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TAcnipaHmka XapkieCbKo20 HaluioHanbHO20 yHieepcumemy padioesieKkmporiku
2KaHO. mexH. Hayk, npoeidruld Haykosuli cniepobimHuK XapKieCbko2o HauioHanbHO20 yHigepcumemy padioenekmpoHiku
3[-p mexH. Hayk, npoghecop XapKiecbkozo HaujoHarbHO20 yHisepcumemy padioenexmpoHiku

KOMBIHOBAHE HABYAHHA EBONMIOUINHOI HEMPO-®A331 CUCTEMU

3anpolIOHOBAaHO apXiTEeKTypPy CBOIIONIAHOT Helipo-dassi cucTeMH, MO He CXHIIbHA [0
NPOKILOHY PO3MIPHOCTI, 37aTHA 0OpoOIATH iHPOPMAIIIIO B PEXKHUMI pearbHOro dacy,
aJJAITYIOUH TIPH IILOMY CBOI MapaMeTpH 1 CTPYKTYPY [0 YMOB 33jiaui. Y SIKOCTI aKTHBaI[iHUX

¢$yHKIIH OyTo BUKOPHCTAHO SJIepHI (YHKIIII.

Karouosi cioBa: epomioniiina Helipo-dassi cucteMa, HOpMai3oBaHa pajiaibHo-0a3ncHa
HeHpOHHA Meperka, y3arajibHeHa perpeciiiHa Helpo-dassi Mepeka, HediTka MalllMHa ONOPHHUX

BEKTOPIB, sfepHa (YHKINS aKTHUBAIII].

BCTYID

B et yac nrryyHI HEHPOHHI MEPEXKi OTPHMATH MIAPOKS
TIOIIMPEHHST JIs1 BUPIIICHHS Pi3HOMAHITHUX 3azad Data
Mining, iHTENEKTYaIbHOTO YIIPABIIHHSA, IPOTHO3YBAHH,
PO3Ii3HABAHHS 00pa3iB TOIIO, B YMOBAaX HEBU3HAYCHOCTI,
HCNTIHIHHOCTI, CTOXaCTHYHOCTI, XA0THYHOCTI, PiI3HOTO POy
30ypeHb 1 3aBaJ, 3aBAJKH CBOIM YHIBEPCATIbHIM AIPOKCH-
MYIOYHM BIACTHBOCTSIM 1 MO>KIIMBOCTSIMH HABYAHHSA 32 1a-
HUMH, 100 XapaKTCPH3YIOTh (YHKIIOHYBAHHS SABUINA 200
00’ €KTa, IO AOCTIHKYFOTHCS.

[Tporec HaBYaHHI, SIK MPABHUIIO, IPYHTYETHCI HA BUKO-
pucTaHHi Ti€i a00 IHIIOT MPOLIEAYPH ONTHMI3ALI i IPHHHATO-
TO KPUTEPIIO, ITPH IEOMY IIBHIKICTH 3015KHOCTI TaKoi Iporie-
JIypHY MOKE OYyTH JOCHTH HH3BKOI0, 0COOIMBO MPH HABYAHHI
6araromapoBUX MEPEXK, MO0 CTBOPIOE ICTOTHI POOIEMH B
CHTyaLiAX, KOJIH HABYAJIbHA BHOIPKA 331aHA HC TIAKCTOM, Ay
BHTJIA1 TOCITA0BHOCTI CHOCTCPCHCHD, IO HAIXOIATH ¥ ON-
line pesxumMi.

ITpuckopuTtHy el Mpouec MOYKINBO B HEHPOHHUX MEpe-
SKAX, THH BHXITHHI CHTHA JiHI HHO 3aJICKUTH Bl CHHATITH-
HUX Bar, HAMpHUKIag, pagiareao-0a3ucHux (RBFN) [1, 2] 1
HOPMAJTi30BaHUX padiaapHo-0a3ucHIX (NRBFN) [3, 4] Heit-
POHHHX MEPEX, OJHAK, X BHKOPHCTAHHSI 4YacTO YCKJIAA-
HIOETBCA, TAK 3BAHUM, TIPOKILOHOM po3MipHOCTi. | cpasa
TYT 30BCIM HE ¥ BHHUKAIOYNX OOYHCIIOBATGHIX CKIIATHO-
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IAxX, a B TOMY, IO HASIBHUX JAHHX IPOCTO MOXKE HE BUCTAIH-
TH 11 BU3HAYCHHS BEIHKOI KiJTbKOCTI CHHAITTHYHHUX BAL

AbTEpHATHBOIO HABYAHHIO, SIKC 0A3YETHCS HA ONTHMI-
3auii, € HAaBYAHHA, 0 0a3y€THCA HAa maM AT [3] 1 0B’ a3aHe
3 KOHIICHIII €10 «HCHPOHH B TOUYKAX AaHHX» [5]. HalOimpmor
XapaKTCPHUM IPEICTABHUKOM CHCTEM, HABUAHHSI SIKHX 3aC-
HOBAHO HAa I[FOMY NPHHIIUII, € y3aTaJbHCHI PeTpeciifHi HeH-
PpOHH1 MepesKi [6], IpoTe, o-TepIie, BOHHU BUPIIIYIOTH 3313~
4y IHTEPIOJLALIL, a HE aITPOKCUMAIIIi, a, O-APYyTe, KiTbKICTh
HEHWPOHIB B IIMX MEPEKAX BH3HAYAETHCS YHCIIOM CITIOCTEPE-
JKeHb Y HaBYAJIbHIH BHOIPII.

€ I0LiTHHOFO PO3POOKA CHCTEMH, SIKA B TPOLICCI HACTPO-
FOBAHHS BUKOPUCTOBYBAIA O 00MIBA MPHUHIIHITH HABYAHHS,
HAIIAIITOBYIOYH MPH IIbOMY HE TLTHKU CHHANTHYHI BATH, aJIe
1 CBOKO apXITEKTYPY, EBOMIOLIOHYFOYH Y Yaci 1 MPHUCTOCOBY-
FOUHCH 10 PO3B’s13yBaHoi 3a1a4i [7]. Cripoda cuHTE3y Takol
Mepeski Oyna 3pobieHa B [8, 9], ae 3amponoHOoBaHa CHCTEMA
CKJIQANACA 3 KUTBKOX APAJIEIBHO ITPAIFOFOMIX HEHPOHHIX
MEPE’K 3 OMHAKOBOO apXITEKTYPOIO, aJic HABYCHHUX HA OC-
HOBI PI3HUX IPHHIIAIIB, 1 OJIOKY ONTHMIi3alii, 0 00 €THy €
BHXOJH IIMX MEPEK Ta CHHTE3Y€ ONTHMAJIbHUHA BHXiTHUH
CHTHAJI CHCTCMH B LIJIOMY.

V nopiBHIHHI 3 HEHPOHHUMHY Mepe;KaMH O1ITBIII MOXK-
JIMBOCTI MAIOTh HEHpo-(a3si cuctemu [2, 10—12], mo moeamy-
FOTh B cOOl MOKJIMBOCTI 10 HABUAHHS, alPOKCIMaIii Ta
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JIHTBICTMYHOI iHTepIpeTalii oTpuMaHuX pe3yibrariB. Haii-
GiNbILIOrO MOIIMPEHHS cepen 1uX cuctem orpumaina ANFIS
[10], BuxinHuii wwap sikoi Moke OyTH HaJIAIITOBAHUH 32 10-
MOMOTOI0 TPaAMLIi HHUX MpoLienyp ineHTudikarii. 3arajaom
e abCoNIOTHA OiJ1bLIICTh Helpo-(ha33i cCTeM HABYAETHCS
Ha OCHOBi THX UM iHIIMX MPOLIAYP ONTUMi3aLjii.

VY 3B’53Ky 3 LIUM, JIOLIJIbHUM € MOLIUPEHHS i IXO0/Y, 1O
BUKOpUCTaHWii y [8, 9], Ha HaBuaHHs Helipo-da33i cuctem.

1. APXITEKTYPA HEMPO-®A33ICUCTEMM TA ii
HABYAHHSIHA OCHOBIOIITUMIBALITE

ApxiTekTypa eBotoLiiiHOT Helipo-da33i cucremu, 110
PO3IIIsSLIA€THCSI, HaBeeHa, Ha puc. | 1 CKIaaeThes 3 M SIThOX
MOCJiA0BHO 3’ €qHAHUX 1uapiB. Ha BXinHuii (Hy/boBuUit) lwap
nofaeTbes (nx1) — BUMIPHUI BEKTOP BXiJHMX CHIHAJIIB

xX(k) = (k) Xy (k)sers x, (k) ke = 1,2,..., N, mo mimsirae
00po0ui. [Nepumii npuxoBaHuii wwap MicTUTh #h QyHKLUIT
HajexHoCTi W (x), i =1,2,...,n;] =1,2,..., h 1 BUKOHYE (a3-
3iikaiito BXiIHUX 3MiHHUX, TPU LIbOMY 3HAYEHHS /2 MOXKe
3MIHIOBATUCS B MpOLECi HABYaHHs (€BOJOLIT) CUCTEMHU.
Jpyruii npuxoBaHuil Wwap 34ilCHIOE arperyBaHHs PiBHIB
HaJISKHOCTEH, OOUKCIICHUX Y MEPIIOMY LAPi, i CKIIaJaeThes
3 h 6710KiB MHOXKeHHs1. Tpertiil npuxoBaHui Wap — Ue wap
CHHANTUYHMX Bar, 1O MiAJIAraloTh BUSHAYEHHIO B TIPOLIECi
HaBUYaHHSA cucteMu. YeTBepTuii Wwap yTBOPEeHO ABOMA Cy-
MaTopaMu i 00UKCITFOE CyMU BUXiAHUX CUTHAJIIB APYroro i
TpeThoro wapis. I, HapeinTi, y n’sitomy (BUXiqHOMY) api
MPOBOIUTHCS HOPMaTi3allisi, B Pe3y/bTaTi SIKOT 00U UCITHOETh-

Csl BUXIIHUI CUTHAJI CHCTEMU ijF

Takum 4MHOM, SIKIIO HA BXiJl CUCTEMU MOAaHUI BEKTOP-
HUIi CUTHAJT X, eJIEMEHTH TIePLLIOTo Lapy OOUUCIIOIOTh PiBHI
HasiekHocTi 0 < py; <1, pu koMY B IKOCTI (PyHKL I HanexK-
HOCTi BUKOPHUCTOBYIOTBCS I3BOHYBATI KOHCTPYKLIiT 3 HE CTPO-
IO JIOKAJIbHUAM PELIEITOPHUM TI0JIEM, 110 I03BOJISE YHUKHYTH
BUHUKHEHHs «1ip» y (a3zzidikoBaHomy npocropi [4]. Haii-
yacrille 1e raBciaHu

(=)
i () = exp| ——I2

20;

Q€ ¢;; —napamMeTp LEHTPY, G; —NapaMeTp IUMPUHH, 10 00H-
paeThcs eMMipU4HO 60 HACTPOIOETHCS B MPOLIECI HABYAH-
Hsl 3@ IOTIOMOTOK0 MPOLIEYPY 3BOPOTHOTO MOLIMPEHHS MO-
MUJI0K. [ToMiTUMO TaKoX, L0 NONepeaHe HOPMYBaHH -
HUX Ha 0OMeXeHUi iHTepBal, Hanpukiaz, —1 < x; <1,y pani
BUIAJKIB CMIPOLILye OOUMCIIEHHS, OCKIIBKY MapaMeTp -
PUHH G; MOke OyTH NPUIHATHI OTHAKOBUM JUISl BCIX KOM-
TIOHEHTIB BXiJJHOr0 BEKTOpa-00pasa.

Ha Buxomax apyroro npuxoBaHOTro Lapy 0OUUCITIOOTh-
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MyHKTUPOM, (paKTHYHO 0OPOOIIAIOTE iH(pOpMaLito K pami-
anbHO-0a3MCHI HEWPOHU ( R-HEHpPOHH) HEUPOHHUX MEPEeXK.
Buxonamu TpeThOro MpUXOBAHOTO LIAPY € 3HAYCHHS
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HEMPOIHOOPMATUKA TA IHTEJIEKTYAJIBHI CUCTEMHU

HecknagHo 6a4nTH, MO PO3TIHYTA CHCTEMA Peatizye
HEJTiHiTHE BiAOOPAKEeHH BXOAIB Y BUXIJHAH CHTHAJ IIOAI0HO
HOPMAaJi30BaHii pagianeHo-0a3ucHiH Mepexi (NRBFN), a
TIO apXiTeKTypi 30iraerses i3 cucremamu Takari-Cyreno-Ka-
HI'A HyTbOBOTO opsaxy [10, 13], Banra-Mennems [1, 11, 14]
1 cTpykryporo Jlapcena [2].

HapuaHHSI CHHANITHYHHX BAT [AX CHCTEM (HAAA OyaeMO
nosuauary ix w ) 3mIHCHIOETHCA MULAXOM ONTHMIi3amii
(MiHIMI3a11i{) KPUTEPIFO HABYAHHS

£ - LS (10~ 07 o k)]
> @)

k=1
IO BE/IE 10 CTAHAAPTHOI OLIHKY HAHMCHIINX KBAIPATiB
-1 N
wlS (V) = [ > o™ N (o’ j [ o (x(k))y(k)j .3)
k=1 k=1

e y(k)—30BHITIHIT HABYATFHAH CHTHAIT.
Bromsrun y posrazn (1 x N)-MaTpHIEO 3HAYCHD (DYHKIIH

DM = (@M (x (D), o™ (). 0™ (x(V)))
i (N x1)-sextopu ¥ = (p(1),..., y(k),..., y(N )T, FIS =
=, k), ., 9T (W), moxkna nepenuca-

TH Cl'llBBlZ[HOH.[GHH}I (1)~ (3) y Bpmmzu

FTS = @My TS

1 2
TS :E"Y —(@NF YT WTS" , @

-1
WIS (V) = ((DNF ((DNF )Tj oy

SkicTh ampoxcHManii, mo 3a0e3MeUy€eThCA PO3B A3KOM
33241 OMTHMI3aIT1, y Pl BHIAIKIB MOYKHA T IBUIIHTH, BH-
KOPHCTOBYIOUH 3aMICTh KPUTEPIO HABIaHH:A (4), HOTO pery-
JSIPU30BaHy MOAN(IKALIFO

ST

10 BEAC a0 pHZDK-OI.[iHOK CHHAIITHYHHUX BAT

ER ||Y ((DNF T TS"

i (V)= @Y @ w8, )T oMy @)
ae § >0 — mapamerp perymapusauii, /;, ;, —(hxh) — omu-
HIYHA MATPHIL

SIKmo JaHi HAZXOAATH Ha 0OPOOKY ITOCIIITOBHO B on-line
POKAMI, T OTPHMAHHS OLIHOK (3)—(5) Moske OyTH BHKOPH-
CTAHHI PCKYPCHTHHI MCTOX HANMCHIINX KBAPATIB:

P(k)(y(k+1> ' (k))TcpNF

1+ (ke + 1) Py

(x(k + 1)))
P (xhe + 1))

WS +1) =wS (k) +

<™ (x(k +1)).

38

PO ek + D)™ Getk + D) P(k)
1+ @™ (x(k+ D) PO (x(k +1)) °

Pk +1) = P(k) -

TMPHUIOMY IS PHHK-OLIHKH (5) Y AKOCTi MOYATKOBHX YMOB
TPUHMAETBCA

P0)=8"1,,.

2. V3ATAJILHEHA PETPECITHA HENPO-®A331
CUCTEMA

SIK BIA3HAYAIOCS BHILIIE, AJIFTCPHATHBOO HABIAHHIO, 3aC-
HOBAHOMY HA ONTHMI3awii, € HABYAHHS, SIKC 0a3yEThCI HA
IaM’ATi, MO JICKUTh B OCHOBI y3arajJbHEHOI PEerpeciiHol
Heiipornoi mepexi (GRNN). B [15-17] Gyna 3anponoHoBa-
HA y3araJbHCHA perpeciiHa Herpo-(paszsi mepexa (GRNFN),
mo € mommpeHHsIM Mepexi LInexra Ha welipo-das3i apxi-
TEKTYPY, HABEJCHY HA PHC. 1, Ta sIKa Ma€ HU3KY IIEPeBar y
TIOPIBHSHHI 31 CBOIM HEHPOMEPEKEBUM HMPOTOTHIIOM.

Cunres, HaB4aHHA 1 eBommoris GRNFN BinOyBaroTeCs B
Taku#i cmoci®6. Bexkropm HaBuanpHOI BHOIpKH
x(D),....x(k),...,x(h), h < N, IONIEPETHLO HOPMYIOTHCS TAK,
mo-1<x; <1, i=L2,..,n
V IEPIIOMY NPUXOBAHOMY IApi (POPMY€THCS BIACHHH HAOIP
(YHKIIH HATEIKHOCTI My (X), Pyo (X)), ..., ly,, (X) TaK, MO ix

LEHTPH CHIBIAAAIOTS 3 X; (k) , TOOTO

, TTCJIST YOTO 71T KOKHOTO 3 X(k)

2
(x; —x; (k)
My (x) = exp T S
20;

OmHouacHoO 3 GopMyBaHHIM (PYHKIIH HANICKHOCTI TIEp-
IIOTO TPHXOBAHOTO IIAPY B TPETHOMY IIApi BiIOYBAETHCA
VCTAHOBKA CHHANITIMCCKHX BAr 1), GF (inpexcom GF mo3Haue-
Ho mapamerpu i curaam GRNFN), s1xi moKiamaroThes piBHHI-
MH HABYATLHAM CHTHAJIAM (k). TakuM YHHOM, TIPH TOIadi
Ha BXig GRNFN 10BiTEHOTO CHTHAITY X, B IICPIIOMY IIPHXOBA-

HOMY IIapi OOYMCIIOKOTHCA PIBHI HANEIKHOCTL L4, (x;),
i=12,..,m k=1,2,..., h; y apyroMy mapi BinOyBaeThCA iXHE
arperyBaHHSA IIULIXOM (DOPMYBAHHS OaraTOBHMIPHIX (DYHKIH
. h<N
V) = T w ().
k=1

V TPETHOMY IHapi OOUHCITIOIOTHCS TOOYTKH y(k)chF (x(k)).
YCTBCPTHH map OOYUCIIOE 3HAYCHHSI CHTHATIB

h h
z Yy (k)(PGF (x(k)) § Z (PGF (x(k)) H, HAPCIITI, Y BHX1THO-
k=1 k=1

My mapi (OpPMY€ETHCA OLIHKA BUXITHOTO CHTHATY
h aF n
2 yke " (k) Hg ()
~GF' = GF -
P () ==L =3 =

PICRE () N 3 | [TPHES
k=1

k=1i=1
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h
= Wi o (x()) = WY ¢ (x)
k=1 :

IMporec Hapuanasa GRNFN Moke IPOTIiKATH K ¥ TIAKST-
HOMY PE/KHMi, KOMH 3a/1aHi HaBYaIbHA BuOipKa {x(k), y(k)}
H MakCHMaJbHE YHCIO (PYHKUIH HANCKHOCTI 111 KOYKHOTO
BXOZY A, Tak 1 B on-line peskevi, ko mapu x(k), y(k) Hamxo-
JITh HA 0OPOOKY TOCTiIOBHO, (DOPMYIOUMH OaraToOBHMIpHI

QyHKUii cng . [Tpu 1150My AOCHTH TPOCTO OPTAHI3yBATH MPO-

[CC BUKIIFOUCHHA CIIOCTCPCKCHB, IO MICTATH HC CYTTEBY
ia(opMariro. STKImo Tt AKOT0Ck X (k) BHKOHYETHCA HCPIBHICTD

max D,-min (x; (k) <r< % ©)
i

(TyT Dl.min (x; (k)) — HaliMEHIIA BIACTAHb MK X; (K )1 paHile
c(hOopMOBaHIMH IICHTPAMH (DYHKIIH HAICKHOCTI), TO x(k )HE

(opMye HOBY (pGF (x(k))it BuKTHOHAETHCS 3 po3risiay. 1o-
MITHMO, IO B HEHPo-(az3i cucTeMi 3 OTHOBAMIPHUMH (PyHK-

IisIME, TPaHIHI mapamerp 7 i Bigcrans D™ (x; (k)) BH3-
Ha4YMTH 3HA4HO npocrime Hix B GRNN 3 6araroBumipHUMHA
()YHKUIAMH AKTHBAIII1, IC 3aTaIbHA PCKOMCHIATIA 10 BHOO-
PV ¥ BU3HAYAETHCS MATMM TIEPEKPUTTAM CyCiTHIX OaraToBH-
MipHHX raBciaHiB [18].

Poboty GRNFN HeCKTaJHO OpraHi3yBaTH B PeXKHMi Oe31ie-
PCPBHOTO CBOJFOLIIOHYBAHHS, IO BAXKITHBO TIPH 00poOII CyT-
TEBO HCCTAIOHAPHIX CHTHANIB. TYT MOYKITHBE BUKOPHCTAHHS
JTBOX ITiTXOAIB. HAa KOB3HOMY BiKHI 3 /1 CTIOCTCPCKCHb, KOJTH IPH
HATXODKCHI HA BX1 CHCTOMH HABYATBHOL apu x(7 + 1), y(h +1)
¥ TIePIIOMY H TPETBOMY IIAPAX BHKTFOHAROTECS Bl iy, Hw, 7.
a 3aMiCTh HHX YCTAHOBIIFOKOTBCS Hypp1; H wfﬁ 1 3ACHOBAHMH
HA HCPIBHOCTI (6). Y IIbOMY BHIIAIKY HOBA MAPa 3aMiHFOE HAH-
OImKYY 10 Hel mapy «CTapixy TAHUX,

OCKLUIBbKH TIPOLIEC HABYAHHS BiIOYBA€THCS MMPAKTUIHO
MHTTEBO, CBOMTFONI HCHPO-(a33i CHCTCMH TAKOK BiTOYBAETh-
Cs1 Iy’Ke IIBHAKO.

3. HEYITKA MAIIIMHA OIIOPHUX BEKTOPIB

CBoepiaauM TiOPHIOM CHCTEM, SKi OA3YIOTBCH K HA
ONMTUMI3aIii, TAK i HA TAM’ ATi OJHOYACHO, € MATITHHH OTIOP-
HUX BCKTOPiB (SVM), AKi € HCHPOHHAME MCPCSKAMH, IO
30irarorses no apxitekrypi 3 RBFN 1 GRNN, ix cuHanmTiaHi
BaTH BU3HAYAKOTHCS B PE3YIIBTATI PO3B’ I3aHHA 31341 OIITH-
Mi3arlii, a HEHTPH AKTUBALIITHIX (PYHKIIH yCTAaHOBIFOFOTHCS
32 MPHHIUIIOM «HCHPOHH B TOYKAX TAaHUX». | X0oua 11 Me-
POXKi MAFOTH LLTY HIBKY Oe3CyMHIBHAX miepesar [ 19, 20], ixae
HABYAHHS 3 OOYHCIIOBAIBLHOI TOUKH 30pY € JOCHTH TPYIO-
MICTKHM, OCKLTBKH OB SI3aHE 3 PO3B I3aHHAM 3a71a4i HE-
JTHIHHOTO POTPAMYBAHHS BUCOKOI PO3MIPHOCTI.

V 3B’ 13Ky 13 M, ¥ SIKOCTI ansrepHarusn S VM Oy 3am-
POTIOHOBAHI MAIIMHA OTIOPHUX BEKTOPiB, 3aCHOBAHI HA Me-
TOZi HAMeHIMHX kBaaparis (LS-SVM) [21], HaBuaHHS AKX
3BOJHTHCS /10 PO3B SI3AHHS CHCTEMH JI HIFHUX PIBHSHS.

Daz3i-aHanoroM SVM € HEUiTKA MAIIMHA OMOPHHUX BEK-
TopiB (FSVM) [22], v sikiii OaratoBrMipHi akTHBALIIHI (DyHKIHT
3aMiHEHI OTHOBHMIPHUMHE (PYHKIISIME HANSKHOCTI. B [23]
Oyma posrieayTa FSVM, 3acHOBaHA HA METOII HAWMCHIIINX
keaaparis (LS-FSVM) i mpu3HaucHa [T po3B’ A3aHHA 330241
PO3Mi3HABAHHA 00PA3iB, MO KOJIH B MPOLICCI HABYAHHS CHTHA-
mu y(k) MOXyTh mpuitvMary 3HaucHus +1 ado —1.

Y Mexax JOCTIHKYBAHOT HAMH 331a41 ICPETBOPCHHS, IO
peamizyersca LS-FSVM (marm BHKOPHCTOBYETHCS TO3HAYMCH-
Hi1 FS), Mmoxxe OyTu 3anmcane y BUTISL

I H R ()
P =Y = w0 (x(k) =

k=l Z H Mg (%) k=1

k=1i=1

FS\T FS

=W ") ¢ (x), )
a ii HaBYaHHA 3BOIUTHCS A0 YCTAHOBKH LICHTPIB (DYHKIIH
HAJEKHOCTI L, (x;) B ToUKax x; (k) 1 ontumizamii ksaapa-

THUYHOTO KPHUTEPis HABYAHHS

Y P (PR SRS
) 5 @
k=1

3 ypaxyBaHHAM 0OMCKCHB Y BUTILAI CHCTCMH 3 N TiHIHHUX
PiBHAHB

)y = "5 9" (x(k)) +eh) ©)
e v >0 —mapaMerp peryspusanii,

e(k) = y(k) - ™ (x(k)).-

OrnraMizartis Kparepito (8) 6¢3 ypaxyBaHHI 00MSKCHE (9)
BEJIC 10 BUPA3Y

N -1
wiS (V) = {Z o™ (o)™ (el +v‘11N,Nj «
k=1

-1 N
« (Z@Fs(x(k))y(k))

k=1

IO € TO CYTi PHIK-OLIHKOK IPH d = y_l.
Jta ypaxyBaHHA CHCTCMH OOMCIKCHB (9) BBSICMO B PO3-
o yHKOiro Jlarpamka

N
L™ e(0).000) = EFS + 3 )00 - ") " (x(k)) — et)) =
k=1

L psr RS Y 2 J FS\T FS
=S oW L I3 F s T (500 -0 0 (st - k)
k=1 k=1
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(tyt M(k) — N HeBU3HauUeHMX MHOKHUKIB Jlarpamxa) i cuc-
TeMy piBHAHb Kapyia-Kyna-Takkepa:

N
Vs L=w = S ak)0" (x(k) =0y
k=1
oL
—— =ve(k)~L(k) =0,
_ _ ( ES\T _FS _ _
PRI S OREORY
ne 0 N — (N x1) — BEKTOp, YTBOPEHUI HYJIAMHU.
3(10) BuriuBae
N
whS (V) = 3 k0" (x(k)),
k=1
k) = ve(k),
(k) = w5 o (x(k)) + eh), (n
a00 B MAaTPUYHOMY BUTIISI I
MDY ()
A2 2
(Y_IIN,N+Q) : @ |_ :y( ) ’
MN) ) (V)
abo
(v r)i=vr,
(ryr @={Q =@ @) 0" U},
3BIJIKU
=y Y. (12)

OcrarouHo (7) 3 ypaxyBanusiM (11) i (12) HaOyBae Bumisz

T
N
() = {2 Mh)e™ (x(k))} o™ (x).
k=1
4. OTITUMAJIbHU AHCAMBJIb HEPO-®A33I
CUCTEM

[1pu po3B’A3aHHI KOHKPETHOI 3a/1a4i HEe MOXKHA BCTaHO-
BUTH 3a3JaJIeTi b sKa 3 OKpeMHUX ciHTe30BaHuX cucteM (TS,
GRNFN, FSVM a60 sika-HeOyb 11ie) oKaxe HalKpalii pe-
3ynbTatH. binblue Toro, npu 006poOLi HecTauioOHaAPHUX CHT-
HaJTiB Ha Pi3HMX YACOBHX iHTepBaJIaxX, HAMKPALLKMU MOXYTh
BUSIBUTHUCSA Pi3HI cHCTeMHU. Y Wik cuTyallil JOLiIEHO CKOpHC-
TaTHCs aHcamMOJeM OJIHOYACHO MPALOIOUYMX cucteM [24—
27] 3 HacTyITHUM 00’ €IHAHHAM TX BUXiIHUX CUTHAJIIB 3 Me-
TOIO OZIEpP’KaHHS ONTUMAJILHOTO PE3YNbTaTy Tak, sIK Lie Mo-
Ka3aHe Ha puc. 2.

90

)A)TS (k)

—» TS \

0| 7 (k
Oy —> GRNFN Briok

06°c0HaHHS|

FSVM |7" (k y

Puc. 2. Aucam6ib Helipo-(hassi cucrem

>

BBOI[SI‘{I/I B poO3rjiga BEKTOPHU Bl/lXiLlHl/lX CUTHAJIB

T
y(k)= ( j/TS (k), j/GF (k), j/F S (k)) i mapameTpiB 00’ €THAH-

F F.oF _F\ N
HIW = (WTS JWGF s WES ) , OylIeMo LiIyKaTy ONnTUMAbHUH

BUXIiHUIA CUTHAJT Y BUTJISL

Py =" 5k
MpY OOMEKEHHSIX Ha HE3MiLLEHHICTh

owh =1,
ae I3 —(3x1) — BeKTOp, yTBOPEHUI OMHULAMM.
Hesinomuii BekTop napamerpis w! moske OyTu BH3Ha-
YeHHH 3a J0MOMOroro MeTony WtpadHUX (PyHKLIH, 1St 4oro
BBOIUTHCA (N x3) MaTpuus BUXIAHUX CHUTHaJIB

Y = (51), 5(2),..., H(N ))T i Kpurepiii onTumizauii
A T A
EF =(Y—YWF) (Y—YWF)+p_2 (1—13TWF), (13)

ne P —mrpadHuii koedilieHt.
Minimizawis (13) mo w’” Bene o BHpa3y

AT A —1/4
wh (p)=(YTY+p‘21313T) (F7v+p715),

sIKe T CJIsl HECKIATHUX TepeTBOpeHb [28] i npupiBHIOBaHHS P
IO HyJ1sl, HaOyBa€e BUMIIS

1- 4w (N)

WI'V(N)=gi_>n})WI'V(p)= wl‘S(N)+PI’V (N)W»(M)

ne
A AN—1 A A
whS (M) =(PT9) Ty = PP (M)PTy )

—3BUYaliHa OLliHKa HAWMEHILNX KBaApaTiB TUMY (4).

EnemeHnTam BekTopa wl (N ) (14) moxHa HagaTH 3MicCT
HaJIeKHOCTEH KOyKHOT 3 miacrcrem aHcamOmo TS, GRNFN i
FSVM 10 feskoi rinoTeTHuHOT ONTHUMAJIbHOT CUCTEM U, SKILIO
3a0e3NeynTH iX HeBiZ €MHICTh Y IpoLieci 00’ €qHaHHSL.

BBonsiun y po3misii narpaHkiaH
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{2 ol (7o ()

(tyt p — (3x1) - Bexrop pisnis Hanexnocti, 1/ — Hems3-

HaueHuit MuokHuk Jlarpamka, pl — (3x1) — BexTop He-
Bi €EMHHX MHOKHHKIB JIarparska, 1o BiAMOBIJAIOTH YMO-
BaM JIOIATKOBOI HEXKOPCTKOCTI), 1 CHCTEMY PiBHIHB

V. L=0s,

oL

—_— 0,
ot

W (k+1) = whS (k+1) - P¥ (k +1)x

(1w (k +1)=140,51 PT (k+1)p" ()| (IS PF (k+1)I W +0,5PF (k+1)p" (k).
3 3 3 3 3

p" (k+1) = Pr, (" ()=, (k + )" (k+1)).

LS

Je w"* — BU3HA4AETHCs Bupazom (15), Pr, () — MPOEKTOP

Ha JOJATHUH OPTAHT.

Hecknagno nokasartu, mo anroput (16) eneMeHTapHO
TOITHPIOETHCS HA JOBLIBHY KUTBKICTE CHCTEM, IO BXOIATH B
aHcamOIb.

BUCHOBKHA

BaeneHo cucteMy CBOMFOUIHANX HEHPO-(a33i CHCTeM, 0
BHKOPHCTOBYIOTH Pi3HI IIPHHIMITH HABYAHHS TA HANIAIITOBY -
FOTh HC T1TbKH CHHAITHYHI BATH, AJI¢ i CBOIO aApXIiTCKTYpY. 3ar-
POTIOHOBAHO ATANTHBHY MPOLCAYPY 00 €AHAHHA IHMX CHC-
TCM, IO JO3BOJIIE CHHTC3YBATH OTTHMATHHIH BHX1THHUH CHT-
HAJT1 BCTAHOBJIFOBATH PiBHI HAJICKHOCTI 0 ACAKOI TIIOTCTHYHO
orruManTBHOI cucTeMH. [Tixin, 1o pO3BHBAETHCA, BiAPi3HAET-
¢ O0YHCITIOBATILHOK) MPOCTOTOX0 I T03BOJIAE 0OPOOIATH
iH(popMarito B on-line pexxuMi B Mipy i1 HAAXOLKCHHSL.
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Jeiinexo A. A., [Imuce U. 11., Bonstackuit E. B.

KOMEMHHUPOBAHHOE OBYUYEHUE 3BOIIOIMOH-
HOM HEMPO-®A33U1 CUCTEMBI

TIpennoxkena apxuTeKTypa SBOMOIMOHHON Helipo-da33u cuc-
TEMBI, KOTOpaSI HEC CKJIOHHA K l'[pOK.]'ISITI/IIO paSMepHOCTI/I, CHOCO6Ha
oOpabaThiBaTh HHPOPMAITHIO B peKUME peabHOTO BpeMEHH, aJiarl-
THPYS IIPH STOM CBOM IapaMeTphbl U CTPYKTYPY K YCIIOBHSIM 3a-
Jadun. B KauyCCTBC aKTUBaAIlUOHHBIX Cl)yHKL[I/Iﬁ 6LIJ’II/I HUCITOJIE30BaAHBI
snepHbie QYHKITUA aKTHBAIAH.

K.]'IIO‘IeBBIe CJIOBaA: IBOJIIOLIMOHHAA HeﬁpO-CbaSSH CHUCTEMA,
HOpPMAITH30BaHHAS pauansHO-0a3ucHas HelpoHHas ceTh, 0000-
mcHHas pereCCI/IOHHaSI HeﬁpO-Cl)aSSI/I CCTh, HCUCTKAasA MallliHa
OHOpHLIX BeKTOpOB, SIZ[epHaSI Cl)yHKL[I/ISI aKTUBalluu.

Deineko A. A., Pliss I. P., Bodyanskiy Ye.

EVOLVING NEURO-FUZZY SYSTEM COMBINED
LEARNING

In this work the evolving neuro-fuzzy system with kernel
activation function that contains fuzzy support vector machine,
normalized radial basis function neural network and general
regression neuro-fuzzy network as subsystems is proposed. This
network is tuned using both optimization and memory based
approaches and does not inclined to the «curse of dimensionality»,
is able to real time mode information processing by adapting its
parameters and structure to problem conditions.

Key words: evolving neuro-fuzzy system, normalized radial-
basis function neural network, general regression neuro-fuzzy
network, fuzzy support vector machine, kernel activation function.



