IT11. JABOPATOPHASA PABOTA

IIpuMeHeHne IBYXCJIOHHON HEHHPOHHOM CeTH AJIs1 MOAEJIUPOBAHMUS AUCKPETHOM
AUHAMHUYECKOH CHCTEeMBbl.

ILeab padoTbl: O3HaKOMJIEHHE C METOJAaMH CHHTE3a MHOTOCIOMHBIX HEMPOHHBIX ceTed U
MNPUMCHCHHUEC HX I MOACIHMPOBAHUA JHHAMHUYCCKHUX JUCKPCTHBIX CHCTCM. OcBoenune
METOAMKK OOydYeHUs HEHPOHHOH CEeTH C UCIOJIB30BAHUEM IMPHHIUIA OOpPaTHOTO
pactpoCTpaHeHUs OITHUOKH.

Oo1masi yacThb

1. Beeoenue

HeilpoHHble ceTn B HacTosIee BpeMs MOy4yaroT Bce 0ojiee MIMPOKOE paclpoCTpaHEHHE B
3a/a4ax yrmpaBlieHus U 00paboTku mHpopMaruu. CriocoOHOCTh MX K OOYYEHHUIO M BBICOKAS
BBIYUCIIUTENbHAs A3PPEKTUBHOCT OJaroapsi BO3MOXHOCTH pacHapajieuBaHus IpOLECCOB
00paboTKH AeNaroT HEHPOHHBIE CETU MPAKTUUECKH Oe3aJbTepHATUBHBIMHU JIUISl pELICHUS 3a7a4
C TpYIHO (opManu3yeMbIMH OTPAHUYECHUSMH U LEJIIMU YIIPABJICHHUS.

B nmannHO#t maGoparopHoil paboTe UIsI MOAETHPOBAHMS TUCKPETHOW TUHAMHUYECKOMN
CHCTEMBl HCIIOJIb3YeTCsl HEMpOHHas CeTh MEepCenTpOHHOro Tuma. llepcenTpoHHBIE CeTH
pa3fenstoTcss MO TOMOJOTUMM (OAHOCIOWHBIE, MHOTOCIOHHBIE U Jp.), TUNY (QYHKIUU
aKTUBAallMM HEHPOHOB (peJieiiHas OAHO- U JIBYXIOJSpPHAs, CUTMOMJANIbHAS U T...), HAIUYHIO
WJIN OTCYTCTBHUIO CUTHAJIOB OOPATHOM CBS3M U IPYTHM ITapaMeTpaM.

2. Teopemuueckan wacmep
B [1] moka3siBaeTcs, 4YTO OJHOCIOWHBIM MEPCENTPOH 00JIaaeT BEChbMa OrpaHUYCHHBIMU
BBIYHCITUTEILHBIMA BO3MOXXHOCTSIMH, TTO3TOMY JUTIsl OOJIBIIMHCTBA 3a7]a4 €r0 HCITOJIb30BAHHE
OKa3bIBaeTCsl HempuemyeMbIiM. [lodToMy Jansi  pelieHust 3aJad  MOJCIMPOBAHUS W
UACHTU(DHUKAIIMY CPAaBHUTEIBHO TPOCTBHIX CHCTEM YIPABICHHS IIEJIECO00pa3HO TPHUMEHSTh
JIBYXCIIOMHBIH TIEPCENTPOH, KOTOPBIH codeTaeT B cede MPOCTOTY ONTHMH3AIUN U THOKOCTh B
MPEJICTABICHUH UCXOIHONU CUCTEMBI.
Kak w3BeCTHO, IUCKpeTHas JAMHAMUYECKas CHCTEMa CO CKAISIPHBIMH YIPaBICHUEM U
BBIXOJIOM MOKET OBITh ONTUCaHa YPABHCHHUSIMH BH 1A
y(k+1)= f(u(k), y(k)),
(ml.1)
y(0) =a = const,
rae
u(k) - curnan ynpapieHus B MOMeHT BpemeHHu k (k >0), y(0) = a -HauaabHBIC YCIOBHS,
y(k) - curHai BBIXOJIa CHCTEMBI B MOMEHT BPEMEHHU £ ,
y(k +1) - curnan BbIX0Jla CHCTEMBI B MOMEHT BpeMeHH k + 1,
f(u,y) - cucreMHas pyHKUUS OObEKTA YIIPABICHHUS.

Ucxons u3 (ml.l), skBuBajeHTHas HEWPOHHAs CETh MOXKET OBITH MpEACTABICHA B BHJIE
JIBYXCIIOMHON CETU C HECKOJbKHUMH BXOJAaMH, MPEACTABISIIOUIMMUA p OTCUETOB YINpPaBICHUSA

u(k),u(k-1),...,u(k—p+1) u ¢ orcueroB Beixoma y(k),y(k—1),...,y(k—qg+1), a Takxe
onHuM BeIXOOM Y(k+1), momydaempIM mocie 0OpabOTKM HEUpPOHHOW ceThlo (p+q)
BXOJIOB.

CxeMa CTpyKTyphl Takoil ceTu mpuBeaeHa Ha puc. ml.l. OHa BKIIOYAET JBa HEHPOHHBIX
CJIOSl, OJIMH U3 KOTOPBIX SIBJISETCS CKPBITHIM (T.€. BHYTPEHHUM IO OTHOIIEHHUIO K TPaHUIAM
CeTH), a Jpyrou - BBIXOAHBIM. BXozael cetn 0003HaYEeHBI KaK xl""’xlz, Beca MpPU MEepeEXoae

«BXOJI-CKPBITBIHA CIIOM» - W) (i-HOMep HadaibHOH BeprmHbI CBsi3u (i=1:12), j - HOMep



KoHeuHOU BepuuHsbl ( j =1:8), (1) - uHAEKC CI0sT), @ B€Ca «CKPBITHII CIIOI-BBIXOJHON CIOMW -
2 9] ) )
wjr) (=1 - HOMep HelpoHa B BEIXOJHOM ciioe). HelipoHbl, Kbl U3 KOTOPBIX BKIIIOYACT B

ce0s CyMMaToOp M HelMHEeHHY0 (QyHKIMIO aKTHBAlLlMH, [TOKa3aHbl Kpyoukamu. Beixon cetu
o0o3HaueH Kak y . Jl7s BBIXOZOB CKPBITOTO CIIOSI CeTH Ha puc. 1.1 nmeem
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[TockonbKy BBIXOJHOI CHUTHAJI CETH NOJKEH MMETh aHaJOTOBYIO (opMy, YTOOBI OH MOT
COOTBETCTBOBATh CHUTHATY MCXOJHOW CHCTEMBI, TO TMpUHUMaeM (QYHKIUH aKTUBALUU
HEHPOHOB CETU ABYXIOJSPHBIMU CUTMOUIAJIbHBIMU

X —X
e’ —e
z=¢(x) =tanh(x) = ———
e +e”’
rne
Z - BBIXO/IHOM apryMEHT (CUrHaJl aKCOHa) HEHPOHa,

X - B3BCHICHHAA CyMMa BXOJHbBIX (CI/IHaHTI/I‘-IGCKI/IX) CHUI'HAJIOB.

Xy

Puc. nl.1. Cxema AByXCJIOMHOTO NEPCENTPOHA C OAHUM HEMPOHOM B BBIXOJIHOM CJIOE.

Takum 00pa3oM, IOCTPOEHUE CTPYKTYpPhl HEHPOHHOM CETHU BBITIOJHEHO, U HYXKHO MPOBECTH
npolenypy UACHTU(DUKALIMHN BECOB - 00yueHus ganHou cetu. Llenb oOyuenust popmupyercs B
BUJIC KBaIpaTHYHON (pyHKINN
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(ml.2)
rae
7 - UHAEKC BBIXOJIHOTO CJIOSI, COAEPKAILEr0 OJUH HEUPOH,
¥y, =y - BBIXOJ HEHPOHHOM CETH,

d. =d -1eneBoil BEIXOJ CETH, IOIYYaeMBblil C BBIXOAA UCXOAHOH AUHAMUYECKOH CHCTEMBI.

CornacHo [1], omauM u3 3 PEeKTUBHBIX METOA0B O0yUeHHsI ceTeil ¢ auddhepeHITPYEeMbIMU
(YHKUMSAMU aKTHBALUU HEUPOHOB, SBJSIETCS AJITOPUTM OOPAaTHOTO PACIIPOCTPAHEHUS OIIUOKH
(back propagation - aHr.), CyTh KOTOPOTO COCTOUT B CICAYIOIINX dTamax.



1. Marpuusr Becos cern  w. ), wi), i=1:12, j=1:8, r=1 HHHIHATH3MPYIOTCS

MaJbIMH CITy9alHBIMH 3HAUYCHHUSIMH, Hampumep, ¢ pacnpenenenuem N(0,0.1) - mo
HOPMaJIbLHOMY 3aKOHY.

2. Ha Bxox cetu mogaercs oOydwarouiyii curHan (B JaHHOM cllydyae OTCUEThl BXOJa U
BbIXOJIa

CHCTEMBI) U BEIYHCIIACTCS BHIXOTHOW CUTHANI CETH V, =), = ) .
3. 3HadeHHe BHIXOAHOTO CHTHAJa CPaBHHUBACTCS C LENEBBIM 3HaueHHeM d, =d, =d (B
HallleM ClTy4ae ¢ BBIX0/Ja JMHAMHYECKOI CUCTEMBI) U OIPE/ICIIIeTCS Pa3HUIIA
Ay=d, -y =d -y =d-y
4. Crpoutrcs cucreMa, aHajoruyHas puc. nl.l, HO ¢ HUHBEPTUPOBAHHBIMU
HaIpaBJICHUAMH
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byHKIMI akTUBaIMK 2-10 U 1-ro

ci0eB cooTBeTcTBeHHO (cM.[1]). Ha eI[I/IHCTBeHHBII\/'I BXO/I CUCTEMBI MIOJIA€TCS PA3HOCTh
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5. OnpenensroTcss MaTPpUUYHBIE MOMPABKU BECOB CETH:
WOk+D)=wPk)-VvwO(k)-n,
(ml.5)
WO k+1)=w?Uk)-VWw?(k)n,
rae k>0 - Homep utepanuu o0ydeHus,
Wil () Wi (k) e w) (k)
(1) k (1) k . (1) k
wOk) = 28w, 2( ) et 2( )| MaTpHIIA BECOB «BXOJI-CKPBITHIH CIIOH,

Wf?(k) “)(k) Wfi)s(k)

W (k)= [wl(f)(k) wzzl)(k) wé (k)] - BEKTOp BECOB «CKPBITHII CIIOH-BBIXO,

VIO (k)=

WO (k) - MaTpuIa rpagruenTa GyHKuun ommoku u3 (ml.4),

’ J i=112, j=1,8



OFE
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7r r=l, j=18

- MaTpula rpaguenta GyHKuuu ommokuy u3 (ml.3).

[Tpu HOBBIX 3HAYEHHSIX O0YYAIOIINX JAHHBIX 71 HOBOM uTepanuu k'=k +1:

[u(k'-4),u(k'-3),...,u(k"), y(k'-6), y(k'-5),..., y(k")]-Bxox cetu (puc. nl.2),
y(k'+1)=d - TpeOyemblii BEIXOA ceTH AMs utepauuu k'=k+1,
BBIYMCIIAEM pasHULy Ay = (y—d),. (cM. maru 2 u 3) Mexkay TpeOyeMbIM U

BBIYMCIICHHBIM BbBIXOI0M HCﬁpOHHOﬁ CC€THU, U €CJIM OHa MCHBILIC & (HOFpeLHHOCTB
arMpPOKCUMAIIUH UCXOTHOM CUCTEMbI HEHPOHHOM CEThIO), 3aKaHYMBaeM ITUKII. Ecim

HET - UaeM Ha mar 4.
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Puc. n1.2. Cxema cTpyKTypbl AUHAMUYECKON CUCTEMBI C MOJKIIOUYEHHON K Hel HEUPOHHOU

CCThIO.

Iops10K BbINOJHEHNS PA0OTHI

1. Ucnonw3ys ucxomHple JaHHBIE B Ta0J.1, MOCTPOUTH CTPYKTYPHYIO CXEMY JUHAMHUYECKOU
cucteMsl (puc. 1ml.2), KoTopas mpeacTaBiseT coOO JAUCKPETHBIM aHAJIOr alepuoIUYEeCKOro
3BeHa W(s)=1/(Ts+1). [nsa sToro cHavana BBIBECTH z-TiepenaTounyio QyHkuuio D(z) u3
YCIIOBHSI COOTBETCTBUSI 3HAUEHUH BXOJa M BBIXOJA IAMCKPETHOH M HENpPEpHIBHOW CHCTEM B
Toukax orcuera ¢ =71, -i,i 20,7, =0.01c - nepuon nuckpernoctu (puc. nl.3a, m1.36).
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Puc. nl.3a. BXxox quckpeTHON CUCTEMBI.

\ y() =3 (-7 )5(t - kT,)
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Puc. n1.36. BeIxoa qUCKPETHON CHCTEMBI.



2. Ilo nmomy4yeHHo# auckperHoi mepenatoyHor ¢pyHkimu P(z) u (ml.l), mocTpouTh cxemy
CHUCTEeMBl, aHajoruuyHyro puc. nl.2. IIpomoxmenupoBate cucrtemy B Simulink mpu
CTYNIEHUATOM BO3JICHCTBHH U YOCTUTHCS B €€ YCTONYNBOCTH.

3. IlpucoenuHUTh K CTPYKTYpPHOH cXeMe 1.2 HEHpOHHYIO CeTh B BHJE HOJCHCTEMBI ¢ 12
BXogamMu. Ha BXombl ceTH mTOAAaTh 3aJepXKAHHBIE OTCUETHl BXOJAHOTO M BBIXOJHOTO
curHasoB (puc. ml.2). C BeIXoga CeTH IOCIE ONTUMM3ALMU JOJDKEH OyIeT IMOydaThbCs
crenyronmii orcyer Bbixoaa J(k+1). BbluecTb CUTHaNIBI BBIXOJAa HMCXOIHOW CHCTEMBI W

HEHPOHHOM ceTH [yt noiaydenus omubku Ay(k+1)= y(k+1)— p(k+1).

drv®) df (")
dav® > dro
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4. BBIYUCITUTH MPOU3BOAHBIC QYHKIMIA akTuBamu 1 (3) u (4) —

aHAIUTUYECKOU popme.
5. Maunumanu3upoBaTh Beca MAJILIMU CITyYalHBIMU 3HAYEHUSIMU, HAIPUMED

w ~ N(0,0.1),w?) ~ N(0,0.1),

L)
rae m=0 - MaTemaTnueckoe oxuganue, o =0.1 - cpenHEKBaApaTUUHOE OTKIOHEHUE IS
HOpPMAaJIbHOT'O 3aKOHA.
6. Mcrone3yss METOJOWKY, OINHMCAaHHYI0O B TEOpPETHYECKOH dYacTh paboThl, HOCTPOHUTH
HelpoHHYIO ceTh (puc. nl.l) u onrtuMu3upoBaTh Beca ISl Hee, JHUOO HCIONB3YS
HernocpeacTBeHHO ¢Gopmynbl (ml.2)-(ml.5) B crpykTtypax Simulink, mmbo crangapTHbie
¢bynkuun maketa Neural Net Toolbox [2], Hanpumep pyHkImu «trainbfgy, «trainbr» u ap.
[Ipu 3TOM MpoMexyTOUYHBIC aHHBIC BHIYMCICHUH mepenatorcs B Simulink yepe3 Workspace
(pabouyro obmacts) Matlab ¢ momompro 6510k0B «To Workspace» u «From Workspace.
7. J11s1 HACTPOEGHHOW CETH MOCTPOHTH T'PapHUKH BXOJHOTO CHTHANIA, UCXOAHOTO BBIXOJHOTO
CHTHAJIAa W CHUTHaJIa C BbIXOJAa HEHWPOHHOW CETH, CPaBHUTh HUX. B oTdyere mOMKHBI
COIepXaTbCsi  OCHOBHBIE  3Tambl  MPOBENCHHUA  pabOThl,  CTPYKTYPHBIE  CXEMBI
MOJIETTUPOBAHUS C KOMMEHTApPHUIMU U IpaUKH CUTHAIIOB.

Tabmn. 1. McxonHble JaHHBIC 7151 MOACTHPOBAHUS

No Bapuanta | IlocTosiHHas BxomHo¥ cUrHai CUCTEMEI
BpeMeHH T, cek.

1 0.2 2sin 3¢+ cost

2 03 2sint +cos 2t

3 04 sin 3¢ + cos 2¢

4 0.5 sin 2¢ + 2 cos 3¢

Ilepron auckperusanuu A Bcex Bapuantos NpuHATh 1, = 0.01 cek.

Cnucok numepamypot:
1. C. Ocosckuit «Heiponnsie cetu st 00padoTku nHbopmarun», M.: « DUHAHCH U
cratuctukay, 2002.
2. «MaremaTudeckue nakeTsl pacmmpenus Matlab. CneruanpHbiii cipaBogHuk», CII0.:
«ITutepy, 2002.



I12. JABOPATOPHASA PABOTA

OnTumuszanus JIByXCJI0HHON HeIPOHHOM ceTH AJIsl MOJAeJIMPOBAHMUS
AMCKPETHOM HEeJIMHEIHON CHCTeMbl

Ileab pa0orbl: O3HaKOMIIEHHE C METOJAMH CHUHTE3a MHOTOCIOMHBIX HEMPOHHBIX CETEd U
IPUMEHEHUE UX JUIsl MOAEIMPOBAHNS HETUHEWHBIX JUCKPETHBIX cucTeM. OCBOEHUE METOUKU
o0yueHHsl HEHpPOHHOHI CeTH ¢ HCMOIb30BaHUEM IPHUHLUIA OOpPaTHOTO pPaclpOCTPaHEHHS
OImMOKH, a TAKXKe ONTUMHU3AIUS Kod(UIeHTa 00ydeHUs C UCIIOIB30BAaHHEM MOMEHTA.

Oo61asi 4yacThb

1. Beeoenue

Hetiponnsie ceTu B HacTosIee BpeMs MOTydaroT Bce 00Jiee MTUPOKOE PacIpOCTpaHEHUE B
3ajadax ympasieHHs U 00paboTku uHpopmanuu. CrnocoOHOCTh UX K O0YyUEHHIO M BBICOKAs
BBIUHCTUTENbHAS 3(PPEKTUBHOCTE OJarofapss BO3MOKHOCTH pacliapaiIeIMBaHUS TPOIECCOB
00paboTKH AenaloT HeHPOHHBIE CeTH MPAKTHUECKH 0e3aIbTepHATUBHBIMHU JIJISl PELICHHs 3aa4
C TpyAHO (GOpMAIM3yEeMbIMH OTPAaHUYCHUSIMH U IEISIMHU yrpaBicHus. Kpome Toro, B cuity
TOr'0, YTO KOMIIOHCHTAMM CCTH SIBJISIOTCS HEJIUHECHHBIC SJIEMCHTHI, OHAa MOXET CBOOOIHO
UCTIOJIE30BATHCS U JIJISl TIPUOIIIIKEHUS HETMHEHHBIX TUHAMUYICCKUX CUCTEM.

B nmanHoil mabGoparopHoil paboTe NS MOAETUPOBAHUS TUCKPETHOW TUHAMHYECKON
CUCTEMBI HCIONB3yeTCS HEHpOHHAs CeTh NepCcenTpoHHOro Tuma. I[lepcenTpoHHBIE CeTH
pa3fengioTcsl MO TOMOJOTHH (OJAHOCIOWHBIE, MHOTOCIOWHBIE U JAp.), TUMY (PYHKIHH
aKTUBAllMM HEUPOHOB (pelieiiHasi OJHO- M ABYXIOJSPHAS, CUTMOWIAIbHAS U T.J.), HATHIUIO
WM OTCYTCTBHUIO CUTHAJIOB OOPaTHOM CBSI3U M IPYTHUM MapaMeTpaM.

2. Teopemuueckasa yacmp
B [1] noka3siBaeTcs, 4TO OJHOCIOWHBIN MepcenTpoH 00aaaeT BecbMa OrpaHUYEHHBIMU
BBIUHCIUTENFHBIMA BO3MOXXHOCTSMHU, MTO3TOMY JIsl OONBIIMHCTBA 3a7]a4 €r0 UCIOJIb30BAHUE
OKa3bpIBaeTCsl HempuemyeMbiM. [losToMy ansi pemieHust 3agad  MOJCIUPOBAHUS |
UACHTU(DUKAIIMN CPABHUTENBHO MPOCTBHIX CHCTEM YMPaBICHHS IENeCO00pa3HO MPUMEHAThH
JIBYXCIIOMHBIA TIEPCENTPOH, KOTOPBIA codeTaeT B cede MPOCTOTY ONTHMH3ALUN U THOKOCTH B
MPEJICTaBICHUN UCXOTHONU CUCTEMBI.
Kak w3BecTHO, IUCKpeTHass HeNWHEWHas JUHAMUYECKas CHCTEMa CO CKaISAPHBIMHU
YOpaBIEHUEM H BBIXOJOM MOXKET OBITH ONKCAaHA YPAaBHEHUSMU BUAA
y(k+1)=g(f (u(k), y(k))), (n2.1)
y(0)=a =const .
rne
u(k) - curHais ynpaBieHus: B MOMEHT BpemeHu k (k>0),
v(0) = a - HauaIbHBIC YCIOBHUS,
y(k)- curnan BbIxoja cucTeMbl B MOMEHT BpeMeHt k (y(k)=y(¢,), t, =k-T)),
y(k +1) - curnan Beixozna cucteMsl B MOMEHT (k+1) (y(k+1) =y(t, ), t,,, =(k+1)-T)),

f(u,y)- pa3HOCTHas MOJieb JIMHEHHOTO0 JWHAMHUYECKOTO 3BEHAa OOBEKTa YyIpaBIICHUS,
KOTOPYIO MOXHO 3aITHCATh B BUJIC:

fu(k),y(k))=a,y(k)+ay(k—1)+..+a y(k—n)+bu(k)+..+b u(k—m),
2(f(u,y)) - HenuueliHas QyHKIUS, PACIIOIOKEHHAS TTOCIIE JUHAMUYECKOM JacTH (puc. n2.1).



g(f )T y(k+1)=g(f(u,))

—> S (u(k), (k) >» —>

JluHeliHag quHAM. 4acTh /‘

Henuueiinasg yacts

A 4

Puc. n2.1. Ctpykrypa 00beKTa yrpaBieHHUs.

Hcxons u3 (n2.1), sKBUBaJICHTHAs HEWPOHHAs CETh MOXKET OBITH MPEACTABICHA B BHJE
JIBYXCIIOWHON CETHU C HECKOJBKHUMH BXOJAaMH, MPEACTABISIIONIUMUA p OTCUETOB YIPABICHUS
u(k),u(k=1),..,u(k—p+1) u ¢ orcueroB Beixoma y(k),y(k—1),...y(k—qg+1), a Takxe
omHUM BBIXOIOM Y(k+1), momydaembIM mocie 0OpabOTKM HEWPOHHOH ceThio (p+q)
BXOJIOB.

Cxema CTpYKTYpbl TaKOM CETH MpHUBEICHA Ha pucC. N2.2. OHAa BKJIIOYAET JBA HEUPOHHBIX
CJIOSl, OJIMH W3 KOTOPBIX SIBIISIETCS CKPBITHIM (T.€. BHYTPEHHUM IO OTHOIIEHHUIO K TPaHUIIAM
CeTH), a APYrod — BBIXOAHBIM. BXozpbl cetn 0003HaueHBI KaK X,,...,X,,, Beca IPH IEepexone

«BXOJI-CKPBITBIM CIIOW» - wi“j? (i-HOMep HayvajbHON BepwIMHBI CBsA3u (i=1:12), j-HOMep

KoHeuHOU BepmuHbl ( j =1:8), (1) — HHAEKC C10s), a Beca «CKPBITHIM CIOW-BBIXOIHON CIIOM»

- w§.23 (r =1 - HOMep HelpoHa B BBIXOAHOM cioe). HellpoHbl, KaXKablil U3 KOTOPBIX BKIIOYAET

B ce0sl CyMMAaTop U HEJTMHEHHYI0 (YHKIIMIO aKTUBAIlMK, TIOKa3aHbl KpyKoukaMu. Beixoa cetu
0003HaYeH Kak ) . J[71s BBIXOJIOB CKPBITOTO CJIOS CETH Ha PUC. M2.2 UMeeM
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[TockonbKy BBIXOIHON CHUTHAJ CETH JOJDKEH MMETh aHAJIOTOBYIO (hopMy, 4TOOBI OH MOT
COOTBETCTBOBATh CHUTHAIy HCXOJHOW CHCTEMbI, TO MNpUHMMaeM (YHKIMHA aKTUBALMH
HEHPOHOB CETH JBYXIOJSPHBIMU CUTMOUJAIBHBIMU

X —X

z = p(x) = tanh(x) = ——
e

*X’

+e
rae
Z - BBIXOJHOH apryMeHT (CUTrHaJ akcoHa) HelpoHa,
X - B3BELICHHAs CyMMa BXOJHBIX (CHHANTHYECKUX) CUTHAJIOB.




Puc. n2.2. Cxema IBYXCIIOMHOT0 nepcenTpoHa ¢ OJHUM HEHPOHOM B BBIXOJHOM CJIO€.

Taxum 006pa3zoM, NOCTPOCHHUE CTPYKTYPbl HEMPOHHON CETH BBIMOIHEHO, U HYKHO IPOBECTH
IpoIeypy UACHTU(DHUKAIIMHA BECOB — 00y4eHus naHHo# cetu. Llenp oOydenus popmupyercs B
BUJIC KBAJIPaTUYHOMN (pyHKIIMM

1< 1
E=22(0,=d) =2 (,-d,), (n2.2)
r=1

rae
7 - UHAEKC BBIXOJIHOTO CJIOSI, COAEPKAILEr0 OJUH HEUPOH,
¥y, =y - BBIXOJ HEHPOHHOM CETH,

d. =d -1eneBoil BEIXOJ CETH, IIOJYyYaeMBblil C BBIXOAA UCXOAHON AUHAMUYECKOH CHCTEMBI.

Cornacuo [1], ogauM U3 3pPEKTUBHBIX METOA0B 00ydeHUs ceTel ¢ nuddepeHIupyeMbIMH
(YHKIMSIMU aKTUBAIIMU HEHPOHOB, SBJISIETCS ITOPUTM 0OPAaTHOTO paclpoOCTPaHEHHs OLTHOKU
(back propagation — aHr1.), CyTh KOTOPOTO COCTOUT B CIEAYIOIINX dTamax.

(1)

1. Marpunsl BecoB CeTH W, w2

e Wil i:m, j:m, r =1 UHULIUATU3UPYIOTCA
MajbIMH CIy4allHBIMU 3HAUYEHUSIMH, Hampumep, ¢ pacnpenenenuem N(0,0.1) - mo
HOPMAJIbHOMY 3aKOHY.

2. Ha Bxon ceru mopaercss oOydaromuid curHaj (B JaHHOM Clydyae OTCUEThl BXOJAa U
BBIXO/1a CHCTEMBI) M BBIYMCIISIETCS] BBIXOJHOM CUTHANI CETH ), =), = V.

3. 3HadyeHue BBIXOJHOIO CHTHaja CPAaBHHMBAETCA C LENEBbIM 3HaueHUEM d, =d, =d (B
HAIlIeM Cy4ae C BBIXOJa TUHAMUYECKOW CUCTEMBbI) U OMPEeNIeTCs pa3HUIla

Ay:dr_yr :dl_yl =d-y
4. Ctpoutcst cuctema, aHajloruyHas puc. 2.1, HO ¢ HMHBEPTUPOBAHHBIMU
UAUSORRNAUD
dV,,(z) i dV/’(l)
akThBanuu 2-r0 U 1-ro cioeB coorBeTcTBeHHO (cM.[l1]). Ha enuHCTBEHHBIM BXO[

CUCTEMBbI NIOAACTCA PA3HOCTb Ay U ONPCACIIIOTCA BKJIAAblI BECOB szr) B Q)YHKHI/IIO

HalpaBJICHUAMHW CHHAIICOB W IMPOHU3BOAHBIMU

byHKIMIA

OILLIMOKHU CUCTEMBI

OE _ . df(?)
awﬁ)—Ay- FTE Vi, (m2.3)

8 ) e _ g

po_N o, ) d e —e
rae V2 =3 wil v, @ - o o 5o
VI Ay | T

12
1 o
14 = f (z Wi(j?xij - BBIXOJbI CKPBITOI'O CJIOSL HCXOJAHOU CCTH.
i=l1

AH&J’IOFI/I‘-IHO IJIs1 BECOB BXOJHOTI'O CJIOA UMEEM
OE _, dy dv,  df(*) o V)
o) e Y T g Y T
L] J L] r J

(1) _y(

O = S o) df(Vj(l)) _ d e’ e’

rae ViV =2 wix;, U L
i=1 J i \e’ te”

X, (m2.4)

5. OnpenensitoTcsi MATpUYHbIE MTOMPABKUA BECOB CETH:
WOk+D)=wPk)-VWwV(k)n, (n2.5)
WOk +1)=w>k)y-VWP(k)n,



rae k>0 -Homep utepanuu 00y4eHus,
wil (k) wil (k) . wid) (k)

win (k) wiy (k) o wi, (k)

wO (k)= - MaTpulla BECOB «BXO-CKPBITHIHN CIIOI»,
wig(k) wig(k) ... wi(k)
W (k)= [w](ﬁ)(k) Wi (k) . ) (k)] - BEKTOP BECOB «CKPBITBIH CIIOH-BBIXO,
VWY (k)= W(k) - MaTpuIla rpaaueHTa PyHKIUN omuoOKku u3 (n2.4),
M’j i=1:12 j:T

VW (k)= PWEl (k) - MaTpuIia rpaauenTa GyHkuu omuoku u3 (3).

W, _

Jor r=1, j=18

n =0,1...0,5 — koapurueHT oOy4deHUST HEHPOCETH.

6. Ilpu HOBBIX 3HaUEHUSAX OOYYAIONIMX JAHHBIX IS HOBOM utepauuu k'=k+1:

[u(k'-4),u(k'-3),...,u(k"), y(k'-6), y(k'-5),..., y(k")]- Bx0x cetu (puc. n2.3),

y(k'+1)=d - TpeOyemblii BBIXOM CETH s UTepanuu k'=k +1,

BeIYMCIAEM pasHully Ay =(y—d),(cMm. maru 2 u 3) Mexngy TpeOyeMbIM H

BBIYMCIICHHBIM

BBIXO/IOM HEHPOHHOMU CETH, U €CJIM OHA MEHbLIE & (MOrPEHIHOCTh aNMpPOKCUMAIIUN

HCXOJIHOM CUCTEMbI HEMpPOHHOH CeThl0), 3aKaHUYMBaeM UK. Eciu HeT — ujaeM Ha

mar 4.

Step

0.0

¥

—

Switch

> alf)
0.2-0 2 exp-0 05 1

MNonlinear

Dizcrete Filter

k.
Du3|:

Def

Puc. n2.3. [Ipumep CTpyKTypbl HETUHEHHON TMHAMUYECKON CUCTEMBI C MOAKIIOUYEHHOMN

K HEH HEHPOHHOM CETHIO.

Scope



Apnantanus ko3¢ duuuenta o0yyeHHs CeTH 77 ¢ IPUMEHEHHEeM MOMEHTA.

Kak BuaHO u3 rpadukoB M3MEHEHHUS BECOB CETH MNpU OOYyUYEHUM CHHYCOUAAIbHBIM
CUTHAJIOM, 10 MEpE POCTa BPEMEHH OOydYeHHs Beca HAUMHAIOT KOJIe0AaThCsl OTHOCHTEIIBHO
HEKOTOPBIX MOCTOSHHBIX 3HAUYEHHH. JTO BBI3BAHO TEM, YTO NPU NPUOIMKEHUU K ONTUMYMY
¢yskuun E (cMm. popmyiy (n12.2)) ee rpaIueHT CTAHOBUTCS HEOOINBIIMM, HO MaTPHIII BECOB

WO (k),w® (k) npomomxkaior KonebaTbcs 3acdeT Toro, urto charaembie 77-VWW(k) wu
n-VW® (k) naumHaloT TepuoaMYEcKM — KoJe06aThCA ~ BO3NE  TOYKH  ONTHMYyMa,
xapakTepusyemoii marpunamu W, W.*) ontumanbubx Becos. I'eoMeTpHUECKH 3TO MOXKHO

UHTEPIPETHPOBATh, KaK TIPAAUEHTHYIO ONTHMHU3ALMI0 MHOTOMEpHOW (YHKIMM IpH
(UKCUPOBAaHHOM IIAre — B 3TOM CJy4yae HAcTylaeT MOMEHT, Korja pabodas ToOuKa
«IIEpECKaKUBaeT» TO B OJHY, TO B JPYIylH0 TOYKY OKPECTHOCTHM MaKCHUMyMa, HO H3-3a
(UKCUPOBAHHOTO L1ara ONTUMM3ALNHU TaK U HE JOCTUTAET €ro ¢ TpeOyeMOoil TOUHOCTBIO.

Jis yckopeHust oOy4yeHHsI CEeTH NPUMEHSIOTCS pa3iMyHbIe METOJbl, B TOM YHCIE TaK
Ha3blBAEMBI METOJI MOMEHTa. DTOT METOJ, OCHOBaH Ha MOAM(DHKALMU BBIPAXKECHUS IS
IIPUpAIIECHNs MaTPUILL BECOB, T.€.

WOh+D)-WOUk)y =AW (k) =n-VWO k) +a- WO k) - (k-1)),
(n2.6)
WOk +1)-W (k) =AW P (k) =n- VWP (k) +a- WP (k) -WP (k-1)),
U TIIpY Hayvaje cuera
woM-wP0) = (1)-W?(0)=0,
3nech « =0,5...0,9 - Tak Ha3pIBaeMblil KO PUIIMEHT MOMEHTA,
n - ko3pbuueHT 00yyeHus,
WO (k),w® (k) - maTpuIiel BecOB Ha k -OM IITare ONTHMH3AINH,
WOk =1),W® (k-1) - maTpurs! Becos Ha (k —1) -OM Iare oNTHMH3AIHH,
WOk +1),W? (k +1) - matpuisl Becos Ha (k + 1) -oM IITare ONTUMH3AINH,
VW (k),VW® (k) - matpune! rpaanenTos GpyHKImn ook E u3 (m2.3), (n2.4).
N3 (n12.6) nerko BUACTH, UTO
WO ) =W (k=1)=AWP(k-1),
W2 k) -W? (k=1)) =AW (k-1),
1o3romy (112.6) MOKHO NPEACTABUTH B BUJIE
AW (k)y=n-VW (k) +a- AWV (k-1),
AW (k)y=n-VWP(k)+a-AWP (k-1),
B TepMuHax z - mpeoOpa3oBaHuii CUTHAJIOB MOYKHO 3aIACATh:
n-ZIVW O (k)]

-1

ZIAWO O =n-ZIVW O ()] +a -z Z[AW O (k)= Z[AW P (k)] =
(m2.7)

l-a-z

ZIVWP (k
ZIAWO (k)] =n-Z[VW O )] +a-z" - ZIAW® (k)] = Z[AW 2 (k)] = 1 1[ W 71( )l ,
YTO COOTBCTCTBYCT YMCHBIICHHWIO IIara 1o Mepe HpI/I6J'II/I)K€HI/I$[ K OITUMYMY.

s Jyqiien paboTsI ajropurMma PEKOMEHAYETCSA mnojiaraThb pa3HOCTh

AWO(k)=AWP(k)=0, ecnmn 3HaueHMs (QYHKIMM OmMMOKM HA COCEJHHX IIarax

E(k+1)<1,04-E(k), 4TrO TO3BOJISIET MPOBOIUTH TPATUCHTHYIO MHHHMH3AIHMIO BOIH3U
ONTUMYyMa.
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IlopsiioK BBINOJHEHHS Pad0ThI

1. Hcnonw3yst HCXOHBIE JaHHBIE B TA0J.1, IOCTPOUTH CTPYKTYPHYIO CXeMy HEJMHEHHOM
JUHAMHYECKON CUCTEeMBI (puc. m2.3), KOTOpasi MPeACTaBIseT cO00M MOCIeq0BaTENLHOE
COeMHEnne UCKpeTHOTO ananora O(z) anepuomuueckoro 3sena W(s)=1/(T-s+1) n
HenuHelWHoro oanemeHta g(f) (puc. n2.1). Jlns »Toro cHayana BBIBECTH Z-
nepenaTounyo GyHknuo DO(z) TUHAMUYECKOW 9acTH U3 yCIOBUS cOoOTBeTCTBUsS MIID
IOUCKPETHOM U HENPEPBIBHOM CUCTEM B Toukax orcyera t=71 -i, i=20, 7 =0.0lc -

nepuoJ AUCKpeTHOCTH (puc. n2.4a, n2.46) — nubo no tabnune B [1], 1160 no Gpopmyue:
®(z) = [Y* (S)]z:cxpm-s) » TAC

A(s) 1

B'(s) s .l—e_T“‘(H") ’

A(s) -uncnuTenp HenpepblBHOM nepenatouHoi ¢pyHkuuu (I11P) nunamuyeckoit

Y(s)=

qacTu
W(s),
dB(s
ds
s, - nomoc I1® aunamudeckoit vactu W(s), T.e. KOpeHb ee 3HaMeHaTens B(s),

B'(s)= ). npousBoHas 3Hamenatens 11D qunamuueckoit vactu W(s),

T, =0.01cex — nepuoa MMCKPETHOCTH CHCTEMBI.

Hanpumep, nns anepuonuyeckoro 38eHa W(s) =1/(T -s+1) umeem:
A(s)=1,

B'(s)=T,

s, =—=1/T - xopeHb ypaBHeHust B(s)=T-s+1=0,

. 1 1 1
Y(s)=—- = ®(2) = T(—z"¢ @My

T 1-¢ .o’

2. W3 momy4yeHHOM nUCKpeTHOU nepeaaTounoil dpyHkuun D(z) u HEMMHEHHOTO 3JIEMEHTa

u3 Tabn.l, TOCTpOMTH CXeMy CHCTEMBbI, aHajormuHyto puc. 1n2.3. ToroBbie
HEJIMHEHHbIe 3JeMEHThl yke ecTh B paszznenax Nonlinear u Math 6mokoB Simulink.
[IpomonenupoBaTh HeMMHEHHYIO cucteMy B Simulink mpu cTyneH4aToM BO3JEHCTBHA
U yOenuThes B €e yCTOHYMBOCTH. [IpoMonenupoBaTs cucteMy AJisi CHHYCOUIATBHOTO
BXOJIHOT'O cHUTHaJa u3 Tab.l.

3. IlpucoeaMHUTH K CTPYKTYpHOU CXeMe I.2 HEHPOHHYIO CETh B BUJIE MOJCHCTEMEBI C 12
Bxogamu. Ha BXoapl ceTH mojaTh 3aJep)KaHHbIE OTCUETHI BXOJHOTO U BBIXOJHOTO
curHaioB (puc. n2.3). C BbIX0Jia CETH MOCIJI€ ONTUMU3AIUHN JOJKEH OYIeT MOTydaThCs
cleyrommii orcueT Boixoaa y(k +1). BeruecTb curHambl BBIXO/a HCXOJHOW CHCTEMBI

U HEHWpOHHOM ceTw misa monydeHus ommOku Ay(k+1)=y(k+1)—y(k+1). Kpome
TOro, Ha puc. n2.3 noka3aH 13-ii BXOJHOM cUrHan HEMPOHHOM CETH, CIy>Kaluil AJs
dopmupoBanust  pasHuusl  y(k+1)-y(k+1)=d,,, —y(k+1)BeiIxoga  HCXOIHOH
CHCTEMBI U BBIX0/1a HEHPOHHOM CETH.

g d

4. BBIYHCIHTH IPOM3BOAHBIE QyHKIHIT akTHBaImH 1mst (3) 1 (4) - a7 g0
r J

aHAJUTUIECKOH opme.
5. Maunmanu3upoBath BeCa MajJbIMU CIIy4alHBIMUA 3HAYCHUSIMU, HAIIPUMED

(1) (2
wh ~ N(0,0.1), w? ~N(0,0.1),

Jsr
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rae m = 0— MaTematuueckoe oxxuganue, o = 0.1 - cpegHekBagpaTUUHOE
OTKJIOHEHHE TSI HOPMAIILHOTO 3aKOHA.
6. Hcronp3yss METOIMKY, ONHMCAaHHYI0O B TEOPETUYECKOH dYacTu paboThl, MOCTPOUTH
HEHPOHHYIO ceTh (puc. mM2.2) W ONTHUMHU3UPOBATH Beca I Hee, OO0 HCIONb3ys
HernocpeacTBeHHO hopmyisl (112.2)-(112.5) B ctpykTypax Simulink, 1m60 crangapTHbie

29 ¢e

¢ynxun nakera Neural Net Toolbox [2], nanpumep pyHkuuu “trainbfg”, “trainbr” u
Ap.

[Ipu >TOM MpOMEKYTOUHBIC JAaHHBIC BRIUMCICHUH TiepeaaroTcs B Simulink uepes
Workspace (pabouyro o6sacts) Matlab ¢ momomisto 6;10k0B “To Workspace” u
“From_Workspace”.

7. Jlnst HACTPOEHHOM CEeTH MOCTPOUTH IpaKU BXOJHOTO CUTHAA, HCXOTHOTO
BBIXO/IHOT'O CUTHAJIa M CUTHAJIa C BBIXOJIa HEMPOHHOM CeTH, TOCTPOUTH Ipaduk
KBaJpaTa Pa3HOCTH BBIXOJIHBIX CUTHAJIOB HEJIMHEMHON CUCTEMBI U HEUPOHHOU CETU U
CPaBHHTH UX.

8. PeanuzoBarh aganTanuio mara o0y4eHus sl yCKOPEHUs 00YUEeHHS CEeTH C
ucnonb3oBanueM popmyi (7). 3nauenue kodpduimenta MomeHTa B3ITh @ =0,7 .

9. B oTuere HOKHBI COAEPKATHCSI OCHOBHBIE ITAIbI MPOBEACHUS PAOOTHI, CTPYKTYpPHBIE
CXEMBI MOJICIIUPOBAHUS ¢ KOMMEHTApUSIMU U Tpa)UKH CHUTHAJIOB.

Taba.1. MicxoaHble naHHbIE 1Sl MOAEIUPOBAHUS.

No ITocTosHHAas Henuneitnas pynkuus B Bxoagnow curnan
BapHUaHTa BpemeHu 7, CUCTEME CUCTEMEI
ceK
1 0.2 g(x)=0,3x’ 0,2sin3t+0,3cos¢?
(x+0,2), x<-0,2 0,5sin#+0,6cos 2t
2 0.3 g(x)=<0, -0,2<x<0,2

(x-0,2), x>0,2

-0.3, x<-0,3 0,1sin3¢+0,4 cos 2t

3 0.4 g(x)=<x, -0,3<x<0,3

0,3, x>0,3

0,5(x+0,4) , x>0 | 0,3sin2¢+0,5cos 3¢
4 0.5 gx)=1 0, x=0

0,5(x—0,4) , x<0

IIpumeyanue: st HenmuHEHHOCTEH B Simulink ecTh TOTOBBIE OJTOKH.

Iepuon quckpeTHOCTH 11 BeeX BapuaHToB npuHATh 1, = 0.01 cek.

Cnucok numepamypot:
1. B.A. becekepckuii "LlucdpoBrsie aBToOMaTndeckue cucremsl", M: "Hayxka", 1976.
2. C. Ocosckuii "Hetiponnsie cetr mist 00padoTku nadopmanuu’, M: "duHaHCkH 1
9

cratuctuka', 2002.
3. '"Ilakers! pacmmpenust Matlab. Cnenmansasrii cripaounuk”, C.-I16. "Ilurtep", 2002.
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I13. JABOPATOPHASA PABOTA

Pemenne 3a1a4n KOMMHBOsSIKepa ¢ MCI0JIb30BaAHHEM
HellpoHHoi# ceTn Xonduiaa.

Ieab paGorbl: O3HAKOMIIGHHE C METOJaMHU CHHTE3a HEMpPOHHBIX ceTell Xomnduiuga u
NPUMEHCHUE WX I PEIICHUS 3aJaud KOMMHBOsDKepa. OCBOCHHE METOAWKH OOydYeHUs
HEHPOHHOI CeTH C 0OPATHBIMU CBA3SIMHU.

Oo1as 4yacThb

1. Beeoenue

3amaya KOMMHUBOSDKEpA SIBIISIETCS ONTHMHU3AIMOHHOW 3a/a4eil, 4acTO BO3HUKAIONIEH Ha
npakTrke. OHa MOKET ObITh CHOPMYIIMPOBAHA CIEIYIONINM 00pa3oM: AJisi HEKOTOPO TPy IIIbI
TOPOJIOB C 3aJaHHBIMU PACCTOSTHUSMH MEXIy HUMHU TPeOyeTCs HalTH KpaT4alimuid MapiipyT
C TOCEIIEHUEM Ka)KIOro ropoja OAWH pa3 M C BO3BpAIllEHHEM B HCXOJHYIO TOUYKY. Bblio
JI0Ka3aHo, YTO 3Ta 3a/la4a MPUHAIICKUT OOJBIIOMY MHOXKECTBY 3ajad, Ha3biBaeMbIX «NP-
MOJHBIMW» (HEIETEPMHUHUCTCKU MONMMHOMUANBHBIMU). [lns NP-monHbIX 3amay He W3BECTHO
JTyYIIEro METOAA PEIICHHUs, YeM TIOJIHBINA 1mepeOop BceX BO3MOXHBIX BapHaHTOB. Tak Kak C
POCTOM Pa3MEPHOCTH 3aJaud YHUCIIO 3TUX BAapUAHTOB PACTET KCIOHEHIUAIBbHO, TO METOJ]
MOJTHOTO Tepedopa cTaHOBUTCS Hed((HEKTHBHBIM U3-32 OOJIBIIHNX 3aTPAT BPEMCHH.

B nannoif nmaGopatopHOi pabGoTe s pelieHus 3aJaud KOMMHUBOSDKEPA HCIIONIb3YeTCs
HelpoHHas ceTh Xomnpuia.

2. Teopemuueckaa uacmp

XapakTepHoit ocoO0eHHOCThIO ceTeil Xondunaa sSBiseTcss Haluuue oOpaTHBIX CBsI3eH, T. €.
CBA3€M, UAYIIMX OT BBIXOJOB ceTel U ux BxojgaM. OTcyTcTBHE OOpaTHOM CBSI3U FapaHTHUPYET
0€3yCIOBHYI0 yCTOMYMBOCTH ceTel. OHM HE MOryT BOMTM B pEXHUM, KOIZA BBIXOA
OecnpepbIBHO OJY’KIAET OT COCTOSHUSL K COCTOSIHUIO U HE MPUTOJEH K Hcnoib3oBaHuio. Ho
9TO BeChbMa JKeJaTelbHOE CBOMCTBO JOCTUTaeTcsl He OecIiaTHO: ceTh 0e3 oOpaTHBIX CBsi3ei
o0magaroT 6oee OrpaHMYCHHBIMH BO3MOXXHOCTSIMH TI0 CPAaBHEHHUIO C CETSMHU C OOpaTHBIMH
CBA3SIMM.

Tak kak ceTu ¢ OOpaTHBIMU CBSI3IMU UMEIOT ITyTH, MEPENAIOLIUE CUTHAIBI OT BBIXOJOB K
BXOJIaM, TO OTKJIMK TaKHUX CETEH SIBJIAETCA TUHAMUYECKHUM, T. €. MOCJIE MPUIOKEHUS HOBOTO
BXOJ[a BBIYMCIISIETCS] BBIXOJ] M, MEPEaBasich MO0 CETH OOpaTHOM CBSI3U, MOAUDUIIUPYET BXO/I.
3aTeM BBIXOJA IOBTOPHO BBIUUCIISIETCS, W IPOLIECC IOBTOPsiETCS CHOBAa M CHoBa. Jlus
YCTOMYHMBOM CETH IOCJIEAOBATEIbHBIE UTEPALMM NPHUBOIAT K BCE MEHBIIMM H3MEHEHUSIM
BBIX0/1a, IIOKA B KOHIIE KOHIIOB BBIXOJl HE CTAHOBUTCS IIOCTOSIHHBIM.
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Laod & Lrod !

Puc. n3.1. OgHocnoiiHas ceTb ¢ 0OpaTHBIMH CBA3SIMU (ITyHKTHPHBIE JIMHUM 0003HAYAIOT
HYJICBBIC BECa)

Ha puc. n3.1 moka3ana cetb ¢ 0OpaTHBIMU CBSI3SIMH, COCTOSIIAsi U3 ABYX ciioeB. Crocod
NPECTaBICHNUs HECKOIBKO OTIMYAETCSA OT MCIIOJIb30BaHHOIO B pabore Xondwiga U Apyrux,
HO SKBMBAJICHTEH UM C (PYHKUIMOHAIBbHOM TOUKM 3peHHs. HyneBoil cioif He BBITOTHSET
BBIUUCIIUTENbHON (YHKIMM, a JUIIb paclpenieiseT BbIXOAbI CETH OOpaTHO Ha BXOJBIL.
Kaxp1ii HEHpOH NEpPBOro CJI0S1 BBIUMCIISIET B3BELIEHHYIO CYMMY CBOMX BXOJIOB, /1aBasi CUTHAI
NET, xotopsIii 3aTeM ¢ moMoIpio HenuHelHon pynkiuu F nmpeobpasyercs B curnan OUT.
OTu onepanuu CXoIHbl ¢ HEHPOHAMU IPYTUX CETEH.

B mepBoii pabore Xondunaa ¢yskius F Obula mpocTo MOporoBoil ¢yHkmmen. Brixon
TAKOr0 HEWpPOHA pPaBEH €IMHUILIE, €CIM B3BEIICHHAs CyMMa BBIXOJOB C JIPYIrMX HEMPOHOB
Gonbuwe mopora 7', B IPOTHBHOM Clly4ae OHa paBHa Hymo. OH BBIMHCIAETCS CIEAyIOMUM

obpazom:
NET, = 3 w,OUT, +IN,.
i#]
(n3.1)
I, NET, 2T,
rne OUT. =
7 |0,NET, <T,

CocTosiHHE CeTH — 3TO IPOCTO MHOKECTBO TeKylux 3HadeHuil cur"anoB OUT ot Bcex
HelipoHOB. B mepBoHavanbHON cetn Xomnduina COCTOSHUE KaXKIOTOo HEHpOHAa MEHSIIOCH B
JUCKpPETHBIE CllydaifHble MOMEHThI BPEMEHHM, B MOCIEAYIOUIed paboTe COCTOSHUS HEHMpPOHOB
MOTJIA MEHSTHCSA OJTHOBpEeMEHHO. Tak Kak BBIXOJOM OMHAPHOTO HEHPOHA MOKET OBITH TOJIBKO
HOJIb WJIM €AMHUIA (IPOMEXYTOUYHBIX YPOBHEW HET), TO TEKYyIlee COCTOSHUE CETH SBISAETCS
JTIBOMYHBIM YHCIIOM, Kbl OMT KoTOpOro siBisiercs curHaioM OUT HekoToporo HeipoHa.

DyHKIMOHUPOBAHUE CETH JIETKO BU3yalIu3upyercs reomerpudecku. Ha puc. n3.2a nokasan
Ciay4yall JBYX HEMPOHOB B BBIXOJHOM CJIO€, IpUYeM KaXJOW BEPIIMHE KBajapara
COOTBETCTBYET OJHO U3 ueThlpex coctosHuil cuctemsr (00, 01, 10, 11). Ha puc. n3.26
NOKa3aHa TPEXHEWPOHHAs CHCTeMa, MPeJICTaBlIeHHast KyOoM (B TPEXMEpPHOM MPOCTPAHCTBE),
UMEIOIIMM BOCEMb BEpIIMH, KaxJaas M3 KOTOPBIX IOMEYeHa TPeXOMTOBBIM OHWHAPHBIM

uhciaoM. B obmiem ciydae cuctema ¢ n HelipoHamu umeeT 2" pasiIMYHBIX COCTOSHHN |
IPEICTaBIAETCA N-MEPHBIM TMIIEPKYOOM.
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Puc. n3.2a. JIBa HelipoHa MOPOXKIAIOT CUCTEMY C YETBIPHMS COCTOSTHUSIMU
Puc. n3.26. Tpu HelipoHa TOPOKAAIOT CUCTEMY C BOCEMbIO COCTOSTHUSIMU

Korna nogaercst HOBbIM BXOJIHOM BEKTOp, CE€Th MEPEXOAUT U3 BEPIIMHBI B BEPIIMHY, 10K
He cTa0uwnm3upyercs. YcCToilumBas BepIlMHA ONpEAENsieTCs CETEeBBIMU BECAMH, TEKYIIUMH
BXOJIaMHU M BEJIMYMHOMN mopora. Ecian BXOJAHON BEKTOp 4aCTUYHO HENMPABWJIEH WJINM HEIOJIOH,
TO CeTh CTAOMIM3UPYETCS B BEpIIMHE, Onmkaiiel K xenaeMo.

Kak u B apyrux cersx, Beca MEXIy CIOSIMH B 3TOW CETH MOTYT paccMaTpHUBaThCs B BHUJIE
matpulisl W. Cerb ¢ OOpaTHBIMU CBSI3IMHU SIBJISIETCS YCTOMYMBOM, €clU ee MaTpula
CHMMETPUYHA U UMECT HYJIM Ha TJABHOM JUATOHANHM, T. €. €CIIM W; =W, H W, = 0 mnst Bcex

3HAYEHUH 1.
B o0mem ciyvae aktuBanuoHHast GyHKUUs F, Moaenupymomas OUoJIornyeckuii HeMpoH,
MPEJICTABIISIET COO0H CUTMOMIATBHYIO (JJOTUCTHUECKYI0) (DYHKITHIO

F(x) = L
[ +exp(—ANET)

(n3.2)
rrae [ — ko3 UIHMEHT, ONpeAeIsIoMni KpyTH3HY CUrMOuaanbHol Gynknun. Ecmu / Benuko,
F npubnmxaeTcst K ONUCaHHOM paHee moporoBoil ¢yHkimu. HeGonbiime 3HaueHus / paror
OoJee NOJIOrUi HAKIIOH.

Kak u s OGMHapHBIX CHCTEM, YCTOMYMBOCTh FapaHTHPYETCs, €CJIM Beca CUMMETPUYHBI,
T.€. W, =w,; nu w, =0 npu Beex i.

Croco6HOCTh ceTu  OBICTPO NPOU3BOJAUTH BBIYUCICHUS SBISETCA €€ IJIaBHBIM
JIOCTOMHCTBOM. Ona  oOycioBieHa  BBICOKOM  CTEMEHBbIO  pacrapaiieIUBaHUSL
BBIYMCIIUTENIBHOIO Iporecca. Ecin cerb peanu3oBaHa Ha aHAJIOTOBOM JJIEKTPOHUKE, TO
pellieHre pEeAKO 3aHUMAeT MPOMEKYTOK BPEMEHH, OONBIIMKA HECKOJIBKUX MOCTOSHHBIX
BpeMeHH ceTH. boree Toro, BpemMsi CX0QUMOCTH €J1ab0 3aBUCUT OT pPa3MEpPHOCTHU 3aJauu. ITO
PE3KO KOHTPACTUPYET ¢ 0Oojee 4YeM SKCIIOHEHIMAIBbHBIM POCTOM BPEMEHHU PpEIICHUs Npu
UCIIOJIb30BaHUU OOBIUHBIX MMOAXO0J0B. MoOJenupoBaHHE € TOMOIIBIO OJHOIPOLIECCOPHBIX
CUCTEM HE II03BOJISIET MCIOJIb30BaTh IPEMMYLIECTBA MApaUIEIbHOM apXUTEKTYpbl, HO
COBPEMEHHBIE MYJIBTUIIPOLIECCOPHBIE CHUCTEMBl BECbMa MHOTOOOEIIAIONMN MJI PelIeHus
TPYZHBIX 3a/a4.

3aaya KOMMUBOSKEpA
Jomyctum, 94To ropoja, KOTOpbIe HEOOXOUMO TIOCETUTD, ToMedeHbI OykBamu A, B, C u D,
a pacCTOSHUS MEXAy MapaMu ropoiaos ectb d,,,d, ¥ T.nA. Peuenuem sBisercs

YOOPSAOYEHHOE MHOXECTBO M3 7 TOpPOAOB. 3ajadya COCTOMT B OTOOpPaKEHHWU €ro B
BBIYUCIIUTEIILHYIO CETh C HCIOJIb30BAaHUEM HEHPOHOB B pEXUME C OOJBIION KpPYyTHU3HOU
xapakTepucTuku (/ mpubmmkaercs Kk 0eckoHeuHOCTH). KaxIblii ropoJ1 mpecTaBlIeH CTPOKOM
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U3 n HEHUpOHOB. BhIX0OA OIHOTO M TONBKO OJHOTO HEWpPOHAa M3 HMUX paBeH eIuHUIE (Bce
OCTaJIbHbIE PABHBI HYJII0). DTOT paBHBIN €IMHHIIE BHIXOJ HEWpOHA MOKA3bIBAeT MOPSAKOBBIN
HOMEp, B KOTOPOM JaHHBIN ropoji nocemaercs npu ooxone. B Tabn.1 nmokasan ciydai, korzaa
ropog C mocemaercs nepBbIM, ropos, A — BTOpbIM, ropog D — tperbum u ropox B —
ueTBepTHIM. {1 TAKOTO TPECTAB/ICHUs TpeOyeTcs /71 HelPOHOB — YHCIIO, KOTOPOE BHICTPO
pacTeT ¢ YBEIMUYEHMEM uYucia ropojoB. JlnmHa Takoro MapmpyTta Obula Obl paBHA
d, +d,+d,+d, . Tax kak Kaxublii ropoJ MOCEMACTCs TOJIKO OAUH pa3 U B KaxIblif

MOMEHT IMOCELIAETCs JIUIIb OJAUH TOPOJI, TO B KaXJI0H CTPOKE M B KaKJIOM CTOJIOIE UMEeTCs
10 OJTHOM €IUHULIE.

Jlnst perenust 3Toi 3a7a4¥ C TOMOIIBbIO HEHPOHHOU ceTn Xomduiia Hy)KHO 3aK0IUPOBAThH
MapuIpyT aKTUBHOCTHIO HEMPOHOB U TaK 1M0100paTh CBSA3M MEXKIy HUMH, UTOOBI SHEPTHUs CETH
OKa3aJlach CBSI3AHHOM C MOJTHOW JUTMHOW MapiipyTa. Xonduiaa u TaHK IpeIoKUIu AT 3TOTO
CJIeTYFOIIHIA CITOCO0.

Kaxxnprit HelipoH cHaOXeH JBYMs HHACKCAMH, KOTOPHIE COOTBETCTBYIOT TOpPOAY M
MOPSIIKOBOMY HOMEPY €ro noceuieHus: B Mapuipyre. Hanpumep, OUij =1 mokassIBact, 4TO

ropoA X ObLI j-bIM TI0 MOPSIAKY TOPOJIOM MapIIpyTa.

OyHKIMS YHEPTHH J0JDKHA YAOBIETBOPATH JIBYM TPeOOBAHUSIM: BO-TIEPBBIX, JOJIKHA OBITh
MaJIOM TOJIBKO JUISl TEX PELICHHH, KOTOPbIE UMEIOT MO OJHOM €IMHULIEC B KaXJI0M CTPOKE U B
Ka)KIOM CTOJNOIIe; BO-BTOPBIX, JOJDKHA OKa3bIBaTh MPEANOUYTEHUE PEHICHHSIM C KOPOTKOU
JUIMHOW MapLIpyTa.

[TepBoe TpeboBaHUE yAOBICTBOPSETCS BBEICHUEM CIEIYIOIICH, COCTOAIIEH U3 TPEX CYMM,

(GYHKIUH SHEPTUu:
2

E=§ZZZOUTMOUT;U+§ZZZOUT;,.OUTW.+§ Y>> our, |-n|,

i J#i i X Y#EX x
(n3.3)
rae A, B u C — HEKOTOpbIEe KOHCTaHThl. DTUM JIOCTUTAETCS BBIMIOJHEHUE CIEAYIOIMNX
YCIIOBUIA:

1. TlepBas TpoiiHas cymMMa paBHa HYJIIO B TOM M TOJBKO B TOM CIllydae, €CIId Kaxaas
CTpOKa (TOpoj1) COAEPKUT HE 00Jiee OAHOM €TUHUIIBI.
2. Bropas TpoiiHas cyMMa paBHa HYJIIO B TOM U TOJIBKO B TOM CJIy4ae, €CIM Ka)K bl
cToJioert (TOPsIKOBBI HOMED MTOCEIIECHUS) COIEPKUT He 00JIee OTHON €TUHHUIIBI.
3. Tpetbst cyMMa paBHA HYIIIO B TOM H TOJIBKO B TOM CIy4ae, €CJIM MaTPUIla COACPKUT
POBHO /1 €IHMII.

T'opon [Topsmok
cJIEOBaHMS
1 2 3 4
A 0 1 0 0
B 0 0 0 1
C 1 0 0 0
D 0 0 1 0

Tabn.1. MapuipyT KOMMHBOSDKEpa

Bropoe TpeGoBaHMe — mpeAnouTeHHE KOPOTKMM MapHIpyTaM — YJIOBJIETBOPSETCS C
MIOMOIIBIO JOOABICHUS CIEAYIOLIET0 WIEHA K (PYHKIUN SHEPIHH:

E-2 %Y 3d,0UT,(OUT, , +OUT, )

X y#EX 0

(n3.4)
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3amMeTuM, 4TO 3TOT WIEH MPEACTAaBISET CO00M AMuHY JII000ro JomycTUMOro Mapiipyta. Jis

yIoOCTBa MHAEKCHI ONPENesioTes Mo Moxymo 1, T.e. OUT, | ;= OUTj , a D — HekoTopas

KOHCTAHTA.
[Ipu nocrarouno Gonbmux 3HadeHUsAX A, B u C HU3KOAHEPreTUYECKHE COCTOSHUS OyIyT
NPECTaBIATh JOMYyCTUMBIE MapLIpyThl, a Oojbliue 3HaueHHss D rapaHTupylor, 4to OyneT
HaJIeH KOPOTKU MapuIpyT.
Tenepb 3agaJuM 3Ha4YCHUSA BCCOB, T.C. YCTAHOBUM COOTBCTCTBUC MCKAY UWICHAMU B
GbyHKIMH SHEPTUH U YyieHamMu obmie hopmbl. [Tomygaem:

—A40,,(1-0,) (He donyckaem 6onee 00HoU eduHuybl B cmpoke)

—-Bo,;(1-6,,) (Hedonyckaem 6osnee odHol edunuybl 8 cmosbye)

" —C (an06anbHO€ O2pAHUYEHUE)

-Dd (0,,,,+0,,,) (4u1eH,omBeyatowuli 30 01uHY YUKAQ)

Hraxk,

wy . =—A46,,1-96,)-B6,(1-0,)-C-Dd (5,,,,+9,,,) (n3.5)

Li=j L . .

3xech 5,.1. = ., . s KaXIbId HCHPOH UMECT CMECILAIOIIMK BEC X, , COSIUHCHHBIN C +1lmu

0,eia+a
paBHbli Ch.

IIpakTHyeckasi 4acTb

HeoOxomumo co3maTh W OOyYHMTh HEHPOHHYIO ceTh XOM(uiaa IyTeM HalHCaHUSI
COOCTBEHHOW TIPOTPaMMBI C UCIOJIL30BAaHUEM BO3MOXKHOCTEH makera Simulink. Anroputm
pelLIeHHS 33]]a491 UMEET CIICAYIOINN BUJI:

Ilar 1. 3agate 3Hauenus A,B,C,D, ucnonbs3yemblie i pacuera BecoB B opmyine (m3.5).
3amaTh KOOPAMHATHI TOPOJOB M BBIYUCIUTH PACCTOSHUS MEXIy HUMHU. BpiOpath Tun
HENPOHOB ((PYHKIINIO aKTUBAIINH);

lar 2. [IpousBectu pacuet BecoB 1o Gopmyiie (113.5);

Hlar 3. Ha BXoapl ceTu nogaetcs HEKOTOpbIi curHan. @akTudecku ero BBOJ OCYIIECTBIISAETCS

HETIOCPEICTBEHHON YCTaHOBKOM 3HaueHui akconoB OUT, i =1,n, rae n — 4Mcio HEMPOHOB;

Iar 4. Paccuntath HOBBIE COCTOSIHUS HEUPOHOB 10 (popmyute (113.1) 1 HOBBIC 3HAYCHHS
AKCOHOB COTJIACHO BHIOPAHHOM (PYHKLMHM aKTUBALMOHHON (DYHKIINH;

Ilar 5. [IpoBepuTh, N3MEHUIITUCH JIM BBIXOAHBIC 3HAYCHHS aKCOHOB 3a TTOCJICTHUE k UTeparuit
(k 3amaHo U SIBISIETCS KPUTEPUEM BBIXOJa U3 IMKiIa). Ecnu na — mepeiitu k mary 4;

Hlar 6. [IpoBepuTh NpaBUILHOCTH MapiipyTa. Eciu MapuipyT HEBEpHBIU, IEPEUTH K 1Iary 3.

B utore HeoOX0AMMO MOMYYUTH TAOJMILY, CXOJHYIO ¢ Tabyuuie 1 TeopeTuueckon 4acTu.
Ora Tabnuna u OyIeT NpeACcTaBIATh CO00H pelieHne 3a1aqm.

CymiecTByeT HECKOJIBKO pPa3HOBUAHOCTEH (OPMYJIHMPOBKM 337a4ydl KOMMHBOSKEpa,
KOTOPBIE HECKOJIBKO BUJIOM3MEHSIOT arOpuTM pemenus. [Ipusenem tpu us Hux:
Kpatuaitimuii nonssiii muki. B 3Toi moctanHoBke TpeOOBaHME MOCEIIEHUS T'OPOAa «TOYHO
OJTHAX/IbD» 3AMEHSETCSI Ha «XOTs Obl OJTHAXKIBI»;

TpyOompoBoanast 3amada. B rpade 3aduxcupoBaHO HEKOTOpPOE MHOMKECTBO pebep (Tpyo).
Heo0xonumMo mocTpouTh MapuIpyT KOMMHBOSIKEpPa, 00s3aTE€IbHO HPOXOJAIIMNA 4Yepe3 Bce
TPyOBI.
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3anaya co cpokamu. ITyctb Af, - MaTpulla epeesioB Mex 1y ropoJaMu, 3a1aHbl TAKKE BPEMs

HaxOXJEHUs B KaXJOM TOpOA€ M HaudaJbHbI ropoJ MapupyTa. [ns kaxaoro ropona
U3BECTEH MpeleNbHbIA CPOK Bhie3aa. HeoOXoauMo moCcTpoUuTh MapuipyT KOMMHBOSDKEPA, HE
Hapyllas OrpaHUYEHHUs HAa CPOKHU.

Hcxoanbpie JaHHLBIC:

Ne Tun Yucno Tun pyHKUIIN Uucno | Matpuua nepees3non
BapuaHra | GopMyJIHPOBKH TOPOJIOB | aKTHUBAIMU TpyO
1 Knaccuueckas 5 IToporoBas - -
2 Krnaccuueckas 6 CurmonpanpHas | - -
3 Knaccuueckas 7 IToporoBas - -
4 Krnaccuueckas 8 CurmonpanpHas | - -
5 Kpargaitmmit 6 IToporoBas - -
TTOJTHBIN LUK
6 TpybonpoBoxnas | 6 IToporoBas 3 -
3ajaya
7 3amaua co 5 CurmonnanbHas | - 02 03 0.1 05
cpokami 02 . 07 06 03
03 07 . 04 0.1
0.1 06 04 . 0.9
05 03 0.1 09 °

[Tpumep mporpamMmel, MOACIUPYIOIEH paOOTy HEMPOHHOU CETH
Xomdunaa c moporoBoit GyHKIKEH aKTUBAIIUN HEHPOHOB IS PEIICHUS
3aJla4 KOMMHUBOSDKEPa

nCities = 6; % 4ucIO0 TOPOIOB

threshold = 20; % mopor cpabaTeiBaHus HEHPOHA

nStops = nCities; % 4YHCIO OCTAHOBOK, PaBHOE YHCITy TOPOJIOB;

nlnputs = nCities * nStops; % 4nCII0 BXOAOB HelipoceTH (YUCIO HEHPOHOB)
inhibWeight =-2; % monasmsiomuii Bec

inputWidth = nCities; % s BbIBOZIA HA 9KpaH

initial Activations = ones(nlnputs,1) * -1;

activations = initial Activations; % cocTosiHHe HEHPOHOB

% ITpucBOCHHE KOOPJIMHAT X,y KaXKIOMY FOPOLY

cityLocations = zeros(nCities,2);

cityLocations(1,:) = [0 3];

cityLocations(2,:) = [1 5];

cityLocations(3,:) = [4 5];

cityLocations(4,:) =[5 2];
].
]

cityLocations(5,:) = [4 0
cityLocations(6,:) =[1 0

H

H

% Bprruncnenne paccToSHUN MEXTy TOPOIAMH;
distances = zeros(nCities,nCities);
for cityl = 1:nCities, % city - HOpsAKOBBIH HOMEp TOpoAa (ETo 1Ms)
for city2 = 1:nCities,
difference = cityLocations(cityl,:) - cityLocations(city2,:);
distances(city1,city2) = sqrt(difference(1,1) * difference(1,1) + ...
difference(1,2) * difference(1,2));
end
end

% MacmrabupoBaHie pacCTOSHUM: MAKCHMAIIBHOE PACCTOSIHUE PAaBHO 1
distances = distances / max(max(abs(distances)));

% BpIunciieHHE BECOB
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weights = zeros(nInputs,nlnputs);
for cityl = 1:nCities,
for stopl = 1:nStops, % stop - HOPAIKOBBIH HOMEp CIEA0BAaHUS TOPOJA
for city2 = 1:nCities,
for stop2 = 1:nStops,
% Orpannuenue 1: Heo6xoxumo, 9100k OIMH TOpo He TOCEmacs 6osee OTHOTO pasa
% B ciry4yae HapyIieHns orpaHH4eHHs (CM. HIDKE) BBOAUTCS OONIBIION ITOJAaBIISIOMINIT Bec
if ((cityl == city2) & (stopl ~= stop2))
weights = setWeight(city1,stop1,city2,stop2, ...
inhibWeight,weights,nCities);
% Orpannuenne 2: Heo6xoaumo, 4ToObl 0JJHOMY TOPSIIKOBOMY HOMEPY
% crnenoBaHMs HE COOTBETCTBOBAJIO OOJee OJHOTO ropoaa
% B ciry4yae HapymeHnst orpaHHYeHHs (CM. HIDKE) BBOAUTCS OONBIION IMOJaBIISIOMNIT BeC
elseif ((stopl == stop2) & (cityl ~= city2))
weights = setWeight(city1,stop1,city2,stop2, ...
inhibWeight,weights,nCities);
% Orpanmyenue 3: Jlyist Toro, 4To0bl MapupyT ObUT KpaTdaiiiimm, HeoOX0JUMO, YTOOBI
% MeX1y TOpOZaMH, MMEIOIINMH COCEIHHE TTOPSIIKOBbIE HOMepa ClIeJOBaHus, ObIIH
% MHUHHMMaJIbHbIC PACCTOSHUS
% Ecnu He HapyleHO orpaHuyeHue | 1 ropoja ciaeayloT B MapuIpyTe Apyr
% 3a ApyroM (4TO 03HAYAET M BHIMOIHEHUE OTPAHIYCHUS 2) (CM. HIDKE), TO BECY
% cBs13U HelpoHa cityl-stopl ¢ HelpoHOM city2-stop2 mprcBanBaeTcs
% 3HaUCHHE, PABHOE PACCTOSHUIO MEXKy STHMH FOPOJaMH, B3SITOMY C
% TIPOTUBOIIOJIOKHBIM 3HAKOM U YMHOXXEHHOMY Ha HEKOTOPBIH KO3 (HUIHUEHT
elseif (city1 ~= city2) & (abs(stopl - stop2) == 1)
weights = setWeight(city1,stop1,city2,stop2, ...
-0.5*distances(city1,city2),weights,nCities);
end
end
end
end
end

% Hcnonp3oBaHue HelipoceTu
somebodyChanged=1; % OyxneBa GpyHkims: 1, eciiv Ha O4epeTHON HTEPALMK BEC U3MEHUIICS
notChanged=0; % koiM4ecTBO UTEpALMil OAPS, HA KOTOPHIX HU OJIMH BEC HE M3MEHMIICS
notChangedLim=1000; % xpurepuii BbIxozna
k=0
while (notChanged<notChangedLim)
k=k+1;
order = randperm(nlnputs)'; % 3amaHue Ciy4aifHOW OCIIEAOBATEIEHOCTH HEHPOHOB
somebodyChanged = 0;
for i = 1:nInputs,
unit = order(i,1);
oldActivation = activations(unit,1);
netln = weights(unit,:) * activations;
if netln >= threshold
activations(unit,1) = 1;
else
activations(unit,1) = -1;
end
if oldActivation ~= activations(unit, 1)
somebodyChanged = 1;
end
end
if (somebodyChanged == 0)
notChanged=notChanged+1;
else
notChanged=1;
end
end

% TI'paduaeckoe mpencraBaeHne COCTOSHHS HEHPOHOB

n = inputWidth;

activationGrid = zeros(n+1,n+1);

activationGrid(1:n,1:n) = reshape(activations,n,n);

figure;

colormap([111;000]); % uepHslii kBagpar - +1, 6eblii - -1
pcolor(activationGrid);

xlabel('Tlopsinok ciemoBaHus')
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ylabel('T'opox)
set(gca,' XTick',[1:nStops]);
set(gea,'YTick',[1:nCities]);

% TI'paduaeckoe npencraBieHne MapuIpyTa KOMMUBOSDKEpa
figure;
clf; hold on;
maxX = max(cityLocations(:,1)) + 1;
maxY = max(cityLocations(:,2)) + 1;
minX = min(cityLocations(:,1)) - 1;
minY = min(cityLocations(:,2)) - 1;
plot(cityLocations(:,1),cityLocations(:,2),'0k");
axis([minX maxX minY maxY]);
tour = zeros(nCities+1,2);
stopNum = 1;
for stop = 1:nStops,
for city = 1:nCities,
if activationGrid(city,stop) ==
tour(stopNum,:) = cityLocations(city,:);
stopNum = stopNum + 1;
end
end
end
tour(nCities+1,:)=tour(1,:);
plot(tour(:,1),tour(:,2),'k');

for city = 1:nCities,
cityName = sprintf('Topox %d',city);
text(cityLocations(city,1)+0.2,cityLocations(city,2)+0.2,cityName);
end

Cnucok 1umepamypel:

1. A.B.HazapoB, A.M.JlockytoB «HelipoceTeBble alropuTMbl MPOrHO3UPOBAHUS U
ontumuzanuu cucrem». Hayka u texnuka, C.-Ilerepoypr, 2003, ctp.228-248, 354-356.

2. C.OcoBckuit «Heiponnsle cetn s o0pa®oTku uHpopMmanuu». M., DuHaHCH H
cratuctuka, 2002, ctp.178-184.

3. B.M.Komammuckuii, [{.A.CmupHoB «HelpoHHBIE c€TH M MX NPUMEHEHHE B CUCTEMAxX
ynpasieHus u cBsizu». M., ['opsyas munus — Tenexkowm, 2003.
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I14. JABOPATOPHASA PABOTA

Pemenne 4eTkoi cucreMsbl JHHEHHBIX ajJredpanyeckux ypapHenui (CJIAY)
HelpoceTeBbIM METO/0M.

Ileab paborbi: O3HaKOMIIEHHE ¢ MeTOIOM petieHus yeTko CJIAY HelpoceTeBbIM
CIOCOOOM.

Oo61mas yacTb

1. Beeoenue

IIpu pewmeHun 3amayd ynpaBi€HUS B YCIOBHUAX HEONPEAEIECHHOCTH 3TH 3aJadd 4acTo
SKBHBAJICHTHBI 331a4aM noucka pemrenusi CJIAY. Hanpumep, pemenne nuddepeHnnanbHbIX
Y MHTETPAJIBHBIX YPAaBHEHUH IOCIIE UX TUCKPETU3ALUH, IPOCKTUPOBAHUE CUCTEM YIIPABIICHUS
U NPOTHO3UPOBAHUE, MOJIEIIMPOBAHNE NIOBEICHUS JIMHEWHBIX U HEJIMHEHHBIX OOBEKTOB U T.J.
Jlna pemenust CJIAY cymecTByrOT pa3inuuHble METOABI U aJITOPUTMBL. OTH METOABI UMEIOT
pa3nuuHyto 3(G(GEKTUBHOCTh M OKa3bIBAIOT 3HAUMTENIFHOE BIHMSHHE Ha Mporecc o0paboTKu
JAHHBIX, @ CJIEJOBATEIBPHO M HA MPOM3BOAUTEIBHOCTH BBIYMCIUTEIIBHBIX CHCTEM, KOTOpBIE
HCIIOJIB3YIOTCS B YIIPABJICHUU.

2. Teopemuueckan wacmep
T
Nmeem CJIAY otHOcuTenbHO BeKTOpa X =(X/, ..., X,):

:bl

n

a, X +--+a, x

aml .xl +.“+amn .xn :bm’

(m4.1)
rue a;, (i=Lm,j=1,n), b; - 3a1aHHBIC YETKUE YUCIA, T.€. YUCIA C QyHKIHEH
MPUHAIJICKHOCTEHN THIa «CUHTITORY. [lonmaraercs, uro m>n, 1.e. CJIAY (14.1)
nepeorpeieseHa.
B marpuunoii popme (114.1) 3anuceiBaeTcs B BUIE:
A-X=0b,
rae A — 3ajanHas MaTtpuiia pasmepa dimA=(mxn) ¢ YeTKUMHU dIIEMEHTaMU

mn *** amn (mxn)

(n4.2)
X — BEKTOp HEH3BECTHBIX EPEMEHHBIX — X =(X;, ..., X,);
b — 3a1aHHBIN BEKTOP — pT =(by,...,bn); «T» - CHMBOJ TPAaHCTIOHUPOBAHUS.
Jns pemienus (2) BBOAUM LIETEBYIO (PYHKIIHIO:

C 2
E(x) = ¥(x),
i=1
KOTOpasi B BEKTOPHOH (popMe UMeeT BU/I;
T
S=Y -y,
ey’ =( Y(x,),..., ¥(X,))) (1xm— BEKTOp «HeBsA3KM» pemenus CJIAY.
Wimem BekTop X' U3 YCIOBHS MHHAMHU3AIHH [IEEeBOH (YHKIHH (KBapaTa KHEBSI3KIN):

miné® =min»-»"
X X
(n4.3)
Jlnst perrenns (3) MCIOIB3YEM UTEPAIIMOHHBIN IPaJMEHTHBI METOI:
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X(k+1)=X(k)-nV[E(X(k))],
(n4.4)
re k — Homep utepanuu, 17 - KodhduirueHT cradunmzanuu, V [] - TpaJIMEeHT 1LIeJIEBOM

GyHKIHH.
Haiinem V[-]:
VEX) =3(yf y) :3[(/1)( —b)" (AX —b) | = A" (AX —b)+ A" (AX —b) =24 (AX —b)
Ox ox

2

B pe3yibTate u3 (1n4.4) noayuum:
X(k+1)=X(k)-2nA" (AX(k)-b), k=0; I;...
Augroputm perieHus yetkoil CJIAY cocTOUT U3 cleayrommx maron:
1. 3agaercs HayabHOE MPUOJIMIKEHUE, HAIPUMED, Xp=1;
2. OyHkims aktuBauu «H HeMpoceTH 3a1aeTcs B BUAC JUHEWHON 3aBUCUMOCTH:
Y=f(AX-b)=f(X)=X
3. Ueneas ¢pynkuusa & HEMpoceTH 3a1aeTcs B BUJC:
EX)=Y".Y.
4. OxoHYaHUE UTEPALIMOHHOIO Mpollecca UMEET BU:
[éCx G+ 1) - E(x )| <&,
re £ - 3aJaHHOE YHUCIIO.

Oomas cxema peutenus yetkoit CJIAY B HelipoceTeBOM JornueckoM Oasuce NpuBeeHa Ha
puc. n4.1. Ctpykrypa Heipocetn pemienust yetkod CJIAY npuBeneHa Ha puc. n4.2.

3. IIpakmuueckasa yacmo

PaccMoTpeThs HaleKHOCTh TEXHUYECKUX CPEACTB cucteM yrpasieHus (CY) npu xonoaHoM
DE3EPBUPOBAHNY OCHOBHOI'O KOMILJIEKCA OJIHUM PE3E€PBHBIM OJIOKOM € €r0 BOCCTAHOBJIEHUEM
IIOCPEACTBOM peMOHTa (puc. 114.3).

A)((k+1) - peweHne CIAY

xikl1)

Yars

*k+1)

7|‘4 R M- stop

Puc. 1i4.1. Biok cxema pernennst uétkoit CJIAY (27! — sneMeHT 3a1epx k).
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BX0A 1-bld CNOK 2-0A CNon BbIX0A
1 1 1 I 1 1 1

x>

(nx1)

(mxn) A A A —

(nxm)
1| -b -
LN Y
(mx1) y=purelin(Ax-b)  VE=purelin(A’y)

Puc. n4.2. Heiipocets pemenus uétkoit CJIAY B Matlab/Neural Network

OCHOBHOM XONoAHbIA

KOoMnneKkc pesepB

cv, CcY,

1]

Puc. n4.3. brok-cxema TeXHHYECKUX CPEACTB CUCTEMBI yrpasieHnus (JIY — norudyeckoe
ycTpoicTBO; OY — 00BEKT yIpaBlieHHs).

NoKanbHaA
ceTb

3.1. CocraButh rpad cocrostuuit ast CY (puc. n4.3) npu 4eTKoM NoToke A(f) 0TKa30B U
YEeTKOM TOTOKE £/(?) BOCCTaHOBIICHUH, U 17 rpada COCTOSHUI 3amnucaTh YETKHE

muddepeHnmanbabie ypaBHeHHs: KonMoroposa.
3.2. s t — oo 3anucath yeTKyto CJIAY s HaXoXIeHHs: HeUeTKOro KodpuireHTa
TOTOBHOCTH £, TEXHUYECKUX CPEACTB.

A

3.3. 3anate A(t) = A—const, u(t)= p—const u JUid 3TUX 3HAUECHUN HallTH £,

HEHUPOCETEBBIM METOIOM.
3.4. Haiitu E, MeTOaMU TEOPUU aBTOMATHUYECKOTO PETYIUPOBAHUS, UCIIONb3Ys SA3BIK OJIOK-

cxeM, B cucteMe MatLab/Simulink.
3.5. PesynbTatsl Beruucnenuii K, mo m.i. 3.3, 3.4 npeacTaBUTh B BHIE€ TaOIUIIBL.

A=... H=... Heitipocemesoti Simulink
Memoo

K.

4. Konmponvnsle éonpocol

4.1. IlepeyrcnuTh pa3nudHble TUIBI GYHKIIUN aKTUBAI[MN UCKYCCTBEHHOTO HEWPOHA.

4.2. 3anucate yetkyto CJIAY npu HaxoxaeHuu K. it IByX OJIOKOB XOJIOAHOTO
pe3epBupoBaHus OCHOBHOU CY.

4.3. ChopMynupoBaTh (pU3HUECKYIO HHTEpIpeTanuio A, 1 .

4.4 I1pu KakuX MPeAnoNoKEeHUSIX OTHOCUTENIBLHO 3HAKOB PaCIpeIeIeHHsI TIOTOKOB OTKa30B U
BOCCTAHOBJICHHH CIIpaBeAIuBhI ypaBHeHHsI Kommoroposa?

23




Cnucok numepamypot:

1. Mouanos U.A. HeueTkne BEpOATHOCTHO-CTATUCTUYECKUE METOABI B 3a7]a4ax YIIPaBJICHHUS.
DnektponHas Bepcus Ha CD, 2004.

2. Meagsenes B.C., [Toremkun B.I'. Heliponnsie cetu. Matlab 6. M., Jluanor MU®U, 2002.
3. Komammnckuii B.1., CmupHos /I.A. HelipoHHble ceTu 1 UX IPUMEHEHHUE B CUCTEMAaxX
yrpasieHus U cBsa3u. M., ['opsiuas nuaus — Tenexkom, 2003.

4. Apymxuna H.I'. OcHOBBI TeOpuM HEUETKUX U THOPUAHBIX cucTeM. M., @UHAHCHI U
cratuctuka, 2004,

5. Kamnan P. OcHOBHBIE KOHIIETIIUNA HEUPOHHBIX ceTell. M., «Bumbsamcy, 2003.

24



I15. JABOPATOPHASA PABOTA

Pemienne HeueTKoi# cucTeMbl JIMHEHHBIX anredpandyeckux ypasaenuii (CJIAY)
HelpoceTeBbLIMU METOJaMH.

Ieab padorbi: O3HaKOMIIEHHE ¢ METOIOM penieHus HedeTkol CJIAY HelpoceTeBbIM
CIOCOOOM.

Oo61mas yacTb

1. Beeoenue

B Hacrosmee BpeMs B TEOpPHM YIPaBJICHHs Ul ONHMCAHUSA HEONPEIECICHHOCTH LIUPOKO
UCIIOJIB3YIOTCS YacCTOTHBIE METOJBI, METOJbl TEOPUU BEPOATHOCTEH M MaTEMaTU4YECKOU
CTaTUCTHKH, B YaCTHOCTH, TEOpHUsl CIy4ailHBIX IMpoleccoB. B mocneanee Bpems pa3paboTaH
JIpyroi cmoco0 ONUCaHUS HEONPEIEICHHOCTH C MCIOJNb30BAHUEM TEOPUU HEUYETKUX
MHOXecTB. B cragum pa3paboTKu HaXOAWTCS KOMOWHUPOBAHHBIM IOAXOJ ONHCAHMS
HEONPEIEIECHHOCTH C IIOMOLIbIO HEYETKHUX CIIyYalHBIX MTPOLIECCOB.

Ilenp pa®oOTBl COCTOMT B O3HAKOMJIEHMM HeueTkoro Merona pemenus CJIIAY c
UCIIOJIb30BAaHUEM HEMPOCETEBBIX TEXHOJOIMM. DTHU TEXHOJIOTHU OKa3blBalOT 3HAYUTEIHHOE
BJIMSIHUE Ha MpoLecc 00paboTKH TaHHBIX U MIPUHATHE YIpaBiIeHUeCKuX pemeHuid. [lpouenypa
pemenust Heuetko CJIAY paccmarpuBaercss Ha mpuMmepe pacdeta Kod(puIMeHTa
rotoBHocTH K, TexHumyeckux cpeactB cucreMbl ynpaieHus (CY) mnpu ropsuem
PE3EPBUPOBAHUU OJJHUM OJIOKOM C €T0 BOCCTAHOBJIEHHEM IIOCPEACTBOM PEMOHTA.

2. Teopemuueckas uacmp
T
Nmeem Heuetkyro CJIAY oTtHocuTensHO BekTOpa X =(X, ...,X,):

T (x)-x, +etr, (x)-x, = %, (%)

r, (X)X -+, (x)-x, =1, (%),
(ns.1)
e 7, (x), n(x), (= 1,m, j= I,_n) - 3aJaHHble (QYHKIMM TPUHAICKHOCTEH HEYETKUX
IIEPEMEHHBIX ajj, b;. [lonaraercs, uro m>n, T.e. HedeTkas CJIAY (n5.1) nepeonpeneneHa.

B 3Tux ycnoBuAx HeoOXOOUMO HAlTH (QyHKIMIO NPUHAUIEKHOCTEH 7, (X), KOTOpas
-

ompezenseT HeueTkor pemrenue (nS.1). Dty 3amady Oyaem pemaTth METOIO0M MOIUGUKANN
UCXOJIHOM 3aJ]aui K COBOKYITHOCTH YETKHUX 3ajay.
IlycTe mus mpocTOTHI T, (x), A (X) MMEIT TpeyrojbHble CUMMETPUYHBIE OTHOCUTEIBHO

corer, (x), corer, (x) Gopmsl (puc. n5.1a, n5.10). HaligeM I HUX 0OpaTHBIE OTOOpAKEHUS

aj(r), bi(r), tae a,(r)=(a,(r),a; ()| 0<r <), b,(1)=(,(r).b;(r)]0<r<1).
B CJIAY (1) HeuyeTkue mepeMeHHbIC NPEJCTaBUM B SKBHBAJICHTHOW YpOBHEBOH (hopMme C

UCIIONIb30BaHUEM 00OpaTHBIX OTOoOpakeHuid, Torga (1) B MaTpuuHOl (Qopme MOXKET OBITh
MPEJICTaBJICHA B BUJIE IBYX COBOKyIHOCTEH {...}1, {...},deTkux CJIAYVY:

{A(r)- O(r)=b(r)|0<r<1}; {Z(r)-}(r) =b(r)|0<r<1}

(m5.2)

[Tonoxkum B (2) r: rp=0,...,rx=1, TOrAa AN KOKIO0T0 PUKCUPOBAHHOTO 1, / =0,k momyuum
pemenue (m5.2) HeWpoceTeBbIM MeToaoM (cM. 1ab. pab. «Pemenue uyetkont CJIAY
HEHPOCETEBBIM METOJIOMY):

X (1) =(X(17), X ()]s €[0:1]),
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rae X(r,) - pemeHusa coBokynHocTted {...}; uerkux CJIAY; }(r,) - pemeHus

COBOKYITHOCTEH {...}, yeTkux CJIAY.
PaccMoTpuM oiHY U3 KOMIIOHEHT X;(7) BekTopa X(r). [l Hee B cucteMe KOOpAUHAT (X;,F)
k — k
(puc. n5.2) uMeeM COBOKYITHOCTb TOUYEK {5 f(r,),r,}l 0 {xj (r,),r,} . O6paTtHOoe oTOOpakeHue
A = 1=0
3TUX COBOKYIHOCTEH OmIpeAeiseT MCKOMYHI (DYHKIMIO NPUHAJIEKHOCTH 7, (X) pelleHus
J
3amauu (1) B quckpeTHoit popme.
Yerkoe pemieHue HeueTkod 3amaud (mS.l1) ompenensieTcss HTpUMEHEHHEM oOIeparopa
nedasuduxanuu (dfz) , HampuMep, METOIOM IIEHTpa TsKecTH (cog - center of gravity) k

COBOKYITHOCTH {’”x_, (xp),xp} JIMCKPETHBIX TIEPEMECHHBIX.
Anroputm pemienus: HeueTkord CJIAY cocTout u3 cienyronux aros:

1. Jns 3amanubix QyHKIUH TpHHAIISKHOCTEH mapaMeTpoB HedeTkoi CJIAY naxonsarces
oOpaTHbIe OTOOpaKEHUS U JJI1 HUX COCTABISIOTCS JIBE COBOKYyMHOCTH 4eTkux CJIAY.

2. Kaxpgas u3 3TUX COBOKYITHOCTEH TIPH (PUKCUPOBAHHBIX 7. 79=0,...,r;=1 pemaercs
HelpoceTeBbIM MeTo1I0M. B pesynbrare Oynem umerts 2(k+1) uetkux Heipoceteit. Ux

BBIXOJIOM SIBJISIETCS] COBOKYITHOCTD {X (rp),xp} .

-1
3. OOpatHoe oToOpakeHHe {X (r,), xp} OIpeEeIsAeT COBOKYITHOCTD {rX (x,)s xp} , koTopoe

OIIpeIeNIsIeT B TUCKPETHOU (hopMe PYHKITUIO MPUHAICIKHOCTEH HCKOMOTO perreHus (1).
4. Omepatop dfzcog{rX (x, ),xp} nmaeT yeTkoe perrenue Heuetkord CJIAY (1).

3. IIpakmuueckaa uwacmo.

PaccMoTpeTs HaleKHOCTh TEXHUYECKUX CPeACTB cucteM yrpasieHus (CY) npu ropsueM
pE3EPBUPOBAHUH OCHOBHOI'O KOMILJIEKCA OJTHUM PE3E€PBHBIM OJIOKOM C €r0 BOCCTAHOBJIEHUEM
MOCPEJICTBOM peMOHTa (puc. 15.3).

>}"
0)
T80 éiz)
T4 4i+p; & ()
6
1| S 4>
2 : core 7,.(¢) A : £ ()
| e 1
OTeo & Gipi > x gl 1 ot &

Puc. n5.1. ®yHkuuy npuHauiexKHOCTeH 7, (X), 7, (X) HEYETKUX MEPEMEHHBIX a;i(7), bj(a), (b)

¥ MX 0GpaTHbIe 0TOOPAKCeHNs ;i(r), bi(r), r € [0;1]
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Puc. n5.2. ®ynkuus npuHamiexsocreil . (x) Hedérkoro pemenus Heuétkon CJIAY.
J

OCHOBHOW TOpAYMIA
Komnnekc peseps
cY, cv,
)l ) J-ly lL
JNOKanbHaA

CeTb

Puc. n5.3. brok-cxeMa TEXHUYECKUX CPENICTB cucTeMbl ynpasieHus (JIY — norunueckoe
ycTpoicTBO; OY — 00BEKT ynpaBlieHHs).

3.1. CoctaButh rpad cocrosauii 15t CY (puc. 115.3) mpu HEYETKOM MOTOKE A(f) OTKa30B U
HEYETKOM TMOTOKEe £/(f) BOCCTAHOBJICHHM, U JJis Tpad)a COCTOSHUM 3amucaTh HEUYSTKUE

muddepeHnmransaeie ypaBHeHus Koiamoroposa.
3.2.]Ins t — oo 3anucaTh HeueTKyto CJIAY 1i1s HaxoxaeHUs] HeYeTKOTo K03 uirenta

rotosHoctu E,=(E 5(7’),55(1/) |0 <7 <1) TeXHUYECKHUX CPEJCTB.

3.3.3amate A(t)=A= (éi) , Ut)y=u= (&;) U IS OTUX 3HAYCHUH 1IpHt 7. 79=0, ...,r=1
Haittu E ,(r), Ea(r) HEHPOCETEBBIM METOJIOM.

3.4. Haiitn E s |r:1 myTeM pemmenus yetkoit CJIAY u cpasuuts ¢ E (1 =1), E(r =1).

3.5. Haiitu E ,(r), fa(r) pu r=0; 0.25; 0.5; 0.75; 1.0 MmeTolaMHi TEOPHUH ABTOMATHYECKOTO

PETYIMPOBAHUS, HCIIOJIB3YS SI3BIK OIOK-cXeM, B cucteMe MatLab/Simulink.
3.6. PesynbTatsl Beruucienuii K. mo .. 3.4, 3.5 npeacTaBuTh B BUAE TaOIUIIBL.

A H
A A u

K. K.

dfzcog

K.
dfzcom

K.
simulink

=0 r=1

Y7

K.

4. Konmponvhbvie 6onpocul

4.1. Yem oTnmuaroTcs pemieHus uetkoid u Heuetkoi CJIAY HelipoceTeBbIM METOIOM?

4.2. Kak cka3pIBaeTCsd CUMMETPUYHOCTh (DYHKIMI MPUHAUICKHOCTEH TOTOKOB OTKA30B U
BOCCTAaHOBJICHU Ha BUJ (PYHKUIMH MPUHAIICKHOCTEH K03 PHiineHTa roToBHOCTH?

4.3. Kakyto (pu3ndecKkyro HHTEPIPETALNI0 MOXKHO NPUAATH HEYETKOCTH MOTOKOB OTKA30B U
BOCCTaHOBJICHUI?

Cnucok numepamypuol.
CM. Cnucox numepamypur nabopatopHoit pabots! 114.
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