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HaJIBHUM TexHiYHUM yHiBepcuteroM (3HTY) 3 1999 p. nepionuuHicTio JBa HOMEPHU Ha pIK.
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JIepXKaBHY PeecTpalilo JPYKOBAaHOTO 3aco0y macosoi iHdopmaii cepis KB Ne6904.

ISSN 1607-3274 (npyxoBanuit), ISSN 2313-688X (enekTpoHHUil).
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YkpaiHu, B SKHX MOXYTh IyOJIKyBaTHCs Pe3y/IbTaTd JUCEpTaLiifHUX pOOIT Ha 3100yTTS HAayKOBHUX CTYICHIB JIOKTOpA 1 KaHJuIara
TEXHIYHUX HayK Ta (i3UKO-MaTeMaTHYHUX HayK (pamiodizuka).

B xypHai 6e3KOIITOBHO MyOJiKYIOTHCSI HAyKOBI CTaTTi aHINIIHCHKOIO, POCIHCHKOIO Ta YKPAaiHCHKOIO MOBaMH.

IIpaBuna odopmieHHs crarteii nogaHo Ha caifti: http:/ric.zntu.edu.ua/information/authors.

Kypuan 3a0e3neuye 6e3KOMITOBHUII BiTKPUTHii OH-TaliH AOCTYN 10 NOBHOTEKCTOBUX ITyOJIiKaIlild.

JKypHan no3Boisie aBTopaM MaTH aBTOPCHKi IpaBa i 30epirari npasa Ha BHIaHHS 0e3 oOMexeHb. XKypHall 103BOJIsIE€ KOPUCTYBayaM
YHUTATH, 3aBAHTAXYBATH, KOMIIOBATH, NOMIMPIOBATH, JPYKyBaTH, IIyKaTH ab0 MOCHJIATUCS HA MOBHI TEKCTH CBOIX cTarell. XypHan no3Bo-
JIsI€ TIOBTOPHE BUKOPHUCTAHHS Horo BMicTy y BinosinHocti 3 CC minensiero CC-BY.

Omy0niKOBaHMMY CTaTTSIM IIPHCBOIOETHCS YHIKaJIbHUM ineHTUdikaTop mudposoro 06’exra DOL

KypHan pedepyerhest Ta iHIeKCy€eTbesl Y IPOBITHUX MDKHAPOIHHX T HAIIOHAIBHUX pe)epaTHBHUX KypHAIaX i HAyKOMETPHYHUX
0a3ax JIaHUX, a TAKOXK PO3MIIYEThC y IU(POBUX apXiBax Ta 0i0nioTekax 3 GE3KOIITOBHUM JOCTYHOM Yy pexkuMi on-line (y T. u. DOAJ,
DOI, CrossRef, EBSCO, eLibrary.ru / PUHII, Google Scholar, Index Copernicus, INSPEC, ISSN, Ulrich’s Periodicals Directory,
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3HaBaHHS 00pa3iB, ITYYHI HEHPOHHI 1 HEHPO-HEUITKI MEPEXi, HEUITKY JIOTIKY, KOJIEKTHBHHUIT IHTENIEKT 1 MylIbTHareHTHI CHCTEMH, IiOpUaHI
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Hayunsiii sxypHan «PagnodiekTponnka, nHGopMaTHKa, yIpaB/ieHHe» (CokpallleHHoe Ha3BaHue — PI1Y) usnaercsa 3anopoxc-
KHM HallMOHAJIbHBIM TexHuueckuM yHuBepcureroM (3HTY) ¢ 1999 r. nepuoaudHOCTbIO JBa HOMEpA B TOA.

3apeructpupoBad [ocynapcTBeHHBIM KOMUTETOM HH(OPMAIMOHHON MTOJIUTUKH, TeJIeBUAeHHS U paauoBemmanus 29.01.2003 r. (Csu-
JIETEIECTBO O TOCYAapCTBEHHOM PErucTpaluy IeJaTHoro cpeacTsa MaccoBoil nudopmannu cepus KB Ne6904).

ISSN 1607-3274 (neuartnsiii), ISSN 2313-688X (a51eKTpOHHBIN).

IMocranosnennem BAK VYkpaunst Nel1-05/4 ot 26.05.2010 . xypHa BHeceH B IepedyeHb HAYYHBIX CHENHATN3HPOBAHHBIX H3/1a-
HU YKpamHbI, B KOTOPBIX MOTYT ITyOJIMKOBATHCS Pe3y/IbTaThl AUCCEPTALOHHBIX PabOT Ha MOJydeHHE HayYHBIX CTENEHEeH NOKTOpa U
KaHAW/aTa TeXHUUECKUX HayK U (PM3UKO-MaTeMaTHIeCKUX HayK (paauopu3rka).

B sxypHaine GecriaTHO IMyOJIMKYIOTCSL HaydHBIE CTaThby Ha aHIIMICKOM, PYCCKOM M YKPAaHHCKOM SI3bIKax.

IIpaBuna odopmieHns: crarteii npeacraBieHkl Ha caiite: http://ric.zntu.edu.ua/information/authors.

Kypuan obecnieunBaer GeclIaTHBIH OTKPBITHINA OH-JAWH JOCTYN K IOJHOTEKCTOBBIM IyOnukanusiM. JKypHain paspemaer aBro-
paM UMeTh aBTOPCKHE IIPpaBa M COXPAHATh IIpaBa Ha u3anue Oe3 orpanudeHuil. XKypHai pazpeniaer noiap30BareisiM YATaTh, 3arpyKarb,
KOIIUPOBAaTh, PAaCIpPOCTPaHATh, I1€4aTaTb, UCKaTh UM CChLIAThCS HA IOJIHBIE TEKCThl cBOUX cTarel. JKypHan pasperiaer mOBTOpHOE
HCIOJb30BaHue ero copepxkanus B coorBercTBuu ¢ CC munensueit CC-BY.

OmnyOnMKOBaHHBIM CTAaThsIM IIPUCBAMBAETCsl YHUKAIBHBIA naeHTH(HKaTop nudposoro odbexra DOL

Kypnau pedepupyercss 1 HHIEKCHPYeTCsl B BEAYIIUX MEXYHAPOAHBIX U HALMOHAIBHBIX pe(h)epaTHBHBIX XKypHAJIAX U HAyKOMETPH-
YecKuX 0a3ax JaHHBIX, a TAKKe pa3Melaercs B IIU(POBBIX apXHBax U OMOIMOTEKax ¢ GecruaTHBIM goctyroM on-line (B T .4. DOAJ, DOI,
CrossRef, EBSCO, eLibrary.ru / PUHII, Google Scholar, Index Copernicus, INSPEC, ISSN, Ulrich’s Periodicals Directory, WorldCat,
BUHUTH, [xaparo), NONHBIN HepedeHb KOTOPBIX MpecTaBlIeH Ha caiite: http:/ric.zntu.edu.ua/about/editorialPolicies#custom-0.

ZKypnan pacnpocrpansercs no Karanory nepuonuueckux usfanuil Ykpaussl (IOANUCHON uHAEKC — 22914).

TemaTnka :KypHaJa BKIIOYACT: PaAUO(PU3UKY, MHKPO-, HAHO- M PaJHOdIEKTPOHUKY, allllapaTHOE U MPOrpaMMHOE 00eCIeueHue
KOMIIBIOTEPHON TEXHUKU, KOMIIBIOTEPHbIE CETH U TEJIEKOMMYHUKALMU, TEOPUIO aITOPUTMOB U IPOrpaMMHUPOBAHUS, ONTHUMHU3ALUIO U
HCCleIoBaHKeE OIepaltii, MEKMAIIUHHOE U YEI0BEKO-MAIIMHHOE B3aUMOJEHCTBUE, MaTeMaTH4eCKOe U KOMIIBIOTEPHOE MOJIE/IIPOBAHUE,
00paboTKy JaHHBIX M CUTHAJIOB, YIIPaBJICHHE B TEXHUYECKUX CHCTEMAX, HCKYCCTBEHHBIH HHTEIUICKT, BKJIFOYasl CUCTEMbI, OCHOBAHHEIE Ha
3HAHUSIX, ¥ YKCIEPTHBIC CHCTEMBI, HHTEIUICKTYaJIbHBIN aHAIN3 JaHHbIX, PacO3HaBaHHE 00pa30B, HCKYCCTBEHHBIC HEHPOHHEIE U Helfpo-
HEYETKUE CETH, HEUCTKYIO JIOTUKY, KOJUICKTUBHBIH MHTEIUICKT M MYyJIbTHATCHTHBIE CUCTEMBI, THOPUIHBIE CHCTEMBL.

Bce crarbu, npeanaraeMele K IyOJIMKaUY, OITYYal0T 00beKTHBHOE PacCMOTpPeHNe, KOTOPOe OLIEHUBACTCSI 110 CYLIECTBY 0e3 yuera
Ppacel, 10j1a, BEPOUCIIOBEJaH S, STHUUECKOTO IPOUCXOKACHNUS, TPAKAAHCTBA WM MIOIUTHYECKOH (urtocodun aBTopa(oB).

Bce crathu npoXoasT ABYXCTYINEHYATOE 3aKPLITOE (AHOHMMHOE [UI aBTOPa) peleH3NPOBAHUE IITaTHBIMU PEaKTOPaMU U HE3aBU-
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HAMATHU KOJUJIET'U

VYKpanHckoe 00pa3oBaHHE M HAyKa MOHECIH TSHKEIYIO
yrpaty — 5 nekabdps 2014 rona Ha 76 TOIY XKHU3HU YIIET U3
JKU3HH YYEHBIH W nenaror, npodeccop Kadenpbl 1IeKTpo-
NPHUBOJA ¥ aBTOMAaTH3aIUU IPOMBIIIICHHBIX YCTAaHOBOK
3aropoXKCKOro HaIOHAIBHOTO TEXHUYECKOTO YHUBEPCH-
TeTa, JOKTOp TEXHUYECKUX HayK, Ipodeccop, MHOTOIETHHN
IJIaBHBIN PENAKTOP JKypHaa « DJIEKTPOTEXHUKA 1 SJIEKTPO-
SHEPreTHKa», PeakTop pasjiesa ynpaBIeHHs B TEXHIYEC-
KHX CHCTeMax KypHajia «Pamuoasnexrponuka, nadopMaTy-
Ka, ynpasienue» [loranenko EBrennit Muxaiinosud.

Pomwicss EBrenmii Muxaiinopra 15 nexaOpst 1938 roma B
1. TOmmicn, B cemMbe BoeHHOCTyKatero. CperHee 00pa3oBaHue
Tiomydan B mkonax bestopycenn, Pocery, AGxa3nm, YKpauHsI.

INocne oxoHuanus B 1962 roxy XapbKoBCKOrO aBHALU-
OHHOT'0 MHCTUTYTA T10 CIIELIATIbHOCTH «/[BUraTen neraresb-
HBIX armapatoB» padotai B HITIT «Xaprpon» (1962—-1983),
T7Ie B KaUueCTBE pa3paboTUHKa aJrOpUTMOB YIIPaBJICHHS IIPH-
HUMaJl y9acTHe B CO31aHuU CIyTHHUKOB «Llenuna [y, «IIpu-
ponay, «Ciu», «Oxean», u3 Hux 10 ner B XaprkoBe u 11 et
B 3anopoxbe. B 1970 rogy ycremHo 3amuTiiI KaHuIaTc-
KyIO ipccepTanuio Ha TeMy « CHCTeMBbI ypaBiIeH s KOCMH-
YECKUMH arapaTamm.

C 1983 rona Bcs nocnenyromast xu3Hb Erenvs Muxaii-
JIOBMYA CBSA3aHA ¢ Kadeapoil 371eKTpOIPUBO/IA U aBTOMATH-
3alUH [TPOMBIIIJICHHBIX YCTAHOBOK 3aIIOPO’KCKOTO HAIMO-
HaJIFHOTO TEXHMYECKOTO YHUBEPCUTETA, T/IE OH 3apEKOMEH-
noBaja cebsl Kak BEOYIIMH YYECHBIH B 0OJACTH CHCTEM
YIIpaBIICHUS TEXHUUECKUMU 00bekTamu. OH paboraer crap-
VM TIPEIIoIaBaTelIeM, TOeHTOM, a ¢ 1996 roma mpodecco-
poM. B 1995 ronay B Unactutyre kubepHeruku HAHY nm
3alMIIeHa JOKTOpCKas auccepTanus Ha TeMy «CHHTE3 U
aHaJM3 pPOOACTHBIX CUCTEM YIPABJICHUS.

Oxoro 20 net xxr3HE nipodeccopa [oramenko E.M. cesza-
HBI C pabOTOH B PeTaKIIMOHHBIX KOJUIEIMSIX HAYIHBIX KypHa-
n0B. M3 Hux 6omee 4 ster EBrennii MuxaitnoBud — IaBHBIA
peaaKTop KypHaia «IEeKTPOTEXHNKA U 3JIEKTPOIHEPTETH-
ka» (2009-2012 rr.). SIBIsUICS YICHOM CIICIMATN3HPOBAHHO-
T'O YYEHOT'O COBETA M0 3AIIHUTE AUCCEPTALIHH.

Bonee 30 ner EBrennit MuxaiyioBud ynTas JIEKIHAA 110
TEOpUH aBTOMATHYECKOTO YIIPABJICHHS, TOATOTOBHII AECT-
KH METOINYECKHUX ITOCOOHIA.

O06mnacTb HayIHBIX HHTEPECOB — BHICOKOTOYHBIE METOBI
YIIPaBJICHUS TOABHKXHBIMU O0BEKTAMH M TEXHOJIOTHIECKH-
MU CHCTEMaMH C IIPUMEHEHHEM BEKTOPHOTO YIPaBIICHNS,
B OCHOBHOM, JIBUTATESIMU IEPEMEHHOTO TOKA. ABTOP OKO-
10 200 HayansIx padot u 6onee 20 m300pereHnii. CoBMeCT-
HO CO CBOMMH YYEHHKAMH BBIITyCTIJI ABA YUEOHBIX ITOCO-
Ous 1 IBE HAYIHBIX MOHOTpa(HU.

Bcs npodeccronanphas sxxu3Hb npodeccopa [loranen-
ko E. M. cBsi3aHa ¢ HayKoO# ¥ IOATOTOBKOM aCIIMPAHTOB, YEM
OH JKHJI ¥ TIOCBAIIAN Bce cBoOoHOE BpeMs. [lox ero pyko-
BOJZICTBOM 5 COMCKATeNel 3alllUTHIIN KaHAUAATCKUE JUCCED-
TaIwu, ObUT OIIIIOHEHTOM OO0JIee IeCSTH JOKTOPCKUX U 00JTh-
III0r0 KOJTMIECTBA KaHANAATCKHIX JUCCEPTALIHH.

Ku3up EBrennst MuxaiiioBrda Hepa3pbIBHO CBSI3aHA CO
CHopTOM, OOIIeHHeM ¢ Tpupooi. OH KaHAUIAT B MacTepa
10 MTAPYCHOMY CIIOPTY, NEPBOPA3PSAIHUK MO CHOPTHBHOMN
ruMHacTHKe. ViMeeT pa3ps/pl 0 NpbDKKaM B BOJY U TsDKe-
noi atneruke. [IpuBHBaN 310pOBEIN 00pa3 >KU3HH CBOMM
CBIHOBBSIM U JIpy3bsIM TI0 YTPEHHEH 3apsijike, KOTOpOH OH
AKTHBHO 3aHUMAJICS] HA BOCXOJIE COJTHIIA, IIPAKTHYECKH KaK-
IIBIH IEHb, B TeUeHHUE Beel ku3HHA. OH ObUT 3aMedaTeIbHBIM
CBIHOM, OpaToM, MYy)KeM, OTIIOM U JIEIYyIIKOH, Bceraa 3a00-
THIICS O cBOMX Omm3kuX. EBrennii MuxaimoBmd MOT IIPUHO-
CHUTbH JOMOH TIONYKHMBBIX KOIIEK M COOAK M BBIXa)KUBATH;
TTOBSI3BIBATh TIOJIOMAHHBIE CTBOJIBI OEPE30K Ha HaOepexK-
HOH, B 3aCyIIIMBOE JIETO HOCUTH BoAy U3 [[Hempa, 4ToOBI
TIONIMBATH UX.

Tpynosble noctmxenust EBrenust MuxaiiinoBuya orMe-
4yeHsl Menaibio «3a TpymoByro [{o0mecTs» 1 MHOXKECTBOM
MIOYETHBIX TPAMOT.

C yxonom EBrennst Muxaitnosmda [lotaneHko MBI more-
pSUTH BBIAAIOIIETOCST YYCHOTO B OONACTH BBICOKOTOYHBIX
METOJIOB YIPABJICHUS TOABMKHBIMHA 00BEKTAMH U TEXHOJIO-
TMYECKIMH CHCTEMaMH, BHECILIETO 3aMETHBIHN BKJIa] B pa3-
BHTHE OTEUYECTBEHHOH 3JIEKTPOTEXHUKH U TIOATOTOBKY BBI-
COKOKBAJIM(PUIMPOBaHHBIX KaApoB. CBeTiIas maMsTh 0 HeM
1 6J1arogapHOCTh OT YUCHNUKOB, KOJUIET U ApY3€H COXpaHsIT-
CsI B HAILIMX CEpALax.

Kornexrrs kadenpsl 37IeKTpONpHUBOAa M aBTOMATH3AINN
MIPOMBIIIJIEHHBIX YCTAHOBOK 3aIIOPOKCKOI0 HAIMOHATBHO-
T'O TEXHUYECKOTO YHHUBEPCHUTETA.

Peoakyua orcypuanos «Paduosnekmpo-
HUKA, uHpopmamuxa, ynpagieHiey
U «DNEKMPOMEXHUKA U INEKMPOIHEPLEMUKAY



PAJIIOPI3UKA

PAJIO®I3UKA

PAINODPU3UKA

RADIOPHYSICS

Y/[IK 621.391.8

Boek C. M., bopynbko B. .2

'KaHO. ¢pus.-mam. Hayk, doueHm kKaghedpbl asmomamu3uposaHHbIX cucmemMm obpabomku uHgopmayuu,

[Henponemposckuli HayuoHanbHbIl yHUsepcumem, YkpauHa

2KaHO. ¢pus.-mam. Hayk, cmapwiuli Hay4HbIl compyOHUK Kaghedpbl MpuKnaoHol u KoMrsomepHol paduogu3uku,

[Henponemposckuli HayuoHasnbHbIlU yHUsepcumem, YkpauHa

OBOMNCTBEHHbIA METOO4 MUHUMYMA NMPOCTPAHCTBEHHOM
NMPOTAXEHHOCTU ANnA POBACTHOIO OLEHUBAHUA
NAPAMETPOB OUNOJIbHbIX AICTOYHUKOB U3NTYYEHUA

PaCCMOTpeHa 3ajgavda pO6aCTHOFO OLICHUBaHUA NapaMEeTPOB AUIOJBbHBIX UCTOYHUKOB
U3JIy4C€HUS 10 pe3ylbTaramM H3MepeHI/Iﬁ OJIMKHETO oJisg, Korjaa JaHHbIC H3MepeHPII>i HCKa)XXCHBI
AAAUTUBHBIM I'ayCCOBCKUM LIYMOM U BI>I6p0CZlMI/I. Hpez(no;KeH noaxoa K o6pa60TKe JIaHHBIX,
KOTOpI;IfI OCHOBaH Ha NPUHIHUIIE JOCTHKEHUSA MUHUMYMa HpOCTpaHCTBeHHOﬁ MMPOTSKEHHOCTH
IoJIiy4a€Moro peui€Hus, a TakikK€ MUHUMYMa HpOCTpaHCTBeHHOﬁ MMPOTAKEHHOCTH HEBA3ZKU
peueHus. Hcnonbs3oBana MOJ€JIb UCTOYHUKOB H3JIYY€HHUS B BUIAC OZ[HOMepHOﬁ peHIETKHU
nuacaJibHbIX JUATIONEH Fepua, KOTOpbIE PACHOJIOKEHbI BIOJIb priMOﬁ JIUHUH, HapaﬂﬂeﬂbHOﬁ
JIUHUHU H3MepeHI/Iﬁ QJIEKTPUUYCCKOTO IMOJdA, a JJIEKTPUUYECCKUE MOMEHTBLI MUTOJICH
NEPpHCHAUKYIIAPHBI K IIOCKOCTH H3MepeHHﬁ. Hpez[nox(eﬂ AJITOPpUTM O6pa6OTKI/I JAHHBIX U
MPEACTaBJICHbl PE3YJIbTAaTbl YUCIICHHOIO MOACIUPOBAHUS.

KuamoueBble caoBa: 3HCKTpH‘ICCKI/Iﬁ JAUIO0JIb, MPOCTPAHCTBECHHASA NPOTAKECHHOCTD,

pobacTHOe OICHUBAHHE, PErYIsIpH3aus.

BBEJEHHE

OnHO¥ 13 BaYKHBIX 3a1a9 TEOPUH aHTEHH SBJISIETCA 3a71a-
Ya OLIEHUBAHUS POCTPAHCTBEHHOTO TIOJIOKEHHS M aMILIH-
TyA MCTOYHHWKOB M3JIyYEHHS IO PE3YIbTaTaM H3MEPEHHH
ommkHero mons [ 1-3]. DTa 3amaga OTHOCUTCA K KI1accy 00-
PATHBIX 33124 U SBISCTCS HeKOppeKTHOH. B [4—5] MbI nipen-
JIOKWJIY TIOAXO/ K PEIIEHHIO TAKOH 331a4H B CKJIIPHOM CITy-
Yae, CYUTas], YTO NCTOUYHHUKHU H3ITy9EHHS SBIISIOTCS TOYEU-
HBIMHU HCTOYHAKAMH OTHOPOIHBIX Cpepruaeckux BosH. B [6]
MBI PAaCCMOTPEIN BEKTOPHBIM Cilyyal, mpeamnosuaras, 4ro
WCTOYHUKH M3ITy9CHUS SIBISIOTCS JUIIONISAMHY, a JaHHBIC U3-
MepeHNI NCKaXEHbI aINTHBHBIM TayCCOBCKUM IIyMOM. B
JTaHHOHM pa0®oTe MBI MpEIoIaracM, 4ro AaHHbIE U3MeEpe-
HHUH NCKa)KEHBI KaK a/ZTATHBHBIM T'ayCCOBCKUM IITyMOM, TaK
1 BBIOpOCaMH, KOTOPHIE TTOABJISIOTCS U3-3a COOEB M3MEpH-
TEJIbHOM annapaTypshl.

Tak Kak 10J1e CUCTEMBI JUIOJEN ABIISETCS CyNEPIO3ULIH-
el MHIMBUIYaIbHBIX TOJICH AUTIONEH, TO MOYKHO C(POPMYITH-
PpOBaTh 3aJa9y OLICHUBAHM TAPAMETPOB ANUMOIBHBIX HCTOU-
HUKOB M3JTy9eHISI KaK 3a/{ady PELICHNS] CHCTEMBI IMHEHHBIX
anredpamaeckux ypasaenuit (CJIAY). B obmiem cirygae maT-
puna takoir CJIAY sBisieTcs mpsMOYyTrOIBHOM; €€ TOPHU30H-
TAJIBHBIN pa3Mep ONPEIEIACTCS YHCIOM «TOUEK PELICHMSD)
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(T.€. TOUEK, B KOTOPBIX MCTOYHHUKHU H3ITy9eHUs] MOTYT OBITH
PACTIONOXKEHBI), & BEPTUKATIBHBINA pa3Mep ONpPEIENseTCs] YHC-
JIOM «TOYEK U3MEPEHUI» (T. €. TOUEK, B KOTOPBIX H3MEPEHHS
OBLTH IIpOBEeHBI). TaKoi THIT MaTPHUIIBI IPUBOIUT K HEOOXO-
JIUMOCTH TIOHCKA Ticeaoperienus [7-8]. OmHaxo, ecim MaT-
puna CJIAY sBisieTcs miioxo o0yCIIOBIEHHOM, TO TICEBIOpE-
IIIEHME HE JaeT XOPOIIETo PeIIeHNs TOIIa, KOra JaHHBIC 13-
MEPEHUI MCKa)XeHbl IIYMOM. B 3TOM cilyyae MOXHO
HCTIONB30BaTh METO peryisipu3anmi TuxoHoBa [ 9], KoTopbIi
OCHOBaH Ha TPeOOBaHMH IMOJYYUTH PEIICHUE C MUHUMAIIb-
HOU SHepruel Wi MUHIMAIBHON SHEPTHEH ero Mmpom3-
BomHBIX. OITHAKO JAHHEIA METOI OOBITHO ACT I IKOE Pellie-
HME 1 TOTTIa, KOT/a PEIIeHNe He SIBIsieTCs maakuM. [list yerpa-
HEHHS 3TOT0 HEJOCTaTKa BMECTO TPeOOBaHMS MHUHHMyMa
SHEPTUH PEIIECHNS MBI HCIIONB30BAJIN TPEOOBAHIE MUHIMY-
Ma IMPOCTPAHCTBEHHOH NMPOTSHKEHHOCTH PELICHHS, a TAaKKe
TIpEeonaragy, YT0 NCTOYHUKU M3IYYCHHUS PaCIONOKEHBI
PEIKO B HEU3BECTHBIX y3J1aX 3aJaHHOW JUCKPETHOM CETKH.
Kpome Toro, 13-3a HasT4mst BBIOPOCOB B AAHHBIX MBI [OJTy4a-
mu CJIAY, B KOTOpO# 9acTh ypaBHEHHUI comepKaia rpyoble
oumoOKu. [{y1st ycTpaHeHUs 3TOr0 HEJIOCTaTKa MBI TAK)XKE Tpe-
60BaI MHHIMYMa IIPOCTPAHCTBEHHON MPOTSKEHHOCTH He-
BSI3KU pemieHus. B memom, KoMOHHAINS ATHX IBYX TpeOoBa-
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HUH TT03BOJIHIIA TIOCTPOUTH METOZ POOACTHOTO OLICHUBAHUS
[10], xoropsrit TpeboBaICs A1 OLIEHUBAHHS TAPAMETPOB -
TIOJTBHBIX HCTOYHHKOB U3JTy4EeHHS TIPY HATMYHH AIMTUBHOTO
IIIyMa ¥ BEIOPOCOB B JJAHHBIX.

1 IIOCTAHOBKA 3AJAYHN

CyImiecTByeT MHOTO CIIOCOOOB OIHCAHUS WCTOYHHKOB
M3ITYyYCHUS C TIOMOIIBI0 HA00pa 3JICKTPUUCSCKUX JAUTIOICH.
Jlanpie MbI paccMOTpPHM TIPUMED, T/ OMHOMY HCTOUHHUKY
M3ITYyYCHUSI OTBEYACT OAWH AJICKTPHUYCCKUN AuIonb. [Ipu
9TOM MBI TaK)KE UCTIONIB3yeM KOHIICTIIHIO MICATBHOTO KO-
JIEONFOIIETOCS IEKTprIYecKoro numons [epra u uccuemyeM
cirydaii cpenpl 6e3 morepb. Torma AIeKTpoMarHuTHOE ToJe,
KOTOPOE M3JIyIaeT UICATbHBIN IICKTpHYeCKU TUTIONG [ep-
114, ONIMCHIBACTCS CIICAYIONIMMU BhIpakeHusiMH [ 11]:

= p 21 . —1(1 ik ). —ikr
E7Tm[ro?[;+zkjcose+90;(r—2+7—k sinB]e ,(1)
T_—pof i k). ik
H=¢py—|——-—|sinBe
(PO 47'C r2 7 H (2)

rae E, H — xommiekcHble aMIUTUTYIbI aneKTprdeckoro (1)
¥ MarHMTHOIO (2) NONEH, COOTBETCTBEHHO; Iy, O U Op —
OopTH cepHuuecKoil CHCTEMBl KOOPAMHAT; =+ —1;
k =2m/)\ — BOJHOBOE YHUCIO; ), — [UIMHA BOJHBI; € — JANI-

JICKTpHUYCCKas NPOHULIACMOCTD, 7 — PACCTOAHUC OT AUITOIA

- —

J0 TOYKHU Ha6J'IIO,H€HI/IH; ® — yIjioBasg 4acTora, p = pZgy —
3J'IeKTpPI‘I€CKPII>i ,HHHOHBHBIﬁ MOMCHT, I'IC eﬂHHH‘IHBIﬁ BCK-

—

TOp 7, YKa3bIBAa€T OPUEHTALMIO JAUIOJIS B IPOCTPAHCTBE.
[TycTs 3meKTpUYECKUE AUIOIHN PACTIONOKEHbI BIOIb MpS-
MOH JINHAY (JIMHUM MCTOYHUKOB S) M UMEIOT OANHAKOBYIO
OPHEHTAINIO CBOUX IHUIOIBHBIX MOMEHTOB. IlycTh MuHNSA
n3MepeHuit M siBIsieTcs MmapajuleIbHON K S B HEKOTOPOU
IUTOCKOCTH U MIEKTPUIECKHUE MOMEHTBI TUIIONEH SBIISIOTCS
TIePIICHANKYISIPHBIMH K 3TOH IockocTH (puc. 1). Torma smek-
TPHYECKOE I10JIE ANUTIONS NMEET TOINBKO KOMIIOHEHTY

ik i
+——k2 e 1kr.

3)

Pucynok 1 — T'eomerpust 3anaun

I/ICHOHBBYGM JOIOJHUTCIBbHYIO CUCTECMY ACKAPTOBLIX
KOOpAUHAT, B KOTOpOﬁ OCb X COBIIAAACT C S, OCb z IIepIricH In -

—

KynspHa S 1 M, a 0Ch y SABIAETCS NapaUIeIbHOH BEKTOPY Z
NIEKTPUYECKOTO JTUIOIEHOTO MOMEHTa. Torna Mbl UMeeM
E |, =—-Ey. IIpenebperast BINSHHEM H3MEPHTEIBHOTO 30H-
na, Ha ocHoBe (3) MoxkHO 3anmcats CJIAY:

N . iy
_ 2 ik 1 e .
b; = E u,| k S — +1M;;
n=1 o Tyj nj
2 2 2 .
T~ = Xim 275 Xy =x —xg-m); j=lL.,J, @

e b] — 3HA4YCHUA Ey B «TOYKaX HBMGPCHHﬁ)); u,— HCKOMBIC
3HA4YCHUA IOJIA B «TOUKAX PCHICHUS ; n Jj— BI)I60pKI/I ryma,
K KOTOPBIM MbI OTHOCHUM KaK BI)I60pKI/I AJJIMTUBHOIO 1IyMa,
TaxKk " BLI6pOCI)I, KOTOPBIC XapaKTCpHU3yeM BCPOATHOCTHIO
TMOABJICHUA W 3aKOHOM PaCHpCACIICHUSA UX 3Ha‘leHHI>i; zZ =

paccTosiHue Mexay S u M, x,(f ) i "™ o6osnauaror X-KOoop-

(m)
J
JIMHATBI «TOUEK PELICHUSD U «TOUEK U3MEPEHUI», COOTBET-
CTBEHHO; N — YHCIIO «TOYEK PELICHUs»; J — UUCIO «TOUYEK
u3MepeHuit». [lanee Mbl npeanogaraeM, 4YTo JUIOJIHA pac-
[0JIaraloTCs B HEKOTOPBIX «TOUYKAX PEIICHUS» U YUCIIO JTU-
IoJIel HAMHOT'O MEHbIIE, YeM V.

B marpuunoii 3anmcu CJTAY (4) nmeer Bu: Au = b, tae A
SIBIISIETCS. KOMILJIEKCHO3HAYHOM MAaTpHLIEH, JIEMEHThI KOTO-
poit popMHUpYIOTCS HA OCHOBE MPOCTPAHCTBEHHON MOJICTH
VIS 33TAHHOM CHCTEMEI TUIIONEH, b sSBIIsIeTCsS KOMILIEKCHO3-
HaYHBIM BEKTOPOM-CTOJIOIIOM, KOTOPBIN CONEPKHUT JTaHHBIC
M3MEPEHUI; U SIBJISIETCS KOMIUIEKCHO3HAUHBIM BEKTOPOM-
CTOJIOIIOM, KOTOPBIN CONEPIKUT MCKOMBIE 3HAYCHHS aMILIH-
Ty KCTOYHHUKOB. 3aj1a4a OIICHUBAHUS TTaPaMETPOB HCTOIHH-
KOB M3ITydeHus 3aKmodactcs B perneHnu CJIAY (4).

Heo6xoammMo 0TMETHTB, 9TO HENOCPEICTBEHHOE pellie-

une CJIAY (4) B Buzme: u = A~ sBrsiercs BOSMOMKHBIM TOMB-
KO JUTSl CITydast KBaJAPATHON MaTPHIIBI A, KOTJJa YHACIIO «TOUYEK
pelieHus» N paBHO YUCITy «Touek u3mepenuin» J. Ho rakoe
peleHne MIMEET TOT HEIOCTATOK, YTO IIPHU TUI0XO0H 00YCII0B-
JIEGHHOCTH MAaTpULblI A OHO SIBIIIETCS HEYCTOMUMBBIM. Kpo-
M€ TOr'0, €CJIA A SBJISIETCSA NPSAMOYIOJIbBHOM MaTpHLEH, TO
HETIOCPE/ICTBEHHOE PEIICHNE B YKa3aHHOM BHUJIE SIBJISETCS
HEBO3MOKHBIM. B 3TOM CiTydae MOXXHO HCIIONB30BAThH IICEB-
nopemienue [7-8], HampuMep, pelieHue 1Mo METOLy Hau-

H -1 H
MEHBIIHNX KBapaToB U =(A"" A) " A" b, momy4yaemoe kax
AHAIUTHYCCKOE pEeIICHHE 3aJadd ONTHMHU3ALHUU:

|| Au—b Hz — min, rie A o6osnagaer compspKeHHoe (3p-
u

MHTOBO) TPAaHCIIOHIPOBAHHE KOMIUICKCHO3HAYHON MaTpH-

ubl AMTIE || ... ||2 0003Ha49aeT KBaIpaT EBKIAIOBON HOPMEI.
Ho 310 pelueHure uMeeT TOT ke caMmblid He):LOCTéTOK, KOTO-
PBIH IPOSIBIISIETCSI IPH IDIOXO0M 00YCIOBIEHHOCTH COOTBET-
crByromeit marpunbl CJIAY. 3mecs orMeTHM, 9TO B 000HX
YKa3aHHBIX CIy9asX YHUCIO OOYCIOBICHHOCTH MAaTpPHULIBI
CJIAY Bo3pacraer mpu YMEHBIICHUN PACCTOSHHUS MEXKIY



PAJIIOPI3UKA

TOYKAaMU U3MEPEHUI U ITPH YBEIMUEHUH PACCTOSHUSI MEXK-
Jly TOUKaMU U3MEPEHNI U TOUKaMH pelieHuil. bonee Toro,

pemeHue u = (AHA + pzl)_l Afp , IOJTy4acMO¢C aHATUTH-
YECKH ITpY IPUMEHEHNH K METO1y HAUMEHBIINX KBAIpaTOB
CTaHJapTHOHN TEXHUKH KBaIPAaTUUHOHN perynsapusanuu Tu-

XOHOBA: || Au—b ||2 +p2 [|u ||2—> min, TA€ p2 SIBJISIETCS T1a-
u

pamerpomM perysipuzanun Tuxonosa [9], Taxke umeeT He-
JIOCTaTKH. DTUMHU HENOCTATKAMHM SIBJISIOTCS CIIEMYIOLIHE:
1) perreHne noTy94aeTcsl CIMIIKOM IJIaJKUM 1 B TEX CITydasXx,
KOI'JIa HICTUHHOE PEIICHNE ITIaJIKUM He SIBJISIETCs]; 2) €Ci OT-
JIeTIbHBIE 3JIEMEHTHI JAaHHBIX Pa3pyIICHBI BHIOpOCAMH, TO
MOIY4aeMO€E PELIEHUE MOXKET CYIIECTBEHHO OTJIMYATHCS OT
HCTHHHOIO PELIECHUS U IPUBOAUTL K HEBEPHBIM PE3YIbTa-
TaM OLICHUBAHUSL.

Ms! npemnaraem pemats CJIAY (4) Ha OcHOBE IPHHIIN-
1a MUHUMYMa JUTATEIHHOCTH [ 12]. OmHako 31ech MBI MCHSI-
€M IOHATHE «UINTEIbHOCTH) Ha OHATUE KIIPOCTPAHCTBEH-
Hast IPOTSDKEHHOCTE [ 13] M Mcnosb3yeM 3To MOHSATHE ABAX-
JIbI, @ IMEHHO B HMCXOJHOM IPOCTPAHCTBE (KOTOPHIM
SIBJISIETCS TTPOCTPAHCTBO PELICHUS, WM MCTOYHUKOB) U B
COIPSHKEHHOM IPOCTPAHCTBE (KOTOPBIM SIBIISIETCS IIPOCTPaH-
CTBO HEBSI3KH pEIIeHUs, WK u3Mepenuit). [Toatomy mMbl Ha-
3BaJIM IIPEATIaraeMblil MOIXOJ «IBOMCTBEHHBIN METOJ], MH-
HUMYyMa IIPOCTPaHCTBEHHOM mpoTspkeHHocTH (JAMMIIIT)»
1 c(OPMYIHPOBAIIH €T0 KaK 3a]ady ONTUMH3ALIH!

f(u)=D;[Au—b]+v>D,[u] > min, ()

e f{u) sBisieTcst neneBo GpyHkuuei; €wieH Dj[ Au —b] obo-
3Ha4aeT Mepy «IPOCTPAHCTBCHHOH MPOTSDKEHHOCTH» BEK-
TOpa HEBSI3KU Au —b; wieH D,[u] 0003HaIaeT Mepy «IIpo-

CTPAaHCTBEHHOHN MPOTSHKEHHOCTH» BEKTOpA PELICHHUS U; yz
SIBIIETCS TApaMETPOM BHEITHEH peryisipu3armu [4—06].

2 MATEPMAJIM 1 METO/ZIbI

CornacHo (5), ocaoBHas unest JIMMIIII 3akmtodaercs B
TpeOOBaHNM OZHOBPEMEHHO MHHHMHU3HPOBATH KaK IpO-
CTPaHCTBEHHYIO MPOTSDKEHHOCT HEBSI3KU PEIICHUS, TaK U
MIPOCTPAHCTBEHHYIO MPOTSHKEHHOCTh CAMOT0 PEIICHUSI.
[ToaToMy KirOUeBBIM BonpocoM umiuiementanuu JJMMIIIT
SIBIISIETCS BOIIPOC (POPMAITF3ALINH TTOHSTHS «IIPOCTPAHCTBEH-
Hasi IPOTSHKCHHOCTDY.

[TonsITHE «IPOCTPAHCTBEHHAS MPOTSKECHHOCTHY» MBI
MIpUMEHSEM 711 0003HAYCHUST HEKOTOPOH MEPBI HOCHUTEIS
MIPOCTPAaHCTBEHHO-3aBUCUMOI (PYHKIINH 1, CIIEAOBATENEHO,
Kak 0000IIeHue TOHITHI IIHHA, UIomans u oobeM. [Ipn
BBITIOTHEHAN (POPMATTU3AIIIH STOTO IOHATHS HEOOXOIUMO
paccMarpuBaTh Kak ciydail OTCYTCTBHS, TaK U CIIy4dail HaJIu-
Yps IIyMa B JaHHBIX [ 14].

Ji1st ciydast OTcyTCTBHSA IITyMa B TAHHBIX MBI HCTIONB3Y-
€M TIOHATHE «CTPOras MPOCTPAHCTBEHHASI IPOTSHKEHHOCTEY,

10

KOTOpO€ (hopMaIn3yeM B TPEXMEPHOM IPOCTPAHCTBE B BHJIE
(yHKIMOHATIA

D= j” K[s(x, y,z)]dxdydz , 6)

e s(x, y, z) —HeKoropas (pyHKIHS MPOCTPAHCTBEHHBIX HEe3a-
BHCHMBIX MEPEMEHHBIX X, V,z, KOTOpasi ONHCHIBAET OOBEKT

L s(x,y,2)#0;
nccnenoBanus, K[s(x, y,z)] = — ureanb-
0, s(x,,2)=0
Hast QYHKIMA CTOMMOCTH KaXKJOTO 3HAUYEHHs (YHKIIHH

s(x,y,z).

J1st cimygast Hamuaus mryma B TaHHBIX BMecTO (6) MBI
HCTIONTE3YEM IOHATHE «HECTPOTask IIPOCTPAHCTBEHHAS TIPO-
TSHKEHHOCTEY (WITH «KBa3UIIPOTIKECHHOCTH) )

Dyg,. = IIIW[S(X, ¥,2); 0, B,...Jdxdydz | )

rae y[s(x, v, z); o, B,...] — Takas QyHKIMS CTOMMOCTH, KOTO-
past [O3BOJISIET MONYYNTh KoHeuHble 3HaueHns Dy g . npu

WCKa)XEHWH 3Ha4eHHH s(, y,z) IIyMOM M KOTOpas MpH OT-
CYyTCTBUH IIyMa oOecIliedyMBaeT MpenebHBIN Mepexon
Dg p,... — D mpu ycTpemiIeHIH apaMeTpoB o,B,... K cBO-
WM TPAHUYHBIM (TIPEIEIEHBIM ) 3HAYCHUSIM.

Jlanbie Mbl OyieM paccMaTpHuBaTh TOJIBKO CITydal of-
HOMEPHOH MPOCTPAHCTBEHHOHN 3aBHCUMOCTH, T. €. CIydail
OTHOMEpHOH (QYHKIHMH S(x). DTO, BO-TIEPBHIX, YIPOIIAET
JlaTTbHEIIIee U3JI0KEHNE MaTeprala, U, BO-BTOPBIX, OTBEYa-
€T MIOCTaHOBKE 3a/1auy, COITIACHO KOTOPOW TUIIOIbHBIE HC-
TOYHUKH N3Ty4CHUs! PACIOIOKEHBI BIOIb IPSMOH JIMHUH,
TapaJJIeIbHON JIMHAN U3MEPEHHUH 3JIEKTPUYECKOTO MOJIS.
YuuTeIBast 3TO, TS JaTbHEUTIICH (hopMaTH3aui MBI IIpe-
JlaraeM MCIOb30BaTh B KAY€CTBE (PYHKIMH CTOMMOCTH CIIe-

AYIOIIyI0 (yHKIHIO:

vy [s(x):a,B,q] =+ [ s(x)/a[HPT 1], (®)

rae 0< o <o, —0<B<1, 0<g<oo,

c=1/[1+1/|a|? )ﬁ/‘/ —1] — k03 QUIHEHT HOPMHUPOBKH,
KOTOpBIii 00ecrieunBaeT paBeHCTBO: gy [1; o, B,g]=1. Tor-
I1a, B YaCTHOCTH, U3 (8) mpu g=2 umeeM:

Wy [s(0);0,B,2] = c[(1+ [ s(x) /DY 2 =1]. )

OT™Mernm, 9TO ISl KOHEUHBIX 3HaueHuH o (yHKIms (9)
IpH 3 =] OTBEYAET (PYHKIUH CTOMMOCTH U (DYHKIMOHATIA
KBa3UIPOTsbKeHHOCTH (7) MeauanHoro tvna [14]; npu B =0 —
(yHKLIMM CTOMMOCTH MUpHaaHoro tvna [15], npu f=-2 —
Gbyskumy croumocty JJemunenko [16-17], apu § — —oo Mbl
MOJTy4aeM B TIpeIesie HaeaubHYo (DYHKIMIO CTOMMOCTH. Tak
KaK MBI alIpHOPHO IPEATIoaraeM, 4yTo JaHHbIe H3MEPEeHHUIt
HCKa)KEHBI ITyMOM H BEIOPOCaMH, TO JAaJIbHEHIIIee paccMOT-
peHHE MOXKET OBITH CBSI3aHO TOJBKO C TIOHSTHEM KBA3HIIPOTSI-
’KEHHOCTHU M BBLICHEHHEM YCJIOBUH €ro IMpUMEHUMOCTH Iy-
TEeM MOKMCKa Paboyero Iuana3oHa napaMmeTpoB o, f3,....
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Jlab1ire MBI HCTIONB3YeM (hOpMATTH3AIIUEO TOHSTHUS «KBa-
3UIMPOTSHKEHHOCTE» Ha ocHoBe (hyHKImH (9). Torma u3 (5)
JUTS TUCKPETHOTO CITydasi MBI UMEEM 3a/1a9y ONITUMI3AIHH:

J N
Flgsiy) =) DA+ Y aju, = b 1 Taf)P 2 — 1+
j=l1 n=1

N
+v2ey D[+ |, [ /03)%2/2~11> min , (10)
el Uyl

e —0 <Py <L ¢ =1/[1+1/a})P'? —1]; —0<p, <1;
¢y =1/[(1+ l/oc%)ﬁ2 /2 _1]; @y ects anement marpus A;
0l ¥ Ol ABJIAIOTCS IIapaMeTPaMu «BHYTPEHHEH peryispu-
3anumy». 13 (10) MOXKHO JIETKO ITOTy4HTh 33/1a41, OCHOBAH-
HBbIE Ha (DYHKIMOHAIAX KBa3UIPOTSHKEHHOCTH MEANAHHOTO
THIIA C KBaJPATUYHBIM CIIIaXKUBaHUeM (Honaras By =, =1),
mupuagHoro tuna (yerpemis 3; u B, x 0) 4 1eMHUIEHKOBC-
Koro tumna (nonaras f; =, =-2).

OTMeTUM TaKXKe, 4TO eCIIU 0(12 >> > a jnttn —bj 1 s

n=1

BceX j, To 1epBbIit wieH (10) O1M30K K KBaApaTHYHOMY ITe-
Hy, U TOTJIa MBI UMeeM 3aaauy [6], koTopas amns 0L12 >> 1 Mo-
KeT OBITh 3aIKcanHa B BUJIE:

J N
2
S@esun) =D D@ty =b; |~ +
Jj=1 n=l1

N
726 Y1+ [y P /3P 2 —11> min . (11)
n=1 Uyl

310 ecTh 3a7a4a HANMEHBIINX KBAAPAaTOB C HEKBApa-
THUYHBIM PETYISIPU3UPYIONIAM WICHOM.

o 2 2

C npyroii CTOPOHEL, €CTH 0.5 >>| u,, |~ ISl BCEX 71, TO BTO-

pott wieH (10) ctpemMuTcst K KBaIpaTHIHOMY WICHY, KOTO-

PBIi COOTBETCTBYET KBaIPATHIHON PETYIAPU3AIAH (CIIIaKHU-

BaHuI0) TuxoHoBa [9], 9To TS a% >> 1 MOXeT OBITB 3ammca-
HO B BUJIE:

J N
Flpsiy) =y YL+ Y aju, —b; P 1)’ =11+
Jj=1 n=l

N
+v2 |u, P > min . (12)
n=l1 Upslly

310 ecTh HeNMUHEHAs (HeKBaAPATUIHAS ) 3a]]a9a MUHH-
MU3AIHHU C KBAPATUYHBIM PETYISIPU3UPYIOLIAM YIICHOM.

N
Haxotert, ecmn af >>| Y a Jnthn

n=1

-b; ? s BCeX j M ecrm

a% >>|u, |2 JUISL BCEX 1, TO ¥ IEPBBIN, ¥ BTOPOU WIEHSBI Lie-
neBoi ¢pyakuuH (10) cTpeMsaTcs K KBaApaTUIHBIM WICHAM
OJHOBpEMEHHO. B 3TOM citydae mpuOImKeHHO MBI UMEEM

MCTOA HAMMCHBIUX KBAAPATOB C KBaﬂpaTH‘lHOﬁ peryisdapu-

3ammeit TuxoHoBa [9], koTopslii (pu oclz >1nu (x% >>1)
MOXKET OBITh 3amHCaH TS JUCKPETHOTO CITydast KaK pere-
HU€ 3aJa41 ONTUMHU3ALIHK:

J N N
S@suy)= Y| Y ajuy =b; P +v> Y|, [P > min (13)

J=1 n=1 =l Uyl

Merton, nomygaemsli u3 (13), Moxer ObITh TarxKe Ha3BaH
«JIBOMCTBEHHBIN METOJ] HAMMEHBILINX KBAJPATOBY», TAK KaK

OH YCTaHABJINBAET, YTO B3BEIICHHAS (C TOMOIIBIO yz) CyM-
Ma KBaJpaToOB 3HAYECHUI HEBSI3KU PELICHUS U CyMMa KBaj-
paToB 3HAYECHUH pelIeHNs JOKHA OBITh MUHUMAJbHA.

Jis perennst 3anaun (10) MBI UCIIONB30BaIH YHUCIICH-
HBII METOl, OCHOBAHHBII HA METOZE COMPSKEHHBIX IPay-
€HTOB U 3aJJaHHBIH C IOMOILBIO CIEIYIOIIEH BBIYUCIUTENb-
HOU CXEMBI:

uD g L OO 50
p@ =g 1=0:p¥ =g +aDplV; 121
dD =) g 2 /gD P

1) = arg(min f (0 + hp)) (14)
h 2

T7e ¢ — HOMEp UTEepaLiy, ul— BEKTOp pEIIeHNs Ha ¢-if uTe-
pamun, 49 — mar Brone Hampasnenns crycka pl) Ha f-it
uteparmy; gl¥) — BexTop rpaaMenta GyHKIMOHANA f HA
t-# mreparun. [ npumenenns (14) xenatenpHO yrpoc-
THUTb BEIYHUCIICHHS, 00yCIIOBIIEHHBIE KOMIIEKCHO3HAYHOCTHIO
CJIAY (4). Kpome 3TOr0, HEOOXOMMMO IIOCTPOUTE AJITOPUTM
BBIYUCIICHIS BeKTOpa rpaaueHTa pyakmmonana (10) u anro-
PUTM peIICHHS OTHOMEPHOHM 3aJadll MHUHUMH3AIHUN IS
BHIOOpA BETMUMHBI [IIara BAOIb HAIIPaBJICHHS CITYCKa.

JList yriporreHvst BEIMHUCIICHHH JIETKO IPeoOpa3oBaTh KOM-
rekcHo3HauHYy0 CJIAY (4) B BemecTBeHHO3HaUHYIO CJIAY.
Jna storo nepennmem (4) B Bume: Agug=bg, rae

AR Al

Ag=
Al AR

SIBJISICTCS YUCTO BEIIECTBECHHO3HATHOM

OJIOYHOM MaTpHIIEH, AR u AI SIBJISTFOTCS BEIIECTBECHHON B
MHHUMOHN YacTAMHU KOMIUJIEKCHO3HAYHOW MaTpulbl A;

_mR LIqT
by =[b b"]" sBasterca 4ucTo BELECTBEHHO3HAYHBIM
BEKTOPOM U3MEPEHHBIX 3HAUEHUH, KOTOPBIIl COCTOUT U3 Be-

IIECTBEHHOMN bR ¥ MEUMO# b! wacTeil U3BECTHBIX KOMTI-

JICKCHO3HAYHBIX JAHHBIX; Uy = [llR llI ]T SABIISICTCA YUCTO

11
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BCHICCTBECHHO3HAYHBIM BCKTOPOM PCIICHMH, KOI"OpLIﬁ CO-

CTOMT U3 BEIISCTBEHHOHN uR ¥ MEMMOI# u! yacTeit KomrTEeK-

CHO3HAYHOT'O BEKTOpA PEIICHUS.
Jlaee paccMOTpUM BOIPOCHI BRIYUCIICHHUS BEKTOpA TPpa-
JUCHTA U PEIICHUS OJJHOMEPHOH 3a1a9 MUHIUMH3AIIAH JIST
YaCTHOTO CITy4Yast JUIONEHBIX HCTOYHUKOB C BEIIIECTBCHHO3-
HAYHBIMH AMIDTATYIAMH.
Ecmu pemenne u sBIsieTcs BEMIECTBCHHO3HAYHBIM BEK-
TOpOM, TO MBI UMeeM BellecTBeHHo3HauHylo CJIAY:

R R

b
;uzuR;boz

Aju=bgy, e A = | |- 113 Heobxo-
b

AI
JUMOTrO YCIIOBUS ONTHMalbHOCTH 3agauu (10), st storo
YaCTHOIO CIydass MBI HMEEM CHCTeMY M3 N HEIMHEHHBIX
YpaBHEHHI:

ClB] J V a-k+y2 Csz uy, _
(Ch Ly =1(v +a2)l Pz (a2)P i +a3)l P2

tl

N
v, = Zajnun —-b;,k=1..,N, (15)
n=l1

L€ d j,, — SIEMCHTBI MATPHIEL Aj, b j — SMEMEHTEI BEKTOpa
b, 1, —211eMeHTHI BEIECTBEHHO3HAYHOr 0 BeKTopa u . OT™e-
THM, 4TO JieBast 4yacTh (15) mpencrasisieT KOMITOHEHTBI BEKTO-
parpaauenTa ¢yakimonana (10) 171 3TOro 4acTHOTO Cirydast.

Ecnu Mb1 Oyniem 3arryckaTh Ha BBIITOITHEHHE UTEPAIHOH-

0 _

HBIHA nporiece (14) c u 0 (T. e. c HyEeBBIMH HAaYAIIBHBIMHU

3HAYEHUSIMU u/(co) =0 s Beex k), To cortacHo (15) mbl Oy-
JIEM IMETh HadalbHbIH BEKTOP IPaIUeHTa B BUJE:

g®=—ApTw, (16)

1€ BEKTOp W COCTOUT U3 3JICMCHTOB:

__ciby b Lj=l.J, (7
()P (bF +ai) P12

rIe bj — s1eMeHT BekTopa by. Ecin (x12 >> b_]2< u oclz >>1,

To 13 (16)—(17) MBI IMeeM:

O~ —(A) by, (18)

e mpasas 4acTh (18) sBisieTcss BEKTOPOM TpafnueHTa s
METO0/1a HANMEHBIINX KBAAPATOB.

Takum 00pa3zom, adTOPUTM BEIYUCIICHHS Ha ¢-i UTepa-
UK BeKTopa rpaaueHTa ¢pyHkmmonana (10) cocrout u3 cie-
JIYFOIINX IIAaroB: 1) BEIYMCIUTH KOMIOHEHTHI BEKTOPA HEBSI3-
ki v o popmyne: V(l) _ Zaﬂlu —bj; j=leJ;

n=l
2) BBIYMCIUTH KOMIIOHEHTHI BCIIOMOTaTEIBHOTO BEKTOpa

12

(t)
0 _ b

(o) (v T

w 1o dopmyne: w;

Jj=1,...,J; 3) BEIYHCITUTH KOMIIOHEHTHI BEKTOpA IPaJUCHTA

g 1o dopmyse:

N0
(z)_zar ©) 42 cBs k ,
)P ("1 +a3) P22
k=1,.,N.
OHHOMepHaH 3aga4dya MHUHUMHU3AOUU:

h = arg(mhin f(um + hp(t) )) 3aKmouaeTcs B BEIOOpE Be-

JIMYMHBI 1ara /i BIOJb HalpaBiieHus cycka p. Mbl npe-
JlaraeM pemiaTh 3Ty 3aj]aqy IyTeM HCIOIb30BaHus Habopa
«TIPOOHBIX IIAroBy. ITOT HAOOp BKIIOYAET LIArH, KOTOPBIE
MBI YCJIOBHO HA3BaJIM TaK: «IIar, KOTOpble OOHYISIOT He-
BSI3KY PELICHHS», «IIarH, KOTOPbIE OOHYIISIOT PEIICHNe», 1
«Iar, KOTOpbIi oTBedaeT Metony HeroToHay.

[aru, xoTopble OOHYIISIOT HEBSI3KY pELICHHS, UCIIONb-
3yIOTCS JUTsI OOHYJIEHHSI HEKOTOPOT'O OTCUETa HEBSI3KHU U OIl-
penenstorcs GhopMyIoii:

) N
h;ﬁscrepancy:_(zamur(lt) b) (Za]np(l‘)

=l (19)

Bcero cymectByer J TakuX IIaroB Ha {-0i UTEpaLyN.
[aru, koTopsie OOHYISIOT PEIICHHE, HCTIONB3YFOTCS IS
OOHYJIEHHUS HEKOTOPOT'0 OTCYETA PEMICHHUS. DTH IIATH OIIpe-
TIEIISTIOTCST (POPMYITOH:
h;olunon _ —u,(f)/pff)a n=1,..N. (20)
Bceero cymectByer N Takux I1aroB Ha /-l UTEpaLUy.
[Haru (19) u (20) ymensmaroT f B cootBercTBUH C (10).
IITar, kotopslii oTBewaet meroqy HeroToHa, HcONb3yeT-
cst ust muauME3aImd (10) mpu ycnoBuy, 4To perieHne Ha-
XOANTCS B OKPECTHOCTH HEKOTOPOTO JIOKAJILHOTO MUHIMY-
Ma ¢yakrmonana (10). Dtor mar onpenensercs GOpMYIITOun:

jy Newton _ _ (g(t),p(t))/([ATQ1A + yzQz]p(t),p(l)) ,(21)

e (By/2) (of —(1=BpvYT)

=diag(..., = s
(@)’ (of +[vP1P) P2

...) SABJISI-

e Q

ercs J x J IMaroHaabHON MaTpHULIEH, 3aBUCALIEH OT oclz H OT

3HaY€HUN BEKTOpA HEBSI3KU V O wa t-i WUTEpaLUM, U TOe

(B2 /2) (03 —(1-B)u"1%)
(@)P  (0F +[u1?)> P27

Q, =diag(...,

) SBJIACT-
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cs1 N x N JMaroHaJlbHOM MaTpHLEn, 3aBUCSIIEN OT a% " OT

3HAYEHMI TEKYIIErO BEKTOPA PELIeHHS u¥ ma £t UTEpaLiH.
Bcero cymiecTByeT TONbKO OIUH TAKOH IIAT HA /-1 UTepalyu.
AJTOPUTM HCTIONB30BAHUS «ITPOOHBIX IIATOBY CIIEIYIO-
1. MBI HOACTaBIIAEM KaX IbIil U3 9THX IIaTOB, pACCUUTaH-
HBIX ¢ omotbio (19)—(21), B omHOMEpHYIO 3a/1ady MUHH-
MU3ALHU 1 BEIOUpaeM B kauecTse £ Takoe 3HAYCHHUE 1ara,
JUTs KOTOpOoro ¢yHKIroHa (10) mpuHIMaeT MUHIMaIbHOE
3HadyeHue. Eciyu HamTydinee 3HaueHe IMeeT OUH U3 IIa-
h ;ﬁscrepancy

solution
hn

TOB nim , TO MBI OOHOBIIIEM HalipaBJie-

nue crycka o popmyre: p) =—g®. Ecan mar pVevon,
KOTOPEIii OTBeuaeT MeTody HbroToHa, MpUHIMaeT HamTyd-
11ee 3HaueHue N pa3 MOAPSI, TO MBI TAKyke OGHOBIIAEM Ha-
TIpaBieHne crycka. Ecii HauydIee 3HaYEHNE IIara PaBHO
HYITIO, TO MBI OCTaHABJIMBAEM HTEPALMOHHBIH MPOIECC.

3 SKCIIEPUMEHTbBI U PE3YJIbTATBI

Puc. 2 u puc. 3 npeacTapisioT pe3ynsTaThl YUCICHHOTO
MOZIEINPOBAHHMS IPSIMOI ¥ 0OpaTHOH 33124 AJIs CIIydast Ofi-
HOMEPHOH PELIETKN MEKTPUIECKUX AUTIONEH, Koraa JUIo-
JIM PacHoNIOKEHBI BJONb MPSIMOW JINHWUH, KOTOpasl Iapai-

uix)

1 50 100 150 XA

1 50 100 150 XA

B

JIeTbHA JIMHAW M3MEPEHHH SJIEKT PUYECKOTO TT0JIS, M KOT/[a MX
ANIEKTPUIECKUE MOMEHTHI ITEPIEHINKYIISIPHBI K TNIOCKOCTH
n3mepennii (puc.l). [IpuBenennsie Ha puc. 2 u puc. 3 rpa-
¢uxu (kpome rpadrka Ha puc.2a) 0TOOpaKalOT UCXOIHBIE
JTaHHBIE ¥ TOJTy4eHHBbIE Pe3yIbTaThl A1 oqHoi u3 100 pea-
JU3alMi CMECH TMOJIE3HOTO0 CHTHasa (KOTOPBIM SIBIISIETCS
peaibHass U MHUMasl YacTH SJIEKTPHYECKONH KOMITOHEHTHI
OJIYDKHET O 1TOJIs), aVTHTHBHOT'O IIIyMa 1 BEIOPOCOB.

J1yst MonenTpoBaHys IPSIMOM 3a1a4¥l MBI HCTIONB30BAITN
(4) co cnenyromimu 3HaueHusMu: N=J=200; Ax" = Ax" =
=Ax; Ax/ A=0,1;z/ =1, ammmarynet u =1 ays n=40, 70, 100,
130, 160 m u =0 mna npyrux n (puc. 2a). SHaYCHAA bj_ ObLTIH
NCKa)KEeHBI aJIUTHBHBIM TayCCOBCKMM LTYMOM M BBIOpOCa-
MH B BUJIE CITy4aifHbIX NMITYIIbCOB. CTaHAapTHOE OTKJIOHEHHE
T'ayCCOBCKOTO IIyMa MPHOIN3HUTENBHO COCTABILIIO 5 % OT MakK-
cuMyMma aOCONIOTHOTO 3HA4YEHUs JUISl BENIECTBEHHOMH
(puc. 20) 1 1t MHUMOH (pHC. 2B) YacTeH 2IEeKTPHIECKOI KOM-
TIOHEHTHI TIOJsI, COOTBETCTBEHHO. AMIUTUTYIB! BEIOPOCOB
ObLTM paBHOMEPHO pacipe/ieeHbl B narepBaie [—1,1], a Be-
POSITHOCTB X TIOsIBIICHHSI ObDTa paBHa 0,1. 310 03HaYaITO, YTO
nioutH 10 % AMCKPETHBIX OTCYETOB AHHBIX OBUIH ITOJTHOCTHIO
Ppa3pyIIEHB], ¥ MBI aIPHOPHO HE 3HAJIH, KaKWe IMEHHO JIMCK-
PETHBIE OTCUETHI JAHHBIX SBIISUTACH HEKOPPEKTHBIMH.

bR(.U T T T
0.5
0
-0.5
1 . . .
1 50 100 150 ¥ Ax
§
u(x) ' ' '
0.5

1 50 100 150 XA

T

PI/ICyHOK 2 - HpOCTpaHCTBeHHOC pacnopeacsi€HUE JICKTPUICCKOro MO @ — HICTUHHOC BEIIECTBEHHO3HATHOC IPOCTPAHCTBEHHOC
pacnopeaciI€Hue; 60— BCIICCTBCHHAA U B — MHHUMas 4aCTHU 3JICKTPUICECKOTO MO, HCKAXKCHHBIC aIIUNTUBHBIM LIIYMOM U BBI6pOCZlMI/I;

T — peuicHue O6paTHOI71 3a/1a4y OCJIC NUCIO0JIb30BaHUs PEryIsipu3aliun TuxoHOBa ¢ ONTHMAIIEHBIM 3HAYCHUEM ’yz =1
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uix)

Q.:’
[>

3
[
3
=
F“,’;:»
g

PAAVIREL I ¥
-0.5
-1t " : :
1 50 100 150 v/ Ax
a
uix) ’ '
0.5
0 sl | S -
-0.5
-1t " : :
1 50 100 150 X Ax

B

uix)

-0.5
-1t " : :
1 50 100 150 v/ Ax
6
uix) ) t '
0.5
0
-0.5
-1t " : :
1 50 100 150 X Ax

T

Pucynok 3 — IIpocTpaHCTBEHHOE pacipeseneHue mocie ucronbiosanust IMMIIIL: a— mpu o =1, oy =1, y2 =0,l, xorma oy 1 0Ly

SABISIIOTCS OdeHb Gombimmu; 6 — mpu o) = 0,1, oy =1, yz =(,], korza Oy sBIsIeTCS O4eHb GonbLMM; B— pH o =1, oty =0,1,

2

Pemenne o6paTHO¥ 3aa4H ¢ TOMOIIBIO METOA PEryis-

pu3ammn TuxoHoBa (13) Tt ONTHMATFHOTO 3HAYCHHUS y2 =1
MIPENICTABIEHO Ha pHC. 2T. BuaHo, 4T0 3TO penieHue He Io-
3BOJISIET KOPPEKTHO OIIEHUTH MECTONOJIOKEHUE M AMILTUTY-
JIb UICTOYHHKOB M3JTyIEHHSI.

Pemenne obpartHoit 3agaun ¢ momomrsio JJMMIIIT Ha
OCHOBE MUPHAJTHOTO (DYyHKITFOHANA (T.€. IPENEIbHOTO CITy-
yas ¢ynkuuonana (10) npu B; — 0 u B, — 0) npu BeIOOpE
u® =0 1 pasTHYHBIX 3HAYCHNUIT TAPAMETPOB PErYIISPH-
3aIUH PEICTABICHO Ha PHC. 3.

Pruc. 3a mokaseIBaeT pelienue, nomydeHHoe npu o =1,

o, =1, yz =0,], KOrza o] ¥ 0., UMEIOT OOIBIIKE 3HAYEHNS,
JUTSL KOTOPBIX TIEPBBIH U BTOpOit wiieHs! hyHKImoHata (10) sB-
JBTIOTCS! ONTM3KNUMU K KBaIpaTHYHBIM WieHaM. BrnHo, uto 310
pererme ioxoxke Ha TrxoHoBcKkoe perrenue (13), oroOpaskeH-
HOE Ha PHC. 2T, ¥ OHO HE NMO3BOJISIET KOPPEKTHO OLIEHUTH MECTO-
TIOJIOXKEHHE U aMIUTHTYAB! HCTOYHUKOB N3ITydEHISI.

Puc. 30 moka3pBaeT pemieHHe, MOJYICHHOE IIPHU

o; =01, 0y =1, y? =0,1, koraa o, UMeeT GOMbIIOE 3Ha-

YeHue, U KOTOPOro BTOPOii wieH GyHKIworamna (10) sBis-
ercsi ONIM3KKUM K KBaJIpaTUYHOMY WICHY, ¥, TI03TOMY, Koraa

14

vy~ =0,], Koria Ol ABIAETCA O4EHD OONBLIMM; I — HpH Ol = 0,1, ap =0.1, y2 = 0,1, koTopble ONIM3KH K ONTHMAIbHBIM 3HAUYCHUSAM

MBI IPUOTIDKEHHO MMeeM 3anady (12). 3mech MBI BUANM,
YTO 3TO PEIICHNE HE UMEET HEJOCTATKOB, 00YCIOBIEHHBIX
HaJIMYHEeM BEIOPOCOB, HO OHO HE YIOBJIETBOPSET TpeOoBa-
HUI0O MUHUMaJIbHOM NPOCTPAHCTBEHHOM MPOTSKEHHOCTH
pELIeHUs], YTO 3aTPyIHSET IMONydIEHHE OIEHOK 3HAYECHHH
HCKOMBIX [TApaMeTPOB.

Puc. 3B oKa3bIBaeT pelIeHne, MOIyIeHHOE IpH o = 1,

o, =01, Yz = 0,1, KorJa o] UIMeeT O0NbIIOoe 3HAYEHUE, UL
KOTOpOTO NIepBhIN wieH pyHkimoHana (10) seisercs: Omu3-
KUM K KBaJIDATHIHOMY UIICHY, H, TTIO3TOMY, KOTJa MBI IIPH-
ommxenHo mMeeM 3anady (11). Kak u oxxumanocs, BEIOpOCE
3HAYCHUH pa3pylIaloT pelieHue, IPUBOISI K HEBEPHBIM pe-
3yJIETaTaM OLCHUBAHMS.

Haxkonen, pemenue ¢ nomompto JJMMIIIT s kBazuorn-
THMaJbHBIX 3HaY€HHMH IapaMeTpoB oy =0,1, a, =01,

y2 = 0,1, momygeHHoe mocie 144 urepanuii, IpenCcTaBIeHO
Ha puc. 31. B aTom cirygae rpaduku nomygenHoro (puc. 3r)
1 UCTHHHOTO (pHC. 2a) pemeHnii ObIIH MOYTH HACHTUIHBL.
OTMETHM, YTO ITOTYyYEHHOE PEelIeHHe ITO3BONISET KOPPEKT-
HO OIICHUTH MECTOINOJIOKEHHE M aMIUTHTYIBl HCTOYHHKOB
W3ITy4CHUS ITyTEM HCIIOIb30BAaHHs AUCKPETHBIX OTCUETOB,
UL KOTOPBIX aOCOIIOTHOE 3HAYEHHUE aMILTUTYIbI OOIIBIIIE O 5.
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M5! TakXe HCCIIEI0BAIN OBEICHHE MaKCUMAaIbHOTO
3HAYEHUsI OTHOCHUTEIBHOH CPEeHEKBaIPaTHIECKON OITHOKH
(OCKO) penienus ot napamerpos Metona. Tabmn.1 conep-
KHT pe3yIBTaThl MOJEINPOBaHNSI, omydeHHsle 1o 100 pea-
JU3alUsIM CMECH TTOJIE3HOI0 CUTHAJIa, TayCCOBCKOTO aIIH-
THUBHOT'O IIlyMa 1 BEIOPOCOB /IS PA3IMYHBIX 3HAYECHHI BHYT-
PEHHHUX W BHEIIHErO MapaMeTpOB PETYISIpU3alMy IpH
NIPUMEHEHNN MUpHaTHOTO (pyHKIMoHata. 3Hadennss OCKO
ObITH paccuuTaHbl o dbopmyne:

N _ N
8=[D_ (un —un)2 / Zu,zl]”2 x100% , Trte 1, 0603HauaeT
n=1 n=1

JUCKPETHBIH OTCYET MOMYIEHHOTO PENIENHS, a 1, 0003Ha-
YaeT MUCKPETHBII 0TCUET UCTHHHOTO peleHust. MakcuManb-
Hoe 3HaueHne OCKO paccuntriBaigoch Ha OCHOBE 3HAYEHUI
OCKO, nomyaenssix a1 100 pa3nuuHbIX peanu3anuii cme-
CH TTOJIE3HOT'0 CHTHAJIA, a7TATHBHOTO IIIyMa M BEIOPOCOB IS
3alaHHBIX 3HAYEHUI MapaMeTpoB perylspH3alliu, U OHO
yKa3bIBaJIo Ha Hauxyqmui (n3 100 mory4eHHBIX pe3ynbra-
TOB) pe3ynsrar. Ta0um. 1 mokassIBaer, 4To [UIs CTydasi Ha puc.
3r makcumanbHOe 3HaueHre OCKO 65110 paBHO 12,68 %.
OHa Taxke MOKa3bIBAET, YTO CYIECTBYIOT TAKHE 3HAUCHUS
HapaMeTPOB PETYIIIPU3ALMN, VT KOTOPBIX JOCTUTAETCS ele
MeHblee 3HaueHne MakcuMyma OCKO. 3neck MOXHO BH-
JIeTh, YTO MUHIMYM MakcuManbHbIX 3HaueHuit OCKO npu-
OJIM3NTENHHO PaBEH MPOIEHTY CONIEP)KaHHsS T'ayCCOBCKOTO
IIyMa BO BXOJHBIX JTaHHBIX (0Koyo 5 %). Takum obpaszom,
Ta01. | MOKa3bIBAET CTENIEHb YCTOHYMBOCTH PEILICHUS U YKa-
3BIBACT Ha CYLECTBOBAHNE ONTUMANbHBIX 3HAYEHUII Mapa-
METPOB PErysIpu3aIMu JUIs Cllydasi «MUpHaTHOW» oOpa-
OOTKHU.

Otmernm, uto 6onmpmme 3aadeHnss OCKO 6putn 00yc-
JIOBJIEHB! PA3NMYHBIMH NMpHYMHAMU. bonbime 3HaueHHs
OCKO 1 60nbIINX 3HAYEHHH O], Ly OBLIN MOTYy4EHbI H3-
3a COBHTa II00AIPHOIO MHHIMYMa OTHOCHTEIIFHO UCTHH-
Horo pemerns. Ho 6onpmme 3navennss OCKO mms manbix
3Ha4YEHUH 01,0, OBLIU NOIYYEHBI U3-3a HAPYILEHHS CXOIH-
MOCTH aJITOPUTMa. JTO 00YCIOBIEHO TEM, UTO AJISI MAJIBIX
3HAYEHUH 01,0y MECTOIOIOKEHNE TII00ATFHOTO MUHIMY-
Ma SABJISETCS OMM3KUM K MCTHHHOMY 3HA4€HHMIO, HO CyIIe-
CTBYET MHOT'0 JIOKQJIBHBIX MUHUMYMOB. KonaecTBo j1okab-
HBIX MUHAMYMOB CTaHOBHTCS TEM OOJbINE, YEM MEHBINE
3HA4YEHNS 0.1, 0Ly . [ToaTOMy Iponece cXomuMOoCTH K IIT00aTb-
HOMY MUHAMYMY HapyIIaeTcs, a CXOAMMOCTb K JIOKAIbHO-
My MHUHHUMYMY JTa€T HEBEPHBIE PE3YIIBTAThI.

Tabmiua 1 — Makcumansroe 3HaueHre OCKO (%) mo 100
peanu3anusM py MPUMEHSHHH MUPHAIHOTO (yHKIIHOHAA

2
a2 = a2 logio(v™)
2 | -1,5] -1 |-0,5] 0
0,1 328,56/189,13|100,4491,1794,77

0,01 123,6916,30[12,68[12,27]101,46
0,001 |95,05| 7,46 | 5,05 |4,50|78,41
0,0001  |145,00[117,10[57,47 |56,98/141,18

Ta6u1. 2 10Ka3bIBAET 3aBUCUMOCTH O o Ocpy x> SU ¢
OT apameTpoB B, , A1 ClIydast HCIONIb30BAHHS KBa3UOI-
TUMaJIbHBIX 3HaueHuit oy = 0,1, oy, =0,1, yz =(,] IpH BBI-
6ope g=2, 11e 8 a5 ¥ 8, — MAKCUMAIIBHOE U CPE/IHEE 3Ha-

yenust OCKO, Boruncnennslie no 100 peanuzauusim cMecu
MTOJIE3HOT'0 CUTHANIA, aJANTHBHOIO IIyMa M BBHIOPOCOB;

t max — MAaKCHMaJIbHOC YHCJIO BBITIIOJIHCHHBIX IIPH 3TOM UTC-

pauuit; § —3Hauerne OCKO mpu oTcyTCTBUM IIIyMa U BBIO-
POCOB, TIOITy4eHHOE 3a ¢ urepanuii. M3 Tabm. 2 BuaHO, 9TO0
CYIIECTBYET TMana30H 3HaYeHUH mapaMeTpos Py, 3, , BHyT-
¥ KOTOPOTO JIOCTHIAIOTCS MAJTbIE 3HAYEHHS KaK MaKCHMallb-
Horo (=12,7 %), Tak u cpexnero (7,5 %) 3nagenunit OCKO.
DTOT ANana3oH CocpeIoTOYEH NPUOITU3UTENHHO BOKPYT 3HA-
yeHuil B; =P, =0, KOTOpEIE OTBEYAIOT HCIIOIH30BAHUIO
MUpHaIHBIX (YHKIMOHAIOB B 3ana4e (5). [lomydennsie He-
OoJbIINE TT0 BEINYMHE 3HAYCHUS [, YKA3bIBAIOT HA BO3-
MOXHOCTB HCIIOJIb30BaHMSI ITPEIOKEHHOI0 aJITOPUTMA [T
00paboTKH JaHHBIX B PEaTbHOM MacIITade BpEMEHH.
[TpaBas gacts TabI. 2 naer npeacraBieHne 00 omuoOKe
METo/1a IS CJIydast OTCYTCTBUS IIIyMa M BEIOPOCOB MPH BBI-
Oope He ONTHMAaBEHBIX (KOTOPHIE B ITAHHOM CITy4ae JODKHBI
OBbITH OJIM3KUMH K HYJIO), @ YKa3aHHBIX BbIIIE KBa3HONTH-
MaJIbHBIX 3HaYEHHUH [TapaMeTPpOB BHYTPEHHEH peryispu3a-
uuu. Bugno, uto OCKO § ymeHblaeTcs npH nepexoe oT
KBa3MMeINaHHOro ()yHKIIMOHAIA Yepe3 MUPHAIHBIN QyHK-
roHaN K GyHKunoHamy JleMueHko, 4to o0ycIoBIeHO oc-
na0JIeHNEM 3aBHCHMOCTH COOTBETCTBYIOIIMX UM (QYHKITHIA
CTOMMOCTH OT NapaMeTpPOB BHYTPEHHEH peryispH3aIiyiu.
OnHako HM KBa3WMEANaHHBIN (QyHKIMOHAm, HU (QyHKIHO-
HaJ JleMHIeHKO T JaHHOTO CIIydasi «He paboTaroT» B OT-
JIYHE OT MUPHAIHOTO, KOPHEBOTO 1 KBa3HIEMHUIEHKOBCKO-
T0 PYHKIIMOHAIIOB. DTOT PE3YIBTAT OBLI CBSI3aH C IIPEXKIACB-

Ta6miua 2 — OCKO § u 9ucino urepauuii ¢ npu NpUMECHEHHH
MHPHATHOTO (QYHKIIHOHAJIA

JlaHHbIE ¢ HIyMOM Jlannsie 6e3
1 BEIOpOCaMu ryma u

B1=B2 (100 peanm3aruii) BEIOPOCOB

S max >0 SCp Yo | tmax | 8% !

-2 71,31 28,11 207 | 69,88 | 26
-1 71,65 12,65 228 1,01 | 243
—1/2 12,60 6,76 233 1,69 | 298
—1/4 12,61 7,05 214 3,62 | 350
—1/8 12,63 7,29 193 3,72 | 532
—-1/16 12,65 7,41 154 4,05 | 343
—1/32 12,66 7,48 144 4,36 | 310
0 12,68 7,58 187 4,64 | 118
1/32 12,72 7,66 155 4,77 | 146
1/16 12,77 7,78 152 5,30 | 386
1/8 12,80 8,17 227 6,08 | 281
1/4 73,17 11,66 296 7,83 | 140
1/2 77,26 70,98 251 | 74,55 | 51

1 86,62 85,02 63 85,08 | 18
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PAJIIOPI3UKA

PEMEHHBIM OCTaHOBOM BBIUMCIIEHHHN M3-32 HEBO3MOXKHOC-
TH (OPMHUPOBAHUS YIAYHOTO HAIPABJICHUS CIIyCKa, HA YTO
YKa3bIBAa€T COOTBETCTBYIOIEE MAJIOE 3HAYEHUE YUCIIA UTE-
panuii t. 310 yKa3pIBaeT Ha BO3SMOXXHOCTb M HEOOXOIMMOCTh
JTAJIbHEHIIIEr0 COBEPILICHCTBOBAHNS TEXHUKH PELIEHHS IIPEI-
JIOKEHHOM 3a/1aull ONTUMU3AIUH.

BbIBO/JbI

JMMIIII stBrsiercst pa3BUTHEM U 0000IIICHHEM TpaIu-
IIMOHHOTO METOIa HAUMEHBIINX KBAJPAaTOB, KOTOPBIA HC-
nosnb3yeT peryisipuzanuio Tuxonoa. JMMIIII sensiercst
YCTOHYMBEIM K aIIUTUBHOMY ITyMY U BEIOpOCaM M OJHO-
BPEMCHHO ITO3BOJISICT PEIIATh 3a/1ady OIICHUBAHUS B yCIIO-
BUSIX, KOTJa MECTOIOJIOKEHUS] UICTOUHUKOB allpUOPHO HEU3-
BecTHBI. [Toka3aHo, UTO CYIECTBYIOT ONTUMATBHEIC 3HAYC-
HUSI TAPAMETPOB PETYIIPU3AIINH, T KOTOPBIX TIOTYICHHOE
pelIeHne NPAaKTUYECKH COBMAAAET C HCKOMBIM PELICHUEM.
UucneHHOe MOAETUPOBAHUE MTOATBEPAUIIO IPEUMYILECTBO
MPEAJI0KEHHOTO METOAA MO CPABHEHUIO C METOIOM Hau-
MEHBIITNX KBAIPATOB, KOTOPBIN UCIIONB3YET PETYISPH3AIIO
Tuxonosa. [IpemmoxeHHas peaau3alys METOIa, OCHOBaH-
Hasl HA METOJE CONPSDKCHHBIX TPATUCHTOB, U OPUTHHAb-
HBIA METOJ PEIICHUS OJHOMEPHOW 3aJa4d ONTUMU3AIHN
HA OCHOBE TEXHUKH IIPOOHBIX IIaroB MO3BOJISIIOT JOCTHYE
BBICOKOI CKOpPOCTH 00pabOTKH C BO3MOXKHOCTBIO €€ BBITION-
HEHUS B peaIbHOM Maciitabe BpeMernu. Harmm nanpHeiinme
WCCIICIOBAHUS HAIIPABIICHBI HA TTOCTPOCHHE aTalITHBHOTO
oAX0/a K BBIOOPY ITApaMeTPOB PEryISIpH3aIlHy.
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HOJABIMHUI METOJIMIHIMYMY MPOCTOPOBOI MPOTSKHOCTI 111 POBACTHOT' O OIITHFOBAHHS TTAPA-

METPIB JUTTOJBbHUX JUKEPEJI BUITPOMIHIOBAHHS

Po3rsinyTa 3ama4a poGacTHOTO OLHIOBAHHS MAPAMETPIB JUIIOJIBHUX DKEpes BUIIPOMIHIOBAHHS 33 PE3y/IbTaTraMy BUMIPIOBaHb
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KU JIaHUX, SIKUH 3aCHOBAaHMIT Ha NPHHIIMII JOCATHEHHS MiHIMyMy IPOCTOPOBOI MPOTSHKHOCTI OTPUMYBAHOIO PO3B’SI3KY, @ TAKOXK MiHIMY-
My HPOCTOPOBOI MPOTSDKHOCTI HEB’SI3KM PO3B’sI3Ky. BuKopucTaHa Mojelb JKepesl BUIPOMIHIOBAHHS Y BUIVISAL OJHOBUMIPHOI IPaTKU
ineansHux aunoniB I'epra, ski po3rarnoBaHi y310BX IPsIMO] JiHil, HapajenbHoi 10 JIiHil BUMIPIOBAaHb €IEKTPUYHOIO IOJIS, a eIEKTPHYHI
MOMEHTH JUIIONIB HEePHEeHIUKYISIPHI 10 IUIONMHY BUMIPIOBAaHb. 3alPOIIOHOBAHO AITOPUTM O0POOKH JaHMX Ta MPECTABIICH] pe3ylIbTaTi
YHCJIOBOTO MOJICIIFOBAHHSI.

KurouoBi cioBa: enexkTpuuHUN JUIIONB, IPOCTOPOBA MPOTSKHICTb, POOACTHE OLIHIOBAHHHS, PEryIIsipH3allis.
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DUALMETHOD OF MINIMUM SPATIAL EXTENT FOR ROBUST ESTIMATION OF DIPOLE RADIATION SOURCES

The robust estimation of dipole radiation-source parameters from near-field measurement is considered. The case of data distorted by
additive noise and by spikes is investigated. A new approach based on a principle of minimal spatial extent is suggested. This approach
states that the solution extent as well as the extent of solution discrepancy should be minimal together. The model of radiation sources
described by the one-dimensional array of ideal Hertzian dipoles is used. The task geometry, when dipoles are located along a straight line,
which is parallel to the measurement line of electric field, and when electric moments of all dipoles are perpendicular to the measurement
plane, is considered. Algorithm of data processing based on conjugate gradient method is proposed. Numerical simulations with the error
boundaries are presented.

Keywords: clectric dipole, spatial extent, robust estimation, regularization.
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CTATUCTUYECKUE XAPAKTEPUCTUKWN CUTHAINOB

MHOI'OKAHAJIbHbIX CUCTEM C OFDM

IIpoBoauTCS yTOUHEHUE MMEIOIIUXCS B JIUTEPAType CTATUCTHUYECKUX XapaKTEPUCTUK
(3aKOHOB pacIlpefeIeHUs, YUCIOBBIX XapaKTePUCTHK, MHUK-(aKTopa) IPYNIOBBIX CHTHAJIOB
MHOTOKaHAJIBHBIX CUCTEM Iepe/iad HH(OPMAaIUK C UCIIO0JIb30BAHNEM YaCTOTHOTO YIUIOTHEHHUS
¢ oproroHaibHpiMu nogHecymumu (OFDM). OTMmeuaeTcss He COBCEM KOPPEKTHOE
HCIIOJIb30BaHUE NPU BEIYUCICHUH NMHK-(GakTOopa MHOTOKaHAJIbHOI'O CUTHAalla 3aKOHA
pacupenernenust Penest s ero orubatomeii. [TomydeHs! HOBbIE pe3yabTaThl I 3HAYEHHH
nukdakropa. [Toka3aHa JOMYCTHMOCTh IPEBBIMIECHUS TPYIIIOBBIM CUTHAJIOM IOPOrOBOrO
YPOBHS Ha OJHOM MJIM HECKOJIBKHMX TAKTOBBIX MHTEpBANaX, YTO MPOSBIETCS KAaK HMITYJIbCHAs
IoMexa Ha 3THX MHTEpBajax BO BCeX KaHauax. [Ipu OobIIOM 4Hcie KaHAIOB 3TO SBICHHE
MPaKTUYECKH He OyJeT BIHMATH HA IOMEXOYyCTOHIHBOCTD.

IMomydeHHble pe3ynbTaThl MO3BOISIOT CHU3NTE HA 2—4 JIO TpeOoBaHUS K JUHAMUYECKOMY
JIana3oHy U IMHEHHOCTH aMIUTMTYIHBIX XapaKTEPHCTHK alIapaTypbl MHOTOKaHATbHBIX CHCTEM
¢ OFDM.

KaioueBnle cioBa: yIIoTHEHHE, CPEHSS MOMIHOCTh, MaKCHMallbHAsl MOIIHOCTH, ITHK-

(akTop, 3aKOH pacHpeeleHus BEPOSTHOCTEH, IPyNIIOBONA CHTHAIL.

BBEJIEHHE

B mocegame roab! Bee Oomblee MpUMEHEHNE B MHOTO-
KaHAJIBHBIX CHCTEMaX HAXOIUT YaCTOTHBIA METOJ YIUIOTHE-
HUS ¢ opToroHansHBIME ogaecymumu (OFDM) u mHOTO-
MTO3WINOHHBIMY CHTHAJIAMH C KBaJpaTypHOH MOMYISIIHEH
(QAM). K takum crcTtemMaM OTHOCSITCS IEPCIICKTUBHBIE CH-
cTeMbl MOOIITBHOM cBsizu craHAapta LTE, cucrembr mudpo-
BOro renesuaeHuss DVB — ctanaapToB, CHCTEMBI IIUPOKO-
moocHoro pocryna WiMax. Yncio mogHecymmx 4acTor
(gacToTHBIX KaHAIOB) B TexHONoruu LTE cocraBmser okomo
200, B mudpoBom TeneBuaeHnu — okorro 2000 wmur 8000.

Hawn6omnee momuoe m3noxenne npuammmos OFDM, moc-
TATOYHO TONHBIA TIepeYeHb NEPBOUCTOYHUKOB M KPaTKHUE
HCTOPUYECKUE CBEICHUS NpuBeaeHH! B [1]. BrepBrie aToT
METO[l YIDIOTHEHHS OBLT HCTIIONIb30BaH B AMEPUKAHCKOH CH-
CTEME KOPOTKOBOJIHOBOW panuocBA3u «KuHenmekcy
(1958 1) [2, 3]. AMepHUKaHCKHIA TATEHT HAa STOT METOX OBIT
BeImaH B 1970 [4]. B 1971 1. [5] 66110 TIpEIIOKEHO HCHIONH-

© bonpapes b. H., Kabak B. C., 2014
18 DOI 10.15588/1607-3274-2014-2-2

30BaHHEe OBICTPOro mpeodpazoBanus Oypre I oneparmi
MOAYISIIAN U A€TeKTHpoBaHusL. ClemyeT OTMETHTD Takke
Oouree mo3aave n3ganus [6...10].

B[11]R. van Neeun A. de Wild BepBbIe BBEIH TOHSATHE
muk¢akTopa MHOrokaHassHOro OFDM-curHana (Ho He co-
BceM KoppekTHO). B [12] Taxke paccMaTpuBaiack 3amada
ompezneneHus: nukpakTopa. OXHAKO, IPUBOAMMEIE PE3YITb-
TaThl BBI3BIBAIOT COMHECHUS.

OT™MernM, 9To onpeieieHne MAK(PaKTOpa ABIISETCS JTUIITH
OIHOM M3 3a/1a4 MpH pemreHny Oomnee o0Imieit mpoOieMbr —
orpezieieHre TpeOOBaHMI K TMHEWHOCTH aMILTUTYTHBIX Xa-
PaKTEpHCTHK aIMApaTyphl U YPOBHS MEXKAHATBHBIX TIOMEX.

1 IIOCTAHOBKA 3A/TAYN

Lemsro HaCTOSIIEH paOOTHI SBISIFOTCS YTOYHEHUE U KOP-
PEKTHPOBKa METOAVKH W PE3YJIBTaTOB CTATHCTHIECKHX pac-
YETOB MMK(AKTOPA CHTHAJIOB B MHOTOKaHAJIBHBIX CHCTEMAX
¢ OFDM, npuBomnMbx B[ 1, 8, 12].
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2 MATEPHUAJIBI 1 METO/IbI

KaHnasHbIe (MHIUBHAIYaTBHBIE) CHTHAITBI ITPU UCIIOIB30-
Bann OFDM n QAM npenctaBistoT co0oi 0Tpe3KH CHHY-
COUJI C pa3IMIHBIMU aMIUTUTYIaMu 1 pazamu. [Ipu 3ToM He-
CYIIFIC YaCTOTHI COCEIHIX KAHAJIOB Pa3IMIAOTCs Ha BEITHIH-
HY OpPTOTOHATBHOTO pazHoca F=1/T3, tne Ts — IIUTeFHOCTh
MHOTOIO3HIMOHHOTO cuMBoNia. Benmuuna 1/7s onpenensier
Y TaK Ha3bIBAEMYIO CHMBOJIBHYIO (OOOBYIO) CKOPOCTH Rs.

[Ipu opTOroHaTPHOM pa3HOCE YACTOT MEKIY KaHAJIaMHU
BpEMCHHBIC (DYHKIIMH CUTHAJIOB (TAPMOHUYECKHX Kolleha-
HUI) B COCEHUX KaHATaX OTINYAIOTCS Ha OJFH ITEPUOJ KO-
neGanust. [ToiHoOe YnciIo mepruoioB I paJloCHTHAIOB U3-
MepSIeTCS COTHAMHU, THICSIaAMHU.

MHOroKaHaIBHBIN CHTHAT Ha OJHOM CHMBOJIEHOM HH-
TepBaiue 7s MOXKHO 3aITUCATh B BUJIC

N 2n 1
Sy ()= Y au COS(kT—t +Qu), - F, 1)
k=1

S s

a B CIIy4ae paJOCUTHAIOB (TIOCIIe MOMYISIMU PaJUOHECY-
11917

N

k
Sz(t):zakl cosS fo +— 27[t+(pkl , (2)
k=1 Ts

rae N — 4ucio KaHaloB, F'— yacTtora MoJHecylIel B IEpBOM
KaHale, dy; U Qj;—aMIUIUTYIb! X (ha3bl KaHAJIBHBIX CUTHAJIOB.

CrnenoBaTelbHO, CUCTEMEI ¢ Mcnoiab3oBanueM OFDM
OTHOCSTCS K CHCTEMaM ¢ TTapauIeTbHBIM CIIOCOO0OM Tepe-
JTa9¥ KaHAJTBHBIX CUTHAJIOB. [I03TOMY TaKue CHCTEMBI UMe-
FOT T€ JK€ HEJJOCTATKH, YTO U CUCTEMBI C OOBIYHBIM YaCTOT-
HBIM YIUIOTHEHHEM: OONbIITIe 3HAYCHHUS TUK(PAKTOPA TPYII-
TIOBOTO CHTHAJIA U TTOBBIIIICHHEIE TPEOOBaHUS K TMHEHHOCTH
aMIUTUTYTHBIX XapaKTePUCTHK allapaTyphl.

J1st ;T060T0 13 CHTHAIOB MOYKHO OIPEICTIATh NEHCTBYIO-
1mee Uu Y MakcuMaibHoe U 3HAYEeHMs U BBIYMCITHTh 3HAYE-
HUSl CPEIHEH MOIIHOCTH PCID U MaKCHUMAaJIbHOH MOIIHOCTHU
P . OtHomenme Pmax/Pcp = TI> Ha3bIBAIOT THK-(aKTOPOM
curHana. B [1, 8, 12] mis rmkdarropa I ucmonms3yerest 060-
3nagenne PAP, PAPR (peak-to-average-power ratio). Tam xe
BBOIMTCH TTOHATHE (TepMUH) «kpecT-(aktop» (Crest factor,

CF), onpenensiemprii kak CF = v PAP=TI.

Jlnst oTpe3ka CUHYCOUBI ¢ MOCTOSHHOW aMILIUTYIOW U
JFOOBIMI HAYaJIbHBIMU (ha3aMi TIOTaratoT me/PClD =IP=2.

Jiist TpyrmmoBoro (MHOTOKaHATBHOT0) cHrHaA (1) MOXHO
TIPUMEHUTH TEOPEMY TEOPHH BEPOSTHOCTEH O IMOBTOPEHHHN
onbIToB. [1pH 3TOM YHCIIO ONMBITOB Hy)KHO MOJAraTh PaBHBIM
YHCITY KAaHAJIOB V, 8 YFICIIO BO3MOYKHBIX COOBITHI — YHCITY BO3-
MOKHBIX CHIMBOJIOB M, KOTOpbIE MOKHO CUHTATh PAaBHOBEPO-
SITHBIMH C BEPOSTHOCTSIMH, paBHBIME 1/M. BepositHOCTH TI0-
SIBJICHUS HA OJTHOM BPEMEHHOM (CHMBOJIBHOM) MHTEpBAJE B
MHOTOKaQHAJIBHBIX CHCTEMAaX OMpPENETICHHOTO COYCTAHMS Ka-
HAJIBHBIX CHMBOJIOB OYIyT OHPEIEIIATHCS MOTMHOMHAIBHBIM
(MHOTOMEpHBIM OMHOMHAJIBHBIM) 3aKOHOM PACIIPEIE/ICHUS
BeposiTHOCTEH. [Ipr 3TOM BEpOSITHOCTHBIE pacdeThl OymyT Tpy-
HO BBINOTHAMBIMH H TIPAKTHIECKH OECTIONE3HBIMH.

Kax n3BecTHO 13 TeopuH BEpOSTHOCTEH, CyMMa OOJIBILIOTO
YyrCciIa CIyJaiHBIX CIaraeMbIX MMEET 3aKOH pacIpe/e/ieH s,
TIPHOJTIDKAIOIINICS K HOPMAJILHOMY, ¢ Aucnepcueit (cpeaHeit
MOIITHOCTBIO), paBHOW CyMMe JIUCTIEPCHI (CPEHUX MOIITHOC-
Teit) crmaraeMpIx. CrieoBaTeNbHO, CPEIHSI MOITHOCTB TPYIIIO-
BOTO CHTHaJIa OylleT IPOIOpIMOHAIbHA YHCITY YaCTOTHBIX Ka-
HaJI0B V. DT1OT 3Ke KO (HHUIMEHT OyeT orpenensTh TaK Ha3bl-
BaeMy0 IeHy YIUIOTHEHUS (10 CpelHEeld MOIIHOCTH).
OrnpeierieHre MaKCUMaIbHONW MOIITHOCTH TPYIIIIOBOT'O CHTHA-
JIa B COOTBETCTBHUH C BEIpakeHweM (3) mpencTaBiseT coOoi
HepaszpelmMyIo 3a/1a4y. J{yst ee pereHust HeoOX0IMMO HCTIONb-
30BaTh BEPOSITHOCTHBIE (CTATHCTUYECKHE) METOJIBI, ToIaras
TPYIITOBOH CHTHAJI CIy4aifHBIM IPOLIECCOM C HOPMaJIbHBIM
3aKOHOM PaCTIpeIe/ICHHs] BEPOSTHOCTEHA.

J1y1s1 HOpMaJTEHOTO 3aKOHAa pacIpeie]IeHHs] H3BECTHO TaK
Ha3bIBaEMOE MPABUJIIO «3-X CHTMay, COIVIACHO KOTOPOMY 3Ha-
YEeHHs HOPMAJIBHOTO CITy4aifHOTO IIpolecca ¢ BEpOsSTHOC-
Th10, paBHOH 0,003, OyyT HAXOIWUTHCSI 32 ITpeeIaMy HHTEp-
Bayia, paBHOTO 6-1 curma. [1o3ToMy 111 HOpMaJIEHOTO CITy-
YalHOro IIpoIecca YacTo MOJaraloT, 4TO ero MHK(aKTop
I1? =32 =9 (okoo 10 x6). [nst yMEHbIIECHHUS YKa3aHHOM
BEPOATHOCTH B TEOPHH M TEXHUKE MHOTOKAHAJILHOM CBSI3U
(U cucTeM C YacTOTHBIM YIUIOTHEHHWEM) TIPH Tiepenade
peueBbIX (TereoHHBIX) coolmeHn# nonaratot [12 = 16...25
(12...14 n6). OT™MeTHM, YTO IPHUBEICHHBIE IU(PHI OTpaXKa-
10T TOT (paKT, YTO TSI CITy9alHBIX IIPOLECCOB (CUTHAJIOB)
MIOHSITHE NUK(aKTOpa UIMEeT BEPOSITHOCTHBIN XapaKTep.

[Monb3ysce cOOTBETCTBYIOIIMMHY TaONUIAMU I HOP-
MaJIEHOTO 3aKOHA PACIPENEIICHHS, MOYKHO OTPEAEINTD, YTO
BEPOSTHOCTH HAXOXKJICHUS CITyJalfHOW BEITMYMHEI 32 TIpee-
JaMH MHTEepBaJIa IMUPUHOH § curma (nukdakTop paBeH
16 nb) pasHa 0,000063. CnieoBaTensHO, I MHOTOKaHATb-
HBIX CHCTEM ITapaJIIEBHOTO THUTTA MOXKHO OTPaHMIHUTHCS 3Ha-
YeHHneM MUK(aKTopa rpymmoBoro curaana I12 = 16.

J171s IPHBEICHHBIX BBIIIIE PACIETOB MOXKHO BOCTIONB30BATh-
CsI TPUOIIDKEHHBIM BBIPAXKEHNUEM JUTSl MHTETPaIbHOH (DyHK-
LMY PacpEeIeHIsI HOPMAIBHOTO 3aKOHA PaclpeieICHIUS

Le—xz/Z(l/x—l/)g +) 3)

Flx)=
()~ ——

J17151 BEpOATHOCTH NPEBBIILIEHUS CITy4aiiHON BETUYUHON
HEKOTOPOTO TTOpora X, (€ y4eTOM OTPHIATENBHBIX 3HATECHUH
X) MOYKHO 3aITicaTh

08 -2 @

o _.2 2
P(Ix| > xo) ~0,8—e 0 /207 -
X0 z

e z° = x(% /6? = IT? — MUKGAKTOP 1T HOPMAIIBHOTO 3aK0-

Ha pactpe/ieneHus, - = PCp — aucriepeust (CpeHsist MOIITHOCTB).

Ha puc. 1 kpuBas 1 nmoka3sIBaeT 3aBUCUMOCTb BEPOSITHO-
CTH OT BEIOPAHHOTO 3HAYEHHS HK-(akTopa T2 juist HopMab-
HOT'O CIIy4aiHOTro mporiecca ¢ HyJIeBBIM CPEIHHM 3HAYCHH-
€M B COOTBETCTBHH C BEIpaxkeHHEM (4). ITO BEIpakeHHE U
KpuByIo | nanee OyneM CUMTaTh «3TAJTOHHBIMHY», HCTHHHBI-
MU IIPH CPAaBHEHHH PE3YIBTATOB IS HOPMAJIBHBIX CITydai-
HBIX ITPOLIECCOB, MOIy9aeMbIX C HCIOIb30BAHIEM PAa3HBIX
METOJIOB.
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[TpuBenennsle BoIIe GOPMYITEI MOKHO TIPUMEHUTH U K
MHOrokaHainpHbIM crcteMam OFDM c¢ 6oipomM 9uciom
kaHanoB. OxHako, B [1, 11] mpennoxeHs! OpUTHHAIBHBIE, HO
HE COBCEM KOPPEKTHBIE OIPE/ICIICHNE MOHITUS «ITHK(paK-
Top» MHorokaHaiasHoro OFDM-curnana u cocod (Mero-
JIMKa) €r0 BHIYUCIICHHSL.

Cyrb npeioskeHHoi B [ 1, 11] MeToauku 3akodyaercs B
crneqyronieM. CHadaia yTBEpaKIaeTcsl, YT0 MHOTOKAHATIbHBIN
curHai (1) uMeeT HOpMaJbHBIN 3aKOH pacHpe/eeHus, Hy-
JIeBOE CpejiHee 3HAYCHHE U AWCIIEPCHIO (CPEJHIOI MOII-
HOCTB), PaBHYIO o~ = P_. 3atem npennonaraercs, 4To OH
SIBJISIETCS Y3KOIIOJIOCHBIM TTPOIIECCOM (2) C pelleeBCKUM 3a-
KOHOM pacIpeziesieHns ero orudaromieii. Jlanee st penees-
CKOTO 3aKOHa paclIpeaeeHns orudaromen

ofp)=L-e Vi ©)

62

PACCHUTBIBACTCSA BEPOATHOCTHAS KpUBAA

_pﬁwx/z 2
20 e ©

P(pzpmax):e =e >

7€ BETUNYHHA 22 = p2 max / 262 = IT? ommGouHo (B2 paza
MEHBIIIE) NoJIaraeTcsl paBHOU MuK-(akropy curaana (hax-

THYECKHU MUK(paKTOpy orudaromieii). [Tapamerp o2 SBISCT-
cs1 MapaMeTpoM (AnCTiepcrei) «IIOPOXKIAIOIIET 0» HOPMaJlb-
HOTO 3aK0Ha. [Tapamerp 262 = my A7t 3aKoHa Penest sBiist-
€Tcsl BTOPBIM Ha9aJIbHBIM MOMEHTOM, T. €. ITOJTHOM MOIITHO-
CTBIO CITy4aiHOT0 ITpoLecca, YTO HE COBCEM COOTBETCTBYET
conepxanuto repmrHa PAPR.

Bripakenmto (6) coorBeTcTBYeT KprBas 2 Ha puc. 1. Jta
3aBUCHMOCTB 3HAYUTEILHO OTIIMIAETCS OT «3TAJIOHHOI 3a-
BHCUMOCTH (4) [UII HOPMAaJIBHOTO 3aKOHA PaCIpeeTICHUS
(xpuBas 1 Ha puc. 1). Pa3anria B 3HaYCHUSIX TUKPAKTOPa CO-
CTaBJIIET OKOJIO 2-X IEIMOEII.

OTMeTHM TeTIepb BTOPYIO HETOYHOCT IIPH BBIBOJIE BHIPA-
keHs (6). PUBIUIECKHI CMBICT TIOHSTHE «OrHOAroIeih IMeeT
JUTSL Y3KOTIONIOCHOTO TIPOIIECCca, KOTOPBIi SBIISETCS ABYXIIO-
TspHBIM (puc. 2). IloaToMy HEOOXOIMMO YIUTHIBATE OTHOA-
JOIIME KaK TS OJIOKUTEIBHBIX, TAK ¥ OTPUIIATEIBHbIX Jac-
Tel cimydaiiHoro npouecca. BeposiTHOCTb MPEBBIIEHNS OTH-
Oarorieit 3aTaHHOTO YPOBHS B BRIpayKeHUH (6) HEOOXOTUMO
VIBOUTB, KaK 3TO OBLIO C/IEIIaHO B BBIpAXKEHUH (4):

_pfnax/
P (02 pmn)=1-Pp<pma)=2e /2" =257 (7)

B cootBercTBHU ¢ 3TUM KpuBBIE 2 U 3 pHC. | TOMKHBI
OBITH PUITOAHSATHI BBEPX C YBEIHYCHUEM BEpOSTHOCTEH B
2 paza.

[Ipy KOPPEKTHOM OINpEAENICHNH THK-()aKTopa BMECTO
BeIpakeHni (7) 1 (6) HEOOXOANMO 3aITUCaATh

2, 5
P(pzpmax)zz.e_pmax /20 =2e—Z /2 (8)
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1 — 1 HOpMaJILHOTO 3aKOHa, 2 — JuI 3aKoHa Pernest npu
Gg = 262, 3 — no meronuke [1], 4 — no 3axkony Penes npu

M, = 67, 5 — noy4eHHBIE PE3YNBTATHI

Pucynok 1 — 3aBHCHMOCTH 3Ha4€HUH BEPOSITHOCTH OT BBIOpaH-
HOT'0 3HAa4eHHUs! MUK-(paKTopa CUrHaa

n

Pucynok 2 —Y3komnonocHsli citydaifHelil mpouece

3aBucumMocTh (8) orobOpakaercss kKpuBoi 4 Ha puc. 1
(6e3 yuera xoaddunmenra 2). OTauuue KpUBbIX 2 U 4 Ha
puc. 1 npu ncrions30BaHny 3akoHa Periest cocramisieT poBHO
3 16 (B 2 pa3a), 4TO U CIEAOBAIO OXKUAATh. OTIINYNE STAIOH-
HOU KpruBO# | (HOpMAaITbHBIIN 3aKOH pacIpeeNieHNs) U YTO4-
HEHHOH KPHUBOM 4 IS PEIEEBCKOTO 3aKOHA COCTABIISET OKO-
JIO OHOTO JenuoOeInIa.

3aMeTnM, 9TO pe3yasTaT B BRIpakeHUH (6) MOXKHO HE
yIBaWBaTh, €CIM PACCMATPUBATH CUTHAJIBI B PaANOYACTOT-
HOM TpaKTe IpHu ero padoTe ¢ 0TCeuKoit B pexmme B.

Hamnee B [ 1], coxpaHsist cMBICT TepMUHA THK-(PAKTOp, IIPO-
N3BOJUTCS TEPECUET BEPOSTHOCTHOH IIIKAJIBI C yIETOM CIIe-
nyroriero yeinoBus. OHO 3aKiIrouaercss B TpeOOBaHUH, UTO-
ObI MHOTOKAaHAJIGHBII CUTHAJ HE MPEBBIIIAN YPOBEHb 3Ha-
YeHUs MUK(paKTOpa Ha BceX «N» BPEMEHHBIX (TaKTOBBIX)
MHTEPBATAX B IIPEesIax CAMBOIBHOTO HHTEpBana Ts:

7p12nax
V(P < Pmax)=(—e K W, ©)

2
_pmax/
Py(p>pmax)=1-(-e 725N (10

[NonyyeHHBIC TIPH 3TOM PE3YNBTATHI pacyeTa OKa3bIBa-
I0TCSl OTIIMYAOIIMMUCS OT PE3YJIBTATOB, TOTYYEHHBIX PH
MOIeTUpOBaHKH. {151 KOPPEKTHPOBKH PACYETHBIX Pe3yilb-
TaToB B BeIpakeHHU: (9) 11 (10) BBOIUTCS KOPPEKTHPYFOIIHIA
koa¢dumeHT o =2,8 [1]
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*pﬁm/ *Piwx/7 ,
Py(p=pma)=1-(-c /20 )N<2gNe /207 =pgne2" . (11)

Kpusas 3aBucumoctu (11) mpu N = 1024 nokazana Ha
puc. 1 (kpuBas 3). OHa COBITAAACT C 3aBUCUMOCTBIO, IIPHBO-
Mol B [1]u [8]. 3aMeTum, 9TO B APYTUX UCTOTHUKAX TIPH-
BOZATCS KPUBBIE B COOTBETCTBUH C (9), YTO MEHEe HATISIHO.

3amernm, uto B [12] npuBoanTCs BEIpayKeHUE, aHAIIO-
rugnoe (11), Ho ¢ ko3 dunuentom 0,64.

Kpusas 5 na puc. 1 npu N = 1024 ananorndsa kpusoii 3,
HO IIPH BBIYMCIIEHHAX B cooTBeTcTBUH ¢ (10) Mcnons3oBaHO
BbIpakeHHeE (4) U1l HOPMAJIFHOTO 3aKOHAa BMECTO BBIpaXe-
Hus (6) U1s 3aKoHa pacnpenenenus Pernest.

OTMeTHM, YTO TOYHOE U NMPHOJIKEHHOE PaBEHCTBA B
(11) mmeror pazubiid Guzndeckuii cMpicn. TouHoe paBeH-
CTBO OIPEAETSET. BEPOATHOCTh HAXOXKICHUS CUTHAIIA HIKE
1IOpora Ha BCEX TAaKTOBBIX HHTepBasiax. [IpubmmkenHoe pa-
BeHcTBO B (11) onpenensier BeposITHOCTh ITPEBBIICHHS 110~
pora Ha KakoM-JII0O OZTHOM 13 N TaKTOBBIX HHTEPBAJIOB (TIpH
MaJIbIX 3HAYEHUSIX SKCIIOHEHTHI). DTa BEPOSATHOCTH 0TOOpa-
JKaeTcsl KpUBOM 5 Ha puc. 1.

3aMeTuM Tenepsp, YTO NPEBBINICHUE 33 JaHHOTO YPOBHS
TOJIBKO HA OJJHOM U3 TAKTOBBIX MHTEPBAJIOB MOXKHO PACCMaT-
pHBaTh KaK MOSBJICHHE Ha 9TOM HHTEPBAJIE BO BCEX KaHallax
MMIYIbCHOM MOMEXH Majod JUIMTeNbHOCTH. OZHAKO 3TO
MIOYTH HE NOBJIHAET HA IOMEXOYCTOMUUBOCTD ITpUeMa. Be-
POSITHOCTb OJJHOBPEMEHHOIO MOSBJICHHS TaKOW MOMEXH Ha
HECKOJIBKUX TAKTOBBIX MHTEPBAJIaX MOXXHO BBIYHCIIUTH C HC-
TI0JIb30BaHIEM OMHOMHUAILHOTO 3aKOHA PacIIpenesICHNs

-k

N
)!pk(l—P)N , (12)

Fy(k)= k!(N;k

B coorBercTBuu ¢ (12) mmeem

_N(N-D

Py()=N-pli-p ", Bv(2) PZ(I*P)NJ,(B)

uT0, HampuMep, mpu p = 107> u N = 1000 nmaer

-5
Piogp (2)=5107.
Cnenosarensno, yenosus (10) u (9) mpu MabIx 3HaYCHH-
six 110 (7) He aBIsoTe HeooxomumbiMu. CpaBauBast (13) u

(4) (xpussie | u 4 Ha puc. 1), npu Loy (12 nb) momyaum
c

P(pzpmax)zz'x i=10
P(d>x) 086 08

JlocTatouHpIM OKa3bIBaeTcs ycrmoBue (6) B BUIC

COOTHOIICHUEC

e <<1/N. (14)

BbIBO/JbI

[TokazaHa HEKOPPEKTHOCTH UMEIOIIUXCS B JIUTEPAType
PE3YIIBTaTOB JUTS 3HAYCHNH MTUK-(DaKTOpa IPYIIOBBIX CHTHA-
710B MHOTOKaHanbHBIX cucteM ¢ OFDM. [oydeHsb! HOBEIE
pe3yIBTaThI IS 3HaYCHUH MuK-(akropa (kpuBse 1 1 5 Ha
puc. 1). Ilpu p = 10~ a1 kpuBoii 1 puc. 1 nonyueHo 3Haue-
Hue mukgakropa okono 13 xb. IloxydeHHBIE pe3ymBTaTHI

TIO3BOJISIIOT YTOYHUTD (CHU3UTH Ha 2—4 10) TpeOoBaHUS K
JIMHAMHYECKOMY JNaIa3oHy M JINHEHHOCTH aMIUIHTYIHBIX
XapaKTEepHCTHK allapaTypbl MHOTOKaHAJIbHBIX CHCTEM NPH
JIOIYIIEHUN HECKOJIBKUX IPEBBIICHUN YPOBHS Ha MHTEPBA-
JIe BpEMEHH, PABHOM JTUTEIILHOCTH CUMBOJIA TS, UTO SKBH-
BaJICHTHO ITOSIBJICHUIO HAa ATUX MHTEpBAJIaX HE OYEHb Omac-
HOU HMITYITBCHOM ToMexu. [Tokazano, uto yenoswus (9) u (10)
HE SIBJISIFOTCS] HEOOXOANMBIMH.

[penmonaraercs B ciemyromIei craTbe MPOBEPHUTH ITOTY-
YEeHHbIE PE3Y/IBTAThI C UCIIONB30BAHUEM MHOTO MaTeMaTH-
YECKOro arapara.

BJIAI'OJAPHOCTH

PaGora BeITIOTHEHA B paMKaXx BBITIOTHEHHS HAyTHO-HCCIIe-
JIOBATEIILCKOM TeMBbI 3alIOpPOKCKOT0 HAIMOHATIBHOTO TEXHUYEC-
Koro yHuBepcuTera «Pa3padorka n 000cHOBaHNE peKoMeH 1a-
LM 10 TIOCTPOCHHIO CHCTEM IPOCTPaHCTBEHHO-BPEMEHHOM
00pabOoTKN CHTHAIIOB B YCIIOBHSIX BO3ACHCTBHS KOMOMHHPO-
BaHHBIX oMex» (Ne roc. perucrparmn 0114U002636).
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CTATUCTHUYHI XAPAKTEPUCTUKHU CUT'HAJIIB BATATOKAHAJIBHUX CUCTEM 3 OFDM

ITpoBoaMTHCS YTOYHEHHS BIJOMHX 3 JIITEPaTypH CTAaTHCTUYHHMX XapaKTEPUCTHK TPYIOBUX CHTHAIIB (3aKOHIB PO3IOALLY HMOBIpHO-
CTei, YHCEeIbHUX XapaKTEePUCTHUK, MiK(paKkTopa) OaraToKkaHaILHUX CUCTEM Iepe/adi 3 BUKOPUCTAHHIM YaCTOTHOTO YIUIBHEHHS 3 OPTOro-
HanpHuMH nigHecydynmu (OFDM). BinzHauaroTbesi He 30BCIM KOPEKTHE BUKOPUCTAHHS IIijl Yac OLIHKH Hik(akTopa OaraTrokaHaIbHOIO
cUrHajly 3aKkoHy Perest jist ioro oOBigHOI.

OTpuMaHi HOBI pe3yinbTartd Uil 3HaueHb Hik-(akropa. [Toka3aHa MPUITYCTHUMICT MEPEBHUIEHHS CUTHAJIOM ITIOPOTOBOrO PiBHS Ha
ofHOMY a00 IEKiNbKOX TaKTOBUX IHTEpBaJax, IO MpPOSBISETHCS SIK IMIYIbCHA 3aBajla HA IIMX IHTEpBajaxX B yCiX KaHajax. 3700yTi
pe3yibTaT JO3BOJIIOTH 3HU3UTH BUMOTH Ha 2—4 1B 1o quHaMiYHOrO Aiarna3oHy i JIHIMHOCTI aMILTITYIHOI XapaKTepUCTUKY araparypu
GararokananbHUX cucteM 3 OFDM.

KurouoBi cioBa: yuiiibHeHHs, cepe/iHsl IOTY)XHICTb, MaKCUMaJIbHa MOTYXHICTb, MIK-(paKTop, MOPIr, 3aKOH PO3IOALLY HMOBIpHOC-
TeH, rpynoBuil CUrHalL.

Bondarev B. M.!, Kabak V. S.2

'Ph.D., Associate Professor, Professor the Department of Radio Engineering and Telecommunications, Zaporizhzhia National
Technical University, Ukraine

Ph.D., Associate Professor the Department of Radio Engineering and Telecommunications, Zaporizhzhia National Technical University,
Ukraine

SIGNALS STATISTICAL CHARACTERISTICS OF THE MULTICHANNEL SYSTEMS WITH OFDM

The accurate definition of the found in literature baseband signals statistical characteristics (distribution, numerical results, peak-to-
average ratio) in the multichannel systems with orthogonal frequency-division multiplexing (OFDM) is studied. Not strictly correct
variable normalization and discrepancies in peak-to-average ratio estimation with using of Rayleigh distribution for envelope are noted.

New results for peak-to-average ratio meanings are obtained. The acceptability of exceeding by threshold value signal on one or
several clock intervals is shown, this appears as pulse disturbance on these intervals at all channels.

The obtained results allow to reduce the demands on 2—4 dB to dynamic range and linearity of amplitude characteristic of multichannel
systems apparature with OFDM

Keywords: multiplexing, average power, peak power, peak-to-average ratio, threshold, distribution, baseband signal.
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'I-p mexH. Hayk, npoghecop, HauioHanbHuUl mexHidHul yHieepcumem YkpaiHu «Kuiscbkul nonimexHidHul iHcmumymy, YkpaiHa
2[loyeHm, HayioHanbHuli mexHidHUl yHieepcumem YkpaiHu «Kuiscbkuli monimexHiyHul iHcmumymy, YkpaiHa
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KOHCTPYKUIMHA ONTUMI3ALIA XBUNEBOOHO-BIBPATOPHOIO
BUMPOMIHIOBAYA 3 NMOBEPHYTOIO MJIOLWMHOKO NMONAPUSALII

3anponoOHOBAHO KOHCTPYKIIIFO 5-€eMEHTHOTO BHIIPOMiHIOBaYa Ha OCHOBI JiHIHHOT
BiOPaTOPHO-XBUJICBOAHOI PELIITKU JUIS BUKOPUCTAHHS Yy CKJIaJi HPUCTPOIO ONPOMIHEHHS
JeNIeKTPUYHHUX MaTepiaiiB eIeKTPOMarHiTHAM oseM yactoToro 2,45 I'Th, po3paxoBaHo OCHOBHI
napameTpH JUisl JOCATHEHHS! BHCOKOI PIBHOMIPHOCTI PO3MOALLY OIS Iepe]] BUIIPOMIHIOBAYEM.
IMTokazaHo BIUIMB BifcCTaHi MK BiOpaTopaMu i MOBEpXHEI0 XBWJICBOJA HA IIHPHUHY Aiarpamu
po3IOAiNy MOJII, BU3HAYEHO ONTHMajbHE PO3TAIIyBAaHHS 30HHU IS PO3MIlEHHS
JIeNeKTPUYHOTO MaTepiaiy, [0 MifIsrae onpoMiHeHHo. [yt KOHCTPYKIIl 3 ONTHMI30BaHUMHU
napamMeTpaMH BUKOHAHO OL[IHKY IOJIIPH3aLiHHOI Ta aMILTITYJHOI OMHOPIAHOCTI MOJIS.

Karouosi cioBa: BiOpaTop, XBUJIEBIN, OJMMKHS 30HA, BUIPOMIHIOBAY, HAIBUCOKI YaCTOTH,

HOJIIPHU3ALLis.

BCTYII

J10 OCHOBHHX THITIB XBHJICBOAHMX aHTEHHUX PEIIiTOK
BiZTHOCSITHCS XBIJICBOIHO-IIIUTHHHI Ta XBIJICBOTHO-BiOPaTOPHI
BiJITIOBITHO JI0 THITY €IIEMEHTIB BUITPOMIHIOBAHHS, III0 Y HIX
BUKOPUCTOBYIOThCA. [X TiepeBara MOpiBHO 3 PyNOPHUMH aHa-
JIOraMH TOJISITa€ y MEHIINX PO3Mipax, IO OCOOJINBO BaXJIH-
BO JUIS ITOOYIOBH IVIOCKUX aHTEHHHX PEIIiTOK, TAKOX 3’ SIB-
JISIETHCS MOXKIIMBICTH CTBOPEHHS PO3IIO/IJICHOTO BHITPOMI-
HIOBa4a, 110 JKUBUTHCS Bif OXHOro pkeperna. Yacrime y
niarma3zoni HBY Taki aHTeHH CTBOPIOIOTHCS 3 BUKOPUCTAHHIM
MiKpPOCMY)KKOBOI TEXHOJIOT 11, OHAK JUTS IPHU3HAYEHb, JI¢ Ma€
MiCIIe BUTIPOMiHIOBAHHS EJIEKTPOMATHITHOI €HEePTii BUCOKOI
TIOTY)KHOCT1, CMY)KKOBI JTiHii CTaf0Th MaJIOTIPHUAATHAMH BHAC-
JI1I0K BUMIUTEHHS Y HUX 3HAYHOI KUTBKOCTI TETUIOTH.

3aBIAKH KpaIii TEXHOIOTTIHOCTI 1 KOMITAKTHOCTI JIiHIHHI
PEIIITKY [TepeBaYKHO CTBOPIOFOTHCS Ha OCHOBI LITUTHH, TIPOpi3a-
HUX y CTiHII XBruteoAy [ 1, 2]. Bomso4ac nmiHilHI perniTky 3 BHT-
POMiIHFOBa4aMH y BUIIISIII BIOPATOPIB, 10 KUBIIATHCS Bif IS
MOKYTHOTO XBHJICBOLY 3AJTHIIAIOTHCS MAJIOIOCIT IDKSHHMH.

XBUIIEBOIHI AHTCHHI PEIIITKU 3HAXOISATH 3aCTOCYBaHHS
OCHOBHHM YHMHOM JTSI CIIPSIMOBAHUX aHTEH 3B’ 3Ky a00 pa-
niomokartii. B Toi ke gac Juie B OKpeMUX poOooTax po3riis-
JAa€ThCst OJVDKHE 11071 BUIIPOMIHIOBAHHS TaKHX aHTEH, Ha-
NPHUKJIA, 3 TOUKH 30pY X 3aCTOCYBaHHS IS [Tl €JICKTPUYHO-
ro HarpiBy Matepiaiis [3], reHepyBaHHA IU1a3Mu [4] TorIo.

1 IOCTAHOBKA ITPOBJIEMHA

Mera poboTH monsrae y po3poOJieHHI Ta JOCIiHKEHH]
JHIAHOT PelIiTKA BUTIPOMIHIOBAYiB IS BUKOPUCTAHHSA Y
CKJIaJli MiKpOXBHIJIOBOTO MPUCTPOIO Hi€TEKTPUIHOTO Ha-
TpiBY, ommuC sKOro mpuBeaeHo y [6]. [Ipuctpiit copmona-
HUH DT HAPIYHOIO KAMEPOIO B3a€MOII1, uepe3 Ky MPoXo-
JIUTH TIOTiK PEYOBHHH, IO IMiJUITAE OMPOMiHEHHIO €JICKTPO-
MAarHiTHUM IOJIEM HaJBHUCOKUX 4acToT. KOHLIEHTpHYHO
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HaBKOJIO KaMepH IapajIeNIbHoO 11 0Cl po3TaIloBaHi JIiHiiTHI BUII-
POMiHIOBaYi, 110 JJa€ 3MOT'Y 3a0€3EYNTH JOCTATHIH PiBEHB
IIUTEHOCTI €HEPrii 3aBISKH MPOCTOPOBOMY CKJIaJaHHIO XBUIIb
BiJl FeHepaTopiB HEBUCOKOI IOTYXHOCTI. 171t 3HHKEHHS piBHSA
B3a€MOJIi1 Mi>K IPOTHIIEKHO PO3TAIIOBAHUMH JUKEPEIaMU
LITIHIPUYHA KaMepa OTOYEHa CHipalIeoiOHIM MOJISIpH-
30BaHUM J3€pPKaJiOM, BiCh MOMSPU3ALIi] SKOTO CTBOPIOE KyT
45° no ocHOBM KaMepH. TakuM YHHOM, €JIEKTpOMAarHiTHa
SHepris, 10 NPOXOJUThH Y 30HY B3aEMOII 3 OHOTO OOKY
Oyze BimOMBaTHCS BiJ MIPOTHIIEKHOI CTOPOHHU BHACIIJIOK TIep-
TICHUKYISIPHOL Opi€HTAIIi] OCi MOMApU3AIii A3epKaa 3 mpo-
TUJISKHUX CTOPiH. BiAmoBinHO, mkepena eneKTpoMarHiTHOI
€Heprii MOBUHHI BUKOHYBATHCS Y BUITISIL JITHIMHUX PEITOK,
i, IpA FOMY, IDIOMIMHA TONSAPHU3ALI] IO TOBHHHA OyTH
ToBepHyTa i KyroM 45° 1o oci peritke. KpiM Toro, TexHidHI
XapaKTePUCTHKH KaMepu 0OpOOIIeHH BUMAararoTh 3a0e31e-
YEeHHS BICOKOI PIBHOMIPHOCTI HANIPY>KEHOCTI EJIEKTPUIHO-
'O TTOJIS B 30H1 B3a€MO/Il.

JlocimkeHHs BUKOHYBAJIFICh 32 TOTIOMOT'OFO 32C001B KOM-
T’ TOTEPHOTO MOJICTIOBAHHS €JICKTPOANMHAMIYHUX CTPYKTYP
Ansys HFSS™ i CST MWS™,

2 MATEPIAJIM TA METOIN

Binomi KOHCTPYKIIii OTUTMHANX PETiTOK, Y IKUX MIITHHA
PO3MIIIIEHI B IEHTPI MHUPOKOI CTIHKH IIPSIMOKYTHOTO XBHJIE-
BOJIa TIiJT KyTOM JI0 HOTO OC1 1 OpiEHTOBaHI II0YEpPTOBO B MPO-
THJIC)KHI CTOpOHH [4, 2]. B Takux aHTeHaX TOBEPTAHHS IILTHH
HABKOJIO IEHTPY BUKOHYETHCS JUIS 3a0€3MEUCHHS HeO0X1/1-
HOTO iX 30yIPKeHHS 1 Y3TO/PKEHHS 3 XBIJIEBOIOM, OTHAK BHAC-
JOK CHMETPUYHOCTI KYTiB TOBOPOTY y NANBHIHN 30Hi (op-
MYETBCS XBIIIS, ONISIPU30BaHa MapajiebHO OCl XBHJIEBOJA.
MosxIrBa KOHCTPYKIIiSI XBUJIEBOJHOI aHTEHH, sIKa 3a0e31e-
4ye IMOBEPHYTY, BiTHOCHO OCi XBHJIEBOJA, TUIOLIHHY TOMS-
pu3ariii, y AKii OUIMHA OPi€EHTOBAHI MapajeabHO MiX CO-
0010 1 yTBOPIOIOTH IIEBHAH KyT BiHOCHO OCi XBHIIeBOAa [2].
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B Taxomy BHNa Ky IIiJIMHU PO3MILITYIOTECS B3JJOBXK ITHPO-
KOi CTIHKM XBHJICBOIA 31 3MIIIIEHHSM BiTHOCHO HOTO IICHTPY
TIOYEPTOBO Y Pi3HI CTOPOHH (TaK 3BaHi «CKJIaHI» IIUINHHM).
Taxa peaizamis 3a0e3neyye HOBEPHYTY MOISIPU3ALII0 XBIII
Y JaibHil 30HI, OHAK, BHACIIJOK HEPIBHOMIPHOTO po3Ta-
LITYBAHHSI allepTyp IIUIMH HAIIPY)KEHiCTh MO 003y BHII-
pOMiHIOBaYa pPO3MOAUIIETHCS HEPIBHOMIpHO. BakinBum
HEJIONIIKOM IIIIMHHUX aHTEH € HEMOXJIMBICTH a00 3HaYHA
CKJIQ/IHICTh PETYITIOBaHHS 30y/PKEeHHST OKPEMHUX IIIJINH.

AJIBTepHATHBOIO BUKOPUCTaHHSI IITMHHUX BUTIPOMIHIO-
BayiB, 110 103BOJINTH YHUKHYTH BJIACTHBHX IM HEIOMIKIB, €
BUKOPUCTaHHS BUIIPOMIHIOIOUHUX €IEMEHTIB Y BUIVISIAI BiOpa-
TOPIB, 1110 KUBIIATHCS BiJ XBUJIEBOAa. BHacmiIoK Toro, mo
BUITPOMiHIOBa4i HE € IHTETPOBAaHUMH Y XBIJIEBIJ 1€ JIa€ 3MO-
Ty pEeryIroBaTH 30y/PKEHHS KOXKHOTO €JIEMEHTa, 3MiHIOBaTH
KyT NOJIApU3aliii BUIPOMiHIOBAaHHSI.

Y 3anporoHOBaHi i KOHCTPYKIIi1 BUKOPUCTAaHHUH BUIIPO-
MiHIOBa4 XBIJIEBOHO-BiOpaTopHoro tumy (puc. 1) [7], oc-
HOBY SIKOi CKJIaJla€ MpSIMOKYTHUH xBuieBin 4 (puc. 1), mo 3
OIHOTO KiHIS 3aKPUTHH PYXOMHM KOPOTKO3aMHUKAaIOUUM
TIOPIIHEM 5, a IHIIMM KiHIIEM ITiJKJTI0YAETHCS 10 TeHEepaTo-
pa. EnemenTyn BUnIpoMiHIOBaHHS €HEpTii yTBOpeHi BiOpaTop-
HUMH CEKILiSIMH, PO3TAIIOBAaHUMH B3JOBX XBHJIEBOJA B
LEHTPi MIMPOKOI CTIHKU. KoKHa CEKITist CKITaaeThest 3 BipizKa
KOaKCiaJIbHOI JIiHiT, 110 3 OTHOT CTOPOHH BXOUTH Y XBHJIEBI]
mrupeM 3, a 3 iHIoOi, Yepe3 IIUITMHHUA CHMETPYIOUnit
TIPHCTPIi 2, >KUBUTH IIEHi ITiBXBHIILOBOIO BiOparopa 1. Binbip
€Heprii BiJl XBUJIEBOJIa BUKOHYETHCS IITUPEM 3, IO € TIPO-
JIOB’KEHHSIM [IEHTPaJIHOTO IPOBIIHHIKA KOaKciaJIbHO] JIiHii.
3abe3neueHHs TOBEPHYTOI BiTHOCHO OCi XBUJICBOIA IIIOIIH-
HU MOMSIPH3aLi] MO 3/[1IICHEHO 3aB/SKN OBEPHYTOMY I10-
JIOKEHHIO YCiX BiOpaTOpiB Ha BiIIOBITHUH KYT 10 OCi XBHITE-
BOJI, 1110 cKiaaac 45°.

J71s y3romKeHH S XBAIEBOJHOI PEIIITKH 13 TEHEPaTOpOM
BHUKOPHCTAHO pEaKTHBHUH BiOpaTop 6, po3TamioBaHuii Ha
BizcTaHi D, niepen nieprimm mrrupem B LEHTPi IIAPOKOI CTIHKA
1 Mae MOBXHUHY L, PEaKTHBHICTh SIKOTO KOMIICHCYE peak-
THBHICTB yCiX IIITHPIB.

[c =2 ]
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Pucyrnok 1 — 30BHIIHII BUINISA BUIPOMIHIOBaYa 3 PO3PI30M
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PoGoua wacrora npucrporo craHoBuTh 2,45 I'T'11 (10B-

KMHA XBUI1 A =~ 122 MM), B1/IIIOB1/IHO, 0OpaHO TUII XBUJIE-
Boza WR-340 (crannapr EIA) 3 BHyTpinmHIMEU po3MipaMu
86 %43 MM 1 TOBIIMHOIO CTIHKH 2 MM.

J11s1 3a6e3nedeHHsT BUCOKOT PIBHOMIPHOCTI ITOJIS TTOOJIH-
3y BUIIPOMiHIOBa4a BCi €IEMEHTH IIOBUHHI BUIIPOMiHIOBaTH
eHepriro cuH}azHo, a aMILTITYIH 30yIKEHHS KOXKHOT CeKIii
MaloTh OyTH po3paxoBaHHMH TAKMM YHHOM, 1100 3a0e3me-
YUTH MaKCUMaJIbHY OTHOPIIHICTD HAIIPYKEHOCTI €IEeKTPO-
MAarHITHOTO TIOJIs Y 3aJIaHii 30H1; OJJHOYACHO 3 I[M BifICTaHb
MiX BiOparopamMu MOBMHHA OYyTH SIKOMOTa MEHIIOIO.
MiniMabHa Bigcrads L , MiX CYCITHIMH €JIEMECHTaMH MOXKE
GyTH IOCSTHYTA, SKILO BCTAHOBHTH ii IPUOIM3HO A ¢/2 (Biztro-
BiJIa€ JIOBXKMHI XBUJI1 Y XBUJIEBO/I1) 3 YPaXyBaHHSIM ITONIPABKU
Ha BHECEHY PEaKTUBHICTh IITHPIB AJIs1 KOMIICHCYBaHHS (a-
30BOTO 3CYyBY, OJIHAK, IIPH [IbOMY CTPYMH Y CYCIIHIX KOaKc-
1aJIbHUX Bipi3Kax OynyTh nporudazHumu. BianosinHo, mist
30epexeHHs1 CHH(A3HOCTI BUIIPOMiHIOBaHHS Cyci/iHI BiOpa-
TOPH B3a€MHO pO3BepHyTi Ha 180°.

JloBXH1Ha KOKHOTO INTHPS L BU3HAYAE€ThCA BiMOBIIHO
JI0 HeoOXiTHOT BETMYHUHU 30yIKeHHS BiOpaTopa, 0 MOXe
TaKOX PEryJIIOBaTUChH LIISIXOM 3MILIEHHS IITHUPIB YOIK BiX
LEHTpY a00 B3JI0BX XBIIIeBO1a. OCTaHHE MOMKIIMBE 3aBISKH
TOMY, 1110 BUTIPOMIHIOBaY MPAIIOE Y PEXKHAMI 3MIIIAaHUX XBHIIb
1 B37IOB)K XBIJICBO/IA MA€ MiCIIe 3HAYHUH KOS (IllIEHT CTOTIOT
xBwii no Hanpysi (KCXH) — 1mosokeHHs ITHPIB HA II0-
B3JIOBXKHIH OCI BIUTUBA€E HA IHTCHCUBHICTB 1X 30y/DKCHHS 3a-
JISKHO BiJl TOTO UM BiH 3HAXOIWUTHCS Y MaKCUMyMi, UM B
MiHiMyMi Tions. [Ipu 11bOMY HEOOXIAHO 00 PO3MIIICHHS
ycix mTupiB 3a0e3nedyBato cuH(a3HICTh X 30yHKEHHS.

OmHOIO 3 YMOB ONITUMI3ai1 PHCTPOIO Oyr10 3a0e31edeH s
MaKCHMAITLHOTO Y3TO/PKEHHS KOaKCiaJIbHUX JIiHiH 13 BiOpaTop-
HUMH CEKITISIMH, 1, TAKIM YHHOM, PO3PAXYHOK BCHOTO IIPUCTPOIO
OyI10 PO3/IiIICHO Ha BHYTPIIITHIO Ta 30BHIIITHIO 3a/1a4i.

Ha nepiriomy erarti, B X0z1i BUiIIIeHHS 30BHIIITHBOI 331241,
3aJaBaNIICh 3HAYCHHS BiJICTAHEH MiXK CyCiIHIMI BUIIPOMiHIO-
IOYMMH CEKILISIMH, BU3HAYaJINCh ONTHUMAaJbHI MapaMmeTpH
BiOpaToOpiB i CHMETPYIOUHX €IIEMEHTIB, HeOOX1JHI aMILTITyIr
X 30ymKeHHs, SIKi 3a0e31medyars y3ropKeHHs KOKHOTO BiOpa-
TOpa 3 KOAKCIABHIMH BiAPi3KaMH, CTBOPIOIOYH TIPH ITHOMY
PIBHOMIpHMIA pO3IIOALT OIS B OONACTI ITepe/ HUMH.

BHyTpimHs 3aa4a nonsraia y po3paxyHKy IpsIMOKYT-
HOTO XBHJIEBOJIA, B IICHTPI1 IIUPOKOI CTIHKH SIKOTO PO3TAIIIO-
BaHO PsiJI XBIJICBOJHO-KOAKCIaIBHAX TepexoiB. Po3paxoBy-
BaJIMCh ONTUMAITHI 3HAYCHHS BiACTaHEH MiXK INTUPSIMU Tie-
peXomiB i JOBXUHHU KOXKHOTO 3 HUX IUISI 3a0€3MEUCHHS
HEOoOXiTHOT aMITTITYIH i CHH(Aa3HOCTI 30YMKEHHS KOXKHOTO
KOaKciabHOTO Bifpizka. OMHOYACHO i3 ONTHMI3aIi €10 mapa-
METpiB IITHPIB BiIOYBaBCS PO3paxyHOK PO3MIpIB i OJIOKEH-
HSl PEaKTUBHOTO BiOpaTopa it KOMIIEHCAIlil BiTOUTOl Bix
XBUJIEBOA XBHUJII.

3 PE3YJIbTATH

XapakTep po3TIOILUTY IO B3I0BK XBHJIEBOA HAJT BiOpa-
TOpaMH 3aJIe)KUTh OCHOBHAM YHHOM BiJl iX KUJIBKOCTI, BiICTaHi
MDXK HUMH, aMIUTITYIH i (as3u 36ymkeHns. Po3momin momns y
TIOTIEPEYHOMY HATIPSIMi BU3HAYA€ETHCS OUTBIIIOI0 MipOIO T1a-
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Pucynok 2 — HopMoBanmii MOIylTb HAIIPYKEHOCTI eNEKTPHIHOTO nonst: a — D =20 mm; 6 — D =30 Mm; B — D;=40 Mm;
r— Dt:50 MM; T — Dt:60 MM
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pameTpamu BiOpaTopiB Ta BiICTAHHIO BiJl HUX /10 TOBEPXHIi
xsuneBoy D . Tax, Ipu pe30HaHCHi# TOBXHUHI BibpaTopa i
Biacrai D, OJIM3BKIH JT0 TIONIOBMHHY JTOBXKWHHU XBUJT1 JliarpamMa
po3moainy mosst y ONMFDKHIM 30HI PO3MIMPIOETHCS, a MPH
YBEPTI JOBKHHH XBHJII — 3BY>KY€eThCsI. OCTaHHE TBEp/IKEHHS
TIOSICHFOETHCS THM, TIIO TIPH BiJICTaHi Bifl BiOpaTopa 10 XBUIIe-
BOZIa IPUONU3HO PiBHIH A /4, XBUIIl y IEpIIEHAUKYIIIPHOMY
IO XBIJICBOJIA HATIPSIMi CHH(A3HO CKIIAIAI0ThCA 13 BiTOUTH-
MU BiJ] XBUJICBOJIA, BHACIIIOK YOT'O iHTCHCUBHICTH BUITPOMI-
HIOBAaHHSI €HEPTii y NepIEeHANKYIIIPHOMY JI0 XBHJIEBO/a Ha-
npsaMi 3pocrae. SIkmo x D, HabImKaeTbCsA 0 BETHYHHH
A/2, TO B1IOUTI BiJl METaNEBOI IOBEPXHI XBUII BUABILIIOTHCS
npoTH(a3HUMH 1 TTOTIK €Heprii y NeprneHANKYIIpHOMY Ha-
IpsIMi 3MEHIIYETHCS, TPU3BOASYH IO 3POCTAHHS MOTOKY
eHeprii y OOKOBHX HAIpsIMaXx.

J1J151 KOHCTPYKIIi1 MiKpOXBHIILOBOT'O MPUCTPOIO, CKIIAJI0-
BOIO SIKOTO € BUIIPOMIiHIOBadY, HEOOXiqHO 3a0e3redyBaTi
BY3bKY JllarpaMy po3HoiTy Hapy>KEHOCTI eIeKTPUIHOTO
TIOJIS y TIOTIEPEYHOMY HANpsIMi — Y TIPOTWIIS)KHOMY BHIIa -
Ky XBHJT1, IIIO0 BUPOMIHIOFOTECS ITi ] 3HAYHUM KyTOM JI0 HOp-
MaJli, MAaTUMYTb 3HAYHY TOISIPHU3aLliHy HEYy3TO/DKEHICTb 13
TIOJISIPU30BAHUM J3EPKAJIOM.

Heo0ximHa KinbKiCTh BIOpATOpiB BU3HAYAETHCS BUXOISUH 13
MTOTY)KHOCTI JDKEpela, M0 KUBUTh XBUJIEBiJ, HEOOXiTHOT
IIUTEHOCTI MOTYXKHOCTI TTOJIS y 30H1 B3a€MOJIT 1 TpH IIboMY 1X
KUIBKICTb TIOBMHHA OyTH JOCTATHBOIO ITs1 320€3IICIeHHST Iepe]]
BUIIPOMiHIOBaYEM 30H{ PiIBHOMiPHOIO PO3IOILTY €JIeKTpoMar-
HITHOTO TIOJSI Y TTO3/JOBKHBOMY, BITHOCHO XBUJIEBO/IA, HATIPSIMI.

Y poborti po3msaBcs BUIPOMIHIOBaY, 10 CKIIAa€ThCs
3 IT’ TN BiOPaTOPHHUX €JIEMEHTIB.

[nsxom onTuMizanii mapaMerpiB BiOpaTOpHUX CeKLiH, y
SIKUX JTlaMeTp TUiedeii CTAHOBHB 2 MM, B MEXKaX pO3B’sI3aHHA
30BHIIIHBO] 381241, BU3HAYEHO, 1110 JUTS 3a0e3I1eUeHHs] BEJTHYH-
11 KCXH Ha piBHi He Ouibiue 1,1 1oBxuHa ycix BIOpaTopiB ,,
TIOBHHHA CTaHOBUTH 50 MM, JOBXKHHA CUMETPYIOUHX IILTHH
L _—23 mm, niaMeTp BHYTPIIHBOTO TIPOBIIHAKA Ta XBAJILOBHH
omip KoakcialbHOi JiHII CTaHOBHB, BiJIIOBIIHO,
3 mm ta 50 Om. [Ipu oMy, HE3BaXKat0UH Ha Te, IO B3aEMOIIS
LIEHTPAJIBHOTO BiOpaTopa 3 IHIIMMH CIUTBHIIIA, HiK KpaiHiX,
PO30LKHICTE PiBHS Y3TOMKEHHS KOYKHOTO 3 HUX ITPU OMHAKOBHX
TapaMeTpax 3aTHIIAETECS B MeKax BkazaHoro KCXH.

BaxxiuBoro mpoOIIieMoro TpH MPOEKTYBAHHI PEUTITKU
BUTIPOMIHIOBAYiB € BU3HAYECHHS OIITUMAJIFHOTO PO3TAITYBaH-
HS 30HH B3a€MOJIi1, B MEXaX AKoi Oyze 3a0e3meueHa MakCH-
MaJbHa PIBHOMIPHICTB MTapaMeTpiB MO, i, 30KpeMa Horo
MaKCHUMaJIbHa MOJsApU3aliiifHa oqHOpiAHICTE. OCTaHHIH 1mo-
Ka3HUK BAYKIIMBUHN IS TIOJIPU3AIIHHOTO Y3TOIKEHHS €JIeK-
TPOMAarHiTHOTO MOJIS 3 OJSIPU30BAHUM J3EPKaJIOM.

HopmoBaH#iA po31oain MOyt HAMPYKEHOCT] eJIeKTprY-
HOr0 TIOJIS Y IUTOMIMHI Ha BifcTaHi £ = 150 MM Biz BiOpaTopis,
TIPY Pi3HUX BIACTAaHSX BiJ HAX J0 XBHJIEBONA, 300pakeHO Ha
pHcC. 2, 1e KOOpAMHATa X OPiEHTOBaHA MapajeNbHo, a ¥ —
TIEPIICHINKYIIIPHO OCi XBHJIeBOna. 30yKeHHS BiOpaTopiB
BiIOyBaJIOCH OJHAKOBAMHU 32 aMILTITyIaMH 1 pa3aMu CTpy-
MaMu. 3 pUCYHKIB BHIHO, IO 3 BilIaIeHHsIM BiOpaTOpiB Bi
XBIJIEBOZIA IIMPHHA JTIarpaMy PO3MOILTY TTOIISI PO3IIHPIOETH-
cs1, IO BiJTIOBiTa€ BKA3aHOMY BHUIIIE TBEPIKCHHIO.
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[Tpu oMy BHCOTA pO3TalIyBaHHSI INTOIIMHH BiOpaTOpiB
HaJl XBUJICBOZIOM € OCHOBHHUM YMHHHKOM, 1110 BU3HAYAE PO3-
o1 KyTa nossipusatti momst. Ha prc. 3 npuBeneHi xapakre-
PHUCTHKH CHIBBiJHOIIEHHS! MK CKJIa/IOBOIO EJIEKTPUIHOTO
TIOJIS TTAPAJICSTBHOIO JI0 BiOPATopiB 1 MOMYIIEM HAIpy>KEHOCTI
EJEKTPHAIHOTO TIOMs PH Pi3HUX 3Ha4eHHsx D, i =150 M, sxi
XapaKTepU3yIOTh CTYIIIHb BiOBIAHOCTI MOJSApU3ALIii oss i
TIOJISIPU30BAHOT0 A3€pKalia, PO3MILIEHOTO Ha/l BUTIPOMIiHIO-
BadeM, Y SIKOTO BiCh IOVISIPU3aLlii epIIeHIMKYISIpHa 10 BiOpa-
TOpiB. XapaKTepHUCTHKN PO3PaxOBaHi y IUTOIINHI, TIEPIICHIU-
KY/SIpHiH Oci X B TOUL[l MaKCUMAJILHOI HAIIPY>KEHOCTI TTOJISI.
OueBHaHO, IO OJHOPIAHICTH MONAPU3ALIs XBUIII 3POCTAE 3
HaOJV>KEHHSIM TUTOIIMHH BiOpaTOpiB /10 METAIEBOI IUTOIIMHH.

TaknM 9MHOM, 3 OIVIAY Ha MOKPAIIEHHS aMIUTITYIHOI 1
TONSIPU3Ai HHOT OTHOPIAHOCTI, HEOOXiTHO BCTAHOBIIOBATH
HalMEHIIly BUCOTY PO3TAlllyBaHHS BiOpaToOpiB HaJ MeTaje-
BOIO OCHOBOIO, 5IKa, O/IHAK, 0OMEKEHa JIOBKHHOIO CUMETpY-
10YOi IITLJTMHH, 1 1711 TaHOTO BUIA/IKY CTAHOBUTB D = 22 MM.

3abe3neuylour BiIIOBIIHMNA PO3MOALT IHTEHCUBHOCTI
30y/PKEHHS KOKHOTO 3 BIOpaTopiB MOXKHA 3MIHIOBATH Xapak-
TEp PO3NOALTY HANPY>KEHOCTI ITOJIs1 Y OJMoKHi 30Hi.

[nsixom onrrrMizariii aMILTi Ty 30YIKEHHS KOKHOTO ee-
MeHTa OyJ10 BCTaHOBJICHO, 1110 ITPY CHiBBiIHOIICHH] aMILTi-
Ty KHUBJIEHHSI BiOpaTopiB sik 5:14:10:14:7, BimmosimHo (1104u-
HArO4Y¥ Bijl BXOMY), IIPY OMHAKOBUX (hazax, JOCATHYTO MaKCH-
MaJIbHOI piBHOMIPHOCTI TIOJISt B3/I0BXK OCi XBHiieBoAa. Jlist
LILOT'O BUIA/IKy PO3IIOALT HANPY>KEHOCTI MOJIsl, HOPMOBAHHI
JI0 MAaKCHMaJILHOTO 3HaY€HHS Y Pi3HUX IIEPEeTHHAX HAJI BUII-
POMIHIOBaYEM 3 OIITHMi30BaHUMH ITapaMeTpamu, 300paske-
HO Ha puc. 4. 3 IpUBEICHUX 3aJISKHOCTEH MOYKHA 3pOOHTH
BHCHOBOK, 1110 ONITUMAJIbHA 30HA PO3TAIlyBaHHS CEPEIOBHU-
I1a sl ONPOMiHEHHS 3HaXOAUTHCS Ha BiICTaHi TPUOIU3IHO
h =100 mm Bix BiOpatopiB. PiBeHb CKIIaI0BOI €IEKTPUIHOTO
TIOJISA, TTapajIebHOI O IIedei BiOpaTopiB, It JTaHOTO BH-
TIAJKY, BITHOCHO 3arajIbHOrO MOMIYIISl HATIPY)KEHOCTI eJIEKT-
PHYHOTO ITOJTS, TPUBEICHO HA PHC. 5.

B pesymerari ontumizariii Oyimi po3paxoBaHi ONITAMATBHI
mapaMeTpu KOHCTPYKIIii BUIIpOMiHIOBada. Bu3zHaueHo, 1o
TOBXKUHH L, IITUPIB 715 320€31IeUeHHS 3a3HaYCHHX PaHiIIe
aMILTiTY 30yIKeHHS BiOpaTopiB MOBUHHI CTAHOBUTH (IT0-

0.9 =
=
T s =060 MM
0.8 2 B——8 D50 MM
W—r—xX D;=40 mm
2 —a—a =30 MM
—t— D;=20 MM
0'? I 1 I 1 I 1

0 200 400 600
¥, MM

Pucynok 3 — KoedimieHT monspuzamiitHol oqHOpiqHOCTI
ENIEKTPUIHOTO TIOJISt
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Pucynox 4 — HopmoBaHMH MOTYIb HANPY/KEHOCTI ENEKTPUIHOTO 10N @ — D, = 20 MM Ha Bincrani & =75 mm; 6 — h = 100 mm;
B— /=150 mm; r — A =200 MM Bix XBHIIEBOZA

YrHAI0YH Big BXomy) 13,3 mm, 16 mm, 17,8 mm, 17,6 MM Ta

17,3 MM, BiIIIOBiTHO; BiACTaHB MK IIEHTPaMHU BUIIPOMiHIO-

BaJIbHUX CEKINI D,, nys cuH(pa3HOCTI TX 30yHKEHHS I0PiB-
E V| HIOIOTB, BIATIOBiAHO, 92 MM, 79 MM, 88 MM, 87 MM.
. 3 MeTOI0 KiJbKiCHOI OIiHKH MOJSAPHU3aLiiHOI OTHO-
075 piTHOCTI IOJIS PO3PAaXOBAaHUI MOKA3HUK, 0 XapaKTePU3ye
A8 BIJIHOCHY BEJTMYMHY BUITPOMIHEHOI €HEPTii, 1110 NPOIe KPi3b
iieanbHe MJIOCKE MOJISIPU30BAHE A3EPKAIO, PO3TALIOBAHE
TapajensHO MIOBEPXHi XBUJICBOA, BICh IMOSPU3ALIii SKOTO
Opi€HTOBaHA MEPIIEHANKYIISIPHO OCi BiOpaTopiB:

0.81

X, mm

0.84

0.88
091

0.94

[[ £ (x,y)dxdy
10 P=ff—————. 0]
0 100 200 300 400 500 600 ”E (x, y)dxdy
Xy

Y, mm

Pucynok 5 — KoedinieHT mosspuzariitHol 0XHOPIIHOCTI TOJIS . Pospaxysapiim (1)’ MJACTABJIA0IH SHAYCHAA, 1110 BIJIIO-
npu h=100 Mm BifaroTh puc. 46 Ta puc. 5, 6yno orpumano P = 0,9.
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PAJIIOEJIEKTPOHIKA TA TEJEKOMYHIKAIIT

3a TakuxX mapameTpiB KOHCTpYKIi Oyno 3abe3neueHo
KCXH y Bcix koakciampHUX Bifpizkax He Oinbmie 1,05, a Ha
BXOJi XBHJIEBOA He Oubie 1,1.

BUCHOBKUA

[NoBepTaHHs MUTOMIMHY MONIpHU3aLIii OIS y OJVDKHI 30H1
BHITPOMIiHIOBa4Ya MOXKHA 320€3IICUYUTH BiMOBITHAM OPi€H-
TyBaHHSIM BiOpaTOpiB BiJHOCHO oci XxBriieBoza. [lokasaHo,
1110 JUIS1 3BYXKEHHS JlarpaMu o3IOy 101t BiOpaTopH Imo-
BHHHI pO3TalllOBYBAaTHCh HA MiHIMATBHIH BiJICTaHi BiJ IT0-
BEPXHI XBWJIEBO/A. BunpomiHioBay 1ae 3Mory 3a0e3nednTi
BHCOKHH PiBEHb OJTHOPIAHOCTI HANPY>KEHOCTI €JIEKTPUIHO-
TO IIOJISL Y HANPSIMI, TTapasiefTbHOMY Oci BUTIpOoMiHIoBada. st
PO3IISTHYTOI KOHCTPYKIIIi, IO CKJIAIA€ThCs 13 5 BIOpaTopHUX
CEKIIIH, ITOBEPHYTHX Ha KYT 45° 110 OCi XBIJICBOJIA, OITTUMAITh-
Ha 30Ha PO3TalllyBaHHs MaTepialty Uil OHpOMiHEHHsI 3HaXO-
JuThest Ha Binerani 100 MM Bif mtonmHu BiOpaTopiB.
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KOHCTPYKIIMOHHASI ONTUMM3ALIMS BOJTHOBOJIHO-BUBPATOPHOI'O U3JIYYATEJISI C TIOBEPHYTOM
INIOCKOCTBIO NOJAPU3ALIUNA

[IpennoxeHa KOHCTPYKIUS 5-3EMEHTHOIO M3JIyyarelsi Ha OCHOBE JUHEHHOI BUOPaTOPHO-BOIHOBOAHOM PEIETKY JUIl UCIIOIb30Ba-
HUs B COCTaBE YCTPOMCTBA OOJIydeHMs AUIIEKTPUUECKUX MaTepHUalloB 3JICKTPOMArHUTHBIM IojeM uactoToil 2,45 I'Tn, paccunransl
OCHOBHBIE €0 apaMeTpsl I JOCTHKEHUsI MaKCUMaJbHOI PaBHOMEPHOCTH paclpesieeHus o nepes uiydareneM. Ilokasano Buu-
SIHUE PACCTOSHUS MEXKAY BUOpaTOpaMU U MOBEPXHOCTHIO BOJIHOBOJA HA IIMPUHY AUArpaMMbl paciipe/ie/IeHUs oI, OpeelIeH0 ONTU-
MajlbHOE PacIIOIOXKEHUE 30HBI UL Pa3MEILCHUS JUIICKTPUIECKOro MaTepuaa, HoIexKallero 00aydeHuro. [ KOHCTPYKIMY ¢ ONITHMU-
3MpOBaHHBIMH ITapaMeTpaMH BBITIOJHEHA OLCHKA MOJSPH3AMOHHON OHOPOXHOCTH TOJISL.

KuaroueBble c1oBa: BUOpaTOp, BOIHOBO, OJIMKHSS 30HA, M3IydaTelb, CBEPXBBICOKHE YACTOTHI, MOJISIPH3AIINSL.
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"Doctor of Science, Professor, National technical university of Ukraine «Kyiv polytechnic institute», Ukraine
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DESIGN OPTIMIZATION OF WAVEGUIDE FED DIPOLE APPLICATOR WITH INCLINED POLARIZATION PLANE

A design of microwave waveguide fed dipole applicator consisted of 5 elements for use in a device for bulk dielectric materials
treatment with microwave electromagnetic field is proposed. In order to provide maximum amplitude and polarization homogeneity of
the field distribution before the transmitter the main parameters of the design are calculated. Due to the dipoles being fully matched with
feeding coaxial line segments the calculation of the whole structure is divided into internal and external problems. The influence of distance
between the dipoles and waveguide’s surface on the width of the near field distribution pattern is shown and it is clarified that the reducing
the distance will narrowing the field pattern. It was determined that the optimal zone location for placing of the bulk dielectric material
to be irradiated is at the distance 100—150 mm from the dipoles.

Keywords: vibrator, waveguide, near field, irradiator, microwaves, polarization.
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'[-p mexH. Hayk, cmapwuli Haykosul criepobimHuUK, npoeidHuUl Haykosul crigpobimHUK Hayko80-00ciOHO20 8i00iny (pakemHux
silickk ma apmunepii) Haykogsoeo yeHmpy CyxonymHux eilickk Akademii cyxornymHux eilicbK iMeHi eembmaHa Nempa

CaeatidayHoeo, flbeis, YkpaiHa

2Ad’toHKM WwmamHull HayKoso-opaaHisauiliHozo 8iddiny Akademil cyxorymHux eilickk iMeHi eembmara [Mempa CaealidayHoeo,

Jlbsis, YkpaiHa

NIABULLEHHA E®EKTUBHOCTI APTUIIEPIMCBHKOI PO3BIOKU
LUNAXOM KOHCTPYKTUBHO-®YHKUIOHANBbHOI IHTEFPALYT
NOBITPAHUX TA HASEMHUX 3ACOBIB CMNOCTEPEXEHHA

3anpornoHoBaHuii Ta 00IPYHTOBaHHUIT MeTOJ| OaraToKaHaIBHOT PO3BIIKH PYXOMUX 1 HEPYXOMUX
Ha3eMHHUX IiJeil, Ikuil 3HiMae 0OMeXXeHHsI PaJiorOpH30HTY, IHBAapiaHTHUH O TUIy Lilel Ta
OCHOBaHMH Ha iHTerpaii BiJoOMUX Ha3eMHHX Ta MOBITPSHUX 3aCO0IB CIIOCTEPEKESHHS B paMKax
€INHOTO KOMIUIEKCY IHCTPYMEHTAILHOT PO3BiIKH.

KarwuoBi ciroBa: pazniosnokariliHa cTaHIis PO3BiIKKM Ha3eMHHUX PYXOMHUX Iineif,
PpamioNoKaI[iiHII KOMILIEKC PO3Bi KM BOTHEBHX MTO3HUIIIH, AUCTAHIIHHO NTOTOBAHU JNITATbHUIT
arapart, pa3zoBaHa aHTEHHA PEIiTKa, MYIbTHCIIEKTPaJbHA CUCTEMA CIIOCTEPEKECHHS.

HOMEHKJIATYPA

JITJIA — aucTaHIifHO MTOTOBAHUH JIITAFHAN arapar;

EIIP — edekTrBHA MOBEPXHS PO3CIIOBAHHS;

PJIK PBII — paionokariifH1i KOMIIJIEKC PO3BiIKH BOT-
HEBUX IO3ULIH;

PJIC PHPL] — panionokamniiiHa CTaHIis pO3BiIKH Ha3eM-
HHX PyXOMHUX IIiJIeH;

@DAP — pazoBana aHTEHHA pEIIITKa;

A —BUrpa y 1asHOCTI apTHIIEPIHCHKOT PO3BIIKH;

C — noporoBe 3HaYEHHS;

D ,— AMOBIpHiCTh PaBUIBLHOTO BUABJIEHHS y k-My Tap-
LiaJIbHOMY KaHaJIi;

D~ JANTBHICTD MPSIMOI BUAUMOCTI;

F, — AiMOBipHiCTh XHOHOi TPMBOTH y k-My MapIiatbHOMYy
KaHaJIi;

H, — BUcOTa aHTeHN;

Hu_ BHCOTA LIiJIi;

H s~ BUACOTA JIIA;

h,— BaroBui KOE(iIli€HT, AKMH XapaKTepu3ye inopmar-
1HII BHECOK A-TO IapIiiaibHOr0 KaHaTy y BUABIICHHI CIIO-
CTEepEXKYBAHOI IIiJTi;

/ A Bigcrans g0 JAITJIA;
lu_ BiICTaHb IO LIiJIi;
¥, [-MipHHIi BEKTOp YaCTKOBHX PillIEHb;

GIIHHA —EIIP I[H.HA,
o — EIIP boenpumacy crpinsodoi cucremu.
BCTYII

Po3BiKa Ha3eMHUX ITiNIEH B iHTEpecax pakeTHHUX BICHK 1
apTUIIepii € mepIIiM i HalfBayKITMBIIIIFIM €TAIIOM ITUKITY BOT-
HEBOTO ypa)KEeHHS MMPOTHBHUKA. [IpH 11boMy HEOOX11HO 110-
CSATHYTH BHCOKOi IOCTOBIPHOCTI 1 TOYHOCTI PO3BIIKH ITLTONO-
00BO, 32 HECTIPUATIMBHX ITOTOAHNX YMOB Ta HasIBHOCTI 3a-
BaJl MPUPOTHOTO i IITYYHOTO IMOXOMKeHHS. OCHOBHUMU
TEXHIYHUMH 3aC00aMH BHUPIIIEHHS [IFOTO CIIEKTPY 33739 €
pamionokariiai 3acodu. OmHaK, CyTTEBUM OOMEXCHHSIM
e(peKTHBHOCTI iICHYIOUMX HA3eMHHX PaIiOJIOKAIIIHIX 3aC00iB

© 3y6koB A. M., Illepba A. A., 2014
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apTHiepiiicbKoi PO3BiAKM, SIKI I'PYHTYIOTHCS HA IIPSIMOMY
€JIEKTPOMAarHiTHOMY KOHTAKTI 3 U0, € [ 1-2]:

— O/IHOKAHAJIBHICTB;

— HEOCTATHS JaJbHICTB Mii uepe3 00MeKeHHsI paIioro-
PH30HTY;

— IIPaKTUYHA MPANE31aTHICTb TIJIBKHU VTS PyXOMHUX IIiJIei
(3Bimcu knacudixarst: PJIC PHPLI).

Haszewmni panionokartiiiHi 3aco0u apTumepiiicbkoi po3Bij-
KM, SIKI TPYHTYIOTbCS Ha JOTMYHOMY METOII BH3HAYCHHS
MiCIIe3HAXOPKCHHS CTPLUIIOYNX HA3eMHHIX 00’ €KTIB (paio-
JIOKAITFHI KOMILIEKCH po3Bixu BorHeBrx no3umii — PJIK PBIT)
[3—4], 3a0e3neuyroun iIEOBY 0araToKaHAIBHICTh, MAIOTh
HEIOCTATHIO JaJbHICTH Jii yepe3 eHepreTudaHi 0OMeKeHHs,
noB’s13aHi 3 Masioro EITP Goenpumacis CTPLISIOUNX CHCTEM.

3HATTS OOMEXEHHS PaiOropr30HTY 3a0€3IIETYIOTh 3aC00U
CTIOCTEPEKEHHS, sIKi BcTaHORIOIOTRCs HA JITIJTA [5]. Omrak, icHy-
1041 CXeMH JOBEICHHS pO3BimyBaibHOI iH(popMartii 3 JITIJIA mo
BOTHEBHIX 3aC00IB XapaKTePH3YIOTECS 3HAHOO YaCOBOIO 3aTPHM-
KOIO, ITI0 HEIOITYCTAMO /TS BUCOKONMHAMIYHIX OOHOBHIX JTIH.

ToMy akTyaTbHHM € TIOITYK METOMIB i CIOcO0iB 3a0e3-
TICYCHHS BUCOKOTOYHOI apTHIIEPIChKOI PO3BIIKH Ha TpaHII-
HUX JaNBHOCTAX Jii 030pO€HHS 3 OOHOYACHUM ITiBHIICH-
HSM IIJIFOBOI OaraToKaHaJILHOCTI B Iiara3oHi BCIX JaJbHO-
creil epexkTuBHOrO #Horo 3acrtocyBaHHS. [Ipu mpomy,
TIPUHIAIIOBE 3HAYCHHS HaOyBa€ BUKOPUCTaHHS TOTEHITiH-
HUX 1HQOPMAIIHHIX MOKITHBOCTEH KaHAIIIB CIIOCTEPEIKEH-
HS PI3HUX IUISTHOK CIIEKTPY €IeKTPOMATHITHHX XBHIB [6]
IUISTXOM X KOHCTPYKTHBHO-(DYHKITIOHAJIBHOI IHTETparlii.

1 IIOCTAHOBKA 3AJJAUI

VY niama3oHax CIIEKTpPY €IeKTPOMArHiTHHX XBIJIb, SIKi BUKO-
PHUCTOBYIOTECS JJISl PO3BIAKA HA3eMHHUX LW, TPaHUIHA
JANTBHICTH BUSABJICHHS, BUMiPIOBAHHS KOOPAWHAT i PO3ITi3HA-
BaHHS LIUJIEH D_ BHA3HAYACTHCS JTATGHICTIO TIPSIMOT BUIMMOCTI,
sIKa 3 ypaxyBaHHSM KPUBH3HHU 3€MHOI IIOBEPXHI cKiazae [7]

Do =412(JH  + ,/Hu km], 1)

ne H, —Bucora antenu [m], HLI — BHCOTA ITLTI [M].
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VY panionokaniifHOMY KaHaJi HaBiTh 32 HAsIBHOCTI Mps-
MOTO ONITHYHOTO KOHTAKTY 3 [IJUTI0, MAKCUMAJIbHA TAJIbHICTh
ii cnocrepesxenns BuzHavaeTses ET1P. [Ipu nibomy, nianazon
3HaueHb THIoBUX ETTP Hazemuwmx mineit (Tank, BMIL, BTP,
IITPK, mycKoBi ycTaHOBKM TaKTUYHUX 1 ONIEPaTUBHO-TaKTHY-
HHX pakKeT) KonuBaroThes B Mexxax 10-50 m%. Y PJIK PBII
poboTa no doenpunacam 3 maiorw EITP (<0,1 m?) 3abe3ne-
YyeThesl (TAKOXK B MEXKax MPSAMOI ONTHYHOI BUIUMOCTI) 32
PaxyHOK 3HAYHOTO €HEPreTHYHOTO ITOTEHIIATY.

Meroto cTaTTi € OOTpYHTYBAaHHS METONY 30UIBIICHHS
JTATBHOCTI Ta IiBUIIECHHS TOCTOBIPHOCTI 0araTomiaboBoi
apTUIIEPiCHKOI pO3BiKH, IHBAPIAHTHOTO JIO TUITY i XapaKre-
PHCTHK pyXy HA3€MHHX CIIOCTEPEXHHUX 00’ €KTIB.

2 OUIA L JITEPATYPHA

BimoMmi crocoOu 301TBIICHHS PaliOTOPH30HTY i Yac
CrOCTepEKEHHS HA3eMHHX IIiJIed Ha OCHOBI CIiBBiTHOIIICH-
ust (1), siki Oa3yroThCsl Ha BUKOPUCTAaHHI T IHOMHO-MaUTOBUX
CHCTEM JIJISl aHTCHHHX 1 IpUMalIbHO-TIepelaBaIbHAX ITPH-
crpoiB PJIC [8]. OnHak, 3acTOCYBaHHS TAKOTO i IXOY CyTTe-
BO ITi IBUIITYE CKIIA HICTh, Ta0apUTHO-BaroBi XapaKTepUCTH-
K1 KOHCTPYKII 1, sIK HAciinok, Bapricts PJIC PHPIL 3 omHo-
YaCHHUM 3HIDKCHHSIM i1 MAHEBPEHOCTI Ta CKPUTOCTI. 3 1HIIO1
CTOPOHH, Bi/IOMi CTIOCOOH 3HSTTS 0OMEXXEHb PaJlioropu30H-
Ty 3a paxyHOK 3actocyBaHHs J{IIJIA 31 BCTaHOBJIEHOIO Ha
00pTy armapaTyporo CIIOCTEPEKECHHS Ha3eMHHUX IIUTSH 1 BifITo-
BiJTHOIO arrapaTypolo npuiioMy indopmariii Ha 6opty 6otio-
BOI pO3BiXyBaJbHOI MAalIMHH, OCHAIIEHOI KOMIIIEKCOM
1HIMX 3ac00iB IHCTPYMEHTAJILHOI PO3BiAKH (paiioyoKaii-
HOI, TeTI0BOI, ontnyHoi ) [9]. O1HaK, BiOKpEMIIEHICTh anep-
TYPHMX YaCTHH Ha3eMHHUX 1 OOPTOBUX KaHAJIiB CIOCTEPEKEH-
HS HE JO3BOJISIE pealli3yBaTH ITOTESHITIHI MOXKIIMBOCTI apTH-
JIEPIACHKOI PO3BIAKH Y TMHAMIYHO MIHJIUBiH (POHOILTHEOBIH
00CTaHOBIII HA BCIO NIMOWHY 1O JATBHOCTI.

VY poborax [10—13] moka3zaHo, 10 KOMIUIEKCYBaHHS Ka-
HAJIiB CIIOCTEePEKEHHS PI3HUX JUITHOK CIEKTPY eJIeKTpOMar-
HITHHAX XBWJIb B paMKaX 3arajbHol iHpOpMaIiitHO-BUMIipIO-
BaJIBHOI CHCTEMH € TIOTYXKHUM 1HCTPYMEHTOM IiIBUICHHS
JOCTOBIPHOCTI 1 TOYHOCTI AUCTAHIIITHOTO MOHITOPHHTY Ha-
3eMHHX 00’ €KTiB. Y po0oTi [6] oTprMaHi anropuTMu Oara-
TOCIIEKTPAIBHOI 00poOKH iHPOpMAIIii (ONITHYHHUA + TETUIO-
BHIA + paIioNOKAIiITHIN KaHAIN) 3 ypaXyBaHHIM IIPOCTOPO-
BO-YaCOBOBOT'O B3a€MOIOCTYBaHHS Ta B3aMOCHHXPOHi3aIlii
TAPIATFHAX CIIEKTPAJIbHIX KaHAIIB Ha PI3HUX eTarax JoKa-
LiHOTO CrOCTepeKeHHS (BUABIICHHS, OLIHKA KOOPIUHAT,
posmizHaBaHHA). Y poborax [14—15] po3pobieHa MmeTomo-
JIOTis 1 pPO3TIISHYTI BapiaHTH KOHCTPYKTUBHOTO KOMIDIEKCY-
BaHHA (iHTerpallii) mapIiaJbHIX CIIEKTPAIBHIX KaHATIB CIIO-
CTepeKeHHS TS 3a0e31IeUeHAS B3a€MOY3TOPKEHOI po00oTH
y mipoctopi Ta gaci. OfHaK, pi3ka 3aJIeKHICTh TOTEHII ATBHAX
MOJJIMBOCTEHN MapIialIbHIX CIIEKTPATBHUX KaHATIB ONTHY-
HOT'0 1 TETJIOBOTO /Tiala30HiB, sIKa ITOB’ s3aHa 31 CTAHOM TIPH-
3eMHOro mapy atMocdepu (1orosa, IMIO-AUMOBI TIEPETITKO-
ITH, 9ac 100M), 0OMeXye TaTbHICTh iX e(h)eKTHBHOTO 3aCTO-
CyBaHHJ [IPH YCTAHOBIII allapaTypy HAa HA3eMHHX 00’ €KTaX,
y TOH "Yac K KaHaJIH paaiofiana3oHy IPaKTHIHO 1T030aB-
JIH] IIOTO HEIOMIKY.
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3 MATEPIAJIX TA METOIH

OCHOBHOIO HAayKOBO-TEXHIYHOIO 1/IC€I0 3aIIpOIIOHOBAHO-
T i IXOJTy IIOJIO TTi{BUIIIEHHS €(EKTUBHOCTI apTHIIEPIHCHKOL
PO3BIAKM 32 PaXyHOK PO3IIMPEHHS Jiara3oHy JaJbHOCTEH,
LIJIbOBOI 0araTOKAHAIBHOCTI 1 3HSTTS! OOMEKEHb Ha XapakTep
1 MTapamMeTpH pyXy Ha3eMHHX LIICH € IOEAHAHHS IIepeBar BU-
cokonoreHmianpHux OaratokaHaasHux PJIK PBII i 3aco6iB
TIOBITPSIHOI pO3Bi KN, BcraHOBNEeHNX Ha JIT1JIA, B pamkax iHTer-
poBaHoro xomruiekcy. Ilpu mpomy, mpakTH4YHA peaizamis
0a3yeThcsl Ha KOMIUIEKCYBAaHHI 1 KOHCTPYKTHBHO-(DYHKITIO-
HaJTBHIH IHTErpallii BiIOMUX TEXHIYHUX pillieHs [3-5, 8].

[paxTudna peanizaris MeTony nependagae (puc. 1):

— 3aCTOCYBaHHS OTHOrO a00 JIEKITBKOX NMPOCTOPOBHX Ka-
HaiiB cnoctepexxenns: PJIK PBII, siki ¢popmyrorsest ¢azosa-
HOIO aHTeHHOIO petiTkoo (PAP) y mraTHOMy pexxuMi Uit
0araToliILOBOTO CYIIPOBODKEHHS OOETPHITACIB CTPLISIOUHX
3ac00iB MPOTUBHIKA, B SIKOCTI KaHATIB CynpoBomKerHs [T 1V1A;

— po3mimerHs Ha 6opty JAIIJIA GararocrexTpanbHOl
anapaTypH po3BiIKM HA3EMHUX IIUIEH.

BBezneMo nnpakTHYHO BUNIPaBaaHi 0OMEXEHHSI:

— JATIJTA nepeOyBae GIM3BKO 10 3€HITY BiTHOCHO CIOC-
TepeXXyBaHOI LiJi;

—Bucora JITJIA HIl
CTEpEKEHOT Ll /;:

UTA 3HAaYHO MCHIIa ,HaJ'H)HOCI‘i J0 CIIo-

Hnnna <<Iii; @

— JANBHICTB JIO CIIOCTEPEXKYBAHOI LI /| TIPUOIH3HO 10~
piBHIO€E nanbHOCTI 10 JATUTA / Al

Iy ~lnnna - ©)

Togmi, 3riTHO 3 OCHOBHUM PiBHSHHIM pamioiokartii [7],
BHTPAIl Y JATEHOCTI apTHIIEPiHCHKOi PO3BIAKA y IOPIBHIHHI
3 mratHUM peskumoM PBII Gyne cknamaru:

A=~4 —GHHHA R (4)
OB
ne oA —EIIP JIUIA, o —EIIP Goenpunacy cTpiss-
0401 CUCTEMHU.

Criz TakoX 3a3HAYHTH, 10 HU3bKA (Y TIOPIBHSHHI 3 OO€TI-
punacamu) aquHamika nonsoty JIITJIA cripusie edexTHBHO-
MY €HepreTHYHOMY HAKOIMMIECHHIO €X0-CUTHAIIB [7].

VY Bunazaky po3mimenss Ha 6opty JAITJIA Garatocmexr-
PAJBHOI armapaTyp pO3BiJIKM HA3eMHHUX IIUICH ONTHUMAaJIbHI
AITOPUTMH BUPIIIICHHS JIOKALIITHIX 32,189 BUSBIICHHS, OLIHKA
KOOpP/MHAT i pO3Mi3HABAHHS HA3EMHUX ITiJIeH, OTpUMaHi B po-
60Ti [6], MOXXyTh OyTH amanToBaHi. Po3rissHeMO Ha MpUKIai
AITOPUTMY BUSIBJICHHS. Y 3arajJbHOMY BHUITAJIKY, IPH KOMII-
JIEKCYBaHHI MapIliaTbHIX KaHATIB HA piBHI IPUHHATHX ITOKa-
HAJIBHO PillleHb, ONTUMATEHH aJITOPHTM Ma€ BUIIIAL [6]:

/

Z hkyk > C, (5)
k=l

ne y,=(vy, ¥y ---y;) — [-MipHUH BEKTOp YaCTKOBHX PiIlIEHB;
¥;=1 — pilIeHHs IO HAABHICTh CHTHAITY, IPUHHATE k-M Ka-
Haiom; y;, =0 — pilleHHs PO BiJICYTHICTh CHTHAITY, IPHIAHS-
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Te k-M KaHalom; i, —BaroBui KOeQillieHT, IKUH XapaKTepy-
3ye iH(opMaLiiHNI BHECOK k-TO MapIiiabHOTO KaHAITY Y
BISIBJICHHI CITOCTEPEXKYBAHO] ITiJTi:

hy =tn| 2 12 F |, ©)
F, 1-D,

ne D) — WMOBIpHICTb MPaBHIIBHOTO BHABJIEHHS y k-My ITap-
HianbHOMy KaHaji; [, — WMOBIpHICTb XMOHOI TPUBOTH Y
k-My napniansHoMy KaHaji; C — MOpOroBe 3Ha4YEHHS, SIKE
00MPAETHCS BUXOSUH 13 IOMYCTUMOTO PiBHS XMOHOI TPHBO-
v F' 115t GaratocrekTpagbHOI CHCTEMU B IIJIOMY.

Be3 3MeHIeHHs! CJIBHOCTI PO3IIITHEMO BUITAI0K, KOJIK
y Bupasi (5) [=3, npuyomy:

— k=1 ontmyHNi (IeHHMI) KaHAT;

— k=2 inpauepBOHMI (TETJIOBUIA) KaHAIT;

— k=3 panionokauiitHuii KaHaI.

Toni, 3a BukoHaHHS YMOB (2)—(3), ZOIIEHO OTPUMATH Y
Bupasi (5):

—h,=h,=0 3a HaABHOCTi METEOONA/IIB i BHOMI;

— h,=0 BHO4I;

— h,=1 3a CIPUATIIMBHX MOTOJXHUX YMOB, y TOMY YHCITI
BHOMYI.

Lli ciiBBiHOIIEHHS Bi0OpakatoTh Ty 0OCTaBHHY, III0 HA
MaJIiX BiJICTaHSX, sIKi BiAIIOBiTAIOTh BUCOTAM ITOJIEOTY TaK-
tnanux JTIJIA, kaHamu criocTepeXeHHsT Ha3eMHHX IiJIer
MO)KHA TU(EPEHIIII0BATH 32 €HEKTUBHICTIO 3 TTOCIITYI0UNM
BiIKITFOUCHHAM Hemnpane3aaTHuX [ 16]. Ciix 3a3HauuT, 1o
3aIpOIIOHOBAHA METOIUKA ITOIIUPIOETHCS HA AJITOPUTMU
OIIIHKU KOOPJIMHAT 1 pO3ITi3HABAHHS.

CTpyKTypy aIalTUBHOTO 0araTOCHEeKTPaILHOTO BUSBIIS-
Yya Ha3eMHUX IIUJIEH LTIOCTPYE pHC. 2.

A anTHBHE aBTOMATUYHE MEPEKITIOYCHHS KAHAIIB CIIOC-
TEpeKEHHsI MOXKe OyTH pealli3oBaHO IUISTXOM BHKOPHCTAH-
HS aHATI3aTOPa 3aBaI0BOi 00CTaHOBKH [17].

Ha puc. 3 HaBeeHa 3aranbHa CTPYKTypHA CXeMa pealti-
3aIlii 3aIpOITOHOBAHOTO METOTY IIUISIXOM JIOMTOBHEHHS IIITaT-
Hoi anapartypu PJIK PBII.

'_’*‘j—

HHJ'MA

PJIK PBIT

I

HIHIA padiozopuzonmy

Hy

Pucynok 1 — Cxema inTerpanii mraraux nutboBux kananis PJIK PBII ta indopmamiitnux kananis AITJIA

YA
— 2 > 3
¥ ¥ Ak ¥
Z
1 - - k - k - 6 . S
—_—
] v
- 1 1
B2 i

Pucynok 2 — CtpykTypHa cxeMa 0araToCeKTpaIbHOTO BHSABITYA: | — €MHUI JiarpaMOyTBOPIOBAJIbHUI anepTypHuid OJIOK;
2 — npuiiManpHO-TIepeaaBabHU (IPUIMATBHAN ) TPAKT MApLIiaTbHOrO CHEKTPAIBHOrO KaHaly; 3 — OJOK (pOpMyBaHHS BUXITHHX
CHTHAJIIB MapIiallbHUX KaHANIB; 4 — aHATI3aTOp 3aBa/I0BOI OOCTAHOBKH; 5 — OJNOK PO3PaXyYHKy KaHATHHUX BArOBHX KOE(illieHTIB /1
6 — OIOK po3paxyHKy BaroBux cyM (5) Ta TPUHHATTS PillleHb; Ay, ... Aj— curnamm YIpaBJIiHHS aJIaNTalli€lo NPUiTMaIbHO-TIepeatotiX
TPaKTiB MapI{ialbHAX CIIEKTPAIBHUX KaHAaJiB
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(n+ k) oraravx nimsorx kaHats PBIT

| IJHOBI
KaHATH
[ PBITi
IIrarna anaparypa Cucrema ynpasyinns |/'—g~—\|  baratokanamsa I JIUIA
PJIKPBIT npoveHeM PAP  \— DAP
\
k irchopmariiiHIx
kanamB JITUTA
Arnaparypa Anaparypa riepezadi
CIPDIKCHHS TA Ta NpHFioMy
BiIOOpaKeHHS iHopmaLl KaHaTY
isdopmargi PJIK- JTUIA

Pucynok 3 — Y3arajnpHeHa CTPYKTypHA cxeMa iHTerparii Ha3eMHOI amaparypu

BUCHOBKUA

1. Brieprre 3arpornoHoBaHMi 3aBa0CTIHKNI MeTo Oa-

raTOKaHAJILHOI apTUIIEPiCHKOI PO3BIIKH y BCHOMY MOMKIIH-
BOMY Jliana3oHi JaIbHOCTEH i1 apTUIIepIHChKIX 1 PAKETHUX
cHCTeM, SIKH 3a0e31edye iHBapiaHTHICTb [0 THITY 1 XapaKTe-
PY PyXy Ha3eMHHUX IIiJIEH.

2. OOrpyHTOBaHI NPUHIIMITY TEXHIYHOI peaizarii 3ampo-

TIOHOBAHOTO METOJY 3 BUKOPUCTAHHSAM JOCSTHYTUX Xapak-
TEPUCTHK HA3eMHHX 1 OBITPSIHUX 3aCO0IB IHCTPYMEHTAIb-
HOI PO3BIIKM Ha OCHOBI X MOJICPHI3aIIil.
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3yokoB A. H.!, Illepba A. A?

'JI-p TexH. HayK, CTapIIMii HayYHBIH COTPYAHHK, BEAYIMI HaydIHBIH COTPYIHUK HAYYHO-HCCIEIOBATENHCKOrO OTAENA PAKETHBIX
Bolick u aptuiepuu Hayunoro nenrpa CyXomyTHbIX BOMCK AKaJJleMUH CyXOIYTHBIX Bolick uMeHu retMana [lerpa Caraiinaunoro, JIbBos,
VYkpauHa

2 AJIBIOHKT LITATHBINA HAYYHO-OPraHU3AMOHHOIO OT/IeNa AKAJEMHH CYXOIYTHBIX BOHCK uMenu rermana [lerpa Caraiinaunoro, JIbBos,
VYkpauHa

HOBBINIEHUE Y®PEKTUBHOCTH APTUJLIEPHVICKOM PA3BEJIKU IYTEM KOHCTPYKTUBHO-®YHKIIAO-
HAJIbHOM MHTET PALIAY BO3YIIHBIX U HASEMHBIX CPEJCTB HABJIIOIEHUSA

IIpemnoxeH 1 060CHOBAaH METOX MHOTOKAHATIBHOM Pa3BeIKH ABMKYIIIXCS U HEOBIKHBIX HA3EMHBIX IIeJIeH, KOTOPBIl CHUMAaeT OrpaHHuye-
HHS PaJUOrOpU30HTa, MHBAPUAHTCH K THITY IieNieil 1 OCHOBAH Ha MHTETPAllMU M3BECTHBIX HA3EMHBIX M BO3MYIIHBIX CPCACTB HAOMIONCHHS B
paMKax eIIHOr0 KOMILICKCA HHCTPYMEHTAIBHOMH Pa3BEIKH.

KiroueBble ¢/10Ba: paHOIOKAMOHHAS CTAHIINS PA3BEIKU HA3EMHBIX JIBIDKYIIUXCS LIeICH, paNOIOKAIOHHBII KOMIIICKC Pa3BEIKHU OTHE-
BBIX ITO3UIUH, TUCTAaHIIMOHHO [THJIOTUPYEMBIil JIeTaTeNIbHBIN anmapar, (hasupoBaHHAasl aHTCHHAS PEIIETKA, MYIbTHCIICKTPAlIbHAS CHCTEMa HaOJIo-
JICHHSL.

Zubkov A. M.}, Shcherba A. A2

'Ph.D, Senior Science Master, Laureate of the State Premiums of Ukraine In Science and Technology, Leading Researcher of Research
Department (Rocket Troops and Artillery) of Land Forces Scientific Centre Army Academy named after Hetman Petro Sahaydachniy,
Lviv, Ukraine.

*Staff Adjunct of Scientific and Organizational Department Army Academy named after Hetman Petro Sahaydachniy, Lviv, Ukraine

IMPROVING OF ARTILLERY RECONNAISSANCE EFFICIENCY THROUGH CONSTRUCTIVE-FUNCTIONAL
INTEGRATION OF AIRAND LAND SURVEILLANCE

The method of multichannel reconnaissance of movable and immovable ground targets was proposed and substantiated. It removes the
radio horizon restrictions; it is invariant to the targets type (design features) and is based on the integration of known surface and air
surveillance within a single complex of instrumental reconnaissance. It is based on the use of one or more regular targeted channel of radar
system of firing positions reconnaissance with phased antenna array to determine the current coordinates of remotely piloted aircraft equipped
with multispectral equipment ground targets surveillance. Thus, in these channels during time division mode, the management information is
transmiting on aircraft and generic information is receiving from the board. The proposed approach provides conducting of artillery
reconnaissance at any time, in any weather conditions, and the optimal combination of information capabilities of observation devices of
different parts of the spectrum of electromagnetic waves without substantial revision of ground and airborne equipment, which is especially
important in terms of financial constraints on the development and similar production systems.

Keywords: radar of ground moving targets reconnaissance, radar system of firing positions reconnaissance, remotely piloted aircraft,

phased antenna array, multispectral surveillance system.
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ONTUMN3ALINA OPEBPEHHOIO KAHAJIA B CUCTEMAX
NMPUHYOUTEJIBHOIO BO3AYWHOIO OXJTAXAOEHUA P3A

PachOTpeHa BO3MOXXHOCTD UCIIOJIb30BAHU A opeﬁpeHHoro KaHaJla, KaKk ynpomeHHoﬁ Mo ACIn
JJI aHalli3a TEIJIOBBIX PEKUMOB pallPIOZ)J]eKTpOHHOﬁ arrapaTypbl KaCCETHOT'O TUIIAa C BBICOKUM
YACIBbHBIM TEMNJIOBBIACIICHUEM IPU NMTPUHYIAUTEIBHOM BO3AYIIHOM OXJIQXKACHUU.

I/ICCJ’IC,ZLOBaHI)I TCIJIOBBIC XapaKTECPUCTUKU ope6peHHoro KaHajia. HOJ’Iy‘{eHLI COOTHOLLICHH A
JJIs1 ONTUMAJIBHBIX PasME€pPOB KOHCTPYKIUU ope6peHHOro KaHalla, KOTOPbI€ MO3BOJAIOT
MUHUMU3UPOBATDH TEIJIOBOE COIIPOTUBJICHUE. Pa3pa60rr aH I/ITepaIlI/IOHHHﬁ AJITOPUTM OIITUMH3ALIUU.

ITokazan MNpUMEP MPOCKTUPOBAHUSA 0pe6peHHoro KaHajla ¢ OINTUMAaJIbHBIM TCIIJIOBBIM
PEKUMOM. B pe3ynbTaTe ONTUMHU3ALUNU KOHCTPYKIHU ope6peHHoro KaHaJla TCIIJIOBOEC

COIIPOTUBIIEHUE YMEHBIIMWIOCh Ha 35 %.

KnawueBbie cioBa: OpereHHHﬁ KaHall, T€IioBasi MOJ€Jib, TCIJIOBOE CONPOTUBJICHUE,
MIPUHYAUTEIBHOE BO3AYIIHOE OXJIAXKICHUE, CUCTEMbI HHXKCHEPHOI'O aHaJIu3a, paIuO3JICKTPOHHAsA

anmaparypa.

BBEJIEHUE

OOecrieueHre TEIIOBOr0 PEKMMa SIBJISETCS OHOM U3 BaXK-
HBIX 38]]a4, BOSHUKAIOIINX ITPH IIPOEKTUPOBAHNH PaIHONICK-
TpOHHOH anmapatypbl. OCOOEHHO 3Ta 331a4a CTAHOBHUTCS aK-
TyaJIbHOH 11 MOOMIIBHOM PaIn03JIEKTPOHHOM arnmaparypsl
KacCETHOT'O TUIIA, KOTOpask XapaKTepH3yeTcs BRICOKUM YIEiIb-
HBIM TeruioBbieneHueM [ 1, 2]. B paguosnexTpoHHoi anmna-
paType KacCeTHOTO THIIa UCIIONB3YeTCs INIOTHOE pa3Melte-
HHUE OAHOTHUIHBIX O1oKOB. IIprMepoM Takol KOHCTPYKIIMU
MOJKET MOCITY>KUTh TBEPAOTENbHBIN NepeaaTyrk [3]. Yame
BCEro Takue yCTpOicTBa TPeOyroT MPUHYIUTEIHFHOTO BO3-
IIYITHOTO OXJIAXICHWUS M OpeOpPEHMs IOBEPXHOCTH Hanbo-
Jiee TeIIOHArPYKEHHbIX O1oKkoB. [ToaTomMy TemnoByio Mo-
JIeTh KOHCTPYKIMH MOXXHO IPEICTaBHUTh B BHIE OPEOPEHHO-
TO KaHaJla C IPUHYANTEIHHBIM BO3AYIIHBIM OXJIaXICHUEM.

B nurepatype paccMOTpEeHBI METO/IBI ONTUMHU3ALIUH T1a-
paMeTpoB opeOpeHust TOBEPXHOCTEH IIPH ECTECTBEHHOM BO3-
JIYILITHOM OXJIaKJICHWH, TTO3BOJISTIOIIFE MUHIMH3HUPOBATH Mac-
cy [4]. Takue MeTOIBI OCHOBAHBI HA PUMEHEHUH YITPOIIICH-
HBIX AHAJWTHYECKUX (opMym W HE MO3BOIAIOT
OIITUMM3UPOBATH TAPAMETPHI PH NPHHYAUTEIBHOMM BO3-
JIYIITHOM OXJIKJEHHUH. B kauecTse emme omHoro criocoda orm-
TUMIBAINH HCTIOIB3YeTCsl (PU3MIEeCKOe MOIETHPOBAHKE [ 5],
KOTOPOE XapaKTEePU3YeTCsl 3HAUNTENBHON TPYIOEMKOCTBIO U
MaTepHaIbHBIMH 3aTPATAMHU.

IMocnennue roap! [UIst pemeHus 3a1a4 TETIOBOTO MTPOEK-
THUPOBAHUS HCHOJIB3YIOTCS IPOrPaMMHBIE CPEICTBA MHKE-
HEepHOTo aHanu3a [6, 7]. B pagmosnekTpoHHOiA armapaTtype
TaKOH MOXOJ TTO3BOJIMII 3HAYUTENIFHO MOBBICUTH TOYHOCTh
METOZIOB ONTUMM3AIMN KOHCTPYKLMI T€pMETHIHBIX OJIOKOB
PDA [8] u mapamerpoB pebpucThIX pagraTopos [9] ¢ ecte-
CTBEHHBIM BO3/IYIIIHBIM OXJIQ)KACHHUEM.

Ienbro paboTHI SBISETCS HCCIECAOBAHNE TEMIOBBIX XapaK-
TEPUCTUK OPEOPEHHOrO KaHaa IIPU MPUHYIUTEIFHOM BO3-
JyITHOM OXJIaXCHNH C FICTIONB30BaHNUEM CPEIICTB HHXKEHEP-
HOT'0 aHaJIM3a ¥ pa3paboTKa METO/Ia ONITUMHU3AINHN OpeOpeH-
HOro KaHaJa.

I[J'IH JOCTHXKCHUSA IIOCTaBJICHHOM e H€O6XO,HI/IMO JJIsL
Op€6p€HHOFO KaHaJla peHIThb CJICAYIOIUC 3a1a4u:

— CO31aTh TCIUIOBYIO MOJCIIb,

— HCCJICAOBATH TCIJIOBBIC XapPAKTCPHUCTHUKU,

— ONpeACINTL ONTUMAJIbHBIC COOTHOLICHUA KOHCTPYK-
THUBHBIX ITApaMETPOB,

— pa3pa60TaTL AJITOPUTM OINITUMHU3ALINU.

1 TEIUIOBBIE XAPAKTEPUCTUKH OPEBPEHHO-
'O KAHAJIA

HccnenoBaHust TETUTOBBIX XapaKTEPUCTUK MOJIEIH Oped-
PEHHOTO KaHaja MPOBOIMINCEH C HCIIOIb30BAHUEM MOIYIIS
WH)XEHEPHOT0 aHaJHM3a CHCTEMBl aBTOMAaTH3MPOBAHHOTO
npoekrupoBaaus Solid Works. ITpu moctpoeHnn TerioBon
MOJICTTH B CHCTEME WHKEHEPHOTO aHaIu3a ObIIM IPUHSTHI
CJIETYIOIINE OTPAHIMYCHUS:

— K03((UIMEHT TEIUIONMPOBOAHOCTH MaTepraia He 3a-
BHCHT OT TEMIIEPATYPBI;

— OOKOBBIE CTEHKH OpEOPEHHOTO KaHaIa aquadaTdecKie;

— a7st obecriedeHns] IPUHYIUTEHLHOTO OXJIXKICHHS Ha
BXO/[I IOAAETCsI HOCTOSHHBIN BO3AYLIHBIN IOTOK HA PACCTOS-
Hun 100 MM, KOTOPBIH 3aaeTcss 00bEMHBIM PACXOIOM BO3-
nyxa;

— MOIIIHOCTB 33JjaBajlach HA BHEIITHHE IIOBEPXHOCTH OC-
HOBaHHS OpeOPEHHOT0 KaHaja.

TeroBast Mozens OpeOPEHHOr0 KaHaIa COCTOUT 13 JBYX YCT-
poticts. TpexmepHas MOIels KaHauIa IpeiCTaRIeHa Ha puc. 1, Tre
MOKAa3aHbl ~ KOHCTPYKTHUBHBIE  3JIEMEHTHl  KaHanua:
1 —ocHoBaHwe, 2 —opedpenue. | 'abaprTHBIE pa3MephI YCTPOKCTB:
H — BbicoTa kaHana, L — iMHa KaHana v D — NMpyHA KaHaja.
Crperkoii IoKa3aHo HAIpaBIeHUE BO3LYIIHOTO TIOTOKA.

[Tnonans monepeyHoro ceueHust OpedPEHHOro KaHala
MOKa3aHa Ha puc. 2, Tie dp — TONIIMHA OCHOBAHUS KaHAJa,
[, — paccTosHME MEX Ty yCTPOHCTBAMH B KaHane; d, — TOI-
mHa pedpa; [, — BeIcoTa pedpa.
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Pucynok 1 — TemioBast Mozienb OpeOpPEHHOro KaHaia

ok dp

- - - - -

Pucynok 2 — INonepeuHoe cedeHne opeOPEeHHOr0 KaHaua

MonenpoBaHne TPOBOJAMIOCH ISl KaHaia, KOTOPBI
HMeJ apaMeTpbl: JIrHa KaHana — 100 MM, BbICOTa KaHaa —
50 MM, mpuHa ka"ana — 50 MM, paccTOsHHE MEXITY YCT-
potictBamu 10 mm. PaccenBaemas momtHoCcTh — 50 BT. Tem-
nepaTypa okpyxaromei cpemst S0°C.

HccnenoBany 3aBUCUMOCTh MAKCUMAJILHOM TEMIIEPATY-
PHI KaHaIa OT MapaMeTPOB OpeOpeHus: JuTnHa pedpa, Iu-
puHa pedpa, konmmdecTBo pedep. ['abaputHbie pa3mMeps Ka-
HaJia: BBICOTA, UTHHA, IMUPUHA HE H3MEHSUINCE.

Pe3ynbrarsl MONETMPOBAHMS MPEACTABIISUINCE B BUJIE TEII-
JIOBBIX XapaKTEPUCTHK 3aBUCUMOCTEH TETUIOBOTO COMPOTHB-
JICHUSI OT TTAPaMEeTPOB OpeOpEHHsI.

3aBHCHMOCTH TEIIOBOTO CONPOTHUBIICHHS KaHasIa OT KO-
JM4eCTBa pebep TPENCTABIEHO Ha PHC. 3, TIE R, — TEIIOBOE
COIPOTHBIICHHE, 11 — KOTMYECTBO pedep.

TemnoBoe cONPOTHBIEHUE ONMPENEIAETCSI C TOMOIIBIO
BBIPAKCHHS:

Rt _ Imax —lc , (1)
P

raef, .. — MaKCUMaJIbHas TEMIICpaTypa B KaHAIIE; { . — TEMIIC-
paTypa oKpyXxaroliel cpeapl; P — paccenBaemasi MOLITHOCTb.
Kax BuHO 13 puc. 3, 3Ta TenoBas XapaKTepHCTHKA HMe-
€T DKCTPEMYM, YTO MTO3BONIAET MPOBECTH ONTHUMHU3ALHUIO KO-
ygaecTBa pedep. st TEMTOBBIX XapaKTEPUCTUK TAKOTO BU/IA

MOJKHO UCIIONIb30BaTh MATEMATHYECKYIO MOJIEIb B BUJE:

Ri(m=g-n+ 52, @

TIe g, £, — KOO YHIMEHTHI MOIEIH.

Jis onipeneneHns k03 GHUIMEHTOB MOJETH COCTABUIIN
CHCTEMY YpPaBHEHHH B JIByX TOUKax rpaduka, pacroioKeH-
HBIX I10 pa3HbIe CTOPOHBI OT 00JIacTH MUHUMYMa. PerreHne
CUCTEMBI IPEACTABIISAETCS B BUJIE COOTHOLLICHUI:

1
g1=(Rty-52).—,
X X

2 0
Rty - (xg41)” ()’

82 = (Rigyy X1y — )=(1 ).(3

(k=) " X(k-1) X (2) )

3aBHCHUMOCTh TEIUIOBOTO COMPOTHUBIICHUS OpeOPESHHOTO
KaHaJia OT TOJIIUHBI pedpa MpeACTaBICHO Ha prc. 4. DTa Xa-
PaKTEepUCTHKA TaKKe UMEET IKCTpeMyM. MaTeMaThdecKas
MOJICITb ATOU XapaKTEPUCTHKY aHATIOTHYHA BUTY (2) U IMeeT
TOTOOHBIC BEIPAYKCHUS JJIS OTpEeIeTICHUsT KO3 QUIMEHTOB.

[pennoskeHHBIE TEIUIOBBIC MOJICITH MOT'YT OBITH HCIIOJb-
30BaHBI TS ONITUMH3AIMN OpeOPEHHOr0 KaHaa.

3aBHCHMOCTb TEIIOBOT'O COMIPOTHBIICHHUS OT JUTHHEI ped-
pa UMeeT MOHOTOHHO-YOBIBAFOIIN BU (pHC. 5).

B mporiecce nmpoekTHpoBaHUs KaHaa JIMHA pedpa BhI-
OupaeTcss MaKCHMAJIBEHO BO3MOXHOM C IENBI0 TTOTyICHUS
HAUMCHBIIIETO 3HAYCHUS TEIUIOBOTO COMPOTHBIICHUS.

KBt -R_:

n

0 T T
0 10 20 30 mT
Pucynok 3 — 3aBUCHMOCTB TEILIOBOIO CONPOTUBIICHUS KaHala

OT KONIM4ecTBa pebep

KB:| R
12 2 k1
0.8 = /
04 -
d,
0 . .
0 1 2 3

PucyHok 4 — 3aBHCHMOCTD TEILUIOBOTO CONIPOTHBIICHHS KaHAlla
OT TOJIIMHEI pebpa

KB R,
13 4

08
04

Q T T T
0 10 20 30 wmm

PucyHOK 5 — 3aBHCHMOCTb TEILIOBOIO CONPOTUBIICHHUS KaHaJa
OT JUTMHEI pedpa
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2 ONTUMM3ALIA OPEBPEHHOI'O KAHAJIA

HccnenoBanme TEIUIOBBIX XapaKTepUCTHK OpeOPEHHOTO Ka-
HaJIa TI0Ka3aJIo, YTO BEIOOPOM KaHAJIOB MOXKHO CYILIECTBEHHO
CHU3UTH NEPErpeBbl yCTpoicTB. OnTUMH3ays NapaMeTpoB
OpeOpEHHOT0 KaHaa MPOU3BOIUTCS TS LIENIEBOH (DYHKIIHH:

R;(n,d,.) — min. @)

B npouecce ontumMuzanyy y4UTHIBAIUCh OIPAHUYEHUS

Ha pa3Mepbl KaHaua:
H=H,, L=L,, D=D,.

e H, , L , D, — HOMUHAJIbHBIE 3HAYEHUS] KOHCTPYKTHBHBIX
rapaMeTpoB, MOITY4YE€HHbIE Ha 3Talle MPOSKTUPOBAHUS YCT-
po¥icTBa.

[pu 5THX OrpaHUYCHUSIX BBICOTa pedep ONpeIesIeTcs ¢
TIOMOIIBI0 COOTHOIICHUH

I, :%(D—lk—Z-dp). 5)

MaremaTudeckas MOJCIIb (2) TIO3BOJISACT OIPEACIIUTD OIT-
TUMAJIbHOC KOJIMYCCTBO pe6ep C IIOMOUIBIO COOTHOILICHUS

&2

e ©

81

AHAJOTHYHO ONPENENIeT s ONITUMATBHOE 3HAYECHUE TOM-
IIMHBI pedpa. ITO MO3BOJISET ITPY ONITUMHU3ALNY ITapaMeT-
POB OpeOPEHHOr 0 KaHaJIa UCTIONI30BATH ITOCIIEA0BATENEHBINA
WTEPALMOHHBIN aJITOPUTM, B KOTOPOM IIPOBOIUTCS OTUMH-
3a1ust OHOTO U3 ITapaMETPOB, a PE3YNIETaThI 3TOH ONTUMH-
3aIUH UCTIONB3YIOTCS IPU ONTUMHU3ALNHA CIIEYIOIIErO T1a-
pamerpa.

[ar 1. — 3agatorcs HaYATEHBIE 3HAYCHUS: [UTHHEI pedpa,
KonmmgecTBa pedep U TOMIUHEI pedpa. C IMOMOIIBI0 MozIe-
JIMPOBAHMS ONPEAEIIAETCS TEIUIOBOE COPOTUBIICHHE OPED-
pEeHHUS KaHaja 10 3aJaHHOW MOIIHOCTH M AOIyCTHUMOMY
nepemnamay TEMIeparyp.

[ar 2. — MonenpyroTcs TEIUIOBbIE Pe:KIMBI KaHaJa IPH
N3MEHEHUH ONTHMH3MPYEMOIO ITapaMeTpa Ha BEIUYHHY
+ 20 % n onpenensrorcs KodGOUIMEHTHI g, 1 g,.

[ar 3. —OnpenensieTcs OnTIMAaIbHOE 3HAYCHHE TTApaMeTpa.

[ar 4. — YcranaBnuBaeTcst ONTHMAIbHOE 3HAYECHHE T1a-
pamerpa.

Iar 5. —IoTopstem 1mar 2, 3 115t CIIEAYIOIIETO IIApaMeTpa.

Iar 6.— IIpoBepsieTcst YCIIOBHE 3aBEPIICHIUS AITOPUTMA

Re) g (k=D
90 <e
k - B

Rt

rae k — HOMEp UTEPaLH; ¢ — IOTPEITHOCTh BEIYHUCICHHH.

Ecimm YCJIOBHUC HE BBIIOJIHACTCA, TO IICPEXOA Ha 1Iar 2,
HMHAYC — KOHCII aJITOpUTMa.

3 SKCIIEPUMEHTbBI U PE3YJIbTATBI

Pa3paboTaHHbIif aITOPHUTM UCTIONB30BAH WIS ONITUMH3ALIN
OpeOpEeHHOT0 KaHaJI, TapaMeTPhl KOTOPOTO MPHBOJISITCS HUKE.

MoiHocTs kaHana P = 50 BT, Temneparypa okpyxato-
miei cpensl ¢, =50 °C, k03¢ duuueHT 4epHOTH HOBEPXHOC-
1 TerooTBoAa 0,91, NOrpeHOCTh BEIUUCIEHUH aIrOpUT-
Ma ONTHUMU3ALUU COOTBETCTBYET € = (,05.

B xadecTBe HauaIBEHOTO TPUOIMKEHUSI IPH ONITHMHU3a-
1K OBUTH BBIOpaHbI pa3Mepsl opedpeHHoro kanana: n=10,
[ =10mM 1 d =1 MM. Pe3ynbraThl ONTHMH3aIMH KOHCTPYK-
LM OpeOPEHHOT0 KaHaIa MPUBEICHBI B Ta0I. 1.

I[poBeneHHas orrTUMu3aNys OKa3aa, 4To Hocie 9 urepa-
1M ObIA IOCTHTHYTA TpeOyeMast TOYHOCT, TEIIOBOH PEXIM
YITydIlIeH, TEIIOBOE COMPOTUBIEHHE YMEHBIIUIOCh Ha 35%.

BbIBO/JbI

[pemtoxxeHHBIH METO ] ONTUMHU3ALIMI OPEOPEHHOTO Ka-
HaJla C MCHOJIb30BAaHUEM COBPEMEHHBIX CHCTEM aBTOMATH-
YECKOIo MPOEKTHUPOBAHUsI TO3BOMSET PEATU30BaTh JOMYCTH-
MBI TEIJIOBOW pexnM paboTs! yerpotictsa. [Iponemypa om-
TUMM3ALMY PEATN30BaHa B BUJIE UTEPALIMOHHOTO AJITOPUTMA.
AJjroputm o0aiaeT JOCTaTO9YHO BEICOKOH CXOANMOCTBIO.

CpaBHEHHUE BEIMYHMHBI TEIUIOBOIO COMPOTUBIIEHUS UC-
XOTHOTO OpeOPEHHOro KaHajla U MOMyYeHHOTO B Pe3ylibra-
T€ ONTUMU3ALMHY T0KAa3aJ10, YTO ONTUMHU3ALUS IPUBOAUT K
YIIy4IIEHHUIO TEMIOBOIO PEXKUMa, a TEIIOBOE COIPOTHUBIIE-
HUE YMEHBIINUIOCH Ha 35 %.
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ONTUMBAIISI OPEBPEHOI'O KAHAJIY BCUCTEMAX ITPUMYCOBOI'O ITIOBITPSIHHOI'O OXOJIOVKEHHS PEA

Po3DISIHYTO MOMIIMBICTH BUKOPHCTAHHS OPEOPEHOr0 KaHay, K CIIPOIIEHHOT MO JUIsl aHAi3y TEIUIOBUX PEKUMIB PajlioNIeKTPOH-
HOI arnapaTypy KaceTHOTO THITy 3 BHCOKHM ITHTOMUM TEIUIOBHUICHHSIM IPH MPHMYCOBOMY IOBITPSIHHOMY OXOJIOXKEHHI.

JloCITimKeHO TeIIoBi XapaeTKPHUCTHKU opeOpeHoro kaxairy. OTpUMaHO CHIBBIIHOLICHHS UL ONTHMAJIbHUX PO3MIPIB KOHCTPYKIIT
OpeOpeHoro KaHaiy, siKi JO3BOJIOTH MiHIMI3yBaTH TEIUIOBHIT omip. Po3poliieHo iTepauiifiHuii anropuT™M onTHMizamii.

HageneHo npukiiaj) MpoeKTyBaHHS OpeOPEHOro KaHally 3 ONTHMAIbHUM TEIUIOBUM PEXKUMOM. B pesyibrari ontumisarii KoHCTpyKILil
opeOpeHoro KaHay TEIUIOBHil omip 3MeHImBes Ha 35 %.

Kurouosi ciioBa: opeGpenuii kaHal, TEII0OBa MOJIENb, TEIIOBUH OIip, IPUMYCOBE MOBITPSIHE OOXOJIOXKEHHS1, CHCTEMH IHXKEHEPHOT'O
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FINNED CHANNEL OPTIMIZING IN RADIO ELECTRONIC DEVICES FOR FORCED AIR COOLING SYSTEMS

The finned channel is used as a simplified model for the analysis of thermal conditions of cartridge design electronic equipment with
a high power density for forced air cooling. The finned channel thermal model and method of its creating are described by the computer-
aided engineering systems. Clearance limitations of the radio electronic units and the manufacturing limitations on width of fins and their
numbers are considered during creating the thermal model.

The finned channel thermal characteristics that include the thermal resistance dependence on parameters of fins (width, length,
number) are investigated. The approximating functions for these dependencies are proposed.

To minimize the thermal resistance the correlations for finned channel having the optimal sizes are obtained. The iteration optimization
algorithm is developed. This approach provides high accuracy. In the algorithm the thermal conditions are calculated by the computer-
aided engineering systems.

The example of designing the finned channel with optimal thermal conditions is showed. As a result of optimizing the finned channel
thermal resistance decreased by 35 %.

Keywords: finned channel, thermal model, thermal resistance, forced air cooling, computer-aided engeneering systems, electronic
equipment.
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METOA OUIHIOBAHHA NMOXUBKU BUMIPKOBAHHA MATHITHOIO
nonsa 3n-30HAOM 3 HENIHIMHUMW BUXIOQHUMW
XAPAKTEPUCTUKAMU

VY crarTi 3aNpONOHOBAaHUN METOJA OLIHKH IIPHUJATHOCTI Pe3ylNbTaTiB BUMiPIOBAHHS
MartitHoro nons 3D-30H/I0M, IO CKIIaNA€THCS 3 TPHOX CEHCOPIB, BUXIOHI XapaKTepUCTHKU
SIKMX 3aJIeKaTh BiJl yCIX KOMIOHEHTIB BEKTOpa MarHiTHOI iHAYKIIi, a Takoxk iXHIX KBaaparis.
OnepxaHi aHATITHYHI 3aJI©KHOCTI, SIKi TO3BOJISFOTh BU3HAYUTH, YU MOKHA 3D-30H/10M MarHiTHOrO
HOJIS 3 BITOMUMU Koe(illieHTaMH BUXITHAX XapaKTePUCTHK 3a0e31eUNTH BUMIPIOBAHHS BEKTOPA
MArHITHOI IHJYKIIii 3 BiJHOCHOIO MOXHOKOI0, HE OUTBIION 32 3a/1aHy.

Karouoi ciioBa: 3D-30H11 MarHiTHOrO MoJist, [aBavi XoJjuia, moxubka, BUMIPIOBAHHS.

HOMEHKJIATYPA

PXC — pozmienieHi X0/UTiBChKi CTPYKTYpH;

@;; — xoedillieHTH TPU KOMITIOHEHTAX BEKTOpa MarHiTHOT
THIYKII1 y TPHOX BUXiMHUX cuTHANaX 3D-30H1a Mar{iTHOro
nons (j =1,3, j =1,3);

bj; — xoediuieHTH MpH KBaApaTax KOMIOHEHT BEKTOPA
MAarHITHOI iHAYKIIi Y TPhOX BUXiTHHUX cUrHanax 3D-30H1a
MarniTHOro nonst (; = 1,3, j = 1,3);

B —MOIYIIb BEKTOpA MarHiTHOI 1HIYKI1;

B, —1poex1lig BEKTOpa MarHiTHOI iHAyKLii Ha Bick a0c-
IIMC Yy TPSIMOKYTHIH JIeKapTOBiii CHCTEMi KOOpJHHAT, MpH-
B’s13aHii J0 mifxia Ky 3D-30H/a;

B, — npoextist BeKTOpa MarHiTHOI iH/IyKIii Ha BiCh Op/IH-
HAT Y IPSMOKYTHIH IEKapTOBiH CHCTEMi KOOPAWHAT, IIPH-
B’s13aHil a0 mifxiaaku 3D-30H1a;

B, —npoexiiist BEKTOpa MarHiTHOI 1HAYKLII HA BiCh aIuli-
KaT y IpSMOKYTHIH eKapTOBiil cHcTeMi KOOpIHMHAT, IIPH-
B’s13aHii 10 mifxiaaku 3D-30H1a;

B, — 3HadeHHs IpOEKLT BEKTOpa MAaTHITHOI iHAYKIIiT Ha
BiCh aOCITUC, 3HAMICHE 3 TOXUOKOIO;

S; — BUXIAHUI CUTHAN i-r0 JaBada y ckiani 3D-3onma
MarHiTHOTO HOJIA (j = 1,3);

A —MAaTpHLI CUCTEMH JIIHIHHUX PIBHSHB;

AB, — a0bCOomoTHA TOXHOKA BENHIHHH B, ;

AB,, — abcomoTHa noxubka BenuanHu By;

AB, — a0bcOomoTHA TOXHOKA BENHIHHH B ;

o — KyT MDX Biccio abciuc i BEKTOPOM MAariTHOL
THITYKIIT;

[ — KyT Mi’K BICCO QIUTiKaT | BEKTOPOM MArHiTHOI 1HTyKIIiT;

N — IOImycTHMa BiTHOCHA TIOXHOKa, 3 SKOIO IOTPiOHO
BHUMIpPATH BETMIUHY MarHiTHOI 1HTYKIIii;

Y — nonomixHa (QyHKITiS;

¢ — nonoMi>KHa 3MiHHA, BBEJICHA JJIsI CTUCIIOCTI 3aITUCY;

(¢ — TonoOMi>KHA 3MiHHA, KyT MiXK BEKTOpaMH;

8B — BigHOCHA TOXHUOKa BUMIPIOBAaHHS BEJIMYUHH B .
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BCTYII

JaBaui Xomna € oqHIMY 3 HAHOLIBII TOMUPEHUX CCH-
COpiB MarHITHOTO ITOJIS 3aBJITKY IXHIM YHCIICHHUM TIepeBa-
ram, 30KpeMa, 34aTHOCTI BUMipIOBATH MaTrHITHE ITOJIE B M-

pokux Mexax (107°...10% T), HU3bKOMY EHEPrOCTIOKUBAHHIO
(<10 MBrT), miniMassanM rabaputam (1...3 mm) Tomo [1, 2].
TpamuuniiiHi XomTiBChKi CeHCOPH XapaKTepH3yIOThCS CHMET-
PUYHUM PO3MIIIEHHSIM ITap CTPYMOBHX 1 IOTEHIIIHHAX €JTeK-
Tposis. IxHiii cursan niuiitHo 3an€XUTH BiJ IPOEKIIT BeKTOpa
IHIYKIii MAarHiTHOTO ITOJISI HA HOPMaJTh 10 IIONIMHY Yy TIIH-
BOTO HaIliBIPOBIHUKOBOTO APy, 10 pOOUTH TpaauLiliHi
XOJITIBCBKI CEHCOPH ITPOCTHMU Y KaJIiOpyBaHHI Ta BUKOpPHC-
TaHHI. Pi3HOBUIOM HaBaviB XoJuia € pO3MICIUICHI XOIITiBChKi
crpykrypH (PXC), 110 Bigpi3HAIOTHCA Bl TpaIUIIi HHUX Ja-
BauiB XoJUTa CTPyKTYpHOIO acuMeTpieto [3, 4], 30kpema, PXC
MOYKE MaTH JBa CTPYMOBHX 1 JIMIIIC OJIFH ITOTSHIIIHAH eIeK-
TpoA. 3a paXyHOK CTPYKTYpPHOI acHMeTpii 3a0e3meqyeThes
MOXJIUBICTh OMHOYACHOTO BUMIPIOBAaHHS YCiX KOMITOHEHT
BEKTOpa MaTHITHOI IHAYKIIII 1 ITiIBUITIEHHS MIPOCTOPOBOI pO3-
IUIBHOI 31aTHOCTI 3D-30H11B MardiTHOro nostst Ha ocHoBi PXC.
Taxum uuroM, PXC BONOIIIOTE IIepeBaramMu mepe TpaIiil-
IHHAMHA XOIDTIBCBKUMHE CEHCOPaMH i MArOTh MPHUHIAIIOBO
HOBI BnactuBoCTi. OJHAK, OKPiM IIepeBar, CTPyKTypHa acH-
merpist PXC mopomkye Takox 1 IXHFO IpOOIIeMaTHKy — BIXiHI
xapakrepuctuku PXC y maraitTHOMY Tiormi Bxe iorag 500 mT
e HemiHiHanME. 111006 3HAHTH KOMIIOHEHTH BEKTOpa MarHiT-
HOI iHTyKii 32 TOTIOMOTOF0 30HiB Ha ocHOBI PXC, ciri po3-
B’S13aTH CHCTEMY HEJiHIHUX PiBHSHB, KA, B3arajli KaKydu,
MOJKe MaTH O1IIbIIe HiXK ONMH PO3B’s30K. MeToro pobotu €
BU3HAYEHHSI BUMOT, SIKMM IIOBHHHI BianosigaTu 3D-30H11
MAarHITHOTO TIOJIS 3 BUXiTHAMH XapaKTEPUCTUKAMH, IIT0 3aJIe-
’KaTh OJHOYACHO BiJ yCiX KOMIIOHEHT BEKTOpa MarHiTHOI
iHAyKii 1 IXHIX KBagpaTiB, 00 3a0e3IIeYUTH MOXKIIUBICTh
BHUMIipIOBaHHS BEKTOPa MAarHITHOI iHAYKIIIi 3 TOXUOKOI0, HE
OLITBIIIOIO 32 IOITYCTHMY.

1 IIOCTAHOBKA 3AJJAUI

VY [5] posmsiayTo 3D-30HA MarHiTHOTO ITOJISI HA OCHOBI
PO3IICIUICHUX XOJUTIBCHKHAX CTPYKTYP, BUXiIHI XapaKTepHC-
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THKH SIKUX y MarHiTHUX nosix monan 500 mT onmcyrotbest
(GYHKIISIMU BUIVISIY:

2 2 2
ay By +ap B, +ai3B, +b By +bp By +b3BS =5

B, +ayyB, +ar3B. +by B2 +byy B +b,3B2 = S, (1

ay By +ay By, +ayB, +by By +by By +by3B; =5, (1)
B, +ay,B, +ay3B, +by B2 + by, B2 + b33 B2 = S
310y a3 by, +az3b, 0310y + 0335, + 0335, =03,

Je S; — BUXiIHUM curHai i-ro ceHcopa y ckiani 3D-30H1a,

B= (B . B, B, )— BUMipIOBaHA BEKTOPHA BENMUNHA, djj,

bij (i= L_3, j =1,3)—Bigomi koediLieHTH.

PiBusnns (1) € piBHAHHAME KBaJpHK i, II0 OYEBHIHO 3
TXHBOTO T€OMETPUIHOTO 3MICTY, MOXKYTh MaTu OULTbIIE, HiXK
OJIMH PO3B’SI30K (JEKiIbKa TOYOK IepeTuHy KBaapHk). Heo-
JTHO3HAYHICTH PO3B’S3KIB OOMEKYE Ta YCKIIATHIOE 3aCTOCY-
BaHHs1 3D-30H/iB 3 BUXiIHIMH XapaKTepUCTHKAMH BBy (1).
T ue Men, 3D-30H1 MOXKe OyTH MPUIATHUIA JTT BUKOPH-
CTaHHSI y BUIA/IKaX, SKIIO BCS MHO)KMHA PO3B’SI3KiB CHCTEMHU
(1) 3HaxXOIMTHCS y MEXaxX MEBHOI JIOITyCTUMOI ITOXHUOKN. Y TaHii
PpoOoTi TocTaBieHa 3a,ja4a 3HAXO/PKEHHS aHATI THUHMX 3aJIeXK-
HOCTEH, SIKM TIOBUHHI 33/TOBOTBEHSITH KOS(DIIi€HTH ajj, bij I

3a0e3IeueHHs BUMIPIOBAHHS MOAYIS BEKTOpa MarHiTHOI
IHIYKIIi 3 BITHOCHOIO ITOXMOKOIO, HE O1IBIIONO 32 3a/1aHy.

2 OUIA L JITEPATYPHA

Sk BXe BiA3HAYAIOCS, 30HAN Ha OCHOBI PO3ILIEIICHIX
XOJUTIBCHKHX CTPYKTYP XapaKTepH3yIOThCS HETIHIHHAMHY Xa-
PaKTEepUCTHKAMH, TIPHYOMY HEJIIHIHHICTh 3aJIe)KUTh BiJ| Be-
JIMYMHY BEKTOpa MarHiTHOI iHAyKii. BimmoBiaHo, pe3ynsTa-
TH 3aCTOCYBaHHS TAKMX 30HJIIB 3aJIEXKATh Bi/I yMOB 3aCTOCY-
BaHHS, TOOTO, UTS Pi3HUX BEITMYMH MarHiTHOTO ITOJSI PO3KHUIT
PO3B’sBKIB Oyre pi3HUM. ToMy It MOXKIIMBOCTI MIPUHHATTS
PpiIIeHHs PO KOPEKTHICTh PEe3yIbTaTiB IOIITHFHO BUKOPHUC-
TOBYBAaTH 3a3HAYCHI 30H/U Y CKJIaJli IHTEIEeKTyaIbHUX CEH-
copiB [6], «MOZKOMY» SIKHX € MiKPOKOHTPOJIEPH.

MoskHa BHITUTH ABA MPUHIIAIIOBO Pi3Hi ITi IXOIHU 10 BH-
KOPHUCTaHHS 30H/IB, IS IKHX PE3YJIBTAT 3HAXOMKEHHS LITy-
KaHOI BEKTOPHOI BEIMYWHHI HA OCHOBI IXHIX BHUX1IHUX CHT-
HaTiB € HeoqHo3HaYHM. OIMH 3 M IXOIB — AI3HATHCS YHCIIO
PO3B’SI3KIB CHCTEMH HENIIHIMHIX PiBHIHB (30KpeMa, BUITIIY
(1)). SIK1Io 11e YHMCIT0 BUSBUTLCS O1IBIINM 32 1, — 00UMCITUTH
BiJICTaHB MiXK PO3B’sI3KaMU. THUIIOBO TS ITOMTYKY KiTBKOCTI
PO3B’S3KIB CHCTEMH HENNiHIHHUX PiBHSIHB 3aCTOCOBYIOTH Oa-
3uc ['pedrepa [7, 8]. OmHak, 3aCTOCYBaHHS IILOTO METOAY B
THTENIEKTYaJ IbHUX CEHCOPAaX OOMEXKYETHCS MOXKIHBOCTAMH
MiKpOKOHTPOJIEPiB BHACTIAOK YYTIMBOCTI METOMY IO TOY-
HOCTI poMiKHUX 00urcieHs. CrociO BiiIeHHS KOpEHiB
IUIS 3aCTOCYBAaHHS B IHTEIEKTYyIbHUX CEHCOpaX 3aIporio-
HOBaHUH y [9]. 3HAXOMKEHHS YUCIOBUX OOJacTel, 1o
MICTSITB O3B’ SI3KH, TO3BOJISIE TIPHUOIIM3HO OIIIHUTH, HACKITBKA
PO3B’SI3KU BiAPI3HIIOTHCSA OOWH BiJ OZHOTO. SIKIIO 1A
BIZIMIHHICTB 1CTOTHA, HEOOX1/IHI TOIATKOBI 3aXO/IH, IO JI03BO-
JUIM O BIOKUHYTH 3aliBi pO3B’SI3KH. SIKIIO XK yCi pO3B’A3KH
CHCTeMH HEJHIHNX piBHSIHB (CKJIaIEHUX Ha OCHOBI BUXI1JI-
HUX XapaKTEePUCTHK 30H/IA T2 3UNTAHUX CUTHAIIIB) BiAPI3HA-
IOTBCS He OLbIIe, HiXK HA AOIYCTUMY MTOXHUOKY, JOCTaTHBO

3HANTH OJIMH 3 PO3BSI3KiB 1 IPOBECTH OLIHKY, HACKLTBKH ICTHH-
HE 3HAYEHHS MOXKE BiAPI3HATHCS Bix 3HaiineHoro. Mox-
JIUBICTh BUKOHAHHS I1i€1 YMOBH 3aJISKUTH BiJl KOCOIIIEHTIB
as, bl-j. 30KpemMa, YUM MEHIINMH € KOe(il[iEHTH ITPH KBa-

2. . . .
parax B)%, B BZ2 BHMIipIOBaHOI BEKTOPHOI BEJIMYMHH (110

i
BIJHOLICHHIO 10 Koe(iuieHTis pu By, B, B,), Tum MeHmre
PO3B’s130K cHCTeMH PiBHSHB (1) BiAPI3HAETHCS BiJ pO3B’ 3Ky
i€l CHCTEMU PiBHSHB IPH b =0 (TobTO, BN PO3B’S3KY CH-
CTeMH JIHIHUX anreOpaiyHnX PiBHSHB).

Ha npakruii koedirienTy npu KBagparax B)% , B)% i BZ2 y
BUIXiJJHUX XapaKTepHCTHKax 30HiB Ha ocHOBI PXC y ieBHOMY
Jiara30Hi MATHITHHX TOJIB € 3HAYHO MEHIIINMH 32 KOe(iIli€H-
TH IIPY KOMITOHEHTaX BEKTOpa MAarHiTHOI 1HIYKIII1, III0 YMOX-
JIMBITIOE ICHYBAHHS PIllIeHHS 331241, CHOPMYITLOBAHOI y CTATTI.
Kpim Toro, y koxkaoro 3 cencopiB Ha ocHoBi PXC TumoBo
OLITBII BUPaYKEHOIO € YyTIMBICTH JI0 CKJIaJOBOi BEKTOPA MarH-
ITHOI 1HAYKIi1, TEPIIEHANKYISIPHOIL 10 INTOIIMHY IXHBOTO YyT-
JIMBOTO IIAPY, HDK Yy TIMBICTb /10 IBOX 1HIIMX KOMITOHEHT.

3 MATEPIAJIM TA METOIU

3anmmiemo cucrteMy piBHSHBG (1) y HACTYITHOMY BUIISI:

2 2 2
an By +ap B, +a;3B; =5 _(blle +byB), +b;3B; ),
2 2 2
ay By +aypB, +aypB, =5, _(b2le +by By +by3 B; ),

2 2 2
a31B, + a3 B, +a33B. =83 —(bsle +b3y By + b33 B; ).(2)

Po3B’sxemo CJIAP
AB=S5, 3)
ne A — matpuns cucremu (2), S=(S; S, S; )T . B pe-
3YABTaTi IIBOTO OTPUMYEMO BEKTOP-pO3B’S30K B, sxuit

BiJIPi3HSIETHCSA BiJl ICTHHHOTO 3HAYSHHS BUMipIOBAHOTO BEK-
Topa. PisHuIA Mixk o0unciieHIM BeKkTopoM B i icTHHHEM

BEKTOPOM 3aJICKHTh BiJl BEIMIHH (bl 1B§ + blzBi + bBBZ2 )’
(b213§ +byy B2 +by3 B2 ) (b313§ +byy B2 + by B2 ) -

BOHHM MEHII, THM MEHIIOI0 Oyne moxuOka. KommoHeHTa
IIYKaHOTO BEKTOpa B, Moxe OyTn BHpaXeHA HACTYITHUM
YHHOM:

_5 (422033 — 42303 ) + 55 (13037 — a12033) + S5 (@102 ~ 13027 ,(4)

Bxf ‘ A\

e |A| — BU3HAYHHAK MaTPHII CUCTEMH (2).

AGCONIOTHY TOXUOKY KOMIIOHEHTU BeKTOpa AB, MOX-
Ha OLIHUTHU SIK aOCONIOTHY Pi3HHIIO MIX 3HAUYEHHAMHU B,
obunciennmu 31 CJIAP (2) 1 CJTAP (3). Orxe:

1
08, = i (182 + a2 amas —as)
1
+M'(b213§ +byy B, +b23Bz2)(al3“32 —appazs3)+

€

+
|4

(b313)% +b3y By + by B )(012023 —ay3ay). ®)
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PAJIIOEJIEKTPOHIKA TA TEJEKOMYHIKAIIT

Tyr i nasani nin nosHauenusmu B, B, B, Ta B posymi-
€MO 1XHI iCTHHHI 3Ha4eHHs. 3 Teopii MOXUOOK BiJOMO, 110
abcoIOTHA TTOXMOKa CyMH HE IIEPEBUIYE CYMH aOCOJIOT-
HUX IOXUOOK CKJIam0BuX. Takui i axi JuIst OLIHKH HOXUOKHU
JIaCTh 3aBUIIEHMH pe3yasTar. THM He MEHII, CTI0YaTKY OIli-
HUMO aOCOJIOTHY MOXMOKY mepuioro goaanka y (5) sk
(yHKIIT Bix o 1 B —KyTiB, 110 BU3HAYAI0Th KOMIIOHEHTH B,

By i B, Bexktopa B. OueBHAHO, O[O0 BEIHUYUHHU

(a22a33 —ay3as, ) Ta |A| He 3a7exarth Bix o Ta 1 He BIuH-

BAIOTh HA PE3YNIBTAT, TOMY IIYKaTHMEMO MaKCHMaJIbHE 3Ha-
YeHHs QYHKIUI:

y=2b 132 cos? asin? B+b1232 sin? asin? [34—]71332 cos? B.(6)

BpaxoByrouu Te, mo (yHKIis Y € MepioanvHOIO 1 BU3-
HAYCHOIO IS BCIX YHCeN o 1 3, IrykaTiMeMo ii 3HAYEeHHS Y
CTalllOHAPHHX TOYKaX.

3HaliIeM0 YaCTHHHI HOX1IHI:

23
oo

=sin Za(fblle sin? B+ by, B? sin? B) =sin 20 B sin” B(byy — by ),

= —ZbHB2 sin’ Bcosasina+2b1232 sin’ Bsinacoso =

2—)[; = 2b11B2 cos? asinBcosB+2b1232 sin’ asinfBcosp—

—2b13B2 sinfcospP = B?sin 2[3(b11 cos® o+ by sin” o — b3 ) )
Po3B’sbKeMO BITHOCHO oL 1 B cCHCTeMY PiBHSHB:

sin2a - B2 sin® B(bp —b1)=0,

B? sin2[3(b11 cos? o+by, sin? 0c—b13)= 0,

3HaiiieHa MHOXHHA PO3B’SI3KiB:
1. B=mn,n € Z, 3Ha4eHds o, IOBLIBHE.

20" hez,p=k rez
2 2

nn .
3. o =—, n € Z,3HaueHHs 3 — NOBLIBHE, KO b, = b,
2

1n —napHe abo b, = b,1 n — HenmapHe.
n

4. [3,:_”, neZ, 3HAUCHHSA O, — JOBIJbHE, SKIIO
2
by =biy # by3.

5. Bci3HaueHHs o Ta B3, AKwio by, = b, = b,
3Haiinemo 3Ha9eHHA PYHKIIT (6) 171 3HAWICHIX CTaIlio-
HApPHUX TOYOK:

2
L y=b3B";
2. Jinist napHUX 3HAY€HDb 7 1 TAPHKX 3HAYEHB k' y = by 3 B?;
J1s napHuX 3HA9CHB 71 1 HETAPHUX 3HAYEHD k: y = by 182;

JU1st HeNapHUX 3HaYCHb 7 1 IAPHAX 3HAYCHD K& ) = by 5 B%;

Jl1s HemapHMX 3HAYeHb 7 1 HEMAPHHUX 3HAYEHb k!
2.
y=byB";
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3. J1y1s HemapHUX 3HAYEHb 1 ) = 1)12B2 = b13Bz, JUIs ap-

X — = by B® = b3 B
2 2

4. JInst HENapHUX 3HAYEHD 711 ) = by B~ = b, B~, s nap-

HUX — y = b3 B%:
2 2 2

5. y=byB” =byB” =b3B.

OCKiJIbKH a0COITIOTHY MOXHOKY OLIHIOIOT SIK HAWO1Ib111e
3 a0COMIOTHUX 3HAYCHB BIIXMAICHHS MK iCTUHHUM 1 BUMIpsI-
HHUM 3Ha4eHHSIM (YHKIII1, TO IepeBipATH 3HAlIeHi cTario-
HapHi TOYKH HAa HASIBHICTH y HUX JIOKAJILHOT'O MiHIMyMY 200
MaKCUMyMYy HeroTpiOoHo. Bubupaemo cepen 3HaiineHHx

3HaYeHb (QYHKIIT y CTallioOHapHUX TOYKaxX MakcuMalbHe a0-
COJIIOTHE 3HAYEHHS, BPAaXOBYIOYM YMOBHU PIBHOCTI KO-

edilienTis by, by,, by3.

YV Oynb-SIKOMY BUIIA/IKY, MAKCUMAITbHE 3HaYCHHSI (DYHKINT
(6) MOXKHA OLIHUTH SIK Max {|b1 1 | B, |b12|Bz, |b13|B2 },

TOOTO, SIK MAaKCUMaJIbHUH 3 KOE(Ii€HTIB IPH (QYHKITIAX

cos? asin’ B> sin? o.sin? B, cos? B-

OniHnMO MakcUMambHe 3HaueHHS QyHKIIT (5).

3rpynyemo MuoKHuKn pu B2, By, B:
AB, :ﬁ-(bn (anpttys — sy )+ byy (@355 — iy ) +
+ by (12053 — ay3ax ))Bf +
+ﬁ-(b12 (apattns —ysasy ) + by (1353 — apany ) +
+byy (12023 = 30, ))Bi +
"‘ﬁ : (b13 (a22‘133 —dp3a3; ) +by3 (a13a32 —apds3 ) +

+bs3 (appay; —aj3ay, ))Bzz - @

Skwo Bupasumo B, , B, i B, y cdeprudnmx koop/uHa-

Tax, JIETKO MOOAYUTH, 10 32 aHAJIOTIEFO 3 TIONIEPEAHIM BHIIA -
KoM (TTomIyKy Makcumymy QyHkmii (6)), MaKCHMabHUM
3HauYeHHAM AB, Oyne MakcHUMallbHe cepel] a0CONMIOTHHX 3Ha-
YeHb!

€1

1] '|b11 (axpa33 —az3a3; ) +byy (@303, — appas3 )+

+byy (a1pap3 —ay3a, )| B,
1
m'|b12 (422033 — an3asy )+ by (1303 —appazy ) +

+bs (12823 — ar3a; )|32, ®)

TToxnOxu ABy 1 AB, 3HaX0[MMO aHAJIOTI4HO.
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MaxkcumaabHe 3HAaYCHHS ABy MOXXHa OHiHI/ITI/I SIK MaK-

CHUMAJIBHE CCPC]] 3HAYCHD!:

ﬁ'|b11(az3a31 —ay1a33) + by (an1a33 —ar3a3 ) +
+byy (a13a91 —ayyaz3 )|Bz,

ﬁ'|b12 (ar3a31 —az1a33) + bya (ay1a33 — ay3a31 ) +
+b3y (1301 —ayjan3 )|Bz, ©

ﬁ'|b13 (ay3a3) —ayiasy ) + b3 (ay1a33 —agzas) ) +

+by3 (413051 —ay a3 )|Bz,

a MaKCUMaJIbHC 3HAYCHHA ABZ — SIK MaKCUMaJIbHC CCepec

3HaYEHb:
|17|'|b1 1(a21a33 —ayya31 ) + 03y (appa3) —ay a3y ) +
+b31 (@110 —a12021)|32,
ﬁ'h’lz (a21832 —axpa31) + by (@003 —ayaz ) +
+ by (ay 1y, —arpay )| B2, (10)
ﬁ'|b13 (a21032 —anpa31) + b3 (@203 —apyaz ) +

+bys (ay1a90 — appaz )| B2

Hexaii motpiOHO 320e311e9nTr TOUHICT 00UHCIIEHh MO-
JTyiIsl BUMIPIOBaHOi BEKTOPHOI BEJIMYMHY, He Tipmry 3a N %,
TOOTO, TOBUHHO BUKOHYBATHUCS CITiBBiTHOIIICHHS:

> >

AB 2
% < N, 0 piBHO3HAYHO ( 2 ) . N?i(AB)® < B*N2.(11)

Bupaznmo noxubky AB depe3 KOOpAWHATH BeKTopa B,

B, B, Ta ixui noxuOku:

AB=\/(Bx+ABX)2+(By+ABy)2+(BZ+ABZ)2 -

- /(B§ +B? +B§) . (12)

[Tigaecemo miBy Ta mpaBy yactuHy (12) 10 KBagpary:

(ABY? = (B, +AB, ) +(8, 88, | +(B. +AB )} -

_z\/((sx +AB.) +(B, +AB),)2 +(B, +ABZ)2](B§ +B? +B§)+(B§. +B? +B§), (13)
[Ticns anrebpaigHIX IEPETBOPEHD ONIEPKYEMO:

(aB) = (B§ +2B,AB, +AB? + B2 +2B AB, + AB? + B} +2B,AB, + ABZZ)—

(14)

,23\/(BX +88,)" +(B, +AB),)2 +(B.+AB,) +(B§ +B}+B2).

[eperBopumo (14) HACTYHUM YHHOM:

AB)? =(B*+2B_AB. + 2B, AB. +2B,AB, + AB> + AB% + AB>) -
xTTX Y=y =7z X ¥ z

15
723\/32 +2B,AB, +2B,AB, +2B_AB, +ABy + AB} +AB? + B2 (15)
[MincraBmmo (15) y(11):

(32 +2B,AB, +2B,AB, +2B,AB, +AB] + AB} +AB )~

723\/32 +2B,AB, +2B,AB, +2B,AB, + AB} + AB} + AB? + B> < (16)

<N?B%.

3pobumo 3aMiHy 3MIHHUX

q= \/32 +2B,AB, +2B,AB, +2B_AB_ +AB} + AB; +AB?
1 pO3B’sDKEMO HEpiBHICT

q2—2Bq+Bz(1—N2)SO. (17

D=(-2B) -4B*(1-N*)=4B°N",
2B*2BN
2

Po3B’s13k1 HEpIBHOCT: B(I—N) <g< B(1+ N) .
3Biacu

B*(1-N)’ ~B® <2B,AB, +2B,AB, +2B.AB. +

Q2= B(liN),

+AB2 +AB2 +AB2 <B*(1+ Ny -B>.  (18)

Hpencrasumo 2B, AB, +2B,AB|, + 2B, AB, sk ckaisip-

HUI T0OYTOK BEKTOPiB

2(B, B, B.)}(AB, AB, AB.)=2B\AB]+AB}+AB: -cosg(19)

Iie @ — KyT Mi>K BEKTOPAMH.
Haiimeniue 3HaueHHs BUpasy

2B,AB, +2B AB, +2B,AB, +AB; +AB} + ABZ. (20)

JOCATAETHCA TIPH cos ¢ = —1, a Halbiapme — npu cos @ =1.
3BiJICH BUTUTHBAE, IO s 3a0e3nedeH s yMoBH (1 8) Haii-
MEHIIIe MOKITUBE 3Ha4YeHHs BUpa3y (20) moBuHHO OyTH HE

MeHIIUM 3a BZN (N —2), a HaWOILIbIIE — HE OLIBIIUM 3a

B*N(N +2)

~2B\|AB} + AB; + AB? +AB} +AB} + AB? > B°N(N-2),(21)
2B,|AB} + AB; + AB? +AB] +AB; + AB? < B*N(N -2).

[Ticms MHOKEHHS rTeproi HepiBHOCTIy (21) Ha —1 oTpu-
MY€EMO CHCTEMY HEpiBHOCTEIi:

2B,AB} +AB} + ABZ —(AB] + AB} + AB2 ) < ~B*N(N-2) @)
2B\AB] + AB} + AB? +(ABF + AB] + AB? ) <B’N(N+2).
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[Ticns qomaBaHHs JTIBUX 1 IPABUX YaCTHH X HEPiBHOC-
TEH, BiJIITOBITHO, ONIEPIKUMO:

4B\[AB + AB? + AB? <~B*N(N -2)+ B*N(N +2),

a0o0, TTiCIIS CIIPOIICHHS,

JABZ + AB? + AB2 < BN. 23)
[Tinnecemo Bupas (23) no KBaapaTy:

AB} +AB} +ABZ < B*N?. 24)
Sk Oyro mokazaHo BuIe, 3asexxHOCTi (8), (9) Ta (10) ma-

I0Th JIOCTATHBO CTPOT OLIHKU OXUOOK AB,, AB v, AB,.
Onnak, ciBBigHONIeHHS (8), (9) Ta (10) MicTAT BemauHy

B2, aniBa yacTuHa criiBBiTHOMIEHHS (24) — BeuuuHy B 4, sIKa

He € Bizomoro. [Tics ckopouenns va B+ y miBiit uactumi (24)

U BITOMHX KOSILIEHTIB a;, byj» Oyne QixcoBaHe 4uCIIO, Y
2
TIpaBiif — BennunHa —- Taxkum 4nHOM, ITi/ICTABIISIOYH He-

B
00XizHi 3Ha4eHHs y hopmyity (24) i nepeBipsiodn, Y1 BUKO-
HYETBCSI HEpIBHICTb, MPUHMAEMO PIillIeHHS PO JIOCTOBIPHICTh
pe3yNIbTaTiB BUMIpPIOBaHHS BKAa3aHOI BEJTMYWHHM MAarHiTHOI
1HIYKIOiT i3 3a1aH010 TOXMOKOT0. [HIIE 3acTocyBaHHs hopmy-
JIU — 32 3aJ]aHIM 3HAYCHHSIM BEJTUYUHU MATHITHOT 1HIYKIII{
MO)KHA BU3HAYUTH MaKCHUMaJIbHY BiTHOCHY ITOXHOKY.

4 EKCIIEPUMEHTHN

BesnoceperHi excriepiMeHTabHI TOCITIKEHHS € He/lo-
LIJIBHAMH BHACITIZIOK TOTO, IO Ha IPAKTHII CKJIa IHO OJleprKa-
TH JIOCTaTHIO BUOipKy 3D-30H1iB MATHITHOTO TIOJIA 3 Pi3HAMH
Habopamu Koe(iIli€HTIB BIXiJHIX XapaKTEPUCTHUK i IOTPiOHO
Oyr10 6 IpOBECTH 3HAYHY KUTHKICTh BUMIPIOBaHb. ToOMY ISt
BepriKarlii onepKaHuX Pe3yIIBTaTiB OyII0 BUKOPHUCTAHO iMiTa-
iifHe MOJETIOBaHH. 3a JOIIOMOTO0 MPOrpaMH, po3podIe-
Hol y cepenoBui MATLAB, 1000 pa3iB BumaakoBUM 9HHOM
renepyBaimcs 3uavenns Koedittienti a;;, by, (i = 1,3, j = 1,3)
BHXiTHHUX XapakTepuctuk (1), a mi1 xkokHOTO HAOOPY KO-
edimienTiB 50 pa3iB reHepyBaINCs BUIIAAKOBI 3HAYCHHS KOM-
HOHEHT BEKTOpa MarHiTHOI iHAyKwii B, B, B, . 3a popmyna-
M (1) po3paxoByBaiics 3HAUCHHS «BUXiJHUX CHTHAIIBY Ja-
BauiB S, S,, S3. Jns KoXHOro Habopy BUITAJKOBUM YMHOM
3TeHePOBAHUX YHCEN PO3PaXOBYBAIUCH KOMIOHEHTH BEKTO-
paMarHiTHOI iHayKuii sik po3B’si3ku CJIAP (3), 6e3 ypaxyBaH-
HS KBaIpaTHYHUX CKIIAIOBIX BUXIIHIX XapaKTepHCTHK. Jlaii
o04nCITIOBANTHCS A0COMIOTHI TOXMOKM KOXKHOI 3 KOMIIOHEHT
BEKTOpa MarHiTHOI IHAYKIII (SIK aOCOIOTHA Pi3HUII MiX PO3-
B’si3koM CJIAP (3) Ta BUIIagKOBUM YMHOM 3T€HEPOBAaHIMU
KOMITIOHEHTaMH BEKTOpA MArHiTHOI iHAyKLii B, By, B.),a
Tako)k a0comroTHa AB 1 BiIHOCHA & B IOXUOKH CAMOI0 BEKTO-
paMarsiTHOI iHAYKIi B. {11 KoKHOro HabOpy 3reHepOBaHNX
YHCe 32 AaHAIITHIHOIO 3AJISKHICTIO (24) TIepeBipsuIacs MOX-
JIMBICTh BUMIPIOBATH BEKTOP MArHITHOI IHAYKIIII 3 TOXHOKOFO,
HE TIPIIIOF0 32 3a[aHY, 1 Pe3YJIbTAaTH 31CTABIUIACS 3 009HUCTIC-
HOIO BiJHOCHOFO ITOXHOKOIO 8B.
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5 PE3YJIbTATH

Hs Beix xoediuientin &, by, (i = 1,3, j =1,3), mo 3an0-

BONBHSANN yMOBi (24), o6uuciena BinHocHa moxubka OB He nepe-
BUIIyBaJIa 3aJjaHy BiTHOCHY MOXUOKy. OJHaK, 3-TIOMDK 3HErepo-

BaHHX BUIAIKOBUM YHHOM KoeillieHTiB, &;;, b,-j, Gi=137=13)
TpAIUBSUIKCS TaKi, 110 He 3a/{0BOJIBHSIIM YMOBY (24) i, THM He MeHII,
JULst sKOoHOTO 3 50 HabOPiB KOMIIOHEHT BEKTOpPa MAarHITHOT iHAYKIil
B, By, B, BinnocHa noxubka §B He MepeBHUILyBala 3a1aHy.

6 OBI'OBOPEHHA

IMopiBHsIBHUN aHAII3 Pe3yNbTaTiB IMITAI[IHHOTO MOJIEIIFOBAH-
Hsl 3 NIPE/ICTABICHUMH Y CTATTi QaHAIITHYHUMH PO3paxyHKaMH II0-
Kka3amy, mo ouinku (8), (9) ta (10) abcomoTaux moxubox AB,,

AB I AB, € 3aBumeHuMy. [HIIMM MOXIIMBHM JKEPEIOM 3aBU-
IIIEHHSI OLIHKHY € CIIpoIIeHHs BUpa3y (20), OCKUIbKH Majio HMOBIp-
HO, MO0 BEKTOpPH (Bx B, Bz) Ta (ABx AB, ABZ)
Oynu KojiHeapHi abo aHTHKOJiHeapHi. OTxe, BUKOHAHHS YMOBH
(24) 3abe3nedye MOXIJIMBICTE BUMIPIOBAHHS BEKTOpPAa MArHiTHOI
iHYKOil i3 3a1aHO0 TOYHICTIO, OJHAK, MOPYIIEHHS yMOBH (24)
IIe He O3Hayae BiCYTHICTH Takol MoxuuBoCTi. [lomanbmmmM pos-
BUTKOM HaBEJCHHX y PoOOTi pe3ylbTaTiB Moxe OyTH MEHII CTPO-
ra i OUIbII CKJIAJHA B OOYKCIICHHI OlliHKa npuaarHocTi 3D-30H1a
JUISL TPAKTHYHOTO BUKOPUCTAHHS. SIKIIO 5K BCTAHOBJIEHO, 10 CHC-
TeMa piBHSHB (1) MOXKe MaTh PO3B’SI3KH, IO BifPI3HAIOTHCS MDK
co0010 Oinbllle HDK Ha BEIUYHHY JAOMYCTHMOI TOXUOKH, IUIIXOM
BUpIIICHHS Npo0iieMH Moxe OyTH cTpyKTypHa Moxudikaris 3D-
30H/1a, IPH sIKii 10 cucteMH (1) ToIaeThCst OIHE Y OLNTbIIIE PIBHSHD,
BBEJICHHS SKUX OOMEXYe MHOXHHY PO3B’SI3KiB.

BUCHOBKUA

3anpornoHOBaHO METOJ OIIHKY NpuaaTHocTi 3D-30H1a
MArHITHOTO ITOJIS Ha OCHOBI JaBadiB XoJl1a, BUXiIHI XapaKTe-
PHICTHKY SIKFX 3aJI€KaTh BiJl YCIX KOMIIOHEHT BEKTOpa MarHi-
THOI IHAYKIN1 Ta IXHIX KBaAPATIB, IJIs1 BUMiPIOBaHHS BEKTOPA
MAarHITHOI IHAYKIIi 3 TOXHOKO¥0, IO HE TIEPEBHUIILYE 3aIaHY.
Brepiie oneprkaHo aHATITHYHY 3aJISKHICTD (HEPiBHICTB), SKa
JTO3BOJISAE 32 Koe(ilieHTaMI BUXiTHUX XapaKTepucTuk 3D-
30H/1a MATHITHOTO TOJISl BU3HAYUTH, YA MOYKHA 3a0€TICINTH
BHUMIpIOBaHHS BEKTOpa MarHiTHOI iHAYKIN1 Y 3aIaHAX MEXax
3 JOMYCTUMOIO TIOXMOKOIO 32 JOIIOMOTO0 Ihoro 3D-30H7a.
Sxmo xkoe]ilieHTH BUXITHUX XapaKTepPUCTHK CEHCOpiB Y
cxiani 3D-30H7a, 33a1aHa BETMYMHA MarHITHOI 1HIYKIIT Ta
MaKCHMallbHa JOMyCTHMAa MOXHOKa 3aJ0BOJNBHSIIOTH
HEpiBHICTb, Pe3yJIFTaTH BUMIiPIOBaHHS MarHiTHOTO TOJIS Ta-
paHTOBaHO Iepe0yBaTUMYTh Y MEXKaX JOIYCTUMOI TOXHO-
KW, 1HaKIIIe — IOTPi0HI JOMATKOBI TOCII IPKEHHS.

OnepxkaHa aHAJIITUYHA 3aJIKHICTH MOXKE OyTH 3aCTOCO-
BaHa MepemyciM s 3aa4 BUMIPIOBAHHS MAarHITHOTO IOJIS
3a jornomoror cercopiB Ha ocHoBi PXC. Onmnak, BUKIaze-
HUH MaTeMaTHYHUI anmapat Moxe OyTH aJanTOBaHWM JUIS
CEHCOPIB 1HIIMX BEKTOPHUX BEJINYHMH.

MOISKA

Poboty BrKOHAHO 3a cripusiHHS JIaGopatopii MarHiTHUX CeH-
copiB HamioHansHoro yHiBepcutery «JIbBIBChKa MOTITEXHIKAY,
110 JIF00’ SI3HO HaJaj1a Pe3yIbTaTi eKCIIEPUMEHTATBHUX BUMIPIO-
BaHb BUXITHUX CUTHAJIIB JIOCITITHUX B3ipIliB 3D-30H/1iB MArHITHO-
T'O TOJISt HA OCHOBI PO3MICIUICHHX XOJUTIBCHKHUX CTPYKTYD.
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Mapycenxoba T. A.
Kang. TexH. Hayk, accucTeHT, HanyonanbHblil yHUBepcUTeT «JIbBOBCKasi MOJMIMTEXHUKA», YKpanHa
METO/I OLIEHKH! MOTI'PEINHOCTH U3MEPEHUS MATHATHOI'O MOJIA 3D-30HJI0M C HEJTMHEMHBIMH
BBIXOIHBIMU XAPAKTEPUCTUKAMMU
B crarbe npeiokeH MeTox OLEHKH NPUMEHUMOCTH Pe3yJIbTaTOB U3MEPEHHs] MAarHUTHOTO 110JIs ¢ noMolpio 3D-30H7a, cocTosero

U3 TPEX CEHCOPOB, BBIXOHBIE XapAKTEPUCTUKH KOTOPBIX 3aBUCAT OT BCEX KOMIOHEHTOB BEKTOPAa MArHUTHOW MHAYKIMU U UX KBaJPATOB.

BEeIBeIeHBI aHATUTHYECKHE 3aBUCHMOCTH, O3BOJISIOLINE IIPOBEPUTH BO3MOXKHOCTh 00ECIIEUHTh U3MEPEHHE BEKTOPA MarHUTHOTO MOJIS C

OTHOCHUTEJIBHOI IOrPEIIHOCTEI0 He OOJIbIIIE 3a1aHHOM C OMOIIBI0 3D-30H1a MArHUTHOTO MOJIS C U3BECTHBIMU KO (GUIIMEHTAMH BBIXOI-

HBIX XapaKTEePHCTHUK.

Kurouessble cioBa: 3D-30H/1bI MArHUTHOTO I10JIS, JAaTYNKH XOJUIa, IOIPEIIHOCTD, H3MEPEHHUE.

Marusenkova T. A.

PhD, Assistant, Lviv Polytechnic National University, Ukraine

METHOD OF EVALUATING INACCURACY OF MAGNETIC FIELD MEASUREMENT USING A 3D-PROBE WITH
NONLINEAR OUTPUT CHARACTERISTICS

The work proposes a method allowing to check whether the desired accuracy of magnetic flux-density vector’s measurement can be
achieved using a magnetic 3D probe based on three sensors with output characteristics dependent on all the magnetic-flux density
vector’s components and the squared components. As the result of the method we’ve obtained analytical formulas that allow to predict
the 3D-probe’s applicability for measuring the magnetic field’s magnitude with the acceptable inaccuracy.

Keywords: magnetic 3D probes, Hall devices, inaccuracy, measurement.
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MOHUTOPUHI" OBECMNEYEHUA XU3SHEHHOI'O LIUKIA P3C MNPU

SKCITUTYATALUUNN

B craTbe paccMOTpeH IOAXOJ K MOHMTOPUHTY NPOIECCOB XU3HEHHOrO LHKIa
panuoanexTpoHHbIX cpeacts (KL POC) npu sxcmnyaranuu. OObeKTOM HCCIIeJOBaHUS SBISIIOTCS
IpOLECcChl XKUZHEHHOr0 LMKJAa PaJuodIeKTPOHHBIX CPEJCTB Ha dTale JKCIIyaTalUuH
pasuo’JIeKTPOHHON anmaparypsl. IIpenMeToM uccienoBaHUs SBIAIOTCS METOABI U MOJIEIH
n3BJIeUeHUs] MHPOPMALMK O MPOIeccax XKHU3HEHHOTO UKJIA PaJHOdJIEKTPOHHBIX CPEJCTB Ha
sTane dKciyaranuu. llenpro uccienoBaHuil sABisgerca pa3paboTka METONOB U Mojeneit
IIPOLIECCOB MOHUTOPUHIA TeXHUUecKoro pecypca POC npu ee skctyaranuu. I naBHbIi HaydHbII
pe3ylbTaT 3aKI04aeTcs B yCOBEPIICHCTBOBAHUU MOJEIM IPOLecca U3MEHEHUs] TeXHUYECKOro
pecypca Ha craguu Skciutyaranny POC, ocHOBaHHOI Ha TEPMOANHAMUYECKOM ONHUCAHUU (PU3UKO-
XMMHUECKOr0 MEXaHU3Ma sIBICHUI MaccoIlepeHoca U CTPYKTYPHBIX [IPeBpalleHHi B MaTepuaax,
¢dopmupyromux cBoiictBa POC u 3HaueHus uHdopMaTHBHEIX napamerpos POC, 4to nano
BO3MOXHOCTb NPUBOAUTH OLEHKY KMHETUKH AETrpajalliOHHBIX MPOLECCOB U IUHAMUKH
pecypcubix xapaktepuctuk POC. Ha 0aze Mozenu u3MeHEHUS TEXHUYECKOIO pecypca
pa3paboTaH METO BU3yallu3al[Mi TEXHUUECKOTO COCTOSHHS U pECYpPCHBIX XapakTepuctuk POC,
OCHOBAHHBII1 Ha reOMETPUUECKON HHTEPIIPETALIMU CUTYAI[HH, J0ITyCKAIONEeH aHAJIOTUIO OIUCAHUS
KHUHETUKH JIerpaJalliOHHBIX [IPOLIECCOB U U3MEHEeHHs napameTpoB POC, uTo 1ano BO3MOXKHOCTb
c03JlaTb MaTeMaTU4yecKoe U MpOorpaMMHOE oOeclieueHUe CUCTEM, MO3BOJIIOIIUX HAa OCHOBE
BU3yallU3allui U3MEHEHUS TeXHUUYECKOro pecypca Iporaosuponars orkazsl POC. IIpoBeneHsl
9KCIEPUMEHTBI 10 UCCIICJOBAHUIO CBOMCTB IIPEATIOKEHHOIO MeTo1a. Pe3ynbTaTsl SKCIIepUMEHTOB
MO3BOJIAIOT PEKOMEH/I0BATh IPEIOKEHHBIA METO] U UCIONb30BAHUS HA MIPAaKTHKE.

KuroueBbie cioBa: MOHHUTOPUHT, JKU3HEHHBIN LUK, OPOTHO3UPOBAHUE, PATUOIICKTPOHHBIC

cpencTaa.
HOMEHKJIATYPA

Z(t,T) — pecypc 00OBEKTOB;

T — xapakTeprCTHKa B3aUMOACHCTBIS 0OBEKTOB CO Cpe-
Jtolt (Harpy3Ka);

P(t, T) — BepoaTHOCTb 6€30TKa3HOI PabOTHI,

A(t, T') — MIHTEHCUBHOCTb OTKa30B KaK CKOPOCTh Pacxo-
JIOBaHUS pecypca B CTATHCTHIECKOM CMBICIIE, HE IPOTHBO-
PEUHT €ro 0TOOPaKEHNIO B IPUHSTON KOHIIECIIINHY;

I'; — moTOK COCTaBIAOLMX TEPMOAMHAMHUYECKOI Cpe-
161 (CKOPOCTH M3MEHEHHS TApaMETPOB, XapaKTEPU3YIOIINX
COCTOSTHHE CPENbI, BEIIECTBA, 3aPsII0B, TEIUIA U T. 1. ), KOTO-
PpBIii onpenensieT CKopoCTh U3MEHEHHSI TAapAMETPOB Vj;

F}; — TepMomHaMudeckue cuitbl (TpagMeHTbI IIOTHOC-
TH, HAIIPSDKEHUH, TEMITEPaTyphl U T. 11.);

M}, — nuneiinbIe heHOMEHONMOTHIecKne Kod(POHUIMEHTHI;

v ;(0) — HepaBHOBECHBIE MM CTALIMOHAPHBIE 3HAYEHHS
COOTBETCTBYIOIIUX TAPAMETPOB CHCTEMBI B 3aBUCHMOCTH OT
paccMaTpuBaeMoro Macmrada 3BOIIOINN;

L jk — KHHETHYeCK1e KO3 (QULIEHTHI;

T — BPEMEHa PEJTaKCaIlii COOTBETCTBYIOLINX HEOOpa-
THUMBIX ITPOLIECCOB B CHCTEME;

¥ — MaKpOCKOITMYECKHI TTapaMeTp CUCTEMBI;
Ay — nHTEpBANl H3MECHEHUH V;
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C; — KOHIIEHTpaLs Y4acTBYIOILEH B pEaKLUH i-TOi KOM-
TIOHEHTEI;

7; — CyMMapHbIA HOPSNOK peaKUuH IO i-TOMY Belle-
CTBY, OH MOJKET PaBHATHCS HYIIO, OBITH LENBIM HIIH IPOO-
HBIM YHCIIOM;

7 — TIOPSIIOK PEAKIAH, OH MOKET PABHSTHCS HYITIO FITH
€AMHULE 7151 TUHEWHOW U IBYM ISl HEJIMHEHHON MOJENH;

D, (AV') — nucniepcust OmMOOK Ha MOMEHT £ ;

8 (t—1) - nenvra-pynxumsa Jupaxa;

v(t) — mporiecc, 00YCIOBICHHBIN TOTPEITHOCTIMHA Ha-
OIIOICHNS,

D, — nucnepcusi 00ycIOBJIEHHas TIOIPEMIHOCTIMU Ha-
OJIFOIEHNSL.

BBEJIEHHE

K urcmy Hanboee BayXHBIX (DYHKIHI MOHUTOPHHTA, pea-
JIM3YeMBIX B HACTOSIIEE BPEMsl, OTHOCHUTCS KOHTPOIB H IIPO-
rHO3upoBaHue coctosaus POC u mpomeccoB obecrieueHnst
ee sxm3HeHHoro rukia (K1) [1]. st cIoKHBIX CHCTEM, B TOM
gncne u XKL POC, Bo3HHKaeT HEOOXOMUMOCTH IIPHHSATHSI pe-
ILICHUH B CUTYallMH OTCYTCTBHS ()OPMaIbHBIX METOIOB TI0-
CTaHOBKH U peIieHs 3a1a4, BosHuKarommx B XK1 POC.

B cBoro ouepenp B EHTpe BHUMaHUsI MOHUTOPUHIA B
niepro SKcruTyaTanui POC MOTyT HaXOIUTHCS TPOIIECCHI,
obecrieunBaronIfe U OrpaHUIUBAOIINE XUBYydecTh POC.
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OueBHUIHO, YTO B IIEPBYIO OYEPEb NPEACTABISIOT HHTEPEC
JIeTpaJalliOHHbIe TIponecchl. [TTaBHBIM TPOSIBIEHHEM Or-
PaHMYEHHOCTH PeCYpCHBIX Xapakrepuctuk POC sBistoTes
niepeKThl, BOSHUKAIOIINE ¥ PA3BUBAIOIINECS B TEUCHUE IKC-
mryaTtauu POC.

B Hacrosiiee BpeMst 17151 TPOTHO3UPOBAHUS COCTOSTHUS
P3C, o0ycioBneHHOTO pa3BUTHEM 1eEKTOB MPE/IIararoT-
sl METOJIbI, OCHOBaHHBIE HA MHTEPIIOJISILINY CITyJaiHbIX pe-
ann3alii BpeMEeHHBIX (YHKILHH, IT0JIydaeMble B IIpoIecce
HaOJIIONIeHNs 3a TapaMeTpaMy B HaYaJIbHOM M ITOCIIENyIO-
muX craausx sxku3neHHoro 1ukiaa POC [2]. Onrako mocto-
BEPHOCTbH TAKOTO ITPOTHO3a HE3HAYNTENbHA, U HE OTBEYAET
TpeOOBaHMSIM IIPU PEIICHUH PaKTUUECKHX 3a1a4 obecre-
yeHust HagexxHoctu POC. Tlpeqiaraercs NpUMEHUTb METO
MIPOTCHO3MPOBAaHMSI OCHOBAHHBIN Ha IMPUHIUIIAX PACIIO3HA-
BaHMS, IJIE MOXET OBITh 33/IeHICTBOBAHO JIMIIO, IIPUHIMAI0-
111ee penleHne, KoTopoe HaOIoaeT 3a IMPOLEeCccoM 1 TPUHH-
Maer perenue o cocrossan POC Ha ocHOBe 3THX Habmone-
HUH 1 aHAJTU3a CUTYalluH. DTOT ITOAXO IPHHST B KAaUECTBE
OCHOBHOT'O JUIS IPOrHO3UPOBAHUS NIPOLIECCOB, IPOUCXOAS-
IIMX B CJIO’KHBIX CUCTEMAaX M 00J1a/1aeT JIOCTOMHCTBAMH, CBSI-
3aHHBIMH C BO3MOXXHOCTSIMH ITPUHSTHUSI TapaHTHPOBAHHOTO
pelIeHus U KauecTBOM IporxHosa [3].

[TosToMy menbio ucciuenoBaHmi SABIsiETCS pa3paboTka
OoJiee COBEpUIEHHBIX METOJOB M MOJEJIed MOHHUTOPHHIA
TexHUueckoro pecypca POC nonnee oTpaxaromux npouec-
bl ipoucxoxasmye B POC npu ee skcrutyararmu Juist odec-
TIeYeHHsT BO3MOXXHOCTH NPHHSTHS () (DEKTUBHBIX pELIEHHH.

JI71st JOCTHXKEHUS TOCTABIIEHHOM LIEX B paMKax JaHHOU
PpaboTEI HEOOXOTUMO:

— IPOBECTH aHAJIN3 BO3MOXHBIX AedexroB POC, mero-
JIOB ¥ CPEJICTB UX OOHAPYKECHUS;

— pa3paboTaTh METOIOIOTHIO MOIETUPOBAHHS ITPOLIEC-
ca pacxomoBanus pecypca POC u ero oroOpaxeHus;

— pa3palboTaTh MOZIENb ONMCAHHMS IETPaJallIOHHbIX ITPO-
LIECCOB U Tporiecca pacxonoBanus pecypca POC.

1 IIOCTAHOBKA 3A/TAYN

Jlist ormrcaHus Iporiecca pacxoJoBaHMs pecypca TeXHH-
YECKHX CHCTEM HPEICTABISICTCS BOSMOXKHBIM HCIIOIb30Ba-
HHUE TePMOIMHAMHUYECKOro rmoaxona [4, 5, 6]. Tepmomuaa-
MUYECKHUI IIOIX0/1, OCHOBaHHBIN Ha HEOOpaTUMOCTH (pr3H-
YECKHX IPOLIECCOB, OOBEUHSIET pa3INYHbIC TOUKH 3PEHUSL:
ypaBHEeHHs1 OaaHca, KIIAaCCHYECKYIO TEPMOIMHAMUYECKYIO
TEOPHIO YCTOHYMBOCTH, (IIYKTYALIMOHHYIO U IBOJIOLHOH-
HYIO TEOPHIO.

OmnpenerneHue pecypca Kak (pyHKIMOHANIA OT TTOKa3aTe-
el HaIeXKHOCTH, B YACTHOCTH

t
Z(t, T)==InP(t, T) = [A(t, T)dt
0

C pu3ugecKoil TOYKHM 3pEHHUS MPOIECC PacXOIOBAHUSL
pecypca SBISETCS MHTErPalbHBIM IPOLIECCOM HeoOpaTH-
MOr'0 M3MEHEeHHS (9BOJIFOLIMH MU IETPa Il ) TePMOIHHA-
MHYECKOTO COCTOSHUS KaXKI0r0 OOBEKTa, T. €. MPOLEeCCOM
MPOU3BOJCTBA SHTPOIMH. Y UUTHIBAs TEPMOANHAMHYECKUI

Xapakrep (peHOMEHOIOrHIeCKHUX Mojiestel HaaexxHocTi POC,
TIPOM3BOJICTBO SHTPONHNH dS / df XapaKkTepu3yeT Bce MHOTO-
00pazne HeoOPATUMBIX (PU3NKO-XUMHYECKIX MPOIIECCOB IS
peabHBIX YCIOBHIA 7' B3aUMOJCHCTBHS KaXK/I0T0 OOBEKTa
CO CPENOH M BBICTYIAET, TAKUM 00pa3oM, B KAYECTBE HHTET -
paJIbHOM CKOPOCTH PACXOIOBaHUS pecypca U MOKET HMETh
TaKoM e xapakrep kKak A(z, T).

C 1o3unmy TEpMOANHAMUYECKOTO TTOAXO0A ISl OIHCa-
HUS TIPOLIECCOB, NMPOHUCXO/SIIINX B OTOOpakaeMoi cpere,
COIPOBOX/Ia€MbIX N3MEHEHHEM €€ BHYTPEHHHUX ITapaMer-
POB Vj, XapaKTEpHU3YOLIUX COCTOSHHE CPE/IbI, MOKHO HC-

I0JIB30BaTh 00001meHHoe ypaBHeHHe OH3arepa [4, 7]

av, m
Ij=—F= Y MFy. )
L k=

[Mpumepamu GeHOMEHOMOrHUECKNX K03 (HUINEHTOB
MOT'YT CITY)KUTbh K03(hpunmenTs! quddy3un, TerIonpoBo-
HOCTUH T. 1.

@yHnaMEeHTAIBHBIM TIPUHIAIIOM TEPMOIMHAMHYECKO-
TO ITOJIX0/a SIBJISIETCS CIIPABEIMBOCTD BhIpaxkeHus (1) s
BCEX BUJIOB [TapaMETPOB, XapaKTEPHU3YIOIIUX COCTOSTHUE Cpe-
b1 (SHTPOIHH, KOIMMYECTBa TEIUIOTHI U T. 11.). B pa3zpabarsiBa-
€MOIi MOJIeNTH TIpoLiecca B Ka4ecTBE apameTpa J/, Xapakre-
PH3YIOIIEro COCTOSTHHE CPE/IBL, IIPeyIaraeTcs HCIOJIb30BaTh
BP, xoropast xapakrepusyercsi 00beMOM B MHOTOMEPHOM
W TUTOMIAIBI0 B IBYXMEPHOM IPOCTPAHCTBAX.

2 OB30P JIMTEPATYPbI

Ananm3 HanboIee XapaKkTepHBIX 1e(heKTOB 1 MPOSIBIICHAS
nx npu 3Kciutyataimu POC naet ocHOBaHME IPEATIONOXKHUTE,
YTO B OCHOBE MEXaHN3MOB BO3HUKHOBEHUSI U PA3BUTHS Je-
¢exroB POC nexat mpeoOpa3zoBaHUs MUKPO- 1 MAKPOCTPYK-
TYpPBI HCXOIHBIX MaTE€PHAIOB M XUMUYECKHUE TIPEBPAILCH,
MIPOUCXOMSIINE B IPOU3BOACTBE U dKCIITyaTanuu POC [8, 9,
10]. ITpu 3TOM peanmsyercs cxema IpeBpamieHus CyOMHUKpPO-
neeKToB 1 MUKPOJe(HEKTOB B MAKPOIE(EKTHI.

Ananmi3 BO3MOKHOCTEH CpPEICTB 0OHAPYKEHIS Ae(hEKTOB
1 JaHHBIX 10 IpUIuHaM 0TKa30B POC moka3biBaer, 94To 3Ha-
YUTENBHAS YacTh Ne()eKTOB MOXKET OBITh He OOHapyKeHa.
ITosTOoMy ymensiroT BHIMaHHE MPOrHO3MPOBAHMIO MTapaMeT-
PHUECKHX OTKa30B B ITPOIECCE IIPOU3BOICTBEHHBIX HCITBITA-
HUI ¥ TEXHIYECKoro oocyxuBanus POC, B pe3ynsraTe npu-
HUMAIOT PEIICHNE O TEXHIIECKOM COCTOSHHH U TEXHOJIOTHH
TIPOU3BOJICTBA MPHUOOPOB U 3NeMeHTHOM 0a3p1 POC.

[Tomyyenne mpOrHO3HBIX PE3YIABTATOB NPHU AECUCTBUU
TIEPEMEHHBIX BHEIIHUX (PaKTOPOB MOBHIMIAET dPPEKTUB-
HOCTB IIPOTHO34, AENAET €r0 JeHCTBEHHBIM HHCTPYMEHTOM
yrpasieHus npousBoacTsoM POC.

OpHaKo, COBpEeMEHHBIE METOABI MIPOTHO3UPOBAHMS Oa-
3UpPYIOIIUECS Ha (PYHKINOHATEHOM aHAJIN3€E, TEOPHH PSIIOB,
TEOPUH SKCTPAITONALNH ¥ HHTEPIOJISAIINHN, TEOPHN BEPOSIT-
HOCTEH U MATEMATUYECKOW CTATUCTUKH, TEOPUH CITydalHBIX
(GYHKIUA ¥ CITydalfHBIX IIPOIECCOB, KOPPEISIMOHHOM U
CHEKTPAIIEHOM aHaJlN3€, TEOPHU pacllO3HaBaHUS 00pa3oB
[11-15] He yauTHIBaIOT MEXaHU3M TPOLIECCOB, IPUBOIAIINX
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K m3MeHeHuto coctostHust POC. JIoCcTOBEPHOCTH TAKOTO aHa-
JM3a HHQOPMALIIH B PsIJIE CITydaeB HE MOJKET OTBEUYATh Tpe-
00BaHMAM TIPH PEUIEHUH MPAKTHYECKNX 3a7a4 odecrede-
Hust kauectBa POC. PaccmarpuBaeMblil METON, OCHOBaHHBIN
Ha yuactuu JIIIP, obnagaer 1ocTOMHCTBAMHU CBSI3aHHBIMU C
BO3MOYKHOCTBIO IIPHUHATHS PEILIEHUH O rapaHTHPOBAHHOM
nporaose otka3zoB POC, 00ycIoBIEHHBIX Pa3BUTHEM IPO-
M3BOJICTBEHHBIX JIeheKToB [8].

3 IMPOUHECCBI 1 METOJbI

JIBa OCHOBHBIX BHJIa IPOLIECCOB PACXOJ0BaHUs pecypca
COOTBETCTBYET BOJIONMOHHBIM U (IIYKTYalHOHHBIM IIPO-
eccaM, IPOUCXOIAIINM B TEPMOJUHAMUYECKON cpere.
[TepBbIit Bua nmeeT xapaxrep QIIyKTyaluii mapaMeTpoB CH-
CTEMBI 32 CYET BHEIITHNX MIIM BHYTPEHHHX (akTopoB. Taxoi
TIPOLIECC SIBIISIETCS CITydaifHBIM ¥ MOYKET UMETh Kak 00paTH-
MBI, TaK ¥ HeoOpaTuMBbIil Xapakrep. J{pyroit Buj cBs3aH ¢
9BOIIOLIMOHHBIMU IIPOLIECCaMU, T. €. C IPOLECCAMU IPOU3-
BOJICTBA M HAKOILIEHHS SHTponHy o0bekTa. Takoii mporecc
SIBJISIETCSI IETEPMUHUPOBAHHBIM 1 UIMEIOT XapakTep HeoOpa-
TUMOMH JIeTpajaliuy.

@U3NYECKYI0 OCHOBY 3BOJIIOLMOHHBIX IPOIECCOB CO-
CTaBJIAIOT HEPABHOBECHBIE COCTOSIHUS CUCTEMBI U COOTBET-
CTBYIOIINE UM HeoOpaTHMBbIe nporiecchl. KoHeuHoe 3Have-
HUE IIPOU3BOJHOM 3HTPONUU 110 BPEMEHHU AT OCHOBaHHE
MPENONIOKUTD, YTO MIPOLECCH! IBOIIOLUYA TEPMOAUHAMHU-
YECKHUX CHCTEM HOCAT MOHOTOHHBIN PeIaKCAllMOHHBIN Xa-
pakrep. DTOT BEIBOJ] COBIAAAET C BBIBOAAMH, HAOTIOAAEMBI-
MU CTaTHCTHYECKOH Teopuell. YpaBHeHusa OH3zarepa npu
OIPEIENICHHBIX AOMYIIEHUSIX, B YaCTHOCTU IIPH YCIIOBHU CTa-
OWITH3AIH TEPMOTMHAMUYECKHUX CHII MOTYT OBITh IIPEJICTaB-
JIEHBI KaK JIMHEHHbIe nuddepeHanbaple ypaBHEHUS BO
BPEMEHHOH 00J1aCTH OTHOCHTEJILHO YKCTEHCHBHBIX ITapaMeT-
POB y; C IOCTOAHHBIMHU k0O uIHeHTAMH L j;, PELICHHs

K(TFOPBIX 3aIlIMCBIBAIOTCA B BUIC
Y O=y;0=|Ly exp(~t/7p)]
k

OueBUIHO, B OLIEHKY PECypca CUCTEM BKJIFOYAETCS MPo-
1iecc u3MepeHuit mapamerpoB HeoOpaTumelil xapakrep mpo-
IIECCOB M3MEPEHNSI KaK MPOIIECCOB B3aNMOICHCTBHS H3MEPH-
TEIHHOTO IPHOOpa M 00BEKTa 00YCIIOBIIMBAET OIPEICIICHHYIO
B3aNMOCBSI3b (TIpeeTbHBIE COOTHOIICHHS) MEXKIY TEPMOLIH-
HAMUYECKIMU XapaKTePUCTHKAMU (SHEPTHSL, SHTPOIIHS) U MH-
(hOpMaIMOHHBIMHA (TOYHOCTD, KOMMYECTBO HH(OPMAITHH).

Jus GykTyainii, BEI3BAaHHBIX HAOMIONESHUAMH, CyIIIe-
CTBYET HOHATHE XapaKTEPHOTO HHTEPBAJIA I MUHAMAJIb-
HOTO MaciiTaba BpeMEHH, KOTOPOe OmpeneNseT Macurad

¢diyKTyarmm

A
T= —y .
oyl dt
N3 storo BBIPpAXXCHUA BUIAHO, YTO 3TOT MacmTad MOXeT
H3MEHSTHCS B OOJBITHX npeaeaax u NSMEPEHNE ABJISICTCA

JaCThIO 0TOOpPa’KaeMbIX 3BOJTIONMOHHBIX M (DIYKTYaI[HOH-
HBIX ITPOLIECCOB.
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Takum 06pa3om, ITpu 0TOOpakKEHUH MPOLIECCOB PA3BHU-
THs1 1e(DEKTOB JIOJDKEH YIUTBHIBATHCS IBOTIOLMOHHBIN 1 (DITyK-
TyaIMOHHBIH XapakTep IPOIECCOB.

Craructrueckast pu3rKa 1aeT BO3MOXHOCTb OOBSICHUTD
KMHETHKY TEPMOJMHAMHWYECKHX [TapaMeTpOB CpeJIbl Ha Oc-
HOBE ITOBE/ICHNS aHCaMOJIsl YacTHIl, U3 KOTOPBIX 3Ta cpena
COCTOUT. MUKPOCKOIIMYECKOE COCTOSTHUE aHCaMOJIsI ITOITHO-
CTBIO 33J1aeTcsl KAHOHNYECKNMHU nepeMeHHbIME (X). C Mak-
POCKOIIMNYECKOH e TOUKH 3PEHHS COCTOSTHHE BEIIIECTBA OIl-
penensieTcss BeCbMa OrpaHHYEHHBIM YHCIIOM ITapaMeTpoB,
JIOCTATOYHBIX JUIS1 MAKPOCKOITMUECKOH XapaKTEepUCTUKH Cpe-
IIb1. 3aJJaHue ATUX [TApaMETPOB, U3MEPSIEMBIX B MAKPOCKO-
ITMYECKOM OITBITE, OIPE/EIsIET MAaKPOCKOMIECKOE COCTOS-
HHe cpezbl. MaKpOCKOMYecKHe apaMeTphl, B TOM YHCIIe
00bem BP sBisitorest QyHKIMSIMH KaHOHHYECKHX TIepEMeH-
HBIX V) (X), mpraeM k =1,2,...,n,T0€ n << N.

Hcxonst 13 MaKpOCKOIIMYECKUX U3MEPEHNH, MOKHO crie-
JIaTh TOJIBKO CTATHCTHYECKUE CY)KICHHS O 3HAYCHUSIX MHK-
POCKOIMYECKHX IepeMeHHbIX X. Takum o0pa3zom, Makpo-
CKOIIMYECKH 3ajlaBaeMasi CHCTEMa M300pakaeTcst mocpen-
CTBOM 3a/IaHHSI IIOTHOCTH BEPOSTHOCTH IEPEMEHHBIX

o (X,t). 3031 © (X, ), MOKHO BBIYUCIUTH CTATUCTHYECKOE
cpenHee 3HaueHue V' (X) cormacHo ¢opmyne

V= [V(X)e(X,ndX,
(X)

a TAKIKE CPEAHEC KBAAPATUICCKOC OTKIIOHCHHE

AV =V =1)? s

posiBIsieMoe Kak GIrykTyarst Habmonaemoit oomacti BP.

PaccmaTpuBast mporiecc IpeBpalieHns BEIecTBa Kak
(DUBUKO-XUMHIECKYIO PEAKIHIO, OIIEHUBAsI CKOPOCTh IIPO-
ecca uepe3 n3MeneHne oobema BP wnn VP B equmHmiy Bpe-
MEHH, MOXXHO TPEINOI0KHUTh, YTO CKOPOCTh M3MEHEHUS
KOHIIEHTPALIH j-TOH KOMIIOHEHTBI

[l aieKBaTHOTO ONMCAHMS MPOLIECCOB MpeuIaraeTcs
OTpaHNYMBATHCS Mopsiakamu, pasabME 0, 1, 2. KoncranTa
CKOPOCTH K SIBJISETCS OIHHM M3 OCHOBHBIX IAapaMeTpoB
nporiecca, OIpeeNsis, 0 CyTH, BpeMsl pellakcalliy | I10-
9TOMY Ha3bIBAETCsI IOCTOSTHHOM pesTaKCaIUH.

Jis Hatero oToOpakeHusI IIPUHATHI CIIEIYFOLINE THIIO-
TE3bL:

— IBYXKOMITOHEHTHBIH COCTaB CpeIpl;

—3aBHCHMOCTb CKOPOCTH IIPOTEKaHM IpoLiecca OT 00be-

ma BP W, -V, rne W) — HauyanbHBIi 00beM cpesibl, a | —

o0bem BP;

— MPABUJIO NIPOTIOPIIMOHATBHOCTH MEX Ty KOTMIECTBOM
BEIECTBA M €r0 KOHIEHTPAIMEeH IIPH PACHpEIeTIeHHH Mo
00beMy Cpefbl, TOrJa paccMaTpUBaeMBIi 00BEM CPeabl U
BP MOXHO BOCTIpUHMMATD KaK KOHLIEHTPALMIO KOMIIOHEH-
TOB, YJaCTBYIOIINX B PEAKINIX;
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— NPEATONI0KEHNE O TOM, UTO PU MPOTEKAHUU PEaKIUi
TEepMOIUHAMHIYECKHE KO3 HHUIIUESHTHI, TAKXKE MOTYT 3aBH-
CETb OT COCTOSIHUS CPEbL, OTPaXkasi BO3MOXKHOCTb HCIIONb-
30BaHus ypaBHeHHs OH3arepa Jisi HETUHEHHBIX IPOLIECCOB.

Torma ypaBHeHHe nponecca, 00bEUHSIONIETO TEPMO-
JTMHAMHYECKNH U (DU3UKO-XUMHUIECKUH MTOAXOABI, MOXKHO
MPEICTaBUTH B BUTIE

KOy -VY = 10, o)

Penrenvie 3Toro ypaBHEHUSI MOKET OBITH UCIIONB30BAHO
JIJIs1 HAXOXACHUS I€TePMUHUPOBAHHON YaCcTU BPEMEHHOU
3aBUCHMOCTH 00beMa BP.

Hcmonk3ys ypaBHeHuE (2) 7151 BBIICICHHBIX MEXaHI3MOB
MIPOIIECCOB Pa3BUTHUSA Ae()EKTOB MOXKHO C/IETAThH BHIBOJ:

— muddy3un npu D, TpomOpIHOHATEHOM KOHIICHTpPA-
i Wy —V, p =2, IpH IOCTOSHHOM D MOKHO NMPUHATH
r=1lwmyr =0

— Pa3IMYHBIX BUAOB KOPPO3UH, C YIETOM 3aBUCUMOCTH
SHEPI'UH AKTUBALMH U IOCTOSHHBIX PEaKLIUN OT KOHLEHTpa-
mmu VP r = 2, nnis nuHeHOTr0 onucanus = () Wik r = |;

— ucnapeHuu mMatepuania r = 0.

Tak Kak pe3yasraToM nporecca aBisieTcst Wy =V , MOXXHO
TPEIIONOKUTE, UTO W OTIPENIEISIETCs. CUCTEMON PABEHCTB

Wy=a'a’
a' =x'(t,)— x'min,ecmm 8x' <0

a' =x"max —x'(t,),ecmm 8x' >0

OtcyrcTBre HHGOPMAIUU O TIOPSIKE PEaKIIH IIPHBO-
ITUT K 3aJ1a9e ero BEIOOpa Ha OCHOBe HaOroneHnit. Kpurepu-
€M BbIOOpa MOXET OBITh MAKCHMAJIFHOE 3HAYEHHE OIHO0K
AV, IOoIIy4aeMBIX KaK pPa3HOCTh MEKIY HaOJIIOMaeEMBIM U
BBIYHCIIEHHEIM pa3MepoM obmacti BP.

Ha ocHOBE MHTEPBAIBLHOIO OIIEHNBAHMS MaTeMaTHUEC-
Koro oxkunanus M, (AV) ommbOK Ha MOMEHT ¢, W TOTO,
4YT0 max, AV pacnonaraercs Ha IpaHUIE MOIYYEHHOIO
MHTEpBaIa, JUI OAMHAKOBBIX YCIOBUI BEIOOpA JUIS BCEX MO-
JieTniei, XapaKTepU3yIOIINXCsl JOCTOBEPHOCTHIO OLIEHOK

max, AV :M,,(AV)+—“D1/_(AV)
n

Tak Kak I[eTb0 TAKOrO MOHUTOPUHTA SIBJISIETCS TIPEICKa-
3aHHUE, TO MOXKHO BOCIIOJIb30BATHCS TEOPHEH HKCTPATIOINS-
I[N CITy4aiHBIX IPOIIECCOB, B YACTHOCTH METOAMH OITH-
MaJbHOU (QUITBTPAIHH.

OCO0EHHOCTBIO PENICHNUS 3a/1a9H, CBI3aHHOU C IIpUMe-
HEHHEM OITUMAJIBHOH (prITbTpaIiy JUTsl BBIICICHHS U TIPEN-
CKa3aHMs CIy4YailHOM COCTaBIISIIOLIEN paccMaTpUBAEMOil
MOJIETH, ABJISIETCS HETMHEHHOCTD YBOMIOLMOHHBIX YpaBHe-
Huil. [Ipennaraercs nuHeapusanus 3a4a41 Ha OCHOBE KOH-
LENIUH OIOPHON TPAEKTOPUH U PA3JIOKEHUS HEIMHEHHON

¢oyuxmmm f (V) B psan Teitmopa. B kauecTBe OMopHOi Tpaek-

TOPHH, JOCTATOYHO ONM3KOH K MCTHHHOH, HCIIONB3yeTcs
pemenus V,,, (t) muddepeHuanbHbIX ypaBHEHUHM U1 pa3-
JINYHOTO MOPsAKA PEaKIHii, TOrAa OLIEHUBAHUIO U IIpEICKa-
3aHUIO OUICKUT CIIydaliHas aAUTHBHAS ONPaBKa Z K Je-
TEPMHUHUPOBAaHHOMY V,,,, KOTOpOE SBJISAETCA PEUICHUEM
nmuddepeHIanbHBIX YpaBHEHHH U JUTSl ICTHHHOM TPAeKTo-
pum V (1), xapakTepHu3yIolle AerpaaalOHHBIH MpoLece

V(t)=V,,(t)+ Z(t).

BLI,HBI/IHYB TUIIOTE3Y O HOPMAJIBHOCTH 3aKOHA pacIipe-
JACIICHUA, OKOHYATCIIbHas (bOpMa YpaBHCHUS 3BOJIOLUA
pUMET BUJ

dv,, dz df (V)
— A+ —=fV,,)+——=AV
dt  dt S ¥on) av '
f(V,,) —nesas yactb nudhepeHInanbHbIX ypaBHEHUH,

COOTBCTCTBYCT CUCTEMA ypaBHeHI/Iﬁ

dv,
on — o V
7N SWon),
monarast Z =AV
& _d0) .
dt av

PaccmarpuBas penieHue 3aaun npencka3zaHust ciydan-
HOW COCTaBJIIOLIEH Ha OCHOBE aJIFOPUTMAa SKCTPATIOJISALUN
Kanmana, npemycMaTpiBaromero UCoib30BaHue Moieneit
SBOJTIOIVH CITYYaHHOH COCTABIISIONICH U HAOIONCHHUS B JIUC-
KpETHbIE MOMEHTBI BpEMEHU 3a/laBaeMble HoMepoM k. Ha-
YaJbHBIC YCIIOBHS OIIPCHACIIIOTCS IIPH k = (), IIPH k =] BBI-
TIONTHSETCs HAOJTFOIeHE, TIPOrHO3UPOBAHUE OCYIIIECTBIISICT-
Cs A k= 2. DTH MOJIETIH OTIPEACISIOTCS yPaBHEHISIMA

av)

2k +)=—

z(k)+w(k),

glk)y=z (k)+v(k).

3nech W(¢) HOpMAaBHBIH OB [IIyM C HYJIEBBIM CPEIl-
HUM 3HaueHmeMm cov{m(?),o(t)}=d,0 (f—1). Moxuo
MPEANONOKUTh, YTO HaYaJIbHbBIE 3HAYEHUS CIIy4alHOU CO-
crapstrorneit z(0) 1 HavaIbHAs TUCTICPCHS d,, OTIPENIEIISIOT-
sl CPEIHUMH 3HAYCHUSIMU Z (1) U IUCTIEPCHEH, TTONTyIeHHBI-
MM B IIPEABIIYIINAEC MOMEHTBI HAOMIONCHHIA.

YpaBHEHHUS SKCTPAIONSINH UMEIOT BUL

z(k+1/k) = %z(k/k—l)uqkﬂ,k)-[g(k)—z(k/k—l)],

¢ koaddurmentom ycunenus K(k+1,k), ompenensemMpM
U3 YpaBHEHHS

K(k+1,k) = %D(l{/k ~D[Dk/k-1)+D, ]
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PAJIIOEJIEKTPOHIKA TA TEJEKOMYHIKAIIT

ypaBHCHI/Ie JUCIICPCHUU UMECT BUJT

D(k+1/k) =

2
@ D(k/k-1)+d,, —

2
- %D(k/k -1 | [Dk/k-1)+D, T

O4YeBHIHO, TTOTYYCHHBIC BBRIPAXKCHUSI IO Pe3yiIbTaraM
HaOroneHuit g(k) B MOMEHT BPEeMEHH, COOTBETCTBYIOIIHI
k=1, HO3BOIISIOT OLEHUTD 3HA4YeHHE 2(87),) = z(k + 1/k) n

D(3t,)=D(k +1/k) uepes mHTEpBaN BpeMeHH mpOrHO3a

ot p> COOTBETCTBYIOIINM k + 1 = 2, T.€. CAIENaTh IIPOrHO3 pas3-
BHTUSI IIPOIIECCA U OIICHUTH OIMIMOKY IMPOTrHO3A.

4 OKCIIEPUMEHTbBI

OCHOBHBIE TOJOXXEHUSI IKCIIEPUMEHTAIBHBIX padboT
BKJTFOYAIOT: METOUKY TOTy9IEHHS TOCTaTOYHOTO KOJTTIECTBa
00pa3IoB, UMEIOIINX Ae(EKThI; SKCIEPUMEHTAIBHYIO IIPO-
BEpKy IIpolecca oToOpakeHns1 nHpopMannm, MOIEIN U3-
MEHEHUsI pecypca; CpaBHEHHE Npe IaraéMbIX METOZI0B MPO-
THO3MPOBAHUS C CYIIECTBYIOIIMMH, OCHOBAHHBIMH Ha aHa-
JM3e CIydyalHBIX peaJin3anuii BpeMEeHHBIX (YHKIUH,
MOJTy4aeMBIX B IIpoLecce HaOIIOACHUS 3a MapaMeTpaMu
POC, c mpumenennem MHK.

Ha ocHOBe NPOBEIEHHOIO TEOPETHYECKOr0 00OCHOBA-
Hus OBUT pa3paboTaH anroput™ otoOpaxkeHns odiacti BP ¢
YUETOM H3MEHEHHS €€ pa3MepoB 1 ()OpMBI Ha MHTEpBAJIE ITpe/I-
cKa3aHus. B pesynbsrare Ha SKpaHe MOHHTOpA OTOOpaskaeTcst
TIPSIMOYTofIbHAsE 00JIaCTh, pasMepsl U (hopMa KOTOpoH oripe-
JIETISIFOTCSL B COOTBETCTBUM C MPEAIIaraéMoi MOZIENbIO, U OTO-
OpaxxaeTcs KaHBa (MO>KHO HCTIONB30BATh IIBETOBYIO MATTUTPY
MOHHUTOpA), IIMPHHA KOTOPOH COOTBETCTBYET HHTEPBAITY OIIIHO-
KU IpeCKa3aHus IpH 3aJaHHOM rapanTud. [ IpuBeneHHbIN ai-
TOPUTM J[aeT BO3MOKHOCTh HaOMTIOATh Ha 3KpaHe MOHUTOpA
CHTYALMIO, BO3HUKAFOITYIO KK IBIH pa3, KOraa Mocie n3Mepe-
HUS TTapaMeTPOB HEOOXOOMMO NMPUHUMATh PEIICHHE O BO3-
MOYKHOCTH JaJbHEHILEH KOPPEKTUPOBKE TEXHOIOTUUECKOIO
Tporiecca Mpou3BOACTBA m3aemil. Habmomaemoe m3o0paske-
HHE B IOCTaTOYHOM Mepe xapakrepusyer pazmep BP u ee pac-
TIOJIO’KEHHE OTHOCHTEIIBHO IPAaHMUII AOITYCTIMOM 00IacTh u3-
MeHeHusI rmapameTpoB. Xapakrepuctiuka BP (orobpakeHme
pa3MeITocTH rpanml oonactu BP) maer BO3MOXKHOCTB OLICHHUTD
rapaHTHPOBaHHYIO OIIMOKY MPEICKA3aHus.

5 PE3YJIBTATbI

Ha puc. 1 npuBeneHs! pe3ynsraTsl OTOOpaKEHUS U3Me-
HEHUsI [TapaMeTPOB B BUIE TPa(hUKOB BPEMEHHBIX (DYHKIIHI
COOTBETCTBYIOIIETO Iporiecca. CIIIONTHBIMY JTMHUSIMH TTPH-
BOIITCS TpadMKH ypaBHEHUH PErpecchy, IOIyYeHHBIE C
oMouibto TpaauumonHoro meroga MHK.

Ha puc. 2 orobpaxena cUTyars, Korja Mocie YCKOPEHHBIX
WCIIBITAaHNH B TeueHre 389 4acoB OBLTO MPUHSATO pPEIIeHHE 00
orkase yepe3 50115 4, pakTryueckn oTKa3 MPOU3OLIEST B UH-
TepBate 442447 4, T.e. B XyauieM ciaydae gepe3 58 4. 3nech ¢
TIOMOIIIBIO pa3paboTaHHO! MPOrpaMMBI OTOOpaXxkeHo 64 TIpsi-
MOYTOTbHHKA, COOTBETCTBYIOIIHE YTIeMeHTapHOI obmactr BP.
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B nenom mtomaas 3aTEMHEHHOT'O y4acTKa paBHA YaCcTU
BP u xapaxrepusyer tuHaMuKy u3mMeHeHus pecypcea, POC.
KoopnuHaTel HCXOAHBIX BEPIIUH MPSMOYTOIBHUKOB OIIpe-
JIEJISINCH TIOCIIe U3MEPEHHUS TapaMeTPOB B MOMEHTEI Bpe-
MEHH, Pa3AeIeHHbIE IPOMEKYTKaMu 5 u 9 4. Pazmepsl u
(hopma npsIMOYrOJIBHUKOB, JTAIOIIHE TIPEACTaBIeHue 00 00-
nactu BP, onpenensrorcs cornacuo moaenu. Hlupuna oro-
OpakaeMo¥ KaHBbI COOTBETCTBYET HHTEPBAILY OLIMOKH IIpei-
CKa3aHWs [TPpY 3aIlaHHON FapaHTHX 1 BEIYUCIISIIACH T10 pa3-
pabOTaHHOMY aJTOPUTMY.

Ha puc. 3 oroOpakena cutyanusi, XapakTepusyemast cTa-
omnbHOCTEIO cocTosinust POC. 3neck yacts BP, nabmronae-

=

1.0
A2 v /

0.5 (
Xlmop

/
D.ZE/

Pl

//
/{
b4

0 100 200 300 400 500 t
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Pucynok 2 — OTtobpaxkeHne mporiecca pacxoI0BaHUs pecypca
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Masi Takxke B TedeHue 389 1, 3aHnMaeT HeOOIBITYIO 00IaCTb,
YTO JaeT OCHOBaHHE CAETAThH IMPEIIONIOKEHHE 00 OTCYT-
cTBUH Je(PEeKTOB U HEOONBIION BEPOSTHOCTH IapaMeTpH-
YECKHMX OTKA30B Ha MHTepBaJie mpeackazanus 50 u.

6 OBCYKJIEHUE

DKcrnepuMeHTaIbHbIE PaOOoTHI M ITOCIIEYIOIINI THcTIep-
CHOHHBIN aHANIHU3 JAI0T OCHOBAHUE CHENIATh BBIBOA O TOM,
YTO Ha ypoBHE N0CTOBepHOCTH 0,96 BEpOATHOCTH BBIXOZA
oumoOKy 3a IPOrHO3UpyeMbIe npezesnsl cocrasuia 0,07, uH-
TepBaJIbHAsl OLEHKAa TOYHOCTH MPOTHO3a B MPHUBEICHHOM
npuMepe Ha yposHe noctoBepHocTy 0,04 coctasuna 20 %,
takas >xe ouenka no MHK cocrasuna 38 %. B ycnoBusx
MIPOBOJIMMOTO B PaboTe HKCIIEPUMEHTa TOYHOCTH IPOTHO-
3upoBanus Obu1a B 1,9 pas Boie.

CpaBHeHHE OTOOpaXEHHH Mporiecca, MOMyYeHHOTo Ha
puc. 1, c puc. 2 1 puc. 3 CBUIETENLCTBYET B MOJIb3Y MPEATIO-
YKEHHOT'0 METOIa MOHUTOPUHI'A, B YACTH HAIVISITHOCTH U JJOC-
TOBEPHOCTH MPOrHO3UPOBaHUs. UTO KacaeTcs rapaHTHU IPO-
THO3MPOBAHUSI, TO KPOME KOJIMUECTBEHHON XapaKTEPUCTHKU
€€ MOXKHO ITPOCMAaTPHUBATh HA SYKPAaHE MOHUTOPA B BUJE BbI-
LIEeYTIOMSIHYTOH KaHBBI. OTOOpaskeHHUe Iporecca Ha SKpaHe
KpOME 3TOr0 XapakTepusyeT 3Ha4eHre HaOloIaeMbIX B 3a-
JTaHHBIII MOMEHT BPEMEHH ITapaMeTPOB, TEXHUUECKOE COCTO-
staue u pecype POC, 4to naer ocHOBaHME B JOCTATOYHO 3¢-
(heKTHBHOM COBepIIEHCTBOBaHUN MoHUTOpUHTa POC.

AHaNOr4HbIE PE3yIbTaThl HAOIIONAINCH TIPH 0TOOpa-
KEHUU U MpPeJCKa3aHUU U3MEHEHHs IapaMeTpoB pas3ind-
HbIX u3jenuii POC, oHM HaXOMITUCh B paMKaX YCTaHOBIICH-
HBIX BO3MOXKHOCTEH MpeaaraeMoi MOAENIH.

3AKVIIOYEHUE

B craTbe pemaercst akTyanbHas 3a1a4a pa3paboTKy Teo-
PETHIECKNX OCHOB MOHHTOPHHTA I 00ECTIEIeHNST BO3MOXK-
HOCTH NIPHUHATHS 3G GEKTUBHBIX PEIICHUH PH MOAICPIKKE
JKII POC Ha 6a3e Oojee coBEpIICHHBIX MOJIENEH, TOTHEe
otpaxatomux rpoucxozsmue B XL POC mpomeccsr.

Hayuynast HOBH3Ha pabOTHI COCTOUT B MPEIIOKEHHOM
MOZENHN TIPOLEcca U3MEHEHHs TeXHHUYECKOTro pecypca Ha
cTaguu dKciuryaTanu POC, o0cCHOBaHHOM Ha TePMOIMHAMH-
YECKOM ONHCaHNH (PU3UKO-XMMUIECKOI0 MEXaHU3MA SBIIC-
HUH MaccONEpeHOoca U CTPYKTYPHBIX NIPEBPALLEHUH, B Ma-
Tepranax, popMmupyronmx cpoiicrea POC u 3HaueHus nH-
(opmatuBHBIX mapamerpoB POC. 3To 1amo BO3SMOXKXHOCTh
MIPOBOANTH OLEHKY KHUHETHKHU AETPAJAIIOHHBIX IPOLIECCOB,
TUHAMHKHA PECYPCHBIX Xapakrepuctuk POC u pa3paboTtatsb
METOZ BU3YaIM3aLMHA TEXHUIECKOTO COCTOSHHS U pecypce-
HBIX XapakrepucTik POC, 0CHOBaHHBIN HA TEOMETPUIECKON
MHTEPIPETALMN CUTYALNH, JOITyCKAIOMEH aHaIOTHIO OIH-
CaHWsI KHHETHKH JIETPaJalliOHHBIX MIPOIECCOB U I3MEHEHNS
mapameTpoB POC.

[TpakTHdeckast HEHHOCTH MOTYYEHHBIX PE3YIBTATOB OIl-
penemnsiercs pa3padOTaHHBIMH MaTEeMaTHYECKUMH U IIPO-
TPaMMHBIMHU CPEICTBAMH, KOTOPBIE pealn30BaHbl B COOT-
BETCTBHH C pa3pabOTaHHBIMH TEOPETHIECKIMHU OCHOBAMH
MOHHUTOPUHTA XU3HEHHOI'0 IHMKJIA PaJHO3JIEKTPOHHBIX
CpEJICTB Ha 3Tare KCIUTyaTalyu.
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MOHITOPHHT 3ABE3IEYEHHS )KUTTEBOT'O IIUKJIY PE3 IMIPH EKCIIJIYATAIIII

V crarTi po3IIHYTO MiAXid 10 MOHITOPHHTY NpoleciB xuTTeBoro nukiy PE3 npu ekcrutyaranii. O6’€KTOM TOCHIKEHHS € MPOLIECH
JKHUTTEBOTO LUKITY PafioeIeKTPOHHHX 3ac00iB Ha eTali eKcIuTyaTallii paaioenekTpoHHol 3aco6iB. [IpenmeroM nOCHiKeHHs € MeTOH Ta
Moieni 3100yBaHHs iH(pOpPMAILii PO MPOIIECH KUTTEBOTO IIUKITY PaIi0CIEeKTPOHHUX 3ac00iB Ha eTari eKkcIutyararil. MeTor JOCIiKeHHs
€ po3pobka MeTo/iB i MoJienel mpoleciB MOHITOPUHTY TexHiuHOro pecypcy PE3 npu ii excrutyarariii. OCHOBHHM HAayKOBHUM PE3YJIbTaTOM
€ YAOCKOHAJIeHHsSI MOJIeNI Ipolecy 3MiHH TEeXHIYHOro pecypcy Ha cramii excruryarauii PE3, sika xapakTepu3yeTbcsi BUKOPUCTAHHSIM
TEPMOJMHAMIYHOTO OMHCY (i3MKO-XIMIYHOTO MEXaH{3My SIBUI] MAaCOIIEPEHOCY Ta CTPYKTYPHHX IIEPETBOPEHB y Marepianax, (opMyrounx
BrnactuBocti PE3 i 3Hauenus indopmaruBaux napamerpis PE3, mo nano MoXIMBICTE MPOBOAMTH OLIHKY KIHETHKH JerpajalifHuX
nporeciB i AuHaMiku pecypcHux xapaktepuctuk PE3. Ha 6a3i Mozelni 3MiHM TEXHIYHOTO pecypcy po3poOJieHO MeTo[ Bisyamizaii
TEXHIYHOTO CTaHy i pecypcHUX xapakrepuctuk PE3, 3acHOBaHMif Ha reoMeTpHYHIN IHTepHpeTallii CHTYyail, sIKa JOITyCKae aHAJIOTIIO OIUCY
KIiHEeTHKH JIeTpaalluOHHBIX TpoLeciB i 3MiHU napaMetpiB PE3, 1m0 1anmo MoXXIMBICTh CTBOPUTH MaTeMaTHYHE i IPOrpaMHe 3a0e3I1e4eHHs
CHCTEeM, JI03BOJISIIOUYMX Ha OCHOBI Bi3yaili3amil 3MiHM TeXHI4HOro pecypcy mnpornosyBaru Binmou PE3. IIpoBeneHO eKcIepHMEHTH IO
JIOCIIIJUKEHHIO BJIACTHBOCTEH 3alpONOHOBAHOIO METONY. Pe3ynbTaru ekcriepiMeHTIB JO3BOJSIOTh PEKOMEHYBAaTH 3alpOIIOHOBAHUI
METO] JUIsl BAKOPUCTAaHHS Ha IPAKTHULII.

KunrouoBi c10Ba: MOHITOPHHT, )KUTTEBUH LUKII, TIPOTHO3YBAHHS, PA/liOCNEKTPOHHI 3aCO0H.
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MONITORING OF LIFECYCLE OF RADIO ELECTRONIC EQUIPMENT IN EXPLOITATION

The article describes the approach to the monitoring of life cycle processes in the operation of radio electronic equipment (REE). The
object of research is the process of the life cycle of electronic resources during the operational phase of electronic equipment. The subject
of the study are methods and models of extracting information about the processes of the life cycle of electronic resources during the
operational phase. The purpose of research is to develop methods and models of processes for monitoring the service life of the appliance
REE. The main scientific result is to improve the process model changes of a technical resource to the operation stage REE based on the
thermodynamic description of the physico-chemical mechanism of mass transfer phenomena and structural transformations in materials
forming properties of the REE and REE values informative parameters, which enabled the assessment of the result of the kinetics of
degradation processes and dynamics of resource characteristics of REE. As part of the main scientific result has been further developed
model of changes in the technical resources at the operational stage REE, which is based on the thermodynamic description of physico-
chemical mechanism of mass transfer phenomena and structural transformations in materials forming properties of REE and REE values
informative parameters, making it possible to assess the kinetics of lead degradation processes and the dynamics of the resource
characteristics of REE. Model based on changes in the technical resource developed a method for visualization of technical condition and
resource characteristics of REE based on a geometric interpretation of the situation, allowing an analogy describing the kinetics of
degradation processes and change the REE, which made it possible to create a mathematical and software systems that allow visualization
of the changes on the basis of a technical resource predict failures REE. Experiments were conducted to study the properties of the
proposed method. The experimental results allow us to recommend the proposed method for use in practice.

Keywords: monitoring, life cycle, forecasting, radio electronic equipment.
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AHANKU3 BNUAHUA NEPEMEHHOW BA3bl HA KAYECTBO
NOOABIEHUA MOMEX NMPU BPEMA-NMPOCTPAHCTBEHHOM

OBPABOTKE CUIHAJNIOB

PaccmoTpeHbl 0coO€HHOCTH pabOTHl CUCTEM MOMEXO03alUThl KOrepEeHTHO-UMITYIbCHBIX
PaaVONOKAIIMOHHBIX CTAaHIUH IPH AUCKPETHOH aJanTaliy BECOBBIX KOd(p(HHUIHMEHTOB
aBTOKOMIIEHCATOpa aKTHBHBIX IoMeX. Llenbro uccie1oBaHui SIBISETCS OLlEHKA OrpaHUYeHUil
3¢ PeKTHBHOCTH aBTOKOMIICHCATOPA IIPY COBMECTHOM BO3/I€HCTBUY aKTUBHBIX U ITACCHBHBIX IIOMEX
C y4eTOM Pa3sHOCTH LEHTPOB aHTCHH OCHOBHOI'O M KOMIIEHCALlMOHHOT'O KAaHAJOB IIpUEMa.
B crarbe npeioxkeHa METOIUKA OLIEHKH BIUSHHS IEPEeMEHHOM 0a3bl Ha KaueCTBO I10aBIEeHUs
aKTHBHOW IIIYMOBOM ITOMEXU JJIS pa3HBIX PEXUMOB pabOTh! PaJUOIOKAIIOHHON CTAHIIUM NIPU
HCIIOJIb30BAHUM BPEMSA-IPOCTPAHCTBEHHOW 00paboTku curHainos. IIpoBeneH aHamus
MEXXKaHAJIBHOTO (ha30BOr0 CABUIA HA Pa3IMYHBIX BPEMEHHBIX HHTEPBaJIaX, PABHBIX JUIUTEIEHOCTH
yactoTHOH nauku. Ha npumepe pagapa 3616 mokasaHo, 4To MeXKaHaJIbHBII (ha30BbIi CIBUT B
pasHbIX pexumax pabotrel PJIC mpu BpeMs-IpoCcTpaHCTBEHHOH 00paboOTke CUTHANIOB HE
[103BOJIICT KAYECTBEHHO IOJIaBUTh aKTUBHYIO LIIYMOBYIO IIOMEXY, ACHCTBYIOLIYIO 110 GOKOBBIM
JIeTecTKaM AuarpaMMbl HallpaBJI€HHOCTU aHTEHHBI.

KaroueBble ci10Ba: pagap, 1OMEX03aIllUTa, aBTOKOMIICHCATOP [IOMEX, aKTUBHAsI LIIyMOBast

mnomMmexa, OOKOBEIE JICTIECTKU JuarpamMMbl HalIpaBJICHHOCTH.

BBEJIEHUE

Bo03MOXHBIM BapUaHTOM MOCTPOEHUSI CUCTEM ITOMEXO-
3alIUTHl B KOT€PEHTHO-UMIIYJIECHBIX PaJHOIOKaMOHHBIX
craniwmsix (PJIC) sBnsiercst BpeMs-IipocTpaHcTBEHHAS 00pa-
00TKa CUTHAJIOB C UCIIONB30BAHUEM Pa3/IeIbHOM IByXITal-
Hol mporenypsl. [TpuHImIMaNEHONH 0COOEHHOCTBIO TIOCT-
POCHUSI CHCTEMBI ITOMEXO03aIINTHI ECTh TO OOCTOATENBCTBO,
YTO MPH 3aIIXTE ITIABHOTO JIyda (ha30BbIe EHTPHI AaHTCHH
OCHOBHOT'O M KOMIIEHCAI[HIOHHOT'O KaHAJIOB COBMEIIIEHBI, YTO
CHHMMAET PsJ] OrPaHIYCHUH, BO3HUKAIOIIUX ITPH KOMIICHCA-
uH aKTUBHOM 1rymMoBoit momexu (ALLIT). I[Tpu 3ammre PJIC
ot AILITIL, neicTByFOIIIEH 11O OOKOBBIM JIETIECTKAM THATPAM-
MBI HallpaBiieHocTH aHTeHHHI (JJHA), ncons3oBanue mpo-
CTPAHCTBEHHBIX OTJIMYUM MEXIY MOJIE3HBIM CUTHAJIOM U
MIOMEXOW peanusyercs IyTeM pa3HeceHHOro npuema. [lpu
3TOM CYIIECTBYET PacCTOsIHUE MEXIy (ha30BBIMH LIEHTpA-
MU OCHOBHOW M KOMIIEHCAIL[MOHHOW aHTEHH, HAa3bIBAEMOE
0a30i1, 1 TaK Kak ()a30BbIC IECHTPHI AHTEHH KaHAJIOB IIpHEMa
Pa3HECEHBI, 3HAYUTEIBHO YCIOKHACTCSI TOCTHKEHHE BBICO-
KMX 3HaUYeHUH K03((HUIHECHTA TOAABICHHS IOMEX MPH CKa-
HUPOBaHUM AaHTEHHOH cucTeMbl. [103TOMY OLleHKa KayecTBa
nonasieHust AT npu Hamuauy mepeMeHHoi 6a3sl B aH-
TeHHOH cucteMe (AC) pencTaBIseTcs: aKTyalbHOM.

1 IIOCTAHOBKA 3A/TAYN

Ha puc. 1 npuBenena cxema npuema Al Ha aHTeHHYIO
CHCTEMY, COCTOSIIYIO M3 JIBYX AHTEHH: OCHOBHOW aHTEHHBI
PJIC 4, v koMIIeHCAITHOHHOM aHTEHHBI 4, (ha30BBIE IEHTPEI
KOTOPBIX Pa3HECEHBI HA BeIMUYNHY 0a3bl d. PacctosHus ot
ncrounnka AT 1o ha30BBIX IEHTPOB aHTEHHBI 0003HAYE-
HbIKaK R U R..
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Pucynok 1 — Cxema npuema AILII Ha pa3zHeCEeHHYIO aHTEHHYIO
cucTeMy

U3 puc. 1 HENOCPEACTBEHHO CENYET, UTO NIPU U3MEHE-
HUH yIJIa TIOBOPOTa aHTEHHOH CHCTEMBI ¢ OT Hymns 10 90
I'pagycoB, MpOeKIys 0a3bl HAa HANPaBICHHUE MCTOYHHKA
AT n3meHsieTcst OT HyJIs 10 BEJTMYNHBI, PABHOH d.

B ciygae BpeMs-IipoCTpaHCTBEHHOH (DIITBTPAIIH CHT -
HanoB (popmupoBaHne BecoBbIX kKoaddurmenToB AKII mpo-
M3BOJUTCS Tocie mpeodpa3zoBanust Dypbe

. N-1 .
X=X aydymexpts 2, )
n=0

e X (k) — 3HaUeHNE CUTHAJIOB HA BBIX0e k-TOro (ha3oBoro
¢unsTpa, N — KOMUYECTBO NIEPHONOB IIOBTOPEHHS B YaCTOT-

HO¥ Mmauke; X ; (n) —3Ha4eHHe CUTHANIA B [-ThIi MOMEHT Bpe-

MEHHU B 71-HOM IIEPHOJIE TOBTOPEHHUS; ¢;, — KO3 HIINEHTEI
BecoBoro okHa; k €[0, N—1]. B nanmprefimem Oynem canuTars,
YTO KOJIMYECTBO 30HIMPYIOIIMX MMITYIbCOB B M3JTy4E€HHOM
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YaCTOTHOH IauKe paBHO KOJIMYECTBY TOUEK IpeoOpa3oBa-
Hust Oypee.

B ciyuae, xorma o0paboTka CHTHAJIOB B YCTpOICTBE
(WIBTpanNH SBIISETCS TAYETHOMH, a afalTalisi BECOBBIX KO-
3¢ QUIIEHTOB TPOU3BOANTCS AUCKPETHO, OJJMH pa3 3a yac-
TOTHYIO IauKy 110 nHpopmanuu 180-rpamxycHbIX (Ha3oBbIX
¢mIbTpoB [1], BO3HUKaeT HEOOXOAMMOCTD OLIEHUTH OTPaHH-
yenus B nofgasyieHnu AT npy naHHBIX yCIOBUSX.

HeoGxonnmo paccMoTpeTh, Kakue yIIOBble CMEIICHUS
AQHTEHHON CHCTEMBI HMEIOT MECTO IPU Pa3HBIX PEXUMAX
pa6ots! PJIC n xak u3MeHseTcss MeXKaHaJIbHBIN (ha30BbIN
C/IBUT, BBI3BAaHHBIH NTepeMEHHOH ITpoeKueli 6a3bl d Ha Ha-
IIpaBJIEHUE UCTOYHUKA IOMEX Bpalllalouieiics aHTEeHHOU
CHUCTEMBI, UTO B CBOIO 0YEPEb TO3BOJIUT CAETIATh BHIBOJBI O
kauecTse nopasneHus AIIL.

[ToaToMy mpencTaBisieT MHTEpPEC OlIEHKa IOTeph, 00Yyc-
JIOBJICHHBIX M3MEHEHHEM MEKKaHAIIBHBIX ()a30BbIX CIABUTOB
IIPYU CKAHUPOBAHUY AHTEHHOU CUCTEMBI MEXKIy HHTEpBaJIa-
MU TTAYeYHOH aJalTaliy BECOBBIX KOA(QHIIMEHTOB HpO-
CTpaHCTBEHHOrO QuibTpa. s aToro Heobxommmo paspa-
0oTaTh METOIWKY, KOTOpas y4WThIBasla ObI: TeMI 0030pa
MPOCTPAHCTBA, YACTOTY TOBTOPEHHS 30HUPYIOIIUX UMITYIIb-
COB, KOJINYECTBO TOYEK IpeodpazoBanust Pypre.

2 METOIUKA PEILIEHUA

ByneM cuutaTh, 4TO B Cllydae, MpeICTAaBIEHHOM Ha
puc. 1, npu R =R, KOT/1a TOMEXOBbIE CUTHATIBI OCTYAIOT
Ha aHTEHHBI A U A, OJHOBPEMEHHO, KAaK MEKKaHAIbHBIN
(ha30BbIi CIBUT O\, TAK U 33J€PKKa T OTCyTCTBYIOT. I1pu
9TOM TpoeKIHs 0a3bl Ha HopMasb K AC paBHa HYITIO.

YcnoBuMcs, 4TO IPY CMEIIEHNY aHTEHHBI B TIPOLIECCE CKa-
HHUPOBAHMS HA YTON ¢ ~ 5° aKTHBHAsI [TOMEXa IEUCTBYET B Ha-
TIpaRICHNH IePBBIX OOKOBEIX JieriecTkoB JJHA PJI. TTpu atom
HapyIaeTcs paBeHCTBO R =R, BO3HUKAET PasHOCTh X0/ JIy-
4ei 10 (pa30BBIX IEHTPOB aHTeHH AR = R| — R, # 0. D10 1IpH-
BOJUT N3MEHEHHIO MEXKaHATBHBIX ()a30BBIX CABHIOB Ok, @
TaKKe K MEXXKAHATIBHON 33/IepPKKE IIOMEXOBBIX CHTHAIOB T

T= a sina, @
c
I7€ 0 — YIIOBOE MOJOKEHHE 0a3bl OTHOCHTEIILHO PAaBHO-
CUTHAIIBHOTO HANPABIIEHUs], IPH KOTOPOM R;=R,; ¢ — CKo-
POCTH CBeTA.

HcxomHsIMu TapaMeTpaMH JUIsl OLEHKH MOTepb, 00yc-
JIOBJICHHBIX M3MEHEHHEM MEKKaHAIIBHBIX (Da30BbIX CIBUTOB
(MeX Ty MHTEepBAIIAMH a/IAITTAIIAH IPOCTPAHCTBEHHOTO (PHITb-
Tpa), SIBISIETCS ceqyromee: TeMir 003opa 6 mwin 12 06/MuH
(COOTBETCTBEHHO ITHTEIEHOCTH Tieproaa 063opa — 10 wu
5 ¢), vactora noBroperust umirynscos (UI1N) — 1500,750 mm
375 I't (COOTBETCTBEHHO, AIUTEIHFHOCTH MEPHO/Ia TOBTOpE-
Hust — 0,66; 1,33 wim 2,66 Mc); KOTHYECTBO TOYEK Ipeodpa-
3oBaHuA DOypre — 16, 12 wmu §, KOTOphIe COOTBETCTBYIOT
niepronam osroperust: 0,66; 1,33 mmm 2,66 Mc.

Orenka oreps B komneHcanuu AT moxeT ObITE Tpo-
M3BEZICHA ITyTeM BBIUHCIICHUS M&KKaHATBHBIX (ha30BBIX C/IBH-
TOB MKy MHTEPBAJIAMU aJalTallui BECOBBIX Koddduu-
€HTOB IPOCTPAHCTBEHHOTO (IUIETpa MpH ckaHnpoBaHud AC.
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B nanbHeiiem BeIYHCIICHHBIE 3HAYEHHS (Pa30BbIX CJIBUIOB
JIar0T BO3MOXKHOCTB OINPEAETICHUS OTEHIUAIBHBIX 3HAa4Ye-
Hui ko3¢ dumenTos nogasienus AL B coorBercTBHM ©
HOMOIpaMMaMU, IPUBEIEHHBIMH B [2, 3].

J1ist pacuera MeXKaHAJIBHBIX (DA30BBIX CIIBUTOB IIOMEXO-
BBIX CHT'HAJIOB IpU cKaHupoBaHnu AC HEOOXOIUMO y4ecTh
TeMIT 0030pa IPOCTPAHCTBA, a TAKXKE JUTUTEIILHOCT YaCcTOT-
HOH nadk. IIpy 3TOM JUINTENBHOCTD YaCTOTHOM MAYKH Tpy
oIpeaenseTcs NPOoU3BEeICHUEM MepHoia IOBTOPEHUSI UM-
nylbCoB 77, HA UX KOMUYECTBO N

TH=THN. (3)

[Mockonbky Temn 0030pa 3a7aeTcsi B 000poTax 3a MUHY-
Ty, a Ipx MaJTbIX cMetneHns X AC B rpajycax 3a CeKyHI, TO
JUISL BBITTOJTHEHHS pacuyeToB IiepelaeM K 0e3pasMepHOMY
n3Mepenuro yros. [1pu atom, Hapumep, oauH odopor AC
Ha 360° Mo>KeT OBITh ITpeACTaBIIeH Oe3pa3sMepHON BEITHIH-
HOIi 27tp , THie p — paJuaH (OTHOLICHUE UTHHBI TYTH OKPYXK-
HOCTH K JJTMHE €€ Pajnyca).

3 OKCIIEPUMEHTbBI

BoimonnuMm pacuet yroBoro cmenienust AC Ha UHTep-
BaJjie, pAaBHOM JITUTEIIEHOCTH YaCTOTHOM TaYKH, HATIPUMED,
IIPU TEMII€ CKAaHUPOBAHHS ONUH 00OPOT 3a 5 CEKyHI
(12 06/mun). Ecnu nomnHslit o6opot, paBHblit 21p, AC co-
BepIUIAeT 3a 5 ¢, TO 3a BpeMsl, paBHOE 1Mc, YIIIOBOE cMellle-
HHE aHTCHHOM CHCTEMBI A j 7~ COCTABJISICT:

21p 6,28p
T 45 -1000  5-1000

=0,1257-107 2 p =

=0,1257-10~2.57,296° = 43",

rie T s — BpeMs, B TEYCHUH KOTOPOTO COBEPIIAETCS OIMH
obopor AC.

3a BpeMs, paBHOE MEPHOAY IIOBTOPEHHS HMITYIbCOB
T,=0,66 mc, yrmosoe cmemenne A AC cocraBur:

2np . 6,283p

= = =0,8293-1072 p=2,85".
Tys T -1000  5-0,66-1000

Ann

AHaIOrNYHO BBITIOTHEHHBIN PacyeT MOKa3bIBACT, UTO 32
BpeMs, paBHOE ITUTEIEHOCTH YaCTOTHOM HadKH, Tiph 16-Tn
TOYEYHOM Ipeobpa3oBannu Pypbe, yIIIOBOE CMEIIECHHE
AQHTEHHOH CHCTEMBI Ay cocTaBisieT 45,6,

B mporecce pacuera orpeneneHsl 3HaYEHUS yIIIOBOTO
cmenienns AC Ha HTepBaiax Ay, paBHBIX JJTUTEIFHOCTH
YaCTOTHOW TTAaYK! JUTS Pa3IMIHBIX pekuMoB pabotel PJIC
36/16. Pe3ynsrars! pac4eToB peacTaBiIeHBI B Ta0M. 1.

JlanpHeHmui pacyer 3aKIIt09ancs B TOM, YTOOBI OIpe-
JIETIUTh BEINYNHY U3MEHEHUS IPOSKINHU 0a3bl AJ Ha Ha-
npasnenne ucrounnka AL B coorBeTcTBIH C (hOPMYITOi

Ad = dsina. - )]

[Ipennonoxum, uro AT nelicTByeT ¢ HanpaBiIeHUS
MIEPBBIX OOKOBBIX JICTIECTKOB OCHOBHOW aHTEHHBI U YTOI 0
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pasen 5°. IIpu aTom, B coorBeTcTBUH C (4), Ad 5=0,174 m.
[lanee, monarasi, 4To Ha4aJ10 YaCTOTHOM ITAYKH COBIIAAALT C
HAIIPABJIEHUM O = 5°, ONpENeNuM U3MEHEHHE MPOEKIMH
0a3pl K KoHIy nauku Ady ¢ yueroMm cmemieHuil AC A,
TIpUBENIeHHBIM B Ta6i. 1. [Ipn 3TOM M3MeHeHHe NPOEKINT
0a3bl Ad[] Ha UHTEpBaJle, PABHOM JUIUTEIBHOCTU YACTOTHOM
TIaYKH, COCTaBUT

Ady =dsin(5" +Ay)~ Ad, )

T7ie IepPBOE CIaraeMoe OIpenersieT MPOEKIHIO 0a3bl B KOHIIE
a4ykH, a BTopoe B Havane. Hanpumep, ecimm YITM=1500 I'y,
a temn 0030pa paBeH 5 ¢, To A =45,6', npu sToM
Adyp =2sin(5° +45,6')— 0,174 = 0,027 M WIH, C yIETOM
JUTUHBI BOJIHBL, paBHO# 0,1 M, HabeT MeXXKaHAITBHOTO CIIBATA
(ha3bl K KOHITy 9YaCTOTHOM Iavyku cocTaBut 97,2°.

4 PE3YJIBTATBI

[Momydennsle pe3ynsTaThl pacueTa U3MEHEHHS! POEK-
1y 6a3bl Adpy, a TakKe MepecueT U3MEHEHUs IPOEKIUH
0a3bl B MeXXKaHAJIBHBIN (Da30BBIH CIBUT @y BO BCEX pe-
xumax padorsl PJIC cenens! B Ta0i. 1.

Ha puc. 2 npuBenieHa 3aBHCHMOCTb HECKOMITEHCHPOBAHHO-
ro ocratka P, Hopmuposasoro 1o MouHoctd AIIL, or Mex-
KaHaIBHOTO (hasoBoro paccormtacoBanwst (cipura) [2, C. 55].

Tabnuua 1 — Usmenenne cmewenns AC, npoexuun 6assl Ady u

MEKKAHAIBHOTO (ha30BOro CABUTA (P) (] HA BPEMEHHOM HHTEP-

BaJie, PABHOM JTUTEIBHOCTH YaCTOTHOM MaYyKy, MPU Pa3IMUHBIX
pexunmax padorst PJIC

W3 puc. 2 HEMOCPENCTBEHHO CIEAYET, YTO Al peanusa-
un K03 PUIeHTOB ogaBiIeHUs opsaka 20 1b Mexka-
HaJIbHbIN (a30BBIH CABUT Q) JOJKEH OBITH He Oornee 5°.
W3 Tabn. 2 ciemyeT, 4T0 MeXXKaHaIbHbIE (ha30BbIE CABUTH HA
HMHTEpBajaxX, PaBHBIX JJIUTEIBHOCTH YaCTOTHOM MaYKu MPU
BPEMSI-IIPOCTPAHCTBEHHON 00pabOTKe CUTHAIIOB, HE TI03BO-
JISIOT peajn30BaTh MpHeMIIeMble 3HaueHus Kodddurmenra
noaasnenus npu 3amure PJIC or AT, neiicTByromeil mo
OOKOBBIM JieTlecTKaM ocHOBHOM aHTeHHBI PJIC 36 16.

BbIBO/JbI

IIpennoxxeHa METOAUKA ISl OLIEHKH BIUSHUS IEPEMEH-
HOM 0a3bl Ha Ka9€CTBO MOABJIEHNS aKTUBHON IITyMOBOH 110~
MEXH TSl Pa3HBIX PSKUMOB paOOThI PaIOIOKAIIMOHHOH CTaH-
LIMN TIPY WCTIONB30BAaHHUH BPEMSI-IIPOCTPAHCTBEHHOH 00pa-
60rku curHasoB. CorllacHO 3TOH METOMKE POBE/ICH aHaJIH3
MEKKaHAJIBHOrO (ha30BOr0 CIBUI'a HA PA3JIMYHBIX BPEMEH-
HBIX HHTepBanax. Ha npumepe pagapa 36/16 nokasaHo, 4to
MEKKaHaJIbHBIH ()a30BBIH CABHT B Pa3HBIX PEXKUMaX pabOTHI
PJIC npu BpeMs-TIpocTpaHCTBEHHON 00pabOTKe CUIHAJIOB HE
BCer/ia Mo3BOJISIET 00ECTIEYNTh BHICOKOE Ka4eCTBO IT0JaBIe-
uust AT, nevicTByromieii mo 60koBeIM Jerectkam JJTHA.

B nanpHeiimem npeacTasisieTcs 1esecoo0pa3HbIM Mpo-
BECTH AHAJIOTMYHYIO OLIEHKY JUIsl IPOCTPAHCTBEHHO-BPEMEH-
HOU 00pabOTKH CUTHAIIOB.

BJIAI'OJAPHOCTH

Pabora BrInoTHEHA B paMKax BBIIIOTHEHUS HAyYHO-HC-
CJIEZIOBATENIBLCKOM TEMBI 3aIIOPOYKCKOTO HAITOHAILHOT'O TEX-
HHYecKoro yausepcurera «PazpaboTka n 000cHOBaHME pe-
KOMEH/IAIMH TI0 TIOCTPOEHMIO CHCTEM IPOCTPAaHCTBEHHO-
BpPEMEHHOH 00paOOTKHM CUTHAJIOB B YCIIOBHSX BO3ACHCTBUS

Hacrora KOMOWHUPOBaHHBIX MoMex» (Ne roc. perucrpanuu
HIOBTOPCHIA 1500 750 375 0114U002636).
UMITYyJIECOB,
Iu CIIMCOK JIMTEPATYPbBI
Temn
5 10 5 10 5 10 . .
0030pa, ¢ 1. Iar. 48705 Ykpaina MIIK GO1S 7/36 Cnoci6 xoMmmeHcarii
Cmerenne aKTHBHOI CKJIaJ0BOi KOMOIHOBaHOI 3aBaiu. [EnekTpoHHMIA
AC Aq, 45,6 22,7 68,4 344 1 904 | 458 pecypce] / Kononosuu B. f. (UA), Kykonpaunpkuii A. I1.
MHUH (UA), 3anescekuit O. I1. (UA), Kacimposuu O.I. (UA),
Adp .M 0,027 | 0,013 0,039 | 0,017 | 0,055 | 0,026
Omrr > TPAA 97,2 46,8 140,4 61,2 198 94
-20
A
&
ol
-30 &0
s O
= <&
£ 40 v o
= )
&@
-50
-60 R | 0
0.01 0,1 1.0 10

TlorpemHocTs a30Bag, Ipan

Pucynok 2 — 3aBHCHMOCTb OTHOIIECHHS PO/ P] oT (ha30BOr0 MEXKaHAIBHOTO PACcCONIaCOBAHUS
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AHAJII3 BILTMBY 3MIHHOI BA3U HA AKICTh IPUIY IIEHHS 3ABA I ITPH YACOBO-ITPOCTOPOBI OBPOBIII
CUT'HAJIIB

Po3nstHyTI 0COOIMBOCTI POOOTH CHCTEM 3aBaf03aXUCTy KOTEPEHTHO-IMITYIILCHOCTI pafioylakalifHUX CTAHIIN NpU TUCKPETHi axar-
Tanil BaroBux KoedilieHTiB aBTOKOMIIEHCATOpa aKTUBHUX 3aBajl. MeTOI0 JTOCIIPKEeHs SBIEThCS OL[IHKAa 0OMeKeHs e()eKTHBHOCTI aBTO-
KOMIIEHCATOpa MpH CyMICHOMY BIUIMBI aKTHBHHMX Ta ACHBHUX 3aBajl 3 BPAaXyBaHHSM PO3HOCY ()a30BHX IIEHTPIB aHTEH OCHOBHOIO i
KOMITEHCAL[IHHOTO KaHaiB IpUHOMY. Y CTaTTi 3alpONOHOBAaHA METOHMKA OLHKY BIUIMBY 3MiHHOI 0a3M Ha SIKICTh NPUAYIICHHS aKTUBHOI
LIYMOBOI 3aBafy UL Pi3HUX PEKUMIB POOOTH pazioioKaliifHOl CTaHIil IPU BUKOPHCTaHHI 4acOBO-IPOCTOPOBOI 0OPOOILi CUTHAIIB.
ITpoBeneHo aHani3 MbKKaHAIBHOTO (PAa30BOr0O 3CyBy Ha Pi3HHMX YaCOBUX iHTEpBalax, pIBHUX TPUBAJIOCTI YacToTHOI mayku. Ha npukiani
panapy 36J16 nokaszaHo, 1o MibKKaHaJIBHUH (ha30BHUil 3cyB B pi3HHX pexumax podoru PJIC mpy yacoBo-pocTopoBiii 06poOIi curHaiis
HE JI03BOJISIE SIKICHO NPHUIYIINTH aKTUBHY IIYMOBY 3aBajy, [il04y IO OiYHMM HENTIOCTKAaM JiarpaMy CIIPSIMOBAHOCTI aHTEHH.

KurouoBi cioBa: pajnap, 3aBajo3axUILEHICTb, KOMIIEHCATOP 3aBajl, aKTHBHA IIIyMOBA 3aBaja, OiUHi MEIIOCTKU JiarpaMH CHpsIMOBa-
HOCTI.
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"Doctor of Sciences, Professor of the Department of Radio Engineering and Telecommunications, Zaporizhzhya National Technical
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ANALYSIS OF INFLUENCE OF VARIABLE BASE ON THE QUALITY OF JAMMER SUPPRESSION WITH TIME-
SPACE SIGNAL PROCESSING

The features of work of noise immunity systems of coherently-pulse radar stations with discrete adaptation of weighting coefficients
of an automatic compensator of active noise have been considered. The purpose of research is evaluation of effectiveness restrictions of
the automatic compensator under the combined action of active and passive noise with the difference between the antenna centers of the
basic and compensation receiving channels. This paper proposes a method for estimating the effect of variable base on the quality of the
active suppression of jammer for different modes of radar using time-space signal processing. The analysis was made for the inter-channel
phase shift at different time intervals equal to the duration of the frequency of the pack. On the example of radar 36D6 showed that
interchannel phase shift in different radar modes of operation with the time-space signal processing does not allow qualitatively suppress
jammer exerted on the side lobes of the antenna pattern.

Keywords: radar, ECCM, canceller, jamming, side lobes.
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OPTIMIZATION OF SOME REINSURANCE STRATEGIES

The basic purpose of the work is a study of existing approaches to reinsurance directed
towards modeling of distribution and minimization of risk for an insurance portfolio, and
forming a strategy for its optimal reinsurance using developed decision support system. A
method for a search of optimal reinsurance strategy is proposed. For this purpose statistical
models were selected that correspond to the structure and volume of portfolio losses as well as
the number of these losses. The simulation model for the total insurance losses is developed.
While finding an optimal reinsurance strategy it was taken into consideration the dependence of
the load coefficient on a specific form of reinsurance. A numerical study of the dependence
between optimal reinsurance strategy and the varying load coefficient has been performed. It
was established that taking into consideration of the variable load coefficient for specific risk
capital values for an insurance company the stop-loss strategy provides worse results than
other forms considered. An architecture and the functional layout for decision support system
are proposed, and appropriate software was developed in C#. The decision support system
functioning has been illustrated on simulated example. The system will provide a useful instru-
ment for a business analytic to support decision making while selecting a strategy for insurance
portfolio in specific conditions.

Keywords: modeling in reinsurance, optimization of reinsurance, load coefficient, decision
support system, choice of reinsurance strategy.

NOMENCLATURE LN() is a lognormal distribution;
Y; is random variables that characterize claim sizes to k is a lognormal distribution parameter;
insurance company; ¢ is a constant for logistic distribution;
N s a total number of claims to insurance company; o is a form parameter for logarithmic logistic distribution;
N is a specific number of claims to insurance company; b is an extra scalar parameter for logarithmic logistic
P(x) is an unconditional probability of x; distribution;
0 is a Poisson distribution parameter; X; are random variables that denote independent
E is a mathematical expectation operator; identically distributed losses;
Var () is a variance; 1 is an n-th order convolution for distribution £
e is a base for natural logarithm; S is a collective loss;
F(x) is a cumulative distribution function for x; ¢ is a proportion coefficient;
f(x) is a distribution function for x; q is a proportion coefficient;
®(-) is a Laplace function; 0 is a proportion coefficient;
N() is a normal distribution; G is a probability of fulfilling the obligations by
M is amean value of random variable; insurance company;
o2 is variance; B is a total netto-premium;
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C is a guarantying capital;

y is an insurance sum;

OS is a quoted sum;

XL is an excedent loss reinsurance;

SL is a stop-loss reinsurance;

ag is a limiting predetermined value;

a; is amaximum limiting predetermined value;
L isa predetermined priority sum;

L, is a fixed priority value;

R is an income for insurance portfolio;

P is a total premium;

VaR is a value-at-risk;

CaR is a capital-at-risk;

RoCaR is a return on capital-at-risk;

DSS is a decision support system;

A is a parameter for Poisson distribution;
IC is an insurance company;

DM is a decision maker;

DSS is a decision support system;

CDF is a cumulative distribution function;
PDF is a probability density function;

INTRODUCTION

Modern development of insurance market in Ukraine
requires from its participants of appropriate financial stability
that is a corner stone for the future successful operation.
Taking into consideration existing financial instability of the
state as a whole, the solvency indicators for each insurance
company (IC) represent a key criterion for their competition
ability. This is especially true with respect to the situations
taking place in sophisticated quickly changing environment.
To smooth the insurance premiums with respect to the risks
accepted by an insurer and to balance this way the insurance
portfolio as well as to take into consideration potential financial
possibilities of an insurer there exist reinsurance institutes.
Practical application of the modern reinsurance strategies
increases financial stability of insurance operations and their
profitability, shifting a part of risks, accepted for insurance, to
other insurers.

To develop a new reinsurance program for selected risks
it is necessary to find an optimal solution regarding the
form and volumes of reinsurance. In other words the problem
arises how to take correctly into consideration appropriate
number of influencing factors, such as a model of business,
financial stability of an enterprise, the enterprise ability to
accepting or rejecting the risks, current market conditions
and possibilities regarding the ability for risk management
solutions. In spite of the fact that insurer and his client both
take part in the reinsurance process most of the existing
theoretical studies on the subject are devoted to the search
of optimal reinsurance form from the insurer (cedent) point
of view and stick to some specific reinsurance form taking
into consideration selected optimality criterion and
calculation of insurance premium principle.

As far as the decisions directed towards reinsurance
problems solving are closely linked to financial risks, an
appropriate problem statement must be formulated as one
that minimizes the risks. That is why modern solutions based
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on mathematical risk and decision theory should involve
some innovations into information processing and provide
a decision maker (DM) with convenient criteria for their usage
in the risk management environment.

The search for optimal in various senses insurance
strategies is an important direction of research for several
decades and it preserves its importance as of today. The
first studies regarding the optimal reinsurance were directed
towards the search of acceptable loss distribution function
between insurer and reinsurer. It was shown that stop-loss
reinsurance helps to minimize the variance of respective
payments and to maximize expected insurance company
income comparing to any other form of reinsurance (loss
distribution function) [1-4]. In [5] it was also shown that
the quoted reinsurance is optimal in the sense that this is
the cheapest way to restrict the variance of non-distributed
risks under condition that the load coefficient is increasing
with growth of the reinsured part of the loss variance.

The purpose of this work is in studying of some existing
approaches to reinsurance directed towards modeling of
distribution and risk minimization for an insurance portfolio,
and forming a strategy for its optimal reinsurance using
developed specialized decision support system (DSS).

1 PROBLEM STATEMENT

Let we have the data in the form of identically distributed
random variables Y;, i=1,..., N characterizing claim sizes to

insurance company; and X;, i=L...,N are independent
identically distributed losses of insurance company. Then
the problem of searching for optimal reinsurance strategy
for an insurance portfolio is to find maximum of expected
income value E(R), with minimum of CaR such, that goal
function RoCaR = F (R)/CaR is maximized. The problem is
to be solved under restrictions on the predetermined value
of a (the priority sum), and the predetermined maximum
value equal to a;.

The problem statement also includes statistical models
selection for losses of an insurance portfolio, and
development of decision support system as a handy
computational instrument for decision maker searching for
optimal reinsurance strategy.

2 REVIEW OF THE LITERATURE

The problem of reinsurance optimization is of interest
for insurance companies and researchers what causes
development of various solutions directed towards solving
this problem. Most of the research works are of theoretical
nature. It is assumed in [6] that the expected value premium
principle could be applied and it was shown that the stop-
loss reinsurance maximizes the expected utility of terminal
wealth. In [7] the authors are concerned with the problem of
purchasing the best risk protection from insurance company.
The question of choosing the risk measure is discussed
and several choices of non-symmetric risk measures are
examined. Also sufficient conditions for optimality of
reinsurance contract are provided within restricted class of
admissible contracts. Some explicit forms for optimal
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contracts are derived in the case of absolute deviation and
truncated risk measure. The article [8] is devoted to
theoretical extension of results relevant to introduction of
mean-variance premium principles approach. The authors
ofthe research [9] showed that the limited stop-loss and the
truncated stop-loss approaches may lead to optimal
contracts under fulfilling some criteria. These criteria include
maximization of expected utility, stability of insurance
company functioning, and the survival probability of a
cedent. In research [10] the authors also assume the expected
value principle and introduce two classes of optimal
reinsurance models hiring minimization of well-known criteria
based on value-at-risk (VaR) computing approach, and
conditional VaR (CVaR) describing the total risk exposure of
an insurer.

All the papers mentioned above made a substantial
contribution to the study and development of new
approaches for solving the problem of optimal reinsurance.
However, this problem cannot be classified as a solved one,
many studies in this direction are being continued today.
Analysis of the publications shows that most of them have
restrictions in the sense that they consider some specific
criteria and preselected particular premium payment policy.
Some of the criteria maximize expected utility of the final
income, and some minimize preselected risk measure in form
of loss variance, ruin probability, VaR, CVaR or some others.
A cedent is usually concerned about the question: how
would optimal reinsurance change from one reinsurance form
to another. He needs to determine two following
assumptions: — the risk measure that is used to find optimal
solution; — the premium principle that is used for calculating
the reinsurance premium. These choices lead to alternative
optimal solutions based on different strategies.

It our study we consider first the possibilities for
statistical modeling of insurance portfolio losses using
various distribution types. Also alternative possibilities for
selecting the reinsurance strategy are studied including
proportional and non-proportional forms. As far as the
purpose of decision maker working on reinsurance problems
always tries to reduce the value of CaR and to maximize
income E(R), it will be reasonable to include into
optimization criterion the variables mentioned. They are
related to each other by another variable called RoCaR.
RoCaR maximization provides maximization of expected
income E(R), and minimization of CaR. Thus, the RoCaR
value is suitable for its use as a criterion for searching optimal
reinsurance parameter. Finally, a specialized decision support
system architecture and software are developed to solve
the problem of searching for optimal reinsurance strategy.

3 MATERIALS AND METHODS

To analyze the distribution of risk for some insurance
portfolio between insurer and reinsurer it is necessary to
construct (or select) a model for its total loss. An integrated
policy portfolio of risky insurance is as a rule rather
heterogeneous even in the case when it can be divided into
separate homogeneous parts. Thus here is the problem of

approximating the integrated loss for an arbitrary
heterogeneous portfolio. An effective solution for the
problem can be known collective risk model. The idea of the
collective model is in considering policy portfolio as a source
of loss only without taking into consideration the risks
related to respective losses. The matter is that initial
distributions for a collective model — i.e. distributions of
counts and sizes of losses — can be estimated much better
(with smaller errors) than the loss distributions for separate
homogeneous risk groups.

The collective risk model constructing is based on the
following limitations: — the insurance premium is paid at the
very beginning of the insurance term, and any other
payments are not performed within the period; the claims
Y, Y,,..., that are issued to insurance company, are not linked
to specific contracts, they are considered as an integrated
total risk; the random variables Y], Y5,..., are independent
and identically distributed; the total number of claims N to
insurance company and the random variables Y}, 15,... are
mutually independent. Very often (e.g. in auto insurance) N
has Poisson distribution

P(N:n):i'e”e‘e, n=0,1,2,...,
n

with the parameter 6=FE (N )=Var(N). The necessary

conditions for the use of this distribution are as follows:
—the random variables that characterize number of loss cases
in two non-intersecting time intervals are independent;
— two and more insurance cases cannot take place
simultaneously; — generally the insurance cases can occur
at arbitrary moments of time. Usually it is accepted in practice
that these conditions are fulfilled for a separate risk and for
aportfolio as a whole. For example, in a case of car crash an
insurance case is touching for one driver only, and possible
accumulation of events we can avoid by applying
appropriate insurance strategy that could help to integrate
several policies into one risk.

The use of a collective model supposes that during the
time period when external factors (say inflation) are changed
slightly. In such situations the losses in a specific insurance
portfolio are independent and identically distributed. If the
assumptions regarding independence of separate losses are
usually fulfilled, the assumption relevant to identical
distribution does not look realistic because of divergence
of insurance premiums. On the other side the losses in a
collective model are considered jointly (as an integrated
value) on a definite time interval. This fact allows for taking
into consideration that these random values belong to the
same sample representing a mixture of different distributions
for separate losses. In practice each insurance strategy and
each portfolio type is characterized with its own (mixed)
loss distribution that depends on the sizes of insurance
premiums for separate risks and on a type of insurance
events. For example, a mean loss caused by industrial
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enterprise fire is much higher than a loss caused by the fire
in a living house. These two cases are distinguished from
the mean loss in auto insurance, and the losses in auto
insurance are also different for different types of insurance.
However, the practice of insurance shows that the loss
structure in all types of insurance are very similar. Say, the
number of small losses is usually much larger than the
number of large ones. In a strict sense the «concentration
of losses» is decreasing with growing of their sizes. The
smallest losses are very often also rare and are not substantial
from economic point of view. And the quantitative relations
between large and small losses as well as the borders
between them are different for different insurance types.
In the majority of practical cases the most important point
is adequacy of mathematical model to the distribution of
losses size in the area of large losses because just large
losses make noticeable economic influence. It is reasonable
to perform the model search in the family of distributions
that have a scalar parameter and contain together with the
CDF F(x) all the distributions of the following type:
F (x|b), b>0. This is convenient approach in cases when
different types of currency are used. The transition to new
currency requires changing the scalar parameter only; all
other parameters and the PDF f (x)=F"(x) remain the same.
Very often statistical data is asymmetric and the distributions
should be transformed to normal. In fact for asymmetric data
with positive asymmetry there exist many examples where
application of natural logarithm results in quite acceptable for
practical use normal distribution. For example, if X isa claim
size and it is necessary to construct a model for ¥ =In(X)

using the normal distribution: ¥ ~ N (y, o?), then we could
use the distribution to build the model for X . This can be done
by the change of variables: X =¢?. Thus, we come to the
lognormal distribution LN (1, ?) with scalar parameter i, and

the form parameter o
1 _i)2 2 -
f'(x)z e(lnx u) /267 5
xy2no
Inx—
F(x)=d>( m; ”j; E(X*)=explkp +k*c2/2).

The lognormal distribution can be hired as a model for
describing loss size in a separate insurance case. Less
popular though very similar to normal is logistic distribution
that is described by the density function:

f(X)=i(l+exp((y—u)/cc))_zexp((y—u)/cc),

and the cumulative distribution function is as follows:

F(»)=(1+exp((y—p)/ca) "
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As aresult of logarithmic transform we get the logarithmic
logistic distribution:

Ca(x/p)T 1

= ; F)=l-——r
b(1+(x/b)*)? 1+x/b*

E(X*)=p* B(1+f, 1—fj _pk_kmle
a a sin(knt/a)
where p=¢"; a=1/(cc). The drawback of this distribution
is in complexity of its parameters estimation.
Symmetric and defined over all values of real arguments
density has Laplace distribution:

S (1)=05 aexp(=aly—pl).

The cumulative distribution function consists of the two
symmetric with respect to p exponential distributions as
follows:

0.5aexp(a(y—pn)), ¥y <

F(x)z{l—O.S(xexp(—oc(y—u)), V> LW

After the transform: X =¢? we get logarithmic Laplace
distribution with form parameter o and scalar parameter h=e *:

a .
F(x)= 0.5(x/b)™, 0<x<b;
1-0.5 (x/b) ™%, x >b.

PDF for the logarithmic Laplace distribution is defined as
follows:

_Ja@/p)*T@b), 0<x<b;
70 {a(x/b)_a_l/(Zb), x>b,

E(X*)=b*a?/(a®~k?).

Usually the areas of small and medium losses are
approximated with two straight lines not well enough, though
in the area of high losses such approximation is quite is
quite possible even in the cases when the frequency of
large losses is somewhat overestimated. The left side (x < D)
ofthe logarithmic Laplace distribution could be replaced by
more appropriate distributions for small losses, say gamma
or inverse Gaussian.

Another candidate for the losses approximation on the

interval (0, b) is Pareto distribution with the following CDF:
F(x)=1-(x/b)"%, x=>b, where p is a shift parameter.
This function is transformed into zero point distribution defined
forall x > 0: F (x) =1 — ((b +x)/b)~*, with PDF ofthe form:

—-o -1
(0} X
f(x):z(l'f'z) -

In some forms of insurance the zero point Pareto
distribution has a tendency to overestimation of frequency
for the largest losses. In such cases it recommended to replace
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the transform: X =e Y, that allows the transition from
exponential to Pareto distribution with the «weaker transform»»

X=Y%,z>1.

The unbiased exponential distribution F (y) =1 — e “BY
leads to the Weibull distribution in the form:
F(X)=1-exp(-=(x/b)%), x>0, where o =1/2, with
the following PDF:

f(x) = % (x/b) * L exp (—(x/b) *)

The given above short review of some possible CDFs
and respective PDFs could be used for the losses description
in separate insurance cases.

The model describing collective losses is based on a
suggestion that random losses in the insurance portfolio
are independent for separate insurance cases, belong to the
same distribution, and do not depend on their random count
on a given time interval under consideration. The last
requirement means independence of average size of loss on
the number (count) of losses observed. This condition can
be violated in some cases, for example, in auto insurance:
on icy roads the number of car body damages is growing
fast what results in a large number of small losses with the
average loss decreasing simultaneously.

Such situations are inevitable in conditions of influence
of external factors (climate conditions, demand variations)
that influence simultaneously number of cases as well as
size of respective losses. If the insurance covers the losses
caused by climate factors then the numbers and size of losses
cannot be considered as independent. However, the reason
for this is in an attempt of performing simultaneous insurance
for several possible loss (risk) factors with a single policy.
When the risk factors (reasons) are considered separately
the number of losses almost never depends on their sizes.
Thanks to this fact collective model in most insurance cases
is practically applicable. Moreover it was just collective
model that initiated the theory of risk and made substantial
impact on its further development and success.

Let N be the number (count) of losses for a given
portfolio on a definite time interval (usually one year), and

let X;, X,,..., XN are independent identically distributed

losses the distribution of which does not depend on N.

Now the integrated losses can be represented in the form:
S=Xi+...+Xy-

The moments of random variable S can be found using
respective values for N and X (the values of X, X,,..., Xy
have the same distribution as X ):

N
E(S)=En| E| 3 X, IN||=

n=1

N
=En| YEX,IN)|=EN)E(X);

n=1

More difficulties are encountered when we need to
determine the distribution G for the total loss S using the
distributions for N, and X . However, practically there is no
other way to find this distribution. Usually it is impossible to
perform direct adjustment of the distribution form because of
limited data volumes (short samples of annual data). The
distribution G can be expressed via distribution

Ph=P(N=n) for counts N and the distribution
F (x) = P(X £ x) for loss X:

G(s)=P(S<5s) i pp P(S<s|N=n)= i P F (),
n=0 n=0

where F*n means N-th order convolution for distribution

F (FO(x)=0 with x<0, and F*0(x) =1 with x>0).
However, such explicit computing of the infinite sum is
possible only in very rare cases say when N has geometric
distribution (e.g. negative binomial with the parameter
a =1),and X has exponential distribution. Another possible
approach to solving the problem is hiring recursive Panger
technique that also requires substantial computational
resources. Quite acceptable approach to computing the
distribution G is in simultaneous modeling of the counts
number and average loss and generation of appropriate
distribution with Monte Carlo technique.

Quite popular is proportional approach to reinsurance
when reinsurer takes predetermined part of risk coordinated
with insurer. In this case the whole loss X (loss size for one
insurance case or total annual loss) is divided into two parts:
gX and (1-g)X according to the rule:
X=0gX +(I-g) X, 0<(g<1. There are different reasons
for the risk distribution. Formally the probability of fulfilling
the obligations by insurance company G(B+C) is
determined by the total netto-premium B, distribution of
total loss S, and guarantying capital C. The client may
consider reliability of fulfilling the obligation G (B +C) as
inadequate and can apply for extra protection from some
other IC. Consider in short the forms of proportional and
non-proportional reinsurance.

Proportional reinsurance forms:

— quoted sum (QS) reinsurance. In such case reinsurer
accepts a fixed part of all insurance policies say 50%, i.e.
receives 50% of which premium (except for reinsurance
commission) and pays 50% for each loss;

— excedent sums reinsurance. With the quoted reinsurance
all the risks are split between insurer and reinsurer in some
proportion: C: (1—c). With the excedent sums reinsurance parts
of risks depend on insurance sum v according to the rule:
¢ =C(V) = min(Vy/V, 1). In other words insurer takes all the
risks with the insurance sum v < V() and splits with reinsurer
the risks with the insurance sum that exceeds v(,. The reinsurer
accepts the part of risk that corresponds to the difference
between the insurance sum and V. All other details correspond
to the quoted reinsurance: for the risk with the insurance sum
v the premium and losses are split between insurer and reinsurer
according to the relation: ¢(v)/1-c(V).
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Non-proportional reinsurance forms:

— excedent loss (XL) reinsurance. In this case for each
loss X insurer pays the sum min(X,a ) that is limited by
the predetermined value of a( (the priority sum), and

reinsurer pays the following sum: max(X-—a,0),
Sometimes reinsurance is predetermined in the limits of some
maximum value equal to @, i.e. min(max (X —a, a;), 0).
Insurer again is responsible for the part of loss
max (X — aj;—a, 0)until there exists another reinsurance
agreement with priority sum: a; +a. Size of the premium
that belongs to reinsurer depends on expected count and
loss size of that exceeds a, and on the value of a ;

— excedent cumulative loss reinsurance. This form of
reinsurance is distinguished from the previous one with the
priority sum that depends on the total loss caused by one
insurance event (say hurricane or earthquake). This
reinsurance form takes into account the possibility for
simultaneous occurrence of a large number of small losses
that create together substantial sum;

— stop-loss (SL) reinsurance. The stop-loss reinsurance
results from development of the excedent loss reinsurance
from a separate loss through cumulative to the annual. If
the total annual loss § of insurer (for one insurance form)
exceeds predetermined priority sum [, then reinsurer accepts
a part of loss over this priority. Usually not more than some
fixed value L. In other words reinsurer takes the loss
min(S, L) or min(S,L)+max(S—L-Lq, 0), and reinsurer
max (S—L,0) or min(max(S—Lg,0), L;). The stop-loss
form provides insurer with maximum protection when the
probability of overriding the limit (L, +L;) by total loss is
low. Limiting the potential loss of insurer by the value of L,
reinsurer accepts insurance almost completely.

To solve the optimization problem regarding selection
of reinsurance form it is necessary to select optimization
criterion. Selection the reinsurance form insurer is mostly
interested in the following: how much he can reduce
insurance portfolio risk and what income he will get from it.
Thus, these two variables should be used to construct the
optimization criterion. The measure of value-at-risk (VaR) is
used very often for determining maximum possible loss that
may take place with predetermined probability on a given
time interval. This is a popular approach thanks to availability
of a set of rather simple estimation techniques. To compute
VaR it is necessary to determine the distribution quantile for
the total loss. The possibility of determining the data
distribution was considered above.

The insurance portfolio income is determined by the
formula[11]: R = P — §, where § is total loss for insurance
portfolio; p is premium that can be found as follows:
P =(1+06) E(S), where 0 is extra value for the insurance
portfoliorisk; E is a symbol for mathematical expectation. It
is evident that income is a stochastic variable far as it depends
on the random loss §. That is why we should consider
expected income: E(R)=P — E(S)=0 E(S).

60

When the size of insurance premium is known then it is
possible to determine the size of insurance company risky
capital that it can lose with given probability. This capital is
called capital-at-risk (CaR): CaR = VaR — P. Obviously
this value is of substantial importance for insurance
company because it shows what capital should the company
possess so that to avoid bankruptcy with given probability.
As far as the purpose of DM working on reinsurance
problems always tries to reduce the value of CaR and to
maximize income E(R), it will be reasonable to include into
optimization criterion the variables mentioned. They are
related to each other by another variable called return on
CaR (RoCaR):

E(R)
CaR -~

RoCaR =

RoCaR maximization provides maximization of expected
income E(R), and minimization of CaR. Thus, the RoCaR
value is suitable for its use as a criterion for searching optimal
reinsurance parameter. The reinsurance parameters can take
different values for different reinsurance forms but
comparing their RoCaR values we can find optimal
reinsurance strategy (RoCaR will take maximum value). To
perform necessary computing experiments a decision support
system was developed that is based on the models and
criteria considered.

4 EXPERIMENTS

The DSS should provide DM at insurance company for
selection of optimal reinsurance strategy for a given
insurance portfolio. The system is based on simulation ideas
that provide a possibility for searching optimal solutions
for reinsurance problems. DSS includes the following three
basic modules: loss estimation, reinsurance module, and
final results module (all implemented on the C# programming
platform). The simplified system architecture, that
corresponds to hierarchical system construction approach,
is given in Fig. 1. The DSS like this one are constructed
according to the general system analysis principle that
suppose availability of functionality completeness, taking
into consideration possible uncertainties (like incomplete
and noisy data, unknown forms of distributions, parametric
uncertainties etc), and control of all computing stages with
appropriate statistical criteria.

The loss estimation module computes total loss for an
insurance portfolio. To illustrate the DSS functionality (to
find the loss value) we used appropriate Monte Carlo
simulation technique. The key problem for simulation was
in selection of the most suitable probability distribution for
the average losses and for the frequency of insurance cases.
Decision regarding the choice of the distribution type
should be based on the preliminary results of testing
available statistical data what has been done in advance.
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Figure 1 — Architecture of decision support system

This approach helped to determine parameters for the
distributions of loss counts, N, and average loss sizes, S.
The total loss is a random value that depends on the product,
(NxS). At each iteration of the simulation algorithm was
determined the value of total annual loss. After running
definite number of iterations (usually from 2000 to 100000)
we got the distribution for total loss. For example,
distribution for auto insurance was generated with the
following parameters: the losses had logarithmic distribution

with parameters: p=8.3, and 02=2.0; counts for the
portfolio were distributed according to Poisson law with
the parameter A =200 (Fig. 2).

The reinsurance module accepts the values necessary
for analysis and search for optimal reinsurance strategy: (1)
the probability of overriding CaR value by company’s own
capital directed for the loss compensation; (2) the size of
extra value added for risk for a given portfolio; (3) load
coefficient value; (4) the limits for parameters that are
necessary for each reinsurance form: quoted, excedent loss,
and stop-loss. This module also contains information
regarding dependence of the values VaR, E(R), CaR and

RoCaR on the parameters for each reinsurance form.
5 RESULTS

Consider results of computing for the example of losses
having logarithmic distribution and portfolio counts have
Poisson distribution. Also the following extra parameters
were used: 0=0.15 is size of extra value added for risk;
p=0.05 is the probability of non-solvency. All other

necessary parameters are as follows: for the QS form:

min (q)=0.25, max(q)=1.0, 6=0.15; for the XL form:
min (a,)=200000, max (a,)=7000000, §=0.30; for the
ER form: min (L)=7.2 mil, max (L)=20.0 mil, 6=0.50.

6 DISCUSSION

The computations performed with the input data
mentioned above show that income E(R) and risk capital
are increasing exponentially with growing of coefficient a ),
that determines priority insurance sum. The exponent
reaches its flat part when a approaches the value of about
6.0 mil for the excedent form of reinsurance. Fig. 3 illustrates
dependence of the RoCaR criterion value on a. This curve
has implicit maximum where RoCaR accepts the value of
about 43% with optimum value of @ =0.54 mil. Thus, itis
easy for a decision maker to compare different alternatives
using this value.

Probability
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Figure 2 — Distribution for the total portfolio loss
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Figure 3 — RoCaR (%) plot versus a

The module of results performs comparison of different
reinsurance forms as dependent on the company’s risk capital
and expected income. The final result is the choice of optimal
reinsurance form with optimal value of respective parameter
using RoCaR as optimality criterion. It was established that
the value of risk capital CaR, acceptable for insurance
company, can be different for alternative reinsurance forms.
It means that optimal reinsurance form should be found in
each specific reinsurance case. A substantial help in the
search for the optimal strategy provides decision support
system as far as it reduces efforts of decision maker
regarding sophisticated computations, comparison of
results, including their visual representation, and selection
of the best one for specific case.

CONCLUSIONS

Thus, the problem has been solved of determining
optimal reinsurance strategy based on application of
statistical models that correspond to the structure, size and
the number of loss cases for an insurance portfolio. To solve
this task appropriate optimization problem statement was
formulated.

This is a new solution thanks to the fact that the load
coefficient was taken into consideration that depends on
the form of reinsurance and influences the premium size.
Varying the load coefficient it was established that the stop-
loss strategy results in lower quality than the others
strategies considered.

The results of computing experiments are useful for
practitioners because they help to distinguish between
alternative reinsurance strategies and to select an
appropriate one in a particular case. Practically useful
developments also refer to creating the specialized decision
support system architecture, functional layout and software,
in C#, for solving the problem of searching for the optimal
reinsurance strategy. After adjustment to the special needs
of an insurance company the system proposed could serve
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as a handy instrument for a decision maker when searching
for acceptable reinsurance form.

The future studies should be directed towards expanding
the set of statistical and probabilistic models acceptable for
the type of DSS considered. More specifically, the models
could be in the form of multivariate conditional distributions
(say copulas), Bayesian networks as well as alternative
optimization procedures. It is easy to expand the DSS
developed with new useful functions including automatic
(or semiautomatic) comparison of computed alternatives.
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ONTUMMU3BALASA HEKOTOPUX CTPATEI Ui TEPECTPAXOBAHUSI

Lenb paboThl 3aKirouaeTcs B UCCIEJOBAHUM CYLIECTBYIOIIUX [IOJXOA0B K I1€PECTPaXOBaHHIO, HAIIPABICHHOMY Ha MOJE/IMPOBAHHUE
pacrpeneneHns ¥ MUHEMH3AIHIO PUCKA CTPAXOBOTro IOPTQeIs, a TaKKe Ha (JOPMUPOBAHHE CTPATETHHU €ro ONTUMAIBHOTO IIePeCTpaxoBa-
HUS C UCIIOJIb30BAHUEM CUCTEMBI NTOJIEP>KKU PUHATUSA perteHuid. [Ipeioxer MeTos opeie/ieHus ONTUMaIbHON CTpaTeruy nepecTpa-
xoBaHUs. [ 9TOro BBIOpPAHBI CTAaTHCTUYECKUE MOJIENH, KOTOPhIE COOTBETCTBYIOT CTPYKTYpe, 00bEeMy M KOJIMYECTBY YOBITKOB CTPaxo-
Boro noptgers. [Ipu onpeneneHny ONTUMAIEHOTO BapHaHTa IEPECTPAXOBAHUs YUTEHA 3aBUCUMOCTD KO GHUIMeHTa Harpy3Ku OT BUJA
nepecrpaxoBanus. Koaduiyent Harpy3ky yaTeH Ipy pacueTe IPEeMHH, a IPH CPAaBHEHUH PA3JIMYHEIX ()OPM I1epeCTPaXOBaHUS UCHIOJIb-
30BaHbI OINHAKOBBIE 3HAYSHUS ITOr0 KO3 uIMeHTa. BEIOIHEHO YHCIEHHOE NCCIIeJOBAaHNUE 3aBUCHMOCTH ONTUMAIBHON (GOPMEI Hepe-
CTPaxXOBaHUs OT IEPEMEHHOro ko3 dUIMEeHTa Harpy3KU. YCTaHOBICHO, YTO y4eT IIePEeMEHHOro kod(dUIMeHTa Harpy3Ku IpH ONpesie-
JICHHBIX 3HAYCHUSX KaluTalla, KOTOPBIM OTOBA PUCKHYTHh CTPAaxoBasi KOMIIAHHs, BAPUAHT StOp-loss HaeT XyAllne pe3ylbTarbl, dyeM
npyrue GpopMsl nepectpaxoBaHus. Pa3paboransl apXxuTekTypa, QyHKIMOHAIBHAS CXEMa, 8 TAKXKE IPOrpaMMHOE 00ECIIeUeHHE CHCTEMBI
HOJIEPKKHU NPUHATHS PEIIeHUH JUIsl pelleHus 3aJa4y ONTHMH3aIU1 [IepecTpaxoBaHus (mporpammuas miargopma C#). IIpormoctpu-
poBaHO (DYHKIMOHMPOBAHUE CHCTEMBI HMOJJCPXKKU IPUHSITHUS PelIeHHi, KoTopas o0ecrednBaeT OU3HeC-aHAJIMTHKA KPUTEPUSIMU JUIs
PYKOBOJICTBA IIPY HNPHHSITHH PEIICHHI KacaTelbHO BBIOOpa ()OPMBI IIEPECTPAXOBAHMS CTPAXOBOTO HOPT(ENs ISl KOHKPETHBIX YCIOBHUIA.

KuroueBble ci10Ba: MOJENUPOBAaHKE B IIEPECTPAXOBAHUY, ONTHMH3AIINS IEPECTPAXOBAHMS, KOIP(UIMEHT HArpy3KH, CHCTEMa ITOA-
JIep’KKU MIPUHSATUS PEICHUi, BBIOOp CTpaTeruu nepecTpaxoBaHusl.
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ONTUMBALIA JESAKUX CTPATEI' T TEPECTPAXYBAHHSI

Mera po0oTH TOJISTaE y AOCIIHKEHHI ICHYIOUUX MiAXOXIB O IepecTpaxyBaHHs, CIIPIMOBAHOMY Ha MOJENIOBAHHS PO3IOALLY i
MiHIMI3allil0 PU3KKY CTPaXoBOro moprgens, a Takoxk (GOpMyBaHHS CTpaTerii HOro onTHMAIbHOTO MEPEecTPaxyBaHHs 3 BUKOPUCTaHHSIM
CHCTEMH IIATPUMKH IPHUHHATTS pillleHb. 3alpOIIOHOBAHO METO]] 3HAXOMXKEHHs ONTUMAIBHOI cTpaTerii nepecTpaxyBaHHs. s 1poro
BUOpPAHO CTATHCTUYHI MOZEII, 10 BiAIOBINAIOTH CTPYKTYPI, PO3MIPY Ta KUIBKOCTI 30MTKIB CTPaXxoBOro MOpPT(es, a TaKoXK I00YJ0BaHO
iMiTaniifHy MOJIeIb CYKYITHOTO CTpaxoBoro 30uTKy. [Ipy 3HaXOIKeHHI BapiaHTy ONTHMAIBLHOTO EPECTpaxyBaHHs BPAXOBAHO 3aJISKHICTh
koeilieHTa HaBaHTaXKeHHs Bin (opmu nepectpaxyBanHs. Koe(illieHT HaBaHTa)XEHHsSI BPaXOBaHO NP PO3PaxyHKy NpeMii, a Ipu Io-
PIBHSIHHI Pi3HUX (HOPM IepecTpaxyBaHHs BAKOPHCTAHO OJJHAKOBI 3HAUSHHsI LIbOTO KoedillieHTa. BUKOHAHO YnCeNbHE TOCIIPKEHHS 3aIeXK-
HOCTI ONTHMAJIbHOT ()OPMU TIepecTpaxyBaHHs Bil 3MiHHOTO Koe(illieHTa HaBaHTaKEHHs. BCTaHOBIIEHO, 10 BpaxyBaHHs 3MIiHHOTO Koed-
illieHTa HABaHT)KEHHs TP MMEBHUX 3HAYCHHSX KaIliTally, SKMM T'OTOBa PU3HKHYTH CTPaxoBa KOMIIaHif, BapiaHT stop-loss mae riprmii
pe3yibTary HiK iHII GopMu mepecTpaxyBaHHs. Po3po0ieHO apXiTeKTypy, GYHKLIOHABHY CXeMY, a TaKOXK IpOrpaMHe 3a0e3reueHHs
CHCTEMH IATPUMKH IPHAHATTS pillieHb AJIs pO3B’sI3aHHS 3a/1a4i ONTHMI3alil mepecTpaxyBanHs (mporpamHa miatdopma C#). [poimto-
CTpOBaHO (DyHKITIOHYBaHHS CHCTEMH IITPUMKHU MPUIHATTS pillleHb, siKa 3a0e3neuye Oi3Hec-aHaNITHKA KPUTEPisIMA BUOOPY TIPH TIPHH-
HSTTI pIlIEHHS CTOCOBHO BHOOpPY (hOpMH IepecTpaxyBaHHS CTPaxOBOTO IMOPTQENs Ui KOHKPETHHX YMOB.

Kao4oBi ciioBa: MonenoBaHHs y IepecTpaxyBaHHi, ONTHMI3allis epecTpaxyBaHHs, Koe(ilieHT HaBaHTaKEHHS, CHCTeMa MiITPHM-
KH TPUHHATTS pillieHb, BUOIp CTpaTeril mepecTpaxyBaHHS.
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THE INSTANCE INDIVIDUAL INFORMATIVITY EVALUATION FOR THE
SAMPLING IN NEURAL NETWORK MODEL SYNTHESIS

The problem of mathematical support development is solved to automate the sampling at
diagnostic and recognizing model building by precedents. The object of study is the process of
diagnostic and recognizing neural network model building by precedents. The subject of study
is the sampling methods for neural network model building by precedents. The purpose of the
work is to increase the speed and quality of the formation process of selected training samples
for neural network model building by precedents. The method of training sample selection is
proposed which for a given initial sample of precedents and given feature space partition
determines the weights characterizing the term and feature usefulness. It characterizes the
individual absolute and relative informativity of instances relative to the centers and the bound-
aries of feature intervals based on the weight values. This allows to automate the sample
analysis and its division into subsamples, and, as a consequence, to reduce the training data
dimensionality. This in turn reduces the time and provides an acceptable accuracy of neural
model training. The software implementing proposed indicators is developed. The experiments
to study their properties are conducted. The experimental results allow to recommend the
proposed indicators for use in practice, as well as to determine effective conditions for the
application of the proposed indicators.

Keywords: sample, instance selection, data reduction, neural network, data dimensionality

reduction.
NOMENCLATURE

§ is a proportion of the original sample in the training
subsample;

E ,is aneural network model error for the whole original
sample;

ep,. is a number of executed epochs of neural network
training;

E,_ is aneural network model error for the training sample;

F() is aneural network model structure;

S0 isauser criterion characterizing the argument quality
relatively to the problem being solved;

Kjk 1s a number of classes, which instances hit the k-th
interval of j-th feature values;

N is anumber of features characterizing original sample;

N' is a number of features in a subsample;

© Subbotin S. A, 2014
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opt is an optimal (desired or acceptable) value of the
functional f{) for the problem being solved;

S is a number of instances in the original sample;

S’ is a number of instances in a subsample;

Sjk is a number of instances in the k-th term of the j-th
feature;

¢, 1s a time of neural network model training;

wis a set of controlled (adjusted) parameters of the neural
network model;

X', is a value of j-th input feature X, characterizing the
instance x*;

¥ is an output feature value associated with the instance x*;

" is a calculated output feature value for the s-th
instance on the neural model output;

x*is s-th instance of a sample.
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INTRODUCTION

To automate the decision making in problems of technical
and medical diagnosis, as well as in pattern recognition
problems it is necessary to have a model of a decision
dependence from descriptive features, characterizing an
instance to be recognized (an observation of the object or
process condition at a certain time). As a rule, due to the
lack or inadequacy of expert knowledge in practice such
model constructed on the basis of observations or
precedents (instances).

The one of the most popular and powerful tools for model
building by precedents are artificial neural and neuro-fuzzy
networks [1] that can learn by precedents, providing their
generalization and extracting knowledge from the data.

The object of study is the process of diagnostic and
recognizing neural network model building by precedents.

The process of neural model building is typically time-
consuming and highly iterative. This is caused by that
training time and accuracy of the neural network model are
essentially dependent on the dimensionality and quality of
the used training sample. Therefore, to improve the
construction speed and quality of neural model it is
necessary to reduce the dimension of the sample, providing
the preservation of its basic properties.

The subject of study is the sampling methods for neural
network model building by precedents.

The known sampling methods [2-23] are highly iterative
and low speed, as well as characterized by the uncertainty
of quality criteria of formed subsample.

The purpose of the work is to increase the speed and
quality of the formation process of selected training samples
for neural network model building by precedents.

1 PROBLEM STATEMENT

Suppose given the original sample as a set of precedents
(instances) <x, y>, where x={x*}, x= {xj} ,X= {xfj} S X= {xfj},
=0}, s=1,2,..,85,j=1,2,..,N.

For a given sample of precedents <x, y> the problem of
neural model synthesis can be presented as the problem of
finding <F(), w>: y** = F(w, x*), AAF(), w, <x, y>) —> opt,
where the model structure F() usually specified by the user
in practice, and the set of controlled parameters wis adjusted
based on the training sample.

In turn, the problem of subsample formation from a given
sample <x, y> is to find such a set of <x', y'>: x' {x*},
y={yrex'}, §'<S, N'=N, wherein f[<x', y'>,<x,)>) — opt.

2 REVIEW OF THE LITERATURE

The sampling methods for decision-making model
building by precedents in [2, 3] are divided into prototype
selection methods and prototype construction methods.
Here, the prototype means selected subsample relative to
the original sample.

The prototype selection methods [4—15] does not
modify, but only select the most important instances from
the original sample. Depending on the strategy of solution
forming these methods are divided into incremental methods

[4, 5] (they successively add instances from the original
sample to the subsample) and decremental methods [4—8]
(they successively remove instances from the original
sample, and obtain a subsample as a result). There are also
separated such methods as noise filtering methods [6, 8, 9—
11] (they remove instances, which class labels do not equal
with most of the neighbor labels), condensation methods
[4-7, 12, 13] (this methods add instances from the original
sample to the formed subsample, if they bring a new
information, but do not add if they have the same class
labels as their neighbors), and methods based on stochastic
search [12, 14, 15] (they randomly form a subsample from
the original sample, considering a set of variants of decisions
and selecting the best of them). The common disadvantages
of these methods are the high iterativity and big search
time, as well as uncertainty in quality criteria selection of
formed subsample.

The methods of prototype construction [12, 15-23] based
on the original sample build artificial instances, allowing to
describe the original sample. Among these methods it is
possible to separate the cluster analysis based methods
[18, 19, 23] (they replace the original sample by the centers
of its clusters), the data squashing methods [17] (they
replace the original sample instances by the artificial
prototypes having weights obtained on their basis) and the
neural network methods (neural network based methods)
[16, 20-22] (they train a neural network on the original
sample, which is then used for cluster centers extraction as
instances of formed subsample). The common
disadvantages of these methods is their high iterativity and
a big operating time, and the uncertainty in the initial
parameter setting. The methods based on a cluster analysis
are characterized by disadvantages such as the uncertainty
of cluster number, initial parameters, and metric selection
for the clustering and training methods. The data squashing
methods form prototypes, which are difficult to interpret.
The neural network methods have such disadvantages as
the difficulty of prototype extraction from the neural network
model, the no guarantee of receiving of acceptable neural
network model a result of training, the neural network model
variability, entailing nonstationarity of constructed
prototypes, the orientation on a specific model, the
uncertainty in setting the initial parameters of the model
and training methods.

Additionally the combined methods are distinguished
[3]- They combine the selection and formation of prototypes.
The combined methods have the same disadvantages as
methods of prototype selection and methods of prototype
construction.

Since the prototype construction methods and the hybrid
methods related with them are slower than the prototype
selection methods, it is advisable to choose the latter as the
basis for sampling problem solving.

In order to eliminate the disadvantages of these methods,
it is advisable to form a sample without iterative busting of
instance combinations by a certain percentage of instance
selection from the original sample. This will significantly
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reduce the time. Herewith we also need to define the
indicators to evaluate the individual instance informativity
with regard to their position relatively to the interclass
boundaries and to the centers of pseudo-clusters, which.
This makes possible to generate a non-random sample, to
estimate and guarantee the high quality of selected
subsamples.

3 MATERIALS AND METHODS

Let’s break feature space into rectangular regions limiting
the range of values of each feature by its minimum and
maximum values. Then the partition projections into feature
axis allow to allocate feature intervals of for each of the
rectangular block. The intervals can be formed as cluster
projections or as a regular grid, or on the basis of class
boundaries in sample one-dimensional projections on the
feature axes [24].

Then each such interval can be considered as a term and
itis possible to evaluate its importance for decision-making
on instance belonging to the cluster with the weight of the
k-th term of j-th feature of s-th instance x* based on a
description of the corresponding interval center by the
formula (1):

W= exp(-(0.5(r — L) —x%)), 1)

as well as the weight of the A-th term of j-th feature of the s-
th instance x° relatively to the description of the intercluster
boundaries determined by the formula (2):

g = exp(-(min((ry —x*), (- L)), @)
Then the overall significance of the k-th term of j-th
feature of s-th instance x*relatively to the description of the
intercluster boundaries can be estimated using the weight
determined by the formula:
w’ ' = max we i wg® jk}'
Defining for each s-th instance the term significances,
we can also determine the term weights for the whole sample:
S jk
Wik =
SK ji.
Knowing the term significance we can define the feature
informativity evaluations by formula (3):

w; = max{ k} ©)

or by the formula (4):

z @

lkl

It is also possible to use the individual evaluation of the
feature informativity in the range [0, 1] defined by the
indicators [24].
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Based on evaluations of term and feature significance
we can determine informativity evaluations for each s-th
sample instance by the formula (5):

k;
w; Z W/kws./k
1 k=1
®)

N
Z WJZWkaaX{W Jjk}
J=1

Mz

J

L(x*)=

or by the formula (6):
2(x7) le max {W}kjkl '
i=1,2,...N IIHZaX {wik} [m;lx{ijk}]
q ok

Suggested indicators (5) and (6) provide evaluation of
individual informativity of instance x‘relatively to the initial
sample in the range [0, 1]. The greater the value of
corresponding indicator, the more valuable is an instance,
and vices versa.

If necessary, the estimates (5) and (6) can be further
normalized so that they will give not an absolute but relative
value of instance significance in the sample (7):

I(x*)—min{I(x?)}
I(x*)= F— : @
max{/(x?)} —min{I(x?)}
p p

In this case, the instance with the maximum individual
informativity will receive evaluation equal to one, and the
instance with minimal informativity will receive evaluation
equal to zero. The application of (7) can be useful when it
need to simplify the choice of the threshold for separating
the sample by the corresponding informativity indicator.

The proposed indicators of evaluation of individual
instance significance can be used in the subsample formation
from the given original sample by one of the following
methods:

1) to form a training subsample of those instances of the
original sample, the normalized values of which individual
informativity evaluations (7) are greater than some specified
threshold;

2) to form a training subsample from the not more than
§" =88 instances of the original sample with the greatest
individual informativity evaluation values;

3) to form a training subsample from the not more than
S'/K instances of each class of the original sample with the
greatest values of individual informativity evaluations;
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4) to use a stochastic search based on evolutionary or
multi-agent methods, selecting the best in a some sense
combination of instances, using information about
individual informativity of instances in the search operators
to accelerate the search and focusing it on the most promising
solutions.

The first method does not obviously determine the
number of instances that will fall into the formed sample.
The fourth method is iterative and requires the specification
and use of quality indicators, the calculation of which can
also be time consuming. Therefore, the second and third
methods are the most simple applicable in practice and
relatively simple from a computational point of view. They
are appropriate to examine together with the proposed
measures.

4 EXPERIMENTS

The computer program implementing the proposed
method, which complements the « Automated system neural
network and neuro-fuzzy model synthesis for non-
destructive diagnosis and pattern classification on featuresy»
(certificate of copyright registration Ne 35431 from 21.10.2010)
was developed to conduct experiments.

The developed software was studied in solving the
Fisher Iris classification problem [25]. The initial data sample
contains 150 samples characterized by four input features.
The output feature determines instance belonging to one of
three classes.

On the basis of the original sample the instance
informativity evaluations were obtained and subsets of
instances as a training samples were selected by the second
and third methods.

To study the second method the 25 %, 50 %, 75 % and
100 % (for the control) instances with the greatest values of
individual significance was selected from the whole original
sample and included to the training set, respectively. To
study the third method the 25 %, 50 %, 75 % and 100 % (for
the control) instances with the greatest values of individual
significance in each class was selected from the original
sample and included to the training set, respectively.

Further, for each sample a model based on a two-layer
feed-forward neural network was built. It was trained using
the Levenberg-Marquardt method [1]. The number of network
inputs was determined by Nis the number of features in the
corresponding problem. The number of neurons in the second
layer of the network corresponds to the number of classes K.
The number neurons of the hidden (first) layer was defined
as 2K. All neurons of a network were used the weighted sum
as weight (postsynaptic) function and logistic sigmoid as
transfer function. The training method parameters were set
as follows: the learning rate is 0,01, the allowable number of
iterations (epochs) of the method is 1000, the target value of
the error function is 10°°.

After neural model training process completion its final
characteristics were fixed: the training time #_and the number
of spent training iterations ep, . After training each model
was tested separately on the training and the whole original

samples, for each of which the error was determined,
respectively, £_and E_,. Here each error is the number of
instances of corresponding sample for which the estimated
value did not match the actual value of the output feature.

5 RESULTS

The fragment of the results of conducted experiments is
presented in the table 1. Here we use the following notation
for the coding method of sampling: G is a regular grid
partition, N is an irregular partition based on class boundaries
in one-dimensional sample projections on the feature axis,
Kis instance selection in each class separately, A is instance
selection in the whole sample. Calculated instance
informativity indicators are encoded as follows: the first
digit codes the / calculation method: 1 — by the formula (5),
2 —by the formula (6)); second digit codes the method of w,
calculation: 1 —by the formula (3), 2 — by the formula (4)).
For each of the experimentally obtained indicators it is also
listed a percentage of formed training sample volume relative
to the original sample volume. Markers «min», «average»
and «max» are designated, respectively, minimum, average
and maximum values.

The table 1 shows that the use of the proposed method
of instance significance determining allows in practice to
select a subsample of smaller volume from of the original
sample, enough to construct neural network models with
the required accuracy, reducing the time to build models.

Fig. 1 graphically illustrates the instance placement of
the original and formed samples in the space of the first two
features (the sepal length in cm on the abscissa axis and the
sepal width in cm on the ordinate axis are plotted). Here
markers «.», «x» and «+» denote the instances of different
classes of the initial sample, a marker «o» indicates instances
selected to the training set.

It can be seen from the fig. 1 that the proposed method
allows to select the most significant instances of the original
sample. In this case the obtained results essentially depends
on the subsample formation method, the feature space
partitioning method and the method of individual instance
informativity evaluation.

6 DISCUSSION

As it evident from the table 1, with the increasing of
examples number in the formed sample the accuracy is
increased (errors for formed training and for the original
samples reducing), the training time and the number of
training iterations are increased, and vice versa. At the same
time a significant reduction of a sample volume to the 25 %
of original leads to deterioration the training process
characteristics (the time and number of iterations increase)
and also to a decrease in accuracy. This can be explained by
the fact that instances critical to describe the class separation
can not be included to the sample of small volume.

Even a small reduction of the original sample volume in
25 % (up to 75 % of the original sample volume) yielded
acceptable accuracy and reduces training time by more than
1.7 times. Reducing the volume of the original sample by a
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Figure 1 — The example of training samples formation from the original sample for the Fischer iris classification problem in the space
of the first two features, where selected 50 % of the instances:
a—-111,G,A;b—121,G,A; ¢ - 111,G, K; d - 121, G, K; e — 11, N, K; f—I11, N, A
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Table 1 — The fragment of experimental results on model building by the formed samples

Method| 7 ly. S €D Ey. Eau
code |code| 25% | 50% | 75% [100%| 25 % | 50 % | 75 % | 100 % | 25 % | 50 % | 75 % 102]0 25% | 50% |75 % {100 %
I11 |0.094|0.218 | 0.172 | 0.655 17 51 28 123 0 0 [0.006| 0 | 0.064 | 0.024 [0.004| O
G Ik 112 | 1.888 1 0.234 | 0.343 | 0.250 | 630 49 67 33 0 0 0 0 | 0.091 | 0.044 (0.002| O
121 |0.094]0.218 | 2.371 [ 0.125 | 21 31 583 19 0 0 0 0 | 0.058 | 0.031 0 0
122 10.125|0.172 { 0.203 | 0.203 | 24 35 38 28 0 0 0 0 | 0.044 | 0.049 (0.022| O
I11 |0.094|0.546 | 2.418 | 1.076 | 16 137 594 239 0 0 0 0 | 0.073 | 0.036 {0.004| O
N Ik 112 | 0.094 | 0.250 | 0.203 | 1.591 15 55 39 325 0 10.009| 0 0 | 0.044 | 0.040 (0.013| O
121 |0.203 [ 0.374 | 0.203 [ 4.680 | 50 92 26 1001 0 0 0 0 | 0.060 | 0.018 [0.013| O
122 | 0.125]0.140 | 0.640 | 2.855 | 27 25 137 634 0 0 0 0 | 0.053 | 0.024 (0.024| O
I11 ]0.296 | 0.421 | 0.218 | 0.203 7 101 40 172 0 10.027( 0 0 | 0.444 | 0.169 (0.004| O
G la 112 | 0.109 | 0.562 | 0.312 | 0.624 9 137 75 114 0 0 0 0 | 0.229 | 0.076 [0.004| O
121 |0.218 [ 2.730 | 0.343 | 0.406 | 68 809 75 90 [0.018| O 0 0 | 0.149 | 0.044 |0.007| O
122 {0.109]0.109 | 0.515 [ 0.577 | 18 21 114 105 0 0 0 0 | 0.036 | 0.064 {0.029| O
I11 2964 |0.577 | 3.931 | 2.964 | 1001 | 151 | 1001 | 637 0 0 0 0 | 0.033 | 0.013 0 0
N |a 112 | 2.980|0.281 | 0.265 [ 2.714 | 976 70 62 595 0 0 0 0 | 0.029 | 0.033 {0.009| O
121 |0.125(0.234 | 0.187 | 1.326 | 42 52 45 274 0 0 0 0 | 0.249 | 0.009 (0.004| O
122 1 0.640 | 1.888 | 0.218 | 0.468 | 199 | 545 32 101 0 0 0 0 | 0.240 | 0.009 [0.009| O
min 0.094 | 0.109 | 0.172 | 0.125 7 21 26 19 0 0 0 0 | 0.029 [ 0.009| O 0
average 0.635 | 0.560 | 0.784 | 1.295 | 195 148 185 281 |10.001{0.002| O 0 | 0.119 | 0.043 {0.009| O
Max 2.980 | 2.730 | 3.931 | 4.680 | 1001 | 809 | 1001 | 1001 |0.018{0.027[{0.006| O | 0.444 | 0.169 |0.029| 0

half afforded the gain in speed by 2.3 times. This confirms
expediency of application of the proposed mathematical
support in the neural network model building by precedents.

A method of instance selections in which the subsample
is extracted considering the instance significance in the whole
original sample (fig. 1a, fig. 1b, fig. 1f), leads to the selection
of less informative instances in comparison with the instance
selection considering the significance of instances in each
class separately (fig. lc, fig. 1d, fig. le). This is because the
frequencies of each class instances may be different and in
the selection of instances excluding class numbers it is
possible to pass a locally important instances. Another cause
may be that the instances describing external borders of
classes, but do not important for the separation of adjacent
classes can be recognized individually as significant, if we
ignore their belonging to classes.

We should also note that the method of calculation of
individual instance informativity indicators not only
quantitatively but also qualitatively effect on the formed
sample. It has been established that the indicators I11,
defined by formulas (5) and (1), and I12, defined by formulas
(5) and (2), respectively, mostly lead to the similar results,
which differ significantly from the results for indicators 121,
defined by the formulas (6) and (1), and 122, defined by the
formulas (6) and (2), respectively. At the same time the
indicators 121 and 122 are more resistant to the instance
selection method, and the indicators 111 and 112 are the
most effective in the instance selection using the instance
importance in each class separately.

The significant influence of a feature space partitioning
method on the results of the significance evaluation and

selection of instances by the results of conducted
experiments can be explained by that the method of irregular
partitioning with allocation of class intervals on the axis of
each feature [24] allows usually get the best partition in
comparison to the regular grid partition method. However,
reducing the width of the interval, and correspondingly
increasing the number of intervals of each feature axis can
improve the latter method results. The selection of the
optimum width of the interval is a separate problem that
should be carried out taking into account the complexity
characteristics of the particular application.

The closest analogue to the proposed method for
determining the instance informativity is a set of indicators
proposed in [26]. In contrast to the proposed in this paper,
the indicators [26] characterize separately instance
properties to be informative relatively to the external and
internal borders, as well as to the class centers, which is
their advantage in the problems of the data visualization
and analysis. However, their disadvantages are low speed
due to the need to calculate distances between instances,
as well as the need and ambiguity of indicator integration to
the comprehensive measures of instance informativity.

The advantage of the indicators proposed in this paper
is that there is no need to calculate the distances between
instances, but disadvantage is the necessary to divide the
feature space. However, this disadvantage can be seen as
an advantage in the case of large samples: if we use a partition
that is simple from a computational point of view (for example,
aregular grid) and know the minimum and maximum values
of each feature than the computational cost of the proposed
indicators will be less than the using of a set [26].
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CONCLUSIONS

The urgent problem of mathematical support
development is solved to automate the sampling at
diagnostic and recognizing model building by precedents.

The method of training sample selection is firstly
proposed. It determines the weights characterizing the term
and feature usefulness for a given initial sample of
precedents and given feature space partition. It characterizes
the individual absolute and relative informativity of
instances relative to the centers and the boundaries of
feature intervals based on the weight values. This allows to
automate the sample analysis and its division into
subsamples, and, as a consequence, to reduce the training
data dimensionality. This in turn reduces the time and
provides an acceptable accuracy of neural model training.

The practical significance of obtained results is that the
software realizing the proposed indicators is developed, as
well as experiments to study their properties are conducted.
The experimental results allow to recommend the proposed
indicators for use in practice, as well as to determine effective
conditions for the application of the proposed indicators.
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Cy66otun C. A.

JI-p TexH. Hayk, podeccop, 3amopoKCKUI HAIIMOHATBHBIH TEXHUYCCKHI YHUBEPCHTET, YKpanHa

OLIEHUBAHUE UHIUBUIYAIBHOA UHO®OPMATUBHOCTHU SK3EMILISIPOB 151 ®OPMUPOBAHU S BBIBO-
POK ITPU TIOCTPOEHUU HEMPOMO/JIEJIER

Peiiena 3agada pa3paO0OTKH MaTeMaTHYeCKOTO 0OCCIICUeHNUS [Tl aBTOMATH3aIluK (POPMUPOBAHUS BHIOOPOK MPU MOCTPOCHUH JTHATHO-
CTHYECKHX U PACIO3HAIONIMX Mojelell mo mpereaeHTaM. OObEeKTOM HCCICIOBAHUS SIBISIICS MPOLECC MOCTPOCHHS TUATHOCTHICCKUX U
pacrmo3HaIKX HepOMOJIEeNeii Mo mpereaeHTaM. [IpeIMeT Hccae0BaHis COCTABISIFOT METOBI (POPMUPOBAHHUS BHIOOPOK JJIsI TOCTPOE-
HUsI HelipoMoyieneid mo mpereaeHTaM. 1{ens paboTsl — MOBBICHTH CKOPOCTH Mpoliecca HOPMHUPOBAHKS U KAYECTBO BBIICISIEMBIX 00ydaro-
[IMX BBIOOPOK JUIsl MIOCTPOCHHS Heipomoeneil mo mpenenentam. [Ipeanoker MeTon GopMUPOBaHUS OOYYAIONIMX BBIOOPOK, KOTODPBIH
JUTS 33IaHHOM UCXOMHOM BEIOOPKH MPEIICICHTOB U 33J]aHHOTO pa30MeHUsI POCTPAHCTBA MPU3HAKOB OMPEACISCT Beca, XapaKTePU3YIOIIIe
MOJIE3HOCTh TEPMOB U MPU3HAKOB, C YICTOM 3HAUCHUN KOTOPBIX MO3BOJSIET OXaPAKTEPU30BATh HHAUBHIYATIbHYIO a0CONIOTHYIO U OTHO-
CHTEITbHYI0 HH(POPMATHBHOCTD IK3EMILIIPOB OTHOCHTEIHHO IIGHTPOB M TPAHUI] HHTEPBAIOB MMPU3HAKOB, YTO MMO3BOJISICT AaBTOMATH3HPO-
BaTh aHAIN3 BBIOOPKH U €¢ pa3/ieliCHUe Ha MOIBBIOOPKH, U, KaK CIIC/ICTBHE, COKPATHUTh Pa3MEPHOCTh OOYUYAIOIIMX JaHHbBIX, YTO, B CBOIO
ouepe/ib, MO3BONISICT COKPATUTh BPeMsi U 00CCICYHTh MPHEMIIEMYI0 TOUYHOCTH O0yueHHs Hellpomonereil. Pa3zpaboTaHo mporpamMmmHOe
obecriedeHue, peaau3yroliee MPeAIoKeHHbIe TToKa3aTeu. [IpoBeeHbI SKCIIEPUMEHTHI [0 HCCIACIOBAHHIO HX CBOWCTB. Pe3ynbrarsl sKciie-
PHMEHTOB MO3BOJSIFOT PEKOMEHI0BATh MPEUIOKCHHBIC TTOKA3aTeIH s HCIONB30BaHHs Ha MPAKTUKE, a TAKXKE ONPeaeiiTh dpdexTus-
HBIC YCIIOBHsSI TPUMEHCHUSI IPEIOKCHHBIX TOKa3aTeNeH.

KawueBble ci10Ba: BEIOOpKa, OTOOP IK3EMILISPOB, PEMYKIHS TaHHBIX, HEHPOHHAS CETh, COKpAICHHE Pa3MEPHOCTH JaHHBIX.

Cy66oria C. O.

J-p TexH. Hayk, npodecop, 3anopi3bkuil HaliOHATEHUI TEXHIYHUI yHIBEpCUTET, YKpaiHa

ONIHIOBAHHA THIWBIIYAJBHOI IHGOPMATHBHOCTI EK3EMILISPIB 1JISI ®OPMYBAHHS BUBIPOK ITPH
MOBYIOBI HEMPOMO/JIEJIE

BupineHo 3aBaaHHs po3poOKH MareMaTHYHOro 3a0e3IedeHHs Ul aBToMarH3alii GopMyBaHHs BHOIPOK MpHU MOOYROBI JiarHOCTHY-
HHX 1 po3Mi3HaBaJILHUX MojiesIel 3a mpeneaeHTamu. O6’€KTOM ociipkeHHs OyB mporec moOyIoBH AiarHOCTHYHHX 1 PO3Mi3HABAIbHHUX
Heifpomozeneii 3a npeueaeHTamMu. [IpeaMeT TOCITiKEHHS CTaHOBIATh MeToqu (GopMyBaHHs BHOIPOK Ul TTOOYIOBH Hefpomorerei 3a
npereeHTaMu. MeTta po6OTH — MiABHIIMTH MIBUAKICTE mporecy GOpMyBaHHS Ta SKiCTh BUIUTIOBAHUX HaBYAIBHHX BHOIPOK aIs mO0Y-
JIOBU HeHpoMoieseld 3a mpereeHTaMu. 3aporoHOBaHO MeTo1 HOpMyBaHHs HaBYAIBHUX BHOIPOK, SIKUH JIs 3a1aHOT BUXIJHOI BHOIPKH
HPELEACHTIB 1 331aHOr0 PO30HTTS MPOCTOPY O3HAK BH3HAYAE Bard, IO XapaKTEPU3YIOTh KOPHCHICTh TEPMIB i O3HAK, 3 ypaxyBaHHIM
3HAYCHb SIKHX JTO3BOJISIE OXapaKTEePU3yBaTH iHAMBINyalbHY aOCOMIOTHY i BITHOCHY iH(OPMATHBHICTD MPUMIPHHUKIB IIOIO0 LEHTPIB 1 MEXK
IHTEpBaJIiB 03HAK, IO J03BOJSIE aBTOMATH3yBaTH aHANi3 BUOIPKH i il mMoIin Ha MiBUOIPKH, i, IK HACHIIOK, CKODOTUTH PO3MIpPHICTH
HaBYAIBHUX JAHUX, 1110, y CBOIO Yepry, H03BOJISIE CKOPOTUTH Yac i 3a0e3[eYnTH IPUHHATHY TOYHICTh HaBYaHHS Helfipomozeneii. Po3po6-
JICHO MpOrpaMHe 3a0e3MeyYeHHs, 10 pealti3ye 3apornoHoBaHi Moka3HuKH. [IpoBe/ieHi eKCIIEPUMEHTH 3 IOCIIKEHHS IXHIX BIaCTHBOCTEH.
Pe3ynbTaTi eKCIepUMEHTIB 103BOJISIOTh PEKOMEH/IYBaTH 3aliPOIIOHOBaH] MOKA3HUKH [UIsi BAKOPHCTAHHS Ha NPAKTHUL, a TAKOXK BU3HAYA-
TH ¢)eKTHBHI YMOBH 3aCTOCYBaHHS 3alPOIMOHOBAHHX MOKA3HHUKIB.

KarouoBi ciioBa: Bubipka, BinOip eK3eMIUIAPIB, PEAyKLis TaHUX, HEWPOHHA Mepexka, CKOPOUCHHS PO3MIPHOCTI TaHUX.
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PARALLEL IMMUNE ALGORITHM OF SHORT-TERM FORECASTING
BASED ON MODEL OF CLONAL SELECTION

The paper studies ways of parallelization of hybrid immune algorithm of short-term fore-
casting of time series built on the basis of clonal selection model that uses case-based reasoning
and the simplest methods of forecasting. There has been analysis performed of two variants of
parallelization having different procedure of messaging between the computational nodes. To
implement proposed algorithm used MPLNET technology for messaging systems. To opti-
mize individual computational nodes operations, TPL library for shared memory systems is
used. The work presents results of experimental investigations demonstrating efficiency of the

proposed approach.

Keywords: forecasting, time series, artificial immune systems, clonal selection model,

antibody, antigen, affinity, cloning, mutation.

NOMENCLATURE

AIS is an artificial immune systems;

CBR is a case based reasoning;

MPI is a message passing interface;

TPL is a task parallel library;

N is anumber of known values of forecasting time series;

N,y is a number of forecasting methods, which are used
in current model;

N, is a number of iterations during learning of AIS;

k is a length of forecasting horizon;

S is a number of external factors;

L is a length of antibody part which takes part on the
affinity determine;

Ab is a population of antibodies;

AbC isa population of clones;
AbM is a population of memory cell;
Ag is a population of antigens;
7 1s a number of antibodies in 45 ;
n,, is a size of population of memory cell;
n' is anumber of cells selected for cloning and mutation;
1. is a number of clones made by one antibody;
D 4p— 44 is a matrix of 4b-Ag affinity;
D 4p_ 4p 1s a matrix of Ab-Ab affinity;
64 1s a threshold coefficient of cell stimulation;
G is a threshold coefficient of compression;
O age is a threshold age of antibodies;
N, 1s a number of computational nodes;
T is a duration of communication operations;
Vag is amount of data to transmit one antigen;
V,p 1s amount of data to transmit one antibody;
o is a latency of a data network (Hockney model
parameter);
B is a bandwidth of a data network (Hockney model
parameter).
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INTRODUCTION

Time series forecasting allows to solve a problem of
determination of the future condition of different systems
on the basis of analysis of already available historical data.
The task of the short-term forecasting is essential to
technical and economic systems since the estimation of the
future values of a series is used for efficient decision making.
Despite the fact that the development of hardware and
software provides with more powerful computing platforms
due to which it is possible to implement complex algorithms
of forecasting, the tasks of economic and technical
management makes more severe requirements to the
accuracy of forecasting [1]. Taking into account of external
factors represented in the form of the related time series
allows to improve the accuracy of forecasting significantly.
However, a prior list of factors potentially influencing the
predicted value is often redundant. That is why a problem
of external factors choosing taken into the consideration
during the forecasting continues to be relevant [6].

One actively develops approaches to the forecasting of
time series on the basis of artificial intelligence techniques
such as artificial neural networks and AIS [3] that can be
integrated with various approaches and are notable for easy
parallelization and abilities to adapt. There are different
models based on the principles of immune system: model of
clonal selection, model of immune network etc., that can be
used to solve forecasting problems [2, 4—6]. These models
can use different forecasting techniques that allows to timely
take into consideration changes in the basic structure of
time series and to compensate for shortcomings of one
approaches by means of advantages of the others [2].
Simplicity of the converting to parallel is one of the immune
algorithm advantages.

At the present time companies have accumulated a
considerable volume of historical data that leads to the
significant growth of volumes of input information for
forecasting problem. Thus, in case of growing volume of
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input data there is a necessity to solve tasks of short-term
forecasting under the conditions of limited computational
resources and time limit. This is why a relevant way to solve
this problem is a parallel programming for multi-core and
multiple-processor cluster systems. However, while writing
parallel programs algorithms of solving even the simplest
problems ceases to be trivial [7].

The object of the research is developing a parallel immune
algorithm of short-term forecasting of time series based on
the clonal selection model and investigation of its efficiency.

1 PROBLEM STATEMENT

One set time series Z(f) = zy,25,...,zy lengths N and §
external factors represented in the form of time series
X,(),X5(t),..., X5 (1), the values of which are obtained in
the time points as follows #,t,,...¢y. It is required to
determine  future values of the series
Z(t)=2zN41,ZN42>->ZN1k» Where k is a length of
forecasting horizon.

Application of approaches based on different models of
AIS allows to achieve good results in solving the problem of
short-term forecasting [2, 4-6], but their using characterized by
a high computational complexity. One of the ways of efficient
organization of computational process may be to use of
distributed computing on the multiprocessing systems, for
example, using MPI technologies. It is required to perform
algorithm decomposition and to propose ways of distribution
of problems among processors, thereafter to compare the
efficiency of the methods proposed by means of evaluation of
communication complexity according to Hockney’s model [ 7].

The greatest influence on timing characteristics of
immune algorithm has the size of population of antibodies.
Itis required to determine dependence of AIS learning time
on the number of antibodies, thereafter to conduct similar
experiments for multiprocessor and multi-core architecture.

2 REVIEW OF THE LITERATURE

Proposed in [5] immune algorithm based on the immune
network model that uses CBR is successfully applied to
solve problems of short-term forecasting, but it demonstrates
apoor result for short-memory time series that is defined by
the peculiarities of CBR. Partially this problem is solved by
the approach [2], based on the application of clonal selection
model using heterogeneous antibodies built on the basis of
CBR and the simplest forecasting techniques. This approach
uses a segmentation of time series and selection for each
segment the most efficient forecasting technique. This
allows achieving the higher efficiency rather than the
application of every predictor individually of the given set
for forecasting of the entire basic series. The further
development of this approach [6] allows not only to make a
selection of the actual external factors, but also it
successfully works with the distorted time series, however,
this requires a significant increase in the number of
antibodies in the population.

Time series forecasting using proposed in [6] immune
algorithm is a computationally capacious procedure since,
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at first, it is required to train a system on a large training set.
To solve this problem it is reasonable to use tools for
organization of the distributed computing [7], such as MPI
library, and TPL [8]. TPL allows significantly facilitating a
writing of a maintainable code that automatically uses the
advantages of multi-core systems without changing the
application design [8]. This technology will be efficient, if
the algorithm includes many cycles that use shared arrays
of data.

In the paper presented here the approach proposed in
[6] obtained further development using the technologies of
parallel programming for multi-core and multiple-processor
cluster systems.

3 MATERIALS AND METHODS

In this study the model of clonal selection [2, 4, 6] was
chosen for parallelization. This model is based on searching
of antibodies (decision options), which most fully conform
to an antigen (original problem), basing on the knowledge
of the affinity (proximity measure between antibody and
antigen).

It is possible to present the formal way of AIS model to
forecast problem solving [2, 6] in following manner:

AIS CS= <Ab,n‘,nc,AbC,AbM,Ag,DAb_Ag,Gd,DAb_Ab,GS,cHgg> (D

Antibody acts like precedent and consists of two parts.
The structure of the first part is similar to one of antigen
(but it includes sample of one outside factor only), and it
represents a set of parameters, describing the problem
statement (in our case that are samples of series with known
values, including missing values), and it is used to define
affinity value. The second part, the length of which is equal
to the forecast horizon does not affect to the calculated
value of affinity of the antibody and describes the proposed
prediction for that sample values of the time series, which is
the first part of antibody.

Antigen is combination of values of forecasting time
series and attendant series going ahead directly before
forecasting values. In that case, forecast problem comes
down to a problem of antibody search with the max affinity
value, thus, it is search of sample which matches the most
to values at the last part of the time series.

In order touse advantages of the way presented at [6], it
is required usage of the big size population of antibodies.
Overall number of antibodies included in population without
missing values of predicted time series can be defined by
following way:

L

‘max

n= 3 ((N-(L;+k)+1)N,S). @
i:l‘min
Using of different possible values of antibody length
allows to configure the AIS to forecasting time series [5].
This work represents two methods of immune algorithm
parallelization based on island model of the genetic algorithm
[9]. Using data parallelism in the task consists in uniform
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(except for the control node) distribution of antibodies
population among computational nodes and follow-up
independently of evolutionary process by every
computation node. It helps to use sizeable population of
antibodies when using serial version of immune algorithm
will exact intolerably much of work time.

General concept for these two parallel realizations of the
immune algorithm is using of control process (rank of which
is equal 0), which distributes the starting data and forms
result after end of work of NV .;, computational nodes (with
rank more than 0). Control node doesn’t have part of
antibodies population for cultivation. Size of population on
the computational nodes is defined as

n_. 3)

n = 1

N,

cn

First way of parallelization of the immune algorithm is:
1. Each of the computational nodes generates the

unique antibodies populations which have size ;.

2. The control node delivers the antigen to
computational nodes.

3. Each of the computational nodes selects the
antibodies with the most affinity and sends to control node
the clone subpopulation which have sizen_n'.

4. The control node compares the variants of forecast,
selects the antibody with the biggest affinity value and forms
the result on this iteration.

5. Ifthere is areal value of predicted value, the control
node compares the forecast variants of selected antibodies
and real value, performs mutation of antibodies of clone
population and corrects the coefficients which determine
the influence of antibodies type and external factors on the
antibodies affinity [6].

6. The control node resolves about inculcation or
deletion of clones and being formed the memory cell
population 45M for each node.

7. Thememory cell population and changed parameters
for calculating of the affinity are sent to the initial
computational nodes.

8 Steps 2—7 are repeated for each antigen from the
training set to achieve one of the stop criteria — carrying out
a predetermined number of antibodies generations or
reducing forecast error up to the user-specified value.

After the end of the training phase the order of
interaction between nodes remains the same. This method
of parallelization ensures the saving of unique populations
of antibodies on each computational node, having shared
between nodes only operations affinity determination and
selection of antibodies.

To estimate the time of data transmission between
compute nodes, the model proposed by Hockney is used
[7]. The volume of data transferred on different iterations of
the algorithm may vary significantly. After forming of the
population at each iteration control node sends one antigen
to each computational node, receives from a population of
clones, and returns back to a population of memory cells,

whose size is n,,, € [0, ncn'] . The volume of control data can
be ignored. Then the duration of communication operations
in the learning process of AIS for the first version of the
parallel algorithm can be expressed as

V.o +V pn.n'+V pn
7=(N,, -1 Ng(ow ag ~ "abTc” ' ab ’”] )

p

Advantages of this approach are:

— unique antibodies in different populations at
computational nodes, each node has an independent
population of memory cells;

— supervision of algorithm parameters for each node at
each iteration.

However, control of process in populations on
computational nodes leads to considerable network load,
since it occurs a transfer of large amounts of data on each
iteration of the algorithm. In order to reduce the
communication operations in the second version of the
parallel immune algorithm is proposed distribution of the
learning process of AIS and population control for individual
computational nodes, without the exchange of intermediate
results to the control node:

1. On each computational node it forms a unique
population of antibodies which size is n;.

2. The control node carry out the delivering of training
set (antigen set and actual values of forecasting value) to
all computational nodes. Every computational node performs
step 3—7.

3. Selection and cloning of antibody with the highest
affinity for the antigen.

4. Mutation of antibody clones from the population size
n'

5. Correction of coefficients that determine the impact of
realized in the antibody forecasting method and represented
the external factor on antibody affinity.

6. Introducing or removing clones from the population
regardless of the population of antibodies on other
computational nodes.

ne

7. Generates a population of memory cells AbM.

8. Steps 3—7 are repeated for each antigen from the
training set to achieve one of the stop criteria.

After completion of the training phase the interaction
between the control and the computational nodes is similar
to steps 2—7 of the first variant of the algorithm.
Computational nodes, having completed the work, send the
best result to control node that determines the best
individual from the sent options and generates the result of
immune algorithm and adjusts the selection parameters on
the computational nodes.

The main advantage of this approach is low network
load in the learning process — the transfer of data is limited
by the teaching selection, consisting of m antigen:

T=(N,, —1)(a+ mg“g} 5)
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The disadvantage of this approach is the possible
occurrence of the same antibodies in populations on different
computational nodes during the learning process of AIS.
Using of suppression will require additional data exchanges
between nodes. In addition, there is an irregular loading of
nodes at the end of the learning phase: when the best affinity
isachieved on one process, there is a standing time, waiting
the completion of the rest.

Since the proposed ways of parallelization of the immune
algorithm differ mainly in the amount of information
exchanges in the learning process of AIS, and further
exchange of data is the same, then for the comparison of the
approaches is sufficient to determine the duration of data
transfer operations. Comparison of the obtained expressions
4-5 shows that the second developed method of parallel
computation has considerably lower communication
overheads and allows a better scalability as the number of
processors increased. Therefore, further studies are carried
out with the use of a second approach of the parallelization
of the immune algorithm.

4 EXPERIMENTS

To check the efficiency of the parallel algorithm one
chose a series of daily values of temperature (over 20000
values) that allows to create an extended training set. For
computational experiment in this paper was used cluster,
built on the basis of Microsoft Windows Compute Cluster
Server 2003 (MS CCS) which supports the MPLNET library.
MPLNET is an implementation of the MPI library for the
platform .NET. This system provides safe and scalable
management of the cluster resources, task scheduling, and
presents a message passing interface for distributed
programming [7]. Before the analysis the parallel version of
the immune algorithm is required to determine the maximum
size of the population of antibodies, for which it is advisable
to use considered in [6], the immune algorithm. Obtained by
computational experiment population size is then used in
the determination of acceleration for a parallel version of
the algorithm.

During the computational experiment was carried out
sequential start of parallel algorithm with the same stopping
criterion and maximum (for the serial version) population
size for different (1-20) number of available computational
nodes in the cluster.

For the analysis of efficiency of code optimization for
multi-core architecture (used 2-core processor model Intel
Pentium D, 3000 MHz) has been made a series of launches
of the sequential version of the program adapted to using
technology TPL, with different size populations of
antibodies.

5 RESULTS

The tab. 1 shows the time of execution of one iteration of
the algorithm during the AIS learning depending on the size
of the antibodies population.

Fig. 1 illustrates dependence of training time of time series
forecasting module on the involved number of processors
showing the acceleration close to linear one. When
decreasing a number of antibodies in the populations on
particular computational nodes a superlinear acceleration is
potentially possible.

In the immune algorithm of time series forecasting there
are cycles (in particular, determination of affine properties
in the populations antibodies and clones) for which a parallel
processing is possible, in particular, affinity of every
antibody in the population calculates without regard for
another ones. As a result of the immune algorithm
application adjusted for use of TPL technology an average
acceleration has reached 7,5 % (tab. 2).

Fig. 2 illustrates a difference between times of training of
the algorithm versions sequential and adjusted for TPL for
Intel Pentium D, 3000 MHz dual core processor.

6 DISCUSSION

The results quoted in [6] of the short-term forecasting of
time series represented in M3-Competition [10], and distorted
series of daily average temperature confirm the effectiveness
of the proposed immune algorithm for the short-term

Table 1 — The dependence of the execution time of the algorithm on the number of antibodies in the population for the serial immune
algorithm (Intel Pentium D, 3000 MHz)

Number of antibodies, 10 20 40 80

100 120 140 160 200

Time, sec 3.11 6.63 14.43

18.19 23.82 27.61 32.97 44.85

Execution time, s

z a a 5 & 7 ] s 10
Number of computational nodes

11 12 k] 14 15 16 17 15 1a 20

Figure 1 — Dependence of learning time on the number of processors
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Table 2 — Acceleration in case of use of TPL on the dual core processor, with various numbers of antibodies in the population

Number of antibodies, 10> 6 7 8

9 10 11 12 13 14 15

Speedup, % 3.94 4.48 6.0 4.61 1482 | 949 | 11.85 | 7.06 7.04 4.72

=

z

=

E

Exemution time, 5

=

_

L 41

e

e

=3 =] T 2 a oul 11 ps

11 14 1= 1a 17 1z 13 an

Population sime, 1000

Figure 2 — Dependence of immune algorithm training time on a size of population

forecasting of the distorted time series. However, the growth
of a number of missing values requires an increase in the
learning sample and the size of antibodies, which leads to
the growth of population and requires the use of parallel
realization of the immune algorithm, which provides the
acceleration close to linear one.

Low efficiency of application of TPL is explained by the
fact that in the reviewed modules of the immune algorithm
the variables of the most cycles are interdependent that
leads to the complication of optimization of the managed
code for multi-core processors. Furthermore, in order to get
speed gain of parallel program it is necessary that the working
time of parallel processes in the areas of code parallelization
would exceeds significantly the working hours of generation
of parallel flows.

CONCLUSIONS

The paper studied two ways of parallelization of the
immune algorithm on the basis of the proposed in [6] hybrid
algorithm of short-term time series forecasting. One used a
principle of data paralleling on the basis of an island model
of genetic algorithm. Were analyzed the considered methods
of parallelization on the basis of consideration of
communication complexity.

The feature of the first method of parallelization is ability
to control the evolution of AIS on computation nodes by
the control node, but this leads to a significant
communication load. The peculiarity of the second way of
parallelization is a minimization of communication overheads
within a cluster by means of organization of independent
evolutionary process on individual computational nodes
during AIS learning. After the processing of training set an
interaction between computational nodes and control node
takes place only after every integration of algorithm that

does not allow in future to use the advantages of a parallel
version due to high communication overheads. Since the
training time of the system significantly exceeds the receipt
time of one forecast, this disadvantage can be neglected.

To implement data exchange between the computational
nodes was used MPI.NET technology, to accelerate
calculations within the populations of individual nodes was
used optimization of managed code for multi-core processor
using TPL. Using of the distributed computing allows for
acceleration close to linear one, while the code optimization
for multi-core architecture allows to obtain the acceleration
only about 7 %.

Proposed parallel realizations of the immune algorithms
have a high speed of computation of forecasting values
and an accuracy of forecasting of different time series
comparable with other models.
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YHUBEPCUTET PaAMO3ICKTPOHUKH, YKpauHa

2Acnpant, XapbKOBCKHIl HAI[MOHAJBHEIN YHUBEPCUTET PaIMOICKTPOHUKH, YKpanHa

MAPAJLJIEJIbHBIA UMMYHHBINA AJITOPUTM KPATKOCPOYHOI'O MPOTHO3UPOBAHUSI HA OCHOBE
MOJEJIN KJIOHAJIBHOT'O OTBOPA

PaccMoTpensl criocoObl pacnapanieauBaHus THOPUIHOTO UMMYHHOTO QJITOPUTMa KPAaTKOCPOYHOTO MPOTHO3UPOBAHUSI BPEMEHHBIX
PAI0B, IOCTPOSHHOT'O Ha OCHOBE MOJENHN KIOHAIBHOTO 0TOOpA, UCIOJIB3YIOIIEeH BBIBOJI MO MPELEACHTAaM U MPOCTSHIIINE METObI IIPOTHO-
3upoBanus. [IpoBeneH aHamu3 IByX cOCO0OB pacmapasuieNMBaHusl, OTINYAIONIMXCS TTOPSAKOM OOMEHa COOOLICHUSIMU MEX/Y BBIYHCIIH-
TeNBbHBIMU y37IaMH. J[Jf peanu3anuy mpeiokKEeHHOTo anropurMa ucnonssyercs TexHonorus MPLNET mns cuctem ¢ mepemadei cood-
uieHui. J{ns ontumuzauu paboThl OTIEIBHBIX BHIYHCINTEIBHBIX Y3JI0B UCIONb30BaHa Oubianorexa TPL s cucrem ¢ oOuiell maMsThio.
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KNOWLEDGE-ORIENTED TECHNOLOGIES
IN HIGHLY AUTOMATED PRODUCTION

The expansion of Zadeh-Mamdani method in problems of fuzzy inference on knowledge is
considered. A modified method of fuzzy inference is proposed and justified. The proposed
method is based on interpretation of components of fuzzy Petri nets as production rules and
solving of logical equations in the state space of membership functions of the model, followed
by their defuzzification.

The process of perceptron learning as procedure of adjusting the weights and shifts to
decrease the difference between target and real signals on its output, using a definite tuning
(learning) rule is defined. Modified methods of gradient procedures based on the method of
back-propagation for multilayer neural networks are developed.

Application of the proposed approaches based on advanced hybrid models with solving
the problems of fuzzy inference and operative informed decision making allowed to reduce the
time to identify, locate and eliminate the causes of failure on the set of alternatives, which is
confirmed by experiment.

The method appears to be universal in decision-making problems and allows to increase the
adequacy of hybrid model and the accuracy of decisions.

Keywords: Zadeh-Mamdani, modification, knowledge, rules, inference, Petri net, dichoto-

my, defuzzification.

NOMENCLATURE

v denotes the union of hybrid model components;

v denotes the maximum of fuzzy parameters;

A denotes the minimum of fuzzy parameters;

* denotes the operation of element-wise vectors
multiplication;

ANN stands for Artificial Neural Network;

FKB stands for Fuzzy Knowledge Base;

HM stands for Hybrid Model;

PN stands for Petri Net;

PR stands for Production Rule;

a”
for the element from the g-th sample;

F is a fuzzy incidence function F : (PxT)U(T x P);

L, are predicates corresponding to space decisions;

is the k-th element of output vector in M-th layer

L, are predicates corresponding to logical decisions;

L' is a subset of production rules;

M is a vector of fuzzy initial marking of fuzzy positions
ofa PN;

{M 0} is a set of production rules;

P is a finite set of positions in PN;
r is number of layer in ANN;

5(4NN) is an ANN-based model;

(k) is a fuzzy state space;

S$M is a number of neurons in the layer;
T isa finite set of transitions in PN

{a,} is a set of perceptron outputs;

© Kucherenko Ye. I., Trokhimchuk S. N., Driuk O. D., 2014

DOI 10.15588/1607-3274-2014-2-12

{t. j} is a set of discrete time characteristics referred to
transitions, positions and components of incidence
functions, whereie [, jeJ.

INTRODUCTION

It is known that construction of PN and their
representation by FKB rules is less time consuming process
than usual approaches in computer-aided design. Note that
Zadeh-Mamdani approaches are more functional compared
to Takagi-Sugeno-Kang method, resolution method and
others. This fact has determined the direction of research.

The aim of the research is to develop a HM based on
integration of PN and PR on knowledge in problems of fuzzy
inference. The work is actual and important for the purpose
of making decisions about the state of technological object
under uncertainty. This is especially important for automated
approach to design the FKB, where an algorithm of object
functioning causes problems in its knowledge-based
interpretation.

1 PROBLEM STATEMENT

Suppose a hybrid model S Q) mym [1] which operates on
the object under parametric and structural uncertainty.

Some part of the data is implemented in the form of fuzzy
productionrules {if / then, }, o. € A, which produce the FKB.

In problems where the linear approximation is not enough,
linear models do not work well, so it is necessary to consider
the application of ANN in problems of reproducing the
complex dependencies, classification and identification of
objects.
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For solving the applied problems in the work it is
necessary:

— to propose and justify a new hybrid model based on
the integration of PN, knowledge-based PR and ANN, as a
means of selection of alternatives on the set of PN positions
in problems of fuzzy inference;

— to solve the problem of ANN learning using methods
based on gradient procedures;

— to propose and justify a modified method of fuzzy
inference, based on interpretation of the components of
fuzzy PN by production rules, solving the logical equations
in a state space of membership functions and classifying
the rules followed by defuzzification;

— to confirm the effectiveness of the approach by
experiment;

— determine the prospects for further research.

2 REVIEW OF THE LITERATURE

Currently, there are many solutions for a wide class of
problems, methods and models of intelligent control of
production systems [2—4]. The main tools to implement the
approaches are extensions of Petri nets [5] and knowledge-
oriented methods and models based on fuzzy logic [5, 6],
which help to decrease the degree of uncertainty of the
solutions. ANN [7, 8] as an approach for modeling processes
of different complexity is a universal tool of modeling,
classification and pattern recognition.

The advantages of using the extended Petri nets for
systems modeling are following:

— concurrency of processes representation;

—modeling of the dynamics of processes in the space of
parameters state;

— convenient representation of determinism properties,
probabilistic and fuzzy processes.

The main disadvantages of this approach are difficulty
of continuous processes representation and existence of
conflicts. This requires additional research.

Knowledge-oriented methods based on frame models,
production rules, knowledge based on ontological spaces
processing have an important advantage — that is, reducing
uncertainty degree of processes and objects, as well as
possibility of production rules reduction. This increases
the performance in problems of inference. The disadvantage
is the complexity of knowledge acquisition, tuning of
membership functions of fuzzy processes and their
interpretation.

The advantage of ANN is their focus on a wide class of
problems of data mining in decision-making systems. The
disadvantage is the complexity of training the ANN and
interpretation of modeling results, determined by the
nonlinear nature of the network structure.

In this paper, to implement the knowledge-oriented
technologies, it is proposed to use new approaches for
expansion and integration of hybrid models [1, 5], which
have the advantages of partial models along with significant
reduction of their disadvantages.
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3 MATERIALS AND METHODS
Given PN in the form [1]:

s(k) :<P,T,F,MO,Ln,Lka{Ti,j}>’ ®

Components of model §(%) (1) are defined in a fuzzy

state space s u(k) >[0,1]. Then HM can be
represented as

SO e =SB ULt 1theny}, o€ A, ©))

where {if / then, }, o € Aisaset of fuzzy PR, o € A isaset

of indexes of PR, U is a character that defines the union of
HM components, expanded functionally for procedures of
Zadeh-Mamdani fuzzy inference [9]:

Y'=vx'Ap(s ) g - ©)

Statement 1. 183{p;} = P, M < {M,}, M,, >0‘{pj} +Q

for any subset of rules L', then fuzzy inference can be
implementedon L'.

The correctness of the statement is obvious, given that
the implementation of therules on L' reduces the cardinality

of the set of rules |{M 0}|, and this increases the speed of

inference on rules.

Adequacy of fuzzy inference procedures (3) on model
(2) is fully defined by interpretation (1). Indeed, let’s consider
a computational algorithm fragment

AL M, )

for which, using the interpretation rules (1), we obtain (fig. 1).
Then, using the reflection shown in fig. 1, we construct
arule from (2):

if x is W(x) = «small» then y is u(y) — «average» (5)

with terms of the linguistic variables:

p(x)=exp (—k1x2 ) is «small», 6)

H(y) = exp(—k2 (x - B)z) is «average». @)

- P2
Pexizion 2
Figure 1 — Reflection of computational algorithm fragment

A—V s m



p-ISSN 1607-3274. Panioenektponika, inpopmaruka, ynpasiinas. 2014, Ne 2
e-ISSN 2313-688X. Radio Electronics, Computer Science, Control. 2014. Ne 2

In the paper the problem oflearning and tuning the parameters
of membership functions 4, k,, B (6), (7) is also solved. For this
purpose, we used the method of dichotomy [10].

Using fuzzy Mamdani relation [9]:

p(x, y) = min (u(x), W(»)), ®

we construct a matrix of relations, set the vector x' and find
solution (5) based on (3) with further defuzzification based
on mass center method. The adequacy of reflection of
algorithm (4) is defined by setting in rule (5):

X —> position py, y — position p,,

that is reflection of input 4 and output M respectively of the
algorithm (4). Similarly we can show the adequacy of
reflection for other algorithm fragments, confirmed by
experiment.

Further development of modeling processes, including
continuous ones, makes it necessary to use alternative
procedures to extend the models (2).

Artificial neural networks (ANN) [11] are extremely
powerful modeling tools, which allow to reproduce very
complex dependencies. In particular, neural networks are
nonlinear by their nature. For many years linear modeling
was the main modeling method in most areas, as it had well-
designed optimization procedures. However, in problems
where the linear approximation is not enough, linear models
do not work well.

An important approach for further ANN models
representation is perceptron [8], which is the most studied.
Neuron used in the perceptron model has a step activation
function hardlim with strict limitations (fig. 2).

Each element of the perceptron input vector is weighed
with appropriate weight wj;, and their sum is the input of
the activation function. Perceptron neuron returns 1, if
activation function input # > 0, or 0, if n > 0.

Activation function with strict limitations allows the
perceptron to classify input vectors, dividing the space of
the inputs into 2 areas, as it is shown in fig. 3 for the
perceptron with two inputs and shift.

Input space is divided into two areas by separating line
L , which in two-dimensional case is defined by the following
equation:

pr+b=O. ©

Sk
= hﬂtlim{lfp +b)
Figure 2 — Perceptron model

LWp+b>0
a=1
«— Wp+b=0
a=1

1 A
e «— Wp+b<0
a=0

w,=-Lw,=5b=1

Figure 3 — Input vectors classification

This line is perpendicular to weight vector w and is
shifted by b. Input vectors above the line L correspond to
the positive potential of the neuron and, therefore,
perceptron output for these vectors is equal to 1; vectors
below the line correspond to perceptron output equal to 0.

When changing the values of shift and weights, border
ofline changes its position. Perceptron without shift always
forms the separating line passing through the coordinate
origin; adding the shift forms the line which doesn’t pass
through the coordinate origin, as it is shown in fig. 3. Ifthe
dimension of the input vector is greater than 2, separating
border appears to be a hyperplane.

Perceptron consists of a single layer including 5 neurons,
asitis shown in fig. 4; weights wj; are transfer coefficients

from ;” output to i

equation is as follows:
a=f(Wp+Db). (10)

Set of perceptron outputs (fig. 4) {a,},veH is the object

neuron. Single-layer perceptron

of learning, and this appears to be a non-trivial task.
Suppose that model (2) is defined. It is focused on the

discrete processes p(P). The requirement of the processing of

strongly nonlinear continuous processes made it necessary to

create a model Sék).

Figure 4 — Perceptron structure
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Statement 2. If we are given the model (2), its extension
(ANN)

j
the modeling and reliable decision-making area.
Correctness of statement 2 is obvious, if we consider

the functional possibilities of ANN.

by assuming 3p; € P p;: M # (& allows to expand

Then model Sék) can be represented in the following
form:

st = 5(0) | g(4NN),

Statement 3. Given a model (10), the set of alternatives
for any position

(ANN)

pjeP|ij #*

Z (11)

determines the development of processes (D) in the set of
output transitions

pjeipiy|3y eltj(out)}, t; > D (12)
ofthe PN (1).
Ifthe network (10) holds (11) and (12), then the problem
(ANN)

of learning the network §

4 EXPERIMENTS

occurs.

Define the process of perceptron learning as procedure
of adjusting the weights and shifts to decrease the difference
between target and real signals on its output, using a definite
tuning (learning) rule. Training procedures are divided into
two classes: supervised learning and unsupervised
learning.

Once the initial weights and shifts of the neurons are set
by user or using random number generator, the network is
ready to start its training procedure [5]. The most important
learning methods can be considered the methods based on
gradient learning procedures. Neural networks designed to
solve practical problems can contain up to several thousands
ofadjustable parameters, so calculation of the gradient may
require a rather high cost of computing resources. Given
the specificity of multilayer neural networks, there are
developed special methods of calculating the gradient,
among which we should highlight the back-propagation
method.

The term «back-propagation» refers to the process with
which derivatives of the error functional by network
parameters can be calculated. This process can be used in
combination with different optimization strategies. There
are also a lot of variations of back-propagation algorithm.

Consider the expression for the gradient of quality
criterion by weighting coefficients for the output layer M
of the network:

a___9 lig(zq aqSMT - %SM(tq aqM)aaZM

= rls k% =- k9 ;

owy' owy' 2400 a=1k=1 © Sowy
i=1,...,8M, j=o0,.,s"7" (13)
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Functioning rule of layer M is as follows:

M-1

S

M M-1

aZ :fM£ Z W%al‘]( )J, mzl,...,SM. (14)
=0

From the equation (13) we receive:

0, k#i

oa™ | f '(nf’M)af-(M_l), k=i,

owy' |z, 847, (15
j=0,...,sY

Substituting (15) into (13) we obtain:

63}#: _é(tiq _algM)fk, (nlqM )alf](M—l) |

If we denote
M M M\ M\ .
AP = (1 = af™ ) fig (), 1=1,008M L 16)
we receive:
oJ

ﬁ:_

ZA?Ma?(M_I); i=1..,s", =1, sM (17)
le |

After calculating the weights Wi]]\-/l of layer M —1, we

receive the following general formula:

& :—%A?(’*Da‘f.(’*l), r=1,...,M,
7 J
i=1,..,8", j=0,...,8"", (18)

where

Sr+1
Al :{ > AZ(””)wzﬁ]f;(n?’), r=l. M-,
k=1

(19)
AP = (ef =a™ ) fig (™), i =18
Fig. 5 shows a diagram of calculations [ 12] corresponding
to the expression (19).
In this diagram symbol ** denotes multiplication of

vectors A and aT.
5 RESULTS

In our research the system of statements justifying the
extension of hybrid models in the form of integration of PN,
fuzzy PR and ANN is formulated. The development of such
models has allowed to implement the effective management
of intellectual processes.

For ANN training gradient procedures on the basis of
back-propagation of errors are proposed. In fig. 6 we can
see the dependency between the number of performed
training iterations and resulting error. This graph is built
using function frain in Matlab.



p-ISSN 1607-3274. Panioenektponika, inpopmaruka, ynpasiinas. 2014, Ne 2
e-ISSN 2313-688X. Radio Electronics, Computer Science, Control. 2014. Ne 2

Layer M -1

af /e

af (aw ™

Figure 5 — Diagram of calculations

6 DISCUSSION

As noted in earlier publications [13], currently unique
high-production machine-assembly areas of machinery
enterprises have a modern production base including robot
manipulators and cylindrical grinding machines with
numerical control of foreign and domestic production
equipped with active control systems, which allow realizing
the management and control of the technological process.
The scheme of the production unit is usually equipped with
highly automated equipment with inductive transducer and
the electronic measuring system with discrete 0,01; 0,1
microns and error <0,5 %.

In case of failure of the system, serious financial losses
can occur, and it will affect the cost C' of final product.

Application of the proposed approaches based on hybrid
models (2), (9) with solving the problems of fuzzy inference
and operative informed decision making allowed to reduce
on the set of alternatives (11), (12) the time t to identify, locate
and eliminate the causes of failure to 20 minutes, having the
linguistic terms of maintenance stuff professional fitness
«average» and higher, which is confirmed by experiment.

CONCLUSION

Thus, we propose a new hybrid model based on the
integration of PN, knowledge-based production rules and
ANN as a tool of selection of alternatives on the set of PN

DF'erformance i59.35073e-006, Goal is 1e-005

10

10 : : :
0 20 a0 E0

68 Epochs

Figure 6 — Dependency between number of iterations and
resulting error

positions in fuzzy inference problems. The problem of ANN
training by methods based on the gradient procedures is
formulated and solved. Modified method of fuzzy inference
is proposed and justified. This method is based on the
interpretation of the components of fuzzy PN by production
rules and logical equations solving in the state space of
membership functions of the model, and also rules
classification with further defuzzification. Experiment
confirmed the effectiveness of the approach. The prospects
of further studies are identified.
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3HAHUE-OPUEHTUPOBAHHBIE TEXHOJIOTUU B BBICOKOABTOMATU3UPOBAHHbIX ITPOU3BOJACTBAX

PaccmarpuBaercs pacimpenne Merona 3aie-MaMIaHu B 3a/ia4ax HEYeTKOro JIOTHYECKOro BEIBOJIA, OCHOBAHHOIO Ha 3HAHUSX. [IpeuioxkeH
1 000CHOBaH MOAN(HUIIMPOBAHHBII METOJ HEYETKOrO JIOTMYECKOrO BBIBOJA, OCHOBAHHBIN Ha HHTEPNPETALNH KOMIOHEHT HEYETKHX CeTeil
ITerpy KaK IpaBHII IPOLYKIMH U PELICHNH JIOTHYECKUX YPABHEHHIT B IPOCTPAHCTBE COCTOSIHUI (DYHKIMI IPUHAISKHOCTH MOJEIH C IOCIE/Y-
romeii nedaszsudukarmeit.

Omnpe/iestet nporecc 00y4eHus EPCenTpOHa Kak IPOLEypbl HACTPONKH BECOB U CMELIEHHI C 11eJIbI0 YMEHBIIINTh PA3HOCTh MEKILY JKeIaeMbIM
(ueNeBbIM) ¥ MCTHHHBIM CHTHAJAMH HA €r0 BBIXOJE, MCIIONB3ys HEKOTOpOe IIpaBIiIo HAcTpOHku (oOydeHwst). JUisi MHOTOCIOMHBIX HEHPOHHBIX
cereil pa3paboTaHbl MOAUDHIMPOBAHHBIC METO/BI IPAANEHTHBIX [POLEYD, OCHOBAHHBIX HA METOJE 0OPAaTHOIO PaclpOCTPAHEeHNUs OLIMOKH.

IIpuMeHeH e [peyUIaraeMbIX II0JX00B Ha OCHOBE PACIIMPEHHbIX THOPUIHBIX MOJIEIEH C PELICHHEeM 3314 HeYeTKOrO JIOTHYECKOrO BEIBOIA
U ONEPaTHBHOIO IPUHSTHS 0OOCHOBAHHBIX PELICHHI IT03BOJIIIO Ha MHOXECTBE aIbTEPHATHB COKPATUTH BPEMsI BBISIBJICHHSI, JIOKAIN3ALNH U
JIMKBUJALUN HPUYHH OTKA3a, YTO HOATBEPIKIACHO IKCIIEPHMEHTOM.

Merox sIBIsIeTCsl yHUBEPCAIBHBIM B 3a/ia4ax IPUHSTHS PEIICHUH M II03BOJISIET IIOBBICHTH a/ICKBATHOCTh THOPUIHBIX MOZENICH U TOYHOCTD
HPHHSITHS PELICHNUIH.
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3HAHHS-OPIEHTOBAHI TEXHOJIOI'Ti ¥ BUCOKOABTOMATU30BAHUX BUPOBHUIITBAX

Posrnsnaerbes posmupenHs Metony 3ase-MaMaaHi y 3a1auaX HEUiTKOTO JIOTIYHOIO BUBEJICHHS, 1110 3aCHOBAHE HA 3HAHHAX. 3alPOIIOHOBA-
HHUI Ta 00rpyHTOBaHMI Monu]ikoBaHMII METOJ| HEUITKOIO JIOTIYHOIO BUBEIEHHS, 3aCHOBAHUH Ha iHTepIpeTallii KOMIIOHEHT HEUYiTKHX CITOK
Ietpi six npaBuII MPOAYKLII Ta PO3B’A3aHHI JIOTYHUX PIBHAHB Y IIPOCTOPI CTaHIB (PyHKIIIi HAIEKHOCTI MOJIENI 3 MoabIIo Aedas3idikariero.

BusHaueHo npoliec HaBYaHHs IEPCENTPOHA SIK IPOLELYPU HANAIITYBAHHS Bar Ta 3MillleHb 3 METOI0 3MEHIINTH PI3HHUIIO MDK Oa’kaHHUM
(LVIbOBMM) Ta CIIPaBXKHIM CHI'HAJlAMH Ha HOro BHXOJi, BUKOPHCTOBYIOUH JIEsIKEe IPABMIIO HaNaIITyBaHHs (HaByaHHs). s OararomapoBux
HelfpoHHHX Mepex po3pobieHi MonupikoBaHi METOOM IPajlieHTHUX MPOLELYP, 3aCHOBAHUX HA METOJi 3BOPOTHOTO HMOLIMPEHHS ITOMIJIKH.

3acTocyBaHHS 3alPOIIOHOBAHUX MMIJXO/AIB HA OCHOBI PO3IMIMPEHUX TIOPUAHUX MOJENeH 3 pO3B’sI3aHHAM 3a/1a4 HEYITKOTO JIOTIYHOTO BHBE-
JICHHS Ta OIEPATUBHOTO MPUUHATTA OOIPYHTOBAHUX PillleHb JO3BOJIIO HA MHOKHHI albTEpPHATHB CKOPOTHTH 4ac BUSBJICHHS, JIOKai3anii Ta
JIKBigawii IPUYHH BiIMOBY, IO MiATBEPKEHO EKCIIEPHMEHTOM.

Merox € yHiBepcalbHUM Yy 3aJjauaX NPUHHATTS PillleHb Ta JO3BOJIAE MiIBUINUTH aJeKBaTHICTh TiOPUIHUX MOJeNneil Ta TOYHICTh MPHIHATTS
PpileHb.

Kuarouosi cioBa: 3ane-Mamaani, Moaundikaiis, 3HaHHS, IPABUIIA, JIOTIYHE BUBEICHHS, CiTku [leTpi, muxoTomis, nedas3idikarris.
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A FRAMEWORK FOR CLASSIFIER SINGLE TRAINING PARAMETER
OPTIMIZATION ON TRAINING TWO-LAYER PERCEPTRON IN A
PROBLEM OF TURNED 60-BY-80-IMAGES CLASSIFICATION

A 13-itemed scenario framework for classifier single training parameter optimization is devel-
oped. Formally, the problem is to find global extremum (mostly, minimum) of function as a
classifier output parameter against its single training parameter. Linking the scenario theory to
praxis, the classifier type has been decided on two-layer perceptron. Its input objects are mono-
chrome images of a medium format, having a few thousands independent features. Within the
framework, the programming environment has been decided on MATLAB, having powerful
Neural Network Toolbox. Keeping in mind the stochasticity of the being minimized function,
there is defined statistical g-stability of its evaluation by a finite set of data. These data are mined
in batch testings of the trained classifier. For exemplification of the scenario framework, there is
optimized pixel-to-turn standard deviations ratio for training two-layer perceptron in classifying
monochrome 60-by-80-images of the enlarged 26 English alphabet capital letters. The goal is to
find a pixel-to-turn standard deviations ratio for the training process in order to ensure minimum
of classification error percentage. The optimization relative gain is about a third. The developed
framework can be applied also for classifier multivariable optimization, wherein it instructs
which item operations shall regard the corresponding multiplicity of variables.

Keywords: classifier training parameter optimization, statistical evaluation, optimization
scenario, two-layer perceptron, classification error percentage, turned objects classification,

monochrome image, pixel-to-turn standard deviations ratio, training set.

NOMENCLATURE

CEP is a classification error percentage;

CNN is a convolutional neural network;

COS is a classifier operation speed;

GT is a general totality;

HMLNN is a hierarchical multilayered neural network;

IMR is an information-memory resources;

IRGSS is an independently random-generated subsets;

LIF is a lot of independent features;

4800-LCRM is a 4800-length-column-reshaped matrices;

2L P is a two-layer perceptron;

Ml is a monochrome image;

MOZ is a matrices of ones and zeros;

PD s a pixel distortion;

PDTM6080I is a pixel-distorted TM6080I;

PTSDR is a pixel-to-turn standard deviations ratio;

4800-250-26-P 2LP is a having 4800 neurons in the input
layer, 250 in SHL, and 26 in the output;

SD is a standard deviation;

SHL is a single hidden layer;

NDR is a non-distorted representatives;

NV isa normal variate;

TD is a turn distortion;

TM6080I is a turned monochrome 60-by-80-image;

ZEUV isa zero expectation and unit variance;

€-SSE is a statistically e-stable evaluation;

A, isa matrix representing the g-th class NDR;

© Romanuke V. V., 2014
DOI 10.15588/1607-3274-2014-2-13

A g (k ) isa 60 x 80 matrix as the ¢-th class representative
TM6080I formed at the k-th stage;

A eosor is @ 4800 x 26 matrix of PDTM60S0T of all

NDR formed at the 4-th stage;

AY) o 152 480026 matrix of TM6080I of all NDR
formed at the k-th stage;

C is a number of pure objects’ replicas;

F is a number indicating at smoothness in training the
perceptron;

/(o) the classifier output parameter influenced with
the training parameter o;

G is a set of indices;

I is aidentity matrix;

n is a number of the sampled points from the segment of
the parameter values;

N 1s a number of classes;

classes
N, is a number of the object features;

features

Prc(r) isan averaged CEP;

QpaSS is a number of training samples to be passed
through 2LP;

risa variable of PTSDR;

T, isa target matrix for the i -th training subsample;

o isa training parameter influencing significantly on
the classifier output parameter;

B(k) the angle through which NDR is turned;
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Opp isa SD of PD;
orpisa SD of TD;

cgg is a SD of PD at the k-th stage of PDTM6080I set

formation;

o4 is a SD of TD at the k-th stage of TM608OI set
formation;

max
G%D )

G%r;ax) is a maximum of SD in TD;
= is a matrix of values of NV with ZEUV,
&(k) is a value of NV with ZEUYV, raffled at the k-th

stage of TM6080I set formation.
INTRODUCTION

is a maximum of SD in PD;

The object classification is an important constituent in
automation processes [1, 2]. Main hardness in classifying
objects arises when the object has LIF, and anyone of objects
cannot be ignored for simplification. Usually, a LIF object is
a high resolution image after preprocessing [2, 3]. Such
images are used in the manufacturing control, technical and
medical diagnostics, safety watching systems, astrophysical
explorations, and so forth [1, 3, 4]. A hard problem of LIF
objects classification lies in COS. More particularly, COS is
bettered by reducing the huge IMR which are consumed by
the classification system, including the classifier [2, 4, 5].
The classifiers on the basis of HMLNN, CNN, cognitrons
and neocognitrons perform perfectly over objects for their
classification. At the same time, such classifiers take long
periods for the performance and consume gigantic IMR [4,
6, 7]. And vice versa, perceptrons with one or more hidden
layers consume far less IMR, while they are much faster. In
this way, the perceptron with SHL is frequently used. This
i1s 2LP, and it is the fastest for the most of classification
problems, where the object features are distorted by a
statistical law having near-normal distribution. However, 2P
cope poorly with classification problems, where object
distortions are specific [5, 8]. For images, those specific
distortions are skewness, nonlinear scaling, turn, severe
rotation, shift, etc. Hence, there is a known duality in the
problem of classifying LIF objects. Either we are to better
COS and IMR consumption for perfectly performing
HMLNN, CNN, cognitrons and neocognitrons, or to optimize
some parameters of 2LP to get it trained suitably on
specifically distorted LIF objects. And it is plain that the
way with 2LP is preferable to bettering COS and IMR
consumption with far beyond complicated neuronets.

The article goal is to develop the framework of the
scenario type for 2LP classifier single training parameter
optimization. At that, the classifier input is fed with LIF
objects, making heuristic methods of optimization
inapplicable. For achieving the goal, both theoretical and
practical phases are to be delineated. Preceding the praxis,
theoretical phase is tasked to give a justified succession of
jobs whose accomplishment guarantees the classifier
influential improvement on its output parameter. The tasking
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will be replenished by verifying practically whether that
output parameter is bettered over the specifically distorted
objects. And the conclusive task is to infer from the
development and investigation results.

1 PROBLEM STATEMENT

Let, without loss of generality, we have o and f (oc) ,

which are both positive. Formally, the decided problem is to
find

o e arg extrf(ot) @1

a>0

and get 2LP, performing at ./ (06* ) . In practicing, classifiers

or classification processes mostly have characteristics
desired for their minimization. And, naturally, the training
parameter o has its bounds o, and o that is
o €[ Omin; Cmax | fOr Opay > 0nin > 0. Henceforth, the
problem (1) is rendered concrete:

min max>

* .
o e€arg min
(XE[(X o

f(a). @

min> “max ]

2 REVIEW OF THE LITERATURE

2LP in preference to far beyond complicated neural
networks has a great many of its parameters. They are
divided into the couple of associated parametric groups.
The first one is assembled from size of SHL and transfer
functions [5]. The second one is assembled from parameters
of the training algorithm, methods of the algorithm
implementation, and methods of forming training samples
[8]. All these parameters and methods are formalized as
training parameters [9, 10].

Typically, SHL size and transfer functions of 2LP are set
up heuristically, being based on sizes of input and output
layers and recent experience [5, 8, 9, 11]. The classifier training
parameters optimization is only possible before the classifier
is trained. Once 2LP has been trained, the classification
process attains its characteristics. Stable estimations of
these characteristics can be valued after huge batch testing.

The training process is defined with the set of training
samples, feeding the input of 2LP [5, 8, 12]. Parameters of
the set of training samples in the training process are specific
for a classification problem [5]. To get the classification
process improved, training samples are modified accordingly
to types of object distortion [10, 13]. The modification has
its own parameter or parameters. Sweeping them gives,
speaking factually, diverse classifiers. And the best classifier
could be chosen among those ones.

The best classifier choice nonetheless requires a
framework of successive operations over the classifier
training parameters to get them optimized. Before getting
started, a parameter to be swept is to be appointed along
with the classification process output parameter, which is
influenced with the being swept parameter. Hence there is a
want of developing the scenario of making the classifier
optimization upon its parameter from a raw 2LP up to the
classifier having one of its characteristics improved.
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3 MATERIALS AND METHODS

For solving the problem (1), the function f(a)
evaluation requires defining the object type. The object type
is actually defined with its format containing information
about the number Np,es- Dimensions do not matter
because the object initial mathematical presentation
(aggregate of its features) is reshaped into line array.

A convenient object type is MI of a medium format, having
a few thousands features. This type and format allows
watching and rendering MI distortions readily. The medium
format ensures delayless investigation procedures and the
classification results acquisition. And those results are going
to be powerfully propagated on other objects of medium
formats.

Within MATLAB, having powerful Neural Network
Toolbox [14, 15] for programming and simulating neural
networks, MI bitmap file is coded with ones (white color)
and zeros (black color). Therefore the finite subset of GT is

of MOZ, containing altogether 2 Nteatures M Wholly, GT is
infinite, wherein the pixel’s value is not necessarily equal to
1 or 0, but it is a real number. Namely within the infinite GT,
the specifically distorted objects must be recognized and
classified.

After the object type is defined,

Niasses € N\{1} is prescribed. And so there is defined GT

containing all permissible objects of the defined type. Within
the defined GT, NDR of classes are fixed.

Having the object type, N, NDR and GT, the

number of neurons in SHL of 2LP is assigned. Rules for SHL
neurons number assignation are drilled on experience [5, 11,
16]. Assigning transfer functions in the layers of 2LP is the
last item in the configuration of 2LP.

Having had the configuration of 2LP, there is a MATLAB
function for training to be assigned. Then the configured
2LP is initialized on MATLAB Neural Network Toolbox
simply with the function «feedforwardnet» (the similar
function «newtb» if for MATLAB versions before R2010).

The function /(o )evaluation starts with estimating the

number

lasses

endpoints of the range [amin; amax]. Having estimated
them, this range is to be sampled with a step. This gives a
finite subset of points of the training parameter o. 2LP is
trained over this subset, and so the statistics of the trained
2LP is accumulated. By the way, the sampling step can be
non-constant if needed, so the subset is

{och}z:l < [Omin: Omax | by e N\{1, 2}
at o] =0y, and o, = Gy - 3)

Really, after the sampling (3) the problem (2) is

o e arg min f(ot) @)

ote{(xh }Z:]

with the function evaluation

1

G 2@ ®

geG

f(a)

by the g-th polyline f<g>((x), whose values
{f<g>(a)}

each of  points {a, }

are taken via testing the trained 2LP in
aefay, }Zzl
n
h=1’
strictly, the batch testings are sufficient for evaluating the

repeated for |G| times. Speaking

function f (o) adequately if for some & >0

|J;1 (OL)—fB (OL)|<8 v OLe[ocmin; amax] (6)

by
flo)=t Y 79,
|1|geG1cG
)= T 1% () )
|2|geG2cG

for the probability P(G; NG, # &) which is such that

lim P(GNG, #@)=0. ®)

|Gl
For wide ranges and insufficiently completed set of
indices G, having its insufficiently great cardinal |G|, the

condition (6) fails. However, the segment [(xmm 5 Omax ] may

be narrowed to a subsegment by the following reason. If
there is great likelihood of that

f(al)gf(ob) for Omin <O <O < Oypyx ©
then we can narrow the segment [Olpin; Omay ] tO
[0min; 9] by oge(aj;0y) or, for instance, to

[amin; (ocl +0a, )/ 2]. Then we proceed in batch testings

with re-estimation of the right endpoint o, =0y.

Statistical sufficiency is very important here. Thence is an

unambiguous definition concerning sufficiency.
Definition 1. Function (5) is called ¢ -SSE by the values

{{ ) (a)}ae{ah}z_l }gEG (10)

if for fixed ¢ >0 and c¢(¢&)e N and any pair {G|, G5} of
IRGSS {G; = G, G, = G} ofthe indices’ set G with

min {|Gy, |Gy [} >c(e) (11)
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the inequality

/(@)= F(a)|<e Vaefo,)r, (12)

holds by (7) and (8).

So then for approaching to the problem (4) solution, in
accordance with Definition 1 we need &-SSE (5) for
sufficiently small ¢ and great c(s). Practically, € can be
assigned to

aéso-[ min f(a)] (13)

{ah}zzl

by, say, g €{0.1,0.050.02,0.01} (traditional
exemplification). The integer ¢ (&) is of the order of hundreds

at least. And there predictably thrusts the concept of
continuity in g-SSE.
Definition 2.1. Function (5) is called continuous £-SSE

by the values (10) if V &€ >0 3 6 > 0 such that the inequality
(12) holds by (7) and

P(GlﬂGz ¢®)<8 (14)

for IRGSS {G1 cG, G, c G} by (8).
An alternative definition to Definition 2.1 handles the
relationship between cardinals of IRGSS and (G . This one

is handy standing off the probability (14) calculation.
Definition 2.2. Function (5) is called continuous £-SSE

by the values (10) if V £>0 38¢€(0;1] such that the
inequality (12) holds by (7) and

G NG, J
p| P72l 5o (15)
( lg

for IRGSS {G|, = G, G, = G} by (8).

These two versions of continuity in ¢-SSE are purely
theoretical. However, they drive to solving the problem (4)
statistically inasmuch as ¢-SSE does not determine the

minimum point o itself. Note that probability (15) is

G NG

M < 6
9

Definition 3. The point o is called solution of the
problem (4) with £-SSE (5) by the values (10) if the statement

apparently substituted with the expression

aefa, ) aefoy |,

a*e{arg min fl(a)}ﬂ{arg min ﬂ(a)}i@ (16)

holds at (7) by any pair of IRGSS {G| = G, G, < G} with
the condition (11) for their cardinals.
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Verification of that the training parameter o has been
bettered over the specifically distorted objects, having

become o, is carried out to get convinced of that

f(oc*)<f((x) v ae{ah}zzl \{OL*}, (17)

With the set G for verification, the function evaluation
(5) is suitable for (17).

Entirely, scenario for the single training parameter
optimization of 2LP classifier is given in 13 items:

1. Defining the object type.

2. Prescribing the number of classes Nejases € N\V{1}.
3. Defining GT.

4. Fixing N .40 NDR of classes within the defined GT.
5. Assigning SHL neurons number.

6. Assigning transfer functions in the layers of 2LP.

7. Assigning a MATLAB function for training.

8. Appointing the parameter o along with the

classification process output parameter f (a.).
9. Estimating the range [ocmin; ocmax] endpoints.

10. Sampling the range [ocmin; (xmax] into the finite
subset (3).

11. Proceeding in batch testings of the trained 2LP in each
of those points of the finite subset (3) in order to obtain
statistically stable evaluation (5) for solving the problem (4).

12. If for fixed & and ¢ (&) the (n —1)-segmented polyline
(5) is &-SSE then go to solving the problem (4) and return

the result {(X*, S (Ol* )} along with verification of that.
13. If the problem (4) has been not solved then go to
narrowing the segment [(Xmin; Otmax] to [O‘min; 0‘0] by

o € (ocl; Otz) if possible and recur to the item 10 with

Omax = O¢; if the narrowing is impossible then recur to the

item 11 with the increased |G| .
4 EXPERIMENTS

Let’s exemplify the developed scenario framework in the
problem of turned objects classification. This is a widespread
problem, when recognizing plane images or their contours
the object rotation effect springs up. It is caused with that
there cannot be ensured the symmetry just on the moment
when the object is captured after it has been traced.

May the format of MI be 60 x 80 and may an MI model
be the enlarged English alphabet capital letter by
N, = 26. Therefore the finite subset of GT is of 60 x 80

classes
MOZ, containing altogether 2430 MI by Npures = 4800.
Wholly, GT is of matrices whose elements are real numbers.
Thus there are 26 capital letters as NDR.

The input layer in 2LP has 4800 neurons, and the output
layer has 26 neurons. The size of SHL in 2LP for the problem
of classifying TM6080I can be assigned to 250 neurons.
Transfer functions are log-sigmoid [5, 8, 10, 12]. This
4800-250-26-P is initialized with «feedforwardnet» («newfhy)
by 1206776 weight and bias values. For training perceptrons
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there is the backpropagation algorithm, having many
methods of its implementation in MATLAB. One of them is
the method of a MATLAB function «traingda» [16], where
weight and bias values are updated according to gradient
descent with adaptive learning rate [10, 12, 17, 18]. Every
4800-250-26-P shall be trained with the function «traingda»,
guaranteeing quick training process passage.

In the training process for classifying TM6080I, the
training set is formed as addition of matrix of pixel-distorted
images and matrix of turned images. Intensity (deepness) of
PD is measured via SD opp and intensity of TD is measured
via SD oOpp, determining the range of left and right
angulation due to TD. The parameter here is PTSDR

r=0pp/oTp, and the classification process output

parameter [ ((x) is CEP. Hence the problem (2) is

¥ earg  min _ppe (r) (18)

re[rmin; Tmax

by the function pgc (r), whose value at PTSDR r is an
averaged CEP over TM6080I or, probably, over PDTM6080L.
PTSDR is constant while training. In the statement

7 =0pp/STp both SD may vary, so the assignment

_ <max>/ <max>

I'=0pp /Orp ° isformally more correct. Due to a model

of TM6080I, an NDR is turned through the angle
k

B(k)=(180/7t)'6<ﬂ%§(k) in degrees around the center

point of M1, & :I,_F and F e N. SD in the angle B(k) is

<k> <max

S1H = STp ) -k / FYk= 1,_F . From the statement for the

angle B(k) by SD G<Tk3 it follows that the upper value

<max>
STD
turned so that its turning is impracticable for 2LP classifier,
when rotation angle is about w/8 and severer.

=0.2 is enough. Beyond this value MI becomes

In estimating the range [rmin; Tinax ] endpoints, note that

on G%n];ax> >2 PDTM6080I becomes over-distorted, and
on cgn,;a*> <0.005 PDisimperceptible. Then 7, = 0.025

and 7iyax =10 enclose the range [0.025; 10] which is to be

sampled.
In the training process the input of 4800-250-26-P is fed
with the training set

C+F F
{Pi<PDTM60801> }izl = {{A}zczr {A%%Tmosol }kl} (19)

of C e N replicas of all 26 classes NDR and f matrices of

PDTM60801 by targets {'I}}i(jFZ{I}gIF, where

4800 x 26 matrix A is formed by concatenating horizontally

26
4800-LCRM {Ag | by the g-th class NDR as 60x80

MOZ A, = (a§,€>) . At the &-th stage of PDTM60801
60x80

set formation, 4800 x 26 matrix

k k k) —
Ai’]%TM6OSOl = AT1\>/160801 + 5%1% = (20)
by Ggg _ G%ﬂ};aﬂ -k / FYk= I,_F Concurrently for (20),
(k) I= .
4800 x 26 matrix Aqyicocor = [ajq (k)J4800x26 is formed by
concatenating horizontally 4800-LCRM
_ < > 26
A, (k)= [a 9 (k } } ]
{ q( ) uy ( ) 60<80 | 4y - The g-th class NDR A,
becomes TM 60801
A, (kK)=1-p(1-A,. B(k), M, S) 1)

with MATLAB function «imrotate» in the map P, turning
the input MI negative 1- A, through the angle B(k), by
the interpolation method handle M and the handle S for
specifying the size of the returned negative MI. M1 is turned

in counterclockwise direction if (k) > 0, and for B(k) <0
M1 is turned clockwise; for 3 (k) =0 Ml remains NDR. After
all 26 classes NDR have been turned and become TM6080I,
the training set (19), formed with (20) by Ggg and (21), feeds
the input 0of 4800-250-26-P, passing through 4800-250-26-P

C+F _ {I}C+F

with targets {T; || iy for Op,e € N times.

5 RESULTS

In the initial probe, PDTM6080I-trained 4800-250-26-P
under set {C, F, Qpass} ={2, 8, 10} for the training set (19)
is tested with TM6080I at o1 €[0; 0.2]. As it has been

expected (figure 1), the first approximation over the subset

{0.025, 0.05, {0,14)20, {2+h}221} <[0.025; 10] (22)

would not have solved the problem (18)

* .
r earg min

r€[0,025; 10]pEC (r) @3)

because the rough 29-segmented polyline of the function

Pec () is not &-SSE. Notwithstanding that PDTM60801-
trained 4800-250-26-P were tested on only TM6080I and
|G| = 40 appeared to have been underrated, figure 1 prompts

that the range [0.025; 10] could be narrowed to the
subsegment [0.025; 1], where r* e [0.025; 1] apparently.
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pec (1)
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Figure 1 — A rough 29-segmented polyline of the function Pgc (I’) over the subset (22), derived from 40 series of 400 batch testings
of PDTM6080I-trained 4800-250-26-P (tested on only TM60801 for faster preliminary results)

The second (40 series of 800 batch testings) and third
(100 series of 800 batch testings) approximations over the

subsets {O.O25h}ﬁg1 < [0.025; 1] and

{0.0ZSh}ﬁil < [0.025; 0.6] correspondingly do not givee-
SSE for the said |G| = 40 and |G| =100. Nevertheless, this
0.025-sampling lets feel and see that re [0.025; 0.6],
needing though to increase the cardinality of G . Thanking

to that all those 140 polylines of the function pgc () were
obtained on ().025-sampling, the cardinality here could be
increased just by superposing those 40 and 100 polylines.
However, neither superposition nor another 200 series
of 200 batch testings (appeared to be sufficient to understand
classification properties of an PDTM6080I-trained 4800-250-
26-P) give £-SSE of the function Pgc (). Here, although
the point r = 0.475 could have been ventured to accept it
as the problem (23) solution, it as well could be refuted.
Herewith, for obtaining &-SSE of the function Pgc (r)
at some reasonable ¢ thereis C (8) >340. And the shape of

the 23-segmented polyline of the function Pgc () becomes

more stochastic when extracting a lesser cardinality subset
from those 340 polylines. However, such deep stochasticity
may be provoked with the current conformation of training
and testing. Likely, number of passes Qpass =10 is too low

for expecting stable estimation. AlsoPTSDR r =5 for testing
is too high, randomizing the output results of estimations
additionally.

Nevertheless, there are evidences of that the problem
(23) solution is in the segment [0-025; 0.5] of PTSDR. The
further probe with taking Qpass =25 and testing
PDTM60801-trained 4800-250-26-P with PDTM60801 on

orp €[0; 0.2] and opp €[0; 0.2] or oppy €[0; 0.4] returns
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much the same stochasticity. A corollary is that the upper
value of PTSDR for testing does not influence much on

stochasticity of Pgc (r).
Final evaluation on |G| =370 (figure 2) shows that the

problem (23) solution is r* =0.225, having been taken off
Definition 3, though. In this situation, the most appropriate

conclusion would be that r* e (0.075; 0.3), where the cavity

of the polyline in figure 2 by r € (0.075; 0.3) can be seen.
And the local minimum at r = 0.075 gives almost the same
value of CEP therewith.

Henceforward, the best PDTM60801-trained 4800-250-
26-P by

<max> *

max
ofm {max)

=r -opp ' =0225-02=0.045 (24

under the set {C, F, Qpass} ={2, 8, 25} classifies TM6080I

at CEP pgc (0.225) < 0.28 and classifies PDTM60801 at CEP
Pec (0.225) < 0.48. Moreover, the best PDTM6080I-trained

4800-250-26-P by (24) under the set{C, F, Qpass} ={2,8,75}
classifies TM60801I at CEP pPgc (0.225) < 0.19and classifies
PDTMG6080I at CEP pgc (0.225) < 0.29, and the averaged

CEP is pgc(0.225)<0.24. As the example visualization,
figure 3 shows TM6080I which became recognizable for the
trained 2LP classifier after its single training parameter
optimization with (24).

The gain of the executed optimization depends on primary
heuristics in adjusting PTSDR. Thus, if it were I =1, what
could have been mostly expected in adjusting off
optimization, then the absolute gain is greater than 0.1 %. In
relative calculus, it is about a third. For cases with r > 1 the
gain is even higher.
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Figure 2 — 0,01-SSE of the function pp (r) on

oTp € [0; 0,2] and Opp € [0; 0,4], derived from 370 series
of 400 batch testings of PDTM6080I-trained 4800-250-26-P

Eventually, the 13-itemed scenario framework for classifier
single training parameter optimization allowed to have
trained 4800-250-26-P on PDTM6080I optimally in order to
perform classification TM6080I at the lowest CEP. And
PDTMG60801 are classified well also. The solution (23) can
be applied for training 2LP classifiers in other problems of
turned LIF objects classification, where number of features
is about 4800 and number of classes is about 26.

6 DISCUSSION

The 13-itemed scenario framework suggests a
straightforward succession of operations to get 2LP
classifier single training parameter optimized. Furthermore,
this framework with proper modifications (items 5, 6, and 7)
is applicable for optimizing training parameters of HMLNN
and CNN. Besides, the classifier input is not necessary to
be fed with LIF objects. The gain is either the lowest CEP or
getting a classifier output parameter bettered.

The operations from item 1 through item 8 do not require
statistics. Otherwise, for narrowing the segment

[Omin: Omax | We need great likelihood of that (9) holds.
The greatness is ascertained via series of the trained
classifier’s batch testings, where the series number is ofthe
order of several tens (hundreds) at least.

The hardest operation is the item 12. For ascertaining
statistical ¢-stability of the polyline (5), the requirement (13)
is purely practical. It is clear that for implementing the

conditions of Definition 1, the integer c(s) is specified by
experience for a few tens of IRGSS {G, G, }. These subsets

can be used also in Definition 2.2, before setting up G and ¢.
The same concerns Definition 3 and its key statement (16).

SN

But sometimes specificity of Definition 3 nonetheless makes
it irresolute for a single point solution in (16). Namely that
was a cause for accepting the interval solution

r" €(0.075; 0.3) in the exemplification with 4800-250-26-P
for TM6080I classification.

CONCLUSIONS

In the problem of 26 TM6080I classification by 2LP, the
CEP minimization relative gain is about a third. A best-trained
classifier produces CEP not greater than 0.19 % over TM6080L,
and not greater than 0.29 % over PDTM6080I. The stated
framework hereby provides the CEP minimization by optimizing
the 2LP classifier single PDTM6080I-training parameter.

An aggregate of other training parameters (two and more)
of'the classifier can be considered for optimization as well.
Anyrigorous framework for such multivariable optimization
shall include operations from item 1 through item 4. The
operations from item 8 through item 13 shall regard the
corresponding multiplicity of variables. Particularly for 2LP,
SHL size and integers C, F', 0, could be optimized for
CEP minimization. Certainly, optimizing each of them singly
is worse for CEP minimization than optimizing an aggregate
of them. In defiance of statistical hugeness, multivariable
optimization must help in shortening the training process
duration on average. And the corresponding framework
should have an effective operation item for plotting and
extremizing the piecewise linear hypersurface (function of
two or more variables) with values of the classifier output
parameter.
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Pomanrok B. B.

JI-p TexH. HayK, mpodeccop Kadeapsl IPUKIATHOH MaTeMaTHKU ¥ COLHABHON MH(POPMATHKH, XMETbHUIIKHH HAI[MOHATBHBIA YHH-
BEPCHUTET, YKpanHa

CTPYKTYPA V1A OITUMU3 AU OTAEJIBHOI'O OBYYAIOIIEI'O ITAPAMETPA KJIACCU®UKATOPA HA TTPHU-
MEPE OBYUYEHMA JIBYXCJIOMHOTIO MEPCENITPOHA B 3ATAYE KJIACCUPHUKAIIAN MTOBEPHY THIX N30BPAKE-
HHIT ®OPMATA 60-HA-80

Pa3pabateiBaeTcst cTpykTypa 13-3TalmHOro IUIaHa A1 ONTHMH3AIMU OTASIBHOro o0ydaromero mapaMerpa kiaccugpuxaropa. op-
MaJbHO 3aJada COCTOUT B HAXOXKACHUH INIOOAITBHOTO SKCTpeMyMa (TIPEeHMYIIECTBEHHO MHHIMYMa) (DyHKIUH, SBISIOMEHCS HEKOTOPBIM
BBIXOZHBIM TTapaMeTPOM KJIacCH(HUKATOpa B 3aBUCHMOCTH OT €r0 OTIENBHOTO MapameTpa o0ydeHus. CBA3bIBasl TEOPHUIO IUIAHA C ITPAKTH-
KO, THIIOM KJIaccudukaropa n30paHo IBYXCIOHHBIN mepcenTpoH. Ero BXOMHBIMI 00BEKTaMH SIBIISIOTCSI MOHOXPOMHEIE M300paKEHUS
cpenHero popMara ¢ HECKOJIBKHMH THICSTIaMH He3aBUCHMBIX IIPH3HAKOB. [10 IpeacTaBIeHHOH CTPyKType MpOrpaMMHOIT cpenoit n30paHo
MATLAB, o6nanatomeii momabsiM nHCTpyMeHTOM Neural Network Toolbox. Y4uThIBas cTOXaCTHYHOCTE MUHHMH3HPYEMOH (DYHKIHH,
OIIPE/IENIACTCS CTATUCTUYECKAs €-CTA0MIIBHOCTD €€ OLICHKH 110 KOHEYHOMY MHOKECTBY JaHHBIX. OTH JaHHBIC JOCTAIOTCS 110 MaKETHOMY
TECTHPOBAHUIO 00YYEHHOTO Kiaccupukaropa. B kadecTBe mpruMepa HCIOIb30BAHUS MPECTABICHHON CTPYKTYPHI IUIaHA ONTHMH3HPY-
€TCsI COOTHOIIIEHHE CPETHEKBaIPATHIHBIX OTKJIOHSHUH ITHKCEIbHBIX HCKaXXEHHH 1 TOBOPOTOB I 00yHIEHHs IBYXCIIOHHOTO TEPCeNITPOHA
C [EeJTbIO KIIacCU(HUINPOBATH MOHOXPOMHBIC H300pakeHus popmara 60-Ha-80 yBenM4eHHBIX 26 3aIaBHBIX OYKB aHIIIUICKOTO andaBuTa.
Llexnbio sBIIsIETCS HAXOXKICHHE ONPEIETIEHHOTO COOTHOICHUS CPEIHEKBAIPATHIHBIX OTKIOHEHHH ITHKCEIBbHBIX HCKKEHUH 1 TIOBOPOTOB
B IIporiecce 00yYeHUs JUTS TOTO, YTOOBI 00ECTIeINTh MUHUMYM HPOIIEHTa OMMOOK Kiaccu(ukaruy. OTHOCHTENBHBII BRIMTPHINI TaKOi
ONTHMHU3AIUH COCTABIISIET OKOJIO OHOI TpeTH. Pa3zpaboTaHHast cTpyKTypa MOXKeT OBITh IPHMEHEHa TakKe U IJIsT ONTHMHU3AIUH KIacCHH-
KaTopa C MHOTHMH ITepEMEHHBIMH, KacaTeIbHO Yero OTMeYaeTcs, KaKue MIMEHHO IeHCTBHS IUIaHa JOIDKHBI yIUTHIBATH MHO)KECTBEHHOCTD
HepeMEHHBIX.

KuroueBble c10Ba: ontuMH3anys napamerpa oOydeHHs Kaccu(pHUKaTopa, CTAaTUCTHIECKOE ONCHUBAHNE, TUIAH ONTHMHU3AIUH, IBYX-
CIIOMHBII TTePCENTPOH, MPOIEHT OMMOOK KIIaCCU(PUKAIIH, KTacCH(pHUKAINI 00BEKTOB C IIOBOPOTAMH, MOHOXPOMHOE H300paXkeHHe, COOT-
HOIIIEHHE CPEHEKBAIPATHIHBIX OTKIOHEHNH MUKCENbHBIX HCKaXXEHHI U TOBOPOTOB, 00yJaroIiee MHOXKECTBO.
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Pomanrok B. B.

JI-p TexH. Hayk, npodecop Kadeapy IpUKIaIHOI MaTEMAaTHKH Ta COLiadbHOI iHpopMaruky, XMeNbHUIbKUIT HAllIOHAIBHUH yHIBEp-
cUTeT, YKpaiHa

CTPYKTYPA IJ151 ONTUMBBAI OKPEMOI'O HABYAJILHOI'O ITAPAMETPA KJIACU®IKATOPA HA ITPAKJIAJI HA-
BUAHHSI IBOIIAPOBOI'O TEPCENTPOHY B 3AIAYI KJIACUDIKAL TOBEPHY TUX 30BPA’KEHb ®OPMATY 60-HA-80

Po3pobnsieTsest cTpykTypa 13-eTanHoro maHy AjIs ONTHMi3alil OKpEMOTo HaBYAJILHOTO mapamerpa kinacudikaropa. dopmaabHO
3aj7aua MoJIArae y 3HaXODKCHHI NIOOAIbHOTO eKCTpeMyMy (TiepeBaXKHO MIiHIMyMy) (yHKIIl, KOTpa € IeBHHM BHUXIIHHM IapaMeTpoM
kiacuikaropa 3anexHO BiJ Horo okpemoro mnapamerpa HaBdaHHs. I10B’s3yl0uM Teopilo IUIaHY 3 NMPAKTHUKOIO, THUIIOM KiacH(ikaTopa
06paHO JIBONIAPOBHI ITepCenTPoH. Moro BXiTHUMHU 06’ €KTaMH € MOHOXPOMHI 300pakeHHs CepeIHBOr0 (POPMATy 3 IeKLTHKOMA THCAIAMH
HE3aJISKHUX O3HAK. 32 IMOJAHOI0 CTPYKTYPOIO IPOrpaMHUM cepenoBuiieM oopano MATLAB, kotpe Mae moTyxHuil incTpyment Neural
Network Toolbox. 3Baxkaroun Ha CTOXaCTHYHICTH (YHKIII, [0 MIHIMI3Y€TbCS, 03HAYAETHCS CTATUCTHYHA £-CTAOUIBHICTH 1 OIHKH 3a
CKIHYEHHOIO MHOXKHHOIO 1aHuX. L]i jaHi TicTaroThesl 3a MaKeTHUM TECTYBaHHSIM HaBUEHOTO Kiacu(ikaropa. s npukiaxy BUKOPHCTAHHS
HOZIaHOI CTPYKTYpH IIaHYy ONTHUMI3y€ThCS CHIBBITHOIICHHS CEpeIHbOKBAAPATUYHUX BiIXWUIICHB MIKCENbHHUX CIIOTBOPEHb i MOBOPOTIB
JUIS. HAaBYaHHS J[BOIIAPOBOTO IIEPCENTPOHY 3 METOI0 KJIacH(iKyBaTH MOHOXPOMHI 300paxeHHs ¢opmary 60-Ha-80 36imbmeHUX 26
BEJIMKUX JITep aHIIichKoro andasiry. LU0 € 3HaxoKeHHs EBHOTO CIIBBIIHONICHHS CepeIHbOKBAIPATHYHIX BIIXUICHD MIKCEIBHUX
CIIOTBOPEHD 1 MOBOPOTIB Y MPOIIECi HABYAHHS [T TOTO, 00 3a0e3MeYnTH MiHIMYM BiICOTKA MIOMUIIOK Kiacudikariii. BinnocHuit Burpai
TaKol ONTHMi3aNil CkiIazae OIM3bKO TpeTUHU. Po3pobieHa cTpykTypa Moke OyTH 3aCTOCOBaHA TaKOXK 1 JUIs ONTHMi3alil Kiacudikaropa 3
6araTbMa 3MiHHHMMH, Y BiTHOILICHHI YOT0 3a3HAYa€ThCs, SKi caMe Ail IIaHy MaloTh BpaXyBaTH MHOXXHHHICTh 3MiHHHUX.

KunrouoBi cioBa: onTumizanis napamMeTpa HaBYaHHs Kiacu(ikaTopa, CTAaTHCTUYHE OLIHIOBAHHS, IUIAaH ONTUMI3alil, JBOIIAPOBUIA
HEePCEeNTPOH, BiICOTOK MOMMIOK KiacHikanii, kiacudikaiis 00’ €KTiB 3 TOBOPOTAMH, MOHOXPOMHE 300paKeHHS, CIIIBBIIHOIICHHS Ce-
PEAHBOKBAJAPATUYHHX BiIXHJIEHD MIKCEIbHUX CIIOTBOPEHD i IOBOPOTIB, HABUAJIEHA MHOXHHA.
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AHANUN3 TEKCTYP B NOCNEOOBATENIbHOCTU U30OBPAXEHUA HA
OCHOBE BEKTOPHOI'O KBAHTOBAHUA

B pabGoTe mpeanoxeH HOAXOA K aHalM3y MOCIEJOBATEIbHOCTEH H300pakeHU
(BupeonanHelx). Juisg 3TUX 1eneidl pazpaboTaHbl MaTPUYHBIE AHAIOIU CYHIECTBYIOLIMX
HEHPOCEeTEeBbIX MOAXOL0B, YTO IMO3BOJIIET YUYHMTBHIBATH NPOCTPAHCTBEHHBIE CBS3HU
My/IbTUMENITHOH HH(POPMALUY U COKPATUTh BpeMs1 HE0OXouMoe Ha 00paboTKy HH(pOpMaun
3a cyeT BBEJEHHUS HOBOHM MaTpuuHOU mporenypbl oOydeHHs HeHpoHHOH ceru. B kauecTBe
OCHOBHOIO IIPU3HAKa, 10 KOTOPOMY NPOU3BOAUTCS pa3OUEHHE UCXONHBIX JAaHHBIX, OBLIH
BbIOPaHBI TEKCTYpPhl, UTO B CBOK O4epeab MO3BOJSAET IOBBICUTH TOUHOCTh KJIaCTEpU3alUU.

KnwueBblie cioBa: I/I306pa)KCHI/Ie, TEKCTYypa, Ki1acTepusanusa, MaTPUIHBIC aJITOPUTMBI,

HEHPOHHBIE CETH.

HOMEHKJIATYPA

M x N — pa3MepHOCTb I/1306pa>K€HI/I$I;
mxn — pa3Mep aHAJIM3UPYeMOro OJI0Ka N300pakeHHs;
x(k) — BEKTOp BXOJJHOTO CUTHAJIA;

L
W, — LEHTPBI KIIACCOB 1PU pa3OueHNY;

Sp(*) — cren MaTpHIIBL,
n(k) — mapamerp mara oOydeHns;

D(x(kn), qu (kn)) — paccrostHrEe MEK Ty BXOIHBIMH JIaH-
HBIMH U IIECHTPAMH KJIaCTEPOB;

p((x(k +1), w,? (k+1)) —oueHka ypOoBHSI IPUHAICIKHO-

CTH JJaHHBIX KJ1acTepy;
A — Marpuna k03¢ UIHEHTOB Pa3MEpHOCTH (M X m);
C — Marputia ko3¢ HUIMEHTOB pa3MEpHOCTH (71X 11);

E(k) = {§i1i2 (k)} — MaTpHMYHBIA O€Nbli IIyM ¢ OrpaHu-

YEHHOH TUCHIepCHEN;

i — IOPSIIOK ABTOPETPECCUH;

Eﬁ“, Eé“ — KpUTEPHUX ONTHMH3AINH;

B(k) — 61ounas marpuna ¢ uHpOpMAaIeld 0 MaTpud-
HOH-IIPOCTPAHCTBEHHO-BPEMEHHOM aBTOPErPECCHOHHOM
MOZIEIH.

BBEJEHHE

CrpeMuTenbHOE pa3BUTHE HH(OPMAIMOHHBIX TEXHOJO-
THIA €CTECTBEHHBIM 00pa30M IIPUBOIUT K MOSBICHHUIO OOJIb-
mmx 00beMOB MyIsTUMeNHHHON HHpopMarwn. [Ipu 3Tom
Ka4eCTBO ITOJTydaeMol HH(OPMALMH BCE YTy4LIaeTCs B CBSI-
31 C yCOBEPIICHCTBOBAHIEM CPECTB €€ TOTy4eHHs. B cBoro
ouepenb MOSBIIeTCS Bce OOMbLIe 3a/1a4, CBSI3aHHBIX C aHa-
TM30M MylsTIMenna nHdopmanuu. M eciu paHee uccineno-
BaTellb MOI' OTPaHUYMBATHCS B CBOMX 3aJa4aX OIHUM HIIH
HECKOJIBKUMH CTaTHYECKUMH N300paKEHUSIMH, TO B HACTO-
siIee BpeMst TS IoTydeHus 6oree () (hEeKTHBHBIX alIrOpuT-
MOB aHAJIN3a UCIOJIB3YIOTCA JIMOO ITOCIIeNOBATEILHOCTH,
CBSI3aHHBIX KaKUM-JTHOO 00pa3zoM, W300paskeHuH, HAIIPH-
Mep, TIOTy4YeHHBIE Yepe3 paBHbIC HHTEPBAJIbI BpEMEHH, JTHOO0
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BOOOIIIE BHJECONAHHbIE, KOTOPHIE BCETa MOXHO NpeJcTa-
BHTb B BUJIE ITOCIIEI0BATEIEHOCTU KaIpOB, & COOTBETCTBEH-
HO — ITOCJIEI0BATENLHOCTH H300paXKEHHUH.

ITpu 3TOM OHMM U3 BIIOIHE ECTECTBEHHBIX IOAXOJ0B 1O
aHAJIN3Y BUJEONOCIEI0BATEILHOCTEN MPEICTAaBISAETCS UC-
TIOJIb30BaHIE MaTeMaTHYECKOTO aniapaTa aHalli3a BpeMeH-
HBIX psitoB. OHM BIIOJIHE MOTYT NMMPUMEHATHCS IS 331a91
pa3breHns BUACOAaHHbBIX Ha OJHOPOIHBIE IO COAEPIKIMO-
My cerMeHThl. C Apyroil CTOpOHBI 3Ty K€ 3aady MOXKHO
HHTEPIPETHPOBATH KAK MHOTOMEPHYIO KJIACTEPH3ALIHIO (Cer-
MEHTAIMIO) MHOXKECTBa M300PaKeHHUH 110 HEKUM TIpH3HA-
kaM. Hapsimy ¢ mabopMarieii o 1Bere Takke MOXHO HC-
TI0JIb30BATh TEKCTYPHBIE IPU3HAKN AJISI IPOBEICHNUS CETMEH-
Tauuu. AHaJIW3y TEKCTYp MOCJIeI0BaTelIbHOCTEH
n300pakeHNH 1 MOCBSIICHA JaHHas padora.

1 IIOCTAHOBKA 3A/TAYN

[Tycte oOpabaTbiBaeMoe N300paKEHHE 3a1aHO B BHIIE
M x N — 9UCIIOBOM MaTpHIIBI, KOTOpas JOJDKHA OBITH pas-
OuTta B mpolecce aHalM3a Ha OJXHOPOJIHBIE B CMBICIIE TEK-
CTyp KJacchl (KJIacTepsl, CETMEHTHI). VcxomHas MaTpuia
pazbuBaercs Ha Oioku pasmepa (m < M)x(n < N), Kax-
IIBIA U3 KOTOPBIX B paMKaxX TPaTUIMOHHOrO momxoma [12]
npeoOpasyercst B (mnx1) — BEKTOpHI, 00IIee IUCIO KOTO-

pBIX paBHSETCT MN (mn)_l. Wmenno sToT HAOOp U MoIaeT-
sl Ha BXOJBI KJTACCH()UIMPYIOMIEH HEHPOHHOM CEeTH.

2 AHAJIM3 JIMTEPATYPbI

AHanmu3 TeKCTyp — KITacCH(UKALMS U CETMEHTAINS SB-
JSIeTCS BAKHBIM HAIIPABJIEHUEM B OOIIEH TEOPHH pacIio3-
HaBaHHUA 00pa3oB W 00padorkm m3obOpaxkenuit (Video
Mining), a i ero peann3anud K HACTOSIIEMY BPEMEHU
CIIOXKMJICS LIENBIN PSZl TOJXOI0B, UMEIOIHX B CBOEH OCHOBE
Pa3TMYHBII MaTeMaTHYECKIH anmapar. 31eCh, IPEXK/Ie BCe-
IO, CJIEAYET OTMETUTD TPAIULIMOHHBINA CTATUCTUYECKUM IO/
xon [1, 2] MeToaBI CTOXaCTHIECKOM ONTUMU3aINnH [3], reo-
METpHUYECKIE MEeTONBI [4], MapKoBcKre Monenu [ 5—8], anro-
pUTMBI B3iBIeT-00padorku curHaios [10] u, HakoHeI,
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JIOCTATOYHO IIUPOKHUN KJIacC MCKYCCTBEHHBIX HEHMPOHHBIX
cereii [9—12]. IIpu aTom aBTOpBI padots! [ 12] moguepkusa-
0T, YTO HEHPOCETEBOH MOAXOA MOXKET B 3HAUUTENILHOM Mepe
00BETMHUTE B ce0€ BCE BHILIEYIIOMSIHYTHIE, OJ1arofaps yHH-
BEPCAIBHBIM aIMPOKCUMHUPYIOIINM 1 (HIBTPYIOIINM CBOU-
CTBaM, CIIOCOOHOCTH K HAacCTPOMKE CBOMX XapaKTEPUCTHK
HEINOCPEICTBEHHO B IIpoLiecce 00pabOTKH, BOCCTAHOBIIEHUIO
HEJIMHENHBIX pa3AessIOIIX TUIEePIOBEPXHOCTEHN CIOKHON
(opmBbl. Bo3MO)XHOCTH HEHpOceTeBOro rmoaxoaa Obum Ipo-
JIEMOHCTPHPOBAHBI B ITPOLIECCE pENIEHHsT HA0Opa TECTOBBIX
3a71a4 KIacCHU(MKAUH TEKCTYP C IIOMOIIBIO TPEXCIIOHHOTO
MEepCcenTpoHa ¢ 75-10 HeHPOHaMU B IEPBOM CKPBITOM CIIOE,
YHCIOM HEHPOHOB B BBIXOAHOM CJIOE€ PABHBIM KOTHYECTBY
BO3MOXKHBIX KJIACCOB M 00ydaemoro ¢ rmomonipio RPROP —
aITOpPUTMa, SIBJISIONIETOCs 110 CYTH MOoAn(HKaIel cTaH-
JTAPTHOTO aJropuTMa oOpaTHOTO PacHpOCTPAHEHUS OIIH-
60k (§-mpaBmta o0ydeHust ¢ yauresnem) [ 11]. TIpu stom Bxozn-
HOH CUTHAJI C OKHa, 00pa30BaHHOTO 25 IMUKCeNaMHy ITpe/iBa-
PUTENBEHO BEKTOPU3YETCS C YYETOM TOrO, YTO KaXKIOMY
MUKCETy CTAaBUTCSI B COOTBETCTBHE TPHU LIBETA. bonbioe ko-
JINYECTBO HACTPAUBAEMBIX CUHANTUYECKUX BECOB MHOIO-
CJIOHHOTO MepcenTpoHa (TONBKO B IIEPBOM CIIO€ UX YHUCIIO

jocTHraer 75%), a TakKe HU3Kas CKOPOCTh OOyIEH s Ha OC-
HOBE §-TIPaBHJIa 3aCTaBJISIIOT CKATh MHbIE, aTbTePHATHBHBIE
MHOTOCJIONHBIM apXUTEKTYpbl HEHPOHHBIX CETeH, coziepka-
1Y€ MEHbIIIee YMCII0 HAaCTpauBaeMBbIX mapameTpoB. Kpome
TOTO, TP aHaJM3e U300pakeHUH ynoOHee 0OpabarsiBaTh
BXO/IHYIO MH(OpMAanHIo He B (POpME BEKTOpPa, a HEToCpe -
CTBEHHO I10/1aBaTh €¢ Ha 00pabOTKY B BU/I€ OKHA-MAaTPHUIIbI,
T.€. IepeiTH 0T 00padOTKH MHOTOMEPHBIX CHTHAJIOB K aHa-
JI3Y IBYMEPHBIX nonei [13—-15].

3 MATEPHUAJIbI 1 METO/IbI

Knaccugukayua mexcmyp na ocnose mampuunozo
6eKmMopHo20 Keanmosanusa. Hamu npemiaraercs BMeCTo
(mnx1) — BeKTOpOB-00pa30B MPEACTABIATH BXOIHBIEC CHT-
Hanbl B Qpopme (mxn) — marpun x(k)={x; ;,,(k)},

q =12 m;i=1,2,..,n k=12 MN(mn)" Bcuy-
yae m <M, n < N WM TeKyllee AUCKPETHOE BpeMs WIN
HOMeEp M300paxkeHus B 0a3e MaHHBIX Mpu m =M, n= N.
Kpowme Toro, BMecTo TpaguLXOHHOTO MHOT'OCJIOMHOT0 ep-
CENTPOHA MBI IPEAJIaraeM MCHOoIb30BaTh HEUPOHHYIO CETh
o0yaaemoro BektopHoro ksantosanus (LVQ) [16] B mat-
puaHoit ee moaudukamnwu [ 17]. Heliponrsie cetn oOydae-
MO0 BEKTOPHOTO KBaHTOBaHMs, BBeieHHbIE T. KoxoHEHOM,
OCHOBAaHbBI Ha HJEIX KOHKyPEHTHOTO OOy4eHHS W UMEIOT
OIHOCIIOWHYIO apXHUTEKTYpY, ITOITHOCTHIO COBITAAIONIYIO C
APXUTEKTYPOU MOMYIISIPHON CaMOOPTaHU3YIOLIENCS KapThl.
B ocHOBe 3THX ceTeil IeKUT TEXHUKA BEKTOPHOTO KBaHTOBA-
HUS, COCTOAIIASI B KOMITAKTHOM MPEICTABICHUN OOMBIINX
MacCHBOB HH(pOpMAINH, 3aJaHHBIX B BHIE HA0Opa BEKTO-
POB, a B HalIeM cirydae Habopa (m x n) — matpur x(k), B

L
(dbopMe OorpaHHYEHHOTO Habopa IEHTPOB KIACCOB W,
g =1,2,..., ZOCTaTOYHO XOPOLIO B CMBICIIC TPSIMOM METPH-

K1 pa36I/IBaIOIIII/IX MMPOCTPAHCTBO BXOA0OB HAa OAHOPOAHLIC

obnactu (TEKCTYpHI), IPH 3TOM wé

(mx n) —MaTpUYHBIH, @ p —3TO BO3MOXKHOE YHCIIO KIIACCOB
B oOyuaromei BEIOOpKe.

IMpornecc 00ywenns ¢ yantenem B MaTpuaHoM VLQ mipo-
HCXOJUT CIIEITYIOIINM 00pa3oM. J[yist Kaskaoro nmpeBapuTesb-
HO POHOPMHPOBaHHOTO oOpaza-marpuipl x(k +1) Taxo-

TAKXC SABJIACTCA

ro, 4To Sp(x(k+1)xT (k+1)) =1, onpexnensieTcs: HEHPOH-

L*
no0eanTenb, CHHANTHICCKHE Beca KOTOPOro wy, (k)

COOTBCTCTBYIOT LIECHTPY ONPECACIICHHOI'O KJIaCCa-TCKCTYPhI.
Hnaue ToBOpH, HO6€,HI/IT€J'I€M SIBIICTCA HeﬁpOH C MUHHUMAJIb-
HBIM PACCTOSAHUEM 10 BXO,HHOﬁ Marpulsbl, T. €.

Sp(Cx(k + 1) = wh™ () ek + 1) —wh (1)) <

<Sp((x(k + 1) = wy () x(k + 1) = w) (k)T
VYg=12,..,p.

[Mockonbky 0OyueHue SBIseTCs] KOHTPOINPYEMBIM, TIPH-
HAAJIKHOCTh MaTpULbl X(k + 1) K KOHKPETHOMY KJIACCY U3-
BECTHA, YTO MI03BOJISIET IPOAHAIN3HPOBATD ABE BO3MOXHBIE
CHUTyalll{, BO3HUKAIOMINE B 00y4aeMOM BEKTOPHOM KBaH-
TOBaHHU:

1) BxomHo#t 00pa3 x(k + 1) u HelipoH-nobeanTeNnHL w; : (k)
OTHOCATCSI K OJTHOMY U TOMY K€ KJIaccy;

2) BXOJHO! 00pa3 M HEHPOH-NIOOEIUTENb OTHOCATCS K
pa3HBIM KJIaccaM.

Torna marpraHas MoauduKarys mpasmia o0ydeHns LVQ
MOXET OBITh 3aIMCaHa B BUJIE

W (k) + ke + Dk + D) - wh" (k)),
ecm x(k+1)m wé* (k) mpuHaasexaT K OTHOMY KJIaccy;
wh k+1) = wl” () =k + D(x(k + 1) - wE (b)), )

«
ecmn x(k+1)u wé (k) mpuHaaexaT pa3HbIM KiaccaMm;

Wg‘ (k) s HeHpOHOB, He TOOEIMBIIMX B MOMEHT & +1,

rae N(k+1) — mapamerp mara oOy4eHHS, MOHOTOHHO
YMEHBILIAIOLIMUIICS B IPOLIECCE HACTPOUKH.

JlaHHOE TIpaBHJIO MMeEeT SICHBIN (PM3UIECKUH CMBICK:
€CIIN HeHPOH-TIOOCIUTENh U MPEIbSIBICHHBIH 00pa3 OTHO-

L*
CATCS K OMHOMY Ktaccy, To LeHTp w, (k) nonrsrusaercs

x(k +1), mepemernas Ipu 3TOM H I'paHUIly MEXIY KJacca-

L*
mu. B ipotuBHOM e ciyqae uentp knacca w,; (k) orrai-

kuBaeTcs oT x(k +1), OTTaIKuBasi PH 3TOM U COOTBETCTBY-
OIIYIO TPAHMILY.

Oco0EHHOCTBIO 33Ja4H, CBI3aHHOM ¢ 00paboTKOiM N300-
Pa’KEHHH, ABJIAETCSA TO, YTO B OMHOM OKHE x(k + 1) oqHOBpe-
MEHHO MOXXET OKa3aThCsl Cpa3y HECKOIIBKO TEKCTYp OTHOCS-
myXcs K pasHbIM KiaccaM. B 3Tom cirydae nporenypy o0y-
gyeHus (1) cimegyeT HNOMONHHUTH ONIEHKOW YpPOBHSA
MpUHAaIIeKHOCTH 00pa3a x(k+1) K pa3HBIM Kilaccam

95



HEMPOIHO®OPMATHKA TA IHTEJIEKTVYAJIBHI CUCTEMU

qg=12,.., p. BBogs paccrosaue mexnay x(k+1) u xax-

JTBIM U3 TICHTPOB wé (k+1) Vq B BUIE

D(x(kn), iy (kn)) = (Sp((x(k +1) -
1
—wh (k+D)x(k+1D)—wh (k+1)” N2,

MOHO 3alIMCaTh OLICHKY YPOBHS IPUHAIJIC)KHOCTU B BUIC

w((x(k+1), WqL(k+1)): pD (x(k +1), wy (k+1)) _

> D7 (x(k+1), w) (k+1))
q=1

1

_ (Sp((x(k +1) - wh (e + D) ek +1) = wh (k+1)" ) 2 (2)

1

L L L T\ 2
> (Sp((x(k+1)— wy (k+D)(x(k+1)—wy (k+1)")) 2
q=1

Hcrnonp3yst orieHKy (2), HECIOXKHO ITPOU3BECTH HEUeT-
KyIO KJIacCH(HKaIHIIO 00pasa, ColeprKalliero cpasy HeCKob-
KO TEKCTYP.

Knaccugpuxauyua mexcmyp 6 nocnedosamenvhocmu
uzoopaycenuil. TpaULIMOHHO 3a/a4a KJIACTEpU3aLIUU TEK-
CTyp pelIaeTcs B «CTaTHYECKOM» BapUaHTe, KOT/Ia aHAIIU3Y
TIO/IBEpraeTcs EANHCTBEHHOE U HEN3MEHsIeMOe N300paxe-
Hue. VIMeHHO Takol 3a1aue MOCBSIIEHO MOIaBIIsIoNIee Jrc-
JI0 ITyOIMKAIMH 110 TaHHOHM IpobiieMaTHke. B To jxe Bpemst
JIOCTATOYHO MHTEPECHOH MPEJICTABISETCS 3a,1a4a KI1acCH(H-
KaIluy TEKCTYpP B TMOCIEA0BATEIBHOCTH H300paXKeHHH, T
CETMEHTHI ATOH MOCIIEOBATENEHOCTH N3MEHSIOTCS BO Bpe-
MEHH, MOT'YT MOSIBJISITBCS HOBBIE 1 ICUE3aTh CTapbIe TEKCTY-
pel. Takme TEKCTYpHl HA3BIBAIOTCA «BPEMEHHBIMH»
(temporal) 1 H3ydeHBI OHU SIBHO HEIOCTATOYHO.

Taxk, B [18] mpemmaraercst Ka)IpIiA ITAKCETh U300pakKeHNs
paccMarpuBarh KaK JTHHEHHYI KOMOMHAINIO TPEABIIYIIIX
€r0 COCTOSIHH, T. €. B (JOpMe aBTOPErpEeCCHOHHON MOIEIH.
BexTopoM jxe pu3HAKOB, HA OCHOBE KOTOPOT'O MTPON3BOIHUT-
sl KITacCU(UKATHS, SIBIISFOTCS KOA((OUIIMEHTH 3THX MOJIETICH.
B [19] paccmoTtpena, Tak Ha3bBaeMasi, IPOCTPAHCTBEHHO-
BpeMeHHast aBToperpeccuonHast Mozens (STAR), kyna Bkitro-
YeHa MPEABICTOPHSI HE TOJIBKO KOHKPETHOTO IMKCeNa, HO U
€r0 OKpYXKeHHs, 3a1aHHoT0 B (hopme okHa. STAR — Mozens,
OITUCHIBAIONIAsT TPOCTPAHCTBEHHO-BPEMEHHYIO 3BOJIONUIO
TEKCTYp, MTOTHOCTBIO OIMCHIBAETCSI BEKTOPOM CBOMX KO3(]-
(PUIMEHTOB, KOTOPHINA IOJACTCSA HAa KIACCHPHUIUPYIOUTYIO
CHCTEMY — HCKYCCTBEHHYIO HEHPOHHYIO CETb.

C teMm, 9TO OBI IEPEUTH OT BEKTOPHOTO OITUCAHHS K MaT-
PUYHOMY, JUTS ONTHCAHHS HBOIOINH IBYMEPHOTO IO, 3a-

JTAHHOTO B BUIE (71X 1) —MaTpHUIbl, X(k) , BOCIIOIB3yeMCS

MOJIeITbI0, BBeZieHHOH B [20], BHaa

x(k) = Ax(k -1)C+E(k) . 3)
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[TockonbKy onvcanuro (3) COOTBETCTBYET aBTOPETPECCHUS
MIEPBOr'0 MOPSIIKA, MOXXHO BBECTH B PACCMOTPEHHE MaTPHY-
HYIO MOJIENTb aBTOPETPECCHH IPOU3BOIIBHOIO TIOPSIIKA /1 BUIA

h
x(k)= > Agx(k-d)C, +&(k) =
d=1

= A(x(k =1)ix(k = 2)} ... x(k — h))C + E(k) = Ax(k - 1)C+E(k) , (4)

C
o G
rae A=(A:Ay: Ay, C=|-1|,
Ch
x(k—1) 0
x(k-1)= x(k—=2) —(hmxhn) -
0 x(k—h)
MarpuIa.

HecnoxxHo 3aMeTUTh, 9T0 MOJETH (4) sBIsieTcst 00001IIe-
HHEM BeIpakeHust (3) ¥ coBIagaeT c HUM IpH /1 = 1.

Hnst onpenenenus (mx hm) u (hnx n) — MaTpur ko3¢-
¢bureHToB A 1 C MOXKHO BOCIIONIB30BATHCS aJaTHBHBIM
ONTUMAJIEHBIM I'PaJUEHTHBIM aJITOPUTMOM HACHTH()UKAITN
MaTPHUYHBIX Mojenel [2] ] MUHUMHU3UPYIOINUM KpUTEpUil

EXM = Sp(x(k +1) = A(k)x (k) C())x(k +1) = A(k)x(k)C(k) =
=SpVp (k+ VA (k+1) = |[Va Gk + D[,

EE = Sp(x(k +1) = A(k + D) x(K)C(k)(x(k +1) = Ak + D) x(k)Clk) =
= SpVe(k+ VT (k+1) =V (k+ ).

M UMEIOIIUM BH]]

AGk+1) = A(k) +(SpVa (k +DCT ()X (k) x(k)x
<CUWE (k+1)SpVa (k+1DCT ()%

() x()CHCT ()x ()X R)CEWT (k+ )T x

<V (k+D)CU)x (k) .
C(k+1) = Ck)+(SpV (k+ DAk + DY) (k) x
<AT (k + 1)V (k + D)SpA(k + )x(h)x

<(b)AT (ke + DV (k+ DV (k + DA + D> x

x(k+ D (K)AT (k + 1)V (k +1),

MO>XHO TaroKe 3aMETHTB, YTO (DAKTHIECKH alrOpuT™ (5)
SIBJSIETCS] MATPIIHBIM 0000IIIEHNEM TIOMYIIIPHOTO aJITOPUT-
Ma Yuapoy-Xodda [11], ucnonpzyemom mpu oOydeHUN
HCKYCTBEHHBIX HEPOHHBIX CETEH.
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OO6beauHss MaTpunbl kKodppuuueHtoB A(K +1),
C(k +1), monyuaem (m+hn)x(hm+n) Gnounyto maTpu-

AKk+D) i O

uy B(k +1):B(k+1)=

0O i Ck+l)

, colepxa-

myro B cebe MOoiTHyI0 MH(OpMAIUIo O MaTpHYHOH-TIPO-
CTPaHCTBEHHO-BPEMEHHON aBTOPETPECCUOHHON MOJEIU.
WmenHo 3Ta MaTpuLa nogaercs Ha BXoJ MaTpudHoi VLQ-
cucremsl. [1pu 3ToM anroputM o0ydeHus puodpeTaeT BUL

wg (k) +n(k+DBK+1) - wg (K);
ecmu B(k+1) u W(;‘:h (k) mpuHaIekKaT OHOMY Kitaccy,
wg (K+1) =13 wg" (k) —n(k+ DBk +1) - wg (K));

eciu B(k+1) u W‘li*(k) MPHHAUICKAT Pa3HBIM KJIaccaMm,

Wé‘ (K) st HEWpOHOB, He MOOEIUBIIKX B MOMEHT K +1.

HecnoxHo Taxke 3amucaTh 1 OLICHKY ypOBHeﬁ IpUuHana-
JIC)KHOCTHU B CJIy1dac NPOBCACHNA HCUYCT KO maccmbnxaunn:

_1 L
B+ 1), s+ 1) = (Blk+1,wgk+1)
> D7 B(k+1), wy (k+1))

g1

1
(Sp(B(k +1) —wg (k + D)(B(k +1) —wg (k+1)T ) 2

T

Ep; (SP(B(k +1)~ Wi (k+ DBk + D —wh (k +1)T)) 2
g=1

4 OKCIIEPUMEHTDI

DKCIepUMEHTATFHBIN aHAITN3 TIPEITIOKEHHOH KIIacCU(H-
LUpYyroLeld HEHPOHHOM CETH MPOBOAMIICS C BUAENOCIIENO-
BaTEIBHOCTSAMH, cocToSIMMH 13 2250 m300pakeHnii B hop-
Mate RGB ¢ nporpeccuBHOl pa3BepTKOH U pa3pereHneM
640 Ha 416 Tovek. [ SIMMHUHALINYN BIUSTHHS JTFOOOTO BO3-
MOKHOTO CXKaTHsI MCIONB30BAJINCh U300paXKeHUsI B (op-
mare .BMP. Hnade roBopsi, B kKoHTeltHepax . AVI ObLtn npen-
craBieHsl 90-cexyHIHbIe BHIEOpAas! (Bcero 10), ams koto-
PBIX HHTEPAKTUBHO ONPEAEIICHBI TPAHHUIBI CETMEHTOB, T.€.
OIHOPOJHBIX IO «COAEP)KAHUIO» IOCIEAOBATEIBLHOCTEH
BHACOKAAPOB. Prc. | mimrocTpupyer JIeByo 1 paByro rpa-

HUIBI CETMEHTa, COCTOSIIEr0 U3 75 BUICOKaAPOB (JIECHBIE
noxapsl, National Geographic), 1 KOTOPBIX TEKCTypHBIE
TIPU3HAKH SBJISIOTCS MAaKCHMaJIBHO PEIpe3eHTaTHBHBIMHU.
JI71 pa3IuuHBIX BUIEO YHCIIO CETMEHTOB COCTaBIIsuIO 2025
CEMaHTHUYECKH OHOPOIHBIX MOATIOCeIoBaTebHOCTer. [Tpn
9TOM JyIHA 00y4aroIei BEIOOpKH BapbsrpoBaiack ot 40 o
350 ¢pparmeHTOB. B BRIUHCIUTEIEHOM 3KCIICPUMEHTE YHC-
710 parMeHToB coCTaBILIIO: 256 (OJIOKH — 4() x 26 dIIeMEH-
TOB), 64 (O1OKM — 80 x 52 3meMenTa), 16 (Omoku— 120 x 104
DIIEMEHTA).

Ha puc. 2 nokazaHo npezcraBiieHne CpetHero n3oopa-
xenus puc. 1 16 6rmokamu.

5 PE3YJIBTATBI

Pe3ynbTarsl SKCTIEpUMEHTOB MTO3BOJISIOT YTBEPIKAATH, UTO
JUISL CITy4aeB YETKOW BU3YaJIbHOM TPAHUILIBI MEXIY TEMIIO-
pPaAJIBHBIMHM CETMEHTaMHU KJIacCH(HUIUPYIOmas HeHpOoHHas
cets obecrieunBaer 100 % onpeneneHHe CETMEHTOB NpPHU
J0OBIX pazmepax GpparMeHToB. OIHAKO YBEITMUCHUE YHCIIA
(parMeHTOB HEPEAKO HMPUBOIUT K TOMY, YTO IPH «ILJIaB-
HOM» (HampuMep, MEJICHHOM [TaHOPAMUPOBAHUH HJIH HC-
KYCCTBEHHBIX () (heKTax THIIA «pACTBOPEHUEY ) IEPEXO/E OT
CErMEeHTa K CeTMEHTY BO3HUKAIOT JIOXKHBIE «OIOKOBBIE)» Tpa-
HUIBI, HE COOTBETCTBYIOIINE CEMAaHTHKE BHUJEO. JlaHHBIN
a¢dekt wuroctpupyercs puc. 3 (wyHamu 11 cerrsops 2011
I. B Slnornu, NHK), Ha KOTOpOM IpMBEZIEH CErMEHT C IIa-
rom 50 Buneokaapo. C otHOH CTOPOHBI, M30€XKaTh OIIHOO0K
MOXXHO JJ0OABJICHHEM IIPU3HAKOB HJIH, UCTIONbB3Ys TUPaMH-
JTATILHOE TTIPeJICTaBIICHUE N300pa)KeHNH, CTPAaTH(HUIINPOBAH-
HBIM OrpyOseHneM (OHKEHHEM pa3peniaromieii crocoo-
HoCTH) n300paskenuid. C Apyroit CTOpOHBI, IIPH PaLlMOHAb-
HBIX pa3Mepax ()parMEeHTOB IMOIy4aeM HHCTPYMEHT IS
OoJee IeTaIbHON CerMEHTAaNH BUCO, KOTZIa BO BHUMAHHUE
MIPUHAMAIOTCS JIOKAJIbHbIE M3MEHEHNUS CIoKeTa. B 1emom,
KIaccuuImpyromas HelpoHHas ceTh Ha 0a3e aHamM3a TeK-
CTYp TIpH OJIOYHOM NPEACTABICHUH BHEO SIBIISIETCS JIOCTA-
TOYHO IIEPCTIEKTUBHBIM HHCTPYMEHTAPHEM /IS CUCTEM I10-
MCKa BUJICOJAHHBIX T10 MX COAEPKAHHIO.

BbIBO/bI

B crarpe npewioxen noaxon K KiIacTepu3aiuy CTaTHIec-
KMX ¥ TMHAMHYECKUX TEKCTYP B MOCIIEA0BATEIEHOCTH H300-
paskeHni ¢ MOMOIIBI0 00y4aeMOro BEKTOPHOTO KBAHTOBA-
Hus. Beenen anroputM oOydeHuUs] HEHPOHHOM CETH B Mat-
pUYHOM BapHaHTE, YTO IO3BOJISET COKPATHTH BPEMS
00pabOTKH 1 aHAIM3UPOBAThH M300paskeHne B 1esioM. Pa3-
BUBAEMbIM MOJAXOJ OTJIMYAETCS] YUCIEHHOW MPOCTOTOW U
OBICTPONICIICTBIEM.

Pucynok 1 — IIpumep rpaHuil cerMEHTOB BHJIEOIIOCIIEI0BATENLHOCTEH
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Pucynok 2 — IlpencraBienue n3o0paxxeHus: OJI0KaMu

Pucynok 3 — [Ipumep J0XKHBIX TPaHUI] CETMEHTOB

BJATOJAPHOCTHU

Pabora BBITIONTHEHA B paMKax TOCOFIKETHON TeMBI Xapb-

KOBCKOT'O HAaIIMOHAJILHOTO YHUBEPCHTETA PAHOITEKTPOHH-
ku «Heiipo-(a33u cuctemsl Ai1s TEKyIIeH KIaCTepU3aIlii U
KJIaccU(pHUKaIMK MOCIEA0BATEIFHOCTEH JAHHBIX B YCIOBHSIX
UX HNCKPUBJIEHHOCTH OTCYTCTBYIOIIMMH W aHOMAJbHBIMHU
HabmoneHmsiMim» (Ne JIP 0113U000361).

98

CIIMCOK JIMTEPATYPBI

Derin H. Modeling and segmentation of noisy and textured images
using Gibbs random fields / H. Derin, H. Elliot // IEEE Trans. on
Pattern Analysis and Machine Intelligence. — 1987. — Vol. 9. —
P. 39-55.

Varma M. A statistical approach to texture classification from
single images / M. Varma, A. Zisserman // Int. J. of Computer
Vision. — 2005. — Vol. 62. — P. 61-81.

Liu L. Texture classification from random features / L. Liu,
P. Fieguth // IEEE Trans. on Pattern Analysis and Machine
Intelligence. —2012. — No. 34. — P. 574-586.

Chen Y. Q. Statistical geometrical features for texture
classification / Y. Q. Chen, M. S. Nixon, D. W. Thomas //
Pattern Recognition. — 1995. — No. 28. — P. 537-552.

Cross G. R., Jain A.K. Markov random field texture models
/ G. R. Cross, A. K. Jain // IEEE Trans. on Pattern Analysis
and Machine Intelligence. — 1983. — No. 5. — P. 25-39.
Chellapa R. Classification of textures using Gaussian —
Markov random fields / R. Chellapa, S. Chatterjee / IEEE
Trans. on Acoust., Speech, Signal Processing. — 1985. —
No. 33. — P. 959-963.

7.

10.

11.

12.

13.

14.

15.

Ghahramani Z. An introduction to hidden Marka models and
Bayesian networks / Z. Ghahramani // Int. J. of Pattern
Recognition and Artificial Intelligence. — 2001. — No. 15. —
P. 9-42.

Beal M. J. The infinite hidden Markov model / M. J. Beal,
Z. Ghahramani, C. E. Rasmussen // Neural Information
Processing Systems. — 2001. — P. 577-584.

Neural Networks for Signal Processing / ed. B. Kosko. — New
Jersey : Prentice Hall, 1992. — 399 p.

Rojas R. Neural Network: A Systematic Introduction /
R. Rojas. — Berlin : Springer-Verlag. 1996. — 502 p.
Xaitkun C. Heitponnsie cetn: [Tomnsriii kype / C. XalikuH. —
M. : U3paTenbckuii mom Bruimbsmc, 2006. — 1104 c.
Raveane W. Texture classification with neural networks /
W. Raveane, M.A.G. Arrieta ; eds. Omatu et. al. // Distributed
Computing&Aurtificial Intelligence. — Berlin, Springer, 2013. —
P. 305-332.

Caldas-Pinto J. R. Self-tuning filters and predictors for two-
dimensional systems / J. R. Caldas-Pinto, P. E. Wellstead //
Int. J. of Control. — 1985. — Vol. 42, No. 2. — P. 457-505.
Wellstead P. E. Two-dimensional adaptive prediction,
smoothing and filtering / P. E. Wellstead, G. R. Wagner,
J.R. Caldas-Pinto // IEE Proc. — 1987. —No. 3. — P. 253-267.
Bodyanskiy Ye. Discrete adaptive identification and extrapolation
of two-dimensional fields / Ye. Bodyanskiy, 1. Pliss, V. Timofeev
// Pattern Recognition and Image Analysis. — 1995. — No. 3. —
P. 410-416.

Kohonen T. Self-organizing maps / T. Kohonen. — Berlin :
Springer Verlag, 1995. — 362 p.



p-ISSN 1607-3274. Panioenektponika, inpopmaruka, ynpasiinas. 2014, Ne 2
e-ISSN 2313-688X. Radio Electronics, Computer Science, Control. 2014. Ne 2

17.

18.

19.

Bboryuapckuit C.11. O6paboTka u3006paxKeHul Ha OCHOBE KOM- 20. Kynuesuu B.M. O penienun 3afauu AByMEpPHOU OUCKpET-
OGMHHPOBAHHOTO BEKTOPHOTO KBAaHTOBAHMS C UCIIOJIL30BAHH- HO# QubTpayy / ABTOMaTHKa U TelneMexaHuka. — 1987, —
eM IOJIyKOHTpoJupyemoro oOyuenus / boryuapckuit C. U. Ne 6. - C. 68-78.

// Bectauk HTY «XITN». — 2014. — Ne 6 (1049). — C. 20-29. 21. bopsuckuit E.B. O pemenun 3amaun ynpaieHUs MaTpud-
Mao J. Texture classification and segmentation using HBIM 00BEKTOM B ycioBusx HeompenenenHoctu / E. B. bo-
multiresolution simultaneons antoregressive models / J. Mao, A. nsauckuit, U. 1. Tlnuce // ABTOMaTnka U TelleMeXaHHKa. —
K. Jain // Pattern Recognition. — 1992. — No. 25. — P. 173-188. 1990. — No. 2. - C. 175-178.

Ardizzone E. Using temporal texture for content-based video
retrieval / E. Ardizzone, A. Capra, M. La Cascia // Journal of
Visual Languages and Computing. —2000.—No. 11.—P.241-252.

Cratbst moctynuia B pepakuuio 17.09.2014.
Iocns nopo6orku 20.10.2014.

Boryuapcokuii C. 1!, Maurranip C. B.2

'Acnipant, XapKiBChbKUI HAIIOHATBHUN YHIBEPCHTET pajlioeeKTPOHIKH, YKpaiHa

’KaHJI. TexXH. HayK, JOUEHT, XapKiBCbKUil HAIOHATBHUMN YHIBEPCUTET PajiOeTIeKTPOHIKH, YKpaiHa

AHAJII3 TEKCTYP B ITIOCJIJOBHOCTAX 30BPA’KEHDb HA BA31 BEKTOPHOT'O KBAHTYBAHHS

B po6ori 3anpornoHoBaHui MiAXiN 10 aHAII3y HOCTINOBHOCTEH 300paxeHs (Bineomanux). s boro po3po0iieHi MaTpUyHi aHAJIOTH

ICHYIOUMX HeHpOMepe:)KeBHX ITiIXOIB, [0 J03BOJISIE BPAXOBYBATH IPOCTOPOBI 3B’I3KU MYIBTUMENIHHOI iH(pOpMaLii Ta CKOPOTHTH 4ac
HeoOXinHui Ha 06poOKy iH(opMallii 32 paxyHOK BBEIEHHS HOBOI MaTPUYHOI MPOIIEAYPH HaBUYaHHS HeHPOHHOI Mepexi. B sikocti 6a3oBoi
O3HAKH, 32 SIKOIO NTPOBOIHUTHCS PO3OMTTS BUXITHUX JAHUX, OyIO 0OpaHO TEKCTYpH, IO B CBOIO 4YePry A03BOJSE MiJBUIIUTH TOYHICTH
KJIacTepH3allii.

Kurouosi ciioBa: 300paxkeHHs, TEKCTypa, KJIaCTepH3allisi, MaTPHYHI AITOPUTMH, HEHPOHHI Mepexi.

Bogucharskiy S. L', Mashtalir S. V.2

"Postgraduate student, Kharkiv National University of Radio Electronics, Ukraine

’Ph.D., Associate Professor, Kharkiv National University of Radio Electronics, Ukraine

IMAGE SEQUENCESTEXTURE ANALYSIS BASED ON VECTOR QUANTIZATION

The approach for the image sequence (videodata) analysis is proposed. For this purpose, the matrix analogs of existing neural

network approaches is developed. This aallows to takes into account the spatial relationships of multimedia information, and to reduce
the time of information processing through the introduction of a new neural network matrix training procedures.

10.

11.

The texture isselected as a basic characteristic for original data partition, which, in turn, improves the clustering accuracy.
Keywords: image, texture, clustering, matrix algorithm, neural networks.
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Y/IK 004.383.8.032.26

Omutpuenko B. 1., 3akoBopoTHbIn A. KO.2

'[I-p mexH. Hayk, npogheccop, npogheccop Kaghedpbl 8bIYUCTUMENTBHOU MEXHUKU U rpo2pammuposaHusi, HayuoHanbHbIl
mexHu4Yeckull yHusepcumem «XapbKO8CKUU MoNuUmMexHuU4eckull uHcmumymy, YkpauHa

2KaHO. mexH. Hayk, 0oueHm, doueHm Kaghedpbl 8bI4UCITUMENTBLHOU MEXHUKU U rpogpammuposaHusi HayuoHanbHbil mexHudeckul
yHusepcumem «XapbKO8CKUU MOUMexHUYecKul uHcmumymy, YkpauHa

APXUTEKTYPbl U AINMOPUTMbl ®YHKUMOHUPOBAHUA
HEWPOHHbIX CETEA XEMMUHIA U XEBBA, CNOCOBHbIX
AOOBYYATbLCA U PACINMO3HABATbL HOBYIO UH®OPMALIUIO

Pemena 3amaua 1000y4YeHUs KJIACCHUECKUX JUCKPETHBIX HEHPOHHBIX ceTed XeMMMHra U
Xeb06a O6e3 morephb 3amOMHEHHOH paHee MHpopMmanuu. OOBEKTOM HCCIIEOBAHUS SBISIOTCS
HPOLECCHl PAacO3HABaHUs U KJIACCH(UKAIMU 00pa30B B CHCTEMaxX, HOCTPOCHHBEIX Ha OCHOBE
HCKYCCTBEHHBIX HEHpOHHBIX ceTell. [IpenmeToM uccliegoBaHUS ABIAIOTCS apXUTEKTYphbl U
ITOPUTMBI (DYHKIMOHMPOBAHMS UCKYCCTBEHHBIX HeHPOHHBIX ceTeil. Llenb paboTsl: pa3paboTka
CTaOUIBHO-IIACTHYHBIX HEHPOHHBIX ceTelt XemMMuHra u Xe60a. PazpaboTaHbl apXUTEKTYphl U
aNropuTMbl (PYHKIIMOHUPOBAHUS AMCKPETHBIX CTaOMJIBHO-INIACTUYHEIX HEHPOHHBIX ceTel
XemmuHra u Xe66a, KOTOpbIE HE TOJIBKO MOTYT 1000y4aThes B Iporecce GyHKIMOHUPOBaHUS,
HO 1 paclio3HaBaTh HOBYIO HH(popMaruio. HoBbIe ceTi MOTyT CTaTh alIbTePHATUBOM JUCKPETHBIM
HEHPOHHBIM CETSAM aAalTUBHOU pe30HAaHCHOHU TeopuH. PazpaboTaHHbIH NOAX0A 110 1000Y4eHHIO
MOKeT ObITh 0000IICH U Ha Apyrue HelpoHHbIe ceTu. IIpoBeneHbl dKcIepUMEHTAlbHbBIC
HCCIeIOBaHUs pa3pabOTaHHEIX alrOPHUTMOB (DYHKIIMOHUPOBAHUS MCKYCCTBEHHBIX HEHPOHHBIX
cereil. Pe3ynbTaTsl 3KCIEPHUMEHTOB MOATBEPKAAI0T MPABUIBHOCTD MPEJIOKEHHOTO HMOAXO0AA.

KiarwueBrblie ciioBa: pacrio3HaBaHue u KJ'IaCCI/I(bI/IKaIlI/DI 06pa3013, CcTaOWIILHO-TJIACTHYHBIE
HeﬁpOHHBIe CCTH, HeﬁpOHHaﬂ CCTh XeMMI/IHFa, HeﬁpOHHaﬂ CCTh Xe66a, ajanTuBHas pE30HaHCHAas

TEOPHSL.

HOMEHKJIATYPA

APT — aganTuBHas pe30HAHCHAs TEOPHUS;

APT-1 — nuckpeTHast HEWpPOHHAs CETh aAANITUBHOM pe-
30HAHCHOM TEOpUH;

HC — neiiponHas cets;

A, — p-ii BXOIHOM CHIHAII HEHPOHOB;

@ —9HCII0 KOMIIOHEHT, B KOTOPBIX COBIAAI0T BXOAHOM 1
3TaJIOHHBIN BEKTOPA B HEUPOHHOW CETU XEMMUHT4;

a_. — MUHAMAIBHO JOMYCTHMOE 3HAYEHHE YHCIA CO-
BIT3/IAIOIIMX KOMITOHEHT BXOZHOTO M 3TaJIOHHOTO BEKTOPOB
B ceTH XE€MMUHT A,

F — 0600mmenHast QyHKITUS 9rciIa HeHPOHOB BECOB CBSI-
3eil HeHPOHHOH CeTH 1 BXOAHOTO H300PaskeHIS,

F, - 00o0menHas QpyHKIHS;

g 4(Uyy ) — OyHKIMS aKTUBAIN A-HEHPOHOB CETH XeM-
MUHT'3;

gy (Ugy ) — GyHKIINSA aKTHBAIMHN Y-HEHPOHOB CceTH XeM-
MUHT'3;

g7 U,y ) — OyHKIHNA aKTUBaNK Z-HEHPOHOB CETH X eM-
MUHT'3;

ki —xoHCTaHTAa;

L — gncno mooby4ueHuit HelpoHHO# cetn Xeb0a;

m —4ucio Y-HelpoHoB cetn Xeb0a;

M — MHOXXECTBO M3 M TIap BXOAHBIX PACIIO3HABAEMBIX
M300paKeHNH M COOTBETCTBYIOIIIX UM BBIXOJHBIX H300pa-
YKeHUH HeHpoHHOH ceTn Xebh0a;

n — KOITMYECTBO BXOHBIX HEHPOHOB CETH XEMMUHTa;
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n, — YUCIIO HEHPOHOB B d-i rpymmne Y-HelipoHOB ceTu
Xe00a;

N —9HCII0 TPYMIT pacIio3HAIOMINX HEUPOHOB ceTH Xe00a;

N, — 4HCII0 HEUPOHOB CETH,;

N, — pesienbHOe 9YHCIIO STI0X oOyuenus cetn Xe00a;

N, — 4ucio obydeHHbIX HelipoHOB B cetd APT;

N 36 — 9MCII0 U30BITOUHBIX HEHPOHOB B ceTH APT;

q — 9uCI0 Z-HeHPOHOB, XpaHSIIINX 3TAaJOHHEIE H300pa-
JKCHHS B CETH XEMMUHTA;

R —paccrosuue mo XeMMHUHTY MEXTy BXOJHBIM U 9Ta-
JIOHHBIM BEKTOpPaMH;

§k — k- BxomHOe n300pakeHne HelPOHHOM ceTh Xe00a,;

* — [-s1 OunonsipHasi KOMIIOHEHT -I'O BXOAHOI'O 1 -
Slk ouno asi KOMIIOHEHTA k -T0 BXOZHOIO U300
KCHUA CCTU
axe ce Xe66a,
S:—i-i BXO,Z[HOﬁ HEWpOH ceTH XECMMUHTA;
1 s
S*—BXOI[HOC n300pakeHue;
]

sk o -
Y — BEKTOp BBIXOIHBIX CUTHAJIOB HEHPOHHOM CeTH;
Y ? — BBIXOTHOU BEKTOP, COIIOCTABICHHBIH p-My H300pa-
KEHUIO;

Y7 — m-s1 KOMIOHEHTa BBIXOXHOIO BeKTOpa Y p,
k
¥ — m-51 KOMIIOHEHTA BBIXOIHOTO BEKTOpa CETH TS H300-

k.
paxeHust S”;
t — Bpems,

% — BeKTOp BHIXOMHBIX CUTHATIOB HEHPOHHOI ceTn Xeb-

0a, COOTBETCTBYIOIINIT BXOAHOMY H300paXeHHUIO S k.
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k
tm — m-51 KOMIIOHCHTA BEKTOPA BXOAHBIX CUTHAJIOB tk;

Usx 4 , — BXOJIHOII CHTHAJI HeHpOHa Ap ceTr XeMMHHTa;

Usuix 4 , — BBIXOJIHO! CUTHAJT HEHPOHa Ap ceTy XeMMUHIa;

U hax — KOHCTaHTa;

Uy S; — BXOJIHOU CUTHAJI 3JIEMEHTA S, HEHPOHHOM ceTu
XeMMUHra,

Usiix S, — BBIXOJHOI CUTHAJI dJIEMEHTA S,- HEHUpPOHHOI
ceTd XeMMUHTa;

Usgx Y, - BXOJTHOW CHTHAJ HEHpOHA ); cetu Xe00a;
UBI)IXY/« — BBIXOJHOM CUI'HaJIbl HEHpOHa ); cetu Xeb0a;

UBHX ve — BBIXOJHOM CUrHaJI HEHpOoHa ka d-1i TpyImBI
HEeHpoHOB ceTn Xe00a;

Usxz , — BXOJIHO# CHT'HaJl HeHpOHa Zp ceTr XeMMUHTa,;
U siix 7,, — BEIXOJIHOI CHTHAI HEHpOHa Z ceTH XEeMMUHTa;
Usx £, — BXOZHOII curHai HeiipoHa 2 ; cetn Xe00a;

Uppix 5, — BBIXOIHOIT CHTHAII HelfpoHa X ; cetr Xe06a;

W — MHOXK€CTBO BECOB CBSI3€1 HEHPOHHOH CEeTH;

W6 —4HCII0 00y4EeHHBIX BECOB CBA3€M HEHPOHHOH ceTH
APT;

Ws6 — UUCIO U30BITOUHBIX BECOB CBA3EH HEUPOHHOMN
cetu APT;

A o
W,;" — Bec cBA3M MeX Ty HelpoHamMu A, 1 A]_B cetu XeM-
MUHT'3;

Wi, — Bec cBsI3M OT i-ro0 HEWpOHA BXOIHOTO S-CIOS K
p-My HEHpOHY Z-CI0sl CeTH XEMMUHTa,

Wi — Bec cBsi3u 0T i-ro HelfpoHa S-Ci1os K j-My HelpoHy
Y-cnost cern Xe0b6a;
W,j(new) — HoBbIii Bec cBsI3H HEHPOHHOI ceTn Xeh6a;

Wij(old) — npenpimyumii Bec cBA3M HEHpOHHOM ceTH
Xe00a;

Y’ — BEKTOp BBIXOMHBIX CHTHAJIOB HEHPOHHOM CETH;

Zp — p-1 DJIEMEHT CJ1051 Z-HEUPOHOB CETH XEMMUHIa;

€ —KOHCTaHTa,;

Y — JOIOJHUTENbHBIA CYMMUPYIOLMH HEMPOH CETH
XemmuHra 1715t 0OHApyXEHUST HOBOM HH(POPMAIINH Ha BXO-
JIE CETH.

BBEJEHHE

CucTeMbl paclio3HABaHUS, KIIACCH()UKAINH 1 YIIPaBIIC-
HHS Ha OCHOBE MCKycCTBeHHBIX HC MMPOKO NPUMEHSIOTCS
UTS PELICHUSI CAMBIX PA3JIMYHbIX 3aa4. YCIICITHOE TIpuMe-
uHerne HC npu penieHnn pa3HooOpa3HBIX 3a1a4 00yCIIOBIIe-
HO MX YHHBEPCAJIbHOCTBIO, BO3MOYKHOCTBIO 3aMEHBI pa3iIHy-
HBIX TPaJULMOHHBIX IPOOJIEM, BOHUKAIOIIHX IPU PEILCHHH
KOHKPETHBIX MPUKJIaTHBIX 3a1a4, o0yaeHreM HC Ha mpume-
pax, BO3MOXKHOCTBIO camoo0y4denus u pa3padorkn HC oz
pelaeMyro 3a1aqy, 1 T. 1.

[Ipn HaMWYUM JOCTaTOYHO MOJHON MHPOpMAarmu 00
00BEKTE UCCIIEOBAHMS, BO3MOXKHO HCIIOB30BAHHUE IIEJIOTO
pszna pa3imyHbIX BuoB HC, momxonsiwx s co3NaHus pac-
TIO3HAIOIINX,, KITACCU(DUIUPYFOIINX U YIPABILIOIIAX CHCTEM.

OpnHaxo mpu pa3paboTKe CHCTEM Ul PealbHBIX 0OBHEKTOB
3a9acTyi0 BO3HMKAIOT CHUTYyallud, Korga uHpopManus oo
00BEeKTe Jajieko He TOoNHasi WM OyIeT YTOYHSTHCS B IpO-
necce (QYHKITMOHUPOBAHUS 00BEKTa. DTO 00CTOSTEIIECTBO
pe3ko cokpamaer kpyr HC, xoropsle menecooOpasHo uc-
TIONTB30BATh B TAKHUX CUTYALSIX, IIOCKOJIbKY 00y4eH1e HOBO-
My 00pa3y B o0IIeM cirydae MpUBEJET K MOJHOMY Hepe-
obyuennto HC. Taxoke orpaHnieHne Ha IIPUMEHsIEMbIE CeTH
HAKJIaAbIBAET U HEUYBCTBUTENBHOCTb CETEN K HOBBIM JaH-
HBIM BO BXO/IHOH MH(popMarmy. Bee BrienepednciieHHoe
TIPUBEJIO K Pa3paboTKe MPUHIUIAAIEHO HOBBIX KOH(UTY-
pauuii HC ucnons3yromux B cBoelt ocHoBe APT u pemaro-
KX Mpo0JIeMy CTaOMIIEHOCTH-IUIACTHYHOCTH, TO €CTh IPO-
071eMy BOCHPHSATHS M 3allOMUHAHUsI HOBOW MH(opManuu
IIPU COXPAHEHHUH YK€ UMEIOLIEHCSL.

VYka3anHoe joctonHCTBO ceteid APT nocturaercs 3a caer
BBeieHus B apxutekrypy HC n30bITOUHBIX HEHPOHOB, KOTO-
pBI€ MCHONB3YIOTCS TOIBKO JUIsl 1000ydeHHs cetu. Brene-
HHE U30BITOYHBIX HEHPOHOB MOXET ITO3BOJIUTH PEILHTH IPO-
61eMy 1000y9eHHS HITH ITPO0JIeMY CTaOMIIbHOCTU-TUIACTHY-
Hoctu 1 npyrux HC.

Lensro cratbu siBisiercs pa3paboTka CTaOWIHHO-TIACTHY-
HBIX HEHPOHHBIX ceTeld XeMMHUHTa 1 Xe00a.

1 IIOCTAHOBKA 3AJAYHN

HYCTL HEKOTOpas HeﬁpOHHaH CCThb C n BXOAHBIMU U p
BBIXOJHBIMH HeﬁpOHaMI/I 06yqua PpacCrno3HaBaHUIO MHOXE-

CTBa BXOJIHBIX H300pakeHWH S = {S1 = (Sll,..., S,11),

1 1 1 k k k
S={S =(051,..»8,),-...,. 8" =(S],...., )} KaxagOMYy W3
KOTOpBIX Ha BBIXOJIE HEHPOHHOM CETH COOTBETCTBYET CBOI
BBIXOMHOM Bektop Y7 = (Y[7,..,Y}), p =1, k. Torza pac-
MO3HABaHUE HEKOTOPOTO BXOJHOTO H300paXKeHHs

* & *
S =(S;,...,S,) CBOINTCI K BBIYUCICHIIO COOTHOIICHUS

Y =F(N,,W,8).

[TockonbKy npu 00y4eHNH HEHPOHHOM CeTH, KaK MpaBuU-
710, OMpEenesieTcss BCE MHOXECTBO BECOB CBS3EH
{W11, W13, ...} Bcex HEHPOHOB, TO IPH HEOOXOUMOCTH JIO-
00y4NTh HEHPOHHYIO CETh PACMO3HABAHMIO €IIE OJHOTO
u300pakeHnst S¥! PUXOIUTCSI BBIIOIHATE MIOIHOE U TPY-
JIoeMKoe 00y9IeHHe CeTH PacIiO3HABaHUIO MHOXKECTBA H300-

paxenuit S = {S 1, vy Sk,S k+1}. DTOT HEJOCTATOK U3BECT-
HBIX apXUTEKTYp HEHPOHHBIX CeTel MpHBelN K pa3padboTke
HelpoHHbIX cerell APT, B KOTOpBIX [UIsl 3alIOMUHAHMS HO-
BOM MH(OpMAIIH BBOIMINCH N30BITOUHBIC HEHPOHBI, OIa-
roAapst KOTOPBIM HE HYXXHO MEHSATH BECa CBSI3eH, XPAHSIIIIX
nHpOpMALHIO 00 yKe 3aIIOMHEHHBIX H300pakeHmsx. Kpo-
Me toro, ceth APT o0magaror ere oqHUM BayKHBIM CBOM-
CTBOM — OHH MOT'YT OOHAapy>KUBAaTh Ha CBOMX BXO/IaX HOBBIE
n300pakeHNs], KOTOPBIX HET B IIAMSTH CETH, a 3aT€M MOT'yT
3alIOMUHATh UX Kak NpeACcTaBUTENEN HOBBIX KiaccoB. Dak-
THUYECKH PACIO3HABAHIE HEKOTOPOTO BXOAHOTO M300paske-

*
Husd S B cerssx APT BbINOIHSIETCS ¢ IIOMOILBIO COOTHOIIIE-

* *
HuA ¥ :Fl(NOG’Nm6> Wo> Wiss> S).
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HEMPOIHO®OPMATHKA TA IHTEJIEKTVYAJIBHI CUCTEMU

Crasurcs 3aJaua onpeneneHus GyHkimil F 171 Helpos-
HBIX ceTell XeMMuHTa 1 Xe00a, KOTophIe MPEBPaTHINA OB
9TH CETH B CTAOWIIBHO-IUTACTUYHBIE, T.€. CETH, CIIOCOOHBIE
Joo0ydaThcs M, KpOMeE TOro, paclio3HaBaTh Ha CBOMX BXO/ax
HOBYIO HH(popMarmto. st 3Toro HeoOXoaAMMO MOAUDHUITH-
POBATH APXUTEKTYPY U aJITOPUTMBI (DYHKIIMOHUPOBAHMS STHX
HEWPOHHBIX CEeTEH, a TaKXKe MPOBECTH SKCIIEPUMEHTAIBHBIE
HCCIIeA0BaHMS pa3paboTaHHBIX MOAN(UKAIMI HEHPOHHBIX
cereil XemmuHra u Xe60a.

2 OB30P JIMTEPATYPbI

[TpoGnema cTaOMIBHOCTH-TIIACTHYHOCTH SIBJISIETCS OJI-
HOH M3 CaMBIX CIOKHBIX M TPYIHO pelraeMbIX. Xapakrep
BOCHPHSITHS OJITy4aeMOil HH(OPMAIHHY TIOCTOSIHHO CBSI3aH
C peIIeHUEM JMIIEMMBI, SIBJISIETCS JIN HEKOTOPBIH 00pa3 «Ho-
BOW» MH(OpMAIHEH, U, CIeIOBATEIbHO, PEAKIHs Ha HETO
JIOJKHA OBITH TIONCKOBO-TI03HABATEIBHOM, C COXpaHEHHEM
3TOro 00pa3a B MaMsITH, JINOO STOT 00pa3 SBISACTCS BapHUaH-
TOM «CTapoi», yXKe 3aIIOMHEHHONW MH(POPMAILNH, U B 3TOM
CIIydae peakiys JOIDKHA COOTBETCTBOBATH paHee HAKOIUICH-
HoMYy onbITy. CriennanbHOe 3aIlOMHHAaHIE 3TOro 00pas3a B
rocsietHeM cirydae He Tpedyercst. Takum oOpa3zom, Takoe
BOCHPHSITHE OJJHOBPEMEHHO IUIACTUYHO, aJalTHPOBAHO K
HOBOH MH(OPMAINH, U TIPH 3TOM OHO CTaOMIIBHO, TO €CTh
He pa3pyIIaeT MaMsTh 0 CTapbIx oopazax [1-7].

He Bce HelipoHHBIE ceTH MPHCIIOCOONICHBI K PELICHUIO
9TOM 3aaun. Tak, HapUMep, MHOTOCTIOMHBIN NIEPCENTPOH,
00yJaloIMiicsl IO METOLY OOpaTHOTrO PacIpoCTpaHEeHus,
3aIllOMHHAET BECh MaKeT 00yJaromel nH(GopMaIyy, pH TOM
00pa3bl 00y4aroIeii BEIOOPKHU MPEIBBISIOTCS B TIPOIECCe
00y4eHHst MHOrOKpaTHO. ITombITKY 3aTeM 00y4nTh Iepcent-
POH HOBOMY 00pa3y NpHBEIYT K MOAW(PHKALMN CHHATICH-
YECKHX CBSI3eH C HEKOHTPOIMPYEMbIM pa3pylIeHHEM ITaMs-
TH O TIpeIBIIYIIX 00pa3ax. CiemoBaTensHO, IIEPCENTPOH He
CHoco0eH K 3aTIOMUHAHHUIO JONIOJTHUTEIFHONW HH(OPMAITHH,
€My HeO0OXOAMMO TIOTHOE TIepeo0yIeHre CETH.

AHaNorn4Has CUTyalus IMEeT MECTO B ceTsX Xebba u
cern KoxoHeHa, 00ydJaromuxcs Ha OCHOBE CaMOOPTaHn3a-
mn. Ceru Xe06a, KoxoHena, XeMMuHTa u Ap. BCETia BBIIA-
IOT TIOJIOXKHUTENBHBIN PEe3yiIbTaT MpH Kiaccupukarmmu. Tem
caMbIM, 3TH HEHPOHHBIE CETH HE B COCTOSIHUM OTIEIHTh
HOBBIE 00pa3Hbl (M300payKEHIST) OT HCKaYKEHHBIX MIIH 3aITyM-
JICHHBIX BEPCUH CTaphIX 00pPa30B.

HWccnenosanus mo npodiemMe cTaOrIbHOCTH-IIACTUIHO-
CTH NPUBEIIH K CO3/IaHUIO HOBOTO HAYYHOT'O HAIIPABIECHUS —
amanTUBHON pe3oHaHcHOH Teopru 1t HC Ha ee ocroBe. [TpuH-
mun padots cereit APT 3akimogaercst B CleAyIonieM: Heii-
PPOHHOI CETHIO TPOM3BONTCS COMOCTABIICHNE BXOIHBIX H300-
PakeHUH C M300paKEHUSAMH N3BECTHBIX KIIACCOB, KOTOPBIE
TIOJTyYIeHBI Ha 3Tare 0Oy4eHHs CeTH M XPAHATCS B €€ Becax
CBsI3€H. DTall COMOCTaBIICHHS BXOAHBIX H300paKEHHH C 13-
BECTHBIMH KJIACCAaMU N300paKEHHH OCYILECTBIISETCS C OIl-
PpEeAEIEHHON TOYHOCTHI0, 3aJaBa€MOM ClieLIaIbHbIM apa-
MeTpoM cxoncTsa. Ecim mapamerp cxoacTa BXOAHOTO H300-
PaKEHHS C OTHAM M3 U3BECTHBIX IIPOTOTHIIOB H300pasKeHIH
MIPEBBIMIACT 33JaHHBIH TOPOT, TO B peKUME 0OydeHUsI TIPO-
TOTHI JaHHOTO Ki1acca MoAaupuIpyercs, 9To0bI cTaTh 60-
JIee IOX0KHUM Ha MPEIbIBICHHOE H300paXKEeHHE, a BXOJHOE
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n300pa’keHne OTHOCUTCS K JAHHOMY KJIacCy H300pakeHHH.
B cBoro ouepenp, ecitu mapaMeTp cXo/CTBa BXOIHOTO H300-
pakeHHs He JOCTUTaeT 3aIaHHOTO ITOpOoTa IIPH aHAJIM3e BCEX
3aITOMHEHHBIX KJIACCOB M300pa)KeHHH, TO Ha OCHOBE BXOJI-
HOT0 M300pakeHHsI CO3/IaeTcsl HOBBIN KJIacc N300pakeHNH,
YTO CTAHOBUTCS BO3MOXKHBIM OJ1arofapst n30bITOYHbBIM (He-
pacnpe/eseHHbIM ) HEHpOHaM, BXOISIIMM B CTPYKTYpY Heii-
poHHoli cetn. TakuM 00pa3oMm, HOBEIE 00Opa3bl MOT'YT CO-
3/1aBaTh HOBBIE KJIACCHI, O€3 NCKa)KeHUsI 3alIOMHEHHON pa-
Hee nHpopmarmu [8—12].

VYkazanHoe joctonHCTBO ceteid APT nocturaercs 3a caer
BBE/ICHHS B APXUTEKTYPY HEHPOHHBIX CeTel M30BITOYHbIX HEH-
PPOHOB, KOTOPBIE UCIOIB3YIOTCSI TOBKO TS I000YYEHHSI CETH.
BBenenne n30bITOUHBIX HEHPOHOB MOXKET O3BOJIUTH PELIUTh
po0IieMy T000YdeHUsI WITH TIPOOTIeMY CTaOMITEHOCTH-TIIAC-
TUYHOCTH U IPYrUX HEHpOHHBIX ceTed. IloaToMy B qaHHOM
pabore pa3paboTaHbl ApXUTEKTYPbI X AITOPUTMBI (DYHKIIHO-
HHMPOBAHMS JIMCKPETHBIX CTAOMIIBHO-TUTACTUYHBIX HEUPOHHBIX
cereii XemmuHra n Xe60a, KOTopble He TOJIBKO MOT'yT 1000y~
YaThCsl, HO M PACIO3HaBaTh HOBYIO MH(opMaimio. HoBbie
CETH MOT'YT CTaTh aJIbTEPHATHBON AUCKPETHBIM HEHPOHHBIM
CeTsIM aJlaNTUBHON PE30HAHCHON TEOPHH.

3 MATEPUAJIBI 1 METO/IbI

CTaOWIbHOCTB TUCKPETHBIX HeHpoHHBIX ceteit APT-1 [10]
00ecIieunBaeTCst HAJIMIHNEM JOTIOTHUTEIBHBIX HEHPOHOB, Ha
KOTOpbIE M 3alMchIBaeTCst HoBast nHpopmarys. [Ipu sTom
KasK/IbIH pacTo3HAIOIINI HEHPOH XpaHHUT WIIN OyIeT XpaHUTh
nH(OPMAIMIO B BECaX CBOHMX CBSI3eH TOIBKO 00 OTHOM M300-
pakernu. [TomoOHBIH cI0i HEHPOHOB UMEET M CeTh XeM-
MuHra (puc. 1), Tie Kaxapii A (p=1,..., m) HelipoH B Becax
CBOUX CBSI3€H XpaHUT OTHO M300pakeHHE, SBILIOIIEECs PE-
CTaBUTEJIEM CBOETO KJlacca.

Cerb XeMMUHIa UMEET # BXOIHBIX HEUPOHOB S, ..., S, ,
BOCTIPHHUMAIOIIMX OMHAPHBIE KOMIIOHEHTHI BXOTHBIX N300pa-
sxennii S7 = (Slq, ey S,(,’), q =1, ..., L. BXomHbI€ 1 BEIXOIHbIE
CHTHAJIBI S-3JIEMEHTOB TIPU BXOIHOM H300paxkenuu S7 onpe-

nenstorcst cootHomeRHaMt Uy 5 = S, Upyx s, =Usys, »
i=1,..n

© O G
A A

Pucynok 1 — Heiiponnas cerb XeMMuHTra
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TTpu IpeTbIBIEHHH BXOAHOTO n300paxenus S kaxipiit
Z-HEWPOH PACCUUTBIBAET CBOW BXOIHOI CUTHAJ B COOTBET-
CTBUM C BBIpakeHneM Bua (1):

n &
UBXZP :E"‘ZWipSﬁ,p:l,...,m. (1)
i=1

OYHKIUS aKTUBAlMHU Z-HEUPOHOB OMUCHIBAETCS] COOT-
HormreHueM (2):

0,ecmu Uy, <0,
8z (UBX) = kIUBxs ecimn 0< kIUBx < Umax’ (2)

U ecad kKUgy > Upax-

max>

C momoripro (DYHKIMH aKTHBALMH (2) OTPEAEISIOTCS BbI-
XOIHBIC CHIHANIbI HIUPOHOB Z-ClIOSL: Upyyy 7, 5+ Uppix 7, KO-
TOpBIE SIBJISIIOTCS BXOJHBIMH CHTHAJIaMU HEHPOHOB
4, (p=1..,m).

4, (p=1,..., m) u Beca nx CBsi3eil 341a10TCs COOTHOLICHHSIMA

OyHKIUMA AaKTUBallMd HEUPOHOB

U, ,ecmu U, >0;
g4Ugy) = N o
0, ecim Uy, <0,
1,ecnu i = j;

Wit =
: —gecmm i#j, i,j=1,..,m
> 2 2 & > 2

mel0<e<l/m-
Croii A-HeipoHOB (DYHKIMOHUPYET IUKITHIESCKH, TMHAMH-
Ka 3JIEMEHTOB OMMCHIBAETCS UTEPALMOHHBIM BBIPAYKEHUEM

m
Ugx 4, (t+D) =q4Upgx 4, ®-¢ z Uguix 4; ®)),
J=Lj=p

p=L..m, t=0,1,2,..,

OpU HayaJbHBIX YCIOBHAX: Uy, 4, (0) = Ui Z,

p=1..,m.
Ecnu cpemy BXOTHBIX CUTHAJIOB HEUPOHOB 4 , ..., A4, OKa-

KETCS OIFH HanOONbIINHA curHan U TO B pe3yNbTaTe

BBIX A %
WUTEPALMOHHOIO IPOLIECCa TONBKO OAUH A-HEUPOH OCTaHET-
Cs1 C BEIXOTHBIM CHUTHAJIOM, OOIBITUM HYJIsL. [I0CKOITBKY BBI-
XOIHBIE CUTHANBI A -3JIEMEHTOB IIOCTYNAOT HA BXOIBI Y-HEH-
POHOB, KOTOPEIE IMEIOT (DYHKITHIO aKTUBAIIH BU/IA!

Lecmu Uy, >0,

gy (Ugy) =

0,ecmm Uy, <0,

TO B pe3ylbTaTe Ha BBIXOZIE CETH XEMMHUHTa TOIBKO OIMH
HEHPOH Y, OK&XETCsl C CAMHUIHBIM BBIXOXHBIM CHIHAJIOM.
EnuHuYHBI BBIXOI 3TOr0 HEHPOHA U HYJIEBBIE BCEX OCTAJIb-
HBIX ¥ OyIyT yKa3bIBaTh HA TO, UTO MPEIbSIBICHHOE H300pa-
xenne S7 Hanbornee GIU3KO, B CMBICIIE PACCTOSIHUS XeM-
MUHTa, K 9TAJJOHHOMY N300pa)kKE€HHIO0, XPAHSIIEMYCS B Be-
cax cBsisedl HeiipoHa Z,,. Ecim B cioil Z-HeHpoHOB cetn

XeMMUHTa BBECTH JIOTIOTHHUTEIEHBIC Z-HEHPOHBI (M COOT-
BETCTBYIOIINE UM A- ¥ Y-HEHPOHBI), CIOCOOHBIE 3aIIOMH-
HATHh HOBYIO HH(QOpPMAIUIO (3TAJIOHHBIC U300paKeHHS HO-
BBIX KJIACCOB), TO TAKas CETh TAKXKE CMOXKET T000YIaThCs U
Oymer 00JaaTh CBOMHCTBAMU CTA0MIEHOCTH U ITACTHYHOC-
TH, TO €cTb cBoWcTBaMu auckpetHoid HC APT-1.

Ewe onHo noctouHcTBO HevipoHHbIx ceteit APT — Bo3-
MOXKHOCTP BBIACIIATH HOBYIO HH(POPMAIUIO. DTO JOCTUTA-
€TCsl TeM, UTO BXOIHOE M300pakeHre CpaBHUBACTCS 110 Be-
JIUYUHE TTApaMeTpa CXOJICTBA C ITAJIOHHBIMH H300paKeHUSI-
MU, XpaHSIIIMMHUCA B Becax CBSI3€d PacroO3HAIOMIMNX
HelipoHoB. Eci BXomHOE H300paskeHre OTHOCHUTCSI K HOBO-
MY KJIacCy, TO IIPHU CPAaBHEHUH C JIFOOBIM 3TaJOHHBIM H300-
paXkeHHeM, XpaHsIIeMcs B Becax CBsI3el pacipeeIeHHbIX
pacno3HAIOUIMX HEWPOHOB, MOIYYaeTCs MapaMeTp CXOACTBA
MEHbLIE MUHUMAJIBHO JoIycTUMOro. [loaTomy B pe3ynbra-
T€ TaKOI0 CPABHEHUSI BCE paclpeesICHHbIE pacllO3HAIOIINE
Y-HelipoHBI OyIyT 3aTOPMOXKEHEI, YTO U SABIISCTCS IPU3HA-
KOM TOT'0, YTO BXOJHOE H300pakeHHEe HeCeT HOBYIO HH(OP-
MallHIo, KOTOPOM HET B aMsTH HeliponHoii cetu APT.

B HeliponHO# ceTn XeMMUHTa CpaBHEHHE H300pake-
HUH (WK OUITONSPHBIX BEKTOPOB) BBIOIHICTCS IO YHUCITY
KOMITOHEHT, B KOTOPBIX BXOIHOE U STAIOHHOE N300paskeHUS
coBnagawT: a =n— R,. [Toaromy no ananorun ¢ HC APT
MOXKHO 33JaTh MUHUMAJIBHO JONMYCTUMOE 3HaYEHUE YHCTIa
COBIA/IAIOIIMX KOMIIOHEHT @ . , TIPU KOTOPBIX MOTYT CpPaB-
HUBATHCSA BXOJHOE U 3TAJIOHHOE HM300pa)KeHUs, a IpHU
a < a__ BXOJHOE N300pa)KEHHE M STAJIOHHOE HECPABHUMBI
WA, APYTUMH CIIOBAMH, BXOTHOE U300pakeHre HeCeT HO-
BYIO HH()OPMAIIHIO TT0 CPABHEHHUIO C H300pakKeHUEM, Xpa-
HALIEMCSI B BEcaxX CBA3EH HEHPOHHOU ceTH. YuecTh 3Haue-
Hue a_. B apxurekType HC HECTOXKHO — TOCTATOYHO BBECTH
JTOTIOJTHATENTFHOE CMEIIIEHUE Ha HEHPOHBI Z-cJ10s1 (TOYHee —
W3MEHUTD BETTMYUHY cMeteHus #1/2). [Ipu 3ToM BEIXOIHBIE
CHUTHAJIBI Z-HEHPOHOB OyoyT OMHCHIBATHCS MOIH(HITIPO-
BaHHBIM cooTHOMmeHueM (1):

n
n
UBLIX Z, :E_amin +1+ZVVz'pUBblx S; =@~ Amin +1,
i=1

p=1..,q 3)
U3 (3) u (2) cnenyer:

0, ecmu a <ap;,,

1, eciu a=ap,,
U 7 =
BEXZp 1 Uy z,» €CHH A > dmin U 0<kyUgy z, < U nax s

U ax > €CIH @ > apyin 1 kUgy z,> U ax -

Taxnm 00pa3om, eciTi Ha BBIXOJIE BCEX PACIIPEAEIICHHBIX
Z-HEHpOHOB BBIXOJHBIE CHUTHAJBl PAaBHBI HYIIO
(Uppx z, =0, p=1,...,q), TO BXOJHOE H300paKeHHE IO

MIPUHATOMY KPUTEPHIO OIM30CTH H300paskeHI HE SIBIISET-
Cs1 TIOXOKUM HU Ha OJJHO M3 M3BECTHBIX 3TAJIOHHBIX H300pa-
JKEeHUH W HeceT HOBYI0 MH(popMmarmro. [ anmapaTHOro
OITpeieNICHIsI HOBU3HBI BXOIHOTO H300pakKEHNS B apXUTEK-
Typy HEHPOHHOM ceTn XEeMMHUHTa 10CTATOYHO BBECTH OJIMH
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HEHPOH ¥, CyMMUPYIOLIUI BEIXOJHBIE CUTHAJBI BCEX HEH-
poHOB Z-ciost. Ecitn mocie npebsBieHus BXOIHOTO H300-
Pa>KEHUS Ha BBIXOZIE HEMPOHA Y. HYJIIEBOU BBIXOHON CHTHAIL,
TO 3TO O3HAYaeT, YTO BXOIHOE M300pakeHHE IO PACCTOsI-
HUIO XeMMHUHTa HAXOJUTHCS TAJIEKO OT ATAJIOHHBIX H300pa-
JKEHUH, XpaHALIUXCS B BEcaX CBsI3€i HEHPOHOB Z-CI0s, U
SIBIISIETCS TIpEJICTaBUTENIEM HOBOTO Kilacca M300pa)KeHHH,
KOTOpBI MOXKHO 3allOMHUTH HEPACIPOCTPAHEHHBIM HEH-
poHoM cetu XeMMmuHra. Ecnu nocine npeassBieHus BXO-
HOT'0 N300pa’keHNsI BRIXOIHOM CUTHAJI HEHpOHa MOJIOXKHTE-
JIeH, TO 3TO O3HAYAET, YTO BXOHOE N300pakeHNE SBIISETCS
TIPE/ICTaBUTENIEM H3BECTHOTO KJlacca M300pakeHNH, XpaHs-
LIerocsl B MaMATH HEMPOHHOH ceTu.

Pesyneratsl, MonydeHHbIE O CETH XEMMHHIA, MOTYT
ObITH 000011IEHEI ¥ Ha ApYTUe HelpoHHbIe ceTH. [Iponto-
CTPHpPYEM 3TO Ha IpUMepe HeHpoHHOH ceTn Xebba. Apxu-
TEKTypa 3ToM ceTH npuBeAeHa Ha puc. 2 [ 10]. OcHoBy apxu-
TEKTYpPbI COCTABJISIET IPYINa U3 /1 OMHAPHBIX WU OUITOISIp-
HBIX HEHPOHOB Y, ..., Y,,. CeThb MOXET 3alIOMUHATE 10 2"
4epHO-0eNbIX M300pakeHnit. OqHako, IPUMEHEHNE ITOM
CETH IS 3aIIOMMHAHS ¥ pacloO3HaBaHU 2™ (W OJM3KUX K
2™ gycen) pa3IndHbIX M300paKEHUH BO MHOTHX CITydasx
MIPUBOJINT K HEPa3pEIIMMbIM IpoOIeMaM aIanTaliy BECOB
cBs3el HeiipoceTH. [103TOMY 4acTo pEKOMEHIYIOT UCHONb-
30BaTh JAHHYIO CETh JUI 3allOMUHAHUS TOIBKO 71 Pa3iInd-
HBIX KJIaCCOB U300payKeHNH, 3a1aBasi KaX10€ U3 HUX, eIx-
HUYHBIM BBIXOJHBIM CUTHAJIOM HA BBIXOJE TOJIBKO OJHOIO
HelpoHa Y-ci1os (BBIXOIHBIE CHTHAJIBI OCTAIBHBIX (11 — 1)
9JIEMEHTOB JIOJKHBI IPHHUMATH 3HaYeHHE «—1» 1151 Ourto-
JISIPHBIX HEMPOHOB WiTH «0» 1151 OMHAPHBIX).

HetiponHas cetb 00y4aeTcs ¢ IIOMOLIBIO aJIrTOPUTMa Ha
ocHoBe npaBmiTa Xe60a. J{i1s ONToNIpHBIX HEHPOHOB ajro-
PHUTM 00y9eHHS NMEET CIEAYIONINE OCHOBHbIC IIATH.

Illaz 1. 3ajaercst MHOKECTBO M = {(S', '), ..., (™, ")},
cocTosmee w3 m Tmmap (BXOOHOe U300pakeHHe

S k_ (Slk e S,]f ), HEOOXOZMMBIIA BEKTOP BBIXOIHBIX CHTHA-

o £ = (tlk, ey t,]‘;, ), k=1,...,m), 3amarorcs HyJIeBbIE BbI-
XOIHBIE CUTHAJIBI HeMpOoHOB Y-crost: U BLXY, = 0,j=1..,m
3amaercs mpeaeabHOe YUCIIO SIT0X an o0yuenus cetu. Mau-
LUUPYIOTCS Beca cBs3eH HEHPOHOB!
Wij =0,i=0,1,..,n, j=1..,m

lae 2. HaunHaetcs oOydeHrne HEHPOHHON CeTH mpa-
BIJILHOM peakIny Ha KaXk10e BXxoaHoe nzodpaxenue. [Toc-
JesioBaTeNbHO Kasknast mapa (S, #), k =1, ..., m, mposepster-
Cs1 Ha IPAaBUJILHOCTh PEAKLIMY HEHPOHHOM CETH Ha BXOIHOE
n3o0pakerne. Ecii momydeHHBIH BEIXOJHOH BEKTOp CETH

(ylk,,,,,y,];) OTJIMYAETCA OT 3aJIJaHHOI'O tk :([{‘,_,,,z’]‘;l),To

Pucynok 2 — Heliponnas cerb Xe60a
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BBIMIOJHSIOTCS aru 3—5 anroputma. Eciu BEIXOIHOM Bek-
TOp CETH COBMAJALT C TPEOYEMBIM, TO OCYIIIECTBIISCTCS Tie-
pexon k crnenyroiiei nape. Eciiu BEIXOAHON BEKTOP COBIaAA-
€T C 3aJJaHHBIM U IIPOBepsieMasi apa SBJSETCS MOCIeTHEH,
Ta [epexo/1 Ha ar 7 aropurMa.

Illae 3. InunuupyeTcs MHOXKECTBO BXOAHBIX HEHPOHOB:

xo =1 x; :Sik, i=1,..,n
Illaz 4. IHUIIMMPYETCS] MHOXKECTBO BBIXOIHBIX HEHPO-

k.
HOB CETH: UBHij =t;,j=1..,m.

Llaz 5. KoppekTupyrorcs Beca cBsi3eld HEpOHOB CETH IO

npasuity Xe06a: W;; (new) =W (old)+xl-ti‘7, i=0,1,..,n,
j=L..,m

a2z 6. Ecayn ckoppeKTUPOBaHbI Beca CBSA3EH IS Moce-
nHei mapsr (S™, ), To mepexoz Ha mar 7 anroputMa. B mpo-
TUBHOM ClTydae — Ha [iar 2 aJropuTMa.

Llaz 7. TlpoBepsieTcs ycnoBHE OCTaHOBA, TO €CTh Ipa-
BIJIBHOCTh (DYHKLMOHUPOBAHUS CETU IIPH NPEABSIBICHAN
Ka)JI0r0 BXOTHOro n300paxxenust. Eciu ceTb GyHKINOHH-
pYeT IpaBWIIBHO, TO TIepexos Ha mar 8 anropurMma. Ecin
ceTh ()YHKIMOHMPYET HENPaBHILHO, TO IIPOBEPSETCS A0C-
THKCHHE PE/ICIBHOTO YHCIIa 910X 00y4erns cetn N, . e
N, He IOCTHTHYTO, I10 IIEPEXO/L Ha Iiar 2 alroOpUTMa, B IPO-
THUBHOM CITy4ae — IIepexo/1 Ha CIIeYIOLINH Iar aJropuTMa.

Illae 8. OcTtaHOB.

Jlns obecriedennst cTaOMIIBHOCTH B HEHPOHHBIX CETIX
APT npu 3anioMrHaHNY HOBOW HH(OpMALINH HCIIONB3YIOT-
Cs1 IONIOJIHUTENbHBIE HEHPOHBI, BBEJICHHE KOTOPBIX 1 IIO3BO-
JISIeT 3allOMUHATh HOBYIO MH(OPMAIMIO, ¥ HE pa3pymarh
yKe UMEIOIyIocs. JTOT ke 3P (exT MoKeT OBITh TOCTHT-
HYT ¥ B HelipoHHOU cetn Xe00a mpu BBEACHUH JTOTIOIHH-
TEIBHBIX PACHIO3HAIOIINX HEHPOHOB.

Korma vetiponnas cets Xe66a 00ydaeTcst paclio3HaBaHHIO
MHOXeCTBA 13 1 (ng > 3) mso0pakenmit M, = {S', ., §"0},
KaX10€ U3 KOTOPBIX KOIMPYETCSl Ha BbIXOZaxX Y-HEHpPOHOB
&,y ”o) OIIHMM €IMHUYHBIM CUTHAJIOM M (7 —1) cHTHa-
maMu «— 1». CymMMapHBII BBIXOJHOW CHTHAN HEHPOHOB
) R Yno, TIPaBHITLHO PACIIO3HAOIINX OTHO U3 N300payKEHNH,
OTHOCSIIUXCSL K MHOJKECTBY M|, B 5TOM CITy4ae paBeH:

)

ZUBLIXYi =—(n9=2). )

i=1
Eciu nipn nipembsIBITeHIN HEHPOHHOM CEeTH M300paKEHUS

*
S cootHoleH e (4) He BBITIOTHSETCSL, TO 3TO SIBIISIETCS IPU3HA-
KOM TIOSIBJICHHSI Ha BXOJIe HEHPOHHOM CeTH HOBOW MH(OPMAIIIN

(mpencraBuTEIst HOBOTO Kitacca n3o0paskeHwit). [Tpu Hakorue-

HUNU HEKOTOPOTO MHOXECTBAa TaKHX H300pakeHUi
+1 +2 +

My ={§"" §"T ., S"T tnen) >3, Moryr 6bITb 00y-

YEHBI C IIOMOIIIBIO aNlropuTMa Xe00a ciretyronme 71; HeHpOHOB

cern. [Ipu3HAKOM TOrO, 9TO HEKOTOPOE BXOJHOE H300pakKeHHe

*
S OTHOCHTCS1 K MHOXKECTBY M| SIBILIIOTCS COOTHOLLIEHUA (5):

1y

DU y? (S) # —(ng - 2);
i=1
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n
ZUBBIX v} (S*) =~(m =2). ®)
i=

[NosiBnenne n300paxeHuid, 17151 KOTOPBIX He BHITIOMHSIOT-
cst cootHouteHus (4) u (5) yka3sIBaeT HA HEOOXOIUMOCTh
CIEYIOIEro 1oo0ydeHus HelipoHHoH cetu. Yucmo N mra-
TOB JI00OY4YEHUsI IPAKTHYECKH HE OTPaHIYEHO.

Ha puc. 3 npuBenena apxurekTypa HeHpoHHO# ceTH Xe0-
0a, xotopas MoxeT noo0ydarscst N pa3. CeTb COCTOUT W3
CII0 BXOAHBIX HEHPOHOB X{, ..., X, U Y-CII0f PACIIO3HAIOLIUX
HelipoHoB. Helipons! Y-crost pa3outer Ha (N + 1) rpymy,
Ka)kJast U3 KOTOPBIX MOXKET COIEPKaTh pa3HOE YUCIIO Hel-
POHOB (HO HE MEHBIIIE TpeX) U (POPMUPOBATHLCS B TIPOLIECCE
(YHKIMOHWPOBAHUSI CETH.

o 0 0
INepBas rpyrmma neliponos 1, ..., Yn0 HCTIONB3YeTCs OIS

3allOMUHaHKS MCXOAHOW MH(OpMALU B BHIE MHOXECTBA
n300paskeHnii M ;. Bropas n mociemyrorye rpyrsl Helpo-

N
HOB (Yll, s Ynll), N

HUSI HEHPOHHOHN CETH TI0 Mepe HAKOILIEH!s! HOBOH HH(OpMa-
MM 1 TIOCTIE0BATEFHOIO 3aIIOMHHAHNS MHOKECTB M300pa-
xeaudt My, M,, ..., M. B xaxnol rpynne HEHpOHOB
BBIXOZIHBIE CUTHAJIBI Y-HEHPOHOB OCTYNAIOT Ha BXObI yIIPaB-
JISFOIIIETO HEHPOHA, IMEIOIIETO (DYHKITHEO aKTHBAINH Brjia (6):

yeens YnN ) HCTIONB3YFOTCS s 00ye-
N

4
U 0, ecmnt Uy, = ZUBHX yd = —(ng —2),
k=1

= 6
1, ecinu stzd #—(ng—2), d=0,1,...,N. ©

BBIX Z; —

B Hauane pexxuMa pacrio3sHaBaHUS OOHYISIFOTCSI BBIXOJI-
HBIE CHUTHAIB ¥ -HEHPOHOB 1 OIOKUpyeTcs pabora Helpo-
1yl N
HOBY|,Y;, ..., YnN.
[Tpu nomave Ha BXO HEHPOHHOU CETH, KOTOpas 1000yda-

nack L pa3 (1 < L < N), HeKOTOPOro H300paeHus S BHaya-

o Y 0 0
JIe aKTHBUPYIOTCS HEHPOHBI TIEPBOH TPYNITB 1] , ..., Yno , BBI-

XOJIHBIE CHI'HAJIBI KOTOPBIX MOCTYIAFOT HA BXOIbI YIIPABJISIO-
miero HelipoHa X . Eciu Beimonasiercs cootHomenue (7):

)
Ups, = 22U, yo ==(no=2), @)
k=l
IR B/ OII®.
7 i
) Al IR0 Yhf': ) () g I 0 0 AN b

xg =1 x| Xi Xy
Pucynok 3 — ApxurtekTypa HeifpoHHOI cetn Xeb0a, KoTopas

MoJeT Joobydarsest N pa3s

*
10 Uy 3, = 0 M BXOTHOE n300paXkeHne S OTHOCHTCS K MHO-
KECTBY M300paxkeHnH M (), a KOHKPETHBIH KJIacc M300paske-

o . 0 0
HHWU OIPEACIIAIOT BBIXOAHBIC CUTHAJIBI HCUPOHOB Y1 PRI Y ny*

Ecim cootnomenwe (7) He BBIMOTHAETCS, TO U, 5, =1
*
YTO yKa3bIBaeT HA TO, YTO BXOJHOE H300pakeHne S He IpH-
HaJUIC)KUT MHOXKECTBY M (). ETMHUYHBINA BEIXOIHOM CUTHAT
HelipoHa Xy 10 Leny 00paTHOMU CBs3H (PUKCUPYET eIUHUY-
HbI} BBIXOJHOM CUTHAJ HEHPOHA X () ¥ HOCTYIIAeT HA BXObI
HEHPOHOB MEPBOH TPYNITEI, OIOKUPYS uX. OITHOBPEMEHHO
ATOT € €AUHUYHBIN CUTHAJ YIPaBISIOIIEro HEHpoHa Mo-
o 1 1
CTyHaeT Ha BXObI PACTIO3HAOMINX HEAPOHOB 1] - ¥, n, BTO-
POl TpyNIbl U MEPEBOJUT UX B AKTUBHOE COCTOSTHUE. BbI-
o 1 1
XOJIHBIE CUTHAITB HEMPOHOB 17 , ..., ¥, , TIOCTYTIAIOT HA BXOJIBI

YIPABJISIONIETO HEUPOHA 21, ¢ TIOMOIBIO KOTOPOTO OMpe-

*
JETISACTCsI IPUHAIIEKHOCTh H300paXKeHUsI S K MHOXKECTBY
M. Ecnu BeInonHsAeTCs cooTHOLIEHUE (8):

1
Usxs, = kZ_lUBHX yp =—(m—=2), ®)

*
TO I/1306pa>K€HI/I€ S NPUHAIJIC)KUT MHOKECTBY M 1, @ KOHK-
peTHLIﬁ KJacc H306pa)K€HHI>i OIMpCACTAOT BBIXOAHBIC CUT-

o 1 1
HaJIbl HEHPOHOB 17 , ..., Ynl. Ecnu paBenctBo (8) He BBITION-

*
HACTCA, TO I/1306pa>K€HI/I€ S He MPUHAAJICI)KUT MHOXKCCTBY

My u Upyxy, =1 Curnan Upgyx s, G10Knpyer HeipoHsl

Y117 oY nll 1 MOZIKJTIOYAET K Paclo3HaBaHUIO HEHPOHBI Tpe-
Thel rpymIibl U T. 4. B pe3ynbraTte 3T0ro npouecca BXOAHOE
n300pakenne 00 OyIeT OTHECEHO K OJHOMY U3 M3BECT-
HBIX MHOXKECTB M300paxkeHuil My, M, M, ..., M , mbo
OyIeT BOCIIPHHSATO KaK HOBOE M300pakeHHe, KOTOpOoe He-
00XOIMMO 3aTIOMHUTH ceThio Ha (L +1)-m moo6yuenmm HC.

4 OKCIIEPUMEHTDI

BBITIONTHIM SKCIIepUMEHTAIBHBIE HCCIIEIOBAHMS pa3pa-
00TaHHOTO TPHHIMIA OOeCIIeYeHUs CTaOMITFHOCTH-TLIAC-
trarocT HC Xe66a. 1 sToro cHavamna mponsseneM o0y-
yenne HC. [IpomemoHcTprpyeM paboTocriocoOHOCT Tpe-
noxxeHHoro nomxona Ha HC XeGba, xotopas coCTOUT U3
BOCHMH Y-HEHPOHOB (pHC. 4), IMEIOIINX CICIYIONIYIO (QYH-
KLIMIO aKTUBALIH:

L, ecmu Uy y 20;
J

U =
BEX Yy -1, ecmn Uy, 4 <0.
J

O6yunm n3o0paxkenusmu S', S2, S (puc. 5) HEWPOHBI

Y, Y,,Y;. Hymepanus, sneMeHTOB U300paskeHuit 0ToOpa-

KeHa Ha u300paxxenun S° puc. 5. 3aTeM npoIeMOHCTPUPY-
eM nporiecc padotsr obydenHoit HC Xe06a mpu npenbss-

JICHWS Ha €€ BXOIBI N300paKeHN I Sl, vy s (puc. 5).
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Pucynok 4 — Heiiponnas cetb Xe60a ¢ JONOJIHUTETBHBIMU
3alIOMHHAIOIIUMH HEHpOHAMU

s° s' s s
1 2 3
41516
7 8 9
st s s° N
SS SJ Sl 0 Sl 1

Pucynok 5 — M300paskeHus1, 3a10MHUHAaEMble HEHPOHHOU CETbIO
Xe60a

Jliist oOyueHust HelpoHHOM ceTr n3o0paxeHusmu S', 2,
S® HEOOXOANMO BBITIONHUTE CICYIOLINE IATH:
Llaz 1. 3amaercsa MHOECTBO

M ={(S",", (52,5).(8%, ) = (L, -1, L, 1, 1,1, -1, -1,

D,(,-1,-1),(1,1,1,1,-1,1, 1,-1, 1), (-1, 1,-1)),((1, 1, 1,
-1,1,-1,-1,1,-1), (-1,-1, 1))}. 3anatorcs HynIeBbIE BBIXO-
HBIE CUTHAJIBI BCEX Y-HEHPOHOB U HYJEBbIE 3HAYEHUS BECOB
BCEX CBsI3€M, 3aJaeTcs HayalbHbIH MOMEHT BPEMEHHU:
Uiy, =0 W; =0, i=0,1,..,9, j=1,...8; t=1,.

Ilae 2. Haunnaercst oOydeHne HEHpOHHOM CeTH mapoi
(S 1.

Llae 3. NannuupyeTcst MHOKECTBO BXOJI0OB HEMPOHHOM
cetn m3obpaxkenueM S': xg =1, x =1, x, =-1, x3=1,
X4 =1, X5 =1, X6 =1, X7 =—1, Xg =—1,)C9 =1.

1llaz 4. THNIMMpPYeTCsl MHOXKECTBO BBIXOHBIX HEHPOHOB
CETH BEKTOPOM TPEOYEeMBIX BBIXOIHBIX CHUTHAJIOB {' Mapsbl

1_q. 1 .
(S, t): UBbeYl =y =1 =1 Upuxy, = Y2 =13 ==L
1
UBLIXY3 =y3=13=-1L

Lllge 5. Onpenenstorcs Beca cBsA3el HEMPoHOB V), Y5, 13

CeTH 1o IpaBmiLy Xe00a.

3areM JOKHBI BBITOIHATHCS AT aITOpUTMa, CBSI3aH-
HbIE C MpeIbsBICHUEM H300paskeHud S u S°.

[TomoGHBIM 00pa3oM HelipoHHAs ceTh 00ydaeT paclo3-
HaBaHUIO U IPYTUX N300paKeHHUH.

B pe3ynerare skcriepuMeHTa TOMKHO IPOM30MTH IPaBUIb-

HOE pacro3HaBaHue HelipoHaMu Y, Y, , Y3 u3o0Opaxenuii S L
S 2, S 3, S 4, S 8, s°, HECMOTPS Ha TO, YTO U300paKCHUS S4,

58, 8% umeror medpextsr. KpoMe TOro, BHIIONHMAM TPOLECC
J000y4eHus HelpoHoB Yy, Y5, Y HC Xe00a, u3o0paxenus-

mn 85, 8%, 57 u neiiporos Y7, Yguzobpaxennsmu 510, g1,
5 PE3YJIBTATHI

PesymbraTh! SKcriepuMeHToB 1o oOydeHuro u pabore
obyuennoit HC Xe60a npu nperbsBiIeHIs Ha €€ BXOABI H300-

paxeHuit S 1, S 1 TIPUBEAEHHI B Tabymmax 1-5.

Tabmiua 1 — Pe3ynbrarel pacueToB BecoB cBs3el HelpoHoB Y|, Y,, ¥; HC Xe66a mocne oOyuenus n3o0pakeHuaMu S 152 83

Beccpsn | Woy | Wiy | Woy | Way | Way | Wsy | Wer | Wor | Wy | Wor | Wop | Win | Waa | Wi | Wap
3HayeHue -1 —1 -3 —1 1 1 1 —1 -1 1 —1 -1 1 —1 1
Bec cesizu Wsy | Wep | Wia | Waa | Woy | Woz | Wiz | Waz | Wiz | Wz | Wz | Wes | Wos | Wes | Wos
3HayeHne -3 1 3 -1 -1 -1 -1 1 -1 -3 1 -3 -1 3 -3
TaGmima 2 — Pe3ynbraTsl paco3HaBaHus H300pakeHuit S1, ..., s°
o BLIXOHHI)IG CHUTI'HAJIbI HeﬁpOHOB 1IpU NIPEABbABIICHUN H306pa>1<e1{1/11?1
Heiiporpt 1 2 3 4 5 6 7 8 9
S S S S S S S S S
h 1 -1 -1 -1 1 1 1 1 -1
Y, -1 1 -1 1 -1 1 -1 -1 -1
Y -1 -1 1 -1 1 1 1 -1 1
Pe3ynbTaT pacno3HaBaHUs + + + + — - — + +

Tabnuua 3 — PesyibTarsl pacyeToB BecoB cBsseil Heiiponos Yy, Y5, Yg mocne o6ydenns uzobpaxenusmu S 5, S 6, S7

Beccsmsu | Wou | Wig | Waa | Wag | Waa | Wsa | Wea | Waa | Wea | Wou | Wos | Wis | Was | Was | Was
3naucHne S a1 3 1 1 1 1 | 3 3 1 [ 1 [ 1 | 1] 1
Beccmmsu | Wss | Wes | Was | Wes | Wos | Woe | Wie | Wae | Wae | Wae | Wse | Wee | W6 | Wse | Woe
3HayeHue -3 1 1 1 1 -1 3 1 -1 1 1 1 -3 1 1
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Tabnuna 4 — Pe3ynbrarsl pacrno3HaBaHus H300paxeHuid § 5, S6, S 7, S 0,9 1

. BbIxoHbIe CUTHAIBI HEHPOHOB NIPH NPEABSIBICHUN H300pasKeHUH
Heiiponsr 5 6 - 10 1
S S S S S
Y, 1 -1 -1 1 1
Y5 -1 1 -1 1 1
Y -1 -1 1 -1 -1
Pesysbrar pacro3HaBaHus + + + — _

vy 10
Tabnuua 5 — Pe3ynbrarsl pacueToB BecoB csizeil HelpoHOB Y7, Yg mocie oOy4eHus n3o0paxKeHusMu S

Bec cpazn Wor | Wag | Wag | Wag | Wag | Wsg | Wer | Wag | Wer | Woy
3HavyeHue 0 2 -2 -2 -2 0 2 2 -2 0
Beconssu | Wog | Wig | Wag | Wag | Wag | Wsg | Weg | Wag | Weg | Wog
3HayeHue 0 -2 2 2 2 0 -2 -2 2 0
6 ObCYK/EHUE Hetipons! Yy, Y5, Yg HECIOXKHO 00y4UTh paclo3HaBa-

B ta0un. 1 npuBeneHs! pe3yabTaThl PACYETOB BECOB CBS-
3eil HelipoHOB Y|, Y5, Y3, mociie o0ydeHus cetu uzodpaxe-

musm S, §2, §3. Dt Beca cesseit HCTIONIB3YIOTCS IIPU pac-
YeTe JaHHBIX JUIS CIIEIYIOIINX TaOHIL.
B Tabu1. 2 npezicraBneHs! pe3yisTaThl IpebsBIeHHs 00y-

YCHHOU HEHPOHHOH ceTH U300pakeHui S 1 yes S 9. 3uaku
«+t» 1 «—» B Ta0JI. 2 03HAYAIOT, YTO COOTBETCTBYIOIIIEE H300-
paXkeHHe Paclo3HAHO U HE PacllO3HAHO, COOTBETCTBEHHO.
W3 aHam3a Tabim. 2 ciaemyer, Y10 BXOAHBIC H300payKeHUS
s! , 8%, 83, 54, SS, S° Bbi3BIBAIOT PEAaKIIHIO CETH, IPH KOTO-
POl TIpH TIPEIBSIBICHAHN JTIO00T0 U3 ITHX N300pakeHUN Ha
BBIXOJIC HEHPOHHOM CeTH HAOIIOMACTCST OIUH MOIOKHUTENb-
HBII SIUHUYHBIN CUTHA U 1B OTPULIATEINBHBIX eMHIIHBIX
CHTHaJIa, TO €CTh CETh OTHOCHUT BXOTHOE N300payKEHHUE K OJ1-
HOMY U3 H3BECTHBIX KJIACCOB. AHAJIN3 JAHHBIX Ta0M. 2 U H300-
PpakeHWH MOKA3bIBALT, YTO MPOU3OIILIO IPABUITEHOE PACIIO3-
HaBaHHUE BCEX IIECTH M300pakeHHi, HECMOTPSI Ha TO, YTO

TPH U3 HUX UMEIOT Je()eKThI (S4, S8, S9).

HerpynHo yBUIETH, 9TO ITPH OTHECEHHUH BXOIXHOTO H300-
pakeHUsI K OHOMY U3 TPEX KJIACCOB, IIPEICTABUTEIH KOTO-
PBIX XpAaHATCA B BECax CBA3eH HEMpoHOB Y|, Y, , Y3, cym-
MAapHBI BBIXOAHOM CUTHAJ 3THX HEWPOHOB PABEH MUHYC

3
€IIMHULIC: ZUBI)IXYI- =-L
Jj=1

Ecnm BxomHOE M300paskeHne HE OTHOCUTCS K Kilaccam

n300pakeHNH XPaHAIIUXCS B BECaX CBsI3el HEHPOHOB Y7,

3
Y,, Y3, T0o mMeem ZU BexY; # —1, 9TO CITYXKWUT IPU3HAKOM
Jj=1

HOBOW MH(pOpMaIuu (HOBOTO H300paKeHUs) HA BXOTHOM
ClIoe HEHPOHOB M HEOOXOMUMOCTH OOYUCHHUS CIIeMyIoIeh
TPYNITBl Y-HEHPOHOB PacIlO3HABATh 3Ty BXOAHYIO HH(OP-
Maruro. [lpu 3ToM 0OydeHHBIE pPaclO3HAIONINE HEHPOHBI
JIOJIKHBI OBITH 320TOKMPOBAHBI B PEKUME PACTIO3HABAHUS 1
3a0JI0KMPOBAHBI WIIM HTHOPHPOBATHCS B PEKUME O0YICHNUS
cJeIyIoLE rpynnbl HEHPOHOB.

HUIO n300paxkenuit §°, g6, ¢7 anroput™Mom Xe06a. Pesyrb-
TaT 00y4eHust IpuBeseH B Ta0n. 3. [Ipu 3TOM MHOXECTBO
M1 13 00y4aronIuX nap 3aaBanoch CIEAYIOLIM 00pa3oM:

M ={(8,£),(8%,¢0),(7 ¢ )} = {1, -1 1~ 1,11,
-1,-1),(1,-1,-1)),((-1,-1,-1,-1,-1,-1, 1, 1, 1),(-1, 1,-1)),
((l: _15 _1: _1: 1: _15 _15 15 1)5 (_19 _19 1))}

B Ta0um. 4 mpuBeIeHBI pe3yNETaThl PACIIO3HABAHHS H300-
paxeHuit s>, S6, s7,s0u s!1. 3HaKU «+» U «—» B Ta0NI. 4
03HAYAIOT, YTO COOTBETCTBYIOIIEE N300paKeHUE PACIIO3HA-
HO U HE PAaCMO3HAHO, COOTBETCTBEHHO.

W3 ananusa tabin. 4 cuenyer, 4to HEWpoHsI Yy, Vs, Y or-

HOCSIT H300paskeHus S°, S 6, §7 Kk u3BeCTHBIM KiTaccaM, Ta-
JIOHBI KOTOPBIX XPaHATCS B Becax CBSI3€H 3TUX HEMPOHOB.

Wsobpaxenns S0 u S i HelipoHamu Yy, Ys, Y pacnosHa-
I0TCS KaK He MPUHAUIEKAIHE K STHM Ki1accaMm, 3TO JKe Ha-

6uTroaeTcs ¥ IpH NpenbaieHnn n3obpaxenuii 10, §11 n
nepBoii rpymmne HelipoHoB V], Y5, Y3. Takum oOpazom, a1

pacrioznaBanms m3o0paxenmit §'°, S HeobxomIMO 06Y-
4UT ellle 1Ba Y-Heiipona: Y7, Yg. B Tabn. 5 npuseneHsl pe-

3yIIBTaThl PACYETOB BECOB CBA3CH HEHPOHOB Y7, Yg mocie

npebABeHus u3o6paxenmit 510, 11,

Heiipons! Y7, Yg GymyT pacriosHaBaTh yKa3aHHbIE M300paKeH s
TIOCJTE TOTO, KAK TPH TIOTBITKE MX PaCIIO3HABAHUS OyIy T 3aQIOKHPO-
BaHbI CHa4Yasia HEMPOHEI Y1, Y , Y3, a3atemM HEMpOHBI Yy, Ys, Y.

BbIBOJbI

B pabore pemena axryanpHas 3amada pa3paboTKH HO-
BBIX KJIACCOB CTaOIIHHO-TNIACTUYHBIX HEHPOHHBIX CETeH Ha
OCHOBE HEHPOHHBIX ceTeil XeMMuHTa 1 Xe00a.

Haydnast HoBU3HA pabOTBI COCTOUT B CIIEIYIOIIEM:

— BIEPBbIE ISl HEHPOHHOM CETH, UCTIONIB3YIOLIEN U
pacIio3HaBaHWHU BXOIHOTO H300paXEHHSI paCCTOSIHUE XeM-
MUHT, IPEJIOKEHA APXUTEKTYpa U alITOPUTMBI (DyHKIIHO-
HUPOBaHMS, 0OECIICUYNBAIOIINE, B OTJIMYUH OT CETH XEM-
MUHTa, CBOWCTBO JOOOYUSHHST HEHPOHHOI CeTH U pacmo3-
HaBaHHE HOBOI MH(pOpMANH HAa CBOMX BXOAAX;
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— BIIEpBBIE JJIs1 HEHPOHHOM ceTH, 00yJaromencs ¢ 1mo- CIIUCOK JIMTEPATYPbI
MoLIbIO HpaBiIia Xe60a, IPeIUIOKeHa apXUTEKTYpa U ajro- 1. Suzuki K. Artificial Neural Networks: Architectures and
PHUTMEI QYHKIMOHMPOBAHILS, 00ECIICUMBAIONINE, B OTIHIHH Applications / K. Suzuki. — Publisher: InTech, 2013. — 256 p.
OT U3BECTHOU HEHpOHHOH ceTn Xe00a, CBOUCTBO cTabminb- 2. Bianchini M. Handbook on Neural Information Processing
HOCTH-TIACTHMHOCTH HEMPOHHOM CETH M Paclo3HABAHME (Intelligent Systems Reference Library) / M. Bianchini. —
HOBO# HH(OPMAIH Ha CBOUX BXOJAX; Publisher : Springer, 2013. — 499 p.

3. Cirrincione M. Power Converters and AC Electrical Drives
with Linear Neural Networks (Energy, Power Electronics,
and Machines) / M. Cirrincione, M. Pucci, G. Vitale. —
Publisher : CRC Press, 2012. — 631 p.

— BIIEpBBIC JJIs1 HEHPOHHOM ceTH, 00yJaromencs ¢ 1mo-
MOIBIO IipaBmiIa Xe00a, IpeayokeHa MOAYIIbHAs apXUTEK-
Typa, 00ecIeunBaromasi BO3MOXXHOCTh MHOI'OKPATHOTO J10-

00y4enus HeHPOHHOH ceTH. 4. Tamymkun A. W. Heiiponnsle ceru. OcHOBBI Teopuu /
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BO3MOXKHOCTb JUUISI CO3/[AHUSI CHCTEM PacIiO3HABAHUSI, KJIac- 6. Russell S. Artificial Intelligence: A Modern Approach, Third
cH(DUKALMHN, YIIPABIICHHS 1 IOICPKKH PUHATHS PELICHHUIA Edition / S. Russell, P. Norvig. — Publisher : Prentice Hall,

2010.- 1152 p.
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baymana, 2001. — 352 c.
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BeIpakaroT Omaromapaocts MOH VYipanasr 1 HTY «XIT»
3a (PHAHCOBYIO OICPIKKY IPOBOMMBIX HCCIIEIOBAHUH.

Jimutpienko B. J1.!, 3akoBoporauii O. 10.?

I-p TexH. Hayk, npodecop, npodecop Kadeapu oGUUCITIOBATLHOT TEXHIKK Ta TporpaMmyBanHs HalioHAIEHOTO TEXHIYHOTO YHIiBEp-
cHUTETy «XapKIBCHbKHI MOJITEXHIYHUNA IHCTUTYT», YKpaiHa

*KaH/I. TEXH. HayK, JOLEHT, IOLEHT Kadeapn 00UHCIIOBATBFHOI TEXHIKH Ta porpaMyBaHHs HarioHaIbHOTO TeXHITHOTO YHIBEPCUTETY
«XapKiBCbKUH TMOJITEXHIYHUIA IHCTHTYT», YKpaiHa

APXITEKTYPH TA AJITOPUTMH ®YHKIIIOHYBAHHA HEWPOHHUX MEPEX XEMMIHTIA I XEBBA, 3JATHUX
JTOHABYATHCA M PO3II3HABATHA HOBY IH®OPMAIIIIO

Bupimmena 3ana4a joHaBYaHHS KIACHYHHUX JUCKPETHUX HEHPOHHHUX Mepex XeMMiHra Ta Xeb6a 6e3 BTpar iH(opmarlii, o Bxe Oyna
3anam’sitoaHa. O0’€KTOM JOCIIKEHHS € TPOIeCH po3Ii3HaBaHHS Ta Kiachdikalii oOpa3iB B cucTeMax, o moOylToBaHi Ha OCHOBI
IITYYHUX HEHPOHHHX Mepex. [IpeMeToM JOCIIIUKEHHS € apXiTeKTypH Ta alfOPUTMH (yHKI[IOHYBaHHS IITYYHHX HEHPOHHHX MEPEXK.
Mera po6otu: po3pobka cTabiTbHO-IIIACTHYHIX HEHPOHHUX Mepek XeMmMiHra ta Xe06a. Po3pobieHi apxiTtekTypu Ta anroputMu ¢yH-
KIIOHYBaHHS TUCKPETHUX CTa0UTFHO-TUITACTHYHHUX HEHPOHHUX Mepex XeMMiHTa Ta Xe00a, sIKi He TUTbKI MOXKYTh JIOHABYATHCS B IIPOLIEC
(GYHKILIOHYBaHHS, a i po3Mi3HaBaTH HOBY iH(opMaito. HoBi Mepexki MOXKYTh CTaTH allbTEPHATHBOKO JUCKPETHUM HEHPOHHUM Mepekam
aJIalITUBHOI pe30HaHCHOI Teopil. Po3poliieHnit minxin no JoHaBYaHHIO MOXKe OYTH y3arajJbHEHHH i Ha iHIII HeiipoHHI Mepexi. [IpoBeneHo
eKCIIePUMEHTAIbHI JOCIIKEHHS PO3POOICHUX alrOPUTMIB (DyHKI[IOHYBaHHS IITYYHUX HEHPOHHHX MEpeX. Pe3ynbrari ekClepHMEHTIB
HiATBEPAXKYIOTh IPABUIIBHICTD 3AIIPOIIOHOBAHOTO MIIXOY.

KarwouoBi ciioBa: posnizHaBaHHS Ta KiIacuQikaiis oOpa3i, cTaOUIFHO-IUIACTHYHI HEHPOHHI Mepexki, HelpoHHa Mepeka XeMMiHra,
HeifpoHHa Mepexa Xe00a, afanTuBHa Pe3OHAHCHA TEOPis.
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ARCHITECTURE AND ALGORITHMS OF NEURAL NETWORKS HAMMING AND HEBB, CAPABLE LEARN AND
IDENTIFY NEW INFORMATION

The problem of the classical discrete neural networks Hamming and Hebb lossless previously stored information additional training.
The object of research is the process of recognition and classification of images on systems that are based on artificial neural networks.
The subject of research is the architecture and algorithms of artificial neural networks. Objective: To develop a stable and plastic neural
networks Hamming and Hebb. The architecture and algorithms of discrete stable and plastic neural networks Hamming and Hebb, which
not only can be trained during functioning, but also to recognize the new information. New networks can be an alternative to discrete
neural network adaptive resonance theory. The developed approach for training can be generalized to other neural networks. Experimental
investigations of the functioning of the developed algorithms of artificial neural networks. The experimental results confirm the validity
of the proposed approach.

Keywords: recognition and classification of images, stable and plastic neural networks, Hamming neural network, Hebb neural
network, adaptive resonance theory.

REFERENCES 8. Carpenter G. A., Grossberg S. A. Massively parallel
architecture for self-organising neural pattern recognition
machne, Computing, Vision, Graphics and Image Processing,
1987, Vol. 37, P. 54-115.

Grossberg S. Competitive learning: From interactive activation
to adaptive resonance, S Cognitive Science, 1987, Vol. 11,
pp. 23-63.

1. Suzuki K. Artificial Neural Networks: Architectures and
Applications. Publisher, InTech, 2013, 256 p.

2. Bianchini M. Handbook on Neural Information Processing 9.
(Intelligent Systems Reference Library). Publisher, Springer,
2013, 499 p.

3. Clrrlnc10n§ M, l.’uc01 M" Yltale G. Power Converters and 10. Fausett L. Fundamentals of Neural Networks. Architectures,
AC Electrical Drives with Linear Neural Networks (Energy, Algorithms and Applications. New Jersey, Prentice Hall Int.,
Power Electronics, and Machines). Publisher, CRC Press, Inc., 1994, 461 p

2012, 631 p. 11.

4. Gah‘lslilk{n IAI Neljrlz)nnye seti. Osnovy teorii. Moscow, ustrojstvo napravlennyh associacij, Nauchnye vedomosti.
Gorja.c &a fnya, Tele o, 2012, 496 P- Serija: Istorija, politologija, jekonomika, informatika.
5. Kaplja V. L. Sistemy iskusstvennogo intellekta: uchebnoe Belgorod, BGU, 2010, No. 7(78),Vyp. 14/1, pp. 110-119

posobie. V°1g°$rad’ IU.NL. VolgGTU, 2011, 97 p. 12. Dmitrienko V. D., Zakovorotnyj A. Yr., Brechko V. A.
6. RusseIIS:,NOW1g P..Artlﬁcml ln.telhgence:AModernApproach, Associativnaja nejronnaja set’ ART, Sbornik trudov
Third Edition. Publisher, Prentice Hall, 2010, 1152 p. Mezhdunarodnoj molodezhnoj konferencii «Prikladnaja

7. Devjatkov V. V Gl red. I. B. Fjodorov. Sistemy matematika, upravlenie i informatikay». Belgorod, ID
iskusstvennogo intellekta. Moscow, Izd-vo MGTU im. Belgorod», 2012, Vol. 1, pp 115-118

N. Je. Baumana, 2001, 352 p.

Dmitrienko V. D., ZakovorotnyjA. Y., Havinal. P. Nejrosetevoe

109



HEWUPOIHOOPMATHUKA TA IHTEJIEKTYAJIbHI CUCTEMU

Y/IK 004.93

OninHuk A. O.

KaHd. mexH. Hayk, doueHm, 3anopidbkull HayioHanbHUl mexHiYHUl yHisepcumem, YkpaiHa

BWAOBYBAHHA 3HAHb HA OCHOBI OEPEB PO3B’A3KIB TA

CTOXACTUYHOIO NMOLUYKY

Bupimeno 3aBgaHHS po3pOOKM MaTeMaTHYHOTO 3a0e3NedeHHs s aBToMaTH3amil
BU100yBaHHS HAbOpy 3HAHb y BUIVISI MPOAYKLIHHUX MPABUJI 3 HaBYAJIBHUX BUOIPOK TAaHUX.
OO0’ eKTOM JOCIIXKEHHS € IpolLiec NOOYI0BU MOJieneil HepyHHIBHOTO KOHTpPOIIIO sikocTi. [Ipeamer
JIOCIIIKSHHS CTAHOBJISITH METOAN BUI00YBaHHS NMPOAYKUITHUX MpPaBUII JIS CHHTE3Y MOJENeH
KOHTPOJIIO SIKOCTi. MeTa poOOoTH: MiABUIUTH e)EeKTUBHICTE NPOLECYy BUSBICHHS IPOIYKIIHIX
HnpaBuJ JUIst MOOYZOBU MoJelell KOHTPOJIIO SKOCTi Ha OCHOBI HaBYaJIbHUX BUOIPOK.
3amponoOHOBAaHO CTOXACTHYHUN METOJ CHHTE3y JepeB PO3B’S3KiB, SKUH BHKOPHCTOBYE
indopmartiro mpo iHpopMaTUBHICTE 03HAK, CKJIAJHICTh CHHTE30BaHOI'O AEPEeBa, a TAKOXK TOUHICTh
Horo po3mi3HaBaHHs, IO 03BOJISIE HA I0YaTKOBOMY eTalli ()opMyBaTH MHOXKHHY JIEPEBOBHIHUX
CTPYKTYP, IO XapaKTEePU3YIOTHCS IPOCTOIO i€PAPXI€I0 i HEBUCOKOIO TIOMMIIKOIO PO3ITi3HABAHHS,
B IIPOIIECi IOIIYKY CTBOPIOBATH HOBI MHOXHWHY pillleHb 3 ypaxyBaHHSM iH(popmanii npo
3HAYYIIICTh O3HAK Ta IHTEPIPETA0ENbHICTh CTBOPIOBAHUX JIEPEB, 110, Y CBOIO Yepry, 3a0e3neuye
MOXKJIMBICTB MTOOYIOBH JIEPEB PO3B’A3KIB 3 HEBEIUKOIO KUTBKICTIO €lIeMEHTIB (BY3JIiB Ta 3B’ SI3KIB
MDK HMMHM) i IPHHHSITHOIO TOYHICTIO PO3Ii3HABaHHS], a TAaKOX BHUAOOYBaHHS Ha HOro OCHOBI
HaWOLIBII LIHHUX eKk3eMIULIpiB. Po3pobieHo mporpamMHe 3a0e3nedyeHHs, O peali3ye
3anpomnoHoBaHuil MeToxA. [IpoBeeHO €KCHEPUMEHTH 3 JOCIIJKEHHS BIAaCTHUBOCTEH
3alpPOIIOHOBAHOTO METOAYy. Pe3ynbTaTu eKCHepUMEHTIB NO3BOJISIOTh PEKOMEHIYBAaTH
3aIPONOHOBAaHUN METOJ VIl BUKOPUCTAHHS Ha IPAKTHILI.

KarodoBi cioBa: Bu6ipka, 1epeBo po3B’s3KiB, MOJENIb KOHTPOJIIO SIKOCTI, MPOAYKIIiiHE

IpaBuJio, CTOXaCTUYHUN TIOLUIYK.

HOMEHKJIATYPA

Br(x k ) ~TUTACTICTB fiepeBa O3B A3KiB X ;;

Cl, — c-r knacrep;

d,, — b-t By30oll a-T0 pIBHS CHHTE30BAHOIO AEpeBa
PO3B’sI3KIB;

E — moxubxa Mozierni KOHTPOITEO STKOCTi;

G(X k ) — 3HAYCHHSI LTHOBOI (PYHKIII1 k-TO PO3B’ I3KY IIPH
CTOXAaCTUYHOMY TIOLIYKY;

Gener(x k ) — y3arajJbHEHHS J€PEBa PO3B’A3KIB ¥ ;;

GenerM (X k ) — y3araJTbHEHHs MOTIETTi IEPEBa PO3B SIBKIB X 15

Idist(x j ) — BHYTPHJIHCTOBA BiICTaHb JIPEBA PO3B’SI3KIB ) 4 ;

Int(x k) — IHTEPIPETOBHICTH JIepeBa PO3B A3KIB ¥, ;

M — KinbKicTh aTpUOYTIB;

Npranch (x k ) — KUIBKICTb I'JIOK Z1€pEBa PO3B’A3KIB ;. ;

N,, — KUIbKICTb HETIPaBUIBHO PO3II3HAHUX CIOCTEpe-
JKeHb BHOIpKH S

Nigvel (x 4 ) — KiTBKiCTh piBHiB Tepena po3B’s3KiB 3, P

Noode (x k) — KUTBKICTB BY3JIiB JIEpEBa PO3B’A3KIiB ) ;. ;

N, - KUJIBKICTB p0O3B’SI3KiB HA KOXKHIN iTepallii croxacTrd-
HOTO TOIIYKY;

P —Halip XapaKTepHUCTUK (03HAK) CTIOCTEPEKEHb;

Pmab — O3HaKa-IepeBipka y By3li d,; IepeBa pos-
B’SI3KIB;

© Ouiitauk A. O., 2014
110 DOI 10.15588/1607-3274-2014-2-16

DPgm — 3HAUEHHS m-T0 aTpUOYTy ¢-TO CIIOCTEPEKEHHS;

PTRqb — TpaHUYHE 3HAUCHHS O3HAKU-TIEPEBIPKU BY3JIa
dab;

O — KUIBKICTh CIIOCTEPE)KEHD;

RG,, — 3Ha4YEHHA paHTy m-1 03HAKH p,,,;

RB — 6a3a paBuu;

rule, — r-Te npaBuUyIo Oa3u MPaBUIL;

S — HaBUaNbHA BUOIpKA;

T — MHOXXHHA 3Ha4eHb BUXIJHOTO ITAPAMETPY;

{4—3Ha4YEHHs BUXIiTHOTO IAPAMETPY ¢-T'0 CIOCTEPEKEHHS;

¥, — OLIIHKA IHUBITya IbHOI iHOPMATUBHOCTI 71-1 O3HAKH;

VE ( pm) — EHTPOIIis O3HAKH Py

O e — LIMPUHA PO3KUIY 3HAYEHb O3HAKU p,, B C-MY KJa-
cTepi;

X — k-1 pO3B’A30K CTOXaCTHYHOIO TIOIIYKY.

BCTYII

[ToOynoBa aBTOMaTH30BaHMX CHCTEM HEPyiHIBHOTO KOH-
TPOIIO SIKOCTI TIOB’ s3aHa 3 HEOOXiHICTIO CHHTE3Y MOJEIIeH
TpUHHATTS piteHs [ 1]. Sk 6a3uc st moOymoBH TaKUX MOTIe-
Tiel e(PeKTUBHO MOXKYTh BUKOPHCTOBYBATUCS HEHPO-HEWITKI
Mepexi [2—4], sKi € TIOPHUIHOI0 MOIEIUTIO O0YHCITIOBATBHO-
TO IHTEIIEKTY, IO XapaKTePU3YETHCSI BHCOKOIO IHTEPIIPETOB-
HICTIO Ta CHONTy4a€ y cobi BIACTHBOCTI CHCTEM, 3aCHOBAHIX
Ha 3HAHHIX, 1 OMHOPITHUX OOYHCITIOBAEHIX CTPYKTYP.
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[potrec cuHTE3y TaKUX MOJIeIel OB’ I3aHU 3 HEOOXiI-
HICTIO BUIOOYBaHHSI IIPABHJI HA OCHOBI 3a/TaHUX BHOiPOK Ja-
HUX. OHaK BUOIPKYM JaHMX, 110 OIUCYIOTh PE3YJIETaTH BIM-
pIOBaHb XapaKTEPHCTHK PEaTbHIX TEXHIYHUX 00’ €KTIB 1 Ipo-
LIECiB MOXYTh MICTUTH AYOJsDK iHpopMmanii, 30kpema,
HaJUTAIIKOBI JUIS1 IPUHHATTS PillIeHb O3HAKH 1 €K3EMIUTIpU
[5, 6]. KpiM Toro, MOXXJIMBI CUTYaIlil, IPH SIKKX y BUX1THINA
BHOIpII KiNBKICTh €K3EMIUISPIB OIHOTO KJIAacy iCTOTHO
BiZIPI3HAETHCS BT KUTBKOCTI €K3eMIUTPIB 1HILOTO Kitacy (TIpu
BHUKOPHCTaHHI TPaIULifHOTO HABYAHHS €K3EMILISIPU OHO-
'O KJIaCy MOXYTh IIPUTHIYYBAaTH €K3EMIUISIPH 1HIIOTO KJla-
cy) [5-7]. Orxe, 3acTocyBaHHS BiJOMHX METO/IB BHI00Y-
BaHHSI [TPOAYKIIHHIX NPaBWII IJIsl CHHTE3Y MOJIEIICH KOHTpO-
JII0 SIKOCTI Ha OCHOB1 HEHPO-HEUITKUX MEPEX y NEAKUX
BUIIA/IKaX € HEOUTLHIM.

ToMy y iif poOOTi MPOIIOHYETHCS HA OCHOBI 3aJaHUX
BHOIpOK JJAHMX CHHTE3YBaTH JAe€peBa po3B’A3KiB 1 BUH0OYBa-
TH Ha TX OCHOBI ITPOIYKITiiHI MPaBHJIA, IO JO3BOIUTH BHIIi-
JISITH HAWIIHHIII €K3eMIUIIPH, PAHKUPYBATH O3HAKH 32 3HA-
YyYIIiCTIO 1, OTXe, YCyBaTu JIesKy HaJIHIIKOBICTh iH(Op-
Mallii, a TaKoX CKOPOTHTH MPOCTIp MOIIYKY i 9ac CHHTE3Y
HEeHpO-HEYITKUX MOJENIEi KOHTPOITIO SIKOCTI.

OpHaK BiJIOM1 METOIM CHHTE3Y JiepeB po3B’s3KiB [8—11]
niepen0adatoTh BUKOPHUCTAHHS «0Ka10HOT0» MIXOMY, 110 He
JIO3BOJISIE B TpoLeci MOOYIOBH TakMX MOJieNied TOBTOPHO
PO3IIISAIATH O3HAKM D), , 3a SKMMH BKe OylT0 BUKOHAHO PO3-
ourrs. Lle Moxke MpUBECTH 10 HU3bKHX y3arajlbHIOIOUYHX BIIa-
CTHBOCTEH CHHTE30BaHOI MOJIE, BHACII/IOK ii CKJIaJHOCTI, a,
OT’Ke, 10 HaJUTUIIIKOBOTO YKCIIa IPaBHJI, BUTATHYTUX 3 HEl,
10 3pOOUTH CHCTEMY MPABHJI OLTBINE TPOMI3IKOIO Ta MEHIII
IHTEpIPETOBHOIO.

Tomy B it pooTi 47151 HOOYIOBH [iepeB PO3B’ A3KiB IPO-
TIOHY€ETHCS] BUKOPHCTOBYBATH 1HTEIEKTyaIbHAN CTOXaCTHY-
Hui momyk [ 1 1-13], mo go3Bosie mociimKyBaTH pi3Hi 00-
JIACTi TONIYKOBOTO MIPOCTOPY ¥ HE BUKOPUCTOBYE JKaIiIOHY
CTpATETiIO.

MeTor0 po0OOTH € CTBOPEHHS METOLY BHIOOYBAHHS 3HAHD
Y BUIVISITI IPOMYKITIMHYX MIPABIJI HA OCHOBI JIEPEB PO3B’SI3KIB
1 CTOXaCTHYHOTO TOIITYKY.

1 IIOCTAHOBA 3AJJAUI

Hexaii 3agana MHOXKMHA cniocTepexxenb S =< P, T >, 1e

P —Hal0ip xapaKkTepuCTHK (03HAK) CIIOCTEPEKEHb, T — MHO-
KHMHa 3Ha4eHb BUXiAHOTO mapameTpy. Habopu 3nadens P i
T MOXyTh OyTr IomaHi y Bursai Matputi (1) Ta Bekropa
(2), BimmoBimHO:

pi P12 - Pm - PMm
P21 P - Poam Pom

P= 1
Pg1 Pq2 - Pgm Pgm ’ M
Po1 P02 Pom Pom

T:(tl ty o g tQ)“. Q)

Toni 3ana4a BHaoOyBaHHS MPOXYKI[IMHUX IIPaBHJI ITOJIS-
rae B IIOWIYKYy Takoro Habopy  mpaBuiI

RB = {rulel,rulez,...,ruleNR }, IIpU SIKOMY 3a0e3MeuyeThes
TIPUHHSATHE 3HAYEHHS 331aHOT0 KpUTepito sikocTi G, /1€ KoX-
He 7-€ IIPaBUIO Fule,. ABIIAE COOOIO IMILTIKAIII0 aHTEelleJeHTa
(Habopy O3HaK p,, Ta IX TPAaHUYHUX 3HAYEHb P7p ) TA KOHCEK-
BEHTA (3HaYeHHs !y BUXiJIHOIO TapaMeTpy 7 NpU BUKOHAHHI
YMOB, ITOJaHUX B aHTeNeNeHTl). Sk minpoBuil kputepii G
IIpY BUI00YBaHHI NPOAYKIIHIX PaBHI MOXKYTh OyTH BH-
KOPHCTaHi, HAPHKIIA;

—1ToxnuOKa po3ni3zHaBaHHA (Y 3a/1a4ax 3 AUCKPETHUM BH-
xomoM T) [1-3, 14], mo o0YHCITIOeETECS 3a (HOPMYIIOFO:
E=N,,/0;

— CepeTHbOKBA IpaTHYHA MOXHOKa (Y BUITAKY, KOJIU BHX-
a7 Tapamerp T MOXKe puAMaTH JiHCHI 3HAUCHHS 3 JIes-

Koro fiana3ony 1’ € [tmin s tmax ]) [1-3, 14], w10 po3paxoByeTh-

1 8
cs 3a popmynoro: E=— Z(tq —tqmod)z, ne gmod — 3Ha-
045
YEHHsI BUX1JHOTO MapaMeTpy ¢-TO CIIOCTEPEXECHHS,
po3paxoBaHe 3a HAO0poM NpaBuil RB.

2 OUIA L JTITEPATYPH

OcHoBHI migxoan 10 GopMyBaHHs 6a3M MPaBHII Ha OC-
HOBI BUOIPOK JIaHKX S VTS CHHTE3Y MOZIEIE KOHTPOJTIO SIKOCTI
Ha OCHOBI HEMPO-HEYITKUX CHCTEM HOJISATAIOTh Y HACTYITHO-
my[14, 15]:

— KOMIIOBaHHSI HABYAILHOI BUOIpKHU B 06a3y 3HaHb — IS
KOXXHOTO €K3eMIUISIpa HaBYAJNbHOI BHOIPKH (QOPMYeETHCS
oKpeMe mpaBuio. [lepeBarorw qaHOro METony € MpOCTOTa
Ta BUCOKA IIIBUJIKICTb POOOTH, HEIOTIKOM — BiICYTHICTB y3a-
TAFHIOIOYHUX BIIACTHBOCTEH 1 TPOMI3IIKICTh ONEPIKYBAHOI
Mepexi;

— ONTUMIi3aMisg KiTbKOCTI IPOAYKIIHHUX MPaBUI — 3HA-
XOIDKEHHS TAKOTO 3HAYCHHS KiJTBKOCTI MPOAYKIIHHUX Tpa-
B NR, TIpH sIKil 3HAYCHHSI IOMIJIKH E € MiHIMaITBHIAM, [UIS
YOro IPH Pi3HUX 3HAYCHHIX NR HABUAIOTH MEPEXKY 1 BUMi-
PIOIOTH 3HAYSHHS IIOMUJIKH, TTiCIISI YOTO ONTUMI3YIOTh (DyH-
kuiro E(NR) 3a mapamerpom S. HemortikoM 1aHoro MeTomy €
ITy’K€ BHCOKiI BUMOTHY 0 OOYUCITIOBATBHUX PECYPCiB, 00Y-
MOBJICHI HEOOX1THICTIO 3aHOBO HABYATH MEPEKY Ha KOKHO-
MY KpOTIIi;

— CIIJTbHA ONITUMI3AIlis Bar Mepeski Ta KiTbKOCTi IPOAYK-
LifHUX PaBWII IUTSIXOM BUPIIIEHHS 0araToeKCTpeMaIbHOT
onTuMi3aliitHol 3a1a4i 200 aBTOMaTHYHE BU3HAYECHHS YHC-
JIa KJIaCTepiB y HABYAIIBHI I BUOIPIIi Ta BCTAHOBIICHHS IICHTPIB
(hYHKIIH IPUHAISKHOCTI B iXHI IEHTPH HA OCHOBI KJIacTep-
aHai3zy;

— cKopodeHHS (pemykitis) mpaBui. [Tpu mpomy miaxomi
BUKITIOYAIOTHCS CYIIEPEUITNBI IIPABMIIA, SIKi B3a€MHO KOMITCH-
CYIOTBCS, @ TAKOXX OJHE 3 ABOX CITIBIIAJAal0YMX IPABUII, SIK
TaKi, 1110 He HecyTh HOBOI iH(opmarii. [Ipu ckopodeHHi BU-
JIATLIFOTHCS Ti TIPOYKITiHHI IPaBHIIA, BIUIHB SIKUX HAa TOYHICTH
BHSBIISIETHCSI MiHIMAIIBHHUM ITiCIISI OIiHKH 1HMB1AyaTbHOTO

111



HEMPOIHO®OPMATHKA TA IHTEJIEKTVYAJIbHI CUCTEMU

BHECKY KO)KHOT'O TIPOIIYKIIHHOTO ITPpaBmiIa y BUX1IHUH CUT-
HaJl MEpeXi, OJIep’KyBaHOI IIIISTIXOM BUKOPHUCTAHHS OPTOTO-
HaJILHOT'O METO/ly HaliMEHIINX KBaApaTiB. [croTHUM Heno-
JIIKOM METOIIB CKOPOYEHHS € HEOOX1MHICTh CIIOYaTKy Ipa-
IFOBAaTH 31 CBiJIOMO HAJUIMITKOBOIO 32 PO3MipoM 0a3oro
3HaHb, 10 O0OYMOBJIIOE B PSIJIi BUIAAKIB ITOBUTEHY pOOOTY
METOJIIB.

— HapOUIyBaHHS (KOHCTPYIOBaHHS ) paBMI: (GOpMyeTh-
cs1 movaTKoBa 06a3a MpOMYKIIHHUX IPpaBuII (BOHA MOXe OyTH
1 MOPO’KHBOIO), MIO ITOTIM ITOCIIOBHO ITOITOBHIOETHCS HE-
YiTKUMH TpaBwiaMu. HemomikoM gaHOTO MeETOny €
BiJICYTHICTb SIBHOT'O 3B 513Ky MIX IPOIEYpPOIO JOJaBaHHS
MIPOAYKIIHHKUX TIPAaBHII 1 TOUHICTIO AalIPOKCHMAILi1, 110 IT0-
BHMHHA BU3HAYATHCS OKPEMO.

HasiBHiCTH 3a3HAa4YCHUX HENONIKIB OOYMOBIIOE He-
00X1THICTh pO3pOOKH HOBHX METOJIB MOOynoBU 0a3u mpo-
IyKniiHnX npaswil. Tomy y miit poOoTi IPOrOHY€eTHCS BUIO-
OyBaTH IPOAYKLiITHI paBUJIa HA OCHOBI JIepeB PO3B’S3KiB
[8-11], moGynoBaHIX HA OCHOBI 3aJaHUX BUOIPOK TaHUX S.

[pore Bimomi MeTonu ineHTH(iKamii AepeB pilieHb, 30K-
pema ID3, CART, CHAID, QUEST, C4.5 [8—11], matoTs nieBHI
HEIOJTIKH, TTOB’sI3aHi 3 BEJTUKOIO OOYHCITIOBAIIBHOIO CKJIa THi-
CTIO0, IpobiIeMamu (popMyBaHHS AepeBa pilieHs (picT aepe-
Ba, BiJICIKaHHS YaCTHHU JepeBa) i T. iH. [8—10]. Kpim Toro,
TaKi METO/IN BUKOPHCTOBYIOTb JKaiOHy CTpaTeTiio MOLIyKy:
SIKIIIO O3HaKa Oyna oOpaHa OIUH pas, i 32 HEI0 BUKOHAHO
PO3OUTTS Ha ITiAMHOXKUHH, TO METOZ] HE MOXKE TIOBEPHYTHUCS
Haza[| 1 BuOpaTH iHIIUHA aTprlyT, SIKWH NPUBIB O 10 Kpario-
T'O PO3OUTTS, BHACIIOK YOTO B PE3YJIbTaTi 9aCTO CHHTE3Y-

I0ThCS IepeBa PO3B’sI3KiB, 10 HE 3a0e3MeYyr0Th IPHIHHSIT-
HUM piBeHb anpokcumMartii [9]. Tomy B qanii poOoTi 3ampo-
TIOHOBAHO JIJISl CHHTE3Y J€PEB PO3B’SI3KiB BUKOPHCTOBYBATH
IHTENEKTYTbHHH CTOXaCTUIHHX Tomyk [ 11-14], mo no3Bo-
JIs€ OCITIKYBATH Pi3HI 00J1aCTi ITONTYKOBOTO IPOCTOPY 1 HE
BHKOPHCTOBYE XKa[i0HY CTpaTerio.

3 MATEPIAJIX TA METOIH

Jly1st cuHTE3y AIepeB PO3B’SI3KIB MPOIIOHYETHCS] BUKOPHC-
TOBY€THCS iH(pOpMaLio NMpo iHGOPMATHBHICTH O3HAK,
CKJIQJTHICTh CHHTE30BaHOTO JIepeBa, & TaKoK TOYHICTH HOro
po3nizHaBanHA. Lle 103BonMMTH HAa OYATKOBOMY erarmi (op-
MYBaTH MHOXKHHY JIEPEBOIOIIOHNX CTPYKTYP, IO XapaKTe-
PH3YIOTECSI IPOCTOIO 1€papXi€lo i HEBUCOKOIO IIOXHOKOIO PO3-
Ti3HaBaHH, Y IPOLIECi MOMIYKY CTBOPIOBATH HOBI MHOKUHHU
PO3B’S3KIB 3 ypaxyBaHHIM iH(OpMALi PO 3HAYYIIICTH 03-
HaK ¥ IHTEpIIPETOBHICTh CTBOPIOBAHUX JIEPEB, 1110, Y CBOIO
4epry, 3a0e3Me4YnTh MOKIIBICTh ITOOYIOBH JIEpeBa pO3B SI3KiB
3 HEBEJIMKOIO KUJTGKICTFO EITEMEHTIB (BY3J1iB 1 3B°S13KiB MK HUMH)
1 IPUHHATHOIO TOYHICTIO PO3Ii3HABAHHS, & TAKOK BHI00Y-
BaHHsI Ha HOTO OCHOBI HANIIHHIIIIMX €K3EMITISPIB.

Ha erari ininiasnizanii npy cuHTE31 AEpEB PO3B’ S3KIB IPO-
TIOHYETHCSl TEHEPYBAaTH MTOYaTKOBY MHOXXHHY PO3B’SI3KiB

RO = {X§O),X50)’_"’X§8))( }, ze N, — KiIbKiCTh O3B S3KIB y

muoxuni RO,
Kosxen k-ii po3B’s130K ¥ sBisi€ COOOKO CTPYKTYPY, 11O
BIJITIOBiTa€ TIEBHOMY JIepeBY po3B’si3KiB (puc. 1).

d

01

Prot < Prror

dy: | Pt < Prrii

dy | Pot < Prmar | o | Poo < Pram

dy, | Poa < Prria

dys | Purs < Prrs | oyt | Poos < Prroa

Pucynok 1 — CxemMaruuHe IIOJaHHS CTPYKTYPH IIPA CUHTE31 JEPEB PO3B’A3KIB
YH PYKTYp k 1P PeB p
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Ha puc. 1 nosnauenns T = ¢, BIANIOB1a€ 3HAYEHHIO ,
BHX1ZHOTO ITapamerpa 7' Ipy NpOXOi BiJf KOpeHs JepeBa 70
OJIHOTO 3 H{Or0 JIKCTIB (KIHIEBUX BY3JIiB, [0 MICTAThH 3HAYCH-
HSI BUX1JJHOTO ITapaMeTpa IpH BUKOHAHHI YMOB, III0 3HAXO-
JUITHCS! y BUILECTOSIIIINX BY3J1aX-0aThKax ).

Sk BUIHO 3 pHC. 1, IpU CHHTE31 KOXKHOT'O JIepeBa PO3B’-
SI3KIB 3, HEOOXiHO BU3HAYUTH HOIO CTPYKTYDY, L0 Hpe/-
cTaBig€e coOO0I0 Habip B3a€MO3ANIEKHHUX BY3IIB d;, sKi
MICTATH 1H(OPMALIIO IIPO 03HAKY P, 45, 33 KOO BiIOyBa€Th-
sl pO30UTTS, il TpaHUYHE 3HAYEHHS PrR,p, @ TAKOXK IOCH-

JIaHHS Ha JIIBOTO d(a+1)(2b—l) 1 IpaBoro d(a +1)(2b) HAILIAIKIB:

d b =< Dmab> PTRab> A (a+1)2b-1)> A(a+1)2p) > OTXKE, Juis
no0y1oBH iepeBa PO3B’s3KiB y, MOTPiIOHO copmyBatn
MHOXXHHY B3a€MO3aJIeXKHUX BY3JIiB-IIEPEBIPOK d ,;,, BU3HA-
YUBIIHY UL KOXKHOTO 3 HUX O3HAKY-TIEPEBIPKyY p,,,» Ta i rpa-
HHUYHE 3HAYEHHS DrR.p-

ITpu BuOOpi 03HAKU-NIEPEBIPKH p,, .5, LA By3na d,;, Oy-
JIeMO BHKOPHCTOBYBaTH amlpiopHy iH(pOpMaIiio Ipo 3Ha-
9yIIicTh 03HAK V. OCKiNbKK fiepeBa po3B’A3KiB ehEKTUBHO
3aCTOCOBYIOTHCS, SIK IPABIJIO, [UISl BUPIIICHHSI 33129 PO3ITi3-
HaBaHHs, SIKi XapaKTEPHU3YIOThCS KiHIIEBOIO KUTBKICTIO KJIAacCiB
BUXiTHOTO apamMerpy 7, 1Sl OLiHIOBaHHS iH()OPMaTHBHOCTI
V,,, O3HaK JOLIJIbHO BUKOPUCTOBYBATH XapAKTEPUCTHUKH, 1110
JIO3BOJIAIOTH OLIHIOBATH 3HAYYIICTh O3HAKU p,, CTOCOBHO
BHXiZIHOTO NapaMeTpa 7, IKUi IpuiiMae JMCKpeTHI 3HaUeH-
Hsl {, 3 KIHLEBOI MHOXHUHU. SIK TaKi XapaKTepPHCTHKH MO-
XKyTb OyTH BUKOPHCTaHI HACTYITHI KpuTepii [6, 8, 14, 15]:

— eHTpOMis 03HaKU VE ( m) — KpuTepiii, 1o Bigobpaskae
CTyIiHb HEBH3HAUEHOCTI cTaHy 00’ekra [8, 14], po3paxo-
BYETBCS 32 (POPMYIIOIO:

Nim (pmn) Nint(T)
VE(pm): - p(pmn) Zp(pmnﬂTl)lOgZ p(pmnﬂTl) A
n=1 =1
ne p(pmn ) = % — WMOBIpHICTh TOTO, IO 3HAYCHHS

O3HaKU p,, €K3EMIULIPIB BUOIPKH S IOTPAIMTh JI0 7-I'0 iHTep-
BaJTy Aiana3oHy ii 3MiHn; N ( DPmn ) — KUTBKICTB €K3EMIUIAPIiB
BUOIPKU S, 3HAYCHHSI 711-1 03HAKH SIKHX, HAJISKATH /1-My 1HTEp-
Bally Jliania3oHy ii 3MiHH; Njp ( Py ) — KUTBKICTB iHTEpBAITIB,
Ha sAKi po30OMBA€THCS Alalna3oH 3HAYEHb m-1 O3HAKHU P,;

Nint (T ) — KiJIBKICTb iHTEpBAJIiB, Ha AKI PO3OUBAETHCS Jliana-
30H  3HAa4YeHb  BHUXigHOro  mapamerpa  T;

N (pmn I )
N(pn)
3HAUCHH BUX1THOTO TTapaMmeTpa 7 IoTpanuTh B /- iHTepBa

PP T1)= — YMOBHA HMOBIpHICTb TOTO, IO

T; 3a yMoBH, L0 711-a O3HAKA P, IIOTPAIIUTD B 71-i IHTEpBal

DPmns N (pmn,T,) — KUIBKICTb €K3eMILLIPiB BUOIpKU S, 3Ha-
YeHHs BUXiTHOTo rmapameTpa 7 KX HaJiexarh /[-My iHTepBa-
Iy Aiana3oHy Horo 3MiHM 7; 32 yMOBH, 1110 3HAYEHHS iX m-1
O3HAKH HATIEKUTH /1-MY IHTEPBAILY .5

— TeopeTHKo-iHpopManiitanit kputepiit VT ( m) — 1e-
pendadae BUKOpUCTaHHS KUTBKOCTI 1H(OpMATii, 110 OfleprKye
CHCTEMa B MPOIIECi pO3ITi3HaBaHH: 00’ €KTIB Y pe3yIbTaTi BU-
KOPUCTaHHS OLIIHIOBAHOT O3HAKH:

=1 P(Pmn )p(Tl) ’

ne p(Tl ) — IMOBIpHICTB TOT0, IO 3HAYCHHS BUXITHOTO Tapa-
Mmerpa 7 notpanuts B /-1 inTeppai 7; Aiana3oHy 3MiHU foro
3HAYEHb.

OnHax 3acTocyBaHHS TaKMX KPUTEPIiB repenoadae, 1o Bigo-
MHMH € BCl 3HAYEHHSI BCIX EK3eMILTIPIB Y HABIAIIbHIH BHOIpLI
S, 1110 € He 3aBXKANU MOKIIMBUM IIPY BUPIIICHH] TPaKTHIHUX
3aja4 AlarHOCTYBaHHS W YIIpaBIiHHS SKICTIO MpoayKii (e
00YMOBJIEHO MOXKIIMBIMH NpOOJIEeMaMu NpU BUMIpIOBaHHI
rapaMeTpiB JIEKNX peasbHUX TEXHIYHNX 00 €KTIiB a0o mpo-
eciB). Y BUIAJIKY, SKIIIO JESKi €K3EeMIUTIPH HaBYATEHOT BUO-
ipky S MICTATH IPOILYILEH] 3HAY€HHs 03HaK p,,, 400 BUX1HO-
ro napamerpa 7, IpONOHYETHCSI BUKOPHUCTOBYBATH HACTYII-
HMII I IX171 10 OLIHIOBaHHS 1H/MB1TYyalIbHOI 3HAUYIIOCT V), .
OrintoBaty iHPOPMATHBHICT O3HAK OyIeMO BHXOASYU 3
TXHBOI 3HATYIIOCTI [T BU3HAYEHHS TPAHULb KJIACTEPiB — IPyIT
KOMITAKTHO PO3TALIOBAHMX EK3EMIULIPIB Y MMPOCTOPi O3HAK.
J11s1 11b0T0 32 JIOTIOMOT'0F0 METO/IIB KITACTEPHOT 0 aHamizy [7,
14] nporoHy€eTHCS BUSIBIIATH I'PYITH €K3EMIUTIPIB (KIIACTEPH)
BUXOJISTYH 3 iX T€OMETPUYHOTO PO3TALTYBaHHSL.

Bynemo BBakaTy, 10 03HAKA P,,, € TUM Ba}JIUBIIIOO LT
kinacrepa Cl, (¢ =1,2,..., N ), YIM MEHIIOIO € IIHUPHUHA PO3-
KUny G, il 3Ha4eHb y IIbOMY KJI1aCTepi, [0 PO3PAXOBYETHCS

Nint T)Nint(pmn)
VT(pm)=
n

=1

Nim’t (Clc)
32 GOPMYIIOR0: O e = (qu _pmc)z > AC P —
g=1
cepeqHE 3HayeHHs m-i O3HAKU p, B C-My KiacTepi;
N5t (Cl.) — KinbKiCT ek3eMIIApiB c-ro knacrepy Cl..
[NoTiM HaAOLTBII 3HAYYIIIH O3HAII C-TO KJIacTepa (03HaL
3 MiHIMaJIbHAM 3HAYEHHAM BEJIMYHMHH G .. ) OyIeMO CTaBUTH
Y BIATIOBIIHICTH HAWOLTBIIE 3HAYCHHA paHry RG,,. = M, Ha-
CTYIHIH 3a 3pOCTAHHAM BEJIMYUHU G, O3HAL IPHBJIACHU-
Mo 3Ha4eHHd RG,, . = M —11T. 1. IIpu o1HaKOBHX 3HAYEHHAX
BEJIMYUHHU G, . 03HAKaM CTaBJLAThCA y BIAIOBIIHICTb CEPEIHI
3HAYEHHA paHriB RG,,.. O3HaKaM, IO XapaKIepU3yIOThCs
HU3BKUMU 3HAYEHHSIMH 1HAMBITyaTbHOI 1HPOPMATHBHOCTI U1
EK3eMIUIAPIB C-TO KIACTEPY (G, < O pyemin)> CTABUTECSA Y
BIJIOBIIHICTb HYIHOBE 3HAY€HHs] BEIMIUHU RG ;.. R, . = 0.
3HayeHHs 3arajlbHOTO paHry R, m-i 03Haku p,, 10 BCIX
N xnacrepax BU3HAYMMO SK CyMy 3HA4EHb PAHTIB RG . 3a
N cl
¢dopmynoro: Ro,, = > Ro,,.. OuiHKy iHAMBI Ty IbHOT iH(pOpP-
c=1
MaTUBHOCTI V,, m-1 03HaKM BU3HA4UMO 3a (hopMyIoro:
y o Row
=

—.
n:l,ni?iM{ Sy
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TakuM 4MHOM, O3HaKa 3 MAKCUMaJIbHUM 3HAYCHHSIM
paHry Rc,, € HaiioL1b1I iH(DOPMATUBHOIO 1 XapaKTepU3yeThb-
Csl OAMHUYHUM 3HA4EHHAM KpuTepito V. Buxopucranus
3aIpOIIOHOBAHOTO KPUTEPIIO I03BOJISIE PAHXKUPYBATH O3HA-
KU, BUXOJISTYH 3 IXHBOT 3HAYYIIOCTI JJIS OIMCY TPAHUIIb KOM-
MIAKTHOTO PO3TALTYBaHHS €K3EMIUISPIB, 110, Y CBOIO YEPTY,
JIO3BOJISIE OLIIHIOBATH 1HMBI lyaIbHY 1H(POPMATHBHICTB 03-
HakK y BUOIpKax, Yy IKMX JesKi eK3eMIUIIPH MiCTSTh IPOITy-
IIeHI 3HaYeHHsI 03HAaK 200 BUX1THOTO TapaMeTpa.

ITicns oniHOBaHHA iHQOPMATUBHOCTI V,,, KOKHOI O3Ha-
KU p,, BUOIpKku S BinOyBaeThcs GOpMyBaHHs JepEB X, Y
BUIVIAI BIATOBIHUX CTPYKTYp AaHUX. O3HAKY p,, 3 BUCOKH-
MU OLHKaM1 1HIMBiya bHOI iH(OpMaTUBHOCTI V,, € OLIbLI
3Ha9yIIMMH (1CTOTHO BIUIMBAIOTH HA BUXiMHMH mapamerp 7),
OT’Ke, y 3aIPOIIOHOBAHOMY METO/Ii TaKi O3HAKH OyIyTb MaTh
OLbLITy KMOBIPHICT BLIOOPY SIK 03HAKU-IIEPEBIPKH P, UL
BiZINOBITHOTO BY3J1a d 3.

Hexait oninka inauBiqyansHOT iHGOPMATUBHOCTI m-i 03-
HaKH p,, fopiBHIOE V,,. Tozi HOpMOBaHa OLIHKA iHAUBITY-
aJIbHOI iHPOPMATUBHOCTI O3HAK V), 1orm ¥ BHOIPLI S MOKe
OyTH po3paxoBaHa 3a (POpMYIIOF0: Vi norm = M,

- Vinax — Vi
max min
1€ Vinin Ta Vipax — MiHIMaJIbHE Ta MaKCUMaJIbHE 3HAYEHHS

indopmaruBHoCTi V,, 03HaK p,, y BUOipLi S, BIANOBIAHO.

Bubip o3Haku p,, U1 BUKOPUCTAHHS Y By3JIi-TIepeBipIii
d,;, OyneMo BUKOHYBATH BUXOISYM 31 3HAYEHHs BEIUYUHU

Vi norm. JUtst pOro GyeMo MOCITiOBHO NEPErISAaTH 03-

HaKU Py, Po,..., Pjy U NOPIBHIOBATU 3HAYEHHS BEIUYHHU

Vi norm 3 rand [0; 1] — BUITAJKOBO 3T€HEPOBAHUM YHCIIOM B
iarepBaxi [0; 1]. Y Bumazaky, SIKIIO BUKOHYETHCS YMOBA
Vn norm 2 rand[0;1], o3naxa p,, BBakaeThcs n00pe mo-
IIISEFOYOR0 €K3EMIDIAPU Ha KJIACH 1 BKIIIOYAETHCS B TIOTOY-
HUH By30J1 d;, IEpeBa PO3B’A3KIB ¥, K O3HAKA-IIEPEBiPKa.

Jani 1151 03HaKu-TIEPEBIPKH p,, .5, Y BY3Ti d 7, BAKOHYETb-
Csl BU3HAYEHHs] TPAHUYHOIO 3HAYEHHS prp,p- A1 LBOTO
PO3PaxOBYIOThCSl 3HAYEHHS IOXMOKU po3INi3HaBaHHS E
eK3EeMILLIPIB S, 110 IONAAAI0Th Y BY301 d ,;, IPH PI3HUX

3HAYEHHAX PrRah €[ Pimabmin> Pmabmax 1> 1 BUOMpaeThes
TaKe 3HAYEHHS Prp,;,, IPH AKOMY 3HAUEHHs IOXUOKH PO3II-
13HaBaHHA E ,;, Oyne HaiMeHIMM. Y BUMAJKY, SIKIIO 3HakIe-
HO 3HAUEHHA P7p,;, IPU AKOMY I0XUOKAa pO3Mi3HABaHHS
3HaXOAUTHCA B IIPUITYCTUMUX Mexax E,;, < Erp, TOnl BBa-
JKAETHCs, 10 O3HAKA p,, ., IPY TPAHMYHOMY 3HAYEHH1 Py,
ITO3BOJISE 3ICHIOBATH MPUHHATHE PO3OUTTS MHOXIHH €K-
3eMIULPIB S, Ha KIacHu fy # 1], OTXKe, ii Hamaakamu Oy-
IyTh BY3JH, IO MPEICTABISIIOTH COOOI0 JINCTH IEepeBa
PO3B’SI3KIB y, P KiHIIEBI BY3JIH, 10 MICTSTh 3HAYCHHSI BUXiI-
Horo napamerpa I’ =ty it T =t;. SIkuio B pe3ynbsraTi pos-
OUTTA P,,,p < PTRap B ONHY 3 UACTHH JIepeBa BBiHIyTh ek-
3EMIUIAPHU S, 3 €AMHUM 3HAYEHHSIM BUXIIHOIO TapaMeTpa
(manpuxuiag, 7' = ¢)), TO HAIl[AZIOK, 1110 BIATIOBiJA€ NaHiH yMOBI,
CTae JINCTOM, 1 pO3OHTTSI TPUBAE TLUTHKH UTS IPYTroro HAIIAI-
Ka By3na d .
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dopmyBaHHs AepeBa PO3B A3KIB X ;, TPUBAE JOTH, MOKH
He Oyze JOCATHYTO NMPUIHATHOI TOYHOCTI pO3Ii3HABaHHS
(E < E,) 200 iHW KpuTepii, 10 XapaKTepU3yroTh
CKJIQJIHICTD JiepeBa (JIOCATHEHHS MaKCUMAaIIbHO PUITYCTH-
MOI KIJIBKOCTI BY3J1iB, PiBHIB, TJIOK Ta iH.). AHaJIOTYHUM YH-
HOM Ha eTarli iHiliani3amii 3arporoHOBaHOTO METOY (op-

.
MyeTbest N, [IepeB O3B S3KIB X 4.

[ToTiM BUKOHY€ETBCS OLIHIOBAHHS SIKOCTI CHHTE30BaHUX
JepeB PO3B’A3KIB Xy, k =1,2,..., Ny J1J1s1 IbOro NMPOMOHYETH-
Cs1 BUKOPHCTOBYBATH LiJbOBY QyHKII0 G = G(x k ), 10 Bpa-
XOBYE iHTEPIIPETOBHICTH JiepeBa Int(x k ) 1 fioro po3mi3Hato-
YM BJIACTHBOCTI (ITOXMOKY po3mi3HaBaHHA E (X k)), 1 MOXe
oyTn BU3HaYeHA 3a dbopmynoro:
Gl )= it )+ v2E (). 2 11 1 1 — oepintierrrm, o
JIO3BOJISIFOTH ypaxyBaTH BayKJIMBICTh KPUTEPIiB Int(x k) Ta
E (X K ), BIIIOBIHO.

J1u1s1 OLiHIOBaHHSI IHTEPIPETOBHOCTI Int(x k) JIepeB po3-
B’SI3KiB IIPOITOHYETHCSI BAKOPHCTOBYBATH TaKi KPUTEPIi:

— [IMpUHA JiepeBa — MOKe OyTH BH3HAYCHA SIK KiIBKICTh
Horo TinoK  Ny.uneh (Xk) abo KiNbKiCTh BY3INiB
Nuode (Xk ) = Noranch (Xk )+ 1

— mIMOMHA JIepeBa — BU3HAYAETHCS SIK KUIBKICTh HOro
p1BHIB Nlevel (Xk );

— rimscricts nepesa Br{y, ) — HPOIOHYEThCSA OOIHCIIO-
BATH K BiTHOIEHHS KiJIbKOCTI BY3JiB N, /. (X & ) nepeBay,,
JI0 MAKCHUMaJIbHO MO>KJINBOI KIJTBKOCTI BY3JTiB JiepeBa IITHOH-

N node (Xk ) , e
maxnode(Njgye; (14 ))

max node(N revel Lk )) — MaKCHMaJIbHO MOKJIUBA KUIBKICTh

HH Nlevel(Xk):

Br{x; )=

BY3JIIB IEPEBA ¥, IMOMHH N,/ (x4 ) — BemuumHa, O MOYXKe
OyTH BHU3HaUYeHa 3a bopmynor:

N level (Xk )

max nOde(Nlevel (Xk )) = 2C_1 = 2N[e""l (Xk) -1

5
c=1
— y3aralbHEHHS pillIeHb Gener(xk) — BIIHOIICHHS

KiIBKOCTI JINCTIB (By3JIiB-pilnens) V, leaf (Xk) JepeBa X ;. 110
KIIBKOCTI ek3eMIusipiB (0 HaB4albHOI BHOIpKHU S:

)= Niear (1)
0

— BHYTPHJIFICTOBA BiJICTaHb Idist(x k) MIDX eK3eMIUIIpa-
MU BUOIPKH, IO IIOTPAITHITN B KOHKPETHAHN JTUCT (€K3EMIDIA-
pamu, sKi BiAMIOBiTalOTh KOHKPETHIM YMOBaM, IIOTAaHAM Y
BUIJVISIII IIDISIXIB BiJ KOPEHS AepeBa A0 HOTro JUCTIB) — UM
MEHIIIE 1aHa BiJCTaHb, THM BUIIE KOMIIAKTHICTh PIllIeHb y
BiIMIOBITHUX JINCTAX, 1, OT’KE, THM KPAIIIUM € PO30OHTTSI, 110

Gen er(x &

BHKOHYETBCS IepeBoM ) .. Kpurepiit Idist(x k) TIPOIOHYETh-
cs o0UHnCITIOBATH 3a bopmynor:



p-ISSN 1607-3274. Panioenekrponika, inpopmaruka, ynpasiinas. 2014, Ne 2
e-ISSN 2313-688X. Radio Electronics, Computer Science, Control. 2014. Ne 2

N, leaf (Xk )

> Idist,, ne Idist. — cepemns
leaf (Xk ) c=l1
BiZICTaHb MK €K3EMIDIAPaMU BUOIPKH S, TII0 TIOMTATAFOTh B C-1
JIACT [IEPEBA ) ;, — BENHIMHA, L0 PO3PAXOBYETHCS 32 dopmy-

Idist(y;, )=

M

Z(pmq ) -

m=1

S A
Ninst (Leafc ) q=1

e Ny, (Leafc) — KIJIBKICTh EK3EMILISAPIB BUOIPKH S, 1110 T10-

noto: Idist, =

najaoTh B ¢-i JIMCT Leaf, nepesa Xi; p,,. — CEPEIHE 3Ha-
YEeHHS m-1 03HAKH eK3eMIUTAPIB, 110 MTONaIa0Th B ¢-i IUCT
nepeBa ;. 3 METOK NPHUBENEHHS 3HAYEHb MOKa3HHKA
Idist(x k) JI0 O/THOTO 1HTEpBAITY IIPH aHANTI31 pi3HUX BUOIPOK
JaHUX, SIK 3HAYCHHS O3HAK P, , PEKOMCH/IYEThCS BHKOPHC-
TOBYBAaTH HOPMOBaHI 3HAYCHHS;

— y3araJbHEHHs Mojieni nepeBa GenerM (X k) — BigHO-
IIEHHS KiJIBKOCTI BCiX HAaCTPOIOBAaHUX IMapaMeTpiB

N param (X k ) MOJIEITi Ha OCHOBI JIepeBa PO3B’SI3KiB J0 PO3M-

, : : N param i)
ipuocti BuGipkn S: GenerM(y;)=—L2"""2 | ne
oM

N param (X k ) — KUTBKICTb HACTPOIOBAHMX MTApaMeTpiB JiepeBa
Lk - BU3HAYAETHCS 3a dbopmynoro:
N param (Xk ) =2Np0de (Xk ) , OCKIJIBKH KOXXEH d 5, By30JI Xa-
PaKTEpU3YEThCA ABOMA HAPAMETPAMHU P,,.» T4 PTRab-

SIK KpuTepil IHTEPIIPETOBHOCTI Int(x k) MOXKHA BUKO-
PHUCTOBYBAaTH OMH i3 3aIlpOIIOHOBAHMX BHIIE KPUTEPIiB

(Npranch (Xk )’ Nnode(xk ) s Nievel (Xk )’ Br(xk)’ Idlsr(xk))
200 TX KOMOIHALIIFO.

[Ticns omiHIOBaHHS SKOCTI CHHTE30BaHUX JIEPEB PO3B’-
A3KIB Ay, k=1,2,..., Nx BHUKOHYETHCS IEepeBipka KpUTEPiiB
3YIIMHEHHS CTOXaCTHYHOTO IMOMIYKY. SIK Taki KpuTepii Mo-
KYTb OyTH BUKOPUCTaHi: TOCATHEHHS IIPUWHIATHOTO 3HAYCH-
HS [UTBOBOI (DyHKITT G(X k), MIEPEBUIIIEHAS MaKCUMAJIBHO
IPUITYCTUMOI KiJIBKOCTI iTepaliit N, , BIICYTHICTb iCTOTHHUX
MTOKpAIIeHb 3HAYCHHS HiTHOBOI (DYHKIIi1 G(xk) MIPOTSATOM
3a71aHOI KUUTBKOCTI iTepartiii.

[Tpn HEBUKOHAHHI KPHUTEPIiB 3yNMHEHHS BUKOHYETHCS
omepaTop BigOOpy pO3B’A3KiB ¥ M (pOPMYBaHHS HOBOI

MHOXHWHHU R(i) - R(Hl) :{xf”l),x?l),---,x(ﬁ'};l)}' Ans

. N i
160ro i3 MuOKHHE R BiZOHPAIOTHCS PO3B’ I3KH ch) 3 Me-

TOIO CTBOPEHHs HAOOpy PO3B’A3KiB RPY, JIOMYIIEHHX [0
BiITBOpPEHHS, — PO3B’SI3KiB, HA OCHOBI IKHX Oyzie 3TeHepoBa-

Ho HoBuit Ha6ip RUFD.

Jlns BinGopy po3s’s3KiB xﬁf) y MEOXKHHY RP() KoKHil
crpyxypi 7}
GI (i) € [Glimin (i ); Glmax (i )) - Bemmmmm Gl () T

CTaBHUTHCS Y BiAMOBIOHICTH iHTEPBAI

00YHCITIOIOTECS B TaKul crocio:

G]max (Xk)
Gl nin (Xk ) = Gl pax (Xk—l ): Gl nax (Xk ) = Gl pin (Xk )+ Go (Xk ):

ne Gl in (X k ) it Glpax Otk ) — MiHIMaJIbHE Ta MAKCHMalbHE
suauenns B inteprari GI(y; ), BianoBimHo; Gl inin (X] ) =0-
MiHiMaJbHE 3HaueHHs B iHTepBaii G/ (Xl) MEPIIOro po3B’-
A3Ky %] B HOMyIAuii RD; Gp (X k) — BIJTHOCHE 3HAYEHHS

LJTb0BOT (DYHKIIIT G(X k) PO3B’AA3KY X ; B MHOXKUHI R, Buz-

Ha4aeThCs 3a popmynoro: Gy (Xk ) - GM — G(Xk) e
X
>.(GM -G(yk))
K=l

max  {G(y; )} — MaKcHMaIbHe 3HAYCHHS HiTbO-

k=12,...N,

BOI (DyHKIII{ B MHOXUHI XpPOMOCOM RY = {Xgi) , X(zi) yees xg\l& }
Sk BUaHO 3 HaBenenux Bue hopmy, Gl (xo ) =01
Gl ax (x N, )= 1. OTxe, KOKHOMY PO3B’SI3KY ), ;, CTABUTHCS Y

BIJITIOBITHICTh ISSIKHI 1HTEpBAJT 3aIC)KHO BiJl 3HAYCHHS HOro

1inboBoi pywxiii G(y, k) : UMM BUIIE 3HAYECHHS G(X k ) , TUM

mMpiie iHTepBan [GI min (X k );GI max (x k )) VY cykynHocTi
intepsanu GI(y;), k=1,2,..,N, yrBoprooTts intepsain
GI(R("))e [0:1).

ITicns 1bOro TreHEpyeThCS BUMAAKOBE YHCIO
rnd = rand [0; 1) 3 inTepBany [0;1). Y MHOXMHY JOMy1Ie-
HHX JIO BiITTBOPEHHS PO3B’S3KiB RP) 3anocuTest O3B’ 130K
X B 1HTEpBAT GI (x4 ) sixoro momanae BuNaKOBO 3reHEPO-
BaHe 4yuclo rnd: rnd € [Glmin (Xk );GlmaX (Xk ). Taxum
YHHOM, UMM OLJIBIIIE MMpHHA Jianazony G/ (x A ), 1110 BU3Ha-

Ya€THCS 3HAYCHHSAM ITTHOBOI (DYHKIIIT G(X A ) , THM BHIIIE
AMOBIpHICTB PO3B’A3KY X, OyTH BiIiOpaHuM ISl BIITBOPEH-
Hs1. [ eHepalrtis BUNaJKoBUX YUCEN rnd 1 BiOip po3B’A3KiB X
UTS BIITBOPEHHS TPUBAE JTOTH, TTOKH He Oy/Ie TIOBHICTIO cop-

MOBAaHO MHOXHUHY RPY,

RPY|=N, .
X
Iorim Ha OCHOBI PO3B’SI3KIB 7, 13 MHOXUHH RPY Buko-

HYETHCSI CTBOPEHHS HOBHX PO3B’SI3KiB X;clﬂ)- Jst poro i3

muokurn RPY) BHOGHPAIOTHCS BUITAKOBHM YHHOM J1Ba PO3-
B’S3KH X pygrensl B X parens2- 111CTI51 40TO B KOKHOMY 3 PO3B’-

SA3KIB-OATEKIB BUOMPAIOTECA BY3IH d 1y irenst B dypparent?

(TIpH 1IbOMY O3HAKA-TIEPEBIPKA Pmabparent2 BY3Na Aabparent2
HE TIOBUHHA OYyTH 1ICEHTHYHOIO KOXHIH 3 03HAK, 1[0 3HAXO-
AATBCSL Y BY3JIaX JEPEBA X ;qreps] IO HAPSIMKY Biz fioro xo-

peHs 1o By3nad, BKJTFOYHO, aHAJIOTIYHA YMOBA Ji€ i

abparent1>

pu BUOOpi By3ia dabparem), o KX Oyme BimOyBaTHCs
00MiH MiX BiIIIOBITHMMH YaCTHHAMHU JIEPEB PO3B’SI3KiB

115



HEWUPOIHOOPMATHUKA TA IHTEJIEKTYAJIbHI CUCTEMU

Xparentl 1 X parenr2- Y PE3yNbTaTi Takoro 06MiHy CTBOpIO-
IOTBCSL /1B HOBI O3B SIBKH ), 11 M X g2 - LIpH 1ibOMY T1€p-
MU PO3B’A30K-HAIANOK X opi71 € IAEHTHUHUM PO3B’A3KY

X parent! 38 BUHATKOM 4aCTHHH (IIUICPEBA), BUXIXHAM BY3-

710M IK0i € A ghyparentl. 3aMiCTb By3na d abparent1 B PO3B’SI3KY

Xchildl 3HAaXOAUTHCA BY30J1 d MiCIISL SIKOTO po3Ta-

abparent?2>
LIOBYETHCS BiANOBIHA YACTUHA AEPEBA X qrepy 2 - AHAIIOT-
YHO (hOPMYETBCS JePEeBO-HAIIANOK X, ;.o IliCHs 1boro
BUKOHYETHCSI IEPEPAXYHOK IPAHUYHUX 3HAYEHb Prp,p O3-
HaK-TIEPEBIPOK Py, p, BIA By3J1a dabparentZ (dabparentl) Aepe-
Ba Xehitd! K opign) 710 BifNOBIIHUX KIHUIEBUX BY3JB, IO
MICTATh 3HAUCHHSI BUXI/THOTO apaMeTpy. Y BHITA/IKY, SKIIO
B PE3yNIbTaTi TAKUX MIEPETBOPEHB HA HIDKHIX PIBHSX JIepeB
Lehild1 .i X child2 BUABISIOTECS BY3ITH, HepeBipKU B KW 110-
B’sI3aHI 3 03HAKAMH, 1110 BXKE 3yCTPIYalOThCsI Ha OLITBIIT BUCO-
KHX PIBHSX JepeBa MPH MPOXOJIi BiJl KOPEHS IO Bi OB THIX
JIMCTIB, TO TaKi O3HAKU-TIEPEBIPKH y By3J1aX HU3bKUX PIBHIB
3aMIHSFOTBCS HA O3HAKU-TIEPEBIPKM HACTYITHOT'O PiBHS BiJIIO-
BIJIHOTO JIepeBa ;1 800 ¥ .y 1-. TaKuil miaxin no3soise
JUISl OITHAKOBHX OATHhKIB CTBOPIOBAaTH MHOKMHH HAaIa IKiB.

CTBOpEHHS HOBHX PO3B’SI3KiB X}{”l)

3a JIONIOMOT 010 OITHCa-
HOT'O BHIIIE ITiIXOy TPUBAE JOTH, IIOKH He Oyne chopmona-
HO N o5 = PN, pO3B’s13KiB, Jie B — KoedillieHT, 110 BU3HA-
Ya€e 3HAYYyIIiCTh ()OPMYBAHHS HOBOi MHOKHHH PO3B’SI3KiB
3a JIOTIOMOTOI0 OITMCAHOI BUIIIE ITPOLIEAYPH CXPELTyBaHHS.

Jpyrum criocoboM (hopMyBaHHSI HOBHX PO3B’SI3KIB X;(’H)

€ MyTalljis, 10 PHITYCKa€ BUKOHAHHS IESIKUX 3MiH HaJl CTPYK-
TYpPOIO ¥4, BiIiOpPaHOIO i3 MHOYKUHH RPD.Y po3po0IieHo-
MY CTOXaCTHYHOMY METOIi CHHTE3Y JepEeB PO3B’sI3KIB OIe-
parop MyTatii IpOITOHYETHCS BUKOHYBAaTH B TaKUH CHOCIO.
CnouaTky 3 MHOXXHUHU RPY) BigOuMpaeThcs po3B’A30K
X mutated » Y TKOMY BUTIAJKOBIM YNHOM BHOMPAETHCS MYTY-
Y0uHH BY30N d p, o, TIOTIM Y IIBOMY BY3J1i BUKOHYETBCS
3aMiHa O3HAKU-TIEPEBIPKU P, ,;, HA IHIILY, 1110 HE 3HAXOJUTb-
csly By3nax aepesa y, ... 10 HAIPSIMKY BiJl OTO KOpEHI
1o By3na d ... » BKIFOUHO. ITicna BU3HAYEHHS HOBOI
O3HAKH-TIEPEBiPKH, BUKOHYETHCS ITEPEPaxXyHOK il rPaHIIHOTO
3HAUCHHS Prp,, W MOAANbIIE NepedopMaTyBaHHS AEpEBa,
HOYMHAIOYH BiJl BY3TA d ;psateq (AHAIOTIUHO €TaIly iHilia-
mi3anii BinOyBaeThcst moOymoBa (parMeHTa AepeBa BijI By3a
4 yhmutateq 1 AOTH, TIOKU He OyTyThb NOCATHYTI BIANOBIHI KpH-
Tepii 3ynuHEHHS nporecy GopmyBaHHS nepeBa). Dopmy-

(i+1)

BaHHs HOBUX PO3B’A3KIB ), ~ 3a JOIOMOIOI0 MyTalii TpH-

Bae, IOKX He Oyne chopmoBano N,

mutation = YNX PO3B’SI3KiB,

Iie ¥ —KoeQili€eHT, 10 BU3HaYa€ 3HAYYIIICTh CTBOPEHHS HOBOL
MHOYXHHH PO3B’SI3KiB 32 TOMIOMOTOI0 MYTaIlii.

V HoBy MEOXHHY po3B’s3kiB R+ sanocaThCA N,y
" N,utation PO3B’SI3KIB, 3TEHEPOBAHKX 32 IOIIOMOI'OI0 CXpe-

UIyBaHHs  MyTalii, a Takok Ny = 0N, , ENTHUX PO3-

. i). i Y
B SI3KIB ch) 13 MHOXXHHH R(’), 1110 XapaKTEPU3YFOThCS HANK-
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panyMy 3Ha4EHHSIMHY HTHOBOI (QYHKIIIT G(Xg)) B MOITYJISALIT

RO, ne o — KoedilienT, 1110 BU3HAYAE 3HAUYIIICTD BKIIOUEH-
HS €TITHUX OCOOUH Y HOBY MHOXKHHY.

[ToTiM BUKOHYETHCS OLIHIOBAHHS 3HAYCHB IIITHOBOT
, . i+1 ;
¢byHKIiT G a8 po3B’SA3KiB Xg ) : G= G(X%H)),

k=12,..,N, i ¢dopmyBaHHA HOBOi MHOKHHH

RU+D) — {X%HZ) a5 XS\"/;Z) } Jlanuii npouec TpuBae 10
BUKOHAHHS KPUTEPIiB 3yMUHEHHS.

Pe3ynmeraToM BUKOHAHHS CTOXaCTHYHOT'O METOTY CHHTE-
3y JIepeB PO3B’A3KiB € AEPEBO X opr 3 MiHIMAILHUM 3HAYEH-

{60}

x
[Ticns 1pOro Ha OCHOBI CHHTE30BAHOTO JIepeBa PO3B’-

HAM LTb0BOI QyHKILT G(xop, ) = min
k=1,2,..,N.

A3KIB X opt BAKOHYEThCS BUJI00YBaHHs NPAaBUI R B , IO Npef-
CTaBIISIOTH COOOF0 HAUIIIHHITI eK3eMIUTIpH. 115 oo 00-

POOMIAETHCS KOKHUM IIIAX BiJl KOPEHs IEpeBa Yopt 10 JHC-

Ta, y Pe3ylbTari 4oro OymyeThCsl BiANOBiAHE IPABHIIO, IO
y3aranpHIO€ iH(opMaiio, MoAaHy B ASAKiH MHOXHHI €K-
3eMIUIIPIB BHXigHOI BHOiIpKH S. BrukopucToByroun Taxuit
miaxif, BURoOyBaeThes N gy OpaBUIl, 3arajbHa KUIbKICTb
SIKMX JIOPIBHIOE KUTHKOCTI JIMCTIB (KiHLIEBHX BY3JIiB, 1110 MICTITH
3HAUEHHS! BUXIHOTO IIapaMeTpa) CHHTE30BAHOTO IEpeBa
PO3B’SI3KIB X opt -

Taxum unHOM, pO3pOOIEHNIT CTOXaCTHYHNI METO CHH-
Te3y AepeB po3B’S3KiB BHKOPUCTOBYE iH(opMaliiio mpo
1H(pOpPMaTHUBHICTH 03HAK, CKJIAHICTh CHHTE30BaHOT'O JIepe-
Ba, @ TAKO)K TOYHICTH OO pO3MTi3HABAHHS, 110 JI03BOJISIE HA
MIOYaTKOBOMY eTarti (hopMyBaTH MHOKUHY JI€PEBOITONI OHITX
CTPYKTYD, SIKa XapaKTePH3YIOThCS IPOCTOIO i€papXi€o U
HEBHUCOKOIO TIOXHOKOIO PO3ITi3HABAHHS, Y IPOIIECi MOIIYKY
CTBOPIOBATH HOBI MHOXKMHHU PO3B’SI3KIB 3 YpaxyBaHHSIM
iH(opMaIii PO 3HAYYIIICTH 03HAK 1 IHTEPIPETOBHICTH Te-
HEpPOBaHMX JIEPEB, IO, Y CBOIO UEpry, 3a0e3meuye MOX-
JIMBICTH IMTOOYIOBH JiepeBa pO3B’sI3KiB 13 HEBEIUKOIO KLTBKICTIO
€JIEMEHTIB (BY3JIIB 1 3B’s13KiB Mi>K HUIMH) Ta IIPUHAHSTHOO TOY-
HICTIO PO3IMi3HABAHHA, a TAKOXK BHJOOYBaHHS Ha WOTO OC-
HOBi HANIIHHIIIINX €K3EMIUTIPIB.

4 EKCIIEPUMEHTH

BukoHaeMo ekcriepuMeHTaIbHE TOCITIKEHHS po3po0-
JICHOTO CTOXaCTUYHOTO METOIY CHHTE3Y JePEB PO3B’A3KiB.
J71st boro TIOpiBHAEMO HOTO 3 BiIOMUMH aHATIOTaMHU — Me-
Tomom C4.5 [8—10], metomom CART [8—10], a Takox eBoITIO-
LiHAM METOIOM MTOOYIOBHU JEPEB PO3B’A3KiB, 3aIPOIIOHO-
BaHUM B [16].

3 METOI0 eKCIIePUMEHTAIBHOTO MMOPIBHSIHHS 3aIIpOIo-
HOBAHOTO i BimoMux MeToiB Ha MoBi C# po3po0iieHo mpo-
rpaMHe 3a0e3MeUeHHs, 10 JO3BOJISE Ha OCHOBI 3aaHOI BH-
6ipku naHux S =< P,T > BUKOHYBaTH MOOYIOBY JEPEB PO3-
B’S3KiB 32 JOMOMOIOIO0 Pi3HHX METOiB. 3a JOIIOMOTOIO
PO3pOOIIEHOT0 TIPOTrpaMHOTO 3a0e3IIeYeHHs BUPINTyBajacs
3a/1a4a MPUIHATTSA PIillleHb IIPU HEpYHHIBHOMY KOHTPOIi
SIKOCT1 Ky30BiB aBTOTPAHCIIOPTHHX 3ac00iB [17].
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[pu BUrOTOBINIEHH] aBTOTPAHCTIOPTHUX 3aCO0IB BAXKIIMBAM
€TaroM € HepyHHiBHHH KOHTPOJIb SIKOCTI Ky30BiB. BrsiBiieHHS
HEKOH/IMIIIMHIX BUPOOIB (Ky30BiB) Ha paHHIX CTaisIX BUTOTOB-
JICHHSI aBTOMOOIJIS I03BOJINTH 3MEHILIMTH BUTPATH HA YCYHEH-
Hi Ie(DeKTiB, 1, 0TIKE, SMEHIIIUTH COOIBAPTICTH BUPOOHHUIITBA.

Y npoueci BUpOOHHMIITBA KY30BiB aBTOTPAHCTIOPTHUX 3a-
co0iB Ha KO’KHOMY €Tarli IXHbOr0 BUTOTOBJICHHS BUMIPSIIOTh-
cs1 Jiesika Tpyna rnapamMeTpiB — KOHTPOJIBHUX TOYOK, pO3Ta-
IIIOBAHMX Ha Ky30Bi Ta HABICHUX By3JIax:

— IepIa rpyrna — KOHTPOJIbHI TOUKH Ha YOpHOMY (He3a-
0apBIICHOMY) KY30Bi;

— Zipyra rpyma — KOHTPOJIbHI TOYKH Ha HaBICHHUX BY3J1aX
(mBepsix 1 KaroTi);

— TpeTs TpyIa — 3a30pH i CHOIyYEeHHS Mi>K HaBICHUMH
BY3JIaMHU 1 Ky30BOM.

J1o aHaiTi30BaHMX Ha MEPILIOMY 1 IPyroMy eTariax rnapamerpiB
(Tep1Ioi ¥ Apyroi rpyITH) BiTHOCSTHCS BIIXFUIEHHS BiJl HOMiHaJTb-
HYX 3Ha49€Hb KOHTPOJIBHUX TOYOK. SIK PaBHIIO, OLTBIIIICTS TAKUX
TIapaMeTPiB 3HAXOIUTHCS B OONACTSIX JIOIYCKY, 1, OTKE, HE BILIH-
BAFOTh Ha SKICTh Ky30Ba TPAHCIIOPTHOIO 3aC00Y.

BumiproBaHHs mTapaMeTpiB TPETHOI TPYITH OB’ SI3aHO 3
HEO00XI1/JHICTIO yCTAaHOBKH HABICHUX BY3JIiB (IBEpEH 1 Karora)
Ha rogapboBanuii Ky30B. OIHaK MPH YCTAHOBII HABICHUX
BY3J1iB Ha Ky30B MOXXyTh BUHUKHYTH JIesIKi ieopmartii, 00y-
MOBJICH]I BIJXWJICHHSIMH HOMIHAJBHUX PO3MIPiB YOPHOI'O
Ky30Ba, JABEPEH 1 KaroTa BiJ] €TaJIOHHUX PO3MIpiB (IIpH 11HO-
MY BiJIXWJICHHS! KOPKHOTO 3 BUMIpIOBaHUX ITapaMeTpiB rep-
1101 ¥ PYyroi rpyny MoXe 3HaXOUTHCS B MEXKaX JIOMYCKY),
a TAaKOXX IHIIMMH (aKTOpaMHu, 110 BUHUKAIOTH ITPH CKJIaJaHHI.
Taki nepopmartii mpuBOAATH 10 YTBOPEHHS 3a30PiB i CIIOTY-
YeHb Mi’K HaBICHUMH BY3JIaMH 1 Ky30BOM, € IOCHTh YaCTH-
MU 1 TOMITHAMH TS IOKYTIIB IPOAYKIIi. YCYHEHHS TaKMX
HEOTIKiB OB’ SI3aHO 3 HEOOX1THICTIO pO30MpaHHs Ky30Ba 1
HaBICHHX BY3JTiB, a TAKOX 3 TOBTOPHIM (hapOyBaHHSM 1 CKI1a-
JaHHSM, IO YCKIIaJHIOE i 310p0XKY€E IIPOLIEC BUTOTOBIICHHS
SIKICHIX BUPOOIB.

ToMy akTyabHOIO € 3a/1a4a TTOOYIOBH MOJIETICH 3aJIekK-
HOCTEH IMOKa3HUKIB TPETHOI TPYITH Bill TApaMeTpiB IepIIIoi i
ApYToi rpyIL.

BusiBneHo, mo HaiOUTBII BaXKITMBUMH MapaMeTpaMu
MIEPIIHUX IBOX TPYI € 18 TOYOK, po3TamoBaHuX B 00IacTi
ropora Ky30Ba if B 00J1aCTsIX KPITUICHHS [TeTeNTh IS CKIIalaH-
HS Ky30Ba i HaBicHuX By31iB [ 17]. Ilpu oMy B miecTs TO4-
Kax (DiKCYIOTBCS BIIXMIICHHS MO ABOX KOOPAWHATAX (TpETs
KOOpIIHFHATa € 6a30BOk0, BHACIIOK YOTO BiIXFJICHHS 10 JaHil
KOOpIMHATI € HYJIbOBHM ), B iHIIINX JBAHAIISITH BUMiPIOIOTH-
s BC1 TP KOOPAWHATH, OT)Ke, BUOIpKa TaHMX MiCTHIIA 3HA-
yeHHs 48 BXiaHuX mapamerpiB. Takox BuzisieHo 16 icToTHHX

IIapaMeTpiB TPETHOI IPYIH (3a30pH i CHIOTyYEHHs MiX JBe-
pHUMa i IIOpOroM, KaroToM i KpHIIOM, TIepeTHIMU i 3aIHIMA
JBepuMa i iH.).

Takum yrHOM, HEOOX1/THO CHHTE3YBaTH 16 MoIerneii 3a-
JISKHOCTEH apaMeTpiB TPeThoi rpymH BiJ 48 BXITHUX O3HAK
(rapameTpiB nepiuoi i apyroi rpyr). Buxiana Budipka micTu-
na inopmariro npo 172 Bupobu. Himxye HaBeeHO pe3yib-
TaTH NoOyNOBHM OnHi€T 3 Mozenel. s iHImMX mapamerpis
OTPUMAHO aHAJIOTIYHI PE3YIIBTATH.

SIK kpuTEpiii OLIHIOBAHHS IHTEPIIPETOBHOCTI Int(x k ) ze-
PEB PO3B’SI3KiB 7, IPY BUKOPUCTAHHI CTOXaCTHYHOIO # €BO-
JIOLIHOTO METO/IiB BUKOPHCTOBYBAJIOCS Y3araJbHEHHS PO3-

BsKiB Gener (), ) = Niear (x4 )/ O, OCKiNbKH KiTHKICTB THCTIB
N jgqf BIIWOBIIA€ 3aralibHiii KUTBKOCTI IPaBUI N gy, IO BH-
J00yBaIOThCS 3 IEPEBA 4, 1, OTAKE, BU3HAYAE CTPYKTYPY 6azy

TIPaBWJI, CHHTE30BaHOI HAa OCHOBI JiepeBa PO3B’SI3KIB Xk .
KoeinienTn, mo 103BONSIOTH BpaXyBaTH BaXKJIMBICTb KPH-

TepiiB Int(x k) ik (Xk ), Bubupanucs piBHUMH 0,5 (KOKHHH

KpHTepii Int(xk) 1E (Xk) B TIPOIIECi EKCIIEPUMEHTIB MaB
OJTHAKOBY 3HAYYNIiCTh), OTXKE, LiNbOBA (QYHKIA

G(Xk ) = yl[nt(xk)+ Y2E(Xk) TPHU CTOXACTUIHOMY i €BOIIIO-
HiHHOMY MOIIYKYy BHW3Hauyajacs B Takhil cmociO:

G(xk ) = O,SGener(xk )+ O,SE(xk )
5 PE3YJIbTATHA

Pe3ymnbraTi eKCIIepUMEHTIB IO TOCTIIPKEHHIO Pi3HIX Me-
TOIIB CHHTE3Y JICPEB PO3B’SI3KiB IPH ITOOYIOBI TIarHOCTHYHOI
MOJICITi SIKOCTi Ky30BiB aBTOMOOLITIB HABEICHO B TAOMHIIi 1.

6 OBI'OBOPEHHA

Sk BumHO 3 TabnwIli 1, 3anpOIIOHOBaHM CTOXaCTHYHHUN
METO[I 1 EBOIIOIIIHII METO]] CHHTE3Y IepEB PO3B’SI3KIB [103-
BOJISTIOTH OyyBaTH OiTBII MIPUAHSTHI JiIarHOCTHYHI MOZET1
Ha OCHOBI JIepeB pO3B’s3KiB (3HAYCHHSA KpUTEPito G HIDKYE B
TIOPiBHAHHI 3 MOZIEIISIMU, CHHT€30BaHIMH Ha OCHOB1 METOIIIB
CART [8-10]1C4.5 [8-10]), oCKiTbKH HE BUKOPHUCTOBYIOTH
*aniOHy cTparerito. Po3poOneHuii croxacTHIHMIT METOJ 3a-
Oe3reunB MOOYIOBY IepeBa O3B’ SA3KiB, III0 XapaKTePU3YETh-
s HE3HATHOFO KUTBKICTIO CTPYKTYPHHUX €I1EMEHTIB (N 40 = 7,

Nyode =73 Nleaf =37), a TAaKOXX BUCOKUMH alpOKCHMAIl-

1HHAME (TOMIITKA HABYAIEHOI BUOiIpKH ckiana £ = 0,016) 1
y3arajlbHIOI0UMMH (IOMUIIKA HA TECTOBUX JaHuX £, = 0,028)
BIIACTUBOCTSIMH, IO JOCSATAETHCS 38 PAXYHOK BUKOPUCTAHHS
B TIpolieci cuHTe3y iH(popMaii mpo iHPOPMATHBHICTD 03-
HaK, CKJIaIHICTh CHHTE30BAaHOT'O JIepPeBa Ta TOYHICTH HOTO
posmizHaBanHs. CKopoueHHs yacy nomyky (¢ = 7,31) B mo-

Tabmuns 1 — Pe3ynbraru eKcriepuMeHTIB

Merop Nievel | Noode | Nieaf | Gener | GenerM | Br G Idist | t,mc | E | E
CART [8-10] 8 95 48 0,279 0,023 0,37 | 0,166 | 0,012 | 15,12 |0,052]0,093
C4.5 [8-10] 8 103 52 0,302 0,025 0,4 | 0,174 | 0,078 | 14,82 [0,046(0,072
EBomrouiiinmii meton [16] 7 83 42 0,244 0,02 0,65 | 0,131 [0,0041| 7,42 |0,018{0,031
CToXacTUUHUHA METOx 7 73 37 0,215 0,018 0,57 | 0,116 |0,0032| 7,31 |0,016]0,028
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HEWUPOIHOOPMATHUKA TA IHTEJIEKTYAJIbHI CUCTEMU

PIBHSIHHI 3 BiJOMUMH METOJaMH 3a0€3IIEUYCHO 32 PaXyHOK
(dhopMyBaHHS Ha €TaITi iHiIiai3amii 3aImponoHOBAHOTO Me-
TOJly MHOXUHH JIEPEBOIIOAIOHMX CTPYKTYP, IO XapaKTepH-
3yIOTBCSI IPOCTOIO 1€pPAPXi€i0 T2 HEBUCOKOO IIOMMIIKOIO PO3-
Ti3HaBaHHsI, & TAKO)K CTBOPEHHSI B TIPOLIEC] ITONTYKY HOBHX
MHOXXUH PO3B’sI3KiB 13 ypaxyBaHHSIM iH(OpMaLii Ipo 3Ha-
YyIIiCTh O3HAK Ta IHTEPIIPETOBHICTH TeHEPOBAHMX JIEPEB.

Husbke 3HaueHHS KpHUTEPiIO y3arajlbHEHHS PO3B’S3KiB
Gener =0,215 CBiTYUATH PO BICOKI Y3aTraTbHIOFOYI 3aTHOCTI
niepeBa: BUOIpKy 3 172 eK3eMIULIpiB IEpeTBOPEHO B IEPEBO
PO3B’SI3KB, 3 SIKOI0, Y CBOIO 4€Pry BUILICHO N, ;=37 1po-
JIYKLIHYX TTpaBUJL. '

JepeBa, cHTE30BaHi 3a JOTIOMOTOIO BOMIOIIHHOTO [ 16]
1 3aIPOITIOHOBAHOTO CTOXaCTHYHOTO METOIIB € OLITBII TiIIsIC-
THMH (3HAYEHHS KpUTEPiiB craHoBIITh Br = 0,651 Br = 0,62,
BiJITIOBiTHO) Y TMOPIiBHSHHI 3 JIepeBaMu, MTOOYJOBAHUMH 32
nmonomororo MeroriB CART [8-10]1C4.5 [8-10] ( Br = 0,37
1 Br =0,4), 0 CBIAYMUTH MPO O1NIBII KOMITAKTHE PO3TAILy-
BaHHsI BY3JIiB.

TaxuMm YUHOM, PE3yNBTATH TOPIBHILHOIO aHAJII3Y I10-
Ka3aJy, [0 3aIPONOHOBAHUH CTOXaCTHYHUHA METO]] CHHTE-
3y JI€PEB PO3B’SA3KiB HE YCTYIIAE IO SKOCTI MMOOYIOBH Aepe-
BOITOMI OHIX MOJIeTIeH PUIHATTS PiIIICHb BiIOMUM METOZaM,
1 3a0e311edye MOXKIIMBICTh TOOYIOBH IEPEB PO3B’SI3KIB 3 HE-
BEJTUKOIO KUIBKICTIO CTPYKTYPHHX €JIEMEHTIB 1 IPUIHATHOIO
TOYHICTIO PO3ITi3HABAHHS.

BUCHOBKUA

VY po0oti BUpilIEHO aKTyaJbHY 3a1ady aBTOMaTH3allii
BHI00yBaHHS 3HaHb y BUIVISA1 HAOOpy MPOMYKIIHHUX TIpa-
BIJI 3 HABYAJIFHUX BUOIPOK TAHUX.

HayxoBa HOBM3Ha pOOOTH MOJISTa€e B TOMY, 110 3aIIPOIIO-
HOBaHO CTOXaCTUYHHI METOJI CHHTE3Y AEePEB PO3B’S3KIB, 110
BHKOPHCTOBYE iH(POpMAIIif0 PO iHPOPMATHBHICTh O3HAK,
CKJIaTHICTh CHHTE€30BaHOTI'O IePEBa, a TAKOXK TOYHICTh HOTO
PO3Mi3HABAHHS, IO JO3BOJISIE HA ITOYATKOBOMY eTarti (op-
MyBaTH MHOXKHHY JIEPEBOMOIIOHNX CTPYKTYD, SKa XapaKTe-
PHU3YIOTBCS TIPOCTOIO 1€PAPXi€l0 Ta HEBUCOKOIO IIOMHUIIKOIO
pO3Mi3HABaHHSA, Y POIIECI MTOITYKY CTBOPIOBATH HOBI MHO-
YKWHH PO3B’SI3KIB 3 YpaxyBaHHAM iH(OpMAIIil PO 3HAIYIIICTH
O3HAK 1 IHTEpPIIPETOBHICTh TEHEPOBAHUX JIEPEB, 110, Y CBOIO
4epry, 3a0e3mmedye MOXITUBICTh TOOYIOBH JIepeBa PO3B’ sI3KIB
3 HEBEJIHKOIO KIJIBKICTIO €JIEMEHTIB (BY3JIiB 1 3B SI3KiB MiXK
HUMH) Ta IPUHHATHOIO TOYHICTIO PO3ITI3HABAHHS, a TAKOXK
BHI0OYBaHHS HA HOTO OCHOBI HANITIHHIIIINX €K3EMILISAPIB.

3anponoHOBaHO CHCTEMY KPUTEPIiB OLiHIOBaHHS MOJIE-
JIel Ha OCHOBI JepeB PO3B’S3KiB, IO MiCTHTH y cO01 KpUTepii
OIIIHIOBAaHHS ANPOKCHUMANIMHIX BIACTUBOCTEH (TIOMIIIKA
po3mi3HABaHHS) 1 IHTEPIPETOBHOCTI (IIMPUHA, TIIHOMHA,
TUIIACTICTD, Y3araJbHEeHHs pillleHb, y3araJlbHeHHS MOJETI,
BHYTPWJIMCTOBA BiJICTaHb) CHHTE30BaHOTO JiepeBa. Po3pob-
JICHY CHCTeMY KpHUTEpiiB MO)KHa BUKOPHCTOBYBATH VISl aB-
TOMAaTH3allii aHATi3y BIACTUBOCTEH 1 OPiBHIHHS MOJEIICH
Ha OCHOBI JIepeB pO3B’SI3KiB IIpH BUPIIICHHI 3a7a9 HEpyiHi-
BHOTO KOHTPOJTIO SIKOCTI.

[IpakTiyHa MiHHICTE OTPUMAHUX PE3YIETATIB IIOISTAE B
TOMY, III0: PO3POOIICHO IIPOrpaMHe 3a0e3MeUCHHS, IKE pea-
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JIi3y€ 3arporoHOBaHNI METOJ 1 J03BOJISIE BUKOHYBATH I10-
OyIoBYy Mopeleli KOHTPONIO SIKOCTI Ha OCHOBI JIEpEB PO3-
B’SI3KiB, @ TAaKOX BU00yBaTH MPOMYKIIiiHI MpaBuia 3 BUOI-
POK JaHWX; BHpIIICHO MpPAaKTUYHE 3aBJAHHS NPHAHATTS
pilIeHb IpH HEPYHHIBHOMY KOHTPOII SKOCTi Ky30BiB aBTO-
TPaHCHOPTHHX 3aCO0IB.

[NepcriexTrBY MOJAIBIINX JIOCHIPKEHb MOJISTAalOTh y 3ac-
TOCYBaHHI 3aITPOIIOHOBAHOTO ITiIXO/TY /10 BUI0OYBaHHS 3HAHb
Y BUIVISA/I1 HA0OPY MPOIYKLIIHHUX TTPaBUJI 3 HABYATEHHUX BHOI-
POK IaHMX TIPH CHHTE31 HEHPO-HEUITKUX MOJIeIIe IS BUPi-
IICHHS IPaKTHYHUX 337124 HepyHHIBHOTO KOHTPOJTIO SIKOCTI.

TOISIKA

PobGoty BukoHaHO B paMKax JepKOIOMKETHOI HayKOBO-
JIOCITiHOT TeMH 3aropi3bKoro HalliOHAJLHOTO TEXHIYHOTO
yHiBepcuTeTy «IHTenIeKkTyaabHi iH(pOpMAaIiiHi TeXHOIOoril
aBTOMAaTH3allii MPOEKTYBAHHS, MOJICIIIOBAHHS, KEPyBaHHS Ta
JIiarHOCTYBaHHSI BUPOOHNYMX MPOLECIB 1 cUcTeM» (HOMeEp
neprkaBHoi peectpartii 0112U005350) 3a mixTpuMkn MikHa-
poxuoro mpoekty «Centers of Excellence for young
RESearchers» (CERES) nporpamu «Tempus» €Bponeiics-
koi Kowmicii (peectpaniiamii Homep 544137-TEMPUS-1-2013-
1-SK-TEMPUS-JPHES).
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Omneiinnk A. A.

Kann. TexH. HayK, JOLEHT, 3alI0POKCKUI HAMOHAIbHBIN TEXHUYECKUH YHUBEPCUTET, YKparHa

W3BJIEYEHUE 3HAHWI HA OCHOBE JIEPEBBEB PEIIIEHUI1 U CTOXACTHYECKOTO TIOMCKA

Pemiena 3aaua pa3paboTKi MaTeMaTHIECKOro o0ecedeHus A1 aBTOMATH3AIIY U3BJICYCHNS 3HAaHUH B BUJE HA0Opa MPOTYKIHOHHBIX
IpaBuil U3 00yJaroNmKX BEIOOPOK JaHHBIX. OOBEKTOM HCCIIENIOBAHUSA ABIIUICA MIPOLECC IOCTPOCHHS MOJeIell Hepa3pyIaromero KOHTPOIIsL
kagecTBa. [IpeMer uccnesoBaHus COCTABIIAIOT METOIbI M3BIEUECHHUS IPOAYKIMOHHBIX IPABUII UL CHHTE3a MOJIeNeH KOHTpoIs kadecTsa. Llens
PaboTHI: HOBBICHTH 3 (PEKTUBHOCTH PONECCa U3BICUCHIS IPOTYKIIMOHHBIX IPABIII I OCTPOCHHS MOJIENeH KOHTPOJI KauecTBa 110 00y4aro-
muM BeIOopkaM. [IperoxkeH cToXxacTHYeCKU METO/] CHHTE3a AEPEBLEB PEIICHUMH, KOTOPBII HCIOIb3yeT HHpOpManuio 00 HHGOPMAaTUBHOCTH
IPH3HAKOB, CII0)KHOCTH CHHTE3HPYEMOT0 IePEBa, a TAKKe TOYHOCTH €TO PAaCIO3HABAHMS, YTO [I03BOJIET Ha HAYAJIBHOM 3Tarne (JOpMUPOBATH
MHOXECTBO JJPEBOBUHBIX CTPYKTYP, XapaKTEPU3YIOIIUXCS IPOCTON HepapXueil 1 HeBBICOKOI! OIIHOKOM pacIo3HaBaHUs, B IPOIECCE MOMCKA
€03/1aBaTh HOBBIC MHOXECTBA PEIICHHI ¢ y4eToM HH(OpMAIUH O 3HAYUMOCTH IPU3HAKOB H HHTEPIIPeTabeIbHOCTH TeHEPUPYEMBIX AEPEBLEB,
4T0, B CBOIO OYepe/ib, 00eCIIeYNBACT BOSMOXKHOCTh IOCTPOCHHS IEPeBa PEIICHUIT ¢ HEOOIBIINM KOTIMIECTBOM IEMEHTOB (Y3JI0B H CBSI3eH MEXIy
HHUMH) U IPHEMIIEMOH TOYHOCTBIO PACIIO3HABAHMA, a TAKKe H3BJICUCHHE Ha €0 OCHOBE HanOoJjIee [IEHHBIX JK3eMIUIIpoB. PazpaboTano mpo-
rpaMMHOE 00ecIIeueHre, pealn3yoliee IPeaIoKeHHbII MeToA. IIpoBeeHb! SKCIepIMEHTHI 10 HCCIEA0OBAHUIO CBOMCTB PENIOKEHHOT O METO-
Ja. Pe3ynbTaTs! 3KCIEpUMEHTOB O3BOJIAIOT PEKOMEHJ0BATh NPEUIOKEHHBIA METO VI HCIIOIb30BAHKS HA IPAKTHKE.

KiroueBble cj10Ba: BHIOOPKa, IEPEBO pELICHUH, MOJETb KOHTPOJII KaueCTBa, IPOAYKIIMOHHOE IPABUIIO, CTOXaCTHYECKUH OHCK.

Oliinyk A.

Ph.D., Associate Professor, Zaporizhzhya National Technical University, Ukraine

KNOWLEDGE EXTRACTION BASED ON DECISION TREES AND STOCHASTIC SEARCH

The problem of mathematical support development is solved to automate the extraction knowledge as production rules from the training data
samples. The object of study is the process of constructing models of non-destructive quality control. The subject of study are methods of
production rules extraction for synthesis of quality control models. The purpose of the work is to improve the efficiency of the process of
production rules extraction for constructing models of quality control based on training samples. The stochastic method for the decision trees
synthesis is proposed, which uses information about the informativeness of features, the complexity of the synthesized tree, as well as the accuracy
of its recognition, which allows to form on the initial stage a set of tree structures, characterized by a simple hierarchy and low error recognition,
in the process of search to create a new set of solutions with taking into account information about the significance of the features and
interpretability of generated trees, which, in turn, provides the possibility of constructing a decision tree with a small number of elements (nodes
and branches between them), and an acceptable recognition accuracy and retrieval based on it the most valuable instances. The software
implementing proposed method is developed. The experiments to study the properties of the proposed method are conducted. The experimental
results allow to recommend the proposed method for use in practice.

Keywords: sample, decision tree, model of quality control, production rule, stochastic search.
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HEWUPOIHOOPMATHUKA TA IHTEJIEKTYAJIbHI CUCTEMU

Y/IK 004.032.26

Tuwenko O. K.', Mnicc I. .2, Wkypo K. O.3

'KaHO. mexH. Hayk, cmapwull Haykosuli cniepobimHuk MpobnemHoi HAJT ACY,

Xapkigecbkull HaujoHanbHUl yHisepcumem padioenekmpoHiku, YkpaiHa

2KaHO. mexH. Hayk, cmapuwull Haykosull criepobimHuk, nposidHul Haykosuli crispobimHuk MpobnemHoi HAJT ACY,
Xapkigcbkull HaujoHanbHUl yHigepcumem padioenekmpoHiku, YkpaiHa

3KaHO. mexH. Hayk, Haykosuli criispobimHuk MpobnemHoi HOJ/T ACY,

Xapkiscbkull HaujoHanbHUl yHisepcumem padioenekmpoHiku, YkpaiHa

NMPOrHO3YIOYA HEUPO-®A331 MEPEXA
HA OCHOBI BArATOBUMIPHOIO HEO-®A33I-HEAPOHA
TA 1l NPOLEQYPA HABYAHHSA

VY cTarTi 3anponoOHOBAHO NPOrHO3YIYY HeHpo-(ha33i Mepexy, M0 MpU3HaYeHa It
BUPILICHHS 3a/1a4 eKCTPAIIOsALii 6araToOBUMIpHHX HECTAI[IOHAPHUX CTOXaCTHYHUX TA XaOTHYHUX
YacOBHUX Psi/IiB 32 YMOB KOPOTKOT HaBUaIbHOI BUOIpKU. B 0cHOBI Mepeski nmosirae 6araroBuMipHuit
Heo-(a33i-HeHpoH i3 cHenianbHO OPraHi30BAHUM BXiZHHMM IIAPOM Ta CIUTaWH-QYHKLIiIMH
Halle)KHOCTi. BBenena cucrema 3abe3medye BUCOKY SKiCTh anmpokcuMmanii y ceHci
CepeaHbOKBAPAaTHYHOT ITOXUOKH Ta BUCOKY MIBHJIKICTH 30DKHOCTI 32 PaxyHOK BUKOPHCTAHHS
HpOLeypH HAaBYAHHS JIPYroro mopsaxy. Po3po0ieHo nporpamue 3a0e3nedeHHs, MO peanisye
3aIpONIOHOBAHY apXiTEeKTypy Helpo-¢da33i mepexi. [IpoBeneHo psia eKCIEPUMEHTIB 3
JIOCIIIJKEHHS BIACTHUBOCTEH 3aIllpOIIOHOBAHOT Mepesxi. Pe3yIbTaTu exceprMeHTIB MiATBepHIIH
HPUATHICTH 3alPOIOHOBAHOI apXiTEKTypH 10 po3B’a3aHHs 3a1a4 Data Mining Ta GinbII BHCOKY
TOYHICTb y MOPIBHSHHI 3 TPaAUIIHHIMH IIPOTHO3YIOUMMH Heipo-(ha33i cucremMamu.

KuarouoBi ciioBa: o0uuCIIOBaNbHUN IHTENEKT, OaraToBUMipHUN Heo-(a33i-HeHpoH,
npoleaypa HaBYaHHS, IIPOTHO3YBAHHS YaCOBHMX PsANiB, QyHKIIS HaIeXHOCTI.

HOMEHKJIATYPA

MN — 6aratoBuMipHHI Heo-(a33i-HeHpoH;

MNS — 6araToBuMipHUii HeO-(a33i-CHHAIIC;

a — cral cuctemu JlopeHna;

4 —TIOX1qHa B &,

b — mapamerp cucremu JlopeHna;

C; — BEKTOp HEHTPOIi1iB (PYHKIII i HAJIEKHOCTI {-TO CIIOC-
TEpEKEHHS;

Cj j— j-Ta KOMIIOHEHTa BEKTOpA C;;

h — KUTBKiCTh (DYHKITIH HAJIEKHOCTI B HETIHIHOMY CH-
HaIIC;

m — KiJIBKICTh BUXO/IIB CHCTEMU;

71 — KIJIBKICTh BXO/IIB CHCTEMH,

N —3arajibHa KiJTbKICTh CIIOCTEPEKEHb Y BHOIPIIi;

P — KoBapiamiifHa MaTpHILs;

r —mapaMeTp cucremu JlopeHna;

¢t — ctad cuctemu Jlopenua;

{ —TIOXiJHA BIJ ¢

u — cTaH cucremu JlopeHna;

1 —TOX1IHA BIJT u;

W —maTpHIls CHHAIITHIHHX Bar;

Wyuhn — CHHATHYHA Bara n-rO BXOXY CHUCTEMH / -O1
(YHKIIT HAJIGKHOCTI 71-TO HEWPOHa;
[7]

Wj;" — [-Ta CHHAaNTHYHA Bara [-ro BXOAY CHCTCMH IS

J-TO LEHTpoiny;
x (k) — BeKTOp BXi/IHMX 3HAYEHD;

X (k) — BEKTOp BUXIJHUX 3HAYCHB (TIPOTHO3IB);

x; (k)— j-a KOMIOHEHTa BEKTOpA BXi/IHHX 3HAYEHD;
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%; (k) — i-Ta KOMIIOHEHTa BEKTOpa BHXIJHHMX 3HAYECHb
(IporHo3iB);

2~ — elleMeHT YKMCTOro 3aMmi3HIOBAHHS;

o — rmapamerp 3a0yBaHHS;

ug’ 1_Jra (YHKIIISI HATEKHOCTI [ -TO BXOZY CHCTEMH;

M;; — (QYHKLis HAICKHOCTI [-IO CIIOCTEPEKCHHS 10
J-TO LIeHTpOiy;

n(k) —sexrop bymxuiit HanexHOCTI;

o — mapamerp cucremu JlopeHua.

BCTYII

3amaga 0OpoOIeHHS 6araTOBUMipHHUX YACOBUX PSIiB JI0-
CHUTP YaCTO BUHUKAE Y 6araTboX TEXHIYHHAX, MEIKO-010110-
TYHHX, COLIAIBLHO-EKOHOMIYHHUX JOCIHKEHHSX, 1€ BI SIKOCTI
OTPUMYBAHHX PillIEHb iCTOTHO 3aJIC)KUTh TOYHICTh CHHTE30-
BaHUX pe3yibTariB. Tpeba Big3HAYUTH, 0 y OaraTthox pe-
IBHUX 3aB/IAHHSX YACOBI PSIH XapaKTEPH3yIOTHCS BHCOKAM
piBHEM HENMHIHHOCTI (MOYIIMBO HABITh XaOTUYHOCTI) Ta He-
CTaIliOHAPHOCTI CBOIX MTapaMeTpiB, HASBHICTIO HEPETYISP-
HUX TPEH/IIB, CTPHOKIB Ta aHOMAaJIbHUX BUKHUIIB. 3PO3YMLIIO,
10 TPaJWIiHHI METOIH aHAaJIi3y YaCOBHUX MOCIIiJOBHOCTEH,
o 0a3yrOTECS Ha PErpeciiHOMY, KOPEIAIiHOMY, CIIEKT-
PaBHOMY Ta 1HIIIMX MOMIOHMX ITiAX01aX, III0 MAIOTh Ha yBa3i
arnpiopHy HASBHICTH JOCTaTHHOI BHOIPKH CIOCTEPEKCHB,
BISIBIISIFOTBCSl HeE(DEKTUBHUMH. AJIBTEPHATHBOIO TPAJHLIIN-
HHUM CTaTHCTUYHUM METOJaM MOJKE CITyI'yBaTH MaTeMaTH4-
HUH amapat o0YNCITIOBAaJIBFHOTO IHTENIEKTY 1, TIEpII 3a BCE,
IITy9HI HEHPOHHI MepexXi Ta HeHpo-(a33i CHCTEMH 3aBAIKA
CBOIM yHIBEpCAJIbHUM AIPOKCHMYIOYUM BIIACTHBOCTSIM.
Pazom 3 THM 3 ampOKCHMYIOUHX BIACTHBOCTEH 30BCIM HE
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BUIUTMBAIOTH EKCTPATIONIOI0Y], OCKIJIBKH ypaXyBaHHs JaBHBOL
niepezicTopii 1 ToOyIOBH, HAIIPUKIIA, IPOrHO3yBaJIEHOT
MOJIeITi MOYKE TIOTIPIINTH SIKICTh TPOTHO3Y. Y 3B’SI3KY 3 LIUM,
00poOIISTOUH iCTOTHO HECTaliOHAPHI IpoIecH, Tpeba BiMo-
BUTHCH BiJI IPOLIEYp HABYAHHSI, 3aCHOBAaHNX HA 3BOPOTHO-
MY TOIITUPEHHI TTOXUOOK 200 METOi HAWMEHIIINX KBAIPATIB,
100 CKOpUCTATUCS TIPOLIEAYPAMHU, IO IPYHTYIOThCS Ha JIO-
KJIBHUX KPUTEPIsIX Ta «KOPOTKiM» IaM’sITi Ha 3pa3oK aJro-
putmy Kaumaska-Yinpoy-Xodda. [Ipn npomy 3actocoBani
METO/IM HaBYaHHS MalOTh 3a0e31euyBaTH He TUTBKH BUCOKY
IIBHIKOAIIO, e i (GLIBTpYBaIbHI BIACTUBOCTI JUIS IIPU/TY-
IIEHHS CTOXaCTUYHOI «IITyMOBO1» KOMITOHEHTH B 00po0IIo-
BaHOMY CHTHaJIi. Y 3B’SI3Ky 3 UM CHHTE3 CIICIiaTi30BaHUX
riOpUAHUX CHCTEM OOYMCIIIOBAJILHOTO 1HTEJIEKTY, IO MPH-
3HAYAIOTHCS JUIS PO3B’S3aHHSA 3a/1a4 0OpOOKH iCTOTHO He-
CTalliOHApHUX OAraTOBUMIPHUX YacOBUX PS/IIB 3a yMOB He-
BH3HAYEHOCTI Ta 320€3MEeUyIOTh Pa30M 3 BUCOKOIO IIIBHIKI-
CTIO HaBYaHHA (ibTpaLiio 3aBaj, € JOCUTH LIKABOIO Ta
TIEpCIIEKTHBHOIO 3a1a4ef0.

He3Baxkatoun Ha BEJIMKY KUTBKICTh HAYKOBHX POOIT 3 i€l
temaruku [ 1-3], Bce e icHye 3a1a4a 00poOKu OaraToBUMip-
HIX YaCOBHUX PSiIiB, BUKIIMKAHA ITOTPEOOIO0 Y TIOKPAILIEHH] SIKOCTI
OTPUMAaHHX Pe3y/BTaTiB Ta 30LIbIICHH] IBUIKOCTI 00pOOIIeH-
HS JaHMX. Y 3B’S3Ky 3 IIMM aKTYaJIbHOIO € 3aj[adya po3poOKH
METO/IiB aHaJIi3y 6araTOBUMipHHX YaCOBUX PsIIiB HA OCHOBI
Helpo-(}a33i Mepex A1 MOCHIiZoBHOrO oOpoOIeHHs He-
JHIMHIX 0araTOBUMIpHUX YaCOBUX PSAIB, 110 3AaTHI (PyHKIII-
OHYBAaTH 3a YMOB Jie(hiluTy anpiopHoi indopmariii Ta 3a6e3-
TIEIyIOTh MOXJIMBICTE OOPOOKH LHUX PSAAIIB 13 KOPOTKOIO Ha-
BYAJIBHOIO BHOIPKOIO, a TaKOX XapaKTEpHU3YIOTHCS
T IBUIIICHOFO IIBHIKICTIO HABYAHHS. 3T1THO 3 YCIM CKa3aHUM
BHIIIE, pOOOTA € aKTYaJIHHOIO, IO 1 BU3HAYAE TIEPCIICKTUBHICTH
OTPUMAHHS SIK TCOPETHYHUX, TAK 1 MPAKTUIHHUX PE3Y/IBTaTIB.

1 IIOCTAHOBKA 3AJJAUI

Hexaii 3amano 6araToBUMipHIIA HeNiHIHHWI HeCTaIlioHap-
HUM CTOXaCTUYHUI YaCOBUM psij, SKUHA MOXKHA 3aIUCATH Y

BHIIISI BEKTOPa x(k) = (xl (k),...,xn (k))T — BXijHi maHi
JUTSE 3aTIPOIIOHOBAHOI OOYHCITIOBAIEHOI CHCTEMH.

Toni 3agava qocmiKEHHS Mosrae B online mporHo3y-
BaHHI OaraTOBMMIipHIX HEJIiHIHHAX HECTAIlIOHAPHIX CTOXAC-
TUYHUX 200 XaOTHYHIX YaCOBUX PSAIiB 32 YMOB HEBH3HAUE-
HOCTIi Ta KOPOTKOi HABYaJIbHOI BUOIPKH HA OCHOBI BBEICHOI
Helpo-¢a33i Mepexi, B OCHOBI AKOi IOJsTae 0araToBUMip-
HUIA Heo-(pa33i-HeHPOH Ta aJanTHBHUI METO/I HOTO HABYaH-
HSI, IO 320€3MeUyI0Th BUCOKY SIKiCTh alIPOKCUMAIII{ Ta KCT-
PpAarToyIALii, a TAKOXK ITi JBHUIICHY IBUAKICTH 301KHOCTI 32 pa-
XYHOK ()YyHKIIiHi HaJeXHOCTI CIIeIiaJIbHOTO BHTIIALY Ta
BHUKOPHCTaHHS IIBUAKO/IIF0YOTO AITOPUTMY HABUAHHSI.

PezynmeraTtom poOoTH 3apONIOHOBAHOI HeHpo-(a33i Me-
pexi € BEKTOP MPOTHO31B

Rk41)= = (8 (k+1), 8 (k+1)00 8 (k+1))

VY sKocTi miahoBOi (YHKINI MOKET OyTH BHKOPHCTaHA

N
cepeHbOKBAIpaTHIHA MOXHOKa E = % > (x(k)-%(k)),
k=1
SIKY IOTPiOHO MiHIMIi3yBaTH.

2 OIUIA JHITEPATYPH

MeTtou, 110 IHPOKO BUKOPHCTOBYIOTHCS 3apas3 uIst 00-
POOKHM iCTOTHO HECTaI[lOHApHUX 0AaraTOBUMIPHHUX YaCOBUX
PpsIiB, MAIOTh HU3KY HE/IOMIKIB, a caMe: padianbHO-0a3ucHa
HeWpOHHA MEpeXa CXMIbHA JI0 «ITPOKJIBOHY PO3MipHOCTI»
[1-3], a amanTiBHA Helipo-(a33i cucreMa HeJiTKOTO BHUBE-
JIeHHsI [4] Mae rpoMi3IKy apXiTEKTypy Ta JIOCHTh MOBLITBHO
HaBYA€THCSA 32 PAXyHOK BUKOPUCTAHHS aJTOPUTMY 3BOPOT-
HOT'O TOIIMPEHHS ITOXHOOK. A Ie Bexe 10 301IbIICHHS
KUTBKOCTI HEHPOHIB 1 KUTBKOCTI HEHITKUX ITPaBHIT y 0a3i 3HAHB,
3BiJIKW BUTINBAE HEOOXIHICTh 301JIBIICHHS 00CSATY HaBYaJIb-
HOI BHOIpKH [UIsl HATAIITYBaHHsI 1ToiOHOT cucteMi. Sk Oyno
3a3HaueHO BHIIIE, HEHpo-(]a33i cucremMu, 110 BUKOPHCTOBY-
I0Th JUIS1 HABYAHHSI QJITOPUTM 3BOPOTHOT'O MOIMIMPEHHS 110~
X1OOK, XapaKTepU3yIOThCsl HU3bKOIO IIBUKICTIO, 1110 POOUTH
X 3acTocyBaHHS pU 0OpOOL TaHWUX Y ITOCTIJOBHOMY pe-
XKNMI He Jy)Ke BOannM [4—6]. YHUKHYTH IMX HEOMIKIB MOX-
Ha 32 paXyHOK BHKOPHCTAHHS TiOPHIHMUX CHCTEM, IO IIO-
€/IHYIOTH SIK TEOPil0 IITYYHNX HEHPOHHUX MEPEXK, KA JI03-
BOJISIE OTPUMATH YyHiIBepcCalbHI alpOKCHUMYBalbHI
BJIACTHUBOCTI 1 3/1aTHICTh HABYATHCS, TaK 1 TEOPiI0 HETiTKOI
JIOTiKH, KA J]A€ MOXKITUBICTh HAIUISATH CUCTEMY JIiHT BiCTHY-
HOIO iIHTepIpeToBaHicTio [ 7-9].

Bigomi mociimKeHHs apXiTeKTypy Heo-(a33i-IpeIuKTO-
pa [10] Ta apxiTeKTypu Ha OCHOBI 0araTOBHMipHOI'O HEO-
¢az3i-Helipona [11, 12], ame ciix Big3HAUUTH IX ACKOTPY
TPOMI3/IKICTb Ta HE 3aBKH BUCOKY HMIBHU/IKICTH 0OPOOIICHHS
JTaHUX Y pexuMi online.

VY miif poOoTi 3ampOITOHOBaHO BUKOPUCTOBYBATH apXi-
TEKTYpY Ha OCHOBI Heo-(pa33i-HelipoHiB [ 13—16], mo xapak-
TEPHU3YIOTHCSl BUCOKOIO IIBUJKICTIO HABYAHHS 332 PaXyHOK
JIIHIMHOI 3aJICKHOCTI BUXOIB BiJl HACTOIOBAaHUX Bar; 004HC-
JIFOBAJIGHOIO IIPOCTOTOXO; 3AATHICTIO 3HAXOHKEHHS [T100aIb-
HOTO MiHIMyMY KpHUTEpisl HABYaHHS Y peaJbHOMY daci Ta
peasizamiero TiHrBicTHIHUX «if-theny mpaswir.

3 MATEPIAJIA TA METOIA

Ha puc. 1 300paskeHo apXiTeKTypy Herpo-]a33i Mmepexi.
Ha Bxinx cucremu momaeThcs 6araTOBUMipHUHN CHTHAI

x(k)=(x (k),....x (k))T Cizt 3a3HAYUTH, 1110 CIICMEHTH

N
YUCTOTO 3alMi3HIOBAHHS BUKOPHCTOBYIOTHCS [UISl LIAPY
(byHKIIH HaekHOCTI. J{aimi CHrHAI Bijf HUX HAIXOAUTH JIO CH-
HANTHYHHUX Bar 3HOBY yepe3 1Iap €JIeMEHTIB YUCTOro 3a-
mizHIOBaHHS. CyMyBaHHS OTPAMAaHUX CHUTHANIB BiIOYBa€Th-
Csl JOCUTh HE3BUYHUM YHHOM (pHc. 1).

Tpaautiiiai Heo-(a33i-HeHpoHN OyITH 3ampONOHOBaHi
T. SImaxaBoro Ta fioro xorneramu [ 13—16]. Boru € HelipoHHH-
MH MOIEISIMH 3 HENIHIMHUMHA CHHATIcaMi. Buxiz HeniHifHO-
r'0 CHHAIICY HEHpOHa (OPMYETHCSI LILISIXOM CyMYBaHHS BU-
X1THIX CHUTHAJIiB CHHAIICIB, SIKi IPEICTABIICHI HETiHIHHUMUA
¢dyHKIisIMI. BoHI MOXXYTh alipOKCHMYBATH HEJliHIHHE Bi00-
PaKEHHS «BXI1I-BUX11» OXHIM HEHPOHOM.
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j‘l’" (k )

Pucynok 1 — ApxiTekTypa 3ampornoHOBaHOI IPOrHO3YYOT
Helipo-(a33i Mepexi

ABTopu Heo-(a33i-HeHpOHAa BUKOPHUCTOBYBAIH TPa-
JUIIIHI TPUKYTHI KOHCTPYKIIii, IO BiITOBiAIOTh YMOBaM
po36uTTst Pycmini y sikocTi QyHKIiH HANEKHOCTI:

X~ G j-1 ]
, AKIIO X; € |:Ci’j71,cl'j],
Cij ~Cij-1

Cij+1 — X )
————, AKIIO X; e[c[j,cl-’jﬂ],
Ci, j+1 ~Cj

0, y mpoTmIe)XKHOMY BUIIAJKY.

e ¢ 0o0paHi TOCUTh BUMAIKOBO (3a3BUYAl PiBHO PO3ITOIi-
JIeHi ) TapaMeTpH IeHTpiB (YHKIIi i HAIE)KHOCTI Ha iIHTepBai
[0,1], ne 0<x; <1. Taxuii Bubip QyHKIIi} HaTEKHOCTI ra-
PaHTYe, 10 BXIJHUI CUTHAJL X; AKTUBYE TUIBKH JIB1 CyCiaHI
¢yHKIi, a IX cyma Gyre 3aBK /I PiBHOIO OUHHII.

3po3ymiIno, o Taki KOHCTPYKIIii, SIK MOMiHOMIaJIbHi rap-
MOHIYHi (pyHKIIT, BEeHBIETH, OPTOrOHANBHI (DYHKIIi1, TOIIO
TaKOX MOXKYTh OyTH BUKOPUCTaHI B SIKOCTI (PyHKITIH HAIeXK-
HOCTI B HEMIHIHHUX CHHAIICaX.

Bigzaaunmo, o TpuKyTHI (YHKIT Hasle:KHOCTI 3a0e31e-
YYIOTB KYCKOBO-JIIHIIHY alipOKCUMAIIi O, SIKa IPU3BOAUTH JIO
TIOTiPIIIEHHS TOYHOCTI Pe3yITBTaTIB. 3 METOIO MiHIMI3aIlii I[bO-
ro epexTy MoxKHA 30LTBIIATH KITBKICTh CHHAIITHYHUX Bar i,
TaKAM YHHOM, 3HAYHO YCKIIQTHUTH apXITEKTyPY 1 aITOpUT™M

122

HapuaHHs. KyOi4Hi CrutaiiHi MOXXHA BUKOPHCTATH K (DyHKILIT
HAJIC)KHOCTI, a0W T030yTHCS BUIIE3a3HAYCHUX MPOOTIEM:

CGj —Cij-1 CGj ~C,j-1

Hij (%)=

Ci,j+1 ~Cij Ci j+1 ~Cij

0, y IpOTHIEKHOMY BUNAIKY.

Taxi kyOluHi CIITaifHU TaKoX 3aJ0BOJIBHSIOTH YMOBaM
po36uTTs Pycriini Ta HOKpAIIyIOTh XapaKTEPUCTHKH arlpoK-
CHMaIlii polecy HEYiTKOrO BUCHOBYBAaHHSI. 3 IHIIOTO OOKY,
BHKOPHUCTaHHS KyOIYHMX CIUTAiHIB 3a0e3meuye Iv1a Ky mo-
IHOMiaJIbHY alpOKCHMAILIiI0 Ta JI03BOJISIE MOZIETIOBATH He-
CTaIliOHAPHI CUTHAJIY 3 BUCOKOIO TOYHICTIO PE3YJIBTATIB.

ApXITEKTypa TUIIOBOTO Heo-(ha33i-HeHpoHa B SIKOCTI CKJ1a-
JIOBOi YacTHHU 0araTOBMMipHOTO HEHpOHA OOYHCITIOBAIb-
HOI CHCTEMH € HaUIUIIIKOBOIO, 00 BEKTOP BX1IHUX CUTHAIIIB

x(k) nopaeTbes 10 OHOTUIHKX HEMIHIHHMX CHHAIICIB Heo-
(ha33i-HelpOoHiB, KOXKEH HEHPOH SIKMX T'eHepye Ha BUXOII CUT-
Ha Xy (k), d=12,...,m.V pe3yasrari KOMIOHEHTH BEK-

Topy Bixois £ (k) = (% (k)% (k),.... %, (k))T oGumcIio-
I0TBCSl He3aJIeXKHO. L0 Ha/UIMIIKOBICTH CHCTEMH MOXXHA
001#TH, BUKOPHCTOBYIOYH OaraToBUMipHUi Heo-(ha33i-Hel-
pou [11, 12], apxiTekTypa SKOTro € MOTU]IKAIi €10 CHCTEMH,
3anponoHoBaHoi y [10]. CTpykTypHUMU eleMEeHTaMU TaKoi
00YHNCITIOBAJILHOI CHCTEMH € CKIIAJICH] HeJHIHHI CHHATICH
MNS;, npy YoMy KOXKEH CHHAIIC MICTUTb / (DYHKUIH Ha-
[
J
Xoua 6araroBuMipHHI HEO-(a33i-HEHPOH Ma€ mAn CHHATI-
TUYHHX Bar, aJI€ TIbKY sn (DYHKIIN HAJIEKHOCTI, IO B m
pas3iB MeHIIIe, HiX SKIIOo ciucTteMa Oyna 6 copmoBana 3 Tpa-
IIIHIX Heo-(a33i-HeHpOoHiB.

3ampornoHoBaHa HEWpo-(a33i cucreMa CKIATAeThCs 3
OaratoBUMipHUX HEO-(a33i-cuHarciB. BRomsau 1o po3ris-

ny GyHKII N
(k)= (i (0 (B))smar (31 (K)o sbi (31 (K)o

b (35 (6)) s (% (k)))TTa (mxhn)— matpuuio
CHHANTHYHUX Bar

JIEXKHOCTI n- Ta mh HAaCTPOIOBAaHUX CHHAIITUIHUX Bar M/El[]

(hnx1)—BexTop HAJIEKHOCTI

M1 M2 Wy Wihn
W w Whi: e W

W= 2.11 2.12 i - . 2|
Will Wm12 ° Wmdi " Wihn

BUX1AHUNA curHain MN ;Y k-1 MOMEHT 4acy MOXHa 3aruca-
TH Y BUIIISIT

3 (k) =wu(k).

3
2x; —Cji =y 2x; —Cji =y !
0,25/ 2+3 - ,xe[c,-,/_l,c,-j]

3
2X; = Ci 1 —Ci | 2X—¢i iy —Cif
JH T i+ .
0,252-3 n ,xe(cij,c,v’jﬂ:l

B
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Hapuanns 6araroBumipHoOro Heo-(}as3i-HelpoHa MOXxe
OyTH peaJli3oBaHO 3a JIONOMOr0l0 MaTpU4HOI MoaudiKamii
eKCIIOHEHIIfHO-3Ba’KEHOT0 PEKYyPEHTHOI'0 METO/Ty HaltMeH-
X KBajpartiB y (opmi [17-21]:

W(k+1)=Ww(k)+

P(k+1)=

ne R(k+1)=(% (k+1),% (k+1),....%, (k+1))

4 EKCIIEPUMEHTH

AOM poIeMOHCTpYBaTH €(PEKTUBHICTH 3aIPOIIOHOBAHOT
Helipo-(ha33i Mepexi Ta ii nmpouexypn HaBYaHHS, Y SIKOCTI
TecToBOi BHOIpKH Oyo oOpaHO OaraToBUMIipHHH psii Ha
OCHOBI i epeHIiiHIX piBHIHL Mozeni JlopeHma:

a= G(u - a),
L't:a(r—t)—u, (1)

{=au—bt.

Judepenuiiine piBusaaHS (1) MOXXHA 3amMcaTH y TUCK-
pETHOMY 4aci B peKypeHTHi Gopmi:

a(k+1)=a(k)+o(u(k)-a(k)

u(k+1)=u(k)+(ra(k)-a(k)t

t(k+1)=t(k)+(a(k)u(k)-b

k)—

~
—
b
~—
— —
&

nec=10,r=28b= 83 ,dt =0,001.

Atpaxrop Jlopenma € ¢pakTanbHOI CTPYKTYpOIO, IO
BIJMOBia€ JOBTOCTPOKOBIiH oBeniHII reHeparopa Jlopen-
a. CaM reHepaTop € TPUBUMIPHOIO AMHAMIYHOIO CHCTEMOIO,
10 AGMOHCTPY€E XaOTHYHHH ITOTiK JaHUX, & TAKOXK BiJOMHN
CBOE€I0 JIEMHICKaTHOIO (hopmoro. Ha puc. 2 MmokHa mmobadm-
TH, SIK PO3BUBAETHCS CTAH JUHAMIYHOI CUCTEMH (TPH 3MiHHI
TPUBHUMIipPHOI CHCTEMH) 3 YACOM.

Bubipka gaHuX, 110 OTpEMaHa 3a IOMOMOTOI0 POPMYITH
(2), micruma 10000 cioctepeskens, cepen sikux 7000 crocte-
peXeHb — HaB4YanbHa Bubipka, 3000 — nmepeBipouna. Cunan-
TUYHI BaTH 1HIMIaTi30BYBAJIHCS SK HYI, TAKOXX MOXKHA OYIT0
11e poOUTH BUIMaAKOBAM YrHOM. Ha pric. 2 Ha ocsix po3Tario-
BaHi 3HAUYEHHA MMapaMeTpiB cucremu JlopeHma.

5 PE3YJIbTATH

Pe3ynmeraTi eKCIIEpUMEHTIB 3 TOCTIHKCHHS Pi3HUX Me-
TOJIIB MPOTHO3YBaHHS XaOTHYHOTO YacoBOro psmy JlopeH-
11a HaBeIeHO B Ta0smm 1.

6 OBI'OBOPEHHA

Sk MokHa 1106aunTH i3 TabMIi 1, 3anporoHoBaHa He-
po-ha33i Mepeka Ta mporeaypa i HaBYaHHs IOCUTD HeTlora-
HO TIOKa3aiu ceOe Tpu po3B’si3aHHI TecToBOl 3amadi. Corif
BiZI3HAYMTH MEHIITYy KUIBKICTh HACTOIOBAHMX HapameTpiB (y
IIBTOpa pa3y y MOPiBHAHHI 3 apXiTEKTYPOIO Ha OCHOBI Oara-
TOBHMIpHHX Heo-(a33i-HeWpoHiB Ta OlIbIIe, HIX Yy 1Ba pa3H,
SIKITIO TIOPIBHIOBATH 3 aIAIITHBHIM Heo-(Da33i-TIpeTUKTOPOM).
Co1iy TaKoX Bi3HAYUTH HAHMEHIIHIA Yac cepes YCiX CucTeM,
ajie yac He CyTTEBO BiPi3HAETHCS Bifl Yacy, IPOJAEMOHCTPO-
BAHOT'0 APXITEKTYPOIO Ha OCHOBI 0araToBUMipHUX Heo-(a33i-
HeHpoHiB. SIKIII0 5k TOBOPHUTH PO SKiCTH MPOTHO31B, TO 3aIl-
POIOHOBaHa Mepeska POIEMOHCTPYBaa HAWKpAIIll pe3yib-
Tarty cepen Helipo-(haz3i Mepesk (TepeBara Hajl KOHKypeHTaMU
CKJIaJIa y BHMAJKY 3 aJallTUBHAM HEo-(a33i-IpeIuKTOpOM
27% Ta 56% y BUIaJKy 3 PYroto apXiTeKTYpoIo).

TaxuMm YUHOM, PE3YNBTATH ITOPIBHIILHOIO aHAJII3Y I10-
KasaJ, 110 3alpOIIOHOBaHa apXiTeKkTypa Heiipo-das3i Me-
PeXi 3a SKICTIO MPOrHO3iB HE MOCTYMAETHCS 1HIINM BilO-
MHUM He#po-(}az3i MeTosam, a 3a KiJTbKiCTIO HACTOIOBAaHUX
rapaMeTpiB HaBiTh epeBaXkace ix. 3arporoHOBaHa Iporie-
Jlypa HaBYaHHsI I03BOJISIE CUCTEMI IIBU/IIIE HAJIAIITOBYBATH
rapaMeTpy y HOpiBHSHHI 3 aHAJIOTaMHU.

BUCHOBKUA

Y poGoTi po3B’A3aHO aKTyaJIbHY 3a]a4y IPOrHO3YBaHHS
0araToBMMipHHUX HEJTIHIHHIX HECTAIIOHAPHNX CTOXAaCTHIHHX
YaCOBUX PSIiB.

50|
45,
40,
35|
30,

25|

Pucynok 2 — XaoruuHuii yacoBuit psig

Tabmuns 1 — Pe3ynbraru ekcriepuMeHTIB

KinbkicTb
o - ITomunka [Nomunka
Heiipo-da33i mepexa HACTPOIOBaHMUX Yac HaBuaHHS
. HaBYaHHSI TECTyBaHHS
napameTpiB

AnantuBHUI Heo-(a33i-peAUKTOp 60 6,2¢c 0,0189 0,0231
APXITCKTYpa Ha OCHOBI 45 a1c 0,0154 0,0171

OaraToBUMipHUX He0-(ha33i-HeHPOHiB
3anmponoHoBaHa HeWpo-(a33i Mepexa 27 39c¢c 0,0121 0,0132
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HayxoBa HOBHM3Ha po0OOTH TTONISTae y TOMY, IO 3aIpoIIo-
HOBAHO MPOTHO3YIOYY HEHpOo-(a33i Mepexxy Ha OCHOBI Oara-
TOBHMMIpHHX HEO-(a33i-HeHPOHIB Ta BBEICHO IIPOLIEypY Ha-
BYaHHS JUTs1 00poOJIeHHs 0araTOBUMIPHUX JaHUX Y PeXKNMI
online. ¥ sxocti (hyHKIIH HaIeXHOCTI BUKOPHCTOBYIOTHCS
KyOiuHi CriIaiiHu, 1110 3a0e31e4yI0Th BUCOKY TOUHICTb allpoK-
cUMallii Ta eKCTPAaroIILii y MOpiBHIHHI 3 BIJOMUMHM HEHpo-
(ha33i cucremamu IporHo3yBaHHs. BBenena cucrema Moxe
OyTH BHKOpHCTaHa JUTsl IPOrHO3YBaHHS CyTTEBO HECTAIlIOHAP-
HHX 9aCOBHX PSAZIB 32 YMOB KOPOTKOI HaBYaJIbHOI BUOIPKH.

[pakTnyHa HiHAICTE OTPUMAHMX PE3YIIBTATIB MONISTAE B
TOMY, IO III0 MEPEXY MOXXHa BHUKOPHCTOBYBATH IIpH
PO3B’s3aHHI IUPOKOTO Kora 3a1a4 Data Mining ta, nepi 3a
BCE, IIPOTHO3YBAHHSI.

INepcriekTrBY MOJABIIMX JOCIJHKEHD OISITAIOTh Y TOMY,
1100 3acToCyBaTH JiesiKi i (yHKIIT HaJIeXHOCTI Ta IpoTe-
CTyBaTH 1HIII THITH BY3JIiB JIs1 HEHpo-(ha33i Mepexi.

TOISIKA

PobGoty BuKoHaHO B paMKax JepKOIOIKETHOI HayKOBO-
JIOCITiAHOT TeMH XapKiBCHKOTO HalliOHAJILHOTO YHIBEPCHTE-
Ty paaioeNeKTpoHIKH «[ 10praHI cCHCTeMH 00YHCITIOBAIEHO-
TO IHTEJIEKTY IS aalITHBHOI 0OPOOKN BUKPHUBJICHHUX JAHUX
3a YMOB aIlpiopHOI Ta MTOTOYHOI HEBU3HAYEHOCTI» (HOMEp
nep>xaBHoi peectpanii 0113U000361).
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VYkpauna

MPOTHO3UPYIOIIASI HEMPO-®A331 CETh HA OCHOBE MHOTOMEPHOT O HEO-®A33U-HEMPOHA 1 EE ITPO-

HOEAYPA OBYUYEHUMSA

B cratbe TNpEeAJIOKEHA ITPOrHO3Upyroas Heﬁpo-(ba331/1 CE€Tb, Ip€AHA3HAYCHHAasA JId PEHICHUs 3a4a4 SKCTpAoIAInd MHOT'OMEPHBIX
HEITMHEHHBIX HECTAlMOHAPHBIX CTOXAaCTUICCKUX U XaOTUYECKUX BPEMECHHBIX PSAI0B B YCJIIOBUAX KOpOTKOI71 O6yLIaIOHIeI71 BBI60pKI/I‘ B ocHoBe
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CETH JISKUT MHOTOMEPHBIIT Heo-(a33u-HeHPoH ¢ OpraHN30BaHHBIM CIIENUATIEHBIM 00pa30M BXOIHBIM CIIOEM U CIUTAHH-(pyHKIUSMY IIPH-
HaJUIeXKHOCTU. BBeieHHas cucTeMa obecrieunBaeT BEICOKOE Ka4eCTBO allllPOKCUMALUH B CMBICIIE CPEAHEKBaJpaTHYHON OMIMOKU U BBICO-
KyI0 CKOPOCTb CXOIMMOCTH 3a CUET MCIOJIb30BaHUs IpoLeypbl 00yueHHs BTOporo nopsaka. Pazpaborano nporpaMmHoe obecriedeHue,
peanu3ylolee IPeaIoKeHHYI0 apxXUTeKTypy Helipo-(a33u cetu. IIpoBenieH psiji SKCIEpUMEHTOB M0 MCCIEAO0BAHUIO CBOMCTB MpeJyIo-
JKEHHOH ceTn. Pe3ynprarsl 9KCIIeprMEHTOB NOATBEPIHIIN IPHMEHHMOCTh IPEIOKEHHON apXUTEKTYpPBI ITPH penreHny 3a1ad Data Mining
u GoJiee BEICOKYIO TOYHOCTH 10 CPAaBHEHUIO C TPaJUIMOHHBIMHU IIPOrHO3UPYIONINMY Heipo-}a33u cucreMaMu.

KoioueBble c10Ba: BHIYMCIUTENBHBIH HHTEIUIEKT, MHOTOMEPHBII Heo-(a33u-HelpoH, npoueaypa oOy4eHus, IPOrHO3UPOBaHUE
BPEMEHHBIX PSZIOB, (QYHKIMS NPHHAUIEKHOCTH.
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AFORECASTING NEURO-FUZZY NETWORK BASED ONA MULTIDIMENSIONALNEO-FUZZY NEURONAND ITS
LEARNING PROCEDURE

A forecasting neuro-fuzzy network designated for solving extrapolation tasks of multidimensional nonlinear non-stationary stochastic
and chaotic time series under conditions of a short learning sample is proposed in the paper. The network is built with the help of a
multidimensional neo-fuzzy neuron with an input layer which is organized in a special manner and a spline membership function. The
proposed system provides high approximation quality in terms of a mean square error and high convergence speed on account of using
the second-order learning procedure. A software that implements the proposed neuro-fuzzy network has been developed. A number of
experiments has been held in order to research the system’s properties. Experimental results prove the fact that the developed architecture
could be used in Data Mining tasks and the fact that the proposed neuro-fuzzy network has higher accuracy compared to traditional
forecasting neuro-fuzzy systems.

Keywords: computational intelligence, multidimensional neo-fuzzy neuron, learning procedure, time series prediction, membership
function.
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COMPARATIVE ANALYSIS OF THE COMPLEXITY OF CHAOTIC AND

STOCHASTIC TIME SERIES

The new approach to the recognition mechanism of the time series generating process based
on the results of the entropy and the recurrent analysis is proposed. The comparative analysis
of the realizations properties of chaotic and stochastic processes with different correlation
structure was carried out. It is shown that the derived set of information characteristics allows
to distinguish the realizations of deterministic chaotic and fractal random processes. Depend-
ing on complexity measures of time series of process parameters were obtained. The informa-
tion characteristics dependencies from the process parameters were obtained. The results of
bioelectric signals and financial time series study are presented.

Keywords: time series, measures of complexity, approximate entropy, recurrence plot,

pseudo-phase space, embedding dimension.

NOMENCLATURE

A is a control parameter;

ApEn is aproximate entropy;

C,, () is correlation integral;

Det is measure of determinism;

F(t) is a m-dimensional pseudo-phase space;

[; is a length of the i-th diagonal line;

K is a set of characteristics of recurrence and entropy
analysis;

N is a total number of points in the pseudo-phase space;

N, is anumber of diagonal lines;

n; ,, (€) is a number of vectors, that similar vector B, (i);

P(l) is a frequency distribution of the diagonal lines
lengths;

RE, ; isrecurrence plot;

RR 1s measure of recurrence;

x(¢) is a point of time series;
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126 DOI 10.15588/1607-3274-2014-2-18

x; 1s a point in the reconstructed pseudo-phase space;
¢ is a neighborhood size;

¢ is a autoregressive coefficient;

E(#) is a uncorrelated white noise;

oy 1s a diffusion coefficient;

1 is a delay period;

O(-) is a Heaviside function.

INTRODUCTION

Most dynamical systems are «complex systemsy», which
implies the ladder structure with nonlinear feedback. These
include the processes inherent in the human body and
nature, informational, physical, technical and social
processes. In practice, they are represented by time series,
which are a projection of the internal and external relations
ofthe dynamical system. One of the objectives of time series
analysis is to extract information from the series and infer
the properties and mechanism of the process that generates
the series.
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Mathematical models of complex systems exhibiting
irregular dynamics are both random and deterministic chaotic
processes. Identification of the mechanism generating
process based on characteristics obtained by time series is
a daunting task. There are many approaches to the study of
time series based on traditional statistical analysis, and the
methods of nonlinear chaotic dynamics.

The object of study is the deterministic chaotic and
stochastic fractal processes in the technical, economic and
biological systems. The subject of study is the time series
of a random type and the estimation methods of their
characteristics. The purpose of the work is the following:
based on the results recurrence and entropy analysis of
fractal time series to identify the mechanism of generating
process (deterministic or stochastic).

1 PROBLEM STATEMENT

Suppose given a time series of an irregular type
X ={x(¢)}, t=1,..,N. Let this time series have fractal
properties. Let we have obtained the set of qualitative and
quantitative characteristics K ={K;},i=1,....m of the
resulting recurrence and entropy analysis. Need to find out
whether the process of generating this series is chaotic
deterministic or random. For this is necessary to conduct a
comparative analysis of modelling time series of various
types and determine the set of characteristics K' — K for
which the differences are significant

2 REVIEW OF THE LITERATURE

Most methods of chaotic dynamics used for time series
analysis, based on the reconstruction space of single
realization using the procedure Packard-Takens [1-4]. The
reconstruction of the pseudo-phase space allows us to
compute the embedding dimension, which is the main means
of distinguishing chaotic and random processes [3, 5]. This
approach allows us to well distinguish between chaotic
dynamics and uncorrelated random noise, however, because
this method is based on the estimation of the fractal
dimension and detection autocorrelation relations, it hasno
effect for the fractal random processes having long
dependence [6, 7].

In [8] proposed a method that extends the capabilities of
nonlinear time series analysis, based on the fundamental
property of dissipative dynamical systems — recurrence
states. This method of analysis, based on the representation
of process properties in the form of geometric structures, is
a means for detection the hidden dependencies in the
observed processes [9—12]. The method of recurrence plots
is widely used for the analysis of stochastic time series of
different nature [6, 13—16]. One of the characteristics of the
complexity of the system behavior is entropy. Entropy
methods of time series analysis are also used a
reconstruction phase space [3, 7, 17, 18]. One of the
characteristics that demonstrate the complexity of the time
series dynamics is the approximate entropy of similarity
introduced in [7].

3 MATERIALS AND METHODS

Consider the basic features of the recurrence and entropy
analysis. The main idea of the application of nonlinear
dynamics methods to the analysis of the realizations of a
dynamical system is that the basic structure, which contains
all the information about the system, namely, an attractor of
a system, can be reconstructed by measuring only single
component of this system [1, 3, 19]. Reconstruction phase
space attractor is reduced to the construction of the pseudo-
phase space. Widelyused procedure Packard-Takens allows
to restore the phase trajectory of a dynamical system from
single realization:

F(@) =[x(¢), x(t +7),..., x(t + m7)]. )]

One of the most common methods used in practice to
determine the existence of chaotic determinacy and estimate
the fractal dimension of the attractor is to study the properties
of the correlation integral C,,(¢) and behavior of the
correlation dimension d- (m) depending on the dimension
m of the pseudo-phase space. The correlation integral
C,,(e) is a probability that a pair of points on the
reconstructed attractor in m-dimensional space is within a
distance of ¢ each other:

| I
C, ()= e gil})i,jz‘;l O~ - ;). )

Dependence the correlation integral on € at small €

obeys a power law, i.e. limC,, (¢) = ag’c. By increasing
£—0

the dimension of the pseudo-phase space m correlation

dimension d(m) increases too. However, for deterministic
chaotic time series correlation dimension will ultimately be

saturate with its true value. Value m at which d-(m) will
stop changing, is the embedding dimension. For uncorrelated
stochastic realizations embedding dimension increases with
the dimension of the pseudo-phase space m.

Recurrence plot is a projection of the m-dimensional
pseudo-phase space onto the plane [12, 14, 17]. Let point x;
corresponds to the phase trajectory x(¢) describing the
dynamic system in the m-dimensional space at a time ¢ =i,
fori =1, ..., N, then the recurrence plot RP is array of pixels,
where a nonzero element of the coordinates (i, )
corresponding to the case where the distance between x I
and x; is smaller &:

RE; =0O(e—||x;—x; ), x,x;€R",i,j=1..N. (3)

The states x; are recurrence if they are contained into
the m-dimensional neighborhood of point x; with size €.
Arbitrarily chosen recurrence point does not contain useful
information about the state of the system at time moments i
and j, only the totality of recurrence points allows you to
restore the system properties. Analysis of the plot topology
allows us to classify the observed processes: homogeneous
processes with independent random values, processes with
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slowly varying parameters, periodic or oscillating processes
corresponding to nonlinear systems, etc.

Numerical analysis of recurrence plots allows us to
calculate the measure of complexity structures of recurrence
plots, such as a measure of recurrence and determinism etc.
The measure of recurrence RR shows the density of
recurrence points:

1 N

RR=—>'RP_;. @)

Measure of determinism Der is a characteristic of
predictability process and equal to the ratio of the number of
points in diagonal lines to the total number of recurrence points:

N N
Det= 3 P (I)/ ) RP ;. ®)
1=l i,j

Aproximate entropy ApEn is the statistics of time series
regularity that defines the possibility of its forecasting. Time
series that contain a many of duplicate values, have a
relatively small value, and for less predictable process ApEn
value is larger. Methods of estimating the approximate
entropy ApEn considered in [7, 17].

Consider a time series {x(¢)}, ¢t = 1,..., N. Let the vector
P, (i) is subsequence values {x;,X;,{,..., X;;,, } length of m.
Two vectors B, (i) u B, () will be similar, if the following
condition:

|xi+k —Xj+k|<8, 0<k<m.
For each i =1,...,N —m+1 value C;,,(¢) is calculated:

Ny (€) ©)

Cl’m(g)z N—m+1.

Approximate entropy ApEn determined by the formula

—1n Cm(® ¥
ApEn(m,¢) lnCm+1(8)

N—-—m+1

Z Cim (8) .
i=1

1
where C,, (¢) Nemal

Consider the basic model types of data needed to conduct
research and their statistical properties. As input data have
been chosen realizations of deterministic chaotic systems
and realizations of stochastic processes having different
correlation structure: uncorrelated noise, autoregressive
processes with short-term dependence and fractal processes
with long-term memory.

Chaos is a complex dynamics of deterministic systems
in steady state. The main feature of such systems is
sensitive dependence to arbitrarily small changes in initial
conditions. If dj is the initial distance between two points,
then for short time ¢ later the distance between the
trajectories, which start from these points, becomes
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d@) = dOeM, where the value of A is the Lyapunov exponent.
This leads to the loss of deterministic predictability and the
need to introduce probabilistic characteristics to describe
the dynamics of chaotic systems.

Iterated maps x,,; = f(C,x,), where C is control
parameter, are the most simple and intuitive mathematical
chaotic models [1, 3]. For a wide class of nonlinear functions

f the sequence {x,, }n:O is chaotic. In the case of dissipative

map the orbits {xn }:lo:o lead to an attractor having a fractal

structure.
Logistic map is the most famous example of chaotic maps.
This one-dimensional quadratic map is defined as follows:

X, = Ax,(1-x,) A<(0.4] and x, €[0.1]; ®)

Diagram of the Lyapunov exponent ) is given in the
upper part of fig. 1. Chaotic dynamics (A > () is observed

when the parameter 4 > A" =3.569..... The regions of chaos
alternate with «windows of stability» in which the dynamics
becomes periodic. At the bottom of fig. 1 shows the time
realizations of logistic map for parameter values 4 = 3,7 and
A=3,9. The corresponding Lyapunov exponents are equal
A=0,37and L =0,5.

Autoregressive process of 1st order was chosen as
processes with short-term dependence [5]:

X(0)=9X (=D +E&@), ¢ <1 ©)

Autoregressive coefficient value ¢ characterizes the
degree of the autocorrelation process. Fig. 2 shows the
realizations of the autoregressive process of the different
values of coefficient ¢.

At present it has been generally accepted, that many
stochastic processes in nature and in engineering exhibit a
long-range dependence and fractal structure [20, 21]. Stochastic

process X (¢) is self-similar with self-similarity parameter H, if

the process ax (at ) is described by the same finite-
dimensional distributions that X (). One of the most famous
and simple models of stochastic dynamics that have fractal
properties, is the fractional Brownian motion (FBM).

Gaussian process X (¢) with a parameter H, 0< H <1
called FBM ifits increments AX (t) = X (¢ + 1) — X (¢) have
a distribution of the form:

1 B ?
P(AX <x)=—— | Exp| ————+ [dz. (10)
\/ZTCGO‘CH _'[ { ZGOZTZH}J

00

FBM with the parameter H =0,5 coincides with the
classical Brownian motion. Parameter H called the Hurst
exponent, is the degree of self-similarity. Along with this
property, the index characterizes the measure of long-term
dependence of a stochastic process, i.e. that autocorrelation

function r(k) decreases as a power law: r(k) ~ k_B, k — oo,

where 0<B<1 and H=1-(B/2). Fig. 3 shows the
realizations of the FBM for the values H=0.3, 0.5, 0.8.
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Figure 1 — Diagram of the Lyapunov exponent and realizations for logistic map: a — diagram of the Lyapunov exponent,
b — realization with A=3.7, ¢ — realization with A=3.9
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4 EXPERIMENTS

For carrying out numerical experiments investigated time
realizations X = {X;}, i =1,..., N, were generated according
to (8-10) for various N. It was first performed the
reconstruction of pseudo-phase space and estimation of
embedding dimension. For this procedure were used time
realizations of N =10000. Smaller length of time series
usually leads to large errors [1-3].

For carrying out entropy and recurrence analysis were
used time realizations of N =1000. This length is sufficient
for good visualization of recurrence plots and small errors
in the quantitative characteristics (about +0.005). For each
of the generated realization estimates of approximate
entropy and a number of the recurrent characteristics were
obtained. Estimation procedure was carried out for
realizations of every type processes M =100 times and each
estimate was averaged over the M values.

For clarity, we first considered the example of a
completely different process on complexity: a periodic
motion and uncorrelated white noise. For chaotic processes
the realizations with different values of Lyapunov exponents
were investigated. For autoregressive processes the
autoregressive coefficient value was changed. The
realizations of FBM were generated for different values of
the Hurst exponent.

After examining the results of the analysis the modeling
realizations the entropy and recurrence analysis of real time series
such as bioelectrical signals and financial series was performed.

5 RESULTS

Consider the reconstruction of pseudo-phase space and
estimation of embedding dimension. Fig. 4 shows the typical
dependence of the correlation dimension dc(m) on the
dimension m of pseudo-phase space constructed in
accordance with (1) for the realizations of an autoregressive
process, the logistic map and FBM.

The comparative entropy and recurrence analysis of
chaotic realizations and realizations of the stochastic
processes having different correlation structure was carried
out. Fig. 5 shows the recurrence plots for the sum of two
sinusoids and independent values of a normal random
variable. Table 1 shows the corresponding values of the
measures of recurrence RR, determinism Det and
approximate entropy ApEN.

Recurrence plots for realizations of map (8),
autoregression and FBM with different values of parameters
are presented on fig. 6. In the case of logistic map the
Lyapunov exponents are equal to A=0.37,0.5, 0.69 according
to parameter values.

Table 2 shows the means of recurrence RR, determinism
Det and approximate entropy ApPEn corresponding to the
plots above.

Table 1 — Quantitative characteristics of complexity of sinusoid
and uncorrelated noise

RR Det ApEn
Sinusoid 0.18 0.998 0.03
Uncorrelated noise | 0.0003 0.025 1.7

800

600 s

400

200

a

60|

400

200

00 41 00 800
b

Figure 5 — Recurrence plots for sinusoid and noise: a — sum of sinusoids; b — uncorrelated noise
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Figure 6 —Recurrence plots for under study realizations: a — logistic map with A=3.7, b —logistic map with A=3.9, ¢ — logistic map

with A=4, d — autoregression with ¢ = 0.3, e —autoregression with ¢ = 0.6, f — autoregression with ¢ = 0.9, j — FBM with H = 0.3,
h — FBM with H = 0.6, i — FBM with H = 0.9

Table 2 — Quantitative characteristics of complexity of realizations

Logistic map Autoregression FBM
A RR Det ApEn ¢ RR Det ApEn H RR Det ApEn
3.7 0.008 0.1 0.93 0.3 0.0003 0.03 1.72 0.3 0.02 0.55 0.47
3.9 0.004 0.07 1.2 0.6 0.0005 0.05 1.65 0.6 0.02 0.87 0.21
4 0.002 0.05 0.86 0.9 0.002 0.13 1.25 0.9 0.01 0.95 0.12

In this work the time series corresponding to a various
complex dynamical systems: bioelectrical signals and
financial series were considered. In particular, the RR-
intervals series were investigated. RR-interval is the time
interval between adjacent teeth of electrocardiogram and it
equals to the duration of the cardiac cycle. Initial data for

the research in this paper were obtained on a specialized
website [24] containing an extensive medical database. As
an example of financial series, the dynamics of change in
the currency pair EUR/RUB for 2004-2006 was examined.
Fig. 7 shows the time series and recurrence plots of data
described above.
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Quantitative recurrence and entropy characteristics
obtained from the time series are presented in Table 3.

6 DISCUSSION

Numerical analysis shows that the realizations of the
random and deterministic chaotic motion may have similar
statistical characteristics [3, 22, 23]. Reconstruction of
pseudo-phase space and estimations of embedding
dimension detected essential differences in the structure of
chaotic realizations and realizations autoregressive
processes with short-term dependence. However, the
embedding dimension, evaluated for the FBM realizations
with a long-term dependence, is also limited [6, 7]. The
estimation results presented in fig. 4 confirm that the
construction of the pseudo-phase space and the estimation
of embedding dimension cannot be a reliable tool for
distinguishing between chaotic and stochastic fractal
realizations and fitting of appropriate mathematical models.

Carried out recurrent analysis detected strong differences
in visual topology and the numerical characteristics of
realizations of the above processes. It is obvious that the
characteristics of chaotic and random processes must be
located within the range of characteristic values calculated
for the periodic and completely random trajectories, see fig.

Table 3 — Quantitative characteristics of complexity of time
series

RR Det ApEn
RR-intervals 0.05 0.61 1.07
EUR/RUB 0.08 0.85 0.17
1 =
X
0.9} | Il

.

]
=l
r —
—_
ma—
—
—%
'-ﬁ-'_..

i " _Pfé‘g;f:ﬁ-? .
300 iﬁ:;hﬁ%n{“ 5_

- penm e LT
200 L

5 and tab. 1. It can be noted for chaotic realizations that
greater value of Lyapunov exponent corresponds to a
greater randomness of the system, which is clearly evident
on recursive plots: the existence of some plot structure
replaced uniform filling (top of Fig. 6). In the case of
autoregressive process (middle Fig. 6) it is necessary to
note the lack of plot structure and uniform filling regardless
of the autocorrelation degree. The recurrent plots of FBM
have the specific structure, which depends on the Hurst
exponent value (bottom of Fig. 6). With the increasing
exponent A the range of values, i.e. plot filling, decreases.
As regards the quantitative characteristics, the research
has shown that the most informative recurrent
characteristics are the indexes of recurrence and
determinism. The values RR and Det are measure of
regularity, therefore in each case they decrease, when
randomness or uncorrelation of realizations increase. The
entropy ApEn is measure of unpredictability therefore it
increases with uncorrelation. Value ranges of characteristics
are quite different for various processes. This allows us to
identify the generating process by the set of characteristics.
Based on the results of qualitative and quantitative
analysis can be propose for modeling realizations RR-
intervals to use deterministic chaotic systems, while the
mathematical modeling of S&P500 series should be based
on self-similar stochastic processes. For a correct choice of
the model in the first case the estimation of such
characteristics as the Lyapunov exponent, invariant measure

300 400

Figure 7 — Recurrence plots of real time series: a — series of RR-intervals, b — series of EUR/RUB, ¢ — recurrence plots of RR-
intervals, d — recurrence plots of EUR/RUB
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distribution, etc. is necessary, and in the second case — the
estimation of fractal characteristics.

CONCLUSION

Using the results of the recurrent and entropy analysis
to distinguish deterministic chaotic and fractal random
processes was first proposed in this work. It is shown that
the set of characteristics such as indexes of recurrence and
determinism, approximate entropy and recurrence plot allows
to identify the type of process that generated the time series.
The dependences of information complexity measures of
time series from the parameters of the processes were
obtained. Thus it is possible to choose the mathematical
model of process has a certain correlation and recursive
structure for the simulation and forecasting. It is shown
that series of RR-intervals corresponds to a chaotic process
and S&P500 series has the structure corresponding to a
fractal Brownian motion. Further studies propose the
calculation of confidence intervals for estimates of the
characteristics, the analysis of the short time series and
investigation a large number of real time series a various
complex dynamical systems.
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CPABHUTEJBHBIN AHAJIN3 CJIOJKKHOCTU XAOTUUYECKHUX U CTOXACTUYECKUX BPEMEHHBIX PA1OB

TpeiokeH HOBBIM MOAXO0 K PACTIO3HABAHUIO MEXaHNU3MA MIPOLIECCA, ITOPOJUBIIErO BPEMEHHOMN psijl, 6a3UpyIONIUIics Ha pe3ysbTaTax
SHTPOMUHUHOrO U PEKYPPEHTHOrO aHanu3a. [IpoBeeH CPaBHHUTENLHBIN aHAIN3 CBOWCTB pealu3alliii Xa0THYECKHMX U CTOXACTUUECKHX
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MOPIBHAJIbHUI AHAJII3 CKJIAJTHOCTI XAOTHYHHX TA CTOXACTUYHIX YACOBUX PSIJIIB

3anpornoHOBaHO HOBHMH IIXiJ 10 pO3Mi3HABaHHS MEXaHi3My IIPOILECY, L0 I'eHepye YacOBHH psifi, IKMH 0a3yeThCs Ha pe3yibTarax
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Babuyes C. A.

KaHO. mexH. Hayk, douyeHm, doueHm kKaghedpbl UHGhOPMamMUKU U KOMIMbIOMEPHbIX HayK, XepCOHCKUU HauUOHalbHbIU MeXHU4YecKul

yHusepcumem, YkpauHa

onTMMn3AUnNA NPOLIECCA NPEAOBPABOTKUA UHO®OPMALIUU
B CUCTEMAX KINACTEPU3ALUWN BbICOKOPASMEPHbLIX NAHHbIX

IpencrapieHa MeToauKa BEIOOpA ONTHMAIBHOIO METOAa HOPMAIU3ALUY TIPH ITOCTPOCHUH
KJIIACTEPHOM CTPYKTYpbl 00BEKTOB, OTIIMYUTENHHOH 0COOCHHOCTEIO KOTOPBIX SIBISIETCS BEICOKAs
Pa3MepHOCTb IPU3HAKOBOIO IIPOCTPAHCTBA. B kauecTBe OCHOBHOIO KpUTEPHsl OLIEHKH KauecTBa
npenoOpaboTKU JaHHBIX MCIOJIB30BANICS KpUTepuil sHTponus llleHHOHA M OTHOCUTEIBHOE
HW3MEHEHHE JHTPOIHUH B Hpolecce TpaHchopmanuyu NaHHBIX. [loHM)XeHHEe pa3MepHOCTH
HNPU3HAKOBOTO NMPOCTPAHCTBA MCCIEAYEMBIX 00BEKTOB MPOU3BOJMUIIOCE HPH IIOMOIIU
KOMIIOHEHTHOro aHanu3a. IlocTpoeHa Mozenb CUCTEMbl KIaCTepU3alHH C HCIOIb30BAHUEM
aNropuT™Ma HedeTkod kiacrepusauuu fuzzy C-means, Ipu IOMOLIM KOTOPOH IPOHM3BEICHA
OLICHKA KauecTBa KJIACTEPU3ALMU HPH HCIIOJIb30BAHUM PA3IMYHBIX METOIOB Hpeno0paboTKu
naHHbIX. [loka3aHO, YTO JUIS UCCIIEAYEMBIX JAHHBIX HAWIYYIIMM METOJOM HOPMAalIH3alHH
SIBISIETCST METOJ] AECATHYHOr0 MaclTaOUpOBaHUs, IPU KOTOPOM SHTPOIHsS 00pabOTaHHOro
CHTHaJIa IIPHHUMAET HaHMEHbIIee 3HaueHHe, IIPH TOM B IIpolecce TpaHC(HOPMAIMH JaHHBIX
KOMIIOHEHTHBIM aHaJIU30M OTHOCUTEIbHOE U3MEHEHHUE SHTPOIIMU HE MPEBLIIIACT JIOMYCTUMBIX
HOPM.

KawueBbie ciioBa: KJ'IaCTepI/I3aIlI/I$[, pPasMEpHOCTb NMPU3HAKOBOTO MPOCTPAHCTBA,

HOpMaM3anus, SHTPOIU .

HOMEHKJIATYPA

JHK — ne30kcupnOOHYKIICHHOBAsI KHCIIOTa;

ALL — octpast iumdoOnacTHas TeHKeMHUST;

AML — octpas MuenouaHas JeKeMus;

A; — annpokcuMupyroniue ko3QpdUIMEHTEI Ha i-M YPOB-
He BEHBJIET-JeKOMIIO3UIINH CUTHAJIA;

CKM cucrema KOMIIBIOTEPHOW MaTEMATHKH;

D; — nuaroHanpHble eTanu3upyromue koG GuuueHTs!
Ha i-M YpOBHE BEHBIIET-ICKOMIIO3UIINH CUTHAJIA;

E,, — SHTpONHs HOPMATHM30BAHHBIX MPH3HAKOB i-TO
00BEKTa;

E,— 5HTpONMS BBIIENEHHBIX TTIABHBIX KOMIIOHEHT i-IO
00BEKTa;

G(i ) — CTaHJIAPTHOE OTKJIOHECHNE 3HAYECHHH B i-H CTPOKE;

H; — ropusoHTabHble AeTaIU3UpyroLue KodduIreH-
THI Ha i-M YPOBHE BEHBIIET-ICKOMIIO3UIINH CUTHAJIA;

i — KOJIMIECTBO CTPOK B MACCHBE IAHHBIX;

J — KOJIMYECTBO MTPU3HAKOB B i-i CTPOKE;

K — nonokurensHast KOHCTAHTA JUIs COIVIACOBAHUS Pa3-
MEPHOCTH;

M — KOTTMYIECTBO MPU3HAKOB i-TO 00BEKTA;

7 — KOIIUYECTBO 00BEKTOB;

D, — BEPOATHOCTB OCYIIECTBIIEHUS i-TO COOBITHS;

sym4 — BeHBIIeT CUMITIET-4;

V; — BepTUKallbHBIE JeTANU3UPYIOIIUE KOI(DDUIUEHTbI
Ha i-M YpOBHE BEHBIIET-IEKOMIIO3UIINH CUTHAJIA;

XN (i i ) — HOpPMAJIM30BaHHOE 3HAYEHHE j-TO HIIEMEHTA B
i-! CTpOKE;
X (i ,J ) — MCXOIHOE 3HAYEHUE j-TO AIIEMEHTA B -1 CTPOKE;

X inax (i ) — MaKCHMAaJIbHOE 3HAYECHHUE B i-l CTPOKE;

© Bbabuues C. A., 2014
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X nin (i ) — MUHUMAJIEHOE 3HAYEHHE B i-I CTPOKE;

Xys (i ) — yCEUeHHOe cpefiHee B i-if CTpoke (0TOPOIIEHbI
2 % MaKCUMaJbHBIX 1 MUHIMAJIBHBIX 3HAYCHUH);

X p — cpefiHee 3HAUYCHHE SIEMEHTOB B alPHOPH BBIO-
PaHHOM OIIOPHOM BEKTOPE UCXOAHOTO MacCUBa JaHHBIX;

X (op, J ) — 3HAYEHME j-TO JJIEMEHTA B OIIOPHOM BEKTOPE
MacCHBa;

M (i, j) — 3HaueHne (PyHKIUN PETPECCUH, COOTBETCTBY-
OLLEE j-MYy IPU3HAKY - CTPOKH MacCHBa.

BBEJEHHE

B Hacrosmee BpeMs BO MHOTHX 00aCTAX HAYyIHBIX HC-
CIIeZIOBaHHUH BOSHUKAET HEOOXOANMOCTH B pa3pabOTKe MO-
JIETIeH U CHCTEM KJIaCTepU3aIiy O0BEKTOB CIIOKHOH ITPHUPO-
b1, OIMYUTENBEHON 0COOEHHOCTBIO KOTOPBIX SIBIISIETCS BBI-
COKasl pa3MEPHOCTh MPU3HAKOBOTO MTpocTpaHcTBa. OqHUM
13 OCHOBHBIX METOJIOB, HCTIONB3yEMbIX B JAHHOE BPEMsI IS
COKpAIIEHHS pa3MEPHOCTH IPOCTPAHCTBA NPH3HAKOB, SIB-
JISIETCSl METOA TIABHBIX KOMITOHEHT, MTO3BOJISIFOLIMHN CyIIle-
CTBEHHO YMEHBIINTH KOIMYECTBO MPU3HAKOB, XapaKTePH3y-
IOMNX OOBEKT MPH MAaKCHMAJIGHOM COXPaHEHHH ITOJIE3HOM
nHpopManuu 06 00bpekTe. OCHOBHOM MPOOIEMOI, BO3HH-
KaIOIIEeH ITPH MCIIONB30BaHNN JaHHOTO METOIA, SIBISETCS €TO
BBICOKAsI YyBCTBUTEJIBHOCTh K METOZAM IpenodpaboTKu
JAHHBIX, BCIECTBHE YEro Xapakrep pa30neHus: 0O0bEeKTOB
Ha KJIacTePbI OyZIET CyIIECTBEHHO Pa3InIaThCs B 3aBUCHMO-
CTH OT KOMOMHAIIH MCTIONB3YEMBIX METOIIOB MTperodpadoT-
ku1. OTHIM 13 KITFOYEBBIX METOJIOB TIPenoOpabOTKU JaHHBIX
SIBSIETCS MX HOPMAJIM3aLusl, B pE3Y/IbTaTe KOTOPOi pOwC-
XOJIUT NPHUBEACHNE UCXOMHBIX JAHHBIX K TpeOyeMoMy Jua-
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Ma30HY U paCupcACICHUIO. BCJ'IC,HCTBI/IG 9TOI'0 BO3HHUKACT
aKTyaJIbHas np06neMa COo3JaHus METOAUKHA 000CHOBaHHO-
To BLI60pa MCTOAa HOpMAJIM3allu BbICOKOPA3MEPHBIX JaH-
HBIX CIIOXKHOM MpUpoObI, HO3BOJ'I$IIOIII€I>1 npu ,HaJ'ILHCﬁHIeM
COKpAaIllCHNU Pa3sMEPHOCTU IMPU3HAKOBOI'O MPOCTPAHCTBA
MaKCUMU3UPOBATH 00BEKTUBHOCTh mnponecca Kiacrepusa-
WU UCCIICAYCEMBIX 00OBEKTOB.

1 IIOCTAHOBKA 3AJAYHN

[Tpu MOCTPOSHUM MOJICITH HCXOTHBIC TAHHEIC ITPE/ICTaB-
JITFOTCS. B BUZC MATPHIIBI, CTPOKAMU B KOTOPOH SIBIISIOTCS
HCCIeayeMbIe OOBEKTBI, a CTOIO0IAMU — IIPH3HAKH, XapaKTe-
PHU3YIOIINE COOTBETCTBYOIIHIA 00BEKT (1):

X :{Xij}, i=1..,n, j=L..,m. 1)

Br160p Habopa npU3HAKOB OCYIIECTBIISIETCS B pE3yJIbTa-
TE CY)KaIOIIETo OTOOPAKEHHSI:

{Xm}L){Xk},k<m, @
HpI/I KOTOPOM JOCTUTACTCs 3KCTpeMyM HeKOrTOpOFO KpI/I'

Tepus KauecTsa J y (F ) F B (2) npencrasinsier coboit GyHK-

IYOHAJ r[peo6pa30BaHI/I${ MHOXXECCTBa {X m} B MHOXXCCTBO

{X k } , kK — pasmepHOCTb HOBOTO IPU3HAKOBOTO MIPOCTPaH-
ctBa. Kaxxmomy oroOpaskeHuro (2) CTaBUTCs B COOTBETCTBHE
HEKOTOpOe 3HauUeHUe Kpurepus J (F ) PezyneraTom nomy-

YEHHBIX OTOOpa)KEHHH SABISETCS (QYHKIHUS g(J X ) 3anaua

COKpalIeHus pasMCpHOCTU NPU3HAKOBOTI'O IMPOCTPAHCTBA
3aKIH0O9a€TCA B HAXO0XKJICHUH TaKOI'O 0r06pa>erI/151, TIpH KO-

TOPOM JOCTHUTAETCA SKCTPEMYM (YHKIUHU ( (J X ) B nan-
HOU paboTe A7 pelIeHrs TOCTABICHHOM 331291 B KAYECTBE

¢byHKIIIN ( (J X ) TIpeIaraeTcs UCTIOIb30BaTh 3aBICUMOCTh
Kkputepus sHTponuu llleHHOHa OT UCIIOB3YEMOrO METOAA
HOopManu3arwu [ 1], onpenensemyro mo ¢popmyre (3):

n
H=-K-Y piln(p;). 3)
i=1

3Ha4YeHns KpUTEPHs SHTPOIHH BBIYHCIISETCS IS OPUIH-
HaJIBHOT'0 HEHOPMAJTM30BaHHOTO CUTHANIA, TTOCIIE HOPMAJIH-
3aIUH, ¥ TSI ITIABHBIX KOMIIOHEHT UCCIIEIYEMBIX OOBEKTOB.
B cooTBeTcTBHY C MPUHITUIIOM MaKCUMyMa SHTporuH [2]:
«J17s1 mTaHHBIX 3HAaHUH B (JOpMeE OrpaHUICHHUH CYIIeCTBYET
TOJIBKO OJJHO PACHpEEICHIE, YIOBIETBOPSIOIEE 3THM OT-
pPaHMYEHHSIM, KOTOPOE MOKHO BBIOPATH C ITOMOIIBIO IIPO-
LEAypHI, YIOBIETBOPSIOMIEH «aKCHOMaM COINIaCOBaHHOC-
TH». DTO YHUKAJIBHOE PACTpeNeTIeHIE OIPEACIAeTCS MaK-
cUMH3alMed dSHTponum». B coorBercTBHHM ¢
BBIIIECKA3aHHBIM NPEUIaraeTcsl CIeayIoNas MeTOANKA IPo-
BEICHNUS KCIIEPUMEHTA:

— (puITbTpans NCXOIHBIX JAHHBIX C LEIBI0 MUHUMH3A-
IIH OTyMOBOW KOMITOHEHTHI HCCIEAYEMbIX JaHHBIX;

— BBIYKCIIeHUE YHTponun LIleHHOHa HeHOpMAaTH30BaH-
HOT'O CUTHaJa,;
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— HOpMAaJIH3aIys JaHHBIX Pa3IMIHBIMHA METOTaMU HOp-
MaJTH3aIlnw;

— BEIYHUCIICHUE SHTPOITMH HOPMAJIN30BAHHBIX TAHHBIX;

— BEIYUCIICHHUE TITABHBIX KOMIIOHCHT Ka)KIIOH MaTpPHUIIBI
HOPMAJIN30BaHHBIX JAHHBIX;

— BBIYHCJICHHE YHTPOIUHU BEKTOPOB ITIABHBIX KOMITOHEHT
HCCIIeTyeMBIX O0BEKTOB;

— KJIACTEPHU3AIHSI TECTOBOTO MHOXKECTBA HCCICAYEMbIX
00bekToB MeToioM fuzzy C-means;

— IOCTpOEHUE TPadUKOB ITOTYICHHEIX PE3YIIETaTOB, UX
WHTEPIIPETALS ¥ AHAIH3.

2 OB30P JIMTEPATYPbI

Amnanmu3 myOnuKanui mo o0o3HadeHHoH npobieme [3—
7] moka3pIBaeT, YTO OONBIIMHCTBO METOOB M aJITOPUTMOB
KJIaCTepPH3alliH, UCTIOIb3YEMBIX B HACTOSIIIEE BPEMS B pas-
JIMYHBIX 00JIACTSIX YEIOBEYECKOH JIeITeIbHOCTH, OPUEHTH-
POBaHbI HAa HEOOJBIITYIO0 Pa3MEPHOCTh BEKTOpa IPH3HAKOB
uccnemyemoro oobekrta (e 6omee 1000). B [8, 9] mporrece
KJIaCTEpHU3aLNHY PECTABIISETCS B BUIE MOJIENH, YTO IT03BO-
JIUJIO TIEPEHECTH B TEOPHIO KJIACTEPHOr'O aHajn3a BCE OC-
HOBHBIE METOJIBI TEOPHUHM CaMOOPTaHH3alMU Mojenel Ha
OCHOBE METO/Ia TPYIIOBOT0 y4eTa apryMeHTOB, a8 UMEHHO:
MHOT'03TAITHOCTh TIOKMCKA JIydIel KiacTepu3annm; KpuTe-
PHAJIBHBIN MTOAXOM JUTS OLEHKH Ka4ecTBa KJIACTEPU3ALNY;
UCIIONIb30BaHNE METO0B (POPMUPOBAHMS IPHU3HAKOBOTO
IpocTpaHcTBa M (OPMUPOBAHUS KIACTEPOB; BHIOOP MeEp
CXOJICTBA MEXJy O0BEKTaMH, KJIACTepaMH U OOBEKTOM U
KJ1acTepoM. B mociieiHee BpeMsi ¢ pa3BUTHEM METO/I0B OHO-
nH(pOPMATHKH CO3AaHbI Oa3bI JAHHBIX KJIETOK OMOJIOTrHyec-
KHX 00BEKTOB, 0COOEHHOCTBIO KOTOPBIX SIBJISIETCS] BEICOKAS
pasMepHOCTh ( ~ 80000 ) ¥ BBICOKAsI CTETICHB 3aIIyMIICHHO-
CTH, ompesensieMas OMOMOrMIECKIMHU M TEXHOJIOT MIECKH-
MU (aKTOpaMH, BOZHUKAIOIINMH B ITPOLIECCE TOATOTOBKA U
MIPOBEICHIS SKCIIEpUMEHTa o X popmupoBanuro [10, 11].
Bcnencreue 3Toro BO3HUKaeT HEOOXOMMOCTE B pa3paboT-
Ke 3 (PEKTHBHBIX A TAaHHOTO THIA JaHHBIX METOIOB MX
peroOpadOTKH ¥ COKPAIIECHUS pa3MEPHOCTH IPHU3HAKOBO-
'O MPOCTPAHCTBA 0€3 CYIIECTBEHHON IMOTepr HH(OPMAIHN
00 muccmexyeMbIx 00beKTax. MeTogaM HOpMaTH3aIlid BbI-
COKOpPa3MEpHBIX JaHHBIX ONOIOTHIECKOH IPUPOJIBI TIOCBS-
mieHs! pa0oThl [12, 13]. B o0mem ciaydae Bce METOIBI HOp-
MaJTU3aUHI MOXKHO Pa3/Ie/ITh Ha ABE OATPYIIIBL: METOIbI,
HCTIOB3YIOIIHE OITOPHOE MHOXKECTBO 3TAJIOHHOTO 00BEKTa
1 METOJIbI, HCTIONIB3YIOIINE BCIO COBOKYITHOCTh HCCIEIye-
MBIX JTaHHBIX. B mepBoM ciIydae MeTOIsl HOpMAalU3alnu
TIOAPA3ACIAIOTCS HA TMHEHHBIC U HEITMHEHHBIE, BO BTOPOM
clIydae UCHOJb3YIOT METO [UKJINYECKOH JIOKaJIbHOU per-
peccry, METOZ KOHTPACTOB M KBAHTHIBHYIO HOPMAITH3ALIHIO.
B pabore [13] mpencraBieHsI pe3yasTaThl CPaBHUTEIHHOTO
aHaJM3a CyIIECTBYIOIINX METOA0B HOPMAJIM3aNH Ha ITPH-
Mepe BBIOOPOK IAaHHBIX, B3ATHIX C ABYX MHKPOMACCHBOB
JHK. Pe3ynbrarhl MX UCCIEA0BaHMI TOKA3aJId, YTO METObI,
HE HCTIOIB3YIOIINE 3TAJIOH, JAI0T JIydIllee KaueCTBO HOpMa-
TMU3anUd JaHHBIX. [Ipy momapHOW HOpManm3ammu Oolee
3¢ PEKTHBHBIM OKa3aJICsl METO/] KBAHTWJIBHON HOpMasn3a-
uun. Kpome Toro, MeToa KBaHTWIBHOW HOpMaIU3aLluH OKa-
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3aJICsl CAaMbIM OBICTPBIM U3 UCIIONB3YeMBIX MeTo0B. OHa-
KO, HECMOTPSI Ha JIOCTUT'HYTHIE YCIIEXH B TAHHOH ITPEIMeT-
HOH 00JIaCTH CYIIECTBYET PSAJ] HEPEIIEHHbIX WIA YaCTUYHO
PpeLIeHHBIX TPOOJIEM.

K HepemeHHBIM YacTsiM 00mIel MPOOIEMBI OTHOCHTCS
oTcyTcTBHE Y(PPEKTUBHON METONUKU BEIOOpa KOMIDIEKCA
METOJIOB NPpeno0paboTKH HHPOPMALINK 1 COKPAIEHNUS pa3-
Mepa IMPU3HAKOBOTO IIPOCTPAHCTBA B CUCTEMax KilacTepH3a-
IINH BBICOKOPAa3MEPHBIX JTaHHBIX CIOKHOM OMOIOTHYEeCKOi
TIPUPOIBIL.

Lenbio cTaTbu sBISETCS pa3pabOTKa METOIMKN BEIOOpa
OIITUMAJIBHOT'0 METO/1a HOPMAJIM3ALMH Ha 3Tarle IpeaBapH-
TEJIFHOM 00paOOTKHM BHICOKOPA3MEPHBIX JaHHBIX CIIOXHON
OMOJIOTMYECKOH MTPUPOIBI C ITOCIEAYIOINM COKpaIleHUEM
Pa3sMEpHOCTH MPU3HAKOBOTO ITPOCTPAHCTBA U KIaCTepH3a-
IIMeH ncciefyeMbIX 00bEKTOB, OCHOBHBIM KPHUTEPHEM OLICH-
K{ Ka4ecTBa 00paboTKN MH(POPMAINH B KOTOPOH SIBIISIETCS
sHTpomus LlleHHoHa.

3 MATEPUAJIBI 1 METO/IbI

B cooTBeTCTBHH € IPEATIOKEHHON METOTUKOM IPOBEIe-
HUSI 9KCIIEPUMEHTA ITEPBBIM 3TAIIOM SIBJISIETCS (QMIBTpaLns
JTAaHHBIX, LIEJIbI0 KOTOPOH SIBISIETCSI MUHIMU3ALHSI ITYMOBOM
KOMIIOHEHTBI UCCIEAYEMBIX JaHHBIX. OUIBTpaLUs JaHHBIX
OCYIIECTBIISAIACH IPU OMOIIY BEUBIETOB, MPEACTABIISIO-
myX co0OH JIOKANN30BaHHBIE B MPOCTPAHCTBE (PyHKIMH,
CIIOCOOHBIE OTCIISKUBATH U HY)KHBIM 00pa3oM o0padaThI-
BaTh JIOKAJbHBIE OCOOEHHOCTH HCCIEAYEMBIX OOBEKTOB.
D¢ dhexTHBHOCTH UCTIONB30BaHUS BEHBIICTOB T Npe/IBa-
pHUTENBHON 00pabOTKH BBICOKOPAa3MEPHBIX JAaHHBIX 00yC-
JIOBJIEHA XapaKTepOM paclpefeNeHns] IPU3HAKOBOTO Mpo-
CTpaHCTBA HcCllenyeMbIXx 00bekToB. Hampumep, B cirydae
aHaym3a MukpomaccuBoB JIHK nprzHakamu sBISIFOTCS ypOB-
HH 9KCIPECCHN COOTBETCTBYIOIINX T'€HOB, IIPH 3TOM T'€HbI
Ha MAKPOMAaCCHBE PACIIPENEISIOTCS TaK, YTO pa3InJaroy-
€CsI TEHBI C Pa3IMIHBIM YPOBHEM SKCIPECCHH OyayT depe-
JIOBAThCS C YACTOTOH, CYIIECTBEHHO HIDKE YaCTOTHI (POHO-
BOW KOMITOHEHTBI OCBEIIIEHHOCTH ¥ YacTOTHI (DOHOBBIX ITO-
MeX. YPOBEHb 3KCIPECCHH T'€HOB MOXHO OILEHHUTH II0
UHTEHCUBHOCTH OCBEIIEHHOCTH B TOW WJIHA MHOU TO4ke. B
Tpolecce BEHBIET-IEKOMIIO3UINHI U3 MCXOIHOTO CHUTHAJIa
BBIJIETSIETCSI €70 HU3KOYACTOTHAsI KOMIIOHEHTA, MIPU 3TOM
COXPAHSIOTCS JJOKATbHBIE 0COOEHHOCTH HCXOHBIX TAHHBIX.
OcHOBHas nyiest BEHBIET-IEKOMIIO3UINH CUTHAIA 3aKITF09a-
€Tcsl B CIIEAYIOIIEM : ICXOHOE TPOCTPAHCTBO HHTEHCHBHO-
CTeW OCBELIEHHOCTEN, COOTBETCTBYIOLLEE PA3INIHBIM YPOB-
HSIM 9KCIPECCHH T'€HOB, Pa3JIaraeTcst Ha CHCTEMY MTOAIIPOC-
TPAHCTB TaK, YTO KaXX/I0€ ITOCJIEAYIOIIEE MOAPOCTPAHCTBO
SIBIISICTCSI BIIOXKCHHBIM B TIpeabiayIee (4):

Icliclhyclhc..cl,. @

[Nory4eHHBIE TOAMPOCTPAHCTBA IIPH 3TOM JOJDKHBI YIOB-
JIETBOPSITH CBOUCTBY (5):

N1 =10} )

Kaxxmoe 13 momy4eHHBIX ITOAIPOCTPAHCTB pa3iaraercs,
B CBOIO O4Yepe/ib, C UCIIOIh30BaHNEM BEWBIET-(QyHKINN 1
Macmradbupyomiei (GyHKINY Ha ITPOCTPaHCTBA AIITPOKCH-
MUPYIOIINX U IETATN3NUPYIOMNX KO3 PHINEHTOB (6):

I; ={4;, H;.,V;, Dy . ©)

B cirydae, ecim 00BEKT XapaKTepu3yeTcsl OMHUM BEKTO-
POM TIPH3HAKOB, PE3Y/IBTATOM BEHBIIET-IEKOMIO3UIINH Oy-
JIET BEKTOP aImpOKCUMHUPYIONUX U OJJMH BEKTOP JIETATU3H-
pyroumx K03 HUIreHToB. ANMpPOKCHMUPYIOIIe Kodhhu-
HHUEHTH HecyT HWH(pOpMamuio O HU3KOYAaCTOTHOH
COCTaBJISIFOLIEH CUTHaJa, JeTAIN3NpyIonre K03 unneH-
THI cOziep KaT MH(OPMALHIO O BBICOKOYACTOTHON COCTABIIS-
IolIel curHaa. B OONbIIMHCTBE CITydaeB MOJIE3HbIH CUTHAT
COZIEp KUTCS B HU3KOYACTOTHOM COCTaBIISIONIEH, a IeTan-
3upyrommue K03 (HUIUEeHTH! HecyT HH(POPMAIIHIO O JIOKAIb-
HBIX 0coOeHHOCTSIX curHasa. LllymoBast cocraBisttomas npes-
cTaBisieT cOOOH BBICOKOYACTOTHYIO KOMIIOHEHTY, KOTOpas
TaK )K€ COIEPIKUTCS B JIETATM3NPYIOINX K03 (PUINECHTaX.
BcrnencrBue BhIlIecKa3aHHOTO MOXKHO C/IENIATh BBIBOJI, YTO
00paboTraB HY)KHBIM 00pa3oM AeTaausupyonme kodpdu-
LUEHTHI, 1 BOCCTAHOBUB CHTHAJ M3 AlIPOKCUMHPYIOIIHX
ko3 purmenToB 1 00pabOTaHHBIX JETATUIUPYIOIINX KOd(-
(UIMEHTOB, NOMyYaeM MaTPHILy IPU3HAKOB HUCCIIETYEMBbIX
00BEKTOB NPX MUHUMAaJIHHOM YPOBHE IITyMOBOW KOMITOHEH-
TBI, YTO CHOCOOCTBYET MOBBIIICHNIO TOYHOCTH PEIICHHS
TIOCTaBJICHHOM 33/1aUH.

B [14] npencraBneHsl pe3yabTaThl HCCAEAO0BAHUMN I10 OII-
PEENCHUIO THIIA BEHBIIETa, ypOBHS BEHBIIET-IEKOMITO3HIIIN
Y 3HaYEHHUH COOTBETCTBYIONINX KO (HUIMEHTOB B cHCTEME
¢$uIBTpany XpoMarorpaMM. B kauecTBe 0OCHOBHOTO KpH-
TepUsI OLCHKN Ka4eCcTBa (PMIBTPALIMN HCIIOIb30BAJICS KPH-
Tepuit SHTpormH. B maHHOM cirydae nwHpOpMAanmen sSBIs-
JIach IIyMOBasi KOMIIOHEHTA CUTHAJIA, BCIIEICTBUE YETO OIl-
TUMAJNBHBIA HA0Op MTapaMeTpoB (QIIIBTpPA OMPEeISUICS U3
yCIOBUS MUHHMYyMa 3HTponuu. C ydeToM pe3ynbTaToB,
TIOTYYEHHBIX B [ 14], ipy IOCTPOSHUN MOJIENN KIacTepu3a-
IIMH 0OBEKTOB Ha ATANe (PHIIBTPANH HCIOIH30BAIICS BEHB-
JIET CUMITIET-4 TIpY 9E€TBEPTOM YPOBHE BEHBIIET JEKOMIIO3H-
IIUH C MATKOI 00pabOoTKON JeTamn3upyoMnX ko3 dhurmen-
TOB ¥ 3HAYEHHEM ITIOPOrOBOro ko3 duimeHTa, paBHOro 4.

Iexpro 3Tana HOpMaIM3alUH SABIISIETCS TPUBEICHHE M-
MTUPHIECKUX TaHHBIX MUKPOMACCHBOB U X XapaKTEPHCTHK
K OIMHAKOBOMY ANANa30Hy U PAaCHPEEICHHIO, Yalle BCETO
K HopMasnbsHOMY. [Ipy mpoBeneHnn uccneqoBaHuil UCTIONb-
30BAJIMCH CIIEAYIOMINE METOABI HOPMATH3AIMN JaHHBIX

— MUHAMAaKCHas HopManmzanwsi (7):

-y X )= Xin (1)
XN(i, j)= 20 ™)
X max (l)_ X min (l)
— IecATUIHOE MacImTadupoBanue (8):
X(.j) | ®)
10F

rIe mapamerp k mogOupaeTcs Tak, 9TOOBI MaKCHMAalbHOE
3Ha4YEHHE JIEMEHTa B MaccUBe OBUIO MEHBIIE 1;

XN(i, j)=
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[IPOTPECHBHI IHOOPMALIMHI TEXHOJIOI'TE

— HOpMaJIM3a1¥s ITPY HOMOIIY CTaHIapTHOT'O OTKJIOHE-
Hwust (9):
X, j)-X,.
o)
— METOA IMHEWHON HOpMaIH3aliy, IPeIOAKEHHbIN pa3-
paborunkamu Affymetrix npUMeHHTETBHO K aHAJTN3Y MHK-
pomaccusoB JJHK (10):

NG j)= jﬂ;,)m j): (10)

— HeJIMHEHHAs! HOpMAJIM3a1us C UCTIONb30BaHUEM JIOTH-
cTHYecKol nepenartouyHoi Gpynkmu (11):

1

R AN (11)
1+€Xp _X(l’]izi;(us(l)

NG, j)=

— METOoJ] KOHTPACTOB, B KOTOPOM MPENIONATaeTCsl 4TO
MeXIy BeKTopamu M U A CyIIleCTBYeT THHEHHAsI perpeccH-
OHHasl 3aBUCHMOCTh. BekTopbl M 1 A J1st KaXkK0ro SJIeMeH-
Ta MacCHBA TAHHBIX BBIYHCISIOTCS MO hopmynam (12) u (13):

> X(i.))

Mli, j)=1 — |
(i,./)=1og, o)) (12)
A(i,j)=10g2(X(i,j)-X(op,j)). (13)
Hopmupyrorast norpaska Beraucisiercst o (opmye (14):
M (i, j)=Mi, j)-M(i, ). (14)
HopmammoBarHOE 3Ha4eHHE BBIMHCIsIETCA 110 hopmyrie (15):
(A(i, i) )j ; (15)

XN(i, j)=2

— KBaHTHJIbHASI HOPMAJIN3aIlKsl OCHOBAaHA Ha IPEIIOIO0-
KEHUH, YTO TPU3HAKH, XapaKTEepU3YIOINe #1-00BEKTOB,
HMMEIOT OTMHAKOBBIE pactipeneNieHns JaHHbIX. Torma rpaduk
KBaHTHJICH B #1-MEPHOM IPOCTPAHCTBE OY/IET MPEICTaBIATh
c0o00i1 THHUIO, JISKAIIYIO BIONH AUATOHAJH, KOOPIMHATHI

KOTOpO¥1 MpecTaBIeHbl BEKTOPOM: T \/_
JIM30BAaHHBIC 3HAYCHUS IPU3HAKOB UCCIIETYEMBIX BEKTOPOB
TIPEICTABIISIOT COOO MPOESKIMU TOYKH 1-MEPHOTO Tpadu-
Ka KBaHTHUJICH Ha JAHHYIO THarOHAJb.

OreHKa Ka4ecTBa mpenoOpadoTKu IPU3HAKOB HCCIETy-
€MBIX 00BEKTOB OLICHHBAJIOCH IIOCPEICTBOM aHAIN3a XapaK-
Tepa mMeHeHws kpurepust « aTponws LllerHonay (3). Ecmm
NIOJ] TEKYLLIMM COOBITHEM NTOHUMATh 3HAUYCHHE PH3HAKA | B

. Hopma-

BeKkTOope I X' (i ,J ), TO BEPOATHOCTD OCYIIECTBIIEHHUS JTaHHOIO
COOBITHS p(i, j) -X (i, j)z. Torya yuuThIBas, 4TO KaK Mepa

KOJIMYeCTBa MH(POPMAIIMH B UCCIISIYeMOM BEKTOPE JHTPO-
U SIBIISIETCS BETMIUHOMN Oe3pasMepHoit, popmymy (3) s
i~ CTpOKH MOYKHO TIpeACcTaBUTh Kak (16):
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H; = —ix(i, iy -1n(X(i, ) ) (16)
j=1

B cooTBeTCTBHU € KOHIIEMIMEN CBSI3U DHTPOIHUH U HH-
(bopManyu 0 COCTOSIHIH CHCTEMBI MaKCUMaJIbHOE KOJINYe-
CTBO MH(OPMAIMN COOTBETCTBYET MUHUMYMY SHTPOIIHH,
TP 3TOM IIONHast MH(OpMAanus COOTBETCTBYET HYJIEBOMH
sHTponuH. Torna ecTecTBEHHO MPEANONOKUTh, YTO HAH0O-
JIee KauecTBEHHast IpenoOpaboTKa NPHU3HAKOB 00BEKTa MO-
KeT OBbITh BEIOpaHa U3 yCIIoBHs MUHIMYyMa 3HTpormu Ll en-
HOHa, YTO COOTBETCTBYET MAaKCHMaJIbHON HH(pOpMAIHH 00
UccIeTyeMbIX 00bEKTax, IPH 3TOM B IIPOLIECCE TPOBEACHNUS
KOMITOHEHTHOIO aHaJIN3a U3MEHEHHE DHTPOIUM IOIKHO
ObITh MUHUMAJIBHBIM, YTO CBHJETEIILCTBYET O MUHUMAJIb-
HOH notepe nHpOpMAaNnH B POLIECCE BBIAETICHHS ITTaBHBIX
KOMIIOHEHT.

4 OKCIIEPUMEHTbBI

MonenpoBaHue Iporecca KIacTepU3aIii UCCIIETYeMbIX
00BEKTOB ITPONU3BOAMIIOCH C MCTIOIB30BAHMEM IPOrPAMMHOM
matgopmsl KNIME-2.10.1, koropast siBisieTcst cBOOOIHO 10-
CTYIHBIM TIPOrPaMMHBIM TIPOAYKTOM U TPEIHAa3HAYeHa IS
00pabOTKH TAHHBIX PA3IIMYHON IPAPOJIBI M M3BIICUEHHS C HUX
nH(MOPMAINH, a TAKKE VT MOJIETIMPOBAHHS BCEBO3MOXKHBIX
niporieccoB u cucteM. CTpyKTypHast 6JI0K-CXeMa HCIIOTb3Ye-
MO MOJeNH KJIaCTepU3aliH MPEACTABICHA Ha PUCYHKE 1.
B xauecTBe SKCIIepUMEHTaIBHOM 0a3bI 1JIs TIPOBEICHUS HC-
CJIeIOBaHUH MCTIONIb30BAIACh 0a3a JAHHBIX OONBHBIX JIeHKe-
mueit [15], mpeacraBistomas cob0if MacCUB pa3MepoM
72x7131. Kaxknast cTpoka coJepKut HHGOPMAIHIo 00 YpOB-
HE 3KCIIPECCHHY I'€HOB OOJIBHBIX KJIETOK OT/IEIBHOTO YesloBe-
Ka. OOBEKTHI IesITes Ha JBa Kiiacca. OIHH KITace PEACTaBIIs-
eT co00# TIPOOBI KIETOK, B3ATBIX Y OOIBHBIX OCTPOH MHEIO-
WIHOH NefKeMuei, a Iyroif IpeacTaBiIseT KISTKH OOIBHBIX
ocTpoit 1M (poOIaCTHOM JIeHKEMHUEH.

OMIBTpaLi UCXOIHBIX JAHHBIX, NX HOPMATH3AIHS KaXK-
JIBIM U3 BBIIICONUCAHHBIX METOJOB U BBIICTICHUE TIaBHBIX
KOMIIOHEHT IMPOU3BOMUIIOCH ¢ Hcmoib3oBaHneM CKM
MATLAB. D10T BEIOOp OTIPENEISIICS TEM 00CTOSTETECTBOM,
gyro wiatpopma KNIME mMeer orpanmdeHns Ha pa3mep-
HOCTB IIPU3HAKOBOTO IPOCTPAHCTBA MUCCIEAYEMBIX 00BEK-

Interactive Table
Furzy c-Means ..-,.—b
P vrre el
sl =
FleReader /  gmm Table of data Scatter Plot

\&;uahzdtm of
original data

Pucynok 1 — CtpykrypHas GJI0K-cXeMa MOJIENHU KIacTepH3aliu
00BEKTOB
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TOB. Jlajee MaTpHIa I[MaBHBIX KOMIIOHEHT 3arpy’Kanach B
nporpammuyto cpeay KNIME u noxsepranace o6paborke
C LIEJBIO KJIACTEepU3aIiI HCCIeyeMbIX 00beKTOB. B Kaue-
CTBE aJITOpUTMA KJIACTEpHU3aLiN ObLT BEIOpaH aropiuT™ He-
4yeTKo# kimacrepu3arun C-means. IToT BEIOOpP onpeenseT-
s XapaKTepoM pacIpeieIeH st OOBEKTOB B TPOCTPAHCTBE.
Bapunanum npu3HaKoB HCCIIEIYeMBIX OOBEKTOB B CHIIY MX
TIPUPOIHBIX OCOOEHHOCTEH HE TO3BOJISIOT OAHO3HAYHO OT-
HecTH 00BEKT K TOMY WIJIM HHOMY Kiactepy. Mimeer cmbich
TOJIBKO YTBEP)KJCHHE O CTENEHH ITPUHAIKHOCTH O0bEKTa
TOMY WIN UHOMY KJIACTEPY, BCAECACTBUE YErO Ul aHAIH3a
TaKOTo THITA JAHHBIX HauOoJee 1eIeco00pa3Hbl HEUeTKUE
METO/IbI KIIACTEPU3ALUH, OJHAM U3 KOTOPBIX SIBJISETCS Me-
Tox C-means.

5 PE3YJIbTATHI

I[I/Ial"paMMa pacopeaciiceHus NpOUCHTHOIO COACPIKAHNSA
KOPPCKTHO PACIPCACICHHBIX 00BEKTOB B 3aBUCUMOCTH OT

HCIOJIb3YEMOr0 METOJa HOpMallu3aluy MPeACTaBIcHa Ha
puc. 2. Ha puc. 3 npencrasieHsl rpadMKy pacrpeaeneHus
SHTPOIUH UCCIIETYyeMbIX 00BEKTOB ISl OPUTHHAIIBHOTO U
HOPMAJIM30BaHHOI'0 pa3IMYHBIMM METOIaMU CUrHainoB. Ha
pHc. 4 rToKa3aHbl aHAJIOTUYHBIE IPAadUKHN TS TTIABHBIX KOM-
TIOHEHT HCCIIETYyEeMBIX OOBEKTOB.

JI7151 OLleHKU CTeTIeHH U3MEHEHHS SHTPOIIUH B IIPOLIECCE
BBIYHMCIICHHS IIaBHBIX KOMITOHEHT HCCIIENYyeMOro OOBbEeKTa
PacCUUTHIBAIOCH OTHOCHTENIBHOE U3MEHEHHE DHTPOIUH B
Tporiecce TpaHc(hOPMALIHN HCCIIEAYeMBIX BEKTOPOB IPHU3HA-
kOB 00BekTOB (17):

dE; _ |Ei — Eoi

Ey  |Eof {1

1

I'padmku OTHOCHUTETHHOTO U3MEHEHHS YHTPOIHA HOP-
MaJM30BaHHOTO M TPaHC(HOPMUPOBAHHOTO BEKTOPOB IPH
HCIIONTF30BAHUH PA3IMIHBIX METOJIOB HOPMATH3AINH IIPE]I-
CTaBJICHBI Ha puC. 5.

100 3 T T ¥ T T T
90 - SN — . S S —— —) - - e A bk b e i e e e b i e e B i of e et e e e
B
=
=]
L | ST [OUUTIUUIIE  RURIERUON  IUSRORI SUUUTUUETUUUONY:  TNUOUIIURPURI  WOUTISUSURIIUN IS -
5
a.
70 L . .- _— eecaamie e [OUSURRIURE. S [ORNURNRIN, A . -
10 femeenaeimans - e mnmransnn. - mosman s G e n s s an s mn e wmra s s —
0 - : .
Confrast Dacimal Lingar Btindden Quant Uniinesr ZScore
Normalization method
PI/IcyHOK 2 - ﬂI/IaI‘paMMa pacnopeaci€Hus MMPOUEHTOB KOPPEKTHO PaCPEACIICHHBIX 10 KJIaCTepaM 00BEKTOB B 3aBUCHMOCTH OT MeToaa
HOpMaJIM3aluu
X 1011 Original X 1011 Quant Decimal
-8.4095
| | |
g | B 84095 - ——k- -4~
g % T T T
g “ G BA095 - - b oo
-8.4095 L L L
80 0 20 40 60 80
Object Object Object

ZScore

Object
Contrast

Entropy

Object

Object

Pucynok 3 — I'padiikn SHTpONHU OPUTHHAIBHOTO M HOPMAJIU30BAaHHOTO PA3IMYHBIMKM METOlaMH CHUTHAIIOB: Entropy — 3HaueHue
suTponuu lllenHoHa, Object — uccnenyeMplii 00bEKT

139



[IPOTPECHBHI IHOOPMALIMHI TEXHOJIOI'TE
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Pucynok 4 — I'padiku SHTPOIHIA [IABHBIX KOMIIOHEHT UCCIICAYEMbIX OOBEKTOB

Decimal

e e e
808 - A L8
| |
0.7 1 1 1
0 20 40 60 80
Object
ZScore

Object
Uniinear

dE/E

dE/E

Object
Contrast
1
| | |
w | |
Y 05 MWM’M ]
el
| |
0 1 1 1
0 20 40 60 80
Object

Object

PI/ICyHOK 5- rpa(bI/IKI/I OTHOCHUTEJIIBHOI'O U3MEHCHU S SHTPOIINHU ITPU UCIIOJIb30BAHUU PA3JIMIHBIX METOAOB HOPMAJIU3allUN d% -

OTHOCHTEIbHOE H3MeHeHHe YHTponny; Object — nccneyeMelii 00beKT

6 OBCYKJIEHHE

AHanu3 puc. 3 Mo3BONSET CAETATH BHIBOJ, YTO HANMEHb-
IITyI0 SHTPOITHIO UMEIOT BEKTOPa, HOPMAJIN30BAHHbIE METO-
nmamu decimal-scaling, min-max uunlinear. [Tpu 3ToM MeTox
JIECSITHIHOTO MACIITAONPOBAHKS OKa3BIBAETCS TT0 KPUTEPHIO
SHTPOIHUH OOJIee PEANOYTHTENFHBIM. OIHAKO a0COMIOTHOE
3HAYCHUE KPUTEPUS SHTPONIUH HE SIBIIETCS OObEKTUBHBIM,
MIOCKOJIBbKY JIMAIa30H BapbUPOBAHMS 3HAUYCHUH NTPU3HAKOB
HCCIIEAYeMbIX OOBEKTOB H3MEHSIETCS B 3aBUCHMOCTH OT HC-
MIOJIE3YEMOT0 METOZ[a HOPMAJIM3aIMH, YTO OKa3bIBAET He-
MIOCPEICTBEHHOE BIMSTHNE Ha a0COIIOTHOE 3HAYEHUE KPHTE-
PHSL SHTPOIHH.

O BenmuuHe moTepu HH(GOPMAIMN BCIISICTBHE TPAHC-
(dopmarn BeKTopa (BBIUMCICHUN TTIABHBIX KOMIIOHEHT)
MOYKHO CYJHTh TI0 OTHOCHUTEIEHOMY KPHTEPHIO W3MEHEHNUS
sHTpommu. V3 aHanmu3a rpadukoB, m300pakeHHBIX HA PHC.
3-5 cnemyer, 9YTO TPH UCMOIB30BAHUN METOHOB KBAHTHIIb-
HOW HOpMAaJIM3aIlWH, JECATHIHOTO MacIITabupoBaHus, Z-
MacmTabupoBaHUsL, THHEHHON HOpMaJIH3aluy U HOpMaJIH-

140

3aI[MM METOOM KOHTPACTOB ITPOUCXOOHUT NPHOIH3UTEIHHO
onmHAKOBas moreps uadopmarmy. OqHAKO IO CyMME JIBYX
KPHUTEPHUEB METOI IECATHIHOTO MACIITAOUPOBAHHS SIBIISICT-
cs Haubosee MPEeIITOYTUTENIBHBIM Tl HOpMaTH3alii Uc-
CIIEYEMOTO THIIAa CUTHAJIOB. [Ipn HCTIONb30BaHIMN MUHIMAK-
CHOTO M HEITMHEHHOr0 METOIOB HOpMaJM3aly Habrona-
ercs OoJiee CyIeCTBEHHOE BO3PACTaHHE SHTPOINH, a 3HAYUT
u OornpIras moreps HHPOpMaIuu 00 UCCIeIyeMOM 00beK-
Te, YTO OATBEPIKAACTCS Pe3yIbTaTaMHy KIIaCTepU3aLH, TIpe-
CTaBJICHHBIMH Ha puc. 2. Ha puc. 6 moka3aHsl 1uarpaMmbl
pacnpezeneHust 0ObEKTOB MO KIacTepaM IPH HCII0Ib30Ba-
Hun decimal-scaling 1 min-max MeTOI0B HOPMAaTH3AIHH.
AHanuz pacnpezienieHus 00beKTOB M0 KilacTepaMm, IPeCTaB-
JICHHOTO HA PUC. 6, TOATBEP)KAAET IOTyYCHHBIE PE3YIIBTaATHI
0 Ooree BBICOKOH 2 (PEKTHBHOCTH HOPMATH3ALIUH METOIOM
decimal-scaling o cpaBHEHHIO C IPYTAMH HUCTIONB3YEMBI-
MU METOJaMH IIPHU KIIACTePH3ALIMU 00BbEKTOB, OTIHYHTENb-
HOH OCOOCHHOCTBIO KOTOPBIX SIBIISICTCSI BBICOKAs pa3mep-
HOCTB TPU3HAKOBOTO IIPOCTPAHCTBA.
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6

Pucynok 6 — Pe3ynbrars! pa3oueHust o0beKTOB Ha KJIACTephl P UCHONIB30BaHUU: a — decimal-scaling Hopman3anuy; 6 — min-max
HOpMaJIM3alH

BbIBO/JbI

B pabore noyunna panpHeiiee pa3BUTAE TEXHOIOTUS
WCIONB30BaHus! Kputepus « DHTporust LlleHHOHa» B KauecTBe
MH(OPMALIMOHHOTO KPUTEPHSI IS OLIEHKH KOJIMYeCTBa I10-
JIe3HOHM MH(OPMAIH B UCCIIEYEMbIX JaHHBIX, OTIINIUTEIIb-
HOW 0COOCHHOCTBI0 KOTOPBIX SIBJISIETCS BHICOKAsl pa3MEPHOCTh
MIPOCTPAHCTBA NMPHU3HAKOB. [IpensioxkeH KOMITIEKCHBIH MOz~
XOJI TTO OIICHKE KauecTBa 00pabOoTKN MH(DOPMAIIHH Ha OCHOBE
KPHTEpUsI SHTPOITUY 1 OTHOCHTEIBHOTO N3MEHEHHS SHTPO-
IIMH B TIpoliecce TpaHc(hopManuy JaHHBIX C HCTIONb30BaHH-
€M KOMIIOHEHTHOT'0 aHam3a. Kak moka3aiy ncciieZjoBaHus,
METO]] TVIaBHBIX KOMIIOHEHT UMEET BBICOKYIO UyBCTBHTEIb-
HOCTb K METOZ[aM HOPMaJIN3alliy JaHHBIX Ha dTaIe UX Ipe-
JI00pabOTKH, BCIIEACTBUE YET0 BEICOKYIO aKTYaIbHOCTD PH-
00peTaroT MCCIEA0BaHMS 110 ONTUMHU3ALMH UCTIONB30BAHUS
METOOB TPeno0paOOTKH BEICOKOPA3MEPHBIX JaHHBIX C IIe-
JIBFO TIOBBIIICHHS KaUECTBA MX KITACTEPU3ALIHH.

[IpakTrueckuii MUHTEpEC MPEACTABISIET IPUMEHEHHUE MPEN-
JIO>KEHHOH TEXHOJIOTHH JTs 00paboTku MukpomaccuBoB JIHK,
00BEKTaMH B KOTOPBIX SBIISIOTCS KIIETKH OOJIBHOTO OpraHa, a
MIPU3HAKAMH — YPOBEHB IKCIPECCHUH TEHOB, OIPECIISIONIIX
COCTOSTHHE COOTBETCTBYIOIIEH KIIeTKH. OCOOEHHOCTRIO HCCITe-
JyeMbIX JaHHBIX SBJISIETCS BBICOKMH YPOBEHB IITyMa U BBICO-
Kasi pa3MEpHOCTH ITPOCTPAHCTBA MPU3HAKOB, YTO OIPAHIIHN-
BaeT WMCIOJIF30BaHNE TPAIUIMOHHBIX METOJOB 00pabOTKU
nH(opMaIy. Pe3ynsraTs ccienoBaHIH, TOKA3AIIH, 9TO TS
JTAHHBIX OMOIOTHYECKOH MPUPOIBI, IPEICTABIIAIONIAX COOOH
YPOBHH JKCIIPECCHH T€HOB OOJBHBIX KIIETOK, HANMEHBIIAS
morepsi nHpOpMaHK HAOIIOTAETCS TIPH UCTIONH30BAHUN
decimal-scaling MmeTona HopMmanI3aImy TaHHBIX. KomrdgecTBo
TIPaBHIIILHO PACpPEAETICHHBIX MO KJTaCTEPaM 0OBEKTOB B 3TOM
cirydae cocraBister 97%. VccnenoBaHus Taloke IOKa3aIi, YTO
B CI[y4ae OTCYTCTBHS alpuOpHOW MH(OpPMAIMN O MPUHA/I-
JIEXHOCTH 00BEKTa TOMY WM MHOMY KJIAacTepy ONTHMAlIb-
HyI0 KOMOWHAIIMIO METONOB MPenoOpadOTKi MOKHO BBIO-
partp Ha ocHoBaHUHM Kputepus DHTponus llenHona. 3Haue-
HUS TaHHOTO KpPUTEpHUs A Hambonee KaueCTBEHHO
pe1o0paboTaHHOrO CUTHAJIA SIBJISIETCS MUHUMAJIGHBIM, YTO
COOTBETCTBYET MAKCHMAJIbHOMY KOJIMYECTBY COXPAaHEHHOMH
napopmarmu. Kpome T0oro, 0THOCHTEIEHOE H3MEHEHHE SHT-
poruH B rporiecce TpaHc(hOopMarIii CUTHaJIa KOMITOHEHTHBIM
aHAJM30M B CITydae npuMeHenns merona decimal-scaling He

IIPEBBIIIAET JOIICTUMOIO 3HAUEHUS, UTO CBUIETENBCTBYET O
HE3HAYMTEIBHON ToTepe MH(OPMANNH B IIPOLEecce TpaHC-
(opMaIyy TaHHBIX.

[NepcriekTBHBIMY HAIIPaBIEHUSIMU JATBHEHIINX HCCTe-
JIOBaHUI SBJIAETCS] HAXOXKICHUE aHATUTUUECKOIO BhIpaKe-
HUSI KOMIUIEKCHOTO KPUTEPHS OLIEHKH KauecTBa Ipenodpa-
60TKM MH(pOPMALUH, OAHY U3 COCTABISIOMINX KOTOPOTO
Oyzer cocraiaTh 3uTponus [llenHoHa.
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ONTHUMIBALIA IMMPOLIECY NEPEJOBPOBKH IHOOPMAIII Y CHCTEMAX KJIACTEPU3AILIII BACOKOPO3MIP-
HUX JAHUX

IpencrasieHo METOAUKY BHOOPY ONTHMAIBHOIO METOAY HOpMai3alil npu moOyIoBi KJIACTEPHOI CTPYKTYpH 00’ €KTIB, BiIMIHHOIO
OCOOJUBICTIO SIKMX € BUCOKA PO3MIPHICTh IIPOCTOPY O3HAK. SIK OCHOBHHUIT KpUTEPiil OLIHKU SKOCTI epenoOpoOKY JaHUX BUKOPHCTOBY-
BaBCsl Kputepiit entpormis IlleHHoOHa i BifHOCHA 3MiHa eHTpoIil y poneci TpancdopMarii JaHuX. SHIKEHHs PO3MIPHOCTI IPOCTOPY O3HAK
JIOCIIIKYBAaHUX 00’ €KTIB 37iHCHIOBAJIOCS 33 JONOMOIOI0 KOMIIOHEHTHOro aHaiizy. [1o0ynoBaHo MosieIb CHCTEMH KJIacTepH3allii 3 BUKO-
PHCTaHHSM aJrOPUTMY HewiTkol kiactepu3sauii fuzzy C-means, 3a JOHOMOTOIO SIKOT 3p00JIEHO OLIHKY SIKOCTI KJIACTepH3allil IPH BUKOPHU-
CTaHHI PI3HUX METOIIB mepenodpobku nanux. [TokaszaHo, Mo Ui TOCTIKYBAaHUX JAHUX HAHKpalMM METOIOM HOpMAi3allii € MeTos
JIECSITKOBOTO MacIITabyBaHHs, IIPU SIKOMY SHTPOIisi 00poOJIEHOro CUTHAY NpUiiMae HafiMEHIe 3Ha4eHHsI, IPH [IbOMY B IIPOLIECi TPaHC-
(opmarii JaHMX KOMIIOHEHTHHM aHai30M BiTHOCHA 3MiHa EHTPOIIl He IIEPEBUIIYE TOMYCTHMHX HOPM.

KunrouoBi cioBa: kiactepu3saiiisi, pO3MIpHICTb IIPOCTOPY O3HAK, HOpMaJIi3amis, SHTPOIis.

Babichev S. A.

PhD., Associate Professor, Department of Informatics and Computer Science, Kherson National Technical University, Kherson,
Ukraine

OPTIMIZATION OF INFORMATION PREPROCESSING IN CLUSTERING SYSTEMS OF HIGH DIMENSION DATA

The methodic of choice of optimal normalization method for object cluster structure of creation, with high dimension of feature
space, is shown. The Shannon entropy criterion and entropy relative change were used as main criterions of estimating the data
preprocessing quality during the data transformation. Decreasing of feature space dimension of tested objects was realized by component
analysis. Model of system clustering with the use of fuzzy C-means algorithm was constructed, which the help of whith the estimate of
clustering quality was established by the use of different data preprocessing methods. It’s shown that the best normalization method for
tested data is decimal-scaling method, by which the entropy of processed signal gets minimal significance, and relative change of entropy
doesn’t exceed permissible norms during the process of data transformation by component analysis.

Keywords: clustering, the feature space dimension, normalization, entropy.

REFERENCES 8. Ivahnenko A. G. Objektivnaja klasterizacija na osnove teorii
samoorganizacii modelej, Avtomatika, 1987, No.5, pp. 6-15.

9. Ivahnenko A. G. Algoritmy metoda gruppovogo ucheta
argumentov (MGUA) pri nepreryvnyh i binarnyh priznakah.
Kiev, Institut kibernetiki AN Ukrainy, 1992, 49 p.

10. Ivahno S. S., Korneljuk A. 1., Mincer O. P. Metody klasterizacii
v programme Microarraytool dlja analiza dannyh DNK-
mikroarreev, Medichna informatika ta inzhenerija, 2008,
No. 3, pp. 33-40.

11. Ivahno S. S., Korneljuk O. I. Ogljad tehnologij ta analiz danih,
Ukrainskij biohimichnij zhurnal, 2004, No. 2(76), pp. 5-19.

12. Gentleman R. Carey V., Huber W., Irizarry R., Dudoit S.
Bioinformatics and Computational Biology. Solutions Using R
and Bioconductor. New York, Springer, 2005, 473 p.

13. Bolstad B. M., Irizarry R. A., Astrand M., Speed T. P. A
Comparison of Normalization Methods for High Density
Oligonucleotide Array Data Based on Variance and Bias,
Bioinformatics, 2003, Vol. 19, pp. 185-193.

14. Babichev S. A., Babenko N. L., Didyk A. A., Litvinenko V. L.,
Fefelov A. A., Shkurdoda S. V. Fil’tracija hromatogramm s
pomoshh’ju vejvlet-analiza s ispol’zovaniem kriterija jentropii,
Sistemnye tehnologii, 2010, No. 6(71), pp. 17-22.

15. Golub T. R., Slonim D. K., Tamayo P., Huard C., at al. Molecular
Classification of Cancer: Class Discovery and Class Prediction by
Gene Expression Monitoring, Science, 1999, Vol. 286, pp. 531-537.

1. Shannon C. E. A mathematical theory of communication, Bel!
System Technical Journal, 1948, Vol. 27, pp. 379-423, 623-656.

2. Shorel. E., Johnson R. W. Axiomatic derivation of the principle
of maximum entropy and the principle of minimum cross-
entropy, /[EEE Transactions on Information theory, 1980, Vol.
IT-26, pp. 26-37.

3. Krishnaiah J. V., Chandra Sekar D. V., Ramchand K., Rao H.
Data Analysis of Bio-Medical Data Mining using Enhanced
Hierarchical Agglomerative Clustering, International Journal
of Engineering and Innovative Technology, 2012, Vol. 2,
Issue 3, pp. 43-49.

4. LiangJ., Kachalo S. Computational analysis of microarray gene
expression profiles: clustering, classification, and beyond,
Chemometrics and Intelligent Laboratory Systems, 2002, No.
62, pp. 199-216.

5. Rezankova H. Cluster analysis of economic data, Statistica,
2014, No. 94(1), pp. 73-86.

6. LiY. Text document clustering based on frequent word meaning
sequences, Data & Knowledge Engineering, 2008, No. 64(1),
pp- 381-404.

7. Jain A. K., Murty M. N., Flynn P. J. Data clustering: A review,
ACM Computing Surveys, 1999, Vol.31, No. 3, pp. 264-323.

142



p-ISSN 1607-3274. Panioenekrponika, iHpopmaruka, ynpasiinas. 2014, Ne 2
e-ISSN 2313-688X. Radio Electronics, Computer Science, Control. 2014. Ne 2

Y/IK004.738.5

Bepko A. 10.", Bucoubka B. A.2, YnpyH J1. B.2

'[-p. mexH. Hayk, npoghecop, 3asidysad kaghedpu «3azanbHa eKosozis ma ekoiHghopmauitiHi cucmemu» HayioHansHo20

yHigepcumemy «JIbgigcbka nonimexHika», YkpaiHa

2Acucmenm kagpedpu «lHghopmauitiHi cucmemu ma mepexi», HayioHansHull yHisepcumem «Jlbsigcbka nonimexHika», YkpaiHa
3KaHO. mexH. Hayk, doueHm kaghedpu «[lpozpamHe 3abesneyeHHsi», HauioHanbHul yHisepcumem «JIbgiecbka nonimexHikay,

Ykpaina

NMPOEKTYBAHHA TA BMNPOBADXEHHA CUCTEM ENEKTPOHHOI

KOHTEHT-KOMEPLLIT

3anponoHOBaHO METOJ] ONPALIOBAHHS KOMEPLIHHOIO KOHTEHTY SIK €Tal )KUTTEBOTO IUKILY
KOHTEHTY B CHCTEMax EJICKTPOHHOI KoMepLil. MeTox onpaunroBaHHsS KOMEPLiHHOrO KOHTEHTY
onucye nporecu (opmyBaHHs iHGOpMaLIHUX pecypciB B CHCTEMaxX €JIeKTPOHHOI KOHTEHT-
KOMepILii Ta CHPOIy€e TEXHOJIOTII0 YNPABIIHHA KOMEPLIfHUM KOHTEHTOM. Y Lili po6oTi
IPOaHaJi30BaHO OCHOBHI IPOOJIEMH eJIEKTPOHHOI KOHTEHT-KoMepILii Ta QyHKIlIOHAIbHUX CEpBICiB
OIPAILIOBaHHS KOMEPIIHHOTO KOHTEHTY. 3alpolOHOBAaHHUN METOJ] 1a€ MOXKJIUBICTb CTBOPUTH
3aco0u omnparoBaHHs iH(YOPMALIHHUX PeCypCiB B CUCTEMaX eJIeKTPOHHOI KOHTEHT-KoMepIil Ta
peanizyBaTu mifcucteMu (GOpMyBaHHS, YIPaBIIiHHS Ta CYPOBOAY KOMEPLIHHOIO KOHTCHTY.

KuiouoBi ciioBa: inopmaniiiHuii pecypc, KOMEpIifHHUI KOHTEHT, KOHTEHT-aHaJli3, KOHTEHT-
MOHITOPHHT, KOHTEHTHUH MOIIYK, CHCTEMa eJIeKTPOHHOI KOHTEHT-KOMepIil.

HOMEHKJIATYPA

IT — indopmariiHi TeXHOIOTi;

CMS — Content Management System (cucrema kepy-
BaHHS BMICTOM);

CEKK — cructema enekTpoHHOI KOHETHT-KOMEPLII;

N — KiJIbKICTb JPKEepes KOHTEHTY;

X; — i-Te JpKepeso iHpopMallii;

X (xl.) — BXiJHHH HaOip KOHTEHTY (MHO)KHHA KOHTEHTY X
i-TOTO JDKEpena);

X;— Habip KOHTEHTY SIK pe3y/bTar Bifoopy 3 j -TO JKe-
pena;

U; — MHOXXMHU YMOB (pOPMYBaHHs BXIJJHOIO Habopy
KOHTEHTY;

<X iU, ,-) — MHOXXHHHU 3Ha9eHb KOHTEHTY y 3aJaHOMY
(dbopmarti i MHOXXHHU YMOB;

Veriﬁcation((X HU; )) —orepatop Bepuikarlii KOHTEHTY;

Qualiﬁcation({X Ui )) —oreparop Keaiikariii KOHTEHTY;

Conversion((X U, l)) — OIEPATop MEPETBOPEHHS KOHTEHTY;

Downloading((X iU, l)) — OTepaTop 3aBaHTaKEHHS KOH-
TEHTY;

(X ,U > — 3aranpHUl iHpOpMAIiiHUIA pecypc;

S — cEcTeMa eJIeKTPOHHOI KOHETHT-KOMEPITii;

X ={x1,X3..., X, } —~MHOKHHA KOHTEHTY 3 Pi3HIX JDKEPEI;

0=1{91,9>-- +ng } —MHOXkUHA iHpOpMaLiHHNX 3a1HTiB
KOPHCTYBadiB;

C={c,c5...,c, c } — MHOYXMHA KOMEPITIIHOIO KOHTEHTY;,
V={v,v2...,v;, } — MHOXHHA YMOB CYyIIPOBOTY KOH-
TEHTY Ta 30BHIIIHIX BIDTMBIB CEPEIOBHUIIA HA CHCTEMY;

H={h,hy....h,, } — muoxMHA yMOB (OpMyBaHHS Ta
YIpaBIiHHSI KOHTCHTOM;

© Bepko A. 10., Bucoupka B. A., Yupyn JI. B., 2014
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Z={z21,23...,2,,} — MHOXUHA KOMIIOHEHTIB 1H(opMa-
iHOTO pecypcy;

T={4,t5..., In, } —4ac TpaH3aKUii yIPaBITiHHS KOHTCHTOM;

Y ={y1,y2... Y, } — KONEKList BUXi/IHUX XapAKTEPHCTHK
poboTH cucTeMu;

yj={aj,ay,.., ag} — KOICKLIs CTATUCTHYHNX JAHHUX
(YHKLIOHYBaHHS CHCTEMU;

@) — KUIbKICTb BiABilyBaHb 3a Epiof yacy At

a, — cepeliHill yac BiABigyBaHHSA iH(pOpMaLiiHOrO pe-
cypey (XB:C) 3a epiof 9acy At;

a3 — NOKa3HUK BiMOBIIeHb (%) 3a 1epiof yacy At;

@4 — JOCSATHYTA META TOIIYKY;

a5 — IuHaMiKa KOHTeHTY (%0);

g — KUIBKICTB BCHOI'O IIEPENIANIB CTOPIHOK;

@7 — KUIBKICTB IIEPENIsiiB CTOPIHOK 32 OIHE BiJIBilyBaHHS;

ag —HOBI BiBinyBaHH: (%);

g —a0CONIOTHO YHIKA/IbHI BiIBiTyBaui;

ay — Axepeno Tpadika y % ToIwo;

Function — oriepatop (GopMyBaHHs BUXiTHUX JAHUX CH-
CTEeMH;

Formation — oueparop GopMyBaHHs KOHTEHTY;

Management — oniepatop yrpaBiliHHS KOHTCHTOM;

Support — oneparop CynpoBOIy KOHTEHTY;,

uyp ={uy(x;),....up, (X;)} — MHOKHHA yMOB (hopmy-
BaHH KOHTCHTY.

BCTYII

AKTUBHHUM pO3BUTOK [HTEpHET Cripusie 3pOCTaHHIO I10-
TpeO B OTPUMAaHHI OTIEPaTHBHUX TAHUX BUPOOHUIOTO/CTpa-
TEriYHOTO XapakTepy i peanizalii HoBux (opm indopmartiii-
HOTO 0OCIyroByBaHHS uepe3 cydacHi IT enekrpoHHOI KO-
Mepmii [1, 6, 23—-25]. lokymMmeHTOBaHa iH(pOpMaIis,
TTiATOTOBJIEHA BiIMOBITHO 10 ITOTped KOPHCTYBadiB, € KOMEp-
[iHAM KOHTEHTOM [ 1, 67, 12—16, 23-25]. ChoromHi eIeKT-
POHHA KOMep1ist € 00’ €KTHBHOIO PEaybHICTIO Ta MEPCIeK-
TUBHHUM Oi3Hec-miporiecoM [ 1]. IHTepHer € 6i3Hec-cepeoBu-
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[IPOTPECHBHI IHOOPMALIMHI TEXHOJIOI'TE

IIeM, a KOMEpLiHHUN KOHTEHT € TOBapOM 3 HalOUIbIINM
TIOIMTOM 1 IIpOAaKaMH B HbOMY Ta OCHOBHHM 00’ €KTOM
NIPOLIECIB €NEeKTPOHHOI KOHTEeHT-KoMepuii. Komepuiitanit
KOHTEHT MO>KHA BiJ]pa3y 3aMOBHUTH, O)OPMHTH, OIUTATHTH Ta
otpumMaTty on-line sik ToBap. Yepes [HTepHeT nponatoTs Bech
CIIEKTpP KOMEPLIIfHOrO KOHTEHTY — HAyKOBI Ta ITyOTiLIUCTHYHI
CTaTTi, My3UKY, KHUTH, QisbMu, GOTO, IporpamHe 3abe3re-
YeHHs ToIIo. BizloMuMu KopriopauisiMu, sIKi peasti3yroTh eJek-
TPOHHY KOHTEHT-KoMmep1ito, € Google uepe3 Play Market,
Apple — Apple Store, Amazon — Amazon.com. binbmricts
PILLIEHB Ta OCHIPKEHB TPOBE/ICHO Ha PiBHI KOHKPETHUX IPO-
extiB. CEKK moGynoBaHi 3a 3aKpUTHM NPUHIUIIOM SIK pa-
30Bi mpoektr. CydacHi CEKK opienToBaHi Ha pearizarito
KOMEpLIHHOTO KOHTEHTY, SIKMi CTBOPEHUH 32 ME&XKaMH CHC-
TemH. [IpoexTyBaHHs, CTBOPEHHS, BIPOBAKEHHS Ta CYII-
poBig CEKK HemoxiBe 6e3 BUKOPHCTaHHS Cy4acHHUX Me-
TOAIB Ta IHPOPMALIMHUX TEXHOJIOTiH (hOpMyBaHHS, YIIpaBII-
IHHSI Ta CYIIPOBOY KOMEPLIHHOTO KOHTEHTY.

CEKK nependauae BUKOpHCTaHHS iHPOPMAIHHIX TEXHO-
JIOT1# 17151 B3a€MOJIii TOPTiBeNbHNUX KOMIIaHiH 3 po3apiOHNMHU
TIOKYIILISIMH, 320€3I1€4EHHS IIOBHOIO IUKITY MPONaXXy KOH-
tenty [1-2]. Y CEKK cknan y4acHuKiB HA0AraTo MIHPIITHNA:
KpiM KOpHCTyBadiB (IIPOJABIIB, MOKYIIIiB) MICTUTh HU3KY
(iHaHCOBHX ycTaHOB (OaHK-eMITeHT, OaHK IPOIABIIs/ TIOKYII-
1151, GaHK-eKBa€p), KOMII ToTepHUX 1eHTpiB Toulo [ 1]. Kopuce-
TyBadyaMH BHUCTYIIAIOTh NEpeBaXHO (i3nyuHI 0codu, a TAKOXK
YCTaHOBH, COLiaJIbHI 3aKJIa/IH, 1HIII BUIY CIIOKUBAYiB (I0pH-
nmuaHi ocoon). [Tpomasisimu B CEKK e pi3Hi oprasizamiiiai
(opmu koHTeHT-TOpriBi. KomyHikawiiiHy Mepexy ¢opmy-
I0Th TIPOBaiepy, cepBepy, NPOLECHHIOBI LEHTPU TOILO.
CucreMy 10CTaBKH CTaHOBUTH [HTEpHET. YCi CKI1a/I0B1 e/leMeH-
TH B3aEMOJIIIOTH Y CHCTEMI B3a€MO3B ’3KiB. Y IIbOMY rapaH-
Tig critikocti ¥ Hamiinocti CEKK. Baxxnmusnumu ereMeHTaMn
CEKK € opranizamiiiHi ¢popmu eeKTpOHHOI KOHTEHT-TOPTIBII,
10 MAIOTh €JIFHY CIIPSIMOBAHICTh — 3a0e3NeYeHHs MPoLecy
PO3IpiOHOI KYMiBITi-IIPOAAXKY, e BiAPI3HIIOTECS CKIAIOM,
crpykrypoto, npmHadeHHsM B CEKK [1-2].

IcHye TIeBHE MPOTUPIYYS MK aKTHBHUM PO3BHUTKOM i
mormmpenssM [T ta CEKK 3 ogHoro 60Ky, Ta HOpiBHSHO He-
3HAYHUM 00CATOM HAYKOBHUX JOCIi/KEHB 3 ITi€] TEMATHKH Ta
X mokapHICTIO 3 iHmoro [ 1]. Lle mpoTupivds mopomKye mpo-
0JeMy CTpUMYyBaHHS iHHOBAILIHHOTO PO3BUTKY CEKTOPY €JICK-
TPOHHOI KOHTEHT-KOMEPIIii Yepe3 CTBOPEHHS 1 3aIpoBaKeH-
HS BiJIIIOBITHUX HOBITHIX mporpecuBHuX [T, mo HeraTuBHO
BIUIMBAE HA TEMIIH 3pOCTaHH ITi€i YaCTHHU PUHKY. B Mexax
3arajxpHOI MPOOJIEMHU aKTYyalIbHOIO € 3a7a9a PO3pOOICHHS
HAYKOBO OOTPYHTOBAHHX METOJIB OMPAIfOBAHHS iH(pOpMa-
LIITHIX PeCypCiB eIEKTPOHHOI KOHTEHT-KOMEPIIii Ta mooymo-
BU Ha iX OCHOBI TEXHOJIOTYHHUX IIPOrPAMHFIX 3aC00IB 11T CTBO-
perHs, nomupeHHs i cranoro po3BuTky CEKK. B pobori
MIPOBEJCHO AOCIIIKEHHS 3 METOI0 BH3HAYEHHS 3aKOHO-
MipHOCTEH, 0COOIMBOCTEH Ta 3aJIeKHOCTEN y TIPOoIIecax oIr-
pamroBanH iH(popMaiitaux pecypcis B CEKK.

MeToro CTaTTi € po3pOOIEHHAS METO/IIB Ta TEXHOIOTTHIX
3ac00iB OIMpaIFoBaHHA iHPOPMAII HHIX PECYPCIB B CHCTEMAax
€JIIEKTPOHHOI KOHTEHT-KOMEPIIii 15t 301ThIIeHHS 00CSITiB pea-
Ji3a1ii KoMepiHHOrO KOHTEHTY OCTITHIM KOPHUCTYBa4YaM.
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1 IOCTAHOBKA 3AJTAYI

OcnoBHoto 3aga4ero npoekTy ctBopeHHst CEKK € pos-
pobieHHs apxiTekTypu iHdopMariiiHoro pecypcey, aKy ¢pop-
MYIOTb 32 3BOPOTHOIO PEAKIII€I0 KOPUCTYBAdiB BiIIOBITHO
JIO TUITY NIOIIMPEHHS KOMepLiiHOT AistibHOCTI. KoHTeHT (Bin
aHII. content — 3MICT, BMICT, CyTh) B raiy3i iHopMariiaux
TEXHOJIOTiH € (hOpMalli30BaHUMH BiJIOMOCTSIMH 1 3HAHHSIMH,
PO3MIIICHUMH y CEPEIOBUIIII CHCTEMH i, Ha BiJIMiHY BiJI Ja-
HUX, 0e3 IeTaNTbHOI criermQikarii iX BIaCTHBOCTEH, CIIOCO0IB
(opmauizanii i BnopsiakysaHHs [ 1]. [ndopmartiiiauii pecypc
CEKK — 11e MHOXXHHa JTaHUX 3 HA00POM BJIACTHBOCTEH, SIKi €
00’€KTOM [Iiif TEXHONOTI] IepeTBOpEeHHs iX B KOMEpLiHHNI
KoHTeHT [ 1]. Pe3ynerar 3acTocyBaHHs OfiHi€T TEXHOIOTTT MOXE
OyrH iHpopMalLiifHIM pecypcoM iHmIoi. Bunnkae mpo6iie-
Ma CTBOPEHHS €IMHOTO KOHIETITYaJbHOI'O OITMCY BCHOTO
iH(opMariifHOro pecypcy s cTablIbHOrO MiATPUMAaHHS
30BHIIIHIX/BHYTPILIHIX NO3HAYEHb KOHTEHTY BIIIOB1THO JI0
ix 3aBIIaHb, BUMOT Ta 3MiH [ 1, 3—5]. HeoOximHo knacudikysa-
TH iHpOpMaLiiiHI pecypcH WISt JOCHIPKEHHS X IPUPOJHIX,
TEXHOJIOTIYHHX Ta CIIOKHMBYUX SKOCTEH 3 METOIO BUSIBJICHHS
XapaKTepHUX Ta Crien(idHIX BIaCTUBOCTEH, a TAKOXK 3aKO-
HOMIipHOCTeH Ta 0cOOJIMBOCTEH iX OpMYBaHHS Ta 3aCTOCY-
BaHHS. 32 OCHOBY B35ITO OCHOBHI BJIACTUBOCTI KOHTEHTY B
CEKK sk cCMHTaKcHuC, CTpYKTypa Ta CEeMaHTHKa Ta 00paHO
OCHOBHI (pakTopu Kiacu(ikariii Sk cnocoOu MOAaHHS KOH-
TEHTY, CTPYKTYPYBaHHsI Ta IPU3HAYEHHS PECYpCY, AOCTYITY
JI0 pecypcy.

Hexaii icHye nesika nonepenHbo BU3HaU€Ha MHOKUHA N
MIEpBUHHUX JDKEpEN KOHTEHTY 3 (DIKCOBaHMM a00 3MiHHUM
cxnanoM. Koxxne mxeperno inpopmanii x;, fe ; = L_N, ¢bop-
MYe IesKy MHO)KHHY 3Ha4eHb, [0 MICTATH BiZJJOMOCTI/3HaH-
Hst/¢akrn 3 npenmetHoi obmacti CEKK. PesyneraTom 3Bep-
HEHHs NIEBHUX TexHonoriyHux 3aco6iB CEKK no mxepena x;

€ TeHEepYBaHHs MHOKUHU 3Ha4eHb X (xl- ), sIKa CIPUIMAaETh-
cs 1 momaeThes y BU3HaUeHiH gopmi. B mporeci Bigdopy i
(ikcarrii reHepoBaHNX 3HAYCHB, 3T1JHO TEXHOIOTI YHIX 0CO0-
JUBOCTEH CHCTEMH, 3TeHEPOBaHy KOYKHUM JHKEpesioM iH(op-
Mallii MHOXXHHY 3Ha9€Hb TIEPETBOPIOIOTH Ha BXiTHUN HA0ip

KOHTEHTY, BU3HaueHoro gopmary — X;, ne i =1, N. Koxen
HaOlp KOHTEHTY ITONAETHCS Y BUITIAI CTPYKTYPOBAHUX, CIIa0-
KOCTPYKTYpPOBaHUX JaHUX a00 JaHUX O€3 BU3HAYCHOTO OIH-
CY CTPYKTYpH.

CrpykTypyBaHHS KOHTEHTY Iependadae (hopMyBaHHI
IUTSL KOKHOTO Habopy ommcy HOro CKiIamy, crocobiB Imo-
€/IHAHHSI €JIEMEHTIB Ta IX BIIOPSAAKYBAHHS — MHO)KHHU YMOB

U, nej= L_N Kosxen HaOip KOHTEHTY € IIO€THAHHSIM MHO-
KMHHU 3Ha4Y€Hb Y 3aJaHOMY (opMmati i MHOXKHHH YMOB —
(X U ,-), y BUNAAKy (HOpMyBaHHS BXiZHOTO HAOOpy KOH-
TeHTy 0e3 onmcy crpykrypu U; = J. OTpumMaHuii KOHTEHT
niepen 30epekeHHsIM B 0a3i TaHUX MPOXOIHTH MPOIEAYPY
Bepuikamii Ta Baiarii A i ATBEPILKEHHS HOro (hopMaiib-
HOI 1 3MiCTOBHOi KOPEKTHOCTI/peJIeBaHTHOCTI MO0 BAMOT
cucreMu. [Ipu He BiATIOBITHOCTI 3a3HAYECHIM KPUTEPisIM da-
CTHHA KOHTEHTY BHJIY4a€ThCsl 3 IIOAANIBIIOrO 3aCTOCYBAHHS.
BindinsrpoBaHuii KOHTEHT (HOpMATYIOTH Ta 30€pirarTs,
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TTiCIIs YOTO Bi/IMOBI/THI BiJOMOCTI 1 3HAHHS CTAFOTh JIOCTYITHH-
Mu 18 3actocyBaHHs kopuctyBauaMu CEKK. dopmanbHo
TaKy IOCIiJOBHICTh TEXHOJIOTTYHHX IPOIECIB ITOTAHO SIK JIaH-

LHOKOK TIPH § =1, N :
x; = X(x;) > X; = (X;,U;) > Verification(( X,,U;)) >
— Qualification((X;,U;))— Conversion((X;,U;)) -
— Downloading((X;,U;))— (X,U). (1)

2 OUIA A JJITEPATYPH

OCHOBHI KJ1acu KOPHCTYBa4iB/TiepcoHaiB iH(opMarii-
HOTO pecypey (KITi€HTH, KepIBHUKHA poO0OYHX TPYII 1 aami-
HiCTpaTopy) BU3HAYAIOTh JU3aliH iH(opMariitHoro pecyp-
cy i mpouec yxBaneHHs pimens (puc. 1) [1]. IopiBHsHHS
THITIB HOIMPEHHS KOMEPLIHHOI AisUTEHOCTI.

1. Web-6impuna Ma€e cyTTEB1 HEONIKU: JO3BOIISIE OPraH-
13yBaTH TUTBKY TOPTiBIIIO HA 3aMOBJICHHS; HE JI03BOJISIE HAJIA-
TOJIUTH TOPTiBIIO Yepe3 [HTepHeT; He 3MEeHIIye orepauiliHi
BUTpATH i HA YTPUMAaHHS IITATY; HEIIOBOPOTKE PIlLICHHS 3
TIOJISITY YIIPABIiHHSI 1 HEOCTATHRO THYUYKE 3 OISy Opra-
Hi3aIlii MAPKETUHIOBHX AKITii; 1Mi/PK KOMITaHii TipIIUi, HiX y
xommaHii 3 CEKK; manoedekrnBHa i HepeHTabenpHa opra-
Hi3arist Toprismi [1].

2. Ha ctBopennst CMS HeoOXiaHa Oinblia KiTbKICTh paso-
BHX BUTpPAT NOPiBHAHO 3 Web-BiTpuHOIO, aje BOHU edek-
THBHIIII, OCKIIbKH BUKOpucTaHHs: CMS peHTabenbHilIe moio
obopoty [8—11]. IcHye anbrepHaTBa CaMOCTIHHOMY CTBO-
PEHHIO IPOMI3IKOI CHCTEMH — 1€ OPCHIYBAHHS Y CIICIIialIi30-
BaHI} KOMITaHii: BUTPATH piBHOMIPHO PO3HOUISIOTECS B Haci.

3. CEKK 000B’513K0BO MiCTUTh Web-BITpHHY 3 KaTaJIOIOM
KOHTEHTY (3 MOXKITUBICTO ITOITYKY) 1 HeoOX 1 AHIMH iHTepdeii-
CHHMH eJIeMEHTaMHU JI BBEZICHHS PeeCTpalliiftHol iHpopMartii,
(hopMyBaHH: 3aMOBIICHHS, 3IIIICHEHHS IUIaTeXiB yepe3 [HTep-
HeT, opopMIICHHS JOCTaBKH (e-mail abo on-line), oneprkaHHs
iH(popMarii Ipo KOMITaHiFO-TIPOAABI i on-line gomomory.
Peectpamis mokymisg BinOyBaeThcs mpu 0hOpMIICHHI 3aMOB-
TieHHs a00 IpH BXODKEHHI B cucteMy [ 1, 6. 23-25].

IHCTpyMEHTH
LOOCHigXeHHS
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h
|
- | i M|
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N
|

[Mpouec onparroBanHs iHOPMALIHHUX PECYpCiB CKIIa-
JTA€THCS 3 TAKHUX MiJCUCTeM: (POPMYBaHHS KOHTEHTY (30H-
PpaHHsI/CTBOPEHHSI, CHCTEMaTH3allis Ta ITOIINPEHHS KOMepIl-
IHHOTO KOHTEHTY), YIIPaBIiHHS KOMEpIiHHUM KOHTEHTOM
(ompamroBaHHs, aHAi3 Ta MOAAHHS KOMEPIiI{HOr0 KOHTEH-
Ty), CYIIPOBiI KOMEPILIHHOTO KOHTEHTY (CTpYKTYpyBaHHS,
Mozepallisl Ta y3araJbHEeHHs] KOMEpLiHHOro KOHTEHTY) [ 1—
25]. Ha puc. 2 nonana cTpykTypa IiJCHCTEMHU ONPALFOBaH-
Hs1 iH(opMaLiiHIX pecypeiB [3-4]. BusHaumBIm npiopuTeTHI
TEMAaTHKH KOHTEHTY Ta X 3B 530K 13 OCHOBHUMH KJIacaMHu
KOPHUCTYBaviB, CTBOPIOIOTH apXiTeKTypy iH(opmariitHoro
pecypey (Tabmn. 2), iepapxit0 KOHTEHTY, HOro COCOOH I10-
JIaHHS 1 B3a€MOIii 3 HIM KOKHOTO KJlacy KOpHCTyBauiB (Ha-
TIPUKJIa]], TEMH Ta IMTAHHS MOPSAKY ASHHOTr0 abo cecii, mia-
HyBaHHS IIUX muTaHb) [1]. OcHOBHI BiacTHBOCTI iHpOpMaI-
iiamx pecypci B CEKK [1-5].

1. Heoonopionicms. HasiBHICTb CKIIaJIOBHX Pi3HOTO IT0-
XOJDKEHHS, 3MicTy 1 hopmary.

2. V320001cenicmy. BiICYTHICTB CyTiepewInBUX a0 po-
THJIKHUX 3HaYEHb KOHTEHTY.

3. Hocmynuicmo ghopmany. JIOCTYIHICTB VIS BCIX KOPHIC-
TyBa4iB Ha OCHOBI CTAHJIAPTU30BAHUX METOIB, 3aCO0IB Ta
iHTepdeiiciB.

4. Biokpumicme. 3MaTHICTB 110 B3a€EMOJIi1, 0OMiHy 3Ha-
YEHHSIMH Ta CITIIbHOTO BUKOPUCTAaHHSI 3 30BHIIIHIMU pecyp-
CaMH.

5. Hunamiunicme. l1IBuaka akTyanizaiis, BIIIOBIIHO 10
YMOB CHCTEMH UM CEpEIOBUIIA.

6. Macumabosanicmy. MOXIMBICTb 3MiHU JIOTTYHOIO/
(hi3UYHOTO 00CATY KOHTEHTY (BEJIMUMH/TIOHSTH Ta TX II03HAYEHB ).

7. Konmponvosanicme. @ikcallist SMiHH/BUKOPUCTAHHS
KOHTeHTY Ta foro BrmBy Ha CEKK.

[lepeTBOpeHHS Pi3HOPIAHMX 32 MIPUPOAOO, 3MICTOM Ta
TIOXO/KEHHSIM JIAHUX B Y3TOIDKEHUN IIEHTPaTi30BaHmi iH(op-
MalifHAN pecypc € OIHI€I0 3 BAXKIUBUX MPOOIEM oOymo-
Bu Ta ¢pynknionysarss CEKK [1]. [Ipu nupoMmy BaskmMBUMHA
3aBJaHHAMH € 3a0e31e4eHHs iHpOopMaLiHHUX MOTPed IMpo-
OJIEMHO-OpPiI€HTOBAHUX E€IIEMEHTIB CUCTEMH, MiATPUMAaHHI

Mlowykosuti

| IMpoexmyeaHHs
|\MapKemuHa :\
i—________________:_____]." A _

mapkemuHal

h
OnnaTa 3a Knik Ta ycnixy : I nnaHy :
- dSf=————— |
MapTHepcbki IHmepHem- eSS oo oo 1
nporpamu MapkemuHe | E""a”'/
1 MapkemuHel
Web-XxocTuHF —— ———E-I-——-a PospoGnents
YnpaesiiHH:
IHcTpymeHTH PR PopmyeaHHsi AHanisyeaHHs
Py KOHMeHmom KoM, my
IHcTpymeHTH 3MI MpocyBaHHs Ta KoHTeHT-aHani3
Email- nponaryBaHHA K 4
iHCTpyMeHTn [ KinbkicHi ouinku | [ SkicHi ouinku |

3micTtoBHa oGymoanech-n;

CuHTaKcu4Ha
KoHrekcTHa
3micTtoBHa noﬁy,qosa

MepioonyHicTy/
yac nybnikavji

Jekcuko-rpamamyHa

CemaHTVKO-N parmaTtudHa |

Pucynok 1 — Cxema BU3HaUeHHS An3aliHy iH(OPMAIIfHOTO pecypcy Ta eTalliB yXBaJleHHs pillleHb
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Mincucrema cbopmyBaHHSA Mipcucrema ynpaBniHHA Miacucrema cynposoay -
IHchopma- KOHTEHTY KOHTEHTOM KOHTEHTY 8
uitHMn o
pecypc 9
<11 ] [= IHTepdoeiic IHTepdeic IHTepdeiic <
agMiHicTpaTopa mogepaTopa MopfepaTopa W
Incdpopma- |2 36upaHHs PopvysarHs Ta IHcpopmaLivki [P [l Hbopma- i‘
uitHMn KOHTEHTY - poTauia 6a3 -» 4 nopTpeTy uiiHUN _I
- ‘rflcypc‘ v l:-: AaHnx § ; pecypc | -|
< - k3 - IS - C >
dopmaTtyBaHHS £ Porauiis 6a3 g g Ly TemarnuHi Rl
2 I 'C_"aHV')f _ s 'g CIOXKETU = v~
] x HOVBioyanizauisa I s
- Kntoqosi crnosa H Ha OCHOB l ] § OuHamika = H:i);r:)v':;la I
£ g XML/RSS KOHTEHTY T’_EI"YPC‘ .
(7] Py6p i - S
= maun § DOopMyBaHHS Tabrvusa
- ) 14 pecypcy > Baaemose'saie [P o ==
= - OyGnikaru E - KOHTEHTY IHcho pma- |2
Indpopma- 1= Inchopmaviivumi [ gé > » “Lﬁ"""z [
::(':;';2 HanopkecTtn PROXY-cepBep g 8 PenTHr kKoHTeHTy LWP : >
+ [x} = =
E = g =
Poanoain MeHepauis H- 10 d Craructuka [ Goog_le
= |- KOHTEHTY BUXiAHUX OOpM pecypcy H-| Analytics
Ipopua- (2
“:::'“2 IHTepdpeiic IHTepderic IHTepdperic
= \p_l il = - mMoaeparopa KopucTyBaya aHaniTuka

Pucynok 2 — CtpyKTypa mificHCTeMH onpartoBanHs iHpopmaniiinux pecypceis B8 CEKK [3—4]

JIOCTYITY /IO IAHUX Pi3HUX KaTeropiil KopucTyBadiB, JOTPH-
MaHHS IpaBMJ LUJIICHOCTI Ta HECYNEPEeYyHOCTI NaHUuX,
MiHIMi3allisl Ta KOHTPOJIb Ha UIUIIIKY JAHHUX, 31aTHICTb JI0 PO3-
BUTKY Ta 3MiHHU BHYTpILIHBOI opraHizauii iHpopmMariiiHoro
pecypcy, JOTpUMaHHs BUMOT SIKOCTi Ta epeKTHBHOCTI TaHUX
[1-5]. BaxxnuBuM € 3a0e31eUCHHS IHBapiaHTHOCTI cepeIo-
Buma CEKK no moguikanii inpopmaniiiHix pecypciB y
TaKUX 3MiHax: crocoOiB moganHs, (JopMaTiB, Ta BHYTpILI-
HBOI Opra-Hi3amii KOHTEHTY; cepeoBHIIa 30epiraHHs KOH-
TEHTY, (PI3UYHIX OJMHUII 30epiraHHs, TEXHIYHUX 3aC001B;
BHMOT KOPHCTYBayiB, MOsIBa HOBUX BUMOT' Ta KaTEropin Ko-
PHUCTYBa4iB; IOPSAKY PO3IIOALTY KOHTEHTY Ta CIIOCO0IB JOC-
Tymy kopuctyBadis [ 1-6, 811, 23—15].

3 MATEPIAJIA 1 METOIN

Monens eeKTpOHHOI KOHTEHT-KOMEPIIii ITOIaHo SIK
S =(X,0,C,V,H,Function,T,Z,Y). )

[pomec poboTH cUCTEMH yIPaBITiHHS KOHTEHTOM ,§' OIH-
CYIOThb OIIEpaToOpoOM

Y j(t, +At) = Function(x;,q4,¢,, vy, hy .t p.2,,) . (3)

OCHOBHHMH €TallaMH IIPOLIECY OMpAaIfOBaHH: iHpopMa-
uittnux pecypeiB B CEKK € ¢opmyBaHHSA, yrIpaBimiHHS Ta
CYTIPOBi[ KOHTEHTY, SIKi MAtOTh HACTYIIHI 3B’ SI3KU: KOHTEHT—>
— (QopMyBaHHS KOHTEHTY —> 0a3za JaHWX —> YIPaBIiHHA
KOHTEHTOM —>iH(pOpMaLifHIHA pecypc ad0 3aIHuT KOPHUCTY-
Bauya —> YNIpaBJIiHHSI KOHTEHTOM —> iH(popMamiiHui pe-
Cypc —CyIpoBia KOHTeHTY — 0a3a manux. Mogens CEKK
TIOJIaHO 5K

S= <X, O, Formation,H,C,V ,Management, Support, Z,T, Y> .(4)

Omnepatop GopMyBaHHS KOMEPLUIHHOTO KOHTEHTY
Formation — BiIoOpaXXeHHsI KOHTCHTY B HOBHH CTaH, SIKUA
BIAIPI3HAETHCS BiJI TOMIEPEAHBOTO TIOSBOIO HOBOi YACTHHH KOH-
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TEHTY, sIKa JTOTIOBHIOE IonepeaHii crad. OriepaTop ynpasiiH-
Hsl KOMEPIIIHHUM KOHTEHTOM Management — BiIoOpaXeHHS
KOMEPILIIHHOTO KOHTEHTY B HOBHI CTaH, SIKUH BIIPi3HAETHCS
BiJl NONEPEHBOrO BiANOBIIHO 3HAYEHHSIMH BH3HAYAJIbHUX
napamerpiB (aKTyaJIbHICTh, IOBHOTA PEJIEBAaHTHICTh, aBTEH-
THYHICTb, JOCTOBIPHICTb ), 110 33/IOBOJIBHSIIOTH HAIIEPE ] BU3-
HaueHUM BuUMoraMm. Omeparop CynpoBOaY KOMeEpLiifHOro
KOHTEHTY Support — BiJoOpakeHHsI KOMEpIiHHOr0 KOHTEHTY
B KOJIEKIIi1O 3HAYEHB, SIKi YTBOPIOIOTH SK PE3YJIbTaT aHaI3y,
MOHITOPHHTY, OL[IHIOBaHHS B3a€MOIi] 3 KOPHCTyBadeM, I10-
LIYKOBMMH CHCTEMaMH Ta IHIIMMH iHpopManitHuMu pecyp-
CaMH, 10 € OCHOBOO JIJIS IPUHHATTS PillieHb moao GopMy-
BaHHA Ta ynpapIiHHA KoHTeHTOoM. ETar (opMyBaHHS KOHTEH-
Ty OIIICAHO OIIEPATOPOM Formation BUTILITY

¢, = Formation(uf, xl-,tp) . 5)

KoHTteHT momano HAaCTYITHUM YUHOM:

¢y =\Uus|(xi e X)n@uy eU)U =U, vULi =Lm, f=Ln.(6)
f

ETtan ynpaBiiHHS KOHTEHTOM OITHCAaHO ONEPaTOpOM
Management Bursimy
Zy = Management(qd,c,,hk,tp), 0

ne H ={h(¢i11.94)s -1, (Cipny, »qa)} - YUPABITIHHS KOH-
TEHTOM IOJAHO SIK

U (Cirk €CIYN(gq €D A (b € H ),
Zy =y Uk (¢i11594) T T T (- (8)
» Pt H:qu \/Ha,lzl,nc,d:l,nQ,k:I,nH .

Etan cynpoBoay KOHTEHTYy OHMHCAaHO OINEPaTOpPOM

Support Burisity
Wty +AD) = Support (v, by o2yt A, )

aevy :(Vl(qiahk ’Crazwstp)s"'svny (qiahk ’Crazw»tp))-
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Buxinni qaHi peanizoBaHo

(344 €0) A (32, € 2) A (Fv €V) A (Y(c, Aqq) € ),

Y=

~

V] _ r 1
7 V’qu qud,dfl,nQ,

3aranpHi npuHIMNH (GOpMYyBaHHS 1HGOPMAIIHHUX pe-
cypciB CEKK (puc. 3) BU3HauatoTh IOpsiI0K i ciocodu Bioo-
py iHopmarii i3 nepBUHHMX JpKeped, 11 pikcawii, PirsTpy-

BaHHs, IEPETBOPCHHA 10 BU3HAYCHOT'O

MYBaHHsI KOHTEHTY 1 pO3MillieHHs B 0a3i JaHUX.

I. ITlincucremy ¢opMyBaHHSI KOHTEHTY PEali3yloTh y
BUIJISII| KOHTEHT-MOHITOPHHTY 31 30MpaHHS KOHTEHTY 3 JKe-
peria 3a BU3HAYEHUMH MeToziaMHu (puc. 4-5).

:M,W:I,nz,r:l,nc,k :@ (4)

Jlis micucremu GopMyBaHHs KOHTEHTY (puc. 6) 3a6e3-
MEYYIOTh CTBOPCHHSI 6a3H JaHUX KOHTEHTY BiMOBIAHO 10

iH(pOpMaifHAX TOTPeO MOCTIHHUX/TIOTEHIIHHIX KOPHUCTY-
BauiB: M0Oepamop —> CMEOPeHHs KOHmeHmy — 6asza 0a-

HUX —)cucmezvzamwauiﬂ KOHmMenmy —» basza 0anux — no-

¢dopmary s dop-

WuUpeHHs KOHmenmy —>peoakmop, abo iHgopmayitinutl pe-
cypc (Oarcepeno) — 30uparnts KoHmenmy — 6a3a OAHUX —>
—>cucmemamu3ayis KOHMeHmy — 6asa 0aHux — NOuLU-
PEHHS KOHMEHM) —> MOOepamop.

B pesynsrarti 30upansst (puc. 7) i HEpBUHHOTO OIpaIio-
BaHHsI KOHTEHT IPUBOAUTHCS 10 €AUHOTO (hOpMAaTy, KITacH-
(iKyeTbCSl BIIMOBITHO 0 BU3HAYEHOI'O PyOpHKaTOpa Ta
HOMY MPHUIUCYIOTH JIECKPHUIITOPU 3 KITFOUOBHMH CIIOBAMHU.

KaTanoru pecypciB

peaaryBaHHsIM KOHTEHTY

Fr————=———=—— [T a— = — = — = — > T T e === -
| Bxepena iHchopmauii| II ®opmatysanHa | I—om1 | Cuctemu | | i
| — : | : II % : : eneKTPOHHOI | | @ |
. ) KOHTeHT-KoMepuii
| veem 1 L F ()| romemoseut | |
| . | | o | | rIPayro eaHHs
| o — | | Cprl:ZHpiosam | L8 | iHgbopmautiHuX | E |
| oBMLLA AaHUX | | | [ | pecypcie | : o - :
: — | ! — ! L 3| 180§
| EnextpoHHa nowra | Q ! i | IHcbopmaLtivHi | I s E‘ |
| B | Cnabko 1 S | pecypcu (I S
| MowwykoBi areH™M | | CTPYKTypOBaHi | 8 | | | = g-l
| | Ravi | z <3 |3 2
| —— | — | ® | | IndpopmaaivHi | | % |
| Mowykogi cuctemm | | | | [ | pecypcu | | = |
| | : : I & : | = S |
| i | | 2 )
| | BU3HaYe HOI Q. . | |
| — | CTPYKTypy | | g | | Indpopmaniinni | |
w
Dl | =1 e
- - - 1 - | !_ o __ _|
Pucynok 3 — Iopsinox ¢opmyBanHs i BukopucTanHs iHpopmauiiinux pecypciB B CEKK
| CucTteMm ynpasriHHA KOHTEHTOM
[ Joomlal | o - m ynpaBniHHs ceciamn Ans
[ Drupal | | Buau | | Mpuknaam “ RACTE | NIATPYMIN 3aBEPLUIEHHS Ceciit
Mambo | ] BriacHa CMS I-»{ Web-nopranu cnisrosapucrs | BaptoHa-Kebnepa | MEXaHI3M MiATBEPHKEHHS!
Typo3 <[ rorosa rosHodyrkuio- o[ [cky CinHi canTin ] ananiTyMHa [OKyMEHTa MPOo YMOBU
- . - - — BMKOPWUCTaHHS canTy Ao
Ruby on Rails |4 |  nanbha iHTerposara | __Kopnopatveri Web-caittn_ | niHiHa OTF‘))VIMaHHﬂ ,qocwinyp'
npuvknagHa CMS _ |HTpaHeT-nopTanu
Movable Type [ - - P - P = | EKCToHeHTHa NoCNifoBHICTL BidyarnkbHoi MOBH,
[ WordPrass|=—{| Merarin Websyprania | [-»{_Pepeonaneni Web-eaimu_| o™ orcrmre N 5 popaLiiv
eb lo-blo 7 i apxiTekrypu
4_ ( 9) —>| Calitn 3a iHTepecamm | TPOCTOPOBO- P yp
F»[ 3acrocysaHHs e-komepuii | BEKTOpHa 6eanocepeaHe kepyBaHHS

Pucynok 4 — OCHOBHI BUMOTH 10 CUCTEM YIPaBIiHHS

koHTeHTOM Juts1 oOynoBu CEKK

Migcucrema CucTeMa eneKkTpoHHOT
PO3MO/iN KOHTEHTY | NOJaHHS! YIS KOHTEHT-KOMepLi 6 E3KOLLTOBHI
= KOHTEHTOM |1 _
B6Y/10BaHE KOMEHTYBaHHS = _>| ikaLii
6Y.U. Ty po3aim <l Bu A ny6nikawii
B6ynoBaHe peaaryBaHHs i i _>|
YA pepary iHcpopmaLiiHoro »| Tevatvia KokTeHTy |_ 3aranbHa
NOLUYK KOHTEHT pecypcy
uy y — «l > B[, CTBOPEHHSA nonituka
[ TemaTuHi anckyciiiki rpynm Bl A= L MHOXUHV KOHTEHTY |l ™ eronomika
_ BaHHS c1CTEMN
|Bsae|v|om;| yepes auckycii _>| BJTaCHO3reHepOBaHi | L] Hayka npvBabnueuii
HaBYaHHS! 3 CUCTEMOIO Moze poBaHi py— P—
MpaBMiHHS MpaBamu 4OCTY - - -
ynp: : p cryny —™  neranizoBaHi cnopt 3aCnyroBye Ha [0BipY
| ayTeHTUikaLis 6i -
- , ™  KOMOIHOBaHI PIBEH b LHHOCT [IOCTY MHMIA/ AOCSKH WiA |
[ ynpaenikns ceciamu i pE—
Hani3 KOHTEH - - -
MPOCTVIA iHTe paberic ana .3 °v il B P : piBEHb KOPUCHOCTI AOCTYMHWIA ANA NOLLYKY |
TeXHIYHI Ly cnpsmosati Ha _
ayanT pecypcy »| amanis caiity KopuCTyBaYa piBEHb [103BONY npunaTHuit |

Pucynok 5 — OCHOBHI KOMITOHEHTH CHCTEM YIpaBIiHHS KOHTeHTOM 11t mobynosun CEKK
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[Migcucrema 3abe3medye MOCTiHHE MOMOBHEHHS 0a3H JaHMX
KOHTEHTOM, e€(DeKTHBHHMIT OJTHOYACHHI IOCTYII 10 623U JaHUX
KOPHCTYBa4aMHU, 3pYy4Hi 3ac00H MOIIYKY HEOOXiTHOrO KOH-
TeHTy. [lincucrema nae 3MOry eKOHOMUTH Ha pecypcax aqMi-
HICTPYBaHHSI Ta ; IMiITPUMYBATH aHOHIMHICTh; HE ITepEeBaHTa-
*XyBaTu [HTepHET-Tpadik; caMOCTIHHOTO CKaHyBaTH [HTEpHeT.

II. ITincucTema ynpaBstiHHSI KOHTEHTOM CKJIaJIA€THCS 13
TaKUX BiJJHOIICHb: KOPUCHYBAY —> ONPAYIOBAHHS KOHMEH-
my — 6a3za 0anux —> aHali3 KoHmenmy — 6asa OaHux —>
—>NO0AHHS KOHMEHMY — Kopucniyéay. AHaII3 KOHTEHTY Ta
iHpopMariiiHoro pecypcey (puc. 8), iXHe MOAEIIOBaHHS Ta
MOJJAHHS € ONHUM 3 HaWOUIbII iHPOPMATUBHUX METOIIB
KUIbKICHOIO BUBYEHHS AMHAMIKH OKPEMHX TEMATUYHHX T10-
TOKIB KOMEPLiHHOTO KOHTEHTY.

3a 3MiHOIO BEJMYMH YNPaBIiHHSA KOHTEHTOM BHU3HAYaTh
HIBUJIKICTH PO3BUTKY OKPEMHX TEMAaTHYHUX HANpPSIMIB abo
BCHOr0 KOHTEHTHOro npoctopy. CTiiiKi CTaTuCTHYHI 3B S3KH
MDK OKPEMHM KOHTEHTOM CBi/T4aTh IPO KOPEJISLl OKpeMHX
TEMaTHK, PO e()eKTUBHICTh IOCKIIaHb Ha ITyOJIiKamii rore-
PEIHUKIB, OLTBII paHHI HUTYBaHHS, penyomikarii Tomo. Me-
XaHi3MH, 10 0a3yI0TECS Ha y3araJbHEHHX METO/Iax KilacTep-
HOTO aHaJi3Yy, BUSIBIISIOTH [OBIJIOMJICHHS B IOTOKAX KOHTEHTY,
10 (opMyFOTE HaBKOJIO ceOe HOBI TeMaTtnyHi Hanpsivu. Kira-
CTEpHHMI1 aHaJIi3, Teopist PPaKTaIIB i aBTOMOJIETLHIX ITPOLIECIB
TIpH iXHBOMY KOPEKTHOMY 3aCTOCYBaHHI KiJIbKICHO OLIIHIOIOTh
CTYIIiHB 3B’SI3Ky B TEMAaTHYHHX KOHTEHTHUX [TOTOKaX.

®opmaTyBaHHSA /_\
C1 = N
; Indho pma- ﬂ
[ CKaHep uiiim it pecypc [
x| S I
I 4
C2 | I ¢ 3 5
x g 3 Indpopma-
-E > g uiitku it pecype [
© = O
1Ak - ]
C3 & [ E Iudo pma- ﬂ ‘ES
'g. '.§_ g uiitu it pecype [ c
> o =L o o
§ B é’_ Axepena E
T =] snmanann
........ T |5
HHE | I
o I -
x g" uiﬁ::’::::ypc;‘
Cn E Pedakmop
E \ Iudo pma- -
uiHM i pecypc -

=

Mogepatop &= =

Basza maHux
KOHTEHTY

N\
Mopepatop
KopuctyBau

1. I'enepamisi cTopiHok 3a 3amuTom. [Tincucrema nomaxHs.
(puc. 9) reHepye CTOPIHKY i3 3MiCTOM IIPH 3aIUTi HA HHOT'O HA
OCHOBI KOHTEHTY 3 0231 JaHuX. Y peXXuMi AiaJIoroBoro JI0CTy-
Iy 710 0a3u JaHUX 3a0e31eyeThCs EPErIs, MOIIYK 1 Bi00-
paKEHHSI KOHTEHTY, HaJIa€ThCsl MOMKIIMBICTH 3BEPTaHHS IO
opuriHaniB KoHTeHTY B IHrepHer. KoHTeHT B 0a3i maHMX
3MIHIOETHCS 3@ JIOLIOMOT0I0 MOy penaryBanHs. CTOpiHKH
HAHOBO CTBOPIOIOTHCS CEPBEPOM IIPH KOKHOMY 3aIIHTi, L0
301JIbIITye HABAaHTAXKEHHS Ha pecypcH cucteMu. HaBanTtaxeH-
HS1 3HWKYETBCS IPH BUKOPHCTAHHI 3aC001B KEIITyBaHHS B Cy-
yacHux Web-cepsepax (puc. 10). 3aiada moBHOTEKCTOBOTO
TIOIIIYKY Y BEJIMKMX MachBax KOHTEHTY € HeehekTnsHOO. [Ipo-
6J1eMy TOYHOCTI BHpILIyE HOLIYK B aHOTOBAHOMY KOHTEHTI.
3aMicTh MOMIYKY Y IIOBHOMY KOHTEHTI JOLIIEHO BECTH I10-
LIyK 32 aHOTALISIMU — TIOLTYKOBHX 00pa3ax KOHTEHTY.

KBasipedepar 1u1s1 BeIMKOro KOHTEHTY € YTBOPEHHSIM, 1110
BiJIaJIEHO Hara/lye BUXiJHUAI KOHTEHT Ta 4acTo HE CIPHH-
MAa€eThCst JTIoIMHO0. [lomykoBuii 00pa3 Takoro KOHTEHTY i3
3BaXEHHMH KJIIOYOBHMH CJIOBAMH ITPUBOAUTH [0 LIIIKOM
aZIeKBaTHUX PE3YNIBTATIB MPH MOBHOTEKCTOBOMY MOIIYKY.
Kgaszipedepar OynyeTbest 3 pparMeHTiB KOHTEHTY i3 OLIbIIHN-
MU BaroBUMH 3Ha4YEHHSIMH.

[
E

Mogynb | | Web-
nogaHHsa | | cTopiHKa

| EEEE

=1 [+

Basa gaHux

"lD Basza gaHnx
) KOHT €HT!
"/ v inbTpiB

—

36upaHHa
KOHTEHTY

®DinbTpyBaHHA
KOHTEHTYy

KoHTe HTHUI
nowyk

Basa gaHux
KOHTEHTY

Pucynox 7 — Cxema (opMyBaHHS KOHTEHTY B CUCTEMAaX €JIEKTPOHHOI KOHTEHT-KOMEPIIil

[ aHarni3 KOHTEHTY iHopMaLiiHOro pecypcy |

|—w| aHanis KOHTEHTY 3 TO4KM 30py BiABIAYBaYa |
—» | aHani3 KinbkocTi HEOBGXIAHOTO KOHTEHTY |

Y

3MICTOBHUI Ta NIHIBICTUYHWUIA aHani3 KOHTEHTY
»-{ rpadivHNA aHani3 KOHTEHTY
» KOHTEHT-aHarni3 TeKCTy (3a KIIO4YOBMMI CIIOBaMM)

a

| TexHiYHUIM aHani3 iHpopmauinHro pecypcy |

p»t TEeXHIYHNI aHani3 YHKUiOHYyBaHHS CUCTEM
CanTy, WO MalTb HAaNPsM Ha KopucTysaya

—»}TeXHiHHMﬁ aHani3 JoCTynHOCTI canTy |

TexHi4yHUM aHani3 cnocobiB kepyBaHHSA
iHbopMaLinHUM HaNOBHEHHAM CanuTy

6

Pucynok 8 — Meronu aHamizy: a — KOHTEHTY; 0 —iHdopMaLiifHOTO pecypcy
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2. I'eHepanisi CTOPiHOK NPH pegaryBaHHi — e Ha0Ip cTa-  PaKTUBHICTb M)XK BiJjBilyBa4eM Ta KOHTEHTOM iH(pOpMaIiii-
TUYHHUX CTOPiHOK (puc. 11), sKki Oe3mocepenHbO pemarye  HOTO PECYpPCY B CHCTEMI €JIEKTPOHHOI KOHTEHT-KOMEpLIi.
MoJIepaTop MpsMo B 0a3i TaHUX CHCTEMH €JICKTPOHHOI KOH- 3. 3milnAHMIA THIT BKITFOYA€ OCOOJTMBOCTI MEPIIHX TBOX TUITIB
TeHT-KoMepii (puc. 100). B Taxiii migcuctemi BiACYTHS iHTe-  MiJCHCTEM YHPABIIHHS KOMEPLIHIM KOHTEHTOM (pHC. 12).

C TI04aT oK >
( TI0YaTOK > I

I BBECTH 3allUT
Busnauenns metony T
PO3pOGIEHHS T POTOTUITY | | peraryBarms sanuTy | |
I I
Busnauenns Habopy BUMOT 110
Py . penaryBansst bJ]

Maiiby THBOT O TIPOTOTHITY
I

| (hopMyBaHHSI KOHTECHTY |
I
| (hopMyBaHHSI CTOPIHKA |

I
Bubip merony po3pobieHHs
3TiJJHO BUMOT
I
Po3pobien Hst
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Pucynox 10 — IIporec: a — cTBOpeHHS NPOTOTHUILY; T'eHepallii CTOpIHOK 0 — 3a 3amUTOM; B — IIPU peJaryBaHHi
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Pucynok 12 — Cxema KellyBaHHS 3reHEPOBaHHX CTOPIHOK 3MIIIAHOTO THITY
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[NepeBaru kerryBaHHs CTOPiHOK 3 KOHTEHTOM: ITiICHCTe-
Ma TOJIaHHS TeHepye CTOPIHKY OJUH pa3; CTOPiHKa B Kemi
iCHYe 4ac Af TIOKH € aKTyaJIbHUM KOHTEHT; TOTOBA CTOPiHKa
IIBU/IIIE 3aBAHTAXKYETHCS 3 KEIITY; KEIlI OHOBITIOEThCS TIepio-
JIMYHO BPY4HY/aBTOMATHYHO (I10 3aKiHYEHHIO JIESIKOTO Tep-
MiHy yacy At abo ripu Moauikanii po3ainis iHpopmaini-
HOTO pecypcy abo KoHTeHTY). Buaum peanizamii mpouecy re-
Hepauii CTOPIHOK 3MIIIAHOTO THITY: [UISIXOM KEUTyBaHHS;
yepe3 (popmyBaHHs iH(pOpMaLiHUX OJOKIB (penaryBaHHs
iH(opMariifHoro pecypey Ta 30epexeHHs 010kiB abo Qop-
MYBaHHsI CTOPIHOK uepe3 30MpaHHs CTOpiHKH i3 iH(opmar-
1HUX OJIOKIB ITpY 3aITUTI Bi/ITOB1THOTO KOHTEHTY KOPUCTYBa-
yem). [TizcucremMy yrpaBiiHHS KOHTEHTOM 3MillIAHOTO THITY
CKJIaJIHIIIIE peasTli3yBaTH, ajie BOHa OiIbII OIIEpaTHBHO Ipa-
LIIOE 3 KOPUCTYBa4eM 4yepe3 THyUKHil iHTepdeiic, Hagaoun
Heo0X1/THNi KoMepLiHN peneBaTHNT KOHTEHT Oe3 HaUIHILI-
Ky iH(popMaii.

[II. MincneTema cynpoBoxy KOHTEHTY — 11€ KOMITJIEKCHI
HOCII0BHI Ipouecy: Kopucmyeay — cmpyKmypy6aHHs KOH-
meHmy — 6a3a 0anux — modepayis Konmenmy — 6aza
OaHUX —> Y3a2a1bHeHHS KOHMeEHMY —> Modepamop. AKTY-
aJIbHICTB pO3POOJICHHS 3arajibHOT apXiTEKTYpPH MOJIYJIS CyTI-
POBOJY KOHTEHTY HOJISIrae y HEOOX1AHOCTI OTPUMYBATH Olle-
paTHBHI 1 00’ €KTHBHI OL[IHIOBaHHS PiBHS KOHKYPEHIIiT Ha Cer-
MEHTi (iHAHCOBOTO PHHKY KOHTEHTY; OLIHIOBATH PiBEHb
KOHKYPEHTIB Ta MipH X KOHKYPEHTOCIPOMO)KHOCTI Ha (hiHaH-
COBOMY PHHKY 3 PO3NOBCIO/DKEHHSI KOHTEHTY. [IpnunHOro
AKTYaJIBHOCTI € MIBUAKHHN TEMIT POCTY ITOITUTY B MOIIUPEHHI
KOHTEHTY; IIOCTil{Ha B3a€MOJIsl CYCITIIbCTBA 1 HAYKOBIIB 3
HOBITHIMHU 1H(OPMaLITHUMH TEXHOJIOTISIMH; MOXJIBICTh
301IbIIEHHST TPUOYTKY ICHYIOUHX/TIOTEHIIMHUX KIIIEHTIB,
301IBIICHHAS PEUTHHTY; IOKPALICHHS Oi3HECY yepe3 po3yM-
iHHA kiieHTa. [IpoGmemMoi0 CympoBOAy KOHTEHTY €
BiZICYTHICTB 3araJIbHUX ITiIXO/iB [Tl aBTOMAaTHYHOT'O aHATIZY
(YHKITIOHYBaHHSI CHCTEMH €JIEKTPOHHOI KOHTEHT-KOMEPIIii.
3 MeTO¥0 3aTydeHHs O1IBIIOI KITBKOCTI KITi€HTIB Ha Web-cTo-
piaku CEKK momarots ommii aHasi3y KOHTEHTY (pEUTHHTH,
BIT'YKH 1 KOMEHTapi KOPUCTYBadiB) PO KOHTEHT (puc. 13).
Cait i3 BiITyKaMH PO KOHTEHT PUBEPTAE OLIBITY KiJTbKICTh

P
Pe.mmrw I'_i/rraH-_m_/ Icropis
BiZryku BAroBig
Monarns () Moanks§
® & @ @y KOHTEHTY |
) MamsepmkerHs
)'
r

BiJIBi1yBadiB, aje 1 (YHKLIOHAJIBbHICTD HE BKIIIOYA€ MOJIe-
pauii Ta Npu3BOAMTH A0 HaaAMipHOI iH(popMmanii Ha Web-
BiTpuHI. KiHIeBHii cioXuBa4 3MyIIEHHI CerMEHTYBaTH KOH-
CTPYKTHBHY 1H(OpPMAIIif0, 1[0 BUMAarae 3yCUIb Ta BiIIITOB-
XyBa€ NOTEHLiHOro KilieHTa. KOHTEHT, sIKuii morparuisie Ha
iH(bOpMaIiHUH pecypc, He QUIBTPYETHCS, TOOTO B3aEMO-
Jlist KOPUCTYBaUiB i3 HOPTAJIOM € OIHOCTOPOHHBOIO.

[Tincucrema cynpoBoy KOHTEHTY BUKOHYE IPOLIEC ITi/IBH-
mennst peitruary CEKK i3 iHTepaktuBHUM iHTEpdeticoM Ta
BHUpIIIye HACTYITHI 3a/1a4i: 30MpaHHs MApKETHHIOBOI 1H(Op-
Mallii 3 HOMMPEHHS KOHTEHTY; T ITPAMKA A0y 3 KiHIIEBAM
CTOXKMBAYe€M KOHTEHTY; (OPMYyBaHHs KaTaJlory KOMepIlii-
Horo koHTeHTy Ta nocayr CEKK; indopmauiiina miarpumMka
KIiHIIEBOTO CIIOKMBaya KOHTEHTY; (pOpMyBaHHS BipTyaJbHO-
TO KOILIMKY KJII€HTa KOMEPUiIHOr0 KOHTEHTY; PEECTPYBaHHS
KIHIIEBOT'O CIIO)KMBaYa KOMEPLIHHOro KOHTeHTY; OnpaloBas-
Hs1 3aMOBJICHHS HAa KOMEpIiHHUI KoHTeHT. [Iporiec mpoekTy-
Banns1 CEKK € iHTepakTHBHIM 1 IPOTIKA€ BijT aHAJI3Y JI0 CTBO-
PEHHS TIPOTOTHITY 1 MPOOHMX BHUITPOOYBaHb, IIOYMHAIOUHN 3
(opmyBanHs crierugikaniii, BepcTKH, popMyBaHHS KOHTEH-
Ty Ta WOr0 ITOIAJIbIIIE PO3MIIIIEHHS 3T1THO CTPYKTYpH 1H(Op-
MauiifHoro pecypcy. HeoOXijHO CKOHLIEHTpYBaTH pillleHHS
Ha Oi3Hec-IUIIX 1 HoTpedax KiHIeBHX KopucTyBadiB. J1o BU3Ha-
YeHHs (DYHKIIIOHAIFHIX BUMOT 1 II0YaTKy IPOIECY pO3p0o0-
JICHHS1 aHAJTI3YIOTHCSI TOTPEOH KiHIIEBUX KOPUCTYBadiB 3a J0-
TIOMOTOFO JIUCTIB ONIUTYBaHHS, aJIbTEPHATUB IPOESKTYBAHHS 1
MIPOTOTHIIIB Pi3HOT'O CTYIIEHS TOTOBHOCTI, 30MPAETHCS iHHA
iH(opMaLtis, OHOYaCHO BUKIIMKAIOUH y KOPUCTYBaYiB Bi4yT-
TS y4acTi B IIPOLIECi MPOSKTYBaHHS Ta 3aBOMOBYETHCS X J0-
Bipa. s Bu3HaueHHs iH()OpMAIIiiHOT apXITEKTYpH KOMEPII-
1HOTO KOHTEHTY 3aB/IIKH KOPUCTyBayaM BU3HAYaoTh iH(Op-
MaIliro Ipo poOodi rpyIH, MUHYITI/MaiOyTHI KoH(pepeHIIii Ta
BCIX WICHIB CIiBTOBaPHUCTBA.

ITo 3BOpOTHIi peakilii KOPUCTYBAYIB CTA€ TAKOXK 3PO3Y-
MLITO, 1110 He0OXiTHA JiTKa, SICHA i IpOCTa apXiTeKTypa iHhop-
MaliifHoro pecypcy. € Tpu Kiacu kopucTyBadiB (abo rmep-
COHaXiB), M0 MPUXOIATH Ha iH(GOPMAIiHUIA pecypc:
KIII€HTH, KePIBHUKH pOOOYHX TPYI 1 aAMIiHICTPATOPH, SIKi
BH3HAYAIOTh JW3aiH iH(opMmaImitHoro pecypcy i mporec

Kopwuc-
TyBau
Submit MQ Reporting
Dispaly <—— Mst
pa—
b Kai-
. Reporting——>| HeT

Backup

6

Pucynok 13 — Ilincucrema cynpoBOmy KOHTEHTY: a — CTpyKTypa Ta 0 — iHpopmMaiiina Moziens
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YXBaJICHHsI pillleHb. BU3HAUMBIIH, SIKMI KOMEPILIIHHUNA KOH-
TEHT € BXIIMBHM, 1 SIK BiH IT0B’I3aHUH 3 OCHOBHUMH KJ1aca-
MU KOPHCTYBadiB, CTBOPIOIOTH apXiTEKTypy iH(popmMariiiHo-
TO pecypcy, Horo iepapxiro, cocoOH IOAaHHs i cnocoOn
B3a€MOJIii KOXKHOTO KJIaCy KOPHCTYBadiB 3 Ii€to iHpopMa-
uiero. Hanpukian, KOHTEHT KOH(QEpeHIil MiCTUTh TUTaHHS
MIOPSAKY JEHHOT0 a00 cecii, IIaHyBaHHS IMX NTUTaHb, TEMU
1 muranHs KoHdepenuii. I[1in gac anamnisy popmyroTs 1onar-
koBi (hyHkrioHansHI MoxkimuBocTi CEKK. Hampukian, ms
I ITPUMKH aKTUBHOT'O CITIBTOBAPUCTBA JOAAIOTH (YOpMH AuC-
KyCiii i KOMEHTapiB IO BMiCTY, i ITPUMKY KOHTEKCTHOI 3BO-
POTHOI peakuii Ta iHTepakTUBHY B3a€EMOJIi10, BUKOPUCTAHHS
YHIKaJIBHOT0, ajie HelTpanbHOoro OpeHy abo Bi3yaqbHOro
ineHTudikaTopa.

4 EKCITEPUMEHTH

Jls neransHOro ananizy ¢ynkuionysansas CEKK tumy
InrepHer-rasera ta [arepuer->xypHain Oyiro po3pobieHo Ta

BIIPOBAKEHHS BICIM PI3HUX CHCTEM BiJIOBITHO 3 MIATPH-
MaHHSIM JUISl KOYKHOI 3 HUX Pi3HOIO KiJIBKICTIO €TaIliB JKUTTE-
BOTO IUKITY KOHTEHTY. TOOTO 17151 pi3HUX pealli3oBaHUX CHC-
TeM Oynu Oylu po3po0JIeHi He BCi KOMIIOHEHTH a00 B3araiti
He Oyii po3po0IIeHi i ICHCTEMH ONpanoBaHHs iHpopMarl-
IHHKUX pecypciB K (OpPMyBaHHS, YIPaBIIHHS Ta CyNpPOBiJ
KoHTeHTY. B Tabn. 1 nomano cnincok peanizoannx CEKK i3
BKa3aHHAM HasIBHOCTI peaJli30BaHMX ITiICHCTEM OIPALOBaH-
Hs iH(QOpPMaLITHNX PECYpCIB 3 MiATPUMAHHSIM XHUTEBOIO
LUKy KOMEPLIHHOTO KOHTEHTY.

5 PE3YJIbTATH

VY Tabn. 2 noxani pe3yisraT poOOTH po3poOIeHHX CHC-
TeM 3riHOo 3 Google Analytics 3a mepion wacy 2010-2014 p.

6 OBI'OBOPEHHA

AHati3z pe3ylbTaTiB CynpoBOy KOMEpLIiHOr0 KOHTEH-
Ty JJO3BOJISIE€ BU3HAYUTH ITPUYHH (POPMYBaHHSI LiTHOBOT ayu-

Tabmuus 1 — Peanizauist onparroBanHs iHpopManiiHux pecypciB B po3pobiennx CEKK

Ne | Indopmarniituuii pecypc Anpeca pecypcy Tun (bOpMyBaHHI;[laﬂBHl}cl:l:;;l:fi:j{C;eMH CypoBiL
1 ®otoranepest Bucopkux | fotoghalereja-vysocjkykh.com | xypnan +/— + +/—
2 | Bromoc vgolos.com.ua razera + + +
3 TarbsiHa tatjana.in.ua KypHAI — +/— +/—
4 IIpec-Taiim presstime.com.ua razera +/— + +
5 AutoChip www.autochip.vn.ua JKYpHAI — + +/—
6 Kypcu Bamror kursyvalyut.com ra3era + + —
7 Jlo6pwuii paHok dobryjranok.com rasera +/— +/—
8 Indopmauis s OisHecy | goodmorningua.com razera +/— +/—
9 JIpBiBCchKa miKousa Ne 3 3cm3ibBiB.in.ua rasera — — -
10 | Victana victana.lviv.ua JKYpHaJ - +/— +
Tabmuus 2 — Pesymsraru po6otu cucrem 3a nepiog gacy 3 10.2010 p. mo 03.2014 p

Xapaxrepucria 1 - - HOMZp 1H(1)0pM2umH0r0 6pec pcy - - 5 =
Dopmysanns konteHty (%) | 30 100 10 40 20 90 70 60 0 50
VYnpasninasg kouteHToM (%) | 90 100 50 80 30 40 60 20 0 70
Cymposig KoHTEeHTY (%) 30 100 10 40 20 50 80 60 0 70
VYuikaneHicTh KOHTEHTY (%) | 100 80 100 70 30 20 50 40 100 60
BinsinyBanHs 4865 5997052 1381 | 3654456 | 9606 | 20132 | 8724 25 7 3138
CepenHs TPHBAIICTh 4:41 2:14 3:56 2:04 1:51 1:02 2:27 8:12 | 0:46 | 4:15
Bi/IBiLyBaHHS (XB:C)
TToka3Huk BigmoB (%) 56,14 | 71,90 53,15 | 83,08 55,67 | 82,92 | 68,15 48,0 | 97,02 | 32,92
IToka3HUK JOCATHYTHX 7,83 0 0 0 12,51 1 0 0 0 0 0
KOHBEpCii
VYHikaibpHi BiiBigyBayi 3215 2501402 728 1501202 | 7105 | 16586 | 4996 7 5 1345
Tepernsau CTOPiHOK 22071 | 11588861 5464 | 769923 2490 | 31982 | 18892 81 12 1813

8 2

CropiHKH/Bi/IBiJyBaHHS 4,54 1,93 3,96 1,67 2,59 1,59 2,17 3,24 | 1,67 5,78
% HOBHMX BiJIBilyBaHb 65,45 | 41,68 52,57 | 39,88 73,88 | 82,39 | 57,23 28,0 | 97,32 | 42,86
% TMOBTOPHHUX BiJIBilyBaHb 34,55 58,32 4743 | 60,12 26,12 | 17,61 42,77 72,0 | 2,68 57,14
Jlxepero — not set/non- 91,14 | 52,48 62,49 | 42,46 88,13 | 58,22 | 26,984 | 23 6,72 | 31,90
organic search results
Jlxepeno — Organic search 4,67 36,10 22,23 | 31,22 8,91 34,83 | 24,34 0 0,13 | 26,04
(%)
Jxepeno — npsimuii Tpadik 2,14 11,20 7,53 26,12 2,35 5,34 48,73 77 93,12 | 27,88
(%)
Jhxepeno — inmi caiitu (%) | 1,99 0,20 3,19 [0 0,58 1,55 0,04 0 0,02 | 6,37
Jhxepeno — cou.mepexi (%) | 0,06 0,02 456 |0 0,02 | 0,06 0,01 0 0,01 7,81
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Topii 3a Habopom xapakrepuctuk GpynkiionyBanuss CEKK.  BadiB 3 momrykoBux cuctem. Ha puc. 15—17 nonani pe3ynsra-
Perymroroun TemMaTnuHUil HaOlp KOMEPLIHHOTO KOHTEHTY,  TH pOOOTH PO3pOOJIEHUX CHCTEM Y BUIVISAAL rpadiKiB, 3 IKUX
Horo yHiKaJIbHICTh, OIEPAaTHBHICTh HOro (hOopMyBaHHS Ta  BHIUTMBAE, IO NP HASIBHOCTI BCIX €TAIlB )KUTTEBOIO LIUKITY
aJIeKBaTHE yIPaBJIiHHS HAM 3T1HO IHIMBITyaJ bHUX TOTPEO  KOHTEHTY CYyTTEBO 30UIBIIYETHCS OOCST BiZBiyBaHb Ta YHi-
MOCTIHOTO KOPHUCTYBaua, MOXXHA MOJICJIIOBATH MEXI LIIbO-  KAJILHUX KOPHUCTYBadiB.

BOI COLIIaJIbHOT ayIMTOPii Ta KiJIbKICTh YHIKAJIILHUX BiJBITY-
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Pucynok 14 — Craructuunuii anani3z ¢ynkiionyBanns «®Dororanepes Buconbkux»: a — 3aJeXKHICTh peanizarii KoMepIiifHOro KOHTEeH-

Ty Bif BixBimyBaHHs iH(opMmaniiiHoro pecypcy fotoghalereja-vysocjkykh.com; 6 — crniBBigHOIIEHHS BinBigyBaHHS iH(pOpMAIHOTO

pecypey fotoghalereja-vysocjkykh.com i peasizaniii KOMEpLiifHOTO KOHTEHTY B 3alIe)KHOCTI Bijl 3aCTOCYBaHHS METOIIB ONPAIFOBAHHS

KOMEpLIHHOTO KOHTEHTY, ¢ | — KUIbKICTh BCIiX BiABinyBaHb iH(opMaliiiHOro pecypcy, 2 — KUIBKICTh BiIBilyBaHb IMOCTIHHHUX KOpHUC-
TyBauiB, 3 — KUIBKICTb peaizarii KoHTeHTy noctiiHuM kopuctyBauaMm CEKK
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Pucynok 15 — Craructinunuii ananiz QyHKIiOHYBaHHS «Victana»: a — CTATHCTUYHUI PO3MOALT BiIBiTyBaHHS iH(OPMALIHHOTO
pecypey victana.lviv.ua Ta peamizalii KOMEpLIHOTO KOHTEHTY; O — 3aJIe)KHICTh BiIBiTyBaHHS iH(POPMAIIHOTO pecypcy
victana.lviv.ua Ta peanizamii KOMepIIHHOIO KOHTECHTY Bil HMiJKIIOYEHHS IMPOTPaMHHX 3acO0IB ONpaIlOBaHHS iH(POPMAIIIHOrO KOHTEHTY,
ne 1 — KUIBKICTh BCiX BiBigyBaHb iH(OpMAaLiifHOTO pecypcy, 2 — KUIBKICTh BiIBilyBaHb MOCTIHUX KOPHCTYBadiB, 3 — KLUIBKICTh
peauizanii KoHTeHTy nocTiitauM KopuctyBadam CEKK
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Pucynok 16 — a — PerpecuBHMii aHaui3 30UIbIICHHS MPONAKIB KOMEPLIHOTO KOHTEHTY [UIsl iH(pOpMaLiiiHOro pecypcy
kursyvalyut.com (1 — 6e3 BUKOpUCTaHHS METOIB, 2 — 3 BUKOPUCTAHHSAM METOIIB); 6 — MaremaTu4He CIIOAiBaHHS peani3amii KoMepi-
IfHOTO KOHTEHTY 4epe3 iHpopmamiitauii pecype (1 — <>, 2 — <Managemant>, 3 — <Support>, 4 — <Formation>, 5 — <Formation,
Managemant, Support >)
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CepBic BeJJeHHs CTaTHCTUKH BiJBi{yBaHb iH(pOpMAaLliiiHO-
TO pecypcy J03BOJISE OIIHUTH 30UTHIICHHS O0CATIB MPOa-
Ky KOMEpLIHHOr0 KOHTEHTY BiJ IPsMO NPOMNOpLiiiHOi 3a-
JISKHOCTI 301JIbIIIEHHSI KIJIBKOCTI BifIBityBaHb iH(pOpMAaIIiii-
HOTO pecypcy, KiIbKOCTI MOCTIHHUX KOPUCTYBadiB,
TIEPCIICKTUBHOCTI MapPKETHHTOBHUX 3aXOIiB (pHc. 16).

HasiBHicTs migcucrem GopMyBaHHS, YIIpaBIiHHS Ta CYII-
POBOY KOMEPLIHHOTO KOHTEHTY B CHCTEMAX €JIEKTPOHHOI
KOHTEHT-KOMEPIIii cripusie 301TBIICHHIO 00CSTIB peari3artii
KOMEpLiHHOTO KOHTEHTY MOCTIHHOMY KOpHCTyBady Ha 9 %o,
AKTHBHOTO 3AUTy9YEHHS YHIKQJIbHUX Bi/IBi/lyBauiB, IIOTECHIIIH-
HHUX KOPHUCTYBaYiB Ta PO3IMIMPEHHS MEX IIJILOBOI Ta perio-
HaJpHOI aymuTopii Ha 11 %, nepeniiHyTHX cTOpiHOK Ha 12 %,
Yacy BiBiayBaHHS iHpOpManiiHuX pecypcis Ha 7 %.

BUCHOBKUA

VY crarti po3B’si3aHa 3aja4a po3poOIICHHST METO/IB Ta
IIpOrpaMHUX 3ac00iB (popMyBaHHsI, yIpaBITiHHS Ta CyIpO-
BOJY iH(OPMAIIMHIX MPOAYKTIB Y BUIVIA/I TEOPETHYHO 00-
TPYHTOBAHOI KOHIICMIIi i IITSIXOM aBTOMATH3aIlii OTpaIfOBaH-
Hs iHpopmaniiaux pecypcis B CEKK s 36i1b01eHHs 00-
CATIB MpOAaXy KOHTEHTY IMOCTIHHOMY KOpHCTYBauy,
AKTHBHOT'O 3aJIy4eHHS ITOTEHIIMHUX KOPUCTYBadiB Ta PO3-
LIMPEHHS MEX [iJTbOBOI aylIuTopii.

HaykxoBa HOBH3Ha p0oOOTH MONATAE B TOMY, IO B IIPOIIECI
TEOPETUYHHX Ta EKCIIEPUMEHTAIBHHX JIOCII/KEHb OTpUMa-
HO Taki HOBI HayKoBi pe3ynsraTd. Briepmie po3pobieHo me-
TOIM (POPMYBAHHS, YHNPABIIHHS Ta CYIIPOBOLY KOMEpIiii-
HOT'O KOHTEHTY, SIKi 0a3yloTbCsl Ha IIPUHIOMIAX yHi(iKoBa-
HOCTI, YHIBEPCAIEHOCTI 1 3aTaJIbHOCTI Yepe3 JIIHTBiCTUIHHN
aHaJIi3 KOHTEHTY, 10 JIaJI0 3MOTY peasli3yBaTH CTaHIapTH30-
BaHIi IMPOTpaMHi 3acO0H ONpaIfoBaHHs iH)OPMALIHHIX pe-
CYpCIiB B CHCTEMax €IeKTPOHHOI KOHTEHT-KOMepIIii. YI0CKO-
naneHo ctpykrypy CEKK, sika Ha 0CHOBI MOIyJIiB oIparto-
BaHHA 1H(POPMAIIHHUX PECypCiB Ta HIUIAXOM PO3MOILITY
mporeciB OpMyBaHHS, YIIPABIIHHS Ta CYIIPOBOAY KOMeEp-
LIITHOTO KOHTEHTY, IO Ia€ MOYKJIMBICTh Peai3arlii eTariB iHoro
KHUTTEBOTO MUKITY. OTpUMAaITH OJATBIINA PO3BUTOK MOJIEN1
YKUTTEBOTO IIUKITY KOMEPIIITHOr0 KOHTEHTY, SIKi 3aBISIKH OTIe-
PaTHBHOI OpraHi3aiii mporiecy orpatoBaHHs iHPOopMaITiii-
uux pecypciB B CEKK miaBumiyroTs epekTHBHICTE Ta peHTa-
OeJbHICTD (PyHKITIOHYBaHHS aHAJIOT1YHUX CHCTEM.

[IpakTiyHa MiHHICTE OTPUMAHUX PE3YIETATIB IIOISTAE B
TOMY, III0 pO3POOIIEHO Ta BIPOBAKEHO MPOTPaMHi 3acO0H
Ut (pOopMYBaHHS, YIPABIIHHS Ta CYIIPOBOAY KOMEPITIIHO-
T'O KOHTEHTY 3 METOIO IOCATHEHHS 017100 €EKTy Bif po-
00TH Ha piBHI BIaCHUKA (i IBUILCHHS PeHTa0eIBHOCTI, 3pO-
CTaHHS 1HTEpEeCy KOPHUCTYBadiB) Ta KOPHUCTyBada (3po-
3YMIJIICTB, CHPOIICHHS iHTepdeicy, yHi(ikaris mporeciB
OTpaIfoBaHHs iHQOPMAIIHUX PECypCiB Ta PO3LIMPEHHS
BHOOPY (DYHKIIIOHATEHIX MOXKITHBOCTEN) CHCTEM €JIeKTPOH-
HOI KOHTCHT-KOMEIIii.

INepcriexTiBY MOAAIBIINX IOCIIKEHD MOIATAIOTh y 3ac-
TOCYBaHHI 3allPONOHOBAHOTO MiAXOAY IJIS PO3POOICHHS
pexoMenpaniit 3 mpoekryBanHs cTpykrypu CEKK mumsixom
JIeTaTi3aii eTamiB opaIoBaHHs iHGOpMAaLiHHAX pecypciB

Ta peaizanii mizcucreM GpopMyBaHHs, yIpaBITiHHS Ta CYII-
POBOIY KOMEPLIITHOTO KOHTEHTY, 1110 JACTh 3MOTY €()EKTHB-
HO TPOCTO IATPUMYBATH KUTTEBUI UK KOMEPLiHHOTO
KOHTEHTY Ha piBHI PO3pOOHMKA CHCTEM (3MEHIIEHHS pe-
CypCiB Ta yacy Ha po3pOOJIEHHs, TOKPAIEHHS SKOCTi po0o-
TH CHCTEM).

MOISKA

PoGory BiKOHaHO B paMKax HAYKOBHX JOCIiDKEHb Kaden-
pH iHpopManiitHuX cucteM Ta Mepex HamioHansHOro yHi-
BepcHTeTy «JIbBIBChKa MOMITEXHIKA» HA TeMy «JlocmimkeHHs1,
PO3p0oOIIEHHS 1 BITPOBAHKEHHS IHTEIEKTyaIbHIX PO3HOIiIe-
HUX iHpOpMAaIiIHIX TEXHOJOTIH Ta CUCTEM Ha OCHOBI pecypciB
0a3 JaHMX, CXOBHIL IaHKX, IPOCTOPIB IAHHX Ta 3HAHD 3 METOO
TIPUCKOPEHHS TPOIIECiB (OPMYBAHHS Cy4acHOro iH(opMa-
LIITHOTO CYCITUTHCTBAY. Pe3ylsraTd TOCIiKeHB 3MIHCHIOBA-
JIMCh y paMKax Jep>KOIOPKETHOI HayKOBOAI-IOCII THOI pOOOTH
Ha TeMy «Po3poOKa MeToiB, alIrOPUTMIB 1 TPOrpaMHUX 3a-
co01B MOJICITIOBaHHSI, IIPOSKTYBAHHsI Ta ONTHMI3aLlii iHTeseK-
TyaJIbHHX iH(OpMaLifHIX crcTeM Ha ocHOBI Web-Texnomnorii
“BEB”» ( Ne neprxpeectpartii 0102U001171).
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MPOEKTUPOBAHUE Y BHEJJPEHUE CUCTEM JIEKTPOHHOM KOHTEHT-KOMMEPLIUA

[pennoxen meTon 00pabOTKH KOMMEPYECKOTO KOHTCHTA KaK 3Tall )KM3HEHHOTO IIMKJIa KOHTCHTA B CHCTEMAaXx JJIEKTPOHHON KOMMep-
oun. Merox 06paboTKH KOMMEPYECKOro KOHTEHTA OMHCHIBAET MPOLECCHl (POPMUPOBAHUS HH)OPMALMOHHBIX PECYPCOB B CHCTEMAX JJICK-
TPOHHO!H KOHTEHT-KOMMEPIIHH ¥ YIPOIIACT TEXHOJOTHIO YIPABICHHs KOMMEPYECKUM KOHTEHTOM. B 3Toii paboTe mpoaHaM3MpOBaHbI
OCHOBHBIE ITPOOJIEMBI AJIEKTPOHHOW KOHTEHT-KOMMEPLUH 1 (YHKIIMOHAJBHBIX CEPBUCOB 00PabOTKM KOMMEpUECKoro KoHTeHTa. [Ipemo-
JKCHHBII METO]] IIO3BOJISIET CO3/1aTh CPEACTBa 00pabOTKH HH(POPMAIIMOHHBIX PECYPCOB B CHCTEMAaX JJICKTPOHHON KOHTCHT-KOMMEPIIMU U
pearm3oBarh MOACUCTEMBI (HOPMHUPOBAHHS, YIIPABICHUS W COIMPOBOXKICHHUS KOMMEPYECKOTO KOHTCHTA.

KarwueBble ciioBa: nHPpOPMALMOHHEIH pecypc, KOMMEPYECKUIT KOHTCHT, KOHTEHT-aHAIN3, KOHTCHT-MOHUTOPHHT, KOHTCHTHBIH ITOUCK,
crcTeMa dJIEKTPOHHOI KOHTCHT-KOMMEPIIHH.

Berko A. Y.!, Vysotska V. A2, Chyrun L.V}

'Dr.Sc., professor, Head of Department of Environment and Ecosystems, Lviv Polytechnic National University, Ukraine

2Assistant Information Systems and Networks Department, Lviv Polytechnic National University, Ukraine

SPhD, Associate professor of Software department, Lviv Polytechnic National University, Ukraine

DESIGN AND IMPLEMENTATION OF ELECTRONIC CONTENT COMMERCE SYSTEMS

The method of commercial content processing as the content life cycle stage in electronic commerce systems is proposed. The
method of commercial content processing describes the information resources forming in electronic content commerce systems and
automation technology that simplifies the commercial content management. The main problems of electronic content commerce and
functional services of commercial content processing are analyzed. The proposed method gives an opportunity to create an instrument
of information resources processing in electronic commerce systems and to implement the subsystem of commercial content formation,
management and support.

Keywords: information resources, commercial content, content analysis, content monitoring, content search, electronic content
commerce systems.
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Y/IK 681.518:004.93.1

Oosouw A. C.', Llenexo |. B.2, Npunena [1. B.2

'-p mexH. Hayk, npogecop, 3as. kagh. kKommiomepHuUx Hayk, Cymcbkuli OepxasHull yHieepcumem, YkpaiHa
2KaHO. mexH. Hayk, douyeHm kaghedpu Komr'romepHux Hayk, Cymcbkuli OepxasHull yHieepcumem, YkpaiHa
SAcnipaHm kaghedpu komm'romepHuUx Hayk, Cymcbkul OepxasHull yHisepcumem, YkpaiHa

IHOOPMALUINHO-EKCTPEMAJIbHUA ANTOPUTM HABYAHHA
CUCTEMM OIATHOCTYBAHHA EMOUIMHO-NMCUXIYHOIO CTAHY

nogunHn

PosrnspaeTbcss MeTON pO3Mi3HABaHHS €MOILIWHO-NCHUXIYHOIO CTaHy JIIOJUHU 32
300paskeHHsIMU 1 00aruyst. [Ipy 11boMy 3aIIpOOHOBAHO ISt OfepXKaHHsI TOAATKOBOT iHdopMmaril
BUKOPHCTOBYBATU TaKi )parMeHTH 300paxkeHHsI 00JIMYYs JIFOJUHHU, SIKi BKJIIOYAIOTh 30HH O4eil
i Hocy. ®opMyBaHHS BXiJHOrO MareMaTHYHOTO OINHCY CUCTEMH PO3IMi3HABaHHS 3[IHCHIOETHCS
LIISIXOM aHaNi3y JiBOMIBKYIBHHX Ta IPABOMIBKYIBHUX 300paxkeHs obuuuus yonuuu. IIpn
I[bOMY ITOIIEPEAHBO VIS CTAOUILHOI0 eMOLIHHO-IICUXIYHOTO CTaHy 0co0H (POPMY€EThCS HaBYaIbHA
MaTpHLs SICKPABOCTI 300paXEHHs, SIK BCHOI0 OONUYYs, TaK i HOro BiANOBITHHUX ()parMeHTIB.
MarmHHe HaBYaHHS 3IHCHIOETHCS B paMKax iH(opMauiifiHO-eKCTpeManbHOI IHTENeKTyaIbHOT
TEXHOJOTIl, 0 I'PYHTYEThCS Ha MakcuMizanii iHpopManiiHOl CHPOMOXKHOCTI CUCTEMH
po3mizHaBaHHs. SIK KpuTepiil pyHKIIOHATBHOT epEeKTHBHOCTI MAIIMHHOTO HABYAHHS BUKOPHCTAHO
MonudikoBany iHpopmauiitny Mipy Kyne6axka, sika po3rsiaeTbes sik QyHKI[IOHAI B TOYHICHUX
XapaKTepHCTHK JABOXaJIbTCPHATHBHUX DillleHb. 3a MOOYIOBAHOI KAaTEropiiHOK MOJIEIUII0 y
BUIVIS/I BiTOOpa)XXEHHSI MHOXUH, 33/lisIHUX B IPOLIECi HaBUaHH:, po3polieHo indopMmariino-
eKCTpPEeMAIIbHUIT AITOPUTM ONTHUMI3aLlii FeOMETPHYHUX ITapaMeTpiB rinepcdepuaHuX KoHTeitHepiB
KJIaciB pO3Mi3HAaBaHHS, 110 Bi/IHOBIIFOIOTHCS B IIPOLIEC] HABYAHHS B pafialIbHOMY 0a3HCi IPOCTOPY
o3HaK. 3a pe3ynbraraMu (i3MYHOr0 MOJAEIIOBAHHS JOBEJIEHO, IO GparMeHTH 0OIUYUS €
JIOCTaTHBO iH(POPMATHBHUMH IPU PO3ITI3HABAHHI EMOLIHO-IICHXIYHOTO CTaHy JIIOAUHHU.

KawuoBi ciaoBa: indopmaniiHo-ekcTpeManbHa IHTEIEKTyallbHA TEXHOJIOTIS,
KOMIT IOTepU30BaHa CHCTEMa AIarHOCTYBaHHs, IICUXOIIarHOCTYBAaHHs, HaBUaHHs, KpUTEpil

(byHKLIOHATEHO! eeKTHBHOCTI.

HOMEHKJIATYPA

[EI-Trexnomoris — inpopmamiifHo-eKCTpeMalbHa IHTEIeK-
TyaJIbHa TEXHOJIOTI;

CTIIIP — cucrema Imi ITPAMKHU TPUHHATTS PillICHB;

KO®E — xpurepiii GpyHKIIOHATBEHOI €()eKTHBHOCTI;

m — HOMep MOTOYHOI'0 KIIacy po3Ii3HaBaHHS;

M —1noTyxHiCTh andaBiTy KJIaciB po3Ii3HaBaHHS,

n —KUIBKICTb BEKTOPIB-peati3aLii (Jasi npocTo peasizarmi);

X,, — eTaJOHHa peai3allisl, BU3HAYA€ reOMETPUYHUIL
LICHTP KOHTejHepa Kiiacy X

d,, —paziyc KoHTeiiHepa K1acy X 5 ;

E,, —indopmaniiianit KOE HaBuaHHs cuctemMn po3imiz-
HaBaTH peatizamii knacy X . ;

G —poboua (mommycTtuma) 001acTh BUSHAYEHHA (QyHKIIT
K®DE;

G —npocTip BXigHUX (HaKTOpiB;

T — MHO’)XMHA MOMEHTIB Yacy 3HATTS iH(popMarlii;

() — TIPOCTip O3HAK PO3Mi3HABAHHS,

Z —TIpOCTip MOYKIIMBUX €MOLIIHO-TICHXOJIOTYHIX CTaHIB
JIFOIIVHY;

Y- BubipkoBa MHOXHHA (BXiHA HABYAIbHA MATPHIIS);

m\z\ — HEYiTKe pO3OUTTS IPOCTOPY O3HAK PO3ITi3HABAHHS,

/] .
I‘ ‘ — MHO>XHWHaA JOITYCTUMHUX T'IITIOTE3;
| —KUIBKICTh CTATUCTAYHUX T1ITOTES;
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514l — MHOXUHA TOUHICHUX XapaKTepUCTHK, 1€ g =/ 2,
E — tepm-mMHOXMHA 3HaYeHB iH(popMamiiHoro KOE;

ZP\ — MHO)XMHA J1arHO31B €MOILIHHO-IICUX OJIOTTYHUX
CTaHIB JIFOIUHU;

0 — omeparop, skuit Oyaye po3OUTTA 9?‘2‘ IIPOCTOPY 03-
HaK Ha KJIaCH pO3Ii3HaBaHHS,

Y — OmepaTop, 10 IepeBipsie OCHOBHY CTATUCTUYHY TiITO-
Te3y PO HAJISKHICTB peaizamii xfnj)l Knacy X ;

Y — oneparop, o (opMye MHOXXHHY TOUYHICHHAX Xapak-
TEPUCTHUK IS 337]aHOi CHCTEMH OITiHOK PillIeHb;

¢ — omeparop, 10 OOYHCITIOE MHOKHUHY 3HaUeHb iH(Op-
mariiiinoro KOE;

7 — omepaTop, IO peai3ye iTepallifHui MpoIec ONTH-
Mi3allii TeOMETPUIHIX TapaMeTpiB pO3OUTTS 971‘2‘;

U — onteparop, 110 peraMeHTye IpoLec HaBYaHHs 1 103-
BOJISI€ ONITUMI3yBaTH IIapaMeTPH HOro IIaHyBaHHS;

G, —paliyc KOHTEHHEePiB KJIaciB PO3Ii3HABAHH;

i —HOMEp 03HAKH PO3ITI3HABAHHS (PparMeHTa 300payKCHH;

J — HoOMep peadizalii ki1aciB ¢pparmMeHTa 300paskeHHS
00JIMYYS HAIl€HTA,

k .. .
Dl( ) TiepIa J0CTOBIpHICTh, 00YHCIIEHa Ha k-My KpOIIi
HaBYaHHS;
Dék) — JIpyra JIOCTOBIpHICTb, OOUHCIIEHa HA A-My Kpomi
HaBYaHHS;
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a(k) — TOMMJIKA TIEPLIOTO poiy, oOuuciIeHa Ha k-My
KpOILli HAaBYAHHS;

B(k )~ nommxa JIPYTOro pojy, o04rcieHa Ha k-My Kpori
HaBYaHHS;

10" — MaJie 4yuciIo sl YHUKHEHHS [TO/ILTY Ha HYIIb.

BCTYII

TexHonoris cuxoAiarHoCTyBaHHS Ta KOpeKuii mpusep-
TaJla yBary CreniajiicTiB 3 1aBHiX yaciB. KoM 1orepHi TexHO-
JIOTii TICMXOiIarHOCTYBAaHHsI 32 300paXeHHAM 00N Ta
Horo (hparMeHTiB JO3BOJISAIOTH ITiBUIIUTH JOCTOBIPHICTH
OLIIHKH IICUXIYHOI0 CTaHYy JIIOIMHH Ta (YHKIIOHAIBHY eeK-
TUBHICTB HOTO Kopekii [1, 2].

Binomi meToau po3mizHaBaHHS 300pakeHs [3, 4] HOCATH
B OCHOBHOMY MOJIEJIEHHI XapakTep, OCKUIbKH HE BPaxoBy-
I0Th NIEPETHH KJIACiB PO3Ii3HABAHHS, 1110 XapaKTepPH3YIOTh
Pi3Hi ICHX1YHI CTAHU MMAI[IEHTA Ta JIOBLTBHI TIOYaTKOBI yMOBH
(dopmyBaHHs 300paxkeHb. TOMy OCHOBHUM LIUISIXOM ITi/{BH-
ieHHsT QYHKITIOHATHHOT €()eKTUBHOCTI CHCTEMH IICHXOJTiar-
HOCTYBaHHS 32 300paXKeHHSAMH 00Nl MMalli€HTa € HaJ[aH-
H# T# BIACTMBOCTI aJalITHBHOCTI HA OCHOB1 MAIIIMHHOI'O Ha-
BuaHHsA. OTHUM i3 IEPCICKTUBHUX i IXOJIIB IO BUPIIICHHS
uiei nmpobiemu € 3actocyBaHHs inei i meroxiB IEI-TexHo-
JI0Tii, sIKa OCHOBaHa Ha MakcuMi3alii iHdopmMariiHoi cripo-
MOXHOCTI CUCTEMH IIATPUMKH IIPUHHATTS pillieHb B IPO-
ueci i HaBuanns [5]. Y npausx [1, 6] 3anpornoHoBaHo B pam-
kax IEI-TexHoumorii anroputM HaBYaHHS CHUCTEMH
TICUXO/1larHOCTYBaHHsI 3 300payKEHHSIM 00JINYYSI, aJle aCHM-
NTOTUYHA JOCTOBIPHICTH PO3Mi3HABAHHS BUSIBHIIACS HENO-
CTaTHBO BHUCOKOIO.

B cratti posmsnaeTsest iHGopMmaniiHO-eKCTpeMaIbHAN
anroput™ HaBdaHHS CIITIP 1y Bimeo-KoMIT IOTepHOT IcH-
XOJIarHOCTHKHY Ta KOPEKIIii, 3 BAKOPUCTAHHAM (pparMeHTiB
300pakeHHS 00U JTFOIHU.

1 IIOCTAHOBKA 3AJJAUI

PosmstHeMo (hopmarizoBaHy MOCTaHOBKY 3amadi iH(Op-
MAIiHHOTO CHHTE3Y ISl PO3Mi3HABaHHS €MOIIHO-TICHX19HO-
TO CTaHY JIFOAWHHM 32 (pparMeHTaMu 300pakeHHsM ii 00Imd-

us1. Hexait mano angasit {X o lm=1LM } KJIaciB PO3ITi3HABAH-

HL, SIKi XapaKTepU3YIOTh Pi3Hi ICHXOJIOTYHI CTAaHU MAIi€HTa, 1
HaBUYAIEHY MaTPHIIFO SICKPABOCTI 300paskeHHS OOIHIHSI Iall-

ienra || yf,{ ,),- I, i=1,N, j= 1, 7. TIpr 1IbOMY PSIOK MaTpHILi

(j)-|i:1 N( BU3HaJda€ j-Ty peaji3amilo, a CTOBIYHMK
m,i ’

{anJ )l |j= 1,_”} — HaByaJIbHY BUOIPKY 3HAYeHb i -1 03HaKu. Bino-
MU CTPYKTypOBaHHIA BeKTOp mapamerpi HapuaHus CIITTP

g= <xm d ) Heo6xiHo Ha eramni HapuanHs CIIIIP onrumi-

3yBaTH KOOPAWHATH BEKTOpA g IULSIXOM HOLIYKY II00aIbHO-
T'0 MAKCUMYMY YCEPEIHEHOTO 3a an(aBiTOM KJIACiB PO3ITi3-
HaBaHH iH(QopMartiitHoro KOE HaBuanHs cucremu

— 1 M
E=— ZmaxEm (1)
m=1 Gk

Ha erari ex3aMmeny, T00TO Oe310CEPETHBOTO 1IarHOCTY-
BaHHI, HEOOX1/IHO NMPUHHATH PIlIEHHS IPO HAJIEKHICTh
peatizalii, 110 pO3ITi3HAETHCS, JI0 OHOTO i3 KIIACIB 33 JaHOTO
andasiTy.

2 OIS A JIITEPATYPU

Po3nizHaBaHHS IEBHOI €MOLIIT 110 OOINYYIO JIIOIMHH CIIO0-
YaTKy po3IIIsLIAIOcs SIK CyTo MeaHa podrema [ 7, 8). Ilpak-
THYHA [[IHHICTb X IPaLlb ITOJISra€ B CTPYKTYpHU3aLlii elleMEHTIB
00mYYst Ta X Kiacudikamii 3aJ1eKHO BiJ] IICHXOEMOLI HHOTO
CTaHy JIO/IMHH, 1110 103BOJIsiE (POPMYBATH BXITHHI MaTeMa-
THYHUH ONIC KOMIT FOTEPHUX CHCTEM MCUXONIarHOCTYBaHHSL.

B mpaui [9, 10] 3anponoHoBaHO KOMIT I0TE€pHA €MOLIiH-
HO-OpIEHTOBAaHA TEXHOIIOTis, IKa BCTAHOBJIIOE BiIIOBIIHICTh
(parMeHTiB 00IMYYS PI3HUM EMOLIHHAM CTaHaM JIFOIMHH.
[Tpu oMy, 17151 po3Mi3HABaHHS €MOLi i BUKOPHCTOBYETHCS
TaKi TPaIUIliifHI METOMIH, K OalieciBChKUI KiTacu(ikaTop,
IITY4HI HEHPOHHI MEpEeXi Ta HEWiTKI METOIH ITOAAHHS, Ta
BUBeeHHs 3HaHb. OCHOBHUM HE/IONIKOM PO3IIISIHYTHX Me-
TONIB PO3Mi3HABAHHS EMOLIHHOIO CTaHy JIOAUHHM € X MO-
JIeTIbHICT, OCKUILKY BOHH HE BPaXOBYIOTb JIOBLIbHI IIOYAT-
KOBI yMOBH (popMyBaHHSI 00pa3iB Ta BIUIMB HEKOHTPOIIBO-
BaHMX (paxTopiB. Kpim Toro, aBropamu He poO3IIILAAETHCS
3B’30K EMOLIII{HOTO 1 ICUXIYHOT'O CTaHIB JIIOJUHU. 3arab-
HUM OCHOBHUM HEJJOJIIKOM METO/IiB € 3aCTOCYBaHHS CTPYK-
TYpHHX 200 IMCTaHIIHHNIX Mip CXOKOCTI, 110 3MEHIIIYE JI0C-
TOBIPHICTB KJIacuikamii 32 yMOB alipiOpHO HEYITKOTO pO3-
OUTTS IPOCTOPY O3HAK HA KIIACH PO3ITi3HABAHHSL.

B mpamni [11] po3mistHyTo 3aCTOCyBaHHSI TEOPETHKO-
iH(OopManiHOro MiXO0AY A0 PO3ITi3HABAHHS Ta BiJICTEXEH-
HS TIOJIOKEHHST 00JIMYYs Ta HOrO CTPYKTYPHHX €JIEMEHTIB.
ITpu upomy, iHpopmariitHa Mipa BAKOPUCTOBYETHCS SIK KPH-
Tepill pi3HOMaHITHOCTI 00’ €KTiB, ajle He pO3IIsIIaIacs 3aa-
4a iHpOpMaifHOTO CHHTE3Y CHCTEMH PO3ITi3HABAHHS [ICH-
XOEMOIIIIfHOTO CTaHy JIFOIUHHA 32 OOIHIUSIM.

TaxuM 9UHOM, 3 METOIO YCYHEHHS BU3HAYEHUX HEIOMIKiB
TIEPCICKTUBHIM € CTBOPEHHS B PAMKaX TEOPETHUKO-1H(Op-
MAIHHOTO i IXOAY CHCTEM IICHXOAIarHOCTYBAHHS Ha OCHOBI
i7elt MaIMHHOTO HABYAHH Ta PO3ITi3HaBaHHS 00pas3iB, M0
JIO3BOJIUTH HAJaTH iM BIIACTHBICTH aJalITUBHOCTI 32 YMOB
anpiopHOi HEBU3HAYCHOCTI.

3 MATEPIAJIA 1 METOIN

KareropiliHy Mozens mporecy HaBYaHHS CHCTEMH TICH-
xomiarHocTyBaHHS B pamkax |EI-rexHomorii momamo y BurIsizi
Jiarpamu Bi1oOpakeHb MHOXKHH. [IpH IbOMY BXiTHHI MaTe-
Matuaaui ormwc CIIITP npeacTaBuMO y BUIVISIIN CTPYKTYPH

Ap =<G,T,QZY;IL®, [ >,

e [1: G x T xQ — Z — oneparop IepexoiB, 10 BigOuBae
MEXaHi3M 3MIiHHM €MOI[IHHO-IICUXOJOTIYHUX CTaHIiB;
O :GxT xQxZ — Y — onepaTop oOpoOIeHHs 300pakeH-
H (popmyBaHHS BXiZHOI HaBYaIBHOI MaTpHIi Y);
f 1Y — X P—oneparop BifioOpakae BXiJHy HaBYaJbHY MaT-
PHIIFO SICKPAaBOCTi Y 300pakeHHs 00na4st B OiHApHY MaT-

pumo X 7l sxa BPaxoBYye 3HAYECHHS SICKPABOCTI BUAIJICHUX
Ha 300pa’keHHi 3aaHuX P (PparMeHTiB.
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Jiarpamy BioOpa’keHb MHOXHH Y TIPOLIECI HABYAHHS
CIIITP 3a indopmaniiHO-eKCTPEMAILHAM AJITOPUTMOM 3
OIITHUMI3aLli€10 TEOMETPHYHUX [TAPAMETPIB TinepchepuaHuX
KOHTEHHEpIB KJIaciB po3Mi3HaBaHHS II0Ka3aHO Ha PHUC. 1.

Ha niarpami (puc. 1) mpaBuii KOHTYp orepaTopiB peaiti-
3ye B pamkax [EI-rexHosorii 6a30Buii anroputM HaBYaHHS
CIIITP, 0cHOBHOIO 3a]1au€l0 SKOTO € ONTHMI3aLlisi FeOMeTpHY-

HUX IMapaMeTpiB po3OUTTS 9{‘2‘ TIpH 3a/IaHil CUCTEMi KOHT-
POJNBHUX JIOIYCKiB HA O3HAKHU PO3Ii3HABAHHS.

4 EKCITEPUMEHTH

Posrstnemo MonndikoBanuii anropurm HaBuanus CIITIP
JUISl TICUXOIarHOCTYBaHHS 3a ()parMeHTaMy 300pa)KeHHs
00myus nanienTa B pamkax IEI-rexHormorii, sikuii BiTHOBITIOE
B pasliaibHOMY 0a3uci MPOCTOpy O3HAaK rinepcepruyHi KoH-
TeliHepH KJ1aciB po3mi3HaBaHHs. [Ipu poMy onTHMaIbHUN
paJiiyc KOHTelHepa Ki1acy po3Ili3HaBaHHs BU3HAYA€ETHCS K

d* =arg max E o)
" gGEmGd @

Bxiuoro ingopmariiero s Hapuanus CIIIIP e 6araro-
BHUMipHa HaBYaJbHA MAaTPUII SICKPABOCTI MIKCEINIB peLer-
TOPHOTO oJIs 300paxeHHs 00anyus

Hyr(nj,”m:LM;]:la_N;leanH; CHCTEMA IOJIB KOHT-

POJIBHUX JOITYCKIiB {8 ; } Ha O3HaKH pO3Ii3HaBaHH 1 piBHI ce-

JEeKIIiT { m } KOOpJIHAT ETATIOHHUX JIBINKOBUX BEKTOPiB-pea-
Ji3anii Kacis posnizHaBaHHA. KpiMm Toro, 3a1a€Thes CTPYK-
Typa KOOpJMHAT BEPIIMH MPSIMOKYTHHX (parMeHTiB
300pakeHHs 00M4Ys nauieHTa<ig,ig, jg, jg >. Ilpu1ubo-
MY MOTYKHICTh CJIOBHHKA O3HAK PO3ITi3HaBaHHS, chopmo-
BaHOTO 3a ()parMeHTOM 300paxKeHb, JOPIBHIOE ip —ip 03-
HaK, a KUIbKICTb peaizalii — jg — jp.

PosrnsiHEMO OCHOBHI eTamy peadi3alii 6a30BoOro airo-
PUTMY HABYaHHS:

1. ®opmyeTbes o GparMeHTy 300pakeHHS OiHapHa

A 11() .
HaBYaJIbHA ManI/ILUI X (’{1) i H , CJIECMEHTH SKO1 ,Z[OPIBHIOIOTB

J .
Gy I, sxmo y(m?iGS[,

xm,i - . 3
0, KO y(,',i?l- €9;. 3)

nei=ig.ig,j=jpJjE.

Al

Pucynok 1 — Kareropiiina monens HaBuanHs CIITIP
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2. ®opMyBaHHS MACHBY E€TAJOHHHX JIBIHKOBHX BEKTOPIB

{X . | m=1.M }, CJICMCHTH SKOI'0O BU3HAYAIOTLCA 3a Mpa-
m,1 >

BHJIOM:

1, sxmo
m,i - @)
0, iHakre.

3. J1ost KosKHOTO KIiacy X (,f; ) 3MIACHIOETHCS TIOLTYK Hak-

OJIKYOr0 «cycizla» X ([p) , AJI IKOTO BUKOHYETBCS YMOBa

I=argmind(xn © ) el m—Lm+1, M.

4. OnruMisariist KonoBoi Biacrani d (,5) BiZIOYBa€THCSI 3a pe-
KypeHTHOIO potenypoio d, (k) =[d,,(k—1)+h|d,,(k) € G2].
[Tpu upomy npuiimMaersest £ (,f; ) (0) =0.

3. dist koxKHOTO Kitacy X (,ﬁ,] ) 3JIHCHIOETHCS TIOIITYK HAHO0-

JINXKYOIro ((Cyciﬂa» X(lp), JJIA SIKOT'O BI/IKOHyeTLCH yMOBa
I=arg min d(x, @ x) et} = m—Tm+1, M},
t

4. OrrruMi3aliis KomoBoi Biacrani d (,f,) ) BiZIOyBa€eThCH 32 pe-
KYPEHTHOIO [IPOLERYPOIO d,, (k) =[d,,(k—1)+h|d,, (k) € GZ].

IMpu npomy npuiimaerses E (,ﬁ ) (0) =0.
5. Ilponenypa 3aKiHIYETHCS IIPU 3HAXOPKEHHI MaKCH-
mymy KOE B pobouiii o6racTi Bu3Ha4eHHS HOro GyHKIIT

*(p) _
EW ®

ne{d}=1d,,...d

> max

} € [O;d(xm Dx)— 1] — MHOXKMHA paji-
yCiB KOHIIEHTPOBaHUX rinepcdep, HEHTP AKX BU3SHAYAETHCS

BepiIMHOK eTanonnoro ektopa x7) € X P) TIpu upomy
MHOXWHA {d} € TAK CAMO MHOYXHHOIO KPOKiB HABYAHHS CH-
CTEMH pO3Mi3HABAHHS.

TakuM 9MHOM, OCHOBHOIO (DYHKITI€FO 6a30BOTO aJITOPHT-
My HaB4aHHS y pamkax [EI-TexHomorii € 004rcIIeHHsI Ha KOXK-
HOMY Kporli HaBdaHHs iH(opmanitiHoro KOE i opranizatis
TIOITYKY HOTO III00aTFHOr0 MaKCUMyMY B po0odiit obmacti
BHU3HAYEHHS (DYHKIIIT KPUTEPIFO 3 METOIO BU3HAYCHHS OITH-
MaJBHAX TEOMETPUYHUX ITapaMeTpiB KOHTEHHEPIB KIaciB
PO3Mi3HABAHHSL.

Sk xpuTepiit orrrrMizarii mapaMeTpiB HaBYaHHS Y paMKax
[EI-TexHOMOTii MOXKE pO3ITIAIATHCS OyIb-sKa CTaTHCTAYHA
iH(opmariiiHa Mipa, ska € QYHKIIOHAIOM BiJ] TOYHICHHX Xa-
paxrepuctrK. LLInpokoro BUKOPUCTaHHS B AITOPUTMAX HABYaH-
Hs1 HaOyna Momuikaris iHpopmamniitHoi Mipu Kymsoaka [12]:

) 4 p®) {10
E,(,f) =0,5log, %;%)% *[(Dl(k)+D£k))—(q(k)+[3(k))]- (6)
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5 PE3YJIbTATH

DopMyBaHHS HABYIBLHOI MATPHLI 3/ ICHIOBAIIOCS 32 BiJI0-
MOIO TEXHOJIOTI€F0 BiICO-KOMIT FOTEPHOI IICUXO/IiarHOCTHKH Ta
KOpEKIii, sika 0a3yeThCst Ha TOPIBHSHHI JTiBOMIBKY/IFHOTO Ta
TIPaBOMIBKYILHOTO HOPTPETIB IS OLIHKH IICHXOJIOTTHOTO CTa-
Hy JromuaN. Bxigawit Maremarwanmii ormic CIIITP 6ymo cdop-
MOBAHO 32 Tpag)iYHAMH TAHIMH, HaBeIeHUMH B Tiparti [2]. Ha
pHC. 2 OKa3aHO IOPTPETH OCOOU 3 HECTAOLTHHIM CTAaHOM, SIKi
XapakKTepu3ykoTh Kiac X1, cHopMOBaHHif i3 JTiBOMIBKY/IBHHIX
(puc. 2a)ixkac X3, copMOBaHHii i3 PABOMIBKYIHHHX TIOPT-
periB (prc. 26). Bimmosimao chopMoBaHO TOpTpeTH 0co0H i3
CTalLIbHAM €MOLiHHO-TICHXOJIOTIYHAM CTAaHOM — KJIac X3
(puc. 2B) ixmac X § (puc. 2r).

Pesynbrar ontrmizartii 3a KpurepieM (6) reoMeTpUIHIX
TIapaMeTpiB KOHTEHHEPIB KIIAciB pO3ITi3HaBaHHS, 11O BiTHOB-
JIIOIOTHCS B pafiaibHOMY 0a3Hci MPOCTOpY O3HAK 3a iTepa-
LiifHOIO MpoIeayporo 6a30BOro aIrOpUTMY HABYAHHS, IS
TIOBHHX MOPTPETIB (pHC. 2) TOKa3aHo Ha puC. 3.

Pucynok 2 — IloprperH, siKi BUKOPUCTaHI NIPU IICUXOAIarHOC-

THII: @ — KJac X10;6—KnacXg;B—Knac Xg;r—KJlac XX
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Ha puc. 3 cBiTiIMM KOTEOPOM ITOKa3aHO pobodi (Jorryc-
TuMi) obnacti Bu3HayeHHs gyHkuii KOE, B skux nepia ta
JIpyra JOCTOBIPHOCTI EPEBEPIIYIOTH BiJIIOBITHO IIOMUJIKA
TIEpIIOTo Ta JPYyroro poxy. AHaii3 puc. 3 mokasye, 1o He-
3Ha4YHI MakcuMaibHi 3HadeHHss KDE xapaxrepHi 1u1st ocodn
31 CTaOlILHUM €MOLIIHHO-IICUXOJIOTYHIUM CTaHOM, IO II0-
SICHIOETBCSI CXOXKICTIO JIIBOIIBKY/IBHUX 1 MPABOIIBKYIbHUX
noprpetiB. KpiM Toro, uepes G1u3bKiCTh LEHTPIB KIaciB X 5
i X{ mapuc. 381 puc. 3r BicyrHi pobodi odmacTi.

3 MeTor0 JocTiKeHHs iHpopMaTHBHOCTI (PparMeHTiB
o0myust Oyno c(OpMOBaHO HaBYaJIbHY MATPHIIO SCKpa-
BOCTI 711 300pa’keHb (hparMeHTiB, K XapaKTepH3yBaJl 30HY
odeil Ta Hoca. Ha puc. 4 nokas3aHo opTpeTH 0co0H 3 HecTa-
OLITBHIM CTaHOM, SIKi XapaKTepu3yrTh Kitac X', chopmoBa-
HH i3 TiBOMIBKYIbHHX (pHcC. 4a) i K1ac X 5, chopmoBaHHmii i3
TIPaBOIIBKYJIBHUX TOPTPETiB (puc. 40). Biamosiano cdop-
MOBAHO HIOPTPETH 0COOH 13 CTaOITBHUM €MOIIHO-TICHXO-

JIOTIYHUM CTaHOM — KJIac X3 (puc. 4B) i knac X 4 (puc. 4r).

Pucynok 4 — ®parmenTH noprpera o0JIMYYs, sIKi BKIIOYAIOTh

30Hy O4Yeli Ta HOCy: a — KJIac Xlo; 6 — KJ1ac Xg; B — KJIaC Xg;

F—KJIaCXg
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Pucynok 3 — I'padiku 3anexunocti KOE (6) Bin pamiyciB KOHTEHHEpIB KIAciB po3Mi3HABaHHS JUIs MOBHOTO MOPTPETY: a — Kiac X 10 ;

G—MaCXg;B—KHaCXg;F—KJIaCXZ
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I'padikn 3anexxnocti suaamiku 3mian KOE mpu gpopmy-
BaHHI BUPIIIAIFHUX TPaBHJI VTS IOPTPETIB MAIlieHTa 10 Ta
TTiCIISt TPOBEZICHHS ICUXOKOPEKIIi1 IOKa3aHo Ha pHcC. 5.

Amnaii3 puc. 5a ipuc. 56, onep>kaHux 3a J1iBO- Ta IPaBO-
MiBKYJIbHUM HOPTPETOM 0COOM 3 HECTAOUILHIM €MOLiHHO-
TICHXOJIOTIYHIM CTaHOM, BKa3ye Ha MOXJIMBICTh CTBOPEHHS
BUPIIIAIIEHAX MIPABUJL, TIEpIIIa Ta APyTra JOCTOBIPHOCTI SIKMX
niepeBuIytoTs 0,5. Pe3ynsraTi HaBUaHHSI [T 0COOU 3i cTa-
O1JIbHUM €MOLIIHO-TICXOJIOTIYHIM CTAHOM 32 aHaJIOT19HH-
MU QJITOPUTMaMH, IKi TIOJaHO Ha pHC. 5B 1 pHC. ST, ITOKazy-
I0Th HEMOXJIMBICT ()OPMYBAHHS pEJICBAHTHUX BHPIIIaIb-
HUX ITPABWJI, 110 CBITYNTH PO BUCOKHUH CTYMIHb CXOXKOCTI
JIIBO- Ta MPaBOMiBKYIEHUX NOPTPETiB. TakuM 4MHOM, 3a1po-
TIOHOBAHUH aJTOPUTM HaBYaHHS JO3BOJISIE OymyBaTh BUpI-
IIaJbHI MPaBWIIa, 34aTHI BU3HAYATH PI3HOMAHITHICTD MIX
IPaBo- 1 JIIBOMIBKYIEHIUMH MOPTPETaMH OO YSI.

Ha nactynHomy erarti, 3 METOIO JOCITIJDKEHHS iH(OopMa-
TUBHOCTI parMeHTiB 00HI4s Oyito c(hopMOBaHO HABYAIIb-
HY MaTpHIJIO SICKPaBOCTI ISl 300pakeHb (pparMeHTiB, sKi
XapaKTepU3yBaJIH 30Hy Hoca (puc. 6).

I'padikn 3anexxnocti sunamiku 3mian KOE mpu gpopmy-
BaHHI BUPIIIAIFHUX IPaBHJI VTS IOPTPETIB MAIlieHTa 10 Ta
TTiCIISt TPOBEZICHHS ICUXOKOPEKIIi1 IOKa3aHo Ha pHc. 7.

Amnaii3 puc. 7a i puc. 70, onep>KaHnX 3a JIiBO- Ta IPaBoO-
MiBKYJIbHUM HOPTPETOM 0COOH 3 HECTAOUTLHIM €MOLIiHHO-
TICHXOJIOTIYHIM CTaHOM, BKa3y€e Ha MOXJIMBICTh CTBOPEHHS
BUpINIaJIbHUX NpaBwil. Pe3ynbraTi HaBUaHHS I 0COOM 31
CTabiJIbHUM €MOLIIHHO-TICHXOJIOTIYHUM CTaHOM 32 aHaJIOTi-
YHUMU aJITOPUTMaMH, SIKi TOAAHO Ha pHC. 7B i pucC. 7T, TIOKa-
E &
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Pucynok 6 — ®parmMeHTd IOpPTpETa, 0 BKIIOYAIOTh 30HY HOca:
a— KJac Xlo; 6 — KJac Xg; B — KJIac X;; I — KJac XX
3yIOTh HEMOJKJIMBICTH (POPMYBaHHS PEIEBAHTHHX BHPIIIaIb-
HUX IIPaBWII, OCKLIbKY 3Ha4eHHs1 KOE € Gmu3pknmu 10 Hyos,
1110 CBIJUMTB IIPO BUCOKHH CTYITIHb CXOXOCTI JIiBO- T IIPaBO-
MBKYJIBHUX MOPTPETiB. TakuM YHUHOM, 3aIIpOIOHOBAHMI
AJITOPUTM HaBYAHHS JI03BOJISIE OyyBaTH BUpIIIAibHI Mpa-
BIJIA, 3/JaTHI BU3HAYATH Pi3HOMAHITHICTb MK IIPaBo- 1 JIiBO-

iBKYJIbHIMH HOPTPETaMU OOIHIUSL.

6 OBI'OBOPEHHSA

AHanoriqauii aHasi3 300pa)eHb ManieHTa, mo OyJIu oT-
pYIMaHi Ha Pi3HUX eTarax MCUXOKOPEKIIii, JO3BOIISIE BiICIIAKY-
Baru nuHaMiKy 3MiHn KOE npu ¢popMyBaHHI BUpIIAIEHIX
TIPaBWJI IPOTSITOM BCHOTO IEpioy JiKyBaHHS (puc. 8).

Amnari3 puc. 8a okasye, 110 Ha JPYroMy eTarli JIiKyBaH-
HS BiOyOCs MOTipIIeHHs IICUXONoriyHoro crany. Ha me
BKazye 30inbmenHs 3HaueHHss KOE npu ¢popmysanHi BUpi-
mransHUX npaBwi. [licas poro KOE, a orke 1 BiqMiHHICTE
MIX IIPaBOIiBKYJIHHNM 1 JTiBOMIBKYJILHAM HOPTPETAMH, I10-
CTYIIOBO 3MEHIITyBaJIacs 1 Ha YeTBEPTOMY KpOILIi BiITOBIHI
BHUpiIIaTbHI NpaBuiIa He Oyito copmMoBaHo. AHaI3 puc. 86
TIOKa3ye, IO Ha IpyroMy eTami JIiKyBaHHs He BinOyrmocs
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Pucynok 5 — I'padiku 3anexxsHocti KOE (6) Bix paniyciB KOHTEHHEpIB KiaciB po3Mi3HABaHHS Uil ()parMEHTIB MMOPTPETY, SAKi BKIIOYA-

10Th 30HY O4eil Ta HOCY: a — KJac X10;6—KJIaC Xg;B—KJIaC Xg;F—KJIaCXE
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Pucynox 7 — I'padixu 3anexnocti KOE (6) Bin paaiyciB koHTeliHepiB KJIaciB po3mi3HaBaHHS Ul ()parMEHTIB MOPTPETY, SIKi BKIIFOYa-
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E E E

12 g e L 09

1 0
T, B
| os
04
7 o3
4 o2

ol
0

a

Pucynok 8 — I'padixu 3minn KOE (6) npu GpopMyBaHHI BUpINIATEHUX MPABHJI HPOTITOM BCHOTO IEPIOAY JIIKYBAHHS:
a — NOBHMII opTper; 6 — 30Ha oyeil i HOCy; B — 30Ha HOCY

TIOTipIIEHHS TICHXOJIOTIYHOTO CTaHy, aJie Ha TPEThOMY eTarli
MaJIo MicIie TIeBHe «TaTbMyBaHHs POLECY TICHXOKOPEKILii. osiank, | orvmi |
Ha e Bxa3yrots He3HawHi 3MiHN 3Ha4eHH KOE nipu dop-
MyBaHHI BUPIIIAIGHUX [IPABUIT HA TPETHOMY €Talli JTiKyBaH-
HS BITHOCHO JIpyroro eramy. Ha ueTBepToMy KpoIli aHajIor-
i9HO 70 puc. 8a BIAMIOBiHI BHpIMIANBHI MpaBUia HE OYyI0
chopMoBaHO. AHai3 puc. 8B MOKa3ye, IO AHAJIOTIIHO 10
puc. 80, Ha APyroMy eTami JIKyBaHHS HE BimOyIoCs IIO-
TipIICHHS IICUXOJIOTIYHOTO CTaHy, aje Ha TPETbOMY eTarli
MaJIo MiCIie TIeBHE «TaTbMYyBaHHSD IIPOIIECY IICHXOKOPEKIIi.
Ha e Bxa3yrots He3HawHi 3MiHN 3Ha4eHHs KOE nipu dop-
MyBaHHI BUPIIIAIGHUX [IPAaBUII HA TPETHOMY €Talli JTiKyBaH-

HS BiTHOCHO JIpyroro erary. Ha deTBepToMy KpoIl aHaio- e

Ti9HO 10 prc. 8a—80 BiAMOBIIHI BUPIMIaIbHI IpaBMIIa He OYIIo

c(hopMOBaHO. Pucynok 9 — TpaekTopist ICHXOKOPEKLil 32 AUHAMIKOIO
‘V3arambHEHa TPAE€KTOPIisl HICHXOKOPEKIii 32 THHAMIKOIO 3minu KOE

3mian KOE mms ABOX pi3HHUX YacTHH MOPTPETY MogaHa Ha

puc. 9.
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[IPOTPECHBHI IHOOPMALIMHI TEXHOJIOI'TE

Ha puc. 9 Tpaexropist icuxokopekiii GpopMyeTbcs Ha
ronmni E E . TIpn iboMy nana miomuHa po3oura Ha 90TH-
¥ 00JIaCTi, IO Bi/TIOBITAl0TH 00’ €KTUBHI I TUTIONOT T TICHXO-
JIOTIYHMX CTaHiB JifonuHY [2]. B BepxHiii npasiii 4acTuHI H0-
KazaHa 00JIaCTh JIOTIYHMX JIecTaOlIbHUX ICHXOJOTTYHIX
CTaHiB, IPaBii HWKHIH — IHTYITHBHUX AecTaOlIbHUX, JTiBiH
BEPXHiH — JIOTTYHUX CTaOIIbHAX, JIiBii HIDKHIH — IHTYI THBHUX
cTabinpHuX. BrkoprcranHs Takoro crocoOy BiqoOpakeHHs
TIpoIiecy JIIKYBaHHS JO3BOJISIE CIIOCTEPIraTH 3a KOPEKTHICTIO
BXKHUTHX 3aC001B, €()eKTHBHICTIO OKPEMHX €TaIiB Ta JIKyBaH-
HS B ILJIOMY.

BUCHOBKHA

1. B pobori 3anporoHoBaHO MOAX(IKAIIIO0 TEXHOIOT1
BiJICO-KOMIT FOTEPHOI IICHXOTIarHOCTHKH Ta KOPEKIIii, 1110 3a-
crocoByethest B Llentpi Exonorii JTroman HUKAP nipu [acTH-
TyTi [Ipobnem Kepysanns Pocilicekoi Akagemii Hayk mts-
XOM il iHTerparii 3 iHhopMamiiiHO-eKCTpeManbHOIO IHTEIIEK-
TYyaJIbHOIO TEXHOJIOTI€IO.

2. JTnst chopMOBaHMX HABYAIBHIX MaTpHILb Ha 0a3i par-
MEHTa JIIBO- Ta MPaBO MiBKYJIEHHUX IIOPTPETIB 3aIIpOOHOBA-
HO aJITOPUTM O00YHCIIEHHs 1H(POPMAIiitHOI Mipy MiXK IIUMHU
MIOPTPETaMu 3 METOI0 BU3HAYEHH iX pizHOMaHiTHOCTI. [To-
PIBHSHHS MaKCUMaJIbHUX 3Ha4YeHb 1H(pOpManiiHuX Mip, OT-
pPUMaHUX NPY ONTUMi3allii HapaMeTpiB HaBYaHHS CUCTEMHU
3a MOPTPETaMH JIFOANHH JI0 Ta ITiCJISt HPOBEIECHHSI TICHXOKO-
PEeKLii Moka3a’o, 0 BUKOPUCTAHHS YaCTHHH ITOPTpeTa Matl-
1€HTA JUIS ICHX0aHAIi3Y € OLTBII e()eKTHBHIM, OCKLIBKH ITOp-
TpeT Moke OyTH HecTaOlIbHUM, HAalpHUKIIAJI, Yepe3 BiKOBi
0co0IIMBOCTI UM pi3HI crenudidai 00MeXeHHS.

3. Iloka3aHa MOXJIMBICTh BUKOPUCTAHHS JIUILIE YACTHHH
300pakeHHs ISl TICMXOIIarHOCTUKHY Ta 00’ €JJTHAHHS pe3yilb-
TaTiB IICUXO1aTHOCTHKH 32 OKPEMHUMH (hparMeHTaMu IOPT-
perTy, o TO3BOIISE BiMOOPA3UTH MPOIIEC JIIKyBaHHS y BHT-
TSIl TPAEKTOPIi IICHXOKOPEKIIi Ha TUIONIUHI 00’ €KTUBHUX TH-
TIOJIOT1H TICUXOJIOTTYHNX CTaHIB JFOIUHM.

MOISKA

PoGora BukoHaHA B paMKaxX AeP>KOIOMKETHIUX HAYKOBO-
JOCTITHAIBKUX TeM «Po3poONIeHHS HAyKOBO-METOIHYHUX
OCHOB Ta iH(pOpMaifHUX 3acO0IB aHATI3Y i CHHTE3Y iHTe-
JIEKTYaJIbHAX CHCTEM, 10 caMOHaB4YatoThCsDy (Ne 52.17.02-
01.12/13 3I0), «IHTeNeKTyarbHa cHCTeMA Tiar HOCTYBaHHS Ta
TIPOTHO3YBaHHS Mepediry i HACHIIKIB MATOIOTIYHOTO IPO-

JlosOwim A. C.', llenexos U. B.%, Tpunena JI. B.?

necy» (Ne 52.17.02-02.13\14 3IT) na 6a3i 1aboparopii iHTe-
JIEKTyaJIbHAX CUCTEM Kadenpn KoMIT FoTepHUX HayK CyMchb-
KOT'O JIep>KaBHOTO YHIBEPCHUTETY.
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'II-p TexH. Hayk, mpodeccop, 3aB. Kad). KOMIBIOTEpHBIX HayK, CyMCKOI TOCYIapCTBEeHHBIH YHUBEPCHTET, YKpauHa

’KaHJI. TexXH. HayK, JOLEHT Ka(eapbl KOMIBIOTEPHBIX Hayk CyMCKOro TOCYIapCTBEHHOTO YHHBEPCHTETa, YKpaHHa

*AcripanT Kadeapsl KOMIBIOTEPHBIX HayK, CyMCKOW TOCYIapCTBEHHBIH YHHBEPCHTET, YKpauHa
HH®OPMAIIMOHHO-3KCTPEMAJBHBIN AJITOPUTM OBYYEHWA CUCTEMBI JUATHOCTUKHA SMOIHO-

HAJIBHO-ICUXUYECKOI'O COCTOsIHUA YEJIOBEKA

PaccmarpuBaeTcst MeToq, pacio3HaBaHMS SMOIMOHAIBHO-TICHXHYECKOTO COCTOSHUS YeIoBeKa Mo M300paxkeHuio ero ymia. [Ipu stom
MPEATIOKEHO AT MONYYCeHHs JOMOMHUTEIbHOH HH(OPMAINK HCIIONB30BaTh Takue (parMeHTHl H300pakeHNnsl JMIA YeIoBeKa, KOTOpbIe
BKJIFOYAIOT 30HBI TWIa3 U Hoca. POpMUPOBaHIE BXOMHOTO MaTeMaTHYeCKOTO OIMCAHMS CHCTEMBI PAcIO3HABAHUS OCYIIECTBISIETCS ITyTEM
aHaJIM3a JICBOIIONYIIAPHBEIX M MPaBOIOIYIIAPHBIX N300paXkeHnit Jiina desoBeka. [1pyu 3ToM mpenBapuTeIbHO A CTaOMIBHOTO YMOIUO-
HaIBHO-TICHXUYECKOTO COCTOSIHHMS JIMIIa (hopMupyercst yaeOHast MaTpHLa IpKOCTH N300pa)eHus, KaK BCEro JIUIIA, TaK U €10 COOTBETCTBYIO-
mux QparmMenToB. MammHHOE 0OyYeHHE OCYIIECTBISCTCS B paMKaX HH(OPMAIMOHHO-IKCTPEMAIBHOH HHTEIIEKTYalbHOH TEXHOJIOTHH,
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OCHOBAHHOM Ha MAKCUMHM3aIUH NH(POPMAIMOHHOMN CIIOCOOHOCTH CHCTEMEI pacrio3HaBanus. Kak kpurepuii pyHkunoHansHol s dexTus-
HOCTHY MAIIHHOIO O0y4eHHsl MCIIOIb30BaHO MOAMGHIMPOBAaHHYI0 MH(OpManMOHHY0 Mepy Kynp0aka, koTopast paccMaTpuBaeTcst Kak
(YHKIMOHAJT OT TOYHOCTHBIX XapaKTEPUCTHK JIBYaIbTEPHATUBHBIX pereHui. [1o mocTpoeHHoi kaTeropuiiHoit Mojeny B BUIe oToOpaske-
HHS MHOXKECTB, 33JJeHCTBOBAHHBIX B IIpolriecce 00ydeHus, pa3paboTaH HH(MOPMAMOHHO-3KCTPEMANIBHBII aJIFOPUTM ONTHMH3AINH T€0-
METPHYECKHUX apaMeTPOB rHIepchepuueckuX KOHTEHHEPOB KJIACCOB PacliO3HaBaHMUs, KOTOPbIE BOCCTAHABJIMBAIOTCS B IIponecce o0yde-
HUS B pajuajgbHOM 0a3uce MMPOCTpaHCTBa Npu3HaKoB. [1o pesynbraraMm (HU3MYECKOro MOJEIUPOBAHMS JOKA3aHO, YTO (YparMeHTHI JIna
SIBJISIFOTCSL JOCTATOYHO MH(MOPMATHBHBIMY IIPH PACIIO3HABAHUH IMOIMOHATIEHO-TICHXUYECKOTO COCTOSHHS YeIOBEKa.

KuroueBble ciioBa: HHPOPMAIIMOHHO-OKCTpEMAIbHAsI UHTEIUIEKTya IbHasl TEXHOJIOTUSI, KOMIbIOTEPU3UPOBAHHASI CUCTEMA JMArHOC-
THPOBAHMU, ICUXOANATHOCTUKA, O0YUCHUs, KPUTEPHil (YHKIIMOHAIEHON () (heKTHBHOCTH.

Dovbysh A. S.!, Shelehov 1. V.2, Prylepa D. V.3

'Dr.Sc., Professor, head of department of Computer Science, Sumy State University, Ukraine

Ph.D., Associate Professor of department of Computer Science Sumy State University, Ukraine

3Postgraduate student of department of Computer Science Sumy State University, Ukraine

INFORMATION-EXTREME ALGORITHM FOR SYSTEM DIAGNOSTICS EMOTIONAL AND MENTAL PERSON’S
STATE LEARNING

A method of the emotional and mental person’s state recognition using facial image is considered. The fragments with eye and nose
areas of the image are prompted for additional information obtaining. A forming of the input mathematical description of pattern
recognition system by analyzing the left hemisphere and right hemisphere images of the human face is proposed. The preliminary process
of forming training matrix by image brightness for a stable emotional and mental person’s state uses the whole images as well as
corresponding fragments. Machine learning in the framework of information-extreme intellectual technologies is based on maximizing the
information capacity of the recognition system. A criterion for the functional efficiency of machine learning uses a modified information
measure Kullback as a functional of the accuracy characteristics of the two alternative solutions. An information-extreme algorithm for
optimization geometrical parameters of recovering in radial basis of the feature space during the learning process hyperspherical
containers of recognition classes is developed by the categorical model of mapping involved in the learning process sets. Physical
modeling results proved that the fragments of facial image are quite informative for the emotional and mental person’s state recognition.

Keywords: information-extreme intelligent technology, computer diagnostic system, psychodiagnostics, learning, the criterion of the
functional efficiency.
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TEOPLIA I METOU ABTOMATHUMYHOI'O YIIPABJIIHHA

TEOPIA 1 METOAU
ABTOMATHUYHOI'O YIIPABJIIHHSA

TEOPUA U METOAbI
ABTOMATHUYECKOI'O YIIPABJIEHUA

THEORY AND METHODS
OFAUTOMATIC CONTROL

Y/IK 681.5.01

Hopodbees 0. N., JTiobunk J1. M.2

KaHO. mexH. Hayk, OoyeHm kagheOpbl CUCMEMHO20 aHanusa U yrnpaeneHus, HayuoHanbHbil mexHudyeckul yHusepcumem
«XapbKo8CKUl nonumexHu4Yeckull uHcmumymy, YkpauHa

2[1-p mexH. Hayk, npogheccop, 3asedyroujuli kaghedpol KOMMbLIOMEPHOU MameMamuku U MameMamu4yecKkoeo MoOenupos8aHus,
HauyuoHarnbHbIl mexHuyeckul yHusepcumem «XapbKO8CKUU MOUMexHUYeckul uHcmumymy, YkpauHa

POBACTHOE NOOABJIEHUE BO3MYLLUEHUWA NPU YMPABJIEHUN
HACOCHbIMU CTAHLUUNAMU B CUCTEME LEHTPAJIUSOBAHHOIO
BOOOCHABXEHUA

IIpennoxeH MoAXOA K PEIICHUIO 3aJauyM CHHTE3a CTAa0MIM3UPYIOMIEro podacTHOTo
yIpaBIEHUS 3allacaMH BOJbL B CUCTEME I10J1auM M PacHpelie]ICHUs BOAbI KPYIHOIO ropoja.
Maremaruueckass MOJEI/Ib CUCTEMBI [1OAAa4U U PacOpeieieHus BOAbI IPEJCTaBlICHa B BUJE
HEJIMHEHHON JUCKPETHOU MOJIEIIM B IPOCTPAaHCTBE COCTOSIHUM ¢ 3ana3zapiBanueM. [Ipennoxena
MeToJuKa (haKTOpH3aLUU MATPULl MOJEIIH, ONHUCHIBAIONIUX BIUSHHE HEJIMHEHHBIX TEPMOB,
KOTOpasi TMO3BOJIMIA IPEJCTaBUTh 3aaHHbIe CTPYKTYpHBIC OTPaHUUYCHHS B BHUJE JIMHEHHBIX
MaTpHYHBIX HEPABEHCTB. JIJIs OIaBICHNS BIMSHUS BO3MYIICHNI, MOACTUPYIONINX H3MEHEHHUS
HEU3BECTHOTI'0, HO OTPAHWUYEHHOTO BHEIIHEro CIIPOCa, OJHOBPEMEHHO C 00ecIedYeHHEeM
YCTOIYHMBOCTH 3aMKHYTOH CHCTEMBI, TPHMEHEHa METOANKA HHBAPHAHTHBIX SJUTUIICOHUIOB, KOTOpast
103BoNMNIa chOPMYIHPOBATh 3aady B TEPMUHAX JIMHEHHBIX MaTPHIHBIX HEPABCHCTB, a CHHTE3
YIIPaBJICHUSI CBECTU K IOCIEAOBATEIHHOCTH 3aJad OJHOMEPHOH BBIIYKIOW ONTHMH3ALUH H
MOJIyONPEAEICHHOT 0 MPOrpaMMHpOBaHus. B kauecTBe mpumepa paccMOTpeH parMeHT CHCTEMBI
MOZIaY¥ ¥ paclpesereHnsl BOABI ropona XapbKoB.

KniodeBble ciioBa: crcTeMa MOAA4X M PACIIpEIeNICHNUS BOABI, yIIPaBIeHNE 3aI1acaMH BOJIH,
METOJ MHBapUAHTHBIX JJUIMIICOUIOB, MpAMoil MeToy JlsmyHoBa, IMHEHHOE MaTpUIHOE
HEPaBEHCTBO, 33/1a4a IOIYOIPEIeICHHOTO IIPOrPaMMHUPOBAHUSL.

HOMEHK/IATYPA d (k)—BEKTOp BHEIHUX BO3MYILICHUI B MOMEHT BPEMEHH
JIMH — nuneiHoe MaTpiiHOE HEPABEHCTBO; d™** — BEKTOp BEPXHUX IPAHMYHBIX 3HAYEHUH 0OBEMOB
CIIPB — cucrema nomadu 1 pacipeneIeHus BOIBL, MOTPEOIIIEMOIi BOJIBI U YTEUEK;
4, ~ MaTpHIa IHHAMHKI, d™" — BeKTOp HYKHMX TPAHUYHBIX 3HAYEHUH 0OBEMOB
B, — MaTpUILBI BIUSHUS yIPaBICHHUH; MOTPEOIIIEMOIi BOJIBI U YTEUEK;
C — Marpua BbIXOJIOB; & — YCKOpE€HHUE CBOOOIHOTO TIaICHUS;
D — JOIyCTUMOE MHOXECTBO 3HAYCHHUI BHEIIHMX BO3- h; (k) — Hanop (naBiIeHNE) BOABI B y3JI€ | B MOMEHT Bpe-
MYILEHUH; MEHU k;
D; — nnameTp TpyObl, HCXOSIIEH U3 pe3epByapa i ; k — HOMEp IUCKPETHOI'O MOMEHTA BPEMEHHU,
E —MaTpuIa BIUSHHS BHSITHUX BOBMyH.IeHPlﬁ; m — KOJIMYECTBO YIPABILIEMBIX THAPABINICCKNX JIEMCH-
R; — pamuyc pesepByapa i; TOB (HACOCOB ¥ BEHTHIICH);
U — IONyCTUMOE MHOXXECTBO 3HAUCHHUH YIPABIISIOIIMX 7 — KOJIMYCCTBO PC3EPBYapoOB;
BO3ZCHCTBHIA; g — KOMYECTBO CEKTOPOB MOTPEOICHNS;
X — IOIyCTUMOE MHOXKECTBO 3HAYEHHMN COCTOSHUIA; qin,i (k) — i-i BXOIAIIMIT TOTOK BOJIBI B MOMEHT BPEMEHH f;
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out, j (k)— j-MCX OIS IOTOK BOJIb B MOMEHT BPEMCHI £

u(k) — BEKTOp yHMpaBISAIOIMIAX BO3AEHUCTBUN B MOMEHT
BPEMEHH £,

4 MaX — BEKTOP, ONpPEACIAIOMNI MaKCHMaIbHBIE MOIL-
HOCTH HACOCOB;

v; (k) —oObeM BozbI B pe3epByape ; B MOMEHT BPEMEHH f;

Ml — BEKTOP, ONPEIENAIONIUA MUHUMAJIBHO [OIYCTH-
MBbI€ 00bEMBI BO/IBI B pe3epByapax;

xMaX — BEKTOp, OIPEIEIISIOIINI 00BEMBI PE3epBYapOB;

z; — BBICOTA PACHOI0KEHHS LIEHTPa TSHKECTH Y3714 [

At — IEpUOA TUCKPETU3ALINY;

A — LlesoYrcIIeHHas NepeMEHHas, KpaTHas At, KoTopast
omnpezenseT MaKCUMalbHOE 3HAU€HHE HHTEPBaIa BPEMEHN,
HEeo0XOIMMOT0 U1l TPAHCIIOPTHPOBKH BOJIBI MEXIY pe3ep-
ByapaMH CETH;

o g — koo durment Kopunonuca.

BBEJIEHUE

Cucrema BOIOCHA0KEHHS TIPEACTABIACT COOOM )KU3HEH-
HO HEOOXOIMMYIO COCTaBJISIOIIYIO CYIIECTBOBAHUS JIFOOOTO
ropona. YmpaslieHUE CHCTEMaMH BOIOCHAMKEHUS KPYITHBIX
TOPOJIOB ITO MEPE MX POCTa CTAHOBUTCS MPESIMETOM IIPHACTAITH-
HOI'0 BHUMaHMsI CIIEIUATUCTOB B 00JIaCTH aBTOMATHIECKOTO
yrpasnenus. [IpobieMa ycTOMIUBOrO pa3BUTHS U YIIPaBIIe-
HUSI CHCTEMOM BOIOCHAOXKEHHS TSI TOpona XapbKOB CTOHT
0co0eHHO ocTpo. [IpenrnockIKaMu SBIISFOTCS TEPPUTOPUAITH-
Hasl PacoioKEHHOCTh TOPOJia B OTHOCHTEIHHO MaJIOBOIHOM
paiioHe, OIBIIIOe BOIONOTPEOICHIE HACSIICHUEM 1 TIPOMBIIII-
JICHHOCTBIO, TPYIIIIOBOE BOAOCHAOKEHHE IIEIOT0 Psijia TpH-
JISKAIUX K METaroiIucy TOPOIOB, BHICOKAsI H3HOIIIEHHOCTD
WHKeHEPHBIX KOMMYHHKAIIHIA, BO3POCIIHE TPEOOBAHMS K Ka-
YEeCTBY BOJOCHAOKEHUSI CO CTOPOHEI HACEIICHHSI.

CoBpeMeHHBIE CHCTEMBI BOIOCHA0KEHHS, TIPEICTABIIIO-
qre co00i KOMITIEKC COOPY)KEHHUHN IS TONBEMa, OUUCTKH U
TIOa4YH MTOTPEOUTEISIM BOMIBI, C TOYKHU 3PEHUS UX (PyHKIIHO-
HUPOBAHUS MOYKHO IPEICTABHUTH B BUZE TPEX OTHOCHUTEIEHO
HE3aBHCHUMBIX T10 XapaKTepy ¥ KPUTEPHSIM YIIPaBICHUS MO~
cucreM [1]: mcTOUHMKN BOHOCHAOXKEHHS W BOAOIIPHEMHBIC
coopyxeHust, ourcTHbIe coopyxerust, CIIPB.

Hamnbonee moporocrosmielt U CIOKHON Cpean yKa3aH-
HBIX ofcucTeM seisercs CIIPB, xoropast umeer ciermdu-
YeCcKre XapaKTEePUCTUKH, YCIOKHSIOIINE ¢ aHallu3 U YII-
paBieHue:

— CIIPB nmeer pacrpeesieHHy0 KpYITHOMACIITaOHYIO
ApPXUTEKTYPY;

— pe3epByaphl M UCIIOTHHUTENBHBIC YJIEMEHTH UMEIOT
9KCIUTyaTAIIMOHHBIE OTPAHIMYCHHS;

— JUISL TIOJA4YU BOMABI B BBICOTHBIC 3[IaHUS HEOOXOIUMO
00eCIIeuuTh ONpeNeIeHHOE AaBJICHNE BOIBI, 3HAUCHHE KO-
TOPOTrO0 HETTMHEHHO 3aBHCHUT OT 00beMa IepeKauuBacMOM
BOJIBI, YTO IIPHBOJUT K HEOOXOIMMOCTH HCIIONB30BAHMS He-
JIMHEWHBIX MOJICIICH;

— TPAHCHOPTHUPOBAHHE BOIBI TPeOYyeT OIpeIeTIeHHBIX
BPEMEHHBIX 3aTPaT, YTO MPUBOIHUT K HEOOXOIUMOCTH ydeTa
3ana3abIBaHUN.

I'nnpasnuueckue 3neMeHTsl, U3 KoTophIx coctosT CIIPB,
JIETISITCSL Ha /IBE€ KaTETOpUH: yIpaBJIsieMble W HEYIpaBJisie-
MBI€. YIIpaBIIsieMbIMH SBIISIOTCS HACOCHBIE CTAHIINN U BEH-
Tk, HeynpasisieMbIMH 3JIeMEHTaMU SIBIISIOTCS TPYOBI,
pe3epByapsbl, a TaKXKe y3JIbl, KOTOPbIE COOTBETCTBYIOT TOU-
KaM CETH, I7Ie BOAHBIE TOTOKN O0BEANHSIOTCS WIIN Pa3Iess-
torcs. Eme ogaum anementoMm mogeneit CIIPB sBasrores
CEKTOPHI ITOTPEOIIeH s, KOTOPBIE TIO3BOJISTIOT MOZIETUPOBATH
00BEMBI CIIpoca Ha BOIY CO CTOPOHBI ITOTpeOUTENeH.

J1nst obecriedenyst HenpephIBHOTO 1 3(EKTHBHOTO (hYHK-
monnpoBanns CITPB HeoOXoamMo co3/iaHue 3ar1acoB IHThe-
BOI BOIBL. YIIPABJICHHE 3aIIaCAMH BOJBI 3aKIF0MAETCS] B OLIPENIE-
JIEHUM 00BEMOB BOIBI, KOTOPYIO HEOOXOIMMO 3aKadarth B pe3ep-
BYapbl, 1 MOMEHTOB BPEMEHH, KOrIa HEOOXOIMMO 3TO JeIaTh.
B cucremax ynpasneHus 3anacaMy BOJIbI IPETyCMaTPHBACTCS
MEPUOJUYECKUN KOHTPOIb COCTOSIHHS Yepe3 PaBHBIE IpOMeE-
YKYTKH BPEMEHH, & MOMEHT IIPHHSTHS PELICHHS O TTOTIOTHEHHN
3arraca OOBIYHO COBITAJAET C HAYAJIOM KaK/IOTO IEpHOza.

B Hacrosimiee Bpemst B OOJIBIIMHCTBE CITy4aeB yIpaBiie-
Hue CIIPB ocymiecTBisercs ¢ NOMOLIBIO 3BPUCTUUECKUX
TIPaBUII ¥ KACTOPHUYECKH CIIOKUBILIHMXCSD) CTPATETHiA, KOTO-
pBIE SIBIISIFOTCSI PE3YABTAaTOM MHOTOJIETHETO SMITPUYECKO-
TO OnbITa. be3ycIoBHO, 3TH CTPAaTErHy BIIEJIOM SIBIISFOTCS
aZIeKBaTHBIMH, OTHAKO OHU HE TapaHTUPYIOT ONTHMaJIbHON
TIOJNINTHKN yIPABJIEHHS B COBPEMEHHBIX KpyITHOMacIITa0-
HBIX ceTsX. B CBSI3M ¢ 3THM BecbMa aKTyaJbHOH SIBIISETCS
3aja4a pa3paboTKH ONTHUMAIBHBIX CTPATeruii yIpaBIeHNs
crCcTEMaMH BOIOCHAOKEHUsI, B OCHOBE KOTOPBIX JIeXKaT Ma-
TEeMaTHYECKHUE MOJETH PaOOThI CETH M METOIbI COBPEMEH-
HOI TEOpUH aBTOMAaTHYECKOTO yIPaBICHUS.

Lexnpro HacTosIEl paOOTHI SBIISIETCS CHHTE3 POOACTHOM
CTAOMITM3UPYIOLIEH CTpaTeruy yIpaBIICHHS 3a1lacaMy BOIbI
B CHCTEME IEHTPAIN30BAHHOTO BOIOCHAOKEHNS, TAPAHTH-
PpYOILIEH MTOIHOE U CBOEBPEMEHHOE YIOBIETBOPEHNE HEN3-
BECTHBIX, HO OTPAaHNYEHHBIX 00BEMOB MOTPEOIICHNS BOBI
IIPY YCIIOBUM MUHUMM3ALMK 3aTpaT Ha MPOM3BOACTBO U
TPaHCTIOPTUPOBKY BOJBI C YUETOM 33aHHBIX HKCILTyaTaIlH-
OHHBIX OTPaHUYEHHH.

1 IIOCTAHOBKA 3AJTAYN

B pabore [2] npencraBieHb pa3THIHBIE TTOAXOAbI K MO~
cTpoeHnto MaTeMatdeckux moneneit CITPB. B nacrosmmeit
paboTe B KauecTBE MEPEMEHHBIX COCTOSHUI MOJENHN pac-
CMaTpUBaIOTCs 00BEMBI BOJBI B PE3E€PBYapax, H3MepsieMble
B M°, ¥l BEJIMYNHBI JaBICHUS (HATIOPA) BOIBI B HCXOSILINX U3
pe3epByapoB MOTOKAX, H3MepseMble B M. [Ipearnonaraercs,
gto ctpykTypa CIIPB n3BecTHa, a COCTOSHIS TOCTYITHBI He-
MIOCPEICTBEHHOMY U3MEPEHHIO. B KauecTBe ympaBisronmx
TIEPEMEHHBIX BBICTYIIAIOT 00bEMBI BOJIBI, IEPEKAYNBAEMBIC
Yepe3 YpaBiIseMble THAPABINYECKHIE HIEMEHTHI B TEKYIIIEM
nepuoje, u3MepsiemMbic B M°. BHEIIHUMH BO3MYIICHUSIMU
SIBILTIOTCSI 00BEMBI TTOTPEOIIIEMOI BOABI U 00BEMBI yTeUeK
3a epUOJ] BpEMEHH Af, TaKKe H3MEPSEMbIC B M°.

st mo6oro y311a ceTr MOXKHO 3alrcaTh ypaBHEHHE Oa-
JIaHCa MAacChl B BH/E PA3HOCTHOTO YPAaBHEHUS, yIUTHIBAO-
IIIETr0 BCE BXOAIIHE U HCXOISAIINE TOTOKH:

vitk+1)= Vi(k)+zqin,i(k)_zqout,j(k)> i=1n.
i J
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CBsi3b MCKIY 00BEMOM HepeKa‘{I/IBaeMOﬁ BOJIbI U HAIIO-
POM BOZBI B ITOTOKE ONPEALIIACTCA YpaBHCHUCM BepHyJ'IJ'II/I,
KOTOPOC BBIPAKACT 3dKOH COXPAHCHUSA MEXaHHYECKOI OHEP-
T B ) KUJAKOCTH U MOXET OBITE 3aMKCaHO JJIsL JIFOOBIX JABYX
MMPON3BOJIBHBIX Y3JIOB CETU i j 10 XO4Yy NOTOKA:

hi (k) +

8a 8a
KB (k) + pgz; =y (k) +— KB d (0% +pgz . (1)
n°D; n°D;

e u(k) e R™; d(k) e RY.
Harop BojibI B IOTOKE, HCXOJAIIEM U3 Pe3epByapa, UMe-

rorrero (opMy HWIHHAPA, 3aBUCUT OT 00beMa BOJBI U pa-
Jyca pe3epByapa:
1
hy (k) = ——5 v (k). @)
R.

1

Uro0Obl n30aBUTHCS B ypaBHEHHAX (1) OT MOCTOSHHBIX

BEJIMYMH z BBEIEM IEPEMEHHBIE Zj (k)=h;(k)+pg(z;—z;)
1 3aTHIIeM YpaBHEHHUS C yI4eToM (2) B CIISIYIOIIEM BHIE:

- 1
hj (k) =——vi (k) + Fuf (k) + H yd (), (3)
T[Rl'
rie F, e R™™, F :%-diag(l,o,...,O),
Dy
8 . x
Fy =P diag(0,..,0,1), H ; € R™

T2 4
n“D,,

8agp . Bagp .
Hy =- -diag(1,0,...,0), ..., H, =— -diag(0....,0,1).
n2D14 ( ) K nqu4

IpencraBum BekTop 2 (k) = {uﬂ(k)ﬁ i=1,m ,IeMeH-
TaMH KOTOPOTO SIBIISIOTCS 3HAYCHHUS YIPAB/ISIOIINX BO3/Eii-
CTBHIA B KBaZpaTe, B CIIEAYIOIIEM BUE:

u2(k)=efut (k) EV u(k) +...+e"u (k)- EY -u(k) ,

rie el eR™1: el =(1,0,..,0)" ..., ¢% =(0,..,0,1),

E' eR™™: El' = diag(1,0,...,0), .., EX = diag(0,...,0,1)
AHaxorudHeIM 00pa3oM TMpeIcCTaBUM BEKTOP

d2(k) = {a’ jz(k); j= G , JIEMEHTAMH KOTOPOTO SIBJISOT-

Cs 3HAYCHUA BHCIITHUX BO3MyH.IeHI/II\/'I B KBaJgpare:

d2(k)=ef' d" (k) E{' -d(k)+...+eld " (k)-EZ -d(k),

e ef eR7 el =(1,0,..,0)", . e =(0,...,0,1)"

El»d e R, Eld = diag(1,0....,0), ..., Eqd = diag(0,...,0,1).

Tora HenMHEHHBIE clIaraeMble B ypaBHEHHAX (3) MOTyT
OBITH IIPEACTABIICHBI B BUIE KYCOYHO-HETIPEPBIBHBIX HEMHU-
HEHHBIX QYHKIMIL: IepBast 3aBUCHT OT IUCKPETHOTO BpeMe-

HU ¥ BEKTOpA YNPaBJIeHUH /i, (k,u) : R”*! 5 R", Bropas —
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oT ,HI/ICerTHOFO BpeMCHI/I nu BeKTOpa BOBMyHIeHI/Iﬁ
hy(k,d):R7 5 R":

hy (ko) =S F (k) = S F -5, (R),
i=1 i=1

q q
hy(k,d)="Y H;-d2(k)="Y H ;- 3,(k),
J=1 j=1

m
rie 3, (k) =Y elu (k) Elu(k) , Tq(k)= fe;? dT(k)E{d(k).
i=1 J=1
Jlist MonenmpoBaHus 3ama3 IpIBaHIN, CBSI3aHHBIX C TPAHC-
TTOPTUPOBKOM BOABI OT UCTOYHUKOB J0 PE3EpPBYapoOB, a 3a-
TEM JIO TOTpeOUTENeH, UCIIOTB3yeTCs MOJICTh TUCKPETHOM
3aJIePXKKH, TTOCKOIBKY IPEIIONIaraeTcsl, YTo 3HAYCHUS H-
TEPBAJIOB BPEMEHH, TPEOYEMBIX JUTS TPAHCIIOPTUPOBKH BOJIBI
IO Ka&)KJTIOMY YIaCTKY CETH, U3BECTHEI M HE MEHSIIOTCS B IIPO-
necce (PYHKIIMOHUPOBAHUS.
Torma maremarraeckas mozens CITPB moxeT ObITE Tpesi-
CTaBJICHA B BUJIC HEITMHEHHOW TUCKPETHON MOJIEITH B TIPO-
CTPaAHCTBE COCTOSIHHH C 3aTa3/IbIBAHUEM CIICTYFOIIETO BH/IA!

A
x(k+1)= A x(k)+ ZB,u(k — 1)+ Ed (k) + h;y (k,u) + hj (k,d), (4)
t=0

e x(k) = k)T, Z(k)TIr e R%" — cocraBHO# BeKTOp CO-

CTOSHUI  MOMENH; A4 e R, EeR>™4;

B, eR¥™ 1=0,A; i :R™! >R, 15 RIS R,

0n><m O”X‘I
= & -2, (k) hjf: <l -2 4 (k)
i=1 Jj=1
O4eBHIHO, YTO CTPYKTYpa CETH OMpPEHEIIETCS MaTpH-
namu 4, B,, E, METOIMKA IIOCTPOECHHA KOTOPBIX H3JIOKEHA
B pabore [3].
B mpormecce (GyHKIMOHUPOBAHUSI CUCTEMBI JOJDKHEI
BBINIOJHATHCS SKCILTYaTALIMOHHBIE OTPAHUYEHHUS:

x(k)eX:{xeR”: xminﬁxﬁxmax},

u(k)eU:{ueRm: OSuSumaX}, ®)

min max
rae BeKTOpBI X s X uu CUHUTAKOTCA 3aIaHHBIMHU.

IIpennonaraercs, 4TO BEKTOPbI BHELTHUX BO3MYIICHUN
YIIOBJIETBOPSIIOT OTPaHHIECHHSAM:

max

d(kyeD={d eRY: d™" <q<d™ )

rzie Bektopsl d ™" 1 @™ npeanonararoTes H3BeCTHBIMA.
[Ipeobpazyem Monens (4) kK cTaHIapTHOMY BHITy O€3 3a-
a3/1bIBAHUH C IOMOLLBIO PACIIMPEHHS BEKTOPAa COCTOSIHUI
[4] myTrem BKITIOYECHHMS B HErO BEKTOPOB MPEIBIAYIINX YII-
PAaBIISIOIINX BO3ICHCTBHIA, ONPEAEIAIOMNX 00BEMBI BOJIB,
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HaXOoJsIIeNCcs B poLecce TpaHCIOPTUPOBKU. Bekrop co-
CTOSTHHH PaCIIMPEHHOI MOjieNn OyneT UMETh BUI:

&) = k)", h() T, ulk -1, ulk -2)", o uh - A)TP.
Torna ypaBHEHHsI pacIIUPEHHON MOJEIU CETU MPUMYT

BULT;

E(k+1)= AE(k)+ Bu(k)+ Gd (k) + hﬁx (k,u)+ hﬁx (k,d),@

x(k) = CE(k),

e h¢ R S RY, hSRIT SRY, N =20+ Am;

he* (k,u) = F2,, (k). hg" (k,d)=HZ ;(k); MaTpuibl Mojie-
JI1 MIMEIOT COOTBETCTBYFONIYIO OJIOUHYIO CTPYKTYPY:

4 By By1 Bp By
Om><2n Omxm Omxm Omxm 1m><m
A=10,02n mxm - Omxm Opem b B =| O |
_Om><2n Omxm ]mxm Omxm_ _Omxm_
E
0 ]2n><2n Onxm O”Xq
mxq 0 m q
G= Oqu 5 CT = m?<2n > F= ze » H= ij .
. : i=1 Jj=1
Om><2n 0Am><m OA’”X‘I
Oqu

Ipennonaraercs, yTo napa MaTpun (A4, B) sBIseTcs cTa-
OMITM3MPYEMOiA, a HENTMHEWHbIEe (PYHKIMH SIBIISTIOTCS OrPaHH-
YEeHHBIMU 1 YIOBJICTBOPSIOT KBAAPATHIHBIM HEpaBEHCTBaM [5]:

T
e (k,u)h (ku) < a2, (k)F T FE, (k) <

T
m m
<agul (k) Y et ut (EF | FTR Y e u ()EF Ju(k) <
i=1 i=1

T
m m
<agu' (k) Y e u™EY | FTF| Y elfu™ EX lu(k) <
i=1 i=1

T
<aul (ks pTpsmas, k),

T T
K (b, dYhS (k,d) < aZd T ()T HTHET™ 4 (k),

q
re TSty E = Ze?dmaXE;?,

=

M

Il
—_

a, >0, 0, >0 — HEKOTOpBIE CKAJLAPHI.
st cuctemsl (6) paccMaTpuBaeTcs 3a7a4a CHHTE3a po-
0acTHOW OTHOCHTENBEHO HEONpPEAE/ICHHbIX, HO OrpaHHYCH-

HBIX BHEIIHUX Bo3aeiicTBul d (k) € D, cTpaTeruu ynpasJe-

HUS 3aracamMu, o0ecrieunBaroe /yIst JJF000ro Ha4yaaIbHOTO
cocrosHus x(0) € X MUHMMM3ALUIO KPUTEPUS KAYECTBA,
KOTOPBI TapaHTHPyeT 0e30MacHOCTh PaOOTHI CHCTEMBI, a
TaK)Ke ACHMITOTHYECKYIO POOACTHYIO YCTOHYNBOCTD 3aMK-
HYTOM CUCTEMBI IIPU YCIIOBUY BBITIOJIHEHUS 3aJAHHBIX OTpa-
HUYEHUH HA COCTOSHMSA 1 ynpasiieHus (5).

2 OB30P JIMTEPATYPbI

Br160p Mozienu yripaBIieHus 3aracaMy OIpe/IessieTCs Xa-
pPakTepoM CHpoca CO CTOPOHBI BHEIHHWX IMOTpeOUTENeH.
B Hacrosimiee Bpemst 471 CHHTE3a CTPaTEer vy YIIpaBJICHHS 3a-
TIacaMH ¢ 33/IaHHOM MOJIETIBIO CIIPOCa IINPOKO MPUMEHSETCS
METOJ POTHO3UPYIOILIETO yIpaBiieHus [6], OCHOBaHHBIH Ha
PpelIeHNH ONITUMH3ALIMOHHOH 3a/1a4H, B KOTOPOH MOCIIEOBa-
TEJEHOCTB YIPABJICHUI BBIYUCIISIETCS B KXKIBI MOMEHT Bpe-
MEHH TaK, YTOObI MUHUMU3UPOBATh HEKOTOPBIH KPUTEPHI
KadecTBa, ONpeIeIIeMbIil IIPOTHO3UPYEMBIMH COCTOSIHUSIMU
CHCTEMBI Ha HEKOTOPOM BpeMeHHOM ropusoHte. [Tocrne or-
PpEeTneHys ITI0CIEI0BaTEIbHOCTH YIPABIISIOINX BO3ICHCTBUN
TOJIBKO TIEPBBIH €€ IEMEHT MCIONb3YeTCsl TSl YIpaBJIeHHs B
TEKYIUA MOMEHT BPEMEHHU. 3aTeM U3MEPSIETCd HOBOE CO-
CTOSIHHE CHCTEMBI 1 TIPOLIEypa MOBTOPSETCS, T.€. peali3y-
€TCsl MPUHITHI OTCTYTIAIONIEro TOPU30HTa. YKa3aHHBIHN MOJ-
XOJI TTO3BOJISIET CTPOUTH YIIPABJIEHHE KaK B IPOrPaMMHOM
BUJIE, TAK 1 B BUJIE 00OPATHOH CBSI3N, a TAKXKE YIUTHIBATH OIpa-
HUYEHHS Ha COCTOSHUS 1 yIPaBIICHHS.

OnHaxo, Ha TIPaKTHKE, KaK MPaBHII0, OTCYTCTBYeT HHpOp-
Manust JUTst IOCTPOCHHS a[eKBATHOI MOJIEIIM BHEIITHETO CITPO-
ca, KoTopast HeoOXOoMa JUTsl CHHTE3a POTHO3UPYIOIIETO YII-
pasitenus. OHAM W3 ITOXO/IOB K PEIIEHUIO 3a/1a4Hl YIIpaBIie-
HUSI 3aI1acCaMy B YCIIOBUSIX HEOTPEIENIEHHOCTH CIIPOCa SIBITSIETCS
HCIIONB30BaHHE KOHIETIIIAH «HEU3BECTHBIX, HO O PAHIUEHHBIX)
BozaeticTuii [ 7]. [Ipr 3TOM COOTBETCTBYIOIIAS MOJENH CIIPO-
€a XapaKkTepU3yeTcsl HHTEPBAIBLHON HEONPEAEIEHHOCTHIO.

B mocrrennee necsaruierre chopMHUPOBAIICS HOBBIH MO~
XOJ K paccMaTpuBaeMol MpoOiieMaTHKe, OCHOBAHHBIN Ha
KOHIIEIIIY HHBAPHAHTHBIX MHOKECTB. MIHBapHaHTHBIE MHO-
KECTBa ITMPOKO MCHOIB3YIOTCS B PA3IMYHBIX 337a49aX TEO-
PHH aBTOMaTHIECKOTO YIPABJICHHS B TMHAMHIECKHIX CHUCTE-
Max TIpH HaJTM9UH HeotpeaenenHocrei [§]. Cpenn pa3mud-
HBIX ()OPM MHBAPHAHTHBIX MHOXECTB 0CO0O BBIJIEISIOTCS
SJITMIICON/IBI BCIIEICTBUE MX IPOCTOM CTPYKTYPBI M TPAMO¥
CBSI3U C KBaApaTHIHBIMK (pyHKIMsAME JIsmyHOBa.

B paMkax MeToa HHBapHaHTHBIX SJUTUIICOUIOB [9] B Ka-
YECTBE TEXHMYECKOTO CPEZICTBA HCTIONB3YETCsI MaTeMaTHYec-
kuit ammapat JIMH [10]. [Tocne Toro, kak ObUTH pa3BUTHI
BBIYHMCIIATEIbHBIE METO/IBI, OCHOBAHHBIE HA MIEAX BBITyK-
JIOW ONTHMU3ALINH, U TS UX peaii3aliy ObUTH pa3padoTa-
HBI COOTBETCTBYIOIINE aITOPUTMBI M IPOrpaMMHOE odec-
neuenne, JIMH cramm paccMaTpuBaThes B KauecTBE 00IIIe-
TO METOJa aHaJW3a W CHHTE3a JIMHEHHBIX CHCTEM KakK B
HEMPepHIBHOM, TaK M B TUCKPETHOM cirydae. OmHako B 60J1b-
IIMHCTBE pa0oT, MOCBAIIECHHBIX 3a7[a4e MO/IaBIECHHS O PAHH-
YEHHBIX BHELIHUX BO3MYyLIeHUH, Texuuka JIMH npumenser-
Cs1 4711 IOABJICHUSI BO3MYIICHUH, OTPAHUYCHHBIX B KaKOH-
6o HopMme. Torma kak criermuuKoN 3amad yrpaBIICHHUS
3amacaMy BOJBI SIBISICTCS HEOTPHUIATENFHOCTh 3HAYCHHI
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TIepeMEHHBIX 1 HAJIMYHE SKCIUTYaTallMOHHBIX OrpaHYEHHH,
YTO NPUBOAUT K HEOOXOIMMOCTH y4eTa HECUMMETPHIHBIX
OTpaHUUYEHHI Ha 3HAUEHHUS BHELITHETO CIIPOCa, COCTOSHUN U
YIPaBJISIIOLIMX BO3ACHCTBUM.

3 MATEPUAJIBI 1 METO/IbI

CornacHo Teopeme 00 armpOKCUMALMH ITPOU3BOIBHBIX
BBIITYKJIBIX MHO)KECTB, HE 00JIaIal0IINX CBOMCTBOM CUMMET-
PUM OTHOCUTENBHO Havasia koopauHar [11], MHoxecTBO D
MOXET OBITH anmpPOKCUMHUPOBAHO 3JUTUIICOUIOM:

Ed", P)) ={d eRY: (d(k)—d*)TPd’l(d(k)—d*)é 1},

MarpHLa KOTOporo P; ¥ BEKTOp 4~ , ONPENENSIOLIIN KOop-
JIMHATHI LEHTPA, ONPEEISIOTCS Ha OCHOBAHUH U3BECTHBIX
T'PaHWYHBIX 3HaYE€HUH 00BEMOB MOTPEOIIIEMO BOIBI:

2 . 2 A
P, = diag qT(dlma" —dﬁl‘“)z,...,%(d;“ax —drimy? |

d* = %(dmi" + dm‘”‘).

AHAJIOTMYHO BBIITOIHUM AlIMPOKCUMAIINIO MHOXKECTBA
X 3JUTMIICOUJIOM MaKCUMAaJIbHOrO o0BeMa

E(x',P,)= {x eR”": (x(k) —x )T p! (x(k) —x*)s 1} ©)

* 19
Yy KOTOPOT'O BEKTOP x , OMPEASIIOINA KOOPIUHATHI LIEHT-
pa, onpeAenuM Io3JHee, @ MAaTPULIA AIUIMIICOMA P, BRIYUC-

JISIETCS HA OCHOBAHUH BEKTOPOB x ™M u x™a*

P, = diag[% (min{xf — xuin | max _ })Z, s

s %(min{x: — xmin pmax _ })zj .

ITocTponm 3aKkoH yrpaBieHuUs B BUIE HECTALIMOHAPHON
TUHEHHOH 00paTHOM CBS3M IO CHTHATY PaCCOIIACOBAHUS
MEXIy HAJTMIHBIM U CTPaXOBBIM YPOBHSIMU 3a11aca BOJIBI:

u(k) = K (b)) &), ®)

e K (k) e RV — necranmonapuas marpuma kodddur-
€HTOB OOpATHOM CBS3M B MOMEHT k.

3HaueHMs1 MEMEHTOB BEKTOPA ¢ ¥, ONPEAENSIOETO ypo-
BEHB CTPAXOBBIX 3aI1aCOB BOJBI, BEIYUCILIIOTCS HAa OCHOBA-

HUH CPEAHNX 3HAYCHUH 00bEMOB ITOTPEOICHHUS ¢ IOMOIIBIO
MPOAYKTUBHOM MoJieNn JIeoHTheBA!

T
* %1 T «T
a =V ’lenav s ey V s

A
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V* :(I_H)—ldmean’

TP HdP, =1,

gmean _
i = - o)
0, j=q+1,n,

rae /I — MaTpuna CMeKHOCTH OPHEHTHPOBAHHOTO rpada,
OIHUCBHIBAIOLIETO MOJIETH CETH.

*
3HaueHusI JIEMEHTOB BEKTOPA X , ONPEIEIISIONIEro Ko-
opAMHATH HeHTpa syumuncouna (7) OynyT paBHBI

o [T T
x =|v L0, .

PacmmpenHyro MOJenb 3aMKHYTOI CHCTEMBI [UIS1 YITpaB-
nenws (8) mpeacTaBuM B BHZE:

Ek+1)=4; (k)(g(k) —a*)+ AE" + G(d(k) - d*)+
+Gd" +he (k,u)+ hS* (k. d),
x(k) = C&(k),

OntuManbsHoe ynpasieHue 3anacamu Boasl B CITPB cBo-
JUTCS K 3a]ja49€ IOCTPOEHHUS CTPATEruy yIpaBIeHHs IOTOKa-
MU BOJIBI OT ICTOYHUKOB K ITOTPEOUTEIISIM C IIEITBI0 IOJTHOTO
U CBOEBPEMEHHOIO YIOBIETBOPEHUsI CIPOCa Ha BOAY IpHU
YCIIOBHH ONTHMU3AIMN KPUTEPUEB KadyecTBa, 00eCIIeunBa-
10X 0€30MacHOCTh U YCTOWYNBOCTD PaOOTHI CHCTEMBL.

st 6e3onacHOro ()yHKIMOHMPOBAHUS CUCTEMBI BOJIO-
CHAaO>XeHNSI 1 MUHAMH3AINH yTEeUeK, a TAaKXKe MOJyIeprKa-
HUSI BBICOKOTO KauecTBa BOBI € 00BEMBI B pe3epByapax 1
BEJIMYMHBI HAIIOpa He JIOJDKHBI MPEBBIIIATh MaKCUMAJIbHO
BO3MOJKHBIX U HE OITYCKaThCs HIKE MUHAMAJIBHO JIOIyCTH-
MBIX, TO €CTb OBITh IPUOTMKEHHBIMHU K 3HAYEHHSIM, OTpe/e-
JISFOLIMM pa3Mep CTPAXOBBIX 3armacoB. [ Mmatemardecko-
TO BBIPa)KEHUS TaHHOTO KPUTEPHs B BUJE KBAaIPATHIHOMH
(GyHKIMU B cirydae OECKOHEIHOTO BPEMEHHOT'O TOPH30HTA
HCTIONB3YETCS CIIEYIONIEe BRIPAKEHHE:

Ay (k)= A+BK (k). (10)

7w =Y kw-¢ ) rlew-¢)

k=0

e R e € RV*N _nonoxurensao OIIpEZENIEHHAs JUaroHasb-
Hasl BECOBas MAaTpPHIA, IEMEHTHl KOTOPOH OIpPEAeNISIOT
mrpadsl 3a OTKIOHEHHE TEKYLIUX 3HAUYCHNUH YPOBHS BOIBI
OT CTPaxOBBIX.

DKOHOMHUYECKHE 3aTPaThl 0OYCIOBIICHBI 3aTpaTaMy Ha
XIMHYECKYI0 00paOOTKy BOIBI M Ha SJIEKTPOIHEPTHIO, HE-
00XOANMYIO IS TIepeKauMBaHMUsI BOIBI C TIOMOIIBIO HACO-
coB. Kpurepuii, yuuTbIBatomnii CTOUMOCTb IIPOU3BOACTBA
1 TPAHCIOPTHPOBKH BOJIBI, MOXKET OBITH OMMCAH CIEMYIO-
MM BBIPAYKEHUEM:!

T2 = " (0 Ru(k),
k=0

e R, € R™*" — IIONOKUTENBHO ONPE/IECHHast IMaroHab-
Has BECOBasi MaTpHILA.
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PerynupoBanne MOITHOCTH HACOCOB JIOJDKHO OCYIIIECTB-
JIATHCS TTABHO, YTOOBI M30€KaTh HEKEIATETbHBIX TIEPEXOI-
HBIX IIPOIECCOB B TEPMETUYHBIX TPYOaX, YTO MOKET IIPUBE-
CTH K UX TOBpexaeHnro. [ odbecrieuenus d¢¢exra crina-
YKUBAHUSI CKAYKOB YITPABJISFOIINX BO3ICHCTBUI Mpe/yiaraeTcs
KPHUTEPHUH CIISIYIOIETO BUAA:

J3 (k) = iAuT(k)RAAu(k),
k=1

Au(k) = u(k)—u(k -1),

e Ry e R™ — MONOXHUTENHHO OIPEACICHHAS IHAaro-

HaJIbHasl BECOBAsl MaTpHIIA.
B pesynbrare KpuTepHii kKauecTBa CHHTE3UPYEMOH CHC-
TEMBI YIIpaBJIECHHS OyJIeT UMETh BT

T k)= JE (k) + TS () + TF (k). (1)

Crabwm3upyomue ajJropuTMbl yIpaBleHns, Kak mpa-
BIJIO, OCHOBAHBI Ha OLICHUBAHNH BEPXHETO IPAaHNYHOTO 3Ha-
YEeHHs KPUTEPHsI KauecTBa C MOMOIIbI0 GyHKImH JlsmyHo-
Ba. Onpenenum kBapaTnuHyro GyHkimio JlsmyHoBa, moct-
POEHHYIO Ha pemmeHusix cucteMsl (10):

e - )=tw - rwkw-¢7) 2

e P(k) = Pt (k)e RV CHUMMETPUYECKAs] TOJI0KUTEITb-
HO OTIpeieSICHHast MaTpHIIa.

B cooTBeTcTBUM € IpsAMBIM MeTO/I0M JISITyHOBA BBIYHC-
JIUM TIEPBYIO pa3HOCTH (HyHKIWMH (12) IO B CHITY CHCTEMBI
(10) nmoTpedyeM BEHITOITHEHHUS CIIEAYIOMIEr0 HEPaBEHCTBA!

Hewen-& vl - )c—r~w. 13
Ecmu mepaBencTo (13) BemmonaseTcs Vi > (), TO QyHK-

us V(é(k) - g*) OIIpeieTIACT BEPXHEE IPAHUYHOE 3HAUYCHHE

kputepus (11) [12]:

mx S0<o-g)
d(k)eE(d", B))

VYnpasnsronye Bo3aeiicTBus u (k) GyneM HCKaTh U3 yc-
JIOBHSI MUHUMU3AINA BepXHEH omeHKH Kpurepus (11), aro
MIO3BOJISIET YIIPOCTUTD pELIeHHE 3a1a4n. Toraa B COOTBET-
ctBuH ¢ (14) Halimem ympasisromnie Bo3aeicTBus u (k) u3
YCIIOBHSI MUHUMHM3ALMH QyHKIMHA JIsmyHoBA!

u(k) =arg min V(&(k) - i*).
u(k)eU

B cooTBeTcTBUM C METOIOM HHBAPUAHTHBIX HJLIUIICOU-
JI0B [8] MX MOXKHO PacCMaTPUBATh KaK XapaKTEPUCTUKY BIIU-
SIHUSL BHEIIHUX BO3MYILEHHUI HA TPACKTOPUU JUHAMUYEC-
KOU cUCTeMBI. J{71s1 OLEHKH CTENEeHH BIMSHUS BO3MYILECHUN
d(k) Ha BeIXOABI Xx(k) ymOOHO MCHONB30BAaTh MHBApHAHT-
HBIE DJUIUIICOUBI BUJA:

E(é*,P(k)F{éeRN: (é—é*)TP‘l(k)(é‘é*)Sl}a(IS)

KOTOpBIE aNNpPOKCUMUPYIOT MHOXECTBA JOCTHXKMMOCTU
3aMKkHyTOH cructemsbl (10) mpu neicTBUM BO3MYLIEHUH

d(k) e E(d*,Pd). B cootBercTBuu ¢ [12] BBegeM MaTpud-
HYIO TIEPEMEHHYIO:

O(k) = y(k)P~ (k), (16)

rae y(k) — MONOKUTEIbHBIA CKaJIP.

Torna 3ama4ya cHTE3a POOACTHOTO CTAOMIIN3UPYIOIIETO
YIIpaBJICHUS 3aKII0YAETCs B BEIYUCICHUH B KaXKAbIH TUCK-
PETHBII MOMEHT BpeMeHH k MaTpuIbl K03(h(HUINEHTOB 00-
partHoit cBs3u K (k), KOTOpast CTaOMIM3UPYET 3aMKHYTYIO
cucremy (10) n obecrieunBacT MHHIMH3ALIUIO 110 KPUTEPUIO
crrena sumricorna ( 15). CooTBeTCTBYIOMIMIA pe3yibTar Iper-
CTaBJIEH CIERYIOIEN TEOPEMOI.

T e op em a. Paccmorpum cuctemy (6), 3aMKHYTYIO ©
TIOMOIIBIO 3aKOHA yrpasiieHuns (8) npu orpaHudeHusix (5), u

ITyCTh HECTALMOHAPHBIE MAaTpULBl P(k) = 1((1{)Q_1 (k)m

K(k)=Y(k)O™ ' (k) (17)

TIOJTy"I€HBI B PE3Y/IBTATE PEIICHHS ONTUMU3AIMOHHOM 331341

min v(k)
(k)Y (k). 0 711373 (18)

IIpH OTPAaHWYEHUSAX Ha MATPHYHBIE IIEPEMEHHBIE

0(k)=0" (k) e RV*N | Y (k) e R"™" ncxansiprbie napa-
MeTpBI Y(k)a aua uda Tla Tz, ‘53'

y(k)>0, 1120, 1,20, 1320, (19)
e
(k) -0, bV B0O=E )1 o @0
tw-¢7)  ow
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ah Y@®RK 0 0 0 0 0
K'RY(l) —y®K'RK 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 —ykrl 0 0 0
0 0 0 0 —ykrl O 0

0 0 0 0 0 0 IH

0 0 0 0 0o B —Y(—kz}

)0

ek 0 A-1 1 I 0 0
ek 0 A-1 1 I 0 0
0 0 0 0 0 0 0
R*Qk) 0 0 0 0 0 0
R V() 0 0 0 0 0 0
MY (k) 0 0 0 0 0 0

e ©(k) = A(k)Q(k)+ BY (k), K = K(k—1), Ry =R, + R,

{v(k)P)% v(k)C} Lo, @
YT o)
Yol -£)- 0. 23)

YT(k)[(umaan(é(k)—é*)T YT<k>((uma*T)T(é<k>—&*)T 0. 04)
& Jum) v o)

rae «+» — rceBnoodpamenue Mypa-Ilenpoysa.

Ecmu 3amaga (18)—(24) umeer pemenne, To cuctema (6),
3aMKHYTas C IOMOIIBIO 3aKOHA YIIpaBieHus (8), st 1r000-
ro HayaiapHOro cocrosHus x(0) € X M HEONPENEIIEHHOTO,
HO OTpPaHWYEHHOrO, BHEIIHET0 BO3MYIICHHS

d(k)e E(d*, P;) ABISETCS aCUMIITOTHYECKH POOACTHO Y-

TOWYHBOM MPU OTPAaHIYCHHUSX (5).

Jloka3aTenbCTBO TEOPEMBI AHAJIOTHYHO MIPUBEACHHOMY
B pabote [13].

Taxum oO6pazom, 3a1a4a cHHTE3a POOACTHOTO CTAOMITH-
3UPYIOMIEro ynpasieHus 3amacamu Bonasl B CITPB, onmcer-
BaeMOil HeNMMHEHHON UCKPETHOU MOENbIO0 (4) B IPOCTpaH-
CTBE COCTOSIHUH, IIPY HAJTMYUH TPAHCIIOPTHBIX 3aI1a3/(bIBa-
HAW B YCIOBHSX HEHW3BECTHOT0, HO OT'PaHHYEHHOTO
BHEIITHETO CIPOCa CBOIUTCS K 33]a9€ MUHUMH3ALIIHN JINHEH-
Hoit ¢pyHkrmu (18) mpu orparmdenusx B Buae JIMH (19)-
(24), xoropas pu PUKCUPOBAHHBIX 3HAYCHUSIX CKAJISIPHBIX
apaMeTpoB o, o, Ty, Tp, T3 SABISIETCA 3aJauel MoIyor-
PEIeNeHHOro MPOrpaMMHUPOBAHHS.

Ecmu ontummzarmonHas 3ana4a (18)—(24) umeer perre-
HHe€, TO HalfJeHHOE B COOTBETCTBHH C (8), (17) ympaBmsromiee
BO3zelicTBHe puMeHsieTcst 1 ynpasienus CIIPB B Teky-
I MOMEHT BPEMEHH. 3aTeM 3MEpSETCs] HOBOE 3HAYCHHE
BEKTOpA COCTOSHHMI ¥, B COOTBETCTBUH C IPUHIUIIOM OTCTY-
TMAIOIIET0 TOPH30HTA, 3aJa4d IOIYONpEaeICHHOTO Mpo-
TPaMMHPOBAHUS U OJHOMEPHOH BBITYKJION ONTHMHU3AINN

170

"Toser"

Ok ©® 0 QORRF YBR® YERZF
0 0 0 0 0 0
(4-0)" (4= 0 0 0 0
I I 0 0 0 0
I I 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0 | en
I G 0 0 0 0
G ak WGP 0 0 0
0 YP'G ykmI 0 0 0
0 0 0 W(h! 0 0
0 0 0 0 Yk 0
0 0 0 0 0 Y(—kz]
T,0,

pELIAOTCs B pEaIbHOM BPEMEHHU ISl BBIYHUCIIEHHSI HOBOTO
3HAYEHUS] MaTpUIbl Ko3((UIIMEHTOB 0OpaTHOH CBsI3HU U,
COOTBETCTBEHHO, HOBOTO YIIPABJISIOIIErO BO3ACHCTBUSL.

4 OKCIIEPUMEHTbBI

B xauectBe npumepa pacemorpum ¢parment CITPB ro-
pona XapbKoB, W300pakeHHEIH Ha puc. 1. OH cOCTOUT U3 Ha-

3EMHOI'0 HCTOYHUKA, TPEX HACOCHBIX CTAHIIUI (u2 , Uy, Us ),
JIBYX MOIKAaYMBAIOIIUX HACOCOB (“1 , U3 ), IISITH PE3EPBYAPOB

(vl,...,v5 ) U YEThIPEX CEKTOPOB IOTPeOIeHuUs (dl yeeesly )

B Tabmn. 1, 2 u 3 npuBeneHb! 3HaYEHNS TApaMeTPOB pac-
cMmarpuBaemoro ¢pparmenra CITPB.

TexHonornyeckass MaTpuua // COBIAagaeT ¢ MaTpULEen

emexnoctu rpada G = ({1,2,3,4,5),{(2.1),(4,3),(5,2), (5.4)}).
OIHCHIBAIOIIETO MOJIETIb CETH.

Bri6epem miepuon mickperr3anun paBHbIM 1 gac. [Tycts
3aJ[aHbl 3HAYCHHS] HHTEPBAJIOB, TPEOYEMBIX IS IIepeKadH-
BaHUA BOOBI Aj = Ay = A3 =A4 =1, A5 =3, a Taxxe rpa-
HUYHBIE 3HAYCHUSI 00BEMOB MOTPEOICHUS U YTEUSK BOIBI
d™™ =[90,60,70,60]", d™@ =[150,100,110,120]". Mo-
JIETUPOBAHIE OCYIIECTBIUIOCH B TeUeHHUE 24 TIEPUOIOB, UTO
COOTBETCTBYeT cyTKaM. C IENbI0 ydeTa CyTOYHBIX Kolreba-

Tlnomanxa
IIVBX Porasckai pesepsyapos
Hac/cT "Jlocepa"

S

Hac/er 27A KT 1 (yn. CronetoBa)

4

KT 2 (yn. Xartypuna)
)

) KT 3 (yn. Ceernasz)

O

o KT 4 (yn. bnroxepa)

()

4

PI/ICyHOK 1- @paI‘MCHT CHUCTEMBI IOJAYX U pacpeaCIICHUA
BOIBI TopoJa XapBKOB

¥

4
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Tabymna 1 — XapakTepuCTHKH pe3epByapoB

MuHuManbHbIH MaxkcumaneHblii | OTHOCHTENBHAS
Haszpanue | IlepemeHHas 3 3
o0beM Bogbsl (M) | 00beM Boabl (M°) | BbIcOTa Z (M)
KT1 v 50 500 156,40
KT 2 vy 50 500 120,98
KT 3 V3 50 500 14491
KT 4 V4 50 500 146,97
«JloceBo» Vs 300 3000 180,08
Tabnuua 2 — [paHUYHBIC 3HAYCHHUS HATIOPA BOJIBI B CUCTEME
MuHuManeHbIN HAoOP MaxkcumainbHbIH
Hazpanue | Ilepemennas
BOJIBI (M) Harop BOJBI (M)
KT 1 hy 3,5 5,5
KT 2 hy 3,0 5,0
KT 3 hy 3,5 5,5
KT 4 hy 3,0 7,0
Tabnuma 3 — XapakTepUCTUKH HACOCOB
MunumanbeHast MaxkcumainbHas OTHOCHUTENBHAS
Hassanue Ilepemennas 3 3
MOIIHOCTH (M”/4ac) | MOITHOCTH (M”/4ac) BbICOTA Z (M)
Hacoc KT 1 U 0 150 156,40
Hac/cr 27 A Uy 0 200 160,50
Hacoc KT 3 u3 0 150 144,91
Hac/ct 27 b Uy 0 200 162,38
Poranckas us 0 400 178,08
Hac/cT
HUH 3HaYeHNS1 00bEMOB TOTPeOIIIEMOi BOIBI MOIEITUPOBa- 6 OCYXJIEHUE

JIUCh KaK HOPMAJIGHO PACHpeeNCHHBIE CITyqaifHbIe BEIH-

YUHBI C HWU3MEHAKIIMUMCA CPEOAHUM 3HAYCHHUEM!:
dy— N(my,7),  my e[60,120],  dy = N(m,,4),
m, €[30,70], dy — N(m3, 6), my €[50,100],

dy = N(my,3), my €20, 60].
3Ha4YeHHs CTPAXOBBIX YPOBHEH 3araca BO/bl, BHIYKCIICH-
HBIC B COOTBETCTBHU c (9), paBHBI

V" =[364,588,276,446, 1034]". Beibepem HaqabHbIE yeio-
Bust 1(0) = [400,500,400,500, 2000]" 1 3Havenms smemen-

TOB JIHarOHAalbHBIX BECOBBIX MATpPHI[ 7t :l,5~1077,
7 =1,0-107 1, =1,5-107°.
5 PE3YJIbTATbI

MogenupoBanue BbinonHeHO B cpene MATLAB. Yuc-
nerHoe pemenne 3anaun (18)—(24) morydeHo ¢ TOMOIIBIO
cB0OOIHO pacrpocTpansiemMoro nakera CVX [14]. I'padukn
HEPEXOIHBIX IPOLECCOB s y3na 1 mpu o, =a, = 0,15,

T =Ty =13 =35,0" 107> ¥ CTOXaCTHUECKOM BHEIIIHEM CIIpo-
ce mpuBeeHH! Ha prc. 2. Ha puc. 3 npencrasiena ¢asoBas
TPaEKTOPH B IPOCTPAHCTBE COCTOSTHUIM, OMPEEIICHHOM JUTS
pe3epByapoB 1,2 u 3.

3HaueHNUS BECOBBIX MaTPHIL R, Ry, Ry ObLIH BEIOpAHBI

13 YCIIOBHSI Pa3pEUIMMOCTH ONITUMH3AIMOHHOM 3a a4 (18)—
(24) u onpe eS0T pa3Mep IIUTATICOUA, ATTPOKCUMHUPYIO-
IIEr0 MHO-’KECTBO JOCTIKIMOCTH 3aMKHYTOH crcTeMsI (10)

npu JIEHCTBUM BO3MYILEHUH (k) € E(d *, P))-

AHanu3 MOTy4eHHBIX PE3Y/IBTaTOB IO3BOJISET CAETATh
BEIBOJ 00 3(p(heKTHBHOCTH MPETOKEHHOT0 MOAX0aa K pe-
IICHUIO 331491 CHHTE3a poOaCTHOM CTaOMIH3UPYIOIIEH CTpa-
Teruu ynpasieHust 3armacamu Bozbl B CITPB, mockonbky 3Ha-
YeHHs1 00BEMOB BOZIBI B PE3EPBYAPAX, @ TAKAKE HAIIOPA BOIBI
B TpyOax B YCIIOBHSIX CTOXACTHIECKH H3MEHSIOIUXCS 00Be-
MOB MOTpEOJICHNS BOJBI HAXOAATCS B MPEETaxX 3aJaHHBIX
OTpaHUYCHHH, a 00BEMBI TIEpEeKadrMBaeMON BOIBI HE IIpe-
BBIIIAIOT MAKCUMAaJIbHBIX BO3MOXXHOCTEH HACOCOB.

BbIBO/JbI

B pabore mpeanoxeH TOIX0 K PEIICHUTO 3a1a9H1 ITOCT-
poeHHs poOAaCTHOTO CTAOMIM3UPYIOIIETO YIIPABICHHUS 3a-
TmacaM¥ BOJIBI B IICHTPAIN30BaHHON CHCTEME ITOJaYH U Pac-
npenenenns Boabl. OCHOBHBIMH OCOOEHHOCTSIMU PACCMOT-
PEHHOI 3a71a4 M SIBIIAIOTCS: HETMHEHHOCTh MaTEMaTUIECKOM
MOJIENTN; HEOPEIIIEHHOCTh, HO OTPaHNYEHHOCTh BHEIITHE-
TO CIIpoca Ha BOAY; HAIMYHE 3aMa3JpIBaHUH, CBI3aHHBIX C
TPAHCIIOPTHPOBKOM BOMBL;, HATMYIHE YKCINTYaTaIIHOHHBIX OT-
paHUYEHUH Ha 3HAYEHHS COCTOSIHUN U YIPaBJICHUM.
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Pucynok 2 — I'paduku nepexoQHbIX MPOLIECCOB B CHCTEME IOIAYH ¥ PAacIIpeie]IeHUs BOIBL:
a — 3Ha4YeHus1 oObeMa BOJbI B pe3epByape 1; 6 — 3HaYeHHs Hamopa BOABI B IIOTOKE, HCXOJSIIEM U3 pe3epByapa 1;
B — 3HaUeHUs 00beMa NOTPeOICHHON BOJIbI B ceKTope 1 1 00beMa BOAIbI, IepeKayaHHOIl HacocoM 1
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Pucynok 3 — ®a3oBas TpaeKTOpHs U WHBAPUAHTHBINA 3JUIUIICOUTI,
[OJTy4EHHbIH Ha IOCIeIHeM Iuare, Ajsl pe3epByapos 1, 2 u 3

Jlns momaBieHus! BAUSIHUS BO3MYLIEHAN, MOAETUPYIO-
IIMX N3MEHEHHS BHEITHETO CIIPOCa, OTHOBPEMEHHO C o0ec-
[IEYEHNEM YCTOMYMBOCTH 3aMKHYTOM CHCTEMBI, IPUMEHE-
Ha METOANKA HHBAPHAHTHBIX MUTUIICOMIOB, KOTOPAst IO3BO-
nuna c(hopMyITHUpOBaTh 3a/1ady B TEPMHHAX JMHEHHBIX
MaTpPUYHBIX HEPABEHCTB, a CHHTE3 YIPABICHUS CBECTH K
MIOCJIEIOBATENBHOCTH 33424 OMHOMEPHOM BBIITYKJION ONTH-
MU3AIHHU | TOITYOIIPEASIICHHOTO TPOrPaMMHUPOBAHHSI.

INomy4enHoe ynpaBieHre 3aBUCHT OT BEIOPAHHOTO 3HAYe-
HMS yPOBHS CTPAXOBBIX 3aI1acoB BOZIBI. B paMkax mpezioxes-
HOT'0 ITOJIX012 BO3MOXKEH BBIOOP ONTHMAITBHBIX 3HAYCHHH CTpa-
XOBBIX 3aI1aCOB, OCKOJIBKY TOTy4YEHHOE PEIICHNE 3a/[a9H CHH-
Te3a poOacCTHOTO ympaBieHUs 3amaer, (PaKTHIECKH,
ITOPUTMHYECKYIO 3aBHCUMOCTB MEXTY YPOBHEM CTPaXOBBIX
3aI1acoB M ONTHMAIGHBIM 3HAYEHHEM KPUTEPHS KauecTBa.
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Jlopodees 0. 1.}, JlroGuuk JI. M.2

"Kanz. TexH. HayK, 10UeHT, HauionanpHuil TeXHiuHMi yHiBepCcHTeT «XapKiBChKUii MOMITEXHIYHUI IHCTUTYT», YKpaiHa

2JI-p TexH. HayK, npodecop, HarionansHuil TeXHIUHMIA yHiBepcuTeT «XapKiBCHKUH MOMITEXHIYHUIN HCTHTYTY, YKpaiHa

POBACTHE NPUAYIHIEHHS 35YPEHD ITPU YITPABJITHHI HACOCHUMM CTAIISIMU B CUCTEMIIIEHTPAJII30O-
BAHOI'O BOJOINIOCTAYAHHS

3anpornoHoBaHO MiIXiJ 10 BUPIMIEHHs 3a/1a4i T00yI0BH CTaOuIi3yro40ro podacTHOIO yHpaBiHHS 3aacaMy BOAH B CHCTEMI mopadi i
PO3MOMLTYy BOAM BEIHKOro Micta. MaremMariyHa MOJIENb CHCTEMH IOfiadi i PO3MOJily BOAM MOJAHA Y BUIVIAAL HEMIHIWHOI TUCKPETHOT
MOJIeNli B IIPOCTOPI CTaHIB i3 3ami3HEHHsM. 3alpONOHOBAaHO METOAMKY (haKTOPH3allii MATPULb MOJEINI, [0 OIHCYIOTh BIUIMB HETIHIHUX
TEpMIB, sIka JI03BOJIMIIA [IOJIATH 3a/IaHi CTPYKTYPHI OOMEXEHHs y BUIVISL JIHIHHUX MaTpUYHUX HepiBHOCTeH. I MPUIYIIEHHs BILIUBY
30ypeHb, [0 MOJICITIOIOTH 3MIHU HEBIJOMOT0, ajic 00MEXEHOTO 30BHIIIHBOTO MOMUTY, OHOYACHO i3 3a0€3MEUCHHSM CTIHKOCTI 3aMKHYTOT
CHCTEMH, 3aCTOCOBaHa METOAMKA iHBAapiaHTHHX ENIICOINIB, sIKa JO3BOJIMIA CHOPMYIIOBATH 3a/ady B TepMiHaX JIHITHUX MaTpUYHUX
HEPIBHOCTEH, a CHHTE3 YIPAaBIIHHS 3BECTH O MOCITIOBHOCTI 3a/1ad OJHOBUMIPHOI OIYKJIOIO ONTHMi3aNil Ta HaliBBU3HAYEHOT'O MPOrpa-
MyBaHHS. SIK IpuKIa] po3mITHYTO ()parMeHT CUCTEMH BOAONOCTAYaHHs MicTa XapKiB.

Kurouosi ciioBa: cucrema nozaui i po3nonisly Boay, ynpaBlIiHHs 3aliacaMy BOAM, METOJ IHBAapiaHTHUX CJIIICOINIB, IPSIMUNA METOX
JlsanyHoBa, JiHiffHA MaTpU4Ha HEPIBHICTh, 3aJja4a HaMIBBU3HAYCHOTO IIPOrPaMyBaHHs.

Dorofieiev Yu. L!, Lyubchyk L. M.2

'PhD, Associate Professor, National Technical University «Kharkiv Polytechnic Institute», Ukraine

Dr. Sc., Professor, National Technical University «Kharkiv Polytechnic Institute», Ukraine

ROBUST DISTURBANCES REJECTION IN PUMPING STATIONS CONTROL FOR CENTRALIZED DRINKING WATER
DISTRIBUTION SYSTEM

An approach to solving the problem of stabilizing robust water inventory control synthesis for drinking water distribution system
of a large city is proposed. The mathematical model of drinking water distribution system is presented in the form of a nonlinear discrete
state-space model with time-delay. The technique of model matrix factorization describing the influence of nonlinear terms, which
allowed to introduce structural constraints in the form of linear matrix inequalities, is proposed. To suppress the disturbances influence
simulating unknown but bounded external demand, while ensuring robust stability of the closed-loop system, is used the invariant
ellipsoids technique, which allowed to formulate the control problem in terms of linear matrix inequalities. As a result the control
synthesis problem is reduced to a sequence of one-dimensional convex optimization problems and semi-definite programming. As an
example, a fragment of the Kharkiv drinking water distribution system is consider.

Keywords: drinking water distribution system, water inventory control, invariant ellipsoids method, Lyapunov’s direct method,
linear matrix inequality, semi-definite programming.
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IN TECHNICAL SYSTEMS
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l'ypko A. I.", Anuescknin U. B.2

'KaHO. mexH. Hayk, doueHm, OoueHm kaghedpbl asmomMamu3ayuu U KOMIbIOMepPHO-UHMe2puposaHHbIX mexHonoauli XapbKo8CKO20
HayuoHanbHO20 asmomMobuibHO-O0POXHO20 yHUBepcumema, YkpauHa

2[-p ¢buz.-mam. Hayk, doyeHm, rpogheccop Kaghedpbl Meopuu MaluH U MexaHu3Mo8, XapbKoecKul HayUoHasbHbIl
asmomobunibHO-00POXHbIU yHUBEpcumem, YkpauHa

FrAPAHTUPOBAHHOE YNPABJIEHWE OBUWXEHUWEM
MAHUNYNTALUMOHHOIO POBOTA

PaccmarpuBaeTcs 3ajaua ynpasieHUs IBHKEHUEM MaHUITYISILIMOHHOTO PoO0Ta IPH HATMYHUHI
B €ro MOJCIM NapaMeTPUUECKOH HEONpPEeAeICeHHOCTU U JEeHCTBUU HEKOHTPOJIUPYEMBIX
Bo3MymieHHi. [TpennoxeH poOGAaCTHBIH PEryasTop, OCHOBAHHBII Ha METOJE BBIYHCIISIEMOrO
MOMEHTa, B KOTOPOM IS BBEIYMCICHUS JOIOJIHHUTENBEHOrO YIPaBICHHs, 00eCIeYrBaloIero
KOMIICHCAIIUIO ACHCTBUS HEOTPEASICHHbIX (JaKTOPOB, UCIIOIb3yeTCs FaApaHTHPOBAHHBIHN ITOAXO,
COIIACHO KOTOPOMY 3HAUECHYSI 3TUX (DAKTOPOB M3BECTHBI JIMIIE C TOYHOCTBIO 0 IPHHAUIEKHOCTH
HEKOTOPBIM MHOXeCTBaM. JIJI ONTHMH3AIUU yIPaBJICHUS UCIOIb30BAaH KBaJApPaTUIHBIN
KpuTepuii kauectBa. PHEKTUBHOCTD NPEATOKEHHOTO PEIICHUS TTOATBEPHKICHO Pe3yIbTaTaMu
YHCICHHOTO MOJEIUPOBAHHUS.

KiioueBble cioBa: MaHI/IHyJ'IﬂHI/IOHHHﬁ pO6OT, PETYIATOP € BBIYUCIAEMBIM MOMEHTOM,
TapaHTUPOBAHHOE YIIPABJICHUE, MHOKECTBO BO3MOKHBIX COCTOSTHHM.

HOMEHKJIATYPA M — (nx1)-BeKTop ACHCTBYIOMNX HA 3BEHBS POOOTA YII-
PaBIIAIOIIMX MOMEHTOB;

M; — (nx1)-BeKTop AEHCTBYIOIMX Ha 3BEHbs pOOOTA BO3-
MYIIAIOMHAX MOMEHTOB;

PBM — perynarop ¢ BEIUUCISIEMBIM MOMEHTOM;
R — MHOXXECTBO A€HCTBUTENBHBIX YHCEIT;
1 — KOJINYECTBO 3BEHHEB MAHUITYIISLIMOHHOTO poOoTa;

¢, € — OLIMOKH CIISKEHUSI T10 MOJIOKEHNUIO, TI0 CKOPO-
P — KOIMHYECTBO U3MEPSIEMBIX BRIXOIHBIX KOOPIMHAT CH- €.e,¢ ’ P

CTEMBL; CTH U 110 YCKOPEHHUIO, COOTBETCTBEHHO;
K — MOMEHT KBaHTOBaHHUS; K, K, — (nxn)-marpuust ko3 HuIHeHToB 00paTHBIX
N — KOTMYeCTBO MOMEHTOB KBAHTOBAHUS, CBA3EH 10 MOJOKEHHUIO U 110 CKOPOCTH;
E — eIMHUYHAS MaTPULIA; 1 — HEONPEACICHHOCTD;
qd,qd,q'd — (nx1)-BexTOpHI J)KeTaeMbIX 0000IEHHBIX KO- (A) — OLICHKa NIapameTpa;

OPAUHAT, KX CKOPOCTEH H yCKOPEHHH, (") — Pa3sHOCTb MEX Ly 1eHCTBUTENLHBIM 3HAYEHNEM T1a-

paMeTpa u ero OLUEeHKOIl;
acR" — OCHOBHOE YIpaBIISIOIIEe BO3ACHCTBHUE;
Sa cR" — IOTOIHHUTENBHOE YIPABJIAIOIIEE BO3ACHCTBHE;
x € R?" — BEKTOp KOOPAUHAT COCTOSHHS;

q,q,q — (nx1)-BexTopsl (haKTHIECKUX 00OOIIECHHBIX KO-
OpAMHAT, UX CKOPOCTEH U YCKOPEHMIA;

D(q) — cummeTpuYHasl IOJIOKUTEIBHO ONPENEIEHHAS
(nTn)-maTpuma HHEPIHUU POOOTA;

F(q,q) — (nx1)-BekTop, BKIFOYAIONINI BCE IIEHTPOOECK-
HBIC ¥ KOPHOIIMCOBBI KOMIIOHEHTHI, CHJIBI TPEHHUS U CHIIBI
TpaBUTAIINH;

y € R — BEKTOp Pe3yIBTaTOB H3MEPCHHIA;
V — BEKTOp IIIyMOB U3MEPEHUI;
g, ® — 3aJaHHbIe QYHKIMY;

© T'ypko A. I, SInueBckuii 1. B., 2014
174 DOI 10.15588/1607-3274-2014-2-23



p-ISSN 1607-3274. Panioenekrponika, iHpopmaruka, ynpasiinas. 2014, Ne 2
e-ISSN 2313-688X. Radio Electronics, Computer Science, Control. 2014. Ne 2

V — Qynkims JlsamyHoBa;

J — neneBoi GpyHKIMOHAT;

Q) — nH}popMannoOHHOE MHOXECTBO;

Q) — COBOKYITHOCTb I'PaHNYHBIX HJIEMEHTOB MHOXKECTBA ().

BBEJIEHUE

MaHHTYSIIIMOHHBIE POOOTHI ¢ OBICTPOIEHCTBYIOIIMH 1
BBICOKOTOYHBIMHU CHCTEMaMH YIPABIICHHS IBIKEHUEM Kpaii-
HE BOCTPEOOBaHbI IPU ABTOMATH3ALMH PA3TIMIHBIX TEXHOIIO-
TUYECKUX ONEPAIHi B CAMbIX Pa3HbIX OTPACIISIX MPOMBIILICH-
HOCTH, B MEIMLIMHE 1 B HAYYHBIX HCCIIenoBaHmsIX. Kak npaBu-
JI0, yHpaBJICHUE IBIDKEHUEM TaKuX poOOTOB OCYIIECTBIISIETCS
B YCJIOBUSIX HEONPEIEIEHHOCTH. DTa HEONPENEIEHHOCTh MO-
KEeT OBITh CBS3aHA C YHPOLIEHHUSMH, PUHAMAEMBIMH ITPU
TIOCTPOSHUH MOJIENEH MaHHUITYIISAIMOHHBIX pOOOTOB, HEIOI-
HOTOH NH(OPMAIIIH O 3HAYCHHSIX TaKNX ITapaMeTPOB KaK Mac-
CBbI 1 MOMEHTBI HTHEPLIIH 3BEHBEB, CUIIBI TPEHMS B COWICHEHH-
SIX, BO3MOYKHBIE BHEIITHUE BO3MYILIEHUS U IIIyMbI H3MEPEHHUIL.
Kpome Toro, HeKoToOpble XapaKTepUCTUKH, HAIIPUMED, Macca
00bEeKTa, C KOTOPHIM OIEpUPYET MaHUITYIIATOP, MOTYT 3HAUH-
TEJIEHO M3MEHATRCS B IPOLIECCE €ro (PyHKIMOHUPOBAHMS. YKa-
3aHHBIE HEONPEASIEHHOCTU OKa3bIBAIOT CYLIECTBEHHOE BIIUSI-
HYe Ha 3(h(EKTUBHOCTH PaOOTHI CUCTEMBI YIIPABIICHHS, U JIaKe
CTaTh IPUYNHON OTEPU CUCTEMON YCTONUYUBOCTH.

Jlist obecriedeHns] MHBAPUAHTHOCTH CHCTEMBI yIIpaBJiie-
HHSI pOOOTOM I10 OTHOIIIEHHIO M IMEFOIIMMCS (haKTopam Heo-
TIPEIEIICHHOCTH pa3pabaThiBalOTCs pa3IMUHbIEe PETYISITOPHI
[1-19], B 0OCHOBE KOTOPBIX JISKAT pa3HOOOPA3HBIC TTOIXOIEI.
OnHaxo, GONBIIMHCTBO M3 HAX HE HAIILIO PAKTUYECKOTrO MPH-
MEHEHHS B CUJTY Pa3JINYHBIX HEOCTATKOB, TAKUX KaK, HAIPH-
Mep, CIIGKHOCTB peau3aliii peryisiTopa, OoMbIIoe Kosye-
CTBO UTEpALA TIPH pacdere YIpaBIeHUs, HEOOXOANMOCTh
HM3MEPEHUS BCEX KOOPUHAT BEKTOPA COCTOSHUS U T. II.

Lenpto manHO# paboTHI sABIILETCA pa3paboTKa P dek-
THUBHOT'O ¥ OTHOCHUTEIIEHO MPOCTOTO C BBEIYUCIUTEIEHOM TOU-
KU 3pEHUS PETYIIATOpa TSl YIPABICHUS ABIKCHHAEM MaHH-
MYISIIIHOHHOTO POO0Ta B YCIOBUSIX HEOTIPEACIICHHOCTH.

1 IOCTAHOBKA 3A/1AY1
[MpencraBuM TMHAMIYIECKYEO MOJIEIH 71-3BEHHOT'O MaHH-
myssTopa B Buze [13]:
D(q)q+F(q.q)=M. @)

B xitaccryeckoi mocTaHoOBKe 3a7aud YIIpaBJICHUsI MaHU-
MYJSITOPOM IIMPOKO HCTIONB3yeTcsl JTMHEeapu3anus oopar-
HOM cBs3510 [ 12, 13], B pe3ysTaTe KOTOPOM MOTY4aroT cie-
JIYIOLLMH 3aKOH YIPABICHHUS:

M=D(q)a+F(q.q). @
B sT0oM ypaBHeHuu, npu ucnonbzoBanuu PBM, 3Haue-
HUE a ONPEEISAETCS BRIPAKEHUEM !

a=g'+K e+K e, 3)

e marpuiel K 1K, mojuiekar onpeseneHuto.
ConocraBus ypasHeHws (1)—(3) nomydaem IrHEHHOE ypaB-
HEHHE IS OIIMOKH é+Kvé+Kpé =(, KOTOpOEe YCTOMIHBO

TIPH TIOJIOXKHATEITBHO onpeeneHHbix Matpuiax K n K.,

Tak kax Ipu cCHHTE3€ yIpaBJIeHNs 3HAUYCHHS BXOSIIHX B
(2) mapaMeTpoB U3BECTHBI MTPUOIKEHHO, TO TPUXOJUTCS
MOJIB30BAaThCs UX OLEHKAMU:

M=D(q)a+F(q.q). @)

Ha ocroBannu (4) u (1) cnemyer:
qza_n(%q,a): (5)

rae n= (E—D_1 (q)lA)(q))a—D_1 (q)n(q,q). B nansHelmem
JUTS TPOCTOTHI 3aIMCH (PYHKIIMOHAIBHBIE 3aBUCHMOCTH OY-
JieM ormyckars. Torna, ¢ yaetom (3) u (5), nomyanm

é=g%—a+n. ©)

Takum oOpa3om, 3a/1aua yIpaBIICHHUS JIBIKCHHUEM Ma-
HUITYJSIIHOHHOTO po00Ta 0 3a]aHHOU TPACKTOPHH CBOIAUTCS
K TIOMCKY 3aKOHA YIIPABJICHUS 4, KOTOPBINA OB KOMIICHCHPO-
BaJ OMMOKY B HETMHEHHON HecTallMoHApHOM cucteme (6).

2 OB30P JIMTEPATYPbI

Ji1s1 G0pBOBI ¢ HEONpEAENEeHHOCTSIMU 1| pa3padaTbiBa-
I0TCS PA3IMYHBIE CXEMBbI aJJalITUBHBIX U pOOACTHBIX PeryJis-
TopoB [ 1-9], cperm KoTopbIX AP PEeKTUBHBIM SIBIISETCS aarl-
TUBHBIH PETYIISATOP CO CKOMIB3AIINM PeXUMOM [2, 5, 6]. O6-
30pBI CYIIECTBYIOUIMX PEIICHUH 10 NMPUMEHEHHIO TaKOro
THIIA PETYATOPa K YIIPABICHUIO MAHUITYISITOPAMHU MOKHO
HalTu B [6, 9, 10]. BmecTe ¢ TeM cieyeT OTMETUTb, UTO He-
JIOCTATKOM, TIPHUCYIIAM TaKUM PETYJIsITopam, sSBIseTcs He-
00x01MMOCTb O0pBOBI ¢ Ipede3roM (ha30BOH TpaeKTOPHU
BIIOJIb JIWHKU niepekntouenus [ 10, 11].

PacripocTpaHeHHBIM ITOAXOIOM K YIPABICHHIO MaHUITY-
JSIIMOHHBIMU pOOOTaMH IIPH OTCYTCTBHH HEOTIPEIEIEHHO-
CTH sIBIIsIeTCS Micnionb3oBanue PBM [12, 13]. JlocTouHCcTBa
PBM: noTreHIUaILHO BBICOKAs TOYHOCTD CIIEXKEHHS 3a 3a-
AHHOHM TpaeKTopHel, Maybie Kod(p(UIIHEHTH 00paTHOM
CBSI3U, MaJtble 3aTpaThl sHeprud [ 1]. OqHako Ha AP PeKTrHB-
HOCTb puMeHeHus: PBM aiis yripaBieHust MaHUIYSISILIUOH-
HBIMH pOOOTaMH CYIIECTBEHHO BIIUSIIOT HEONPEIEIEHHOC-
TH, IO3TOMY UCCIIEOBAHUS IO COBEpILLIEHCTBOBaHKI0O PBM
C IIETBI0 00ECTIEYEHHs €ro POOACTHOCTH IT0 OTHOIIEHHUIO K
HEOTIPEACIICHHOCTSIM SIBJISIOTCS aKTyanbHeIMH. Cpesiu Imy0-
JIUKALIN TIOCTIEAHUX JIET CIemyeT oTMeTHTs [ 1, 9—19]. Byac-
THOCTH, B [12] onmcaH perysarop ¢ KOMIIEHCATOPOM, B 3a-
KOH YITPABIICHHUS KOTOPOro JOOaBICHBI AMHAMUAYECKHE (PIITh-
TPBI OMIHOOK TIO TIOJIOKEHHIO U 110 cKopocTh. B xamre [13]
npuseneHsl PBM, B KOTOpBIX BMECTO TOUHBIX 3HAYEHUH NTa-
paMeTpoB MaTeMaTHYECKOH MOZENN podOTa NCTIONB3YIOT-
sl IX OLIEHKH. DTO ITO3BOJISIET YMEHBIINTE 00bEM BBIUHCIIE-
HUI B peXUME peasbHOro BpemeHu. Komnencanus e omm-
OOK ympaBIlICHNUS], BBI3BAHHBIX OTKJIOHEHHUSMH OLICHOYHBIX
3HAYEHUH MaTeMaTHIECKOX MOZIENIN OT HOMHHAJIBHBIX, OCY-
IIIECTBIIAETCS ITyTEM BEIYHCICHHUS TOTOJHUTEIBHBIX YIIPaB-
JISTIOIINX BO3IEHUCTBHM.

B [14] paccMoTpeHo nBa HeapaMeTpHIECKUX perpec-
CHOHHBIX METOZA IJIsl yTOYHEHUsI ITapaMeTPOB MOIENHN PO-
0oTa B pealbHOM BpEeMEHH. Pe3ylnbTaTel 3TOH OIEHKH HC-
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MONB30BAIUCH ISl YIIPABICHUS MAHUIYISITOPOM IIPH I0-
Mo PBM. B pesynsrare peann3zoBaHa afalTUBHAS CHCTeE-
Ma yrpasinenus. B [15] omucan meron pobactHoro ynpas-
JICHUsl MaHMITYISTOPOM, OCHOBaHHBIM Ha PBM u npsaMom
Metoxe JlsamyHoBa. B pabore [11] onmcan moguduiipo-
BaHHBIN PBM, KOTOpBIH, (hakTHYECKH, SIBISETCS BAPHAHTOM
pEryisTopa co CKONb3SIIUM PEXHMOM.

B [10] npeanosxxeHsl ABe aAalTUBHBIE CXEMBI YIIpaBIie-
HUSI MaHWITYSIIAOHHBIM POOOTOM, KOTOpPBIE COYETAIOT B
cebe PBM 1 KoMIT€HCATOPHI HEOTIPEAEIEHHOCTEH, NCTIONb-
3YIOIIHE anmapaT HedeTkol ioruku. KomOnnanmun PBM ¢
peryisTopaMu Ha HEYETKOM JTOTUKE AJIS OLIEHKU U KOMIIEH-
cauuy HeorpeaeeHHoCTel onucanbl Takke B [9, 11, 16, 17].
®. IlunTan ¢ COAaBTOPAMH UCIOIb30BAJ MaTEMaTHIECKUE
CpeJCTBa HEYETKON JIOTUKH ISl HACTPOEK K03(h(PUIINEHTOB
PBM[18,19].

Bce npuBeneHHbIE CUCTEMBI IOMUMO OYEBHIHBIX JOC-
TOMHCTB 00JIaal0T ¥ HEKOTOPBIMH HEAOCTATKaMH, HAIPH-
Mep, BBIUUCIUTENBHON CIOXKHOCTBIO, 3aBUCUMOCTBIO OT
CyOBEKTHBHBIX MHEHHH YKCIIEpPTOB [9] ¥ mpod.

IIpu ynpaBneHuy JUHAMUYECKUMH CUCTEMAaMH B YCIIO-
BHSIX HEONPEIETICHHOCTH Pa3BUBAETCS TaK HA3bIBAEMBIH HUT-
POBOM OIXOA, TP KOTOPOM MPEATONAraeTcsl, 4UTO HEoNpe-
JIeIeHHBIE (PaKTOPHI H3BECTHBI C TOYHOCTHIO 10 TIPHUHA/ITEK-
HOCTH 3aJaHHBIM MH()OPMAaIMOHHBIM MHOXECTBaM.
B nponecce ynpaBieHus CTPOATCSI HOBBIE MHOXKECTBA, TIPE-
CTaBIISIONIIE COOOH TapaHTHPOBAHHYIO OLIEHKY COCTOSHUS
CHCTEMBI, a YIPAaBIIAIOIIEe BO3IEHCTBUE OTBICKUBAETCS U3
YCIIOBHSI MUHHUMH3ALMHA HEKOTOPOTO (PyHKIMOHAJA, TOI/a
KakK Heollpe/ieNIeHHbIE (haKTOPBI CTPEMSITCSI €T0 MaKCHMH-
3upoBath [20-24]. [TomydeHHOe ynpaBstoee BO3ACHCTBIE
TapaHTHPYET MOCTIKEHWE LETH YIIPABICHHUS NP JIIOOBIX
JOIyCTAMBIX PEANN3aLHIX (PaKTOPOB HEOIIPEAEICHHOCTH.
IIpencraBnsiercst MEPCHEKTUBHBIM pa3pabOTKa CHCTEMBI
YIIPaBJIEHUS JBIKCHHEM MaHHITYSIIMOHHBIM pOOOTOM Ha
OCHOBE YKa3aHHOTO ITOAXO/A.

3 MATEPHUAJIbI 1 METO/IbI

Ipu cuHTE3€ rapaHTHPOBAHHOTO YIPABJICHHS B KaUECTBE
MH(POPMAITMOHHBIX MHOKECTB PAaCCMaTPHBAIOTCS MIJIH BBIITYK-
JIbIe MHOTOTPaHHUKH, WJIN AIPOKCHMHPYIOIIHE UX C EIBI0
YHPOILEHNSI BEIYHCTIEHNH SIUTHIICON Ib1. OTHAKO B TIOCIIETHEM
CITydae TIOSIBIISIETCST OMOHUTENbHAS TIOTPEITHOCTD aIlIPOK-
cimarmn. B [23] aBTopaMu HacTosiei paboThI IPEIIOKEHO
MPUMEHEHNEe MaTEeMAaTIYeCKUX CPEe/ICTB Teopur R-(yHKImiA,
0COOEHHOCTBIO KOTOPBIX SBIISIETCSI OTHOCUTEIBHAS ITPOCTOTA M
THOKOCTB C TOYKH 3PEHHs] aBTOMAaTH3ALMH IIPOrPaMMHUpOBa-
HUS, JUTS TOCTPOEHIST 3BOTIOLMOHUPYIOIINX BO BPEMEHH HH-
(hOpMAaIMOHHBIX MHOKECTB B BHJIE MHOTOTPAaHHHKOB. B [24]
TIpUBEJICHA TPOLIEypa CHHTE3a YIPaBJICHNs], OCHOBAaHHAS HA
BBEJICHHOM TOHATHH THA (DYHKIHH JISITyHOBA, TO3BOIISIONIAS
CYIIIECTBEHHO MUHIMH3HPOBAaTh 00bEM BBIYMCIICHHUH ITPH OIT-
peneNeHr ONTUMAJIBHOTO YIPABJICHUSI THHAMHUYECKAM
00BEKTOM B YCIIOBHSIX HEOMpeAeNeHHOCTH. B HacTosett pa-
0oTe IpeICTaRIeHO pa3BUTHE TOMYYCHHBIX B [23, 24] pe3ysTa-
TOB Ha HOBBII KJIACC OOBEKTOB, B YACTHOCTH, HA CHCTEMBI YII-
PpaBIICHHS ABMKEHIEM MaHUITYISIIIMOHHBIX POOOTOB.
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PaccMOTpHUM TUCKPETHYIO CUCTEMY YIIPABICHUS ABUXKE-
HHEM MaHHUITYISIIHOHHOTO pobora. ITycTh cucrema noxsep-
JKEHA JEHUCTBHIO HEONPEIEICHHBIX BHEIIHUX BO3MYILEHUN
1;, B KauecTBe alpUOpHOU MHGOPMALUM OTHOCUTEIHHO
KOTOPBIX U3BECTHA IPUHAATIEKHOCTh HEKOTOPBIM KOMIIAKT-
HBIM MHOJKECTBAM Qz (M eQz ,k=0,1,..., N). Kaxxmas 0
MOXKET IPUHAMATE JII000€ 3HAYEHHE U3 COOTBETCTBYIOIIETO
MHOXECTBA QE C paBHOH BEPOSITHOCTBIO.

Jns cuctemsl (6) HalIEM 3aKOH YIIpaBIeHUs a4, FapaH-
TUPYIOIIUH €€ aCHMITOTHYECKYIO YCTOWINBOCTD U o0ecIe-
YUBAIOMINI ONTUMAJILHBIA B CMBICIIE BBIOPAHHOTO KpUTE-
pUsi Ka4eCcTBa pe3ybTaT CICKEHHUS 3a 3aJaHHOU TPaeKTopH-
el 171 10000 3HAUEHUS 1)y

ITpumem

aj Z(.ig-i-KVék +erk +6ak' (7)

BBe,HeM BeKTOp COCTOSIHU .
€
X k= .
€
Tor,ua OHII/I6Ka JBUXKCHUS 3aMKHYTOﬁ CUCTEMBI MOXET
6LITL 3alircaHa B BUIC J'II/IHGf/iHOFO pa3H0cr HOT'O ypaBHeHI/IHZ

X =Ax +By i —8ay}, k=0L..N-1, @

r7e A ¥ B — MaTpuiiel pasMepHocTH (2nx2n) U (2nxn), COOT-
BETCTBEHHO:

W0 E o
K, -K,| |E
B pesynbrare mMepeHus BeKTopa X (GopMHUpYeTCs BEK-

TOp PE3YABTATOB H3MEPEHUN Y :

yk :gk(xk,vk), k:1,2,...,N—1. (9)

Ienpro ynpaBieHust TpUMEM MAHIMHU3ALHIO (DyHKIINO-
HaJIa BUZA!

Jk(Xk,Sak):Vk(Xk+1)+0)k(xk,63k), (10)

e 3aJaHHas GyHKIUS ), OIpelessieT, HalpuMep, 3aTpa-
THI Ha pPEATU3ALHIO YIIPABICHHS.

Jlns1 KOppEeKTHOM NMOCTAHOBKM 3aauyd MUHUMH3ALMH
¢ynkmmonana (10) HeoOXoauMo TooIpeaennTh HH(opMa-
IIUIO O HEOIIPENEIEHHOCTIX 1)y Tak Kak 3Ha4eHusl 1), MOI'yT
C paBHOW BEPOSITHOCTBHIO NMPUHUMATH JII000E 3HAYCHUE W3
MHOXecTBa (2}, TO IPHXOIHUTCA pacCMaTPHBATh TAKHE 3HA-
YeHUsI, KOTOPBIE MAaKCHMU3HPYIOT Kputepuit (10).

OrpaHu4eHHOCTb MH(OOPMALMU O N, U V;, B BUIE COOT-
BETCTBYIOIINX MHOXXECTB IPUBOAUT K TOMY, YTO B pE3YJIbTa-
Te n3MepeHust (9) BEIXOIHBIX KOOPIUHAT CHCTEMBI, HH(OP-
MaIys O 3HAYEHUH TEKyIIHX KOOPANHAT COCTOSTHUS podoTa

o r
TIOJTyJaeTcst B BUIE MHOXKECTBEHHOM OIeHKH Xj, € €Yy, JTmst
pacdera ympaBleHHS HEOOXOIMMO MOTyYICHHE TOUCTHOM

u w
OLCHKH Xy, €' s | COCTOSHHUS CUCTEMBI U3 nHpOpMAaIH-

OHHOT'O MHO)KECTBA BO3MO)KHBIX COCTOSIHHUI Q;CV Jr+] ACTIOTIb-
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3VIOT TOUKY, KOTOpasi THO0 00ecIieunBacT MaKCHMYM HEKO-
Topomy (DyHKITHOHATY KadecTBa [20], 1100 ymoBIeTBOPSET
YCIIOBHIO MUHIMYMa OITUOKY B HAUXYAIIEM ciydae (4eObl-
IIEBCKUi 1eHTp). OpUEHTaLMs HA 3HAYEHHE X', MAKCUMHU-
3upyromiee GpyHKIMOHAN, B YacTHOM ciydae (10), mpexmou-
TUTETBbHEE, TOCKONBKY TAKOH TOIXOJ MO3BOJISET YIUTHIBAT
HE TOJFKO MUHHMYM OIIUOKH, HO M 3aTPaThl PECYPCOB Ha
peaTu3aIuIo yIpaBJICHIs, a TAKKE O'PAHNYCHHUS Ha MX 3Ha-
yeHus. TakuM 00pa3oM, 3a1a4a CHHTE3a CHCTEMBI YIIPaBie-
HUS CBOIUTCS K H3BECTHOM U3 Teopun quddepeHImaabHbIX
UTp MUHUMAaKCHOM 3a1a4e:

min max max max Jj (x;,0a;). 1D
da, eQp 0, Q) v, Q) x, Q)

OueBuHO, 4yTO pemenue 3agaun (11) rapantupyer omn-
PENENEHHBIN PE3YNETAT, 3aBUCAIIMI OT BUJA KPUTEPHS J
TIPY JTFOOBIX JIOMYCTHMBIX PeaIN3aIHsix GakTopoB Heorpe-
JIETIEHHOCTH.

OnucaHue MHOXKECTBA BO3MOXKHBIX COCTOSIHUM CUCTeE-
MBI yIpaBJICHUS] MaHUITYIISILIMOHHBIM POOOTOM OyneM mpo-
U3BOJAUTH B COOTBETCTBUU CO CIEAYIOILUM aITOPUTMOM.

1. ITycTh B IPOM3BONIBHBEI MOMEHT KBAaHTOBAaHUS k UMe-

€TCs1 OLIEHKA COCTOSIHHSI CUCTEMBI B BUJIE X, € ()} [Iponsso-
JTITCSI IpeoOpa3oBaHME:

f r
Qp jor1 = ALy, (12)
rie Qf ;,; MHOKECTBO, NPENCTABIAIONIEE COGOM MPOTHO3

L f f o
BO3MOMHBIX COCTOSHMH Xy €€ ;1 cuctembl B [k+1]-i
MOMEHT, B KOTOpBIE OHA JJOJDKHA IIEPEUTU B CBOOOIHOM J(BU-

KEHUU MeXAY k-M U [k +1] -M MOMEHTaM¥ KBAHTOBAHUS U3
cocTostHus X, €Y.

w
2. Ctpoutcst HOBOE MHOXKECTBO () C y4CTOM BIIHSI-
HUs BHEIIHUX BO3MYIIEHUH 1); HA 2J1EMEHThI MHOXECTBA

Qz +1 TIyTeM TpaHc(hopMalny (pasMbIBAHHA) MHOKECTBA

Qi,k +1 TIpH IIOMOIIX PeO0OPa3OBaHUS:

£
Ok = Qg s UBroQ). (13)

MmuoxkecTBO Q) 1, TAKHM 06Pa30OM, MPECTABIISIET CO-

00ii MPOTHO3 BO3MOXKHBIX COCTOSTHHII CHCTEMBI B [k +1]-i
MOMEHT IO/l BIMSHUEM HEONPEAEIEHHOCTH 1)y,
u w
3. Haxonwres 3Ha4enme Xy €2y 44 COCTOSHMS CHCTEMBI,
KOTOpOE MCTIONB3YETCS TS pacyeTa YIPaRJISFOLIET O BO3ICHCTBIS
da,,, MUHUMU3HPYIOIIEro (yHkimoHan kagecrsa (11).

4. TIpoM3BOMTCS IEPEMEIICHIE MHOKECTBA ()} ;| Hali-
JIeHHBIM ynpaBiieHueM day . IIpu atom opmupyercs HoBoe

MH(OPMAIIMOHHOE MHOXECTBO ()}, IPEICTABIIIONIEE CO-
00l arpHOPHYIO OIEHKY COCTOSHHS CHCTEMBI, B KOTOPBIE
OHa mepeiaeT K MOMEHTY [k +1] mocie npiMeHeHus! yIpaB-
JieHust 8, U YCIOBHUAX HAJIMYUs HEOIPEIEIEHHOCTH 1), .

5. OcyIecTBIsIeTcsl HOBOE U3MEPEHHE BBIXOMHBIX KOOP-
JIMHAT CUCTEMBI C LIEITBIO TTOJIYyYEeHUsSI AIIOCTEPUOPHOH OIeH-

KH X}, €} COCTOSIHHSI CHCTEMBI B MOMEHT KBAHTOBAHHS
[k+1], Tme

QEH :QEHHQ/\;H . (14)

Jlanee npuBeneHHas BhIIIE IPOLEAYpa UTEPALIOHHO TIO-
BTOpsiercst. CTpyKTypHas cCXeMa U3JI0’KEHHOU CUCTEMBI yIIpaB-
JIEHNS] MAaHUITYSIIIMOHHBIM poOOTOM TpHBE/IeHa Ha pHC. 1.

4 OKCIIEPUMEHTbBI

Jlist ipoBepky 3P PEKTUBHOCTH MPEIOKEHHOTO pellie-
HMSI BBIINTOJTHEHO MOZIEIUPOBAHHUE CHCTEMBI YIIPABICHUS IBU-
YKEHHEM JIBYX3BEHHBIM IUIOCKUM MaHHITYJISLIMOHHBIM pO0O-
TOM, JJMHAMHUKA KOTOPOTO ONMCHIBaeTcst ypaBHeHueM (1) co

cnemyrommmu napamerpami [17]: F(q,q)=C(q,q)+G(q),
aq | Dy D
D Dy Dy

' _C . _C . + . Glg
Cla.d)= 12?2 12(¢1+92) ,G(q):{ }
Ciaq 0 g

M,-M
My—-My,

roe Dll =(m1 +m2)112 +m2122 +2Wl21112 C08¢q» >

Dy, =Dy, :m2122 +myhly C08qy; Doy =myl3,
Ci o =mylly sing; Gy =(my +my )] cosq, +myl, cos(qy +45 ),
G, =myly cos(q; +q,); €=9,81 m/c?; My, (i=1,2) — BHe-
[ITHUE BO3MYIIICHHSI.

[MapameTpbl 3BEHbEB MaHUITYSIIIMOHHOTO POOOTA MPH-
BEJICHEI B Ta0I. 1.

Pucynox 1 — CTpyKTypHasi cXeMa CHCTEMBI YIIPaBICHHS
MaHHITYISIIHOHHBIM POOOTOM

Tabmuimna 1 — [TapameTpsl 3BeHBEB MAHUITYISIIIHOHHOTO PoOOTa 1
BHEIITHEES BO3MYIICHHE

Ne  spena, Macca, | Jlnnna, E(zemuillzleeﬂm,
i m; Kt [ m My, Hu

1 2,74 0,115 sin(2¢)

2 2,01 0,130 2cos(4t)
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Kenaemble TpaeKTOpUH q,Si i=1,2 IBIXCHUS 3BEHBLEB
OIUCBIBAETCS BHIPAXKEHUEM

3 3
gt =b; (1= Y+c; (12 )sin(w;r) - Pan,  (16)

e by =n/4 pan, by =7/3 pan, ¢; =n/9 pan, c; =7/6 pan,
o) =4 pag/cu w, =3 pax/c.

JIBMKEeHUE HAYMHAJIOCH IPU HAYaJbHBIX YCIOBUIX
41(0)=0,25pan, g, (0)=-0,3 pan, ¢;(0)=¢;(0)=0 (i=1,2).
B nporniecce MonenmpoBaHUs H3MEPSUTUCH TOJIBKO 3HAYEHUS
0000111eHHbIX KoopauHaT ¢; (i=1,2) c HeU3BECTHBIM, HO OT-
PAHUYCHHBIM 10 3HAYCHHIO, CIyYalHBIM IIyMOM
|v,-| <0,00872 paj, CKOPOCTH U3MEHEHNUS 000OIEHHBIX KOOD-
JHAT He n3Mepsuch. Ha 3BeHbst pobota feficTBoBany Bo3-
MYILIEHUS B BHJE BHEIIHHX MOMEHTOB My ; (i=L,2), npu
9TOM pEryISITOpY ObLiIa H3BECTHA JIWIIIb MHTEPBAJILHAS OLICH-
Ka yKa3aHHbBIX BO3MYyIIeHu# (Tabmn. 1). B kauecTBe nenu ym-
paByieHust ObIO TPUHIATO pemeHue 3amadn (12), roe

14

12

1

08

Angle, rad

0.6

0.4

02 =-=- Desired trajectory
/ — Actual frajectory

05 |

s
33

Angular velocity, rad/sec
o

Tracking error, rad

0 1 2 3 4 5
Time, s

a

T T
Vi =X PXpp1; @) =82 Rday:

[5.242 1,120 R 05 0
L1120 18587 | 0 0,5

C 1enbro TOCTHXKEHUSI HE3aBUCUMOTO YIIPaBIIEHUS 3Be-
HBSIMH p0o0OTa MATPHIIBI Kp u K, BbIOpaHbI IUaroHaibHsbI-
MH CO CIEAYIOIIUMU 3HAUYEHUSIMU HEHYJIEBBIX 3JI€MEHTOB:
K1 =K} =100, {Kj;={K}=20. Ilepnon
kBaHToBaHUs ObUT ipuHAT 0,05 ¢. [TocTpoeHune IBONFOIIHO-
HUPYIOIIMX BO BPEMEHU MHOXECTB OCYILECTBIISUIOCH MPHU
rioMoy R-QyHKIHHA.

5 PE3YJIbTATHI

Pe3synsratel MonenmpoBaHys peCTaBIeHb! Ha pric. 2—4. Puc.
2 orobOpakaeT 3p(HeKTHBHOCTH OTPAaOOTKH CHCTEMOH yIpaB-
JIEHNS JKEeTTaeMBIX TpaeKTopHii. 311ech time — Bpems, tracking
error — ommOKa ynpasieHus, desired traectory — >kenaemast
TpaekTopus, actual trajectory — peasbHast TpaeKTOpHSL.

1.6
14
12
1
g 0.8
o 0.6
2
< 04
0.2
or
=+=+ Desired frajectory
0.2 Actual trajectory
04 1 2 3 4 5
Time, s
0
2.5
=+=-Desired trajectory
2r —Actual trajectory
1.5¢
o
(9]
n 11
B
Z 051 ;
§ J
2 o
5
3 -0.57
c
<
-1+
1.5¢
“0 1 2 3 4 5
Time, s
T
0.3,
€,
025 | e
0.2r
el
©
8 0.151
5]
2
£ o1t
Q
£
0.05(
of
00% 1 2 3 4 5
Time, s

Pucynok 2 — OTpaboTka KenaeMbIX TPaeKTOPHI ABMIKEHHS: a — YToJl IOBOPOTa MepBoro 3BeHa (Angle);
0 — yrox moBopoTa BTOporo 3BeHa (Angle); B — yrmoBas cKopocTh nepBoro 3BeHa (Angular velocity); T — ymioBas CKOpOCTb BTOPOTO
3BeHa (Angular velocity); n — ommOku ympaBneHus st nepsoro 3BeHa (Tracking error); € — OIMOKK yIIpaBIeHUS AJIsI BTOPOTO 3BEHA
(Tracking error)
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J111st cpaBHEHHS HA PHC. 21,6 BMECTE C KPHBBIMH OIIHOOK
e; (i=1,2) cunexeHus 3a jkeIaeMoi TpaekTopueil podoTa ¢
npearaeMbIM PEryJIsTopOM PHUBEICHBI KPUBBIE OIIHOOK
elp "M (i=1,2) pobora ¢ knaccuueckum PBM. JlelicTByromme
Ha 3BCHbS MAHUIYISLMOHHOIO POOOTa YIPaBISIOLIUE U
BO3MYILAIONIAE MOMEHTHI IIPUBE/ICHBI Ha PUC. 3.

Ha puc. 4 mpuBeeHbI CIIPOrHO3UPOBAHHBIE MHOXKECTBA
Q' BO3MOXHBIX COCTOSIHHI CUCTEMBI U UCTUHHBIE COCTOSI-
Hus x' s MoMenTa k= N. IMocTpoenue MHOKECTB (O TIPO-
W3BOJIWIIOCH ITPH TIOMOIIH BhIpakeHuH (12)—(14).

6 OBCYKJIEHUE

Pe3ynprarsl MomenrpoBaHus ITOKa3bIBAIOT, YTO Mpe/Ia-
TaeMBIH PeryisTop 00ecIeyrBaeT BBHICOKOE KaueCTBO YII-
PpaBIeHUS IBYKEHHEM (pHC. 2): Oomblast Hada bHask OIno-
Ka OTpabOTKH 3aJ]aHHOM TPaeKTOpHUH, BBI3BaHHAsI HEHYIIe-
BBIMU HAaYaJIbHBIMH YCIIOBHSAMH, KOMITeHCHpyeTes 3a 0,5 c.
ITocne 3Toro MoMeHTa xenaemple 1 (PaKTHIECKHE TPACKTO-
PHH JOCTATOYHO OJIM3KHM HECMOTPSI Ha IEHCTBHE HEOTIpeie-
JICHHBIX BHEIIIHUX BO3MYILEHHUH U IITyMOB U3MEPEHUN. 3Ha-
YeHHs a0CONIIOTHON OIIMOKH 10 TIOJIOXKEHHIO HE MPEBHIIIa-
10T 0,0095 pax 1 0,01705 pax nms nepBoro U BTOPOro 3BEHa,
COOTBETCTBEHHO, UTO cocTaBisieT 2 % n 2,3 % (puc. 21,e). 13
pHcC. 211,€ TaKXKe JIErKO BUJIETh IPENMYILECTBO Ipeasiarae-
MOT0 peryistopa nepen knaccuueckum PBM.

Kak BumHO 13 puc. 3, perynsrop oOecrieanBacT IIaBHOS
M3MEHEHHE YIPaBIBIIONIMX MOMEHTOB, UTO ITOJIOXKHUTEIHHO CKa-
3bIBAETCSI HA IMHAMUKE HCTIOJTHUTEIEHBIX PHBOJIOB POOOTA.

Puc. 4 mumoctpupyer BEICOKYIO TOYHOCTB TIPOTHO32 BO3-
MOXKHBIX 3HaY€HHH KOOPIHMHAT COCTOSTHHMS chcTeMbl. Ode-
BHUIIHO, YTO YMCHBUICHHE MEPHI MHOXECTBA () MOBBICHT
KayecTBO YIPABJICHHS, IO3TOMY Ha 3TaIle MPOEKTHPOBAHNUS
peryiIsaTopa HeoOX0UM THIATEIbHBIN aHAJIN3 BO3MOXKHBIX
(haKTOpOB HEONPENIENICHHOCTH W MHTEPBAJIOB NX BO3MOX-
HBIX n3MeHeHni. ObecreunTs 6oree BHICOKOE KaueCTBO YII-
PaBJIEHHSI MOKHO TAKXKe ITyTeM KOPPEKIINH MEpBhl MHO)KECTB
Ha Ka)K/IOM I1are KBaHTOBAHUSI 110 pe3ylbraTaM HaOmroze-
HUH 32 (QYHKIMOHMUPOBAHWEM CHCTEMBI, T.€. NPHIaHUEM
PETyIATOpY aJalTHBHBIX CBOMCTB.

CremyeT Tak)ke OTMETHTb, YTO ABYX3BEHHBIH MaHUITYIIS-
TOp B KauyecTBEe 00bEKTa P MOJCIMPOBAHUN BHIOPAH HC-
KITFOYUTENBHO M3 COOOpakeHNH HAIISTHOCTH, U HA ITPAKTH-
K€ KOJIMYECTBO 71 3B€HbEB MAHUITYISIIIMOHHOTO poOOTa Or-
PaHUYMBAETCS JIMIIb BBEIYMCINUTEIbHON MOIIHOCTHIO
ynpasisitomeit OBM.

BbIBO/JbI

Paccmorpena akTyanbHast 3a/1a4a yIpaBJieHHs! IBIKEHH-
€M MaHUITYJSIIHOHHOTO PoO0Ta B YCIOBHSAX HEONpEeIeH-
HocTH. J17151 ee pemeHust pa3paboTaH HOBBII peryisiTop, oc-
HOBaHHBIN Ha UTPOBOM IIOAXOZE B paMKax KOHIIEIIIIUH Ta-
paHTHUPOBAHHOTO ympaBiieHUs. JlaHHBIA peryiIsaTop

4 . . - r

2
£
20
=

-2

_4 1 1 1 1

0 1 2 3 4 5
Time, s
5

Pucynok 3 — Ynpasnstomuit M 1 Bo3MyIIaromui ML MOMEHTBI: @ — JUIsl IEPBOTO 3BEHA; O — 11l BTOPOrO 3BEHA

X2 . '
0.04} 1

0.02

-0.02} 1

-0.04 1

Qr
0 %Bo1

-0.008 0 0.005 X

a

X2 ) .
0
-0.02
-0.04
-0.06
-0.08
-0.1
-0.12

-0.141

Ql’

0.015 X1

0-3%08 0.01

o t
PI/ICyHOK 4 — MHoXecTBa Qr BO3MO>XHBIX COCTOSHHUHU U UICTUHHBIC COCTOSHUA X CHUCTCMBI:
a — JId IIEpBOro 3BEHA; (= JJIs1 BTOPOI'o 3B€HA

179



VIIPABJIIHHA ¥ TEXHIYHUX CUCTEMAX

TIpeATIoNaraeT HaJIM4ne JIByX KOHTYPOB: TIEPBBI KOHTYp pac-
CUNTHIBAET OCHOBHOE YIPABIISIOIIEE BO3IEHCTBUE TIPH 110~
MOIIY METO/Ia BEIYHCIIIEMOTO MOMEHTA, 8 Ha3HaY€HHeE BTO-
poro — onpezeneHue TONOTHUTEIHHOTO YIIPABICHHSI, KOM-
TICHCHPYIOLIETO AeiiCTBIE HEOolpeeNeHHbIX (PaKTOpoB Ha
ocHoBe uddhepeHIaIbHON UTPHI C KBaAPaTHIHBIM QYHK-
IIOHAJIOM Ka4eCcTBa.

[NpaxTryeckast IEHHOCTH MPEIOKEHHOTO PErYIISITOpa 3aK-
JIFOYAeTCsl B TapaHTUPOBAHHOM ITOTyUYEHHUH OJIM3KUX K OITH-
MaJIGHBIM 3aKOHOB YIPABJIEHHS ITPH JTIOOBIX JIOITYCTUMBIX pea-
TM3amsIx (pakTopoB HEONPEENIEHHOCTH, a TAKKEe B OTHOCH-
TEJIHHO HEBBICOKMX TPEOOBAHUSAX K BBHIYMCIUTEIHHBIM
pecypcam.

Henocrarkom peryistopa siBisieTcst T0, 4TO IeHCTBYIO-
Iye Ha cHcTeMy (aKkTophl JaJeKo He Bcerna OyayT crpe-
MUTBCSI 00ECIICYNTh MAaKCUMaJIbHOE 3HAYCHHE KPHUTEpHUs
kadecTBa. [ToBbIIIIeHNE KauecTBa ypaBIeHHUsI BO3MOXKHO 32
CYET BBEJICHHS JAOTIOJIHUTEIILHOTO KOHTYpA alalTal{H, yTo4-
HSIOIIETO B MPOIIECCE YIPABIICHNS OLIEHKH HEOIpeIelIeH-
HBIX apaMeTpoB. C peleHneM 3Toi 3a1a4n CBSI3aHbI Hallll
JTaJIbHEHIIINE HCCIIEI0BAHMSL.
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TAPAHTOBAHE VIIPABJITHHSI PYXOM MAHINVJSAIMIAHOTO POBOTA

PosrisiiaeTbes 3ajjada yrnpaBiiHHS PyXOM MaHINyJsiifHOro po0oTa NMpH HAsBHOCTI B HOro Mojelni mapaMeTpuyHOi HEBH3HAYEHOCTI Ta Iii
HEKOHTPOJIBbOBAHHUX 30ypeHb. 3alponoHOBaHO POOACTHHI PeryisTop, IO 3aCHOBAHHUIl Ha METOJi OOYHCIIOBAHOTO MOMCHTY, B SIKOMY IS
00YMCIICHHS JOJAaTKOBOTrO YNpaBJiHHS, IO 3abe3nedye KOMIEHCAlio i1 HeBU3HAYeHUX (DaKTOPiB, BUKOPUCTOBYETHCS rapaHTOBAHUM MiAXil,
3riJIHO SIKOrO 3HA4YEeHHs LUX (AaKTOPiB BiJOMI JIMILIE 3 TOYHICTIO O HPHHAJICKHOCTI ACIKUM MHOXHHaM. JIJIs ONTHMi3alii yIpaBlliHHS BUKOPHCTA-
HUH KBaJpaTHYHUIl KpuTepiil skocTi. EQeKTHBHICTH 3aIpOIIOHOBAHOIO PIillIEHHS MIATBEPKCHO PE3yJIbTaTaAMH YHCEIBHOTO MOJICIIOBAHHS.
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GUARANTEED CONTROL OF ROBOT-MANIPULATOR MOVEMENT

The problem of a robot-manipulator movement under parametric uncertainties and uncontrolled disturbances has been considered. The
robust controller based on the computed torque control using to calculate additional control that enables compensation of uncertain factors
action a guaranteed approach, according to which values of these factors are known only to the limits of a certain set membership, has been
proposed. The quadratic performance criterion for control optimization has been used. The efficiency of the proposed solution is confirmed
with numerical simulation.

Keywords: robot-manipulator, computed torque control, guaranteed control, set of probable states.
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