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JlabopaTtopHas pabota Nel
PA3PABOTKA DKCITIEPTHOM CUCTEMbBI HACTPOMKU ITAPAMETPOB
[MNA-PET'YJIATOPA DOCII ITOCTOSAHHOI'O TOKA

1. HEJIb PABOTHI
[lomyueHne HaBBIKOB pPa3pabOTKH  OSKCIEPTHBIX CHUCTEM, KOTOpHIC
BKJIIOYAIOT B ce0s 0a3y 3HaHMI MO (OPMUPOBAHUIO AJNTOPUTMOB HACTPOMKHU
napameTtpoB [T ]I-perynsaropoB, oOecreuynBaOMMX BHIMOJHEHUE TpeOoBaHuil T3
[0 KayeCTBY IEPEXOJHOr0 Ipolecca, CTaTUUECKOH OMMOKE M JUHAMHYECKOH
TOYHOCTH AMEKTpUYeCKuX caeadmux npuBooB (DCII) nocrostHHOrO TOKA.

2. TEOPETUYECKUE CBEIEHU A

2.1. OcHOBHBIC 3aMeYaHUA

[T /I-perynaropel LIUPOKO pacupocTpaHeHbl B yIIpaBJICHUA
aBTOMAaTU3UPOBAaHHBIMU  IIPUBOJAMM, MCIOJB3YEMBIMH B  TEXHOJOTMYECKHUX
npolueccax, 4To oOyCJIOBIEHO HUX MPOCTOM peanu3aluuedl U JOCTaTOYHO BBICOKOM
3¢ ¢pexkTuBHOCTRIO. OAHAKO, KAaK MPaBUJIO, BCIEACTBUE W3MEHEHUS IapaMeTpOB
oOvektra ympasiaenus (OY) B mnpouecce skcmityartanuu, [IWAJ[-perynaropsl
TpeOYIOT NEPUOANUECKOTO OOCITYKUBAHUS U MOACTPONKH.

OgHuM W3 BO3MOXHBIX IMyTEH pElIeHHs AaHHOW MNpPOOJIEMbI SBIISETCS
pa3paboTKa HKCIEPTHOM  CHUCTEMBI, KOTOpasi  OCYILIECTBISET  AKTUBHYIO
JUArHOoCTUKY MPHUBOJA, T.€. ONPEIEIAET BO3MOKHBIE OTKJIOHEHHS B BBIIIOJHEHUN
TpeboBanunii T3 Ha OCHOBE aHaiMM3a W3MEHEHUW MapaMeTPOB BBIXOJHBIX
KOOpAMHAT U KOMIIEHCUPYET OOHApY>KEHHbIE OTKJIOHEHHUS, C TIOMOIIbIO KOPPEKIIUU
[IapaMeTPOB PEryJIATOPA, OCHOBAHHON HA TEOPETUYECKUX, IMIIMPUUECKUX 3HAHUAX
Y OTIBITE MOACTPOIKHN K03 durmerton (puc. 1.1).

Baza aHanui

Puc. 1.1. CrpykrypHas

cxema DCII moCTOSSHHOTO TOKa C

3kcneprHan " ~ = ~
cucrema < OKCIICPTHOU CUCTCMOHU HACTPOHUKH
[T d-perynsaropa.
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2.2. IINU A-peryasitop

B mpakTuke MpoeKTHPOBAHUS CIEIAIINX MPUBOJOB MEXAaTPOHHBIX CHCTEM
HamboJIee YacToO WCMOIB3YeTCsS MPOTOPIIMOHATBHO-UHTETPO-TU(hepeHIINATHHBIN
(ITM 1) 3akoH yrpaBiieHUs, OMUChIBaeMbIl (popMyoit
d;{:) + K, f e(t)dt
WJIM B OTIEpaTOpHOM dhopme

u(t) = Kye(t) + K,

1
u(p) = Kye(p) + Kzpe(p) + K, ?—Jer{p)

K, K;, K

rae '—mapametpsl [IW]J] -perynsitopa (3aKOHA yIIpaBICHUS)

(puc.1.2).

r— — — — — — — — — o— o— o—

Puc. 1.2. Ctpykrypa [IU/]-perynstopa

[TapameTpsr IIW/I-perynsitopa OKa3bIBalOT pa3IMYHOE BIUSHHE Ha
nepexoAHbli npouecc cucremsl. B Tabn. 1.1 npencraBieHo BIMSHUE YBEJIUYEHUS
ko3 urmenTos [T perynsTopa Ha XapaKTEpUCTUKH YIPABIISIEMOIO Mpoliecca.

Tabmanma 1.1
Bpems YcraHoBuB- Ilepeperyau-
Koadpduumenr P pepery
HApacTaHUsl  |Iasicsl olUOKa |[poBaHuUe
ITo mponoprmoHaIbHON
. YMEHBITIAET YMEHBIIIAET YBEITMYHUBACT
COCTaBIISIONICH
ITo
nuddepeHnnansHoi HE BIIUSIET HE BIIUSIET YMEHBIIIAET
COCTaBJISIFOLIEN
ITo WHTETPAIBHOM| CKOpEe
. YCTpaHsIET YBEITMYUBACT
COCTaBIISIONICH YBEITMYUBACT

Takum o0pa3oM, Ha OCHOBE aHaidu3a TaONMIBI | MOXHO caenaTh
CJICTYIONTNE BBIBOJIBIL:



® MPOMOPLHMOHATbHAS COCTABIISAIONIAs OTBEYAET 3a OBICTPOJCHCTBHUE
cucTteMbl  (Bpemsi  HapacTaHus), a TaKXe 3a  BEIUYUHY
YCTAaHOBUBIIEHCS OLINOKY;

o muddepeHUATHHAS COCTABJISIOIIAS MO3BOJISIET  YBEJIUYHTH
neMnupoBaHWE CHCTEMBI, T. €. TOJAaBUTh HEXKeEJaTeIbHbIC
KOJ1€0aHUs U YMEHBIIUTh NIEpeperyInpoBaHue;

® UHTErpajbHas COCTABJSIONIAS TIO3BOJISET YMEHBIIUTh N0 HYJA
YCTAHOBUBIIYIOCS OLIMOKY B CHCTEME.

B oOmem cayuyae IIM/[-perynsiToppl MOXKHO OTHECTH K KaTEropuu
AKCHEPTHBIX PETYJSITOPOB, TMOCKOJBKY OHHU MOTYT HACTpauBaThbCs IyTEM
HEMOCPEJCTBEHHBIX HIKCIEPUMEHTOB C OOBEKTOM B COOTBETCTBUHU C U3BECTHBIMU
Metoaukamu (3uriepa-Hukoica, Kosna-Kyna u ap.).

2.3. Onpenenenue napamerpos IIN/[-peryasitopa

CymectByer MHOX)eCTBO MeTtofoB HacTpouku [IWJI-perynsitopa. OnHum
u3 HHX SIBIISICTCS METO]I Kosna-Kyna. /
http://pages.mtu.edu/~tbco/cm416/cctune.html/

Meron Kosna-Kyna (Cohen-CoonTuningMethod) nmo3Bomsier onpenenursb
napametpsl [, II n 1IN/] perynaropoB no OJHOW KPUBOW OTKJIMKA, TO €CTh IO
NEePEeXOqHOMY TPOIIECCY HECKOPPEKTUPOBAHHOTO 00bekTa OV mpu BO3ACHCTBUU
CTYNEHYaTOI0 CUTHAaJA.

JIOCTOMHCTBO 3TOTO METOAa 3akjirouaercss B ToMm, uro OV 3amyckaercs
OJIMH pa3 ¥ Ha OCHOBE TOJIYYCHHOU XapaKTEPUCTUKHU MO M3BECTHBIM (opMysam
paccunTbiBatoTcs napamerpsl KY, mpu stom nepenarounas gpynkuus OY moxer
OCTaBaTbCsl HEU3BECTHOM.

Henocratkom siBAsieTCsl TO, 4YTO HECKOPPEKTUPOBAHHBIA OV NOMKEH ObITH
ycToi4uBbIM. B ciiydae ecii 00BEKT HEyCTOMYHMB, HEOOXOAMMA JIOTIOTHUTEIbLHAS
KOPPEKIUs APYTUMHU MeTo/laMu. Takyke MeTO/ He yuuThiBaeT TpeboBanus T3.

s pacueta xkodddunmentoB [MN]-perynsaropa no merony Kosna-Kyna
HEOOXOMMMO Ha 3aMKHYTYH0 CHCTeMy O0€3 peryiastopa W Tpud HAIAYUU
BO3MYIICHUN MOAATh CTYIEHYATOE BO3JACHCTBUE C HEKOTOPHIM 3aIa3/IbIBAHUEM,
MIPU KOTOPOM TE€PEXOHBIC MPOLIECCHI, BEI3BAHHBIC BO3MYIIICHUEM, YCIICIOT IPUNUTH
K YCTOMYMBOMY COCTOSIHUIO.

Ha puc. 1.3 npencrapiieHbl MPOLECCH HA BXOJE U BBIXOJE€ CUCTEMBI.

Ha Bxonx cucrembl B MOMEHT BpeMeHU 1o TMojaercss CTyneH4yaToe
BO3J/ICHICTBUE aMILUIUTYI0M — A.
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Puc. 1.3. IIpouieccrl Ha BXO/IE ¥ BBIXOJ/I€ CUCTEMBI
[To monydyeHHOW KPUBOM OTKIMKAa HEOOXOJUMO CHSTh CIEAYIOIINe

napaMeTphbl:
B— pasHuiia Mexay yCTaHOBUBIIUMCSI 3HAUEHUEM BBIXOJHOW BEIUYUHBI U
3HAYEHUEM B MOMEHT BpeMEHH 1o;
to—Bpemsi, Ipu KOTOPOM BBIXOAHAsI BEJIMUMHA IOCTUTAET MTOJIOBUHEI B;
t3—Bpemsi, mpu KOTOPOM BBIXOAHAsI BeIMUHUHA nocturaet 63.2% B.
Jlanee 1o CleAyIUM 3aBUCUMOCTSIM PACCUUTHIBAIOTCS JOTOJHUTEIIbHbBIC

IapaMeTphI IIPOLIECCA:
I’-E - IHZ ) I’-E
ty=— 2,

¥

1 —In2
T=13 1y
Tper = L1 — Lg;
K B

=
:TDEL
—

[Io nNonydyeHHBIM  3HAYEHUSIM  PACCUUTHIBAIOTCS  KO3(PPUIUEHTHI

KoppekTupytomero ycrporcrsa (KY) uz tadn. 1.2.



Taomumal. 2

K, = 1/K; T, =K;
1
I R - -
K-r (1 N 3)
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Paccunrannbie 3HaueHuss mapametrpoB IIMJ[ - perynstopa 1o

MPUBEICHHBIM 3aBUCUMOCTSAM OOECIICUUBAIOT YJOBIECTBOPUTEIbHBIC MEPEXOIHbBIC
nporeccel. OgHaKo, eciau B COOTBETCTBUU ¢ T3 Tpebyercs obecneduTh Ooliee
BBICOKME XAPAKTEPUCTUKH, TO HEOOXOJMMO BBIMOJHUTH MPOLEAYPY KOPPEKIUU
VI TIONOJIHUTETLHON HACTPOMKHU (ITOJICTPOMKHM) MapaMeTPOB PEryJIsaTopa.

2.4. Aaroputm noacrpoiiku napamerpon IIN/[-peryasitopa

JIns co3pmaHus SKCIEPTHOM CHUCTEMBI 10 HAcTpoMke mnapamerpos [INJI-
pEryisiTopa BO3bMEM 32 OCHOBY 3BPHCTHUECKHI METOJ HACTPOMKH, KaK IPABUIIO
peanu3yeMblii Ha TMPAKTUKE KBaTU(DUIIMPOBAHHBIM COTPYAHUKOM, KOTOPBIN
3aKJII0YAeTCsl B TOOYEPETHOM YCTAHOBKE MapaMETPOB PETYIISITOPA.

HacTpoitka mnpoBoaMTCS Ha OCHOBE aHalW3a PEaKUUH CHUCTEMbI Ha
€AMHUYHBIN CTYIEHYAThId CUTHAJ MPU HAIMYUU BO3MYIIEHUN, NEHCTBYIOIINX Ha
OV.

Ha nepBoMm sTare n3MeHSIOT NpOonoOpLUOHAIBbHYH cocTaBisiromyo [TH/]-
peryisiTopa Tak, 4TOObl KpUBas MEPEXOJHOrO IMpolecca Ha BBIXOJE CHCTEMbI
cocrosma w3  2-3  konebanuil. Ha  mpakTMke 3TO  COOTBETCTBYET

nepeperynuposanuio ¢ = 20..30%

Ha BTOpoM »3Tame mepexoaHbIii Tporece IeMII(HUPYIOT yBEIUYCHHEM
nuddepeHnanbHON  COCTaBIAIONIAs  peryjisTopa g0 TeX Top, IoKa

~ N0
NepeperyimpoBaHuc a 0 "{], IIpu 9TOM cjienyer YUUTHIBATH BpCM:A

peryJupoBaHUs CUCTEMBI.
Ha Ttperbem »5Tame yBeNMUMBAIOT MHTETPAIbHYIO COCTABIISIIOULYIO

perymusTopa ¢ ueiablo 00ecneunTh BhIOIHeHHE TpedboBanuil T3 mo ToYHOCTH.
AJNTOPUTM TAaHHOTO METOJA IpeacTaBieH Ha puc.l.4.
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Puc. 1.4. Anroput™m sBpuctuueckoit noacrporku [ IN/-perynsitopa
3. TOPAIOK BIIOJIHEHUA PABOTHI
O6bexktom ynpasieHus siBasiercss OCII, MCHOJHUTENBHBIM JABUTATEIEM
KOTOPOTO SIBJSIETCS ABUTraTe b nmoctosHHoro toka (AIIT) DJIM-20, TexHudeckue
XapaKTePUCTHKU KOTOPOTO MpuBeieHbI B Tad. 1.3.



Tabmuma 1.3

Texnnueckue xapakrepuctuxku 3IM-20

HomunaneHOE HanpsyKeHUE TTUTaHUS 27B
MOMEHT HHEPLUH KOS 0.0003 xr-m?
ConpoTuBiieHHE OOMOTKH SIKOPS 0.15 Om
NHIyKTUBHOCTb OOMOTKH SIKOPSI 0.15 mI'n
Koaddumment npotuso-3/1C 0.078 B-c/pan
Koaddumment momenTa nBuratens 0.078 H-M/A

Simulink-moznens JIIIT npencrasiena na puc. 1.5.

1R
) I/R-s+1

<Fole
<Z|

Mn

Puc. 1.5. Simulink-mozens JI1T
Simulink-moznens DCII npeacraBnena Ha puc. 1.6.

=

Ownbia

J:i\of—-@
)

Sine Wave

| Tox
=

omega

CKOpOCTE

{1
" nr fi

anT To Workspace

Yron

Puc. 1.6. Simulink-monens DCIT
TpeOyetcsi paccuurtats mapametpsl [IU]/[-perynsropa metomom Konna-
KyHa v noactpouts ux, peain3oBaB AITOPUTM PYYHOM HACTPOUKH.
TpeboBanus T3:
— mnepeperynupoBanue 0..5%;
— crarudeckas ommuodka 0.1 mpan;
— JauHamudeckas ommuoka 0.5 mpan;
— AaKTHBHAas Harpy3ka - MOMEHT Harpy3ku 1 Hwm.
Cxema mMoieMpoBaHus TToKa3aHa Ha puc.l. 6.
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ITopaguMm Ha BXOJ 3aMKHYTOM HECKOPPEKTUPOBAHHOM CUCTEMBI B YCIOBHSIX
BO3MYLICHUS 110 MOMEHTY €JAWHWYHBIA CTYIIEHYaThlii CUTHAJI C BPEMEHHOMU
3aJIep>KKOit 1 ¢, MOTyYrM Ha BBIXOJIE OTKIIUK CHCTeMBI (puc. 1.7).

T T T T T T T T T
OF | | | | | | | | | -

- _|III ] I * t t t * t t =
A5 | \'- | Lf I ! ! | | | | |

0.5 T T I I I T I I N

| | i | | | i | |
0 0.5 1 15 2 25 3 35 4 45 5

Puc. 1.7. Ilpouiecchl Ha BXOJIE U BBIXOJI€ CUCTEMBI

Hanee HeoOxoaumo 1o ¢opMyiaMm, TpUBEACHHBIM B Ta0d. 1.2 BBINMOIHUTH
IpeaBapuTeIbHbIN pacueT napameTpos [T ]]-perymaropa:

K,=..;K;=..; K =.

[ToncraBuB yka3aHHBIE MapaMeTpbl B PACUECTHYI0 MOJENb, IOIYyYUM
MEPEXOAHBIA TMPOLIECC B CKOPPEKTUPOBAHHOW cucreme. I[IpumepHslii BHI
MepexXoaHOTO Mmpoliecca npeacrapieH Ha puc. 1.8-1.9.

08 F 1 1 1 ! ! ! ! ! ! -

08 F 1 1 1 ! ! ! ! ! ! -

0.2 | | | | | | | | | _

I I I I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1

Puc. 1.8. IlepexoaHslii poliecc Ha BbIX0JI€ CKOPPEKTUPOBAHHON CUCTEMBI
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Puc.1. 9. Peakmus cucTemMbl Ha TApMOHUYECKOE BXOTHOE BO3/ICHCTBHE
JUist gaHHOrO TMpoliecca XapaKTepHbl cTathyeckas ommOka 1.5 mpap,

JuHaMu4deckass omuOka 9 wmpaa. Bpemsi perymupoBanusi cocrtasisier 0.25c,

nepeperynupoBanue 3.5%.

JluctTuHr M-daiina, pean3yrnero ajJropuT™M 3BPUCTHUECKON HACTPOUKHU

napametpoB [T1/[-perynstopa npencrasien Ha puc.1.10.

Ba:xkno! Ilepen 3amyckom m-daiina B Simulink-cxeme HeoOxoaumo

YUYECTbh:

Ha BXOJI CUCTEMBI MIOJIAE€TCS €AMHUYHOE CTYIIEHYAaTOE BO3/ICHCTBHUE;
KOHEYHOE BpeMs MoAenupoBanus cucremsl 0.3 c;

SampleTime B 6;110xKe ToWorkspace cocrasinsier 0.0001;

ums 0110K-cxeMsl tuning_const_PID.slx.

PaGota m-daiina wmoxer ObIThb ocTtaHoBieHa B CommandWindow

HaxxatueM komouHarmu kinasum Ctrl+C.

% TpebosaHua T3:
% nepeperynuposaHue 0..5%

% cTaTnyeckan owmnbka 0.1 mpag,
%
Stat_error=0.0001;
Step_Kp=0.5;
Step_Kd=0.005;
Step_Ki=1;

o/
/0

sim('tuning_const_PID.slx'")
if max(fi)<1.05 & abs(1-fi.Data(fi.Length))<Stat_error
disp('MapameTpbl perynsatopa yaoBAeTBOPAI NOCTaBAEHHbIM TpeboBaHUAM')

else
disp(‘HacTpolika nponopumoHanbHoi coctasasiolen NMUA-perynatopa')

12



%npu nepeperyanposadnm 20% B cucteme BO3HUKAIOT KonebaHus, 3aTyxatolune 3a 2-3
nepuoga
ifmax(fi)<1.2%ecnn  nepeperynuposaHve  meHbwe 20%  KoadoduumeHT  Kp
yBennumBaeTca
while max(fi)<1.2
Kp=Kp+Step_Kp;
sim('tuning_const_PID.slx')
end
else%ecnn nepeperynmposaHune 6onblie 20% KoapdumumeHT Kp ymeHbLuaeTcs
whilemax(fi)>1.2 &Kp>0 %npwu 3Tom Kp He MorKeT HbITb OTPULATENBHON
BEJINYMHOM
Kp=Kp-Step_Kp;
sim('tuning_const_PID.slx")
end
ifKkp<=0  %BbIxoA4 M3 nporpammbl, ecan Kp He NoN0XKUTENbHO
disp('Ownbkalll’)
keyboard
end
end
Kp=Kp %napameTp Kp HangeH!!!,

o/
/0

% 610K aHann3a NepexonHOoro npowecca
[max_Value,i_max]=max(fi.Data(:)); %HaxoxaeHne MaKCMManbHOro 3Ha4YeHUs n
€ro nosnuum B psAe BbIXOAHbIX AAHHbIX
[min_Value,i_min]=min(fi.Data(i_max:fi.Length)); %HaxoaeHne MUHMMANbHOrO
3HAYeHMA 1 ero Nos3nLMm Nocae MakCMManbHOM BEIMUYUHDI
disp('Hactpoika anddepeHumanbHom coctasnatowein NMUA-perynatopa’)
while max_Value>min_Value %NpubANKEHNE  MaAKCMMANbHOW  BEAWYMHBI K
nocneanyouwemn MWHUMaAIbHOM CBOAWUT NepeperyanpoBaHune
K 0%
Kd=Kd+Step_Kd;
sim('tuning_const_PID.slIx')
[max_Value,i_max]=max(fi.Data(1:500)); %pac4yeT makcMmabHOWN BE/INUYMHDI
nposoauTcs B AnanasoHe ot 0 go 0.05c¢ (ot 1 ao 500),
T.€. BPEMEHM HapacTaHus
[min_Value,i_min]=min(fi.Data(i_max:fi.Length));
end
Kd=Kd %napameTp Kd HanpeH!!!,

o/
/0

disp('HacTpolik nHterpanbHoii coctasnatouwei MNA-perynatopa’)
while abs(1-fi.Data(fi.Length))>Stat_error %moaynb OWNMOKM He AONXKEH NPEBbLIWATb
334aHHOrO 3HAaYEHMSA B KOHEYHbIN MOMEHT BPEMEHMU
Ki=Ki+Step_Ki;
13



sim('tuning_const_PID.slx'")
end
Ki=Ki %napameTp Ki Harger!!!

o/
/0

end

Puc.10. JIucTuHr nporpaMMsl, peayin3yrolend SBpUCTUYECKAE HACTPOUKHU
[Tocne nonpcrpoiiku nmapametpsl [ J[-perynsatopa npyHUMAtOT 3HAYCHUS :
K,=.,K;=. K =.

P

IIprMepHBI BUI EPEXOJHOIO Iporecca ¢ HOBbIMH napamerpamu [T/1-
perynsaropa npeacTtasieH Ha puc.1.11.

06 H I I 1 I 1 1 1 1 I |

04 | | | | | | | | | 4

02 I I 1 I 1 1 1 1 I |

(1} 01 02 03 0.4 05 0.6 07 08 09 1

Puc. 1.11. Ilepexonnblii mpoLecc Ha BBIXOJE CKOPPEKTUPOBAHHON CUCTEMBI

AHanu3 pacCYUTaHHOrO MEPEXOIHOTO MpoLEecca MO3BOJISET CAENATh BHIBO
O TOM, UYTO CHCTeMa C  TOACTPOCHHBIMM  TapamMeTpaMd  HUMEET
nepeperynupoBanue = 0%, Bpems perynuposanust 0.021 c, ctatudeckasi onmoka
He npesbimnaetr 0.1 Mpan, 4To yIOBIETBOpSET TpeOoBaHUsIM T3 MO MOCTOSHHOMY
CUTHAIY.

[IpoBepum 0TpabOTKYy CHCTEMOM rapMoHHYecKoro curHana (puc.l.12),t.e.
Ha CUHYCOUJAJbHBIN BXOAHOM curHai ammuntyaou 0.1 pax u wacroroii 2 ['m.

i
012 I I
0.1 T 1 BXOO
D08 | ! ! ! ! ! 0.05
D.06 -
0
D04 -
-0.05
D02 ;
0 -0.1
0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3

Puc. 1.12. Peakuus cucteMbl Ha TapMOHUYECKOE BXOJTHOE BO3JICUCTBUE
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N3 mpuBeneHHbx TpaduUKOB BHUAHO, YTO JUHAMHYECKas OIIMOKa
coctaBisieT 4.7 Mpaj, 3HaUeHHE KOTOPO npeBblaeT TpedoBanuit T3.

Jlist ymydiieHus: paOOTbl CUCTEMBI TPHU CIEKEHUHU 32 TapMOHUYECKHUM
BO3JICUCTBUEM M BBINIOJHEHUsS TpeOoBaHuM T3 MOMOTHUM CXeMy KOMIICHCAlUei
JTUHaMHYecKo# omuoku (puc.l.13).

‘ =

Owwbka

To Workspace

Step with delay
- +|

ik -
i ~—

Step CkopocTe
Mn ! Min by -
fi La fi
T To Workspace
Sine Wave "‘.I N |
n

Yron

o

Tok

Puc. 1.13. Simulink-cxeMa ¢ koMneHcanueil JMHAMUYECKON OIMOKU

Takoe JOMONHEHWE  YYUTBIBAET CKOPOCTh  HW3MEHECHHS  BXOJTHOM
KOOPJIMHATHI B (hOPMHUPOBAHUN YIIPABIISIIOIETO Bo3aecTBUs. CreayeT IPUHATh BO
BHHMAaHHE TO, YTO CKOPOCTh M3MEHEHHUS CTYIIEHYaTOTO cuTHaia paBHa 0 v JaHHAs
COCTAaBJISIFOIIAs HE OKa3bIBACT JOMOTHUTEIIBHOTO BIMSHHSI HA CHCTEMY.

JluctuHr m-daiina, peaausyromuii HACTPOWKY MapameTpa KOMIIEHCAIUU
JTUHAMHYECKON OIIMOKY MpuBeaeH Ha puc.l.14.

Ba:xkno! Ilepen 3amyckom m-daiina B Simulink-cxeme HeoOxomumo
YUYEeCTh:
— Ha BXOJ CHCTEMBI TI0JIa€TCS TAPMOHHUYECKOE BO3JICHCTBHUC;
— KOHEYHOE BPEMS MOJICITUPOBAHUS CUCTEMBI 3 C;
— SampleTime B 6;10ke ToWorkspacel coctasmsier 0.0001;
— wums 6ok-cxemsr tuning_const_PID.sIx.

Ctrl+C 8 CommandWindow ocTtaHasnvBaeT paboTty m-daiina.

o/
/0

% TpeboBaHuAa T3:

15



% AnHammyecKas owmnbka 0.5 mpaga.
%
Kk=0;
Dyn_error=0.0005;
Step_Kk=0.001;

o/
/0

sim('tuning_const_PID.slx')
[error,i]J=max(e.Data(15000:e.Length)); %HaxoXAeHne 3HaYeHUs MaKCMMabHOM
oWwmnbKM B AnanasoHe ot 1.5 0o 3c (pexunm cnexxkeHumsn)
iferror<Dyn_error%ecnn makcumanbHaa owubka OTpaboTKM  rapMOHWYECKOro
BO34ENCTBMA MeHblle TpebyeMol, TO cucTeMa He HyXKAaeTcAa B AOMNOJHUTE/IbHOM
KoppeKuuu
disp('MapameTpbl perynatopa yaoBAeTBOPUTE/bHbI')
else %ecnun owmnbKa bosblue Tpebyemolt, ysennunsaem koapoumumeHT Kk go
Y40BNETBOPEHMA 3aaHHbIM TpeboBaHMAM
disp('HacTpoika napameTtpa KomneHcaumn')
while error>Dyn_error
Kk=Kk+Step_Kk;
sim('tuning_const_PID.slx')
[error,i]J=max(e.Data(15000:e.Length));
end
Kk=Kk %napametp Ki HarigeH!!!

end
Puc.1.14. JluctuHr IIPOTPaMMBbI KOpPPEKINHU ko3 puieHTa
KOMITCHCUPYIOILIEH CBSI3U

[Tocne HacTpolikM noTyvyaem:

H | At

PacueTHble XapaKTEpUCTUKM CUCTEMBI C KOMIICHCHUPYIOLIEH CBSI3BIO
npeacTaBiieHsl Ha puc.1.15.
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Puc. 1.15. Peakuus cuctemMbl Ha TApMOHUYECKOE BXOTHOE BO3ACHCTBUE

Benuunna  auHamMudeckol  OMIMOKKM — OTPAOOTKM  TapMOHHYECKOTO
BO3JIeHicTBUS HE mpeBbimaeT 0.5 Mpaj, 4To yI0BIETBOpsieT TpeboBaHusm T3.

4. 3BAJIAHUE HA BBITIOJIHEHUE

JIns tectoBoro BapuaHTa paccuutath metonoM Koysna-Kyna B mepBom
npubImxeHun 3HadeHus napamerpoB [IN/[-perynsTopa, 3aTreM ¢ HOMOUIBIO
HKCIEPTHOM CHUCTEMBI TIPOBECTH KOPPEKIMIO MMapaMeTpOB peryistopa U
paccuuTaTh KOI(PPUIUMEHT KOMIEHCUPYIOIIEH CBS3H, KOTOpPbIE OOECIEUYHBAIOT
BBITIOJIHEHHUE TPEOOBAHMI TEXHUYECKOTO 3aJaHU.

Bomonnute koppeknuo DCII B cooTBeTcTBUM ¢ BapuaHTOM (Tali. 4),
3aIaHHBIM NIPETNOIABATEIIEM.

['apMoHHMUYECKOE€ BXOJHOE€ BO3JCUCTBUE — CHHYCOWAAIbHBIA CHUTHAI
amrumntynou 0.05 pag u wacroron 2 I'1.

CxeMbl MOJIeTTUPOBaHMSI IpeCTaBIeHbI Ha puc. 1.5-1.6 m 1.13.

OGecnieunth BbIONHEHHE TpeOoBanus T3. Ilpu HEBO3MOXKHOCTH
oOecrieueHusl 3aJJaHHOW JTUHAMUYECKOW OIIMOKH OMpeNeInuTh MUHUMAJILHOE ¢
3HaueHue, Ha0ro1as 3a TpaduKOM OMTMOKY TIPH 3aITYCKE MPOTPaMMBI.
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Tabmauna 1.4

Conportusnenn | MUaayktuBHO | Koaddumuenr | Momentr | [IpuBeneHH
e OOMOTKH | CTb OOMOTKH | Bl MPOTUBO- | HHEPIIUU | I MOMEHT
AKOPS AKOPS OJAC wu 1o | AKop Harpy3Ku
R L MOMEHTY J Mn
OMm MI'H Ce=Cm KI"M? KI*M?

1 2 3 4 ) 6

1 0.9 0.9 0.055 2.8-10° 0.01

2 0.475 0.475 0.053 4.7-10° 0.1

3 0.0865 0.0865 0.095 100-10° | 0.5

4 0.82 1.23 0.081 9-10° 0.1

5 0.6 0.6 0.062 11.5-10° |0.05

6 1.08 1.62 0.051 3-10° 0.01

7 0.325 0.4875 0.047 10-10° 0.05

8 0.2 0.2 0.075 33-10° 0.5

9 0.88 1.32 0.058 2.1-10° 0.01

10 0.255 0.3825 0.071 42-10° 0.1

11 0.53 0.53 0.0515 4-10° 0.05

12 0.11 0.11 0.092 130-10° | 0.5

13 0.72 1.08 0.079 11-10° 0.1

14 0.77 0.77 0.078 9.5-10° 0.05

15 0.185 0.185 0.077 35-10° 0.1

16 0.096 0.144 0.092 170-10° |05

17 0.125 0.1875 0.096 140-10° |05

18 0.42 0.42 0.06 15-10° 0.05

19 0.85 0.85 0.082 9.7-10° 0.05

20 1.2 1.2 0.0575 3.9-10° 0.01

5. OTHET

Otuer JOJDKCH COACPIKAThb KPATKOC OIMMCAHHMC PCIICHHA ITIOCTABJICHHBIX

3a/lay, CXEMbl MOJCIUPOBAHUS, TOSICHEHHUE pPaOOThl KOMIICHCHPYIOIICH CBS3H,

TEKCT MpOrpaMM aBTOMATU3UPOBAHHOW HACTPOWMKHU (PKCIEPTHOU CHUCTEMBI),

anroputMm Hactpoiiku [IN]/[-perynaropa u KoMneHCUpyIoLEen CBs3U (B CTPYKType
KOMOMHUPOBAHHOTO YTPABIICHUS), JIOTUKY BBIMOJHEHUS HACTPONKU MapaMeTpoB
[T 1-perynsaropa.
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5. KoHTpOnBHEIE BOITPOCHI

. Urto Takoe sKcnepTHas cucrema?

. BO3MOXHBIE BapuaHThl UCIOJIb30BaHUSI SKCIIEPTHOM CHUCTEMBI B KOHTYpPE
YIPABJICHHS TUHAMHYECKHUM O0BEKTOM?

. OcHoBHbI€e cBOMicTBa U xapaktepuctuku [T1]] - perynaropa?

. Anroputmsl HacTpoiiku [TU][-perynsitopa?

. 3aueM TpeOyeTcsl BBINOJNHATH JONOJHUTENbHYIO HacTpoiiky IIM/I-
perynsitopa?

. Kakum o6pazom koapdumuentsr [IN]] - perynstopa BIMUSIOT HA KaueCTBO
MPOLIECCOB yIPABICHUSA?
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Jlabopamopnuas pabomaNe?2
PABOTA C HEHETKUMHU MHO)KECTBAMMU B CPEJE MATLAB.

IMNAKET FUZZY LOGIC TOOLBOX

1. Lenb u 3amaun paboThI
3nakoMcTBO ¢ nakerom Fuzzy Logic Toolbox unTerpupoBanubiM B cpeae Matlab.
3ananue GyHKIMIA TpUHAIICKHOCTH B akere Fuzzy Logic Toolbox .

2. Teopernueckue cBeACHUS
IMAKET FUZZY LOGIC TOOLBOX

B ocHOBY TeopeTnueckoro 4yacTu AaHHOM J1a00paTOpHOM pabOThI MOJOKEH MaTepual,
u30xeHHsblii B /LLIToBOa/.

B Boruncnurensuyto cpeny MATLAB unTerprpoBaHnsl JECSITKH NAKETOB MPUKIIATHBIX
WH)KCHEPHBIX M MaTEMaTHYECKHX MPOrpaMM, OJHUM U3 HUX siBisiercst Fuzzy Logic Toolbox. B
JIaHHOM paszene mpejacTaBieH naker Fuzzy Logic Toolboxv.2.1 BBIYHCIMTENHHOW CHCTEMBI
MATLAB 7, npenHa3HayeHHBIA ISl MMPOCKTUPOBAHUS W MCCIICIOBAHUS CHUCTEM C HEYETKOM
Jorukoi. Marepuan opraHu30oBaH CIEAYIOIIMM 00pa3oM: BHaYajle pacCMaTPUBAIOTCS OCHOBHBIE
BO3MOXKHOCTH IaKeTa, 3aTeM I10Ka3bIBAeTCs IOIIArOBbIM IpOLecC MPOEKTUPOBAHUS CUCTEM
HEYeTKoro BeIBoja ¢ mpuMmeHeHneM GUI-moxyneit makera w W3 KOMAHIHOW CTPOKH, Iajiee
NPUBOAATCS pyKoBojcTBa monb3oBarens nmo GUI-momynsm, m ¢yHkumm mnakera. B konie
paccMatpuBaroTcsi GopMaThl JaHHBIX MAKeTa W OMUCHIBaeTCs B3ammojencTBue Fuzzy Logic
Toolbox ¢ Simulink. Tlpu HanucaHuM TJaBbl HCIOJIB30BAJIACh JIOKYMEHTAIUS (UPMBI
MathWorkslInc.

CTPYKTYPA U BOSMOKXHOCTHU ITAKETA

[Maker FuzzylLogicToolbox momnepxkuBaer Bce (ha3bl pa3paOOTKH HEYETKHX CHCTEM,
BKJIIOYAs CHHTE3, HCCIIEOBaHHUE, NMPOEKTHPOBAHHE, MOJEIMPOBAHUE U BHEJPEHUE B PEKUME
peanbHOro BpemeHu. Berpoennsie GUI-Moynu nakera co31ai0T HHTYUTHBHO MTOHATHYIO Cpeny,
00eCTIeYNBAOIIYIO JIETKOE MPOABIDKEHHSI MO BCEM CTYIEHBKaM MPOCKTHPOBAHUS HEYETKHX
cucreM. DYHKINM TaKeTa PEaTU3yIOT OOJBITUHCTBO COBPEMEHHBIX HEYETKHUX TEXHOJOTHIH,
BKITIOYAss HEYETKHH JIOTUYECKUH BBIBOJI, HEUETKYIO KJIACTEPU3ALMUI0 M aJalTHBHYIO HEHpo-
HeueTkyro HacTpoiky (ANFIS). FuzzylLogicToolbox, kak u Bce makeThl pacIIUPEHUsT CHCTEMBI
MATLAB, OTKpBIT AJs1 MOJIB30BATENs: MOXHO MPOCMOTPETh aIrOPUTMbI, MOAU(DUIHUPOBATH
UCXOJIHBIA KOJ, J100aBUTh COOCTBEHHBIE (YHKIMM TNPUHAJIKHOCTH WIM MPOIETyphl
nedaz3upuKanuu.

20



KiroueBbiMu ocodenHocTsiMu nakera Fuzzy Logic Toolbox sasasiroTes:
crieranu3upoBanubie GUI-Momyiu U1 CO3aHusl CHCTEM HEYETKOTO BHIBO/IA,
peanu3ais momyJsIpHbIX AITOPUTMOB HEYETKOro BeiBo1a Mamaanu u CyreHo;
Ooubmorexa GYHKIUN PUHAIICKHOCTH;

HacTpoiika ¢pyakuit npunamiexHoctd ANFIS-anroputmowm;

ok wn e

HKCTPAKLUsS HEYETKUX MPABUII C TIOMOUIBIO KJIACTEPU3AIIUH JaHHBIX;

6.  BO3MOMKHOCTbH BHEJPEHHMS CUCTEM HeueTKoro BeiBoja B Simulink uepes momyin
«HEYETKHUU KOHTPOJIEPY;

1. Cu-kox ~ aiaropuTMOB HEYETKOTO BHIBOJA, IO3BOJIAIOIIMN  MCIIOJIB30BATh
CIIPOCKTUPOBaHHBIC HeU€TKHE cucteMbl BHE cpeasl MATLAB.

FuzzyLogicToolbox sxmouaet cienyrormue GUI-monynu (puc.2.1):

1. FuzzylnferenceSystemEditor - pegakrop o0LIMX CBOHCTB CHCTEMbI HEYETKOTO BHIBOJIA.
[To3BOJISIET YCTAHOBUTH KOJIMYECTBO BXOJOB M BBIXOJOB CHCTEMbI, BBIOpATh THIl CHCTEMBI
(Mampanu nmn CyreHo), Metoa nedas33uduKaniy, peann3anny JIOTHUYECKUX ONepaliii, a TakKe
BbI3BaTh jpyrue GUI-moaynu, paboraromye ¢ cuicTeMaMu HEUYETKOTO BBIBO/IA;

2. MembershipFunctionEditor - penakrop ¢GyHKIME OPUHAAICKHOCTH. Pemaktop
BBIBOJUT Ha dKpaH rpaduku QyHKIUN NMPHUHAIISKHOCTH BXOIHBIX M BBIXOIHBIX MMEPEMCHHBIX.
[To3BosisieT BBIOPATh KOJIMYECTBO TEPMOB JJISl IMHTBUCTHYECKOM OICHKHM BXOIHBIX M BBIXOIHBIX
MIEPEMEHHBIX, a TAKXKe 33J1aTh TUI U TapaMeTpbl GYHKIUN TPUHAIICKHOCTH KaXKI0r0 TepMa,

3. RuleEditor - penakrop HedyeTkoi 0a3bl 3HaHu. [103BONISET 3a7aBaTh U PEAaKTUPOBATH
HEYETKHUE MPABIIA B TMHTBUCTHYCCKOM, JIOTHYECKOM U MHIEKCHOM (hopMaTax. PemakTupoBanue
HPaBHJI OCYIIECTBIISCTCS BHIOOPOM HEOOXOUMOTO COUSTAHHSI TEPMOB M3 MEHIO;

4. RuleViewer - Opay3ep HeYeTKOro BBIBOJA. BHU3yanu3upyeT BBINOJIHEHHE HEYETKOTO
BbIBOZa IO KaXXAOMY IpaBUIly, MOJIYYCHHUEC PE3YIbTUPYIOHNIETO HCUCTKOTO MHOKECTBA H €TI0
nedazzudukanmio;

5. SurfaceViewer - Opay3ep HOBEPXHOCTH «BXOJIbI — BBIXOA» HEYCTKOH CHCTEMBI.
BeiBoguT rpadukM  3aBHCHMOCTH BBIXOJHOW IMEPEMEHHONW OT JHOOBIX JBYX BXOIHBIX
MIEPEMCHHBIX;

6. ANFISEditor - pemakrop Heipo-HedeTKON ceTtn. I[lo3BOJSICT CHHTE3WPOBATh WU

HAaCTPOUTH Heﬁpo-HequKI/Ie CCTHU IIO BLI60pKC JaHHBIX «BXOJbI - BBIXOI». I[J'ISI HaCTpOﬁKH
HCIOJIB3YCTCA aJITOPUTM 06paTHOl"O pPacnipoCTpaHCHUA OIIMOKH HUIIA €TO KOM6I/IH3.I_II/I}I C METOJOM
HAaMMCHBIINX KBAaJAPaTOB,

1. Findcluster - uwHCTpyMEHT CyOTpakTHBHOW KIIaCTEpU3al[MM 10 TOPHOMY METOIYy H
HEUYEeTKOM KJIaCTEepU3alli MO AJTOPUTMY HEYETKMX C-cpeaHux. [lo3BoiseT HalWTH LEHTpEHI
KJIaCTEPOB JIaHHBIX, KOTOPBIC UCTIOIB3YIOTCS ISl SKCTPAKIIUY HEYETKUX TIPaBHIL.
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Puc. 2.1. Bzaumooeiicmeue GUIl-mooyneu neuemkozo v18600a
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Bce GUI-moaynu, 3a uckmrouenuem Findcluster, muramMuyeckn 0OMEHUBAIOTCS JTaHHBIMH
U MOTYT OBITh BbI3BAHBI [ u3 apyra (puc.2.1).
yT pyr pyra (p

Kpome GUI-monyneit, FuzzylLogicToolbox coxepkur Oubmuoreky QYHKIUN s
pa3pabdOTKN HEYETKUX CHUCTEM M3 KOMAaHJHOW CTPOKH, a TakKe /IS HaIHMCaHUS TpPOTpamM,
ABTOMATH3UPYIOIIUX IPOCKTUPOBAHME W HCCIEIOBAaHHE HEYETKHUX cucTeM. Huke mpuBencHbBI
Ha3BaHUS M KpaTKoe OINMCAHWE OCHOBHBIX (yHKIMH makera (abOpeBmarypa FIS oGosnagaer
CUCTEMY HEYeTKOro BbIBOJa) (Tabmuma 2.1):

Tabnuya 2.1

Ha3zeanue ¢pynxyuu Kpamkoe onucanue

addmf no6apieHne QyHKIMYU npuHaaIexKHOCTH B FIS

addrule nob6asinenue mnpasui B FIS

addvar nobasiienue nepeMenHoi B FIS

anfis Hactpoiika FIS tuna Cyreno ¢ momompto TexHomoruu ANFIS

convertfis npeobpasoBanue FIS-matpuubsr u3 FuzzylLogicToolboxv.l B FIS-
cTpykTypy s FuzzylLogicToolboxv.2

defuzz nedaz3udukarys HeYeTKOro MHOXKECTBA

discfis JTUCKpeTH3amyst (QyHKIWN TMPHHAIIC)KHOCTH HEYETKHX TEPMOB H3
FIS

distfcm pacuet paccTosiHus o EBkimmy

dsigmf (GYHKIMS TPUHAIISKHOCTH B BUAE PA3HOCTH JBYX CHTMOMJIHBIX
byHKIII

evalfis BBITIOJTHEHUE HEUETKOTO JIOTMYECKOTO BHIBOJIA

evalmf BBIYHCIICHUE 3HAYECHHI TIPOU3BOJILHON (DYHKIIMU MTPHHAIICKHOCTH

evalmmf pacueT cTeneHel NpruHaUIeKHOCTEN 11 HECKOJIbKUX (QYHKIUHN Mpu-
HaJJIeKHOCTEN

fcm KJIaCTCpHU3alUs AITOPUTMOM HECUYCTKHMX C-CPCOHUX

fuzarith HEYETKHUH KATbKYIISITOP

gauss2mf JIBYXCTOPOHHSISI TaycCOBa (DYHKIIHSI IPUHAIC)KHOCTH

gaussmf rayccoBa (yHKIHUS IPUHAICKHOCTH



gbellmf

genfi 1

genfis2

genparam

gensurf
getfis
initfis
isfis
mam2sug

mf2mf

newfis

parsrule

pimf
plotfis

plotmf

probor

psigmf

readfis
rmmf
rmvar
setfis
howfis

showrule

000011IeHHas KOJI0K0JI000pa3Has GyHKITUS MPUHAIC)KHOCTH

reHepupoOBaHue W3 JaHHbIX ucxoaHor FIS tuna Cyreno 6e3 mpume-
HEHHSI KJIaCTePH3aIiU

eHepupoBaHue u3 JAaHHbIX ucxogHo FIS tuma Cyreno wuepes
CyOTPaKTHUBHYIO KJIaCTEPHU3AILUIO

TCHEPUPOBAHHUS HAYAJIbHBIX MapaMeTpOB (PYHKIMH MPUHAIICIHKHOCTH
st ANFIS-00yuenus

BBIBOJI IOBEPXHOCTH «BXOJIBI - BBIXO», COOTBETCTBYIOMIEH FIS
nojy4yeHue cBoicTs FIS

TeHEPUPOBAHUE UCXOIHON MaTPHUIIBI HEYETKOTO pa3OneHus
NPOBEPKA CTPYKTYPHI IAHHBIX CUCTEMbI HEYETKOTO BBIBOJIA
npeodpaszoBanue FIS tuna Mamaanu B FIS tuna Cyreno

IepecyeT napamMeTpoB BCTPOCHHBIX (YHKIUI NMPUHAIIEKHOCTH pa3-
JIUYHBIX TUIIOB

co3ganue HoBoil FIS

BcraBka B FIS MpaBuJl, 3aJaHHBIX MMPEATIOKCHUAMU Ha CCTCCTBCHHOM
SI3BIKE

[Mu-mogoOHas GyHKIMS TPUHATIEKHOCTH
BBIBOJ] OCHOBHBIX MapameTpoB FIS B Buje rpagudeckoii cxembl

BBIBOJI TpaduKOB (YHKIIUN MPUHAIIEKHOCTH TEPMOB OJHOW Tepe-
MEHHON

BEPOSATHOCTHAS peanu3anus Joruueckon onepaunu MJIN

(GYHKIUS NPUHAJIEKHOCTH B BUJIE IPOU3BEACHUSI IBYX CUTMOUIHBIX
byHKIMHA

3arpy3ka FIS u3 daiina

ynanenue QyHKIUU PUHAUICKHOCTH HedeTKoro tepma u3 FIS
ylaneHue nepemenHon u3 FJS

Ha3zHaueHue cBoiicTB FIS

BBIBOJI Ha 3KkpaH FIS-cTpyKTyphI B TekcTOBOM (opmare

BBIBOJ 0Oa3nl 3HaHui FIS
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sigmf curMouIHast (QyHKIUS IPHHAICKHOCTH

smf S-110100Hast QYHKIIUS TPUHAITICKHOCTH

subclust CyOTpakTHBHAS KJIACTEPHU3ALIHSI

sugmax pacueTr jaMana3oHa W3MEHEHHWs BBIXOJHON mepeMeHHoi B FIS Tuma
Cyreno

trapmf TpanenueBuIHast QyHKIUS TPUHAITIEKHOCTH

trimf TpeyrojbHasi QyHKIUS IPUHAIICKHOCTH

writefis coxpanenue FIS Ha nucke

zmf z-no100Hast GYHKIHS TPUHAICKHOCTH

[Taker FuzzylLogicToolbox mno3Bosisier BHEAPUTH pa3pabOTaHHBIE CHUCTEMbI HEYETKOTO
BbIBOJIa B JuHamMHuueckue mojenu makera Simulink. Jlns stoii menw cirysxkut pimulink-momyibs
FuzzyLogicController - nHeuerkuit koutposiep. s OBICTPOrO HEYETKOrO BBIBOAA B IAKETE
Simulink ontumusupoBan kox ¢yakmuu SffiS, BO3MOXKHOCTH pPITOPOH aHATOTHYHBI (PYHKIIUH
evalfis. C wucnons3zoBannem Real-TimeWorkshop Moskno crenepupoBaTh 3PQEKTHBHBIA KO
HEUYETKOTO BHIBOJIA.

3. 3ajaHue Ha BBIIOJIHEHUE

B penakrope ¢yukumii nmpunamnexxaoctd MembershipFunctionEditor cdopmuposats
(YHKIUH TPUHAIICKHOCTH, COOTBETCTBYIOIINE 3HAYCHHUSM JIMHTBUCTHYECKOM MMEPEMEHHON (MIH
JMHTBUCTUYECKUM NIEPEMEHHBIM), OIIPEIETICHHBIM IIpenoaaBaTeaeM u3 Tadauis: 2.2.

BapuaHTbl nepeMeHHOMN «A»

Ne NB NL NS Z PS PL PB
/11

1. trapmf trimf trapmf trimf trapmf trimf trapmf
2. trapmf trimf trimf trimf trimf trimf trapmf
3. trapmf trimf trapmf trimf trapmf trimf trapmf
4. trimf trimf trimf trimf trimf trimf trimf
5. trimf trimf trapmf trimf trapmf trimf trimf
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Bapuantsl nepemenHo#n «B»

Ne NS Z PS

1/

1. trapmf trimf trapmf
2. trimf trimf trimf
3. trapmf trimf trapmf
4, trimf trimf trimf
5. trapmf trimf trapmf

K onpenenenunto yncieHHbIX 3Ha4eHUH QYHKIUNA TPUHAJIKHOCTH

Ne NB NL NS 4 PS PL PB
n/n

1. -100 -50 -25 0 25 50 100
2. 0 10 20 30 40 50 60
3. -20 -12 -1,5 0 7,5 12 20
4. -0,1 -0.05 -0.02 0 0,02 0,05 0,1
S. -60 -50 -40 -30 -20 -10 0
Ne NS Z PS

/1

1 -0.01 0 0.01

2. -1 0 1

3. 0 1 2

4 -0,001 0 0,001

S. 1 2 3

Tpebyercs:

. chopMUpOBaTh T'paHULBI OONacTel 3HAYeHW aprymeHTa (YHKIUN NPUHAJUIEKHOCTH, B
KOTOPBIX yKa3aHHbIE (PYHKIIUU MPUHAIIIEKHOCTH OTINYHBI OT HYJIS.

o 1300pa3uTh IPAaHUIIBI B BUJIE COOTBETCTBYIOIIUX JUATPAMM.

o c mnomouibto FIS-pemakTtopa mocTpouTh  3aJaHHBIE  IpenojaBareneM  (QYHKUIUHU
HNPUHAAICKHOCTH.

1. Otuer

OTuer JOJDKEH CojepXaTh KpaTkoe omucanue nakera FuzzylogicToolbox, omucanue 3amaHHBIX
JMHTBUCTUYECKUX TEPEMEHHBIX, 3HAUCHUS JIMHTBUCTUYECKUX MEPEMEHHbIX, pa30MeHre Iuana3oHa
3HaYeHUH aprymMeHTa JIMHIBUCTUYECKMX IE€PEeMEHHBIX (HOCHTENs) Ha OO0JIaCTH, B KOTOPBIX
COOTBETCTBYIOLINE (DYHKIIUU MPUHAIICKHOCTH OTIMYHBI OT HYJISL.

Bun ¢pyHkIuit npuHaiexHOCTH, ChOPMUPOBAHHBIX ¢ TOMOIIBI0 akeTa FuzzylogicToolbox.

2. KoHnTpoibHbIe BOpoCH!

UYT0 Takoe TMHIBUCTHUYECKAS IEPEMEHHAS !

YTo Takoe TepM-MHOXKECTBO?

Kakue TunoBsle GyHKINN NpUHAUIEKHOCTH Bbl 3HaeTe?

Yro HeueTkoe pazdueHue?

Omnummte cTpykTypy Onbmmorek nakera FuzzylogicToolbox?

g bk wn e
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Jlabopamopuas pabomaNe3
PA3PABOTKA HEUETKOM CUCTEMBI TUIIA MAMJIAHU

1. Tens u 3agauu paboTHI
Coznanue HeueTkod cuctembl Mampaanu. M3ydyeHue MeTONMKM NPUMEHEHHS HEUYETKOTO
BbIBOZa MamiaH| JUIsl aIPOKCUMALMU HEJTMHEHHON (DYHKLIMHU IBYX IIEPEMEHHBIX.

2. Teopernueckue CBEACHUS

[Ipenronoxum, 94T0 Mbl UMEEM HEKOTOPYIO JIOTMUECKYIO0 MOJIEIb BBIBOAA C HECKOJIBKUMHU
BX0JIaMU (pa3MepHOCTb BXOJHOTO BeKTOpa X paBHa N) U OJHUM BBIXOJIOM Y.

B cooTBercTBHE ¢ TeopHel HEUSTKUX MHOXECTB, KaXKIOW I1-0i BXOIHOHN mepeMeHHOu (Xi)
COOTBETCTBYET CBOSI JIMHIBUCTHYECKas IepeMeHHas (&i), 3HAUYEHUSMU KOTOPOW SBISAIOTCA
OIpe/IeTICHHBIC TEPMbI, HAIPUMED &jj, TJI€ j — MHAEKC COOTBETCTBYIOIIETO TepMa i-0i IepeMEHHOIA.

BeixoH0# epeMeHHO#M Y COOTBETCTBYET TEpM- MHOXKECTBO ;.

baza 3HaHmii HEYETKOro BBIBOJA IO aNrOpuTMy MamMaaHU MOXKET ObITh MpeACcTaBlieHa
COBOKYITHOCTBIO ITPOTYKIIMOHHBIX ITPABUIIL:

(x=a;0; X,=3,; 9,...0; X, =3

nj CBecom W;) =Y =d,

B KOTOPOW 3HAYEHUS BXOJHBIX M BBIXOJHOM IEPEMEHHOM 3aJaHbl HEYETKUMU

MHO€eCTBaMU. Bcero Ttakux mpaBuil M, T.e J=1m . CumBon 1 oGosHauaer OJIHY M3 JBYX
BO3MOJKHBIX JIOTHYECKUX omepanuid (omeparuss WM oOo3nawaercs A u oneparua WJIA
obo3Hayaercs V. Bec B mpaBuie BbIBOJA YKa3bIBae€T CTEMEHb JIOBEpUS OKCIEPTY,
c(hOpMHUPOBABILIETO JAHHOE TPABUIIO.

O0603HauUM HEYETKHE TEPMBI:

Xi
ISl BXOAAHOM IepeMeHHon & = j,uij (i) Ixi;
X

y
JUISL BBIXOZHOM IEPEMEHHOU d i~ .‘-'Ud j Ny
y

CTeneHb BEITIOIHESHHUS ITOCBUIKH j-OFO nmpaBuja s TCEKYHIETO BXOAHOTO BEKTOpa

X*:(x* X e x*) y y
1r72m T n /) onpenenseTcs OJHUM U3 JIByX YPaBHEHUH, B 3aBUCUMOCTH OT MCIIOJIb3yeMOn
onepanuu (M wim UJIN) B j.ou TpaBuUIIe BBIBOJA.

st onepanuu M ucnons3yercst Munumyma (MIN-onepanms):

£ (X7) = MIN (28 (), 13 0G),ooes 1 (%)) j=L1,m
st onepartun UJIN ucnionb3yercs munnmyma (MAX-onepanmsi):

1,(X7) = MAX (11 (X)), 1 () 1y (%)) J=1m0

B pe3ynbrare nosydyaeM HE4ETKOE MHOXKECTBO
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v (X)) 1 (X7) e (X)
)

dl d2 m

X *

COOTBETCTBYIOLIEE BXOJHOMY BEKTOPY .
OCOOEHHOCTBIO OTOr0 HEYETKOIO0 MHOJXKECTBA SBIISIETCS TO, YTO YHHBEPCAJIbHBIM

MHOXXECTBOM JIsI HETO ABJIACTCA TEPM-MHOKECTBO BBIXOHHOﬁ HepeMCHHOﬁ Y.

ChopMupoBaHHOE TakuM O00pa3oM HEYETKOE MHOXKECTBO OIpPEAENseT CTEIeHb
HCIIOJIHCHUA KaXXJ10I'0 IIpaBujia 1 (baKTI/I‘{eCKI/I €ro BKjaJ B (bOpMHpOBaHI/Ie BBIXO,I[HOI;'I nepeMeHHoﬁ.

I[HSI nepexoga OT HCYCTKOIO MHOXCCTBA, 3aJdHHOI'0O Ha YHHMBCPCAJIbBHOM MHOKCCTBEC

{d,, d,,e.n...

d,} v (Y'Y weod
HCYCTKHUX TEPMOB K HCYECTKOMY MHOXKCCTBY Ha HOCHUTEIIC (— ) HCOOXO0ANMO

BBIMOJIHUTH OTICPAI[HH:
#4; (Y)

O6’L€I[I/IHI/ITB (anerI/IpOBaTL) MOJIYYCHHBIC HCUYCTKHUEC MHOXCECTBA. Onepaum{ arpCrupoBaHHsA

(X”
Dummnukanuu - "cpes3ars" (QyHKIUM NPUHAAICKHOCTH Ha ypOBHE #i(X7) )

HCYCTKUX MHOXKCECTB MAaTCMATUYCCKU 3aIIUCBIBACTCS CIICAYHOIUM 06paSOM:
*
y" =agg(d,,d,,....d,)

rre 299 - arperuposanie HeueTKHX MHOXECTB, KOTOPOE HAHGOIEE YACTO PEANH3YETCS
omneparuen HaxoxeHus: Mmakcumyma (MAX).

*
YeTkoe 3HAYEHHE BBIXOJZA Y, COOTBETCTBYIOIIEE BXOJHOMY BEKTOPY X orpeziessieTcs: B
pesynbrare neddaszzudukanmu  HEUYETKOro MHOXKecTBa Y. Haumbonee dwacto mnpuMeHseTCs
nedaz3udpukanys Mo METO1y LIEHTpa TSHKECTH.

3. 3apanue HA BHIIOJHEHHE
Pa3paboTath MOJeNb HEYETKOTO BbIBOAA B cpeae MatlLab mams mpubmmkeHHOro pacueTa

— v2ai —
y=xisin (o —1) o [-7, 3], x2[4.4, 1.7].

B cootBercTBHE C O6HII/IM AJITOPUTMOM IMOCTPOCHUA MOJACIIM HECUYECTKOI'O BbIBOJA IEPBBIM

3HauYeHUN QYHKIUU

ATAOM TaKOTO MOCTPOCHMS JOJDKHO SIBJISATHCS aHAW3 3HAUYEHUH paccMaTpuBaeMoil (YHKIMH B
3amaHnHoM nuamnaszoHe. [lnsg QopmupoBaHus BU3yalbHOTO o0O0Opa3a (YHKIMH BOCIOJIb3yeMCs
MporpamMMmoii, npeacTaBiaeHHoMN Ha puc.3.1.

[IpoekTupoBaHre OCYIIECTBUM Ha OCHOBE TPEXMEPHOTO HW300paKEHUS YKa3aHHON
3aBUCUMOCTH (puc.3.1), KOTOpOE MOCTPOCHO CIAEAYIOMIECH MPOTPaMMOI:
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Puc. 3.1 I'pagpux ¢pynxyuu y = X12sin(xz-1).

%Iloctpoenue rpapuka Gynkuun y=x12*sin(x2-1)
n=15;

x1=-7:10/(n-1):3;
x2=-4.4:6.1/(n-1):1.7,
y=zeros(n,n);

for j=1:n
y(j,:)=x1.~2*sin(x2(j)-1);
end

surf(x1,x2,y)

xlabel('x1")

ylabel('x2")

zlabel('y")

title('Target");

Jisa dbopMupoBaHHsS TpaBHJI HEUETKOrO BBIBOJA pa3o0beM IOJydyeHHOE TIpaduyeckoe
n3o0paxeHne QyHKIUU HA CEMb YPOBHEH, YTO COOTBETCTBYET CEMH 3HAUEHUSM JIMHIBUCTHUECKON
MIEPEMEHHOI HCTI0Ib3yeMOH /111 KaYeCTBEHHOM OLIEHKH HcCiielyeMol QyHKIUY.

[ToBepxHocTH Ha puc.3.1 TOCTaBUM B COOTBETCTBHUE CIIEIYIOLIUE CEMb HEUETKUX MTPaBUIIL:
1. ECJTN *1 = uskuity U x2 = «HU3KU», TO y = «BBICOKUI;

2. ECJIN *1 = «amskuit» U x2 = «cpenHuit», TO y — «HU3KUIY;
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ECJIH *1 = «usxuity U X2 = «BbICOKHI», TO y = «BBICOKHUIY;
ECJIN *1 = «cpennuit», TO y - «cpeqHuiim;
ECJIN *1 = @picokuii» U x2 = «HU3Ku», TO y = «BbIlIE CPETHETON;

ECJIN X1 = «BbIcOKMI» U X2 = «cpenuuiiy, TO >> = «HuxKe cpeHero;

N o o bk~ ow

ECJIN *1 = @picokuii» U x2 = «BBICOKHUI», TO y = «BBIIIIE CPETHETON.

HpOGKTI/IpOBaHI/Ie HEYSTKOM CHUCTEMBI COCTOUT B BBIIOJHEHHU CJ'Ie,Z[YIOH_[Cﬁ IIocjacaoBa-
TCJIBHOCTH IIaroB:

Hlaz 1. Otkpeith FIS-penakrtop, HamewaraB cioBo fuzzy B komanmnoil ctpoke. Ilocie
ATOTO MOSBUTCSI HOBOE Tpadpuueckoe OKHO.

Ilaz 2. ]Io6aBuM BTOPYIO BXOJHYIO MepeMeHHY0. (s 3TOro B MEHIO Edit
BeIOHpaem komauay Add input.

Ilaz 3. llepeumeHyeM TMepBYIHO BXOAHYKH IepeMeHHyr. J[lig »3Toro cuenaem
IIETYOK JICBOM KHOMKON MbIM Ha Oyoke Iinputl, BBemem HoOBoe o6o3Hauenue X|I B mose
peAaKTUPOBAaHUS UMEHH TEKYIIEeH epeMeHHON 1 HaxxmeM <Enter>.

IHlaz 4. TlepeumenyeM BTOPYIO BXOAHYIO NepeMeHHY0. [[s aToro LIETKHEM
MBIIIKOW Ha Oy10Kke INPUt2, BBeJieM HOBOE 0003HAYCHHE X2 B 10JIC PEAAKTUPOBAHUS KMEHHU TEKYIIEH
nepeMeHHoi u HaxkmeM <Enter>, pesynprat Ha puc. 3.2.

-
FIS Editor: lab2 =SS
File Edit View
-"""*-..._
e
lab2
= 1 ammmmaee
e (mamdani}
—
"*‘
FIS Mame: lak2 FIS Type: marmcdani
And method min - Cutrert “arizhle
I
Or method — - Bl i
T
Implication min - vlrs
Range
Aggregstion max -
Defuzzification certraid - Help Close
Saved FIS "lak2" to file
—— - - — — .

Puc. 3.2 FIS-peoaxmop
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Hlaz 5. TlepenMenyeM BBIXOAHYIO TIepeMeHHYT0. J[s aTOoro ImenkHeMm Ha Gioke outputl,
BBEJIEM HOBOEC O0O3HAYCHHE Yy B IOJIE PEAAKTHPOBAHUS MMEHU TEKYIICH NMEpeMEHHOW M HaKMeM
<Enter>.

Hlaz 6. 3anamum umst cucremsl. J{ist aToro B MeHto File BeiOepem B IIOJAMEHIO
Export komanay To Disk...

Hlaz 7. Tlepetinem B penaktop GyHKIUNA TPUHAIICKHOCTH. [ 3TOTO ClemaeM IBOHHOM
IEJTYOK JIEBOM KHONKOM MbIIH Ha Oioke Xl.

Hlaz 8. 3anagum nuama3oH W3MEHEHMs MEPEMEHHOW X7, HamedaraB -7 3 B moisie Range
(puc. 3.3).

Membership Function Editor: Untitled = | B S

=

File Edit View

FIS Variables Membership function plots  PISt points: 181

Huzkmil CpegHui Bhicokmil
(X |
o
x1 ¥

2

=

]
T
1

- T 1 1 1 1 1 1 1 T
i 3 -2 -1 0 1 2

input wariable "x1"

Current Variakle Current Membership Function (click on MF to select)

Il atme x1 Marme |Cpep|H|.r|[-'1
Type input Type trimf -
Range - Params [-6-272]
Display Range [-7 3] Help Close
Renaming MF 2 to "CpegHmr"

o I A

Puc. 3.3 @ynxyus npunaoneacnocmu nepemennou X1 ¢ Membership Function Edition
Hlaz 9. 3anaauMm (yHKIMM NPUHAIICKHOCTH NEpeMeHHOM X,. [l JIMHrBUCTHYECKOU

OLICHKH JTOH TmiepeMeHHOM OyneM HCIoNb30BaTh TPH TepMa C TPEYrojabHBIMU (PYHKUHAMU
NPUHAJUISKHOCTH. OTU (QYHKIUM YCTAaHOBJIEHBI IO YMOJYaHHIO, IOATOMY MEPEXOAUM K
CIIeyIOIIEeMY ILary.

a2 10. 3angaauM HaMMEHOBAHHSI TEPMOB MEPEMEHHOM X,. J[J1s1 3TOr0 MIENKHEM MBIIIKON
no rpaduky nepBol (QyHKUMM NpUHAIIEKHOCTH (cM. puc.3.4). I'padux axTuBHON (QyHKUIHU
NPUHAIIISKHOCTH KPAaCHOM XKUPHOM JInHUeH. 3aTeM BBeeM HaumeHoBaHue Huskmii B mosne Name
u HaxxmeM <Enter>. IllenkHeM MbIIIKOM 1o rpaduky BTOpoil GyHKIMN MPUHAIIEKHOCTH, BBEIEM
HAauMEHOBAHUE tepma Cpennnii B mosie Name u naxxmem <Enter>. IllenkHeM MBIIIKOM 110
rpaduky Tperbel (DYHKIMM NMPHHAIJICKHOCTH, BBEAEM HAaUMEHOBaHHE TepMa Bblcokmii B mone
Name u naxxmem <Enter>. B pe3ynbrare nomydum rpadudeckoe 0KHO, H300pakeHHOE Ha puc. 3.3.

Hlaz 11. 3amanuM (QYHKIIMK TPUHAUISKHOCTH TEepeMeHHON x2. [ns sToro aKTH-
BU3HUPYEM NEPEMEHHYIO X2 ILEIYKOM MBIIIKONH 1Mo O0oKy X2. 3agaguM AMana3oH W3MEHEHUs
nepemMeHHou x.. Iy aToro HameuaraeM -4.4 1.7 B mone Range (puc.3.4) u Haxxmem <Enter>. {ns
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JMHTBUCTUYECKOM OLIEHKU 3TOW MepeMEeHHON OyAeM HCIOib30BaTh TPU TEpMa C TPEYTOJbHBIMU
byHkuusAMU TpuHAIIEKHOCTH. OHM  yCTAaHOBJEGHBI 10 YMOJYAaHHIO, IMOITOMY IEPEXOIUM K
CIIEYIOIEMY ILIary.

F |
Membership Function Editor: Untitled | = | =] &J
File Edit View
| FIS Variables Membership function plots  FIot points: 181
Huspmit CpegHan Bhicprmi

=]
n

XX
@Y | L

U =]
1 1 1 1 1 1

-2 -3 -2 - 0

input variable "x2"

| | Current Yariahle Current Membership Function (click on MF to select)

Martie ®2 Mame CeHui

Type it Type trimf -

|
Paramsz
[-3.79-1.351.09]

Range [-4.417] |

Dizplay Range [-4.41.7] Help Close

Renaming MF 2 to "CpegHmit I
|
L i

Puc. 3.4 @ynxyus npunaonexcnocmu nepemennou X2 ¢ Membership Function Edition

Hlaz 12. Ilo anamorun c¢ waeom 10 3aganuM CIEQyIOIIME€ HAaUMEHOBAHUS TEPMOB
nepeMeHHo x2: Huskuii, Cpednutl, Beicokuii (puc 3.5).

Hlaz 13. 3aganuM GYHKUIUU TPUHAISKHOCTH IepeMeHHOoM. [ JMHTBUCTHYE-
CKOHM OILIEHKH 3TOM IEpEeMEHHON OyJeM HCHOJb30BaTh MATh TEPMOB C TayCCOBBIMU (DYHKLIHSIMHU
NPUHAIIEKHOCTH. [[JIs1 3TOTO METYKOM MBIIIHU 10 OJIOKY y aKTHUBU3HPYEM TIEPEMEHHYIO Y. 3a1aIuM
JMara3oH U3MEHEHUs nepeMenHoit y. [lisg storo Hameuaraem -50 50 B mose Range (puc. 3.6) u
HakmeMm <Enter>. 3arem B MmeHnto Edit BwiOepem komanmy Remove All MFs ans ynanenus
YCTaHOBJICHHBIX M0 YMOJYaHHI0 QyHKUMi npuHaaiexunoctu. [locne storo B mento Edit Beibepem
xomanay Add MFs...B mosiBuBIIEMCs TMalorOBOM OKHE BhIOEpEM THIT (YHKIUY TPHHAIICKHOCTH
gaussmf B mome MF type u msare TepmoB B mome Number of MFs. Ilocie BBoma ¢yHKImiA
NPUHAIICKHOCTH PENAKTOp AKTUBU3UPYET TEPBYI0 BXOAHYIO IE€PEMEHHYIO, IO3TOMY IJis
MIPOJIOJDKEHHS PA0OTHI MIETKHEM MBIIITKOH IO MUKTOTPaMMe Y.

Hlaz 14. Tlo anamoruu c waeom 10 3agaguM ClEAyHOIME HAWMEHOBAaHHS TEPMOB
nepemenHoit y:; Huskuii, Huxe cpennero, Cpennuii, Beime cpennero, Beicokuii. B pesynbrare
MOJTyYHM TpadudecKoe OKHO, N300pakeHHOe Ha puc. 3.5.
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F - B
Membership Function Editor: Untitled - . ESEE
File Edit View
FIS Variables Membership function piots  PIot Points: 181
m Hiskoni Hue_pegHero CpegHwi Boiwe pepHero BricoKMi
x1 ¥
o 0.5
: 1 1 1 1 1 1 1 1 1
50 -40 -30 -20 -10 0 10 20 30 40 50
output variable "y"
Current Mariakble Current Memberzhip Function (click on MF to zelect)
Mame y Mame |Bbicakmii
Type output Type gaussmf -
Params
[10.62 50]
Range [-50 50]
Display Range [-50 50] Help Close
Renaming MF 5 to "Beicokid"
e e — il - — — . -

Puc. 3.5 @ynxyus npunaonexcnocmu nepemennou y ¢ Membership Function Edition

Hlaz 15. Tlepeiinem B pemaktop 0a3pl 3Hanmii RuleEditor. [Ins storo B menro Edit
BeIOEpeM KoMaHy Rules....

Hlaz 16. 1nst BBOA IpaBHIiIa BEIOMPAeM B MEHIO COOTBETCTBYIOIIYIO KOMOWHAIIMIO TEPMOB
u Haxxumaem kHonky Add rule. Ha puc. 3.6 n3o0pakeHo OKHO pefakTopa 0a3bl 3HAHWU TOCIE
BBOJIa BCEX CEMHM INpaBuil. B KoHIle mpaBuUil B CKOOKaX yKa3aHbl BECOBbIE KOA()(PUIIMEHTHI.
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B Rule Editor: Untitled = | [E] |-
File Edit View Options i

1.1f (%1 is Huskwi) and (%2 is Hiskwia) then (y is Beicokuia) (1) -~
2. 1f {1 is Huskmit) and (x2 is Cpeghui) then (y is Huaskma) (1)

3. If (1 is HuskwiA) and (%2 is Beicokui) then (y is Beicokui) (1)

4. If (1 is Cpegrui) then (v is Cpegrma) (1)

5. If (31 is Beicokwia) and (x2 is Huakui) then (v i Belwe_cpegHera) (1)

6. If (%1 is Boicokwia) and (x2 is CpegHuia) then (v is Hiske_cpegHeno) (1)

7.If {31 is Boicokwia) and (x2 is Boicokuia) then (y is Beiwe_cpegHero) (1)

If and Then
x1is ¥2is Y s

Huzkmit -~ HiAzki -~ Huzkmit -~

CpeHMA CpegHuiA Hue_cpepHe —

Beicokuil Bhlcokui CpegHuiA |= |

nane none Belwe_cpegHe
BlicokMi -

- - A4 | 3
[ nat [ nat [ nat

Connection Wigight:

() ar
@ and 1 Delete rule Add rule | Change rule | e, :=:=| N

The rule is added Hep | close |

k g

Puc. 3.6 baza neuemkux npasun ¢ Rule editor

Hlaz 17. CoxpanuMm co3manHyio cucremy. s atoro B mMeHio File BeiOepem B moameH:o
Export komanay To disk. Ha puc. 3.7 npuBeseHO OKHO BU3yalHM3alldl HEYETKOTO BbIBOAA. OKHO
akTuBH3MpyeTcs: komanaoi Rules menro View. B mone INnput yka3eiBaroTcsi 3HAUCHHS BXOJHBIX
NIEPEMEHHBIX, AJI1 KOTOPBIX BBIITOJIHAETCS HEYETKHUM JIOTUYECKHUI BBIBOJ.
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Rule Viewer: lab2 |£|E|é]
e

File Edit View Options

x1=-2 xZ2=-1.35

y = 8.32e-016

] =1 1 [
] L]

TN
/
i
|

IngaLt: [-2 -1.35] Plot poirts: 4 hove: left | right|down| up |

Cpened system lakZ, 7 rules Help | Cloge |

b J

Puc. 3.7 Peanuzayus neuemxoeo evieooa Mamoanu ¢ Rule viewer

Ha puc. 2.8 mpuBeneHa NMOBEPXHOCTh «BXOJBI — BBIXOJ», COOTBETCTBYIOIIAs CHHTE-
3MPOBAHHOW HeueTKOoM cucteme. OKHO BBIBOJUTCS 10 KoMan e Surface mento View.

2

1

Puc. 3.8 Illoeepxrnocmuv «68x00-6b1x00» 0151 6a3vl npasui Mamoanu

CpaBHuBasi IOBEPXHOCTH Ha pUC. 2.1 1 HA pUC. 2.8, MOKHO CAEIATh BBIBOJ, YTO HEUETKUE
MpaBHJIa OMHUCHIBAIOT OCOOCHHOCTH MOACTUPYEMO HETMHEHHON 3aBUCHMOCTH.

4.0TYUET
OTtder JOMKEH coAepk aTh KpaTKoe ONHCAHWE pPEIICHUsS TIOCTABJICHHBIX 3ajad.
CpaBHUTENBHBIN aHATIN3 PE3YJIHTATOB JTJA0OPATOPHBIX paboT Ne 2 u 3.
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5. KOHTPOJIbHBIE BOITPOCHI

1. Yro Ttakoe cucTeMa HEYETKOTO BhIBOA?

2.  UeM oOycroBieHa pa3HUIlA TOBEPXHOCTEH yIpaBieHuUs?
3. Jlns gero nyxHo okHo Rule editor?
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Jlabopamopuas paboma No4

PA3PABOTKA HEUETKOM CUCTEMBI THUIIA CYTEHO
HA OCHOBE 3KCHEPTHBIX 3HAHUM

1. OEJIb 1 3ATAYU PABOTDI
CozpaTe cucreMy HeUeTKOro BeiBoza tumna CyreHo.

2. TEOPETUYECKUE CBEJJEHU A

Heuertkwuii nornueckuii BbiBoA 1o airoputMy CyreHo (MHOIZa roBOpAT aaroputM Takaru-
CyreHo) BBIIIOJIHAETCS 110 HEYETKON 0a3e 3HaHUM:

baza 3HaHWii HEYETKOrO BBIBOJA IO AITOPHUTMY MamIaHH MOXET OBITh HpEJCTaBJICHA
COBOKYITHOCTBIO IPOAYKLIMOHHBIX ITPaBUIIL:

(X =a,;0; X,=3,; 9,..0; X, =a,; cBeCOM Wj) :>’

:y:bj0+bjl'xl+bj2'X2+"'+bjn'Xn, j=l,m

rac bJ| - HCKOTOPBIC YK CJIa.

baza 3nanui CyreHo aHajoruyHa 0ase 3HaHUI MamaaHu 3a UCKIIIOUCHUEM 3aKIIFOYSHUMN

d.

IpaBuJI ) , KOTOPBIC 3aJar0TCA HEC HCUCTKHUMHU TCPMaAMH, a JIMHENHOMN q)YHKHHeﬁ OT BXOJIOB .

dy=by+b, X +by, X, +..+by - X, j=1,_m_

IIpaBuna B Ga3e 3HaHuMi CyreHo SIBISIOTCS CBOETO poja MEPEKIoYaTeIsiMH C OJHOTO
JUHEHHOTO 3aKOHa "BXOJbI - BbIXOA" Ha JpYyroi, Toxe JuHEHHbIN. ['paHuiel momobnactei
pa3MBITBIE, CIEA0BATEIBHO, OJHOBPEMEHHO MOTYT BBIIIOJHATHCS HECKOJIBKO JINHEWHBIX 3aKOHOB, HO
C PAa3IMYHBIMU CTEIECHAMM.

CrereHb BBIMOJHEHMSI TOCBUIKA  J-OTO TpaBWja JUIS TEKYIIEr0 BXOTHOTO BEKTOpa

X :(xl,xz,...,x

*

”) OTpeeNAeTCss OJJHUM M3 JIBYX YpaBHEHUH, B 3aBUCUMOCTU OT UCIOJIb3yeMOMH
oneparuu (1 win NJIN) B j.ou TpaBuIIe BHIBOJA.
st onieparuu U ucnionb3yercst muaumyma (MIN-omeparus):

£ (X7) = MIN (2 (), £ (X ) erv 1 (%)) J=1,m
s oneparnun MJIN ncnons3yercs munumyMma (MAX-oneparust):

H; (X7) = MAX (14 (X:)nuzj (X;)P'"uunj (X:)) | =1,m _

B pe3ynbrare nosydyaemM HE4ETKOE MHOXKECTBO

() (X)) (X))
e

m

*

COOTBETCTBYIOIIEE BXOJHOMY BEKTOPY X
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OOpaTtuM BHUMaHHUE, YTO B OTJIMYME OT pe3ylibTaTa BbiBoJa MampaaHu, NMpUBEACHHOE
BBIIIE HEYETKOE MHOXKECTBO SIBJISIETCS OOBIYHBIM HEYETKMM MHOKECTBOM MEPBOTo nopsiaka. OHO

3aJaHO Ha MHOXXECTBC YCTKHX YUCCII. PCSYHBTI/IPYIOH_[CG 3HAa4YCHUC BbIXOJa y OIpCACIIACTCA KaK

*
Cynepro3nnusa JIMHEHHBIX 3aBHCHMOCTCﬁ, BBIIIOJIHACMBIX B I[aHHOf/'I TOYKEC X n-MepHOI‘O
(axTOPHOTO MPOCTPAHCTBA.

=

Jiist aToro nedaz3udumpyroT HEUETKOE MHOXKECTBO

Zﬂj(X*)'dj

, Haxoas

j=1,m
y — J il
Z H; (X*)
B3BEIIICHHOE CPEIHEE J=m
y= .Z;uj (X*)- dj
WM B3BECUIICHHYIO CYMMY j=Lm

3. 3amaHue Ha BBHIIOJIHEHUE

— 23 _
CMoJIeTMpoBaTh 3aBUCUMOCTb y =x3sm (xz;— 1) B obnactu x1 [-7, 3], x2 [4.4, 1.7].

[TpoekTrpoBaHKWE OCYIIECTBUM Ha OCHOBE TPEXMEPHOTO HM300pa)KCHUs YKa3aHHOW 3aBHCHMOCTHU
(puc.4.1), KoTOpOE MOCTPOCHO CIEAYIOIIEH MPOTPAMMOI:

’

Puc. 4.1 I'pagux pyuxyuu y = X1sin(xz-1)
8. ECJIIAU X1= «Hu3kui» U x2 = «cpegnuiin, TO y = 50;
0. ECJIN *1= «umskniiy U xp = «cpenauit», TO y=4%— %, :
10. ECJH *1 = mskuity U x2 = «BbIcOKHii», TO y = 50;

11.  ECJIU *1 = «cpennniin, TO y = 0;
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12.  ECJM *1= @picokuii» U x2 = «auskuiiy, TO ¥ = 2%y — 2%, — 3;

13.  ECJM *1= @picokuii» U X2 = «BbIcOKHUI», TO y=2x+2x, + 1;

CO3I[aHHC CUCTEMBI HCUCTKOI'O BBIBOJa THIIA CyreHo COCTOHUT B BBIIIOJTHCHUH CJIGI[yIOH.[CfI
IOCICA0OBATCIBHOCTH 1IAroB.

Ilaz 1. 3arpy3um FIS-penakTop, HarneuaraB ciioBa fuzzy B komaHaHO#M cTpoKe.

IHlaz 2. Beibepem tun cuctembl. s storo B menwo File Beibupaem B moamento New
FIS... komanny Sugeno.

Ilaz 3. JloGaBuM BTOPYIO BXOAHYIO IepeMeHHyro. /s sroro B mento Edit BeiGepem
xomanay Add input.

Illaz 4. llepeumeHyeM BXOJbl M BBIXOJ CHUCTEMBL. i1 3TOro BBINOJIHUM wiaeu 3-5
IPEJBIYILErO aIrOpUTMa.

Hlaz 5. 3aganum umMs cuctemsbl. s aToro B meHio File Beibepem B mommento Export
xomany To disk u BBenem umst aiina, Hanpumep, second.

Ilaz 6. 3ananum TepM-MHOXKECTBA U (YHKIIUH MPUHAIIEIKHOCTH BXOAHBIX MEPEMEHHBIX.
J171st 5TOTO BBIMOIHUM wiaey 7-12 mpeabIayero anropuTma.

Hlaz 7. 3apaguM 3aKkiarodyeHust npaBui. s 9TOro menykoM MBIIM TO OJNOKY Yy ak-
TUBU3UpPYEM IEpeMEHHYI0 ). B mpaBoM BepxHeM yriie MOSBHIOCH 00O3HaueHHE TpeX (HYyHKIHA
IPUHAJUICKHOCTH, KakJash U3 KOTOPHIX COOTBETCTBYET OJHOW JIMHEHHOW 3aBUCUMOCTU MEXKIY
BXOJIaMU M BbIX0JI0M. B 6a3e 3HaHuii CyreHo ykasaHbl ISTh pa3IMyHbIX 3aBUcUMocTel. [loaTomy
n00aBMM elle JBa 3aKJIIOUEHHUS NpaBui, BeIOpaB u3 Menio Edit xomanay Add Mfs... 3arem B
nosiBUBLIEMCs inanoropom okue B nosie Number of MFs Beioepem 2 u Haxxmem kHonky OK.

Hlaz 8. 3anaguM HaMMEHOBAaHMSA W TapaMeTpbl JIMHEHHBIX 3aBUcUMocTei. [l 3TOro
IIEJIKHEM MBIIIKOIM 10 HaMMEHOBaHMIO TepBoro 3akmodeHus Mfl. 3arem B mone Name neuaraem
HalMEHOBAaHME 3aBUCUMOCTH, Hampumep, 50, U ycTaHaBIMBAaeM THUI 3aBUCUMOCTH - KOHCTaHTa
yepe3 onuuto Constant B mento Type. Ilocne storo BBeneM 3HaueHue mapamerpa 50 B moie
Params.

AHanoru4Ho, Uik BTOpOro 3akitodeHus Mf2 BBezeM HanMeHOBaHHe, Harnpumep, 4 X 1 - X
2, yKaKeM JIMHEWHBII THIT 3aBUCMOCTH «BXOJIbI — BBIXO» uepe3 omnmmio Linear B mexto Type u
BBe/eM mapameTpsl 3aBucuMocT 4 -1 0 B mone Params. Jlnst JTMHEWHONW 3aBUCUMOCTH TOPSIIOK
napaMeTpoB CIENYIOIUI: NepBbli napaMeTp — Ko3(GUIMEHT NpU NEpBOM MepeMeHHON, BTOpoi
— IpU BTOPOH U T.J., U IOCTETHUI MapaMeTp — CBOOOHBIN UJIeH 3aBUCHMOCTH.

Jns tperbero 3axmodenuss M3 BBemem HamMeHoBaHue, Hampumep, 0, yKakeM THIT
3aBUCHMOCTH - KOHCTaHTa U BBeJieM napametp 0.

Jlns yeTBepTOrO 3aKimoucHus Mf4 BBemeM HauMeHOBaHMe, HanpuMep, 2x 1-2X2-3, ykaxem
JMHEWHBIN THIT 3aBUCUIMOCTH U BBEIEM HapameTpsl 2 -2 -3..

Jlnst maToro 3akimodeHust MfS BBejeM HaMMEHOBaHHUE, HAPUMED,

2x1+2x2+1, ykaxeM JMHEHHBIA THUI 3aBUCHUMOCTH W BBeleM mnapametpel 2 2 1. B
pe3ynbTaTe MOIyYuM rpaduieckoe OKHO, H300pakeHHOe Ha puc. 4.2.
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-
Membership Function Editor: lab3 l = | (=] |-?h]
File Edit View
- Membership function plots  PIOt paints: 181
FIS Variables emberzhip function plo
ﬁ (u) I Pl + 2w 2+
2x1-2%2-3
x1 ¥
XX ”
dx1-x2
x2
50
output variable "y"
Current Yariahle Current Membership Function [click on MF to zelect) f
Mame ¥ Mame 2% +2% 241
T':.-'pE: Dutput TYF‘E |ir1EEr -
Params
221
Range [01] [ ] U
Dizplay Range Help Close
Changing parameter for MF Sto [221]
L = .

Puc. 4.2 3axnouenue npasun Cyzeno ¢ Membership Function

Hlaz 9. Tlepeiinem B penaktop 6a3bl 3Hanuii Rule Editor uepe3 xomanny Rules... mento
Edit. [{ns BBOOa mpaBMi HEOOXOMMMO BHIOpATh COOTBETCTBYIOIIYIH) KOMOWHALMIO MOCBUIOK U
3aKJIIOYCHHI MpaBui U Haxkath kKHONKy Add rule. Ha puc. 4.3 u3zo0pakeHo OKHO penakropa 0a3bl
3HAHU MOCIIE BBO/IA BCEX MIECTH MPABHUIL.
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B Rule Editor: lab3 l = [ B b3

File Edit View Options

is HWskWI) and (x2 i HMskWE) then (y is 50) (1)
is HU3KMI) and (%2 is cpegHui) then (y is 4x1-x2) (1)
is HW3KMIA) and (%2 is BbIcokMi) then (y is 500 (1)
is cpegHMi) then (y is 0) (1)
|s ﬂhlcumhj and (x2 is Husku) then (y is 2x1-2x2- 3} 1
= . 2 iz enlcokMi) then (y is 2x1+2x2+1) (1)

Puc. 4.3 Heuemxkas 6aza snanuii Cyeeno

Ha puc. 4.4 npuBeaeHO OKHO BU3YyaJU3allMM HEYETKOro BbIBOAA. OKHO aKTUBHU3UPYETCS
komanmoi Rules menio View. Ha puc. 4.5 u3oOpakeHa MOBEPXHOCTh «BXOJBI - BBIXOI,
COOTBETCTBYIOIIAss CHHTE3UMPOBAHHOM HedeTKoi cucteme. OKHO BBIBOIUTCS 1Mo KoMazae Surface
Mmero View.
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Rule Viewer: lab3 | = | =] |—SE-]
e 1
File Edit View Options

=2 x2=-135

L

6
] -7 3 -4.4 1.7 I
-28.98 5718
MLt [-2 -1.35] Plot points: 4 gy Pl left | right | duwn| up |
Cpened system lah3, 6 rules Help | Cloze |

Puc. 4.4 Busyanuzayus neuemroeo svisooa Cyeeno ¢ Rule Viewer

Puc. 4.5 Buzyanuzayus neuemroeo evi600a Cyzeno 6 Rule Viewer

CpaBHuBasi MOBEpXHOCTU Ha puc. 3.1, puc. 3.8 u puc. 4.5, MOXKHO cAeNaTh BBIBOJ, YTO
HEUYETKHE NpaBWjia JOCTATOYHO XOPOIIO OIHUCHIBAIOT CIOXKHYIO HEIMHEHHYIO 3aBHCHMOCTb.
Mopens tuna CyreHo Oomnee TOYHas, OJHAKO IMOA0OpATh MOAXOMSAIINE 3aKIIIOUEHUS MPaBWI HE
BCErzia IpocTo.
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4.0THET
OTuer JOKEH CoAepKaTh KPATKOE ONMCAHUE PEILIEHUS IOCTaBICHHBIX 3aa4.

5.KOHTPOJIBHBIE BOITPOCHI

1. Bygmer nm paboTarh cucTema, €CliM MpH 3aJaHUE TMPaBWJI HCIOJIB30BATh HE BCE
nepeMeHHbIe?

2.  UYewm oOycroBiieHa pa3HHIIA IOBEPXHOCTEH YIIPaBICHUS?

3. Jlns gero nyxHo okHo Rule viwer?

43



Jlabopamopnas pabomahes
MPOEKTUPOBAHUE HEYETKOI'O PEI'YJISITOPA JJIS 3CII
C UCHIOJTHUTEJIBHBIM JIBUT'ATEJIEM NIOCTOSAHHOT' O TOKA

1. lens u 3amaum pabOTHI
CuHTE3 HEYETKOTO PEryjsTopa IS YIPABICHUS IJICKTPUUYCCKUM CIEISIIAM ITPHUBOJIOM
IIOCTOSIHHOTO TOKA.

2. TEOPETUYECKUE CBEJJEHU A

OyHKIIMOHAIBHAS CXeMa MpUBOAa MpejicTaBieHa Ha puc. 5.1 (a) u (0). I[lapamerpsl
ucnonauTenbHOTO nBurarens: Ce=Cm=0.732, J =0.05, Te =0.00234c, R = 0,96 Om, ko3 dumnueHT
nepenaun peaykropa: Kp=10.

5 |
3 P —
---1% PeryILaTop 4 -+ -- ] orega
Constanti E |_> I:l
: |
: OFT ormega

e . L]

Scopeld

Puc. 5.1 (a) Cmpykmypuas cxema ICII ¢ neuemxum pe2ynsimopom

- 1R q qi -
U1 G Tem.s+1 . . = gl . -;

Transfer Fon Sain Sain Integrator Integrator!  Gain3

ce}q

omega
Gain2 3

Puc. 5.1 (6) Cmpykmypras cxema 0sueameinsi HOCMOAHHO20 MOKA,
noocucmemovr DPT

Honyctum Tpebyercss MOCTPOUTh HEUYETKUI PEerynarop Ais YHOpaBlieHUs MPUBOAOM B
JMana3oHe U3MEHEHHs yria IMOBOpOTa BBIXOAHOTO Bajia +/- 1 paj. ¢ MCIOJIb30BaHUEM B KayecTBE
BXOJIHBIX CHTHAJIOB — OHIMOKM OTPAaOOTKM BXOJHOTO BO3JCHCTBHS M CKOPOCTH BpallleHHs Balia
UCIIOJIHUTEIIBHOTO IBUTATEs.
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C nenpto ¢popMupoBanus 0J0Ka MpaBWl (HAKOTUICHHs] 3HAHUN 00 0OBEKTE YyIpaBIeHUS),
pPaccMOTPHUM MEPEXOIHBIN MPOIECC MO0 CKOPOCTH BpaIlleHHsI Bajla M YTy TOBOPOTA Bajia JIBUTaTeJIs,
IpY TI0J]aue MaKCUMAJIBHOTO YIPABIIAIONIETO HanpspkeHus +/- 27 B (puc. 5.2).

Puc. 4.2 (a) [uacpammol usmenenus ckopocmu spaujerus 8aia Hazpysku (pao/c)

Puc. 4.2(6) Juacpammsr usmenenus yena nosopoma 8ana Hazpy3xku (pao)

W3 npuBeeHHBIX JUarpaMM BHIHO, YTONPU MAaKCUMAJILHOM HAPSHKSHUU 10 1pal mpUBoI
pasronsierca 3a ~0.35 cex. CkopocTb JIBUTraTeliss IMPH 3TOM IOYTH paBHA MaKCHUMAalbHOM (1is
JAHHOTO HaIpsDKeHUs ~35 paj/c). Bo3bMeM 3T JTaHHBIE 32 OCHOBY JJISI CHHTE3a PETyJsTopa.

OnpenenumM JIBe BXOTHBIC JTUHTBUCTHUSCKHAE TTEPEMCHHBIC: «OIMTUOKa» U «CKOPOCTHh Baja
JIBUTATEIIS (WIH MTPOCTO «CKOPOCTHY), OMPEISITHB JIJIs KaXI0H TepM MHOXKECTBO B BHJIC:

{«oTpumarensHas Oonbimas» NL, «oTpunarensHas wMamas» NS, «uyneBas» Z,
«ITOJIOKUTENbHAS Majast» PS, «monoxurensHas oonbiias» PL}.

s Kaxaoro TepMa M3 TePM MHOXKECTB JTUHTBUCTHUECKUX TMEPEMEHHBIX «OIIHOKa» M
«CKOPOCTB» HEOOXOAMMO 3a1aTh (QYHKIUIO NpUHAUIEKHOCTH W(x). Breibepem ¢yHKIMN
MIPUHAJICKHOCTH TpeyroibHoro Buma Juis TepMoB NS, PS u Z, n TpanmenuuaaibHOTO BUAA IS
tepmoB NL u PL.

I'panuter onpenenenus Ans GYHKIUH TPUHAIICHKHOCTH IEPEMEHHBIX

«ommbka» - [-3.14 ... 3.14] pax;

«ckopocTb» - [-40 ... 40] pan/c.

B kadecTBe cuCTeMBI HEUETKOTO BBIBO/Ia BhIOEpeM HeueTkuit BbiBoA CyreHo 0-To mopsixka,
e JUIs KaXJIOro cpa0OTaBIIero TMpaBWjia 3aJaeTCs BBIXOJ HEUYETKOTO peryisTopa (ypoBeHb
YIPABJISIONIETO BO3JACHCTBHS) B BUJIC KOHCTAHTBI.

OnpeenuM HECKOJIBKO TAaKHX YPOBHEH:
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U0 =0B, US=13B, UL =27B.

[Ipu >TOM B 3aBUCHMMOCTH OT COYETaHMS BXOJHBIX MEPEMEHHBIX (OMIMOKH U CKOPOCTH)
BO3MOXHO (OPMHUpPOBAaHHE KaK TMOJOXHUTEIbHBIX YPOBHEH BBIXOJHOTO CHTHalla, TaK U
OTPHIIATEIIbHBIX.

Teneps HEOOXOAMMO TOCTPOUTH OJIOK TPaBUIT (PYHKIIMOHUPOBAHHS HEYETKOTO PEryssaTopa
B BUJIE MATPUIIBI 5X5, UCXO/IS U3 CIEAYIOMIUX MPEANOCHUIOK:

- €CJIM «OIHOKa» HyJeBas U «CKOPOCTh» HyJIeBas, TO JIeJaTh HUYETro HEe HAJl0, yIIpaBJIeHHE
TaK)Ke J0JKHO OBITh HYJIEBBIM;

- eClId «OIIMOKa» Majasi MOJOKHUTENbHAs U «CKOPOCTh) HYJIeBas, TO YIPaBICHUE JT0JKHO
OBITH MAJIBIM TTOJIOKUTEIIBHBIM;

- ecni «omunOKa» OOJbIasi IMOJIOKUTENIbHAS U «CKOPOCTHb» HYJEBas, TO YIPaBJICHUE
JIOJKHO OBITH OOJIBIIMM TOJIOKHUTEIBHBIM;

- €CJIM «OIIMOKa» HYJIEBAsl U «CKOPOCTbY» MaJlasi MOJIOKUTENbHAsI, TO YIPaBIECHUE JT0JKHO
OBITH MaJIBIM OTPHUIIATETIHLHBIM;

- eCli «OIHOKa» HyleBas U «CKOPOCTb» OOJblllasi MOJOXKUTENbHAas, TO YIpPaBICHHE
JIOJI’KHO OBITH OOJBIIUM OTPHUIATENEHBIM;

U T.J.

Takum oOpasom, ompeaenum 13 mpaBun g Hawboyiee BEPOSTHBIX 3HAYCHHMA
JUHTBUCTUYCCKUX MTEPEMEHHBIX «OITHOKA» U «CKOpPOCThY (Tabmuna 5.1):

Tabauya 5.1
s PL -UL
& [Ps UL -US 0o
5 § z -UL -US uo us UL
2% [Ns uo us uL
S5 2 | NL UL
NL NS z PS PL
Omuodka

Jlns  co3maHuss HEYETKOro peryiastopa B cucreme Matlab wHeoOxomumo OTKPBITH
cootBeTcTBYrONHi penakrop (FISeditor), BBeas B koMaHIHOM CTPOKE KOMAHLY:

>> fuzzy

B pesynbrare BBHINOTHEHWS JaHHOW KOMAHIBI Ha JKpaHE OTKpbIBaeTcs OKHO FIS-
penakrtopa (puc. 5.3):
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<) FIS Editor: Untitled
Fil=  Edit View
Uritithec
[mamdani)
imput output
FIS Mame: Untitled FIS Type: mamdani
And method — = Current atiable
Or method _— = [k Iinpuﬂ
T input
Implication min - o= o
Rance [01]
Agoregation o -
Defuzzification I centraic M I Helpp Close
Syatem "Untitled": 1 input, 1 outpot, and O rules

Puc.5.3 FIS-peoaxmop

[Tpu hopMupoBaHUH HEYETKOTO PEryIsATOpa HEOOXOAUMO B TIEPBYIO OYEPEIb OMPEIACIIUTh
ero Tum, B HameMm ciay4ae - CyreHo HyineBoro nopsaka. Co3maeM HOBBIN peryisTop tumna CyreHo
KOMaHIOU MEHIO:

File ->NewFIS ->Sugeno

YuuThIBas, 4YTO MCXOJS B WCXOJTHBIX JTaHHBIX OIMpEAENeHbl JBE BXOJHBIC MEPEMEHHBIE,
n00aBJIsieM elle OJJHY BXOJHYIO TIEpEMEHHYI0 B (POPMUPYEMBI HEUETKUH PErymsiTop:

Edit ->AddVariable ->Input

)Iaﬂee CJICAYCT YCTAHOBUTH UMCHA IJId BXOAHBIX IEPEMCHHBIX, 0T06pa)KaeMI>IX Ha I1aHCIn
HEYETKOTOo peryisitopa (puc. 5.4).
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=) FIS Editor: Untitled?

File Edit ‘“iew
‘h‘*h
*h"""-..
Irtitled2
error 1 e ()
e [SUgena)
-ﬂ-#.’#
L
u
speed
FIS Matme: Untithed2 FIS Type: SLGEND
And method I - j Current Yariable
[arme
Or method I probar j
Type
Implication I e j i
_ Range
A goregation I — j
Defuzzification I swtaver j Help Close
Renaming autput wariable 1 to "u"

Puc.5.4 FIS-peoaxmop ¢ 08yms 6x00HbIMU NepeMeHHbIMUL:
owubxra (€rror) u ckopocms (Speed)

OTkpbiBaeM peakTop GyHKUNN TPUHAIEKHOCTHU:

Edit ->MembershipFunctions

C nomouipto penakTopa (GyHKUUN MPHHAJICKHOCTH ONpEeNsieM UMEHa M IHapameTpbl
(GyHKUIUH TPUHAJUIEKHOCTH, a TAK)KE PEeAAKTUPYEM IPAHUIBI U3MEHEHHUS BXOAHBIX IEPEMEHHBIX.

Jlis mepeMeHHOH «omMOKa» CHayajga OMNpEeNeNsseM TIpaHHUIbBl TEPMOB «HYJEBas» H
«TIOJIOKUTEINIbHAS Majash U «II0JIOKUTENIbHAs O0JbIIash»:

Z=[-0.300.3]

PS =[00.3 0.6]

PL =[0.3 0.6 3.297 4.553]

AHAOTUYHO  OmpenensieM  CHMMETPUYHbIE WM OTpPHUIATEIbHBIE  3HAYCHHS
JMHTBHCTHYECKOH MEepeMEeHHOH «ommmoOkay» (puc.5.5).

48



<} Membership Function Editor: Untitled2

File Edit “iew
FIS “ariahles Membership function plots R0t poirts: 181
rL M Z PS PL
XX 1
errar L
sheed
o 1 1 1 = 1= 1 1 1
=3 = -1 0 1 2 3
input wariable "error”
Currert Yariahle Currert Membership Function (click on MF to select)
Flarme errar Mame I z
Type input Type [ trim -]
Params [-0.3003]
Range [314314 |
Display Range |[-3.1 4344] Help | Close |
Selected variahle “"error"

Puc.5.5 Hacmpoiika ¢pynxyuu npunaonedxcnocmu 0isi OUUOKU
Jl7is mepeMeHHO «CKOPOCTb» aHATIOTHYHO OMpeeNisieM TepPM-MHOKECTBO 3HAUCHUN:Z =

[-10 0 10]; PS = [0 10 20]; PL =[10 20 42 58] u cuMMeTpHUYHbIC UM OTPHUIIATEIbHbBIC 3HAUCHHSI
(puc.5.6).
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<} Membership Function Editor: Untitled2
File Edit ‘Wiew
FIS “ariables Memberzhip function plots  PIot poirts: 181
ML [ z Ps PL
ﬁ u
0s 4
zpeed
0 1 1 T 1 L 1 1
-40 =30 =20 -0 0 10 20 30 40
input variable "speed”
Current Yariahle Current Membership Function (click an MF to select)
Mame spee Mame I z
Type inpu‘t Type Itrimf j
Params [_-1 oo 1|:|]
R |[-4|:| 40] !
Displary Range I[_qn 40 Help | Close I
Renaming MF 5 to "FL"

Puc.5.6 Hacmpotixa ¢pynxyuu npunadonescHocmu 0Jisk CKOpoCcmu

3HaueHUs] BBIXOJHOHN mepeMeHHOW g perynsaropa CyreHo ompezaenseM B BUIE MSATH
xoncrant UL, nUS, UO, US, UL (nUL =-27, nUS = -13) (puc.5.7).

<} Membership Function Editor: Untitled2
File Edit “iew
FIS %ariahlas Membership function plots  Plot poirts: 181
o [
nds
Error u
;
s
speed
L
output wariskle "u"
Current Variakble Currert Membership Function (click on MF to select)
hame u Marme (Wi}
Type output TS
Params I,:,
Range I[_z:.r 7
Display Range I Help | Close I
Changing parameter for MF 1 1o 27

Puc.5.7 Bosmosicnvie 3nauenus 015 8bIX0OOHOU nepemennou nanpsicerue (U)
JHanee nHeoOxomumo chopmMupoBaTh 0a3y 3HAHHM, MPEICTABISIONIYI0 COO0OM TpaBmiIa

BbIBOJIa. C 3TOM 1EIbI0 OTKPBIBAEM PEAAKTOP MPABUII:
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Edit ->Rules u 3amaem 13 npaBui onpeenieHHbIX B Tabauile panee (puc.S.8).

<} Rule Editor: Untitled2 =] S

File Edit ‘“iew Options

It {errar is £y and (zpeed iz Z) then (u iz UD) (1) ;|
M lerrar iz ) and (speed is PEY then (u iz nU=) (1)
M ferrar iz £ and (speed is PL) then (u iz nUL) (1]
i (error is £y and (zpeed iz NS then (uis US) (1)
It {errar is £y and (zpeed iz ML) then (uis UL (1)

I errar iz PE) and (speed iz NS then (uis U0 (1]
i (error s PSY and (speed is Zthen (uis ndZ) 017
LIt {errar is PS) and (zpeed is PS) then (u iz nUL) (1]
3. If (error iz PL) and (speed is Z)then (uis nL) (1)
10,1 Cerrar iz MNS) and (speed iz NS)then (uis UL (1)
11 If (error is MS) and (speed is Z)then (uis US)01)
12, 1f (error is NE) and (speed is PE) then (u iz U0 (1)

[ = L I

13, If (errar iz ML) and (speed iz £ then (u iz UL) (1) ﬂ
If and Then
BFTOF % speed is uis
ML 5 I T [~
M M=
Z Z
PSS P
PL PL
rone riore
;I l

[ not [ not

Connection Wigight:

 or

 ond [+ o | [hddrie || crange e | o =

The rule iz added

Help | Cloze |

Puc.5.8 Brnoxk npasun cucmemst ynpasnenus ICI1

CdopmupoBaHHBI TakMM O0pa30M HEUYETKUU PETyNITOp HEOOXOAMMO COXPaHUTh B
daitne Texymero paszzmena.C STOM IENpI0 BBINOJIHSIEM B KOMAaHIHOM OKHE CJIEIYIONIYIO
MIOCJIEIOBATEIBHOCTD KOMAH/I;

File ->Export ->ToFile

[Tocne coxpaHeHHMs HEYETKOrO peryistopa B (aiiie ero He0OXOIUMO SKCIOPTHPOBATh
(mepenecTn) B pabouee npoctpanctso -Workspace:

File ->Export ->ToWorkspace

Taxum o0pa3zom HeueTKui perynsatop copMHpOBaH U TOTOB K UCIOIb30BAaHUIO B paboyeit
MOJICNIU CAEASIIeTro mpuBoaa. st BKIIFOUEHUSI HeUeTKOro peryistopa B mojens DCII, neobxoaumo
nepeHecTn w3 OubOnmoreku  FuzzylLogicToolbox — cooTBEeTCTBYMOIIYHd — MHKTOTpaMMy
«FuzzyLogicController» B o6macte MoOmeNH, BBIMOJHUB MPH 3TOM HEOOXOIMMbIE KOMMYTAIMU
(puc.5.9 u puc.5.10).
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m Simulink Library Browser
Filz=  Edit “iew Help

=10] x|

JJ 0 = = JJIEnter search term

~l#h =

Libraries

E [ata Acquisition Toalbox
- T/ ED& Simulator Link
Embedded IDE Link

Membership Functions

E Gauges Blockset
E Image Acquisition Toolkbox

- T Instrument Cortral Toolbox

Library: Fuzzy Logic Toolbox | Search Resultz: (none)

I\ b

i

embership
Functions

Fuzz=y Logic C-
ontrollar with...

Most Fregu 4|k

Fuzzy Logic
Contraller

Puc. 5.9 Boibop neuemrozo peeynamopa ¢ Simulink-cxeme us Library browser

1

Canstantd

giIAN

Fuzzy Logic
Cantraller

DFPT

fi ' 2 |:|
omega Scoped
13 — - |:|
Scope?

Puc.5.10 Mooenv DCII ¢ newemkum pezynssmopom 6 nakeme Simulink
JIisl BKIIKOYEHHsI Pa3pabOTaHHOTO HEYETKOTO PEryIATOpa HEOOXOJMMO B IapaMerpax

moxayns «FuzzylLogicControllery ykaszaTe ums, KOTOpoe OBLIO TPHUCBOCHO pPETYJSATOPY MpPH
skcroptupoBanuu ero B Workspace (puc.5.11).

E! Function Block Parameters: Fuzzy Logic Controller x|

—FI3 (mask] (link)
FI=

—Parameters

FIa file or structure;

I kutorial

ok

Cancel

Help

Apply

Puc.5.11 Buibop neuemroeo pezynsmopa uz Workspace ¢ 6oxe Fuzzy logic controller

Jnst ouneHkn 8.apakTEPUCTHUK MPHUBOJA C HEYETKUM PETYISTOPOM, IPOBENEM pacyeT
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MEPEXO/IHBIX IMPOLIECCOB MpU OTpabOTKE BXOAHOro curHaia (ctymeHbku) B 1 paxa. Ilepexonnbie
xapakrepuctuk DCII ¢ cHHTe3UMpOBaHHBIM PEryJIATOPOM MoKa3aHbl Ha puc.5.12 (a) u (0).



Puc4.12 (a ) Ipagurxu nepexoonvix xapaxmepucmux ¢ OCII (yveon;, (6) Ipaghuxu
nepexoonuvix xapakmepucmuk 6 ICII (ckopocms)

Ananu3 nepexonnbix mporeccoB B DCII ¢ cMHTE3MpOBaHHBIM HEYETKUM PETYIATOPOM
MO3BOJIIET CJlielaTh BBIBOJ O TOM, YTO IEPEXOJHBIM IPOLECC 3HAYUTENIBHO 3aTSHYT, HpUYeM
OUYEBUJHO, YTO IMPUUYMHON 3TOTrO SIBISIETCS MyJbCalUsl YIpaBsIOIIEro HamnpsokeHus ot +27B no 0
Ha Ha4yaJbHOM 3Tane ynpasieHus (puc.5.13).

0.02 0.04 0.06 0.0s

Puc.5.13 I'pagux nyrecayuu ynpasnsowezo nanpsiceHus

[TprunHON BO3HMKHOBEHHS ITYJIbCAIIMA YIPABISAIONIETO HANPSOHKCHUS Ha HAYaIbHOM
y4acTKe OTpabOTKM BXOJHOTO BO3JEHCTBHS SBISIETCS HEAOCTATOYHOE KOJIWYECTBO TPABUI,
OTIPENIENISIONINX BBIXOTHOE HANPSDKEHUE B 3aBHCUMOCTH OT 3HAUEHHH BXOJHBIX CUTHAIIOB.

[lynpcanuyn HauWMHAIOTCA TPH JOCTHIKEHUHU JBUTaTeneM ckopoctu 10pan/c mpu ere
601b1I0M OIIMOKE, MOCKOJIBKY /Ul YKa3aHHBIX 3HAUEHUH MEePEeMEHHBIX «OIINOKa» U «CKOPOCTh)» HE
3aJjaHbl PaBUJIA, BBIXOJ PETYJISATOPA B 3TOM cilydae IPUHUMAET HYJIeBOE 3HAUECHHE.

Jlnst ycTpaHeHHs 3TOro HeocTaTKa 100aBUM B OJIOK MPaBUJI CIEIYyIOIIHE MTpaBuJIa;

- eclu «oImMOKa» MOJOKUTENbHAsE Ooblasi, TO yINpaBiI€HHUE IMOJOKHUTEIbHOE OO0JIbIIOoEe
MIPH JIFIOOOM 3HAYEHHH CKOPOCTH.

- €CJIH «OITMOKa» OTpHIaTeIbHAS OOJIbIasA, TO YIIpaBICHUE OTPHUIATEIIFHOE OOJIBIIIOE MPH
11000M 3HaUYE€HUU CKOPOCTH.

JlonoHeHHbIH 6JI0K MpaBuil Oy1eT UMETh BUJ, IPEICTaBIEeHHBIN B Tabuue (Tabnauna 5.2).

Tabauya 5.2
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OIINOKa
NL NS Z PS PL
NL -UL UL UL
NS -UL uo Us UL UL
CKOPOCTh Z -UL -US uo Us UL
PS -UL -UL -US uo UL
PL -UL -UL UL

Pacuernbie xapaktepuctukun OCII ¢ MoauduUIUpPOBaHHBIM HEUYETKUM PETYIATOPOM
MpeCcTaBIeHbl Ha puc.S.14.

Puc.5.14 (a) Ilepexoonvie xapakxmepucmuru ¢ ICII ¢ mooupuyuposannvim pe2yisimopom
(veon; (6) I[lepexoonvie xapakmepucmuru ¢ MOOUDUYUPOBAHHBIM Pe2YAMOPOM (CKOPOCHIb)

JlnarpaMma U3MEHEHHUs YIPaBIISIOLIEro BO3ACUCTBUS MpuBeAeHa Ha puc.5.15.

Puc.5.15 Uzmenenue ynpasnaowe2o HanpsiceHus.

CpaBHUTENBHBIN aHAIN3 MEPEXOAHBIX MPOLIECCOB CBUJIETENBCTBYET O TOM, YTO MOJTYYEHBI
3HAUUTENBHO JIYULIHEe XapaKTEPUCTUKH, OJHAKO BUIHO, YTO MPU YMEHBIIEHUU OLIMOKH, CKOPOCTb
cOpacbIBaeTCs CIMIIKOM OBICTPO, W3-32 ITOrO MEPEXOAHBIM IMpOLECcC MO-NPEKHEMY OCTaeTcs
3aTSIHYTHIM.

JUJis KOppeKIHMH STOr0 HWCHOPaBUM B OJOKE MpaBWJI JBa IMPaBHUIA, COOTBETCTBYIOIIHE
yKa3aHHOW CUTYalliu B CTOPOHY YBEJIIMYCHHUS YPOBHS YIIPABISAIONICTO HAMpsKeHUs (Tabmuna 5.3):
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Tabauya 5.3

ommOKa
NL NS z PS PL
NL -UL uL uL
NS -UL -US us uL UL
CcKOpOCTB | Z -UL -US uo us uL
PS -UL -UL -US us UL
PL -UL -UL uL

Hrtoroseie nepexoaHbie MpoOLECChl UMEIOT BU, IPEACTaBICHHbBIN Ha puc.5.16.

Puc.4.16 (a) Ilepexoonwvie xapakmepucmuxu nociie Koppekyuu pezyiamopa (y2oin)
(6) IlepexooHvle xapakmepucmukuy nocje KOppekyuu pe2yiamopa (CKopocniv)
JlnarpaMma U3MEHEHHMs YIPABIAIOLIErO CUTHAJA NIpeAcTaBieHa Ha puc.5.17.

Puc.4.17 I'pagux ynpasnaowe2o Hanpsiceruss Nocie KOppeKyuu CKopocmu

AHanmu3 mepexoHBIX MPOIECCOB MO3BOJSET CAENATh BHIBOJ O TOM, YTO C(POPMUPOBAHHAS
CHUCTEMa YIPAaBIEHUS C HEYETKUM PETYISITOPOM O00eCleYrBaeT MEePEeXOJHbIE IMPOIECCH MpHU
0TpaboTKe OOJNBIINX YTIIOB PACCOTIACOBAHUS, OIM3KHE K ONTUMAIBHBIM M0 ObICTpoIeCTBHIO. Bua
HUTOTOBOM MOBEPXHOCTH, (DOPMUPYIOIIEH YITPABIAIONIEE BO3ACHCTBHE B 3aBUCUMOCTH OT COCTOSTHUS
00BbeKTa yIpaBieHUs MIpeACTaBiIeH Ha puc.S5.18.

55



J Surface Yiewer: tutorial O] x|
File Edit “iew Optiohs

errar 40 speed

K (input): I arrar = I W (input): I speed = l I [output): I u p l
X grids: I 15 W grids: I 15 Evaluate |

Ref. Input: l— ”le paints: lm_ H Help | Close ||

Ready |

Puc.5.18 Ilosepxnocms nepexitoueHuss MOOUPUYUPOBAHHOLO HEUEeMKO20 pe2yamopa OJisl
cucmemvl ynpaenenusi ICIIT

3.  3AJIAHUE
Otpaborars mpakTuyecku B cpeae MatLab Bce paccmorpennbie stambl cunTe3a ICIT
MOCTOSTHHOTO TOKa.

4. OBOPYJIOBAHUE
JlaboparopHasi paboTa BBINOJHSAETCS Ha MEPCOHAIBHBIX KOMIBIOTEpaX C MPUMEHEHUEM
naketoB MoaenupoBanust SimuLink, NNT B cpene MatLab.

5.  OTYET
OTuer AOKEH coJlepKaTh KPaTKOE OMMCaHUE PEIICHUs TOCTABJIEHHBIX 3ajay.

KOHTPOJIBHBIE BOITPOCHI
Kak 3a1ar0Tcsl 3Ha4€HUsI HEYETKOIO MHOKECTBO B PEAJIbHBIX CHCTEMAX?
Kak yMEHBpIINTH MyJIbCALIMIO YIIPABIISAIOUIETO HANPsKEHUs B 1aHHOU CAY?

wNn e o

Hyxno nu npoBoauTe nononHuTensHble TecThl CAY mnpu ee peanuszanuu Ha
peansHOM 00BekTe? [Touemy?
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KPATKHUE TEOPETUYECKUE CBEJAEHUA 110 ITAKETY INTPUKJIATHBIX
IMMPOT'PAMM NNT (The Neural Network Toolbox)

HpeuBapnTeﬂbﬂme CBCICHUA

IMaker mnpuknagaeix nporpamm NNT (The Neural Network Toolbox) pacmmpsier
BO3MOkHOCTH cuctembl MATLAB.

Asropamu Heipoumuraropa NNT sBustorcs mpodeccop I emyc, crenumamuct 1o
HEMPOCETEBBIM TEXHOIOTWAM, U M. bUjul, IPOEKTUPYIOIIMI arlapaTHbIe pealn3alii UCKYCCTBEHHBIX
HEHUPOHHBIX CETEH.

JIro0oii HetipoH B makere NNT xapakTepu3yeTcss BEKTOPaMH BECOB, CMEIICHUHN U (YHKIHEH
akTuBaluK. HelpoHbl, MpUHUMAIOIIME OAMHAKOBBIE BXObl M UCHOIB3YIONINE OJMHAKOBBIC (YHKIH
npeoOpa3zoBaHusl, TPYIIUPYIOTCS B CJIOU.

Bo3moxHbIe HelipoceTeBbIe MapaurMbl UMUTATOPA, OMpeIeNiieMble BEIOPaHHON CTPYKTYpOn
CETM M WCHOJNB3YEMbIM aITOPUTMOM OOYYEHHUS, MOXKHO pa3[eluTh Ha HaOIIofaeMmble U
HEHa0JII01aeMBble.

HaGnronaemble cet 00y4aroTcsi MPOU3BOIUTH TpeOyeMble BBIXObI Ha BXO/IbI IpuMepoB. OHU
MOTYT MOJICIMPOBATh M HCCIIENOBATh TUHAMHUYCCKHUE CHUCTEMBI, KIACCH(HUIIMPOBATH 3allyMJICHHBIC
JaHHBIC W pellaTh MHOTHUE JPYrue 3a7add. Bo3MoXHbIe OOydYarolMe TMpaBWiia W METOJbI
MPOCKTUPOBAHUS CETEH MPSMOTO PACIPOCTPAHEHUS: TIEPCENTPOHEI, JHeHHbIe cetn (Adaline), cetu ¢
o0paTHBIM pacnpocTpaHeHUueM ONIMOKU 110 JIeBeHOepry — MapkBapaTy, paiuaibHbie Oa3HCHBIC CETH.
Anroputm o0ydenust JleBenOepra — MapkBapATa OTHOCHTCSI K HEIMHEHHBIM METOJIaM ONTHMH3AIIHH,
SBJIICTCS. CaMbIM OBICTPBIM M3 aJITOPUTMOB OOPAaTHOTO PACIPOCTPAHCHUS OIMMOKKM M CBS3aH C
UCIIOJTh30BAHUEM JIOBEPHUTEIILHBIX oOnacTeid. [Ipu mpoaBMKEHUN K MUHHMYMY CpPEIHEKBAIPATUIHON
GyHKIMH OMIMOOK B 3TOM aITOPUTME aHATU3UPYIOTCS IPOMEKYTOYHBIE TOYKH, KOTOPBIE MOTYYHIIHChH
OBl M0 OOBIYHOMY METOJY TPAJUEHTHOTO CITyCKa, W B CIIydae YIYYIICHUS MOJEIN OCYIICCTBIISCTCS
nepexojl B 3TH TOYKH, a B TPOTUBHOM CIy4ae€ YMEHBINAETCS Iar MPOJIBIDKEHUS U TIEPexXo]| He
OCYIIECTBIISIETCA. JTOT aNrOpUTM TpeOyeT mamsaté mopsaka 12, ecmm | — KomudecTBO BeCOBBIX
KO3 puIeHToB ceTH [8].

PekyppeHTHBIE  CeTM  HUCHOJB3YIOT  OOpaTHOE  paclpoCTpaHEHHE  OMMOKH  JUId
NPOCTPAHCTBEHHBIX M BPEMEHHBIX 00pa30oB M BKIIIOYAIOT ceTH JnMaHa u Xonduiga. Cetn DnmaHa
XapaKTePU3YIOTCS HATWYMEM JIMHUU 33/IePKKH BO BXOIHOM CJIO€ U 00paTHOM CBS3BIO BBIXOHOTO CJOS
co ckpbITbiIM. OOy4aemblii BekTop KBaHTOBaHus (LVQ) — Haubonee MOIIHBIA MeTOA JUIS
KIaccu(UKalUY JMHEHMHO HEOTAEIMMBIX BEKTOPOB, MO3BOJSIONIMNA TOYHO ONPENETUTh TPAHUIIBI
KJIaCCOB U 3€PHUCTOCTD KJIACCU(PHKALIIH.

HenaOmioilaemble HEHPOHHBIE CETH MOTYT OIpENeNATh CXeMbl Kiaccudukanuy,
aJIaTITUBHBIE K M3MEHEHUSIM BXOJHBIX JaHHBIX. [lommepkuBaroTcss 0O0ydYaromue acconuaTHBHBIE
npaBuia Xe066a, Koxonena, nmpaBuia BXozsmei 3Be3/bl (instar) 1 ucxonsuien 3Be3/sl (outstar).
CamoopraHu3yrommecss CeTH MOryT o0OydaThCsl ONPENENICHHIO PEryJspHOCTH W KOPpEsLUU
BXOJIHBIX JAHHBIX M aJalTHPOBaTh UX Oydymue oOpasbl 3TUM BXxojaaM. CaMOOpraHU3YIOIIUECS
HEHpPOHHBIE CETH BKJIIOYAIOT CETH BCTPEUHOTO PACHpOCTPAHEHHUS, CaMOOPraHU3YIOIIHMECS CETH U
paszessIomue KapThl.

Berpoennsle  (pyHKIMM aKTHBAallMKM, TaKWe Kak TUrepOoinveckuii Tanrenc (tansig),
cUMMeTpu4Has JNuHeWHas (satlins), pamuanbHas OasucHas (radbas), morumctuueckas (logsig),
KOHKypHpYtoImas (compet) QyHKIUH U JpyTrHe, MOTYT OBbITh JOTOIHEHBI CAMUM I10JIb30BaTEIIEM.

Hpyrue Bcrpoennsie pyHkimu makera NNT cucrembr MATLAB 103BOJSIFOT OCYIIECTBIISATH
HOpMAJIM3AllUIO JAaHHBIX, BU3YAJIM3allUI0 BCCOBBIX KOB(b(I)I/II_[I/IeHTOB u CMeH_[eHI/Iﬁ U TOpCACTaBJIATH
pE3yJIbTaThl aHAJIM3a OMIMOOK HA arpaMMax.

57



BBIYVCJIUTEJBHAS MOJIEJIb HEMPOHHOM CETH

IMaker NNT wucmonb3yeT crenuaibHblii Kiaacc 00bekToB Network.object. Dt 0ObeKThI
MPE/CTABJICHBl B IMAKETE B BHUJE MacCHUBa 3alucei, MOJII KOTOPBIX OMPENENSIOT MX CBOWCTBA,
XapaKTepUCTUKU U mapaMeTpbl. MaccuBbl 3allMCel MO3BOJISIOT 33/1aTh BBIYMCIUTEIBHYIO MOJEIb
HEUPOHHOW CETH, ISl KOTOPOM UCIIOIB3YETCs CTAHAAPTHOE UMs NEL, ABIISAIONIEECS TAKXKE U UMEHEM
MacCUBa 3aIuCen.

ApPXHTEKTYpa HeliPOHHOW CeTH XapaKTEPU3YETCsl KOJIUYECTBOM BXOJIOB, CJIOEB, BHIXO/IOB,
Ieel, CMEIIEHMI, a Tak)Ke Tomojorueil mx coeamHeHus. Ommcanue moyeld MaccuBa ceTu het
MpUBEIEHO B TaOI. 1.

Tabnuya 1
net Nms nons Pasmep Tun
.numinputs KonnuecTBo BXx0a10B Ix1 integer
.numLayers KonuuectBo cioes Ix1 integer
.biasConnect Marpuna cBszHoct uist | numLayersx 1 Boolean
CMeEIIeHU array
.inputConnect Marpuia CBSI3HOCTH s numLayersx Boolean
BXOJIOB numinputs array
JlayerConnect Marpuia CBSI3HOCTH s numLayersx Boolean
CJIOEB numLayers array
.outputConnect Marpuna CBI3HOCTH s I xnumLayers Boolean
BBIXOJIOB array
.targetConnect Martpuiia CBA3HOCTH AJIst I xnumLayers Boolean
nenen
array
.numOutputs KomnyecTBo BBIX010B 1x1 integer
.numTargets KonunuecTBo neneit 1x1 integer
.numinputDelays MakcumanbHoe 3HaueHue | 1x1 integer
3aJIEpP’KKH JUIsl BXO/I0B
.numLayerDelays MaxkcuMmaiabHOe 3HaueHue | 1x1 integer
3aJIEP’KKH ISl CIIOEB

KonuyecTBo BekTOpOB BXxoza cet NumInputs crieayer ominyaTh OT YKCIa DJICMEHTOB
BEKTOpa BXo/a. KoJM4ecTBO BXOOB 3aa€TCsl MENBIM MOJIOKUTEILHBIM YHUCIOM U YKa3bIBaeT, KaK
MHOTO BEKTOPOB BXOJa IOJaHO Ha CeTh. B CBOIO oOuepe/lb KOIMYECTBO 3JIEMEHTOB KaXIOTO
BXOJIHOTO BEKTOpa 3amaetcs cBoiictBoM inputs{i}.size. Jlroboe uamenenue mosast huminputs oymer
BJIMATH HA pa3Mepbl MaTPHIlbl cBs3HOCTH INputConnect u maccuBoB siueek iNputs{i}.

KomuuecTBo crmoeB numLayers 3agaercst menpiM MONOXKUTEIBHBIM dnciioM. Jtoboe ero
u3MeHeHne OyleT BIHMATh Ha pa3Mepbl Martpull cBsizHocTH biasConnect, inputConnect,
layerConnect, outputConnect, targetConnect, a Tak:xe pa3Mepbl MacCHBOB BeCOB U cmemieHuid W,
LW, b.

58



OnmHoMepHasi MaTpuIila CBS3HOCTH s cMmemienuit biasConnect sBisiercs OyneBoid
Matpurieii pazmepa Nix1, rme N — KOJIWYECTBO CJIOEB, ONMpENeIsIeMbIX CBOMCTBOM NumlLayers.
Hanuurie nim oTCyTCTBUE CMEIICHUH B Clloe | 0TMedaeTcst B ajeMenTe BekTopa biasConnect(i) kak
1 wimm 0 coorBeTcTBeHHO. Hanmnume cmeleHust o3HadaeT, 9To B MaccuBax stueek biases{i} u b{i}
OyIyT CO3aHbl CTPYKTYPHI, 33/1aI0IIHE BCE XapPAKTEPUCTUKU CMEIIICHHSL.

Marpuiia cBs3HOCTH AJ1si BXomoB inputConnect sisisiercst OyiaeBoit marpulieii pasmepa
NixNi, rme Ni — konmyecTBO cioeB, ompeaensieMbix cBoiictBom numlLayers, u Nij — KoJuyecTBO
BXOJIOB, ONpeIesieMbIX cBOiicTBOM NUMINputs. Hanuvue wiu OTCYTCTBHE Beca MPU CBSI3bIBAHHU
ciost | co cimoeM j oTMmeuaetcs B asieMeHTe MaTpuilbl iInputConnect(i,j) kak 1 wim 0, COOTBETCBEHHO.
Hamnume Beca o3nauaer, yto B MaccuBax sdeek inputWeights{i} u IW{i} Oyayr cosmams
CTPYKTYPBbI, 33/Iaf01I1E XapaKTePUCTUKH BECOB BXO/IA.

Marpuia cesznoctu it cioeB layerConnect sBisiercss OyieBoit MaTpuleit pasmepa
NixNj, tme N| — KOJMYECTBO CJIOEB, ONpEAeIsIeMbIX CBOWCTBOM humlLayers. Hamuuwme wunun
OTCYTCTBHE Beca B cJIOe | 110 BXOIy ] OTMevaercs B ayeMeHnTe mMatpuibl layerConnect(i,j) kak 1
wim 0 cootBeTcTBeHHO. Hanmuue Beca o3Hauaer, uto B MaccuBax sueek layerWeights{i} u LW{i}
OyAyT CO37aHbI CTPYKTYPBI, 33/IaI0IHE XaPAKTCPUCTHKH BECOB CIIOSI.

Matpuna cBsi3HOCTH JUIsl BhIX0a0B OutputConnect — omnomepnas OyiieBa Marpuia
pasmepa 1xNj, rae Ni — KOJIM4eCTBO CJI0eB, ONMpeaeasieMbIx cBoiicTBoM NumlLayers. Hannuue wiau
OTCYTCTBHE BBIXOJa B CjIoe | OTMedaeTcss B ajeMeHTe BekTopa outputConnect(i) xak 1 wmm 0
COOTBETCTBEHHO. Hanmune BBIXO/a U3MEHSET 3HaYeHHe cBoiicTBa NUMOULPULS 1 o3Hadaer, 4To B
MaccuBe siaeek outputs{i} Oyaer chopMupoBaHa CTPyKTypa, 3a1ar0Masi XapaKTEPUCTHKH BbIXO/IA.

Marpumna cs3Hocteit mist neneit targetConnect — omHomepHast OyneBa Marpuiia pasmepa
I1xNj, tne NI — KonmMuecTBO CII0EB, OINpENesieMbIX CBOMCTBOM numlayers. Hamiume wim oTCyTCTBHE
IIEJIEBOTO  BBIXOJa B Clloe | OTMedaercs B dnmeMenTe Bekropa targetConnect(i) xak 1 wmwm 0
COOTBETCTBEHHO. Hanmume nemu n3MeHser 3HaueHue cBoicTBa NUMTargets 1 o3HayaeT, 4To B MacCUBe
staeek targets{i} Oymer chopMrpoBaHa CTPyKTYpa, 3a/1ar0Iast XapaKTEPUCTHKH 1EJIEBOI0O BBIXO/IA.

Yucao BBIXOJIOB numOutputs, OMpCACIICHHOC TOJIBKO IJId YTCHUA, 3a1a€TCAd KOJINYCCTBOM
CAWHUI B MaTPpULC CBA3HOCTU IJISI BBIXOJOB.

Uucno neneit numTargets, onpeneneHHOe TOJBKO IS YTEHHUS, 3aa€TCS KOJTUYECTBOM
€JIMHUI] B MAaTPUIIE CBI3HOCTH JIJIsI [EJICH.

MakcumarnbHOe 3HauYeHHe 3aepKH 11 BxogoB huminputDelays (Tonbko s uTeHus)
olpenenseT MaKCUMalbHOE 3HAUCHHE 3aJI€PAKKH JUIS BXOJHBIX [TOCIIEI0BATEIBHOCTEH.

MakcuManbHOE 3HadYCHHE 3aCpKKH  JUIL  CIIOCB NUM LayerDelayS OIpCACIACT
MaKCUMAJIbHOC 3HAYCHUC 3aICPIKKU IJId BCEX CJIOCB CCTU.

Ilepeyenb GVHKIMIA, UCHOIB3YeMbIX I HHULIMAIU3ALUHU, AJalTalud U OO0y4YeHHs
HeHpoHHOM ceTH Net, mpuBoAuTCs B TaOII. 2.

Tabnuya 2

net Nms monsg Cocrasn Tun

JInitFen OyHKIUY WHUIHATH3AIAN initcon |initiay char
initnw | initnwb |

initzero
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JInitParam [TapameTtps! pyHKINN
HMHHUIUaJIn3alnuu
.adaptFcn DOYHKIUH aJanTaum adaptwb | trains char
.adaptParam [TapameTtps! GyHKIUN
aJanTanuu
trainFcn DyHKIUH 00yIeHUS trainbr | trainc | char
traincgb | traincgf]
traingda | traingdm|
traingdx | trainlm|
trainoss | trainr |
trainrp | trainscg
trainParam [MapameTpsl GyHKIUH
oOyueHus
.performFcn @DyHKIUY OIICHKH KauyeCcTBa mae | mse | sse | char
oOyueHus msereg
.performParam [TapameTtps! GyHKIIUN
OLCHKHU Ka4yc€CTBa 06y‘I€HI/I}I

[TapameTpsl Bcex (QYHKIMI ATOH TaONUIBI ONpeAensoT Ha0oOp MmapaMeTpoB IS
UCIIONIb3yeMOH (YHKIMH. Y3HaTh HAOOp TAaKUX MMapaMeTpoB MOXHO, MpuMeHHB oreparop help,
HanpuMep:

Help(net.trainFcn).

GOynkuun nHAIMATM3anuy iNitFCN onmpenensior, kakas U3 QYHKIWA WHULIHATH3AIAA OyIeT
UCIIOJIb30BaHA YIS 33]JaHHs HAYaIbHBIX MaTPHI] BECOB M BEKTOPOB CMEIICHHI TIPH BbI30BE MeToza init
s Beeit cetr. [Ipy M3MEHEHHH 3TOTO CBOMCTBA MapaMerpbl (BYHKIMH HHULIUANTU3amu initParam
OyIlyT UCTIOB30BaTh 3HAYEHHSI, COOTBETCTBYIOIME HOBOM (DyHKIUH.

GOynkipn agantanun adaptFen ompepenstor, kakas w3 (QyHKIM amantanud Oyaer
UCIIOJIb30BaHa MPH BbI30Be MeToza adapt.

Oyukiuun o0yuenust  trainFcn ompenpensior, kakas w3 (QyHKIHME oOydeHHs Oyaer
UCIIOJIb30BaHa MMPH BBI30BE MeToa train.

dyHkuMU oleHKH KadecTBa oOyueHus performFcn ompenensror, kakas U3 (QYHKIHA
OLICHKH KadecTBa 00y4eHus Oy/IeT UCIob30BaHa MPpH BBI30BE MeToa train.

Ilonp30BaTenh MOXKET IOIOJHUTH CHHCOK HCIIOJIb3YCMbIX (byHKI.IPII:I HMHHUIIWAJIN3a1uu,
ajgarTanuuy, 06yquI/151 " OIICHKH Ka4yC€CTBa O6y‘-ICHI/I$I.

DJIeMeHTBI CeTH 3aJ]al0TCs C MOMOIIBI0O MAaCCUBOB SY€EK, KOTOPbIE BKIIOYAIOT CTPYKTYpPHI
JUIsL OIIMCAHMsS BXOJIOB, CJIOEB, BBIXOJOB, LN, CMEIIEHUA U BECOB BXoJa. Bce 3TH CTPYKTypbI
OTIPENIeNAI0TCS OJTHOTUITHO, TIO3TOMY B TOCOOMH PACCMOTPUM TOJIBKO ONHCAHHE CIIOEB.

Onucanue noJie CTPYKTYpbl, UCIIOJIB3YEMOMW TSI ONIPEACIICHUS KaXKI0TO CJI0SI HEUPOHHON
ceru net.layers{i}, npuBoautcs B Tabm. 3.
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Tabnuya 3

net Nwms onst Tun Pa3mep, cocraB

Jayers{i} Omnwucarelnp 1-10 €105 CeTH Cell array numLayersx 1

.dimensions | Pactipenenenue HEHPOHOB 110 Double array | 1xnumdim

Pa3MEpHOCTSIM CIIOsI
distanceFcn | ®yHKIMK BEIYUCTICHHUS Char boxdist | dist |
PacCTOSIHUS MEKy HEHpOHAMU linkdist | mandist

.distances Paccrosinus mexxay Heiiponamu | Double array

InitFen OyHKIMY WHUIHATH3AIUN Char initw | initwb

netinputFcn | ®yHKIMKH HAKOTUICHUS Char netprod| netsum

.positions ITonosxeHust HEHPOHOB Array

.Size KomnmdecTBo HEipOHOB Integer 1x1

topologyFcn | @yHKIMK TOMIOJOTHH Char gridtop | hextop |
randtop

transferFcn | ®yHkiuK akTHBaK Char compet| logsig |
poslin |purelin |
radbas | satlin |
satlins | tansig |
tribas | hardlims

.userdata WNudopmanus noabp3oBarens Struct 1x1

.note TEKCT Char I xvar

Ormmcarens cioeB HelpoHHoii cetu layers{i} siiasiercs maccuBom stueek pasmepa Nix1, roe Nj —
YHCJIO CIIOEB CeTH, paBHOe NumlLayers, cocrosiium u3 sueek layers{i}, xaxmas U3 KOTOpBIX SBISETCS
MAaCCHBOM 3aIliCei [UIsl OMUCAHMUS I-TO CIIOSI CETH.

Bekrop pacripezencHus mo pasMepHocTAM cirost dimensions mo3BosiseT OMUChIBATh MHOTOMEPHBIE
CJIOM HEWPOHOB pEaJbHBIX I'€OMETPUYECKUX Pa3sMEPHOCTER: OIHOMEpPHBIE, ABYMEPHBIE, TPEXMEpPHBIE.
MHOroMepHbIii ci10if pasmepHocTH NUMAIM MOXET OBITh 3aJaH BEKTOP-CTPOKO, 3JIEMEHTBI KOTOPOi
yKa3bIBAIOT YUCIO HEHPOHOB MO KaXIOW pa3MEPHOCTH, TOT/Ia MX MMPOHM3BEIACHUE OyIeT onpeaensiTh odiee
KOJIMYECTBO HEWpOHOB B MHOromepHom cioe layers{i}.size. Dto CBOHCTBO MMO3BOJISICT ONMPEACITHUTH
nosoxxenue Heiiponos layers{i}.positions, ecnu n3BectHa Gynkuus romonoruu cios layers{i}.topologyFcn.
[Ipu u3MeHeHHH 3TOro BekTopa OyayT aBromaTHdecku m3MeHsThes layers{i}.size, monoxenue HelipoHOB
layers{i}.positions u paccrosiaus mexay aumu layers{i}.distances.

OyHKIMSA OLUEHKN PACCTOSIHUS MeX Iy HeiipoHamu distanceFcn 3amgaer GpyHKIUIO, HCHIOIB3YyEMYIO
JUTSl BBIYHMCIICHHS PACCTOSHUS MEXKIy HelpoHamu B cioe i. [Ipu 3amene dyHKIuH OyIyT aBTOMATHYECKH
HepeCcYUTaHbl 3HAYCHUSI PACCTOSIHUI Mex 1y Heliponamu ciosi layers{i}. distances. Crrcok mpuMeHsIeMbIX
(YHKIMI OLIEHKH PACCTOSIHUSI MOKET OBITh PACIIMPEH CAMHM I10JIb30BaTEIIEM.

Paccrosare Mexay HelipoHaMHu B i-oM ciioe onpezenser ceoiicto layers{i}.distances.
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OyHKIMA  WHUOAATH3ANAE  cnost  initFen  ompenenser, kakas (yHKOWS —MHHIHATA3AINAH
HCIIONB3YETCS IS CIIOA .

®Oyukuus HakoruieHus NetlnputFcn onpenenser, kakass QYHKIMS HAKOIUICHUS MPUMEHSETCS ISt
cI1041 .

Jlnst mocTpoeHusi rpaduka pacrooKeHHss HEHPOHOB B MHOTOMEPHOM CJIO€ JUIS CJIOS | MOXKHO
UCIoJIb30BaTh GyHKIuIo plotsom ¢ aprymentom net.layers{i}.positions.

Oyukuus aktuBauu ciost transferFcn ompenenser (QyHKIMIO aKTHBAIMH, HCIOIB3YEMYIO IS
3aJaHKs HEMpoHa B CIIOE .

IMone mnst 3amuck MHGOPMAIMK MOJIB30BATENS AL CJIOSl | OPEIYCMOTPEHO B MACCHBE 3aIliCceit
userdata. ITo ymomuyanuro none inputs{i}.userdata.note, npexycMOTpeHHOE IUIsl 3alUCH TEKCTA, CONCPKUT
ctpoky «Put your custom input information herey, uro o3nauaer — «MHpopMaIuio pasMecTUTe 31eChy.

Marpuibl BECOB M BEKTOPhI CMEIICHUH OMUCHIBAIOTCS (DYHKIUSMH, IPEACTABICHHBIMH B Ta0JI. 4.

Tabnuya 4
net Nwms nons Tun Pazmep
AW MaccuB siueek it matpuil BecoB Bxoaa | Cell array | numLayersx
numinputs
LW Maccus siueek 11t matpull Becos ciiost | Cell array | numLayersx
numLayers
b Maccus siueek a7t Bekropos cMerienuit | Cell array | numLayersx1

Maccus staeek |W nmeet pazmepsr NixNj, rme Ni — uncno cioes numLayers u N — 9uciio BXo10B
numlinputs cetu Net, Kaxaplii 3JIEMEHT KOTOPOTO SIBJISICTCS MAaTPUIICH BECOB, CBSA3BIBAIOIIE CIIOH | CO BXOIOM
J cern. CTpyKTypa 3TOro MaccuBa coriiacoBana ¢ mMarpuiieit ceszHoctu inputConnect(i,j). Kaxnas marpuna
BECOB JIOJDKHA MMETh YHCJIO CTPOK, paBHOe mapamerpy layers{i}.size, a uncmo cToadI0OB COOTBETCTBOBATE
napameTtpy inputWeights{i,j}.size.

Maccus siaeexk LW umeer pasmepsr NixNj, rne N — guciio cnoeB numLayers cetu net, kaxaprit
AJIEMEHT KOTOPOTO SIBJISICTCS MATPUICH BECOB, CBA3BIBAIOIINIA CJI0it | co croeM j cetu. CTpyKTypa 3TOro
MaccuBa corjacoBana ¢ marpuuei cssHoctu layerConnect(i,j). Kakmast matpuia BeCOB JODKHA MMETh
YHCIIO CTPOK, paBHoe mapamerpy layers{i}.size , a wu4mcia0 CTOJOIOB COOTBETCTBOBATH IAPAMETPY
layerWeights{i,j}.size.

Bexrop cmenienmii b siBisieTcs maccuBoMm staeek pasmepa Nix1, rme Nj — uucino cioe numlLayers
oObekTa Net, Kax bl SJIEMEHT KOTOPOT'o SIBIISICTCS BEKTOPOM CMeIIeHui st ¢iiost | cetr. CTpyKTypa 3TOro
BEKTOpa COTrjacoBaHa ¢ BekTOpoM cBs3HocT biasConnect(i,j). JnuHa BekTOpa CMEIIEHH# It Caos |
JIOJDKHA COOTBETCTBOBATH napametpy biases{i}.size. Cnexyer oTMETUTB, YTO JUIs OIYyYESHUS] HHPOPMAILIUH O
CTPYKType TMOJied HMHHUIMUPOBAHHOrO oOBekTa  network MOXXHO  WCIIOJIb30BaTh  (DYHKIIUIO
fieldnames(<umsi_ceti>), KoTOpasi OTpaKaeT TEKYyIee COCTOSIHIUE HEHPOHHOH CeTH.

62



JlabopaTopHasi paGora Ne6.

MOJIEJIU UICKYCCTBEHHOI'O HEMPOHA. PEILIEHUE IPOCTHIX 3AJIAY B
HEWUPOCETEBOM BA3HUCE

|. LIEJIb U 3AJJAYU PABOTHI

N3yueHne OCHOBHBIX MOJEIEH  HCKYCCTBEHHOIO HEWpOHA, HUX  MaTeMaTU4YeCKOro
ONHUCaHMs, a TaKkKe (YHKIMOHAIBHOTO M CTPYKTYPHOTO TIpaUuecKux IpeICTaBICHUMH,
uccieloBaHMe (YHKUMH aKTUBAlMM W PACCMOTPEHHBIX MoOJENeld HEHPOHOB C IMOMOUIbIO
MHCTPYMEHTAJIBHOIO IaKeTa MMHUTALMOHHOro MojenupoBanus Simulink cucremst MATLAB.

Il. TEOPETUYECKUWE CBEJIEHUA
[Ipocroii HelipoH

DneMEeHTapHON SYeHKOM HEUpOHHOU ceTu sABisgeTrcss HeHpoH. CTpyKTypa HeWpoHa C
€IMHCTBCHHBIM CKAISIPHBIM BXOJIOM TOKa3aHa Ha puc.6.1.

Bxop HelpoH Ge3 cmeluenuns Bxog HelipoH co cmeleHnem

[ 1 [ 1 [ | [ |
po—tapl f —p 0 f =2
a=f (w *p) a=f (w #p +b)

b
a
) 5)
Puc.6.1.

CKanspHbIi BXOJHOW CHTHaJl p YMHOXAETCS HAa CKAJSIPHBIM BecoBOW KO3(D(UIUEHT W,
U PE3yJbTUPYIOUIMI  B3BEIIEHHBIM BXOA W*p SBJISETCS apryMEHTOM (YHKIIMM aKTUBallUU
HepoHa, KoTopas MOPOXKIaeT CKAIApHBIN BoIxo a. HelipoH, moka3anHslii Ha puc. 1.1,6, nonoiaHex
CKaJISIpHBIM cMelleHreM b. CwelieHne CyMMUPYETCsl CO B3BEILIEHHBIM BXOJOM W*p U MPUBOIUT K
C/IBUTY apryMeHTa ()YHKIIMM Ha BEJTHMUUHY b.

JleficTBE CMENIEHNsI MOKHO CBECTHM K CXEME€ B3BEUIMBAHUS, €CJIM IPEICTaBUTH 4YTO
HEHpOH HMeeT BTOPOM BXOJHOW CHUTHAN CO 3HaYeHHEM, paBHbIM 1. BXoa n ¢pyHKUIMM aKkTHBanuu
HEHpPOHA MO-TIPEKHEMY OCTAETCS CKAJISAPHBIM U PaBHBIM CyMME B3BEIIEHHOI'O BXOJa U CMEIIECHHUS
b. Ora cymMma sBisercss apryMeHTOM (QYHKIMM akTHBamuu f; BBIXOJOM (YHKIMH aKTHBALUU
aBiseTcss curHan a. KoHCTaHThl W U b SBIISIOTCS CKaJIIPHBIMU MTapaMeTpamMu HeWpoHa.

OcHOBHOW MPUHIUI pabOThI HEHPOHHOM CETH COCTOUT B HACTPOIlKE MapaMeTpoB HelpoHa
C TeM, 4ToObl (YHKIIMOHMPOBAHHE CETHU COOTBETCTBOBAJIO HEKOTOPOMY KEJA€MOMY MOBEJEHUIO.
Perynupys Beca uinu mapameTpbl CMEUICHMS, MOKHO “Hay4HUTh~  CETh BBIIOJIHATH KOHKPETHYIO
paboTy; BO3MOXHO TaK)Ke, 4TO CETh caMa OyJeT KOPPEKTUPOBATh CBOU MapaMeTphl, YTOObI IOCTHYb
TpeOyeMoro pe3ynbraTa.
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YpaBHeHHE HelpoHa co cMerieHneM uMmeeT Bua a = f(w*p+b*1). Kak yxxe ormeuanocs,
CMelieHne b — HacTpanmBaeMbIil CKAJIIPHBIN MapamMeTp HEHpOHA, KOTOPBIM HE SBISETCS BXOJOM, a
KOHCTaHTa 1, KOTOpasi yIpaBIsieT CMEIIEHUEM, PACCMATPUBACTCS KaK BXOJ M MOXKET OBbITh y4Te- Ha
B BUJIC JIMHEHHOM KOMOMHAIIMKM BEKTOPOB BX0/1a

a=[w b] E .

PDyuKknug aKTHBAUH

OyHkuuM  akTUBauuu (mepeAarouyHble  (QyHKIMM) HEWpOHA MOTYT HMETh CaMbIi
pasHooOpa3Hblil Bu. OyHKIMS aKTUBAIMH f, KaK MIPaBUIIO, MPUHAUIEKHUT KIACCy CUTMOHIATBHBIX
(GyHKIHI ¢ apryMEHTOM N U BBIXOJIOM a.

Hwxe paccmoTpensl Tpu Hanbosiee pacrnpocTpaHeHHbIE QYHKIIMH aKTHBAIIWU.

EnunuyHass (QyHKUMS aKTHBALMHU
¢ KecTKUM orpanuyenusim hardlim

Orta QyHKUMS omuchkiBaeTcs cooTHomieHueMm a = hardlim(n) = I(n) u mnoka3zana Ha pwuc. 6.2.
Ona paBna 0,ecmn n<0,u l,eciiu n>= 0.

Aa

-5 0 5
Puc.6.2.

B cocras makera [IIIIII Neural Network Toolbox Bxoaur M-¢yHkuus hardlim,
peanmu3yromas (QyHKIUIO aKTUBAIMH C YKECTKHUMHU OTPaHUYCHUSMH.

Jluneiinasa pyHkuuss akruBauuu purelin.

Ora QyHKOHS OMHCHIBACTCS COOTHOIICHHWEM a = purelin(n) = n u moka3ana Ha puc. 6.3.

S —

Aa

1

Puc.6.3.
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Jloructruueckast GyHKIUS akTHBAIMU logsig.

Ota QyHKIMSA onmchIBaeTcs cooTHomeHneM a = logsig(n) = 1/(1 + exp(-n)) u mokazaHa Ha
puc. 1.4. OHa NpHUHAUICKHUT K KJIACCY CUTMOMAAIBHBIX (YHKIMH, M €€ apryMeHT MOXKET
NPUHUMATh JI000€ 3HAa4YeHWE B JHMANa3oHe OT 00 — JO o0+, a BBIXOJ M3MEHSETCS B IMANa3oHe
ot 0 mo 1. B makere IIIIIT Neural Network Toolbox ona mpencraBnena M-dynkiuen logsig.
bnaronapss cBoiictBy nudgepeHuupyeMocT 3Ta (YHKIHMS YacTO MCIOJB3YeTCs B CETIX C
00y4yeHHEM Ha OCHOBE METO0]1a OOpaTHOI'0 pacIpOCTPAHEHUS OLIMOKH.

L

Aa
e
_/ i

-5 0 3)

Puc.6.4.

CuMmBON B KBajpare B TPAaBOM BEpPXHEM YIriIy Tpaduka XapakTepusyeT  (DyHKIUIO
aKTUBALMU. DTO M300paK€HUE HCIOJB3YETCSl Ha CTPYKTYPHBIX CXEMax HEHWpOHHBIX cered. B
naket [T Neural Network Toolbox BkitoueHsl U ipyrue GyHKIUN akTUBALUu. Mcrnonb3ys s3bIk
MATLAB, nonb30BaTellb MOKET CO3/1aBaTh U CBOU COOCTBEHHBIE YHUKAIbHbBIE (PYHKIIMH.

HeiipoH ¢ BEeKTOPHBIM BX010M

Heiipon ¢ omuuM BekTOpoM Bxoaa p ¢ R smementamu Py, Poy...y Pr noxasan na

puc.6.5. 3mech Kaxablii aeMeHT Bxoaa ymHoxkaercs Ha Beca Wi, Wi5,...,Wir cooTBeTcTBEHHO

Y B3BCIICHHBIE 3HAUYCHUs NEepefaroTcs Ha cymmarop. Mx cymma paBHa  CKaIpHOMY
IIPOU3BEJICHUIO BEKTOpPa- CTPOKM W Ha BEKTOp BXOJa P.

Bxopn HenpoH ¢ BeKTOpHbIM BXOAOM

f B
a=f (W #p +b)

Puc.6.5.
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Heiipon ummeeT cmemieHue b, KOTOpoe CYMMHPYETCS CO B3BEIIEHHONW CYMMOM BXOJIOB.
PesynbTHpyromas cymma n onpezensercs Kak

N=W;,;0, +W,P, +.... - W Pg +b

U CIYXHT apryMeHToM ¢yHKiuu aktuBaruu f. B Horanmum s3pika MATLAB 370 BeIpaxkenue
3aIHChIBACTCS TaK:

n=W *p +b.

CtpykTypa HEHpoOHa, MOKa3aHHas Ha puc. 6.5, COAEPKUT MHOTO JIMIIHUX aetaneid. [Ipu
PacCMOTPEHUM CETeW, COCTOAIIUX U3 OOJIBIIOr0 4YMcia HEWPOHOB, OyAE€T HCHOJIB30BaTHCA
YKpYIHEHHas] CTPYKTYpHas cxema HelpoHa (puc. 6.6). Bxon HelipoHa wu3oOpaxaercs B BHIE
TEMHOM BEPTUKAJIBHOM YEPThl, II0J KOTOPOM YKa3bIBa€TCS KOJWUYECTBO IJIEMEHTOB Bxoaa R.
Pasmep BekTOpa BXxoJa p yKa3bIBaeTCs HIDKE CHMBOJIA p U paBeH Rxl. BekTop Bxoma ymHOXaeTcs
Ha BekTop-cTpoky W mnunbl R. Kak u npexe, konctanta 1 paccMaTtpuBaeTcst Kak BXOJ1, KOTOPBIi
YMHOXAETCsl Ha CKaJsIpHOe cMerieHue b. Bxogom n QyHKIIMK aKTUBAIIMU HEHPOHA CIYKUT CyMMa
cMmemieHus b u mpousBenenus W*p. Dta cymma mpeoOpasyercs ¢yHKuued aktuBanuu f, Ha
BBIXO/JIE KOTOPOM MOJIy4yaeTcs BbIXOJHAs BEJIMUMHA HEUPOHA a, KOTOPAasi B IAaHHOM CJly4dae sIBJISETCS
CKaJIIpHOM BennuuHOM. CTpyKTypHasi cxema, IpUBEJeHHas Ha puc. 3.6, HA3bIBAECTCA CIIOEM CETH.
Crnoit xapaktepusyercst marpuieil BecoB W, cmemieHueM b, onepauusmu yMHOXeHHs W*p,
cymMMHpoBaHMs M (QyHkuued aktuBauuu f. BekTop BX0ZOB p OOBIYHO HE BKJIIOYAETCAd B
XapaKTEPUCTHKU CIIOSI.

Bxopn HelpoH ¢ BEKTOpPHBIM BXOA0M
[ [
p
W
TR n a
f —»
1 1*1 1*1
b a=f (W =#p +b)
R 1*1
Pyic.6.6.

Kaxnplii pas, Koraa UCHoNb3yeTcs COKpalleHHOe O0O3HAaueHUE CETH, Pa3MEpHOCTb
MaTpull  yKa3blBaeTcs MOJ HMMEHAaMH  BEKTOPHO-MaTpUYHBIX mepeMeHHbIl. Drta cucrema
0003HAaYeHUI TMOSCHSAET CTPOCHHME CETH U CBA3aHHYI0 C HEW MaTpuuHyro MaTemaTuky. Ha
YKPYITHEHHOW CTPYKTYpPHOH cxeme [uisi 00O3HaueHus TUna (YHKIMH aKTHBAIMH MPUMEHSIOTCS
CrHenMaibHbIe Tpa@uUecKue CHUMBOJIBI; HEKOTOPhIE M3 HUX NpUBEICHBI Ha puc. 6.7, rme a —
cTyrneH4aras; 0 — JMHeHas; B — JorucTuyeckas QyHKIus.

I # ya

hardlim purelin logsig
a) 0) B)
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Puc.6.6.

3. ObOPYJIOBAHUE

B naGopaTtopHoii paboTe HCIOJIB3YIOTCSA MEPCOHAIbHBIE KOMIBIOTEPHI (He HIke Pentium 4) ¢
YCTaHOBJICHHBIM MakeToM MoJenupoBanus MatlLab (Bepcuu He Hike 6.5).

4. BAJAHUE HA BBIITOJIHEHUE

3ananue 1.

Hus dyukuuu aktusanuu (hardlim, hardlims, purelin, poslin, satlin, satlins, radbas, tribas, logsig,
tansig) u eé mpou3BOAHON ONPEACTIEMBIMH CIICAYIOIIUMH COOTHOIICHUSMH:

0,n<0;
hardlim (n) :{1 ’ jo-

0,n<0;

dhardlim(n) = {0 150

BBIIIOJIHUTDL CJICAYIOIIUC JCUCTBUSA:

1. BeiBecTn Ha 5KpaH MHPOPMALMIO O (QYHKIUH C MOMOIIBIO CIEAYIOIIMX KOMaHJ (Ha MpUMepe
¢byuxuuu radbas u dradbas):

name = radbas('name') % — noanoe nazeéanue Qynxkuuu;
dname = radbas(‘deriv') % — nazeanue npouseoonoii;
inrange = radbas(‘active') % — ouanaszon éxooa;
outrange = radbas(‘output’) % — ouanazon evixooa;

2. IToctpouts rpaduku GyHKIIUH U TPOU3BOTHOM:

n=-5:0.1:5;

a = radbas(n);

da = dradbas(n, a);

plot(n,a,’r") % — epagpux pynkyuu akmusauyuu — Kpacuotit;
hold on

plot(n,da,'b") % — epagpux npouzeoonoit — cunui;

3. Paccunrtath BeKTOPHI BBIXOAa A 1 ipou3BoaHoi DA _dN ms ciost u3
TPEX HEUPOHOB ¢ BEKTOPOM BX0ja N, cOCTOSIIIIUM U3 TPEX KOMIIOHCHTOB:

N =[-0.7; 0.1; 0.8];
A =radbas(N) % — eexmop evixoda pynkyuu akmuea;
dA_dN = dradbas(N,A) % — eéexmop evixooa npouszeoonoii.

4. OhopMHUTH paCCMOTPEHHYIO MOCIEA0BATEIHLHOCT, KOMAH/I B BHJIE CKPHUIITAa B M-daiiie.
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3ananue 2.

Jns cumMMeTpuvHOW (YHKIIMM aKTHBAIMM C KECTKUMH OrpaHudeHussMu hardlims u  eé
npousBoHoi dhardlims, onpenenseMbIMi COOTHOIICHUSIMU

-1, 0;
hardlims(n) =4 "
1L.n>0;
0,n<0;
dhardlims(n) =4 '
0O,n=>0,

BBIIaTh  HA JKpaH mHpOpMamuio 00 3TUX (QYHKIHSIX, MOCTPOUTh MX TpapUKd W PaccuuTaTh
BEKTOPHI BBIXOJQ, BOCIIOJIB30BABIINCH CKpuntoM W3 M-daiina hardlimfile. HoBbiit  ckpunt
3ammcath B Qaitn mon mmeneM hardlimsfile.

3ananue 3.

Jns nuneiiHo# ¢yHkumu —aktuBauuu purelin m ee mpowmsBoaHO#, dpurelin, ompenenseMbiMu
COOTHOUICHUSIMU

purelin = n; dpurelin=1,
BbIJIaTh HAa JKpaH MH(POpMaIui 00 3TUX (YHKIHUAX, MOCTPOUTh HUX Tpa- (UKU M PacCUUTATh

BEKTOPHl BBIX0Jla, BOCIIOJIb30BABIIKUCH CKpUNTOM M3 M-¢aiina hardlimfile. HoBwiii cxpunr
3anucath B (aiin nmon umenem purelinfile.

3ananue 4 .

JUis  1ONOXKUTENbHONM JHMHEHHOM (QYHKIMHM akTUBalMM  poslin u ee mpousBogHO# dposlin,
OTIpeieIsIeMbIMUA COOTHOIICHUSIMH

oslin(n) = 0.n <0,

P “In,n>o0:
0,n<0;

dposlin(n) =

P () 1.n>0,

BbIJIaTh Ha JKpaH HHpopManuio 00 3THX (YHKIMAX, MOCTPOUTh HMX TpadUKU U PACCUUTATDH
BEKTOPbl BBIXOJIa, BOCIIOJIb30BABIINUCH CKpUNTOM U3 M-(aiina hardlimfile. HoBbrit ckpunt
3anucarth B (aitn nog umeHem poslinfile.

3ananue S .

Jns nuHeiiHOW QyHKIMK akTuBanuu ¢ orpaHuueHusmu  satlins u ee mpousBomHo# dsatlins,
oTpeIeTsIEMbIMU COOTHOIICHUSIMU

0,n<0;
satlins(n) =<n, 0<n <1,
n, n>1,
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0,n<0;
dsatlins(n) =<1, 0<n <1,
0, n>1,

BBIIATh Ha 3KpaH HH(popMamuio 00 3THX (YHKUIHUAX, IMOCTPOUTh UX TpadUKU W PacCUUTATh
BEKTOPHI BBIXO/a, BOCIIOJIB30BABIIMCh CKpUNTOM Hu3  M-daiina hardlimfile. HoBelit ckpunt
3anmcath B (haiin moa umeHeM satlinfile.

3apanue 6.

Hns tpeyronbHO# ¢yHKuMM akTtuBaiuu tribas m ee mpoumsBoaHoil dtribas, ompenenseMbIMU
COOTHOUICHUSIMU

0,n<-1,
tribas(n) =<1-abs(n), -1<n <1;
0, n>1,
0,n<-1,
1, -1<n<0;
-1, O<n<l;
0, n>1,

dtribas(n) =

BbIJIaTh Ha 3KpaH HH(opMamuio 00 3THX (YHKUMAX, MOCTPOUTh UX TpadUKU U paccUUTaTh
BEKTOPbl BBIXOJIa, BOCIOJB30BAaBIIMCh CKpUNTOM U3  M-¢aiina hardlimfile. Howiii ckxpunr
3anucath B (hailn nmox uMmeHeM tribasfile.

3apanue 7.

Jns noructudeckoil GpyHkuuu aktuBauuu logsig u ee mpo- u3BogHOM dlogsig ompenenseMbiMu
COOTHOIICHUSIMH

logsig(n) =1/(1+e");
dlogsig(n) = e'”/(1+ e” )Z :

BbIJIaTh HAa 9KpaH HHpopManuio 00 3TUX (QYHKIMAX, MOCTPOUTh UX TIpadUKd U pPaccUUTaTh
BEKTOPbl BbIXO/JAa BOCHOJb30BaBUINCh CcKpuntoM u3 M-daitna hardlimfile. HoBblit ckpunt
3amucath B (haiin mog umeneM logsigfile.

3apanmue 8.

Jlns mpocToro HeHpoHa ¢ OAHUM BXoaoM P W ¢yHkimu aktuBauuu hardlim momoGpats BecoBoii
K03 dumeHT W 1 cMmenieHne b takuM oOpa3om, 4ToObl 00ECTeYNTh WHBEPTHPOBAHHE BXOIHOTO
CUTHAJA, T. €. 3aMEHY HYJIS €IMHULIEH, a eUHUIIBI HYJIeM.

YpaBHEHHE HEMPOHA CO CMEIICHUEM UMEET BH/]T
a = f(w*p+b)

B JaHHOM CJlIy4ae:
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a = hardlim(w*p+b)

J1y11 MHBEpTHUPOBAHUS BXOJAHOTO CUTHAJIA 3HaYeHHE W 1 D 100KHBI ObITH W=-1, b=-0,5:

1
=

:'alrdl im(w*p+b);

YT YT TS
TRRTRRTRNTENTENY

o e R e

ardl im(w*p+b);

3ananmue 9.
Jlns HelipoHa ¢ IBYMsI IBOMYHBIMH BXOAaMHM p1 ¥ p2 U ¢ynkuueit akruBanuu hardlim noxo6pats
BeCOBbIEe KOX(QGUIMEHTHI W CMEUICHHE TaKuM o00pa3oM, 4TOObl HEHPOH BBIIOIHT (YHKIUU

JIOTUYCCKOI'O CIIOKCHUA U JIOTUYCCKOI'0O YMHOKCHHUA.

Jlorudeckoe cloXeHue:

P1 p2 Beixon
0 0 0
0 1 1
1 0 1
1 1 1

Jloruueckoe YMHOXCHUC!

P1 p2 Beixoxn
0 0 0

0 1 0

1 0 0

1 1 1
Pemenue:

% nocuueckoe cuodicenue

w=[1, 1];

b =-0.5;

p=1[0; 0]

a = hardlim(w*p + b)
p=1[0;1]

a = hardlim(w*p + b)
p=1[1;0]

a = hardlim(w*p + b)
p=1[1;1]

a = hardlim(w*p + b)
% n1ozuueckoe YMHOIHCEHUE
w =11, 1];

b=-15;

p=1[0; 0]
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a = hardlim(w*p + b)

p=1[0; 1]

a = hardlim(w*p + b)
p=1[1;0]

a = hardlim(w*p + b)
p=1[1;1]

a = hardlim(w*p + b)
3apanue 10.

Jlns HeiipoHa ¢ JBYyMs JBOMYHBIMU BXOAaMU p1 U p2 u QyHKImed akruBauuu hardlim momoGpats
BecoBble Kod(p¢uumentst W1l wl2 u cmemenue b Ttakum o0pa3om, 4TOOBI HEHpPOH MOT
KJIacCH(pUIUPOBATH BXOJHBIC IBOMYHBIC HAOOPHI HA JBa KJlacca — HYJICBOW W IEPBBIii:

a) {00,01}- mynesoit knacc, {10,11}- nepBsiii ki1acc;
0) {11}- nyneBoii kiacc, {00,01,10}- mepBbIii KI1acc;
B) {00,10}- mynesoii kiacc, {01,11}- nmepBbIii K1acc;
r) {10}- nepmeiii kmacc, {00,01,11}- HyneBoi kiacc;

n) {00,11}- nynesoii kinace, {10,01}- mepBbIit kiacc.

3apanme 11.

Jns HelipoHa C JIBYyMs HENpEpbIBHBIMU BXOJAaMHM p1 W p2 W (QyHKuuM aktuBauuu hardlim
HOCTPOUTD I'paduK pas3JeNstoniel JMHUN, ONpeneIsieMoi ypaBHEHHEM

Wiuipr + Wi2p2 +b=0,

cuMTas, 4YTo 3HaueHUs BecoBbIX KodpduuumentoB W11 Wiz u cMmenienust b 3ananel. Yoenutbces,
4TO HaOOPBI BXOJOB p1 U P2 IO pa3HyIO CTOPOHY OT pazJeAoled JTUHUN MPUHAIEKAT pa3HbIM
KjJaccaM M YTO HE BCSIKOE€ MHOXKECTBO HAOOPOB 3HAYEHMI BXOJOB MOXHO pa3/ieiuTh Ha JBa
KJ1acca, UCHOJb3Ys HEMPOH pacCCMOTPEHHOIO TUIIA.

3apanue 12.

Hcnonp3yss OJOKM HWMHUTAIMOHHOTO MOJEIUPOBAaHUS HMHCTpYMEHTalbHOro makera Simulink
cucteMbl MATLAB (010KM HMCTOYHHMKOB M PErHCTPaTOPOB CUTHAJIOB, MaTeMaTH4YeCKUe U
HEJIMHEHHbIe OJI0KM) MOCTPOUTh PAcCMOTPEHHbIE B 3amaHusX | — 12 Moxenu HeWpOHOB, Ipo-
BECTH HCCIEeOBaHMUA Mojeneil HeHpoHOB M O(QOPMUTH OTYET.

5. ObOPYJOBAHUE

JlaGopatopHasi paboTa BBINOJIHSACTCS HAa MEPCOHAIBHBIX KOMIBIOTEpaX € MPUMEHEHHEM IaKETOB

moaenupoBanus SimuLink, NNT B cpene MatLab
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6.0TUET

OtueT gosmKeH coaepkars kpatkoe omucanne makeT NNT MatLab, ommcanme maremaTnaeckux Momeneit
HCKYCCTBEHHBIX HEHPOHOB, OMTUCAHNE AaKTUBAIMOHHBIX (DYHKIIMU U PEIICHUE 3aJaHUl, PEICTABIICHHBIX B
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JlabopaTopnasi paGora Ne7

VNCKYCCTBEHHBIE HEUPOHHBIE CETH

Ilesb__pabdoOThI: H3y4EeHHE apXUTEKTYPhl HCKYCCTBEHHBIX HEHPOHHBIX CEeTed, CII0COO0B HX
rpadu4ecKoro u300pakeHuss B BHIE (DYHKIMOHAIBHBIX U CTPYKTYPHBIX CXEM M IPOTrPAMMHOIO
IpeCTaBICHUS B BUIe OOBEKTOB CIEIHUAIBHOTO Kiacca network, BKIFOYAIOMIMX MACCHB CTPYKTYP
c arpubyramMu ceTd W HaOOp HEOOXOAMMBIX METOJOB JUIS CO3JaHHS, WHHUIIHATH3AIHH,
06yquI/ISI, MOI[GJII/IpOBaHI/ISI nu BI/I3yaJ'II/I321I_[I/II/I CC€TU, a TaKXKC HpI/IO6peTeHI/Ie HABBIKOB HOCTpOGHI/ISI
CeTel pa3IM4YHOM AapXUTEKTYpPhl C IIOMOLIBI0 HHCTPYMEHTAJIBHOIO IIPOTPAMMHOIO IIaKeTa
Neural Network Toolbox cucremsr MATLAB.

Teopernyeckue cBeieHUs!

XOoTs OTAENbHBIE HEHPOHBI U CHOCOOHBI MOCJIE HEKOTOPOM MPOLEAYpbl OOyYeHUs pelath ps
3a/1a4 MCKYCCTBCHHOTO HHTEJUICKTa, BCE K€ Ut 3PPEKTUBHOTO PEIICHUS CIOXKHBIX 3aJa4 TI0
pacnio3HaBaHWIO  00pa3oB, WACHTU(UKANMHA W KIACCU(PUKANUUA OOBEKTOB, PACIIO3HABAHUIO H
CHUHTE3y pEeYH, ONTUMAILHOMY YIPaBICHUIO TMPUMEHSAIOT JOCTATOYHO OOJIBIIME TPYIIIBI
HEHWPOHOB, 00pa3ys M3 HUX HCKYCCTBEHHbIE HEHPOHHBIE CETH B BHUJE CBSI3aHHBIX MEXKIY
co0oil  crmo€B, HaMOMHUHAIOMIME OUONOTHYECKHE HEUpOHHBIE (HEpBHBIE) CETH YeJIOBEeKa M
JKUBOTHBIX.

Cy1miecTByeT MHOXXECTBO CIIOCOOOB OpraHU3allid HMCKYCCTBEHHBIX HEHPOHHBIX CETEH, KOTOpbIe
MOTYT COJepXKaTh pa3INYHOE YUCIO CJI0EB HEHpOHOB. HellpoHbI MOTYT OBITH CBSA3aHBI MEXAY
co0Ol Kak BHYTPH OTACIBbHBIX CJIOEB, TaK U MEXIY CJIOSMH. B 3aBHCHMOCTH OT HampaBiIeHUS
nepefayd CUTHajla 3TU CBS3M MOTYT OBITh NPSMBIMH WM OOPAaTHBIMHU.

Crnoit  HEWpOHOB, HEMOCPEACTBEHHO NpPHUHUMAIOIMMN HMHGOpMAIMIO W3 BHEIIHEH cpensl,
Ha3bIBAETCSl BXOJHBIM CJIOEM, a CIIOM, mepedaromuii MHGOpManMio BO BHEIIHEK Cpeay, —
BBIXOAHBIM  cioeM. OcCTallbHBIE  CJIOM, €CIIM  OHM  MMEITCS B CETH, Ha3bIBAIOTCA
IPOMEXYTOUHBIMU, WM CKPBITBIMU. B psie ciydaeB Takoro (yHKIIMOHAJIBHOTO paclpeaesieHus
CJIOEB CETH HE MPOU3BOAUTCS, TAK YTO BXOJbI U BBIXOABI MOTYT MIPUCOEAUHSITHCS K JIFOOBIM CIIOSIM U
HUMETh MPON3BOJILHOE YHCI0 KOMITOHEHT.

CTpyKTypa, WIM apXUTEKTypa CETH HMCKYCCTBEHHBIX HEWPOHOB 3aBUCUT OT TOW KOHKPETHOM
3a/1auu, KOTOPYIO JODKHA periaTh ceTh. OHa MOXET OBITh OJHOCIIONHON 0e3 oOpaTHBIX CBS3EH
WM ¢ OOpaTHBIMU CBSI3SMH, JIBYXCJIOMHON C MPSMBIMU CBS3SIMH, TPEXCIOWHOM ¢ OOpaTHBIMHU
CBSA3sIMH U T. 1. CeTu ¢ 00paTHBIMU CBSI3MHU Ha3bIBAIOT YAaCTO PEKYPPEHTHBIMHU.

Onucanue apxXuTEKTypbl HCKYCCTBEHHOW HEWPOHHOW CETH IOMHUMO YKa3aHUs 4HuCia CIOEB U
CBsI3€M MEXIy HUMH JIOJDKHO BKJIKOYATh CBEACHUS O KOJIMYECTBE HEMPOHOB B KaXKJIOM CJIO€, BHJIE
GyHKIMI aKkTUBalMM B KaXJOM CJ0€, HAaJUYMM CMEIIEHUH I KaXJO0ro CJos, HAJIWYUU
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KOMIIOHEHT BXOJHBIX, BBIXOJHBIX M IIEJIEBBIX BEKTOPOB, a B PAJE CIy4aeB U XapaKTEPUCTUKH
TOMOJOTUH cloéB. Hampumep, A anmpokcuManuu Jr000i GYHKIIUU ¢ KOHEYHBIM YHCIOM TOYEK
paspbiBa LIMPOKO HCIMOJB3YETCA CETh C NPSAMOW Iepenadeld CUTrHalloB. B 3Tol cetn umeercs
HECKOJIBKO CJOEB C CHUTMOMAAIBHBIMH (DYHKIUSMH aKTHBAalMH. BBIXOAHOW CJOH COHEpPKUT
HEHpPOHBI C NUHEWHBIMH (YHKIHMSIMHU aKkTUBanuH. JlaHHas ceTb HE MMeeT OOpaTHBIX CBSs3EH,
OSTOMY €€ Ha3bIBAIOT CETHIO C MpsiMoi nepemaycii curnanos (FF-net).

I'padmyeckn WCKyCCTBEHHas: HEHpOHHas CeTh H300paxkaercs B BUAC (YHKIIMOHATHHOW WITU
CTPYKTYpoil cxeMmbl. Ha ()yHKIIMOHAIBHOW CXEME CEeTH C TIOMOIIbI0 T€OMETPHUYECKUX (HUTYD
n3o0pakaroTcsi e€ (QYHKIMOHAJIBHBIC OJIOKH, a CTPEIIKAMH IOKAa3bIBAIOTCS BXObI, BBIXOIBI U
cBsi3U. B O10kax M Ha cTpenkax yKa3bIBAalOTCS HEOOXOIMMbIC O00O3HAYCHHS M MapaMETpHI.

CTpyKTypHas cxeMa CeTH H300paKkaeTcs ¢ IOMOIIBIO THITOBOTO Habopa OJIOKOB, COCAMHHUTEIBHBIX
2JIEMEHTOB W 00O03HAYCHMI, WPUHATHIX B HMHCTPYMEHTAJIBHOM MpOrpaMMHOM makere Neural
Network Toolbox cucrembr MATLAB u makere HMUTAIlMOHHOTO MojaeaupoBaHus Simulink Toit
ke cucteMbl. CTpYKTypHasi cXeMa CETH MOKET ObITh YKPYHMHEHHOW WIIN

JETabHOM, MPUUEM CTETeHb JeTallu3alluu onpeaeseTcs mnonb3oareneM. CUCTeMbl 0003HAYCHUIA
0JIOKOB, 3JIEMEHTOB M MapaMeTPOB CETU SBJSETCS BEKTOPHO-MATPUYHOW, MPUHATON B cHCTEME
MATLAB. Ecnu B 0003Hau€HUU HCMOJIb3YETCSA JBAa MHAEKCA, TO, KaK MPaBUIIO, MEPBBIA WHICKC
(MHIIeKC CTpPOKHM) YKa3blBae€T ajpecara, WIM IYHKT Ha3HAuY€HUs, a BTOPOM MHIEKC (MHIEKC
CTOJIOIIA) — HMCTOYHUK CTPYKTYPHOM cXeMmbl ceTH. CTPYKTYpHBIE CXEMBI CO3/IAI0TCS CHCTEMOM
ABTOMATHYECKH C IMOMOIINBI0 KOMaHAbI gensim. Ecim 3jieMEeHTOM BEKTOpa WM MaTpPUIBI Ha
CTPYKTYPHOM CXeMe SIBJISIETCS CIOKHBIA OOBEKT, TO HCIOJB3YIOTCS COOTBETCTBEHHO SUYCHKa U
MacCHUB SIYEEK.

[IporpaMMHBIM TPEACTABICHUEM, WM BBIYHCIUTEIIBHONM MOJEIBI0 MCKYCCTBEHHONW HEWPOHHBIN
CeTH, SIBISIETCd OOBEKT CHEeUMATBLHOro Kiacca network, KOTOpbIii BKIIOYAE€T MacCUB CTPYKTYp C
aTpuOyTaMu ceTH M Halop METOO0B, HEOOXOAMMBIX [UIs CO3JaHUs CeTH, a Takxke I eé
UHULIMAIM3aluY, oO0y4deHus, MojenupoBaHus M Busyanuszauumu. Kiacc Network mmeer nsa
OOIIMX KOHCTPYKTOPA, OJIMH U3 KOTOPBIX HE UMEET MapaMeTpoB U 00ECIeYnBaeT CO3/1aHuEe MacCUBa
CTPYKTYp C HYJIEBBIMH 3HAu€HHMsMHU TIOJIel, a BTOpOH — UMeeT MUHUMAaJIbHBIH Habop
[apaMeTpoB JUIsl  CO3[aHHs MOJEIM HEWPOHHOW CETH, JOCTPAMBAEMOM 3aTeM [0 HYXHOU
KOH(QUTypallud C MOMOIIBI0 ONEepaTOpoB TNpucBauBaHusA. Jlyig co3gaHusi HEWPOHHBIX — ceTei
ONPENENEHHOTO BUJA MCIOJIB3YIOTCS CIENHAIbHBIE KOHCTPYKTOPHI.

IIpakTuyeckue 3axaHus

3ananme 1. Co31aTh BBIYMCIMTENIBHYHO MOJENb HEHPOHHOM CETH C ABYMS BXOJAaMH, TpeMs
CJIOSIMM U OJTHUM BBIXOJIOM, MCIIOJIb3YS OOLIUII KOHCTPYKTOP CETH C MapamMeTpaMu

net = network (numlnputs, numlLayers, biasConnect, imputConnect, layerConnect,
outputConnect, tartegtConnect).

CBsi3 MEXAYy CIOSIMH JIOJDKHBI OBITh TOJBKO TMPSMBIMU, BXOJbI HEOOXOJWMO COEOUHUTH C
MEPBbIM CIIOEM, a BBIXOJ — € TocieaHuM. [IepBblil 0l JOIKEH UMETh CMELIEHUSI.

CMmpICT W 3HAYEeHHS TIApaMeTPOB KOHCTPYKTOpA /I CO3JaHHUs MOJENIA CETH 3aJaHHOMN
APXUTEKTYPHI:
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numimputs =2 — KOJIMYECTBO BXOJIOB CETH;

numLayers =3 — KOJMYECTBO CJIOEB B CETH;

biasConnect =[1; 0; 0] — MmaTpuua cBS3HOCTH Il CMEUICHWI pa3mepa numLayers * 1;
inputConnect =[1 1; 0 0; 0 0] — wMmarpuma CBS3HOCTH I BXOAOB pa3Mepa numLayers *
numlimputs;

layerConnect=[0 0 0; 1 0 0; 0 1 0] — marpuma cBsi3HOCTH IS CIOEB pa3smepa numLayers *
numLayers;

outputConnect=[0 0 1] — maTpuIa CBI3HOCTH IS BEIXOI0B pa3Mepa 1* numLayers;
targetConnect=[0 0 1] — marpuiia cBsI3HOCTH JJIs 1esel pasmepa 1 * numLayers.

ITopsinOK BBIOJIHEHUS 3alaHUM CIIEYFOIIMIA:

1. Co3naTh mablIOH CEeTH, BBIITOJIHUB KOMaHIY
net = network (2, 3,[1;0;0],[11;00;00],....,[000;100;010],[001])

2. HpOBepI/ITb 3HAYCHMS MOJECH BBIYMCIIMTEIILHOM MOACIIN HeﬁPOHHOﬁ CeTHU net U UX COOTBETCTBUE
3aIaHHBIM 3HAYCHUAM B CIIMCKC MMapaMCTPOB.

3. HpOBepI/ITL 3HAQUCHHUS BBIUHMCISICMBIX IIOJICH MOACIIM, KOTOPLIC JOMOJHAIOT OIIMCAHUC
APXUTCKTYPbI CCTH

[Tpumep:
>> Net.numlInputs
ans =

2

>> Net.InputConnect
ans =

O O
O O

[Tpumep: (KOIMYECTBO BBIXOJOB CETH, MaKCHMalbHOE 3HAUEHHE 3aJEPKKU JJs BXOAOB CETH,
MaKCUMAJIbHOC 3HAYCHUC 3aJICPKKU IJIA CJIOCB CeTI/I)Z
>> Net.numOQOutputs
ans =
1

>> Net.numInputDelays
ans =
0

>> Net.numLayerDelays
ans =
0

numOutputs = 1 — KOTHMYECTBO BBIXOJIOB CETH;
numinputDelays = 0 — makcumanbHOE 3HAuUCHHE 3aJCPXKKH JJIs BXOJIOB CETH.
numLayersDelays = 0 — makcuManbHOE 3HAYEHUE 3aICPXKKH JUIS CIIOEB CETH.

3aMeTHUM, 4YTO KaXKIbIM BBIXOJ IPUCOCIUHACTCA K ONHOMY WM HECKOJIBKHM CIOSM IIPH 3TOM
KOJIMYECTBO KOMIIOHEHT BBIXOJA PABHO KOJIMYECTBY HEHPOHOB B COOTBETCTBYIOILEM cioe. [l
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YBEJIMUEHUSI BO3MOXXHOCTH MOJIENIM B CETh BKJIIOYAIOT JTUHUM 3aJIepPKKH OO0 Ha e€ BXOJax,
6o Mexay crnosMu. Kaxnas nuHus 3aep’KMBaeT CUTHAJ Ha OJMH TaKT.

[Tapamerpsl numInputDelays u NumLayerDelays omnpenensior MakCMMalbHOE YHCIO JIMHUW IS
KaKoro-aubo BXO0/a WIIH CJI0S COOTBETCTBEHHO.

4. TlpoaHanu3upoBaTh CTPYKTYPHYIO  CXE€My IIOCTPOCHHOM  CCETH, BBIIOJHHB KOMAaHIY
gensim(net) u aeranu3upys OJOKH C MOMOIIBIO JBOWHOTO IIETYKA JICBOW KJIABHIIHM MBIIIH T10
paccMaTpuBacMOMy OJIOKY.

Ha cTpykTypHBIX CcX€Max HMCKYCCTBEHHBIX HEHpOHHBIX ceTed B makere NNT wucmnosb3yrorcs
clenyromnme 0003HaYCHHS:

Input 1

¥} i1}

w2} {2}

Meural Hetword
Puc.7.1. CBepHyTas HEUPOCETh.

a) Neural Network — mckyccTBeHHass HEHpOHHas CeThb ¢ 00O03HaueHUsMHU BXOIOB p{l}, p{2}, ...
u BbIxona y{l};

6) Bxoael Inputl , umu p{l} u Input2 , wnu p{2};

B) nucruieid y{l};

(1 —xr] o] —()

M1 Process Input pl2l a1}
Layer 1

w21 Process Input 2

Frocess Qutput 1 {11

Puc.7.2. Apxurektypa HelipoceTu.

r) Layer 1, Layer 2, Layer 3, ... ciou HelipoHoB ¢ o6o3HaueHusimu Bxoz0B p{1}, p{2], a{1}, a{2},
... uBBIXONOB a{l}, a{2}, a{3}, ..., y{l};

p{1} Delays 1 1,13
@
prdl Delays 2 1,21 netsum purelin an}

b1}
Puc.7.3. ApxutekTypa nepBoro cjaost HeHpoCceTH.
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n) TDL — nwamm 3amepxku (Time Delay) ¢ wumenamu Delaysl, Delays2, ..., koTopsie
00ecreunBarOT 3aJIeP)KKy BXOJHBIX CHUTHAJIOB HJIM CUTHAJIOB MEXIY CI0SIMU HEHPOHOB Ha 1, 2, 3,
. TAKTa;

e) Weights — BecoBas maTpuua AJis1 BXOJHBIX CUTHAJIOB WJIM CHUTHAJIOB MEXIY CIOSMU HEHPOHOB;
pa3Mep MaTpHIlbl BECOB /I KaXJIOro BeKTopa Bxoaa SxR, rae S — 4uciao HEMpOHOB BXOJHOIO
cinosi, a R — ynclio KOMIIOHEHT BEKTOpa BXOJa, YMHOXXEHHOE Ha YHCIO 3a/IepKeK; pa3Mep
MaTpHIIbI Uil CUTHAJIOB OT CJIOA j K CJIO0 1 paBeH SXR, rae S — uncno HeiiponoB B cioe i, a R —
YHUCIIO HEHPOHOB B CJIO€ j, YMHOXXEHHOE Ha YHCIIO 3a/IePKEK;

. [ A% oy
o T

pd{1,1} dotprodd luzx izf1,1}
PI/IC.7.4.3aI[aHI/Ie BECOBBIX KOS(l)(bI/ILII/IeHTOB CHHAIITUYECKUX CBSI3CH.

k) dotprod — 650K B3BELIMBaHMS BXOAHBIX CUTHAJIOB M CUTHAJIOB MEX[IY CIOSMH, Ha BBIXOJE
KOTOPOTO IIOJy4aeTCss CyMMa B3BEUICHHBIX, T. €. YMHOXXEHHBIX Ha COOTBETCTBYIOIIHE Beca
KOMITIOHEHT CUTHAJIa;

3) Mux — KOHIICHTPATOp BXOJHBIX CHUTHAJIOB M CUTHAJOB MEXIy CIIOSIMH, IMpeodpasyer Habop
CKaJIIPHBIX CUTHAJIOB B BEKTOp, @ HAOOp BEKTOPOB B OJIMH BEKTOP CYMMAapHOH JUIMHBI,

M) netsum — OJOK CyMMHUpPOBaHHS KOMIIOHEHT JUIsI Ka)XIOTO HEMpOHA CJlOsi: KOMIIOHEHT OT
HECKOJIbKUX BEKTOPOB BXOJa C YYETOM 3aJepXKEK, CMEIIEHUS U T. IL.;

k) hardlim, purelin u T. 1. — 6;10kM GyHKIMI aKTHBALINY;

a) pd{l, 1}, pd{l,2},ad{2, 1}, ... — curnansl mocie aunuii 3agepxku (d - delay);

M) iz{1, 1}, iz{1, 2}, 1z{2, 1}, 1z{3, 2} — BekTOp-cUrHaNBI C BBHIXOJA KOHIIEHTPATOPA;

H) bias — GJIOK BECOB CMEILIEHUH IS CII0SI HEHPOHOB;

0) IW — maccuB siueek ¢ marpuniamu BecoB BxozoB: IW{i, j} — MaTpuIbl 1715 €105 1 OT BXOJHOTO
BEKTOpa j;

af1} Crelays 1 L2, 13 netsum purelin af2}

Puc.7.5. YcraHoBka mapaMeTpoB CBA3EH MEXIY CIOSMH.

n) LW — maccuB siueek ¢ maTpuiiamMu BecoB s cio€B: LW {i, j} — MaTpuiibl /uist CJI0s 1 OT CJI0st
J.

5. Tlpoananu3upoBaTh BCE MapaMeTphl KaXKIOTO OJI0Ka CTPYKTYPHOM CXEMBI paccMaTpuUBaeMoOu
HEHPOHHOW CeTH W B cly4yae HEOOXOIMMOCTH OOpaTHTHCS K CIpaBO4HOM cucTteMe makera NNT.
6. 3anaTh HyJEBbIE MMOCIEI0BATEIIBHOCTH CUTHAJIOB JJIsI BXOJOB

P=[00;00]
H MPOU3BECTH MOJCINPOBAHUC CETU
A =sim(net, P).

7. 3a,Z[aTB Arana3oHbl BXOAHBIX CUTHAJIOB U BECOBBIC MATPHIIBI C I10-
MOIIIBIO CIEAYIOINX TPUCBAUBAHUN:

net.inputs{1}.range = [0 1];

net.inputs{2}.range = [0 1];

net.b{1} = - %;

net.IW{1, 1} = [0.5];

net.IW{1, 2} = [0.5];

net.LW{2, 1} = [0.5];
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net.LW{3, 2} = [0.5].
Wcnonauts KoMauay gensim(net) u mpoBeputh mapamMeTpsl OJ10Ka.

8. BpIBecTH Ha dKpaH MOJIS BBIYHUCIUTEILHON MOJCIH M MX COACPKHMOE, HCHOIb3YS (YHKIIUIO
celldisp. Yoenutbcss B NpaBUIIBHOCTH 3HAUCHHIA MOJICH MOJICIIH.

[Tpumep:

celldisp(Net.IW)

celldisp(Net.LW)

celldisp(Net.b)

9. IlpomozenupoBaTh CO3JAHHYIO CTAaTHYECKYI0 CeTb, T. €. CeThb 0e3 JUHHHA 3aJepiKKH,
MCIIOJIB3YS TPYIIIIOBOE U MOCIEA0BATEIbHOE MPEICTABICHUE BXOIHBIX CUTHAJIOB

PG=[051; 1 0.5];
PS={[0.5 1] [1 0.5]};
AG = sim(net, PG);
AS = sim(net, PS).

YO6enuTbces, 9To I CTAaTUIECKOH CeTH TPYNIIOBOE U TOCIIEI0BATEIb-
HOE IIPEICTABICHNS BXOAHBIX CUTHAJIOB JAIOT OAMH U TOT K€ PE3YJIbTaT.

10. JIononHUTh apXUTEKTYpy CO3JAHHOM HEUPOHHON CETH JIMHUSAMHU 3aJ€PKKUA I BXOJHBIX
CUTHQJIOB U JUIsl CUTHAJIOB MEXAY 2-M U 3-M CJIOSIMH, IPEBPATUB TaKUM 00Pa30M CTATUYECKYIO
CETh B JUHAMHYECKYIO:

net.inputWeights{1, 1}.delays = [0 1];
net.inputWeights{1, 2}.delays = [0 1];
net.layerWeights{3, 2}.delays = [0 1 2].

ITocTpouTh CTPYKTYpPHYIO CXE€MY JIHHAMUYECKOM CE€TH M BBIACHUTH CMBICI HUCIOJIb3YEMBIX
OnepaTopOB MPUCBANBAHHUS.

11. CkoppekTupoBaTh BECOBbIE MAaTPUIIbI:
net.IW{1, 1} = [0.5 0.5];

net.IW{1, 2} = [0.5 0.25];

net.LW{3, 2} =[0.5 0.25 1].

12. HpOMO,Z[CJ'II/IpOBaTB AUHAMHUYCCKYHO CCTb, HCIIOJIB3Yyd TpYNIIOBOEC U IIOCJIICAOBATCIBHOC
MMpEaACTaBICHUEC BXOAHBIX CUTHAJIOB!

AG = sim(net, PG);
AS = sim(net, PS).

Y6enuTbcs, 4To TPYIIOBOE MPEACTaBIEHUE BXOJHBIX CHUTHAJIOB MCKaXKaeT pe3yibTaT, Tak Kak B
TOM cllydae paboTa OJHOM CeTH 3aMeHseTcsl MapajlesibHOM  paboroil  AByX (o  yucity
MIOCJIEI0BATENBHOCTEN) OJMHAKOBBIX CETEN C HYJIEBBIMU HAaYaJbHBIMU 3HAYEHHUSMH CUTHAJIOB Ha
BBIXOJaXx JIMHAHN 3aCPIKKHU.

13. BeiBecTh Ha mieyaTh IO BBIYMCIUTEIBHOW MOJEIM M HX COACPKHUMOE, HCIOJIb3YS
¢dynkuuto celldisp.
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14. CoxpaHuTb CcoOAepKMMOE KOMAaHJIHOTO OKHa B M-dailne I  MOCIEIYIOMEro
UCIIOJIb30BaHUS.

3aganue 2.

CozzaTh TOYHO Takyl K€ JUHAMMUYECKYI0 CETh asgnet, ucroib3ys KOHCTPYKTOp Kiacca
network 6e3 mapameTpoB W 3ajaBas 3HAYCHUS COOTBETCTBYIOIIMX IOJCH BBIYMCIMTEILHON
MOJIEJIM € TOMOILBIO ONIEPATOPOB IPUCBANBAHMUS.

asgnet.numlmputs =2 — keruuecmeo 6x0006 cemu;

asgnet.numLayers =3 — konuuecmeo cnoée 6 cemu;

asgnet.biasConnect =[1; 0; O] — mampuua ceasnocmu onn cmewenuii pazmepa numLayers *
1;

asgnet.inputConnect =[1 1; 0 0; 0 O] — mampuua ceasnocmu onsa 6xo0oe pasmepa numlLayers
* numimputs;

asgnet.layerConnect =[0 0 0; 1 0 0; 0 1 O] — mampuua ceasnocmu 0rs croée pasmepa
numLayers * numLayers;

asgnet.outputConnect=[0 0 1] — mampuua ceaznocmu onsa 6v1x0006 pazmepa 1* numLayers;
asgnet.targetConnect=[0 0 1] — mampuua ceaznocmu ons uenei pazmepa 1 * numLayers.

Y0enuthes B MACHTUYHOCTH CETEH net u asgnet.

CpaBHUTH pe3yibTaThl padOTHI MOTYYEHHBIX CETEH.

3amanmne 3.

Hcnons3ys KOHCTPYKTOP Kiacca NEtwork ¢ mapaMeTpamu U orepaTopbl MPUCBAUBAHUS IS TTOJICH
U sYeeKk OOBEKTOB ATOr0 Kjacca, MOCTPOWTh, BBIJATh Ha OHKpaH W MPOMOJEIHPOBATH
HCKYCCTBEHHBIE HEHPOHHBIE CETH CIEAYIOLIEH apXUTEKTYPbI:

a) OHOCJIONHAs CETh ¢ TPeMsI HeHPOHaMU, TPEeMsl BXOJIaMHU M OJHUM BBIXOZOM;

0) IByXCIOWHAs CETh ¢ IBYMsI HEMPOHAMHU B KaXKJIOM CJIO€, IByMsI BXOJaMH M OJHUM BBIXOJIOM.

I[J'IH BBITIOJIHCHUS 3aJaHUA 3(6) nmpearacTed Ciaeayromasa nmocjacaJ0oBaTeiIbHOCTb JEHCTBHI:

1. Crpoutcs 06a3oBasi JOBYXCIIOWHAs CeTh CPEACTBAMH KOHCTPYKTOpa Kiacca  nhetwork,
HaIpUMep C MOMOIIBIO cieayromero m-gaina:

numlinputs = 2 % KOJIMUYECTBO BXOJIOB CETH;
numLayers = 2 % KOJIMUYECTBO CIIOEB B CETHU;
biasConnect = [1; 1] % MaTpHIa CBA3HOCTH ISl CMEICHU pa3Mepa

numLayers * 1;
inputConnect=[1 1; 0 0] % marpuIia CBI3HOCTH /ISl BXOJIOB pazMepa
numLayers * numlmputs;
layerConnect=[0 0; 1 0] % marpuiia cBA3HOCTH JUIs CIIOEB pazmepa
numLayers * numLayers;
outputConnect=[0 1] % MaTpuIla CBI3HOCTH ISl BBIXOJIOB pa3Mepa
1* numLayers;

net = network(numinputs, numLayers, biasConnect,inputConnect,layerConnect,
outputConnect)

79



net.layers{1}.transferFcn = 'hardlim’;
net.layers{2}.transferFcn = 'hardlim’;

gensim(net);
2. Ha ocHoBe 0a30BOW CTPYKTYPHOH HEHPOCETH, BBIMOJHSS IOCIEIOBATEILHO OIepaIiu

KOIMPOBAHUS HEHPOHOB B CJIOSAX U, MIPU HEOOXOJUMOCTH, KOPPEKTUDPYS CBSA3H,
dopmupyeTcst HelpoceTb TpeOyeMol CTPYKTYPBI:

Input 2 | ¥it} v}

Input 2

x2 2

Meural Network

Puc. 7.6. Cepuyras 6azoBast HelipoceTb

(1 —xs] i I

®[1} Process Input 1 B a{1}

®[2} Process Input 2

¥il}

Process Qutput 1

af1l

Puc. 7.7. CBsi3u Mmexay cinosiMu 6a30B0i HelipoceTn

W1, 13
weight
W12}

Delays 1

pi1}

H—O

hardlim afl1}

2} Delays 2

Delays 1

a{1}

netsum hardlim afZ}

B2}

Puc. 7.9. ApxutekTypa BToporo ciosi 0a30Boi HEMpPOCeTH.
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1. Ha ocHoBe 0a30BO CTPYKTYpHOW HEHpPOCETH, BBIIOJHSIS IOCIEAOBATEIBFHO OIlEpalun

KOIMPOBAHUS HEHPOHOB B CJOSAX U, IPU HEOOXOJUMOCTH, KOPPEKTUPYsS CBSA3H,
dopmupyeTcst HelpoceTb TpeOyeMol CTPYKTYPBI:

1
Constant
0
Constant

Meural Network

Puc. 7.10. CBepHyTas HellpoceTs, BBIIOIHAIOIIAs JIorndeckyto oneparuio XOR.

=13

Arocess Input 1
F’I’DI‘.‘ES Input 2 >. >.
>. Frocess Output 1 {1}
Process Input 3
F’I’DI‘.‘ES Input 4

Puc. 7.11. Csi3u MeXy CIOSIMU HEHPOCETH.

w1}
Delays 1 Wi, 13

.—>I—>-

Delays 2 Wit 23

hardlim afl}

&

netsum

B{1}

Pl Delays 3 W1, 1M

©— =

Delays 4 Wit 21

B{11

Puc. 7.12. Apxurtektypa nepBoro ciost HepoceTu
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Lwiz2, 1}
weight
Lwiz2, 11

afl} Delays 1

»O—O

hardlim afZ}

af1} 1 Delays 2

B2

Puc. 7.13. ApxuTeKkTypa BTOPOTO CJIOSI HEHPOCETH.

B) HaCTPOHUTHh HEHPOCETh HA BBINMOJHEHUE Jorndecko onepamuu XOR 111 IBOUYHBIX TIEPEMEHHBIX
x1 u x2.

r) TpEXClIOliHAasl CeTh C MPSAMOM Neperadeil CUTHAJIOB U C TPEMsl HEHpOHAMU B KaXJOM CIIOE;

KOJIMYCCTBO BXOAOB — TpU C [ABYyMs, IIITbIO W TpEMA KOMIIOHCHTAMHU, IJId BCEX CIIOEB
HUMECTCA CMCUICHUC, BBIXOJ — OJHH.

4. ObOPYJIOBAHUE

JIaGopatopHasi paboTa BBIITOJHIETCS HA IEPCOHATBHBIX KOMIBIOTEPAX C IMPUMEHEHHEM IIaKETOB
moaenuposanus SimuLink, NNT B cpene MatLab

5.0THET

Ortyer 0mKeH coepxkath kpartkoe onucanue maker NNT MatLab, onucanne MaTeMaTH4ecKux MOIeIei
WCKYCCTBEHHBIX HEHPOHOB, OMMCaHUE aKTHBAIMOHHBIX ()YHKIIWH U pElIeHUe 3aJJaHnH, TPeICTaBICHHBIX B
pasnene 4 HaCTOSIIETO OMUCAHUSI.

82



JlabopaTtopHasi paGoTa Ne§

®OPMHUPOBAHWE U OBYUYEHUE HEVMPOCETH C IOMOIIbLIO
NHCTPYMEHTAJIBHBIX CPEJICTB MATLAB

|. LIEJIb N 3AJJAYU PABOTBI

O3HAKOMUTHCSI HA  TPAKTUKE C  HEHPOCETSIMH, OCOOCHHOCTSIMH  HX
NpPUMEHEHUsI ¥ MCIOJIb30BaHUEM B cpeie Matlab.

Il. TEOPETUYECKUWE CBEJIEHUA
AJITOPUTMBI OBYUYEHU S HEMPOHHBIX CETEN

Apnanranuss W CaMOOpPraHM3alpsl HMCKYCCTBEHHBIX  HEHWPOHHBIX  CETEW
JOCTUraeTcs B nmpolecce ux ooyuyenus. Llenbio o6yuenuss HEHPOHHBIX CETEN ABIISAETCS
Takasi OJICTPOIKa UX BECOB, KOTOpasi oOecreunBana Obl 1711 HEKOTOPOIO0 MHOKECTBA
BXOJIOB TpeOyeMOEe MHOKECTBO BBIXO/IOB.

[Ipu pemeHNH MPUKIAAHBIX 33[a4 C MOMOIIBI0 HEMPOHHBIX CETel HEOOXOAUMO
coOpaTh MpeACTaBUTENbHbIA 00BEM JaHHBIX, ISl TOTO YTOObI 00YyYUTh HEHPOHHYIO CETh
pemieHno Takux 3amad. OOydaronii HaboOp MaHHBIX — 3TO HaOOp HAOIIOJICHUH,
COZCPKAIMX TMPHU3HAKU H3ydaeMoro oobekrta. IlepBoHauasbHBIA BHIOOpP NPU3HAKOB
OCYILIECTBIIIETCS] HA OCHOBE MMEIOILIErOCs OIIbITA, C YYETOM MHEHUS 3KCIepToB. Bompoc
O TOM, CKOJIbKO HEOOXOJMMO WMETh HaONIOJECHUM it OOYyYeHHs CETH, YacTo
OKa3bIBa€TCsl HENpPOCTBIM. M3BecTeH psAA  3BPUCTUYECKHX IPaBWI, KOTOpHIE
YCTaHABJIMBAIOT CBSI3b MEX/y KOJIMYECTBOM HCIIOBb3YEMBIX JUIsl 00y4eHUs] HAOI0ACHUI
u pazmepamu cetu. [Ipocreiiiiee n3 HUX INIACUT, YTO KOJIMYECTBO HAOIIOACHUN JOKHO
obITh B 10 pa3 Oosbiiie uncna cBszed B cet. I[Iporecc oOydeHuss — 3TO Tpoliecc
OIpeNIEeHUsI TapaMEeTPOB MOJENM NpOoLecca WK SIBJICHUSA, PeaTu3yeMOro HeMpOHHOU
ceTbto. OmmobKka oOyueHus Uil KOHKPETHOW KOH(UTYpaIlui CeTH ONpeAesieTcs Mocie
MIPOrOHa Yepe3 CETh BCEX UMEIOIIMXCSA HAOIOICHUN 1 CPaBHEHMSI BHIXOAHBIX 3HAUYEHUMA
C IeJIeBBIMUA 3HAYEHUSIMH B ciiydae oOyueHusi ¢ yuuteneM. COOTBETCTBYIOIIME
Pa3HOCTH TO3BOJISIIOT Cc(pOpMUpPOBAaTH TaK HaszbiBaeMyr (QYyHKIUIO omuOok. Ecmu
olIMOKa CETH, BBIXOJHOM CIIOM KOTOPOM MMeeT N HEWpOHOB, €; = Y; —t; ecTh pa3HOCTh

MEKIY peaibHBIM U JKEJIACMbIM CHTHAJIAMH Ha BBIXOJIC I-TO HEHpOHA, TO B Ka4yeCTBE
GbyHKIUH OMMOOK MOT'YT OBITh UCTIOIB30BAHBI CIIEIYIONTUE (PYHKITUH:

n
 CyMMa KBAJpaToB OIIMGOK SS€ = Y. @7,
i-1

n
® CpeIHss KBaApaTUYHas ommbKa mse = — Zeiz,
i-1
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e peryiaupyemMas Ujid KOMOMHUPOBaHHAs OIIMOKA

n n
msereg = % Ze,z +T eiz, r7ie y - mapameTp peryJisium,
i=1 i=1

1 n
e cpenHss aOCOJIIOTHAS OIIMOKa Mae = — Z‘ei ‘ .
Ni=1

[Tpn MonenupoBaHWU HEUPOHHBIX CETEH C JTMHEHHBIMU (DYHKIMSIMUA aKTHBALIUU
HEHPOHOB MOXHO TMOCTPOUTH AITOPUTM, TAPAaHTUPYIOMIUNA JTOCTHXKEHHE aOCOIIOTHOTO
MUHUMYyMa OIIMOKH oOyueHus. [ HEMpOHHBIX CeTel ¢ HEIMHEHHBIMH (DYHKIMSIMHU
aKTHBAIlMM B OOIIEM CJy4yae HeNb3sl TapaHTUPOBaTh JOCTHKEHHE TJI00AIBHOTO
MuHUMyMa (GYHKIMH OmMOKH. [1oBEepXHOCTh (PYHKIMM OIIMOOK OIpEeNeNseTcss Kak
COBOKYITHOCTh TOYEK-3HaueHHI ommook B N+1-MepHOM MpOCTpaHCTBE BCEBO3MOXKHBIX
coueTaHuii BecoB M cmeuieHud ¢ oOumM uucaoM N. Ilens oOydenuss npu
TE€OMETPUYECKOM aHAIN3€ WM U3YUYEHUU MMOBEPXHOCTH OIIMOOK COCTOUT B TOM, YTOOBI
HAaliTU Ha HEW TIIOOAIbHBIM MUHUMYM. B cilyyae JMHEHHON MOAENM CETU H
MUHUMH3ALMA CYMMBbI KBaJIpaTOB OIIMOOK MOBEPXHOCTh OLIMOOK MPEACTABISIET COOOM
napaboson, UMEIOIIMNA €IUHCTBEHHYI0 TOYKY MUHUMyMa. B ciydae HenMHEWHOMN
MOJIENIA TIOBEPXHOCTh OIIMOOK HMEET O0Jiee CIOXKHOE CTPOCHHUE M MOXKET HMETh
JIOKAJIbHbIE MUHUMYMBI, TUIOCKHE YYACTKH, CEJUIOBbIE TOUKHU U JUIMHHBIE Y3KHE OBparu.
Kak nmpaBuiio, npu 00y4eHUHM TaKOl CETH BBIYMCISETCS TPAAMEHT (YHKIMU OIIMOOK B
CITy4ailHO BRIOPAHHOM TOYKE TOBEPXHOCTH, a 3aTEM 3Ta MH(POPMALIKS UCTIONb3YETCS JIs
MPOJBMKEHUSI BHU3 MO CKJIOHY. AJTOPUTM MPOJABMKEHUS 3aBEPILIACTCS B TOUKE
MUHUMYMa, JIOKaJbHOrO Wi Tio0anbHOro. [lo cymiecTBy anropuTmbl OOy4YEHHS
HEHUPOHHBIX CETEH aHAJIOTMYHBI AJIrOPUTMaM TOMCKa TJIOOATBHOTO JKCTpeMyMma
(GYHKIIMM MHOTHX TIEPEMEHHBIX.

Cern c OONBIIMM KOJMYECTBOM BECOB IO3BOJIIIOT BOCIIPOM3BOAUTH CJIOXKHBIE
(YHKUMHU, HO B 3TOM CJIy4ae BO3MOXKHO TaK Ha3bIBaeMoOE «Ie€peoO0yyeHHe» CeTH, KOraa
OMOKK 00YYEHUs MaJjlbl, HO TIOJYYEHHAs! MOJIENb UMEET c1ad0€ OTHOLIEHNE K HCTUHHOM
3aBUCHMMOCTU. HellpoHHas ceThb ke ¢ HEOOJBIIMM KOJIMYECTBOM BECOB MOYKET OKA3aThCS
HEJIOCTaTOYHO THOKOM, YTOOBI CMOJEIMPOBAThH HUMEIONIYIOCS 3aBUCUMOCTh. Jljist
npeoaosieHus g dexra nepeoOyueHHs UCTIONIBL3YETCS MEXaHU3M KOHTPOJIBHOM MPOBEPKH.
Yacte 00yyaronmx HaONIONEHUN pe3epBUPYETCS KaK KOHTPOJbHBIC HAOMIOACHUS U HE
UCIIOJIb3YETCs TpU 00y4yeHuu cetu. Eciiu KoHTpolibHast olmOKa rnepectaer yoblBaTh WU
HAYMHACT PaCTH, TO 3TO O3HAYACT, YTO CETh CIMILKOM OJIM3KO CIEAyeT HCXOIHBIM
JAaHHBIM W OOy4YeHHE CIIeyeT OCTaHOBUTb. B 3TOM cilyyae ciedyeT YMEHBIIUTb
KOJIMYECTBO HEHWPOHOB WJIM CIIOEB, TaK KAaK CETh SBISIETCS CIMIIKOM MOIIHOW MJist
pemaeMor  3amaun. Ecim ke CceTb MMEET HENOCTaTOYHYK) MOIIHOCTH  JUIS
BOCIIPOM3BE/ICHHS MMEIOUICHCS] 3aBUCUMOCTH, SIBJICHHE MEpeoOydeHHsi, CKOpee BCEro,
HaOmoaaTees He OyieT u 00e OommOKH, 00yUYEeHHUs U POBEPKH, HE JJOCTUTHYT JOCTATOYHO
MaJIoro 3HAYECHHUS.

CrocoOHOCTh CceTH, OOYYeHHOW Ha HEKOTOPOM MHOXKECTBE JaHHBIX BbIJABATh
NPaBUJIbHBIE PE3YNbTAThl I JTOCTATOYHO LIMPOKOTO KJacca HOBBIX JAHHBIX, B TOM
quciie U HE TPEACTaBICHHBIX TMPH OOYYCHHH, HA3bIBACTCSA CBOUCMBOM 0000WeHUs
HEUPOHHOU CETH.
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Jns HaCTpOWKM ITapaMeTpOB HEMPOHHBIX CETEM IMMPOKO HMCHOJIB3YETCS TAKXKE
npouenypa adanmayuu, Korjaa NoAOUpPAOTCS Beca U CMELIEHUS C UCHOJIb30BaHUEM
NPOU3BOJIBHBIX (PYHKIMA HMX HACTPOWKH, OOECHEUYMBAIOLINE COOTBETCTBUE MEXIY
BXOJIaMH U JKEJIA€MbIMH 3HAYCHHUSIMHU HA BBIXOJIE.

Mertonpl onpeneneHus: SKCTpeMyMa (YHKLIUU HECKOJIBKUX NEPEMEHHBIX AETSTCS
Ha TPU KaTErOpHUN — METOBI HYJIEBOT'O, IIEPBOIO ¥ BTOPOT'O MOPSAIKA:

¢ MCTOIbI HYJl1e6020 nopﬂdm, B KOTOPBLIX MOJIsI HAXOXIACHHUA JOKCTPEMyMa
HCIIOJIB3YCTCA TOJIBKO I/IH(I)OpMaIII/ISI O 3HA4YCHMHAX (bYHKHI/II/I B 3aJaHHBIX
TOYKax,

® METOJBl nep8oco NOpsoKa, TAe ISl HAXOXKIEHUS dKCTPEMyMa HCIOJIb3yeTcCs
rpajgveHT (QyHKIMOHAJA OIMOKY [0 HACTPauBaeMbIM ITapaMeTpam;

® METOJBl 8MOP020 NOPAOKA, BHIYUCIISIONIUE MATPUILYy BTOPBIX MPOU3BOIHBIX
dbyHkroHana ommbku (Matpuity ['ecce).

Kpome mepedncieHHBIX METOAOB MOYKHO BBIICITUTH TAKKE CMOXACMUYECKUE
aneopummyl ONTUMU3AINH U alITOPUTMBI 2100a1bHOU ONMUMU3ayuu, iepedruparomnme
3HAYEHUS aprYMEHTOB (DYHKIIMH OLIMOKH.

B nakere NNT cucremsr MATLAB peann3oBaHbl fBa criocoba aganTalud U
oOy4YeHHsI, TTOCIENOBATEIBHBIN M TPYIIIIOBON, B 3aBUCUMOCTH OT TOTO, TPUMEHSICTCS
J¥ TIOCJIEI0BATENbHOE WIIM TPYIIIOBOE MPEACTAaBIEHNE BXOJOB M IIEJIEBOTO BEKTOpPA
(maccus stueek cell u maccuB popmara double cooTBeTcTBEHHO).

HasBanus npouenyp oOyuenus u ananrtanuu Heiipoumutaropa NNT cuctemsr
MATLAB npuBozarcs mo Mepe pacCMOTPEHUSI COOTBETCTBYIOIINX MPaBUIl O0YUCHHS
HEUPOHHBIX CETEH.

1. TIPABUJIA OBYYEHUS XEBBA

[IpaBuna oOyuenus XeO0a OTHOCSATCS K aCCOIMATHUBHBIM  OO0yYaromuM
npaBuiaMm. CorjacHo mpaBmiy Xe60a 0O0ydeHUE CETH MPOUCXOIUT B PE3yJIbTaTe
YCWJICHHS CHJIBI CBSI3U MEKY OJTHOBPEMEHHO aKTUBHBIMU DJIEMEHTAMU, €T0 MOXKHO
OTIPEJICIIUTh TaK:

W (€ +1) = wi () + X% - Y,

rae t — Bpems, Xi, Yj — COOTBETCTBEHHO BBIXOJHBIE 3HAUYEHHS I-TO M |-TO HEHpoHOB. B
HayaJIbHBIH MOMEHT mpezmonaraetcs, uto W;ij(0)=0 mns Bcex i u j. [IpaBmino Xe66a
MO>XHO HCITOJIb30BaTh KaK NpH OOyYeHWH C yduTeleMm, Tak ¥ 0e3 Hero. Ecim B
KAaueCTBE BBIXOJHBIX 3HAUYCHWW CETH HWCIOJB3YIOTCS IIeJIeBbIe 3HAYCHUS, TOT/IA
peanusyeTcsi oOydeHne ¢ yuuteneM. [Ipu mcronp3oBaHny B KadecTBe Y peabHBIX
3HAUEHUN, KOTOPBIC TONYUYaIOTCS TPHU IOAade BXOIHBIX O0pa3oB Ha BXOJ CETH,
npaBuio Xebba COOTBETCTBYyeT o0OyueHuto 0e3 yumrens. B asTtom ciydae
KOO PUIIMEHTHI CeTH B Ha4YaJdbHBIA MOMEHT BpPEMEHH HWHUIUATU3UPYIOTCS
ciydaitHeiM 0o0pazoM. OOydeHHe 3aKaHYMBAETCS TOCIE MOAA4Yd BCEX WMEIOIIMXCS
BXOJIHBIX 00pa3oB Ha HEWPOHHYIO ceTh. B o00meMm ciydae 3TO TpaBUIO HE
TapaHTHPYET CXOANUMOCTH MPOIIETYPhl OOYICHUS CETH.
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2. IPABUJIA OBYYEHUS INTEPCEIITPOHA

[lepcenTpoH — HeWpoHHasi ceTh NPSIMOW Mepeauyd CUrHajga ¢ OWHAPHBIMU
BXOJaMHU U OMHApPHOM MOPOroBoi (yHKITMEH aKTUBAIIMH.

[IpaBumno o6yuenust Po3zenOnarra B o01eM ciydae sBIsIeTCS BAPUAHTOM MPABUI
oOyuenus Xe66a, GOpMHUPYIOMKMX CUMMETPUUHYIO MATPHUILYy CBS3€M, M B TeX JKe
0003HaYEHUSAX UMEET BUJL:

wt+D =w; ) +7-E —yj)- X,

rae 77 — ko3gdunuent odyuenus, 0<7<l, t; — sTalOHHBIC WIN LIEJIEBbIE 3HAYCHMUS.
[TpaBmiio oOydeHus MepCenTpOHA C HOpMaNIM3AIMed HCIOIb3yeTCsl TOT/a, KOTAa
uMeeTcs OOJbIIONW pa30dpoC B 3HAYECHHMSIX KOMIIOHEHT BXOAHOrO BekTopa. Torna
KaXK7asi KOMIIOHEHTA JICIUTCS Ha ITTUHY BEKTOpA:

' XI

X : i=1,2,...,n.

i:
2 2 2
\/xl +X5 4.t X

B weiipoumutarope NNT oOyuatornme mporeaypsl HACTpPONKH TMEpCEnTpoHa,
OOBbIUHAs U C HOpMaJTU3alkel, COOTBETCTBEHHO, learnp u learnpn.

Auaroputm o0yyeHust Po3eH0s1aTTa BK/IOYAET TAKHE HIATH:

1. BecoBbie KO3((PUIMEHTHl CETH WHULHUAIU3UPYIOTCA CIy4allHBIM 00pa3oM WU
YCTaHABJIMBAIOTCSI HYJICBBIMU.

2. Ha Bxon ceTu moodepeHO MOAAIOTCS BXOJIHbIE 00pa3bl U3 00yvaroiield BEIOOPKH,
KOTOPBIE 3aT€M NMPEeoOPa3yoTCs B BHIXOAHBIC CUTHAIIBI Y.

3. Ecniu peakuusi HEHpOHHOW CETH Yj COBMAJaeT C 3TaJOHHBIM 3HaueHueM tj, To
BECOBOM KOA((PULIUEHT Wjj HE U3MEHSETCS.

4. Ecnu BBIXOJHOE 3HAUEHUE HE COBIMAJIAET C 3TAJOHHBIM 3HAYEHHEM, TO €CTh Yj HE
paBHO tj, TO MPOU3BOIUTCS MOAM(PHUKALUS BECOBBIX KOIPPUIMEHTOB Wijj IO
COOTBETCTBYIOIIIEH hopmyIie.

5. AITOpUTM MOBTOPSIETCS JO T€X MOp, MOKa ISl BCEX BXOAHBIX 00pa3oB HE Oyner

JOCTUTHYTO COBMAJCHUE  C IICJICBBIMA 3HAYEHUSMH WM HE TEPECTaHyT
U3MEHSTHCS BECOBbIE KOA(D(DUIIMESHTHI.

JluneliHas pazzensoniasi MOBEPXHOCTh, (opMUpyeMast IEPCENTPOHOM, MTO3BOJISIET
peliaTh OrpaHUYCHHBIN KPYT 3a7a4.

3. MPABUJIO OBYYEHUA BUOPOY — XODDA

[TpaBuno Bunpoy — Xodda ucnons3zyercs st 00y4eHUs: CETH, COCTOSIIECH U3 CIIOS
pacrpenenuTeTbHbIX HEMPOHOB M OJTHOTO BHIXOJHOTO HEHpOHA C TUHEHHOUN (pyHKIMEH
akTHBaIMK. Takas ceTh Ha3bIBACTCSA AJalNTHBHBEIM HEHpOHHBIM draementoM (Adaptive
Linear Element) nin «ADALINE». BoixoaHoe 3HaueHHE TaKOM CETH OIMPEACIIACTCS I10

dbopmyiie

n
y:_ZiWil‘Xi - S0
i=
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rje N — YKCII0 HEHPOHOB PaCIPENETUTENLHOTO CII0sI, So — CMEIIEHHE.

[Ipasuio oOy4enuss Buapoy — Xodda u3BECTHO MOA HA3BAaHMEM JElIbTa-
npaswia (delta-rule). OHO mpeamosaraeT MHHUMH3AIHMIO CpeTHEKBAIPATHYHOMN
OIIMOKK HEMPOHHOM ceTH, KoTopas s L BXOZHBIX 00pa30oB ONpenesaeTcs
CIEIYIOLIUM 00Pa3oM:

2
e-L vyt o)

2 3
rae Y9 u t9 — BrIxomHOE U ETEBOE 3HAYEHHUS CETH COOTBETCTBEHHO A K-ro oOpasa.
[Ipasuno Bumpoy — Xodda 6asupyercs Ha MeTOA€ TIPAIMEHTHOTO CIyCKa B
IPOCTPAHCTBE BECOBBIX KOO(PQPUIMEHTOB M CMELIEHHH HeipoHHOoU cetu. Ilo sToMy
MCTOAY B€Ca U CMCIICHUA U3MCHAIOTCA C TCUCHUCM BPCMCHH CJICIYIOIINM 06pa30M:

oE (k) oE(K)
oWy (1) S (t)
r7ie o — CKOpocTh oOyuenus, 0<o<l.
Bbrancnum yacTHBIC TPOU3BOTHBIC:
CE(k) _oE(K)  ay" _
owy () ay®™  ow(t)

Wiy (t+1) = Wiy (t)-a- . Se(t+1)=S,(t)—a- i=1,2,...n,

(9 ~t®) 1,

OE(k) _oE(k) oy
aT(t) oy® Sy (t)

=~y -1%),

MO

rae -s1 KoMIIoHeHTa K-ro oOpa3sa. [1o nenpra-npaBmry

Wi (8 +1) = wiy (1) — e - (Y& -0y x [,
Sot+1)=Sy(t) +a-(y® —t®), i=12,...,n.

BrelpakeHue mjis Tepecdyera BECOB CETH JKBHBAJICHTHO MPaBUIY OOydYEHUS
Po3enbnarra, ecnu Ha BBIXOJAE JMHEHMHOTO aJalTUBHOTO 3JIEMEHTa HCIIOJIb30BaTh
noporoBbii  snemMeHT. Buapoy u  Xodd gokazanm, UYTO MHUHUMH3AILUS
CPEIHEKBAJPATUYHON OIMMOKA CETH TPOU3ZBOAMUTCS HE3ABUCHUMO OT HadaJbHBIX
3HauUCHUN BeCOBBIX Kod(pdumumenToB. CymMmapHas CpeIHEKBaJpaThyHas OIINOKa
cetu E nomkHa MOCTUTHYTH 3aJlaHHOTO MHUHUMAJIBHOTO 3HaueHUs Emin. s
anmroputMa Bunpoy — Xodda pexomeHayeTrcs BBIOMpAaTh 3HAUYCHHE CKOPOCTH

1
OOydeHHUsT O 10 CICIYIOIIEeMYy npaBI/my:a(l)zl—, rne | — HOMmMep wWrepanuu B

anropuT™Me OO0y4yeHUs. AJANTUBHBIA 1Iar oOy4eHus Ui JIMHEHHOW HEMPOHHOU ceTH
MO3BOJISIET TIOBBICUTH CKOPOCTh 00yUEHUS U ornpenessiercs o ¢opmyre [2]:

1

a(t) = - :
1+ Y x7 (1)
i=1
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B nakere NNT mnporeaypa HacTpoWku st oOydeHus 1o npaswiy Buapoy —
Xodda — learnwh.

4. METO4 OBPATHOI'O PACIMPOCTPAHEHUNA OLLUIMBKUA

Metoa oO6paTHOr0O pacnpoCTpaHEHUs OIIMOKH TPEIOKEH HECKOJIBKUMH aBTOpaMHU
HE3aBUCUMO B 1986 T. 11 MHOTOCIIOMHBIX CETEM C TpsMOW Mepedadei CUrHaja.
MHorocoiiHas HeWpOHHas CeTh CIIOCOOHA OCYIIECTBIIATH JIF000e 0TOOpasKEHUE BXOTHBIX
BEKTOPOB B BBIXO/IHBIE (puc. 1).

HENAEMEIA CHIHAN

OwriaKa 1
¥ .
2_ .e . HenaeMeld curdan
CwKfika 2
p. . HenaeMeld cHrHan
Owufka p

Puc. 1. MHorocnoiiHas ceTb CO CKPBITBIM CJIOEM U3 N HEUPOHOB.

BxoaHoW cioil HEHPOHHOW CETH BBIMIOJNHSIET pPACTPESTUTENbHbIE (DYHKIIHH.
BoIxo/iHO# €101 HEUPOHOB CIYXKUT IJisi 00pabOTKM MH(OPMAIMK OT MPEIBLIYIITNX
CI0€B U BbIAAYM pe3ynabTatoB. (ClIOM HEHUPOHHBIX JJIEMEHTOB, PACIIOJI0KEHHbIC
MEXy BXOJHBIM M BBIXOJHBIM CJIOSMH, Ha3biBaroTCcs CKpbIThiME (hidden). Kak wu
BBIXOJIHOM CJIOM, CKPBITBIE CJIOM SIBJISIIOTCS OOpaOaThiBalOmUMHU. BBIXOJ KaXXaoro
HEWpOHA MPEABIAYIIErO CJIOSI CETH COEAUHEH CHHANTUYECKMMM CBSI3SIMH CO BCEMU
BXOJIaMH HEWPOHHBIX JJIEMEHTOB CIlEAylolero cios. B kadectBe ¢QyHKUUN
AKTUBAIlMA B MHOTOCJIIOMHBIX CETSIX Yalle IPYTHX HCMOJIBb3YIOTCA JIOTUCTHYECKAs
byHKIMUS W TUNEPOOJMYECKH TaHTeHC. MeTol O0OpaTHOTO pacrmpoCTpaHEHUs
OIIMOKY MUHUMH3UPYET CPEIHEKBAIPATHUHYIO OMUOKY HEHPOHHOW CETH, MPU ITOM
WCMOJIB3YETCSl  METOJ  TIPaJMEeHTHOTO CIIyCKa B  IPOCTPAHCTBE  BECOBBIX
KOd(PUITMEHTOB U CMelIeHn HeHpOHHBIX ceTed. CorjaacHO METONy TPaJMEHTHOTO
CIycKa IO TOBEPXHOCTH OMIMOOK U3MEHEHHE BECOBBIX KOA(PPUIIMEHTOB U
CMEIICHUI CETH OCYIIECTBISIETCS MO (hopMyTIam:

OE (k
4D =wy () -ar- S
ij
E() . .
Spit+) =Sy;(t) —a-———, i=1,2,....n; =1,2,....p,
) ") 0So; (1)

rae E — cpennexBaapaTnyuHas ommoOKa ceTu A1 oaHoro u3 K oopasos,
onpenensiemMas o Gopmyiie
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1P
j=1

37ech tj — JkeaeMoe UM IeJIeBOE BBIXOIHOE 3HaYEHHE j-TO HEeHpoHa.
OmOKa j-ro HelipoHa BBIXOIHOTO CJI0s paBHA: Jj= Yj— ;.

J171s1 10000 CKPBITOTO CJIOS OIIUOKA I1-TO HEHPOHHOTO DJIEMEHTA ONPECIIACTCS
PEKYPCUBHO Yepe3 OIIMOKH HEUPOHOB CJICIYIOIIETO CII0A |:

m
vi=227j F(S;)-w,
j=1

rJe M — KOJMYECTBO HEHPOHOB CIIGAYIOLIETO CIIOS TI0 OTHOIICHUIO K CJIOIO 1, Wjj — Bec
WIM CHHAITUYECKAs CBSI3b MEXIY I-bIM U |-bIM HEWPOHAMH pPa3HBIX CIIOEB, Sj —
B3BCIIICHHAS CyMMa j-T0 HEHpOHa.

BecoBbie KOX(Q@UIUCHTBI U CMEIICHHUS HEHPOHHBIX 3JEMEHTOB C TECYCHUEM
BPEMEHH U3MCHSIOTCS CIICIYIONIMM 00pa3oM:

wt+D) =w; O —a-y;-F'(Sj) i,
SOj (t+1):SOJ (t)+057/1 F|(SJ), i:1,2,...,n, j:1,2,...,p,

A€ & — CKOPOCTh OOy4eHHs. DTO MPaBUIIO Ha3bIBAaeTCsl OOOOIIECHHBIM JIeJIbTa-
npaBuioM. st moructTuueckor QyHKIMKM aKTUBALIUN:

Wit +)=wi () —a-7j-y;A=Yj) i
SOJ(t +l) = SOj(t) +a7/J : yJ (1— yJ)’ i:1,2,...,n, j=1,2,...,p,
OIIMOKA j-TO HEMPOHA BEIXOJHOIO CJI0S ONPEAEIETCS KaK

7i=Yi—t

a j-ro HeHpOHa CKPBITOIO CIIOS
m
yi=27j Yi-@-Yi) w;,rme
i-1

M — KOJIMYECTBO HEHPOHOB CIICTYIOIIETO CJI0S M0 OTHOIIEHHIO K CIIOHO .

K HemoctaTkaMm MeToma OOpaTHOTO pacHpOCTpaHEHUS OIIMOKH OTHOCST
CJIEIyIOLIHE:

¢ MCHJICHHYIO CXOAHUMOCTD I'PAIMCHTHOT'O MCTO/Ja ITPH ITOCTOSAHHOM MIare 06y‘-IeHI/I$I;
® BO3MOJKHOE CMEIICHHE TOYEK JIOKAJIBHOTO U TJ100aILHOTO MHWHUMYMOB,

® BIUSHUC CIIy9allHOW WHUIIMAIU3AIUU BECOBBIX KOA(DPHUIIMEHTOB HA CKOPOCTh
MOMCKAa MUHUMYMa.

JInst UX TpeoNloNICHHs] TPEMJIOKEHO HECKOJIBKO MOAN(PUKAIMKA alropuT™Ma
00paTHOTO pacpoOCTPaHEHUS OMIHOKH:

1) ¢ uMIynbCOM, MO3BOJIAIONIMM YY4€CTh TEKYIIMH W MPEeAbIIYIIUA TPagueHThI
(MeToA TSXKENOro IIapuKa), U3MEHEHHE Beca TOr/Aa:
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AW t+D) =a-y; -F'(S)) -y +m-Aw; (1),
re o — KO3(QUIMEHT CKOPOCTH OOYUEHHS, 77 — MMITYJIbC MM MOMEHT, OOBIYHO
O<a<1, n=0,9;
2) ¢ anaNTHBHBIM IIATOM OOYUYEHHS, H3MEHSIOIMMCS 110 (hopMyJIe
1

2 )
1+ 2% (1)
3) ¢ momudukanueit mo Po3eHOepry, MpeuIoKeHHON WM ISl PEIICHUs 3a1a49d
npeoOpa30BaHUs AHTIIMHCKOTO IMEYaTHOTO TEKCTAa B KAYECTBEHHYIO PEUb:

Wi (t+1) = w;; (1) +7- Aw (t +1)

a(t) =

Hcnonp30BaHre NpOU3BOIHBIX BTOPOTO MOPSIIKA AJIs1 KOPPEKIIMH BECOB arOpuTMa
OOpaTHOTO  PACMpOCTpaHEHUs] OIIMOKM, Kak ToKa3zaja TMpakThKa, HE Jalio
3HAYUTEIBHOTO YITYUIIEHHs PEILICHUI MPUKIAIHBIX 33/a4.

[Iponieayphl, oOecrieunBaroOIe HACTPOUKY M OOy4eHHUE METOJ0M OOpaTHOIO
pacnpocTpaHeHUs! OIIMOKU ¢ UMITYJIbCOM U aJallTUBHBIM IIaroM 0O0y4YeHUs, B MTAKETe
NNT nHa3BaHbI cCOOTBeTCTBeHHO learngdx u traingdx.

/I MHOTOCHOWHBIX CETEM MNpsAMOW NEpPeAadyd CUTHajga C JIOTUCTUYECKOU
byHKIMENH aKTHBAllMM PEKOMEHAYETCsS ClydalHble HaudalbHbIE 3HAYCHHUS BECOB
WHUIIMaTu3upoBaTh 1o npaswiy (P. [Tanmep)

1

rie N(i) — KoJIMYeCcTBO HEWPOHHBIX JIIEMEHTOB B CJIOC |.

Havanbabie BecoBbie KOADOUIIMEHTH PEKOMEHIYETCSI BBHIOMPATHh B JHAIa30HE
[-0.05;0.05] wnm [-0.1;0.1]. Ilpu aTOM cMmemieHne Sy MPUHUMAET €IMHUYHBIC
3HAYEHHS] B HAYAJIBHBIM MOMEHT BpeMeHHU. Kpome 3Toro, KOJIM4ecTBO HEUPOHHBIX
DJIEMEHTOB CKPBITHIX CJIOCB JOJKHO OBITh MEHBIIIE TPEHHPOBOYHBIX 00pa3oB. s
obOecnieueHus: Tpebyemoil 0000IaroNel CIOCOOHOCTH CETH MOXHO HCIOJIb30BaTh
CETh C HECKOJIBKUMH CKPBITBIMU CIIOSIMH, Pa3MEPHOCTh KOTOPBIX MCHBIIIE, YeM IS
CETH C OJHUM CKPBITBIM ciioeM. OIHAKO HEHPOHHBIC CETH, WMEIOIINE HECKOJIbKO
CKPBITBIX CJIOEB, 00Y4YaIOTCsl 3HAYUTEITHFHO MEJJICHHEE.

3. 3AJIAHUME HA BBIITIOJIHEHUE
chopMHUpOBaTh U OOYIUTH HEUPOCETH JJISI BBIYUCIICHHS 3aJaHHON (PYHKITUH.

IHopsinok BbINOJIHEHNSI pa0OTHI:

1. 3ammyctuth Matlab.
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2. O3nakomuthes ¢ QyHkmumsmu  Newff, train, sim. Vcrmonp3oBath 1iss 3TOTO
komaHay help (mampumep, “help newff”) u doc (“doc newft”).

3. Coznath HelipoceTh KoMaHaoi NeWTT .

Hampumep,

net = newff ( [0 25], [5 7 1], {'tansig' ‘tansig’ ‘purelin'});

3nech 0 u 25 - MUHMMAaIbHOE M MaKCUMaJIbHOE 3HaYEHUs BXOJla HelipoceTH (OH
3]1€Ch OJIMH), HEHWPOCETh UMEET 5 HEHPOHOB B MEPBOM CJIO€, 7 HEHPOHOB BO BTOPOM
cioe U 1 HEWpOH Ha BBIXOJE, B KadeCTBE MEpPEAaTOYHOM (PYHKIMU I 00OMX
MMPOMEKYTOUYHBIX CJIOEB HCIMOJIB3YETCSI CUTMOWJ, a Ha BBIXOJE CTOUT HEHUPOH C
JUHEHHOW mepeaToOuHON QyHKITHEH.

4. Jlns 3aganHoi pyHkuu co3aaTth ooyuaromue maccuBsl P u T, e P - MmaccuB
BXOJHBIX 3HAuUCHHM (apryMeHT (QyHKUMH), a T - MacCUB BBIXOJHBIX 3HAYCHUI
(pe3yabpTaT GyHKIUHN).

5. 3amaTh  KOJIMYECTBO  WTepanuid  oOydeHus,  Hampumep,  Tak:
net.trainParam.epochs = 150;
3nech 150 - konuuecTBO uTEparuii (31ox) oOy4eHus: HelpoceTu.

6. OOyuuTh HepoceTh KoMaHoM: net = train(net,P,T);
[TocMOTpETH, YTO MOTYUUIIOCH U OOBSICHUTD MOJYyUYCHHBIC PE3YyJIbTATHI.

7. Eciu Ha miare 6 BBIMOJHEHO BCE 3a/JIaHHOE YMCIIO UTEpaIui, MmornpoOoBaTh
NnOBTOPUTH 00ydeHue. OOBICHUTH TMOTYYEHHBIE PE3yIbTaThlI.

8. Heckonbko pa3 mOBTOPATH JABE KOMAaHIbl - CO3/aHUE CETH U €€
oOyuenue. OOBSICHUTH MOJYYECHHbIE PE3YJIbTATHI.

9. Co3pmarb  MaccMB NPOBEPOYHBIX  BXOJHBIX 3HaueHW QyHkuu Pl,
OTIMYAOMMiCs OT P U BBIYMCAUTH 171 HEro 3HadeHus QyHkiuu (Maccus T1).
JlocTaTo4HO B34Th AECATh Pa3HbIX 3HaUeHUH P1.

10. C momoIipo0 MOJy4eHHON HEHpOCETH MpeAcKa3aTh, KaKhe JOJIKHBI ObLIN
MOJIYYUThCS 3HaueHus: GyHkuuu: Y = sim(net,P1);

Haiitu cutyanum, B KOTOpBIX HelpoceTh ommubaercs. [loscHuTh, mouemy.

11. CpaBuuTh peanbHble U  TPEACKAa3aHHBIC 3HAUCHUS  (DYHKIIHNH:

plot(P1,T1,PL,Y, ')

12. Cnenate TOXe camoe IJisi OOy4aromuX MAacCHBOB: Y = sim(net,P);
plot(P,T,P,Y,’0’)

13. 3anectu nony4deHHbie rpaguku B oT4eT. OOBICHUTD YBUIECHHOE.

JIMCTHHT TpOTpaMMBbI, peaM3yIONIeH MepeuncIeHHbIC BhIIIE IIard, MPHUBEICH
Ha puc.8.1.
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net = newff ([0 25],[5 7 1],{'tansig' 'tansig' 'purelin'});
% dopMUpOBaHME OOyYamUMX IaHHBIX

P=zeros (1, 25);

T=zeros (1, 25);

for i=0:24

P(1, i+1) = i;

T(1, i+1) = 2*i~1.5;
end;
plot (T)
% UMCJIO MTepauuy obyuyeHMs
net.trainParam.epochs = 250;
% oDOyuyeHMNe HEeMpOCEeTHU.
net = train(net,P,T);

[

% GopMMpOBAHME MNPOBEPOUHEIX IaHHBIX
Pl=zeros (1, 25);
Tl=zeros(l, 25);

for 1=0:24

P1(1, i+1) =1 + 0.5;

T1(1, i+1l) = 2*(i+ 0.5)"1.5;
end;
Y = sim(net, P1l);
plot(P1,T1,P1l,Y,'0");
Y = sim(net,P);
figure;

plot(P,T,P,Y,'0");

Puc.8.1. JIuctusr Script- GpyHkIum.

B pesynbrate BbI30Ba PyHKIMM train Ha 3KpaH BBIBOJUTCS OKHO OOy4YEHUS
HelpoceTu (TeACTaBIeHO Ha PUC.8.2) U MPOUCXOAUT MPOIIECC HACTPONUKH BECOB B
COOTBETCTBHH C BHIOPAHHBIM aJITOPUTMOM.
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o\ Neural Network Training (nntraintool EIQM

Neural Network

Layar Layer Layer
\

Algorithms

Training: Levenberg-Marquardt (trainlm)
Performance:  Mean Squared Error (1m5e)

Progress

Epoch: 0 | 150 iterations | 150
Time: 0:00:01

Performance: 140e+04 [ O0626 T | 0.00
Gradient: 1.00 .35 1.00e-10
Mue 0.00100 0.0100 1.00e+10
Validation Checks: 0 I 1]

Plots

(plotperform)
Training 5tate (plottrainstate)
(plotregression)

Plot Interval: U 1 epochs

v Opening Regression Plo

@ Stop Training @ Cancel

Puc.8.2.

HN3meHeHue (bYHI(I_II/II/I Ka4dcCTBa B IIPOLICCCC O6Y‘I€HI/I$I IpcacTaBJICHO Ha pI/IC83

Best Training Performance is MalN at epoch 150

10 k ------- Best H

10° |- .

10 F .

Mean Squared Error (mse)
[=]

| -
50 100 150
150 Epochs

Puc.8.3.
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Ha puc.8.4. npeacraBneHs! pe3ynbTaThl pacuera GYHKIMH M0 aHATUTHYECKOU
3aBUCUMOCTH U C ITOMOIIBIO alllIPOKCUMAIIMN «00YyYEHHOI» HEUPOCETH.

25[] T T T T

200

1580

100

a0

0]

b 10 15 20 25

Puc.8.4.

1. BapuaHThI anpOKCUMHUPYEMbIX (DYHKIIHIA:

1. BeimosiHuTh 3aanue i AByX (PyHKUMMA (CHadasa JJjis OAHOM, a MOTOM st
apyroi): f(x) =1.4x1.3; {(x)=25, ecmun x<4 u 8, ecimu x>=4

2. BeImoHUTE 3aaHue A1 ABYX (PyHKUMM (CHavasa Jjisi OAHOM, a MOTOM JiJist
apyroi): f(x) =2x1.5; f(x)=35, ecnmu x<3 u 10, ecu x>=3

3. BommonauTth 3amanue g 1ByX GyHKIMN (CHavasia Jyisi OJTHOM, a TIOTOM JIJis
npyroi): f(x) =3.2x 1.25; f(x)=4.5, ecnu x<3 u §, ecnu x>=3

4. BeImomHUTh 3aanue s ABYX (QyHKIMMA (CHayama s OJHOM, a TIOTOM JIJIs
npyroi): f(x) =1.72x 1.6 ; f(x) =50, ecnu x<7 u 78, ecnu x>=7

5. BeimosiHUTh 3aanue A ABYyX (PyHKUMHA (CHadania JJjisi OJHOM, a MOTOM JiJist
npyroi): f(x) =1.5x 1.4; {(x)=5.2, ecnmu x<3.45 u 9, ecnu x>=3.45

6. BeinmosiHUTE 3a1aHue i IBYX (PyHKUMM (CHavasia Jijisi OJHOM, a TOTOM JIJist

npyroi): f(x) =1.6x 1.32; f(x)=3, ecnu x<3 u 8, ecnu x>=3
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7. BommonHuTh 3aiaHue A AByX (QyHKIUHM (CHayana g OJHOM, a MOTOM JJis
apyroi): f(x) =1.22x 1.43; f(x) =6, ecmu x<4.2 u 2, ecia x>=4.2

8. BoinmonHuTh 3a7anue Aid IByX GyHKUMN (CHavasia Juisl OJJHOM, a MOTOM s
apyroi): f(x) =1.8x 1.11; f(x)=35, ecmu x<4.1 u 3, ecm x>=4.1

9. BoinmonHuTh 3a7aHue g IByX QYHKUMN (CHavasia JUisl OJTHOM, a MOTOM s
npyroi): f(x) =1.23x1.37; f(x)=7.5,ecnu x<9 u 1, ecau x>=9

10. BeimomauTh 3aganue 11 AByX GYHKIWN (CHadasaa Juisl OHOW, a TIOTOM ISt

npyroi): f(x) =1.45x1.35; f(x)=0.5, ecnmu x<42 u 80, eciu x>=42

2. BapuaHThbl pyHKUMHA AKTHBALMM:

tansig — runepOOIUYECKUIT TAHTCHC;

tribas — TpeyronbHas GyHKIHS aKTUBAIVH;

radbas — panuansHas 6a3ucHasi QyHKIIMS aKTHBAIUH;

logsig — curmouianbHas GyHKIHS aKTHBAIHH.

3. KostnvecTBO utepanuii o0yuyeHus:
100, 200, 300

ITopsiok BeINOTHEHUs1 padoTHhI.

1. Hamwmcarp Script — daiin, peanu3yromuii mpomecc (GOPMHUPOBAHUS W
o0yueHus1 HeMpPOCEeTH IO MPEACTABICHHOMY BBIILIE AITOPUTMY.

2. IlpoBectu mporenypy 00y4eHHs] HEHPOCETH ISl TPEX PA3TUYHBIX (YHKIUH,
3aJIaHHBIX MPETNOAABATEIIEM.

3. BeiBecTn Ha 3KpaH CTPYKTYpY CHOPMHUPOBAHHOW HEHPOCETH C TIOMOIIBIO
koMman a6l gensim(net). [Ipoanaau3upoBaTh CTPYKTYPY HEHPOCETH.

4. TlpoBecTn aHanM3 BIMSHUS KOJMYECTBAa UTEpalMii OOydyeHUs Ha KauecTBO
anmpoKcUMaIuu QyHKIIHH.

5. Paccmotpets 1.3 11t pa3nuyuHbIX (PYHKIMI aKTUBALIMH.

CoctaButh or4yer. B oTuere HEOOXOAMMO cCreNaTh BBIBOJbI OTHOCHTEIHHO

IMOJIYYCHHBIX PE3YJIbTATOB.
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5. OBOPYJIOBAHUE

JlaGopatopHasi pa®oTa BBINOJHAETCS Ha IEPCOHANBHBIX KOMIBIOTEpaxX € MPUMEHEHHEM

nakeToB MoaenupoBanus SimuLink, NNT B cpene MatLab

6.0TUET

Otuer momkeH conepxarh kpatkoe ommcanue maker NNT MatLab, onucanne
MaTEMaTUYECKUX MOJEJIE MCKYCCTBEHHBIX HEHMPOHOB, ONMCAHUE AKTHUBALMOHHBIX

(GyHKUMNA U pelIeHHEe 3aJaHHi, IPEACTaBICHHBIX B pa3zese 4 HaCTOSAILEro ONUCAHUS.
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JlabopaTtopnas paGora Ne9

CO3JIAHUS U OBYUEHUS HEHPOCETH 3AJAHHOM CTPYKTYPBI
C IOMOUBIO UHCTPYMEHTA NETWORK/DATA MANAGER

1. HEJIb PABOTBI

3HAKOMCTBO C  pEIIEHHWEM MPaKTUYECKOM 3aJayd Cco3/laHus U OOy4EeHHS
HEHPOCeTH 3alaHHON CTPYKTYpHI ¢ moMolnkio nHcTpyMeHnTa Network/Data Manager.

2. TEOPETMYECKHUE CBEJEHWA

Cm.niekuyuu.

3. 3AJAHUE HA BbIIIOJIHEHUE.

Tpebyercs  chopmupoBaTh HEMpoceTb, HMEIONIYI0 JiBa cjios  (Opu
UCTIOJb30BAaHUU AITOTO HMHCTPYMEHTAa HMEETCSl OrpaHWyYeHHe Ha OoJblliee YHCIIO
cioeB), 10 HEMPOHOB B MEPBOM CJIO€ C TAHTCHIMAIBHBIMUA (DYHKIIUSIMU aKTHUBALIUU
(nepenatounbiMu  (pyHKIMsAIMEU). HelpoceTh OMDKHA peaan30oBbIBATH HEITWHEHHYIO

byHKIHIO:
F(x) = Sin((x-10)/3)*x!? B nnanazone x=0..25.
Anzopumm pewrenus 3a0auu
1 mar. ®@opmupyem oOydyaromue MU NPOBEPOYHBIE JAHHBIE ISl 3aJlaHHON

¢ynkiuu. C 3TOH [EIbI0 MOKHO CO3/aTh M BBIMOJHHUTH CICAYIONIUI SCrpt — daiin
(puc.4.1):

P:ZGFOS(l, 25); File Edit View Insert Taols Desktop Windov Help ~
T=zeros(1, 25); i e "R el
for i=0:24 40

P(1, i+1) =1; 20

T(1, i+1) =sin((i-10)/3)*i™1.3; 0
end;

-20

Pl=zeros(1, 25); 0

T1=zeros(1, 25); 50
for i=0:24 T s w15 W %
P1(1,i+1) =i+ 0.5;
T1(1, i+1) = sin(((i+0.5)-10)/3)*(i+0.5)*1.3:
end;

Puc.9.1. Puc.9.2.
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I'paduk GyHKIIMU, TOCTPOCHHBIN ISl qUama3oHa u3MeHeHus aprymenta 0..24
npejcTaBiieH Ha puc.9.2.

[To oxoHYaHMHU JaHHOTO miara (Mo pe3yibTaram padoThl SCrpPt — (GyHKIMH) B
paboueit obOmactu MatlLab  Oyayr cdopMupoBaHBI MacCHBBI OOYYAIOIIUX M
IIPOBEPOYHBIX BXOJOB U LI€JIeH (BBIXOOB):

P,P1, T, T1.

2 mar. BenBare unctpyment Network/Data Manager, HabpaB B KOMaHIHOM
cTpoke MaTiiaba nntool.

[TostBuTCs okHO (puc.9.3):

) Network/Data Manager = =] B3
E- Input Data: w Metworks Jj Output Data:
@ Target Data: a Error Data:
) Input Delay States: ) Layer Delay States:
3 Irmpart.. | \‘A\? Mew... | [Mpem.. & Esport.. | 2 [elete | @ Help | @ Close |
Puc.9.3.

2. nobGaBuTh OOydalIllMe W IMPOBEpOUYHBIE JaHHbIe B OokHa Input Data m Target Data c
OMoIIBI0 KHOMKH Import, umnopTuposas ux u3 nepemennsix MatlLab (puc.9.4.).
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&« Import to Metwork /D ata Manager

P | C—

=t

Puc.9.4.

[Tocne 3Toro MaccuBbI 00YYAIOIIKUX M MPOBEPOUYHBIX BXOJIOB U 1IeJiei (BBIXOOB)
(P, P1, T, T1) momxubl okazathes B okHax Input Data u Target Data (puc.9.5):

Metwork/D ata Manager

3 mar. Co3anue HEWpOCceTH 3aaHHOM CTPYKTYpbl. C 3TOH LEeThI0 HEOOXOAUMO «HAXKAThH)»
kaonky New (puc.9.6).
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$r Create Network or Data

Feed-forward backprop l_

EErT
EEhei
[TrAL =
LEAANGON =

[Coert ]

EE

Puc.9.6.

3nech HEOOXOAMMO YKa3aTh MapaMeTphl CETH.

Network Type — THIT HCTIOTB3yeMOM CETH.

Input Data, Target Data — oOyuarorue naHHsbIe.

Training Function — oOyuaroruii alropuT™

Perfomance Function — ®yukuus onpesesstonas Ka4ecTBo 00y4eHus (OTKJIOHEHHE BBIXO/a
HEHPOCETH OT BBIXOIHBIX JAHHBIX 00yJaroIIell BEIOOPKH)

Number of layers — uucio cioes

Proprties for, Number Neurons, Transfer Function — mapameTps! i KaXJ0TO CJI0s, YHUCIIO
HEHpOHOB U nepegaTovHas GyHKIHS.

B cootBerctBUM ¢ 3amaHueM, BbiOepeM 2 cnos, 10 HEWpoOHOB B TMEpPBOM ClIoe U
TaHTCHIMAJIbHbBIE TIepeIaTOYHbIE (QYHKITHH.

Heobxomumo 3a1aTh IMEHA COOTBETCTBYIOIINX MIEPEMEHHbBIX B OKHax “Input data” u

“Target data”.

4 mar. KoHTpoIb CTPYKTYpPBI CHOPMUPOBAHHON HEUPOCETH.

HasxaB kHOMIKY ViEW MOKHO ITOCMOTPETh CTPYKTYPHYIO CXeMy co3/1aBaeMoii cetu (puc.9.7):
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Meural Network Yiewer [view]

I_'f"' 7= l o _.,f’ o (wl ' | _.r— :_

Puc.9.7.

[Tpu naxxatuu kaonku Create cets coznmaercs u nodasisiercs B okHo Networks (puc.9.8):

nebwork 1

Puc.9.8.
JIBOMHOM ImIem4eK JIeBOM KJIaBHUIEH MBI MO CO3JAaHHOW CETH BBI3BIBAET OKHO PabOThI C
CEThIO, MO3BOJIAIONICH MPOCMATPHUBATh €€ CTPYKTYpy, 00y4arh, CUMYJIUPOBATh, aJaliTUPOBATH H

pelaKTHPOBaTh Beca HepoHOB (prc.9.9):

Hetwork: network1

Puc.9.9.

5 mar. O6y4eHue HelpoceTH.
[epetinem Ha 3akmaaxy Train s oOydeHus HedpoceTH. B kauecTBe 00ydaromux JaHHBIX
ykaxem mMaccuBbl P u T (puc.9.10):
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Metwork: network1

network]_outputs
network1_errars
ittt [ avistates = L=t L i e BT =

—

Puc.9.10.

Ha 3akmaake Train Parameters MosxHO pelakTHPOBATh apaMeTphbl 00 yUeHUSI.
Veenununm napametp max_fail mo 100 (puc.9.11).

Metwork: network1

10000000000

Puc.9.11.

6. Ilpu nHaxaruu kHomku Train Network ortkpbiBaeTcsi OKHO OOydeHHs HEHpOCETH W
MTPOUCXOIUT MPOIECC HACTPOUKH BECOB B COOTBETCTBUH C BHIOPAHHBIM alropuT™MoM (prc.9.12):
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Meural Network Training [nntraintool]

ek

U5 terabions
L

=3 g =1 L ] = gje=

Puc.9.12.

IMpu waxxatun kHomku Perfomance MoxHO MOCMOTpeTh H3MEHEHHE (DYHKIIMH KadecTBa
o0yuenus (puc.9.13):
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Performance [plotperform]

Train
Yalidation
Test

Puc.9.13.

7. Tlocne oOydeHUs MPOBEIEM MOJCITUPOBAaHUE PabOTHI CETH W MOTYYMM BeIXOAbl Y m Y1
ceTH Jutst 00ydJarolieil 1 MpoBepOYHOI BIOOPOK (prc.9.14):

Metwork: network1

= | Enallpt el
= | FinalCapen elay Gt

Puc.9.14.
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Knomka Simulate 3amyckaer MoenupoBaHue CETH.
[Tocne storo cdopMupoBaHHBIE B pe3yibTaTe MOACIUPOBAHUSA BBIXOABI ceTh Y u Y1
okaxxytcs B okae Output Data (puc.9.15).

-_Ii Output D ata;
network]_outputs
ki

kil

(L7 S
Puc.9.15.

8. Okcnoptupyem manHbie Y u Y1 B Workspace marimaba Haxatuem KHOmkd EXport
(puc.9.16):

& Export from Network/D ata Manager !EI

Select Yanables

P

P

T

T1

nietwork 1

network1_outputs

0
sl

netwaork1_emors

Select one or more vanablez. Then [Export] the wariables
to the MATLAE workzpace or [Save] them to a dizsk file

Select Al SelectMone | 3 Expor | A save | @ Close |

Puc.9.16.

9. C moMoIIpI0 KOMaH,T

>> plot(P,T,P,Y,'0");
>> plot(P1,T1,P1,Y1,'0");

MOHO TOCTPOUTH rpaduku pabOThl HEMPOCETH ¢ OOYUAIOIIMMHU U TPOBEPOUHBIMHU JTAHHBIMU
(pnc.9.17 a,06 COOTBETCTBEHHO):
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J Figure 1 —|O] x|
|

FEile Edit “iew |nsert Toolz Deskiop “Window Help

el EE OSSR E E

40

@J|D >

20 F

Ant

B0 F

.30 1 1 1 1
0 4] 10 15 20 25

Puc.9.17.a

) Figure 1 10| %]

File Edit “iew |nzert Toolz Desktop ‘Window Help N

== R ouen s e A s

-d-':l T T T T

201 .

20t i

A0t i

FO b i

B0 I I I I
a 5 10 14 20 25

Puc.9.17.6

10. C momorkio komauabl Export sxciopripyem B Workspase u camy oO0ydeHHYI0 HeHpoceT
networkl1. [lanee moctpoum mMozens 3Toii cetu B SimuLink:

>> gensim(networkl, -1)

(BTOpO¥ mapamerp 31ech — Sample time wim TakT KBaHTOBAaHUS TEHEPUPYEMOM MOJIEIH CETH.

-1 — 1 HenpephIBHOW MOJIENH.)

Crpykrypa mozenu cetr B Simulink (puc.9.18, 9.19):
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I_ untitled *

= |

I_ untitled/Meural Hetwork *

[ | | L= = | En e | &= 4

=1} Process Input 1 Lawer 1
Layer2

Frocess Qutput 1 {11

I_ untitled/Heural Hetwork/Layer 1 *

. = r EE . — —
[ | 2 = NIARERN £

pi1l Delays 1 [, 13

tansig

Puc.9.18.
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=] untitled?._/Layer 11411} = —|O] x|

105 |[Nomal

M1, 1301,

dotprodg

dotprods

P11}

dotprod?

dotprods

Tif A0,
dotprodq0

Puc.9.20.
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11. [IpoBepuM pabOTy CETH MO aNMpOKCUMAaNUU ucxoaHou Gyukiuu B Simulink (puc.9.20):

=] untitled * O] =]

File Edit ‘“fiew Simulation Fomat Tools Help

D EEHE & BRI (22 r 0

zin
S <
Ramp Trigonometric
Function Fraduct
S
Famp1 tath ::I—>|E|
a
Function3 wiH
1.3
Constant
_/—FI{H- w{l}

Rampz Heural etk

Ready [100% ‘oded5 o
Puc.9.20.

I'paduku ucxomHol GYHKIMK M alPOKCUMHUPYIOIIEH ee Helpocetu (puc.9.21):

Em oL L ABE B - 0 .

Time offset:

Puc.9.21.
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4. ITIOPAJOK BBIIIOJTHEHUA PABOTDI

1. PeaimszoBate B cpeae Matlab mnpomecc dopmupoBanus u  oOydeHHs
HEUPOCETH IO MPECTABICHHOMY BBIIIE aJITOPUTMY.
2. TlpoBectu nporeaypy oOydeHHUs: HEMpoceTn OJHOU M3 (YHKIIMH, 3aJJaHHBIX
MpENnoAaBaTeIeM.
3. PaccMotpeTs m. /Ui pa3iauuHbIX METOJOB O0yUYCHUS.
4. CoctaBuTh 0T4eT. B oTueTre HEOOXOAUMO CHeNaTh BBIBOJbI OTHOCUTEIHHO
MOJTYYEHHBIX PE3YJIbTATOB.
1. BapuaHThI anIPOKCUMHUPYEMBbIX (DYHKIIUI:
1. BoimonHuTh 3a7anue Aid 1ByX GYHKIMN (CHavasia Juisl OJTHOM, a MOTOM JJis
npyroi): f(x) =1.4x1.3; f(x)=35, ecnmu x<4 u &, ecnu x>=4
2. BeimonaHuTh 3a1aHue i 1BYX GYHKUMNA (CHavasia Jyisl OJTHOM, a TIOTOM IS
apyroi):  f(x) =2x1.5; f(x)=35, ecnu x<3 u 10, ecu x>=3
3. BeinosHuTh 3aanue A ABYX (PyHKUMNA (CHadana Jjisi OAHOM, a MOTOM JiJist
npyroi): f(x) =3.2x 1.25; f(x)=4.5, ecnmu x<3 u §, ecnmu x>=3
4. BbINOTHUTH 3aAaHue Ui AByX (yHKIMM (CHayana aJjis OJHOM, a TOTOM JJIs
npyroi): f(x) =1.72x 1.6 ; {(x) =50, ecnu x<7 u 78, ecnu x>=7
5. BoimonauTh 3amanue Anig 1ByX (QYHKIMN (CHavasa Juisi OJJHOM, a MOTOM JiIs
npyroi): f(x) =1.5x 1.4; f(x)=5.2, ecnu x<3.45u 9, ecmu x>=3.45
6. BoimonauTh 3amanue g 1ByX QyHKIMN (CHavasia Juisl OJTHOM, a TIOTOM JIJis
npyroi): f(x) =1.6x 1.32; f(x)=3, eciiu x<3 u 8, ecnu x>=3
7. BeINOJIHUTE 3a/laHue I IBYX (PyHKUMM (CHadasia Jjisi OAHOM, a OTOM JIJist
apyroi): f(x) =1.22x 1.43; f(x) =6, ecnmu x<4.2 u 2, ecnu x>=4.2
8. BeimosHuTh 3amanue s AByX (yHKIUN (CHauyaja sl OJHOU, a MOTOM JjIst
apyroi): f(x) =1.8x 1.11; f(x)=35, ecnu x<4.1 u 3, ecu Xx>=4.1
9. BeimonHUTh 3a7aHue Ay 1BYX (YHKIMN (CHavasa Jyisi OJTHOM, a TIOTOM ISt
npyroi): f(x) =1.23x 1.37; f(x)=7.5, ecnmu x<9 u 1, ecmu x>=9
10. BeimomauTh 3a1anue 11 AByX GYHKIMN (CHavasa Juisl OHOW, a TIOTOM JIJist

JIpyrou): f(x) = 145x 135 ; f(x) = 0.5, eciu x<42 u 80, ecau x>=42
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5. OBOPYJIOBAHUE

JlaGopatopHasi pa®oTa BBINOJHAETCS Ha IEPCOHANBHBIX KOMIBIOTEpaxX € MPUMEHEHHEM

nakeToB MoaenupoBanus SimuLink, NNT B cpene MatLab

6.0TUET

Otuer OOJKCH COACPKATh KPATKOC OIMCAHUC IMOPSAAKA BBIIIOJIHCHUS pa6OTBI u

pe3ynbTaThl 00y4YEHUsT HEHPOCETH.
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JlabopaTopHnasi padora Nel(

CUHTE3 HEMPOHHOM CETH U1 PEIIIEHUASA .
CUCTEM OBBIKHOBEHHBIX ITU®PEPEHIIMAJIBHbIX YPABHEHUU

1. IEJIb PABOTbI

C HCIONb30BaHUEM HEUPOCETEBBIX TEXHOJIOTHI CHHTE3HUPOBATH AJITOPUTM UHTETPUPOBAHUS U
copmupoBats Mojienb B cpeae MatlLab mst pemenuns cuctem nuddepeHInaTbHBIX YpaBHEHUN

2. TEOPETUYECKUE CBEJJEHU A

PaccMoTpuM 3amauy pemieHus CUCTEM OOBIKHOBCHHBIX AH(PPEpEeHIMATBHBIX ypaBHECHUI
(OY) B HelipocereBoM 06azuce. HeiipocereBoit 0a3uc mnpeacraBisieT co0Oil omeparuio
HEJIMHEWHOTO TpeoOpa3oBaHus B3BEHICHHONW CyMMEI, T.€. ONEPAIHIO B3BEHICHHOIO CyMMHPOBAHUS
HECKOJIbKUX BXOJHBIX CHUTHAJIOB C TMOCIEAYIOUIMM MpeoOpa3oBaHUEM 3TOH CYMMBI MOCPEICTBOM
GyHKIUM akTHBanMH (HOPMaIbHOTO HEHpOHA, KOTOpas MOXET OBITh KaK JIMHCHWHOH, Tak |
HEJIMHEHHOM.

[Tycth 3amana cucrema n quddepeHIanbHbIX ypaBHEeHUH 1-ro nopsaka

Y X)=AY(X), (10.1)

rae A - KBagpaTHas MaTpHila IOCTOSHHBIX KOA(PPUIMEHTOB pa3Mmepa nxn; Y - N - MEpPHBIH
BEKTOp MCKOMOM (DYHKIIMM apryMeHTa X.

Jns merona Pynre-KyrTel 1-ro mopsiaka (MeToJ HNPSMOYTOJIBHUKOB) pEIIEHHE CHCTEMBI
(10.1) MOXHO MpeJCTaBUTh B BHJIE:

Y1 =Yi+ hAYi=(E+hA)Yt=BtY: (10.2)
Trac E - CANHUYIHAAg MaTpula pasmMepom nxn.

DneMeHThl MaTpullbl B ecTb mepBble [Ba ujieHa Pa3lOKEHUS MATPUYHOM SKCHOHEHTHI B
CTETIEHHOM P/,

Jist cucrembl IByX ypaBHeHHi BbipakeHue (10.2) mpuHMaeT BUI:
Yit+1 = D11yt + bioyor = (1 + hai)yat + harayet,

Yot+1 = D21yat + D22yor = haoryat + (1 + hazo)yor.

Cxema coeIMHCHHsI HeHPOHOB, peal3yIolas pelieHrue CHCTEMBI ITokazana Ha puc.10.1.
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Nel -
g10 =] b f1
¥1
1+har X1
N I
x2
haya
Ne2
g1 x f3
20 V2
%]
han .
X2
1+ hass

Puc. 10.1. Cxema coennHeHUs HEHPOHOB, peann3yromnias penieane cuctemsl OJlY B HelipoceTeBOM
6a3uce meroioM Pynre-KyrThl 1-ro nopsiika.

3neck Nel u Ne2 - HelipoHBI, Y4acTBYIOLIUE B ONEpalluyd MHTErpupoBaHus. Beixogom cetn
ABIIIIOTCS CUTHAJBl Y1 M Yy2. BXOJOHBIE CHTHaJIbI g10 M Z20 BBOASAT B HEWPOHBI HadyallbHOE
BO30YKJ€HHE, SKBHUBAJCHTHOE HAyaJbHBIM YCIOBUSAM DELICHUS CHUCTEMBbl ypaBHEHUN. DyHKIUSA
aKTUBAIMK y 000UX HEHPOHOB - CHMMETPUYHAs JIMHEHHAst QyHKIIMSL.

3. [Ipumep pemenns 3agauun paspadorku MHC nas pemennss QY B cucreme Simulink

Paspaboraem MHC st pemienns cuctemsl ypaBaeHuid (10.3)

y'l=y2, (10.3)
y2=-yl

pu HavdaIbHBIX yenoBusx: y1(0) =-1, y2(0)=0,t=0...2x.

brok-cxema pemienns cuctemsl (10.3) B HelipoceTeBoM Oaswuce, co3manHas B cpeae Simulink,
nokaszaHa Ha puc.10.2.
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ﬁ Koshi_neuro

File Edit W¥iew Simulstion Format Tools Help
D& P pEYL & p 5 |Nomal vI
+ | double
" dauble + —‘-’
|I nelsum ¢nuh|g| 1 | douple
Constant s | doutl 71 N
» :
pu;: " Unit Delay1
netprod
:Iumu. ]
Scope
— ¥, [coudle 7] doutig %ﬂ 1 [double
double I s lind z
h natprod? netsum p“::zm Unit Delay
Constantt
Ready 100%6 FixedsStepDiscrate y

Puc. 10.2. brok-cxema pemenus cuctemsl (10.3) B HelipoceTeBoM Oasuce.

ITpu moctpoennu cxemsl ucnoib3yroTes O0aoku u3 menro Neural Network Blockset: netprod,
netsum (Net Input Functions), purelin (Transfer Functions). Jlis Bu3yanusaiuu pe3yibTaToB
ucnomnbsyetcst 6510k Scope (Sinks), g 3aganust mara uHTerpupoBanus - 610k Constant (Sources),
JUISL YCTAaHOBKM HadalbHbIX 3HadeHuid - 6mok Unit Delay (Discrete). OxHO 3aiaHus mapaMeTpoB
6moka Unit Delay moka3ano Ha pucl0.3. [Ins nokasza aByx rpadukoB B 06J0Kke Scope MCIOIb30BaH
6ok Mux (Signals&Systems).

OxkHo Opay3epa 6ubnanorexku Simulink mokazano Ha puc.10.4.

Block Parameters: Unit Delay1 X
it Delay

Sample and haold with one zample period delay.

Parameters
Initial conditionz:

Sample time:;
h

k. | Cancel Help

Puc. 10.3. OxHo 3axanus napamerpoB Ooka Unit Delay.
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Lﬂﬂimulinkl.ihraryﬂrmer
Eile Edt Mew Help

O & 42 rind |

purelin: Linear tiansfer funciion

1 Morlinear -
- Signals & Systems
3 sinks
3 Sources

+ W COMA Reference Blockset

B Communications Blockset

E Conkrol System Toolbox

W 5P Blackset

B Disks & Gauges Blockset

W Fixed-Point: Blockset

H Fuzzy Logic Toolbox

W MPC Blocks

+ W Motorola DSP Blodkset

+ W WOD Blockset

= W Weural Network Elocksst
2+ Conitral Systems
#1 Mek Input Funchions
# Transfer Functions
H Weight Functions

+ W Power System Blockset

+ W Real-Time Workshop

B Report Generator
+ W Sirlink, Extras
W Stateflow
+ W System ID Blacks

+ W =PC Target
|Ready
Puc. 10.4. Oxuo 0ubimmorexku 010k0B cucteMbl Simulink.

conmget

hardlim

™y

hardlirms

logsig

o+ [+

posn

radbas

+

3athn

satins

s0flinas

tarizig

bibas

ERFRENBENNNRBEBI[F

Jnst 3ammycka cxembl u3 KOMaHIHO#M cTpoku MatLab cinenyer Habpats:

>> N=100;
>> h=2*pi/N;
>> sim('Koshi neuro')

[Tocne oTkpbITHS O6J10Ka Scope MOKHO YBUAETh Tpaduku pemmeHus 3agaun (puc.10.5).
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<} Scope

TiFI'IEe |:|ff:E:E=tZ

Puc. 10.5. I'paduku pemenus 3agaun B Simulink.

CpaBHUM MONy4YeHHbIE I'padUKU C aHAJOTMYHBIMM Ipadukamu pemieHus 3agadu B MatLab.
st aToro cozmaaum M-daiin (puc.10.6), 3anaromuii cucremy ypaBHeHui (3):

21 l:\matlabR1 Pwork\Koshi_ex.m® A

Ebs Edt Yew Ject QDebug Erealpoints Weh Wndow Heip
De=E & B 4H 88 o B IR £ | staske ]

1 funceion dy=Hoshi_ex (x,¥)
= dyszeros (2, 1)

3= dy(1}=yi2);

4= dy(2)=-¥(1]:

5
6

Puc.10.6.

[locne coxpanenus M-daitna ¢ wumenem Koshi ex wucnons3yem ans  penieHus
paccmatpuBaemoit cuctemsl OJ1Y ¢ynkiuto ode45, HaOpas B komangHOM okHe MatLab:

>> [T,Y] = ode45('Koshi ex', [0 2*pi], [-1 0]);
>> plot(T,Y(:,1),'-",T,Y(:,2),'=-.")
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[Tonygyaem rpaduku peireHus, naeHTuIHbIe rpadukam Ha puc.10.7 (puc.10.7).

<4 Figure No. 1

File Edit Mjew Insert Tools indow Help

DeEE " A2/ 2D

0.8

T
-

0.5

0.4

0.2

=
]
T

o
-
T

=
(7]
T

=
a
T

Puc. 10.7. I'paduxu pemenus 3a1auu ¢ nomouibio Gyaximu ode4s.

4. 3BAIAHUE HA BBIITOJIHEHUE

Paspab6orats B cpene Simulink MHC nns pemenust cucremsr O/1Y:

dy,

—=—y, ¥
dr -

I -:L'Il —:L-_:;
dt

"'-':-'.,LL'=1

—="nty
dt

npu HavanbHbIX yenoBusax: y1(0) =0, y2(0) =0, y3(0)=1,t=0...15.
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5. ObOPYIOBAHUE

Ha6opaTopHa;1 pa60Ta BBITIOJHACTCA Ha IIEPCOHAJIBHBIX KOMIIBIOTEpax C IMPHUMCHCHUCM

nakeToB MoaenupoBanus SimuLink, NNT B cpene MatLab

6.0TUET

Otuet JOJIKCH COACPIKATh KPATKOC OIIMCAHUC PCHICHUSA ITOCTABJICHHBIX 3a/1a4.

7. CIIMCOK JIMTEPATYPbI

118



JlabopaTopHas padora Ne 11

NPUMEHEHUWUE HEMPOHHBIX CETEN
JIJISI IPOEKTUPOBAHUS CUCTEM YIIPABJIEHUS
JTUHAMWYECKUMHU NPOLIECCAMHA

1. HEJIb U 3AJAYU PABOThHI

[T03HaKOMUTBCSI ¢ OCHOBHBIMU apXHUTEKTypaMH HEHPOHHBIX CETEH,KOTOpPhIC PEeaTH30BaHBI
B mnakete npuknaaHbix mnporpamm (ITIIT)NeuralNetworkToolbox B BuIe crnenuain3upOBaHHBIX
KOHTpoJUIepoB. OCBOMTH OCHOBHBIC IMpHEMbl paboThl ¢ apxutekrypoii NARMA-L2 Controller,
pean30BaHHOM B cpene KoMmmbioTepHoit matematuku MATLAB.

Y4eOHO-MeTOoIMIeCcKOe 00eCIeueHne — METOoJuYecKas paspadborka, kimacc [I9BM.

2. TEOPETUYECKUE CBEJIEHUA

B mpakTuke MpOEKTHPOBAHHS CHUCTEM YIPaBICHUS TUHAMUYECKHMMH IPOIIECCAMH BCE
Oonbllice MPUMEHEHUE HAXOAAT HEHpOHHblE CeTH. OTO CBA3aHO C OJHOW CTOPOHBI CO Bce
BO3paCTAIOIMMK TPEOOBAaHUSIMU K XapaKTEPHCTHKAM CHUCTEM YIIPABICHUS U YCIOKHSIIOIIUMHUCS
00BEKTaMH M TIPOLIECCAMH, KOTOPBIMH HEOOXOAWMO YIPAaBISATh, a C APYrod C HHTEHCHBHBIM
pa3BUTHEM CHEIHAIM3MPOBAHHOW BBIUYMCIUTEILHOW TEXHUKH, HAIpUMep, HEWPOIpPOLECCOPOB.
VYHuUBepcallbHble BO3MOXXHOCTH aNNPOKCHUMAIMM C TOMOLIbI0 MHOTOCIOWHOTO MepcenTpoHa
JIeNaloT UX TOJEe3HbIM WHCTPYMEHTOM [UIs peLIeHUs 3a/1ady HACHTHU(PHUKAIHUU, TPOSKTHPOBAHUS
¥ MOJICTIMPOBAHUS HEIMHEHHBIX PETYIATOPOB.

B HacrosmieM MeTOIMYECKOM TMOCOOMM KpPaTKO TIPEACTaBICHBI TPU aAPXUTEKTYPHI
HEHpPOHHBIX  CeTel, KOTOpble  peaJu30BaHbl B nakeTe TNPUKIAJHBIX  [pPOrpamm
(IITTT)NeuralNetworkToolbox B Buje cieayronux KOHTPOIIEPOB:

e xoHTposuiepa ¢ npeackazanueM (NN PredictiveController);

® KOHTpPOJUIEpa Ha OCHOBE MOJIENIM aBTOPETPECCHH CO CKOJB3SIIUM CPEIHUM
(NARMA-L2 Controller);

® KOHTpoJulepa Ha ocHoBe 3TajoHHON Moxaenu (ModelReferenceController).

[TpuMeHeHne HEHPOHHBIX CeTel IS PelIeHNs 3a/1a4 YIIpaBJIeHUs 03BOJSETIIPEANOIaraeT

JIBa dTara MpOeKTHPOBAHUS:
® HTal UAEHTH(UKALMU YIIPABISEMOro Mpoliecca;
® HTall CUHTE3a 3aKOHA YIPaBJICHHUS.
Ha nmepBom sTane (9tane uaeHtudukanum) GopMUpyeTCss MOACIb YIIPABIsSIEMOTO IIpoiiecca

B BUJE HEHpOHHOW CeTH, KOTOpas Ha BTOPOM dTame (dTame CHHTEe3a) HCHOJb3YyeTCs s
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cuHTe3a perymaropa. s KaxaoH M3 TpPeX apXHTEKTYp HCIOJB3YeTCsl OJHAa M Ta JKe
npoueaypa uASHTU(PUKAIINN, OJHAKO ITAbl CHHTE3a CYIIIECTBEHHO PAa3IMYarOTCs.

[Ipu ympaBiaeHHH C TpPEICKAa3aHHEM MOJIENb YIPABISIEMOro TpoIecca HUCIOIb3yeTCs
JUISL TOTO 4TOOBI MpeJicka3aTh €ro Oyayiiee MOBEJICHUE, a AITOPUTM ONTHMH3AIUU [TPUMEHSICTCS
JUISL pacyeTa TAaKOro YIPaBJICHHUS, KOTOPOC MHHHMH3HPYET Pa3HOCTb MEXAY JKEIaeMbIMH U
JEUCTBUTEIbHBIMH H3MEHCHUSIMU BBIXOJA MOJIEIIH.

[Tpu ympaBiieHUH Ha OCHOBE MOJEII aBTOPETPECCHUU CO CKOJIB3SIIUM CPETHUM PETYISTOP
IpeICcTaBIsieT co00M JOCTATOYHO IMPOCTYID PEKOHCTPYKIIUIO MOJICIH YIPABIsAEMOro Mpoliecca.

[Ipu ynpaBlieHHH Ha OCHOBE 3TaJOHHOM MOJCIH PEryjsaTop — 3TO HEHpOHHAs CeTh,
KOTopasi o0y4eHa YIpaBIATh MPOIECCOM TaK, YTOOBI OH OTCIICKUBAI IMOBEACHHE 3TAaJOHHOTO
nporecca. Ilpu 3TOM MOAENs YHpaBIseMOro Mpollecca aKTUBHO HCIIOJIB3YETCs MPH HACTPOMKE
apaMeTpOB CaMOT0 PEryJsTopa.

B mocnenyromux paszgenax oOCYXKIAIOTCS BCE TPH CTPYKTYPbl CHCTEM YIPABICHHS WU
APXUTEKTYpPhl COOTBETCTBYIOIIMX HEHPOCETEBBIX KOHTPOJUICPOB. Kakiplid paszjgen BKIHOYACT
KpaTKOe W3JIOKCHUE TIPUHIUIA YIPABICHUS TUHAMHUYCCKHM IIPOIECCOM U  CONPOBOXKIACTCS
ONKCAaHWEM CIEHAapUs (QYHKIMOHUPOBAHUS MPOCKTUPYEMON CHCTEMBI, KOTOPBII peain30BaH B
Buje komOunanuu GUI-untepdeiica u aguHaMu4yeckoil Moienu peryistopa B cucreme Simulik.

JlnHAMHYECKHe MOJICIIH CUCTEM YIIPABICHUS ¢ HEHPOCETEBBIMU PETYJISTOPAMH Pa3MEIICHBI
B pasgene ControlSystemsoubmuoTekyt OJIOKOBIJII  MOJCIMPOBAHUS HEHPOHHBIX — CETel
NeuralNetworkBlockset, JTOCTYI K KOTOPBIM obecrieunBaeTcs Opay3epom

LibraryBrowsernakeraSimulinkumu komanoit neural(pucynox 11.1) .

ESimulinkUbrar}rBrowser = | (5] | -
File Edit View Help

[ &  »| Entersearchterm ~ 3%

Libraries ary: Neural Network Toolbox/Control Systems @
—E Neural Metwork Toolbox = il T -
EH o
: Net Input Functions
Proceszsing Functions . NARMA-L2
i p-Transfer Functions 3 Cantraller =
| *Weight Functions B NN Predictive
+- 9| RF Blockset - Controller
+ - ﬁ Real-Time Workshop
+E Real-Time Workshop Embedded Coder X(2¥) Graph B
_E| Report Generator s =

Showing: Neural Network Toolbox/Control Systems.

Puc.11.1.
HOCKOJ’ILKy HU OAWH KOHerTHBIfI PETYIIATOP HE ABJISACTCA YHUBEPCAJIBHBIM, TO OITMCAHBI
(I)YHKI_II/IOHEU'ILHLIC BO3MOXHOCTH BCC€X TPEX TUIIOB PCTYJIATOPOB, Ka)KI[BIfI U3 KOTOPBIX UMCCT CBOU

[IPEUMYILECTBA U HEIOCTATKH.
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Peryasitop ¢  mnpeackazanuem - NeuralNetPredictiveController— perymsitop ¢
npefcKazaHueM OyAyIlMX peakiuid Tmpolecca Ha ClydyailHble CUTHAJbl YOpPaBICHHUA. OTOT
PEryJIATOp HCIOJIb3YeT MOJIENb YIPABIAEMOI0 Ipolecca B BHUAEC HEMPOHHOW ceTH. AJIrOpUTM
ONTUMM3AIMK BBIYUCISET YIPABISAIOIIME CUTHAJBL, KOTOPble MHHMMH3UPYIOT Pa3HOCTb MEXKIY
JKEJIaeMbIMH U JICHCTBUTENBHBIMM M3MEHEHUSMU CUTHAJAa HAa BBIXOJE MOJEIU M TaKUM 00pazoM
ONTUMU3UPYIOTYIIPaBIISIEMbII porecc. [Toctpoenue MOJIEH yIpPaBJIsiEMOro
MPOIIECCABBINONHACTCS AaBTOHOMHO C HCIOJb30BAHMEM HEHPOHHOW CETH, KOTopasoOydaeTrcs B
TPYNIOBOM PEXHME C HCIOJIb30BAaHUEM OJHOTO W3 aIropuTMOB oOyueHus. Peanmzamusi Takoro
perynaropa TpeOyeT 3HaUYUTEIbHOr000beMa BBIYUCICHUN, TOCKOJIBKY pacdeThl MO ONTUMHU3ALNU
BBITNOJIHAIOTCS HA Ka)KJIOM TaKT€ YIPaBICHUS.

Peryastop NARMA-L2 (NonlinearAutoregressive — MovingAverage) — peryasatop Ha
OCHOBE MOJIEJIH aBTOPETPECCUU CO CKOB3SIIUM CpeaHUM. [JaHHBIN peryasTop npeacTaBiseTr coboit
MOIU(UIIMPOBAHHYIO HEUPOCETEBYI0 MOJIETb YIPABISEMOro Mpollecca, MOMYYSHHYIO Ha dSTame
aBTOHOMHOM uaeHTu(uKauuu.M30 BceX apXUTEKTyp OTOT peryjisTop TpeOyeT HauMEHBILIETro
o0beM BbluMciIeHUN. JlaHHBIA peryisiTop — 3TO IPOCTO HEKOTopas PEKOHCTPYKLUS
HEHpOCeTeBOW MOJENM  YIpaBIsSIEeMOro Mpollecca, IOJTYYeHHOM Ha JTane aBTOHOMHOMN
uaeHTuuKany. BpluncieHuss B pealbHOM BpPEMEHH CBsI3aHBl TOJBKO C peanu3alueit
HeWpoHHOU ceTu. HemocTtatok MeTroja COCTOMT B TOM, YTO MOJENb IMpoIecca 0JDKHA OBITh
3a7laHa B KaHOHWYECKOM (opMe TPOCTPAaHCTBA COCTOSHMS, KOTOPOW COOTBETCTBYET
CONPOBOXAAIOUIAs MaTpHIla, YTO MOXKET MPUBOJUTH K BIYUCIUTEIBHBIM TOTPEUTHOCTSIM.

Peryasitop Ha ocHoBe dTasionHoii moaeau - ModelReferenceController— perymnstop na
OCHOBE 3TaJOHHON Mojenu. TpeOyemblii 00beM BBIYUCIECHUN Ui 3TOTO PEryisiTopa CpaBHUM C
npeapaymuM. OHAKO apXUTEKTypa peryisTopa ¢ 9STaJOHHOM MOJenbio TpeOyeT o0ydeHus
HEHPOHHOI CeTH ynpasisieMoro mpolecca 1 HEHpOHHON ceTu peryisTopa. llpu sTom oOyueHue
peryjsTopa OKa3bIBAaeTCsd JOCTaTOYHO CIOXKHBIM, IIOCKOJIBKY OOydYe€HHE OCHOBaHO Ha
JTUHAMHYECKOM BapHaHTE METoja 0OpaTHOTO paclpoCTpaHEHHs OIMIMOKH, TaKk KaK HEWpPOHHas CEeTh
UCIIONIb3YET JIMHUMU 3a7EepKKU. J(OCTOMHCTBOM pPETyJlaTOpOB Ha OCHOBE STAJIOHHOW MOJAETU
SBJISIETCS] TO, YTO OHU IPUMEHUMBI K PAa3JIMYHBIM KJIaccaM YTPaBIISIEMbIX MPOLECCOB.

Jlnst kaxzaou u3 TpEX apXUTEKTYp PEryJIsSTOPOB HUCIOJIB3YETCs OJHA HUTA KE TMPOoLeaypa
uAeHTU(PUKAIIMKM YIpaBisieMoro mnpoiecca. HelipoHHasMoaens BO BceX CiydasiX MpeACTaBIsieT
c000¥ TBYXCIIOWHYIO CETh C MPSAMOU Tepeadeii CUrHaia U ¢ JIMHUSIMH 33/IEPKKHA Ha KaKIIOM CJI0€.
Bxomuoii, nnu ckpeithiid (hiden) cioli MokeT UMETh TPOM3BOJIBHOE YHCIOHEHPOHOB. BBIXOMHOM
CJION MMEeT TOJBKO OJWH HEWpoH. [ BXomHOTocnos (pyHKIHMM B3BEIIWBAHUS, HAKOIUICHUS U
aKTUBHU3AIMK SBIISAIOTCA cooTBercTBeHHO dotprod, netsumu logsig. BeixomHoii cioii umeer

TakHieke (PYHKIMH B3BEUINBAHUS U HAKOIUJICHUSI, a QYHKIIMEH aKTUBU3ALUH JIJIs
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HETO sBIIsieTCs TuHelHas Gyukims purelin. M3BecTHO, 4TO CETH ¢ TAKOHAPXUTEKTYPOM MOTYT
BOCIIPOU3BOJUTH BECbMA CJIOKHBIEC HEJIMHENHBIE3ABUCUMOCTH MEXKY BXOJIOM U BBIXOJIOM CETH.
Hactpoiika mapamMeTpoB HEMpPOHHOW CETH, SBIISIOMICHCS MOJAEIBIOOOBEKTA, BBITOIHSICTCS
ABTOHOMHO METOJIOM I10CJIEJIOBATEILHOTO O0YUEHHS C UCIOJIb30BAHUEM JaHHBIX, MOJYYCHHBIX MPU
UCIBITAaHUSAX peaNbHOro o0beKTa. st 00ydeHus ceTu MOKeT ObITh HCIOIb30BaH JF000i 13
o0ydJaroumx ajaropuTMOB il HEHPOHHBIX ceTeil. Mcronb3oBaHME KOHTPOJIBHOTO UM TECTOBOIO
MHOKECTB OOYYarOIIMX JaHHBIX IMO3BOJSET M30EKaTh SBJICHHS TepeoOydeHus cet. M3mensis
YHUCJIO HEMPOHOB B MEPBOM CJI0€, KOJIMYECTBO JIMHUM 33J€PKKH HA BXOJI€ U BBIXOJE CETH, a TAKKE
UHTEpBaJl KBAHTOBAaHUS, WM JUCKPETHOCTH, MOXXHO oOecneuutb TpeOyemMyro TOYHOCTh

MOZACIIMPOBAHUA YIIPABIACMOTIO IIpo1ecca.

Jlnanorosas HaHesb IS UICHTU(DUKAIIAH YIPaBISEMOTO
nporeccaPlantldentificationsxour B COCTaB BCEX TPEX PEryJsTOpOB
pasaenaControlSystemsoun6imorekn  HEHpOHHBIX ~ O0kOB  cuctembl  Simulink sieisiercs
YHUBEPCAIBHBIM CPEICTBOM U MOXKET OBITH MCITOJIB30BaHA UISAIIOCTPOEHUS HEHPOCETEBBIX MOJIENIEi

JIFOOBIX JUHaAMHWYCCKHX O6L€KTOB,KOTOpHe MOT'YT OBITH MpCACTaBJICHDbI 0J10KaMHU dTOM CUCTEMEL.
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<) Plant Identification - NARMA-L2 = 0] x| |
.|

File ‘window Help

Plant Identification - NARMA-L2

Metwork Architecture
Zize of Hidden Layer I 9 Mo, Delayed Plant Inputs 3

Ju

Sampling Interval (zec) 0.00:3 Mo, Delayed Plant Cutputs 2

¥ Mormalize Training Data

Training Data
Training Samples IW V¥ Limit Cutput Data
Medmum Plart Input [ 1 Mazimum Flant Output [ Int
Minimum Plart Input | 1 Minimum Plart Output [ nt
Mazirmum Intetyal Walue (sec) 2 Simulink Plant Maocdel: = Browse |
Minirmum Interval Yalue (sec) I 1 }'nu:udeIS
Generate Training Data | Import Data I Export Data |

Training Parameters

Training Epochs 100 Training Function I;rainlm < I

V¥ Use current Wieights V¥ Uze “alidation Data V¥ Uze Testing Data

Traim Metswork | L4 | Cancel | Apply |

Generate or import data before training the neural network plant.

Puc. 11.2

C momorpio  ympasistonmx snementoB manenn Plantldentificationmoxxuo  3amath
APXUTEKTYpy HEHPOHHOW CeTH, TMapaMeTpbl O0Yy4YaroIIeUoCIe0BaTeIbHOCT U IMapaMeTpPhl
oOyueHHsI, a TaKKe YIPaBIATh MPOIECCOM HIACHTU(UKAIMKM K OIICHWBAaTh KAdyeCTBO ATOTO
npoiiecca.

HaGop ympaBisiomux 3JeMEHTOB IS 3aJaHHs apXUTEKTYpPHBIX TapamMeTpoB HEHPOHHOMN
CETHU CJICTYIOIIHIA:

1. SizeoftheHidenLayer— koiuecTBO HEHPOHOB Ha BXOAHOM HIMCKPBITOM CIIOC;

2. No. DelayedPlantInputs— uucio nuH#i 331€pKKH I BXOAHOTOCIIOS,

3. No. DelayedPlantOutputs— uucio JuHUN 33A€PKKH I BBIXOTHOTO CIIOS;

4. SamlinglInterval- uHTepBam KBaHTOBaHWS WJIM IIAr TUCKPETHOCTH, B CEKYHIAX, MEXIY
JIBYMsI TIOCJIEIOBATEIbHBIMA MOMEHTAMH OTCYETA TaHHBIX;

5. NotmalizeTrainingData— mnepekmodyaTenb HOPMHUPOBAHUS  JUISTIPEOOpPA3OBaAHHS

o0yuJaromux JaHHbIX K auana3ony [0 1].
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HaGop  ympaBnsrommx  9J€MEHTOB Uil 3aJaHHUs  XapaKTEPUCTHK  OOydarorei
MOCJIEI0BATEIbHOCTH TAKOB:

1. TrainingSamples— wuucimo Touek  oTcuéra JUIA  MOJy4YCHHs]  OOydYaromieit
MOCJICIOBATEIBHOCTA B BUJE TMap 3HA4YCHUH BXOJI-BBIXOJA JUISYNPABISEMOro Ipolecca,
ompezensiemoro mozenbio Simulink. B kadectBe o0y4arorieii mocie[0BaTeIbHOCTH TeHEPUPYETCS
CIIy4alHBIN IIPSIMOYTOJIbHBIN CUTHAI,

2. MaximumPlantInput— makcuManbHOE 3HaYCHUE CITY4aitHOTO BXOJJHOTO CHTHAJIA,

3. MinimumPlantInput— MmuHEMaNbHOE 3HAYEHHE CIYYAHHOTO BXOJIHOTO CUTHAJIA;

4. MaximumintervalValue (sec) — MakcuMmalnbHBI HHTEPBad IE€PHOAAa B CEKyHAAx
CIIy4allHOTO CUT'HAJIA;

5. MinimumintervalValue (seC) — MuHUMaJIBHBIA WMHTEpBaJ IEpUOJAa B CEKYHAAX
CJIy4aifHOTO CHTHAJIA;

6. LimitOutputData— nepekiroyaresb s OrpaHUYEHUS 3HAUCHHUIA

BBIXOJIHOTO CHTHAJIA;

7. MaximumPlantOutput— makcumabHOE 3HAUCHHE BBIXOAHOTOCHTHAJIA, 3a/1aBaEMOE MIPH
BKIIOYEHHOM Mepekirogarerne LimitOutputData;

8. MinimumPlantOutput- MuHHManbHOE 3HAYEHHE BBIXOJHOIOCHTHAIIA, 33aBaeMO€ IPH
BKJITFOU€HHOM niepekimodarene LimitOutputData;

9. SimulinkPlantModel— s 3amanus Mojenu yrpasisieMoro mpoiecca, pealn30BaHHON ¢
nomoIieio 0okoB Simulink, uMeronuii TOPTHIBXOa U BbIXOJA U coxpaH&HHOU B (aiiine *.mdl;

BBIOOP MOJIETTH TIPOU3BOJMUTCS C TOMOIIBIO KHOTIKU Browse;

[TapameTpsl 00ydeHuUs 3a1al0TCS CIEAYIOINUM 00pa3oMm:

1. TrainingEpochs— koMM4ecTBO MUKIOB 00YUEHHS;

2. TrainingFunction— 3aganue oby4aromiei GyHKIUH;

3. UseCurrentWeights— nepexiodartens sl UCMONIb30BaHUS TEKYIIUX BECOB HEHPOHHOMN
cerTu;

4. UseValidationData— mepekitodaTens sl HCIOIb30BAaHUS KOHTPOJIBHOTO MHOXKECTBA B
00Béme 25 %0 oT 00yUaroIero MHOXXeCTBa;

5. UseTestingData— nepekirouaTens IS HCIOJIB30BAHUS TECTOBOIO MHOKECTBA B 00BEME

25% oT 00yuaromero MHOXeCTBa.
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PEI'YJSATOP NARMA-L2

HelipoceTeBoil peryssiTop, ONMCAaHHBIA B 3TOM pasleie, HUCIONb3YeT B KayeCTBE
MOJIEJIM YIPABIAEMOr0 NPOLECCa MOJEIb HEIMHEHHON aBTOPETPECCUM CO CKONB3SALIMM CPEIHUM
(NonlinearAutoregressive-MovingAverage - NARMA-L2)

PaccmoTpum mpuMep O0Oy4eHHsT HEHpPOCETEBOro peryisiTopa Ha OCHOBE MOJIEIH
aBTOPETPECCUH co CKOJIB3SIIIIMCPETHUITM: Narmal2(NonlinearAutoregressive -
MovingAverage). B kadectBe 00beKTa yrpaBlIeHHS BbIOEpEM MOJENb JBHraTeIsl MOCTOSHHOTO
TOKa:

1/Rf 1 1
O— ’—>>—> p S —»@—».1
v Tem.s+l s S ’
Transfer Fen Gainl  Integrator Integratorl Gain3
|
e >
. omega
Gain2
Puc. 11.3.

MO,[[CJIB CHUCTCMBI YIIPABJICHUS C HeﬁpOKOHTpOHHepOM BBITTIAAUT CJICAYIOINIUM 06p330MI

NARMA-L2 Controller |1

Scopel

I

Random Referencel

g (I

Scope3

\ 4
[=

omega

DPT

Puc. 11.4.

Z[J'IH I/II[eHTI/I(I)I/IKaLII/II/I yHpaBjsi€MOTro Impounecca H606XO)II/IMO B JMaJIOrOBOHl MaHEIU

Plantldentification BBIOHUTE CleaAyIOIINE ICHCTBHS:

3. ObOPYJIOBAHUE

B nabopaTtopHoii paboTe HCIONB3YIOTCS MEPCOHANbHBIE KOMIIBIOTEPHI (He HIke Pentium
4) ¢ ycTaHOBICHHBIM TTakeToM MozaenupoBanus MatLab (Bepcun ve Huxe 11.5).
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4. 3ATAHUE HA BBIITOJIHEHUE

1. 3agaTh apXUTEKTYpy HEHPOHHOU ceTH, KOoTopas OyAeT MOJIENbI0 YIIpaBIsieMOro mpoiecca
(3a1aHKe KOJIMYECTBA HEMPOHOB U AJIEMEHTOB 33JICPIKEK).
PexoMenpamuu: 1st THHEHHBIX OOBEKTOB 110 3/4 MOPSIIKOB KOJIMYECTBO HEUPOHOB JOIKHO
ObiTh He MeHee 10 u3 coobOpaxeHuil obecrneueHus TpeOyeMOW TOYHOCTH MOJAETUPOBAHUS
MIPOLIECCOB; KOJUYECTBO 3aEPKEK ONMPEALIAETCS MOPSIKOM MOACIUPYEMOT0 00bEKTA.

2. 3aiaTh napaMeTpbl 00yUEHUs.
3. BoiOpath mozens Simulinkais yrpasiasieMoro mpoiecca.

4. CreHepupoBaTh 0OYYAMOIIYIO MOCIECIOBATEILHOCTD 3aJaHHOr000bEMA, 3aIyCTHB MOJICITh
Simulinkc IMOMOIIBIO KHOITK! GenerateTrainingData. I'eneparus o0yuarorei
IIOCJIEI0BATEILHOCTH MPOU3BOIUTCS C TIOMOINBIO BO3AEHCTBUSA Psia CTYIEHYATHIX CHIHAJIOB Ha
MOJIETbYIIPABIIIEMOT0 MPOIIECCa M CHATHS 3HAYEHHI Ha BBIXOJE M BXOJE MOJEINYEPE3 KaxIbIid
mar KBantoBaHus. ['pauKy BXOJHOIO M BBEIXOJHOIO CHrHaia orobpaxarorcs B okne Plantlnput-

OutputData.

Nnmroctpanus pucynkamu 11.5-11.15.
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<} Plant Input-Output Data !EI

Plant Input
1 T T T T

o 100 200 300 400
time (=)
Plant Qutput
20 . . . .

100 200 300 A00
time (5]
I Sinmulation concluded.

Accept Data | Reject Data Please Accept or Reject Data to continue.

Puc.11.5 IIpumep GpopmMupoBaHUS BXOJHOM U BBIXOAHOM MOCIE10BATEILHOCTH I 00yUSHHUS
HeWpoceTn

5. o 3aBepiieHnn reHepanuu 00yJaromieit mocie10BaTeIbHOCTH HE00X0IMMO JTHOO TTPUHSTH
9TH JaHHble, Ha)kaB Ha KHomKy AcceptData, urorna oHu OyayT MCNONB30BaHbl ISl OOyUEHUS
HEUPOHHOI ceT, TMOOOTBEPrHYTh UX, HAXkaB KHONKY RejectData, 1 moBTOpUTh mporecc uaeH

TH(UKAIKY YIPABIEMOT0 TpoIiecca, MPeACTaBIeHHOro Moenso Simulink.

6. [Tocne momy4yeHns: 00y4JaroIIei OCIeI0BATENFHOCTA HEOOXOMMOYCTAHOBUTH TpeOyeMble
napaMeTpel O0y4eHUss W ¢ Tnomomibto KHomku T rainNetworksamyctute mporecc oOyudeHHs

HEHUPOHHOU CETH.
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Meural Hetwork Training [nntraintool]

rations

Puc.11.6

7. Tlocne 3aBepuieHHUsT OOYYEHUSI €r0 Pe3yNbTaThl OTOOpaKaloTCs Harpadukax W3MEHEHUS
OIIMOKK CeTH I O0ydYaromiei, KOHTPOJbHONH HTECTUPYIOUIEH MOCIeI0BaTENbHOCTEH, a TaKKe

BBIXOJHBIX 3HAUYCHUU MOZCIIN U CCTHU IPHU TOAAYC HA BXO/J] YKA3aHHBIX HOCJICI[OB&TCJ'IBHOCTCI‘;I.
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<) Training data for NN NARMA L2 !IEI
|

File  Edit “iew |nzett Toolz Deskiop *window Help
Input Plant Qutput
a
A
=10
-15
=20
a 100 200
w107 Error NN Qutput
1.5 0
1 5
0.5 10
0 -15
0.5 0
-1 - - - -
a 100 200 a 100 200
time (=) time (=)

Puc.11.7 Ananu3 kauecTBa o0y4eHUs

8. Ecnm pe3ynbTaThl 00y4eHHs MPHEMIIEMBI, TO HAJI0 COXPAHHUThH MapaMeTphl HEHPOCETEBOI
MOJIENT YIPABIISIEMOTO MpoIlecca M MPUCTYIHTHK CHHTE3Y PEryisiTopa TOTO WJIM MHOTO KIlacca,
HakaB kHonku Applyn OK.

9. Ecinmu pe3ynbraThl OOy4YeHHs HeNpHEMIIEMbl, TO cleAyeT HaxarbkHonky Cancelu
MOBTOPUTH TIPOLIECC HJCHTH(UKAIMK CHa4alla, W3MEHSAAPXUTEKTYPY CETH U TapameTpbl
o0yyJaromiei mocie0BaTeIbHOCTH.

10. OGyyaroyro MOCIeI0BATENbHOCTh MOKHO UMIIOPTUPOBATh M3paboueil 001acTH WK U3
daitma, HaxkaB Ha kHOomky ImportData. EcnmHeoO0xoammo oOydarolyrd MOCIeI0BATEIbHOCTh
COXpaHMUTh B pabodyeiiobiactu uau B ¢aine ansi noadopa mapaMeTpoB apXUTEKTYpbl HEUPOHHOMN
CETH, TO CIEAYET MOCIIe MONy4YeHUs JaHHBIX HaXkaTh Ha KHoNKyEXportData.

11. YpganmuTh TONBKO YTO CrEeHEpUPOBAHHBIE JaHHbIE NPU HEOOXOIUMOCTH MOXKHO C

noMmo1so kHonku EraseGeneratedData.

Takum o6paszom, aumanorosas manens PlantldentificationmossonsieruaentudunmupoBars
yIpaBJIIeMblii TIPOIECC, MPEACTABICHHBIA B BUjae UMmuTaimonHoi monmenu Simulink, moctpouts
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JIBYXCIIOMHYIO HEHPOHHYIOCETh NPSIMOW Mepeiadyd CUTHAJIa C HEOOXOJUMBIM YHCIOM HEHPOHOB
WIMHUH 33/IepKKH, O0YyUUTh 3Ty CETh JUIA MOJy4YeHUs] HEHPOHHON MOJENUYIIPaBIIsieMOro mpolecca,
OLICHUTH KauyeCTBO 00Y4YEHHUs U pabOTy HEHPOHHOH CeTH.

Jlns perynsitopa Ha OCHOBE aBTOPETPECCHUU CO CKOJB3SILIIMMCPEIHHUM, 3Tall €ro CHHTE3a
OTCYTCTBYET, TaK KaK TaKOW PeryiasTop MpeacTaBisierT co0o0il MOMyYeHHYI0 HEHpPOCETeBYI0 MOJIEh
yIpasisieMoronpolecca ¢ IpeackasaHueM./ st perysisaropoB Ha OCHOBE 3TajJOHHOM MOJAENH ¢

MMpEaACKA3aHUCM, 3TAll CHHTC3a HCO6XOI[I/IM.

Pabora cucremsl ympaBineHuss ¢ OOy4eHHOH HEWPOCEThIO NMPH OTPaOOTKE CTYIMEHYAThIX

curHaios (Puc. 11.8).

15 i i i i i i i i i
1]

Puc. 11.8.

30 :
a0k |

1ok

A0 -

20k

30 1
0
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Puc. 11.9.

W3 ananu3a TMONYYEHHBIX [aHHBIX CJEIyeT, YTO peaklus CHUCTEMbl HAa CTyNEHYaThIe
BO3JICUCTBHUS CO CIIy4allHON aMIUIMTYJOW BIIOJHE YIOBJICTBOPUTENIbHA, HMMEET KoJieOaTeIbHBIN
XapakTep ¢ AOCTATOYHO OBICTPHIM 3aTyXaHHWEM, Ha UHTEpBale S5 C BCE YCTAaHOBKU 3(P(HEKTUBHO
otrpabareiBatoTcs. Takum obOpazom, perymstop NARMA-L2, peanu3oBaHHBIN B BUIe HEHPOHHOM

CCTHU, MOXXHO HCIIOJIB30BATh JJIA YIPABJICHUA UCIIOJTHUTCIBHBIM ABHUI'aTCIICEM ITOCTOSIHHOI'O TOKA.

5.0THET
Otuer JO/DKEH coAepXkaTb KpaTKoe ONMCAaHME HEHPOCETEBBIX PETYJIATOPOB U PELICHUE

3a,I[aHPII>i, MMpCACTAaBJICHHLIX B pa3aciic 4 HaCTOoAIICTO OIMMCaHU.

6. KOHTPOJIBHBIE BOITPOCHI

1. Kakue apXuTeKTypbl HEHPOHHBIX ceTel OBbLIN PACCMOTPEHBI?

2. Urto co0oif mpeIcTaBsieT PEryisiTop ¢ peickazaHuem?

3. Yto coboil mpeacTaBiseT PEryasiTOp Ha OCHOBE MOJENIU aBTOPETPECCHUU CO CKOIB3SAUIIM
cpenHum?

4. Yto coboil mpeAcTaBseT peryasaTop Ha OCHOBE ATAIIOHHOW MOEH?

5. Urto BX0AUT B HaOOp YNpPaBISIOUIMX 3JIEMEHTOB JUISl 3aJjaHKs XapaKTEPUCTUK 00yJaromien
H0CJIEe10BATEIbHOCTU?
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JlaGopaTopHas padora Nel?
®OPMHUPOBAHUE U OFYYEHUE HEMPOHEUYETKOM CETH JIJIS IIEJIEM
YIIPABJIEHUS JUHAMUYECKHUMHU OB BbEKTAMH C TIOMOIIBIO
MHCTPYMEHTAJIBHBIX CPEJICTB MATLAB

1. OEJIb 1 3AHAYU PABOThHI
OcBoeHHE Ha TPaKTHKE OCHOBHBIX IPHEMOB paboTel ¢ penmakropom anfisedit,

IIO3BOJJIAIOIIHUX q)OpMI/IpOBaTB HeﬁpOHequKHe MOACIN JUHAMHWYCCKUX 00BEKTOB U HeﬁpOHe‘IeTKHe

PEryJaTopbl ¢ UCHOJIb30BaHUEM cpebl Matlab.

2. TEOPETUYECKHWE CBEJJEHU A

B cucreme MatLabpeanusoBan ANFIS-pegakTop, KOTOpPBIH IO3BOISET C ITOMOIIBIO
HEHPOHEYETKOTO OIUCAHUS ABTOMATHYECKH CHHTE3UPOBATh M3 HSKCICPUMEHTAJIBHBIX JTaHHBIX
Heuetkne mnpasmwia. Cerb ANFIS ommcbiBaeT cucreMy HEYETKOrO JIOTHYECKOrO BBIBOJA THIIA
Cyreno. Ilapamerpsl ceTu mocie OOydeHHs] HACTPAaUBAIOTCS TaK, 4YTOOBI MHUHUMHU3HPOBATH
OTKJIOHEHHS MKy Pe3yJIbTaTaMU MOJICIIMPOBAHMS U SKCIIEPUMEHTAIHLHBIMU JAHHBIMHU.

3arpy3ka ANFIS-penakTopa ocyiiecTBiasieTcs o KoMaH e

>>anfisedit

I'paduueckoe okHo AnfisEditormokasano na puc.12.1.

B Anfis Editor: Untitled = | B |
File Edit View

—_ ANFIS Infa.

Training Data (ooo)

# of inputs: 4

# of outputs: 1

# of input mfs:
3333

# of train data pairs:
10001

Output

D 1 1 1 1 1 1
i 2000 4000 000 8000 10000 12000 Ceags

data set index

Load data — | [ ‘GenersteFIs — | TrainFl= — [ TestFIs ]
Type: From: Optirn. Method:

Load from file hybrid hd Plot against:

@ Training

file Load from worksp. Error Tolerance: @) Training data
) " 0

Grid partition

Checking @ worksp. Epochs:

@ Sub. clustering 3 Checking data

Testing

i

Testing data

"""" ¥ DadData Clear Data Generate FIS ... Train Now | Test No |

train data loaded |

Help | | Close |

Puc.12.1.
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B nenTpe okHa n3o00pakeHa 06yacTh BU3yanu3anuu. B 3Toi 0651acT BHIBOJUTCS J1Ba THTIA
uHpOpMaLUu:

- pu O0O0Y4YEeHUH CHUCTEMBI — rpauK 3aBHCUMOCTH OUIMOKH OOy4YEHHS OT MOPSIKOBOTO
HOMEpa UTepaluy;

- NpU 3arpy3ke JaHHBIX M TECTUPOBAHUU CUCTEMBI — JKCIEPHUMEHTAIbHBIC JAHHBIC U
pe3yibTaTel MojaenupoBaHus. Ilpum 3ToM mo ocu abcmucc OTKIAIBIBACTCS TMOPAIKOBBIA HOMED
CTPOYKHU JTAaHHBIX B BBIOOpKE (00y4aromei, TeCTUPYIOIIel Ui KOHTPOJIBHOI), a 10 OCH OpJUHAT —
3HaYEHHUE BBIXOJHOW MEPEMEHHOM JUIsi MTaHHOW CTPOYKH BBIOOpKHU. Vcmonb3yroTcs cieayronue
CHUMBOJIBI: TOMyOasi Touka (.) — TecHpylomas BbIOOpKa; rojiydoas OKpYKHOCTh (0) — oOyuaromas
BBIOOpKA; TOyOOH TuIOC (+) — KOHTpOJbHAs BBIOOpPKA; KpacHas 3Be3jodka (*) — pe3ynabTaThl
MOJICITUPOBAHHSL.

[TpaBee obacTu BU3yanu3aiuu Haxoautcst ooacts cBoiictB ANFISinfo.

B obnactu cBOiicTB BBIBOAMTCS HH(OpPMALMS O KOJIUYECTBE BXOAHBIX M BBIXOJHBIX
IIEPEMEHHBIX, O KOJMYECTBE (PYHKLMN IPUHAUIEKHOCTEN I JUIsl KaXKI0M BXOJHOM IIEpEMEHHOM, a
TaKXe O KOJIMYECTBE CTPOUEK B BEIOOPKAX.

B s10ii o6mactu pacnonoxensl aBe kaonkwu: Structuren ClearPlot.

Haxarue kHOmku StruCtureoTkpniBaeT HOBOE TpadUyecKkoe OKHO, B KOTOPOM CHCTEMa
HEYETKOTO JIOTMYECKOTO BBIBOJA TPEJICTABISICTCS B BUAE HeWpo-HedeTkoi cetn. KommdecTBo
BXOJIOB 9TOM CETH 3aBUCHUT OT YHUCIIa CTOJIOIOB oOyuatomiel BeiOopku. KomnaecTBo HelipoHoB — 2-4
CJIOSI COOTBETCTBYET KOJIMUYECTBY MPABUIL.

Ha puc.12.2. nokazan npumep cetu ANFIS, B koTopoii 1Be BXOJHBIE NEpEMEHHbIE (JUIs
OTIMCAHMsI KaKIOW HMCIIOJIb30BaHO MO TPHU TE€PMa) M BOCEMb IMpaBwil. KoiamyecTBO MpaBMIl 3aBHCUT

oT BeIOOpa mapameTpoB B obnactu GenerateFIS.
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<} Anfiz Model Structure —|O] x|

inpLt inptimt rule outputmt output

Logical Operations
and

] ar

nat

Click on each node to see detailed infarmation pdate | Help | Cloze

Puc.12.2.

Haxarue knonku ClearPlot mo3BosisieT ourcTuTh 00J1aCTh BU3yaIn3allky.

B oGmactu 3arpy3ku qannbix LoadDatapacnosioxeHsr:

- Type - wMeHI0O BbIOOpa THNA JaHHBIX: [raning- oOydaromas BbIOOpKa; Testing -
tecTupyromias Beioopka; Checking- kontponbHas BeiOopka; Demo- neMOHCTpalnOHHBIN TpUMep;

- From - wmenHio BeIOOpa mcTOUHHWKa AaHHbBIX: Disk—muck; Worksp. —pabodas oGiactsb
MatL ab;

- LoadData — kHomKa 3arpy3Ku JIaHHBIX;

-ClearData - xHOIKa OYMCTKHU JaHHBIX.

B Teuenne omHoro ceanca paborsl ANFIS - penmakropa cineayer 3arpykaTh JaHHbIE
onHOTO (hopMarTa, T.e. KOJMUECTBO BXOAHBIX IEPEMEHHBIX B BBIOOPKaX JOJDKHO OBITh OJIMHAKOBBIM.

GenerateFIS — MeHIO co3maHMg MCXOMHOW CHCTEMBI HEUETKOTO JIOTMYECKOTO BBLIBOIA,
cojiepallee albTepHATUBBL:

- Loadfromdisk — 3arpy3ka cyrmiecTByIoIIeii CHCTEMBI C AHCKa;

- Loadfromworksp. — 3arpy3ka cucremsl u3 padoueit oomactu MatLab;

-— TEHEpUPOBAaHHWE ONHCAaHUS BXOJHBIX TIEPEMEHHBIX 110 METOAy pemeTku (0e3
KJIaCTEPU3ALIUN);

- Sub. Clustering — reaepupoBaHue 10 METOAY CyOKIacTepU3aIHy.
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B obmactu tarxke pacrmonoxeHa kHornka Generate, o HakaTHIO KOTPOIl TeHepHpyercs
UCXOJIHAsl CUCTEMa HEYETKOTO JIOTHYECKOTO BBIBO/IA.

ITpu BBIOOpe Gridpartition mosBiseTCS OKHO BBOJA MApaMETPOB METOJA PEUICTKH
(puc.12.3), B KOTOPOM HYKHO yKa3aTh KOJHWYECTBO TEPMOB JUIS KaXKJ0i BXOIHOW IEPEMEHHOMN H
THI (YHKIUH OPUHAIICKHOCTH JUIS BXOJHBIX U BBIXOJHOU ITEPEMEHHBIX.

Takum oOpazom, mpu BBIOOPE METO/AA PEUICTKH BBIMOJIHICTCS HEYETKOE pa3OucHHe
0a30BBIX IIKaT BXOIHBIX IEpPEMEHHBIX. HacTpoiika mapameTpoB TEpMOB He TpeOyeTcs, a
KOJMYECTBO MPABHJ PAaBHO IPOHM3BEACHHIO MOIIHOCTE  TEPM-MHOXECTB JIMHIBHCTHYCCKHX

IIEPEMECHHBIX, OMUCHIBAIOIINX MMOCHUIKH (CM. puc.12.3).

o - ==

—IMPUT
Mumber of MFs: MF Type:
trimf -
cccc
s trapmf

?bellmf
To aszsign a different e

number of MFs to each gﬂ' f mf

input, use spaces ta g;m f

separate these numbers. !gm
psigmf

—QOUTRUT

Puc.12.3.

ITpu BeIGOpe Sub.clustering mosiBisieTcss OKHO BBOJA CICAYIOIIMX ITapaMEeTPOB MeETola

cyoknacrepusaiuu (puc.12.4).
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- Parame... | = ﬁi

Range of influence:

Sguash factor:
1.25

Accept ratio:

| =

o

Reject ratio:

A5

| 0K || Cancel | |

Puc.12.4.

Hapwuc.12.40603Ha4eHBbI:

Rangeofinfluence— ypoBHU BIUSIHUS BXOIHBIX TIEPEMEHHBIX;

Squashfactor- kosdduiuentnonasieHus;

Acceptratio — xo3dduimeHT, ycTaHaBIMBAIOIIMI BO CKOJILKO pPa3 IMOTCHI[HA JaHHOM
TOYKH JIOJDKEH OBITh BBIIIEC TMOTEHIMANA IIEHTPa MEPBOrO KiIacTepa UIS TOrO, YTOOBI LEHTPOM
OJTHOTO M3 KJIacTepoB Oblila HA3HAYCHA paccMaTprBaeMasl TOUKa,

Rejectratio — ko3¢ GuueHT, ycTaHABIMBAIONIHIA BO CKOJIBKO pa3 MOTEHIIUAT JaHHOH TOYKU
JIOJDKEH OBITh HIDKE TIOTEHIIMAJa IIEHTpa MEPBOTO KiacTepa, YToObl paccMaTpuBaeMasi Touka Oblia
UCKIJTFOUEHA U3 BO3MOKHBIX IIEHTPOB KIIACTEPOB.

O6nacte 0o0yuenust (TrainFIS) comepxutT MeHIO BbIOOpa MeETOAa ONTHMH3ALUH
(Optim.method), noste 3amanus Tpebyemoii TourHoctu obyuenus (Errortolerance), mone 3amanus
KonMuecTBa urepanuii o0ydenus (Epochs) m kuomka TrainNOw, HaxkaTHe KOTOpPOW 3amyckaer
pexxum oOyueHus. [IpoMexyTouHbIe Pe3yabTaThl O0YUYECHHUS BHIBOJISATCS B 00JIACTh BH3yalIH3alUU U
B pabouyro obnacts MatLab. B ANFIS - penakrope peann3oBaHsl Ba METO1a 00yICHHS:

-Backpropa - wmeron obpaTHOro pacmpocTpaHeHHs OIIMOKH, OCHOBAaHHBIA Ha HAEAX
METO/1a HAaNCKOPEWIIIETO CIyCKa;

- Hybrid - rubpuanblii MeTon, OOBEIUHSIONIMI METOJ OOPATHOTO PacCIpOCTPAHCHHS
OLIMOKHU ¢ METOJIOM HaUMEHBIIINX KBaJpaToB.

B obnactu TectupoBanus (TestFIS) pacmnonoxkensl MeHIO BbIOOpa BBIOOPKM M KHOIIKA
TestNow, mpu HaxxaTUu KOTOPOH MPOMCXOIUT TECTUPOBAHHE HEYETKOH CHUCTEMBI C BBIBOJOM

pPe3yJbTaTOB B 00JIaCTh BU3YAJIU3AIIUH.

3. ObOPY/IOBAHUME
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B naGopaTtopHoii paboTe UCMONB3YIOTCS MEPCOHANIBHBIC KOMIBIOTEPHI (He HIbke Pentium
4) ¢ ycTaHOBICHHBIM MMakeToM MojenupoBanus MatlLab (Bepcuu e Hike 6.5).

4.3AJAHME HA BBIIIOJIHEHUE

PaccmoTpeTs pelieHue 3agadd MOCTPOSHHST HEWPOHEUETKOW MOJAETH JWHAMHYECKOTO
00BeKTa, 33JaHHOTO CBOEH mepeaarouHoi ¢pyHkiuend. Tun u mapameTpsl nepeaaTouHon (GyHKIUN
3ajaeT npemnojasaresb. HelfponeueTkas MOJEIb B MOCIEAYIOMEM MOXET OBbITh UCIOJIB30BaHa JUIS
peanu3any  HEMPOHEUETKOTO  YNpaBJCHMS, HAOpuMep, Uil ITIOCTPOCHHS  HHBEPCHOTO
HEWPOHEUYETKOTO PEryyIsATOopa.

5.ITOPAAOK BBIITOJIHEHMA PABOTHI:
1. 3anyctuts Matlab.

2. Jns nepenaTovHo# (YHKIMH, 33JaHHON mperojaaBareieM, chopmupoBarh SimuLink-
MO/IeJIb, KOTOpas B MOCIIEAYIOLIEM OY/IET UCTIOIb30BAThCS AJIsl 00yUCHHsI HEHPOHEUETKON CETH.

B kadecTBe mpumepa pacCMOTPHM ITUHAMUYECKHI OOBEKT, MEepeJaTodHasl XapaKTEPHUCTUKA
KOTOpOro uMeeT BuJ (puc.12.6):

1

0.152+0.25+1
Transfer Fcnd

Puc.12.6.

3. CoopmupoBare SimuLink- Mozxenp s pacdera IMHAMHYECKUX XapaKTEPHCTHK 00BEKTa
(puc.12.7)

OO0bexrT:
> 1
Scoped
I
Ll
T
Ll
®
TRy
M F_E_ 3 ! #J_LI_ - 1_ - 1_ - 1 To Wore=p ace
m oo 0.152+0.25+1 z z z
Random o ransition Transter Fen Zero-Order  Upit Delay  Unit Delay Unit Delayz
Humberl Hald
Puc.12.7.

Ilogaua Ha 00BEKT CHy‘I&ﬁHOFO CUTHalla MW CHATHUC TCCTOBBLIX XapPaKTCPUCTUK JJIA

HOCJIeAYIoIIero 00y4YeHus Heiipoamynsaropa (puc.12.8).
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<) Scopeh

IR CEIEEE

90

Puc.12.8.
3arpy3ka MOJy4YeHHBIX JaHHBIX B pemaakrop ANfis (BembiBacTcs komanmon anfisedits

KoMaH iHOM cTpoke Matlab) (puc.12.9):

<) Anfiz Editor: prl =] 5
File Edit “iew

. ANFIS Info.
Training Data {ooo) — e

# of inputs: 4

# of outputs: 1

# of input mfs:
5555

# of train data pairs:
10001

Qutput

Structure |
K 1 1 1 1 1 I
0 2000 4000 000 8000 10000 12000 oy |

data set index

Load data — | [ GenerateFIS — | [ TrainFIS ][ TestFIs ]
Type: Eran Optim. Method:
' Load from file Ihvbrid 'l Plot against:
' Training
e ' Load from worksp. Error Tolerance: & Training data
" Testing
0 =
' Grid partition I 3 ' Testing data
" Checking & worksp. Epaochs:
& Sub. clustering I:IDD ' Checking data
 Demo
{Load Dta,.. | Clear Data Generate FIS ... | Train Mow | Test Now |
train data loaded Help | Close |

Puc.12.9.
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['eneparus HeueTkoro perynsropa (GenerateFIS) (puc.12.10):

<) Anfis Model Structure —|O] x|

imput inputrmt rule outputimt oLt

Logical Operations
and
(] ar
nct
Click on each node to see detailed information Update | Help | Close
Puc.12.10.

OOyuenue koutposuiepa (Trainnow), tecrupoBanue (TestFIS) u skcmopt o00ydeHHOTrO

kontpoiutepa B WorkSpace (puc.12.11).

: <) Anfiz Editor: prl

File Edit ‘“iew
MHew FlS... ]
Irpart 3 Training data : o FIS output : ~*
To'wWarkspace... Chi+T
Print Crl+F TaoFile.. Chrl+5
Cloze Chrl+
1
]
At
2t
-3 1 1 | 1 ! ]
] 2000 4000 GO00 000 10000 12000
Inrdew
Puc.12.11.
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[TpoBepka paboThl 00yueHHOTOHEHPOKOHTpOoILIepa (puc.12.12- 12.13).

Lopy
]
Sigen=n
[ [mD
Random i T ransitiond 1 1 1
Humber2 ."J_LI__." - - — - -
z z z
- Zero-Order Unpjt Dela Unit Dela Unit Dela
Fuzzy Logic Haldd v v v
Controller
I [
Scope
1
015240 25+ 1
Transfer Fon2 |:|
Soopez
Puc.12.12.

<) Scope?

SE LA L HBE G-

Puc.12.13.
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Ommbka (puc.12.14).

<) Scopel

ap opp AEE B -

Puc.12.14.
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WusepcHoe ympasinenue (puc.12.15).

Random
Number1

Stepl

Puc.12.17.
142

> [
» Scopeb
L
L
X
[Copy | J
“ Lg = Lg ! L _I_L\_ L 1 > 1 P 1 To Workspace
III]I E 0.152+0.25+1 z z z
Rate Transition Transfer Fcn1 Zer}o_'-Clerder Unit Delay Unit Delay1 Unit Delay2
0
1
[ [ -
Ll _I_L\_ Ll Z
Zero-Order  Unit Delay3
Hold2
Puc.12.15.
Anﬁs Model Structure | -
input inputmf rule outputmf output
| Logical Operationg
._' and
(] or
not
Click on each node to see detailed information H | Update | | Help | | Close |
Puc.12.16.
— ] (.
-
> +|Il_ll Scopel Scope?
(1]
Rate Transition1 y ] y
S s P e L
> _Zm_ 0.152+0 25+1 z z
— Saturation? Transfer Fcn2 Zero-Order | Unit Delay4 |  Unit Delay5
Fuzzy Logic Hold1
- Controller




Anfis Editor: 555

[E=Rroh x|
File Edit Wiew
Training data - o FIS output - * — ANFIS Info.  —
15
# of inputs: 4
# of outputs: 1
1 # of input mfs:
= 2222
j=N
5
o
0.5
Structure
U L 1 L L L ]
0 2000 4000 6000 8000 10000 1200 _ CearPet |
Index
Load data [ Generate FIS [ Train FIS ] Test FIS ]
Type: From: Optim. Method:
Load from file i inst:
@) Training hybrid - Plot against:
) file Load from worksp. Error Tolerance: @ Training data
Testing 0
: Grid partition Testing data
Checking @ worksp. Epochs:
@ Sub. clustering 100 Checking data
Demo
Load Data... Clear Data Generate FIS .. | Train Nows | st Mo
Renamed FIS to "555" || | Hep | [ Close |

Puc.12.18.

Puc.12.19.
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WHBepcHOE yrpaBicHHE JMHAMUYECKUM 00bekToM (prc.12.20):

> 1
I:l » Scopeb
P
Scopel I
B 01 1 1 1 J > _
J“ »_0 g - 1 _I_L\_ - » - - To Workspace
m E 0.03s+1 s z z z
Random o Transfer Fcn Integrator  Zero-Order Unit Delay  Unit Delay1  Unit Delay2
Numberi Rate Transition Hold y v y
1
[ . .
Ll _I_L\_ Ll Z

Zero-Order  Unit Delay3
Hold2

Puc.12.20.

NoUp I:I ¥ I:I

| O
» Scope Scope2
IIII E p P

Step2 Rate Transition1 01 1 1 1
_._ _ _“_._ — e e — = - |
/XX\ % 0.03s+1 s -I_L\- z z
= Saturation]  Transfer Fen2Integrator!  Zero-Order | Unit Delay4 | Unit Delays
Fuzzy Logic Hald1
Controller
Puc.12.21.

Puc.12.22.
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6.0TUET
Otuer nomxen copepxath kpatkoe omucanue ANFIS-penakropa u pemenue 3amaHuid,
IPECTAaBICHHBIX B pasjeie 4 HaCTOSIIEro ONUCaHus.
7.KOHTPOJIBHBIE BOITPOCHI
UYro coboii mpencraiser cetb ANFIS?
Kak ¢ynxnuonupyer nepssiii cnoit ANFIS?
Kakune meroasl 00yduenus ucronb3zyetr ANFIS?
K xakomy kiaccy HeipoHHbIX cereld oTHocuTcst ANFIS?
Kak ¢yaxnuonupyer Bropoi cimoit ANFIS?
Onwumure Mmexanu3Mm QyHKunoHnpoBaHus Tperbero cinos ANFIS.

Onumure MexaHnu3M QyHKIIMOHUPOBaHUs yeTBepToro u nsroro cioeB ANFIS.

© N o g kB w0 NP

Onuiure Ha3HAUYEHUE CI0€B UCKYCCTBeHHOM HelipoHHOI cetn ANFIS.
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JlabopaTopnasi padora Nel3

CO3/IAHUE U OBYYEHHME HEIPOHEUETKOI'O PET'YJISITOPA,
PEAJIM3YIOIIETO CTAHJAPTHBIE AJITOPUTMBI
(IT-, M-, TIJ1-, IA- PETYJISSTOPBI)

1. HEJIb U 3AJJAYN PABOTDI

3HaKOMCTBO C pEUICHHEM TMPaKTHYECKOW 3aJaud CO3JaHus M OOydeHUs HeHpoceTu
3aJ]aHHOW CTPYKTYPHI ¢ momolnsio nHcTpymenta Network/DataManager.

2. ObOPYJIOBAHUE

B naboparopHoii paboTe MCHONB3YIOTCS MEPCOHANIbHBIC KOMITBIOTEPHI (He Hibke Pentium
4) ¢ yCcTaHOBIICHHBIM ITakeToM MozaenupoBanus MatLab (Bepcuu He HuXe 6.5).

3. 3AJAHUE HA BBIITIOJIHEHUE

Tpebyercss chopmupoBaTh HEWPOCETH,UMEIONIYIO ABa CJOS (IIPH UCIOJIB30BAHUU STOTO
WHCTPYMEHTa UMEETCsl OrpaHUYeHUEe Ha Ooibliee 4yucio cioeB), 10 HEHpPOHOB B MEPBOM CJIOE C
TaHTeHIMATbHBIMU (YHKIUSAMU akTUBanuu (mepenatounbiMu (yHkuusmu). HelipoceTs momkHa
pean30BbIBaTh HEMUHEHHYIO (DYHKIIUIO:

4.11IOPANOK BBIITOJIHEHUA PABOTHI.

1. o 3amanHBIM TapameTpam HeoOxoauMo cdopmupoBats SimuLink - momens cuioBoit
cuctembl DCIT u opopmuTh ee cyomomaenpio (puc.13.1).

1 1
;™ s -
Fi_d

Integratori| Integrator

I |.- -
-\..E|-..| Ll

Omeg_d

Pucl3.1.
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,@

reduktor

Dvg

Puc.13.2.
[TapaMeTpbl CHIIOBOM CHCTEMBI JOJDKHBI ONIPEASNIAThCS M- GyHKIueH (puc.13.3)
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1 % OporpaMmMa pacdeTa OMHAMMYeCKMX XapaKTepMcTHME OpMEoma o SMY
2

&= Ce = 0.056; % xozddyimeHT ODpoTHECIOC OBMIDaTeNnd
4 - Cm = 0.056;

== Rja = 0.14;

& — Mn = 1;

T — Jd = 0.0001;

g

9= Emost = 1;

10 - gq = 1;

11 - Tmost = 0.0002;

12 - kred = 459;

13

14 - Ed = 1/Ce:;

15 — Em = Rja/ (Ce*Cm) :

16 - Td = Jd*Rja/ (Ce*Cm)

17 - ghx = 2;

1z - Ke = 1000%20;

13 - Ti = 1:

20 — Td= 180%0;

21 — TOD = 0.001;

22

23 — gl = He+Td/TO;

24 — gl = - (Ee +Td/T0 - TO/Ti):
25 — g2z = Td/TO:

26

27

28 — privod 1:

Puc.13.3.

Coopmuposats SimulLink - mogens DCII ¢ TN - perynstopom. (ITpu BeioTHEHUH 3aaHUS
peanusyercsi peryssTop, 3aaaHHbii npenogasareneM). Cxema SimuLink - momens DCIT ¢ TTA]] -

pErynaTopoM mpejcTaBieHa Ha puc.13.4.
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N |

» Scope2
Scoped .

Constant2

Sine Wave

reduktor

Kmuost _’@ plue omega N[
Tmost 5+1

usilitel Saturation Scope3
Dvg

Zero-Order
Hold

gbx

Constant! Manual Switch

s
0.001s+1
GainZ Transfer Fen

o

Scopel

Puc.13.4.

C uenpto 00y4eHHUS HEMPOHEUETKOTO PEryJATOpa, NMPUBEICHHAS BBHIIIE CXeMa JIOMOJIHICTCS
JaTYMKaMu WH(OpMAIMM O BEIWYMHE OMIMOKH, OMpEAeNsieMOd B pPeaJbHOM BPEMEHH U CO
cmemenueM. [lpu ynpaBneHun AMHaAMUYECKUM OOBEKTOM PEKOMEHAYETCS KOJIMYECTBO AJIEMEHTOB
3aJIep>KKH yCTaHABIMBATh PaBHBIM MOPSAKY OoOBbeKTa ympasieHus. MuHdopmamus o peanuzanuu

npoliecca ynpaBieHus 3alUchIBaeTcs B padbouee mpocrpancTeo MatLab (puc.13.5).

¥

-] !
» Scope2
SCGPE4

Constant2

Sine Wave

¥

reduktor

Kmaost . m a > [
Tmeost.s+1

usilitel i Scope3

—]

Manual Switch Zero-Order
Held

5
0.001s+1

Gain2 Transfer Fon

Scopel
Copy

s

Random

Number Rate Transiticn [ -

z 1

Unit Delays » z 1
Unit Delay1 =

Unit Delay2

Scopeb

|
¥ YYY¥YY
|if

Tn Wnrksnars

Puc.13.5.

[Tpouenypa oOy4eHUs BBIIOIHSAETCS aHAJIOTHYHO MPOLIeypaM, OMMCAHHBIM B J1a00paToOpHOI
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pabote Ne7.
Cxema w™openupoBanusg OCII ¢ HelipoHedeTKMM perynsaropoM wumutupyoomumm [IA]]-

QITOPUTM YIIpaBJICHHUS, TIPEICTaBIcHa Ha prc.13.6.

I =

Scoped

Mn

Sine Wave : 1 1 Constant?
z z z

Unit Delays | Unit Delay8| Unit Delay10

- . _’@ | ik reduktor
Constant Manusl Switch Zero-Order N
h Hold
: R E N[
g -

Scope?

¥
3
a
o

Fuzzy Logic Dw
'l
— Controller

Scapel

Puc.13.6.

Heo0xo11uMo 0TMETHTb, UTO AJ1s1 OTPAOOTKU TUIIOBBIX BXO/AHBIX BO3JEHCTBUI HEUPOHEUETKUI
peryiasaTop JOJDKEH HacTpauBaThCs HAa CBOM TuN curHaiga. B mpoTuBHOM ciiyyae HEOOXOJUMO
(GopMHpOBATH CHIELUATbHBIE TECTOBbIE CUTHAIBI.

Jis oTpabOTKM CHUHYCOMAAIBHOIO BXOJHOTO BO3JEHCTBUS HACTpOIlKa HEHPOHEUETKOTro
peryisTopa NpoBOAWIACH HA OCHOBE TAPMOHUYECKOIO CUTHAIA.

[ToBepxHOCTH ympaBiieHus, CGOPMUPOBAHHASA B pe3yIbTaTe OOYUYCHHS] HEUPOHEUETKON CETH

JUIS 3TOTO Ciydvast peJcTaBleHa Ha puc.13.7.

- = 20 in2

i1

Puc.13.7.
PesynbTathl OTpabOTKM TapMOHHYECKOTO BXOJHOIO CHTHala M OIMHOKa OTpPabOTKH ¢
NPUMEHCHHEM aHaJOrOBOTO W HEHPOHEUETKOrO peryisaropa MpeiacTaBieHbl Ha puc.13.8a,0,B

(COOTBETCTBEHHO).
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Puc.13.8.a

Puc.13.8.0.

153



Puc.13.8.8

Jlist oTpaboOTKH CTYNEHYATHIX BXOJHBIX BO3JICHCTBUN HEUPOHECUCTKUH PErynsTop oOydancs
Ha MpUMepe OTKJIMKa Ha cay4yailHbll BXxoHOM curHai. ChopMupoBaHHasi TIOBEPXHOCTh YIPaBICHUS

JUTSL TOTO CcIy4asi IMeeT BH/I, IPeCTaBlIeHHbIH Ha puc.13.9.

out1

i1 in2

Puc.13.9.

PCSyﬂBTaTBI pacuc€Ta MNEpeXOJHBIX IPOLCCCOB B OCII ¢ HeﬁPOHe‘leTKI/IM PEryjaaTopomMm

npezcrasieHsl Ha puc.13.10.a u 6.
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Puc.13.10.a.

Puc.13.10.6.

5.0TUET

OTt4eTr HOKEH CONEpKaTh PEIICHUE 3aJaHUM, IPEACTABICHHBIX B Pa3ieie 3 HACTOSALIETO
ONMCAHU.
6. KOHTPOJIbHBIE BOIIPOCBI

1. Ha xkakoM mnpumMepe HEHUPOHEUECTKUH pErynsaTop oOydaeTcss uisi OTpadOTKH
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rapMOHUYECKOTO curHasna’?
2. Ha xakom mnpumepe HEHpOHEUYETKHI peryisaTop oOy4yaercs i OTpabOTKU
CTYIIEHYaTOI'0 BXOJHOIO curHaia’?
3. Kakoe BnusiHME Ha MEPEXOJHBIA MPOLECC OKA3bIBAIOT Pa3IUyHble KO UIIMEHTHI
[T1]] perymnsitopa?
4.  Yro Takoe HEUETKUH CyrnepBu3op?
5. UYto Takoe CKOJB3SUINI PeKUM HEUETKOTO perysstopa?

6. B uyem 3akmovaercs mpoGiieMa UCIIOIB30BaHUs OOBIUHBIX peryiasTopo [I-tuma?
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CIIMCOK JIMTEPATVYPLI:

. MeTo/ibl KJIacCHYECKON U COBPEMEHHOM TEOPUU aBTOMATUYECKOTO yIPABICHUS
: yuyeOHuUK s By30oB : B 5 T.. T. 5. MeToabl COBpEMEHHOM TEOpUH
aBromatudeckoro ympasienus / K. A. IlynmkoB [m ap.] ; mom pen. K. A.
[Tynkosa, H. Jl. Erymosa. 2-e u3z., nepepad. u gomn. M. : MI'TY um.baymana,
2004. 784 c. : un. (Merompl TEOpUH aABTOMATUYECKOTO YMPABICHUS/TION
oour.pen.K.A.Ilynkosa) . ISBN 5-7038-2190-8 (T. 5) ((8 mep.)) . ISBN 5-
7038-2194-0. [12 sxzemnaapos Tyal'V]

. I'ackapos, JI.B. WuTennekryanbHble MHGOPMAIIMOHHBIE CUCTEMBI : YYEOHUK
qutst By3oB / JI.B.I'ackapoB. M. : Beicur.uik., 2003. 431c. ISBN 5-06-004611-7
/B miep./ : 111.00. [10 sxzemnisipos Tyl V]

. SAcuuuxuii, JI.LH. BBeeHrne B MCKYCCTBEHHBIN MHTEIUICKT : y4e0. mocodue st
By30B / JLH. Scuuukuit. M. : Axamemus, 2005. 176c. : un. (Beicuee
npodeccuonanbHoe odpazoBanue: MHpopMaTrKa 1 BBIYUCIUTEIbHASI TEXHUKA)
. ISBN 5-7695-1958-4 : 139.00. [5 sxzemnuapos Tyrl'V]

. YckoB, A.A. VHTEeIEKTyalbHbIE TEXHOJIOTUU yTpaBieHUs. VckyccTBEHHBbIE
HeHpoHHbIE ceTh U HedeTkas joruka / A.A.YckoB, A.B.Ky3pmun. M. :
[opstuast muausi-Tenexom, 2004. 143c¢. : wn. ISBN 5-93517-181-3 : 123.00. [3
akzemnaspa Tynl'V]

. Cmomnun, /1.B. BBegenue B MCKYyCCTBEHHBIM MHTEIUIEKT: KOHCHEKT JIEKIUM /
J.B.Cmonun. M. : ®DUSMATIINT, 2004. 208c. : nia. ISBN 5-9221-0513-2 /B
nep./ : 236.00. [3 axzemnaapa Tyal V]

. IMaBnoB, C. H. Cucrtembl uckyccTBeHHOro mHreuiekta. Yactp 1 : ydyeOHOE
nocobue / C. H. ITaBnoB. CucreMbl MCKYCCTBEHHOTO HHTeiUiekTa. Yacth 1,
Beck cpok oxpansl aBTOpCKOro mpasa. Tomck : TOMCKUI rocyaapCTBEHHBIN
YHUBEPCUTET CUCTEM YIIPABICHUS U PATUOIIEKTPOHUKH, Diib KonTenT, 2011.
176 c. ISBN 978-5-4332-0013-5. [DFC “IPRbooks”].

. [ManemoB, C. B. HHremnexkTyalbHble CHUCTEMbl M TEXHOJOTHMU : y4eOHOe
noco6ue / C. B. ITanpmoB. UHTeMIeKTyallbHbIE CUCTEMBI U TEXHOJIOTHH, Bech
CpPOK OxpaHbl aBTOpckoro mpasa. Camapa : IIoBOJKCKHN TOCynapCTBEHHBIN
YHUBEPCUTET TeIEKOMMYHUKaIui u uadopmaruku, 2017. 195 c. ISBN 2227-
8397. [DBC “IPRbooks”].

. Hazapos, [Imurpuit MuxainoBud. HMHTeIEKTyalbHbIE CUCTEMBI: OCHOBBI
TEOPUU HEYETKUX MHOXKECTB : YueOHoe mocobue nist By3oB / Hazapos JI. M.,
Konprmesa JI. K. 3-e uzn., ucnp. u gon. Mocksa: IOpaiit, 2020. 186 c.
(Beiciiee oOpasoBanme) . ISBN 978-5-534-07496-3 : 519.00. [2HC
“FOpaum’”]
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10.

11.

12.

13.

14.

15.

BacunseB, B.M.Ydumckuii aBuanmoH. TexH. UH-T. HHTemnexTyaabHbIC
CUCTEMBI YIIPaBJIEHUS C HUCIOIb30BAHUEM HEUETKOW JIOTHKH : yueO.nmocobue /
B.N.Bacunbes, b.I'.nbsicoB; Ydpumckuii aBuai. TexH.yH-T. ¥Yda, 1995. 100c. :
ui. : 6.00. [ sxzemnusap Tynl'V]

CucremMbl UCKYCCTBEHHOTO MHTEJUIeKTa. [IpakTuueckuit kypc : yueb. mocobue
st By30B / B. A. UymiokoB [ ap.]. M. : BUHOM. JlaGoparopwusi 3HaHUM:
OU3SMATIIUT, 2008. 293 ¢ : wi. (ADanTUBHBIE M WHTEJUIEKTyaJIbHbIE
cuctembl) . ISBN 978-5-94774-731-7 ((B tiep.)) . [1 sxzemnusp Tynl V]
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