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JEKOMIIO3UIIMHUI METO/JI OBYHUCJIEHHSI BAIOBHX
KOE®IIEHTIB BIHAPHOI HEMPOHHOI MEPEXI

Anoranisi. BukinaneHo meron oOumciieHHs BaroBux KoedirieHTiB OiHapHOT HeHpOHHOI Mepexi
Ha OCHOBI ii JeKOMMO3WLii Ha eJeMeHTapHi MoAyni. Meron nae 3Mory OOYMCIIIOBATH Barosi
Koe(illieHTH BCiX 3B’S3KIB Mepexi Ha erami 1i IPOEKTyBaHHS, B PE3yJIbTaTi 4OrO0 HEMA€ MOTpe-
Ou y peaiizauil TPYAOMICTKHX iTepaulifHUX alrOpUTMIB HAaBYAaHHS Mepexi B mporeci 11 ekcrury-
atanii. HaBeneHo anropuT™ Ta TpHUKIAA OOYUCICHHS BaroBUX KOCQiIi€HTIB.

KuouoBi cioBa: OiHapHa HEeWpoHHA Mepeka, BaroBi KOSQIIi€HTH, METOJ OOYHCIICHHS, JECKOM-
TIO3ULLiS, AJITOPHUTM.

BCTYII

Iupoke 3actocyBanHs HerpoHHHX Mepex (HM) mns po3B’si3aHHsS pi3HHX CKIIa-
HUX TPHUKJIATHUX 3a7]ad 3yMOBJICHO CYYaCHHMH JOCSTHEHHSAMH y cepi MITydHOTO
THTETIeKTY, OOYHMCIIOBAIBHOI TEXHIKH Ta TporpaMyBaHHs. OCHOBHOK MEpPEBaror
BUKOpUCTaHHA Mojaeni HM e mpupoaHicTh peamizanii iXHBOI 3JaTHOCTI JI0 caMo-
HaBYaHHS Ta po3mapainemoBanss [1, 2].

Uepes Benuky po3MipHicTh Mojeneit HM icHye cymyTHS HM3Ka IXHIX HEHOJIKIB.
Cepell HUX TpPaJMIIHHO BHOKPEMIFOIOTHh: BHUKOPHCTAHHS CBPUCTHKH B OIJIBIIOCTI
MiAXOAIB 10 MPOEKTYBaHHSA, TPUBAIICTh ITEPAllifHOTO HANAIITYBaHHS BHYTPILIHIX
3B A3KIB MK 0Aa3MCHUMM €J€MEHTaMH, MPOOJIEMH 13 MOIIYKOM PEalbHUX NaHUX JUIS
(dbopMyBaHHs HaBYaIbHOT BUOIPKH, MOXIIMBICTH OTPHUMAaHHSI XHOHOTO pPO3B’S3KY
Tomo. HYacTKkoBO 3a3HA4YCHI MPOOJIEMH PO3B’SI3yIOTh MOKPAIIEHHIM CTPyKTypu HM,
MOJIIOM 3a 4YacoM IMpOILeciB HaBUaHHS Ta eKCIulyartaii mogeni [3-5].

VY wiif crarTi 3anpoIOHOBAHO OJMH 13 MIXOMAIB 0 peanizawii 6iHapHOT HeHPOHHOT
MEpexXi, BXOJJaMH Ta BUXOJIaMH sIKOi € Habopw OiTiB, a HEWPOHU peaNi3yloTh QYHKIIIi
JIBIMKOBOI JIOTIKH KUTBKOX 3MIHHHX. Mepexi IbOr0 THITY 3aCTOCOBYIOTH JUIsl PO3B’s3aH-
HS 3a]a4 KJIacTepu3alii y CUCTeMax KOMIT FOTEPHOTO 30Dy, TeICKOMYHIKAiHHUX TPH-
CTPOsIX OOpPOOJICHHS CUTHANIB, CHCTEMAaX IiarHOCTYBAaHHs 3aXBOPIOBaHb TOWIO. Y pe-
ATPHHUX 33J1a4aX PO3MIPHICTh BXOJY MOXKE JOCSTaTH BEIUKUX PO3MIpIB.

3anponoHOBaHUHN MiJIXiJl CYTTEBO BIAPI3HAETHCS BiJl TOOYIOBH MEPEK BiIOMOTO
tury. O4YiKyIOTECS Kpamii mokasHukd HM 3a paxyHOK KiHIIEBOi KiBKOCTi BapiaHTIB
MOBHOTO mepebopy (yHKIIH, OT)KE, HABYAHHS 3aKiHYYBAaTHMYTbCSA 3a MPUUHATHUN
yac 1 amapaTHa peaiizaiis Mepexi Oyae HadaraTo MpOCTIIIO.

orJjsJ JITEPATYPU

OpHi€0 13 TONOBHUX 3aJlad MPOEKTyBaHHs IMTydHOi HM € OO4YuMClIeHHS BaroBUX
koedimieHTiB 11 3B’s3kiB [1-5]. [nsg 11 po3p’s3aHHS 3a3BU4all BUKOPHUCTOBYIOTH
MiaXiJ, Mo Tepeadadae peaizaiiio Mpoueaypu «HaBuanHs» HM [6, 7.
Anropurmu HaBuaHHst HM 0GasytoTecst Ha nBox mpaBuiax J[. Xe6ba [3—-6], sxi
Uil OlHApPHUX MEpEeXK MOKHA CHOPMYIIOBATH Tak:
— SIKIIIO BUXIJTHUW CUTHAJT HEMpOHA HETIPaBIITLHUH 1 IOPIBHEOE (), IOTPIOHO 30LTHIIATH
BaroBi Koe(illieHTH HOro BXIJHHMX 3B’SI3KiB, SKMMH TPOWIIOB CHUTHAI, PiBHHU 1;
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— SIKIIO BUX1THUH CUT'HAJ HEMpOHa HeMPaBUIbHUM 1 IOPiBHIOE 1, MOTPiOHO 3MEH-
IIUTH BaroBi Koe(ilieHTH HOT0O BXIJHUX 3B’S3KIB, SKAMU TPOUIIIOB CUTHAJ, PIBHUM 1.

Haii6inpin nommpenuM mMetonom HaBuaHHs HM «3 ydurtenem» € MeTo] 3BOpPOT-
HOTO PO3MOBCIO/DKEHHS TIOMHUIIKM 3TiTHO 3 «JeJbTa-ipaBuiom» [1-6].

Ons naBuanust HM «6e3 yuuTess» HalvacTille 3aCTOCOBYIOTh METOJ KOPEKIii
MMOMMJIKH 3TTHO 3 «anbda-npamwiom» [1-7]. Lleit MeTon mepembadae MOKPOKOBE
301IBIICHHS] BarOBUX KOE(Ili€HTIB akTHBHUX 3B’ s13KiB HM Ha oHakoBy (3a3maneriib
00uHuCIIeHy) BEIMUYMHY 31 30€pEKEHHSIM KOJIMIIHIX 3HAYCHb BaroBUX Koe(illi€HTIB
3B’S3KIB, AKI HE € AKTHBHHMH.

CuHTe3 Ta amapaTHa pealizailisi HeWporoaiOHUX Mepex Aociipkeni y [8, 9].

MoxxnuBicts T00yn0B HM Ha MUCKpETHHX ClEeMEHTax 3 EIEeMEHTAMHU IaM’siTi,
OiHapHUM BBEJCHHSIM Ta BUBEIEHHAM onucaHa B [10] s MoaeItoBaHHs JKUTTS TOITY-
JSIIT BIPTYaIbHUX OaKTepild, 10 pO3BUBAIOTHCS B 0OMEXKEH1H IBOBUMIpHIii 00acTi.

VY [11] po3rasiHyTO HaBYaHHSA OJHOIIAPOBOI Ta OararomapoBoi HEHPOHHOI Me-
PEXi 3 KOPOTKHM 3B’SI3KOM 3 BUKOPHCTAHHAM O1HApHOT KiTacU(iKaIlil 3a yMOBH JIOCSIT-
HEHHSI HYJIbOBOI NMOMIJIKH HAaBYaHHS y BCIX JIOKAJBHUX MIHIMyMax i3 HpaBHIBHO
00paHOI0 CypOoraTHOI (YHKII€I BTpar.

3anmava OiHapHOI kiacudikailii He € TPUBIALHOK Y BUTIAJIKY, SKIIO 00’ €KTaMH €
cynyTHuKOBi [10] abo peHTreHiBcbki 3HiIMKH [13, 14].

VY [15] HaBeneHO cxeMy MONIYKY 300paskeHb, 3aCHOBaHY Ha aTpuOyTtax i3 CNN,
10 BUKOPHCTOBYE €(DEeKTUBHUI JBIKOBHI aBTOKOIYBaJbHUK HEBEIUKOTO PO3MIPY
Ta MpOLEAypy MOUIyKy ONMKHBOTO Cycina.

VY [16] nponoHyOTh PO3B’A3yBaTH MPOOJIEMY 3aJIeKHOCTI MK TOUHICTIO Ta Mpo-
JYKTHBHICTIO HaBYaHHS OiHAPHOTO KJacudikaTtopa 0a€CiBCHKOTO TUITY 3a JIOTIOMOTOI0
Kommpomicy. Jlms 1poro BBOIUTBCA QYHKIIS PH3WKY, B SKIM BIUIMB OXHi€l
3 JIOCHIDKYBaHHUX XapaKTEPUCTHK KOMIIEHCYETHCS 3alpOBaKEHHSIM BiAMOBIIHOTO
MHOKHUKA Jlarpamka.

3a3HauuMo, 110 BCi BiJIoMi anroputMu HaB4anHs HM maroTh iTepariiinuii xapak-
Tep 1 BUMAralmTh 3HAYHUX BHTPAT MAIIMHHOTO 4acy. OqHak s 6araThboX MPHKIAI-
HUX 00J1acTel iCHY€e MOXKIIMBICTD allPiOPHOTO OOYKCIICHHS BaroBux koedimientie HM
Ha eTani MPOEKTYBaHHs, IO A€ 3MOTY YHHKHYTH TPYAOMICTKOI iTepamiiHoi mpore-
JypH HaBYaHHA B IpOLECi eKCIUTyaTaii.

Mertoro 1i€i CTaTTi € BUKIAACHHS MiX0Iy 10 PO3B’A3yBaHHS 3a/1a4i alpiopHOTO
oOuucieHHs: BaroBux koegiuieHTiB OinapHoi HM.

MNOCTAHOBKA 3AJAYl JOCJLKEHHSA

[Mpunyctumo, mo Ha BXij kinacudikaniiHoi HM HagxoauTh BEKTOpP BXIJHHX CHUT-
HamiB x =(x; |i=1,n), x€X, a Ha BUXOAI T€HEPY€ETHCS BEKTOP BUXITHHUX CHI-

HAJIIB y=;lj=n—n.+1Ln), yeY¥, ne X — MHOKHHA MOMKIHBHX BX1JIHUX
BEKTOpPiB; Y — MHOXXMHA BHXIJHHX BEKTODiB; n — KiNbKicTh HelpoHiB y HM;
i, j, — HOMepa He#poHiB, i=1,n, j=1,n; r — xinpkicte mapie HM, sika BU3Ha-

YaeThCsl BUMOTAMH JI0 TOYHOCTI PO3B’S3KY 3ajadi.
[lepenbavaerpcs Takox, mo HM e OGiHapHOIO, TOOTO BXiJHI 1 BUXiJHI CUTHAIH
BCIX HEWpOHIB MOXyTb HaOyBaTH 3HaueHb 3 MHOXHHU {0, 1}:

(Vi=1,m)(x; €{0,1}); (Vk=2,7) (i el ) (x; €{0,1); (Vj=1,n)(y; €{0,1}),

ae I, — MHOXHMHA HOMEpiB HEHpOHiB, 10 HalexaTh k-My wiapy, k :17; k —

HOMEp IIapy HEHpoHHOI Mepexi, k =1,7; n;, — KiIbKICTH HEHpPOHIB, IO Hale-
x®aTth k-my mapy, k=1,r.

CDyHKL[i'l‘ aktuBaiii f;(s;) BCIX HCHPOHIB € OJMHHYHMMH CTYIIHYACTUMH
(GYHKIISIMU 3 HYJIBOBUMM YCYHECHHSIMU.
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Jns HelipoHiB nepiioro (BxinHoro) mapy f;(s;)=x;, i=1, n;. Jnd HellpoHiB
BCIX HACTYNHHUX MIapiB

fis)= 0 JUIA S ; <0,
ST 1 s s; >0,
e s; — BUBAXKEHA Cyma BXIJIHUX CHTHAJIB j-r0 HEHpOHa, § ;= Zwijxij: jely,
o i€l
k=2r. Tyt X — BXIJJHMI CHTHAJ j-TO HEHpOHA, 110 HAJAXOIUTH BiJ i-TO HEHpo-

Ha momnepeanporo mapy HM, Xij = Yis iely, jely.y, k=1,r-1; w; — Barosuii

y
KOeQILIEHT 3B’A3Ky, IO WIe Bin i-r0 HEHpPOHA JIO j-ro HeHpoHa, ie€ly, jelj,|,
k=1,r-1

SIKIIO KO’KHOMY MOXKJIMBOMY BXiJHOMY BEKTOPY 3 HaB4yanbHOi BuOipku HM cra-
BUTHCSI Y BIIMOBIIHICTD OYiKyBaHU (€TaJOHHMI) BUXITHUN BeKTOP, To HM mpaBmIib-
HO Kiacu¢ikye Bximumii curHan. Tox kpurepiii sikocti 6inapHoi HM MokHA

BU3HAYUTH BHUPa30M | & .
SZZZ()’I -y) < €om >
/=1
e L — KinpKicTh IUKIIB HanmamrtyBaHHs HM; / — HOMep HMKIy HalalITyBaHHS;
& — CepelHbOKBaJpaTUYHA TOoXHOKa Kinacudikanii HM 3a mpuitHATOIO HaBYallb-
HOIO BHOIPKOIO BEKTOPIB X € X; ); — BEKTOp 3HAYCHb BHUXIJHHUX CUTHAIIB y /My

LUK HaJalllTyBaHHS; ) — BEKTOpP €TaJOHHWUX 3HAa4YeHb BHXIJHUX CHTHAIIB,
* tas
y €Y; &po; — HeIKe N0JaTHE JUKMCHE YKCIIO, IO BM3HAYAEThCS KOHCTpyKTopoM HM

1 XapakTepu3ye IOIMyCTHME BIIXIIICHHS (DaKTHIHOTO BHXIIHOTO CHTHATY BiJ| €TAIOHHOTO.

HotpiGHO OGYMCINTH BEKTOp 3HAYCHb BArOBUX KOCQILIEHTIB w=(wy | i €/},
j€lpy, k=1, r—1)Takux, mo mix yac HaaxokeHHs Ha BXig HM BekTopa GiHapHHX
CUTHAINIB X € X Mepeka Oy/ie BUJaBaTh BEKTOP NMPaBUIbHUX 3HAYCHD BUXIJIHUX OiHa-

PHHUX CHTHANIB y €Y, 1O 33J0BOJBHAIOTH KPUTEPiH &.
OBYMCJIEHHSI BATOBUX KOE®IIIEHTIB

OcobmuBicTio HM € B3aeMHa HE3aJCKHICTh BaroBMX KOC(IIIEHTIB 3B’A3KIB MiX
HelpoHamu. [Hakme kaxy4u, BaroBi KoediuieHTH wy (i €1y, j' €1}, 1) 3B’53KiB, WO
HaJIeKaTh j'-My HEHpOHY, HE IOB’S13aHi YKOJHUMH MaTeMAaTHYHUMH CITiBBiJIHOIICHHS-
MU 3 BaroBumu KoediieHramu wy. (i €1y, j" €1y, j' # ") 3B’I3KiB, IO HANEKATH

j"-my Heiipony, k =1, —1. Lle Hamae MOXIHUBICTb MpoBecTH Aexommnosuuito HM Ha

mpocTi (parMeHTH (eIeMeHTapHi MOJyJNi) 1 pO3B’A3yBaTH 3amady OOYHCIICHHS Baro-
BUX KOG(IIEHTIB IS KOXXHOTO MOYJISI OKPEMO.

[osicHEMO CyTH 3aIPOIIOHOBAHOTO METOLY.

Jist kokHOrO HaOOpy 3HAUCHb BXIJHMX CUTHAIIB X = (X; | i =1, ;) BCTaHOBIIIO-
I0Th BIAMOBITHUI HaOip eTaloHHUX (MPaBHILHUX) 3HAYEHb BHXIAHMX cuTHaNiB HM

* * .
y =y lj=n-n.+1n).

Jani Ha Mepexi BHOKPEMITIOIOTh (pparMeHTH (eIeMEeHTapHI MOJIYJIi), IO CKIIaa-
I0TbCsL 3 OJHOIO HelipoHa k-ro wapy N ;, j€lj, Ta BCIX HEHPOHIB MOIEPEIHBOr0
(k—=1)-ro mapy N;, i€l;_;, k=1r-1 (puc. 1).

BuokpemiieHHST eleMEHTapHUX MOIYJMIB 3MIHCHIOIOTH MOCTIZIOBHO, ITOYHHAIO-
g 3 BuxigHoro mapy HM (k =7) i 3akiHdyrounm apyruMm mapom (k =2).

Jami okpeMo Ayt KOXKHOTO j-T0 (j=n—n, +1, n) BUXiTHOTO KaHAIy MEpPExi 00-
YUCIIOIOTh 3HAUYEHHS BaroBUX KOe(IilieHTiB w;;, i €1,_,
HEHpoHa Bij HEHpoHIB monepenHsoro (7 —1)-ro mapy.

Barogi xoedimientn w;;, i €/,_;, TOBUHHI OyTH TaKUMH, 1100 BI/IXi]IHI/Iﬁ CUTHAI
J-TO HeiipoHa 30iraBcsi 3 MOTPIOHMM CTAlOHHMM 3HAYCHHSIM ); = V;.

3B’SI3KiB, 110 WAYTH JI0 j-TO
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Buxinuuii cursan y; mae 3Ha-
yenHs QyHKLii aktuBamii f j(s;).
Omxe, QYHKIS aKTHBaIlii MOBHHHA
HaOyBaTu 3Ha4YECHHS y;:

*
fj (Sj) =Y
Skmo y; =0, To j-i1 HEHPOH HE

MOBHHEH OyTH aKTHBOBAaHHM, OTXKE,
3BaXKEHA CyMa HOro BXIiJHUX CHT-
HaJIIB HE MOBUHHA repeBulnyBaTH 0:

Puc. 1. Enemenrtapuuii moxyns HM §; = Zwl'jxij <0. 1
iel,
* (v ~
Axmo y; =1, 10 j-it HEHPOH MOBUHEH OyTH aKTHBOBaHUM, OTXKE, 3B&XKCHA CyMa

WOro BXIJHUX CHTHANIB MOBUHHA OyTu Oinbiie O:

iel,_;
Bupasu (1) i (2) narote 3Mory chopMyJIrOBaTH YMOBH, SIKHM TIOBUHHI 33]I0BOJIb-

HSTU 3HAYCHHS BaroBUX KOe(illieHTIB wi, i€l . Jliist 1bOoro MOTPIOHO TMOCIIIOBHO
nigcraBuT y popmyinu (1) ta (2) Bci MoxknBI KoMOiHawLii 3HaYeHb BXiIHUX CUTHAJIIB
x; €{0,1}, iel, .

o * * . . .
Hexaii x j= (xij | i €l,_1)— BEKTOp 3HAYCHb BXiJHUX CUTHAJIB, 1[0 HAAXOAATH
Ha BXifA j-ro HelpoHa, jel,; [ ;El—)l — MHOXHHa HOMEpiB HelpoHiB (r —1)-ro mapy,
. . . v . . . *
BIJI SIKUX Ha BX1J j-r0 HEHpOHa HAJAXOAATh CUTHAIM, piBHI 1, / r(i)l ={iel,_y: Xj = 1}.
Toni ymoBu (1), (2), IKUM TMOBUHHI 32/I0BOJILHSITH 3HAYEHHS BaroBHX Koe(illi€HTIB
Wi, [ €1, 1, MOKHA 3aMCATH y BHIVSAI TAKHX HEPIBHOCTEH:
% £
ZWij <0 ms Vi =0 Ta ZWij >0 s YV =1.
ier P ier®
r=1 r—1
Jlist 6GiHapHUX Mepe 00JIacTh 3HAUEHb BaroBUX KOEQIIIEHTIB TOCTaTHRO 0OMe-

xutn MHOXuHHOIO {0,1}. Ilpm mpomy ymoBu (1), (2) MoXHa 3amucaTH TaKUMH
IMIITIKATUBHAME BHPa3aMu:

* *
(J{j ::0) d ZE:WVU =0 ) (J{j ::1) —> ZE:VVU >1
iel ,(,1)1 iel ,(1)]
HepiBHOCTi, 1m0 BXOAUTH [0 APYroro BHpa3y, 3aJ0BOJBHIE MHOXKHHA

KOMOIHaLli}i 3HaYCHb BAarOBHX Koe(illieHTiB wy;, i €/ r(l—)l' 11106 yHUKHYTH HEBU3HAYC-

. . o . * .
HOCTI, JIOUUIBHO NPUAHATH NPABUIIO, 3TiJHO 3 SKAM 3@ yMOBH y; =1 BCIM BaroBuMm
KoedilieHTaM MPHUBIACHIOITH 3HA4YeHHS 1. Y mijicyMKy npaBuiia 0OYHCICHHS Baro-
BUX KOe]ilieHTIB w;;, i€l r(—)l’ OiHApHOI MepeXi MOXKHA 3aIliCcaTH Tak:

lj’
* .
(v =0) > [(Viel™)(w; =0)], (3)
(v =D > [(vielD)(w; =D]. )
3arasbHa (opMynia oOuucleHHs BaroBux KoeogimieHTtiB OinapHoi HM wmae
BUTJISL #
wy =400 PR T (s)

*
(l—x,-j), AKIIO V) # X7,

y;-‘ €{0,1}, Xy e{0,1}, j=1n, ielj,
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ne I j — MHOXHHA HOMEpIB HEHPOHIB, Bil SAKUX HAJXOISITh CHUTHAIU Ha BXiJ J-TO
HellpoHa (iHaKIIe Ka)xXy4d, MHOXKMHA HOMEpIB HEMpOHIB MIapy, L0 € HONEepeaHiM
IUIsL TOTO IIapy, B SIKOMY MICTHTBCS j-H HEHPOH).

3 dbopmynu (5) BUILTMBAIOTH JiBa BUCHOBKH, SIKi BU3HAYAIOTh HEOOXiIHI Ta J0C-
TaTHI YMOBHU OTPHUMaHHS €TAJIOHHUX 3HAYCHb BHXIIHOTO CUTHAITY €IEMEHTaPHOTO MO-
NyJsi OIHApHOT Mepexi:

— JUI OTPUMAaHHS 3HAYCHHS y; =0 moTpiOHO, 100 BaroBi KoedilmieHTH BCiX

. . . o . . *
BXIJHHX 3B’A3KIB j-TO HEMpOHA JopiBHIOBaIN HYyIO (Vi €l j )(wij =0)—>(y i =0);
— JUIsl OTPUMAHHI 3HAYCHHs y; =110TPiGHO, 106 cepell BXIAHUX CUTHAIIB j-ro

HelipoHa OyB xo4a OM OJMH CHTHAJ X ij =1, 10 HAJXOIUTh IO BXiJTHOMY 3B’5I3KY, Ba-

rosuii koedirieHT skoro Outbme Hymsi (3iel;)[(x; =1)& (w; >0)] > ( y; =1).

[Ticns obumcneHHs BaroBux Koe(illi€HTIB BXITHUX 3B’S3KiB j'-r0 HEHpOHA 7-TO
Iapy omMcaHa Ipoleaypa peanizyeTbes ANl HACTyImHOro j-ro (j €J, \ {j'}) HelipoHa
BHXIJJHOTO IIapy MEpexi.

[Micna oOumcneHHss BaroBUX KOe(ili€HTIB BXiTHUX 3B’S3KIB BCiX HEHPOHIB 7-TO
mapy (GOpMyIOTECs €JIeMEHTapHI MOAYJIi, KOXKEH 3 SKUX CKJIaJaeThCs 3 OJAHOrO Heil-
poHa (7 —1)-ro mapy Ta BCiX HEHPOHIB MomepeIHboro (» —2)-ro mapy. Jani okpemo
JUIE KOXKHOTO MOJYJISI HABEJICHUM CIIOCOOOM OOYHCIIOITh 3HA4YCHHS BaroBUX
koe(ilieHTIB 3B I3KiB MixK HelipoHamHu (» —2)-ro Ta (7 —1)-ro mapis, micis Y0ro po3-
TIIAAF0Th TMONepenHto napy mapiB: (r—3)-ro ta (r—2)-ro i 1. a. [lpu 1pomy
BUXIZHUI CUTHAI Y ' (J €1}) KOKHOTO MOJYIIsl IOYEPTOBO MPUIHMAETHCS piBanM 0 Ta
1, a K BXiJAHI CUTHAIH X i elj_y, poO3TIAAAIOThCS BCl MOXIINBI OiHapHI KoMOiHamii
iXHIX 3Ha4YeHb, 2< k< r—1.

[Iporiec 3aBepiryeThesi OOYUCICHHSIM BaroBUX KOe(Illi€HTIB BXIiTHUX 3B’SI3KIiB
MDK HeHpoHamu mepmoro 1 gpyroro mapie HM. V pesynbTari BU3HaYa€ThCs TOBHUN

BEKTOp W= (Wij |iely, jel,,, k=1r—1) BaroBux koedilieHTiB, sKkuil 3ab6e3me-

4y€ OTPUMAaHHS CTATIOHHUX 3HAYCHb BUXITHHX CHTHAJIB JIS OyIb-sIKHMX KOMOIHAIiH
CUTHAJIIB, M0 MOXYTh HajxoauTu Ha Bxig HM.
ITix yac IpOEKTYBaHHSA MEpexi ClIif nependavyaTH TOAATKOBHH BXiTHHN CHTHAI

X(, TPHU3HAUYCHUN Asl iHimiamizamii Mepeki y BHUNAAKY HAIXOKCHHS Ha 11 BXiX
0!

HYJIBOBOTO BekTopa x = (x; =0]i=1n): xq =H 1=x;).
i=1
AJITOPUTM OBYMCJEHHS BATOBUX KOE®ILIIEHTIB
ANTOpUTM OOYKCIICHHS BaroBUX Koe(illieHTIB MiKHEHpOHHHX 3B’s3kiB HM mepe-
n0adae IOCIIOBHE BUKOHAHHSA TaKUX M.

1. ®ikcauis Homepa j HellpoHa N ;, sKuil Ha NIOTOYHII itepauii Oyae posrisiaa-
THUCS SIK BUXITHUI HEHPOH eIeMEHTAPHOTO MOIYJIS. 3HAUECHHS j BUOMPAETHCS 3 MHO-
KUHH {n—n; —1,...,n} y TOpSAAKY CHaJaHHs, TMOYMHAOYM 3 7 1 3aKIHUYYIOUH
(n—n; =1).

2. QopmyBaHHS MHOXKHHH / ; HOMEPIB HCHPOHIB, SIKi OE3MOCEPEIHBO NEPEAYIOTH
HEHpoHy N ;.

. . . v *

3. BuGip eTanoHHOro 3Ha4YCHHs BUXiJHOIO CHTHAY j-IO HEHPOHA y; 3 MHOXKH-
mu {0, 1}.

4. ®opMyBaHHSI MHOXWH MJ(.Z), z €{0,1}, BexkropiB x; =(xq, x; | i€l;) 3Ha-

YeHb BXIJIHUX CUTHANIB HEHpoHa N ;, 3a SKUX BIH IMOBHHEH BUIABaTH CTAJTOHHHN
. o *
BUXiJHUH CHTHAL ;.
5. O6uncneHHs BaroBux KoeiIieHTiB w,
3a (opmyioro (5).
6. IlepeBipka yMOB 3aBEpIICHHS IUKJIIB alITOPUTMY.

. . . N
o L el j » BXIIHUX 3B’5I3KIB HEHPOHA N j
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Slkmo BaroBi koedilieHTH Wi, 1 el Iz oOuncaeHl He AId BCiX KOMOIHAIiH
BXIJIHUX CHIHAIiB x; =(xg, x;|i€l;), To mepexin po 1. 4.

Skuro BaroBi KoedilieHTH Wi, iel Iz o0unciieHi g BCiX KOMOiHALIN BXITHUX
CHTHAJIB, aJle HE /ISl BCIX €TAIIOHHUX 3HAYCHb BUXiAHOrO curnany y; €1{0,1}, To me-
pexin mo m. 3.

SIxmio Barosi xoedimieHtn wy;, i €/ I o0yuciieHi Uil BCiX KOMOIHALIM BXiIHUX
. . . *
CHTHAJIIB Ta JUIsl BCIX CTAIOHHUX 3HAYCHb BUXIJHOIO CUTHANY V; € {0, 1}, ane He ans

BCIX HEUpOHIB N ;, je€{n—ny —1,..., n}, To mepexiy no m. l.

Slkmo BaroBl KoedilieHTH Wi iel jo oOumciieHi Juis BciXx HEHpoHiB N jo
jei{n—n; —1,..., n}, 3aBepIIyeThCss poOOTA ANTOPUTMY.

KinbkicTh iTepariiid, mOTpiOHUX st OOYMCIICHHS! BaroBUX KOS(IIli€HTIB 3B’SI3KIB
HM, BH3HAYA€TbCS KIUIBKICTIO HEHpPOHIB (7 —ny), 110 HE HAIEXaTb MNEPIIOMY
(BXigHOMY) mIapy.

3ampornoHOBaHUM aNTOPUTM OOYMCIICHHS BaroBUX KOCQIIi€HTIB MIKHEHPOHHUX
3B’s3kiB HM mpaitoe TouyHO, a HOro 4acoBa CKJIaIHICTh CTAaHOBUTH O(V) Ta 3aJIeKHUTh
BiJI PO3MIPHOCTI BEKTOpa BaroBUX Koe(]ili€HTIB w , JIe ¥ — KIIBKICTh 3B’ s13kiB HM,

r=1
V= annk+1. 301XHICTb HABEJEHOIO alropuTMy OOYMOBJIEHAa CKIHUEHHICTIO
k=1
MHOXXHUHU eneMeHTiB HM Tta BifACyTHICTIO (YHKI[IOHATBbHUX 3aJIC)KHOCTEH MIiX
BaroBUMH KoedimieHTaMu ii 3B’S3KiB.

OcCKinTbKH OLTBIIICTD Onepaniii, mepe0aueHUX alTOPUTMOM, € ONCPALISIMH TIPH-
BJIACHEHHsI, a Omepalil MOpiBHAHHSI BUKOPHCTOBYIOTh TUIBKM s peatizamii Gpopmy-
mu (5) oIHOPa30BO UIsl KOXHOTO 3B’s13Ky HM, MOXHA MPHUITYCTHTH, IO OOYHCIIO-
BaJlbHa CKIAamHICTh anroputMy O(v) Omu3bKa MO JIIHIHHOL.

NPAKTUYHA PEAJIIBALISI METOAY

[MpakTryna peamizaimis 3ampONOHOBAHOTO METOXNY LTIOCTPYETHCS IPHKIAIOM 00-
YHCIICHHS BaroBHX Koe(iIlieHTIB OiHapHOI Mepeki, MPH3HAUCHOI IS PO3B’SI3aHHS
3a/1a4l KJlacTepu3altii.

[punycTumo, 1o XapakTepUCTUKU 00’ €KTIB KIacTepH3alii 3 ypaxyBaHHsIM IO0-
TaTKOBOTO BXIJHOTO CHTHAIY X() ONUCYIOThCA YOTHPUBHMIPHUMH OiHADHUMH BEKTO-
pamu x = (xq, X1, X5,x3), X; €{0,1}, i=13.

[lependavyeno Tpu Kiack 00’€KTIB, HOMEPH SKHX BiJIOBITAIOTh 3HAUYCHHIM eJie-
MEHTIB JBOBHMipHOr0o OiHApHOTO BEKTOPAa BUXIAHUX CHUTHANIB Y= ()4, Vs5),
y; €{0,1}, j=4,5, a came y=(1,0) — mepmmii xnac, y=(0,1) — apyrnii xnac i

y=(1,1) — TpeTiit kiac.

[Ipunycrumo, 10 00’ €KTH, XapaKTESPUCTUKHU SIKHX OMHUCYIOTHCS BXIHUMU BEKTO-
pamu (1,0,0,0), (0,0,0,1) ta (0,0,1,0), Hanexarp nepuiomy kiacy; Bekropamu (0,0,1,1),
(0,1,0,0) ta (0,1,0,1) — apyromy kmacy; Bekropamu (0,1,1,0) ta (0,1,1,1) — tpeTpromy
KJiacy.

[MotpiOHO OOYMCIHUTH Barosi
koedimientn 3B’s3kiB HM, mpu-
3HAYeHOI JUIsl PO3B’SI3aHHS i€l
3ajaui KJIacTepu3anii y HaBeeH i
nocranoBui. Jns 1wsoro dop-
Mmyetbess HM, mo ckiagaerscs
3 JIBOX IIapiB i Mae TPH BXIiJHI Ta
JIBa BUXiIHI KaHamu (puc. 2).

Ha it Mepexxi MO)KHa BHOK-
PEKMHTH [1Ba €JIeMEHTapHi MOJY-
qs. Tlepmmii 3 HUX CKJIaA€THCS
3 BUXiTHOTO HefipoHa N4 Ta HEil-

Puc. 2. HM s poss'si3aHHs 3amadi  Kimactepizarii
(mpuxmnan)
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poHiB BxigHOTO mapy Ny, N, i N3, Apyruif — 3 BUXigHOTO HelpoHa N 5 Ta THX ca-
MHX BXiHUX HeHpoHiB N, N, i Nj.

AJNTOpHuTM 00UYHCIIEHHS BaroBUX Koe(illieHTiB HEHPOHHUX 3B s13KiB 1iel HM mepe-
n0adae IOCIIIOBHE BHKOHAHHS TaKUX Hild.

1. dikcamis HOMepa HEWpoHa, sSKMi Ha Wil irepamii Oyae po3risgaTHcs SK
BUXIIHUM HEHPOH eJeMEeHTapHOro Monyis, j=S5.

2. dopMyBaHHS MHOXKHHU [ 5 HOMEPIB HEHPOHIB, AKi Oe3MOCcepeIHbO MEPENYIOTh
Helipory Ns, I5 ={1,2,3}.

3. Bubip eraqoHHOTO 3HAUEHHS BHXIJHOTO CHUTHATy HEHpoHAa N5 3 MHOXHHU
(0,13, ys =0.

4. ®opmyBaHHI MHOXUH M §0) BEKTOPIB X; = (X, X;5| i €/5) 3HAUCHb BXIIHHX
CHTHAJIB HelipoHa N 5, 3a SIKMX BiH MOBHHEH BU/ABAaTH €TaJOHHUN BUXIAHHUN CHIHAI
ys =0:

MY =1{(1,0,0,0); (0,0,0,1); (0,0,1,0)}.

5. O0uuncaeHHs BaroBux Koe(ilieHTiB w5, § € /5 BXIHUX 3B’s13KiB HelipoHa N 5
3a (bOpMyHOIO (5), W5 = Wp5 = W35 =0.

BuxoHaHHs BiJNOBiHO 1. 4 Ta I. 5 aJropuTMy JJIs €TaJOHHOTO 3HAYEHHS
BHUXiJJHOTO CHUTHAIY y; =1:

(]) . _ . .
— (opMyBaHHS MHOXXHH M s BEKTODIB x; = (xg, x;5 | i €l5) 3HaUEHb BXIAHUX
CHTHAJIIB HelipoHa N 5, 3a SIKHX BiH NOBHHEH BH/ABATH €TAJOHHUH BUXIAHUN CHTHAI
*

ys =1,
M ={(0,0,1,1); (0,1,0,0); (0,1,0,1); (0,1,1,0); (0,1,1,1)};

— 00YnCIIeHHS BaroBUX Koe(iIlieHTIB w5, i €15 BXiIHHUX 3B’S3KiB HelipoHa N 5
3a popmyioro (5), wis =wys =wss =1.

BukoHaHHS BIiAMOBiAHO M. 2—5 anropuTMy A BHXITHOTO HEeHWpoHa N 4:

— (opMyBaHHS MHOXKUHH [ 4 HOMEPIB HEHPOHIB, sIKi Oe3mocepeIHbO NEPEAYIOTh
weiipony Ny, 14 ={1,2,3};

— BHOIp €TaJIOHHOTO 3HAYEHHS BUXIJHOTO CHT'HATY HeWpoHa N, 3 MHOXHHU

K3
{O, 1}’ Y4 :0;
— (opMyBaHHS MHOXHH MAEO) BEKTOPIB X; =(Xg, X;4| i€l4) 3HauUCHb

BX1JIHMX CUTHAIIB HellpoHa N 4, 3a KUX BiH IOBUHEH BU/IaBaTU €TAJIOHHUH BUXIAHUI
%
curHan y, =0,
M ={(0,0,1,1); (0,1,0,0); (0,1,0,1)}:;

— 004uCIIeHHs BaroBUX Koe(illi€HTIB Wy 4, | €14 BXiIHUX 3B’A3KiB HelipoHa N 4

3a opmynoro (5), wig =Wy =w34 =0.

BuxoHaHHs BIiNOBiIHO I. 4 Ta I. 5 aNrOpPUTMYy O ETAJIOHHOIO 3HAYEHHS

. *
BUXIJIHOIO CHUTHALy V4 =1:

— (opMyBaHHSI MHOXHUH M il) BEKTOPIB X; = (X, X;4 | | €/4) 3HaUCHBb BXiIHHUX
CHUTHAJIB HelipoHa N 4, 3a SKUX BiH IOBMHEH BUIABAaTU CTAJOHHUI BUXINHWI CUTHAI

3
y4 =1
MY =1{(1,0,0,0); (0,0,0,1); (0,0,1,0); (0,1,1,0); (0.1,1,1)};

— 00YHCIIeHHS BaroBUX KOe(ili€HTIB W4, | €14 BXiTHUX 3B’S3KIiB HEHpoHa N4
3a (hopMynoo (5), Wig =wyy =Wz =1

Ha npoMmy mporec oOUHMCIEHHS 3aBEpLIyEThCS.

Howmep kiacy 06’ekra knacudikaiii BU3HAYAETHCS TBIHKOBHM KOJIOM BHX1JIHOTO
CUTHAIY.
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OO4ucreHHs: BaroBUX Koe(illi€HTiB BUMAarae BUKOHAHHsI YOTHUPbOX (271, = 4) iTe-
parliif aJropuTMy 3 TapaHTIER0 aOCOJIFOTHOT TOYHOCTI Pe3yNIbTaTiB PO3B’sI3aHHS 3a]1a4i
e=0.

[ MOpiBHSAHHS 3allPONIOHOBAHOTO METOAY 3 ICHYIOUMMH MiJXOJaMH 3ajady
OyJ0 po3B’si3aHo 3a jornomoror (GyHkiii Neuralnet BijioMoOi MOBH MAIIMHHOTO Ha-
BYaHHS R. [ IhOTO MHOKHHY MOXJIMBHX BEKTOPIB BXiTHHX CHTHANIB 0yJ0 po3ou-
TO Ha TPU KJIACH 32 KUIBKICTIO OJMHUYHHX eJeMEHTIiB. [lo mepmioro kimacy yBiHIUIH
Bektopu (1,0,0,0), (0,0,0,1), (0,0,1,0) Ta (0,1,0,0); mo npyroro — Bekropu (0,0,1,1),
(0,1,0,1) Ta (0,1,1,0); no tperboro — Bekrop (0,1,1,1). KoxxHoMy Kiacy mocTaBieHO
Y BIANOBIAHICTG BuXinHuii curHan y; €{0,1}, j=13, oAuHHYHEC 3HAYCHHS SKOIO

BKa3y€ Ha HAJICKHICTh BXIJHOTO 00’€KTa TOMY YH iHIIOMY KJacy.

Byno orpumano Taki pe3yiabTaTd OOYMCIEHHS BaroBUX Koe(illie€HTiB:
Wo1 =—605332, W2 =374006, wWo3 =028997, w11 =-10. 83074, W12 =5. 82474,
w13 :546058, W1 =-6. 90986, %% =-7. 97071, Wo3 =5. 2247, w31 = 755311,
w3y =3.56792; ws3 =—0.45662.

CepennbokBagpaTiyHa noxuOka kinacudikamii € =0.543122.

KinpkicTs 1ukmiB HanmamTyBaHHS Mepexi L =106.

[TopiBHAHHS OTPUMAaHUX PE3yJIbTATIB IEMOHCTPYE MepeBary 3anpornoHOBAHOTO
METOJly ampiopHOTO OOYMCICHHS BaroBux KoedimieHTiB 0iHapHux HM mepen tpa-
JUIIHHIMHE METOJIaMH TXHBOTO HaBYaHHS IS 0araThOoX NPUKIAIHHX OO0JAcTei.

BUCHOBKHU

3amaua oOumciieHHs1 BaroBux koedimieHtiB HM € GararoBapiaHTHOIO 1 Ma€ CKiHYEHHY
(y pa3i QUCKpETHHX 3HAUYCHb CHTHATIB) a00 HECKIHYECHHY (KON CHUTHAIIM BHMIipIOIOTH-
csl ZIOBUIBHUMH AIHCHUMH YHCIIAMH) MHOXKHHY JOIYCTHMHX PO3B’SI3KIB.

Taka BIacTHBICTH 3a7aul ITOSACHIOETHCS B3a€MHOK HE3AJIEKHICTIO BaroBUX
Koe(ilieHTIB 3B A3KiB, [0 WAYTH A0 BXOJiB HEHPOHIB OJIHOTO WPy BiJ HEHPOHIB TO-
mepenHporo mapy mepexi. Lle mae 3Mory mekoMIio3yBaTé 3arajpHy 3amady oO4mc-
JIeHHs BaroBux koedimieHTiB HM Ha HU3KY mifg3agad, po3B’sS3yBaHUX OKPEMO JUIS
€JIEMEHTApHUX (PparMeHTiB (MOIYJiB), IO CKIANAIOThCA 3 €JUHOTO BUXIJHOTO HEii-
pOHa Ta MHOXXHHH HEHPOHIB IONEPEAHBOTO INApy, IO PO3TILITAETHCS SK BXITHUIA
map MOJyJIs.

3acTocyBaHHS 3alpPONOHOBAHOTO METOJY Ja€ MOXKIHMBICTH OOYHMCIHMTH Barosi
koedinientn HM Ha ertari 1 mpoeKTyBaHHS Ta YHUKHYTH TPYIOMICTKOI iTepauiiHOi
IpOLIeAypH HAaBUAHHS B Ipoleci ekciuryaraii. JIo Toro x, nocsraetbest abCoNOTHA
BIAIIOBIIHICTE BUXIMHUX curHamiB HM iXHIM eTalIOHHHM 3HA4YEeHHSM JUIS BCIX 3a371a-
JIETiIb TIepe0aYeHNX BXIJHUX CHUTHAIIB.

Merton peanizoBanuit ans OinapHux HM, ane moxe OyTu mommpeHuid i Ha Me-
pexi iHmux kinaciB. Hanmpukinasn, konu (yHKIIT akTUBaIlii MalOTh CKIQIHINTY CTPYK-
TYpY 3 IOBUIBHUM 3MIIICHHSM, & CUTHAIN BUMIPIOIOTHCS TIHCHUMH YUCTIaMHu. Y IbO-
My BHIQJIKy BHpa3 (5) HaOyBae IHIIOTO BUTIIITY.

Icnytoui MeToan HaBYaHHS MTyYHHX HM 3BOASTECS 10 peamizaliii eBpHCTHYHNX
QITOPUTMIB, 110 MAIOTh yBECh KOMIUIEKC HEIOJIiKiB, BIACTUBUX aJlTOPUTMaM IbOTO
KJIacy, a came: BIiJICYyTHICTh TapaHTId BiJIIIYKaHHS pO3B’S3KYy 3ajadi, KOIW BiH
00’ €KTHBHO iCHY€; BUCOKA HMOBIPHICTh OMAJaHHS ITONIYKOBOTO MIPOIIECY B TYIHNKOBI
cuTyalii, o noTpedyloTh BTPy4aHHS JIOIUHH (0COONHMBO y 3a/adax, MOCTAaHOBKA
SIKHX BUMAarae JOTPUMaHHS yMOB Yy BUTISII piBHOCTEH); Mi3epHa WMOBIPHICTH
BIJIIIYKaHHS ONTHMAJIBHOTO PO3B’sA3aHHS 3ajadi Ta iH.

3po3ymino, mo icHye 6e3nid 3amay, po3B’si3yBaHux HM, ski MOXHa 3aMIHUTH
JOCUTH MIPOCTHUMHU ByJieBUMHU, MPOIYyKUIHHUMHU a00 JOTiYHUMHU Mozensamu [17], sxi
HEe MOTpeOYIOTh TPYAOMICTKUX iT€palifHUX MPOLEAYp CUHTE3y CTPYKTypH Ta Ha-
BYAHHS MEPEKi, aJie MPUBOAATH JIO ITYKaHOTO PE3yJIbTaTy 3 a0COIIOTHOIO TOUHICTIO.

PimeHHs 111010 BUKOPUCTAHHS Ti€l YM THIIOT MOJENI 3aJIe)KUTh B MPEIMETHOL
o0xacti, M0 PO3MIIAAAETHCS, 1 BUMArae €KCHEepTHOI OIIHKH.
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A. Litvinenko, D. Kucherov, M. Glybovets

DECOMPOSITION METHOD OF CALCULATING THE WEIGHT COEFFITIENTS
OF A BINARY NEURAL NETWORK

Abstract. A method for determining the weights of a binary neural network based on its
decomposition into elementary modules is presented. The approach allows tuning the weight
coefficients of all the network connections at the stage of its design, which has eliminated the
need to implement time-consuming iterative algorithms for learning the network during its
operation. An algorithm and an example of calculating the weights are given.

Keywords: binary neural network, weights, method of determination, decomposition,
algorithm.
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