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IHTENEKTYAJNIbHA OBPOBKA JAHUX HA OCHOBI
risPMOHOI BEMBNET-HEUPO-®A33I-CUCTEMMU
HA ABANTUBHUX W-HEUPOHAX

Y cmammi 3anporoHogaHo apximekmypy 2ibpudHoi eelisriem-Helpo-gha3s3si-cucmemu
Ha W-HelpoHax, wo € modugbikauiero sidomoi ANFIS-cmpykmypu ma mae nepesazu
KOXHO20 3 nioxodie. 3anporioHogaHa apximekmypa Mae MOoKpaw,eHi arnpoKcuMyroyi
eracmugocmi 3a paxyHOK e8edeHHs adarnmueHO20 eele/loHa 8 KOHCeKeeHm. Takox
CUHMEe308aHO ane2opumm Hag4yaHHs ycix i napamempig. [NpoeedeHO ekcriepumeHmasbHe
MOOesto8aHHs Ha PI3HOMaHIMHUX HecmauyioHapHUX cugHanax, pesynbmamu sKux
niémeepdxyrome akmyarsibHicmb Mioxody, Wo po3susacmscCsl.

Knro4woei cnoea: apximekmypa 2ibpudHOi  gelisriem-Helipo-ghassi-cucmemu,
W-HelpoHu, ANFIS-cmpykmypa, adanmugHuli 8e(8/10H, KOHCEK8EHM.

B cmambe ripednoxeHa apxumekmypa eubpudHou e3alieriem-Helpo-ghas3u-cucmembl
Ha W-HelpoHax, komopas siensiemcsi modugbukayuel useecmHol ANFIS-cmpykmypbi u
obnadaem npeumywiecmeamu Kaxd0o20 u3 nodxodos. [lpedrnoxeHHas apxumekmypa
obniadaem yrnyHuweHHbIMU anfpoOKCUMUPYOWUMU CrlocobHocmsmMu 3a cyem 868e0eHUst
aldanmueHo20 83Ue/I0OHa 8 KOHCekeeHm. Takxe cuHmesuposaH aneopumm Oby4YeHus
ecex ee napamempos. [TpoeedeHo 3KcrepuMeHmarbHoe MoOesupo8aHUe Ha PasuyHbIX
HecmauyuoHapHbIX poyeccax, pes3y/bmambl, Komopbix nodmeepxdaom akmyarb-
Hocmb pa3susaemozo rnodxoda.

Knrodesble cnoea: apxumekmypa aubpudHol eelieriem-Helipo-gha3su-cucmemu,
W-HelpoHbl, ANFIS-cmpykmypa, adanmueHbil eeliérioH, KOHCEK8EeHM.

The hybrid wavelet neuro-fuzzy system based on W-neurons architecture which is the
modified well-known ANFIS structure and has the advantages of each approaches is
proposed. The proposed architecture has improved approximating ability by introducing
of the adaptive W-neuron to the consequent. Also the all-parameters learning algorithm is
proposed. The simulation experiments based on the different non-stationary process are
performed. The results of them are satisfied the relevance of the developed approach.

Key words:The hybrid wavelet neuro-fuzzy system, W-neurons, ANFIS structure,
adaptive W-neuron, the consequent.

BCTYN

Y meit dyac Bce OUIBIIOr0 TIOMIMPEHHS OJEPXKYIOTh IHTENEKTyaldbHI METOOH 00poOKH
HecTal[lOHApHUX CHTHAJIB 32 YMOB HEBH3HAYECHOCTI, 1[0 3aCHOBAHI Ha TEXHOJIOTISAX 00YHCITIOBAILHOTO
inTenekry. Taki MeTOAM MO3BOJSIOTH BHPIIIYBATH BEIUKUH Kiac 3amad oOpoOku iHpopmamii #,
HacamIiepe, 3aaadi ieHTudikalii, eMyJsiii, IHTeJICKTyaJIbHOTO KEPYyBaHHS, POTHO3YBaHHS YaCOBUX
PAIB JOBUTBHOT MPUPOAM 32 YMOB CTPYKTYPHOI Ta MapaMeTpUIHOT HEBU3HAYEHOCTI.

Haii6inpi BiToMUMH Ta OMYJIAPHUMH € OaraTomapoBi Mepexi 13 mpsAMolo nepenadeto iHpopmarii
TUIy TPHUIIAPOBOTO MEPCENTPOHY, €NEeMEHTapHUMHU BY3JaMH SKMX € Tak 3BaHi P-HeHpoHU 3
MOHOTOHHUMH (QYHKUisIME akTHBalii. EQekTuBHiCTH OaraTomapoBUX MepeK MOSCHIOETBCS iX
VHIBEpCAJbHUMH alpOKCUMYIOYMMHU BJIACTUBOCTSIMH B CIOJNYYEHHI 3 BIIHOCHO KOMIAKTHUM
NOJaHHSAM HEJNHIMHOT cucTeMu, 10 MozentoeThesl. Lle o3Havae, 0 BOHM 3 yCHiXOM MOXYTh OyTH
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Komm’tomepHi mexHosoaii

BUKOPHUCTaHI y 3ajadax MOJETIOBAaHHS (eMyJislii) HeNiHIHHUX CHCTEM, IO OIMCYIOThCA
0araToBHUMIipHUMH Pi3HUIICBUMHE PIBHSIHHSIMH BHILY
y(k) = F(x(k))+&(k), (1)
ne y(k) — BuxigHuii curnan cucreMu B k-il MomenT uckpertoro yacy k =0,1,2,..., x(k)e X —
(nx1) — BekTOp CUrHAJIiB HA BXOI, 10 BKJIIOYAE B ceOe SIK €K30T€HHI 3MiHHI, TaK 1 MUHYJI 3HAYEHHSI
BUXIZIHOTO curHaity, F'(®) — noBUIbHA (YHKIlsS B 3arajbHOMY BHIAIKy HeBigomoro Bumy, &(k) —

30ypIOBaHHS 3 HEBIZIOMUMH XapaKTepUCTUKAMHU, 10 He crocTepiraetkes. [lependadaeTbes Takox, M0
¢byukuis F(e) 3amana abo Ha OqMHMYHOMY TinepKy6i, ab0 Ha opToTOIi

xl.(k)e[xl.mi“,x.max], i=12,...,n, )

1

ax

ge x™, x™ Binomi HYKHS T BEpXHS IPAHHII BApilOBAHHS i -I'O BXiIHOTO BILTHBY.

OCHOBHUM HEJIOJIKOM 0araromapoBUX MEpPEeX € JOCHTh HH3bKa IIBHJAKICTh IXHROTO HaBUYaHHS,
3aCHOBAaHOI'O HA 3BOPOTHOMY TOLIMPEHHI MOXHUOOK, M0 POOUTH HEMOKIIMBUM IXHE BUKOPHCTaHHS Y
3aJayax peajbHOro 4acy.

TakuM YMHOM, aKTyaJIbHUM € CHHTE3 T1OpUIHMX apXiTEeKTyp Ta IX aJrTOpUTMIB HaBYaHHS HAa OCHOBI
METO/IB OOYMCIIIOBAIBHOIO IHTEJNEKTy, SKi Hajgani Oynemo HMeHyBaTH BeHBIET-HeHpo-das3i-
cucreMamu. Taki CHCTEMH MOEAHYIOTH y €00l JIIHTBICTUUHY IHTEPIPETAaBaHICTh 1 ampOKCUMYIOYi
BJIACTHBOCTI CHCTEM HEUiTKOro BHBEACHHS [l; 2] 3 MOMJIMBOCTSAMH IITYYHHX HEHPOHHUX MEpex
HABYATHCS Ta amnmpoKcuMmyBaTH [3; 4] i oOuuCIOBAILHUMY TiepeBaramu BelBieT-QyHKIii [5-8]. 1le
O3HaYae, 10 BOHH 3 YCIIXOM MOXYTh OyTH BUKOPHCTaHI y 3aa4ax MPOTHO3YBAaHHS CTOXaCTHYHHX Ta
XAOTUYHUX CUTHAJIB 1 TOCHIIOBHOCTEH 31 CKIAJIHUM HENIHIHHUM TPEHIOM 1 HECTalliOHApHUMHU
napameTpamMu.

VY crarTi npomnoHyeThes Moau(]iKoBaHa apXiTeKTypa riOpumHoi BeliBieT-Helpo-(has3i-cucteMu, mo
3aCHOBaHA Ha aJIANITUBHUX JW-HelpOoHaX Ta alrOpuTM HABYAHHS BCiX 11 mapaMeTpis.

1. APXITEKTYPA T16PUHOI BEWBJIET-HEAPO-®A33I-CACTEMU HA AJAMTUBHUX
W-HEUPOHAX

BBenemo 10 po3risiay I’ ITUIIAPOBY apXiTEKTYpy, 10 HaBeIEeHO Ha puc. 1, 1 OJU3bKY, IO CYTI, 110
Binomoi ANFIS [9; 10] ta ctpykrypH, mo npeacrasieHo B podotax [11; 12], Ta € y 3aranbHOMY
BUIIaJIKy CUCTEMOIO HeuiTkoro BuBeneHHs Takari-CyreHo-Kanra, o HaB4aeThCsl.

[epmmii mpuxoBaHW IIap, HA BiAMIHY BiJ Heipo-¢as33i-cucteM, YTBOPEHO HE TpaAWLiHUMHU
HEBil'eMHUMH (DYHKITIIMH HaJIeXKHOCTI, a HAaOOpOM 3 hwn BeiiBieTiB (110 hu/ OJTHOBUMIPHHUX

o : VR _ v v
BeiiBeTiB Ha Koxnuii Bxin) ¥ , (k) =y, (x,(k),c} (k),0,(k)) 3 2h,n napamerpamu ueHtpy Cj; Ta
WMPUHA O ;;, 1O HACTPOMIOThCA. TyT MOKHA BiI3HAYMTH, 1O KOJNMBAILHMI Xapakrep BeiBier-

.\ . . - . . S
(yHKLIi He CynmepednTh yHINOMAPHOCTI PYHKIII HANIEKHOCTI, OCKIIBKH BiJl€MHI 3HAYCHHS ¥/ (k)

MOXYTb TPAKTyBaTUCS B CEHCI MaJIUX PiBHIB HaJIeKHOCTI a00 HeHanexxHocTi [13; 14].

VY sakocTi (yHKUiH akTHBalii-HATIEXKHOCTI B aJalTUBHIN BelBieT-HEHpO-(az3i-Mepeki MOKYTh
BUKODUCTOBYBATHCS Pi3HI aHaJNITH4YHI BeiBneTu: BeiiBnmer Mopine, BeliBaer «Mexican Haty,
POLYWOG-geiiBnetu, RASP-seliieru [15], reHeparop aHamiTHYHHX BeiBneTiB [16], TpukyTHUI
BeliBnet [17] Tomo.

[pyHTyrounch Ha BeliBier-QyHKuii «Mexican Hat», GygeMO BUKOPHCTOBYBATH 3allpOIIOHOBAHY

Ham¥ B [ 18] HOBY akTHBaNiiiHy (QYHKIIiTO, 0 HACTPOIOETHCS TA MA€E BUTIIS]]
2

0, (x(k) = (1-a,r,*)exp —%’ , 3)

ne 7,(x(k)) = ((x(k) = ¢/ (k)" O} (k)(x(k)~ ¢! (k))). @, - napamerp, mo mactpoioeTsCs
(0<a<l).
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Haykosi npayi. Burniyck 104. Tom 117

[TapameTp @, 10 YTOYHIOETBCS, JO3BOISIE HACTPOOBATH (POPMyY aKTHBALIHHOI QyHKLUIT B IpoLeci
HABUAHHS CKJIQJEHOrO amantuBHOro W-Heidpona (BeiBiaona), mpu mpomy npu o =0 omepxkyemo
TaycoBy QyHkuiro aktusauii, npu o =1 onepxkyemo BeliBier-dyHkiio «Mexican Hat», a mpu

0 <a <1 —ribpuany GyHKIiO aKTHBAIII.

x(k)o
x{k)o :
x{kpo-"

yik)

Puc. 1. I'ibpuana BeiiBiaeT-Helipo-(a33i-cucrema, 1110 3aCHOBaHA HA aJaNTUBHUX W-HeiipoHax

Jpyruii npuxoBaHui map peanizye onepauito, aHaIoTiYHy OOYMCICHHIO HEYiTKOI 7-HOpMHU
n
gj(k)=| |1//ﬁ(k),]=1,2,...,hw, @)
i=1
MICJISt 4OTO B TPETHOMY NPUXOBAHOMY ILIapi MPOBOIUTHCS HOpMaTi3awis

(& [1v:®
g -2 )

(4

>e® YTv,®

j=1 =1

1o 3abe3nedye BUKOHAHHSA yMOBH PycriHi
h(//
D5 (k)=1. 6)
j=1

YeTBepTHii MPUXOBAaHUW IIap peaji3ye omepaliro, sKa aHajJoriyHa OOYHMCICHHIO KOHCEKBEHTa B

CHCTEMAX HEYITKOrO0 BUBEICHHS, IMPU I[OMY 3aMICTh JIHIMHHX BUXIZHUX QYHKIiH fj(X (k))

BUKOPHUCTOBYETHCA CTPYKTypa amanTuBHOro W-Helipona [19; 20], mo m03BOJSIE TTOKPAITUTH
alPOKCUMYIO4i BIACTUBOCTI CHCTEMHU
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I (X (k) = w;o (k) + Z w,, (), (z,, (k) = w; (k)g, (z,(k)), ™

e, @, = 1, w; (k)= (WjO (k), le(k), sz(k)a- Wi, (k))T » P (Tj (k) =(1, (ojl(z-jl(k))a ?j» (sz (k)),
s @ (7, (), 9,7, (k) = 9, (X (k) = ¢, (k) O, (k)X (k) = ¢}, (k). @, (K)),
7,, (k) = (X (k)= ¢, (k)" O, (k) (X (k) - ¢}, (b)), (K))..
vy ObOMY BUIIAJIKY B UCTBECPTOMY I_LIapl O00YHCIIOIOTHCSA CUTHAIU TAKOI'0 BUTIAOY

g (k)[wjo(k) + Zw:w,-m ()@, (7, (k))] =g,w; (k)g,(z,(k)), ®)

e hw (n+1) mapamerpis Wi J = 1,2,. ..,h¢, ,m=0,1,2,. "’hr// MiUIATaI0Th BU3HAYEHHIO.

I, mapemTi, y I’ ITOMY BUX1THOMY IIIapi OOYUCITIOETHCS BUXITHANA CUTHAI CHCTEMU

Y= Y Z, (), (X (k) ©)
a0o0 y BEKTOpHil dopMi |
(k) =g" (k) f(X(k)), (10)

se XN =(FEXE), L XE).w i (XE) =0 RO@ @0,y 0] (R, (5, (K)).
BBomstun 3aminy 3MiHHEX W= (W, W,,..., W, )i F(X(k)) = (g,(k)o,(r,(k)), g, (), (z, (k)),
..§hw (k)%w (Z'hw (k)))" , Buxix TaKoi apXiTeKTypH MOXHA 3aIHCATH B KOMIIAKTHiH popmi
y(k)=w' (k)F (X (k)). (11)
Takum 9HHOM, MOXKHA TIOMITUTH, IO TTAPAMETPH L€ CHCTEMH, SIKi HACTPOIOIOTHCS, IepeOyBaOTh

y MepIIIoMY 1 YeTBEpPTOMY MPUXOBAaHUX miapax. Lle ZhWn rapaMeTpiB OJTHOBUMIPHUX BEHBIICTIB c;’i i
. . ; in AP -1
o, h,(h,+1) cunantuunnx sar w,, ; h h, napametpis ueHTpiB %, ; MaTpuub postaranns (0, Ta

hl/,h¢7 napamerpis popmu &, GaraToBUMIpHHX BEHBIET-PYHKIIN afanTHBHOTO W/-HelpoHa.

2. AJIFOPUTM HABYAHHS IrNBPUAHOI BEUBJIET-HEUPO-®A33I-CUCTEMU

[ HacTporoBaHHA mapaMeTpiB mepmioro npuxoBaHoro mapy B ANFIS BukopucroByerbes
ITOPUTM 3BOPOTHOrO TIOMIMPEHHS MOXMOKM, W10 3aCHOBaHMH Ha JIAHIIOTOBOMY IpaBHJIL
JuQepeHLioBaHHA Ta IPadieHTHOT ONTUMI3allil IOKaJIbHOTO KPUTEPIIO

1 1 1
E(k) = Eez(k) = E(d(k) —y(k))* = E(d(k) ~w (K)F (X (K)))*. (12)
V 3arampHOMY BHUIAJIKY TPOIIEypa HaBUYaHHS IMapaMeTpPiB IbOTO MIapy MaE BHUTIIST

=g, W ZE0

OE(k)
0o (k)

(13)
o (k+1) =73 (k) ~7, (k)

J

a ii BIACTMBOCTI MOBHICTIO BU3HAYEHO napameTpamu Kpoky 77, (k) , 17,(k), mo obuparorses, sk

MIPaBUIIO, 3 EMITIPUIHUX MipKyBaHb. CIIiJl 3a3HAYHUTH, 1110, SKIIIO apaMeTPH Y€TBEPTOTO IIaApy MOXKYTh
OyTH HACTPO€EHI MAaKCHMAJILHO IIBUAKO, TO CAME B IEPITIOMY IIIapi IS IIBUAKOISI TyOHUTHCS.
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Haykosi npayi. Burniyck 104. Tom 117

[ligBuiieHHsT MBUAKOCTI 30DKHOCTI MOXe OyTH MOCITHYTO WUISXOM BHUKOPHCTaHHS OLUTBII
CKJIQIHUX, HDK TPaJi€HTHI, Tpoleayp Tuiy aimroputmy Xaprii [21] abo Mapksapnara [22], ski
MOXXYTh OYTH 3aIMCaHi B y3arajabHeHii dhopmi [23]

Dk +1)=Dk)+ A(J (k)" (k) +nl) " J(k)e(k), (14)

ne D) = (¢ (k), 0, (k). ¢4y (k). 03 (K)o (K), - 0 (K),vscly () (KDY — (2R, mx1)
BEKTOp TMapaMeTpiB, IO HACTPOIOETHCS, MPUUOMY IS CHPOIIEHHS YHUCETRHOI peami3alrlii B HbOTO
BXO/WTb HE CaMMil NapamMeTp O LIMPHHH, a 3BOPOTHA HOMY BeIHMYMHA O';.l.l, J(k)—(2hnx1) -
BEKTOP-TPAIi€HT BHXIIHOTO curHaidy y(k) 3a mapameTpamu, 10 HACTpoIoThCst, [ —(2hnx2hn), —
OJMHUYHA MATPHIL, 7] — CKAAPHHUN pEry/sipu3yodnii mapamerp, A — IOJaTHHUI CKalsApHHA

KoedimieHT migcuneHHs (gemdipyBaHHs).
Jnst o0unceHHs: KOMIIOHEHT BEeKTOpa-TpaieHTa

op(k) (k) ap(k) ay(k)  av(k) (k) ay(k) ay(")]r (15)

2

JY (k) =(

u/ b _l b u/ 9 _1 9 u/ b _l 9°°*°*> u/ _l
Oc/, 0o, ~0Ocy 00, oc ! aaﬁ oc, 0o,
BI/IKOI)I/ICTOByIOTBCH BI/Ipa3I/I
oy(k) 1 oy

— = [(X()g,; (k) (1- &, (k)

ocl; y//i(xi(k),cz,a;)' oc’, ’
oy(k) | 1 o 0 . (19
y — — Vi
—=f(X(k)g. (k)(1-g, (k : .
o0 Ji(X(k)g;(k)A~g; (k) v e o ) o,

3 METOI CHpOUICHHS OOYMCIIOBANBHOI CKIaJHOCTI ajlropuTMy HABYaHHS MOXKHA CKOPHUCTATHUCS
JIeMOI0 0OEpHEHHS MaTPHULb y BUTIIAII

0 - Iy
WDyt = 1= an
3a JIOIIOMOTOI0 SIKOi MOYKHA OJIep KaTH CITiBBIAHOILICHHS
AT+l J = /1%, (18)
7+

MiACTaBIAI0uN sike B (14), oTpuMy€eMO anTOpUTM HaBYaHHS MapaMeTpiB IMEPIIOro MPUXOBAHOTO
mapy y BHTJISII

J" (kelk)
n+r ol

Hecknamno ©Oauwmtn, mo anroput™ (19) € HeniHIHHOIW —aJUTHBHO-MYJIBTHUIUTIKATHBHOIO

Dk +1) = D(k)+ A (19)

moaudikariero anroputmy Kaumaxa, a ipu A =1,77 =0 crpykTypHO 3 HUM 30iraeThes.

3 metoro nomaHHs anroputMmy (19) QineTpyrounx BIacTUBOCTEH BBEAEMO AOAATKOBY HMPOLELYPY
HACTPOIOBAHHS PETYJISAPU3YIOUOTO ITapameTpa 7] BUIIILY [24]

JY (k)e(k)
(k+1)=(k)+ ( 0 ]

Nk +1)=an(k)+|J¥ (k+1)

(20)

2
’

mo criBnagae mpu & =0 ¢ (19) i Mae mpu BOMY MaKCHMaJbHY HIBHIKICTH 301KHOCTI, a MPH
o =1 nabyBae BIaCTHBOCTEN CTOXACTHYHOI arpokcuMartii. TyT ciix 3a3HaumTH, 1o aaroputm (20) €
CTIMKMM TIpU Oy[b-SKHX 3HAYEHHSX MapameTrpa ¢ , IO BHUTIIHO BiApi3HSE HOTO Biji €KCTIOHEHLIHHO-
3BaKCHOTO PEKYPEHTHOTO METOAY HaHMEHIIINX KBaJIPaTiB.
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Jaii po3riissHeMo alrOpuUTM HaBYaHHS apaMeTpiB YETBEPTOTO IIapy, a caMe alTOpPUTM HaBUaHHS
ajanTUBHOrO W-HeilpoHa.

Ockinbku (h(/) +1)x1 BekTOp CHHANTHYHUX Bar W BXOAWTH B OMUC MEPEXKi JIHIAHO, I HOro

YTOUYHEHHSI MO>KE€ BHUKOPHUCTOBYBATHCS OyIb-KHH 3 alTOPUTMIB aJalTUBHOI ineHTHgikamii [25] i,
HacamIepes, TpaIuliiHui peKypeHTHHI METOI HAWMEHIINX KBaJPAaTiB:

(k1) = ity + PO~ ()t
1+ ¢" (x(k))P(k)p(x(k))
Plk+1) = P(k) - L& )(PT(X(k +D)g’ (x(k +D)P(R).
1+ T (x(k +1)P(k) f (x(k +1))

5

21

0 Mae (QITBTPYIOUi BIACTHBOCTI.
. - . . 1
Jlnst HaCTPOKOBaHHs NapamMeTpiB BEHBIOHIB (BEKTOpiB ¢, MaTpuup (), , napamerpa ;) Oyaemo

BUKOPUCTOBYBATH T'PaJicHTHY MiHIMi3alilo JOKaJIbHOTO KpuTepito (12), mpu 1poMy, Ha BiAMiHY Bif
MOKOMITOHEHTHOTO HABYaHHsS, PO3IJSHYTOr0 B [26], OymeMo pOOWTH YTOUHEHHS y BEKTOPHO-
MaTpHuHii Gopmi, 1o, Mo-Teplie, IPOocTilie 3 00UNCITIOBATIBHOT TOYKH 30y, a, O-APYre, T03BOJIUThH
ONITUMI3YBaTH MIPOLEC HABYAHHS 3a IBUAKOMIIEIO.

V 3araqibHOMY BUIaJIKy alrOPUTM HaBYaHHS MOXKE OyTH 3allCaHUH y BUTIISAL

c;’.’(k+l)=cf(k)—770‘?vc‘?E(k), j=12,....h,
0, (k+1)=0,' (W) =n, {OEK)[0Q"}, j=12.....h, (22)
a;(k+)=a,(k)-n,V, E(k), j=12,...,h,

ne V ,E, V,E — (nxl)-sexropu-rpagientu kpurepito (12) mo ¢? Ta «; BianosimHo;

{OE (k) / GQ;I} — (nxn) — Marpuus, Mo yTBOpeHa YaCTHHHUMU moxiguumu E(k) 1o KoMrmoHeHTax

-1 .
0 M Ny 11, —TAPAMETPH KPOKY AITOPUTMY HABYAHHSL.
J J J

Jnsa dyakuii aktuBarii (3) MokHa 3amUcaTi

VL E(k) = 2e(k)w, (k)0;" (k)(x(k) ~ <7 (k)):

(7] (k) — 2, + Dz (x(k)) ) exp(—; (x(K)) /2) = e(k) T, (k),

{OE(k)/ 007"} = ellyw, (k) (x(k) = e () (x(k) = ¢ (R)) - (23)
(@7} (k) ~ a, + D7, (x(k)) ) exp(=7; (x(k)) /2) = ~e(k)J . (k).

V., E(k) = —e(k)w, (k)7; (x(k)) exp(=7} (x(K)) /2) = ~e(k)J,, (k),

zie (/)J.'(O) — MOXiZlHA j -rO BeWBJeTa MO apryMeHTy, 3aJaHoMy MeTpukoro Itakypu-Caiito [27]

(x(k) = (k)" Q;" (k) (x(k) = ¢ (k).

Toni anropuT™ HaBYaHHS BEHBJIOHIB PUXOBAHOTO Mapy 3 ypaxyBaHHaM (23) mpuiiMae Gpopmy
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Haykosi npayi. Burniyck 104. Tom 117

(k1) = € (k) =17,,e(k) 2w, (£), ((x(k) — ¢4 () 0} () (x(hk) =€ (K)))-

0] (k) = ¢ () = € (k) =1 (k)T (K),

0} (k+1) = 0] () + 1, e(k)w, (), ((x(k) =, ()" O} (R)x(k) =, (K))): (24)
) = ¢, (NG () =, (K =0 (k) +1 (k)T (K),

o, (ke +1) =, (k) + 17, e(k)w, ()7 (k) exp(~72 (x(K))/2) = @, () + 71, e(k) T (k)

. . . . —1 .
IIpyu IbOMY HIBUIAKICTH 301KHOCTI J0 OIITUMAJIbHHUX 3HA4YCHb C;/.) 1 Qj IIOBHICTIO BH3HAYA€THCS
napamMeTpamMu KpoKy 77(1? u 77Q,| .
J J

Sk Bxke OyJIO CKa3aHO BWIIIE, MIJBUIICHHS MIBUIAKOCTI 301KHOCTI MOXKe OYyTH JOCSITHYTO IIJISIXOM
BUKOPHUCTAHHSI OUIBII CKJIAAHUX, HIX TPali€HTHI, MPOLEAYPH THITy XapTii abo MapkBapara, sIKi A

HACTPOIOBAaHHS [TapaMeTpiB cf 1 0r; MOXyTb OyTH 3allMCaHi B y3araibHeHil (pOpMI TaKHM YHHOM
c;/.’ (k+1)= c;/.’ (k)— /”LC;” (ch_, (k)Jz;,T (k)+ 7703_” ™ J:?, (k)e(k), 05)
o, (k4D =a, (k) + 2, (72 (KT ()40, TS (K)e(k),

ae I — (nxn) — opunmuna marpuus, A,,A, — noparti napamerpu aemndysanus, 77,,7, , —
J J

napamMeTpy peryisapHu3arii.
BukopucroBytoun Jemy OOEpHEHHS MaTpulb, IiCJIs JOCHTh HPOCTHUX, ajle TPOMI3AKHX
NEPEeTBOPEHb MOXHA OTPUMATH NPOCTHH 1 e(pEeKTUBHHUH ajlropuTM HaBYAHHS LIEHTPIB BEHBIIOHIB i

napameTpa d; y BUIJIsIL

e(k)J?, (k)
kD=0 Ay~
VA0
J J (26)
J? (k
ozj(k+1)=o¢f(k)+/1aL”’f()2
| n, +|Me (k)

3 TOYHICTIO 10 NI03HAY€Hb, 1O 30iraeThes 3 ontumansium (npu A, =1, 77, =0, 4, =1, 77, =0)
J J

3a mBHAKOIE0 anroputMoM Kaumaxa-Yigpoy-I'odda.

1 . .
Jlnst HacTporOBaHHS MAaTpuUllb Q}. MOJKHa CKOPUCTATUCSI MaTPUYHOI0 MOJU(IKAIIEI0 alrOPUTMY

(26) y Burmsini [19]

e(k)J? . (k)
0 (k+1)=0; (k) + 4, : 27)

T b
" g+ Tr(J 5 (k) (K))

ne /IQ,; » 1,1 MAIOTh TaKi )k cami 3HA4YeHHsI, 110 ¥ BiAMOBiHI mapaMeTpH B (25).
J J

TakyM YHHOM, OCTATOYHO AJITOPUTM HABYAHHS MApaMeTPiB BEHMBIOHIB MPUXOBAHOTO INapy B
ONTHMAIFHOMY 32 IMIBUAKOIIECI0 BapiaHTI MOXKe OYTH 3aIHCAHO SIK
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-2

cj’(k+1)=cj’(k)—‘ (k)2 (K), j=12,....h,

J7 (k)

le(k+1):Qj1(k)+(Tr(Jg; (k)5 (k))) e(kh)J7 (k). j=12....h,  (28)

a,(k+1)=a,(k)+

-2
Jo (k)H e(k)J (k), j=1,2,....h.

Bigomo, mo OJHOKPOKOBI anroputMu Tuny Kaumaxka, Maio4d BHCOKY IIBHAKOMAIIO0, HE MAaIOTh
(biNbTpYIOYMX BIACTUBOCTEH, TOOTO TOraHO MPAIIOIOTh 32 YMOB IHTEHCHBHUX 30ypeHb i 3aBaa. Jlis
JOJIaHHS TIPOLIECY HABYAHHS 3TVI/KYIOUHX BIACTUBOCTEH, IO 3rI1a/KYIOTh, BHKOPUCTOBYIOUH MiAXiJI,
SKHH 3aIpOrOHOBaHO B [24], MO’KHA BBECTH TaKy MpOLEAYpPYy HaBYaHHS:

e(k)J* (k) )

S+ =)~ 2 —— () =, () +] 72 e+
C/- 7707) (k) C]- L‘/- L‘, C]-
e(k)J?., (k)
0} (k+1)=0;' (k) + 4, — i g kD =7, 1, 0+ Tr(Jg; (k412 Gk + 1)), (29)
9

e(k)J? (k) 2

o, (k+1) =, (k) + 2, ——=—, 5, (k+1) =y, (6)+ |2 Gk+1) ,

M, (K)
(tyr 0y, <1, 0=y o <1,0<y, <1 — mapamerpu 3BaxxyBaHHs 3acTapinoi iHpopmauii), 1o €

HelNiHiiHMM Ti0puaom anroputMmy Kaumaxka-Yinpoy-I'odda ta 'ynsina-Pememxa-Keiineca, mo mae
K CIIJKYOUi, TaK 1 pUIBTPYIOUi BIACTUBOCTI.

3. EKCIMNEPUMEHTAJIbHE MOLEJTOBAHHS1

EdextuBHicTh 3anmpomnoHOBaHOTO Miaxoxy OyJl0 TNPOJEMOHCTPOBAHO IPH BHPINICHHI 3a1adi
emynsnii. TumoBy cxemy 3amaui eMyJsIii mpeacTaBieHo Ha puc. 2. Bxomamu BeiiBner-Heiipo-das3i-
CHUCTEMHU € 30BHIIIHI KepyKdYi CHUTHAIHM 00’€KTa Ta iXHi 3aTpUMaHi 3HAYEHHS, a TaKOXX 3aTpPUMaHi
3HAaYeHHs CUTHAJIIB 00’ €KTa eMYJIALii Ha BUXOII.

u(k)o 06’ exT »
k)
¥
e iz oY e
vl ] [
Beiisner-ueiipo-{azsi Vs (K}
CHCTCMA Ha aJallTHBHHUX it Z
- W-neiiponax
( (k)

Puc. 2. TunoBa cxema emyJsimii

Sk 00’ €T eMyJsLii, B3ATO AMHAMIYHHN HENHIHHUI 00’ €KT qpyroro nopaaky [28], mo omucyeTbes
PI3HUILIEBUM PiBHSHHIM

y(k)=0(y(k=1), y(k=2), y(k =3),u(k),u(k -1)), (30)
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e
X%, %% (2, — 1) + x,
1+x5 +x;

O(x,, %y, X5, X, X5) =

€2

Sk kepyIouuii CUTHAJ, Ha BXO/II BUKOPUCTOBYETHCS TIOCTITOBHICTh

sin(zk /25), ons k <250,

1.0, ona 250 <k <500,
u(k) = (32)
—1.0, ona 500 <k <750,

0.3sin(zk /25)+0.1sin(7k /32) + 0.6sin(k /10), ona 750 < k <1000.

Jns emynsinii quHAMIYHOTO 00°€KTa 3aCTOCOBYBAAcs 3arpolloHOBaHa TiOpHIHA BeiBIeT-HEHPO-
¢assi-cucrema Ha W-HeipoHax 3 KUIbKICTIO BXOJIB 71 = 5. KiIbKICTh BeHBIET-aKTHBALIHUX (YHKIIIN
y TPUXOBAaHOMY Imapi Ta iX I[IOYATKOBI mHapameTpu OyJdM OTPUMaHi 3a JOMNOMOTOI0 METOdY
cyOTpakTuBHOI Kiactepu3allii [29]. 3acTocyBaHHS I[bOI'O METOIY JO3BOJIIE OTPUMATH HE TUIBKH
BUXIJJHY MaTPHILIIO KOOPJIUHAT IICHTPIB KJIACTEPIB, aJle TAKOXK BEKTOP, KOMIOHEHTH SIKOTO BU3HAYAIOTh
Jiama3oH BIUIMBY LEeHTpa KiacTepa. [louaTKoBiI 3HAa4YeHHS CHHANTHYHUX Bar OyJM NPUHHATI
HYJIbOBUMH.

VY SIKOCT1 KpUTEPIiIO MPOTHO3Y OYJI0 BUKOPUCTAHO cepelHbOKBaapaTnuHy noxuoky (RMSE)

RMSEWZ(y(k)—yWS (k))*. (33)
k=1

Pesynbratu emynsnii quaamivyHoro 06’ ekra (30-32) HaBeneHo Ha puc. 3. Sk BUIHO, Bi KPUBI, 110
NPEACTaBISIIOTh peajbHi (MMyHKTUPHA JIiHIA) 1 MOZAENbHI (CyUifibHA JIiHiS) 3HAYCHHS, MPAKTUYHO
1IEHTUYHI.

RMSEchk=0.020045
1 T T T T T T T T T

s

0B

04

nz

0.2

04

06

0.8

Py | | | | T ey S ! I
u] 100 200 300 400 500 GO0 700 500 900 1000

Puc. 3. Pe3yabTaTu emyasiuii quHamiunoro 06’exra (29) — (31)

VY rtabmuii | HaBe#AEHO MOPIBHAIBHWUE aHaNi3 TPOIECy eMyJilii Ha OCHOBI 3alpOIlOHOBaHOI
riopumHOi BelBIeT-Helpo-(a33i-CUCTeMH Ha OCHOBI W-HEHpOHIB 3 HACTPOIOBaHHIM BCiX 1l
napamMeTpiB 3 IHIIUMH IiJXOJaMH, OMUCAHUMH B JITEpaTypHUX JDKEpenax, a caMe PEeKypEeHTHOIO
(hazzi-ueiipo-mepexkero (Recurrent Fuzzy Neural Network, RFNN), pekypentHoro Helpo-(haz3i-
MEpeKero, IMo camoopraHizyeTscsi (recurrent self-organazing neural fuzzy inference network,
RSONFIN) [30], neiipo-daszi-cucteMoro i3 mpsmoro mepenadero iHdopmamii (feedforward neural
fuzzy systems, NFS), pekypentHoro ¢azzi-mepexeto TCK-tumry (TSK-type recurrent fuzzy network,
TSK-RFN) [31] i daz3i-BetiBreT-HeHpoHHOIO Mepexkero [11].
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Tabnuys 1
IopiBHANBLHUI aHATI3 pe3yJbTATIB eMyJIALil AMHAMIYHOI0 00’ €KTa
KinbkicTh RMSE
HeiiponHa mepesxka / AJITOPUTM HABYAHHS nox
eliponna mepe:ka / Aarop apta eno Hauanena | TecroBa
HABYaHHSA

BHOIpKa BUOIpKa

3anpornoHoBaHa BeWBIET-HEHpPO-(a33i-cUcTeMa Ha OCHOBI
amantuBHUX W-nHeiipoHiB (Wavelet-Neuro-Fuzzy Systems
based on W-neurons, WNFS- W) / PMHK (21) +| 30 0,0183 0,02004
3ampornoHOBaHM aJrOPUTM HABYaHHS BCIX MapaMeTpiB

mepexi (20), (29)

®a3zi-BeliBieT-HelipoHHa Mepexa [11] 200 0,0282 0,0301

Pexypentna aszi-Heiipo-mepexa (Recurrent Fuzzy Neural

Network, RENN) 200 0,0114 0,0575

PexypentHa Heiipo-¢a3zi-Mepexa, IO CaMOOPraHi3yeTbcs
(Recurrent ~ Self-Organazing Neural Fuzzy Inference | 200 0,0248 0,0780
Network, RSONFIN) [30]

Heiipo-dassi-cucrema i3 npsmMoro mnepenadcto iH(opmarii

(Feedforward Neural Fuzzy Systems, NFS) 200 0,0203 0,0521

Pexypentna ¢azzi-meperxxa TCK-tumy (TSK-type Recurrent

Fuzzy Network, TSK-RFN) [31] 200 0,0034 0,0346

3 HaBeJICHUX BUILE Pe3yJIbTaTiB BUIUIMBAE, IO 3aIPONOHOBAHA apXiTEKTypa TiOpHIHOT BEWBIET-
Helipo-a33i-cucreMu Ta aNrOpUTM HABYaHHA BCiX ii mapaMeTpiB 3a0e3ledyroTh OUTBII BHUCOKY
TOYHICTh €MYJIAIll B TOPIBHSAHHI 3 IHIITUMU TiIX0aMH 32 MCHIIIUK Yac HaBYAHHS.

BUCHOBKHN

3anpornoHoBaHa apXiTeKTypa Ma€ MOKpAaIleHI almpOKCHMYIOYi BIACTHBOCTI 32 PaxXyHOK BBEICHHS
aJIalTUBHOTO BEWBIIOHA B KOHCEKBEHT, a TaKOX HACTPOIOBAaHHS BCiX MapameTpiB mepexi. Taky
BeHBJICT-HEHPO-(Pa33i-apXiTEeKTypy MOKe OyTH BHKOPHCTAHO JIJIsi BUPIIICHHS 3a]a4 JIarHOCTHKH,
NPOTHO3YBaHHSA, eMyJslii Ta iAeHTHdiKkamii HecTallioHapHUX TMponeciB. EkcrepuMeHTalbHe
MOJIENIIOBaHHA OyJI0 TPOBEJCHO HA HECTAl[lOHAPHUX pAAaX TeXHIYHOI Ta Oi0JNOTiYHOI TPUPOIH.
[opiBHSHHSL pPE3yNbTaTiB EKCIEPUMEHTIB 3 pe3yJbTaTaMu BiIOMUX Helpo-(ha3zzi-cucteM 0BeEIO
nepeBary 3amnpornoHOBaHOTO MiAXOMY.
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