHM, HalpuMep, C MOMOILIBI0 METOAa HaWMEHBIINX
kBagparos (MHK). Torna D. ompezensiercs 1o yriry HaKJIOHa 3TON MPSIMOIL.
'maBHBIM HEOOCTATKOM TaKOTO MeToJa SBIAETCS TO, YTO BBIXOA Ha
cTeneHHyo acuMnToTHKY GyHKIuH N(5) mpu 6 — 0 00BIYHO MPOMCXOAUT

KpaiiHe MeIUIeHHO. bojee MmomyisipHBIM SIBISIETCS METOJA omnpereneHus D
yepes mokasatesb Xepcra H , KOTOpBIH IS rayCCOBBIX IIPOLECCOB CBA3aH C
D coornomennem H =2-D. OpgHako i1 HaIeKHOro BeUHMciaeHHsS H
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TpeOyeTcs CIMITKOM OOJIBIION pPEeNpe3eHTATUBHBIA MAcITad, COJIEpIKaIIui
HECKOJIBKO ThICSY MaHHBIX [50]. BHyTpH sTOrO MacmrTaba BpeMeHHOH psifl, Kak
MPaBUIIO, MEHSIET XapaKTep CBOETO MOBEICHHS MHOTO pa3.

UroObl cBsI3aTh JIOKAJbHYIO AMHAMHKY COOTBETCTBYIOLIETO Ipolecca ¢
(dpakTanbHOW Pa3MEpHOCTBIO BPEMEHHOTO psifa, HEOOXOIUMO ONPENCITHTh
pa3MepHOCTb D JokanbHO.  Jl;a  3TOrO  mombITaeMcs  HaWTH
MOCJIE/IOBATEILHOCTh ANMPOKCUMAIINH, KOTOpas TpH (QUKCUPOBAHHOM O
ObU1a OBl B HEKOTOPOM CMEICIIE ONTHMAJILHONW. YMHOXUM 00¢ dactu (4) Ha
1/ 6 wuBBenem D mop 3uak morapudma. B pesynbrare moaydnm:

N(©)~d"° npu § —>0. (5)

Ecnu Tereph yMHOXHTB 00e 4acTu (5) Ha &2, TO onpejeleHue Pa3sMEPHOCTH
MOYKHO MIEpENncaTh B BUJIE CTEIICHHOTO 3aKOHA TSI TUTOIIA I aIllipOKCHMAIUHA
S(5):

S(5)~06°" mpu 5 —0. (6)

3ameTuM, 4To Takas Gopma B oTauuue oT (5) He TpedyeT, YTOObI CHMIUIEKCHI,
U3 KOTOPBIX COCTOMT anNpPOKCHMAIMs, OBUTH OJMHAKOBBIMH. J[0CTaTOYHO
TOTO, YTOOBl OHM MMEJNH OAWH M TOT )K€ TeOMETPHYECKHil (pakrop O . DTO
MO3BOJISIET HaM KCIIONB30BATh aNPOKCHUMAIIUK, KOTOphIE TPU JJAHHOM O B
HEKOTOPOM CMBICIIE HAMITYyYIITHM 00pa3oM MPUOIKAIOT UCXOIHYO (DYHKIIHIO.

1.8. ®pakTajibHOE MOJEJIMPOBAHUE OTHOMEPHBIX BpeMEHHBIX PsiI0B

JelicTBuTenbHO, MycTh Ha otTpeske [a,b] 3amana dynkmua y=f(t),
uMmeromas He 6oyiee KOHEYHOTO YKCIIa TOYEK pa3phiBa MEPBOTO POAa: HMEHHO
Takue (YHKIUM €CTECTBEHHO paccMaTpuBaTb B KauecTBE MOJENBHBIX,
Hampumep, Uil (UHAHCOBBIX BpEeMEHHBIX pAnoB [27]. BBenem paBHOMepHOE
pa3OueHue oTpe3Ka

o, =la=t, <t <..<t, =b],
rne t—t,=0=(O-a)/m (i=12,..,m). Ilokpoem rpapux 31Ol QyHKIUH
MPSIMOYTOJIbHUKAMH ~ TakKuM  00pa3oM, 4dTOOBI 3TO TMOKpPHITHE  OBLIO

MUHMMAJIbHBIM (TI0 IUIOLIAIM) B KJAacCe€ IMOKPHITUH IPSMOYTOJbHMKAMU C
ocHoBanueM O (pwuc. 6). Torna BbicOTa MpsIMOyrojibHUKA Ha oTpeske [t ,,t;]
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Oymer paBHa ammuryge A(JS), KoTopas SBISETCS Pa3sHOCTBIO MEXIY
MaKCHUMaJbHBIM W MUHUMaJbHbIM 3HaueHueM ¢yHkiuu f(t) Ha >TOM

OTPEC3KE.

BBeﬂeM BCHI/ILII/IHy:
V,(6)=2 A ). @

Torna monHy WIomaas MUHUMAIILHOTO MTOKPBITUS S u (6) MoxkHO 3amucarhb B

BUJIE:

S,(0)=V;(6)s.

[ToaTomMy u3 (6) ciemyeT, 4TO

V,(8)~d* npu 6 -0, (8)
e
u=D,-1. 9)

Pasmeprocte D, B [27] HasBaHa pasmeprocmbio  MUHUMANbHOZO
nokpoimus. Yrtobel cootHectn D, ¢ ApyruMu pasMEpHOCTAMH M, B
YaCTHOCTH, C KJIETOYHOH pa3MepHOCThl0 D., mocTpoMM KIETOYHOE
pa3buenue miockoctu rpaduka ¢ynkmum f(t), xak mokasaHo Ha pwuc. 6.
ITycte N, () — umcno xieTok, nmokpeiBaromux rpaduk f(t) BHYTpH OTpeska
[t_,.t;]. Torma:

0< N, (5)5% — A(5)5 < 25°. (10)

Pa3ienum 310 COOTHOIIEHHE HA O W TpOocymMmupyeM 1o i ¢ ydetom (7). B
pe3yJibTaTe MoJIyduM

0<N(8)5-V, (5)<2(b-a),
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Puc. 6 — MunnmanpHOe (YepHBIH MPSIMOYTONBHUK) W KIETOYHOE (CephlIit
psSMOYTOJIEHHK) TOKpeITUs pyrkuuu f (t) Ha maTepBane [t .t ], xmuHolt &

[27]
rie  N(J)= Z N.(0) —ectb moJaHOE YHCIO KIETOK pasMepa O,
nokpeiBatonmx Tpaduk ¢ynkomu f(t) Ha orpeske [a,b]. Ilepexoms k
npeneny npu o — 0, ¢ yuerom (8) u (9), monmyunm:

N(5)S ~V, (8) ~ 6" =5,

C npyroii cTOpOHBI, corsiacHo (6)

N(5)S=S.(0)d~5" .

Cnenosarensro, D, =D,,.

3amMeTHM, OJHAKO, YTO, HECMOTpS Ha 3TO PaBEHCTBO, [UIsl PEaJIbHBIX
¢dpakTanbHBIX QYHKIMA MUHUMAJIbHBIE M KJIIETOYHBIE IOKPBITHSI MOTYT 1aBaTh
pa3nuyHbIe NPHOIVKEHUS BEMUYUHBI S(J) K aCUMITOTHYECKOMY PEKUMY

(6), MMPpUYCM BCJIIMYMHA 3TOI'0 pa3Iinvus MOKET OBITh BeCbMa 3HAYUTEIILHOM.

Bosepawasice k dopmyse (9) samerum, 4ro nockonsky D, =D wu mus

ogomepHoit ¢ynkimu D; =1, to 4=D-D;. B [27] unnekc u Ha3BaH
unoexcom ¢paxmanvuocmu. Ilpu ananmse (GUHAHCOBBHIX BPEMEHHBIX PSAIOB
€ro paccMaTpHBalOT KaK OCHOBHOHM (pakTaibHBIA mMokazarens. Ha puc. 7
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NpeaACTaBJICHO MMO3TAITHOC (bpaKTaJ'ILHOC MOACIUPOBAHUC BPEMCHHOI'O pAaa Ha
OCHOBE €I0 TpE€HJA.

Tpenn

Bpems

Puc. 7 — IlosranHoe ¢pakTambHOE MOAEIMPOBAHHE BPEMEHHOIO psAga Ha
OCHOBE €ro TpeHa

1.9. ®unHaHCOBbIE BpeMeHHbIE PSAIbI

Ocoboe 3HaueHNe (PpaKTaTbHOTO aHAIM3a BPEMEHHBIX PSJIOB B TOM, YTO OH
YUUTBIBACT MOBCACHUE CHUCTEMBI HE TOJIBKO B IIEPUOI H3MepeHHI7[, HO U €ro
npeasicropuio [27].

Hnst ¢pakTanbHBIX BpPEeMEHHBIX pPAOOB Ha wuHTepBasie t, <t<T pasmax

mapameTpa R ompenemnsercs Kak

R(r)= max B(t) - min B(t),

1 3aBUCUT OT BpCMCHHU t creneHHbIM o6pa30M:
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2-D

R() = R(t,) ti ,

rne D — dpaxrampHas pa3MepHOCTh BpeMeHHOTo psaa. Mcxons w3 mqaHHOTO
BEIp@XEHHS, MOXXHO TpeAcKa3aTh BO3MOXHOE 3HAa4YeHHWE  pa3Mmaxa
WHTEPECYIOIIEro napameTpa B OyayIeM.

@dpakTanbHas pa3MEpHOCTh, SBISIETCS TIOKA3aTelieM CIOXKHOCTH KPUBOM.
AHanmm3upysl ~ 4epelloBaHHE  y4YaCTKOB C  pa3NuyHOW  (PpaKTaIbHON
Pa3sMEpPHOCTHIO U TEM, KaK Ha CUCTEMY BO3JICHCTBYIOT BHEIIIHUE M BHYTPECHHHE
(hakTOpBI, MOYKHO HAYUUTHCS TIPEICKA3HIBATH IOBEACHUE CUCTEMBI.

6.5
6.45
6.4
6.35
6.3
6.25
6.2
6.15
6.1
6.05
6

5.95
21.12.97 9.02.98 31.03.98 20.05.98 09.07.98 28.08.98

$/

D=138 D=1.65

i

.
2

;
E

X
3
3

Puc. 8 — 3aBucuMoCTh Kypca Jouiapa 1o OTHOIIEHUIO K POCCUHCKOMY PYOITHO
BO BpeMs Kpusuca 1998 rona

U ugro camoe TJIaBHOC, MOXHO HAYUUTHCA NPCACKA3hIBATh JUAIHOCTUPOBATH U
IIpE€aAcCKa3bIiBaTh HECTAOMJIbHBIE COCTOSHHS.

CyI1eCTBEHHBIM MOMEHTOM 3TOI'0 MOJX0/a SBISICTCS HAJIMYME KPUTHUYECKOTO
3Ha4YeHUs PpakTaTLHON pa3MepHOCTH BPEMEHHON KPUBOM, TIPH MPHOIMKESHUN
K KOTOPOMY CHCTeMa TepsAeT YCTOHYMBOCTh M IEPEXOJUT B HECTaOMIIbHOE
COCTOSIHME ¥ TapaMeTphl OBICTpO JMOO BO3pacTaer, OO0 yOBIBaeT, B
3aBHCHMOCTH OT TEHJICHIIUH, UMEIOIICH MECTO B JAHHOE BpEMsl.
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OTO XOpoIIO BUAHO, €CIH aHAIW3WPOBATh JWHAMHUKY Kypca Jojuiapa Io
OTHOIIIEHUIO K pOCCHiicKoMy pyOmo Bo Bpems kpmsuca 1998 roma. Ona
mobpakeHa Ha puc. 8. IlpocaeauB w3MeHEeHWE NTWHAMHKH (QpPaKTaTbHON
pPa3sMEpHOCTH BPEMEHHOTO psAJa, MOXHO 3aMETHTh pE3KUH  MOIbeM
(pakTanbHOM pa3MEPHOCTH HEMOCPEJCTBEHHO Tepe]l CKAauKOM Kypca JIoJuiapa.

To ecthb (pakranpHas pPa3MEPHOCTh ONPEACICHHOW BEIHYMHBI MOMXKET
HCIIONTH30BAThHCS KaK MHAUKATOp Kpu3nuca win "diar" xaracTpodsl.

AHanm3 SKCTIIEPUMEHTAIBHBIX JTAHHBIX IMOKA3bIBACT, YTO JHHUS TPEHMAQ JUIA
BPEMEHHOTO PsAJIa XOPOIIIO OTMHICHIBAETCS YpaBHEHUEM [27]

Kf (to)(t _to)

YO =)+

)
rae Y(t,) —cpeaHee 3HauYeHHME BEIMYMHBI 32 HEPHUOJ, NPEALISCTBYIOIIUH
nporHo-supyemomy, K, —koadduuuentsr, t, —mepuox  BpeMeHH,
NPEeNICCTBYIONIMH NPOTHO3UPYeMOMy, t —BpeMs Ha KOTOpOH Jenaercs
nporHo3, D, — dpakTanbHas pa3sMEpHOCTb Ha IEpUOJE HpeIbIayIeM

MIPOTHO3UPYEMOMY .

DJ
12000 f

Mpakrs ii
6000 DpaKTanbHBHbI
dHaJIn3

2000

L 1 1 1 1 i T T T 1 1 1 1 L i

1930 1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000

Puc. 9 — lunamuka 6uprxeBoro uuaekca Jloy-/lxonca [27]

Taxoke BennYrHA (PPaKTATLHOW Pa3MEPHOCTH MOXKET CITY)KUTh WHIAUKATOPOM
KoJm4yecTBa (AaKTOpOB, BIHSIOIMUX Ha cucrteMy. [Ilpu  QpakTanrpHON
pasMepHOCTH MeHee 1.4, Ha cHUCTEMy BIHAET OAHA WJIM HECKOJBKO CHII,
JBUTAIOIIMX CUCTEMY B OJHOM HampasieHuH. Ecnm pasMepHOCTH okoio 1.5,
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TO CHJIBI, IEHCTBYIONUE HA CHCTEMY, Pa3HOHAIIPABJICHBI, HO 00JIee U MCHEE
KOMIICHCHPYIOT Npyr npyra. IloBeneHue CHCTEMBI B STOM CIydae SBIAETCS
CTOXaCTHYECKUM M XOPOIIO OIMMCHIBACTCS KIACCHYCCKHMH CTaTHCTHICCKUMH
Merogamu. Eciam ke dpakTanpbHas pa3MEpHOCTh 3HAYWTEIBLHO Oonee 1.6,
CHUCTEMA CTAHOBUTCS HEYCTOMUMBOM U TOTOBA MEPEUTU B HOBOE COCTOSIHUE.

B sTOoM mutaHe MOXHO paccMOTpeTh AWHAMHUKY OHp)KeBOro mHiekca Jloy-
Ixonca. OHa mokaszaHa Ha puc. 9. Tam ke mpeacTaBiIeHa CpeTHETOA0Bas
(pakTampHas pa3MEepHOCTh BPEMEHHOTO psiia 3TOro OupkeBoro mHuekca. Bo
BpeMsl JIOCTaTOYHO CTAaOWJIBHBIX TEPHOJOB M MEJUICHHBIX IOIBEMOB
¢dpakTanpHas pa3MEPHOCTh BPEMEHHOTO psAa OCTaBalach JOCTATOYHO
HEBBICOKOH, B TO BpeMs KaK B IEPHOJbI KPU3MCOB CyMMapHas (ypakTajibHas
pa3MepHOCTH Bo3pacTara.

EctecTBeHHO, 3TO 00IIME 3aKOHOMEPHOCTH, U JJISl KKIOW CHCTEMBI HaJlO
YCTaHABJIMBATh KOHKPETHBIC 3aKOHOMEPHOCTH ()aKTOPOB BIUSHUSL.

Knaccuueckne (DHHAHCOBBIC MOJENH TPEACKA3bIBAIOT, YTO KPHUTHUYCCKHUE
COOBITHSI JIOJDKHBI TPOMCXOJWTh KpailHe penko. Kak mpaBuio, OHH
0a3upyIOTCS Ha BEepOATHOCTH, BerumcisieMoit o ["ayccy wuim [lyaccony. Ilpu
TOM CYIIECTBEHHO 3aHMXKAETCS BEPOATHOCTh KPUTHYECKUX COOBITHH.
KpaeyrosibHblii kKaMeHb (DUHAHCOB COBpeMEHHash MopTdenbHas Teopust
(portfolio theory), kotopast mbITaeTCsl MAKCUMU3UPOBATh OT/AYY JUIS TAHHOTO
YpOBHSI pHCKa. Martemarnka, Jexailas B OCHOBE TMOPT(EIbHONH TEOpHH,
00paIaeTcst ¢ Ype3BbIYANHBIMU CUTYAIUSAME C HEKOTOPBIM MPEeHEOpeKEeHHEM:
OHA CYMTAeT OOJBIINE PHIHOYHBIC M3MCHEHHS CIIMIIKOM MaJOBEPOSTHBIMH.
Ha mamr B3msii OHa HeJOONEHUBAET (HOPMHPYIOIIEE BIUSHHE KPU3MCOB Ha
CHCTEMY.

@pakTan — reoMeTpuueckas Qopma, KOTopas MOXeT ObITh pasjelieHa Ha
YacCTH, KaXXJas U3 KOTOPBIX — YMCHBIICHHAA BEPCUA LICTIOTO. B (bPIHaHCElX oTa
KOHIleTusI — He OecrouBeHHas  abOcTpakmms, a  TeopeTHIecKas
nepe@opMyIMpOBKa TPAKTHYHOW PBHIHOYHOW IOTOBOPKH — a HMMEHHO, YTO
JBYOKCHUS aKIMU WM BaJIOTHl BHEIIHE MMOXO0XKH, HE3aBUCHMO OT MaciiTada
BpeMeHH M IieHbl. HalOmojgaTens He MOXKET cKa3aTh IO BHEIIHEMY BUIY
rpaduka, OTHOCSITCS JIM JaHHBIE K HEJEIBbHBIM, JHEBHBIM HIIH XK€ YaCOBBIM
M3MEHeHUsM. 3BeCcTHO MpaBMIIO MEPBOTO MECALA, COTJIACHO KOTOPOMY, Kak
YTBEPKJAIOT HEKOTOpPhIe OMpIKEBBIC aHAIMTHKH, Kak Jieia Ha Oupike UAyT B
MEPBBIA MECSI], MPUMEPHO TaK e OHU OyIyT UATH B T€UEHHE BCETO rofa. DTo
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KaueCTBO OINpPCACIACT AUarpaMMbl Kak (bpaKTaJ'ILHI:IC KpHUBBIC W [OCJIACT
AOCTYIIHBIMHU MHOT'M€ MOIIHBIE HWHCTPYMCHTBI H3 MATEMAaTHYCCKOIro U
KOMITBIOTEPHOI'O aHAJIM3a.

Haubonee mnomyssipHBIMH  MPEACTABUTENSAMH  (PaKTAIBHBIX BPEMEHHBIX
(yHKIMA SBISIOTCS (DMHAHCOBBIE BpEeMEHHBIE PSAABI (PSAbl EH aKIuid
KypcoB BamoT). CymecTByeT HaAEKHOE YHCIEHHOE IOATBEPKICHUE
(dbpakTambHOW  CTPYKTYpbl Takux psgoB  [27]. Teopermuecknm  xe
(hpaKkTaTbHOCTH OOBIYHO CBSI3BIBAIOT C TEM, YTO ISl YCTOMYMBOCTH PHIHKA Ha
HEM JIOJDKHBI TPHCYTCTBOBAaTh MHBECTOPHI C Pa3HBIMH HMHBECTHLIIMOHHBIMHU
TOPU30HTAaMH (OT HECKOJIBKHX YacOB JI0 HECKOJIBKHX JIET). DTO U MPUBOAUT K
MaciITa0HOW WHBApUAHTHOCTH (OTCYTCTBHIO BBIJICJIEHHOTO MaciiTaba)
LIEHOBBIX PAJIOB Ha COOTBETCTBYIOIIEM BpPEeMEHHOM HHTepBaie. C MOMOIIBIO
WHAEKca (pakTambHOCTH g OBLTM HCCIENOBAHBI IIEHOBBIE PAIBI aKIUN

TPUALATH KOMIaHWH, Bxoasmux B wHAekc Joy-xonca (Dow Jones
Industrial Index) ¢ 1970 mo 2002 r. Kaxkmas 3amuch COOTBETCTBYET OIHOMY
TOPrOBOMY [HIO U COJCPXKHUT UeThIpe 3HauYeHUs: HHGPOPMALHUIO O
MUHHMAJTBHOW M MaKCUMAaJIbHOM IIEHEe, a TAK)KE [IEHBl OTKPHITUS W 3aKPBITHS.
B nwurepatype ¢uHaHCOBBIE PAABI OOBIYHO M300Pa)KalOT C HCIOJIB30BAaHHEM
T.H. (CIIIOHCKUX CBeueil». DparMeHT Takoro psja i akiuid kommnanuu Coca-
Cola npencrasnen Ha puc. 10.

J71st mpoCTOTHI aHaIM3a OTPAaHUYUMCSI TOCIEAHUMU 2'2 = 4096 3anmcsMu JUIs
Kakaod kommaHuu. [lpw BBIUMCIEHWM WHIEKCA 4  HCIOIB30BANACh
MOCIE0BATeIBHOCTE M BIOXKEHHBIX pazOuenuit o,, rome m=2",
n=0,42,..,12. Kaxmoe pa3buenue cocrossio u3 2" HHTEPBAJIOB,
conepxamux 2°"  ToproBeIx mHeil. Jlms Kakmoro pasOueHHs o,
Beruncisiock 3HaueHue V,(9) (7). 3mece A(S) paBHA pasHOCTH MEKIY
MaKCHMaJIbHOW W MHHUMAIILHOH 11eHO#M Ha uHTepBane [t ,,t] (B wactHOCTH,
ecmi 0 =0,, To A(J) paBHa pPa3HOCTH MEXKAY MaKCUMAIbHOH W
MHHHMAaJIbHOW II€HO# 3a 1eHb). TunuuHeli npumep mosexenus V,(J) B

JIBOMHOM JIOTapu(MHUUECKOM MaciiTtade mpeacTtaBieH Ha pwuc. 11 ams
kommanuu Microsoft. M3 pucyHka BUAHO, YTO JaHHBIC MOYTH TOYHO JIOXKATCS
Ha TPAMYIO JIMHUIO, KPOME IBYX TOCJIEIHUX TOYEK, T/le JTMHEHHBIA PEeXUM
MMEET U3JIOM.
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Puc. 10 — TunwyHOE MOBeACHWE IIEH HA WHTepBaie 32 AHs (HMCIOIB30BaH
nHeBHOW rpaduk neH akiuii kommanuu Coca-Cola). B ¢unancax rpaduku
LIEH MPUHATO M300pakaTh HE OJHOMEPHBIMU JIMHUSMH, & UHTEpBajJaMH (Tak
Ha3piBaeMble OapoBble Tpaduku Wi Tpaduku B BUJAE STIOHCKUX CBeuei).
OmuH TpSAMOYTONBHUK (HA3bIBAEMBIA TEJIOM CBEYM) C JBYMS IITPUXAMHU
CBEpXY M CHU3Y (Ha3bIBAEMBIMH TEHSMH CBEUYM) N300paxkaeT KojieOaHHs LIeH B
TeueHue IHS. BepxHss Touka BepXHEH TEHHU IMOKa3blBa€T MAaKCUMYM ILIEHBI,
HIDKHSISL TOYKA HIDKHEH T€HM - MUHUMYM LIEHBI 32 JAeHb. BepXHSS M HIDKHSASA
TPaHMILBI T€JIa CBEYM MOKA3bIBAIOT LIEHY OTKPBITHS U 3aKpbITHs TOpros. Ilpu
3TOM, €ciH Teno Oejoro (YepHoro) IBeTa, TO 3aKPBITHE BEHIME (HHXKE)
OTKPBITHS

s onpezneneHus 3Ha4€HUS 4 MO 3TUM JAHHBIM CIEAYET UCKIIOUYUTH IBE
MOCJICAHUE TOYKH U HAWTH JIMHUIO perpeccun Yy =ax +b ¢ momoriso Meroaa

HaumeHbIrx kBaaparoB (MHK). Torna y=-a.

Ilpu ypoBHe Hagexxnoctn a=0.95 B 1puBeJACHHOM  mpuUMeEpe
1 =0472+0.008, R?*=0.999. 3necs R’ —Kk03(pUIHEHT neTEpMUHAINH

IJIA JIMHUW pETrPECCUU. PeSy.HI)TaTBI JJI1 OCTAJIBHBIX KOMIIaHUH CJICOYIOUINE:

Uin =0.469+0.019, R? =0.999 (Intel Corporation);

4, =0.532+0.007, R* =0.997 (International Paper Company).
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B [27] roBoputcs, uto ana Kaxkaod u3 30 M3BECTHBIX KOMIIaHUH, rpaduk

V,(d) moutH TOYHO JIOKHTCS HA MPAMYIO TAaKXKE€ M Ha BCEX MEHBIIHMX

perpe3eHTaTUBHBIX MHTEpBajaxX BIUIOTH A0 32-x, a WHOTHA Aaxke Mo 16-mu

nuei. Tunuuneiii npumep V,(0) Ha uHTepBane 32 aHS MpPEACTABICH Ha

puc. 12. Ilpu sToM Ha UHTEpBaliax MEHbIINX, yeM 500 nHe, U3I0M JIMHEHHON

YyacTu rpauka, Kak MpaBuiio, UCUe3aeT.

8.5
8.0
75
70

In¥, (8)

65
6.0
55 F
50 F
45 |
4.0

Puc. 11 — PesynbTaT BBIYHCICHHUS
WHJIEKCA BapualvM Ui BPEMEHHOTO
psina neH akiuii kommnanuu Microsoft
Ha wuHTepBasie 4096 nuei. Ilpsamas
y=ax+b onpenensmace Mmeromom

MHK 1o BceM To4YkaMm, HCKIIO4as JBE
MOCIEIHNE

—
In¥, @) = —0.5712x+3.5908

R* =0.9919

Puc. 12 — Pe3ynbraT BBIYHCICHUS
V, (9) B

jorapuMUYECKOM Maciutade Jyis
BPEMEHHOTO psifia, MPEACTABICHHOTO
Ha puc. 10. Ilpsmas y=ax+b

JIBOMHOM

noctpoeHa wmeronom MHK. [lna
oTpeseNieHNs] WHAEKCa g CIeIyeT

OTOXACCTBUTb U = —a

UroObl OIIEHUTH MPEUMYIIECTBA TOCTPOCHHOTO aNropuT™Ma [27] cpaBHUM €ro
C METOJIOM BBIYUCIICHHS (PPaKTATLHONW pPa3MEPHOCTH C IMOMOIIBIO TIOKA3aTels
Xepcra H . [lnsa ¢pakTaibHBIX BPEMEHHBIX PSZIOB 3TOT METOJ TPAJAUITHOHHO
cuntaercsi Hanbonee 3¢ddexruBHpIM. Kak m3BecTHO, Tokaszarens Xepcra H

OIIpeaeIseTCA Ha OCHOBE NPEATIONIOKEHHS, YTO

<|f(t+8)—f(t)>~5" npn 6§ >0,

(11)

T7ie yTIOBBIC CKOOKH O3HAYAIOT yCPETHEHWE I0 BPEMECHHOMY HWHTEPBAIY.

UroObl cpaBHUTH WHIEKC 4 C TOkazatenem H , BBemem crieayrolee

€CTECTBEHHOE ONpeJieieHue cpefHed ammmutynsl < A (6) > Ha pa3OueHun

o,
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< A(8) >= m‘li A(5). (12)

VmuoxuM (7) Ha M ~ & u noacrasum B (10). [omyunm:

<A(8)>~S" mpu § >0, (13)
rue
H,=1-u. (14)

Ecnu f(t) — peanuzanus rayccoBa ciiy4aiiHOro mpoiecca, To nokaszarens H
CBsI3aH ¢ pasMepHocThio D a ciemoBarensHO, W € HMHAGKCOM A,

COOTHOIIICHUEM

H=2-D,=1-u.

Cnenosarenbho, B 9ToM cinydae H =H . Onnako, peanbhble (hrHAHCOBBIE

pAABI, Kak TMPaBHIIO, HE SBIAIOTCS TaycCOBBHIMH (CM., Hampumep, [S51]) u
nostomy 3Hauenust H, u H moryt cunbHO pasnuyarses.

HeiictBurensHo, B opmyie (13) MbI UMeeM CTETIEHHOU 3aKOH IJIs CpelmHei
ammutynel yakinun  f (t) Ha wHTEpBanme MIMHOH O, B TO BpeMsl Kak B

¢dopmyiie (11) MbI MMEEM CTEIICHHOW 3aKOH I CPEIHEH Pa3sHOCTH MEXIY
HaYaJbHBIM W KOHEuHbIM 3HadeHueM f(t) Ha ToM xe wuHTepBase. Kak
OKa3bIBaeTCs, WHIEKC (4 BBIYUCIACTCS Ha TMOPAIOK Oollee TOYHO, UYeM
nokasarenp Xepcta H B momasmsromem OonbIIMHCTBE ciaydaeB. Hampumep,
3TO CIPaBeIMBO JUIs LIEHOBOTO psija kommanuu Alcoa Inc., koropast crout
neppod mo aindaBury B cnucke wuHuekca Jloy-/IxoHca. Paccmotpum
MOCJIEIOBATENILHOCTh 32-X JTHEBHBIX WHTEPBAJIOB UCXOJHOTO IEHOBOTO psijia
(cocTosmmero u3 8145 TOProBeIx IHEH, KAXKIOMY U3 KOTOPBIX COOTBETCTBYET 4
3HAYEHUS), CMEIIEHHBIX JPYr OTHOCHUTEIBHO Jpyra Ha ojguH JaeHb. OOriee
yuciao takux uHTepBasioB N =8145-32=8113. Tlpu Bbuucnennn H s
3TUX MHTEPBAJIOB OyjaeM UCHOjib30BaTh 32+1=33 nensl 3akpeitust C(t) u

YCPEAHATh 110 HEICPCCCKAIOIMMCA IMOJUHTCpBaIaM ,E[J'IHHOfI §=2n, rae

n=0,5. D10 o3Hau4aer, 4ro:
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(lca+o)-cf)=(s/ 32)225|C(t”1) -C(t)|,

roe t,, =t +7.

B cootBercTBuHM c ipeanonokeHueM (11) Beraucaum it Kaxmaoro &
x=Ins, y=(|C(t+s5)-C(t))

" alllIPpOKCUMHUPYEM PE3YJIbTAaThbl BBIYHUCIICHUA Hpi[MOfI

y=ax+b (15)

¢ nomoisro MHK. ITocne yero nonoxum H =a.

Jliist onipefieNieHNst HHACKCA 4 UCTIONB3yeM (7) B BHIE

32/8

Vf(5)=ZA(5),

rae A (6) —ammmryna f(t) na uarepsane [t,t +5].

(]
B cootBercTBHY C MTpenonoxkeHreM (8) BEIYUCIUM ISl K&KI0TO O

x=Ind, y=InV, (o)

M anmpoKCUMHUpPYEM IOJy4YeHHbIe pe3ynbTaThl mpsimMod (15) ¢ momoripio
MHK. Ilocne yero nonoxxum u=-a.

B  kadectBe KpuTepuMeB TOYHOCTHM  pPACUETOB  BbIOEpEM  IIHPHUHY
JOBEPUTEILHOTO HHTEPBaja A , B KOTOPbIH 3HAaUeHHE BeMUUUHbl 4 (wau H )

nomazaer ¢ BepostHocthio 0.90 m K =1-R?, tme R? — ko>p¢urment
JETEPMHUHAINH (€CITH TOYKH JIOKATCS TOYHO Ha MPSIMYIO, TO R2=1u K=0.
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MoMeHTOM t, mpenctaBineHsl Ha puc. 13 u puc. 14. Kak BumHO M3 3THX
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Puc. 14 — CootsercTBytommit ¢pparment psina st snauennit Ky (u K (1),
Tunuuubie dparmentsl rpaduxos dymxmmit A, (1), A, (1) u K, (1), K, (1),

MTOCTPOCHHBIX 110 TOMY ke camomy psimy C(t)

MOCTPOCHHLIX II0 HWHTCPBalaM,



PUCYHKOB, B IMOJAaBJIAIOIICM OOJIBIIMHCTBE CJIy4acB MHACKC K OIPCACIICH Ha

MOPSAJOK TOUHee, uem H .
Pe3ynpTaTel mpoBeACHHBIX BRIYUCICHUN creaytomue [27]:

<Aﬂ >=0.107, <A, >=0.452,;
<K,>=0.0147, <K, >=0.245.

Kpome sroro, okasanoch, uro A, <A, it 99 %, n K, <K, amst 91 %

HCCJIICAJOBAHHBIX MHTCPBAJIOB. Amnanoruynsie PE3YIbTAThI ObLIH IMMOJIYy4YCHbI U
JUIS IPYTHX LIEHOBBIX PsoB. B kauecTBe TUNMMYHOro mpumMepa Ha puc. 13 u
puc. 14 MbI IpencTaBisieM Pe3ynbTaThl BHIYUCICHUS £ U H Ha OOJHOM U TOM

ke 32-mHEeBHOM WHTepBane, TmokazaHHoM Ha puc. 10. Jlna a=0.90
pe3yJbTaThl OKa3aINCh CICAYIOLIINMH:

u=0571+£0.071, H, =0.429+0.071, R =0.992,

H =0.229+0.405, R% =0.382.

Kak un CJICA0BAJIO OXWUAAaTb, MHACKC ( OIPEACIICH HAMHOI'O TOYHCEC, YCM

nokasareiip H .

Takum 00pa3oM, TJIaBHBIM IPEUMYIIECTBOM HHIEKCA 4 TIO CPABHEHUIO C
IpyruMu (ppakTanbHBIMHU TIOKa3aTeNsIMU (B YACTHOCTH C TIOKa3aTelieM Xepcra
H ) sBasercst To, 4T0 COOTBeTCTByIOmiash emy BenuumHa V,(J) uMeer
OBICTPBIF BBIXOJ, HA CTCIICHHOW AaCHMMITOTHYCCKHH pexuM. OTO JaeT
BO3MOKHOCTb HCIIOJIB30BaTh €ro B KA4E€CTBE JIOKAIBHOW XapaKTEPUCTHUKH,
olpeAemnsAonei JUHAMUKY HCXOJIHOIO potecca, IIOCKOJIBKY
peNpe3eHTaTUBHBIA MaclTad, HEOOXOIUMBIN JUIS HAJIEHKHOTO OIpPEISIICHUS
WHJEKCA 4 MOXHO CUMTATh UMEIOLIUM TOT K€ MOPSAIOK, YTO U XapaKTePHBII
MacmTad OCHOBHBIX COCTOSHHI mporecca. K TakuM COCTOSIHHSIM OTHOCSITCS
¢bmeTEI  (IEpUOABI  OTHOCHTENFHOTO CIIOKOWCTBHSA) M TPEHABI (MEPHOMIbI
OTHOCHUTENILHO JUTUTEIHLHOTO JIBKECHHUSI BBEpPX WM BHU3). UTOOBI cooTHECTH
3HAYEHUE 4 C MOBEJACHUEM BPEMEHHOTO PsiJia, €CTECTBEHHO BBECTH (DYHKIIUIO
H(t) Kak Takoe 3HA4YCHHWE L, KOTOPOE eIlle MOXET OBITh BBIYHCICHO C

HpPIeMJ'ICMOfI TOYHOCTBIO HAa MUHHUMAJIILHOM, MPCAIICCTBYIOIICM t HUHTCPBAJIC
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Z'# . B CJIydyac¢ HCHIPCPBIBHOTO apryMCHTa t B KadecTBe TAKOIo HUHTCpBaJIa

MO>KHO OBIITO OBI B3SITHh MTPOM3BOIBHO MaJTblif MHTepBait. OAHAKO MOCKOJIBKY Ha
MPaKTUKE BPEMEHHOM psJ] BCEeraa MMEeT MHHUMAJbHBIM MaciiTad (B Halem
Cllydae OH PaBeH OJHOMY JHIO), TO 7, MMEET KOHEYHyIO jmHy (7, =32

JTHST).

Hcnonp3oBanne GyHKIHMU g(t) MO3BOJSET CYIIECTBEHHO NMPOABUHYTHCS H B

pelIeHNU JBYX OCHOBHBIX 3a/lady aHaiW3a BPEMEHHBIX PANOB — 3a7auu
UICHTU(DUKAIIMY U 33/1a4U POTHO3A.

1.10. 3apaua uaeHTUPUKAIUN CUCTEMBI

3amaya uWaeHTH(GUKAIMK OOBIYHO 3aKIIFOYACTCS B KOPPEKTHOM OIIPEICICHUH
MaKpOCOCTOSHHSI CHCTEMBI Ha OCHOBE HAOJII0JaeMOi pean3aliiyi BpeMEHHOTO
pspa [27]. Anst penieHus 3Toi 3a1a4u MPUMEHHUTENBHO K (PMHAHCOBBIM psiiaM
Obuta paccuntana GyHkous w(t) U1 KaXIOW W3 KOMIIAHHUH, BXONSIIMX B

unaekc Jloy-Jxonca. Ha pwuc. 15 npencrapieH TUINUYHBIA QparMeHT
LIEHOBOTO psila OHOM U3 TAKUX KOMITAHUA BMECTE C BBIYMCICHHOM JJIs1 3TOr0O
¢parmenta Qynknuent u(t) . JocraTouno Oersoro B3risga Ha puc. 15, 4ToObI

MOHATb, YTO MHACKC 4 HMCET OTHOLICHHUEC K IMOBCACHHWIO BPEMCHHOI'O pAaa.

JleficTBUTENBHO, HA UHTEPBAIC MEXTY 1-M U 39-M JTHEM, I/Ie LIEHBI BEAYT ceOs
OoTHOCUTENbHO cTabmwibHO (GaT), w(t)>0.5. Jlanee, ogHOBpEeMEHHO C

pasBuTHEM TpeHJa Ha Tpaduke eH, u(t) pe3Ko majaer HWXKE 3HAYCHUS
#=05 u, HakoHen, mnocie 56-ro0 OHSA, T[A€ LUEHbl HaxXOoIATCi B
MTPOMEKYTOYHOM COCTOSIHHM MEXAY TpeHaoM u ¢udTom, (1) Bo3Bpamraercs
K 3HaueHni0 4 ~0.5. Takum 00pazom, MCXOAHBIN PSI OKa3BIBAETCS TEM
crabuibHee, 4YeM Oonbine 3HadeHue . [lpuw stom, ecomm u>0.5, TO
Habmonaercs GiaT, ecmm 1 < 0.5, Habmomaercs Tpena. Hakower, eciu
#~05, TO Tporecc HAXOAWTCS B IMPOMEKYTOYHOM COCTOSIHUU MEKIY
TpeHnoM u ¢udToM. llogoOHas Koppensuus MEXIy 3HA4eHHEeM g U

XapakTepoM TMOBEJCHUS HCXOJHOTO BPEMEHHOTO psija HaOJojaercs s
MOJIABJIIONIETO  OOJNBIIMHCTBA ero  ¢parMeHToB. UTOOBI TNpeNCTaBHUTh
arperupoBaHHBIC PE3yJIbTaThl, PACCMOTPHM CHOBA LIEHOBOH psAA KOMIAHUH
Alcoa Inc. 3a mepuox 1970-2002 rr. u 8113 mHTepBaNOB IIUHON 32 IHS,
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CMEUICHHBIX APYT OTHOCUTENBHO JApyra Ha OJUH JeHb. [ KaXKI0ro U3 TaKuX
WHTEPBAJIOB BEIOEPEM IIATH PA3IMYHBIX MTOKa3aTeNlei CTaOMIbHOCTH:

F, =1og(C, /C, ;,) — norapupmuueckoe yBennueHHe LeHbI 3akpeitus C, 3a

32-1HEBHBIH UHTEPBAT;

F,=A/A_,,tne A —ammuryna koaeOaHHUi LieH 3a MocaeaHue 32 OHs;

F= O'[|Og(C)] — CTaHJapTHOE OTKJIOHEHHE IICH 3aKPBITHS 3a MociaeaHue 32

JTHST;

F, — 3Hauenue ko3(dduIMeHTa HAKIOHA JIMHUM JIMHEHHOM perpeccu,

MPOBEJICHHOM T10 PAAY LIEH;

i
F =(Ci -C o,/ Z |Cj —CHU — Pa3HOCTh MEXKIy TeKyled LeHOH |

j=1-31
LeHOH 32 nHA Ha3zal, HOPMUPOBAaHHAas Ha CyMMYy MOJYJEH €XeIHEBHBIX
NpUpPALLCHUN LeH 3a 32 qHsl.

1.9

w(t) T' y Uena axumi($) | 4
L '

+nT.l¢ Tu“'{’ﬂ'ﬁllm1n+“ln'1? !FU .' 1 3
' l:lf 37

| ' AU
NN/

0.7 F ,/\—/\M\__\ 'i' {31
0.5 29

(]l3II\III||||||||||||\\l\\ll\\llllllllII\\IIII\\\\\\II\II\I\IIIIII\\ 27

— 2 ~ © ™M v o8 &6 o o« — < ~ © ™M v O o v e = <t
_—_—Nmmmmmqvvvm\n\nQ\ot

Puc. 15 — ExxenneBHble 1eHBI akiuii kommannu Exxon Mobil Corporation
(mpaBast mikana, smoHCKue cBeur) U Trpaduk dynkmmu g(t) (1eBas mkana,

CIUIONITHAS JITHIIS )
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Jlyis Bcex BBIOpPAaHHBIX TOKa3aTelieli CTaOMIIBHOCTU CHPABEUIMBO CIICTYIOIICE
yTBEpXKACHHE: YeM Ooliee cTabniIbHO MOBEIEHNE UCXOIHOTO psAna (KojaeOaHus

MMPOUCXOOAT BO3JIC OAHOIO ypOBH)I), TeM Ommke 3HaueHue F HYJIIO U

m

HA000POT, YeM sipue BBIPaXKeH TPEH, TeM OOJIbILE 110 MOAYJIIO 3HaueHue F, .

B [27] mokazana sBHas KOppemsanus MEXAy 3HaueHHeM WHAeKca y |
CTaOMIBHOCTBIO IIeHOBOTO psiza. [Ipu sToM, yem Ooiblie 3HAYCHHE 4, TEM
cTa0uipHee MOBEAEHHE PsiAd, U YeM MEHbIIE //, TEM CHJIbHEE B UCXOJHOM

psizie BRIpaXKEH TPEH]I.

Koppensiimto MOXHO OOBSCHHTH MYTEM PAaCCMOTPEHUSI BHHEPOBCKOTO
CIy4ailHOTO TMpOLECCa, KOTOPBIA ABISIETCA KJIACCUYECKOM  MOJEIBIO
OpOYHOBCKOTO IBW)XKEHUS. HarmomMHUM, 4TO M3 MOCTYIATOB 3TOW MOAETH (CM.
BBEJICHHE) CIEIYET, U4TO:

<(X®) - X () >=0[t-t,, (16)

TJIe YIJIOBBIE CKOOKH 03HAYaIOT CTAaTHCTHYECKOE YCPEAHEHHUE IO BPEMEHHOMY
untepBany; X (t) m X(t,) — 3HaueHMs mporecca COOTBETCTBEHHO B MOMEHTEI
Bpemenu t u t,, a o’ —jucmepcus 3a €MHMILy BpeMeHH (B (UHaHCax

rapaMeTp a M3BECTEeH Kak BONATWIBHOCTH). M3 (16) MOXKHO MONYy4HTH, YTO
3TOT Mpoliecc Mpeodpa3yercs caM B ¢e0s IPU U3MEHEHUHU MaciuTtada BpeMeH!

B b pa3s u 0HOBpPEMEHHOM M3MEHEHHH MPOCTPAHCTBEHHOTO MaciTaba B b2
pa3. ITlosromy ¢paxranpHas pa3MepHOCTh rpaduKa peaau3allid TaKoro
npouecca D=1.5 (x=0.5).

Janee, TOCKOJILKY BUHEPOBCKUH MPOLIECC HE UMEET MaMsITH, TO 3TOT rpaduk B
0001 CBOEH YacTH 3aHWMAET MPOMEXYTOUYHOE IMOJIOKEHHUE MEXKIY TPEHIOM
u ¢uarom. C Apyroi CTOPOHBI, MOCKOJBKY INPH BBIYUCICHHHM HHAEKCA [

COOTBETCTBYIOIINN pEIpe3eHTATUBHBIN MacmTad 7, >1, to ucxoms wu3
dopmyn (12)-(13) mpomecc Tem craOwmibHee, YeM OOJbIIEe 3HAYCHHUE LI .
[Mosromy, ciywait 4 <0.5 ecTecTBEHHO HHTEPIPETHUPOBATh KaK TPEHH, a
ciryuait u>0.5 — kak ¢at. Takum o0pa3oMm, MHIEKC 4 JIeHCTBUTEIHHO

SIBJISICTCS TIOKA3aTelIeM CTaOMIBHOCTH HUCXOOHOI'0 BPEMEHHOT'O psja.
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HamomMHuM, dYTO B COOTBETCTBHH C THIIOTE30M S(PQPEKTHBHOTO pBIHKA
MOBEICHWE I[I€H [OJDKHO OBITh ONHM3KMM K CIIy9alHOMY OITyKIaHUIO.
[TpoBepka 5TOro TPEANONOKEHUSI OOBIYHO CBOAUTCA K HCCIIETOBAHUIO
pacnpenesieHnsl IEHOBBIX MPHPALICHUH HA HOPMAJTbHOCTh M K MU3YYEHHIO HX
ABTOKOPPEJSIIMOHHOW (YHKIIMM Ha TpeaIMeT HaIudusi 3aBUCHUMOCTH [27].
BeIBOABI, KOTOpBIE MOXKHO ClielaTh M3 TOAOOHBIX HCCICOOBAaHUM, HE
MO3BOJISIIOT OLICHUTH CTENECHb OTKIOHEHHs pealbHBIX (DUHAHCOBBIX PSAAOB OT
ciyyaiiHoro Omykaanus. Vcnonp3oBaHHe WHIEKCA BapHallMU 4 TO3BOJISAET

MIpOBECTH OoJiee MOAPOOHBIN aHAIH3.

OuenuM 700 OOIIEro BpPEeMEHHW, KOTOPYIO DSl MPOBOJAUT B Pa3IUYHBIX
cocTosiHUAX. oIl 3TOro BepHEMCS K PacCMOTPEHHBIM BbIlE 32-THEBHBIM
WHTEpBaJaM M BBIYUCIUM JUIS KOKAOTO M3 HUX 3HAYCHUS 4, M. WU U, , TAC
H_ ¥ 4, — COOTBETCTBEHHO HIDKHSS U BEPXHAS TPAHULBI TOBEPHUTEIBHOTO
WHTEpBaJa, B KOTOPBII HCTHHHOE 3HAYEHUE 4 TOMAAaeT ¢ BeposTHOCTHIO (.9.
Bynem cuurate, uto npu , <0.5 (u >0.5) psa HaXoQUTCS B COCTOSIHUM
Tperna (dumdTa), a mpu p <05<u, — B COCTOSHMH OpPOYHOBCKOTO

nBwkeHus. PaccumtaeMm oOliee KOJIMYECTBO OTPE3KOB ISl KaXKAOTO THIIA
MOBEIECHNUS W BBIYUCIUM JONIO BPEMEHH, MPOBOJUMYIO HCXOIHBIM
BPEMEHHBIM PSAJIOM B KaXJIOM HU3 COCTOSHUN. Pe3ysbTarbl pacueToB JUIs
IICHOBBIX PS/IOB HEKOTOPBIX KOMIIAHU#T npeicTaBieHb B Tabu. 3.1 [27].

Tabmuma 1.1

CoctosiHue BpeMeHHOTr0 | bpoyHOBCKOE Tpenn |@maT
Alcoa Inc 23% 43% 34 %
Boeing Corp 24% 37% 39 %
IBM 25% 39% 36%

Microsoft Corp 26% 36% 38%

Exxon Mabile Corp 15% 50% 35%

AHaJlOTMUHBIE Pe3yNbTaThl MOJYYEHBl JJIsI BCEro CIHCKA KOMIIaHUH,
Bxogsammx B uHAekc Jloy-/xonca. Kak BumHO u3 Tabmn. 1.1. BpeMEHHBIC psbI
MPOBOJAT B COCTOSHUM ONM3KOM K ciydaiiHoMy OmyxnaHuio menee 30 %
00I1Iero BpeMeHH!.
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PeanbHble BpeMeHHBIE psABl AEMOHCTPUPYIOT CIOKHOE HEMEPHUOINYECKOE
MOBEICHNE, TIPH KOTOPOM TPEHABI M (PIIITHI XaOTHYECKAM 00pPa3oM CMEHSIOT
OpoyHoBckoe nBrkeHHe. [Ipu 3ToM, 3Has 3HadeHue QyHKIUU u(t), MOXKHO

CKa3aTh, KAaKOH THI MIOBEICHUS ITpeo0IamaeT B KaKIOH TOUKe psaaa.

oA
I {4()) H,>05(n<05)
e
-
1.6 F ,,’
-
14 H =05 (p=0.5) -
W =05 (n= _- .-
12+ P
-
L I S Il H, <0.5(n>0.5)
A
08 N :
-7 id ;
0.6 i -~ '
e // ;
04 o« ya H
of :
U ]
02 [/ s 5 5
L -
>

0 1 2

Puc. 16 — 3aBucumoctp < A(S) > Ui BPEMEHHOIO psifa HPH Pa3INYHBIX
sHauenusx u  (H,): crulommHas JIMHMS  COOTBETCTBYET —M3MEHEHHMIO

aMIUTATYBI 711 OPOYHOBCKOTO JBM)KEHUS, MyHKTUPHAS U IITPUXITYHKTHPHAS
— JUTSL TPEH/IOB U ()JIPTOB, COOTBETCTBEHHO

1.11. (I)paKTa.m,Hoe NMPOTrHO3UPOBAHUE MOBEACHUA CUCTEMBI

Onnako  Haubojee  HMHTEPECHBIM  NPEACTABISETCS  HCIOJIb30BaHUE
MOCTPOCHHOT0 ()PAKTAJIBLHOIO aHajaM3a JUIs PEeIICHHs 3aaad Mporuosa [27].
OkasbIBaeTCsl, YTO HAIMYHE CTENeHHOW 3aBucuMocTH st yHkuun V, (5) B

JIOCTATOYHO ITUPOKOM JIMaria30He MaciiTaboB MO3BOJISIET MPEATI0KHUTH HOBBIH
MOJX0/ K MPOTHO3MPOBAHMIO (PAa30BBIX MEPEXOJOB XAOTHUYECKUX CHUCTEMAax.
HeiictButenbHo, oOpatuMcs K ¢opmynam  (13), (14) wu puc. 16.
[Ipeanonoxxum, 4TO BPEMEHHOH psji HaXOOUTCS B COCTOSIHUM CIy4aiiHOT'O
onyxnanus. B atom cnyqyae D =15 (u=0.5) u 3aBucumocts < A(J) >

OTIMCHIBAETCS CIUIONIHOW JUHUEH Ha puc. 16. IIpenmonoxum, 9T0 B CHCTEME
mpousormren (a3oBbI TEpPexoa, B pPe3yibTare KOTOPOTO BPEMEHHOW psf
MEPEXOIUT B COCTOSHME TPEHAA. DTO O3HAYaeT, YTO Yepe3 HEKOTOPOE BpeMs
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(T.e. ans OonpmuMxX & ) amIuMTyda KonebaHuil yBenmmuutcs (crpenka (1) Ha
puc. 16). OmHako kak BHUAHO W3 TpadHKOB, IEPEXOJl BPEMEHHOTO psia B
HOBOE COCTOSIHHUE BBI3OBET OJHOBPEMEHHOE YMEHBIICHHE aMIUIUTYbI
KojeOaHuii Ha Malbix MacmTabax (cTpenka (2) Ha puc. 16). Takum oOpazom,
yBEeIIMUCHHE KPYMHOMACIITaOHBIX (IyKTyal BeOeT K IOAaBJICHUIO
MEJIKOMAacITa0HbIX (QIYKTyalud W HAao00poT. OTOT 3PQEKT, KOTOpBIHA
CI’KHT KJIFOUOM K IPOTHO3Y CHIIBHBIX (DIyKTyanuu Ha OOJBIIMX MacmTadbax
U cIeyeT U3 HaIN4us CTETIEHHOTO 3aKOHA, ObUT ICHCTBUTENIFHO OOHApYKEH U
MTOATBEPKICH 00pabOTKOM OONBIIOr0 KOTMIECTBA SMITUPHUICCKUX TAHHBIX.

Takum oOpazom, u1a ogHOMEpHOH (pakransHol (pynkumuu f(t) Ha ocHOBe
BenunHbl V (0) (7) BBeICHBI HOBBIE (hpaKTalbHBIC MOKa3aTeNu [27]: HHIEKC
(pakTanbHOCTH 4 W Pa3MEPHOCTH MUHUMANIBHOIO TOKpbITHA D, (9) TecHo
CBsA3aHHYI0 ¢ uHAekcom u . Kak npenensnoe smauenue npu 6 —0, D,
COBMamaeT ¢ OOBIYHON (ppakTanpHON pasmepHOcTEIO D. OpmHako 10
CPaBHEHHIO C IPYTHMH U3BECTHBIMH (PPaKTaTHHBIMHU MOKA3ATEISIMHU AIITOPUTM
BBIYMCIICHHS. pa3sMepHocTH D, (M COOTBETCTBEHHO WHJIEKCA () HMMeEET
OBICTPBIF BBIXOJ Ha CTEHCHHOH aCHMITOTHYECKHMH pexuMm s D.
YucneHHblEe pacueThbl, BHIIOJHEHHBIE JJISI LIEHOBBIX PS/IOB aKUMi KOMITAaHUH,

Bxojsamux B uHAekc Jloy-JkoHca, moOKasaiau, YTO pENpE3eHTATUBHBIN
MaciiTad, HEOOXOAMMBIN [UIsl ONpeACNCHUS HHACKCAa 4 C NpUEMIIEMON

TOYHOCTHIO, Ha /IBa MOPSAAKA MEHbLIE, YeM, HallpuMep, COOTBETCTBYIOLIMN
MacmTad Ui ompeneneHus Tmokaszartenss Xepcta H . OT1o mosBosser
paccMaTpuBaTh HHIEKC 4 B KaU€CTBE JIOKAIBHOTO (PPaKTaJILHOIO OKAa3aTesl.
[ToaTomy asnst kKaXxporo MoMeHTa t BpeMeHHOTOo psiza B [27] BBeaeHa PyHKINS
4(t) xak 3HaUeHHWEe L , BEIYUCICHHOE HA MUHUMAaJIbHOM, MIPEAIECTBYIOMmEM t
unrepsane 7. Mcmonbsoanne OSTOH (QYHKUMH IO3BOJMIO  CEPHE3HO

MPOJABUHYTHCS KaK B IUIaHE WACHTU(UKAIMK, TaK W B IUIAHE MPOTHO3A
(MHAHCOBBIX BPEMEHHBIX psgoB. B  1uiaHe wuneHtudukaimu B [27]
TEOPETUYECKU 0OOCHOBAIU U MOATBEPIMIM YUCIEHHO Ha OCHOBE JOCTAaTOYHO
OOJIBIIIOTO KOJMYECTBA AMITUPUYECKUX JAHHBIX TOT (PAKT, 4TO WHJACKC A
ABJISIETCS TIOKaszaTelieM CTaOWJIBHOCTH BpeMeHHoro psiaa. Yem Oosblie
3HaUYeHue L, TeM crabmiabHee psn. [Ipu sTom cinywait p < 0.5 MoxeT ObITh

WHTEPIPETUPOBaH Kak TpeHn, a ciaywdaid p>0.5 — kak ¢mar. Cioywair xe
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41~ 0.5 cooTBeTCTBYEeT OPOYHOBCKOMY JIBMXKEHUIO. Mcnonbp3oBanue GpyHKIMN
4(t) TO3BONIIIO TPOTECTUPOBATH MCXOAHBIE IIEHOBBIE PSRl C TEM, YTOOBI

BBIJICTINTE B HUX OpPOYHOBCKYIO KOMITOHEHTY. Kak oka3amoch, ee JI0isd
coctainsier MeHee 30 %. IlomydeHHbBIl pe3ynbTaT NaeT OLEHKY CTENEHH
000CHOBaHHOCTH THIIOTE3bl 3 (EKTHBHOTO pbIHKA. B TulaHe >ke mporuosa
000CHOBaH TEOPETUYECKH M MOATBEPIKICH pacueTaMu 3(PQEKT yBEIUUCHUS
KpyMHOMacIITaOHbIX (IYKTyallMid 0pU TOAABICHUH MEJIKOMACIITaOHBIX.
3toT 3ddekT, 0O4eBUIHO, MOKET OBITH MTOJIE3HBIM IJIS PEICKA3AHMUSI CUITBHBIX
KoJieOaHuit Ha (GUHAHCOBOM pHIHKE [27].

Kak oxaseiBaeTcsi, (hpakTanbHBI aHaTU3 MUMEET ropas3io Ooliee MHUPOKYIO
obmacte mpuMeHeHHA. B wactHocTH, wcmonb3oBaHMe GYHKIMU - L(t)

MO3BOIISIET PEIIUTH 33/1ady O pachpeelleHuH TPEH0B, UMEIOIIYI0 OOIBIIOe
pakTh4yeckoe 3HadeHue. IIpu 3TOM OKas3bIBaeTCs, YTO BEPOATHOCTh
MPOJOJKEHUS TPEHAA, KOTOPBIN JUIUTCA, CKXKEM, 7 THEU 3HAYUMO BBIILIE, YEM
COOTBETCTBYIOIIAsl BEPOATHOCTD JJIsl TPEHAA, KOTOPBIN JJIUTCS TOJIBKO 5 THEH.

[TocTpoeHHBI TOKANBHBIN (hPAKTATBHBINA aHAIA3 MOXKHO HCTIOIH30BATh TAKKE
JUISL TPOTHO3a 3eMJICTPSICCHUH, MIIEMUYECKHUX 3a0oseBanuii U T.1. [27].

I'/TABA 2. OBIIIUE CBEJIEHHUSA O HEMPOHAX
2.1. BBenenne

Heiiponnsie cern (HC), wmn, tounee, wuckycctBeHusle HC (MHC),
MPEACTABISIIOT COOOM TEXHOJIOTHIO, YXOASAILIYI0 KOPHSMH BO MHOMECTBO
OUCLUUIUIMH:  HeHpodu3nonoruio, MaTreMaTuky, CTaTUCTUKY, (U3HKY,
KOMIIBIOTEpHBIE HayKH U TEXHUKY [52]. OHM HaxoAdT cBO€ NMPHUMEHEHHE B
TAaKUX Pa3HOPOIHBIX 00JACTSAX, KaKk MOJACIMPOBAHHME, AHAIU3 BPEMEHHBIX
psloOB, pacro3HaBaHue o00pa3oB, 00pabOTKa CUTHAJIOB M  yIpaBiCHHE
Omaromaps OTHOMY Ba)KHOMY CBOMCTBY — CIIOCOOHOCTH 00y4aThCsl HA OCHOBE
JAHHBIX MIPY YYACTHH YUUTENS WIH 0€3 ero BMelaTeIbCTBa.

ITog HEMPOHHBIMM CETAMH IOAPA3YMEBAKOTCS BBIYMCIUTENBHBIE CTPYKTYPHI,
KOTOpbIE MOJICIIUPYIOT MPOCThIE OHOJOTHYECKHE IPOIECChI, OOBIYHO
accorupyeMbpie ¢  TIpoIleccaMu  dejoBedeckoro Mosra [53].  Onm
MPEJCTaBISIIOT  COO0OM  pacrpeliefieHHbIe W MapajlielibHble  CHCTEMBI,
CHOCOOHBIC K aJallTUBHOMY OOYYCHHIO TyTEM aHaiu3a IOJIOKHUTEIBHBIX U
OTPUIIATEIBHBIX BO3JIEHCTBUIA. DJIEMEHTapHBIM IpeoOpa3oBaTeieM B TaHHBIX
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CeTAX SIBJIIETCS HCKYCCTBEHHBIN HEHPOH MM MPOCTO HEHPOH, Ha3BaHHBIN Tak
10 aHaJoTuH ¢ OnonmormdyeckuM mpororunom. Vckycerennsie HC crposres
1O TMPHUHIOWNAM OpPTraHM3aliH W (QYHKIMOHHPOBAHMSA HX OHOIOTHYECKHX
a"anoroB. OHHM CIIOCOOHBI peIIaTh ITUPOKHN KPyr 3agad pacro3HaBaHHS
00pa30B, HICHTH(UKAIMK, MPOTHO3UPOBAHHS, ONTHMH3ALUM, YIPABICHHS
CIIO)KHBIMH OOBbekTamu. JlanbHelliee MOBBILICHHE MPOU3BOJUTEIBHOCTH
KOMIIBIOTEpOB Bce B Oonbmioi Mepe cBs3biBatoT ¢ MHC, B wacTtHOCTH, C
HeiipokomnbiorepamMu (HK), OCHOBY KOTOPBIX COCTaBISIET HCKYCCTBEHHAS
HC. Ocnorubie npobiemsl, pemaembie npu nomomm MHC, ¢ Touku 3peHus
MPOTHO3MPOBAHMS MOYKHO CBECTH K JBYM, CBSI3aHHBIM MEXIY CO00I 3amadam
[53]: annpoxcumayus ¢pynxyuii, npeockazanue/npocros.

2.2. buosornyeckuii HelpoH

HepBHas cuctema u MO3r 4eloBeKa COCTOSIT U3 HEUPOHOB, COCAMHEHHBIX
Mexay co00i HepBHBIMU BoJIOKHaMu [53]. HepBHbIE BOJIOKHA CITOCOOHBI
MepenaBaTh JJEKTPUUYECKHUE HMMITYJIBCH MEXAy HelpoHamu. Bce mporeccs
mepenayn  pa3IpakKeHUH OT KOXH, YIIed W TJia3 K MO3ry, MpPOIeCcCHI
MBIIUICHAS W YOpPaBIeHHs NEHCTBUSAMH - BCE 3TO PEANTH30BaHO B YKHBOM
OpraHM3Me KaK Irepeiadya ANeKTPUIECKUX UMITYJIbCOB MEKIY HEHPOHAMH.

Heiipon (HepBHast KieTka) SBISIETCS OCOOOW OHMOJOTHMYECKOW KIIETKOM,
KoTOpasi oOpabateiBaeT uHpopMauuio (puc. 17). OH cocTouT U3 Tena, WIN
COMBI, U OTPOCTKOB HEPBHBIX BOJIOKOH JIBYX THIIOB - O€HOPUMOE, IO KOTOPBIM
MPUHUMAIOTCS. UMITYJIbCBI, U €IMHCTBEHHOTO aKCOHd, TI0 KOTOPOMY HEHpOH
MOXKET Iepe/laBaTh HUMIYJbC. T€J10 HeHpoHa BKJIIOYAET s0po, KOTOPOE
COJCP)KUT HWHPOPMAIIMIO O HACIEACTBEHHBIX CBOWCTBaX, H AIA3MY,
o0JNIaJIaAfoNIyI0  MOJEKYJSIDHBIMH ~ CPEACTBAMHM  JUIi  TPOU3BOJICTBA
HEOOXOIMMBIX HEHPOHY MaTepHasoB.
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Arconnblti XonMuK
Q\J k/L/( (mpueeepnas obracmo)

N Adpo Arcon
> (O \

Knemounoe meno
(coma)

Konyesasn eemesn

Cunaneot Hendpume: (mepmunanw) axcona

Puc. 17 — YopomieHHOE H300pakeHHe OMOIOTHYECKOTO HepoHa [84]

Heifipon momydaeT curHasisl (MMITYJIbCHI) OT aKCOHOB JPYTHUX HEHPOHOB depe3
NeHapuThl (IPUEMHUKH) WM TI€PEelaeT CUTHAJbI, CTCHEPHUPOBAaHHBIC TEJIOM
KJIETKH, BJAOJIb CBOEr0 aKCcOHa (MepedaTdyWka), KOTOpbIi B KOHLE
pa3BeTBIseTCST Ha BOJOKHA. Ha OKOHYaHMSAX STHUX BOJOKOH HaXoAsTCA
ClelHanbHble 00pa30BaHMS - CUHANCHI, KOTOPbIE BIMAIOT Ha BEIHMUYHHY
HAMITYJIbCOB.

CuHanc ABJISETCS 3JEMEHTAPHOW CTPYKTYpOW ¥ (DYHKIIMOHAJIBHBIM Y3JIOM
MEXJy ABYMs HEHpoHamMH (BOJOKHO aKCOHa OIHOr0 HEHpoHa M JCHAPHUT
npyroro). Korma uMITynbc JOCTUTaeT CHHANTHYECKOTO  OKOHYAHUS,
BBICBOOOXKIAFOTCS XUMHYECKUE BEIIICCTRA, Ha3bIBaEMbIC
HeiiporpancmutTepamu.  Hefiporpancmutrepbl  aubGyHAUPYIOT — 4epe3
CHHANTHYECKYIO IIeNb, BO30YXKAas WU 3aTOPMAXKHBas, B 3aBUCHMOCTH OT
THNA CHHAMCa, CHOCOOHOCTh  HEHpOHA-TPUEMHHUKA TeHEPUPOBATh
AJIEKTPUUECKHE UMITYJILChI. Pe3ylIbTaTUBHOCTD TIepeaud UMITYJIbCa CHHATICOM
MOXKET HACTpauBaThCS MPOXOAAIIMMH YEpe3 HEro CHrHajlaMd TakK, 4YTO
CHHAIICHI MOTYT 00YyYaThCsi B 3aBUCHUMOCTH OT AKTHUBHOCTH IIPOIECCOB, B
KOTOPBIX OHU YYaCTBYIOT. DTa 3aBUCHMOCTb OT IPEABICTOPUM JCHCTBYET Kak
namsTh, KOTOpas, BO3MOXHO, OTBETCTBEHHA 3a NaMsiTh 4eJIoBeKa. BaxHo
OTMETHUTh, YTO BECa CHHAIICOB MOTYT U3MEHSTHCS CO BpEMEHEM, a 3HAUUT,
MEHSETCS U TTOBEJICHUE COOTBETCTBYIOIUX HEHPOHOB.

Kopa TrojoBHOrO Mo3ra dengoBeKa COAepkHT okono 10" HelipoHOB H
TpesicTaBIsgeT cob0il MPOTSHKEHHYIO HOBEPXHOCTh TOMIIMHOM OT 2 10 3 MM ¢
miomanpio okono 2200cm’. Kaxmelit Heiipon cpsasan ¢ 10° —10% apyrumu
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HelipoHaMu. B 1enoM Mo3r 4enoBeka colepKuT IpubausutensHo ot 10 1o

10" B3amMOCBs3EiA.

Heiiponsl B3aUMOJICUCTBYIOT KOPOTKHUMH cepusaMHu VMITYJIbCOB
MPOJOJDKUTEIIEHOCTBIO, KaK MPaBHIIO, HECKOIBKO MuuncekyHa. Cooliienne
nepeaaercs MOCPEACTBOM YaCTOTHO-MMITYJIbCHOW MoAymsauuu. Yacrora
MOJKET M3MEHSATHCS OT HECKOJBKMX EIMHHI] A0 COTEH Tepll, YTO B MHJUIMOH
pa3 MexasieHHee, yeM OBICTPOJICHCTBYIOIINE TIEPEKIIIOYaTENIbHBIE DIIEKTPOHHBIC
cxeMbl TeM He MeHee CIOXHBIE 3a/1adll PACIIO3HABAHMS YENOBEK pelracT 3a
HECKOJIbKO COT€H MWJUIUCEKYH]J. OJTH pelICHHS KOHTPOIHPYIOTCS CEThIO
HEHPOHOB, KOTOPBIE WMEIOT CKOPOCTh BBIMIOJNHEHHSI OIEparuii BCEro
HECKOJIbKO MIJUTUCEKYH]I. DTO 03HAYAET, YTO BRIYUCICHUS TpeOyoT He Oonee
100 mocnenoBaTeNnbHBIX cTaguid. Jpyrumu cioBaMu, IS TaKUX CIOXKHBIX
3aJ1a4 MO3T «3allycKaeT» napajuieJIbHble IporpamMmBbl, cojepxaniue okoio 100
maroB. Paccyknas aHalOrMYHbBIM 00pa3oM, MOXKHO OOHapyXuTh, YTO
KOJIMYEeCTBO HWH(OpMaIK, TOCKUIAEMOE OT OJHOTO HeWpoHa ApYyromy,
JOJDKHO OBITh OYEHb ManbIM (HEecKodbko Out). OTcioma ciemyer, 49To
OCHOBHas1 HH(GOpPMAITUS HE MepelaeTcs HEMOCPEICTBEHHO, a 3aXBaThIBACTCS H
pacnpeziensieTcs B CBSI3sX MEX/Iy HEWpOHAMHU.

2.3. CTpyKTypa H CBOICTBA HCKYCCTBEHHOI'0 HEHPOHA

Heiipon mpencraBnsier coboil enuHuIy 00pabOTKM UHPOpManuu B
HeliponHor cetu [52]. Ha Onok-cxeme puc. 18 mokasaHa modens HeEHpoHa,
nexamiero B ocHoe UHC. B 3Tolf Moaenu MOXHO BBIACIUTH TPU OCHOBHBIX
DJIEMEHTA.

1. HaGop cunancos W  ceéa3eli, KaKIbIA W3 KOTOPHIX
XapaKTepu3yeTcsi CBOUM 8ecoM WU cunou. B 4acTHOCTH, CUTHAN

X; Ha BXOJIE CHUHAICa J , CBSI3aHHOTO C HelipoHoM K , yMHOKaeTcst
Ha Bec W, . Baxno 0o0paTuTh BHUMAaHHUE HA TO, B KAKOM TOPSIKE
yKa3aHbl MHIEKCHI CHHaNTH4ecKoro Beca W, . Ilepsoiil uHIexce

OTHOCUTCA K paccMaTpuBa€éMOMY HEWpPOHY, a BTOpPOH — KO
BXOJIHOMY OKOHYAHHIO CHHAIICA, C KOTOPBHIM CBSI3aH JIaHHBIN Bec. B
OTIIMYME OT CHHAIICOB MO3ra CHHANTHYECKHH BEC UCKYCCTBEHHOTO
HEHpoOHa MOXXET MMETb KakK IIOJIOKUTENbHBIE, TaKk W
OTpULIATEIbHBIC 3HAYCHHUS.
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2. Cymmamop CKIaApIBacT BXOJHBIC CHUTHAIBI, B3BELICHHBIC
OTHOCUTEIIBHO COOTBETCTBYIOLIMX CHHAICOB HEHpoHa. OTy
OTIEPALIMIO MOKHO OIIUCATh KaK JUHEUHYIO KOMOUHAYUIO.

3. @yuxyusa axmusayuu OTPAHUYUBACT aAMIUIUTYIy BBIXOJIHOTO
CUTHaja HeWpoHa. OTa (YHKOHSA TakKe Ha3bBaeTcs (yHKIHEH
cocamusi.  OOBIMHO HOPMAITM30BAHHBIA JIMANIA30H  AMIDIMTYT
BBIXOJ1a HelipoHa JiekuT B uaTepBaie [0,1] wiu [-1,1].

B Mopens HeiipoHa, mOKa3aHHYIO Ha pHC. 18, BKIIOUEH 1OpOo208bill dieMeHM,
KOTOPBIN 0003HAYEH CUMBOJIOM Dy. DTa BETMYUHA OTPaKACT YBEIHMUCHUE HIIH
YMEHbBIIIEHUE BXOTHOTO CUTHAJIA, IT01aBaeMOT0 Ha ()yHKITHIO aKTHBAIIWH.

B maremarnyeckom mpezncraBieHHH (YHKIMOHUPOBAHUE HEHPOHA K MOXKHO
onucaTh CIEAYIOIIEeH Napoil ypaBHEHUI:

Uy Zszij Y=o, +b), a7
i

T X, Xy,..., X, — BXOJHBIC CHUTHAJIBL, Wy, W,,,...,W,, — CHHAIITHYECKUE Beca
K -ro HeiipoHa, U, — JMHeWHas KOMOWHAIMsS BXOAHBIX BO3jeicTBHH, b, —
nopor, @(-) — ¢yHKkyus axmueayuu, Yx — BBIXOJHOHW CHUTHAI HEHWpOHA.

Hcnonb3oBanue mopora by obecneunBaer ah ekt agunnozo npeobpazosanus
BBIXO/Ia TMHEHHOTO CyMMaropa U, .

Cunanmuueckue HOpO._’
6ecd

Dynryua
AKmusdayuu
Bxodnsie

Boixoonoii
Q(v,)—» cucnan

Vi

<

v
cusHabl X k

Puc. 18 — Henuneiinast Mmonens Helipona [52]
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A

v
Huoyyu — k X,W,, = b, (nopoz)
posannoe b, >0
J0KaIbHOE b, =0

noie s
p b, <0
/
o7 u,

> >
/ s / Buixoo
P TUHETIHO20
s / cymmamopa

a) 0)

Puc. 19 — AdwunHOE mpeoOpa3oBaHue, BHI3BAHHOE HANW4YMEM Topora (a), u
COOTBETCTBYIOIIAsl eMy OecrioporoBasi MoJieiib HelipoHa (6) [52]

v
Bxoow

(v, Py,

Cunanmuuecxue seca
(srmiouas nopoz)

B mogpenu, mokazaHHOW Ha puC. 18, MOCTCHHANTHYECKWH NOTEHIHAN V,

BBIYUCIACTCA CIICAYIOIIUM 06p3,30M3
Vv, =u, +b, . (18)

B YaCTHOCTH, B 3aBUCUMOCTH OT TOI'O, KaAKOC€ 3HAYCHUC IPUHUMACT IIOPOT bk i

MOJIOKUTCIIBHOC WJIN OTPULATCIIBHOC, MHOyuMpOG(JHHOQ JIOKAJjlbHOoe noJie UiIn
nomenyuan akmusayuu v, HeﬁpOHa kK wusmensiercs TaK, KaK ITOKa3aHO Ha

puc. 19,a. Teneps, rpadux V, yke HE NPOXOAUT Yepe3 HA4aJI0 KOOPAMHAT,

Kak rpaduk U, .

[Topor b, siBIIseTCSI BHEIIHUM apaMeTPOM HCKYCCTBEHHOTO Heiipona K . Ero

NPUCYTCTBHE MBI BHAUM B BblpaxkeHud (17). IlpuHumass BO BHUMaHuHeE
BeipaxkeHue (18), popmynst (17) MokHO IpeoOpa3oBatTh K CIEIyIOMIEMY BUIY:

Uy :Z(:,ijxj Y =o(uy), (19)
j=

B niepBom BeIpaxenunu (19) mobGaBuiics HOBBIM cuHarc. Ero BXOMHO#M cuTHAN
UMeeT 3HaueHue X, = +1, a ero Bec, COOTBETCTBEHHO W,, =D, .
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JT0 MO3BOJIWIO TPAHC(HOPMUPOBATH MOJETh HEHPOHA K BUY, TOKa3aHHOMY
Ha puc. 19,0. Ha 3TOM pHCyHKe BHIHO, YTO B pe3yibTaTe BBEACHUS MOpOTa
nm00aBIIIeTCS HOBBIN BXOIHOM CHUTHAN (DMKCUPOBAHHOHN BEIMYHMHEI +1, a Takxke
HOSIBIISIETCS. HOBBIN CHHANTHYECKUH BEC, PAaBHBIN MOPOTOBOMY 3HAYCHUIO D, .

XoTsT Mozenu, MoKa3aHHele Ha puc. 18 u 19,0, BHEITHE HE OYCHH CXOXKH,
MaTeMaTHYECKH OHU SKBUBAJICHTHBI.

2.4. Tunsl pyHKIUI aKTHBAIIUH

OyHKIMK aKTUBALMH, IPEACTAaBICHHBIE B (opMynax Kak ¢(V), ONpenensioT

BBIXOJTHOM CUTHAJ HEHpOHA B 3aBUCUMOCTH OT MHAYIIUPOBAHHOTO JIOKAJILHOTO
mosist V. MOXKHO BBIJIENTUTH TPH OCHOBHBIX TUMA (DYHKITUI aKTHBAIIHH.

1. @ynxyus eounuunozo ckauka, WIA MOPOroBasi GYHKIHS — 3TO M3BECTHAS
¢byakmus Xeucaiina. Baemaunii Bun 1o dyHKIME noka3ad Ha puc. 20a, a
caMa OHa OIMCBIBAETCS CIIEAYIOLUIMM 00pa3oM:

1, npuv > 0;
o) =1 , (20)
,apuVv < 0;

Monenp HefpoHa, UCIONB3YIONIYIO NaHHYI0 (YHKIHIO B KadecTBe (DYHKITUH
aKTUBAIUH B JIATEPAType HA3BIBAIOT MoOdenbto Max-Kannoka-Ilumya, otnaBas
JlaHb MMUOHEPCKoW padote [54]. B 3Toil Momenu BBIXOAHOW CHUTHANl HEeWpoHa
NPUHUMAET 3HA4YeHHEe 1, €clu WHAYIHUPOBAHHOE JIOKAIBHOE TIOJE 3TOTO
HeWpoHa HE oTpunareabHo, U () B MPOTUBHOM cllydae. IJTO BBIPAXKCHHUE
OTIUCHIBAET CBOUCTBO "sce uau nuueeo” mogenu Mak-Kamnoka-ITutna [52].

2. Kycouno-nunetinas gpynkyus. Kycouno-nuneiinas GyHKIMs, MOKa3aHHasA Ha
puc. 20,6, onuchIBaETCS CIEAYIONINM BBIPAKCHUEM:

1, v<-0.5;
p(vV) =1, +05>v>-05; (21)
0, v<-0.5,

rie  kodhGUIMEeHT ycWleHHWs B JIMHEHHOW  o0xactH  omeparopa
MpearnosaraeTcsi paBHBIM €OUHHUIE. OTy (YHKIUIO aKTHBAlMM MOYKHO
paccMaTpuBaTh KaK annpoKcumMayuio HEITMHEHHOTO YCHITHTES.
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3. Cuemoudanvnas Gyukyus. CurmounanbHas (GyHKIUS, TpapuK KOTOPOI
HarlOMHHAeT OyKBy S, SBISETCS, MOXKaIyld, CaMoil pacmpocTpaHCHHON
¢byskmmeit, ucronbsyemon mns co3ganns MHC. Dto OpicTpo Bo3pacraromias
(yHKIHS, KOTOpasi MOAEPKUBAET OalaHC MEXIy JIMHEHHBIM U HETTMHEHHBIM
moBeneHneM. llpumepom curMommanpbHOH (PYHKIMH MOXKET CITYy)KHTh
Josucmuyeckas QyHKyus, 3alaBaeMas CJIeIyIOIUM BbIpa)KEHHEM:

o)
1.0y
0.8
0.6}
0.4

0.2] Vv

Puc. 20 — Bunsl QyHkumit aktuBanuu: (GyHKUUS €AMHUYHOTO cKauka (a);
KyCOYHO-HHEIHAss QyHKIMs (6) U curMouanbHasi GYHKIUS Uil pa3THYHbBIX
3HaveHui mapamerpa a (g) [53]

qo(v)=1%, (22)
+e

rIe a — napamemp HAKIOHA CUTMOMIAJIBbHOW (yHKIuH. M3MeHsst 3TOT
napameTp, MOKHO TIOJIYYUTh Pa3iMYHyI0 KpyTH3HY GyHKIuUU @(V), KaKk 3TO

nokazano Ha puc. 206. [lepBblii rpaduK COOTBETCTBYET BEJIMUMHE MapamMeTpa,
paBHoii a=1/4. B nmnpexmene, Korma mapaMeTp HaKJIOHAa JIOCTHIAeT
0ECKOHEYHOCTH, CUTMOMIATIbHAS (QYHKIUS BBIPOXKIAETCsl B TIOporoByto. Ecin
moporoBasi ()YHKIUS MOXET MPUHUMAThL TOJbKO 3Hadenus 0 u 1, TO
CUrMoumgajibHasa q)yHKHI/IH NpUHUMACT OECKOHEUYHOE MHOYKECTBO 3HAYECHUU B
muamnazone or 0 mo 1. Ilpm sTOM ciemyeT 3aMeTHUTh, YTO CUTMOUWIATBHAS
byHkms sBisercs nuddepeHIrpyeMon, B TO BpeMsi Kak IOpOroBasi TAKOBOM
He sBiugercs. Kak Oyzmer mnokasano pameire, auddepeHuupyeMocts
aKTHBAIIMOHHON (DYHKIMH UIpaeT BayKHYIO poiib B Teopun HC.

Ob6nacte 3HaueHnid (QYHKUMI aKTHBALMM, ONpeleNeHHbX Gopmynamu (20) —
(22), npeacrapnsier coboit oTpe3ok ot 0 g0 +1. OmHako wHOTNMA TpeOyeTcs
(GyHKLIMS aKTUBALMM, MMelomas obnacte 3HaueHWd oT -1 mo +1. B stom
ciyyae (QYHKOHMS aKTUBAlM{ AOJDKHA OBITh CHMMETPHUYHOH OTHOCHUTEIHHO
Hayaja KoopauHaT. B 9acTHOCTH, NOPOroByI0 (YHKLHUIO B JAHHOM CIIydae
MO’KHO OIIPEENIUTh CIEAYIOIIUM 00pa3oM:
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1, v>0;
o(V)=40, v=0;
-1 v<0.

Wuorga curmoupanbHas (QYHKIHS aANIPOKCUMUPYETCS  2UnepOOIudecKum
MAH2EHCOM:!

av —av

o(v) =tanh(v) = — .
e +e

Crenyer OTMETHTh, YTO CUTMOMJANbHBIE (QYHKIUU TUQPEepeHIUpyeMbl Ha
BCell ocu abCIMCC, YTO UCMOJIb3YEeTCS B HEKOTOPBIX AITOPHTMAaX OOYUCHWS.
Kpome Toro, oHr 00J1aal0T CBONCTBOM YCHJIMBAThH CIIA0bIC CUTHAIIBI JyYIIE,
qyeM 6OJ'H>IHI/I6, nu Hpe,[[OTBpaHIaCT HACBIILICHUEC OT 6OJ'II>IHI/IX CHUTHAJIOB, TaK KaK
OHHM COOTBETCTBYIOT 00JacTSIM apryMEHTOB, IJI¢ CUI'MOHUJ MMEET IOJIOTHii
HAKJIOH.
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I'JIABA 3. OBIIIME CBEJEHUSI O HEMPOHHBIX CETSX (HC)
3.1. Knaccudukanus HeHPOHHBIX ceTeil M X CBOMCTBA

Hefiponnast cetres mpencraBisieT coOOH COBOKYITHOCTh HEWPOTOMOOHBIX
JJIEMEHTOB, ONpEIEeNIEHHBIM 00pa3oM COEAWHEHHBIX APYT C APYrOM H C
BHEITHEH cCpelod C TOMOIIbIO  CBS3€H, OMNpenesseMblX BECOBBIMU
koadp¢uimentamu  [53]. B 3aBucuMocTH OT (DYHKIUH, BBITOIHAEMBIX
HEUPOHAMHU B CETHU, MOKHO BBIICITUTE TPU UX THIIA:

1. Bxoowuvie HelipoHbl, HA KOTOPBIC MOJNAETCS BEKTOP, KOJIUPYIOIIHIA
BXOJITHOE BO3JICHCTBUE WM 00pa3 BHEIIHEH Cpelbl; B HUX OOBIYHO HE
OCYIICCTBISCTCS  BBIYMCIUTEIBHBIX  NPOIEAYp, a HHGpOpMAIUI
MepeIacTCs C BXOa Ha BBIXOJ] ITyTEM U3MCHEHHUS UX aKTHBAIUH.

2. Buvixoonvle HelipoHbl, BBIXOJHBIE 3HAUEHMs KOTOPBIX IMPEICTaBIISIOT
BBIXOJIbl HEHPOHHOMW CETH; MPEOOPa30BaHUs B HUX OCYIIECTBISIOTCS IO
BeIpaxkeHusiM (17) u (18).

3. IIpomesicymounvie netipoHsl, COCTABISIONINE OCHOBY HEHPOHHBIX CETel,
MpeoOpa3oBaHusl B KOTOPBIX BBIMOJIHSAIOTCS TAaKXKe MO BbIpaxeHusM (17)
u (18).

B OonpumimHCTBE HEMpPOHHBIX MOJAENEH THUN HEWpOHAa CBsSI3aH C  €ro
pacIoJIOKEHUEM B CETU. Eciin HEHPOH UMEET TOJIBKO BBIXOJIHBIE CBSI3H, TO 3TO
BXOJTHOW HEHpPOH, ecir HaoOOpOT — BBIXOMHOW HelpoH. OJHAKO BO3MOXKEH
Cilydail, = KOrZa  BBIXOA  TONOJOTMYECKH  BHYTPEHHETO  HEHpoHa
paccMaTpuBaeTcsl Kak 4acTh BBIXOAa ceTH. B mponecce (QyHKIMOHUPOBaHHUS
CeTH OCYILIECTBIISIETCA MpeoOpa3oBaHUE BXOMHOI'O BEKTOpAa B BBIXOIHOH,
HekoTopas mepepaboTka wH(opMmarmy. KOHKpETHBIH BHI BBIIOIHIEMOTO
CeTbl0  TpeoOpa3oBaHUs  JaHHBIX  OOYyCJOBIHMBacTCS  HE  TOJIBKO
XapaKkTepUCTUKAMH HEHPOIMOJO0OHBIX 3JIEMEHTOB, HO W OCOOCHHOCTSIMU €€
apXUTEKTYphl, a MMEHHO TOIIOJIOTHEH MEXHEHpPOHHBIX CBs3el, BBIOOPOM
OTIpEJENICHHBIX ITOJMHOXECTB HEHPOIOAOOHBIX BIIEMEHTOB IJisi BBOAA M
BbIBOAAa HH(pOpManuu, crnocobamMu OOydeHHs] CETH, HaludueM WIN
OTCYTCTBHEM KOHKYPEHLUH MEXIY HEHPOHAaMH, HalpaBleHHEM H CIIOCOOaMuU
yIpaBJIeHHUs] 1 CHHXPOHU3AIMHY Tiepeiaur HHQOpMaIMy MEX1y HeHpoHaMH.

C Toukm 3pCHUA TONOJOTHHU MOXXHO BBIICIIUTL TP OCHOBHBIX THUIIA HC:

1. TIonnoceéssmvle, TOMONOTHS KOTOPBIX MOKa3aHa Ha puc. 21,a).
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2. Mnuoeocnoiinvie wiu croucmoie (puc. 21,6).
3. Cnabocsssuvie (¢ NTOKAIBHBIME CBA3IMH) (puc. 21,8).

B nonnoceasnvix  Heliponublx cemsax KaxIbli HEUpOH Tepenaer CBOU
BBIXO/IHOM CHTHAJ OCTaJbHBIM HEHWpOHaM, B TOM 4Hclie U camoMmy cebe. Bee
BXOJTHBIE CHUTHAJBI TIOJAIOTCS BCEM HEHpoHaM. BBIXOAHBIME CHTHaJlaMHU CETH
MOTYT OBITh BCE€ WJIM HEKOTOpPbIC BBIXOJHBIC CHTHAJbl HEHPOHOB MOCIE
HECKOJIbKUX TaKTOB (DYHKIIMOHUPOBAHHS CETH.

B wmnococnotineix HC Heliponsl oObenubsitorcs B ciou. CIlIoi COIEPKUT
COBOKYITHOCTh HCHPOHOB ¢ CIMHBIMH BXOJHBIMH CHUTHaJaMH. Yucio
HEHPOHOB B CJI0€ MOXKET OBITh JIIOOBIM U HE 3aBUCHUT OT KOJIMYECTBA HEUPOHOB
B JIPYTUX CJIOSX.
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a) 6) 8)

Puc. 21 — ApXuTeKTypbl HEHpPOHHBIX CETEH: a - TIONHOCBSI3HAsI CETh, O -
MHOTOCJIOHHAsI CeTh C MOCIJIEI0BATEIBHBIMHU CBA3AMH, 6 - CIa0OCBSA3HAs CETh

[53]

B oOmewm ciydae ceth cocToMT M3 Q Cl0EB, MPOHYMEPOBaHHBIX CIIEBa

HampaBo. BHeliHWe BXOJHBIE CUTHAIBI TIOJAIOTCS HAa BXOJABI HEHPOHOB
BXOJTHOTO CJIOSl (€ro 4YacTo HYMEPYIOT Kak HYJICBOW), a BBIXOJAaMHU CETH
SIBIIIIOTCS  BBIXOJHBIE CHUTHANBI TOCHenHero cios. Kpome BxomHOro u
BBIXOJTHOTO CJIOEB B MHOTOCIOMHOW HEHPOHHOM CeTH €cTh OAMH WU
HECKOJILKO CKPBITHIX clIOeB. CBS3UM OT BBIXOJOB HEHPOHOB HEKOTOPOTO CIIOS
g K BXogaM HelpoHOB cuenywoomero cios (Q+1)  Ha3bBalOTCA

IOCIICA0BATCIIbHBIMU.

73



B cBoto ouepenp, cpenu MHorocaoiHbx HC BRIIEISIOT CAEAYIOINE TUIIBL:

1) Mounorounsie HC. DTO 4YacTHBIA Ciaydail CIIOMCTBIX ceTell ¢
JIOTIOJIHUTENILHBIMU YCIIOBUSIMA Ha CBSI3M M HEWpoHbL. Kakablid
CIIOM KpOMe TIOCJIEIHEro (BBIXOJHOTO) pa3doWMT Ha JBa Onoka:
BO30YyXIaromuii U TopMO3siuid. CBs3M MeXIy OJOKaMH TOXeE
pa3IeNoTes Ha TOpMO3siiue M Bo3Oyxnaromue. Jlns HelipoHOB
MOHOTOHHBIX CeTeil HeoO0XoqMMa MOHOTOHHAs 3aBHCHMOCTB
BBIXO/IHOTO CUTHAJIa HEHPOHA OT MapaMeTPOB BXOIHBIX CUTHAJIOB.

2) Cemu b6e3 obpamuuix césnzeil. B Takux CeTAX HEHPOHBI BXOIHOTO
CIIOSI TIOJTyYalOT BXOJHBIE CHUTHAJIBI, TPEOOPa3yIOT UX M HEepeaatoT
HEHWpOHAaM TIEPBOTO CKPBITOTO CIIOSI, M TaK jajee BIUIOTh [0
BBIXOJIHOTO, KOTOPBIA BBIIACT CHTHAIBI I MHTEpIpeTaropa u
nonb3oBaTens. Eciam He OroBOpeHO MPOTHUBHOE, TO KaXKIbLil
BBIXO/IHOW CHTHAJ (] -TO CJIOS MOJACTCS Ha BXOJ BCEX HEHpPOHOB

(9+1) -ro cios, 0AHAKO BO3MOXKEH BapUAHT COCAMHEHUS (] -TO
closi ¢ Tpom3BONBHBIM ((+1) -M crmoeM. Cpeld MHOTOCITOWHBIX

cereit Oe3 06paTHI>IX CBsI3EH pa3iIn4aroT IMOJIHOCBA3AHHBIC (BLIXOI[
KaxXaoro HeﬁpOHa ( -TO CJIOA CBA3aH C BXOAOM KaXXIOTO HeﬁpOHa

(g+1) -ro ciost) ¥ YaCTUYHO MOJTHOCBSI3aHHbIC.

3) Cemu ¢ obpamnvimu césazimu. B cersix ¢ 0OpaTHBIMH CBA3SAMH
WHGPOPMAILTUS C MOCTEYIONINX CIOEB NepeacTcsl Ha MpeIbIIyIIne.
Cpenu HUX, B CBOIO OY€pelb, BBIAEIAIOT CIEIYIOIIUE: CIOUCHO-
YuKaIuyecKue, CIOUCMO-NONHOCEA3AHHbIE, NOIHOCEA3AHHO-
croucmeie.

Bxoonoii cuenan
(6o36vacoenue)

Brixoouoti cuenan
(omkaux)

Bxoonoti Crpuimstii  Buixoonoti
caot crot crou

Puc. 22 — MHuorocnoitHass (AByXClOifHas1) CeTh MPSIMOTO PacCIpOCTPAaHEHHUS

[53]
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Beixoo T Boixoo

Beixoonoit crou

Crpoimbiii ciou

Konmerxcmusie Koumexcmuuie
. Bxoo . Bxoo
HEUPOHbL HeUPOoHbL
a)
Beixoo T

Beixoonot cioti

1

Crpoimbiii ciou

Konmerxcmusie on()T Koumexcmuuie
HeUponbl Helponbl

0)

Puc. 23 — YactuuHo-peKyppeHTHbIE ceTH: a - Dnmana, 6 — XKopaana [53]

B xaudecTtBe npumepa ceteil ¢ 0OpaTHBIMU CBA3SIMHU Ha pHC. 23 MpeAcTaBIeHbI
YaCTHYHO-PEKyppEHTHBIE ceTh DnMana 1 XKopaana.

B crabocesasnvix  Heliponnvlx cemsax HEUPOHBI paclojiaraloTcsl B y3Jax
MPSIMOYTOJIbHOM WIIM TeKcaroHanbHOW pemeTku Kaxkiaplii HEHpOH CBsI3aH C
4eThIpbMsl (OKpecTHOCTh (oH HelimaHa), mrecthio (okpecTHOCTH ['onest) wimu
BOCEMBIO (OKpecTHOCTh Mypa) CBOMMHU OIIMKANIINMHU COCEISIMHU.

N3Bectnpie HC MOXHO pasfgenuTs MO TUOAM CTPYKTYp HEHPOHOB Ha
TOMOTeHHBIE (OJHOPOAHBIE) U TeTepOTreHHbIC. | OMOTeHHBIE CETH COCTOST U3
HEHPOHOB OJHOIO THIA C €AMHON (DYHKIMCH aKTHUBAIMH, a B T€TEPOICHHYIO
CETh BXOAAT HEHPOHBI C Pa3INYHBIMH QYHKIMAMH aKTHBALUH.
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CylecTByOT OMHapHBIC W aHAJIOTOBBIE ceTH. [lepBble M3 HUX ONEPUPYIOT
TOJIbKO JIBOMYHBIMH CHUTHAJIAMH, U BBIXOJ KaXIOro HEWpOHAa MOXKET
MPUHUMAThH 3HAYCHHUE JINOO JIOTUYECKOT'O HOJIS (3aTOPMOKEHHOE COCTOSIHUC)
00 JIOTUYECKON eAMHUIIBI (BO30YKIEHHOE COCTOSIHHE).

Eme onna wmaccudukanus aenut HC Ha CHHXpOHHBIC M acCMHXPOHHEIC. B
MIEPBOM CJIy4yae B KaXKIbli MOMEHT BPEMEHH JIMIIb OJJUH HEUPOH MEHSET CBOE
COCTOSIHWE, BO BTOPOM — COCTOSIHHE MEHSETCS Cpady y IIeN0M TPYIIIBI
HEHPOHOB, KaK MPaBWIIO, ¥ BCETrO ciios. AnropurMudecku xof Bpemern B HC
3a/laeTcsl WTEPAllMOHHBIM BBIMOJIHEHWEM OJHOTHUITHBIX JEUCTBUU HaJ
HelipoHamu. [lanee OyIyT paccMaTpUBAaTHCS TOIBKO CHHXPOHHEIE CETH.

Cetn MOXHO Kiaccu(UIMPOBAaTh TaKXKe IO YHCIY CJIOEB. TeopeTHdecKu
YHCJIO CJIOEB M YHCIIO HEHPOHOB B KKJIOM CJIO€ MOXKET OBITh MPOM3BOJIBHBIM,
OoOHAaKO (haKTHMYECKH OHO OIrPaHMYEHO pecypcaMH KOMIIbIOTEpa WU
CHECIUAM3UPOBAHHBIX MHKPOCXEM, Ha KOTOPBIX OOBIYHO pean3yercs
HelipoHHas ceTb. UeM clloxHee ceTh, TeM 0ojiee CI0KHbIE 3aJaull OHa MOXKET
pelaTs.

Bri6op crpykrypst HC ocyniecTBisieTcss B COOTBETCTBHU ¢ OCOOCHHOCTSIMHU U
CIOXKHOCTBK 3amauu. JlIsg penieHuss OTAENBHBIX THIIOB 3a/ad  yKe
CYIIECTBYIOT ONTUMAaIIbHBbIE KOHQUTypanuu. Eciu ke 3aiada He MOXKeT OBbITh
CBEZICHa HM K OJHOMY M3 M3BECTHBIX THIIOB, MPUXOAMUTCS PEIIATH CIOKHYIO
npobiaeMy CcHHTe3a HOBOM KoHurypauuu. Ilpm »>TOM HeoOxomumo
PYKOBOACTBOBAThCS CIEAYIOIIMMHA OCHOBHBIMU IIPAaBUIAMH:

° BO3MOXXHOCTHU CE€THU BO3pACTAIOT C YBCIIMUCHHUEM 4YHUCIIa HeﬁpOHOB
CCTH, IINIOTHOCTH CBsI3E MEXKAY HUMU U YUCJIOM CJIOCB;

e BBeJCHHE OOpaTHBIX CBsA3€W  HApsAAy C  YBEIHUYEHHEM
BO3MOXKHOCTEH CETHM IMOJHMMAET BOIPOC O JUHAMHYECKOH
YCTOMYHBOCTHU CETH;

° CJIOKHOCTH aJIrOPUTMOB q)YHKIJ;I/IOHI/IpOBaHI/Iﬂ CC€TH, BBCJICHHC
HCCKOJIbKHMX THIIOB CHMHAIICOB CHOCO6CTBy€T YCUIICHUIO MOIITHOCTH
HC.

B 3a0auax npocrosuposearusd B Ka4YCCTBC BXOAHBLIX CHUIHAJIOB HCIIOJIB3YHOTCH
BPCMCHHBIC pAAbL, OpCaACTABIIAIOIINC 3HA4YCHUA KOHTPOJIHNPYCMBIX
NEPEMCHHBIX Ha HCKOTOPOM HWHTCPBAJIC BPCMCHH. BBIXO)IHOIZ CHUIrHaaI —
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MHOXCCTBO NEPCMCHHBIX, KOTOPOC ABJIACTCA IMOAMHOKCCTBOM NCPEMCHHBIX
BXOJHOI'O CMIrHajia.

B pesynbraTe oToOpakeHne X —Y JOIDKHO oOecmeduTh (OpPMUPOBaHHE
MPaBHJIBHBIX BEIXOAHBIX CHTHAJIOB B COOTBETCTBUU:

®  CO BCEMH MpHMEpaMu 00ydaromiel BEIOOPKH;

® CO BCEMU BO3MOXXHBIMH BXOIHBIMH CHTHAJlaMH, KOTOpBIE HE
BOIILTH B 00YYArONIyIO BEIOOPKY.

3.2. JlunaMu4vecKue HelipOHHbIE CeTH

B 3amauax nporHosupoBaHus 0co00e BHUMAaHUE CIEAYET YAEIUTb
OuHaMuueckuM win  pekyppeHTHeiM HC [55]. OnHum mocTpoeHsl U3
JUHAMHYECKUX HEHPOHOB, Ybe MOBEICHUE OIKCBIBACTCS
muddepeHINATBHBIME MM PAa3HOCTHBIMH YPaBHEHUSIMH, KakK IPaBHIIO,
nepBoro nopsanaka. CeTb OpraHU30BaHa TaK, YTO KAXKIAbIM HEHPOH MOTy4yaeT
BXOJTHYIO WH(MOPMAITUIO OT IPYTHX HEHPOHOB (BO3MOXHO, M OT ce0s camoro)
Y U3 OKpY)KaroIel cpenbl. ITOT TUI CeTell MMEEeT BaXKHOE 3HaYEHHE, TaK Kak
C UX MOMOUIbIO MOXXHO MOJCIMPOBATH HeJIMHEHWHEBIE JANHAMHWYECCKHUE CUCTEMBI.
[Ipu pabote ¢ BpeMeHHBIMH psiiaMHu Hauboisee yacto mcrnonb3yrotess HC ¢
BPEMEHHOH 3aJIepXKKO U ceTr Xonpuia.

3.3. HeiipoHHble ceTH ¢ BpeMEHHOI 3a/1epPaKKOi

Ilepen Tem, kak onucats COOCTBEHHO JUHAMHYECKHE CETH, PACCMOTPHM, Kak
CeTb C MPSIMOH CBSA3BIO MCIIONB3YETCsl 17151 00pabOTKH BPEMEHHBIX psfoB [S55].
Metox cocTOUT B TOM, 4YTOOBI Pa3OWUTb BPEMEHHOW psi Ha HECKOJIBKO
OTPE3KOB, U, OIY4UTh, TAKUM 00pa30M, CTaTUUEeCKUi oOpasen AJs mojavyn Ha
BXOJl MHOTOCIIOMHON CEeTH C TPAMOM CBSI3pI0. ODTO OCYIIECTBISIETCS C
MTOMOIIIBIO, TaK HA3BIBAEMOW, PA3BETBICHHOW JTMHHUH 3aJI€PKKH, CTPYKTypHast
cxema KOTopoii moka3ana Ha puc. 24.

ApXHTEKTypa TakOW HEHPOHHOH CEeTH C BPEMEHHOM 3aIep)KKOi ITO3BOJISAET
MOJIETTPOBATH JIO0YI0 KOHEUHYIO BpEMEHHYIO 3aBHCHUMOCTh BH/IA!
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y(t) = F[x(t), x(t-1),..., x(t — k)],

[TockonbKy pEKYppPeHTHBIC CBS3M OTCYTCTBYIOT, Takas CETh MOXET OBbITh
o0yuyeHa  TpM  TOMOIIM  CTAaHAAPTHOIO  ajiroputMa  OOpaTHOTro
pacnpocTpaHeHHUsT OIMMOKM WM KaKOrOo-TO U3 €ro  MHOTOYHCIICHHBIX
BapuaHTOB. CeTHW TaKOH KOHCTPYKI[MHM YCIIEIIHO MPUMEHSINCh B 3amadax
pacro3HaBaHWsl pPEYH, TPEJCKA3aHUS HEIMHEHHBIX BPEMEHHBIX pSJIOB U
HaxOXICHHUS 3aKOHOMEpHOCTel B Xaoce [55].

3.4. Cetn Xonduaga

C mnOMOIIBID PEKYPPEHTHBIX ceTel Xomdumiga MOXHO 00padaThIBaTh
HEYNOPsIOYeHHbIE (PYKONHMCHBIE OYKBBI), YIOpPSJIOYEHHBIE HO BpPEMEHH
(BpeMeHHBIE PSAbl) WK MPOCTPAHCTBE (TpaduKH, TpaMMaTHKH) 00pasisl [S5].
Pexyppentnass HC mpocreiimero Buga Obiia BBefeHa XONPWIIOM; OHA
noctpoeHa U3 N HEHpPOHOB, CBS3aHHBIX KaXIBIH C KaXIBIM, IPHYEM BCE
HCHWPOHBI SIBJISIIOTCSI BBIXOIHBIMHE (pHC. 25).

Cern Takoil KOHCTPYKIMW WCHOJB3YIOTCS, TJIaBHBIM 00pa3oM, B KadecTBE
aCCOIMATHBHOW TAMSTH, a TakXe 6 3aJadaX HeJIMHEeHHOW (uIbTpaluu
JMaHHBIX ¥ TPAMMAaTUYECKOTO BBIBOJA. Kpome 3TOro, OTHOCHTENEHO HEaBHO
OHM OBUIM TPUMEHEHBI JUIM TpeicKkazaHus [56, 57] u mysd pacno3HaBaHHS
3aKOHOMEPHOCTEH B MMOBEJICHUH TIeH akiuii [58].

y(t)T

Heiiponnasa cemub ¢ npamoii cea3vio

A A A A
x| xt-D| x¢-2)| -+ xt-h

x(1)

—» Pazeemenennan nunua zadepiicku

Puc. 24 — HC ¢ BpemMeHHOI 3a11epkKoii [55]
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Buvixoonvie snemenmei

Xondunga [55]

Cetb

25

Puc.
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IJIABA 4. TEOPETUYECKHUE OCHOBBI TPOEKTUPOBAHMUS
HEMPOHHBIX CETEN

4.1. Teopema Koamoroposa-ApHoabaa

[TocTpouts MHOTOMEpHOE OTOOpakeHHe X — Y — 3TO 3HAYHUT MPEIACTaBUTH
€ro ¢ MOMOIIBK) MAaTEMAaTHYECKUX OIlepaluii Haj He OoJiee, YeM JBYMs
repeMeHHbIME [53].

[Ipobnema mnpexnctaBneHuss GYHKUMH MHOTHX TIEPEMEHHBIX B  BHIE
CYNIEPIO3UIIMU (YHKIMHA MEHBIIECTO 4YKCJa TEPEMEHHBIX BOCXOIUT K 13-if
mpobiieme [mmpbepra. B pesynaprare MHOTONIETHEH HAYYHOH TOJEMHUKH
mexay A.H. Kommoroposeim u B.1. ApHONBIOM OBIT TOMYYEH P BasKHBIX
TEOPETUYECKUX PEe3yJIbTaTOB, ONPOBEPIaOLIMX TE3UC HENPEICTaBUMOCTH
(YHKLIMY MHOTHX IEPEMEHHBIX (PYHKLIUSIMH MEHBLIETO YUCIIA TIEPEMEHHBIX.

4.2. Teopema Xext Husbcena

Teopema 0 mpeACTAaBIEHHMH  HENPEPBIBHBIX  (QYHKUMH  HECKOJIBKUX
NEPEMEHHBIX B BHJC CYNEPHO3ULUI HENPEPHIBHBIX (QYHKIUH OTHOTrO
MEPEeMEHHOTO U ciokeHus B 1987 romy Obuia mepenokeHa XexT-HuimbsceHOM
JUTsl HEeMpOHHBIX ceTeit [53].

Teopema XexT-HusbceHa OKa3bIBa€T MPEACTABUMOCTh (YHKIMH MHOTHX
MEPEMEHHBIX  JIOCTATOYHO OOMIEro BHAA C IOMOIIBIO JIBYXCIOHHOM
HEWPOHHOW CETH C MPSAMBIMU TOJHBIMH CBS3IMH ¢ N HEHpPOHAMH BXOIHOTO
cnosi, (N+1) HelipoHaMH CKpBITOTO CJIOS C 3apaHee M3BECTHBIMHU

OrpaHNYEHHBIMH (PYHKLUUSIMH aKTUBALUH (HApUMEpP, CATMOUAATIBHBIMHA) 1 M
HEHPOHAMH BBIXOJHOTO CIIOS C HEM3BECTHBIMU (DYHKIMSIMHU aKTHUBAIIHH.

Teopema, TakuM 00pa3oM, B HEKOHCTPYKTUBHOH (hopMme TeopeMa JJOKa3bIBaeT
pemraeMocThb 3a7a4uu MpeacTaBieHns pyHKIuu nponsBoisHoro Buaa Ha HC u
YKa3pIBaeT UId KaKI0M 3ajjaud MHHUMAabHBIE 4YHCIa HEWPOHOB CETH,
HEOOXOIUMBIX JIJISl €€ PEeIICHHS.

4.3. CaeacrBus u3 TeopeMbl
Koamoroposa-ApHoabaa-XexT-Hunbcena

Jlnst HeHWpoceTeBOro MPOSKTUPOBAHUS BAKHBIMU SBISIIOTCS  CIICAYIOIINE
CIIC/ICTBUS U YTBEpXKJICHUE, M3 TeopeMbl KosMoropoBa-ApHONbIa U paboThl
XexTt-Hunbcena [53]:
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Cnedcmeue 1. U3 Teopembl XexT-Hunbcena ciaenyer npeacTaBUMOCTh JIIO00H
MHOTOMEpHOH (YHKUMH HECKOJBKHX TepeMeHHbIX ¢ mnomompblo HC
(UKCUpOBaHHOW pa3MEepHOCTH. HEW3BECTHBIMU OCTAIOTCS  CIEAYIOINE
XapaKTepUCTUKH (DYHKINHN aKTHBAIN HEHPOHOB:

e orpaHWyYeHHs OOJacTH 3HAYCHWH (KOOPIHWHATHI ACHMIITOT)
CUTMOUIATBHBIX (DYHKIIUI aKTHBAIUN HEUPOHOB CKPBITOTO CJIOS;

®  HAKJIOH CUTMOWJIANBHBIX (DYHKITHHA aKTHBAIIUH;

e  BuJ QYHKIHI aKTUBAIUN HEHPOHOB BBIXOJHOTO CIIOA.

[Ipo ¢yHKIMHE aKTHBAallMM HEWPOHOB BBIXOJHOTO CIIOS M3 TEOPEMBI XEXT-
Hunbcena u3BeCTHO TONBKO TO, YTO OHH MPEACTABISIOT cO00i HenmMHEITHbIE
¢yHKIIIE 00mero Buga. B omHOW #W3 paboT, MPOAOIDKAIONINX pPa3BUTHE
TEOPUM, CBA3aHHOM C paccMaTpuBaeMON TEOPEMOM, JOKa3bIBACTCS, 4YTO
(YHKITMM aKTUBAI[MM HEHPOHOB BBIXOJHOTO CJIOS JIOJDKHBI OBITH MOHOTOHHO
BO3pacTAOIUMHU. DTO YTBEp)KJIEHHE B HEKOTOPOH CTEMEHU CYXaeT KJlacc
(GYHKIMH, KOTOpBIE MOTYT MCIIOJIb30BAThCS NIPU PEAM3ali OTOOPaKEHHS C
MIOMOILBIO IBYXCIIOMHOW HEUPOHHOU CETH.

Ha npakrtuke, TpeboBanust TeopeMbl XexT-HunbceHa K QyHKIMAM aKTUBAIUN
YIOBIIETBOPSIIOTCS CIEAYIOIIMM 00pa3oM. B HEHpOHHBIX ceTsX, Kak Jyis
NEepBOro (CKPHITOro), Tak M AJS BTOPOro (BBIXOAHOIO) CJIOS, WCHOJNB3YIOT
CUTMOUAJIbHbIEC NTEepeAaToOuHble (QYHKIHH C HACTPauBaeMbIMH MapaMeTPaMu.
To ecth, B mpouecce 0oOyueHMs, WHAWBUAYATbHO Ul KaXKAOTO HEWpOHa,
3a1a€TCsl MAaKCUMalbHOE M MHMHUMAJIBHOE 3HA4Y€HHE, & TaKK€ HAKIOH
CUTMOMIATHHON (PyHKIIHH.

Cneocmeue 2. Jns moGoro muoxectBa map (X*,Y¥) (rme Y*-cxamap)

CYIIECTBYET JBYXCJIOWHAs OXHOpPOMHAs (C OJWHAKOBBIMH (DYHKIFSIMHU
aKTHBAIIMM) HEWPOHHAsI CETh IEPBOTO TMOPSAKAa C TOCIEAOBATEIHLHBIMHU
CBSI3SIMH Y C KOHEUHBIM YHCIIOM HEHPOHOB, KOTOPas BBITOJHAET OTOOpaKEHHUE

X —Y, BplmaBasg Ha KaKAbI BXOMHOM cHrHaia X k MPaBUJIBHBIN BBIXOAHOU

curuan Y* . Hel(poHbI B TaKoi ABYXCIIOHHON HEHPOHHOI CETH JOKHBI HMETh
CUTMOUIATIbHBIC MIEPEIaTOUHBIC (DYHKITUH.
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K coxanenuro, 3ta TeopeMa He KOHCTPYKTHBHAa. B Hell He 3aiiokeHa
METOMKA ONpPEACNCHUS YUCIia HEHPOHOB B CETU JIsi HEKOTOPOU KOHKPETHOM
oOyuaromeit BBIOOpPKW. J[ns MHOrMX 3ajad, CIWHUYHON pa3MEpPHOCTH
BBIXOJIHOTO CHTHaja HemocTarodHo. HeoOXommuMo WMeTh BO3MOXHOCTH
cTponth ¢ momompsio HC dynkmmm X =Y, rme Y* nmeer mpoms3BombHyo
pasMepHocTh. Crenyroliee yTBEpKACHUE SIBIAETCA TEOPETUYECKOH OCHOBOU
JUTSL TTIOCTPOSHUS TaKuX (QYHKIHIA Ha 0a3e 0OHOPOIHBIX HEMPOHHBIX CETEH.

Ymeeporcoenue. Ing nro60ro MHOXKeCTBA Map BXOTHBIX-BBIXOAHBIX BEKTOPOB
npousBonbHoi pasmeproctn {(X*,Y*), k=1..N} cymectByer omHOpomHas
JIBYXCJIOWHasi HEWpOHHass CETh C IMOCJEA0BAaTEIbHBIMA CBS3SIMH, C
CUTMOUJATBHBIMA MEPENATOYHBIMU (YHKUMSIMM M C KOHEYHBIM YHCIOM
HelfpOHOB, KOTOpas IIs Kakmoro BXogHoro BekTopa X“. Cdopmupyer
COOTBETCTBYIOIIHIT My BHIXOHO# BekTop Y .

Takum o0pa3zoM, [UII NPEACTaBICHUS MHOTOMEPHBIX (YHKIMH MHOTHX
MEPEMEHHBIX MOKET OBITh HCIIOJIb30BaHa OAHOponHast AyxcioiHas HC c
CUTMOUAATBHBIMH TIEpEeIaTOYHBIMU (QYHKIHSIMU.

Jis OlleHKW YuCiia HEWPOHOB C CKPBITHIX CIIOSIX OAHOPOIHBIX HEUPOHHBIX
CeTel MOXHO BOCIIOJIb30BaThCs (hOPMYJION JIJIsi OLICHKH HEOOXOJAUMOTO YHCiia

CHHAIITHYCCKHUX BCCOB Lw B MHOTI'OCJIOHHOM CETH C CUIMOMAAJIbHBIMHA

nepeaaToYHbIMHA QYHKIUSAMHU:

mN

———<L,<m E+1 (h+m+1)+m,
1+log, N m

rae N - pasMepHOCTh BXOAHOTO CHTHAJNA, M - pa3MEpHOCTh BBIXOJHOTO
curHana, N - 9uciio 3meMeHToB 00ydaromield BHIOOPKH.

OneHuB HEOOXOIMMOE YHCIO BECOB, MOKHO PacCUMTaTh YHCIO HEMPOHOB B
CKpPBITBIX cJI0siX. Harmpumep, [uist IByXCIIOMHOM CETH 3TO YUCIIO COCTABUT:

L b

n+m’

W3zBecTHbI 1 Apyrue GopMyIIbl A5l OUCHKH, HAIIpUMeEp:

2(n+L+m)<N<10(n+L+m)
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ﬁ—n—mg Lsﬂ—n—m
10 2

TouHO Tak e MOXHO PACCUMTATh YHUCIO HEHPOHOB B CETAX C OONBIIUM
4guciIioM cioeB. MHorma, 1enecoo0pa3HO KCIOJIB30BaTh CETH € OOJBIIUM
YUCJIOM CJO€B. Takue MHOTOCIONHBIE HEUpPOHHBIE CETH MOTYT HMETh
MEHBIIINE DPa3MEPHOCTH MATPHUI] CHHANTHYECKHX BECOB HEWPOHOB OIHOTO
CJIOSl, YeM IBYXCIIOMHBIE CETH, PEaN3yloIIne TO X caMoe OTOOpakeHHe.
OmHako CTPOTOM METOAMKH MOCTPOSHUS TaKMX CETeH MOKa HeT. AHATOTHIHAS
CUTyaIlisl CKJIaJbIBACTCS W C MHOTOCIOWHBIMH HEHPOHHBIMH CETSAMH, B
KOTOPBIX IMOMHUMO IIO0CJICA0OBATCIIbHBIX cBsI3el HCIIOJB3YIOTCA U IIPSAMBIC
(CBsI3U OT CJI0SI ¢ HOMEPOM ( K clioro ¢ HomepoM ((+ p), rae p>1). Her

CTPOroi TEOpUH, KOTOpask MOKa3blBana Obl BOZMOXKHOCTb U 11€71€CO00Pa3HOCTD
MIOCTPOEHUS TAKUX CETEH.

Haunbonpmme  mpoOneMbl  BO3HUKAIOT TIPU  HUCIOJB30BAaHUM  CETEH
OUKINYeCKOTo  (yHKUUMOHMpoBaHus. K 3Toif  rpynme  oTHOCSATCS
MHOTOCJIOIHBIE CETH C OOpPAaTHBIMU CBSI3SIMU (OT CJI0SI C HOMEPOM ( K CJIOIO C

HoMepoM (Q+ p), rae p <0, a TakxKe MONHOCBSI3HBIE ceTH. [[is ycremHoro

(YHKIIMOHUPOBAHUS TaKWX ceTell HeoOXOaUMO COONIOJIEHUE YCIIOBUI
JIMHAMUYECKOW YCTOMYMBOCTH, HHAYE CETh MOYKET HE COUTUCH K MPABUIBHOMY
perieHuto, Tub0, TOCTUTHYB Ha HEKOTOPOI UTEpaIliyl MPaBUILHOTO 3HAYCHUS
BBIXOJHOT'O CHUTHAaJIa, MOCJIE HECKOJbKUX UTEpaluuid YHTH OT 3TOTO 3HAYEHUA.
[Ipobnema aUHAMHYECKOW YCTOWYMBOCTH MOAPOOHO MCCIENOBAaHA, MOXKAIYH,
JUUIb A1 ONHOM MOJEIH U3 paccMaTpUBAaeMOM IPYMIbI - HEHPOHHOU ceTu
Xongwunnaa.

OTCyTCTBHE CTPOTOI TCOPUH JIJISl IEPEUNUCTICHHBIX MOJICTICH HEHPOHHBIX CeTei
HE MPEnsTCTBYET UCCIACAOBAHUIO BO3MOXKHOCTEN UX IPUMEHEHUSL.

B oredecTBeHHO nHTEpaType, MPUBEICHHBIE PE3yJIbTAaThl N3BECTHHI B OoJee
¢parmenTapHO# GopMme - B BHJIE TaK Ha36IBAEMOU meopemyl 0 noIHOme.

Teopema o noanome. Jlrobas HempepblBHAS (yHKIUS Ha 3aMKHYTOM
OTPaHWYEHHOM MHOXXECTBE MOXKET OBITh pPAaBHOMEPHO MpPHOMIKEHA
¢ynkumsamu, BberunMciageMbiMd HC, ecnu (yHKUMS aKTUBAaMKM HeWpoHa
JBaXKIbl HEMTPEPHIBHO AuddepeHrpyemMa 1 HelpephIBHA.
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Takum  obpasom, HC saBnsioTcs  yHHBEpCalbHBIMH  CTPYKTYypamH,
MO3BOJISTIOIIMMH PEANHU30BaTh 000! BEIYUCIUTEIBHBIN aTOPUTM.
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IJIABA 5. IOCTAHOBKA M BO3MOJKHBIE IYTU PEINEHUS
3AJIAYY OBYUEHUWSI HEMPOHHBIX CETEN

5.1. TeopeTn4eckue 0OCHOBBI 00y4YeHMS

OueBugHOo, uro mporecc (yrknuonupoBanuss HC, cymHocTs nedcTBHA,
KOTOpBIC OHa CIIOCOOHA BBIMIOJHSTH, 3aBUCHUT OT BEIMYUH CHUHANTHYECKUX
cBazeir [83]. IlosToMy, 3amaBIIMCH OMNpPENETICHHOM CTPYKTYpoH ceTH,
COOTBETCTBYIOIIEH Kakoi-mMOO 3agade, HEOOXOAMMO HAaWTH ONTHMAaJIbHBIC
3HAUEHUS BCEX IIEPEMEHHBIX BECOBBIX K03(pUIMEHTOB (HEKOTOpHIE
CHUHalITUYECKUEC CBA3U MOT'YT 6I)ITI) HOCTOHHHLIMH).

Jrot 3Tan Ha3bBaeTcst 00yueHueM HC, u 0T TOro, HaCKOJIbKO Ka4eCTBEHHO OH
6YZ[CT BBITIOJIHCH, 3aBHUCHUT CHOCO6HOCTI) CCTHU pellaTb MNOCTABJIICHHBIC IICPEC]
Hel mpobaeMbl Bo BpeMs PyHKIIMOHUPOBAHUSI.

B mpomecce ¢GyHKIMOHUpOBaHUS HEHPOHHAS CETh (HOPMHUPYET BBIXOTHON
curHal Y B COOTBETCTBUHU C BXOJHBIM CHUTHAIOM X , pealiu3ys HEKOTOPYIO
¢yaxmuro g:Y =g(X) . Ecin apxuTexkTypa cetu 3amana, To BUI QYHKIUH (

onpenenseTcs 3HAYCHUSMH CHHAITHYECKHMX BECOB M CMEILICHHWH CETH.
OO6o3naunm uyepe3 G  MHOXKECTBO BCEX BO3MOXKHBIX (QYHKIUH (,

COOTBETCTBYIOIINX 33JJaHHOI apXUTEKType CETH.

IMycth pemieHne HEKOTOpOW 3amauu ecth QyHKIuUs r:Y =r(X), 3amaHHas
mapaMu BXOIHBIX-BRIXOAHBIX maHHBIX (X', Y1),...,(X*,Y¥), mms xoropeix

Y*=r(X*), k=1.N, E -- ¢yskuus ommbku (QyHKIHOHAT KauecTsa),

MOKA3bIBAOIIAS [T KaXI0i U3 PyHKIMH § CTeneHb OJIM30CTH K I .

Pemmte nocraBnennyro 3anauy ¢ nomombsio HC 3agaHHON apXUTEKTYpHI - 3TO
3HAYHUT TIOCTPOUTH (CHHTE3UpOBaTh) GyHKIUIO J € G, momoOpas napaMeTpsl

HEHpPOHOB (CHHANTHYECKHE Beca M CMENICHHWS) TakuM o00pa3oM, YTOObBI
dyHKIIMOHAN KayecTBa obparmancs B ontuMyM st Beex map (X*,Y5).

Takum o0Opazom, 3amada oOOy4yeHHS HEHPOHHOW CETH ONpeaessaeTcs
COBOKYITHOCTBIO ITATH KOMIIOHCHTOB!

(X,Y,r,G,E).
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3amada 0OyueHHs COCTOMT B NIOMCKE (CHHTe3€) PYHKIHUH § , ONTUMAIBLHOHN 1O
E. Ona TtpeOyer ANUTENbHBIX BBIYMCICHUH M TpEACTaBIAET coOOM
UTEpAIOHHYIO0 Mpoleaypy. UHCIo uTepanuii MoxkeT cocTaBnaTh ot 10° 1o
10°. Ha kam0#i HTeparuu IpOMCXOAUT YMeHbIIeHNE (HYHKINU ONTHOKH.

Ecnmu BBIOpaHBl MHOKECTBO OOYYAIONIMX MPUMEPOB W CIOCOO BBIYMCIICHUS
¢ynkumu ommbku, odyuenue HC mpeBpamaeTcs B 3amauy MHOTOMEPHOH
ONTHUMM3ALMUK, Ml PpEIIeHUs] KOTOPOH MOTYT OBITh HCIONb30BaHbBI
CIIEAYIOIINE METOBI:

® JIOKaJbHON ONTUMH3ALMHU C BBIYMCICHUEM YACTHBIX ITPOU3BOJHBIX
MIEPBOTO MOPSIIKA;

e JIOKaJHHOW ONTHUMH3AIMH C BHIYMCICHUEM YaCTHBIX MPOU3BOIHBIX
MIEPBOT0 U BTOPOTO MOPSIIKA,;

®  CTOXaCTUYECKOI ONTHMHU3AIINY;
e  [00aJIbHOM ONTUMM3ALMH.

K nepBoii rpymnme oTHOCATCS: TpaJMeHTHBIA METO (HAUCKOPEHIIIEro CITycKa);
METOJIbI C OJIHOMEPHOW U JIBYMEPHOW ONTHUMH3ALMEH IIeJICBOW (YHKIIMU B
HalpaBJICHUU AHTUTPAJUEHTAa; METOJ COINPSKEHHBIX TPAJUECHTOB; METOIbI,
YUYUTHIBAIOIIME HAIpPABJICHUE AHTUTPAJUEHTa HA HECKOJBKHMX IIarax
anropuTMa.

Ko Bropoii rpymme otHocsTca: Meton HbIOTOHA, METOABI ONTHMH3AIHNH C
pa3pekeHHBIMH MaTpuliaMu ['ecce, KBa3MHBIOTOHOBCKHE METOJMBI, METOI
l'aycca-Herorona, meton Jleen6epra-Mapkapara.

CToXacTHUECKMMHU METOJIaMH SIBIISIIOTCS: MOKMCK B CIy4YailHOM HaIpaBlIEHUH,
UMHTaLMs OTKUTra, MeToa Monte-Kapiio (YicieHHBI METOA CTaTUCTUIECKUX
ucnbITaHuil). 3amadn TJI00AJIbHOW ONTUMH3ALKK PELIAlOTCS € MOMOIIBIO
nepedopa 3HaYeHUH TIEPEMEHHBIX, OT KOTOPBIX 3aBHCHUT IieieBasi QyHKIIHSL.

Hus cpaBHenus MeronoB oOyuenuss HC HeoOXoauMo WCIONB30BaTh JBa
KpUTEpHUS: KOJHMYECTBO LIATOB ajropuTMa [l MOJY4YeHHUS pEUICHUus U
KOJIMYECTBO JIOTIOJTHUTEIHHBIX TIePEMEHHBIX TS OpraHu3anuu
BBIYHCIIMTEILHOTO TIpoIiecca.
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s AuTocTpauud TEPMHMHA <«JIOTIOJHUTEIbHBIE TEPEMEHHBIC» MPHUBEAEM
crepytomuii nmpumep. Ilycte p, m p, - Hekoropele mapamerpel HC ¢
3aJlaHHBIMU 3HAYCHUSMHU. B mporecce 00ydYeHHs CeTH Ha KaXKIOM Iare, 1o
MEHbLICH Mepe, IBa pa3za NOTpPeOyeTcs BBIIOJHUTH YMHOXEHHE P, P,.

JomonHuTenpHas TmepeMeHHass TpeOyerca sl COXpPaHEHHA 3HAYCHUS
MIPOU3BEICHUS TIOCIIE TIEPBOTO0 YMHOXKEHHUS.

[lpenmourenne ciegyer OTAAaBaTh TEM METOAAM, KOTOPBIE ITO3BOJITIOT
00yYNTh HEWPOHHYIO CETh 3a HEOOIBIIIOE YMCIIO IIaroB W TPEOYIOT Majioro
qucijia JOIMOJHHUTCIBHBIX MNCPEMCHHBIX. DTO CBsI3aHO C OrpaHUYCHHUEM
PECYPCOB  BBIUUCIIMTENBHBIX cpeAcTB. Kak mnpaBuio, st  oOydeHus
WCTIONB3YIOTCS IEPCOHAIBHBIE KOMITBIOTEPHI.

[Tycte HC comepxutr P u3aMeHseMBIX mapaMeTpoB (CHHANTHYECKUX BECOB U
cMmemnennii). CyIecTByeT JHUIIb ABE TPYIIIHI aITOPUTMOB O0Y4EHUSI, KOTOPBIE
TpeOyloT MeHee 2P JONOJHUTENBHBIX MApaMeTpoB, W IPH OTOM JAIOT
BO3MOXHOCTb 00ydaThb HEHPOHHBIE CETU 3a MPHUEMJIEMOE YMCIIO IIAroB. OTO
QITOPUTMBI C BBIYMCICHHEM YaCTHBIX INPOU3BOIHBIX IEPBOIO MOpPsIKA H,
BO3MOYHO, OZTHOMEPHOM ONTUMH3ALUH.

XoTa yKa3aHHbIE aNTOPUTMBl JAOT BO3MOXKHOCTh HAaXOIUTh TOJBKO
JIOKAJTbHBIE AKCTPEMYMBI, OHA MOTYT OBITh HCIIOJIF30BaHbI HA TPAKTHUKE IS
o0yuennss HC ¢ MHOTORKCTpeManbHBIME TeNIEBHIMA (PYHKIUAMU ((DyHKITHSIMH
OIMOKM), TaK KaK SKCTPEMyMOB Y TeJIeBON (DYHKITUH, KaK MMPaBUIIO, HE OYCHb
MHOro. JlocraroyHo IHIllb pa3 WJIM JiIBa BBIBECTHU CE€Thb M3 JIOKaJbHOIO
MUHUMYMa C OOJIbIIMM 3HAUECHUEM IIEJIeBON (DYHKIUH JUIS TOrO, 4TOOBI B
pe3ysibTaTteé UTepaluudid B COOTBETCTBUM C  QJITOPUTMOM  JIOKQJIBHOM
ONTUMHU3AIMA CETh OKa3ajlach B JIOKAJIBHOM MHHHUMYME CO 3HAUYCHHUEM
neneBol (QyHKIMM, OJIM3KMM K HYNO. Ecian mocie HeCKONBKUX IOMBITOK
BBIBECTH CETh M3 JIOKAJLHOTO MUHHUMyMa HYXHOTO 3(ddekra noOUThCS He
yaaercs, He0OXOIUMO YBEIIMYHUTH YHCIIO HEHPOHOB BO BCEX CIIOSIX C MEPBOTO
M0 TPEANOCIEeHUI U TIPUCBOUTH CIydaliHBIM 00pa3oM MX CHHANTHYECKUM
BECAM M CMEILIEHUSIM 3HAUEHUS U3 3a/IaHHOTO Juana3oHa.

OKCIIEPUMEHTHI 110 00YyYEHUI0 HEHMPOHHBIX CETeH MOKa3ai, YTO COBMECTHOE
WCIONB30BAHUE AITOPUTMA JIOKAIBHOM ONTHUMH3ALMU IPOLETYpPHl BBIBOJA
CeTH W3 JIOKATHHOTO MHUHHMYyMa H MPOIEIYpPHl YBEIUUCHHUS YUCIIa HEHPOHOB
TIPUBOJINT K YCIIENITHOMY OOYyYEeHHUIO HEHPOHHBIX CETEH.
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Kpartko ommmiem HemocTatku Apyrux MetoaoB. CTOXaCTHYECKHE allrOPUTMBI
TpeOyIOT OYeHb OOJBIIOrO YHCIa I[aroB oOydeHHs. JTO Jenaer
HEBO3MOXKHBIM MX MPAaKTUYECKOE UCTIONb30Banue At ooyueHus HC Gonpmmx
pa3sMepHOCTeH. ODKCHOHEHIUAIBHBIH POCT CIOXHOCTH Iiepedopa C pOCTOM
pasMEpHOCTH 3afayd B QITOPUTMAax IJ100aJlbHOW ONTHUMH3ALUKM IpPU
OTCYTCTBHMHU allpHOPHOM MHPOPMALMU O XapakTepe LeneBoil PyHKIMN Taxke
JieflaeT HEBO3MOXHBIM HX HCIoib30oBaHue a1 oOyuenns HC OGomnpmimx
pa3MepHOCTeil. MeTo CONpsKEHHBIX TPaAMEHTOB OYEHb YYBCTBHUTENEH K
TOYHOCTH BBIYMCICHUH, OCOOEHHO TpU PEUICHWH 3a4ad ONTHMHU3AIHUU
Oonpmioii  pa3mepHoctd. i METOAOB, YUYMTHIBAIOIIMX HAIlPaBJICHUE
AHTUT'pAaJUCHTA Ha HCCKOJIbKUX IIarax ajJropurMa, 1 MCTOA40B, BKIIOYAIOIIUX
BEIYHCIICHHE MaTpUIlBI |'ecce, HeoOXxoaumo Ooree yeM 2P IOMOIHUTENBEHBIX
nepeMeHHbIX. B 3aBucuMocTH 0T cmocoba pa3peXeHus,, BBIYHCICHHUE

matpumsl [ecce TpeGyeT or 2P 10 P? JOMONHUTENBHBIX TIEpEMEHHBIX.

PaccMoTpuM OMH M3 caMBIX PAacIpOCTPAHCHHBIX AITOPUTMOB OOyUYCHHUS —
AITOPUTM 0OpPATHOTO PACIPOCTPAHEHUS OIINOKH.

5.2. OGy4eHnue ¢ yunrejiem

B wmmuorocnoitapix HC ontuManbHbIE BBIXOJHBIE 3HAYCHHS HEMPOHOB BCEX
CJIOEB, KPOME TIOCIIEAHET0, KaK MpaBmiio, Hem3BecTHHI [53]. Tpex- umu Oomee
CJIOMHBIA TIEPCENTPOH YK€ HEBO3MOXKHO OOYYWTb, PYKOBOJCTBYSCH TOJIBKO
BEJIMYMHAMH OIIMOOK Ha BBIXOAAX CETH.

OnuH W3 BapUMaHTOB pelIeHus 3Toil mpoOieMbl — pa3paboTka HaOOPOB
BBIXOJHBIX CHTHAJIOB, COOTBETCTBYIOIIMX BXOAHBIM, JUId Kaxkgoro ciost HC,
YTO, KOHEYHO, SBJIETCS OYEHb TPYAOEMKOM omepanuedl W He Bcerja
ocymiecTBUMO. BToOpoil BapuaHT - &IWHaMu4eckas MOJCTPOHKa BECOBBIX
KO3 QHUIMEHTOB CHHAIICOB, B XOJI¢ KOTOPOH BBIOMPAIOTCS, Kak IPaBHIIO,
Haunbolee ciiadble CBSA3M W U3MEHSIOTCS HA MAIYIO BEJIMYHHY B TY WM UHYIO
CTOPOHY, a COXpPaHSIOTCA TOJBKO T€ W3MEHEHHA, KOTOpble MOBIEKIH
YMEHbIIICHUE OMMUOKN Ha BBIXOJE Bcel ceTd. OUeBUIHO, YTO JNAHHBIH METOJI,
HECMOTpSl Ha KaXYILIYIOCS NPOCTOTY, TpeOyeT TIpOMO3IKUX PYTHHHBIX
BelukcneHnid. U, Hakonen, Tperuid, Ooinee mNpUEeMIEMBIH BapHaHT -
pacmnpocTpaHeHHWE CHTHAJIOB OIMIMOKM OT BBIXOJOB HEHPOHHOW CETH K €e
BXOZlaM, B HalpaBJICHUH, OOPATHOM IPSIMOMY PaclpOCTPAaHEHHUIO CUTHAJIOB B
OOBIYHOM pPEKHME PabOTBL. DTOT AJITOPUTM OOYYCHHUsS IOJYYWJI Ha3BaHHE
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OpOLEaypPEl  0OpamHo20  pacnpocmpanenus — owubxu. VIMeHHO  OH
paccMaTpUBaeTCsl HUXKe.

5.3. Anroputm 00paTHOro pacnpoCTPaHeHUs! OIINOKHU

Ha puc. 26 mokazaH apXWUTeKTypHBIH rpad) MHOTOCIOHHOTO IEpCENnTpoHa C
JIBYMSI CKPBITBIMH CJIOSIMH M OJTHUM BBIXOAHBIM cioeM [52]. [lokazaHHas Ha
PHUCYHKE CEThb SIBISICTCSI NOTHOCEA3HOIL, UTO XapaKTEPHO I MHOTOCIOMHOTO
MepCenTpoHa O0IIEero Bujaa. ITO 3HAYMT, YTO Kax bl HEHPOH B JIFOOOM Clioe
CeTH CBS3aH CO BCEMHU HelipoHamu (y3iamu) Tpeapiaymiero cinos. Curhan
nepeaacTtcd 1no CETU MCKIIOYUTCIBHO B IMPAMOM HaIllpaBJICHHUH, CJICBa
HaTpaBo, OT CJI0s K CIIOKO.

Ha puc. 27 nokazan gparMeHT MHOT'OCJIOWHOTO nepcentpoHa. [ aroro tumna
CETH BBIICTIIOT JBA THIIA CUTHAJIOB [59].

1.  ®yuxyuonanvmoui cuenan. ITO  BXOAHOW  CHUTHAN
(cTuMyIT), MOCTYMAIOUINM B CETh U MepeiaBaeMblii BIiepe
OT HeilpoHa K HEWpoHY Mo Bcel ceTH. Takol curHan
JOCTUTaeT KOHIA CETH B BHUJAE BBIXOJHOIO CHIHAJA.
JlaHHBIN CUTHaNl Ha3bIBACTCS QYHKYUOHANLHLIM TIO IBYM
npuuriHaMm [52]. Bo-mepBbIX, OH IpeIHa3HA4YeH It
BBITTOJTHEHUSI HEKOTOPOH (PYHKIIMHM Ha BBIXOJE ceTH. Bo-
BTOPBIX, B KaX/I0M HEHpPOHE, Uepe3 KOTOphIi nepeaaercs
3TOT CUT'HAJI, BEIYUCIISETCS HEKOTOpas (pyHKYUs C yIETOM
BECOBBIX KO PHUIIMEHTOB.

2. Cuenan owubku. Curnan omuOKu OepeT cBoe Havajio Ha
BBIXOJIE CETH W paclpocTpaHsercss B  oOpaTHOM
HampaBieHun (0T cjog K cioro). OH modydusa CBOe
Ha3BaHHE Onarojgaps TOMY, YTO BBIYHCIISETCS KaXKIbIM
HEHpOHOM ceTH Ha OcHOBEe (YHKUUH OLIMOKH,
MIPEJICTABJICHHON B TOW MK WHOMU (hopMme.

Brerxoanbpie HEHPOHBI (BBIYUACIUTEIBHBIE Y3JIbI) COCTABIISIOT BBIXOJHOM CIIOH
cet. OcTanbHbIe HEUPOHBI (BBIYUCIUTEIHHBIC Y3JIbI) OTHOCITCS K CKPBITHIM
cnosiM. TakuM 00pa3oM, CKPBITBIE Y37IbI HE SIBIAIOTCS YacTHIO BXOJa HITU
BBIXOJIa CETU — OTCIOJIa OHU U MOJYYWIM CBOE Ha3BaHUE. [IepBbIf CKpBITHIN
CJION TONTydaeT IaHHBIE W3 BXOJHOTO CJIOS, COCTAaBIEHHOTO M3 CEHCOPHBIX
JJIEMEHTOB (BXOJHBIX Y3JI0B). Pe3ynmpTHpyIOMNK CHUTHAJ MEPBOTO CKPHITOTO
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CJIOSA, B CBOXO O4YCpC/ib, NOCTYNIACT HA CJICI[y}OH_II/Iﬁ CKpLITLIfI CJ'IOf/’I, uT.a., 10
CcaMoOro KOHIia CCTH.

JIt060#1 CKpBITBIA WM BBIXOAHOW HEWPOH MHOTOCIOMHOTO TepCEeNnTpOHa
MOXET BBIIIOJIHATH 1B TUIIA BEIYUCIICHU:

1. Bruncienne (QyHKIMOHAIHHOTO CHTHalla HA BBIXONE
HelipoHa, peanu3yeMoe B BHIAEC  HEMNPEPHIBHOM
HEJIMHEWHOW (YHKOMM OT BXOAHOTO CHTHaja H
CHHAINTHYECKHX BECOB, CB3aHHBIX C JAHHBIM HEMPOHOM.

2. BrorumcneHue OleHKH BEKTOpa rpaaueHTa (T.€. rpaucHTa
MOBEPXHOCTH OIMMOKH TI0 CHHANTUYECKUM Becam,
CBSI3aHHBIM  CO  BXOJlaMH  JaHHOTO  HEHpoHa),
HE00X0JMMOTO ISl 00pPaTHOTO MPOXOAA Yepe3 CETh.

Ji1st TOro 4To0Bl YIIPOCTUTH MIOHMMAaHNE MAaTEeMAaTHYECKUX BBIKIIAI0K, CHaYaIa
MPUBEAEM TOIHBINA CIIUCOK UCTIONB3YEMbIX 0003HAYCHUI:

N — wurtepanms (TaKT BPEMEHH), COOTBETCTBYIONIMK N-My oOydaromiemy
o0pa3y (mpumepy), MOJTaHHOMY Ha BXOJ CETH.

E(n) — Tekymas cyMMa KBaJpaTOB OINHMOOK (MM DHEPrUsl ONIMOKW) Ha
utepaunuu N. CpenHee 3HaueHue E(n) mo BceMm 3HaueHWsIM N (T.e. IO BCeMy

o0yuaromeMy MHOXKECTBY) Ha3bIBaeTCsl cpeHel sHeprueit omunoku E,, .

e;(n) — curuan ommbKy Ha BBIXOJIE HElipoHa | Ha uTeparuu N.

d;(n) — >xkemaemplif OTKIMK HEHpOHA | M HCHONB3YeTCs IS BBIYUCITEHHS

e;(n).

Y (n) — dyHKIMOHATIBHBII CHTHAN, TCHEPUPYEMBIil Ha BBIXOJIC HEWPOHA | Ha

uTepanuu n.

W;;(N) — cuHanTHYecKuit Bec, CBA3BIBAIONIME BIXO] HelpoHa i co BXoj0M

HeWpoHa | Ha uteparuu N.

Aw;; (n) — koppekuus, npuMensiemas k Becy W; (n) Ha mare n.
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V;(n) — uHAyIMpoOBaHHOE NOKAIbHOE Mojie (T.e. B3BCUICHHAs CyMMa BCEX

CHHANTUYCCKUX BXOJOB IUIIOC TIOpOr) HeiipoHa | Ha wuTepauuu N. DTO
3Ha4YCHHE MepeaaeTcs B QYHKLIHUIO aKTUBALMH, CBSI3aHHYIO C HEHPOHOM j .

@; (") — GyHKIMA aKTHBAIMH, COOTBETCTBYIOIIAs HEHPOHY | M OMHMCHIBAIOIIAs

HEITMHEHHYI0 B3aMMOCBS3b BXOJHOTO M BEIXOJHOTO CUTHAJIOB 3TOTO HEHpOHA.
b, — nopor neiipona j. (Ecnu ucnonbsyercs 6ecrioporosas Mojienh HelfpoHa,
TO BMECTO HEr0 MCIOJBb3YETCs HyJEBOW CHHANTHYECKHMi Bec W, =D,

COEIUHEHHBIN ¢ CUTHAJIOM C (PUKCHPOBAaHHBIM 3Ha4YCHUEM +1).
X;(N) — 1 -if BIeMEHT BXOTHOTO BEKTOPA.

0, (n) — K -ii amemMeHT BhIXOAHOTO BeKTOpa (00Opasa).

7 — mapaMeTp CKOpOCTH (HHTEHCUBHOCTH) OOYYEHUSI.

m, — pa3MepHOCTh (KOJIMYECTBO Y3JI0B) cJI0si | MHOrOCIOIHOTO mepcenTpoHa
(1=12,..,L);
L — "romy6una" cern.

mo — PasMEpHOCTb BXOAHOI'O CJIOs;
m1 — pa3MCpPHOCTDb IEPBOT'0 CKPBITOTO CJIOA;

m, =M — pa3MepHOCTb BBIXOAHOIO CJIOSL.

Wupekcwl i, ] u K oTHOCSTCS K pa3nuyHbIM HelipoHam cetu. Korja curaan
HPOXOJIHT 10 CETH ClIeBa HAMPAaBO, CYMTACTCS, YTO HEUPOH | HaXOJHUTCS Ha
OIMH CIIOW mpaBee HeifpoHa i, a HeiipoH K — emie Ha OJMH CIOW TmpaBee
HEWpOHa |, €CIM MOCICTHUIN TPUHAUICKUT CKPBITOMY CJIOKO.
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N
SO O
Ko YA o >

Bxoouoit cuenan
(8036Vorcoenue)

OO
\

Beixoouoir cucnan
(omraux)

Bxoonou Ilepsviii  Bmopoii  Beixoonoi
CHOU  CKPbUMbIL  CKPblMbLLl croil
caot caot

Puc. 26 — ApxuteKkTypHBIi Tpad MHOTOCIOHHOTO TMEpPCEeNTpPOHa C IBYMS
CKPBITBIMH CIIOSIMH

Puc. 27 — HanpaBnenue ABYX OCHOBHBIX IIOTOKOB CHTHajga ISt
MHOTOCJIOMHOTO MEPCeNTpOoHa: MPSIMOE PaclpoCTpaHeHue (YHKIIMOHAIBHOTO
curHaja (CIUIOIIHBIC JIMHUK) U 00paTHOE PACIpOCTPAHECHUE CHUTHAJIA OIIMOKU
(myHKTHpHBIE TUHUN) [52]

CurHan ouMOKH BBIXOJHOTO HEHpOHA | Ha UTepaiuu N (COOTBETCTBYIOIICH

N -My puMepy 00y4eHHs1) OIpeesieTcss COOTHOIICHUEM:
e;(n)=d;(n-y;(). (23)

o . 2
Texyuiee 3HaueHHe SHEPruM OMMOKHM HeifpoHa | ompezmenum kak %ej(n).
CoOTBETCTBEHHO, TeKyllee 3HaueHue E(N) oOmield SHeprum OMIMOKH CeTH
2 o
BEIUMCIIAETCA TyTeM CIOXEHHsS BenmduuH €j(N) 1o ecem Heiponam

6b1X00H020 c105i. DTO "BUANMMBIE" HEHPOHBI, Al KOTOPBIX CUTHAJ OLIMOKH
MOKET OBITh BBIYMCIIEH HETIOCPEACTBEHHO. TakuM 00pa3oM, MOKHO 3arucarb

E(n) = %Zef(n) . (24)

jeC
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rae MEOkecTBo C BKIIFOUAET BCe HEHPOHBI BRIXOAHOTO cios cetu. [lycte N
— obmiee dncino 00pa3oB B 00ydaromeM MHOXECTBE (T.€. MOITHOCTH ATOTO
MHOJECTBA). JHepeus CpeoHekgaopamuieckou owmdOKy B TaKOM CIydae
BBIUUCIISIETCS KaKk HOopMmanu3oBaHHast o N cymMMma BceX 3HauCHHU SHEPTHH
omubku E(n):

OSSO 29

Texymast sneprus ommbku E(N), a 3HaUuT U cpenuss sHeprus omudku E_, ,
SIBITIOTCA (DYHKITUSIMH BCEX CBOOOJHBIX MapaMeTpoB (T.e. CHHANTHYECKHX
BECOB M 3HAUeHWH mopora) ceTH. J[ms maHHOTO 00ydYaroIiero MHOXECTBa

sueprusa E,, mpexacrtaBmsier cobOoit @yukyuro cmoumocmu — Mepy

addhexktuBHOCTH 00yUeHus. Llenmpio mporecca 00ydeHus SBIsETCS HACTPOiiKa
CBOOOJHBIX IapaMeTpPOB CETH C IeJbl0 MHHUMM3AIMU BeauuuHel E., . B
mporiecce  MUHHMH3alMK  OyJeM  HCIOJbh30BaTh  ammMpOKCHMaIui. B
YaCTHOCTH, PACCMOTPUM TPOCTOM MeToJ OOYy4YeHHUs, B KOTOPOM Beca
OOHOBJISIFOTCS /151 Kax#c0020 00yyaiowe2o npumepa B npeaenax oJaHON anoxu,
T.e. Bcero oOywaroliero MHoOXecTBa. HacTpoiika BeCOB BBINOJHSACTCS B
COOTBETCTBMM C OIIMOKAaMH, BBIYHCIECHHBIMU Ui Kaocoo2o 00pasa,

MMpEaACTAaBJIICHHOI'O B CCTH.

ApudmeTrueckoe cpeiaHee OTHENbHBIX HM3MEHEHHWH I BECOB CETH TI0
00yJaroneMy MHOXKECTBY MOXKET CIYKUTh OYeHKOU PeajbHbIX M3MCHCHUH,
MPOM30OLIEAIINX B NPOLECCe MHUHUMM3aUuMM (GYHKUUM cTouMocth E_, Ha

MHOXCCTBEC O6y‘{€HI/I$I.

Ha puc. 27 u3o0paskeH HEHPOH |, Ha KOTOPBIi MOCTYMAET MOTOK CUTHAJIIOB OT
HEHPOHOB, pACHOJOXKEHHBIX B MpeaplaymeM cioe. HWHaynupoBaHHOE
nokanpHOe mosie V,(N), TomydeHHOe Ha BXOjAe (YHKIMH aKTHBAIWH,

CBSI3aHHOMU C JIaHHBIM HEMPOHOM, PAaBHO
m

Vi (n) = iji (n) Yj (n) ) (26)
i=0

rge M — oOmiee YKMCIO BXOJOB (32 HCKIIOYCHHEM IMOpOra) HeipoHa | .

Cunantuveckuii Bec W, (COOTBETCTBYIOWIMA (DUKCUPOBAHHOMY BXOJY
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Yo =+1) pasen nopory b;, npumensiemomy k Helipony j . OyHKIHOHATbHBIH

curnan Y;(n) Ha BbIXOJe HEHPOHA | Ha MTEpaluu N paBeH

y; () =g;(v;(n)). (27)

Anroput™M  00paTHOTO  PACMpPOCTPAHCHUST COCTOUT B TMPUMEHCHHH K
cuHanTHieckoMy Becy W;(N) koppekimu Aw;(n), NponopHHOHANBHOMN
JacTHOH npownssoaHoi OE(N)/ow; (n) . B cooTBeTCTBIM ¢ npasuiom yenouxu
IPaJIMEHT MOKHO MPEICTABHUTD CICAYOIIHM 00pa3oM:

0E(n) _ 9E(n) oe; (n) oy;(n) ov;(n)
ow;(n)  2e;(n) ay,(n) av;(n) ow,(n)

(28)

YactHas mnpowmssomHas  OE(n)/ow; (n)  mpexcraBnser coGoit  haxmop

yyecmeumenbHocmu, ONpeIessIONni HalpaBIeHHe MOUCKa B IPOCTPAHCTBE
BECOB JUIsl CUHANTHYECKOro Beca W (N) .

Ompenesist, MPOU3BOAHBIE B MpaBoil yactd (29) w3 ypaBuenuit (23)-(28),
OKOHYATENILHO TIOTYYrM:

;VVE(?F?) — e, (M), (v, (M), (). (29)

Koppekuust  Aw;;(n), npumensemas k W;;(N), Ompejensercs COriacHo

denbma-npasuy.

iy () = = (30)
ow;; (n)
roe 17— napamemp CKOpocmu  0OyueHus —aIrOpuTMa  0OPaTHOTO

pactpoctpanenusi. Vcmonb3oBanue 3Haka "MuHyc" B (30) cBsizaHO C
peanuzanmenl epadueHmnHo20 Ccnycka B TPOCTPAHCTBE BECOB (T.€. MOMCKOM
HanpaBJICHUs] U3MEHEHUs BECOB, YMEHBINIAIOMIEIO 3HAYEHUE YHEPTUU OLIHOKU
E(n). Cnenosarennho, moactasnss (29) B (30), nonyunm:

AW, (n) =78, ()Y, (). (31)
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rJ1e 10KanbHbli paduenm 5;(N) ONpPENENSeTCs BRIPAKCHHEM

_OE(n) _ 0E(n) 2e;(n) dy;(n) _
ov;(n)  de;(n) dy;(n) ov;(n)

;(n) = e;(Mg; (v; (). (32)
JloKanbHBIH TPaIHeHT yKa3bIBacT HAa TpeOyeMoe W3MEHCHHE CHHAIITHIECKOTO
Beca. B cootserctBum ¢ (32) nokanbHblil rpaauent b;(n) BeIXOAHOrO

HelfpoHa j paBeH MPOM3BEICHHUIO COOTBETCTBYIOMIETO CHTHANA OmuOKH €;(Nn)

3TOr0 HEWpOHAa M TMPOU3BOIHOM qo'j (v;(n)) cootserctByOmEH (yHKIMM

aKTHUBalluu.

W3 Beipaxenwnii (31) u (32) BUAHO, 94TO KITIOYEBBIM (PaKTOPOM B BBIYMCICHUHN
BEJMYMHBI KOppeKun AW (N) BecOBBIX KOI(Q(UIMEHTOB SBISETCS CHIHAN

ommbku €;(N) Hefipona j. B 5TOM KOHTEKCTE MOKHO BBIICTHTH JBA

pa3IUYHBIX Cilydas, OIpENeNsieMbIX MOJOKCHHEM HEHWpoHa | B ceTH. B
MEepBOM Cllydae HEHWPOH | SBISETCS BBIXOJHBIM Y3JIOM. OTO [IOBOJBHO
NPOCTOM CIy4ai, TaKk KakK JJIsl KaXKIOro BBIXOJHOTO y3J7a CETH W3BECTEH
COOTBETCTBYIOIIMH JKenaeMblii OTKIMK. CJenoBaTeNbHO, BBIYMCIUTL CHTHAJ
OMIMOKH MOXXHO C TIOMOIIBIO HPOCTOM apudmeTnyeckol omepanuu. Bo
BTOPOM Cilydyae HEHpOH | SIBISIETCS CKPBITHIM y3ioM. OIHAKO Aaxe eciu
CKPBITBI HEMPOH HEMOCPEICTBEHHO HEJIOCTYIIEH, OH HECET OTBETCTBEHHOCTh
3a ommOKy, MOJIy4aeMyl0 Ha BBIXOJE ceTH. Bompoc cocTouT B TOM, Kak
NepCOHNUIMPOBATh  BKIaJA  (MOJIOKHUTENBHBIH WM OTPHUIATEIHHBIN)
OTACTBHBIX CKPBITBIX HEHPOHOB B 00mIyl0 omuOKy. Ota mnpobiema
Ha3bIBACTCS 3adauell HA3HAYeHus Koagduyuenmos odogepusi. OHa OYECHb
9JIETaHTHO peIaeTcs C MOMOILIbI0 MeToJa OOpaTHOro paclpoCTpaHEHUs
CUrHaJia OINOKH IO CETH.

Cnyuau 1. Heipon | — 6bixoOnou yzen. Ecnn HEWpOH | pacroiioKeH B

BBIXOJIHOM CJIO€ CETH, JUISl HEro HM3BECTEH COOTBETCTBYIOIIMH KelacMbIi
OTKJIMK. 3HAYUT, C MOMOIIBIO BBIpAKEHUS (23) MOXKHO ONpPENENHUTh CUTHAT

ommbku €;(N) (cM. puc. 27) u 6e3 MPOOIEM BBIMUCITUTH TpagueHT o;(N) 1o
dhopmyme (32).
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Cnyuaii 2. Hetipon | — cxkpuimuli ysen. Ecam HEHpoH | pacroiiokeH B

CKPBITOM  CJIO€ CETH, JKEJIaeMbIii OTKIMK JUIS HEro HEWU3BECTEH.
CnenoBaTellbHO, CUTHAJ OIIMOKKA CKPBITOTO HEWpOHA JOJKEH PEKYypPCUBHO
BBIYUCIISITHCS HA OCHOBE CHT'HAJIOB ONIMOKU BCEX HEWPOHOB, C KOTOPHIM OH
HETMOCPEACTBEHHO  CBsi3aH.  MIMEHHO  3lleCh  anropuT™M  0OpaTHOTO
pacmlpoCTpaHEeHUs] CTAKUBACTCS C HAUOOJBIICH CIOXKHOCTHIO. PaccMoTpum
CHUTYAIIHIO, H300pKEHHYIO Ha pHC. 28, ry1e M300paeH CKPBIThIA HEHPOH | .

CornacHo (32), noKaibHbIH TpaaueHT &;(N) CKPHITOro HeHpoHa | MOXHO

HEePEONPEICITUTh CIACAYIOIUM 00pa3oM

_0E(n) 9y;(n) _ 9E(n)
ay;(n) ov;(n)  oy;(n)

5] (n)= ?; (Vj (),
rae | — CKpbIThIA HeWpoH. JIns BBIYMCICHHS YaCTHOW MPOU3BOIHOM
6E(n)/8yj (n) BbBIMOTHMM HEKOTOpPBIE NpeoOpasoBanus. Ha pwuc. 28 BujHO,

4qTo

E(n) = %Zeﬁ(n) , (33)

keC

rae K — BeixogHo# HelipoH. CoorHomrerue (33) — 310 Beipaxenue (24), B
KOTOPOM MHJIEKC | 3aMEHEeH MHAEKcoM K . DTO ceiaHo i TOro, 4ToObI

n30eKaTh MyTaHUIBl C HHICKCOM |, MCIIOIb30BAHHBIM PaHEe ISl CKPBITOTO
netipona. Huddepenuupys (33) no ¢yukimonansromy curnamy Y;(n),

MOJIy4uM:

OE(n) oe, (n)
v 2V

OKOHYATEIbHO 3aIUIIeM QOPMYLY O0OPAMHO20 PACAPOCMPAHEHUs.  JUTS
JIOKaIbHOTO rpajuenta &;(N) ckpeitoro Heifpona j [53]:

8, (n) = @; (v; (M) D, (wiy (n) . (34)
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I'paduueckoe mpencranenue Qopmynsl (34) mpencraBieHo Ha pwuc. 29.
dopMyna 3anMCaHO B MPENNOI0KEHUH, YTO BBIXOJHOW CIOH COCTOWUT M3 M,

HEUPOHOB.

Mmuoxurens @;(V;(n)), ucronszoBanublil B Gopmyne (34) 111 BEIYUCTEHUA
NOKambHOTO Tpajguenta O;(N), 3aBUCHT HCKIIOYMTENBHO OT (yHKIHH

aKTHUBAIlMM, CBSA3aHHOW CO CKpPBITHIM HEWpOHOM |. BTOpoil MHOXHUTENb

bopmysbl (cymma 1o K ) 3aBHCHT OT IByX MHOKECTB ITapaMeTPOB.

[epBoe u3 HUX — S, (N) — TpeOyeT 3HaHUsI CUT'HAJTIOB OIIMOKK €, (N) Ui BeeX
HEHUPOHOB CJIOsI, HAXOJSIIErocsi MpaBee CKPBITOrO HEeWpoHa |, KOTOpbIe

HEMOCPEICTBCHHO CBSI3aHbI ¢ HEUpPOHOM | (cM. puc. 28).

Heiipon j Heiipon k
A AL

Yo =+l

vi(n) ©C) v(n) —1| e (n)

Puc. 28 — I'pad nepenauum curuana, JeTaIbHO OTPAXKAIOMINI CBSI3b BBIXOIHOTO
HelipoHa K co CKphIThIM HelipoHoMm | [52]

BTOpOG MHOXECTBO — ij (n) — COCTOHUT H3 CHHAIITHYCCKHMX BCCOB JOTHX

CBS3€EH.

Tenepb MOXXHO CBECTH BOEIMHO BCE€ COOTHOLICHMS, KOTOpPbIE ObUIN BBEACHBI
IUIL JITOpUTMa OOpaTHOro pachpocTpaHeHus.. Bo-mepBbIX, KOppeKuus Beca
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Aw;(n), npuMeHsemMas K | CHHANTHYECKOMY BECY, COCIHMHSIONIEMY

HeﬁpOHLI iu J , OIIPEACIACTCS CICAYIOUIUM JICJIbTa-IIPAaBUJIOM!
Aw; (n) =7-6;(n)- y;(n) , (35)

rjie 77 — MapaMeTp CKOpocTH 00ydenus, &;(N) — JOKaIbHbIH rpajguenT, Y;(n)

— BXOJHOW CUTHaJI HEMPOHA j .

BO-BTOpI)IX, 3HAYCHUC JIOKAJIBHOI'O I'paJuCHTA 51- (n) 3aBHCUT OT IIOJIOKCHUS

HEWPOHA B CETH.

1. Ecnn wmefipon j — BbIXOnHOH, To Tpaament oJ,(n) paseH

MPOU3BEIEHHIO TIPOM3BOTHOM (olj (v;(n)) Ha curnan ommbku €;(n)

1u1st HeiipoHa | (cM. BeIpaskeHue (32)).

2. Ecium HedipoH | — CcKpbITBIA, TO Tpanuent J;(N) paseH

NPOU3BEIEHHUIO TIPOM3BOTHOM (p; (v;(n)) Ha B3BemeHHyIO CymMMy

IPaIUCHTOB, BBIYUCIICHHBIX JJI1 HSHPOHOB CJICYIONIETO CKPBITOTO
WK BBIXOJHOTO CJIOSi, KOTOPBIE HEMOCPEJACTBEHHO CBSI3aHBI C
JaHHBIM HEWPOHOM | (cM. BbIpakeHue (34)).

8, (n) @, (v(n)

e (n)

§,(n) W, () 8 (m) (v, (n)

< O < O ek(”)

A

5,,(m) ¢, (v, (n)
—— e, (n)

Puc. 29 - TIpad nepemaunm curHaiza i (QparMeHTa CHUCTEMBI,
3aJ1efiCTBOBAaHHOT'O B 0OPaTHOM PacHpOCTPaHEHUU CHI'HAIOB OMIMOKH [52]
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5.3. AuaroputM oOpaTHOro pacnpocTpaHeHusi ommoku  Ilpu
WCTIONB30BaHUK AITOPUTMAa OOPATHOTO PACIpPOCTPAHEHUS DPa3IMyaroT JBa
MpOX0Jia, BBIMOJHAEMBIX B Mpolecce BbruucieHuil [52]. Ilepsslit mpoxon
Ha3bIBAETCSI IPSIMBIM, BTOPOM — 0OpaTHBIM.

[pu npsamom npoxode cuHaNTUYECKUE BECa OCTAIOTCS HEM3MEHHBIMU BO BCEH
cetd, a (DYHKIHMOHAJbHBIE CHUTHAIBI BBIYUCISIOTCS IIOCIENOBATENbHO, OT
HelipoHa K Heiipony. DYHKIMOHAIBHBIA CHIHAT Ha BBIXOJC HEHWpOHA |

BBIYUCIISIETCS TIO POpMyIie
Yi (n)= (D(Vj ),

riae V;(N) — MHIYnMpOBaHHOE JIOKAJIBHOE TOJe HEHpOHA j; ompenensemMoe

BBIpAXXCHUEM
A (n) = iji (n)yi (n) )
i=0

rjie M — ofI1ee YMCII0 BXOJIOB (3a HCKIIOYEHNEM TTopora) Hefipona j, W; (n)

— CHHANTHYECKHUH Bec, COequHsIOmMi HeipoHsl ium J, Y,(N) — BXOAHOI
CHT'HaJl HEWpOHa | WIJIM BBIXOJHOW CHrHan HelipoHa i. Ecnu Heiipon |
pacmoIOKeH B TEPBOM CKPBITOM CIIO€ CETH, TO M=mM,, a HHAEKC |

OTHOCHUTCA K I-My BXOAHOMY TEpMHHALYy CC€TH, JId KOTOPOIrO MOKHO
3ammcaTb

y;(m=x(n),

rae X;(n) — i-it snemeHT BXomHOrO BekTopa (oOpasza). C apyroit cTopoHsbI,
ecJIM Hef[pOH | pacHoJIOXKEH B BHIXOJHOM CJIO€ CETH, TO M =M _, a HHJIEKC |

O3HAYaeT | -i BHIXOJHOW TEPMUHAI CETH, /ISl KOTOPOTO MOXHO 3arucaTh
yi(n) =0;(n),

rae 0;(N) — - OITeMEHT BBHIXOAHOTO BEKTOpa. BeixojHoi curman
CpaBHMBaeTCs C KenaeMbiM  oTkaukom d;(N), B pesymbTate uero

BBIYUCTIAETCS CUTHAN omubkyu €;(N) myst j-ro BbIXoaHOro Heifpona. Takum
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o0pazom, npsmast (aza BEIUMCICHUH HAYMHACTCSA C MPEACTABICHUS BXOJHOTO
BEKTOpA MEPBOMY CKPBITOMY CJIOI0 CETH M 3aBEpIIACTCS B MOCIEAHEM CII0€
BBIYUCIICHUEM CHUT'HAJa OIIMOKH sl KaXKI0TO HEMpOHA 3TOTO CIOS.

OOpaTHBIi TPOXOA HAYMHAETCS C BBIXOAHOTO CJOSl TPEIbSBICHHEM €My
CUrHajla OUIMOKHM, KOTOPBIM Iepenaercsi cipaBa HajeBO OT CJOS K CJOI0 C
MapajuIeIbHBIM BBIYMCICHUEM JIOKATBHOTO IpaJueHTa JUIsl KaXXI0ro HelpoHa.
OTOT peKypCHBHBIH IpoLecC MPEANoiaraeT U3MEHEHHE CHHAITHYECKUX BECOB
B COOTBETCTBUHU C HenbTa-TipaBwmiioM (35). [l HelpoHa, pacIioioKeHHOTO B
BBIXOJHOM CJIO€, JIOKAJIbHBII IPaJUEHT PaBEH COOTBETCTBYIOLIEMY CHTHAIY
omKOKY, YMHO)KEHHOMY Ha IIE€PBYIO NPOU3BOAHYIO HEJIMHEHHOW (YyHKUUHU
aKTUBaIMU. 3aTeM cooTHouleHue (35) wucnoiab3yercs [Uis BBIYMCICHUS
W3MEHEHUIl BECOB, CBSA3aHHBIX C BBIXOJHBIM CIIOEM HEWPOHOB. 3Has
JIOKaJIbHBIE TPaJWEHTH! JUIsI BCEX HEHPOHOB BBIXOJHOTO CJIOS, C TOMOIIBIO
(34) MOXXHO BBIYMCITUTH JIOKAJIbHBIE TPAJUEHTHI BCEX HEMPOHOB MPEBIAYIIETO
CJIOsI, & 3HAYUT, U BEIMUYMHY KOPPEKLHHU BECOB CBs3eH ¢ 3TUM cioeM. Takue
BBIYUCIICHUS IPOBOASATCS [UIA BCEX CJIOEB B OOpPAaTHOM HalpaBJICHHUH.

3ameTuM, 4TO TOCIE MPEABSIBICHUS OYEPEAHOr0 OOyJarollero mpuMepa OH
"(pukcupyercs" Ha Bce BpeMs IPSIMOTO B 0OPATHOTO IPOXOJIOB.

Brluncnenre  JOKanbHOTO  TpajMeHTa o  JUId  KaXJAOro  HeHpoHa
MHOTOCJIOMHOTO TepcenTpoHa TpeOyeT 3HaHMS MPOU3BOJHOM (YHKUUHU
aKTHBaUMU @(-), CBA3aHHON ¢ 3THUM HeWpoHoM. Iy cyliecTBOBaHHS TaKOH
MPOM3BOJHON (YHKIMSI aKTUBAIMK JOJDKHA OBITH HEMpepbIBHOW. Jpyrumu
CIIOBaMH, Oughpepenyupyemocms SBISETCS €AMHCTBEHHBIM TpeOOBaHUEM,
KOTOPOMY JIOJDKHA yIOBIETBOPATh (yHKIMA axkTuBamuu. lIpumepom
HenpephiBHO  aud¢epeHnrpyeMoil  HEeTMHEHHOH (YHKUMM  aKTHUBALMH,
KOTOpasi 4acTO HCIIOJIB3YETCSI B MHOTOCIOMHBIX IEPCENTPOHAX, SABIACTCS
cueMouodanvhas HenuHeunas @yuxyus, nBe (OpMbl KOTOPOH OIUCHIBAIOTCS
HIDKE.

5.4. Iu¢pepeHnupoBanme JOrucTuyeckoil GyHKIMU aKTHBALMH

Ota GopMa CHUTMOWAATBHOW HENWHEHHOCTH B OOLIEM BHJC OMPEACISICTCS
cleayromuM obpaszom [52]:

goj(vj(n))z%(n), a>0, —o<v;(n)<+oo, (36)
1+e ™
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rjae V;(N) — MHAYIMpOBaHHOE JIOKalbHOE Tose Helfpona j. M3 (36) BuHo,

YTO aMIUTMTyJa BBIXOJHOIO CHrHajda HEHpoHa C TaKOM aKTHBAIIMOHHOM
bynxuueit nexur B qmanasone 0<y; <1. Jlnbdepentmpys (36) no v;(n),

MOy IHM:

—av;(n)

ae

_—. 37
(1+ g (M )2 37)

@;(v;(n) =

—av;(n)

Tax xak Y;(n)=¢;(v;(N)), T0O MOXHO HU30aBUTHCS OT IKCIIOHEHTHI € B

BelpakeHNH (37) W TpEACTaBUTh NPOU3BOAHYIO (YHKIMH aKTUBAIMH B
CJIEAYIOIIEM BUJIE:

@;(v;(n) =ay;(N)[1-y;(n) |. (38)

Jlnst Hefipona j, pacmosiokeHHOro B BhIXOAHOM ciioe, Y;(n)=0;(n) . Orcrona

JIOKAJIbHBIA ITPaJJUEHT HEWPOHA | MOXKHO BBIPA3UTh CICIYIOIINM 00pa3oM:
5,(n) =e;(Nep; (v;(M) =a| d; (") —o;(n) Jo,(n)[1-0,(n) ], (39)

riae 0;(n) — dyHKIMOHATBHEIH CHrHAN Ha BhIXOjE Helipona j, d;(n) — ero

xenaeMplii curHan. C JApyroil CTOPOHBI, JJi TPOHU3BOJBHOTO CKPBITOTO
HEWpoHa | JIOKAJIbHBIN TPAJAUCHT MOKHO BBIPA3UTh TaK:

8,(0) =, (v, (M) X8 (Mwiy (M) =y, (M[1-y, (M) |8 (Mwig(m) . (40)

Cormacuo BeIpaxeHuio (38), mpowW3BOAHAS ¢)} (v;(n)) mocturaer cpoero
MakcuManbHOro 3Hadenus npu Y;(n) =05, a MuHuManbHOTO (HYJA) — TIpH
y;(n)=0 u y;(n)=1,0. Tax kak BeJqMYMHA KOPPEKIUU CUHANITHIECKUX BECOB

B CETH MPONOpPIHMOHANbHA TpousBoaHoi ¢;(V;(N)), To mns MaKkCHMaTbHOTO

NU3MCHCHHUSI CHUHAIITUYCCKUX BECOB HeﬁpOHa €ro QJYHKHI/IOHEUIBHBIC CUTHAJIbI
(BBIYHCIICHHBIE B COOTBETCTBHH C CHUTMOMIAIBHOH (YHKIMEH) JOJDKHBI
HaxoIuTbcd B cepeauHe auana3zoHa. CormacHo [60], UMEHHO 3TO CBOMCTBO
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aJropurMa O6paTHOFO pacnpoCTpaHCHUsA BHOCUT HaMOOJIBIINH BKJIag B €ro
yCTOfI‘lPIBOCTI) KaK ajJiropurma O6y‘-ICHI/I$I.

5.5. lud¢epennupoBanue GpyHKINUA runepooIuIecKOro TaHreHea

Eme onHoil wacTto mcmomb3yemoil (GopMON CHTMOHMIAIBHON HENHMHEHHOCTH
sBIsIeTcsl (YHKIUS THIIEpOOIMYecKOro TaHTeHCa, KOTopas B OOIIeM BHE
OTIMCHIBAETCS BRIpOKEHHEM [52]:

¢;(v;(n)) =atanh(bv, (n)), (a,b)>0,

rae @ u b — xoHcrantel. B peiicTBUTENBHOCTH (YHKIHS THIIEPOOIUIECKOTO
TaHTeHca sBJsieTcs He Ooyiee YeM JIOTUCTHYECKOH (yHKIMEH, TOJBKO
MaciTaOUpoBaHHOW ® cMmenieHHoW. Hwke mnpuBenem GopMmynsl  ams
JIOKAJIBHOTO TPagueHTa s 3TOH POpPMBI CHTMOHIATBHON HEJTMHEWHOCTH.

JInst HeiipoHa |, pacroioKEHHOTO B BBIXOIHOM CJIO€, JIOKAJIBHBIA IPaTdeHT

OyZeT UMeTh BUJT

: b
5j(n):ej(n)¢j(vj(n))=g[dj(n)—oj(n)][a—oj(n)][a+oj(n)]. (41)
JInst He#fipoHa |, PACIOJIOKEHHOTO B CKPBITOM CJIOE, JIOKAJIbHBIA TPaJHEHT

nproOperaeT BUA

5,(0) = ¢, (v, (M) X 5, (Mw (n) =
b (42)
=, -y, ] a+y, (] X w, (n).

Hcnonws3ys popmyist (39) u (40) mns noructuueckord QyHKIUMH U QOPMYIIBI
(41) u (42) ans runepOOIUIECKOTO TAHTEHCA, MOKHO BBIUUCIIHUTH JIOKAIBHBIH
rpajgueHT gaxe 0e3 SBHOTO 3HAHHS aKTUBAIMOHHON (QYHKIINY.

5.6. CkopocTtb 00y4eHust

ANTOPUTM OOpaTHOTO pAaCIPOCTPAaHEHHUS OOECIEYNBACT ITOCTPOSCHHE B
MIPOCTPAHCTBE BECOB "ammpoKCHManuu" I TPACKTOPHH, BBEIYHCIIIEMOMN
METOZIOM HaWCKOopeWiiero cmycka. YeM MeHbIIe mapamMeTrp CKOpOCTH
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oOydeHUss 77, TEM MCHBIIE KOPPEKTUPOBKA CHHANTHYECKUX BECOB,
OCYIIIECTBIIsIeMasi Ha KaXJIOW HTEpalld, U TeM OoJiee TJIAJKON SBISACTCS
TPACKTOPHS B MPOCTPAHCTBE BeCOB [52]. OHAKO 3TO yIyUYIICHUE TPOUCXOIUT
3a cueT 3aMmemieHus mporecca oOydeHus. C HApyroi CTOPOHBI, €CIU
VBENUYUTh TapaMeTp 77 JUId TIOBBINICHUS CKOPOCTH OOYYeHUs, TO
pe3yIbTUPYIOIIHE OOJbIINE W3MCHEHUS CHHANTHYECKUX BECOB MOTYT
MPUBECTH CUCTEMY B HEycToWuuBoe coctosiHue. [IpocreiimumM criocobom
MOBBIIIICHUST CKOPOCTH OOydueHUss 0e3 IMOTepH YCTOWYUBOCTU SIBIISCTCS
M3MeHeHue jaenbTa-paBmwia (31) 3a cuer moOaBieHHWsT K HEMY MOMEHTa
unepimu [60]:

Aw, (n) = aaw, (1) + 73, (n)y, (n), (43)

rJic & — KakK MPaBWIO, MOJIOKHUTEIBHOS 3HAYCHHE, HA3hIBAEMOE MOCTOSHHOMN
MoMmeHTa. JlJi 4acTHOTO citydass ObUTO TOKa3aHo [61], 94To HWcIonb30BaHUE
MOCTOSIHHOW MOMEHTa @ YMEHbBIIAeT JWANa30H YCTOWYHBOCTH TMapamerpa
CKOpOCTH OOYyYeHHMS 77 W MOXET IPUBECTH K HEYCTOMYMBOCTH, CCIH

IOCJIe JHUH BLIGpaH HEBCPHO. bonee TOro, C YBCJIMYCHHMEM 3HAycHUsI a
paccoriiaCoBaHrue€ BO3pacTacT.

Kak mnokazano na puc.30, 3HaueHHMe a SBJISIETCS  YNPaBISIOLINM
BO3JCHCTBIEM B KOHTYpe 00paTHOIf cBsisu st AW, (n), rae z ™ — omeparop
eIVHUYHON 3aJiepKKu. YpaBHeHHe (43) Ha3piBaeTcss 00OOIICHHBIM JebTa-
MPaBUIOM, a BBIBOJ AITOPUTMa OOPATHOTO PACHPOCTPAHEHHS C YUETOM

MOCTOSIHHOW MOMeHTa cojepxurcsa B [62]. Ilpy a=0 oHO BeIpOXKIacTCsS B
00BIYHOE JIeJIbTa-ITPABHIIO.

8,(my,(n Q

Aw, (n—1) Aw,(n)

Puc. 30 — I'pad mpoxokaeHUs] CHUTHAjda, WIIIOCTPUPYIOMIMKA HOCTOSHHYIO
MomMeHTa a [52]
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Hnst Toro 4toOBl OLEHHUTH BIUSHHE IIOCIEAOBATEIBHOCTU MPEICTABICHHUS
00y4Yarmux NpUMEepPOB Ha CHHANITHYECKUE BECa B 3aBUCUMOCTH OT KOHCTAHTHI
a, mepenuieM (43) B BHIE BPEMEHHOTO pAga ¢ HHACKCOM t. 3HaueHue
uHAeKca t OyneT U3MEHSThCA OT HyJs 0 TeKyllero 3HadeHus N. IIpu stom
BbIpakeHHE (43) MOKHO paccMaTpUBATh KaK pa3HOCTHOE ypaBHEHHE IEPBOTO
nopsnka s Koppekumnm  BecoB  Aw;(n). Pemas 5To  ypaBHeHue

OTHOCHUTENBHO AW;; (1) , MOMy4MM BPEMEHHOH psit uHbL N +1:

A, (1) =" 5,0, (). (44)

CrnenoBatenbHo, cooTHomeHue (44) MOXXHO TiEpenucarh B IKBUBAJICHTHOMN
dopme:

_ St B
Aw; (n) = nga (0

OCHOBBIBasICb Ha 3TOM  BBIPAKEHUH, MOXKHO CHEJaTh CIEIYIOLIUE
WHTYWTUBHBIC HaOmoaeHus [63, 64]:

1. Tekyumee 3HaYeHHEe KOPPEKLUMH BECOB AW (n) npencrasiseT
c000if CyMMy PKCIOHEHITHAIEHO B3BEIICHHOTO BPEMEHHOTO Psija.
Jus Toro dTOOBI ATOT PN CXOAWJICSH, IOCTOSHHAS MOMEHTa
JIOJKHA HaXOOUTHCS B JHAIAa30HE 0<|a| <1. Eciu koHcTaHTa a

paBHA HYJIIO, aJrOpUTM OOPaTHOTO PACIPOCTpaHEHHUS paboTaer
0e3 momeHTa. CienyeT TakKe 3aMeTUTh, YTO KOHCTAHTa & MOXKET
OBITh W OTPUIATEIHLHOM, XOTS STH 3HAYCHHS HE PEKOMEHIYETCS
HCITOJIB30BATh HA HpaKTI/IKe.

2. Ecim vacthas npoussoanas OE(n)/ow;(n) umeer oaun u TOT xe

anreOpaMdyecKuii  3HAK HA  HECKOJNBKHX  IIOCIIE0BATEBLHBIX
UTEepalyaX, TO SKCIOHEHIHMANBLHO B3BemeHHas cymma Awj(n)

BO3pAcTaeT 1Mo abCONIOTHOMY 3HAYEHMIO, TMOdTOMy Beca Wj(N)

MOTYT U3MCHATBHCA Ha OYCHb 6OJ'IBH.IyIO BCJIIMYUHY. Bxkmiouenue
MOMCHTAa B QaJI'OPUTM 06paTHOI‘O pacrpoCTpaHCHusa BCACT K
YCKOpeHUro cnycka B HCKOTOPOM NNOCTOAHHOM HaIlpaBJICHUU.
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3. Eciu wacthas npoussonHas OE(n)/ow;(n) Ha HecKONbKHX

MOCIICIOBATEIBHBIX HTEPALUSIX MCHSACT 3HAK, 3KCIOHEHIUATbHO
B3BelIeHHas cymma Aw;(N)  ymeHbmiaeTcss no  aGCoMOTHOH

BEJMYMHE, T09TOMy Beca W;(N) HM3MEHSIOTCH HAa HEOOJBIIYIO

BenmunHy. TakuMm oOpa3zoMm, noOaBieHHE MOMEHTa B aITOPUTM
00paTHOTO pAaclIpoOCTpaHeHHs BeNeT K cmadunusupyouemy
aghghexmy IUIsl HATTPABIICHUH, U3MEHSIONUX 3HAK.

Bkimoyenne  MOMEHTa B aNrOpuTM  OOpaTHOTO  pacIpOCTpaHEHUS
oOecrieynBaeT HE3HAYUTENbHYI0O MOAMMDUKAIMIO METOla KOPPEKTUPOBKH
BECOB, OKa3bIBas TMOJIOKUTEIHHOE BIMSHUE HA pabOTy alropuTMa oOyueHHS.
Kpome Toro, ciaraeMoe MOMEHTa MOXKET IPEAOTBPATHTH HEXKENIATEIbHYIO
OCTaHOBKY aJTOPHTMa B TOYKE KaKOTrO-THOO JIOKaJbHOTO MHHHUMYyMa Ha
MTOBEPXHOCTH OIIHOOK.

[Ipu BBIBOJE anropuTMa OOpPaTHOTO PacPOCTPAHEHUS MPEATONaraioch, YTO
napameTp MHTCHCUBHOCTH 00y4YeHHs IPEACTaBIECH KOHCTaHTOH 77 . OHAaKo Ha

IMPAKTHUKE OH MOXKCT 3a1aBaTbCs KakK ’7ji . 9t10 3HAYUT, UTO MMapaMCTp CKOPOCTH

o0ydeHUs SBISETCS JIOKAJbHBIM W OMPEIENAeTCs JUIA KaXI0M KOHKPETHOM
cBs3u. B camoMm jierne, mpuMeEHss pa3IUdHbIC TApaMETPhl CKOPOCTH O0YUYCHHMS
B Pa3HbIX 00JIACTIX CETH, MOXKHO JIOOUTHCS MHTEPECHBIX Pe3ysbTaToB. bosee
Mo ;poOHO HAa ATOM BOIPOCE MBI OCTAHOBUMCS B MTOCTICAYIONINX pa3zeiax.

Cnenyer OTMETHTb, 4YTO TIPU pealu3alud aJropuTMa  OOpaTHOTrO
pacnpocTpaHeHHs MOXHO U3MEHATh KaK BCe CHHAIITUYECKHUE Beca CEeTH, TaK U
TOJBKO YacTh W3 HHUX, OCTAaBIAS OCTalbHBIE HA BpeMs aJanTaluu
¢ukcupoBaHHBIMU. B mocienHeM cityyae curHasl OUIMOKH paclpOCTpaHIEeTCs
MO CeTH B OOBIYHOM MOPSAKE, OJHAKO (PUKCHUPOBAHHBIE CHHANTHYECKUE BECa
OynyT ocTtaBaTbCs HEU3MEHHBIMH. DTOTO MOXKHO JOOWTHCS, YCTAaHOBUB MJIS
COOTBETCTBYIOIIMX CHHANTHYECKUX BECOB W; Mapamerp HHTCHCHBHOCTH

O0y4eHust 77;; PABHBIM HYIIIO.
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I''TABA 6. IIOTOKOBBIE I'PA®bBI U 'PAAUEHTHBIE METO/IbI
OBYYEHMUAA

6.1. IToToxoBbIe rpadbl 1 MX MPUMEHEHHE ISl TeHePaAllu IPAHeHTa

3HaKOMCTBO ¢ (opMmynamu IS pacueTa TPaanueHTa IOKA3bIBAaeT, YTO OHH
TOBOJIBHO CIIOXHBI M HEYAOOHBI U MPAKTUYECKOTO NMPUMEHEHHS, OCOOCHHO
ecIM CceTb COJIEepXKUT Oonee oxHOro ckpeitoro cios [54]. Ilostomy
MPEICTaBISIeTCs] MHTEPECHBIM, YTO Ha OCHOBE METOJa IMOTOKOBBIX TpadoB
ylaeTcss MOCTPOUTh OYEHb MPOCThIE MpaBuiIa (HOPMUPOBAHUS KOMIIOHEHTOB
rpajiueHTa, KOTOPBIE HMMEIOT IIOCTOSHHYIO CTPYKTYPY, HE 3aBHUCALIYIO OT
CIOXHOCTH ceTH. [Ipy 3TOM 0a3y TakuX MpaBHI COCTAaBISIOT COOTHOLICHHS,
MOJyYeHHBIE B pPE3yJbTaTe AaHAINW3a UYYBCTBHTEIBHOCTH CETH METOIOM
CONPSDKEHHBIX DIIEMEHTOB. B Teopum cumcreM [65] mox  momHOM
qyBCTBUTEIFHOCTBIO ~ OOBEKTa  IOHUMAETCs  NPOU3BOAHAS  JIEOOOTO
LUPKYJIHMPYIOLIETO B HEM CUTHAJIA OTHOCHUTEIIBHO 3HAYECHWM BECOB, KOTOPAs
MOXET 6LITB paccunTaHa Ha OCHOBAaHHHU 3HAHUI (o) CHUTHaJ1ax,
pacmpocTpassomuxcss 1o o0biyHOMY rpady (obo3nagaemomy G) u

COTIPSDKEHHOMY ¢ HUM Tpady (0O0o3HagaeMomy G). I'pad G OTIpeIeIIeTCS
Kak MUCXOaHBIN rpad G, B KOTOPOM HANpaBJICHHOCTh BCEX Iy M3MEHEHa Ha
MPOTUBOMNONOXHYIO. JIuHeliHas nyra rpaga G u cOOTBETCTBYIOIIAs €i yra
conpsbkeHHOro rpapa G MMEIOT WIGHTHYHEIC onmcaHMs. B ciydae
HenuHeitHol cBsi3u  f(X,k) rme X — BxomHO#W curHam, a K — mapamerp,

COOTBEeTCTBYyIOIIast el myra rpada G nmHeapusyercs ¢ KOX(PPUIHEHTOM

aF (x,k)

:T , paccuMTaHHBIM sl (PaKTHUECKOTO BXOJHOTO CUTHaNA X rpada
G.

Kax mokaszano B pabortax [65-67], meTonm pacdera wdyBcTBHTEeIRHOCTH HC C
WCTIOJIb30BaHHEM TIOTOKOBBIX I'pa)OB OCHOBAH Ha aHAJIM3€ UCXOJHOTO rpada

G wu compsokenHoro ¢ HUM Tpada G mTpu BO3OYKJICHHUHU IOCIETHETO

€IMHUYHBIM CUTHAJIOM, T10/1aBaeMbIM Ha BX0Jl G (COOTBETCTBYIOIINI BBIXOIY
G). UyscrBurenbHOCTh rpada G OTHOCHTENBHO MAapaMeTpPOB IyI 3TOTO
rpada K TMPOU3BOJILHOMY BXOJHOMY CHTHaly V, MOXHO BBIPa3sHTh

CIIeIYIOMUM 00pa3oM:
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a) Ui TMHEHHOM nyru W; tpada G

re W; — 9T0 KO3X(QQUIMEHT yCUIIEHUs IMHEHHOM JIyTy, HAPABJIEHHOH OT | -

ro ysna K i-my, V; —curnan j-ro ysna rpaga G, a v, - curnan i-ro ysma

compspbkeHHOro rpada G, I KOTOPOro B KadecTBE BXOIHOTO CHTHaja

3aj1aeTcs 3HaYeHue V, =1;

6) mns HenwHedHoW nyru rpada G, oowemmusromieit |-it u K -it y3mb1 u
onuceiBaeMoit ¢ynkuuenr Vv, = f,(v,,K), 4yBCTBHTEIBHOCTH OTHOCHTEIBHO

napamerpa K omnpezaensiercs BBIpaXeHUEM

%:V ofy (v, K)
dK ¢ ok
rae M paccunThIBaeTcs st curnana vV, | -ro y3na rpada G .

oK

OG6o3Ha4YnM Yepe3 W BEKTOpP ONTHMH3MPOBAaHHBIX MapamMeTpoB (BECOB W)

o T
CHCTeMBbI, peCTaBleHHOi rpadoM G, W=[W,W,,..,W,]| , & sepes E(w) —

neneyo Qyukuuto. Toraa rpaauent VE(W), CokpallleHHO 0003HaYaeMbId
kak g(w)=VE(W), MOXHO OTpE/CIUTh B BUJIE

W) = , .
g(w) on " ow, W

n

OE(W) GE(W)  OE(W) T

(B 9TOM BBIp@KEHHH i 0003HAYCHHUS DJIEMEHTOB BeKTOpa W HCIIOJIb30BaH
omun uHAeke 1=12,...,n). Ecau npeacTaBuTh 1eneByr0 GyHKIUIO B GopMe,
YYIUTHIBAIOIICH TOIBKO OJHY 00YJaIONTyI0 BEIOOPKY

EM) =2 > (v —d),
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rae  d, o0003HaYeHO OXHAAEMOe 3HAYCHHE |-TO BBIXOJHOTO HEWpPOHa,
i=12,..,M, To rpaaueHT 11e1eBOi (YHKIINU IPUHUMAET BU/I:

T
1

g(W) = [gl(W)! gZ(W)v'"v gn(W)]
B KOTOpOU

Ny A Y
gk(W)_g(yi di)aw-

k

JInst 3amaHus BEKTOpa TpajMeHTa Takke HEOOXOJMMBI ITPOHU3BOIHBIC
BBIXO/IHBIX CHTHAIOB Y, rpada OTHOCHTEIBLHO BECOB W, (TOKa3aTesld HX

4yBCTBUTENBHOCTH), YMHOXKCHHBIE Ha BeluuuHy norpemHocta (Y, —d,).

Bnaronapst ucrons30BaHMI0 METOAOB TEOpUH I'padoB BCe 3TH omnepanuu (B
TOM 4YHCJIE U CyMMHMPOBAHHE) MOXKHO BBINOJHUTH 3@ OJIMH HIar ¢ IMOMOIIBIO

ucxomnoro rpaga G u compsbkeHHOro ¢ HUM rpada G mpu coOmroaeHUN

COOTBETCTBYIOIINX YCIOBUH BO30YyxaeHUs rpada G . Kax mokasano B [67],
BCJIC/ICTBUE JIMHEHHOCTHU CONPSHKEHHOT0 rpad)a BCE 3TH ONEepaliuyi MOTYT OBITh
peain30BaHbl aBTOMATHUECKHU B CIydae, KOrja B COIPSDKEHHOM rpade BMecTo
€AMHUYHBIX BO30YXJIECHUN T€HEpUPYIOTCS CUTHAJIBI B BUJE Pa3HOCTEH MEXIy
(aKTUYeCKUMH Y;, ¥ OXHAaeMbIMH O, 3HAYEHUSIMH BBIXOJIHBIX CHTHAJIOB.

Crioco06  QopMupoBaHUs CONPSDKEHHOTO Tpada G u MeromMKa ero
BO30YXK/ICHUS Ui aBTOMaTHYECKOTO pacyera BEKTOpa TpaJieHTa Ha OCHOBE
amain3a ToIbKO AByX rpados G u G mpexcrasienst Ha puc. 31. ITpn 3amene
BCEX CAMHUYHBIX BO3OYKICHUI B G Ha (y; —d;) mo0oii KOMIIOHEHT BEeKTOpa
rpaguenTa ¢, (W) MokeT OBITh pacCUMTaH MO COOTBETCTBYIOIIUM CHUTHAJIAM
nucxoaHoro rpadga G u comnpspkeHHOro ¢ HUM Tpada G TOYHO TaK Xke, KaK

NPU OTPEAETIeHUN OOBIYHOW YYBCTBHUTENBbHOCTH. JIsl MuHEWHOM nyru rpada

G , onucbiBaemoii Becom W,

(dopmyIa uMeeT BUI;
OE(w) VY

w4

]

Jlns wenuueiiHod nyrum rpada G, ommceiBaemoit Qynkumein W, (v,,K),

nojry4acm:
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oE(w) —% W, (v, K) .
oK oK

[IpencraBieHHble BBIpAKEHUs] MPUMEHUMBI JJIS1 JIIOOBIX CHUCTEM (JIMHEHHBIX,
HEIMHEUHBIX, PEKYPPEHTHBIX U T.N.). OHU NPAaKTHUYECKU MPUMEHSIOTCS IS
aHaJlM3a OJTHOHAIIPaBIIEHHBIX MHOrocaoiHbIX HC, onuchIBaeMbIX MOTOKOBBIM
rpad)oM IPOXOXKAEHHUS CUTHAJIOB.

PaccmoTpuMm M300pakeHHYI0 Ha puc. 32, THUIIOBYIO MHOTOCIOWHYHO CETh
(cocTrosimyto M3 M cJOEB) C NPOM3BOJIBHOW HeENpepbiBHOW (yHKIMEH
aKTUBAIMM HEWpPOHOB. KoiudecTBO HEHPOHOB B KaXIOM cjoe Oyaem
o6o3Hayate K i (j=12,...,m) mpu4em MOCIEAHHUIA CION SBJISETCS BBIXOIHBIM

cioeM ceTH, conxepxkammM K =M  HeillpoHOB. BBIXOAHBIE CHUTHAJIEBI

o k
HEHPOHOB B KOHKPETHBIX CIIOSIX 00O3HAYMM Vj( ) mpuuem Oz mocnenHero

CI10s1 vj(m) =Y.

JInst  ompeneneHus  KOMIIOHEHTOB — TpaJMeHTa  OTHOCHTENIFHO — BECOB
KOHKPETHBIX CIIOEB CETH Oy/eM NPHMEHATh (pOPMYIUPOBKH, OTHOCSAIINECS K
comnpspbkeHHOMY rpady. Ha puc 32,6 npencrasieH conpspkeHHBIN Tpad) ceTH,
M300paXeHHON Ha pwuc. 32,a, TpUyYeM i1 YHU(PHUKAIMM OIMCaHUS BCe
CHTHAJIBI B COTIPSKEHHOM Tpade 0003HauEHBI CUMBOJIAMU ¢ "'mamoukoi” (U ).
ConpsikeHHbIH Tpad BO30yKAaeTCs Pa3HOCTIMU MEXIY (HaKTHUECKUMH Y, U
OXMJaeMbIMH O,, 3HAYEHUSIMH BBIXOJHBIX CHUTHaNOB. HenmHeiHble nyru
df (x)

L

dx

SHAYUYCHUS KOTOPBIX PACCUUTBHIBAIOTCA PA3ACJIIbHO JIA KAXAO0r'0 CJI0A B TOUKAX
X=u,.

rpada G 3ameHsIOTCS B CONpspDKeHHOM rpade G MPOU3BOJHBIMU
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w, (. k)

a) 6)

Puc. 31 - MWmmoctpanust mnpuMeHeHHs cnocobda (GOpPMHPOBAHHS H
BO30YXICHUS COMPSDKEHHOTO rpada: a) ucxoausiii rpad G, 6) conpspKeHHbIH

rpad G [54]
Eciu, nHampumep, (QYHKIUS aKTHBAMK HEWPOHOB HMEET CHIMOUIAILHYIO
df (x
(x) =f(xX)1- f (X)) paccUYHThIBACTCS
dx
HEMOCPECTBEHHO Ha OCHOBE M3BECTHOTO 3HAYECHUS CUTMOUIAILHON (DYHKIIUH

YHUIIOJISIPHYTO bhopmy

B TOUKE X ¥ He TpeOyeT HUKAKUX JOTOJHUTENLHBIX BEIYMCIICHUH.

Onwupasick Ha MPEATOKEHHBIN aITOPUTM ONpeAeNeHHs TPaJueHTa MeToJaMHt
TeoprH TpadoB, MOXKHO PACCUNUTATH KOHKPETHBIE KOMIIOHEHTBHI BEKTOpPa
rpaaueHTa g(w) uis Jiio00ro ciost HeWpoHOB [54].

Eme omHUM BaXHBIM JIOCTOMHCTBOM Tpa)M4ecKoro MeToja, HOMHUMO
3HAUUTENIFHOTO  YIPOLICHUS  BBIUYUCIUTENBHBIX  MPOLENyp, CUHUTAeTCs
BO3MOKHOCTh Y4€Ta PABEHCTBA 3HAYCHUI pa3IuyHbIX BecoB ceTu [65]. Ecnu,

HanpuMep, BEC CO 3HaUCHUEM W OTHOCHTCA K Ayre W COC,I[I/IHSIIOH.ICIZ i-iin

ij°
J -t y37bI (B HampaBJICHHU OT | -TO K | -My), U K Ayre W, , COSAUHSIomeH K -
it u | -it y3ne1 (B HanpasiieHuu ot | -ro x i-My), TO JIETKO 3aMETHUTh, YTO BeC
W OyIeT NPHCYTCTBOBATH B JIBYX pA3lHYHBIX TO3MIMAX BBIPAKEHHUS,
OIPEACIISIOIIETO LIEJICBYIO byHKIHIO. CoracHo HPaBUITY
G GepeHIUPOBAHUsI COCTABHONW (YHKIIUK €€ MPOU3BOIHAS MPEICTABIAECTCS

B BHJIC CyMMbI IPOM3BO/IHBIX OTHOCUTENBHO W; 1 W, . CienoBarenbHo,

CE(wW) _ 0E  OE
ow oW, oWy .
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C yueToM pacCyXAEHHH OTHOCHTENBHO CONPSHKEHHOTo rpada mpH BBOJIE
YHUPHIIMPOBAHHBIX 0003HAYCHUI CUTHAIIOB JUIs JFOOBIX y3710B B Buze V(V) ¢

COOTBETCTBYIOIIMMU MHACKCAMU IMOJTYy4a€M OKOHYATECIIbHOC BBIPAXKCHUEC

OE(w) ~
ow

=VjUi +v,ﬁk. (45)
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]'vl Jkm=1

3
o Yy —dy

km

Puc. 32 — HnmocTpanms Merola CONpsDKEHHBIX TpadoB Ui TeHepaluu
BEKTOpa TPaJMCHTa OJHOHANPABICHHOW MHOTOCIOWHOW CETH: @) BBIXOIHOM
rpad ceru, 6) conpsbkeHHbIH rpad [54]

Kaxk cnenyer u3 Gpopmynbi (45), y4eT paBeHCTBA OTAENBHBIX BECOB W = W,

HE TONBKO HE YCIOXKHIET OOy pacyeTHyr ¢GOopMyidy, HO, HAIpPOTHB,
YIpOIIaeT €€ 3a CYeT YMEHBIIeHHsS KOJM4YecTBa TMepeMeHHbIXx. HeoOxommumo
OTMETHUTh, YTO COBIIAJAIOIINE BeCa MOTYT JIeXKaTh KaK B OJTHOM M TOM XK€, TaK
U B COBEpIICHHO pa3HbiX ciosx. CymHocTh ¢Gopmyiasl (45) npu 3TOM
COBEpIICHHO HEe MEHAETCS. B 3TOM 3akitouaeTcs BaKHEHIIee OTINIre MeToaa
TeHepalluy IPaIneHTa, OCHOBAHHOTO Ha TIOTOKOBBIX Ipadax pacrnpocTpaHeHUs
CUTHAJIOB, OT KJIACCHYECKOT0 MOAX0/Ia, IIMPOKO MPEACTABICHHOTO B MUPOBOI
muTepatype [68, 69].

6.2. OcHOBHBIE IOJIOKEHUS IPAAUCHTHBIX AJITOPUTMOB 06yqemm CETH

3amauy oOy4eHus HEHpOHHOW ceTH OyaeM paccMaTpuBaTh Ha JaHHOM 3Tare
Kak TpeOOBaHWE MUHHMH3UPOBATh AalpPHOPH ONPEICICHHYIO IIETEBYIO
¢yukiuo E(w) [54]. Ipu TakoM moaxoe MOXHO MPUMEHSTh IS 00yUYeHHUS

AJITOPUTMBI, KOTOpPbIC B TCOPUHU ONTUMHU3ALOWU CUHUTAIOTCA Hauboee
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s¢pextuBHBIMUA. K HUM, 0€3 COMHEHHS, OTHOCSTCS TPaJUCHTHBIE METOIBI,
Ypl0 OCHOBY COCTaBJISIET BBISBJICHUE TpaiueHTa UeneBod QyHKuun. OHH
CBSI3aHBl C pas3lokeHueM wneneBoil ¢ynkumm E(w) B psn Teiinmopa B

OmmKaiIeil OKPEeCTHOCTH TOYKH WMemerocss pemenns W. B cmydae
1eneBod (YHKIMH OT MHOTHUX IIEPEMCHHBIX (W:[Wl,wz,...,wn]T) TaKoe
MPEJICTABICHUE CBSI3BIBACTCS C OKPECTHOCTBIO paHee ONpeesiCHHONW TOYKH (B
YaCTHOCTH, IIPU CTapTe aJrOpUTMa 3TO UCXOIHAsl TOUKA W,) B HalpaBlICHUH
p. IlogoOHOE pa3iioKeHHE OMUCHIBACTCS YHUBEPCAIbHOH (GopMysod Buaa
[70, 71]

1
E(w+ p)ZE(W)-i—[g(W)]T p+§ pPTHW)p+..., (46)
rae g(w)=VE= E E I BEKTOp I'PaJMCHTa, 3 CUMMETPUYHAS
a/\ll18vv21-'-15vvn p p ) p
KBaJIpaTHas MaTpHLA
0°E 0°E
OWOW,  OWW,
Hw= ..
0’E 0’E
_a\Nnan a\Nnawn _

SABJIACTCSA ManI/IIIeI‘/'I IIPOU3BOJHBIX BTOPOT'O MOpsAAKa, Ha3bIBaGMOM 2eccuaHoM.

B BoIpaxkenuu (46) p urpaeT posib HANpaBISAIOMIEIO BEKTOPA, 3aBUCSIIEIO OT

(akTHyecknx 3HadeHWd Bekropa W. Ha mpaktuke dHame Bcero
paccUMTHIBAIOTCS TPU TEPBBIX WieHa psaa (46), a MociIenyroIUe MPOCTO
urHopupyorcsa. Ilpu  3Tom, 3aBucuMocTs (46) MOXKET  CUHTATHCS
KBaJIpaTUYHBIM TPUOTIKEHHEeM IieieBoi ¢ynkinuu E(w) B Ommxaimeit

OKPECTHOCTH HAWJEHHOW TOYKM W ¢ TOYHOCTBIO, PABHOM JIOKaJIbHOMI
p|| g ynpomeHus

OlMMCaHrd 3HAUYCHUA TCPEMCHHBIX, IIOJYUYCHHBIC B k -m ITUKIIC, 6y,E[CM

norpemHocTH  otcedenHoit wactu O(h®), rme h=|

3allMChiBaTh C HMXHHUM HWHICKCOM k . Touxkoii pemieHusa W =W, 6y,[[6M
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CUHTATh TOYKY, B KOTOPOW JOCTHTAeTCs] MUHUMYM IieieBoit pyHkimu E(w) u
g(w,)=0, a reccnan H (W) sBIsSeTCS MOJOKHUTEIBHO ONpeneraeHHbM [71,

72]. Ilpu BBHIMOTHEHUU 3TUX YCIOBHUH (YHKLMS B 000U TOYKE, JEKaIIEH B
OKPECTHOCTH W, , UMEET Ooubliiee 3HaYeHUEe, YEM B TOUKE W, , I03TOMY TOUYKa

W, ABJACTCA PENICHUEM, COOTBCTCTBYIOIIMM KPUTCPUIO MHUHUMHU3AINAHN

11eeBoi (PyHKIHH.

B mpomecce momcka MHHHMAJIBHOTO 3HAUeHHS IIeleBOM  QyHKIUM
HarnpaBjIeHHe MOoKMCKa P W mar h moaduparoTcss TakuM 00pa3oM, YTOOBI ISt

KaXJOH ouepelHOM TOYKM W, +1=W, +7 P, BBIIONHAIOCH YCIOBHUE
E(W, ;) <E(w,). ITonck MuHMMyMa npojoipKaeTcs, IIoKa HOpMa IpaJueHTa

HC yHnaacT HMWIKE allpyuoOpH 3aJaHHOTO 3HAYCHUA )IOHYCTHMOﬁ IMOrp€IIHOCTH
nu00 ToKa He OyAeT MNPEeBBIIEHO MAaKCHMAIBHOE BpPEMS BBIUUCICHHUN
(KomM4YecTBO UTEPALIUA).

VYHHBepcaIbHBIH ONTHMU3AMOHHBIN alrTOpUTM OOy4YeHHsT HEHPOHHOW CEeTH
MOXXHO TIpeICTaBUTh B cienyromeM Buae [54] (Oymem cuutarh, 4TO
Ha4YaJIbHOE 3HAYEHHE ONTUMHU3UPYEMOIO BEKTOpPAa W3BECTHO W COCTABJIAET
W, =W, ):

1. HpOBepKa CXOIUMOCTH U ONTUMAJIBHOCTH TEKYIIECTO PEIICHUS W, .
Ecimm Touka W, OTBE€YACT TPAJMCHTHBIM YCIOBHUAM OCTaHOBKH

mpolecca — 3aBEpLICHHE BBIYUCICHUHA. B mpoTuBHOM citydae
MepenTH K 1.2.

2. OmnpeneneHne BEKTOpa HANpPABICHUS] ONTUMH3ALUHA P, 0/ TOUKH

W, .

3. BeiOop BenmuuHBI mara 77, B HaNpaBlIeHHH P, MPU KOTOPOM

BBINIONIHSIETCs yenoBue E(w, +7, p, ) < E(w,).

4. OrmpeneneHde HOBOrO peuieHus W, =W, +77, P, a TaKxke
COOTBETCTBYIOLIMX eMy 3HadeHuit E(w,) u g(w,), a ecimm

tpedyercsi —tou H(W,), u Bo3Bpar k 1. 1.
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6.3. AITOPUTM HAMCKOPeIilIero cmycka

Ecmm mnpu pasnoxenunm mueneBoit ¢ymkumum  E(w) B psag  Teitmopa

OTPAaHUYUTHCS €€ JIMHEHHBIM MPUOIKEHUEM, TO MbI TOJYYUM aJITOPUTM
Hauckopeimero  cmycka  [54]. Jlms  BBINOAHEHWS ~ COOTHOIICHUS

E(W,,)=E(W,) mocrarouno monobpate  g(W,) p<O0. VYcnosuio

YMCHBIICHHA 3HA4YCHUA LICJIeBOM (I)YHKIII/II/I OTBCYHACT BI)I60p BCKTOpa
HaIrrpaBJICHUA

P =—9(W,) . (47)

Nmenno BeipaxeHuneM (47) ompenensercss BEKTOp HANpaBIeHHUsI P B METOJHE

HaWCKOPEHIIIEro CITyCKa.

OrpaHnueHue ciaaraeMbIM MIEPBOro MOPsAKA IIPH Pa3sIoKeHUH QYHKLIUH B P
Teitmopa He MO3BONSAET WCIONB30BATH MH(MOPMAIMIO O €€ KPHUBH3HE. JTO
00yCIIOBIIMBAaET MEUIEHHYIO CXOIMMOCTh METO/[a (OHA OCTaeTCs JIMHEHHO).
YKa3aHHBII HENOCTaTOK, a TaKKe pPEe3KOoe 3aMeJICHUEe MUHUMU3ALUU B
Ommkaiiieil OKpeCTHOCTH TOYKW ONTHMAJIbHOTO pEIIeHHS, KOTJa TPareHT
MNpUHUMACT OYCHb MajlbI€ 3HAUCHUA, [ACJIAa0T aJITrOpHUTM HaHCKOpeﬁIHeFO
CIycka HU3KO3(p(QEKTUBHBIM. TeM HE MEHee, C Y4YeTOM €ro IpPOCTOTHI,
HEBBICOKMX TpeOOBaHUM K 00BbEMYy MaMsITH M OTHOCHUTENIBHO HEOOJBLION
BBIYUCIUTEIBHON CIOXKHOCTH, UMEHHO 3TOT METOJ B TEUCHHE MHOTHX JIET
ObUI W oOcCTaeTrcs B HACTOSIIEE BPEMsI OCHOBHBIM CIIOCOOOM OOY4eHUs
MHOrocioiHeIX cereil. IloBbicuTh ero »Q¢eKTHBHOCTh YyAAETCS IyTeM
MoOTU(UKANUHU (KaK MPaBHIIO, IBPUCTUIECKOI) BBIPOKEHHUS, ONPE/EIISIONIETO
HallpaBJ€HUE. XOpOIIME PE3yJbTaThl IPUHOCHT IPUMEHEHHE METOoJa
06y‘ICHI/ISI C TaK Ha3bIBAEMBIM MOMCHTOM. HpI/I 9TOM MNOAXO0OE€ YTOYHCHHE
BecoB cetu (W, =W, + AW, ) IPOU3BOIUTCSA C YYETOM MOAM(DUIMPOBAHHON

(hopMyIbl onpeeneHus 3HaYCHUST AW,
AW, =7, p, + (W, —W, ,), (48)

re o — 3To KO3PPHUIMEHT MOMEHTa, IPUHUMAIOIINI 3HAUYEHHs B HHTEpBaJe
[0,1]. TlepBoe ciaraeMoe 3TOrO BBIPAXKCHUS COOTBETCTBYET OOBIYHOMY
00YYEHHIO 10 METOAY HAUCKOPEUIIero CIyckKa, TOT/Aa KaK BTOPOE YUHUTHIBACT
nocjegHee W3MEHEHHE BECOB M HE 3aBHUCHT OT (PAKTHYECKOTO 3HAYCHUS
rpaauenTa. Yem Oonbie 3HaYeHue Kod(h¢uimeHTa «, TeM OoJbliee
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3HAYCHHUEC OKa3bhIBACT IIOKA3aTCJIb MOMCHTaA Ha 1'[0)160[) BECOB. DJTO BIIUSHHE
CYHIECTBCHHO BO3pPAaCTacT Ha IUIOCKUX YUYaCTKax LICJICBOM (I)YHKIII/II/I, a TaK¥Ke
BOJIM3H JTOKAILHOTO MHHHUMYMa, I'’/I€ 3HAYCHUC I'paIuCHTA OJIN3KO K HYJIIO.

Ha mockux yuacTkax I1ieleBoi (YHKIMU TMpHpalieHue BecoB (Tpu
MIOCTOSIHHOM ~ 3HaueHuu Kod¢¢unueHta oOydeHus 175, =77), OCTaeTcs

HOPUONHM3UTEIBHO OJHUM M TEM Ke. DTO O3HAa4aeT, 4To AW, =77p, +aAWw,,

mo3toMy d3(QeKTUBHOE TNpHpamieHHe 3HAuYeHHH BECOB MOXKHO OIHCATh
OTHOIIIEHUEM

Aw, = ey Py -

-

IMpu 3Hawenmn o =0.9 310 cooTBeTcTBYyeT 10-KpaTHOMY YBEIUYCHUIO
3¢ (hekTUBHOTO 3HaYCHHS Ko3(duimenTa o0ydeHHUs U, CIeI0BATEIbHO, TAKKE

10-kpaTHOMY YCKOPEHHIO Tpoliecca 00yUIeHusI.

BOnusu nokampHOTO MHHMMyMa IOKa3aTellb MOMEHTa, HE CBS3aHHBIH C
TPaJMEHTOM, MOXXET BbI3BATh CIHMIIKOM OOJBIIOE W3MEHEHHE BECOB,
MPUBOJIAIIEE K YBEIMUEHHIO 3HAUCHWS IIeNIeBOH (DYHKIMKM U K BBIXOLY M3
"30HBI NPUTSKEHUSA" 3TOro MUHMMyMa. [Ipy ManbIx 3HAYEHHSIX TPATUCHTA
MoKa3aTrelb MOMEHTa HauMHAeT AOMHHHPOBaTh B BhIpakeHMu (48), d4ro
IPUBOIUT K TAaKOMYy IIPUpAIIEHUI0 BECOB AW, , KOTOPOE COOTBETCTBYET

YBEJIMYCHUIO 3HAYCHUS LENEeBOH (DYHKIMHU, TO3BOJISIONIEMY BBINTH U3 30HEI
JOKaILHOTO MUHUMYMa. OJHAKO MOKAa3aTelb MOMEHTA HE JO0JDKEH MOJTHOCTHIO
JOMHHHUPOBATh Ha NPOTSHKEHHH BCEro Mpolecca OOydYeHHUs, MOCKOIBbKY 3TO
NpUBENO Obl K HECTaOMJIBHOCTH airoputma. sl MpenoTBpaIleHus] TaKoro
M30BITOYHOTO  JIOMHHHPOBAHWS ~ 3HAYeHHWE  I1eleBoir  QyHkmmun  E
KOHTPOJIMPYETCS TaK, 4YTOOBI JIOMYCKaTh €ro yBEJMYEHHE TOJBKO B
OrpaHWYEHHBIX Tpejenax, HanpuMep He Oonee 4% . [lpu Takom moaxoje,
ecmn Ha ouepenubix (K-m m (K+1)-M) marax wWrepanyd BBITOJHIETCS

yeinosue E(K +1) <1.04E(K) , TO u3MeHEHHUSI HITHOPUPYIOTCSA U CUUTACTCS, YTO
(W, —w,)=0. Ilpum sTOM moOKazaTenb TpaJUeHTa HAYNHAET JIOMHHHPOBATH

HaJ TIOKazaTreJieM MOMEHTa M TIPOIeCC pPa3BHBACTCS B HaIMpaBICHUH
MUHUMH3AINH, 3aJaHHOM BEKTOpOM rpaguerTta. CieayeT Moma4epKHyThb, 9TO
noJI00p BENWYHMHBI KOI(D(PUIIMEHTA MOMEHTA SIBJISIETCSI HEMPOCTHIM JIEIIOM U
TpeOyeT mpoBeleHUsI OONBIIOT0 KOJWYECTBA JIKCIEPUMEHTOB, HMEIOITNX
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LIEJBbI0 BBIOPATh TAKOE 3HAYCHHE, KOTOPOS HAMIYUIIUM 00pa3oM OTpakao Obl
cnenuduKy pemaeMoin po0IeMbl

Aneopumm nepemennotli mempuxu. B MeTome mEpeMEHHOM METPHUKHU
UCTIONB3YeTCsl KBaJpaTuuHoe mpuOmmkenne ¢pyHkuun E(w) B okpecTHOCTH

noixy4deHHoro pemenus W,. Eciu B dopmyne (46) orpaHuuutbes Tpems

[EPBBIMU CJIAra€MBIMU, TO TIOIYYHM:
1
E(W, + p) = E(W) +9(w)" p, *3 peH W) p, +O(h%). (49)

Hus  moctwkenuss wMuHUMyMa ¢yHKmum  (49)  TpeOyercs, 4TOOBI
dE(w, + p,)
dp,

muddepeHIupOBaHNS MOXKHO MOTYYUTh YCIOBHE ONTHMAIBHOCTH B BUTIE

=0. [Tpu BBITNIOJTHEHUU COOTBETCTBYIOIIETO

g(w, ) +H(w)p, =0.

3J'I€MeHTapHO€ npeoGpa3OBaHHe 9TOI'0 BBIPAKCHUS JACT OYCBUJIHOC PCIICHUC

P =—[HW)] g(w,). (50)

@opmyna (50) OIHO3HAYHO YyKa3blBa€T HAIpaBieHUE [P, , KOTOpoe

TapaHTHPYET JOCTI)KCHHE MHHHMAJIBHOTO JUIsl JaHHOTO IIara 3HAYCHHS
neneBoi QyHkiuuu. M3 Hero creayer, 4TO Ui ONPEACICHUS DSTOTrO
HaIpaBJIeHUSI HEOOXOIUMO B KaXKJOM IUKJIE BBIUUCISATH 3HAUCHHE TPaIUEHTa
g ureccuana H B TOYKe U3BECTHOT'O (IIOCIEIHETO) peIeHus W, .

®opmyna (50), mpencrasisitonas co00il OCHOBY HBIOTOHOBCKOT'O ajropuTMa
ONITUMU3AINH, SBISIETCA YUCTO TEOPETUYECKHM BBIPAXKEHHEM, TIOCKOJIBKY ee
MIpUMEHEHNE TPeOyeT MOJOKUTENBHON OMPEeIEHHOCTH TeCCHaHa Ha KaXI0M
mare, 9To B 00IIeM ciy4yae IpakTHYecKH HeocymecTBUMO. [1o 3Toit mpuunHe
B HWMEIONINXCS pealn3aluiax alropuTMa, Kak IpaBUJIO, BMECTO TOYHO
ompezeneHHoro reccuana H(w,) wucmonesyercsa ero mpubmmxenune G(w,).
OpanM 13 Hanbojee MOMYJISPHBIX CYUTAETCS METO] NMEPEMEHHOW METPHKH
[70, 71]. B COOTBETCTBHHU C 3THUM METOAOM Ha KaXIIOM IIIare TeCCHaH WIIH
oOpaTHas €My BEIMYMHA, TIOJYYCHHas Ha  MNPEIbIIylIeM  Iiare,
Moau(UIIMPYETCs Ha BETUYMHY HEKOTOPOU MonpaBku. Eciiu mpupocT BeKkTopa
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W, U rpagnu€HTa ¢ Ha ABYX MOCICIO0BATEIBHBIX MIarax uTepamnn 0003HAYNTH

COOTBETCTBEHHO S, ¥ I, T.e. S, =W, —W,, u r=9g(W)-g(w,), a
-1
Matpuiy, — obpatHylo  npuOmmkenmio  reccmama  V, =[G(w)] ",

Vi = [G(kal)]fl, 0003Ha4uTh V', TO B COOTBETCTBHHU C 04€Hb P HEKTUBHOI

¢dbopmymnoit  bpoitnena-Onetuepa-l'onpndapda-llenno (bPI'I) mpormecc
YTOUHEHHS 3HAUCHHWS MATpHIbl V  MOXHO ONHCATh PEKYypPPEHTHOM
3aBUCUMOCTBIO [70]:

T T T T
rk Vk—lrk Sk sk _ Sk rk Vk—lrk Sk
T T T '
Sk rk Sk r-k Sk rk

V.=V, +|1+

B apyrom wu3BectHoM anroputMe JleBumona-®neryepa-Ilaysmna (IPDII)
3HAUCHUE TeCCHaHa YTOUHAETCS COTJIACHO BRIpakeHUIO [70]

T T
SkSk Viahf Via

V.=V, +
B T T
Sk r-k r-k Vk—lrk

B kauecTBe HayaJbHOrO 3HaueHMs OObIUHO mpuHHMaercss V, =1, a mepsas

uTepanuud IMpPpOBOAUTCA B COOTBETCTBUU C aAJITOPUTMOM HaHCKOpeﬁHIeFO
crycka. Kak nokaszano B [70, 71], npu HavanbHOM 3HadeHuu V, =1 u npu

WCTIONB30BAaHMHM  HANpPaBICHHOW  MMHHMH3AlMM Ha  KaXJIOM  LIare
ONTUMHU3AIMN MOXHO OOECHEeYNTh TIOJOKHUTEIBHYIO  OINpPEAETICHHOCTD
aNNpOKCUMHUPOBAaHHOM MaTpuIlpl reccHaHa. HampaBieHHas MUHUMM3aLUs
HeoOxouMa Tipu peanu3arnmu kak crparerun bOI'I, tak un DI, mpuuem B
COOTBETCTBHH C IpoBeAeHHbIMU TecTaMu MeTo] BOI'Il menee uyBcTBHUTENEH
K Ppa3lu4HbIM MOTPEUIHOCTSM BBIUMCIHTENBHOrO Tmponecca. [lo aToit
MpUYUHE, HECMOTPSI HA HECKOJIBKO OOJIBIIYI0 BBIYMCIUTENBHYIO CIIOKHOCTB,
metos BOI'TI npumensercs vaie, yem JPII.

Metox  mepeMEHHOH  METPUKM  XapakTepusyeTcs  Oosee  ObICTpoi
CXOAMMOCTBIO, Ye€M MEeTO/ Hauckopeimero cmycka. Kpome toro, ¢axt
MTOJIOKATENIBHOM ONPEAETICHHOCTH TecCHaHa Ha KaKJOM IIare HWTeparuu
NpUIaeT YBEPEHHOCTh B TOM, 4YTO BBINONHEHUWE YycioBus g(w,) =0
NEUCTBUTEIBHO TapaHTUPYET pELICHHE NpoOjeMbl ONTUMH3aLuu. MMeHHO
3TOT METO/] CYNTACTCS B HACTOSIIEE BpeMs OHUM 13 Hanbomee 3pdhexTHBHBIX
CIOCOOOB ONTUMM3ALUHN (PYHKIIMHM HECKOJBKUX IIepeMeHHbIX. Ero HegocTaTok
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COCTOWT B OTHOCHUTEIIEHO OOJIBIIION BEIYUCIUTEIHHON CIIOKHOCTH (CBS3aHHOM
C HEOOXOAMMOCTBIO pacdyeTa B KakKIOM LMKIE N° 3IEMEHTOB TecCHaHa), a
TaKkk€ B WCIIOJNIb30BAHWU 3HAYUTENHHBIX OOBEMOB IMMaMATH MJIS XPaHEHUS
JJIEMEHTOB Te€CCHaHa, YTO B CIydae ONTUMHU3AIWU (PYHKIMU € OONBIIUM
KOJTMICCTBOM IIEPEMEHHBIX MOXKET CTaTh Cephe3HON mpooOsemoit. Ilo 3toit
MPUYUHE METOJ IEPEMEHHOW METPUKU MPUMEHSETCS ISl He OYeHb OOJIBIIHX
ceTeil. B 4acTHOCTH, C HMCHOJIB30BAaHHEM IEPCOHATHHOTO KOMITBIOTEpa ObLIa
J0Ka3aHa ero 3QQEeKTUBHOCTh I CETH, CoIepXaimleil He Ooyiee THICIYU
B3BELICHHBIX CBA3CH.

6.4. Anroputm JleBenOepra-MapkBapara

JApyrum HpUIOKEHUEM HBIOTOHOBCKOM CTpAaTE€rMy ONTHUMHU3ALUU SIBISETCS
anroputm JleBenOepra-Mapkpapara [70,54]. [Ipu ero ucrnoiab30BaHHH TOYHOE
3HAYeHHWE  IeccUaHa H(w) B bopmyne (50)  3amensieTcs
anmpoOKCUMHUPOBAaHHBIM 3HaueHHeM G(W) KOTOpoe pacCUMThIBacTCs Ha
OCHOBE coOJIepIKallleiics B TpajueHTe WHPOPMAIUK C YYETOM HEKOTOPOTo
perynaspu3anoHHoro Gakropa.

Jyis ommcaHWs 3TOrO METOAa TPEACTaBHM IeNIeByI0 (PYHKIHIO B BHIIE,
OTBEUAIOIIEM CYIIIECTBOBAHUIO €IMHCTBEHHOW 00yJaromiel BEIOOPKH,

S e, (51)

i=1

E(w)=

N |-

rae e =[y,(w)—d,]. IIpu ucronp3oBannu 0003HaUCHUI

e (W 1 2 n
;((W; o, O Oe
E(W)Z ? !'J(W): an aWZ 8\Nn ’
e, (W
w (W) e, Oe, oe,,
_an aWZ aWn_

BEKTOp TpaJiMieHTa W  alllPOKCUMUPOBaHHAs  MaTpulla  TeCCHaHa,
COOTBETCTBYIOIIHE IeNeBON QyHKIuH (51), onpenensroTcs B BUJE
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g(w)=[IW)] e(w),
G(w) =[IW)]" I(w) + R(w), (52)

rae gepes R(w) oOo3HaueHBI KOMITOHEHTHI TreccnaHa H(w), comepikarme

BBICIIME TPOW3BOIHBIE OTHOCcHTENhHO W. CymHocTh moaxona JleBenOepra-
MapkBapara  COCTOMT B allpPOKCHUMAIIUU R(w) C  MOMOIIBLIO

perymsapusanuoHHoro (axkrtopa V1, B KoTOpoMm mepemMeHHas V, Ha3plBaeMas
napamerpoM JleBenOepra-MapkBapATa, SIBJISETCS CKAJISIPHONH BEIMUMHOM,
W3MEHsIoIeiics B mpolecce  ONTUMH3amMu.  TakuMm — oOpasom,
anmpoKCHUMHPOBaHHAs MaTpulla TeccuaHa Ha K-w 1iare anroputma
proOpeTaeT BUL;

G(w,) =[Iw)] I(w,)+v,1. (53)

B Havane npouecca 00y4eHus1, Koraa (pakTHIeCKOe 3HaYCHuEe W, ele JaieKo

OT HMCKOMOTO peIlIeHUsI (BEJMKO 3HAYCHHUE BEKTOpA IOTPEIIHOCTH € )

UCIIONB3YeTCsl  3HAUeHWe Iapamerpa V,, HaMHOIO  IIPEBBINIAIOIIEE
T

COOCTBEHHOE 3HAYCHHUE MaTPHUIIBI [J(Wk)] J(w,) . B takom cmydae reccuan

(haKTUYECKH MMOMEHSETCS PETYIAPU3AUOHHBIM (DAaKTOPOM:
G(w,)=v,1.

a HalpaBJICHUC MUWHHUMHU3AIUU BI:I6I/IpaeTC$I nmo MeToay HaHCKOpeﬁLHeFO
CITyCKa:

W,
o)
Vi

[To Mepe yMeHbIIEHHUS TOTPELIHOCTH U MPUOIIKEHUSI K MICKOMOMY PELICHUI0
BEJIMYMHA [apaMeTpa V, TOHIKAaeTcs W mepBoe ciaraemoe B (opmyne (52)

HAa4YMWHACT UrpaTtb BCC Oouee BAXXHYIO POJIb.

Ha >¢¢exTuBHOCT anropuTMa BIMSET I'PAMOTHBIA NOAOOP BEIMYHMHBI V, .
ChumkoM OoJbplIOe  HayalnbHOE 3HA4YGHHWE V, TI0 Mepe IMporpecca

OINITUMH3AlIUU OOJDKHO YMCEHBINATHCA BIUIOTH 0 HYJIA IIPU OOCTHXXCHHUHN

120



(hakTUYEeCKOTO pelIeHus, ONM3KOTO K HCKOMOMY. W3BECTHBI pa3IUYHBIC
crocoObI moAdOpa 3TOr0 3HAYCHUS, HO Mbl OTPAHUYMMCS OIHCAHUEM TOJIBKO
OJIHOM OpUTHMHATBHOW METOAMKHU, mpemnoxkenHod JI. Mapksaparom [73].
ITycts 3naueHus meneBoi ¢yHkimu Ha K -m u (K—1) -m marax urepanuu

0003HauaroTCst cOOTBeTCTBEHHO E, u E, ,, a 3HaueHus napameTpa V Ha 3TUX
ke marax — V, 1 V, ;. Koapduuuent ymenbuenus 3Hadenuss V. 0003HauuM

yepes I, mpudeM >1. B COOTBETCTBMM € KIIACCHYECKHM aJITOPUTMOM
JleBenOepra-MapkBapaTa 3HaUeHHE V M3MEHSETCs M0 CICAYIOIIEH cXxeme:

v, v, -1
 ecin E| X2 |<E, , T0 npuHATH V, = —*—;
r r
e ecmu E % >E,  u E(V,,)<E,, To npuHATH V, =V, ,;
v
« ecn E| *2 |>E, u E(v,,) > E,, T0 yBenuuuTh nocne0BaTeabHo M pa3s
r

sHayenne V 1o goctikenus E(v, ,r")<E,, oIHOBpeMEHHO NpHUHUMAs
_ m
Vi =ViLlh .

Takas mpouenypa W3MEHEHHS 3HA4YEHHs V BBIIIOJIHAETCS O MOMEHTa, B
KOTOPOM TaK Ha3bIBaeMbId KOX(QHULIMEHT BEPHOCTH OTOOpaxkeHHus (,

paccurThIBaeMbIi 10 GpopmyIe

— Ek — Ek—l
[Aw, T g, +0.5[Aw,]' G, Aw,

q

JNOCTUTHET 3HaueHws, Onm3koro K eaunHune. llpm SToM KBazpaTtuuHas
anmnpoKcuManus 1eneBoil GyHKIMH MMEET BBHICOKYIO CTEIEHb COBIAJCHUS C
VWCTUHHBIMHU 3HAYEHUSMH, YTO CBHJIETENBCTBYET O OJIM30CTH ONTHMAIBHOTO
pewenusa. B Takol cuTyanuu perynspuzanuoHHbIA (akrtop V,1 B dopmyne

(53) moxer ObITh omymieH (V, =0), mporecc onpeneneHns recCuala CBOAUTCS

K HENOCPEICTBEHHON aNIpOKCHUMAllMKd TE€pBOrO IMOpsAKa, a alrOpUTM
JleBenOepra-MapkBapara mnpeBpamiaeTcs B anmroput™M [aycca-HproToHa,
XapaKTEepU3YIOLIUICS  KBaJApaTHUYHOM CXOAMMOCTBIO K  ONTHMAaJIbHOMY
PELICHHUIO.
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6.5. AnropuTM conpsi;KeHHbIX I'PAIMEHTOB

B sTom metozne mpu BbIOOpe HampaBiIeHHs MHHMMHU3ALUH HE HCIIOJB3YETCs
uHpopmanus o reccuane [54]. HampaBieHne moucka A0 BHIOMpPAETCS TaKUM
00pazoM, 4YTOOBI OHO OBUIO OPTOTOHAJIBHBIM M CONPSDKEHHBIM KO BCEM
HOPEbIAYIIMM HANpPaBICHUSIM Py, Pp,e..s Py . MHOXECTBO BEKTOPOB

i=0,1,..,k, OyzeT B3auMHO CONPSIKEHHBIM OTHOCUTEIBHO MaTpuilbl G , eciiu
'Gp. =0, i#]j

Kak mokaszano B [70, 74], BeKTOp P, , YIOBICTBOPSAIOLIMHA 33JaHHBIM BBIIIE

YCIIOBHSIM, IMEET BUJI:
Py =—0y + ﬁk_l Py s (54)
rae g, = g(w,) o0o3HavaeT (pakTHIeCcKoe 3HaUeHHE BEKTOpa I'PaIleHTa.

U3 popmynst (54) cnexyeT, 4TO HOBOE HaIpaBlieHUE MHHAMHU3AIUN 3aBUCUT
TOJBKO OT 3HAYEHHs TIPaJUEHTa B TOUKE pPEIICHUuS W, U OT MPEeIbLIyILIero
HAaIpaBJIeHHs MOUCKA P, ; YMHOXKEHHOTO Ha KO PHUIIMEHT conpspkeHus f, ;.
Oror KO3((UIMEHT WrpaeT OuYeHb BaXKHYIO POJIb, AKKyMyJIHpys B ceOe
WHPOPMALIMIO O TPEeABIYyIIMX HampaBleHusx moucka. CyliecTBYyIOT

pasavuHbIC MpaBUia pacueTa ero 3HaueHus. Haubosiee M3BECTHBI Cpeau HHUX
[70, 71]

_ 9 (9~ 9

B
! g;——lgk—l

_9c(9—=9cs)

o1 =
P9

BBI/IJIy HaAKOIJICHUS HOFpeHIHOCTeﬁ OKPYTJICHUA B IMOCJICA0BATCIIBHBIX IIUKJIAX
BBIYHMCIIEHUH IMPAKTHYCCKOC NNPUMEHEHNE METOAA COIIPSKCHHBIX I'PaJUCHTOB
CBSI3aHO C TIOCTENIEHHOW yTpaTOl CBOMCTBA OPTOTOHAJBLHOCTH MEXIY
BEKTOpaMU HalpapieHUH MUHUMHU3aIMU. I[lo 3ToM mpuyuHe, T1OCIHE
BBIIIOJHEHHUS N uTepaluil (3HaueHHe N pPacCUMTHIBACTCA KaK (PYHKIHS OT
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KOJMYECTBA TEPEMEHHBIX, TIOJUICKAIIUX ONTUMU3AIUKN) TPOU3BOIUTCS
pecTapT mpoleAyphl, Ha MEPBOM Iare KOTOPOM HaIpaBICHHE MUHUMU3ALNU
Y3 TOYKH IMOJIyYEHHOTO PEIICHUS BHIOMPACTCS 0 aTOPUTMY HaMCKOPEHIIEro
cimycka. MeToq CONpPSKEHHBIX TPAJAMEHTOB MMEET CXOJMMOCTB, OJU3KYI0 K
JTUHEHHON, W OH MeHee >(h(EeKTHBEH, YeM METOa IEePEMEHHOW METPHUKH,
OJTHAKO 3aMeTHO ObIcTpee MeToAa HamcKopeimero cmycka. OH MUPOKO
MPUMEHACTCS KaK €IMHCTBEHHO 3(P(EKTUBHBIA aITOPUTM ONTHMHU3ANNN MIPH
BECbMa 3HAUUTEIHLHOM KOJUYECTBE MEPEMEHHBIX, KOTOPOE MOXKET JOCTUTaTh
HECKOJIBKHX JICCATKOB ThICAY. biaromapst HEBBICOKUM TPEOOBAHHSAM K MaMSTH
M OTHOCUTEJILHO HU3KOM BBIYMCIMTEIBHOM CI0KHOCTHU MCTOJ CONPSAKCHHBIX
Ir'paAuCHTOB TIO3BOJISAECT yCcneurHo peuaTtb O4YCHb CCPLE3HBIC
ONITUMHU3AIMOHHBIE 3a/1a4H.
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I'JIABA 7. OBOBIIAIOIIIUE CBOMCTBA HEMPOHHBIX CETEN
7.1. Cioco0HOCTH K 00001IEHHIO

OmHO W3 BaXHEHIIMX CBOWCTB HEWPOHHOW CETH — 3TO CIIOCOOHOCTh K
0000mennt0 moydeHHeIXx 3HaHWK [54]. Cerb, HAaTpeHHpOBaHHAas Ha
HEKOTOPOM MHOXKECTBE OOYYaIONIMX BHIOOPOK, TEHEPHPYET OXKHUIAEMbIe
pe3yNbTaThl MPHU TOJa4€ HA €€ BXOJ JAHHBIX, OTHOCSIIUXCS K TOMY JKe
MHOKECTBY, HO HE YYaCTBOBABIIMX HEIOCPEACTBEHHO B IPOIECCe O0yUCHUSI.
Paznenenne pganHbIX Ha oOywaromiee M TECTOBOE  IOAMHOMKECTBA
npeAcTaBieHo Ha puc. 33. MHOXECTBO JaHHBIX, Ha KOTOPOM CUHTACTCS
WCTHHHBIM HEKOTOpOe MpaBmio R, pa3dourto Ha mogMHoxecTBa Z ,u G .

IIpu sTom B coctaBe L, B cBOIO ouepenb, MOXKHO BBIACTHTH ONPEACICHHOE
MOJMHOXKECTBO KOHTPOJIBHBIX JaHHBIX V , HCIONB3YEMBIX Ul BepuUKALUN
cTernieHn oOyueHus cetd. OOydYeHHe TPOBOAUTCS HA JaHHBIX, COCTABIISIFOIINUX
moaMHOkecTBO L. CriocoOHOCTE O0TOOpa)XeHHs CETHIO0 IEMEHTOB L MokeT
CUMTAThCS IIOKA3aTejeM CTEICHU HAKOIUICHWS OOydYalolMX IAaHHBIX, TOTJa
KaK CIIOCOOHOCTBH PacIo3HAaBaHMS JIaHHBIX, BXOIAIINX BO MHOXKeCTBO G , 1 He
WCTIOJIb30BaHHBIX JIJIsl 00yUSHHS, XapaKTEpU3yeT ee BO3MOKHOCTH 0000IIeHHUS
(renepanm3anuu) 3Hanui. [lanHble, Bxomsmme u B L, u B G, 10/OKHBI OBITH
TUMUYHBIMY 3JICMEHTAaMH MHOXKecTBa R. B oOyuaroiiem moJIMHOXECTBE HE
JOJIZKHO OLITH YHUKAJIbHBIX OJaHHBIX, CBOMCTBA KOTOPBIX OTJIHWYarOTCAd OT
OXHNJa€MbIX TUITUYHBIX 3HAYCHUM.

denomeHn 0000IIEHHS BO3HMKAET BCJIEACTBUE OONBIIOTO  KOJIUYECTBA
KOMOWHAIWH BXOJHBIX JAaHHBIX, KOTOPBIE MOTYT KOJAMPOBaThCs B cetd ¢ N
Bxojamu. Ecnu B KauecTBe MpOCTOro NMpuMepa pacCMOTPETh OJHOCIOWHYIO

CETh C OJJHMM BBIXOJHBIM HEHPOHOM, TO JUIS HEe MOXKET OBITH cocTaBieHo 2"
BXOJIHBIX BBIOOpOK. Kakmoli BBIOOpKE MOKET COOTBETCTBOBATH EAMHUYHOE
WIM HYJEBOE COCTOSHHE BBIXOJHOIO HelpoHa. TakuMm oOpa3om, oOiiee

KOJIMUECTBO PA3IMYaeMbIX CHTHAIOB cocTaBut 2" . Eciu mns obydeHns cetn
MCTIONB3YIOTCA P 13 06miero yuciaa 2" BXOJHBIX BBIGOPOK, TO OCTAaBIIMECS
uesasieiicTBoBaHEbIMU (2" — P) JOMyCTMMBIX KOMOMHAIMH XapaKTepH3ylOT

MOTEHIIMATBHO BO3MOXHBIH yPOBEHb 0000IICHNUS 3HAHUH.

ITogGop BecoB cetm B mporecce 0oOydeHHS HMEET LEIbI0 HANTH TaKylo
KOMOMHAIIMIO WX 3HAYEHHH, KOTOpas HAWIYYIIUM 00pa3oM BOCIIPOM3BOAMIIA
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OBl TOCIIEZIOBATENIFHOCTh OKUIAeMBIX oOyuarommx map (x;,d;). Ilpum stom

HaOMIOMaeTcs TecHas CBS3b MEXKIY KOJMYECTBOM BECOB CETH (YHCIOM
cTerneHel cBoOObI) M KOJMYECTBOM 00ydaromux BeIOOpOK. Ecim Obl 1enbio
00yd4eHus: ObIJIO TOJBKO 3allOMHUHAaHUE 00yYaroIUX BBIOOPOK, X KOJIMUYECTBO
MOTJIO OBITH pPaBHBIM YHWCIy BECOB. B TakoM ciy4yae KaxOblii Bec
COOTBETCTBOBAJ Obl €IUHCTBEHHOH oOyuaromeil mape. K coxanenuto, Taxas
ceTb He Oymer oOnamaTh CBOWCTBOM OOOOIIEHHWS W CMOXET TOJBKO
BOCCTAHABIIMBATh JJAHHBIE.

Puc. 33 — Mnnmroctpanus pa3aeieHus AJAHHBIX, MOAYMHSAIOMNXCS OpaBuiy R,
Ha oOyuaroniee moaMHOXKecTBO L, TecroBoe moamuHoxkectBo G wm
KOHTPOJIbHOE TOAMHOKECTBO V [54]

Hus  oOperennss crmocoOHOCTH 0000mare HWH(DOpPMANUIO CeTh JOJDKHA
TPEHUPOBATHCSA HA M30BITOUHOM MHOXECTBE JAHHBIX, MOCKOJBKY TOT/Ia Beca
OyAyT alanTUpOBaThCS HE K YHUKAJIbHBIM BBIOOPKAM, a K MX CTATHCTUYCCKH
YCPEIHEHHBIM COBOKYMHOCTSIM. CiieIoBaTeNbHO, JJIs YCUJICHUS CIIOCOOHOCTH
K 0000IIeHUI0 HEOOXOJIMMO HE TOJNBKO ONTHMH3UPOBATH CTPYKTYpPY CETH B
HaIpaBJIeHUH €€ MHHHMU3AI[MH, HO U OIEePUPOBATH JIOCTATOUHO OOJIBIINM
00BEMOM 00yUAIOIHNX TaHHBIX.

OOpaTM BHHMaHHE Ha OMPEICICHHYIO HEMOCIeI0BaTeIbHOCTh IMpoIecca
oOyuenusi cern. CoOCTBEHHO O0Oy4YeHHE BEACTCS IyTeM MHHUMH3AIUH
neneBoi  ¢yukimuu  E(W)  omnpemensieMoii  TONBKO Ha  0OydarorieMm

P
NnoJMHOXKecTBe L, mpu 3Tom E(W)=ZE(yk(W),dk), rre P 0003HAYEHO
k=1

KonmMuecTBO oOydarommx map (X,,d,), & Yy, — BEKTOp peakiHMu CeTH Ha
BO30YXJeHHE X, . MUHMMHU3aLKs 3TOH (QYHKUIMHN 00ecredrBaeT JOCTATOUHOE

COOTBETCTBHE BBIXOAHBIX CHTHAJIOB CETH OKMAACMBIM 3HAYCHHUSM U3
00yYaronmx BEIOOPOK.
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Uctunnast nenp oOy4deHHST COCTOMT B TakoM NOAOOpE apXUTEKTYphl W
napaMeTpoB CETH, KOTOpble o0ecredyaT MHHUMAalIbHYIO0 MOTPEHIHOCTh
pacmo3HaBaHUsl TECTOBOIO IMOJAMHOXECTBA JAHHBIX, HE Y4YacTBOBABIIUX B
oOydeHnH. DTy MOTPENTHOCTh Oy/neM Ha3bIBaTh ITOTPEIIHOCTHI0 000OIIEHUS
E; (W) . Co cratuctuueckoil TOUKM 3peHHs IOTPEIHOCTh 0000EHUS 3aBUCUT
OT ypOBHS TorpemHocTu o0ydenuss E, (W) u oT 10BEepUTETBHOrO MHTEpBAIA

& . OHa xapakTepusyercs OTHOILIEHUEM [68]:
E. (w) < E, (W) ““(% E).

B pabote [68] mokazaHo, 4uTO 3HaueHHE & (QYHKIMOHAIBHO 3aBHCHUT OT
YPOBHSI TOTPEIIHOCTH 00ydeHus: E (W) M OT OTHOIICHHS KOJMYECTBA

oOydarommx BEIOOPOK P K (akTHUecKOMy 3HAYEHHIO 7] TapameTpa,
Ha3pIBaeMoro Mepoii Bamamnka-UYepBoHenkuca u o6o3nauaemoro VC
VC

KOJMYECTBOM COACPIKAIIUXCA B Heil BecoB. 3HAUCHUE & YMCHLIIACTCA I10
MEpE BO3paCTaHUsA OTHOLICHUA KOJIUYCCTBA 06yqaloumx BLIGOpOK K YpPOBHIO
CJIO)KHOCTH CECTH.

. Mepa

dim

dgim OTP@XAET YPOBEHBL CIIOKHOCTH HEHPOHHOM CETHM M TECHO CBs3aHa C

[lo oroit mnpuumHe 00s3aTENBHBIM YCIOBHEM BBIPA0OTKH  XOPOIIMX
CHocoOHOCTEH K OOOOIIEHHIO CYUTAETCS TPAMOTHOE OINpeAeNiCHHE MEpHI
Bannuka-YepBoHeHKHCA ISl CETHM 3aJlaHHOW CTPYKTYypbl. MeETOJ TOYHOIO
OTIpe/IeTICHNsI 3TOM Mephl HE M3BECTEH, 0 HEM MOJKHO JIMIIb CKa3aTh, YTO €€
3HA4YCHHC (I)yHKHI/IOHaJ'II)HO 3aBHCUT OT KOJIMYECTBA CHUHUAIITUYCCKHUX BECCOB,
CBSI3BIBAIOLINX HEHMPOHBI MEXy co00il. UeM 0oJblle KOJTUYECTBO Pa3TUIHBIX
BECOB, Te€M 0OJIblIIE CI0KHOCTh CETH M COOTBETCTBEHHO 3HaYeHne Mepsl VCy
. B [76] pennoxxeHo onpenensTh BEPXHIO W HIDKHIOIO TPAHUIIBI 3TOH MEpHI
B BUJIE

2{%% <VC,,, <2N,(1+IgN,), (55)

rjae yepes onepatop [], o0o3HayeHa 1enas dyacth uncia, N — pasMepHOCTb
BXOJIHOTO BeKTOpa, K — KonuuecTBo HEMpPOHOB ckpbITOro cios, N, — obuiee

KOJIMYECTBO BECOB ceTu, & N — ollee KOIMUeCTBO HEHPOHOB CETH.
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U3  Bepaxenuss (55) crmegyer, UYTO HIKHSIS TpaHMIA JHAala3oHa
NpUOTM3UTENFHO paBHA KOJNWYECTBY BECOB, CBS3BIBAIOIIMX BXOAHOM U
CKPBITBIA CJIOM, TOTJa KaK BEpXHSS TpaHHLA IPEBBIMIAET JBYKPATHOE
CyMMapHO€ KOJIMYECTBO BCEX BECOB CETH. B CBs3M ¢ HEBO3MOXXHOCTBHIO
TOYHOro onpeneneHus mepsl VC . B KauecTBe €€ MPUOIIIKEHHOIO 3HAUCHUS

HCIOJIb3YCTCA o0l1Iee KOJIHMYECTBO BECOB HCprOHHOfI CCTH.

Takum o00pa3oM, Ha MOrPENIHOCTh OOOOIICHHS OKa3blBAeT BIUSIHHE
OTHOLICHHE KOJIMYECTBA OOYdYaIOMIMX BBHIOOPOK K KOJNWYECTBY BECOB CETH.
HeGonpmioit o0beM o0O0ydaromiero MOAMHOXKECTBA TNPH  (PUKCHPOBAHHOM
KOJIMYECTBE BECOB BBI3BIBACT XOPOLIYIO AJANTAIMIO CETH K €ro 3JIeMEHTaM,
OJTHAKO HE YCHJIMBAET CIIOCOOHOCTH K OOOOIIEHHI0, TaKk Kak B MpoIecce
oOydeHUs1 HaOMIOAAETCS OTHOCHTENHFHOE IPEBBIICHUE YHCIA MOIOMPAEMBIX
mapaMeTpoB (BECOB) HaJ KOJNHYECTBOM Map (DAaKTUYECKHMX U OXKHIAEMBIX
BBIXOJTHBIX CUTHAJIOB CETU. DTU MapaMeTphl aJanTHPYIOTCS ¢ UYpe3MepHoi (a
BCJIC/ICTBUEC TIPEBBINICHUS YHUCJIA TapaMETPOB HaJ 00BEMOM O0Y4YaroIero
MHOKECTBA — M HEKOHTPOJIUPYEMOM) TOUYHOCTHIO K 3HAYEHHUSM KOHKPETHBIX
BI>I60pOK, a HC K Juala3oHaM, KOTOPBIC 3TU BbI60pKI/I OOJDKHBI IPEACTABJIATD.
dakTHyeckn 3amada anmpoOKCHMAIMU TTOJMEHSETCS B OTOM Cllydae 3ajauei
NpUOIMKEHHOH HHTEPIOSIUK. B pe3ynpTaTe BCIKOro poia HeperysipHOCTH
00ydJaroImux JaHHBIX M M3MEPUTEIbHBIE IIYMbI MOTYT BOCIIPUHHMATHCS Kak
CYILIECTBEHHBIE CBOIicTBa mpomuecca. OyHKIMS, BOCIPOM3BOAUMAS B TOYKAX
o0y4eHus1, OyJIeT XOPOIIO BOCCTAHABIMBATHLCS TOJIBKO MPH COOTBETCTBYIOLIHX
OTHUM TOYKaM 3HAUYCHUAX. }Iance MHUHUMAJIBHOC OTKJIOHECHHE OT 3THUX TOYCK
BBI3OBET 3HAYUTECIIbHOC YBCINYCHUC IMOrpC€uIHoOCTH, qTO0 6yHeT
BOCIIpUHUMAThCS ~ Kak  omuOo4Hoe  0000mieHue. [lo  pesynbraTtam
Pa3HOOOPa3HBIX YHUCICHHBIX 3KCIIEPUMEHTOB YCTAHOBJIEHO, YTO BBICOKHE
nokaszatrenu oOOOIIeHHs JOCTHraloTCs B Cclydae, KOrAa KOJMYECTBO
[75].

o0ydaromux BEIOOPOK B HECKOJIBKO pa3 mpesbimaeT mepy VC,
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a) 6) 6)

Puc. 34 — I'paduyeckas mimocTpanus CHOCOOHOCTH CETH K 0OOOIICHHIO Ha
MpUMEepe amnmpoOKCHMAlKd OJHOMEPHONH (YHKIHMH: @) CIHIIKOM OOJbIIOoe
KOJIMYECTBO CKPBITBHIX HEHPOHOB; 6) MPAaBHJIBHO IONOOPAHHOE KOJIWYECTBO
HEHPOHOB; §) CITUIIIKOM MaJloe KOJHYECTBO HEHPOHOB [54]

=

0.0

|

—0.5

Ha ©pwuc. 34,c mnpencraBnena rpadudeckas wmumrocTpanus — dQdexra
TUIIEPPa3sMEPHOCTH CEeTU (CIMIIKOM OOJBIIOr0 KOJUYECTBA HEHPOHOB U
BECOB). ATMPOKCUMHUPYIOIIAs CETh, CKPBITBIA CII0OM KOTOpo# cocrout u3 80
HEUPOHOB, HAa OCHOBE MHTEpHOSIIMM B 21-i1 TOuYke azanThpoBalla CBOU
BBIXOJHBIE CHUTHAJBl C HYJEBOW NOTPEIIHOCThIO 0OyueHHs. MHUHUMH3ALUs
9TOH MOTPENIHOCTH HAa CIMIIKOM MajoM (OTHOCHUTEIBHO KOJIMYECTBA BECOB)
KOJIN4YeCTBe OOydarolmuX BBIOOPOK, CIIPOBOLIMpOBANa CIy4alHBINH XapakTep
3HAYeHUII MHOTHX BECOB, YTO IPH IEpexoae OT OOydYaromuX BBIOOPOK K
TECTOBBIM, CTajl0 TPUYMHOM 3HAYMUTENBHBIX OTKIOHEHHH (DaKTH4EeCKuX
3HaYeHHH Y OT OXHAaeMbIXx 3HaueHHd 0 . YMeHbLICHHE KOJINYECTBa
CKPBITBIX HEHPOHOB JI0 5 MPH HEM3MEHHOM 00beMe 00y4aromero MHOXKECTBa
MO3BOJIMJIO O0ECIEYNTh M Malyl0 MOTPENIHOCTh OOydYeHHs, M BBICOKUH
ypoBeHb 0000menust (puc. 34,0). anbHelillee yMEHBIIEHHE KOJIMYECTBA
CKPBITBIX HEHPOHOB MOXKET TMPHBECTH K IIOTEpE CEeThI0 CIIOCOOHOCTH
BOCCTaHaBIMBaTh OOy4arommue JaHHble (T.e. K CIUIIKOM  OOJBIION
norperrHoctd obyueHus E, (w)). [lomoOHast cutyanusi HIUTIOCTpUpPYETCsT Ha

puc. 34,6, ryie 33/IcHCTBOBAH TOJIBKO OJIMH CKPBITHII HEHPOH.

CeTh OKa3zajgach HE B COCTOSIHUM KOPPEKTHO BOCIIPOM3BECTH OOYdaromue
JIaHHBIE, MOCKOJIBKY KOJIMYECTBO €€ CTEMEHEH CBOOOIBI CIHIIKOM Majo I0
CpaBHCHUIO C HeO6XO}II/IMLIM JJI TaKOro0 BOCIIPOU3BCIACHUA. O‘ICBI/IJIHO, 49TO B
9TOM Cilydae HEBO3MOXXHO JIOCTHYh TpeOyeMoro ypoBHS 0O0OOIIEHMS,
MOCKOJIBKY OH SIBHO 3aBHCHT OT IOrpemHoctd oOydenuss E (w). Ha

MPaKTUKE, TMOA0OP KOJIMYECTBA CKPBITBIX HEWPOHOB (M CBSI3aHHBIA C HHUM
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noJ00p KOJIMYECTBA BECOB) MOXET, B YACTHOCTH, BBIMONHATHCS IyTEM
TPEHWHTa HECKOJIBKHUX CETEH C MOCIEAYIOMIUM BEIOOPOM TOH M3 HUX, KOTOpas
COJCP)KUT HAaUMEHBIIEE KOJINYECTBO CKPBHITBIX HEHPOHOB MpPHU JIOMYyCTUMOMN
MOTPETTHOCTH O0yUEeHMS.

7.2. Be10op cxeMBbl ceTH /ISl HAWJIY41Iero 0600menust

Pemenne mo BBIOOpY OKOHYATEIBHOH CXEMBI CETH MOXKET OBITH MPUHSTO
TOJIBKO TOCJIE TONHOLEHHOTO 00yueHHs (C YMEHBIICHHEM IMOTPEHIHOCTH 10
YPOBHSI, TPU3HABAEMOT0 YAOBJICTBOPHTENBHBIM) DPA3IHMYHBIX BapHaHTOB €€
CTpYKTYypHI [54]. OqHAaKO HET HUKaKOW YBEPEHHOCTH B TOM, YTO 3TOT BHIOOD
OyZeT ONTHUMAaJbHBIM, IIOCKOJIBKY TPEHHPYEMBIE CETH MOTYT OTJIMYaThCs
Pa3NIUYHOM 4YyBCTBUTEIBHOCTBIO K MOAOOpPY HayalbHBIX 3HAYCHUH BECOB U
napamerpoB oOydeHus. [lo sToif mpuumHe Oasy AN penyKUMH CETH
COCTABIISIIOT aITOPUTMBI OTCEUCHMS B3BEILICHHBIX CBSI3€H MO0 MCKIIIOYCHUS
HEWpPOHOB B Ipolecce 00yUEHNUsI WU [10CIIE €r0 3aBEePIICHUsL.

Kak npaBuiio, MeTOJIl HEMOCPECTBEHHOTO OTCEUYCHUS CBsA3CH, OCHOBaHHbBIE
Ha BPEMCHHOM MPUCBOCHUM UM HYJICBBIX 3HAYCHUU, C IPUHITUEM PEIICHUS O
BO300HOBJICHUM WX OOYy4YeHMsI 10 pe3ysibTaTaM HaOJ0aeMbIX HM3MEHEHUH
BEJIMYMHBI 1EJIeBOW (YHKIMH (€CIIM 3TO HU3MEHEHHE CJIMIIKOM BEJIHKO,
CJIeIyeT BOCCTAHOBUTH OTCEUEHHYIO CBS3b), OKa3bIBAIOTCS HEMPUMEHHMBIMU
W3-32 CJIMIIKOM BBICOKOW BBIYMCIMTENBHONW CIIOXHOCTH. bBOJBIIMHCTBO
MPUMEHSEMBbIX B HACTOSIIECE BpPEMs AJTOPUTMOB PEIYKIIMH CETH MOXHO
pasOouTh Ha JBE Kareropuu. MeTombl MEpPBOH TPYIIBI  UCCICIYIOT
YyBCTBHUTEJILHOCTH IIEIEBOM (DYHKIIMHU K YAAJICHUIO Beca MU HEHpPOHA.

C uX NOMOIIBIO YCTPAaHSIOTCS Beca C HauMEHEE 3aMETHBIM BIUSHHUEM,
OKa3bIBAIOIINE MUHUMAJIbHOE BO3/ICHCTBHE Ha BEIMYMHY LEJIEBOH (DYHKLINH, U
nporecc 00y4eHHs! MPOA0IDKAETCS y)Ke Ha PEAYLUPOBAHHOMN CETH.

Metoasl BTOPO#l Tpynmbl CBsi3aHbl ¢ MOTU(HKAaUMEH 1eneBod (yHKIUH, B
KOTOPYIO BBOJSTCSI KOMIIOHEHTHI, mmTpadyromue 3a Hed)HEKTUBHYIO
CTPYKTYpy ceTH. Haie Bcero 3To OBIBAIOT 3JIEMEHTHI, YCHIMBAIOIINE Majble
3HAYEHUS aMIUIMTYAbl BecoB. Takod crmoco® wmeHee SPQPEKTHBEH 110
CPaBHEHHUIO C METOJaMH TEPBOM TPYMIIbI, IOCKOJIBKY Majible 3HAYEHUSI BECOB
He 00513aTeNbHO 0CNa0IIAI0T NX BIUSHNE Ha (QYHKIIMOHUPOBAHUE CETH.

[MpuHIMIIUAIEHO WHOW TOAXOJ] COCTOMT B Hadaie oOOydYeHHs TIpu
MHHUMAJIbHOM (OOBIYHO HYJIEBOM) KOJMYECTBE CKPBITHIX HEHPOHOB U
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MOCJIEe0BAaTeIFHOM HX A00aBJICHWH, BIUIOTH A0 AOCTHXKCHHUS TPeOyeMoro
YPOBHSI HATPEHUPOBAHHOCTH CETH HAa HCXOIHOM MHOXECTBE OOYYarolINX
BbIOOpOK. JloOaBneHne HEHPOHOB, Kak TPaBUIO, TPOU3BOIUTCA IO
pe3ynbTaTaM OIEHUBAHHS CIIOCOOHOCTH CeTH K OOOOIIeHHUIo, Tocie
OTIPEIETICHHOTO KOJIMYeCTBa ITUKIOB 00ydeHus. B gacTHOCTH, IMEHHO Takoit
MpHeM pealiu30BaH B aJiTOPUTME KackaJHOM Koppensaiuu DanbMaHa.

[Ipu obcyxneHnu CrocOOHOCTH CeTH K OOOOIIEHHI0 HEBO3MOXKHO OOOWTH
BHUMAaHUEM BIIMSIHHE HAa €€ YPOBEHb JIUTEIBHOCTU OOydeHus. UucieHHbIe
9KCHEPUMEHTHl IOKa3ajM, 4YTO IOTPELIHOCTh OOy4YeHHs IPU YBEIUYCHUHU
KOJINYECTBA WTEepalMii MOHOTOHHO YMEHBLIAETCsl, TOrJa KaK IOTPEIIHOCTh
000011eHNsT CHIDKAeTCAd TOJNBKO /0 ONPEACICHHOIO MOMEHTa, IIOCIE Yero
HauWHAeT pacTH. TWNMYHAs JUHAMHUKA 3THUX TOKa3zaTelledl MmpejcTaBicHa Ha
puc. 35, rme morpemHOCcTs o0OyueHHs [E, o3HaueHa CIUIOIIHOM, a

MOTPEIIHOCTh 00001meHnst E; — MyHKTUpHON JIMHUEH.
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Luxa o6yuenus

Puc. 35 — Mroctpanust BIUSHUS [UTHTEIHHOCTH OOYYEHHUST Ha MOTPEITHOCTh
o0yuenus E, u Ha morpemHocts TectupoBanus (0000menus) E; [54]

[MpuBeneHHbIN TpaQuK OJJHO3HAYHO CBUCTENHCTBYET, YTO CIHIIKOM JOJTOe
00y4YeHHE MOXKET IPUBECTH K "TepeoOyUueHnIo" CeTH, KOTOPOE BHIPAKAETCS B
CIIMIIKOM [JEeTaIbHOM aJanTalui BECOB K HECYIIECTBEHHBIM (IyKTyalusim
00y4arommx JaHHbIX.

Takast cuTyanusi ©IMEeT MECTO MPH HCHOJIb30BAHHH CETH C YpE3MEPHBIM (TI0
CPaBHEHHIO ¢ HEOOXOIMMBIM) KOJIMYECTBOM BECOB, M OHA T€M OoJiee 3aMETHa,
gyem Oonpime "muIIHUX" BECOB COJECPKHT CeTh. V3nuimHue Beca
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aJanTUPYIOTCS K  JIOOBIM  HEPETYJSIPHOCTSIM ~ OOYYalolMX  JTaHHBIX,
BOCIPUHUMAs HUX B KadecTBEe BaKHBIX XapakTepucTHk. Kak crenctBue, Ha
JTarie  TeCTHUPOBaHMS OHM  CTAHOBATCS  NPUYMHOM  BO3HUKHOBEHUS
3HAYUTEJNIBHBIX [TOTPEIIHOCTEH BOCTIPON3BEACHUSI.

Jiist IpeaypexAeHus Tepeo0yIeHUs] B 00yJaoeM MHOXKECTBE BBIJCISACTCS
00J1acTh KOHTPOJBHBIX JaHHBIX (MOAMHOKECTBO V Ha puc. 33), KoTophie B
nporiecce 00yUeHUsT TIPUMEHSIOTCS ISl OIIEPATHBHOW MPOBEPKU (haKTHUECKH
HaOpaHHOT'O YPOBHS 0000IIEHUS.

OOydeHre TmpeKpam@aeTcs, KOTAa TOTPEIIHOCTh OOOOIIEHWs Ha 3TOM
IIOAMHOXKECTBC JOCTUTHET MHUHUMAJIBHOTO 3HAUYCHUA (I/IHI/I Ha4YHET
BO3pacTarh).

7.3. JocTtaTouHblii 00beM NPUMEPOB O0y4YeHUS] I KOPPEKTHOro
0000menns

HefiponHnas ceTh, CIpOEKTHPOBAHHAS C YUETOM XOpoliero o0o0menns, Oyner
OCYILECTBIIATH KOPPEKTHOE OTOOpaKEHHE BXOJa HA BBIXOJ JaXke TOTJa, Koraa
BXOJIHOM CHTHAJ CJierka OTJIMYaeTcsi OT MPUMEPOB, WCIONB30BAHHBIX IS
oOyuenus cetu [52]. OaHaKo, €CaU CEeTh 00y4aeTcss Ha CIMIIKOM OOJIBIIOM
KOJINYECTBE MPUMEPOB, BCE MOXKET 3aKOHYUTBHCS TOJNBKO 3allOMUHAHHEM
JAHHBIX OOYyYeHHUs. DTO MOXKET MPOU30MTH 3a CUET HAXOXKICHHS TaKHX
NPU3HAKOB (HampuMmep, Onarozaps IMIyMy), KOTOpble NPUCYTCTBYIOT B
npuMepax oOyueHHs, HO HE CBOMCTBEHHBI caMOW MOJeNUpyeMoi (hyHKUUHU
oroOpaxeHusi. Takoe sBIEHHWE HA3BIBAIOT U3OLIMOUYHBIM OOyYeHUeM, WU
nepeobyuenuem. Ecnm cets "mepeydeHa", oHa TepseT CBOIO CIIOCOOHOCTH K
0000IIIEHHIO HA AaHAIOTUYHBIX BXOJJHBIX CHTHAJIaX.

CrniocoOHOCTE K 0000IIEHHIO OmpeAensercs TpeMs (akTopaMu: pa3MepoM
00y4arolero MHOXECTBA M €ro IpPeACTABUTEIbHOCTHIO, apPXUTEKTYpOu
HEHpOHHOW ceTH M (PU3MYECKON CIOXKHOCTBIO paccMaTprBaeMOW 3ajadi.
EctectBeHHO, mocieqnuii (akTop BBIXOAMT 3a MPejaeibl HAIIero BiIusHUI. B
KOHTEKCTE OCTaJIbHBIX (haKTOPOB BOIIPOC O0OOIICHHS MOKHO PaccMaTpUBATh
C IByX pa3NU4HBIX TOYEK 3peHus [75]:

1. Apxutektypa cetd QuKcHpoBaHa (NOIy4eHA B COOTBETCTBHH C
(hM3UIECKON CIIOKHOCTBHIO pacCMaTPUBAEMOM 3a/adr), ¥ BOIPOC
CBOIOUTCSA K ONpEACICHUIO pa3Mepa OOy4aromero MHOXECTBa,
HeobX00uM0o20 I XOPOIIeTo 0000IIeHMS.
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2. Pa3mep o0yuaroriero MHOKECTBa (PUKCHPOBAH, M BOITPOC CBOJUTCS
K OMpEIEICHUI0 HAWTyUIllell apXUTEKTyphl CETH, TO3BOJISIOIICH
JIOCTUYb XOPOIIETr0 0000IIeHUS.

O0e TOYKH 3peHMsI TIO-CBOEMY IPABHJIBHBI. Y TOMHUHABIIASCS paHEe BETMYMHA
VC obecrieurBaeT TEOPETHUYSCKHHA 0asWc ameKBaTHOCTH  pasMepa

oOyuaromeit BbIOOpPKH. K cokajneHHIO, 4acTO OKa3bIBACTCS, UYTO MEXKIY
JICHCTBUTEIBHO JOCTATOYHBIM pa3MEpOM MHOXECTBA OOYUYCHHS W OITHMH
OLIEHKAMH MOJET CYIIECTBOBATEH OOJBIION pa3psiB. M3-3a 3TOTO pacXOKIACHUS
BO3HUKACT 3d0aud CAONCHOCMU 6blOOPKU, OTKPBIBAIOIAs HOBYI 00J1acTh
HUCCIICIOBAHHUN.

dim

Ha mpaktuke okaspIBaeTcsi, 4TO AJIsi XOPOIIEro OOOOLIEHUS TOCTaTOYHO,
4TOOBI pa3Mep oOydvaromiero MHoxecTBa N yIOBJIETBOPSI CICAYIOIICMY
COOTHOIIEHHUIO:

N=0OW /&), (56)

rne W — oOmee Koqu4ecTBO CBOOOJHBIX MapaMeTpoB (T.€. CHHANTUYECKHUX
BECOB U TMIOPOr'OB) CETH, & — JOMYCTHMAas TOYHOCTh OIMMOKHU Kiaccupukaryu,
O() — mopsAOK 3aKJIFOYEHHON B CKOOKHM BennuuHbl. Hampumep, st omuOku

B 10% xonmmuecTBo mpumepoB oOydeHHUs NOKHO B 10 pa3 mpeBOCXOAUTH
KOJIMYECTBO CBOOOIHBIX TApaMETPOB CETH.

Breipaxkenne (56) modydeHO W3 amuupuueckozo  npasuia  Buopoy,
YTBEP>KIAOIIETO, UTO BpeMs CTaOWUIU3alUy MpoIlecca TMHEHHON alalTUBHON
BPEMEHHON (QUIbTpAllMM TPUMEPHO PAaBHO 00OvbeMy namsmu IJWHEWHOTO
aJanTUBHOrO (GUIbTpa B 3a7aue GUIbTPA HA JUHUU 3A0EPIHCKU C OMBOOAMU,
JEJICHHOMY Ha BEIWYUHY paccoenacosanus [75, 76]. PaccormacoBanue
BBICTYIIAET B POJIM OLIMOKHK £ W3 BbIpaxeHus (56).
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I'IABA 8. OINTUMU3AIA TITPOIHO3UPYIOIUX HC M
HNPAKTUYECKHUE PEKOMEHJALIMU 10O UX IOCTPOEHUIO

8.1. AropuT™MBI COKpalleHUsI YMCJIa HEPOHOB B CKPHITHIX ciosix HC B
npouecce 00y4eHus

st Toro, 4ToOBI MHOTOCTIOWHAsT HEHPOHHAS CETh peaan30BhIBaa 3aJIaHHOE
oOyuJaroIieil BEIOOPKOI 0TOOpakeHUE, OHA JTOJKHA UMETh JIOCTATOYHOE YUCIIO
HEHPOHOB B CKPBITBIX ciosx [53]. B Hacrosmiee Bpems, HeT (hopMmys as
TOYHOTO OMpPEACICHUS HEOOXOMMOTO YKCIa HEHPOHOB B CETH, MO 33 JaHHOM
oOyuaromieit BbiOOpke. OmHAKO, MPEIJIOKECHBI CIIOCOOBI HACTPOWKHM YHCIA
HEHpPOHOB, B TIpolecce OOydYCHHs, KOTOpbIE OOCCICUUBAOT MOCTPOCHUE
HEHpPOHHOW CeTH Ui PENICHWs 3aJa4yd M JAlT BO3MOXKHOCTh H30€XKaTh
M30BITOYHOCTU. DT CIIOCOOBI HACTPOWKH MOXKHO Pa3leNIUTh Ha JIBE TPYIIIBI
AneoOpUMMbL COKpAWEeHUst | KOHCMPYKMUGHbIE AN2OPUMMbL

B nauane paboTsl anroputMa oOy4eHHSI C COKPALICHUEM, YHCIO HEHPOHOB B
CKPBITBIX CJIOSIX CETH 3aBeqoMO u30BITouHO. 3ateM m3 HC mocTemeHHO
yIAJSIOTCS CHHAICHl M HelpoHbl. CyllecTBYIOT [Ba MOAXO0Ma K pean3aluu
AITOPUTMOB COKPAICHHS:

1) Memoo wmpagneix ¢gyukyuii. B ueneByo (QyHKIHIO aniropuTMa
o0y4eHust BBOJUTCS WITpadbl 3a TO, YTO 3HAYCHUS] CHHANTHYCCKHX
BECOB OTJIMYHBI OT HYJISI, HAIIPUMED:

L n

C=22>w,

i-1 j=1

rje W; — CHHanTU4ecKuil Bec, i — HOMep HelpoHa, | — Homep Bxona, L —

YKCII0 HEHPOHOB CKPBITOrO CJI0sI, N — pa3MEPHOCTh BXOJHOI'O CUTHAJIA.

2) Memoo npoexyuii. CHHaNTHYECKUH BeC OOHYISCTCS, €CIU ero
3Ha4YCHHUE MOMNAJI0 B 3aJaHHBINA AUANa30H

0, |Wij|§g,

ij
Wi, |\Nij|>g’

rac & — HEKOTOopasd KOHCTaHTa.
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AJ'IFOpI/ITMI:I COKpalcHud UMCIOT, 110 KpaﬁHefI MEpC, IBa HEAOCTATKA:

* HCT MCTOOUKH OIPEACICHUA 4YHCIIa HeﬁpOHOB CKPBITBIX CJIOE€B, KOTOPOEC
SIBIIACTCA I/136I)ITO‘IHI)IM, IMO3TOMY HEpc] HaA4YaJIOM pa6OTLI AJIroOpuT™Ma HYXHO
yraaatb 3TO YUCIIO,

*B Tmpolecce pabOThl ANTOPUTMA CETh COJCPKUT HM3OBITOYHOE YHCIIO
HEHPOHOB, TO3TOMY 00YUECHHE UICT MEICHHO.

8.2. KoHcTpyKTHBHBIE aITOPUTMBI yBeJudeHus: yucjaa HeiiponoB HC u
HX paclieruieHue B mpouecce 00y4eHus

[IpenmecTBEHHUKOM  KOHCTPYKTUBHBIX ~ QITOPUTMOB ~ MOXHO  CUHUTATh
MeTOJIMKY 00y4eHust MHOTOCIOMHBIX HC, BKiIFOUatomyto B ce0s Cleayromme
maru [53]:

1. Bsi0op HaYaNBHOTO YKCITA HEHPOHOB B CKPBITHIX CIIOSIX.

2. Vannmanuzamusi CeTH, 3aKIIOYaloniascs B MPUCBAUBAHUU
CUHANTHYECKUM BECaM M CMEIIEHUSIM CETH CIyJYaiHbIX 3HAYCHUH
W3 3aJJaHHOTO Juara3oHa.

3. OOy4eHue ceTH 1o 3aJaHHOW BBIOOPKE.

4. 3aBepuieHue B ciiydae ycreurHoro o0ydenus. Ecnu ceTh 00y4uTh
HE yJIaJIOCh, TO YMCIO HEWPOHOB YBEIUYMBACTCS W MOBTOPSIOTCS
IIIarH CO BTOPOTO 110 YETBEPTHIH.

B KOHCTPYKTHUBHBIX aJIFOPUTMAxX YUCIIO HeﬁpOHOB B CKPBITBIX CJIOAX TAKIKC
HW3HAYaJIbHO MaJI0 MW MOCTCIICHHO YBCINYHBACTCA B oramume or artoi
METOIHUKH, B KOHCTPYKTHUBHBIX  aJIFTOPUTMAX  COXPAHAKOTCA  HABBIKHU,
HpI/I06p€TeHHBIe CCTBIO N0 YBCIIMUCHHUA YUCTIa HeﬁpOHOB.

KOHCprKTI/IBHBIe AJITOPUTMBI PA3JINYAIOTCA IIpAaBUJIAMU 3aJIaHUA 3HAYCHUH
napaMeTpoOB B HOBBIX, ,Z[O6aBJ'I€HHBIX B CCTh, Hef/ipOHaX:

¢ 3HAYCHUA MapaMCTpPOB SABJIAIOTCA CJ'Iy‘IafIHLIMPI HYUCJIaMH H3 3aJaHHOT'O
Jualia3oHa,

¢ 3HAYCHHUA CHHAIITHYCCKHUX BCCOB HOBOI'O HCﬁpOHa OIMPCACTAOTCA MyTCM
pacwenierus OOAHOrO U3 CTapbIX HeﬁpOHOB.
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[lepBoe mpaBmwio He TpeOyeT 3HAYUTEIHHBIX BBIYUCICHUH, OJHAKO €ro
WCIIOJIb30BAaHUE MPHUBOJUT K HEKOTOPOMY YBEIUYCHHUIO 3HAYCHUS (DyHKIIUU
OIIMOKU TIOCIIE KaXI0ro Jo0aBJICHHUS HOBOTO HelipoHa. B pesymbrate
CIy4allHOr0 3aJaHus 3HAUYCHHH MapaMeTpOB HOBBIX HEWPOHOB, MOXET
MOSIBUTHCS M30BITOYHOCTH B YHCIIE HEUPOHOB CKPHITOTO closl. Pacmieruienne
HEHPOHOB JHIIEHO O00OMX yKa3aHHBIX HexocTaTkoB. CyTh anropurtma
pacIleIUIeHHs IPOMILIFOCTPUPOBaHa Ha puc. 36.

Ha »TOoM pucyHKe mOKa3zaH BEKTOpP BECOB HEHPOHA CKPBITOIO CJOS Ha
HEKOTOPOM Iare oO0y4eHHs M BEKTOPbl M3MEHEHHS BECOB, COOTBETCTBYIOIINE
OTACNBbHBIM OOyJaromuM mpuMepaM. BekTopsl H3MEHEeHMH HMMEIOT [Ba
MPEUMYIIECTBEHHBIX HAMpaBJICHUsI M 00pa3yloT B MPOCTPAHCTBE OOJIACTD,
CYIIECTBEHHO OTIHYAIOIIYIOCS OT CEPUIECKOM.

CyTp anropuTMa 3aKIIOYacTCsl B BBIBICHHHM M PACIICIUIEHUH TaKHX
HEHpOHOB. B pe3ynbrare paclleIUIeHus], BMECTO OIJHOIO, HCXOJHOIO B CETH,
OKa3bIBaeTCs [1Ba HEHpOHA. IIepBbIil U3 ATUX HEHPOHOB UMEET BEKTOP BECOB,
HpPEeACTABILIIOMMN U3 ce0sl CyMMy BEKTOpa BECOB MCXOJHOTO HEHpOHa M
BEKTOPOB U3MEHEHUI BECOB OJHOI0 U3 IIPEUMYLIECTBEHHBIX HalpaBiicHUl. B
pe3ynpTaTeé  CyMMHPOBaHUSI  BEKTOPOB, WM3MEHEHHH BECOB  JIPYroro
MIPEUMYILECTBEHHOIO HAIMpAaBJIEHUS M BEKTOpa BECOB HCXOAHOIO HEHpOHa
MOJTy4arOT CHHANTHYECKHE Beca BTOPOr0 HOBOTO HEMPOHA.

Hoswii

netipon Nel Bexmopni_
USMEHEHUU
Bexmop 6ecos
6€Co6
UCXOOHO20 Hogbiii
HeUpoHa HeﬂpOH No2
Puc. 36 — Bektop BecoB HEHpOHa CKpBITOIO CJOS U HM3MEHEHHS,

COOTBETCTBYIOIINE OTACTHHBIM 00yJaromuM mpuMepam [53]

Pacuierisite  HEWpOHBI, BEKTOPHI HM3MEHEHUH KOTOPBIX HMEIOT JBa
MPEUMYIIECTBEHHBIX HAMPABJICHUs, HEOOXOANMO MTOTOMY, YTO HAJIMYHE TAKUX
HEHPOHOB MPHUBOIUT K OCHMJUIALMAM HpU OOYYEHHH METOAOM OOpaTHOTO
pactipoctpaneHus. Ilpu oOydeHMM METOJOM C HMHTETPANIbHON (yHKIHEH
OIMOKN HaIW4YUe TaKuX HEHMPOHOB NMPHUBOIUT K TONAJAHHWIO B JIOKAJIbHBIH
MHHHUMYM C OOJIBIIIAM 3HAYCHUEM OITHOKH.
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AJ'IFOpI/ITM pacuiCnjiCHus BKJIKOYacT B ce0bs:

* IOCTPOCHWE  KOBAapHAIIMOHHONW  MATpPUIBIl  BEKTOPOB  W3MEHEHHI
CHUHAIITUYCCKUX BECOB;

* BBIYHCIIEHHE COOCTBEHHBIX BEKTOPOB M COOCTBEHHBIX 3HAUEHUH ITOTyICHHOM
MAaTPHIIBI C TIOMOIIBI0 uTeparrornoro aaropurMa Oita (Oja), B cooTBETCTBHN
C KOTOPBIM BBITMIOJHSETCA CTOXAaCTHYCCKUH TPAJUCHTHBIA TOIBEM H
oproroHanuzauus I'pamma-IImunra.

HGILOCTaTKOM AITOpuUTMa  ABJIACTCA 3KCHOH€HHI/I£UH)HI>II\/'I POCT BpPEMCHH
BBIYHCIICHHI IIpU YBCIIMUCHUU PasMCPHOCTHU CCTH.

Jis  mpeomonieHUMs yKa3aHHOTO HEAOCTaTKa MPEUIOKEH YNpOoujeHHblil
aneopumm pacujenyienus, KOTOpbelii He TpeOyeT 3HAUYUTEIHHBIX BBHIYHCICHHMH.
OO1ee YUCIIO HEHPOHOB B CETH, MIOCTPOCHHOM C TIOMOIIBIO 3TOTO aJIropuTMa
0 3a/IaHHOM 00y4Yaroled BhIOOPKE, MOKET OBITh HECKOJIBKO OOJIbIIIC, YEM Y
CEeTH, IOCTPOEHHOM C MOMOIIBI0 UCXOIHOTO aIrOpUTMa.

B ympomieHHOM anroputMe JUIS paclleIUieHHs BBIOMpaeTcs HEHUpOH C
HanOOJBIINM 3HaYCHHEM (DYHKIIMOHANA!

3o
k=1

F=fa—
> ouf
k=1
rme OW — BEKTOp W3MEHEHHWI CHHANTHYECKHUX BECOB HEWpoHa, i — HOMep
Heiipona, i =1L, L — uncio HelipoHoB, K — HOMep 0Oydaromiero npumepa;

N — uncno npumepoB B oOyuarolieii BHIOOPKE.

Takum 00pa3oMm, B KauecTBe KpPHUTEpHUsi BHIOOpAa HEHPOHA ISl pacuierIeHUs
HCIIOJIB3YETCSA OTHOIICHNUE CYMMBI JJJIMH BEKTOPOB A3MEHEHNI CHHANITHYECKUX
BECOB HEWPOHA, COOTBETCTBYIOUIUX DPA3IMYHBIM OOYYarOIIMM MpUMepaMm, K
JUIMHE CYMMBI 3THX BEKTOPOB.

B pesynpTaTe pacmiernyieHus BMECTO UCXOHOTO HEHPOHA B CETh BBOAATCS JIBA
HOBBIX HelipoHa. 3HAYCHHE KaXKIOr0 CHHAIITHYECKOrO0 Beca HOBOTO HEipoHa
€CTh 3HAQUYEHHE COOTBETCTBYIOIIETO BECa CTAPOTr0 HEUPOHA IUIIOC HEKOTOPHII
HEOOJBIION IIyM. Bemu4nHBI BECOB CBS3€H BBIXOJOB HOBBIX HEHPOHOB U
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HEHPOHOB CIEAYIOUIETO CJIOSl pPaBHBl TIOJOBHHE BEIMYMH BECOB CBs3eH
UCXOJHOIO HEHpOHAa C COOTBETCTBYIOIIUMH BECAMH CIEAYIOIIETO CIIOA.
VYHpoueHHbId anropuT™M, KaKk W HCXOIHBIH, TapaHTHPYET, 4YTO (QYHKLHUS
OLIMOKH TOCIIE pacLIeNyIeHUs YBEIINUUBATHCS HE OYyIeT.

Kpome onmcaHHBIX COCOOOB BhIOOpa HEHPOHOB AJISi PACHICIUICHHUS, MOXKET
OBITh WCIIOJI30BaH AaHAJM3 YYyBCTBUTEIBHOCTH, B IMPOLECCE KOTOPOTO
cTposiTcst MaTpuibl ['ecce A BTOPBIX MPOU3BOIHBIX (DYHKIUH OMIMOKH IO
napamerpaMm cetd. Ilo BenmnuumHe MOAyNsl BTOPOM MNPOU3BOJHOM CYAST O
Ba)XHOCTH 3HAYEHUsI JAHHOTO TapaMeTpa Ui pelneHus 3aaaqdn. [lapameTpsr ¢
MajJbIMH  3HAYCHWSMH BTOPBIX  IPOW3BOJHBIX  OOHYJSIOT.  AHAamU3
YYBCTBUTCIIbHOCTHU Tpe6yeT 6OJ'II)HII/IX BBIYHCIUTEIIBHBIX PECYPCOB.

8.3. Bbi6op k03¢ puuneHTOB (PyHKIMU AKTHBALMU

MHOTOCTIOWHBI  MEPCEeNTPOH, OOyYaeMbIii [0 alnropuTMy OOpaTHOTO
pacmpocTpaHeHHs, MOXET B NpuHIUNE oOydaTecsi ObicTpee (B TepMUHaX
TpeOyemMoro s OOydeHHS KOJNHWYEeCTBA WTepaldii), eclld CHTrMOWJAIIbHAS
(YHKIMS aKTUBAllMM HEWPOHOB CETH SIBJISIETCS AaHTUCHMMETPUYHOW, a He
cumMmeTpudHoil  [52].  DyHKOMSA ~ aKTUBAIUH o(V) Ha3bIBACTCS

anmucummempuyrot (T.e. YeTHOHM QyHKIIMEH CBOEro apryMeHTa), eciiu
P(-V) =-o(v).

CrannapTHast JorucTHueckass QyHKIHS HE YAOBJIETBOPSET 3TOMY YCIOBHIO.
W3BecTHBIM TPUMEpPOM aHTHCUMMETPHYHON (DYHKIIMW aKTHUBAIMU SIBISETCS
CUTMOUaJIbHAsI HETTMHEHHA QYHKIIUS cUnepooIutecko20 maneeHca

@(v) =atanh(bv),

rae & U b — KoHcTaHThl. YIOOHBIMH 3HAYCHUSIMH JUIS JaHHBIX KOHCTAHT
SIBIISTIOTCS ciieAytomue [78, 79]:

a=17159, b=2/3.

OmpenenenHas TakuM 00pa3oM (pyHKIHS TUTIEPOOIMIECKOTO TAaHT€HCA UMEET
PSI OJIE3HBIX CBOMCTB.

o o=1wu p(-1)=-1.
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e B Hawase KOOpAMHAT TAHTGHC YIJda HakIoHa (T.e.
3¢ GeKTUBHBIN yroi) GYyHKIUN aKTUBAMK OJIM30K K €IUHUILIE:

@(0) =ab=1.1424.

e Bropas npousBoaHas ¢(V) ITOCTUTaeT CBOETO MaKCHMAIBHOTO

3HavYeHMs pu V =1,
8.4. EMKOCTB HelipOHHOIi ceTH

PaccMoTpuM BOmpoc 0 €MKOCTH HEHpPOHHOW CeTH, T. €. Yucia o0pasos,
NpEeObABISIEeMbIX Ha €€ BXOAbl, KOTOpblE OHA CIOCOOHAa HAYYUTHCS
pacno3naBath [53]. s cereil ¢ 4nciaoM cioeB OONbIIE IBYX, STOT BOIPOC
ocTaeTcsi OTKPBITHIM. JlJIst ceTell ¢ ABYMS CIOSIMH, JETEPMUHHUCTCKAsI EMKOCTh
ceru C, olLeHHUBAETCS CIECAYIOLIMM 00pa3oM:

i<Cd <ﬂlog ﬂ}

m m m

rae L, — uucno noxcrpauBaeMbIX BeCcOB, M — 4KCIO HEHPOHOB B BBIXOJHOM

CJ1o€.

JlaHHOE BBIpOKEHHE TIONYYEHO C YYETOM HEKOTOPHIX oOrpaHuueHHuid. Bo-
MEpPBHIX, YHCIO BXOJAOB N W HEHWPOHOB B CKPHITOM cioe L J0mKHO
yIOBJIETBOPATh HepaBeHCTBY (N+L)>m. Bo-Bropeix, L,/m>1000.

OnHako TpUBEICHHAs OLIEHKA BBHIMOJHEHAa Ui CETed C MOPOrOBBIMHU
aKTHUBALIMOHHBIMU (QYHKLUUSIMH HEHPOHOB, a EMKOCTb CETEH ¢ TIJIaJAKUMHU
aKTHUBALIMOHHBIMU (QYHKUMSMH, OObIYHO Oojbme. Kpome Toro, tepmuH
JNETePMUHUCTCKHI 03HAYAET, YTO MOTyIEeHHAs OIIEHKa EMKOCTH TOAXOIUT ISt
BCEX BXOJHBIX 00pa30B, KOTOPBIE MOTYT OBITH MpeAcTaBiIeHB N BXxomamu. B
NeUCTBUTEIBHOCTH —paclpelielieHne BXOAHBIX 00pa3oB, Kak IpaBHIIO,
o0iajaeT HEKOTOPOM PEryJIIpHOCTBIO, YTO TIO3BOJISIET HEWPOHHOH ceTu
MPOBOJUTH 000OIIEHNE U, TAKUM 00pa30M, YBEIMUYUBATH PEATbHYIO €MKOCTb.
Tak kak pacrnpezencHre o0pa3oB, B oOIIeM cilydae, 3apaHee HE W3BECTHO,
MOXKHO TOBOPHTH O pEAIbHOM E€MKOCTH TOJBKO NPEANOI0KHUTEIHHO, HO
OOBIYHO OHA Pa3a B /1Ba IIPEBBIIIAET JETEPMUHUCTCKYIO EMKOCTb.

Bormpoc 0 emMmKkocTH HEMPOHHOW CETH TECHO CBSI3aH C BOIPOCOM O TpeOyeMoit
MOIIIHOCTA  BBIXOJAHOTO CJIOSl CETH, BBIMIOJHSIONIETO OKOHYATEIHHYIO
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knaccugukanuo o0pa3oB. Hanpumep, 1i1s1 pa3aeneHns MHOKECTBAa BXOIHBIX
00pa3oB MO ABYM KilaccaM JOCTaTOYHO OJHOTO BBIXOJTHOTO Heiipona. Ilpum
9TOM KaXIbll Joruueckuii ypoBeHb («1» m «0») Oyzmer o0o03HA4aTh
OTIENbHBIN Kiacc. Ha MByX BBIXOAHBIX HEWpPOHAX C MOPOroBOM (yHKIMEH
aKTHBALIMM MOXXHO 3aKOAMPOBATh YK€ deThIpe Kiacca. s IOBBILICHUS
JOCTOBEPHOCTH KJacCU(HUKALMU JKEJIATEIbHO BBECTH HM30BITOUYHOCTh ITyTEM
BBIJICJICHUS KaKAOMY KJIacCy OJHOIO HEHpOHa B BBIXOJHOM CJIO€ HIIH, YTO
elle Jydyie, HECKONbKHX, KaXIbli M3 KOTOPBIX 0OydaeTcs OIpeneisiTh
MPUHAAJICKHOCTh 00pa3a K KJIacCy €O CBOEH CTENeHBbIO JAOCTOBEPHOCTH,
HaIlpuMep: BBICOKOH, CpelHEd U HU3KOM. Takue HEHPOHHBIE CETH IO3BOJISIFOT
MPOBOJUTH KITACCH(HUKALUIO BXOJHBIX 00pa3oB, OOBbEIMHEHHBIX B HEUYETKHE
(pa3MBITBIE WM TIepeceKaromIrecs) MHOXKECTBA. JTO CBOHCTBO MPHUOIIIKaeT
NMoJ00HbBIE CETH K peabHbIM YCIOBHUAM (DYHKLHMOHUPOBAHUS OMOIOTHUECKUX
HEUPOHHBIX CETEH.

PaccmarpuBaemass HC wnMeeT HECKONBKO «y3KHX MeCT». Bo-mepBbIX, B
nporecce OOJbLINE MONOKUTEIbHBIE WIM OTPULATENbHBIC 3HAYCHHS BECOB
MOTYT CMECTHTh pPalbO4yl0 TOYKY Ha CHIMOMIAX HEHpOHOB B 00jacTh
HachlleHUs. Masible BEIWYMHBI MPOW3BOJHONW OT JIOTMCTHUYECKOH (YHKUUHU
NpUBEAYT K OCTAaHOBKE OOYYEHHWs, 4YTO Mapajim3yeT CeTh. Bo-BTOpBIX,
IIpUMEHEHNE METOJa TIPaJUEHTHOIO CIIyCKa HE TapaHTHPYET HaXOXICHUS
ro0aIbHOTO MHUHHUMYMa IeJeBOH (QPYHKIHMHU. DTO TECHO CBS3aHO BOMPOCOM
BbIOOpa ckopocTH oOyueHus. IlpupameHnss BecoB H, ClI€IOBATENBHO,
CKOPOCTb 00Yy4EHUs U HaXOXKICHUS SKCTPEMYMa JOJKHBI ObITH OECKOHEUHO
MaJIbIMH, OZJHAKO B 3TOM cliyyae oOyueHne OyAeT NPOUCXOANUTh HENPUEMIIEMO
MeaneHHo. C Apyroil CTOPOHBI, CIMIIKOM OOJbIINE KOPPEKLUUH BECOB MOTYT
MPUBECTH K MOCTOSHHOW HEYCTOMYMBOCTH mporecca odyudeHus. Ilostomy B
KadecTBe KOApPUIMEHTa CKOPOCTH O0Y4YeHUsS 77 0OBIYHO BHIOMPAETCS YKCIIO
mensbie 1 (Hanpumep, 0.1), KOTOpOe MOCTENIEHHO YMEHBINAETCS B MPOIIECCE
oOyuenusi. Kpome TOro, mjasi MCKIIOUEHHUS CIIydalHBIX IONAJIaHUNA CETH B
JIOKAJIbHBIE MWHHUMYMBI HHOrAa, I10CJIC CTa6I/IHI/I3aHI/II/I 3HAUYEHUII BECOBBIX
KO3(QPHULIMEHTOB, 77 KPAaTKOBPEMEHHO 3HAYUTEIBHO YBEIHMYUBAIOT, UYTOOBI

HayaTh TPAJUEHTHBIA CIyCK M3 HOBOM Touku. Ecnu mnoBTropeHue 3ToMU
MPOLIETYPhl HECKOJIBKO Pa3 MPUBEAET CETh B OJTHO U TO K€ COCTOSIHUE, MOKHO
MPEAIOJIOKUTE, YTO HaiIeH TJ100aIbHBI MUHUMYM.

CYH.ICCTBYCT ,Z[pyl"OfI MCTOJ UCKIIIOYCHUA JIOKAJIbHBIX MUHUMYMOB U ITapajinda
CCTH, 3aKJ'IIO‘IaIOH.[HﬁCSI B IPUMCHCHHU CTOXAaCTUYICCKUX HCﬁpOHHLIX CeTCH.
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Hal[I/IM HU3JI0KCHHOMY I'€COMCTPUUYCCKYIO HHTCPIPCTALNIO.

B anroputme 00paTHOTO pacmpoCTpaHEHHs BBIYUCISETCS BEKTOP TpaJHeHTa
MOBEPXHOCTH OMIMOOK. DTOT BEKTOP YKAa3bIBAET HAINPABIICHUE KpaT4YaIEero
CIyCKa IO TIOBEPXHOCTH M3 TEKYIIeH TOYKH, JBMKCHHUE IO KOTOPOMY
MPUBOJUT K YMCHBIIEHUIO OMMUOKHU. [lociaenoBaTenbHOCTh YMEHBIIAOIIHXCS
IaroB MpHUBEACT K MUHUMYyMY TOTO WM HMHOTO TUMA. TpyIHOCTH 34€Ch
MIPENICTaBISIET BOMPOC MOI00pA JUTHHBI [IaroB.

[Ipu Oonpuiol BeAWYMHE MIara CXOOUMOCTb Oynmer Oonee OBICTPOH, HO
HUMEETCsl OMAaCHOCTh MEPENpPHITHYTh Yepe3 pelicHHe WM B Clydae CIIOKHON
(GOpMBI TIOBEPXHOCTH OMIMOOK YHTH B HENPAaBWIBHOM HaNpaBICHUH,
HarpuMep, IPOJBHUTasICh IO Y3KOMY OBpary ¢ KpyTBIMH CKJIOHaMH, IPBITast C
OJIHOM €ro CTOPOHBI Ha Apyryro. HanpoTus, npu HEOOIBIIOM IIare ¥ BEPHOM
HalpaBJIeHNH MoTpedyeTcs oYeHb MHOTO HrTepanuii. Ha mpaktuke BennmdanHa
mara OepeTcs MPONMOPUUOHATBHONH KpPYTHU3HE CKIOHA, TaK YTO AITOPUTM
3aMeanseT X0 BOIm3u MUHUMYMa. [IpaBUBbHBIA BBIOOP CKOPOCTH OO0YYEHUS
3aBUCUT OT KOHKPETHOW 3aJa4il U OOBIYHO JENaeTcs ONBITHBIM IyTeM. JTa
KOHCT@aHTa MOXET TaKe 3aBUCETh OT BPEMEHH, YMEHbIIasCh IO Mepe
MPOJBIDKSHHUS alTOPUTMA.

OOBIYHO ATOT AJITOPUTM BUIOU3MEHSCTCS TaKUM 00Pa30M, YTOOBI BKIIIOYAThH
cllaraeMoe WMITyNibca (MM WHEPIHH). DTO CIMOCOOCTBYET TPOJBIKEHHUIO B
(DUKCUPOBAHHOM HATPABJICHUH, MOJTOMY, €CJIIM OBUIO CIEIaHO HECKOJIBKO
IIaroB B OJTHOM U TOM K€ HAIMPAaBJICHUH, TO aITOPUTM YBEIUIUBACT CKOPOCTD,
YTO WHOTJA TO3BOJIAET U30eXkKaTh JIOKATHHOTO MHUHHUMYyMa, a Takxke OblcTpee
MIPOXOIUThH IJIOCKHE YYACTKH.

Ha xaxnmom mare anropurMa Ha BXOJ CETH IOOYEPENHO IOAAIOTCA BCE
o0yyJarolye IpuMepsl, pealbHble BHIXOAHBIC 3HAYSHUSI CETH CPAaBHUBAIOTCS C
TpeOyeMbIMU 3HAYCHUSMH, W BBIYUCISETCS OMIMOKa. 3HA4YeHUE OMHUOKH, a
TaK)Xe TPAJNEHTa MOBEPXHOCTH OMIMOOK MCIOIB3YeTCs A KOPPEKTHUPOBKU
BECOB, TIIOCJIEé Yero Bce JAelcTBUS moBTopsiorcsa. Ilpomecc oOyueHws
IpeKpanaercs J100 Koraa NponieHo ONpeelIeHHOE KOJIIMYECTBO 30X, MO0
KOrja ommOKa JOCTUTHET HEKOTOPOTO OMpPEAEICHHOrO Majloro YpOBHs, JINOO
Korja omuOKa nepecTaHeT yMEHbIIAThCS.

PaccmoTrpum mipoGiaemMer 0000MeHNS B IEpeoOyUeHNsT HEUPOHHOU ceTH Oojiee
noapo6bHo. O6o0ImEeHe — 3T0 CIOCOOHOCTh HEMPOHHOM CETH AeNaTh TOUHBIN
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MPOTHO3 Ha JAaHHBIX, HE MPUHALICKAINIMX HCXOAHOMY OOydaronemy
MHO)eCTBY. llepeoOydeHue >xe TPEACTaBIsAET COOOH UYPE3MEPHO TOUHYIO
MOJATOHKY, KOTOpas HWMEEeT MECTO, €CIU alIropuT™M oOydeHHs paboraer
CIUIIKOM JIONTO, a CETh CIHIIKOM CIIOKHA JJiS TaKOW 3aJadd WM s
HMeIoIerocs: o0beMa JaHHbBIX.

[IponemoHcTpupyeM TpobiaeMbl 0000IICHUS W TepeoOydeHUs] Ha MpUMEpe
afmnpoKCUMallid HEKOTOpPOW 3aBUCUMOCTH HE HEMpOHHOW ceThlo, a
MTOCPEACTBOM TIOJTMHOMOB, TIPH 3TOM CYTh SIBIICHUS OyAeT aOCOFOTHO Ta Ke.

I'paduky MOIMHOMOB MOTYT MMETh PaziHyHyl0 (GopMy, mpuUdeM, YeM BBIIIEe
CTETIeHb W YWCIIO YICHOB, TeM 0oJjiee CIOXHONW MOXeT ObITh 3Ta dopma. s
MCXOIHBIX TAHHBIX MOKHO I10/100paTh MOJMHOMHAIBHYIO KPHBYIO (MOZENb) U
MOJYYUTh, TAKAM 00pa3oM, 0OBsSCHEHHE MMEIOIIeics 3aBHCUMOCTH. [laHHbIe
MOTYT OBITH 3alIyMJICHBI, TIO3TOMY HENB3s CUMTAaTh, YTO JIydlllas MOJENb B
TOYHOCTHU HPOXOJUT UYCPE3 BCC HMCIOIIHUECSA TOUYKH. ITommHOM HH3KOTO
mopsaKa MOXKET JIydlae O6’I)SICH$ITI) HUMCIOIIYIOCA 3aBUCUMOCTb, OJJTHAKO, 6I>ITI>
HEJ0CTATOYHO THOKUM CPEJCTBOM JJIs allpOKCUMAIIUU JaHHBIX, B TO BPEeMsI
KaK TIOJMHOM BBICOKOTO TIOPSIIKA MOXKET OKa3aTbCsi depecuyp THMOKUM, HO
Oyner TOYHO CJeOBaTh JaHHBIM, NPUHUMAs ITIPH 3TOM 3aMBICIOBATYIO
(bopMy, He IMEIOIIYI0 HUKAKOTO OTHOLICHHS K HACTOSIIECH 3aBHCUMOCTH.

HC crankuBatorcst ¢ TakuMu ke TpyOHOCTSIMU. CeTH ¢ OOJIBIIMM YHCIOM
BECOB MOJEIHUPYIOT OoJiee CIIOKHBIE PYHKIMH H, CIEI0BATENbHO, CKIIOHHBI K
nepeoOydyennto. CeTu ke ¢ HEOOJBIINM YHCIOM BECOB MOTYT OKa3aThCs
HEIOCTaTOYHO TMOKMMH, YTOOBI CMOJAEIMPOBATH MMEIOIINECS 3aBHCUMOCTH.
Hanpumep, ceTb 0€3 CKPBITHIX CII0€B MOJAETHPYET JHUIIb OOBIYHYIO JTHHEHHYIO
($yHKIHIO.

8.5. Bb160p npaBU/IbLHOI CTeNeHH CJI0KHOCTH CeTH

HO‘ITI/I Bcerga 60.]'[66 CJIOKHad CC€Th AaCT MCHBIIYIO OIIII/I6Ky, HO 3TO MOXKET
CBUACTCIBCTBOBATL HE O XOPOIIIEM KaueCTBEC MOACIIH, 4 O nepeo6yquI/m CETU
[53].

BrIxos cocTouT B MCIIONIB30BAaHUM KOHTPOJIBHOU Kpocc-nposepku. st 3Toro
pe3epBUpYETCS 4acTh O0ydYarolield BBIOOPKU, KOTOpasi MCIIONB3YETCS HE IS
00ydYeHHUS CETH O aTOPUTMY OOPAaTHOTO PACIPOCTPAHCHUS OIMIMOKHU, a ISt
HE3aBUCHMOTO KOHTPOJIS pe3ysibTaTa B Xoje aJroputMma. B Hauaie paGoThl
omnOKka ceTh Ha oO0ydJaromeM ¢ KOHTPOJIHHOM MHOXECTBaX OyneT
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onuHakoBoi. [To mepe oOyueHms cetw ommOKa oOydeHHs yOBIBaeT, Kak U
omuOKka Ha KOHTPOJIBHOM MHOXecTBe. Ecnu ke KOHTponbHas oOmuOKa
nepecTaiga yObIBaTh MM JaXKe CTajla PacTH, 5TO YKa3blBaeT Ha TO, YTO CETh
Havajia CJIMIIKOM OJH3KO amnmpoKCHMHPOBATH JaHHBIE (TIepeoO0ydmiiach) U
o0OydeHHe ClIelyeT OCTaHOBHUThH. ECIM 3TO CIy4miioch, TO ClieayeT yMEHBITUTh
YHCIIO CKPBITHIX JJIEMEHTOB W/WIM CJIO0€B, MO0 CEeTh SBISAETCA CIHUIIKOM
MOIIHOW Al MaHHOW 3amaun. Ecmu ke obe ommOku (0O0y4eHHs w Kpocc-
MPOBEPKH) HE JOCTUTHYT JOCTATOYHOTO Majloro YPOBHsI, TO MepeoOyueHHs,
€CTeCTBEHHO HE MPOMU30IIO, a CETh, HAMPOTHUB, SIBIAETCS HEIOCTATOYHO
MOIIHOM JUIs1 MOJIEJIMPOBAHUS UMEIOIIEICS 3aBUCUMOCTH.

Omnwucannuble TPOOJIEMBl MIPUBOMAAT K TOMY, YTO MPH MPaKTHUECKOH padoTe ¢
HEHPOHHBIMU CETSMH HPUXOJIUTCS IKCIIEPUMEHTHPOBATH C OOJBIIUM YHCIOM
pa3NUYHBIX ceTel, MOpod o0yyas KaXIyl0 M3 HHX IO HECKOJIBKO pa3 H
CpaBHMBas I[IOJyYECHHbIE pe3yJbTaThl. [JIaBHBIM TOKa3aTeJIEeM KadecTBa
pe3yibTaTa sIBIAsSeTCs 37ech KOHTpobHas ommbka. [Ipu 3ToM, B COOTBETCTBUM
¢ 00LIECHCTEMHBIM NPUHLIUIIOM, U3 ABYX CeTeil ¢ MPHOIM3UTEIEHO PAaBHBIMU
omMOKaMHI KOHTPOJISI UMEET CMBICI BBIOPATh Ty, KOTOPask IPOLLIE.

HeoO6X0omuMOCTh MHOTOKPATHBIX JKCIEPUMEHTOB TNPHBOJAMT K TOMY, YTO
KOHTPOJIBHOE MHOXECTBO HAYMHACT HWIPaTh KIFOUEBYIO pOJIb B BBIOOpE
MOJIEJIH U CTAHOBHUTCS YacThIO mporiecca o0ydyeHus. Tem caMbiM ocnadsieTcs
€ro poJib Kak HE3aBHCHMOTO KPHUTEpUs KadecTBa mojeid. IIpu OonbIiom
Yrcie IKCIIEPUMEHTOB €CTh OOJIbIIAs BEpOATHOCTh BHIOPATh YIAYHYIO CETh,
JIAFOIIYI0 XOPOIIUI Pe3ysbTaT Ha KOHTPOJIHHOM MHOXecTBe. OJJHAKO IS TOTO
YTOOBI IPHUJIATh OKOHYATEIILHON MOJIEIH JIOJDKHYIO HaJIeKHOCTb, 4acTo (KOraa
00beM OO0ydYarolmMX MPUMEPOB OSTO TO3BOJISIET) TOCTYHAIOT CIEAYIOIIUM
o0pa3oM: pe3epBUPYIOT mecnogoe MHOXKECTBO pUMepoB. MToroBas Moaens
TECTUPYEeTCS Ha JaHHBIX M3 3TOT0 MHOXECTBAa, 4YTOOBI YOEIUTBCS, YTO
pe3ynbTaThl, JOCTHUTHYTHIE Ha OOYyYarolleM W KOHTPOJIBHOM MHOXECTBaX
MPUMEPOB, pEallbHBI, a He SBJIAIOTCH apredakTaMu mporecca OOydeHus.
Pazymeercs, ansi TOro 4TOOBI XOpOIIO HWIrpaTh CBOI pOJIb, TECTOBOE
MHOXECTBO JIOJDKHO OBITh HCIIONB30BAHO MOIbKO OOUH pa3: €CId ero
HCIIOJIb30BaTh MOBTOPHO IS KOPPEKTHPOBKM IIpoliecca OOydYEHHs, TO OHO
(baKTUIECKH MPEBPATUTCS B KOHTPOJIBHOE MHOKECTBO.

C 1menpl0  YCKOpPEHHs  mporiecca  OOy4YeHHS  CeTH  IPEIJIO’KCHBI
MHOTOYHCIICHHbIE MOAU(MUKAIMHA ITOPUTMa OOPAaTHOTO pPACIPOCTPAHECHUS

142



OH_II/I6KI/I, CBA3aHHBIC C HWCIIOJIb30BAHUECM PaA3JINYHBIX (I)YHK]_[I/II}'I OIHI/I6KI/I,
mnpoucayp onpeaciaCHusA HAIpaBJICHUA U BEJIMYMH 11ara.

1) OyHKIMY OMIHOKY:

* HHTETpaibHble (DYHKIIMM OIMMOKKA IO BCEW COBOKYMHOCTH OOyYaromInx
PUMEPOB;

* QyHKIHUN OMTUOKH TETBIX U IPOOHBIX CTEIIEHEH

2) Tpotieaypsl OnpeIe/ieHNs BETMIUHBI [1ara Ha KaKI0H UTepaiuu
* IUXOTOMHUSI;

* UHEPIIMOHHBIC COOTHOIIICHUS;

* OT)KHT.

3) Ipotieaypsl OnpeIe/iCHNs HATIPABICHHUS I1ara:

* C HCIOJb30BAHUEM MATPHUIIBI MPOM3BOJHBIX BTOPOTO MOpsAKa (METO[
HrroTona);

* C HCIIOJIb30BAHUEM HAIpaBlIeHUH Ha HECKOJIBKHX Marax (mapTaH METO).
8.6. Ununmanu3zanms HeiipoHHOI ceTH

Xopoinuii BEIOOp HAYATBHBIX 3HAYEHUH CHHAIITHYECKHX BECOB M IMOPOTOBBIX
3HAUCHUH CETH MOXKET OKa3aTh HCOILICHMMYIO IIOMOIIbL B MNPOCKTHUPOBAHUHN
[52]. EctectBenHo, Bo3HHMKaeT Bompoc: "A dYro Takoe xoporno?" Ecmu
CHUHAalITUYECKHUE BE€Ca IMPUHUMAIOT 6OJ'II)IHI/IC Ha4YaJIbHBIC 3HA4YCHHA, TO
HEHpPOHBI, CKOpEe BCEro, IOCTUTHYT peKuMMa HacbllleHud. Ecim Takoe
CIlyYHUTCS, TO JIOKAJIbHBIE TPAAUEHTHI allTOpUTMa 00PAaTHOTO PacIpOCTPaHEHUS
OyAyT UpUHUMATh Majble 3HAYEHHUs, 4YTO, B CBOIO O4Yepelb, BBHI3OBET
TOpPMOXEHHEe Tpouecca oOy4yeHus. Eciau e CHHanTH4YeCKUM BecaM
MIPUCBOUTHL MAJIBIE HAYAJIBHBIC 3HAYCHUA, aAJITOPUTM 6y21€T OYCHb BAJIO
paboTaTh B OKpPECTHOCTHM Hadaja KOOPAWHAT MOBEPXHOCTH OIMHMOOK. B
YaCTHOCTH, 3TO BEPHO JIJIS CIIydasi aHTUCUMMETPUYHON (DYHKIIMM aKTHBAIVH,
TakoW Kak rumnepoonnuyeckuii TanreHc. K cokaneHnio, Ha4ajgo KOOPAMHAT
SBIISIETCSL Ce0NI08OU MOYKOU, T.. CTALMOHAPHOHW TOYKOH, rae oOpasyromue
MOBEPXHOCTH OIMIMOOK BJOJIb OJHOW OCH UMEIOT MOJIOKHUTEIbHBINA IPaJueHT, a
BIOJb JApYroil — orpunarenbHelid. [lo 3TUM TpuumHaM HET CMBICIA
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HUCIIOJB30BAaTh KakK CJIIHMIIKOM 60J'H>I.HI/I€, TaKk MW CIHIIKOM MAJCHBKUC
HavaJbHBIC 3HAYCHUS CHHAITHYECKUX BecoB. Kak BCE€TrAa, 30JI0Tas cepcarHa
HaXOOUTCs MCXKIAY 3TUMU KpaﬁHOCTﬂMH.

8.7. MeToapl HHUIMAJIU3AIUH BECOB

Ob6yuenne HC, naxe npu nCHOIb30BaHUH caMbIX 3()()EeKTHBHBIX aJTOPUTMOB,
npeacTaBisieT co0OH TpPyIOEMKHH Mpolecc, Nalleko He Bcerga Aaloiui
oxunaemble pe3ynbTaTthl [54]. IIpoOinemMbl BO3HUKAIOT W3-32 HENMHEHHBIX
GyHKUMH ~ aKTHBAaUWH, OO0pasylOIIMX  MHOTOYMCICHHBIE  JIOKAIbHBIC
MUHHMYMBI, K KOTOPBIM MOXET CBOJUTHCS Tporecc oOyueHus. KoHeuHo,
MPUMEHEHUE TMPOJYMAHHOW CTpATETHH TMOBEICHHS (HAPUMEpP, WUMHTAIMN
OTXHra, METOAa MYJBTUCTAPA, TECHETHUYCCKUX AalTOPUTMOB) YMEHBIIIACT
BEPOSITHOCTh OCTAHOBKH TPOIIECCa B TOYKE JIOKATHHOTO MHUHHUMYMA, OJJHAKO
IUTaTOW 32 9TO CTAHOBUTCS PE3KOE YBEIWYCHUE TPYAOCMKOCTH U
JMTenbHOCTH 00yueHus. Kpome Toro, Ui mprMeHeHnsl Ha3BaHHBIX METOI0B
HEoOXoMuM OOJNBIION ONBIT B O0JACTH PEUICHUS CIOXKHBIX TpolieM
I00aNbHOW — ONTHMM3AIMK, OCOOCHHO Ui  MPaBWIBHOTO  Iojadopa
YIPaBIISIONINX MTaPAMETPOB.

Ha pe3ynbraThl 00y4YeHHsI OTPOMHOE BIIMSIHUE OKa3bIBACT MOJ00P HAYAJIbHBIX
3HAUYCHUN BECOB CeTU. VeambHBIMH CUMTAIOTCS HadalbHBIC 3HAYCHUS,
JIOCTATOYHO ONM3KWME K onTHMaibHBIM. [lpm 3TOM ymaercs HeE TOJBKO
YCTPAHUTh 3aJEPKKU B TOYKAX JIOKAJbHBIX MUHUMYMOB, HO U 3HAYUTEJIbHO
yCKOpUTh  mporecc  obOydeHus. K coxajgeHmro, He  CYyIECTBYET
YHUBEPCATBHOTO METO/Aa TOoJA00pa BeCOB, KOTOPBIH Obl TapaHTHpPOBAI
Hax0XJIeHHE Hauyyllled HadaJbHOW TOYKW Ui JI00OM perraeMoit 3amayu.
[To sroit mpuumMHe B OOJBIIMHCTBE MPAKTHUECKUX pealu3aluii Yaiie BCEro
MPUMEHSIETCS CAy4YalHbIM 10J00pP BECOB C PaBHOMEPHBIM pPacIpeleieHuEM
3HAYEHUH B 33JJaHHOM HMHTEpBAJIE.

HenpaBuneHbid BBIOOp [Hama3oHa CIydallHBIX 3HAYEHWH BECOB MOXKET
BbI3BaTh CJMILKOM PAaHHEE HACBILIEHUE HEHPOHOB, B pE3YyJbTaTe KOTOPOIO,
HECMOTpsST ~ Ha  TpojoDKaromieecs  OOydeHHe,  CpeIHEKBaJpaTHYHas
MOTPEIIHOCTh OyIeT OCcTaBaTbCs MPAKTUUYECKW IOCTOSIHHOW. SIBieHue 3Toro
THIIA HE O3Ha4YaeT I[ONAJaHhd B TOYKY JIOKAJIBHOIO MUHUMyMa, a
CBHIETENBCTBYET O JOCTHXKCHHH CEAJIOBOM 30HBI 1EJeBOH (YHKUUHU
BCJIECTBHE CJIMIIKOM OOJNBIIMX HayadbHBIX 3HaYeHWH BecoB. llpum
OIIpEJENICHHbIX O0yualoIluX CHUIHAJaX B Y3J1aX CYMMHUPYIOIIUX HEHPOHOB
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TCHCPUPYIOTCSA CUTHAJIBI Llt ZZWUXJ CO 3HAYCHUAMH, COOTBETCTBYIOUINMHU
i

IyOOKOMY HACBHIIICHUIO CUTMOWAAIbHONW (YHKIMHM akTuBanuu. [lpu sTom
MOJISIpU3allKsl HACHIICHUs 00paTHA OXHIaeMOl (BBIXOIHOW CHTHAJI HEWpOHa
paBeH +1 npu oxugaemol BenuyuHe -1 M 00paTHO). 3HAYCHHE BO3BPATHOIO
CUTHaja, TeHepupyemMoe B MeTome OOpaTHOTO  pacIpoCTpaHEeHWs,

MPONOPLUOHAIBHO BEJIMYMHE MPOU3BOJHON OT (YHKLIMH aKTUBALUU Z—f B
TOYKE HACBIMICHUS ONMu3Kk0 Hym0. IloaToMy H3MeHeHHs 3HAYCHUH BECOB,
BBIBOJSIINE HEWPOH U3 COCTOSHHUS HACHINIEHUS, IPOUCXOJIAT OUYEHb
MeanenHo. [Ipormecc oOydeHHsT HAJONTO 3acTpEeBacT B CEIUIOBOH 30HE.
Crnenyer oOpaTHUTh BHHMMaHHE, YTO B COCTOSHUM HACBHIIIEHUS MOXET
HaxXOIWTbCS OJHA 4YacTb HEHPOHOB, TOrJa Kak JApyras 4acTb OCTaeTCs B
JTUHEWHOM JTHamna3oHe, W I HUX 0OpaTHBIN 00yJaromuii CUTHAN MPUHIMAET
HOPMAaJIBHBIN BUA. DTO O3HAYaeT, YTO CBS3aHHBIC C TAKHMHU HEHpOHAMH Beca
YTOUHSIOTCSI HOPMaJbHBIM 00pa3oM, W mpouecc uX OOy4deHus BeOeT K
OBICTPOMY  YMEHBIICHHIO TOrpemHocTH. Kak  crencTBue, HEHpOH,
OCTAIOUINICSI B COCTOSHWM HACBHIIIEHUS, HE YYacTBYeT B OTOOpaKEHUH
JIAHHBIX, COKpalas TakuM 00pa3oM 3((EeKTHBHOE KOJIMYECTBO HEHPOHOB B
cetu. B wmtore mporecc oOyueHHs Ype3BBIUANHO 3aMeIIsieTcsi, MO3TOMY
COCTOSIHME HACBILIEHUSI OTIEJIBHBIX HEMPOHOB MOXKET [UINTHCS MPAKTHYECKH
HETPEPHIBHO BIJIOTH O UCUEPIIAHUS JINMUTA UTEPALIUH.

CHy‘IaﬁHaH MHUOHWAJIM3alusd, CHUTaroumaisca €AMHCTBECHHBIM YHUBEPCAJIbHBIM
CrocoOOM TPUMHUCHIBAHUS HAYAIbHBIX 3HAYCHHH BecaM CETH, JIO/DKHA
00€CIeynTh TaKyl0 CTAPTOBYIO TOYKY aKTHUBAIIMU HEHPOHOB, KOTOPas Jiexasa
OBl JIOCTATOYHO JAJICKO OT 30HBI HACBIIICHUSA. DTO JOCTHracTCs MyTeM
OTpaHUuCHHS TUana3oHa JOMyCTHMBIX Pa3bIlPhIBAEMbIX 3Ha4YeHUH. OlEeHKH
HIDKHEN U BerHeﬁ TpaHUI] TaKOro JauvarnasoHa, InpeajiaracMbi€ pasiMdHbIMU
Huccijea0oBaTeIsIMu Ha OCHOBAaHHUH MHOTOYHNCJIICHHBIX KOMITBIOTECPHBIX
OKCIICPUMEHTOB, OTIIMYAIOTCA B ACTAIAX, OAHAKO IPAKTHUYCCKHU BCE JICKAT B
npenenax (0,1).

B pabGore [17] mnpemiokeHO paBHOMEPHOE PpACHpPEICIICHHE BECOB,
HOPMAITM30BaHHOE I KaXIOro HeiipoHa mo ammmuryme 2/./N, , toe N,

03Ha4ya€T KOJIHMYCCTBO BXOOO0B HeﬁpOHa. 3HaUYCHUS BECOB nojigpu3anu ajid
HCprOHOB CKPBITBIX CJIOCB OOJDKHBI MPUHUMATh CHy‘laﬁHBIe 3HA4YCHHUA U3
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HWHTEpBaja [—Jnin /2,Jnin /2], a JUIsl BBIBOJHBIX HEHPOHOB — HYJICBBIC
3HAYEHHUS.

B cBomx pacCcyXIeHHSX Ha TEMY ONTHMAaJIbHBIX 3HAYEHUI HAYAJIBHBIX BECOB
J. Hryen u b. Bunpoy HUCHOIB3YyIOT KyCOYHO-IIMHEHHYIO aNIPOKCUMAalUIO
CUTMOUAATIBbHON (QyHKUMM akTHBauuu. Ha 3Toil ocHOBe OHM OmpeAenriIn
ONTUMAJIBHYIO JUIMHY CIIy4alHOIO BEKTOPa BECOB HEMPOHOB CKPBITHIX CIOEB

pasuoit "N, , rae N, O3HAYaeT KOIMYECTBO HEHPOHOB B CKPHITOM CIIOE, &

N,, — KOJIMYECTBO BXOJOB JAHHOIO HelipoHa. ONTHUMasbHBIA AUANa30H BECOB

NOJSIPU3ALMK  [UII HEHPOHOB CKPBITOTO CJIOSL ONpelelieH B Ipenenax

[—“L"/N ,”L"/Nh]. HauanpHble Beca BBIXOJHBIX HEHPOHOB, IO MHEHHIO

YIOMSIHYTHIX aBTOPOB, HE JOJDKHBI 3aBHCETh OT TOIMOJOTHH O0JacTH
JOMYCTUMBIX 3HAYCHHI W MOTYT BBIOUpATHCS CIIy4ailHBIM 00pa3oM u3
untepBana [-0.5,0.5].

Pemenne npencTaBieHHBIX MPOOIEM CITydalfHOW MHUIHATIN3AINA BECOB CETH
ornupaercss MO0 HAa MHTYULIMIO HCCIEAOBaTelsl, JUOO Ha pe3yibTaThl
0O0JIBLIOTO KOJIMYECTBA YUCICHHBIX 3KCIIEPUMEHTOB. bornee netanbHbIi aHATN3
COOBITHI, IPOUCXOAANINX B MpoIecce 0OydeHHs, MO3BOJIHUT TOYHEE BBHISIBUTH
MPUYHHBI 3aMeJICHHsT 00yUYeHNUs IEpCENTPOHHOM CETH, 3aJIepKEK B CETIOBBIX
30HaxX, a TaKKe CJIHMIIKOM paHHEero 3aBeplIeHUs OOydYeHHs B TOYKax
JIOKaJbHBIX MUHUMYMOB, JaJeKUX OT ONTUMAaJbHOTO pelieHus. Pe3ynbratoMm
TAKOr0 aHaJIN3a JOJDKHBI CTaTh MEPHI MPEAYNPEKICHUS STHX HEXKeJIaTeTbHbIX
SBICHMH  3a  CYeT  MNPUMEHEHHMS  COOTBETCTBYIOIIMX  MPOLEAYP
NpeaBapUTeNbHON 00pabOTKM o00yuaromux MJaHHBIX Uil HEeoOXOoauMon
WHHULUAIUKA KaK CTPYKTYpPbl CETH, TaK M 3HaYCHHH BECOB. DTH MPOLELYpHI
0a3upyroTcs MO0 Ha aHAIIM3e JIaHHBIX C UCTIONB30BaHHEM KOHKypeHIwH [81],
MoJIOOHO TOMY, KaK 3TO TPOHMCXOJUT B CETIX, CAMOOPTaHM3YIOIIMUXCS Ha
OCHOBE KOHKYpEHIMH, Ju00 Ha UCIOJIB30BaHMM HH(POpPMAIUU O
KOPPEISIIMOHHBIX 3aBUCHMOCTSIX 00YYaroNuX JaHHbBIX [82].

8.8. CxopocTh 00yueHusi HeiipOHHOI ceTH

Bce HelipoHBI MHOTOCIIOWHOTO TepCenTpoOHa B Hicalie MTOJDKHBI 00ydaThes C
OJIMHAKOBOM CKOPOCThIO [62]. OmHAKO MOCIEIHUE CJIOU OOBIUHO HMEIOT 0oJice
BBICOKHE 3HAYCHHs JIOKAIBHBIX TPAJWEHTOB, YeM HadajbHBIE CIIOM CETH.

146



Hcxons w3 aToro, mapamerpy CKOpOCTH OOydeHus 77, ClelyeT Ha3Ha4aTh
MEHBIIIME 3HAYCHUS JUIS TIOCJICTHUX CJIOCB CETH, U OOJBIINE — JUIsl TICPBHIX.
UroObl Bpemsi 0OOydeHUs JUIsi BCEX HEUPOHOB CETH OBUIO MPHUMEPHO
OJTMHAKOBBIM, HEUPOHBI ¢ OOJIBIIIMM YHCIIOM BXOJIOB JIOJKHBI IMETh MEHBIIICE
3HAYCHUE TMapaMeTpa OOydYeHHs, YeM HEHWPOHBl C MaJbIM KOJUYECTBOM
BxoqI0B. B [78] mpemaraercs Ha3Ha4aTh mapaMeTp CKOPOCTH OOYYEHHS IS
KaXJIOr0 HeHpoHa OOpaTHO MPOMOPIIMOHATIBHO KBaJpaTHOMY KOPHIO U3
CYMMBI €TO CHHANTHYECKHX cBszel. bonee moapoOHO 0 mapaMeTpe CKOpOCTH
o0y4YeHUS pedb MOMIET HIKE.

8.9. ITondop xkod3(pPpunHeHTa CKOPOCTH 00yUEHUSI

ANTOPUTMBI, TPEACTAaBICHHBIE B MpPEABIIYIIEM IOApa3eNne, IT03BOJISIOT
ONPE/ICNUTh TOJBKO HAaNpaBlICHWE, B KOTOPOM YMEHBIIACTCS LeNieBas
(GyHKIHMS, HO HE TOBOPAT HWUYEro O BEJIMYMHE MIara, Mpd KOTOPOM 3Ta
(GYHKIMS MOXET IMONy4YuTh MUHHMaibHOe 3Hadenue [54]. Ilocie BbIOOpa
NPaBHJIBHOTO HAIPABICHHS P, CIEAYET ONPENeTUTh Ha HEM HOBYIO TOYKY
pemieHust W, ,,, B KOTOpOi OyzxeT BBINONHATBCS ycioBue E(w,)<EW, ).
Heobxonumo mnonoOpaTh Takoe 3HAYCHHE 7, , UYTOOBI HOBOE pELICHUE
W,,; =W, +77, P, JIeXKaIo Kak MOXKHO OJvbke K MUHUMyMY ¢yHKimu E(w) B
HampasieHun P,. ['pamorHblii moxabop kodddummenra 7, OKa3bIBaeT
OTPOMHOE BIIMSIHUE Ha CXOJIUMOCTH aJITOPUTMa ONTHMHU3AIMH K MUHHMYMY
neneBoil pyHkuuu. Yem cuiibHee BEMUUHA 77, OTJIMYAETCS OT 3HAUYCHHS, TIPH
koTopoM E(W) nocrturaer MuHMMyma B BHIODAaHHOM HANpaBICHUU P, , TEM

Oosiblllee KOJIMYECTBO HUTepauuil moTpedyeTcss AJjsl MOUCKA ONTUMAlbHOIO
pemeHns. COMIIKOM Majnoe 3HA4eHHWE 77 HE TO03BOJSIET MHHHMHU3HPOBATH
1eJieByl0 (DYHKIMIO 32 OJIWH IIar W BBI3BIBAET HEOOXOJMMOCTH TOBTOPHO
IBUTATBCS B TOM e HampapieHuH. CIUImKoM OONBIION mIar MPUBOAWT K
"MmepenpeIriBanuio” uepe3 MUHUMYM (GYHKIUH ¥ (QaKTHIECKH 3aCTaBIIET
BO3BpAIIATHCS K HEMY.

CyImecTBYIOT pa3IWdyHbIE CITIOCOOBI MOja0opa 3HAYCHHS 77, Ha3bIBAEMOTO B

teopun HC xosgpgpuyuenmom o6yuenus. Ipocteiimuit u3 HUX (OTHOCUTEIHHO
PEAKO MPUMEHSIEMEBI B HACTOSIIEE BPEMs, TIIABHBIM 00pa3oM I OOy4CHUS B
pexxumMe "OHJaH") OCHOBaH Ha (PUKCAIUK TIOCTOSIHHOTO 3HAYCHUS 7] Ha BECh

nepuosy ONTUMH3AlNU. O1oT cnocod MPAKTUYICCKU HCIIOJB3YCTCA TOJIBKO
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COBMECTHO C METOAOM Hauckopeimero cmycka. OH HMEET HHU3KYIO
3¢ (HEeKTUBHOCTD, TIOCKOJIBKY 3HaueHue Kod((uiueHTa OOydYeHHsI HUKaK He
3aBUCHT OT BEKTOpa (AKTHUYECKOro TpajueHTa |, CIEAOBATEIBHO, OT
HaTpaBJICHUs] ) Ha JAHHOW wuTepanuu. BenwmuwHa 7 momOupaercs, Kak
MIPABUIIO, Pa3feIbHO ISl KaKIOrO CJIO0S CETH C MCIOIb30BAaHHEM Pa3IHYHBIX
SMIMPUYECKUX 3aBUCUMOCTEH. OIMH U3 IOJXOJ0B COCTOUT B OIPEACICHUH
MUHUMAJIBHOTO 3HaueHus KodhdumrenTa 77 sl KaKI0ro CiIos 1o dhopmyiie

[83]
n<min(l/n,),
rae N, — KOJIMYECTBO BXOIOB i -ro HEUpPOHA B CIIOE.

Hpyroit Oonee »¢pdeKTUBHBIA METOJ OCHOBAaH Ha aJalTHBHOM IOA0O0pE
kodd¢unuernTa 77 ydetoM (HaKTUIECKOH ITWHAMHUKK BEIWYHHBI IIEJICBON
¢yHKIMU B pe3ynbTaTe oOydeHHs. B COOTBETCTBMM € 3THM METOAOM
CTpaterud H3MCHCHUA 3HAUYCHHUA 77 OIpeaAcCiIACTCA NYTEM CpPAaBHCHUA
CYMMapHOH MOTPEIIHOCTH £ Ha | -i UTepalyu ¢ €€ MPEIbIIyIUM 3HaUeHUEM,
MPUYEM & PACCUUTHIBACTCSA MO hopMyJie

st yckopeHus mporecca 00ydeHHs CIeIyeT CTPEMHUTHCS K HENpPEpbIBHOMY
YBEJIUYEHHUIO 7] TIPU OJHOBPEMEHHOM KOHTPOJIE MPUPOCTa MOTPELIHOCTUH &

10 CPABHCHHUIO C €€ 3HAYCHUCM Ha NPCABIAYIIECM HIare. He3naunrenpHbIi pocCT
JTOH MOrpCIIHOCTU CYHUTACTCA NJOIMYCTHUMBIM.

Ecnu morpemHoctn Ha (i—1) u i-i uTepauusx 0003HAYUTH COOTBETCTBEHHO

&4 M & akKodhPUIMEHTH 00y4YeHHs Ha ITHUX K€ UTEpalusx 7, , U 7;, TO B

coyqae & >K,&6, (k, — KoahduImMeHT IOmMyCTHMOro IpPUPOCTa
HOFpeIHHOCTI/I) 3HAa4YCHUEC 77 JOJDKHO YMCHBUIATBCA B COOTBETCTBHUH C
dopmynoit
Miva =17 Py »
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rme py; — KodhOUIMEHT yMeHbUIEHUs 77. B mpoTuBHOM ciydae, Korja

& <Kk,&,_,, npuHIMaeTcs

i =1 By

rore  p, — Kkodpouument ysenudeHus 7. HecmoTps Ha HekoTopoe

BO3pacTaHne 00beMa BBIUMCICHHH (HEOOXOTUMBIX IUISI JOIIOJHHUTEIHEHOTO
pacuera 3Ha4YCHUH &), BO3MOXKHO CYIIECTBCHHOE YCKOPEHHE Ipolecca
oOyuenus. Hanpumep, peanusarusi IpeaCTaBICHHONW CTPATEruy B IpOrpamMme
MATLAB [84] co 3nauenmsimu Kk, =1.41, p, =0.7, p, =1.05 nosBonmna B

HECKOJIBKO Pa3 yCKOPUTh 00yUeHHe MPU pelIeHUH MPoOIeMbl alllPOKCUMAIIH
HEJIMHEHHBIX (PYHKIIHH.

WuTepecHo mpociennTh XapakTep U3MEeHeHHs kKoddduimenta 17 B mpouecce

06yqu1/151. Kak IIpaBUJIO, HAa HAYAJIBHBIX 3Talax JOMUHHUPYET TCHACHLMA K €TI0
YBCJIMYCHUIO, OJHAKO IIPU AOCTHKXCHHWU HEKOTOPOIo KBAa3UCTAlIMOHAPHOI'O
COCTOAHMUA BEJIMYMHA 7) TIOCTCIICHHO YMCHBIIACTCA, HO HC MOHOTOHHO, a

UKINYCCKH BO3pPACTAAd U IIOHUKASICh B CIICAYIOMIUX APYT 34 APYIrOM LUKIIAX.

Onnako HEOOXOAMMO TOMYEPKHYTh, YTO AaNalTUBHBIA METOJ mojbopa 77
CWJIBHO 3aBHUCHT OT BHJa IIeJIeBOM (QyHKIMU U 3HAUCHUH Kodhuimentos K,
Py ¥ P,. 3Ha4YeHHUs, ONTUMAJbHBIE U1 (QYHKIMM OJHOTO BHIA, MOLYT

3aMeMIATh Ipolecc OOYYeHUs TPU HCIIONB30BAHWUHM JIpyro (QyHKIHM.
[TosTOMY TIpM MpaKTHYECKO# peaju3alié dTOro METoJa CIeAyeT o0paiiaTrh
BHUMaHHWE HAa MEXaHW3MBl KOHTPOJSI M  YIpaBICHHUS  3HAYCHHAMH
KO3 (UITMEHTOB, MOAOUpas WX B COOTBETCTBUHM CO crHenu(HUKoON periaeMoi
3a7au.

Haubonee »¢dekTuBHBIA, XOTS W HaumOoJiee CIOXKHBIM, METOJ MoJdopa
ko3 duumenta oOyueHus CBsi3aH C HANpPaBICHHOW MUHHMH3ALUEH LeNeBON
¢byHkuun B BbIOpaHHOM 3apaHee HampasieHuu pP,. HeoOxomumo Tax

noA00paTh CKAJIIPHOE 3HAYECHUE 7, , YTOOBI HOBOE peuieHue W, =W, +7, P, ,
COOTBETCTBOBAJIO MUHUMYMY LieJIEBOM (YHKIMU B JaHHOM HAIpaBICHUU [, .
B nefCcTBUTENBHOCTH NOy4aeMOe pelieHHe W, TOJBKO C ONpPeeICHHBIM

HpI/I6J'II/I)K€HI/IeM MOXKCET CUATATBCA HACTOAIMUM MUHUMYMOM. 9T0 pe3yibTaT
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KOMITpOMHUCCA MEXKIY 00BEMOM BBIYHCIICHUN W BIUSHUEM BEIMYHHBI n, Ha

CXOOUMOCTH aJlroOpUuTMa.

Cpenn Hamboyee MOMYIAPHBIX CIIOCOOOB HAIPABIEHHOW MHWHUMH3AINH
MOXHO BBIICTUTH Oescpaduenmuvle W epaduenmuvle Mmemoosl. B
be3epadueHmubix Memooax UCIOIb3YyeTCs] TONBKO WH(POPMAIH O 3HAYSHHUIX
neneBod  QyHKOMM, a €€ MUHUMYM JIOCTHraeTcsi B  IPOIecce
MOCJICIOBATSILHOTO ~ YMCHBIIICHUS ~ JUMana30Ha  3HA4YCHHWN  BEKTOpaWw .
[MpuMepamMu MOTYT CIY)KHTh METOJIBI JICJICHUS MOIMOJaM, 30J0TOI0 CEYCHUS
60 meron ®udonawyu [70, 71], paznuyarommecs crroco0OM JTEKOMITO3UIHH
MOJTYYaeMBIX MOJIIMANIA30HOB.

3aciyXuBaeT BHUMaHUs METOJ]| almpoOKCUMAaNuu ITienieBoi GpyHkmun E(w) B
Ipe/BapUTEIbHO BBIOPAHHOM HANPABICHUU P, C MOCIEAYIOIUM PacdyeToM
MUHHMMYMa, [IOJIy4aeMOT0 TakuM 00pa3oM, GYHKLUU OAHOM MepeMeHHOH 77 .

Bri6epem 1151 anmpokcHMaIiy MHOTOYJIEH BTOPOTO TTOPSIKa BUAA
E(w) > B (n) =a,7" +an+a,, (57)

roe a,, a8 u 8, 00o3HaYeHbl KO3(D(UIMEHTHI, ONpeneIseMble B KaXIOM
LUKIe onTuMu3auuu. Beipaxkenune (57) — 3T10 MHOrowien P, oaHoii
CKaJsIpHON mnepemeHHodi 7. Ecim gus  pacdera Bxomsmmux B P,
K03((UINEHTOB MCHOJB3YIOTCSI TPU MPOU3BOJBHBIE TOUKH W,, W, U W,,
Jexalype B HampaBJIeHUH pP,, T.e. W, =W+np,, W,=W+7,p, H
W, =W+77,P, (B 3TOM BbIpakeHHH W 00O3HA4YEHO Mpenblayliee peleHue), a
COOTBETCTBYIOIIME OSTHM TOYKAM 3HAYCHUS IlefeBod (yHkimu E(w)

obosnauensl E, =E(W,),E, =E(w,), E; =E(W,), To

P,(m)=E,, P,(m,)=E,, P(7)=E;. (58)

Koappuuumentsr a,, & wum @, MHOrowieHa P, paccuuThIBalOTCS B

COOTBETCTBHH C CUCTEMOU JIMHEHHBIX ypaBHEHUH, omuchiBaeMbIX B (58). Jls
ompefeieHuss  MHUHMMyMa  3TOTO0  MHOTOWIEHa  €ro  MPOU3BOAHAS

dp,

d_ = 2a27] + a1 MMPUPABHUBACTCA K HYJIIO, UTO ITO3BOJIACT MOJYYUTh 3HAUCHHUC

150



1 6 BUAE 7). :i. ITocne moacranoBku Belpaxkenuit s E;, E, u E; B
a
2

dopmyity pacueta 7,,, HOIydaeM:

1 (7, —m)*(E, —E) = (1, —1,)*(E, — E)) .
2 (772 _771)(E2 - Es) - (772 _773)(E2 - El)

O,I[HaKO Jy4YIIUM PEUIICHUEM CUHUTACTCA NMPUMEHCHUE I'PaIUCHTHBIX METOIOB,
B KOTOPBIX, KpPOME 3HA4YCHUA (I)YHKLII/II/I, YUYUTBIBACTCA TaKXKEC W €€

Moin =12 —

IPOM3BOJHAS BAOJb HAIpaBiIOIEro Bekropa P,. OHU O3BOJSIOT

3HAYUTENIFHO YCKOPUTh JOCTH)KEHHE MUHHMYMa, IOCKOJIBKY HCIHOJIb3YIOT
MHGOPMALIMIO O HANPABICHUN YMEHBIIECHHUS BEIUYUHBI LesieBoi GyHKuuu. B
TaKOM CHUTyalluM TNPUMEHSETCA, KaK I[PaBWiIO, ANNPOKCHMHUPYIOIIUH
MHOTOYIEH TPETHEro MOPsIKa

R(m)=amn’+an’+an+a,.

3HadYeHUSs YCTBIPCX KOS(i)(bI/II_II/IeHTOB ai 9TOIr0 MHOI'OYJICHA MOXHO HOJYYHUTh

UCcX0/is U3 HGOpMAIIMHK O BeTM4rHE (PYHKIMU U €€ TIPOU3BOIHOM BCETO JIHIIb
B JByX Toukax. Eciau NpupaBHATH K HYJII IPOU3BOJHYK) MHOIOYJIEHA
OTHOCHUTEJIBHO 77 TO MOYKHO IOJIyYHUTh ()OPMYILy [UIs pacdera 77,,, B BUIC

—a, +4/a; — 38,3,

3,

77min =

Bonee moapoOHOe omucaHme STOrO0  TMOAXOJa MOXHO HAWTH B
MEPBOUCTOYHUKAX, OCBSIIEHHBIX Teopun ontumuzanuu [70, 71].
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I''IABA 9. HOCTPOEHME HC [Jisd IIPOIHO3UPOBAHUA
BPEMEHHBIX PAJIOB CTATUCTUYECKUMU METOJAMU

9.1. CraTucTuyeckuii aHAJIU3 BPEMEHHBIX PSI/I0B

IMogpoOHOE omMcaHue METOIOB CTATUCTHYECKOTO aHaIH3a BPEMEHHBIX PSJIOB
BBIXOJIUT 3a paMKH 3To¥ KHuWrH [55]. HaumHas ¢ mmonepckoir padoTsl HOma
[85], meHTpaidbHOE MECTO B CTATUCTHYECKOM AaHAJIM3€ BPEMEHHBIX PsIOB
3ansun uHelHbie Mogenu ARMA. Co BpemeneM 3ta 061acTh oopMuiach B
3aKOHUEHHYIO TEOPHIO ¢ HabOpoM MeToJ0B — Teoputo bokca-/IxeHkuHCa (CM.
[86]). B orom monmxome MOAENb 3adaeTCsl JBYMS KOMIIOHCHTaMU,
XapaKTepU3YIONIUMU — asmopezpeccuio H  cKoawbssiuee cpeduee. Oomias
(dbopMya ans mporecca ¢ aBTOPErpeccrell M CKOJB3SIINM CPEHUM MOpsaKa
(p,q) umeer BUI:

P q
X =8+ 4%+ b,
) i

I1e P — TOpSAOK aBTOperpeccuu (MOJIOKHUTENbHOE IEeN0oe YHCIOo), ( —
TOPSJIOK CKOJIB3SIIETO CPETHETo, & — IIyM (HEeKOpPEeJINpOBaHHbIA BPEMEHHOM
psl, NOJYMHEHHBIA TayCCOBY PACHPEIECICHUI0 C HYJEBBIM CPEIHUM H

o 2
macniepcueit o). Kosppuimenter a; u b, — seusiorcs mnapamerpamu

i
moznenu. Ecim q =0, To momy4aercs aBToperpeccuonHas moaens AR(p), a

eciiu p =0, — mozuenb ckonb3siero cpeaaero MA(Q) .

[Ipucyrcreue B mogenu ARMA aBTOpErpecCHOHHOTO 4JieHa BHIPAXKaeT TO
0OCTOSITENILCTBO, 4YTO TEKyIUEe 3HAYCHHsT MEPEMEHHOW 3aBUCAT OT ee
HpOLUIbIX 3HaueHud. Takue MozeNH Ha3bIBalOTCS OJHOMEpHBIMM. Yacro,
OJTHAKO, 3HAUCHHS HCCIEIyeMOW IeJIeBOM TMEPEeMEHHOW CBs3aHBl C
HECKOJBKUMHU Pa3HbIMH BPEMEHHBIMHU psiflaMu. Tak OyneT, Hampumep, eclid
LeseBasl IepeMeHHas — Kypc OOMeHa BalioT, a Jpyrde YydacTBYIOLIHE
NEpEeMEHHblE — TIPOLEHTHbIE CTaBKH (B KaXAOM U3 JBYX BaJlloOT).
CoOTBeTCTBYIOLIME METOABl HA3BIBAIOTCS MHO2OMepHbiMu. OOWMHA BHL
YpaBHEHHSI MHOTOMEPHOH MOJIENH TaKOH:

N_p(k)

X =8+ D 8%, 4,

k=1 j=1
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rne K — Homep BpemeHHoro psgma (Bcero mx — N ). Maremarndeckas
CTPYKTypa JUHEHHBIX MOJEJICH JAOBOJBHO MPOCTA, U PACUETHI 10 HUM MOTYT
ObITh 0e3 O0COOBIX TPYAHOCTEHW BBIIONHEHBI C TIOMOIIBIO CTaHAAPTHBIX
[IAKETOB YMCJIEHHBIX MeTOAOB. CleqyromMM IIaroM B aHaJIH3€ BPEMEHHBIX
psmoB cranma pa3paboTka Mojeneil, CIIOCOOHBIX YYWTHIBATh HEITMHEHHOCTH,
MPUCYTCTBYIOIINE, KaK MPaBUJIO, B PealbHBIX IMpoleccax U cuctemax. OnnHa
W3 TMEepPBBIX TakUX Mojeineil Oblia mpemiokeHa Tonrom [87] u HaspIBaeTcs
MoporoBoii aBTOperpeccuonHoir moaensio (TAR). B Heil, npu pocTikeHnn
OIIpeeNICHHBIX (YCTaHOBIICHHBIX 3apaHee) MOPOroBbIX 3HAUYECHHUH, IPOUCXOAUT
MEepEeKIItoueHne ¢ oAHoW nuHeiiHo AR-monenu Ha apyryro. Tem cambiM B
CHCTEME BBIJEISCTCSI HECKOJIBKO PEXUMOB paboThl. Uepes 6,, o0o3HaunM

HOMep pexkuma B MoMeHT t(6, =1,2,...,r). Torna ognomepHas AR-monens ¢

COOTBCTCTBYIOIIMM HOMEPOM JaCT:
(6) p @)
x =2+ 2
j=1

3arem Obimn mpemnoxkeHsl STAR-, wmu «rmagkue» TAR-momenmu. Takas
MOJIEJTb TMPEJICTABISAET COOOM TMHEHHYI0 KOMOWHAIIMIO HECKOJIBKUX MOJICICH,
B3STHIX ¢ KO3()(DUIEHTAMU, KOTOPBIE SBISIOTCS HENPEPBIBHBIMHA (DYHKIIHAMHA
BpeMeHH. [IprMepoM MOXKET CIYXUTh CIeIylollee YpaBHEHHE MOJEIHU, B
KoTOpoM € — rnajkast GyHKIMS, NpuHIMatoias 3HaueHust ot 0 jo 1:

p p
X =| a+ > 2% [[1-0(x_)]+| by + D byx_; [0(x )+ .
j=1 j=1

Boun mpemioskeHsl TakkKe MHOTOYMCIICHHBIE APYrHe HETMHEHHBIE MOJIENU
aHaJIM3a BPEMEHHBIX PSIOB, cM. [88, 89].

9.2. 3amaya cCTATHCTHYECKOTO AHAJIN32a BPEMEHHBIX PSI/I0B

Bpemenno#i psg — 3T0 ymopsiioueHHasl MOCIeI0BaTEeIFHOCTh BEIIECTBEHHBIX
yucen X, t=12,..,T, npeacrapisronmx coOoil pe3yibTaThl HAOIIOJCHUI
HEKOTOpOH BenmWyuHBI [55]. OTHW 3HaueHHMs OOBIYHO TOIYYarOT Kak
pe3yibTaThl HM3MEPEHHH B HEKOTOpOH ¢usnyeckor cucteme. Ecnu Hac
WHTEPECYIOT 3aBUCUMOCTH MEXIY TEKYIUMH M MPOILIBIMUA 3HAUYEHUSIMH, TO
HY)KHO PaccMaTpHBaTh BEKTOP 3aACPKKH (X_;,X ;.- X_,) B N-MEpHOM
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MPOCTPAHCTBE CABHHYTHIX BO BPEMEHH 3HAYCHHH, WJIH MPOCTPAHCTBE
3aICPIKKH.

Lenp ananm3a BpEMEHHBIX PSAOB COCTOHUT B TOM, YTOOBI M3BJICUb U3 JaHHOTO
psina mone3Hylo uHpopManuio. JIs 3TOro HEoOXOIMMO IOCTPOHTH
MaTeMaTHYEeCKyl0 MOJAeTb sBIeHUs. Takas MoJenb [OJDKHA OOBSICHATH
CYILECTBO Mpoliecca, MOPOXKIAIOIIEr0 JaHHBIC, B YAaCTHOCTH — OIMCHIBATh
XapakTep JaHHBIX (CIOy4aiiHble, WMEIONIME TPEHA, IEePHOINUYECKHUE,
CTaIlMOHApHBIE | T.II.). Ilocie 3TOro MOXXHO NMPHUMEHATH PAa3IHIHBIE METOJIBI
(unpTpanK JaHHBIX (CTIIXXUBaHUE, yJAICHHE BHIOPOCOB U 1p.) ¢ KOHEYHOM
HEBbI0 — Pe/ICKa3aTh Oy IyIue 3HauCHHUSI.

Takum 00pa3om, 3TOT MOAXOA OCHOBAaH Ha MPENIOI0KEHUH, YTO BPEMEHHON
psiA MMeeT HEKOTOPYI0 MaTeMaTHYeCKyI0 CTPYKTYpY (KOTopas, HampuMmep,
MOXET OBITh CJenCcTBUEM (M3UYECKOW CYTH SBJIEHHS). JTa CTPYKTypa
CYIIECTBYET B TaK Ha3bIBAEMOM (DA3060M HNPOCMPAHCHEE, KOOPIMHATHI
KOTOPOTO — 3TO HE3aBUCHMBIE I[E€PEMEHHBIE, OIMCHIBAIOIINE COCTOSHHUE
JrHamMuveckord cucrtembl. [loaTomy mnepBas 3amada, ¢ KOTOPOM MpUAETCA
CTOJIKHYTBCSI TIPU MOJETMPOBAHUH — 3TO MOJIXOMSAIIMM 00pa3oM ONPEAEIUTh
¢azoBoe mpoctpaHcTBO. [is  3TOro  HY)XXHO  BBIOpaTh  HEKOTOpBIE
XapaKTePUCTUKU CHUCTEMbI B KadecTBe (a3oBbIX mepeMeHHbIX. [locie sToro
YK€ MOXKHO CTaBUTh BOIIPOC O TMpEeACKa3aHUM WM SKcTpanosannu. Kax
MPaBUJIO, BO BPEMEHHBIX pAAaX, MOJNYYEHHBIX B PE3yJIbTaTe U3MEPEHHH, B
Pa3HO# NPOMOPIMH MPUCYTCTBYIOT ClydaiiHble QUIyKTyaluu U myM. [lostomy
KayecTBO MOJEIH BO MHOTOM  ONpENENseTcss €€  CIIOCOOHOCTBIO
anMpOKCUMHUPOBATh MPEIINoaraéMylo CTPYKTypy HaHHBIX, OTHENAs €€ OT
Iyma.

Uro MoOryT naTh B 3TOM OTHOIICHWH HEWpOHHBIE ceTH? B 3Toi rmaBe Oynmer
MOKa3aHo, YTO HEHPOHHBIE CETH MOXHO paccMaTpuBaTh Kak 00OOIIeHHE
TPaJMLIMOHHBIX NOAXOJOB K aHalIM3y BpeMEHHBIX pAnoB. HelipoHHble cetn
JAl0T JIOTIOJIHUTENIBHBIE BO3MOKHOCTH B MOJEJIMPOBAHUM HEIMHEHHBIX
SIBIICHUI W paclo3HaBaHMM XaOTHUYECKOro IoBeaeHus. biaromaps csoei
Oonbmoii THOKOCTH (HAa OIHOM TOMOJIOTMM MOKHO pEaJn30BaTb MHOT'O
pPa3NUYHBIX OTOOpaXEHWi), CETH MOryT YXBaThlBaTh CaMble pa3HbIE
CTPYKTYpHI B (pa30BOM MPOCTPAHCTBE.
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9.3. Moaenu, 0CHOBaHHbIe HA HEI{POHHBIX CETAX ¢ MPSIMOIi CBA3BI0

JIro0OTIBITHO 3aMETUTh, YTO BCE ONMCAHHBIC B MPEABIAYIIEM ITyHKTE MOJCIH
MOTYT OBITH peaJM30BaHbl MOCPEACTBOM HEHpoHHBIX ceteir [55]. Jlrobas

3aBUCHMOCTH BHAA X, = f(xt_l,)g_z,...,)q_p)vtgt C HENPEPHIBHOM HEITMHEHHOM

¢ysakmueir f Moxker OBITH BOCIIPOM3BEACHA HA MHOTOCIOWHOM cetu. [Ipumep

nmpuBeneH Ha puc. 37. BmecTto TOro, 94To0BI OTOOpaXkaTh IMOBEPXHOCTH BO
BxomHOM ((ha30BOM) IPOCTPAHCTBE, OOPA30BAHHYIO JAHHBIMH, ITOCPEACTBOM
omHo#t Tunepmuiockoctr (AR), Heckompkux rumepruiockocreir (TAR), wmu
HECKOJIbKUX THUIEPIUIOCKOCTEH, IIaJKO COSMHEHHBIX ApYT ¢ npyrom (STAR),
HEHpOHHAs CeTh MOXET OCYHICCTBUTh MPOHM3BOJIBHOE  HEIMHEHHOE
otobOpaxxeHrne. Mbl TOBOPHUM 3TO HE IS TOTO, YTOOBI MIPEJCTaBUTh HEHPOHHBIE
CCTU KaK YHUBCPCAJIbHYIO MOJCIIb B aHAJIM3€C BPEMCHHBLIX PAOAOB, a IPOCTO,
9TOOBI TOKa3aTh BCE MHOrooOpasue CTPYKTYp, KOTOpPBIE TaKUM CIIOCOOOM
MOXKHO MOIEINpoBarh. HemaBHUe MCClieIOBaHUS MOKA3ald, YTO HEHPOHHBIE
CeTH WMEIOT, 10 CPAaBHEHHWIO C KIACCHYECKUMH MOJEISIMH, 0OJiee BBICOKHE
MOTEHIIHANbHBIE BO3MOXKHOCTH TIPH aHAIW3€ CIOKHOW JHHAMHUYECKON
CTPYKTYPhI, HO IIpHU 3TOM JAIOT JIYYIONHUEC PE3YJIbTAThI U HAa TaKUX U3BCCTHBIX
TUIIaX BPEMCHHBIX PAJOB, KaK CTAllMOHAPHBIC, IEPUOANYCCKUE, TPCHAOBEIC U
HekoTopele apyrue (cM. [90]). Mbr cornacusl ¢ MHeHneM Kyama [91], urto
nepes OKOHYATeNbHBIM (DOPMUPOBAHMEM HEHPOHHOHW CETH HEO0XOIUMO
MPOJIeNIaTh MOJISTMPOBAHNE HA OCHOBE MOAYJIBHOTO TMOJXOJa C BBIJIEICHUEM
TpPEeH/1a ¥ CE30HHBIX KOJIeOaHuH.

HpI/I 9TOM, OJHAKO, HCCJIICOOBaHHsA B obactu MOACIUPOBAHUA BPCMCEHHBIX
pAAOB IpHU TOMOIIN ceTen MMPpOAO0JDKAOTCA U B HACTOALCC BPEMSA, U HUKAKUX
CTaHAAPTHBIX MCETOAOB 3JCCh IIOKa HE BBIpa6OTaHO. B HeﬁpOHHOﬁ CETHU
MHOI'OYHMCJICHHBIC (baKTOpBI BBaHMOHCﬁCTBYIOT BECbMa CJIOKHBIM 06pa30M, nu
yCex 31€Chb IIOKa NPUHOCUT TOJIBKO 3BpHCTI/I‘{eCKI/Iﬁ (((KyCTapHLIﬁ))) noaxon.
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Coop daumubix Hosooka
Apxusayust dannoix Cyenapuu
MOpPeosbIX
Duabmpayua OaHHbIX onepayull
Buibop nooxazameneii Topeosnsn
- _/ . _/ g ,
Ipec b Ananus
IpedeapumenbHas I|: Topeoais
obpatomka E U npedckasaue

Puc. 37 — Peamuzamuss ARMA (p,q) Mojaenu Ha mpocTeiimieil HeHpoHHOU
cetH [55]

X

X_, X £

t-1

Puc. 38 — biok-cxema (QUHAHCOBOTO MPOTHO3UPOBAHUS TIPU TTOMOIIU
HEUPOHHBIX ceTei [55]

Tunuynas  TOCIEAOBATENBHOCT  JCHCTBUH TpPH  PEHICHUH  3a1a4d
MPOTHO3MPOBAHUS (PUHAHCOBBIX MOKA3aTENel C MOMOIIBI0 HEHPOHHBIX CeTeil
rmokasaHa Ha puc. 38.

JleWicTBHSI Ha TIEPBOM dTalle — dTale npPedsapumensHolu 00pabomxu OAHHLIX,
OYEBHJIHO, CHJIBHO 3aBHCAT OT crhenudukn 3agaun. HyXHO NpaBHIBHO
BBIOpaTh YKCIO W BHJ IOKa3aTelned, XapaKTepH3YIOIIUX IIpPOIEecC, B TOM
qHCIie, — CTPYKTYpY 3a1epkek. [locie 3Toro Hamo BEIOPaTh TOMOJIOTHIO CETH.
Ecmu mpuMeHSIIOTCS CeTH C MPSIMOM CBSI3bIO, HYXKHO OIPENCIUTh YHCIO
CKPBITBIX 2JIeMeHTOB. Jlanee, 1l HaxXOXKICHHUS HMapamMeTPOB MOJAECIH HYKHO
BBIOpaTh KpUTEpUil OIIMOKH M ONTHMHU3UPYIOMUI (00yJaromuii) anropuTMm.
3areM, UCHONB3YsI CPEACTBAa OUATHOCTHKH, CJICAYET MPOBEPUTH Pa3IUUHBIC
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cBoiicTBa Mopenu. HakoHel, HY)XHO TPOUHTEPIPETUPOBATH BBIXOHYIO
MH(GOPMAITUIO CETH U, MOXKET OBbITh, MOJATh €€ Ha BXOJA KaKOH-TO Ipyroi
CUCTEMBI TOJICPKKH MPUHSITHS pelieHui. [lanee Mbl pacCMOTPUM BOTIPOCHI,
KOTOpBIC TPUXOAUTCS pemarh Ha 3Tanax HpeJABapUTEIbHON 00paboTKH,
OTNITHMH3AITIN U aHAJIH3a (00800KU) CETH.
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I'JIABA 10. IPEJIBAPUTEJIbBHAS OBPABOTKA JAHHBIX
10.1. IIpeaBapuTteabHasi 00padoTKa TAHHBIX

[Ipu MoaenupoBaHNHN peaslbHBIX MPOIECCOB «YUCTHIE» JAHHBIE — JTO PeaKas
pockotis [55]. B cuimy camoi cBoeil mpupombl, peanbHble JaHHBIE CONEpKaT
IyMbl u OBIBAaIOT HEpaBHOMEpPHO pacmpereneHbl. OYeHb 4YacTo MPaKTHK
MPOCTO COOMpAET AaHHBIC W MOJACT UX Ha BXOJ MOJENH, HAlesACh, YTO BCE
nonmyuntcs. OJHAKO, MPU CETEeBOM NOAXoAe (M 3TO BEpHO 31eCh JaKe B
Oonplield cTemeHW, 4YeM MJs KJIaCCHYECKOro CTaTUCTHYECKOTO aHan3a)
TIIATeNbHAS npedsapumenvHas 00paboTKa JaHHBIX MOXET CIKOHOMUThH MacCy
BpeMEeHH U yOepedb OT MHOTHX pa3odapoBaHuil. PaccmoTpmm cremyromiue
OTHOCSIIIIMECS] CIOJIa BOTMPOCH: cOOp NaHHBIX; WX aHAJIN3 M OYUCTKY;, WX
mpeoOpa3oBaHWe C I[ENbI0  CAenarh BXOAHyI wuH(popmamuioo Oomee
coJlepKaTeTLHOU U YOOHOH /ISl CeTH.

10.2. Heo0xoauMple 3Tanbl HelpoceTeBOro aHAJIN3a

Ha mnpaktuke, mMeHHO mpenoOpabOTKa MaHHBIX MOXKET CTaTh HamOolee
TPYIOEMKHUM JJIEMEHTOM HeilpoceTeBoro ananusa [45]. Ilpuuem, 3HaHue
OCHOBHBIX IPHUHIMIIOB W TNPHEMOB NpenoOpadOTKM NaHHBIX HE MEHee, a
MOXET OBbIThb Jaxke Oojee Ba)KHO, YeM 3HAHHUE COOCTBEHHO HEMPOCETEBBIX
anroputMmoB. IlocnenHue, Kak MpaBHIIO, YK€ BXOIAT B COCTAaB Pa3IUYHBIX
HEHPOIMYIISITOPOB, AOCTYITHBIX HA COBPEMEHHOM IPOTpaMMHOM pbiHKe. Cam
K€ TIpoIlecc pelIeHus MPUKIAIHBIX 33734, B TOM YHCI€ W MOJTOTOBKA
JaHHBIX, TIPeporaThBa TOTO, KTO pelIaeT KOHKPETHYIo 3aaauy. Jlanee kpaTko
OIIMCAHbI MeXHOI02UY HEHPOCETEBOT0 aHAIN3A.

B o00meM Buje, TEXHOJIOTMYECKas IEMOoYKa, T.€. HEOOXOIUMMbIE 3Tallbl
HEUPOCETEBOT0 aHAN3a, BRITIISIAT CIICTYIOITIM 00pa3oMm:

e KoaupoBaHue BX0/10B-BbIXO/10B: HEHPOCETH MOTYT padoTaTh
TOJIBKO C YUCJIaMH.

e HopMupoBKa [maHHBIX: pe3yJabTaThl HEWpoaHAIN3a He
JIOJDKHBI 3aBUCETH OT BHIOOpA €IMHUL H3MEPEHUSI.

o IIpexo6padoTka JaHHBIX:  yJaJieHue  OYCBHIHBIX
pETyJSIPHOCTEH W3 JaHHBIX 00Jier4aeT HEWpOCETH BBISBICHUE
HETPUBHAIBHBIX 3aKOHOMEPHOCTEH.
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e OO0yuenue HECKOJIbKHX HelipoceTeil C pa3IMYHOU
APXUTEKTYPOU: Pe3yIbTaT O0yUYCHUs 3aBUCHT KaK OT pa3MepoB
CETH, TaK U OT €€ HAYaTbHON KOH(PUTypaIUH.

e Ot0op onTUMAJBHBIX ceTeli: TeX, KOTOpble JanyT
HaNMEHBIIYI0 OIIMOKY IpPEeACKa3aHUs Ha HEM3BECTHBIX II0Ka
JaHHBIX.

e OmeHka 3HAYMMOCTH TIPeACKA3AHWI: OICHKA ONIMOKU
MpeACKa3aHuii HE MeHee Ba)KHa, YeM caMoO MpelcKa3aHHOe
3HAaYECHUE.

Xots mepoOpaboTKa HE CBsi3aHA HEMOCPEACTBEHHO C HEWPOCETSAMH, OHA
SBIIIETCS. OJHUM W3 KIIOYEBBIX DIIEMEHTOB 3TOW WH(POPMAIMOHHON
TEXHOJOTHH. YcmexX OOyYeHHsS HEHPOCeTH MOXKET pPEelIalonM 00pa3oM
3aBHICETh OTTOTO, B KAKOM BHJIE TIPEICTaBIIeHa HH(pOpMALIKS IS ee 0OyIeHHSI.

10.3. Coop naHHbIX

Camoe BaxxHOE pelICHUE, KOTOPOe JIOJDKEH MPHUHATh aHAIUTHK, — 3TO BEIOOP
COBOKYITHOCTH TEPEMEHHBIX IS OMHUCAHUS MOJEIHUpYyeMOoro mporecca [55].
Yro0bl MPEACTaBUTH ceOC BOZMOXKHBIE CBSI3M MEX/Ty Pa3HbIMH MEPEMEHHBIMH,
HYXXHO XOpOIIIO MOHWUMATh CYIIECTBO 337add. B 3TOH CBA3M OYCHB MOJE3HO
Oyzmer mobOeceloBaTh C OMBITHBIM CICIUATMCTOM B JAaHHOW TPEAMETHOMN
obnactu. OTHOCHTEIBHO BBIOPAHHBIX MEPEMEHHBIX HYXXHO MOHUMATH,
3HAYMMBI T OHU CaMHu MO cebe, WIM K€ B HHX BCEro JIHIIb OTPaKaloTCs
JpyTHe, JeHCTBUTENBHO, CylIeCTBEHHbIE TiepeMeHHble. IIpoBepka Ha
3HAYUMOCTh BKJIIOUAeT B Cce0s KpOCC-KOppeNsanuoHHbIN aHanm3. C ero
MOMOIIBI0  MOXKHO, HAampuMep, BBIABUTH BPEMEHHYIO CBsI3b  THIA
3amasfplBaHus (Jar) Mexay AByMs psgamu. 1o, HACKOJIBKO SIBJIEHHE MOXKET
OBITH ONMKCAHO JMHEWHOW MOAEIBIO, IPOBEPSAETCS C MOMOIIBIO PETPECCHU 110
MeTtoxy HamMeHbIux kBajapatoB (OLS). [lomydennas mocie onTUMHU3aLMN
HeBa3ka R? MoeT mpuHEMATh 3HaYeHHs oT 0 (II0JTHOE HECOOTBETCTBHUE) 110 1
(TouHoe cootBeTcTBHE). YacTo ObIBAET Tak, YTO JUIS JMHEHHBIX cucteM OLS-
METOJ JIaeT TaKUe pPe3ysbTaThl, KOTOPbIE YK€ Hellb3s CKOJIILKO-HUOYb
3HAYUTENIFHO YIYYIIUTh IPUMEHEHUEM HEHPOHHBIX CETEH.

B 1memom, MOXXHO cKaszaTrh, 4TO IpeaBapUTENIbHAs 00paboTka dYepe3
(hopMHpOBaHUE COBOKYITHOCTH MEPEMEHHBIX M TPOBEPKY WX 3HAYAMOCTH
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CYIICCTBCHHO YJIy4IIaeT KayecTBO MOJeNU. EciM HUKAKUX TEOPETHUSCKUX
METOJIOB TIPOBEPKH B PACIOPSDKCHUU HET, MEPEMEHHBIC MOXKHO BBIOMpATh
METOJIOM TMpOoO W OMMOOK, WJIU C TMOMOIILI0 (OPMANBHBIX METOJIOB THIIA
TEHETHYECKUX aaTropuTMOB [92, 93].

10.4. KonnpoBaHue BX010B-BbIX0/10B

B oTnuume OT OOBIYHBIX KOMIBIOTEPOB, CIIOCOOHBIX 00padaThIBaTh JIIOOYIO
CHUMBOJIEHYI0 MH(OpPMAIIO, HEWPOCETEBbIE ANTOPUTMBI PabOTAIOT TOJBKO C
yrciaamMu, 00 ux pabora Oazupyercs Ha apUPMETHUECKHX OIEpaIHsIX
YMHOXEHHS ®  cioxeHus [43]. HmenHo Takum oOpa3om  Habop
CHHANTHYECKHUX BECOB OIPEIEIsieT X0 00pabOTKH JaHHBIX.

Mex([[y TEM, HC BCAdKasA BXOJAHAsd WU BbIXOAHAsA NEPEMCHHAsA B HMCXOJHOM
BUAE MOXET HMMETh YHCIEHHOE BbIpakeHHe. COOTBETCTBEHHO, BCE TaKUe
NEpPEMEHHBIE CJIEAYeT 3aKOAWPOBaTh — IIEPEBECTH B YHCICHHYIO (hopmy,
MpekJe YeM HadaTh COOCTBEHHO HEWpoceTeBYH 00paboTky. Paccmotpum,
MpeKJe BCEro, OCHOBHOW PYKOBOJSIIMIA TPUHITUIL, OOIMUN ISl BCEX ITAIlOB
pe1o0paboTKU TaHHBIX — MAKCUMH3AIUIO SHTPOITHH.

10.5. MakcuMu3auusi SJHTPONIMHU KAK 1eJIb npeaoopadoTkn

JonycTuM, 4TO B pe3yibTaTe MEepeBoAa BCEX NaHHBIX B YUCIOBYIO (GopMmy U
Nocjenyomeld HOPMHUPOBKH BCE BXOAHBIE W BBIXOAHBIE II€PEMEHHBIC
oroOpaxaroTcss B eguHMYHOM KyOe [43]. 3amaua HelipoceTeBOro
MOJICJIMPOBAHMS - HAWTH CTaTUCTUYECKU NOCTOBEPHBIE 3aBHCHMOCTH MEXIY
BXOJHBIMH ¥ BBIXOJIHBIMH TE€PEMEHHBIMU. EJMHCTBEHHBIM HCTOYHHKOM
WHPOPMALIUK JIJISI CTATUCTUIECKOTO MOJETHPOBAHUS SIBISIOTCS MIPUMEPHI U3
oOyyvaromeil BbiOOpku. Yem Oonbiie OUT HHGOPMAIUKM MPHHECET KaXKIbIH
MIpUMEp — TeM JIy4Ille UCTIONB3YIOTCS UMEIOIINECs JaHHBIE.

Paccmotpum IIPOU3BOJIBHYIO KOMIIOHEHTY HOPMMPOBaHHBIX

(mpenoOpaboTaHHbIX) HaHHBIX: X;. CpeaHee KOJIMYECTBO WH(OPMALUH,

HNPUHOCUMON KaXXJbIM IPHUMEPOM X, PaBHO OSHTPONMHU pacHpeaeseHHs
3HaueHu# 3Toi KommoHeHThl H(X;). Ecimu 3TH 3HaYeHUs COCPENOTOYCHBI B

OTHOCUTEIBHO HEOOJIBIIOH obnactu €IUHUYHOTO WHTEpBaa,
nH(pOpPMAITMOHHOE COJEpP)KaHWe TaKOH KOMIIOHGHTHI Majo. B mpexperme
HyJIEBOM OSHTPONHUH, KOT/Ja BCE 3HAYEHHWS TIEPEMEHHON COBMAJarOT, 3Ta
nepeMeHHass He HeceT HHWKakod wH(opMmarmu. HampoTtus, ecnu 3HaYCHUS
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nepeMeHHOH X paBHOMEPHO paclpelielieHbl B €JMHHYHOM MHTEpBae,

WHPOPMALUS TaKOW epeMEHHON MaKcUMallbHa.

OOmuii npuHIUN TPeAoO0padOTKH MAaHHBIX ISl OOy4YeHHs, TaKUM 00pa3zoM,
COCTOWT B MaKCHMHU3AIUU SHTPOIHMH BXOAOB M BBIXOJOB. DTUM MPHHIIMIIOM
CJIEyeT PYKOBOJCTBOBAThCS W HA JTale KOIUPOBAHHS HEYHCIIOBBIX
MEPEMEHHBIX.

10.6. Tunbl HEYHCIOBBIX EPEeMEHHBIX

MOXHO BBIICIUTh JBa OCHOBHBIX THIIA HEYUCIIOBBIX IEPEMEHHBIX:
ynopsioouennvle (Ha3bIBaeMble TaKXKe OpPOUHATbHbIMU - OT aHri. order-
MOPSIZIOK) M Kamezopuaivivle [43]. B 00oux ciydasx nepeMeHHasi OTHOCUTCS
K OJHOMY W3 IHMCKpeTHoro Habopa kmaccoB {C,C,,...,C,}. Ho B mepBom
cllyyae 3TH KJAacCchl YHNOPSIOUEHBI — WX MOXHO  PAHICUPOBAMD.
C,>C, >...>C,, TOTJIa KaKk BO BTOPOM, TaKasi yIOPsI0OYEHHOCTb OTCYTCTBYET.

B xadectBe mpuMmepa YIOPAJOYEHHBIX TIEPEMEHHBIX MOXHO MPHBECTH
CpPaBHUTENIbHBIE KATETOPUHU: IJIOXO — XOPOIIO — OTIWYHO, WIH MEIJICHHO —
obicTpo. KareropuajibHple MEpPeMEHHbIE TMPOCTO O0003HAYAKOT OJUH U3
KJIACCOB, SIBIISIOTCS uMenamu Kateropuil. Hampumep, 3To MOTYyT OBITH HMEHA
JIIOJIeH WJIM HAa3BAaHUSA 1IBETOB: O€NbIi, CHHUM, KPACHBIH.

10.7. TunbI OPAMHAIBLHBIX EPeMEHHbIX

Opounanvrvle nepeMeHHbIe 0osee OJIN3KM K YMCIOBOW QopMe, T.K. YUCIOBOM
psaa Ttakxke ynopsaodeH [43]. CoOTBETCTBEHHO, AJsl KOAUPOBAHUS TaKHX
MEPEMEHHBIX OCTAETCs JIUIIb MMOCTAaBUTh B COOTBETCTBHE HOMEPAM KaTeropui
TaKW€ 4YHCJIOBbIE 3HAYEHHSA, KOTOpPHIE COXPAaHAINM OBl CYIIECTBYIOIIYIO
YHOPS04eHHOCTh. EcCTecTBEeHHO, Mpu 3TOM HMeeTcss Oompmias cBoboja
BbIOOpa — M00asi MOHOTOHHAsA (PYHKIHMS OT HOMEpa Kiacca MOPOXKAAaeT CBOM
cnoco0 koaupoBaHus. Kakasg e w©3 OECKOHEYHOro MHOrooOpasus
MOHOTOHHBIX (DYHKIMI — HaWTyq1asi?

B cooTBeTcTBHMU C W3JI0KEHHBIM BBIIIE OOIIMM TPUHITUIIOM, HEOOXOIMMO
CTPEMUTBCS K TOMY, YTOOBI MaKCHMH3HPOBATH SHTPOIHIO 3aKOUPOBAHHBIX
naHHbIX. [Ipy WCMoONb30BaHMM CUTMOWJANBHBIX (DYHKIMHA aKTHBallUUd BCE
BBIXOJTHBIC 3HAYCHUS JISKAT B KOHEYHOM WHTEpBasie — oObrauo [0,1] wmm [-
1,1]. U3 Bcex cratuctuieckux (GYHKIHUNA pacrpeaciieHus, ONpeaelcHHBIX Ha
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KOHCYHOM HHTCPBAJIC, MaKCUMAaJIbHOH 3HTpOHI/I€I71 06Ha):[aeT PpaBHOMECpPHOC
pacmnpeacjacHuc.

[IpyMeHUTENBHO K JaHHOMY CIIy4ar0 3TO MOAPA3yMEBACT, YTO KOAUPOBAHUE
MEPEMEHHBIX YHCIOBBIMHU 3HAYCHUSMU JOJDKHO MPUBOIUTH, 10 BO3MOXKHOCTH,
K PaBHOMEPHOMY 3allOJHCHHIO CIMHUYHOTO HWHTEPBAJA 3aKOIUPOBAHHBIMU
npuMepamu. (3axBaThIBas 3a0JIHO U 3Tan HOPpMHUPOBKU.) [Ipu Takom crocobe
"omudpoBku" Bce TpuUMEpHl OyOyT HECTH TPUMEPHO OJUHAKOBYIO
WHPOPMAITMOHHYIO HATPY3KYy.

Ucxonss w3 95THX CcOOOpaKeHMH, MOXHO TPEAJIOKHUTh  CIEAYIOMINH
MPAKTUYECKUN pENEeNT KOOUPOBaHHs OpPINHAIBHBIX IEPEMEHHBIX.

Envanunbil 0Tpe3ok pazOuBaeTcs HA N OTPE3KOB — MO YHCIY KIJIACCOB — C
JUIMHAMH, TPONOPLUUOHAIBHBIMU YHCIy TPUMEPOB KaXKIOro Kiacca B
oOyuJaroIei BEIOOpKe:

Ax, =R /P,
rae P, — uucino npumMepoB kiacca K , a P — ofmiee urciio mpumMepos.

LleHTp Ka)XIOro Takoro oTpeska OyJeT SBJIATHCS YUCICHHBIM 3HAYCHUEM AJIS
COOTBETCTBYIOLIET0 OPIMHAIBHOTO Kiacca (cM. puc. 39).

10.8. KonupoBaHue KaTeropuajbHbIX IlepeMeHHbIX

B mpunmune, kareropuaibHbIE MEPEMEHHBIC TAKXKE MOXHO 3aKOJIUPOBATH
OIMHMCAaHHBIM BBIIIE CITIOCOOOM, TIPOHYMEPOBAB WX IPOHM3BOJIBHBIM 00pa3zoM
[43]. Onnako, Takoe HaBS3BIBAHME HECYLIECTBYIOIIEH YHNOPSIIOYEHHOCTU
TOJBKO 3aTPYAHUT perieHue 3aaadd. ONTUMalbHOE KOJIUPOBAHUE HE JOJKHO
HCKaXaTh CTPYKTYpbl COOTHOIICHHHA MEXIy Kiaaccamu. Ecimu kiaccel He
YHOPSI0YEHBI, TAKOBA )K€ J0JDKHA ObITh U CX€Ma KOJUPOBAHUS.

Haubonee ecTecTBEHHOMN BBITTIAANT M YaIlle BCETO UCMONB3YEeTCs HA MPAKTUKE
JBOMYHOE KOJMpOBaHWE THMa "N —>N", Koraa #WMeHa N  KaTeropuii
KOJMPYIOTCS 3HAYEHUSAMHU N OMHAPHBIX HEWPOHOB, MPUYEM IEpBasi KAaTErOpus
koaupyercs kak (1,0,0,...,0) , Bropas, coorBerctBenno — (0,1,0,...,0) u T.1.,
BIiote mo N-woi: (0,0,0,...,1). MOXHO UCIOJB30BATh  OHUIOIAPHYIO

KOJIMPOBKY, B KOTOpOW Hynu 3aMeHsroTcs Ha "-1". Jlerko ybOeamThes, 9TO B
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TaKou CHMMCTpH‘lHOﬁ KOAUPOBKC pacCTOAHUA MCKIY BCCMU BCKTOpaMH-
KaTeropusiMu paBHBI.

P P, P,
Ax,:—' szz_z Ax3:—"
P P P

X ““iz X

Puc. 39 — Nmmoctpanus criocoba KOIUPOBAHUS KapIHHATBHBIX ITEPEMEHHBIX
C YYETOM KOJIMIeCTBA IPUMEPOB Kaxa0i KaTeropuu [43]

Takoe KOZHWpPOBaHUE, OJHAKO, HEONTHUMAJbHO B Ccllydae, KOrJa KIacChl
MPEACTABICHBl CYLIECTBEHHO Pa3IMYarolIMMCSl YHUCIOM INpuMepoB. B atom
ciydae, (yHKIMA — pacnpeiesicHHs ~3HAYCHHMHM — TEpEMEHHOW  KpaiiHe
HEOJIHOPOJIHA, YTO CYIIECTBCHHO CHIDKAeT HH(OPMATUBHOCTh  ITOH
nepeMeHHoi. Torja MMEeT CMBICH HCIOJIb30BaTh 00JIEe KOMITAKTHBIM, HO
CUMMETPUYHBIA KOA N—>M, KOrja MMeHa N KJIAcCOB KOAMPYIOTCA M -
OWTHBIM JBOWYHBIM KoaoM. llpuyem, B HOBOWH KOJMPOBKE aKTHBHOCTH
KOJMPYIOIIUX HEUPOHOB JIOJDKHA OBITh pABHOMEPHA: UMETh MPUOJIU3UTEIBHO
OJIMHAKOBOE CpEIIHEE MO MpUMepaM 3HAUCHHE aKTHBAIMH. JTO TapaHTHPYET
OJIMHAKOBYIO 3HAYMMOCTH BECOB, COOTBETCTBYIOIIUX PA3IMYHBIM HEHPOHAM.

B kadectBe mnpumepa paccMOTPHUM CHUTYallMiO, KOT/Ia OAMH M3 HYeThIPEX
KJ1accoB (Hampumep, Kiacc C,) HEKOH KaTeropuajibHON MNepeMEeHHOM
MPENICTaBICH TOpa3fo OOJNBIIUM YHCIOM TPUMEPOB, YEM OCTaJbHEIC:
P, > P, ~ P, ~ P,. IlpocToe xomupoBaHue N —>N OpuBeIO OBl K TOMY, YTO
NEepBbIi  HEHPOH  aKTUBUpOBaJCs Obl  ropa3fo dYalle OCTalbHBIX.
CoOOTBETCTBEHHO, Beca OCTaBUIMXCSI HEHPOHOB wHMenun Obl MeEHbIIE
BO3MOXKHOCTEH uIsi OOy4eHmsl. OTOH CHTyallud MOXHO H30eXaTh,
3aKOMPOBAB YETHIPE Kiiacca ABYMS OWHAPHBIMH HEWPOHAMHU CIIEIYIOIIUM
oOpa3om:

¢=(00),¢,=010), ¢,=(01), c, =11,

00ecTeYnBaOINM PaBHOMEPHYIO "'3arpy3Ky" KOJUPYIOUINX HEHPOHOB.
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10.9. OTiimune Me:KAy BXOAHBIMH M BBIXOAHBIMH NepeMeHHbIMH

OTMeTHM OJHO CYIIECTBEHHOE OTIMYHE CIIOCOOOB KOTUPOBAHUS BXOIHBIX U
BBIXOJIHBIX TIEPEMEHHBIX, BBITEKAIOIIEE W3 ONPEACICHUS TPaJUCHTa OIIUOKU

[43]:

OE
= 5K,
n] !
o !

A VMEeHHO, BXOJbl y4YacTBYIOT B OOYYEHHHM HEMOCPEICTBEHHO, TOTJa Kak
BBIXO[IbI JIUIIb ONOCPE008aHHO — Yepe3 olHOKy BepxHero ciosi. [lostomy npu
KOAMPOBAaHMM KAaTEropuil B KauyecTBE BBIXOAHBIX HEHPOHOB MOXHO
WCTIONB30BaTh KaK JOTUCTHYECKYIO (YHKIUIO aKTHBALN

1
X)=——,
#(x) l1+e™

ompeneneHayto Ha orpeske [0,1], Tak U ee aHTUCUMMETPUYHBIN aHAJIOT IS
otpeska [—1,1], HanpuMep rUnepraHreHCaTbHYIO:

[lpn >TOM KOJMPOBKA BBIXOJHBIX ITIEPEMEHHBIX M3 OOydaromeid BBIOOPKH
oyner mubo {0,1}, mubo {-1,1}. Beibop TOro mim MHOTO BapHaHTa HUKAaK He
CKakeTcs Ha oOyuennn [43].

B cnydae co BXOAHBIMU IEPEMEHHBIMU €10 0OCTOUT MO-Ipyromy: o0yueHne
BECOB HIJKHETO CJIOSl CETH ONPEACISIETCS HeNnoCpeoCmEeHHo 3HAUYeHUSIMU
BXOJIOB: HAa HUX YMHOXKaIOTCSl HEBSI3KH, 3aBHCAIINE OT BBIXOJOB. MeXay TeMm,
€CIIM C TOYKM 3PEHHs ONepaly YMHOXEHHs 3HaueHUs +1 paBHOIpaBHBHI,
Mexay 0 m 1 nMeercsi CyliecTBeHHAass aCHMMETpHS: HyJIeBble 3HAUEHUS HE
JIAFOT HUKAKOTO BKJIAJa B TPAJUCHT OMIMOKH. TakuM 00pa3oM, BHIOOP CXEMBbI
KOAMPOBaHMS BXOJOB BIMsET Ha mpouecc o0yuyenus [43]. B cury noruueckoi
PaBHONPABHOCTH OOOMX 3HAYEHHWH BXOAOB, Ooyiee MPEANOYTUTEIHHOM
BBIMJIAAUT  CUMMETpW4Has  koaupoBka:  {-1,1}, coxpansromas  3T0
paBHOIpaBHUE B Ipoliecce 00yUeHHS.
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10.10. Ouncrka u npeodpazoBaHne 0a3bl JAHHBIX

CrouT HayaThb C TOTO, YTOOBI HM300pa3WTh paclpeneicHUE IMePEMEHHON C
MOMOIIBI0 TUCTOTPAMMBI WIJIM JK€ PACCUUTATh Ui HEro XapaKTepUCTHUKU
aCUMMETPUHM (CUMMETPUYHOCTh paclpeleicHus) U dKciecca (BEeCOMOCTH
«XBOCTOB» pactpenenenus) [55]. B pesynbrare OyaeTr monyueHa nHpopMaus
0 TOM, HACKOJILKO paclpeAeieHre JaHHbIX ONM3KO K HOpManbHOMY. MHOTHE
METOJIBI MOJIETTUPOBaHMs, B TOM uucie, — HC, maror siydmne pe3ynbTaThl Ha
HOPMaJM30BaHHBIX  JaHHBIX. Jlamee, C  TOMOMIBIO  CIIEIHATBHBIX
CTaTHCTUYECKUX TECTOB, HAIpUMeEp, Ha paccTosHue MaxamaHoOuca, MOXKHO
BEISIBUTH MHOTOMEPHBIE BEIOPOCHI, C KOTOPBIMH 3aTE€M HYXKHO pa3o0paThCs Ha
MpeaMeT JOCTOBEPHOCTH COOTBETCTBYIOIIUX NAHHBIX. DTH BBIOPOCH MOTYT
MMOPOXKIATHCA OH_II/I60‘IHI)IMI/I JaHHbIMH 501041 KpaﬁHHMH 3HAYCHUSAMH,
BCJIEJICTBHE YETO CTPYKTYpa CBA3EH MEXAY NEPEMEHHBIMU MOXET (2 MOXKET U
He) Hapymatbes (cM. [94]). B HEKOTOpPBIX MPHIOKEHUSX BBIOPOCHI MOTYT
HECTH TIOJIOKHUTENbHYI0 WH(QOPMAIMIO, WU WX HE CIeAyeT aBTOMAaTHYECKH
0TOpAachIBaTh.

[IpenBapurensHoe, 10 MOAAaYM Ha BXOJ CETH, NpeoOpa3oBaHUE JaHHBIX C
MOMOIIBIO CTAHIAPTHBIX CTATUCTUYECKUX MPUEMOB MOXKET CYyLIECTBEHHO
VIyYIINTh KaK MapaMeTpsl oOydeHHs (IUIMTENBHOCTb, CIOXXHOCTh), TaK MU
pabotry cuctembl. Hampumep, ecnu BXOAHOH psig HMMEET OTYETIMBBIMA
SKCHOHEHLUAIBHBIN BUJI, TO IIOCTIE €ro Jorapu(pMupoBaHus MOIyIuTcs: 6osee
MPOCTOM AN, U €CIM B HEM HMMEIOTCS CJIOKHBIE 3aBHCHMOCTH BBICOKHX
MOPSIKOB, OOHApY)XHUTh HMX Temepb Oyaer ropazmo jerde. OdeHb 4YacToO
HEHOPMAJIBHO paclpeJic/ieHHbIe JIaHHBIE TIPEeIBapUTENIbHO IOJBEPratoT
HEJIMHEHHOMY TPEOOpa30BaHUIO: MCXOJMHBIA P 3HAYCHHUH TepEeMEHHON
npeoOpasyeTcss HEKOTOpOoW (yHKOMEH, W psill, MOJYYECHHBIH Ha BBIXOZE,
NPUHUMAETCSI 32 HOBYIO BXOAHYIO NEPEMEHHYI0. THIHYHBIE CIOCOOBI
npeoOpa3oBaHus — BO3BEACHHE B CTENEHb, W3BJICUCHUE KOPHS, B3STHE
OoOpaTHBIX BENWYMH, O3KCIIOHEHT WM JorapudmoB (cMm. [95]). Hyxno
MPOSIBUTH OCTOPO’KHOCTh B OTHOIICHUH (YHKITUI, KOTOPBIE OINpeEJeNieHbl He
BCIOJy (Hampumep, JIorapu(M OTPUIIATENBHBIX YKced He omnpeneineH). [locmne
3TOr0 MOTYT OBITh TNPHUMEHEHBI JONOJIHUTENbHBIE TPEOOpa3oBaHUS IS
nu3MeHeHus: GOpMBI KpuBOW perpeccuu. YacTo 3TO Ha MOPSIOK YMEHBIIAET
TpeboBaHus K 00y4yeHuto [96, 97].
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Jyis TOro 4ToOBI YNYYIIUTh WH(POPMAIIMOHHYIO CTPYKTYPY HaHHBIX, MOTYT
OKa3aThCs TOJIC3HBIMHM  ONpPEACICHHBIE KOMOWHAIIMM TMEPEMEHHBIX —
MPOU3BEICHUS, YaCTHBIC U T.J. Hampumep, Koria Bl IBITACTECh MPEICKA3aTh
W3MEHCHHUsSl IIEH aKIUi 1O JaHHBIM O TIO3WIMSIX Ha PBIHKE OIMIMOHOB,
OTHOIICHUE YHWCIAa OnyuoHog nym (T.e. OMIMUOHOB HA MPOAAXKY) K YHCITY
OIIIMOHOB KOJUT (T.€. OMIIMOHOB HA MOKYTKY) Oonee nHYOPMAaTHBHO, YeM 00a
3THX TIOKazarens B OTHelbHOCTH. K TOMy e, C TIOMONIBIO TaKUX
MPOMEXKYTOYHBIX KOMOHMHAIIMHA YacTO MOXHO TMOJYYUTh OOJiee MPOCTYIO
MO/IEJIb, YTO OCOOCHHO BaYKHO, KOTAa YHCIIO CTeNeHel cBOOO bl OTpaHIMUYEHHO.

Hakonen, [uii HEKOTOpPBIX (YHKIHMH HpeoOpa3oBaHUs, PEATN30BAaHHBIX B
BBIXOJTHOM Yy3JI¢, BO3HHKAIOT MpoOieMbl ¢ MacmradbupoBaHueM. CHIMOUI
ompenenen Ha oTpe3ke [0,1], MOATOMYy BBIXOJHYIO MEPEMEHHYIO HYXKHO
MaCH_[Ta6I/IpOBaTI> Tak, LITO6I:.I OHa IpHUHHUMAJIa 3HAYCHUA B 3TOM HMHTCpPBAJIC.
W3BeCTHO HECKOJIBKO CIOCOOOB MacIITaOMpOBaHMS: CABUT Ha KOHCTAHTY,
NPOMOPIMOHATIBHOE H3MEHEHHE 3HAYCHHH C HOBBIM MHUHHMYMOM H
MaKCHMyMOM, IIGHTPHPOBaHWE IIyTeM BBIUYMTAHHS CPEJHEr0 3HAUYCHUS,
NPUBEICHNE CTAaHAAPTHOTO OTKJIOHEHWS K €IWHUIE, CTaHAapTU3anus (IBa
TIOCJIC/THUX JEHCTBUS BMecTe). VIMeeT CMBICH cienaTh Tak, YTOObI 3HAYCHUS
BCC€X BXOJHBIX M BBIXOJHBIX BCJIMYMH B CC€TU BCCTAA JICKAJIH, HAIIPUMEDP, B
uarepsaie [0,1] (wru [-1,1]), — Torma mMoxxHO OyneT 6e3 prucKa UCIOIB30BATh
To0bIe (PYHKIIMU IPeoOpa3oBaHusl.

Eme onna BaxxHas mpoOiema (KOoTopasi OJTHOBPEMEHHO SBISIETCS OCHOBHBIM
MPEUMYIIECTBOM HEWPOHHO-CETEBBIX METOJIOB) — CIIOCOOHOCTh paboTaTth ¢
JAHHBIMH KaueCTBEHHOTro xapakrepa. OTHOIIEHHS SKBUBAJICHTHOCTH WU
MOpsAJIKa HY)KHO CyMETh 3alMcaTh IS BX0oAa (MM BbIX0J1a) CETH. DTO MOXKHO
clenarb, BBOJS HMCKYCCTBEHHBIE MEPEMEHHbIC, NMPUHUMAIOIINE 3HAadeHHus 1
niu 0.

10.11. HopmMupoBKa JaHHBIX

Kax Bxomamu, Tak W BBIXOJaMH HEHPOCETH MOTYT OBITH COBEPIICHHO
pasHoponHbie BenmuuuHBl [43]. O4YeBHOHO, YTO pe3yibTaThl HEHPOCETEBOTO
MOJEIUPOBAHUSL HE JOJDKHBI 3aBUCETh OT €IUHUILl U3MEPEHUS STUX BEIUYHUH.
A “MeHHO, 4TOOBI CeTh TPAKTOBAIA UX 3HAYEHUS €TMHOOOPA3HO, BCE BXOTHBIC
Y BBIXO/IHBIC BEJIMYUHBI JOJKHEI OBITh TIPUBEACHBI K SIUHOMY — CTUHUIHOMY
— Macmrady. Kpome Toro, 1si MOBBINICHUST CKOPOCTH M KadecTBa OOY4CHUS
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MOJIE3HO  MPOBECTH  JOMOJHUTEIBbHYIO  MpenoOpaboTKy  JaHHBIX,
BBIPABHUBAIOIIYIO paclpe/ieeHle 3HaUeHUH elle 10 3Tana 00y4eHus.

[lpuBenenne fgaHHBIX K  EAMHUYHOMY  MacmTaly  obOecrednBaeTcs
HOPMHPOBKOH KaXI0i TepeMEeHHON Ha Juana3oH pa3dpoca ee 3HadeHuil. B
npocTeiilieM BapuaHTe, 3To JIMHEeHOe peoOpa3oBaHue BUa:

B eIMHUYHBIA oTpe3ok: X; €[0,1]. O6o6menue i oToOpaXkeHHs: JaHHBIX B

uHTepBan [-1,1], pekoMeHIyeMoro Al BXOJHBIX AJaHHBIX TPUBHAIBHO.

JIuneliHasg HOPMUPOBKA ONITUMAJIbHA, KOT[A 3HAYEHUS IEPEMEHHOM X; IUIOTHO

3alOJIHSAIOT ONpeACICHHBI MHTepBal. Ho mojo0HBIH "mpsSMonMHEHHBINA"
MOJAX0/A TPUMEHUM Jalleko He Bcerja. lak, eclid B JaHHBIX HMEIOTCS
OTHOCUTEIIBHO PEAKHE BbIOPOCH, HAMHOIO MPEBBIIAIONINE TUIHMYHBIN
pa3zbpoc, IMEHHO STH BBHIOPOCHI OINPENENST COTIACHO MpeAbIAyIIel hopmyie
MaciTad HOpMUPOBKU. DTO IPUBEAET K TOMY, YTO OCHOBHAsI Macca 3HaYeHUI

HOPMHMPOBAaHHOM NMEPEMEHHOM X; COCPelOTOUUTCS BOTU3M HYJIS: |)~(i | <1,

Fopasz[o HAaJACKHEEC, IMO3TOMY, OPHUCHTHUPOBATHLCA IPU HOPMHUPOBKE HE HaA
OKCTPEMAJIbHBIC  3HAUCHMHS, a Ha  THIIMYHBIC, T.C. CTaTUCTHUYCCKUC
XapaKTCPpUCTHUKU JAHHBIX, TAKHUC KaK CPECIAHEC U NUCIICPCHUL:

P . 1 P " N2
aZx, EP_—12(Xi —xi) .

g %= xi % = 1
o % P
B »TOM ciydae ocHOBHas macca JaHHBIX OyZeT UMeTh €AMHUYHBINA MacITao,
T.€. THIINYHBIE 3HAYEHHUS BCEX MEPEMEHHBIX OyIyT CpPaBHHUMBI, KaK MOKa3aHO
Ha puc. 40.

OHHaKO, TCIECPb, HOPMUPOBAHHBIC BCJIMYUHBI HE IIpUuHAAICKaT
rapaHTUpPOBaAaHHO CIWMHHUYHOMY HWHTCpPBAIy. Bonee TOTO, MaKCHUMAaJILHBIN
pa3bpoc 3HaueHuil X, 3apaHee HE U3BECTEH.

Jis BXOINHBIX JaHHBIX 3TO MOXET OBITh W HE BaXXHO, HO BBIXOJHBIC
MepeMeHHbIe OYIyT HCIIOIIb30BAaThCS B KA4eCTBE JTAJOHOB JUIS BBIXOIHBIX
HellpoHOB. B ciyuae, eciyd BBIXOJHBbIE HEUPOHBI — CHUTMOHUJAIBHBIE, OHHU
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MOTYT TIpUHMMAaTbh 3HA4YCHHS JHIIb B EJUHUYHOM Juama3oHe. YToOb
YCTaHOBUTH COOTBETCTBHE MEXIy oOydaromieil BbiOopkoit 1 HC, B manHOM
cilyyae He0OXOUMO OIPaHUYHTh TUAAa30H U3MEHEHHUS IEPEMEHHBIX.

Jluneiinoe mpeoOpa3zoBaHue, Kak ObUIO0 ToOKazaHo [43], HecrmocoOHO
OTHOPMHPOBATh OCHOBHYIO MAacCy MAaHHBIX W OJHOBPEMEHHO OTPaHUYHUTH
JMaIa30H BO3MOXKHBIX 3HAYCHNH 3TUX JaHHBIX. ECTECTBEHHBIN BBIXO U3 STON
CUTYalLluH - UCIIOJb30BATh VI NPeroOpadOTKU AaHHBIX (YHKIHUIO aKTHBALIUU
TeX ke HelipoHoB. Hampumep, HemmHEHOE TTpeoOpa3oBaHue

X —X; 1
XK= — | o(X)=—=%
o, l+e

HOPMHPYET OCHOBHYIO MAacCy JaHHBIX OJHOBPEMEHHO TIapaHTHPYs, 4YTO
X. €[0,1], kak mokazaHo Ha puc. 41)

250

200
150,
100
50
S 015

-10 -5 0 5

0.2 0.4 0.6 0.8 1.0
Puc. 40 — T'mcrorpamma 3Ha4YeHHI .

P Puc. 41 — HenuneiiHas HOpMHPOBKa,
UCTIONB3YIOMIast JIOTHCTHYECKYIO
¢dyHKIUIO akTHBAIUK [43]

[IEPEMEHHON IpU HAJIMYUU PEIKHX,
HO  OoNBIIUX 1O  aMILTUTYIE,
OTKJIOHEHUH OT cpeaHero [43]

Kax BuIHO W3 NPUBEJECHHOTO BBILIE PHUCYHKA, pacIpeAesieHue 3HAuYCHUU
Moclie  TaKOTO  HEJIMHEWHOro MpeoOpa3oBaHUS  Topa3io  Ommke K
PaBHOMEPHOMY.

OnHako, MaKCUMM3HUPYSl CO8MECmHYI0 SHTPOIUIO KaXKIOro Bxojaa (BbIX0AA)
MO>KHO J00UTBCS ropazno Oosbliero. PaccMoTpuM 3Ty TEXHHMKY Ha puMepe
COBMECTHOM HOPMHMPOBKHM BXOJIOB, MOApPA3yMeBasi, YTO C TaAKUM XK€ YCIEXOM
€€ MOYKHO INPHUMEHATh U U1 BBIXOAOB & TakXe s BCEl COBOKYNMHOCTH
BXOZIOB-BBIXOJIOB.
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10.12. CoBMecTHASI HOPMHPOBKA M BbI0eJIBAHNE BXOJ0B

Ecnu nBa BXozZa CTaTHCTHYECKM HE3aBUCHMBI, TO U COBMECTHAs SHTPOIIUS
MEHBIIIE CyMMbI HHIUBUAYAIbHBIX SHTponuu [43]:

H(%%,) <H (%) +H(X,).

[TosTomMy, mMOOWMBHINCH CTATUCTUYECKOW HE3aBUCUMOCTH BXOJOB, MBI, TEM
CaMbIM, TIOBBICUM MH()OPMAIIMOHHYIO HACHIIIIEHHOCTh BXOAHON MH(pOpManny.
Jro, oOaHaKo, TMOTpedyeT Ooyiee CIOXKHONH MPOLEIYPhl COBMECTHOM
HOPMHUPOBKH BXOJIOB.

BMmecTto TOro, 4ro0Bl HCHONIB30BAaTH Ui HOPMUPOBKM WHAMBUIYaJIbHBIC
JUCTIEpCUH, OyJieM paccMaTpuBaTh BXOJHBIC JaHHBIC B COBOKYITHOCTH. MBI
XOTHM HAWTH Takoe JHMHEHHOe Mpeobpa3oBaHUe, KOTOPOE MaKCUMH3HPOBAIO
Obl UX COBMECTHYIO JHTponuio. [l ympolueHus 3ajaud BMecTo Ooiee
CIIO)KHOTO YCJIOBUSI CTaTUCTUYECKOH HE3aBUCUMOCTH MOTpedyeM, YTOOBI
HOBBIE BXOJIbI IIOCJIE TAKOTO MpeoOpa3oBaHusl ObUIM AEKOPpeIupoBaHbl. Jls
9TOrO PacCYUTaEM CPENHUHN BEKTOP M KOBApHALIMOHHYIO MATPHILy ITaHHBIX IO

dhopmynam:

_1& x 1 & N o
X== X", D=3 (X" =% )(X -X).
P a=1 P - 1 a=1
3aTem Hailiem JIMHEWHOE npeoOpa3oBaHue, JIMarOHAJIM3YIONIee

KOBApUALIMOHHYIO MaTpHILy.
NN

EEE—

Puc. 42 — DBriOenuBanue BxOAHOM  MHGOpMAaUMW:  MOBBIICHHUE
WHPOPMATUBHOCTH BXOJAOB 32 CUET BHIpaBHUBAaHUS (YHKIHMH pacupeieieHus
[43]

COOTBCTCTBYIOH.[aﬂ MaTpula COCTaBJICHA U3 CTOJ'I6I_[0B — COOCTBEHHEIX
BCKTOpPOB KOBapI/IaL[PIOHHOﬁ MaTpuIbl:
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Zj:Z:Ujk =AU,

Jlerko  yGemuThecs, YTO JMHEHHOEe  TpeoOpa3oBaHWE, HA3BIBAEMOE
svlOenusanuem

% = (X =X Uy /\/I,,

MIPEBPATUT BCE BXOABI B HEKOPPEITUPOBAHHBIE BEIMYMHEI C HYJIEBBIM CPETHUM
U €IMHUYHOU JTUCTIEpCUEH.

Ecnu BXOmHBIE MaHHBIE TPEACTABISIOT COO0H MHOTOMEPHBIN DILIUIICOU, TO
rpaduuecKy BbIOENMBAaHUE BHIMIAIUT KaK PACTSHKEHUE TOTO 3JUIUIICOMIA 110
€ro TJIaBHBIM OCSIM, KaK MOKa3aHo Ha puc. 42.

OueBHIHO, Takoe NPEOOPa3OBAHUE YBEIMYHBACT COBMECTHYIO SHTPOIIHIO
BXOJIOB, T.K. OHO BBIPAaBHUBAET paclpeieieHHe JAaHHBIX B OOydYaromen
BEIOOpKE.

10.13. ITocTpoeHne Moaeu

3Ha4yeHus1 LEeNeBOro psAaa (3TO TOT psijA, KOTOPBI HYXKHO HAalTH, HampuMep,
J0XOJ 110 aKIUsIM Ha JeHb Brepexa) 3aBucsaT oT N (akTopoB, cpean KOTOPbIX
MOTYT OBITh KOMOWHALIMM MEPEeMEHHBIX, MPOIUIbIe 3HAYEHHUS LEeJIeBOU
MEPEMEHHOM, 3aKOJUPOBAHHBIE KAuECTBEHHBIE IMOKa3aTedn. JTH (HAKTOPHI
OTIPE/IETIAIOTCS OOBIYHBIMH METOJAMHU CTAaTHUCTUKH (METOJ, HaWMEHBIINX
KBaJIpaToB, Kpocc-Koppemsiuuss u T.J.) [55]. BxomHple ©  BBIXOIHBIE
NepeMeHHbIe MpeodpasytoTcsl (MacmTabupoBaHUEM, CTaHIAapTH3aLuel) Tak,
9T00Bl OHM NpuHUMaH 3HadeHus otT 0 7o 1 (wmm ot -1 mo 1). B pesynbrare
MBI [OJy4aeM MEpPBOHAYAIbHYIO MOJEIb, KOTOPYI0 MOXHO IBITaThCS
ONITUMHU3HPOBATH C IOMOIIHI0 HEMPOHHO CETH.

I'maBHO#1 HepemeHHOH MpobieMoil B 00JacT aHanM3a BPEMEHHBIX PSIOB C
MTOMOIIbI0 HEHMPOHHBIX CETeH OCTaeTcd OmpeiesieHHe TOMOJOTHH ceTH (Win
qrcia creneHeld cBoOoNbl B Mojienn). HyKHO Wi mpsiMO yKaszaTh pa3Mepbl
CeTH (YUCIIO CKPBITHIX CIIOEB, CKPBITBHIX 3JIEMEHTOB, CTPYKTYPY CBA3€i), WK
HaCTPOUTHh MOJETh HAa HMEIOIINECS IaHHbIe, MPUMEHSS KOHCTPYKTHUBHBIN
00 MEeCTPYKTUBHBIN MOAX0 (HAIIpUMeEp, YMECHBIIICHHE BECOB).
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10.14. OnTumusanus o0y4eHust

Crnenytomiast 3a1a4a — HaliTH mapameTps (Beca) monenu [55]. OTo memaercs ¢
MOMOIIBIO ANTOpUTMa ONTUMHU3auK (00yueHus). MI3BeCTHO HECKOJIBKO TaKHX
QITOPUTMOB, B YacTHOCTH, METOAbl OOpaTHOTO pacHpOCTpaHEHUS U
«3aMOpaXXKUBAHUS». DTOT ATAll MOXET 3aHATh MPOAOJDKUTENBHOE BpeMs M
notpedyeT OONBIIONH TEXHUYECKOH paboThl (YCTAaHOBKA HAYaJbHBIX 3HAYCHUN
BECOB, BHIOOpP KPHUTEPHsI OCTAHOBKH M JIP.), OHAKO B KOHIIE €r0 MBI MOIYyYHM
HEKOTOPYIO Pa3yMHYIO COBOKYITHOCTH BecoB. Hy)KHO clemuTh 3a TeM, YTOOBI
CeTh HE 3allOMHHANA NIyMBl, NPHUCYTCTBYIOIIME BO BPEMEHHBIX psiax
(mepeoOyuenwue). {15 3TOTO Ha MPOTSHKEHUH BCErO MPOIECcCa ONMTHMU3AINH
CIIElyeT TpOBEpsATh, CcOrNacyeTcs M padoTa MOJAENH Ha oOydarolmem
MHOXCECTBE C COOTBCTCTBYIOUIMMU PE3YJIbTaTaMU Ha MIOATBECPKAAOLIEM
MHOYECTBE.

10.15. CraTuyeckoe U aJanTUBHOE 00y4YeHHe

[Ipn mMomenupoBaHMM (UHAHCOBBIX BPEMEHHBIX PSAIOB BOIPOC O TOM, Kak
pa3buTh BCe MMEIONIMECs JaHHble Ha oOyuaroliee, IOATBEpPXKAAIOIIee U
TECTOBOE MHOXECTBAa, SBJSETCS HETpUBHANBHBIM [55]. Hampumep, ecnu
JIaHHBbIC, Kacalolluecss OWP)KEBOrO Kpaxa, OTHECTH K MOJATBEPXKIAIOIIEMY
MHOXECTBY, 3TO JACT UCKAKEHHbIE pe3yJsbTarhl. 1Ipu cratmueckoM moaxozne
OOBIYHO TOCTYNAIOT Tak: OepyT J1Ba HEOOJBIIUX MPOMEXKYTKAa BPEMEHH 10 U
nocjie oOyvyaroIlero MHOXKECTBa M U3 HHUX CIy4alHbIM 00pa3oM BBIOHMPAIOT
o0pasupl B MoATBepkJaroimee MHoxecTBo. Ha puc. 43,0 mokazan psn
NPUMEPOB ITOCTPOEHUSI MOATBEPXKAAIOIIEro MHOXkecTBa. Hukorma He Oyzer
JIMIIHUM TIPOBEPUTH, HACKOJIBKO M3MEHSTCS PE3YJIbTAThI, €CIU MHOXKECTBO
BBIOpATh MHAYE.

W3meHuuBBIi XapakTep (UHAHCOBBIX PBIHKOB IUIOXO COIJIACYETCS C
JOJICOCPOYHBIMU MOZEISIMUA ycToMunBOCTH. Ilon nelicTBHEM KpPaTKOCPOYHBIX
«MOJTHBIX» TEHJEHIMHA WM TaHWUKH Ha OHpKE MOXET CyNIECTBEHHO
W3MEHHUTHLCS PEaKiusl JIIOJCeH Ha T€ WM WHbIC TOKa3aTeld pbIHKA. UTOOBI
CIpPaBUTBCA C O3TOW TPYMHOCTHIO, OBUIM MPEUIOKEHBI TaK Ha3bIBaeMbIe
aJlanTUBHbIE HEWPOHHBIE CETH, B KOTOPBIX Beca MOJEIU HENpPEPHIBHO
YTOUHSIOTCSI ¢ TIOMOIIBIO MPOLEIyphl OOYYEHUS! Ha BCE HOBBIX BPEMEHHBIX
npoMexxyTkax. [IpuMep Takoi MoJeN, yUYUTHIBAIOIIEH BHOBb MOCTYMAIOLIYIO
nHpopMaLuio, nokasa Ha puc. 43,6. Bappus u Bepcuno [98, 99] npumennnu
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9Ty HACKO I OPCACKA3aHUA M3MCHCHHUI  CKEMCCSIUYHBIX HNHACKCOB
IMPOMBIIIVICHHBIX U QHCPICTUYCCKUX KOMITaHUH.

Pesynbrarhl coBnanu ¢ TEM, YTO MOJIydaeTcsl Mo Mojaenu bokca-/[keHkuHCA.
He T'poor [100] 3aHuMancs 3amayeii mMporHo3a OOMEHHBIX KYpPCOB BalIIOT.
Mogenb BUJOU3MEHSIACH KaXKIble TPU MecsIa, M PE3yJIbTaThl OKa3allUCh
CYIIECTBEHHO JTy4Ille, YeM 110 METO/Ty JTMHEWHOUW Perpeccuu.

7 L 7
: : t i : : ---:?-:M}'I
v v pe
L T L 7
: — : N : : _“;f_:wz
v 4 e
a)
Hexoonoe 06y=4amu¢ee MHOMHCECMBO
| frrr—— e >
' epems
Hlae 1 } |
Hlaz 2} 1!
Hlae 3 I E E
Hlaz 4 } |
0)
Puc. 4.27 — Pa3nuuHblie cTaTH4ecKue MeToabl 00ydeHus (a) U oOydyeHHue 1o
MEHSIOIUMCS TPOMEXyTKaM BpemeHun (6) (3gece L -- oOyuaromiee

MHOXCECTBO, T -- TecToBOC MHO>KECTBO, V - NOATBEPKAAOIICC MHO)KCCTBO)
[55]

10.16. OT6Op ¥ TUATHOCTUKA MOJEJIH

[IpoBepka CBOWCTB MOJETN BPEMEHHOTO psijia — HEOOXOAMMOE YCIOBHE IS
HaAC)KHOro Impe€ackKkazaHud W JJId T[OHHMMaHWA IPUPOABI HMMCECIOUIUXCA
3akoHOMepHocTer [55]. K coxkamenuio, 3TOT Bompoc ciabo ocBemeH B
JUTEpaType.
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PasHoCcTM MeXay WCTUHHBIMH M OILICHCHHBIMH 3HAYCHUSMHU  JIOJIKHBI
MOMYUHSITECS TayCCOBCKOMY pacHpe/IelICHUI0 C HYJICBBIM cpeaHuM. Ecmun
OKa3aJ0Ch, YTO PACIPEICIICHUE HMMEET CIUIIKOM TSDKEIBIE XBOCTBI WU
HECUMMETPHUYHO, TO HYXHO TIepecMoTpeTs Mmojenb. Cpenn 3HaYeHHH
pa3HOCTE MOTYT BBIABHTHCS 3aKOHOMEPHOCTH WJIM TIOCITIEIOBaTeNbHBIC
KOPPEeJSIIAY, TOTAa HEOOXOIUMO JTOTIOTHUTENbHOE 00yIeHHEe W YITydIIeHHe
MoOzAenH. 37ech CJlemyeT OTMETHTh, YTO paccMaTpuBaeMble B TaHHOU
MOHOTpaduu CHCTEMBI HE 00JIaJJAI0T TayCCOBCKUM pacrpeciiCHUEM.

Onenka kadecTBa MOAEIM OOBIYHO OCHOBBIBACTCS HAa KPUTEPUM COTJIACHS
THTA cpenHeil kBagpatnyaoii omuoku (MSE) nnm kBagpaTHOTO KOPHS U3 Hee
(RMSE). DT kputepuu MOKa3bIBaIOT, HACKOIBKO MPEACKA3aHHBIC 3HAUCHIUS
OKazamuch ONM3KM K oOydaromemy, MOATBEPXKIAIOIIEMY WM TECTOBOMY
MHOxecTBaM. J[ist psnoB ¢ GonbimMm pasdopocom Jlanenec [101] mpemioxmn
KPUTEpUI CpelHEN OTHOCUTENIBHON BapHaLuu:

Z(dt - Xt)z Zetz
arV(S) — teS — teS ,

> (d—(x))" No*

teS

rae S — BpEeMEHHOM psill, €, — pa3HoOCTh (MCTHHHOE 3HaueHHe O, MUHYyC X, ) B

MOMEHT 1 , <Xt> — OLCHKa JIs1 CPpECAHCTO 3HAYCHUSA pAaa, N — gmcio JaHHBIX

B psane. Ilocaenyromas HOpManu3anys C IOMOINBIO OLEHKU [UId Bapualuu
MO3BOJIIET TMPOBOJUTH OoJiee HAAEKHBIE CpPAaBHEHUS IS Pa3IMYHBIX
HPUIOKEHU.

Hcnone3ys mnpenpiayiiee 3Hau€HUE X, ; LEJIEBOH IEPEMEHHOM, MOXHO

OLICHUTH CIIOCOOHOCTb MOJEIN NpedcKasvieams HA OOUH Wae enepeo.
IMoncraBmnsst mpeacka3aHHble 3HAYCHUSI HA MECTO MCTUHHBIX, OJTYYHM METO]]
npeockazanust Ha K wacos eneped. Ecin 4epe3 HECKOJBKO IIAroB MOJIENb
HauWHAET OTKJIOHATHCSA OT HACTOALICH TPAaeKTOPHH, 3TO 3HAUUT, YTO B HEH
MPOMCXOJHUT HaKOIUIEHHE U pocT ommoOku (cMm. [102, 90]).

Camblii pacnpoCTpaHEHHBIH METOJl BBIOOpa HEWPOHHO-CETEBOM MOJAEIH C
HaMTy4IIUM 0000IIEeHnEM — 3TO MpoBepka kputepus cornacust (MSE, ARV u
Ip.) Ha TECTOBOM MHOKECTBE, KOTOPOE HE HCIOJB30BAIOCH MPHU OOYUEHUH.
Ecnm xe maHHBIX Mano, pa3OuBaTh WX Ha oOydaromiee W IOATBEeprKAaloIee
MHOXECTBO  HY)XHO  pasHbIMM  crocobamu. Takoe  IepeKkpecTHoe
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MOATBCPIKACHHUC MOKET HOTp€6OBaTI> MHOTO BpPCMCHH, 0CO0EHHO JJIs
HeﬁpOHHBIX ceTe ¢ ux AJIUTCIIBHBIM IPOIIECCOM O6y‘lCHI/I$I.

B nuHeiiHOM aHanm3e BPEMEHHBIX PSIOB MOXHO IOJYYUTh HECMEIICHHYIO
OLIEHKY CIOCOOHOCTM K OO0OOIICHHIO, HCCIeNys pe3yiabTaThl paboThl Ha
obyuatomem MmHoxectBe (MSE), umcno cobomubix mapamerpoB (W ) u
o0pem oOyugatorero mMHOkecTtBa (N ). OmIeHKM Takoro THHA HA3BIBAIOTCS
unpopmayuonnvimu kpumepusmu (IC) u BKIOYAIOT B ce0S KOMITOHEHTY,
COOTBETCTBYIOIIYIO KPUTEPUIO COTJIAachs, M KOMIIOHEHTY mTpada, KoTopas
YUHATHIBACT CIOXHOCT Mojenu. bappornom [103] O mpeanmoxeHsl
crenyromue WHQOPMAIMOHHBIE KpUTepuu: HopMmanu3oBaHHBI |C Akanke
(NAIC), nopmanusoBauubiii 6aiiecoBckuii IC (NBIC) u wmrorosasi ommoOka
nporuo3a (FPE):

NAIC=In(MSE)+% ,

NBIC = In(MSE)+%In N,

FPE = MSE (Mj .

1-W/N

Bruto mokazano [104], uyro FPE npexacraBisieT co0oii HecMENIEHHYIO OLIEHKY
CIIOCOOHOCTH K 00OOIIEHUIO A1 HEJIMHEHHBIX MOJEICH, B YaCTHOCTH, — JIJIS
HeHpoHHBIX ceTed. K coxkaneHuio, Mpu 3TOM MperonaraeTcs, 4To B HalIeM
pacropsbkeHUuN UMeeTcsi OeCKOHEYHOe YUCIIO HAOMIOJICHH, — B 9TOM cllydae
OLIEHKA HaJEKHOCTH MOZEIH, BOOOIIe, He MPEACTaBIAET OCOOBIX CIIOKHOCTEH.

ScHo, uTO MHPOPMAIIMOHHBIE KPUTEPUH JAt0T HHPOpMAIHIO 00 aJIeKBaATHOCTH
MOACIN U IIOMOI'aroT BI)I6paTB MOACIIb MOAXOAAIIETO YPOBHSA CJIIOKHOCTH.
Jpyrue MeToipl AMAarHOCTHUKW TIO3BOJISIOT, €CIM Takas 3ajava CTOWT,
n30eXkaTh MOJIX0/Ia K CHCTEME KaK K «4epHOMY SMIHKY». [[0CKOIIEKY OCHOBHOE
OTIMYME CETH OT JUHEWHON perpeccus — 3TO BO3MOXHOCTh NPUMEHSTh
HEJMHEWHBIe Tpeo0pa3oBaTely, MMEET CMBICH IOCMOTPETh, HACKOJIBKO
rITyOOKO MOJIENb MCTIOJIBb3YET CBOU HENHMHEHHbIE BO3MOKHOCTH. [Iporie Bcero
9TO cieaTh ¢ IOMOIIBIO BBeJeHHOTO Burenmom [90] oTHOMICHNUS:
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AN
AS

R

rie AN — Bapuammsa CceTeBBIX paszHOCTedl, AJ — Bapuanus pasHOCTel
perpeccum.

Jus Oomee TImIATENbHON NPOBEPKH HEITWHEHHBIX BO3MOXKHOCTEH HY)KHO
M300pa3nuTh pacupezielieHne BBIXOMHBIX 3HAYEHHUN IJISI CKPBITBIX JIEMEHTOB.
CrurmkoM Oombimast qoiist Kpaaux 3HadeHui (0 wiu 1) TOBOPUT O TOM, UTO
HEKOTOPBIE AJIEMEHTHI MOMAK B PEXXHM HachimeHus. Eme omuH crocob —
MOCTPOUTH COBMECTHOE PacCIpe/IETIEHUE JUHEUHOTO U HEJIMHEHHOTO BBIXO/IOB
Y TIPUMEHUTH JUHEHHYyI0 perpeccruto. OTKIOHEHUS OT HakjioOHa ¢ yrioM 45°
TOBOPSAT O TOM, YTO HEIWHEHHBIE BO3MOXKHOCTH 3anerictBoBanbl [100].
MG)KZ[y mpo4yuM, BCTPCHACTCA TOYKa 3PCHHUA, YTO IIOSABJICHHUE BO BpEMA
oOydeHUs] pe3KHX W3MEHEHWH pa3HOCTEeH TOBOPUT OO0 HWCIIOIB30BAHUU
HenuHerHoctel. K coxalieHunto, 3To He COOTBETCTBYET ACHCTBUTEIBHOCTH.

Crnenyer TakKe TMPOBEPHUTh, CKOPPEIUPOBAHHBI JIU JACHCTBUS CKPBITHIX
JJIEeMEHTOB. B MHOTOMEpPHOM pErpecCHOHHOM aHalu3e TMpH  POCTe
MYJIBTUKOJJTMHEAPHOCTH 3HAYEHUS KOX(P(PUIIMEHTOB PETpPecCHU CTAHOBSTCS
BCE MEHEe HAJECKHBIMH. Tak e W 3/1eCh MPEeAIIOYTUTEIHLHO, YTOOBI BBIXOBI
CKPBITBIX DIIEMEHTOB OJHOTO CJIOSl OBLIM HEKOppenupoBaHHBI. HyxHO HalTH
COOCTBEHHBIE 3HAUCHUS KOPPEISIIMOHHON MaTpPHIIBI JJI BBIXOJIOB CKPBITHIX
y3JI0OB 1O JaHHBIM 00paboTku Bcex oOydarommx npumepoB. llpu momHoM
HEKOPPEIUPOBAHHOCTH BCE COOCTBEHHBIC 3HAUEHUsI OYy/IyT paBHBI CIUHHMIIE, A
OTJIMYHUS OT EAMHHIII TOBOPAT 00 M30BITOYHOM YHUCIIE CKPBITHIX JICMEHTOB.
Kpome Toro, nns ananmmsa BHYTPEHHETO TPEACTaBICHUS HEHPOHHO-CETEBOU
MOJIETTH YaCcTO IPUMEHSIOTCS METO/IbI KJIacTepHOro aHanu3a (cM. [105]).

10.17. loBoaka

[Ipy mOCTPOEHUH CHUCTEMBI IPOTHO3a TMPECIECAYeTCs Iedb HE TOJBKO
paciiipuTh HAIIC ITOHUMAHMUEC IMPOUECCOB, HO W IMOJYUUTH IIOMOIIb JJid
MPUHATHS PelicHU B pruHAaHCOBOM oOyactu [55]. Takoro poma pykoBoJCTBa
MOXKHO CO3/IaTh C IOMOIbI0 KOMOWHAIIMN HECKOJIBKUX HEHPOHHBIX ceTei
00yUYeHHBIX Ha Pa3HBIX MHOXKECTBaX JaHHBIX W PAa3HBIX OTPE3KaX BPEMEHHU.
Hampumep, curHampl Ha TOKYIKY WJIH TPOJaXy OYAyT JaBaTbCs II0
MOPOTOBBIM 3HAYCHUSM, KOTOpPHIE HACTPOSHBI C YYETOM MPEABIAYIIIX
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HO3I/I]_II/Iﬁ u omubok. OUYeHh BaXXKHO TaKXKe pacno3dHate MOMCHT, KOIrJa
3(1)(1)CKTI/IBHOCTI) MOACIM HAYMHACT IIaaaTh.

BBIBO/bI

Bbime paccMOTpeHHbIEe 3aKOHBI MOIYT INPMMEHSITHCSI /UIsl NPOTHO30B
NOBEJeHUs] CJI0KHBIX Her3HTPONMiiHbIX cucTeM. Takux — Hanmpumep —
KaK 3KoJ0oruyeckue u omosornyeckue cucremsl. Ilpumepamu nogo6HbIX
CHCTEM CJIYKAT LeHTpajlbHble HEPBHbIe CHCTEeMbl M HeHpoceTH,
JKOCHUCTEMBI W KOJOHMH MYPaBbeB, CONUAJIbHbIE CTPYKTYpbl H
NMOJUTHYECKHEe CHCTeMbl, M, KOHEYHO, Ppa3JIu4YHble CTPYKTYpHI,
BO3HHMKAIOIHe B JKOHOMMKe M MeWUMHe KaTacTpod. Bee 3TH cucremMsbl
COCTOSAIT M3 MHOKeCTBa B3aMMOJeHiCTBYIOIIMX 3J1€MEHTOB, KOTOpPbIe
CIOCOOHBI HAKAIUIMBATHL ONBIT B Mpouecce B3aMMOAeiicTBUS ¢ APYTUMH
3JIeMEeHTaMHM, a 3aTeM M3MEeHSITbCAd TakKuM o00pa3oM, 4TOObI
NPUCIIOCOONTHCE K OKpyxawuieil cpeae. XapakTepHbIM 3TaloM
3BOJIIOIMHA BCeX  aJanTHBHBIX  CHCTeM  SIBJfAETCA npouecc
CaMOOpPraHu3anMy, TMpH KOTOPOM B pe3yjbTaTe CcaMOyCHJIeHHS
OT/IeJIHBIX B3aMMOAeHCTBUI B cHCTeMe CIIOHTAHHO BO3HMKAaeT MOPSAOK.
IIpu 3TOM cama cucTeMa KakK @ejioe Npuo0peTaeT HOBOEe Ka4vecTBO,
KOTOpOe MOKeT OTCYTCTBOBATH Y OTIEJbHBIX 3J1eMeHTOB. Takumu
CHCTeMaMU — HanpuMep — SIBJSIOTCS MAaKPOCKONMUYECKHE KAaCKaIbl
3AnYMAHHBIX  K6AHMOGHIX  COCHMOAHUI, KOTOpPble  MOIYT  OBbITh
AeTePMHHMPOBAHBI 10 OJHOr0 M3 COOCTBEHHBIX 3HAa4YeHWiHl MO
napaMeTpaM KHHETHKH KaKOro Ju00 — MAKPOCKONMYECKOT0 ONATH e 10
CcyTH — OuoJornyeckoro mpouecca. To ecTh mepedTH M3 CynepHO3UIUU
COCTOSIHMIi B HHOe AeTePMUHMPOBAHHOEe AeKorepeHuMeii kadectBo. M
«CAMOOP2AHU306bI6AMBCA» U3 KEAHMOGHIX 6 KilaccuvyecKue 00beKmul
moz20a, Ko20a HeKOmopoe Koaudecmeo KEeaHmoeou uHpopmayuu
3alyTAHHBIX  COCTOSHHMIA  MHMKPOYacTHl — BO  (paKTaJdbHBIX
MOJIMHOKECTBAX MHOKECTBA KaCKaJ0B YHMCTBIX COCTOSIHMH KaKoro Jmuodo
O0MOJIOTHYECKOT0 npouecca, TeJenoOpTHPYEMOro B BHJIE
3JIEKTPOMATHUTHBIX BOJH — CIIOCOOHO H3MEHHMTb XOJA WeJOoro psjaa
O0MOJIOTMYECKMX MAaKpPOCKONHYECKUX IpoueccoB. JIu0o HMHMIMUPOBATH
KJIacCHYeCcKOe BO3HUKHOBEHHE HOBOI I0C/1e10BaTeIbHOCTH NPOLECCOB —

176



yepe3 Me30CKONMNYECKoe MPOCTPAHCTBO YIEKTPOIMHAMUYECKUX COOBITHI
[116, 124 — 128].

B padote [128] paccmaTpmBaeTcsi BO3MOKHOe KBAHTOBOE IIOBeeHHE
HErIHTPONMIHBIX CHCTeM W MAaTepHAJIBHBIX Cpel C CHJIBHOH
HEJIMHEHHOCTBI0 W SIBJEHHMSA BO3MOKHOH KBAaHTOBOW TeleNmoOpTALUH
NMpoueccoB B 3THX CHCTeMax — NPHM KOMHATHO Temmepatrype. U 310
NoBeieHHe — M0 CYTH CBOeil U mo (U3MYeCKMM MeXaHM3MaM CBOMM —
NOJ00HO HEJIOKAIbHOMY B3aUMOJEHCTBUIO 3aNyTAHHBIX YacTHL B
KBAHTOBBIX CHCTeMaX Ha MHKPOCKonuyeckoM ypoBHe. C Toii sumb

pa3Huueil, 4YTO 3TH  mMpolecchl  MPOUCXOAAT HA  Me30- H
MAaKpPOCKONUYECKOM YPOBHE KJIACCMYECKHX O0BEKTOB — TAKMX KaK
OHoJlIorMYecKHe M  JKoJiorndeckue cucrembl. To ectb 3TH
B3aUMOJEHiCTBUSI B CyMMe KACKAJAHBLIX TMPOLECCOB — B TMOJHOM

COOTBETCTBUM € TeOpHeii KBAHTOBOI UH(OPMAIUN — IPOTEKAIOT NMOA00HO
TeM KBAaHTOBbIM MEXaHHM3MaM, KOTOpPble (PU3UYECKH SIBJSIOT cedsl B
npoueccax KBaHTOBOIi IPaBUTANMH HMEIOIINX MECTO ObITH B KOH/IEHCaTe

boze - DJiiHmTeilHa. JTH @Dpouecchl HAYT KAaK B HeJHHEHHBIX
KPHCTA/LIaX, TaK M B JPYrdX HeJMHEHHBIX CpeJax, BKJIOYas
OMoOJIOTHYECKHEe M JKOJOorMYeckHe O0BEeKTbI — KaK HCTOYHHKOB

MAKPOCKONMUYE€CKHUX KBAHTOBBIX SIBJICHHMH.

«B ¢(u3uke KOHOEHCHPOBAHHBIX cpen, KoHaeHcaT boze-Oinmreiina (BOK)
npencTaBisieT co0O COCTOSIHME BEIIeCTBAa, KOTOpOE OOBIYHO 00pasyercs,
Korja ra3 u3 0030HOB MPH HU3KUX TUIOTHOCTEH OXJIAKIAIOT JIO TEMIIEPATypPhI
OuYeHb OJIM3KO K abcomoTHOMY HYJt0 (-273.15 © C win -459.67 ° F). B takux
yCIOBHSIX OoJbllias 4YacTb OO30HOB 3aHMMAaeT CaMOe€ HHU3KOE KBAaHTOBOE
COCTOSIHME, W B 3TOT MOMEHT MHKpPO- W ME30CKONHYECKUE KBAaHTOBBIE
SBJICHWS, B YAaCTHOCTU MHTep(hEpeHIHs BOJHOBLIX (YHKLIHWH, CTaHOBSITCS
Makpockonniecku oueBuaHbIMH. BOK o0pasyercss myrem oxnakaeHus rasa
Ype3BbIYaitHO HU3KOH MioTHOCTH (mpumepHo B 100 000 pa3 MeHee II0THOTO,
4eM OOBIYHBIA BO3AYX) 0 CBEPXHHU3KHX TeMIIEpaTyp. JTO COCTOSIHHE ObLIO
BIIEpBEIC Tipejcka3ano B 1924 — 1925 rr. AnsbepromM DUHIITEHHOM Mocie U
mocine mybnukamum HoBaTopckou crtathMl CatheHApbl Hat bosze o HOBoit
00JIacTH, HBIHE U3BECTHOM KaK KBaHTOBAsI CTATHCTHKA.

Konpmencanust boze — DOiimmreiina [128 — 151] Taxke mnpuMeHMMa K
KBa3MYaCTUIIAM B TBEPJABIX TejaX. MAarHoHbl, SKCHTOHBI M IOJSPUTOHBI
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WUMEIOT LEJIOYHUCICHHBIN CIIMH, YTO O3HAYaeT, YTO OHM SIBISIOTCS O030HAMH,
KOTOpblE MOTYT OOpa30BBIBaTh KOHJICHCATHl. MAarHoHbI, 3JEKTPOHHBIE
CIHMHOBBIE BOJIHBI, MOTYT YIPaBISATHCS MAarHUTHBIM TOJeM. Bo3MOXHBI
IUTOTHOCTH OT TIpeZiena pa30aBICHHOTO ra3a 10 CHIIBHO B3aNMOJICHCTBYIOIICH
003e-KHUAKOCTH. MarHuTHOEe YHOpPSAOYCHHE — aHAJIOr CBEpXTeKydecTH. B
1999 r. Opla MpOIEMOHCTPHUpPOBaHa KOHIEH Al B aHTH(eppomaruernke T1
Cu Cls, mpu temneparypax go 14 K. Breicokas temmeparypa nepexomaa (1o
CPaBHEHHIO C aTOMapHBIMHU Tra3aMu) OOyCJIOBJICHA MajlOi Maccoil MarHOHOB
(6nm3KOH K Macce 3IEKTPOHa) U OONbLIeH TOCTHKUMOH TUIOTHOCTHIO. B 2006
I. KOHJEHCaluss B TOHKOW IUIEHKE ()eppOMarHUTHOTO HTTPHUS-KEIE3HOTO
rpaHara HaOmoJanach Jake NpU KOMHATHOM TeMIeparype C ONTHYECKOH
HAaKayKOH. ODKCHUTOHBI, JJICKTPOHHO-IBIPOYHBIE Maphl, OBUIM MpeICKa3aHbI
Boepom u ap. B 1961 romy nns kKoHAeHCaUWMu NpHU HU3KOM TeMIiiepaType U
BBICOKOH IJIOTHOCTU. ODKCIEPUMEHTHI C JIBYXCIOHHOW CHUCTEMOU BIIEpBbIE
MPOJEMOHCTpUpOBaN KoHaeHcanuio B 2003 romy, Korma HCUYe3Io
Hanpspkenue Xoiuta. Co3fgaHue OBICTPBIX ONTHYECKHX JKCHTOHOB OBLIO
WCTIONB30BaHO st 00pa3oBaHMsl KOHJCHCATOB B cyOkenbBuHOBOH CuO B
2005 r. BmepBeie TONSPUTOHHAS KOHACHCAIMs ObUTa OOHAapy)KeHa IS
SKCUTOH-TIOJSIPUTOHOB B MHUKPOPE30HATOPE C KBAHTOBBIMU SIMaMH TpU
temmneparype 5 K.

B utone 2020 roma 3KCHEpUMEHT J1abOpaTOPUM XOJIOAHOI'O aromMa Ha OopTy
MEXAYHApOJHOM KOCMHUYECKOW CcTaHIMM YycrnemHo co3fgan BOK atomon
pyouauss u Oosee CceKyHABI HAOMIOJAl WX B CBOOOJHOM TaJCHHU.
INepBoHaYaTLHO 3TO OBLIO BCETO JIUIIh JI0Ka3aTeIbCTBOM
(YHKIMOHUPOBAHUS, HO TEPBbIC PE3yJbTAThl MOKA3ajM, YTO B YCIOBHSAX
mukporpasuraruu Ha MKC 0Ko0JI0 TIOJIOBHHBI aTOMOB 00pa30BaJii MArHUTHO-
HEYYBCTBUTEIFHOE rajioo0pa3Hoe 001ako BOKpYT ocHOBHOM yacTu bOK.

Ilo cpaBHeHuio c Oojsiee YacTO BCTPEYAIOIIUMHCS COCTOSHUSIMH MaTepuu
KoHAeHcaTel bo3e — OHHmITellHAa 4Ype3BbIYaHO Xpynkue. Marneiimero
B3aUMOJICUCTBHS C BHEIIHEH CpPeloil MOXET OBITh JOCTaTOYHO, YTOOBI
HarpeTh WX /0 MOpora KOHAEHCAIIMU, YCTPAHWB MX WHTEPECHBIE CBOWCTBA U
o0pa3ys HOpMayibHbIH ra3. TeM He MeHee, OHM OKAa3aJHCh IOJIEC3HBIMH IPH
WCCIIEIOBAHNN NIMPOKOTO KPyra BOMPOCOB (yHIaMEHTAIbHOH (U3UKH, U 32
TOJIbl, MPOIIEIINE MOCHE NMEPBBIX OTKPBITHH, cAenaHHbIX rpynnaMu JILA u
MIT, nabaromaeTcs pocT SKCIEPUMEHTAIBHON W TEOPETHYECKON aKTUBHOCTH.
[Ipumepsl  BKIIOYAIOT AKCHEPHUMEHTHI, KOTOPHIE IMPOJAEMOHCTPHUPOBAIU
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WHTEPPEPEHLINIO MEXKAY KOHACHCaTaMH H3-3a AyaJIbHOCTH BOJIHA-YacTHIIA,
WCCIIEIOBAHNE CBEPXTEKYYECTH U KBAaHTOBAaHHBIX BHUXpPEH, CO3/laHUE SPKHUX
BOJIHOBBIX COJINTOHOB MaTepuu u3 003e-KOHJCHCATOB, OTPAHUYCHHBIX OJHUM
W3MEpEeHNeM, W 3aMeIJIeHHE CBETOBBIX HWMIYJIbCOB N0 OYEHb HHU3KHX
CKOpOCTed  C  HWCIIOJNIb30BAaHUEM  DIIEKTPOMAarHUTHO-WHAYIIUPOBaHHAS
MIPO3pavyHOCTh. BUXpH B KOHIEHcaTaX bo3e — DUHIITEHHA B HACTOSIIEE BPEMS
TaKKe SBISIIOTCA TIPEAMETOM WCCIIEJIOBAHMS AaHAJIOTOBOM TpaBUTAIlHH,
M3Y4Yarollero BO3MOYKHOCTb MOJEIUPOBAaHUS YEpPHBIX JABIP M CBS3aHHBIX C
HUMH SIBJICHHH B TaKkuX cpeiax B JabopaTopuu. DKCIEPUMEHTATOPHI TAKKe
peann30Ball «ONTHYECKHE PEIICTKH», Iie HHTepPepeHIMOHHAs KapTHHA OT
MEPEKPHIBAIOIINXCS JIa3epoB OOecreunBaeT nepuoanieckuii moreHuuan. OHu
WCTIONB30BANACh  JUISI  W3Yy4EHHWS  Tepexoja MeEXIy  CBEPXTEKydUM
TUDIIEKTPUKOM H JAMAJICKTPUKOM MoOTTa W MOTYT OBITh TOJE3HBI TIpH
M3y4YeHUHU KOHAeHcaluu bo3e — DHHIITEHA MEHEEe YeM B TPEX U3MEPECHMUSIX,
Hanpumep, raz Tonkca — JKupapgo. Kpome TOro, 4yBCTBUTEIBHOCTh
MUHHAHTOBOTO  TIEpexoJa  CWJIBHO  B3aWMOJCHCTBYIOIIMX  OO30HOB,
3aKJIIOUYEHHBIX B MEJKYyI0  OJHOMEPHYIO  ONTHYECKYI0  peIIeTKY,
NepBOHAYaNIbHO HabOmronaBuryrocst [ammepoM, Obula HCCIEOBaHA ITyTEM
MOJICTPOWKN TEPBUYHON ONTHYECKOH pemeTku Ooniee crnaboil BTOPUYHOM.
Takum oOpa3om, A MOMYyYEeHHOW CiIa0oi OMXPOMATHYECKOH ONTHYECKOH
penreTkn ObIIIO OOHAPYXKEHO, YTO IMEePEeX0]l MMHHUHTA YCTOWYNB K BBEJEHUIO
0osee c1aboil BTOPUYHON ONMTHYECKOH perreTkd. Taxke ObUIH MPeITPUHSATHI
HCCIEAOBAaHMS BUXpEN B HEOAHOPOIHBIX KOHJeHcaTax bo3e — DiiHiTelHa, a
TaK)X€ IKCUTOHOB 3TUX CHCTEM C IOMOIIBIO JBIKYIIUXCA OTTAJIKHUBAIOUINX
WIM TPUTATHBAIOIINX IPENITCTBUH. B 3TOM KOHTEKCTe yCIIOBHUS MOpSIKA U
Xaoca B AUMHAMHKE 3aXBauy€HHOro KoHjeHcara boze — DiHiureiiHa ObLIM
WICCIIETOBAHBI ITyTeM NMPUMEHEHNUS ABIKYIINXCSI CHHETO M KPACHOTO Ja3epHbIX
Jydell ¢ NOMOUIbI0 HECTAMOHApHOro ypaBHeHus I'pocca — IlurtaeBckoro.
brimu nmonydensl konaeHcatsl boze — DiHIITEHA, cocTOsIINE U3 IIUPOKOTO
cnekrpa u3oTonoB. OxnaxiaeHne (HEPMUOHOB [0 YPE3BBIYAWHO HUZKHX
TeMIIepaTyp MpUBeIo K 00pa3oBaHHUIO BHIPOXKICHHBIX Ta30B B COOTBETCTBHH C
npuHOHnoM uckmouyenus [aymu. YToOs! mpoieMOHCTPUPOBATH KOHAECHCALIUIO
Boze-Diinmireitna, QepMHOHBI JOJDKHBI «CHAPUTHCS», YTOOBI 00pa3oBaTh
0030HHBIE COCTAaBHBIC YACTHIBI (HANIPUMEP, MOJIEKYJIBl HJIHM KYyIEPOBCKHE
mapsl). [lepBrie MoJIeKyIsIpHBIE KOHACHCATH ObUTH co3maHbl B HosOpe 2003
rona rpynnamu Pynonsda I'pumma u3 Yausepcuteta Mucopyka, Jledopsr C.
Jxun u3 Yuusepcurera Konopano B boymnnepe n Bonbdranra Kerrepne u3
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MaccaqyceTckoro TEXHOJIOTHYEeCKOro HWHCTUTYT.  JDkuH ObICTpo co3nain
nepBblii  (epMUOHHBIA KOHAEHCAa, padoTas ¢ TOW K€ CHCTEMOH, HO BHeE
MoJIeKyJsipHOTO pexuma. B 1999 roay matckuii usuk Jlene Xay BosriaBuia
rpynmy u3 ['apBapackoro yHuBepcuTeTa, KOTOpas C IOMOIIBIO CBEPXTEKyUeil
KUIKOCTH 3aMeJUIiIIa JIyd cBeTa 10 17 MeTpoB B cekyHAay. C Tex mop Xay u ee
COTPYZIHHUKH 3aCTaBWJIM I'PYIILYy aTOMOB KOHAEHCATa OTCKOYUTh OT CBETOBOI'O
UMIIyJbCa, TaK 4YTO OHM 3anucanu ¢$azy U aMIUIMTydy CBETa,
BOCCTAHOBJICHHBIE BTOPBIM COCEJHHUM KOHJIEHCAaTOM, B TOM, YTO OHH
Ha3bIBAIOT «MEJJICHHBIM CBETOM-ONOCPEOBAHHBIM YCUJIEHHEM AaTOMHOMU
BOJHBI MAaTE€pPUU». C HCIOIH30BAaHWEM KOHJEHCAaTOB bo3e — DiiHIITeHHA:
nogpobHocTH  obcyxknatorcsi B Nature.  Jlpyroii  axTyanbHBIH
HCCIEA0BATENbCKUM HHTEPEC — CO3aHUE KOHAEHCATOB bo3e — DUHIITEtHA B
YCIOBHUSAX MHUKPOTPABUTALMK C LEJIBIO HCIOIb30BAHUSI WX CBOWCTB VIS
BBICOKOTOYHOW aToMHO# mHTepdepomerpun. [lepBas memoncrpanms BOK B
HeBecoMocTH Oblna mpoBeaena B 2008 roxy Ha Beimike B bpemene, ['epmanmus,
KOHCOpPIIMYMOM HccienoBareneil Bo rnaBe ¢ OpHctom M. Pacenem wu3
l'anHOBepckoro yHuBepcureTa wuMeHH JleiiOHWma. DTa xe KoOMaHza
npogemMoHcTpupoBaia B 2017 romy mepBoe co3naHue KoHaeHcata boze —
OWHImTeHHAa B KOCMOCE, W 3TO TakXke SBISIETCSd NPEeIMETOM JIBYX
MPEACTOSIUX SKCIEPUMEHTOB Ha MEKAYHApOJHOH KOCMHMYECKOH CTaHLUH.
UccnenoBatenn B HOBOHM 00JacTH aTOMHOW DJEKTPOHHUKM HCHOJIB3YIOT
CBOlCTBa KOHAEHCATOB bo3e — DiHIITEHHA TPH MAHUITYJIUPOBAaHUY TPYyIIIAMH
WJEHTUYHBIX XOJOJHBIX aTOMOB C momoupo JsazepoB. B 1970 ronmy
Ovmanyanb Bua TannenOaym npemnoxkun bOK mis TexHomoruu 3ammThbl
ot He3ameTHocTH. B 2020 romy wuccnemoBaTenu COOOIIMIM O Pa3BUTHH
ceepxmnpoBoaaniero bOK u o «miaBHoM nepexone» Mexay pexkumamu bOK u
Bapnmuna — Kynepa — puddepa. Temnas marepus I1. Cuxkusu n K. Sn
MOKa3aly, YTO XOJIOJHBIE aKCHOHBI TEMHOW MaTepuu 00pa3yloT KOHIEHcaT
boze — OiHmTeliHa mNyTeM TepMaIM3allMd M3-32 TPaBUTALIMOHHOTO
camogeiicteus. CyliecTBOBaHME AKCHOHOB €Ile He MOoATBEpxkAeHO. OJHaKo
WX BaXKHBII MOMCK OBbUT 3HAUNTEIHLHO YCUIICH TIOCHE 3aBEepIICHU OOHOBICHUN
Axion Dark Matter Experiment (ADMX) B BammHrronckoMm yHUBEpcHUTETE B
Havane 2018 roma. B 2014 rogy B FOnmuxckom mccrnenoBaTeinbcKOM HEHTPE
ObLI OOHAPYIKEH MOTCHIMAIbHBINA AMOApPHOH MpHU 3HEeprun okojo 2380 MaB.
B nienTpe 3asBuiM, 9TO M3MEPEHUS MOATBEPKAAOT pe3yapTaTel 2011 roma ¢
MTOMOIIbIO 00JIee BOCIPOU3BOAMMOr0O MeToaa. YacTuila cymectBopaia 10 — 23
ceKkyHIbI U nonyunia Hazpanue d*(2380). [Ipenmonaraercs, 4To 3Ta 4acTUIa
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COCTOMT M3 TpEX BEPXHHX M TpeX HWXKHHUX KBapkoB. IIpenmomaraercs, 4ro
rpymnmsl d-3Be31 MoTJIM 00pa30BEIBaTh KOHAEHcaThl bo3e — DiiHmiTeiina n3-3a
npeoOagaromuX HU3KUX TeMIlepaTyp B panHeill Bcenennoii, m uto BOK,
COCTOSIIIME W3 TAKMX TEKCAKBAPKOB C 3aXBAYCHHBIMU JJIEKTPOHAMH, MOIJIH
BecTH ce0s Kak TeMHas MaTepus» — IO Mmarepuanam pecypca: «KonzmeHcar
Bboze - OHHIITEHHAY - URL:
https://ru.abcdef.wiki/wiki/Bose%E2%80%93Einstein_condensate  [129 -
151].

CIIMCOK HIMTUPYEMBIX NHCTOYHUKOB
CCBUIKHM HA DJIEKTPOHHBIE PECYPCBI (K BBEJIEHHIO)

1. DnexTpoHHBIH pecypce - URL -
https://ru.wikipedia.org/wiki/9xoHodu3nKa

2. DIeKTPOHHBIH pecypce - URL -
https://ru.abcdef.wiki/wiki/Econophysics
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