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Meroandeckue ykazaHus MpeaHa3HadeHbl 1 cryaeHToB HampasiaeHus 15.03.04 — «ABTromaru3a-
U TEXHOJOTUYECKUX MPOIECCOBY» U JIPYTUX TEXHUYECKUX CICHHAIbHOCTEW M HarpaBieHud. OHU co-
JiepKaT OCHOBBI TEOPHH, OIMCAHKUE OMBITHBIX YCTAHOBOK, MOPSIIOK MPOBEIACHUS TaOOPATOPHBIX paboT H
00pabOTKH SKCIIEPUMEHTAIBHBIX JAaHHBIX, NEpPEUYeHb KOHTPOJIBHBIX BOMPOCOB JJIsi CAMOIOJATOTOBKU U
CIHMCOK pEeKOMEHAYyeMOU IuTeparypbl. PaboThl mog00paHbl U pacroyioKeHbl B COOTBETCTBUH C METOAM-
KOW HM3y4YeHUs] TUCHUIUIMHBI «HTeneKTyanm3anust cucteM ympasiieHus». O0beM M IMOCIIe0BaTEIIhb-
HOCTb BBITIOJIHEHUS PaOOT OMPEACIISIOTCS MPENoIaBaTeNIeM B 3aBUCUMOCTH OT KOJIMYECTBA YacOB, MIPE.Iy-
CMOTPEHHBIX Y4€OHBIM IJIAHOM JUCIMILIUH.

Meroandeckue ykazaHusi pazpadboTaHbl B cooTBeTCTBUM ¢ TpeboBanusmu @I'OC BO B yactu co-
JepKaHUS ¥ YPOBHS MOATOTOBKU BhIMyckHHMKOB HampaBieHus 15.03.04 — «ABromaruzammsi TEXHOJIOTH-

YCCKUX IMPOLECCOB).
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BeedeHue

B nocnenHue rospl akTUBHO HCIOJIB3YHOTCSI MOJIESIM M METO/bl, OCHOBAHHbBIE HAa TEOPUM HEUETKUX
MHOKECTB, THOPUIHBIX U HEHpPOHHBIX ceTeld. CHCTeMbl MCKYCCTBEHHOTO WHTEIUICKTA MPHUMEHSIOTCS JUIs
pelieHys 3a/1a4 anrpoKCHMALUK, KIACTepU3alluy, paclo3HaBaHusl 00pa3oB, a TAKKe MPHUHATUS PEeLeHUu U
yIpaBJIeHUsI TIPH HEUETKOW M HepopMaIn30BaHHOW MCXOaHOW uH(popmarmu. B Hactosmiee Bpemsi cdop-
MHPOBaHa COBOKYITHOCTb METOJIOB M IPHUEMOB HCIOJIb30BAaHUSI MCKYCCTBEHHOI'O MHTEIUIEKTA, JI0Ka3aHa ee
3 PEKTUBHOCTD U MPAKTUYECKAST 3HAUUMOCTb.

B pe3ynbrare BBINONHEHUS IMPEICTABICHHBIX J1a0OPaTOPHBIX pabOT CTYyAEHTHI U3ydyaT CIIOCOObI
MOCTPOCHHUSI CHCTEM HEUETKOTO BBIBOJIA W IOCTPOCHHS AIAaNTUBHBIX HEYETKHX CHUCTEM (THOPHIHBIX
HEHWpOHHBIX ceTeid). [lomyueHHble MpaKTUYECKUE 3HAHMS MO3BOJIT cTyAeHTaM Hampasienus 15.03.04 —
«ABTOMAaTH3aIUs TEXHOJIOTMYECKHX MPOIECCOB» pa3padaTeiBaTh HHTEIIEKTyanu3amus CUCTEM YIpaB-
JeHus Ha 0a3e anmnapaTa HeUeTKOW JIOTUKU ¥ HEHPOHHBIX CeTel.

HeiipoHHsle ceTu — 3TO pa3/ien HCKYCCTBEHHOTO MHTEIIEKTa, B KOTOPOM JUIsi 0OpabOTKU CUTHAJIOB HC-
HOJIB3YIOTCS SIBJICHUS], aHAJIOTUYHBIE IPOUCXOAAIINM B HEHPOHAX JKUBBIX CylIecTB. BaxHeiias ocoOeHHOCTh
CETH, CBUJICTEIILCTBYIOIIAS O €€ IIMPOKUX BO3MOXKHOCTSIX X OTPOMHOM ITOTEHIIMAJIE, COCTOUT B TAPAIIEIbHOM
00paboTke MH(pOpPMaLUKM BCEMU 3BEHbsIMU. [Ipy rpoMasiHOM KOJIMUYECTBE MEKHEHPOHHBIX CBS3€H 3TO MO3BO-
JSIET 3HAUUTENILHO YCKOPUTH Iporiecc 00paboTk nH(popMarvi. Bo MHOIHX cilydasix CTaHOBUTCS BO3MOYKHBIM
npeoOpazoBaHKEe CHTHAJIOB B pealbHOM BpeMeHH. Kpome Toro, mpu O0JBIIOM YHCIIe MEKHEHPOHHBIX COC/IH-
HEHUH ceTh MpUoOpeTaeT yCTOWYMBOCTh K OIIMOKaM, BO3HMKAIOIIUM Ha HEKOTOPBIX JMHUAX. DYHKIMU 110-
BPEXICHHBIX CBsi3el OepyT Ha ceOst MCIIPABHBIC JIMHUH, B PE3YJIbTaTe Yero JASsTEIbHOCTh CETH HE TpeTeprieBa-
€T CyLIECTBEHHBIX BO3MYIIIEHUH.

Jlpyroe He MeHee Ba)KHOE CBOMCTBO — CIIOCOOHOCTh K OOY4EHMIO U OOOOIIEHUIO HAKOIUIEHHBIX 3Ha-
Hui. HeiipoHHast ceTh 00aaeT yepTaMu UCKYyCCTBEHHOT'O MHTEIUIeKTa. HaTpeHupoBaHHas Ha OrpaHU4eHHOM
MHOJKECTBE JaHHBIX CETh CIIOCOOHA 0000IIaTh MOTYYSHHYIO HH(POPMALIUIO U TIOKa3bIBaTh XOPOIINE Pe3yIbTa-
ThI HA JJAHHBIX, HE UCIIOJIb30BABLIMXCS B IpoLiecce 00y4eHHUsI.

XapakTepHasi OCOOEHHOCTb CETH COCTOHT TaKXKe B BOSMOKHOCTH €€ PEaIM3allii C IPUMEHEHUEM TEX-
HOJIOTMH CBEpPXOOJIbLION CTeleHn MHTerpanuy. Pa3iuuue 31eMEeHTOB CeTH HEBENIUKO, a X MOBTOPSIEMOCTh
OrpOMHA. JTO OTKpPBIBAET MEPCHEKTUBY CO3AaHUsI YHUBEPCAIBLHOIO MPOLIECCOpa ¢ OJHOPOIHOM CTPYKTYpOH,
CIIOCOOHOTO MepepadbaThiBaTh pa3HOOOPa3HyI0 HHPOPMAIIHIO.

B yueOHo-MeToMUecKkoM OCOOMH B KpaTKOM (pOopMe NMPHUBEAEHBI TEOPETUUECKHE CBEICHNS 00 OCHOB-
HbIX napaaurMax HC n npuMepsl UX peann3aluy B KOMIBIOTEPHON cpejie MaTeMaTUYeCKOro MOJICTMPOBAHUS
MATLAB nyis1 petieHnst THIIOBBIX 33/1a4.



JlabopamopHas paboma Ne 1 «MccnedoeaHue Mo3xe4koeoli Modeslu CycmaeHo20 peaysisimo-
pa»

Hean padotbi: M3yunTh cBOWCTBAa U BO3MOXKHOCTHU accoliuaTuBHOM Heliponnoit cetu CMAC.
IIporpamma padoTsbl
UccnengoBats annpokcumupyromue Bo3moxHoctu cetu CMAC.
HccnenoBath 00001maronyto crmocooHocTh HelipoHHoi cetn CMAC.

3. CocCTaBHUTh M 3alIMTUTH OTYET MO PE3yJbTaTaM HCCIEIOBaHUN, B KOTOPOM JOJDKHBI OBITH MPHUBE-
nensl apxutrekrypa CMAC ¢ nosicHeHHeM NpUHLUIA €€ padoThl, rpaduKu U3MEHEHHS OIIHNOKU
obyuenust cetn CMAC, BeIBOJIBI IO 0000matomieii cnocodnoct u emkocT cetu CMAC.

Kparkue cBegeHus u3 reopun

CMAC - cokpalieHHOE Ha3BaHME HEHPOHHOW CETH, KOTOPOE MPOMUCXOAMT OT MEPBBIX OYKB €e
nojiHoro anriuiickoro HasBanus: Cerebellar Model Articulation Controller (Mo3xeukoBast MOJENb Cy-
CTaBHOTO PETYJSATOpa). ITa HEUPOHHAS CETh, B OCHOBY KOTOPOH IMOJIOKEHA HEHPOPU3HOIOTHIECKas MO-
Jielib MO3XkKeuKa, Obl1a pa3zpaboTaHa aMepuKaHCKUM yueHbIM AnbO0ycoMm. [lepBoHauanbHO HEpOHHAs ceTh
CMAC O0pia mpeaHasHadyeHa JUis YIpaBIeHHs poOOTOM-MaHUIYIsATOpoM. B mocnexyronmx pabotax
Tomie u ero coaBTOpoB OBLIO MOKA3aHO, YTO ITa HEHPOHHAS CETh MOXKET OBITh YCIIEITHO MPUMEHEHA s
UACHTU(DUKAINN U YIPABICHNUS HEIMHEHHBIMHA JJHMHAMUYECKUMHU 00bEKTaMHU.

CMAC npenna3zHavyeHa Jisl 3alIOMHHAHUS, BOCCTAHOBICHUS M MHTEPHONAIUN (QYHKIUNA MHOTUX
nepeMeHHbIX. Kak 1 B mr000ii Heiipornoit cetn, B CMAC cymecTByIOT /1Ba OCHOBHBIX HPUHIMITAAIBHO
Pa3IMYHBIX Mpolecca:

* mpouecc 00y4yeHHs, KOTOPbIH OCYIIECTBISETCS 110 U3MEPEHUSIM 3HAU€HUN (YHKIUMU U €€ BEKTOPHOIO
apryMeHTa C MOMOIIIbIO COOTBETCTBYIOLIETO allTOPUTMA,

* IMpOIECC BOCCTAHOBJIEHMS, KOI/Ia IO BXOJHOMY BEKTOPY BOCCTAHABIIMBAETCS WJIM OLIEHUBAETCS 3HAYE-
HHUE 3TOW (PYHKITUH.

Crpykrypa HeiiponHnoii cetu CMAC

Crnenyrolue ABa OTIMYUTEIBHBIX MOMEHTA XapaKTEepPHU3YIOT 3Ty HEHPOHHYIO CETh, KOTOpas, Kak
OTMEYaJIOCh BbINIE, IIPEJHA3HAYEHA ISl 3allOMUHAHUS M BOCCTAHOBJEHUS (PYHKLIMH MHOTUX IE€PEMEH-
HBIX:

* 3HAYCHUS APTYMEHTOB (PYHKIUU PUHUMAIOT TOJIBKO JUCKPETHBIC 3HAYCHHUS;

* HeJIMHeltHOoe NpeoOpa3oBaHKMe apryMEHTOB (DYHKIHMHU OCYIIECTBIISETCS HESIBHO C IMOMOINBIO alIrOpUTMa
BBIUHCIICHUS aJIpECOB SYEEK aCCOLMATUBHOM MaMsTH, B KOTOPBIX XpaHITCS YUCIIA, ONpPEAEIAIoNue 3Ha-
YyeHue QyHKLUH.

ObaacTb onpenenenus pynknuu B CMAC

YroObl 3alIOMHUTH (PYHKILIMIO MHOTUX MEPEMEHHBIX ¢ MOMOIIbI0 HelipoHHoi ceth CMAC, cHaua-
Ja 3a7aercd 00JacTh OINpeAeseHHs 3ToM (YHKIMH Ha TUIeprapajielienunese, BepIInHaMi KOTOpPOro
SBJISIIOTCSI MUHUMAJIbHBIE U MaKCHUMaJIbHbIE 3HAUEHUS apIyMEHTOB 3TOM (QyHKIUY; fanee pedpa runepna-
payenenumnea KBaHTYIOTCS ¢ TOCTOSHHBIM IIaroM Mo KaXaoMy pedpy, U JUCKPETHU30BaHHBIM 3HAYEHU-
M apryMEHTOB IIPUCBAaUBAIOTCS LEIOYMCIEHHBIE HOMEPA. JOTH HOMEpa OJHO3HAYHO CBSI3aHBI CO 3HayYe-

N

HUAMM apryMeHToB QyHKuuu. Tak, 11 QyHKUMM OJHOM IIEPEMEHHOM J(X) apryMeHT X, CBA3aH CO CBOMM

HOMEpOM i CJICAYIOIUM COOTHOMICHUCM

_ T 1
Xi - Xmin + (I 1)Ax’ ( )
Xmax T Xmin
rae A « = . . — lllar KBaHTOBaHWs, Xmin’ Xmax — MUHUMAJILHOE U MaKCUMAaJbHOE 3HAUCHUSI
Lo —1
apryMeHTa x u3 obsactu onpenenenus; | = 1, Imax , TIIe Imax — YHUCJIO TOYEK, Ha KOTOPBIX 3a/1aHa PYyHK-

s y(x).

Homep | MOKHO paccMaTpHuBaTh Kak OTHOCHUTENIBHBIN apryMEHT (DYHKITHH, TOCKOJIBKY COOTHOIIIE-
Hue (1) omuceIBaeT Mporeaypy CABUTA U MAaCIITAOMPOBAHUS UCXOMHON 00acTH ompeeieHus: (GyHKITUH.
[ToaTomy B manmpHeiinem OyaeM CUMTaTh, UTO 3HaYSHHS apryMeHToOB 3anomuHaemoid B CMAC ¢yHKimu



MPUHUMAIOT TOJIBKO  IICJIOYMCIICHHBIE 3HaueHus, T. €. GyHKkous y(x) oTN  mepeMeHHBIX

X= (Xl' Xoyeeny Xy )T ompeeseHa Ha 1eourcieHHon N-MepHou ceTke y(x).
2
X ={¢ =1x2 :x, =1x?;.:x, =1 xW}. @)

AJITOPUTM HeJTHHEHOro Mpeodpa3oBaHus apryMeHTOB, Wi
AJITOPUTM BBIYUCJIEHHS A/IPECOB ACCOIMATUBHON MaAMSATH

[Ipu mocTpoeHnH anropuTMa BHIYMCICHUS apecOB acCOLMATHUBHON MaMsTH U aJropuTMa o0yde-
Hus CMAC ee aBtop [1] ucxomaun u3 Heipoduznonmornueckoro moaxona. CoriacHO 3TOMY MHOIXOIY,
KaKbI BXOJAHOM CUTHANl BO30YKJIaeT OMpeiesieHHYI0 00JacTh MO3KEeUKa, CyMMapHas 3HEepTus KOTOpOi
COOTBETCTBYET 3HAYCHHIO 3amoMuHaeMoil QyHknuu. B Heliponnoit cetn CMAC mpenmonaraercs, 4ro

Ka)KJ[blil BXOJHOU cCUrHaj (apryMeHT (DyHKLIUHU) BO30Y>KIAET, UM JIEJIacT aKTUBHBIMU, POBHO O * sueex
NaMsITH, CyYMMapHOE COJIep)KaHhe KOTOPHIX paBHO 3HAYEHHUIO 3arioMuHaeMoi ¢pyHkuuu. CregoBaTenbHO,

— * o
JlaXKe B CTydae CKalApHOro aprymenta X = X; €My COOTBETCTBYET L ~ -MEpHBIH BEKTOP HOMEPOB aK-

TUBHBIX siueek namsatu. [lapamerp ,0* WTPAeT OYEHb BAXKHYIO poJib. B nuTepaType OH M3BECTEH Kak

obo6maromuii mapamerp (generalization parameter), ero 3HadeHue OmpeAeIsScT pa3pelIaoyo Croco0-
Hocte CMAC 1 TpeGyeMblii 00beM NaMsITH.
Oonomepnulii cyuaii

— M) *
KaxoMy 3Ha4€HHIO CKaISAPHOTO aprymenra X; = 1, X ax COOTBETCTBYET POBHO O ™ aKTHBHBIX SYEEK

maMATHU ¢ HOMCpaMH
*
X, % +1LX +2,..,X + p*-1, )
TaK 4TO MAaKCHUMAJbHOMY 3HAYCHHUIO apFYMCHTaX]_ X() COOTBCTCTBYIOT STUCHKHA TaMSITH C HOMCpa-

Xr%;x , Xr(i)lx -|-1 X&;X + 2 X(l) + ,0* 1 OTKyJa CIEAYyeT, YTO YUCJIO SYEeK MaMATH, HeoOXo-

JOUMBIX JI71s1 XpaHeHust pyHkuuu oaHoi nepemennoit B CMAC, paBHO

MO = x® +p*-1, 4)

max
* o o o
YTO Ha p _1 0oubllIe UKca 3HaUCHHI (i)yHKIII/II/I, 3alIOMHMHAaCMbIX HCUPOHHOU CCTHIO.

Takum o6pazom, B ofHOMEpHOM ciydae HelipoHHas cetb CMAC, ¢ Touku 3peHust Tpedyemoro
o0bema mamsTH, Hed(hPeKTHBHA, OJHAKO €€ I(PPEKTUBHOCTH MPOSIBISIETCS MPHU JOCTATOYHO TOYHOM 3a-

|
TOMHHAHHH ITIaAKHX (QYHKIHH 10 HeGOIBIIOMY JHCIy 00ydaromeii mocienoBaremsroctn N [ M ( )
OquI/Iz[Ho, YTO HOMEpPA AKTUBHBIX AYEEK NAaMATH, COOTBETCTBYIOIIHE CKAJIAPHOM NEPEMEHHOU

X =1, X, .

paBHBI HOMECpaM AaKTUBHBIX SYCCK. 13 MOCICAYIOIICTO H3JIOKCHHUA CICAYET, UTO ITOCICAOBATCIIBHOCTDH

* 1
MOKHO MpCACTaBUTb p -MCPHBIM BCKTOPOM m( ), SHAYCHUS KOMIIOHCHT KOTOPOTO

o | 1
3HAYECHUHU KOMIIOHEHT m|£ ) , k = 1, P *, BEKTOpa m( ) B OJTHOMEPHOM CJIy4ae He CyILIEeCTBEHHA. B MHO-

TOMEPHOM CJly4ae OHa, 0JAHAKO, TPUOOpEeTaeT NPUHIUIHAIBHOE 3HAUEHUE.

Jlanee mpuUBOAUTCS anropuT™M (POPMHUPOBAHUS BEKTOPA HOMEPOB aKTUBHBIX SYEEK AJIS OJHOMEP-
HOTO CJIy4asi, TOCKOJIbKY OH CITY>KHT OCHOBOU IMOCTPOCHMSI BEKTOpPA HOMEPOB aKTHUBHBIX SYEEK B MHOTO-
MEPHOM ciydae. DTOT alrOpuTM oOecreunBaeT (B COOTBETCTBUU C MIPHUBEIEHHBIM B padote [1] TpeboBa-

1 1
HI/ICM) OIHO3HAYHOC COOTBCTCTBHC HOMEPA KOMITOHCHTLI k BCKTOpPa m( ) " €€ 3HAUYCHUA m|£ ) .

Benem ¢ynkuuio

b, amodb=0; (5)
amodb, amodb % 0,

amodb =

rae amodb — ocrarok ot genenns a Ha b, rae a u b — nesbie uncna.

| |
Torna 3HayeHus Bcex O * KOMIIOHEHT mlﬁ ) , | = 1IN, k = 1, P * BEKTOpa m( ) BBIYHCIIAIOTCS CO-

T1aCHO BBIPAKCHUTO



m(l)— — :XI +i’i:O’p*—1. (6)

[(x; mod p*+i)mod p*]

I
JIist BBIUMCIIEHUST KOMIIOHEHT BEKTOPA m( ) COIIACHO BBIPAXKEHUIO (6) JOCTAaTOUYHO ONpPENEIUTh

Homep X mod p* TOH KOMIIOHEHTBI, 3HAYE€HUE KOTOPOH paBHO X, T. €. BBIYMCIHUTH (6) mpu | = 0.
3HAYCHUS CJIEAYIOIUX KOMIIOHEHT PaBHbI X1 +1, X1 +2ur. 1., IPU 3TOM IOJIaraercs, YT0 HomMepa

*
KOMITIOHCHT 3aMKHYThI B KOJIBIIO, T. €. IIOCJIC KOMIIOHCHTBI C HOMEPOM IO CJIEAYCT KOMIIOHCHTAa C HOME-

poM 1. B kadecTBe MOSACHSIONIETO MpUMepa B TaliHIle NPUBEACHBI BHIPAKECHUS JJIST BEKTOpa m(l) pas-
meproctn O =8 nns psna suauennii aprymenta X, = 22, 23, 24, 25, 26, 27, 28, 29, 30.
W3 Tabunuipl CIEAYET, YTO €CIM JBYM PA3JIMYHBIM 3HAYEHHAM apryMeHTa X; COOTBETCTBYIOT OJIH-
HAaKOBBIE HOMEPA aKTUBHBIX JYEEK, TO OTU HOMEPA BCErAa SABIAIOTCSH OJHUMU U TEMU K€ KOMIIOHEHTaMU
BEKTOpa m(l) ; IPH 3TOM IIEPBOM KOMIIOHEHTOH BEKTOPA m(l) OKa3bIBAIOTCS TAKUE HOMEpA A4YEeK, OCTa-
TOK OT JI€JIEHUsI KOTOpBIX Ha L * paBeH eAuHHIE; BTOPOil KoMroHeHToH Bekropa M okaspiBaroTCs

*
TaK{e HOMEpA A4YEEK, OCTATOK OT JAEJICHUS KOTOPhIX Ha O ~ paBeH JBYM, H T. 1.
N3 nocnenoBarensHoctH (3) U cooTHOLIEHUS (6) CleAyeT, 4TO ecliu Ui IByX 3HaUCHUl apryMeH-

ta X;,paBupix X, =C u X, = d , Boimonmsiercs yCIIOBUE

c-d|=p<p* (7)

X =22 | m® =(25,26,27,28,29,22, 23, 24)22mod8=6
=23 | m® =(25, 26,27, 28, 29, 30, 23, 24) 23mod8=7
X =24 | m® =(25, 26,27, 28, 29, 30, 31, 24) 24mod 8=8
=25 | m® =(25, 26,27, 28,29, 30, 31, 32) 25mod8=1
=26 | m®=(33, 26,27, 28,29, 30, 31, 32)26 mod8=2
X =27 | m® =(33,34,27, 28,29, 30, 31, 32) 27 mod 8=3
X =28 | m® =(33, 34, 35,28, 29, 30, 31, 32)28mod8=4
X =29 | m®=(33, 34, 35, 36, 29, 30, 31, 32) 29mod8=5
=30 | m® =(33, 34, 35, 36, 37, 30, 31, 32)30mod8=6

TO YHCIO OOMMX sYEeeK TaMATH |, COOTBETCTBYIOIIEE OSTHUM 3HAYCHUSM apryMEHTa, paB-
HO A,O =p *— £, T. €. UeM MEHbIIE PACCTOSIHUE MEXIY ABYyMs 3HAUEHUSIMU apryMEHTa, TeM OoJblie

o011Iee YUCIIO sIYeeK MaMsTH, COOTBETCTBYIOIINX dTUM 3HAUCHHUSIM apTyMEHTA.
Mmuozomepuwtii cnyuai
B MHOTOMepHOM citydae, koraa HelipoHHas cetb CMAC 3amomunaet ¢GyHknuio y(x) N nepemen-

T o
HBIX X = (Xi, Xoyuey X ) , 3aJaHHBIX Ha LEJTOYHCIIEHHOM ceTKe

X ={x =1,x® :x,=1,x2

max’ max 7"

o Xy =1, X( )} BXoZHOMY N-MepHOMY BEKTOpY X TakXke CTa-

BUTCS B COOTBETCTBUEC /0 -MepHBII/I BCKTOP m AKTHBHBIX AYCCK IMaMATH. Brramcnenne HOMCPOB aKTUB-

HBIX AYCCK IMaMATU BBIITOJIHACTCA C TOMOIIBIO OITMCBIBACMOI'0 JaJICC aJIrTOpUTMaA.



o o 1
Kaxmoit kommnonenre X J=1N BEKTOPA X COOTBETCTBYET L) * _MepHBIii BEKTOP m® aKTHUB-

* (€]
HBIX SY€EK IaMATH. 3HaueHHs BceX L~ — KOMIOHEHT Bekrtopa M — BBIUMCIAIOTCS, KaK 3TO OBLIO

OTHCaHO BBIIIIE B OJTHOMEPHOM CIIy4ae, COTJIaCHO BhIpaKeHUIO (6).
B pesyisbrare 3TUX BBIYHMCIECHUN BEKTOPY X CTABUTCS B COOTBETCTBUE IIPOMEKYTOUYHAs MaTpULIA

M aKTHBHBIX SY€EK IIaMITH C 3JIEMEHTaMH mﬁ') , | = 1N, k = 1, o, *.
() @) @) @) 8
X, m;~ m, m3 ... M P (8)
(2) (2) mMm(2) (2)
X, m= my,” m;” ... M o

_ 3 Mm@ md ®)
X=X [—>m? m” m? ... om

X Im™Mmi mi™ . m(Y

* * .
Ha cnenyromem mare matpune M pa3zmepa N x O 7 craBUTCS B COOTBETCTBHE L = -MEpHBI

BEKTOP aKTHBHBIX slY€EK NaMSATH BEKTopa X. JlJis 3TOro BBHINOJIHSETCS MOCIEN0BAaTEIbHOE CIUsIHUE (CON-
catenation) snemeHTOB Kax0ro0 K-ro crondua Marpuisl M B oiuH K-if 3IeMEHT BEKTOpa aKTHBHBIX SUCCK
MaMSTH M, TaK YTO 3TOT BEKTOP MIPHUOOPETAET CICTYIONTUI BU/I;

m=(m®m®m® . .m";mP mP m® . m"; .
O Mm@ Mm®) (N)\T
mzmzme..m ),
KaX/IbIil 3]IEMEHT KOTOPOIo
—mD Mm@ mMm® (N) — * 9)
m.=m-’m~m>.m">, k=1p%*
OJIHO3HAYHO ompenaenseT HoMep akTuBHOU sueiiku namsatu CMAC. Beipaxenue (9) MOKHO TpaKTOBaTh

. 1 .
KaK IO3ULMOHHYIO 3amuch uucna M, crapmmii paspsan KoToporo paBeH ml( ), a MIIAJUIMHK pa3psn —

N
ml( ) . K ocobennoctsiM uncen, oOpasyromux cCUMBOJIbHYIO 3anuch uncia My, (9), otHocutes ormedeH-

o o *
HBIN BBIIIC q)aKT, 3aKIIOYAIIMHCA B TOM, YTO OCTAaTOK OT ACJIICHHA Ka)XI0ro M3 HUX Ha p PaBCH K.

|
Anroput™ Bbraucnenus uucia M, no 3naveHnsm mé) ) I =1N, MPUHUMAET HauboJjee MPOCTYIO

(bOpMy, Korjga MakCMMaJIbHO BO3MOXXHBIC 3HAUYCHM S KOMIIOHCHT BEKTOpPa X YAOBJICTBOPAIOT CICAYIOIIEMY
COOTHOIIICHHIO:

xO = (O -1 p*+1, 1=1LN (10)

max
Cornacho (4), yucio sueek NaMsaTH, HeOOXOAUMBIX JJIsl XpaHeHUs (PyHKIUI 0HOM mepeMeHHOH B
CMAC, oka3bIBaeTcsi paBHbIM

M _ 0 % _ 11
MO = Wpx =1 N. (11)
B »Ttom cJIydac ajJIrOpUTM BbBIYUCIICHUSA mk , KOTOpBIfI MMPUBOAUTCA 663 JOKa3aTcjabCTBa, UMECT

BUJT

N N (12)
m, = (m® -] +int(m® -2/ )] [ 1 + ...
=2 =3

eIt =1) o) 1™ +int (MM —1)/ p¥)+1, k=1 p*,

rue int(a / b) — (DyHKIA [IETOYNCICHHOTO AeNeHUs a Ha b.



B kauecTBe WILTIOCTPATHBHOTO MPUMEpPA PACCMOTPUM CETh CO CIEAYIONUMH MapaMeTpaMu: pas-

MepHOCTh N BXOJHOTO BEKTOpa paBHA 2, apamMeTp p* =4, ﬂ(l) = ,u(z) = 3, TaK 4TO COrIACHO (10)
O _ @ _ _ M1 010
Xiax = Xnax = 9 u, cnenosarensro, X —{1,9, 1, 9} (2) :

Haiinem Homepa stueex namsitu CMAC cornacHo BeipaskeHusim (6), (8), (9) u (12), kotopsie cooT-
@ _ 6:8) -
BETCTBYIOT BXOAHOMY BEKTOpYy X = = ( , ) :

6 96 7 8
X[A]=||—>M =
8 91011 8
[TepecuntsiBasi cumBoaMUYeckue Homepa 9,9; 6,10; 7,11; 8,8 aKTUBHBIX SIMEEK B COOTBETCTBUM C
anroputmoM (12), mosyuum
9,9 >8*3+2+1=27,
6,10 >5*3+2+1=18,
7,11 >6*3+2+1=23,
8,8 > 7*3+1+1=23,
TaK 4TO BEKTOP HOMEPOB aKTHUBHBIX SU€EK, COOTBETCTBYIOIIUNA BEKTOPY X(l) = (6; 8)T , paBeH
m[1] = (27,18,21,23)".

2 T
He MMpUBOJAA MPOMCEIKYTOUHBIX PE3YJIbTATOB, 3aMCTHUM, YTO BEKTOP X( ) - (7, 6) COOTBCTCTBY-

— m[1]=(9,9;6,10;7,11;8,8)" .

€T BEKTOpPY HOMEpPOB aKTHUBHBIX SY€EK B CUMBOJIMYECKOM m[2] = (9, 9;10, 6; 1, 7;8,8)T U B Jecs-

T <
TUYHOM m[2] = (27, 29, 20, 23) IIPEJICTaBICHUSIX, U, CIEI0OBATENIbHO, TUYEUKHN aMSITH C HOMEpaMu
23 u 27 akTUBUPYIOTCA KaK BEKTOPOM, TaK U BEKTOPOM X[Z] .

OT™MeTHM 31€Ch, UTO 06mee YHUCJIO AYCCK IIaMATHU AJIA paCCManHBaCMOﬁ CCTU M = 36 , TOrJa

KaK BO3MOJKHOE 9HCIIO TOUCK 3amomMuHaemoii ¢pynximn pasao M = 81.
O0bem namsaTu
Heo6xonumoe uncio siueek namsatu M HeliponHoit cetu CMAC cnenyet u3 ¢popmyisl (12), koraa

|
BCE 4YHCIa mé ) d=1N, NPUHUMAOT CBOM MAaKCHMaJbHO BO3MOXKHBIC 3HAY€HUsS, T. €. KO-
| | |
rnamé) :|\/|() Z,U(),O*, I =1 N.

[Tpu 5TOM COMHOXHTEIH int((mlﬁ') —l)/ p*),l =1, N, Bxomgsmme B popmymny (12), oxazsi-

BarOTCs PaBHbBIMU
int(m" —1)/ p*) = 1V -1, 1 =1, N, (13)
a BenmmunHa M 3a1aC€TCA BBIPpAXKCHUEM

N N
M =(uOp* D] [ +@W® - 1 +..
1=3

=2

(14)

N
(N-1) (N) (N) — M
A D™+ (WY =D 1= p* ] 4.
=1
Coornomenuss (10) u (14) mnozBomsor BeIpasuTh o0bem mnamsaitu CMAC B ¢dyHk-

I
| =1L N, e xM HauOOIIbIICE 3HAYEHHE, KOTOPOE IPUHUMAET apryMeHT X| !

M
nn X max

max ?



(15)

N N ( M % _ % 1 *_1
1 pT—p*+th+p
M :p*Hﬂ(l) :'O*H — _
I=1 I=1 P
Ny +,0* 1 N MO

_IO*H Xinax *H

I
re M 0 omnpeaeneHo cootHomenuem (11).
Ecnu 061 pyHKIMS MHOTHX TIEPEMEHHBIX V(X) XpaHWJIACh B MTAMSATH OOBIYHBIM CIIOCOOOM, KOT'/1a 3HaYeHUE
(GYHKIMHU 3aIIMCBIBAETCS B OJHY SUYEHKY MaMATH, TO Ui 3TOT0, OYE€BUAHO, TIOHAI00MIOCH OBl

M = me

SA4EeK NaMATH, YTO CIEAYET TaKKe W3 (popMynH (15) mpu p* =1, korna B CMAC Kauplil BXOIHOI

(16)

CUTHAJI BO30YXIAaeT TOJIBKO OJHY sueiiky mamsatu. V3 cpaBHeHus BhipakeHuid (15) u (16) cnemxyeTt, 4To
CMAC yw™menbIaeT 00beM MaMsATH M0 CPABHEHUIO C OOBIYHBIM CIIOCOOOM XpaHEHUS NMPUOIU3UTEIHHO B
x)(N-1)
yo, pas3, Tak uTo 3(h(HEeKTUBHOCTH €ro C TOUYKH 3pEHUs TpedyeMoro o0bemMa maMsTH pacTeT C yBe-
JTUYEHUEM Pa3MEPHOCTH BXOJIHOTO BEKTOpA.
*
ITone3ysce BelpaxkeHneM (15), MOKHO HccClleIoBaTh BIMSHHE Mapamerpa O © Ha 00beM IaMATH

CMAC mpu (pUKCUPOBaHHBIX XapaKTEPUCTHUKAX BXOJHOTO BEKTOpA X. HaI/I6onee yz[06Ho cienaTh 9To,

korna GyHKIUS y(x) 3aaHa Ha THIEPKyOe, T. €. KOrja BCe 3HauYeHUs X | —l N , OJIMHAKOBBI U

paBHBI
X =27 +1. (7
ITonaras L
p*(r)=2",r=0,D, (18)
HainjeMm ,u° = ,u(') (10) a M’ =M 0 (11)
=22 LM = p*(r) =20 + 2", (19)
O6nem namsitu CMAC cornacho (15) B aTOM cityyae paBeH
(2° + 27" (20)

M = T (N-D)

*
Herpyzano noka3zats, 4yro 06beM namsatu M (20) ¢ pocroM napamerpa O ~ yObIBaeT U JOCTUTAET

MHUHHUMAJIBHO BO3MOKHOI'O 3HAUYCHUA

M (2° +2°)M (21)

_ _ 9N 5D
min — 2D(N—1) =2 2",

D o
opu O * (r) = 2" . Taknum 06pazomM, K0d(PHIEHT BEIMIPHIIIA 0GbeMa MaMSITH 1], onpenensieMsli KaKk

orsomenne obsema mamata M (16) npu o6eraHOM criocoGe xpaneHus HHYOPMAIHH K 06BEMY MaMATH

D
cMAC M NPMHUMAET HauOOJIbIIEE 3HAYECHUE IPH O * (r) = 2" ¥ OKa3BIBACTCS PABHBIM

M (2°+D)"
M . 2N . 2P

min

min *

]7:

Ipu D > 5 seipaxenne ams kosddunmenta 1] ¢ 60aBIIOH TOYHOCTBIO MOKHO IIPHHSATH PaBHBIM

DN-D-N .
2 . B wacTHOCTH, eclM XpaHUTH M300pakeHNe, 3aJaHHOe Ha IByMepHoi ceTke (210 + 1)(21°

77:



+ 1) 0OBIYHBIM CTIOCOOOM, TO MOHATOOUTCS OJUH MErabdalT mamsTH, TOTJAa KaK €CIU ATO M300pakeHue

10
3anioMHUTh B CMAC mnpu MakCHMajabHO BO3MOXXHOM 3HaueHUU Kod(duiireHTa ,0* (I’) =2 , TO
MOKHO OTPaHUYUTHCS TOJBKO YETHIPHMS KUI00ANTaMU MTaMSITH.

Bbixoa Heiiponnoi cetu CMAC
3navenue 3anoMHeHHOW B CMAC dyHKIMH y(x) PaBHO CyMMe€ COAECP>KMMOTO aKTHUBHBIX SYEEK

namsty, s popmanuzanuy mOHATHS «BBIXOJ] CETH» BBEAEM CIICAYIONINE IEPEMEHHbIE:
vv[n] — M-MepHBIii BEKTOp MaMSATH CETH, BBIYMCICHHBIA Ha N-M miare oOy4eHus, Kaxuas |-si

KoMITOHeHTa kotoporo W i [n], )= 1M, COOTBETCTBYET COAEPKUMOMY j-if siuetiku mamsitu CMAC;

a(x) — M-MmepHBIi accOIMaTUBHBINA BEKTOP, OJAHO3HAYHO CBSI3aHHBIM C BEKTOPOM apryMEHTOB X

MOCPEACTBOM BekTOpa m (9) HOMEpPOB aKTHBHBIX SYEEK MAMSTH IO CIEIYIONIEeMY MPaBUIY: AJIEMEHTHI

BCKTOpa aJ, J = 1, M , HOMCpa KOTOPBIX COBIAaJAarOT C HOMEpaMH AKTHBHBIX SYCCK IIaMATH, PABHbI

CANHULEC, BCE OCTAJIBHBIC DJIEMCHTEI BEKTOPA a PaBHBI HYJIIO.
*
CJIGI[OBaTeJIBHO, B BCKTOPC a BCCria p OJICMCHTOB paBHbI CAWHUIIC. Torma B COOTBETCTBHUHU C

npaBuioM (QyHKIuMoHMpoBaHus HerponHoi cetu CMAC ee BbIXOX y(X, n) IpU 33JJaHHOM BXOJHOM

BEKTOPE X paBeH

y(x,n)=a’" (x)wn], 22)

T. €. BBIXOJl paBE€H CyMM€ COJIEpKMMOI'0 aKTUBHBIX SU€EK MaMsITH ceTu. Takoe mpeacTaBieHue BbIXO/a
ceTu ObUIO BBesieHO B paboTe Muutiepa u [lapkca [13]; 0HO O3BOIMIIO MOHATH IPUPOJLY STONH HEHPOH-
HOM CeTH, CCIEeI0BATh NPOIecC O0YUYCHUs B HEW U HAWTH IyTH NOBHIIEHUS €€ 3P PEeKTUBHOCTH.
OO0y4enue Heiiponnoi cetu CMAC
[Iponecc popmupoBanusi M-MepHOTro BEKTOpa mamsiTh W, HallpaBJICHHBIN HA 3alIOMUHAHUE (YHK-

miu  y(x) N 1nepeMeHHbIX X = (X1 Xy yuen ) 3aJJaHHBIX Ha LEJIOYHCICHHOM CeTKe
X {X1 1, Xr(;;x, =1, Xr(nza)x’ _1 X( )} HA3BIBACTCS 0OyueHueMm. AJTOPUTM OOyUEeHHS

HeriponHoit cett CMAC Ob1 TIpeioKeH AJ‘IB6YCOM B pabote [1]. DTOT anroput™m, UMEIOIMUNA peKyp-
PEHTHYIO MIPUPOAY, PYHKIIMOHUPYET CIEAYIOIIUM 00pa30M.

Ilycte mocine (n —1) -r0 U3MEPEHUsI 3HAUECHUH 3aroMuHaeMol (QyHKUUHU Y(X) U COOTBETCTBYIO-
IIAX 3HAYEHWH BEKTOpa apryMEHTOB X(X[I], y[l],l =1n —l) OBUI BBIYMCIIEH BEKTOP IaMSATH
vv[n — 1]. Torna Ha ciegyromeM N-M miare mociie u3MepeHus 3HauYeHUs (PyHKITIH y[n] IIPY U3BECTHOM
3HAYEHUH apryMEeHTa x[n] CHaYaja C MOMOIIBIO «aJTOPUTMa HETMHEHHOTo MpeoOpa3oBaHus apryMeH-

TOB» BBIYHMCIIIOTCS HOMEpPA AKTHUBHBIX AYEEK NMaMATH, T. €. BBIUUCISETCS COOTBETCTBYIOLIMM BEKTOPY
x[n] BEKTOP m[k] (9, 12), nanee BbIYMCIsAETCS MpeICKa3bIBAEMOE HEHPOHHOM CEThIO 3HAUYE€HUE (PYHK-

JR850%0 y[k], PaBHOC CyMME€ COACPKUMOTO aKTHUBHBIX AYCCK IMaMATH. Brruucnsgrorcss ommoka npeackasa-

HUA & [n] = y[n] - y[n] u semrumna koppexrn AW[K] = g[n]/ L, xotopas mpubasnsercs K

COJIEPKUMOMY aKTHUBHBIX siU€eK MamMATU. HeakTUBHBIC SUEUKU KOPPEKLUU HE TIOABEPraroTCs.
Ecnu BOCHOnb30BaThCsl aCCOIMATUBHBIM BEKTOPOM ¢, OJIHO3HAYHO CBSI3aHHBIM ¢ BekTopoM m (9)

HOMEPOB aKTUBHBIX SYEEK MAMSTH IO CICAYIONIEMY MPaBUITY: SJIEMEHTHI BeKTopa d i )= 1, M | nome-

pa KOTOpBIX COBIAAAIOT C HOMEpAaMHU aKTHBHBIX SYE€EK MaMsTH, PaBHbI €IMHUIIE, BCE OCTAJIbHbIE AJIEMEH-
ThI BEKTOPA a PaBHBI HYJIIO, TO anroput™ ooydenuss CMAC MoXHO 3anucaTh B cienyomueit popme:



w[n]=wn-1]+ (y[n]- > w[n-11)/ p*; 23)
Vig[n]=1Vvja;[n]=1

w.[n]=w[n-1], Via[n]=0. (24)
[locnenoBarenbHOCTh vv[n] (23), (24) yctpoeHa Tak, UTO IOCJE€ KOPPEKIMH BEKTOpa MaMsTH

vv[n —1] oLleHKa (PYHKLIUHU y[n], KOTOpas SIBISIETCS CYMMOM COJIEPKMMOT'O aKTHBHBIX SYEEK, COBIIa-

JacT C €€ 3HAYCHHUEM, T. €.

yInl=> w;[n], via,[n]=1 (25)

OTO0 YyTBEp)KJIEHUE CIIEYET HEITOCPEACTBEHHO U3 CYMMUPOBAHHUS [IPaBOM U JIEBOIl yacTell ypaBHe-
HUs (23) 110 aKTUBHBIM HOMEPAM STYEeK MaMSITH.

Anb0yc uccnenoBan CXOIUMOCTh AITOPUTMa TOJBKO IKCIIEPUMEHTANBHO. TeopeTndeckoe o0oc-
HOBaHHUE CXOJIUMOCTH MocieaoBarenbHocTd (23), (24) BnepBbie ObLIO JaHO B padore MumuTiepa u
[Tapkca [13, 30], koTopsie mokazanu, 4yTo anroput™m ooydeHuss CMAC ecTb UTEpaTUBHBIN MPOIECC Pe-
IIICHUSI CHCTEMbI JINHEHHBIX YPAaBHCHUH OTHOCUTEIHHO HEM3BECTHBIX 3HAUCHHI KOMIIOHEHT BEKTOpa Iia-
MsTH W. Boripockr cxoaumocTa npoueaypsl (23), (24) o6cyxnanuck Takxke B padore [31]. B pabdore [13]
OBLIO TIOKAa3aHO, YTO B 3aBUCUMOCTHU OT BUJa 3anoMuHaeMoil pynkuuu u napamerpoB CMAC nocneno-

BaTEJILHOCTh vv[n] (23), (24) cxonutcs a1OO B TOUKY, JIUOO B HEKOTOPYIO 00JIACTh, KOTOPYIO aBTOPHI

Ha3BaJll 30HOLU NPpUMANCEHUAL. OcHoBOM J0Ka3aTCabCTBa CXOAMMOCTH IIOCICO0OBATCIIBHOCTH W[n] I10-

CITy>KHJIO TIpejicTaBlieHue anroputma (23), (24) B 9KBUBaJICHTHON BEKTOPHOU (opme:
26)
y[n]-a' (xn])win-1] (
win]=win-1]+—7 a(x[n]),
a’ (x[n]a(x[n])
w[0]=0,n=12,....
B pa6ote [14] O6bUT0 OTMEUYEHO, YTO MPEIOKEHHBINH AJTEOYCOM aJiropuT™M o0y4eHus B hopme (26) sBIIs-

€Tcsl U3BECTHBIM anroputMoM Kaumaxka [16, 17] ans urepaTUBHOTO pelIeHUs] CUCTEMBI JINHEWHBIX ypaB-
HeHul BUIa

a' (x[n)w=y[n],n=12,..., 27)
U TIOATOMY B AalibHelIeM anroputm (23), (24) oOyuenus neiipornoit cetu CMAC Oyzaem Ha3bIBaTh aj-
eopummom Anvoyca—Kaumaoica. IlpencraBinenue anropurmMa ooydenust B popme (26) mo3Boiuiio B pa-
6ote [14] mpemIOXUTh U HCCIENOBATH AJITOPUTM OOy4YEHHMsI, 00JIaJaloNINil MOBBIILIEHHONH CKOPOCTBIO
CXOJIMMOCTH, KOTOPBI OyJIeT ONMCaH BO BTOPOH 4acTH cTaThu. C MOMOIIBIO TAKOTO MPEACTABICHHUS TaK-
e yJall0Ch MOBBICUTh TOYHOCTh BOCCTAHOBIICHUS 3alIOMUHAeMbIX QyHKIMiA [32].
Cucrema ypaBHeHu# (27) obnanaer psaaoM 0COOCHHOCTEN: B KaX/JIOM YPAaBHEHUHU CUCTEMBI POBHO

*
,0 KO3(1)(1)I/II_II/ICHTOB paBHBI €AMHUIIC, BCC OCTAJIbHBIC K03(1)(1)I/ILII/ICHTBI PaBHBI HYJIIO; KaK MIPpaBUJIO, pa3-
MCPHOCTb M BCKTOpa W CYIICCTBCHHO OoJbllle Yyucia HCHYJICBBIX 3JICMCHTOB BCKTOPA, YHUCJIIO KOTOPBIX
* o o
paBHO p , TaK 9TO MaTpulia CUCTCMbI (27) SABJIACTCS CUJIBHO PAa3pCKCHHOU MATPULICH,; IIOCKOJIbKY MaK-

CUMaJIbHO BO3MOXXHOE YHUCIIO JTMHEHHO HE3aBUCHMBIX YPAaBHEHHUM CHCTEMBI (27) paBHO YHCITY HEU3BECT-
HBIX, PaBHOMY pa3MepHOCTH M BekTOopa W, a MaKCHUMaJbHOE YMCIIO YPABHEHHM PAaBHO YHUCIY TOYEK

- N
M = X(I) EJIOUYUCIIEHHOU CETKHU
- max 1ET 1
1=1

X =0 =10, %, =L X%, =1 X0}

max ? max 1"



— N
u, xak npaswio, M [1 M (nanomunm, aro M = H(Xr(rll) + p*-l—l) /(,0"‘)'\1_1 (15)), To ota cu-

ax
I=1

cTeMa ypaBHEHUI 0OBIYHO HECOBMECTHA; CHCTeMa ypaBHEHHH (27) Bcera UMeeT eJMHCTBEHHOE PellIeHne
* _ .
B ClIy4ae, Korja napamerp O = 1, IIPY 3TOM MaTpHIA CUCTEMBI PaBHA €AUHUYHON MaTPULE UIH JIETKO

npeoOpasyercs K Heil myTeM NepeHyMepOBaHUs MOCIeI0BATEIbHOCTH y[n] DTOT cily4ail COOTBETCTBY-

eT 00BIYHOMY CcHoco0y XpaHeHHs MH(POPMALUHU, KOTJa B KaXIOH sdeiKe MamMsITH XPaHWUTCS 3HAUCHHE
GbyHKIIUH, a HOMEp SYEUKH MaMsTH OJHO3HAYHO CBS3aH C apTyMEHTOM (YHKIIUH.

HecoBmecTHOCTh cucTeMbl ypaBHEHUN (27) IPUBOIUT K TOMY, YTO IMOCJIEIOBATENbHOCTh vv[n]

(26) cxoauTcs B 30HY perieHus («30Hy npuTsDKeHus» [13]) u coBepiliaetr TaM ABUKEHUSI B COOTBETCTBUU
C aIrOpuTMOM 00yd4eHusi ceT (26) u 3aKkOHOM (OPMHPOBAHHUS BXOJIHOTO BEKTOpPA X[n]. 3a peuieHue

MNpUHHUMACTCA OJHO U3 3HAYCHHUI BCKTOpa W[n] , KOTOpOC MPUHAJICKUT 30HC ITPUTAKCHUA.

IocenoBaTe/iIbHOCTH BHINOJTHEHUS PA6OTHI

1. Ilonyuuts y mpenopaBaTesns GYHKLIHUIO ABYX IT€PEMEHHBIX

2. Ucnonesys daiin cmac.mcd oOyuuth Heliponnyto cetb B MathCAD Bocripon3BoauTh 3a1aH-
HYI0 (DyHKIHIO IByX IIEPEMEHHBIX.

Conep:xanue oTyera

1. Ha3Banue nabopaTtopHoii paboThbl, L1eJIb U Tporpamma padoThI.

2. Koner Mathcad, onuceiBatomue crpykrypy cett CMAC u ee 00yueHue C MOSICHEHUSIMU | ITPO-
MEXYTOUYHBIMH Pe3yJbTaTaMM (JIJIs1 MAaCCUBOB OOJIBIION pa3MEpHOCTH BCE 3HAUEHUs M300paxkaTb HEOOs-
3aTeIIbHO).

3. I'paduku opurnHagbHON (YHKLUMHU B 33JaHHOM 00JacTu onpenesneHus U pyHKIUN BOCHPOU3-
Boaumoi cetbto CMAC.

4. I'papuixk M3MeHEHHs aOCOJIOTHOM M OTHOCHTEJILHOM OIMMOKK 00ydeHus ceTu. Mtoropas ommo-
ka o0yuenust CMAC. 5. BeiBoasl 00 nHOOPMAIIMOHHONW €MKOCTH, CTPYKType, 00beMe MaMsTH MO CpaB-
HEHMIO C KJIACCHYECKUMHU METOJJaMM TaOJIMYHOH peanu3anuu 3aJaHHON (QYHKIMH, CKOPOCTBIO 00y4eHus,
CTIIOCOOHOCTBIO 0000IIEH ST Pe3yIbTaTOB 00y4eHus u qpyrux cBoiictB CMAC.

KoHTpoJibHbIe BOIPOCHI K 321U TE J1a00paTOPHOii padoThI
[TosichuTh npouecc GopMupoBaHUs BUPTYANIbHBIX U (puznyeckux ajapecos cetu CMAC.
2. Ha yem OCHOBBIBaeTCS CIIOCOOHOCTh HEHPOHHOM CETH 00yUYaThCS C CIIOIH30BAHUEM MPEABITYIIC-
ro onbiTa?
3. 3a cuer gero cokparmraercsi o0beM namstu cett CMAC 1o cpaBHEHHIO € KIACCHYECKUM CIIOCO-
60oM xpaHeHus QpyHKIUH TabmuuHOM apudmeTnku?
4. Tloka3aTh 3aBUCHMOCTb HH()OPMALIMOHHONW EMKOCTH CETH OT €€ MapaMeTpPOB.

=

JTabopamopHasi paboma Ne 2 «MHo20cnoliHble HelipOHHbIe cemuy

Hean padoTsl
N3yunts MeToa 00ydeHus 00paTHOrO pacipOCTpaHEHHs OIIMOKH MHOTOCIIOMHBIX HEHPOHHBIX ce-
TE€U IPU UCIIOIB30BAaHUHU CETH IS PA3IMUYHBIX NIPUKIAJAHBIX 3a1a4
IIporpamma paéoTbi

1. MUccrnenoBaTh BO3MOKHOCTH MHOTOCJIOWHBIX HEHPOHHBIX CETEH MpH pelIeHUH 33a/1ad anmnpoKcHMa-

MU QYHKIIMTA MHOTHX TIGPEMEHHBIX.
2.  HccnenoBaTh BO3MOKHOCTH MHOTOCTIOWHBIX HEMPOHHBIX CETEH MPHU PelIeHUH 3a/1a4 MPOrHo3a 3Ha-

YEHHUI BPEMEHHOT0 psija
3. HccnenoBaTh BO3MOXKHOCTH MHOTOCIIOMHBIX HEHPOHHBIX CETEeW MpH pelIeHUH 3aj1a4 Kiaccupuka-

U] BEKTOPHBIX JAHHBIX
4.  CocTaBUTb U 3aIIUTUTH OTYET IO pe3yIbTaTaM HCCIIeI0OBaHUH.

Kpartkue cBeneHus u3 reopum



ApXUTEKTypa MHOTOCIIOMHOW HEMPOHHOM CETH MpeACTaBiieHa Ha pucyHKe 1. Bce HelpoHBI ceTn
00BbETUHEHBI B TPYIIIBI, HA3bIBAEMbBIE CIOSMH. 3a KXJIbI TaKT JUCKPETHOTO BPEMEHH CUTHAJ NepeaaeT-
Csl OT CJI0A K CJIOK0, ITOKA HE IOCTUTHET BBIXOJHOTO (TIOCIEAHEr0) ClIosi, HA KOTOPOM (PUKCUPYETCs peak-
s cetd. BXoaHO#M (HyneBoil) c0il HE BBINOJHACT KAKOW-THO0 BBIYMCIUTENBHON (DYHKLIUU U CITYKUT

MCKIIIOYMTEJIBHO I pacIpeacICcHUs BXOJHOTO BEKTOPHOIO CHIrHala N = (nl, Ng, ..., ) Ha

HEUPOHBI NEPBOTro ¢10si. B MHOroCI0MHON HEUPOHHON CETH CUTHAJ PaCIpOCTPAHSAETCS TOJIBKO B IPSIMOM
HaIpPaBJICHUU: OOPATHBIC CBS3U U CBS3H MEXIYy HEMPOHAMH OJHOTO CIIOSI OTCYTCTBYIOT. B CBSI3M ¢ ATHM
MIpe/ICTaBJICHHAs HA pUC. | ceTh Ha3bIBACTCA MHOTOCIOMHON HEMPOHHOMN CEThIO MPSIMOTO paclpocTpaHe-
nus (feed-forward layered neural network).

PaGouue ciou cetu, pacnooKeHHbIE MEKIY HYJIEBBIM (pacnpeesIuTeIbHbIM) U BBIXOJHBIM CIIO-
simu, HasbiBaroTcs CKpoIThiME (hidden layers). CocTosiHre (-ro cjiost xapakTepusyercss Bekropom S%, g =

O,K. B coorBeTcTBHH ¢ 0003HAaYEHHUEM BXOAHOT'O BEKTOPHOI'O CHI'Hajla CIIpaBEIJIMBO SO = n. Yucio

HEWPOHOB B (-OM ciioe mpuHuMaeTcsi paBHbIM Ng, Tak uto S = (8%, s%, ..., ), g = 0,K.

3nmec $%,9=0,K,i=1,N , O3HAYaET COCTOSHUE I- TO HelipoHa (-ro CJIosl.
DYHKIIMOHUPOBAHUE KaXKIOTO CJIOS CETH OMPEAENISIETCS 3HaYeHUIMA MaTpuIlbl W CHHAITHYECKUX
K03 GHUIHEHTOB K BeKTOpa -b cMernenuii Heiiponos. B g-om cioe, g = 1, K , marpuia WY umeer pasmep-

HOCTh [Ng, Ng-1], a Bextop b% = (b9, b%, ..., bj{,q ). PacueT npoX0KICHHSI CHTHAlla B CETH MPSMOIO pac-

MMPOCTPAHCHUS BBIIIOJIHACTCS 110 CIICAYOIIHUM Q)opMynaM:

s; =1, (h),

Now 2.1
B = Yowisy =b, @
j=I

q=LK,i= LN

2 q ]
rae h% — morennuan i-ro Heiipona g-ro cnost; fq(h) — dbyHkIws akTuBanuu HeWpoHOB (-T0 oS (TIpe-
I10JIaraeTcs, 4YTo BCE HEMPOHBI OJTHOTO CJI0SI UMEIOT OJIMHAKOBbIE PYHKIMU akTuBauun). K pyHKIuMsIM ak-

tusanuu fq(h), q = 1, K, npenbsiBisiercst TpeboBaHme HeMpepbIBHOCTH U quddepenimpyemocta. “Xecr-
Kue” Oporosbie GyHKIMK akTUBAUK He pomyckatorcs. [lox w; B Gpopmyne (2.1) nonnmaercst snemMeHt

marpuiel W9 cuHanTHaecknx Ko3(GQpUIMeHToB (-TO CIIOos.
VY 106H0 npeobpazoBaTh MaTEMaTHUECKY O MOAENb (2.1) myTeM BBEI€HUS OAHOTO JIOTOIHUTENb-
HOTro HelipoHa B Kax bl ciioil MHC. OTMeTuM 3TH HeHpPOHBI HYJIEBBIM MHAEKCOM U MOJIOKUM UX COCTO-

SHUEC TOXICCTBCHHO PaBHBIM 1, TaK 49TO §, = 1 i g = O,K . 3a cuer BBCACHHBIX HeﬁpOHOB CCTCCTBCHHO

pacrmpsirorest Bekropa S, = 0, K , COCTOSHHI HEWPOHOB B CIIOSX:

5 7=(s%, s%, s%, ..., , 4= 0,K.
(2.2)
PaciuvpyuM Takxke MaTpMIly CHHAIITHYECKUX KO PUIIMEHTOB B -oM cioe (( = 1, K ), 10NoIHuB

€€ HyJIEBBIM CTOJIOIIOM, COJIEPKAIIUM CMEIIEHUSI HEUPOHOB (-TO CIIOS:



_p q q q
b wi  wh Wiy,

— -bI  wl wi wi
q 2 21 22 V2N,
W = o (2.3)
-bi w wi ol
N, N, N,2 N, N,
-q . . —)
O6o3Hauum wj , 1= 1,N g0 J= o,N 41 » MaTpuie . B HOBBEIX 0003HaYEHUSIX MaTEMATHIECKAsT MOJIEIb

(2.1) mpeobpasyercs K ClIeIyOIEMY BUIY:
so =L st =f,(h),

Ny B (2.4)
h! = ;szjq -b!,
9=LK,i=LN,.
W= pE= K pK
. - {} {}
+ sf'1
. . sk
. . i

K=1
s
Ng—1
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Pucynok 2.1 — ApxutexkTypa MHOTOCJIIOMHOM HEHPOHHOI ceTn

W1 WZ WK-1 WK
£ Y
.. Q"": 1
- L] K=1
L ] L ] K
51
- - K
Shy
K=1
. - SNK"
N L N N
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CKpPbITble CINTOM
PucyHok 2.2 — DxBuBalIeHTHOE ITpeoOpa3oBaHre MHOTOCIOWHON HEMPOHHOH ceTu

®opmynam (2.4) coorBeTcTByeT cxeMa ¢pyHkunonupoanuss MHC, npeacraBneHHas Ha pUCYHKe
2.2.

[IpuMeHsst BEKTOpHO-MaTpUYHbIE onepauu Haja JaHHbIMU B ciniosx MHC, nepelineM ot ypaBHe-
Huit (2.4) x cnenyroniei MaTeMaTHIeCKON MOJIENHN:



s =L 57 = f,(h)),

_ 2.5
W=5w"’ &)
9=LK ,i=LN,,
rae h9=(h9, h%, ..., h? ) — BeKTOp HOTEHIMATIOB HEHPOHOB (-TO CJIOS, BEPXHUI HHIEKC ' — 3HAK
q

TPAHCIOHUPOBAHUS BEKTOPA WM MaTPHILIbI.
IHocTranoBka 3axaun o0y4yenusst MHC

MHorocoiiHas HelipOHHAasE CeTh OCYIIECTBIIAET MPEOOpPa30BaHKe BXOJHOTO BEKTOpa N pa3MepHO-
ctu No = M B BeIxoHO# BekTop SK pasmeproctn Nk = M: sK = qo(n) OT1o (HYyHKIIMOHATBEHOE TIpeodpa3o-

BaHUeE ISl BHIOPAHHOM apXUTEKTYphl CETH (YMCIIa CIIOEB, paclpeesieHuss HEMPOHOB MO CIOSIM U aKTHBa-
IIMOHHBIX XapaKTEPUCTUK HEHPOHOB) 3aBUCUT OT 3HAYEHUI CHMHANTHUECKUX KOA(PPHUIMEHTOB U CMEIle-

) o p—) P
HUH BceX HEHMPOHOB. DTH MmapaMeTpbl ceTH coOpanbl B MaTpuilsl W, = 1, K . Jlaxe B 10cTaTOuHO MpO-

CTBIX MPAKTHUYECKUX MPUIOKCHHSIX YUCIIO TAPaMETPOB CETHU MOKET JOCTUTATh HECKOJIBKUX JIECATKOB ThI-
csiu. Hampumep, B 3a1aue pacrio3HaBaHus U300paKeHUs, IPECTABICHHOTO MaTpUIlel 3HAYCHUH SIPKOCTU
pazmepoMm 10x10 (M = 100), ¢ momomisto cetTu, coaepxamiei qsa padounx cios (ckpbIThiid cioii N1 = 50
u BeixogHow ciord N2 = N =2), uncno napamerpoB mnpesbinaer 5000. Eciu nipu permeHnn npakTuuecKon
3a/1auyd pa3yMHO Mojo0paHa apXUTEKTypa HEMPOHHOM CETH, TO HACTPOUKOM MapaMeTpOB MOXKHO JOOUTh-
csi 6mm30cTH (aKTUYECKOro (PYHKIIMOHAIBHOTO MPEeoOpa3OBaHus, Pealu3yeMoro HEMpPOHHOM CEThI0, K
KeJTaeMoMy MpeoOpa3oBaHUIO B pemiaeMoin 3anade. [Ipoiiecc HacTpoiky mapaMeTpoB HEHMPOHHOUM ceTu
Ha3bIBAETCs €€ 00yUCHHUEM.
s o6yuennss MHC ucronb3yrotes JaHHbIE 00ydaromieil BrIoopku. BeiOopka cocTout u3 odpas-

110B (MPUMEPOB), COJIEPIKAIIMX JKeJTaeMyto peakiuio o = (oP1, o2, ..., oPN) CeTH Ha BXOHOE BO3/ICH-
creue NP = (nPy nPy, ..., NPy):
{n, o’} p=1P, (2.6)

rae P — o6bem oOy4aroiieid BEIOOPKH.

O603Ha9MM (HAKTHYECKYIO peakimio paccMarpuaemoiit MHC Ha Boszeiictue nP uepes sPX (Bepx-
Huit mHAeke K cooTBeTcTBYeT HOMepy BhIXOgHOTO ciosi). Torma pasnocts (0P SPX) xapaxrepmsyer
omKOKy MpeoOpa3oBaHKs BXOJJHOTO CHTHAJIA CEThIO, a ITOKa3aTelb

1 P N ‘2
DZEZZ(O';,’ —s? (2.7)

p=1 m=1
MOXKET CIY’KUTh KPUTEPHUEM KayecTBa HACTPOMKM MapaMeTpoB HEMpOHHOM ceTu. 3anaya OOydeHHUs
HEUPOHHOU CETU CBOJUTCS B TAKOW ITOCTAHOBKE K JJOCTUKEHUIO

min D', W?, ..., W¥). (2.8)

w?, g=1.K

ITockonbKy mpu Tako (opMain3aluy 3aauyd o0y4YeHHs MPEAIoaraloTcsi U3BECTHBIMH Kejae-
Mble peakiind MHC Ha BXOJHBIE CUTHAJIBI U3 33JaHHOW BBIOOPKHU, YTO PAaBHOCUIILHO NMPUCYTCTBUIO “‘yUH-
Tens” B Ipoliecce 00ydeHus, caM Ipoliecc 00ydeHUs Ha3bIBaeTcs “00yuyeHHeM ¢ yuuTenem”.

I'papnenTHBIN NOUCK oNTUMAJIBHBIX NapameTpos MHC

OnpezienM 3aK0H, 1O KOTOPOMY JBOJIIOLHMOHUPYIOT 3HAYEHHs TapaMeTpoB W,/ , = 1K, 1=

LN,, j=0,N 41 » B IPOLIECCE MUHUMU3AIMH TOKa3aTes D, clieayonmm paBeHCTBOM:
d _ 0
—w/ =—-¢—D (2.9)
dt - ow;/

r7ie & — MapaMmeTp 3akoHa oOyueHHs], BpeMs t mpoleaypbl HaCTPOMKH Mojiaraetcs HenpepbiBHbBIM. Eciu
o0BeIMHUTH Bce HacTpamBaeMmble nmapamerpsl MHC B oauH BekTOp, TO 3aKoH (2.9) ompenensieT, 4Tto B
IpoIecce 3BOIOIMU ATOT BEKTOP M3MEHSETCA B KaX/Iblii MOMEHT BPEMEHH B HAIpPaBICHUU aHTUTPaH-
enta kputepus D. HecnoxHo moka3ate, 4To 3akoH 00yueHus (2.9) obecreynBaeT HEBO3pACTAaHUE TTOKa-
3arensa D B mporiecce 3BOIONUM:



2
4p=333 L ply -y Lol <0

ij q,i,j if

Taxum obpazom, ciemys 3akonHy (2.9) Hactpoiiku napamerpoB MHC, u3 mo0oro Ha4ajapHOTO 3Ha-
YEeHHUs MapaMeTPOB OCYILIECTBISETCS CIYCK K SKCTpeMalbHOU Touke. B cBs3u ¢ TeM, uto nokasarens D,
paccMaTpuBaeMblii Kak (YHKIHMS HACTPAaWBAEMBIX IapaMeTPOB, MOXKET COJEPKAaThb MHOTO JIOKaJbHBIX
MUHUMYMOB, HET I'apaHTHH CIIyCKa M3 IPOM3BOJIBHOIO HAYaJIbHOTO 3HAYCHMS BEKTOpA I1apaMETPOB B
TOUKY IJI00ATBHOTO MUHMMYMa. B MpakTHUeCKuX MPUIIOKEHUAX PEKOMEHIIyEeTCsl pean30BaTh MpoLeIy-
Py I'PaAMEHTHOI'O CIIyCKa HEOJHOKPATHO U3 Pa3IMUYHBIX HAYAJIbHBIX IOJI0XKEHUH /715 BIOOpA JIyYIlero u3
IIOJIyYEHHBIX PELICHUM.

Yucnennas peanusauus 3akoHa (2.9) tpeOyeT mepexojia OT HEMPEPHIBHOIO K JUCKPETHOMY Bpe-

menu t =0, 1, 2, ... . B 3T0M ciy4ae ypaBHEHUS SBOJIOIUH CHHANTHYECKUX KOA((DUIIMEHTOB 3aIMChIBA-
I0TCA B clenytonien hopme:
0
byrL — 9
wi (t+1) =wj({t)—a—_D(), (2.10)
aw,-j

rIe o — mapamerp 3akoHa oO0ydeHus. OT BBIOOpa MmapaMeTpa « 3aBUCHT CKOPOCTh 00y4eHus, popma rie-
PEXOIHOTO TpoLecca 10 HACTPauBaEMbIM MapaMeTpaM, a TaKke caM (DaKkT CXOJMMOCTH Ipoliecca 00yde-
Hus. Uem MeHbIIe 3HaYeHHE TapaMeTpa ¢, TeM MeHee paznudaroTcs ypaBHenus (2.9) u (2.10), peanusy-
OIIUE TTOMCK B HEMPEPBIBHOM H AUCKPETHOM BpeMeHH. CIeI0BaTeIbHO, TEM BBIIIEC BEPOSATHOCTH CXOIH-
MOCTH JIUCKPETHOM MOMCKOBOM MpOIeayphl (FrapaHTUPOBAaHHOE HEeBO3pacTaHue kputepusi D B mporecce
IBOJIIOIMH JIOKA3aHO BBIIIE TOJIBKO IS HEIIPEPHIBHOTO BPEMEHH ). B TO ke BpeMsi Ype3MepHOe YMEHBIIIe-
HUE TIapaMeTpa « 3aTSATHBACT MEPEXOAHBIC MPOIECCHI, YBEIMINBACT HEOOXOIMMOE BPEMS BBIYHUCIICHHM.
OOBIYHO B MPOTPAMMHBIX CPENICTBAX MPEIyCMAaTPUBAIOTCS PA3IUYHBIE BO3MOXKHOCTH aJalTUBHOMN MOJ-
CTPOMKHM 3HAYCHUS & B TIPOIECCE TIOMCKA IKCTPEMyMa, a BBIOOpP HAYAIBHOTO 3HAYCHHUS 3TOTO IapaMmerpa
OIIPEIEIISICTCS TOJIb30BATEIIEM.

Jlnst peanuzanmu 3akoHa o0ydeHus (2.10) HeoOX0AMMO ONIPEACIIUTD AITOPUTM BBIYMCIICHUS YaCTHBIX

0 — . .
IIPOU3BOJHBIX KpuTepus D mo uckombiM napamerpam: — D,g=1LK,iI=1LN,,J=0,N,_, .Otomy
owji
BOIIPOCY IOCBSIICHBI CIEAYIOIINE ABa IIOAPA3Iea.
AJIropuTM 00y4YeHHsl OJHOCJIOIHON HEHPOHHOI CeTH ¢ HelnpepbIBHOM NepelaTouyHol GyHK-
nuen

Paccmotpum vactHbi ciayyait K = 1, korna cetb cogepKUT oauH padouwnii cioil. OmycTum Bepx-

) - q -
HUI HHAEKC HOMEpa €105l B 0003HAYEHUSAX HACTPAaUBAEMbIX CHHAIITUYECKUX KOAPPHUIIUEHTOB W , =
LN (N=Ni),j= 1M (M= No), a Takske BEeKTOPOB TOTeHIHAIOB hi, | = 1, N, ¥ COCTOSTHHIT HEHPOHOB Sj,

I = 1, N, BBIXOHOTO cJ0si. OMyCTHM TaKkKe MHACKC HOMepa ClIosi B 0003HAUCHHUH TepeaTouHoN QyHK-
un HeipoHos f(h).
B npunsAThIX 0603HaueHUsAX KpuTepuii TouHocTH D Ha ocHoBaHuM Beipaxkenuit (1.7) u (1.4) mo-
KeT OBITh MPEJICTABIICH B CIEIYIONIEM BH/IE:
1 P N 1 P N
D=EZZ(05—S£k)2 =EZZ(G£—f(h£))2 (211)
p=1 m=1 p=1 m=1

M

rae h’ Zv_vm/.nf ,(n; = s?, Jj=1,M) ; nf — j-a cocTapisomas BXOJHOTO BEKTOpa N B P-M NpUMepe
i . .

o0yyaroreil BBIOOPKH.
Boruncnum ¢ ucnonb3oBanreM BoipaxkeHus (2.11) npousBoanyto nokazarens D mo aprymeHty

wi, i=LN,j= LM:

0 S P _ r i A
aWTyD__;(O-i f(hz ))GWIJ f(hi )_



= —Z (of =SS "W )n] (2.12)

B BrIiBOzIE BBIpakeHwus (2.12) OBIIIO YITEHO, YTO B CyMME CJIaraeMbIX M0 UHJIEKCY M B BBIPAXKEHUHN
(2.11) ToNbKO O/IHO ClIArAEMOE, COOTBETCTBYIONIEE 3HAYEHUIO M = i, 3aBUCUT OT W),. B cBsA3u C oM

OKOHYATEeJbHOE BhIpakeHue (2.12) copepkuT JulIb CyMMY IO puMepam oOyuatoriel BBIoopku. Beenem
0003HaYeHHE:!

A, =(of = f(RINS' () = (o] =s])['(h),

i=1,N. (2.13)
Torna Beipaxkenue (1.12) npeobpasyercs K ciieayromieit kpaTkoi hopme:
P — —
%D:—ZA{?nf,i: LN,j=0,M. (2.14)
8W4‘/‘ p=l

3aMeTuM, 4TO B CHITY MPEATIOIOKEHUS O HEMPEPHIBHOCTH U MU (HEPEHIIMPYEMOCTH aKTUBAIMOHHOM Xa-
paktepuctuku HeiiponoB MHC mpoussoanas f '(h) cymectByer (cm. Beipakenus (2.12) u (2.13)). B
yactHoctH, 1 f(h) = th(4h)

f'(h) = BI1 - (f(h))],

a st moructuueckor Gynkimu f(h) = 1/ (1 + exp(—4h))

f(h) = pith) (1 f(h)).

— - - - - - - — = — = = — T 42
L h=nWw" | N =g
At W =n = fh) P—+= (=8 °F
L =—/7/——— _ _ _| = _ .
— " == - 1
1l = f(h) |
| I
| A - I
| + #* ; |
| Y - - - — — - —= i |
| kR r T T T T T T T T T Ti -
HakonwTtene | | [_ = _
hap | ! no NpuMepam |' e > —— W(t)
| ow 1 oByyaloLen = |
L — — BeIGopku | |
| 3agepxKa | |
Ha 1 TaKkT |

x ¥ Yo Yg-a ¥y-1 ¥y
f1(X) fg(.'.ﬁ) - &(_1(1"‘(_2) "‘;((.VK_-]) =
L1 L1 1 i
fi(x) HLity,) soe bl (¥yoa) Bl Y-/
gF
SLLES ) ¥ ¥
- e ¢ ¢+ — e
aF 9F  9F aF
oy oV O¥y-2 O ¥y-1
Pucynok 2.4 — Cxema BbIYMCIEHUS TPOU3BOIHOM MPH MOCIEI0BATEIBHOCTH COCTMHEHUI HETMHENHBIX
npeobpa3zoBarenet

Ha pucynke 2.3 mpencTaBieHa cxeMa BBIYUCICHUN B COOTBETCTBHH ¢ Gopmynamu (2.10), (2.14),
OTIPEIEISAIONIMMHU AITOPUTM HACTPOMKU TTapaMeTpOB HEHPOHHOU CETH JJIsi paccMarpuBaemoro ciydas K
= 1. B nensx ynmpouieHusi CXeMbl PUMEHSIOTCS BEKTOPHO-MaTpUUHble 0003HAUEHUs ISl IEpEMEHHBIX.
brnok I npencrasnsier coboii ceTh IPSIMOro pacHpocTpaHeHus: BXoHoro curnaia. biok Il orpakaet npa-

BHWJIO 3BOJIFOLIMM MaTpullbl W B mpoliecce rpaaueHTHoro crnycka. biok I ¢y uT 1 BelYMCIeHus mat-



0 . .
PHIIbI YACTHBIX MPOU3BOAHBIX aTD, I=1L,N,]= 0,M.B cocrase 6moxka IIl 3BeHO, OTMEUEHHOE 3Ha-
W..
J

“*” " (hyHKIIMOHHUPYET COTJIACHO BhIpaxkeHUo (2.13), a 3BeHO, OTMEUEHHOE 3HAKOM ‘“**” BpIUMCISAET

KOM
BCE MapHbIe MPou3BeieHus Aj Nj 3JIEeMEHTOB BXOAHBIX BekTopoB 77 U A (1= 1,N,]= 0,M ).
[Tepen HauamoMm mporiecca OOYYEHHSI yCTAHABIMBAIOTCS HEKOTOPHIC MPOHM3BOJBHBIC 3HAYCHMUS

anemMeHTOB Matpuilel W (0). DTa onepanus Ha3pIBaeTCS MHUITMATU3aUEH HeHpoHHOH ceTh. OOBIYHO ISt
ITUX HEJICH MCIOIb3YeTCs JaTYNK CIYYalHBIX YHCEN, PAaCIpeIeICHHbIX paBHOMEPHO Ha OTpe3ke [-C; C],
rze C — mapameTp, yCTaHaBIMBaeMbIii rmoyib3oBaTeneM. [lapamerp C nomkeH ObITh 1OCTaTOYHO MasbiM. B
MIPOTUBHOM CJIy4yae HEHPOH MOXKET OKa3aThbCs B 30HE HACBIILEHUS CUTMOMJIATbHON XapaKTEePUCTUKU, KO-
r/1a OH HEYYBCTBUTEJICH K JTFOOBIM MaJbIM U3MECHCHHSIM CHHANITUYECKUX KOIPPUIIMEHTOB. DBOIIOIUS CO-
OTBETCTBYIOUINX KO3()PUIIMEHTOB MPEKPAIACTCsl, XOTSI UX 3HAUCHHUS JIaJIeKu OT ONTUMAIbHBIX. DTOT 3(-
(bexT Ha3pIBaeTCA “mapaindom’’ CeTH.

[Tocne ycranosku 3nauenuii W (0) 6soku I u 11l pynkmuonupyror P pa3 B cOOTBETCTBUU ¢ 00be-
MOM 00y4arotel BBIOOPKH, YTO MO3BOJISIET BEIYMCIUTD U HAKOMUTEL cymMmy (2.14), onpeaensionryro 3Ha-

0 .
yeHue —— D BO Bcex 00ydYaromux mpuMepax. ITOT UK 0OBIYHO Ha3bIBAIOT d11oXoi. [lanee B Omoke 11

ow;,
peanu3yercs MOACTPOIKa 3JIEMEHTOB MaTPHUIIbI W, B pe3yibTare yero GopmMupyercs W (1):
_ _ oD(0)
w; (D) =w; (0)- aT( .
owj

OT0 3HauUeHHE yCTaHaBIUBaeTcs B OJ0Ke I, mocie yero peanusyercs cienyromas 31noxa 1 Ipous-
BOJIUTCS CIICAYIOUIMHA TaKT MOACTpoiiku Kod(duuuentoB B 6moke III. IIpoueaypa moBTopsiercss 10 Tex
1op, IOKa He OyAeT JOCTUTHYT 3a/laHHbIi ypoBeHb oMOKU D, KoTOpast BHIYUCIISIETCS B COOTBETCTBUM C
BoIpakeHueM (2.11) B mpouecce oOyuenus cetu. Eciau TpeOyemblit ypoBeHs no omudke D He mocturaer-
Csl, TO 3TO MOKET OBbITh 00YCIIOBICHO HECKOIBKUMHU MTPUYMHAMU. BO3MOXKHO, B paMKax BbIOpaHHOM apXu-
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TCKTYPhI CETU NPUHUOUIIMAIIBHO HCBO3MOKHO JOCTUTHYTbH SaHaHHOf/’I TOYHOCTH. I[pyras[ npuivHa — I1a-
paJII/I‘I” cetu. Bo3moxHO TAK¥XKEC, YTO TCKYIICC 3HAUYCHUC MATPHUILIbL w COOTBCTCTBYCT IMOJIOKCHHUIO TOYKH

B 00JacTH OOIIMPHOrO “IJIOCKOrOpbs’” Ha TOBepXxHOCTH (GyHKuuu D(W') (3Ta MOBEPXHOCTH OOBIYHO

Ha3bIBAETCS aJallTUBHBIM peiibe(oM), KOrja MpOABHKEHHE TOUYKM CHIIBHO 3ameniieHo. B aToMm ciydae

MO’KHO YBEJIMYHUTh 3HAUEHUE MapaMeTpa ¢, YTOObl YCKOPUTh MPOJBHKEHUE K “O0pbIBY” Ha aJJalTUBHOM

penbede. B mporpaMMHBIX MakeTax, peaqu3yomuX OO0y UK 00ydeHHs, OOBIYHO MPUMEHSIOT pa3-

JIMYHBIE MOJM(PUKAIIMY TPAIMEHTHOTO CITyCKa, YCKOPSIOIIUE MPoLece MOUCKa MUHUMYyMa Nokaszarens D.
Metoa o0paTHOro pacnpocrtpaHenus ommoku s odyyenusst MHC

Merton oOpatHOro pacrpocTpaHeHus omuoku (error backpropagation), KOTOpBIH SABJISETCS OAHUM
U3 CaMBIX PACIPOCTPAHCHHBIM B MPAKTUYECKUX MPHIOKECHUSIX HEHPOHHBIX CeTel, ObLT CHOPMYITUPOBAH
HE3aBHCUMO JIPYT OT JIpyra HECKOJIbKHUMHU PYyCCKUMH U 3apyOeKHBIMH y4eHBIMU B 80-€ TOMbI.

Jlia niutocTpaly “3j1araeMoro Jajiee MNpuHLKIA paccMOTpuM cliienyromuid npumep [8]. [lyctsb
HEJIMHEHHBII peodpa3oBartens F(X) npencrasiseT co0oii Mocae 0BaTeIbHOE COSTUHEHHE HETMHEHHBIX
anemeHToB f1, f2, ..., fk (cM. puc. 4). B cooTBeTCTBHH CO CXeMO# ITpeoOpa3oBaTeIst MOKHO 3aIucaTh

F(X): fK(fK-l(. . .fl(X))).

. d
IToctaBuMm 3aady BBIYHMCIEHUS POU3BOAHON o F. CornacHo npaBuity nuddepeHupoBaHust
X

CIIOKHOU (DYyHKIIUU

d , ’ [}
EF(X) = fx ko )|y1<71(X) S (yK72)|yK72(x) e fi(x)

Ha pucynke 2.4 mokazaHo, 4TO 3TOT pe3yJibTaT (JOpMUPYETCS Ha BBIXOJIE JOMOTHUTEIBHOM 11e-
MMOYKH, B KOTOPOH MOCIIEIOBATEIHFHO COSAMHEHBI OJIOKH TIEpeMHOKeHUs. B 3To# 11enovke peanusyercs
o0OpaTHOE IBI)KEHUE CHTHANA C UCTIOJIb30BaHUEM PE3ysIbTaTa MPSIMOTO PACTIPOCTPAHEHHS BXOJHOTO BO3-
JEUCTBUA X.

DTOT nMpUMep HABOJUT Ha MBICITb O BO3MOKHOCTH BBIYHCIICHHUS YaCTHBIX MPOU3BOAHBIX, HEO0XO0-
nuMbIx st o0yaennst MHC 1o 3akony (2.10), ¢ ucmosnb30BaHHEM W3BECTHBIX MTpaBui AuddepeHImpoBa-



HUS CJIO)KHOW (DYHKIIMH M pean3aini 0OpaTHOTO pacpOCTpaHEHHUsI CUTHAIA OIMOKH (poik F urpaer
nokasareib D TouHocTH 00ydeHus ceTh).

B xauecTBe IEPBOro mara paCCMOTPHM BBIPAXKCHUE JJIs1 YACTHBIX ITPOU3BOIHBIX Ia D (1)yHK-
0 Wi
IIMOHAaJIa D I10 HaCTpanBacMbIM napaMeTpaM IIOCJICOTHET O CJI0:
a N=N,;
a —K a —K Z Z ( =
Wy' p =1 m=l
N=N, 8
_ rK
-3 zw g 2.19)
p=l m=1
I=LN.,]=0,N, .
Bbrunciienue 9acTHO TPOM3BOAHON —— s,’;K onupaeTcs Ha ypaBHeHUe ¢yHKIoHupoBanus K-
ij
ro ciiogs MHC:
K — K _ p(K-1) _
P m=fk(s?” fKZWm’ sP m=1,N, (2.16)

W3 ypaBuenus (2.16) cienyer, 4To

Sme:

pK_{O, m#i
st =

awl s =

(2.17)

i=1L,Ng,j=0,N .
ITocne moacTaHOBKH BLIpa)KeHI/I}I (2.17)B (2 15) nonyuum:

——Zw VAU

a —K
C ucnosib3oBaHUEM 0603Ha‘{eHI/IH
NF = (0! =PV L), = LN, (2.18)
MOCIICTHEES BBIpEDKeHI/Ie JUTST qaCTHoﬁ MTPOU3BOJTHOM MTPEOOpa3yeTcs K CICAYIONIeMY BUIY:
:—ZA”K PED =1L, Ng ,j= O,Ny, - (2.19)

8wK
IlepeiineM K pacCMOTPEHHUIO (K-l)-ro CJIOS ¢ HaCTpauBaeMbIMU KO3 pHLIMEeHTaMU Wlf =

LNg ., J= 0Ny,

‘ 'S K K 0 x O (K-1)
D= —Z 1(o,f,’ =S k) gy b st =
i p=l m= / ;
P N=Ng
:—Z Z(O-rfl pK)fK(hPK le(hp(K 1))Sp(K 2) .
=1 m=1
pP
= _Z A};(K—I)Sf(l(—z) 220)

p=1
A€ UCII0JIb30BaHO O603HaquI/Ie:

N=Ng
-1 — —
A = Y (op = si [ R YW S (B =
m=1

N=Ng
:( DA W, Jfél (B0, 0= LN, (2.21)

m=l



B nocnegnem Beipaxkenun Obuia mpumMeHeHa Gopmyna (2.18).

Jns mocnenyromux (¢ konna) cioeB (K-2), (K-3), ... BBIYMCICHUS YaCTHBIX MIPOU3BOIHBIX (YHK-
uuoHana D mo snemMeHTaM paciimpeHHON MaTpULbl CHHANITUYECKUX KOA((ULIMEHTOB B CJIO€ BBITOIHSIOT-
Csl aHAJIOTUYHBIM 00pa3oM. B urore Takux BRIYMCICHUH MOTydaeTcs cienytomnias oomas hopmyna:

0 L — . .
_ (g-1) — — -
p— D=-) AV¥s?@V q=1K,i=1N,,j= O,N,,, (2.22)
ij p=l
rIe
N:Nq+l
1) —qg+l —_
A =1 D AN W ), = LK -1, (2.23)
m=1
A‘;K =(o?’ —sl.”K)f[;(hi”K), 1=1LN,.
[Tepemennsie A7?, q= LK,i=1N ; » TIOJIyYHIIN Ha3BaHHUE JIIBOMCTBEHHBIX IO OTHOIIEHUIO K I10-
TeHIManaM Heliponos h7?, q = I,_K, i=1LN , » B CETH IIPSIMOTO PAaCIPOCTPAHEHHS BXOJHOTO CHTHAJA.

Ha pucynke 2.5 npeacraBieHa cxeMa BBIYHCICHHH B COOTBETCTBUU ¢ GopMynamu (2.22), (2.23).
Cxema CoJIepKHUT LIeTlb OOPaTHOTO paclpoCTpaHeHHs , KOTopasi BO30yK/1aeTcsi CUTHAJIOM OIIMOKU € = o-
sK. B mensx ympomenus 0603HaueHuii B cXeMe OMyIIeH HHAEKC P mpuMepa obydaromieii Beibopku. Llens
oOpaTHOTO pacnpocTpaHeHus GOPMHUPYET IBONUCTBEHHBIC epeMentbie AY, q = 1, K, ABiIstONIMEcs BEKTO-
pamu pazmepHocT Ng. 3Hakamu “*” u ”**”” oTMedeHbI 3BeHbsI, KOTOPbIE OCYIIECTBISIIOT TO XKe Mpeodpa-
30BaHME IAHHBIX, UTO M B CXEME€ Ha pUCYHKE 2.3.

Jnia ynpaBienus nporeccoM HacTpoiku napamerpoB MHC cornacHo cucteme ypaBHeHwit (2.10)
CllelyeT aKTUBU3UPOBATh BBIYUCIEHUS (CM. pucyHOK 2.5) P pa3 mo uuciy o0yyarouux npumMepoB U mpo-

BECTH HAKOIIJIEHHE PE3yJIbTaTOB MOJO00OHO TOMY, KaK 3TO IIOKa3aHO Ha pUCYHKe 2.3 Ui HPOCTEHILIEro
Clly4asi OZJHOCJIOMHOM CETH.

1 cnow ’ (K-1) cnon
) I's A =N I's A N I'e
A=F0] ey IR 51 K- Rt $K-1
= 7 LA IR R AL I I 7SSl L e (N5 Y

] -
fe-a(P"Y

sK'i

oo i -W—K‘1)T=‘

d ‘ aD
% WK

Pucynok 2.5 — Cxema ceTeil mpsMOro pacrpocTpaHeHHs U 00paTHOIO pacpOCTPaHEHUs OLIHMOKU

ComnocTaBieHle CXeM MPSIMOTO U 0OpaTHOTO pacCIpOCTPAHEHUS B UX MOJTHOM (@ HE C)KaTOM BEKTOp-
HO-MaTPUYHOM) MPEICTaBICHUH MMOKa3bIBAET, UTO CXeMa 0OpaTHOTO PaclpOCTPaHEHUSI MOXKET ObITh IO-
CTPOEHA 110 3aJJaHHOM NPAMOU CXEME IIyTeM IIPUMEHEHUS K ITOCIIEIHEN CIAEAYIOINX ITPaBUIL:

1. Hanpasnenue cTpenok, yka3bIBalOLUIMX IPOXOKIACHUE CUTHAJIA, MEHSETCS Ha 00paTHoe.
2. @parMeHThl CXEMBI C aKTUBALlMOHHBIMU XapaKTepUCTUKaMHU HEHPOHOB

S, (h ; ), ¢ = LK, i=1LN , 3AMEHSIOTCA HENMHEHHBbIM npeobpasoparenem f (h;) 1 OJIOKOM IepEeMHO-
KEHUSL.

3. Matpuisl cHHAaNTHYeCKHX Kodhdummentos W7, g = LK, TPaHCIIOHUPYIOTCA.

4. CyMMarTopsl 3aMEHSIOTCSI TOYKaMU Pa3BETBIICHHUS, @ TOYKH PAa3BETBICHHUS — CyMMaTOpPaMH.



CdopmynupoBaHHbIe MpaBUia NOCTPOEHUS CXeMbl (POPMUPOBAHUS JBOWCTBEHHBIX MMEPEMEHHBIX
CIpaBEIJIMBHI U B TOM Ciydae, KOrJa HeMpPOHHAs CETh COJEPKUT MPSMbIE CBSI3U HE TOJBKO PSIOM pacro-
JIO)KCHHBIX CJIOEB, HO M 00JIee YIAIICHHBIX (CBSA3b “TIEPENPHITUBACT HECKOJIBKO OJMKANTIINX CIIOCB).

[IpakTuyeckue uccaeoBaHus MOKa3bIBaIOT, 4To oOyueHHass MHC obnanaeT BbICOKOI pobacTHO-
CTbIO: TPU YCTAHOBKE 3HAUECHUN CHHANTUYECKUX KOA(P(UIMEHTOB, OTIUYAIOMIUXCS OT ONTHUMAalbHBIX
(ommbKuM peanusanuu), CeTh MPOJOJIKAET BHIMOIHATH CBOIO (PYHKIMOHAIBHYIO 3a7auy. [laxke pa3pbiB He-
KOTOPBIX CHHANTHUYECKUX CBSI3eH (TEXHUYECKUH OTKA3 OTHEIbHBIX JIEMEHTOB BBIYMCIUTEIBHON CETH)
MOJKET HE MPUBOAMTH K MOTEpe PabOTOCIOCOOHOCTH CeTH (0TKa30yCTOMYMBOCTH). ClemayeT 3aMeTHTh,
YTO yKa3aHHbIE CBOMCTBA MPOSIBISIFOTCS TOJILKO B TOM Cilydae, KOTJa HeHpOHHas ceTh 00Ja/laeT HEKOTO-
poit HTHPOPMALTMOHHON “U30BITOYHOCTHIO” 10 OTHOILIEHHIO K peIIaeMoi 3aaaye.

[TpunnunuansHo# siBsieTcss cnocooHocth MHC k 00600111€HIIO, TO €CTh CLIOCOOHOCTH (POPMHUPO-
BaTh “pasyMHYI0” PEaKIMIO HAa BXOJHBIC BO3ICHCTBUS, KOTOPHIX HE OBUIO B COCTaBe 00yvaroIeil BbIOop-
ku. MIMenHno Omaromapsi atomy cBoiictBy MHC ycnemHo mpuMeHsieTcsl JUisi MHTEPHOIAIUA (YHKITUH
MHOTHX IIEPEMEHHBIX, 3KCTPAIIOJIALUU BPEMEHHBIX PSJIOB, KiIacCU(PUKAMU 0OOBEKTOB MO MX MPU3HAKAM H
B JIPYTUX NPAKTUYECKUX MPUITOKECHHSIX.

IlocenoBaTe/iIbHOCTH BHINOJTHEHUS PA6OTHI

1. Onpenesnenne THNA pemniaemMoii 3axaun. B cooTBeTcTBUU ¢ BapuaHTOM 3a1anus (Tabmauna 2.1)
ClIeNaTh 3aKJIIOYEHHE, YTO HelpoceTh OyIeT NPUMEHSThCS JUIs PEIICHUs 3a/1auu: annpoKcuManuu GpyHk-
U, MPOTHO3a 3HAYEHUI BPEMEHHOTO PsiJia WK KiacCU(PUKALIUU.

Tabnuma 2.1 — BapuanTsl 3a1anuit

Ne Ne
3anaya 3anaya

BapHUaHTa BapHaHTa

1 Annpokcumanus varl 12 Knaccugukauus vard

2 [IporHo3s varl 13 Annpokcumanus vard

3 Kinaccudukamms varl 14 ITporuos varb

4 Anmpokcumanus var2 15 Knaccudukanus vard

5 IIpornos var2 16 Arnmnpokcumarius varé

6 Knaccudukanus var2 17 Knaccudukanus varé

7 Anmnpokcumarys var3 18 Knaccudukanms var7

8 [Tporuos var3 19 Knaccudukanus varg8

9 Knaccudukanus var3 20 Knaccudukarus var9

10 Anmnpokcumarus varg 21 Knaccudukanus varl0

11 [Iporno3s var4 22 Knaccudukanus varll

2. Buzyanu3anus nansbix B nakere MATLAB. 3arpy3ute MATLAB (6.X) u ykazate nyTh K
M-paiiny naGopatopHoil pabotsl Ne 6, Hampumep, ucnosb3ys komanay addpath (mpumep: addpath
c:\neuro\lab7). HaOpare B KoMaHIHOU cTpoke uMsi M-¢aitna mnnapps. Yka3aTh THI peliaeMoi 3a1aqu
(ammpokcumanus (QpyHKUUHM, MPOTHO3 BPEMEHHBIX PSAA0B WIM Kiaccuukanusg). B Tpéx BepxXHHX MOJAX
yKa3aTh IyTH U UMeHa (ailyioB ¢ oOy4aroliel, TeCTOBOH M KOHTPOJIbHON BBIOOPKAMHU MOCIIEI0BATENBHO.
BusyanusupoBare ykazaHHbIE BBIOOPKH, UCHOJIB3YysS KHOIKY View. B BbImajgaromux cnmckax, COOTBET-
CTBYIOIIMX KaXXJ10M KOOpIWHATHOW OCH, YKa)KUT€ Ha3BaHUE CTOJIONA, COAEPIKAIIEro JaHHbIE BBHIOOPKHU
(mpumep: ock X —inl, ock Y — outl, select —in2 from 0 to 2 — noctpouts rpaduk Gpyskuuu outl(inl) mpu
ycioBuu, yto 0<in2<2). 3apucoBaTh rpaduky (yHKLIUU B PA3IUYHBIX MPOEKUMIX (U1l 33724 almnpoKCH-
Maliu), BpeMeHHOH psit (A1 3a7a4 MPOrHO3a) WM T€OMETPUUYECKOE PACIIONOKEHHE KIIaccoB (JUIs 3aaa4
KJIaccu(puKammn).

3. AHaJM3 JaHHBIX 00y4alouie BbIOOPKH.

OTBETUTH HA BONIPOCHI:

B 33j1a4€ anmnpoKCUMAIINU:

1) umeroTcst 11 BHIOPOCHBIE 3HAUEHUS (PYHKINHU (CUIIBHO OTJIMYAIOIIMECS OT COCETHUX 3HAUCHU)?
2) naOroaeTcst M JTMHEeHHas 3aBUCUMOCTb 3HaYeHUH (QYHKIUHU OT KaKoro-iubo aprymeHTa?
3) HaOmroaeTcst Jiu Koyie0aTebHask 3aBUCUMOCTh 3HaUYeHUN (DYHKIIMHM OT KaKoro-1ubo aprymeHTa’?

B 3aj1aue KJIACCU(PHUKAIIH:

1) ecTh 1 00JACTH TEPEKPHITUS KITACCOB?



2) HaOII0IAt0TCS JIU BIIOKCHHBIE KJIACCHI?
3) CKOJIBKO TIPSIMBIX HYXKHO MTPOBECTH, JIJISl TOT'O YTOOBI MPEICTABUThH TPAHUILY MEXTY K1accaMu?

B 3aJla4ye MMPOTrHO3a BPEMEHHBIX PSIIOB:

1) umeroTcs 11 BEIOPOCHBIE 3HAYCHUS psizia (CHIIBHO OTJIMYAONIUECS OT COCEAHUX 3HAYCHUN)?
2) Habmro1aeTcs U JIMHSHHBIA TpeH?
3) Habmotaetces 1M KosebaTeabHas 3aBUCUMOCTh 3HAYCHHU PsiJia OT BPEMEHHBIX OTCYETOB?

Cnenaiite BBIBOJI O TOM, CKOJIBKO CIIOEB JIOJDKHA COJIEPKaTh CETh M CKOJIbKO HEHPOHOB JOJKHO
OBITh B KOXJOM CIIO€ JIJIsl ONTUMAIBHOTO PELICHUS 337a4M (BBIOJHEHUE YKa3aHHOW (YHKIWU MPH TOY-
HocTH 10% M MaKCHMAaJIbHOTO BBIMOJHEHHUS CBOMCTBA FEHEPATN3aIlHH).

4. Co3nanue u odydyenue MHC. B nakere NNTool wnu u3 komananoit ctpoku MatlLab coznaiite
HOBBIN MPOEKT. B CTpyKTYypy HOBOI CETH BBEAUTE OLICHEHHBIC B I1.3 MapaMeTphbl apXUTEKTYpPhl. 3aanTe
TOYHOCTH ceTH. OOyunTe HEHPOCETh MPOCTHIM IPATUEHTHBIM METOJIOM. 3aUKCUPYITE 3HAUEHUE OIINO-
Ki Ha oOydaromieii BeiOopke. CoxpaHUTE pe3ysbTaThl 00pabOTKK 0Oyuaromield BHIOOPKH B TEKCTOBBIN
daiin.

5. TecrupoBanne MHC. 3adukcupyiite pe3ynbTaThl 00pabOTKH CEThIO TECTOBOM BBHIOOPKU H CO-
XpaHHUTE UX B TEKCTOBBIN (aii.

6. Onpenenenne padoThl ceTH JJIsi KOHTPOJbHBIX NPUMePOB. 3aDUKCUPYHTE Pe3ybTaThl 00-
pabOTKH CEThIO KOHTPOJIBHOU BBIOOpKH. COoXpaHUTE pe3yibTaThl 00pabOTKH KOHTPOJIBHOH BHIOOPKH B
TEKCTOBBIN (paiI.

7. Buzyaauzanus pe3y/ibTaToB 00pa00TKM JAHHBIX HelPoceThIO.

VYkaxuTe B TpEX HIDKHUX MOJSAX MYTH U UMEHA COXPaHEHHBIX paHee TEKCTOBBIX (DalIoB C pe3ylbTaTaMH
00paboTKH CeThI0 O0yYaroIIei, TeCTOBOW M KOHTPOJIBHON BBIOOpKAMH IOCIICOBATEIbHO. Bu3yanusu-
pyiiTe yka3aHHbIE BBIOOPKH, MCIIONB3YsS KHOMKY View. B BbImajnaroomux CHHCKaX, COOTBETCTBYIOLIUX
KaXJI0M KOOPJIMHATHOM OCH, YKaXKUTE HAa3BaHUE CTOJIOIA, COIEPHKAIIETO TaHHbIe BHIOOPKH (CM. T1. 1).

8. Ynpomenne MHC. Cokpatute uncno cunarnicoB MHC. Ilonyunte pe3ynbratel 00paboTKu ce-
ThIO OOyYaromieil, TeCTOBOM M KOHTPOJBHON BBIOOPOK (cM. mil. 5, 6). Busyanusupyiite noiydeHHbIe pe-
3ynbTathl (cM. 1. 7). CaenaiiTe BEIBOJA O TOM, KaK MOBIUSIIO YIPOIIEHHE HA TOYHOCTh paOOTHI CETH U €€
CIIOCOOHOCTH K 000O0IIEHHIO, UCIIOJB3YsI PE3yIbTaThl TECTHPOBAHUS BEIOOPOK M BU3YAIIU3ALIUIO PE3YJIbTa-
TOB pabOTHI CETH Ha paboueil BHIOOPKE.

9. Bo10op Jiyulieil apXuTeKTypbl VISl pellleHus MoCTaBJIeHHOM 3axaun. 13 noiayyeHHbIX B III.
4 u 8 apXuTeKTyp BbIOepUTE HauboJee yIayHyl0 WIH IPEJIoKUTEe U 00ydnTe HOBYr0. OnHIIUTE, MO Ka-
KHM KPUTEPUSIM MPOUCXOMIO PACCMOTPEHHE JyUIIed apXUTEKTYpbl U YTO MPHUBEIO K CO3AaHUIO HOBOU
ApXUTEKTYPHI.

Conep:xanue oTyera
Hazpanwne nabopatopHoii paboThI, 11eJIb U TPOrpaMMa padoTHI.
I'paduku ¢ n3o6paxeHreM o0y4aroIen, TECTOBOM U KOHTPOJIbHON BIOOPOK.
BbIBOIBI O CTPYKTYpE CeTH. APXUTEKTypa BIOpaHHON HEHPOHHOM CeTH.
Koner MatLab ¢popmupoBanus u o0yueHus: HeiipoHHOH ceTu. ['paduku n3MeHeHus! OMMOKH 00y-
yeHusl. Pe3ynbTaThl TecTUpOBaHUS HEUMPOHHON ceTu. Pe3ympTaThl 00pabOTKM KOHTPOJIBHOW BBI-
OOpKH.

5. Koxet MatLab popmupoBanust 1 00y4eHHs COKpaIleHHONW HeHPOHHO# ceTu. ['paduku M3MeHEeHUsI
omnOKu oOyueHusi. Pe3ynbrarhl TecTUpOBaHUS HEHPOHHOW ceTu. Pe3ynbraThl 00pabOTKH KOH-
TPOJIBHON BBIOOPKH.

6. BBIBOJIBI 11O UCTIOIH30BAHUIO APXUTEKTYPHI CETH.

KoHTposbHbIe BONPOCHI K 3a11UTe J1a00pPaTOPHO padoThI
1. OOBsicHUTE coliep)KaHue 3aJlaud anmpoKCUMai (GYHKIUH MHOTUX MEpEMEHHBIX Ha MHOTOCIIONHON
HEUPOHHOMU CETH.
2. B uem cocTouT 3TaIl MOATOTOBKH JTAHHBIX JIJIs 00y4YEHHUsI MHOTOCIIOMHOW HEMPOHHOM CETH B 3aja4e ar-
MPOKCUMAaIUU (PYHKIIMU MHOTHX MTEPEMEHHBIX ?
3. O0BsICHUTE COCpIKAHUE 3a/1a4l TTPOTHO3a BPEMEHHBIX PSAIOB HA MHOTOCIIOWHON HEHPOHHOMW CETH.
4. B yeM COCTOMT 3Tall MOJATOTOBKU JTAHHBIX JUI OOYYEHHsI MHOTOCIOWHOW HEHPOHHOH CeTH B 3ajaye
MIPOrHO3a BPEMEHHBIX PAIOB?
5. O0BsicHUTE cofiep KaHue 3a/1aui KiIaccu(UKaUU JTaHHBIX HA MHOTOCJIOWHONW HEMPOHHOMN CEeTH.
6. B yem cocTouT 3Tam MOATOTOBKM JAHHBIX JUIsi 00y4YEHUs] MHOTOCJIOWHON HEMPOHHOW CETH B 3ajiaye

PoNbE



KJ1acCU(pUKaLUU JaHHBIX?

7. Kakoit kputepuil HCHOIB3YETCs NPU PELICHUN 3aJaud KjlacCU(UKALKUU JaHHBIX C MIOMOUIbI0 MHOTO-
CJIOMHON HEHPOHHOU ceTn?

8. Kakue npasuia octanoBa npotecca o0yuenust MHC npuMeHsIIOTCs B TPAKTUYECKUX MPHIIOKEHHUX ?

9. B yem coctout (yHKIMOHANBHAS 3ajjadya JOIMOJHUTEIBHOIO OJIOKa MPUHATHS PELICHUS Ha BBIXOJE
MHC 1ipu uCIOIb30BaHUHM €€ B Ka4eCcTBe KiiacCu(UKaTopa JaHHBIX?

10. IToueMy upe3MepHOE YBEJIMYEHUE YMCIIa HEUPOHOB CKpbITHIX ciioeB B MHC mnpu pemienuun 3agayuu
anmIpoOKCUMAIMU MOXKET yXYyALIUTh TOYHOCTHBIE INOKa3arenu cetu? Kakoe cBOWCTBO HEHpOHHOW ceTu
UMEETCS B BUIY?

11. Ilouemy Ha 3amaun KiIaccu(puUKauy JaHHBIX ¥ MPOTHO3a BPEMEHHOTO psifia paCIpOCTPAHSIIOTCS T€ JKe
pexoMeHaanuu mo BeiOopy apxutektypsl MHC, uTo u B 3aiaue annpokcuManuu (yHKIIMM MHOTHX Iie-
PEMEHHBIX?

12. Kakue Bbl MokeTe mpeyioKUTh HEUPOCETEBbIe PellIeHUs 3aJjaui IPOrHO3a BPEMEHHOIO Psiia OJIHO-
BPEMEHHO Ha HECKOJIBKO I0CJIE10BATEIbHBIX BPEMEHHBIX TAKTOB?

JlabopamopHasi paboma Ne 3 «Mamemamu4yeckue MOOeJsiu UCKyCCMEEHHbIX HeUPOHHbIX ce-
mel XaMmuHaa»

e padoTbi
N3yunTh MaTeMaTH4ecKyro MOJIEIb HEHPOHHON CeTH XIMMHUHIa
IIporpamma padoTsl

1. HUccnenoBarp HelipoHHYIO ceTh XammuHra ¢ cetbto MAXNET npsimoro pacnpocrpaHeHust curHa-
na.

2. HccrnenoBaTh HEHPOHHYIO CETh XAIMMHUHTA ¢ peKyppeHTHoi cetbio MAXNET.

3. CocCTaBUTh U 3alUTUTH OTYET IO PE3yJIbTaTaM HUCCIIEAOBAaHUM, B KOTOPOM JIOJDKHBI OBIThH MPUBE-
JICHBI aPXUTEKTYPhl UCCIIEI0BAHHBIX HEUPOHHBIX CETEH, pe3yJIbTaThl MOAECIUPOBAHUS HEHPOHHBIX
ceTel, BBIBOJIBI 10 000011a01IeH CTOCOOHOCTH M CKOPOCTH (DYHKIIMOHMPOBAHUS ceTell XOMMUH-
ra.

Kparkue cBegeHus u3 reopum

B mpakTryecKux MPUIIOKEHHUSIX YacTO BCTPEYAIOTCS 3a7a4l 00pabOTKHM JaHHBIX, KOTOPBIE OTHO-
ciTCA K KJlaccy 3a/1a4 pacro3HaBaHus 00pa3oB. K mogo0HbIM 3a/1a4aM OTHOCSTCS:
* pacro3HaBaHME PYKOIIMCHBIX OyKB HE3aBHCHMO OT MX MacIiTada, yria moBOpoTa U 0COOEHHOCTEHN Mo-
4epKa,
* TMAarHOCTHKA 3a00JeBaHuUs MallMEeHTa M0 JaHHBIM MEIULIMHCKUX aHAJIN30B;
* OIIpPEZIETICHUE TUIIA COTIPOBOKIAEMON LIEIH 110 U3BECTHBIM XapaKTEPUCTHKAM OTPaKEHHOTO OT LIEIH pa-
JMOJIOKAIIMOHHOTO CUTHAJIA;

* OLICHKA YPOBHS 3KOJIOTMYECKOTO 3arpsI3HEHUS BOJOEMA 110 XapaKTEPUCTUKAM OTPaKEHHOTO Jia-
3€pHOro Jyya.

Bo Bcex mepeuunciieHHBIX NpHMepax HcCCelyeMblil 0OBEKT XapaKTepH3YyeTCsl COBOKYMHOCTBIO
MIPU3HAKOB, 00pa3yOIINX BEKTOP X=(X1,X2, ...,xM). OOBeKT MOXeT IpUHaIekaTh onHoMy U3 K u3Bect-

HBIX KJaccoB. Tak, Ipu paclo3HaBaHUU PYyCCKUX PYKONMUCHBIX OyKB 3amaHbl 32 kiacca. Ha pucynke 3.1
IpeJCTaBlIeHa MUTIOCTPALUsl K 3a7aye pacrno3HaBaHUs 00pa3oB, B KOTOPOHl OOBEKT XapaKTepHu3yeTcs
JIBYMEPHBIM BEKTOPOM MPH3HAKOB X=(X,,X,), 3a/laHHBIM B MNpPSAMOYTOJBHUKE MNOMyCTHMBIX 3HAYEHUH

x, €X', X1, ;€ [x,7, x,"]. IIpocTpancTBO NPHU3HAKOB Pa3/IeNeHO Ha TPH HENEPECEKArOMUecs 00nacT,

KaX/1as U3 KOTOPBIX O0bEIUHIET 0OBEKTHI, MPHHAJIEKAIINE OJHOMY Ki1accy. DTH 00JacTH 0003HAYEeHbI
Ha pucyHke Q, Q,, Q. CI0XKHOCTb pPelIeHHs 3a/1a91 PaClo3HABaHUsA 00pa30B B MPAaKTHUUECKUX MPUIIO-

KEHHSIX CBSI3aHa C TEM, YTO I'PAaHUIbl MEXAY KJIacCaMH HEU3BECTHBI, UX YPaBHEHUS HE 3a/laHbl U MPOCTast
JIOTUYeCKast IPOBEPKa [PHHAJUICKHOCTH TEKYIIEro 00bekTa X K OfHOU u3 obnacreit €2, 2, u L, HEBO3-

MOXKHaA.
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Pucynok 3.1 — MumrocTpanus K 3aj1aue pacro3HaBaHus 00pa3oB

Pa3Hble MaTemMaTnyeckue MOCTAaHOBKHU 3aJjaul Pacllo3HaBaHUs 00pa30B CBSA3aHBI, KaK IPABUIIO, C
pa3HbIM 00BEMOM U KauecTBOM pacrojaraeMoil nHdpopManuu o perraeMon 3aaade. B kinaccuueckoit mo-
CTaHOBKE 3aJ[auil PacIO3HAaBaHUS 00Pa30B UCTOIB3YIOTCS CTATUCTHUECKUE TaHHBIE OTHOCUTEIIFHO BEKTO-
POB MPHU3HAKOB OOBEKTOB B Pa3HBIX KJaccax W BBOJUTCS CTaTUCTHUYECKHM KPUTEPUH, MO3BOJISIIOIIUNA C
OIpe/IeIEHHON HAJIeKHOCThIO OTHECTH OOBEKT K OJIHOMY M3 KilaccoB. Taxoil moaxon TpeOyer npeasapu-
TEJIbHOU CTAaTUCTHUECKON 00paboOTKU pacmoiaraeMbIiX JaHHBIX M OMUPAECTCS HAa HEKOTOPHIE AOMYIIEHUS O
TUTIAX pacHpeAeTIeHUI BEPOSITHOCTEH, KOTOPBIE MOTYT ObITh HETOYHBIMH.

B nocnennue roapl MIUPOKO pacHpoOCTPaHUIICS HEUPOCETEBOM MOAXO0/ K PELICHUIO 33J1a4l Pacro-
3HaBaHUS 00Pa30B, KOTOPBIH ONMHUPAETCS MCKIIOYMTENILHO Ha SKCIIEPUMEHTAIbHBIE MPUMEPHI, 00pa3yto-
e odyyaronryro BeiOopky. C momoripio o0ydaroiieil BBIOOPKH OCYIIEeCTBISETCS Takas HaCTpoOiKa ma-
paMeTpoB HEHPOHHOH ceTH (CHHANTHYECKUX KOA(P(UIMEHTOB M CMEIICHWH HEHpPOHOB), YTOOBI TpHU
MPeIbBICHUH CETH BEKTOpa MPU3HAKOB 00BEKTa X OHAa B KauecTBE peakiuuu GopMUpoBaja yKa3aHue Ha
KJIacC MPUHAJIEKHOCTH 00bekTa. Hampumep, MOKHO moTpeboBaTh MU HACTPOMKE MapamMeTpoB CETH,
4yT00BI ipu Hanmuuuu K kimaccoB oHa Bo30Oyxkaana TOT U3 K BBIXOJHBIX HEWPOHOB, HOMEP KOTOPOTO COB-
Ma/1IaeT ¢ HOMEPOM KJlacca MPUHAJUICKHOCTH 00BEKTA.

3anava pacrmo3HaBaHHsl 00pa30B MOXKET PElIaThCsl Ha HEMPOHHBIX CETSIX Pa3HOW apXUTEKTYphl. B
HacTosIIel 1abopaTopHOi paboTe UCTIOIB3YeTCs MPOCTEHIIIas MOICNIb HEHPOHHOW CETH, B KOTOPOM KaXK-
JbIN U3 HEHPOHOB BBHIMOJHAET YETKO ONpPEEIeHHYI0 (PYHKIMOHAIBHYIO 3a/1a4y ¥ OTOMY JIETKO KOHTPO-
JUpYyeTCsl IPU MPOBEACHUU UCCIIEIOBaHUI.

Lenbto paboOTHI SABISETCS M3yYEHHUE MAaTEMaTHUYECKOM MOJENN TEXHUYECKOro HelpoHa U HEHpPOH-
HOM CETH, O3HAKOMJICHHE C OCOOCHHOCTAMH (PYHKIIMOHUPOBAHUS HEHPOHHBIX CETEH MPSMOTro pacipo-
CTpaHEHUsI U PEKYPPEHTHBIX HEHPOHHBIX CeTeH, mccienoBaHHe paboTOCHOCOOHOCTH HEMPOHHOW ceTH
IIPU U3MEHEHUHU €€ BHYTPEHHUX XapaKTEPUCTHUK.

MareMmaTH4eckasi NOCTAHOBKA 32/1a4U

JIns Ha4ambHOrO M3YyYEHUSI MOJIENIM TEXHUYECKOr0 HEMPOHA U CTPYKTYpPbl HEMPOHHOW CETH pac-
cMmarpuBaercsi cetb XeMMuHra (Hamming). Ota ceTh mpenHasHaueHa AJs pacro3HaBaHHs Kiacca MpH-
HAJJIEKHOCTH 00BEKTA, 33JaHHOTO BEKTOPOM X OMIOJISPHBIX MPU3HAKOB (BO3MOKHBIE 3HAaUEHUS MTPU3HA-

koB +1 u -1) pasmeproct M. Ecin npeacraButs M = N, n,, T0O CTpOKa OUIOISPHBIX MPH3HAKOB MOKET

OBITh Hpeo6pa3OBaHa K HpHMoerHBHOﬁ Martpune € nl CTPOKaMH 1 nz CTOJ'I6I_IaMI/I. Torma Bo3MOXKHA rpa-

¢buueckas uHTEpIpeTays 00beKTa (pucyHke 3.2), B KOTOPOW KJIETKH MaTpPHUIIbl, COOTBETCTBYIOIINE MIPU-
3HAaKaM €O 3HaYeHHWeM +1, mpeacTaBiIeHbl YepHBIM IBETOM, a -1 — 6enbiM 1BeToM. Ilpenmnonaraercs, uro
umeroTcs K Ki1accoB, KaKIbIi U3 KOTOPBIX XapaKTepU3yeTCss CBOMM ATAJIOHHBIM IMPEJICTABUTENEM — 00b-

€KTOM X(k), k=1,2,..,K.

Cetp XemMMuHra npuHuMaeT Ha M BXOJI0B OMIOJISIpHBIE MPU3HAKU O0BEKTA M MOCIIE BBITOJHECH-
HOW 00pabOTKH JaHHBIX aKTHBH3HPYeET OAWH u3 K BBIXOI0OB, KOTOPHIH yKa3bIBaeT HA KJIACC MPHUHAIICHK-
HOCTH TIPEIBSIBICHHOTO HAa BXOJIE 00BEKTA.

Kpureprem oTHeceHUsT 00BEKTA X K KJIacCy SBJISIETCS KBaIpaT PACCTOSHUSA MEXKIY BEKTOPAMHU X U



k=12, .., K
K i k) )2
R(x,x()):Z(xj—xg)) , (3.1)
=1
rae Xj — | — blii OMIONAPHBIN NpH3HAK, | = 1, 2, ..., M.

*
CeThb OTHOCHUT OOBEKT X K Kjaccy K , eciu

min R(x, x(")) = R(x, x(k*)). (3.2)

(k)
Packpoem Boipaxkenue (3.1) mist R(X, X ), y4uThIBas, YTO MPU3HAKU ABJISIFOTCS OMITOJIIPHBIMH:
M

R(x, x(k)) = Z(xf n (xg"))2 _ 2ij§")) _

=

=

M M
:22(1—xjx(jk)):2£M - xjxgk)]. (3.3)
=1

. (k)
[lepeiinem oT KpuTepus MHHUMH3AIUH R(X, X ) K KPUTCPUIO MAaKCHMH3ALUH BBIPAKECHHS

1

*

I, = > R ( X, X(k)) + 2M , nna xotoporo pocturaercs MmakcumyMm 1pu k=K :

1 2 3 4 5=n,

(o) TS ) IR N 7 B N

n1=

Pucynok 3.2 — I'paduueckas HHTEpHpeTanus BEKTOpa MPU3HAKOB 0OBEKTA
p

¥
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Pucynok 3.3 — Cxema k-ro Helipona B pabouem cioe Xemmunra, K=1, 2, ..., K
i k
argmax I, =argmax| > x X\ + M |=k". (3.4)
k=1,K k=LK \_j=1

DeMeHTapHbIN aHaIU3 MOKa3bIBaeT, uto 3HadeHue R € [0, 4M], mostomy l € [0, 2M].

Jotst BerancneHust 3HadeHuii |, k =1, K, npumensiercs paGouwnii cioif, coctosmuii n3 K Heiipo-



HOB CO CJIETYIOIIUMHU XapaKTePUCTUKAMHU:

w, =x', b =M, k=1K. (3.5)

J

Horenunan h_k-ro neiipona onpenensiercst ¢ yuerom (3.5) BbIpaKeHHEM:

M M
he=> wx, —b =X xx+M =1, (3.6)
=1

=

[lepenarounas GpyHKUMs (aKTUBAI[MOHHAs XapaKTEPUCTHKA) HEHMPOHOB IOJIAraeTCsl JTMHEWHOU C
OrpPaHUYEHUSIMH, CBA3aHHBIMU C 00JACTBIO IPAKTUYECKMX BO3MOXKHBIX 3HAUEHUH MOTEHLMaIa hk =1

(pucynox 3.3).

Jlnst Beramcienust aprymenta k = K , st koroporo gocturaercs Max |, , paGouwnii cnoit veiipo-
k

HOB CETH XEMMMHTA JOMOIHICTCS TPYION HEMPOHOB, PEIIAIOIINX 33au4y MaKCUMH3AIMH. DTa TPpyIa
HEHPOHOB 00pa3yeT HEHpOHHYIO ceTh, KoTopas fanee Ha3biBaeTcss MAXNET. Ha pucynke 3.4 moka3aHa
CTPYKTYpa CETH XEMMHHTA.

B naboparoproii pabote paccMaTpuBaeTcs qBa Bapuanta nmocrpoenus cetu MAXNET:
 cetb MAXNET npsimoro pacrpoctpanenus (feed-forward MAXNET),
* pexyppenTHas cetb MAXNET (recurrent MAXNET).

- y1

- Y,
MAXNET

- yK

¥3

Pucynoxk 3.5 — Cxema HelpoceTeBOro KoMIaparopa Ha 2 BXoja

MaremaTuueckas monesib cetu feed-forward MAXNET

B ocnose cetu MAXNET mnpsimoro pacrnpocTpaHeHMsl JEKAT HEMPOCETEBON KOMIAapaTop Ha ABa
Bxojaa (cM. pucyHok 3.5). Heitpons! 1, 2 1 3 ©MEIOT HYJIEBOE CMEIICHUE W JIMHEHHYIO aKTUBAIIMOHHYIO
XapaKTepUCTUKY C OrpaHMYeHHsIMHU (pUCYHOK 3.6). 3HaueHue nmapamerpa c¢ (ypOBHS OTpaHHUYEHHUs CBep-
Xy) ONpeJensercs yCIOBUSIMU TeXHUYEeCKoW peanusanuu. [Ipeanonaraercs, 4To NpakTHYECKHe 3HAUECHUS



MEPEMEHHBIX X1 " X2 TaKOBBIL, YTO 3HaueHHs h > C HeBO3MOXKHEI. Takum 00pa3oM, BBIXO/Ibl HEUPOHOB | 1
2 MOTYT OBITh MPEJCTABICHBI BRIPAKEHUSMU:
X =X X > X,

VvV, =
. 0,% <X,
0,% > X,
v, = :
X, — Xg, X, < X,

3ameTuM, YTO 3HAYCHUS X, U X, IpeAnonaractes Hecopnagatommmu. Heiipon 3 B 060t u3 cury-
auui X, > X, 1 X, <X, hopmupyeT BbIxoAe Z = Max(X, X,).

Jli1g yka3aHusi TOro, o KakoMy K3 BXOJOB MPUIIIET MAaKCUMAaIbHBINA CUTHA, CITY>KaT HEHPOHBI 4 U
5. OHM UMEIOT TOPOTOBYIO0 AKTUBALIMOHHYIO XapaKTEPUCTUKY, MPEICTABICHHYIO HA PUCYHOK 3.7.

Ecmu tpebyetcs moctpoute MAXNET Ha HECKONIBKO BXOJIOB, UCIIOIB3YETCS HECKOJIBKO KOMIIa-
paToOpOB, COCIMHEHHBIX B MEPAPXUUYECKYIO CETh, U BBIXOJIHBIC HEHPOHBI, UTPAIOLIUE POJIb JIOTHUECKHUX

DJICMCHTOB.
4

0| c h
Pucynok 3.6 — AkTUBaIMOHHAs XapaKTepUCTHUKA HEUPOHOB 1 u 2

y

0 h

Pucynok 3.7 — AKTUBallMOHHAsl XapaKTepUCTUKA HEUPOHOB 4 1 5

Ha pucysnke 3.8 npeacrasiena apxutektypa MAXNET na 8 Bxo0B. BrixoaHbie HelipoHBl, Gop-
MHPYIOIIUE CUTHATIBL Y, Y,, ..., Vg, AMCIOT €ANHAYHBIC CHHANTHYECKHE KOI(PQHUIIMCHTEI, HYJICBBIC CMEIIle-

HUS U TIOPOTOBYIO aKTUBALlMOHHYIO XapaKTEPUCTUKY, ITPENCTaBICHHYIO Ha pucyHke 3.9. Ha pucynke 3.8
TEMHBIMH KPY>KOUKaMH MPeJICTaBICHbl HEHPOHBI, UMEIOLINE TOPOTOBbIE AaKTHBALIMOHHBIE XapaKTePUCTH-
KU U BBIOJHSIOIIUE JIOTHYECKUE (PYHKIUU.

Hucno croes cern MAXNET npsimoro pacripoctpaneHus pacteT nponopurosaisHo log K, rae K

— 4ncio BxoJ0B. COOTBETCTBEHHO pacTeT U BpeMsl MOMCKa MaKCHMyMa, TaK Kak KaxAbli ciioil oopada-
THIBAET JAHHBIE 32 OIUH BPEMEHHOM TaKT.
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Pucynok 3.8. Cxema cetu MAXNET nHa BoceMb BXOJ10B
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Pucynoxk 3.9. IToporosasi akTHBallMOHHAsL XapaKTEPUCTUKA BBIXOIHBIX HEHPOHOB CETU
MAXNET
Martemaru4yeckasi Mogeb pekyppentnoi cetu MAXNET
[Ipenmnonaraercs, yTo BXonHble curHaibl pekyppeHTHo cetn MAXNET nonoxurensHel U He
COBMAAKOT APYT ¢ Apyrom. O603HaYMM HX X,, X,, ... , X, . PaccMarpuBaemast HelfipoHHast ceTb comepxut K

HEHPOHOB, KX/l M3 KOTOPHIX UMEET JMHEHHYI0 aKTHUBALIMOHHYIO XapaKTEPUCTUKY C OTPAaHUYEHUSMU
(pucynok 3.6). CeTb CONEP>KUT IOJIHBIE CBSI3U U (DYHKIIMOHUPYET BO BPEMEHU B CUHXPOHHOM PEXHUME,
KOTJla Ha Ka)kJJOM BPEMEHHOM TaKTe CpadaThIBatOT Bce HEHPOHBI. PaccMOTpUM MaTeMaTHUECKyI0 MOJEIb
I-ro HelipoHa. Ero cMerienue paBHO HYJIIO, 2 CHHANTHYESCKUE KOI(PPHUIIMSHTBI ONPEICIISIOTCS BRIPAXKCHHU-
eM:

—&,1# j,gSi
K

Beixon Y. I-ro HelipoHa Ha TakTe (t+1) JUCKPETHOrO BPEMEHHU PACCUMTHIBACTCS IO CIIEIYyOIICH

uTeparmoHHou Gopmyiie:



Yi(t+2)= | yi(t) =22y, (1) | S

j#i

rae f(h) — akTuBarMoOHHas XapaKTepPUCTHKA HEHPOHa.
B kadecTBe Ha4YaIbHBIX YCIOBHM IS SBOJIIOLUKM pACCMATPUBAEMON THHAMUYECKOW CHCTEMBI pac-
CMaTPHUBAIOTCS

y;(0)=x,i=LM.

3amMeTuM, 4TO

e Y (1) [£e(K=1) Ypa (1) < Vo (1)

j#i
OTCIO,I[a CICayeT, 4TO IJIA HeﬁpOHa, Ha KOTOPOM OOCTUTAaCTCA MAKCHUMAJIBbHOC 3HAYCHHUE CPCIU

Bcex Bbx0z10B Y (1), I =1, K, apryment dynxuuu f B Beipaxennu (3.7) Beera MooKHTEICH H, CIeI0Ba-

TEJIbHO, Ha CJIEIYIOIIEM TaKTe BBIXOJ 3TOT0 HEHpPOHA HE MOKET UMETh HYJIEBOTO 3HaueHus. Bece npyrue
HEHPOHBI UMEIOT 00JIee MOLTHYIO OTPHUIIATEIHHYIO OOPAaTHYIO CBSI3b CO CTOPOHBI HEHpOHA - “mobeautens’”’
C MaKCHUMAaJIbHBIM BXOJHBIM cUTHaJIOM. Co BpeMEHEM BBIXOJHBIE CUTHAJIbI 3TUX HEMPOHOB OOHYIISIFOTCS,
TaK KaK UX MOTEHIMANbI CTAHOBITCS OTpUIaTeNbHBIMU. OTIUYHBIM OT HYJIS OCTAETCsl TOJIBKO BBIXOTHOM
CUTHaJI HeWpoHa - “nodemutens’”’. OnucaHHas BBIIIE CXeMa HA3bIBAETCA CXEMOM C jaTepalibHbIM (OOKO-
BBIM) TOPMO>KEHHEM, B KOTOPOI peanu3yeTcs NpuHIUN “iodenutens 0epet Bee” (“winner takes all”).

B nmannO# HelipoceTeBOl cxemMe pacueTa MaKCUMyMa BPeMsl BBIYHCIICHHUS 3apaHee He MOXKET OBITh
MpeJicKa3aHo, TaK KaK CYIIECTBEHHO 3aBHCHT OT BXOJHBIX JIaHHBIX. Ha MIUTEeThHOCTh MEPEXOAHOTO MPOo-
I1[ecca BIUSET BHIOOP 3HAYCHUS MapaMmerpa €: 4eMm Oonbiie 3HadeHue € (¢ < 1/K), Tem ObicTpee OH 3aBep-
1aeTcs.

Onucanue nporpammsl “Knaccupuxkarop Xemmunra”

[IporpaMMa Mo3BOJISIET OMPEENATh KJIacC MPUHAIEKHOCTH OOBEKTOB, MPEJICTABICHHBIX BEKTO-
pom mpusHakoB jnuHON 30. Uucio kimaccoB GukcupoBaHo U paBHO 3. Kaxaplil Kilacc 3a/aeTcsi CBOUM
ATAIOHHBIM MpeacTaBuTeneM. /s kinaccudukayu ucrnonb3yercs ceTh XeMMuHra. B mporpamme npeno-
CTaBJeHAa BO3MOXXHOCTH BBIOOpa Tuma Moxyist makcumuzauuun MAXNET: npawvoco pacnpocmpanenus
WUJIU peKyppPEeHmMHbII.

[IporpamMma 3amyckaetcst u3 KoMaHAaHou cTpoku cuctemMbl MATLAB no xomanne ‘hamming’.
CrapToBoe OKHO IpPOTrpaMMBbl COAEPKUT KpaTKUE CBEAEHHUS O pemaemMoil 3agaude (cM. pucyHok 3.10).
VYnpasnenue KiaaccCUPUKATOPOM OCYIIECTBIISIETCS U3 IIaBHOTO OKHA MPOrpaMMbl, KOTOPOE MOKa3aHO Ha
pucyHke 3.20. PaccMOTprM Ba)kHbIE KOMIIOHEHTHI IVIABHOI'O OKHA.

Jliig yno6cTBa BBOJIa M BU3YaJIbHOIO BOCIIPUSITHSI BEKTOPOB MPU3HAKOB 0OBEKTA U ITAIIOHOB KJac-
COB IIPELyCMOTPEHBI CIEeLUaIbHbIE TaHEeIN ¢ MaTPULIAMU YEpHBIX M OeNbIX KIETOK pazmepa 6x5. [lanens
BBOJIa JJI1 00OBEKTa HaXOJWUTCS B JIEBOM 4YacTU 3KpaHa U o0o03HaueHa «00bekT X». Ilanenu sTanoHHBIX
MPEJCTaBUTENIEH KJIaCCOB PACIIONIOKEHBI B MPABON YacCTH SKpaHa, MPOHYMEPOBAaHbl U 0003HAYEHBI «3Ta-
JIOHBI KJ1accoBy. J[J1s BBOJa BEKTOPOB NMPU3HAKOB TPEOYETCs] HAXKaTUSMU MBIIIN HA KJIETKU MaTpull (LIBET
KJIETKH MOCJ€ OJHOKPATHOTO HA)KaTUSl WHBEPTUPYETCS) YCTAHOBUTHh HYXKHbIE M300pakeHUs] 0O0BEKTa U
ATaJIOHOB, MOCJE Yero BKIOYHUTH ¢iar «['0ToBO» BHU3Y OKHA. B pesyibTare ycTaHaBIMBarOTCS HOBBIE
3HAYEHUS BECOB CBA3EI HEUPOHOB.

Tun monynst MAXNET ycranaBnuBaeTcs nepekiodaTeasiMu B HIKHeH dactu skpana. CooTBer-
cTBeHHO MeHsercs nzoopaxkenne MAXNET B nentpe skpana (cm. pucynku 3.11 u 3.12). /lnsg BBoja Be-
COB CBSI3€H M CMENICHHS KaXXJIOro HeWpoHa pabouero ciosi XeMMHHTa MPEeIyCMOTPEHO CIECIHATbHOE
JIMAJIOTOBOE OKHO (CM. pUCYHOK 3.13), KOTOpO€ BBI3BIBAETCS HAXKATHEM MBIIIHN Ha U300pakeHUE COOTBET-
CTBYIOIIETO HEMpoOHa ciiod. JIeBas 4yacTh 3TOro OKHa mpeaHa3HaYeHa JJisl BBOJIa BECOB CBSI3EH.



DCeTb XeMMHUHra

Pucynok 3.11 — I'maBHoe okHO. Beiopana MAXNET npsimoro

pacrpocTpaHeHus

Pucynok 3.12 — I'nmaBHoe okHO. BeiOpana pexyppentnas MAXNET
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Pucynok 3.13 — OxHO BBOJ1a BECOB M cMellleHus 1-ro HelipoHa pabouero ciios XeMMHHIa

st Toro 4ToObI MPOCMOTPETh YCTAHOBJICHHBIE WJIM BBECTH HOBBIE 3HAYCHHS BECOB CBA3CH ceTu
MAXNET, Hy»)HO Ha)kaTh MbIIIBI0 Ha n300paxxenne MAXNET B riaBHOM okHe. B 3aBHCHMOCTH OT TO-
ro, kakoit Tunm MAXNET ycTtaHOB/IE€H B JaHHBIII MOMEHT, MTOSIBUTCSI OKHO BBOJIa BECOB CBsI3€il 1100 ceTn
MIPSIMOTO PacIpOCTpaHEHUS (CM. pUCYHOK 3.14), 1100 peKyppeHTHOM ceTH (CM. pUCYHOK 3.15).

Pucynok 3.14 — Oxno BBO#a BecoB cBsizeit MAXNET mpsimoro pacnpocTpaHeHus
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Pucynok 3.15 — OxHo BBOfa BecoB cBsizeil pekyppenTtHoit MAXNET



Ilocne ycTaHOBKM WJIM NIPOBEPKM BCEX H3MEHSAEMBIX MapaMeTpoB (C IMOMOIIbIO ONHUCAHHBIX
CPEICTB) MOXHO 3amycKath kiaccupukarop. i 3Toro HyHO ycTaHOBUTH (iar «I"'oToBo». B pesynbra-
Te 3Toro kHomka «Ilyck» BHU3Y dKpaHa craHOBUTCS JocTymHOM. Kiaccudukarop 3amyckaeTcs mo Haxa-
TUU KHONIKU «ITyck».

OTmeruMm, 4TO TIOCIE YcTaHOBKH uiara «['0TOBO» aBTOMaTrnyeckas mepeycTaHOBKA BECOB CBS3CH
BCEX HEHPOHOB paboyero ciosi MPOUCXOJUT TOJIBKO B TOM Cliyuyae, €clid 3a BpeMs OT MOCIeAHeN ycTa-
HOBKH 3TOr0 (h1ara BHOCHIUCHh MOJN(UKAIIUH B JTI000H U3 STAIOHHBIX MPEICTABUTEICH KIIACCOB.

B npouecce knaccudukanuu Ha 9kpaH B 007acTU M300paxKeHHs] CeTU XEMMUHTa PSAOM ¢ HU300-
paKEHUSIMH HEHPOHOB BBIBOJSATCS MX BBIXOJHBIC 3HaueHHs. Takke Ha dKpaHe OTOOpa)xKaeTcst TEKYIIUi
Homep TakTa pyHkiuonupoBanus MAXNET. 1o okoHuanuu nporiecca Kiaccu(UKaIMd paMKa IMaHeln
ATAJIOHHOTO TIPEICTaBUTENS Kjacca, K KOTOPOMY OBUI OTHECEH MPEIbSBICHHBIH OOBEKT, BBIACISACTCS
LIBETOM.

Jl1st MOBTOPHOTO 3amycKa Kiaccu(ukaTropa JOCTaTOYHO CHOBA YCTaHOBUTH ¢uiar «I'oToBo» (B pe-
3ynbTare nHpOopMalus o MpeapayIiei padoTe kinaccudukaropa MmpornajgaeT) u HakaTh KHONKY «ITyck».

[TocnenoBarenbHOCTh JEMCTBUM, HEOOXOAMMBIX MM KJIAcCH(PHUKAIMU OOBEKTa B MpPOTrpaMme
«Knaccupukarop XeMMUHTra», MPOWLIIOCTPUPOBaHA HA pUCYHOK 3.16.

1. BBecTn BekTOpa IPU3HAKOB ATAJIOHHBIX MPEICTABUTENEH KIacCOB, MHBEPTHPYS Ha)KaTUSMU MBIIIN
[BET KJIETOK Ha MaHeNsIX, 0003HAYEHHBIX «3TAJIOHBI KJIACCOB)» U MOMEUEHHBIX COOTBETCTBYIOIIUMHU HOME-
pamu.

2. AHaJOTHMYHBIM CIIOCOOOM BBECTH BEKTOp MPU3HAKOB 00BEKTa, Mojaiexamiero kiaccuduramuu. Coort-
BETCTBYIOIIAS [TaHEb C YEPHO-0€IbIMU KJIETKAMU IIOMEUYEHa «O0BEKT X».

3. JIns Kaxzaoro U3 Tpex HEpoHOB pabouero ciosi XeMMHHra MPOKOHTPOIUPOBATH aBTOMATUYECKU
YCTaHOBJICHHBIE Beca CBSA3EH U CMEIICHUs (JTUOO YCTAaHOBUTH IpyTrHe 3Ha4eHus). [l 3Toro HaXkaTueM Ha
M300paKeHNEe COOTBETCTBYIOIIETO HEHpPOHA BBI3BATH JUAIOTOBOE OKHO HACTPOWKH MapaMeTpoB STOTO
HEWpOHa.

4. Boiopats Tumn MAXNET, ycTaHOBHB COOTBETCTBYIOILIUH MEPEKIIOYATENh BHU3Y OKHA.

5. IIpoKOHTpOIMpPOBaTH aBTOMATUYECKU YCTAHOBJIEHHbIE Beca CBsi3el (JIMOO yCTaHOBUTH Jpyrue 3Haye-
Hus) cetu MAXNET BeiOpannoro tuma. [[is atoro Haxkaruem Ha nzoopakenne MAXNET Bei3Bath aua-
JIOTOBOE OKHO YCTaHOBKH BECOB.

6. YcranoButh (aar «I'otroBo». Haxkats kHOnKy «Ilyck».

[=]neurolab [_ O]
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Pucynok 3.16 — [locnenoBarenbHOCTh A€WCTBUN IpU KiIaccupUKaU 00bEKTa
ITocsienoBaTebHOCTH BBINOJIHEHHUS PadOThI
Knaccudpunupyemsie B JaHHONM paboTe 0OBEKTHI XapaKTEPU3YIOTCS OUIOISIPHBIM BEKTOPOM pa3-
mepHoct M=30. Jljist BU3yaqbHOTO HPE/CTABICHUs OOBEKTOB UCIIONB3YETCs MaTPULIa pasMepa 6x5 (N, =

6, n, = 5 M= n1~n2). [IpencraBneHHBIN A KIACCH(PUKAIUU O0OBEKT MOXKET MPUHAANIEKATH OJTHOMY U3



Tpex kiaccoB (K = 3). CtyaeHTy 3aar0Tcs n300pakeHUs STaJTOHHBIX MTPEJICTaBUTENCH KJIaCCOB Ha OHUIIO-
JSIPHOM MaTpULE pa3MEPHOCTH 6%5.
1. IToAroToBUTH MaHHBIE M OCYIIECTBUTH 3alyCK CETM XEMMHHra ¢ ucrnoiab3oBaHuem cetu MAXNET
MPSIMOTO PacTIPOCTPAHEHUSI.
1.1. BBecTu 3TasioHHBIC H300paKEHUS IIPEICTABUTEIICH KIIaCCOB.
1.2. BeecTn n300pakeHre TEKYIIETo KiIacCHPUIIPyeMOoro o0beKTa.
1.3. IIpoBepuTh MPaBHIBHOCTh YCTAHOBKM CHHANTUYECKUX KOI(DPUIIMEHTOB BceX HEHPOHOB pabouero
CJ10sI CETU XEMMUHTa.

Tabmuma 3.1 — BapuanTsl 3aganuit

HEH-
BPC

3 8
4 9
5 10

1.4. IIpokoHTpOJIMPOBATh 3HaUCHUS cHHaNTHYeCKuX Kodddurumentor cett MAXNET npsimoro pacnpo-

CTPAHECHHUS.

1.5. OcymectBuTh 3amyck cetd. [Ipoananu3mpoBaTh pe3yabTaT KiIacCU(UKAUKU U 3HAYEHUS BBIXOJOB

HelipoHoB pabouero cnost u cett MAXNET.

1.6. IToBropuTh yHKTHI 1.1-1.5 111 pa3HbIX BapHaHTOB 33JaHUS TEKYIIEro OOBHEKTA.

2. IlpoBectu ucciieoBaHUE BO3MOXKHOCTH KJIaCCU(PUKAIMKN O0BEKTa B 3aBUCUMOCTH OT CTETICHH OTIUYHS

€ro IIPU3HAKOB OT 3TAJOHHOIO MIPEACTABUTENS Kilacca.

JIy1st 5TOTO MpoaHANIM3UPOBaTh PabOTy ceTh XEMMHUHTa JIJIsi HECKOJIBKUX BXOJHBIX OOBEKTOB, COOT-
BETCTBYIOUIMX DPAa3HBIM YPOBHSM HCKaXXEHUS ITAJOHHOTO MpeACTaBUTENs Kiacca. 3aduKCUPOBaTh,
IIpY KaKOM MMHHUMAaJIbHOM KOJINYECTBE HECOBMA/ICHUN NMPU3HAKOB TEKYIETro U 3TaJOHHOTO 00BEKTOB
BBINOJIHAETCS OINO0YHAs KIaccu(uKaIusa. DKCIEPUMEHT MPOBECTH JUIsSL BCEX TPEX KIJIACCOB.

3. IlpoBecTH nccienoBaHUE YCTOMYMBOCTU Kilaccuukanuy oObeKTa Mpu U3MEHEHUSIX 3HAaUeHUH CHHAII-
TH4eckux ko3 pumenton padoyero cios u cetu MAXNET. IIpu npoBeneHnH 3TOro 3KCrepuMeHTa
MOTYT YCTaHaBJIMBATbCSl MPOU3BOJIbHBIE JEHCTBUTEIbHBIE 3HAUEHUS CHHANTHYECKUX KOX(P(UIMECH-
TOB. TeKkyIue 00beKThl MPeINoaaraloTcsi OJU3KUMHU K ATAJIOHHBIM MPEICTABUTENSAM (OTIIMYMS B ABYX
— Tpex npusHakax). M3MeHeHneM cMHanTH4eCKUX KOA(p(UIMEHTOB TOOUTHCS CUTYyallMH, B KOTOPOI
CeTh HEMPABWJIBHO KJIACCUPUIUPYET 00BEKT, U 3a(UKCUPOBATh YPOBEHb MCKA)KEHUS 3HAYEHHH CH-
HaNTHYECKNX KO3()(DUIIMEHTOB B MPOLIEHTAX OT HOMUHAIBHBIX M YUCIIO BBEJICHHBIX NCKaKEHUH.

4. IloaroToBUTH TaHHBIE U OCYIIECTBUTH 3aITyCK CETH XE€MMUHIa C UCIIOJIb30BAaHUEM PEKYPPEHTHOMN CETH
MAXNET.

4.1. BBecTH 3TaloOHHBIE H300paXKEHUS TTPEICTABUTENCH KITaCCOB.

4.2. Beectu n300paxeHne TeKyIIero KiaaccupuIupyeMoro o0beKTa.

4.3. TlpoBepuTh MPaBUIBHOCTh YCTAHOBKM CHHANTHUYECKUX KOI(PPUIIMEHTOB BCeX HEHMPOHOB pabodero

CJI0s ceTU XE€MMMUHTa.

4.4. IIpoKOHTPOIMPOBATH 3HAYEHUS CHHANTHYECKUX KO3 unnenToB pekyppenTHoi cett MAXNET.

4.5. OcymectBuUTh 3ammyck ceTH. [Ipoananu3npoBare pe3ysbTar.

4.6. IToBroputh MyHKTHI 4.1-4.5 111 pa3HbIX BapHAHTOB 33JJaHUS TEKYILEro 00BEKTA.



5. [Ipoananu3upoBath BpeMsi MPUHATHS PELICHUS O MPUHAAJIECKHOCTH 00BEKTa KIIACCy B 3aBUCUMOCTH OT
3HAUEHUS MapaMeTpa € U pazIuius 3HAYCHUN MOTCHIIMAJIOB HEHMpPOHOB pabodero cios. s 3Toro Boc-
M0JIb30BAThCS COOTBETCTBYIOIIEH MOAM(UKALMEH CHHANTUYECKUX KO3(PPUIMEHTOB PEKypPEHTHON CETH
MAXNET u Tekyuux aHaau3upyeMbIX 00bEKTOB.
Conep:kanue oTyera
1. Ha3Banue nabopatopHoi paboThI, €T U MPOorpamMma paboThlI.
2. CTpyKTypbl HCCIEAYEMBIX HEHPOHHBIX CETEH U Pe3yIbTaThl MOACITUPOBAHUS.
3. BrIBoIBI 110 00001Ia0IIIEH CHOCOOHOCTH HEUPOHHBIX CETEH U CKOPOCTH (YHKITMOHUPOBAHHSIL.
KoHTposibHBIEe BOPOCHI K 3a11UTE J1A00PATOPHOM padoThI
1. Kakne ocobeHHOCTH (DYHKIIMOHMPOBAHUS OMOJIOTMYECKOT0 HEHpOHA yYTEHBI IPU MOCTPOSCHHH MaTe-
MaTUYECKON MOJEIIM TEXHUYECKOTIO HEHpoHa?
2. Hanmummmre ypaBHeHHEe GYyHKITMOHUPOBAHUS TEXHHUECKOTO HEHpOHA.
3. Uto Ha3bIBaecTCs aKTHBAIIMOHHON XapaKTEPUCTHKOHN (repeaarouHoit GyHkiueii) neiipona? Ilpuseaure
MIPUMEPBHI.
4. Kakumu cBolcTBaMH 00J1aJJal0T CUTMOMIAJIbHBIC HEeJTMHEHHbIe mpeoOpazoBatenu? [IpuBenute npume-
pBL.
5. Uto Ha3bIBaeTCs CHUHANTHYCCKUMHU KOIP(HUIIMEHTOM W MaTeMaTU4YeCKOM MOJIeId HEHPOHHOU ceTH?
v.?
ij
6. Hanuimure ypaBHEeHMsI, XapaKTEPU3YIOIIME JUHAMUKY HEHPOHHON CETH B JTUCKPETHOM BpEMEHH (CKa-
nspHas hopma).
7. Hanummure BEKTOPHO-MaTPUYHbIC YPABHEHUS, XapaKTEPU3YIOIUE JUHAMUKY HEHPOHHOW CETH B JIHC-
KPETHOM BPEMEHH.
8. Kak 3anucbiBaloTCs HauaJbHbIE YCIOBUS /JIsl ypaBHEHUN IMHAMUKU HEHPOHHOM ceTu?
9. IlocTpoiiTe MaTeMaTHUECKOE OMMCAHUE HEUPOHHOMN CETH, IPECTABICHHON Ha PUCYHKE a.
10. ITocTpoiiTe MaTeMaTUYECKOE OTIMCAHUE HEHPOHHOM CETH, MPEICTABIICHHOW HA PUCYHKE O.

n3 =
6) .
a) nl
Al n3=q =
z2
n2

11. Kakast HelipoHHasi CETh Ha3bIBACTCSA PEKYPPEHTHOU?

12. O6bsicHUTE 0COOEHHOCTH (PYHKIIMOHUPOBAHUS HEHPOHHOM CETH MPSIMOT0 PaCpOCTPAHEHUSI.

13. Kakumu ocoGeHHOCTAMU 001a/1aeT MaTeMaTHYeCKOe OMMCAHNE MHOTOCIIONHONW HEHPOHHON ceTH?

14. O6bscHUTE NPUHLIUT (PYHKIIMOHUPOBAHHSI CTOXaCTUYECKOTO HeHpOHa.

15. Kakasg akTUBallMOHHAs XapaKTepUCTUKA JOJDKHA OBITh HUCIOJb30BaHA B JIETEPMUHUPOBAHHOM
HENpOHE, KOTOPBII BOCIIPOU3BOIUT CPEAHEE 3HAUEHUE BBIXOJ]a CTOXACTUYECKOT0 HEHpOHA?

16. B uem cocrouT 3amaya pacrno3HaBanus oopa3oB? Kakas uadopmaims 1oKkHa OBITH MpecTaBiIeHa 00
00BEKTEe IIPU PELICHUH 3a/1a41 Paclo3HaBaHUs 00pa3oB?

17. Kakyto 3aj1auy pemeT cetb XeMMuHra?

18. B kakoit (hopme npecTaBiIeHbl XapaKTePUCTUKN OOBEKTOB MPH PEIICHUH 337a4l paclio3HaBaHUsS 00-
Pa3oB € MOMOIIBIO CETH XeMMHUHTa?

19. Kakum croco6oM 3afaHbl KJIACChl IPU PELICHUH 3aJjauydl paclo3HaBaHUS 00pa3oB C MOMOIIBbIO CETH
XemmuHra?

20. ChopmynupyiTe KpUTEpUil ONTUMAIBLHOCTH OTHECEHHS OOBEKTa K OJHOMY M3 KJIACCOB IPH MpUMe-
HEHUU CEeTH XEMMUHTIA.

21. Kaxoe coiep:kaHue UMEIOT BBIXOHbIE 3HAUYCHHSI HEHPOHOB paboyvero ciiosi ceTu XeMMuHra?

22. CKOJIBKO HEHPOHOB COJIEPKUT paboumii ciioi cetn XemMMmuHTa? KakoBBI MX aKTHBAIIMOHHBIE XapaKTe-
pucTuku?

23. Kakumu criocobamu MOXHO pemiath 3afady noucka Makcumyma cpeau K 3HaueHHU npu MocTpoeHUH
ceTu XeMMuHra?

24. HapucyiiTe cxemy HEMpOCEeTEeBOro KoMIaparopa Ha JiBa BXojia U 00bsICHUTE ero pabory. Kakue aktu-
BallMOHHBIE XapaKTEPUCTUKHU HEHPOHOB HCIIONB3YIOTCS B CXEME HEHPOCETEBOIO KoMmaparopa?



25. O6bsicaute npuniun nocrpoerus: cetu MAXNET npsmoro pacmpocTpaHeHUs: NPy TPOU3BOILHOM
YHCJIe BXOJOB C UCIOJIb30BaHMEM HEHPOCETEBOr0 KOMIIaparopa Ha JiBa BXOJa.

26. Hapucyiite cxemy pexyppentHor cethu MAXNET. Kakue HayanbHbIE YCIOBUSI YCTAaHABIMBAIOTCS HA
cetu?

27. Kakoit mapametp pexyppentHoi cetu MAXNET mMoxer BIusITh Ha ee ObIcTpozeiicTBre?

28. O0bsicHuTe IpUHLIUT paboThl pekyppenTHoii cetn MAXNET.

JlabopamopHasi paboma Ne 4 «Cemb Xonghunda»

Hesanb padoTbi

B nmabGopartopHoii paboTe UCCIeayI0TCS CBOMCTBA HEHPOHHOM cetn Xomduiga, KoTopas paccMmar-
pHUBaeTCs KaK MOJEIb aCCOLMATUBHOM MaMATH, IO3BOJISIIOIEH BOCCTAHOBUTh OOBEKT 110 OrPAHUYEHHOMY
Habopy 3anrymiieHHbIX pu3HakoB. CeTh Xomnguiga OTHOCUTCS K KJIACCy PEKYPPEHTHBIX HEHPOHHBIX ce-
Tell. B acCHHXpOHHOM pekume paboThl HEHPOHOB ceTh XoMN(uiia U3 NPOU3BOIBHOIO HAYAIBHOIO COCTO-
SIHUSL 32 KOHEYHOE YMCJIO TaKTOB AMCKPETHOTO BPEMEHHU IPUXOJIUT B COCTOSIHME YCTOWYMBOIO PaBHOBE-
cust (aTTpakTop). Yucen pa3auyuHBIX aTTPAKTOPOB CETH OIpENEIsieT ee 00beM «IIaMATH» (YUCIIO 3aloM-
HEHHBIX 00Pa30B).

DKCIIepUMEHTAIIbHOE UCCIIEeI0BAaHUE CBOWCTB ceTH XOM(UIAA BHINOIHAETCS B HEHPOIMYIIATOPE,
peamuzoBaHHOM B cuctreMe MATLAB. U3ydaercss AuHaMuKa mepexoJHOro Imporecca, MeToA0M CTaTH-
CTHUYECKOI'0 MOJEIUPOBAHUS PACCUUTHIBAETCSI YUCIO aTTPAKTOPOB U pa3Mephl 0acCEHOB aTTPAaKTOPOB.
Hccnenyercs ycTOMUMBOCTD PELIEHUH NPH 3alllyMICHUN JaHHBIX.

IIporpamma paéoTbl

4. HccnenoBath mpolece 3BOJIIOLUYI ceT XoM(uiaa oT Ha4aJbHOI'O COCTOSIHUS K YCTOMYUBOMY CO-
CTOSIHUIO (TUHAMUKA).

5. OnpenenuTb MHOXECTBO YCTOMUYMBBIX COCTOSIHUM CEeTH, pa3Mep 0acCeHOB aTTPaKTOpPOB (aTTpak-
TOPBI).

6. HccienoBaTh ClIOCOOHOCTb CETH COXPAHATh B KAYECTBE aTTPAKTOPOB HEKOTOPOE MHOXKECTBO 00-
Pa30B U PEIAKCHPOBATh K COXPAaHEHHOMY 00pasy MpH Iojavye Ha BXOJ[ 3TOro ke obpasza ¢ MCKa-
KEHUSMU (accolMaTUBHAs aMSTh).

7. HccrnenoBaTh ciocOOHOCTH CETH COXPAHATh CBOMCTBO aCCOIMATHBHOM MaMSTH TOCIIE NCKAKECHUS
MaTpUIIbl CHHAIITHYECKUX CBA3CH (P0OAaCTHOCTH).

8. CocTaBHTH W 3aIIUTHTH OTYET 1O PE3YIbTaTaM UCCIIECIOBAHUH.

Kparkue cBenenns u3 reopuu

[Ipu opranusanuy BBIUMCIECHUNH B KOMIBIOTEPE BBI30OB M3 €ro “IaMsiTH’ HEOOXOAMMBIX JTaHHBIX
MIPOU3BOIUTCS O UX aapecaM. Mimeercs B Buay, 4TO TpeOyeMble JaHHbIE CTPOTrO JIOKATU30BaHbI B HEKO-
TOpoi (uKCHpPOBaHHOM oOnacTu mamsATu. YenoBedeckass maMsATh OpraHU30BaHa NMPUHIUIHAIBHO MHAYE.
Bb130B Hy»HO# nHbOpManun obecneunBaeTcs, Kak MPaBUI0, HEKOTOPBIMH acCOlMalUsAMU. 371eCb MOTYT
OBbITh MOJE3HBIMU CBEACHMSI, KOTOPBHIE YTOUHSIIOT OCOOEHHOCTH BCIIOMUHAEMOTO0 OOBEKTa U CBSI3aHHBIE C
HUM COOBITHS.

Takum oOpa3oM, MOXHO KiIaccH(UUIMPOBATh YCTPOMCTBA MaMATH IO IpHU3HAKaM ‘‘aJipecHO-
OPHUEHTHUPOBAHHOTO MOKMCKA HHpOpMALUK WK “TIOMCKA TAaHHBIX MO MX conepkanuto” (“address-oriented
memory” unu “content-addressable memory”). [lamsTh, B KOTOpOH XpaHEHHE U MOUCK UHPOPMAIIUUA OC-
HOBAHBI Ha €€ CO/Iep )KaHUH, HOCUT Ha3BaHME accolMaTHUBHOM (associated memory). AccolaTuBHas mna-
MSATh MO3BOJISIET BOCCTAHOBUTH MH(OPMAIIMIO B Clly4yae €€ YaCTUYHOW MOTEpU WIM HPU 3HAYUTEIHHOM
HCKaKEHUH BXOAHOIO 3aIpoca.

Ecnu namsTh mo3BoJileT BOCCTAHOBUTDH MOJJAHHBINA Ha €€ BXOJ NCKaKEHHBIN HEMOJHBIN 00pa3, To
OHa Ha3bIBaeTCs aBToaccoluaTHBHON. Eciin mpu mopade Ha BXOJ OJHOrO 0o0pasza mamsTh pearupyer u3-
BJICUEHUEM JIPYTroro, CEMaHTUYECKH CBSI3aHHOTO C 3allpOCOM, TO Takas MaMsATh Ha3bIBAETCS I€TEPOacco-
nuatuBHOM (heteroassociative). Hanmpumep, npu oTrajsiBaHuu CJIOB B KPOCCBOPAE PEaTU3yIOTCS 3a7auu
aBTOACCOIIMATUBHON MaMSTH, KOTJa Ha BXOJI€ 3a/laHbl HECKOJIbKO OYyKB CJIOBa, @ MaMsATh BOCCTAHABIIMBAET
noJiHoe cJIoBO. [Ipu moucke MapKku cTajiu 1o Habopy ee MPOYHOCTHBIX XapaKTEPUCTUK MaMATh MPOSBIISET
ce0s KaKk reTepoaccolnaTuBHasl.

CohopmynupyeM MaTeMaTHUECKYIO 3aJlauy, CBA3aHHYIO ¢ (DyHKIIMOHUPOBAHHEM aBTOACCOIIMATUB-
HOM mamsatu. [Ipeanonoxum, 4To NMaMATh IpeaHa3HadeHa /it xpaHeHus P oOpas3os (patterns). Kaxpiii



o0Opa3 mpeicTaBieH BEKTOPOM MPU3HAKOB |, xP = (le, sz yeeny X,ﬁ ), p= 1, P . Ha Bxon aBToaccoumaTus-
HOW MaMATH TPEIbSBISETCS HEKOTOPBIH BXOIHOW 00pa3 ¢ HabOpoM mpu3HakoB N = (nl, n,,...,Ny ) :

. . yl .
Tpebyercst HAliTH cpeau XpaHSIIUXCS B aMsITH Takoi oOpa3 X, KOTOpbIi Hanbosee OJIM30K K N ¢ TOUKH
3peHus €BKIUA0BOI MEpHI, T. €. A1 KOTOPOTO TOCTUTAETCS

minH :mi_nZN:(ni —xip)z. (4.1)

p=1P p=1P i=1
Eciu npu3HaKy ABISIOTCA OMHAPHBIMU (BO3MOKHBIE 3HaueHus 0 u 1), To nmokazarens H b 6mu30-

cTi 00paszoB N u X’ XapaKTEepU3yeTCsl pacCTOSTHUEM XAMMUHIa Mexay 1ByMs N—pa3psaHeiMyu OMHapHBI-
MU TIOCTIEI0BATEIBHOCTSIMHY, T. €. YUCIIOM HECOBIAJAIONINX OMHAPHBIX Pa3psIOB.

Xonduna (Hopfield) mpemmoxmn caeayony HIe pean3alii aBTOACCOIMATUBHOW MaMsITH
U 00pa3oB, XapaKTEPU3YIOLUIUXCS BEKTOpaMU OMHAPHBIX MPHU3HAKOB. PaccCMOTpUM HEHPOHHYIO CETh C
OMHapHBIMH HeHpoHaMu (TIOPOTOBasi AKTHBAIMOHHAS XapaKTEPUCTHKA) W TOJHBIMH CBs3siMHU. [lpu
HAYaJIbHOM BO30YJICHUU BEKTOPOM N CETh AMHAMUYECKU U3MEHSIET CBOE€ COCTOSIHUE B AUCKPETHOM Bpe-
MCHH. HYCTI) CCTh ABJISICTCA YCTOI\/JI‘IHBOP’I M 3a KOHCYHOC YUCJIO TAKTOB MMPUXOAUT K OAHOMY U3 CBOUX CO-
CTOSTHUI paBHOBECHsI. JTO MPEeIbHOE COCTOSHUE U OYAET MPEeACTaBIsATh CO00W 00pas3, acCOIMUPOBaH-
HBI ¢ BXOJAHBIM BO30YXxAeHHEeM N. YHCIO YCTOMUYMBBIX COCTOSHUUM CeTH (aTTPaKTOPOB) MPENICTABIISIET
cO00#f YMCIIO XpaHAIMXCs B ceTd 00pa3oB. CaMa HEHPOHHAs CETh BBIMOIHSET IPU 3TOM (DYHKITUIO aCCO-
[IMATUBHOM MaMSITH.

Xondui CKOHCTPYUPOBaT HEHPOHHYIO CETh, 00JIAJAIONIYI0 YKa3aHHBIMU CBOMCTBaMH. B maib-
He#meM ObUTH pa3padoTaHbl pa3IMYHble MOAU(MUKALIUY 3TOM MOJETHN U CTaTUCTUYECKAsh HHTEPIPETaLNs
ee paboThI.

PaccMoTpuM MOMTHOCBSI3HYIO HEHPOHHYIO CETh, coaepkairyto N HEeHpOHOB IO YKCITYy MPU3HAKOB
obpasoB. Ha pucynke 4.1 npencrarieHa cxema Takou ceTu. Kakaplii HEMPOH CETH MPEACTaBIsSET cOO0M

OMIIOJIAPHBIN AJIIEMEHT (Si = £1, i=1,N), auramMuka KOTOporo B JHCKpeTHOM BpeMenu t = 0, 1, 2, ...
ONMCHIBAECTCS CUCTEMOW YPaBHEHUI:
sgnh;(t),h (t)=0;
s, (t+1)= - (4.2)

s, (t),h(t)=0; i=1LN.

B (2.2) npunsThI cnenyromue 0003HaYSHUS:

N
hi (t) = ZW"-SJ- (t) — bi — MMOTEHIIHAI I-TO HEWPOHA; (4.3)
j=1
b — cmemenne i—ro ueiipona;
1,z>0;
sgn(z)=
? () -1,z<0

Wj; — KOd(QQUIHEHT CHHATHYCCKO CBSI3H jro meitpona ci-m, 1, J=1,N.

B HEKOTOPBIX MPHUIOKEHUAX MOXET OKazaThCs Ooyiee YJOOHBIM IMpUMEHEHHE OMHApHBIX HEHpo-
HOB C JIOITyCTHMBIMH 3HadeHmsME S, paBHbiME O 1 1. Tlepexos OT GUIOTSAPHBIX HEfPOHOB K OMHAPHBIM

OCYILECTBIISICTCS C TIOMOILBIO JIMHEHHOTO peobpasoanus S, = 25 —1.
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Pucynoxk 4.1 — IlonHocBsA3Hast HEMPOHHAS CETh

[Tycte Marpunia W cunantuueckux cBsazeit pazmepHocTt [N X N] siBisieTcsi cCMHMMETpUYHOM U UMe-
€T HYJIEBbIE TUArOHAIbHBIC 3JEMEHTHI (OTCYTCTBYET HEMOCPEACTBEHHAas oOpaTHas CBs3b C BBIXOJa

HelipoHa Ha COOCTBEHHBII BXOJ), T.¢. BBIIONHsIOTCs paBerctBa: W, =0, , i # ], W, =W, ,Lj=1N .

Kpome Toro, 1o70KuM cMellenns neiiponos papueivu Hymo: b. =0, 1=1,N .

Bo3moxHbI 1Ba crioco0a M3MEHEHUsI COCTOSIHUN HEHPOHOB B COOTBETCTBUU C YpaBHEHUSAMHU (2.2).
IlepBblif cmoco® mnpexdmonaraer, 4ro B TEKyIIMH MOMEHT BpeMmeHH t Qukcupyercss BeKTOp

S (t) = (Sl (t) 'S, (t) yeres Sy (t)) U OJIHOBPEMEHHO (IIapauIebHO) U3MEHSIIOTCS COCTOSHHS BCEX HEHpO-

HOB COTJIacHO ypaBHEeHUsM (4.2). Takum 00pa3om, 32 OJJUH TaKT JUCKPETHOTO BPEMEHH IIPOUCXOIHMT Tie-
PEXOJ K HOBOMY BEKTOPY S(t + 1) = (S1 (t + 1) 'S, (t + l) yeer SN (t + 1)) Takoe (QpyHKIMOHUPOBAHHUE

HEWPOHHOM CETHU MOIYYUJIO Ha3BaHUE CUHXPOHHOTO.

Jpyroii crmoco6 opraHu3aiiii BEIYUCICHUN B CETH COCTOUT B TIOCJICIOBATSIIBHOM H3MEHCHHH CO-
CTOSIHUM HEMpPOHOB coOracHO ypaBHeHUAM (4.2). Ha kaxxaoM TakTe JUCKPETHOCTH (DUKCHpYETCS OJUH
HEWPOH M BBIYUCISETCS €ro HOBOE cocTosiHue. [Iopsaok ornpoca HEMPOHOB B TAKOM MOCIEA0BATEIbHOM
MIPOLIEYPE MOXKET ObITh MPOU3BOJIBHBIM. (XONUII paccMaTpUBaIl CXeMY CIy4ailHOrO paBHOBEPOSITHOTO
BEIOOpPa HEWPOHOB JUIS pacdeTa WX HOBBIX cOCTOsHUH). OmnmcaHHas TOCIeI0BaTeIbHAS JTUHAMUKA
HEWPOHHOW CETH MOJy4YHJIa Ha3BaHWE aCUHXPOHHOU. B manbHelneM NHMHaAMUKaA CETH MOJIAaraeTrcsl aCHH-
XPOHHOM, T. €. Ha OJTHOM TaKT€ JUCKPETHOCTH MOKET U3MEHUTHCS COCTOSIHUE TOJIBKO OJIHOIO HEWPOHA.

PaccmoTpuM reoMeTpruuecKkyr0 MHTEPHIPETAUI0 COCTOSIHUM HepoHHOoU cetu. N mpusnakoB (N
HelpoHOoB) 00pa3yroT N-MepHoe mpocTpaHCTBO. [10CKOIBKY TSl MPU3HAKOB JOMYCTUMBIMUA 3HAYCHHUSIMU
SBISIIOTCA —1 1 +1, 1F0001 BEKTOP COCTOSTHUS HEHPOHHOW CETH HAIpaBJieH B BEPIIWHY TUIEpKyOa, uMe-
IOIIETO IIEHTP B Hadaje KOOPAUHAT U pedpa ATUHBEI 2, MapalljieNIbHbIe OCSM KOOpAMHAT (CM. pUCYHOK 4.2).
[Ipu acMHXpOHHOW TMHAMHKE CETU BEKTOP COCTOSIHHS 32 OJIMH TaKT JIUCKPETHOCTU MOXKET IMEPEMECTUTh-
cs B OJHY M3 BEPIIUH TUMEepKy0Oa, HEMOCPEACTBEHHO MPHIIETAIONINX K TEKyIel BeplInHe (paccTOsHUE
PaBHO JJIUHE pedpa).

IycTs 3anausl P 06pa3oB cBouMH BekTopamu mpusHakoB X°, P =1,P. Onpenenum cumantu-

gyeckue KodpGUIUEeHTHI , | # |, Wi I, ] =1, N, cnexyromum BoipaskeHnem:

P
w, =k xPxP, k>0. (4.4)
p=1



s=(1,41, 1)

Pucynok 4.2 — 'eomerpuueckast HHTEpIpETaLus COCTOSHUIN ceTn Xonduiaa

JInHaMU4eCKHe CBOMCTBA CETH HE 3aBUCAT OT 3HAYCHHMS MOJIOKUTEIBHOTO Mapamerpa K. Ito cie-
IyeT U3 TOro, YTO COTJIACHO ypaBHEHUAM (4.2) cocTosiHue si(t + 1) HellpoHa HA ClEQyIOIeM TaKTe JHC-

KPETHOI'O BPEMEHU OIIPEACIIAECTCS TOJBKO 3HAKOM €ro IOoTeHIuana hi(t). ITockoabKy B COOTBETCTBUU C

BbIpakeHUEM (4.3) a1 moTeHuuana hi(t) napametp K > 0 He BIMSET Ha €ro 3HAK, ATOT MMapaMeTp He BIIUS-

€T U Ha JUHAMHKY CCTH B LICIIOM. B YaCTHOCTH, CCJIM ITOJIOXUTH k= 1/P, TO 3HAYCHHUC Wij CJIYKUT OLCH-

KOl CTATMCTMYECKON CBA3M I-TO M j-TO MPHU3HAKOB paccMmaTpuBaembix obpasoB X, p=1P , aua sa-

JTAHHOH BBIOOPKHU.
Tekymiee COCTOSSHUE TMHAMUYECKOW HEMPOHHOM CETH XapaKTEPU3yETCs CIEAYIOINUM YHEpreTuye-
CKUM (PyHKITMOHAJIOM:

:——Z 1S (1)s;(1). (4.5)
Ij—l

Hccnenyem, kakue U3MEHEHHUs MPETEpPIEBAET YHEPreTUYecKuil (yHKIIMOHAT B MPOIIECCE IBOIIO-
IIUU COCTOSTHUS ceTh Xomndmiaa. Pexum GyHKITMOHUPOBAHHSI CETH TOJIaraeTcsl aCHHXPOHHBIM. [1ycTh Ha
takTe (t + 1) mpoBenen “ompoc” K-ro HelpoHa U €ro COCTOSHHE B COOTBETCTBHM ¢ GopMmyiamu (4.2) u

(4.3) U3MEHUIIOCH:
s (t+1)=s,(t)+As,(t), (4.6)

rac AS t)# 0 JIST OCTATBHBIX HEHPOHOB B COOTBETCTBHU C MpaBUJIaMU aCHHXPOHHOTO HKITMOHU-
k

POBaHUA BBIITIOJHACTCA PAaBCHCTBO!

s(t+1)=s,(t), izki=LN. (4.7)
PaccMoTpuM M3MEHEHHE SHEPreTHUECKOro (ByHKIIMOHAA:

AE(t+1)=E(t+1)-E(t)=

N

=5 2w (L1, (12)4 5 3 s, (1, (0)=

:__;lw (s:(t)+As,(1))(s; (1) +As, (t))+%éwusi (t)s; (t).

Ilocne PaCKpBITHA CKOOOK B MOCJICAHEM BBIPAKCHUU U TPUBCACHU A HO,Z[06HBIX YJICHOB MMOJYy4YUM:



N

AE(1+1) =5 > s, (t)—;% (0290)-

i,j=1
N

Z t)As, (t). (4.8)

J:
CoracHo BeIpakeHUsIM (4.6), (4.7) mocneaHsss cymMma COJICPKHUT TOJIBKO OJIHO CjlaraéMoe ¢ OT-
JIMYHBIM OT HYJIS NIApHBIM npou3BeseHueM AS, (t)AS i (t) npu | = j = K, HO TIpU 3TOM MHOXXHUTEJb
Wj; = W, paBeH HyIo (IMaroHaIbHbIA d1eMeHT MaTpuibl W cHHanTHYeckux Koodduiuentos). Takum

00pa3oM, B BbIpaKeHHH (4.8) OCTAIOTCA TOJBKO IHEPBBIC JBE CyMMBI. B cBsisu ¢ Tem, uto W,; = W;;, oTH

ABC CYMMBbI COBIIAJIAIOT U ITIOTOMY CIIPABCJINBO PABCHCTBO!

AE(t+1)=— w,s, ( (t):—Ask(t)jZ::WS

i,j=1
=—As, (t)h(t). (4.9)

Paccmotpum n1Ba BosmoskHbIx ciydast: h () > 0w h (t) <0 (h (t) # 0, T. x. B npoTHBHOM Ciy4ae He
MOXeT obecrieunBarbes ycnoue AS, (t) # 0 B BeIpakeHnu (4.6).

Ecm h, (t) > 0, To s (t + 1) = 1. D10 o3nauaer, uto S (t) = —1 u AS, (t) =S, (t +l) =S, (t) =2.
Otcrona cnenyer, uto AE (t + 1) =-2h, (t) <0.

Ecm h (1) <0, To s (t + 1) = —1. D10 03Ha4aeT, 4To S, (1) = 1 u AS, (t) =S, ('[ +l) =S, (t) =-2
. Orcropa cienyer, uto AE (t +l) =2h, (t) <0.

Takum 00pa3om, U3MEHEHHE COCTOSHUS HEHPOHA CETH B PEKUME €€ aCHHXPOHHOTO (YHKIMOHU-
pPOBaHUS NPUBOAUT K YMEHBIICHUIO SHEPreTUYECKOro (pyHKUMOHada. B cuily OorpaHM4eHHOCTH CHU3Y
3HAYEHHs dHepreTudeckoro ¢yHkimoHana E(f) mis koHeYHOro 4mcia HEHPOHOB CETH W MPHPALICHUM
AE <0 uepes koHEUHOE YMCIIO TAKTOB DHEPTETHYECKMI (yHKIMOHAN JOCTUTAET OJHOTO M3 CBOUX JIO-
KaJIbHBIX MUHUMYMOB, KOTOPBIH SIBJISIETCS COCTOSIHUEM YCTONYHMBOIO PaBHOBECHS CETH.

[losy4eHHBIN pe3yapTaT U COCTABIISAET COAEPKAHUE TEOPEMBI O KOHEYHOCTHU INEPEXOAHOIO IPO-
1ecca B cetu Xonduiaa.

B teopun nuHamuueckux cucteM E(t) HaswiBaercs dynkiueit JisnyHoBa. CocTOsIHUE YCTOHYHBO-
IO paBHOBECHS] HEHPOHHOM ceTH (Kak U JII000i Apyroil JMHAMHUYECKON CUCTEMbl) Ha3bIBAETCs €€ aTTpak-
topoM. Cetp Xonduiga MOKET UMETh MHOKECTBO aTTPAaKTOPOB, SIBJISAIOIIUXCSA TOUKAMU JIOKAJIBHBIX MH-
HUMYMOB 3Hepreruyeckoro ¢pyHkiuonana. Haunnas csoe asuxenue u3 cocrosinus S(0), cetb Xonduiaa
“cBanuBaeTcs’ B ONMKAUIINIA JTOKaTbHBIH MUHUMYM Yepe3 HEKOTOPOe YUCIIO BpeMEHHbIX TakToB. Ha pu-
cyHKe 4.3 naHa WUTIOCTpaIUs 3TOr0 CBOMCTBA. B 1mensx ynpomieHust pa3inyHble BO3MOKHbBIE COCTOSHUS
CETH yKa3aHbl BA0Jb TOPU30HTAIILHOM OCH.

0O603HauuM S(0) COCTOSTHUE YCTOWYMBOrO paBHOBECHs ceTH Xomnduiaa, a h(oo) — COOTBETCTBY-

IOUIMH BEKTOP MOTEHLMAIOB HelpoHOB. CoryiacHo BbIpaxeHuto (4.3) h Z ; J i=LN.

DT0 MO3BOJISET 3aMKMCaTh BhIpaXKEHHE ISl SHEPreTHYeckoro (hyHKIMOHAa B cliefyromei popme:

E (o)== wys, (), (w):_ghisi (). (@.10)
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Pucynok 4.3 — Dueprus cetu Xonduiga
B cocrosiHMM yCTONYMBOIO paBHOBECUS 3HAK hi(oo) COIIACHO ypaBHEHUsIM JuHamuku (4.2) coBna-

JIaeT €O 3HAKOM S,(0), | =1 N, um hi(oo) = (0. B nmpotuBHOM citydae HaOIIOIATHCh ObI U3MEHEHUS CO-

CTOsIHMIT HEHPOHOB U pexuM He ObLT Obl yeTaHoBuBIIMMES. CrieoatensHo, 1is Beex | =1, N npousse-
nenus  h (oo) S, (oo) >0. Ilpumenenue storo HepaBeHcTBa K (4.10) MO3BOJAET 3aKJIIOYUTh, YTO
E (oo) <0.

AHanmm3 yCTOMUMBBIX COCTOSIHUI ceTn Xomnduiia HauHEM ¢ YacTHOTO ciydvasi, korma P =1, 1. e. B

1
CeTH XPAHMTCSl CAMHCTBEHHBIM 00pa3 X . B aToM ciydae cripaBeiMBO CIICAYIOIICE BhIPAXKEHUE JUIS CH-
HaINTUYECKUX KOA(DPHUITUEHTOB:

0i=j,
W, = _ (4.11)
"k, i = k>0
1 ~ v ~
HpOBepI/IM, SABIISETCS JIU X YCTOMYHUBBIM COCTOAHUEM HCUPOHHOU CCTH. HpeI[HOJ’IO)KHM, 4To B pe-
1

3yJIbTATC 3BOJJIOLIMH CETh M3 HEKOTOPOI'0 HAYaJIbHOTO COCTOSIHUA IIpUIIJIa B COCTOSIHHME X B MOMEHT BpE-
1
MCHHU t, T. €. S(t) =X . Torma ee cocTossHUE Ha CICAYIOIIEM TAKTEC ONIPEACIIACTCA BhIPAKCHUCM!

sgnh,(t),h (t) =0;
s (t+1)= 412

(h()=0, i=1

i#] i#] i#]

N,
N N 2 N
e ()= S, () =k 05, (40,1 () <[ T N

2
2 : 1
3aMCTI/IM, YTO B CBS3U C ITOJTOKHUTCIIBHOCTHIO 3HAUYCHUA k (Xj ) B IMOJTYYCHHOM BBIPpAKCHHUU
=
i#]

s h.(t) srax h.(t) (mpn h (t) # 0) onpenensiercs 3HakOM X? :



B oboux ciy4asx cormacHo Bepaxenuio (4.12) S, (t +1) =S (t) =X, i=1 N. Takum oGpa-

1
1
30M, COCTOSIHHEC S(t) = X" He U3MEHIETCA Ha CIICOYIOEM TAaKTC BPEMEHU U SABJIACTCA, CJICAOBATCIIBHO,

ATTPAKTOPOM CCTH.
Ananuz IMOKAa3bIBaACT, YTO aTTPAKTOPOM paCCManHBaCMOﬁ CCTH IIpHU P =1 gasngerca u HHBCPCHOC

1
cocrosinue (— X ). CTyaeHTaM npeajiaraeTcsi CaMoCTOATENbHO J0Ka3aTh 3TO YTBEPKACHUE.

p

Paccmarpuaemomy B cetn Xondunga ounonasipHomy (3HaueHus +1 u —1) BEKTOpy IPU3HAKOB X ,

PaBHO KaK M OUIIOJIIPHOMY BEKTOPY COCTOSIHHI HEHpOHOB S(t) MOXKHO NaTh MPOCTYIO rpaduuecKyro UH-
TepIpeTanuio (CM. pUCYHOK 4.4). PaccMaTpuBaeTCs MPSMOYrONbHUK, coxgeprkammii N = n, X n, 4epHo-

OenpIx KiIeTok. Kaxkmas KieTka MmocTaBleHa B COOTBETCTBHE ONPEICICHHON KOOpAHMHATE BEKTOpa IMpHU-
3HAaKOB WM HeWpoHy cetu Xondunna. Knerka 3auepHeHa, eciid COOTBETCTBYIOIIEE 3HAUEHUE KOOpAUHA-
TBHI BEKTOpa paBHO |, u octaercs 0enoil B mpoTuBHOM ciyyae (3HaueHue —1). B Takoii rpaduueckoii nH-
TepIpeTalu JOKa3aHHOE BbILIE CBOWCTBO ceTH XoIm(puijia MOKeT ObITh COPMYIHPOBAHO CIIEAYIOLIMM
00pa3oM: eclli CeTh PACCUUTaHa HAa XpaHEHUE OAHOro o0pasa (M300pakeHHs), TO 3TOT 00pa3 U ero Hera-
THUB SIBJIIOTCS aTTPAKTOPAMU CETH.

A

- n, >

Pucynok 4.4 — I'paduueckast uHTEpHpeTanus BEKTOpa COCTOSIHUM HEHPOHOB

ATTpakTOp AMHAMHUYECKON CHCTEMbI 00jalaeT TEM CBOMCTBOM, YTO K 3TOMY COCTOSIHHUIO CETh
“cBasIMBaeTCA’, €CIIM HAXOJUTCSI B HEKOTOPOH €ro OKpecTHOCTU. OLIEHUM IIMPUHY 3TOM OKPECTHOCTH AJIS
paccmaTpuBaemoro ciydas P = 1. JlomycTum, uTo B MOMEHT BpeMmenHu t coctostHue cetu S(t) He mosiHo-

1

CTBIO COBINAZACT C aTTPAKTOPOM X . Hpe,[[HOJ'IO)KI/IM I OMIPEACIICHHOCTH, YTO pa3JIMdInue UMECT MCCTO JIA

M KoopAUHAT BeKTOpOB S(t) 1 X :

1
=X, 1=1, m,
s()=9 (4.13)
xi,i=m+1N
Paccuutaem B aTOM citydae cocrosnue cetn S (t + 1), i =1 N . Jlns sroro ciemyer oneHUTH 3Ha-

yenne norenmmana h.(t), iI=1N :

h(t)=k , xilx}sj(t):k —Zm:xil(x})2+ ZN: xil(x})2
j=1 j=1 j=m+1
i#] i#] i#]

=k [-My; + M, ], (4.14)



1 1) 11\ .
rae M, = E XX ) M, = E X; | Xj) -3amerum, 4T0 B 3aBUCHMOCTH OT 3HaueHUs HHAeKca i M,

i= j=m+1

i] i)

MOXKET IPUHAMATh 3HaYeHus (M — 1) wm m, a M, — (N —m) ma (N —m — 1) coorBercTBeHHO. B 0601X

1
caydasx —M; +M,, 2N —2m—1. Tlycrs uncno pasmuumii Bekropo S(f) M X TaKoBo, 4TO

N —2m-1>0. Tornra —M;; + M,; >0 u B coorsercTBuH ¢ BEIpakenuem (4.14) 3nax h.(t) onpenens-

eTCsl 3HAKOM Xil. Cnenosarensho, ans mo6oro |1 =1, N, na Takre (t + 1) ycraHoBuTcs 3HaueHHe
s (t+1)=sgnh (t)=x.

3OT0 03HauaeT, 4To 3a N TaKTOB JMCKPETHOTO BPEMEHH BCE HEHPOHBI TapaHTUPOBAHHO OyAyT MpH-

1 -
BEJECHBI K COCTOSHUAM X;, | = 1, N . Takum o6pazom, naxke npu 50% pasIuuuu BXOJHOTO o0pas3a ceTn

1
(coctostus S(0)) OT XpaHUMOTO B ceTH o0Opa3a X (YUCIIO pa3iuyuuii M JOKHO YAOBIETBOPSTH HEPABEH-
ctBy M < (N —1)/2) ceTh 1aeT NpaBHIbHYIO aCCOIUAIIMIO.

[lepeiinem k paccMoTpenuto obero ciaydas P > 1. 3adbukcupyem oauH u3 o6pazos Xp, p=1P

A A
, HA OCHOBAaHHU KOTOPbIX KOHCTPYUPYCTCA CCTh, 0003HAYMUB €ro X . HpOBCpI/IM, SABJIACTCA JIM X aTTPAKTO-

POM CCTH. Ananuz 6yz[eM IMpOBOAUTH 110 TOH Ke CXEME, YTO NPHUMCHAIACH B ClIy4ac P=1. I[OHYCTI/IM,

»
YTO Ha BPEMEHHOM TakTe t ycranoBmiioch 3HadeHue S(t) = X , u paccunrtaem 3Hauenue S(t + 1). Pacuer s(t
+ 1) mpeamonaraet HEOOXOJMMOCTh BBIYMCIICHHSI BEKTOpA MOTECHIMAI0B HelpoHoB h(t):

N P N
h(t)=D ws;(t)=k> > xPxPxt i=LN. (4.15)
j=1 p=1 j=1
i#]

B Bripaxenuu (4.15) BbIAEINM U3 CyMMBI 110 UHIEKCY P OJTHO ClIaraeMoe, JiJisi KOTOpOro P = A:

h(t)=k ixf(xf)2+zp“ixipxjp - :k’(xf+ri), i=1N, (4.16)
= o=
iJ;tj :;t}p iJ;tj
rne k' =k (N-1) >0,
=Y Y ke (4.17)
i_N—1|o=1j=1i e |
p#A i#]

»
U3 Beipaxenns (4.16) cnenyer, uto 3uak h.(t) onpenenstercs cymmoit Xi’1 + I;. Ecnn o6pasel X 1,

X?, p#A, p=1P ,uexoppempoans! (OpTOroHaIBHEI), T. €.

N

D xPxt =0, (4.18)

j=1
TO cOraacHo (4.17) r, 6au3Ko K HyJItO (OTIMYKE OT HyJIsi MOXKET ObITh CBSI3aHO JHIIb C UCKIIOYCHHCM H3
CYMMBI 110 MHAEKCY | B (4.17) cnaraemoro, ayist KOToporo i # j). Takum o0pasom, B 3TOM Cilydae WwieH I, B
(4.16) B mopassioLIeM OONBLUIMHCTBE CIly4aecs He BIMsCT Ha 3HaK . (t) 1 MOXKHO CUMTATD, YTO 3HAKH Xii

3 »
u h.(t) coBnanaror. Cnenosarensto, S(t + 1) He Oyaer otnuyarsest ot S() = X, T. €. X SBISETCS aTTPAKTO-

POM CCTH.



Paccmorpum Teneps oOmuii cirydai, Koria CBOMCTBO OPTOTOHATBLHOCTH (4.18) HEe BBIMOTHSACTCS.
B sTOM Cily4ae yMeCTEH CTaTHCTUYCCKHI aHAIN3 3HA4YCHNU .. B CBA3M ¢ npe/monaraeMbpiM pa3HooOpasu-

€M TIPEIbSBICHHBIX Il 00yYeHUs ceTH o0pa3oB X", p= 1, P, MOXHO 10IyCTHTB, 4TO OTAEIBHBIE

2 . .
ciaraemble XipijXi B BhIpakeHNH (4.17) U1 I, IPEACTaBIAIOT CO00i HE3aBUCHMBIC CIIyYailHbIC BEIH-

YUHBI C PABHOBO3MOXKHBIMU 3HaueHUsiMU +1 u —1. DTO 03HAYaeT, 4TO MaTEMaTHYECKOE OKUIAHUE KaXK-
JIOTO CJIaraeMoro paBHO HYJIIO, a JUCIEPCHS paBHA eIUHHUIIC. V3 EHTpUPOBAHHOCTH KaXKJIOTO ClIaraeéMo-
r0 B BBIPOKCHHH UL I, CIHEIyeT, 4TO U cilyyaiiHasi BeTMYMHA I B LEIOM SBIISCTCS LIEHTPUPOBAHHOM.

ILI/ICHepCI/IH ri BBIYUCIIACTCA C IMMPUMCHCHUCM CBOMCTBA HE3aBHCHMOCTH OTACIBHBIX Cllara€MbIX, MMCIO-

LIUX JIMCIIEPCUI0, PABHYIO €IUHUIIE:

P-1
D(r‘):N——l' (4.19)

Jiia 6onpimx 3Hadenuit P 1 N MOXKHO HamucaTh clieAyroliee NpruOInKeHHOE BhIpaXKeHHE:

P
D(r)=—. (4.20)
N
Hosmy4eHHbIC CTATUCTUYECKUE XAPAKTCPUCTUKH BEIMYUHBI I, MO3BOIIOT IIOCTPOHUTH ISl HEE JI0-
. P
BEPUTEJILHBIN HHTEPBAJ [—2.50[ri];+2.50 [I’I]], rae G[rl] = W CormacHo BeIpakeHuro (4.16)

A
sHak h.(t) ¢ BBICOKMM ypOBHEM HAJEKHOCTH HE OyAET OTIMYATBCA OT X[ , €Ciu abCONIOTHOE 3HAYeHNE I,
HC MPEBOCXOIUT €AWMHUIEBI, T. €. 'PAaHUIBI JOBECPUTCIBHOTIO MHTCPBAJIA JIA ri YAOBJICTBOPAIOT HEPABCH-

CTBY:

250[r]=25]+ <1.
N

OTCIOI[a CHeI[yeT, YTO AOJJKHO BBIITOJIHATBHCA HepaBeHCTBOZ
P < 0.16N. (4.21)

3
Boinonnenue ycious (4.21) obecrieunBaeT BBICOKYIO BEPOSATHOCTh TOTO, UTO 00pa3 X , JOCTHUT-

A

HYTBIH B CETH Ha TakTe t, He M3MEHHUTCS Ha CIeAyIoIIeM TakTe auckperHoctu: S(t + 1) = x . MHaye roBo-
A

psi, B 9TOM cily4yae X SIBJISIETCSI OJTHUM U3 aTTPAKTOPOB ceTH Xom(uiaa Win “3alOMHEHHBIM” CEThIO 00-

pasoM. HepaBeHcTBO (4.21) MOXKHO Tak)ke MHTEPIIPETUPOBATh KakK CleAyIollee YTBepXKIEeHHE: YUCIO0 00-
Pa3oB, KOTOPBIE MOXKET 3aMIOMHUTH CETh XOM(PHIIA, 3aBUCUT OT YUCIIa COJIEPKAIIUXCS B HEW HEUPOHOB U
coctasinsieT okoso 0.16 N. Ecnu o6pa3sl, ucnosnb3yemMsle st 00yueHHs CETH, CHIIBHO KOPPEJINPOBaHHI,
TO YUCJIO YCTOMYMBBIX COCTOSIHUHM (MJIM 3allOMHEHHBIX 00pa3oB) Oyzaet Hmke (.16 N. B atom ciydae
BIIOJIHE BO3MOXKHO, YTO HECKOJIBKO pa3HbIX 00pa30B oOyuaromiel BEIOOPKU CXOAATCS K OJHOMY U TOMY
xe arTpakTopy. CaMmu e aTTpakTOpbl MOTYT HE COBIAAATh C MPEIbSIBICHHBIMU CETH 00pa3aMHu.
PaccmoTpenHble Bblle cBoicTBa ceTH Xomnduiga NO3BOISAIOT Pa3/ieIuTh MHOXKECTBO aTTPaKToO-
poB Jt000i1 cetn Ha Tpu rpynmnsl. K nepBoil rpymine oTHECEM Te€ aTTPakTOPhl, KOTOPBIE «IPUTATHBAIOT
o0pa3bl o0yyaromieil BeIOOpKU. VIMeHHO Gnarofapsi 3TUM aTTpakTopaMm ceTh Xomnduina sBseTcs acco-
MATUBHOM MaMAThI0. BTOpylo rpymnmy arrpaktopoB oOpa3yroT “HeraTuBbl” (WM ‘“‘3epKalibHble O0TOOpa-
KEHMS) aTTPaKTOPOB NEPBOM IpyMNIbl. B TpeTpio rpyIiy BKIIOUEHBI aTTPaKTOPbl, KOTOPbIE HE COOTBET-

CTBYIOT HU OJHOMY HpuMepy oOyuaromeii BeiGopkn X, P=1P .Drtu arrpakropsl Ha3BIBAIOT “IOK-

HOM MaMATHIO” (Spurious memory).

[Ipu ucnonp3oBanuy cetu Xomnduiaa Kak acCOIMAaTUBHON MaMSTH aTTPAKTOPBI TPEThEH TPYIIIBI
MPEJCTABISAIOT CO0O0M HEKENaTeIbHbIC COCTOSHUS, KOTOPBIE CIIEAYET MOJAaBUTh. B TO ke BpeMsi HEKOTO-
PbIC AaBTOPEI CKIIOHHBI paCCMAaTpUBATh 3TU aATTPAKTOPBI KaK Cr€HECPHUPOBAHHBIC CETHIO HOBBLIC 06pa31;1, aK-
IIEHTUPYsI BHUMaHUE Ha “TBOPYECKOM Hayvaje”, JIeMOHCTpUpPYeMoM ceThio [11].



IIpumenenue cetu Xonduaaa AJas KJIACTEPU3AUNH TAHHBIX

JlonmycTuM, 4TO UMEETCs MpPEeACTaBUTeNIbHAS BHIOOPKA JaHHBIX, KOTOPBIE JOJDKHBI OBITH pa3ziene-
HbI Ha TPYMIIBI (KJIACChl) B COOTBETCTBUU C MPUHIIUIIOM MOXO0KECTU BHYTPH IPYIIBI U Pa3Iuuusl TPYMIL.
[Tpenmnonoxum Takxke, 4To anpuopHas HHPOPMAIUA 0 KOJIUYECTBE TPYII U UX OTIMYUTENbHBIX PU3HA-
Kax oTcyTcTByeT. [Ipouenypa rpynnupoBaHusi JaHHBIX MHAUe Has3bIBaeTCs kiactepusanueil. Mmeercs
MHOYECTBO PA3MUYHBIX (POPMAIM30BAHHBIX MMOCTAHOBOK 3a/ay KJacTepu3aluu. B HUX mpeanararorcs
KpUTEPUU KaueCTBa PEIICHUS] U Pa3IMYHbIE BHIUUCIUTENbHBIEC IPOLIETYPHI U JOCTUKEHUS LIEIH.

3amaua KiIacTepu3alui MOXKET OBITh pelleHa U ¢ momoluipio cetu Xondunaa. IloctaBum B cooT-
BETCTBUE IPYyIIE JaHHBIX OJUH aTTpakTop ceTu Xomnduiaaa. ITOT aTTPaKTOP MOXKET paccMaTpUBATHCA
KaK ATaJOHHBIA IPEICTaBUTENb TPYIIBI, WM HPOTOTHI Tpynnbl. Cienyer OTMETUTh, YTO MPOTOTHII
TPYIIITBI MOKET HE COIEPKAThCS B 00y4JaroIieil BEIOOpKe — “JIoXKHAs maMaTh”. YHUCII0 aTTpakTOpPOB B ce-
i Xomnduiana B TaKOH MOCTAHOBKE 33Jjaud KJAcTEPU3alUU MPEICTABIsAET co00il uncio chopMUpoOBaH-
HBIX CEThIO TPYIIIL.

W3BecTeH anropuT™, KOTOPBIA MPUBOJUT K PELICHUIO 3a/1a4M KJIACTEPU3AIUK C TIOMOIIBIO CETH
Xondunga. ITOT aITOPUTM SIBISIETCS MHOTOIIAOBBIM M, KaK YCTAHOBJIEHO 3KCIEPUMEHTAIBHO, OBICTPO
cxonutcs. Ha mepBom miare mo J1aHHBIM 00y4aromieil BEIOOPKH pacCUMTHIBAETCS ceTh XOM(Hiaa U aHa-
JTU3UPYIOTCS ee arTpakTophl. Ilonck Bcex aTTpakTOpOB OCYLIECTBIIAETCA IyTEM I'eHepaluu ClIydailHbIX
00pa3oB 1 UCHOJIH30BAHUS WX B KaUECTBE HAUYAIBHOTO BO30YKJICHHS MOCTpOeHHOU ceTH. [Ipu 3ToM ¢uk-
CUPYIOTCSI BCE YCTOMUYMBBIE COCTOSHUS CeTH. MOXKET 0KazaTbCs, YTO HEKOTOPHIE aTTPAKTOPhbl HE MPUTSI-
TMBAIOT HU OJHOTO MPHUMEpa U3 3a/laHHON 00y4Jaroniei BEIOOPKH M TOSTOMY HE MOTYT pacCMaTpUBAThCS
KaK MPOTOTHUIIBI PEASIbHBIX TPYIIN JaHHBIX. DTH aTTPAKTOPhI (PaKTUYECKU 0003HAYAIOT MYCThIE KIACTEPHI.

Crnenyronuii mar mporeaypsl KJIacTepU3aIi COCTOUT B T0OABICHUHU K 00yJaroIiel BHIOOPKE aT-
TPaKTOPOB, COOTBETCTBYIOLIUX IMYCThIM KilaccaM. OCHOBaHUEM i TaKOTO PACIIMPEHHs] PUMEPOB IS
00y4YeHHs SBISIETCS MPEINOJI0KEHHE, YTO 00ydJaronias BHIOOpKAa HEAOCTATOUYHO MPEICTABUTEIbHA U TIO-
Jy4yeHHBIE B CETH aTTPAKTOPbl MOTYT OBITh pealbHBIMU JTAHHBIMU, KOTOpPbIE MpPEXKAe HE HAOIIOATHCh.
[Tocne pacmmpenus oOydvaromieil BHIOOPKH BCE JACHCTBHS MO pacdeTy ceTu Xonduiga U MOUCKY aTTpak-
TOPOB MOBTOPAIOTCS. Kak mpaBuiio, YUCIIO aTTPAKTOPOB COKpAIIAeTCA. Y MEHBIIACTCS U YHUCIIO MYyCThIX
KJIaCTEPOB.

[Ipouenypa pacuiupenust o0ydaronux IpUMEpOB 3a CYET aTTPAKTOPOB IYCTHIX KJIACTEPOB MOBTO-
psieTcs 10 TeX Mop, OKa B CeTH He OyJIeT MyCThIX KJIAcTepoB. YHCIIO MAaroB Mporeaypsl 3aBUCUT OT YHC-
J1a HEMPOHOB B CETH U (PAKTHUECKOMN CTPYNITMPOBAHHOCTH SKCIIEPUMEHTANIBHBIX JAHHBIX.

HoBrle o0yyarommue nmpuMepbl, CreHepHUPOBAHHBIE B TIPOIIECCE KIaCTEPU3alni, OOBIYHO BIMBAIOT-
Csl B IPYMIIbL, COJIeprKalliie NpuMepsl o0yuaromieid BBIOOpKU. B 3ToM citydae OHM MOTYT TPaKTOBaThCs Kak
BO3MOJKHBIE 00pa3bl TPyNIbl. B TO jxe Bpems JomycTUMa CUTYaIHsl, KOT/Ia KJIacTep IMOJHOCTBI0 COCTOUT
U3 100aBICHHBIX MpUMepoB. Takol KilacTep MOXKET paccMaTpUBATBHCS Kak IpeJiCKa3aHue HOBOM BO3-
MO>KHOU KaTeTOpUH JTaHHBIX.

IIpumenenne cern Xonpuiaaa i KIacCHPUKANHUN 00bEKTOB 10 33JaHHOMY BEKTOPY NIpH-
3HAKOB

Jlnist mocTpoeHust KiaccupuKaTopa JaHHBIX, KOTOPBIH HAacTpauBaeTcs Mo MpuMepam, He0oOXOAUMO
MCTIOJIF30BaTh MHPOPMALIUIO O KJIacce MPUHAMICKHOCTH KaXKIOTO M3 MPUMEPOB 00ydaromeil BEIOOPKH.
Taxkum 06pa3zom, MOJIHOE MHOKECTBO 0OYUAIOIIMX TPUMEPOB MOXKET OBbITh NMPEICTaBIEHO 00beANHEHNEM
MOJIMHOXECTB, KKI0E U3 KOTOPBHIX COJEPKHUT MPUMEPHI OJHOTO Kiacca. [lycTh, HampuMep, pemaeTcs
3aJjaua pacro3HaBaHUs OyKBBI pycCKOTo ajihaBuTa MO YepHO—OEIOMY H300paKEHUIO Ha MPSIMOYTOJIbHOMN
cerke. OIMH KJIACC B ATOM INPHMEPE BKIIOYAET B ce0sl pa3InYHbIe HAuepPTaHUS ONpPEesICHHONH OyKBHI, a
o0I111ee YMCIIo KJIacCoB paBHO 32.

CBsDKEM C KaXIbIM KJIACCOM OTAENBHYIO ceTh Xondmiaa, CHHanTHIecKue K03 puimueHTsr KoTo-
POH pacCUMTHIBAIOTCS TOJIBKO MO TEM OOyYaloLIMM IpUMepaM, KOTOpbIe MPUHAIEKAT pacCMaTpUBaeMO-
My Kiaccy. Pa3nbie arTpakTopsl cetu Xonduiia, HACTPOEHHOM Ha OJIMH KJIacC, COOTBETCTBYIOT pasziiny-
HBIM MOJU(HUKAIMAM 00BEKTOB KJlacca (HalmpuMep, pa3IMyHbIM THIIAM HauepTaHUs OJHOHM U TOH ke Oyk-
BBI B 33J1au€ paclo3HaBaHUsI PyCCKUX OYKB).

Jlnst onpenieneHust Kjacca MpUHAATISKHOCTH HEKOTOPOro 00bEKTa, KOTOPBI HEe BXOAMI B COCTaB
oOyuJaroreii BEIOOPKH, BEKTOp €ro MPU3HAKOB MPEIBSBISETCS BCEM CETsAM KiaccoB. Kakmas ceTb mon
BO3/ICWCTBUEM 3TOTO HAYaJIbHOTO BO30YKICHHUS SBOJIIOLIMOHUPYET K OJHOMY M3 CBOUX aTTPakTopoB. Jla-
Jiee OIIEHWBAIOTCSI CPEIHEKBAPATHUECKUE PACCTOSHHS OT BEKTOpa MPU3HAKOB 00BEKTa J0 aTTPaKTOPOB



pa3HbIX Kiaccos. «lloGexmaer» TOT Kiace, AJii KOTOPOTO pacCTOSHHUE 0Ka3aloch MUHUMaIbHBIM. BMecTo
PacCTOSIHUSL MOKHO HCIIOJIb30BaTh BPEMs MEPEXOTHOIO IMpolecca OT HaYaIbHOTO BO30YXKICHUS O JI0-
CTHKEHUS CEThIO aTTPAKTOpa.

OnwucanHbIi cr1ocod K1accUpUKAIMK TPUBJIEKAaTeNeH Onarofapsi CBOe HarIsIIHOCTH U MPOCTOTE
Moaudukanuu kinaccudukaropa rnpH 100aBIeHUN HOBBIX 00YYaIOIIUX IPUMEPOB.

ITocenoBaTe/IbHOCTH BHINOJTHEHHS PA0OTHI

Jlannble a1 paboOThI CETH MPEACTABIAIOT c000il HabOp OUIONAPHBIX BEKTOPOB (3JIEMEHTHI BEKTO-
pa MOTYT UMETh OJTHO M3 JIBYX BO3MOXHBIX 3HaueHUi: {—1; +1}) onnHakoBoil 3amanHoN uHBI N, KOTO-
pble B HCHOJIb3yeMOW Ha JabOpaTOpHOM 3aHSATHH IMPOrpaMMe AJis yI00CTBAa 3pUTENBHOIO BOCIPHUATHS
BU3YaIM3UPYIOTCS B BU/E NPMOYTOJIbHON MATPHLIBI € 3a/[aHHBIM YHCIOM CTPOK N, 1 cTon6uos n, (NN, =

N). DnemeHTam BeKTOpa, paBHBIM —1, CTABUTCS B COOTBETCTBUE Oemasi KJETKa, paBHbIM +1 — depHas
(pucynox 4.5). {ns co3nanusi 1 peIaKTUPOBAHUS TOI00HBIX HAOOPOB 00pPa30B B MPOTpaMMHOM obecrie-
YEHUU JIAOOPATOPHOTO 3aHATHS MPETyCMOTPEH rpaduyecKkuii peakTop, KOTOPBIA COXpaHsIeT BEKTOpa U
napameTpsl N, ¥ N, B TKCTOBBIX (haiinax crenuanbHoro popmara ¢ pacumpenueM pat. Illonpobree o mpo-

rpaMMe CMOTpUTE B I1. «OnucaHne NpOrpaMMHOI0 00ECTIEUEHUS.

Pucynok 4.5 — I'paduueckas untepnpetanus oopaza. Bekrop u3 88
3JIEMEHTOB MPECTaBJICH B BUe MaTpullsl ¢ 11 ctpokamu u 8 cronbuamu

Kaxnomy 13 ueTblpex yKa3aHHBIX BbIIIE acleKTOB Mojenu Xomnduiaa B JlaboparopHoi padorte
MOCBAIICHO SKCIIEPUMEHTAILHOE UCCIIeIOBaHNEe. PaccMOTpHM coJiepyKaHUe ITHX SKCIIEPUMEHTOB.

JkcnepuMeHT «J/lnHamukay. [lenpro sKciepuMeHTa SBIISIETCS ONpe/ieieHue CpeaHel UInTelNb-
HOCTH IIpOIlecca SBOJIIONUU CeTH XOom(puina K YCTOWYMBOMY COCTOSHUIO, JJIUTEIFHOCTH MEPEXOTHOTO
npolecca B 3aBUCUMOCTH OT 4HCia pPa3Iuuuii BXOJa CETU U YCTOHYMBOIO COCTOSIHUS, IPOBEPKA CBOMCTB
SHEPreTUIECKOro (pyHKIMOHAIA.

Ha BXoJ ceTu B KauecTBe HaYaJIbHOTO COCTOSIHUS HEHPOHOB MOJaeTcss HeKOoTophlit 00pa3. Ilocne
ATOTO 3amycKaeTcsi ((yHKIIMOHUPOBAHUE CETH B COOTBETCTBUU C YPABHEHUSIMH TUHAMUKH MOJIENH XOII-
¢unga (B acHHXpOHHOM pexume). [Ipu 3ToM 3a oJIMH TakT (LUKI) nociedoéamenbHo B CIlydaitHOM TO-
psi/IKe BBIYUCIISIETCS HOBOE cocTosiHMe Kaxkaoro u3 N HeiipoHoB cetu. Ilopsimox oOpaboTKM HEHpOHOB
BbIOMpAETCs Mepesl KaKABIM TAKTOM C TIOMOIIbIO T€HEepaTopa CIIy4ailHbIX YHCEI 10 PABHOMEPHOMY 3aKO-
Hy. [Tocne Kax10ro TakTa BBIMOIHAETCS MPOBEPKA UACHTUYHOCTH JOCTUTHYTOTO COCTOSIHUSI CETH COCTO-
SIHUIO CETH IOCIIe MpeapbLtyniero Takra. Koraa sta npoBepka ycTaHaBIUBaeT (PakT JOCTHXKEHUS YCTONYH-
BOTO COCTOSIHHS, JMHAMUYECKUH MPOIIECC OCTAHABIMBACTCSI.

DOBOJIOLUS CETH COMPOBOXKIACTCSA U3MEHEHHEM SHEpreTndeckoro GyHkIuoHana. Tekyuiee 3Haue-
HUE SHEPTHH BBIYMCIISCTCS TSl HAYaJIbHOTO COCTOSIHUS CETH U Jlajiee TIepECUUTHIBAETCS Mociie 00paboTKu
Kaxa0ro HelipoHa. I[lo pe3ynpTaTaM BBIYMCICHUN aBTOMATUYECKH CTPOUTCA TpapuK 3aBUCUMOCTHU 3HEp-
THH CETH OT BPEMEHHU aCHHXPOHHOTO ()yHKIIMOHUPOBAHUSI.

JKCNePUMEHT «ATTPAKTOPLI». B 1aHHOM HccneoBaHuM TpeOyeTcst HalTH yCTOHYMBBIE COCTO-
STHUS CeTH XOMm(puiaa, onpeeInTh UX KOJIUYECTBO, TUI (MCTUHHAS/JIOKHAs TIaMsITh), pa3Mep OacceifHa.

Yucno Bcex BO3MOXKHBIX COCTOSIHMN ceTn Xomnduiaa, cogepxarieid N HelipoHoB, paBHO 2 . Heko-
TOpbIE U3 HUX SABIISIOTCS YCTOMYMBBIMH, IPUYEM MHOKECTBO aTTPAKTOPOB MOTYT COCTABIIATH KakK Te 00-
pa3bl, IO KOTOPBIM pacCYMTaHa CHHANTHUYECKas MaTpHIla CETH, TaK MU JApyrue cocrtosHus. Kaxapii ar-
TPAKTOP XapaKTepU3yeTCs pasmepom baccetina. bacceiHOM aTTpakTopa Ha3bIBAETCSI MHOXKECTBO COCTOS-
HUH ceTH, TaKUX YTO MPH Moja4e JH000ro U3 3TUX COCTOSHUIN Ha BXOJ ceTH XOM(uiaa ceTb B pe3yibTare
JUHAMHAYECKOIO IPOIECCa CXOMUTCA K 3TOMY aTTpPakTOpy. Y3HAaTh TOYHOE YHMCIIO aTTPAKTOPOB CETH H
pasMepbl COOTBETCTBYIOIIUX 0AaCCEHHOB MOKHO TOJBKO MepedpaB MHOXKECTBO BCEX BO3MOXHBIX COCTOS-
HUM ceTH (IT0/1aBaTh KaXKJJ0€ B KAU€CTBE HAYaJIbHOTO COCTOSIHUS U (PUKCUPOBAThH aTTPAKTOP — JOCTUTHY-



TO€ KOHEUHOE COCTOsiHHE). Takoil MosHbINA mepedop moTpedoBan Obl CIWUIITKOM MHOTO BPEMEHU Ha BBI-
YHUCIICHUS.

B naGoparopHoM Hcciae10BaHUU HUCIIONIB3YETCS METO/ MOKMCKA aTTPAKTOPOB U OLIEHUBAHUS OTHO-
CUTEJBHOTO pa3Mmepa OacceifHOB, OCHOBAaHHBIA Ha CIy4yailiHOM moucke. BpiOupaercs 3ajaHHOE YHUCIIO
HAYaJIbHBIX COCTOSIHUU (CIy4yailHBIM 00pa3oM), U U3 KaKJOT0 U3 HUX OCYIIECTBIIAETCS pelaKcalus K aT-
Tpaktopy. I1o pe3yabpTatam ornpenensercss YUCiI0 pa3IuyHbIX HAWJICHHBIX aTTPAKTOPOB U OTHOCHUTEIHHOE
YHCIIO MOMAJaHuil B KaX/IbIil U3 aTTpakTOpoB (OT OOILIEro urcia HauyajlbHBIX COCTOSHUM), KOTOPOE SBJISA-
eTcs OLEHKOM OTHOCHUTEIIHOTO pa3Mepa OacceiiHa. ATTPaKTOPbI, XapaKTepHu3yroumecs OONbIINM 3Hade-
HUEM OTHOCUTEJBHOIO pa3Mepa bacceliHa, CYUTAIOTCs «00jiee MOIIHBIMIY IO CPABHEHUIO C aTTPAKTOpa-
MU, IMCIOIIIMMH MEHBIIHIA OacceiH («0oiiee ciadbiey).

N3BecTHO, 4TO 00BEM MaMATH ceTu Xonduiaa, B TOM YUCIIE JIOKHOM, 3aBUCUT OT TOr0, HACKOJb-
KO KOppEIHPOBaHbI 00pa3bl, 0 KOTOPHIM paccuuTaHa ceTb. [loaToMy s ynodcTBa ananusa pe3yabTaToB
MOKMCKA aTTPAKTOPOB aBTOMATUYECKU BBIYUCISAIOTCA KOAPIUIIUEHTHI KOPPEIIUuU 00pa3oB (Korjaa B ceTh
«3ammrcano» 0oJiee 0JHOTO 00pasa).

JKCIEePUMEHT «ACCOUMATHBHAA NMaMATbY. B gaHHOM skcniepuMeHnTte TpeOyeTcsl OnpeneanuThb
CpeAHUI YpOBEHb MUCKa)KEHUS 00paza, MoJAaBaeMoro Ha BXOJ CETH, AOMYCKAIOUIUI MpaBUILHOE BOCCTa-
HOBJICHHE UCXOAHOro oOpasza Ha Bbixoze. Ilon mckaxeHHeM MOHMMAeTCs WHBEPTHPOBAHHE 3JIEMEHTOB
BeKTOpa (3ameHa —1 Ha 1 win HaoOOPOT), MEPOIl MCKAKEHUS SABIISETCS paccTOssHUE XE€MMUHra (4ucio
OTJIMYAOIINXCS 3JIEMEHTOB B MCXOAHOM M HMCKa)XXEHHOM BeKTOpax). [IocKonbKy Al accolMaTUBHOTO
BOCCTAaHOBJICHHS PAa3HBIX BEKTOPOB, IO KOTOPHIM PacCYMTaHa CETh, IOMYCTUMBIH YPOBEHb IIyMa MOXKET
OBITh CYyIIECTBEHHO PA3JIMYHBIM, TPEOYETCS OMPEIeNIUTh CPEAHEe JOMYyCTUMOE HCKaXeHHe A oOpasa,
SIBJISIFOLIIETOCS MOIITHBIM aTTPAKTOPOM, U ISl o0pa3a — caaboro arTpakropa.

JkcnepuMeHT «PobacTHOCTBLY. TpeldyeTcst SKCepuMEHTAIBHO MPOBEPUTH CBOMCTBO POOACTHO-
CTH CETH U ONPEACTUTh MAKCUMAIbHBII YPOBEHb NUCKAXCHUS CHHANTHYECKOW MAaTPHUILBI (MaKCUMAIIbHYIO
aMIUIUTYAy LIyMa), JOMYCKAOLUI MPaBWIbHYIO paboTy accolMaTUBHON mamsaTH. [ onpeneneHHOCTH
M0JT IPAaBUJIBHOM pabOTON acCOIMATUBHOW MaMSTH B paMKaxX JaHHOTO AKCIIEPUMEHTa OyJeM IMOHHMATh
CIOCOOHOCTH CETH MPAaBUIBLHO BOCCTAHABIMBATH 3allMCAHHBIN 00pa3 ¢ mpubnusutensHo 50% uckakeHuin
OT HAWJIECHHOTO MaKCUMAJIBHO JIOITyCTUMOTO YPOBHSI B TIPEBIAYIIIEM YKCIIEPUMEHTE.

HckaxxeHne CMHANTHYECKONH MaTpPHIIBI CETH COCTOUT B JaHHOW paboTe BO BHECEHUU aJIUTHUBHOU
nomex# &;

W=W+¢g,
rae W — matpuna kosdduimenton cBszeit (pazmepHoctd N X N), &ij — YHCII0, PACTIPEICIICHHOE TI0 PaB-

HOMEpHOMY 3akoHy Ha otpeske [0, A], I, j=1, 2, ..., N. B TakoM cityuae ypoBeHb HCKaKCHHSI CHHAITHYE-
CKOW MaTpHIIbl XapaKTepu3yeTcs mapaMeTpoM A, KOTOpBIi fnanee B abopaTopHOil pabore OyaeM Hasbl-
BaTh amnaumyoou tryma. [Ipu Takux yCIOBHSX B pe3ysibraTe J00aBICHUS TOMEXH HAPYIIAeTCsS CHMMET-
PHYHOCTH CHHANTHYECKON MATPHLIbL, ¥ HE BbIOMHAETCs yenopue W, =0, 1= 1,2, ..., N (paBeHcTBO Hy-

JIFO DJIEMEHTOB MATPHIIBI CBS3EH 1O TIIaBHOW nuaronainu). [IporpamMHoe obecrieueHue mo3BOISIET UCKYC-
CTBEHHO MOJAJEP>KMUBAThH BHIMOIHEHHUE ITHX YCIOBUI OJJHOBPEMEHHO WJIH MO OTACIBHOCTH.

[TockobKY YpOBEHB aJIMTUBHON IMOMEXH 33JaeTCsl €€ aMIUIUTY/I0H, B IpOrpaMMe TPy BH3YaH-
3alMd UCKaXCHHs] CHHANTHYECKOW MaTpHUIlbl JJIsi OOIIHOCTH MaTpHIla XapaKTEepHU3yeTcs Tak ke, KaK W
IITyM, CBOMMH MHUHHMAJIHBIM ¥ MaKCUMAJIbHBIM 3JIeMeHTamMu. Pazymeercs, mpuBeneHHas Gopma 3a1aHus
[IyMa U YCJIOBHSI DKCIIEPUMEHTA SIBJISIFOTCSI OTHUMHU M3 BO3MOXKHBIX I HAOTIOACHUS TIPOSBICHUI CBOM-
CTBa pOOACTHOCTH.

BapuaHTbI HHAUBHAYAJIBHBIX 32IaHUH

NunuBuayanbHBIA BapraHT 3aJlaHUsl U CTAaHJAPTHBIN (aiin ¢ oOpa3amMu Al SKCIIEPUMEHTOB BBI-
JAr0TCS HETTOCPEICTBEHHO Ha JJa0OpaTOPHOM 3aHSTHH B COOTBETCTBUU C HOMEPOM BapHaHTa (Hampumep,
HOMEp B cIUcKe yueOHoi rpynmsl). CTaHIapTHOE MHOKECTBO 00pa30B MpeAHa3HAYEeHO JJISl UCIIOIb30Ba-
Hus B 1 - 3 . 3amanus (cm. nopsaook evinoanenus pabomot). JIns n. 4 3aganus TpeOyeTcsi C IOMOIIBIO
pemaKkTopa, BXOJAIIETO B COCTAaB MPOrPaMMHOTO OOecTeueHus JTabopaTOPHOTO 3aHATHS, CO3/1aTh HOBBIM
(aiin ¢ MHOXXeCTBOM 00pa30B, ONMMMCAHHBIM B MHIMBHIyaIbHOM 3a7aHuu. Hrke puBeieH mpuMep WHIH-
BUyallbHOTO BapUaHTA:



Coznath cetb Xondunna A KaKI0OU U3 4—X Tpynn 00pa3oB, BEITIOIHUTH TSI KAXKIOM CETH IKCIIEPUMEH-
ThI, YKa3aHHbIC B OMMCAHUH J1a00PaTOPHOM PabOThI (M. NOPSAOOK 8bINONIHEHUS PAOOMbL):

1. Ludpa «3»;

2. Hudpsr «1», «3», «4»;

3. Hudpst «1», «2» , «3», «d», «5», «6», «T», «8», «9»;

4. 10 uckaxeHHBIX BepCcHUid UPPHI «3».

Jlst cereit 1 — 3 ucnosib30BaTh CTaHAAPTHOE MHOYKECTBO 00Pa30B, sk 4—i CETH CO3/1aTh HOBOE MHOKE-
CTBO 00pa30B CaMOCTOSITEIBHO.

Ha pucynok 4.6 mokazaHo craHgapTHOE MHOKECTBO 0OpazoB JJisi 3TOTO BapuaHTa 3aJlaHus, Ha
puc. 7 — OJIUH U3 BO3MOXKHBIX TPIMEPOB MHOXKECTBA 00pa30B I 4-T0 IMMyHKTa 3aJaHUS.

Pucynok 4.6 — CtanapTHO€ MHOXECTBO 00pa30B, yIOMSIHYTOE B IPUBEICHHOM IIPUMEPE BapHUaHTa 3a-
JTaHUs

Pucynoxk 4.7 — 10 uckaxxeHHbIX Bepcuil Ludpsl «3», nonydeHHbIX B «PegakTope
00pa30B» ¢ NOMOIIBIO0 aBTOMAaTUYECKOT'O BHECEHUS MCKaKEHUH

ITopsinok BbINOJHEHHS PadOTHI

DKcriepuMeHTANIbHbIE UCCIIeI0BAaHUS BBIOIHSIIOTCS B CIEAYIOLIEH MOCIe10BaTeIbHOCTH:
1) Co3nate ceth Xonduuaa 1y OIHOTO €TUHCTBEHHOI0 00pa3a, yKa3aHHOTO B 1—M M. HHAMBHyaIbHOTO
BapHaHTA.
1.1) IIpoBectu nccneroBaHNe TMHAMUKN PACCUUTAHHON CETH, SKCIIEPUMEHTAIBHO ONPEIEIINTS!
¢ ABJICTCA JIN yCTOfI‘—IHBBIM COCTOSTHHMEM 3aIllMCaHHBII B CEThb 06p33 (,JIJ'IH 9TOI'0 IMoaaTh Ha BXOJ CETHU B
Ka4yecTBE HaYaJIbHOTO COCTOSIHUS 3alMCaHHBI 00pa3 U CpaBHUTh HauyaJbHOE U KOHEYHOE COCTOSIHUE Ce-
TH);
* 33 CKOJIbKO TaKTOB B CPEJHEM CETh OT CIy4allHOIO HadyaJIbHOT'O COCTOSIHUS CXOJUTCS K yCTOHYHMBOMY
COCTOSIHUIO (TIPOBECTH 5 — 7 SKCIIEPUMEHTOB).




1.2) IIpoBecTn uccieq0BaHNE aTTPAKTOPOB CETH, IKCIIEPUMEHTAILHO OLICHUTD:

* KOJIMYECTBO U THUI (MCTUHHAS/JIOKHAS TaMATh) YCTOMYMBBIX COCTOSIHUN CEeTH;

* OTHOCHUTEJIBHBIA pa3Mep 0acCEeHOB aTTPAKTOPOB.

KonnyecTBO HadanbHBIX CIy4YalHBIX CTUMYJIOB, MOAABAEMBIX HA BXOJl CETH INPH MOHMCKE aTTPaKTOPOB,
B3sTh paBHbIM 1500 — 2000.

1.3) UccnenoBaTh CBOMCTBO CETH — aCCOLMATUBHYIO MMAMSTh, SKCIIEPUMEHTAIBHO ONPEEIINTh!

* MaKCHUMAaJIbHBII YPOBEHb MCKa)XKEHUS 3allCAHHOTO B CeTh 00pa3a, JIOMyCKaIOUINil MpaBUILHOE pacro-
3HABAHME ITOTO 00pa3a CeThio (paccTosiHME XAOMMUHTA MKy UCXOIHBIM M UCKaKCHHBIM 00pa3aMu) Ha
OCHOBAaHMH 5 — 7 3KCIEPUMEHTOB.

1.4) UccnenoBath poOacTHOCTh CETH, SKCIIEPUMEHTAILHO ONPEICIIUTh:

* MAaKCUMAJIbHYIO aMIUTMTYAY aJIUTUBHON MOMEXHU, BHOCUMOI B CHHANTHUYECKYIO MaTpHILy, JAOMYyCKaro-
IIyI0 IPaBWIbHYIO paOOTy CETH B KayeCTBE aCCOIMATHBHOM MaMATH. YPOBEHb MCKaXEHUs o0pa3a moj-
JIEPKUBACTCS MPU ATOM MOCTOSHHBIM U PaBHBIM MpHOIN3UTENbHO 50% OT MakCUMaabHO JOITYCTHMOTIO,
MoJTy4yeHHOro B 11. 1.3. (acconmaTtuBHas IamsTh).

2) Coznath ceth Xonduiaa Ais Ipynibl 00pa3oB, yKa3aHHOM B M. 2 MHIMBUYaJbHOTO BapUaHTA.

2.1) Kak B . 1.1. 15t Bcex 3anucaHHbIX B CETh 00pPa30B.

2.2)KakBm. 1.2

2.3) Kak B m. 1.3. 151 aBYX 3amMcaHHBIX B CETh 00pa3zoB (IIEPBbI U3 00pa30B TOJIKEH SBIATHCS
0oJiee MOIIHBIM aTTPAKTOPOM, BTOpOi — OoJiee ci1adbiM).

2.4) Kak B m. 1.4. a5 nByX 3allMCaHHBIX B CETh 00pa30B (IIEpBbIi M3 00Pa30B JOJKEH SIBISATHCS
0oJiee MOIIHBIM aTTPAKTOPOM, BTOpOi — OoJiee citadbiM, T€ e o0pasbl, uTo B 1I. 2.3.).

3) Coznath cetb Xomnduiaa s TPYIIBI 00pa30B, YKa3aHHOU B I1. 3 HHIUBUAYAIHHOTO BapHUAHTA.

3.1) Kak B 1. 1.1. 1151 Bcex 3amMcaHHBIX B CETh 00Pa30B.

3.2)KakBm. 1.2.

3.3) Kak B m. 1.3. uig ABYX 3amMCaHHBIX B CE€Th 00pa3oB (MEpBbIil U3 00Pa30B JOKEH SBISATHCS
0oJiee MOIIHBIM aTTPAKTOPOM, BTOPOI — Oosiee cradbIM).

3.4) Kak B m. 1.4. i AByX 3amUCaHHBIX B ceTh 00pa3oB (NMEpBBIA M3 00Pa30B JOJHKEH SBISATHCS
00J1ee MOIIIHBIM aTTPAKTOPOM, BTOPOH — OoJiee cimadbiM, T€ xe 00pasbl, uTo B II. 3.3.).

4) Co3natb cetb Xondunaa ans rpynnsl 00pa3oB, yKa3aHHOW B M. 4 MHIUBUAYaIbHOTO BapUaHTa
(HECKOJIPKO UCKAKEHHBIX BEPCUM OHOTO 00pa3a).

[IpoBecTu uccienoBanue aTTpakTOPOB ceTH (Kak B 1. 1.2).

Onucanue NporpaMMHOro odecneyeHust

JIaGopatopHast paboTa BBINOJIHAETCS C MOMOIIbIO akera nporpamMm «Cetb Xonduiga», pazpado-
tanHoro ais cpeasl MATLAB 5.0. [Tporpamma «Cetpb Xonguiia» N03BOJSET 3arpykaTh U3 TEKCTOBOTO
¢aiina cnennanbHOro (hopmMara MHOKECTBO 00pa30B, pacCUMTHIBATh CUHANTHUYECKYIO MATPHILy CETH IO
OJIHOMY MJIM HECKOJIbKMM 00pa3zaM TEKYILIEro MHO>KECTBA M, MOCJIE TOrO KaK CETh pacCUMTaHa, MOXKHO
BBINOJIHATE SKCIIEPUMEHTANIbHBIE UccliefoBaHus (onucaHHble B 1. «Conepxanue paboTbD» YeThIpe HKCIIe-
pumenTa). Kpome Toro, Mo’KHO COXpaHSTh B TEKCTOBOM (haiiie pe3ybTaThl BHIIOJIHEHHBIX 3KCIIEpUMEH-
TOB. JIJI1 MOArOTOBKM HOBBIX HAOOPOB 00pa30B WM pelaKTUPOBAHMS MMEIOIIUXcS B mporpammy «CeTb
Xomngunaay BKIIOYEH CHeUalIbHbIN rpaguueckuii penakrop. [Iporpamma 3amyckaercst o KOMaHze

hopfnet

n3 koMaHHOU cTtpoku cucteMsl MATLAB. Ilpu 3amycke nmporpaMmsl MOSIBISIETCS OKHO, ITOKa-
3aHHOE Ha PUCYHOK 4.8. B BbINagaooeM MEHIO B HI)KHEH YacTH CTapTOBOIO OKHA TpedyeTcsl BHIOpaTh
HOMEp MHAMBHIYAJIbHOTO BapUaHTa, MOCJE Yero HakaTh KHONKY «OK».

B pesynbpraTe mosiBiseTcs INIABHOE OKHO NPOTPAMMBI, BUJ KOTOPOIO MOKa3aH Ha PUCYHOK 4.9.
HenocpeactBenHo nocie 3amycka NporpaMMbl HEJOCTYIIEH IMMyHKT «DKCIIEPUMEHTHI» ITaBHOIO MEHIO U
YeThIpe KHOMKH B IPAaBOM YacTH OKHA (yOIupyromue HOJMYHKThl MEHIO « DKCIIEPUMEHTBD), TOCKOJIBKY
HelpoHHas ceTh Xonduiaa Ioka He pacCuuTaHa.
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Pucynok 4.8. 9T0 OKHO NOSIBIIAETCS IIPHU 3aIlyCKE MPOrpPaMMBbl
«Cetp Xondummga»

Kparko ocraHOBHMCS Ha COACPKAHUU IIYHKTOB INIABHOIO MeHIO. MeHio «®Paim» Mo3BOJISIET CO-
XPaHUTh Pe3yJIbTaThl pabOThl U BBINTH U3 mporpamMmbl. MeHto «IlapaMeTpb» BKIIOUAET /Ba MOIITYHKTA!
«O6pazb» u «CeTb», KOTOpbIE TyONHUPYIOT OJHOMMEHHBIE KHOIKH B JIEBOM 4acTH okHa. O copepikaHUH
MEHI0O «DKCIIEPUMEHTB» yXe Obulo ckazaHo. MeHro «llomous» nmoMuMo HMH(pOpMAIMU O Mporpamme
BKJIIOUAET MYHKT «3aJaHnue», KOTOPOMY COOTBETCTBYET OJHOMMEHHAs! KHOIIKA B HM)KHEN YacTH IJ1aBHOIO
OKHa.

[Tpu 3amycke nporpammsl «Ceth Xomdunma» 3arpykaercs TEKCT HHIUBUIYATBLHOTO 3a/JaHUs C
yKa3aHHbIM HOMEpPOM M COOTBETCTBYIOIMI BapHaHTy CTaHJApTHBIA HaObop oOpa3oB. [lyig TOro, 4roObI
IIPOCMOTPETh TEKCT 3ajaHMsl, Hy>KHO Ha)kKaTb Ha KHONKY «3aaaHue». [losBiseTcs OKHO, IOKa3aHHOE Ha
pucyHOK 4.10 (TeKCT B OKHE OTIMYAETCS AJIS pa3HbIX BAPUAHTOB).

E CeTb Xongpunga !ﬂ

dana lMapameTpbl Zxcnepumedtsl  [NoMolb

Cetp Xonpuana

ATTParopEl

EeEECTHOCTHE

JanaHue |

Pucynok 4.9 — I'maBHoe okHO Tiporpammbl «Cetb Xormduima»
HEMOCPEACTBEHHO MOCJIe 3aIycKa
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Bupuarir Ne 1 Cerb Xonguiaga

JLTIsT KasK 0t M3 YeThIpex IPYIIT 06pa3oB c03JaTh CeTh
XI]H¢HJ1,E[B M IIPOBECTH BCE IKCIIEpHMeEHTAIbHbIe
HCCIIEI0BAHII:

1) Co3nath ceTh A7 0JHOT0 eJUHCTBEHHOro 06pasa * :
GykBa A
2) Co31aTh CeThb JJIsI IPYINILI 06pasoB * :

OyKBBIA, C, T
3) Co3zmathk CeTh I IPYIINILI 06pasoB * :

OykBp1 A, B,H,L,R, X, Z
4) Co31aTh ceTh JJISI IPYTIIBLI * * ¢
10 BapUaHTOR HAICaHKA GYKBBI A

* - HCIIOJIB30BATH CTAaHJAPTHOE MHOZKECTBO uﬁpazun

** _ HCIIONb30BATh CO3JaHHOE CaMOCTOATETIbHO MHOKeCTRO DGPMDB

3akpbITh

Pucynok 4.10 — Okno «3aganue»

Jli1s TOro, 4ToObl BHECTU M3MEHEHMS B TEKYIlee MHOKECTBO 00Pa30B WM 3arpy3UTh HOBOE, HYX-
HO HakaTh Ha KHOMKY «O0pa3bl» TIaBHOTO OKHA WM BHIOpaTh MyHKT «O0pa3e» MeHro «IlapameTpb».
[TosiBnsieTcst OKHO, MOKa3aHHOE Ha pucyHke 4.11. LleHTpanbHas yacTh OKHA 3aHsATa U300paKEHUSAMHU 00-
pa3zoB M3 TeKylero Hadopa (B Buae 4epHO—Oenbix nuarpamm). [loa KakIbIM U300pakeHHEM BBIBEACHO
UMS COOTBETCTBYIOIIEro o0paza. OJHOKpaTHOE Ha)kaTHE MBIIIN HA JMarpaMMe yCTaHaBJIMBAET COOTBET-
CTBYIOIIMKA 00pa3 TEeKyIIUM, IPOCTPAHCTBO BOKPYI 0Opasa BblAENsAETCA LIBETOM. B HIDKHEN yacTH OKHa
«O06pa3bl» BHIBOIUTCS MH(POPMALUSA O Pa3MEPHOCTH 00pa30B U KosndecTBe 00pa3oB B TEKyleM Habope.
Knomnka «OTkpeITh (haiim» npenHa3HaueHa i 3arpy3Ku HOBOTO MHOXECTBA 00pa30B U3 ¢aiia ¢ paciiu-
penueM pat. s Toro, 4yToObl BEPHYTHCS K IJIaBHOMY OKHY, 3arpy3MB HOBOE MHOXECTBO 00pa30B, Tpe-
OyeTcs HaxkaTh KHOTIKY «IIpuMeHHUTDY.

IIpu Haxxatuu Ha kHONKY «Penakrop» B okHe «O0pa3bl», 3amyckaeTcs nporpamma «Pemakrop 00-
pa3oB», BUJ TJIaBHOIO OKHA KOTOPOM MMOKa3aH Ha pucyHke 4.12.
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Pucynok 4.11 — Oxno «O6pa3bi»

[Tporpamma «Pemgaktop 00pa3oB» SBISIETCS 4acThio mporpamMmHoro nakera «Cerb Xondunga» u
pabotaet B cpere MATLAB 5.0. [Iporpamma npepHasHadeHa il CO3/1aHUS U PeJaKTUPOBAaHUs HAOOPOB
OUMOJISIPHBIX 00pa30B, KOTOPBIE COXPAHAIOTCS B TEKCTOBBIX (pailyax cneruanbHoro gpopmara. Bee obpa-
3b1 HaOopa (MHOKECTBA) JOJDKHBI UMETh OJUHAKOBYIO Pa3MEPHOCTb, T. €. OAMHAKOBYIO JJIMHY BEKTOpa
MIPU3HAKOB U OJIMHAKOBOE YMCJIO CTPOK M CTOJOLOB JUIsl TpaduiecKoro MmpeacTaBieHUs] B BHUJIE YEPHO—
0esoi 1uarpamMMal.

Kax BugHO Ha pucynke 4.12, oquH 13 00pa3oB HaOopa W300pakeH B IIEHTPE IKpaHa. ITOT 0Opa3



Ha3bIBACTCS «TEKYIIMM». B pe3ynbrate 0THOKpATHOTO HIEIYKa KHOIIKM MBIIIN HA KIETKE IUarpamMmsl Te-
KyIiero oopasa IBET 3TOW KIETKH YCTAaHABIMBACTCS BHIOPAHHBIM M3 «MATUTPhDy (OCNBIN WU YEpHBIi) B
JIEBOM HIDKHEM YTJy TJIaBHOTO OKHa «Pemakropa oOpa3zoB». Ha pucynke 4.12 BUAHO, 4TO TEKYITUM IIBE-
TOM SIBIISIETCS YepHBIN. J1J1s BRIOOpA I[BETA pUCOBAHUS HY>KHO IIEIKHYTh KHOIKOW MBIIIA Ha YEPHOM WIIH
0eoM MPsIMOYTOJIbHUKE NMaduTphl. Onepaluu peJakTUPOBaHUS PUMEHSIOTCS K TeKyliemy oOpasy. Jis
TOTO0, YTOOBI CIETaTh TEKYIIUM JPYyroi o0pa3 u3 Habopa MCIOJIb3YHTE CIIMCOK B IPAaBOM YacTH OKHA. 3a-
rOJIOBOK OKHA HaYMHAETCA C UMEHU (aiiyia U3 KOTOPOTro 3arpy>KeHo MHOKECTBO 00pa3oB. B HuxkHell ua-
CTH 9KpaHa BBIBOJUTCS HH(POpPMAIIHS O Pa3MEPHOCTH U KOJIMYECTBE 00pa3oB B HaOope.

Paccmotpum riiaBHoe MeHro nporpammsl «Penaktop o6pazoB». Mento «®aiim» BKIIOYaeT KOMaH-
1l «HoBbii», «OTKpBITH ...», «Coxpanutb», «CoxpaHuTh Kak ...» U «Bbxom». Komanna «HoBbiii»
IpeHa3HaueHa AJisl CO3JJaHusl HOBOI0 MHOXecTBa 00pa3oB. [Ipu aToM TpeOyeTcs B crielalibHOM AHAIO-
TOBOM OKHE 33JIaTh Pa3MEPHOCTH (YMCIIO CTPOK M CTOJIOIOB) HOBOTO MHOXeCTBa 00pa3oB. Komanma «OT-
KPBITH ...» HCIONb3YETCs ISl TOTO, YTOOBI OTKPBITh UMEIONIHIiCs (aiin ¢ MHOXkecTBOM 00pa3oB. Koman-
1b1 «CoxpanuTh» U «COXpaHUTh KaK ...» MpeIHA3HAYCHBI IS COXPAaHEHHS TEKYIIer0 MHOXKECTBa 00pa-
30B 0] TEKYLIUM ¥ HOBBIM HIMEHEM COOTBETCTBEHHO.
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Pucynok 4.12 — I'maBHOe OKHO mporpammsl «PemgakTop 00pa3oB»

3amyMMTb

YpoeeHb (%)t =
25 0 100

(BepoATHOCTL MCKA3UTE KEOKABIA SNEMEHT
obpaza)

' M3VEHWUTb UBET
Pedxciim % zakpacuTb HenbiM

" 3BKPACUTH YEPHBIM

Pucynok 4.13 — OxHO «3anryMuTs»

Menro «O06pa3» (pucyHok 4.12) rimaBHOTO OKHA MporpaMMbl «PegakTop o0pa3oB» COAEPKUT TMO-
NyHKTbl «OOHOBUTHY, «/100aBUTSH ...», «Y nanuth» u «llepenmenoBarby». Komanaa «OGHOBUTHY» J0JKHA
OBITh BBIMIOJIHEHA ISl COXpPAHEHUs pe3yJibTaTa pelaKTHpPOBaHMs Mepesl cMeHOo#l Tekymiero oOpa3a. Ko-
MmaHza «J{06aBUTh ...» MpeaHa3HaueHa JJis 1o0aBIeHUss HOBOro oopasa B Habop. [Ipu 3TOM B mosBisiO-
IIeMCs CIIeTIMaIbHOM OKHE HY)KHO 3a7aTh UMs 100aBisieMoro oopasza. Komanma «Y manuTey HCIOIB3yeT-



csl IS yJalieHus: TeKyuiero oopasa u3 Habopa. C nmomompto koMausl «llepeMeHOBaTh» MOXHO U3Me-
HUTb UMS TEKYIIEro o0pasa.

Mento «IIpaBka» BKIIO4aeT KOMaHJbl penakTupoBaHusi «HBEpTUpPOBATHY, «3aKpacUTh Yep-
HBIM», «3aKpacuTh OelIbIM», «3alIryMuThy (IyOJUpYIOTCS KHOIKAMHU TJIaBHOTO OKHa «Pemakropa oOpa-
30B», PaCOJOKEHHBIMU CJieBa) U KoMaHabl «OTMEHUThY, «IloBTOpUTH» (pe3ynbTaT mociaeHeld BhIO-
HEHHOH 10 OTHOWICHHUIO K TEeKylleMy o0pa3y KOMaH[bl pelakTupoBaHus). KoMaHAbl peaakTHpOBaHUS
MEHSIOT I[BET KJIETOK JuarpaMMbl ¢ OejIoro Ha YepHbIH WM HA00OpOT (M, COOTBETCTBEHHO, 3HAUYCHUS
3JIEMEHTOB BeKTOpa npu3HakoB ¢ —1 Ha +1 unu ¢ +1 Ha —1). Komanaa uaBepTUpoBaTh MEHSET IIBET BCEX
KJIETOK Juarpammbl. KoMauabl «3aKkpacuTh YepHBIM» U «3aKpacuTh OeIbIM» YCTaHABIMUBAIOT OJUH U TOT
e LIBET 7151 BeexX KieTokK. [To komane «3anyMuThy MOsBIAETCS CHELMAIbHOE OKHO, [I0Ka3aHHOE Ha pU-
cyHke 4.13.

OxHO «3alyMuTh)» MpeaHa3HAuYSHO ISl aBTOMAaTHYECKOTO0 BHECCHUS MCKaKEHUH B TEKYLIHH 00-
pa3. B neBoii BepxHell yacTu okHa M300pakaeTcs MCKaKEHHBIA pe3ysbTaT, Ha KOTOPBIA OyIeT 3aMeHeH
Tekymuii oopa3 «Pemxakropa o0pa3oB» nocie Haxatusi KHONKH «[IpuMeHuTs». B 1ieHTpe mmeercs mkana
C TOJ3YHKOM, KOTOPBIIl YIIpaBIISIETCS MBIIIbBIO, JIJIsl YKa3aHUsl YPOBHS 3allyMJICHHS B IpPOIEHTaX. YcTa-
HOBJICHHBIM MPOLIEHT MCKAXEHUSI BBIBOJUTCS ClIeBa OT IIKaibl (Ha pucyHke 4.13 ypoBeHb IIyma paBeH
25%). C noMmomibio MepeKiIrovaress BHIOMpPAETCsl OJUH U3 TPEX PEKUMOB HCKAKCHUS: U3MEHUTH LIBET,
3aKpacHuTh OeJbIM, 3aKpacCUTh YepHBIM (Ha pucyHke 4.13 BbIOpaH peXHUM «3aKpacuTh OelbIM»). ABTOMA-
TUYECKOE MCKaXCHHE BBITIOTHSAETCS M0 TAKOMY 3aKOHY: KaXK[asl KJIeTKa JuarpaMMmbl U3MEHSETCS B COOT-
BETCTBHHU C BHIOPAHHBIM PEKUMOM C BEPOSITHOCTBIO, PABHOM 3aJaHHOMY YPOBHIO IITyMa.

[Tpu BeIXONE M3 «Pemakropa 0O6pa3oB» MOSBIAIOTCS IMATIOTOBBIE OKHA C MPEIJIOKEHUEM COXpa-
HUTH B (hailiie oTpeTaKTHPOBAHHOE MHOKECTBO 00Pa30B U 3arPy3UTh ATO MHOXKECTBO B porpaMmy «CeThb
Xonduiaay.

st coznanust (pacuera) cetu Xonduiaa, HaJ KOTOPOl MOXKHO MPOBOAUTH IKCIIEPUMEHTATbHBIC
UCCIIeIOBaHMsI, IpeqHa3HaueHo OKHO «CeTh» (cM. pucyHoK 4.14), KOTOpoe BbI3bIBACTCS MO HAKATUU OJ-
HOMMEHHOHM KHOIIKH TJIaBHOTO OKHa mporpaMmbl «Cetb Xondunaa» i no komanae «Cerby» MeHto «Ila-
pameTpbl». OCHOBHYIO YacTh OKHA 3aHUMAIOT YepHO-0elble n300pakeHus: 00pa3oB, clieBa UMEETCs CITH-
COK MMEH BCeX 00pa30oB TEKYIIEro MHOXKECTBA.

_[o]X]

Oﬁpﬂ.BbL Mo KOTOPbIM PACCYMTRIEAETCH CETh!

CDEFL

satt_b_11xE datt c_11xE odatt_d_11xE oatt_e_11xE patt_f 11x8 oatt_g_11xE

-

patt_j_11x8 oatt_k_11xE patt_|_11x8 Hatt_m_11xt oatt_n_11xE

L

satt_o_11xE oatt_p_11xE datt g _11xE patt_r_11x8 oatt_s_11xE patt t 11x8 oatt_u_11xE

pot %EH :‘jg," 1|E"
— e L EE

BriGpaTs ece Jatt v _11xE oatt_w_11xE oattx_11xE 2att y_11xE oatt_z_11xE
OTMeHWUTb BEIDOp Beero: 26 BoibpaHo: 3 Cosaatb | OTmena

Pucynok 4.14 — Oxno «CeTb»

el
|

Fd

OO6pa3 BbaenseTcss BETOM (OHA MPHU HAaXAaTHHM MBIIIN HAa W300pa)KEHUW WJIU MPU YKa3aHUH B
ciiicke. O61ee yncino o0pa3oB U YUCIIO BBIJIEIEHHBIX BBIBOJUTCS BHU3Y OKHA. J[JIs pacyera CeTH HY)KHO
BBIIETIUTH HY>KHbIe 00pa3bl M HaxkaTh KHONKY «Co3nate». B okHe, n300pakeHHOM Ha pucyHke 4.14, BbI-
Opanbl Tpu o0pasa, M0 KOTOPBIM OYyJeT pacCuMTaHa CHHaNTH4eckas matpuua cetu. Ilocnenyromnme wui-
JIFOCTpAIMM K ONKCaHMIO porpammbl «CeTs Xomnpuiga» COOTBETCTBYIOT UMEHHO 3TOW CETH.

Ha pucynke 4.15 nmokazaHo OKHO 3KcnepuMeHTa «JluHamuKka» cpa3y mocie OTKpbIThs. s BbI-
MOJTHEHUS HKCIIEPUMEHTA HY)KHO 3aJlaTh HAa4aJbHOE COCTOSHHE CETH U BBHIOpATh PEKUM IPOCMOTPA, MO-
ciie yero HaxaTh KHONKY «lIlyck». HaganbHoe cocTosiHuE MOKET OBITh JIMOO CiydyallHBIM BEKTOPOM, CTe-



HEPUPOBAaHHBIM aBTOMATHYECKH, OO OAHUM U3 TeX BEKTOPOB, IO KOTOPBIM PacCUMTaHa CETh (CIocod
3aJlaHUsl HAYAIBHOTO COCTOSIHHSI HY>KHO yKa3aTh ¢ IOMOIIBIO Mepekitodarens). [IpeaqycMoTpeHo Tpu pe-
KFMa MPOCMOTpa: HENMPEPBIBHBIH, May3a MOoCciIe KOKIO0To TaKTa, May3a 1mociie 00padoTKH KaxI0ro HeHpo-
Ha. BEeKTop HAYaTBbHOTO COCTOSHUSI CETH MOXHO PEJAKTHPOBATH MICITYKOM MBIIIN HA KIETKaX Juarpam-
MBI (B peKUME MHBEPTHPOBaHUs1). Kak BUIHO HA pUCYHKE, 3aJaHHOMY Ha4aJbHOMY COCTOSTHHIO COOTBET-
cTByeT 3Hauenue sHeprun cetu 0,15909. Ha puc. 16 nokazano okHo «J{MHamMuKa» mocjie 3aBEplICHUS
MEPEXOHOTO Tpoiiecca B ceTh Xonduiaa. B neHTpe n300pakeHO KOHEYHOE COCTOSIHUE CETH, YUCIIO TaK-
TOB (paBHO TPEM), 3a KOTOPOE OHO OBUIO JIOCTUTHYTO, COOTBETCTBYIOIIME 3HAUYEHUE YHEPreTUUYECKOTO
¢dbyuknuonana (—80,5) u rpaduk 3aBUCHMOCTH HEPTUU CETHU OT BpeMeHH. Ha rpaduke mo BepTUKaIbHOK
OCH OTJIOKEHO 3HAYCHHE PHEPIHH, a [0 TOPU30HTAILHON — HOMEp oOpaboranHOro HelpoHa. /s Toro,
4TOOBI CHOBA HAOJIOAATh IEPEXO/IHBIN MPOIeCcC, HY)KHO HaXaTh KHOMKY «[IOBTOPHUTH SKCIIEPUMEHT.

Ha pucynke 4.17 npeacTaBieHO OKHO 3KCIIEpUMEHTa « ATTpakTopbl». [I0CKOIBKY CeTh paccuuTa-
Ha 0OoJiee, yeM 1Mo oHOMY oOpa3y (1o Tpem oOpa3zaMm, COOTBETCTBYIOIIMM OyKBaM JIATUHCKOTO ajidaBUTa
«H», «M» u «P»), UMEET CMBICII IPH aHAIHU3E PE3YJIBTATOB 3KCIICPUMEHTA YUUTHIBATH KOPPEISAIIUI0 00-
pasos.

B neBoit wacTu okHa IS mapbl 00pa3oB, BHIOPAHHOHN W3 CHUCKa OTOOpakaeTcs: KOod(p(UIIMEHT
KOoppensiui. ENMHCTBEHHBIM HadalbHBIM YCIOBHEM JKCIEPUMEHTA «ATTPAKTOPBD) SBISETCS YHUCIIO
HAYaIIbHBIX COCTOSIHHM, M3 KOTOPBIX OCYIIECTBISETCS MOUCK. [IOMCK HAa4YMHAETCS MO HAXKATUU KHOIKH
«Ilyck». B mporpamme npemnycMOTpeHO CPEACTBO JUIsl IPUHYAUTEIIBHOM OCTAHOBKH ITPOIecca TOUCKA.

E AuHaMuka !E

HavanbHoe cocTosHWe :

@ cayuaiHbI BEKTOP

¢ BubpaTh M3 38NMCaHHbIX 0Bpazol
TaKT:

patt_m_11x8 HEMPOH:

# oo 11..0

ModxxHo PEABKTUPOBATD :

3Heprua: 0.15909

SHEpruna ceTu:

Pe>kvM npocMmoTpa :

' HenpepbIBHbIA
' nayaanocne Kakaorc TaKkTa
C naysanocne oBpaboTku HEMpOHE

Myck I 3akpbiTh

Pucynok 4.15 — OxHo «/Ilunamukay

AuHaMuka _ [O] X]

HavanbHoe cocTosHKE : Y CTONYMBOE COCTOSHUE !

TakT: 3

patt_m_11x8 HEMpoH: 88

ot o 11,0

ModXKHD peaak THMPoBAaTD :

3Heprus: -80.5

BHeprma ceTH:

50
0
_\
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MoBTOPUTL 3KCNEPUMEHT I 3akpbiTb

Pucynok 4.16 — OknHo «/lnHamukay mociie 3aBepiIeHus IEPEXOTHOTO poliecca B ce-
1 Xonduiaa




Ha pucynke 4.18 mokaszaH pe3ynbTaT MOWCKa aTTPAaKTOPOB. BBepXy OKHa OTOOpa)KEHO YHCIIO
HalIEHHBIX YCTONYMBBIX COCTOSHUN M (PAKTHUECKOE YMCIO HAYAJIbHBIX COCTOSHUM, KOTOpBIE MPOBEps-
JIUCHh BO BpeMsl MOMCKa. B 1leHTpe okHa HaXOAUTCS KpyroBasi Juarpamma OLEHKH OTHOCHUTEIbHBIX pa3zMe-
poB OacceliHoB. CHHHMM IIBETOM BBIJIEJIIEH CEKTOP, COOTBETCTBYIOUIMH aTTPaKTOpy, H300pakeHHOMY
CIpaBa OT KPYroBOW JuarpamMmbl U BbIIEJICHHOMY B CIIUCKE cripaBa. [1og n3o0pakeHneM aTTpakTopa Bbl-
BEJICHA OLIEHKAa OTHOCHUTEJILHOTO pa3Mmepa OacceifHa ¢ TOYHOCTBIO JI0 JBYX 3HAKOB IOCIe 3amsaToi. J{ns
TOT0, YTOOBI MPOCMOTPETh APYTOi HaWJCHHBIA aTTPAKTOP, HYAHO JUOO0 OAMH Pa3 LIEIKHYTh MBIIIbIO Ha
M300pakeHUH OJJHOTO U3 CEKTOPOB KPYTOBOM JAMarpaMMbl, 3aKpalICHHBIX CEPBIM I[BETOM, JIUOO BHIOPATH
Jpyroi MyHKT B CHUCKE HAalJACHHBIX aTTpakTopoB. HaliieHHbIe aTTPaKTOPbl MOKHO COXPAHUTh B TEKCTO-
BoM (paiine Ha aucke B (opmare Habopa oOpa3oB ¢ pacmupeHueM pat. s 3Toro mpemaHasHaueHa
kHOMKa «COXpaHUTh aTTPAKTOPHI ...». B MOsABIsAIOMEMCs AMAIOroBOM OKHE MOXXHO BBIOpAaTh OAMH U3
TpeX BapUaHTOB COXPAHEHHUS: T00ABUTh K TEKYIIEeMYy MHOXECTBY 00pa3oB, 100AaBUTh K APYroMy MHOXe-
CTBY 00pa3oB, COXPaHUTH B OTAEIHHOM (aiise.

OKHO ’KCIepUMEHTa «ACCollMaTUBHAsA MaMATh» MOKa3aHo Ha pucyHke 4.19. HauanbHbiM yclioBU-
€M JKCIIEpUMEHTA SIBIIICTCS HadalbHOE COCTOSIHHE CETH, KOTOPOE 3a/aeTcs cleayromum oopasom. CHa-
Yaja Hy»HO OJIMH U3 00pa30B BHIOPATh B CIIMCKE 3alMCAaHHBIX B CETh (B JICBOW YacTH OKHA). DTOT 00pa3
n3o0pakaeTcsl Ha AUarpaMMe B IIEHTPE OKHA. DTO M300pakKeHHE MOXKHO PEAAKTHPOBATh MBIIIBIO B pe-
YKUME WHBEPTUPOBAHUS U C UCIIOJIb30BAaHUEM KHOIOK, PACTIONOKEHHBIX HAJ/I TUAarPaAMMOM.

EATTPaKTOpH [_[O] |

Koppenauma obpasoe, No KoTopbiM
PaCcCYMTaHE CETE:

OueHka BaccerHoE (A0NA NPUTAHY ThIX ATTPIKTOPbL
CAYHQPIHLIX CTHMYNOB):

patt_h_11x8 ; patt_ m_11x8

patt_h_11x8 ; patt_p_11x8
patt_m_11x8 ; patt_p_11x8 LI

Koppenauma i%): 90.91

patt h 11x8 patt m 11x8 BacoeriH (26):

Momek :

Yncno caydaiHbix COCTOAHWIA, 13
KOTOPbIX OCYWECTBAARTCA 380MI0UMA
CETU K YCTOMYMEDIM COCTOSHUAM:

o

Moumck &~ TpakTopos | JaKpbiTh

Lu»

Pucynok 4.17 — OKHO «ATTPaKTOPBD)

EJATTpakTopet _ [O] X
Koppenauia ofipazoe. no koTapsiM HargeHo aTTpakTopos : 4 (2000 utepaunii)
paccuymTaHa ceTE:

patt_ h_11x8 : patt_m_11x8 OueHka BacceMHoE (4017 NPUT AHY THIX ATTPaKTOpPbL:

CAYUEMHBIX CTUMYNOE):

patth_l 1x8 ; pattp 1x8
pat_m_11x8: pat_p_11x8 | ¥|

KoppenAuma i%): 90.91

patt_h_11x8 patt_m_11x8 BaccenH (%) 42.13

Mouek : attractor_1 =
attractor_2
Yucno caydafiHbiX COCTOAHMIM, 3 attractor_3
KOTOPLIX OCYWECTEANSTCA 320NI0LA attractor_4 L]

CETW K YCTOMYMBLIM COCTOAHUAM:
2000

MOBTOPUTE 3KCNERUMEHT | CoxpaHUTb 8T TPEKTOPEI ... | 3akpbITh

Pucynok 4.18 — OkHO «ATTpakTophl». Pe3ynpraTsl noucka

OTH KHONKU (PYHKLIMOHATBHO SKBUBAJICHTHBI KHONKaM «Pemakropa o6pazoBy. [lo mepe u3smene-
HUS MCXOJIHOTO 00pa3a MepecunThIBA€TCS M BBHIBOJAUTCA B HUIKHEH 4acTH OKHA PacCTOSIHME XEeMMHHTa
MEXJly UCXOJHBIM BEKTOPOM U TEKYIIUM COCTOSIHMEM (Ha pucyHke 4.19 oHo paBHO 16). Korna Hagans-
HOE€ COCTOSIHHE€ 3aJaHo, clienyeT HaxaTh KHONKY «Ilyck». Ha pucynke 4.20 moka3aH BHJ OKHa MOCIE



cpabaTbIBaHUS acCOLMATUBHON MamsATH. B mpaBoi 4acTh OKHa M300paK€HO KOHEYHOE COCTOSHHE CETH.
BunHo, 9T0 OHO COBIAAAET C UCXOAHBIM 00pa30M. DTO CUMTACTCS MPABUIIHHBIM PACTIO3HABAHUEM U JHa-
rpaMma KOHEYHOTO COCTOSIHUS BBIZICISIETCS 3eJIeHbIM 11BeToM (pona. Ha pucynke 4.21 mokasan pe3yabTar
APYTOoro 3KCrepruMEeHTa ¢ TEM KC UCXOIHBIM 06p3.30M. BI/II[HO, YTO HAYaJIbHOC COCTOSSHUE CUJIBHEC OTJIN-
yaeTcs OT UCXOJHOro obpasa (paccrosiHue XeMMuHra paBHoO 28). KoHeuHoe cOCTOsIHUE HE COBIAIAET C
HCXOJHBIM BEKTOpOM. HempaBuiabHOCTh pacrio3HaBaHus 0Opa3a MoAuYepKUBACTCS KPACHBIM IIBETOM (pOHA
JyarpaMmbl KOHEYHOTO COCTOSIHUS CETH.

ElAccounaTushas namsitn _[o] X]
WNexoaHbiv obpas : HavanbHoe cocTosiHWe :

OBpasbl, No KOTOPbIM

PaccUMTEHa CeTL . !
patt_h_11x8

patt_m_11x8

El—

YNCNO 3NEMEHTOB 88 paccToaHne XBMMMHl’a
WCXOaHOr o 0dpaza: 0T UCX0OHOro oBpnaza:

Myck | 3akpaiTh

Pucynoxk 4.19 — OxHO «AccoluaTuBHAS TAMSITh
El AccoumaTueHas namsTe [_ o] X]

WNexoaHbiv obpas : HavanbHoe cocTosiHWe : YCTONUYUBOE COCTOSIHUE ©

OBpasbl, No KOTOPbIM

PAcCYMTEHA CeTD : . !
patt_h_11x8 i

att_m_11x8

YMCANO 3AEMEHTOB 88 PAcCToAHWnE XBMMMHI’&
MCXOaHOro 0dpaza: 0T UCX0OHOro oBpaza:

CDBnﬂﬂBET C UCXOAHDIM
obpazom

nUBTDpMTb 3KCNEepUMEHT

3akpalTh

Pucynoxk 4.20 — OxHO «AcconuaTuBHAs NaMsThy.
[IpaBunbpHOE pacrno3HaBaHue
EAccouuaTMBHaﬂ naMsaTb !E

WNexoHbIn oSpaa : HayanbHoe cocTosiHME : YCTONYUBOE COCTOSIHUE :

OBpazbl, No kKOTORLIM
paccYMTaHaceTh - !
patt_h_11x8 A _I

patt._m_11x8

He cosnagaeT c
UCXOAHBIM nﬁpaaoM

YMCNOD 3NEMEHTOB 88 paCC_OﬂHMEXBMMMHI’ﬁ
mcxooHorc obpaza: 0T WcxoaHoro obpasa:

MoBTOPUTE 3KCNEPUMEHT | JakpbITh

Pucynoxk 4.21 — OxHO «AccormaTiBHAS TaMSIThY.

28




HenpasunbHoe pacrio3HaBaHue

Ha pucynke 4.22 noka3zaHo okHO 3kcriepuMenTa «PobactHocTh». [IpaBas yacTh OKHA TIOYTH COB-
nagaeT GyHKIMOHATBHO C DJIIEMEHTAMHU OKHA «ACCOIMATUBHAS MaMsAThy». TOYHO TaK ke, KaK U B MPE/IbI-
IYILIEM SKCIIEPUMEHTE, HY’KHO BbIOpaTh UCXOIHBIA 00pa3 U3 CIMCKA U 33/1aTh HayalbHOE COCTOSIHUE Ce-
TH, 3aIIyMHUB UCXOJHBIN 00pa3. JIeBas u 1eHTpalibHas YacTh OKHA MTpeJHa3HauCHa JUIA 3a/1aHus TapaMeT-
POB aBTOMAaTUYECKOI0 UCKAKEHUSI CUHAITUYECKON MaTpUIbl HEHPOHHOM ceTu. MTak, HaYaJIbHBIMU yCIIO-
BUSIMH JKCIIEPUMEHTA SBJITFOTCSI BXOJHON 00pa3 M TeKyias Marpuia KodphuimeHToB cBsizeit. [l wc-
Ka)KCHHSI CHHAITUYECKOW MaTPUIIbl HY’KHO BBIIOJIHUTH CIEAYIONIME NEHCTBUS: 3a1aTh aMIUIUTYly LIyma
(B peIaKTUpyeMoil CTPOKE), BEICTABUTH HAXOIAIIHACS psaoM (aar « I[puMeHUTEY, BRICTABUTh KEIIAeMbIM
o0Opa3oMm (raru «coxpaHsiTh CUMMETPUYHOCTH» U «COXPaHATh HYJIH IO TVIAaBHOM JHMAroHajin», HaXKaTh
KHOTIKY «3alIyMUTh UCXOJHYI0». Pe3ynbpTarhl 3TUX IEHCTBHI M300pakatoTCsl HA YCIOBHOM JuarpamMMe B
BUJIE TIPSIMOYTOJIBHUKOB. Bua okHa «Po0acTHOCTE» C 3aJJaHHBIMU YCIIOBUSIMU SKCIIEPUMEHTA MPUBEACH
Ha pucyHke 4.23. Tenepb MoxHO HaxaTb KHONKY «Ilyck». Pe3ynbraT cpabaTbiBaHMs CETH BBIBOAMUTCS B
MIPaBOM HUYKHEM YIJIy OKHA U UHTEPIPETUPYETCS aHAJIOTUYHO KCIIEPUMEHTY «ACCOLMATUBHAS MTaMAThH.
Ha pucynxke 4.24 u 4.25 noka3zanbl pe3yJbTaThl paclio3HaBaHUs JUIsl Pa3IMYHbIX HAYaIbHBIX COCTOSTHHM.

HavanbHble ycnoBusi U pe3yJibTaThl BCEX IKCIEPUMEHTOB /ISl TEKYIIEW CETH COXPaHSIOTCS B IPO-
1ecce paboThl ¢ MPOrpaMMO. DTH JaHHBIE MOTYT OBITh 3alMCaHbl B TEKCTOBBIN (aill Ha AMCKE MO KO-
MaHJie «COXpaHUTh MOCAEAHUN pe3ynabTaT» Wik «COXpaHUTh BCE Pe3yJIbTaTbD» MEHI0 «Dailin» riaBHOTO
okHa. B mepBoM cirydae B Qaiin 3aruchIBacTCA MOCIEAHUN PE3yIbTAT KAKAOTO U3 YETHIPEX SKCIIEPUMEH-
TOB.

EPoﬁacruoch _ [Of X]
CuHanTUYecKkas MaTpuua : HavanbHoe cocTosiHUe :
3HaueHMA M W MaKC TOB MaTpLL Seﬁfflsm, N0 KOTORbLIM PaCCHMTaHa
ucxoaHaa wyM Tekywan :
0.04 patt_h_11x8 7~
patt_m_11x8
patt_p_11x8 Y

0.02 -

0,_

-0.02 -

-0.04

AMNAUTYAE 0

IV MpumeHnTE

3aWwyMUTb UCXOAHYID

CoxpaHATb rpy gobaeneHnm wyma:
¥ cvMmeTpuuHOETE

BEEETEHEENTE A AHYIE T
v HYAW N0 ~AaBHOM AWBr OHaNn I

Myex | JakpbiTh

Pucynoxk 4.22 — Okno «PobacTHOCTB»
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EPOGaCTHOCTb !E
CuHanTU4eckas MaTpuua HavanbHoe cocTosHUE :
3HAYEHMA M Y MaKC TOB MATPULL S:f:?b" 1o KaropbirtpaccHkran ey
ucxogHas wyM Tekyuaa :
0.06 patt_h_11x8 -
patt._ m_11x8

004 patt p_11x8 v
002 - ﬁ ; H.

e

Hual”

-002 -

-0.04

AMNAMTYAE 0.01

I [ EvMEHATE

SRV Tk A EXE AL

CoxpaHATb rpu gobaeneHnm wyma:
BoccTaHOBUTE MEXOaHYID

My | JakpbiTh

Pucynok 4.23 — OxHo «PobactHocTh». HauaneHble yCI10BUS SKCIIEPUMEHTA




E Po6acTHoOCTb !E

CuHanTuyeckas MaTpuua : HavanbHoe cocTosAHUE :
3HAYEHMA MAHUMENBHBIX 1 MEKCUMAaNbHEX 31EMEHT OB MaTpULL OBpasbl, N0 KOTOPbIM PECCHITaHE.
ceTu!:
vcxoaHas wym Tekywasn
0.06 i patt_h_11x8 -

att_m_11x8
v

0.04

002r-
0F-

-0.02 -
YeTOMUMBOS COCTOAHMUS :
-004 CoenagaeT C MCXoaHbIM l:li:_‘[]i 30M
AMNAUTYAS IT
I [ e .

SEUYMATE A CXE T HYIE

CoxpaHaTb rpu aobaeneHnm wyma:
¥ ChviveT &
IV H FieiE 1) G AR HES

MoBTOpK Th SKCNEPUMEHT | 3akpbiTh

Pucynok 4.24 — Oxno «PobactHocTh». [IpaBUiIbHOE pacmio3HaBaHUE

EOCETEHGE (G AHIE

B PoGacTHOCTD !ﬂ
CuHanTuyeckas MaTpula : HavanbHoe cocTosiHUE :
3HAYEHWA MAHUMEBHBIX 1 MEKCUMANBbHEX 318MEHT 0B MaTRMLL OBpasbl, N0 KOTOPBIM PECEHMTaHE
ceTb:
vcxoaHaa wyM Tekywas
015 Y 2 patt_h_11x8 LI
. att_m_11x8
v
L

0.05

0_

YCTOMYMBOE COCTOSHUE !

-0.05
A 0:035 He coenagaeT ©mcxoaHbiM obpasom
MOAMTYAa =
¥ i v = f !
ST B YO A H e
CoxpaHATb rpr AoDaBneHn WymMa:
s AUHOETE BECETEHEENTE ARG
V H LI L4 4
I- HY/ 3 S AEBHEN A EREHEN A

nOBTDpI/Tb 3KCNEepUMEHT

3aKpbITh

Pucynok 4.25 — Oxno «PobactHocTh». HenpaBuiibHOE pacnio3HaBaHNe

Conep:xanue oTyera

1. Ha3Banue 1abopaTtopHoii paboThl, 11eJIb U Iporpamma padoThI.
2. 1ns Kaxq0i ceTH — CNHUCOK 00pa30oB, HA OCHOBAHUHU KOTOPBIX OHA PACCUUTAHA.
3. JInst ka0 ceTH — HavaJabHbIE YCIOBUS U PE3yJbTAaThl BCEX IKCIIEPUMEHTOB, YKa3aHHBIX B 1. «Ilops-
JTOK BBITIOJIHEHUS paOOThHI»
4. AHanu3 MOJTy4YEeHHBIX Pe3yJIbTaTOB (OTBETUTHh HA BOIPOC, MTOYEMY JUIS UETHIPEX UCCIIEI0BAaHHbBIX ceTe
B OJIHUX M T€X K€ IKCIEPUMEHTAaX MOJIY4YEeHbI pa3HbIE Pe3yIbTAThI).

KoHTpoJibHBIE BONIPOCHI K 3a1uTe JIA00PATOPHOH padoThI
1. Yro Ha3bIBaeTcs aBTOAacconaTuBHON namsaThio? [lpuBenure npumep.
2. Yto Ha3bIBaeTCs aTTPaKTOPOM JUHAMHUYECKOW cucTeMbl? OObSICHUTE MPUHLUI MPUMEHEHHs JUHAMU-
YECKUX CUCTEM C MHOKECTBOM aTTPAKTOPOB Il IOCTPOCHUSI aCCOLIMATUBHOM MaMSITH.
3. Hanummre ypaBHEHUs! AMHAMHUKH ceTH XOMpHUIaa.
4. KakoBa akTHBaIIOHHAs XapaKTepUCTHKa HEHPOHOB ceTu Xomduaa?
5. Yemy paBHO HadaJIbHOE COCTOSIHME HEHPOHOB ceTn Xondumiaa?
6. OObACHUTE pa3nyle CHHXPOHHOTO W aCHHXPOHHOTO PEXHMOB (YHKIMOHHPOBAHUS PEKYyppPEHTHOU
HelipoHHoit cetr. Kakoil n3 pexxuMoB (QyHKIIMOHUPOBAHUS UCTIONb3YyeTCs B ceTH Xorduinaa?
7. Kakum BeIpa)KE€HUEM OTIpE/ICIICH YPHEPreTHIECKUU (DYHKITMOHAI B TIporiecce padoThl ceTu Xomduiaa?
8. IToueMy BpeMmsl TIOCTHKEHHUS CEThI0 XOM(HiAa 0THOTO U3 aTTPAKTOPOB U3 MPOU3BOJIHLHOIO HAYAIbHOTO
COCTOSIHUSI KOHEUHO?
9. Kak paccuuThIBaeTcsi MaTpulla CHHANTUYECKUX Koa(dunrenTos cetn Xondunaa? Kakumu cBoiicTBa-
MU OHa o0nanaer?



10. Kak mpubamkeHHO OlleHUBAETCsl 00beM maMsaTH cetr Xorduiaa?

11. Ha xakue THUIIBI MOKHO Pa3[elIuTh MHOXECTBO aTTPakTopoB cetn Xomnduaaa? Yro Takoe “noxHas
aMATh?

12. Kak npumensercs cetb Xonduiaa Ui KlacTepu3aunu 1aHHbx? Kak nHTepnpeTHpyoTes KiacTepbl?

13. Kak ycTaHaBiIMBaeTCs Kjlacc MPUHAUIEKHOCTH BEKTOpa MPU3HAKOB IIPH MCII0JIb30BAHUH HECKOJIBKUX
(mo ymuciy kiaccoB) cereil Xonduiaa, “HaCTPOCHHBIX’ Ha Pa3HbIE KJIACCHI?

14. Kak opranus3oBaH B 1aOOpaTOpHOI paboTe MpoLecc OLIEHUBAHUs pa3MepoB 0acCEHHOB aTTPaKTOPOB
cetn Xondunma?

JlabopamopHast paboma Ne 5 U3yyeHue ceolicme IUHeliHO20 HelipoHa U JIUHeUHOoU HelpOoH-
Hou cemu

1 HEJIb PABOTbI
N3yunTh CBOWMCTBA TMHEHWHOTO HEHPOHA U JTMHEHHOW HEUPOHHOM CETH.
2 CBEJAEHMUS U3 TEOPUU
2.1 Moaesnb HeilpoHa

UckycctBennsle Heliponnble cetd (HC) nmpeacrapnsioTr co0oil mpocTeiiiie MaTeMaTH4ecKiue Mo-
neny Mo3ra. [ToHsATs ocHOBHBIC PUHIHITEI TocTpoeHuss HC MOXHO, paccMaTpuBasi X Kak COBOKYITHOCTh
(ceTh) OTHENBHBIX CTPYKTYp (HeWpoHOB). OueHb rpy0O CTPYKTYpY OHMOJIOrMYECKOTO HEHpOoHAa MOXKHO
oInmmcath CleayrmuM obpazom. HelipoH nuMeeT coMmy — Tello, IEPeBO BXOJOB — JACHAPHUTHI, BBIXO — aK-
coH. Ha come u Ha IeHapuTax pacronararTcs OKOHYaHUS aKCOHOB IPYTHMX HEWPOHOB, Ha3bIBAEMBIX CH-
Haricamu. [IpuHSTBIC CHHATICAMH BXOJIHBIC CHTHAIBI CTPEMSTCS JINOO BO30YAUTH HEHPOH, JIMOO 3aTOPMO-
3uth. Korma cymmapHoe Bo30y KIeHHE TOCTUTaeT HEKOTOPOTo Mopora, HeMpoH BO30YkAAaeTcs U MOChLIa-
€T 10 aKCOHY CHTHAJI IPyTuM HeliporaM. Kakelii crHarc 001a/1aeT yHUKATbHON CHHANITUYSCKOW CHITOM,
KOTOpasi MPOMOPIMOHATBHO CBOEMY 3HAUEHHUIO U3MEHSET MepeiaBaeMblii Ha HEMpPOH BXOJHOW curHai. B
COOTBETCTBHUH C IPUBEJACHHBIM OMMCAHUEM MaTeMaTH4ecKas MOJIeNb HeWPOHa MPEACTABISET COO0H CyM-
MUPYIOIIUH TOPOTOBBIN dJIeMEHT (puc. 1).

b

x; >wx, F (; W, - X,)

Wy =

}tlﬁl
Xy

Puc. 1. ckycCTBEHHBIN HEHPOH

®opmyna cpabaTbiBaHUs HElpoHa:

O=FKW'", X>)= F(Zn:Wi X)),

i=1
1, (<WT, X >)>0,

0, unaue.

0=



2.2 Anroputm 00y4eHuUsI 10 AeIbTA-NIPABUIIY

O6yuenune HC npoucxoauT Ha HEKOTOPOH oOyyaromieil BEIOOpKe, A1 KaXJ0ro odpasia KOTopoi
OTIPEIENIIOTCS U CPABHUBAIOTCS C JKEJIAEMBIMU 3HAYCHUSIMHU BCE TEKYIUE BBIXOJbI. Eciiu pa3HHIla Helo-
MyCcTUMa, TO Beca U3MeHsoTcsl. OKOHYaHuEM OOydYeHHs] CUMTAETCsl CUTyalus, Korja odmas omulka Ha
BCeX 00pa3iax JIoMmyCcTuMa.

Bce anroputmbl o0yueHus HeWpoceTel SBISIOTCS Pa3HOBHIHOCTSAMHU alrOpUTMa OOYUYCHHS I10
METOAY KOPPEKIMHU OIIMOKH, KOTOpasi OCYIIeCTBIseTCs mo-pazHomy. Wnes msmenenust Beco HC cBo-
JTUTCSI K HAXOXKJICHUIO0 OOIIeH Mephl KayecTBa CETH, B KQ4eCTBE KOTOPOW OOBIYHO BHIOMPAIOT (DYHKIIUIO
omuOku cetu. Torma, 4ToObl MOI00paTh HY)KHBIE Beca, HEOOX0IMMO MUHUMHU3HPOBATh (YHKIIUIO OIIHO-
k. CaMBIM pacipOCTpaHEHHBIM METOAOM TOMCKAa MHUHHMYMa SIBJISIETCS METOJ T'PAJMEHTHOIO CITyCKa.
Jst cimyvast yHKIUU € OJTHOW IMePeMEHHOW Beca M3MEHSIOTCS B HAIIPABICHUH, TPOTHBOIIOJIOKHOM IPO-
W3BOJIHOM, T. €. CIpaBeyinBa Gopmyia

W™ =W" —h.F'W),

rae h — HeKoTOpbIi ypoBEeHb O0YUCHHMS, 1Al H3MEHCHHMS,
F'(W) — npousBoanas pyukuuu kadectsa HC a1t 01HOM MIEpeMEHHOM.

n
Jlns Gpynkumu F OT N mepeMeHHbIX M eJMHMYHOrO BekTopa e B mpocrpanctse R" |le]| =1, € € R",
nuddepeHman Beipaxkaercs GopMynon

lim, ,(FW +et)—F(W))
t

d,FW)=

Juist cnyqas e = (0, 0...1...0) onpenenum gactHbIN quddeperiman

lim_, (F(W, W, ,...; W, o ..y W) — F(W))
t

ai F (W) =
TakuMm oOpa3oM, aHTUTPAJAUEHT — 3TO Habop creAayomux auddepeHIIanos:

OF (W) = (=0F (W,), — OF (W,), . —OF (W,), ., ~OF ()"

Jlnst onpeneneHns oG06IIEHHOM (yHKIIMH OIIMOKN PaccCMOTPUM 06yudaromtyto BeIGopky {(x, y9)},
rae k=1, ..., K. Hakomrennas mo BceM sroxam ommoka

€)=Y Y1120, -v, | |

=1 \i=1

K K
E =
k=1 k

®opmyna moaudukanmuu BecoB HC

W™ =W" —h-0E/oW

YTOYHSIETCS ISl pa3jiMuHbIX BUIOB (PpyHKIMH akTuBaiuu. s nunelinon ¢pynkmun F(t) = t, HC

O, =<W,, X; >

(dbopMuUpyeT KaXKJIbIii BBIXOJ KaK CKaISIPHOE MPOU3BEICHNE BECOB Ha BEKTOP BXOJOB: i
TpaaueHT Oy/eT pPaBeH:

SE/OW =—(Y, —=0,)- X,



rae Yi— xxenaembiit Bbixo1; Oj — MOMy4eHHBIH BBIXO; X — BEKTOP BBIXO/A.
Takum 06pazom, moaydaeM HopmyTy H3BMEHEHHS BECOB

W™ =W" —h-(Y, —0,)- X.
Ecnu 3Hauennem O HasBaTh paszauny (Yi— Oi), To moy4um GopMyTy
W™ =W"—-h-§-X,

YTO ABIAETCS AIOpUMMOM 06yuenus no O -npasuiy.
2.3 Onucanue OCHOBHBIX (PyHKIMI

st paboThl ¢ HEHPOHHBIMH ceTsAMU HeoOxonumo unctaumpoate MATLAB u o6nanaTts nepBo-
HayaJIbHBIMHM 3HAHUSAMHU OTHOCHTEIBHO si3biKa cucTteMbl. [lockonpsky MATLAB npencrasiser coboii vH-
TEPIIPETaTOp, TO 00y4YeHNE MHCTPYMEHTAPHIO HEHPOHHBIX CETEeW 3aKIII0YAaeTCs B OCHOBHOM B HU3yYCHHHU
(GyHKUMH U UX IapaMeTpoB. Y3HaTh BO3MOYKHOCTH HEMpOHa KaK KiIacCU(UKATOPa MPOCTHIX JIMHEHHO ce-
napabebHBIX 33129 MOYKHO IIyTEM MPOBEJCHUS YKCIIEPUMEHTOB C MOJIENIBIO OJTHOTO JTMHEHHOTO HEHpOHa.

®yuknusa Newp. ias Toro 4rodbl co3aTh HEHpPOH, UCHOJIB3YIOT (PYHKIUIO NEWp, UMEIOILYIO
CHEAYIOUIMIA CHHTAKCHC:

net =newp(PR, S, TF, LF),

rae PR — marpuna MUHMMaNbHBIX M MAaKCHUMalbHbIX R BXOAHBIX 3JIEMEHTOB; S — KOJIMYECTBO
HEWpOoHOB (TpH co3nanuu ofgHoro HeiipoHa S=1); TF — ¢dynkuus akrusauuu (transfer function); LF — ums
byHKIIUN 00yueHus: HelpoHa.

B cnyuae ecnm mapamerpsl GyHKIMHA NEWP HE 3a/1aHbl, UX 3HAYCHHUS ONPEICIISIOTCS TTOCPEICTBOM
BBOJIa 3HaueHUl B Juanorosble okHa. IlocTpoeHHBIM HeHpoH XapakTepu3yercss (QYHKLUUSMH BECOB
(weight function), BxogoB cetu (net input function) u onpeneneHHoW QyHKuMeH akTUBarmu. OyHKIUSA
BECOB — 3TO YMHO)KEHUE BECOB Ha BXOAHOH cUrHai, (yHKIUS BXOJOB CeTH — UX cymMa. Beca 3anarorcs
KaK JUIs BXOJIOB HEHpOHa, Tak W sl (PMKCHPOBAHHOTO BXOJa, 33JAI0ONIero Mmopor cpabaTteiBanus (bias).
Bekrop BecoB mHMUManu3upyercs HymsMu. s oOyueHHs] MCTONB3YIOTCS (YHKLUH, PacCCMOTPEHHbIE
HIDKE.

®ynknus learnp nacrpauBaet Beca HefipoHa. CHHTaKcUC QYHKIMU 00YYECHUsI JOBOJIBHO CIIOKEH:

[dW, LS]=learnp(W,P,Z, N, A T, E, gW, gA D, LP, LS),
[db, LS]=learnp(b, ones(L, Q), Z, N, A, T, E, gW, gA, D, LP, LS),
info=learnp(code).

Oyuknus learnp (W, P, Z, N, A, T, E, gW, gA, D, LP, LS) umeeT HecKoJIbKO BX0JI0B, Tie BekTOp W
— BEKTOp BECOB; P — BEKTOp BXOJI0B; Z — BEKTOP B3BEIIEHHBIX BX0/10B; N — BEKTOp ceTH; A — BEKTOp BbI-
xoja; 7' — BEKTOp *keJlaeMbIX BbIXOA0B; £ — BekTop omubok; W — BeKTop n3MeHeHus BecoB; JA — n3me-
HeHusl BbixooB. DyHKImMs Bo3Bpainaet 3HaueHus: AW — u3aMeHeHus: MaTpuisl BecoB; LS — HOBBIN ypo-
BEHb OOYYEHHOCTH.

Oynkms learnp MoxeT ObITh UCTIONIB30BaHA C TTAPAMETPaMH TI0 YMOITYAHHUIO:

dW =learnp([], p.[1.[1.[1.[1 & [LI1 L1 LT LD

Hcnonb30BaHue MycTOro CIUCKa [ | 03Ha4aeT napaMeTp Mo yMOIYaHHUIO.
Oyukmus learnp Beruucnser usmenenne BecoB dW ans 3agaHHOTO HEHpPOHA B COOTBETCTBUU C
MIPaBWJIOM O0yUYEHUS IepCenTpoHa:



0, ecu owubrae =0,
dW =< p', eciu e =1,
—p', ecru e =-1,

T. €. dw =e- p'.

®dyukuus learnpn HacTpanBacT HOpMaIM30BaHHbIE Beca:
[dW, LS]=learnpn(W, P, Z, N, A T, E, gW, gA D, LP, LS).

Oyukius learnpn Berauciser n3MeHenue BecoB dW st 1aHHOTO HEWpoHa W ero Bxoja P u
omKOKH £ B COOTBETCTBUU C HOPMAJIM30BAaHHBIM IIPaBUIIOM 00yUY€HHsI IEPCENTPOHA:

pn=p/\/@+ pQ)? + p(2)? +...+ p(R)?),

0, eciu owmubrae =0,
dW =< pn', eciu e =1,

— pn', eciu e = -1,
re dW=e-pn’

JIuHeHbI HEMPOH UMEET OJJHO CYIIECTBEHHOE OrpaHUYeHHE. BXOIHbBIE BEKTOPHI JOIKHBI OBbITH
JIMHENHO pa3fesuMbl. EciiM BEKTOPBI HEBO3MOXKHO OTIEIUTH NPSMOM WIHA TMIEPITIOCKOCTBIO, TO IIEpCel-
TPOH HE CIIOCOOEH PELUTh 3a]1a4y KJIaCCU(PUKALIHU.

®ynkus adapt agantupyer HC x ycnoBusiM 3a1au:

[net, Y, E, Pf, Af]=adapt(net, P, T, P, A).

[Mapamerpsr ¢ynkipn adapt: net — umst cetu; P — BXOIbI ceTH; T — )kenaeMblil BbIXO; Pi — Hcxo-
HBIE YCJIOBHUSA 3a1€PKKHU; Aj — UCXOHBIE YCIOBUS 3aJI€PKKU s ci10s. OYHKIMS BO3BpAIlaeT apaMeTphl
amanTupoBaHHOU cetn net.adaptParam: net — usmenenHas ceth; Y — BoIxoa ceTH; E — omubku cetu; Pf—
ycioBus 3aaepKku BxoaoB; Af — ycroBus 3anepxku ciosi. [lapamerpsr Pi u Pf HeoOsi3aTenbHble 1 HEOO-
XOJIMMBI TOJIBKO JUISl CETEM, UIMEIOIIUX 3a/1ePKKH HAa BXOAAX U CIIOE.

®ynkmus train rake o0yyaer HC 1 ucnonbe3yeT ciieyronmil CHHTaKCHUC:

[net, tr]=train(net, P, T, P, A).

OyuKkIMs train umMeeT cieayromume napamerpol: Net — cethb; P — BXOAbBI ceTh; T — KeTaeMblil BbI-
X0JT; Pi — NCXOHBIE YCIOBHS 3aJIePKKH BX01a; Aj — UICXOHBIC YCIOBHS 3aJIEPKKHU CIIOS.
DyHKUUs SIM UMUTHPYET HEUPOHHYIO CETh:

[Y, Pf, Af]=sim(net, P, P, A),

rzae net — cetb; P — BX0abl ceTu; Pj — HMCXOHBIE YCIOBUS 3a/I€P’KKH BXOAOB ceTH; Aj — UCXOIHbIE
ycioBusl 3aiepkku cinos. DyHkuus Bo3Bpamaer Y — BeIXOABI cetd; Pf — okoHuarenbHbIe yclnoBuUs 3a-
JePKKU BXO/10B; Af — OKOHYATEITBbHBIC YCIOBUS 3aJICPIKKH CIIOS.

@Oynkuuu akTuBanuu. Hike npeacraBieHbl Ha3HAYEHUS 3TUX (DYHKIHHA.

DyHKIMUA Ha3Hnauenue
hardlim Bosppamiaer 1, eciau Ha BX0Jie TOJIOKHTEIBLHOE YUCIO B ) B IPOTHBHOM CIY-




yae.
tansig Brruucsier runepOoJnYecKuii TAHTEHC OT BXOJa.
purelin BrrunciisieT BBIXOJT CJIOSI OT CETEBOTO BXOJIA.

DyHKUUM rpapuyecKoro uMHrepdeiica U BcrmoMorarenbHble (pyHkuuM. HaszHauenue stux
(GyHKUIMI IpeACTaBIEHO HUXE.

DOyHKUMA Ha3zunauenue
axis([Xmin Xmax YcranaBiMBaeT 1uana3zoHbl KOOPAMHATHBIX OCEH.
Ymin Ymax)
title(‘cmpoxa’) BriBoauT B rpadmueckoe OKHO PUCYHKOB 3ar0JIOBOK rpaduka.
rand(M, N) Bosspamaer marpuiy pasmeproctd M Ha N co cirydaiilHBIMU 3HAYECHUSIMH.

xlabel(‘cmpora’) TloanuceiBaroT HAMMEHOBaHUE KOOPAWHATHBIX OCEH.
ylabel(‘cmpoxa’)

cla reset OuniaeT KOOPANHATHYIO CETKY B OKHE PUCYHKOB.

hold on Bxiro4aroT U OTKIIOYAIOT pexuM J00aBiieHUs TpaduKoB Ha KOOPIWHATHYIO
hold off CETKY.

text(X, Y, ‘cmpo- BBIBOOUT CTPOKY, HAUMHAs C YKa3aHHBIX KOOPAMHAT B MOJIE PUCYHKOB.

Ka’')

pause (n) OxugaeT nojap30BaTeNIbCKOr0 OTBETA /1 CEKYH/I.

plot(X, Y, ysem M300pakacT Ha KOOPIMHATHOW CETKE TOYKH C KOOPIMHATAMH, 3aaHHBIMU
u cumeon’) BekTopamu X, Y, ¢ MOMOIIbIO YKa3aHHOTO CUMBOJIA U I[BETA.

plotpv(P, V) N3o0paxaer Touku P yka3aHHBIMU Mapkepamu 7, riae P — marpuiia BXOTHBIX

BEeKTOpOB pa3MepHOCThIO R Ha Q (R momken ObITh 3 Miau MeHble), T — MaTpH-
11a IBOMYHBIX BEKTOPOB pa3MepHOCThi0 5 Ha Q (S mosmkeH ObITh 3 WM MEHb-

mie).
plotes (WV, BV,  M3o00pakaeT moBepXHOCTh OMIMOKHM Ha OTIAEIbHOM Bxoje, rae WV — BekTop
ES, V) ctpok 3HaueHuit BecoB W pazmeproctu N, BV — BekTop cTpOok 3HaueHUl 1Mopo-

roB B pasmeproctu M, ES — marpuna ommb6ku pazmepaoctu M va N, V — yron
3penus Mo ymodanuio [-37, 5, 30].

plotsom(POS) N300pakaeT MO3MIHMI0 HEWPOHA KPACHON TOYKOM, CBSI3bIBas CHHEH JUHHEH
HEeHpOHBI, HaxoAsIIMecs ApyT oT Apyra Ha pacctostHuu 1. POS — marpuna S N-
pa3MepHBIX HEHPOHOB.

ind2vec [T03BOJISIFOT TPEICTABUTh MHACKCHI JINOO COOCTBEHHO 3HAYCHUSIMU HMHJICKCOB,

vec2ind 1100 BEKTOPAMH, CTPOKH KOTOPBIX COAEP AT | B MO3UIIMU WHJIEKCA.

full [TpeoOpasyet pa3perKeHHYIO MATPHILY B MOJIHYIO.

maxlinlr(P) @OyHKIMS BO3BpAIIAET MAKCUMAJIbHBIN YPOBEHb O0OYYEHHOCTH JIMHEHHOTO CIIOST
0e3 bias, koTopsIii 00y4aics ToJIpKO Ha BeKTope P.

trainlm Brimonasier o0yuenue maorocioiinoi HC meronom JleBenOepra-Mapksapra.

netprod BxonHas cereBasi pyHKIHSI, KOTOpasi BBIYKCIISIET BBIXOJ CETEBOTO CJIOS, YMHO-
’Kasi BXOJTHOW BEKTOp Ha Beca v mpuoOaBJisist bias.

init HreparuBHo naummanmmsupyer HC.

CTpykTypa AaHHBIX ONMCAHMS HeHPOHHBIX cereil. CTpyKTypa JaHHBIX Net — 3To omucaHue
obyuyenHoil HC. O0yueHue ocyIiecTBIsIeTCsl B COOTBETCTBUU CO CIEAYIOUIMMHU NapaMeTpaMM, 3HaueHUs
KOTOPBIX JIM0O yCTaHABJIMBAIOTCS M10JIb30BaTENEM, JTMOO0 [0 YMOTYAHHIO.

CTpyKTypa JaHHBIX KommenTapmuii
net.trainParam. epochs MakcumaabHOE KOJTMYECTBO ATOX 00yUeHHUS.
100
net. trainParam.goal 0 [{eneBoe 3HaYEHHE ONIMOKH.

net.trainParam.max_fail 5 | MakcumanbHO€ 3HAUCHHUE OIIMOKHU.
net.trainParam.mem reduc | ®aktop ONTUMHU3AIMK TIpoliecca OOYUYCHHS: ONTHMH3AINS HCITOJb-
1 30BaHMsI IAMSITH WM BPEMEHH MPOLIECCOPA.




net. trainParam. min_grad | MunumansHOE 3HAYEHUE IPaMEHTa.

1e-10

net.trainParam.show 25 KonmruecTBo 31mox Mex1y moKa3amu.

net.trainParam.time inf MakcuMaabHOE BpeMsi 00YUIEeHHUS B CEKYH/IaX.

TR CrpykTypa naHHBIX, coaepkaiias 3HaueHus 06 odyuennoctu HC B
TEKYIIYIO JIOXY.

TR. epoch Howmep smoxu.

TR.perf Yposenb 00yuennoctu (Trainingperformance).

TR.vperf Crenenp kayectsa (Validation performance).

TR.tperf PesynpraTuBHOCTH 00paboTku Tecta (Testperformance).

TR.mu 3HaueHne aJanTUBHOCTH.

CrpykTypa maHHbIX onucanus amantupoBanHoi HC net.adaptfcn Bkiowaer B cebst ciemyroriue
noist net.adapt.param: NET — amantupoBannas HC; Y — Beixonst HC; E — ommbku HC; Pf — oxonuva-
TEJIbHBIC BXOHBIC 3HAYCHUS 3a1epxek; Af — OKOHYATEIbHBIC BRIXOIHBIC 3aIePXKKH; TR — pe3ysbraT 00y-
yeHus (310X | neneBas ommbOka). [Iposenem B cpene Matlab toolbox skcniepumenTsi, ucnonb3ys pac-
CMOTPCHHBIC (PYHKITHH.

3 ITOPAJOK BBIIIOJIHEHUSA PABOTbBI

HNPUMEP 1 Co3panue HeilipoHOB, peaiu3ymux ¢pyakuuu jJornyeckoro U
u gJornyeckoro NJIN

Coztaaum HEWPOH C OJHUM JIBYX3JIEMEHTHBIM BXOJOM (MHTEpPBajbl IEPBOrO U BTOPOTO 3JIEMEH-
toB [0; 1]). Onpenenum aBa nepBbIX napamerpa (GyHKIMHA NEWP, a B KAUECTBE 3HAUEHUI TPETHETO U YeT-
BEpTOro napamerpa (Tumna GyHKIMKA aKTHBALlMU U UMEHU MPOLEAYPHI 00yUeHHs) BOCIIONb3yeMCs 3HaUe-
HUSIMU T10 YMOJIYaHUIO.

COoBIaHMe HEeHMPOHa C OIOHMM IOBYXDJIEMEHTHEIM BXOIOM (MHTEpPBAJI
nepsoro sjeMmeHTra [0; 1] m mMHTEepBajs BTOpOI'oc sJjeMmeHTa [-2; 2]
et = newp ([0 1; -2 2], 1);

oo oo

3

st Toro 4To0BI UCCIeNOBATh MTOBEACHUE HEMPOHA, HEOOXO0IMMO UMUTHPOBATH €ro paboTy ¢ Mo-
MoIIbio GyHKIUU SiM. [y onpeaeseHus mocieI0BaTeIbHOCTH 3HAYEHHH BXO/a CO3[aiuM IOCIIe10Ba-
TEeNbHOCTD Pl.

% cosmaHme MNoCJIemOBATEJILHOCTM BHAYCHMI BXOIA

1 = {[0;, 0] [0; 1] [1; O] [1; 1]};

uMmTaMsa paboTE HEMPOHa net HAa MOCJIeNOoBaTEeIEHOCTM BXOIOB P
KEeJIaeMEIX BRIXOHOB — T1, KOTOpas MO3BOJIMT HAM MIPOBECTM AaIarlTalluio
HerpoHa (obyumTes ero) uepes 20 HOpOXOINOB.

sim (net, P1);

COBIaHMe MNOCJIeHOBATEJIBLHOCTM BEIXOIOB

TiT = {0, 0, 0, 1};

% YCTaHOBKA KOJMUYECTBA MNPOXONOB (ILIMKJIOB) analTallui
net.adaptParam.passes = 20;

% amanrTanmsa HeNpoHa net ns obyyarney BelOOpku <Pl1; T1>

net = adapt (net, P1, T1);

% cumMmynsanmsa paboTe HEeMpPOHa net Ha MNOCHIeIOBATEeJIBHOCTM BXOmoB Pl
Y = sim (net, P1);

oe oo oo My

oo
I

B pesynbTare Mbl OTy4rM HEWPOH, BHIIOJIHSIOMUHN (yHKIUIO JIoruueckoro 1.
Jns nepeoOyuenus HeifpoHa Ha BeinonHeHne Qynkuuu MJIN nepeonpenenum Bxosl P U BHIXOAbI



% cosmaHMe INOCJIeIOBATEJILEHOCTMY BXOIOB

2 =[0011; 01 0 1],

% cosmaHMe IOCJIEeIOBATEJIEHOCTM BRIXOINOB (peaklmi) nJjs HEMpOHAa,
% BERIIOJIHAKNIE'O QYHKIIMIO JIOTMUYECKOI'O0 MU

o

T2 = [0, 1, 1, 1];

% MHMILMATIMUBUPYEM HEMPOH, o0yumM ero Ha 20 npoxomax (»roxax)

S MHMOMaIM3AanNs HeWpoHa net

net = init (net);

% mmMmmuTaMs paboTE HEMpOHa net Ha HOCJAeIOBAaTEeJIBHOCTM BXOOLOB P2
Y = sim (net, P2);

% YyCTaHOBKA KOJIMYECTBA MPOXOIOB
et.trainParam.epochs = 20;
obyueHme HeupoHa net Ha obyyammey BelOOpke <P2, T2>
et = train(net, P2, T2);
mMmuTanusa paboTE HeypoHa net Ha [DOCjIemoBaTeJIBHOCTHM BXOHoB P2
= sim (net, P2);

oo n]

= oo n]

Oyukiws train BEIBOAUT rpaduk o0yueHus HelpoHa (puc. 2).

Performance is 0, Goal is 0
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Puc. 2. I'papuk oOyueHus: HelipoHa

Jlns ciydaiiHOro M3MEHEHHs BECOB M Imopora cpalaTbiBaHus HcCmojib3yeMm ¢yHkuuio init. ITo
YMOJTYaHHIO ISl CO3/1aBaeMOro HelpoHa ykazana ¢pynkius hardlim.

ITPUMEP 2 O0y4enue HeilipoHa KJaccu(pukanuu BEKTOPOB HA IBe KATETOPpUH

Haunewm c kiaccudukanuy BEeKTOPOB Ha OCHOBE JIBYXBXOJI0BOro HeilpoHa. bynem Hcronb30BaTh
GyHKIMIO NEWP TS CO3[aHusl HeHpoHa, SIM sl MHUTaIK ero padboTel, adapt dzs agantamuu (00yue-



HUs) HelipoHHOH ceTn. OOy4YrM JBYXBXOJIOBBIN HEUPOH KJIaCCU(PHUIIMPOBATH BXOJHBIC BEKTOPHI HA JBE
KaTeropuu.

OonpenesyieHne YETEPEX ABYXSJIEMEHTHRX BXOIOB

= [ -0.5 -0.5 0.4 -0.2; -0.5 0.5 -0.4 1.0];,

BagaguM XeJjlaeMble BEIXOIE HEMPOHA MOJIS OIPENEJIEHHBIX BEKTOPOB
= [1 1 0 0],

nz06pasuM BXOOHEIE BEKTOPE (TOYUKM) HA IIJIOCKOCTM!:

plotpv (P, T);

oo M oo Mg oo

Vectors to be Classified
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Puc. 3. Mcxonnble BEKTOPHI, TpeIHa3HAUEHHBIE I KJIacCU(UKALUK HEHPOHOM

Kaxx11p1i1 13 4eTbIpex BXOAHBIX BEKTOPOB Ha INIOCKOCTH P ompenensercs IByMs KOOpAWHATaMU,
NPE/ICTaBICHHBIMH KaK JIBYXAJIEMEHTHBIC CTONIONBI B MaTpuiie P (puc. 3).
Coznaaum oIMH JIMHENHBI HEUPOH C JBYMs BXOJIaMH, 3HAU€HUsI KOTOPBIX JIeXkKaT B MHTEpBaJe |-

1,1].
% cosmaHue JIMHEeMHOI'O HEMPOHA C IOBYMS Bxomamu wu3 uHTepBasa [-1, 1]
net = newp([-1 1; -1 1], 1);

Heiipon mo ymomyanuto umeer ¢pynkuuto aktuBarmu hardlim u takoil HelipoH pasnenser BXOa-
HBIE BEKTOPBI IPSIMOM JIMHUEH.

Onpenenum KoopAMHATHI JIMHUY Kiaccudukanuu: Beca (IW) u mopor cpabateiBanus Heitpona (b).

TOJIyYeHMEe YNIPaBJISOIC CTPYKTYpPE linehandle mis m300paxeHus
pasnmesnsnmer JUMHUMY B KoopAMHaATaxX BecoB (IW) m mopora
cpabaTeBaHms HerpoHa (b)

oo oo oo



linehandle = plotpc (net.IW{l}, net.b{1l});,

% uBobpaxeHue pasznesisaounel MIPsIMOM
plotpc (net.Iw{1}, net.b{1});

Ecnu ncxoaHpIM BecaM 3a7aTh HyJICBbIC 3HAYCHHUS, TO JIFOOBIE BXOBI JaIyT OAMHAKOBBIC BBIXO/IBI,
W TUHUS Kiaccudukanuy He OyIeT BUIHA Ha TiockocTh. [IpoBeaem oOydenue:

% ouMCTKa KOOPOMHATHEIX OCEM
cla;

$ mzobpaxeHme BXOIOHBEIX BEKTOPOB INBYX KAaTEI'OPHUM, KATEI'OPUS 3aIaeTCs
% symemeHTaMyu BekTOopa T

plotpv (P, T);

$ mosryyeHme yHnpaBJisSomelr CTPyKType linehanctle

linehandle = plotpc(net.IW{1}, net.b{l});

Q

s IIPMCBOEHME HA4YaJIbBHOI'O 3BHAYEHIMA ommb KM

E = 1;
% MHMIMAIM3AIIMSI HEeHMPOHAa
net = init (net);,

% HoJIydyeHMe yHnpaBJsdouey CTPpyKTypr linehandle
inehandle = plotpc (net.IW{1}, net.b{l});

% opraHmzalmMs LMKja Hoka ommbrxa He paBHa 0

while (mse(E)) ',

amanranmusa HeMpoHa net Ha obyvanney BelOopke <P, T>,
QyHKIMS BO3BpamaeT analTHMPOBAHHEI HEMPOH net,

BEIXOX Y, ommbry E

[net, Y, E] = adapt (net, P, T);

% uz0bpaxeHue pasznesigouney HNpsIMOM HEeMpOHAa MHNOoCJje amalTallui
linehandle = plotpc(net.IW{1l}, net.b{l}, linehandle);
% ouUMCTKa OKHAa I'padmukoB

drawnow;,

% KoHell ImKJjia while
end;

e~

oo oo oo

Odyukims adapt Bo3Bpaiaet HOBbI 00BEKT — CETh, KOTOPAst BBIMOJIHIET KJIACCU(PHUKAIINIO, BHIXOT
CeTH U OoIunOKy (puc. 4).

[TpoBenem knaccuduKalyio HOBOTO BEKTOpa ¢ MOMOIIBI0 00yUYeHHOTO HElpoHa HAa OCHOBE (PYHK-
1uu Sim. OnpeaeauM HOBBIN BekTOp P.

onpernesyieHue BekTopa P

[0, 6, l/ 1];
uMmuTaMsa paboTE HEMpOHa net, MNOJIyUeHMe OTKJIMKA HEMPOHa a
= sim (net, P);
nzobpaxeHme Bxoma P, OTHECEHHOI'O HEMPOHOM K KaTeIr'opuu a
plotpv (P, a);

oo My oo

oo



Vectors to be Classified
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Puc. 4. HpHMaﬂ, pasacisromas HCXO0AHbIC BEKTOPLI Ha KJIACChI
O6y‘leHHHﬁ HCﬁpOH MOZKHO HMCIIOJIB30BaTh AJIA KJ'IaCCI/I(bI/IKaI_[I/II/I JIF000Tr0 BCKTOpa:

% BKJIOUUTE pexuM NoOaBJICHMS I'PAQMKOB B I'paduMUeCKOM OKHE
hold ony;

2 MBOﬁpa}KeHMe BXOIOHEIX TOYWEK B COOTBETCTBMM C KATeI'OpMAMI T
plotpv (P, T);,

% musobpaxeHue pasznesisoney NOBEePXHOCTHU

plotpc (net.IW{l}, net.b{l});

% OTKJIDYEHME pexmMa HoOaBJIEHMS I'PaduKOB

hold off;

Heiipon xiaccu¢pummpyer HOBYIO TOUKY, KaK NpHHAAIEXKanrylo kareropun «0» (mpeacrtaBieHa
KPY>KKOM), a He KaTeropuu «1» (mpeacraBieHa +).

INPUMEP 3 Co3znanue cj1051 TUHEHHBIX HEHPOHOB

Paccmotpum nocnenosarensHocTh U3 10 maroB (g Beixoja T1, KOTOpPBIM W3BECTHBIM 00pa3oM
3aBHCHT OT BX0J0B P1):

% mocemoBaTESIEHOCTE BXOIOB
Pl = (-1 00011 -10 -1 1};
% rocjIegoBaTeJILHOCTE BEBEIXOIOB
Tl = {-1 -1 1 01 2 0 -1 -1 1};



Hcnonb3yem ¢yukmuto Newlin, 9Todsl co3maTh HEWPOH CO 3HAYCHHMSIMHU BXOJa B MHTEpBaie [-1;
1], 3anep>xkamu Bxona ot 0 10 1 u ypoBHem oOyuenus 0,1.

COBIaHMe JIMHEMHOI'O CJIOS M3 OIDHOI'O HEMPOHA CO BHAUEHMSIMM BXOIAa
B mHTepBajse [-1,; 1], zamepxkxamm Bxoma or 0 mo 1

u ypoBHeM oO6yuenms 0,1.

et = newlin (/-1 1], 1, [0 1], 0.1);

oo oo op

>

AJnantupyemM HEMpOH K 3aJlade OJHUM IPOXOJO0M 4Yepe3 MOCIe0BaTeIbHOCTh BXoaa. V3mepum
CPEIHIOI0 KBAIPATHUHYIO OMIMOKY ¢ MOMOIbi0 hyHKInu Mse(e).

% amanTaims HEMPOHa K IIOCJIemOoBaTeJBEHOCTH Pl
[net, vy, e, pf] = adapt (net, P1, TI1);,
$ musMepeHue OomMbKH

mse (e)

[TosryunM noBOJIBHO OoMblIyIO OIIMOKY. BHOBB agantupyem cets Ha 10 marax mnocienoBaTeabHO-
CTH, HCIIOJIB3Ys MPeblayIee 3HaueHne Pf kak HOBOE MCXOHOE 3HAUCHHE 3a/ICPKKH

p2 =4{1 -1 -111 -1 0200 1};

T2 = {2 0 -2 02 0 -1 00 1};

¢ amanraumsa C Ha4YajlbHEIM BEKTOPOM 3alepXku pf
[net, y, e, pf] = adapt (net, P2, T2, pf);
mse (e)

Anantupyem cetb Ha 100-pa3oBoM IIpOroHe NOCIEA0BATEIbHOCTH:

% QopMHMpOBaHME HOBOM [NOCJEOOBATEJIBEHOCTHM BXOIOB
P3 = [P1 P2];

% QopMHMpOBaHME HOBOM [NOCJIENOBATEJIEHOCTHM BEIXOIOB
T3 = [T1 T2];

% yCTaHOBKAa KOJMYECTBA IIPOXOIOB
net.adaptParam.passes = 100;

% amanranmsa HEMpOHA

[net, vy, e] = adapt (net, P3, T3);

[MTomyuynm npuemieMyro OmMOKy, 3HAUUT CeTh 00yueHa 3aBUCUMOCTH BXOJIOB OT BBIXO/I0B.
4 KOHTPOJIBHBIE BOITPOCHI

1.  Yro mpencrasnser co0oil MareMaTHuecKas Mojeib HelpoHa?Kak BBITTSAUT (GOpMyIbHOE

IpeJICTaBICHUE AIrOpUTMa O0yUEHUS 1O JeJIbTa-IIPaBHITy?

Kakoe orpannuenue uMmeer JTMHEWHBII HEWPOH?

3. MoxHO 1 00yYHUTh TUHCHHBI HEHPOH BBITIOIHATH JIOTHYECKYIO (DYHKIIUIO HCKITFOYAIOIIETO
NJI?

4.  Kakue QpyHKIMH UCTIONB3YIOTCS AJIs HACTPOWKHM BecoB mepcentpoHa B cpene MATLAB? B
4eM UX OTIn4uue?

N

JlabopamopHasi paboma Ne 6 U3yyeHue MHO20CJ10liIHO20 HeJIUHelIHO20 rnepcenmpoHa U anzo-
pumma obpamHo20 pacnpocmpaHeHusi owubku

1 HEJIb PABOTBI

N3yunTh BO3MOKHOCTH MHOTOCJIOWHOTO MEPCENTPOHA KaK alllPOKCUMATOpa U Kiraccupukaropa.



2 CBEJAEHUA U3 TEOPUHN
2.1 Anroput™m 00paTHOIO PacpoCTPAHEHHUS OIIMOKHU

[Tycth onpeneneHa TpexciaoiHas HeHPOHHAsI CETh C 7 BXOJaMH, M BbIXOJaMH U | CKPBITBIMU MEX-
1y HUMH 3JIEMEHTaMH, TOTJ[a HEOOXOJMMO PaCCMOTPETh U TIOCTPOUTH JIBA CJIOSI BECOB: OT BXOJIOB K CKPbI-
TBIM DJIEMEHTaM | K BbIxoay, T. €. (W1, Wa).

Hasnadyenue anroputMa oOpaTHOrO paclpoCTPAHEHHs OIMOKH — HACTPOHKA BCEX CIIOCB MHOIO-
CIIOMHOM CTPYKTYpbl. PaccMOTpUM paboTy aJirOpUTMa Ha MPUMEPE CETU C OJJHHUM CKPBITHIM CJIOEM U O/I-
HUM BbIX0JIOM (puc. 5). IIpeoOpa3oBaHus BXOAHBIX CHT'HAJIOB, 3aaBaeMble HEHPOHHOW CEThIO, OMpe/ie-
JISFOTCS CIETYIOIUMH (HOPMYITaMHU:

F(<W, X >)=1/L+exp(-W T X));
O, =1/(L+exp(-W," X));
0, =1/(1+exp(-W, 0,)).

OOmast ¢pyHKuMs OMMOKHM 3aBUCUT OT BECOB BCEX CJIOEB, B HauleM ciaydae oT BekTopa W2 u oT
matputibl Wi

E(W,,W,) =1/2(Y —1/(1+exp(-W, O,)))?,

rae Y — BBIXOJl, KOTOPBIH 3a/1aH B 00y4aroieil BHIOOPKE.

O,

Puc. 5. MHOrocno0iHbIi1 nepcenTpoH

TenepL HCO6XOJII/IMO OIIPCACIINTE IMPUPAICHUC KAXKXA0I'0 BCCa C MOMOMIIBI0 YaCTHBIX IMPOU3BOMI-
HBIX:

OEW,, W,).
ow,

6E(\N21W1).
oW,



JU1s MHOTOCTIOWHOW apXUTEKTYphl YacTHBIE MPOU3BOIHBIE OMIMOKM MO MATPHIIE BECOB Ka)JIOTO

CJIOSI OTIPEACIAIOTCS 10 (OpMYyJIe CIOKHON MPOU3BOAHON. B cilydae YHHMOJSPHOW CUTMOWIBI MPABHUIIO
M3MEHEHHS BECOB OY/IET CIIEIYIOLIIM:

W, =W, +h-(Y -0,)-0, -(1-0,)-O;;
0=(Y-0,)-0,-(1-0,);
W, =W, +h-8-W, - (1-0,)-O, - X.

Taxum 06pa30M, MCTOL O6paTHOFO paciIpoCTpaHCHUA OIIMOKH IT03BOJIIET U3MEHITh Beca ImpomMe-
JKYTOYHBIX CJIOCB, XOT: KCJIACMbIC 3HAUYCHUA HA IIPOMCEIKYTOUHLIX CJIOAX HEC 3aJaHbl.

2.2 Onucanue OCHOBHBIX (pyHKIMI

Oyukuus Newff cozmaet HEHPOHHYIO CETh MPSAMOTO PACIPOCTPAHEHHS CUTHAJIA, 00y4aeMyo C I10-
MOIIBIO AJITOPUTMa 0OPATHOT'O PACTIPOCTPAHEHHUSI OIIMOKH:

net = newff(PR, [S1 S2 SNI], {TF1 TF2 TENI), BTF, BLF, PF).

Paccmorpum napamerpsl ¢ynknun Newff: PR — marpuiia naTepBaioB 3HaueHHH it R BXOAHBIX
AIICMEHTOB, 33/1aBAEMbIX MHHUMAJBbHBIM M MaKCHMAaJbHBIM 3HAYCHUSIMH; Si — pasmep i-ro cios, aust N
cinoeB; TFj — QyHKIMs akTUBAIMU I-TO CJI0s, IO YMOJIYaHUIO HCHOJb3yeTcs GpyHKuums tansig — rumep6o-
muueckuit Tanrenc; BTF — ¢pynkuust oOydenus cetu MeTo0M 0OpaTHOTO PAaCIpOCTPAHEHUS OIIUOKH, O
YMOJTYaHUIO Hcnoib3yercss GpyHkius traingdx; BLF — ¢yHKuus u3MeHeHHs BECOB IMpU OOYYCHUH, 10
yMoJT4aHuio ucnonb3yercs learngdm; PF — GyHkums u3MepeHus omubKy, 1o yMoI4aHuto mSe. OyHKIUSA
newff Bo3BpalaeT MHOTOCIIOHYIO HEHPOHHYIO CETh IPSMOTr0 U 0OPAaTHOTO PacIpOCTPAHECHUS CUTHAIA U
OLIMOKHU COOTBETCTBEHHO. DYHKIIMM aKTUBALIMU MOTYT OBITh BHIOPAHbI U3 CIEIYIOLIEr0 NepeyHs: rumep-
Oosmyueckuii TaHreHe tansig, sorucrudeckas curmona 10gsig wim nunelinas ¢pyukuus purelin.

3 HOPAJOK BbBIITIOJIHEHUSA PABOTbI

INPUMEP 1 Co3nanue u 00yuyeHue HeHPOHHOM CeTH ¢ MOMOIIBIO AJITOPUTMA 0OPATHOI0 Pacnpo-
CTPaHeHMS OIIHOKHU

3aganuM ¢ MOMOIIBIO IrpaduKa HCXOJHYIO (YHKIIHIO:

% Bxomrl HC

P=[0123456 78];

% xejaeMmele peaknmu HC

T = [0 0.44 0.88 0.11 -0.66 -0.95 -0.45 0.18 0.92];
% uzobpaxeHue amnlpOKCHUMUPYEMOM QYHKIIMMU

plot (P, T, 'O0');

Hcnons3zyem ¢yHkimo Newff, yToObl co3iaTh MBYXCIOHHYIO CETh MPSMOTO pPaclpoCTpPaHCHHS.
ITyctb ceTh MMeET BXOABI ¢ HHTEpPBAJIOM 3HaueHUi oT 0 1o 8, nepBslii cioi ¢ 10 HEeIMHEHHBIMH CUTMOM-
JATBHBIMH, BTOPOH — C OJTHUM JIMHEWHBIM HelipoHaMu. Vcmons3yem iis 00y4eHHs adropuT™M 00paTHOTO
pacnpoctpanenus onmbOku (backpropagation) Jlesen6epra — Mapkapara (puc. 6).

cozrzaHue IOByXCJIOMHOM HC NpsAMOI'O pacHpOCTPaHEeHMS C MHTEPBAJIOM
BHayeHMy BxomoB oT (0 mo 8, mnpuuyeM [NEPBEM CJION COOEPXHUT

10 HeJIMHEeMHEIX CHUI'MOMI, a BTOPOM — OIMH JIMHEMHED! HEMPOH.

s oByyeHuss MCHOJIB3yeTCs ajJIl'OpuTM OOpaTHOI'O PAaCHpOCTPaHEeHMS
ommbru (backpropagation).
et = newff ([0 8], [10 1], {'tansig' 'purelin'},'trainlim');

oo oo oo oo oP

3



% mmmTanms paboTel HeobyueHHOM HC

yl = sim (net, P);

% uBO0bpaxeHme pesysIbLTaTOB paboTel HeobyueHHOM HC
plot (P, 7, 'Oo', P, y1, 'x') ;

O6yummMm cerb Ha 100 snoxax ¢ nemerpoi ommbixoirr 0.01:
YCTaHOBKA KOJIMYECTBA POXOIOB
net.trainParam.epochs = 50;

% YyCTaHOBKA II€JIEBOI'O SBHAYEHMS ONMOKM
net.trainParam.goal = 0.01;

% obyuenme HC (puc. 6)

net = train(net, P, T) ;

% mmvmTanms paborTel obyueHHOM HC

y2 = sim(net, P);

¢ mzObpaxeHme pes3ynbTaToB paborel HC (puc. 7)
plot(pP, T, 'Oo', P, yl1, 'x', P, v2, '+');

Performance is 1.69589e-031, Goal is 0
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Puc. 6. I'paduk oOyueHus: AByXCIOHHOTO NEpCenTPOHa

I[JI}I HUCCICOOBaAHUA pa6OTLI aJIropuTMa 06paTH01“O pacnpoCTpaHCHUsA OIIINOKHU BOCIIOJIb3YCMC
pUMepoM, BCTpoeHHbIM B Matlab toolbox, HabpaB komanay demo.

B mosBuBmemMmcs JUaJIOrOBOM OKHE HCO6XOJ]I/IMO IOCJIICAOBATCIBHO BLI6I/IpaTB IMYHKTBI MCHIO:
Toolboxes->Neural Network->Other Demos->Other Neural Network Design textbook demos->Table of
Contents->10-13->Backpropagation Calculation.
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Puc. 7. Pe3ynpTaT annpokcumanuy BEKTOPOB ABYXCIOWHBIM IIEPCENTPOHOM

B npumepe ucnosb3yercs AByXCIONHBIN IIEPCENTPOH € ABYMs HEJIMHEWHBIMU HEMPOHAMHU B IEp-
BOM CJIO€ U OJIHUM BO BTOpOM. JleiicTBHE aropuT™Ma 0OpaTHOrO pacrpoCTpaHeHHs OMIMOKH pa3OMToO Ha
CIICYFOIIME [Iark: Ha3HAYCHHE BXOJIa M JKEJIAeMOr0 BBIXOJIa, IPSMOI MPOXO0J BXOIHOIO CHrHaja JI0 BbI-
X0/1a, 00paTHOE PacIpOCTpaHEHUE OMINOKH, U3MEHEHHE BeCOB. [lepeMeHHbIe, TT03BOIISIONINE TTPOCIEANTh
paboty anroputmMa 0OpaTHOTO PACIPOCTPAHECHUSI OITUOKH, 0003HAUEHBI CIIETYIOIUM 00pa3oM:

P — BXoaHOM cHTHAIT,

W1(i) — BekTop BecoB niepBoro ciost, Wi(1) — Bec cBs3H, IepeIaroliii BXOJIHOW CUTHAN Ha MEPBBIN
HelipoH, a W1(2) — Ha BTOpoi;

Wo(i) — BexTop BecoB Broporo ciosi, W2(1) — Bec cBsI3H, epeIaroIinii BXOJHONH CUTHAJ C IEPBOTO
HellpoHa BO BTOPOii cioi, a W2(2) — co BTOporo;

B1(i) — BekTop moporoBeix 3Ha4YeHuit (bias) HeiipoHos mepsoro cios, i = 1, 2;

B> — noporosoe 3naueHue (bias) neitpona Broporo cios;

N1(i) — BeKTOp BBIXOJIOB TepBOTro ciios, i = 1, 2;

N2 — BBIXOJ BTOPOTO CIIOS;

A1(i) — BEKTOp BBIXOJIHBIX CHTHAJIOB IMEPBOTO CJIOS IMOCJE BBIMOJIHEHUS (YHKIUH aKTHBAI[MU
(curmowusnn), i =1, 2;

A2 — BBIXOJT BTOPOTO CJIOS TIOCJIC BBIMIOJIHCHUST (DYHKIIMH aKTHBAIUH (JIMHEHHOM );

Ir — xo3¢punment odyyaemocTH.

o o = i * =
HyCTB BXOOAHOU CUT'HAJ P= 1,0, a XKCJIaCMbIU BBIXO t 1 + Sln( p 7Z./ 4) 1’ 707 .
Pe3ynbTaThl BBINOIHEHUS ATAOB aIrOpUTMa IpeCTaBIeHbl B Ta0I. 1.

Tabnuya 1

Pe3yabTaThl MO3TANTHOIO BBHINOJHEHHUS ATTOPUTMA 0OPATHOIO PACIIPOCTPAHEHHUS OIINOKH



IIpsimoe pacnpoct-
OopaTHoe pacnipocTt-
Ortan paHeHHe BXOTHOI0 H3meHenune BecoB
paHeHHe OIMOKHU
CHTHAJIa
A1(1), A1(2) |Logsig(WiP+B1) = He Beimonusiercs He Boimomnnsiercst
=[0,321, 0,368]
A purelin(WiP+B1) = To swce To sice
= 0,446
e t-A=1,261 » »
N1(1), N1(2) He Boinosasiercst ologsim(N,) »
ON,-W,-N,
=[0,049, 0,100]
N2 To xe . opurelin(N,) 2522 »
oN, -e
W1(1) » He Brimonusiercst W, =W, —Ir-N,xP =
Wi(2) =[-0,265, — 0,420]
B1(1), B1(2) » To xe B,=B,—Ir-N, =
=[-0,475, — 0,140]
B2 » » B,=B,-Ir-N,=0,732
W2(2) » » W, =W, —Ir-N,x N, =
=[0,171, 0,077]

4 KOHTPOJIBHBIE BOITPOCHI

1. Kakum anropurmom oOyuarot MHOrocioiasie HC?

2. M3 KakuX OCHOBHBIX 3TallOB COCTOUT aJITOPUTM OOPATHOI'O paclpOCTPaHEHUs OLIMOKN?

3. [Touemy anropuTm oOpaTHOrO PACIPOCTPAHEHMSI OLIMOKM OTHOCHUTCS K KIIACCy allrOpPHT-
MOB I'PaJIMEHTHOIO CITycKa?

4. Kak Brnuser QpyHKIMS NpUHAAICKHOCTH Ha MPAaBUIO U3MEHEHHUs BECOB B 0OpAaTHOM alro-
pUTMeE pacpOCTpaHEHUs OLIMOKN?

o. Kakas ¢yukius B cpene MATLAB co3naer HC npsimoro pacnipoctpaHeHus?

6. Kakue QyHKIMM akTUBalMKM MOTYT ObITh Ha3HaueHbl i HelipoHoB HC npsiMoro pacmpo-

cTpaHeHus’?

JlabopamopHasi paboma Ne 7 U3yyeHue paduasnbHbix 6a3UCHbIX, 86POSIMHOCMHbIX HEUPOH-
HbIX cemel, cemell pespeccuu

1 HEJIb PABOTBI

W3yunTh MOJIeNb BBIUKCICHUM paguanbHOrO 0a3MCHOTO HEWpOHA, CTPYKTYpY U (YHKIIHMH CETe
perpeccun, BEpOSITHOCTHBIX HEMPOHHBIX CETEM.

2 CBEJAEHUSA U3 TEOPUUA
2.1 PagnanbHo-0a3ucHsele cetu. Cern perpeccun. BepositHoctabie HC

PaccmoTpum panuanbHbiii 6a3ucHbI HEWpOoH ¢ R Bxomamu. CTpykTypa HelipoHa mpejcTaBieHa Ha
puc. 8. Panuanbubiii 6azucHblil Helipon (PBH) Bbruncnser paccrosHue MeXIy BEKTOpaMH BXOJOB X U
BeKkTOpoM BecoB W, 3aTeM yMHOXaeT ero Ha GukcupoBanHblil mopor b. dynknus aktusammu PBH, momy-
yenHas B cpeae MATLAB, npencrasnena Ha puc. 10. Paguansnas 6a3ucHas GyHKINS UMEET MAaKCUMYM,
paBHbIif 1, Korga ee BXojabl HyseBble. CreaoBaTeIbHO, paglalbHbIM Oa3UCHBIM HEWPOH JEHCTBYET Kak



JETEKTOpP, KOTOPBIH MoJTydaeT Ha Bbixoje 1, korna Bxoa X uaeHTHYeH ero Bekropy BecoB W. duxcupo-
BaHHBII MOPOT D 1acT BO3MOKHOCTH YIPABJIATh YyBCTBUTEILHOCTBIO HelipoHa. Hampumep, eciin HepoH
umeet mopor 0,1, To Bexoz paBeH 0,5 11 1F000T0 BXOAHOTO BEKTOpa X, HaXOSIIETOCs Ha BEKTOPHOM
paccrosiauu 8,326 (8,326/b) ot W.

net
exp(-net’)

B(W-X)

I
|
L

Puc. 8. PaguanpHelii 0a3ucHbIi HEHPOH

Paouanvnas 6azucnas netiponnas cemos (PBHC) cOCTOUT U3 IBYX CJIOEB: CKPBITOTO PaJHaIbHOTO
6a3ucHOro c10s u3 S' HeifPOHOB M BBIXOJHOTO JMHEHHOTO cros M3 S? HeHpOHOB. DIEMEHTH TEPBOTO
ciosi PBHC BBIYHCIISAIOT PAaCCTOSHHUS MEXIY BXOJHBIM BEKTOPOM M BEKTOPAMH BECOB TIEPBOTO CJIOS,
copMupOBaHHBIX 3 cTpok Matpunsl W 21, BekTop moporos B U pacCTOSHHUS TIOIEMEHTHO YMHOKAIOT-
csi. BeIX0J1 IEpBOTO CJIOS MOKHO BBIPA3UTh (POPMYJIIONM

A' =radbas(W - X| - B),

rae Al — Bexon mepsoro cios; Gpynkuus radbas — pagmansHo-6asucHas gyskmus; W — Matpuna
BECOB IMEPBOTO CJI0s ceTH; X — BXOAHOM BEKTOP; B — BEKTOP MOPOTOB MEPBOIO CIIOSL.

CormnacHo ¢opmysie paauanbHble 0a3UCHBIE HEUPOHBI C BEKTOPOM BECOB, OJIM3KHUM K X, CT€HEpH-
pytoT 3HaueHus1, Onuskue K 1. Ecnu HelipoH umeeT BbIXoa 1, TO 3TO 3HaUeHUE BeCcaMU BTOPOro cios 0y-
JeT TIepeJaHO Ha €ro JHMHEWHble HelpoHbl. dDakTHyecKn paavanbHbIi O0a3MCHBIA HEHPOH ¢ BBIXOJOM 1
MpPEBpAIIAET BBIXOAbl BCEX OCTAJbHBIX HEHPOHOB B HYyJU. TeM HE MEHEee, THIUYHBIM SIBJISIETCS CITydai,
KOTI'JIa HECKOJIbKO HEHPOHOB JIAl0T Ha BBIX0JIaX 3HAUMMBIHM Pe3yJIbTaT, XOTS U C pa3HOU CTENEHbIO.

PanunanbHble 0a3ucHbIE HEHPOHHBIE ceTH 00ydaroTcs B Tpu dTana. ONuIieM 3Tanbl 00ydeHHs.

[TepBerit aTan — BeIEIeHUE IEHTPOB (BecoB). LlenTpsrl, npeacrasinennsie B PbH-cnoe, ontumuzu-
PYIOTCSI TIEPBBIMH C TIOMOIIIbIO 00yueHus: 6e3 yuurtens. LleHTpsl MOTYT OBITH BBIAECNIEHBI PA3HBIMH aJTo-
puTMamH, B yacTHOCTH oOyueHueM KoxoHeHa. ANTOpUTMBI TOJKHBI Pa3MECTUTh LIEHTPbI, OTpaxasl Kiia-
CTEPU3ALUI0 UCXOAHBIX JAHHBIX.

Bropoii 3tan — Ha3HaueHue OTKIOHEHUH. OTKIOHEHHUsI MOTYT ObITh Ha3HAUYEHbI Pa3IU4YHBIMHU aJl-
TOPUTMaMH, HAITPUMEP aTOPUTMOM «OJIMKANUIIIEro cocenay.

Tpernit sTan — nuHEWHas onTuMH3ausg. MOXHO HCIOIH30BaTh METOABI OOY4YEHUsS IO JeNbTa-
MpaBUITY, OOpPAaTHOMY PACIPOCTPAHEHUIO OLIMOKH.

Hetiponnvie cemu peepeccuu (HCP) nmerot Takoi xe, kak u PBHC, nepBsiii ciioi, HO BTOpO#
CIIOM CTPOUTCS clielHaibHbIM 00pa3oM. [ annpokcuManuu GyHKIMNA 4acTO UCHOIB3YIOTCS 0000IIeH-
Hble ceTH perpeccun (generalized regression neuron networks). Bropoii cioit, kak u B ciiyuyae PBHC, BbI-
TONHSAET MOdIEMEHTHOE Mpou3BeaeHue cTpokd W12 M BeKTOpa BbIXoAa HepBoro crnos a'. OH uMeer
CTOJIbKO HEHPOHOB, CKOJIBKO CYHIECTBYET LI€JIEBBIX Map <BXOJHOI BeKTOp/leneBod BekTop>. Marpuia
BecoB W — 310 Habop 1eneBbIX cTpoK. LleneBoe 3HaueHue — 3TO 3HAUEHHE AMMPOKCUMHUPYEMOM (PYHKIIUU
B oOyuaromieil Beioopke. [Ipeanonoxum, umeeTcs: OIUH BXOJHOW BEKTOP Xi, KOTOPBIM CreHEpHpYyeT Ha



BBIXOJI€ TIEPBOTO CJI0s BbIX0, Onu3kuii Kk 1. B pesynbTare BbIX01 BTOpOro ciosi OyaeTr 6;1m30kK K ti ogHo-
My U3 3HAYCHUU almpOKCUMUPYEMOU (PYHKIIMH, UCTIOIH30BAHHOW MTpH (POPMHPOBAHUH BTOPOTO CIOSI.

Cetn perpeccu MHOTAA Ha3bIBAIOT batleco8cKumu 8eposmHOCMHbIMU CeMAMU pecpeccuu, AN
0606menasiMu HC perpeccun. HekoTopsle peanusanuu ceTeil perpeccuy UMEIOT YEeThIpe CIIOS: BXOTHOH,
BBIXOJHOM, CIIOM paJHalibHbIX LEHTPOB, JIEMEHTOB perpeccuu. PanuanbHblil ciioil mpeacTaBiser co0oit
HEHTPBI-KIACTEPbl U3BECTHBIX O0YYAIOIIUX JAHHBIX U COACPIKUT TaKOE e KOJIMUYECTBO HJIEMEHTOB, KaK
oOyuatomast Beioopka; PBH oGyuatorcst anropurmom kiactepusaiuu. Ciaoi perpeccuu uMeeT TOJIBKO Ha
OJIMH DJIEMEHT OOJIbIIE, YEM BBIXOJIHOW CIIOW, U COAEPIKUT JTMHEWHbIE JIEMEHTHI OJJHOTO U3 JABYX THIIOB.
DJeMeHT MepPBOro THUIA BBIYUCISAET YCIOBHYIO BEPOSTHOCTH KaXKJIOTO BBIXOJHOTO aTpuOyTa, 3JIEMEHT
BTOPOTO THIIA BBIYUCIISET TUIOTHOCTh BEPOSTHOCTU. BBIXOIHON CJIOH BBHIMONHSAET CHeNUaIbHbIe (PYHKIUU
nenenusi. Kaxaplil 3JIEMEHT JEIUT BBIXOJIbl, aCCOUUUPOBAHHBIE IIEPBBIM TUIIOM, C ITIOMOILBIO 3JIEMEHTOB
BTOPOTO THIIA.

baiiecoBckue BepositHocTHRIE HC Hcmonb3ytores TonbKo A npobiem kinaccudukanuu. OHU co-
JiepKaT YeThIpe CJO0s: BXOJHOM, BBIXOAHOU, cioii PBH u snemeHToB nuHEHON kinaccudpukanuu. Cron
MOTYT COAEPKaTh KBaJPaTHYIO MaTPUIly NOTEPh, BKIFOYEHUE KOTOPOH BO3MOYKHO, TOJIBKO €CIIM TPETUH U
YETBEPTHINM CJIOU COCTOSAT U3 OJMHAKOBOI'O YMcia 3J€MEHTOB. PaguanbHble 0a3uCHbIE HEMPOHBI B TaKUX
CeTSIX UCIOJB3YIOTCS AJIsl XpaHeHHs] 00pa3lioB, B3ATHIX U3 00yuarolieil BHIOOPKU, KOTopast 6epercs moJ-
HOCThI0. ClleOBaTEIbHO, MEPBBI CKPBITHIN CIIONH COAEPKHUT TAKOE K€ KOJUYECTBO DJIEMEHTOB, YTO U
oOyuatomasi BbIOOpka. Tak Kak 3JIeMEHTHI oSl KIACCHU(UKALMU CBA3aHbI C BBIXOJOM Ka)KJOro Kjacca,
MO>KHO OLIEHHTh BEPOATHOCTH NPUHAJIEKHOCTH INOcieaHeMy. Ecinu ucnons3yercss MaTpuua Mnorepb, TO
[[eHa pelIeHUs] MUHUMallbHA. Takue ceTh 0OBIYHO OBICTPO TPEHUPYIOTCS, HO MEAJICHHO BBIYHCIISAIOT U3-32
00JIBIIIOTO pa3Mepa.

Beposimnocmuvle neuponnvie cemu (BHC, probabilistic neuron networks) ucrosb3yrotcst st pe-
meHust nmpodnemMsl kinaccugukanun. [lepeiv ciioem B apxutektype BHC sBnsiercs cioil paguanbHBIX
0a3UCHBIX HEMPOHOB, KOTOPBIN BHIYUCISET PACCTOSHUE U BEKTOP MHIUKATOPOB MPUHAICKHOCTU JPYTUM
BXOJIHBIM BEKTOpaM, UCTIOIB3yEeMBbIM ITpH 00ydeHur. BTOpoii cj10ii CyMMUpYeT 3TH 3HAYESHUS IS KX 10-
ro KJ1acca BXOJIOB U (OpMHUPYET BBIXOJBI CETH, KaK BEKTOp BeposiTHOCTel. Jlanee cnenuanbHas QyHKIUS
aKTUBaLUU (COMPEte) onpenensieT MaKCUMyM BEPOSITHOCTEN Ha BBIXOJE BTOPOIO CJIOS M yCTaHaBJIMBAET
JAHHBIA BBIXOA B 1, a ocTanbHele BhIXoAs! B 0. Martpumua Becos nepsoro cios W' ycranosnena B coot-
BETCTBHHU ¢ 00y4aromMMH mapamu. biok pacuera paccTOSHUN NOTydYaeT BEKTOP, HIEMEHTHI KOTOPOTO TI0-
Ka3bIBAIOT, HACKOJBKO OJIM30K BXOJHOW BEKTOP K BEKTOpaM O0yYaroIero MHOXKECTBA. DIIEMEHThI BEKTO-
pa YMHOXAIOTCSI Ha BEKTOP MOPOTOB U MPEOOPA3yIOTCs painaibHOl 0azucHou QyHKimend. BxoaHoil Bek-
TOp, OMM3KUI K HEKOTOpOMY 00pasily, yCTaHaBIMBaeTcs B 1 B BBIXOJHOM BEKTOpe nepBoro cios. Ecimu
BXOJIHOM BEKTOpP OJU30K K HECKOJIBKUM 00pa3iiaM OTIEJIbHOIO KJlacca, TO HECKOJIBKO 3JIEMEHTOB BBIXO/I-
HOT'O BEKTOpA MEPBOro cliost Oy IyT UMETh 3HAUEHUs, OM3KHe K 1.

Beca Broporo cnos W' ycranasmmBarotcs mo Matpune T LeleBBIX BEKTOPOB, KaXKIbIii BEKTOP KO-
TOPOH BKJIFOYAET 3HAUYEHUE | B CTPOKE, CBSI3aHHOW C ONPEIEIEHHBIM KJIACCOM BXOJOB, U HYJIH B OCTaJIb-
HBIX no3uiusx. [Ipomssenenus T al cyMMHpYIOT 2JIEMEHTHI BHIXOJHOTO BEKTOpA IMEPBOTO CIOSA a' s
kaxkaoro u3 K kiaccoB. 3ateMm (QyHKIMS aKTUBAllMU BTOPOTO cjos (COMPELe) ycTaHOBUT 3HadYeHHe | B
MO3UIUIO, COOTBETCTBYIOIIYIO OOJIbIIEMY 3JIEMEHTY BBIXOJAHOIO BeKTopa, U 0 Bo Bce octanbHble. Creno-
BaTeIbHO, CETh KIACCU(PUIIUPYET BXOJHBIE BEKTOPHI, Ha3HAUash BXOAY €IUHCTBEHHBIA KJIacC HAa OCHOBE
MaKCUMaJIbHON BEPOATHOCTH IIPUHAIJICKHOCTH.

2.2 OnucaHue OCHOBHBIX (PyHKUM
dynkuusi Newrb coznaer panuanbHyo 0a3UCHYIO CETh U UMEET CIISTYIOHIA CHHTAKCHC!
net = newrb(P, T, goal, spread).
PanuasnbHbie O0a3UCHBIE CETH UCIONB3YIOT IS almpoKcHMaIuu QyHkiuii. OyHkmus NeWrb xKoH-
CTPYHUPYET CKPBITHIN (TIEPBBIi) CIION U3 pagralbHBIX 0a3UCHBIX HEUPOHOB U HCIIONB3YeT 3HAYCHUE CPel-
Heit kBagparuunoi ommbku (goal). dyuxums newrb(P, 7, goal, spread) umeer cienyromue apryMeHThI:

P — matpunia Q BXOTHBIX BEKTOpPOB pazmepHocTH R Ha Q; 7 — maTpunia Q BEKTOPOB LENEBBIX KJIACCOB S
Ha Q; goal — cpennss kBaaparnuHas ommbka, mo ymonauanuio 0,0; spread — pa3opoc paauaabHON Oa-



3ucHOM (pyHKIMH, IO yMordaHuto 1,0. @yHKIMS co31aeT 1 BO3BpaIlaeT B Ka4eCTBE 00bEKTa paIuaIbHYIO
0a3ucHyro cetb. bonbIoe 3HaueHNE pa3dbpoca MPUBOAUT K OOJBIIEH ITaIKOCTH anmpokcuMaruu. Ciuii-
KOM OOJIBIIION pa3dopoc TpeOyeT MHOTO HEHPOHOB, JJISI TOTO YTOOBI MOJICTPOUTHCS MO OBICTPO U3MEHS-
IOIYFOCS (DYHKITHIO, CIIUIIIKOM MaJblid — JJIsi JOCTHKCHHUS TJIAKOCTH anmpokcumanuu. [lomodpats 3Ha-
YeHHe pa3dpoca MOKHO C MOMOIIbIO MHOTOKPaTHBIX BBI30BOB (yHkimu newrb. Cosmaaum B cpene
MATLAB panuanbHyo 6a3uCHYIO CEThb:

net = newrbe(P, T, spread).

dynkuust NEWrbe npoekTupyer paauaibHy0 0a3UCHYIO CETh C HYJICBOW ONIMOKOMW IS 3aJaHHBIX
BekTopoB. ®yukuus newrbe(P, T, spread) umeer tpu mapamerpa: P — mMatpuna Q BXOJHBIX BEKTOPOB
pasmepHoctd R Ha Q; 7 — marpuna Q meneBbIX BEKTOPOB — Omucareliel Kiacca pasMepHocTd S Ha Q;
spread — pa3opoc paauanbHOi 6a3uCHOM (QyHKIMH, 10 yMomdaHuio 1,0. OyHKIUA cO3MaeT paaualbHYO
0a3UCHYIO CETh.

Oynkuus newgrnn npoektupyer HC perpeccun — 3To BUI paauaabHON 0a3MCHOM CETH, KOTOpas
94aCTO UCHOIB3YETCS ISl alllIPOKCUMAUU (PYHKIUH B OBICTPO CTPOUT CETh JUISl alllIPOKCUMALINN:

net = newgrnn(P, T, spread).

Oyukims newgrnn(P, T, spread) umeer cienytomue Bxoabl: P — Matpuia Q BXOIHBIX BEKTOPOB
pasmepHoctd R Ha Q; T — matpuia Q 1eeBbIX BEKTOPOB KIaccoB pasmeprHoctd S Ha Q; spread — pas-
Opoc pamguanpHBIX 0asucHBIX (GyHKIWH, o ymordanuio 1,0. @ynknust Bo3pamniaer HC perpeccun. Uem
Oonbie pa3zdpoc, Tem Oonee rinagkod OyneT GyHKIUS anmpokcuManuu. s TOro 4roObl HACTPOUTH
(GYHKIHIO anmpOKCHUMAILMU HAa MCXOJHBIC JaHHBIE, UCIIONB3YIOT Pa30pOC MEHBIIHA, YeM THITMYHOE pac-
CTOSIHHE MEX1y BXOAHBIMU BEKTOPAMHU.

@yHKIMSA NEWJINN co3aeT IByXCIOWHYI0 ceTh. I1epBblil ciioil conepKUT pagualibHble 0a3nuCHbIE
HCHWPOHBI, BBHIYUCISIONINE PACCTOSIHAE MEXIY BXOJaMH M BecaMH C momolibio netprod. Bropoii cioit
uMeeT Helponsl ¢ pyHkuueit aktuBanuu purelin. Tonpko y nepBoro cios cymiectByer bias.

OyHKIHSA NEWPNN co3aaeT BeposiTHOcTHYI0 HC, mpoekTupyeMyro ¢ moMomisio (pyHKIUN

net = newpnn(P, T, spread).

BepositHocTHast HC — 3To Buj paananbHoil 6azucHol cetu, kak 1 HC perpeccuu, Ho JaHHbIE CETH
UCIIOJNIL3YFOTCS TSl PELICHUS 33/1a4n KiaccuuKaluu, a He annpokcuMarmu. Oyukims net = newpnn(P,
T, spread) umeer Takue e mapaMeTpbl, Kak U BblllieonucanHas GpyHkius Newgrnn. Eciu pa3dpoc 01130k
K Hy10, BeposiTHocTHast HC nelicTByeT kak KilacCM(pUKaTOp Ha OCHOBE MPHUHIINIIA BBIOOpa «OnKaiiiiero
cocesiay, B IPOTUBHOM CiIydae CeTh IPUHUMAET B PacUYeT HECKOIBKO OJM3KUX BEKTOPOB.

3 MMOPAJOK BBIIIOJTHEHUSA PABOTHBI
IHPUMEP 1 Co3znanue n odyuenue HC perpeccun
Paccmotpum npoektuposanne HC perpeccun. Onpenenum:
¢ Bxomel HC perpeccumn
= [1 2 3];

BEIxXOOEl HC perpeccumu
= [3.0 5.1 4.8];

M oo g

Bocnonb3yemcs dynkiuein newgrnn mis cozpanus HC perpeccun. 3agagum pa3dpoc panualb-
HBIX 0a3uCcHBIX QyHKIMH (MepemenHas Spread) Menbine, 4eM 1, st TOro 9To0bl MOJTYYUTh XOPOIIYIO all-
MIPOKCUMAIIMIO JJAHHBIX U 00JIee TaaKyo QyHKIHIO.

o)

% yCcTaHOBKA pal’kbpoca pamdnajibHBEIX OAa3MCHEIX QYHKIIMHN



spread = 0.8;
% cozpmaume HC perpeccumn
et = newgrnn (P, T, spread);

% mmvmranms paborel HC perpeccumu

3

A = sim (net, P);

$ mBobpaxeHme AanmnpoOKCHUMUPYEMON QYHKIIMN

plot(P, T, '.', 'markersize', 30);

$ YCTaHOBKa pexuMma HoOaBJIeHMS I'PadMKOB Ha KOOPIAMHATHEIE OCH
hold ony;

% msobpaxeHue paboTel HeoOyueHHOM HC perpeccum

plot (P, A, '.', 'markersize', 30, 'color', [1 0 0]);,

Q

% oumMcTKa KOOPOMHATHEIX OCEeM
cla reset;

Q

% YyCTaHOBKa HOBOI'O Bxoma HC perpeccumu

p = 4.5;
% noJgydyeHme OTKJIMKa HC perpeccum
a = sim (net, p);

% m306paxeHme AallIpPOKCUMUPYEMOM QYHKIIMMI
plot (P, T, '.', 'markersize', 30);

Q

% ycrTaHoBKa OguamnasoHoB ocer X m Y
axis ([0 9 -1 4]);

Q

¢ BKJIOYEHME pexwumMma HoOaBJIeHMSA I'Pa@UKOB

hold ony;
% mzBobpaxeHMe oOTkJImka HC perpeccumm Ha BXOH P
plot(p, a, '.', 'markersize', 30, 'color', [1 0 0]);,

O

% HanMCcaTek 3aroJIOBOK I'paduira
title ('HoBEDI BXOOHOM BekTOp ')/

Q

s I[IOMETUTE OCHh X
xlabel('P u p');

Q

s I[IOMETUTE OCHh Y
ylabel ('T mw a');

° OUMCTHUTE K'OOp,HMHaTH}/IO CeTKy
cla reset;,

Q

$ ompemesiMThs MNOCIeNOBATEJILHOCTE BXOIOB P2
P2 = 0: 0.2 : 9;

ChIMUTHpPYEM OTKJIMK CETH JUISl PAa3IMYHBIX 3HAYEHHH, 4TOOBI YBUAETh PE3yibTaT almpoKCHUMa-
uuu (puc. 9).
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Puc. 9. Anmpokcumariys TO4eK ¢ MOMOIIBI0 HEMPOHHOM CETH perpeccuu

% HoIyumnTs OTKJIMK HC perpeccum Ha NOCIeOOBATEJIBHOCTE BXOHOB P2
A2 = sim (net, P2);

% mB0bpasuTe OTKIMK HC perpeccun

plot (P2, A2, 'linewidth', 4, 'color', [1 0 0]);

Q

% BRJIOYUMUTE pPexmM JoOaBJICHUS I'Pa@MKOB

hold on;
% M306pal’3muTE ANIPOKCUMUPYEMY QYHKIIMIO
plot(P, T, '.', 'markersize', 30);

O

% YCTAHOBUTE OUANA30H OCEH

axis ([0 9 3 7]);

¢ 0BarviaBMUTE I'paduk

title ('Annpokcumupyemas QyHKIMI');
% nomMeTuTs OCh X

xlabel ('"P uw P2');

s I[IOMETUTE OCHh Y
ylabel ('T mu A2'");

INPUMEP 2 Ucnouas3oBanue PBHC nus annpoxkcumannu GyHKuui
PaccmoTpum anmpokcumariyio GyHKIMNA Ha OCHOBE pauaibHOM 0a3MCHOM CETH.

% omnpenejsyieHue nmarasz0Ha BHAUYEHUM panuajibHOM 6as3MCHOM QYHKLIMU
P= -4 : 0.1 : 4;

% BRYMCJIEHME panuajibHOM 6asmMCHOM QYHKLMM Ha OuanasoHe P

a = radbas (P);

% mzo0bpaxeHme PEBEO

plot (P, a);



% oBaryIaBuUTE I'pPaduK

title ('PagmaneHas 6asucHas QYHKIMSI') ;
% nmomMeTuTs OoCh X

xlabel ('Bxomg P');

o)

% NOMETUTE OCB Y
ylabel ('Beixom a');

Ha puc. 10 uzobpaxena panguanpHas 6a3ucHas QyHKIHA.

Oyukuus newrbe cosgact HEOOXOIUMYIO CeTh. 3aqaJiM amnmpOKCUMUPYEMYIO0 (GYHKIMIO Kak
Ha0Op TOYEK:

onpeneJsyieHue INOCJAeHOBATEJIEHOCTH apIl'yMEHTOB
annpoOKCUMUPYEMOM QYyHKIMM P

= -1 : 0.1 : 1;

onpenesyieHuMe BHAYEHMM allPOKCHUMUPYEMOM QYHKIIMMI,
cooTBeTCTByIMX P

= [-.6662 -.3766 —-.1129 .2111 .6565 .3301 .3649 .2006...
-.1913 -.3994 -.5022 -.4531 -.1133 .0866 .3333 .4955...
.3488 .2833 -.1112 -.6685 -.3255];

M oo oo Mg oo oo

PagunanbHasn 6asucHas dyHkums
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Puc. 10. Pagnanbhas 6a3ucHas GyHKUIusA

N300pa3um rpapuk ¢pynkuuu (puc. 11).

% mz3obpaxeHme annpoOKCUMUPYEMOM QyHKIIMM
plot (P, T, '*');
% 03arvyiaBUTE I'padux

title ('O6yuamnmas BrObopka') ;



Q

% IIOMETUTE OCB X
xlabel ('BxomHoy BekTOp P');
o

% IIOMETHUTE OCBh Y
yvlabel ('BexkTop T'),

Janee HeoOX0AMMO HalUTH (PYHKIMIO, KOTOpasi XOPOLIO ONUCHIBAET 3a/laHHbIE 21 TOUKY.
Oyukims newrb coznaer PBHC muis anmpokcumanuu:

oo

IIeJIeBOM CpenHeKBanpaTHUUYHOM OMUOKMU
= 0.02;

paszsbpoca PE®

sp = 1;

$ cosmgaHnmue PEO

net = newrb(P,T,e,sp)

$ ompernejieHMe BEKTOpPa BXOIOB

= -1 :0.01 : 1,

(0]

oo

>

CemvMutupyem paboTy ceTu.

% QopmMmmpoBaHME OTKJIMKA Y
= sim(net, X);

% BKJIOYEHME pexmuMa HobaBJIeHMSI Ipaduia
hold ony;

% mBObpaxeHMe pesyJIbTAaTOB allpOKCHUMAILIMUM
plot (X, Y);

o

¢ OTKJINYEHMEe pexmumMa nobaBjieHUS I'padukra
hold off;

}-<

ObyyatoLas Bbibopka
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Puc. 11. Pe3ynpTar annmpokcUMaIiy ¢ TOMOIIBIO paraabHON 0a3uCcHONW HEMPOHHOW ceTh
INPUMEP 3 Hcnoab3oBanue BeposiTHOCTHOH HC nis kiaaccupukanmu BeKTOpOB

PaccmotpumM 3amady kinaccudukanuu ¢ HAOOPOM BXOJIOB P M MHOXKECTBOM KJIacCOB, 0003HAYCH-
HEBIM TcC.

onpenesyieHMe BXOIOB
= [1 23456 7];

onperesyIeHUE XEJIAEMEIX BEIXOIOB

Tc =[1 1 3 3 2 1 1];

KOHBEPTUPOBAHMUE MHIEKCOB B BEKTOPE, comepxamme 1
B MHIEKCHEIX ITO3UIIMSIX

= indZ2vec (Tc);

cozmaHue BEPOSTHOCTHOM HC

et = newpnn (P, T);

umMmTanMsa paboTE BEPOSTHOCTHOM HC

= sim(net, P);

% KOHBEPTHMPOBAHME HOMEPOB KJIACCOB B BEKTOPEI.

Yc = vec2ind(Y) ;

oo My oo

oo oo

oo M3

= oo n]

4 KOHTPOJIBHBIE BOITPOCHI

Kakyro QpyHKIMIO Ha3bIBAIOT pajuaibHOM Oa3ucHOM GyHKIMEH?
N3 xakux cnoeB cocTouT paauanbHo-6asucuas HC?
N3 xakux cinoeB cocrout HC perpeccun?
N3 xakux crnoeB coctout BepostHocTHas HC?
Kaxue Bunst HC npenna3znadensl Uisl pelieHus 3a/1a4yl anmpokcuManuu GyHKIUH, a Kakue —
JUTS KJTacCU(UKAUN 0O0BEKTOB?
6. Kakue tuner HC cosnarorces B cpene MATLAB ¢ nomomipto ¢yukuuit newrb, newrbe, new-
grnn, newpnn?

orwdPE
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