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NMPUMEHEHUE HEUPOCETEBbIX TEXHONOIMM
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Kanununepaockuii cocyoapcmeennviilt mexHuweckutl yYHUSepcumem,
2. Kanununepao
e-mail: scale@kcl.ru

Jlmst  TpOW3BOJICTBEHHOTO  MPEANPHUATHS,  3aHUMAIOIIETOCS
CTPOUTETHLCTBOM, OCOOYIO aKTyaJIbHOCTh MMEET MPOTHO3 (hHHAHCOBBIX
MoKa3zaTeNied M0 KOHKPETHOMY 3aKa3dy Ha JTale NPOSKTHPOBAHUS
CTPOUTEIHHON CMEThl. B COOTBETCTBUU C COJEP)KAHUEM U KOJIUYECTBOM
paboT B CMETE IO HOMEPY PACIICHKHU U IIEHHUKA YKa3bIBa€TCd CTOMMOCTh
IPSIMBIX 3aTpaT B BUJIE MATEPUAJIOB, 3apabOTHOM TUIATHI U IKCIUTyaTalK
mamuH B 1neHax CHull BmecTe ¢ eXeMecSYHO YTOUYHSIOIIUMCS
koa(duIeHTOM nepecyeTa B TEKylue IeHbl. B OyxranrepckoM ydere
KaXJasi CTPOUTEIbHAs CMETa OTPaXaeTcss B BHJIE XO3SHCTBEHHBIX
orepanui BBITIOJTHSIEMOTO 3aKkaza B TEYEHHE  MeEpuoja,
MPEeTyCMOTPEHHOTO JOTOBOPOM. AHAIWTHKA 3aKa3a BEJETCS B paszpese
CTaTell 3aTrpaT, YHCIO KOTOPBIX B 3aBUCHMOCTH OT CJIOKHOCTH
CTPOUTEIBHBIX paboT Bapeupyercs oT 5 mo 30. Tpebyercs mo
MIPOCKTUPYEMOH CMETE CIPOTHO3UPOBATH OYXTAITEPCKHE MapaMeTPhI
3aKa3a, a WMMEHHO CTaThbM 3aTpaT OCHOBHOTO W BCHOMOTAaTEIbHOTO
IPOU3BOJICTBA,  BO3MOXHBIC  OOIIEXO3SIMCTBEHHBIE  3aTpaThl |
OyXralTepcKylo MpUOBLIb 32 YKa3aHHBIM MEPHOJ BBHIOJIHEHUS 3aKasa.
HeonpeneneHHoCTh 3aauMl 3aKJIIOYAE€TCsl B HEBO3MOXXHOCTH MPSIMOTO
pacyeTa Tokaszarelied TOJbKO IO JAHHBIM CMEThl U ILIEHHUKOB H3-3a
MOCTOSIHHBIX ~HECOOTBETCTBUU 3aTpaT, 3aJlO)KEHHBIX B CMETE€ K
MoKa3aresisiM OyXralaTepcKoro y4eTa JIaHHOTO 3aKasa.

Jlnst  pelieHus TOCTaBJIEHHOM 3aaud  HEOOXOJUM  aHaJu3
BBITIOJTHEHHBIX CMET W COOTBETCTBYIOIIUX MM OyXTalTEPCKUX JTaHHBIX.
Kaxnas pabota, ompeneneHHas B CMETE, COACPKHUT CBOU IMOKA3aTENH,
KOTOpbIE, B CBOIO OYEpEIb, B OYXTAITEPUU OTPAXKAIOTCS OTHON WIIH
HECKOJBKUMH CTaThsIMH 3aTpar. {MakTHYecKH CceTeBOW XapakTep
B3aMMOCBSI3€M MCXOAHBIX M PE3YJbTUPYIONINX IMOKAa3aTeIeH MO3BOJISET
WCIIONb30BaTh B KauecTBE  METOJa  aHaluu3a  HelpoceTeBoe
MojienupoBanrue. OO0yueHre HEUPOHHOW CETH MOXKET MPOBOIAUTHCS Ha

550


mailto:scale@kcl.ru

Tpyoul konghepenyuu «llpoexmuposarie uHICEHEPHLIX U HAYYHBIX npuLodxceruil 6 cpede MATLAB»

MaTepHaiax CMETHOW JTIOKYMEHTAllUd M OyXTaJTepCKOW OTYETHOCTH TIO
(haKTHYECKH BBHIMOJTHEHHBIM 3aKa3aM.

Jns pemenus 3aqayu NpeajaracTcsl UCIOJIb30BaTh TPEXCIOMHYIO
HEHPOHHYIO CETh C 0OpAaTHBIM pacnpocTpaHeHrueM omrOku. C TOMOIIBIO
CUTMOUJIATILHON (YHKIIMM BBIUMCISETCS AKTUBHOCTH KaXKI0M pabOThI
OTHOCHUTEIBLHO YUYUTHIBAEMBIX BXOJHBIX MoOka3zarenei. [locie Ttoro, xak
AKTUBHOCTM BCE€X CHUTHAJIOB Ha BBIXOJE HEWpOHA OMpeJeeHbI,
BEIUHCIIsAeTcsT  ommOka. IleneBas  dyHKIMS  HEHPOHHOW  CETH
pacCUMTBIBAET TPATUEHT OIIMOOK OyXrajaTepcKuxX NoKazarenen s
pa3HbIX pabOT B CMETE MpHU MPOXOKACHUM Kaxaoro cios cetu. [lpum
00y4YEHUM CETH BBIYMCIISIIOTCS OTKJIOHEHHUS 3HAUYEHWM MOKa3aresied Ha
BBIXOJIJaX HEHUPOHOB OT pealbHBIX TOKazaTeled ©u  oOpaTHOM
NPOXOXKIECHUNU STHX OTKIOHEHUH 10 TMOPOJAMBLIMX HX BJIEMEHTOB C
eI KOppeKIu ommnoku. KonnuectBo HEHPOHOB BO BXOAHOM CJIO€ —
50, B BbixogHOM — 30, 4TO OmpenenseTcss MHOKECTBAMHU BXOJIHBIX H
BBIXOJIHBIX TIEPEMEHHBIX MOJAEIUpyeMor 3anaud. CKpBITBIA CIOH C
YUCJIEHHOCThIO HEHPOHOB, pAaBHOM MOIIMHOCTH BXOJIHOIO  CJIOS,
ucrnoyibdyercss s QuibTpanud paboT B CMETaxX MO KaKIOMY
Oyxranrepckomy mokazatento. [Ipu ompenenenuu mara oOy4eHHs CeTU
npejyiaraeTcsi HMCMHoJb30BaTh aJalNTUBHBIM alrOpuTM BBIOOpa IIara,
ABTOMAaTUYECKU KOPPEKTUPYIOIIMI pa3mep 1ara B mpolecce 00yyeHus B
3aBUCUMOCTH OT U3MEHEHUS OIHUOKH.

BxonHbie HEMpPOHBI COOTBETCTBYIOT BXOJHBIM TapaMeTpaM CMET
M0 COJEPKAHUIO CTPOMUTENIbHBIX padOT, HAKIAAHBIM pacxojaM H
IJJAHOBBIM HAKOIUICHUSM. BBIXOJHBIE 3JIEMEHTBI CETU COOTBETCTBYIOT
OyXTaJITepCKUM CTaThiIM 3aTpaT MO TMPSMbIM, BCIOMOTaTEIbHBIM
3aTparaM MPOU3BOACTBA U OOIIEXO03SIIICTBEHHBIM 3aTpaTaMm.

Peanuzanus cuctembl npeanosaraetca B cpeage MATLAB c
ucrions3oBanueM  Neural — Networks — Toolbox.  Ilpumenenwue
IpeaiaraeMol HeMpoCceTeBOM MOAENN Ha CTPOUTEIBHOM MPEANPUITHU
MO3BOJIUT AHAJIM3UPOBATH MPOU3BOACTBEHHOMY OTAEIY M OyXrajaTepuu
CTaThU 3aTPaT CTPOUTEIBHBIX 3aKa30B C BOZMOXHOCTBIO MPOTHO3a TAKUX
OyXraiaTepcKux [aHHBIX, KaK MNpUOBLIb 3aKa3a W HAJIOroo0iaraeMbie
CyMMbI. B niepcriekTBe BO3MOXKHA UHTETPALIMS 3TOM MOJIETTU B CUCTEMY
YOpaBJICHUS TMPEANPUATHEM, TJ€ OHAa B KAyeCTBE IMOJCUCTEMBbI
MPOTHO3UPOBAHUS  MO3BOJUT  ONPEACNSITh  MEPCIEeKTUBHOCTh U
LEJECO00PA3HOCTh BBIMOJIHEHUS KOHKPETHBIX 3aKa30B.
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WCKYCCTBEHHASAA HEUPOHHASA CETb OIS
OANATHOCTUKU HEDTENPOAYKTOB

Huxkudopos U.K., Kpeuka I1.M.
Yysauwickuii 2cocyoapcmeenHulil yrueepcumem umenu U.H. Yivanosa,
2. Yebokcapul
e-mail: rrs@chtts.ru

HckycctBennslie HeillpoHHble cetn (MHC) mmpoko npuMeHsroTcs
B Ppa3IMYHBIX TPUKIAAHBIX obnactax. Bo3moxunoctn WHC 1o
MOJICIMPOBAHUIO CJIOKHBIX HEJTMHEHHBIX CUCTEM HCHOJB3YIOTCS MpU
MOJICIMPOBAHUU HW3MEPUTENIbHBIX YCTPOUCTB. M3 MHOro4MClI€HHBIX
onucaHHbIX B auteparype ctpykryp UHC nns mpumenenust B oGnactu
U3MepeHuil Hauboyee MOAXOIAT CETU MPAMOIrO PaCIpPOCTPAHEHUS,
HasbIBaeMble MHococnotiHbiM nepcenmpornom (MCII), B KOoTOpoM HeT
oOpaTHBIX  cBsized W oOydaromye  ajiropuTMbl  OOPATHOIO
pactipocTpaHeHuss ~ ommOku  (anroput™M  Pymenbxapta-XWHTOHA-
Bunbsmca) [1].

KaHan &
= ATIII
I KEanan :EI_ ACE
I =1 3101154
[T3BM

Puc. 1. Cmpykmypuas cxema usmepumenbHoU YCMaHOBKU.

B  pabore paccmarpuBaeTcss ~ mporpaMMHasl  peanu3anus
JBYXCJIOMHOTO MCITI, BBIIIOJIHEHHOTO c IIPUMEHEHUEM
cneruanuzupoBanHoro maketa mo MHC Neural Networks Toolbox,
BXOJSIIIETO B MHTETPUPOBaHHbIM MartemaTudeckuii maker MATLAB 6.
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Cetb umeet 60 BX0s10B B 60 BBIXOJOB M CIIOCOOHA MICHTHU(MUIIMPOBATH
06eH30npoyKThl ¢ OkTaHOBBIM yuciaoM (OY) 70-100 ¢ 1UCKpETHOCTHIO
0.5 O4.

Hannpie mo AYX u ®DUX, koTtopble paccMOTpeHbl B [2],
CHHUMAIOTCSI C U3MEPUTENIBHOW YCTaHOBKHU, CTPYKTYpHasi CXeMa KOTOpOi
npejcTaBiieHa Ha puc. 1, U opopmiieHbl B BHUJIE MaTpUI] BXOJHBIX
JTaHHBIX, KOTOpbIe noaatorcs Ha Bxox MHC.

Hatunku CX u CO npeacTaBistoT co00ii 1Ba CTANbHBIX HUIMHAPA
COOCHO BCTAaBJICHHBIX OJMH B JIPYyrod, KOHCTPYKIIUSI KOTOPBIX MOKa3aHa
Ha puc.2. Jlng noanepKaHWs OJMHAKOBOTO YPOBHS HCCIENYyEMOU
KUJKOCTH BO BHYTPEHHEM 00BbeMe€ JaTyvka, Ha OOKOBBIX CTEHKax
BHEIITHETO UJIUHAPA 000MX TaTYNKOB UMEIOTCSI CIIMBHBIE OTBEPCTHSI.

i S EE s
AN 26 .

o A (N R
mﬂ:' E
b} -]
vy ¥ ey
- (2 27 >

= fed 34 2

Puc. 2. Koncmpykyus oamuuka.

B [3] 6bin1 pa3pabotan u oriaxkeH amroputm oOyuenuss MHC,
paboTa KOTOpO ONUCHIBAeTCS (DOPMYIION:

Vi = Zwijlxijlazjl =F(y; _@jl)axij(lﬂ) =Zjs
7

I7Ie UHJIEKCOM I 0003HayaloT HOMEp Bxoja; j — Homep @H B cioe; [ —
HOMED CII0s; X;;; — i-i BXogHOM curHan j-ro ®H B cnoe /; y;; — curaan y j-
ro ®H B cnoe /; z; — BeixoaHoi curnan ®H; ©; — noporoselii ypoBeHb
®H j B cnoe /.

CrpykrypHas cxema paccmarpuBaemoit MHC nokazana Ha puc. 3.
Bri6op 3nauenuii BecoB u mnoporoB B MCII tpebGyer oOyueHwusi, T.e.
MOIIATOBBIX HM3MEHEHWH BECOBBIX KOY(DPHUIIMEHTOB M TOPOTOBBIX
ypoBHeW. 3amada (Qopmanmzanuu, T.€. BBIOOpPA CMBICTA, KOTOPBIM
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HaJCIIAIOTCA KOMIIOHCHTBI BXOJHOI'O M BBIXOJHOI'O BCKTOPOB, PCIIACTCA
YCJIOBCKOM Ha OCHOBC ITPAKTHYCCKOI'O OIIbITA.

Bxog, MepBbIA cnor BTopown cnon
| | | I
65 1 1 n'|.|a 21 n’ | .| a’
Y 4)®—> f = LW 4)®—> 2 =
401 LIEY GIVEY G0=1
| G0 N 40=60 40 | | B0=40 G0 |
a' =1 (w'p) a’ =3 (Lw?a)

Puc. 3. Cmpyxmypnas cxema UHC.

Cetpb 3amaercs HAOOPOM BECOBBIX KOA(P(HUIIMEHTOB M MOPOTOBBIX
o wlJ
YpOBHEHN P = %95. Tak xak oOyuaroliee MHOXECTBO 3a/1aHO, TO OLIMOKa
[
CETH 3aBUCHUT TOJBKO OT BeKTOpa mapameTpoB E=FE(p). Ilpu oOyuenun
Ha KaXIOW HWTEpalMu KOPPEKTUPYIOT TapamMeTpbl B HalpaBJICHUU
anturpaguenta £: AP=-€[E( p). B Teopuu ONTUMH3AIMN J0KAa3aHO, YTO
TaKOM aJrOPUTM OOECIIEUYMBAET CXOJUMOCTh K OJHOMY M3 JOKAJIbHBIX
MUHUMYMOB (YHKIMU OIIMOKH, TPU YCJIOBUM MPaBUIBLHOTO BBIOOpA
ontuManbHoro mara £€>0 Ha KaX1oi urepanuu. 3HaYeHUS TPOU3BOTHBIX
OE/0w;; W OE/0® j TMO3BOJLSIFOT BBECTH KOPPEKUMH Awy; ¥ AO ; s

HEHPOHOB MOCJIETYIOLIETO CIIOS.

Anroputm o0yuenus MHC (cornacHo nocraBieHHOM 3a1a4e):

1. IlopaTe Ha BXOABI CETHM OJMH M3 BO3MOXKHBIX 00pa30oB B pEXUME
oOpruHOr0  pyHkumonupoBanuss HMHC wu paccuutath BBIXOJHOMU
CUTHAJL

2. Paccuntath BenuumHy O Ui BBIXOJHOTO CJOS MO (popMmyre:

SN = (™) g [_,“L )

= —d)) he rae y;’ — PpealbHOE BBIXOJHOE COCTOSIHHUE
j

HEeWpOHa | BBIXOTHOTO cJIosi N HEHPOHHOM CETH MpHU Iojaye Ha ee

BXOJBI 00pasa; d; — uaealbHOE (JKEJIAeMOE) BBIXOJHOE COCTOSHHE

ATOr0 HEWUPOHA.

'Nj n n n—
3. Paccunrars n3menenus secoB Aw'™ cios N: Aw =-n1B3'" 3", roe

N — ko3 durueHT ckopoct odyueHus, 0<n<l.
4. Paccumrats coorBerctBenHo J” u Aw™ s OCTaNBHBIX CIIOEB,

n=N-1,...1.
+ n+ dy
6§n) — & 62;1 1) Dw(]k 1) J
T ds.

J
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(n) — n) (n—-1
Aw" = -n B G
(n . (n — . (n) n)
5. Ckoppextuposath Bce Beca w,” B MHC: w” (1) = w" (t =1) + Aw." (1) .

6. Ecnu ommOka 60JbIlIe 1OMyCTUMOTO 3HaY€HUs, TO IepeiT Ha mmar 1.
B npotuBHOoM ciyuae — koser. CpenHsisi KBaapaTU4Has oOIIHOKa

BBIUHCIISICTCS 110 ClIeAytomei hopmyie: E(w) = % > ( yM=d ).
J

B pesynbrate mnomyuena WHC, cnocobnast ompexaenste OY
oenzonponyktoB B mpegenax 70-100 ¢ muckpernocthio 0.5,
peanm3oBaHHas B cpeae MATLAB 6. llpeanonaraercs peanv3anus
UH(OPMAITMOHHO-U3MEPUTENFHOTO KaHala B cpene nakera LABView
¢bupmbr National Instruments ¢ npuMeHEHHEM paHee TMOJYYEHHBIX
pe3yibTaTOB MO HUCCieN0BaHUI0 OeH3MHOB M MozenupoBanuto MHC c
Y4E€TOM MOCTABJIEHHOM 3a/1a4H.
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AMNMPOKCUMALINUA HACTOTHbIX XAPAKTEPUCTUK
LUPPOBbBIX ®UINBTPOB C NOMOLLbIO
HEUPOHHbLIX CETEU

CayroB E.1O., I'peunn A.H., Xpsmes B.B., [Ipuopos A.JI.

Apocnasckuti cocyoapcmeennuiil yHusepcumem um. 1117, Jlemuoosa,
2. Apocnasno
e-mail: deslab(@uniyar.ac.ru

Brinomnuss, mogo0HO aHAJIOTOBBIM IEMSM, ONEPAIMI0 YaCTOTHOM
¢unprparmu, 1uudpossie  GuiabTpel  (LID) obmamaror  psmom
CYIIECTBEHHBIX TpeumyIiecTB. Crojla OTHOCSTCS, HalpuUMEp, BbICOKas
CTaOWJIBHOCTh ~ MAapaMeTpPOB,  BO3MOXHOCTb  IIOJIy4aTb  CaMmble
pazHooOpaszHbie  (HOpMBI  aMIUIUTYyIHO-4acTOTHBIX (AUX) u  da3so-
YaCTOTHBIX XapakTepucTuk (PUX).

BaxHoe mpakThueckoe 3HAYEHHE MMEKT MeTonbl cuHTe3a LD,
oOecreurBaroIIfe 3apaHee 3a/laHHbIe CBOMCTBA, HANPUMED, TPeOyeMbIii
BUJT UMITYJIbCHOM WM 4YacTOTHOM Xapaktepuctuku. Haubonee
pacIpoCTpaHEHHBIMU MeToJamu cuHTe3a [P ¢ KOHEUHOM UMITYJIbCHOM
xapaktepuctukoit (KUX-punetpoB) sBistorcs [1]: MeTom «OKHay,
METO]1 YACTOTHOM BBIOOPKH, ONITUMAIIbHBIE METO/IbI. DTH METOJIbI UMEIOT
pAI PEUMYIIECTB U HEAOCTATKOB. Hanmpumep, MeTo «OKHa» MPOCT s
MPOTPaMMUPOBAHUSA, YTO IO3BOJIAET YCMEIIHO NPUMEHSATH €ro Jis
pacyeta  GUIBTPOB  OONBIIMX TOPSIAKOB, a CHHTE3MPOBAHHBIC
ONTUMAJIbHBIMU METOaMU D AMEIOT HAUMEHBIIYIO
(cpenHeKBaIpaTUYECKYIO WJu MaKCHUMAJIbHYIO) MOTPEIIHOCTh
anmnpoKCUMAalMyd MpU 3aJaHHOM MOpsAJKe (QUIbTpa WIM HAaUMEHbBIIHUI
MOPSZOK MPU 3aIaHHOM (JIOMYCTUMOM ) TOTPEIIHOCTH alMPOKCUMAIIUH.

B nmnocnenHee Bpemsi B IMIMPOKOM Kpyre 3aaad LUQPOBOit
00pa0OTKKM CUTHAJIOB MPUMEHSETCS alapaT HeMpoHHbBIX ceTel [2,3]. B
paboTe mpejaraerca HCHOJIb30BaTh HEHPOCETEBOM aITOPUTM ISt
perenus 3agauu cuHtes3a udpossix KUX-punstpos.

Hns pacuera xodddunuentop LId mo 3agaHHON aMIUIMTYIHO-
yacTOTHOM xapaktepuctuke (AUX) wncnonp3oBajgach TpeXClIoWHAsS
Heiponnas cetb (HC) Ge3 oOparnbix cBsizeii. B cpene MATLAB 6.0
(R12) momo6mass HC wmoxer OBITH CMOAEIHMPOBAHA TIPU TTOMOIIU

bynkmun [4]:
556


mailto:dcslab@uniyar.ac.ru

Tpyoul konghepenyuu «llpoexmuposarie uHICEHEPHLIX U HAYYHBIX npuLodxceruil 6 cpede MATLAB»

net = newff(PR,[S1 S2...SNI|,{TF1 TF2...TFNI},btf,blf,pf),

\rne PR — maccuB pasmepa RX2 MUHUMAJIBHBIX M MaKCHUMAaJIbHBIX
3HaYeHUH N1 R BEKTOPOB BX0/a; Si — KOJIMYECTBO HEHPOHOB B CIIOE i}
Tfi — Qynkums akTuBammMu cios i, MO yMoim4aHuWio tansig; btf —
oOyuatoras byHKIMA, peanusyronias METOJT 00paTHOrO
pacrpocTpaHeHus, 1o yMoa4aHuto trainlm; blf — dyHkIus HacTpoMKH,
peayim3yromasi METOJ OOpPaTHOTO pacHpOCTpaHEHUs, MO yMOJIYaHHUIO
learngdm; pf — kputepuii kauecTBa 00yUeHHUs, 110 YMOTYAHUIO Mse; net —
00beKT Kiacca network object — HelipoHHasI CETh.

B nanHom ciyuae Bb130B (pyHKIMM newff() BRIMISAUT ClieyrOnuM
obpazom:

net=newf{f(minmax(P),[n,m,2],{'logsig' 'logsig' 'purelin'},'trainrp'),

rae P — MHOXeCTBO BXOAHBIX BEKTOPOB; N — KoiuuecTBO BxoJa0B HC;
m — KOJIMYECTBO HEUPOHOB B CKPBITOM CJIO€.

Konn4ecTBO HEWPOHOB B BBIXOAHOM CJIO€ — 2, 3HAYEHUS HUX
BBIXOJIOB COOTBETCTBYIOT 3HA4YEHHUSIM KO3(DPUIHMEHTOB a,, as, (a;=l)
HEpeKypcuBHOro mudpoBoro ¢GuiabTpa BTOpOro mnopsaka (puc. 1).
3HadeHue n BbIOpaHO paBHBIM 30, ITOTO KOJIMYECTBA TOUEK JOCTATOYHO
U1 ipuemiiemoro npeactasiiennss AUX dunbtpa Ha uHTepBae [0, TT.
KonruecTBo HEWPOHOB B CKPBITOM CIIO€ BHIOMPAJIOCh U3 pacuera:

—-n—-Il<m<—-n-1,
10

rne | — xommuectBo BhIXO0B HC (B nmamHOM ciydae - 2); N —
KOJIMYECTBO 00YUaOIINX BHIOOPOK.

x(n) a

Puc. 1. HepexypcusHulil yugposoui ¢hunbmp 6mopozo nopsoxa.

HC ob6yuanace na maccuse u3 200 BEIOOPOK, B KOTOPOM B PaBHOM
00BEME MpeICTaBIIEHBI BCE BUABI (GUIBTPOB (BEPXHHUX U HIKHUX YaCTOT,
II0JIOCOBBIE, PEXEKTOpHBbIE). OOyyaroulyo Mnapy COCTaBISIOT OTCUETHI
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AUYX, xak Bxon HC u 3nHauenus kosdduieHToB (UIbTpa Ha BBIXOJE.

Ha oOyuvatonue BBIOOPKHM OBLT HAJIOXKEH psii OTPpAaHUYEHUM, HE

BJIUSIIOIIMNA Ha KauyeCTBO PEIICHMs MOCTABICHHOW 3aJlayd, HO 3aMETHO

obseryaromuii nporecc ooyuenuss HC:

1. Bxogusie AUX oTHOPMUPOBAHBI HA €AUHUILY 110 AMIUTUTY/IE.

2. 3nadenus KOdpPUIMEHTOB (UIbTPa ap, a3 OpaduCh B HWHTEpBAJIaX
[-1, 1].

Hau6onee »dpdextnBHO HC o0Oywanmace mnpu HCMOIB30BaHUU
¢yakuu  “trainrp”. 3Hauenue OmMOKH OOy4YEHHUS PACCUUTHIBAIOCH
MeToaoM “‘HamMmeHbInX kBazpaToB” (SSE), n 6pu10 3amano paBaeM 0. 1.
B pesynprate ceth Obula OOyueHa W TpPU TECTUPOBAHMM MOKAa3bIBaA
HEIJIOXUE Pe3ysbTarhl. TeCcTUpOBaHHE MPOBOAMIOCH CIEAYIOIIUM
oOpa3om: BeIOMpanachk napa KodOPUIMEHTOB a,, az, Beraucisiach AUX
bunbTpa ¢ dTUMHU KOdhduenTamu, otcueTsl 3Toii AUX mongaBanuck
Ha Bxon Ttectupyemort HC. Ha BbIXoJe ceTw moiydyainud HCKOMBIE
KO3 PUIIMEHTBI, 0 KOTOPHIM CUHTE3UPOBAJICS (PUIBTP U CTPOMIACH €r0
AUX. Ha puc. 2, 3 npeacrasieHsl pe3ynbTaThl TecTupoBanus HC.

# Figure No. 1 -0l =|

File Edit Window Help

HcrmonbsoeaHie HEprDCETEBGFD AropHTMA

L T I ELCRIE ERPRRS

I

1 S S S, R | B L N S
= s : : : :
PS8 S A G . -
E 1 e i L
Io N T B N T
Y O S LR S S RSO S S

3

_*_
_,E_______
+

i

0.3

—— Sapapmag AYX
——  AYX ¢ paccmrassEmG KoaddmpiemaTang

I:I-E I I I I I I I
0 0.1 .2 03 04 0.5 04 07 03 0.9 1

IIpHEeaEHHAasT 9acTOTa

e — - = - = _*_____

Puc. 2. 3nauenus kosgpgpuyuenmos: sadannvix — a; = -0.5, az = 0.45;
paccuumannblx — a,= -0.4544, az;= 0.4271.
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'+ Figure No. 1 =101 x|

File Edit ‘Window Help
HenomszoepaHHe HEprDCETEBDTD ANropHIMa

1) S A

s | | o |
S R S S e
= S WaS R T — ]
- | | | | |
L S o oo

0.4

—— Gamammag AHX
—4—  AYX ¢ paccwramsem KoaddnienTan

R

|:|3 T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.3 0.9 1

IIpHEEeNEHHAA 9aCTOTa

Puc. 3. 3nauenus xosgppuyuenmos: saoannvix —a; = 0.5, az = 0.18;
paccuumannovlx —a; = 0.5051, az; = 0.1732.

[lomy4yeHHble  pe3ynbTaThl  MOKA3bIBAIOT  MPUHIUIIUATIBHYIO
BO3MOXXHOCTh TMPUMEHSATH amnmapar HEHPOHHBIX CETeH K yKa3aHHOMY
kiaccy 3amad. Ilpumenenue cpeast MATLAB nns uccnenoBaHus
pelIeHus 3a/lady CUHTE3a HaM Ka)KeTCs ONTHUMAJbHBIM IO TOW MPUYHUHE,
4TO pe3ynbrarhl, nomyueHHbsie B Neural Network Toolbox nerko moxHO
COTIOCTaBUTh C COOTBETCTBYIOLIUMH pe3ynbTratamu u3 Signal Processing
Toolbox u Filter Design Toolbox.

Pa3ButeM mOMOOHBIX WCCICAOBAHHWMA SBISETCA pa3paboTKa
HEHPOHHBIX ceTei g pacdera kodpdumumento KUX-punstpos
BBICIIX TIOPSJIKOB, a Takke cuHTe3 KodddumumentoB Qumibrpa 10
3a7aHHON uaeanbHOM AYX, /s yero mnpeamnojaraercsi MUCHOJb30BaTh
JOTIOJTHUTENBHBIA ~ CIIOW ¢ paauaibHO-0a3UCHBIMU  (QYHKIUSIMHU
aKTUBAIUU.

Pesynbratel  paboThl  MOTYT HAWTH  NPUMEHEHHE  IpHU
IPOEKTUPOBAHUM YCTPOMCTB 0OpabOTKM U Tmepemaud HUQpPOBBIX
CUTHAJIOB.
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YK 621.391:396

UCMOJNb30OBAHUE NAKETA
NEURAL NETWORK TOOLBOX ANdA PELLEHUA
3A0AYN OBHAPYXXEHUSA U BbIOENEHUA MPAHUL,
PA3OEINA CNTYYAWHBbIX NMOJIEU NPU OBPABOTKE
N30BPAXXEHUU

Cupora A.A., Macnos O.B.

Boponesicckuii cocyoapcmeenuwiil yHugepcumem, 2. Bopomneoic
e-mail: mov20@mail.ru

B  Hacrosimiee BpeMsi HM3BECTHO MHOXKECTBO  MAIIMHHBIX
QITOPUTMOB  BBIJICJICHUS  TPaHMIBl  pa3fena  MPOCTPAHCTBEHHO
pacmpeneNieHHbIX ~ O0OBEKTOB Ha  HM300paXEHUSAX, OIMCHIBAEMBIX
Pa3HOPOJHBIMU clydallHbIMU TOJsiMH  [1,2]. BOABIIMHCTBO M3 HHUX
CHUHTE3UPOBAHBI B MPENOJIOKEHUN O HAJIMYUU HEKOEH CTaTUCTUYECKOMN
MOJIEU TOJIed W HMEIT JOCTATOYHO CIOXKHYIO CTPYKTYpy [3.4].
[losiBnenue  ammapata HUCKYCCTBEHHBIX  HEMPOHHBIX  CETEH U
3¢ (PeKTUBHBIX TpoLeayp HX OOyYeHHs] TO3BOJWIO B3IMVIAHYTh Ha
npoOseMy BBIJIENICHUSI TPAHUIBI KaK Ha MpoOJieMy OOYYEHUsS CETH «C
yUdTENIEM» Ha CEepUAX OTAIOHHBIX H300paXKEHUH, COAEpKaluX
BCEBO3MOJKHBIE BAapUAHTBI  PACIOJOKEHUS TpPaHMIBL. ITO  J1aJlo
BO3MOXHOCTh ~ M30aBUTBCSI OT HEOOXOJAMMOCTH  HCIOJIb30BaHUS
CTaTUCTHUYECKUX MOJENE, HEe BCerja OTpaXalollUuX pealbHbIe
XapakTepUCTUKA OOBEKTOB, M CHUHTE3UPYEMBbIX Ha HMX OCHOBE
ONTHUMAJIBHBIX AJITOPUTMOB OOpPabOTKH, YTO BO MHOTHX CIIy4asx
SBJISIETCS  ONpPAaBIaHHBIM C TO3UIMUA YOPOILIEHUS U TOBBIIMICHUS
ovicTponelicTBusi 00paboTku. Ilenpio HacTosmeld padOTHI SBISAETCS
aHaJiM3 BO3MOXKHOCTEW aJIrOPUTMOB BBIJICJIICHUSI TPAHUIIBI C TMOMOIIBIO
Pa3IMYHBIX HEUPOCETEBBIX THUMOMpEACTaBUTEIeH B TmakeTe Neural
Network Toolbox(NNT) ¢upmber Mathworks.

Jnst >PdeKTUBHOrO  CpaBHUTENBHOIO  aHalM3a  Pas3IMYHBIX
HEHPOCETEBBIX  TUIIOMPEACTABUTENCH  MOTPeOOBaIOCh  BBEJICHHE
HEKOTOPOM TecToBOWM Mojenu mosie. JIjist Toi 1enu ObLIM BBIOpAHBI
MOJENH TayCCOBCKMX MAapKOBCKHUX CIyYalHBIX TIOJIEM, KOTOpBIE
JIOCTAaTOYHO YacCTO MCIOJB3YIOTCS NMPU OMUCAHUU W300pKEHUU U JUIs
KOTOPBIX ~ BO3MOXKE€H  CHUHTE3  JTAJIOHHBIX  ONTUMAJIBHBIX B
CTaTUCTUYECKOM CMBICJIE QJIFTOPUTMOB, OOECIEUMBAIOIINX aHAJIN3
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MOTEHIIMAILHON 3¢ HeKTUBHOCTH Pa3IUYHBIX HENPOCETEBBIX
aJITOPUTMOB.

Ax, =Ax, =1, Am=nz —mf,csmL2 =01,

Puc. 1.

OnpenenuM MOJENN COCTOSIHUS CITyYAHBIX MOJIEH, 3aMOJTHIOIIUX
HEKOTOPBIN (parMeHT M300paKCHHS W Pa3[CICHHBIX OOIIEeH TpaHHIICH
[5]. ITycTh HMEeTCs JiBa CIIy4alHBIX TOJIs

yl(iaj) =m +A1(i9j):i=Eaj :Wa yz(iaj) =m, +/\2(iaj)9

i=i;+LLN, j=1,M, roe m,, - HCU3BECTHbIC 3HAYCHHUS IOCTOSHHBIX

-0 — 2 .

cocraBisitormx (M[m,,]1=m,,,D[m,,1=0,,,); A ,(, J) - peanuzanuu

MapKOBCKUX pa3aeauMbIX CIIyYalHBIX osien
.. 2 oy 2

(MA@, ))1=0,M[A{,(i, j)=0},,), ONMCBHIBAIOLIME CTOXACTUYECKUE

COCTaBJISIOLLME MOJEH ), ,(i, j); i - HOMEp AJIEMEHTa CTPOKH; j - HOMEp

CTPOKH H300pa)KeHHs, 3alaHHOTO Ha JBYMEPHOH CETKe pa3MepoMm
NxM. Tlons y,,(i,j) pasgeneHsl TpaHUlEH craydailHOW (HOPMBI

i; = f(j), omUChIBaeMOW MApKOBCKOM LEMbIO C IEPEXOAHBIMH
BEpOSITHOCTAMU (i j‘i ) =2,M ¥ BepOSATHOCTAMM HAYaJIbHBIX
cocrossauii P (i) =1/ N . KoppenaunonHasi QyHKIHS CTOXaCTUYECKHX
COCTAaBJISIFOLITUX noJien uMeeT BU/T
MIA LG, )AL (k,m)] =0 i,z pf;l‘i_k‘Jrsz‘j_m‘, rae P, - KodQUIMEHTSHI
MPOCTPAHCTBEHHOM Koppemsiuuu; Ax;, Ax, - AUCKPEThl 3aJaHHS
KOOpJIMHATHOM ceTKU. [1oyst MOTyT OTIMYaThCsl YPOBHAMH MOCTOSHHBIX
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COCTaBAOIMX (TpaHulla TUIA «IEpenan») W/WIM 3HAYECHUSIMHU
KO3(pPUIMEHTOB MPOCTPAHCTBEHHOM Koppemsnuu. Kpome toro, moxer
paccMaTpuBaThCs I'PaHUIA MEXY MOJIIMU OJUHAKOBOM CTPYKTYpBI, HO
UMEIOIIMMH  «pa3pbiB» B 00JacTM  pacHOJIOKEHUS  TI'PaHULBL.
[IpencraBneHHass MoJ€ib SIBISETCS JOCTaTOYHO OOLIEH U IMO3BOJISIET
OMHKCHIBATh PA3NUYHBIC BApUAHTBl 3aJaHUsl TPAHULBI  pasfena
MPOCTPAHCTBEHHO pACTIpPECICHHBIX OOBEKTOB Ha  HM300paKEHUSX.
[Ipumep peanu3anuu TakuxX IIOJEH, PA3AEICHHBIX TPAaHULEW TUNA
"mepemnan", npeacTaBieH Ha puc. 1.

Kak noka3zaHo B [5], @i pacCMOTPEHHON MOJENH ypaBHEHHS
COCTOSTHUI M TOCTPOYHBIX HAOJIOEHUH COBOKYITHOTO HM300paKEHHUS B
IPUCYTCTBUH IIYMOB MOTYT OBITh 3alIUCaHbI B BUJIE

:Fj(B)xj—l-'-Gj(ﬁ)uj’ ijHj(B)xj+vj3 (1)
_ . .. . . . T
rae X; _(/\1(1’])""’/\1(lj’])’/\2(lj +1,)ses Ay (N, ) my,msy ) -
pacumpenHblii  Bektop cocrosuuid; u; = (u(l, j),...,u(N, MN' - Bextop
IITyMa BO3MYIIICHUS C HE3aBUCUMBIMH OT TOYKH K TOUYKE 3HAYCHUSIMHU
N 270 N1 — 1. _ . T
(M[M(l,])]—O,M[l/l (la.])]_l)a Zj _(Z(laj)a'--:Z(N:»J)) - BEKTOP
HAOJNIOZICHUM, TIOJMlydaeMbld TpPU CKAHUPOBAHUHM CTPOKH  OOIIEro
uzobpaxenust; v; = (v(L, j),..., (N, /)" - BekTOp IIyMa HaGMIONEHUIL C
HE3aBUCUMBIMHU oT TOYKHU K TOYKE 3HAYEHUSIMU
. 2 s 1 2N
(M[v(i, )H]=0,M[v"(i,j)]=0:); Fj(ﬁ)an(ﬁ)aHj(ﬁ) -
npeoOpa3yrolue MaTprilbl COOTBETCTBYIOIIEH Pa3MEPHOCTH, U3BECTHBIE
C TOYHOCTBIO JI0 Tmapamerpa [3, ONpeaeasieMoro mapol Yucel
B={n=i,_,m=i}, ONKCHIBAIOUMX TIOJNIOXKEHHE TPAHHUILl B
Npeapiayed W MOCHEAYIONIeH CTpoke u300paxeHus (TOYHBIA BUJT
Matpull npuseneH B [5]). Ontumanbrbiii anroputMm 006padoTkn (OAO)
JUIA 3TUX MOJETeH, 00ecrneynBaroniil OIEHKY BEKTOpa COCTOSHHM ¢

MHUHUMQJIBHOM JUCIEPCUEN UM ONPEACICHUE TIOJOKEHHUS TPAHULBI,
ONPEAETAECTCS COOTHOIIEHUSIMHA

N, _ 4
£, = ;fjj(ek)P(sz’ ), X,,(6,)= Ixjp(xj\zf,ek)dxj,
= argmax P@6,|z)), P@®6,z')=Pi",....i1" ") = (2)

_P(Z ‘ (k) (k) J I)P (l(k)‘ (k))P(l(k), (k) j_l)/C(Zj),

’]1

Trac 6 - TUIIOTC3bl O KOHKPCTHOM MCCTOIIOJIOKCHHUHN I'PAHUIIBI, KaXK1asd U3

KOTOpBIX ompenensercs Habopom 6, ={i",... (k)} k=1,N;, N;-
KOJIMYECTBO C(OPMHUPOBAHHBIX K JAHHOMY IIary THIIOTE3; xj‘j(Gk)-

YCJIIOBHAd OITHMAJIbHad B CPCAHCKBAAPATHYHOM OLICHKA BCKTOpa
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COCTOSHMA X; MO COBOKYNHOCTH z’ =(z,...z;) HPEIUIECTBYIONINX

HaOmoneHnii mpu  ukcupoBanHoi ¢opme rpanunb;; C(z') -
HOpMUpYIOIIasi Benu4nHA. [loJOKEeHWEe TpaHUIbl HAXOAWUTCA TI0
MaKCHMyMY allOCTEPUOPHOI BeposiTHOCTH runote3 P (6, \z’).

Kpome TOro, moxker paccmarpuBaThCs 3ajada OOHApYKEHUS
IpaHUIBl B paMKax KOTOPOM peaau3yercs MPUHIATHE pEIIeHUus o
HQJIWYUM HEOJHOPOJHOCTHU B Mpefesiax HEKOTOPOIo MpPsIMOYTOJIBHOIO
(¢parmeHTa U300paKE€HUS, UYTO JAE€T BO3MOXHOCTH OIPEAEIUTh
HaxOOUTCs JIX B OTOM 00JACTH OJHOPOJHOE TMOJ€, MPUTOAHOE MJIs
JabHENIIe MalMHHOW 00paboTKH (Hampumep, KiacCu(UKAINUN), WIN
B €€ Ipeleiax HAXOAWUTCA TpaHMIA pas3zfesa JByX HOJIEH, KOTOPYIO
cienyer yTouHuTb. CHHTE3MPOBAHHOE ONTHMAJIBHOE  PEIIAOLIEE

npaswio (OPII) B naHHOM cilyyae UMeEET BU/T
9,

N _ > 4 4
Py, ;P(Zj|9k)P(9k)<p/\1P}\l (z7) +p), b, (z7), (3)
= 5
rane 9, - TUmoTe3bl 00 OTCYTCTBMM M HAIMYMU  IPAHUILBI
COOTBETICTBEHHO, Py, =P, + Pr2s Ps, - AQIPHOPHBIE BEPOSATHOCTH

3anojgHeHus: pparMeHTa u300pakeHus: OJTHOPOIHBIM MOJEM U TOJISIMU C
IpaHUIIEH MEXTy HUMHU.

C nomotpio BCTpoeHHOTO s3bika cucteMbl MATLAB onucannsbie
BBIIIIE aJITOPUTMBI OBLITH 3(PGEKTUBHO peain30BaHbl B BHje Habopa M-
GyHKUIUNA, WHTEHCMBHO UCIHOJIB3YIOIIMX IIMPOKHE  BO3MOXKHOCTH
cucteMbl MATLAB 1o onepupoBaHuiO0 MaTpUIIAMH.

Jlns  pemieHusi  BbIIE  OMMCAHHBIX  3aJlad  BBIJCJICHHUS U
OOHapy>KeHHS TpaHHWIBI B paMKax HEHPOCETEeBOro TMOAX0Ja W UX
CPaBHUTEIHHOTO aHaJW3a pealin30BaHbl BapuaHThl mocTpoeHus HC,
OCHOBaHHBIC Ha WCIIOH30BaHUN BO3MOXHOCTEH makera Neural Network
Toolbox cpenst MATLAB. [lns 3agaud MOCTPOYHOTO BBIJACICHUSA
TPaHMIIBI PACCMATPHUBAINCH TPU BUJIA CETEH.

Muozocnoiinwtit nepcenmpon (MCII)

Jns  HaxoXIEHUS  TOJIOKEHHMS  TPaHMIbl  HCHOJIb30BAJICS
nByxcnoitHeiii MCII co ckpbIThIM HeMHEeHHbIM ciioeM (10 HelpoHOB) U
JUHEWHBIM BBIXOJHBIM ciioeM. IlpennoxkeHHas CTpyKTypa CETH
npeacTaBlieHa Ha puc. 2. AKTUBalUMOHHAsA (YHKIMS HEJIWHEWHBIX
AJIEMEHTOB CKpBITOIO CJOSI 33JaBajlaCb B BHJIE JIOTUCTHYECKOTO

CUTMOUJA! 10gsig(x)=1+1_x. C nomompro  QyHkuuu  newff
e

ICHEPHUPOBAIACH COOTBCTCTBYIOIIAA TOIIOJIOT A CCTH.
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e AN
! (z}\
Rk DI T
o o \ i 4 o -
Bxon CKpHITEIH croH e S Brmonuuri cnoi

.0
wx,l xx’

A 4

v

NxM

Puc. 2.

M

Ha Bxox MCII nmopaBancs BekTtop x ', comepxkamuid N X M ¢

AJIEMEHTOB HA0JII0JIaeMOro M300paxkeHus, rae M, - KOJIU4EeCTBO CTPOK
(M,<M). Ha BeIXo#e ceTH ONPEIEISUIOCh IIOJOKEHUE DIIEMEHTA

IpaHUIIbl B MOCIEAHEN CTPOKE M3 YMCIia CTPOK, MOJaBaeMbIX Ha BXOJ.
[Ipu Takom 3agaHuM apxXUTEKTypbl ceTtu mno anajgoruu c OAO
obOecneunBaercs (ecnmu Mg >1) ydeT BIUSHUS MPEABICTOPUU Ha

pe3yJbTaT ONPEACIICHUS TPAHULBI B TEKyUIEd CTpoke. BwIxon cetu
comepxkan N HEUPOHOB, MPEACTABIISIIOIIMX IMOJIOKCHUE TPAHUIBI Kak
nenbra-BekTop b, =90(i—i,),i=1,N, tme i - HOMep HeHpoHa, i,

HOMEpP TPAaHUYHOTO DJIEMEHTa B CTpOKe. MHOXXECTBO COAepk alIuxcs B
nakere NNT mpouenyp oOy4deHusi, OCHOBaHHBIX Ha peaiu3allii METO/Aa
00paTHOro pacnpoCTPAHEHHU S, TO3BOJIMIIO CAENATh 3(PPEKTUBHBIN BBIOOD
nporenypsl o0ydenusi. ONTUMATEHON MO COOTHONICHHUIO OITHOKA/BpeMsI
oKazajach Mpoleaypa OOydeHHs METOAOM aJalTHBHOTO CIyCKa II0
rpagueHTy (QYHKIUH CPEAHEKBAAPATUYHON OMHMOKK  0O0ydJaromien
BBIOOPKH B MAaKETHOM pekuMe traingda (Beca KOPPEKTUPOBAIHUCH MOCIHE
npecTaBlieHus Beei oOy4aronieil Beioopku)[6]. Ilpu ee ucnonab3oBaHuu
BpeMsi OOy4Y€HHUs CHHM3WJIOCh B HECKOJbKO pa3 IO CPaBHEHUIO CO
BpeMeHEeM  OOydYeHMs  CTaHJApTHOW  TpoLEeaypod  oOpaTHOro
pacnpoctpaHeHus. [ns oleHkH kadecTBa oOyuyeHuUs Obula pUMEHEHa
TaK Ha3bIBaeMas MpoBepouHas BeIOOpKa (validation set), cocTosimias u3
100 peanuzanuii, CreHEpUPOBAHHBIX HE3aBUCMMO OT OOyvaromen
BBIOOPKHU. DTO MO3BOJIMIIO CHU3UTH 00BEM oOOydaromie BbIOOpkU 0e3
MOTEPH OOIIHOCTH, U COOTBETCTBEHHO COKPATUTDH BpeMs O0yUEHHUSI.
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Cemb Inmana (C3)

OrpaHndeHreM paccMOTpEeHHOro BapuaHTa noctpoenus MCII B
3ajlade IOCTPOYHOTO BBIACJEHUS TPAaHULIBI SBISETCS OTCYTCTBHE
OoOpaTHOM CBsI3M, YTO HE IMO3BOJISIET HA KaXJOM LIare Y4YUTbIBAaTb
npenpiaymuii - pesyasbTar. Mcmomp3oBanume wuHpOpMammu o0 paHee
MNPUHITOM PEIICHUWU IO MPEIbIAyIIeld CTPOKE MO3BOJIET PEaln30BaTh
ceTh OnmaHa [6], comepkamrylr0o OOpaTHYIO CBsSI3b W HWMEIOIIYIO
CTPYKTYpY, IPEICTaBICHHYIO Ha pUC. 2 (HYHKIUS CO3/IaHUS TOMOJIOTUN
C3 — newelm). CDO mo3BoJIsIeT 130aBUTHCS OT HEOOXOIUMOCTH BBEICHHS
HECKOJIBKUX CTPOK HMCXOIHOTO H300paKeHHUs, MOITOMY BXOJOM CETH
ABJIAJIACh OJIHA TEKYIas CTPOKa M300pa)KeHUs, a BKJIAJ MPEIbIIyIIEro
HaAOJIIOJICHUS] YUUTBHIBAJICA YEpe3 BBEACHHYIO 00paTHyiO CBsA3b. s
oOyueHuss JaHHOW CEeTH MCHOJNb3yeTCsd CTaHIApTHBIM  aJIropuTM
0o0paTHOro pacHpoCTpaHEHUs, HO MpH ATOM ouIMOKka oOydeHus uepes
oOpaTHyIO0 CBSI3b HE pacnpocTpaHsercss. g yuera XapaKTepUCTHK
u3MeHeHus: rpaHuibl B CO TpedyeTcsi, 4ToObl 31€MEHThl 00ydaroei
BBIOOPKM OBLIM MOCJENI0BAaTENIbHO CBsI3aHbl Mexay cobOoil. Ilostomy
Obuta copmupoBana oOmas peanuzanus ciaydaitHoro mosns u3 1000
CTPOK C HEMPEPHIBHBIM M3MEHEHUEM TPaHUIIbI, KOTOpas Mpu 00y4eHUU
CeTH TMpeAbABIANACH MocienoBaTenbHo. Crenyer OTMETHTh, 4YTO B
cllydae JMHEHHOTO BXOJHOTO CJOS, TOMOJIOTHUS CETH COOTBETCTBYET
pekyppeHTHOMY GuibTpy KanmaHa.

Bepoamunocmnasa cemws (BC)

Jlannas cetsb [7] siBAsieTCs, MO CYTH, KJIACCU(PUKATOPOM THUIIOTE3 O
MECTONOJIOKEHUH  TpaHuubl. [IpeasnokeHHass  TOMOJOTHS  CETH
npencraiena Ha puc. 3. CoorBeTcTByromias (QyHKIUS CO31aHUS
TOTIOJIOTUU CETH — NewWpnn.

Bxon CxprITHIH co# BHIXOOHEI cnoi

1 ()
ot 2

W
(1

Nx M

Puc. 3.
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B nanHOM ciydae 3TajoOHbBI KJIACCOB OMPEAEISIIUCh HabopaMu M3
M cTpoKk HU300pa)keHUsl ¢ HUJCATbHBIM IEpenagoM MEXAy CpeIHUMHU

3HAUCHUSIMHU MOJIeH I’I’llo, mg H CO BCCMH BO3MOXHBIMH BapHaHTaMH

pacnosoxeHus: rpaHuibl. COorjlacHO CTaHIApTHOMY IpaBUIly OOydeHHE
IEPBOrO CJIOS MPOU3BOAUTCS MyTEM IPUPABHUBAHMSI BEKTOPOB BECOB
IEpBOrO CJIOS ILIEHTpaM KIJIAcCcoB, a MaTpulla BECOB BTOPOIO CIJIOS
Ha3HayaeTcs pPaBHOM MAaTpUIIE COOTBETCTBMSI IOJKIACCOB Kiaccam,
COCTOSIIIEN U3 €IUHUI] U HYJIEH.

JInst cpaBHUTENBHOW OLEHKH KayecTBa aJITOPUTMOB ONpPENEICHUS
IPAaHMIIBl UCIIONB30BAJIACh CPEAHEKBAJIPATUUHAS OLIMOKA OIpEAeIICHUS

TPaHULIBI € n BEPOSTHOCTh TOYHOTO OMNPEACICHHUS TMOJIOKECHUS
3JIEMEHTa T'PaHULbI Pg. B skcnepuMenTe ucciienoBanach 3aBUCHUMOCTh

3¢ (HEeKTUBHOCTH PACCMOTPEHHBIX AITOPUTMOB OT YPOBHS aTUTHBHOTO
raycCOBCKOro 0ejioro mryma HaOaioAeHus O, IMpH YPOBHE MOJIE3HOIO

CUTHaJa, 3a/1aBa€MOr0 Pa3HOCTHIO MOCTOSHHBIX COCTABIISIIOLIUX MOJEN
(rpanuiia Ttuma “nepernan’). JJIS OIEHKH BIUSHUS TPEILICTOPUH
MPOBOJMIICS TAKXKE aHAIU3 XapakTepucTuk ontumanbHoro (OAOI1) wu
HepocereBoro anroputma (MCIIl) npu HCHOAB30BaHMM B KadyeCTBE
BXOJHOW HMH(POpPMAIMU TOJIBKO OJHOW TEKYIIEH CTPOKH HCXOMAHOTO
m306pakenns. IloTydeHHBIE 3aBUCHMOCTH [/ BENHUMHBI £ TIPH
N=20, Mg =3 (puc. 4) mnoka3blBalOT JOCTATOYHO YCTOWNYMBOE
GyHKIHOHUPOBaHUE aNropuTMmoB, peanusytouux BC, a Ttaxke CO ¢
Y4€TOM TOrO, YTO TMOCIEOHAS HCHOJIb3yeT Ha BXOJI€ TOJIBKO OJIHY
TEKYIIYI0 CTPOKY U300pa’KeHHUS.

Puc. 4.

Jlnst permeHust 3agayu OOHApYKEHUs TPaHUIBI ObUT MPUMEHEH
JIBYXCJIOMHBIM MEpCENTPOH, coaepkamuii 10 HeMpOHOB B CKPBITOM CJIO€
U OJIWH BBIXOJHON HEUPOH, UTPAIOIIMIl POJIb MOPOTOBOIO 3JIEMEHTA,
CUTHAJIM3HUPYIOIIETO0 O HAJIWYAM TpaHULbl. BX0OAOM SBUIUCH BCE
AJIEMEHThI paccMaTpUBaeMOi 001acTH, MojaBaeMble OJHOBpeMEeHHO. B
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takom Buse MCII nipeacrasinser codoit ananor OPII ¢ o0yuenuem.
Jos OLICHKH KayecTBa HEUPOCETEBOIO ajnropuTMa
OOHApy»XEHHS TpaHUIBl OBUIM TIOJYYEHBI 3aBUCHUMOCTH OT O

z
BEPOSITHOCTEW OILIMOOK IMEPBOrO M BTOPOro poAa IpH OOHAPYKEHHUU
(puc. 5), rne MCII neMOHCTpUpPYET CPABHUTEIBHO HEIJIOXOE KaueCTBO
pabotel mo cpaBHeHuro ¢ OPIl pgaxke mpu 10CTATOYHO OOJBIIKMX
3HAYEHUSX O .

P P
| == orm : P B —+— OFI |11 1111 N
—— HCIl R —e— MCHL [}t

] SRR K SR QP 1Y ——— R S S .
Ly SR I Sy
02f--- k-t b 02f---oh-a -t A T e
SFY SRR 1117 B 111 ) N 31
10° 10 o, 10° 10" Oz

Puc. 5.

[Ipumenenue nporpammuoro mnpoaykra MATLAB mno3Boaumo
pemarh Lenblid Kiacc 3ajad no odopaboTke M300pakeHUN B IMpezenax
€IMHOW MHTErPUPOBAHHON CpEebl, YTO 3HAYUTEIBHO COKPATUJIO BpPEMS
pa3pabOTKM TPOrpaMMHOM (MAIIMHHO-3aBUCUMOM) YacTH MPOEKTA.
[Ipumenenne makera Neural Networks Toolbox  mo3Bommio
COCPEIOTOYUTHCA Ha Mpouecce BbIOOpa MOAXOIAIIEH TOMOJIOTHMH CETH
CpeIH MHOKECTBA PEaJTU30BAHHBIX B HEM BapUAHTOB U OCTAHOBUTHCS HA
MCII, CO u BC. bnaromaps peanu3auuud OBICTPBIX aJITOPUTMOB
0oOyuYeHUsl, OCHOBAaHHBIX Ha aJIFOPUTME «OOPATHOIO PacIpOCTPAHEHUS,
BpeMsi OOy4EHHUs CETU COKpPATHJIOCh B HECKOJIBKO pa3 M0 CPaBHEHMIO C
TPAJAULUOHHBIM  aJTOPUTMOM  OOYYEHHMs]  METOJOM  O0OpaTHOro
pacnpocTpaHeHusi. DTO MO3BOJIWIO 0OOCHOBAHHO MOJOWTH K T€Hepaluu
oOyyaromux U300paXeHUM W  CKOHLUEHTPUPOBATH  YCWJIMS  Ha
ONTUMAJILHOM OJ0OpE MmapaMeTpoB 0O0yueHus 0e3 BpEMEHHBIX 3aTpar
Ha peall3allii0 HU3BECTHBIX QJITOPUTMOB (YHKIMOHMPOBAHUS U
oOyuenusi cereir. CoBmecTHO ¢ makeTtoM Image Processing Toolbox
0Oy4YEeHHBIE CETH NIPUMEHSIIUCH sl 00paOOTKHU peaIbHBIX N300paKeHHI
MOBEPXHOCTU  3€MJIM, TMOJYYEHHbIX METOJAMH  JUCTAHLIMOHHOIO
30HIMPOBAHUS, YTO CBHUJIETEIBCTBYET O BO3MOXHOCTH NPOBEICHUS HE
TOJIBKO HAYYHBIX DKCIIEPUMEHTOB, HO M peanm3aiuu Ha 6aze MATLAB
€AMHOT0  MPAaKTHYECKOr0  KOMIUIEKCAa 00pabOTKH  M300pakeHHid
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IPUMEHUTEIBHO K  YCJIOBHSM  CJIOKHOM  CHTHAJIbHO-TIOMEXOBOM
00CTaHOBKH.
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YK 519.6

YNPABJIEHUE UBETOM NPU NPON3BOAOCTBE
KPACOK C UCNOJIbBOBAHUEM MEXAHU3MA
HEUPOHHbLIX CETEU

Coxonpuuk [1L.1O., Ilymuxun A.T.
Ilepmckuti 2cocyoapcmeenHblli mexHuueckul ynueepcumem, 2. Ilepmo
e-mail: psokol@cpl.pstu.ac.ru

[Tpou3BOACTBO JIAKOB ¥ KPacOK OTHOCUTCS K THOKHAM
IIPOM3BOJICTBEHHBIM CHCTEMaM, B KOTOPBIX B 3aBUCHMOCTH OT yCIIOBUH B
JaHHOM Habope ammaparoB BO3MOXKHO TMOJYyYEHHUE OFHOTO WU
HECKOJIBKUX  TPOAYKTOB  OMHOBpeMeHHO. /[l  JakoKpacodHOro
MPOM3BOJACTBA  XapAKTEPHBI  HETPEPHIBHO-TUCKPETHBIH  XapakTep
MPOM3BOJACTBA,  HECTAIIMOHAPHOCTH  MPOIECCOB, CYOBEKTHBHOCTH
BOCIIPUSITUSL XapPaKTEPUCTUK TPOIYKIMU (IBET, OJIECK), CIIOXKHOCTH
MOCTPOEHUS MAaTEMATHIECKUX MOJIEIeH, MMEIOIHNX (U3HUICCKUI CMBICT,
BBI3BaHHAs OOJBIIUM KOJMYECTBOM IMPOTEKAIOMUX IPOIECCOB M
OOJIBIIMM KOJIMYECTBOM TapaMETPOB COCTOSIHHSI, YTO OOYCIIaBIMBaeT
1eJIeCO00Pa3HOCTh MPUMEHEHHUS arnapara HEeHPOHHBIX CETEH.

OpHOif W3 OCHOBHBIX NPOOJEM TMpU TPOU3ZBOJACTBE KPACOK
SBIIICTCS TpaBWIbHAS JO3MPOBKA THMITMEHTOB, MOI0OpP TpeOyemMoro
COOTHOIIIEHUS ITATMEHTOB.

CymiecTByIOT cleayromiie mpoOjaeMbl MPU OMpPENeSIEHUH COCTaBa
nurMeHToB.  [Ipm  paBHBIX  Maccax  TMTMEHTOB B Pa3HBIX
MPOU3BOACTBEHHBIX IUKJIAX I[BET TOTOBOM KPAaCKH MOXKET OTIMYATHCH.
[IBeT roToBOM KpacKu ONMPENENSIETCS IKCIEPTOM, YTO, B CBOKO OYEpE/b,
BHOCUT CYOBCKTHBHOCTh B OIleHKax. Co3maHue HOBOW pPEIenTypPHI
KpacKd OTMPEICICHHOTO I[BE€Ta MpU TNepexojae OT JTabopaTOpHBIX
WCCICAOBAaHNM K  TPOW3BOACTBY  COMPOBOXKIACTCS  OOJBIIAM
KOJIMYeCTBOM  Opaka TMpu  TOCTaHOBKe IBeTa. HeoOxommumo
IIPOTHO3UPOBATH IBET KPACKH 1O UCXOIHOW PEIENnType IO MPOBEIACHUS
TEXHOJIOTMYECKOTO TMporecca (mpsmas 3amada). o mporekaromiero
TEXHOJIOTMYECKOTO Tpollecca HEOoOXOIUMO YIPaBIsATh JTO3WPOBKOM
nUrMeHToB (oOpaTHas 3aaada). [Ipsmas 3amgada Gopmyaupyercss B BUIC
c :F(}), IZIe x - BEKTOP, XapaKTEePU3YIOIIMIA KOHIIEHTPAIUU TUTMEHTOB
B KpacKe; ¢ - BEKTOP MapaMeTpPOB, XapaKTEPU3YIOIIHX IBET KPACKH.
OOpaTHas 3aa4a UMeeT BUJ x = F ' (E) Taxk kak TpoIecChl, CBA3aHHBIE C
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I[BETOIEepeIaueii, CI0XKHBI U TPEOYIOT 3HAHUSA SKcrepTa (YeOBEeK C
MPaBUWJIBHBIM I[BETOBOCIIpUATHEM), QyHKIMU F u F ! MPEJCTABICHBI B
BUJIC HEUPOHHBIX CETEM.

JIns 3TUX 1eneil UCIoIb30BaINCh HEUPOHHBIE CETH C aITOPUTMOM
o0yueHuss 0O0paTHOTO PACHPOCTPAHEHHUS OINMOKH, KaKIbIH HEHpOH
KOTOPOM UMEET BUA:

n
%gjk =D X Wy
=

L] i=
%Njk =/ (Sjk)>
rae  x; — Bxombl QopmanbHOro Heipona i=1,n; w; — BecOBOH

KO3 PULUEHT i-r0 BX0/a K-ro HepoHa B cioe k =1,n, (n,— KOIN4YECTBO

CJIOEB HEHPOHHOMU ceTH); f — (QyHKIUS aKTUBALUU HEWPOHA; Nj — BBIXOJ
Jj-To HeWpoHa k-ro cios. B KadecTtBe (PYyHKUMM aKTUBALUU
HCTO0JIb30BaJIaCh JIOTUCTHYECKAS byHKIHS (curmona)

f@=1/{1+e).
I/ICXOI[HBIe JAHHBIC OJIA O6y‘-ICHI/IH HeﬁpOHHBIX CeTeﬁ HOHy‘IGHBI

IpU CMEIICHUH KPAacKu COJEpIKalledl TpW TPyNIbl MATMEHTOB: OembIi
(b), xpacusiit (K) u 3enensiii (3). HopMupoBaHHbIe 3HaU€HUS 00BEMHBIX

o *

koHtentpanuii: X, = X./V, rne X— o6bem kommonenta C, mi;, V -
o *

NONHBI 00beM 3ameca, Mi; X, - MpHUBEICHHAas KOHICHTpAIWs,

X'0[0,1]. Yncinossie XapaKTEPUCTUKU IIBE€TA MOJYYEHbl C IOMOIIbIO
CBETOYYBCTBUTEIBHOTO CKaHWPOBAaHUA. B KauecTBe LBETOBOW MOJIENIH
npuMeneHa aanutuBHas RGB mopens ¢ 24-pa3psgamu peacTaBiIeHUs
nBera. L{Ber paszmaraercst Ha 3 cocraBistomux Red, Green u Blue. s
OoOy4eHHs] M  UCIOJIb30BaHUSI  COCTABISIOIIME MPEICTABICHBI B
HOpMHUpOBaHHOM BHje: C, =C,/N trae C, - HOPMATUBHBIN YPOBEHb I-i
BETOBOM  cocTaBisitomied; C; —  TNpEACTaBI€HHE  LIBETOBOM
COCTAaBJISIFOIIEN B BHJIE€ OAHOTO M3 256 BO3MOXKHBIX ypOBHEW; N=255 —
MAaKCUMaJIbHO BO3MOYKHO€ YHCJIIOBOE€ 3HAYEHUE YPOBHS LBETOBOIO
MPEJICTABIICHMUS.

Hcxoanbie nanHbIe NpeICTaBICHBI B TaOuIe 1.

OOpaboTKka JaHHBIX MPOBOJUIACH C HCIIOJIH30BAHUEM IaKeTa
MATLAB u ero 6ubnuorexku Neural Network Toolbox. Ha puc. 1-3
IpeCTaBlIeHbl TpaUKd M3MEHEHUS! OMMOKH MpPU OOYYEHUH CETH IS
npsiMoit 3ayaum, Ha puc. 4 - 6 — s obpatHoil. ['paduku mosyyeHsl B
cpene MATLAB.
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Tabnuya 1.
OtHOCUTEIbHAS
N [IpuBeneHHBIE COCTABIAIOIINE
o0beMHasi KOHIICHTpAITUs
o0pasi RGB-BekTopa
IMMTMEHTOB, 00. JT0JIH
a £ £ ES
Cs Ck C3 R* G* B*
1 0.00 | 0.00 1.00 0.149 0.275 0.141
2 0.00 1.00 0.00 0.698 0.169 0.126
3 0.00 | 0.50 0.50 0.184 0.180 0.127
4 1.00 | 0.00 0.00 1.000 1.000 0.969
5 0.33 | 0.67 0.00 0.831 0.290 0.247
6 0.25 | 0.50 0.25 0.327 0.196 0.157
7 0.20 | 0.40 0.40 0.243 0.224 0.157
8 0.50 | 0.50 0.00 0.831 0.294 0.259
9 0.40 | 0.40 0.20 0.345 0.263 0.200
10 0.33 | 0.33 0.33 0.263 0.267 0.184
0 Performance is 0.000840809, Goal is 0.0001
10
10"
{
\,
10° \L‘
‘l\k
‘H\
10° \‘N —
! 04O 500 1000 1500 2000 2500 3000

3441 Epochs

Puc 1. H3menenue owmubdKku npu ucnonb308anu «ynpy2020» aicopumma ooydenus.
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0 Performance is 0.00139561, Goal is 0.0001
10

10

10

j\_;
10
1041
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
10000 Epochs
Puc. 2. Hzmenenue oumubru NnpocHO3a npu UCnoib306aHUU
ameopumma 06yquuﬂ C UCNOIL308AHUEM MEeMOoOd CeKyuux.

0 Performance is 9.51933e-005, Goal is 0.0001
10

-1
10

2
10

—
\.‘L

3 ™\

10 ~—
—
)
S
N

4
10
10

0 200 400 600 800 1000 1200 1400 1600 1800

1874 Epochs

Puc 3. U3menenue owubxu npoenoza npu ucnoib308aHuU aieopumma ooyuenus ¢
onmumuzayuei Jleeenbepea - Mapkeapoma
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0 Performance is 0.000840809, Goal is 0.0001
10

10

2 \
10

3
10

4
10

0 500 1000 1500 2000 2500 3000
3441 Epochs

Puc. 4. HUsmenenue owmubku npu ucnoIb308anUL «YNpy2020» aieopumma o0yyeHus.

Performance is 0.000755759, Goal is 0.0001

0
10

10

2
10

.
’_.--_.r—"’_'

10

10

0 500 1000 1500 2000 2500 3000 3500 4000
4061 Epochs

Puc. 5. H3menenue owubku npocHo3a npu Ucnoib308aHuU aicopumma ooy4enus ¢
UCNONIL30BAHUEM MEMOOAd CeKYUUX
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0 Performance is 9.9261e-005, Goal is 0.0001
10

10 1

10

L\_
10° \ —
—
—
X
N\
\
~
4 —
10
5
10
0 500 1000 1500 2000

2274 Epochs

Puc. 6. Usmenenue owubku npoeno3a npu UCNOIb308AHUU AICOPUMMA 0OVYEeHUs C
onmumuzayueti Jlesenbepea — Mapkseapoma.

Puc.1 - 6 mnoka3pIBaloT, 4TO HamOoJee YJOBIECTBOPUTEIbHBIE
pe3yJIbTaThl OTBEYAIOT METOAY 00ydeHHUs ¢ onTuMu3anueil Jlesenoepra -
MapxkBapaTa 1 B JAJIbHEUILIEM ITPUMEHSIICS UMEHHO 3TOT METOI.

Pe3ynbrarel mporuos3a ass OpsiMOM 3ajjaud Ha TECTOBOM BBIOOpKE
npuBeneHsl Ha puc. 7 - 9. Ha puc. 10 - 12 npencraBineHbl pe3yabTaThbl
MPOrHO3a ISl OOpaTHOM 3a/1auu.
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0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1
0

Homep ob6pa3siia

Puc. 7. Ilpocnos R-cocmasnsaoweti ysema.

Homep obpa3siia

Puc. 8. IIpoecnos G-cocmasnaroweu ysema.
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Homep obOpa3ziia

Puc. 9. Ilpocnos B-cocmasnsaoweti ysema.

Benbii

0.9} o
0.8} o
0.7} o
0.6 o
05} ¥ -
0414 * _
0.3fF ‘*l' o
0.2+ * -

0.1F .

0 * ke . 1 1 1 1 1
2 4 6 8 10 12 14

Homep obpa3siia

Puc. 10. K onpedenenuro mpebdbyemoii konyenmpayuu 6e1020 nuemenmad.
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Homep obpa3siia

Puc. 11. K onpedenenuto mpedyemoti KOoHyeHmpayuu KpacHo2o nuemenma.

Homep obOpa3ziia

Puc. 12. K onpedenenuro mpebdyemoii KOoHyermpayuu 3e1eHo20 nueMeHma.
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[losy4yeHHBI pe3yibTaT YIOBJIETBOPSET TOYHOCTH, C KOTOPOH
HEOOXOAMMO MPOBOJAUTH JO3UPOBKY MNUIMEHTOB. Takum oOpazom,
7a00paToOpHbIE HSKCHEPUMEHTHl IO NOA0OPY IUIMEHTHOIO COCTaBa
MO’KHO MPOBOJIUTH C HEBBICOKON TOUYHOCTHIO M HEKBATU(UIIUPOBAHHOMY
COTPYIHUKY. 3aTeM MO pe3yjibTaTaM »JKCIIEPUMEHTOB oOydaercs
HEWpOHHAs ceTh Iyl oOpaTHOM 3amaun. Ha BXOJ ceTu mogaeTcsi BEKTOP
IIBETOBOM COCTABIISIIOIIEH TpeOyeMoro I[BeTa W PaCCUMTHIBACTCS
TpeOyeMblil coctaB. OOydeHHasl cCe€Th B JaJIbHEWIIEM NpUMEHUMA IS
NO3APOBKHU IMUTMEHTOB B ITPOU3BOJACTBE. [[11s1 Ka)ka0i HOBOM peLENTYpPhI
WCIIOJIb3YETCSl HOBasi HEMPOHHAS CETb.
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HEMPOCETEBOM NOAXoA K PELUEHUIO 3A0AYN
BOCCTAHOBIJIEHUA AMITNIUTYObI AUCKPETHOIO
CUIHANA

Xpsawes B.B., Caytos E.1O., Cokonenko E.A.
Apocnasckuti cocyoapcmeennbiil yHusepcumem um. 1117, Jlemuoosa,
2. Apocnasno
e-mail: vhr@yandex.ru

Kak B nuckpeTHOM, Tak W B aHAJIOTOBOM Cllydae aMIUTUTyJa U
daza npeodpazoBanus Dypee (I1D) curnana ABAAIOTCS HE3aBUCUMBIMH
bynkuusamu. CiaeaoBaTenbHO, CUTHAT HE MOXET ObITh BOCCTAHOBJIEH 0€3
3HaHUS XOTsA Obl 0JIHOM W3 HUX. OJIHAKO MPU ONMPENeNEHHBIX YCIOBHIX
MEXIY 3TUMH KOMIIOHEHTaMH CYIIECTBYeT CBsi3b. Hampumep, korna
CUTHAJI Kay3aJbHBIN U SBJISIETCS CUTHAJIOM MUHUMAaJIbHOU (ha3bl, T.€. BCE
HYJIM €ro Zz-npeoOpa3oBaHUs HAXOASATCS BHYTPU EIUHUYHOIO KpyTa,
norapudmMuueckas amrumtyga u  (aza cBsi3aHBl MeXAy CcoOou
npeoOpazoBanueM [ unpbepra.

OnHoMmepHas 3aa4a BOCCTAHOBJICHHS aMIUIUTY/IbI 3aKII0YAeTCS B
TOM, 9TOOBI BOCCTAHOBHUTH OTPAHUYEHHBIN JTUCKPETHBIA CUTHAMI 1O (aze
ero JI1®. Ecnu HE HAMOKEHO HUKAKUX yCJIOBUM HA BPEMEHHOM CUTHAJI,
TO CyIIECTBYeT OECKOHEYHO MHOI0 pEIIeHWH Takod 3agadyd. ITO
ciaeayer XoTsi Obl M3 TOro, 4TO €ciu Xx(n) €CTh pEIICHHE 3aJayu
BOCCTAHOBJICHUS] aMIUIUTY/bI, TO CUTHAIT W(7), IPEACTABIISIONUN COOOM
CBEPTKY X(7) ¥ Mr0OOTO cUTHAJIa HYJIEBOH (ha3wl y(7), onpeieIEHHBINA KakK

w(n) = x(m) Oy(m) = 3 (k) y(n =), )

k=—00
TaK)Ke SIBIIICTCSA PEIICHHEM NPOOJEeMbl BOCCTAHOBJICHHUS aMIUIATYIBI.
Mpb1 nogpazyMeBaeM MOJI CUTHAJIOM HyJeBoW ¢asbl curHai, ¢aza 11D
KOTOpOro paBHa Hyao win 7T 1 Beex W 0,211). ITockomsky y(n) —
CUTHaJ HYJIeBOW (a3bl, TO Ha OCHOBAaHUU (1) MOXKHO JIETKO YOeauThCS,
yTo ¢asel [1D w(n) u x(n) OMUHAKOBEHI T.€.

arg(W (e’?)) = arg(X (e’*)).
C npakTUYECKOW TOYKM 3pEHHsS HauOOJEe WHTEPECHBI Cilydaw,

Korga AJInHa BPCMCHHOI'O CHUIHAaJIa OrpaHM4YCHAa W H3BCCTHA. B sTtom
ClIydac BBIPAKCHUC OJIA BOCCTAHOBJICHHA CHI'HAJIa IIO OTCUCTaAM C€ro
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nuckpeTHoro peodpazoanus Oypwe (AI1D), umeer Bux [1]

N-1
x(n) = IZ X (k)e/@™Mk o =01,...,M -1,
N f=
rne M — nnvuHa curdana, N — koinu4ectBo orcueToB J(I1D.

O4eBUJIHO, YTO JJIsi TOYHOTO BOCHPOM3BEACHUST M -TOYEHUHOTO
curHajga Heoboxoaumo BbeiOpath N = M. JII® peanbHOrO curHama B
o0111eM cirydae sIBISIeTCS KOMIUIEKCHBIM CUTHAJIOM, T.€. Kak u [1® nmeer
amruTyny u o gazy. MoHO moka3aTh, 4YTO  OTPAaHUYEHHBIM
HETIePUOINYECKUN CUTHAJI, UMEIOIINI z-TpeoOpa3oBanmne 6e3 00paTHO
COTIPSDKCHHBIX ~ Hysed  (moj  oOpaTHO  COMPSOKEHHBIMUA — HYJISIMH
MIOHMMAETCsl TO, YTO €CIIh z, — HyJb z-peobpasoBanus, TO u 1/z,

TAaKK€ HyJb Zz-IpeoOpa3oBaHUsl) OJHO3HAYHO ompenensercs (cC
TOYHOCTBIO /IO  TOCTOSSHHOTO  Kod(duimenta)  ¢daszoii  ero
npeobpazoBanus Dypbe.

HaunOosiee yacTto MCHONB3yeMbIM JUIsl pELIEHUs JaHHOM 3aJayu
METOJ MUMEET Psii HEIOCTAaTKOB, IVIABHBIA CpPEOU KOTOPBIX — OOJIBIION
00BEM BBIYUCIICHUN TP BEIYMCIEHUH MPSAMOTO 1 oOpaTHoro 1D [2].

Mgl paccMaTtpuBaeM 3ajady BOCCTAaHOBIJIEHMsI CHTHaja 1o (asze
ero JII1® kak 3amady annmpoKCUMAIMK, KOTJIa HA BXOJHOE BO3JCHUCTBUE
(paza HIID) Tpebyercss MOJy4UTh OTKIUK (BpeMeHHOU curHain). Jlis
TaKOW 3aJa4d JIOTUYHO McnoJib3oBaTh HelipoHHble cetu (HC), koTopeie
MO3BOJISIIOT ~ AMMPOKCUMUPOBATh (yHKIMH 0€3 MCIHOJb30BaHUS UX
AHATUTUYECKOTO WJIA OJIM3KOT0 MaTEeMaTHYEeCKOTo BUA.

3agaya BOCCTAHOBIICHHMS AMIUIUTYIbl MPUHAIJIEKUT K KIAcCy
3a7a4  rJI00QJIbHOM  ammpoKCHMAIMU, MW JIydlled HehHpoceTeBoi
CTPYKTYpOM JUIsl pelieHus: MmoJoOHbIX 3a/1au SIBISETCS, KaK W3BECTHO,
MHoToCJIONMHBINA TiepcenTtpoH (MII). W3 BeIpakeHHil IS NpSIMOTO M
obpatHoro JIII® MOXHO 3aMEeTUTh, YTO JUIsl BOCCTAHOBJICHHS JIFOOOTO
OoTcu€Ta CHUrHajga HUCHoib3yrTcsa Bce Kodpduuumentslr HIID (To xe
camoe, pazyMeercs, UMeeT MecTo U s (a3oBoro crekrpa). Iloaromy
JUIl  pEelIeHWs  NOCTaBJICHHOM  3aJa4dM  HYKHO  HCIIOJIb30BaTh
nonHocBsA3Hen  MII. B mnpemmaraeMoM BapuaHTE HMCIIOIB30BAJICS
nonHoCBA3HbIN MII mpsmoro pacnpocTpaHeHus, UMEOIUNA BXOJIHOM,
BBIXOJIHOW U OJMH CKPBITBIH CJIOW. JTa CETh IPUBEICHA Ha pHC. 1.
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Puc. 1. Cmpyxmypa nonnocesasHou cemu npsamo2o pacnpocmpaHenus
07151 peuerust 3a0a4u 80CCMAHOBIeHUS AMNIAUMYObL.

Jns  Kaxmoro HeWMpoHa B KayeCcTBe HEJIMHEHHOW (QyHKIIMU
aKTUBAIIUU KCIIONB3YETCS CUTMOUAHAS (PYHKIUS, B KAUeCTBE alrOpUTMa
oOy4eHHs — aJropuTM OOpaTHOTO PACIPOCTPAHEHMS, KOTOPHIM, Kak
JI0OKa3aHO, YCTOWYUB [3].

B cpene MATLAB 6.0 (R12) momo6nas HC wmoxer OBITh
CMOJICTUPOBaHA TpH moMoIH GpyHKIUH [4] —

net = newff(PR,[S1 S2...SNI|,{TF1 TF2...TFNI},btf,blf,pf),

rie PR — maccuB pasmepa RX2 MUHUMAJIBHBIX UM MaKCHUMAaJIbHBIX
3HaYeHUH NJ1s1 R BEKTOPOB BX0/a; Si — KOJIMYECTBO HEHPOHOB B CIIOE i}
Tfi — Qynkums akTuBanmMu cios i, MO yMmoim4aHuio tansig; btf —
oOyuaroras byHKIHA, peanu3yronas METO]T oOpaTHOTO
pacrpocTpaHeHus, 1o yMoa4aHuto trainlm; blf — dbyHkIMsS HacTpouiku,
peanusyronias MeToJl OOpaTHOro pacHpOCTpPaHEHHs, MO YMOJYAHUIO
learngdm; pf — kputepuii kauecTBa 00yUeHHUs, 110 YMOTYAHUIO Mse; net —
00beKT Kkiacca network object — HelipoHHasI CETb.

B paccmatpuBaemom ciydae BbI30B (pyHKIMM newff() BBIrIsSauT
CIEAYIOIIUM 00pa3oM:

min_max = zeros(16,2);

min_max(:,1) = -pi;

min_max(:,2) = pi;

net = newff(min_max,[16 6],{'logsig','logsig'},'trainbr');

IIPY ATOM HaMH Hccienyerces ciaydan M= 6, N =32.
[Tosicanm em€ pa3 HazHaueHue mepenaBaeMbix (yHKIUU newff()
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napaMeTpoB. llockonbKy BXOJHBIMM BEKTOPaMU CETH SBISIOTCS
BEKTOpa, cocTosiimue u3 nepsbix N/2 orcuéroB ¢azbl N-roueunoro 1D
CUTHAJIa, KOTOpPbIM HYKHO BOCCTAHOBUTh, TO MACCHB Mmin_max
conepxut 16 crpok. Tak Kak 3Ha4yeHUsT OTCYETOB  (Pa30BBIX
XapaKTEPUCTHUK JII0OOOTO CUTHaja Jie)KaT B MHTEpBaJe [— I, 7'[], TO BCEM
AJIIEMEHTaM TEePBOro CTONONA Min_max MPUCBAUBAIOTCS 3HAYCHHS —TT a
BTOporo 7T JIBa uncna «16» u «6» (4ucia Moryt ObITh pa3eieHbl Kak
npobenaMu, Tak U 3amsThIMH) B KBaJPATHBIX CKOOKAaX O3HAYAIOT, YTO
KpOME TEPBOro CJOS (KOTOPBIM BHITIONHSET JUIIb (QYHKIUIO TMepeaadn
CUTHAJIOB CO BCEX BXOJOB HA BBIXOJBI KaXKJIOIO HEHWPOHA CIIEIYIOLIETO
CJI0s) JOJDKEH MPUCYTCTBOBATh CKPBITBIA €0l ¢ 16 HeHpoHamu H
BBIXO/IHOM coil ¢ 6 Heliponamu. Jlanee B PUTypHBIX CKOOKax yKa3aHbI
(GYHKIIMU aKTUBAIMU JJIA OTUX CIOEB (Ha3zBaHue QyHKIHMH — «logsighr—
B35TO B OJMHAPHBIE KaBBIYKU, PA3ACIUTEIh — BHOBb MpoOEN WIH
3armsiTas) ¥ B KOHIIE — aJITOPUTM OOYyUEHHUSI CETH.

Hanee mist o6yuenuss HC (oOydeHue MpoBOAMIOCH TPYIIOBBHIM
croco6om) ObLTH chOPMHUPOBAHBI 2 MaCCUBA, OJIMH — MACCHUB YKEJTaeMbIX
BbIXOJIOB — cocToamuid u3 100 curHaioB (COCTaBISIOIIMX CTOJIOIBI
MacCHUBa) JJIUTEIbHOCThIO M=6, BTOPOl — MacCUB BXOJIOB — COCTOSIIIINI
U3 TepBbIX 16 OTCUYETOB (ha30BBIX XAPAKTEPUCTUK COOTBETCTBYIOILIUX
curHayioB. CurHanbl JOJKHBI OBUIM  YJIOBJIETBOPSTH  CIEAYIOLIUM
OrpaHUYECHUSIM:

— Bo-nepBbIX, BEIOMPATUCH TOJIBKO HEOTPHULIATEIbHBIE CUTHAJIBI.

— Bo-BTOpBIX, M3 ClIy4yallHO TEHEPUPYEMBIX CUTHAJIIOB OTOMpAIUCH
TOJIBKO T€, JIJIsl KOTOPBIX OBLIO BBIMIOJIHEHO YCJIOBHE OTCYTCTBHS Y
byHKIMA Z-peoOpa3oBaHus 0OPaTHO CONMPSHKEHHBIX HYJIEH.

[Ipy  pemeHnn  3aJa4yd BOCCTAHOBJIIEHUS  AMIUIMTYJIBI
MOJIETTUPYETCS] 3aBUCUMOCTb MEK]ly BXOJHBIM Bo3jaeicTBueM (daza 11D
CUTHAJIa) U OTKJIMKOM (BPEMEHHON CHUTHad) MpPH NOMOIUM HEHMPOHHOU
ceTU. DJTa 3aBHUCHUMOCTh B OOIIEM Cily4yae HE SIBISETCA TIaAKON U He
MOXET ObITh XOpouIo annpokcumupoBana npu nomoui MCII. TToaromy
HEO00XOAMMO OrpaHUYMTh 00JACTh PAacCMAaTPUBAEMbBIX CUTHAJIOB TEMH,
JUIS KOTOPBIX 3aBUCUMOCTh MEXJy CaMHUM CHTHaJIOM U (a3oit ero AI1D
ABJIsIETCA TaaKkoi. TakomMy yCIOBHIO, KaK pa3 M YIOBJIETBOPSET KJacc
CUTHAJIOB 0€3 00paTHO COMPSKEHHBIX HYJEH.

Bce curnanel HOPMHUPOBAIMCH MO B3HEPTUUA. DTO HE SBIAETCS
OrpaHUYEeHHUEM, MTOCKOIBKY MacIITAOMPOBAHMEM CUTHAIA BCETa MOKHO
NOOUTHCSI KOHKPETHOTO 3HaueHus ero sHepruu. OdeBuaHo, 4to ¢aza
[1® mro6oro otpeska x(n) u daza [1D 100010 KPAaTHOTO 3TOMY OTPE3KY

nocienoBaTeabHOCTH ax(n), a >0, omuHaKoBBL. TakuMm oOpa3om, mrobas

IMOJIOKUTCIIbHO KpaTHAA PCHICHUIO 3aa491 BOCCTAHOBJICHUA aMIIJIMTYIbI
IMOCJICAOBATCIIBHOCTE TAKIKC ABJIACTCSA PCIICHUCM ATOM 3aJa4H. YTtoObI
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CymI€CTBOBAJIO B3dMMHO OJHO3HAYHOC COOTBCTCTBUC MCKIY (ba?,oﬁ
I[HCD BpEMCHHOI'O CHIHaJla W CaMUM CHUIHAJIOM, CpCIHu BCCX
IMOJIOKUTCIIBHO KPATHBIX pemeHHﬁ HY>KHO BBI6paTI> CHUT'HAJI eﬂHHHqHOﬁ
OHCpPIrun M O6yanB HeﬁpOHHYIO CCTh IIpH IIOMOIONKM CHUTHAJIOB C
GHHHHHHOﬁ 3H€pFH€ﬁ. I[pyFI/IMI/I CJIOBaMu, JJI CHUI'HAJIOB

JUTUTEIIBHOCTHIO M TOJIKHO BBIMOJIHATHCS
M-1
2 —
z x(n)” =1.
n=0
Jlnst Toro, 4TOOBI MOHATH, KaK I€JecOo00pa3Hee BBIMOIHATh
MPOBEPKY YCIIOBHS, HAJIOKEHHOTO Ha (YHKIHIO Zz-ipeoOpa3oBaHUs,
oOpaTtuMcs K BUAY MOCIEIHEN 7151 cUurHana x(#) IIuTeaIbHOCTH M.

X(2) = x(0)* 2"+ x(1)* M7 -;M_;i- x(M =2)*z+x(M -1) 2)

OueBunHO, yTO HYyNIM X(z) coBHaAarOT C HYJSIMU MHOTOYICHA,
crosimiero B uucautene (2). s UX  BBIUKMCICHUS  MOXHO
BOCHOJIb30BaThCS CTaHAapTHOM (yHKuuu roots(). Ilpm »sTOoM He
TpeOyeTcs HUKakas MOAU(UKALNA: €ClIU NepeaaTh (PYHKIMHU B KaueCTBE
apryMeHTa BeKTOp x(7), TO OHa BO3BPATUT BEKTOP-CTOJOEL, COCTOSIINN
u3 HyJaen X(z).

ITocne TOro, kak maccuBbl OOYyYarOIIMX U LIEJEBbIX BEKTOPOB
ObLIM c(OPMHUPOBAHBI, TPOBOAMIIOCH 00yueHue cetu. [Ipu s3Tom BaxHOE
3HaYeHUE HMEET TO, HACKOJBKO MPOSIBUTCS SIBICHHUE NEPEOOyUECHMUS.
Hamnyumme pesynapTarel ObUIM  TOMY4YEHBI TPH  KCIOJIB30BAHUU
¢ysakuu  trainbr. OTta QyHKIUS HCMONB3YeT KBa3WHBIOTOHOBCKHUI
anroput™m JleBenOepra - MapkBapaTa, [ONOJHEHHBIA METOIOM
peryispu3anud ¢ aBTOMAaTHYECKUM BBIOOpOM IMapameTpa Ha OCHOBE
npaBmwia baiteca (Bayesian Regulation backpropagation). ®ynkuus
trainbr sBisgercs ogHON U3 HamOosiee A(P(PEKTUBHBIX NIl YCTPAHEHUS
ABJIEHUSl NIepeoOydyeHust B mpouecce o0yueHus: cetu. PaccMoTpum 31o
siBJIEHUE 00Jiee MO IpOOHO.

SIBneHue nepeoOydeHHsl 3aKII0UaeTCs B TOM, YTO B psJIE ClIy4yacB
B Ipouecce o0yuyeHus: Mbl MUHUMHU3UPYEM HE Ty OIIMOKY, KOTOPYIO Ha
caMOM JieJie HY)KHO MUHUMHU3HUPOBaTh, TpeOyeTcs MHUHMMH3UPOBATH
olMOKy, KOTOpas TOSIBISETCS B CETH, KOorga Ha HeE IOoJarTCs
COBEpIIEHHO HOBbIE HaOmoAeHUs. Becbma BaxHo, uToOb1 HC o6nanana
CITOCOOHOCTBIO TPUCIIOCAOMBATECA K OTUM HOBBIM HAOJIOICHUSM.
PeanbHo cerb oOydaeTcss MUHMMHM3UPOBATh OMIMOKY Ha HEKOTOPOM
OTPaHUYECHHOM O0y4aronieM MHOXecTBe. I 3TO HEe COOTBETCTBYET TOM
peanbHOM CHUTyallMHM, KOIJa HaJA0 MHHUMHU3UPOBATH KOHKPETHYIO
(GYHKIMIO OMOOK TSI 3apaHee HEM3BECTHOM MOCIH.

[Tpu paboTte ¢ HEMPOHHBIMU CETSIMU BO3HUKAET Mpo0iemMa BrIOopa
ypoBHS  cilokHOCTHM ceTh. Ceru ¢ OOJBIIMM  KOJIMYECTBOM
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HACTPAMBAEMbIX BECOB IO3BOJISIIOT BOCIPOU3BOIAUTH OYEHBb CIIOXKHBIC
(GYHKIMU, ¥ B ’TOM CMBICJIE OHU CKJIOHHHI K repeodydeHuto. CeTb ke ¢
HEOOJIBIITUM  KOJIMYECTBOM BECOB MOXKET OKa3aThCsl HEIOCTATOYHO
rUOKOM, 4TOOBI CMOJIETUPOBATH UMEIOITYIOCS 3aBUCUMOCTb.

[lepeoOyuenne MposiBIAsiETCS B TOM, YTO OIIUOKM OOy4YeHUs Ha
AJIeMEHTax 00y4Yaromero MHOXKECTBA MOTYT OKa3aThCsl OYE€Hb MAaJIbIMHU,
HO KOTJIa CETU MPEHbSBISIOTCS HOBBIE JaHHBIE, TO MOTPEITHOCTh
CYILIECTBEHHO BO3pacTaeT. JTO 03HAYAET, YTO CETh 3ayyusia MNpPUMEpHI,
HO HE HAay4YWJach pemath 3ajaady, T.e. MPUCIOCAOIMUBATHCS K HOBBIM
JTAHHBIM.

Jnst Toro, 4ToOBI U30ekKaTh SBJICHUS IEPEOOYUYEHHUSI, UCTIOIb3YIOT
HECKOJIbKO MeTof0B. OUH U3 KOTOPBIX — MeTOA peryispuzanuu. CyTb
€ro 3aKJII0YaeTcsi B TOM, YTOObI BHUJOM3MEHATH B Mpoliecce 00yueHus
MUHUMU3UPYEMbIH (PYHKIIMOHAJ KayecTBa TaK, YTOObI OH BCErja MMel
MUHUMYM U TIOJIO)KEHHE 3TOr0 MHUHHUMYMa HEMPEPHIBHO 3aBHUCENO OT
napameTpa peryiaspu3aluu.

[TogoOHas MoauduKalKs KIACCUYECKOTO aIfOpUTMa 0OpaTHOTO
pacnpocTpaHeHUsl MO3BOJISIET CHU3HUTH MEpPeoOydYeHHE, HO CIOKHOCTh
COCTOUT B TOM, YTO OYE€Hb TPYJIHO OMPEACIUTH ONTUMAILHOE 3HAUCHHE

napameTpa  peryJspu3aluH. CymiecTByer, OJIHAKO,  METOoJ,
MO3BOJISIOIIMKA ~ aBTOMAaTUYECKH  yCTaHABIMBAaTh 3HAYEHHUE  HTOrO
napamerpa.

ABTOMAaTHYECKHUI BHIOOp MapameTpa peryssipu3alid MOKET ObITh
peanu3oBaH Ha OCHOBE MpaBwia baiieca. DTOT moaxoA ObLT MPEAJIOKEH
1. MaxkKetiem (D. MacKay) u cocToutr B TOM, YTO Be€Ca W CMEILCHUS
CEeTH pPACCMATPUBAIOTCS, KaK CIIy4ailHble BETUYUHBI C HU3BECTHBIM
3aKOHOM  pacrpeaenenus. [lapamerp perynspusanuu CBsi3aH C
JTUCIIEPCUEl  3TOTr0 pachpeiesieHds W MOXET OBbITh OIEHEH C
UCIIOJIb30BAHUEM  CTAaTHUCTHYECKMX  MeToJ0B.  COOTBETCTBYIOIIAS
npoleaypa peryisipu3aliii ¢ HCIOJb30BaHUEM TpaBwia baiieca wu
anroputma JleBenOepra — MapkBap/ira peanu3oBana B Bujae M-GyHKIUNA
trainbr.

Ha ocHoBaHMM NOpHUBEAEHHONW XapaKTEPUCTUKU JIETKO TMOHSITH,
MOYeMy TIpU PEUIEHUU 3aJa4yd BOCCTAHOBJIEHUS AaMIUIUTYIbl 3TOT
QIropuT™M  Jajd  Hauiaydmue pesyiapTaThl. Korma — HeoOxoaumo
anmpoKCUMUPOBaTh  MOJOOHYKO ~ 3aBUCUMOCTh  CO  MHOTHMH
MEPEMEHHBIMU HAa NPUHUIUNHAIBLHO OECKOHEUHOM MHOXECTBE TMpHU
nomomn HC, TO mepeoOydeHue SBISETCS CEPhE3HONW MPOOIEMOI,
KOTOpasi MOXET HEOXXHJIAHHO TMPOSBUTCS IMPHU TMOIMBITKE YCIOXKHUTD
CTPYKTYpPY C€THU. OKCHEPUMEHTAJIbHO OBUIO YCTAHOBJIEHO, YTO
YBEJIMUEHHE YHCJIa HEHPOHOB B CKPBITOM CJIO€ PacCMAaTPUBAEMON CETH
MPUBOJUT K CHIDKCHHUIO OIMMOKK 00ydeHHs (KOHTPOJUPOBaAIach OnOKa
SSE) u x yxyamenutro o0oOmarwmux cBOUCTB ceth (3h(HEKTUBHOCTH
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CEeTH KOHTPOJHMPOBAIACH MO CPEAHEMY M MaKCHUMaJIbHOMY 3HAYEHHUSIM
CPEAHEKBAAPATUYHOTO OTKJIOHEHHUSI CUTHAJa, CTEHEPUPOBAHHOIO CETHIO
no ¢aze 1D TecroBoro curHamsa OT CaMOro 3TOTO CUTHANA), €CIH
OPUMEHSIETCS QJITOPUTM, HE HCIOJB3YIOUIMN PpEryJsIpU3aluio; |
NPAaKTUUYECKH HE CKa3bIBAETCA HA pe3yJibTaTax IPU HCIOJIb30BAHUU
trainbr. OueBUAHO, MBI CTOJKHYJIUCh C mepeoOydenueM. [lpu sTtom
TECTUPOBAIUCH CJICAYIONINE AJITOPUTMBI:

— QJIrOpUTMbl Ha OCHOBE AQJITOpUTMa OOPATHOTO PACIpPOCTPAHEHUS
(AOP), unu anroputma TPaJUEHTHOTO CITYCKA, «KJIACCUUYECKHUII»
aIropuT™M  OOpaTHOro  pacmpocTpaHeHus traingd, anroputrm
IPAMEHTHOTO CITyCKa C BO3MylleHuMeM traingdm, ajiroputM c
BBHIOOPOM TIapamMeTpa CKOPOCTH HACTpOWKH traingda, «ympyruii»
AOP trainrp;

— QITOPUTMBI METOJA CONPSHKEHHBIX TPAAUEHTOB: aJITOPUTM Ha
ocHoBe Merona dneruepa — Pusca traincgf, anroputm Ha OCHOBE
meroma Polak — Ribiere traincgp, amroputmM Ha OCHOBE MeToaa
Powel — Beale traincgb;

— OJIHOIIArOBBIM QJTOPUTM METOJIa CEKyIIuX trainoss, ajaroputM
JleBenOepra — MapkBapara trainlm, aaroputM Ha OCHOBE METOfa
MacIITaOMPYyEMBIX CONPSKEHHBIX TPAAUEHTOB trainscg.

[Ipu wucnonb3oBaHuM anroputma trainbr ommbka oOydeHus
yMEHbIIAIaCh MEIJIEHHO, OCTaBasCh JOBOJLHO OOJBIIONW, HO CBOWMCTBA
CEeTH K BOCIPOM3BEICHUIO CHUTHAJA, HE BXOJAIIEr0 B oOyuarolee
MHOXKECTBO TMoOCJie OO0y4eHHusi OKa3blBalUCh Hawiaydimumu. Huxe
MPUBOJATCS HEKOTOPhIE MapamMeTpbl U Pe3yJbTaThl TECTUPOBAHUS
00y4YEHHOM CeTu:

1. KOIMYECTBO MPOBEAEHHBIX 3MOX (I[UKJIOB 00yUeHUs) — 25;
2. ommbOka obyuenus (SSE) — 0,65;

Ha puc. 2 npuBenéH pe3yabpTaT TECTUPOBAHMS CETH CIY4YallHBIM
HEOTPUIATEILHBIM CUTHAJIOM €JUHUYHOM »dHepruu 0e3 oOpaTHO
conpsuKEHHBIX Hyse. [IpuBeneHsl TECTOBBIM CUTHaAN (3TOT CUTHAI HE
BXOAMJI B OOydYaroIliee MHOXXECTBO) M CHUTHAJ, BOCCTAHOBJICHHBIM
HelpoHHoH ceThio no ¢aze 1D tectoBoro curnana. JHeprus OMUOKH
BBIYUCIISIACH, KAK CYMMa KBaJIpaTOB OTKJIOHEHU JIBYX CUTHAJIOB

E= Afel? = Af(xm') - x2())>.

Ha puc. 3 npuBenén pesynbrar tectupoBanus cetu 400
CUTHAJIaMHM, HE BXOJIAIIMMU B OOydYaroulee MHOXKECTBO (CUTHAJIBI
HEOTpHUIIATEeNbHBl, HE MMEIOT OOpaTHO-CONPSIKEHHBIX HYyJNEeH U
HOPMUPOBaHbl 1O 3Hepruu). llpuBeneHbl MHHMMAaNbHOE, CpElHEE U
MaKCUMajJbHOE 3HAUYEHUS DHHEPrMM OLIMOKM. DHEprus OIMOKU
BBIUMCIISUIACh TaK K€ KaK U B MPEAbIAYILIEM ClTydae.
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Tpyoul konghepenyuu «llpoexmuposarie uHICEHEPHLIX U HAYYHBIX npuLodxceruil 6 cpede MATLAB»

D? T T T T T T T T T
+ < TecTOELIA cHrHan
< 4 CHrHan, BOCCTAHOBNEHHLIA CETLH
06} % o —
0at —
0.4 -
- _*_
03 e _
02F 1
|:|1 r E 3
*
o]
I:I 1 1 1 1 1 1 1

| 1
1 1.5 2 25 3 35 4 45 5 525 B
JHeprda ownbrky 5 = 0.0172

Puc. 2. Coomnowenue mecmogozo cuenana u cueHana,
8b10A60€M020 HEUPOHHOU Cembio.

04 T T T T T T T

0.35 - .

0.25 H H

0.2 4 H

JHEPrMA OLWKMBKH

0.1 H

a 50 100 180 200 240 300 340 400
Homep TecTagoro curHana

CpenHee 3HaYeHHe 3Heprd ownbky - 0 0322; muHumaneHoe - 00007, makcumaneHoe - 03718

Puc. 3. Duepeus owmubxu ons 400 cuenanos.
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Yacmo 4. Hetiponnvie cemu 1 ux npuiodicenus

[IpakTH4yecKkoi EHHOCTHIO PELICHHUS TAaHHON MPOOJIEMBI SBISETCS
BO3MOXXHOCTh BOCCTAHOBJICHHS TIOJIE3HOTO CHTHala U3 CHUTHAIa,
HpEeACTaBIISAIONIEr0 co00i CBEPTKY MOJIE3HOTO CUTHAJa U HEU3BECTHOTO
nryma.

D10 3a/1a4a MOXKET OBITh pellleHa B CiIy4ae, KOrJa CUTHAI TIOMEXH
uMmeeT mnpeodpazoBanue Dypre ¢ HyneBod (a3oi, T.K. B 3TOM Ciydae
(a30BBI CIEKTP MOJE3HOTO CHTHAlda HE HMCKaxeH. Takue CUTyaluu
BCTPEUAIOTCS,  HAampuMep, B  clydae €clid  HM300pakeHwus,
npencTaBieHHble B MU(GPOBON (Qopme, pa3MBITHI U3BECTHBIM 00pa3oM
pachoKyCcHpOBaHHBIMH JIMH3AMHU.
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