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Teopus nevponnsix cereit (HC) sBisieTcss aKTHMBHO pa3BUBAIOIIMMCS
HarpaBJieHUEM Hayku. OCHOBHBIE MEPCIEKTUBBI MCIOJIB30BAHMS 3TOM TEOpUU
CBS3aHBI C PELICHUEM CIIOKHBIX ITPAKTUYECKUX 3a1ad. HelnpoHHbIe ceTH - OIUH
U3 OCHOBHBIX ApXUTEKTYPHBIX MPUHIUNOB mnocTpoeHuss IOBM mecroro
ITOKOJICHHS.

HHuTepec Kk HEMPOHHBIM CETSIM Kak K MOJEISIM OMOJIOTHUYECKON 00paboTKu
uHpopMmaiuu He yracaer 6osnee 30 ner. Hauano coBpemennbiM moaensm HC
ObLIO MOJIOkEHO B pabote Y. Makkaminoka u Y. [lurrca. Ot aBTOpHI caenanu
NIEPBYIO IONBITKY OMYJIMPOBATH YeJI0BEYECKUE CIIOCOOHOCTH,
KJ1accu(UIMPOBaTh U pacno3HaBaTh 00pasbl. JlanpHelilee pa3BUTHE CBSI3aHO C
paboroit @. PozenOmnarra. Ero monens Oblia HazBaHa mepuentpoHoM. I[locre
HEKOTOpPOIo 3aTHIbsA, ¢ Hadana 1980-X roxoB Havajucs M MPOAOIDKAECTCS [0
HACTOSILIET0 BPEMEHH HOBBIM BUTOK pa3BuTus Mmoaener HC. On cBs3aH ¢
pabotamu C. I'poccOepra, T. Koxonena, /. Xondwina u ap. a TakkKe BIUSIHACM
ycrnexoB pa3Butus ontudyeckux texHojoruit 1 CbUC, cnocoOHbIX 00ecneunuTh
peanu3aluio HOBBIX apXUTEKTYD.

[upokuit kpyr 3amay, pemaemblii HC, He 1O3BOJISIET B HACTOSIIIEE BPEMsI
co3JaBaTh YHHUBEpCAJbHbIE, MOILIHbIE CETH, BBIHYXJIass pa3pabaTbiBaTh
cneunanuzupoanubie HC, pyHKIMOHUpYIOLIME O pa3iInyHbIM adropurMam. B
HACTOSAIIEE BPEMs CYIIECTBYET OOJBIIOE KOJIWYECTBO Pa3HOOOpPA3HBIX THUIIOB
HC, npegna3HaueHHBIX I8 pELICHHS pPA3JU4yHbIX 3a4ad. OTH  MOJACIH
OTJINYAIOTCSA CTPYKTYpPOM CBS3€H, MNPABUIAMHU OIPEACICHUS BECOB WIH
npaBuiIamMu 0Oy4eHHUsl, MPOTPAMMUPOBAHUS.

DTO BO3pPOXKIACHUE MHTEpeca ObLIIO BBI3BAHO KaK TEOPETUUYECKUMHU, TaK U
NPUKIAAHBIMA ~ JAOCTHKEHUSAMH. HEO0XHIaHHO OTKpBUINCh BO3MOXHOCTH

HWCMOJIb30BAHUS BBIYHUCIICHUN B c@epax, JO0 JOTOro OTHOCAIIUXCA JIMIIb K



00J1aCTH  YEeJIOBEYECKOI'0 HHTCIIZICKTA, BO3MOXHOCTH CO3JaHuUd MalluH,
CIIOCOOHOCTh KOTOPBLIX VYYHUTLBCA W 3allOMUHATL YIAWBUTCIIbBHBIM O6p330M
HAallTOMHUHACT MBICIIMTCIIBHBIC TIIPOLOCCCHI YCIOBCKA, W HAIIOJHCHHUA HOBBIM
SHAYUTCIIBHBIM COACPIKAHUCM KPUTHKOBABIICTOCA TCPMHUHA ((HCKYCCTBGHHBIﬁ

HUHTCIIIICKT).

Lenb pa®oThl — MpUMEHEHHE HEHPOHHBIX CETEHl B TEIEKOMMYHHKAIIHOHHBIX

CHUCTCMaAX.

B pabote paccMoTpeHbl OCOOEHHOCTH NPUMEHEHHS HEUPOHHBIX CETEeU B
CHUCTEMax VYIpaBJICHUS ¥ MapIIpyTU3alWKM JaHHBIX. [Ipemmaraercs meTon

IMPOTrHO3UPOBAHUA IIOTOKA JAHHBIX Ha OCHOBC HG‘IGTKO-HGﬁpOHHBlX ceTel.



1. 1.AHAJIM3 MOJIEJIEM HEMPOHHBIX CETEHN
1.1 Knaccudukanus HeHPOHHBIX ceTeil

AKTyaJIbHOCTh ~HMCCJICIOBaHUM HCKYCCTBEHHBIX HEHUPOHHBIX CeTel
MOATBEPKIAETCS MHOTO0Opa3reM MX BO3MOXHBIX npuMmeHeHuil. Teopus HC
SBJISIETCS QJITOPUTMUYECKUM 0a3ucOM pa3BUTHS HEUPOKOMITBIOTEPOB, MOJI00HO
TOMY, Kak OyneBa anrebpa Oosiee 50 JeT SBIsUIACh ANTOPUTMUYECKUM 0a3ucoM
OJIHOTIPOIIECCOPHBIX M1 MHOTOIIPOIIECCOPHBIX DBM.

CoBpeMeHHbIE [U(PPOBBIE BHIYUCIUTEIBHBIC MAIIMHBI  MPEBOCXOJSAT
YyelioBeKa M0 CHOCOOHOCTH MPOU3BOJUTH YUCIOBBIE UM CHUMBOJIBHBIC
BbruynciieHus. OHAKO YeJIOBEK MOKET 0€3 YCWIHMH pellaTh CIOXKHBIC 3aJaqyu
BOCIIPUATHSL BHEITHUX JaHHBIX (HAlpuUMeEp, y3HaBaTh B TOJIE 3HAKOMOTO
TOJIBKO TIO €T0 TPOMEIBKHYBIIEMY JIUITY) C TAKOH CKOPOCTHIO U TOYHOCTHIO, YTO
CaMBIi MOIIIHBIH B MHpPE KOMITBIOTEp 10 CPaBHEHHIO C HUM OKaXKETCS
O0e3Haae)KHBIM TyrogyMoM. [IpuyuwHa CTOJIR 3HAYMTENBHOTO pPA3IHYds B HX
MIPOU3BOUTEIILHOCTH 3aKII0YeHAa B TOM, YTO apXHUTEKTypa OHOJIOTHYECKOM
HEHPOHHON CUCTEMBI COBEPIICHHO HE MOXO0)Ka HAa apXUTEKTYpy MaIluHBI (OH
Hetimana (tabmn. 1.1) , a 9T0 CyIIECTBEHHO BIUAET HA TUIBI (YHKIIUNA, KOTOPHIE
0osee 3(pPEeKTUBHO UCTIOTHSAIOTCS KaKIOW U3 MOJICIICH.

Taonuma 1.1

Mammuna ¢on Heiimana 1o cpaBHEHUIO ¢ OMOJIOTHYECKON HEMPOHHOM

CHUCTEMOM
ITapamerp |Mammuna ¢pon Helimana buonornyeckas
bl HEHWpPOHHAs CHCTEMA
CpaBHEHUS
1 2
[Iponecco |CroxHbII [Ipocron
P |BBICOKOCKOPOCTHOMU HwuszkockopoctHOM
OnnH MM HECKOJIBKO bonpiioe KoJIu4ecTBO
WuterpupoBana B
[TamsaTh Otnenena ot mpoieccopa HPOIIECCOp
Jlokanmn3oBaHa Pacnpenenennas
AJipecaiyisi He 1o AJnipecanusi no
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| COACPIKAHHIO

|conepsxanmIo |

Oxkonyanue tadi. 1

Hapnexxnoctsb Bricokast ys13BUMOCTB KuByuecThb
[TapameTpsl Mamuna ¢on Helimana buonornueckas HenpoHHas
CpaBHEHHUS cucremMa
1 2
Boruucnennss  |LleHTpanu3oBaHHbIE Pacnpenenennbie
ITocnenoBarennHEBIE [TapaitenbHbie
XpaHUMbIE IPOTPaAMMBbI Camoo00yueHue
Cnenuanu- Yucnennole #  cuMBoJibHBIE |[IpoGiieMbl BOCTIPUSTHS
3anus onepauuu
Cpena Ctporo onpeneneHHas I1moxo onpeneneHHas
(byHKITUHU-
PO BaHUsA

Crporo orpann4eHHas

be3 orpannuenuit

HeﬁpOHHaH CETh - OTO CE€Th C KOHCYHBIM YHCJIOM CJIOCB U3 OAHOTHIIHBIX

QJICMCHTOB - aHAJIOI'OB HCprOHOB C pas3iM4YHbIMHU THUIIAMHU CBSI3CH MCIKOY

cnossmu. [Ipu 3TOM YHCIO HEUPOHOB B CJIOSX BBHIOMPAETCS HCXOAS U3

H€O6XO}II/IMOCTI/I obecrieueHus 3aJaHHOI'0 Ka4eCTBa PCHICHHA 3aJa4v, a YUCJIO
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CJIOEB HEUPOHOB - KaK MOXXHO MEHbIIIEe /JJI COKpAIICHUS BPEMEHU pEIICHUs
3aJ1ayu.

Pa3BuTHE HUCKYCCTBEHHBIX HEHUPOHHBIX CeTed  BIIOXHOBISJIOCH |
BJIOXHOBJIsIeTCA Onosiorueit. OJIHaKo HalllK 3HaHUs O PaboTe MO3ra OrpaHUYEHBI,
u pazpaboTurikaM HUCKycCTBeHHBIX HC NpUXOMUTCS BBIXOIUTH 3a TPEICIIBI
COBPEMEHHBIX OHOJIOTMYECKUX 3HAHUM B TOHMCKAX CTPYKTYp, MO3BOJISIOIIMX
BBITIOJIHATH MMOJe3HbIe (PYHKIUU. Tak 4acTo CO3/AI0TCS CETH HEBO3MOKHBIC B
JKHBOM MaTepUu WM TPeOyroIIrMe HENpaBAONo00HO OOJBIIUX JOMYIICHUN 00
aHATOMHH U (PYHKIIMOHHUPOBAHUU MO3Ta.

HepBHasi cuctema uenoBeka, MOCTPOCHHAsT U3 BJEMEHTOB, Ha3bIBAEMBIX
HefipoHaMH, o4eHb cioxkHa. Okosno 10 ™ HefipoHOB yuacTBytoT B mpumMepHo 10™°
NepealolnX CBSA3SIX. YHUKAIBHBIMH CIOCOOHOCTSAMH HEHPOHOB SIBJISIFOTCS
npueM, oOpaboTKa M mepenaya 3JIEKTPOXHUMHUYECKUX CUTHAJIOB IO HEPBHBIM
MyTsIM, KOTOPBIE 00pa3yr0T KOMMYHUKAIIMOHHYIO CUCTEMY MO3Ta.

HecmoTtpst Ha orpoMHOE KOJMYECTBO HEHMPOHOB, MX TeJia 3aHUMAIOT BCETO
HECKOJIbKO MIPOLIEHTOB 00111er0 00bema Mo3ra. [loutu Bce octanabHOe
MPOCTPAHCTBO 3aHITO MEXHEHPOHHBIMU CBA3AMH. YUHCIO CBS3EH Ka)Xa0ro
HelpoHa HE MMEET aHAJIOrOB B COBpeMEHHOM TexHuke. [loHnmaHue TOro, 4rto
MEKHEUPOHHBIE CBSI3M OTHOCSATCS K OCHOBHBIM CTPYKTYPHBIM KOMIIOHEHTaM
MO3ra, B TEPBYK oOuepelb, ONPEACHSIONMM €ero  (yHKIMOHAIbHBIC
XapaKTEPUCTHKHU, SBISETCS OJHUM W3 HauboJee CYIIECTBEHHBIX BBIBOJIOB,
CIeNlaHHbIX Helpodusmonoramu. B  moaTBepkKACHHE MOXKHO TPUBECTU
BbICKa3bIBaHUE M3BeCTHOTO Helpodusuonora J. Konnena: "llo ybexaeHuto
MHOTHX HEHUpOOHOJIOTOB B KOHIIE KOHIIOB OyAeT J0Ka3aHO, YTO YHHUKAaJbHBIC
CBOMCTBA KaXJI0I'0 YEJIOBEKA - CIIOCOOHOCTh UyBCTBOBATh, 1yMaTh, 00y4aThCs U
MOMHUTh - 3aKJIIOYEHbI B CTPOrO OPraHU30BaHHBIX CETSIX CHHANTUYECKUX
B3aMMOCBSI3€ MEXly HEPOHAMH FOJIOBHOTO Mo3ra” .

OO6muit Buj HelipoHa mpuBeaeH Ha puc. 1.1. 31ech MHOKECTBO BXOAHBIX

CUTHAJIOB 0003HaueHbl BekTopoM X. Kaxnmerii Bec W; coorBercTByeT '"cuie"
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OIHOW OWOJIOTMYECKON CHHAINTUYECKOW CBsI3U. MHOKECTBO BECOB B

COBOKYNMHOCTU 0003HauaeTcs BekTropom W

Bxoabl CuHancel

Avenka
HelMpoHa

AKcoH Bbixoa

oY

8 =§ X;w, Y =F(S)
i=1

Puc. 1.1. MckyccTBEeHHBIN HEWPOH

Cymmupyromuii 010K, COOTBETCTBYIOIIUN Ty OHMOJIOTHYECKOTO JJIEMEHTA,
CKJIa/IbIBA€T B3BELLICHHBIE BXO/Ibl aIreOpandecku

§=Xisixiw; (1.1)

Brixon HelipoHa sBisieTcst QyHKIMENH ero COCTOSTHHUS:

Y = F(x), (1.2)

Henuneitnass ¢ynkuuss F Ha3zpiBaeTcs aKTMBAIlMOHHOW W MOXET HMETh
Pa3IMYHBIN BUJ, UTO, B YaCTHOCTH, MOKA3aHO Ha puc. 1.3.

B cnydae, korga ¢yHKIIUS aKTUBALUK OJHA U Ta K€ JIJIsl BCEX HEHPOHOB CETH,

CETh Ha3bIBAIOT OJTHOPOAHON (ToMoreHHoM). Ecnu ke akTuBanmoHHast PyHKIUs

3aBUCUT €II€ OT OJHOIO WJIM HECKOJbKHX NapaMeTpPOB, 3HAUYEHUS KOTOPBIX

MEHSIOTCA OT HEHpPOHAa K HEWPOHY, TO CETh HAa3bIBAIOT HEOJHOPOIHOU

(reTeporeHHoMn).
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Puc. 1.2. Tunsl akTUBAIMOHHBIX (PYHKUUU: a - PYHKIUS €AMHUYHOIO CKAuKa;

0 - TMHENHBIN MOPOT (TUCTEPE3UC); B - CUTMOU]] - TUTIEPOOTMYECKUN TaHTECHC,

r - curmous — popmyra

OnHoit u3 HanboJiee pacPOCTPAHCHHBIX SBIISICTCS HEMHENWHAs QYyHKIIHS
C HACBHIIIICHUEM, TaK Ha3bIBacMas JIOTUCTHYECKass (PYHKIIHS WM CUTMOH] (T.€.

byHKIUS S-00pa3HOTO BUA)
1
) = —= (1.3)

[Ipu ymMeHBIIEHUU a CUTMOWJ CTaHOBUTCS Oo0Jjiee MOJOTMM, B Mpenesie
npu a = 0 BBIpOXKIAACH B TOPU30HTAIBHYIO JHUHUIO Ha ypoBHE 0.5. Ilpwm

YBCIIMYCHUU a CHUI'MOU[ HpI/I6J'II/I)I(aeTC${ M0 BHCHIHCMY BHAY K (bYHKI_II/II/I
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CAMHUYHOTO CKavka ¢ moporom T B Touke x = 0 . I3 BeIpaKeHUS 11 CHTMOHM/Ia
OUYEBHUHO, YTO BBIXOJIHOE 3HAUEHUE HeWpoHa JexuT B auamnazone [0,1]. Oxno
U3 IICHHBIX CBONCTB CHUTMOMJIHOM (PYHKIIMM - IPOCTOE BBIPAXKCHUE I €

MIPOU3BOJIHON, IPUMEHEHUE KOTOPOTO OYIET paCCMOTPEHO B JIaIbHEHIIIEM,
f ) =of(x)(1-fx)) (1.4)

Crnenyer OTMETUTh, YTO CUTMOUIHAS PYHKIUA TUdPepeHirpyema Ha Been
ocu abclMcc, YTO MIMPOKO MCIOJIB3YETCS BO MHOTHX aJrOpUTMax OOy4YeHHS.
Kpome Toro, ona o0sajaeT CBOMCTBOM YCUIIUBATH ClIa0ble CUTHAJIBI JyUllle, YeM
CUJIbHBIE, U NPEIOTBPAIAET HACHIIIEHUE OT CWIbHBIX CUTHAJIOB, TaK KaK OHHU
COOTBETCTBYIOT 00JIACTAM apryMEHTOB, II€ CUTMOHWJ UMEET MOJOTUi HAKJIOH.
Jpyroii MMUPOKO UCHOJB3YEMOW aKTHBAUMOHHOW (YHKLIMEH sABISIETCS
rUNepOOIMYEcCKUd TaHreHC. B oTiauuMe OT  JIOTUCTHYECKOM — (YHKIMH
runepOOIMYEeCKUl TAaHT€HC MPUHUMAET 3HAUEHUS Pa3IMYHBIX 3HAKOB, UTO IS
psAlla ceTel OKa3bIBACTCS BBITOJIHBIM.

['oBops o Bo3moxHOM Kiaccuduxamuu HC, BaxHO OTMETUTH
CYILLECTBOBAHME OMHAPHBIX U aHAJIOTOBBIX ceTel. [lepBbie U3 HUX OMEPUPYIOT C
JBOWYHBIMU CUT'HAJaMH, U BBIXOJ KaKJIOI0 HEMPOHA MOXKET IPUHUMATDH TOJIBKO
JIBa 3HAYEHUS: JIOTHYECKUM HOJIb ("'3aTOpMOKEHHOE" COCTOSIHUE) U JIOTHYECKas
equauna ("Bo30ykaeHHOE" cOCTOsSHHE). B  aHanoroBbIX CeTSX BBIXOIHBIC
3Ha4YeHUs] HEHPOHOB CIIOCOOHBI MPUHUMATh HeNpepbIBHbIE 3HaueHus. Eiie oqHa
knaccudukanusa genut HC Ha CUHXpOHHBIE U aCUHXpPOHHBIE. B mepBoM ciyuae
B KaXbli MOMEHT BPEMEHHU CBOE COCTOSIHME MEHSET JIMIIb OAWH HEUpoH. Bo
BTOPOM - COCTOSIHUE MEHSETCS Cpa3y y LEJION TPYyIIbl HEUPOHOB, KaK IIPaBuUIlo,
y BCEro ciosd. s mporpaMMHBIX UMUTATOPOB HEMPOHHBIX CETEH HA LUQPPOBBIX
OBM, BompoCkl CBSI3aHHBIE C CHHXPOHU3ALMEN PEIIaloTCsl KOMIBIOTEPOM, HA

KoTtopoMm peanmm3zytorcst HC.
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PaccmoTrpenHas mpocrasi MOAENIb UCKYCCTBEHHOIO HEMPOHA CYLIECTBEHHO
YIOPOUIAET pAJl CBOMCTB CBOEro OMOJOrMYECKOro ABOHMKA. Hampumep, oHa He
IIPUHUMAET BO BHUMAaHHE 3aJCPKKH BO BPEMEHH, KOTOpPBIE BO3JEHCTBYIOT HA
JUHAMUKY CHCTEMBI. BXOJHBIE CHUTHalBl Cpasy K€ MNOPOXKIAIOT BBIXOJHOU
curHal. W, d4ro Oosee BaXHO, OHA HE YYHUTHIBAET BO3JEUCTBUE
CUHXPOHU3HpYIOIIEH (yHKIMH OHOJIOrMYECKOrO0 HEHpOoHa, KOTOPYI psif
MCCIIE0BATENIC CUMTAIOT pemaromed. HecMoTps Ha 3T OorpaHuyeHus, CETH,
IOCTPOECHHBIE M3 JTUX HEHPOHOB, OOHAPYKMBAIOT CBONCTBA, CHJIBHO
HallOMUHaOIMe OHOJIOTMYECKY0 cucTeMy. Tonbko BpeMsi M JajbHeiune
UCCJEIOBAHUSI MOTYT JaTh OTBET Ha BONPOC, SBISIIOTCS JU TOJOOHBIE
COBIAJACHUS CIIYYallHBIMM HJIM 3TO CJIEACTBUE TOrO, YTO B MOJEIU BEPHO
CXBa4Y€Hbl OCHOBHBIE YEPTHI OMOJIOTMYECKOI0 HEUPOHA.

WTak, 1aHO ONMMCaHWE OCHOBHBIX 3JIEMEHTOB, U3 KOTOPBIX COCTaBJISIOTCS
HelpoHHbIE ceTH. [lepeliieM Teneps K BOIPOCY: KaK COCTaBIIATH 3TU CETH, KaK
X KOHCTpyupoBaTh? CTpOrux orpaHUYE€HHUI 37€Ch HET, KaK YrOJIHO, JIUIIb ObI
BXOJIbl TOJIydyaldl Kakue-HUOyAb CUTHajbl. BO3MOXHOCTM O€3rpaHUYHBI, HO
OOBIYHO MCIIONB3YIOT HECKOJBKO CTaHIAPTHBIX APXUTEKTYpP, U3 KOTOPBIX IMpPH
HEKOTOPBbIX HEOONBIIMX MOAU(PUKALMIX CTPOST OOJBIIMHCTBO HCHOJIB3YEMBIX
CETEH.

1.2 Crpykrypa u npunuun padorst HC

XOTsi OIMH HEWUPOH U CIIOCOOEH BHITIOJIHATH MPOCTEHUIITNE MTPOIEAYPbI
pacro3HaBaHMWs, CHJIAa HEHPOHHBIX BBIYUCICHUW NPOUCTEKAET  OT
COCMHEHUN HEUPOHOB B CETAX.

[upokuit kpyr 3anay, pemaeMmbii HC, He MO3BONSET B HACTOANIEE
BpEMS  CO3[aBaTb  YHUBEpCAJbHbIE,  MOIIHBIE  CETH,  BBIHYXJas
pa3pabareiBaTh crnenuanusupoBanHeie HC, QyHKIIMOHUpYIOmMUE 10
PA3JIMYHBIM AJATOPUTMAM.

BriGbop crpykrypst HC ocymecTBiasiercs B COOTBETCTBUH C

OCOOCHHOCTSIMU U CJIOKHOCTBIO 3amadd. [l pemeHuss HEKOTOPHIX
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OTZAEIbHBIX TUIIOB 3374 YK€ CylIeCTBYIOT ONITUMAJbHbIC, HA CETOAHALIHUN
JeHb, KOH(MUTYypaluu, ONHCAHHBIC, HANPUMEP, B U JPYTHUX H3JAHUAX.

OcHOBHBIE U3 HUX NPUBEAEHBI Ha puc. 1.4

HeWpoHHas ceTs

/ \

CeTb NpamMoro PexypenTHbie (¢ obpaTHon
pacnNpoCTpaHEHva CBA3bIO) CETH

1 |

CopeBHOBAaTENbHLIE Cetb Cerb Moaynu
cemm KoxeneHa Xonpunga ANT

S

CeTb paaranbHbiX
6a3ncHbIX

dyHKUymA

MHOrOCNOAHDIH
nepuenTpoH

OAHOCAOAHBIA
nepuenTpon

Puc. 1.3. BapuanTsl Hau0osiee paciipoCTpaHEHHBIX aPXUTEKTYP HCKYCCTBEHHBIX

HEUPOHHBIX CETEN

Ecnu ke 3amaua HE MOXET OBITh C BEI€HAa HH K OJHOMY M3 U3BECTHBIX
TUIIOB, Pa3padOTUMKY MPUXOJUTCS PEIIaTh CIOKHYIO MPOOJIEeMy CUHTE3a HOBOM
KoHQurypauuu.  Ilppy 3TOM OH pPYKOBOACTBYETCS HECKOJIbKHMHU
OCHOBOITIOJIATalOIIMMHA  NPHHIMIAMHU: BO3MOXKHOCTM CETH BO3pACTalOT C
YBEIMYECHHEM YHCIIa SYEEK CETH, MJIOTHOCTU CBSI3€d MEXIYy HUMU M YHUCIOM
BBIJICJICHHBIX CJIOEB; BBEJEHHE OOPATHBIX CBSA3EW HApsy C YyBEIMUYEHUEM
BO3MOKHOCTEN CETH MOJHUMAET BONPOC O TMHAMUYECKONW YCTOMYMBOCTU CETH;
CJIOXHOCTh aJTOPUTMOB (PYHKIIMOHHPOBAHUS CE€TU (B TOM YHUCJE, HalpUMeED,
BBEJICHUE HECKOJBKUX THIIOB CHHATICOB - BO30YXAAIOMIUX, TOPMO3SILUX U Jp.)
Takke crnocooctByer ycwieHuto momm HC. Bompoc o0 HeEoO0XOIUMBIX H
JOCTAaTOYHBIX CBOMCTBAax CETH Ui PELIEHHs TOrO0 WIA HWHOTO poja 3aaay

MIPEICTABIISIET COOOM 11eJI0e HalpaBlieHne HEUPOKOMIIBIOTEPHON HayKu. Tak Kak
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npobsema cuHTe3a HC cuUibHO 3aBUCHUT OT pelraeMoil 3agayu, aaTh oOIIue
MoApOOHBIE PEKOMEHIAIMK  3aTPYOHUTENbHO. B OONBIIMHCTBE ClydyaeB
ONTUMAJbLHBIA BapUaHT TOJy4YaeTCs Ha OCHOBE HWHTYWTHUBHOTO MOJ00pa.
EnuncTBeHHOE JKECTKOe TpeOoBaHUE, TPEABSIBIAEMOE apXUTEKTYpOH K
AJIEMEHTAaM CETH, 3TO COOTBETCTBUE PAa3MEPHOCTH BEKTOPA BXOAHBIX CHTHAJIOB
CETU YUCITY €€ BXOJIOB.

Ha n BXOJI0B MOCTYMAarOT HEKKWE CUTHAJIBI, TPOXOIAIINE MO CHHAIICAM Ha 3
HelipoHa, oOpasyrolue eIMHCTBeHHBIM cioit 3toi HC u BhImaronume Tpu

BBIXOJHBIX CHI'HAJIA:

;= FIZE xiwy) (1.5)

Puc. 1.4. Ognocnoitnas HC



18

B HCKYCCTBEHHBIX U €CTECTBEHHBIX (OMOJIOTMYECKUX) CETAX MHOTHE
COCIMHEHUS MOTYT OTCYTCTBOBAaTb, BCE COCAMHEHMS IIOKA3aHbl B IEJSX
OOIIIHOCTH.

O4eBuHO, YTO BCE BECOBbIE KOI(PPUIIMEHTHI CHUHAINCOB OJHOTO CIIOS
HEMPOHOB MOXKHO CBeCTU B MaTtpuly W, B KOTOpOW Ka)XIbI 2JIIEMEHT W 3a1a€T
BEJIMYMHY | -i CHHANTHYECKOU CBS3M | -ro HelipoHa. Takum oOpa3oM mporiecc,

npoucxonasmuii B HC, MmokeT OBITH 3amicaH B MAaTPUIHOH (opme:
Y = F(XW), (1.6)

rne X m Y - COOTBETCTBEHHO BXOJIHOM M BBIXOJIHOM CHUTHAJIbHBIE BEKTOPHI;
F(V) - akruBanmoHHas (yHKIIHsS, IPUMEHSICMasl MO3JIEMEHTHO K KOMITOHEHTaM
BeKTOpa V
Ha puc. 1.6 npencraBnena nasyxcnoitHas HC, mnomydeHHas wu3
OJIHOCIIONHOM (cM. puc. 1.5) myTtem n00aBlieHUs BTOPOTO CJOs, COCTOSIIIETO U3
JIBYX HEMPOHOB. 3/1€Ch YMECTHO OTMETUTH BA)KHOCTh POJIM PACCMOTPEHHOU
paHee HETWHEWHOCTH AaKTUBAIMOHHOW (PYHKIIMH, TaKk Kak, eclii Obl OHa He
oOJiajjana JaHHBIM CBOMCTBOM WJIM HE BXOJWJa B aJITOPUTM PabOTHI KaXKJA0ro
HeWpoHa, pe3yiabTaT (PYHKIIMOHUPOBaHMS 000K p-cnoiHo HC ¢ BecoBbIMH
MaTpullaMu
W(i), rae 1=1,2,...,p Ul KaXJIOTO CJIOS | CBOAMIICS OBl K IEPEMHOKCHHUIO

BXOJITHOT'O BEKTOPAa CUTHAJIOB X HA MaTpULly

WlEI :“‘,lv.’{l]‘I:‘,l'[:fil.n“,ri..ﬂl1I [l?;l

TO ecTh (akTuuecku Takas p-cioitHas HC skBuBduientHa ognocnonnoit HC

C BECOBOM MaTpUIEH €IMHCTBEHHOTO CJIOSI W

Y = XW*H (1.8)
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Puc. 1.6. neyxcnoiinas HC

Takum oOpa3zoMm, ISl pacHIUPEHHS BBIUMCIUTEIBHBIX BO3MOKHOCTEH
muorocioiabix HC mo cpaBHenuto ¢ oxaHocnoitHeiMu HC HeoOxomumo
WCIIOJIb30BaHNE HEJIMHEUHBIX aKTUBALIMOHHBIX (DYHKITUH.

[Iponomxkast pa3roBOp 0 HEIMHEWHOCTH, HEOOXOJIMMO OTMETUTh, YTO OHA
WHOT/Ia MOKET BBOJUTHCA U B CHHANITUUECKHUE CBsI3U. B OONbIIMHCTBE
M3BECTHBIX Ha cerogHsAmHui neHb HC mis HaxoKAeHWsI B3BELICHHONM CYMMBbI
BXOJIOB HEWpoHa wucnonb3yroT Gopmyny (1.1), ogHako B HEKOTOPHIX

npunioxennsx HC mone3Ho BBECTU IPYTYIO 3aNUCh, HAIPUMED:

y; = fIZh xowy] (1.9)
NJIin

S = ZF:l XiX((i+1)modn)Wi (1'10)

Bormpoc B ToM, uToObI pazpadoturik HC yeTko nmoHumas, ajis 4ero oH 3T0
JIeNaeT, KaKMMHM LIEHHBIMH CBOWCTBAMM OH TEM CAaMbIM JIONOJHUTEIBHO

HAJEIAECT HEUPOH, U KAKUX JIMIIAECT. BBeIeHHE TaKOoro poja HEIMHEMHOCTH,
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BOOOIIIE TOBOPS, YBEJIMUUBAET BHIUUCIUTEIBHYIO MOILb CETHU, TO €CTh TTO3BOJISIET
13 MEHBIIIETO YHUCIIa HEUPOHOB ¢ "HETMHEHHBIMU'" CHUHAIICAMU CKOHCTPYHUPOBATH
HC, Boinonsstongyo padoty o6bryHoii HC ¢ OoNbIIMM YUCIOM CTaHIApTHBIX
HEUPOHOB U 0oJIee CIOKHON KOH(DUTypaIuen .

VY cereil, pacCMOTPEHHBIX J0 CHUX IOP, HE ObLIIO OOPATHBIX CBA3EH, TO €CTh
COEIMHEHU, UAYIIUX OT BBIXOJIOB HEKOTOPOTO CJIOSI K BXOJAM 3TOTO K€ CIIOA
WIM MPEAIIECTBYIOMMUX CIOEB. DTOT CIEHHAIBHBINA KJIacC CETeW, Ha3bIBa€MbIX
ceTsiMu 0Oe3 oOOpaTHBIX CBSI3€d WM CETAMH TNPSIMOTO PACTIPOCTPAHECHUS,
MPEACTABIIAET HHTEPEC U IUPOKO UCTOJIb3YETCS.

Heckombko cnoB  HEOOXOIMMO CKa3aTb O TpeOyeMOM MOIIHOCTH
BBIXOJTHOTO CJIOSl CETH, BBIMOJHSIONIETO OKOHYATENIbHYIO KIacCU(DHUKAIINIO
IPOCTPAHCTBA COCTOSHUU. Jlemo B TOM, 4YTO JUIsl pa3leleHUuss MHOYKECTBa
BXOJIHBIX 00pa30B, HampHUMep, MO JIBYM KJlaccaM JIOCTaTOYHO BCEro OIHOTO
Bbixoja. I[lpum srom Kaxknapii joruuyeckuit yposenb - "1" u "O" - Oyger
0003HayaTh OTAENbHBIN Kiacc. Ha IByX BbIXOJaX MOKHO 3aKOJIMPOBATh YiKE
yeThlpe Kjacca M T. 7. OnHAKO pe3yJabTaThl padOThl CETH, OPTaHU30BAHHOMN
TakKuM 00pa3oM HEJOCTATOYHO HaJeXHBI. [[s1 TOBBINIEHUS TOCTOBEPHOCTH
KJIacCU(pUKAIMA  KEeNaTeIbHO BBECTU U30BITOYHOCTh IYTEM BbIJCICHUS
KaKJIOMY KJACCy OJHOTO HEHWpOHA B BBIXOAHOM CJIO€ WIIM, YTO €UIe JIy4Ille,
HECKOJIBKUX, KaXAbld M3 KOTOPHIX OOydaeTcsl ONpeiesaTh MPUHAMJICKHOCTD
KOHKPETHBIX COCTOSIHUM BXOJIOB K OIPENIEIEHHOMY KJIAaCCY CO CBOEW CTEMEHBIO
JIOCTOBEPHOCTH, HapuMep BbICOKOH, cpenHeit u Huzkoul. Takue HC. mo3BossitoT
MPOBOAUTL KJIACCU(UKALUIO BXOJHBIX HESBHO BBIPAKEHHBIX COCTOSHUMH,
00BEIMHEHHBIX B HEUETKHE (PAa3MBIThIE WIIH MEPECEKAIONTNECs) MHOXKECTBA. ITO
CBOMCTBO  TMO3BOJISIET MIHUPOKO wucnonb3oBath HC B mpakTuyeckux

MPUIIOKCHUSX.
1.3 Metoan1 00yuenusst HC

Korma wmpmer pasroBop 00 wucnons3oBanun HC u  HeHpoccTeBBIX

AJIrOPUTMOB, IOYTH BCCraa MnoApasyMEBarOTCA OMPCACICHHBIC IMPOLCAYpPhl HX
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oOyuenusi. HC nmpencrasnsier co0oil alaiTUBHYIO CUCTEMY, >KM3HEHHBIN LMK
KOTOPOW COCTOMT M3 JABYX HE3aBHCHUMBIX (a3 - oOydeHHs U pabOThl CETH.
OOyueHue cuuTaeTcs 3aKOHYEHHBIM, KOI/Ia CETh MPABUJIBHO BBIMOJIHSET
npeoOpa3oBaHUe HAa TECTOBBIX MPUMEpaxX U JajabHelee 00yueHUEe HE BbI3bIBACT
3HAYUTENIbHOTO M3MEHEHUs] HAaCTpauBaEMBIX BECOBBIX Kod(duimeHtos. [lanee
CETh BBIMNOJHAET MpeoOpa3oBaHUE paHee HEU3BECTHBIX €M JaHHBIX HAa OCHOBE
chOpMHPOBAHHOK €10 B TpoIlecce OOydeHUs HEIMHEWHOW MOJIEIH IpoIiecca.
Cerp ycmemHo paboTaeT 10 TeX IMOp, MOKa CYIIECTBEHHO HE H3MEHHTCS
peanbHas MoOJedb  OTOoOpakaeMoro  siBIieHHMA  (Hampumep, B  ciyyae
BO3HMKHOBEHUS CUTYyaIlMU, HTHPOPMaIHsI O KOTOPOM HUKOI'/IA HU MPEAbSBIISIIACH
cetu npu oOyueHuu). [locne aToro cerb MOXKeT ObITh 10 OOy4€Ha C y4yeTOM
HOBOI MH(pOpMALIMH, TPUYEM NpU 10 OOYUYEHHH Mpeaplaylias HHopMalus He
TepsieTcs, a 00o0maercss ¢ BHOBb noctynuBlei. [Ipu "moBpexaenun" yactu
BecoBbIX KodpouuuentoB HC ee cBoiictBa MOryT OBbITh MOJHOCTHIO
BOCCTaHOBJIEHBI B MIPOLIECCE 10 OOYUEHHUS.

OT TOro, HaCKOJBKO KaueCTBEHHO OyzaeT BbiNojHeH 3tan ooyuyenus HC,
3aBHCHUT CIIOCOOHOCTb CETH pellaTh MOCTaBJICHHBIE NEpe] Hel MpoOJeMbl BO
BpeMs AKCILTyaTalH. Teopus oOydyeHHsi ~ paccMaTpuBaeT  TpU
(dyHIaMEHTaJIbHBIX CBOMCTBA, CBA3AHHBIX C 00YUEHHEM I10 IPUMEpPaM: EMKOCTb,
CIIOHOCTh OOpa3lioB M BBIUMCIUTENbHAS CJHOXKHOCTh. Ilog eMKOCThIO
MOHMMAETCS, CKOJIBKO OOpa3lloB MOXKET 3alIOMHUTH CETh U Kakue (QYHKUUU U
I'paHULbl IPUHATHS PELIEHU MOTYT ObITh Ha HeW chopMupoBaHbl. CI0KHOCTh
o0pa3IloB OMpeesseT YUCI0 OOydYaroluX MPUMEpPOB, HEOOXOIUMBIX ISt
JOCTHDKEHUSI CTIOCOOHOCTU ceTh K 0000mmeHnto. BakHOW XapakTepUCTHUKON
ABJIIETCS] BpEMSI 3aTpaunBaeMoe Ha o0yuenue. Kak nmpaBusio, BpeMst OOydeHus u
KauecTBO OOy4YeHHMsI CBsI3aHbl OOpAaTHOM 3aBUCUMOCTBIO U BBIOMpATH JTH
napameTpbl IPUXOAUTCS HA OCHOBE KOMITPOMMCA.

CymiecTByOT TpU MapaaurMbl oOydeHus: "c yuurtenem", "0e3 yuurtens"

(camo0o0yueHure) U CMENIaHHasl.



22

B cBoro ouepeab MHOXKECTBO Pa3MYHBIX AJTOPUTMOB OOyUEHHUS JEISATCS
Ha JBa OOJBIIMX KJacca: JETEPMUHUCTCKUX U CTOXACTUUYECKUX aJITOPUTMOB. B
NEepBOM W3 HUX TMOACTPOMKA BECOB TPEJCTaBIsAECT COOOM  KECTKYIO
IIOCJIEI0OBATENBbHOCTh JACHUCTBUNA, BO BTOPOM - OHA IPOU3BOJAUTCA HA OCHOBE
JIEVCTBHM, NOAYUHSIOIINXCSI HEKOTOPOMY CIIyYalHOMY MPOILIECCY.

OO0y4yeHnne ¢ yuyuTejieM TMPEANOTAracT, 4YTO I KaXJOTO BXOJHOTO
BEKTOpa CYIIECTBYET IIEJIEBOM BEKTOp, MPEACTABISIONINN CO00 TpeOyembIii
BbIXOJI. BMecTe oHM Ha3biBaroTcsi oOy4aromieil mapoi. OObIYHO ceTh oOydaeTcs
Ha HEKOTOPOM YHCJIe TAKUX 00yJaronux nap.

Korma B cetw TOJBKO OAMH CIIOH, aJrOpUTM €€ OOY4YEHUs C YUUTEIEeM
JIOBOJIbHO OYEBHUJICH, TaK KAaK MPAaBUJIbHBIE BBIXOJAHBIE COCTOSIHUS HEUPOHOB
€IMHCTBEHHOTO CJIOSI 3aBEJOMO W3BECTHBI, W NOACTPOMKA CHHANTHYECKHUX
CBSI3€ UJIET B HAPABJICHUY, MUHUMU3HUPYIOIIEM OIUOKY Ha BBIXOJIE CETH.

B MHOrOCIOMHBIX K€ CETSIX ONTUMAJIbHBIE BBIXOJHbBIC 3HAUYECHUSI HEUPOHOB
BCEX CJIOEB, KPOME IMOCIIETHEr0, KaK MPAaBUIIO, HE U3BECTHBI, U ABYX WM OoJiee
cionyto HC yxe HeBO3MOXKHO 00Y4YUTh, PYKOBOJICTBYSCH TOJIbKO BEIMUMHAMHU
OIIMOOK Ha BBIXOJaX AToM ceTu. OJIMH U3 BapUAHTOB PEIICHUS ATOW MPOOIEMBI
- pa3paboTka HaOOPOB BBHIXOJHBIX CUTHAJIOB, COOTBETCTBYIOIIUX BXOIHBIM, JJISI
kaxaoro ciost HC, 4To, KOHEYHO, SIBJISIETCS OYEHb TPYI0EMKOW onepalueii u He
BCErJa OCYIIECTBUMO. BTOpoW BapuaHT - AuHamMu4eckass nona-24 CcTporka
BECOBBIX KOA(D(PUIIMEHTOB CHHAIICOB, B XOJI€ KOTOPOM BBIOMpAIOTCA, Kak
paBuiIo, HauboJee cinadbie CBSA3M, KOTOPBhIE U3MEHSIOTCS Ha MAJIylO BETMYUHY B
Ty WIM HHYIO CTOpPOHY. COXpaHSIIOTCS K€ TOJIBKO T€ W3MEHEHUS, KOTOPbIC
MOBJICKJIM YMEHBIIICHUE OMUOKH Ha BbIXOJIE Beeil ceTu. O4eBUIHO, UTO JaHHBIN
MeToJ "po0", HECMOTPS Ha CBOIO KaXYIIYIOCS MPOCTOTY, TPeOyeT rpOMO3IKIX
PYTHHHBIX BbluucieHuid. U, HakoHel, TpeTuil, Ooyee MpueMIIeMblii BapUaHT -
pacnpocTpaHeHHE CHUTHaloB oOmuoOku oT BbixogoB HC k ee Bxomam, B
HaIpaBJICHUH OOPATHOM IMPSIMOMY PACHPOCTPAHEHHUIO CUTHAJIOB B OOBIYHOM

pexxumMe paboThl. IToT anroputM oOyuenuss HC monyunn Ha3BaHue IpoOLEaAypbl
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obpatHoro pacnpoctpaneHus (back-propagation algorithm) wu sBasercs
Haubosee IIMPOKO HCMONb3yeMbiM. HMeHHO oH Oyaer Oonee moapoOHO
PacCMOTPEH B JlajbHEHIIIEM.

OOyuenue 0e3 yuurenasi siBisieTcsa OoJiee MPaBIONOJOOHON MOIENbIO
oOydenus B Oumosiormueckoir cucteme. [Iporecc oOydeHus, kKak U B cllydae
OOy4eHHs] C Yy4YUTEJEeM, 3aKII0YaeTcss B IMOACTpauBaHUU BECOB CHUHAIICOB.
HekoTopsie anropuTMbl IpeaycMaTpUBAIOT U3MEHEHUE U CTPYKTYphI CETH, TO
€CTh KOJIMYECTBO HEHPOHOB M HX B3aUMOCBSA3M, HO Takue IMpeoOpa3OBaHUS
npaBuibHEE Ha3BaTh OoJiee IIMPOKUM TEPMHUHOM - CaMOOpTaHMU3aIueH.
O4eBHIHO, YTO TIOJACTPOIIKa CHHAINICOB MOXET MPOBOAUTHCA TOJBKO Ha
OCHOBaHUM MH(POpPMAIUH, JOCTYITHON HEHpPOHY, TO €CTh €r0 COCTOSIHUS U YXKe
MMEIOITUXCSl BECOBBIX K03 duiimeHToB. Mcxoas u3 3Toro cooOpaxkeHus u, 4To
Ooree Ba)XKHO, MO AHAJIOTUU C W3BECTHBHIMU MPHHIMIIAMUA CaMOOPTaHHU3AINH

HEPBHBIX KIJIETOK, TOCTPOEHBI aJITOPUTMBI 00yueHus: Xeb0a.

BoiBoabl no pazaeay 1

OCHOBHBIMU BBIBOJIAMH MEPBOTO pazjiena padoThl SABISIOTCS:
- II0Ka3aHa 3HAYMMOCTb TEOPUU HEMPOHHBIX B COBPEMEHHBIX BBIYMCIUTEIbHBIX
CUCTEMAX U CETHX;
- MPOBEJICH aHAJIM3 U KJIaCCU(PUKALUI HEUPOHHBIX CETEH;
- OIIpEENIeHBI IPEUMYILECTBA U HEJOCTATKU CTPYKTYP HEUPOHHBIX CETEN

- onpezeneHbl 3PHEeKTUBHBIE METOJIbI 00YUEHUSI HEHPOHHBIX CETEH;
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2. MPUMEHEHME HEHPOHHBIX CETEN1
B TEJIEKOMMYHHUKAIIMOHHBIX CUCTEMAX
2.1 Ocobennoctb ucnoab3oBanusa HC B cucremax ynpasJiieHus

B uctopuyeckomM miaHe MOXKHO YTBEpP)KJaTh, YTO pa3pabOTKa CUCTEM
yopasnenust (CY) Bcerga mpouCXOAUT MO3TANMHO. B KadecTBe TakuxX 3TaroB
MO>KHO BBIJICJIUTD:

aTamn pa3paboTku KoHuenuuu nocrpoenus CY;

stan MojaenupoBaHusi CY, B COOTBETCTBUHU C IMpeasiaraeMoil KOHIEHIuen
MOCTPOCHHUS;

JTal aHAJIM3a MOJyYaeMbIX pPe3yJIbTaTOB;

aTan aopadboTku (MoAepHU3aIUH) KoHIenuu noctpoeHus CY.

Ha mpoTsikeHnu BCeX ATUX 3TANOB HE MPEKPAIAOTCS TEOPETUUYECKHUE
UCCIICIOBAHUS, KOTOpPbIE TIO3BOJIAIOT BLIOMPaTh OCHOBHBIE HaIpaBJICHUS
COBEPIIIEHCTBOBAHMUSI  IMEPBOHAYAIBHO  CHOPMYJIUPOBAHHOW  KOHIEMIUU
noctpoeHnss CY HW pacHnpoOCTpaHsITh €€ OCHOBHBIE HWJIEM Ha P CMEKHBIX
o0nacTen.

ITo ananornuHoi cxeme mnpoucxoauT pazButue CVY, HCHOIB3YIOUIUX
uckycctBeHHble HC. OpHako ciieyeT 3aMeTHTb, 4TO OOJIbIIOE KOJUYECTBO
pa3pabOTaHHBIX aMMapaTHbIX WU MPOTPaMMHBIX Mojeineil HeipoceTeBbix CY
4acTO OMEPEeKarT TEOPETUYECKOE IMOHMMAHUE MPOUCXOAIIUX TIPU ITOM
IPOLIECCOB U UMEIOLIUXCS MTPOOIIEM.

HeoOxoaumbiM STanoM pelieHus 3ajad  ynpaBlICHUs HEITWHEWHBIMU
JTUHAMUYECKUMH  CHUCTEMaMH  SIBJIIETCS  TOJyYE€HHE UX  aJeKBaTHBIX
MaTEeMaTUYECKUX MoJIeJiel, 0a3upyroleecs, Kak MpaBUiio, Ha TEOPETUIECKOM H
AKCIIEPUMEHTAILHOM aHaJlu3€ CBOMCTB ATUX CHUCTeM. TeopeTuueckuil aHaiu3s
MIPOIIECCOB, MPOUCXOASAIIUX B CUCTEME, MO3BOJISIET MOJYUYUTh MAaTEMaTUYECKOE
ONMMCaHWe B BHHE, Hampumep, auddepeHnanbHbIXx ypaBHeHHH. [lpu

AKCTIIEPUMEHTATILHOM aHaJIM3€ Ha OCHOBE HAOJIOJCHUN BXOJIHBIX M BBIXOIHBIX
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CUTHAJIOB ~ CHUCTEMbl  TOJy4alT JHOO €€  mapamMeTpuyecKyr, Jubo
HelmapamMeTpruecKyro Mozenb. Hanboliee mumpokoe paciipoCcTpaHEHUE MOy I
napamMeTpuueckrue MoJeNd, TpeOyrolue peuieHus: 3a7ad CTPYKTYpHOU W
napamMeTpuuecKod HIASHTU(UKAIMU W HCIOJB3YIOIHUE OrPaHUYEHHOE YHCIIO
napaMmeTpoB. HecMoTpsi Ha OrpoMHOE KOJIMUECTBO paboT, MHOTOOOpa3ne BHIOB
HEJIMHEHHOCTEe HE TMO3BOJSET CO3/1aTh €AMHYI0 TEOpUI0 UACHTHU(UKAILNU
HEJIMHEWHBIX cucTeM. [IpuMeHseMblli dYamie BCEro KIAaCCHYECKHM IOIXOA
OCHOBaH Ha amnIpOKCHMAalMy HEJIMHEHHOCTEW, Hampumep psaamu Boibrepa,
["ammepinreiina, Bunepa, nonmunomamu Konmoroposa-I'abopa u np. OnpnHaxo
o0nacTp  NpPUMEHEHUsT TakuX Mojened  orpanumyeHa. Kpome  Toro,
JOIIOJIHUTENIBHBIE TPYAHOCTU IIOJy4YEHHUSA aJEeKBATHOIO MAaTeMaTUYECKOIO
ONMHCaHMs 00YCIIaBIEHO HAJIMYMEM B PEAbHBIX CUTHAJIAX MOMEX.

Onnoit u3 kiaccuueckux mojeneit CVY saBisieTcs monelb ¢ oOpaTHOU
CBSI3bIO C PETYIMPYEMBIMHU B peajJbHOM MaciiTade BpeMeHH Kod(p(uLueHTamH,
HallpuMep caMoHacTpauBaroumuiics peryairop Actpoma . KoadduuumenTs
TaKOTr0 KOHTPOJUIEPA PETYIUPYIOTCA B TEUCHUM KAXKIOI'0 IMKJIA YIIPABJICHUS B
COOTBETCTBUM C OLIEHKOW IapaMeTpOB CHUCTEMBI. bIOK-cXema yIpaBieHUSA C
OoOpaTHOM CBSI3bI0 W PEryJUPYEMbIMH B pPEAJIbHOM MacuTabe BpeMEHU

koadurmenTamu npuBeaeHa Ha puc. 2.1.

v

Pacuet —>| OueHKa <
3HaYeHN

HapaMeTpL.IV perymnsaropa

 — Ob6beKT %

r < | Perynato O
z ynpasneH

\4

Puc. 2.1. bnok-cxema ynpaBieHus: ¢ OOpaTHOU CBSI3bIO U PErYJIUPYEMbBIMU

ko3 punmeHTamMu



26

Hpyroii xopouo u3BecTHOW Moxenpto CY sBisercs monens JlsmyHoBa.
CucteMbl aJanTUBHOTO YIPABICHUS, HCIIOIB3YIOIIUE ATAJOHHYK) MOJEIb
JlsmyHOBa MPOEKTUPYIOTCS TaKUM 00pa3oM, YTOOBI BBIXOJHOM CHTrHal
YIOPABJISIEMOM MOJENM B KOHILE KOHLIOB COOTBETCTBOBAJ BBIXOJHOMY CUTHAILY
MPEABAPUTEIIBHO  ONPEACICHHONM  MOJENH, KOTOpash HWMEET JKEIIAeMbIe
XapakTepucTuku. Takas cucteMa J0JKHA ObITh ACUMITOTHYECKH YCTOMYHUBOM,
TO €CTh yIpaBiisieMass CUCTEMa B UTOIE€ OTCIICKHUBAET ATAJOHHYIK) MOJENb C
HyJIeBOM omuOKoi. boiee Toro, mepexoHpie Mpolecchl Ha dTare aJanTUBHOTO
YIPABJICHUS WIH 00YYalOIIEero YIpaBjieHUsl UMEIOT TapaHTUPOBAHHBIE MTPEEIbI.
biiok-cxema aganTUBHOTO YIPaBJIEHUS C STAJOHHOW MOJEINbIO MPE/ICTaBICHA Ha
puc. 2.2.

Cucrembl ynpaBieHHs, TaK WM WHA4YE€ UCIOJIb3YIOIINE UCKYCCTBEHHBIE
HC saBnstoTcss 0qHON M3 BO3MOXHBIX aJIbTEPHATUB KIACCUYECKHM METOJIaM
ympasieHus. Bo3moxHocTs wucnonb3oBanus HC mig  pemenuns  3amau
yIOpaBJEHUS BO MHOTOM OCHOBBIBaeTrcsi Ha ToMm, uto HC, cocrosias u3 AByX
CJIOEB U UMEIOLIasi B CKPBITOM CJIOE€ IPOU3BOJIBHOE OOJIBIIOE KOJIMUYECTBO Y3JIOB,
MOKET anIpOKCUMUPOBATh JHOO0YI0 (YHKIMIO JEWCTBUTENIBHBIX YHCEN C
3aJIaHHOM CTENEHBI0 TOYHOCTHU. Jl0Ka3aTeabCTBO 3TOIO MOJI0KEHHSI, OCHOBAHHOE
Ha uU3BEeCTHOM Teopeme Beiiepiirpacca. TakuM o0pa3zoM, Juisl pelieHus: 3aaad
UJeHTUGUKAIIMKY U YIIPABJICHUS MOTYT ObITh Mcnoiib3oBanbl HC nmaxke ¢ oqHuM
CKPBITBIM CJIOEM.

OnHuM M3 MEpPBBIX MCHOJIb3YEMbBIX METOAOB MOCTPOEHUS HEHPOCETEBBIX
CY Obl1 MeTod, OCHOBaHHBIM Ha "KOMUPOBAHHHMH'  CYIIECTBYIOIIETO
KoHTposuiepa. [IpumenuB »TtoT MeTon B 1964 Yuumpoy HazBan e€ro MeToaoM
MOCTPOEHUSI OKCIEPTHOM CHUCTEMBI 3a CUET TMOJYYEHHUsI 3HaHUU OT YyXKe

CYILIECTBYIOLIETO 3KcnepTa. Apxutektypa takoit CY npeacrapiieHa Ha puc. 2.3.
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Puc. 2.2. briok-cxema AJJalITUBHOI'O YIIPABJICHUA C ATaJIOHHOM MOJCJIBIO
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Puc. 2.3. HeitpocereBas CY, ocHOBaHHas Ha "KOMUPOBAaHUU'" CYIIECTBYIOLIETO

KOHTpOJIIEepa
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['nans Ha 3TOT PUCYHOK MOKHO YCOMHUTBCS B MOJIE3HOCTH 3TOTO METO/IA.
3ayeM HY>XHO HCIIOJIb30BaTh €€ OJHMH YHPABILSIIOUIMN KOHTpPOJUIEp (B BHIE
HC). Onnako, BO-IepBbIX, CYIIECTBYIOMIUNA KOHTPOJUIEP MOXKET ObITh HEY100CH
0Py  HUCHOJIb30BAaHUU (HAalpuUMEp, B pOJIM TaKOrO KOHTpPOJIEpa MOXKET
BBICTYIIATh YEJIOBEK), a BO-BTOPBIX, ISl BBIPAOOTKH 3(P(PEKTUBHOIO YIPABICHHUS
HC MoxkeT ucnosnb3oBaTh OTIMYHYIO, OT CYILIECTBYIOIIET0 KOHTPOJUIEpa, 1O
cnoco0y mpeactaBieHus (Jierde W3MEpHUTh, (GopManm3oBaTh W T. J.)
MH(OPMAIUIO O COCTOSTHUU O0BEKTA YIIPABICHHUS.

B Hactodiiee BpeMs JIOCTATOYHO XOpPOIIO pa3paboTaH U HIMPOKO
UCIIOJIB3YETCSl LENbI  psif JOPYrUX BO3MOXKHBIX apXUTEKTYp MOCTPOCHUS
HerpocereBblx CY. Bo Bcex M3 HUX, Ha3HAYEHUEM HEMPOCETEBOIO0 KOHTPOJIEpA
ABJIIETCSl BBIPA0OTKA aJ€KBATHOIO YMPABIAIONIETO CUTHANIA Ul YIpPaBICHUS
JTUHAMUKOW COCTOSIHUMA OOBEKTa YINPABIEHUS OT HAYaJbHOTO COCTOSIHUS [0
JKEJIAaeMOr0 HTOTOBOIO COCTOsIHMA. IIpydemM CcMeHa COCTOSHUN JIOJDKHA
IPOUCXOJUTh N0 ONTHUMAJIBHOM TpaekTopuu. OpraHuzanusi KOHTPOJS 3a
COCTOSIHEM OOBEKTa YIPABJICHUS U pealin3aliis HeHpOCeTEeBOr0 KOHTPOJLIEpa B
3HAYUTEJbHOM CTENEHU 3aBUCAT OT BBIOPAHHOTO aJropuTMa OOy4YeHUs U
UCIIOJIB3YEMOM CTPYKTYphl yrpaBieHus. HamOosiee MMPOKO HCHOJIB3yeMbIMU
SBIISIIOTCA CXE€Ma MpsAMOro (HEMOCPEACTBEHHOIO) YIpaBiIeHHs U CXema
KOCBEHHOro ympaBieHus. IIpu 3ToM wamie Bcero B KadyecTBE ajropurma
O0Oy4YeHHMS UCTIONB3YETCS aJTOPUTM OOPaTHOTO PACPOCTPAHEHUS OIIUOKH.

B cxeme KOCBEHHOro ympaBi€HHUS MapaMeTpbl OOBEKTa YIpaBICHUS
ONPEAENSIOTCA B KaKIbIii MOMEHT BPEMEHU U 3aTEM MCIOJIb3YIOTCS JIJIS1 OLIEHKU
napamMeTpoB KoHTposuiepa (cm. puc. 2.4). Takum oOpa3oM, UMEET MECTO SBHO

BBIPKEHHBIN ITPOLIECC UAECHTU(UKAIIY.
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Puc. 2.4. Cxema KOCBEHHOTO yIpaBICHUS

Henoctatkom Takoi cxeMbl SIBISE€TCA TO, 4YTO UACHTHUGUKALMSI U
yIpaBiIeHUE OCHOBBIBAIOTCSA UCKIIOYUTEIHHO Ha OIIMOKE e,, U, CIIeJI0BATEIbHO,
MHHUMH3ALKI0 OIIMOKY HA BBIXOJE CUCTEMBI €, TApPaHTHPOBATh HEJb34.

B cxeme mpsiMoro ympaBieHUsI mapaMeTpbl HEHPOCETEBOTO KOHTPOJUIEpa
PETYIUPYIOTCS TaKUM 00pa3oM, 4TOOBl YMEHBIIUTh HETIOCPEICTBEHHO OIIHOKY

BBIXOZA €y (CM. pHC. 2.5).

7

N . |u
Va HeitpocepeBoit ObnekT
KOHTpOnep yIpaBieHus

Puc. 2.5. Cxema npsAMoro ynpasieHUs
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B kauectBe 1eneBeéBoi (yHKIMH, KOTOpas NOKHA ObITh MUHUMHU3UPOBAHA
KOHTPOJIJIEPOM HCIONB3YETCA CpeIHEKBaJpaTHUecKas OIIMOKa Ha BBIXOJEC

00BEKTa yIpaBiICHUs

Ej’zé[yd_y): (2.1)

OnHolt u3 o00nacTel TEOPEeTUYECKUX HCCIEAOBAHUN, pacCMaTPUBAIOLINX
npo6isieMbl ucnosb3oBanuss HC B cucremax ynpaBieHUs, SIBISETCS CpPaBHEHHUE
TaKUX METOJIOB YIPAaBIEHUS C IPYrUMH M3BeCTHbIMH Tunamu CVY, BbISBICHHUE
IPUCYIIUX HEHPOCETEBBIM METOJIaM OCOOEHHOCTEW U uX aHanu3. B pabore nan
KpaTKui 0030p XapakTepucTuk ynoMmsHyTbiXx Bbiie CVY. CpaBHUBaINCh
YCTOHYHBOCTH, CKOPOCTh CXOJMMOCTH, paboTa B YCIOBUAX IIyMOB, TPeOyeMbIit
o0beM MaMsATH U JAp. XOTSA KaKIbIA M3 PACCMOTPEHHBIX METOJIOB MMEET Kak
XOpOLINe, TaK M IJIOXHE XapaKTEPUCTUKH CIEAYET 3aMETUTh, YTO METOJ
HEHPOCETEBOr0 YIpaBJICHUSI UMEET TaKue IMOJIE3HbIE CBOMCTBA, KOTOPHIE IJIOXO
peanusyroTcs B IBYX APYTUX METOAAX.

OcCHOBHBIE pe3yJIbTaThl, MOJIYYCHHBIC IPU CPABHEHUH, IPUBEICHBI B Ta0I. 2.1.

Tabnauma 2.1
00630p XapaKTEPUCTUK METO/IOB YIIPABJICHHUS
Kpurepuii YnpasneHnue AJlanTUBHOE HeitpocereBoe
¢ oOpatHOM yIpaBJ€HUE C yIpaBJeHUe
CBA3BIO U 3TAJIOHHOU
peryiaupyem MOJENBIO
BIMU JlanyHoBa
kodhpurreH
TaMU
YeronuuBoer | Hamxyamas Hannmyuras Cpennsis
b 00paTHOM
CBSI3U




CxopocTb

CXO0AUMOCTH

Haunyumas

Cpennsis

Haunxynmras

Pabora B

Cpenusis

Cpenusis

Hawnnyumas
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PCaIbHOM

BPEMEHU

CnoXHOCTB Hanxynmas Cpennsis Cpennsis

POTPaMMBI

YIIPaBJICHUS

Omubka Cpennss Hawnyumas Cpennss

CJIC)KCHUA

[lonaBnenne Hanmyumras Hanxynmas Cpennsas

ITIOMEX

PobGacTHOCTh Hauxynmas Cpenusis Hawnnyumas
Paccornacos
aHUs

MOACIIN

B merone ¢ wucnonszoBanmeM HC OTCYTCTBYIOT  OTrpaHMYEHHS Ha
JMHENHOCTh CUCTEMBI, OH d(PPEKTUBEH B YCIOBUSIX IIYMOB U MOCJIE OKOHYAHUS
oOyueHuss oOecrneurBaeT YIPaBJICHUE B pPEAJbHOM MaciiTade BpPEMEHHU.
HeiipocereBoie CY 0Oonee TMOKO HACTpaMBalOTCS Ha pealbHBbIC YCJIOBHS,
oOpa3ysi MOJEIM TOJHOCTBIO aJeKBAaTHbIE IOCTABJIEHHOM 3ajade, He
CoJIeprKalllie OTPAHUYCHHH, CBS3aHHBIX C MOCTPOCHUEM (POPMAIBHBIX CHUCTEM.
Kpome Toro, nedpoce-teBble CY He TOJIBKO PEATU3YIOT CTaHIAPTHBIC
aJlanTUBHBIC METOJBlI YIIPABICHUS, HO U MPEIJaraloT CBOM aJTOPUTMHYECKHE
MOAXOJbI K PALY 3a/1a4, PeIIEHUE KOTOPHIX BBI3bIBAET 3aTPYAHEHUE BCIEICTBHE
He(hOpMaNTM30BaHHOCTH. TaK, MOSBISIETCS BO3MOXHOCTh O00paOOTKH B paMKax
OJHOM MOJEJM JaHHbBIX OJHOW mnpuponasl - a1 HC Baxna numb uX

KOPPEIUPOBAHHOCTD.
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Takum oOpa3om, HampammBaeTcsi CIEAyIIUA BbIBoA. bynayiee
WHTEJUIEKTYallbHOTO  YIPABJICHHUS JIGKUT B COYETAHUM TPATUIMOHHOTO
VOpPABJICHUS C TOTCHIHAIbHBIMA  BO3MOXHOCTSAMH U  TNEPCHEKTUBAMHU

HCIIOJIB30BaHUS CUCTEM, OCHOBAHHBIX Ha UCIIOJIb30BAHUU NCKYCCTBCHHBIX HC.

2.2. HpI/IMeHeHI/Ie HeﬁpOHHbIX cerel B TCJICKOMMYHUKAIIUOHHBIX CUCTEMAX

JlnuTenbHOE BpeMsl CUYUTAIOCh, YTO HEHPOKOMITBIOTEPHI 3((HEKTUBHBI U
IPUMEHUMBI JIMILb JUIS PEIIEHUs] TaK Ha3bIBA€MbIX Me()OpMaTN3yeMbIX U IJIOXO
dbopManu3yeMbIX 3a/Jad, CBSA3aHHBIX C HEOOXOAMMOCTBIO BKJIOYEHHUS B
AJITOPUTM MX PELIEHUS JaHHBIX OOyYEHHs Ha PEAIbHOM SKCIIEPUMEHTAIBHOM
Marepuasie. B mepByro ouepeapr K TakUM 3aJadaM  OTHOCSATCS  3aJadd
pacno3HaBaHus o0Opa3oB. B mocinegHee BpeMs 00JacTh MPUMEHEHHUS
HEHponH(POPMAIIMOHHBIX TEXHOJIOTUN THUHAMUYHO pacuipserca.OHu Bce mmpe
U IIMpE HCIOIB3YIOTCS B 3aJadaXx C SPKO BBIPAKEHHBIM €CTECTBEHHBIM
napajuieIu3MoM: 00paboTKa CUTHAIOB, U300paKeHUH U T. II.

Cpenn  OCHOBHBIX  BBIIEISIOT  YeTbIpe  O0JacTH  MPUMEHEHMS
HEHPOKOMIBIOTEPOB B CUCTEMAX CBSI3H:

® YIIPABJICHUE KOMMYTALUEN;
® MapLIPYTU3ALMS;
e ynpaBiieHHE TpahUKoMm;
® pacrpeiesiecHie KaHAJIOB B MOJABMXHBIX CUCTEMaX PaJUOCBSI3H.
Pemenune npakTudecku ar000# 3a1a4un B HEUPOCETEBOM JIOTUYECKOM Oaszuce
IIPEANOaraeT HaJu4mue CIEAYIOIMMX ITANoOB:
(dbopMHpoBaHKE BXOJAHOTO U BhIXOJHOTO curHainoB HC;
dbopMupoBanue xenaeMoro BeixogHoro curtana HC;
dbopMupoBaHUe CUTHAIA OMIMOKHU M (PYHKITMOHAIA ONTUMHU3AIINH;

dbopmupoBanue ctpyktypsl HC, anekBaTHOM BRIOpaHHOM 3a/1a4u;
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paspaboTka anroputMma HacTpoiiku HC, 35KBUBaJIEHTHOI'O IIPOLECCY PELICHUS
3aJlayd B HEHPOCETEBOM JIOTUYECKOM Oa3uce;
IIPOBEJCHUE UCCIIEOBAHUN IIPOLIECCa PEILICHUSA 3a1a4H.

Meton oOyueHuss W HEHpOHHas CeTh, MCIOJIb3yeMas Uil YIpaBICHUS
paboTOi BBHICOKOCKOPOCTHOM KOMMYTAIIMOHHOW CETH C MAKeTHOW mepeaadeil B
aCUHXPOHHOM pexume. CeTb MCHOIB3YyeTCs I YNPABICHHS KOMMYyTalUen
NaKeTOB TMpH TMepenaye peud, wu3o0pakeHud u gaHHbIX. KommyraTtop
IPEJCTaBICH KaK JIOTMYECKOE YCTPOMCTBO, Ha BXOJA KOToporo moctymnaer N
CUTHAJOB M KOTOpPOE Ha BBIXOJE BOCIPOM3BOJUT O3TU CUTHAIIBI B JIIOOOM
IIPEACTABICHHOM IOPSIKE.

B pabote paccMarpuBaeTcsi IpOCTPAHCTBEHHBIH KOMMYTATOp (BXOIbI U
BBIXOJIbl KOMMYTATOpa SBISIIOTCA PAa3idUYHBIMU  (DU3UUYECKUMU JIMHHSIMHU).
[IpuBoasiTtcs mnpumepsl GopmupoBanus cTpykrypel HC ans  ynpaBieHus
IIPOLIECCOM KOMMYTAILIUU B PA3JIMYHBIX TEIIEKOMMYHHUKALIMOHHBIX CUCTEMAX.

Ucnons3zoBanne HC nmna  ympaBneHuss TpaduKOM B CIOXHBIX
MHOI'OCTYIIEHYAThIX CHUCTEMAaxX CBA3M MPEMIOKEHO. TpymHOCTH 3axauu
oOyclioBIEHa TE€M, YTO, BO-NIEPBBIX, 3apaHEEe HEU3BECTHbI IapaMeTphl,
XapaKTEePU3yIOIIMEe TOTOKU UH(OpMAIIMH, a BO-BTOPBIX, TPEOOBAHUS K KAUECTBY
MOTYT MEHAThCS co BpemeHeM. HC permaer 3aga4un oNTUMHU3aLNN, CBA3aHHBIE C
HaXO0XJe€HUEM OECKOH(MIUKTHBIX MOTOKOB MPH 33JaHHBIX BXOJHBIX U BBIXOJIHBIX
3HaueHusAx. [Ipu atom HC nerko agantupyercss K ©3BMEHEHUSM YCIOBUM.

ITocTaHOBKA M pEILICHUE 3aa4X PACIPEACIICHUS KAHAJIOB B IOJABUKHBIX
CUCTEMax paJuoCBs3W B HEHUpOceTeBOM 0Oa3uce Majo OTIMYalTCi OT
IIOCTAHOBKM M pELICHMs 3aJauyd Mapupyrusauuy. PasHuna 3akirodyeHa B
COTOBOM CTPYKTYpPE pPaJMOCETH U OOJIBIIOM YHCII€ KOMMYTHUPYEMBIX y3JI0B.

Kpome BbIenepeunciaeHHbpIx 00gacTeil MpUMEHEHUs HEMPOHHBIX ceTel B
TEJIEKOMMYHHUKAILMOHHBIX CUCTEMAaX, EPCIEKTUBHBIM SIBJISIETCS UCIIOJIB30BAHUE
HEWPOCETEBBIX AJITOPUTMOB B 33/la4ax KOJHMPOBAHUS U JAEKOAUPOBAHUSA

nHdopmaruu. B kadecTBe mMepBOOUEPEAHBIX MOXHO paccMaTpUBaTh 3aadyd
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CBSI3aHHBIE C 00paboOTKOM pedeBoil MHpopmaruu U uzoOpaxeHuit. [Iupoko
U3BECTHBIM SIBIIIETCS METOA CXaTus WHOpMaIuu, MpenaokeHHblid B 1987
roay. [Ipu 3TOM HCHONB3yeTCsl TPEXCIOWHBIA MEPLEN-TPOH, Y KOTOPOTO YHUCIIO
AJIEMEHTOB BXOJHOTO M BBIXOJHOTO CJIOEB OJMHAKOBO, @ YHCIO SJEMEHTOB
CKPBITOTO CIIOSl 3HAYUTENBbHO MEHbIIe. Ecnu oOyueHue MpOU3BEEHO TaKUM
o0pa3oM, 4TO Ha BBIXOJI€ BOCIPOU3BOAMUTCS TOT KE CaMbIil BEKTOP, KOTOPBINA
IIOAAETCS HAa BXOJHOM CJIOW, TO TaKOW IEPUENTPOH aBTOMATUYECKU
OCYUIECTBIISIET CXkaThe UHPOpMalMU (Ha 3JIEMEHTAX CKPBITOrO CJIOSI BO3HUKAET
MPEACTABICHUE KaXXJIOIO0 BEKTOpPA, KOTOPOE 3HAYMUTENIIBHO KOpOYE, YEM JJIMHA
BEKTOpa, MOJAaBaeMOro Ha BXoJ). Takum o0pa3om, mepenada MpeBapUTEIbHO
CKaToil uWHpOpMaluu MO JHMHUMA CBSI3U TO3BOJISIET YMEHBUIUTbH YHCIIO
HEOOXOJIMMBIX JJISI 3TOr0 KaHaloB. Peanu3yetcst 3To cienyromum obpaszom. Ha
OTHOM KOHIIE JIMHUM ITOMEIIAIOT BXOJHOW M CKPBITBIM CJIOW MEPLEN-TPOHA, a
pe3ysbTaT paboThl IEMEHTOB CKPBITOrO CJIOsi (KOPOTKHE BEKTOPHI) MOJNAIOT B
kaHai. [lomecTuB- Ha IPYroM KOHIIE JINHUH KOIMIO CKPBITOTO CJIO0SI ¥ BBIXOJIHOU
CJIOW, MOYKHO Ha BBIXOJIE IIOCIIEIHET0 BOCIIPOU3BECTH UCXOIHBINA BEKTOD.

Bonbuioe konmyecTBO pabOT MOCBALIEHO IOCTPOCHHIO HEMPOCETEBBIX
IIPUEMHHUKOB CHCTEM MHOXECTBEHHOTO JOCTYTIA.

2.3. HeiipoHHble ceTH /1Ji51 pelieHus 32124 MaApIIPyTH3alUuu

Mapupytuzanust  gBAse€Tcs  OAHOM M3 BaXHBIX  3a4ad I
TEJIEKOMMYHHUKALMOHHBIX CETEN Pa3JIMYHOr0 HA3HAYEHUs. 3aauM, CBA3aHHBIE C
BBIOOPOM MapIIpyTa, MJIAHUPOBAHUEM PAOOTHI CPEJCTB CBSA3U U T. M., OTHOCATCA
K KJIaCCy CJIOKHBIX KOMOMHATOPHO-ONTHMU3ALMOHHBIX 33/1a4, KaK MpaBUJIO, HE
UMEIOIIMX IPOCTBIX AaHAJUTUYECKUX peleHud. Kpome Toro, CiaoKHOCTb
HEOOXOJMMBIX BBIYUCICHUN SKCIOHEHIMAIBHO BO3PACTAET MPHU YBEIMYCHHUU
KOJIMYECTBA y3J0B B ceTH. [1o3TOMY B Hacrosiee BpeMsi IIUPOKO MPUMEHSIOT
pa3M4YHbIE JBPUCTUYECKUE aAJNTOPUTMBI M TPOLEAYPHI, IOJYYEHHBIE ITyTEM
TBOPYECKOTO IOMCKA, MHTYMLUMU W OIbITA HUCCIeNoBaTessd. AJIbTEpHATUBON

CymeCTByromimM  MCTOJaM  PCIICHUA  3a/la4d  MapHIpyTU3aluu  ABJICTCS
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UCIIOJIb30BAHUE  HEHPOCETEBBIX  MOJECIEH, KOTOpbIE  IIO3BOJIIIOT — IIPH
3HAYUTEIPHOM  CHW)KEHUM  BPEMEHHBIX  3aTpaT  MOJYyYHUTb  XOPOUIUE
cyoonTtuManbHble  pemieHus.  Tak,  aai  peuieHus ~— KOMOMHATOPHO
ONTHMM3ALMOHHBIX 337a4 IIMPOKO HCIIONB3YIOTCS MOJEIN IIOCTPOCHHBIE HA
ocioBe HC Xomndunga, BmepBble NPUMEHEHHBIE AN pPELICHUS 3a7aud O
KOMMHBOSDKEpE. DTH MOJEIN SIBUJIMCh HAYAJIOM Pa3BUTHsI HEHPOHHBIX METOOB
pEIICHHs] CJIOKHBIX ONTHUMHM3ALMOHHBIX 3aJad. BOJBIIMHCTBO MOCIEIYIONIUX
UCCIIEJOBAaHUM TaK WM MHa4Ye 0a3MpOBAINCH UMEHHO HA HUX.

Kopotko ocraHoBumMcs Ha (QOpPMYJIMPOBKE M OCHOBHBIX MPHUHLUIAX
OpraHu3alliy BBIYMCIICHUM MPU PEIICHUH 3a/1a4l KOMMHBOSLKEPA.
JI1st HEKOTOPOW TpyNIbl TOPOJOB C M3BECTHBIMH PACCTOSHUSAMHU MEXIY HUMH
TpeOyeTCcss HAMTH KpaT4alllinii MapIIpyT MOCEMEHUsT KaXI0ro ropoaa OJIUH pa3
C BO3BPAIICHUEM B HCXOJHYIO TOUKY.

O0603HauuM ropoja, KOTOpble HEOOX0AUMO OCETUTh, OykBamu A, B, C...,
a pacctosHus —Oag,dac...0pc... Pemenuem sBisercs  ymopsio4eHHOES
MHO’KECTBO U3 n ropoioB. [locienoBareabHOCTh, B KOTOPOW 00XOASATCS ropoja
yIOOHO MpEeACTaBIATh MaTpuLled 7 X 1, CTPOKHM KOTOPOH COOTBETCTBYIOT
ropojiam, a CTOJIOIbI HOMEpaMm TOpOoJOB B TocliienoBareiabHocTH. Hampumep,
umeetcs naTh ropogoB A, B, C, D, E, a mocnenoBarensHOCTh 00X0Aa 3THUX

rOpOJIOB 3a/1aHa MaTPHUILIEH.

(2.2)

Mg O W e
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Takum o6pazom ropoa C mocemaeTcst IepBbIM, TOPOJ A - BTOPBIM H T. 1.

Jnuna mapiipyta paBHa dca + Jag +...+ dpc. B kakmom cronbiie u B Kax 1ot
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CTPOKEC 3TOU MaTpuibl MOXKET OBITH TOJIBKO OJHa €IHHHIIA, TaK KaK B Kﬂ)K,Z[BIﬁ
MOMCHT IIOCCIIACTCA TOJIBKO OJWH IOpod U K&)KI[LIﬁ ropoa moceumacTcsa TOJbKO

onlMH pa3. Marpuny Buaa (2.2) MOXHO BOCHPHUHHMATh KaK COCTOSIHHUE

HEUPOHHOM ceTu u3 N = n’ HEHUPOHOB. 3ajjlaya COCTOUT B TOM, YTOOBI U3 fon
MapmipyToB BBIOpaTh OIWH C HauMeHbIeH mHON. COCTOSHHE Ka)XI0To
HEWpPOHA OMMCHIBAETCA IBYMSI MHIEKCAMH, KOTOPBIE COOTBETCTBYIOT TOPOAY U
NOPSIIKOBOMY HOMEpY €ro mnoceuieHuss B wmapupyte. Hampumep, Y, = 1
IIOKA3bIBACT,4TO FOPOJI X OBLI | -M IO TOPSAAKY TOPOJIOM MapIipyTa.

3anumeMm  GYHKUMIO ~ BBIYMCIWUTEIBHOM ~ 3HEpruM Uil CETH,
MPEIHA3HAYCHHOM ISl PEIIEHUS 3a/1a4d KOMMHBOSKEPA, B KOTOPOM COCTOSTHHE
C HAMMEHBIIEW DSHEPIrUEN COOTBETCTBYET CaMOMY KOPOTKOMY Mapupyry. B
oOmeM Buje Takas GYHKUIUS U1 paccMaTpUBAEMOM CETH MOXKET HMETh

CHEYIOIINI BU:

= _->>w;; VY, -3 Y,
2§§ / ?f ?ff (2.3)

rae £ - HCKyCCTBCHHAs SHEPTHUs CETH, Wij- Bec or BBIXOJ/Ia HEHpOHA | K BXOAY
HelipoHa |, Y; - BbIXOJ HeifpoHa J, |; - BHemHuil BXox Heifpona j, T;. -mopor
HEHpoHa j.

VI3MeHeHrEe PHEPTHH, BEI3BAHHOC M3MECHCHHUEM COCTOSIHUS | -HEHPOHA, MOYKHO

BBIYUCIIUTD CIEAYIOITUM 00pa3oM:
E =(I_Zj{wi_j1f}_}+f-_i'})51§ (2.4)

&Y

rae “'J - N3MEHEHHE BBIXO/a | -TO HEHpOoHa.
KaxaoMy COCTOSAHMIO CHUCTEMBI COOTBETCTBYET KOHKPETHAsT BEJIMYMHA
BBIUMCIIUTEILHOU YHEPTUU. Y CTOUUMBOE COCTOSIHUE MMEET MEHBIIYIO SHEPTHIO,

4EM HCYCTOfI‘-IHBOC. BBOJ'IIOI_II/IH CUCTCMbI BO BpPCMCHH - 3TO JIBHKCHHC B
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NPOCTPAHCTBE COCTOSIHHMI B MOMCKAaX MUHUMYMa SHEPIMU U OCTaHOBKA B ITOU
TOUKE.

Jns  paccMarpuBaeMol — cHCTEeMBbl  (DYHKIUST  DHEPrHMHM  JIOJDKHA
yIIOBJIETBOPATh CIEAYIOIIMM TpeOoBaHMSIM . Bo-MepBbIX, OHA JIOJDKHA
MOJIJICPKUBATh YCTONYMBBIE COCTOSTHUS B (hopme MaTpuilbl (2.2). Bo-BTopsIX, U3
BCEX BO3MOKHBIX peIICHWH (YHKLIMS HSHEPrud JOJDKHA TOIJNEPKUBAThH Te,
KOTOpPBhIE€ COOTBETCTBYIOT KOPOTKMM MapiipyTam. OTHUM TpeOOBaHHIM

YIOBIIETBOPsIeT (GDYHKIMS SHEpPruu Buaa (Ipu 3toM, Yy; = 0,1)

E= 4TS Ty 5Y TS vats {(E 5 v )

i j=z1 i x k=x

D
+3 2,200 2 ¥ ia(Vizes + Yiioa) (2.5)

r k=xx i

[lepBbie Tpu uneHa BeipaxkeHus (3.4) moanepKuUBalOT MepBoe TpeOOBaHUE,
YeTBEepThIN WiieH - BTopoe; A, B, C, D - nonoxurensubie MHOKUTETU. [lepBbIit
YJIeH paBeH HYJIO, €CIU KaXJasg CTpOKa X COACPKUT HE OOJbIle OHOU
eAUHUIIBI. BTOpOll wieH paBeH HyII0, €CIM KaXIbId CTOJIOEI] COAEPKHUT HE
Oosiee 0fHOM enuHUIBI. TpeTHil YiieH paBeH HYJII0, €CITU B MaTpuile Buaa (2.2) n
enunaull. Takum oOpa3zom, 6€3 yuera 4eTBEpPTOro WwieHa (PyHKIUS SHEPTUHA UMEET
MUHUMYMBI (£ = () BO BCEX COCTOSTHUSX, NPEICTABIEHHBIX MaTPULIEH C OJHOM
CAMHUIICH B KaXXJOM CTOJOIE U KaXI0M cTpoke. Bece apyrue coctosiHust UMEIOT
OoJiee BBICOKYIO 3Hepruto. KopoTkue MapuipyThl MOAAECPKUBAET YETBEPTHIN
wieH. B Hem uHIEKch | OepyTes mo mod i1, 11 TOro 4ToObl oKa3ath, 4To | -i
ropox coceactsyer B Mapmpyre ¢ (N-1)-M u mepBbM, T. €. Yi,n+j= Yiu.
YeTBepThIi WIEH YUCIEHHO PABEH JJIMHE MapIIpyTa

PackpeiBas ckoOku B (2.5) wm mnpupaBHuUBas KOIPPUIUMEHTH TPHU
KBQJIPaTUYHBIX W JIMHEWHBIX UJIEHAX B TIOJYYCHHOM BBIPDAKCHUM U O0OIIen

dbopmyIlie SHepruu, OnpeaeisieM MaTPHUILy CBSI3ei U BHEIITHUE B3aUMOJICHCTBUS:
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Waikj = ~Aby (1-84)-BE;j(1-6;)-C - Dd (8.1 + 8j;_1) (2.6)

rie &;; =0, ecmu i= |, B npotuBHOM ciydae &;; = 0 . Kpome Toro, kaxmprii

HEWpoH nMmeeT cmentarommii Bec |y; = Cn .

[lepBbrii unen B (2.6) 3amaeT CBSI3W HEHPOHOB B KaXKIOW CTPOKE,
BTOPOM -BHYTPU KaXKJIOTO CTOJIONA, TPETUI U YETBEPTHI - TI100asIbHbIE CBSI3U.
B (2.5) u B (2.6) Tpu mepBbIX YJi€Ha OTBEYAIOT 3a OOINKME OTPaHHUYCHUS IS
10001 33124 KOMMHBOSDKEpA U MPUBOJAT CETh K (PMHATHHOMY COCTOSTHUIO B
Buze (2.2).

YeTBepThIil uieH YIpaBiseT TEM, Kakoe U3 Y 21, BOBMOKHBIX Pa3JIMUHbBIX
(UHAIBHBIX COCTOSTHUNA COOTBETCTBYET CAMOMY KOPOTKOMY MapIIpyTy.

PaccmoTpuMm BapHaHT COBMECTHOTO PEHICHUS 3aJayd MapUIpyTH3aluu U
IJIAHUPOBAHUSI WCIOJB30BAaHUS JIMHUW PagUOCBI3U ISl CETH MaKETHOU
PaIrOCBsA3M C MHOTOCKAYKOBOM TOMOJIOTHEN. BaXKHOCTh B3aMMOCBSI3U MEXKITY
MapHipyTH3alueid ¥ BOMPOCAMH TUIAHUPOBAHMS IOCJIEIOBATEILHOCTH BBIOOpA
HalpaBJICHUS [JI1 Tepefadyd IO MCIOJIb3yEMbIM JIMHUSM CBSI3M TOKAa3aHa B
(Hajek B., Sasaki G. Link Sceduling in Polynomial Time. IEEE Trans. Inform.
Theory, Sept. 1988, vol. 34, pp.910-917.). Tam sxe 000OIICH Ciy4Yaii
HEIMPEPBIBHOTO Tpauka sl OnpeneseHHoro kiacca cereid. [Ipu atom BeIOOp
MapuIpyToB ~ MakCUMHU3UPYIOIIUX CTENEHb y3Jla B  CETH, IO3BOJISIET
CIUIAHUPOBATH pabOTy TaK, YTOOBI BpEMs €€ BBIMOJHEHHS ObLII0O MUHUMAJIbHBIM.
Crenenp y3ia Mg 3TOr0O Ciydasl, ONpPENeNsIeTCSl KaK CymMMa BCEX IOTOKOB,
MOCTYHAKIIKNX B y3€1 W UCXOASIMX OT y3na. Hampumep, nuHHSA, KOTOpas
JIOJDKHA aKTUBUPOBATHCS, TPU pa3a J0OABISIET MOTOK U3 TPEX €IMHUI] K 000UM
y37aM, KOTOpble OHa coeauHseT. [lpum »TOoM, KpuTepuii KadecTBa padOTHI,
BBIOMpaeMbIH JJIs 3aa4K MapIIpyTHU3allUU, T0JDKEH OTPpaKaTh 1[EIU, CBSI3aHHBIC
C COOTBETCTBYIOIIIEH 3a/1auell COCTABJICHUS T1aHa PaOOThI TMHUMN CBSI3HU.

[TycTh 3amanbl: rpad CBI3HOCTH CETH MaKETHOUW paauocBsizu, psa map Nsp
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UCXOAHAsl TOUKA - MyHKT HazHaueHus (SD) u psa nuHUi CBSI3M, COSAMHSIOMINX
Kaxayto napy ...SD.... [Ipennonaraercs, ....4TO B CUCTEME UCIOJIb3YETCS
TaKTUPOBAHHBI MHOYKECTBEHHBI JOCTYI WM JUIMTEIBHOCTH BPEMEHHBIX OKOH
COOTBETCTBYET JUIMHE MakeTa (BCE MaKeThl UMEIOT (PUKCUPOBAHHYIO UIMHY), a
Ha  KaXJIOM y3JI€ UMEETCS TOJBKO OAUH IPUEMOIIepeIaTuuK. Mexy Kaxaou
napoil y3noB cetu SD mMMeeT MecTO OJMHAKOBBI TpauK, paBHBIA OJHOMY
NakeTy Ha OUKJI nepenadyud. CuMTaeM TakKe, 4YTO JIMHUMA CBA3H MEXKIY
COOTBETCTBYIOIIMMU TapaMU y3JIOB aKTUBU3UPYIOTCS (MCIOJIB3YIOTCA IS
nepesayn) o Mepe He0OXOAUMOCTH.
Tpebyercst BbIOpaTh €NMHCTBEHHBI MapIIPyT MEXAY Kaxaou mapoit SD

C TaKMM pPAacyeTOM, YTOObl MHUHHUMHU3HMPOBATh KEJIAEMbI KpUTEpUN KadyecTBa
paboTHI.

[Toka3zaTenb kauecTBa pabOTHI JOJKEH COIIACOBBIBAThCS cO CTpykTypoid HC
Xondunga. Ilo aHamoruu ¢ pacCMOTPEHHOW BHINNIE 3a7a4€ii KOMMHUBOSIKEPA

TaKoOM MoKasaTesib, Ha3bIBaeMbIN "sHeprueit neperpy3ku" 3ampaetrcs GopmMynoit

Nep Npli)

Ny, (k)
Eb T ZZ Z Z Z IPU npkl FI_;FM! » I:ZT:]

U i=1 k=1.k=i j=1

rae - J-i mapumpyt mexay SD mapoii i,

P ijnP k| —4HCIIO Y3JI0B, KOTOPLIE COBMECTHO UCIOJB3YIOT MappyThl Pjj 1 Py

(1, ecniu BeIOMpaeTCs Py

Vi= <

0, eciit He BBIOMpaeTCs Py

Np(D) - qucno BapUaHTOB MapIIPyTOB, ONpeAeIeHHBIX Mex 1y SD napoii i
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[lenas cocTouT B MUHUMM3AUU E, ¢ y4eToM TOro, 4to Uil Kaxxaou mapsl SD
BBIOMPAETCS TOJIBKO OAWH MapupyT (T. €. V.. - 1 1715 €IMHCTBEHHOTO 3HAYECHUS
| JUTsl KaKJI0To 3HaUeHMs 1). B 3TOM citydae sHeprus neperpy3ku COOTBETCTBYET
CyMMe€ YHcia OOIIMX y3JI0B BCEX BBHIOPAHHBIX MApIIPYTOB (OHOTO JJIsi KaXI0u
SD mapsr), B3aThIX momapHo. Hampumep, Ha puc. 2.6 mokazaHa mpocrtas CeTb
MAKETHON PaJMOCBS3U C MIECThIO y3JaMU U JBYMSI MAPUIPYTaMU MEXKY KaxKI0u
u3 aByx SD map.

3amaya MapHIpyTH3allMd COCTOUT B BbIOOpe nubO0 mapsl Py umm Pp s
coenuHeHuss S1 ¢ D1 u mubo mapsl Pp; mnu Py ans coenunenus S2 ¢ D2.
JlonycTuMoe pellieHre, KOTopoe 3ajaercs BblIOOpoM Tpacc Py u Pj,, UMeer
SHEPIHIO Meperpy3ku £, = 1, Tak Kak 3T MapUIpyThl UMEIOT OAWH OOIIUN y3en

(yzen 6).

Puc. 2.6. IIpumep cetr CBS3U U3 MIECTH Y3JIOB.

CoenyHEHNS MEXy HEHPOHAMHU | M | ONHCHIBAIOTCSA BECOM T jj, KOTOPBIH
MOJIOKUTEJIEH €CIIM  COEIMHEHHEe BO30yXJamllee W OTPULIATENICH, €CJH
coelMHEHrEe Topmo3siiee (3ampemaroniee). B pacecmarpuBaemoit mogenun HC
JUTSL KXKI0TO MapIipyTa Mexay kaxaon SD mapoit onpenensercss oauH HEUPOH.
Bapuant mogenu HC mjist cetu n3o0pakeHHOM Ha puc. 2.9 npeacTaBiieH Ha puc.
2.10. B cootBercTBuM ¢ puc. 2.10 HelipoH 1] oroOpaxaet | MapmpyT Mexay SD
napo .

HC »BontoMoHUpYyeT OT KAaKOro-TO HAYalIbHOTO COCTOSIHUS 10 COCTOSIHUS

paBHOBECHS, KOTOpPOE OTOOpakaeT MHUHUMYM (HE 0053aTelbHO TJI0OAIbHBIN)
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byukiuu sHepruu JlsamyHoBa, KoTopas 1Mo aHajoruu ¢ (2.3) MOXKET OBbITh
3amrcaHa 4epe3 Beca COSAMHEHUH, TOKA CMEIICHUS W HAIPsHKSHUST Ha BBIXOJaX

HEHPOHOB CJIEAYIOIIUM 00pa3oM:

N.p N N, (i) Ny (k) » Ny (@)
Etorar = ZZ Z Z TtV Via — Z Z Vyl; . (28
i=1 k=1 j=1 i=

B Beipakeruu (2.8) Tjj ki - Bec coenuHeHHs Mexny HelipoHami 1) u K,
lij - Tox cmemieHus, mpukiIagbiBaeMblii K Helpory 1j, N,(i) - umcno
£ MZ N,() MApUIPYTOB MEXIy SD mapoii i.B paccmarpuBaemoit
MOJENU = BECa COSAMHEHMH SBISIOTCS CHMMETPUYHEIMHU (T. €. Tijkt =Txij)-
OTa CUMMETpHs FapaHTUPYET CXOAMMOCTh K YCTOMUMBOMY cocTosiHuIo. OO1iee
gyucao HeMpoHoB N 3a-maercs kak . Takum oOpasom, Beca COCOMHEHMH T ij k|

SBIISAIIOTCA JIEMEHTaMU MaTpULbl CBsI3HOCTU pazMepHOCTH N X N

Takum oOpaszoMm, neneBass ¢QyHKUus, Moaenupyemas ¢ nomoimbio HC
Xondunga, BKIOYACT B3BEIICHHBIE CYMMBbI NPOW3BEICHUI Map BBIXOTHBIX
HANpPsDKEHUN HEHpPOHA U BBIXOJHBIX HAMPSHKEHUH B3STHIX MO OTAEIbHOCTH. [Ipn
BbIOOpe £, Buma (2.8) mpeamnosaraioch, YTO OLICHUBAETCS SHEPTHUS MEPErpy3Ku
CeTH B JIONYCTUMOM COCTOSIHUH, T. €. aKTUBUPYETCS TOJIBKO OJIMH MapIIPyT JJIs
kaxaoit SD mapst (1. e. V(j = 1 11 €eIMHCTBEHHOTO 3HAYEHMS | IS KaXKJIOro
3HayeHus /, a ocranbHble 3HaueHHs Vi =0). OgHaKo 10 JOCTHXKEHUS CXOAU-
MOCTH BEJIMYUHBI Vjj MPUHUMAIOT 3HaYeHUs B KOHTUHYyMe [0,1] 1 BbIpaxkeHUe

JUIS DHEPTUM TIEPETPY3KU, OMpPEAessieMOe ¢ MOMOIILI0 BhipaxkeHus (3.6), mpu-

MEHHMO B MOJHOM MCPEC TOJILKO IJIA aHaAJIOTOBOM peaiu3anun CUCTCMBI.
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Tll.T2l

Puc. 3.2. Monens HC nns cetu, uzobpaxkenHoi Ha puc. 2.4

PaccmarpuBaemas 3amaua ONTUMM3AMUA C LEIBIM PSAOM OTPaHUYECHUN
MOXET OBITh CBE/ICHA K 3ajjaue 0€3 OrpaHUYEHUM 3a CUeT BKIIFOUCHUSI OrpaHuye-
HUH B 1eleByl0 (QYHKIUIO TOCPEACTBOM HCIOJIb30BAHUS MHOXKHUTEIEH
Jlarpamxa.@yHKIIUSI SHEPTUM TIEPETPY3KU MPU 3TOM MPUOOPETAET CIICTYIOIINA

BUIL:

Nop Ny (D)

3
E, ;1 = DE, —|—ZAEEE — IZ Z Vi (2.9)
c=1 i=1 j=1

OrpanuyeHuss sl 3aJaddl  SBJISIIOTCS.  COOTBETCTBYIOLIMMH  YJI€HAMU
YpaBHEHUS DJHEPruM rmneperpy3ku £FE. (paBHbI HYJIO, €CIU OrpaHUYCHUE
BBITIOJIHAETCS ) U (DOPMYTUPYIOTCS TaK:

1) Ha SD mapy aktuBusupyetcs (BbIOupaetcs) He 0oJiee OJTHOTO MapIlpyTa:

N.S'D Np ':1:] Np':i:]

Ei=2> > > VyVu=0 (2.10)

i=1 j=1 i;;—

2) B cetu BeiOuparorcs crporo Nsp MapiipyTos:

Nogp Ny (1) 2

1 Z Z
i=1 j=1
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3) Ha SD mapy BeIOHpaeTcs CTPOro OJuH MapIipyT:

. 2

1 Nzp Nzp
EE=EE E vV, — 1 =0 (2.12)
i=1 i=1

XoTd  mocleqHee — OrpaHUYEeHUE  NPEACTaBIsAeTCs  M30BITOUYHBIM
(BBIMOJTHEHUE TIEPBBIX JBYX TapaHTUPYET YJIOBIETBOPEHHE IOCJIEIHEr0), €ro
BKJIIOYCHHE B YPAaBHEHHE SHEPIHM IMOJE3HO IS JIOCTHXKEHHs Oojee ObICTpoi
CXOJIMMOCTH.

[ToacranoBka Beipaxkenuii st £, u E,. B (2.10) naer:

OmuuM U3 caMbIX BaXXHBIX BOMPOCOB TIpu paszpadotke Mmoaenun HC
Xondunaa u JaapHENIeM MOJECIUPOBAHUNA PAOOTHI CUCTEMBI SIBJISIETCSI BOIIPOC
BbIOOpa Kod(PuimenToB X.. daktuyecku, o0Oble 3HaueHUA Sl TMpuBEnyT K
MOJYYEHUIO CIPABEIJIUBBIX BBIPAKEHUN IS Eioia). OOHAKO TPU 3BOJIIOLHUHA
CUCTEMBI MOXXET OBITh TapaHTHUPOBAH TOJBKO JIOKAJBHBI MUHHUMYM, TO €CTh
KOHEUYHOE COCTOSIHUE 3aBHCUT OT HAYallbHOTO COCTOSIHUS, IPU KOTOPOM
HAYMHAETCS DBOJIOLMS CUCTeMbl. TakuM o0O0pa3oM, pa3iuYHbIC 3HAYCHUS
KO(QPUIIMEHTOB TNPUBOIAT K TIOJYYECHHIO pPa3IUYHBIX pe3ylbTaroB. B
OOJIBIIMHCTBE MCCIEAOBAHUMN, TOCBAIICHHBIX Hcmnosib3oBannio HC Xonduina
BENTUYUHBI KOA(DPUIIMEHTOB MOJATalOTCS TOCTOSHHBIMH, JIYYIIIUE 3HAYCHUS
KOTOPBIX OOBIYHO OMNPENEISIOTCS B XOJ€ HCHBITAHUM NPU MPOrPAMMHOM
MoJienupoBaHui. OIHAKO CYIIECTBYET Pl MOJIXOJ0B, MO3BOJISIIOIIMX BO BCEU
IIOJIHOTE MCIIOJB30BaTh METOJ MHOXUTenen Jlarpawxka. B asrtom ciydae
BEJIMYMHBI X, U3MEHSIOTCS 110 MEPE U3MEHEHUS COCTOSIHUSI CUCTEMBI.

OlLeHUTh KaueCTBO PEIICHHS 3aJadyd OOBIUHO HE TMPEJCTaBISIETCS
BO3MOYKHBIM, TaK KaK YMCJIO BO3MOKHBIX pEIICHUH i OONBIINUX CETEeH OYCHD
Besrko. Hampumep, s 100-y30Boit ceTu cymecTByeT npuommsurenso 5 10%

pa3nuyHbIX pemeHruid. [[0CKOIbKYy MCYEpIBIBAIOIIMN TOMCK ISl TAaKOW CETH
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MCKITIOYAETCS, TO IPH MOJIEIHPOBAHMH BBIMOIHSUICS CIydaiiHbiii momck 2-10°
BBIOOPOK pEHICHUH ISl MOJYYEHUsI OMOPHOrO0 YpOBHA KayecTBa pabOThI IS
ouenku pabotrel HC. Hawnydmiee perneHue, MOJNYYEHHOE C TMOMOIUIBIO
CIIy4ailHOTO TOWCKA, MMEJIO PHEPruro neperpysku E,=567 . HMcnonb3oBaHue
TPAAUIMOHHBIX IBPUCTUYECKUX METOAOB pEIICHUs 3aJayd MapUIpyTH3alUU
MO3BOJIIIIO NONY4YuTh £y =213 . Haunydiee penieHue HalJIeHHOE C TOMOIIBIO
HC Xondwunna gano E, = 291. Haubonbiiee 3HaueHNE SHEPTUU NEPETPY3KH B
aToM citydae Obuio E, = 303. MoaenupoBaHue BBIMOJHIIOCH OT 50 pa3IMuHbIX
HAaYaJIbHBIX COCTOSHMNA. TakuMm 00pazoM, pe3ynbTaTbl MOJCIHPOBAHUS
MOKa3bIBAIOT 3(P(EKTUBHOCTh PACCMOTPEHHOW MOAENU JUIsi MUHUMU3ALIH
neperpy3ku B 0onibiux cetsix. T oT  ¢dakT, 4Yro riao0adbHBIi  MUHUMYM
HaXOJUTCA HE BCErAa, CKPAIIMBAETCS TEM OOCTOATEIbCTBOM, YTO BO3MOYKHO
OCYILIECTBJICHUE HECKOJIbKUX MCIIBITAHUW TpU  Pa3IMYHbIX  HadaJIbHBIX
YCIIOBUSIX, TaK YTO HAWJCHHOE HAWIy4lllee PEIICHHE MOXKET BBIOMpAThCS B
KAaueCTBE PEIICHUS 3aauH.

bonbmioe komuuecTBO paboT MOCBAIIEHHBIX Hcnoiib3oBaHuio HC npu
pEelIeHUHN 3a/lauyd MapIIpyTU3alMid W OJU30CTh TMOJIYYaeMbIX Pe3yJIbTaTOB K

ONTUMAJILHBIM CBUAECTENBCTBYIOT O POOACTHOCTH TaKUX MOJIENECH.

BuiBoabI mo pazaeny 2

OCHOBHBIMU BBIBOJIAMH BTOPOTO pasjiesia pabOThI SBIISIFOTCS:
- OnpeaesreHbl OCOOCHHOCTHM TPUMEHEHHUSI HEWPOHHBIX CEeTe B cucTeMax
yIIPaBJICHUS,
- TIOKa3aH MNOpUMEp pealu3alldd METOJOB MapUIpyTU3allMd Ha OCHOBE
HEUPOHHBIX CETEU;
- OIpPEJEJICHBl MPEUMYIIECTBA U HENOCTATKU MPUMEHHUS HEUPOHHBIX CETEU B
TEJICKOMMYHUKAIIMOHHBIX CUCTEMAX
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3. IPOTHO3UPOBAHHUE IOTOKOB JAHHBIE HA OCHOBE
HEUETKO-HEMPOHHBIX CETEMN.

3.1. Cucrema HelipOH-HEYETKOI0 BLIBOAA

T'uépuonaa cems nipencrapisieT co00 MHOTOCIONHYIO HEHPOHHYIO CETh
CHEIUATBHON CTPYKTYpPhl 0€3 OOpaTHBIX CBSI3€d, B KOTOPOW HCIIOIB3YIOTCS
OObIYHbIC (HE HEYETKUE) CUTHAJIbI, Beca U GYHKIUU aKTUBAIUH, a BBIIIOJIHEHUE
omnepanuy CyMMUAPOBaHNsSI OCHOBAHO HA UCIOJIb30BAHUH (bukcupoBaHHOMN
T-HOpMBI, T-KOHOPMBI WJIM HEKOTOPOW NPYrord HENpepbIBHOW onepanuu. [Ipu
TOM 3HAa4Y€HUs BXOJOB, BBIXOJAOB M BECOB TMOPHIHOM HEWPOHHOW CETH
IPEJICTaBIISIIOT COOOM BEIICCTBCHHBIE Yncia u3 otpeska [0, 1].

OcHOBHast wHjes, NOJIOKEHHass B OCHOBY MOJENINM THOPUAHBIX CETEH,
3aKJII0YAEeTCsl B TOM, YTOOBI MCIOJIb30BaTh CYLIECTBYIOLIYIO BBIOOPKY JaHHBIX
JUISL OTIpENICJICHHs] TapaMeTpoB (DYHKIMI TPUHAIJIEKHOCTH, KOTOPHIC IJIydIle
BCETO COOTBETCTBYIOT HEKOTOPOW CHUCTEME HEUETKOro BbIBOAA. [Ipu sToM i
HaxXOXXJEHUs MapaMeTpoB  (PYHKIUH  MPUHAUICKHOCTH  HCIOIb3YIOTCA
U3BECTHBIE MPOLIETYpPhl 00YUEHHSI HEHPOHHBIX CETEH.

B makere Fuzzy Logic Toolbox cucremsr MATLAB rubpumabie cetu
peanu3oBaHbl B (oOpMe TaK Ha3bIBa€MON aJanNTUBHOW CHUCTEMBI HEUpO-
Heyetkoro BbiBoga ANFIS. C onpno#t croponsl, rubpunnas cetb ANFIS
NPEACTaBIIeT COO0OW HEHWPOHHYIO CEThb C E€IUHCTBEHHBIM BBIXOJOM H
HECKOJIbBKUMHM  BXOJaMH, KOTOpble  MPEACTAaBIAIOT  CcOO0OM  HEuyeTKue
JMHTBUCTUYECKUE TIepeMeHHbIe. [Ipr 3TOM TepMbl BXOJHBIX JTUHTBUCTHYECKUX
MEPEMEHHBIX  OMUCBHIBAIOTCSA  CcTaHmapTHbiMU s cucteMbl MATLAB
GYyHKUMSIMH — TPUHAIJICKHOCTH, a  TEPMbl  BBIXOAHOW  TIEPEMEHHOMU
MPEACTABIIAIOTCS JIMHEHHON MM MOCTOSSHHON (QyHKIMENH MTPUHAAJICAKHOCTH.

C nmpyroii croponsl, rubpunnas cetb ANFIS npencrasiser co6oit cuctemy
HeueTkoro BbIBoAa FIS tuma CyreHo HyneBOro WM MEpPBOro MOpsAKa, B
KOTOPOM Ka)XXJ10€ M3 IPABUJI HEUETKUX IPOAYKLIHUM HMMEET IOCTOSIHHBIM BEC,

paBubii 1. B cucreme MATLAB nonb3oBarens uMeer BO3MOXHOCTh
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penakTupoBaTh U HacTpauBaTh ruopuaHbie cetn ANFIS ananornyHo cucremam
HEYETKOr0 BBIBOJA, MCIOJNB3YS BCE PACCMOTPEHHBIE paHEe CpeACTBa MakeTa

Fuzzy Logic Toolbox.
3.2. Peanuzanus ANFIS B cpene MATLAB.

B makere Fuzzy Logic Toolbox cucremer MATLAB rubpumabie cetn
peanu3oBaHbl B (OpME aTalTUBHBIX CHCTEM Heipo-HedeTkoro BeiBoga ANFIS.
[Ipu »TOM pa3paboTka W UCCIENOBAHME THUOPUIIHBIX CETEH OKa3bIBACTCS
BO3MOKHOM:

® B UHTEPAKTUBHOM PEKHME C MOMOIIBIO CIEHUATBHOTO TpaduyecKoro

pe€aaKTopa aAallITUBHBIX ceTeﬁ, IIOJIYUYHMBIICI'O HA3BAHHC PCAAKTOpa

ANFIS;

¢ B pEKHME KOMAHIHOW CTPOKM C TIOMOILIBIO BBOJA HMEH
COOTBETCTBYIOIIMX  (YHKIMA C  HEOOXOOUMBIMM  apryMEHTamMHu
HEIMOCPEJICTBEHHO B OKHO KoMaHJ cucrembl MATLAB. [Ins pabotel B
peXUME KOMaHAHON CTPOKH MpeJHA3HAUYEHBI ClIeMaIbHble (PYHKINU (CM.

npunocerue 3).

Penaktop ANFIS mo3Bossier co3maBaTth Wi 3arpykatb KOHKPETHYIO
MOJENIb aNalTUBHOW CHCTEMBI HEHPO-HEYETKOTO BBIBOJA, BBIMOJHATH €€
oOydeHHe, BU3YaJIU3UpPO BaTh €€ CTPYKTYPYy, M3MEHATh M HACTpauBaTh €€
mapaMeTphl, a TaKKe HCIOJIb30BaTh HACTPOCHHYIO CETh ISl TOJIydeHHE
pe3yIbTaTOB HEUETKOTO BBIBOJIA.

I'paduueckuit unrepderic penakropa ANFIS BwbBacTcs (yHKIMEH
anfisedit u3 komanaHO# cTpoku (puc. 3.1).

['maBroe meHto pegaktopa ANFIS mocratodno mpocroe u nmpegHa3HauYEHO
JUIs paboThl ¢ TPEIBAPUTEITHHO CO3/IaHHON CHCTEMOW HEYETKOTO BBIBOJIA.
OcHOBHYI0 YacThb Tpaduueckoro mHTEpdeica 3aHUMACT OKHO BU3YaTH3al[UH
JTAHHBIX, KOTOPOE PACIIOJIOKEHO HIDKE TIIaBHOTO MeHI0. JIJisT BHOBB CO3/1aBaeMOi

FH6pHI[HOfI CCTH 3TO OKHO HC COACPIKNUT HUKAKHNX JaHHBIX.
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Anfis Editor: Untitled oo 0 e o
File Edit “iews
— AMNFIS Info. —
1
# of inputs: 1
08| # of outputs: 1
# of input mfs:
3
06F
04F
02
Structure
U 1 1 1 1 1 1 1 1 1 ] r Cl le
0 0.1 0.2 0.3 0.4 0.5 0.6 07 08 0.9 1 L =
Load data —1 — GenerateFIS —1 1 TrainFIS — 7 TestFIS —
Type: From: Optitn . hlethod:
B () Load from disk — Plot against:
(@) Training B
. (@) disk () Load from worksp. Errar Tolsrance: (@) Training data
() Testing B B 0 : b
N N @) Grid partition — () Testing data
() Checking () weorksp. . Epochs: -
B (1 Sub. clustering 3 () Checking data
(1 Demo - -
Load Data... Clear Data Generate FIS ... Train Mo Test Mow
Helg Close

Puc. 3.1. I'padmueckuii unrepdetic penakropa ANFIS, Bbi3biBaeMbIil (hyHKIIMEH

anfisedit

Jlist co3anust TMOPUTHOM CeTH HEOOXOAMMO 3arpy3uTh JaHHbIe. J{Jis aToM
e CJISAyeT BOCIOJIB30BaThcs KHomkou Load Data B jeBoil HiKHEH dacTh
rpadudeckoro okHa. IIpu 3TOM maHHBIE MOTYT OBITH 3arpy>KCHBI M3 BHEIITHETO
daitna (disk) wim w3 paboueit obmactu (worksp.). B mepBom ciydae
HEO0OXOAMMO MPEIBAPUTEIBHO CO3AaTh (DAl ¢ UCXOAHBIMU JaHHBIMU ((aiin ¢
pacmperuem .0at), KOTopsIii MPeACTaBIACT COOOM OOBIYHBIA TEKCTOBBIN (haii.
[Ipu >TOM WUCXOJHBIE JaHHBIE MPEACTABISIOT COOO0NW OOBIYHYIO YHCIIOBYIO
MaTpUIly pasMepHOCTH m*(n+\), B KOTOPOH KOJHMYECTBO CTPOK M
COOTBETCTBYET 00beMYy BBIOOPKH, IEPBBIC 7 CTOJIOIIOB — 3HAYCHHUSAM BXOIHBIX
MEPEMEHHBIX MOJIEIN, a TOCICIHUM CTOJOeIl — 3HAYCHHUIO BBIXOJAHOM
nepeMenHoil. CormacHo mpaBuiiaM cucteMbl MATLAB otnensHble 3HaueHUs
MaTpHIBl OTACISAIOTCS MpoOeaMu, a Kaxaas CTpOKa MaTPHUIbl 3aBEPIIACTCS

CUMBOJIOM "'nepe6oo kapemxku'' (xnasuira <Enter>).
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3arpyxaemMple HCXOJHBIC HaHHBIE MOTYT OBITH OJHOTO W3 CIICTYIOIINUX
THUIIOB:
e oOyuaromue npanubpie (Training) — oOs3arenabHbIC JaHHBIE, KOTOPBIC

HCITIOJIB3YIOTCA MJIsI ITIOCTPOCHHUA FI/I6pI/I,Z[H0ﬁ CCTH,

e TtectoBblie naHHble (Testing) — HeoOs3aTeNbHBIC JaHHBIC, KOTOPBIC
UCTIONIB3YIOTCS JIJIsl TECTUPOBAHUS MIOCTPOSCHHOW THOPUTHON CETH C LIETbI0

MPOBEPKH KayecTBa (YyHKIIMOHUPOBAHUS TTOCTPOCHHOM THOPUTHOM CEeTH,

e nposepounbie gaHHbie (Checking) — Heobs3arenbHbIe JaHHBIC, KOTOPBIC
UCIIOJIB3YIOTCSL Il MPOBEPKU MOCTPOCHHOW THOPUAHOW CETH C LEJbIO

BBISICHEHU (pakTa nepeoOydeHHUsl CEeTH;

¢ JCMOHCTPAIIMOHHBLIC ITAHHBIC (DemO) — IMO3BOJIAIOT 3arpy3uTb OJWH H3

ACMOHCTPAIUMOHHBIX ITIPUMCPOB FH6pHIIHOﬁ CCTH.

3.3. [Iporuo3upoBaHme MOTOKA JAHHBIX

. Jlng Hayana ¢ MOMOMNIBIO pelaKTopa-oTiaaauuka M-(haiaoB MOArOTOBUM
oOyyaroiue JaHHbIe, KOTOpbIE COAEpKaT 85 CTPOK map '"3HaAueHUE BXOIHOU
MIEPEMEHHOM —3HaueHHME BBIXOJAHOW IepeMeHHOW" ciemyromero Buaa (puc.
3.2). Coxpanum oOy4aroye TaHHbIE BO BHEIIHEM (aiiie ¢ uMeHeM prog.dat.

[Tocne 3arpy3ku oOydJaroIMX MaHHBIX W3 (aita prog.dat mx cTpykrypa
Oynmet oroOpakeHa B pabouem okHe peaakropa ANFIS (puc. 3.3).

[Ipy 5TOM KaxXIOW CTPOKE JaHHBIX COOTBETCTBYET OTJAC/IbHAs TOYKa
rpaduka, kotopas s OOydaloIIMX JaHHBIX H300pakaeTrcs Kpyxkom. Ha
TOPU3OHTAJIBLHOM OCH YKa3bIBAIOTCS TMOPSIAKOBBIM HOMEDP (MHIEKC) OTIEIHHOM
CTPOKH JaHHBIX, a BEPTUKaJbHAs OCh CIYXHUT JUIs YyKa3aHus 3HAYCHUMU
BBIXOJHOM NEPEMEHHOM. B ciydae paccMaTrpuBaemMoro nmpuMepa MCMOJIb3yeTCst
85 Toyek 00yUarnuX JaHHBIX.

BTopoii u3 (haitsioB coiepKuT NpoBEPOUHBIC TaHHBIC, JIJI PEIaKTUPOBAHUS

KOTOPBIX TaKXe€ MOXET OBITh HCIIOJIb30BaH JIO00H TEKCTOBBIM peaaKTop.
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[TockonbKy TECTOBbIE JaHHBIE JUIsl JAHHOTO MpUMepa OTCYTCTBYIOT, TO B
penakrop ANFIS citienyer 3arpy3uTh MpOBEpOYHbBIE JaHHBIC U3 (aiiia prog.dat.
Jlyis 3TOro HeOOXOAMMO HM3MEHHTH THI 3arpyxaembix gaHHbIx (Checking) u
BBIOpaTh MMs yKazaHHoro (aitnia mpu 3arpy3ke JaHHbIX. B pe3ynbrare
IPOBEpOYHBIC JaHHBIC OyAyT 3arpykensl B penakrop ANFIS u n3obpaxeHs! B
paboyem okHe (puc. 3.4.).

B »Tom cnywae wucxomHbeii Tpaduk OyneT momojHEH 86 TOYKaMHU
MPOBEPOYHBIX JIAHHBIX, KaXJOW CTPOKE KOTOPBHIX TaKXe COOTBETCTBYET
oTIeNbHasl Touka rpaduka, uzobOpaxkaemas ruirocoM. Ha ropusoHTanbHOl ocu
YKa3bIBAIOTCS TOPSIAKOBBIA HOMEp (MHIEKC) OTACIBHOM CTPOKH JAHHBIX, a
BEpPTUKAJIbHASA OCh CIIYXKUT JJI yKa3aHUs 3HAYCHUM BBIXOJHOM mepemMeHHou. B
cllyuae paccMaTpHUBaeMOro MpHMepa HCIOIb3yeTcs 85 Touek oOydarommx
JTAHHBIX.

&) Editor - Gi\prog.dat e[S -
File Edit Text Desktop Window Help E

N E | f B o | & M F BmA 0O

g1 32 483 7 36 &
ig &8l 3& 45 53

53 3o ol 32 17

46 53 36 &6l 42

42 46 53 38 57

57 42 46 53 64

64 57 4Z 46 63

63 64 57 42 45

45 63 &84 57 16

16 45 63 &4 &0

60 16 43 63 55

55 860 16 43 46

46 553 60 1la 44

46 46 55 60 27

27 46 46 55 58

58 27 46 46 41

41 53 Z7 46 63

63 41 53 27 ZZ

22 88 41 58 59

59 ZE2 88 41 48 e

m

o @D -] »mon ok W

[ T I o T o T o T
O w0 -] o min e WMo O

Puc. 3.2. O6yuaroiue qaHHbIC 71 TpUMeEpa MOCTPOSHUSI THOPUTHOM ceTh

ANFIS.
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[locne TOArOTOBKM W 3arpy3kd  OOydYarolmux JaHHBIX  MOKHO
CTCHEpUPOBaATh CTPYKTYpPy CHCTeMBbI HeueTkoro BeiBoga FIS tuma Cyreno,
KOTopasi sIBJsieTcs Mojelbio TuOpuaHoi cetn B cucteme MATLAB. Jlns aToit
eI CcleayeT BOCIoNb30BaThcs kHomkod Generate FIS B HmkHel uactu
pabouero okHa pemaktopa. llpm 3TOM 1BE mMeEpBBIC OMIIMKU OTHOCITCS K
MpeIBapUTEILHO CO3aHHOM CTPYKTYpe TMOPUIHOM CETH, a IBE MOCIETHUX — K
dbopme pazOrueHHs BXOTHBIX IEPEMEHHBIX MOJICIIH.

3arpy3uTh CTPYKTypy yxe cozmanHod FIS moxxno ymbo ¢ mucka (Load
from disk), nmu6o u3 padoueit oomactu (Load from worksp.). Ilpu cos3manuu
CTPYKTYpBI HOBOM FIS MOXHO HE3aBUCHMMO Pa30HUTh BCEe BXOJIHBIC NIEPEMEHHBIC
Ha oOsactu ux 3HauyeHwi (Grid partition) wau BOCHOJIB30BATHCS MPOLETYPOI
CyOTpaKkTUBHOW KJIacTepU3aIliu ISl TPEABAPUTEILHOTO pa3OUeHHsI 3HAYCHUN

BXOJTHBIX TICPEMEHHBIX Ha KJIacTepbl OJU3KKUX 3HaueHuH (Sub. clustering).

i’ k'
Anfis Editor: Untitled e aE ™™
File Edit “iew
Training Data (ooo) — AMNFIS Info.
100
o # of inputs: 4
g0t & o o % # of outputs: 1
@ @ 0o oo & o # af input mfs:
= B0F o oo o o = 3333
= e oo o % @ o # of train data
= o, Can @ @@) :
S 40 -, ) ,f,} % e} C@{:?US}DDDO o pairs: 56
o o oo o %’ ool o v
i o o
200 4
0 ; : ; ; ; Clear Plat
0 20 40 60 a0 100 ==
data set index
Load data — | [ ‘=enerateFl= — [ TrainFI= — 1 TestFl= ]
Type: Fromm: Optien . hethod:
. [ Load from disk R Flot against:
(@) Training N - y
. (@) dizk () Load fram wworksgp. Error Tolerance: (@) Training data
) Testing - -
_ . _ (@) rid partition o [ 1 Testing data
[ Checking [ wvorksp. 5 Epochs: -
[ Sub. clustering 5 [ Checking data
[ Demo - b
: Load Data... Clear Data zenerate FIS ... Train Fonwy
train data loaded Help Close

Puc. 3.3. I'paduueckuii unrepdeiic penakropa ANFIS nocne 3arpysku daiina

¢ 00y4aroIMMK JaHHBIME Prog.dat.
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[Tocne makatus xkHomku Generate FIS BeI3pIBaeTCAd QUAIONOBOE OKHO C
yKa3aHUEM 4ucia U Tuna (QyHKIUH MPUHAAICKHOCTH ISl OTACIBHBIX TEPMOB
BXOJHBIX TIEPEMEHHBIX U BBIXOJHOM mepemeHHO#N (puc. 3.5). B atom ciydae
MOKHO BBIOpaTh J1000M THN (HYHKUUNA MPUHAIICKHOCTH U3 PEATH30BAHHBIX B
cucreme MATLAB.

[locne reHepanuu CTPYKTYpbl TUOPUIHON CETH MOKHO BU3YaIU3UPOBATh
€€ CTPYKTYypy, Ui Yero CleAyeT HaxaTh KHOMKYy Structure B mpaBoil 4acTw
rpaduueckoro okHa. CTpyKTypa MOIy4EHHOUN B PE3ybTaTe CUCTEMbI HEUETKOIO
BbIBOa FIS oToOpaxkaercs B OTAECIBHOM OKHE M JOCTATOYHO TPUBHAJIbHA IO
cBoeMy Buy (puc. 3.6).

s paccmatpuBaeMoro IpuMepa CUCTEMa HEYETKOTO BBIBOAA COIAEPIKUT
OJIHY BXOJHYIO IIEPEMEHHYIO C 4 TepMaMmH, 4 IpaBUJIa HEYETKUX NMPOILYKIINM,
OJIHY BBIXOJHYIO TepeMeHHYI0 ¢ 4 Tepmamu. KommoHeHThl cucteMbl FIS
M300paKalOTCS  y3JIaMH  COOTBETCTBYyIomlero I1Bera. [lpm 3ToM y3enm c

HOPMaIHM3YIOMUM KO3 GUITMEHTOM I TPaBWII Ha puc. 3.6 He yKa3aH.

k'
Anfis Editor: Untitled E=REEE
File Edit “iew
Checking Data (+++) — ANFIS Info. _
100 -
=3 # of inputs: 4
B0 g & & % # of outputs: 1
a5 B B E o o & # of input mfs:
= 60} & & £ 3333
= & 2o GEe P
_.g- & o B @ % By # of check data
o 40 _% & & % ) w$ﬂ§$$$$ o pairs: 86
& & “a¥e g % BE g T
200 5 2 F &
U 1 1 1 1 1
0 20 40 &0 80 100 Clear Flot
data set index
Load data — | [ ‘“eneraste FIS — | [ TrainFI= — 1 TestFI= ]
Type: From: Opdirn. Method:
- [ ) Load from disk — Plot sgainst:
[ Training -
. . (@) disk () Load from worksg. Error Tolerance: @ Training data
[ Testing - - -
_ . _ (@) Grid partition 0 (1 Testing data
(@) CThecking (1 worksp. - Epochs: -
1 Sub . clustering 3 1 Checking data
(1 Demo - -
: Load Data. .. Clear Data Generate FIs . Train Mowe
check data loaded Help Close

uc. 3.4. I'paduueckuii uatepdeiic penakropa ANFIS mocine 3arpysku ¢aitna ¢

MPOBEPOYHBIMHU JaHHBIMHU Prog.dat



== |—E:5——J i
——IMPLUT E
rumber of MF=: MF Tywpe: 3
trirmf o
< trapmt
gbellimt
gaus=mt N
To assign a different gaus=2mt
number of MF= to each pirmT [
input, use space=s to d=igrmt [
seperate these numbers. p=igmt |
i
—— OUTPUT |
constant j -
MF Toype: linear
Cancel ik +

Puc. 3.5. JluanoroBoe OKHO JJIsI 331aHUS KOJHMYECTBA U THUTIA (YHKIIUH

IMPUHAOJICKHOCTH

1
i

. o
Anfis Model Structure oo

autpt

inpLt inputmf

Lagical Operations
and

] ar

nct

Click on each node to zee detailed information Update Helg Close

Puc. 3.6. CtpykTypa CreHeprpOBaHHOM CUCTEMBI HEYETKOTO BBIBOJIA
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[Tepen oOydeHuneM TrHOpPUAHON CETH HEOOXOIMMO 3a4aTh IapaMeTphl
oOyueHus1, i1 4ero CJieayeT BOCIOIb30BAThCS CIEAYIOIIECH TPYyNIOi oMUl B

MpaBOi HIKHEW YyacTu pabovero oKHa:

1. BeiOpate MeTOn  0OydeHHMS THOpPUAHOM ceTh —  OoOpaTHOTO
pacnpoctpanenus (backpropo) wmm rubpumasni (hybrid), npencraisrornmii
co00if KOMOMHAITMIO METOJa HAWMMEHBIUX KBaJpaTOB U METOJa yOBIBAaHUS

o0paTHOTro TpaJueHTa.

2. YcTaHOBUTH ypoBeHb ommmOku oOydenus (Error Tolerance) — mo

yMo4aHuto 3HaueHue 0 (MI3MEHSTh HE PEKOMEHYETCs).

3.3amate koamdecTBO HUKIOB o0ydeHus (Epochs) — mo ymomuanwro
3Ha4YeHHE 3 (PEKOMEHIYETCS YBEIMYHUTh U JUIsI pPACCMATPUBAEMOIro IIpuMepa
3a/1aTh €ro 3HaueHue paBHbIM 40).

Jlnst oOydeHust ceTH ciiefyeT Haxkarh KHoOmKy Train Now. [Ipu atom xon
npoluecca 00y4eHHs WUTIOCTPUPYETCSl B OKHE BU3yanu3aluu B popme rpaduxa
3aBUCUMOCTH OIIMOKHU OT KOJMYECTBA IIUKIOB 00y4eHus (puc. 3.7).

B sTOM ciiydae Ha BepxHeM rpaduke M300paxeHa 3aBUCUMOCTh OIIMOKH
MPOBEPKH OT KOJMYECTBA IIMKJIOB OOyYeHMs, a Ha HUXKHEM rpaduke
3aBUCUMOCTh OIIMOKH OOY4Y€HHsI OT KOJUYECTBA LUKIOB O0Oy4deHUs (3HAKOM
o).

AHanOruyHO MOTyT OBITh  BBINOJIHEHBl  JOINOJHUTENbHBIE  ATallbl
TECTUPOBAHUS M TPOBEPKU THUOPHUIIHOM CETH, IJIsi KOTOPBIX HEOO0XOIUMO
IIPEIBAPUTEIIBHO 3arPy3UTh COOTBETCTBYIOINE JaHHBIE.

JlanbHeimass HacTpoMka MapaMeTpoB MOCTPOEHHOM UM OOy4YeHHOU
rUOpPUIHOIN CETH MOXET ObITh BBINIOJHEHA C MOMOIIbI0 PACCMOTPEHHBIX paHee
CTaHIapTHBIX rpadudeckux cpeactB makera Fuzzy Logic Toolbox . [{ns storo
PEKOMEHJIyeTCsl COXPaHUTh CO3JaHHYI0 CHUCTEMY HEYETKOTO BbIBOJA BO
BHemHeM (aiie ¢ pactmpenueM fis, mocine yero ciieyer 3arpy3uTh 3TOT Gaiin

B PEIaKTOp cUcTeM HeueTKoro BeiBoja FIS (puc. 3.8).
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Anfis Editor: Untitled | B
File Edit Wiews
w107 Training Error — AMFISInfo.
T+
# of inputs: 4
# of autputs:
G.E} # of input mfs:
- 4 4 4 4
=2
L1
Gl
R o AR s o o o Structure
5_5 1 1 1 1 1 1 1 1 'y C| P|I:It
0 5 10 15 20 25 30 35 40 | ==
Epochs
Load data — | [ GenerateFIS — | [ TrainFIs — 1 TestFIs ]
Type: From: Optire. Method:
. () Load from disk R Plot sigsinst:
(@) Training ~ 5 N
. . @) disk {1 Load fram warksp. Error Tolerance: (@) Training data
[ 1 Testing b 5 =
. (@ Grid partition 0 1 Testing data
[ 1 Checking (1 wearksp. - Epochs: 5
1 Sub. clustering 40 1 Checking data
[ 1 Demo - -
: Load Data... Clear Data Generate FIS . Traity Moy Test Mawy
Epoch 40:error= 5 GE25e-005 Help 18 Claze

Puc. 3.7. I'paduk 3aBUcUMOCTH OMMOOK OOYUYEHUS U TIPOBEPKH OT

KOJIMYECTBA LIUKJIOB O0yYEHUS

[Ipu »oTOM TaKKe CTAaHOBATCA JOCTYMHBIMH pPEAaKTOp (GYHKIUN
PUHAJUICKHOCTH CHCTeMbl HedeTkoro BeiBoga (Membership Function Editor),
pemakTop MpaBWJ CHUCTeMbl HedeTkoro BbiBoga (Rule Editor), mporpamma
IpOCMOTpa MpaBuil CUCTeMbI HedeTkoro BeiBoja (Rule Viewer) u nporpamma
IPOCMOTpa MOBEPXHOCTH CHCTEMbI HeYeTKOro BhiBo/Ia (Surface Viewer).

Jlns  wccnenoBaHus TOCTPOCHHOM MOJEIN THOPHUIHONW CETH MOXKHO
BOCIIOJIb30BaThCS  Mporpammoii mpocmorpa mnpaswin (Rule Viewer). [lns
MOJIYYCHHUS] MHTEPECYIOIIETO 3HAYCHUS BBIXOJHOW IMEPEMEHHONW HEOO0XOIUMO
3a7aTh KOHKPETHOE 3HA4Y€HHWE BXOJHOM mepeMeHHoil (Hampumep, 0.5)
aHAJIOTUYHO OOITUM PEKOMEHIAIMIM CHCTEM HEUeTKOro BbIBOjJA. [Ipm aToM Ha
rpaduke GyHKIUNA TPUHAMICHKHOCTH BBIXOJHON MEpEeMEHHON OyaeT yKa3aHo

HCKOMOE 3HaYCHHUE BBIXOHOM mepemenHol — 0.451 (puc. 3.9).
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B F1s Editor: Untitled || E |-
File Edit View

input1 \
M -—-_-‘-‘-\—-__ Untitled

input? fiu)

| —] {zugeno

input3 /
> > ouipu

FI= Matme; Urtitled FI= Type: SUQEnD
And method _ Current Yariahle
or method S _ | | e
T
[mplicaticn _ gl
Range
Aggregation _
Defuzzification _ I Help | I Close
System "Untitled"; 4 inputs, 1 autput, and 256 rules

Puc. 3.8. I'paduueckuii unrepdeiic penakropa FIS nis crenepupoBaHHon

CHCTCMbI HCUCTKOI'O BBIBOAA

B [1omonHeHWe K 3TOMY MOKHO BBINOJHHUTh BU3YaJbHBIA aHAIA3
MOBEPXHOCTH BBIBOJA JJISI TOCTPOCHHOM THOPUIHOW CETH, KOTOpas Takxke
MO3BOJISIET OLICHUTHh 3HAYECHUS BBIXOJHOW NEPEMEHHOW. BBIMONMHUTH aHamu3
OOy4eHHOW ¥ HACTPOCHHOW THUOPUAHOW CETH MOXHO IOCPEICTBOM
BU3yali3allMM TOBEPXHOCTH HEYETKOro BhIBOAA. [l 3TOM wenu crueayet
BOCIOJIB30BAaThCsl MPOTrPaMMOM MPOCMOTPA MOBEPXHOCTU CUCTEMBI HEYETKOTO
BeIBOIA (puc. 3.10).

N3o0pakeHHasi MOBEPXHOCTh BBIBOJA MOXKET OBITh MHTEPIPETUPOBAHA
KaKk rpaduk (QYHKIIMOHATBFHON 3aBUCMMOCTH BBIXOJHOW TEPEMEHHOW OT

BXOJIHOﬁ JJIAA paccMaTpuBacMoro InmpuMepa TaOTUIHOTO 3adaHus
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COOTBETCTBYIOIIMX MMap 3HaueHWH. Kak MOKHO 3aKIIOYMTh U3 aHAIU3a TaHHOTO
rpaduka, 3Ta 3aBUCUMOCTh XapaKTEPU3yeT HEKOTOPBIN TPEHI.

Bbonee moapoOHO conmepikaHre OTACTBHBIX ATAOB MOCTPOSHUS, 00ydeHHUs
u Hactporku TuOpuaHbIx cerer ANFIS Oynmer ommcano panee mpu
PacCMOTPEHUU TpPUMEpa MOCTPOCHUS AJANTHUBHOU CHUCTEMBI HEHPO-HEYETKOTO

BbBIBOJA JJIA pCHICHUS 3a1a9Ud ITPOTHO3UPOBAHUA HA q)HHaHCOBOM PBIHKC.

Rule Viewer: Untitled B
File Edit Wiew Options
input! =722 inpLt2 = S0 inpLts = S0 inputd = 455 output = 55 5
1 - —_ E—— ———
2 - R E— .
3 ] I R E
4 ] I —
5 - I —
E - I —
7 [
g ] I — I
g I
10 o
11 =
12 e :
13 e
18 — =
17 ——
15 Eﬁ!
! ==

|
}\

H 'WF \LNM\ Wﬂp ﬂ@ﬂﬂ[ }[

lﬁﬂ

i

INPUE (7215 50 50 45 5] Flot paints: 4 Move: | et || right | [oown| | up |
Ready Help | Close

Puc. 3.9. I'padmueckuii uarepderic mpocMoTpa npaBul

CFCHepHpOBaHHOﬁ CHCTEMBI HCUCTKOI'O BbIBOAA

B 3akiodenue cienyeT OTMETUTh, YTO JaKe MPOCTEHIINE PACCMOTPEHHBIE
IPUMEPBI OTPAKAOT TBOPUYECKHMI XapakTep Ipolecca MOCTPOEHUS U aHaIA3a

mMozeneld rubpuanbix ceredd. Ilpu 3TOM BBIOOpP TOr0 WM HHOIO CrHocoda
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JOTIOJIHUTENIBHOW HACTPOMKM HEYETKUX MOJENEH 3aBUCHT HE TOJIBKO OT
cnenu(UKy pemaeMoil 3agadyd, HO M OT O0bEMa JOCTYNMHOW BBIOOPKH

06yqa10me H IIPOBCPOYHBIX JAHHBIX
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Puc. 3.10. I'paduyeckuii uaTepdeiic mpocMoTpa MOBEPXHOCTH

CreHEepPHPOBAHHOW CUCTEMBI HEUYETKOTO BBIBOJIA (3aBUCUMOCTD INputl u output)

B caywae HemocrtaTouHOM ~ uWHGpOpManMM — OOyYarOlMX  JIAaHHBIX
WCIIOJIb30BaHNE TMOPUTHBIX ceren MOXKET OKa3aThCsA BOOOI1IE
HEIeJIeCO00pa3HbIM, MOCKOJIbKY MOJIYYUTh aJCKBATHYIO HEYETKYIO MOJEib, a
3HQUUT— W TOYHBIM TIPOTHO3 3HAYEHUM BBIXOJHOW IIEPEMEHHOW HE
IIPEACTABIIAECTCS BO3MOKHBIM.

VIMeHHO 1o 3TUM NMpUYMHAM HEOOXOIUM MpEABAPUTEIbHBIA aHAJIU3 BCEX
BO3MOKHOCTEN MPUMEHSIEMBIX HEYETKMX MOJEJICH I PELICHUS KOHKPETHBIX
3a/1a4 B TOW WIM MHOUM mpoOjeMHor oOnactu. ITogoOHBINM aHAIM3 HEOOXO0IMMO
BBITIOJIHATD C CUCTEMHOM TOYKH 3pPEHHUS U C YYETOM BCEX CKJIAIBIBAIOIIMXCS Ha
JAHHBIA MOMEHT OOCTOSITeNIbCTB. TOJIBKO BCECTOPOHHSISI M TOJIHAsl OIlEHKa

MPOOJIEMHON CHUTyaIlMy TO3BOJMT pa3paboTaTh aJeKBATHYIO MOJEIb PEIICHUS
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TOM WJIM HWHOM KOHKpGTHOﬁ 3aJladyyd HCUCTKOI'O YIpaBJICHHA WM IIPHUHATHUSA

pEeLIEHUN.
BoiBoabl o pazaenay 3
OCHOBHBIMH BBIBOJIaMU TPETHETO pa3zjieia pabOThI SBIISIOTCS:
- PacCCMOTPEHBI BOIIPOCHI pa3pabOTKH CUCTEM HEHPO-HEYETKOTO BEIBO/IA,

- IPCIJIOKCH MCTOA IIPOTrHO3UPOBAHUA IMOTOKOB AAHHBIX Had OCHOBC HCYCTKO-

HEUPOHHBIX CETEM;

- TpPeaJoKEHHBIA METOJ MpOorHO3upoBaHus peanu3zoBaH B makeTe ANFIS

nporpamMmmHoro obecrnieuenuss MATLAB

- HpCI[JIO)KCHHBIﬁ MCTOJ IIPOTHO3HUPOBAHUS IIOTOKOB JAaHHBIX IIO3BOJIACT

CHU3UTD IICPCTPY3KU B CCTAX CBA3U.
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4. BE3OITACHOCTD KU3HEJIEATEJIBHOCTH

4.1. JleiicTBre TOKA HA OPraHU3M YeJOBEKa M KpUTepuu 0e3011aCHOCTH 10
TOKY

B pesynprare nencTBus TOKAa HA OpPraHU3M MOXKET BO3HUKHYTH

QJICKTPOTPaBMa.

XapakTep W MHTEHCHUBHOCTh HAapyLICHWW B OpPraHU3Me, BBbI3BaHHBIX
TOKOM, ONPEAEISIOTCA BUAOM W BEJIUYMHOM TOKA, UIUTEIBHOCTBIO €r0
nerctBud. Taxxe 0oJblIOe 3HAUEHUE UMEET IMyTh, 10 KOTOPOMY TOK IIPOTEKAeT
B TEJIE YEJIOBEKA.

Bonbiine TOKM, B HECKOJIBKO amImep, CHOCOOHBI BbI3BATh TEIIOBOE
pa3pylICHUE KUBBIX TKAaHEW OPraHU3Ma U CEPHE3HOE HAPYLICHUE LEHTPAIbHON
HEPBHOU CHCTEMBI.

Marnbie TOKM, MEHbIIE AMIEpa, BBI3BIBAIOT CYJAOPOKHOE COKPAILICHHE
MBI ¥ oOiee BO30YXICHHE, KOTOPOE MOMKET MPUBECTH K MPEKPaAIICHUIO
NEATEIIbHOCTH OPraHOB JAbIXaHUS U KPOBOOOpAIIICHHUS.

o/lomycTMOM  BEJMYMHON  OE30MACHOTO TOKAa TMPU  JJIUTEIHHOM

BO3JICMCTBUHU NTpUHUMaeETCs 1 MA.

o J[omycTMON BEJIMYMHOM TOKA MPU JIMTEILHOM Bo3aencTBUU A0 30c

npuHUMaeTcs 6 MA.
o JnutensHOCTh BO3AecTBUsA: 1 cex — 0,5 cexk.
eTokx MA 65 MA — 100 MA.

OTH TOKHM NMPUHUMAIOTCS B KQUECTBE MPAKTHUYECKU AOMYCTUMBIX C MaJon
BEPOSATHOCTHIO MOPAXKEHUS. DTH HOPMBI PEKOMEHYIOTCS JIJIsl PYKOBOJICTBA IIPH
MPOEKTUPOBAHUM, PACUYETE, HKCIUTyaTallMOHHOM KOHTPOJE, MNpPH 3alUTHBIX
MeponpusATUIX B DY paanonpeanpusThil.

OCHOBHBIMM  YCIIOBHSIMM ~yCIlieXa TMPH OKAa3aHUW TIEPBOM  IMOMOIIH

MNocCTpagaBIMM OT JBJICKTPUUCCKOIO TOKAa W IIPU APYTUX HECHACTHBIX ClIydasax
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ABIIAIOTCA OBICTpOTa  JEHCTBUS, HAaXOAUYUBOCTh U YMEHHE OKa3bIBAIOIIETO
nomoib. OpHoro 3HaHus Hactosmux [IpaBun HegocrarouHo. [Ipomensienne u
JUITEIbHAs OATOTOBKA MOTYT HOBJIEYb 3@ COOOW rMOesb MOCTPaJaBLIETO.

Huxkorna He cinenyeT oTKa3bpIBaThCsl OT OKa3aHMs IOMOIIY MTOCTPaJaBIIEMy
U CUMUTATh €r0 MEPTBBIM H3-32 OTCYTCTBHS JBIXaHUSA, CEPALECOHECHUS, MyJbCa.
[Tpy mopa’keHUU SJIEKTPUUYECKHMM TOKOM CMEPTh 4acTO OBIBAET KaxKyILEHCs.
[ToaToMy TOJNBKO Bpad MMEET MPAaBO PELIUTH BOIPOC O LEIECOOOPA3HOCTH U
O€CIIOJIE3HOCTH JAIbHEUIINX MEPONPUATUN 10 O0XKHMBJICHUIO NOCTPAJaBIIEro U
BBIHECTH 3aKJIFOUEHHUE O €r0 CMEPTH.

Bech nepconai, oociyxuBaromuid JY, T0JKEH NepUoANYECKH MTPOXOAUTh
UHCTPYKTaX OO0 ONAacHOCTU TOPAKEHUsS BJIEKTPUYECKHM TOKOM U crocolax
OKa3aHMs MEPBOM MOMOILIM MOCTPAJABIIMM, a TaKXKe€ MPAKTUYECKOE OOydeHHE
IpUeMaM OCBOOOXKIEHUS OT JIEKTPUYECKOIO TOKA, CIIOCOO0AM MCKYCCTBEHHOTO
JbIXaHUsIT M HapyKHOTO (HEMpsIMOro) MaccaXka cepiaua. 3aHATUS JOJDKHBI
IPOBOJUTHCA KOMIETEHTHBIMU JUI[AMU MEIULIUHCKOTO NEPCOHATIA COBMECTHO C
TEXHUYECKUM IIEPCOHAIIOM.

Opranu3zanus oOydeHus: JOJKHA JIEKaTh HA OTBETCTBEHHOCTH HavyajJbHUKA
1exa, y4acTKa Wi NpeanpUusITHsI.

B MecTax NOCTOSHHOIO J€XKYpPCTBa JOJIKHBI HUMEThCS:
a) arTeyka JUis OKa3aHus MepBOM MOMOLIH;
0) BBIBELIEHbl Ha BUJHBIX MECTaxX IUIAKaThl O MpaBWJIaX I[OJAaYU MEpPBOU

momMomn, IIPOU3BOACTBA HCKYCCTBCHHOI'O JIbIXaHMA KW HAPYKHOI'O MacCcCaika

cepara.

4.2. OOecneueHue 0€30MACHOCTH  JKH3HEACATEJILHOCTH B

qpe3BquaﬁHbIX CUTyaludaXx

OoGecnieuenue Oe3omacHOCTH >ku3HeAesTenbHOCTH B UC mpeacrariser

co00M KOMIUIEKC OPTaHHU3aIMOHHBIX, HHKCHEPHO-TEXHUYECKHX MEPONPUITUN
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¥ CPEJICTB, HANPABICHHBIX Ha COXPAHEHHE JKU3HH U 3JI0POBbS YEJIOBEKa BO
BceX cepax ero AesATeNbHOCTH.
B kauecTBe OCHOBHBIX HAINPABICHHW B PEIICHHU 3a1a4 OOeCTeUeHUs

0e30macHOCTH KU3HCACATCIbHOCTH MOT'YT paCCMAaTpUBATHCA CIICAYIOIIHUC!
IMIPOTHO3UPOBAHUC U OLICHKA BO3MOJKHBIX HOCJIGI[CTBI/Iﬁ qC,

IIJJAHUPOBAHUE MEpOIPUATHN 1o IIPENOTBPALICH U0 WU
YMEHBIICHUIO BEPOATHOCTH BO3HUKHOBEeHHs UC, a Takke COKpAIECHUIO

MacIITa0OB UX IOCICICTBUM;
o0ecrieueHre yCTOMUMBOM paboThl 00BEKTOB HAPOJHOTO X03siiicTBa B UC;
obyuenue HaceneHus aercTBusM B UC;

JUKBUAALIMSA TTOCIEACTBUN YpE3BbIUAUHBIX CUTYaAIUM.
PaccMoTpuM KOpPOTKO coepkaHue KaXXI0T0 U3 3TUX HAIPaBJICHUM.

[IporHo3upoBaHue ¥ OLEHKAa  BO3MOXHbBIX  mocaencteuid  UC
[IporHo3upoBaHrue  4YpPE3BBIYAWHBIX CUTyallUd —METOJ OPUEHTUPOBOYHOIO
BBISIBJICHUS U OIEHKH OOCTaHOBKHM, CKJIAJbIBAIOIIEHCS B pe3yJibTaTe
CTUXUUHBIX OencTBUM, aBapuil u katactpod. B OTJINYUE oT
IPOTHO3UPOBAHUS BO  MHOTMX  €CTECTBEHHBIX HayKaX, IJI€ OHO HMMEET
LEJIbI0 MPUCIIOCOOUTH IEUCTBUS K 0KHAAEMOMY COCTOSIHHIO, B 0€30MacHOCTH
KU3HEIAEATEIIBHOCTH €ro 3HAYEHUE ONPEHENSAETCS CTEIEHbIO HCIOJIb30BAHUS
MOJIYYCHHBIX J@HHBIX I W3MEHEHHs 00cTaHOBKU. [IpM 5TOM CIOKHOCTBH
3aKJII0YAETCS B TOM, YTO TPeOyeTCs OLIEHUTh paiiOH, XapaKTep WU. MAacUITaObI
UC B ycnoBHSIX HENOJHOW W HEHAAEKHOW HMH(POpMAIMU, a HA X OCHOBE
OPUEHTUPOBOYHO OIPEACIUTh XapakTep W. 00beM padoT MO JUKBUIAIIAU
nociaenctuit UC.

B Hacrosmee Bpems XOpOIIO HM3YYEHBI U OIPEACIIEHbl CEUCMUYECKHE
paiioHbl, pallOHBl M MeECTa BO3MOXHBIX OO0OBaJOB M CEJEBBIX IOTOKOB,

YCTAHOBJICHBI TI'pPaHMIbl 30H BO3MOXHOI'O 3aTOINNICHUA IIpU paspymiCcHUHU
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IUIOTUH, IPU HABOJHEHHUSX, A TAK)KE BbISBJIEHBI IPOMBIIIJICHHBIE OOBEKTHI,
aBapuy Ha KOTOPBIX MOTYT IPUBECTHU K OOJBIINM pa3pyLICHUSM, TOPAKEHUIM

J0JIeH, 3apaKEeHUIO TEPPUTOPHUH. DTO TOJITOCPOUYHBIN MPOTHO3.

B 3agauy IPOTHO3UPOBAHUS B oOnactu 0e30macHOCTH
KU3ZHEACATEIBHOCTH BXOJUT TAaK)KE€ OPUEHTUPOBOYHOE OIpEEICHUE BPEMEHHU
BO3HUKHOBEeHUSI YC (KpaTKOCPOUYHBIM MPOTHO3), IO KOTOPOMY MPUHUMAIOTCS
OlepaTUBHBIC PEHICHHUS MO 00eCleYeHHI0 Oe30MacCHOCTH HACEICHHUS BO BCEX
chepax ero aesTenbHOCTH. B Hacrosimiee BpeMsl yCWIMST MHOTHX YYEHBIX U
CIEIMAMCTOB  HalpaBlIEHbl  HAa  MOMCKUM  HAJEXKHBIX  CIOCOOOB
NpoTHO3UpoOBaHus Tmpoiecca (opmupoBanus u Havana YC. Hamermnuch
peanbHble, BO3MOXXHOCTU IPOTHO3UPOBAHMS Haydalla HEKOTOPBIX CTHUXHITHBIX
oeactBuid. IIpum 5TOM HCHONB3YIOTCS PaCUETHBIE CTATUCTUYECKHE JIaHHBIC
UUAKIUYHOCTH COJIHEYHON aKTUBHOCTH, JAHHBIE, IOJYYEHHBIE C UICKYCCTBEHHBIX
CIIyTHUKOB 3€MJIM, a TakKe JaHHbIE€ METEOPOJIOTUYECKUX, CEHCMHUYECKUX,
BYJIKAHMYECKUX, MPOTUBOCEIEBBIX, MPOTUBOJABUHHBIX M JPYTHX CTaHIUM.
Hampumep, yparansbl,.TaiiyHbl, W3BEpPKEHHE BYJIKAHOB, CEJEBbIE IOTOKHU
MPOTHO3ZUPYIOTCS C TOMOIIBIO METEOPOJIOTMUECKUX CIYTHUKOB 3emuud. [Ipo-
THO3UPOBAHUE 3EMJIETPSACEHUM BO3MOYKHO MyTEM CHUCTEMATHYECKUX AHAIU30B
XUMHYECKOTO COCTaBa BOJbI B CEMCMUUYECKUX pailOHaX, U3MEPEHUEM YTPYTHUX,
AIEKTPUYECKUX M MArHUTHBIX XapaKTEPUCTUK TPyHTA, HAOIIOJCHUE 3a
W3MEHEHHEM YpOBHS TOAbBl B KOJIOAUAX, MOBEJCHHEM JKUBOTHBIX,
npecMmbIkaromuxcsi, peio, nruill. [IIupoko mNpakTUKyeTCs MNPOTHO3UPOBAHUE
JIECHBIX, TOPMSHBIX U APYTUX JAHIMAPTHBIX MOKAPOB MO KOMILJICKCHOMY TTOKa-
3aTel0 Ha OCHOBE CYMMHUPOBaHUS KOI(PPUIIMEHTOB, YUUTHIBAIOIIUX
TeMmrepaTypHble, Teorpaduyeckue, IOTOJHbIC, CTAaTUCTUYECKUE U Jpyrue
ycioBus. JIJist morMcka CKpBITBIX 04aroB moxapa (TopdsHble, TIOJ3EMHBIC) U TEM
CaMbIM  TIPOTHO3UPOBAHUSI  YIpPO3bl  BO3HUKHOBEHHUS  JIECHBIX  TOXKapoB
npuMeHsieTcs: WHGpakpacHas anmaparypa i ChEMKH C CaMOJIETOB U

CITyTHUKOB 3€MJIH.
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[IporHo3upoBanre OOCTAaHOBKH, CBsi3aHHOM ¢ Bo3HMKHOBeHHeM YC
OCYIIECTBIIICTCSI MATEMAaTHIECKIUMH METOIaMHU.

HNcxoaubIMU JAHHBIMU JIJIsl. TIPOTHO3UPOBAHUSI OOCTAHOBKH SIBJISIFOTCS;
MecTa (KOOpJAMHATHI) MOTEHIIMAIBLHO OIMACHBIX OOBEKTOB M 3alachl BEIIECTB
WM JHEPTUW; YWCIEHHOCTh W IUIOTHOCTH HACEJICHHS; XapaKTep IOCTPOECK,
KOJIMYECTBO W THUIl 3aIIUTHBIX COOPY)KEHUM, MX BMECTUMOCTh W JIpyTrue
cBeneHus. [lpu MPOTHOBMPOBAHUHM  YUUTHIBAIOTCS METEOPOJIOTHUUCCKHUE
YCJIOBHUS, XapaKTep MECTHOCTH.

[Ipy nporHo3upoBaHWM OOCTAaHOBKM B 3aBHUCUMOCTH oOT Bujga YC
OTIPEEIISIIOTCS TPAHUITBI 30H pa3pyIIeHHs, KaTaCTPO(OUIECKOTO 3aTOILICHHUSI,
MI0XKapoB u 3apakKeHUS (paamanMoHHOTO, XUMHUYECKOTO "
0aKTEPHUOJIOTHIECKOT0), a TaKKE BO3MOXKHBIC NMOTEPH HACEICHUS WU YIIepO,
HAaHOCHUMBIN 00BEKTaM HapOJHOIO XO35HUCTBA.

JlaHHBIE  TPOTHO3UpPOBAHUS OOCTAaHOBKM B  oOyarax IIOpa)KCHHs
00001IaI0TCS, AHAIM3UPYIOTCS U JAENIal0TCSl BHIBOBI JIJISI IPUHATHS PEIICHUS,
CBSI3aHHOT'O C OpraHu3aliel M BEJCHHEM CracaTeIbHBIX M JIPYTUX
HEOTJIOKHBIX paboT.

Kak wmcmonp30BaTh MPOTHO3BI, KOTOPBIE MOXHO CIejaTh CETOJHSI —
HETOYHBIE M HEJOCTAaTOYHO - HajgexHele? (OOecrieuenne 0e€30I1aCHOCTH
xkuzHenesrenbHoctTh B UC —maneko He eIUMHCTBEHHAss o00JacTb, TIIe
MPUXOJUTCS NPUHUMATh PEHICHUS Ha OCHOBE HEIOJHOW M HEHaIC)KHOU
uH(opMmarmu.

Jlist perieHns paccMaTpUBaeMOi TPOOJIEMBI B 3TUX YCIIOBUSX M3HAYATBHO
HYKE€H WHOW, CHCTEMHBIM TMOIX0Jd, «HOBas (uinocodus» obecrneueHus
6e3omacHocTH yenoBeka B UC, BKIIOYas Kak MPEJIOTBpAIICHUE U YMCHBIIICHUE
BEPOSATHOCTH WX BO3HUKHOBECHHS, TaK W COKpalleHWEe MacImTa0oB WX
MOCJICICTBU.

Ha pmaHHOM METOHOJIOTrMYECKOM OCHOBE C YYETOM OTEYECTBEHHOTO U

3apy6e>1<H0ro IMPAKTHUYCCKOI'0 OIIbITa MOJKHO 3apaHCC IIOATOTOBHUTH KOMIIICKC
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MEpONpUATHI HapacTaromel 3PpGHEeKTUBHOCTH U B 3aBUCUMOCTH OT TEKYIIHUX
nporHo3oB YC BeIOMpaTh Ty WM WHYIO HUX COBOKYIHOCTH, T. €. BBECTH B
JENUCTBHE  MHOTOCTAJUMHYIO  CHUCTeMy  oOecredyeHuss  0€30IacHOCTH
JKU3HEICATEIILHOCTH YE€JI0BEKAa B COBPEMEHHOM TEXHOCOIMAIIBHOM cpeie.

Meponpusitus, HeoOXoauMbIe a7 OpeaoTBpamieHus ymepda ot UC,
MOYKHO CTPYNIIUPOBATh CICAYIOMINM 00pa3oM.

®oHOBbIE (TIOCTOSHHO MPOBOAUMBIC) MEPOINPHUSITUS, OCHOBAaHHBIE Ha
JIOJITOCPOYHOM TIPOTHO3E: BBIMIOJIHEHUE CTPOUTEIIbHO-MOHTAXHBIX pPadOT ¢
yuyetroM TpeboBanuit CHull, co3nanue HaaeXHOW CHCTEMBI OIOBCIICHHS
HaceJieHus: 00 OIMAaCHOCTSX; HakomieHue (OHAa 3alIUTHBIX COOPYKEHUU U
obecrnieuenue Hacenenuss CU3; opranuzanus paguanioHHOTO, XUMUYECKOTO U
OAKTEpPUOJIOrMYECKOr0 HAOJIOJIEHUS, PAa3BEIKU U JIA0OPATOPHOTO KOHTPOJIS;
BceoOlIee o00sA3aTelbHOE OOy4YeHHWE HaceJeHUsl NpaBUJIaM TOBEACHUS H
nevictBusiMm B YC; mNpoBeNEHHUE PEKUMHBIX, CAHUTAPHO-TUTMEHUYECKUX H
MPOTHUBOSMIUAEMUYECKUX MEPONPUATHHM; OTKa3 OT crpoutenbcTtBa ADC,
XUMHYECKUX U TEJITI0JI03HO-0YMaXHBIX M APYTUX MOTEHIMAIBHO OMAaCHBIX
00BEKTOB B SKOHOMHUYECKH YSI3BUMBIX 30HaX; nepenpoduinpoBanue oOHEKTOB
— HCTOYHHUKOB TOBBIIICHHON OMACHOCTH ISl 3JI0POBbS M JKU3HU JIIOJICH;
pa3paboTKa, MaTepuajbHOe, (PUHAHCOBOE OOCCICUCHHE U IpPaKTHYeCKas
oTpaboTKa IMIaHoB JuKBUAALMM ntociaenactsuit YC u T. u.

3amuTHBIE MEPOIPHUATUS, KOTOpbIEe HEOOXOJMMBI, KOTJa TMpelicKa3aH
mMoMmeHT UYC: pasBepThiBAaHUE CHUCTEMbl HAOJNIOJEHHS U  Pa3BEKH,
HEOOXOJMMBIX IS YTOYHEHHUsSI  MPOTHO3a; MPUBEAECHUE B TOTOBHOCTH
cucteMmbl onoBenieHus HaceneHus o YC; BBoa B JACHCTBUE CHEIUATIBHBIX
npaBuwi (QYHKIIMOHUPOBAHUSI SKOHOMUKHA U OOIIECTBEHHOMW KU3HH, BIIOThH JO
YPE3BBIYAMHOTO TIOJIOKEHUS;, HEUTpaIn3aluus HMCTOYHUKOB ITOBBIIIECHHOU
onacHoctH npu UC (ADC, TOKCUYHBIX U B3PBIBOOMACHBIX MTPOU3BOJICTB U T. 1I.),

IMPCKpaIICHUC onepaunﬁ C HHMH, OOIOJIHHUTCIIBHOIO0 YKPCIUICHUA HWIIH
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JIEMOHTa)Ka; TPHBEJACHHE B TOTOBHOCTh aBapHIHO-CIACATEIBHBIX CIIYXKO;
YaCTUYHAS dBaKyallus HaCEICHUS.

Kak crnenyer M3 3TOTO MEpedHs, ISl OCYIIECTBICHUS Psjaa BaKHEHIIMX
MEPOTPUATHA HYXHBI MHOTHE TOIbI M CIEJOBATEIbHO, JOITOCPOUYHBIN
nporHo3. Jlpyrue, HO MeHee BaKHBIE MEPONPHUSTUS MOXKHO OCYIIECCTBUTH
OBICTpO, HO Ha KOpPOTKOe BpeMms. /[l Takux MeEpOnpHusTHI HEOOXOAuM
KPaTKOCPOYHBIA ~ TporHO3. JIJIg  OCYyImIeCTBICHHS  MHOTHX  3allUTHBIX
MEpONPUITHI HEoOsA3aTeIbHO TOYHO 3HATh BpeMsl Bo3HHKHOBeHHs UC, u ux
XapakTepa; pa3Hble MEpPONPUATHS MOXHO HAYMHATH IIPH pa3Hoii
ONPEAECICHHOCTH MPEICKAa3aHNM.

OTU cooOpakeHUsI U OMPEEISIIOT BHIOOP KOHKPETHOrO Habopa 3alUTHBIX
MeporpusaThid. McXomHBIMH — MaTepuallaMd  JIOJDKHBI  CIY)KHTH  KaTaJjioT
BO3MOYKHBIX MEPONPHUITHH M OIEHKOW WX CTOMMOCTH W TIPEIOTBPAIIEHHOTO
uMH yriep0a a Takxe Habop TUIOBBIX CIIEHApHUEB (BapUAHTOB) JEUCTBUIA.

B Hacrosiimee Bpems y4YeHbIC W CIEIMAIMCTHI HE B COCTOSHHM 3apaHee ¢
BBICOKMM ypOBHEM JOCTOBEPHOCTH TOYHO yKa3aTh MECTO, BpeMs H

nociencTsug Tou uimm naou YC.
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3JAKVIIOYEHUE
OCHOBHBIMH pe3yJIbTaTaMU PabOTHI SBISIOTCS:
- OINpENEJIEHbl NPEUMYILECTBA U HEJOCTATKN CTPYKTYP HEMPOHHBIX CETEM;
- ompezaeneHsl 3PpheKTUBHBIC METOIbI OOYUCHUS HEMPOHHBIX CETEH;

- OIIpCacCICHbI 0COOCHHOCTH IMPUMCHCHUA H@ﬁpOHHBIX CeTell B CHCTEMax

YIOPaBJIEHUs U MapIIPyTU3ALUU JaHHBIX;
- pacCMOTPEHBI BOIIPOCH pa3pabOTKU CUCTEM HEHPO-HEYETKOIO BBIBOJIA;

- IPCHAIOKCH MCTOA IIPOTHO3HUPOBAHUA ITOTOKOB AAHHBIX Ha OCHOBC HCYCTKO-

HEUPOHHBIX CETEU;

- TPeNJIOKeHHBIH MeTOJ NporHo3upoBanus peanuzoBaH B makete ANFIS

nporpammHoro obecneuenuss MATLAB;

- HpCI[HO)I(CHHBIﬁ MCTOJ IPOTHO3UPOBAHHA IIOTOKOB JaHHBIX IIO3BOJIACT

CHU3UTD IICPCTPY3KU B CCTAX CBA3U.
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