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1. Beeoenue

TexHuueckass TUarHOCTHKA JIEKTPOOOOPYI0OBaHUSA, KaK U JI000M Ipyroii
TEXHUYECKOM CUCTEMBbI, OCHOBaHA Ha CIEAYIOUIMX OCHOBHBIX MOJOXKEHUsX [1]:

a) MocCJIeI0BaTeNIbHbIC U CUCTEMATUYECKUE U3MEPEHUS [TapAMETPOB;

0) BBISIBJICHUE U3MEHEHHI TapaMeTPOB U CPABHEHHUE UX C UCXOJHBIMHU.

JluarnoctupoBaHue 3IEKTPOOOOPYIOBaHUS BO3MOKHO Ha OCHOBaHUU
alPUOPHBIX CBEJICHUMN, MOTYYEHHBIX MPHU MPOBEACHUM €T0 HUCIBITAaHUH (peKUM
off-line) nnu Ha ocHoBaHuM HH(pOpMAIUU 00 U3MEHEHUHU NapaMeTpoB B MpPO-
1ecce dKcmryaTanuu (pexxum on-line). CymiecTBYIOT ClIEAYIOIIUE METOIbI uar-
HOCTHUKHU HApYIICHUHN B MPOIIECCE IKCIUTyaTauu [2]:

1. CratucTUYeCKUii — OCHOBAaH HA U3BECTHBIX BEPOSTHOCTHBIX COOTHO-
HICHUSX MEXIYy HEHCIPABHOCTHIO (€€ CUMIITOMAaMU) U HAOJII0JaeMbIMU U3MEHE-
HUSIMUA TIApaMETPOB, UCIOJIb3YsS OICHKUA (PYHKIIUN MPaBIOMOI00US METOJaMHU
0aifeCOBCKOTO aHAIH3a.

2. JleTepMUHUCTUYECKHII — OCHOBaH Ha AaHAJIM3€ CXEMbl TEXHOJIOTHYe-
CKOTO Tporiecca (IMarHoCTUPYEMOTO 0OBEKTa) U BBISBIICHUN TE€X TOYEK, B KOTO-
PBIX HEOOXOIUMO TTPOBEPUTH HAJTUYHE CUMITTOMOB HaPYIICHUN.

3. Pacno3HaBanue mocienoBaTeIbHOCTH CUMIITOMOB — METOJ, OCHOBAH-
HbIIl Ha CpPaBHEHUHU pPEAJbHOM MOCIETOBATEIbHOCTU CHMITOMOB (IPHU3HAKOB)
HapylIeHus: paboThl C TATOHHBIMU, XPAHUMBIMH B 0a3€ 3HAHUM.

4. Co3gaHue MOJHBIX MAaTEMAaTUYECKUX MOJENEN TUarHOCTUPYEMBIX 00b-
€KTOB (MPOLIECCOB) — HAOJI0/Ia€MOE COCTOSIHUE OTHOCAT K HamOoJiee OJIU3KOU
MaTEeMaTUYECKON MOJIETH.
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Bce MHOXECTBO pexUMOB pabOThI AIEKTPOOOOPYIOBAHUS MOMKET OBITh
NPECTaBICHO KaK OObEeIUHEHHE MOAMHOMXKECTB YCTAaHOBHUBIIMXCS W TEPEXO/I-
HBIX PEKUMOB. B yCTaHOBHUBIIUXCS pexUMax padOThl MOTYT OBITh OIPE/ICIICHBI
CTaTHUYECKUE XapaKTEPUCTUKHU dJIEKTPooOOpyAoBaHus. B nepexoHbIX pexxumax
MOTYT OBITH OIpENEIEHbl INHAMUYECKUE XapaKTEPUCTUKU O00OpYIOBaHUS, KO-
3pPUIUEHTHI TIepeadyn U MOCTOSHHbBIE BPEMEHH, UX 3aBUCUMOCTU OT YaCTOTBHI.
AHanu3 nepexoJHbIX PEKUMOB pabOThl MO3BOJSET HanOoJiee TOUYHO OLIEHUTh
TEXHUYECKOE COCTOSIHME 3JIEKTPOOOOPYAOBaHUS U CIPOrHO3UPOBATH €ro U3Me-
HeHue B Oyayuiem. M3MeHeHus napaMeTpoB 3JIEKTPOoOOOPYI0BaHMSI B IEPEXO/I-
HBIX peXuMax paboThl XapaKTEPU3YIOTCS HEONPEAENEHHOCThIO U HEJIMHEHHO-
ctbio. HeonpeneneHHoCTh ompenesieHusl mapaMeTpoB B MEPEXOIHBIX PEeKUMaX
paboThI 3TIEKTPOOOOPYAOBAHUS BbI3BaHA CIEAYIOMMME (haKTOpPaMHU:
® HH3Kasi TOUHOCTh U3MEPEHUS MTATHBIMU MPUOOPAMH KOHTPOJISL B IEPEXOTHBIX
pexxumax padoThI;

® OTKa3bl KaHAJIOB M3MEPEHUS UM JAaTUYMKOB MPU BBIXOJE MapaMeTpa 3a J0Iyc-
TUMBIN JUANa30H U3MEPEHUS B IEPEXOJHOM PEKUME PabOTHI;

e 3ama3/(bIBaHKe MPH nepeaade NHPOPMAIUU B KaHAIaX H3MEPECHHUI.

2. Ilocmanoeka 3a0auu

Cy1ecTBYIOUIMM METO/AaM AUArHOCTUKH O0O0OPYIOBAHHS B MPOLIECCE DKC-
IUTyaTaldyd OPUCYLIM cleayrone Heaoctartku. C MOMOIIbIO CTaTUCTHYECKOTO
METO0/1a HEBO3MOXXHO OLEHUTh TEXHUYECKOE COCTOSIHUE 00OpYAOBaHMS B Iepe-
XOJIHBIX pexumax [2]. B ycinoBusx HEOAHOPOIHOM MH(MOpPMAIUHU, XapaKTepu-
3yIOLIEH NEePEeXOIHbIM peKuM paboThl, JaHHBIA METOJ IPOCTO HE padoraeT. Je-
TEPMUHUCTUYECKUI METO/ HE MO3BOJSET KOHTPOJIUPOBATh BECh OOBEKT, ajall-
TUPOBaTh U 00y4yaTb CUCTEMY KOHTpPOJS IPU U3MEHEHUM BHEIIHUX YCIOBUN U
PeXUMOB pabOTHl 000pynOBaHUS. MeTo/ paclo3HaBaHUs MOCIEI0BATEILHOCTH
CUMIITOMOB T03BOJISIET JIETKO pacIIUpsTh 0a3y MocieA0BaTeIbHOCTEH MpU3Ha-
KOB, OJIHAKO JUISl €ro pealu3alud HeOOXOAMMO XPAaHUTh OJHOTUITHBIE 3TajOH-
HbIE TOCIEAOBATEIBHOCTH MPU3HAKOB M TPYIHO MPEICTaBIATh HEUU(PPOBYIO
(JIMHrBUCTUYECKYI0) MH(MOpPMALMIO 0 Ipoucxoaimux npoueccax. I[loctpoenue
NOJIHBIX MAaT€MaTUYECKHX MOJENEH I CIOXHBIX, NapajuleNIbHbIX IPOIECCOB,
IPOUCXOAIINX B 3JIEKTPOOOOPYIOBAHHH, TOKA IPAKTHYECKH HEBO3MOXKHO.

B noknazne paccMaTtpuBaeTcs METOJIMKA OLIEHKU TEXHUYECKOTO COCTOSIHUS
3NEKTPOOOOPYIOBaHUS, HA IPUMEPE CUHXPOHHOIO T€HEepaTopa ¢ OeCHIeTOYHOM
CUCTEMOI BO30YKIEHUS, peaIn30BaHHAs B ABYXYPOBHEBOW SKCHEPTHOM CHUCTe-
Me (OC) peanbHoro BpemeHu. [lepBrlit ypoBenb DC mpeacTaBiseT co0oi Kiac-
CU(PUKATOpP MEPEXOAHBIX PEKUMOB PaOOThl CHUCTEMBbI BO30YXACHUS, aHAIU3U-
PYIOLIMI JNaHHBIE, MOJYYEHHBIE OT MUKPOIIPOLIECCOPHOIO PErucTparopa B pe-
allbHOM Maciutabe BpeMeHu. Ero 3anaueii sBisieTcst onpezesieHue npuHaIexk-
HOCTH 3apETHCTPUPOBAHHOIO IMEPEXOJHOIO peXUMa K KjaccaM HOPMAJIbHBIX
WIN aHOpMaJIbHBIX. HOopManbHBIM mepexoHbIil pexkxuM paboThl ONpeeNsieTcs B
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TOM cllydyae, €CIM €ro NMpUYMHOW ObUIO BOo3MylleHue B 3Heprocucreme (K3,
CUHXPOHHBIE KauaHMsl, HETOIHO(A3HbIE PEKUMBI U T. J.) UIM U3MEHEHHUS B pa-
00Te CUCTEMBbI aBTOMATUYECKOI'0 PEryJIMpOBaHUs 4acToThl BpamieHus (APUB)
TypOWHBI, BHEIIHHE IO OTHOLIEHUIO K KOHTPOJIUPYEMOMY OOBEKTYy. AHOpMAaJb-
HBIM TIEPEeXOAHBIA PEKUM PabOThI ONpEesieTcsl B TOM Cilydae, €Ci €ro IMnpu-
YUHOW ObUIO BO3MYILIEHHUE B paboTe CUCTEMbI BO30YXKIACHHUSI CHUHXPOHHOTO IeHe-
partopa, BbI3BaHHOE €€ HEHCIIPABHOCTHIO. B ciyudae, eciy TeKyIuil nepexo bl
peXUM paboOThI OMNpeeNieH KaK aHOPMAaJbHBIA, C MOMOIIBIO BTOPOTO YpPOBHS
OC — uaeHTHUKATOpA, ONpPEAEsSeTCs] KOHKPETHAs HEUCIIpaBHasi MOJCUCTeEMa
(3;meMeHT) 00Opy0BaHUS CHCTEMBI BO30YkJeHHS. [lonCcKk HeucrnpaBHBIX dlie-
MEHTOB OCHOBAaH Ha CPABHEHUM PEATBHBIX BBIXOJIOB C BBIXOJAMH HEUETKHX He-
JIMHEWHBIX aBTOPETPECCHOHHBIX Monenen. Moaenn co3aroTes uisl  UCIPAaBHO-
ro TEXHHUYECKOTO COCTOSHHUS 00OpYAOBaHUS U OTPAXKAIOT U3MEHEHUS BXOJTHBIX
Y BBIXOJHBIX ITapaMETPOB OCHOBHBIX YCTPOMCTB CUCTEMBI BO30YKIEHUS BO BCEX
BO3MOXKHBIX pexkuMax padoTel. Beixoa monenu y,(k) B k-ii MOMEHT BpEeMEHHU
IIPU UCIIPABHOM TEXHUYECKOM COCTOSIHUM 00OpYAOBaHUS JOJIKEH COOTBETCTBO-
BaTh peaIbHOMY BbIXOAY Y(k) C MUHUMAJIBHOM OITUOKOM:

- S0y, i, M

rae N — KOJIMYECTBO TOUEK aHATU3UPYEMON BHIOOPKHU MEPEXOAHOrO Ipoliecca.

3. Anzopumm padomul u HACMPOUKA NAPAMEMPOE IKCREPMHOI CUCHEMbL

Pexxumbl paboThl cucTeMbl BO30YXKIEHHSI CHHXPOHHOTO IeHepaTopa Mo-
I'yT OBITh Pa30MTHI HA KJIACCHI, UCXOJS M3 COOTHOIICHUH MEXITYy U3MCHCHHSIMU
yctaBku APB, napameTrpamu cratopa 1 poTopa CAHXpPOHHOM MAIlIMHBI:

. YCTAaHOBUBIIMICS (CTALIMOHAPHBIN) PEXKUM;
. TIyCKOBOM peXUM (HadaJIbHOE BO30YXKJICHHE);
. OCTaHOB (TalleHue Mnois);
. (hOPCHUPOBOYHBIN PEIKUM;
. pachOpCUPOBOYHBINA PEIKUM;
. CHHXPOHHBIC Ka4aHWS;
. ACHHXPOHHBIHN X0,

Pexxumbl 1-5 MoryT OBITh HOpMaJbHBIMH, T. €. BO3HHMKAIOIIMMU B pe-
3yJbTaTe PEaKIWM CHCTEMbl BO30Y)KICHHS HAa BHEIIHUE BO3MYIICHUS, WM
aHOPMAJILHBIMH, TPY BOSHHUKHOBEHWU HEHCIIPABHOCTH B 00OPYIOBAaHUU CHUCTE-
MBI BO30YXIeHUs. Pe:kuMbl 6, 7 MOTYT OBITH MPEACTABICHBI KaK HAJOKCHHUS
PEXKUMOB 4, 5 10 BOSHUKHOBEHHSI YCTAHOBUBIIETOCS PEeKUMa WM TallleHUs T0-
a1 Bo30yxneHus. [loaToMy MOXKHO oOmpeaenuTh 0a30BYIO0 KIaCCHU(PUKALMIO
pPEXKUMOB pabOThl CUCTEMbI BO30YXJI€HUS (U3 KOTOPOM MOTYT OBITh MOJYyYEHbI
BCE OCTaJIbHBIE), HCTIOJB3YyeMYIo B padote IC:

1. ycTaHOBHBIIMICSA peXUM (HOPMaJIbHBIA U aHOPMAJIbHBIN);

2. hopcupoBOYHBINA pEKUM (HOPMATHHBIN U aHOPMAJIbHBIN );

N O kW=
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3. pacopCcUpPOBOUHBIN PEKUM (HOPMAJIbHBINA U AHOPMAJIbHBIN).
Cyl1ecTBEHHBIMU HEUETKMMU TMPU3HAKAMU aHOPMAJIbHBIX PEKHUMOB pa-
OO0THI CUCTEMBI BO30YK/IEHUSI, TTOJIO)KEHHBIMU B OCHOBY 0a3bl HEUETKUX MPaBUII
KJaccudukaTopa, sBISIOTCS:
® B aHOPMAJIbHOM YCTAHOBUBIIEMCSI PEKHUME CHCTeMa BO30YXKICHUS HE
pearupyeT Ha U3MEHEHUE [apaMeTPOB CTaTOpa FEHEpPaTopa;
® B aHOPMAJIBHOM (POPCHPOBOYHOM PEXHMME MapaMeTpbl CTaTOpa U poTopa
CUHXPOHHOI'O I€HepaTopa YBEJIUYUBAIOTCS OTHOCHUTEIBHO 3HAYEHHUH Ha-
YaJIbHOT'O0 YCTAHOBUBILIETOCS PEXKUMA;
® B aHOPMaJIbHOM PacHOPCUPOBOYHOM PEKHUME MapaMeTphbl cTaTopa U po-
TOpa CUHXPOHHOI'O T'€HEPATOpa YMEHBIIAKTCS OTHOCUTEIBHO 3HAYEHUU
HaYyaJbHOTO YCTAHOBUBIIETOCA PEKUMA.
[Ipenmnonaraem, 4To HaYaJIbHBINA YCTAHOBUBIIUNUCS PEXUM PaOOTHI CHCTE-
MbI BO30Y>KJICHHSI U CHHXPOHHOT'O T€HEpaTopa SBISETCS HOPMAJIbHBIM U COOT-
BETCTBYET MCIIPAaBHOMY COCTOSIHUIO 00OpY/I0BaHUs cucTeMbl Bo30yxaenus. [lo-
TOMY KJIacCU(UKAIIS PETUCTPUPYEMOTO IEPEXOTHOTO PEKUMA OCYIIECTBISAET-
Csl HA OCHOBAaHMM aHAJIM3a OTKJIOHEHUH MTapaMeTPOB CHHXPOHHOT'O T'eHepaTopa U
CUCTEMBI BO30YKJIEHUSI OTHOCUTENIBHO 3HAYEHHI HAYaJIbHOTO YCTaHOBUBLIETOCS
pexxnma. Onrcanrue BceX BO3MOXKHBIX PEKUMOB pabOTHI AIEKTPOOOOpYI0OBAHUS
TpeOyeT co3nanusi 00beMHOM 6a3bl npaBwi. Hanpumep, ajisi 00beKTa, MMEroIIe-
r0 MHOJKECTBO BXOJOB 71, 1 MHOXECTBO BBIXOZ0B 7, (MIMO — many input,
many output), o01iee KOJIUYECTBO MPaBUII, HEOOXOIUMBIX ISl €T0 OMUCAHUS

L=T] V. @
i=1

rae N; — KOJIMYeCTBO HEYETKUX TEPMOB ISl ONIMCAHUSA I-1 TIEPEMEHHOM.
VYnponienue 6a3bl HEYETKUX MPaBUI MOXKET ObITh JOCTUTHYTO, €CIU Ha
IIEPEMEHHBIE TOCBUIOK HAJOKHUTh HEKOTOPBIE OrpaHUYeHUs. B cooTBeTrcTBUU
¢ (2) orpanuyeHuss MOTYT OBITb HAJIO)KEHBI HAa PA3MEPHOCTh BEKTOpPA BXOOB,
BBIXOJIOB WJIM KOJMYECTBO HEUYETKUX TEPMOB JIJISl OMUCAHUS 1-OM NEpEeMEHHOU
nochUIoK. [Ipu orpannyeHny pa3MepHOCTH BEKTOPOB BXOJa M BBIXOAa OOHEKTA B
0a3e HEYETKUX MPABUI MOTYT OBITh MMOTEPSIHBI CYIIECTBEHHBIE 3aKOHOMEPHOCTH,
oTpaxaromue ero (PyHKIMOHHPOBAHUE U, COOTBETCTBEHHO, TEXHUYECKOE CO-
CTOSIHHE. YMEHBIICHUE KOJIMYECTBA HEUETKUX TEPMOB TaKKE CKa3bIBACTCS Ha
KaueCcTBE MOJICIMPOBAaHUS 00BbEKTA BO BCEX BO3MOXKHBIX B IKCIUIyaTalluu PEKU-
Max paboTel. OAHAKO MPHU ONPEICIICHHBIX YCIOBUSIX MOXKHO 33/1aTh MUHUMAJIb-
HO HEOOXOIMMOE KOJIMYECTBO HEUETKUX TEPMOB TaK, YTOOBI 0a3a IpaBUII MOJIE-
JUpoBajia BEKTOP BbIXO/a MPU UCIIPABHOM TEXHUYECKOM COCTOSSHUHM OOBEKTA.
Paccmotpum, kakum oOpazoM ¢GopMHpyeTcs aHalu3upyeMas BbIOOpKa
MEPEXOIHOT0 peXrUMa padoThl AIEKTpooOopynoBaHusi. HawanbHble ycnoBus,
T. €. 3HaUYEHHUs BEKTOPOB BXOJa Uy U BBIXOJA Yo 00BEKTa JJO BOSHUKHOBEHUS Te-
PEXOIHOTO peXkrMa paboThl U MOMEHT €ro BO3HUKHOBEHUS ONPENIETISIOTCS B CO-
OTBETCTBUU C KPUTEPUSIMH, IPEMIOKEHHBIMU B [3]. Ecnu 3amare JOomycTUMYIO
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NOTPEIIHOCTh U3MEPEHUN U NPEACTABUTH 3HAYEHUS U Uy B BUAE CUMMETPHY-
HBIX rayCCOBBIX (DYHKLMIA NPUHAJIEKHOCTA C HOPMAJIbHBIM 3aKOHOM pacIpesie-
JIEHUSA, LUEHTP KOTOPBIX ONPEACISIETCS 3HAYCHHUSIMU B HAYAJIIBHOM YCTaHOBHB-
LIEMCS PEKUME Uy U Yo

(=exp| )
u)=exp| ———|;
H P 26}
3)
2
y—y
() =exp| ) e |

y

TO KPUTEPHUI BOZHUKHOBEHUS MEPEXOIHOTO peXUMa pabOTHI AIEKTPOOOOPYI0-
BaHUS MOXET ObITh (hOPMAIIM30BaH B HEUETKOM BHUJIC

[N (u7 y) =1. (4)

Jlornyeckoe ycnoBue (4) BBITIOTHSACTCS MPHU BBIXOJE 3a TPAHUILy HEUETKOTO ra-
yccoBoro Tepma N (normal) BEeKTOpOB BXoja u Wi Beixona y. O6macts Tepma N
OTIpeIeTISICTCS SKCIIePTaMH Ha OCHOBAHUU COOCTBEHHOT'O OIBITA M TEXHUUYECKUX
XapaKTEpPUCTUK 00opyaoBanus kak oTkioHeHus: tdu(dy). Jloruueckoe ycnoBue,
OTIpE/ICTISIONIEE OKOHYAHUE MEPEXOJHOr0 MpoLecca MOXKET ObITh CHopMyIu-
pPOBaHO B BUJIC

ny(w,B)=M. (5)

¢ 3aganubiM 3HaueHueM Me(0, 1). Kpurepuu (4) u (5) onpeaensitor BEIOOPKY
NEPEXOTHOTO Tpollecca, Ha KOTOPOH OLEHUBACTCS TEXHUYECKOE COCTOSHHUE
anekTpoobopynoBanus. CTeneHb YBETUYECHHUS WM YMEHBIICHHS KOOPAWHAT
BEKTOPOB BXOJ]a M BBIXOJa 00BEKTa MOXKET OBITh ONpE/eNIeHa, €ClIi BBECTH CO-
OTBETCTBYIOIIME HeueTkue TepMbl L — manoro u H — OGosbiioro 3HaueHui,
onpeJensieMble OTHOCUTENBHO 3HAYEHUI TepMa HOopMasibHbIX 3HaueHuit N. Ta-
KM 00pa3oM, B pacCMaTpPUBAEMbIX TOUYKAaX MEPEXOJHOr0 pekuMa paboThl Ma-
paMeTpbl MOCHUIOK 0a3bl HEUETKUX MPABWII NPEICTABIAIOTCS TPEMSI HEUETKUMU
TepMaMu OTHOCUTEIHHO 3HAYCHHUI HAYaJIbHOTO YCTAHOBUBIIIETOCS PEKUMA:

e [ (low)— ecnum mapaMeTp CHIKAaeTCS OTHOCHUTENBHO 3HAYEHUS B
HAYaJIbHOM YCTaHOBUBILIEMCS PEKUME;

e N (normal) — ecnu OTKJIOHEHHE MapamMeTpa HE BBIXOJUT 3a OMpeJie-
JICHHBIN nuana3oH *du(dy) OTHOCUTEIBLHO 3HAUYCHHS B HAYAJIBHOM YC-
TAHOBUBIIIEMCS PEKUME;

e H (high) — ecnu mapamerp HOBBIIIAETCA OTHOCUTEIHHO 3HAUCHUS B
Ha4aJbHOM yCTaHOBUBIIEMCS PEKHUME;

Ecnu cozmannas Mozens HE MOXKET OMUcaTh KaKoW-I100 U3 peKUMOB pa-
00TBI 000PYIOBAHUS TIPU €TO UCTIPABHOM TEXHUYECKOM COCTOSIHUH, KOJTHYECTBO
TEpPMOB (M COOTBETCTBEHHO KOJMYECTBO MPABHJI) MapaMeTPOB MOCBHIJIOK MOXKET
ObITh YBEIMYEHO. DTUM JOCTUTaeTCs IMOcieloBaTelbHas ajganTaius 0a3bl He-
YETKUX MPaBUJI KO BCEM BO3MOKHBIM B IKCILIyaTallMM pekuMaMm padboThl 000-
pyIOBaHUS.

1238



Cexyus 4. Hetipo-cemesvie mexunonocuu

[Tepexoanblil peskuM padbOTHI IEKTPOOOOPYIOBAHUS MOKET BOSHUKHYTh
B CITyYallHBIH MOMEHT BPEMEHH TP MTPOU3BOJIHBHBIX HAYAIBHBIX 3HAUYEHUSIX BEK-
TOpa BXOJIOB U M BBIXOAOB Y. [l03TOMY Ipu OnucaHuU MOCHIIOK HEYETKUX Ipa-
BUJ 0a3bl 3HAHUU TpeIaraeTcs MCMOJIb30BaTh CUMBOJBHYIO HEUYETKYIO Tepe-
MEHHYI0 [4], paclIupsIOUIyI0 CYLIECTBYIOILIEE ONPECIICHUE JTUHTBUCTUUYECKOM
nepeMeHHOW. OTiMYMe 3aKIIOYaeTcsl B TOM, YTO TPAHUIbI JTMHTBUCTUYECKUX
TEpPMOB TIEPEMEHHBIX HE 33J]AI0TCS 3apaHee KeCTKO YUCICHHBIMU 3HAYCHHSIMH, a
MOJICTPAUBAIOTCS K 3HAYECHUSIM TEKYIIEro YCTaHOBUBILIETOCS PEXHMa pabOThI
AIIEKTPOOOOPYIOBAHUSA U OMPENEISIOTCS IMyTEeM 3aJlaHus SKCIEPTOM JOIMYCTH-
MOro oTkjJoHeHus: tdu(dy) st Tepma HOpMaibHbIX 3HaUeHUH N. OTKIOHEHUS
*+du(dy) B CHMBOJIBHOM BHUJIE TAKXKe 3aJIaf0T 00JIaCcTH (DYHKIIUN MPUHAIIECHKHO-
ctu TepMmoB L u H npu uzmenennn ux ot 0 no 1. Beibupatorcst rnaakue, nud-
dbepenmupyembie GyHKIIUNA: CHMMETPUYHOTO TayCCOBOTO TUMA At TepMoB N, L,
H wnmu Z-o6paznoii ¢opmbr ans tepmoB L u S-o0pasnoit popmsl ans Tep-
MoB H [5]. Onpenenenue CUMBOJIBLHON HEUETKOW MEPEMEHHOMN AJIA i-TO BXOAa
0o0BbeKTa U; MOKa3aHo Ha puc. 1.

BBIOODKA

v

|
|
[
[
| AHanmn3upyemas
|
|
|
|

Puc. 1. Onpenenenue st i-ro BXoja 00bEKTa #; CAMBOJIBHOM HEYETKOM MepeMeHHOH.

Taxkum 00pa3om, NP BO3HUKHOBEHUHM HOBOTO MEPEXOHOTO pEKHUMa pa-
OOThI, 3HaUYCHUSI CUMBOJILHON HEYETKOW MEPEMEHHOM Ka)Iblii pa3 mojicTpanBa-
10TCA (aJanTUPYIOTCS) K 3HAUCHUSIM MPEIIIECTBYIONIET0 YCTaHOBUBIIETOCS pe-
*KuMa PabOThI, YTO MO3BOJSET OMHUCATh JIMHIBUCTUYECKYIO MEPEMEHHYIO He-
OOJIBIIMM KOJIMYECTBOM HEYETKUX TEPMOB.

Jlnis knaccuukaluy nepexoHOro pekuMa paboThl CUCTEMBbI BO30YXKie-
HUSI HEOOXOMMO OLIEHUTh U3MEHEHHUS €€ BXOHBIX MapaMeTPOB — HAPSKCHHUS
U,, Toka Iy M 9acTOTHI f cTaTopa CHHXPOHHOTO T€HEpaTOpa W BBIXOAHBIX Mapa-
MeTpoB — HanpsikeHus U, u Toka /; potopa. OCHOBHBIM MapaMeTpOM, Ha KOTO-
pBIl pearupyer cucteMa BO30yXICHUS, ABISETCA HampsbkeHue crtatopa U, a
peXKUM paboThI CUCTEMBI BO30YXACHUSA B IeNoM 3anaeTcs BoixogoMm APB Uj.
[Iyck OC BbINONAHSAETCS B COOTBETCTBUU C JIOTMYECKUM yciaoBueMm (4)
Moo (U A,US) =1, xapakrepuzyromuM Bbixoa 3a TepM N (not N) CUMBOJBHBIX
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HEYeTKUX nepemeHHbIXx Uy nin U;. 3HaueHust HeHTPOB TEPMOB N CHMBOJIBHBIX
HEYETKUX NMEPEMEHHBIX omnpenenstorcs 3a 200 MC 10 BO3HUKHOBEHHUS MEPEXOA-
HorO pexuma (ycioBue (4)). Madopmanys o mociaeayonux 3HAYCHUSX Tapa-
METPOB CUCTEMBbI BO30YXKIEHMSI M CHHXPOHHOI'O reHepaTopa oOpasyer omepa-
TUBHYI0 0a3y JaHHBIX KJacCHU(HUKaTOopa Il aHaJIU3UPYEMOro MEPEXOAHOIO pe-
KUMa paOoThl. YCI0BHE OKOHYAHHS aHajIM3a MEPEXOAHOro pexuma padboThl B
cooTercTBUH ¢ (5) ompenemsercs kak Wy (U,,U,)=1. st ydera nuHamude-

CKHMX CBOMCTB O€CILIETOYHOr0 BO30OYIUTENSI U OOMOTKH BO30YKIEHUSI CUHXPOH-
HOT'O FeHepaTopa UX MapaMeTphl OLICHUBAIOTCA AJIA PA3JIMYHBIX TOUYEK MEePeXo/I-
HOro pexuma padotel. IC, onpeneauB BOZHUKHOBEHUE MEPEXOJHOI0 PEexXHMa
paboThl 1Mo ycioBuio (4) B MOMEHT BPEMEHHM f;, paccMaTpUBaeT 3HAUCHUE Ha-
IPsKEHUS BBIXOJa THPUCTOPHOIO Mpeo0pa3oBarens Uy TAKKE B MOMEHT BpeMe-
HU ¢; (MHEPLIMOHHOCTBIO TUPUCTOPHOTO MpeoOpa3zoBaTes MOPsIKa HECKOIbKUX
MKC mpeHneOperaem). [[ns ydyera MHEpUMOHHOCTH BO30YIUTENS C MOCTOSHHOM
BPEMEHU T,, PYHKIUS MPUHAIICHKHOCTH CUMBOJIBHOW HEUYETKOW MEPEMEHHOMU
HanpspKeHUst poropa Uy ompenensiercst Il MOMEHTA BPEMCHH /. 3HAYCHUS

GYHKIMI TPUHAIEKHOCTH A7 CHMBOJIBHONW HEYETKOM MEepeMEHHOM ToKa po-
TOpa /; OLCHUBAIOTCS JUISI MOMCHTA BPEMEHH [, ., I1ie T, — mepexo/Has mocTo-
d

sIHHasi BpEMEHU OOMOTKHU POTOpa.

[Iporotun OC peannszoBaH Ha Oa3e nakera HeueTkoi Joruku Fuzzy Logic
Toolbox cuctembr MATLAB. Mexanu3M JOTHY4€CKOTO BbIBOJIa KJIaCCU(UKATO-
pa ocHoBaH Ha airoputme CyrsHo (Sugeno) l-ro mopsjka, B COOTBETCTBUH C
KOTOPBIM MHO>KECTBY 3HAYEHUUN BXOJHBIX MEPEMEHHBIX OIpPEACIICHO 3HAUCHHE
uHTerpansHoro napamerpa MODE, xapakTtepusyroniero pexxum, tao. 1.

Tabmuma 1
U | I | f | Us| L MODE PesxxuM paboThl U COCTOSIHUE 000pY10-
BaHUs
N | N | N | N | N | knUstkiolstkisf+kis | HopMalbHBIN yCTaHOBHBIIUNCS PEKUM
U tksl+my (NS). O6opynoBaHme UCIPABHO.
not [ not [ not | N | N | kyUstknlitkasftkoa AHOpMaJIbHBIN YCTaHOBUBIIUKCS pe-
N | N| N U tkysl+my xuM (ANS). O6opynoBaHuE HEHUCIIPAB-
HO.
not [ not | not | H | H | k31 Ustksolitkssf+kss | HopmanbHbIil pOpCHUPOBOUHBIN peXUM
H | L L U rkzsl m; (NF). ObopyaoBaHHe UCTIPABHO
not | not | not | not | not | kuyUstkaplitkasf+kss | AHOpMaANBHBIN (OPCUPOBOUHBIN PEKUM
L|L|H|L]|L Utkasltmy (ANF). OGopynoBaHrEe HEUCIIPABHO
not |not | not | L | L | ksiUstksolitksyf+kss | Hopmanbnbiii pachopcHpOBOYHBI pe-
L | H|H U tkssl+ms xuM (NDF). O6opytoBaHH€ UCTIPABHO
not | not | not | not | not | ke Ustkeolstkesf+kea AHopManbHBIN pachOpCUPOBOYHBIH
H|H|L | H|H U tkesl+mg pexuMm (ANDF). O6opynoBaHue HeHC-
PaBHO
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Koadduuments! k;...kgs 1 OCTOSHHBIC M,...Mg HACTPAUBAIOTCA TaKUM
o0pa3zoM, 4TOOBl aOCOJIFOTHOE 3HAYEHHE BBIXOJHOTO napamerpa MODE Obuio
MEHbIIE €UHULBI AJI1 BCEX HOPMAJIbHBIX PEXUMOB pabOTHI U PaBHO WJIM OoJiee
CAMHMUIIBI U1 aHOPMAJIbHBIX PEKUMOB pabOThl. 3HAUEHUE BBIXOJHON MepeMeH-
HOMt MODE MoxeT ObITb MHTEPIPETUPOBAHO B CHCTEME KOOPAMHAT MPOCTPaH-
CTBa 5 W3MEpPEHM, OMpEeNEIsIeMbIX BXOJHBIMU TEPEMEHHBIMH 0a3bl MpPaBHIL
HavasnbpHast Touka oTcyeTa B TAKOM IPOCTPAHCTBE OINPENEISIETCS 3HAUCHHUSIMU
BXOJIHBIX TEPEMEHHBIX 0a3bl MPABWJI B HAYAJIHLHOM YCTAHOBHBILIEMCS PEXUME
pabotel. ['eomerpuueckoit uHTeprpetanueit MODE sBnsercs runepcdepa c
eIMHUYHBIM PaguyCcoM, OTAEISAIONIasi MHOXKECTBO KOMOUHAIIMN BXOJHBIX IEpe-
MEHHBIX B HOPMAJIBHBIX U aHOPMAJIbHBIX MEPEXOIHBIX Npoueccax. Takum oOpa-
30M, OMpEJENIeHNe aHOPMAJIBHOTO MEPEXOAHOT0 pexuma paboThl (hopMaTu3y-
€TCsl CJIETyIOLIUM HEPABEHCTBOM:

|MODE| >1. (6)

Hacrtpoiika k03huIueHToB ki ;...kgs 1 TOCTOSSHHBIX 7)...Mg OCYIICCTB-
JsieTcsl Ha BBIOOpPKAx pealibHbIX MEePEXOJHBIX PEKUMOB pabOThI, 3apErUCTPUPO-
BaHHBIX C IIOMOIIIBI0 MUKPOIPOLECCOPHOTO perucrparopa. baza HeueTkux mnpa-
B Kiaccupukaropa (tabn. 1) peanu3oBaHa B BHJIE aJaNTUBHON HeHWpo-
Hevyetkoit cetn ANFIS (cokpamenue ot anri., Adaptive Neuro-Fuzzy Inference
System) [5, 6].

Ecmu xnaccudukarop OC onpenenser TEKyIIUi NEPEXOIHbIN PEXUM pa-
OO0TBI CUCTEMBI BO30YXKICHUS KaK aHOPMAJIbHBIM, TO MPUHATHE PEUICHUs Iepe-
naetcst Ha 2-oi ypoBeHb DC — uAEHTU(PUKATOP, KOTOPBIMA ONpenenser OTKa-
3aBILMH 3JIEMEHT CUCTEMBI BO30Yy:xaeHus. OnpeieeHue HEeMCIpaBHOTO JIEMEH-
Ta OCHOBAHO HAa IMOCTPOCHUU AMIMPOKCUMUPYIOMIMX MOJIEJEH i OCHOBHBIX
YCTPOMCTB CUCTEMBI BO30YKIEHUS — aBTOMATHYECKOTO PEryssiTopa Bo30yxK/e-
Husi (APB), TupuctopHoro npeoOpa3oBaressi U €ro CUCTEMbI YIIpaBIeHUS TUPU-
cropamu (TII ¢ CYT), 6ecmierounoro Bo3oyautens (bB/I). HacTtpoiika moneneit
IPOU3BOJUTCS Ha BbIOOpKAX THUIIOBBIX NMEPEXOAHBIX PEKUMOB PaOOTHI — KO-
pPOTKHE 3aMbIKaHUs, KadaHus, (popcupoBKa-pacGopcupoBKa BO3OYKIACHUS U
T. JI., IPX UCIIPABHOM TEXHUYECKOM COCTOSIHUN 000PYI0BaHUS.

Jlis oTpakeHHs JUHAMHYECKHUX CBOWCTB 00OpPYAOBaHUSI CUCTEMBI BO30Y-
XKICHUS UCIOJIb3YETCS HEJIMHEWHAs aBTOPErPECCHOHHAs MOJENb C BHEIIHUM
BxoAgoM (NARX) [7], kotopas ycTaHaBIMBaeT HEJIMHEHHOE MPeoOpa3zoBaHUE
MEXAY MPEbIIyIIMMH 3HAaYEHUSIMU BXOJOB-BBIXOJOB PAacCMAaTPUBAEMOW IMOJ-
CUCTEMBI (3JIEMEHTA) CUCTEMbI BO30YXIEHUS W OYyIyIIMM, MPEICKa3bIBAEMbIM
3HAUYEHHUEM BBIXOJIa TMPH HMCIPABHOM TEXHUYECKOM COCTOSHUU. JlHCKpeTHas
NARX-Mozenb 00beKTa ONMUCHIBAETCS YPAaBHEHUEM BHJIA

y(k)=F{y(k=1),..y(k—k)u(k -k),..u(k-k)}, (7)

Tac k,__ MaKCHMMaJILHBIN II1ar YUYUTBIBACMBIX MPCAIICCTBYIOMNX 3HAUYCHUM BEK-
TOpa BbIXOda CHCTCMEI, kU— MaKCUMAaJIbHBIM II1ar YUYUTBIBACMBIX IMPCANICCT-
BYHOIINX 3HAYCHUM BCKTOpa BXO0aa CUCTCMBI, kd — HIar 3ala3abIBaHUs U3MCHC-
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HUSI BEKTOPA BBIXOJIA 110 OTHOLICHUIO K U3MEHEHUIO BEKTOPA BXOJa, OIpPEAEIIsc-
MBI CBOMCTBaMU 00bEKTa, F'— HEUeTKoe mpeoOpa3oBaHue.
NARX-mozens nokazana Ha puc. 2.

u(k k
® > OOBexT y® >

[ P = ""|_}7 _____________________ 1

! | } """ I

| y(kk) |

: I
I

|

: IIpeodpa— [Ipeobpa- {

| 30BaHHE K - ® U R Y | soBamme x Ym(k) !

: ‘ «HEYeT- : «IETKOMY» B

! —| komy» e »  BuIy —

| > Buay . I

| :

| :

' I

| u(kfku)

| { F |

—kd —ki
= |

——— e .

Puc. 2. NARX-mozenp o0beKTa.

Ha puc. 2: ® — 0003HaueHHE HEYETKOro JE€KapTOBOIO IPOU3BEICHUS,
ompeAenseMoro Ha (yHKIMAX TMPUHAUICKHOCTH BEKTOpPOB Bxonaa u(k—i),
i=kg, ..., k,nBBIXOMA Y(k—), j = 1, ..., k, B IpeapIIyIIiE MOMEHTBI BDEMEHH B
BUJIC:

U=

Mu(k—kd W xu(k—k, )xy(k—l)x..xy(k—ky) (T/l ’ y)

= ®{uu(k—kd) (u),..., “’u(k—ku) (M), My(k—l) (y)ﬁ’ “y(k—ky) (y)} = (8)

= Mo, ()x...x Hoir,) (u)x Kok (¥)x..x Mo, (),

R — 00603HaueHre KOMITO3UIMHU, OTIPEACIISIONIEH HEUeTKOE 3HaU€HUE BhIX0/1a

Y=R {Mu(k—kd Y..xu(k—k, )xy(k—l)x,..xy(k—ky) (l/l’ y)} . (9)

Jlist onpeneneHUs BBIXOJa O0BEKTA HCIOJIB3YETCS aJrOPUTM HEUYETKOTO
BbIBOJIa CYyreHo B BEKTOPHOH dhopme:

(u(k —kd)ecmbA,.kd )H...H(u(k —k,) ecmbA; )H
ECTIM
(y(k —1)ecmwB, ) H...H(y(k —k, ) ecmbB, )

v =a, (u(k—k,))+..+a, (w(k—k,))+b, (y(k=1))+...+b, (y(k—ky))+ci, (10)

i=1..L,
rae (Aig. .. Airy) 1 (Bj;...Bi,) — 0003HaUeHNE HEUYCTKUX MHOXKECTB U COOTBETCT-
BYIOIUX UM (DYHKITUI TPUHAAIICKHOCTH JJIS TIOCBUIOK i-TO MPaBUjia, B KOTOPOM
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YUYUTHIBAIOTCS npeasinymme (k,—k;) 3HaueHui BekTopa BXon0B M (k,—1) 3Haue-
HUH BEKTOpa BBIXOJOB, L — paccMaTpuBaeMoe MHOXXECTBO PEKUMOB PaOOTHI
00BeKTa, ONPENENAIONIee KOJINIECTBO NPaBUIL, (Qikg...Ai)s (bif... biy), ¢; — Ta-
pamMeTphl BBIBOJA HEYETKOW MOJICITH.

3HaueHus BeKTopa Bxona u(k—ky), ..., u(k—k,) n Beixoma y(k-1), ..., y(k-k,)
00pa3yroT BEKTOP MPOTHO3UPOBAHHUS

Z=[u(k—ky). . . w(h=k,) ] O[y(k=1)...y(k=k,)],

JUIS KOTOPOTO BBIYMCIISIETCS] MOCIIEIYIONIEE 3HAUCHUE BhIXOAa MOJEIH Y (k) Kak
B3BEIIICHHAs CyMMa BBIBOJIOB ITPABHUJI:

Vo (K)= 2 By, (k) (11)

rae 0 < B; < 1 — BecoBoi KOd(PPUITUEHT i-T'0 MpaBwIIa, ONPEACTSIOMNNA CTCTICHD
COOTBETCTBUS peajbHBIX U3MEHEHHH BEKTOpa Z W3MEHEHUSM, OTPaKEHHBIM B
[-OM IIpaBUJIE, U ONIPEAECIIAEMBbIN KaK
4
[14,(=)
»J J

B(z)=—" (12)

f[Ai,/ (Zj)

J=1

1

Takum 00pa3om, TeKyllee 3HAYCHUE BBIX0JIa UCIIPABHOTO 00BEKTA HAXO-
JUTCST KAaK CKOPPEKTUPOBAHHOE B COOTBETCTBHHM C 3aKOHOM €ro (pyHK-
MOHUPOBAHUS Mpenblayliee 3HaueHue. [ HeucrnpaBHOro oObeKTa Ha aHAIU-
3UpyeMOi BBIOOPKE MEPEXOHOr0 Mporiecca OyAeT MPOUCXOIUTh MPOIIECC HAKO-
IUICHUS OTKJIOHEHHM €ro BBIXOJa OTHOCHTEIbHO BbIxojga NARX-momenu, mo-
CTPOCHHOM ISl HCIIPABHOTO TEXHUUYECKOTO COCTOSIHUSI 00beKTa. MakcuMaibHOe
3HAYCHUE OIIMOKHU Oyaic, OMPEACICHHOE B COOTBETCTBHHM C (1), 3aBHCUT OT TOY-
HOCTH HACTPOMKH MOJICIN Ha BRIOOPKAX MEPEXOTHBIX PEKHUMOB PAOOTHI MPH HC-
IpaBHOM  TEXHUYECKOM  COCTOSHUM  oObekTa.  [IpeBwlmieHme  cpen-
HEKBAJ[paTUYHOTO OTKJIOHEHHUSI BBIXOJIa PEaJbHOro OOBEKTa B TEKYILEM IMepe-
XOJIHOM TIPOLIECCE Orex OTHOCUTEIBHO MAaKCHUMAJIbHO 3HAUECHUS Oy JOTKHO
dbopmMupoBaTh COOOIIEHNE O BOZHUKHOBEHUH HEHCIPaBHOCTU oOBekTa. Kpure-
puii ompeaesieHUs HEUCIPABHOTO TEXHHYECKOTO COCTOSHUS OOBEKTa MOXKET
ObITH C(hOPMYITUPOBAH B BUJIE

6T6K ZK,H * 8Mal«: :Suon’ (13)

rae Ky, — xkoaddunment gocropepHoctu moaenu, 1< K, < 2, 6,,, — nomycTu-
Masi OIMOKa MOJICTUPOBAHMUS.

baza npaBun NARX—mozaenu (10) mokaspiBaer, 4To napaMeTpbl MOCHUIOK
pa3AestoT BCE MHOKECTBO BO3MOYKHBIX MPEAbIAYIINX 3HAUYEHU BEKTOPOB BXO-
na w(k—i), i = kg, ..., k, n BeIxona y(k—), j =1, ..., k, Ha HedeTkue obnacTH pac-
CMaTpPUBAEMBIX PEKUMOB padbOThl 00OBekTa. [lapaMeTpsl BhIBOJA OIMHUCHIBAIOT
MOBEJICHUE BHIXOJIa MOJEIH Y,(k) 00BEKTA B 3TUX PEKUMAX.
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HpI/I OILICHKEC TCXHUYCCKOTO COCTOAHUA 3JI€KTpOO60pyI[OBaHI/I$I HE00Xo0-
AUMO OLCHUTb U3MCHCHHC HC TOJIBKO BbLIXOJd, HO U IIPOMECKYTOUYHBIX ITCPEMCH-
HBIX COCTOSAHHUA Xj, OTpAKAIOIMIUX TCXHUYCCKOC COCTOAHHNC €TI0 BHYTPCHHUX Y3-
JIOB M BJIEMEHTOB. DTO ITO3BOJISICT OIIPCACIINTD KOHerTHLIﬁ HCI/ICHpaBHBIﬁ 2J1e-
MCHT 3J]€KTpOO60pyIlOBaHI/IH, YCKOPUTh PCMOHT H HOCJ’IGI[y}OH_II/Iﬁ BBOI B pa60-
TY. OOBEKT MOXKET OBITH pPacCMOTPECH KaK IIOCICA0OBATCIBHOEC COCIUHCHHUE HC-
4EeTKUX MOJENEH, puc. 3, rae oneparop npeodbpasosanus £, j =1, ..., m, nosc-
HEH Ha puc. 2.

u(k) O0beKT y(k

ST T R e

v

-] F; e
3 Fule
JV v I
Xm1(K) Xmj(K) Xmm(K)= Ym(K)

Puc. 3. OneHka TEXHUYECKOTO COCTOSHNUSA 00BEKTAa Ha OCHOBE IIOCJIE0BATEILHOCTHA
NARX-mopenei.

Hactpoitka NARX—-Monenu 3akiro4yaercsi B ONPEACIICHUU IapaMeTpPOB
IOCBUIOK, T. €. OTKIIOHEHUH G, U Gy I'ayCCOBBIX (DyHKUUI NPHHAMIEKHOCTH,
JUANa30HOB M3MEHEHUS (UminUmax), (Ymint¥Ymax) Z U S QYHKUUNA TpUHAI-
JIEKHOCTU M NTApaMETPOB BBIBOJA (4. ..Ajw,), (bi1...Dy), ¢;, 1 =1, ..., L. 3HaueHus
napamMeTpoB BXOJIOB U BBIXOJOB B BBIOOpKAX MEPEXOAHBIX MPOIIECCOB UCIOJIb-
3YIOTCSl JUIsl CO3/IaHus OOydYaronuX W MPOBEPOUYHBIX JaHHBIX MPU HACTPOHKE
aganTuBHOW Helpo-HeueTkol cetu ANFIS, peanusyromeit NARX—Mmonens s
OIICHKU TeXHHuYeckoro cocrosiHusi oowekra. ANFIS mpencraBisier coboit Heil-
POHHYIO CETh MPSIMOTO PACIPOCTPAHECHUS, COACPKAILYIO aJallTUBHBIC y3JIbl, BbI-
XOJT KOTOPBIX 3aBUCHUT OT UX mapameTpoB. [IpaBuna oOydueHus HACTpauBaIOT ITH
napaMeTpsl Tak, YT0Obl MUHUMH3UpPOBaTh omuOKy (1). Ilpumensercs rubpun-
HBbII 00yYarolmMil alropuT™M, Kakaas 3MoXa KOTOPOro COCTOMT W3 MPSIMOTO U
00paTHOr0 ONTUMU3AIMOHHOTO pacueToB. [Ipu mpsiMoM pacueTe UCXOJHAsT WH-
dbopmarusa o0 3HaYEHUAX BEKTOpoB Bxoaa u(k—i), i = ky, ..., k, v Beixoga y(k—j),
j=1, ..., k, ucione3yercs 11 onpeneeHus METOAO0M HaMMEHBIINX KBaJpaToB
(MHK) napamerpoB BeIBOAA (a1, ...k, (bit,....bji), ¢y i=1...L, mocie gero
paccuuthiBaetcs omubka ANFIS-cetu. [Ipu obparHoM pacueTe MeTOA0M rpa-
JMEHTHOTO CITyCKa OIPENENSI0TCS MapaMeTpbl MOCHUIOK, MUHHUMHU3HPYIOIIHNE
CpeAHEKBAAPATUYHOE OTKIOHEHUE MOJEIIH.

Hwxe paccmarpuBarorcs cosznanabie NARX—-Mmonenn APB u cuiioBoro
000pyI0BaHUSI CUCTEMBI BO30Y KICHUS.
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NARX-—monens APB 11 OLIGHKH €r0o TeXHUYSCKOI'0 COCTOSIHHUSI, OCHOBA-
Ha Ha CTPYKTYPHOU cxeme puc. 4., TIe V-CiIydyailHbl€ BO3/ICHCTBUS, BBI3BIBAIO-
[IMe MEePEeXOJHBIC PEKUMBI PabOTHl CHHXPOHHOTO T€HEpaTopa, W-BO3MOKHBIC
IIOMEXH, BOSHUKAIOIIUX IIPY U3MEPEHUHU €TI0 [IapaMETPOB U U BIIUSIOLIUE HA BbI-
xon APB y(U)).

w Uw O0beKT HIeHTH(HUKALMH v(U»)
(APB) T >
| CHHXPOHHBIIi renepaTop ¥y v
u(Usv [Sv ljdv ]da f) X(E“’ ®)

Puc. 4 CrpyxrypHas cxema APB i coznanns NARX—moznenn.

AHann3 u3MeHeHus Bbixoga APB B mepexoaHoM mpouecce ISl OLEHKH
€ro TEXHUYECKOTO COCTOSIHHSI TpeOyeT IMOocien0BaTeIbHO 00pabOTKU HCKa-
»)keHHoro Bbixoga APB y, u Bektopa Bx0od0B uy, = u + w. Beixogq APB mis
(n+k)—oit TOUKM 3apETUCTPUPOBAHHON BBHIOOPKH MEPEXOTHOTO Tpoiiecca Yy (n+k)
ONpENENIeTCs] KaK CKOPPEKTUPOBAHHOE B COOTBETCTBUE C 3aKOHOM PETYJIHMPO-
BAHUS 3HAYCHUE TEKylero Beixoga APB B -0l TOuke mepexoIHOro mnporecca
yv(n). Peanmzamus mocnegoBareiabHOW 0OpaOOTKM H3MEPEHUU BBIOOPKU TPHU
olleHMBaHUU BbIXoJa APB MoXkeT ObIThb MHTEpHpETHpPOBaHA KaK HEJIWHEWHAsS
aBTOpErpecCHOHHast MoJieNb ¢ BHEMHUM BX0oJ0M (NARX-Monens). ba3za Heuer-
kux npaswi mojienu APB nipencraBiena B Taoiu. 2.

Taoanmna 2

Uy | Rate U Iy Rate f Uua | Rate 14 U(k) U m(k+n)
not H notH | notL not L not L not L not H 71

L L H H H H L 72

N N N N N N N 73

H H L L L L H 74
not L notL | notH not H not H not H not L 75

H N L N VH N L 76

HpHMeanHe: RATE_U = Us(k+1)—US(k), RATE_f:f(kﬂ)—f(k), RATE_Id = ]d(k+]) — Id(k)

BriBonbl kakmoro mpaBuia Z,-Zg SBISIOTCS JIMHEHHON KOMOWHAIuein
BXOJIHBIX [apaMeTpOB (B COOTBETCTBUM C 3aKOHOM peryiupoBanus APB u ero
3HaYE€HUEM B TPEIBIAYIINI MOMEHT BPEMEHH) M CBOOOIHOW COCTAaBISIONMICH U
ONPEIENSIOT COOTBETCTBEHHO AeicTtBue APB npu: Z; — gopcupoBke cucTeMsl
BO30YXJIeHHUSI; Z, — YCTAaHOBUBILIEMCS pexuMe (POPCUPOBKY; Z; — HAYAIbHOM
YCTaHOBUBLIEMCSI PEXKUME; Z4 — YCTAHOBUBLIEMCSI PEXHUME pac(hOpPCUPOBKH;
Zs5 — pachopcupoBKe cUCTEMbI BO30YXIE€HUS; Zg — OTpaHU4YECHUH (POPCUPOB-
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KA MpHU MOPCBBIIICHUM HANPsHKCHUEM pOTOpa ABYKPAaTHOIO HOMHUHAIBHOTO
SHAYCHUS U OIIPECACIIAIOTCA KaK:
Z,=knU +ko(RATE _U ) +kul +ki(RATE _ f)+kisU, + kil , + koUi+m,

Z,=k2U, +ko(RATE U))+ksl +k:RATE f)+ kU, + kol , + kxUs+ me,
Z,=kU, +ko(RATE U ) +ksl +ku(RATE _ f)+ kU, + ksl | + kUi +ms,
Z,=kaU +ko(RATE U )+ksl +ku(RATE _f)+ksU, + ksl , +kalUi+m.,
L =kaU +ko(RATE U)+ksl +ks(RATE f)+ksU, + ksl +ksUi+ms

Z6 :kmUS +k62(RATE_US)+k63IS +k64(RATE_f)+k65Ud +kso]d +ko7U1+Wla,,

Jns coznanust nocnenoBarenbHocTH NARX—moneneit cuoBoro o6opy-
JIOBaHUSl CUCTEMbI BO30YKICHUSI HUCIIONB30BaH Tpad MPUUYUMHHO-CIIEICTBEHHBIX
CBsI3eH, puc. 5, Ha KoTopoMm obo3HaueHbl: U, — Bbixon APB, /). nmepeMeHHBIH
TOK TUPUCTOPHOIO IPE0Opa3oBaTells, Uy — HANpPsHKEHHE TUPUCTOPHOIO MPE0D-
pazoBaredsi, MPUIOKEHHOE K OOMOTKE BO30YKIEHUSI BO3OYIUTENSI, if — TOK 00-
MOTKH BO30YKICHHS BO30YIUTENS, [z — TOK SIKOPSI 0OpAIEeHHOTO CHHXPOHHOTO
rerepaTtopa, U, — HanpsbkeHrue 0OMOTKH BO30YyX1eHus, /; — TOK 0OMOTKH BO3-
Oyxnenusi, BT — Beimpsimutenbubiii Tpancopmatop, TII — TupucropHsiii
npeodpazoBarensb, CYT — cucrema ynpasienust tupucropamu, OBB — 006-
MOTKa BO30yxaeHust Bo3oyaurens, OCI" — oOpallleHHbI CHHXPOHHBIN TeHepa-
Top, BB — Bpamarommiics Beimpsamutens, KA — meToyHo-KOHTaKTHBIN an-
napat, OB — oOMoTka Bo30y»KaeHus TypOoreHeparopa.

OnOROn00 02000

OneHKa cocTOAHUSA
BT u TII

Ounenka cocrognua TII u CYT

Onenka cocrossausg CYT u OBB

Onenka cocrossausa OBB u OCT

Ouenka cocrosnust OCI'y BB u IIIKA

Onenka cocrosausa BB n OB

Puc. 5. I'pad npruanHHO-CIIEICTBEHHBIX CBA3EH 000PYI0BAHUS CHCTEMBI BO30Y KICHHUS.

CozpnaHa cienyronias nocieaoBarebHOCT NARX—-Moeneit:
1. 1. (k) = F{Ilc (k —1),UA (k - 1)} — OIIEHKAa TEXHUYECKOTO COCTOSHHUS

Hene BIIpSIMUTENBHOTO TpaHchopMaTopa U THPUCTOPHOTO MpeoOpa3oBaTers;
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2. u, (k)= F{uf (k-1),1,.(k-1),U,(k —1)} — OIICHKAa TE€XHUYECKOI0

COCTOSIHHSI LIETIE THUPUCTOPHOIO IpeoOpa3oBaTelsl U CHCTEMbl YNPABICHUS
TUPUCTOPAMU;

3.0, (k)=F{i, (k=1),u, (k=1),1,(k-1),U, (k-1)} —

TCXHHUYCCKOI'O COCTOSIHHA CHCTCMBI

0OMOTKH BO30YXIEHUS BO30YIUTENS;
4. 1, (k) =F {IE (k- 1),if (k- 1)} — OLICHKa TEXHUYECKOTO COCTOS-

HUSL OOMOTKHM BO30YXAEHHUS BO3OYIUTENsI U OOpAIEHHOTO CUHXPOHHOIO I'eHe-

paropa;

OLICHKA

yOpaBJIEHUs TUPUCTOPAMH U LEIEH

5. Ud(k)=F{Ud(k—l),IE(k—l),if(k—l)} — OIICHKA TeXHHYe-

CKOTI'O COCTOSAHMUA O6paIHCHHOFO CUHXPOHHOI'O I'CHEPATOPA, BpallaroICrocCs BbI-
MNPpAMUTCIIA 1 IICTOYHO-KOHTAKTHOI'O aIlliapara,

6. I,(k)=F{I,(k-1),U,(k-1),1,(k-1),i,(k-1)} — onenxa

TEXHUYECKOT0 COCTOSIHUSI BPAIIAIOIIETOCS BBIIPSIMUTENS U 1Iereid OOMOTKHU BO3-
OyxaeHus: TypooreHeparopa.
B tabn. 3-8 mpexacraBnensl HedeTkue mnpaBuia NARX-Mopeneit, orpa-

Karolue 0a30BbIe KIacChl PEKUMOB pa0OThl CUCTEMBI BO30YKICHUS.

Tabnuna 3.
1tk D] Ustk1) 1nh)
not H not L lebn]lc(k—l)+L111UA(k—1) +
N N 72 =b21]1c(k—1) + a21UA(k—1) + C2
not L not H 73 =b3111(k—1) + a5 Uy(k=1) + c3
Tabmuia 4.
D] T D] Ui D) (k)
not H not H not L Z1=byjufk=1) + ay I, (k—1) + a1, Uy(k=1) + ¢
N N N ZZ=b21u/(k—l) + a1 (k1) + anUs(k—1) + c;
not L not L not H Z3=b31u/(k—1) + az 1 (k1) + azUy(k—1) + c3
Tabnuma 5.
)] ufh1) | Leh1) Us(=1) (k)
not H not H not H not L Zl=b111'f(k—1)+a11uf(k—1)+a12[10(k—1)+a13 UA(k—l)+Cl
N N N N 22=b21 if(k-l)"‘(lﬂblf(k—l)+a22110(k—1 )+a23 UA(k—1)+Cz
not L not L not L not H Z3=b31i/(k—1)+a31u/(k—1)+a32]16(k—1)+a33 Uy (k—1)+c3
Tabmuia 6.
L] k1) Te(k)
not H not H lebn]E(k—l) + ani;(k—l) +
N N 72 :bzllE(k—l) + a21i/(k—1) + C
not L not L 73 =b3Ig(k—1) + a31i/(k—1) +c3
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Tabnuua 7.
Udk=D)| Te(k=1)| ifk=1) Ua(k)
not H not H not H 21=b | Uyk—1) + a; Ig(k—1) + alzi/(k—l) +c
N N N 22=b 1 Uy(k—1) + ap Ig(k—1) + axifk—1) + c;
not L not L not L Z3:b31Ud(k—1) + 6131]E(k—1) + a32i/(k—1) +c3
Tabnuma 8.
1] U] To(h ] kD) 7
not H| notH| notH| notH|Z1=bl(k-1)+ anu](k—l) +a i (k1) + a3 Ug(k—1) + ¢;
N N N N Z2=b21i/(k—1) + aglu/(k—l) +anl(k—1) + apUy(k—1) + c;
notL| notL | notL | not H|Z3=bsifk—1)+ asiufk—1) +asl;(k—1) + as3Us(k=1) + c3

[Ipy HETOCTATOUHOW TOYHOCTH MPOTHO3UPOBAHUS B HEKOTOPBIX IKCILTya-
TAlIMOHHBIX PEKUMAX KaXJas U3 MOJENIe MOXKET ObITh JIOMOJIHEHA MPaBUJIaAMH,
OTpaXalIMMH apaMEeTPbI MOCHUIOK B 3TUX PEKUMAX.

NARX-Moznenu 000pynoBaHUS CHCTEMBbl BO30YXKACHHS CO3MaHBI C
UCIIOJIb30BAaHUEM TaKeTa NpuKiIaaHbX nporpamm Fuzzy Logic Toolbox Bepcuu
2.1.2 BerunciurenbHoi cucrembl MATLAB 6.5 R13 [8]. Kaxnas moaenb co-
crout u3 AByx (aitioB. daitn «HammenoBanue mojmenu. fisy mpeacraBiser
aJIaNITUBHYI0 HEUPO-HEUETKYIO0 CeTh Mojenu. B (aiine 3amanpl mapameTpsl 1mo-
CBUIOK B BUJE CHUMBOJBHBIX HEUETKUX IEPEMEHHBIX, BBIXOJHAS MEpEMEHHas U
0a3za npaswi. Qaitn-cuenapuii «HanmeHoBaHue MoJienu. m» HA OCHOBAHUU WH-
dbopmanu 00 M3MEHEHUHU MAPAMETPOB CHCTEMBI BO30YXKIICHUS B BBIICICHHOMN
BBEIOOpKE TepexoaHoro mporecca, npeacrasiennon B popmate COMTRADE,
co3/laeT oOyyJarollue U MpOBEpOYHbIC JaHHbIE /i1 HACTpoiiku cetu. Ha ocHoBa-
HUU CPOPMUPOBAHHBIX JTAHHBIX THOPUAHBIM METOJIOM OO0YUYEHUs ONPEACIIAIOTCS
ONTUMAaJIbHBIC 3HAYEHUS MAPaMETPOB MPEANOCHUIOK U KOA(P(PUIIMEHTOB BHIBOJIOB
MpaBul.

JelicTByroniue 3Ha4€HUs1 HANPSKEHUS M TOKAa CTaTOpa CUHXPOHHOIO Te-
HEpaTopa, UCMOJb3yEMbIE B IIPABUJIAX JIOTUYECKOTO BBIBOAA, OMPEAEISAIOTCS 110
WX MTHOBEHHBIM 3HadyeHUsM, mpejactaBieHHbIM B opmare COMTRADE. Hc-
noJib3yercst popMmysia yuciaeHHoro uarerpupoBanns Hetorona-Koteca [9]:

U, (m+Uy(m)+ U (n)
3 ;

g'(n)=
1 % 1 3 1 1 (15)
;Lg%n)dn=g[g%n—ZT)+3g2(n—ET)++3g2(n—ZT)+g2(n)],

rae 7=20 Mc — mepro1 MPOMBINIIICHHON 9aCTOTHI.

Hanee npusenen npumep Hactpoiiku NARX-—wmonenu 5 (tabn. 7). Chop-
MYJIUPOBAHbI TP HEYCTKUX MPaBUIa, IPOTHOZUPYIONIUE 3HAYCHHUE HAMPSKCHIS
poTtopa TypOoreHepaTopa B 3aBUCMMOCTH OT M3MEHEHHUS TOKa BO30YXICHUS
BO30yAMUTENS, TOKA OOMOTKH SIKOPSI OOpaIlleHHOTO CUHXPOHHOTO TeHepaTopa U
IPEABIAYIIEro 3HAYCHUS HAMPSDKEHUS POTOpa TMPHU HCIPABHOM TEXHHUYESCKOM
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COCTOSIHUM OOpPAaIllEHHOT'O0 CHHXPOHHOTO T€HEepaTopa, BPaLAIOIErocs BhIIPSIMU-
TES U METOYHO-KOHTAKTHOTO anmapara. Kaxkmoe n3 mpaBuil OTpakaeT yMEHb-
HIEHWE, YBEJIMYEHUE WA HEW3MEHHOCTh TEKYILETO 3HAYEHUs HAIPSIKEHHS po-
TOpa OTHOCHUTEIBHO HA4YaJbHOTO YCTAHOBUBLIETOCS pexXuMa paboThl IpU U3Me-
HEHUH MapaMeTpoB 0OpaIleHHOTO CUHXPOHHOTO reHeparopa. [Ipu onpenenenun
IIPUHAJICKHOCTH [1apaMETPOB IIOCBUIOK B BHUJIE CUMBOJIBHBIX HEYETKHUX Iepe-
MEHHBIX HCIIOJIB3YETCS JIOTMYECKUI omepaTop AomnoiaHeHus. Ilepsoe mpasuio
dbopmynupyercs B Bune: «ECJIN 3nauenue nanpspkenus poropa Uy(k—1) B mipe-
JBITYIIeH Touke BBIOOpKHU mepexonaHoro nporecca HE mpunaanexut tepmy H
N 3HaueHue TOKa OOMOTKHU SIKOps OOpallleHHOTO CHHXPOHHOTO TeHepaTopa
Ig(k-1) B mpeapiaymieit Touke BbIOOpKHU nepexonHoro mnporecca HE mpunanme-
xuT Tepmy H. U 3nadenne Toka Bo30yx1eHUSI BO30OYIUTENsI OOPAIIEHHOTO CHH-
XpoHHOTO TeHeparopa ifk-1) B mpenpiaymiell TOYKE BBHIOOPKH IEPEXOJAHOTO
npouecca HE npunagnexur tepmy H TO npornosupyemoe 3HaueHue HanpsiKe-
ausa poropa U k) = b Uy(k—1) + ajIg(k—1) + aidk-1) + c;». B nanaom Heyer-
KOM IpaBujie COPMYIHPOBAHO ONPEACICHHE YMEHbIICHUS HAMPSKEHUs POTO-
pa B IIEPEXOJHOM IIPOLIECCE OTHOCUTEIBHO HAYaJIBHOI'O YCTAHOBMBIIETOCS pe-
xKuma padbotsl. [1ono6HBIM 00pa3oM, ¢ yUETOM yKa3aHHBIX B Ta0JI. 7 JOrMYECKHUX
ornepaTopoB, (GOpMyIHUpYIOTCS apyrue npaswia. llpu onpeneneHuu npasui uc-
IIOJIB3YETCA JOIYLIEHUE O TOM, YTO NPOrHO3UpyEMas NEPEMEHHAss HE MOKET
U3MEHUTHCSI CKAYKOM OTHOCHUTENIBHO INMPEIBIAYIIEr0 3HAYEHMs, T. €. IPEICTaB-
JsieTcsl B BUJAE IUIAJKON HENpepbIBHOM (YHKIMH. DTO JTOCTHTaeTCs JIOTUYECKU-
MU YCJIOBUSIMH, IIPU KOTOPBIX IMpPEAbIAyLIee 3HAYCHHUE NPOTHO3UPYEMOMN BEIIU-
YUHBI B YaCTH MOCBUIOK MPHUHAICKUT (OPMYITUPYEMOMY B MpaBUIIE U3MEHE-
HU0. Ecnm npaBuito onpenenser yMeHbIIEHUE BBIXOJHON IIEPEMEHHON MOJEIH,
TO €€ IpeAplayLIee 3HAUeHNE HE MOKET puHamIexkars tepmy H. Ecnm npasumo
ONPENEIIET YBEIMUYCHUE BBIXOJHOM MEPEMEHHOM MOJEIH, TO €€ MPEAbIAYIIEe
3HAYEHHUE HE MOXKET IPUHAIEKATh TEPMY L.

Crpyktypa nonyyenHoil ANFIS-cetu B rpaduueckoM peakrope moJsb30-
Barens nmakera Fuzzy Logic Toolbox nmokaszana Ha puc. 6.

PaccMmoTpuM HazHaueHUE CIOEB CETH.

Caoii 1. Kaxxaplii y3en sBiasieTcsl aJalTUBHBIM C NIE€PEAATOYHON (PYHKIIN-
en O,~1 = Uai(X), TI€ X — BXOJ y371a i, A; — JIMHTBUCTUYECKAsl «HEUYETKAs Ie-
peMeHHas1, acCCOLIMUPOBAHHAs ¢ NaHHBIM y310M. i Tepma N BeiOpans! ["aycco-
BbI (PYHKLMU TPUHAIJIEKHOCTH

[ GmL)
0, (1) = exp| E (16)

S-o6pa3noit hopmel 11t Tepma H
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n,(x)=0,x<1;

2
uAl(x)=2(x_l"] ,li<x$li;ni;
1 1 ) (17)
n(x)=1-2 i ,li+ni<x3ni;
n,—1 2
n,(x)=,Ln <x
u Z-o6pazHoit popmsl 1uis repma L [5]
w (x)y=Lx<m;
2
—m. [ ,
h () =1-2] | g e it
[ —m, 2
2 (18)
w0 =2 R B gy
[, —m, 2

u,(x)=0,0 <x,

rae {o;, m;, [, n;} — MHO>XX€CTBO HACTPAaUBAEMBIX TTApPaMETPOB MPEIMOCHUIOK.

J anfis Model Structure

Puc. 6 Ctpyxrypa ANFIS-cetn mozmenu 5 (tabm. 7).
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Caoii 2. Kaxplid y3es1 JaHHOTO CIIOSl — HEAJANTUBHBIN, BHIOJIHSIIOIIUN
JIOTHYECKYIO omeparuio M Ha mapaMeTpax MOCBUIOK Ka)JO0ro MpaBmiia. Beixon
9TOro ysjia — BCC IpaBuWjia w; OHNPCACIIACTCA KaK IMPOU3BCIACHHC 3HaYeHUU
byHKIMI TPUHAINEKHOCTH W, = Wy, oy, (U)X 1y ) (L) % My, (k-1 (i,),i=1,2,

3. BbIX0 KaXa0ro y3ja 3TOro €105 ONPEENsIeT CTENEeHb cpabaTbIBaHNsI IIPaBH-
Ja, T. €. BBIIIOJHEHMSI YCIOBUM, 3aJI0KEHHBIX B IApaMETPax MPEANOChUIOK.

Caoii 3. HeanantuBHbIE Y3716l 3TOTO CJI0SI BBIYUCIISAIOT HOPMaIU30BaHHBIN
BEC MPaBUIL:

i:L, l:19293 (19)
W +W2 +W3

Caoi 4. AnanTuBHbIE Y376 3TOTO CJIOS UMEIOT MEepeJaTOUHbIe GyHKINUN
Ot =Wz, =w (bUatk—D+ayIe(k—N)+ayir(k-D+c;),i=1,2,3,  (20)

rae {a;, an, b;1, c;} — mapamMeTpsl BBIBOJA.
Caoii 5. HeaganTuBHbBIN y3€71 3TOrO CI0sI NPEACTaBIsSeT COO0H CymMmMaTop

5 — ZWiZi
Z=0]=) wz,=2—"—. (21)
ZW:'

Hacrpoiika koapdunmrentoB NARX—-Mozaenu ocyuiecTsisigack Ha oObe-
JUHEHHON BBIOOpPKE 5 TMEpeXOAHBIX MPOLIECCOB, BO3HUKIIUX MPU MPUOIHU3U-
TEIbHO OJMHAKOBBIX HAYAJIbHBIX YCIOBHUSX. B BBIOOPKY BOILIIM IMEPEXOJHBIE
MPOLIECCHI, 3aPETUCTPUPOBAHHBIE B MTPOLIECCE IKCIUTyaTaIlUU:

e (dopcuposka Bo30yxkaeHus npu K3 ¢ ycnemasiv ATIB;
dbopcupoka Bo30yxenus npu K3 ¢ neycnemnsivm AIIB;

CUHXPOHHBIC KaUaHMUS;
IpoILIeCC BKJIIOYEHUS TEHEPaTOpa B CETh;
pachopcupoBKa BO3OYKIACHUS.

PaccmaTtpuBaembie BBIOOPKH MEPEXOIHBIX MPOIIECCOB MMEIH pa3Mep OT
1200 mo 10000 Touek, uro mpu yactore Auckperuzauuu ALl mukpomnporec-
COpHOro peructparopa 2kl COOTBETCTBYET IIUTENBHOCTU PACCMATPUBAEMBIX
nepexoAaHsix npoueccoB 0.6 — Sc. Bpems o0ydueHuss Moienu ¢ UCIIOJIb30BaHUEM
komnbtotepa PIII-450 M1y ¢ onepaunonHoil cucremoir Windows XP Profes-
sional u yctaHoBieHHOU BbrumcautenbHou cuctemort MATLAB 6.1.0.450 Re-
lease 12.1 cocraBisier 2—3 MUHYTHI.

Hcxons U3 TEXHUYECKUX XapaKTEPUCTUK CUCTEM BO30Y:KIeHHs TypOore-
HepatopoB TBB-1000 u npoBeieHHBIX BBIYUCIUTENBHBIX SKCIEPUMEHTOB C UC-
MOJIb30BAaHUEM THOPUIHOTO OOYYAIOIIEro ajJropuTMa, OMpPEeTICHbl MapaMeTphI
GyHKIUNA TPUHAIIICKHOCTH TTOCBUIOK {C;, m;, 1, n;}, Tabn. 9 u BeIBOAA {a;, dp,
bil) Ci}:

Z1=0.832*Ui(k —1) = 9.159 * L(k — 1)+ 1.377 * (k1) —129.6;
72=0.75*Ui(k —1) =15.99 * L:(k — 1)+ 0.452 * [,(k — 1) +128.7; (22)
73 =0.798*Ui(k —1) — 4.06 * L:(k —1)+0.46 * I(k —1) — 36.86.
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Tabmuma 9.
Tepm
[TapameTp L N H
Uisk-1),B m; = Uz 300, [; =Uy o;=100, ;= Uy l;= Uy, n; = Uyg+300
Ie(k=1), kKA m; = Igo—1, [; = Iro 6,=2.6,1=1Ix ;i = Iro, nj = Ippt1
if(k—1), A m;=in— 100, [;=ip 6:=60,l=ip li=ip, n;=ipn+100

MakcumaiibHasi CpeITHEKBaJApaTUYHasl OIIMOKA TP OOYYEHHH B COOTBET-
ctBuu ¢ (1) cocraBuna 2.4 B. Jlng Bepudukanmm Moenau Ha ee BX0J ObUIH I0-
JaHbl BBIOOPKU 13 Opyrux 3aperucTpupOBAHHBIX MEPEXOAHBIX MPOLECCOB, HE
ucrnoab3ymnmxcs npu ee ooydenuu (K3, cuHxpoHHble kayaHus, pachopcupoB-
Ka BO30yxJeHus, ¢opcupoBka Bo30yxaeHus). [lomydeHHas MakcuUMasbHas
cpeAHEeKBaJpaTU4Has omMOKka B COOTBETCTBUM C (1) cocTaBmia Oy = 2.5B.
[ToaToMy B cooTrBeTcTBUU ¢ KputepueM (13) mpuHATO IONMyCTHUMOE 3HAUYECHHE
Oson = 3 B. Ecnu B TekyiieM aHaMM3UPyeMOM MEPEXOTHOM MPOIECCE Orex = Ooms
TO 000pyI0BaHuE onpeaesaercs kak HeucrpasHoe. [[pyrue NARX-monenu no-
T0OHBIM 00pa3oM OBUTH HACTPOCHBI B COOTBETCTBHUM ¢ KputepueM (13). Dkcme-
pUMEHTAIbHBIE UCCIIEI0BaHUs Ha 000pyJOBaHMM OECHIETOYHON IHOAHOWU CHUC-
TeMbl BO30yxaeHusi TypoorenepatopoB TBB-1000 FOxnoykpaunckoit ADC
MOKAa3aJIi BBICOKYIO 3(PPEKTUBHOCTh MPEIOKEHHON METOIUKHU: BpEMSI OLEHKH
TEXHUYECKOT0 COCTOSIHUS B MEPEXOHBIX pexumax padbotsl coctasisier 10-20 c
IPU TOYHOCTU MOJEIIEH, ONPEIETIEMbIX B COOTBETCTBUU ¢ KpuTepuem (13).

[TosrydyeHHbIE MOJENIM UCHIPABHOIO TEXHUUYECKOTO COCTOSIHUS 000pyI0Ba-
HUS ABJIAFOTCS. OJTHUM M3 BO3MOJKHBIX PELICHUI NOCTABJICHHOU 3aiaun. OHU Mo-
I'YT OBITH MOJIOXKEHBI B OCHOBY AKCIIEPTHON CUCTEMBI OLIEHKH TEXHUYECKOIO CO-
CTOSIHUSL AJIEKTPOOOOPYIOBAaHUS U MOJACPKKU MPUHATUS TEXHUUECKUX pele-
HUM JUIS1 UCIIOJIB30BAHUS B COCTABE ABTOMAaTU3MPOBAHHON CHCTEMBI YIIPABIICHHUS
TEXHOJIOTMYECKUMH MTPOLIECCaMU SHEPTO0JI0Ka.

Ha puc. 7, 8 nns cpaBHEHUs, NOKa3aHbl U3MEHEHHUS PEAbHOIO HAIpsKe-
Hus poropa ¥ NARX—mozenu 5 B 0OAHOM M3 3apETrUCTPUPOBAHHBIX MEPEXOIHBIX
IIPOLIECCOB.

daiibl SKCIEPTHOM CHUCTEMBI OLICHKH TEXHUUYECKOTO COCTOSIHUSI 000py-
JIOBaHUSI CUCTEMBI BO30YKIEHUSI U MHCTPYKIMHU MO UX MCIOJIb30BAHUIO ITPUBE-
nenbl Ha caite http:/ www.MATLAB.ru/fuzzylogic/bookl/index.asp B pa3me-
ae 4.
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File Edit Wiew Insert Tools Window Help

lozdasva 22
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Puc. 7 I'paduk n3MeHeHUs HAMPSHKEHUS pOTOPa B OJTHOM U3 TIEPEXOTHBIX MPOIECCOB.

Llsix

File Edit View Insert Tools Window Help

lczmalvarse2pan

800 .

Udm

100 | | 1 |
[1} 500 1000 1500 2000 2500

Puc. 8. I'padux uzmenenus Beixona NARX—monenu 5 Uy(k) =F{Uqi(k—1), Ie(k—1), ik-1)}
B OJTHOM M3 TIEPEXOJIHBIX MPOIIECCOB.

Bwisoo

1. Ilpennoxkena r3pPpekTUBHAST METOJIMKA OLICHKU TEXHUYECKOTO COCTOSI-
HUS DJIEKTPOOOOPYIOBaHUSI B peaibHOM MaciiTabe BPEMEHHM, OCHOBAaHHAs Ha
nocnenoBarenbHOCTH NARX-Moeneid, peann3yeMbIX B BUJI€ aIalITUBHBIX HEM-
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pO-HEUETKHX ceTel, 00ydyaeMbIX Ha BBIOOPKAX peajbHbIX MEPEXOIHBIX MPOLEC-
COB MCIPABHOTO 3JIEKTPOOOOPYAOBAHUS.

2. C ucnonn3oBanueM nakera MATLAB pa3paboTaH nmpoTOTHUIT FKCIIEPT-
HOM cHCTEeMbI MOJACPKKHU MPUHATUS PEIICHUN MPHU OLEHKE TEXHHUYECKOro CO-
CTOSIHUSI 3JIEKTPOOOOPYAOBAHUS CUCTEM BO30YXKIECHUS MOIIHBIX CHUHXPOHHBIX
Typboreneparopos tuna TBB-1000 B peansHOM MaciiTabe BpeMEeHH.

3. BHeapeHre METOIUKU MOBBIIACT HAJIEKHOCTh PabOThl 000pYyI0BaHUS
3JIEKTPOCTAaHUUH, KOA(DPUIMEHT UCHOIb30BAaHUS YCTAHOBJIEHHOW MOIHOCTU U
0€30MacHOCTb IKCILTyaTaIUH.

Jumepamypa

1. Konnaxom P. [lnarnoctuka nospexaenuit. Ilep. ¢ anrn.— M.: Mup, 1989.—
512 c.

2. Anmynun A. E., Cemyxun M. B. Monenu u anroputMsl OIPUHATUS PELICHUN B
HEYeTKuX ycioBusix. Monorpadus.— Tromens: M3a-Bo TroMeHckoro roc.
yHuBepcureta, 2000.— 352 c.

3. Aeamanoe O. H., Kocmepes H. B., Jlykaw H. Il. OnieHKa TEXHUYECKOTO CO-
CTOSIHUSI CUCTEM BO30YXKIEHUS CUHXPOHHBIX T€HEPAaTOPOB B PEAIbHOM Bpe-
MEHHU C MCMOJb30BAHMEM HEUYETKOW JIOTMKU // TexHIYHa eJIeKTPOJMHAMIKA.
Temarnunnii Bunyck.— 2002.— Y.8.— C.24-29.

4. Aeamanos O. H. OuieHKa TEXHUYECKOTO COCTOSIHUS 3JIEKTPOOOOPYI0BaHUS B
peaTbHOM BPEMEHHM METOJOM HEWpO-HEUeTKOW UACHTUUKAIMY // DIEKTPH-
yecTBO.— 2003.— Ne7.— C.10-19.

5. Hvaxonos B, Kpyenos B. Maremarnueckue naketsl pacmmpenus MATLAB.
Crneunanbhbiil cnpaBouynuk.— CII6: [Tutep, 2001.— 480 c.

6. Jang J. S. R. ANFIS: Adaptive network based fuzzy inference systems //
IEEE Trans. on Systems, Man, and Cybernetics.— 23(03).— May 1993.—
P.665—-685.

7. Abonji J., Babuska R., Verbruggen H. B., Szeifert F.. Incorporating Prior
Knowledge in Fuzzy Model Identification // International Journal of Systems
Science.— 31.— 2000.— P.657-667.

8. Fuzzy Logic Toolbox. User’s Guide, Version 2.— The MathWorks, Inc.,
1999.

9. MuUKpOIPOIIECCOPHBIN KOMIUIEKC I U3MEPEHUN MapaMeTpoOB pekuMa CHH-
XpoHHOUM Mamuubl / Mamopuwii A.FO., Hecmeposa JI.M., Tpakmosenko B.
A. //ABTOMaTH3aNMS WICCIICIOBAHUN AICKTPUYCCKUX MAIIMH W YIPABICHUE
nMu.— JI.: BCecoro3HbIi HAy4YHO-UCCIEAO0BATEIBLCKUA HHCTUTYT SJIEKTPO-
MamHoctpoeHus, 1987.— C.90-99.
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YK 502.5:621.431

HPUMEHEHUWE MATLAB IIPU PASBPABOTKE CUCTEM
YITPABJIEHUS BEH3UHOBBIMMU IBUT'ATEJISAMUA
BHYTPEHHEI'O CI'OPAHUA

Amanos K. A., Bowanukun C. B., Cmupnog A. b., Yepnak b. A.
Mockosckuii asmomobunvHo-0oporcuvii uncmumym (I'TY), Mocksa,
e-mail: alexy(@serverdyou.ru

Ha npotsikenun psina net Ha kadenpe npurareneit MAJIU (I'TY) BenyT-
cs1 pabOTHI IO COBEPIICHCTBOBAHUIO aJTOPUTMOB MUKPOTIPOIIECCOPHBIX CHCTEM
ynpasienust (MCY) neurateneil ¢ uckposbiM 3axuranuem ([IBC), u orpaboTtke
TEXHOJIOTHH UX KaJTuOPOBKH.

Metoauyecku Hamu paboOThl CTPOUIIUCH ClieayromuM oopazoM. Pazpaba-
THIBAJIUCh MOJEJIM MPOIIECCOB U PabOThl KOHTYpOB ymparieHus. Ha 6aze »tux
MOJeNiel Belach OTpadOTKa aJlrOpUTMOB yIpaBJIEHHUs MPOIlECCaMU WU pas3pa-
O00TKa TEXHOJOTMM HACTPOMKM CHUCTEMBI ympaBiieHus. HalineHHele pereHus
(pY BO3MOKHOCTH) MPOBEPSUIMCH SKCIEPUMEHTAIBHO HAa HATYPHBIX OOBEKTaX.

TpyIHOCTh pelieHus: NOCIEIHEN 3a4aul 3aKI0YaIach B TOM, YTO J1aJIEKO
HE JIJI BCeX PEIICHUH yaBajioCh pealn30BaTh HATypHbIE OOBEKTHl U CUCTEMBI.

[Ipu nactpoiike cuctem ynpasieHus [IBC, ocnamennbix MCY, yame
BCEr0 MPUXOJUTCS CTAJIKUBATHCS C 33a/lauaMHl MOJAEIMPOBAHUS MPOLECCOB JIBU-
raTens, uAeHTU(UKAIIMKA MOJIeJIel TIPOIIECCOB, ONTHUMH3AINEH 3HAUCHUN YIIpaB-
JSOIMX BO3JAEUCTBUU B CUCTEMAX JABUTATEINSI U C AlMPOKCUMALMEN OBEPXHO-
CTE! mapamMeTpoB YNPABJICHUSI B 3aBUCUMOCTH OT pekrMa pabOThl IBUTATEINS U
BBIXOJIHBIX MOKa3arene. Hapsay ¢ aTumMu 3aiauaMu, ucciaeqoBaTeIb CTaIKUBa-
€TCsl C MpoOJeMaMU CUHXPOHU3AIMHU U (PUIBTPAIIUU CUTHAJIOB, MOJTYUYECHHBIX U3
Pa3JIMUHBIX U3MEPUTEIIBHBIX CUCTEM HCTbITaTeNIbHOTO cTeHaa u u3 MCY camo-
TO JIBUTATEJIs.

Hcxons u3 cnenuuky pemaeMbix 3ajad, MOXHO C(OpMYyIHpOBaTh Tpe-
OOBaHMsI K MHTEIPUPOBAHHOM cpefie Al MOACIIUPOBAHUS MTPOLIECCOB:

e cOop u 0OpaboTka HH(pOpPMAIINH;

® BO3MOXHOCTh MaTE€MaTUYECKUX BBIUMUCIICHHUI;

e pa3paboTka U UCCIEAOBAHHWE IUHAMHUUYECKUX MOJIeNel, Kak OO0BbeKTa

yIIpaBJI€HUs], TAK U YIIPABJISIONINX KOHTYPOB;

® BO3MOXKHOCTh HCCJIEIOBAaHHS PabOThl yMHPaBIAIONIEH CUCTEMBI C JUHA-
MUYECKUM (DYHKITMOHAIBHBIM aHAJIOTOM OOBEKTa yIPaBIICHUS,
HarJISIAHBIN BBIBOJ pE3yJIbTATOB MOJACIMPOBAHUS;
HaJU4Yue ONTUMU3AIMOHHBIX TPOLEAYD;
OTKPBITOCTh APXUTEKTYPBI;
UHTErpanus ¢ 0QUCHBIMU TPUIIOKECHUSIMU;
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® BO3MOXXHOCTb MCIIOJBb30BAHUSI MPOTrPAMMHBIX MOJYJIEH, HAITUCAHHBIX HA

JIPYTUX SI3bIKAX MPOTPAMMHUPOBAHUS.

Bcem ykazanHbIM TpeOOBaHUSIM OTBEUAET UHTETPUPOBAHHAS Cpella MaTe-
Marudeckoro moaenupoBannsi MATLAB. IMeHHO ¢ 3TUM CBSI3aH Halll IEPEXO]]
OT pa3paboTKu ImporpaMMHOro obecriedeHus: Ha s3bike Cu++ K pabote B cpeje
MATLAB.

PaccMoTpuM HECKOJIBKO 3a7a4, KOTOPbIE ObLIN PEIICHBI C UCIIOIb30BaHH-
eM nporpaMMubIx cpeacts MATLAB.

1. Hoenmugukauus mooenu ¢ ROMOUbIO 00bIYHOU MAMEMAMUKU

JIist aBTOMOOMITBHBIX JABUTATeNed TpeOdyeTcs C O4YEeHb BBICOKOM TOYHO-
CTBIO MOJJEPKUBATH CTEXMOMETPUUECKUi cocTaB cMecH (0=1.0) B mepexoaHbIX
nporeccax st odecriedeHus 3ppekTuBHOM paboThl HelTpanuzaTopa. [losTomy
OJIHUM U3 3TaroB KalIuOpoBKku coBpemMeHHO MCYVY sBisieTcss mon0dop mapamer-
POB JTMHAMHYECKOTO KOPPEKTOpa MOJayd TOIUIMBA, OCHOBAHHOTO HA MOJEISAX
IPOIIECCOB 00pa30BaHuUsl CMECH BO BITYCKHOM TPYOOMPOBO/IE.

[Toxa B Hamel cTpaHe moaboOp MapaMeTpoB KOPPEKTOpa MPOU3BOAUTCS
UHKEHEPOM-KAJIMOPOBILIMKOM BPYUYHYIO, T. €. 0€3 MCIOJb30BaHUsl aBTOMAaTU3H-
POBaHHBIX MOUCKOBBIX MpoLeayp. JaHHbIH MOAX0A IpUeMIIEM NPU MOA00pE He-
OOJIBIIOrO YKCIa CBA3AHHBIX MapameTpoB monenu (2-4). Ilpu Gonbliom yucie
napameTpoB (5 u Oosiee) Takoil MOAXOJ MPUBOAUT K 3HAUYUTEIBHBIM 3aTpaTam
BPEMEHHU. A MOJYaC, YEJIOBEK YK€ HE MOYKET CIPABUTHCS C PELICHHEM 3aJaud
1no100pa ONTUMANIbHBIX 3HAYEHUHN YIPABISIIONIMX BO3AEHCTBUNA. B cBsI3u ¢ 3TUM
Oblla TOCTaBlIeHa 3ajada pa3pabOTKM aBTOMATU3UPOBAHHBIX MpOILEAyp Ha-
CTPOMKH KOppPEKTOpA.

[TlepBoHavyanbHBIM 3TanoM OBUIO HCIONb30BAHUE SKCIEPUMEHTAIBHBIX
MOILIArOBbIX ONTUMU3ALMOHHBIX Hpolenyp. Mcnonb3oBanuck 3¢ pekTuBHbIE OI-
TUMH3alMoHHbIE Tiponeaypbl Tuna MHCO, pa3pabotaHHbie 10J] pyKOBOJICTBOM
npo¢. a. T. H. Eroposa U. H. Pemenne Haxoaumnoces B pe3ynbTare psijia mocie-
JIOBATEIbHBIX IKCIEPUMEHTAIBHBIX O0palIeHH K 00BEKTY YIPaBJICHUS C MPO-
MEXYTOUYHOW pacyeTHOM ontumusanued. [Ipu dmciie mapamMeTpoB yIpaBieHUs
70 3, KOJIMYECTBO OOpalieHuid K JBUraTeito orpaHuduBanock 15-20, yto sBis-
ercst mpuemsieMbiM [1]. Ho npu 5—6 mapamerpax ymnpaBlIeHUS KOJIMYECTBO 00-
palmeHnid K ABUTATento Bo3pacrtano a0 50-60, 4urto ABisSeTcs HEYIOBIECTBOPH-
TEJIbHBIM.

B cBs3u ¢ 3TUM ObUIa TIOCTaBJIEHA 3a/laya MCCIIEOBAHUS BO3MOXKHOCTH
HAaCTPOMKH 6-TH MapaMETPUUYECKOTr0 NHUHAMUYECKOT0 KOPPEKTOpa MOJAYd TOM-
JMBA 1O OJHOM 3aIllMCH NEPEXOAHOrO IMpoIecca MO COCTaBy CMECH HAa OCHOBE
UACHTU(UKALIMY MOJIENH TIEPEXOIHOro Impolecca. JTa 3a/1aya pellaiach B paMm-
Kax MexoTpacieBoll IporpaMMmbl COTpyIHHYECTBa MuHuUCTEpCTBAa 00pa3oBa-
Husa Poccuiickoit ®@enepanun u AO «ABTOBA3». s storo B SIMULINK
ObLIa MOCTPOEHA MOJIETh KOPPEKTOPA, SIBIAIOIIASACA KOMHEH peaabHOro KOppeK-
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Topa, 3asoxkeHHoro B MCVY nsurarens. Ha s3pike MATLAB Obl1a peanu3zoBana
ONTHUMH3aLMOHHAs Mpoleaypa ¢ ucnonbzoBanneM MHK 11 MakcumanbHOTO
NpUOIMKEHUST MOJIENIA TIEPEXOTHOTO Tpoliecca K pealbHON KPUBOM. Ympasie-
HUE MOJIEJBIO, MPOLIECCOM ONTUMHU3ALMU U 00pabOTKOM JaHHBIX OCYIIECTBIIS-
JIOCh C MIOMOIIBIO CTIEHUAIBHOIO Ipaduyeckoro HHTepdeiica.

OOmiast CTpyKTypHas cxema MpPOrpaMMHOIO ONTHUMM3ALMOHHOTO KOM-
IUIEKCA IIPEICTaBIICHa Ha pucC. 1.

3HayeHune
KpuUTEpUs

Qann [y _

OaHHbIX

A

3HaueHve GBC Bbnok
KpuTepus MpocTpaHcTBO 06paboTkn
nepeMeHHbIX ALFU (> curHanos
MATLAB
v [aT4mKoB
Mopaenb H
NNEHKN
Brnok
lNporpamma 3HaueHne 3HaueHne 3afjaHunA
onTuMmsauma L  koadpd. |m L | koapdd.  Hmr 3HayYeHun
moaenu moaenu KoabhuLMeHTOB
mMoaenu

Puc. 1. CtpykTypa onTUMHU3aIMOHHOTO nporpaMMHoro komimiekca: GBC — nukioBoe
HanosHeHue nsuratens, ALFU — peanbHblil cOcTaB CMECH B IMIIMHJIPE.

Ha puc. 2 npencraBieHbl UCXOHBIE PETHCTPAILIMU TIEPEXOTHOTO MPOIEeC-
ca, noyuyeHHslie B aboparopuun «HIIIT DJIKAP» u pe3ynbrarhl €ro anmpokcu-
Maruu mMojenbio. OCHOBHOM 3afaueil SIBISUIOCH OMHMCAHUE MEPEXOJHOTO Mpo-
11ecca MoCJIe OTKPHITHS JPOCCETHHOM 3aCTIOHKH, KOTOPBIN XapaKTepU3yeTcs pes-
KM oOenHeHneM cmecu (yBenudeHueM o). HalineHnuele pemenus (puc.2) B cu-
Jy HaTu4usl 3HAYUTENBHBIX CIIyYalHBIX BO3MYIIEHUN WMEIU OTPaHUYCHHYIO
TOYHOCTh. OIHAKO PKCIIEpUMEHTANIbHAS TIPOBEPKA HA JBUTATENE MOKa3aja, 4To
Jake B 3TOM Cllydae yJaJoch MJOOUTHCS MPUMEPHO 3-X KPATHOTO YMEHBIICHUS
OTKJIOHEHHUS COCTaBa CMECH B IepexogHoM mporecce (tadmn.1). s 6omee Tou-
HOTO PEIICHUS MOKHO HUCIIOIh30BaTh JOTIOJHUTEIHHYIO UTEPAIIHIO.
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PacuétHasg ontu MH3aIIA

# ALF target and ALF_optimization
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Puc.2. Vcxoanble JaHHbIE 715 HASHTU(GUKALIMKA MOJICTH U PE3YJIbTAaThl OMHCAHUS MTEPEXOIHO-
T0 MpoIiecca ¢ UCTIOIb30BAHIEM ONITUMHU3AMOHHBIX MPOIIEAYP: KeJITas KpUuBasi — peallbHbIN
COCTaB CMeCH B IIMIIMHIpE, (UOTIETOBAsI KpUBAsi — MOJAEIBHBIN COCTaB CMECH.

Tabmuual.
Pe3ysipTaThl MPOBEPKH ONTUMH3AIUH ITAPAMETPOB MOJICIIHM Ha JIBUTATEIIC.

3HaueHus: MAaKCUMAaIbHOTO 00OCTHEHHS COCTaBa CMECH IO KaX-
JIOMY OTJEJIbHOMY YBEJIMUEHUIO HAIPy3KH

Hukiasl  yBenmuueHUs Ha- I 1t - v
TPY3KH

Olmax O KOPPEKLIUH 1.09 1.09 1.09 1.07
Olmax T10CJIE KOPPEKLIMH 1.03 1.03 1.02 1.03

2. Heitpounwtit koppexkmop

B kagectBe cnemyromed 3amauu Oblla TpHHATA pa3paboTKa caMooOy-
YaIOMIEHCsT MOJEIH THHAMHUYECKOTO KOPPEKTOpa TOTUTMBOTIOAYM HA OCHOBE HC-
kycctBeHHoM HeuponHou cetu (MHC) [2]. KoppekTop uMmen yeThipe Bxoja
(IMKJI0BOE HAIMOJIHEHHUE, YacTOTa BPAICHUS W WX U3MEHECHHE 3a ITUKI) U OJHH
BBIXOJI, T. €. YIPABISUT HEMOCPEACTBEHHO TMOAa4ueii 00aBOYHOTO TOIuMBa. JlaH-
Has 3a/lada pelansach C UCIOIb30BAHUEM TOJIBKO PACYETHOTO SKCIIEPUMEHTA Ha
OCHOBE MCXO/HBIX PETUCTPAIIHIA TPOILIECCOB HA JIBUTATETIE.

1258



Cexyus 4. Hetipo-cemesvie mexunonocuu

Kak BuIHO U3 pe3ynbTaToB, MOKa3aHHBIX HA puC. 4, B ICXOTHOM BapHaH-
Te Mmpu pabote 0e3 KOppeKTopa HAOIIOAAIOTCS 3HAYUTENbHbIE OTKIOHEHUE CO-
CTaBa CMECH IPU OTKPBITHU U 3aKPBITUU JpocceabHOM 3acioHKu. [locie oOyue-

HUA HCprOHHBIﬁ KOPPEKTOpP o0OecreynBaj BHICOKOE IOCTOSHCTBO COCTaBa CMe-
CH.

CrpykrypHas cxema JIMHAMAYECKOI0 KOPPEKTOpa Ha
OCHOBE HEUPOUIION ceTH

MCY

Puc. 3. CtpykTypHas cxema IMHaMU4ECKOTr0 HEHPOHHOTO KOPPEKTOPA TOIIMBOIIOAAYH.
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I[HH&.MHK& OCHOBHBIX IIOKa3aTeJIei IIPpHA PE3KOM M3MCEHCHNN
ITOJIOKCHUS I[pOCCG.]'II:HOﬁ 3aCJIOHKH Oe3 U ¢ KoppeKuHeii

i i 1 1
1000 1500 2000 2500 3000 ITHE BT 3500

Puc.4. Pe3ynbTarel 00yueHus: HeiipoHHOTro Koppekropa (rae GBC — nukinoBoe Ha-
nostHeHue Bo3ayxom asurareiss, GTC u GTC corr — 1ukIioBbIe Mojauu TOIIMBA 0€3 U ¢
KOppEKLUEeH COOTBETCTBEHHO, N — YacToTa BpaleHus asuratens, ALFA —cocTtaB cMecu B
TUATUHAPE 10 (CHHHI) U TTOCJIe KOPPEKIIUH (YEPHBIN)).

2. Annpoxcumayun napamempa oeuzamensn ¢ nomouwiprio HHC

st Toro, 4ToOBl OTpabOTaTh METOJAMKY TMOCTPOCHHS MapaMeTpoB KOP-
PEKTOPOB B IIMPOKOM I0JIE€ PEKUMOB [0 OTHOCUTEJIBHO MaJIOMy YHCITY OIBITOB
ObUTM OMPOOOBAHBI MPOLIEAYPHI AMMPOKCUMALIMUA PE3YJIbTaTOB HACTPOEK Ha OT-
JEeNbHBIX pexkuMax. [Ipumep perienus Takoil 3ajaun MokasaH Ha puc. 5.

OnbITHl TOATBEPAMIM BO3MOXKHOCTH OBICTPOM aNMmpOKCUMAIIMK JAHHBIX C
JIOCTATOYHO BBICOKOM TOYHOCTHIO. CpelnHEKBaJpaTHYHOE OTKIOHEHHWEe Ha 21
touke He mpeBblmano 0.0286. IIpoBepka MOrpemIHOCTH MPOTHO3UPOBAHUSL HE
MPOBOAWIACH W3-32 OTCYTCTBHS JTONMOJHUTEIBHBIX 3KCIEPUMEHTAIbHBIX JaH-
HBIX.
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aix]

File Edit Wiew Insert Tools ‘Wwindow Help

lDzEaas/ xa 2/ 8pn

Parameter of engine

00| 0

FREQ, 1/min Wi, Nem
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Puc. 5 Annpokcumanus ¢ nomoibto MTHC ogHOro U3 napameTpoB ynpaBieHHs JBUTATEIEM B
I10JIE HATPY30YHO — CKOPOCTHBIX PEKUMOB.
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NCITOJb3OBAHUE ITAKETA NEURAL NETWORK
TOOLBOX CPEAbI MATLAB JJIA IUATHOCTUKHU
I'EHHATUTA Y XUPYPI'TMYECKHUX BOJIBHBIX

Apmwoxun B. B., Conomaxa A. A., 'opbauenko B. U.
Tlenzenckuii cocyoapcmeennuili nedazocudeckuii ynusepcumem, Ilensa,
Obnacmuas knunuuecxkas 6onvnuya um. H. H. Bypoenxo, [lensa,
Tlenzenckuii cocyoapcmeennuiti nedazocudeckuii ynusepcumem, Ilensa,
e-mail:Scar(@sura.ru, gorvi@mail.ru

1. Beeoenue

AKTYyanpHOCTh paHHEW IUArHOCTUKHM 3a00JIEBaHMI, BBI3BIBAIOIIMX aHE-
MUIO U MOBBIIAIONINX PUCK HEOIArOMPHUITHBIX MOCIEONEPALNOHHBIX UCXO/IO0B,
OCTaeTcsl 40 CUX MOp HepeumeHHou 3anadeit [1]. Mcnonb3oBaHne COBPEMEHHBIX
METOJIOB BOCIIOJIHEHHSI KPOBONOTEPHU: ayTOreMOTpaHC(y3uH, anmapaTHOM pe-
UH(QY3UH KPOBH, CTUMYJISITOPOB IPUTPONO33a, UMEET OIPAaHUYEHUE B KIIMHUYE-
CKOM xupypruu. Tak, MHMPOKOE TPUMEHEHUE ayTOreMOTpaHC(Py3Ur HEBO3ZMOXK-
HO U3-3a TOT0, YTO UMEIOT MECTO HAOJIIO/ICHUS, KOTJIa B KIIMHUYECKOM MpaKTUKe
y OOJBHBIX TMpeJoNepalioHHasl 3aroToBKa ayTOKPOBH YCYTyOJsieT TedeHHe
aHemMuu. AnmnapatHas peuH(Y3Usi KpOBU HE MOXKET NMPUMEHSThCS B CIIydasx
OaKTepHAIbHOTO MH(DHUIIMPOBAHUS KPOBH, M3IMBIIEUCS B MOJOCTU OpraHU3Ma,
KOTJla IOBPEXKACHBI MOJIbIE OPraHbl, a TAKXKE MPU HATUYUU HATHOUTEJIbHBIX 3a-
0oJieBaHU JIETKUX, IUIEBPHI, OprOmUHbI. CTUMYIATOPHI 3pUTpoIod3a 3¢ dek-
TUBHBI TPU HU3KOM DHIOTEHHOM YPOBHE SPHUTPOIMOITHHA B KPOBU OOJHHBIX.
OnHako KIUHUYECKHH 3()(EKT IIUTEeNeH U COCTaBlsAeT 2—3 HENENU, B TO XKe
BpEMS TSKEITYI0 aHEMHIO OHU CIIOCOOHBI CKOMIIEHCUPOBATh HEAJIEKBATHO IEPEN
BBINIOJIHEHUEM OIEPATUBHOTO BMeEIIATENbCTBA. CTUMYIIATOPBI 3PUTPOIIO33a yC-
NENIHO NPUMEHSIOTCS y OOJIbHBIX, HAXOAIMXCSl Ha IPOrPAMMHOM T'eéMOIhaju-
3€ C XPOHUYECKOW MOYEUYHOU HEAOCTATOYHOCTHIO [2]. MI3BECTHO, YTO BBI3BIBATH
aHEMUIO MOTYT COMYTCTBYIOIIME OCHOBHOMY 3a00JIeBaHUS, HAllpUMEpP BUPYC-
HBIE TeNaTUTHI.

JIns mpoBeneHUst aAeKBaTHOM KOMIICHCAIIMM AHEMUU BAa)KHA PAHHAS JIU-
arHOCTUKA COITYTCTBYIOILIEH I1aTOJOTUH, MOBBIIIAIOIIEH PUCK €€ BO3HUKHOBE-
Hus [3].

W3BecTHBIE METO/BI JIAOOPATOPHOU MUATHOCTUKU: MUMMYHO(MEPMEHTHBIH
anamm3 (MDA) u nonumepasno-tiennas peakiust (I1LIP) sBastorcs mocrosep-
HBIMU B IMarHOCTHKE BUPYCHOTrO renatuta [4]. OgHako OHU peIKO MPUMEHSIOT-
cs1 'y OOJIbHBIX ¢ aHeMHUel 0e3 KIIMHUYECKOTO MPOSBICHUS U 5kajo0 O0JbpHOrO Ha
3aboneBanust neueHn. UDA wu [P saBusroTcs AOPOTrOCTOSIIIUMH METOIAMHU.
[TosTOMYy OHM HE MOTYT OBITh EPBLIMU ISl IPOBEJACHUS CKPUHUHTA.
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[lepcrieKTUBHBIM HaIpaBJICHUEM SBIsIeTCS (popManuzainus 3aaad Meu-
IIUHCKOMN TMarHOCTUKH, B YaCTHOCTH, IPUMEHEHUE CTAaTUCTUUYECKUX U HeHpoce-
TEBBIX METOAOB. I[IpuMeHeHHe METO/IOB CTATUCTUYECKOIO aHalik3a B paccMmar-
puBaeMoi 00JacTH OrpaHUYMBAETCA HEYETKOM TPAKTOBKOM MOJENe HOpPMBI,
amantauuu ¥ natonoruu [5]. Hanbonee yHuBepcaabHbIM UHCTPYMEHTOM JUar-
HOCTHUKHU SIBJISIFOTCS HEWPOHHBIE CETH [6].

[lenpto paboOTHI SBISETCA HUCCIEIOBAHUE HEHPOHHBIX CETEH, MO3BOJISIO-
X 3()QPEeKTUBHO pacro3HaBaTh J1A0OPATOPHYIO XapPaKTEPUCTHUKY BUPYCHOTO

reriuatTuTta ¢ UCJbrO €ro CKpI/IHI/IHFa, 663 HpHBHe‘{eHI/IH I[OpOFOCTOHH_II/IX METOAO0B
VDA u TIIIP.

2. Bvloop u no02omoexka ucxoO0HwvlX OAGHHBIX

C uenplo pemeHus: MOCTaBIECHHOM 3aJauu c()OPMHUPOBAHBI JABE TPYIIIbI
HaOroIeHni: oOyyaroiiasi 1 KOHTpoJibHasl. B kauecTBe MCXOAHBIX JAHHBIX HUC-
NOJIb30BAIMCH /7 MapaMeTpPOB, KOTOPHIE XapaKTEPU3YIOT HAIMYME TeraTura y
NAIMEHTa: CKOPOCTh OCEAaHHsl SPUTPOLUTOB, 0OIIMN Oenok, OmnupyOuH, ac-
napraraMmuHo-TpaHcdepasa, alaHMHaMUHO-TpaHcdepasa, menounas ¢ocdarasa,
TuMosioBas mipo0a. [lepByto rpynmy HabmoneHuit coctaBuiu 150 3710poBBIX J10-
HOPOB OT/ENICHUS TIepeMBaHUSI KPOBHU, BTOPYI0 — 150 OGONBHBIX BHPYCHBIMH
renatutamu B u C B (haze peruikanuu otAesenus remarojoruu [7]. Takum 06-
paszoM, oOyuaroias U KOHTPOJIbHas BIOOPKHU ObLIH cocTaBiieHbl u3 150 kiuHu-
YECKUX HAOJIOICHUI: 110 75 JOHOPOB M MAIIMEHTOB OT/ACJICHUS TeNaTOJIOTHH.

Hcxonnbie AaHHBIE MPEACTABISUIMCH U MPEABAPUTEIHHO aHAIU3UPOBA-
JUCh B 3JIEKTPOHHBIX Tabmumax Excel. O0yuaromiee MHOKECTBO MOABEPTaIoCh
CTaTUCTUYECKOM 00paboTKe, HCKITIOUAINCh BRIOPOCHI, OTCYTCTBYIOIINE aHATU3bI
3aMEHSUIUCh CPEHUMU 3HaUeHUsIMU. HellpoHHbIe ceTn MOIeTupOBAIUCh B CUC-
teMe MATLAB, B kKoTOpy!0 TaOIMIBI UCXOAHBIX JAHHBIX UMIOPTUPOBAIHCH C
nomoluplo pyHkuuu xlsread.

Pe3ynbraThl aHanM30B MPEACTABISIOT COOOM dYHCIa, PE3KO pa3iudaro-
HIMecs IS pa3HbIX BUAOB aHANN30B. MIcXoaHbIe TaHHBIE TPUBOAWINCH K UHTEP-
Bany [—1 1]. st aToro oOydaroriee MHOKECTBO MacIITaOUPOBAJIOCH C UCIOJIb-
30BaHHEeM (DYHKIIMM premnmx, Bce Apyrue BXOJHbIE TAHHBIE CeTel MaciiTaOu-
POBAIKCH C TOMOIIIBIO QyHKIHH tramnmx [8, 9].

3. Bvioop apxumexkmypol cemu

[Tpu mocTpoeHnn HEMPOHHOM CETH BAKHO BBIOpATh TUII CETH, YUCIO CIIO-
€B U YHCIIO HEHPOHOB B KAKIOM CJIO€, pazMep oOyuaromiel BIOOpKHU. Jlo cux
NOp HE CYIIECTBYET aHATUTHUYECKUX METOJOB BbIOOpa MapaMeTpoOB HEHPOHHBIX
ceTeil. BbIOOp apXUTEKTYyphl CETU MPOU3BOJUTCS HA OCHOBE OIbBITA U IKCIIEPH-
MeHToB. M3BecTHbI [10, 11] pexomeHganuu mo BeIOOPY apXUTEKTYPhl CETH IS
annpokcumanuu ¢pyHkuuid. [ 3agau knaccupukainuu, K KOTOPbIM OTHOCUTCS
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paccmarpuBaeMas 3a7a4a, TAKUE PEKOMEHJANN OTCYTCTBYIOT. DKCIIEPUMEHTHI
C CETSIMM PA3IMYHOM apXUTEKTYpPbl OKA3aIN, YTO ISl PELICHU paccMaTpuBac-
MOM 3aJ]a41 JOCTAaTOYHO MEPCENTPOHA.

B skcnepuMeHTax MCIOJIb30BAJICS MEPCENTPOH C 7 BXOAAMH, C CUMMET-
puuHO# ctyneH4yaTo ¢yHkuuei aktuBanuu hardlims u Qynknuei ananramuu
adapt [8, 9].

Tak kak BBIXOJ CETH H3MEHsCTCA B auanazoHe [—1 1], To HeoOXommmo
MPUHATH ITPABUJIa UHTEPIIPETALUU PE3YIHTATOB.

4. Pe3ynvmamul IKcnepumenmos

DKCHEpUMEHTHI TIOKa3aliv, 4TO A 00y4eHHUs] TepcenTpoHa moTpedoBa-
Jock 5 mpoxonoB (passes). [Ipu 3ToM Ha KOHTPOJBHON BBIOOpPKE OOYUYCHHBIN
MEPCEeNTPOH AaeT morpemHocTs 4,67 %.

3aknrouenue

JlnarHocTKa BUPYCHOI'O T'€MAaTUTa MOXXET YCHEUIHO MPOBOAUTHCS C IO-
MOILIBIO CO3IaHHOW HEUPOHHOW ceTh. [I[puMEeHEeHne 3TOW TEXHOJIOTHMH IETECO-
00pa3Ho I YIy4IIeHUsT UCXOJO0B ONepaTUBHOro jedeHus. [Ipemnaraemas me-
TOJINKA PEKOMEHAYETCS ITPU MPOBEICHUN CKPUHUHTA IeNaTUTa B XUPYPTUHU.
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PEHIEHUE PECYPCOEMKHX BbIIMC/IMTE/IbHbBIX 3A-
AAY C IOMOIIIbIO HEUPOCETEHN

3n06un B. B.

Mocxkosckuii 2ocyoapcmeennbiii yHusepcumem um. M.B.JlomoHnocosa,
Gakynomem sviuuciumenbHol mamemamuxu u kubepnemuxu, Mocksa,
e-mail:zlobin(@cs.msu.su

MaremMarndyeckoe MOAEIUPOBAHUE ITPU3BAHO 3aMEHUTh HATYPHBIE DKCIIE-
puMeHThl. MateMaTtudeckass MOJIEIb CTajla €IMHCTBEHHBIM CPEACTBOM U3YUCHUS
SIBIICHUN B T€X 0OJACTSAX YEIOBEUECKOU JESATENHHOCTH, TIe MPOBEICHUE HATYP-
HBIX DKCIIEPUMEHTOB CBSI3aHO C OONBIIMMH (DHHAHCOBBIMU 3aTpaTaMU WIJIH PHUC-
KOM JUJIs1 KU3HHM Jiroer. K Takoif o01macTu AesITENPHOCTA OTHOCUTCS pa3paboTka
YCTAaHOBOK [UJII OCYLIECTBJIEHHSI YNPABIAEMOTO TEPMOSIAEPHOIO CHHTE3a
(VTC) [1]. Uensto moaenupoBanusi YTC siBasieTcss yBeIUYEHUE IIUTEILHOCTU
paspsiia B mia3me. YBEJIMUYeHUE JOCTUTAETCS 3a CUET BIOOpa ONTUMAJIbHBIX Ta-
paMETPOB, MOUCK KOTOPBIX OCYLIECTBISETCS IYTEM ONTUMHU3ALMNU COOTBETCT-
ByIOIlIEW Marematudyeckord monenu. Ho oka3bIBaeTcs, 4TO caMH MareMaThye-
CKHM€ MOJIETTU HACTOJIBKO CIIOKHBI U TPEOYIOT CTONBKO BBIYUCIHUTENBHBIX PECyp-
COB, YTO MX HEBO3MOKHO MCIIOJIb30BaTh ISl TOMCKA ONTUMAJIbHBIX apaMeTPOB.
Hanpumep, miist kona SCoPE, Moaenupyromero 3BOOLHI0 pABHOBECHSI TOPOU-
JaJIbHOW TIJ1a3Mbl, BPEMsL OJHOTO pacyeTa 3aHMMAaeT HECKOJbKO 4acOB Ha KOM-
netotepe P4 1700MHz. Ho uuciio mapaMeTpoB, BIMSIOMIMX HAa JJIUTEIBHOCTD
paspsiia — HECKOJIBKO JecATKOB. [loaToMy, mpemiaraercs 3aMEHUTh caMy Ma-
TEMaTUYECKYIO0 MOJIENb e1ile 0oJiee MPOCTON MOJCIbIO HA OCHOBE HEeMpoceTei. A
KaK M3BECTHO, OJHO MPSMOE BBIYMCIICHHE MO HEUPOCETH BBITOIHAETCS 3a JOJIH
CEKYH/Ibl. DTy HEMPOCETh MOKHO UCIIOJIb30BaTh KaK MOJIENb MPOLIECCOB, IIPOUC-
XOIAIMX B TuiazMe. Takum oOpa3om, aBTOpamMu Ipeajaraercs cieayroumas Me-
TOJIMKA.
1. IIpoBoasTCs pacyeThl O UCXOAHOU MaTeMaThdeckoi moaenu. Habopel
COOTBETCTBYIOIIUX TAPAMETPOB BHIOMPAIOTCS CIIy4aitHO.

2. C moMonipr0 MPOBEICHHBIX Pacuye€TOB HACTPAMBAETCS HEHPOCETH Mpsi-
MOTO PacIpOCTPAHEHUS.

3. IIpoBoaUTCS MOWCK ONTUMAJIBHBIX 3HAYEHUN MapaMeTpPOB C MOMOIIbIO
IpaJMeHTHBIX METOOB, UCIIONB3YSl HEHPOCETh KakK IEIeBYI0 (DYHKIIHIO.

4. B 3THX TOYKaxX MPOBOASTCS PACUYETHI 0 UCXOAHON MOJIEIIH.
Pe3ynpTarsl HOBBIX Pacy€TOB MCIOJIB3YIOTCS I YTOUYHEHUSI HACTPOU-
K1 HelpoceTu. OKOHYATEIbHBIE PE3YyJbTAaThl ONTUMH3ALMU MPOBEPS-
FOTCS [0 TOYHOW MOJIEIIH.

Jlis mporpaMMHOM pealu3allid METOAMKH Oblla BbIOpaHa cHcTeMa
MATLAB 6.5, Tak kak OHa MpeaoCTaBiseT yAOOHbIE CPEICTBa Jisa PabOThHI C
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Herpoceramu (Neural Network Toolbox) u rpagueHTHBIMU METOJaMU ONTHMHU-
3aruu (Optimization Toolbox).

Pewienue 3a0auu onmumuzauuu 6 mokKkamake

PaccmoTpuM B kadecTBe mpumepa 3anadqy 00 yBEIWYCHHH JOTIOTHHUTEIh-
HOTO (OyTCTpam) TOKa B YCTaHOBKE TOKaMak M MPOJEMOHCTPUPYEM Ha HEll Bce
npeuMyIecTBa mnpeaiaraeMoro mnoaxonaa. Crnoco0 MOTydYeHUs ONTUMATbHBIX
napaMeTpoB MOSICHSETCS Ha puc.l.

NCXOAHble [i> HaTYypPHbIN [i>
Pe3ynbTaThl
napameTpbl 3KCMepuMeHT y

NCXOaHble ﬁ> MaTemaTuyeckas ﬁ>
> Pe3ynbTaThl
napameTpbl MOAeN b y

NCXOaHble i> HeIZpOHHaﬂ |:>
Pe3ynbTaThbl
napameTpbl ceTb y

Puc. 1. Tpu cuenapus HacTpoiiku napameTpoB. Kaxaplil nepexo/] Ha ypOBEHb HIXKE,
pacIIHpsieT BO3MOKHOCTH DKCIIEPUMEHTATOPA.

B mepBoil cTpoke NMpUBOAUTHCA CTaHAAPTHAS MOCIIEI0BATEIbHOCTD JEH-
CTBUH, KOTOpasi IPUMEHSIETCA JIs1 HACTPOMKH MapaMeTpOB HEKOTOPOTO IpoLec-
ca, Harpumep, (PU3NKOM-IKCIEPUMEHTATOPOM. 3a/JaBasi pazjIU4HbIE HCXOJHBIC
JaHHbIE, UCCIIEI0BATENb IPOBOANT MOJHOMACIITAOHBIE HATYpHBIE AKCIIEPUMEH-
Tol. [10o pe3ynbraram AenaroTcs BBHIBOJABI O CTENEHM BIIMSHUS Pa3jIM4YHBIX Iapa-
METPOB, HA OCHOBE YEr0 BHIOMPAIOTCS UX HOBBIC 3HAYEHUS U SKCIIEPUMEHTHI 110~
BTOPSIFOTCS.

Bropas crpoka (puc.l) orpaxkaer nepexol OT HATYPHOT'O SKCIIEPUMEHTA K
ero mMaTeMaTu4eckoil monenu [2]. 3aecs TpeOyeTcs nmpoaesiaTb JOMOIHUTENb-
HYI0 paboTy MO CO3AAaHUIO aJEKBATHOI'O MaTEeMaTH4YeCKOr'o OIMHUCAHUS HCCe-
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JyEMOTO Tpolecca. 3aTeM, BMECTO HCCIEIOBAaHMS BIMSHUSA ITapaMETPOB Ha
MPOLECC, MPOBOJUTHCS U3YUYECHHE MATEMATUYECKON MOJIENIH, a 3aBUCUMOCTb OT
IapaMeTpoB HCCIENYETC Ha ee pemeHnd. Hapsany ¢ TeopetnueckumMu meToaa-
MU HU3YyYEHHUS MOJENEHN, UCIOJIb3YETCS BBIYMCIHUTEIbHBIM 3KCIEPUMEHT, CYTh
KOTOPOr0 COCTOUT B YMCIEHHOM PEUIEHWH BO3HUKAIOLIMX IPU MOJAEIUPOBAHUU
MaTeMaTH4YeCKHUX 3a/1ad. B 3ToM ciydae, ncciie[oBaTellb COBEPLIAET TE KE ACH-
CTBUS, YTO U (PU3UK-IKCIEPUMEHTATOP, 3a HCKIIOUYEHHEM TOTO, YTO BMECTO
MIPOBEJEHUS HATYPHOI'O SKCIIEPUMEHTA OH UCTIOJHAET porpammy Ha OBM.

Huxusis ctpoka Ha puc. 1 o003HayaeT mepexoa OT MaTeMaTH4YeCKOl Mo-
JIeJId, OCHOBAHHOM HAa YMCJICHHBIX METOJAX, K HEMpOHHOU ceTth. Ha aTom stane
UCCJIEIOBATENb CO3/1a€T HEHPOHHYIO CETh U 00y4aeT ee Mo pe3ysbTaTaM pacye-
TOB BBIYHCIIUTENBHOIO 3KCIIEpUMEHTA. [IpoBepseT cTreneHb COOTBETCTBUS HEM-
POCETH U MUCXOJHOW MAaTEMaTUYECKON MOJIENH C MOMOIIBIO TECTOBOTO MHOXKECT-
Ba MapamMeTpoB, HE YUacTBOBaBIEero B o0yueHuu. M tenepp, onTumanbHbIe 3Ha-
YEHUS TTapaMeTPOB MOXKHO UCKaTh MPAKTUYECKUM JIFOOBIM W3BECTHBIM METOJ0M
ONTUMU3AIMA, B TOM YHCJIE TPAJIUCHTHBIMH METOAAaMH. BbICOKasi CKOpOCTh
IPsIMOTO BBIYMCIICHUS! 3HAYEHUN HEMpoceTu (ThICSAYM 3HAYEHUH B CEKyHAY Ha
COBPEMEHHOM IEPCOHAIIBHOM KOMITBIOTEPE), TTO3BOJISIET BOCIOIB30BATHCA JaXKe
nepebopoM. B 3TOM M 3akiroyaeTcsi OCHOBHOE MPEUMYILECTBO MpeasiaraeMoi
METOJIMKH, TTIOTOMY YTO CIJIOKHBIE MAaT€MaTUYECKUE MOJEIU HE IMO3BOJSIOT HC-
II0JIb30BaTh 3T METO/IbI IIOMCKA ITAPAMETPOB U3-3a CBOEU PECYPCOEMKOCTH.

[Ipouenypy yBenMYE€HHUsI OOIMOJIHUTEIBHOTO TOKA B YCTAHOBKE TOKAMAaK
MO>KHO pa30uTh Ha MATh MIaroB, MOSICHSIONINX pUC. 2.

5
x 10
35r OKPEeCTHOCTW MakcumMy Ma

MaKCUMy M, HaWAEHHbIA
no HerpoceTeBOM Moaenmu

py4YHas HacTponka

25 A

BENMYMHA [OOMNOJNHUTENBHOTO ToKa, A

l ﬁ
cryyaviHbii Monck

0 I I I I I I I I I I I I I I I
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

HOMEp 3KCnepumMmeHTa

Puc. 2. JIlunamuika u3MeHeHUs JOTOTHUTEIBHOTO TOKA B MPOIECCe
onTuMu3anuu napamerpos. [1o ocu X oTiI0kKEHBI MOPSIAKOBBIE HOMEPA HKCIIEPUMEHTOB,
amo ocu Y — BeIWYMHA AOMNOJHHUTCIBHOI'O TOKAa B aMIICpax.
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Lllaz 1: nposecmu pacuemsl 6 cayuaunvix moukax. VI3 MocTaHOBKHM 3a1a-
4y ObLIO U3BECTHO, YTO TOK 50 KA (KMI0aMIiep) CYUTAETCS XOPOIIUM 3HAYEHU-
eM. Cpenn MepBBIX MATH CIYYalHBIX TOYEK, OKA3aJlach OJHA, C TOKoM 70 KA
(cMm. puc.2). ITocne 3TOro, BMECTO CIIy4ailHbIX, BEHIOMPATUCh TAKME TOYKH, Mapa-
METpPbl KOTOPBIX OBbUTHM CYOBEKTUBHO «IOXOXKH» Ha 3Ty «ITAJOHHYIO» TOUKY.
Tyt ucnonp3oBaack HEKOTOpas IOMOJIHUTENbHas WHGOpMaIMs O 3a1ade, a
UMEHHO, TEOPETUYECKOE MOJI0KEHHUE O TOM, UYTO OOJIBIIUM 3HAYEHUSIM JIBYX OIl-
PECIICHHBIX TTapaMeTPOB, COOTBETCTBYIOT OOJIBIIINE 3HAUYCHUS JOTOTHUTEIBHO-
ro Toka. Ho npsimoe nmprmeHeHHne 3TOro npasBuia HEBO3MOXKHO, TaK KaK CIUII-
KOM OOJIbIIIME 3HAYEHUS MapaMeTPOB, HECCOMHEHHO, MPUBEIYT K CPHIBY IUIa3MBl,
a 3HA4YUT, LeJb He OyJeT JocTurHyTa. Tem He MeHee, cpelu craeayromux 17 to-
YeK, BEIOpAaHHBIX TAKUM MHTYUTHBHBIM 00pa3oM, TOK kojebancs okono 200 KA,
U MakcuMyM Joctur 240 xA.

JlanpHeNIMe MONBITKU YIYYIIUTh PE3yJIbTAaT BPYUYHYIO, JaK€ C MCIOJIb-
30BaHHEM HOBBIX PACUETHBIX JIAHHBIX, HE ONMPABJIAIUCH (PHUC.2, IKCIIEPUMEHTHI C
6-ro no 23-uit). [loaToMy, mepexoaum K CiaeayroeMy mary.

Llae 2: 06yuums Hevipocemvb. ApXUTEKTypa HEUPOCETU OTpeIeseTcs 3a-
paHee, HO NP YBEIIMYEHUHU pa3Mmepa o0yuaroiieid BHIOOpKH (110 Mepe HaKoILe-
HUSl pe3yJbTAaTOB PacueToB) MOXET M3MEHUThcs. Hampumep, Moxker monasno-
OUTHCSI YBEJIIMYUTH YUCIO HEHPOHOB B CKPBITOM CJIO€, YTOOBI MOBBICUTH TOY-
HOCTh HeipoceTeBoi Mojaenu. B kadecTBe 0a30BOil MCHOJIB30BaAACh CIIETYIO-
1iasi ApXUTEKTypa: JABa MOCIEIOBATEIBHO UAYIINX CKPBITHIX CJIOS 3aKaH4YMBa-
FOTCSL OJTHUM JIMHEMHBIM BBIXOJHBIM HEUPOHOM. KoJIMuecTBO HEMPOHOB B KaX-
JIOM U3 CKPBITBIX CIIOEB, BRIOMPAIOCH UCXOS U3 Pa3MEepOB 00ydJaroOIIe BHIOOP-
KA ¥ OITMOKK Ha TECTOBOM MHOKECTBE. B KOHeUHOM cueTe, HanboJiee ynaqyHoul
OKa3ajlach apXUTEKTypa C YeTbIpbMs HEHpOHaMH (IO JBa B KaXIOM CKPBITOM
cioe) ¢ pyHKIMEN aKTUBaluu — rurnepoonnueckuid Tanrenc. Cozmnanue u 00y-
YyeHne ceT ¢ Takoil apxurektypoii B MATLAB ocymecTBisieTcss 1ByMss KOMaH-
JaMU:
nn = newff ([min(P’)’ max(P’)’], [2 2 1], {‘tansig’, ‘tansig’, ‘purelin’});
nn = train(nn, P, T);

['me nn — mepemeHHas-HelipoceTh, P — BxoaHbIe mapamMeTpsl (KaXKIblii HaOop
3aHUMaeT cTojberr), T — CTpoka co 3HaYEHUSIMHU 11eJ1eBOM (DYHKIIUH.

Jnst  oOydeHuss HelpoceT wucnoyib3oBasics Meron JleBenOepra-
Mapxksaptaa. [Tockonbky oOy4aroriasi BBIOOpKa COAEPKUT MeHbIe 50 Toyek, a
HEHPOCETh COCTOMT JIMIIb M3 4 HEHPOHOB, TO OOJBIINE 3aTPAThl MAMSTH, MPU-
MMCHIBAEMBIE K HEJOCTATKaM 3TOr0 METOAa, NPAKTHUYECKH HE MPOSBISIOTCS.
Uto0b1 00yuath ceTh 3TuM MeTogoM B MATLAB, nepen o6yuenneMm HY>XHO J10-

OaBUTh CTPOKY:
nn.trainFen="trainlm’;

Jl7is oCTaHOBKHM OOy4YeHUsI MCIONB30Bajlach 0alleCOBCKasi PEeTyNISIpU3aIIns
(nn.trainFen = ‘trainbr’) Wiu npoBepKa Ha HEYMEHBIIICHHE TECTOBOM OIMOKHU B
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TEUCHUE 30 uTepaun (ucmoJsib30BasCs rapameTp HEUpOCEeTH
nn.trainParam.max_fail).

b1 npoBeAeH pydyHoi oTOOp 0Oydaroieil U TeCTOBOM BBIOOPKH M3 BCEX
UMEIOIUXCsl TaHHbIX. OO0yYuB HEHpOCeTh, Mbl MEPEXOJIUM K MOUCKY MaKcHMa
€€ 3HaUYCHMI B TOM 00J1aCTH, B KOTOPOH MBI €€ 00yJau.

Ulae 3: Haumu onmumanvHvle 3nauenus napamempos. Jljis onTuMusza-
MY MAapaMeTpPOB IO HEMPOCETEBONM MOJIEIM HMCIIOJIB30BAJICS KBAa3MHBIOTOHOB-
CKHUI aJTOPUTM MOUCKa dKcTpemyma (pyHkius fminunc). YToObl OLIEHUTH pe-
ANIbHYI0 KapTUHY PACIOJIOKEHHUS SKCTPEMYMOB HCIOJIB30BAJICSA METON MYJIbTH-
cTapTa — IMOUCK coBepiiaics u3 K HayaabHBIX TOYEK, IPH 3TOM, MAKCUMAIIbHOE
YUCJIO UTEpalil KBa3WHBIOTOHOBCKOIO aJITOPUTMA OIPaHUYMBAIOCH KOHCTAaH-
Toil N. Ha nmpaktuke ucnosib3oBasiich 3HadeHus uist K u N — oxoisio 30 u 50
COOTBETCTBEHHO.

Lllaz 4: Ilposecmu pacuemol 6 Hauioennvix mouxax. Ilocie orbopa Hau-
JY4YIIUX TOYEK MO0 HEHPOCETH, B 3TUX TOUKaX ObUIM MPOBEIAEHBI TOMOJHUTEIb-
HbIE pacueTbl M0 MCXOAHOW Monenu. B Hamem ciiydae OblT BBIOpaH TOJIBKO
OJINH MaKCUMYM.

Kak BunmHO Ha pucyHke (cM. puc. 2, skcriepuMeHT 24, Tok 280 kA), Mak-
CUMaJbHOE 3HAaYeHUE ToKa yBeauumsioch Ha (18%). DTo 3HAUMMBINA pe3yibTart,
MOTOMY YTO K 3TOMY MOMEHTY, MOIBITKUA YIYUYIIUTh TOK BPYUYHYIO CTajau Oe3yc-
nenrHpiMU. [loMuMo pacueToB B 3TOM TOYKE, ObUIM TaKKe MPOBEIAEHBI PACUETHI
B CIIYYalHBIX TOYKAX M3 MaJOM OKPECTHOCTH BHIOPAHHOTO MakcUMyMa. SIcHo,
YTO CPeAr HUX MOTYT OKa3aThCs €IIe JydIlue pe3ysibTarhl (Kak M 0Ka3ajioch B
JAHHOM 3ajade, CM. pUC. 2, MAaKCUMaJbHbIA TOK A0cTUT 340 KA) — UX MOXKHO
OyJeT UCHOJB30BATh JIJIS CIEAYIOIUX UTEPALUi IO NPEII0KEHHON METOIUKE.

Llaz 5: Ilpuname peuwienue 06 ocmanogke uiu NOGMOPUMb NPOYUEOYDY.
Ha »ToM pemienue paccmarpruBaemMoid 3aauu Obl1o pekpaiieHo. Koneunslii pe-
3yJbTaT — YBEJIMYEHHUE JIOMOJIHUTEIBLHOTO TOKa nouTu B 7 pa3. K coxanenuto,
IIPOBEpPKa Pe3yJIbTATOB 0 TOYHOW MOJIEIN HA JAHHBI MOMEHT HE MpEJCTaBJIs-
€TCSI BO3MOKHOM, XOTSI pACCMaTpPUBAETCS TaKasi BO3MOKHOCTh B ITEPCIIEKTUBE.

Buszyanvnasa cpeoa, peanuzoseannas ¢ MATLAB

JI1s MHOTOKPATHOTO MPUMEHEHHS TAaHHOW METOJIMKHU Oblja co3JaHa Ipo-
rpamMma ¢ rpadudeckoil 000J0UKOM HA OCHOBE MAKETa YUCICHHBIX BHIYUCICHHM
MATLAB 6.5. Ona noaaep:xuBaeT BCe 3Tarbl, CBI3aHHBIE C IOCTPOCHUEM HEM-
pPOCETEeBOM MOJIENH, BHIOOPOM SKCTPEMANbHBIX 3HAYCHUN W BHU3yaJW3aIlHel
naHHbix. Kpome Toro, mobaBiieHa BO3MOXHOCTh BH3yalU3allMM MHOTOMEPHBIX
JIaHHBIX ¢ Tomouplo cereli KoxoHeHa. [[s 3TOro HMCHOJb30BAJICA JTONOJIHH-
tenbHbl makeT a1 MATLAB (Som Toolbox), koTopsiii pacnpocTpaHsieTcs
oecmatHo [3].
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B ynpasamouee et d==p 0o

VcxoaHbIe AaHHbE  HEADOCETE,.,  Pac4eTINOHC,.,  Bolx0AHEIE AdHHbIE

BxooHele AaHHEE

Orugr, 11-Mar-2004

ranopriposars MMNOpTApDBaHe! AaHHbIE:
scero eektopos: 41, BRoRbIX NEpeMEHHSix: 4

oT BrOnHbIK oA

e i o S ‘ Pacu&Ts! 1o HeipoceTH saKortes: [om. Bemaanbie aarHsis)

MenonsaosaT TecToBYo BIBOPKY |

MocrpouTs kapry Koxorera J

‘ CosaaTs 1 06T HEpOCETE J ‘

‘ | ‘

BexoaHee AaHHEE

MpoctaoTp.
MocTpauT Kapry...
Corparums

Puc. 4. BusyanbHas cpena. BeigeneHo detbipe Habopa ornepaiuii: JeiHCTBUS ¢ BXOJAHBIMHU
JTAHHBIMH, C HEUPOCETHIO, ONTUMHU3AIHS 1 00pabOTKA BHIXOJIHBIX TaHHBIX.

e

B Kapra Koxonena @25k 00 o

Mepepucasars capTy

3HEMEHUA B BRISPAHHOM TOUKE: 1.93 0715 155 1.33 - 4.07e+004
CoxpaHuTE Ta4KY

PyuHkLMoHan F~ w10’ x1 (0.37) x2 (-0.50)

. 25
]
7 2
5
15
5
" 1
£ s
-

x3 (0.40) x4 (-0.67) Matpuua paccrosmui 10

e 5
14
i 12
1
0.8
2.5
0.6
2
0.4
" i
& : B

Puc. 3. BusyanbHas cpeaa. OToOpakeHue 11e1eBOro (pyHKIMOHANA, YEThIPEX BXOAHBIX Mapa-
METPOB U MaTpUIbl pacCTOSHUM MO AByMepHoH kapTe KoxoHeHa, 00y4eHHOI Ha BXOJIHBIX
JAHHBIX.

Ha cerognsAmnmii 1€Hb, HEUPOCETHU YCIIENTHO MTPUMEHSIOTCS I MOJIECIIU-
pOBaHUA 3aBUCHUMOCTEH, HE MMEIOLIMX aHAJUTUYECKOro BhIpakeHus [4,5]. B
JIAHHOW CTaThe, MPUBOIATCA IPUMEP, IMOKA3BIBAOIIMN I0Jb3y MPUMECHEHUS
HelipoceTeld Tpu paboTe C y)Ke€ W3BECTHBIMU MaTeMAaTHYECKUMH MOJICIISIMH.
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Taxoke uznaraercst o01Ias cxema NPUMEHEHHUs] HEHPOHHBIX CEeTel JJI ONTHUMHU-
3allMy TapaMeTpoB CO CChUIKAMU Ha (YHKIMH, pEaM30BAaHHBIE B CHUCTEME
MATLAB.

[IpennoskeHHass METOJIMKA MOJHOCTHIO OTpaBjaja cedsi Kak ¢ TOUYKH 3pe-
HUSl CYILIECTBEHHOM YKOHOMUHU MAILIMHHBIX PECYPCOB U BPEMEHU, 3aTPAYEHHOIO
Ha JKCIIEPUMEHTHI, TaK U C TOYKU 3PEHHUs IOJYUYECHHBIX pe3yJIbTaTOB — yJa-
JIOCh TTOBBICUTh BEIMYHMHY JOIMOJIHUTEIBLHOIO TOKAa B 6.8 pa3a Mo CPaBHEHUIO C
MCXOJHOW BENMYMHOW M HA 29% MO CpaBHEHHIO C MaKCUMyMOM, HailiJICHHbIM
BPYYHYIO.

ABTOp BBIpaXKaeT CBOIO TMpu3HATENbHOCTH Tmpod. @. C. 3aiineBy u
A. A. JlykpsiHULIE 32 00CYXKIEHUE HACTOALLEH PabOTHI.
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YK 519.7

CUCTEMA JUATHOCTUKHU ITAHIOBOU
IJIYBUHHO-HACOCHOM YCTAHOBKH HA OCHOBE
HEMPOHHOMN CETHU

3103e6 A. M., Kocmuwines A. B.

Ypanvckuii cocyoapcmeennswiii mexuuyeckutl ynusepcumem YIIU, Examepunobype,
e-mail:zuzev(@ep.etf-ustu.ru

1. Illocmanoeka 3aoauu

tanroBasi riyOMHHO-HACOCHAsl YCTAaHOBKA SIBJSIETCS MPOMBIILICHHBIM
00BEKTOM, XapakTep padOThl KOTOPOTO MOKHO OMHUCATh C MOMOIIBIO AUHAMO-
IpaMMBbl, XapaKTEPU3YIOIIE 3aBUCUMOCTh YCUJIUSl B MOJBECKE MOJUPOBAHHOTO
YCTBEBOTO IITOKA OT MepeMeleHuss Wik xoaa mroka. [Ipu oOpaboTke nuHamo-
rpaMMBbl TOSIBISIETCS BO3MOXKHOCTh ONPENETUTh KOJIMYECTBEHHbIE U KAYECTBEH-
Hble TokazaTenu padotel HITHY:

— Harpy3KH U HaIPsDKEHUS B IOJMPOBAHHOM IITOKE;

— JUIMHY XOJa IUIyHXXepa U MOJIMPOBAHHOTO IITOKA,

— K03 GULMEHT HATTOJTHEHHUS HAcOCa;

— TIE€pPMETUYHOCTb IPUEMHOW U HArHETATEIBbHOM YacTeN HAcoca;
— BJIMSIHUE Ta3a;

— TPAaBWIBHOCTH MTOCAJKHU ITYH)KEPA;

— HaJW4Me yTeueK B HarHeTaTeJIbHOU KOJIOHHE TPYO;

— OTBOPOTHI U OOPBIBBI IITAHT WM IITAHTOBBIX My (T;

— 3aKJIMHMBAHUE IUTYHXepa.

[To nuHamorpamme pa®oOThl CTaHKa-Kayajkd B Cpele, COAeprKalleil cBO-
OOJHBIN ra3, TakKe ONpeNeNsIIOT AaBICHUE Y IpHeMa Hacoca, AeOUT KUAKOCTH
" 1eOuT raza.

Kak mpaBwiio, tuHaMOMETPUPOBAaHUE AOJKHBI IIPOBOJUTH B IIEPBBIN K€
JIEHB T0CJIE CIIyCKa HacoCa B CKBAXKMHY M NP M3MEHEHUSAX PEKUMA OTKA4YKU U
[I0JIa4M HAacoca, a TAK)KE B IIPOLIECCE €ro pabOThI 11l CBOEBPEMEHHOI'O BBIsIBIIC-
HUS PA3JIMYHBIX HEMOJIATOK. [ yCTaHOBIEHUS B KaXXOM KOHKPETHOM Cllydae
XapakTepa OCJIOKHEHUH Lieraecoo0pa3Ho BOCHOIb30BaTHCS TUIOBBIMU TUHAMO-
rpammamu [1].

Ha puc. 1 npexncraBieHbl Haeaqu3UpOBaHHBIE JHUHAMOTPAMMBI JUISI OC-
HOBHBIX COCTOSIHUM CKBaXMHHOT'O HAacoca, KpoMe aBapuiHbixX. Mcxonsd ns npu-
BEJICHHOTO Habopa TUIOBBIX AUHAMorpamm, xapaktepHeix mns LITHY, npwu
pa3pabOTKe CUCTEMBI IMATHOCTUPOBAHMS CTABUTCS 3a/a4a paclo3HaBaHUs yKa-
3aHHBIX JUHAMOTPaMM CpPEACTBAMHU HEMPOHHOM CETH.
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T T[T

Sy

Puc. 1. /IunamMmorpaMmbl OCHOBHBIX COCTOSIHHM CKBaKMHHOTO Hacoca: a - HopMasbHasi paboTa;
0, B— He3aloJIHeHUe Hacoca; T, 1 — yTeuka B IPUEMHOM KJIalaHe; e, )k — yTeuKa B HarHe-
TaTeJIbHOM KJIAIlaHe; 3 — HU3Kas M0CcaJIKa IUNIyHXKEPa; U — BBICOKAs MOCAJIKA IUTyHXKeEPaA.

2. Hugpposoe npeocmaesnenue OuHamozpamm

B kadecTBe MCXOAHBIX JAHHBIX JJISl TIOJIaYU HA BXOJ] HEHPOCETH UCIIOJIb-
3yercs uHbopmalus, mojgydaeMas OT CTallMOHAPHBIX WM TIEPEHOCHBIX CPE/ICTB
CUCTEMBI JTUHAMOMETPUPOBAHUS, TIOFTOMY Ha MEPBOM 3Tare pa3paboOTKU CUCTe-
MBI JUATHOCTUPOBAHUS Ha OCHOBE HEMPOHHOM CETH BCTAET 3ajavya BEIOOpaA CIIo-
coba mporpaMMHOTO TIpencTaBieHus (OIUGPOBKU) AUHAMOTpaMM. BO3MOXKHBI
JIBa TIyTH €€ PEIICHUS: 3a/JaHie TOUYECK JUHAMOTPAMMBI JEHCTBUTEILHBIMH YHC-
JamMu (B JCCATUYHOW CHUCTEME CUWCJICHUS) W JBOMYHBIMH CHMBOJIAMH (B BHUIE
MaTpHIIEl HyJIeH U equHuI). [Ipoananu3npoBaB peaibHbIC U HICATU3UPOBAHHBIC
JTUHAMOTPaMMBbI ¥l TIPUHAMAsi BO BHUMaHUE, YTO BUJ UACATBHON JUHAMOTPAMMBI
3aBHCHT TOJIbKO OT JUHAMHYECKOTO YPOBHS JKUIKOCTH B CKBO)XXKHHE, TIPUXOIUM
K BBIBOJLY, YTO O0Jiee YHHBEpPCATbHBIM OyAET UCTIOIb30BaHUE IBOMYHON CHCTE-
MBI cuucienus. K ToMy ke, TaHHBbIe TaKOro THIIA TMpolie o0pabaTeBaTh C MO-
MOIIIBIO JIOTHYECKUX orepanuil. Beiaensst xapakTepHble 3J€MEHThl H300paxe-
HUS JICBSITU OCHOBHBIX THUIIOBBIX JMHAMOTPAMM, MOXHO MPEIOKUTH MaTpUy-
Hy10 hopmy b poBOro NpeCcTaBIeHUsI TMHAMOTPaMM B OMHAPHOM KOJIE C pa3-
pemienueMm 14x8. [Ipu HE0OXOAUMOCTH pacmo3HaBaHUsl O0Jiee CIOXKHBIX JUHA-
MOTpaMM TpeOyeTcsl yBEIMYUBATh pa3Mep MATPHIIbI, YTO BIICYET 3a coOOH yc-
JIOKHEHHE CTPYKTYPBI HEHPOCETH, 3aTPYIHSS €€ peaTn3allyio.
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JlaHHbIE, TOJIyYEHHBIE OT CHUCTEMbl JTUHAMOMETPHUPOBAHUS, OIU(POBHI-
BaIOTCSA B COOTBETCTBUU C MPUHATHIMU TNpaBUJIaMU MPeoOpa3zoBaHus K OWHAp-
HOMY BUJY, TyT€M HAJOKEHUS Ha U300paKeHHE TMHAMOTPAMMBbl KOOPIMHATHOM
ceTku 14x8, kak mokazaHo Ha puc. 2.

ololofo]o]o]ololololololo]o
0|0 |o0| -+ttt |0
olololilolololololololol1]o
olo|1/ololofofolofo]o]i/]o]o
ololAlofololofofololola]o]o
0|140[0]0]|0]0|0[0]|0|1/0]|0]0
0| Ht++++++tH+++++1 |0 |00
oloflololololololo]o]olo]o]o]| s

Puc. 2. Ilpumep ormudpoBKH THHAMOTPAMMBI.

Jlanee, Ha OCHOBE JAaHHBIX, MOJYYEHHBIX B pE3yJbTaTe YKa3aHHOIO Ipe-
o0pa3oBaHus TpapuUYECKOro M300pa)KeHUs, MyTeM IOCIe0BATEILHON 3aMUCH
CTPOK «CJI€Ba HAIpaBO - CBEPXY BHU3», POopMUpYyETCs] OUHAPHBIN KOJA TUHAMO-
rpaMMbl, TPEJCTABISAIOMUNA COO0M BEKTOp — CTpOKYy U3 112 snemenrtoB. [l
JUHAMOTPaMMBI, IOKa3aHHOM Ha pUcC. 2, 3TOT BEKTOp OyAeT UMETh 3HAUCHHE:
dini=100000000000000...

00011111111110...

00010000000010...

00100000000100...

00100000000100...

01000000001000...

01111111111000...

00000000000000].

3HaueHHUS BEKTOPOB, COOTBETCTBYIOIIMX OCTAJIbHBIM THUIIAM JUHAMO-
rpamMm, nipuBeneHsl B [Ipunoxenuu. Ilpu BeiBoAEe onmdpoBaHHOTO M300paxe-
HUSL JUHAMOTpaMMBbl Ha 3KpaH KOMIIbIOTEpa BEKTOP-CTPOKa MpeolOpasyroTcs B
MaTpuIly HeoOXoauMoro pazmepa. Pe3ynbraTsl paboThl IporpaMmMbl BU3yalln3a-
i SHOWDIN.M OGuHapHOTO mpeACTaBIeHUs] TUIIOBBIX JTUHAMOTPAMM, Peau-

3oBanHOM B cpeqie MATLAB 6.1 (cm. [Ipunioxenue), moka3aHsl Ha puc. 3, 4.
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Figure Ho. 1

”Ir =

Figure Ho. 1 Figure Ho. 1

".P— = ".P— =;

) €)
Puc. 3. OkHa BU3yanu3auu BEKTOPHO-MATPUYHOTO MPECTABIICHUS JUHAMOTpaMM Tipu pabdo-

te mporpamMbl SHOWDIN.M: a - HopmanbHas padoTa; 0, B - He3alloJIHeHHE Hacoca; T, 1 -
yTe4Ka B IPUEMHOM KJIAllaHe; € - yTeYKa B HATHETAaTEIbHOM KJIaIaHe.
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=

File Edt Yiew [sert Tools Window el File Edt View [sert Iools Window Help

lozma/xarr2ao lozma/xarr2ao

=
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File Edt Yiew [sert Tools Window Hel
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n)

Puc. 4. OxHa Bu3yanus3auy BEKTOPHO-MaTPUUHOTO NMPEACTABIECHUS AMHAMOTpaMM ipu pado-
Te nporpammbel SHOWDIN.M: k — yTeuka B HarHETaTE€IbHOM KJIANIAHE; 3 — HU3Kas [ocal-
Ka IUTyHXKepa; U — BBICOKAs MOCAIKa IUIyHXeEpA.

3. Cunmes HelpOHHOU cemu

Jlia peanuzanuy 3aJadd pacro3HaBaHUS JWHAMOTPaMM BbIOEpEM JBYX-
CIIOMHYIO CETh MPSAMOI0 paclpOCTPAHEHUs, KOTOpas OTIMYAETCA IPOCTOTOU
CBs3eH MeXy HermpoHamu. [lapameTpsl ceTr monydaeMm MCXOAS U3 3a/1a4d pac-
NO3HaBaHUsI HEOOXOIUMOTO0 Ynciaa AMHaMorpamm (9 THMOB) U crocoda ux ud-
POBOTO MPECTaBIICHUS (BEKTOP-CTpOKa U3 112 35emMeHTOoB).

CdopmynnpoBaHHbIE YCIOBHS MPUBOAAT K CTPYKTYpe, H300pakKeHHOU Ha
puc. 5, comepxanieit 112 BXOAHBIX HEUPOHOB, 9 HEMPOHOB BBIXOIHOIO CJIOS, BO
BHYTPEHHEM CJIO€ Ha OCHOBE PE3YyJIbTaTOB BBIUMCIUTEIbHBIX SKCIEPUMEHTOB
IpeIaraeTcsl UCIOJb30BaTh 26 HEMpoHOB. B kauecTBe (pyHKUMI akTHUBALUU
IPUMEHEHA CMEILEHHAs! B MOJOKUTEJIbHYIO 001acTh CUrMOUJalIbHas (JIOTUCTH-
qyeckast) QyHKIIHS.
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Ha Bxox cetm mopaercs peaBapuUTCIbHO C(i)OpMHpOBaHHBIIZ BCKTOD-
CTpoKa din;, XapakTEepU3YIOIIUH BUJ aHAIM3UPyEeMON nuHamorpammbl. Ha BbI-
X0O€ CCTH IIOJy4YaeM YHUCICHHOC 3HA4YCHHUC KOS@MPHHH@HT& IIPUHAOJICKHOCTH
paCH03HaBa€MOﬁ AWHaMOI'paMMBbI K Ka)KI[OP’I M3 ICBATH TUIIOBBIX JUHAMOIPaAMM.

Boogmendt croit CEJBITED CTI0H BEroomroi cook

Puc. 5. CtpykTypa AByXCIOWHOW MPSIMOHANIPABICHHOW HEHPOHHOU CETH
AJId aHaJIn3a JUHAaMOIr'paMM.

Bce nccnenoBanue u aHajau3 KadyecTBa pabOThI CETH BBITIOJNHEH B MIPHIIO-
»xenun Neural Network Toolbox B cpene MATLAB 6.1 [2]. Monenb cUCTEMBI
JUArHOCTUKH TIPEACTABISAET COO0N CTPYKTYpYy M3 MATH (DailioB-mporpamm, Io-
Ka3aHHYIO Ha puc. 6. ®parMeHThl MPOTpaMMbl CO3aHUS U MOJCIUPOBAHUS pa-
6otel cetu NETCREATE.M npusenenst B [Ipunoxxenun.

SUMDINAM-M

NETCREATEM ——

| Commame com | L Th A
Coamamme ceTH

PesymbTar
TeCTHpPOBAHMA
PesymTar obyuermm

SHOWDIN.M

[TpoemoTy
JEHANMOTH AN

PLOTCHM

Prcosarme
HHAMOTp AW

Puc. 6. Ctpykrypa Mmonenu cucremsl nuarHoctuxu IHT'HY .
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OOyueHue ceTd MPOBEAECHO UTEPATUBHBIM T'PAJUEHTHBIM METOJIOM C IO-
MOILIbI0 KOMOMHHUPOBAHHOTO aJIrOpuUTMa 0OpaTHOrO PACHPOCTPAHEHUS OIIMOKU
C BO3MYIIEHMEM M aJalTalMedl nmapaMerpa CKOpOCTHM HacTpoiiku. dparMeHT
TEKCTa MpOorpaMMbl, 3ajarouiell mnapameTpbl OOydeHHMsl B cocTaBe (aiina
NETCREATE.M, Ttaxxe npusenex B [Ipwinoxxkenun. [1pu 3amycke sToro ¢aina
Ha KpaHe MosBisieTca rpaduk, NoJ00HbIH N300pakeHHOMY Ha pHUC. 7, 0TOOpa-
KAIOIUN 3aBUCUMOCTb BEJIMYMHBI OIIMOKKA 00Oy4YEeHHUs! OT YUCIa LIUKIOB 00yue-
HUSL.

<) Training with TRAINGDX —|ol x|
File Edit “iew Insert Tools Window Help
- Perfarmance is 0.00970271, Goal is 0.01

0o e T T L—

il \ E
. 3 ]
(]
Lo
m i
= 0 3
[m] F 3
o [
o [
i L
o
= 0k -
= ]
E
'_

107 b

1|:|'3 1 1 1

] a0 1aa 150
Stop Training | 158 Epochs

Puc. 7. 3aBUCHMOCTDH OIIMOKH OT YKCIIa OHUKJIIOB 06yquI/m CCTH.
4. Tecmuposanue HeipoHHOU cemu

TectupoBanmne cetw, OCHOBAaHHOE Ha pacueTe KoddduimeHTa mpuHAI-
JIeKHOCTU paClO3HAaBAEMOW JMHAMOIPAMMBI K THIIOBBIM, BBINIOJIHSAET (haiii
PROVTEST.M, Ttekct koroporo npuseaeH B lIpunoxennn. Ecam 3amycTtutsb
3TOT (haili, Hampumep, JUIsl aHaIu3a JTUHAMOIpaMMbl THUMA 4, YTO MOKa3aHa Ha
puc. 3,r (XapakTepHOU MpU HAIMYUKM YTEUKU B MPUEMHOM KJIalaHe), TO Ha JK-
paH MOCJIEeNI0BATENbHO OYyAyT BBIBOJUTHCS H300paX)KEHUS HI€aTU3UPOBAHHON
JTUHAMOTpaMMBbI (CM. pHC. §), 3alllyMJICHHOW AMHAMOTpaMMbI (CM. puc. 9), u pe-
3yJbTaT pabOThl CETH B BUJI€ TUCTOIPAMMBI PAaCUE€THBIX 3HaUYE€HUN KOd(PpuimeH-
Ta TPUHAAJIEKHOCTH MPU PACMO3HABAHUU 3alIyMJIEHHOW TMHAMOIPaMMbl (CM.
puc. 10). Huxe Ha puc. 11 ... 13 npuBenaeHbl OKHA, MOSBISIONIMECS MPU TPO-
BepKe pabOThl CeTH Ha MpUMEpE paclio3HaBaHUsl TMHAMOTPAMMBI TUTA 9, TIOKa-
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3aHHOU Ha puC. 4, U (XapakTEepHOU AJI1 BBICOKOW mocaaku miryHxepa). Crnocoo-
HOCTb CETH K PaClO3HABAHMIO 3alTyMJICHHBIX JUHAMOTpAaMM Ba)kHa 10 TOH Mpu-
YHHE, YTO MPU WX CHATHUU HAa CTAHKE-KAYaJIKHd BO3HHKAET MHOXECTBO IMOMEX,
00yCJIOBJIEHHBIX pa0OTOM AATUYMKOB, aHAIOTO-IU(POBBIX MpeoOdpa3zoBaTeNieii B
cocTaBe KOHTpOJIJIepa, a TaKKe€ CHJIAMU TPEHUS, WHEPIHMOHHBIMUA Harpy3KaMmu,
BBIHYKJIEHHBIMU ¥ COOCTBEHHBIMU KOJIEOAHUSIMHU CTOJI0A )KUJIKOCTHU U T. [I.

~) Figure Ho. 1
File Edt “Wiew Inserl Tools ‘Window Help

=lo x| <) Figure Ho.2 =1ol x|

File Edit View Insert Tools Window Help

loeEa/haA s 200

[[[=== =2 A A - -

ZE
B

=]

Puc. 8. OxHO nzneanu3upoBaHHON Puc. 9. OxHo 3amymineHHon
JTUHAMOTPaMMBbI 4. JTUHAMOTPAMMBI 4.

<} Figure Ho. 3

File Edit “iew Insert Toolz ‘Windows Help

=10l x|

DEeEa "A A/ BED

na

0.8

0.&

0.5

0.4

0.2

01f

R ey

Puc. 10. OkHO BbIBOJIa PE3YIBTATOB PACMO3HABAHUS TUHAMOTPAaMMBI 4

pu ypoBHe 3anrymienus 0,3.
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=

File Edt Yiew [sert Tools Window Hel File Edt Yiew [sert Tools Window Hel

lozma/xarr2ao lozma/xarr2ao

=

Puc. 11. OxHO naeanu3upoBaHHON Puc. 12. OkHo 3amymineHHON
JMHAMOTpaMMBbI 9. JMHAMOTpaMMBbI 9.

<) Figure Ho. 3 o ] 4

File Edit “iew |nzert Tools Windoww Help

D& "AA A, @80

R=Rg 1

a7t -

0.5 -

03 .

01r -

Puc. 13. OkHO BbIBOJA PE3YBTATOB PACMO3HABAHUS TUHAMOTIPAMMBI 9
npu ypoBHe 3anrymienus 0,4.

Jlyi mpoBepKH CHOCOOHOCTH CETU K PACIO3HABAHUIO JMHAMOTpPaMM IpH
Pa3IMYHBIX YPOBHSIX 3allyMJICHHs IPOBEJIECHO MCCIENOBAHME (HAa IPUMEPE JIH-
HaMorpamM 4 u 9) 3aBUCUMOCTH KOd(DPUITMEHTa TPUHATIEKHOCTU OT YPOBHS
3alTyMJICHUS IyTEM MPOBENEHUS TpeX Mpo0 Ha KaKIbIH YPOBEHb 3aITyMJICHUSI.
[TosryueHHbIE pe3ynbTaThl IPEACTABICHBI Ha puc. 14.
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OuHamorpamma 4 OuHamorpamma 9

12 12
T T O—0—0—90= IR an N
0,8 0,8 -
06 \ 06 \’
04 - 04
0.2 - 02 -
0 —_— — ‘ —
00 01 02 03 04 05 06 00 01 02 03 04 05 06

YpoBeHb 3awymrieHus YpoBeHb 3awymrieHus

ToyHOCTb
pacno3HaBaHuA
ToyHOCTb
pacno3HaBaHuA

a) 6)

Puc. 14. 3aBucuMOoCTbh TOUHOCTH PACIO3HABAHMSI OT YPOBHSI 3aIlyMJICHHUS:
a - 711 AMHAMOTpaMMBbI 4; 0 — ISl TMHAMOTPaMMBI 9.

Pe3ynbraThl TecTHpoBaHUS KayecTBa pabOThl MpeajaraeMoil HEeHpOHHOU
CETH NPUBOIAT K BBIBOJY, UYTO PAaCCMOTPEHHas CTPYKTypa BIIOJHE CIIOCOOHA
00ecneunTh J0CTATOYHO BBICOKYK) TOYHOCTH PACIIO3HABAHMS JAMHAMOIPAMM,
J@Xe MPU HAJMYUU JOBOJIBHO 3HAYMUTENIBHOIO YpOBHA IoMex. [IpeumyiuecTtso
JAHHOT'O PELEHUs 3aKIYaeTcs B OOUTHOCTH MOJX0Aa K aHaJIM3y BCErO pa3Ho-
oOpa3usi AMHaAMOTpaMM M BO3MOXKHOCTU Pa3BUTHS CHUCTEMBI IyTEM MapaMeTpu-
POBaHMsI BBIOPAHHOM CTPYKTYPBI C MOCIEIYIOIIUM 00yYEHHEM.

5. Texnuueckan peanuzayus cucmemuvl OUAZHOCMUKU
Ha OCHO6€ HEUPOHHOU cemu

B03MOKHBI HECKOJIBKO BAPUAHTOB PEATMU3ALMH NPEUIOKEHHBIX PEIICHUN
II0 ITOCTPOCHUIO CUCTEMBI JUArHOCTUKH HAa OCHOBE HEMPOHHOW CETH B 3aBHCH-
Moctu oT ocHameHHocty [III'HY cpencrtBamu KOHTpOIIsI, HAMMYKUS KaHAIOB CBsI-
31, MPEAINOoJIaraeMoro YPOBHs YNpaBICHHUS U TEXHOJIOTHMH OOpaOOTKH JUHAMO-
IpaMM.

[Ipu peanuzauuu CUCTEMbI JTUATHOCTUKHU HA BBICIIEM YPOBHE TEXHOJIOTHU-
YEeCKOr0 KOHTPOJIS U YNPABJICHMS LIEJIECO00Pa3HbI CIEAYIOIINE BAPUAHTHI €€ T10-
CTPOEHUS:

— B OTCYTCTBMM HA CTaHKE-Ka4aJIKE CTAlMOHAPHBIX CPEACTB IAUHAMO-
METPUPOBAHUS OOpalaeMcs K TpaAULIMOHHOMY PELICHUIO 3aJa4u JH-
arHOCTUKM HA OCHOBE JIAHHBIX NEPHOJUYECKOTO KOHTPOJISI C HCIIONb-
30BaHUEM MEPEHOCHBIX CPEACTB AMHAMOMeETpupoBaHus. [ns ¢yHK-
[IUOHUPOBAHUS CUCTEMBI B 3TOM CIIy4ae y TEXHOJOTUYECKOU CITy>KOBbI
JOJDKEH HMEThCA IMEPCOHANbHBIA KOMIIBIOTEP M COOTBETCTBYIOIIEE
nporpammHoe obecrnieuenue, Hanpumep, MATLAB 6.1 Professional
Edition, B cpee KOTOpOro peanusyercs pacCMOTPEHHasl cucTemMa Jiu-
arHOCTHUKH;
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— npu ocHameHuu HII'HY cranmoHapHsIMU cpeacTBaMyu TUHAMOMETPU-
POBaHMS M CHCTEMOW YNPABJICHUS C KaHAJTAMH CBA3W U1 MEepelayu
JTAHHBIX, IIEHTpaJIM30BaHHas 00pabOTKa JWHAMOTPAMM MOXKET OBITh
BBIIIOJIHEHA HA BEPXHEM YPOBHE YIPABJICHUS TEMHU XK€ CPEACTBAMMU,
YTO U B NIPEABIAYILEM CIIydac;

— IIPU pean3allMi CUCTEMBI JUArHOCTUKU HAa KYCTOBOM YPOBHE WJIA B
cocraBe craniuu ynpasienusi IIIT'HY, tpeGyeTcs ocHameHne cranka-
KAQUaJIKA CTALMOHAPHBIMU CPEACTBAMU AUHAMOMETPUPOBAHUSA U IPHU-
MEHEHUE B CHUCTEME YINPABJICHHS JTOCTATOYHO MOLIHOIO KOHTpPOJLIEpa
CO CIENMAIBHBIM TPOrPAMMHBIM OOECTIEUeHUEM, PACCUMTAHHBIM Ha
peanu3anuio HeWpPOHHBIX ceTeil (Hampumep, Simatic S7— 300 Out-
door ¢pupmer Siemens). Kourpominep SIMATIC S7-300 Outdoor npen-
Ha3HA4YeH JJis1 pabOThl B TSHKENBIX MPOMBIIUIEHHBIX YCJIOBUSX, OTJIH-
YaIOIMUXCS CWJIBHBIM BO3JIEMCTBUEM BUOpAllMU U TPSCKHU, MOBBIIICH-
HOM BIQXXHOCTH, IIMPOKUM JUara3oHoM pabounx Temmneparyp. Ha oc-
HOBE ITPOTpaMMbl JUArHOCTUKHU M MCIOJB30BAaHUS 3TOr0 KOHTPOJUIEPA
BO3MOXXHO CO3/1aHME CIELUUAIBHON CUCTEMBI YIPAaBICHUS 3JIEKTPO-
IPUBOJIOM, UCTIONB3YIOIIEH NIJIsi BRIPAOOTKH YIPABISIOUIUX CUTHAJIOB
JIaHHbIE, [IOJIyYCHHBIE IIPU aHAIU3E TUHAMOTPAMM.

Jumepamypa

1. Anues T. M., Tep-Xauamypos A. A. ABTOMaTuuecKuii KOHTPOJIb U JUATHO-
CTMKA CKBaXMHHBIX IITAHIMOBBIX HACOCHBIX YcTaHOBOK.— M.: Hempa,
1988.— 232 c.

2. Meogeoes B. C., [lomemkun B. I'. Heiiponnsie cetu. MATLAB 6 / ITox o0,
pen. B.I'. Iloremkuna.— M.: luanor—MU®DU, 2002.— 496c¢.

Ilpunoscenue

Ilpozpamma 3a0anus ounamozpamm
SUMDINAM.M
function [masdin, targ] = sumdinam ( );
% @aiia-pynknus sumdinam onpenesisier 9 BeKTOpoOB BXo1a,
% KaxKIbIA U3 KOTOPBIX coep:kuT 112 3jieMeHTOB. ITOT MaccuB Ha3biBaeTcs masdin.
% Daiis-pyHkuus GpopMHUpYeT BBIXOAHBIC IepeMeHHbIe masdin u targ,
% KOTOpBIE ONpPeeIsIIOT MACCHBBI JTHHAMOTPAMM H HleJIeBBIX BEKTOPOB.
% 3agaHnne TMHAMOIPaMM
dinl=[00000000000000...
00011111111110...
00010000000010...
00100000000100...
00100000000100...
01000000001000...
01111111111000...
00000000000000];

din2=[00000000000000...
00011111111110...
00010000000110...
00100000001000...
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00100000001000...
01000000010000...
01111111110000...
000000000000007];

din3=1[00000000000000...
00011111111110...
00010000011110...
00100000100000...
00100000100000...
01000001000000...
01111111000000...
000000000000007];

din4=[00000000000000...
00011111111110...
00010000000100...
00100000001000...
00100000001000...
00100000010000...
00111111110000...
000000000000007];
din5=[00000000000000...
00111111111110...
00100000000100...
00100000001000...
01000000010000...
01000000100000...
00111111000000...
000000000000007];

din6=[00000000000000...
00000111111100...
00001000000010...
00010000000010...
00010000000100...
00100000000100...
01111111111100...
000000000000007];

din7=[00000000000000...
00000011111000...
00000100000100...
00001000000010...
00010000000010...
00100000000100...
01111111111100...
000000000000007];

din8=[00000000000000...
00001111111110...
00010000000100...
00010000000100...
00100000001000...
00100000001000...
01111111110000...
010000000000007];

din9=[00000000000010...
00001111111110...
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00010000000100...
00010000000100...
00100000001000...
00100000001000...
01111111110000...
00000000000000].

% Co3nanue MaccuBa JMHAMOIPaMM

masdin = [din1,din2,din3,din4,din5,din6,din7,din8,din9];
% ®opMHPOBaHUE MATPHUIIBI I[e1EBLIX BEKTOPOB

targ = eye(9);

Hpozpamma susyaiuzauuu ()MHdMOZpaMM
PLOTCH.M
function plotch(a)
% Daiin - pynxnusa PLOTCH BbIBOAMT Ha IKpaH
% 112 — TH 3JIeMEeHTHBIIl BEKTOp B Bu/e adaoHa pa3mepamu 14x8
% PLOTCH(A)
% A — 112 — TH 3JIeMEeHTHBIIl BEKTOp, NMpeICTABIeHHbIN ceTkoil 14x8.
% Co3n1anue NpsIMOYTroJIbHUKA, U300PaKal0UIero eIMHUYHOE 3HAYEHUe
% 3JIeMeHTa MATPHIIbI, KOTOPOIi 3aJaHa TMHAMOrpaMMa
x1 = [-0.5 -0.5 +0.5 +0.5 -0.5];
y1 =[-0.5 +0.5 +0.5 -0.5 -0.5];
% Ilepexoa Kk cjeayoumeMy 31eMeHTY MaTPULbI
x2 = [x1 +0.5 +0.5 -0.5];
y2 =[y1 +0.5 -0.5 +0.5];
% 3ananue paMKH, B KOTOPOi pacnojaraercsi u300pakeHue TMHAMOTrPaMMBbI
newplot;
plot(x1%*15+6.6,y1*8.5+3,'m");
% 3aganue oceii KoopIHHAT
axis([-2.5 18.5 -2.5 10.5]);
axis('equal')
% CxpsbiTHE OCeii
axis off
% 3agaHne HUKJIA JJIs1 BBIBOJAA HA JKPAH H300pakeHUs] TMHAMOIPAMMBI
hold on
for j=1:length(a)
x = rem(j-1,14)+0.14;
y = 6-floor((j-1)/14)+0.5;
plot(x2*a(j)+x,y2*a(j)+y);
end
hold off

Jl7ig BRIBOJA HA SKpaH BCEX HICAIM3MPOBAHHBIX TUHAMOTPAMM IMpeaHa-
3HA4YCeH HIKECIETYIOMUn (hai.

SHOWDIN.M

% Maiiy1 — cueHapuii 1Sl BBIBOJA HA 3KPaH MAa0J0Ha UIf
% j - AMHAMOTPaMMBbI

script;

[masdin,targ] = sumdinam;

% Bb160p HOMepa TMHAMOTPAMMBI

i=8

% BpI00p TMHAMOrPaMMBI 10 HOMEPY U3 MAacCHUBa THHAMOTPAMM
tj=masdin(:,j);

% IlpeacraBiieHne TMHAMOrpPaMMbI Ia0J0HOM 14x8
din=reshape(tj,14,8)'

% BbIBOJ N300paKeHHs] AMHAMOTPAMMBbI HA SKPaH
plotch(masdin(:,j));
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B pesynbrare 3amycka 3toro ¢aitna npu u3MeHenu j ot 1 10 9 Ha ’3xpaH
OyZlyT BBIBOJUTHLCS BCE 3a/IaHHBIC UICATU3UPOBAHHBIC TMHAMOT PAMMBI.

Ilpozpamma cozoanus mooenu HEeUPOHHOU cemu
NETCREATE.M
% Daiiy1 — cueHapuii 1S cO31aHUS U 00yYeHH
% NpsAIMOHANPABJICHHOII HEIiPOHHOIT ceTH
script;
[masdin,targ] = sumdinam;
[R,Q] = size(masdin);
[S2,Q] = size(targ);
% Co3nanue ceTH NPSIMOro HANIPABJIEHUS
% S1- 4KcJI0 HeHHPOHOB NMEPBOIO CJI0S
% S2 — 4nCJI0 HeHHPOHOB BTOPOIO CJI0%

S1=26;
% Lr — kapra cjioeB ceTH
Lr=[S182];

% Insize - MUHUMATbHOE H MAKCHMMAJbHOE BO3MOKHOE 3HAYEHHe Ka:KA0ro BXoAa
Insize = minmax(masdin);

% net — CTPYKTypa ceTu

% {'logsig' 'logsig'}- pyHKUUM aKTUBALMHU HEHPOHOB, COOTBETCTBEHHO
% TepBOro U BTOPOro cJI0eB

% 'traingdx' — ¢yHknusa 00y4eHuss METOIOM IPaJHEHTHOIO CITyCKa

% ¢ BO3MYILIEHHEM U afianTanyeil mapaMmeTpa CKOPOCTH HACTPOIiKH
net = newff(Insize,Lr,{'logsig' 'logsig'},'traingdx")

% IlpenBapuTe/ibHOE MACIITAOUPOBAHNE BECOB U CMeEILlCHMIA

% BTOPOTO CJI0s1 IJIsl NIPHBEJACHNS B COOTBETCTBHE CIy4aiiHO

% 3aJaHHBIX HA MIEPBOM LIare BeCOB H CMeIIeHMit

net. LW{2,1} = net. LW{2,1}*0,01;

net.b{2} = net.b{2}%0,01.

% IlapameTpsbl 00y4eHHS CETH

net.performFcn = 'sse'; % Kpurepuii kauecTBa 00y4eHusi — cymma

% KBaApaTOB OMIHOOK

net.trainParam.goal = 0.01; % 3anaHHoe NpegebHOE 3HAYEHHE CYMMBI
% KBaApaToOB OLIMOOK

net.trainParam.show = 20; % WHTepBaa BbIBOAA Pe3yJbTATOB Ha IKPaH
net.trainParam.epochs = 5000; % Yucj0o nnkja0B 00y4eHnst
net.trainParam.mc = 0.95; % IlapameTp Bo3MyumieHust

% O0y4eHue

% P — maccuB ma010HOB

P = masdin;
% T — maccuB nejaei
T = targ;

net = train(net,P,T);

Hpozptmma mecmupoeanus HeﬁPOHHOﬁ cemu
PROVTEST.M
% Daiiy1 — cueHapuii 1Js BBIBOJA HA IKPaH Pe3yJbTaTOB padoThl ceTH
script
% Bb100p HOMepa IMHAMOTPAMMBI
i=L
% 3anaHue ypoBHs 3alIyMJICHHSs
noiselevel = 0;
% @opMupoBaHHe 3aIIyMJICHHOMH JMHAMOIPAMMBI
tj = masdin(:,j)+randn(112,1)*noiselevel;
% ®opMupoBaHHe PACTIO3HAHHOI JMHAMOTPaAMMBbI H BHIBO/I €€ HAa IKPaH
% B BHJIe OT/IeJbHOI0 OKHA
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figure(1);

plotch(masdin(:,j));

% BbIBOA Ha 3KpPaH 3aIIyMJICHHOI JMHAMOIrPAMMBI B BHJIe

% OTAeJILHOT0 OKHA

figure(2);

plotch(tj);

% MopeaupoBaHue HelipOHHOI1 ceTH

Outnw = sim(net,tj);

% BBIBOJ pe3yJILTATOB PaGoThI CeTH B BUjie TpadUKa - TACTOTPaMMBI
figure(3);

stem(Outnw);

axis([19 0 1])

set(gca,'xtick’,[1:1:9])

Lb = char([80:60]);

set(gca,'XTickLabel',{Lb(1) Lb(2) Lb(3) Lb(4) Lb(5) Lb(6) Lb(7) Lb(8) Lb(9)})
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1. Illocmanoeka 3a0auu

B coBpeMeHHBIX HCCIeI0BATENBCKUX MPoOIeMax HENPEPHIBHO YBEINYU-
BAIOTCS Pa3MEPhl U CI0KHOCTH IMOJJICKAIIUX aHAIN3Y JAaHHBIX. B momHon mepe
3TO OTHOCUTCS K Ba)KHEHIIEH T'€OJIOTMYECKOM 3aaye - IMMPOTHO3Y IOJIE3HBIX MC-
KOIMAEMBIX C KOJMYECTBEHHOM OLIEHKOW IMPOTHO3HBIX pecypcoB [1]. Hckimroun-
TEIbHO Ba)XHO IMPHU 3TOM HCIOJIb30BaTh METOJIbI, 00ECIEUNBAIOIINE BO3MOXK-
HOCTh aHaJIM3a JaHHBIX 0€3 Halu4us anpuopHOM MHEGOPMALMK U CIMILIKOM
CWIBHBIX IPEANON0KEeHUM. HEeBO3MOXHO NEPEOLCHUTh 3HAYEHUE H3BJICUCHMUS
3HAHUMU, CKPBITBIX B MHOTOMEPHBIX KOPPESALUOHHBIX MOJIAX M HEKJIaccupuuu-
POBAHHBIX NEPBUYHBIX JAHHBIX. VX TIIATEIBHBIM aHAIU3 MOKET NOATBEPIAUTH
WIM OIIPOBEPTHYTH IEPBOHAYAIBHYIO TMIIOTE3y, HAMETUTh HOBBIE THIIOTE3BI U
HEINOCPECTBEHHO MOBJIMATh HA NPHUHITHE PELICHUM NPU U3yYEHHHM KAaK Hayd-
HBIX MPOOJIEM, TaK U MPUKIAIHBIX T€0JIOrOpa3BeIOYHbIX 3aa4.

Eciu B mponuioM CTpyKTypHO-CTaTUCTUYECKUI aHAIW3 JaHHBIX M KJac-
cupuKalus pacCMaTpUBAINCh B KaueCTBE Ba)XKHOTO, HO BCE-TaKU BCIIOMOTa-
TEJIBHOI'O 3Tana, TO B HACTOALIEE BPEMs MPOUCXOAUT IIEPEOLEHKA 3HAYMMOCTH
OTUX TMOAXO0N0B. POpMHUpPYETCsI HOBOE CaMOCTOSTEIBHOE HAIPaBIICHHUE
ucciaeoBaHni — a00b14a AaHHbIX — Data Mining. CoBpeMEHHOE TMOHATHE
MOOBIYM MAaHHBIX BKJIIOYAET B Ce0s IIOCJIENOBATEILHOCTH DTAlOB Bce Ooliee
JETaJIbHOIO YPOBHS ONMCAHUs, IOHUMaHUs U aHalnu3a NaHHbIX. L{enpro Takoro
aHanu3za fABIseTCsS u3BJedYeHue 3HaHmil — Discovery Knowledge — o
NpeaMeTe ucciienoBanui [2, 3].

MHTepecHass B TEOPETUYECKOM M BaXKHasl B IIPAKTUYECKOM OTHOILCHHH
3a7aya IpU IMPOTHOZMPOBAHUHU MOJE3HBIX HCKOIAEMBIX 3aKJIIOYAETCs B Clle-
QYIOIIEM: KaK IPOaHaJU3UpOBaTh, OMKUCATh U UCIOJIb30BaTh COOTHOIICHUS Me-
XAy NPOCTPAHCTBEHHO-PACIIPENEICHHBIMU XapaKTEPUCTUKAMU T€0JIOTMYECKOI
cpenpl? B wacTHOCTH, 3Ta 3a7a4a BO3HUKAET IIPU BBISBICHUN 3aKOHOMEPHOCTEN
JOKaNu3allid ¥ pa3MEUICHHUs] PYIHBIX OOBEKTOB, Ha KOTOPBIX OCHOBBIBAETCS
IIPOTHO3 MOJIE3HBIX MCKOIIAeMbIX. 3 COBpEMEHHBIX TEOPETUYECKUX IPEICTaB-
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JICHUW U SMIUPUYECKUX JAHHBIX U3BECTHO, YTO pacHpeesieHue MHOTHUX T'€0JI0-
TUYECKUX XapaKTEPUCTHUK B MPOCTPAHCTBE KpailHEe HEOJHOPOJIHO, HEIMHEHHO U
HeperyJisapHo. VIMEITCsl «IUKW» OYeHb BBICOKMX 3HAYEHUU (Hampumep, KOH-
HEHTpAINil Kakux-Iu00 METayuioB) MepeMekaeMble 00JacTsIMU HU3KHUX 3Haye-
HUN XapaKTEepUCTHK; CAaMU YYaCTKW MOBBINIEHHBIX M MOHWKEHHBIX 3HAUCHHI
XapaKTepUCTUK UMEIOT pa3inuHble pazMepsl u ¢popmy. B Takoil cutyammu 3¢-
(EKTUBHOCTh CTATUCTUYECKUX KPUTEPUEB CBI3U CHUKACTCS.

He meHee BaXHOU NpHU MPOTHO3HPOBAHUU TOJE3HBIX MCKOMAEMBIX SIBIISI-
eTCs 3a/laya KJIacTepu3aliy JaHHbBIX. /(€10 B TOM, YTO reoJIOrMYecKue mpolec-
CBI, COIPOBOXKIAIOIIUECS PYA000pa30BaHUEM, JOHKHBI MPUBOJIUTH K OIpee-
JIEHHOM CTPYKTYPHOU MEPECTPOUKE T€OJOTUIECKON CPEIBI U, COOTBETCTBEHHO,

JOJKHBI IPOSIBIIATHCS B KAKMX-TO €€ Xapakrepuctukax. He paccmarpuBas
COOCTBEHHO (DMBHKO-XUMUYECKHE OCHOBBI MEXaHU3MOB 00pa30BaHUS MOJIE3HBIX
HCKOMaeMbIX, (3Ta mpobiieMa J1ajieKo BBIXOJUT 32 PaMKH HACTOSAIIEH CTAaThH),
OTMETHUM JIUIIIb, YTO 3TU «3aCTHIBIINE BO BPEMEHW» U3MEHEHUSI B MHOTOMEPHOM
BEKTOpPE MapaMeTpOB, XapaKTEPU3YIOIIUX CTPYKTYPHO-BEIIECTBEHHbIE OCOOEH-
HOCTH T€0JIOTHYECKOM Cpellbl, MOTYT MPOSBIATHCS B BHJIE€ COOTBETCTBYIOIIUX
MPOCTPAHCTBEHHBIX KJIACTEPOB CTYLIECHUS (WIIH pa3psKEHUs).

Pa3mepHOCTh KilacTepoB, HAOOP KOMIIOHEHTOB BEKTOPOB M CAMH LIEHTPHI
ATUX KIJIACTEPOB MPUHLUIHAIBHO, AllPUOPHO HEW3BeCTHbI. Cleayer Mmoguyepk-
HYTh, YTO 3/IeCh peYb UAET HE O IMIUPOKO OOCYKIaeMOW OrpaHUYEHHOCTH TOY-
HOCTHU U3MEPEHUH, & UMEHHO O MIPUHUUNHAIBHOM OTCYTCTBUU 3HAHUM.

s agexkBaTHOTO OMUCAaHMS MCIOJIb3YEMbBIX MPHU MPOTHO3UPOBAHHUM IIO-
JIE3HBIX MCKOIMAEMbIX HEJIMHEHHBIX MHOTOMEPHBIX T'€OJOTMUYECKUX JIaHHBIX He-
00XOAUMO TPUMEHATh TAKUE TMOHSATHS PACCTOSIHUS MEXIY T'€0JIOTUYECKUMHU
00BEKTaMHU W TAaKUE METObI KJaCTepu3alu, KOTOPHIE OJTMHAKOBO XOPOIIO OY-
IyT paboTaTh U B JIMHEHHBIX, U B HeJIMHEeHHBbIX 3anauax. [loaxon k nmpobieme
«paccTOsTHUM MeXIay OOBeKTaMW» ¢ aOCTPaKTHBIX MMO3ULMNA TEOPUH MHO-
YKECTB YJIOBJIETBOPSIET HSTOMY VYCJIOBHIO M TO3BOJIIET MONY4YUTh 3PHEKTUB-
HBIE AITOPUTMbI KOJTMYECTBEHHOTO aHAJIM3a B3aMMOCBSI3M MPOCTPAHCTBEHHBIX
nepemMeHHbIX. Hamnydiiee pernienue 3ajaud MHOTOMEPHOM KiacTepHU3alMM IMPH
OTCYTCTBUH alPUOPHBIX 3HAHHUM JIOCTUTAETCS METOJJaMU HEUPOMATEMAaTUKH — Me-
TOJAMM CAMOOPTaHU3YIOIUXCSI HEUPOHHBIX CETEH.

PaGora Beimonaena B cpene MATLAB Bepcuu 5.21 u ¢cBOOOIHO pacmpo-
ctpansiemoro nakera SOM Toolbox 2.0 [4, 5].

B kadecTBe HMCXOMHBIX JAHHBIX HCIOJIB30BAICS OaHK WHMOpPMALUK O
CpeIHEM J10J1€ OCHOBHBIX TUIOB TOPHBIX MOPOJ U CPEIHEM CHIIMKATHOM COCTaBe
AJIIEMEHTApHBIX IUIomanael Ha Tepputopuu Kazaxcrana. OTu sjeMeHTapHBIE
IJIOMIAJIKU COOTBETCTBYIOT 1 nucty macmrtaba 1: 100 000; pasmep siueex co-
ctaBisgeT npuMmepHo 37x37 km; obiiee koanyecTBo siueek papHo 1017. Pasmep-
HOCTh BEKTOpa XapakTepUCTHK paBHA 31: 20 U3 HUX COOTBETCTBYIOT A0Jje (B %)
OCHOBHBIX THIIOB MOPO/JI, 9 ONMUCHIBAIOT XUMUYECKHUI COCTaB, 2 AT MPOCTPaH-
CTBEHHbBIE KOOPJIMHATHI X U Y TYEUKHU.
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2. Paccmoanusn mexncoy MHOICECMEAMU.
Ilpumenenue Kk ananusy 2e0102uyeckux OAGHHbIX

[ToHsiTUSL «pacCTOSHHUE» MEXIYy OOBEKTaMH, «Mepa OJIM30CTH» IIUPOKO
UCIIOJb3YIOTCSL B HAYYHBIX MCCIENOBAHUSIX, IPUKIAIHBIX 33/1a4aX U OBCEIHEB-
HOM JKM3HU. B OHUX CydasiX TaKue ONpEeNeCHUs OYEHb HATJIAIHBI U CBS3aHBI
C SCHBIMH KOJINYECTBEHHBIMU COOTHOUIIEHUSMHU. B Apyrux ciaydasx mpu BbICO-
KOW HAIVISIAHOCTU TPYIHO JaTh YKCIOBYIO MEPY COOTBETCTBYIOLIETO PacCTOs-
HUg. CIUCOK NTUCHUIUIMH, B KOTOPBIX UCCIEAYIOTCS M aHAIU3UPYIOTCS B3aUMO-
PacIoJIOKEHUSI, B3AUMOCBSI3U, B3aUMOBIIHUSHUS 00BEKTOB HA MPOCTPAHCTBEHHBIX
W/WJTM BPEMEHHBIX TTOCIIEIOBATEIHPHOCTSX, B TIOCIEIHUE TOABI OBICTPO YBEITUYH-
Baercs. OCOOCHHO aKTyallbHA 3Ta 3ajaya NpH U3yUYECHHUH CIIOKHBIX MPOCTPAHCT-
BEHHBIX (IIPOCTPAHCTBEHHO-BPEMEHHBIX) CTPYKTYP C 3JIEMEHTAMU XaOTUYHOCTH,
bpakTaIbHOCTH, KOT/Aa TPYAHO CHOPMYIMpPOBATH CaMO IOHSTHE PACCTOSHUS
(wu xoppensauuu). IMEHHO ¢ Takoil cuTyalnuei Mbl CTAIKUBAEMCSl B T€OJIOTH-
YECKUX HCCIIECOBAHUSX TPHU MOMBITKE aHAIU3a B3aUMOCBS3U JIByX- U TPEXMEP-
HBIX ITOJIEN XapaKTEpUCTHUK I€0J0THYECKO cpeapl. B yacTHOCTH, pu mpOrHO3€e
MOJIE3HBIX MCKOMAEMBbIX 3TO B3aUMOCBSI3b LIEJIEBBIX XapPaKTEPUCTHUK (TUIOTHOCTH
OpYACHEHUS, KOHLIEHTPAlMU KaKUX-TM00 METAJIJIOB U T. [I.) C MPOTHO3UPYIOLTH-
MU XapaKTepUCTHKAMH, OINKCHIBAIOIIMMHU BEIIECTBEHHBIE, CTPYKTYpHbIE, I'€O-
METPUYECKUE CBOMCTBA I'€OJOTMYECKON cpenbl. Eciu Takue B3aMMOCBA3U yC-
TOWYMBBI, 00JIaJIal0T JOCTATOYHON CHJION (B CTaTHUCTHYECKON TPaKTOBKE) U CO-
JepKaTeIbHO HHTEPIPETUPYIOTCS, TO OHM HA3bIBAIOTCS 3aKOHOMEPHOCTSIMH
pa3MEIIEeHUs MOJIE3HBIX UCKOIMAEMBIX U SBJISIOTCSA T€OJIOTUYECKOM OCHOBOM IMPO-
THO3A.

Brenem ob1iee moHATHE PACCTOSTHUS MEXKTy IBYMSI MHOXKECTBaMH, KOTO-
pble MPU MPOCTPAHCTBEHHOM MPUBSI3KE UX AJIEMEHTOB MOT'YT paccMaTpPUBATHCS
KaK JiBa TeJa (CTPYKTypbl) pa3MepHOCTbio 2D unu 3D.

JInst IByX HEMyCTHIX KOHEYHBIX MHOKECTB A M B ux mepeceucuue A()B
ONpENENseT SJEMEHThI, NMPUHAJIEKAIIME U MHOXKECTBY A, U MHOXKECTBY B.
O603HaYMM YHUCIIO 3JIEMEHTOB, BXO/ISIIUX B TAKOE NIEpeceUeHre, CHMBOJIOM a0-

COJIFOTHOW BEITUYUHBI ‘A N B ‘ AHaNOTUYHBIM 00pa3omM ‘A UB ‘ OyJeT naBathb

YHCJIO JICMCHTOB, BXOIJAIIIUX B 06T>CILI/IHCHI/IC.
OTHollIEHHE YHCa JJICMCHTOB, BXOIAINIUX B IICPCCCUCHUC MHOKCCTB, K
qUCIly 3JICMCHTOB, BXOJAIIUX B 06’b€IH/IHeHI/IC,

lANB |/|4UB |
AOITYCKACT 3BPUCTHYCCKYIO HMHTCPIIPCTALINIO. DTO OTHOIICHHUE HU3MCPACT BCPO-
ATHOCTBb TOT'O, YTO 3JICMCHT, IIO KpaﬁHeﬁ MEpEC, OAHOI'O U3 IBYX MHOKCCTB B-

aseTcs daeMeHToM 00oux. OHO, TaKUM 00pa3oM, JaeT pa3yMHYIO Mepy «OJn30-
CTH», MEXIYy PaccMaTpruBaeMbIMU MHOXKeCTBaMH. BenmmuuHy

DIST(4,B)=1-|ANB |/ |4UB |
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CJIeIyeT paccMaTpuBath [6] Kak Mepy pacCTOsTHUS (Mepy «yAAJICHHOCTHY) MEXTY
MHOXECTBaMU A U B.

Ecrm A=B, DIST (4, B) = 0.
Ecmu |[ANB |= @, DIST(4, B) = 1

Omnpenenennas TakuMm oopa3zom BenuuuHa DIST (A, B) ynoBietBopsieT [6] Bcem
CBOMCTBaM (PYHKIIUU METPUKH B MPOCTPAHCTBE, DJIEMEHTaMU KOTOPOTO SIBJISIOT-
Cs1 KOHEYHBIE HEITyCThIE MHOKECTBA:

DIST (A, B) + DIST (B, C) > DIST (A, C), HepaBEeHCTBO TPEYTroJIbHUKA;

DIST (4, B) = 0 ecnv 1 TOJIbKO eciii A = B, MOJ0XKUTENbHAS ONPEICTICHHOCTD;
DIST (A, B) = DIST (B, A), cuammeTpus.

B reonorun npu nporHo3MpoOBaHUU MOJIE3HBIX UCKOMAEMbIX OCOOBIA HHTE-
pec IpeICTaBISET UCCIIEIOBAHUE B3aMMOCBSI3U XapaKTEPUCTHUK, IPEACTABIISIOINX
MIPOCTPAHCTBEHHBIE 2D MOJIS.

s npumepa Ha puc. | mokazansl rpadguku DIST, onucsiBaomye B3au-
MOCBSI3b OJIEW IJIOTHOCTU OpyAeHeHus: Fe—Au u Pb—Zn Ha cBOOOAHOU OT coO-
BPEMEHHBIX PBIXJBIX OTJIOKEHMM Teppuropun Kaszaxcrana. Mexny mnoiasmu
MJIOTHOCTH Pb—Zn B 3aBUCUMOCTH OT OTHOCUTEIHLHON KOHILIEHTPAIIMU METAJJIOB
buUKCUpYyIOTCS HEOOJBIINE PACCTOSHUS, KOTOPHIC IJIABHO YBEIUYHUBAIOTCS O
0,4 — 0,5 TONBKO NMPU BBICOKMX OTHOCUTEIIbHBIX KOHIIEHTpauusix =~ (0,8, T. €. B
Jaria30He caMUX «BEPIIMHY» IMOoJeH ioTHocth Pb u Zn. B To e BpeMms Be-
muuuHa DIST B mape Fe—Au pe3ko BO3pacTaeT M JOCTUTAET [, T. €. MAKCUMY-
Ma, y>K€ TIPU OTHOCUTEJIbHBIX KOHIIEHTpausix = (,5.

dist.

Fe_Au =

08 .

0,64 °
044 u . Pb_Zn
0.2 °

004 ®» o @

¥ 1
0.0 02 0.4 06 08 1,0
concentr.

Puc. 1. Ananu3 pacctossHuil MeXIy MHOKECTBaMU KOHIeHTpauuid Fe — Au, Pb — Zn.

JIns BEIUUMH OTHOCHUTENIBHBIX KOHIIEHTPAIMH, MPEBBIMIAIOIIUX TOPOTro-
Bble 3HaueHus 0.1, 0.3, 0.6 COOTBETCTBEHHO, HA PUC. 2 MPUBOIATCS MOJS IIJIOT-
HOCTHU OpyjeHeHus (B jJorapu(MuyecKon mkaie) sl mapbl MmetamioB Pb-Zn, a
Ha puc. 3 — mid napsl Fe-Au [7].

Kak u ciaengoBano oxxunarb, MeTalibl Pb U Zn TECHO acCOLMHUPYIOT MEXK-
1y co0oi, a Fe-Au SBASIOTCS «aHTarOHUCTaMM.
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AHAIN3 PACCTOSIHMI MEXKAY MHO:KecTBaMH KoHueHtpamu Pb-Zn

9] 5
g 3.40 3.80
0 3.20 OH i 3.60
3.00 | ] 3.40
SJ q N 2.80 5 £ q 3.20
=7 o0
10 240 -10 2.60
2.20 2.40
2.00 15 2.20
15 1.80 1 ; 2.00
20 e _ 160
| 1.40
-25 L 1:58 -25 1.20
— —o0.80 30 A —~="] :J:gg
-30 A == —0.60 / A 0.60
—o0.40 .
. (f I P 2| 020
L - 0.10
5 0 5 10 15 20 25 30 35 40 45 50 O ° 50 5 101520 25 30 35 40 45 %0
Pb: conc.>0.0 (0.1) Zn: conc.>0.0 (0.1)
5
3.40 3.80
0 3.20 o 3.60
3.00 b 3.40
5 2.80 B 3.20
2.60 3.00
2.80
-10 2.40 10y 2.60
2.20 2.40
-15 —2.00 15 3 2.20
—1.80 2.00
-20 —11.60 -20 1.80
; I P 1.60
-25 —1{1.20 25 1:‘2'3
—|1-.00 1.00
-30 ? 2 (_//7 o080  -30 —~ ) 0.80
o T —10.70 = 0.70
-35 ) L—o.e0 -35 f 0.60
5 0 5 10 15 20 25 30 35 40 45 50 5 0 5 10 15 20 25 30 35 40 45 50
Pb: conc.>0.73 (0.3) Zn: conc.>0.78 (0.3)
5 | 5 |
0 é 3.40 0 @ 3.80
3.20 - 3.60
-5 [ ~ [ 3.40
i\ ; 3.00 [} =

2.80

p
©
-15 : 2.60
N
220 2.40 -20 % @ 260
25 m 2.20 25
" (7] 2.00 ’ :
-30 i
1.80 2.00
-35 o=
-35 QZT& 1.60 1.80
50 5 10 15 2‘0 25 30 35 40 45 50 5 0 5 10 15 20 25 30 35 40 45 50
Pb: conc.>1.81 (0.6) Zn : conc.>1.94 (0.6)

Puc. 2. 'eonoruueckas kapTa KOHIEHTpauii Pb—Zn.
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AHaJIM3 pacCTOSHUN Me’KAYy MHOKeCTBaMM KOHLeHTpauuii Au - Fe

5 s — 5
A S 3.2 3.8
0 U Y —130 0 L —— 3.6
7/J LD Mbs) Y 2 2 o— 52
-5 2.6 :
J @ Q B 5 3.0
@) =N Q 2.4 a7 K 28
-10 ’//@ ? [u\\ TR 122 10 q \%@ 2.6
UJJ & N o= =20 w 8 @ = % E2s
-150— == 18 15 — <3 150
SN e — s
» ila T2 olla = D= al=
I N 1.0 12
25 - Q’% 0.8 -25 7(1)'2
I\ > B %LJ I—o.e = o6
(K o4 _ — 0.4
30 ), 30 T 0.2
L Y=t 4 IG==l=t:
-35 i\ e 152,35 g 352
5 0 5 10 15 20 25 30 35 40 45 50 5 0 5 10 15 20 25 30 35 40 45 50
Au: conc.>-0.03 (0.1) Fe : conc. >-0.24 (0.1)
5 — 5
BT =2 HE- il
| y 728 = © — T~— > \‘“ 36
-5 26 -5 o ) 3
0 2.4 . 1= e g
101y 2.2 -10n G ® R B 128
L a 26
15 72'0 15 %\J —i2.4
v 1.8 1) ‘% [ st
—11e ﬁég 1 20
-20 14 20 =) 8
[ 1.6
25— s s @ ~ i
-30 loe a0 © (©% {10
—0.6 2% I—o.s
- —0.4 —0.7
-35 \ =) - L oo % \ \ Ltos
5 0 5 10 15 20 25 30 35 40 45 50 5 0 5 10 15 20 25 30 35 40 45 50
Au: conc. > 0.78 (0.3) Fe: conc.>0.5 (0.3)
5 ‘ T
=
0 lind . —i3.2 a
Y] o L s 3.8
5 1
° 21 e o [Tl
10 L l,e -10 34
. & @ 3.2
15 24 -15 3
20 © 1?22 20 z'z
25 i 25 2.4
30 " 5 22
o, e :
35 1 | L 114 -35 1.8
5 0 5 10 15 20 25 30 35 40 45 50

5 0 5 10 15 20 25 30 35 40 45 50

Au: conc.>2.00 (0.6) Fe: conc. > 1.61 (0.6)

Puc. 3. T'eonornueckas kapra KoHUeHTpauun Au—Fe.
3nauenue DIST u ee U3MEHEHUE B 3aBUCUMOCTH OT BBIOpPAaHHOTO MOpora

KOHIICHTPAIIMU TI03BOJISIET OMUCATh CTPYKTYPY B3aMMOOTHOUIEHUN MOJeH pac-
MPEICTICHUS] XapaKTEPUCTUK I€OJTOTMYECKON cpenbl. Takoil moaxoJ J0CTaTOYHO
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TECHO CBSI3aH C METOJIaMH UCCIeI0BaHUsI MOP(OIOTHUH CIIy4alHBIX CTPYKTYp Ha
OCHOBE (DYHKIIMOHATIOB MHUHKOBCKOTO.

[Ipn HEOOXOIUMOCTU pa3HBIM 3HAYEHUSM TOJIed MOXXHO Ha OCHOBE Ka-
KUX-JTHOO0 coAepKaTeIbHBIX COOOpaXKEHUM MPUIKCATh pa3inyHble «Becay. Ha-
npuMep, OOBIYHO MPU MPOTHO3E MOJE3HBIX UCKOMAEMbIX HAC OCOOEHHO UHTEpe-
CYIOT 00JIaCTH BBICOKOH IUIOTHOCTH OpyAeHeHHs. [103ToMy COOTBETCTBYIOIIUM
3HAQYEHUSIM TOJS OpH BblUKCIEHUH DIST MOXKHO MPUNIATh «BEC)», MPOMOPILHUO-
HaIbHBIA X uHGopMaTuBHOCTH TI0 [llenHoHy. OOBIYHO BEPOSITHOCTH BCTPEUH
BBICOKMX IUIOTHOCTEM OPYACHEHMS Maja, a «BEC», COOTBETCTBEHHO, CTaBUTCS
OOJIBIIIHIM.

3. Knacmepu3sayusn oanHvix

Cy1iecTBYIOT Cephe3HbIE OCHOBAHUS MOJAararh, 4YTO CTPYKTypa 3KCIEPH-
MEHTAJIbHBIX JaHHBIX OTPAXKAET CTPYKTYPY H3y4aeMbIX IMPOILECCOB B (ha30BOM
IIPOCTPAHCTBE COOTBETCTBYIOLIEH pa3MepHOCTU. [103TOMY MOHATHE «U3y4YEHHE
CTPYKTYpBl JTaHHBIX» CTAHOBUTCA TOYTH CHHOHUMOM TIOHSTHUSl «HU3y4YCHHE
CTPYKTYpHI TipolieccoBy. Kiaccudukaims momoraer HaTu KiIr04eBble aOCTpaK-
MU 1 MEXaHU3MBbI, MO3BOJISIET MOJIYYUTh 00Jiee IPOCTYIO0 apXUTEKTYpy U3ydae-
Mol cuctembl. Knaccuduiupysi, Mbl 00beMHSIEM B OJHY TPYIIY OOBEKTHI,
UMEIOIIME OJMHAKOBOE CTPOCHHUE WM OJAMHAKOBOE NoBeneHue. OCHOBY Kiac-
cuuKaIMu B OTCYTCTBUU AlPUOPHBIX 3HAHUM COCTABIIAET KJIACTEPHBIN aHAIN3
(8, 9].

KrnactepHbie alirOpuT™Mbl, B IPUHIIAIE, 00€CTIEYNBAOT KOTUYCCTBEHHBIN
aHaJIU3 BBIJEICHUS TPYIII, HAXOAIIMUXCA B UCXOJIHBIX JTaHHbIX. Cleayer, oHa-
KO, MOJYEPKHYTh, YTO PEIICHUE 3a/1ay KIaCTepU3aLUU SIBISETCS UCKIIOUYUTENb-
HO CJIOKHBIM mporieccoM [10-12]: B peabHON cUTyalMu KJIacTepbl PeaKo Obl-
BalOT KOMIAKTHBIMU U XOPOILIO pa3AeIeHHbIMU ApYT OT Japyra. [loatomy BMecTo
OJIHOTO E€JUHCTBEHHOI'O aJrOpUTMa pa3/efieHuss JaHHBIX Ha COCTAaBIIAIOIIME
KJIACTEPBI Yallle UCTOJIb3YETCS UTepAaTUBHAS TIOCIEI0BATEIbHOCTh UTEPATUBHBIX
anroputMoB. B Hacrtosiel paboTe mociieoBaTeNbHO UCTIOIb30BaHbl AITOPUTM
camoopranuzyromuxcsi kapt Koxonena u anroput™m K-cpennunx. SOM-ananus
[13, 14] mepeBoaUT OOJIBIIYI0 COBOKYITHOCTh MHOTOMEPHBIX JTAHHBIX (THICAYH,
JECATKYU ThICSIY 3HAYEHUI) B KapTy C HECKOJIbKUMH JIECSITKaM (COTHSIMH) STYEEK.
AnroputMm K-cpennux [15, 16] BbIONHAET KIACTEPHBIM aHAIU3 HA 3TOU CETKE
ssueexk SOM-KkapThl.

Cerp KoxoHeHa pacno3HaeT MHOTOMEPHBIE KJIACTEPHI B JaHHBIX, OLICHU-
BaeT OJIM30CTh KJIACCOB. YTOPSAOYCHHE MHOTOMEPHBIX BXOJAHBIX BEKTOPOB B
BUJIC IBYXMEPHO# BBIXOJAHOM KapThl BHIPAXKAETCS B TOM, YTO YEM OJIMKE KOOP-
JUHATHI IBYX BEKTOPOB Ha KapTe, TeM OJIMKE OHU U B IPOCTPAHCTBE BXOJI0B (HO
He HaoOopoT!) Takum 00pa3om, UccieoBaTENb MOXKET YJIYUIIUTh CBOE MOHU-
MaHHE€ CTPYKTYpPhI TaHHBIX — BBITIOJIHUTh Pa3BeAOUHbIN aHalu3 NaHHbIX. CeTn
KoxoHeHa MOHO MCIOJIB30BaTh U B TE€X 3ajayax KiacCU(UKaIUU, TJIe KIACCHI
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y>K€ 3aJaHbl, TOrJla MPEUMYIIECTBO OyAE€T B TOM, YTO CETb CMOKET BBISBUTH
CXOJICTBO MEX/Y PAa3IMUYHBIMHU KJIACCAMHU.

OcHoBHOe Ha3zHaueHne SOM-kapT 3akiro4yaeTcss B IpeoOpa3oBaHUU U
OTOOpaKEHUH MHOTOMEPHBIX BXOJIHBIX JaHHBIX B BUE (OOBIYHO) IBYXMEPHOTO
MacCHBa BBIXOJHBIX JAHHBIX: BBIXOJIHOM WIJIM TOIOJOru4eckoil kaptel Koxone-
Ha. Kaxplil 371IeMEHT BBIXOJHON KapThl — HEUPOH i OMHUCHIBAETCS BEKTOPOM
BECOB W = [W,, W ,, ,..., w |, UMCIOIIMM Ty kK€ Pa3MEPHOCTh d, YTO M pa3-
MEPHOCTh BXOJIHBIX JAAHHBIX. YHCIIO HEHPOHOB B TOIOJOIMYECKOM CJIOE€ OIpe-
JEJSIETCSl DBPUCTHYECKH.

Ha craguu vHMLManM3aluy BecaM BCEX HEHPOHOB MPUCBAMBAIOTCA CIIY-
yaliHple 3HaueHus B uHTepBase (.0—1.0. Ilepen HavasioM pabOTHI BCE KOMIIO-
HEHTBI BEKTOPA BXOAHBIX JTAHHBIX TaKXKe HOPMUPYIOTCS Ha 1.0.

[MpuHiunuansHeiM A1 nipouieAypsl SOM aHanuza sBJIsSETCS COPEBHOBA-
TEIbHBIM MPUHIUIT HAXOXKJICHHS HEMpoHa ¢ HAOOPOM BECOB, ONMKAMILIMM K Ha-
O00py KOMIIOHEHT BBHIOpAaHHOTO BeKTOpa X. B kauecTBe mepbl pacctosiHus || - ||
OOBIYHO MPUMEHSETCS €BKINI0BO PACCTOSHUE:

= w || = min, {|| x—w |}

110 MUHUMYMY KOTOpPOT'O U BEIOMPAETCSI HEUPOH-TTOOEUTEND W ..

Bropoii npuHIMNUAIBHBINA 3JIEMEHT ajJrOpUTMa COCTOUT B OOYyYEHUU HE
TOJIBKO HEHpOHa-moOeauTeNs, HO U €ro «COoCelel», XOTS U C MEHbILEH CKOpO-
CTBIO; JIJISl 3TOI'0 HEUPOHBI BBIXOJHOTO CJIOS YIOPSAOYMBAIOTCS, 00pa3ys JBYX-
MEPHBIE PEIETKH, B KOTOPBIX MOJIOKEHNE HEPOHOB MAapKUPYETCsl BEKTOPOM F :

w @+ D=w (t)+n(t)A,(t)[x(t)-w (1)]
A (t)=A(r . -7 ||, 1)

3nech ¢ 3aaaet mar o0ydeHus, X( ¢/ ) — CIy4ailHO BRIOpAHHBIN BXOJAHON BEKTOP
Ha mare ¢, #( t ) — Temn oOy4denus, A ., ( ¢ ) — pyHkums cocencrsa. [Ipu rayc-

coBCKOM (opme (YHKIHMM COCEACTBA OHAa paBHA €IUHUIIEC I HeWpoHa-
noOeauTens ¢ UHAEKCOM ¢ M 3KCIOHEHUUAIbHO YMEHBIIAETCS C PACCTOSHUEM.
Kak temn o0yuenus #( ¢ ), Tak U paguyc B3auMoJeicTBus HelpoHoB A . (¢ ) mo-

CTEMEHHO YMEHBIIAIOTCS B Mpollecce 00y4YeHUs, TAK YTO Ha KOHEYHOU CTauU
00yUYeHHUsI aIaNTUPYIOTCS Beca TOJIbKO HEHPOHOB-MIOOEIUTEIICH.

Pesynbratel SOM ananu3za TpyaHo uHTepnpetupoBaTh. Ha pybexe 90-x
TOJIOB JIJIsl HATJIAIHOM BU3yaJIM3allUM PE3yJIbTaToB padboThl KapT KoxoHeHa ObLT
npeaioxkeH metoa U-marpullbl — YHU(PUIUPOBAHHOM MATPHUIIBI PACCTOSHUM
[17]. dua atoro B U-maTpuiie MEXAY COCEAHUMH STYEMKAMHM TOMOJIOTHUYECKON
KapThl «BCTABIISAIOTCS) SYEHKH-aHAIM3ATOPbl. PaccunThiBas pacCTOSHUS MEXKITY
COCeIHUMHM siueiikamMu kapThl KoXoHeHa Ha OCHOBE MCIOJIb30BAHUM TOM K€ ca
MOl METpPUKH, HOBBbIE€ BEJIIMYMHBI MOXHO 3aHECTH B JOOABJICHHBIE SUEHUKH-
aHanmzaTopbl. bonbiue 3HaueHus OyayT TOBOPUTH O TOM, YTO BEca JAHHOIO
HEHPOHA CUJILHO OTJIMYAIOTCA OT OKpy’Karomux. Takum o0pa3om, MOJOCHl U3
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siueeK ¢ OOJBITMMU 3HAUYCHUSIMU OYyIyT COOTBETCTBOBAThH IPAHUIIAM MEXKIY Kila-
cTepaMu, a 00JIACTH sTYEEK C HU3KUMU 3HAYCHUSIMU — CAMUM KJIaCTepaM.

B pabotre mnocnengoBatenpHas kiacrepuzanus MmerogoM SOM u K-
cpeaHux Obuta BeIMojiHeHa Ha ocHOBe SOM Toolbox 2.0 [4] B cpene MATLAB
Bepcuu 5.21. 3a neHTphl KinaccoB Opanuch pesynbratel SOM-merona. [IpoBoas
KJaccupuuupoBaHrue MeTojioM K- CpelmHHMX C pa3IMuHbIM 3aJIaHHBIM YHCJIOM
IIEHTPOB, 10 Kputepuio (DB) [esuca — boymnnuna [17] moxxHO

DB= "% max] 5:@) +5.(Q)
C izk d(le)

BbIOpaTh HAWIYyUYLINil BapUaHT, B KOTOPOM 3HAaYEHHE 3TOr0 KpuTepus OyneT Mu-
HUMU3UPOBAHO. 3JI€Ch ¢ — YHUCIIO KIACCOB, d — PacCTOSHUE MEXy KilaccaMu k
u [; S, — BHYTPHUKIIACCOBOE pacCTOsSHUE (CTaHAAPT).

B kauecTBe mpumepa NPUIOKEHUS TAKOro MOAXO0Ja Oblla paccMOTpEeHa
KJIaCTepU3allis OCHOBHBIX THUIIOB FOPHBIX MOPOJ Ha CBOOOJHOI OT COBpEMEH-
HBIX PBIXJIBIX OTJIOXKEHNU Tepputopuu Kazaxcrana. /{nsg 1017 BekTopoB naHHBIX
noctpoeHHass SOM-kapta u rpaduk nu3meHeHust kpurepust DB nipu kiactepusa-
nmu metonoM K-cpennux nokazansl Ha puc. 4. Kak Buaum, onTuMyM KJIacTepH-
3alUu 1ocTUraeTcs npu BeiaeneHuu 17—-19 knaccoB. Hamu npunsaTo pa3duenue
Ha 18 kaccos.

o \\ M
’-‘\VJ
10 20

1] 30

Puc. 4. CipaBa — SOM—kapta, nosty4eHHass METOI0M aHanu3a Helipocetn KoxoHeHa
10 BEKTOPY mopoj u3 29 komnoneHt. CineBa — rpadux kputepus DB B 3aBUCH-
MOCTH OT YHUCJIa KJIACTEPOB.

Ha puc. 5 nokazana cxema paiiloHnpoBanus teppuropun Kaszaxcrana, mo-

CTpPOCHHAs Ha OCHOBE BBINOJHEHHOU Kiactepuzauuu. [{udpsl (¢ marom 2, T. €.
oT 2 110 36) Ha TOM KapTe OMPEACIIIOT HOMEepa KJIacCOB.
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30 .
=

-5 0 5 10 15 25 45 50

Puc. 5 Paliouupoeamie repuropin Kazaxcrasna meromom SOM o xap ak TepHcTHKaM reoIor HYecK ol cp exsl
H IIP 0CTP AHCTEeHHEIM K00DJHHATAM ( IIP 0CTP AH ¢ TBEHH bIe K00p JHHATH - 2 Xap aKTep He THKH;

IO 0CHOBHEIX THIIOE FOPHEX Hopoxn B %o - 20 xap ak TepHc THK;
CHUIHKATHEIN COCTaR cpeqel B %0 - 9 Xapk TepHcTHK).

IIpumedanne, Kpanom BEIEIEHE MEKKIACTEPHELE 20HE,
Hubpans { cmarom 2) obosHadeHH CaMB KIACTEPH

B 1ienoM paiioHbl COOTBETCTBYIOT O0IIEMY CTPYKTYpPHOMY IUTaHY T'€O0JIO-
TUYECKOTO CTpoeHus Tteppuropun Kazaxcrana. J{0BOJIBHO YETKO BBIJIEIAIOTCS
parionsl pa3Butus kapOoHaTtoB (Kaparay), kucneix BynkanutoB (LleHTpasnbHO-
Kazaxcranckuii mosic), KUCIbIX BYJKaHO-TLTyTOT€HHBIX oOpasoBanuil (ITpubar-
xambe u [ly-Unuiickuit nmosic) u T. 1.

Crnenyer OTMETUTh, UTO IPUBEAECHHAS CX€Ma — 3TO TOJIbKO NEPBbIN 1IAar.
Jliist peanbHOrO pallOHUPOBAHMSI, OCOOEHHO €ClId €ro KOHEYHOW 3ajaveil siBis-
€TCsl TPOTHO3 TOJIE3HBIX MCKOMAeMBbIX, HEOOXOIUMbI BBEJACHHUE LIENEBBIX yCTa-
HOBOK PaillOHMPOBaHUS, BHIOOP XapaKTEPUCTHUK, HAOOIee CUIIbHO CBSI3aHHBIX C
OpYJCHEHUEM MPOTHO3UPYEMOro Tuma (WM TUIOB), MPOBEPKA YCTONYMBOCTH
KJIACTEPOB «IIEBEJICHUEM)» XapaKTEPUCTHK, BBEJACHUE WIHM YJaJI€HUE MTPOCTPAH-
CTBEHHBIX KOOpAMHAT. B yacTHOCTH, HAa cxeme palloHupoBaHus Teppuropun Ka-
3aXcTaHa Ha pHUC. 5 ONpelesICcHHbIE COMHEHUS BbI3BIBAET PaloH 2 (BOCTOYHAs
yacTh Kazaxcrtana), B KOTOpOM OOBEIUHWINCH JOCTATOYHO PA3ITHYHBIE CTPYK-
Typsl (Pynnusiit Anrait, Kanba-Hapeimckuii paiion). PaitonupoBanue 6e3 ydera
MIPOCTPAHCTBEHHBIX KOOPAUHAT X, ), KOTOPBIE «CTATUBAIOTY» ITOT KIIACTEP, ITOKA-
3aJ10, YTO OH pacHaycs Ha CTPYKTYpbl, 00Jee COOTBETCTBYIOIIUE T'€0JI0TrHIECKO-
My cTpoeHuro. Kapta ¢ HOBBIM pe3yibTaTOM aHalIW3a JAJIsl 3TOrO palloHa IpUBeE-
JIeHa Ha puc. 6.
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=
o

Puc. 6 Paiionnposanne Tepuropun Bocrounoro Kasxcrana merogom SOM
€ HCII0JIb30BAHHEM XapaKTEePHCTHK reoJIOTHYeCKOH cpeabl 0e3
HNPCTPAHCTBEHHBIX KOOPAHHAT ( X0/IH 0CHOBHBIX THIIOB Oopox B %o -
20 xapKTEePHCTK; CHIHKATHBIH COCTAaB cpelbl B % - 9 XapaKTepHCTHR ).

B 3akmouenue CIC pa3 NOoA4YCPKHEM, YTO UMCHHO KOJIMYCCTBCHHOC OIIM-

CaHWE W aHAJIM3 TE€OJOTHYCCKUX (B YACTHOCTH, PYyJA000Opa3yIOIINX) CUCTEM Kak
CHUCTEM MHOTOMEPHBIX, HEJTUHEUHBIX U 00JIaIal0IIUX OMpPEACICHHON CIOCOOHO-
CTBIO K CaMOOpPTaHM3AIluH, HEMPEPHIBHOEC COBEPIICHCTBOBAHUE aJCKBATHBIX
TEXHOJIOTHH TPOTHO3a IMOBEJACHUS 3THX CHUCTEM MOTYT NPHUHIMITHAILHO ITOBHI-
CUTh YPOBCHb KavyeCcTBa MPOTrHO3a MOJIE3HBIX MCKOMAeMBbIX, 00eCIIeYuB HEOOXO-
JTUMYIO HaJC)KHOCTb OIICHKU HEJP.
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UIEHTUO®UKALIMS CTPOUTEJIbHBIX MALIMH
KAK HEJIMHEUHBIX ITUHAMUYECKHUX CUCTEM
HA OCHOBE HEMPOCETEBBIX TEXHOJIOI'U

Mewepsxos B. A.
Cubupckas 2ocyoapcmeenuas asmomoounvHo-0opoxcuas akaoemust (CuoAIqHU), Omck,
e-mail:vit_mes@sibadi.omsk.ru

[1OBBILIEHHBI UHTEPEC K UCKYCCTBEHHBIM HEUPOHHBIM CETSIM CO CTOPO-
HbI pa3pabOTYMKOB CHCTEM aBTOMATHYECKOTO YIIPaBJIEHUS MpeXxAe Bcero oOy-
CJIOBJICH CIIOCOOHOCTBIO HEMpoceTel K ajanTalii U caMOOOyUYEHHUIO, a TaKxkKe
BO3MOKHOCTBI0 MOJIEIMPOBAHUs CYIIECTBEHHBIX HEIMHEHHOCTEHW B CTPYKTYpE
CJIOHBIX IMHAMHYECKUX 00BEKTOB yrpanieHus [1]. Ilpu matemaTudyeckom Mo-
JENUPOBAHUHN CIIOXKHBIX TEXHHUYECKUX OOBEKTOB CUCTEMA MH)KEHEPHBIX U Hay4y-
HbIX pacueToB MATLAB c nmakeramu pacmvpeHus siBJIsieTCS HawIydIien 6a3oit
JUIsl TPOTPaMMHOM peann3aluy HEUPOCETEBbIX MOJENEH.

ABTOMaTu3alMsi CTPOUTENBHBIX MAaIIMH TpeOyeT Co3JdaHus UX
MaTEMaTUYECKUX MOJIeNICH, YUUTHIBAIONIUX TUHAMUKY pabO4yuX IMPOIECCOB B
yCIOBUSIX HEMOJHOW uHpopmamuu o0 oO0bekTe ympabieHus. Henunelnbie
3aBHCHUMOCTH MEXAy IMOKa3aTelsiMU padOyuX MPOLECCOB 3aTPYIHSIOT BBIOOP
CTPYKTYpBl MOJEIM U OIpeleieHue €€ mnapamerpoB. IS TakuX CIIOXKHBIX
JUHAMMYECKUX  CHCTEM  LeJIecOO0pasHO  MPUMEHEHHE  HEHpOCETEeBBIX
TEXHOJIOTUHM U MPEICTABICHUE MOJCIH B BUAE TMHAMUYECKOW HEUPOHHOMN CETH.
B orom cnyuae wuaeHTuduKanus MamIMHBL 3aKIIOYaeTcs B pa3paboTke
HEHWPOCETEBONW MOJIENIM HA OCHOBE BXOJHBIX M BBIXOJHBIX JKCIIEPUMEHTAIbHBIX
naHHBIR. paboTe mpHUBeeHAa METOJUKA MOCTPOEHUS MAaTEMaTUYECKOHM MOJETn
71a00paTOPHOI YCTaHOBKH, NMPEAHA3HAYEHHOM I MCCIIe0BaHMs Mpolecca Ko-
naHus TpyHTa 3emiiepoiiHoN MaiuHou (puc. 1). HelipoceTeBast Mojienb ONMUCHI-
BAET 3aBUCHUMOCTb CHJIbI COIIPOTHUBIIEHUS NIEPEMEILICHUIO TENEKKUA (t) OT CKO-

POCTH MEPEMELIEHUS TENEKKA v(t) U TTyOMHBI KOTIAHUSA h(t). BekTop BXOIHBIX
BO3JICMCTBUI u(t): {v(t); h(t)} MOAAETCSI HAa BXOJbI HCCIIEIYEMOW CUCTEMBI U €€
HelpoceTeBON AMHAMUYECKoW Mojenu (puc. 2). Pa3nuiia Mexay BBIXOAOM pe-
JIbHOTO 00BEKTa y*(t): F (t) (T. €. PKCIEPUMEHTAIIBHO U3MEPEHHBIM 3HAYEHU-
€M CHUJIbI) M BBIXOJIOM MOJIETU y(t) — omunbka e(t) — WCIIOJIB3YETCs ISl Ha-
CTPOMKH MapaMeTPOB MaTEMaTHUYECKOM MojieH (00yueH s HeUPOHHOM CETH).
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Puc. 1. DkciepumenTaibHas ycranoBka nmadboparopun CuOA I «['pyHTOBEII KaHAD»:
1,2 — 9BM c mnatamu ALII 1y 06paboTKu CUTHANIOB TEH30JaTUYMKA U JaTYUKA CKOPOCTH;
3 — ycunutenb; 4 — MaTYUK CKOPOCTH; 5 — TEH30METPUUYECKasl TEJIeKKA Ha PEITLCOBOM XO-

ny; 6 — TUAPOIMIMHAPEL; 7 — TPSIMON HOXK; 8 — TEH303BEHO; 9 — nedeaKa KaHaTHOTO
MpuBOJAA TeNexKKU; 10 — 37IeKTpoABUTATEb.

y' ()

Ll(f) Henunelinas
JIMHAMHMYECKasl CUCTEMA

HewpocereBas monenb

Puc. 2. Unentudukanus HEITMHEHHONW TUHAMUYECKONW CHCTEMBI.

[lepBrIii 3Tan cozgaHusl MOJAENH IpeanoiaraeT (GOpMHUPOBAHUE MACCUBOB
UCXOAHBIX JaHHBIX. Pa3spaboTaHHBIA MPOrpaMMHO-aNMapaTHBIA KOMIUIEKC cOO-
pa SKCIIEpUMEHTAJIbHBIX JaHHBIX BKItoYaeT B ce0sa 2 DBM c¢ matamu aHajioro-
Bo-u(ppoBrix mpeodpazoBateneit (ALIT) L-Card L-305. Tenszo3BeHo mpenHa-
3HAYEHO ISl U3MEPEHUSI CUJIbl CONPOTHUBIICHUSI KOMAHUIO IpyHTa. JlaTumMk cKo-
pOCTH MPEACTABISAET COOOM «IATOE KOJIECO» C T€PKOHOM M BpallAIOLIUMUCS
MarHuTamMu W MpeJAHa3HauyeH JJIsl U3MEPEHUs MePEMEILEHUS U CKOPOCTH TEJeXk-
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k. [IporpammHoOe obOecrieueHue KoMIUIeKca pa3paboraHo B cpeae Borland
Delphi, Taxxe ncnonbszoBana nporpamma PowerGraph 2.0. BeicoTHbIe KOOpIU-
HaThl MPOQUIS MOBEPXHOCTH TPYHTA JI0 M MOCJIE KaXIAOr0 MPOXOJa TEJIECKKH
U3MEpEHbI Bpy4YHYI0. MI3MepeHHbIe CUTHANBI C TEH303BEHA U JIATYMKA CKOPOCTH
AKCIIOPTUPOBAHBI s AanbHelen oopadotku B MATLAB (puc. 3-5). Ilo me-
peaHuM (ppOHTAM UMITYJIBCOB C JaTYMKa CKOPOCTH YHUCIEHHBIM AuddepeHn-
poBannem B MATLAB paccuutana ckopocth Tenexku (puc. 4). KoopauHatsl
npoduiis mpeoOpa3zoBaHbl B BEIMUUHY TTyOuHbI Komanus (puc. 5). C moMoIpo
onHOMepHOU TabnmuyHoN uHTEepnoysiuu B MATLAB mnonydeHa 3aBUCUMOCTD
IyOMHBI KOTIaHUs OT BpeMeHH (puc. 6). s uccnenoBanus BrIOpaH WHTEPBAI
BpeMeHH 15—-65 ¢, Ha KOTOPOM HaOJII01aeTCsl YCTAaHOBUBIIHICS MTPOLIECC.

x104
3.5 \ \ \

3 | b ehgg Bonoi o

§ I ot YA
=l |

a» 1.5 H NMU U V \ ANA
il L

IlepBr1it poxon

| | | WA
o [N s
0

TpaHcHOPTHBIA IPOXOA | \

10 20 30 40 50 60 70 80 90
t,C —

Puc. 3. 3aBUCHMMOCTB CHIIBI COIIPOTHUBJICHUA OT BPECMCHU.

=
;g

o
~
= \/ TpaHcnopTHbLL < v/ \
N p p Bropoii npoxon IlepBarii
0.05 — poX0on IPOXOJ
0
0 10 20 30 40 50 60 70 80 90
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Puc. 4. 3aBUCUMOCTb CKOPOCTH TEJIEKKH OT BPEMEHHU.
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T 0.25 Bropoii npoxoxa
0.2 P IVe UL G- VA o angy VA
0.15
=
< 0.1 5
[lepBrIit mpoxon
0.05 M A

0 2 4 6 8 10 12 14
L’ M _>

Puc. 5. 3aBucuMOCTb ri1yOMHBI KONIAHUS OT EPEMELICHHUSL.

T 0.25 Bropoii mpoxo
0.2 R AT TN AN S YR AR
s 0.15
< 01 TepB oIt Mpoxos
0.05
0 N N

0 10 20 30 40 50 60 70 80 90
t, C —

Puc. 6. 3aBucUMOCTb TTyOHHBI KOMIAaHHUS OT BPEMEHHU.

Ha BTOpoMm 3Tamne co3ganus MoAeau HeoOXOJUMO 00OCHOBAaTh €€ CTPYK-
Typy. B HacTosmeil pabote npuBeaeHbl pe3yabTaThl MOACIMPOBAHUS KaK C TIO-
MOIIBIO HEPEKYPPEHTHON HEMPOHHOW CETH IPSIMOI0 PACIPOCTPAHEHUS CUTHAJIA
(mporpammuas peanuzanus B MATLAB + Neural Network Toolbox), Tak u pe-
KyppenTHoit auHamuueckoit cetu (MATLAB + Neural Network Based System
Identification Toolbox). CtpykTypa HelipoceTeBoi Monaenu 0e3 0OpaTHBIX CBS-
3€U BBITJISAIUT CIAEAYIOMUM 00pa3oM.

BXo1aMu MOJIENN SABIIAIOTCS CKOPOCTh TeMeXKH v(¢) U Ty6uHa KomaHus

h(t). Brixog Mopenu — cuiia CONPOTUBIICHHS TMEPEMEIICHUIO TEJICKKU F (t)
Spxo BeIpakeHHAs MEPUOAUYHOCTh KOJIeOaHUM v(t) o0yCJIOBJIeHAa CBOMCTBAMH
KaHAaTHOTO IMPUBOJA TENEKKU. AMIuuTyaa F (t) 3aBUCHUT OT TUIyOWHBI KOTIAHUS
h(t). YacToTHBIE XapAKTEPUCTUKU CHIIBI [ (t) CBSI3aHBI CO CIIEKTPOM CKOPOCTH
v(t). B cBsi3u ¢ 3TMM HelpoceTeBas MOJENb JIOJDKHA peain30oBaTh (PYHKIUIO

F=f(v,h).

Jlns pelieHus TakoW 3ajayu BbIOpaHa JBYXCJIOWHas HEWpOHHas CeTh
npsiMoit niepepaun curdana (puc. 7). OTcyTcTBUe 0OpaTHBIX CBSI3€H rapaHTHPY-
€T YCTOMYMBOCTh MoJienu. CeTh UMEET OJMH CKPBITBIA CIIOH HEHPOHOB C HEJIH-
HEWHBIMU (QYHKIUAMHA aKTUBALUMU, YTO JIENA€T BO3MOXKHOW aIpOKCUMAIIUIO
HEJIMHEHHBIX 3aBUCUMOCTEN. BBIXOMHOM cllol cofepKUT 1 HEWpPOH ¢ JTMHEHHOM
byHKIMEeH akTUBAIMU, HEOOXOAMMON JUIsl SKCTPAIOJIALMU 3aBUCHUMOCTEHN [2].
Jns mopaenmpoBaHUsl NUHAMHUYECKOW CHCTEMBI Ha BXOJAaX CETH YCTAHOBJIEHBI
nunuu 3aaepxxku TDL [1, 3].
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B CKpBITBIN CIIOU BrixoaHou cnou
XOAbI

W) ” ‘

P TDL —Dll"ﬁ"-' _f(t)
—)I LW

h(t)+TDL —Dll"ﬁ'l-l f 7L

[0:5] |

=

h?

12 HeupoOHOB 1 Hevipon
v

L v

Puc. 7. CtpykTypa HEpeKyppEeHTON HEHPOCETEBOW MOJIEIH CTPOUTEIHLHONW MAIIIMHBI.

TpeTuil 3Tan NOCTPOECHUSI MOJIENIN — MOJATOTOBKA BXOJHBIX U BBIXOJHBIX
curHasioB. J{nst Toro, 4ToObl JUHAMUYECKas HeHWpoceTeBas MOJEIb UMeNa MH-
HUMAaJIbHOE KOJIMYECTBO BXOJIOB, CJIEAYyeT 00OCHOBATh YacTOTY IUCKPETH3ALUU
CUTHAJIOB W OIPEACIUTh HEOOX0AMMOE KOJIHMUYECTBO 3aJIep>KaHHBIX BXOJO0B. s
ATUX IlIeJiel mpeajiaraeTcs METOAMKa, OCHOBaHHAas Ha HHU(POBOM 00paboTke
CUTHAJIOB.

[IpoBeneH CHEKTpadbHbIA U KOPPEIALMOHHBIA AHAIN3 BXOJHBIX U BBI-
XOJHBIX CUTHAJIOB C HCHOJb30BaHMeM makera pacmupenus MATLAB Signal
Processing Toolbox. [lo ciekTporpammam u rpadukam CreKTpaibHON IIOTHO-
cTH BbIOpaHa yactoTa auckperusauuu 10 ' ns Bcex curnanos. Ilpu uzmene-
HUU YaCTOThI TUCKPETU3AIMHU BHITIOJIHEHA HU3KOYACTOTHAsT (DUIIbTpAIlMs CUTHA-
JIOB C LEJIbIO YCTPAHEHUS «JIOKHBIX YyacToT» [4]. HacToTa AUCKpETHU3alUuu CUIIbI
F (t) camxkena B 20 pa3 (¢ 200 mo 10 I'm), yactoTa TUCKpETU3AMH TITyOHUHBI KO-
MaHUS h(t) U CKOPOCTH v(t) NOBBIIIEHA NpUMEPHO B 3 pa3za. [Ipu HM3KOUaACTOT-
HOW (DUIIBTpAllMU MPUMEHEH JUCKPETHBIA HEPEKYPCUBHBIA (QUIBTP, UMEIOIINN-
cs B coctaBe MATLAB Signal Processing Toolbox. Pe3ynbrar ycrpanenus
«JI0’KHBIX» BBICOKHX YaCTOT IPUBEACH HA pUC. 8.

[To rpadukam KOPpENAIUOHHBIX (DYHKITHI BXOIHBIX CUTHAJIOB v(t) U h(t)
ONpENEIICHBI IJIMHBI JUHUN 3aJIepKKH Ha BXOJE MOJenu. BpemeHHO! nHTEpBa,
Ha KOTOPOM KO3((PUIIMEHT aBTOKOppEALMHA CUTHANIOB npeBbimaet 0,8, cocTas-
asiet 0,1 ¢ ana ckopoctu u 0,5 ¢ s rimyounsl konanus (puc. 9). Jlnuna nuHuii
3a7IepKKH BXOJI0B cocTaBisieT 1 u 5 coorBercTtBeHHO. CornacHo Teopeme Kor-
MOTOpOBa, JOCTATOYHOE YHUCIIO HEMPOHOB B CKPBITOM CJIO€ HE IPEBBIIIAET
2N +1, tne N — xonu4uecTBO 3ajJiepxkaHHbIX BxoA0B [3]. KomnuectBo Heitpo-
HOB B CKPBITOM CJIO€ NPUHATO paBHbIM 12 (puc. 7).
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Non-filtered Velocity spectra Velocity spectra
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Puc. 8. CnekrpasibHasi IJIOTHOCTh MOITHOCTH CUTHAJIA v(t):
a) 1o pupTpanuy; 0) mociie GUIBTPAITUHN «JIOKHBIX YACTOTY.
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Puc. 9. ABTOKOppeNAInOHHbIEe ()YHKIIMHA BXOAHBIX CUTHAJIOB!
a) CKOpOCTH v(t ); 0) rIyOMHBI KOTIAHUS h(t )

s mporpaMMHOM peanu3alnu HEUPOCETEBOM MOJEIH UCIIOJIb30BaH Ia-
keT MATLAB Neural Network Toolbox. [TockosibKy B €ro cocTaBe HET TOTOBOM
GYHKIMM 17151 MOJEIUPOBAHUS CETH BBHIOPAHHOW CTPYKTYpbI, IPUMEHEH KOHCT-
PYKTOp Ki1acca ceT «networky» [5]. Busyanuzauus cTpyKTypbl CETH ¢ TOMOIIBIO
onmoxoB Simulink mpusenena Ha puc. 10. [{ns oOydenus cetu mpuMeHeH rpau-
eHTHBI anroput™ — Metof JleBenOepra-MapkBapara (‘trainlm’). 3a xpure-
pUMl OLEHKH KauyecTBa OOyYEHMs] MPHUHAT CPEAHUM KBaapaT omuOKku (‘mse’).
HauanpHble 3HaUeHUs BECOB U CMEIIEHUN BBIOpaHbI CiiydyailHbIM oOpa3zom. JlaH-
Has HEUpOHHAas CeTh MpPEJCTaBISICT COOOW HEPEKYPCUBHBIM HEITWHCUHBIN
bunbTp.

Pesynbrarhl 0OydeHHs HEHPOCETH U MOJCIMPOBAHUS MOKA3bIBAIOT, UTO
nociie 800 MUKIOB 00yUYeHUsT MOJIETTb BEPHO BOCIIPOM3BOIAUT XapakTep U3MEHe-
HUS CWIbl F (t) B 3aBUCHUMOCTH OT v(t) U h(t) (puc. 11). OTKIOHEHUS POTHO-

3UPYEMBIX 3HAYCHUN F (t) 0T aKTUUECKUX OO0YCIIOBIEHBI MIPEXK]IE BCETO OTCYT-
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CTBUEM OOpaTHbIX CBA3eH. OOHUM U3 BO3MOXKHBIX PEIICHUN 3TON MpOOIEeMBbI
SIBJISIETCS UCTIOJIb30BAaHNE PEKYPPEHTHBIX HEMPOHHBIX cerelt [1, 3, 5.

Bxonw!

\'

Input 2

h

x104

Certb

Brixon

p{1}
K1}
p{2}

eural Network

p{1} De

DL
lays 1

TW{T,1}

-0 2

Crnou HelpoHOB

| —0

a{1}

p{1}
a{1} 1
p{2}
Layer 1
af} a{2}
Layer 2

.
»

p{2}
y{1}

a{1}

CxpbITBIH cr0M

DL weight
p{2} Delays 2 IW{1,2}
b{1}
DL-
a{1} Delays 1 LW{2,1}

b{2}
Puc. 10. Peanuzanus HepeKyppeHTHOM HelpoceTeBoOl Moaenu
B MATLAB Neural Network Toolbox.
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Puc. 11. PesynbraTsl 00y4eHUs: HEPEKYPPEHTHOM CETU U MOJEIINPOBAHHUS.

Boruncnutensubiii unctpymentapuit MATLAB Neural Network Toolbox
HE MpeJHAa3HA4YeH I MOJECIMPOBAHUS M OOYYEHHMs CIOXKHBIX PEKYPPEHTHBIX
cereil. [loaToMy MCHONIB30BaH JTOMOJHUTENBHBIA NakeT paciuupenuss MATLAB
Neural Network Based System Identification Toolbox (NNSYSID), pazpabo-
TaHHbIN B TexunueckoMm yHuBepcurete Jlanuu, aBrop Magnus Nergaard [6].

Bri0Opana HeilpoceTeBas MOJI€Nb aBTOPErPECCUN — CKOJIB3SLIETO CpeHe-
ro ¢ BHemHUMHU Bxoaamu (NNARMAX), umeromas ooparasie cBsizu (puc. 12).
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KonnuecTBo 3a1epkaHHBIX BBIXOJOB OMNPEACICHO MO KOPPEISALMOHHOM (YHK-
U1 BBIXOJHOIO CUrHayja F (t) aHAJIOTUYHO pHC. 9. BBIXOIHOM CHrHAJI MOAEIU
(opMupyeTCs C y4eTOM €ro 3aJep:KaHHBIX 3HAYCHHH, a TAKKE 3alePKAHHBIX
3HaueHuit ommbKu e(f).

CKpBITBIH CJIOW HEHPOHOB
3azepiKaHHBIC OLIHOKH (HenmuHelHbIe (QYHKIMN aK THBAIIAH)

e(t-1) Q ‘
e(?) Q /b

3azepKaHHbIe BXOJIbI

h(t-5) G
h(t-4) Q3
h(t-3) O
h(t-2) g
ht-1) @3
h(t) G
v(it-1) O
V(1) @

3ajiep>KaHHbIE BBIXOIbI

F(t-4) @
F(t-3) @

BeixoaHO# ciioi HEHpOHOB
(nuHeliHas GYHKIUS aKTHBAIHN)

9 F(+1)

Ft-2) ©
F(t-1) O
F@ 0

Beca, cmenienus

Beca, cmenienus

Puc. 12. Ctpykrypa peKyppeHTHON HEMpOCeTEeBOIM JMHAMUYECKON MOIENH,
peanuzoBanHoi B nakete pacmmpenuss MATLAB NNSYSID.

[TpenBaputenpbHoe MaclITaOUPOBAaHME BXOJHBIX M BBIXOJHBIX 00ydaro-
[IMX CUTHAJIOB IIyTEM MPUBEACHHS UX K HYJIEBOMY MAaTeMaTHYE€CKOMY OXKW[a-
HUIO ¥ €MHUYHOM Jucrepcuu ympoiiaer oOydenue Heiipocetu (puc. 13). Bae-
JeHue oOpaTHBIX CBA3EH CHMXKAET Bpemsl oOydeHHus Ha ABa nopsanaka. [[ns oOy-
YEHUs PEKyPPEHTHON HEHPOHHOM CETH Takke NMpuMeHeH metof JleBenOepra-
Mapxksapara. PekyppeHTHas JuHaMu4ecKas HelpoceTeBasi MOJENb MOKa3bIBAET
JY4YUIYI0 TOYHOCTh MPOTHO3UPOBaHUs (puc. 14).

[Ipennaraemasi MeToAMKa MICHTU(DHUKAUMN HEIMHEWHBIX JHUHAMHYECKUX
cucTteM Oasupyercss Ha MNpUMEHEeHUH MporpammHoi miatrdhopmel MATLAB,
oOecnieunBaroIIel eANHbIN NOAX0A K (OPMUPOBAHUIO, TIPEJCTABICHUIO U LUQ-
poBoii 00pabOTKE SKCHEPUMEHTAIBHBIX JaHHBIX, OTKPBITOCTb, TMOKOCTh NpHU
paboTe ¢ OONBIIMMHM MacCMBaMU JAHHBIX U OJHOBPEMEHHO HAOOp MOILHBIX
CPEICTB aHaJIM3a U MOJECIMPOBaHMA. MareMaTH4ecKoe MOJEIUPOBAHUE HA OC-
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HOBE JMHAMU4YeCKUX HeWpoHHbIX ceted B MATLAB mnpenocraBiseTr HOBbIE
BO3MOKHOCTH JIJIs1 UCCJIEIOBAHUS TTPOOJIEM YIIPaBICHHS U aBTOMATHU3aLIUH.

MacmtabupoBaHHEIE BXO/IBI

2_ h(?)
e v(?) ;} i

5 40 45 50 55

[4)]

.
o NN

MacTabupoBansbiii Boixon F(7)

Al 1 1 1

5 40 45 50 55

Puc. 13. MacmraOupoBaHre BXOJHBIX M BBIXOJHBIX O0YYaIOLINX CUTHAJIOB
B nakere pacmupenus MATLAB NNSYSID.

F), H

x 10"

3‘: A " ~ /N .T:/IOZ[GJI|L .
. N ' NIFaS
ASS 4 %

OKcrepuMenT

2.2
0

1 2 3 4 5 6 7 8 9 10
t, c

Puc. 14. TIporao3upoBaHue ¢ MOMOIIBI0 00YICHHON peKypPPEHTHOM
HelpoceTeBoit nuHamuueckoit moaenn NNARMAX.
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YAK 621.391

CPABHEHHUE 3®PEKTHBHOCTHU PEAJIM3ALINN
AJITOPUTMOB OBYYEHUA HEUPOCETH B 3ATAYE
BOCCTAHOBJIEHUSI U30BPAKEHUI

Xpsawés B. B, Coxonenko E. A., [Ipuopos A. JI.
Apocnasckuti cocyoapcmeennviil ynugepcumem um. I11. I'. JJlemuoosa, Apocrasns,
e-mail:dcslab@uniyar.ac.ru

1. Illocmanoeka 3aoauu

BoccranoBnenue n3obpaxeHuii u, B 60jee 0OIMIEM CMBICIE, BOCCTAHOB-
JICHUE CUTHAJIOB OTHOCHUTCS K KJIacCy HamOoiiee GhyHIaMEHTAIBHBIX 3a/1a4 B CO-
BpEeMEHHOH Hayke. B o0meM ciaydae Moaelb HCKa)KCHHS/BOCCTAHOBICHHUS U30-
Opa’keHHSI MOKHO MPEJICTaBUTH clieaytomumM oopaszom [1] (puc. 1).

fey) glxy) Jixy)

DyHKUMA Boccranasnmsatoumit
HckakeHns H dunsTp

Hym
ney)
NCKAXEHHE BOCCTAHOBIJIEHHE

Puc. 1. Mozienb mporiecca MCKaKeHUs/BOCCTAHOBJIEHUS N300pasKeHHUIA:
f(x,y) — BxomHoe uzobpaxenne; g(X,y) — uckaxennoe uzobpaxenne; f,(x,y) —

OLIEHKa BXOIHOTO U300paxkenus; H — dynkiumst uckaxenus; 1(X, ) — aJUIMTUBHBIN IIyM.

3amaya BOCCTAHOBJICHHSI COCTOUT B TOJIYYCHHH OILIEHOYHOTO H300paxe-
HUs fi(X,y) 1O UCKaXKEHHOMY M300paxeHHio g(x,y) U umerouieiics napopma-

uu o0 H u n(x, y). Eciu npeanonoxutsb, 4to H — TUHEHHBIN, THBAPUAHTHBIN K

CABUTY TIPOIECC, TO B MPOCTPAHCTBEHHON 00JIACTU MCKaKEHHOE HM300pakeHHE
MIPEICTABIACTCS CIEAYIOIIMM 00pa3oMm:

g(x,y)=h(x,y)* f(x,y) +n(x, ), (D
rae h(x,y) — TMPOCTPAHCTBEHHOE MPEACTABICHUE HCKaXKaoImeh (yHKINH,

* — 0003HAaYCHUE CBEPTKHU.

B uacrotHol oOnactu, BbipaxkeHUE (1) MOXKET OBITh 3aMKuCcaHO CIEIYIO-
M 00pa3oMm:

Gu,vy=Hu,v) - F(u,v)+ N(u,v).

3nmeck 3arinaBHBIMU OykBaMu 0003Ha4YeHBI Dypbe-TpaHCHOPMAHTHI COOT-
BETCTBYIOIUX (QYHKIUN BIpaxkeHus (1).

Tak kak, 0OBIYHO MaJIO YTO U3BECTHO 00 MCKOMOM M MCKa)KalOIlEM CHUT-
HaJIaX, ICKOHBOJIIOIUS JBYX CHTHAJIOB B OOIIEM Ciydae SIBJISICTCS CJIOKHOM 3a-
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nadeid. OHaKo B YaCTHOM Cliydae, KOrja 00 HMCKa)arollleM CUTHaJe U3BECTHO,
yT0 (haza ero Pypbe-o0pasza paBHA HYIIO, CIEKTpajbHas (a3za ICKOMOTO CUTHa-
Ja SIBJISETCSl HEMCKaKeHHOM. Takasi cuTyaludsi BCTpedaeTcs, Mo KpailHell mepe
NPUOITU3UTENBEHO, NPU JUIUTETLHOM 3KCIIOHUPOBAHUM Yepe3 TYpOYJIEHTHYIO aT-
Mocdepy WM B ciiydae, KOrja U300pakeHHs pa3MbIThl U3-3a CUIIBHOU JedoKy-
CUPOBKH JIMH3bI C KPYTJIBIMU AuadparMamu.

PaccMmoTpum 3amauy BoccTaHoBiIeHUs curHana mo ¢ase ero JId kak 3a-
Jady anmpoKCUMAalluK, Korja Ha BxoaHoe Bo3zcicTBue ((aza [I1D) tpedyercs
MOJIYYUTh OTKJIWK (BPEMEHHOW WM NpocTpaHCTBEHHbIM curHan) [8]. C 3Toii
TOYKH 3PEHHUsI, YUUTHIBAS, YTO HEUPOHHBIE CETH OYeHb d(DPEKTUBHBI MPU peIlIe-
HUU 33724 OIICHKU, MHTEPIOJISAINH, ¥ TTO3BOJISIOT allPOKCUMHUPOBATh (DYHKITHH
0€3 UCIOIB30BaHUS WX AHATUTHYECKOTO MU OJM3KOr0 MaTeMaTUYECKOTO BHUJIA,
MOXHO OXHUJAaTh, UTO C UX MOMOIIBIO YJIaCTCSI PEUIUTH 33/1a4y BOCCTAHOBJICHUS
aMIUTATYIbI [2].

3ajada BOCCTAHOBJICHHS aMIUTUTY/Ibl OTHOCUTCS K KJIACCY 3ajiay ri1o0ab-
HOM anmpoOKCHUMAIIUHU, U OJJHON U3 JYUYIIUX HEHPOCETEBBIX CTPYKTYp JJIA pelle-
HUS TTOJAO00OHBIX 3a/1a4 sABJsieTcss MHOrocoHbli nepcentpod (MCII) [3]. B nan-
HOM clly4yae MCHoJib30Bajcs noyHOcBsA3HbIM MCII npsmoro pacnpocTpaHeHus,
MMEIOUINN BXOIHOM, BBIXOJHOW U OJWH CKPBITBIA CJIOW. JJIsl KaXI0ro HeMpoHa
B KauyeCcTBE HEIMHEHHOW (YHKIMM aKTHUBAIMU HCIIOIB3YETCS CUTMOMIHAS

byHKITHS.
2. MemooOwt 00yuenusn HeiipoHHOU cemu

OpauH 13 maroB NOCTPOEHUSI HEUPOCETEBOM MOJIENN MPEACTABISET COOOM
nporuecc, Ha3biBaeMblid 00ydeHueM. Llenb 00ydeHns cOCTOMT B BBIOOpPE Takoro
BEKTOpa BECOB W, YTOObl MUHUMH3UPOBATh OUTMOKY MEXKIY (PaKTUYECKUMH pe-
aKIUSIMA HEWPOHA ), M OXKHUJAeMbIMU 3HaueHUAMHU z,. [losToMy ans oOydeHus

HEHPOHHON CETH MCTOJB3yeTCs MH(MOpPMAIUS O TEKYIEM U OKUJAEMOM 3Hade-
HUU BBIXOJHOTO CUTHaJIa. MUHUMM3AIUS Pa3Iuduil MeXay (HakTHUECKUMU pe-
aKIMSIMU HEHpOHA ), U 0)KMJACMBIMM 3HAUYEHUSMM Z, MOXET OBITb IIPEJCTaB-

JieHa KaK MHUHUMH3alKs KOHKPETHON (DYHKIMM MOTpenrHocTy (1ieaeBoi QyHK-
un) E(w), garie Bcero onpenenseMon Kak

Ew)=3 0P (w) - 292,

/i€ p — KOJIMYECTBO MPEABSIBISIEMBIX 00yJIarONTUX BHIOOPOK.

[leneBas pyukuus E(w) B o011eM ciiydae SBISIETCS HEIMHEHHON (PYHKITH-
eit. [lo mpuymHE €€ CII0KHOCTH YacTO HCIIOIB3YIOT UTEPAITMOHHBIC aJTOPUTMBI
i 3 PEKTUBHOTO MOUCKA PEIIEHHUs B MPOCTPAHCTBE cocTostHUiA. [Ipu aTom an-
TOPUTM CTapTyeT OT MCXOIHOTO 3HAYCHHUS W, KOTOPOE IMOTOM KOPPEKTHUPYETCS.
[Tocnenyromas urepanus w, 0003HaUeHHas Kak w, , OIpeAeNseTcs, Kak odepe-

HOU IlIar OT TeKyIlel TOUKK W, B HallpaBICHUU BEKTOpa d,
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w,=w, +nd,
1€ TIOJIO)KUTEIIBHOE YUCIIO 1| SBJIAETCS BEIWYMHOW I1ara, IMOKa3bIBAOILIEIO, C
KaKOM CKOpPOCTBIO MBI JIBHJKEMCsI B HanpaBiieHUd d. Kaxnaplii anroputm odyye-

HUsI UMEET CBOKO CXEMY KOPPEKTHPOBKH BECOB HEMPOHHOW ceTh. PaccMmoTpum
HEKOTOPBIE U3 HUX.

2.1. Anzopumm o6pamno20 pacnpocmpanenus

Opnum u3 Hanbosee NOMyJISIPHBIX aITOPUTMOB OOy4YEeHHsI HEHPOHHBIX Ce-
Tel sBJsiETCS alroputMm obpaTHoro pacrpoctpanenus (AOP), npennoxeHHbIHl
Pymenxaprom, Xuntonom u Bummmamcom (Rumelhart, Hinton, Williams) B
1986 r. AOP nipencrasiser coO0i aIropuT™M Ha OCHOBE MOIIIArOBOI0 MIPUHITUIIA
MUHHUMM3AIUH, KOT/Ia Beca HEMPOHHOM CETH KOPPEKTUPYIOTCS B COOTBETCTBHH C
HaIpaBJICHUEM aHTUTPAIMEHTa B TPOCTpaHCTBE BecoB. (COOTBETCTBYIOIIHE
bopMyIIbl UMEIOT BUJL:

Aw, =w, —w, = ) @
ow
rZie M SIBJISETCS MapaMeTpoM CKOPOCTH 00yueHus (BeIUYuHOM miara). @opmyina
(2) omwmceiBaeT rpynmnoBoe OOydeHHE, KOTJa Beca KOPPEKTHPYIOTCS TMOCIe
MIPEIBSBIICHHUS HA BXOJ] CETH BCEX 00YUaIONUX BHIOOPOK.

Kmaccuuecknit AOP, ocHOBaHHBINM Ha MONIArOBOM MUHHUMM3AIUH, UMEET
TaKhe CYIIECTBEHHbIC HEJIOCTATKH, KaK MEIJIEHHAs CXOAMMOCTb M BO3MOXKHBIE
OCIIWJIJISIIUY BECOB.

Baxxus1ii myTh noBbiieHust 3GPEKTUBHOCTH pabOThI AJITOPUTMa 0OpaTHO-
0 PACHpOCTPAHECHMS 3aKIIOYAETCS B HCIOJIB30BAHMM PA3IUYHBIX METOJOB
aJIanTaluy, JCNAIUX MapaMeTpbl OOydYeHUs] JUHAMUYECKH HACTPaWBAEMbIMU
B IIpoIecce 00yUCHMUS.

w=w,

2.2. Oobyuarowgue anzopummol, UCHONb3YIOUUE 2DAOUCHHIHbLE
Memoobl ONMUMUIAUUU

[TockoabKy mporiecc 00ydYeHHsI HEHPOHHON CETH MOXKHO pacCMaTpHBAaTh,
KaK 3a7a4y ONTHMH3AI[MK HEKOTOPOU (PYHKIIMH, TO JUIS €€ PEHICHUS MOXKHO HC-
MI0JTb30BaTh METOBI ONTUMHU3ALMK O0Jiee BBICOKOTO TOPSAKA, MCIOIB3YIONINE
uHpOpMaIUIo O TpaaueHTe. [ 1aBHAs e IPU 3TOM — TIOBBIIIICHHE CKOPOCTH
CXOAMMOCTH. B cpaBHEHHH C 3BPUCTUYECCKIMH METOJaMH Ha OCHOBE aJITOPUTMA
00paTHOTO pacIpOCTpaHEHUs, STH METOJBI XOPOIIO TEOPETHIECKH 00OCHOBAHEI
U 001aNaloT TapaHTUPOBAHHOW CXOJUMOCTBIO JJIsi OOJBIIMHCTBA TJIAJKAX
byHKIUHN.

[Tycth, Kak W paHblle d — BEKTOp HANpPaBICHUS KOPPEKTHUPOBKH, 1 —
K03 uumeHT ckopoctu oOyueHus, w, — TeKyllee 3HaueHue w. Toraa mpo-

occce 06y‘I€HI/I$I KOPPCKTHUPYCT BECa B COOTBCTCTBHUU C BBIPAKCHUCM
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E(w,) = E(w,+nd) <E(w,).
[TpuHIIMTIUATBHOE OTIWYUE MEXIY Pa3HbIMU aJITOPUTMAMH MHUHUMM3A-
IIMU 3aKJII0YaeTCs B MPOIEAype ONpeAesieHus] Haumyuiiero Hanpasienus d. Ec-
JIM HarpaBJeHUE BBHIOPAHO, TO ONMTHMAaJIbHAS BETWYMHA IIara MOXKET OBbITh BbI-
OpaHa Ipy MOMOIIH ITOMCKa

N =mine(n),
n>0
rae ¢(n) = E(w, +nd).
Ecnu HampaBieHne MUHUMU3ALHUK d ONPENENseTCs Ha OCHOBE IpaJueHTa

g H@HGBOﬁ (bYHKI_II/II/I E, TO TaKMC METOAbLI OIITUMHU3ANN HA3BIBAOTCA I'paIUCHT-
HBIMHU METOAAaMH OIITUMHU3AIIHUH.

2.2.1. Memoo conpasicenHnblx 2padueHmos

Metoa CONpsKEHHBIX I'PAJMEHTOB OCHOBAH HA KBaJIpaTUYHON MUHUMU-
sanud. [Ipu HaYaIbHOM 3HAaYeHHH rpagueHTa g, = OF/ 8w\ v, » BEKTOPE HAIpaB-

JICHUS di = _gi METO/ COHpﬂ)KeHHBIX Fpa,HI/ICHTOB MOKHO OIIMCATh B BHUAC I[BYX
peKprI/IBHBIX Bpra)KCHI/Iﬁ
gn :gc+}\‘cHdc’ (3)
dn = _gn +’chcﬁ
Trac
g.8
= _Lcoc , 4
¢ dlHd, )
T
&n&n
YC = T 2 (5)
8: 8¢
nJIn
(g,-8.)" &,
’Yc = T ° (6)
g8

[Tpu 3TOM d Ha3BIBaeTCA COMPSKECHHBIM HalpaBJIeHHEM, a H — maTpuiieit
['ecce neneBoit pyukuuu E. Beipaxenue (5) HazpiBaetcsa dhopmynoit dietuepa-
Pusca (Fletcher-Reeves), a Breipaxkenue (6) — ¢opmynoi Ilomaka-Pubeiipsr
(Polak-Ribiere). UtoOsl u3bexarh HEOOXOIUMOCTH 3HATh MaTpuily [ecce s
BBIUMCJIEHUS COIPSDKEHHOI'O HAIIPaBJICHUs OCYILECTBISIOT JIBUKEHHE OT W,

BJIOJIb HAINIPABICHUH d, 1O JIOKAJIbHOTO MUHUMyMa E B TOUKE W,, a AAJbLIC
1oJararT g, =8E/8W\W:W . 3HaueHWe g, MOXHO HCIOJb30BaTh B KauyeCTBE
BekTopa (3) a BeipaxkeHue (4) Oomnplie HE HYkHO. TakuM o0Opa3oM, METOH CO-

NPSDKEHHBIX TPAaJUeHTOB BechMa 3(PPEKTUBEH, 0OCOOEHHO Mpu 00y4eHUu OOJib-
IIUX CETEH.
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IIpn paccMOTpeHUH METOA COIPSKEHHBIX I'PAJIUEHTOB IIPUMEHUTEIHHO
K OOy4eHHIO HEHPOHHBIX CETEH MOXHO CHeNaTh J1Ba BaXHBIX BbIBoJA [7]. [Ho-
BOJIBHO BBICOKA JIOJIS1 BBIYMCIICHUM IIPU OAHOMEPHOU ONTUMU3ALIUU, IIOCKOJIBKY
KaXX10€ BBIYMCIICHUE 3HAYECHMs LEJIEBOM (DYHKLIMU NPUBOAUT K BBIUMCICHHIO
oTKJIMKa Bced cetu. [ToaTromy HE0OX0IMMO HCNONB30BaTh 3(PPEKTUBHBIE AITO-
PUTMBI OJJHOMEPHON ONTUMM3AaLKUU. BO-BTOPBIX, IIOCKOJIBKY MBI UMEEM JIEJI0 C
HEHPOHHBIMU CETSIMH, TO (PYHKIMS OMIMOKU HE SIBJISIETCS KBaJApPAaTUUHON M, KaK
CJIEJICTBUE, CXOAMUMOCTh 3aBUCHUT OT CTENEHU COOTBETCTBUS (PYHKIMH OUIMOKH
€€ KBaJAPAaTU4YHOU alIPOKCUMALIHH.

2.2.2. Keazuntomonoegwle anzopummasl 00y4eHus

Kak 1 MeTon compsiKeHHBIX TPaJME€HTOB, KBa3WHBIOTOHOBBIE AJITOPUTMBI
ObUIM TIOJIyYeHBI B TPEINOJIOKEHUU KBaJApPAaTHUHON 1eneBoil dyHkiuu. Jls
CMEIIICHUsI HAaMpaBJICHHsI TPaJreHTa Mo MeToay HbproToHa HCIoNib3yeTcs HHBEp-
TupoBanHas Matpura I'ecce B=H . IIpu 5ToM Beca KOPPEKTHPYIOTCS B COOT-
BETCTBHUHU C BHIPAXKCHHUEM:

w, =w,-nB.g..

[Tpu sToM MaTpuia B BBIUUCISIETCS HE «C HYJs», @ HA OCHOBE MaTPHIIBI

Ha MpeAbIAYIIEM IIare:
B,,, =B,y +AB,,, .

Cy1ecTBYyIOT IB€ OCHOBHBIX (POPMYJIBI I BEIUUCICHUS AB,  :

_ dd” _BoldAgAgTBold

= 7
o dTAg AgTBoldAg ()
niin
AB _ 1 + AgTBoldAg ddT _ dAgTBold + BoldAng (8)
now T T T .
d'Ag )d Ag d" Ag
rac

d:Wnow_wold’ Ag:gnow_gold'

Beipaxxenne (7) HazwiBaeTcs dopmynon [[»Bunona-daeryepa-Ilaysna
(Davidon-Fletcher-Powell), a Boipaxenue (8)— dopmymoit bpoiinena-
dneruepa-l'onadapoba-Illanno (Broyden-Fletcher-Goldfarb-Shanno).

CTaniapTHBIE KBA3UHBIOTOHOBBIE METOIbI TPeOYIOT XpaHeHus N_ mepe-

MEHHBIX JIJISI BBIMIOJHEHMS alpoKCcUMaIluu oOpaTHOM Matpulbl ['ecce, kpome
ATOTO HY)KHO BBIMOJHSITh OJHOMEPHBIM TMOWCK JUIsl BBIYKCICHUSI TpeOyemoit
JUIMHBI ara. 31ecb N, — MOJHOE KOJIMYECTBO BECOBBIX KOI(D(UIIMEHTOB HEl-

POHHOM ceTHU. B CpaBHEHHH C METOJOM COIIPSIKEHHBIX I'PaJUEHTOB KBAa3WHBIO-
TOHOBCKHI aNropuT™M obOsagaet 0osiee ObICTPON CXOJUMOCTBIO, T. K. BMECTO BBI-
YUCJIEHUS T€CCUAHA BBIIOJIHIETCS €ro OLICHKA.
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2.2.3. Anecopumm Jleeenovepza-Mapkeapoma

3anaya oOy4eHHs] HEMPOHHOU ceTh 0ObIYHO (hOpMySIMpyeTcsl B BHUJIE He-
JMHEWHOW 3aJlayd HauMEHbIINX KBaApaToB. COOTBETCTBEHHO MJISI HACTPOMKH
napamMeTpoB HEHPOHHOM CETU MOTYT ObITh MCIOJIb30BAHBI METO/IbI, OTHOCSIIINE-
ci K METoJaM HauMEHBIINX KBaApaToB, Hampumep, meron ['aycca-HproToHa,
KOTOPBIA OTHOCUTCSI K MeTojaM JmHeapuzauuu. [lycts » o003HauaeT BEKTOp,
coJiep KAl 3HaUeHUs OMMOKH, J — sSKOOWaH, COJep KAl TPOU3BOJIHBIE OT

r, UMeromuid N, CTOJOLOB U Np x N , CTPOK, rue N , — 4HCIo BBIOOPOK,
N , — 4YHUCJIO BBIXOJIOB. Bripaxenue, onuceiBaromiee Metof I'aycca-HproToHa,
AMEET BU:

T -1 T
w=w—-J.J,) (J.r).
Eciu J_, sBnseTcss HEMOJIHOW, TO MOXHO INpUMEHATh MeToj JleBenOepra-

Mapkpapara (Levenberg-Marquardt), mpu 3TOM BbIpa)K€HUsI J1JII KOPPEKTUPOB-
KN BCCOB IPUMCT BHA:
w, =w, ~(J]J +u) " (J]T).

rje | — HeoTpuIaTenbHoe yucio. B monudumnupoannom anroputme JleBeH-
oepra-MapkBapATa, KOTOPBIM ObLI MPEIOKEH AJisi 0Oy4YEeHUS MHOTOCIONWHBIX
ceTen MMpAMOTO PaCIIpOCTPAaHCHUA HUCIIOJIB3YCTCA JUAT'OHAJIBHYIO MAaTpUIlY BMC-
CTO e,Z[I/IHI/I‘{HOﬁ MaTpHuIbI 1. BBI‘II/ICJ]I/ITCJIBHyIO CJIOKHOCTBb U Tp€60BaHI/I}I K I1a-
MATH y anroputMa JleBenOepra-MapkBap/iTa MOKHO YMEHBIIIUTh, €CIIA UCIIOJIb-
30BaTh HEMOJHBIE MATPHUIILI SIKOOH.

2.2.4. Ancopummot 2n100a1bH0U OnRMUMUIAUUU

JIpyroi Ba)XHBIM KJIacCC METOAOB HCIOJIB3YET METOIBI CIyYalHOM OIITH-
MU3alMU, KOTOPBIE XapaKTepU3yKOTCS HATUYKUEM BJIEMEHTA CIy4allHOTO MOUCKa
B Ipoiiecce OOyYEeHUs, YTO MO3BOJIIET HE OCTAHABIMBATHCS B JIOKAJIbHBIX MU-
HUMYMaX, & CXOJIUTHCS K II100AIbHOMY MUHUMYMY 11€JI€BOM (DYHKIIUH.

K metonmam rioOanbHONW ONTUMU3ALUU OTHOCSATCS T€HETUYECKUE ajro-
pUTMBI 00yueHuUsi HeilpoceTu [6]. DT aNTOPUTMbI UMUTHPYIOT MPOIECCHl Ha-
CJIeIOBaHUS CBOWMCTB >KMBBIMU OpTraHM3MaMH M T'€HEPUPYIOT MOCIeI0BaTEIbHO-
CTH HOBBIX BEKTOpPOB W, COJEpKalllie ONTUMU3UPOBAHHBIE 3HAYEHUS MapameT-
poB. IIpu 3TOM BBINOJHAIOTCS ONEpPallUd TPEX BUAOB: CEJIEKIIUS, CKPEIIMBAHUE
u myTtanus. Unes sTux oneparuii, Kak U UX Ha3BaHWE, 3aMMCTBOBAaHbI U3 T'eHe-
THKHU: OTOOp HamboJiee MPUCTIOCOOIECHHBIX XPOMOCOM — BEKTOPOB W (CEJIeK-
1usi), OOMEH KOMIUIEMEHTAPHBIMH YaCTSMU CpPEId OTOOPAHHBIX XPOMOCOM
(CcKkpenuBaHue) U 3aMEHa 3HAYCHHUM OTAENbHBIX T€HOB CIIy4YalHBIMU JOITYCTH-
MBIMH 3HAYEHUSMU (MyTaLMs).

UccnenoBanusimu AokazaHo [6], 4TO KaxKJ10€ MOCIEIYIOIIEe MOKOJIEHUE,
c(hOpMUPOBAHHOE TIOCJI€ BBHITIOJIHEHUSI YKA3aHHBIX OMeparuii, UMEeT CTaTUCTH-
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YECKU JIyYllIM€ CpeIHHE TNokazarenu mnpucrnocodieHHoctr. Korma oOydenue
CUMTAETCs 3aBEPUICHHBIM, B KAUECTBE OKOHYATEIbHOTO PEIICHUs PUHUMAETCS
HauOoJiee MpuUcCIocoOieHHass Xxpomocoma. PermieHne 00 OcTaHOBKE Mpolecca
00y4eHUs1 MOXKET OBITh MPUHATO JUOO MPU JOCTUKEHUH yIOBIETBOPUTEIBLHOTO
YPOBHS OLIMOKH, JTUOO IPU BBINOJHEHUMM MaKCHUMAaJbHOTO KOJMYECTBAa UTEpa-
i, 1100 B Cllydae OTCYTCTBHUS NPOTrpecca MUHUMHU3ALINH.

[TockonbKy METOABI CIy4aliHOIO MOMCKA, B TOM YHCIE M T€HETHYECKHE,
camu 1o ce0e cXoAiTcs JOCTaTOYHO MEJUIEHHO, TO LIeJIeCO00pa3Ho paccMaTpu-
BaTh Oojiee oOlIMe METObl, SABISAIOLIUECS 00bEAMHEHUEM TPAJAULIMOHHBIX Ipa-
JUEHTHBIX METOJOB OOyuYeHHUs U METOAOB cilydyailHOW ontumusauuu. Eciu B
npouecce 00y4eHHs TPaJUEHTHBIM METOJOM BCTPEYAETCs MOJIOTHI y4acToK Iie-
JeBod (pyHKIMHU, TO 0OyYarOIIUN aJrOpUTM MEPEKIIOYaeTCsl Ha METOJ Cllydaid-
HOM onTuMuszauumu. [locime TOro, xak moJIOrMi y4acTOK IPOMIEH, aJrOPUTM
BHOBbB [IEPEKIIIOYAETCS HA TPAIUEHTHBIN METO/I.

3. Peanuzayusn paccmompeHnvlx Memoooe é cpeoe MATLAB

[TockonbKy  Juisl pelleHus 3aJadyd HCHOJb3YeTCs JIBYXCJIOWHAas CeTh
IPsIMOTO PACTIPOCTPAHEHHUSI, TO JJIs1 CO3J]aHUS CETU UCIOJIb3yeTCsl PYyHKIUS
net = newff(PR,[S1 S2...SNI],{TF1 TF2...TFNI},btf,blf,pf)
rae PR — maccuB pazMepa Rx2 MUHMMaJIbHBIX M1 MAKCUMAaJIbHBIX 3HAYEHUHN IS
R BekTOpoB BX0J1a; Si — KOJIMYECTBO HEUPOHOB B cioe i; Tfi — QpyHKIus akTH-
BallMM CJIOS i, TI0 yMOJIYaHHIo tansig; btf — oOydaromas GyHKIUS, pearusyro-
1asi MeTo, 00paTHOTO paclpocTpaHeHus, Mo yMoadanuto trainlm; blf — pynk-
IIUs1 HACTPOUMKH, peaNm3yromias MeToJ oOpaTHOrO PacHpOCTPAHEHHS, IO YMOJ-
yanuto learngdm; pf— xputepuii kauecTtBa OOydeHHs, IO YMOTYAHHUIO MSE;
net — o0BeKT Kiacca network object — HelipoHHAas CETh.

B paccmartpuBaeMom ciydae BbI30B (pyHKuMH newff() BeIrasaut cie-
TYIOIUM 00pa3oM:
min_max = zeros(Ni,2);
min_max(:,1) = -pi;
min_max(:,2) = pi;
net = newff(min_max,[hls No],{'logsig','logsig'},'traingd");

3necy Ni— KOJIMYECTBO BXOJOB HEMpPOHHOHM ceTH, hls — komuyecTBO
HEHWPOHOB B CKPBITOM CJ10€, NO — KOJMYECTBO BBIXOJIOB HEWPOHHOM ceTu. B
NPUBEICHHOW 3amMcy MPEINoyiaraeTcs, 4ro Ais oOydeHus: OyAeT HCIOIb30-
BaThCSl KJIACCHUECKUN ajIrOpUTM OOpaTHOTO pacmpoCTpaHEHHs. DTOT aJTOPUTM
peanusyet pynkuus nakera Neural Network Toolbox ‘traingd’.

Oyukius traingd xapakrepusyercs CIEAYIONIMMHU apaMeTpaMu, 3aJ1aH-

HBIMH 110 YMOJIYaHHIO:
net.trainparam
ans =
epochs: 100
goal: 0
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Ir: 1.0000e-002

max_fail: 5
min_grad:  1.0000e-010
show: 25

time: Inf

3nech epochs — MakcUMaIbHOE KOJUYECTBO IUKIIOB (3M0OX) 00yueHust; goal —
npeaenbHOe 3HaueHue Kpurepusi 00ydueHus; Ir — nmapamerp CKOpOCTH HacTpOu-
ki, max_fail — MakcuManbHO AOMYCTUMBIM YPOBEHBH MPEBBIIMICHUS OIIMOKH
KOHTPOJBHOTO TIOJIMHOKECTBA IO CpaBHEHHUIO ¢ oOydJaronum; min_grad — mu-
HUMAaJIbHOE 3HAUEHUS rpajveHTa; show — HHTepBas BhIBOJA UH(DOpMALINU, U3-
MEPEHHBIN B IUKJIaX; time — mpeneabHoe BpeMs 00yUeHHs B CEKYHIax.

Pe3ynbpTaThl TeCTHpOBaHUS JAHHOTO METOJA MPHU PEIICHUH paccMaTpH-
BaeMOM 3aJja4ud MOKa3aju, YTO AITOPUTM HE JOCTHUI 33JaHHOTO YPOBHS OIIHOKH
naxe yepe3 1000 snox o0yyeHUsi. AIrOpUTMBI BTOPOTO MOPSAIKA CXOAATCS TO-
paszio OwIcTpee.

PaccMOTpyM METOIbI COMNPSKEHHBIX TpagueHTOB. DyHkius ‘traincgf
peanuzyet anroputm dDueruepa-Pusca, a pynkius ‘traincgp’ — anaroputm Ilo-
naka-Pubelippl. OTH QyHKIMM XapaKTEpU3YIOTCS CIAEAYIOIMIMMH MapaMeTpaMmu

10 YMOJIYaHHIO:
net = newff(min_max,[hls No],{'logsig','logsig'},'traincgf");
net.trainParam

ans =
epochs: 100
show: 25
goal: 0
time: Inf
min_grad:  1.0000e-006
max_fail: 5

searchFen:  'srchcha’

scale_tol: 20

alpha: 0.0010

beta: 0.1000

delta: 0.0100

gama: 0.1000

low_lim: 0.1000

up_lim: 0.5000

maxstep: 100

minstep: 1.0000e-006

bmax: 26

3necy SearchFecn — wumst QyHKIIMKM OJHOMEPHOTrO MOHUCKa; scale tol —
KOG DUIIMEHT Il BBIYMCICHHUS IIara MpOIEAYpPhl OJHOMEPHOTO TIIOMCKa,
alpha — ko3¢ dunreHT, onpeAeIIONINi MOPOT YMEHBIIICHUS KPUTEPHUS Ka4eCT-
Ba; beta — koaduumeHT, onpenensomuid Bpioop mara; delta — HavalbHBIHI
mar pa3OvMeHHs WHTEpBaJia; gama — IapaMeTp, PeryJUPYIONINi HU3MEHCHHE
KpUTepusi KauecTBa; lo lim — HIDKHAS rpaHMlla U3MEHEHHUs mara; up lim —
BEPXHsISl TPAHMIIA M3MEHEHHMSI 11ara; maxstep — MaKCUMaJIbHOE 3HaYEHUE 111ara;
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minstep — MUHUMaJIbHOE 3HAYEHHUE IIara; bmax — MaKCUMalbHOE 3HAUYCHHE
miara Jijis npoueaypsl srchhyb.

Anroput™m  bpolinena-®neruepa-l'onagpapoda-lllanno peannzoBan B
MATLAB B Buzae pynkuumn ooyuenus ‘traindfg’. Ilapamerpsl nanHoi (QyHK-
MU TIPAKTUYECKU COBMAJAIOT ¢ mapamerpamu (pyHkuuu traincgf, 3a uckiroye-
HUEM MPOTPaMMBbI OJJHOMEPHOTO MOHUCKA, KOTOpasi B JAHHOM Clly4ae 3aMEeHEeHa
M-¢yukuueit srchbac.

[TocmenHui anropuT™M, KOTOPBIM TECTUPOBAJICS NPU PEUIEHUH paccMar-
pYBaeMoit 3a1aun — 3TO alropuT™ JleBenOepra-MapkBapara (pyHKIHsS 00yde-
HUs trainlm) u ero Moaudukamus Ha OCHOBE METOJla peryispusanuu baiieca

(trainbr). [TapameTpsl IO YMOIYaHUIO 3TUX (PYHKIIHIA PUBEICHBI HIKE:
net.trainParam
ans =

epochs: 100
goal: 0
max_fail: 5

mem_reduc: 1
min_grad:  1.0000e-010

mu: 0.0010

mu_dec: 0.1000
mu_inc: 10
mu_max: 1.0000e+010
show: 25

time: Inf

Paccmorpum HOBble mapametpsl. [lapameTp mu — HavalbHOE 3HAUYCHHE
s koddduiimenta L. OTO 3HAYEHUE YMHOXKaeTcs 0o Ha KodphuumueHT
mu_dec, korga (QpyHKIIMOHAN OIMIMOKH YMEHBIAETCs, MO0 Ha KOdDPHUIIMEHT
mu_inc, Korjaa GyHKIIMOHAT OIMMUOKK Bo3pacTaeT. Eciu mu npeBbICUT 3HAUCHUE
mu_max, aJropuT™M ocTaHaBimBaeTcs. [lapamerp mem reduc Mmo3BOJSET HKO-
HOMUTH 00BEM UCMOJIB3yEMOU aMSITH (4€M €ro 3HaueHue OO0JIbIIIe, TEM MEHbIIIE
00beM TpeOyeMol aMsTH U TEM MEHBIIE OBICTPOJAEHCTBUE aITOPUTMA).

B Tabn. 1 nmpeacTaBieHsl pe3ybTaThl, OJyYCHHBIC Ha KOMITbIOTEpe Intel
Celeron 900Mr11, MO3BOJISIIONINE CPABHUTH JITTUTEIBLHOCTh, KOJIMUECTBO ITUKIIOB
00y4YeHHUS W BBIYHCIUTEIBHYIO CIIO)KHOCTH PAa3JIMYHBIX aJTOPUTMOB (BO BCEX
ciyyasix oOydeHHe MPOBOAMIOCH JO MOJYYEHHUS HAa BBIXOJE HEHUPOHHOU ceTH
CpeaHEKBaApaTUIHON OImMOKH (sse) MeHblel, yem 0.5). Bece anroputmel ObutH
peanuzoBansbl B cpene MATLAB 6.5 (Release 13), uTo co3/ano oCHOBY ISl 11O-
Jy4deHus 0ObEKTHUBHBIX OIIEHOK MPUMEHUTEIHHO K JIAHHOW KOHKPETHOM 3a/iauve.
B paccmarpuBaemoMm ciydae HEWpOHHas ceTb umena Tpu cios. KomnuectBo
HEHPOHOB BO BXOJHOM M CKPBITOM CJOSX ObUTO paBHO 16, B BEIXOJTHOM CJIO€ —
8. DTO COOTBETCTBYET pa3OMEHUIO M300paKeHUs Ha OJOKH 1O 8 TMHUKCENed U
BBIYHCIICHUIO IS KaKA0r0 13 HUX 32-toueunoro 11D [8].
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Taobmmma 1.
CpaBHeHue 3pPEeKTUBHOCTH aITOPUTMOB O0YUEHHUSI.

MaxkcumanbHas
Bpemsa KomngectBo
Yucio SHEPrus OMTUOKH IS
HasBanwue anropurma oOyueHus, LIUKJIOB "
onepaunun 10000 TecTOBBIX
C o0ydeHus
CHUT'HAJIOB
Anroputm JleBenOepra—
P P 20 20 8135 1.66
Mapksapara
AJropuT™M, OCHOBAHHEIN Ha
PHTM, 60 43 18 630 0.8

metone baiieca

AJITOPUTM Ha OCHOBE
METO/a MacIITabupyeMbIX 130 1492 611 998 2.6
CONPSUKEHHBIX IPaIMCHTOB

AJNTOpUTM Ha OCHOBE

300 2708 1483 726 1.8
merona Pueruepa—Pusca
Anroput™m Ha OCHOBC 38 ]14 447 646 1.7
metoja [lomaka—Pubelips
AJITOPHTM Ha OCHOBE 211 1839 1102 299 2.1

Merona [laysnna—buene

Buvieoowt

[To pe3ynbraTaM MHOTOYMCIEHHBIX M PA3JIMYHBIX TECTOB ObUIM C/ENaHBI
CJHEAYIOLIUE BBIBOJBI:

ANTOPUTMBI, OCHOBaHHBIE HA alTOPUTME OOPATHOTO PACTIPOCTPAHEHUS
IIPU PEIIEHUU JAHHOW 3aJauM JNar0T HEYJIOBJIETBOPUTEIBHBIE PE3YJIbTaThbl, HU
OJIMH W3 HUX HE MO3BOJISIET MOIYYUTh NPUEMIIEMOE 3HAUEHUE OIIMOKU Ha BBIXO-
JIe HEMPOHHO CeTH 3a YJIOBJIETBOPUTEITHLHOE BPEMS OOyUEHHUS.

HaubGonpmyio s¢dektuBHOCT, TOKa3zan anroput™m JleBenOepra—
Mapxksapnara. [Ipu ero ucnonb3oBaHHHM HA0II01aJI0Ch HAUMEHbIIIEE BpeMs 00y-
YEHUs, HAUMEHbIIIEE KOJIUYECTBO LUKIOB OOYyYEHHsS] U HaUMEHbLIAs BBIYMCIIU-
TEJIbHASI CIIOKHOCTb.

Cnenytomum 1o 3¢ dextuBHOCTH 00ydyeHus wuaer wMeron Ilomaka-
PuGelippl, oOTHOCAIIMICA K TPYIIIIE METOJAOB CONPSKEHHBIX TPAJAHEHTOB. DTOMY
METO/ly HEMHOTO YCTYIMaeT METOJ MAacIITaOMpyeMbIX COMpPSHKEHHBIX T'paueH-
TOB.

OtaenpHO ciaeayeT cKka3aTh PO aJroOpyuTM, OCHOBaHHBIN Ha Metojie balie-
ca. dakTuyecku 3Ta mpoueaypa o0ydeHus peanuzyer anroputm JleBenOepra-
MapxkBap/ra, JOMOJHEHHBIH METOJOM peryisipu3aly, yMEHbIIAIOMUM 3P PexT
nepeoOydenus. V3 npuBeneHHON TaOIUIBI BUTHO, YTO MPOLETypa HACTPOUKH
napaMeTpoB CETH JJIMTCS BTPOE JOJbIIE, IPU 3TOM BBINOJHAETCS MPUOIU3U-
TEJNBHO BJIBOE OOJIbIIE IUKJIOB OOYUYEHHs, YeM JIJIsl «YHUCTOro» Meroaa JleBeH-
oepra-MapkBapara, HO CITOCOOHOCTh CeTH K 0000meHnto (3P GEeKTUBHOCTH af-
MPOKCHUMAIIMU PEaTbHON 3aBUCMMOCTH) OKa3bIBaeTcsl Hawiyuieid. B paccmar-
pUBaeMoO# 3a7ade 1e1eco00pa3HO MCIOJb30BaTh UMEHHO 3Ty MPOUEeAypy oOy-
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YeHUs, MTOCKOJIbKY, BO-TIEPBBIX, MeTO/ JIeBeHOepra-MapkBapTa okazajicsi Hau-
oosnee 3P heKTUBHBIM IPU HACTPOIKE MapaMEeTPOB CETH Ha 00yUYaroIeM MHOXKe-
CTB€ U, BO-BTOPBIX, HE MPEIBSABISIETCS JKECTKUX TPEOOBAHUI K CKOPOCTU OO0Y-
YEHUS CETH.

Bbu1 Takxke MpoBeACH psJl SKCIEPUMEHTOB MO 00yYEHHI0 HEHpoceTu re-
HETUYECKUM METOJIOM 00yueHusi. [Ipu 3TOM HCTIOIB30BANICS MAKET PACHIMPEHHUS
Genetic Algorithm Toolbox [9], a Takke pa3paboTaHHBIE ABTOPAMU AJITOPUTMBI.
CornacHo TOJy4eHHBIM pe3yibTaTaM, T€HETUYECKHE aJITOPUTMBI I1eJIeco00pas-
HO HCHOJIB30BaTh, KOTJA MCIOJIb3yeMbIi NIl 00y4eHHUS] UTEPAIlMOHHBINA ajro-
PUTM 3aCTpPEBaET B JOKAJIbHOM MHUHUMYyME. VCcronap30BaHNE TEHETUYECKOTO all-
TrOpUTMa CaMOTo MO cebe He MO3BOJISIET MONIYYUTh TpeOyeMyto OMIMOKY Ha BBI-
X0JI€ CETH 32 yAOBJIETBOPUTEIHHOE BPEMSI.
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Beeoenue

Knaccudukanys Ha OCHOBE HEUETKOTO JIOTHUYECKOTO BBIBOJA UCIIOIB3YET-
Csl IPY MPUHATUH PEIICHUN B TEXHUKE, IKOHOMHKE, MMOJIUTHKE, METULIUHE, OUO-
JoruM U B Apyrux obnactsx [1-3]. Cuctembl HEUETKOTO BbhIBOJIa 0a3UPYIOTCS Ha
auHrBUCTHYecKuX npaBuiiax «Eciu —To». OHu obGecneunBaroT xopoiuii Oa-
JaHC MeXAy O0e30IMO0YHOCThIO KIAacCU(UKAIMKU W MPO3PAYHOCTHIO MOJIEIH
MPUHATHS PEILICHHUS.

[Taker Fuzzy Logic Toolbox BerunciautensHoit cucteMbl MATLAB mnpe-
JOCTaBJISICT IIUPOKUNA HA0Op MHCTPYMEHTOB JIJISi IPOCKTUPOBAHUSI U HCCIIEIO-
BaHUSI CUCTEM HEUETKOTO JOTMYECKOTO BHIBOJIA C HEMPEPBHIBHBIM BbIXOJIOM. B
HACTOSIIIEH CcTaThe MOKa3zaHo, Kak pacinputh Fuzzy Logic Toolbox s mpo-
EKTUPOBAHUSI HEUETKUX KJIACCU(PUKATOPOB, T. €. CUCTEM HEUETKOTO JOTUYECKO-
T'0 BBIBOJIA C IUCKPETHBIM BBIXOJIOM.

CraThg opraHus3oBaHa clieqyrOIIMM oOpa3oM: B pasziene 1 uznmaratorcs
MaTeMaTU4eCKUe MOJIEIN HEUETKOTO BhIBOJA I 3a/a4 Kiaccu(uKaluu; B pas-
Jiesie 2 CTaBsITCs 3a/1aud HACTPOMKM HEUYETKOro Kiaccu(pukaTopa Mo pa3iuuyHbIM
KpUTEpHUsM 00ydYeHue; B pazzeiie 3 NpUBOJUTCA MPOrpaMMa HEUYETKOW KiaccH-
dbukanuu, ucnonp3yromas ynkuun nakera Fuzzy Logic Toolbox; B pa3nene 4
npeajaraeTcsi MporpaMMbl HACTPOMKM HEYETKOTO KiaccupuKaTopa, HCIOIb-
sytonue Optimization Toolbox; B pa3znene 5 npuBoaaTcss MpUMepbl NPOEKTH-
pOBaHUSI HEUETKUX KJIACCU(PUKATOPOB C MPUMEHEHHEM MPEIJIOKEHHBIX MPO-
TPaMMHBIX CPEJICTB.

1. Heuemkuii knaccugukamop

Bbynem paccmarpuBath kiaccupukaTop ¢ # BXOJaMu (xl,xz,...,xn) U OJI-

HMM BBIXOJOM ) (pHC. 1), 4TO COOTBETCTBYET OTOOPAXKEHUIO BUA!
X =(x,,%y,...,x,) > yeld, d,,....d,},
rae d,,d,,...,d, - K1accel (THIIbI PEIIECHUH).
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X1
o d,
Xz
—= 5 _Y}‘(é d;
®
—» dy,

Puc. 1. Knaccuduxatop.

Kiaccuduxkanus Ha 0OCHOBE HEUYETKOTO JIOTMYECKOI0 BbIBOJIa OCYIIIECTB-
JsieTes 1Mo cheayroniei 6asze 3uanuii [2, 3]:
ECJIN (xl :al,ﬂ) 14 (xz = az’ﬂ) n..1n (xn ,”1) C BECOM W

NN (xl =a1,j2) " (x2 :az’jz) n.."n (xn :an’jz) C BECOM W,

NJIN (xl :al,jk_/) 4! (xz :a2’jk/) n.unu (xn Ay i
TO y=d,, j=Lm, (1)

rac awp — HEYCTKUU TEPM, KOTOPBIM OLICHHUBACTCS IICPEMCHHAS X; B CTPOYKE C

) C BECOM W ,

HoMepoM jp (p=Lk;),T.e a,, = IMJP /xl ; k ;,— KOIIMYECTBO CTPOYCK-

KOHBIOHKIHi{, B KOTOPBIX BBIXOJ } OLCHUBAETCs 3Ha4eHueM d ;; w, €[0,1] —

j b
BECOBOI KO (DHUIUEHT MpaBHIa C HOMEPOM jp .
CrereHn PUHAIEKHOCTH 00bekTa X = (xl* X yeni X ) KaccaM d; pac-

CUMTBHIBAIOTCS Tak [2, 3]:

Ha, (X*):p\/ W, :/L (ujp(x;)) , j=1Lm, (2)

rae W jp(x ) — CTEeNeHb MPUHAJICKHOCTH BXOJa x HEUETKOMY TEPMY d,

i,jp ,
V(/\) — s-HOpMa (t-HOpMa), KOTOpOW B 3a/ayax KJIACCHU(PUKAIMH OOBIYHO
COOTBETCTBYET MAaKCUMYM (MHHUMYM).

B kauecTtBe peUICHUA BBI6I/IpaIOT KJ1acC ¢ MaKCUMaJIbHOM CTEICHBIO Impu-
HaJJICKHOCTH:

y*= arg max (Ma,1 (X*), My (X*),.o M, (X*)). (3)
{d).dy ey}
IIpumep 1.1. 3BecTHa HeveTKas 6a3a 3HAHUI:
Ecin x, = HU3KHK " X, = HU3KHH, TO )= Kjaacc 1;
Ecim x,=cpeqnnii U X, = BBICOKUH, TO y= KJIaccC 2;
Ecam x =Bpicokuii U X, = BBICOKHH, TO )= Kjacc 3;
Ecam x,=Bpicokui U X, = HU3KHH, TO )= Kjacc 2.
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Ha puc. 2 npusenens! pe3ynbTarbl knaccupukauuu 600 oObEKTOB mpu
peanu3aunu t-HOpMbI OIlEpaALME MUHUMYyMa U S-HOPMBI OIE€palliel MaKCUMY-
Ma. O6acTH, COOTBETCTBYIOIIME MIEPBOMY, BTOPOMY, TPEThEMY U UETBEPTOMY
npaBuiiaM 0a3bl 3HAHUM 0003HAUYCHBI HA PUCYHKE CUMBOJIaMu #1, #2, #3 u #4.

S AR
5 i
2 R
+
= £
4 _5_1_ *]A__ nl I Ae |
, i+
s #ﬁ LT i
m 'Fh‘ ++ -i_;’_ -|¢ |
T + H: +Eh
0 = LY %
1 050 0 05 _ 1
» HHIKMA | CpedHHA [BhICOKKHA
+  Knacc !
knacc 2 05
¥ Knacc 3
0 05 1

®1
Puc. 2. Knaccudukanuu mo Heuetkoi 6aze 3HaHMA U3 mpumepa 1.1

2. I[Tocmanoexu 3a0au HacmMpoiiKu HeuemKo20 Kiaccugpukamopa

Bynem mpenmonarats, 94To CymiecTByeT oOyuaromias BelOOpka w3 M map
DKCIEPUMEHTAIIBHBIX JAHHBIX, CBA3BIBAIOIINX BXOJbl X = (xl,xz,...,xn) C BBIXO-

A0OM y I/ICCJIG,Z[yeMOﬁ 3aBUCHUMOCTH:

(X,.3.).  (r=LM), )
rae X, = (x,,,l,xr,z,...,xr’n) — BXOJHOMU BEKTOp B -0 Iape U ), — COOTBETICT-
BYIOIIIMM BBIXO/I.

Hacrpoiika npeacraBisieT co00i HaX0XIECHHE TaKWX MapaMeTpoB (hyHK-
IIUH TPUHAJICKHOCTEH TEPMOB BXOJHBIX TIEPEMEHHBIX U BECOBBIX KOd(duIu-
€HTOB MPaBWJI, KOTOPbIE MUHUMU3UPYIOT OTKJIOHCHHE MEXKY KEeTaeMbIM U JIeH-
CTBUTEJILHBIM MOBEJICHUEM HEUETKOTO KilaccudukaTopa Ha oOydaromiei BbIOOp-
ke. Kputepuit 6J1M30CTH MOXKHO ONPEETUTh PAa3IMUYHBIMU CIIOCOOaMHU.

Ilepsviii cnocob 3akitovaeTcst B BBIOOpPE B KAYECTBE KPUTEPUS HACTPOUKH
mporieHTa OmurOOK Kiaccudukaruu Ha oOydaroriedt BelOOpke. Bmemem ciie-
nytonie 0003HaYeHUs:

P — BexTop mapameTpoB GYHKIIUN MTPUHAAJICKHOCTH TEPMOB BXOJAHBIX U
BBIXOJIHOW NMEPEMEHHBIX;

W — BeKTOp BECOBBIX KOI(P(DUIIMEHTOB MTpaBui 0a3bl 3HAHUA;

F (X r,P,W) — pe3yJbTaT BbIBOJIAa MO HeueTkou Oaze (1) ¢ mapameTpamu

(P, W) npu 3HaueHnu BXoJ0B X ,. HeueTknii JJOrM4ecKuil BbIBOJ OCYIIECTBIIS-
etcs o popmynam (2)—(3).
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Torna HacTpoiika HEUYETKOTO Kiaccu(ukaTtopa CBOIUTCS K CIEAYHOIIEH
3a/1aul ONITUMM3AIUN: Haumu maxou eekmop (P,W'), umoowi:

1 )
— ZAr — min, (5)
r=1,M
rae A, — ommOka kinaccupukanuu oobekra X, :

A = l, ecmw y #F(X,  P,W)
"0, ecau y,=F(X,,P,W) '

IIpenmymiecTBa KpUTEepUsi HACTPOUKHU (5) 3aKIHOYAOTCS B €r0 MPOCTOTE U
SCHOM CcoJiepKaTenbHON nHTepnperanuu. [IpoieHT ommudoK MUPOKO UCTIONb3Y-
eTcsl Kak KpUTepHuil 00yueHus: pa3IMuHbIX CUCTEM pacrio3HaBaHus oopazom. Lle-
aeBast QYHKIMS 3a7auyd ONTUMU3ALMU (5) MPUHUMAET AUCKPETHbIE 3HAYEHUS.
OTO 3aTpyIHSET UCIOIb30BAHUE TPAJUCHTHBIX METOIOB ONTUMU3ALMH, T. K. HA
NPOTSKEHHBIX TUIATO IEJIEBOM (DYHKIMK aNrOpUTMBI ONTHUMM3AINH «3acCTpeBa-
10T». OCcO0EHHO TPYAHO MOA00PaTh MOAXOIAIINE MapaMeTphl TPAAUCHTHBIX all-
TOPUTMOB (HampuMep, IPUPAIICHUsT apTyMEHTOB ISl pacyeTa YaCTHBIX MPOU3-
BOJHBIX) IIPU HACTPOMKE HEUETKOro KiaccupukaTopa Ha HEOONbIIONH BHIOOpPKE
JTAaHHBIX.

Bmopou cnoco6 ucnonb3yeTr B KauecTBE KPUTEPUsS HACTPOMKHU paccTos-
HUE MEXAYy pe3ylbTaToOM BbIBOJA B BHJAE HEUYETKOIO  MHOXECTBA

Ha, (X) Ha, (X) Ha (X)
dl ’ d2 o dm
yarouieil BeIOOpKe. {1 3TOro BBIXOJHYIO MEPEMEHHYIO ) B OOydaroliei BbI-
oopke (4) dhaz3upuupyroT cieayomum oopazom [2, 3]:
y=1/d,0/d,,..,0/d,), ecmu y=d,

y=(0/d,1/4d,,..,0/d,), eciwu y=d,

¥ 3HAYEHUEM BBIXOJHOW MepeMeHHON B 00y-

(6)

y=(0/d,,0/d,,..,1/d,), ecwu y=d,

B sToM cnydae HacTpoiika HeUeTKOTro Kiaccudpukaropa CBOAUTCS K Clie-
OyIoLen 3a1auu onTuMu3auu [2, 3]: naiimu makou eexkmop (P,W), umoobuwi:

m

i-z > (,) -, (X, PI) > min, 0

r=l j=1
rae Md‘/(y” ) — CTEeNeHb MNPUHAJICKHOCTA 3HAYEHHS BBIXOJHOM NEpeMEHHOU
VB r-0i mapbl oOy4varouieil BbIOOpKE K PEIICHUI0 d; B COOTBETCTBHHU C (6);
M, (X,,P,W) — cTenenb NPUHAUIEKHOCTH BBIXO/Ia HEYETKON MOJEIM C Iapa-
merpamu (P,W) k peienuto d ;, onpezensiemas 1o popmyie (2) npu 3Ha4CHH-
X BXOJIOB U3 7-0i1 mapbl o0yyaromieil Beroopke (X ,).

eneBast ¢pynkius B 3anaue (7) HE UMEET MPOTSHKEHHBIX IJIATO, TO3TOMY
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OHA MPUTOJHA K ONTHUMH3AIIUN TPAAUCHTHBIMUA MeTonaMu. OTHAKO, pe3yJIbTaThI
ONTHUMU3AIMNA HE BCET/Ia YIOBICTBOPUTEIbHBIC: HEUCTKasl 0a3a 3HaHMM, oOecTe-
YyyBarolllags MUHUMYM Kputepus (7), He Bcerja oOecrneurnBaeT Takke U MUHU-
MyM OIIMOOK KiaccUu(pUKAIUU. ITO OOBSICHSAETCS TE€M, YTO TOYKH, OJIM3KUE K
rpaHUliaM paszjiena KJIacCoB, BHOCST MOYTH OJUHAKOBBIM BKJIAJ B KPUTEpUN Ha-
CTPOMKH, KaK MPHU MPABWIBHON, TaK U MPHU OIIMOOYHOMN KIacCU(pUKaIIH.
Tpemuti cnoco6 HacleqyeT JOCTOMHCTBA MPEABIAYIIUX crocoboB. nes
3aKJII0YAETCS B TOM, YTOOBI BKJIaJl OMMOOYHO KIACCU(DUIIMPOBAHHBIX 0OBEKTOB

B KPUTEPUN HACTPOWKHU YBEIIMYMBATH, IIOCPEACTBOM YMHOKEHUEM PAaCCTOSHUS

m 2

Z(Md_(yr )-M,, (X r,P,W)) Ha mTpagHoi Ko3pduuuent. B pesynprare 3amaua
j ,
Jj=1
ONTHUMH3ALUN IPUHUMAET CIIEIYIOUN BUL:
1
M

rae penalty >0 — mrpadHoit kodhPuiueHt.

3amgauu (5), (7) u (8) MOTryT OBITH PEIICHBI PA3IUYHBIMU TEXHOJOTUSIMU
ONTHUMH3ALUH, CPEAH KOTOPBIX YacTO MPUMEHSETCS METOJ HauCKOpEHIero
CIIyCKa, KBa3MHBIOTOHOBCKHE METOJbl U F€HETHYeCcKue anroputmel. Ha ymnpas-
JsieMble TepeMeHHble P OOBIYHO HAKJIAJbIBAIOT OIpaHUYEHUs, 00ecleunBaro-
IIUE JUHENHYIO YIIOPSAAOYEHHOCTh JJIEMEHTOB TEPM-MHOXKECTB. Takue orpaHu-
YEHUs HE MO3BOJSAIOT aJrOPUTMAM ONTHMM3ALMU CIAETIaTh, HAIPUMEDP, HEUETKOE
MHOXecTBO «Huskuii» Oomnbiie «Bwicokoro». Kpome Ttoro, sdapa HedyeTKUX
MHOKECTB HE JIOJKHBI BBIXOJWTH 3a MPEEibl IUANA30HOB U3MEHEHUS COOTBET-
CTBYIOILIMX MEPEMEHHBIX. TO 00ecneunBaeT IPO3pavyHOCTb, T. €. COAECpHKATEIb-
HYI0 MHTEpHpeTadeqbHOCTh HEUETKOW 0a3bl 3HaHMUN ociie HacTpouku. Uro ka-
caercss BeKTopa W, TO €ro KOOpAWHATBHl JOJDKHBI HAXOAMTHCS B JIMAMA30HE
[0, 1]. Eciun x ypoBHIO MHTEpHpeTadenbHOCTH 0a3bl 3HAHWUN TPEIbIBISIOTCS
BBICOKHE TpeOOBaHMsI, TO Beca MPaBWJI HE HACTPAaUBAIOT, OCTABIIAS UX PaBHBIMU
1. Bo3MoskeH ¥ pOMEKYTOUHBIM BapHaHT, KOTJa BECOBbIE KOA(PPUIIUEHTHI MO-
ryT npuHuMaroT 3HadeHus 0 u 1. B aTOM cilyyae HysneBOoe 3HAY€HUs BECOBOIO
KO3 GUIIMEHTa SKBHUBAJICHTHO HCKIIOYEHHUIO TMpaBUiia M3 HEUETKON Oa3bl 3Ha-
HUMH.

m 2

(8, - penalty +1). S, @, ), (X, PI) —> min, ®)

J=1

[TapameTpbl GyHKIMN TPUHAAJICKHOCTH U Beca MPAaBUI MOKHO HacTpau-
BAaTh OJHOBPEMEHHO WJIM MO OTIeNbHOCTHU. [Ipn HacTpolike TOJBKO BECOB Mpa-
BUJI 00BEM BBIYUCICHUN MOKHO 3HAUUTEIBHO COKPATUTh, T. K. CTENEHU MpH-

%
HAIUICKHOCTH U, (X, ), BXOJsKe B (2), He 3aBucsAT ot W . Jlyist 9TOro B Havase

ONTUMU3AIMU HAJI0 PACCUUTAThH CTENIEHU BBITIOJTHEHUS MPABWI MPU €IUHUYHBIX
BECOBBIX Kod(uumentax (w,, =1) st Kaxaoro o0bekra u3 00y4arouiei Bbl-

OOpKHU:

gjp(Xr):l_z/l\; u_jp(xr,i)a J=1m, p=1,kj, r=1LM.
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JlJi1 HOBBIX BECOBBIX KO3(D(PHUIIMEHTOB CTENEHU MPHUHAJIEKHOCTH 00bekTa X,
KJ1accaM d ; pacCUMTHIBAOTCS TAK:

“’d/-(Xr): \4 ij'gjp(Xr)> J

p:lakj

I,m . 9)

3. Knaccuguxayusa na ocnoge neuemkozo évieooa 6 cucmeme MATLAB

[Taker Fuzzy Logic Toolbox [4] BeruncnutensHoit cucremsl MATLAB
obecrieynBaeT MPOEKTUPOBAHUE CHCTEM HEYETKOTO JIOTMYECKOTO BBIBOAA IS
00BEKTOB C HEMPEPHIBHBIM BBIXOJIOM, T. €. JUIsl CIydasi, KOr/Ja BbIXOJIHAsI Tepe-

MCHHAadA y MOXKCT INPUHHMATb 3HAUCHHUA HW3 AWAIlla30HaA |V, V|. B HaCTOHHleﬁ

paznene nokaspiBaercs, kak pacmputs Fuzzy Logic Toolbox a1 BelonHEHUS
KJIaCCU(MKAMU HA OCHOBE HEYETKOI'O BBIBOJIA.

B kauecTBe HedeTKoro kiaccu(pukaropa MNpEeAsaraercs HCIOJIb30BATh
CHUCTEMY HEYeTKOro Jsormdyeckoro BbiBoga thmna Cyreno. Kiaccam pemennii
{d,,d,,....d,} craBATCS B COOTBETCTBHE TEPMBbl BBIXOJAHON NEPEMEHHOI; Ha-

MMEHOBAHUE KJIAcCa PEIIEHUM 3aJaJlUM KaK 3JIEMEHT TEPM-MHOKECTBA BBIXO[I-
HOUM mepemeHHOM. [lapameTphl 3akimtoueHui mnpaBuil (mapameTpbl «OYHKIIHMA
IPUHAIEKHOCTH» BBIXOAHOW NEPEMEHHOM) MOTYT OBITh MPOU3BOJIBHBIMH, T. K.
OHM HE BIUSIOT Ha pe3yibTar kiaccupukanuu. [IpoekTupoBanue cucTeMbl He-
4eTKOro BbiBoAa TUMa CyreHo MOKHO YJIOOHO OCYLIECTBIISATh B peaakTope fuzzy
u3 Fuzzy Logic Toolbox.

JUJ1st BBIMOJTHEHUSI HEYETKOM Kilaccu(UKaMy HaMU pa3paboTaHa PyHKIUs
fuzzy classifier, nmuctuar xoropoi npuseneH B [Ipunoxennn 1. OyHknus He-
YEeTKOM Kiaccu(UKAIMK BhI3BIBACTCS B TaKOM (hopmare:

decision=fuzzy _classifier(X, fis, type),
rae X — BEKTOp MH(POPMATUBHBIX MPU3HAKOB 00bekTa Kiaccupuxanuu; fis —
CHUCTEMa HEYETKOTO JIOTMYECKOI0 BbIBOJA; type — THUI BO3BpamiaeMoro (yHk-
nuel pesyiibTara (JONMyCTUMbIE 3HAuYeHHs: ‘number’ — MNOpAIKOBBI HOMED
Kjlacca M ‘name’ — MM KJjacca. 3HaUYCHUE MO yMOJ4YaHHIO — ‘number’);
decision — pe3ynbrar Ki1accudukanyu 1 oobekTa X .

Oyunkuus fuzzy _classifier Bei3piBaet pynkuuto evalfis B popmare

[a, b, ¢, d] = evalfis(x, fis) ,

YTO MO3BOJISIET MOJIYYUTh IPOMEKYTOUHBIE PE3YJIbTaThl HEYETKOIO JIOTHYECKOr0
BBIBOJIA. 3aT€M HAaxXOJSATCs MpaBUJia C MAKCUMAJIbHOW CTENEHbIO BBHINOJTHEHUS.
Ecnu Takux npaBuil HECKOJIBKO, TOT/Ia CPEAN KOHKYPHUPYIOUIUX KJIACCOB BBIOU-
paeT ToT, CyMMa CTeNeHe NPUHAIEKHOCTH KOTOPOMY MaKCUMaJIbHa.

OyHKIMS HEYETKOW KiIacCU(PUKALUU MOXKET BBI3BIBATHCS C JBYMS BbI-
XOJIHBIMH apTyMEHTaMH:

[decision, mf grades]|=fuzzy classifier(X, fis, type),
riae mf _grades — BexkTop cTeneHed MPUHAAICKHOCTH 00bekTa X KilaccaM pe-
LICHU.
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4. Hacmpoiika neuemkozo knaccuguxkamopa 6 cucmeme MATLAB

Hacrpoiika HeueTkoro kiaccugukaropa CBOAUTCS K 3ajJayaM ONTHUMHU3a-
uu (5), (7) wmm (8). dns pemenust otux 3anad B cucteMe MATLAB mMoxHO
BOCITIOJIb30BaThCs makeroM Optimization Toolbox. Ha ocHoBe mporpamm o0y-
YeHHS] HEYETKUX Mojeliel Tuna Mamaanu [5] Hamu pa3paOoTaHbl TUIIOBBIE CIie-
Hapuyd HACTPOMKM HEUYETKUX KJIACCHU(PHUKATOPOB, a TAK)XKE THUIIOBbIE IIEJIEBbIC
bynkuuu. M-daiinsl 5TUX IporpamMM MpuBeaeHb Ha caiite www.MATLAB.ru B
pasnene Fuzzy Logic Toolbox.

Jlyist OBICTPOI HACTPOMKHU BECOB IMPaBUJI HEUETKOTO KiaccudukaTopa Ha
ocHoBe cooTHomenus (9) aBropamu Hanucan nakeT FALEFC (FAst LEarning
the Fuzzy Classifier). Bpemst HacTpoiiku BeCOB MpaBWJI C MOMOIIBIO MaKeTa
FALEFC Ha nops10K MEHbIIIE, YeM MPU HACTPOUKE (PYHKIIHUIA PUHAJICKHOCTH.
[Taker FALEFC ucnonb3yer ¢pynkuuu Fuzzy Logic Toolbox u Optimization
Toolbox. [TakeT BKIrOYaET TaKKE IPOrPaMMBbI:

fuzzy_classifier - BBINOJIHEHUE HEUETKOrO BBIBOZAA IS 3aJay Kiac-
cuduKanum;
fast w_learning - clieHapui OBICTPOI HACTPOWKH BECOB IMpaBUJ He-

YETKOTO KlacCu(HUKaTopa;
CUMTBHIBAaHHUE BBIOOPKH JTAHHBIX U MpeoOpa3oBaHUE

dp for fuzzy cl learnin

g ee kK ¢opmary, TpeObyeMoro mnporpamMmMaMu Ha-
CTPOWKH HEUETKOTO KJIacCU(PUKATOPA;
rmg_fuzzy cl - pacuer RMG - maTpuupl cTeneHel BbINOIHEHUS

NpaBWI MPU E€IUHUYHBIX BECOBBIX KO3 HULIEH-
TaxX, He0OXOUMOM I OBICTPON KIaCCH(PUKAIUY;

fuzzy classifier rmg - OwicTpass kiaccuUKaIusi Ha OCHOBE HEYETKOTO
BBIBOJIA MPU HOBBIX 3HAYEHUSX BECOB MpaBUI C
ucrnonb3zoBanueM RMG (MaTpuilbl CTENEHE BbI-
MOJIHEHUS TPAaBWII MPU E€JUHUYHBIX BECOBBIX KO-
s unmenrtax);

ob_fun_ fast w - ueneBas QYyHKIMS 1751 OBICTPON HACTPOUWKHU BECOB

HEYETKUX MpaBuJl, ucronbdyomas RMG;

OBICTpOE TECTUPOBAHME HEUYETKOro Kiaccuduka-

TOpa MPU HOBBIX BECaX MPABWII C UCIOJIb30BAHUEM

RMG;

OINpEJEICHNE KOJUYECTBA MPaBWI B 0a3e 3HAHUU

JUTSL KQXKJI0TO Kilacca (TUla pereHus).

[Taker FALEFC Takxe nocrynen B pasaene Fuzzy Logic Toolbox caiira
www.MATLAB.ru .

fast cl testing with rmg

rule order fuzzy cl
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5. IIpumepol npoeKmupo6anus HeuemKux Kiaccuukamopos 6 cucmeme
MATLAB

IIpumep 5.1. PaccmarpuBaercs 3amada kiaccuUKAIMd HPUCOB, TPE.-
noxxeHHass @umepom B 1936 1. 3agaya COCTOUT B OTHECEHUHU HpPHUCA K OJHOMY
u3 Tpex kimaccoB: 1 - Iris Setosa, 2 - Iris Versicolor; 3 - Iris Virginica. [Ipu knac-
cU(UKallUU HUCIOJIB3YIOTCA CIEAYIOIME NMPU3HAKK LIBETKOB: X, - JJIMHA Yalle-

JIMCTHUKA, X, - IIHPpUHA YalllCJINCTUKA, X; - IJIMHA JICTIICCTKA, X, - IIMPHHA JICIIC-

cTka. VcxonmHbele naHHBIE As KiaccU(UKAIMM WPHUCOB 3amucaHbl B (haiime
iris.dat, Bxomsmero B Fuzzy Logic Toolbox . ®aiin comgepxut 150 cTpok, kax-
Jasi U3 KOTOPBIX OMUCHIBaeT oAuH upuc. MHdopmarus o mBeTke MpeacTaBieHa
MSATEPKON YMCEN - MEepPBbIe YEThIPE YMCIa COOTBETCTBYIOT 3HAUYCHMSIM TpHU3HA-
KOB, a ISITOE — Kjaccy upuca. [[BymepHbIe pacnpenesieHns UPUCOB MOKa3aHbI
Ha puc. 3.

& i o o
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XX %K X w < . ) o
™~ _— i e « 40} 2 AR o 2
»® g o e o : <
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I3 & <] 10
Gy I =] :
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Puc. 3. 2D-pacnpenenenust pUILIEPOBCKUX UPUCOB.

B penakrope fuzzy co3maauMm cHCTEMY HEYETKOrO JOTMYECKOTO BBIBOJA
thna CyreHo ¢ 4eThIpbMs BXOJHBIMH M OJHOMW BBIXOJHOW IEepeMEHHbIMH. [{na-
IIa30HBI U3MEHEHHUSI BXOJIHBIX IIEPEMEHHBIX YCTAHOBUM TaKHMMH K€, KaK W Ul
MCXOMHBIX TaHHBIX: X, € [47,79]; x, €[20, 44]; x; €[10,69]; x, €[1,25]. Jlna
JVHIBUCTUYECKOM OLICHKH IIPU3HAKOB ILIBETKOB OyJ€M HCIIOJIB30BaTh TEPMBI
«HU3KHI», «CPEIHUI» U «BBICOKUI» C YCTAHOBICHHBIMH II0 YMOJIYaHUIO Tpe-
yTrOJIbHBIMU (YHKLIHSMHU IPUHAIICKHOCTH. B3aMMOCBSA3b «BXOABI - BBIXOI
OIUILEM TPEeMs HEYETKUMHU ITPABUIIAMHU:

€Cld X, = HusKuu', To y ='Iris Setosa’';
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eclu X, = cpednuil' u x, = cpeonuil’, to y ='Iris Versicolor';

€CIIM X, = @blCOKUU' U X, = 6blCOKUU', To y ='Iris Virginica'.

Jlornueckon onepauuit «M» B MOCBUIKAax IpaBUil IOCTaBUM B COOTBETCT-
BUE ONEpalii0 MUHUMYMa HaJ QYHKUUSAMH MpUHAAIIEKHOCTH. st 3TOrO B pe-
nakrope fuzzy BeioepeM onuio min B MeHi0 And method.

[Ipumensis ¢ynkuuto fuzzy classifier oOHapyxuBaem, 4TO coO3qaHHas
HeYeTKas Mojieib MpaBwibHO Kiaccuduiupyer 130 u3 150 upucos. [lns Ha-
CTPOMKH BECOB MpaBuil chopmMupyeM oO0ydarollyt0 U TECTUPYIOUIYIO BHIOOPKH.
B oOyuatonryro BeiOOpKy BkiIOuMM 120 UpUCOB € MOPSIKOBBIMU HOMEpaMU He-
KpaTHbIMU 5. B cBsi3u ¢ HEOOJIBIIUM KOJIMUYECTBOM JaHHBIX TECTUPOBATh HEUeT-
K knaccudukarop Oyaem Ha Bcel BbIOOpKe. J[si OBICTpOI HACTPOMKU BECOB
MpaBUJI HEYETKOTO Kiaccudukaropa B TUNOBOM clieHapuu fast w_learning
yKaxeM nMeHa (aiIoB CUCTEMBbI HeueTKoro BbiBoAa iris_cl.fis u sxcriepumen-
TalbHBIX JaHHBIX iris.dat. CrieHapuili HACTPOIIKM HEYETKOIo KiIaccH(puKaTopa
UPUCOB ITpuBeneH B [Ipunoxenun 2.

B pesynpTaTe HacTpOWKM MOJMyYEHBI TaKHWE BECOBBIE KOI(PPHUIIMEHTHI:
0.9 — nns mepBoro npaBuina; 0.1 — st BToporo npasuna; 0.8 — 11st TpEThETO
npaBuwia. HacTpoeHHas cucTeMa HEYETKOIrO JIOTMYECKOrO BBIBOJA IMPAaBUIIBLHO
kiaccudunupyet 116 upucon (96.67%) u3 odyuaromieit Beioopku u 144 (96%)
UPUCOB U3 BCEH BHIOOPKU 1IBETKOB.

IIpumep 5.2. PaccmaTtpuBaercs 00bEKT ¢ AByMs BXoAaMHu X, x, €[0,10]

U OJHUM BBIXOJOM ), KOTOPBIM MOKET NPUHUMATh OJHO U3 TPEX AUCKPETHBIX
sHavenuii {d,,d,, d,} B COOTBETCTBUH ¢ PEMIAIOIIMMH TIPABHIAMH:

3 14.6 9)
225+ (x, —65)

146 S <x, <22-4x+3 .
225+ (x,—6.5) (10)

d,, ecmu x, > 2.2-\/;1 +3

d, ecmu Xx,

y=1d,, ecau

\

OOyuaronue u TeCTUPYIOIINE BRIOOPKH MOKa3aHbl Ha puc. 4. OHu coaep-
xat 80 u 5000 map «BX0JIbI — BBIXOJ», COOTBETCTBEHHO. B BbIOOpKaxX 3HAUCHUS
BXOJIOB BBIOMpANIMCh CIy4yailHO, a 3HaUeHUs BbIXOJa paccuuThiBaiuch mo (10).
@ailnel  maHHBIX JOCTynHbBl B pazgene Fuzzy Logic Toolbox caiita
www.MATLAB.ru.
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Puc. 4. O6yuaromias (a) u TectTupytomnias (0) BEIOOPKH.

Ha ocHoBe »THX BBIOOPOK CHPOEKTUPYEM HEYETKUH Kiaccu(puraTop.
Bxoasr HeweTkoro kimaccudukaTopa OyneM paccMaTpwBaTh KaK JIMHTBHCTHYC-
CKHE TIEpEeMEHHBIC, 3HAYEHUS KOTOPBIX OMPEICISIIOTCS U3 CICIYIONUX TepPM-
MHOXecTB: {«low», «average», «high»} misa x,, u {«low», «lower average»,

«higher average», «high»} s x,. ®opmanuzanno TEPMOB OCYLIECTBUM CHM-

METPUYHON TayCCOBCKOM (PYHKIIMU MPUHATICKHOCTH:
(x=h)?
w(x)=e 2,
I7Ie X — DJIEMEHT YHUBEPCAIbHOTO MHOXKECTBA; /1 U ¢ — TapaMeTpbl QyHKIINH
MPUHAIICKHOCTH - KOOPJIMHATA MAaKCUMyMa KO3(PUIIMEHT KOHIIEHTPAIUH.
Jlo HacTpoiiku K03(h( UIIMEHTH KOHIICHTpaluid BceX (YHKIMA TpUHAI-
JeKHOCTU paBHBI 2. KoopauHaThl MaKCUMYMOB BBIOMPAIHUCHh TaK, 4TOOBI pa3-
outp untepBan [0, 10] Ha Tpu (A1 X,) ¥ Ha yeTehlpe (I X,) PaBHBIE YACTH

(puc. 5a). [lo puc. 4a sKcmepT CreHepyupoBal IMIECTh HEYETKUX MPAaBUII KIIACCH-
dukanuu (Tadm. 1).

Tabnuna 1.
K nmpumepy 5.2: HeueTkas 6a3a 3HaAHHIA.
X, X, y w w w w
(mo mactpoiikn) (xrmaccudukarop I) (xmaccudurarop II) (xmaccuduxarop I1I)
average low d 1 0.62 0.75 0.71
average below average d, | 0.41 0.39 0.49
low  below average d, | 0.81 | 0.90
high  higher average d, | 0.46 1 0.71
low  higher average ds 1 0.66 0.49 0.65
average high d; 1 0.02 0.02 0.91
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o low average high “1 low average high
x1 =1
o n n " n o n . . . q
a] 2 4 5] 8 10 a] 2 4 5] 8 10
[ . low below average above average high “1 low below average abowve average high
x2 X2
o — - o
u] 2 4 <] 8 10 u] 2 4 <] 8 10
a) UCXOJTHBIN KIIacCU(PUKATOP 0) knmaccudukarop I
K - low average high 1 1 low average high
1
0 X 0 ®1
o 2 4 <] 8 10 o 2 4 <] 8 10
= i low below average above average high n ) low below average above average high
H2 X2
8] n " . : o n n n 7
8] 2 4 8 8 10 8] 2 4 8 8 10
B) kiaccudukarop 11 r) knaccudukarop 11

Puc. 5. ®yHKIMM NPUHAIIIECKHOCTH.

Hcxonnast HeyeTkas: 0aza 3HAHUU C MIECTHIO MPaBUIIaMU TPy00 OTpaxkaer
HEJIMHEWHBIC pa3AelisoNnue KPHUBBIC - Ha TECTUPYIOIIEH BHIOOpKE OMIMOOYHO
KiaccupuuupoBano 26.6% o0wekToB (puc. 6a). [locne HacTpoiiku BecoB mpa-
BUJI KOJIMYECTBO OLIMOOK YMEHbIINIOCh 10 15%, oqHako 0e301mn004YHOCTh He-
YETKOT0 KiacCHU(UKATOpa OCTAETCS Ha YPOBHE CJIEAYIOIIETO MPOCTOro JAepeBa
pEILIEHUM:

Ecin ((x1>1.2929) & (x2<1)) To y=dl1,
Ecan ((x1>4.6335) & (x2>1) & (x1<7.5) & (x2<6)) To y=dl,
Ecin ((x2>8.3607) & (x1>5.3301)) TO y=d3,
Ecau ((x1<5.3301) & (x2>6.9107)) T0 y=d3,
Ecan ((x1£1.2929) & (x2>3.4988) & (x2<6.9107) ) T0 y=d3,
Hnauve, y=d2.

Huzkast 6e301mm009HOCTh HEYETKOTO KIIacCU(UKATOpa MOCIIe HACTPOUKU
BECOB MPABUJI OOBSICHAETCS «IUTOXUMI» (QYHKIHMSIMU TpUHAJISKHOCTH. [1o3To-
My, HEOOXOAMMO MOIU(DHUIIMPOBATH HE TOJBKO Beca MPaBUi, HO U (QYHKIIUH
npuHaaiexHocTi. bynem HactpamBath cienyrome 16 mapameTpoB HEUETKOrO
KJ1accuukaTopa:
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e 3 KOOpPAMHATHl MAaKCUMyMOB (YHKIMH NPUHAIJICKHOCTEH TEpPMOB

«average», «lower average» u «higher average»;

e 7 ko3 PUIMEHTOB KOHIIEHTpaIuil (QYHKIMN TPUHAAIEKHOCTEH TEPMOB

BXOJHBIX [IEPEMEHHBIX;

e 6 BeCOBBIX KOA((UIIMEHTOB NMpaBuiI 0a3bl 3HAHUIA.

Pe3ynbraThl HACTPOMKHM C MCIIOJIB30BAHUEM PA3IMYHBIX KPUTEPUEB MPH-
BEJICHbl Ha puc. 5 u B Tabiu. 1. Mcnonb3oBaiuch Takue KpPUTEPUU HACTPOUKU:
kputepuii | — dopmyna (5); kpurepuii Il — dopmyna (7); kpurepuii I - dop-
myna (8). Pesynprarhl TecTHpOBaHUSI KiIacCU(PUKATOPOB CBEACHBI B TaOJI. 2
Kiaccudguxarop I Hactpoen nmo kputepwuto I, knaccudukarop Il — mo kpure-
puto I u kmaccuduxarop 111 - mo kputeputo III.

Tabnuma 2.
Pe3ynbraThl TECTUPOBaHMS KJIACCU()UKATOPOB.
Knaccudukarop Kpurepuii I ~ Kpurepuii II  Kpurepuii IIl  bezommbounocts Ha
TeCTUpYIOLIeH BEIOOpKE
Hcxonnbrii 33.75% 0.433 3.99 26.6%
Knaccugukarop | 6.25% 0.481 1.08 9.78%
Knaccudukarop II 18.75% 0.417 1.49 16.42%
Knaccudukarop 11 6.25% 0.416 0.98 9.28%
JlepeBo penieHwmit 7.5% - - 15.24%

1o GO' %083 g“\ .{x
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%? e
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x1 x1

a) UCXOJIHBIN KiacCupUKaTop 0) knaccudukarop I
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Puc. 6. Knaccuduxkanus Ha TecTUpyromieii BEIOOpKe.

Buoieoowt

B crartpe nokaszano xak pacummputs Fuzzy Logic Toolbox nnsa nmpoextu-

POBaHUsI HEYETKHUX KJIACCU(PUKATOPOB, T. €. CUCTEM HEYETKOTO JIOTUYECKOTO BbI-
BOJIa C TUCKPETHBIM BBIXOJIOM. lIpoaHanu3npoBaHbl KpUTEPUH HACTPOMKHU He-
yeTKoro kiaccudukaropa. [Ipeqnoxen naker nporpaMmm FALEFC nnst GpicTpoit
HACTPOMKH BECOB MPaBUJI HEUETKOro kiaccudukaropa. [IpuBeeHHbIe TpUMEpHI
POEKTUPOBAHUSI HEUETKUX KIACCHU(PUKATOPOB MOATBEPKIAIOT 3PHEKTUBHOCTD
MPEJI0KEHHBIX MporpamMMm paciuupenus nakera Fuzzy Logic Toolbox.
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2.

edge Engineering. The MIT Press.— 1996.— 550 p.
Rotshtein A. Desig and Tuning of Fuzzy Rule-Based System for Medical Di-

agnosis. In Fuzzy and Neuro-Fuzzy Systems in Medicine (Teodorescu N.H.
(ed.)). CRC-Press, 1998.— P.243-2809.

. Pomwmeiin A. I1. IHTE€NNEKTyallbHbIE TEXHOJOTUU UIECHTU(UKAIIUU: HEYET-
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VHIBEPCYM-Binnunig, 1999.— 320 c.

Fuzzy Logic Toolbox. User’s Guide, Version 2.— The MathWorks, Inc.,
2001.

lImosba C.]/]. nentTuduxanus HEIUHEHHBIX 3aBUCHMOCTEH C MOMOIIBIO
HEYEeTKOro Jiormueckoro BwiBoja B cucteme MATLAB // Exponenta Pro.
Marematuka B npuinoxkeHusx.— 2003.— Ne2.— C.9-15.
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Ilpunoswcenue 1. Jlucmune pynxyuu fuzzy classifier

function [decision, mf grades]=fuzzy_classifier(x, fis, type)

%FUZZY CLASSIFIER BbInoJHseT HEYeTKU JTJOTHYeCKU BBIBOJ JJIM 32124

% KJIaccupuKanuu.

% X - BXOAHOH BeKTOpP (MPU3HAKHN KJIACCHPUIUPYMOro 00beKTa);

% fis - cucTeMa HeYeTKOro JIOrH4ecKoro BLIBO/IA;

% type - popmat peuieHus:

% 'number’' - nopsiAKOBBI HOMeP KJacca (3HaYeHHe M0 YMOJTYAHNUIO);
% 'name' - HauMeHOBaHMe KJIacca;

% decision - pe3y1bTaT KIacCH(PUKAUHA 00BEKTA X;

% mf grades - BeKTOp cTeneHeii NPUHALJIEKHOCTH KAXKIAOMY KJIACCY.
% Tpedyembie nporpammuble cpeacra: Fuzzy Logic Toolbox v.2.X

%Serhiy D. Shtovba shtovba@ksu.vstu.vinnica.ua
% Vinnitsa State Technical University
%$3$Revision: 1.6 $ $Date: 2004/03/12

%IIpoBepka BXOAHBIX APIyMEHTOB:
if nargin<2

error ("Heo0xoaumo 3aaaTp 2 win 3 BXOAHBIX apryMeHTa');
end
[tmp]1 tmp2]|=size(x);
if tmp1~=1

error ("Knaccudgukanus BoINOJIHACTCHA TOJABKO OTHOT0 00beKTA');

end
if isfis(fis)==0

error('Bropoii aprymeHT 10/15keH ObITh CHCTEMOiIl HeYeTKOIo BbIBO/IA');
end
if fis.type(1:6)~="'sugeno'

error('CucreMa He4eTKOro BbIBO/Aa N0/kHA ObITh THNIA CyreHo');
end
if nargin==

type="'number"'; % <---- YcTaHOBKA 3HAYEHMS 110 YMOJIYAHUIO
end

number_of decisions=length(fis.output(1).mf);

number_of rules=length(fis.rule);

[a,b,c,d]=evalfis(x,fis); % <---- HeueTkuii JJorn4ecknii BLIBOJ
%Homepa npaBuJI ¢ MAKCMMAJILHOM CTeNEeHbIO BHITIOJHEHHUS
rule num_with_max_fulfilment=find(d==max(d));

%K0JMYeCTBO TAKUX MPABUII:

number_rules with_max=length(rule_ num_with_max_fulfilment);
if number_rules_with_max>1

%Ecim Takux NpaBuJ HECKOJIbKO, TO BO3MOKHO 00bEKT MONaJ HA IPAHUILY KJIACCOB:

colision_flag=zeros(1,number_of decisions);
for i=1:number_rules with_max
index=rule_num_with_max_fulfilment(i);

Y%IlomeyaeM pemieHHs1 ¢ MAKCMMAJIbHOM CTENEHBIO NPUHALJICKHOCTH:

colision_flag (fis.rule(index).consequent )=1;
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end
%CymMMupyeM cTeleH! NMPUHAMIEKHOCTH MPOOJIEeMHOro 00beKTa 1o pa3HbIM MpPaBH-
Jam:
sum_mf=zeros(1,number_of decisions);
for i=1:number_of rules
index=fis.rule(i).consequent;
sum_mf(index)=sum_mf(index)+d(i);
end
%ocTaBisieM KJIacChl ¢ MAKCHMAJIbHOM CTENeHbI0 PUHALIEKHOCTH (depe3 *)
%mu BpIOHpPaeM KJIacc 0 MAKCMMAJIbHON CyMMe cTelleHeill MPUHA/JIe;KHOCTH:
[tmp1l number_of the class|=max(sum_mf.*colision_flag);
else number_of the class=fis.rule(rule num_with_max_fulfilment).consequent;
end
%Bo3Bpar pe3yibTaTa Kiaaccupukanum B Tpedyemom gopmare:
switch type
case 'number’, decision=number_of the class;
case 'name’', decision=fis.output.mf(number_of the_class).name;
otherwise, error('JonycTumble 3Ha4eHus 115 3-ro aprymenTa: number uiu name')
end
if nargout==
mf _grades( 1:number_of decisions )=0;
for i=1:number_of rules
index=fis.rule(i).consequent; %HoMmep KJ1acca B i-M npasuiie
%O0beANHNM Yepe3 onepanuio MAKCUMYMA CTelleH! NPUHAJIe:KHOCTH OTHOMY H
%ToMYy :Ke KjIaccy Mo pa3IudHbIM MPaBUIaAM:
mf grades(index)=max(mf _grades(index), d(i));
end
end

Ilpunoscenue 2. J/lucmunz cuenapus HacmpoUKU He4emKo20 Kiaccuguka-
mopa upucoes

%HacTpoiiKu He4eTKOro Kjiaccu(pukaTopa MpUcoB

% Tpedyembie mporpammublie cpeactBa: Fuzzy Logic Toolbox v.2.X
% Optimization Toolbox v.2.X

% FALEFC v.1.0

%S Serhiy D. Shtovba shtovba@Xksu.vstu.vinnica.ua

% YVinnitsa State Technical University

%S$Revision: 1.2 § $Date: 2004/03/14

%3arpy3ka HCXOAHON HEYEeTKOM MO/IeJIun:
fis=readfis('iris_ca.fis');

RULE_order=rule order fuz cl(fis);

%3arpy3ka ody4yawieii BLIOOPKH:

[INP OUT _ ¢ OUT_mu]=dp_for fuzzy cl learning(fis, 'iris.dat');
%Pacuer RMG:

num_rule=length(fis.rule);

for i=1:num_rule

fis.rule(i).weight=1;

end
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RMG=rmg_fuzzy cl(INP, fis);

%HACTPAUBAEMBIE

IMAPAMETPbBI

vlb_w(1:num_rule)=0; Yo HMKHASA TPAHULA
wO0(1:num_rule)=rand(1, num_rule); %HavyajbHasl TOYKA
vub_w(1:num_rule)=1; % BepXHsAA rpaHULA

%

%ITAPAMETPbBI OIITUMU3ALINUA:
options=|[];
options=optimset('Display’, 'iter');
options.DiffMinChange=0.1;
options.DiffMaxChange=0.25;
options.LargeScale='off";
options.MaxIter=20;
options.MaxFunEvals=150;
% DopMupoBaHue 00yJaroeid BLIGOPKH:
ii=1;
for i=1:150
if rem(i,5)~=0
tr_index(ii)=i; ii=ii+1;
end
end
% OnTumMu3anus:
[wopt, delta]J=fmincon(@ob_fun_fast w, w0, [], [], [], [I, vIb_Ww, ...
vub_w, [], options, RULE_order, RMG(tr_index,:), OUT_c(tr_index,:), ...
3, OUT_mu(tr_index,:))
%TecTupoBaHue MO TpeM KPUTEPUSIM Ha o0y4arouieil BbIOOpKe:
[decision, delta_m, delta_s, delta_p] =fast _cl _testing with _rmg(wopt, ...
RULE_order, RMG(tr_index,:), OUT_c(tr_index,:), OUT_mu(tr_index,:));
% TecTupoBaHNe MO TPeM KPUTEPHUSIM HA BCeil BLIOOpKe:
[decision, delta_m, delta_s, delta_p] =fast_cl_testing with_rmg(wopt, ...
RULE_order, RMG, OUT ¢, OUT_mu);
%3anuch ONTHMAJBHBIX BECOB B CHCTEMY HEYEeTKOI0 BHIBO/JA:
for i=1:num_rule
fis.rule(i).weight=wopt(i);
end
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YK 519.6

HEWPOHHBIE CETU TPETHEI'O TIOKOJEHMSI.
PACTIO3BHABAHUWE OBPA30B U CKPBITBIX
3ABUCUMOCTEM B MPOU3BOJILHOM CUT'HAJIE C
MOMOIIBIO UMITYJIbCHBIX HEMPOCETEMH C
NCITOJIB30BAHUEM CPE/IbI MATLAB

[036awes /1. A.

Mockosckuii eocyoapcmeennwiii yHusepcumem um. M.B.Jlomonocosa,
Gaxyremem bluuUCIUMENLHOU MamemMamuxu u kubepuemuxu, Mockea,
e-mail: dimuse@mail.ru

Beeoenue

[TpoBos kmaccuduKaIuioo HEHPOHHBIX CETel B COOTBETCTBHH C MX 0a30-
BBIMU BBIUUCITUTEIHHBIMHA STUHUIIAMUA — HEUPOHAMH, MOXHO JTOCTATOYHO YeT-
KO pa3fesMTh BCE BUBI HEMPOCETEN Ha Tpu nokosneHus. [lepsoe nmokonenue ce-
Tel MPEeCTaBICHO MEPCENTPOHAMH U MIOPOTOBBIMU HEHPOCETEBHIMUA apXUTEKTY-
pamu. OHHM BOCXOAAT K TAKUM MOJEJSAM HEUPOHHBIX CETE€H, KAK MHOT'OCIIOMHBIE
nepcentponsl (Threshold circuits), cetn Xondunaa u Mamunsl bonslimana.
XapakTepHOil 0COOEHHOCTBIO ISl MOJICNIEH TaHHOTO MOKOJEHUs SBISETCS TO,
YTO OHU MOTYT TOJIbKO BbIJaBaTh JUCKPETHbIE BEIUYHHBI HA BhIxoje. Ha camom
Jiesie, OHU SABJISIFOTCSl YHUBEPCANbHbIMU AJI BBIYUCICHUN C TUCKPETHBIMU (-
POBBIMH) BXOJIOM W BBIXOJIOM, M Jt00as OyjeBa (yHKIMS MOXET ObITh BBIUHC-
JieHa ¢ MOMOIIbI0 HEKOTOPOI0 MHOTOCIIOMHOTO MEPCENTPOHA C OJJHUM CKPBITHIM
CJIOEM.

Bropoe mnoxonenue Helpocereil OazupyeTcss Ha HeWpoHaX (BBIUUCIHU-
TEIbHBIX €IMHUIIAX ), KOTOPbIE TPUMEHSIOT B3BEIIEHHOE CYMMUPOBAHUE BXOOB
(W TONMHOMHUANBHOE) —  (YHKIHUIO  aKTHBAIUH, C  HEMpEepHIBHO-
OTIPEJICTICHHBIM MHOECTBOM BO3MOYKHBIX BBIXOJHBIX 3HAUCHUW, TAaKHE Kak
cuemouonasn pynxyus o(y)=(1+e”) wnn runetinan pynkyus Hacovlyenus .

0, npuy<0
7(y)=qy, npu0<y<l
I, npuy>1

TUIIMYHBIMU NIPUMEpPAMHU HEMPOCETEN ITOTO IOKOJIEHUS SABISIOTCS CETH
IIPSAMOTO PaCIpOCTPAHEHUS, PEKKYPEHTHBIE CETH, a TAK)KE CETH HEMPOHOB C pa-
IUabHO-0a3UCHBIMU (PYHKIMSIMH. Takue CeTH TaKK€ MOTYT BBIUYUCIATH (C TO-
MOIIBI0 OKPYTJCHHUS 3HAYCHH Ha BBIXOJAX CETH) NPOU3BOJIbHBIC OYJIEBBI
¢byHkuuu. bpiio moka3zaHo, 4TO BBIYMCISATH HEKOTOpbIE OyJeBbl (DYHKLIMHU HEM-
POHHBIE CETH BTOPOIO MOKOJIEHUS MOTYT C MEHbU/UM YUCIOM BXOJOB, YEM CETHU
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nepBoro nokoJjieHus. Kpome toro, HeMpoceTr BTOPOrO MOKOJICHHUS] MOTYT BbI-
YUCHATh (PYHKUIHUM C aHAJIOTOBBIMU BXOJOM U BBIXOJOM. JleCTBUTENBHO, 3TH
CETH SIBJISIIOTCS YHUBEPCAIBHBIMU JIJI1 aHAJIOTOBBIX BBIYUCIIEHUN B TOM CMBICIIE,
4yTO Jt00asg HempepbhiBHAS (QYHKIUS, ONpeeNieHHAas Ha KOMIIAKTE, MOXKET OBbITh
anmnpoOKCUMHUPOBAHA JOCTATOYHO XOPOIIO (B CMBICIE PAaBHOMEPHOM CXOIUMO-
CTH, TO €CTh B HOPMHPOBAHHOM OECKOHEYHOMEPHOM IPOCTPAHCTBE HHTETPU-
pyembix 1o Jlebery ¢yHKIUI) C MOMOIIBIO HEHPOCETH TaKOTO THIA (BTOPOTO
MIOKOJICHHSI) C OJTHUM CKPBITHIM clioeM. Elle 01HONH 0COOEHHOCTHIO ATUX MOJIe-
JIEd HEUPOCETEN SIBJISETCS TO, YTO OHU NOAAECPKUBAKOT I'PAJUECHTHBIE METOJIbI
oOy4eHHsl, TAKHE KaK 00paTHOE PacpOCTPAHEHUE OLTUOKH.

C Touku 3peHusi OMOIOTUYECKON UHTEPIPETALNH, B HEUPOCETSIX BTOPOTO
MOKOJICHUSI BBIXOJbI CUTMOUIHBIX HEHPOHOB MPEACTABIAIOT (COOON) TEKYLIHii
YPOBEHb BO30YKJIEHHOCTH OMOJIOTHYECKOTO0 HeWpoHa. Tak kKak M3BECTHO, UTO
OMOJIOTMYECKU HEUPOH CIOCOOEH MEePEeXOAUTh B COCTOSIHUE BO30OYXKICHHUS Ha
Pa3JIMYHBIX MPOMEKYTOUHBIX YaCTOTAX MEXIY MUHUMAJIbHONW U MaKCUMaIbHOMN
4acTOTaMM, MOJIETIM HEMPOHOB BTOPOTO MOKOJIEHUsSI O0see peanrucTUYHbI, HexXe-
JU «TEpBbIe» HEHUPOHBI, C TOYKUA 3PEHUS «MHTEPIIPETAIMU YPOBHS (YaCTOTHI)
BO30YyxeHus». OJIHaKo, MO0 KpalHel Mepe, MO CPAaBHEHUIO C ObICMpbIMU aHA-
JIOTOBBIMH BBIYHMCIICHUSIMU, BBIMIOJHSIEMBIMU CETSIMU HEMPOHOB, HAIPUMED, KO-
PBI TOJIOBHOTO MO3Ta, BOMPOC 00 «uHTeprpeTanuu 3 dexra Bo30yKIASHUDY IS
HCKYCCTBEHHBIX HEHPOHOB OCTaeTCsi OTKPHIThIM. HeltpoOuonoramu ObL10 ycTa-
HOBJICHO, YTO aHAJIM3 BU3YaJIbHBIX 00pA3IOB U UX KIAacCU(PHUKAIIUNA MOXKET OBITH
BBITIOJTHEHA YestoBekoM Bcero 3a 100 Mcek. boiee Toro, Toapko BU3yalibHas 00-
paboTKa HEHpPOHAMU KOPBI TOJOBHOIO Mo3ra ocyuiectsisgercs 3a 20-30 mcek. C
JPYroi CTOPOHBI, YaCTOTa BO30YXACHUI HEHPOHOB, BOBJICUCHHBIX B 3TOT IPO-
necc 06bp19HO He mpesbimaeT 100 ., u cienoBaTensHo, 1Mo KpaiiHel mepe 20-
30 Mcex MOHaA00UTCSA TOJBKO JJISI TOTO, YTOOBI U3MEPUTH YPOBEHb BO30Y K Ie-
HUS HeiipoHa. TakuM 00pa3oM, KOJUPOBAHUE AHAJIOTOBBIX MEPEMEHHBIX YacCTO-
TON BO30YyAMMOCTH MPECTABISETCS BEChbMa COMHUTEIBHBIM B KOHTEKCTE CKO-
poctu 00padoTKK MH(pOpMAIUK HEHPOHAMU KOPBI MO3Ta.

C npyro# cTOpoHbI, Kak ObLJIO MOKA3aHO 3KCIIEPUMEHTAIBHO €lle B cepe-
nuHe 90-X, MHOTHE OMOJIOTUYECKHE CUCTEMbI HCIOJIb3YIOT BPEMEHHBIE 3aMEephI
MOTECHIIMAJIOB JIEUCTBUM («CHAWKOB») A KOAUPOBaHUS HHPOpMANUU. OTH
HEHPOOMOJIOTUYECKUE BBIBOJIBI JIETJIM B OCHOBY HCCIIEIOBaHUN U (OpMUPOBa-
HUSI TPETHETO IOKOJICHUS MOJIEIIEM HEUPOHHBIX CETEM C HCIOJIb30BAHUEM TaK
Ha3bIBAEMBIX CNAUK-HEUpOHO8 (AN UMNYIbCHbIX HEMPOHOB) B KaU€CTBE BBIYMUC-
auTeNbHON enuHUIbl. C NPaKTUYECKONW TOUKHU 3PEHUS, YHUIIbl, KOJUPYIOIIUE UH-
dbopManuo BpeMEHHBIMH WHTEPBATAMH MEXKIY WMITYJICAMH, MOIYYWIH B TIO-
CJieIHEE BPEMsI IIMPOKOE PACIpPOCTPAHEHUE B CBSI3M C MPEUMYLIECTBOM 3TOIO
crioco0a KOAUPOBAHUS 10 CPABHEHUIO C APYTUMU (TPATUIIMOHHBIMU) METOJIAMH,
ucrnoJyib3yembiMu B hardware.

He BnmaBasicb B JieTalii BCEX AIEKTPOXMUMHUYECKHUX MPOIECCOB, MPOXO/Isi-
X B CETSAX OMOJIOTMUECKUX HEHPOHOB, CIEIYyET OTMETUTh, YTO MCKYCCTBEH-
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HbIE HMIYJbCHbIE HEHPOHBI — 3TO HEKOTOPOE «IPHUONMKEHHUE)» Ouoyioruye-
CKHMX, TaK KaKk OHU C(OKYCHPOBAHbI Ha HEKOTOPBHIX KOHKPETHBIX MPUHIUIIAX B
npoueccax mnociaeauux. OIHAKO, MO CPAaBHEHHUIO C HEMPOHAMH TEPBBIX ABYX,
HEWPOHBI TPETHETO TOKOJEHUS - 3HAYUTEIHLHO OoJiee pealTucTU4YHbl. B yacTHO-
CTH, OHM JIy4Ille OMMUCHIBAIOT (PAKTUUECKUN BBIXOJI OMOJIOIMYECKOr0 HeUpOHa, U
CJICJIOBATEILHO, OHHM ITO3BOJISIIOT HaM HMCCIIEIOBAaTh BO3MOKHOCTH HCITOIB30Ba-
HUS BpeMEHH (MHTEPBAJIOB) KaK CPEJCTBO BBIUMCICHHUH U CBs3U. HAMBU Ty ah-
HbIC BPEMEHHbBIE MHTEPBaJIbl CIIAMK-HEUPOHOB UIPAIOT KIKOUYEBYKO POJIb B BbI-
YUCJICHUSIX BCEH CETU B II€JI0M, IO CPAaBHEHHUIO C POJIbIO (CBSI3aHHOM C CUHXPO-
HU3ALMEN CETH) BPEMEHHBIX JIaroB B BBIYMCICHUSAX B JBYX IPEAbIAYIINX MMOKO-
neHusix cerel. K ToMy ke, BBIXOJ UMITYJIbCHOTO HEMPOHA COCTOUT U3 MHOXKECT-
BA TOYEK BO BPEMEHM, KOTJA TOT HEUPOH «OTBEYA» NPUXO1Yy UMITYJIbCA.

Knaccuueckuii umnynbcHblit Helpon

Bo30ynumocth HelipoHa — 3TO €ro CoCOOHOCTh OTBEYATh HA CHHAITH-
YECKOE BO3JCHCTBHUE IMOTECHUMAIOM JEMCTBUS. B camMol MpoCcTOM MOAENU HM-
NyJIbCHOTO HEHpOHA MpeArnosaraercs, 4To HeipoH Bo30ykaaeTcs B ciaydae, ec-
71 ero MeMOpaHHbII noteHuuan P nocturaer onpeneneHHoro nopora 0. Benu-
YyyHA MEMOpaHHOTO MOTEHIHUAJa SIBJISIETCS OCHOBHBIM IapaMeTpOM, KOTOPBI
ompe/eNsieT 3HaYeHUsI BAKHEUITUX TMoKa3areaell (yHKIMOHATLHOTO COCTOSIHUS
HelipoHa — ero BO30yAMMOCTb U Ja0MIBHOCTS [2].

[Totenmman P 5T0 cymMma Tak Ha3bIBa€MbIX BO30YXIAIOIIETO MOCTCUHATM-
trueckoro nortexHimana (BIICII) u TopMO3HOrO MOCTCHHANTHYECKOTO MOTEH-
muana (TIICIIT), koTopble SBISIOTCS pe3ysbTaTaMU BO3OYKICHHUS APYTUX HEW-
POHOB, KOTOPBIE€ MOJICOCIMHEHBI K TJAHHOMY CUHAIITUYECKUMU CBSI3SIMU. DTO Ha-
3bIBACTCSl MHTETPATUBHOM (pyHKIIMEH HEelpoHa: 0011ee U3MEHEeHuE MeMOPaHHOTO
noteHuana Heripona (MII) siBasieTcs pe3yabTaToM CI0KHOTO B3aUMOJIECUCTBUS
(uaTerpanuun) mectHbix BIICII u TIICII Bcex MHOTOYHMCIEHHBIX aKTUBUPOBAH-
HBIX CHMHAIICOB Ha TeJie W JIeHApuTax kieTku. Ha memOpane HelipoHa Mpoucxo-
JUT TIPOIIeCcC aNredpandyeckoro CyMMUPOBAHUS MOJOKUTEIbHBIX U OTPULIATEIb-
HBIX KOJIeOaHUM MoTeHIMana (BO3HUKAIOUIUX BCIEACTBUE MTPUXO0B UMITYJIHCOB
OT JIpyrux HeipoHoB). [Ipu OJHOBpeMEHHOI aKTHUBAIIMKM HECKOJBKUX BO30YK-
naromux cuHarcoB oommii BIICII Helipona mpexacraBiser coboli cymmy OT-
nenbHbIX MecTHbIX BIICII kaxkmoro cunamnca. [Ipu 0JHOBpEMEHHOM BO3HUKHO-
BEHUHU JIBYX pa3inyHbiX cuHantudeckux BausHuid — BIICII u TIICIT — npo-
UCXOJUT B3aMMHOE BhunTaHue ux 3¢ dextoB. OTBETHBIN pa3psn HeWpoHa (Io-
TEHIMAJI JACHCTBUSI) BO3HUKAET JIMIIL TOI/A, KOTJa U3MEHEHUS] MEMOpPaHHOIO
NOTEHIMAJIa JOCTUTAIOT [TOPOrOBOr0 3HAYEHUS] — KPUMUUECKO20 YPOBHS 0eno-
asapusayuy (3TO Ha3BaHUE U3 HEHPOPU3UOIOTMU — KOTJIa MOJIOKUTEIbHBIE U
OTpULATENbHBIE 3apsAAbl MOJIAPU3YIOTCA Ha cTeHKax MeMOpansl, a npu BIICII-
nin TIICII-nponeccax MpOUCXOTAT MX COOTBETCTBEHHO AECHOJISIPU3ALNS WIIH
runepnosipusanus, Tak kak B ciiyyae BIICII B kieTKy NpOHHKAKOT MOJIOXKH-
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TEJIbHBIE 3apsiabl HOHOB HaTpus, a Ipu TIICII — MOHOB Kanus U XJopa u3 KJeT-
k). Tunm cuHanTUYeCKON CBSI3M B HEKOTOPBIX MOJENSAX HCKYCCTBEHHBIX HM-
NyJIbCHBIX HEHUPOHOB (B YaCTHOCTH, KOTOPbIE MbI OyJleM paccMaTpuBaTh) 3aja-
€TCS1 3HAKOM COOTBETCTBYIOILIETO BXOJHOTO BECA, KOTOPBIA MOXKET U3MEHATHCS B
npouecce o0yueHus. OHAKO CyHIecTBYIOT U Apyrue monaenu ([1]), B KOTOpbIX
BCE Beca MpeArnonaratrces o,,,>0 (rae u — 3T0 NpeCUHANTHYECKU HEUPOH IS
JTAHHOTO HEMpPOHA V), a THUIT CBSI3M JKECTKO 3a/1a€TCS BUIOM OMBEeMHOU (yHKYuUell
€uv(t-S), TNI€ 3HAK (T. €. BUJ) ONpPENEseTCs] TUIIOM CHUHAIITUYECKOU CBS3U UV,
§ — 3TO MOMEHT BPEMEHHU I'e€Hepaluil HEMPOHOM u MOTEHIHala AeUCTBUA (€ro
BO30YXKICHHUEM), @  — 3TO BpeMs pacueTa 3HaueHHUs MEMOPaHHOT O MOTEeHIIMaja

P, Helipona v, KoTopslii onpenensercs dopmynoit @, (1), ,(f—5). Bec w,,

XapakTepu3yeT CUIIYy CUHANTUYECKOW CBSA3U MEXKIy HeWpoHaMu u<>v. B KkoH-
TEKCTE 0OyueHUs CeTU BEC JOJDKEH MPEJCTaBIATHCS (YHKIIUEH BPEMEHU (1),
TaK Kak CTPEMUTEIbHbIC U3MEHEHHUS BECOB SBJISIIOTCS CYIIECTBEHHOM JETajbio
JUTSl BBIYMCIICHUH B cUCTEMaX OUOJIOTHYECKUX HEHPOHOB.

Ha puc. 1 npuBejeH oauH U3 BO3MOXKHBIX BUAOB GYHKIUH &, ,(7-s) [1].

v

Byy (1-5)

0 H

Puc. 1. Tunnunas popma oretHoit Gpynkuuu (BIICIIT u TIICIT)
JUTs1 OMOJIOTUYECKOTO HeUpOHa.

Crnenyer OTMETUTh, YTO, BOOOILE TOBOPs, BUA QYHKLUUHU &, ,(1-S) TOIKEH
3aBUCETh OT HEKOTOPBIX BHYTPEHHUX MapaMeTpoB (BpeMs 3aJIep>KKU Ha mepeia-
4y HMMIyJIbca 4Yepe3 MpecHHarc; MapaMeTphl, XapaKTepU3YIOIIUe KPYTHU3HY
NoJbEMa U TMOJIOTOCTh CKaTa B MEPUOJ] MOCIe Mepeladyu-Npuxoa UMITYJIbCa),
TaK Kak, BO3MOYKHO, UX CIIEAYET cAeNaTh aJalTUBHBIMHU.

Bce pedpakropubie 3¢ dexTs HelipoHa (aOCOMIOTHAS/OTHOCUTEIbHAS
pedpakTopHbie Ga3bl) MOACTUPYIOTCS MOAXOMSIIEH nopocosou Gyuxkyuel O,(t-
t’), Tme t’— 3TO BpeMs TOCIEIHEH TeHepaluu craiika. B merepMUHHCTCKHUX
MOJIEJISIX CHANK-HEHPOHOB MpEANOoiaraeTcsi, YTo0 HEUPOH v BO30YXHaeTcs Kak
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TobKo P,(#) nepecekaeT cHU3y (GyHKIUO 60,(f-¢°) (31ech Mmpeanonaraercs, 4yTo
noteHuuan P,(t) Heiipona paseH 0 B OTCYTCTBUM MOCTCMHANTHYECKOTO MOTEH-
nyaia, a ImIoporoBo€ 3Ha4YCHUC 6)‘,> 0, TaK KakK 3TO - MaTEMaTHYCCKH YI[06He€, —
cM. puc. 2) [1].

- 4}

i
o\ e
e ]

| -
I -

4 t

Puc. 1. Tunmunas popma noporoBoii GyHKIMH OHOIOTHIECKOTO HEHpOHA.

[Ipexxme weM MBI TIepeiiieM K 0OoJiee eTaIbHOMY pPacCMOTpEeHHIO (op-
MaJbHOTO CTPOCHUS CHalK-HEHPOHA, OTMETUM, YTO JIJISl TOTO, YTOOBI pa3aparu-
Tenb (COOMpaTEeNbHOE MOHATHE: CTETICHDh PAa3Apa’KaoIIero BO3JACHCTBUS MCTOY-
HUKOB MMITYJIbCOB) MOT' BbI3BaTh y JAHHOT'O HEHpOHa BO30YXKJIEHHE, OH JTOJDKEH
OBITh JOCTATOYHO CUJIBHBIM — MOPOTOBBIM WJIM BBIIIE MOPOTOBOTO —, U J0CTa-
TOYHO JUIMTEIHHBIM — B 3aBUCUMOCTH OT BPEMEHU MEHSETCSl CHJIa pa3paxke-
Hus. [locneaHee roBOPUT O TOM, YTO 3aBUCUMOCTh MTOPOTOBOM CHIIBI pa3apaku-
TeJsl OT JUIUTEIIBHOCTH €ro JCHCTBHS HOCUT XapaKTep OOpaTHOM 3aBUCUMOCTH
(runepOo1a) — 4YeM MEHbIIIe MO0 BPEMEHHM JCHCTBYET Ha TKaHb pa3Apa’kKUTEllb,
TEM BBIIIIEe TPEOYETCs ero CHiIa JIJIsi MHUIMAIMK BO30Y X 1eHus (cm. puc. 3)[3].

»
»

Puc. 3. Tunuunas ¢popma moporoBoit PyHKIIUK OMOTOTHUYECKOTO HEUpPOHA.
(DOpMaJleOG onucarnue cemu

CeThb HMMMYJIBCHBIX HEHPOHOB COCTOUT W3 KOHEYHOTO MHOXKecTBa V'
Craik-HEeHpOHOB, MHOXecTBa FE < V' xV cuHancoB, BECOB (), OTBETHOMU
byHUKIUU &, ,(1-5): R+ —R nns kaxporo cuHarca <u,v> u3 E, ¥ mOporoBoi
byukuu 6,;R. — R, 1js Kaxaoro HelipoHa v u3 V.

Ecnmu o6o3naunth F, € R, - MHOXXECTBO MOMEHTOB BPEMEH I'€HEpALNH

UMITYJILCOB HEHPOHOM u, TOTJIa MIOTCHIIMAJ Ha MeMOpaHe HeipoHa v BO BpeMs ¢
BBIYHCIICTCS CIEAYIOIINM 00pa3oMm:

R’(Z) = ZMZ(M,V)EE ZSEFH 1s<t a)”,v (t)gu,v (t - S)
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B nerepMuHUCTCKMX MOJENSAX (OTCYTCTBYET IIyM) HEUpPOH Vv BbIpabaThI-
BAa€T OTBETHBIM MUMITYJILC KaK TOJILKO 3HaueHue P,(?) mocturaer mopora 6,(t-t’),
rae t’ — BpeMs MOCIeHEro BO30yKICHUSI HeUpOHa V.

[Ipeanonaraercs, 4To A HEKOTOPOro MOAMHOXeCTBa V;, U3 V — BXOJ-
HBIX HEHPOHOB — MHOKECTBO MOMEHTOB T'€HEpAllMU UMITYJIbCOB F, HEHpOHAMHU
u u3 Vi, onpenensercs He AaHHOU (popmyIiol, a 3aaercsa u3BHE (MOApa3yMeBa-
€TCsl, YTO BXOJHBIC HEUPOHBI MOJICOCAMHEHBI K HEKOTOPBIM PEIENnTOpaM, OT
KOTOPBIX OHU U TOJIYYarOT B HEKOTOPbIE MOMEHTBHI BPEMEHU HMIYJbChI). Jlis
BCEX OCTAJIbHBIX HEHPOHOB BBIYMCIICHHE YPOBHS IOTEHIMAda M MOMEHTOB
BPEMEHU BO30YXICHHUS OMpENEIsIeTCs 110 BhHIIIEYKa3aHHOMY TpaBuwiIy. B
YaCTHOCTH, BBIXOJ] BCEH CeTH 3amaeTcs B (OpMe BPEMEHHBIX 3aMepoB F, mis
HEUPOHOB V HEKOTOPOTO MHOXECTBA 8bIXOOHBIX HEUPOHO8 V,, 13 V.

DKCIEPUMEHTAIBHO ObUIO YCTAHOBIIEHO, YTO JUIsl Pa3HbIX KUBBIX OMOJIO-
THYECKUX HEHPOHOB BO30YKICHUE HACTYMACT C PA3TMYHBIMU 3aICPKKAMH B OT-
BET HA MOCJICIOBATEIPHOCTH aTaK Ha HUX TEKYIIUMHU Bo3AeHcTBUSAMU. [loaTOMy
paccMaTpUBAIOTCS TAK)KE€ TaK HAa3bIBAEMBIC CTOXACTHUECKHE WMJIM 3allTyMJICHHBIE
BUJIBI MOJIEJICH CITaK-HEHPOHOB, B KOTOPBIX pa3HOCTh P, (1)—0,(t—t’) onpenenser
8epOAMHOCMb TOTO, YTO HEUPOH V CTEHEPUPYET OTBETHBIN UMITYJIbC B MOMEHT
BpeMeHU ¢. BbIOOp ke TOYHBIX MOMEHTOB BPEMEHHM BO30YXKICHHS OCTaeTCs 3a
HEKOTOPBIM CTOXACTUYECKUM IMPOIIECCOM, U MOXKET TaK 0Ka3aTbCsl, YTO HEUPOH V
HE TPUILIET B COCTOSTHUE BO30YXKIIEHUS 32 HEKOTOPBINA nepuos /, B TeueHue Ko-
toporo P, (1)—0,(t—t’)>0, unu, Ha0OOPOT, HEHPOH CTrEeHEPUPOBAJI OTBETHBIN pa3-
PSI B TOT MOMEHT £, Korna P,(t)—0,(t—t’)<0.

[Tocnenusss omucaHHasi MOJENh HWMITYJILCHOTO HEWpOHA SBIIAETCS 0a3o-
BBIM IIPOTOTUIIOM OOJBIITUHCTBA MAaTEMAaTHYECKUX MOJIETeH ceTel Craik-
HEHpOHOB. Paznuynbie MomudUKaIUK U Pa3IUnIUs MOTYT CYIIECTBOBATh MEKIY
STUMH MOJIEISIMU OTHOCUTEIBHO pedpakTopHbIX 3PDHeKToB U cOpoca MeMOpaH-
HOTO MOTEHIIMAJIa Cpa3y Mocie reHepaluyu UMITYJIbCca.

HUmnynvcuvie ancamoneswle neipocemu

Tenepsp nepenieM K pacCMOTPEHUIO €LIE OJHOIO HHTEPECHOTO IPOTOTUIIA
HEHPOCETH UMIYJIbCHBIX HEHPOHOB, HCIIOIb3YEMOTO JUUISl HAXO0XKIEHUS CKPBITHIX
3aKOHOMEPHOCTEN 1 00pa30B B HECTPYKTYPUPOBAHHOM MOTOKE HH(OPMALINH.

Kak 0b110 cKa3aHO BO BBEJEHHH, KOAUPOBaHHE MH(OPMALUU BPEMEHHbBI-
MU HHTEpBaJaMU MEXIY HMIYJbCAMU SIBJISIETCS JOCTaTOYHO PacIpOCTpaHEH-
HbIM U 3¢ ¢dekTuBHbBIM. TakuMm 00pa3oM, 1000 CTPYKTYpPHBIA CHUTHAT MOXKET
OBITh MpEACTaBIEH HA0OPOM BPEMEH I'€HEpaluy UMITYJIbCOB HEKOTOPOTO MHO-
YKECTBA HEUPOHOB, MPH YCIOBHUH, UTO JO Hayaja MOJAa4u CTPYKTYPHOIO CHTHaIa
CeTh ObLJIa MPUBEJEHA B HEKOTOPOE COCTOSIHUE CTa0MIN3alMK Ha YUCTOM LIyMe.
To ecTh nr00ast moje3Hass UHPOpMAIUs B CUTHAJE MOXET ObITh OTOOpakeHa B
TepMUHAX BO30YXKJEHHS HEKOTOPOro Habopa HEHPOHOB, OTPEarMpOBaBIINX
MMEHHO Ha JAHHOE COOBITHE BO BXOJHOM CUTHAJIE, TaK, YTO pPa3jIM4YHbIE COObI-
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TUS (CTPYKTYPHBIE 3JIEMEHTHI CUTHANA) KOJAUPOBAIKMCH Obl pa3HbIMU HAOOpaMHU
cocTaBisitouMx HepoHoB. Toraa oOydeHHas HeMpoceTh OyJeT MPeACTaBIATH
co0o0if aHCcaMOJIEBYIO CETh, B KOTOPOM OTBETOM Ha YHUKAJIBHOE COOBITHE B TO-
TOKEe OyJIeT aKTUBU3allUs YHUKAJIbHON TPYIIbl HEUPOHOB.

Tak Kak MPOW3BOJIBHBIM CEHCOPHBIM CHUTHAT MPEJCTaBISIET COOOU J10-
BOJIbHO CJIOKHYIO MPOCTPAHCTBEHHO-BPEMEHHYIO CTPYKTYPY, BOSHUKAET 3aja4ya
pacrio3HaBaHusi 00pa3oB (BBIIEICHUS 3aKOHOMEPHOCTEH) Mpu 00ydeHuu «06e3
yuurtens» (unsupervised learning), Tak kak oOydeHUE B JAaHHOM Ciydyae Mpe-
cTaBisieT co0oit o0oOieHnne mpaBuia Xeb0a HEHPOHATBHON CHHANTHYECKOM
IJIACTUYHOCTH [4].

3amava pacmo3HaBaHus 1000 (!) MPOCTPaHCTBEHHO-BPEMEHHOM CTPYK-
Typbl AEKOMIIO3UPYETCS B MPEJICTAaBICHUE O «0a30BOM» YPOBHE pacro3HaBaHUS
0o0pa30B B curHaje u 0osiee BRICOKUX YPOBHSX (CJIOEB) HEHPOCETH B 3aBHCUMO-
CTH OT THUIIa PACIO3HABAEMOT'0 CUTHAJIA.

Onucanue 6a3068020 ypoeHsa mooenu cemu

ba3oBbIii ypoBeHb NpeacTaBisieT codoii HabOp HEUPOHOB, MPUCOCTUHEH-
HBIX HETOCPEACTBEHHO K PElEenTOopaM, KOTOPhIe PACIO3HAIOT HU3KOYPOBHEBBIC
3aKOHOMEPHOCTH THIIa NMPUYUHHO-CICACTBEHHBIX CBs3ell [4]. Kak yxe ObLIO
CKa3aHO, TAKUE CTPYKTYPhI BO BXOJIHOM 3alIyMJIEHHOM CHUTHAJIE IIPEACTABISIOT-
Csl CEThIO B BHUJIE PEAKIIMU HAa HUX OMpPENIETIECHHBIX HEHPOHOB, 0ObEIMHEHHBIX B
aHcamOJIb JUIsl UIEHTU(DHUKAIIUN UMeHHO dTON CTPYKTypbl. Tak Kak a priori He-
M3BECTHBI CBOMCTBA CUTHAJIA, KOJIMYECTBO HEMPOHOB 0Aa30BOI0 YPOBHS JAEIAETCS
3aBEIOMO JOCTAaTOYHO OONBIIMM (HECKOJIBKO cOTeH U Ooiee). Kpome Toro, ma-
paMeTpbl HEMPOHOB MPU WX UHUIMATIU3AIUU 33/Ial0TCS HEOJUHAKOBO: BCE MHO-
KECTBO HEUPOHOB pa30MBaeTCid Ha HECKOJBKO HENEPECEKAIOLIMXCS TPyMM CO
CXOJIHBIMU (OJJMHAKOBBIMH) MapaMETPUYECKUMHU CBOMCTBaMU, TAKUMU KaK M-
Ha pepakTopHbIX (a3 (Kak aOCOJIIOTHOM, TaK U OTHOCHUTEIBHOI), OPOrOBOE
3HauYEHUE, MapamMeTp Perysiiuyd acUMMETPUU MOAU(UKALKUKA BECOB HEUPOHOB
[4] 1 T. 1.

B Mozenu [4] ObUIO UCHIOIB30BAHO €II€ HECKOJIbKO MHTEPECHBIX 3JIEMEH-
TOB B pabOTe CETH, CPEIU KOTOPBIX — CMAabUIbHOCMb HEUPOHA U NOOAGIeHUe
(broxkuposanue) HEMPOHOB B pPaMKax OJHOU Tpynmbl (YTO, KCTATH, OTpa’kaer
B3aMMOJICCTBHE OMOJIOTMUECKMX HEHPOHOB HEKOTOPBIX TKAHEH, TaKOe, KaK He-
MOCTOSTHHOCTh CIIOCOOHOCTH CHHAIICOB Iepe/laBaTh HEPBHBIE UMITYJILCHI [2]).
CTabUIbHOCTD — 3TO BaXKHBIA (PaKTOp, KOTOPBIM XapakTepusyeT mMepy olyue-
HUs HelpoHa. Tak Kak 3ajaueldl KaKJoro HEHpoHa SIBIISIETCSl peakius (Kak ak-
THBHAs, TaK M MACCHUBHAs) HAa KaXJbli NPUXOISAUIUMNA OT PEUENTOPOB MaTTEPH
(Habop UMITYJILCOB C CEHCOPOB) B COCTaBE C APYTrUMHU HelpoHamu (COOCTBEHHO,
ATOT COCTaB M «PACMO3HAET» JAaHHBIA MATTEPH), KOTOpas OMPEACSIETCS KOH-
KPETHOW KOMOHMHAIIME ero BecoB, HEOOXOAMMO OBbLIO pa3padoTaTh MEXAHU3M,
KOTOPbIN OBl MpeaoTBpaIlai (C BEpOsITHOCTbIO, 00paTHON BEIUYMHE CTAOMIIbHO-
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CTH) PE3KOE M3MEHEHHE 3HAUYCHUI BECOB, B CITy4yae YCTOMUYMBOCTH JAHHOM peak-
MU HEHPOHA, YTO MPHUBEIIO ObI K «IIOTEPE COCTOSIHUSI OOYYEHHOCTH». Ammapar
cTabuiIbHOCTH, TipeiokeHHbld KuceneBsiv M.B. B ([4]), npencTaBisieT coboit
onucaHue AMHAMUKHU BECOB HEHUPOHOB IU(PepeHIMaIbHBIMUA YpPaBHEHUSAMHU
BTOPOI'O MOPsI/IKA, TOT/IA KaK B KJIACCHUYECKOM MOJENU 3TO ObLIO MPEACTaBICHO
ypaBHEHUSIMU TIEPBOro mopsiaka. Takum oOpa3oM, 4yeM HEHpPOH «yMHEe», TeM
BBIIIIE €T0 CTa0MILHOCTH (BO3MOKHOCTh COXPaHUTh CBOM «3HAHUS») U, TEM ca-
MBIM, - BBIII€ YCTOMYUBOCTH B OTBET HA JIFOOBIC BIUSHMUS.

BTopbsiM BakKHBIM MEXaHU3MOM PabOThI CETH SBIISIETCS MOJABJICHUE HEW-
POHOB BHYTPH OJIHOM rpymnmbl. BBeneHue 3Toro npuHmuna QyHKIIMOHATIBHOCTH
CBSI3aHO C T€M, YTO M3HAUYAJIbHO, MEpeJl TEM KaK IM0JaBaTh HA PELENTOPHI CHUT-
HaJ, HEOOXOJUMO TMPUBECTU CETh B HEKOTOPOE PABHOBECHOE YCTONYMBOE CO-
CTOSIHHE MYyTEeM MoJa4M YUCTOTO IIyMa Ha ceHcophl. Ho Torna, B ciyuyae npuxo-
Jla CTPYKTYPHOI'O CUTHajIa, HEUPOHBI OyAyT OJTHOBPEMEHHO pearupoBaTh Ha IO-
SIBJICHUE TMATTePHA, U BCA CETh HAYUYUTCS pacClio3HaBaTh TOJbKO TakouW oOpas.
D10 HenpaBuibHO. Bo m3bexanue 3toro spdexra u ObUT peaanu3oBaH CIeAyIO-
nmi MexanusMm [4]. B pamkax omHOW Tpymnbl (MHUIMAIWS TPYII HEHPOHOB
POUCXOUT 10 Hayaja pabOThl alrOpUTMA) KaxIblii HEMPOH MOXKET OJIOKHUPO-
BaTh Ha HEKOTOpPOE BpeMsi paboTy APYrux HEHUPOHOB (TO €CTh YBEJIMYUBATH
BpEMSI, B TEYCHHE KOTOPOTO 3a0JIOKMPOBAHHBIN HEMPOH HE MOXKET CTEeHEPHUPO-
BaTh OTBETHBIM UMITYJIbC). TakuM oOpa3oM, peakiiio Ha KOHKPETHBIA TIPUILIET-
M MMaTTepH HE MOTYT BbIpaOaThIBaTh «COCEAHHE» HEHPOHBI CO CXOTHBIMU
3HAUCHUSAMH TapaMeTpoB. Tak oOecrieunBaeTcs BO3MOXKHOCTh HEMPOCETH pac-
MO3HABAaTh MHOTUE PA3JINYHbIC TATTEPHBI.

AJlanTUBHAs HACTPOMKAa BECOB BCEX HEMPOHOB C MCIOJIb30BAHUEM BHIIIIEC-
yKa3aHHBIX MEXaHU3MOB IMO3BOJIAECT peaan30BaTh caMoo0ydeHue cetu. B yacr-
HOCTH, U3HAYaJIbHO B CUCTEME HET YKa3aHWs Ha TUI CMHANTUYECKOW CBSI3U Me-
XKy pelenTopaMu M BXOJaMH HEHPOHOB, MO3TOMY (OpMUpOBAHHE BO30OYXK-
JAOIINX U TOPMO3HBIX 3(PPEeKTOB MpoucxoauT online: Bce Beca HEHPOHOB MO-
I'yT IpUHUMATh 3Ha4eHus oT —1 70 +1, U, Tak KaKk mopor Bo30yJUMOCTH — Be-
JMYHMHA TIOJIOKUTEINbHAS (TOXKE CaMOHACTPaNBAIOIIAsAC JJI KaXA0ro HEHpoHa),
TO, COOTBETCTBEHHO, 3HAK BECA XAPAKTEPU3YET THUIl €T0 CHHANITUYECKOW CBS3H, a
KITFOUEBBIM  (PAKTOPOM 37€Ch SIBIISIETCA MEPEMEHHAsl BEIUYMHA «aCHMMETPUH
Bo3HarpaxaeHus» (REWARD ASSYMETRY) [4], koTopast coBepiIaeTr ciy-
YaitHoe OJTy»KJaHHUE C 11aroM, 3aBUCAIIUM OT CTaOUIIbHOCTH BCETO HEHPOHA.

Cneoywuiue ypoenu mooenu

JlanpHeiimas pabota HEUpPOCeTH, a, TOUHEe, ee 00JIee BHICOKUX YPOBHEH,
yKe CBsI3aHa HE C OTJEIbHBIMU HEMPOHAMU, a MPOUCXOIUT B TEPMUHAX aHCAMO-
ne. Hanpumep, B 3agade pacro3HaBaHUs peud, POPMHUPYIOIIHECS aHCaMOJIH
HEUPOHOB MOTYT (M, MO BCEH BUIUMOCTH, — JIOJDKHBI) MPEACTABISATh OTAC/Ib-
Hble MOp(deMbl (Kak CTPYKTypHas e€IuHUIIA JJis 0oJiee BHICOKUX YpoBHe). 1 Ha
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0ojiee BBICOKHX YPOBHSAX YK€ MOTYT NMPUMEHSATHCS PA3IMYHBIC aITOPUTMBI H
MeTOAbl 00paboTKH «aHcaMOjeBoW» uH(oOpManuu (Takue, Kak OOydYeHHE C
yUYUTEJIEM, HAalIpuMep ).

[ToHATHO, YTO MAHHBIA aITOPUTM TIOJpPa3yMEBaeT pean3aliio B BHJC
electronic hardware, Tak kak TpeOyeT o4eHb OOJBIIUX MOITHOCTEH, U, KaK YKe
OBUIO CKa3aHO BO BBEACHHMH, DJIEKTPOHHOE KOJUpPOBaHWE HH(DOpMAIMH HM-
MyJIbCHBIMU 3a/IEPKKAMH TIPEJICTABIISAETCA O4YeHb d(PPEKTUBHBIM NIJIsi BBICOKO-
TEXHOJIOTUYECKHX 3aj1ay.

3akawuenue. Hcnonvzoeanue cpeowvt pazpabomxu MATLAB.

Jlist uccnenoBaHus M JanbHEHIIEH pa3pabOTKU MEXaHM3Ma MCKYCCTBEH-
HBIX aHCaMOJIEBbIX HEWPOHHBIX CETeH ISl paclo3HaBaHUS CKPBITHIX 00pa3oB
UCIIOIB3YIOTCSL CUMYJISIITUOHHBIE BO3MOXHOCTH CpeJibl pa3padoTku matlab, kak
BO3MOXHBIM MOJAXO0J K CO3/IaHUI0 UMUTAMOHHOW Mojaenu cetd. [lmanupyercs
co37aTh B CpPe/ie MOJEIb CETH CIalK-HEMPOHOB U MPOBEPUTH €€ paboTOCIOCO0-
HOCTh Ha MOJEJIbHBIX NpUMepax. B JaHHOM ciydae YMECTHBIM SBJISIETCS HC-
M0JIb30BaHUE MOJYJIA U(POBOM 00pabOTKM CUTHAja JIJIsi MOJICIMPOBAHMS YHUC-
TOTO IIyMa U SKCHEPUMEHTAILHOIO CTPYKTYpHOTO cuUTrHaya (4ToObI 3apaHee
ObUIM M3BECTHBI BCE CBOWMCTBA, MAaTTEPHbI U CKPBITbIE 3aBUCHUMOCTH B €r0 yac-
TX). JlaHHBII ONBIT COCTOUT B clieayrolieM. Tak Kak Ha YHCTOM CUTHAJe CHUC-
TeMa MPUXOJUT B COCTOSTHUE PABHOBECHS — HHMKaKue 0Opasbl paclo3HaHbl HE
MOryT OBbITh (MX TaM mpocTo HeT). Ho koraa cucreme mogaeTcst Ha pelenTopbl
CTPYKTYPHBIA CUTHAJI — CUCTEMA BBIXOJUT U3 CBOET0 YCTOMYMBOIO COCTOSIHMS,
TaK Kak B TAKOM CHTHAJI€ Y€ €CTh CHailKu, TO €CTh MPUCYTCTBYIOT (DIyKTya-
MY, 3HAYMMO OTJIMYAIOIIKECS MO CHJIE BO3JCUCTBUS OT T€X, KOTOpBIE Mpe.-
CTaBJI€HBbI B IryMe. Takum o0pa3oM, B CETH HAUMHAIOT IPOUCXOJAUTh U3MEHEHHUS
BECOB HEKOTOPBIX HEHMPOHOB - YBEJIMYUBAIOTCS 3HAUYEHHSI TE€X BECOB, HEUPOHBI
KOTOPBIX BO30YIUJIUCH B OTBET HAa MPUILEIIINI calik Ha CeHCopax, U, COOTBET-
CTBEHHO, YMEHBIIAKOTCA BECA OCTAIbHBIX HEUPOHOB. OHOBPEMEHHO C 3THUM
poLeccoM MOAU(PUIUPYETCS 3HAUCHHE CTAOUIIBHOCTH Ka)XJAOro KOHKPETHOTO
HelipoHa. ClienyeTr 3aMeTUTh, UTO B Pa3HBIX HEUPOHAX BCE 3TH JEHCTBHS MIPOUC-
XOJAT HE3aBUCHUMO OT JAPYTMX HEHWPOHOB, HO «BHYTPH» OTAEIBHOIO HEWpOHA
BCE IPOLEeCChl MOAU(PUKALIUN CUIIBHO CBSI3aHBl, U TJIaBHBIM CBSI3YIOIIUM 3BEHOM
SBJIIETCSI OIMH U3 CaMbIX Ba)KHBIX IIapaMETPOB HEMPOHA — aCHMMETpUsS BO3HA-
rpaxaeHus. HazpaHue CBsI3aHO ¢ TeM, YTO €CJIM HEWPOH OTBEYAET T'€HEpauuen
HOBOT'O MMITYJIbCA B OTBET Ha BXOJIHOM CIallk — 3TO 3HAYUT, OH 00y4aeTcs (UiIu
y’Ke 00yumIcs) pacro3HaBaTh JaHHBIA 00pa3 B CUTHAJE U MOJIy4aeT HEKOTOPOe
BO3HArpaXkJIeHNE — YBEJIUYMBAIOTCA €ro Beca (MpUMEYaHUE: KOHEYHO XKE He-
NPaBUIBHO FOBOPUTH, YTO KIMEHHO HEUPOH 00uH HAy4WJICA pacro3HaBaTh NaT-
TEpH, TaK KaK MaTTepH pPaclO3HAETCA I'PyNIOMl HEHPOHOB, a caM 3TOT HEUPOH
MOKET BXOAUTh Cpa3y B HECKOJbKO aHcaMOJieil). A eciu ke HEMPOH MacCUBHO
OTpearupoBaj Ha JaHHYIO CTPYKTYpY B CUTHaJIe — €ro Bec OyJeT YMEHbIIIEH Ha
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Cexyus 4. Hetipo-cemesvie mexunonocuu

HEKOTOPYIO BEJIMYMHY (TEM CaMbIM, «KYJIBTHBHPYS» B HEM PEaKIMIO Ha OTY
CTpyKTypy). HO BaXHO TO, 4TO yBeNWYCHHE 3HAYCHHs Beca MPOUCXOAUT Ha
OOJIBIIYIO BEJIMUMHY, C YEM U CBA3aHO Ha3BaHUE MapaMeTpa.

Hanee, ecau mociie JOCTaTOYHO JOJITOTO MEepUoja BPeMEHH (I0CTATOYHO
JUIMHHOW MCTOPHUH) MPOUCXOIUT CTaOMIM3alKUsd HEKOTOPOTrO BBICOKOTO YPOBHS
CTaOMJIBHOCTH HEHPOHOB (CKakKeM, MaKCUMaJIbHOW CTAOMJIBHOCTH) MO CpaBHe-
HUIO C HaYaJIbHBIM YPOBHEM, TO, 3HAYUT, HEHPOHBI OOyUEHBI pPaclO3HaBaTh Ta-
Ko curHai. To ecTb CTaOMIBHOCTh HEHPOHA — 3TO HE TOJBKO BEJIMYMHA, KOH-
TPONUPYIOIIasi O0yUYeHUs KaXJI0ro HeMpoHa, HO U MoKa3aTenb 3(PHEeKTUBHOCTH
paboThI BCEH CETH B IIEJIOM.

Eciau Ha JaHHOM MCKYCCTBEHHOM CHUTHale ceTh OyAeT paboTaTh (a, Kak
MOKA3bIBAIOT MPEBAPUTEIIBHBIC OIBITHI, — OHA PACIO3HAET CTPYKTYpPy CHUTHA-
Ja), TO 3TO CTAHOBUTCS MOBOJOM JUI MOJAa4u €l Ha BXOJ JIF0OOT0 TI0XO CTPYK-
TYpPUPOBAHHOTO CHUTHajia (HampwMep, peyu), U MPOBEACHUS TaTbHEHIIINX OIIbI-
TOB U pa3pabOTOK MO MOAUGUKAIIUUA CTPYKTYPhI CETH.

Kpome Toro, muaHupyercs pacnapajuiesiuTh AaHHBIA alIrOpUTM (TO €CTh
nporpaMmy Ha matlab) u monpoOoBaTh 3alyCTUTh €r0 Ha CYNEPKOMIIbIOTEPE,
TaK Kak B CaMOM HayaJie ye ObLJIO CKa3aHo, YTO ero peanu3anus B electronic
hardware (B Bujie ynna) A0KHA UMETh 3HAYUTENIbHbIE PEUMYIIECTBA B CIIOCO-
0ax mpeacTaBlieHus U 00padOTKK HH(MOPMAITUH.

Takum oOpa3om, 3alycK CHUCTEMBbI Ha BBICOKONPOU3BOJIUTEIHLHOM KJla-
cTepe, /i€ dMepHKeHTHoe (opMupoBaHHe aHcamOmel ceTh (U3NYecKH Mpe-
CTaBJISICTCS TPYIIIIAMH TPOIIECCOPOB - SIBIISIETCS] OTHOM U3 OUEHb BAXKHBIX U TEP-
BOCTETICHHBIX 33]1a4 UCCIIeI0BaHUSI.
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