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BCTYII

Hucuumumina "IITydHl HEWMpoOHHI Mepexi B 3agadax oOpoOku maHux" €
JUCIUIUIIHOO MATOTOBKM MaricTpiB 3a crnemiaibHicTio "KoMm'totepHi Hayku'". Bona
3HAaHOMUTH MaliOYTHIX (PaxiBIIiB 3 CYyJaCHUMH METOIaMU OOPOOKHU JTaHHUX.

Merta AUCHUIUIIHM — MIATOTOBKAa MalOyTHiIX (axiBIliB B 00J1acTi 0OpOOKH
JaHUX.

OcranHiM 4YacoM 00poOka 1 aHam3 momiOHOi iHopMarii cTaau 0COOIMBO
aKTyalbHUMHU. [CHYIOUl YHCIIEHHI CHUCTEMH METEOPOJIOTIYHOTO, T1APOIOTIYHOTO,
OKEaHOJIOTIYHOT 0, €KOJIOTTYHOTO MOHITOPUHTY Ha3€MHOTO 1 KOCMIYHOTO 0a3yBaHHS,
paaioNoKaliifHi CUCTEeMU TUCTAHIIMHOTO MOHITOPHHIY HAJal0Th BEIMKY KUIBKICTb
BAXJMBOI 1H(oOpMaIli, sfka mNoTpedye TpaMOTHOI OOPOOKM [UIsi OTpUMAaHHS i
XapaKTepUCTHK 3 METOI0 HACTYITHOTO YXBaJIeHHS pIIICHh CHCTEMaMH YIPaBIIIHHS
pi3Horo piBHs. PaxiBiii 3 NOIIOHUMHU 3HAHHSIMU MOTPIOHI 1 B IEPKABHUX CTPYKTYpax,
1 B HAYKOBUX YCTAHOBAX, 1 B KOMEPIIHHUX pipMax.

YV nmucturmini "IITydHi HEWpOHHI Mepexi B 3ajadax oOpoOku gaHuX"
PO3IIIAIAI0THCS Cy4acHI METOAM OOpOOKHM 1 aHallily MOHITOPUHIOBOI 1HGOpMAIIii,
3aCHOBaHI Ha TeOpii ITYYHUX HEHPOHHUX MEpEX, 1 BHUBYAIOTHCA TEXHIYHI 1
MporpamHi 3aco0H, siKi ii peanizoByIOTb.

Tomy 3aBHaHHSIM JUCUMIUIIHM € BHUBYEHHS 3aCTOCYBAaHHS HEUPOMEPEKHHUX
TEXHOJIOT1 0OpOOKM MOHITOPUHIOBOI 1H(OpMAaIli, IO MOCTYIMAE BiJl CUCTEM BUMIPY
napameTpiB CTaHy JOBKULIS, IITYYHUX CYIYTHUKIB 3eMJl, paaloJOKalIMHUX CTAHIIIN
1 1HIIMX CHCTEM MOHITOPUHTY JOBKULIS. B pe3ynbrari ii 0oOpoOKM MOKIIMBE
OTPUMAaHHS 3HAYYIIUX XapaKTEPUCTHUK ISl yXBaJleHHS OOTPYHTOBAHHUX pIIlICHb B
CUCTEMAax YIpaBJIiHHS PI3HUX 1€PAPXIYHHUX PIBHIB.

[IpakT4yHa YaCTHHA AUCIUILUIIHUA BKJIIOYAE JaOOpaTOpHI poOOTH TTO BUBUYCHHIO
1 JOCTIPKEHHIO CITOCO01B 1 METOI1B 0OpOOKH 1 aHaIIi3y MOHITOPUHTOBO1 1H(hOpMaIIii.

[Is  maGopatopHa poboTa  TPHUCBIYEHA  JIOCIKCHHIO  TMPOIEAYpPH
PO3Mi3HABaHHS 32 JOMOMOTOI0 IITYYHUX HEHPOHHUX MEPEK JAPYKAPCHKUX CUMBOJIIB,
a came, OykB 1 udp.

B pesynbTaTi miAroTOBKH 1 MPOBEACHHS JIabopaTopHOoi podoTu "JlocmimKkeHHs
MpolleCy PpO3Mi3HAaBaHHS JPYKAPCHKUX CHUMBOJIB 3a JIOMOMOTOK  IITYYHHUX
HEUPOHHMX Mepexk" CTyJIeHTH MOBUHHI 3700y TH:

3HAHHAL:

— PO NpeJCTaBIeHHs ApyKapcbkoi iHpopmallii B EOM,

— MPO 3aCTOCOBYBAaHHS ITYYHUX HEUPOHHHX MEPEK PI3HUX IMapagurM s

pO3Mi3HaBaHHS JPYKAPCHKUX CUMBOJIIB.

VMIHHA:

— 3aCTOCOBYBAaTH INTy4YHI HEWPOHHI MEpeXi i BHPIIMICHHS 3aBJaHb

pO3Mi3HaBaHHs JPYKAPCHKUX CUMBOJIIB.

VY 1ux METOAMYHMX BKa3iBKaxX MPUBOJATHCS TEOPETUUHI BIAOMOCTI, HEOOX1aH1
JUIsi BUKOHAHHS I1i€l jJabopaTopHOi pPOoOOTH, a TaKOXK METa, 3aBIAaHHS 1 TMOPSIOK
BUKOHaHHS poOotu. IlpuBeneHi Takok BHUMOTHM 110 O(OPMIIEHHS 3BITY MIPO
1a00paTopHy poOoTY.

[Ipn BukoHaHHI JabopaTOpHOi POOOTH KOXKEH CTYJICHT BIAMOBITAE Ha
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TEOPETUYHI MUTAHHS 1, MOTIM, MICAS OTPUMAHHS JAOMYCKY, MPAaKTUYHO BUKOHYE
poboTy.

OmuiHoeThest JabopaTopHa pobOTa B MEKax BHAUICHUX Ha Hel B poOodiif
HaBYalIbHIA mporpami OaniB, npuyomy 50% 1ux OaniB JOBOAMTHCS Ha OLIHKY
TOTOBHOCTI CTY/ICHTa JI0 JIa0opaTOpHOi poOOTH 3 TeOpeTHUHUX MHUTaHb 1 50% — Ha
OIIIHKY MPaKTUYHOTO BHKOHaHHs poOotu. [Ipw oTpuMaHHI CTyIEHTOM TMO3HTHUBHOI
OIIIHKM 32 BIAMNOBIIb HAa TEOPETHUYHI MUTAHHS BiH OTPUMYE JTOMYCK 0 BUKOHAHHS
nabopatopHoi poOOTH, MICHS YOr0 MPAKTUYHO BUKOHYE TabOpaTopHy poboTy. Akino
y CTy/ICHTa HEMAE JIOMYCKY, TO 1 poOOTY BiH HE BUKOHYE.

[Ticnst nmemoHcTpaiii BHKJIagadeBl pe3yNbTaTiB BUKOHAHHS JabOpaToOpHOi
po0OTH 1 OTpUMaHHS HOro N03BONY CTyAeHT odopmiroe 3BIT. [licna odopmieHHS
3aXHWIA€ 3BIT y BHUIJISAI BIAMOBIACH Ha MUTAaHHSA BUKJIAgada MPO XiJ] BUKOHAHHS
71a00paToOpHOiI POOOTH 1 PO Pe3yJIbTATH POOOTH.

[IpoBouThCs J1abopatopHa poOOTa B KOMITIOTEPHOMY KJIaci Ha IEPCOHATBHUX
€JIEKTPOHHO-O0YMCITIOBAJIbHUX MAIlIMHAX 31 BCTAHOBJIEHOIO CUCTEMOIO KOMI'FOTEPHOI
MaTEeMaTHUKH.

Bumoru npaBuit TexHIKM 0€3MeKy P MPOBEeHH1 1abopaTopHOi poOOTH Ha
nepcoHaibHUX EOM

1) BxirounTH anapatypy KOMIT'FOTepa BUMHKAadyaMH Ha KOpPITycaxX B IMOCHiIOBHOCTI:
cTabi1i3aTop HAMPYTH, BIACOAUCIUICHHUN TepMIHAI, TPOIECOP.

2) BigperymoBaTu SICKpaBiCTh CBITIHHS €KpaHy BiJICOUCIUICHHOTO TepMiHAIY,
(oKxyCcyBaHHS, KOHTpAacTHICTb. He ciiji BCTaHOBIIOBAaTHM BEIUKY SCKPABICTh
CBITiHHS eKpaHy 1106 YHUKHYTH CTOMJIEHHs oueid. [i cJliji BCTAHOBHTH Tak, 1100
BIJTHOIIIEHHS SICKPABOCTI €KpaHy JI0 SICKPABOCTI MOBEPXOHbB, 10 OTOYYIOTh HOTO0, B
poOouiii 30H1 OyJ0 He ObIIe, HiX 3:1.

3) Ilix yac poOOTH 3a KJIaBIaTypOIO CHIITH MPSIMO, HE HATIPY>KyBaTHCH.

4) Jlis 3MEHIICHHS HECHPUSTIUBOIO BIUIMBY Ha KOPHCTyBada [MPUCTPOIO
yIOPaBIiHHS MapKepoM "Mwuia" cCiijl 3alHSATH BEJIWKY MOBEPXHIO CTONY IS
nepemimieHHs "Muiii" 1 i 3py4HOro yIopy JIIKThOBOTO CYTio0a.

5) Ilicns 3akiHYeHHS pOOOTH BHMKHYTH amapaTypy B TMOPSIKY, 3BOPOTHOMY
BKJIFOUEHHIO.

6) Ilix yac mabopaTopHOi pOOOTH HE JO3BOJISIOTHCS CTOPOHHI PO3MOBH, CTBOPEHHS
JpATIBIMBUX LIYMiB.

[Ipu poBeeHH1 1abopaTopHOi POOOTH
3ABOPOHAETHCA:
1) KopucryBarucs kabeIsIMH i APOTAMH 3 TIOMIKOHPKEHOKO 130JISIII€IO.
2) 3ajuinaTty mijg Hampyrorw kadesi i IpoTH 3 Hei30JIbOBAHUMU POBITHUKAMHU.
3) 3acTtocoByBaTH CaMOpPOOHI MOAOBXKYBadi, 110 HE BIAMOBIAAIOTh BUMOraM [IpaBui
noOy/10BU €JIEKTPOYCTaHOBOK.
4) BuUKOPHCTOBYBATH IMOILIKOKCHI €JICKTPUYHI PO3ETKH.
5) Tlpu HEOOXiMHOCTI MEpeMUKaHHS KaOeaiB Mepexi pOOUTH I TUIbKH MpH
BUMKHEHOMY €JIEKTPUYHOMY KUBJICHHI KOMIT'IOTEpA.
6) Kiactu Oyap-sKi mpeaMeTH Ha armaparypy KOMITOTepa.
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1 TEOPETAYHI BIIOMOCTI 11O JIABOPATOPHIN POBOTI

" JlocIiIKEHHS MPoLiecy PO3Mi3HABaHHS JPYKAPCHKUX CUMBOJIIB 32 JOTIOMOTOIO
MITYyYHUX HEUPOHHUX Mepex"

1.1 3araabHi BizomocTi

[ TyuHi HEHPOHHI MEpEKi 3aCHOBaH1 Ha MPOCTIil 01010T1UHIA MO/IETI HEPBOBOT
cuctemu, mo ckiaanactbea 3 101 HelipoHiB, KOXKEH 3 SKUX NMpUIMAc 3BaXKEHY CyMy
BXIJJHMX CHUTHAJIB 1 32 MEBHUX yMOB Mepefae CUrHaji 1HIMM HeiipoHam. KimpkicTb
3B'SI3KiB HEHPOHIB B cuctemi gocsrae 10%,

Teopiss HeHpOHHUX Mepex BUHUKIA 3 JOCTIKEHb MO3KYy 1 MOB'A3aHa 3
cripobamMu BIITBOPEHHSI 3J]aTHOCTI HEPBOBUX OI10JOTIYHUX CHUCTEM JI0 HABUAHHS 1
BUIIPABIICHHS MOMUJIOK, a TAKOK 3 MOJICIFOBaHHSI HU3bKOPIBHEBOI CTPYKTYPU MO3KY.

[ Teopist po3BuBanacs 3 cepequnu 20 cTomiTTs 1 3 KiHIg 90-X pokiB 3HaILIIa
ITUPOKE MPAKTUYHE 3aCTOCYBAaHHS: B KOCMOHABTHIIl 1 a€pPOHABTHUII — IS iMiTarlii
TPAEKTOPIH MOJIbOTY 1 MOOY/IOBU CUCTEM aBTOMATUYHOTO MIJOTYBAaHHS; Y BICHKOBIN
cIpaBl — JIsl YOPaBIIHHS 30pO€I0 1 CTEKEHHSAM 3a IUIAMH; y EJIEKTPOHIIl — JUIs
PO3pPOOKH CUCTEM MAIIMHHOTO 30pYy 1 CHHTE3y MOBH; Y MEAUIIMHI — JIJISl IIarHOCTUKHU
3aXBOPIOBaHb 1 KOHCTPYIOBAHHSA MPOTE31B; Yy BUPOOHUITBI — [JIsl YNPaBIIHHA
TEXHOJIOTTYHUMH MPOLIeCaMH, poOOTaMH 1 Tak Jaii. Takuil ycrix HEHPOHHUX MEPEx
MOSICHIOETHCSI TUM, 10 OyJia CTBOpEHa HEOoOXigHa eleMEeHTHa 0asza Jjis peanizalii
HEHPOHHHUX MEPEXK, a TAKOXK PO3POOJIEHI MOTYX HI 1THCTPYMEHTAJIbHI 3acO0M sl iX
MOJICIIIOBAHHSI y BUIJIANl MAaKETIB NPUKIaAHUX mporpam. Jo moaiOHuX mMmakeTiB
HanexuTh makeT Neural Networks Toolbox (NNT) cucremu KoMI'rOTEpHOT
mareMatuku (CKM) MATLAB ¢ipmu MathWorks.

[Taket mpuknagaux mporpam NNT micTuThk 3acobu it TOOYI0BHU HEHPOHHUX
MepeX, sKi 0a3yloThCs Ha IIOBEIIHIII MaTeMAaTHYHOrO aHajora HehpoHa. Ilaker
3a0e3neduye eQeKTUBHY MIATPUMKY TPOEKTYBAaHHS, HaBUaHHSA, aHamizy 1
MOJICTIOBaHHs O€3/114l BIIOMHX THIIIB MEpeX — BiJ 0a30BUX MOJCIEH IepcenTpoHa
710 acOIIaTUBHUX MEPEXK, sIKI CAMOOPTaHI3yIOThCA. [[J151 KOKHOTO TUITY apXiTeKTypH 1
MOBYAIBHUX MpaBwil € QyHKII 1HIMIami3aimii, HaBYaHHs, ajanTailii, CTBOPECHHS,
MOJICIIIOBAHHS, BIJIOOPaKEHHS, OIIHKKM 1 JEMOHCTpalii, a TaKoX MpUKIaIn
3aCTOCYBaHHSI.

1.2 IllTyyHa HeHPOHHA MepeKa NMPAMOro NOIIMPEeHHSA
1.2.1 Apxitektypa

[lpuknagoM MITy4HOI HEWPOHHOI MEpeXi TPSIMOTO  TOIMIUPEHHS €
OararomrapoBuil TIEPCENTPOH, MPU HABYAHHI SKOTO BHKOPUCTOBYETHCS QITOPUTM
3BOPOTHOTO TIOMIUPEHHS TMOMUIKH B pi3HUX Momaudikamisx. OcoONMMBICTIO MEpexi
MPSIMOTO TIOIIMPEHHS € HASIBHICTH O1JIBIIT HI’K OJJHOTO HABYEHOTO Iapy.

ApXITEKTYypa MEpexi MpsSMOro MOMIMPEHHS MpeacTasieHa Ha (puc. 1.1).



Bxiguuii [IpuxoBa- Buxigaunii

map HHW 11ap map
X1
— 0Ut1
— oute
X2
Xn — OUtn

Puc. 1.1 — ApxiTektypa OaraToiapoBoi (JBOIIAPOBO1) MITYYHOI HEUPOHHOI MEPExKI1
IPSIMOTO MOIITUPEHHS

1.2.2 HaBuauusg

TunoBuM, HaWOLIBII BIIOMUM 1 HaWNONIMPEHINIAM  MPEICTaBHHUKOM
QITOPUTMIB HABYaHHSI MEpPEX TMPSMOTO TOUIMPEHHS € alTOPUTM 3BOPOTHOTO
MOIIMPEHHA MOMWIKU — 1€ JETEPMIHICTCbKUH 1TepalliHUI TpallEHTHUNA alrOpUTM
HaBUYaHHSA 3 BUKJIAJA4uEM.

VY OGararomapoBux Mepexax ONTUMAajibHI BHUXIJHI 3HAUYEHHS HEUPOHIB YCIX
mapiB, OKpIM OCTaHHbOIO APy, SIK MpaBUjo, HeBiIoMi. ToMy Mepexy HpsMoro
MOIIMPEHHA 3 TphbOMa 1 OuIbIle IIapaMy BXK€ HEMOXKJIMBO HABUUTH, KEPYIOUUCH
TUTBKY BEJIMYMHAMU TIOMWJIOK Ha BHMXOJax ITy4HOi HehpoHHoi Mepexi (IIITHM).
Hait6ip1r miaxoasimyM BapiaHTOM HaBYaHHS B TAKUX YMOBaX € IPajilEeHTHUN METO/I
MONIYKY MIHIMyMYy (YHKIIT MMOMUJIKA 3 PO3IJISAIOM CUTHAJIIB TMOMIJIKH BijJ BUXO/IIB
[IIHM no 11 BX0/11B, TOOTO B HAMpsAMi, 3BOPOTHOMY MPSIMOMY MOIIMPEHHIO CUTHAIB B
3BUYaiiHOMy pexumi pobotu. lleir amroputm BuBuenHs IIIHM nicraB Ha3By
poLEAYPH 3BOPOTHOIO MOIIMPEHHS TOMUIIKH.

OcHOBHa i7iesl 3BOPOTHOTO TOMIMPEHHS TOJSATAE B TOMY, SIK OTPUMATH OIIHKY
MOMUWJIKM JUIsl HEUPOHIB MPUXOBaHUX ImapiB. [loMiTUMO, 110 BiAOMI MOMMIIKH, SIKi
YTBOPIOIOTHCS HEMpOHAMHU BUXIAHOTO IIAPYy, BUHUKAIOTH BHACIIJOK HEBIJIOMUX
MIOMUJIOK HEWPOHIB MPUXOBaHUX ImapiB. UuM Oinbine 3HAYEHHS CUHANTHYHOIO
3B'SI3Ky MIXK HEMpPOHOM MPUXOBAHOTO IMIAPY 1 BUXIJHUM HEUPOHOM, TUM CHUJIbHIIIE
MOMMJIKA TIEPIIOTO BIUTUBAE HA MOMUJIKY iHIIOT0. OTXKE, OIIHKY MMOMUJIKH €JIEMEHTIB
MPUXOBAHMUX IIApiB MOXKHA OTPUMATH, K 3BXKEHY CyMY IMOMUJIOK HACTYITHHUX IIapiB.
[Ipu HaBuaHHi 1H(MOpPMAITS TONTUPIOETHCS B HUKYMX IIAPIB i€papXii 10 BHUIIUX
IapiB, a OIIHKU MOMUJIOK, SIKa YTBOPIOETHCS MEPEKEI0, — Y 3BOPOTHOMY HampsiMi,
110 1 B1IOWTE B HA3B1 METOY.

PosrisitHemo e anroputm.

JlJis crpoIleHHsT po3riisiay OOMEXHUMOCS BHUITAJIKOM, KOJM MEpeka Mae JIMIIe
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OJIMH TpuXxoBaHuii map (puc. 1.2).

BxiaHin IIpixoB amii BuxiHim1
map i map j map k
vll ;
127 ¥l ..
1 i 1 . e— Baxanmii
CHrHAT 1
ITovmimka F7 (—I
e -
9 v22 R > B a:xRaHmii
- - CHTHA 2
. (] [ ]
vl : IMovmLTR A EZ.(_l . :
yr S
i It - e AEAHI
wlm v2n CHIHAI I
VI
wim IMovmka En 1—'

Puc. 1.2 — Ilponienypa HaBYaHHS MEPEXi MPSMOTO TMOMIMPEHHS

Martpuito BaroBux KoOeQILUIEHTIB Bl BXOJIB JO0 NPHUXOBAHOIO IIapy
no3HayuMo W, a MaTpuIlto BariB, iK1 CIIOJIy4arOTh IPUXOBAHUM 1 BUXIJHUH map, — V.
JUig 1HJIEKCIB OpUWMEMO HAaCTyIHI IO3HAUYKU: BXOJAM HYMEPYBAaTUMEMO JIMLIE

Hexaii mepexa BuBuaethbes Ha BuOipii (X",Y"), r = 1...N. AKTUBHOCTI HEHPOHIB
MO3HAYUMO MaJIUMHU OyKBaMH Y 3 BIMOBIIHUM 1HJIEKCOM, @ CyMapH1 3Ba)K€H1 BXOIH
HEHUPOHIB — MAJIUMU OYKBaMH X.

CrpykTypa anroputmy :

— Kpox 0. TlouaTkoBi 3Ha4YeHHs BariB ycix HeWpoHiB ycix mapiB V(t=0) i
V(t=0) BBa)katOThCs1 BUMIATKOBUMHM YHCIAMHU;

— Kpox 1. Mepexi mnpen'sBiseTbcsi BXigHUN o0Opa3 X% B pe3yibTaTi
dbopmyeThes BuxiaHu o6pa3 Y=Y [lpu 1mpboMy HEMpPOHU MOCIHIIOBHO Bij IIapy A0
mapy GyHKIIOHYIOTh 32 HACTYITHUMH (POPMYIJIaMHU:

— a - —
MPUXOBAHU 1IAP X; _ZWU' X Y= f(xj)
|

BUXIIHUHN 11ap Xy :Zvjkyj v Y= f (Xk)
J
ne f(X) — curmoinaneHa QyHKITIS;

— Kpox 2. Hexait QyHKITIOHAN KBaJApaTUYHOI MOMUJIKHM MEPEXl s I[OTO
BX1JTHOTO 00pa3y Ma€ BUTIIS;



E:;(yk _Yka)2

[leit dyukmionan migsrae MiHiMmizamii. KinacuuHuili rpagieHTHUH MeTon
ONTUMI3AIII] MMOJISATaE B ITepalliIftHOMY YTOUHEHH1 apryMeHTY 3T1IHO 3 (hOpMYJIOH0:

h-—

oE
( ) oV

V, (t+1)=V

@DyHKLIS TOMWIKH B IBHOMY BHJ1 HE MICTUTBH 3aJI€KHOCTI BiJ Baru Vjk, TOMy
ckopucTaemocs GpopmysiaMyu HEIBHOTO TU(PEPEHIIIIOBAHHS CKIaHOT (DYHKIIII:

gy_Ek:5k:(yk _Yka),
OE _OE 0y,

= =5, Y (l-y
Yy,

OE _OE &y, ox,
NV, Oy ox AV,

=0y 'Yk(l_ Yk)' Yi.

TyT BpaxoBaHa KOpHCHA BJIACTHBICTh CUTMOInaabHOI GyHKii f(X): T moximHa
BUpaXKaeTbes Jmmie vepe3 came 3HaueHHs (ynkuii, f'(X)=f(1-f). Takum uunHOM, yci
HEOOXITHI BEJIMYMHM JUIsl HAJIAIITYBaHHS BariB BUXIAHOTO mapy V oTpumani (puc.
1.3).

— Kpox 3. Ha uboMy KpOLll BUKOHYETHCSI HAJIAIUTYBaHHS BariB MPUXOBAaHOTO
mapy (puc. 1.4). I'panieHTHHIT METOJ SIK 1 paHiIIe Ja€:

oE
W, (t+1)=W,(t)-h-—
GWU
OOuucieHHs MOXITHUX BUKOHYIOTHCSA 3a TUMH X (OpMyJiaMHd, 32 BUHATKOM
JESIKOTO YCKIJIQAHEHHS (POPMYIH JUIsl IOMUIIKH Jj.

OE OE oy,
= . :5. l_
T Y-y




OE OE O,

ayj i : an ayj ; k yk( yk) jk

OE OE 0y, OX, “
i oY) OX i

Z[Zk:(sk -y, (- yk)-vjk} y,-y,)- x¢]

HeipoH Heiipon
NPHXOEAHOT O IADY BHXLTHOT 0 IIApY
f _ourrj r—— - +
— ===V PjOk —— > OUT Qk
L T S - E —-—
7 /—b- —— T(;-l:
wenaKicrs SQ (Tox - .
7| sminm - outQk)
BHX0.OY

out Qk(1-outQk)

.

-r—-H-l—_rl

0 = out Qk(1-outQk) £Q

Y
Y

I o out Pj

e 7} (RoedimieHT
HABYIAHHA)

lj V Pjok = 7 O out Pj

A

¥ PjOk (n+1)

+ | vV POk (ntl) =
* = V' PiOk (1) + A V PjOK

V Pjok (n)

Puc. 1.3 — HanamryBaHHs BariB BUX1IHOTO IIapy
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Buxi i
TTomepe wHiit TIpHXOB AHINT map k

map i ap j
I ) wilk
W ﬁl E——
Lk
OuT i

w2k

Heiipon P

6.?3: <

3

w Ink

‘611, 4

Puc. 1.4 — HanamtyBaHHs BariB NpUXOBaHOTO MIAPY

ITpu obGumcnenHi J; TyT 1 0yB 3aCTOCOBAaHUI NMPUHIIMII 3BOPOTHOTO NOIIUPEHHS
MIOMWJIKM: TPHUBATHI MOXIJHI OEpyThCs JIMIIE O 3MIHHUX HACTyOHOro mapy. 3
oTpuMaHux (HopMya MOAU(DIKYIOTbCS Barn HEWPOHIB MPUXOBAHOIO MIapy. SKIIO B
HEHUpOHHI Mepexi € JeKUIbKa MPUXOBaHUX IapiB, Mpoleaypa 3BOPOTHOIO
MOILMPEHHS 3aCTOCOBYETHCS MOCIIOBHO I KOKHOTO 3 HHUX, NOYMHAIOYU 3 LIapy,
KWW TIepelye BUXITHOMY, 1 J1ajll JO MIapy, Mo Hae 3a BXigHUM ImapoM. [Ipu npomy
dhopmys 30€epiraroTh CBiil BUJ 3 3aMIHOIO €JIEMEHTIB BUXIHOTO IIapy Ha €JIEMCHTH
BI/ITIOBITHOTO ITPUXOBAHOTO IIAPY.

— Kpox 4. Kpoxu 1-3 TOBTOPIOIOTBCA JUIsl BCIX HaBYAJIBHUX BEKTOPIB.
HaBuaHHs 3aBepulyeTbCs MICHSI JOCSITHEHHS Majloi IOBHOI MOMMJIKH — a0o
MaKCHMAJIBHO JIOITYCTUMOTI'O YKCIIa 1Tepariiii.

SAx BUOHO 3 OMHCY KPOKIiB 2-3, HaBYaHHS 3BOAWTHCS 1O BHUPIMICHHS 3ajadi
ontumizauii (yHKIIOHANA TOMHUJIKH TpagleHTHUM MeTogoM. CyTb 3BOPOTHOIO
MOIIMPEHHS TOMUIIKH TMOJISITa€ B TOMY, 11O AJIs 11 OLIHKH ISl HEHPOHIB MPUXOBAHKUX
H1apiB MOXKHA MPUMHATH 3BaXKEHY CyMY ITOMWJIOK HACTYITHOTO 1Iapy.

[Tapamerp h Mae ceHc Temily HaBYaHHsS i OOMPAETHCS OCUTh MAJIUM JUIS
3a0e3neyeHHs 301kHOCTI MeToay. HeoOXigHo BiAMITUTH, I110:

— mo-miepiie, 30DKHICTh METOAY 3BOPOTHOTO TMONIMPEHHS Iy’Ke MOBIIbHA.
HeBucokuii Temn 301KHOCTI € OCOOJMBICTIO BCIX TPAIEHTHUX METOIIB, OCKLIbKHU
JIOKaJIbHUM HaNpsIM IpajiieHTa 30BCIM HE CHIBIAJA€ 3 HAIPSIMOM JI0 MIHIMYMY

— MO-Apyre, HAJAIITYBAHHS BariB BUKOHYETHCS HE3AJEKHO JJI1 KOXKHOI Mapu
oOpa3iB HaBuyajabHOI BUOIpKU. [Ipy nboMy mosminiieHHs GyHKUIOHYBAaHHS HA JESKIN
3a/laHii Tapi MO’Ke, B3araii, IPU3BOAWTH JO MOTIPIICHHS POOOTH HA TOIMEpPEeaHIX
oOpazax. Y 1bOMYy CEHCl, HEMAE MOCTOBIPHHX (OKpIM HyK€ BEJIMKOI MPAKTHUKU
3aCTOCYBAaHHS METOJy) TapaHTii 301)KHOCTI.
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JlocmikeHHsT ~ TOKa3yloTh, IO  JJIs  NPEACTABICHHS  JIOBUTBHOTO
(YHKITIOHATBLHOTO BiOOpa)KEHHsI, K€ 3a/Ja€ThCS HABYAILHOI BHUOIPKOIO, JOCHUTH
BChOTO JIBa Inapu HeupoHiB. [IpoTe Ha mpakTuIl, y pas3l CKIATHUX (PYHKIIIH,
BUKOPUCTaHHS OUIBII HIX OJHOTO IMPUXOBAHOTO IAPy MOXKE JaBaTH CKOHOMIIO
IIOBHOTO YHCJIa HEHPOHIB.

1.2.3 Anroput™ rpaiieHTHOTO CITYCKY

Y CKM MarJla6 3acrocyBaHHS AJis1 BUBYCHHS MEPEX1 MPUHIIUITY 3BOPOTHOTO
MOMIMPEHHS TIOMIJIKM Ha OCHOBI QJITOPUTMY TPATIEHTHOTO CIYCKY 3 aAanTHBHUM
HAJTAIITYBaHHIM [TapaMeTpa TeMITy HaBUCHHSI 3IIMCHIOEThCS 32 KOMaH 1010 traingdx.

[To miti komauai O6eperbcs Mepeska NET, 3acTocoByroThCS ais 1i HaBYCHHS
BXIJTHUHM BEKTOp X 1 IbOBHI BeKTOp T 1 moBepTaeThecsi HaBueHa mepexa NET [NET,
TR] = traingdx (NET, X, T) pa3om 3 3anucom pe3y/ibTaTiB HaBYCHHS TR,

[NET, TR] = traingdx (NET, X, T, Xj, Ai, EW) Mae nonaTkoBi HEOOOB'3KOBI
apryMeHTH, HEOOX1/IH1 /111 BUBUCHHSI IMHAMIYHUX MEPEX 3 33J]aHOI0 TTOMHIIKOIO.

Xi1 Aj — BIIMIOBIIHO TIOYATKOB1 CTaHU BXOJy 1 3aTpuMKH mapy, a EW 3anae
3HAUYCHHS T[MOMUJIKM, BUKOPHUCTOBYBAHOI [IJI1 BKa31BKM BIJHOCHOI Ba)KJIMBOCTI
KOXKHOTO ITIJTbOBOTO 3HAYECHHSI.

Hapuanus BigOyBaeThCs BIAMOBIIHO A0 3aJaHUX 32 YMOBUAHHSAM I1apaMeTpiB
HaBUYaHHA. byab-sKuii 3 HUX mapaMeTpiB a00 yci BOHH MOXYTh OyTH NEpEeBU3HAUECHI
IUISIXOM JOJIaBaHHS B CHHUCOK BXIJHUX apryMeHTiB, a00 MUIAXOM JIOJaBaHHS
CTPYKTYPH Apzaymenm 3 noismu, MO Ma€ oJHE a00 JEKUIbKa 3 MPUBEACHUX HUKYE

HallMEHYBaHb:
epochs 1000 — MmakcuMaJIbHA KIJIBKICTh CIOX IS HaBYaHHS
goal 0 — MiHIMaJIbHA TOMHMJIKA
Ir 0.01 — xoedirieHT HABYaHHS

Ir_inc 1,05 — koedilieHT 301IbIICHHS IIBUAKOCTI HABYAHHS
Ir_dec 0,7 — koedimieHT 3MEHIIIEHHS IBUAKOCTI HABYaHHS

max_fail 5 — MakcumalibHaA TOMUIIKA TIEPEBIPKU
max_perf_inc 1.04 — makcuMasbHe 301TBIICHHS MTPOAYKTHBHOCTI
mc 0,9 — crana gacy

min_grad  1le-5— miHIMaIbHUI TPAIEHT TPOTYKTUBHOCTI
show 25 — BimoOpaskeHHs pe3ysIbTaTiB yepe3 BKa3aHy KiIbKICTh €MOX
showCommandLine false — renepariisi BUBEZCHHS KOMaHIHOTO PsiiKa
showWindow true — mokazatm HaB4yaHHS B rpadiuHoMy iHTEepdeiici
kopucryBaua GUI
time inf — moka3aTu MakcUMabHUN Yac HABUYAHHS B CEKYH/IaxX
1106 3amycTUTH aNrOpUTM IPaJlIEHTHOTO CIYCKY 32 YMOBYAHHSIM HEOOX1IHO
3MIHMTH HAJAIITYBAaHHS MMapaMeTpiB BUKOPUCTOBYIOUM KOMaH U
net.trainFcn = 'traingdx’;
net.trainParam
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1.2.4 Anroputm JleBenGepra-MapkBapara

Anroputm  JleBenOepra-MapkBapjra TNpuU3HAYeHUH  JUIsI  ONTUMI3ALil
napaMeTpiB HEMHIMHUX perpeciiHux Mojeled Npu 3BOPOTHOMY TMOIIMPEHHI
nomuiku. [lependavaeTbesi, MO B SIKOCTI KPUTEPis ONTHUMI3allli BUKOPHUCTOBYETHCS
cepeaHbOKBAAPATUYHA TOMIJIKA MOJICNII Ha HaBYaIbHIA BHOIpII. AJITOPUTM MOJIATAE
B TMOCTIJOBHOMY HaOJMXEHHI 3aJlaHUX T[MOYaTKOBUX 3HAYE€Hb MapameTpiB 0
ITYKaHOTO JIOKAJILHOTO oNTHMyMY (pHc. 1.5).

Puc. 1.5 — IloBepxHsl HOMWIKH IITYYHOI HEUPOHHOI MEpEexki
3agaHa HaByalbHAa BUOIpKAa — MHOKMHA Tap BiIbHOI 3MiHHOT xeX™M (Bxoam
Mepexki) 1 3anexHoi 3minHOT yeYM. 3amana (yHKUmioHambHA 3aNEkKHICTB, IO €
perpeciiinoro moaemto y = f(w, x,,), sika 6e3nepepBHO TU(EPEHIIIFOETHCS B 00JIACTI

W-X. TlapameTp W € BEKTOpOM BaroBux Koe(dilieHTiB. Bumaraerbcsi 3HallTH Take
3HAYEHHS BEKTOPY W, iK€ O JOCTABIISIIO JIOKAIbHUA MIHIMYM (PYHKIIIT TOMUIKA

N
Fo= ) (= fw,x)"

[lepen moyatkoM poOOTH aJTOPUTMY 3a/1Aa€THCS MMOYATKOBUN BEKTOP BAaroBHX
Koe(iIieHTiB W,
1. Ha koxHoMy Kpolil iTepallii el BEeKTOp 3aMIHIOETHCS HAa BEKTOP WHAw
w=w+ Aw.
JI71s1 OLIHKY IPUPOCTY AW BUKOPHUCTOBYETHCS JTIHIWHE HAOMMKEHHS (PYHKITIT

fw+Aw,x) = f(w,x) + JAw,

ne J — sikobian ¢ynkii f(W,Xy)B TOUI W.
Marpuiiro J HAOYHO MOXKHA MPEJCTABUTH Y BUIJISI
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_af(W, xl) af(Wr xl)_
ow, Owg
J= : :
af (w, xy) f (w, xy)
| dwy owp |

TyT BekTOp BaroBux KoeimieHTIiB W = [Wy, ..., Wg].

[Tpupict Aw B TouIli W, sika 1octaBisie MiHIMyM Ep gopiBHioe Hymto. Tomy s
3HAXOKCHHsSI HACTYIHOTO TPHUPOCTY AW TMPHUPIBHIEMO HYIIO BEKTOP YaCTKOBUX
nmoxiguux Ep mo w

Ep =y - f(w+ Aw)|?,

ne 1
fw+Aw) = [f(w + Aw, x1), ..., f(w + Aw, xy)]7.

[lepeTBOproroun 1 AUQEPEHIIIIOYU 1Iel BUpa3

y = fw+2w)2 = (y — fFw +dw)) (y = f(w + Aw)) =
=fTw+aw)f(w) —2y"f(w+Aw) +y"y

OTPUMAEMO
0E
=2 = ("DAw —J"(y — fW)) = 0.

ow

Takum yuHOM, 1100 3HAWTH 3HAYEHHS AW TpeOa BUPIIIUTH CUCTEMY JHIMHUX
PIBHSIHB

Aw = ("D (y — f(w)).

OcCKiabKH 9nciI0 00yMoBieHocTi Matpuii J'J € KBagpar umcina 00yMOBIEHOCTI
matpuni J, 10 Martpuus J'J MOXe BHUSBUTHCS ICTOTHO BHMPOIKEHON. ToMmy
MapxkBapaToM BBEIEHUH TTapameTp perymnsapu3aitii A>0.

2. Mw=(TJ+ADY"(y—fw)), zme | — ommumuna marpuus. Lleit
napameTp MPU3HAYAETHCS HA KOXKHIN iTeparlii anroputmy. SIKIo 3Ha4YeHHS TOXUOKH
Ep 3MeHIIyeTbes MBUAKO, MaJie 3HAYCHHS A 3BOJIUTH II€H aJITOPUTM JI0 JITOPUTMY
I'ayca-HprotoHa.

3. ANTOPUTM 3YNUHSAETHCA Yy TOMY BHIAAKYy, SKIIO TPUPICT AW B
HACTYMHIN ITepallii MEHIIEe 3aJaHOr0 3HA4YeHHS, abo0 SKI0 BEKTOpP BaroBUX
Koe(imieHTiB nmocTaBisie TOMWIKY Ep, MeHmry 3agaHoi BenwdyuHH, ab0 SKIIO
BUUYEPIIAHO YWCIO IHKJIIB HABYAHHS MEpeXKi. 3HAYEHHS BEKTOpPY W Ha OCTaHHIM
iTeparlii BBaKa€ThCS NTyKaHUM.

Henonik anroputMy — 3Ha4HE 3MEHIIEHHS IIBUIKOCTI ampoKCUMAIlli TMpu
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301bIIIEHH] TapaMeTpa A.

Y CKM MarJIab 3actocyBaHHs JjIsi HABUAHHS MEPEki MPUHITUITY 3BOPOTHOTO
NOIIMPEHHS MOMUJIKA Ha OCHOBI anroputMmy JleBenOepra-MapkBapara 31HCHIOEThCS
3a KoMmaHmoro trainlm — me MepexxHa HaBYalbHA (YHKIlS, KA OHOBIIOE Bard i
3HaYeHHs 3MilleHb 3rigHo onTtuMizauii JleBenOGepra-Mapksapara. Lleit anroputm
YacTO € HAWIMIBUALIMM aJIrOPUTMOM 3BOPOTHOTO TOUIMPEHHS B I1HCTpyMEHTapii
BHBUCHHS HEHPOHHUX MEPEK 1 PEKOMEHYEThCS SIK aJrOPUTM MEPIIOro BHOOPY, Xoua
BiH BUMarae OiIbIIe mam'sTi, HK 1HII aJTOPUTMHU.

[To miti komauai O6eperbcs Mepeska NET, 3acTocoByroThes ais il HaBYaHHS
BXIJTHUM BEeKTOp X 1 II7Ib0BUM BekTOp T 1 moBepTaeThcsi HaBueHa Mepexka NET [NET,
TR] = trainlm (NET, X, T) pa3zom i3 3anmucom pe3yJibTaTiB BUBUCHHS TR.

[NET, TR] = trainlm (NET, X, T, X;, A, EW) mae nomatkoBi HeoOOB'sI3KOBI
apryMeHTH, HEOOX1/IH1 /1711 BUBUCHHSI IMHAMIYHUX MEPEX 3 33J]aHOI0 TTIOMUIIKOIO.

Xi 1 Ai — BIIIOBIHO MOYATKOBI CTaHW BXOJY 1 3aTpUMKH Iapy, a EW 3anae
3HAUYCHHS TMOMMJIKH, SIKA& BHUKOPUCTOBYETHCS JUIsl BKA31BKH BIJIHOCHOI Ba)XJIMBOCTI
KOHOT'O I[1JIbOBOI'O 3HAYECHHS.

HaBuanHs B10yBaeTbcs BIAMOBIAHO J0 33JaHUX 3a YMOBYAHHSM IapaMeTpiB
HaBYaHHA. byab-sKkuii 3 HUX mapaMeTpiB a00 yci BOHH MOXYTh OyTH NE€pEeBU3HAUECHI
IUIIXOM JIOJIaBaHHS B CHUCOK BXIJHUX aprymMeHTiB, a00 MLISIXOM J0JlaBaHHs
CTPYKTYpHU Apeymenm 3 noaamu, sike Ma€ ofHe a00 JEKIIbKa 3 MPUBEACHUX HUKYEC

HaliMEHYBaHb:
epochs 1000 — MmakcuMaJIbHA KIJIBKICTh €IIOX I HaBYaHHS
goal 0 — miHIMaNTbHA TOMUJIKA
mu 0.001 — mouaTkoBHUii MO

mu_inc 10 — koeditieHT 301IbIICHHS MIO
mu_dec 0,1 — koedilieHT 3MEHIIICHHS MO
mu_max 1e10 — makcuManbHUN MIO
max_fail 6 — MakcumalibHA TOMUIIKA TIEPEBIPKU
min_grad  1le-7 — miHIMaJIbHUI IPAIEHT TPOTYKTHBHOCTI
show 25 — BimoOpaskeHHs pe3yNbTaTiB yepe3 BKa3aHy KiIbKICTh €MOX
showCommandLine  false — renepartis BUBEIEHHS KOMaHIHOTO PsAKA
showWindow true — mokazaTu HaB4aHHS B TpadiuHOMy iHTEepdeiici
kopucryBaua GUI
time inf — mokaszaTu MakcHMMaJIbHHI Yac HABYAHHS B CEKYHIaX
o6 3amyctutn anroput™ JleBenOepra-MapkBapara 3a yMOBYaHHSIM
HEOOX1THO 3MIHUTH HAJAIITYBaHHS MTApaMETPIB BUKOPUCTOBYIOUU KOMaHI!
net.trainFcn = 'trainlm’;
net.trainParam

1.3 llITtyyna HeiipoHHa Mepexa Xondinga
1.3.1 ApxiTekTypa

PosrisinyTa paniie HelipoMepexHa apXiTeKTypa BIIHOCUTHCA JI0 KIJIacy MEepex
3 COpsIMOBAHUM TOTOKOM TOIIMPEHHS 1H(OpMaIlii 1 He MICTUTh 3BOPOTHHUX 3B'SI3KIB.
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[Ticns HaBuaHHS Ha eTami (PYHKUIOHYBaHHS MEPEXi KOXKEH HEHPOH BHUKOHYE CBOIO
(GyHKIIII0 — MTepeiayy BUX1HOTO CUTHATY PIBHO OJIMH pa3.

VY 3araJibHOMYy BHUIAJIKy MOXK€ OyTH pO3TJsiHyTa HEHpPOHHAa MeEpexka, sKa
MICTUTh JIOBUIbHI 3BOPOTHI 3B'SI3KM, TOOTO NUIAXH, IepelaBajibHI CUTHAIM BiJ
BUXOJIB /10 BXO/IIB. BiAryk Takux Mepex € AUHAMIYHUM, TOOTO ITC/IS MoJga4i HOBOT'O
BXOAY OOUMCIIOETHCA BHX1J 1, TIEPEAAIOYHCh IO 3BOPOTHOMY 3B'SI3KYy, MOAU(DIKYE
Bxij. [ToTiM BUX1J MOBTOPHO OOUUCITIOETHCS, 1 TPOLIEC MOBTOPIOETHCS 3HOBY 1 3HOBY.
Jist cTivikoi Mepe>1<1 MTOCJTITOBHI 1Tepau11 MIPU3BOISTH 10 BCE MEHIIUX 3MiH BUXOJY, i
B pe3yabTaTl BHXIJ cTae MOCTIHHUM. [ Garatbox Mepek NpoIeC HIKOIU He
3aKIHYY€ThCS, TaKli MEpEkKl HA3UBAIOTh Hecmitikumu. HecTiKi Mepexi MaroTh ITiKaBi
BJIACTHBOCTI 1 MOXYTh PO3IIIAJATHCS SK TMPHUKIAA XAOMUYHUX CUCTEM, aje Jis
OUIBIIOCTI TPAKTUYHUX 3aCTOCYBaHb BUKOPHCTOBYIOTHCS MeEpexi, fAKI JaloTh
nocTiiauil Buxif. [ToniOHowo Mepexero € Mepeka Xomndinga.

Xonhis; BUKOPUCTOBYBAB CBOIO MEPEXKY JIJIsSi MOJICIIIOBAHHS CIITHOBUX CIIIB.
[Tix MM MaroThCS Ha yBasl MaTepiajiu, aTOMU SIKUX MarOTh MarHiTHUN Aunois. [Ipu
MOJICJIIOBAaHHI KOXKHOMY JMIIOJNIO BIJMOBIJIAB HEWPOH, OpIEHTAllid JUIONS B
MarHiTHOMY TIOJII 3JIIACHIOBajacs 30Yy/KEHHSM BIJIMOBITHOTO HEMpOHa, a Mepexa
OMKCyBaJla MarHiTHI B3aeMojiii mMoJiB. PO3risHYyTI HUM 3aCTOCYBaHHS BKJIIOYAIOTh
acolliaTUBHY  MaM'sTh, aHAJOro-U¢poBEe TMEPETBOPEHHS, PIIICHHS  3ajaadl
OnTHUMI3allii.

Mepexa Xorninga Mae HaCTYIHI 0COOJIMUBOCTI:

a) Mepeka € OJHOIIApOBOIO 1 MICTUTh N HEHpOHIB, YHCIO SKHX €
OJIHOYACHO YMCJIOM BXO/IIB 1 BUXO/IIB MEPEKI,

0) KOXEH HEHpOH Mepexl MOB'S3aHMi 3 yciMa 1HIIMMHU HEWpoHaMu, a
TaKOXK Ma€ OJIMH BXIiJ, Ha SKUW TTOMA€ThCS BX1THUMA CUTHA,

B)  JKOJICH HEMPOH HE MA€ BIACHOTO 3BOPOTHOIO 3B'A3Ky (w;; = 0),

r)  Bard MepeXi € CHUMETPUYHMMH, TOOTO Bara 3B'SI3KY MK I-M 1 |-M
HEMpOHaMU JOPiBHIOE Ba3i 3B'A3Ky MiXK -M i i-M HelipoHamu w;; = wj;,

)  KOXEH HEHpOH Mae MOporoBy (PyHKIIIIO aKTUBAIII],

e) BXIJJTHUMH € OBIMKOB1 CUTHAJIH.

CtpykTypHa cxema Mepexi Xorndinaa HaBegaeHa Ha (puc. 1.6).

Cning 3a3Ha4YMTH, [0 OCKUIBKK "MepekHa" apXiTeKTypa MO3KY BKIIOYAE
3BOPOTHI 3B'sI3KH, TO Mepexka Xomdiiaa B IbOMY BIJHOIICHHI HaWOIIBII BiAMOBIIA€
MIPUPOTHOMY TIpoiiecy oOpoOku iHhopmariii.

[{s Mepeka He BUKOPUCTOBYE, CTPOTO Ka)XXy4yH, HI HABYaHHS 3 BUKJIaJadeM, Hi
HaBuaHHA Oe3 BUKIanada. Barosi koedilieHTH B Hill PO3PaXOBYIOTHCA JIUIIE TEPE
MOYaTKOM (PYHKIIIOHYBaHHSI Mepexki Ha OCHOBI 1H(opMallli mpo oOpoOIOBaHl AaHi, 1
yce BHMBYEHHS MEpexXl 3BOAUTHCS caMme 10 IBOTO PO3paxyHKy. 3 OJHOro OOKYy,
HaJaHHs anpiopHoi iHGOpMAaIllli MOKHA PO3IIHIOBATH SIK JAOMNOMOTY BYHUTENS, a 3
1HIIO1 — Mepeka (aKTUYHO MPOCTO 3amam'siToBye o0Opa3u 0 TOro, siKk Ha ii BXiA
MOCTYMAaIOTh PealibHI JIaHi, 1 HE MOE€ 3MIHIOBaTH CBOIO MOBEIIHKY, TOMY FOBOPUTHU
PO 3BOPOTHUH 3B'SI30K 3 BUUTEIEM HE TOBOIUTHCS.

VY Mepexax 3 3BOPOTHHMH 3B'SI3KAMHU CTaH HEHPOHIB OOYHMCIIOETHCS JO THUX
mip, TOKM BOHU HE BUSBIATHCS CTAJIMMU, HE 3MIHIOBaHUMH 3rojoM. MoskHa
nokasatu, o Mepexka Xomnginaaa 3a IeBHUX YMOB CXOJUTHCS JO CTajoro CTaHy 3a
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KIHIIEBUH Yac.

W+ W ey
X1 @ - y1

Wi
W: Whe A\

X =2) B
Xs i—@ > Vs

Won M—-

X = N > Y/n
Y W

Puc. 1.6 — CtpykrypHa cxema Mmepexi Xondinga

Mepexi HagaeTbes P o0OpasiB, onucyBanux N-mipaumu (N — 4mciio HEHpOHiB)
BEKTOPAMH X = (X1, Xp,..., Xn)' 3 KOMIIOHEHTaMH, sIKi HAOyBalOTh JBIMKOBHMX 3HAYCHb,
Hanpukiag, «—1» 1 «+1». [lo3dHaunMO BEKTOp BXIJHUX CUTHAIIB, AKUH OIMHUCYE p-i
obpas3, sk kak X’(p = 1,P). Konmu Mepexa posmizHae HagaHuii oOpas, BoHa chopmye
BEKTOP BUXIJHUX CHUTHAJIB, KOMIIOHEHTH SKOTO CHIBMAJAalOTh 3 BIJIMNOBIAHUMU
KOMIIOHEHTaMH 00pasy, 10010 ¥ = (Y1, Y2,..., ¥N)! — BEKTOp BHUXiJHUX CHIHAIIB
Mepexi. [HakIe BUXiqHUN CUTHAJ He CITIBIAJaTHME Hi 3 OJJHUM 3 HaJaHUX.

Pospiznstors Tpu ctanii (pasu) hyHKIIOHYBAHHS MEPEKI:

— 1HIIIaI13a11s;

— HaJlaHHS BX1JIHOTO 00pa3sy;

— 0OYHMCIICHHS CTaHy HEUPOHIB.

Iniyianizayis. Ha miii cramii mMepeki BCTAHOBJIIOIOTHCS HACTYMHI 3HAYCHHS
BaroBUX KOE(IIIE€HTIB:

p b,Dp

wy = [Zom0 ] 0%
lyjy . . )
0,i=j
TYT xip i x]p —i-a i j-a KOMIOHEeHTH BeKTOpy XP.

[{ro cTagiro MOKHA PO3TJISIATH K CTai10 HABYAHHS MEPEXI, MICIS 3aKIHUCHHS
AKOT BOHA CTa€ 37aTHOIO TMPABWJIHHO BIATBOPIOBATH oOpasu, sKi Hel HaIaroThC.
["oBOpSTH, 1110 MEpeka 3aTHA IO CaMOACOIIaTUBHOI pOOOTH.

Haoamnns mepeoici 6xionoco oopaszy GakKTUIHO 3IMCHIOETHCS Oe3M0cepeIHBOI0
MOYATKOBOIO (HYJIbOBOIO) YCTAHOBKOIO KOMITOHEHT BUX1THUX CUTHATIB
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yi(0)=x;, i=1,N,

TOMY TIO3HAYEHHSI Ha CXE€M1 MEpPEXi BXIIHUX CUTHAJIIB B SIBHOMY BHU/II HOCUTb YHCTO
YMOBHHH XapakTep.
Obuucnenns cmanie Heliporis. 3a GopMYIIOL0

zi(k+1) = Lawyi (k) + X,

BU3HAYAIOTHCS TOCIIIOBHI CTaHU HEHPOHIB, Ha MIJCTaBl YOro pPO3pPaxOBYHOTHCA
BI/IITOB1IHI 3HAYEHHS BUXIIHUX CUTHAIIB

1, ecmnzi(k+1) > 6;;
yilk+1) =f, (Zj(k + 1)) ={ 0, ecmnzj(k+1) <6
yj(k) BinmMx BUNajKax,

ne fo = () —noporosa akTuBauiitHa GpyHKIis; 6; — 3aaaHUI TOPIT.

S0 BUXiAHI 3HAYEHHS 3MIHIJIMCS, TOJAl 3a OCTaHHIMHU JABoMa (popMmyrnamu
PO3pPaxOBYIOTbCSI CTAHU 1 BUXIJIHI CUTHAJIM MEPEXKi, SIKIIO HE 3MIHUIUCA — poboTa
MEpEXK1 3aBEPIIYEThCA (MEpeka 3HaAXOAUTHCA B CTIMKOMY cTaHil). B 1ipoMy BUmaaxky
Ha BHUXOJax Mepexi cpopMyBaBCs BEKTOp, SKHAaWKpalle BiANOBIIHUN HAaJIaHOMY
oOpasy.

AxTuBaris Mepexi Xomdiaga MoXKe 3IIHCHIOBATHUCS aCHHXPOHHO, KOJIW Ha
KO’KHOMY TaKTI1 3MIHIO€ CBIM CTaH JIMIIE OJWH BUITaJIKOBUM YMHOM OOpaHHI HEHPOH,
1 CHHXPOHHO, KOJIM yC1 HEMPOHU 3MIHIOIOTH CBiil CTaH OJHOYACHO.

1.3.2 HaBuanns 1 po6oTa

Poboma mepeosrci Xondinaa Moxke OyTH MOsICHEHA B TEPMIHAX €HEPreTUYHOTO
nanamadTy (3a anainoriero 3 puc. 1.5). € nangmadt, SKUd OpeACTaBiIsiE COOOO
TOPUCTY MICHEBICTh, Ha BEPUIMHI SIKOi 3HAXOAUThCA Kyis. [loTiM Kyl KOTUTBCS 1O
CXWIy, TOKM HE€ 3YNUHUThCA B SKIH-HEOynb HU3WHI (3amaaudi). [li HU3UHM
B1IOMBAIOTh CTIMKI CTaHM MEpeXi, 1 KOKHA 3 HUX BIJNOBIJIa€ MEBHOMY HaJIaHOMY
o0pa3y (00pa3y HaBuaHHs). Y TaKoMy IMpEJCTaBJICHHI KyJs, SKa Ma€ BEJIUKY
MOTEHIIHHY €HEprilo, KOTUThCS B HHU3WHY 3 MEHIIOK MOTEHLIMHOI EHEPrIElo,
J0CATAl0YM JIOKAIbHOro MiHIMyMy. 1100 3HOBY ONMHUTHUCS B MOYATKOBOMY CTaHi,
BiH TIOBUHEH 3p0o0UTH Y (HI3UIHOMY CEHC1 poOOTY, TOOTO BUTPATUTH eHEPTiro. Takum
9yuHOM, pobota Mepexi Xondinga Moxe OyTH OXapaKTepu3oBaHa JESKOIO
E€HEPTreTUYHOI0 (QYHKITIEIO.

Axmo mnpu aHamizi mepcentpoHa BuOip Takoi GyHKIIT ((PyHKIIOHATA)
O0COONMBUX YCKJIaJAHEHh HE BUKJIMKAB, OCKUIBKM OyiH BiJIOMI peasibHi 1 OaxkaHi
3HAQ4YEHHSI BUXOJIB MEPEXKi, TOJl B JJAaHOMY BHUIIQJIKy CHUTYyaIlisl JAekiibka iHma. [To-
nepiie, CTpykTypa Mmepexi Xomndinga He J03BOJSE 3a37ajleriib BU3HAUUTH ILIAX
piuieHHs, TO0To OaxkaHy ab0 HEOOX1/IHYy MOCIIJOBHICTh cTaHiB HelpoHiB. [lo-npyre,
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HAsIBHICTh 3BOPOTHHUX 3B'A3KIB MPU3BOJUTH 10 TOTO, 110 BUXOAU MEPEX1 Y OY/Ib-IKHii
MOMEHT Yacy MNpeAcCTaBisfioTh Halip BXojiB. Kpim Toro, mae OyTh BpaxoBaHa
BIJICYTHICTh Y HEHPOHIB BJIACHMX 3BOPOTHHX 3B's3KIB. BkazaHi 0COOIMBOCTI MEpexKi
B1JIOMBAIOTHCS B EHEPreTUYHIN PYHKIIIT BUTIISTY

1
E = =% Xjwi Wiyiyj — LiYixi + Liyith, (1.1)

Jie 6; — 3HaUEHHs MOPOry W;; —TO HEUPOHA;

W;;j — Bara 3B's3Ky i-10 i j-ro HEHpOHiB;

X; — 3OBHIINIHIA BXiTHUH CHUTHAN I-TO HEWpoHa (IOCTIHA BeIMYWHA JUIS
CIIOCTEPEIKYBAHOT'O MOMEHTY 4acy);

Y; — 3HAYCHHS BUX1JIHOTO CUTHAJY I-r0 HEHpOHa.

Xondina mokasza, 110 MPU aKTUBI3aIil Mepexi I (PyHKIIST HE 3pocTae 1
J0CSTa€e JOKAIBHOIO MIHIMYMY B JIESIKOMY CTajJOMY CTaHl. A OCKUIbKM YHCIIO TaKUX
CTIMKMX CTaHIB OOMEKEHE, Mepeka 3a IMEBHHX YMOB JOCSTa€ OJHOTO 3 HUX 3a
KiHI[eBe yucio itepamiid. [Ipu 1ipomy, K B)Ke BKa3yBaJIOCs, HU3UHU €HEPreTUYHOTO
naHAmadTy (€HepreTuyHi MIHIMYyMH) BIANOBIAAIOTH oOpa3zamM, sKi 30epiraroThCsl.
1106 mepeka Xondinga NpaBUIbHO KiacudikyBaita o0pas3u, 11l HU3UHU HE MMOBUHHI
MEPEKPUBATHUCS.

3anam'smosysanns oopaszy B mepexi Xondinma. Ocranniit pynkmionan (1.1)
MOKHA PO3TJISAATH SK KPUTEpId MOMUJIKKA (YUM Jaili B PIlIEHHS, TAM WHOTO
3HaueHHs Oubie). [1lo6 30epiratn HagaHi Mepexi o0pa3u, HEOOX1THO MIHIMI3YBaTH
3HAQYEHHSI €HEePreTUYHO1 (DYHKIIT I KOXKHOTO 3 HUX, TOOTO BHU3HAYUTH JIOKAJbHI
MIHIMYMH €HepreTuuHoro mnanamadry. Ilpore nomaBaHHS HOBUX 00pa3iB He
MOBMHHE 3HUIIYBATH BXXE€ HasABHY I1H(QOpMalio. A OCKUIBKA BCA 1H(POpMALis
BIJIHOCHO 00pa3iB, sika 30epiraeTbcs, MICTUTHCA Yy BaroBidl MaTpulll, 3aBJaHHA
HaBYaHHS 3BOJMTHCS JO BHU3HAYCHHS 3HAYEHb BariB, SIKI JIOCTaBJISIIOTH MIiHIMyM
eHepreTMyHii QyHKIIII.

[Tpu miHIMI3aIil 1IbOTO (PYHKITIOHATIA HEOOXITHO BpaxOBYBaTH HACTyIHE. Sk
BHJIHO, MIHIMYM IIbOTO BHpa3y 3HAaXOJUThCSA B Bia’eMHiN obnacti. [ BUKOHAHHS
ymoBu  ),;y;0; <0 wHeoOXimHO, 1100 KOMIIOHEHTH Y; 1 6;MOCTIHHO MajH
NpoTUJIekH1 no3Hauku. [Ipu ampiopi 3agaHomy 6; 1€ HEMOXIJIHMBO, TOMY JOULIBHO
npuitasaTy 6; = 0, 10 NPU3BOAUTH O KPUTEPIIO Y BUTIIAII

1
E = _EZiZj:tiWijyiyj — i ViX;. (1.2)
[To3HAYMMO 3a AHAJIOTIEI0 3 BHUIIEBUKIAACHUM X, Vi, — KOMIIOHEHTH M-TO

obOpasy. Toxmi maTpuilfo BariB MOKHa pO30MTH Ha JIB1 MiAMATpHIll, Mepiia 3 SKUX
(Wl-lj) BiZIOMBae 3B'13KM yCiX 00pasiB, OKpiM M-To, a apyra (W;,,) — Jumiie M-it oopa3

1 1
b= _Ezizjiiwiljxixj — XizmXi Vi _EZiim Wim YiVm — XmYm-  (1.3)

[Tepuri nBa mogaHKK MOXKHA PO3TJISIATH SIK 30ypEeHHS, 1110 BUPaXKa€e 3arajibHUN
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BILTUB yCiX 00pa3iB, OKpiM M-T0, Ha (PYHKIIIOHAM, a APYTi JIBa — SIK KOPUCHUIN CUTHAI.
Tak, mo0 MiHIMI3yBaTH 11l OCTaHHIM (GYHKIIOHAN Ui 3adaHoOro M-To oOpasy,
HEOOX1THO PO3IJISHYTH APYTUH J0/IaHOK, TOOTO

1
E, = — EZiim Wim YiVm — XmYm- (1-4)
MiHiMi3alsa HOro eKBiBaJIeHTHA MaKCHUMI3alll

Ziim Wim YiVYm + XmYm- (1-5)

Takum 4uHOM, BUOIP Wiy = ViV 3a0€3Meuye MaKCUMYM I[bOMY OCTaHHbOMY
dbynkmionany (1.5). HeBaxkko mo6auuTH, 110 3a HyJIbOBHX MMOYATKOBUX YMIB Ha/IaHHS
Ha BXiJ o0pa3y X NPU3BOAUTH 1O MOSBUM HA BUXOAl Mepexi BekTopy y=x. Llum
MOSICHIOETHCSI YCTAHOBKA BaroBUX KOe(IIiEHTIB HA CTail 1HILIaT13allii.

Buknux o6pazy. Ilicis Toro, sk ycl HaJaHi 00pa3d 3amam'sTOBYIOThCS
Mepexero (moOyaoBaHW eHepreTHYHuil JanamadT), iHpopMalis IpO HUX MOKE
OyTH OoTpuMaHa HUIIXOM MiHIMI3alil (yHKI[loHaNa MOMUIKM Ha (a3l HaBYAHHS.
BuxopuctanHs eHepreTMyHOro JaHAmadTy T03BOJSIE BU3HAYUTU BIUIMB OKPEMOI
BEpPIIMHU HAa EHEPTriio, a MIHIMI3allisl €Heprii — HUIIX MepexXoay Mepexi B SKUM-
HeOyIb CTIMKUI CTaH.

Hexaii eHepretnuna ¢yHkiis Mepexi Xondinga y MoOMeHT dYacy K
BH3HA4Ya€eThCs BiAMOBIMHO 10 (1.1) BUpazom

E(k) = = 2% 2w wij %, (k)x;(k) + X x; ()8 (1.6)

BXigH1 curHamum mMepexi B JaHW MOMEHT 4Yacy He 3MIHIOIOThCS. 30y KEHHS
HEHpOHiB Mepexi y MoMmeHT dvacy (K+1) mpu3BoauTh 10 3MiHH T €HEPreTHYHOI
GbyHKII11, sTKa 00YUCTIOETHCS TaK:

AE(k+1) = E(k +1) — E(k) == [= s % S jeiwy i (k + Dy (ke +1) +

1
%o (e + 10 = = 32w wiy (0%, () + Zex (06; | (1.7)
[Mpumnyctumo, 1mo y MoMmeHT dacy (K+1) 3MiHIO€ThCS JIHIIe CTaH OJHOTO M-TO
HelipoHa (3 HYJILOBOIO MEPEXOAUTh B OJMHHWYHE a00 HABMAKW), BCl1 1HIII HEUPOHU
CBOTO CTaHy He 3MiHIOIOTh. BHacmigok mporo B (1.7) yci momaHku 3 I=mi j=m

onHakoBi. Bpaxosyrouu, mo B Mepexi Xondinaa wi; = 0 wyy, = wy,; s i=j7m,
OCTaHHI{ BUpa3 MOXKHA TIEPENMUCATH TAKUM YHHOM:

AE(k+1) = [— YjemWim Xi(k + Dxp(k + 1) + 0;x,(k + 1)] —
_[_ Zi:tm Wim Xi (k)xm (k) + ijm(k)] (1.8)

abo
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AE(k 4+ 1) = [= ZizmWim Xi(k + 1) + O ]2, (k + 1) —
_[_ Ziim Wim Xi (k) + Qm]xm (k) (1-9)

Bracmiok Toro, 1o a1 ycix He#ponis izm x;(k + 1) = x;(k), orpumyemo

AE(k + 1) = [_ Ziim Wim xl(k + 1) + em] ) [xm(k + 1) - xm(k)] = [Zm(k +
1) — 6, 1A%, (k + 1), (1.10)

ne Ax,(k+1) =x,(k+1)—x,,(k).

[Tpu anamizi (1.10) MOXKJIMBI 1Ba BUTIAIKH.

1. Zp(k+1)>86,,.

Ie o3Hauae, 110 M-if HelipoH Oy/ie aKTHUBOBAaHUM, TOOTO Ha MONEPEAHBOMY TaKTI

BiH OyB macuBHuUM. Takum unnom, Ax,,(k+1) > 0u AE(k +1) < 0.

2. Zu(k+1)<6,,.

B npoMy Bumajgky HEHpPOH nepeiiie B HyJIbOBUM CTaH 3 OMHUYHOTO, TOOTO A

Ax,,(k+1)<0,artay iZ,,(k+1)—6,, <0rtonmi3uoBy AE(k + 1) < 0.

Omxe, mpu 30y/PKEHHI M-rO HEMpoHAa AacHUHXPOHHOI Mepexi Xondiiga
eHepreTuyHa (QyHKI[I1 HAa KO)KHOMY TaKTl 3MEHIIyeThbcs. Bukiauk oOpasy 3 mepexi
BIJINOBIJIa€ MPOXO/KEHHIO Yepe3 MOCIIIIOBHICTh CTaHIB, KOKHE HACTYIHE 3 KX Ma€
HIKYY €HEpril0o B MOPIBHSAHHI 3 monepenHiM. Lledl cnyck B CTaHM 3 HUKYHM
€HEPreTUYHUM PIBHEM TPUBAE /10 JOCSITHEHHS MEPEXKEI €HEPreTHYHOI0 MIHIMyMY,
TOOTO 110 BIATBOPEHHS Mepexkero oOpa3y, [Kui BUKIMKaeTbes. lled mporec €
aHaAJIOTOM TPAAI€EHTHOTO CITYCKY, SKHH CXOIUTBHCS /O JIOKATHHOTO EKCTPeMyMy, 1
MOSICHIOE BUKOPUCTOBYBAaHUI B MEPEKi MEXaH13M HaBYaHHS.

HeoOxigHO BiAMITUTH HAcTymHe. 3a3BUYald mepeadadaerhcs, IO BXIJTHHUI
CUTHAJI X; J1€ KOPOTKUN Yac 1 B PO3paxyHKaxX HE BPaXOBYEThCS, TOOTO 3amicTh (1.1)
PO3TISAAETHCA (PYHKIIIOHAI

1
E = =22 XjeiWijyi ¥j + 2ii 0 (1.11)

Takum dYMHOM, anropuT™M (GYHKIIIOHYBaHHS Mepexi Xomndiiamga moisrae B
HACTyITHOMY.

1. Hasuanmns.

Hanatorscst oGpasu xP(p = 1,P). OGUHCIIOIOTBCS €IEMEHTH W;; MATpHI
BariB 1 JJI1 aKTUBHUX HEHPOHIB (IO 3HAXOMATHCA B cTaHi +1) Ha mifcTaBi ix
MOTOYHOTO 1 MOTIEPEIHHOTO CTAHIB OOUHCITIOETHCSI EHEPTisl KOKHOTO 00pasy

E=—-3l xP(k+ DI, wyad (k). (1.12)

2. Posniznasanns.
Hanmarotecst oOpasm, MOXKIMBO, CHOTBOPEHI X 1 OOYMCIIIOIOTBCS IOCHIIOBHI
CTaHU 1 3HAYEHHS BUXIJHUX CUTHAJIB HEUPOHIB 1O JOCSATHEHHS HHUMH CTIHKHX
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CTaHiB.

Cunxponna mepexca Xonghinoa. Sk Bxke Bi3HAYANIOCS, B 1[I MepeXi HEUPOHU
3MIHIOIOTh CBOT CTaHU OJTHOYACHO, MparHy4M MepeiT B Jeski CTiiiki cTanu. [IpoTe
IpU [IOMY TOHATTS CTIMKOIO CTaHy Ma€ JEKUIbKa IHIINK ceHc. Po3risHeMo 1ie Ha
npukiani. Hexaii Ha BUX0Jax CHHXPOHHOI Mepexi Xomdinna, 3aJaHO0 MaTPHIICIO
BariB w; =0, wj; = Wji(i, Jj= 1,_3) Ta 3HAYCHHSIMU TOporiB 6; = —1, B nmesxuit
MOMeHT vacy K mpu Hanmansi Ha i Bxogu Bektopy x(k) = (000)T s3'sBusioTscs
omuanuni curnamu y(k) = (111)T. Toxi B mactynuuii (k+1) MoMeHT yacy HeifpoHn
HepeiyTh B HOBI CTaHM, BU3HAYYBaHI SIK

zik+1) =04+ (-1)-1+(-1) -1=-2,

1 Ha TX BUXOJaX 3'IBIIATHCS CUTHAIIA

x; (k+1)=0 (i = 1,3).

Ha (k+1)-my Ttakti curHamu y; (k+ 1) TOCTYIUISITH Ha BXOJIM HEHUPOHIB,
MEPEBOJISIYM 1X B CTAHU

2 (k+2) =0+ (=1)- 0+ (=1) -0 = 0.
HiCHH qOro Ha 1X BUXO0J1aX 3'IBJIATHCSI CUTHAIN
y; (k+2)=1,(i= 13)

TOOTO Mepexka Iepellyia B MOYaTKOBUM cTaH. HeBaXko MOMITHTH, IO Mepeka
OCIUITIOE.

3 cHepriero Mepei BiIOyBa€ThCs HACTyNHE. ¥ MOMEHT 4Yacy K 3HadeHHs
eHeprernyHoi QpyHkuii (1.1) Oyno gopiBHIOBAIO

E(k) = —3[(=1)-0-1]+3[0- (-D] =0,
a rpu repexo/i B HoBu# crad Ha (K + 1)-My TakTi
E(k+1) = —3[(—1) .0-0]+3[0:(-1)] =0.

TakuM 4MHOM, XO04a CUHXPOHHA MEpeXa OCLMIIIOE, 3HAUEHHs 11 EeHEPreTUYHO1
(GyHKILIT HE 3MIHIOETHCS.

BukopuctanHs eHepreTMyHOl I1HTEpIpeTallii J03BOJII€ TOOAYUTH OCHOBHY
BIIMIHHICTh MK CHHXPOHHHUM 1 AaCHHXPOHHHM CIOCOOaMM aKTHBAIli MEpexi
Xondinmga. JlilicHO, BUMAAKOBHM BHOIp BEpPIIMHU TIPU ACUHXPOHHIN aKTUBAIlil
MPU3BOAUTD JI0 3MIHU HUIAXY JOCSITHEHHS MEPEKEI0 CBOr0 CTIMKOrO CTaHy, TOOTO A0
3MIHU TOCTIJOBHOCTI aHaJi3y MEPEKE MPOMIXHUX 00pa3iB. OTke, aCHHXPOHHA
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aKTUBallls 301JIbLIY€E NESKY HEBU3HAYEHICTh NUIAXY MEPEXOAY MEPEX1 3 MOYATKOBOTO
B KiHIleBHi cTaH. [IpM CHHXpOHHINM aKTHUBaIii yCi BEpPIIMHU OHOBIIOIOTHCS PAa30M,
TOMY MPOMIXKHI 00pa3u He 3MiHIIThCI. KpiM TOro, Mepexka OCIUIIIOE MK JBOMA
pi3HUMHU cTaHamMu. OOK/BA 111 CTIOCOOU aKTUBAIIil IPU3BOIATH 0 OJTHOTO PE3YJIbTaTy,
TOMY 3a3BUYai iX BUOIp HE € MPUHIIUIIOBUM.

besnepepena mepesca Xondinaa. besnepepBauii BapianT Mepexi Xondiiaa €
y3araJbHEHHSIM JTMCKPETHOI MEpEeXi Ha BUIAIOK BUKOPUCTAHHS 3aMiCTh MOPOTOBOI
¢byHKIiT akTHBalii Oe3rmepepBHOI. 3a3BUUail y sIKOCT1 Takoi (PyHKIII{ BAKOPUCTOBYIOTh
CUHYyCOimanbHy abo0 (QyHKIiI0 TinepOONYHOTO TaHTeHCAa, a JIWHAMIKY MEpexi
OMHCYIOTh B Oe3MepepBHOMY Haci. Y HaWOUIbII 3araJbHOMY BUTJISII TaKWW OIHC
MOKe OyTH TIPEICTaBIICHUN TaK:

dx; .
Tid_tl = —X +fl(27=1 WUX]), L= 1,71,

ne T; — Jesdka ctana yacy; f () — QyHKIliS aKTUBAIlll BUIY

flx) = —

" 1+exp(-x)’

Cucrema, AuHaMika sKOi ONUCYeTbCs PiBHSAHHAM (1.7), MOXKe HparHyTH 10
JESKOro CTIMKOrO CTaHy, a0 3HAaXOJUTHUCA B XaOTHUYHOMY pyci, ad0 OCLMIIIOBATH.
Bubip cumeTpuyHOi MaTpHIll BaroBUX KOE(QILIEHTIB JI03BOJSE 3a0€3MEUUTH PyX
CUCTEMHU JI0 CTIMKOro crany. IIpu nuboMy 301KHICTh TapaHTyeThCsl Teopemoro Koena-
I'pocbepra. Criiiki cTaHd CBIAYATH MPO TE, IO CHCTEMa 3HAXOJMUTHCS B PIBHOBA31 1
CIIpaBeJIMBa PIBHICTh

dx; ..
— =0 a4 BCIX I.
dt

B OIbOMY BHUIIAAKY BUXOJU CUCTEMH BU3HAYAIOTHCA TaK:

x = fi(Tjwix;), i= 1,n,

ne x, Ha0yBae JiMCHUX 3Ha4eHb 3 1HTepBaty [0, 1].
Junamika 6e3nepepBHOi Mepexki Xomdinma Moxe OyTH onrcaHa 3a aHAJIOTIEI0 3

(1.7) mstxoM 3amMiHU 3MIHHHMX X HA CTAaHU HEHPOHIB Z; (i =1, n)

Zi = ijijxj, | = l,n.

B upoMy Bumnaaky cuctema AudepeHIiianbHIX PiBHAHD, SIKI OTUCYIOTh MEPEXKY,
HaOyBa€ BUTJIS

dz

G T wyf (5), = L2,
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a CTIMK1 CTAaHU MEPEX1 MOKYTh OyTH BU3HAUYEHI TAKUM YHHOM:

Zi = Z]W”f(Z]), [ = 1,71.

Sk 1y pasi IMCKpeTHOI Mepexi, aHali3 6e3nepepBHOI Mepexi Xomdinaaa Moxe
OyTu mpoBeneHHI 3a gomomororo eHepretuuHoi ¢yHkIii. [Ipote moka3 361KHOCTI
i 6e3nepepBHOI MEpEXi 3arajlbHOr0 BUIVIALY € JOCUTh CKiIaaHuM. [[ns anamizy
Oe3nepepBHOro BHMAAKy Xomn(iiJ BUKOPUCTOBYBAB EHEPreTUYHY (YHKIIIIO
HACTYITHOTO BUTJISAY:

E = —%212] Wijxix]' + Zi fOXif_l(X)dx .

MoskHa TOKa3zaTH, 10 MPU MEePeXoJl B CTIUKUI CTaH, K 1 B JUCKPETHOMY
BUIIAJIKY, EHEpPreTUYHa (QYHKIIISI MEPEkKl 3MEHIIIYEThCSI.

1.3.3 [IpaBuno Xe00a

[IpaBmwiio X»00a 3acHOBaHO Ha TOMY (akTi, M0 3MIHA CHHANTUYHOI CHUJIU
(Barm) HeilpoHa MponopuiiiHa 3MiHI Mpe- 1 HOCTCHHANITHYHUX CUJI, SIK1 €, BIIMIOBITHO,
BXIJTHUMU 1 BUXITHUMHU CUTHAJIAMH HEUPOHA, 1 MOXE OyTH 3alucaHa Tak:

Wij = ]/Xiy]', [ = 1,N ] = 1,M (113)
a00 B MAaTPUYHOMY BUTJISII
W =yyxT, (1.14)

1€ ¥ — KOeiIieHT MPONopIiHHOCTI (HAaBYaHHS).
Biamitumo, mo ockinbku criBBigHommeHHs MU (1.13), (1.14) onucyeTthbest Oyab-
sika 3 P HaBYaNbHUX 1ap (X, ), CALAyBao O e MPEICTaBUTH TaK:

W, =vypx,, p=1,P, (1.15)

Tonmi marpuns BariB W, sika BigOuBae 30epiranHs B nam'sti ycix P o0pasis,
MaTHUM€ BUTJISIA;

W=3_,W,. (1.16)

OcCKUJIbBKM acolliaTUBHA MaMm'siTh 3aCHOBaHA Ha 3amaM'sTOBYBaHHI MpPEIMETIB,
CIIOCTEPEKYBAaHUX OJIHOYACHO, cmiBBigHomeHHa (1.13) 1 (1.14) npumyckaroThb
OJIHOYACHY TMOSIBY X 1.

V 3anmci (1.13) Bara w;;, sKa € CHHAIICOM MDK BXOJIOM Xi. 1 BHXOIOM Yj
B1I0MBae TOW (hakT, MO AKIIO MO3UTHBHUYN (HETATUBHUN) Xij BUKJIMKAE TMO3UTUBHUM
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(HeraTUBHUI) Yj, TOAl CHHONTHUYHUN 3B'SI30K IMOCWIIOEThCA. Taka 3MiHa
CUHAINTUYHOTO 3B'A3KYy MOK€e OyTH 3amucaHa TaKUM YUHOM:

Wk + 1) =W(k) +yy(k)xT(k), (1.17)

ne iHgekc K Bignosimae K -M BXiHHM i BUX1THHM BEKTOpaM.

[Tpaswmiio (1.17), sike MicTuTh (haKTUYHI 3HAYEHHS BXOJIB 1 BUXOMAIB MEPEXKi 1
AK€ HE BHUKOPUCTOBYE HISKOi 1H(OpMAIll, fKa CTOCYeTbCS HEOOXiIHOI MeETH,
HA3UBAETBCA HEKOHMPOIbOBAHUM NpABUNOM Has4yaHHsa XeOba. 3TriAHO 3 UM
MIPaBUJIOM, 3MiHA Barv MporopiiifHa BAHUKHEHHIO aKTUBHOCTI Ha Oy1b-SKiii CTOPOHI
CUHAIICy, TOOTO Bara 30UIBIIYETHCS HE JIUIIE KOJU X 1 ) TIO3UTHBHI, ajie 1 KOl 0001
3MiHHI HeraTuBHi. IHmumu cioBamu, npaBwio (1.13) 3acHoBaHe Ha OOYHCIICHHI
KOPEJISIIT MK BXITHUMH 1 BUX1THUMH CUTHAJIAMU MEPEXI.

CmiBBigHomienHs (1.17) moxke OyTu niepenucase y BUTIISAII

W) =Ww(0) +y X, y@)x" (@) (1.18)

3BIJIKM BHJIHO, IIIO [IPH TPHBAJIOMY HaJaHHI BXOIB, TOOTO 3 3pOoCcTaHHAM K 3HaYCHHS
BariB MOXXYTh CTaTH CKUJIBKH 3aBI'OJTHO BEIMKHMH.

TakuM dYuHOM, 31 30UIBIIEHHAM KUIBKOCTI HaJaHHS oO0pa3iB Baroni
KOe(]iIiEHTH 3pOCTAIOTh 1 3 YaCOM MOXKYTh CTaTH CKUJIBKU 3aBrOJTHO BeJIMKUMH. Lle He
y3roJKYEThCS 3 010JIOTTYHHUMU MPHUHITUIIAMH, OCKUIBKA CHHANTHYHI Bard HE MOXKYTh
3pOocTaTi A0 OE3KIHEUHOCTI, 1 € iICTOTHUM HEJO0JIIKOM HEKOHTPOJHOBAHOTO MpaBHjIa
(1.17).

[HIMM HeIoMiKOM, TICHO NOB'I3aHUM 3 MEpIIUM, € BIACYTHICTH B (1.17)
MEXaHI3My 3MEHIICHHsS BariB, 110 MPU3BOAUTH 3HOBY-TaKW 1O 3POCTAaHHS Baris
Mepexi 1 11 HeMpaBWIIbHOI peakiii npu Ali IIyMIB Ha BXOAH 1 BUXOU MEPEXI.

Jns yCyHeHHs BKa3aHMX HENOJdiKiB B anroput™Mi (1.17) BUKOPHUCTOBYIOTh
MeXaH13M 3a0yBaHHS, SIKUW Ma€ BUTJISI

Wk)=Wk—-1)+ yy(k)xT(k) —aW(k — 1) =
=1 -aW(k—1)+yy(k)x"(k), (1.19)

ne a € (0,1) koedirmienT 3a0yBaHHS.

[Ipu a—0 anroputm (1.19) nepetBoproerbest Ha (1.17), a mpu a—1 anroputm
3a0yBae ctapy iH(GOpMallio 1 nmam'sTae TUIBKA HAWHOBIIIY, YCYBalOUd THUM CaMHM
HECKIHYEHHE 3pOCTaHHs BaroBUX Koe(ilieHTiB. MakcumalbHe 3HA4YEHHS Wf}lax
BU3HAYAETHCS BEIMUYMHAMU « 1 Y. OCKUIBKM MaKCHUMi3allisl IIBUJIKOCTI HaBYaHHS
BiI0yBaeThCcsl MpU X; = y; = 1, /s CTAjgoro CraHy, KOJW Bard HE 3MIHIOIOTHCS,

MOJKHAa 3aIlluCaTnu

wi™ =1 —awi™ +yxy; = (1 - a)wii™ +y, (1.20)
3BIIKHU
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wi =L (1.21)
[IpaBmio (1.20) rapanTye, 1m0 Majai 3MIHM BaroBUX IMapamMeTpiB, IO
BUHUKAIOTh BHACHIOK Jii IIyMy, 3 9acOM 3HUKHYThb, TOOTO IIIyM HE MPHUBEIE /0
[IOSIBM HOMUJIKOBUX aCOIllaL{lii.
3 iHmoro 00Ky, 3a BIJICYTHOCTI HOBUX HaBYAJbHUX CHUTHAIIB acoliamii, 1o
30epiraroTbcs Mepexero, BrpadaroThes. Tak, pu xi = 0 3 (1.17) oTpumyemo

wij(k) = (1 — a)w;;(k — 1), (1.22)

a, ockinbky, a € (0,1) , Tomi w;; (k) < wy;(k —1).

TakuM 4YMHOM, BUKOPWCTAaHHS TMpaBuUja HaBYaHHA 3 3a0yBaHHSM BHMarae
MOBTOPEHHSI HAJIaHHS MEPEX1 HaBYaIbHUX MOCII0BHOCTEH.

VY 3B'I3Ky 3 UMM JOUIIBHOIO MPEACTABISETHCS Taka MOAUQIKALIS aIrOPUTMY
(1.17), sxa po3Bossuia O BUKOPHCTOBYBATH MEXaHI3M 3a0yBaHHS (OOMEKEHHS
3pOCTaHHS €JIE€MEHTIB BaroBO1 MaTpPHIIi), TUTBKH SKIIO HEUPOH aKTUBHUHN, TOOTO KOJIU
y#0. L4 ines peanizyeTbcs Tak:

w;i(k) = wii(k — 1) + yy;(K)x;(k) — ay;(K)w;j(k —1).  (1.23)

Hiiicno, mpu y; (k) = 0 w;;(k) = w;;(k — 1) T06T0 cTuUpanns indopmarii He
B1/10yBa€ETHCS.
ko B (1.23) obpatu y=a, OTPUMAEMO CITiBBIAHOIICHHS

wi (k) = wy e = 1) + ay; (k) (3 () = wi;(k — 1)), (1.24)

3BAHE MPABUNIOM 6XIOHOI 38's13ku ad0 CcmMaHOapmMHUM NPABUIOM HABUAHHA BGXIOHOIL
3IpKU.

OcoOmnuBictio mpaswina (1.24) € Te, mo, SKIIO BEKTOP BXIJIHUX CHUTHAIIB
HOpPMaJIi30BaHM, BaroBl BEKTOPU TaKOXK OYyTh HOPMaTi30BaHUMH.

[Ipu koHTpoOJILOBAaHOMY HaB4aHHI mnpaBuiio Xeb6ba (1.15) BuKOpHCTOBYE
3aMICTh (JaKTHYHOTO 3HAYCHHS BUXOIY V MOTpiOHE Y™

Wy, = yypx). (1.25)

Oco06aMBOCTI LBOTO TIpaBWJIa PO3TIsIHEMO i Bumaaky y=1. IlomHOXUMO
oOuaBi yactunu (1.25) miBopyd Ha X,

Wyx, = YpxpXp (1.26)

. . 2
3 (1.26) BuTikae, MO OpU OPTOHOPMOBAHMX BXIAHUX CHUTHAJIAX, ||xp || =
1,marpuns (1.25) Bigpasy x nae 6axaHuil BUXIIHUN CUTHAT
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Woxp = p (1.27)

OckiJIbku Mepeka MOBHHHa 30epiratu yci P oOpasziB, matpuis mepexi W
BU3HauaeThbest 3rigHo (1.16). Ilpum HamaHHI Mepexi BXIOJHOro o0pa3y X, BOHa
IOBUHHA BMJIaTU aCOLIMOBAaHUMN 3 X, BUXIAHUNA cUTHANI ), DakTUUHUN BUXIIHUN
CUTHAJI TIPY HA/TaHHI IEIKOTO 00pa3y Xk OOYHMCIIOETHCS TaK:

Vi =Wxp = (Z,’Z:l yéxg)xk = Y;;ngk + Zgﬂ Y;Xg X - (1.28)
k110 BXiIHI CHTHAJIN OPTOHOPMOBAHI
1 npu p=k
T, _
X X = {0 mpu p = k (1.29)

1 OpTOTOHANBHI, TOII ViVi, MEpeka OC3MOMHUIIKOBO BIATBOPIOE acOIIOBaHUI 3
3aJlaHUM BXIJJHUM 00pa3oM BUXIAHMM. SIKIIO BXiJAHI BEKTOpU HE OPTOHOPMOBAHI,
BUXIJTHUW CUTHAJI MICTUTUME JIESKY TTOMWIKY, BEJIMYMHA SKOi 3aJICKUTh BIJ MIpH X
JHIMHOT 3aJIEKHOCTI a00 KOpeiaboBaHOCTI. lle crmpaBeminMBO HeE3ajaekHO Bija TOTO,
criBmajiae abo He CIIBMAIa€ PO3MIPHICTh BEKTOPIB BXOIY 1 BUXOY MEPEXKI.
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2 IPAKTUYHA YACTUHA JABOPATOPHOI POBOTH

" JlocIiIKEHHS MPOoLIeCcy pO3Mi3HaBaHHS APYKAPChKUX CUMBOJIIB 32 JOIIOMOTOIO
MITYyYHUX HEUPOHHUX Mepex"

2.1 Meta s1abopaTopHoi po6oTH

BuBdeHHs cmoco0iB 1 3aco0iB  po3Mi3HABaHHA JPYKAPCHKUX CHUMBOJIIB.
[TpunbaHHs MPaKTUYHUX HABUYOK MOOYIOBH 1 3aCTOCYBaHHS INTYYHUX HEHPOHHHX
MEpeX PI3HUX MapaJurM JUis BHUPIMICHHS 3aBJaHHS PO3IMI3HABAHHS APYKAPCHKHUX
CHUMBOIJTIB.

2.2 TexniuHe 3a0e3ne4eHHs J1a0OPaTOPHOIL podOTH

1)  mepcoHaIbHHI KOMITHOTED,
2)  mporpamHe 3a0€3MeYeHHs — CHCTeMa KOMITFOTEPHOT MAaTEeMAaTHKH.

2.3 Xix BUKOHAHHS J1a00OPaTOPHOI podoTH

Yac, 110 B1IBOAUTHCS HA MIPOBEIEHHS J1a00paTOpHOi pOOOTH B KOMII'FOTEPHOMY
KJ1acl, — 6 TOAMH, Ha CaMOCTIMHY poOOTY 3 MIATOTOBKH /10 TPOBEICHHS JIa0OPATOPHOI
poOOTH 1 10 3aXUCTY 3BITY — 6 TOJUH.

Hanepenoani 1aboparopHoi poOOTH:

1)  BUBYMTH 3aBJAHHS i TOPSJIOK BUKOHAHHS JIAOOPATOpHOI poOOTH,
2)  BUBYHUTH TEOPETHUYHI BIIOMOCTI 10 TaOOpATOPHii poOOTi.

[1ix yac maboparopHoi poOOTH:

1)  oTpuMmartu AOIMYCK J0 MPOBEACHHS 1a00PaTOPHOI pOOOTH, BIAMOBIBIIN Ha
MMATaHHS BHKJIaJa4ya IO TEOPETUYHIA YaCTHHI JOCIIKEHb IIpU IPOBEICHHI
nabopaTopHOi poboTH,

2)  HamWcaTH TPOrPaMHUK KOJ 1O KOXHOMY TIYHKTY 3aBJIaHHSA 1
MPOAHAJI3YBAaTH pe3yJIbTaTH, OTPUMaH1 IPU BUKOHAHHI TPOTPaMHUX KOJIIB,

3)  3poOUTH BUCHOBKH I10 JJAOOpATOPHii poOOTI.

[Ticns maGopaTopHOi poOOTH:
1)  migrotyBatd 3BiT Mpo J1abopaTopHy POOOTY BIAMOBIIHO 0 MPHUBEACHUX
B [IbOMY METOJIUYHOMY MMOCIOHUKY BUMOT,

2)  3aXMCTHMTH 3BIT Iepea BHUKIAJIa4yeM, BiAMOBIBIIN HAa HOTO 3alMUTaHHS IO
MPaKTUYHOMY MTPOBEACHHIO JOCIIHKEHBb PU BUKOHAHH1 JJa00paTOpHOi pOOOTH.
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2.4 3aBnaHHsA HA J1a00pPATOPHY POOOTY i MOPAAOK iX BUKOHAHHS

Ilocmanoexa 3ae0anns.

3MIMCHUTH PO3Mi3HABaHHS JIPYKAPCHKUX CHMBOJIIB 3a JOMOMOTOI0 HITYYHUX
HEUPOHHUX MEPEXK PI3HOT apXITEKTYPH 3 PI3HUMHU (YHKIUISIMHU MOMMJIKH, aKTHBALII] 1
aNropuTMamMu HaBYaHHSI.

3aBaanus 1.

30ilichumu  po3ni3HaAGAHHA OPYKAPCOLKUX CUMB0JIIE 3 3ACHOCY8AHHAM
WMYYHOT HEUPOHHOT MepeXsCi NPAMO20 NOWUPEHHA CUZHATY 3 PI3HOI KLbKICHIIO
HPUXOBAHUX WIADPIE, 3 HAGUAHHAM 34 QJI2OPUMMOM 360POMIHOZ0 NOUIUPEHHSA
ROMUNKU, NPU PIZHUX PYHKUIAX aKkmueayii HellpoHie, npu PI3HUX 6UOAX NOMUTIKU
i 3 3acMOCy8aHHAM KOHKYPYIOUUX HEUPOHIE.

3MIMCHUMO OYMIICHHS KOMAaHJHOTO psiika 1 maM'aTi, 3aKpUEMO YC1 BIAKPHTI
rpadivHi BiKHA 1 3aITyCTUMO JIYMJIBHUK Yacy:

clc
clear all
close all
tic

I'padiuni cumBomm (6yxBu A, b, B, I', I, E B mnpsaMomy, moxuiomy i
HaIIBXXUPHOMY 300pakeHHI — Bchoro 18 OykB, 1 uudpu Bix 0 g0 9 B mpsimomy
300pakenHi — Bcboro 10 mudp) chopmoBani 3azmanerigp y BUMsial ¢aiiiB 3
rpadgiuHuM po3mupeHHsM *.bmp. 3a mgonmomororo koMaHau imread 3poOUMO
nepeTBOpeHHs (aiiyiB 300pakeHb OyKB rpadiuHoro (opMary B YHCIOBI MAaCHBH.
PesynbraTom OyayTh daiinmu dopmary uint8 3 posmipricTio 20x20x3. OcrtaHHS
PO3MIpHICTh TMOB'A3aHa 31 30€epeKeHHAM Koubopy. IlepeBU3HAUMMO MAacHBHU
3pOOUBIIM X JBOBUMIPHUMH, TOOTO Yy BIATIHKax ciporo ([0 4acTo BUXOJUTH B
pe3ynbTaTi CKaHyBaHHSI TEKCTIB), 1 MmepeTBOproBaHMi 3 (opmaty uint8 y dopmar
double mns Toro, moO0 MaTM MOXJIMBICTH MPOBOJUTH MaT€MaTU4Hl omeparii 3
BMICTOM OTPUMaHHUX YUCJIOBUX MaCHBIB!

=imread('A_P.bmp'); A_P=A_P(:,:, 1); A_P=double(A_P);
=imread('A_K.bmp'); A_ A _K(:,:, 1); A_K=double(A_K);
=imread('A_G.bmp"); A_ A_G(:,:, 1); A_G=double(A_G);

=imread('B_P.bmp'); B_ P= P(:,:, 1); B_P=double(B_P);
=imread('B_K.bmp"); B_K= B K(:,:, 1); B_K=double(B_K);

=imread('B_G.bmp'); B_ _G(:,:, 1); B_G=double(B_G);
=imread('V_P.bmp"); V_ =V _P(:,:, 1); V_P=double(V_P);
=imread('V_K.bmp"); V_K=V_K(:,:, 1); V_K=double(V_K);

=imread('V_G.bmp'); V_G=V_G(:,:, 1); V_G=double(V_G);
=imread('G_P.bmp"); G_P=G_P(:,:, 1); G_P=double(G_P);
=imread('G_K.bmp"); G_K=G_K(:,:, 1); G_K=double(G_K);

G)G)<<<UJUJWJ>J>J>
XUOX'UG)K'UG)X'U
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G_G=imread('G_G.bmp"'); G_G=G_G(:,:, 1); G_G=double(G_G);
D_P=imread('D_P.bmp'); D_ P= _P(:,:, 1); D_P=double(D_P);

D_K=imread('D_K.bmp'"); D_K=D_K(:,:, 1); D_K=double(D_K);
D_G=imread('D_G.bmp"); D_G _G( :,5, 1); D_G=double(D_G);
E_
E_
E

P=imread('E_P.bmp"); E I;=E_ , 1); E_P=double(E_P);
K=imread('E_K.bmp"); E K E K( :,:, 1); E_K=double(E_K);
_G=imread('E_G.bmp'); E E_G(:,:, 1); E_G=double(E_G);

JI71s1 KOHTPOJTIO BI3yasli3yeMO OJIMH 3 OTPUMaHUX YUCIOBUX MacuBiB (puc. 2.1):

\ —

Puc. 2.1 — BizyanizoBaHuil 1BOBUMIpHHI ynCIOBUi MacuB OykBu E B HamiBXupHOMY
300pakeHH1

figure; imshow(E_G);

VY cucremi KOMIT'IOTEpHOI MaTeMaTUK MarJlab Ha BXOJU IITy4YHOI HEMPOHHOI
MepexXl NpsIMOrO0 TMOIUMPEHHS CUTHAIY JJig 11 HABYaHHS HaJalOThCsl BEKTOPH.
HaBuanbHuii BEKTOp € YMCIOBUM MAacCHMBOM Y BHIJISAI BEKTOPY-CTOBHIS. OCKIUIBKH
HaBUYaTUCA Mepexa Oyne OykBam, TOJ1 KOXKHY 3 HUX Tpeda MEepeTBOPUTH y BEKTOP-
ctoBnenb. [licas goro nmoTpibHO 310paT BEKTOPU-CTOBIMIN, SIKI BUUIILIA, B MacuB, B
SAKOMY KOXKEH CTOBIEIlh MPECTAaBIATUME OJHY OYKBY 1 HaJaTH 1€l MacuB IITY4YHIN
HEHWPOHHIN Mepexi K HaBYaIbHUI. BukonaeMo omnucani fii.

Buznaunmo HeOOXiIHY pO3MIPHICTh MaCHBIB!

[str, stb]=size(A_P)
razm=str*stb

OtpumaemMo AJig KOXKHOI OyKBU (a BOHU OJHAKOBIM PO3MIPHOCTI) KIJIBKICTb
PAIKIB 1 CTOBMIIIB 1 3aTaJIbHY KIJBKICTh €JIEMEHTIB B KOXKHIN OYKBi:

str=20 stb=20 razm =400

3acTocyBaBmii KOMaHIy reshape mepeTBOpuMO KBajpaTHi MacuBH OYKB
po3mipHicTio 20x20 y BekTOopu-cTOBMI po3mipHicTIO 400x1:

AP=reshape(A_P, razm, 1);
BP=reshape(B_P, razm, 1);
VP=reshape(V_P, razm, 1);
GP=reshape(G_P, razm, 1);
DP=reshape(D_P, razm, 1);
EP=reshape(E_P, razm, 1);
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AK=reshape(A_K, razm, 1);
BK=reshape(B_K, razm, 1);
VK=reshape(V_K, razm, 1);
GK=reshape(G_K, razm, 1);
DK=reshape(D_K, razm, 1);
EK=reshape(E_K, razm, 1);
AG=reshape(A_G, razm, 1);
BG=reshape(B_G, razm, 1);
VG=reshape(V_G, razm, 1);
GG=reshape(G_G, razm, 1);
DG=reshape(D_G, razm, 1);
EG=reshape(E_G, razm, 1);

O0'eqHaeMO BCl BEKTOPH-CTOBINI OYyKB B €IMHUNA MacHUB 3a JOTIOMOTOO
KOMaHM cat, THM CaMHM CTBOPHBIIH HaBYAIbHY MHOXXHHY (MacHuB).

P=cat(2, AP, BP, VP, GP, DP, EP, AK, BK, VK, GK, DK, EK, AG, BG, VG, GG,
DG, EG);

CTpykTypa HaBYaJIbHOTO MacuBy P HacTymHa: KOXKEH CTOBIICILIb MPECTABIISAE
neBHy OyKBY B IEBHOMY 300paxkeHH1 (BChOTO 18 CTOBIIIIIB), a PSIAKK € KOJOM KOXHOT
3 OykB (400 psnkiB), Tomy po3MmipHicTh Horo 400x18. bykBa A pi3Hux 300pakeHb
3HaXOJUThCS B 1-M, 7-M 1 B 13-M croBmisix, 6yksa b BiamosigHo B 2-M, 8-M 1 B 14-M
CTOBIIISIX 1 TaK Jail.

Chopmyemo 1inboBy ¢yHKII0 (MacuB). Po3mizHatoTecs 6 OykB. Ile o3Hauae,
10 HEeWpOHHA MepeXka MOBUHHA MaTH 6 BuXo/iB. HaiiOiibiia akTUBHICTh OJJHOTO 3
BHUXO/IIB CBIIYUTUME IPO T€, 10 pO3Mi3HAaHA BIAMNOBIAHA OykBa. Ajie KOXKHa 3 OyKB
Mae Tpu 300paxeHHs. 3aranbHe uucio OykB — 18. Tomy B muaboBid (yHKIIT
HEOOXIJTHO BKa3aTH fIK1 3 pI3HUX 300pakeHb OYKB BIJTHOCATHCA A0 KOXKHOI 3 OYKB,
TOOTO TOTPIOHO BKa3aTW MiCLl pO3TAlIyBaHHS OJHAKOBUX OYKB B pI3HUX
300pakeHHsIX. Hexall psanku BiANOBINAOTh OyKBaM: MEPIIMNA PSIOK — OYKBI A,
npyruil psgok — Oyksi b, tperiii — OykBi B, werBepTtuit — OykBi I, m'stuit — ]l,
moctuii, — E. Hexait ctoBmiil BiAnoBigaroTh 18- OykBam B pi3HUX 300paKeHHAX. Y
KO)XKHOMY 3 CTOBMI[IB Tpeba IMOMITUTH OJHAKOBI OYKBH B PI3HHX 300pakKeHHSX.
IToMiTHTH MO’KHa TIPOCTABJISAIOYM OJMHMINI0 B KOKHOMY CTOBIIII JUIS BiATOBITHOT
OykBu. B pesynbraTi OTpUMaeMO HACTYIHY CTPYKTYpy IUIbOBOrO MacuBy T
(0OBeIeHO MOTOBIIIECHOIO JIHIEIO):

Hakpecnenns 6ykB

byksu

Buxigui
HEWpPOHU

olo|o|lo|r|o|fu
olo|lolr|o|ofjw
olo|r|lololoffH
olr|olo|oloi™
R|lOo|lojo|lo|offdd
o|lo|lo|lolo|r(Ix
=ll=l=1l=)=] Is>
o|lo|o|lo|o|r i
o|lo|o|lo|r|olv
o|lo|ol~|oloflw
ololr|lo|lo|oi™
olr|lo|lo|lo|oliH
i ==l==1=] <

A
1
0
0
0
0
0

OB WIN|F-
b || o o | >
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3aBgaHHs MOOYMOBM IUIBOBOIO MAaCHUBY TaKOi CTPYKTYPH BHPINIYETHCS 3
3aCTOCYBaHHAM (YHKIIIT TOOY/I0BU OJJMHUYHOI J1aroHAIBHOT MaTPHIIL:

T=[eye(6) eye(6) eye(6)];

B pesynbTaTi mpoBeACHHWX oOmepariii OTpuMaad HaBUadbHUKW MacuB P i
JIb0BUHA MacuB T.

CTBOpUMO MEPEXKy MPSMOTO TMOIIMPEHHS CHUTHATY 3 OJHUM IPUXOBAaHUM
mapom s MarJIa6 9*:

net=newff(P, T, 8,{'tansig ',' purelin"}, trainim');

Jlyisa Mepexi 3 OTHUM MPUXOBAaHUM LIApOM B aTpUOYTHUBaxX BKa3aHi BiJMOBIAHO
HaBuYaJbHUM MacuB P, niiboBuil MacuB T, KIJIbKICTh HEMPOHIB B IPUXOBAHOMY LIapi
— 8, (QyHKUIi akTHBaIll MPUXOBAHOrO 1 BUXIAHOrO mapiB tansig 1 purelin, Bug
aJITOPUTMY 3BOPOTHOTO MOINMPEHHS moMuiky trainlm?,

B pe3ynbTaTi OTpuMaEeMo apxiTEKTypy Mepexi, BIHOUTY Ha (puc. 2.2):

4\ Neural Network Training (nntraintool) — [] *

MNeural Network

Hidden Layer OutputLayer
ra
Iy pork Output
400 G

Puc. 2.2 — ApxiTexTypa CTBOPEHOI ITYYHOI HEHPOHHOI MEpesKi MPSIMOTO MOIIUPEHHS
CUTHAIY 3 OJJHUM IPUXOBAHUM LIAPOM

! s MatJ1a6 6.5: net=newff(minmax(P),[8,18],{'tansig' 'tansig' 'purelin'},'trainlm’,
‘learngdm’,'mse");

I MepEXi MPSIMOTO MOIIMPEHHS CUTHATY 3 IBOMa IPUXOBAaHUMH I1apamu 11t MatJla6 9:
net=newff(P,T,[8 8],{'tansig','tansig’,'purelin},'trainim’);

2 Jlns Mepexi 3 IBOMa NPMXOBAHHMH IIapaMH B aTpHOYTHBAaX M0GABIEHI KiNbKiCTh HEHpOHIB B
JIpyromMy MpUXOBaHOMY IIapi Ta PYHKIIS aKTUBALi]l AJIs HOTO.

s MatJlab 6.5 3aiaioThcsl MiHIMaJIbHE Ta MaKCUMaJlbHE 3HaYeHHS JaHUX B HABUYAIBHOMY MAacHBi,
KIUJIbKICTh HEHpPOHIB B MpUXOBaHUX Imapax — 8 i 18 (uuM 3amaeThesi YUCIIO MPUXOBAHUX IHAPIB),
GbyHKIIT aKkTHBAIiT 11 MPUXOBAHUX 1 BUXiMHOTO mapiB tansig, tansig, purelin, naBuanbHa QyHKITis
3BOPOTHOTO TIOMIMPEHHS MOMWJIKK trainlm, ajqroput™ HajalITyBaHHsS BariB Ta 3MimieHb learngdm,
(byHKIIIS OLIIHKH SKOCT1 poOOTH Mepeski MSe.
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[lin wac mpoBeAeHHS MOCTIIKEHHS HEOOXIHO 3MIHIOBATH YHCJIO HEHPOHIB
(1100 YHUKHYTH 3aTATyBaHHS pillleHHS HeOaxkaHo poOutu Oiibine 15...20 HelipoHiB),
3MIHIOBAaTH (PYHKIIIT aKTUBAIIIT 1 BUJ] QJITOPUTMY 3BOPOTHOTO TOIITUPEHHS TTOMUJIKH.

[Ipu cTBOpeHHI Mepexi MPSMOro MOIIUPEHHS 3aal0ThCs: (DYHKIIISI OLIIHKH
SIKOCT1 poOOTH MEPEXKi, 3HAUCHHS IOMUJIKH 1 TPaHUYHA KIJIbKICTh €T0X HaBYaHHS:

net.PerformFcn='mse'; % 3MiHIOBATK Ha sse
net.trainParam.goal=0.01; % 3miHoBaTM Ha 0.1 0.001
net.trainParam.epochs=100;

VY pa3i notpebu MOKHA MPOBECTH 1HIIIATI3AINIO BariB 1 3MillleHb BUIIAIKOBUM
YHUHOM:

net.inputWeights{1,1}.initFcn="rands’;
net.biases{1}.initFcn="rands’;

a00 HyJISIMU:
net=init(net);

[IpoBenemMo mnporieAypy HaBUaHHS MEPEXKI:
net=train(net, P, T);

Mepexa mpsiMOTO MOIIMPEHHS HaB4YeHa. Pe3ynpTaT HaBuaHHS BigoOpa)keHUM
Ha (puc. 2.3):

Algorithms Best Validation Performance is 0.16916 at epoch 5

Data Division: Random (dividerand) —— Train
Validation
Test
Best
Goal

Training: Levenberg-Marquardt (trainlm)
Performance: Mean Squared Error (mse)
Calculations: MEX

o
>

Progress

Mean Squared Error (mse)
3

Epoch: o [ 7 iterations 100

Time: 0:00:28

Performance: 147 0.00586 0.0100 10

Gradient: 450 0.185 1.00e-07

Mu: 0.00100 0.00100 1.00e+10 R

Validation Checks: 0 2 6 e 2 s 4 s s

7 Epochs

Puc. 2.3 — Pe3ynbratr HaB4aHHS CTBOPEHOT IITYYHOI HEUPOHHOI Mepexi
MPSIMOTO MOIIKUPEHHS CUTHATY 3 OJIHUM MPUXOBAHUM HIApOM

Tenep HEOOX1IHO NEPEBIPUTH SIKICTb POOOTH BUBUEHOT MEPEXI.

3acTocyeMO HaBYEHY MEPEXY JUIsl PO3Mi3HABAHHS BEKTOPIB 3 HABYAIBHOI
MHOXHHH, TOOTO OYKB, Ha SIKHX Mepeka HaBuajacs. bykBu Tpeba MIHSATH,
aHaJI3ylouul OTpuUMyBaH1 pe3ynbTaTd. s mnpukiaagy posmizHaemMo OykBy A
HAIBXUPHOTO 300paKEeHHS:
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yl=sim(net, AG) % 3MiHIOBaTN ByKBM, AMBUTUCS pe3ynbTaT po3ni3HaBaHHS

Pe3synprat: yl =
1.0558
0.5563

-0.3963
-0.3220
0.4872
0.3967

Haii6inpie 3Ha4yeHHs B MEpIIOMY PSAIKY, sSIKMU BiamoBigae OykBi A. Byksa
pO3Mi3HYyBaHa MPaBUIIbHO. 3aCTOCYEMO KOHKYPEHIII0 HEMPOHIB BUXIJTHOTO HIApY:

y2=find(compet(yl)==1)
Pesynbrat: y2 = 1

TOOTO HaMOUIBIIMI BIATYK Mae€ MepIIud HEWpoH, BiANMoBiaHUN OykBi A. lle
BIIMOBIIa€ pe3ybTaTy yl.

Po3nizHaemMo Bizipa3y yci OyKBH, SIKUM HaBYaslacs Mepexa, TOOTO pO3Mi3HAEMO
BCIO HABYAJIIbHY MHOKMHY 3 3aCTOCYBAHHSM KOHKYPEHIIlI HEUPOHIB y BHUXITHOMY
mapi:

y3=sim(net, P)

for k=1:18
Y(k)=find(compet(y3(:, k))==1);
end;

Y

Pesynbrar: Y =
1 3345612345616 33257F€6
a TOBUHHO OyTH BIJIMOBIIHO /10 HABYAJILHOT'O MacuBy P 1 1iiiboBUM MacuBom T:

1234561234561 2345€6

Bunno mnomminku B po3mi3HaBaHHI OykB b mpsiMoro 1 HamiBXKHUPHOTO
300pakeHHst 1 OykBu [ HamiBKUPHOTO 300pakeHHs. 3BEpHYTH yBary Ha Te, 10 MpU
KO)KHOMY HOBOMY 3aITyCKy MPOTPaMU PE3YIbTaT BUXOIUTH PI3HUH.

BumkHEMO TYUITEHUK Yacy:

toc

3poOuTH BUCHOBKHY 32 BUKOHAHUM 3aBAaHHIM 1.
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3aBaanuga 2.

30ilicHumu po3ni3HAGAHHA OPYKAPCLKUX CUMBOI6 3 3ACHMOCYBAHHAM
Wmy4HOl HeUPOHHOT MepeXci NPAMO20 ROUWIUPEHHA CUZHALY 3 PI3HOI0 KilbKicmio
NPUXOBAHUX WIADIE, 3 HAGUAHHAM 34 QJI2OPUMIMOM 360POHIHOZ0 NOUWIUPEHHSA
HOMUJIKU, NPU PI3HUX PYHKUIAX aKmueauii HelupoHie, npu Pi3HUX 6UOAX NOMUTIKU
i 3 3acCMOCYy6aHHAM KOHKYPYIOUUX HellPOHIE.

BinmiaHicTs Yy BUKOHAHHI 3aBaaHHs 2 Big 3aBmaHHsA 1 B ToMy, 1110 B 3aBIaHHI
| mo4aTkoBi JaH1 MPEACTABIAIOTH 8-MH PO3PSIHI YKCIIa B Jlana3oHi 3HaueHb Big 0 10
255, a B 3aBmanHi 2 Ti X 8-pO3psIHI YMCIIa 3HAXOAIThCS B fiama3oni 0 ado 1. Tomy
3aBgaHHs 2, OKpIM IHIIOTO, € JOCHIDKEHHSM BIUIMBY (OPMHU TNIPEICTABICHHS
MOYAaTKOBUX JAHUX Ha poOOTYy IITYYHOI HEHPOHHOI Mepexl MPsIMOro MOLIMPEHHS
CUTHAJIB.

Jl1g 1poro 3aBJaHHs MOYaTKOBA YaCTHUHA KOy BUIJISIIA€ TAKUM YHHOM:

clc
clear all
close all
tic

BBCIACHHS JAaHUX :

load APbit; load AKbit; load AGbit;
load BPbit; load BKbit; load BGbit;
load VPbit; load VKbit; load VGbit;
load GPbit; load GKbit; load GGbit;
load DPbit; load DKbit; load DGbit;
load EPDbit; load EKbit; load EGbit;

Ak npukian BiIoOpaXeHHs BXITHUX JaHUX B1IOOpa3uMMoO Ty K OyKBY, L0 1 B
3aBaanHi 1 (puc. 2.4):

figure; imshow(EGbit);

Puc. 2.4 — BizyanizoBaHuil 1BOBUMIpHHI O1TOBHI uncnoBuii macuB OykBu E B
HaIBXXUPHOMY 300pakeHHI
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[lepeTBOpenHs OyKB AJIs HAAAHHS MEPEXi:

[str, stb]=size(APbit);
razm=str*stb;
AP=reshape(APbit, razm, 1);
BP=reshape(BPbit, razm, 1);
VP=reshape(VPbit, razm, 1);
GP=reshape(GPbit, razm, 1);
DP=reshape(DPbit, razm, 1);
EP=reshape(EPbit, razm, 1);
AK=reshape(AKbit, razm, 1);
BK=reshape(BKbit, razm, 1);
VK=reshape(VKbit, razm, 1);
GK=reshape(GKbit, razm, 1);
DK=reshape(DKbit, razm, 1);
EK=reshape(EKbit, razm, 1);
AG=reshape(AGbit, razm, 1);
BG=reshape(BGbit, razm, 1);
VG=reshape(VGbit, razm, 1);
GG=reshape(GGbit, razm, 1);
DG=reshape(DGbit, razm, 1);
EG=reshape(EGbit, razm, 1);

[Momanemmii XiJ1 JOCHIIKEHHS CITIBIIAAAE 3 X0I0M 3aBaaHus 1.
3poOuTH BUCHOBKH 32 BUKOHAHUM 3aBIaHHSM 2.

3aBaanug 3.

30iiicHumu po3ni3HAGAHHA OPYKAPCLKUX CUMBOI6 3 3ACHMOCYBAHHAM
Wmy4Hoi HeupoHHoi mepeixci 3 360pomuumu 3e8'azkamu (mepesxca Xonginoa),
nopienamu pe3yipmamu PO3NI3HAGAHHA 3 Pe3YIbMAMaAMU, OMPUMAHUMU 34
00NOMO2010 MepexHci NPAMO20 NOWUPEHHA CUZHAY 0e3 360pOmMHUX 36'A3Ki6.

30ilicHumu 3QUWYMIAEHHA CUMBO0JIIE6 | nposecmu iX pO3NI3HAGAHHA Mepecer)
Xondghinoa.

3MIMCHIMO OYMIICHHS KOMAHIHOTO psiika 1 maM'aTi, 3aKPUEMO YC1 BIAKPHTI
rpadiyHi BIKHA 1 3aIyCTUMO JIUYMIbHUK Yacy:

clc
clear all
close all
tic

[IpoBenemMo BBeNECHHS JaHWUX BIATIOBIIHO J0 MIpKyBaHb, BKa3aHUX B 3aB/IaHHI

A_P=imread('A_P.bmp'); A_P=A_P(:,:, 1); A_P=double(A_P);
A_K=imread('A_K.bmp'); A_K=A_K(:,:, 1); A_K=double(A_K);
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A_G=imread('A_G.bmp"); A_G=A_G(:,:, 1); A_G=double(A_G);
B_P=imread('B_P.bmp'); B_P=B_P(:,:, 1); B_P=double(B_P);
B_K=imread('B_K.bmp'); B_K=B_K(:,:, 1); B_K=double(B_K);
B_G=imread('B_G.bmp'); B_G=B_G(:,:, 1); B_G=double(B_G);
V_P=imread('V_P.bmp'); V_P=V_P(:,:, 1); V_P=double(V_P);
V_K=imread('V_K.bmp'"); V_K=V_K(:,:, 1); V_K=double(V_K);
V_G=imread('V_G.bmp"); V_G=V_G(:,:, 1); V_G=double(V_G);
G_P=imread('G_P.bmp"); G_P=G_P(:,:,1); G_P=double(G_P);
G_K=imread('G_K.bmp"); G_K=G_K(:,:,1); G_K=double(G_K);
G_G=imread('G_G.bmp'); G_G=G_G(:,:,1); G_G=double(G_G);
D_P=imread('D_P.bmp'); D_P=D_P(:,:,1); D_P=double(D_P);
D_K=imread('D_K.bmp'); D_K=D_K(:,:,1); D_K=double(D_K);
D_G=imread('D_G.bmp"); D_G=D_G ( :,5,1); D_G=double(D_G);
E_P=imread('E_P.bmp'); E_P=E_P(:,:,1); E_P=double(E_P);
E_K=imread('E_K.bmp'); E_K=E_K(:,:,1); E_K=double(E_K);
E_G=imread('E_G.bmp"); E_G=E_G(:,:,1); E_G=double(E_G);

JIJ1s1 KOHTPOJIIO BBEAICHHS JIJaHWX B100pa3uMo rpadiuHo, Hanpukial, OykBy E
HaIiBXUPHOTO 300pakeHHs (nuB. puc. 2.1):

figure(1); imshow(E_G);

VY cucremi koMmi'totrepHoi marematuku MatJlab 9 Ha Bxig Mepexi Xondinaa
HaJaThes Aanl y Burisaal +1 1 —1. Tomy noTpiGHO 10AaTKOBE MEPETBOPEHHS OYKB B
HaOip +1 1 —1 ansa Hamanus mepesxi. Onepallist HECKIIaaHa 1 MOJsIrae B TOMY, 110 YCIM
3HAUCHHAM aMIUTITYJ B MIKCEIsX OyKBH Oiibine ado pIBHUX JCSKOMY 3HAYEHHIO
CTaBUTHCS Y BIAMOBIAHICT —1, a MEHIIUM JESKOTO 3HAYEHHS CTaBUTHCS Y
BianoBinHicTh +1. Takum ywHOM, (QOH, Ha SKOMY BIIOOpaxKyeTbcsi OYKBa,
ckiagaTumeTnes 3 +1 1 Oyae Ou1MM, a HakpecieHa OykBa cKkiiagaTuMerbes 3 —1 1 Oyze
yopHoto. LI omeparuist mpoBoauThCS 3 ycimMa OyKBamu, BUKOPUCTOBYBAHUMH IS
HAaBYAaHHA MEPEXi, 1 NMpU PO3Mi3HABaHHI. 3a3[ajerijib BU3HAYAETHCA PO3MIPHICTD
OyKB 1 Jail 3aCTOCOBYETBCSl OIEpaTop LMKIY JJIA 3aMiHM 3HA4Y€Hb aMIUIITY[] B
MIKCENSIX yCiX OYKB:

[str,stb]=size(A_P);
razm=str*stb;

for m=1:str
for n=1:stb
if A_P(m,n)>=120
A_P(m,n)=-1;
else A_P(m,n)=1;
end;
end;
end;

for m=1:str
for n=1:stb
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if A_K(m,n)>=120

A_K(m,n)=-1;
else A_K(m,n)=1;
end;

end;
end;

for m=1:str
for n=1:stb
if A_G(m,n)>=120
A_G(m,n)=-1;
else A_G(m,n)=1;
end;
end;
end;

for m=1:str
for n=1:stb
if B_P(m,n)>=120
B_P(m,n)=-1;
else B_P(m,n)=1;
end;
end;
end;

for m=1:str
for n=1:stb
if B_K(m,n)>=120
B_K(m,n)=-1;
else B_K(m,n)=1;
end;
end;
end;

for m=1:str
for n=1:stb
if B_G(m,n)>=120
B_G(m,n)=-1;
else B_G(m,n)=1;
end;
end;
end;

for m=1:str
for n=1:stb
if V_P(m,n)>=120
V_P(m,n)=-1;
else V_P(m,n)=1;
end;
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end;
end;

for m=1:str
for n=1:stb
if V_K(m,n)>=120
V_K(m,n)=-1;
else V_K(m,n)=1;
end;
end;
end;

for m=1:str
for n=1:stb
if V_G(m,n)>=120
V_G(m,n)=-1;
else V_G(m,n)=1;
end;
end;
end;

for m=1:str
for n=1:stb
if G_P(m,n)>=120
G_P(m,n)=-1;
else G_P(m,n)=1;
end;
end;
end;

for m=1:str
for n=1:stb
if G_K(m,n)>=120
G_K(m,n)=-1;
else G_K(m,n)=1;
end;
end;
end;

for m=1:str
for n=1:stb
if G_G(m,n)>=120
G_G(m,n)=-1;
else G_G(m,n)=1;
end;
end;
end;

for m=1:str
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for n=1:stb
if D_P(m,n)>=120

D_P(m,n)=-1;
else D_P(m,n)=1;
end;

end;
end;

for m=1:str
for n=1:stb
if D_K(m,n)>=120
D_K(m,n)=-1;
else D_K(m,n)=1;
end;
end;
end;

for m=1:str
for n=1:stb
if D_G(m,n)>=120
D_G(m,n)=-1;
else D_G(m,n)=1;
end;
end;
end;

for m=1:str
for n=1:stb
if E_P(m,n)>=120
E_P(m,n)=-1;
else E_P(m,n)=1;
end;
end;
end;

for m=1:str
for n=1:stb
if E_K(m,n)>=120
E_K(m,n)=-1;
else E_K(m,n)=1;
end;
end;
end;

for m=1:str

for n=1:stb
if E_G(m,n)>=120
E_G(m,n)=-1;

else E_G(m,n)=1;

40



end;
end;
end;

JIJIsT KOHTPOJIIO TIEPETBOPEHHS Bi3yali3yeMo, ISl PUKIIAY, YUCIOBHA MacuB
oykBu E HamiBkupHoro 300pakeHss (puc. 2.5):

figure(2); imshow(E_G);

Puc. 2.5 — BizyanizoBanwuii uncnoBuii macuB OykBu E B HamiBxkupHOMY 300paKeHHI
T HagaHHS Mepexi Xondinma (+1, —1)

Ax 1 B 3aBnanni 1 mns mepexi Xomndinga BUMara€TbCcsi CTBOPUTH HAaBUYAIBHY
MHOXHHY 3 yCiX OYKB, 3a37aJ1eT1b cPOPMYBaBIIHU 3 KOKHOI OYKBU BEKTOP-CTOBIICIIH
po3mipHicTio 4001, a moTimM o0'eqHaBIIM 1X B €auHUM MacuB po3MipHicTio 400x18
JUTSI BEKTOPHOT'O BUPIMICHHS 3aBIaHHS MEPEKEIO:

AP=reshape(A_P,razm,1);
BP=reshape(B_P,razm,1);
VP=reshape(V_P,razm,1);
GP=reshape(G_P,razm,1);
DP=reshape(D_P,razm,1);
EP=reshape(E_P,razm,1);
AK=reshape(A_K,razm,1);
BK=reshape(B_K,razm,1);
VK=reshape(V_K,razm,1);
GK=reshape(G_K,razm,1);
DK=reshape(D_K,razm,1);
EK=reshape(E_K,razm,1);
AG=reshape(A_G,razm,1);
BG=reshape(B_G,razm,1);
VG=reshape(V_G,razm,1);
GG=reshape(G_G,razm,1);
DG=reshape(D_G,razm,1);
EG=reshape(E_G,razm,1);

P=cat(2,AP,BP,VP,GP,DP,EP,AK,BK,VK,GK,DK,EK,AG,BG,VG,GG,DG,EG);

Hapuansuuit MmacuB P s HaganHs mepexi Xomndisiga CTBOPEHHIA.
3MiiiCHIMO CTBOPEHHS 1 HaBYaHHS Mepexi Xomduia:
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net=newhop(P);

3acTocyemMo HaBUEHY Mepexy Xomdiiga s po3Mmi3HaBaHHs yCi€i HaBYaIbHOI
MHOKUHHU:

[Y]=sim(net, 18,[],P);

B pesynbrari B Y Oyzne moBepHeHHI MacuB ycix OykB posmipHicTio 400x18,
KWW B1JIOOPA3UTH BiJIpa3y yBECh HEMOXKJIMBO, X10a JIMIIIE B YKCJIOBOMY BUTJISII, sIKa
HE Ma€ MPAKTUYHOTO CEHCY.

CeHc Mae BIIOOpaKeHHsSI pe3yJbTaTIiB PpO3MI3HABAHHS IO KOXHIM OYKBI.
Hanpuxknan, 6ykBy I HamiBXUpHOTO 300paKeHHs IMICIIs 11 MEPETBOPEHHS 3 BEKTOPY-
CTOBIIIIA Y opMmart BigoOpaxkeHHs po3mipHicTio 20x20 (puc. 2.6):

[Y1]=sim(net,1,[],GG);
bukval=reshape(Y1,str,stb);
figure(3); imshow(bukval);

Puc. 2.6 — BizyanizoBaHuii UncI0BUI MacuB PO3Mi3HAHOIO Mepexero Xormdinma
OykBu I' B HaMmiBKUPHOMY 300paKE€HHI1

Ha pucyHky BUIHO MPaKTUYHO 1€JIbHUI pe3yIbTaT po3Mi3HaBaHHs OyKBH, HA
AK1d, y TOMY 4ucIi, Oyia BUBYeHa Mepexa Xondinia.

[TopiBHsHiTE pe3yibTaTH PO3MI3HABAHHS JIPYKAPCHKUX CHMBOJIIB MEPEXKEIO
MPSMOTO MOIIKMPEHHS CUTHAMIB 1 Mepekero Xonduiaa. 3podiTh BACHOBKH.

3MIMCHUMO 3allyMJIEHHS JPYKApCbKUX CUMBOJIB, Hampukiag, OykBy E
npsMoro 3o0pakeHHs. Lle mMoke cratucs HacmpaBAl MPU HESKICHOMY CKaHyBaHHI
TEKCTy. 3amymisTd OyneMo 0uiaxoMm (OpMyBaHHS MAacHUBY, aHAJOTIYHOTO 3a
PO3MIPOM BEKTOPY-CTOBIIIIO OYKBH, 3 HOPMAJIBHUM (TayCOBUM) 3aKOHOM PO3MOJLTY 1
HaKJIaJJaHHSM BEKTOPY-CTOBIISA OYKBM Ha BEKTOP-CTOBIIL IIyMy. MakcumaibHe
3HAQYEHHS aMIUTITYJIU BUIIAQJIKOBUX BUKHUIIB jocarae +1, TOOTO aMILIITyda ITyMOBUX
BUKU/IIB TIOPIBHSHHA 3 aMIUTITYJIOK BXIJHUX AaHuX. [Ipu 1bOMy € MOXKJIMBICTH
VOPABISITA  3HAYEHHSMH ITyMOBHX BHWKHIIB 3MIHIOIOYM YHCIIOBI 3HAYCHHS
(momiueHuii KoedilieHT B KOA1) MOBEepHEHUX AaHux (PyHkIii randn (puc. 2.7). Ilpu
boMy koedirient 0.0 BinoBiIa€ BiICYTHOCTI IYMY :

EP=EP+1.8*randn(size(EP))
bukva2=reshape(EP,str,stb);
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figure(4); imshow(bukva2);

EE

Puc. 2.7 — 3amymnenns 6yku E: a —0.0,6-0.1,6—-0.5,2-1.5,0-2.5

3niCHUMO PpO3Mi3HABAHHS HABYEHOIO IITYYHOIO HEWPOHHOIO MEpPEkKEIo
Xondinga 3amymieHoi 0yksu E mpsimMoro 3o0paskeHHs 1 Bimobpazumo ii rpadiuno
figure(5); imshow(bukva3);

EEEED

Puc. 2.8 — Pesynbrart po3mizHaBaHHS HABUCHOIO MITYYHOIO HEHPOHHOIO MEPEKEIO
Xomnoinga 3amrymieHoi Oyksu E:
a—-0.0,6-01,6-052-150-25

[Y2]=sim(net,1,[],EP);
bukva3=reshape(Y2,str,stb);

BumkHEMO JTIYUIIBHUK Yacy:
toc
3po0iTh BUCHOBKH 32 BUKOHAHUM 3aBJaHHSIM 3.

3aBnanns 4.

Bueuumu enacmusocmi wimyuynoi HeUpoOHHOI Mmepedxci 3 360pOMHUMU
36'a3xkamu (mepesxci Xonginoa).

Mepexa Xondinga Mae 4yAoBYy BJIacTHBICTh — 3amnam'sToByBaTu. [Ipuuomy
naMm'siTTI0O  acoliaTuBHOI. ToOTO BOHA peaiidye OKpIM BIJOMHUX BIACTUBOCTEH
ITYYHUX HEHPOHHUX MEPEXK, TAKUX SIK HaBYaHHS, y3arajibHEHs, 3aCTOCOBHICTD, 1€ 1
BJIACTUBICTh aOcTparyBaHHs. [lonsirae 1 BAAcTUBICT B TOMY, II0 Ha OCHOBI
CIIOTBOPEHUX 00pa3iB, AKa MpesBISIOTHCSI, MEpeka MOPOKYE 1eanbHUl 00pas,
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AKUM il KOAHOTO pa3zy He OyB mpex'sBieHuidl. ToOTO. Mepexka BUTSATAe CyTh 3
HaJlaHUX i JaHMX 1 aBTOMATHUYHO L0 CyTh 30epirae, B 4OMy 1 HpPOSBISETHCS
3aTHICTh Mepexki Xondinaa 3anam'sitopyBatu. [Ipu Oyab-sikoMy 30y1KE€HHI Mepexa
BuJae 30epeKeHUM 1 3amaM’sTOBaHUM 00pa3. SIKIO MepeXy HABUHUTHU JIEKUIBKOM
obpaszaM, TOJ1 MpU BIANOBIAHOMY 30YyJPKEHHI BOHa iX reHepyBaTume. Lle moOpe
BUJIHO TIPY BUKOHAHHI 3aB/IaHHS 3.

JUig mocniJKeHHsT BIACTUBOCTEN 3amaM'sTOBYBaHHS 1 abcTparyBaHHs MEpexi
Xomndinaa Ha mpuKIaAl 1U(p BUKOHAEMO HACTYITHI Omepariii.

3n1CHUMO OYMILEHHS KOMAHJHOTO psiiKa 1 Mam'sTi, 3aKpUEMO YCl BiJIKPHUTI
rpadivHi BiKHA 1 3aIyCTUMO JIYUIbHUK Yacy:

clc
clear all
close all
tic

Bukonaemo BBeJeHHs NaHUX (UM(pU MOXKHA BBOJUTHU Pi3H1) 1 BBEIEHINA (Pl
MIPUCBOIMO JIEIKUH y3araJlbHEHUH 11eHTU(IiKaTop obraz:

load C1bit; % MoXHa i iHWi undpwu
obraz=Cl1bit;

Bino6pasumo rpadiunHo BBeneny mudpy (puc. 2.9), sxka BUKOHYBAaTUME POJb
171ealIbHOTO 00pasy:

figure(1); imshow(obraz);

Puc. 2.9 — Ineanbunii 06pa3 mudpu 1
BuszHaunMo mapameTpy JaHUX:

[str, stb]=size(obraz);
razm=str*stb;

str=20 stb=20 razm =400

JInst nociKEeHHsT BIIaCTUBOCTI abCTparyBaHHsI BUMArae€Tbcsi CTBOPUTH ACSKY
KUIBKICTh (BHOIpPKY) CHOTBOPEHUX HIYMOM OOpa3iB 1/1€aJbHOTO 00pa3y BBEAEHOI
uudpu 1 HajgaTtu BUOIPKY Mepexi ans HaBuaHHs. [Ipu 1bOMy BKIIIOYEHHS B
HaBYaJbHY BUOIPKY 1JI€aJbHOTO 00pa3y He JomyckaeThesi. DopMyBaTu 00pasu mymy
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s 1 cnoTBopeHi mymoM oOpasu BeeneHoi nuppu CCC1 6ynemMo B LMK y BUTIIAL
JTBOBUMIPHOTO MAacHBY 306pa}KeHHH dopmyeMo o0Opa3 mymy, HaKJIagaeMoO HOro Ha
imeanpHUN 00pa3 UdpH, 3amaM'sTOBYEMO, 1, TAKHM YHHOM, OTPUMYEMO TOTPiOHY
KUIBKICTH (Vyborka) cnoTBOpeHHUX IIIyMOM 00pa3iB iieaibHOTO 00paszy nudpu.

vyborka=30; % 3MiHtoBaTK Big 2 Ao 50...100
for m=1:str
for n=1:stb
for k=1:vyborka
m, n, k)=1.0*unifrnd(0,1); % 3actocysaTtu unifrnd normrnd
CC1(m, n, k)=obraz(m, n)+s(m, n, k); % MiHATK ypOB. yMy Big 1
end;
end;
end;

JIist KOHTpOJIO Bi3yalli3yeMO OCTaHHI 3 copMoBaHUX oOOpa3iB IIymMy i
CIIOTBOPEHI LM IIYMOM iJieabH1 00pasu uudpu (puc. 2.10):

figure(2); imshow(s(:,:,vyborka));
figure(3); imshow(CCC1(:,:,vyborka));

Puc. 2.10 — O6pa3 mymy (a),
CIIOTBOPEHHI IITYMOM i1eanbHuil 00pa3 nuudpu 1 ()

Ockinbku Mepeka Xorn@inaa BUMarae B sKOCTI BXIIHUX JaHuX uucia +1 1 -1,
MIPOBEJIEMO OTIEpallil0 MEPETBOPCHHS JTaHWUX y BUTJSAM, NPUAATHUN IS Todadi B
Mepexy. SKIo amruiityga B MiKcenl piBHa abo mepeBuiye 3HadeHHs 0.7, Tomi y
BIIMOBITHUH MmiKcenb HaBuaimbHOTO 0o0Opazy CCl 3ammcyemo +1, skmo mene 0.7 —
toji 3anmucyeTbes —1 (puc. 2.11):

for m=1:str
for n=1:stb
for k=1:vyborka
if CCC1(m,n,k)>=0.7
CCi(m,nk)=1;
else CC1(m,n,k)=-1;
end;
end;
end;
end;
figure(4); imshow(CC1(:,:,vyborka));
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Puc. 2.11 — OcranHiii 3 chOpMOBaHUX HABYAIBHUX 00pa3iB y BUTJISA/II CIOTBOPEHOTO
IITYMOM 17ieaTbHOTO 00pa3y mudpu 1

Mepexa Xomndinma, sk 1 Mepexa IPAMOTo IOIIMPEHHS, BUMarae Habopy
HaBYAJIbHUX BEKTOPIB Yy BUTJISAI1 BEKTOPIB-CTOBIIIB. TOMY BCi 3aIllyMJICHI HaBYaIbH1
o0pa3u MpPEACTaBUMO Yy BHIJISAAI BEKTOPIB-CTOBIIIIB 1 00'€AHAEMO iX B3JIOBXK
cToBmIiB. Pe3ynpraTom crane HapuanbHuii MacuB Cl posmipaictio 400x30, ne
400=20x20 € BexTOpHu-CTOBIII 3amymieHux udp, a 30 — vyborka ab6o kimpKicTh
chopMOBaHUX 3alIyMJIEHBIX 00pa3iB MUuppu:

for k=1:vyborka
C1(:,k)=reshape(CC1(:,:,k),razm,1);

end;

% C1(:,vyborka)

Hapuansnuii macuB copmoBanuil. Hamaemo itoro mepexi Xondinga nis
HABYaHHS!

net=newhop(C1);

Mepexa HaBueHa. Hamaemo mepexi 3amrymieHuil oOpa3 uudpu 3 cepeauHu
c(hOpMOBAHOTO HABYAJIBLHOTO MacHuBYy (puc. 2.12) ayig nepeBipKy 3amnaM'sTOBYBaHHS 1
(haxTy mopoKEHHS 1J1ealibHOTO o0pasy (puc. 2.13):

Z0=reshape(C1(:,round(vyborka/2)),str,stb);
figure(5); imshow(Z0);

Puc. 2.12 — Cepenniii 3 cpopMOBaHUX HAaBYAITHHUX 00pa3iB y BUTIISI CIOTBOPEHOTO
IIyMOM 1ie€aiibHOTO 00pa3y nudpu 1

Y1=sim(net,C1(:,round(vyborka/2)));
Zl=reshape(Y1,str,stb);
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figure(6); imshow(Z1),

Puc. 2.13 — Peaxkiiist HaBueHO1 Mepexi Xordiimaa Ha 1110 cepeHboro 3 chOpMOBaHUX
HaBYAJIbHUX 00pa3iB Y BUTJISAI1 CLIOTBOPEHOTO IITYMOM 1JieajibHOro o0pasy nuudpu 1

Pe3ynbraT — mopokeHui 1 3armam'ITOBaHM# 171eaabHuid o0pas nudpu 1, ska He
HaJiaBajgacs Mepexi Mpu ii HaBYaHHI.

He3nauna noriuHa oOpoOKa OTpPUMAaHOTO PE3YJbTATy JO03BOJISIE MOJIMIITUTH
SAKICTh €TAJIOHHOTO 00pa3y:

for m=1:str
for n=1:stb
if Z1(m,n)>=0.5
Z(m,n)=1;
else Z(m,n)=0;
end;
end;
end;

Bino6pa3umo pe3ysiabTaT HOJIIMIIEHHS! OTpUMaHOro oopasy (puc. 2.14):

figure(7); imshow(Z);

Puc. 2.14 — Pe3ynbTaT NOJIMIICHHS OTPUMAHOTO 00pa3y

[IpoTe, 00pa3, sKkuii 3amam'sTOBaHUM, MOPOJKYETHCS HE JiMIle o0pa3oM, Ha
SKOMY Mepea HaBuanach.

[lepeBipumo 1e TBepmkeHHs. [logaemo Ha BXim Mepexi 1HIIY HHODY,
HAIpPUKIIAJ, IBIAKY:

load C2bit;
obraz2=C2bit;

Binobpasumo ii (puc. 2.15):
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figure(8); imshow(obraz2);

Puc. 2.15 — Inmra nis Ha Bxoai HaB4eHOi Ha 1udpi 1 mepexi Xondinga

CCC2=reshape(obraz2,razm,1);
for r=1:razm

if CCC2(r)>=0.7

CC2(r)=1;

else CC2(r)=-1;

end;
end;
cCc2=Cc2y;
Y2=sim(net,CC2);
Z2=reshape(Y2,str,stb);

Biaryk naBuyenoi Ha mudpi 1 mepexi Xondinga Ha ai0 y BUMIAAL Hudpu 2
(puc. 2.16):

figure(9); imshow(Z2);

Puc. 2.16 — Buxin naBuenoi Ha mudpi 1 mepexi Xondinma Ha Ait0 y BUTIISII
udpu 2

BumkHEMO TIYAIIEHUK Yacy:
toc
JocnimkeHHsT TPOBOAWTH, CIIMPAIOYUCh Ha BKa3aHli B KOJI B KOMEHTapsX

THCTPYKIIIi.
[Ticns 3akiHYeHHS AOCTIHKEHB 3pOOMTH BUCHOBKH 32 3aBIaHHSIM 4.
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2.5 3micT 3BiTY nIpo JiadopaTopHy podoTy

1)  TuryapHU# apKyIl.

2)  Posmin: Meta nabopatopHoi poOoTu 1 3aBmaHHS Ha J1abopaTOpHY
poboTy.

3)  Posgim: Xim mabopaTopHOi poOOTH — MpOrpamMHi KOAHM J0 BCIX ITyHKTIB
3aBJIaHHs 3 JJOJJaBaHHSM Pe3yJbTaTiB BUKOHAHHS YCIX OIepaiii i KoMaHI.

4)  Posmin: BUCHOBKH 10 J1abopaTopHiii poOOTi.
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CoNoORrWODE

KOHTPOJIBHI 3AIIMTAHHA

OnuIIiTh apXiTEKTypy MEepexi MPsSMOTO TOITUPEHHS CUTHAITY

OnuIIiTh aNTOPUTM 3BOPOTHOTO MOMIUPEHHS TTOMUIIKH

OxapakTepu3yiTe aJlTOPUTM TPAIiEHTHOTO CITyCKY

Oxapaxkrepusyiite anroput™ JleBenOepra-MapkBapaTa

OnuIiTe MEpeki 3 3BOPOTHUMH 3B'sI3KAMHU

OxapakTepu3yite 0COOIUBOCTI MEPEX 3 3BOPOTHUMH 3B'SI3KAMH

Y qoMy moJisraroTh 0co0auBOCTI Mepexi Xormdinma?

Onuiite apxiTeKTypy Mepexi Xomndinga

Sk onncyetbest poboTa Mepexi Xondinaa 3 eHepreTUIHO1 TOUKHU 30py?

SxUM 9MHOM 3IIHCHIOETHCS 3aMlaM'STOBYBaHHS 00pa3y B Mepexki Xondinma?
SKuM 9YMHOM 3IIMCHIOETHCS] BUKJIMK 00pa3y B Mepexi Xondinaa?

OnumiiTe y3arajibHEHUN aNTOpUTM poOboTH Mepexi Xomdinga
OxapakTepu3yite BIAMIHHOCTI B pOOOTI CHHXPOHHOI 1 HECHHXPOHHOT Mepexi
Xondinaa

OxapakTepu3yiTe BIAMIHHOCTI B poOOTI JUCKPETHOI 1 Oe3mepepBHOI Mepexi
Xondinga

OnumriTe npaBmio Xeb6a
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Mengenes B.B., [Torémkun B.I'. Heliponnsie cetu. MATLAB 6 / Ilox oOmieit
penakiueit B.I'. [Torémkuna. — M.: IMAJIOT'-MU®U, 2002. — 496 c. (ITakeTsl
MPUKIAAHBIX Iporpamm; KH. 4).

[Tepenurin b.B., Tkau T.b. 3actocyBaHHS IITYYHUX HEUPOHHHX MEPEX IS
00poOku iHOpMaIlii B TEXHIYHHUX CHCTEMaxX MOHITOPUHTY HaBKOJIMIIHBOTO
cepenopuia: Hapuanpauit mocionuk. — Oneca: TEC, 2014. — 222 c.

Pynenko O.I'., bonsuckuit E.B. VckyccTBeHHbIE HEWpOHHBIE CETH: YueOHOE
nocobwue. — XappkoB: OO0 ,, Komnanus CMUT”, 2005. — 408 c.

lanymkun A.W. Teopus HetipoHHsix ceteil. Ku. 1: Yue6Hoe mocobue nist By30B
/ Tlox obmer pemakumeirt AWM. Ianmymkuaa. — M.: UITPXKP, 2000. — 416 c.
(Cepusi: HelipokoMIBIOTEPBI M KX TIPUMECHEHUE).

Kannan P. OcHoBHble KOHUENIMU HeWpoHHBIX ceter: Ilep. ¢ anrm. — M.:
Wz narennckuii gom ,,Bunesamc”, 2001. — 27 c.

Kpyrnos B.B., [lim M.U., I'omynoB P.}O. Heu€rkas noruka u MCKyCCTBEHHbBIE
HEeWpOHHBIE ceTu: YdeOHoe mocodue aisg By30B. — M.: M3gaTenscTBO husuko-
MareMatudeckou urepatypsl, 2001. — 224 c.

Kpyrnos B.B., bopucos B.B. lckyccrBeHHbIE HEMpOHHBIE CceTH. Teopus u
MpaKTUKa, 2-€ u31., crepeoTun. — M.: I'opstuas nunus-Tenekom, 2002. — 382 c.
Xaiikun C. HelipoHHble ceTH: MOJHBIA Kypc, 2-¢ u3d.: Ilep. ¢ anri — M.:
W3narensckuii nom ,,Bunbsamc”, 2006. — 1104 c.

50



1)
2)
3)

4)

6)

JOJATOK A

Bumoru 1o odopmiteHHs 1 popMa TUTYIBHOTO apKyliia 3BITY PO Ja00paTopHy

poboty

3BIT BUKOHYEThCS Ha jucTtax (opmaty 11 (A4) MaIMHONKUCHUM CIIOCOOOM B
OyIb-SIKOMY TEKCTOBOMY PEJaKTOPOBI.

Komnip mpudty — yopHuit, rapuirypa — Taiimc, kersb — 14, mons 3 ycix O0KiB —
20 MmM.

Mera nabopatopHoi pobotm 1 3aBmaHHsS Ha J1abopaTopHy poOOTYy
0(OPMIISIOTHCS] B OJTHOMY PO3iJIi 3 HOBOTO JIUCTA.

Xin mabopaTopHOi poOOTH OPOPMIISIETECA B OTHOMY PO3/LII 3 HOBOTO JIHCTA.
BucHoBku no nabopatopHiii poO0Ti 0pOPMIIIIOTECS B OAHOMY PO3/LI1l 3 HOBOTO
JHUCTA.

Homyckaetrbest st po3niny Xin jgaboparopHoi poOOTH, 3 METOK E€KOHOMIi
narnepy, BUKOHaHHS TEKCTY 1 MPOrpaMHUX KOJIB KerjieM 12, mpu HEoOX1AHOCTI
MaJTIOHKH MOXKYTh BUKOHYBATHUCS B KOJILOPI.

dopMa TUTYJIBHOTO apKyliia 3BITY

MIHICTEPCTBO OCBITH I HAYKH YKPATHU
OJIECBKUM JEP)KABHUIM EKOJIOITYHUI YHIBEPCUTET
®AKYJBTET KOMIT'IOTEPHUX HAYK, YIIPABJIIHHSA ta AJIMIHICTPYBAHHSI
Ka(be)lpa ABTOMATHU30BAHUX CUCTEM MOHiTOpHHFy HABKOJIUIIHLOTO0 CEPEeIOBUIILA

3BIT
Npo J1adopaTopHy podoTy

JOCJIIKEHHSA MPOLECY PO3NI3HABAHHSA IPYKAPCBKUX CUMBOJIIB 3A
JOIIOMOI'OI0 ITYYHUX HEMPOHHUX MEPEK

0 AMCIUILTIHI
IITYYHI HEUPOHHI MEPEXKI B 3AJJAYAX OGPOBKH JAHUX

Buxonas(;1a) cryaent(ka) rpynu K- 41
IBanos Ilerpo CunopoBuy

(migmuc cryaenra)

Iepesipus Ilepeaurin B.B.

Ouinka 3a miaroToBKy 10 Ouinka 3a BUKOHAHHSI

. .. 3aranbHa oniHka
JIaG0pPaTOpPHOI po6OTH JIa60paTOpPHOi poboTH

Opecca — 2020
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