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MYABTUIIAMKATUBHOE OBBEAMHEHUE IIOAMHOMOB AEJKAHAPA
C KAACCHUYECKHUM CTATUCTHUYECKHNM KPUTEPUEM BACHUYEKA
AAA TIIPOBEPKM T'NITIOTE3 PABHOMEPHOCTHU AMBO HOPMAABHOCTH
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AHHOTanMs. AxmyanisHocms u yeau. B nmponutoM Beke cozgaHo nopsiaka 20 CTaTHCTHYECKUX KPUTEPHEB MPO-
BEPKH THIOTE3bl HOPMAIBHOTO PAcIpeAeIeHUs JaHHBIX U Nopsaka 20 cTaTUCTHYECKUX KPUTEPUEB MPOBEPKU IHIIOTE-
361 PAaBHOMEPHOCTH pacIpeAeieHus JaHHbIX. PaccMaTpuBaeTcsi Criocod CHHTE3a HOBBIX CTATHCTHUECKHX KPHUTEPHEB
MyTeM NEPEMHOXEHUS! WK JAEIEeHHUS UX BBIXOAHBIX COCTOSHUN. Mamepuanvl u memoosl. [1peayioxkeHo BIOIHATS I1e-
PEMHOXEHHE (JeJIeHNE) OTKIIMKA KJIACCHYECKOT0 MOYTH OPTOTOHAIBHOTO HoNMHOMa JIexkaHapa Ha OTKIIMK Kilacchde-
CKOTI'0 CTaTUCTUYECKOro Kpurepusi Bacuueka. Pezyivmamel u 6b1600bl. [1oka3aHo, 4TO NpeaioKEHHbIE MPOLETYPhI
TIO3BOJISIIOT /IBA HOBBIX CHJIBHBIX CTATUCTUYECKUX KPUTEPHsl OOBeIMHATE ¢ KpuTepreM Bacuueka. B ntore momydaer-
cs1 OMHAPHBIN BBIXOJHOM KOJI C TPEXKPATHOW U30BITOYHOCTHIO. CBEpPThIBaHHE U30BITOYHOCTH KOJ[a MO3BOJISIET CHU3UTD
BEPOSITHOCTH TOSBJICHHS OMIMOOK IIEPBOTO ¥ BTOPOTO poAa B 5 pas.

KiroueBble c10Ba: cTaTUCTUUECKU KpUTEepHil Bacudeka, TOYTH OPTOTOHANBHBIN MOMHOM JlexkaHpa BTOpO-
ro NOpsJKa, SKBUBAJICHTHbBIE CTATUCTUUECKUM KPUTEPUSM MCKYCCTBEHHBIE HEUPOHBI, CHHTE3 HOBBIX CTATUCTUYECKUX
KpUTEpPHUEB MEPEMHOKEHUEM BBIXOJHBIX COCTOSHHUI U3BECTHBIX KPUTEPUEB
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Abstract. Background. In the last century, about 20 statistical criteria for testing the hypothesis of normal dis-
tribution of data and about 20 statistical criteria for testing the hypothesis of uniform distribution of data were created.
The article considers a method for synthesizing new statistical criteria by multiplying or dividing their output states.
Materials and methods. 1t is proposed to multiply (divide) the response of the classical almost orthogonal Legendre
polynomial to the response of the classical Vasicek statistical test. Results and conclusions. 1t is shown that the pro-
posed procedures allow two new strong statistical tests to be combined with the Vasicek test. The result is a binary
output code with threefold redundancy. Code redundancy folding reduces the probability of occurrence of errors of the
first and second kind by 5 times.

Keywords: Vasicek's statistical test, almost orthogonal Legendre polynomial of the second order, artificial neu-
rons equivalent to statistical criteria, synthesis of new statistical tests by multiplying output states of known criteria

For citation: Ivanov A.L., Bezyaev A.V., Malygin A.Yu., Kupriyanov E.N. Multiplicative union of Legendre polynomials with
the classical Vasicek statistical test for testing hypotheses of uniformity or normality of small sample data distributions. Nadezhnost' i
kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2022;(2):5-13. (In Russ.). doi:10.21685/2307-4205-2022-2-1

BBeaeHne

[Mpouutelii Bex Hayaiucs co 3HAYMMOTO JAJISl MATEeMaTHUECKON cTaTHCTHUKH coObTus. B 1900 . ITup-
COHOM OBUI co37aH XU-KBajpaT Kputepuil. CeronHs xu-kBaapar kpurepuil [lupcona sBiserca craHaapT-
HbIM', Ha Py C APYrMMH KJIACCHYECKMMH CTATHCTHYECKMMM KPHTEpHSMH'. B LeIoM MaTeMaTH4ecKoil
001IeCTBEHHOCTRIO B XX B. OBUTO pazpaboraHo Oojee 21 KpUTepHs I MTPOBEPKH THIIOTE3H HOPMAITLHOTO
pacrpeneneHus JaHHBIX U TOpsiAKa 24 CTaTHCTUYECKUX KPUTEPUEB IS POBEPKU THIIOTE3bI PABHOMEPHOTO
pacmpenenenus naHsabx [1]. K coxanenuto, O0NBIIMHCTBO paHee pa3paOOTaHHBIX CTATUCTUYECKUX KPUTeE-
pHeB OBUTM OPHEHTHPOBaHBI Ha 00pabOTKy 00JbIINX BEIOOPOK B 200 1 Gotee mpuMepoB. DTO CYIIECTBEHHO
OrpaHUYMBacCT OGJ’IaCTb MIPUMCHCHUSA MaTeMaTHYECKON CTaTHUCTHKH. TaK, B 6I/IOMeTpI/II/I, MCIHUIIMHE, DKOHO-
MHKE 4YacTO MPUXOJUTCS MMETh IENI0 C MajbIM YUCIOM MIPUMEPOB, AOCTYIHBIX PEaJbHBIM IMPAKTHKAM.
Knate HakoruieHHs: OONBIIUX (TPEACTABUTENBHBIX) CTATHCTUICCKAX BHIOOPOK HEXenaTelbHO. Llenecoo6-
pa3Ho paboTaTh ¢ TEeMU 00BEMAMH CTATHCTUKH, KOTOPBIE JIETKO JTOCTYITHBI.

Eme ogHuM BaKHBIM acHEKTOM SIBIISIETCS TO, YTO YXE CErofHsl pa3pabaThIBAIOTCS MEPCHEKTHBHBIC
ANTOPUTMBI OBICTPOTO M YCTOMYMBOTO O0YUEHHS CeTeH NCKYCCTBEHHBIX HEHPOHOB, UCIIONB3YIOIIE 000D
OMOMeTpHUYEeCKHX MMapaMeTpoB C T€M WM MHBIM 3aKOHOM paclipeneneHus 3HaueHuil. [loscaum 31y mep-
CIEKTUBHYIO TEXHOJIOTHIO Ha PUMEpPE aHAIN3a TUHAMIKH PYKOIFCHOTO TIOYepKa B Cpe/ie MOACTHPOBAHHS
«bnoHeiipoABTorpady» [2]. Ha puc. 1 mpuBemeHo peanbHOE pacrpeacieHne MaTeMaTHIECKUX OKHUIAHUH
416 OMOMETpPHUYECKUX MApaMEeTPOB, W3BIIEKAEMbIX M3 TUHAMHKH PYKOIUCHOTO ClloBa «/leH3a» NByXMep-
HBIM npeoOpazoBanneM Dypee.
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Puc. 1. [Ipumep pacnpeneneHus 3HaYCHUNA MATEMATHUECKUX OXKUJTaHUN
416 OuoMeTpHYECKHX NAapaMETPOB PYKOIMCHOTO cJioBa «/1enza»

OOyueHre HEHPOHOB BeAeTCs cleayronmM obpasoM. Ecim TpeOyercs OTKIMK HMCKYCCTBEHHOTO
Helipona «0», To Ha 16 ero BX0I0B ITOAl0TCSI OMOMETPHUSCKHE ITapaMeTPhl ¢ OJTM3KUMH MaTEMaTHICCKUMHU

" P 50.1.037-2002. PexoMeHaLuu 1o CTaHAapTH3auy. [IpukiagHas cratucTuka. [IpaBuia IpoBepKH COracus
OIIBITHOTO pacnpereneHus ¢ reoperndaeckuM. Yacts I. Kpurepuu tuma y2.

P 50.1.037-2002. Tpuxiajsas cTaTucTHKA. [IpaBHIia IPOBEPKHU COMNIACHS OMBITHOTO PACIPE/IEICHHS C Teope-
trnyeckuM. Yacts 1. Henapamerpuueckue kpurepuu.
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oxunanusaMu. Ecru TpeOyercst coctossHre «1», TO Ha BXOJABI HEMpPOHA MONAIOTCS OMOMETPUYECKHE Iapa-
METPHBI C TIOCTATOYHO OOJBIIINM PACCTOSTHHEM MEXIY UX MaTEMaTHYCCKUMHU OXKUIAaHUSIMHU. bruomapamerpsl
¢ OJIM3KUMH MaTeMaTUYeCKUMH OXHIAHUSMH BCET/la JAl0T HOPMAIBHOE PacIpe/ieieHne BXOIHBIX JaHHBIX
HEHpOHa, TaK KaK Kbl U3 OHOMapaMeTpoB MMEET HOPMAJIbHOE pacipeneicHue. buonapaMmerpsl ¢ pas-
HECEHHBIMHU MaTeMaTHYEeCKUMHU OKUIAHUAMH BCErla JAal0T pacrpeaeneHue Om3Koe K paBHOMepHOMY. [Ipu
ATOM OAWH HEUPOH WM TPYyIIa HEHPOHOB JOKHBI YMETH C BHICOKOW JOCTOBEPHOCTHIO PA3IUYaTh MEXKIY
co00ii JaHHBIE ¢ HOPMAJIEHBIM U PABHOMEPHBIM PaCIpPE/ICICHUEM.

HeﬁPOCCTeBOC 06’beAIIIHEHI/Ie HECKOABKHX CTaTHCTHIECCKHNX KPHTEPHEB
AASI IPOBEPKH rINOTE3bI HOPMAABHOI'O HAM PABHOMEPHOI'O PAaCIPEACACHHU A AQHHDBIX

B XXI B. akTUBHO pa3BUBAIOTCS HEHPOCETEBBIC TEXHOJIOTHH, 0OJiee TOTO, MPUIIIO TOHUMAHHKE, ITO
000 M3 U3BECTHBIX CTATUCTUYCCKUX KPUTEPUEB MOXKET OBITH MPEICTABICH KaK HEKOTOPBIH 3KBUBAJICHT-
HBIA €My MCKYCCTBEHHBIN HeWpoH. Ha cerogHsmHuil 1eHb Mbl UMeEeM KOJUIEKIUio u3 nopsaka 30 cratu-
CTUYECKUX KPUTEPUEB, AJII KOTOPHIX YXKE MOCTPOEHBI SKBUBAJICHTHBIE UM HCKYCCTBEHHBIC HEHpPOHBI [3—5].
Ha maHHBII MOMEHT IS BCEX MICCIIETOBAHHBIX HA CETOIHS CTATUCTHYECKUX KPUTEPUEB yIAIOCH TIOCTPOUTH
SKBUBAJICHTHBIC UM UCKYCCTBEHHBIC HEUPOHHI.

Bonee Toro, popmanbHO MCKYCCTBEHHBIX HEHPOHOB MOXKET OBITH KaK yroJHO MHOTO. B mutepartype
Han0oJiee YaCTO UCIOIb3YIOTCS HEMPOHBI C HAKOIUIEHUEM JTAHHBIX B JIMHEWHOM MPOCTPAHCTBE CyMMHUPOBA-
HueM. Tak ke XOpomro M3ydYeHBl KBaJpaTHYHBIE HEHPOHBI C HAKOIUICHWEM NaHHBIX CYMMHpPOBAaHHEM C
MpeIBapUTEIbHBIM KBaJPaTUYHBIM JIe(hOPMUPOBAHHEM BXOJHOTO MPOCTpaHCTBa. JIF0OOe MHOE HCKAKEHUE
MIPOCTPAHCTBA BXOMHBIX JAaHHBIX MeEpell CyMMHPOBAaHHWEM OyJeT JaBaTb HEKOTOPBIA HCKYCCTBEHHBIH
HEHPOH, CBOWCTBAa KOTOPOTo ci1ab0 M3y4eHbl. B 3TOM OTHOIICHWU CTATUCTUYECKUEC KPUTCPUU U IKBUBA-
JICHTHBIE UM HEHPOHBI 3aHUMAIOT MMPOMEXYTOUHOE ToIoKeHrne. VX crarnctudeckne (pyHKIIMOHAIBI TOCTa-
TOYHO XOPOIIO MCCIISAOBAHbI Ha OONBIINUX BHIOOPKaX (MPU OOJBIIIOM YUCIE BXOJOB y SKBUBAJICHTHBIX MM
HelpoHOoB). HoBM3HA MaTepmana JaHHON CTaThH COCTOUT B PACCMOTPEHHH CHIDKEHHUS YUCIIa BXOAOB Y JK-
BHBAJICHTHBIX UCKYCCTBEHHBIX HEHMPOHOB JI0 16 101 Maybie BHIOOPKHU B 16 OMIBITOB.

IIpu mepexone Kk HCKyCCTBEHHBIM HEHPOHAM yIaeTCsl ECTECTBEHHBIM 00pa3oM OOBEAMHATH WIIH COB-
MECTHO HCIIOJIb30BaTh HECKOJIBKO CTATUCTHYECKUX KpUTepueB. JlocTaTouHO chopMHUPOBATH OJHOCIOHHYIO
CEeTh W3 DKBUBAJIEHTHBIX CTATHCTUYECKUM KPUTEPHUAM HECKOJIBKHUX MCKYCCTBEHHBIX HEHpoHOB. CTpyKTypa
TaKOH OJHOCIIONHON CeTH MapalieIbHO pa0OTAIONIMX UCKYCCTBEHHBIX HEHPOHOB OTOOpaXKeHa Ha puc. 2.

X1
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Ty
KoppextipoBKa H3bBITOUHOTO Kofma

Puc. 2. [TapamrensHas 00paboTKa Majoil BEIOOPKH B 16 OMBITOB HECKOIBKUMH
MCKYCCTBEHHBIMH HEHPOHAMH SKBHUBAJICHTHBIMH XU-KBaJ(PAT KPUTEPHUIO
Y MHBIM M3BECTHBIM CTaTUCTUYECKUM KPUTEPHUSIM IIPOBEPKH TOW MJIM MHOM T'MIIOTE3bI

Kaxnpit u3 co3ganHbiXx B XX B. CTATUCTUYECKUX KPUTEPHEB IIOXO paboTaeT Ha MalbIX BBIOOPKAX.
Hanpumep, Ha BbIOOpKe B 16 OnbITOB XU-KBaapatr kputepuil [lupcona naet 3HaueHHue MOSBICHUS BEPOSIT-
HOCTHU OLIMOOK MEPBOT0 U BTOPOTO pojia Ha ypoBHe P = P, = Pgg = 0,33, yto npumepHo B 10 pa3 xyxe, yem
TpeOyeT npaktuka. OueBUAHO, YTO, OOBEIUHUB B OAHY HelpoceTh 20 SKBUBAJICHTHBIX CTATUCTHYECKUM
KpHUTEPHUSIM HEHPOHOB, Ha BBIXOJIC TAKOW HEHPOCETH MBI OYIIEM TOJIy9IaTh BRIXOMHON KOJ ¢ 20-KpaTHOH 13-
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OBITOYHOCTBIO, T.€. MBI BCETJIa MOXKEM CBEPHYTh H30BITOUHBIH KOJI, CKOPPEKTHPOBAB B €T0 pa3psiaax OIno-
K4 [6, 7]. B mpocreiimiemM ciydae MOKET ObITh HCIOJIB30BaH CAMOKOPPEKTUPYIOMIMICS KO, TOCTPOCHHBIN
Ha PaBHOIPABHOM I'0JIOCOBAaHUH OOJBLIMHCTBA COCTOSIHUI €ro pa3psaos.

Crarucruyecknii KpuTepuit Bacnieka Kak 0AMH U3 caMbIX 3 PeKTHBHBIX KAACCHIECKHX
KpHTepHeB NPOBEPKH NIOTE3bI HOPMAABHOT'O PaCHpPeAeACHHS MAABIX BBIOOPOK

CyIIecTBYOIINE CTATHCTUYCCKHE KPUTEPHH BEyT ce0s MO-pa3HOMY B pa3HBIX ycioBusx. /s Toro,
9TOOBI WX CPaBHUBATh MEXKIY CO00#, HECOOXOIUMO MPUBOIUTE MX K OJMHAKOBBIM YCIOBUSM. OUeBHIHO,
YTO TPU CPABHEHHUH JOJDKHBI HCITOJIL30BATHCS BHIOOPKU OJUHAKOBOTO pasMepa. Kpome Toro, skemarenbHo
BBITIOJIHUTh CUMMETPH3AITUIO 33/1a4X 10 BHIOOPY MOPOTa NMPWHSATHS PEIICHUS Yepe3 BhIpaBHUBAHUE BEPOST-
HOCTEH TOSBJICHUS OIIMOOK MEPBOTr0 U BTOPOro pojaa. byaem paccMaTpuBarh 3a/iauy aHaJIn3a MajbIX BbIOO-
POK B 16 OTBITOB JJI1 OHOTO M3 CAMBIX MOITHBIX KJIACCHYECKOTO CTATHCTHIECKOTO KpuTepus Bacwdaeka [1].
Bynem paccMmarpuBarh Mpolecc MPUHATHS UCKYCCTBEHHBIM HEHMpPOHOM Bacuueka pelieHus o pa3inycHHH
MaJIBIX BBIOOPOK C aJIbTEPHATHBOM HOPMAJIFHOTO M paBHOMEPHOTO pacHlpeesieHus] BXOOHbIX JaHHBIX. CTa-
THUCTHUKU BBIXOJHBIX COCTOSTHUI UCKYCCTBEHHOTO HEHPOHA OTPaXKEHBI Ha pUC. 3.

0.03

V)

0.02F

PaBHOMEpHEIE
JIAHHEBIC

0.01F

L A

v 0.3

HopmansHBIE
IaHHBIC

Puc. 3. Pacnipenenenue BEIXOAHBIX COCTOSIHUN KpuTepus Bacuyeka U 5KBUBaJIEHTHOTO
€My UCKYCCTBCHHOTO HEHPOHA I MaJIO BEIOOPKH B 16 OIBITOB

N3 puc. 3 BUJIHO, 4TO TIPU 3HAUYCHUM MOpOTa MPUHATHUSA perieHui HepoHoMm V' = 0,94 BeposiTHOCTH
OmMOOK MEPBOTO M BTOPOTO POJIAa OKA3BIBAIOTCS OJU3KHU M COCTaBISIOT P = P, = Pgg= (0,055, T.e. kputepuit
Bacuuexka siBisieTcs OTHUM M3 CaMbIX MOIIHBIX KJIACCHYECKUX KPUTEPHEB, CO3JAHHBIX B IIPOIIJIOM BEKe IS
MIPOBEPKHU THUIIOTE3Bl HOPMAIBHOTO DPACIpE/eeHNs] JAaHHBIX MaJibIX BBIOOPOK B 16 OmbITOB. MOIIHOCTH
KkpuTepusi Bacudeka oka3eiBaeTcs BbIle XU-KBaapat kputepus [lupcona B 0,33/0,055 = 6 pa3. IIporpamm-
Hoe oOecreyenne Ha s3pike MathCAD anst peanuzaiiuyl YWCIICHHOTO 3KCIIEPUMEHTa MOJICIIMPOBAHHUS
KpuTepus: Bacuueka nmpuBeneHo Ha puc. 4.

saftr) = |x + sort{mom(16.0.1 + 1)) sar(tr) = |x <+ sort(runif (16,-3 — 1r 3 + 1))
R T XX,
1 1
10 11 10 11
V4 H (%,4-%) VA H (3,4~ %)
i=0 i=0
X X
e — [
™5 15
xe—Ix-1 ne— -1
13 ) 13 2
Le « |:30-x':.1—0{| L Le « |:3D-|x}:—ﬂl{| L
2 |Bo 02 16 2 (ol o2 16
i=0 i=0
Il'. ‘\l Irl \
| Le L—E V4Le V4| iLe E V4-Le V4§
\ V4 J \ V4 J

sx(0.01) = (1.651 2777 0981 0.504) sar(0.01) = (1907 1686 2.158 1.131)

Puc. 4. ®parmeHT nmporpaMmsl, Bocpom3Bo el Ha si3bike MathCAD otkimiku
HelipoHa Bacruyeka 1 ONTUMU3MPOBAHHOTO IOJMHOMUAIILHOTO HelipoHa Jlexanapa
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MoaeAnpoBaHHE OPTOrOHAAbHBIX H IIOYTH OPTOTOHAABHBIX
NOAMHOMOB /AeKaHAPa BTOPOro NopsipAKa

CrnenyeT OTMETHTD, YTO PACCMOTPEHHAS BBIIIE CUTYyallls CHHTE3a HCKYCCTBEHHBIX HEHPOHOB OpPHEH-
TUPOBaHa Ha pa3/ieleHHE JBYX TUIIOB JaHHBIX C HOPMaJbHBIM M PaBHOMEPHBIM pacnpeneieHueM. llep-
CIIEKTHUBHBIE OBICTPBHIE aJTOPUTMBI O0YUEHHS OOJNBIINX CeTEeH NCKYCCTBEHHBIX HEMPOHOB OMOMETPHUYECKON
ayTeHTU(HUKAINH CETOIHS CTPOSATCS MOIKIIOYSHUEM BXOJIOB WX HEMPOHOB K HOPMAIBFHO PacIpeeIeHHBIM
JAHHBIM WM K PABHOMEPHO PaclpeieIeHHbIM OMOMETPUYECKAM JAaHHBIM. [Ipr 3TOM CKOJIBKO MCKYCCTBEH-
HBIX HEeHpoHOB OynmeT paboTars mapamuiedbHo (cM. puc. 1), He uMeeT 3HaueHUs. [ 1aBHOE, 4TOOKI HX 00IIee
pelIeHne 1mocie CBEPTKH M30BITOYHOCTH UMEIO 3apaHee 3alaHHBId YPOBEHb JOCTOBEPHOCTH. TeXHHUYECKH
OKa3aJI0Ch BBITOJHO YBEIMUYMBATH YMCIO MapajIebHO PadOTaIONMX HEHPOHOB MM 3KBHUBAJIEHTHBIX UM
CTaTHUCTUYECKUX KPUTEPHEB.

B cBs31 ¢ 3TUM HaMm KelaTellbHO UMETh MaTeMaTHYeCKUe KOHCTPYKIUU, H3HAYAIBHO ONTHMH3HPO-
BaHHbIC TI07] 00pa0OTKy HOPMAaJBbHBIX M PABHOMEPHBIX JaHHBIX. KpoMme Toro, u3 Teopun HENMHEWHBIX M-
HaMUYeCKHX 00beKTOB [8—11] HaM M3BECTHO O BO3MOXXHOCTH OPTOTOHANHM3AINY BBIUUCIUTENBHBIX IIPOIIe-
Iyp. B cBs3u ¢ 3THMM MMeEET CMBICI MOIBITAThCS MCIOJIB30BaTh MONMMHOMEI Jlexkanmapa [11], Tak kak oHU
OpPTOTOHAJBHBI TS CTyYalHBIX TAaHHBIX C PABHOMEPHBIM paclpeaeseHreM B nHTepBaie oT —1 1o +1. Panee
MIPOBEJICHHBIE UCCIIEOBAaHUS MTOKA3aJlH, YTO CHIDKEHUE Pa3MepOB BRIOOPKH OHMOMETPUYECKUX NAaHHBIX pa3-
MbIBaeT 3 (EKT OpPTOrOHANM3AIMH TOJTMHOMOB. B cBs3u ¢ 3TuM B pabote [12] BBINONHEHA ONTUMH3AINS
nonuHoMa JlesxaHapa BTOPOTo MOPSIIKA, BHITOJIHEHHAs 3aMEHOM €TMHUYHON MOCTOSHHOW COCTaBIAIOLIEH
nonmHOoMa Ha 3HadeHue 0,2 (cM. puc. 3). Takas onTHMH3aNUS TO3BOJISIET CHU3UTH BEPOSTHOCTH TOSBICHHS
oImuOOK MepBOro U BToporo pojaa Ha 41 % no 3Hauenuit P, = P, = Pgg= 0,262. Ha puc. 5 npuBeaeHs! pac-
MIpeIeIeHNs] BBIXOAHBIX COCTOSHUI MOYTH OPTOTOHAIBHOTO MOJMHOMHUAIBHOTO Helipona Jlexxanapa BTopo-
r'0 MOPSIAKA IS MaJIBIX BEIOOPOK B 16 OMBITOB.

0.013 T T T

P

0.01

PaBHOMEpHEIE
JaHHEBIE ]

5x1072

=
HopmansHeie
JAHHEBIE

Puc. 5. BbIXOILHbIe COCTOSAAHHA UCKYCCTBEHHOI'O OIITUMU3UPOBAHHOT'O ITOJIMHOMUAJIBHOT'O
Heipona Jlexanapa Ha MaJioi BEIOOpKE B 16 OMBITOB

HoBrlii cTaTncTHUECKHH KPpUTEPUI MOUYTH OPTOrOHANBHOTO MOJIMHOMA JIexkaHapa BTOpOro mopsaaka
nMeeT MomtHocTh B 0,33/0,264 = 1,26 BhImIE TTO CpaBHEHHUIO ¢ XU-KBaapaT kputepreM Ilupcona. Tem He
MEHee ero MPsSMOE HCIIOJIb30BaHUE B HEHPOCETEBBIX KOPPEKTOPAX OUIMOOK MPHHATHS PEeIIeHUI Ha TaHHBIA
MOMEHT He LienecoobpasHo.

MYAbTI/IHAHKaTPIBHbeI CHHTEe3 HOBBIX 0oAee MOIIIHBIX CTATHCTHICCKHUX
KpHTEPHEB YMHO’KEHHEM H ACACHHEM BBIXOAHDBIX COCTOSTHHH KAACCHIECKOTO
Kpurepus Bacnueka 1 MIOAHHOMHAABHOTO KpHUTEepHuA AemaHApa

OpHUM U3 BapMaHTOB CHHTE3a HOBOI'O KOMOMHUPOBAHHOI'O KPUTEPHS SBISIETCS] IEPEMHOXKECHUE BBI-
XOIIHBIX cocTosSHUM Kputepus JIexxanapa u kputepust Bacndeka. CTaTUCTHKH BBIXOIHBIX COCTOSIHHM HOBO-
IO UCKYCCTBEHHOTO HEHpOHa OTOOpakeHBblI Ha pUC. 3, MporpaMMHoe oOecredeHrne YHCIEHHOTO SKCIepH-
MEHTa JIJISl UCCIIeIOBAaHNUS HOBOTO KPUTEpHsl 0ToOpakeHOo Ha puc. 4. [lpu mopore kBantoBanus LeV = 1,77
ONM3KME BEPOSTHOCTH OLIMOOK MEPBOTO U BTOPOTO POAA COCTABISIOT Py = Py = Ppp= 0,092.

9
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BTopbiM BapraHTOM CHHTE3a HOBOTO CTATHCTUYECKOTO KPUTEPHUS SBIISETCS AeNICHHE OTKINKA KPUTe-
pus Jlexannpa Ha OoTKJIMK KpuTepus Bacuueka. BrixogHbIe COCTOSIHMSI HOBOTO MCKYCCTBEHHOTO HelipoHa
otoOpaxeHsl Ha puc. 6. [Ipu nopore kBanToBanus Le/V = 2,05 Gnu3kue BepOSATHOCTH OMIMOOK IEPBOTO U
BTOPOI'O POJia COCTABIAIT P = Py= Pgg= 0,262.

D.D;he\;’) T T

0.01F

5107

LeV

) em
HopmaneHEIE
JAHHEIE

Puc. 6. BeIxoiHbIE COCTOSTHHSL KCKYCCTBEHHOTO HEHPOHA, CHHTE3UPOBAHHOTO YMHOKEHHEM
noyiMHOMa JIexaHapa Ha OTKIMK KpuTepusi Bacuieka Ha BEIOOpKE B 16 OIBITOB

Takum o0pa3om, B JOMOJHEHHE K JOCTaTOYHO MOLIHOMY KpHUTepHio Bacmueka, MBI MOTy4YMIH J1Ba
HOBBIX JIOTIOJTHHUTENBHBIX CTATUCTHYCCKUX KPUTEPUEB C MOIIHOCTHIO BBINIC, YEM Yy BXOJSIIETO B HUX WC-
xomHOTO Kputepwus Jlexanapa (puc. 7).

“Lev)

0.015

001

51077

Le/V

4

la

1
PaBHOMEpPHEIE
JaHHBIC HopMmalipHEIE TaHHEBIE

Puc. 7. BbixoJiHbIE COCTOSIHUSI UICKYCCTBEHHOI'O HEMPOHA, CHHTE3UPOBAHHOIO JIEJIEHUEM
nosivHoMa Jlesxxanipa Ha OTKJIMK KpuTepus Bacuueka Ha mMasoi BeIOOpke B 16 ONBITOB

CuHTe3 HelpoCceTeBOro KOPPeKTOpa OMIMOOK C TPOMHOI KOAOBOI H30BITOYHOCTHIO
AASI pPa3A€AeHHs AAHHBIX MAABIX BBIOOPOK C HOPMAABHBIM H PABHOMEPHBIM PACIIPEAEACHUSIMHA

OueBUAHBIM SIBISIETCS TO, YTO MPOCTEUIINE KOHCTPYKIMH CBEPTHIBAHUS KOJOBOI M30BITOUHOCTH T'O-
JIOCOBaHUEM pa3psioB (cM. puc. 1) ManodadeKkTUBHBI 110 CpaBHEHUIO ¢ 00JIee CIONKHBIMUA KOJOBBIMU KOH-
cTpykumsamu [12]. Bompoc cocToUT TOJIBKO B TOM, KaK HAy4UTbCA CO3[aBaTh OOJiEe CIIOKHBIE KOZOBBIE
KOHCTPYKIUH IJIsi HEHPOHHBIX CeTel, 0000IIArOIIUX TPYIIBI CTATHCTHUECKUX KputepueB? [Ipu 3ToM BBI-
UTPBILI OT Tepexoja K 0ojee CIOKHBIM KOJAOBBIM KOHCTPYKIMSAM Bceraa OyAeT pacTh ¢ POCTOM KOZOBOH
N30BITOYHOCTH.

B paccmarpuBaeMoM HaMu ciydae OOBEIHHSIOTCS BCEro /IBa KPUTEPHs: CTATUCTHUYECKUI KpUTEpUd
Bacuueka u cratuctuueckuil kpurepuil Jlexkanapa. ITocTpouTs Ha JByX KpUTEPUSIX MPOCTEUIINN KOPPEK-
TOp Henb3sl. OQHAKO €CNIM MBI U3 IBYX KPUTEPHUEB CO3IaIUM YETHIPE KPUTEPHS, TO MOKEM B3ATh TPU CaMbIX

10
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MOILHBIX KPUTEPHUS U TIOCTPOUTHh HA HUX MPOCTEHIINN CBEPTOUHBIM CAMOKOPPEKTUPYIOLIUICA KO, yCTpa-
HSIIONIUHI TPEXKPATHYIO N30BITOUHOCTh. CTPYKTypa OpraHu3aIiii 3Toro Koja oToOpaxeHa Ha puc. 8.

H30BITOYHOCTH

CeepTKa KOOOBOII

Puc. 8. [Tapannensaas 06paboTKa JaHHBIX TPEMsI CTATHCTHYECKUMH KPUTEPUSIMH
C CHHTE30M OOHApY>KUTENS U KOPPEKTOpa OUIMOOK C TPOHHON KOZOBOH M30BITOYHOCTHIO

3akArouenue

Takum 06pa30M, MBI [IOJIy4a€M BO3MOKHOCTD 3a CUCT HEIMHEHHBIX onepaunﬁ MEPEMHOXKCHHUA U JIC-

JICHUSI BBIXOJHBIX COCTOSIHMH IBYX CTaTUCTUYECKUX KPUTEPUEB CO3[aBaTh JIOCTATOYHO CIIOXKHYI KOH-
CTPYKIIHIO, CHOCOOHYIO0 3(QQEKTHBHO OOHApYXHWBaTh M HCIPABIATH OIMIUOOYHBIE KOJIOBBIE COCTOSHHSL.
3TO MO3BOJSAET CHU3UTH BEPOATHOCTH OMIMOOK 10 CPAaBHEHUIO C JIYYLIMM OAWHOYHBIM KpuTepueMm Bacnue-
ka Pgg = 0,055 no utoroBoii BepositHoct Pgg = 0,011. Dddekr nmocruraercs 00beIUHECHHEM TPEX CTaTH-
CTHYECKHX KpHUTepueB. sl paCCMOTPEHHOM CaMOKOPPEKTHPYIOLIEHCS! KOJAOBONH KOHCTPYKLUH C TPEXKpat-
HOW H30BITOYHOCTBIO YHNA€TCA IOCTHYb IMATUKPATHOIO CHMKEHHS BEPOSTHOCTH IIOSBJIEHUS OIIMOOK.
[ocnennee spnsieTcst MOATBEPIKICHUEM BBICOKOH 3QQEKTUBHOCTH PACCMOTPEHHOTO B CTAThE HAIIPABIICHHUS
M0 MYJITUIUIMKATUBHOMY OOBbEANHEHHIO YK€ U3BECTHBIX U HOBBIX CTATUCTUYECKUX KPUTEPHEB.
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PA3PABOTKA METOAOB IIPOEKTUPOBAHM S BE3PE3OHAHCHBIX
TOHKOCTEHHBIX IUAMHAPUIECKUX KOHCTPYKITUI
BOPTOBBIX PAAMOIAEKTPOHHBIX CUCTEM
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AnHotauusi. Axkmyanorocms u yeau. OCHOBY HECYIINX KOHCTPYKIMN OOPTOBBIX PaJHO3IEKTPOHHBIX CPEICTB
(BPOC), xak 1 MHOTHX APYTHX H3AEIHHA MAITMHOCTPOCHUS, COCTABISIOT TOHKOCTEHHBIC 3JIEMEHTHI — CTEP)KHH, IUIa-
CTHHBI, 000JIOYKH, KOTOPHIE JODKHBI 00€CIIeYnTh HEOOXOAMMYIO MPOYHOCTD, YCTOHYHUBOCTD M KECTKOCTh KOHCTPYK-
UM TIPY 33IlaHHBIX OTPAaHUYEHISIX 1Mo Macce. [Ipu 3ToM BBIOOP KOHCTPYKTHBHBIX 3aI1aCOB BCEX IapaMeTpoB paboTo-
CHOCOOHOCTH JJIEMEHTOB TaKMX KOHCTPYKIMH (K03((HUIHMEHTOB O0€30MacHOCTH, 3alacoB MNPOYHOCTH) JOJDKEH
o0ecrieunTh HaJIe)KHOCTh PAaBHYIO MJIM BbILIE TpeOyeMol, KOTOpasi MOKET JAOCTUTaThCsl CO3AaHHEM Oe3pe30HaHCHBIX
KOHCTPYKIMH B 331aHHOM JiMarna3zoHe 4acToT BuOpanuu. Llenpto paboTel sBisieTcst pa3paboTKa MH)XEHEPHOH METOaH-
KM pacdera HeoOXOJUMOro 3amaca OTCTPOHKH cOOCTBeHHOM yacToThl Kosebanuit (CUK) u ee mpakTHUecKoe UCIOJIb-
30BaHue. Mamepuanvl u Mmemooul. B paboTe NCTIONB3YIOTCS MTOJI0KEHHUS TEOPUN MEXaHMUYECKUX KOJIeOaHHUM /ISt IOy~
YEHUs] aHUINTHYECKNX BBIPAKEHUH COOCTBEHHOW YacTOTHI KOJICOAHUH LIMIIMHAPUIECKON 000109KHU. J{i1s YUCIeHHOTO
PEIIeHNs UCIIONMB3YIOTCS METOIB KOHEUHBIX AJIEMEHTOB U IIporpaMMHbIil akeTr ANSYS. Peszyismamei. I1penmosxxeHst
pesynbTathl pacdeToB CUK ToHKOCTEHHBIX KOHCTpYKIHA BPOC, mo3Bomnstonme 000CHOBaHHO BEIOPATh pa3Mephl KOH-
CTPYKIIMH C TOYKH 3PEHHS 3aIIUTHI OT Pe30HaHca. BRITIOTHEHBI YNCIIEHHBIE PEIICHUS TECTOBBIX 3a/1a4 C UCIIOIh30Ba-
HUEM KoMIutekca nporpamm ANSYS, cienanbl BRIBOJALI U JaHBI PEKOMEHAIMH 110 CO3/IaHHI0 O0e3pE30HAHCHBIX B 3a-
JIAHHOM JIMana3oHe 4acTOT BUOpAIMK TOHKOCTEHHBIX KOHCTpyKuuii 0110k0B BPOC B opme kpyroBeix Oouek. Boigoo.
Pe3ynbTaTel paboTHI IPEACTABICHEI B BIIE PEKOMEHIAIMH M0 onpeaeneHnto ocHOBHBIX CUK k0XXyX0B B BUE KPYro-
BbIX 0OYEK W BHIOOPY Ha paHHUX CTaAMSIX MPOEKTUPOBaHHS KOHCTPYKTHUBHBIX PELICHHUIl M0 CO3JaHuI0 Oe3pe30oHaHC-
HBIX KOHCTPYKLUH.

Knroueble cioBa: muauHApUYeckas o00JI0YKa, MHOIOTPaHHAs NPHU3Ma, COOCTBEHHAs 4acToTa KoJieOaHU,
MaTeMaTH4ecKoe MOJICIMPOBaHKe, BUOPAIHs, PE30HAHC, 3al[UTa OT MEXaHMYECKUX BO3JICHCTBHIA, TOHKOCTEHHbIE KOH-
CTPYKLIUH

Jnsa nuruposanusi: ®pornos C. U., lanunosa E. A., Tanpkos I'. B., Kouerapos U. U., JIeicenko A. B. Pa3zpaboTka meTo-
JIOB MPOCKTHPOBAHHS 0E3PE30HAHCHBIX TOHKOCTCHHBIX IMIMHAPHYCCKUX KOHCTPYKIHI OOPTOBBIX PaJMO3JICKTPOHHBIX CHCTEM //
HanexuocTh 1 KauecTBO CI0KHBIX cucteM. 2022. Ne 2. C. 14-24. doi:10.21685/2307-4205-2022-2-2

DEVELOPMENT OF DESIGN METHODS FORRESONANT
THIN-WALLED CYLINDRICAL STRUCTURES
OF ON-BOARD ELECTRONIC SYSTEMS

S.I. Frolov', E.A. Danilova?, G.V. Tan'kov?, L.1. Kochegarov*, A.V. Lysenko®

1.2.3.4.3 penza State University, Penza, Russia
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Abstract. Background. The basis of the load-bearing structures of on-board electronic systems (OES), as well
as many other engineering products, are thin-walled elements — rods, plates, shells, which should provide the neces-
sary strength, stability and rigidity of the structure under given weight restrictions. At the same time, the choice of de-
sign margins for all performance parameters of elements of such structures (safety factors, safety margins) should en-
sure reliability equal to or higher than the required one, which can be achieved by creating resonance-free structures in
a given vibration frequency range. The aim of the work is to develop an engineering methodology for calculating the
necessary margin for detuning the natural frequency of oscillations and its practical use. Materials and methods. The
paper uses the provisions of the theory of mechanical vibrations to obtain analytical expressions for the natural vibra-
tion frequency of a cylindrical shell. For the numerical solution, finite element methods and the ANSYS software

© ®ponros C. M., Aannaosa E. A, Tauskos I'. B, Kouerapos H. ., Avicerko A. B., 2022. KonTent pocryren no aunensun Creative Commons Attribution 4.0 License / This work
is licensed under a Creative Commons Attribution 4.0 License.
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package are used. Results. The results of calculations of the natural frequency of vibrations of thin-walled structures of
on-board radio-electronic equipment are proposed, which make it possible to reasonably select the dimensions of the
structure in terms of protection against Numerical solutions of test problems are performed using the ANSYS software
package, conclusions are drawn and recommendations are given for the creation of resonance-free in a given vibration
frequency range of thin-walled structures of on-board radio-electronic equipment units in the form of circular barrels.
Conclusion. The results of the work are presented in the form of recommendations for determining the main natural
vibration frequencies of casings in the form of circular barrels and choosing design solutions for creating non-resonant
structures at the early stages of designing.

Keywords: cylindrical shell, polyhedral prism, natural oscillation frequency, mathematical modeling, vibra-
tion, resonance, protection against mechanical impacts, thin-walled structures

For citation: Frolov S.I., Danilova E.A., Tan'kov G.V., Kochegarov LI., Lysenko A.V. Development of design methods for
resonant thin-walled cylindrical structures of on-board electronic systems. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and
quality of complex systems. 2022;(2):14-24. (In Russ.). doi:10.21685/2307-4205-2022-2-2

BBepenne

Kax u3BecTHO, BUOpamuu KOHCTpyKIuu SBISIOTCS mpuauHoit 30—40 % Bcex otkazoB bPOC riiaBHBIM
00pa3oM M3-3a HAJTHMYUsI PE30HAHCOB TOHKOCTEHHBIX 3JIEMEHTOB UX KOHCTPYKIIMH U HEJOCTATOUHOH 3 dek-
TUBHOCTH TIPUMECHSEMBIX METOJIOB CHIDKCHHS aMIUIMTYJbI BUOpAMU C HCIOJIH30BAHHUEM aMOPTH3AINH
u/vunu neMnupoBaHus, YTO CJIEIYET OTHECTH K KOHCTPYKTHBHBIM HelopaboTkaMm. B To ke Bpems Hesa-
CJIy’KEHHO MaJI0 UCTIOJNB3YeTCs Ha MPAKTHUKE METOJ] OTCTPONKH PE30HAHCHBIX YaCTOT KOHCTPYKIIHIA 3a Mpe-
JICITTbl YaCTOT BUOpAIIHH.

DT0, B YaCTHOCTH, OOBSCHSITCS TEM, YTO B KauecCTBE 3amaca OTCTPOWMKH MPHHATO HMCIIOJIb30BaTh Ya-
CTOTHOE OTHOwWeHue f,/f 22, rae f, — OCHOBHas (MHHMMaJbHas) COOCTBEHHAs 4acTOTa KoJeGaHMii,

a f— gacrora Bo30yxaeHus kojebanuii [1]. ObecnieyeHre Takoro OOIBIIIOTO 3amaca OTCTPOMKH JeaeT KOH-
CTpyHpOBaHHE O€3pPe30HAHCHBIX TOHKOCTEHHBIX KOHCTPYKIMI KpaiiHe CIOXKHBIM. B uactHOCTH, 3TO OTHOCHT-
s K TaKUM 0OBEMHBIM KOHCTPYKIIHSAM, KaK TOHKOCTEHHBIE KOXKyXH 0110k0B BPOC paznuunoit popMsi.

B nannoii crathe mpuBeneHbl pe3ynbTarhl ucciaenoBaHuil CUK ToHkocTeHHbIX KOHCTpyKImid BPOC
B BHJIC IWJIMHIPUYIECKUX 000I0UYEK U PaCCMOTPEHA BO3MOXKHOCTh 00€CIIeUeHNsI He00X0IMMOr0 3amaca oT-
ctpoiiku CUK c ncnonp3zoBanueM (opMbl 0JI0Ka B BUJE KPyTroBoil 604Kk (0Opa3yromas — ayra OKpy>KHO-
ctn) [2]. TecToBBIe 3aJaul ¢ IPUMEHEHHEM TakeTa nporpamm ANSYS naroT BO3MOKHOCTb IPEIOCTaBUTH pe-
KOMEH/IAlIMU 110 KOHCTPYUPOBAaHHIO Oe3pe30HaHCHBIX KOKyXxoB BPOC Ha paHHUX cTaausX MPOEKTUPOBAHMUSL.

OcHOBHas1 9aCTh

Koxyxu 6mokoB BPOC orpannunBaroT UX BHYTpEHHHI 00BEeM, 3alIuiias OT BO3IeHCTBUS (DaKTOPOB
OKpY>Karolei cpenibl, U M0 TEXHOJIOTHYECKIM COOOpaKEHUSIM OOBIYHO BBITIONHSIOTCS B BUAE MIPSIMOYTOJIb-
HBIX HapajuIesenue10B Wik APYTuX (GOpM U3 IUIOCKMX TOHKUX IJIACTUH. Takue KOXKyXd UMEIOT Pe30HaH-
CBHl B IIMPOKOM JHANa30HE 4acTOT, YTO BO MHOTHX CIy4asX OTPULATENIHO CKa3blBACTCA Ha HAIECKHOCTH
anmapatypsl. Otctpouth CUK Takoro koxyxa Ha MpaKkTHKe OKa3bIBaeTcs TPYAHOH 3a1adeil, perieHne Ko-
TOpOM, KaK MPaBHIIO, TOCTUraeTCA YBEINYEHNEM MACChl KOXKyXa, HApUMEP, YBEIHMUYEHHUEM TOJIIHMHEI CTe-
HOK KOXKyXa HJIH TOOABJICHHEM ITepeMBbIUeK, KaK 3TO TToKazaHo Ha puc. 1 [3].

MM MM

Puc. 1. KopoOuaTast KOHCTpYKIHS KOXKyXa 0JIOKa C KECTKUMHU
TepEeMBIYKaMH MEXTy CTeHKaMH (&), KOHCTPYKIUS ITIePEMBIUKH (0)
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B 000CcHOBaHHBIX CITydasx KOXYXH MOTYT MMETh ()OPMBI OTIUYHBIC OT IMapajuieNienuIieia, B TOM
YHCIIe C MCIIOJIb30BAHUEM O0OJIOYEK Pa3IMYHON KpuBH3HBL Hampumep, 3TO 4acTto ObIBaeT B Ciydae MpH-
OOpPHBIX OTCEKOB aBHAIMOHHBIX PAKET MANOKM U CpeJHEH NaTbHOCTH, II¢ NMIMHAPHUCCKHMA 3aIUTHBIA KO-
XKyX OJTHOBPEMEHHO SIBIIICTCS OOIIMBKOM MPUOOPHOTO OTCeka (pHc. 2).

Puc. 2. Humuaapudeckas ¢popma 6iioxa BPOC

31ech BaXXHO OTMETUTh, YTO C TOYKH 3PEHHUsSI OTCTPOMKH PE30HAHCHBIX 4YacTOT, LMIMHIpUYECKas
¢dopma O510Ka B CpaBHEHHUHU C KOpoOUaToit GopMoi U IIIOCKUMH TPAHSIMH, TIPH COTIOCTABUMBIX IO BEINYHHE
o0beMax MU Macce, 00namaeT OOJbILEH JKECTKOCTBIO, UTO IO3BOJISIET CO3/1aTh OE3PE30HAHCHYI0 KOHCTPYK-
IIUIO C MEHBLINM BECOM U rabapuTamMi.

JleliCTBUTENEHO, B 3TOM JIETKO yOemuThes, BHIMOIHUB pacdeTsl CUK K0XyXOoB ¢ 3amieMJICHHBIMA
TOpLAMH B BHJI€ TOHKOCTEHHOTO MPAaBWJIBHOTO MapajuleenuIea i TOHKOCTEHHOTO LUINHIPA, UMEIOIINX
OJIMHAKOBYIO IUIOIA/Ab OBEPXHOCTH (OANHAKOBYIO MAacCy IPH OAWHAKOBOM MaTepHaje OJHON TOJIIHHBL).

3amaua Haxoxaenuss CUK mpaBunbHOro mapasuienenumena cBoautcs K ompenenenuto CUK mpsamo-
YTOJIGHOU TIaCTHHBI TOJIIIFHOM /4 co ctopoHamu [ M a (I = a ), aHATUTHYECKOe pelIeHue KOTOpO H3BECTHO [4]:

_o h E

ol 12p(1-p?) )

f

rae £ — monynes HOnra; p — xkosddumuent [lyaccona; p — MIOTHOCTs MaTepuana; [, a — IJIMHA W TTUPHHA
0OO0KOBOI1 rpaHy MapajvieNenumnesaa.
YacToTHblil K03 (ULKMEHT O, OCHOBHOrO 00€PTOHA TaKOM MPSIMOYTOJIbHON IIIACTHHBI ONPEAeieTCs

o popmyte

0, =22,37\1+0,48/%/a* +0,191*/a* . )
s onpenenenns CUK 3aMKHYTBIX KPYTOBBIX LIMITMHAPHYECKIX 000JIOUEK HCTIONB3yeTcs Gopmyna [4]

p— Kmn E

TR \p(-1) ©

rae R — paguyc munuaapa; £ — monyies HOHra; u — koagdunuent [lyaccona; p — mIOTHOCTh MaTepuaia
UITHHIPA.
Yactorasrit ko3 duruent K, mpu | = 0,3 onpexnensercs 1mo popmyiie

-0,935 0,45
) ()
R h

rae [ — JuiHa UIUHAPa; /i — TOJIIWHA CTCHOK IIMIUH/IPA.
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st Becex pacdeToB mpuHEMaeM: nepumerp 600 mm; jymna [ = 240 MM; TONIUHA CTEHKH /1 = 1 MM;
MEXaHUYECKUE XapaKTePUCTUKU MaTepHaa;

E=1,9610"TIa, p=0,3, p = 7700 kr/m’.

Pesynbratel pacderoB ocHOBHEIX CUK ® coOTBeTCTBYIOMUX COOCTBEHHBIX (OpM KoJeOaHwMH,
HaWJEHHBIX METOJ0M KOHEYHBIX aneMeHToB (MKD) nporpamMmuoro komruekca ANSYS, npuBeaeHbl HUXKe

(puc. 3).

[Tapannenenumnes fo=179,0 I'y

Mununap S, =1119,8 T'n

Puc. 3. CUK u coorBercTByromI1e MM (POPMBI COOCTBEHHBIX KOJIeOaHUI

Haiinennrie 35aueuus CUK cBeneHsl B Ta0m. 1.

Tabnuna 1
Pesynbrate! pacuetoB CUK
[TapameTpsl napajurenenuiena frio
K-Bo rpaneit Cropona, MM VYron,’® Dopmyna AHcuc %
4 150 90 175,9 179,0 1,71
Humuaap 1114,7 1119,8 0,46

Kak ciemyer u3 pe3ynsraToB pacueToB, ocHOBHbIe CUK TOHKOCTEHHBIX KOHCTPYKIWH B BUAE IIH-
JWHIpA TIPUMEPHO B 6 pa3 Ooibiie, yeM CUK B Buae mapaimienenuiena TOW e MacChl, 9TO HAIO YIHUTHI-
BaTh NPU NPOCKTUPOBAHUH OOBEMHBIX 0€3PE30HAHCHBIX KOHCTPYKITUH.

Opnako m3-3a TpeOyeMoro 3amaca OTCTPOHKH M JKECTKMX OTpaHWYeHHH 10 Macce HCIIOJIb30BaHUE
IUIUHAPUYIECKON (HopMBI KOoXKyXxa 010KOB mpu KoHCTpyHpoBannu BPOC He Bcerma obecneumBaeT co3ma-
HHE 0e3pE30HAHCHOW KOHCTPYKIIMH, UTO ACNAET aKTyaJIbHBIM MOUCK CIIOCOOOB JATBLHEUIIIETO MOBBIIICHUS
JKECTKOCTHU KOXKyXa IMyTeM Mmoadopa eMy 0oJiee )KeCTKOH (OopMbl C MUHUMAJIBHBIM YBEITHYCHUEM MaCCHI.

3mecr YMECTHO OOpaTHUTBCS K pe3ysbTaraM 3BOJIOIMOHHOTO PEmIeHHs 3TOW 3afadd B TIPUPOJIE.
MHOX€eCTBO JaXKE CaMbIX COBPEMCHHBIX TEXHUYCCKUX )Z[OCTI/I)KGHI/Iﬁ YeJIoBCUECTBA TEM HJIM MHBIM o6pa30M
0epyT CBOE HAYallo U3 TOTO, UTO BCTpeuaeTcs B npupoe. Kak ropopurcs: «Uto ObI BB HE JIealid, MPUPOIA
9TO yXKe clienana, IpU4eM JIydIie». IBONIONHS — 3TO KpaliHe JIINTENbHBIA W CIIOKHBINA MPOIIECC, U ajarTa-
LIMOHHBIE U3MEHEHMsI, TIPUOOPETEHHBIE B XOJI€ YBOJIOINH, BCET/Ia OTPAaBIaHbl U HMEIOT BIOJHE MPaKTHYe-
CKOe MpUMeHeHue. B Hamem ciayyae HauOosee moIXoAsIIui mpuMep — )KykH u (opMa ux Tena.

HeoObruaiinas mpucrioco0s1eMocTb )KYKOB K CAMBIM Pa3IUYHBIM yCIOBHSIM XKH3HH BO MHOTOM O0b-
SCHSIETCS] CTPOSHUEM HX TeJa.
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Ha puc. 4 npuBeaeHbI MPUMEPhI TUITMYHOTO CTPOCHHS TeJa )KYKOB, OCOOCHHOCTHIO KOTOPOTO SIBJIS-
ercs (opMa 3alUTHOTO MOKpPOBa (KOKyXa), 00CCIIeUHBAOIIas HEOOXOUMYIO €ro JKeCTKOCTh IPU MUHH-
MaJlbHOW Macce. DTa MoCKa3Ka MPUPOIbI MPUBOAMUT HAC K MBICITH 00 aKTyallbHOCTH UCCIICAOBAHUN OCHOB-
HbIXx CUK koxxyxoB BPOC B dopme kpyroBoit 604uky kak HamOojee OIM3KOTO aHaiora GOpMbI CTPOSHUS
T€J1a )XYKOB C YUCTOM Tpe6OBaHHﬁ TCXHOJOTUYHOCTU U3TOTOBJICHUA HAa IPOMU3BOACTBE.

o
00

Puc. 4. Tunu4yHoe cTpoeHue Tea KyKoB

W3 u3BecTHBIX aBTOpaM paboT IMOX0KUE UCCIICOBaHUS MPUBEACHEI B paboTe [5], Tae onpenensumch
ocHoBHbIe CUK KpyroBbIX IHIMHAPUUIESCKUX 000J0UYCK ¢ HAYATLHBIMH UCKPUBICHUSIMH MPOAOJIBHBIX 00pa-
3YIOIIUX B BUE napaboJisl (puc. 5). Mcxoas u3 yCaoBUs, 4TO aMIUIMTYAa OTKIIOHEHUS OT (DOPMBI [IHJIHHIpA
a MHOTO MEHbIIIE pajinyca MWIHHIpPA a <K 7|, U HCIIOJIb3Ys YPaBHEHUS KOJCOAHNN IUIUHIPHUECKUX 000-
JIOYEK, MOJYYCHBI Pe3yJbTAThI, HA OCHOBE KOTOPBIX C/AENAH BBIBOJ, YTO JJIS BBIMTYKIIBIX 000JOYCK C YBEIH-
YEHUEM aMILTUTY/Ibl OTKIOHeHUs nx MuHuManbHas CUK pacrer.

O6pasytoLjas ayra

3alleMneHHbIW Topey

L

< »

Puc. 5. Hunuaapudeckue 000I0YKY ¢ HAYAIFHBIMU HCKPUBJICHUSME 00pa3yroniei

XO0TA 3TOT pe3yabTaT caM Mo cede He MMeeT Ul KOHCTPYKTOpa MPAaKTUYEeCKOro 3HAYCHUS, HO UL
HAaC OH MOATBEPKIACT MEIeCO00Pa3HOCTh MPOBEACHUS HambHelmmX nccnenoBannii CUK kpyroBex 0odek.

B nacrosmeit pabote nccnenosanusi CUK koxyxoB BPOC B Buie KpyroBbix 604ek MpOBOJIUINCH HA
ocHoBe MeToaa MKD ¢ ucnons3zoBanueM komiuiekca rnporpamm ANSYS. Dcku3 uccne1oBaHHBIX KPYTOBBIX
0ouek mpencTaBiIeH Ha puc. 6. PacueTsl BBINOJIHEHBI IUIA CTAIBHBIX KOXYXOB TPEX BAPHAHTOB UIMHBI
C OJIMHAKOBBIM paauycoM 7; = 100 MM ¥ TONTIIHON CTEHOK /2 = 1 MM.

O6pasytolas gyra

3aleMneHHbIn Topel '\

Puc. 6. Ocku3 koxxyxoB BPOC B Buze Kpyrossix 604ex
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OcranpHBIC pa3Mephl NMMPUBEICHBI HIDKE B Ta0n. 2—4 (pa3Mepsl B TaONWIaX MPUBEICHBI B CM), TIIE

R=(a+(1/2)') )2a.

TaOnuma 2
l'eomeTpuueckue xapakTepUCTUKU KOXKyXa AMUHON L = 18 cm
Homep koxyxa 7> a=ryr R c=Rrnr
0 10 0
1 10,5 0,5 81,25 70,75
2 11 1 41,00 30,00
3 11,5 1,5 27,75 16,25
4 12 2 21,25 9,25
Tab6nuua 3
I'eomeTpuueckue xapakTepUCTUKU KOXKyXa ATUHON L = 24 cm
Homep koxyxa 7> a=ryr R c=Rrnr
0 10 0
1 10,5 0,5 144,25 133,75
2 11 1 72,50 61,50
3 11,5 1,5 48,75 37,25
4 12 2 37,00 25,00
Tabmnuma 4
I'eomeTpuyeckue xapakTepUCTUKH KOXyXa JuinHOU L = 30 cm
Homep koxkyxa 5 a =11, R c=Rrnr
0 10 0
1 10,5 0,5 225,25 214,75
2 11 1 113,00 102,00
3 11,5 1,5 75,75 64,25
4 12 2 57,25 45,25

MaxkcuManbHOE 3HAaYCHHUE = 120 MM BI)I6paH0 H3 yCIIOBUs OFpaHI/I‘ICHI/Iﬁ 10 YBCIIMYUCHHUIO MAaCChI

KOXyxa B mpenenax 1o 20 %.
Pesynbrar pacuera ¢ UCIob30BaHUEM KOMILIEKca porpamm ANSYS nist oqHOTO U3 BapUaHTOB Kpy-

roBOH OOYKH MpHUBENIEH Ha PHC. 7.

Puc. 7. ®opma kpyrosoii 60uku ¢ pazmepamu L = 240 MM, 7 = 100 mm, r, = 120 Mmm
u cobctBeHHas popma konebanuii ee ocHoBHoil CUK paBHoil f; = 2460,3 '

Bce pesynbrathl pacuetoB ocHOBHBIX CUK KpyroBeix 0ouek mpuBeeHBI B TaON. 5—7 HUXKe, TIIe Ba-
puasT Ne 0 cooTBETCTBYIOT MIMHPY U ero ocHoBHas CUK o6o3HaueHa f, .
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Tabmuua 5
Pesynbratel pacuetoB ocHOBHBIX CUK 1 koxxyxa mumHol L = 18 cm
Howmep koxyxa 72, CM rlr Macca, kr CUK, I'g folfu
0 10 1,00 0,871 1425,1 1,00
1 10,5 1,05 0,897 1850,9 1,30
2 11 1,10 0,932 2529,0 1,77
3 11,5 1,15 0,971 3273,0 2,30
4 12 1,20 1,014 4016,8 2,82
Tabnuua 6
Pesynbrater pacuetoB ocHOBHBIX CUK miist koxyxa amuHo# L = 24 cm
Howmep koxyxa 72, CM /1 Macca, kr CUK, I'y Sollu
0 10 1,00 1,161 1089,0 1,00
1 10,5 1,05 1,195 1306,2 1,20
2 11 1,10 1,238 1637,0 1,50
3 11,5 1,15 1,285 2037,0 1,87
4 12 1,20 1,334 2460,3 2,26
Tabnuua 7
Pesynbratel pacuetoB ocHOBHBIX CUK amst koxyxa anunoit L = 30 cm
Howmep xoxyxa 72, CM ralry Macca, kr CUK, I'g Jfolfu
0 10 1,00 1,451 884,0 1,00
1 10,5 1,05 1,494 997,5 1,13
2 11 1,10 1,545 1198,8 1,36
3 11,5 1,15 1,6 1443,6 1,63
4 12 1,20 1,678 1707,7 1,93

Kak cremyeT u3 BeIIIETIpUBEACHHBIX TaOIHUI], KOKyX 010koB BPOC B BHAE KpyroBoi OOYKH ¢ TIPH-
eMJIEMBIM Ha [PAKTHKE OTHOLICHHEM 7, /1, =1,2 NpH HE3HAYMTENBHOM YBEINYCHHH MAacChl HMEET OCHOB-
Hyto CUK B 2-3 pasa BbllIe, YeM y HWINHAPAYECKON POPMBIL.

[TomyuenHbIe pe3yapTaThl NO3BOJSAIOT MOCTPOUTH MOTYIMIIMPHUECKOE BbIpaskeHue A pacuera CHK
KPYT'OBBIX OOYEK.

Tak, BBens o6o3HaueHue K; = f; / f, ¥ ¢ ydeToMm Beipaxkenus (3), Gopmyna nus pacuera CUK xpy-

rOBBIX 00YEK OyIeT BRINIAACTH CIACAYIOIIMM 00pa3oM:

K, E
fu=Ks 2nR\/p(1—u2)’ @

IJ1e U KPYroBbiX 604eKk ¢ R =7, ¥ OTHOLICHHEeM pasmepoB 7;/h =100 MoryT GbITh HCIIOIB30BAHBI 3HAYE-

Hus K, TpUBEeHHBIC B Ta0I. 8.

AmHanu3 BbIIIENPUBEICHHBIX pe3ynbTatoB pacdueta CUK cranmbHbIX KoxyxoB OnokoB BPOC B Buze
KPYTOBOii GOYKH ¢ OTHOIIEHHEM 7, /1, =1,2 mpu r1 = 100 MM T10Ka3bIBaeT, YTO NPH BEPXHEH IPaHHLIE AUa-
nasona BuOpauuu 2000 'y 1 3anace oTcTpoiiku f,/f 22, canrarh 6e3pe30HAHCHBIM MOXKHO TOJIBKO Bapy-
aHT Koxxyxa ¢ anuHor L = 180 mm. Inst xoxxyxoB nipu L > 180 mm noBbeimenne CUK MokeT OBITH TOCTHT-
HYTO YBEJIMYECHHUEM OTHOLICHUS 7,/r; WM, HANpUMEp, C HCIOJIb30BAHMEM KOJBIEBOTO pebpa,
PAacIIONIOKEHHOTO B CEPEINHE AJTMHBI KPYTOBOM OOUKH.

[Ipo6HErt pacuer CUK ¢ ncronp3oBaHueM KoMiniekca mporpamm ANSYS BBHITOTHEH I KpyTroBOH
0OYKH C MOTIePEYHBIM KOJIBLIEBBIM peOpPOM, CKHU3 KOTOPOI IpE/ICTaBIIeH Ha pHC. 8.
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Tabmuua 8
3uaueHue Kg IS pa3iIUvYHBIX COOTHOIICHUH #,/r) U L/ry
K6 :fé/fu I"z/}"l
r/h =100 1 1,05 1,1 1,15 1,2

1,5 1 1,359 1,956 2,585 3,185

1,6 1 1,338 1,891 2,484 3,056

1,7 1 1,318 1,830 2,388 2,934

1,8 1 1,298 1,773 2,297 2,818

1,9 1 1,280 1,719 2,212 2,709

2,0 1 1,262 1,668 2,132 2,606

2,1 1 1,245 1,621 2,057 2,510

L 22 1 1,229 1,577 1,088 2,419
2.3 1 1213 1,537 1,924 2,336

2.4 1 1,199 1,500 1,865 2,259

2,5 1 1,185 1,467 1,812 2,188

2,6 1 1,172 1,437 1,764 2,124

2.7 1 1,159 1,410 1,721 2,066

2,8 1 1,148 1,387 1,684 2,014

2,9 1 1,137 1,367 1,652 1,970

3 1 1,127 1,351 1,625 1,931

Obpasyowas ayra

3allemneHHbld Topel 7'y
a
R
A 4
A

f

Puc. 8. Dcku3 kpyropoit 00uku ¢ pedpom

Ha puc. 9 npuBeneHs! pe3ysbTaThl pacyeToB AJis paHee MPUBEACHHON KPYroBoil O0UKH 2-r0 BapHuaH-
taipu L =240 mm, 7, /1, =1,2 1 pebpom ¢ TomumHoi H = 2 MM 1 BBICOTOH pebpa / = 20 MM.

Puc. 9. ®opma kpyroBoit 009K ¢ KOIBLEBEIM peOpoM U coOCcTBeHHast (hopMa
konebanuii ee ocHoBHoil CUK paBHoil f; =2878,7 I'n

I/ICXO,HH H3 PE3YJIbTATOB pacye€Ta, MOXHO CACJIaTb BBLIBOJ, YTO IIPpU BerHeﬁ TpaHul€ auarna3oHa
Bubparmu 2000 ' 1 3anace orcrpoiiku f/f =2 paccMaTpuBaeMblil BAPHAHT KOXKyXa He sBIsieTcst Ge3pe-
30HAHCHBIM U JIOJDKCH OBITh OTKJIOHEH. Takol BBIBOJ IOKAa3bIBAET, KAKYIO BAXKHYIO POJIb MIpacT HOpMa-
TUBHBIA yPOBEHb 3araca OTCTPOMKH JUIS BHIOOpA ONTUMAJIBHOIO KOHCTPYKTOPCKOI'O PEIISHUs MPHU CO3/ia-
HUU 0€3PE30HAHCHBIX KOHCTPYKIIMK U KaKyl0 OTPHULIATEIIEHYIO POJIb UTPACT €0 3aBhIIICHHAS BEJTUYHHA.
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To, 4T0 MCHOJB3yeMBblil 3amac OTCTpOiKU f,/f =2 3aBblieH, nokasaHo B pabore [6]. 3xech s
IUIAT U3 CTEKJIOTEKCTONMTA SKCIIEPUMEHTAIBHO HaiijieHa BelMYMHa 3amaca oTctpoiiku f,/f 21,2...1,3.
B Ccy0CTpOEHMH PUMEHSIETCsE IIOYTH TAaKOH ke 3amac oretpoiiku f, /£ =1,25...1,3 [7]. Ilpu Takux ypos-

HSIX 3amaca OTCTPOWKH PaccMaTpUBAEMBIH KOXKYX C IOMEPEYHBIM KOJBLEBBIM peOpoM OyleT CUUTaThCs
0e3pe30HaHCHBIM U HCIIOJIb30BaH MPH MPOSKTUPOBAHHH.

YuauThIBas BaXKHOCTh JUTS NPUHATHS ONTUMAJBHBIX KOHCTPYKTUBHBIX PEIIeHUI MpU CO3IaHuu Oe3pe3o0-
HAHCHBIX KOHCTPYKIMH, PpoOJieMa BeJIYHHBI 3aI1aca OTCTPONKH TpeOyeT AOTIOTHUTENBHBIX HCCIIeIOBAHHHA.

3akAroueHune

1. B Hactosme#t pabote BbinosHeHo uccienoBanue CUK TOHKOCTEHHBIX KOXYXOB JUis OJIOKOB
BPOC B Buzie KpyroBuix OOUeEK.

2. Ha ocHOBe IIpoBeIEHHBIX MCCIICIOBAaHUHN JaHBI PEKOMEHIAINN TI0 OIIpeaesieHnt0 ocHOBHBIX CUK
KOXKYXOB B BHJIE KPYTOBBIX 00UEK U BHIOOPY Ha paHHUX CTAJUAX MPOCKTHUPOBAHMS KOHCTPYKTUBHBIX pelie-
HUH 110 CO3/IaHUI0 0€3PE30HAHCHBIX KOHCTPYKIIHIA.

3. BrinonHeHHBIE pacyeThl ¢ MCIOJIB30BAHHEM KOMILIEKca mporpamMm ANSYS mokazann BaKHOCThb
KOMITBIOTEPHOTO MOJEIUPOBAHMSI B HCCICIOBAHUSX TEXHUYECKH CIIOKHBIX 3a7a4 KOHCTPYHPOBAHUS
HanexHeix bBPOC.
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ANISOTROPIC MODEL OF THE SYSTEM FORMONITORING
AND CONTROLLING THE THERMAL PARAMETERS
OF BOARD RADIO MODULES

A.K. Grishko

Penza State University, Penza, Russia
Alexey-grishko@rambler.ru

Abstract. Background. In accordance with the modern doctrine of the development of the latest rocket and
space technology, the control and management of systems of onboard radio-electronic equipment is extremely im-
portant. Increasing requirements for reliability and increasing the density of deployment of radio-electronic means for
various purposes, especially on-board equipment, significantly limits the possibility of heat removal using ventilation
and convection in multi-level radio-electronic modules. At the same time, the conductive method of heat removal in-
volves the use of thermal maintenance systems, special heat-exchange materials for sealing elements of radio-
electronic devices. In many cases, an unbalanced temperature regime leads to an increase in the error of the sensors,
which leads to a violation of the stability of the entire complex of rocket and space technology. The aim of the study is
to analyze and develop mathematical models of heat transfer processes in radio-electronic modules that have analytical
solutions. Materials and methods. A mathematical model for the analysis and provision of the thermal regime in radio-
electronic modules in the form of a quasi-homogeneous anisotropic parallelepiped with stationary volumetric or flat
heat sources placed in a conditional environment with a stable temperature is proposed. Results and conclusions. This
approach makes it possible to implement the following procedures: complex spatial arrangement replacement of heat
sources with simpler ones; multicomponent subsystems with a heterogeneous structure are replaced by quasi-
homogeneous regions with effective values of heat transfer properties; spatial arrangement of quantities describing
heat transfer processes at the edges of areas replaced their average values. The proposed approach makes it possible to
significantly simplify the calculated value of the temperature and these models can be widely used to calculate, meas-
ure and analyze thermal regimes in radio-electronic modules with a high density of radio-electronic equipment and are
a convenient tool for thermophysical design and ensuring stable operation of on-board radio equipment of rocket-
space and special equipment.

Keywords: anisotropic model, board radio modules, thermal management

For citation: Grishko A.K. Anisotropic model of the system for monitoring and controlling the thermal parameters of board
radio modules. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2022;(2):25-32. (In Russ.).
doi:10.21685/2307-4205-2022-2-3

AHHU3OTPOIIHAAA MOAEAb CUCTEMbBI KOHTPOAA
N YIIPABAEHUA TEIIAOBBIMU ITAPAMETPAMU
BOPTOBBIX PAAUOIAEKTPOHHBIX MOAYAEN

A. K. T'pumxko

Ilen3eHckuil rocyjapcTBEHHBIN yHUBEpcUTeT, 1lensa, Poccus
Alexey-grishko@rambler.ru

AHHOTaUMA. AxmyarbHocms U yeau. B cCOOTBETCTBUU C COBPEMEHHOM JOKTPUHOM pa3BUTHUS HOBEUIIEH pakeT-
HO-KOCMHYECKOW TEXHUKH YPE3BBIUANHO Ba)KCH KOHTPOIb U YIPABICHHE CUCTEMaMH OOPTOBOW PaauO’IEKTPOHHON
anmaparypsl [loBeinieHue TpeOOBaHUN K HAlE)KHOCTH M YBEJIMYCHUE IUIOTHOCTH Pa3MEIICHUS PaJnO03JICKTPOHHBIX
CPEICTB Pa3IMYHOTO HAa3HAYCHUS, OCOOCHHO OOPTOBOrO 00OpYIOBAaHWs, CYIICCTBCHHO OTPAaHHYMBAIOT BO3MOXKHOCTH
OTBOJA TEIJIa C MOMOLIbI0 BEHTWIALMU U KOHBEKLUMU B MHOIOYPOBHEBBIX PAIMO3JEKTPOHHBIX MOIyJsiX. B To xe
BpeMsl KOHIYKTUBHBIM METOJ OTBOJA TEIlIa MPENIoJaracT NPUMEHEHUE CUCTEM IMOAJIEPKAaHUS TEIJIOBOIO pEXUMa,
CHETHUANTBHBIX TEIUIOOOMEHHBIX MaTEPHAIIOB U TePMETH3AINH YJIEMEHTOB PaIHOIEKTPOHHBIX yCTPOHCTB. Bo MHO-
THX CIy4asx HecOaJaHCHPOBAHHBIN TeMIIEPaTypHBIH PEXUM MPHBOIAWUT K YBEINYCHHUIO IMTOTPEITHOCTH PaOOTHI AaTIH-
KOB, YTO MPUBOJIUT K HAPYIICHUIO CTAOMIBHOCTH PaOOTHI BCETO KOMIUIEKCA PAKETHO-KOCMHYECKON TeXHHUKH. Llenbio
HCCIICZIOBAHUS SIBIIIETCSI aHANIM3 M pa3pabdoTKa MaTeMaTHYECKHX MOJIENIEH MPOLEeCCOB TEIUIOOOMEHA B PagHOdIIeK-

© I'pumiko A. K., 2022. Konrenr pocrymen no anriensuu Creative Commons Attribution 4.0 License / This work is licensed under a Creative Commons Attribution 4.0 License.
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TPOHHBIX MOJYJISAX, UIMCIONIMX aHAJTUTUYCCKUE peuieHus. Mamepuanst u memoosl. IIpennoxena MaTeMaTHIeCKas MO-
JIeJIb aHajIM3a U 00ECICUeHHsI TEIUIOBOTO PEXKUMA B PAMO3JICKTPOHHBIX MOAYJISAX B BHJE KBA3UOIHOPOIHOIO aHU30-
TPOITHOTO MapalIe/ICHuIea CO CTAMOHAPHBIMA O0BEMHBIMH WJIH IIOCKAMHU UCTOUYHUKAMHE TEIUIA, Pa3MEIICHHBIMU B
OKpY>KaIOIIeH YCIOBHOM cpelie co CTaOMIBHOM TeMIepaTypoil. Pezyibmamet u 661600b1. TaKoi MOIXOM TACT BO3ZMOXK-
HOCTb PEAJIM30BaTh CJIEAYIOUINE MPOLETYPhl: CIOKHOE MPOCTPAHCTBEHHOE paclpesiesieHue UCTOYHHUKOB TeIlla 3ame-
HSIOTCS Ha 0oJiee MPOCThIC; MHOTOKOMITOHCHTHBIC ITOJICUCTEMBI C HEOJAHOPOIHOW CTPYKTYPOU 3aMEHSIOTCS Ha KBa3H-
OTHOpPOIHBIE 00MacTh ¢ 3(P(PEeKTUBHBIMU 3HAUYCHUSIMH TETTIOOOMEHHBIX CBOWCTB; MPOCTPAHCTBEHHOE paclpeieieHue
BEJIMYMH, OMHICHIBAIOIINX MPOIECCH TEINIOOOMEHA Ha Kpasx oOiacTel, 3aMeHSI0TCI Ha UX cpeqHue 3HadeHus. [Ipen-
JlaraeMbli MOAXOJI MO3BOJISIET CYIIECTBEHHO YNPOCTUTh PACYETHOE 3HAUECHUE IOJIEW TEMIIEPATYpPhl U 3TH MOJAEIU MO-
IYT LIMPOKO MPUMEHATHCS Ul pacueTa, U3MEPEHMs] M aHAIM3a TEIUIOBBIX PEKUMOB B PAJUO3IEKTPOHHBIX MOAYJISIX C
BBICOKOH TUIOTHOCTBIO KOMIIOHOBKH PaIMO3IEKTPOHHON ammapaTypsl U SBISETCS yIOOHBIM HHCTPYMEHTOM IUIS TETl-
J0(DU3MYECKOTO KOHCTPYMPOBAHUS M OOCCIEUYCHUS CTaOWIBbHOH paboThl OOPTOBOW paguoamnmaparypbl PakeTHO-
KOCMHYECKOH U CHel[UalbHON TEXHUKHU.

KiioueBble cJI0Ba: aHU30TPONHASL MOJIEIIb, GOPTOBBIC PAJHOMOAYIIH, TEPMOPETYIHUPOBAHUE

Jnsa uutupoBanus: ['pumko A. K. AHU30TpOIHAsS MOJENE CHCTEMBI KOHTPOIIS U YIPABJICHHS TCIUIOBBIMU MapaMeTpaMu
OOPTOBBIX PAJIMOIICKTPOHHBIX MoyJel // HamesxxHOCTh U Ka4ecTBO CIOXHBIX cucTeM. 2022, Ne 2. C. 25-32. doi:10.21685/2307-
4205-2022-2-3

Introduction

Radio equipment of different purpose refers to complex engineering systems and typically constitute
a modular hierarchical structure. High density of arrangement of radio-electronic equipment limits signifi-
cantly the possibility of heat removal by means of ventilation and convection in multi-level structural mod-
ules. The engineering solutions that do not pay due attention to the efficiency of heat removal, decrease the
efficiency and accuracy of the equipment operation and can significantly lower its service life. In this situa-
tion, the conductive method of heat removal, that suggests the use of the systems of thermal management,
special heat-exchange materials for sealing elements of radio-electronic equipment. Optimum solutions for
heat removal can be achieved by various means — analytical calculations, laboratory physical modelling;
mathematical modelling, including with the use of analytical solutions and computer simulation.

General overview of research problem

Hierarchical geometrical model of radio system with high density of structural modules arrangements
can be represented, according to [1-4] as a certain total of parallelepipeds and plates in an enclosed space
with different types of attachment to each other and different orientation. The outer surface of this total of
bodies is the border with the external environment (external surface) [4-6].

Let us assume that in a system under analysis randomly distributed in space heat sources are in action
and have content intensity over time period. The input ventilation and corresponding heat outlets are absent.
As a lot of elements in this enclosed space are close in their structure, the heat exchange can be described
on the basis of the model with distributed parameters. Characteristics for heat propagation within the sys-
tem are the coefficient values of effective heat exchange. The coefficient values will depend on physical
properties of the system, material of the bearing structure; geometrical forms; conditions accompanying the
mutual heat exchange between structural modules. The coefficients are calculated using the pattern for
long-range order systems, i.e. for one elementary unit [3—6]. A structural module and adjacent space — air,
parts of mounting and bearing structure — are considered as an elementary unit.

This approach to modelling can be also applied to objects with some deviations from long-range or-
der, local geometrical and heat-transfer properties. System thermal conditions will be influenced by envi-
ronment and other objects of the systems which emit heat: supports, sections, blocks etc. [1-3, 6]. It can be
assumed that the object under study is placed in a certain ‘conventional’ environment, at a calculated tem-

perature ¢ taking into consideration all temperature influences. Heat exchange with the external envi-

ronment proceeds according to Newton’s law [4, 5], with each surface of the external area characterized by
corresponding heat exchange coefficients o .

This model is then applied gradually according to the descending order of modelling heat exchange
in structural modules of RS. In the model of the analyzed structure the low-level structural modules with
power evenly distributed in space are counted as heat sources.

Heat sources in different structural modules have different forms, according to these features the
models can be differentiated and classified [1-3, 6]. For example, separate models in heated areas of sup-
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port without ventilation are classified according to the following forms of heat sources: rectangle, parallele-
piped with parameters equal the model size; parallelepiped with parameters differing from the model size.

In the research, conducted by the authors, in line with [6—8] the complex of new models was devel-
oped on the basis of this approach. These include support areas experiencing heat, sections, modules with
high density of element arrangement; micro-modules with compound cover; PCBs with flat surface ele-
ments.

Support areas experiencing heat, sections, devices are shown as the total of structural modules of low
levels (sections, blocks) that have high density of arrangement of bearing structure and air gaps between
them. The conventional environment for heated areas is considered to include parts of the structure (exter-
nal coating of supports and devices), adjacent air, whose external surfaces experience heat transfer and
whose temperature values were calculated at preceding modelling stages. The conventional environment for
PCBs and microassemblies is considered to include surface of the screen, cover (if present) and surfaces of
the neighboring (including the bearing microassemblies) of PCBs, cover walls, air inside blocks, sections,
devices where they are positioned.

To conduct the analysis of thermal conditions, RS support in particular, thermal model for structural
modules [6,8,9], that has the form of homogeneous anisotropic parallelepiped, consisting of 3D heat
sources — blocks. It has to be noted, that the resultant model with accepted limitations and allowances, in-
cluding those imposed by the chosen methods of solution, does not have a wide sphere of application. As
the object has to be given in the form close to the plate, the depth of all heat sources must be the same and
equal the total depth. It is also impossible to set different conditions characterizing heat exchange at exter-
nal surfaces.

Considering the above mentioned drawbacks, it is worthwhile to develop an improved model, free of
the limitations mentioned earlier.

The development of the mathematical model

As the studied models of objects are different from each other not only in forms of heat sources, the
general model of structural modules with high density of arrangement can be presented in the form of qua-
si-homogeneous anisotropic parallelepiped with different-size stationary 3D (parallelepipeds) or flat (rec-
tangles) heat sources that are located in the conventional environment with stable temperature.

We will be looking for the solution of the problem on stationary temperature field of quasi-
homogeneous parallelepiped. Let us analyze the linear problem in which heat exchange parameters of inter-

nal and external heat transfer of the model (kx,Xy,KZ,(x) are considered unaffected by temperature. Using

the principle of superpositioning of temperature fields we obtain a mathematical expression that looks as
follows:

where ¢, is the temperature in j point (area) of the parallelepiped; 0 is the heat over the environment

temperature obtained in j -th point as a result of 7 -th heat source; N is the number of heat sources.

Thus, the main problem can practically be reduced to the determining the temperature field in a par-
allelepiped, induced as a result of the activities of each source. Stationary temperature field in this case is
described by differential equation of the heat exchange (index i is later dropped):

9’9 R 9’9

A—+A —+A —+W-1{S}=0 1
X axz y ayz z azz { } ( )
with the following boundary conditions:
9 o, 4l ,
on A, |
20 «,
— 9 =0, 2
|:al’l 7\"1 i|n=L ( )
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n=x,y,z

where O is the overheating realitvely the environment temperature, induced in point (x, y,z) of the model
P

by i-th heat source; A ,A ,A. are coefficients of heat-exchange efficiency of the model; W =————is
g 8AaAbAc

the volume specific power of the source;

1{5}:{

1—1n S area under the influence of the source,

0—outside S area,

o,,,0,, —heat transfer coefficient on the faces of the parallelepiped when n=0 and n= L, correspondingly.

Using the approximate analytical method [5, 8—12, 15-18] we get solutions for the equations (1) and (2).

The choice of the solution method was based on the following criteria:

e precision that is necessary for engineering calculations;

e small amount of work required to learn it and the process of solving the problem;

e the solution of the problem must result in the form which is suitable for further analysis of tempera-
ture field, so that to ensure possibility to analyze any overheating, induced by each separate source;

o the form of the problem solution must be suitable for further development of algorithms and com-
puter programs;

e the resultant mathematical expression must be easily subjected to coordinate integration, so as to
obtain data of surface-average and volume-average temperatures, which may be used as input data in the
form, for example, of limiting conditions, at further stages of modelling.

The final expression for the model temperature field with one heat source will look as follows:

ﬁ(x,y,z) :POF(x,y,z)

where F(x,y,z)=f,. f..f,, ., is the heat coefficient,

-1

H.H p.(Bg.A,+B,.4,)+

i0z*7z1 ilz*7z2
Lp.rp,p.
fo - 8\ L)L +HXHZpyEy (BiOyAyl +Bi1yAy2) T (3)
’ +Hszprx (BiOxAxl + Bilex2)

A, (e (14 By, / p,)+e " (1-B,,/ p,))
npu 7 € [0,0— AT
(1+Bi0n /pn)(l_Biln /p, )ep"(ﬁilm) +
S = +(1+Bi1n /pn)(l_Bf()n /pn)eip"(ﬁilw) +0, 4)
npu 77 € [0 — AT, 0+ AT |;
4, (ep”(liﬁ) (1+B,, /pn)+eip”(liﬁ) (1-B,, /pn))

npu 7 € [0+ AQ].

In expressions (3) and (4) the following designations are used: n=ux,y,z; ﬁzLi; a=abgc;

n

o= Aa,A_b,E is accordingly when n=x,y,z:

2 ar=t (5)
L L

v z

g= p=L eoC Az =29 Ap-
L, L, L L,
Biot number [4]:

By, =0,L,/\,,B,, =0, L /N E =\L/\NL

0n~n n>iln 1n™n z7n>

Anl = (B

iln

/pn +1)€/’n(l_a) _(Biln /pn _l)e_pn(l_&) s
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A”2 = (BlOn /pn -'_l)ep”a _(Biln /pn _l)eipnaa

Hn = (BiOn /p" +1)e_p" I:(BiOn /pn +1)hn _BiOn /pne_pna]'f‘

+e7p" (Biln /pn _1)|:Bz'0n /Al)nepﬂa _(BiOn /pn _l)hn:I_Biln /pnAnZ s

ep" (Bio” /p” +1)(Bi1n /pn +1)(1_chpn (r_l_a)e_pﬂAa)_
—eln (B[On /P,, _1)(Biln /pn _1)(1_0}117,1 (ﬁ_a)ep,,Aa)
(pn - ShpnA(_X s
b= 1 ino=0,
n pnAa/Sh pnAa no# 0,

P.»P,,P. — parameters are roots of transcedental equations.

Conclusion

It should be noted that in case the model was used at the ‘support’ hierarchical level [9, 10—14], then

for such multi-component system the coefficients of heat exchange are ‘summed’ and the information is ac-
cumulated on heat-exchange and structural properties of lower-level structural modules [15-18], that are
still under development by engineers. This means that values of these coefficients can be obtained from
CAD databases as statistical average for base bearing structures. They can be preliminary calculated using
data for parameters of the standard design of modules (sections, blocks) [1-3, 17-19]. The developed mod-
els are used in the engineering process for specific RS, that make use of advanced electronics articles and
bearing structures. Apart from that, with their help it is possible to predict thermal processes in RS and their
structural modules at early stages of design.
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AnHOTanms. AkmyanvHocms u yeau. PaccmarpuBaeTcs npodiiemMa napajuieIbHOr0 HCHOIb30BaHNsI MHOKECTBA
CTaTUCTUUYECKUX KPUTEPUEB, OPUEHTUPOBAHHBIX HA MPOBEPKY TOM MM MHOH cTaTucTHueckod runoressl. Kak mpasu-
JI0, HA MJIBIX BBIOOpKaxX B 16 ONBITOB CTaTHCTHYECKHE KPUTEPHH JAlOT BHICOKOE 3HAUEHHE BEPOSITHOCTEH OLIMOOK
TIEPBOTO U BTOPOTO poaa. Mamepuansi u memoovl. OTHAKO €CIIN KKAOMY M3 CTATHCTHYECKNX KPUTEPUEB IOCTPOUTH
SKBUBAJICHTHBIN NCKYCCTBEHHBIH HEWPOH N OOBEANHNUTH UX B OOJBLIYIO CETh HCKYCCTBEHHBIX HEHPOHOB, TO MBI ITOJTY-
YUM JUIMHHBIA KOJ| C BBICOKOH M30BITOYHOCTBIO. CBEpTHIBAaHNE M30BITOYHOCTH TAKMX KOJOB IO3BOJISIET KOPPEKTHUPO-
BaTh OIIMOKM HEKOTOPBIX CTaTUCTHYECKUX KpUTepueB. B pabote npuBeneHs! GpyHKIIMOHAIBHbIE 3aBUCUMOCTH H TIOPO-
T, WCIOJIb3yEMbIE IPU IMIPOTPaMMHON peanm3anuy 11 HOBBIX KPUTEPHEB M SKBUBAJICHTHBIX MM HCKYCCTBEHHBIX
HEeWpOHOB. BEIIEIeHbl HECKOIBKO TEXHUYECKUX MIPUEMOB MOJU(MUKALMH KIACCHYECKUX CTATUCTUYECKUX KPUTEPHEB,
HO3BOJIAIOIIUX JI0 AEBATH Pa3 CHU3UTh 3HAUCHUS MX BEPOSITHOCTEH OMIMOOK MEPBOro M BTOPOro pona. Pezyrbmamul
u 6b16000bl. IIpenonoKnUTeNbHO, YTO NPUMEHEHHE HOBBIX CTATHCTHMYECKHX KPUTEPHUEB MOXKET MO3BOJUTH NMPUHHUMATh
PpeLIeHUs ¢ TOBEPUTENBHOI BeposiTHOCTHIO 0,99 Ipu MCHONB30BaHUH 25 SKBUBAJICHTHBIX MM HCKYCCTBEHHBIX HEMPOHOB.
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JICHTHBIC CTATUCTUYCCKUM KPUTCPUAM, napannem,HLIﬁ CTAaTUCTHYECKHM aHAIU3 MajbIX BI)I60pOK, KOPPEKTUPOBKaA
OIIMOOK BBIXOAHOI'O KOJa HeﬁpOCGTH

Jas uutupoBanus: Meanos A. I1., sanos A. U., bessieB A. B., Kynpusinos E. H., bannsix A. I'., Ilepduios K. A., JIy-
kuH B. C., CaBunoB K. H., [TonxoBHukoBa C. A., Cepukoa 10. ., Mansirua A. 0. O030p HOBBIX CTaTUCTUYECKUX KPUTEPUCB
MPOBEPKHU TUIOTE3bI HOPMAILHOCTH U PABHOMEPHOCTH PACIIPE/ICTICHNUS JaHHBIX MAJIbIX BEIOOPOK // Hame:HOCTh U KaueCTBO CIIOXK-
HbIX cucteM. 2022, Ne 2. C. 33-44. doi:10.21685/2307-4205-2022-2-4

© Wsanos A. [T, Msanos A. ., Besses A. B., Kynpusnos E. H., Bannbx A. T, [Tepduaos K. A., Aykun B. C., Casunos K. H., IToaxosuukosa C. A., Cepukosa 0. 1., Maabirun A. 0.,
2022. Kontent pocryne 1o aunensun Creative Commons Attribution 4.0 License / This work is licensed under a Creative Commons Attribution 4.0 License.

33



HAAEXHOCTD M1 KAYECTBO CAOJKHBIX CMCTEM. 2022. Ne 2

REVIEW OF NEW STATISTICAL CRITERIA FOR VERIFICATION
OF THE HYPOTHESIS OF NORMALITY AND UNIFORMITY
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Abstract. Background. The problem of parallel use of a set of statistical criteria aimed at testing one or another
statistical hypothesis is considered. As a rule, on small samples of 16 experiments, statistical tests give a high value of
the probabilities of errors of the first and second kind. Materials and methods. However, if we build an equivalent arti-
ficial neuron for each of the statistical criteria and combine them into a large network of artificial neurons, then we
will get a long code with high redundancy. The reduction of the redundancy of such codes makes it possible to correct
the errors of some statistical tests. The paper presents functional dependencies and thresholds used in the software im-
plementation of 11 new criteria and artificial neurons equivalent to them. Several techniques for modifying classical
statistical criteria are identified, which allow reducing the values of their probabilities of errors of the first and second
kind by up to nine times. Results and conclusions. Presumably, the use of new statistical criteria can make it possible
to make decisions with a confidence probability of 0,99 when using 25 artificial neurons equivalent to them.

Keywords: classical and new statistical criteria, artificial neurons equivalent to statistical criteria, parallel sta-
tistical analysis of small samples, error correction of the neural network output code
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BBeaeHue

B mpouutom Beke Obuto co3maHo mopsaka 20 CTaTHCTHYECKUX KPHUTEPUEB, OPUEHTUPOBAHHBIX Ha
MPOBEPKY TUIOTE3bI HOPMAIBHOTO paclpeesieHns JaHHBIX, U IPUMEPHO CTOJIBKO K€ KpUTEPUEB IS TIPO-
BEPKH I'MIIOTE3bl PABHOMEPHOI'0 pacnpeaenenus naHubix [1]. K coxkanenuro, Kaxplii 13 U3BECTHBIX CTAaTH-
CTHYECKHUX KPUTEPHEB MMEET CBOIO HENMHEHHYIO LKAy, COOTBETCTBEHHO, MOMBITKH X COBMECTHOIO HC-
MOJIb30BAHUS MPUBOAAT K HEOOXOJUMOCTH PELICHMSI CIIOKHOM TEeXHHYECKOHN 3aJaud COMPSIKEHUS MEXTY
co0Olf MHOECTBa HENPEPhIBHBIX HENMMHEHHBIX mKall. [IpobieMa ycnoxHseTcs,, Koraa pedb UIOeT O CTaTH-
CTHYECKOM aHaJIM3e MaJibIX BEIOOPOK. [ kaxkmoil BeIOOpkH oobeMoM 16, 17, 18 1 Tak nanee onbITOB ISt
OJIHOTO U TOTO K€ CTATHCTUYECKOTO KPUTEPHS MOTYUYaAOTCs pa3Hble IIKajbl, T.€. IPUXOJUTCS peliaTh 3aa-
94y 3BOJIOLIUH HEJIMHEWHBIX LIKaJl B 3aBUCUMOCTH OT Pa3MEPOB BEIOOPOK Majoro oobmema.

BeliiTi U3 3TOrO TymMKa yaaeTcs, €ClIM KaXKIbli CTaTUCTHYECKUN KpUTEpU NMpEeACcTaBUTh SKBHUBA-
JICHTHBIM €My HCKYCCTBEHHBIM HEHPOHOM (TIEPCENTPOHOM) C JIBYXYPOBHEBBIM BBIXOJHBIM KBAHTOBATEIEM
[2, 3]. B aTrom ciydae mpoOiiema COTIacOBaHHS MHOXKECTBA HEJNWHEHHBIXK KAl CBOIUTCS K IMpoOiieme
CBEPTHIBAaHMSI KOJIOB C BHICOKOH M30BITOYHOCTBIO C MapauIeIbHBIM OOHAPY)KEHHEM H HCIIPABICHUEM OLIH-
ook [4-6].

K cosxanenuro, mpocTeiiine cxembl CBEPTHIBAHUS KOJOB C BBHICOKOH HM30BITOYHOCTBIO IIOXO pabdo-
TatoT [2, 3]. [IporcXoauT 3TO U3-3a CHIIHOW KOPPEJSIMMOHHON CLETJICHHOCTH BCEX Pa3psiioB H30BITOYHBIX
KozoB. Tak, eclim OpHEHTHPOBATHCSA HA UCHOIb30BaHHE 40 KIIACCHYECKHX CTATUCTHYECKUX KPUTEPHUEB C
MoKa3zaTesieM KOPPEeNILUOHHOMN CLEMIeHHOCTH £( | |) = 0,399 npu cperHEM T€OMETPUUECKOM BEPOSTHO-
creit ommbok Py = Py = Pgg= 0,287 KaXXI0TO U3 KPUTEPUEB (KAKIOTO M3 IKBUBAJICHTHBIX UM HUCKYCCTBCH-
HBIX HEMPOHOB) M 00beMe BEIOOPKH B 16 OmbITOB, TO Hcnonb3oBaHue 100 KacCHUECKUX KPUTEPUEB MO3BO-
JIIET CHU3UTH BEPOSTHOCTH OMMOOK IMPUMEPHO B JBA pasza 10 BeIWIHMHBI P = P, = Pgg= 0,151 [3]. Cronb
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3HAYUTENbHBIA YPOBEHb OIIMOOK HEMpUEMIIEM IS MPaKTUKU. B cBs3u ¢ 3TUM B Havasne 21 B. BO3HHK pe-
HECCAaHC MHTEpPECa K CUHTE3y HOBBIX CTATUCTUYECKUX KPUTEPUEB, OPUEHTUPOBAHHBIX HA COBMECTHOE HC-

MOJIb30BaHUE B HEHPOCETEBBIX 0000eHMsIX [7].

HoBspie cTaTHCTHYECKHE KPHTEPHH, CHHTe3HpOBaHHbIE B HadaAe 21 B.

[epBbIM yOeqUTENEHBIM YCIIEXOM B HANIPABJICHUH CHHTE3a HOBBIX KPUTEPHEB SIBISIETCS] IPUMEHEHHE
CYMMBI KBaJIpaTOB CPEeJHETO Te€OMETPUUECKOro TUIOTHOCTH pacipeneiicHus U (pyHKIHHU BEpOSTHOCTH JaH-
HBIX ManbIX BBIOOPOK [8—10]. IIporpammuas peanusanus STOTO KPUTEPUS U BEPOSTHOCTH BBIXOAHBIX CO-
CTOSIHUM €Tr0 SKBUBAJIECHTHOTO HEHPOHA MpUBEEHBI Ha puc. 1.
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Puc. 1. HoBblli cTaTucTHYeCKU# KpUTEpHil, MoKazaBmuid B 2014 1. pekopaHyto
MOIIHOCTb 110 OTHOIIEHUIO K KJIIACCUYECKUM CTaTUCTUUECKUM KPUTEPUSIM

W3 mannbIX puc. 1 ciemyeT, 9To BEPOATHOCTH OIMIHOOK HOBOTO HeipoHa P = P = Pgg = 0,044 cHuzn-
auck OoJiee YeM B 5 pa3 o OTHOLICHHUIO K aHAJIOTMYHBIM JaHHBIM PHC. 5 Hanboee MOIIHOTO KIIacCHYeCKO-
ro kpurepus [3]. OOHapykeHHE CTONb 3HAYUTENFHOTO CKauykKa MOLIHOCTH HOBOTO KPUTEPHS BCEIMIIO OII-
TUMHU3M B HCCIEIOBAaTeel, YTO CIIOCOOCTBOBAIO PACIIMPEHHIO PAa0OT MO CHHTE3y HOBBIX KPUTEPHEB.
OpHako MPEeuMyIIEeCTBO POCTa MOIIHOCTH HCYE3aeT, €CNIM MEePEeUTH K MPAMOMY BBIUMCIIEHHUIO MTOKa3aTels
CpeIHero reoMeTpudeckoro Manoi Beioopku [11, 12], uto oTobpaskeHo Ha puc. 2.

sg = |x < sort{momm{16,0,1)) 0.02 T T
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Puc. 2. Kputepuii cpeHero reoMeTpruuecKoro JaHHBIX MaJOH BBIOOPKH

Ou4eBHIIHBIM SBISETCS TO, YTO Ha PAAY C MCIOJIH30BAaHHEM Ha MPAKTHKE KPUTEPHEB CPEAHETO I'eo-
meTpudeckoro [13, 14] Mbl uMeeM BO3MOKHOCTh 00pabaThIBaTh JAHHBIE B MPOCTPAHCTBE CPETHETO TapMoO-
Huueckoro [15-17]. IlporpamMma 1uist BOCIipou3BeACHUST HEMpOHA CPEAHEr0 TapMOHUYECKOTO U MIIOTHOCTH
BEPOATHOCTH €T0 BBIXOTHBIX COCTOSHUH IJISi HOPMAaJbHBIX U PABHOMEPHO PacCHpeeNIeHHBIX JTaHHBIX MPH-

BEJICHBI Ha pHUC. 3.
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Puc. 3. Heilipon ¢ HakOIUIEeHNEM JaHHBIX B IPOCTPAHCTBE CPEIHETO TAPMOHHYECKOTO

OTMeTHM, YTO B TEOPUHU CTATUCTUYECKOH 00pabOTKM JaHHBIX [2] XOpowLIo u3ydyeH KpuTepuii Kpame-
pa — o Muzeca, cuHTEe3UpOBaHHEBIH B 1928 1. OH MOCTPOEH HAa CPaBHCHHUH IKCIIEPEMEHTAILHON U Teope-
TH4ecKod (QyHKIHMU BeposTHOCTH. OYEBHIHO, YTO MBI MOXKEM NOCTPOUTH AuddepeHIHaIbHbI aHAIoT
kputepust Kpamepa — ¢pon Museca [18, 19], cpaBHIBas Mexay coOo0il IKCIIEPUMEHTAIBHYIO U TeOpETHYE-
CKYIO INIOTHOCTH pactpezesneHus 3HaueHuil. [Iporpammuoe obecrieueHne u pe3ybTaThl COOTBETCTBYIOLIE-
IO YHCJIEHHOTO SKCIICPUMEHTa IIPUBEJECHbI Ha pHcC. 4.
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Puc. 4. Heiipon nuddepennuansHoro ananora kpurepust Kpamepa — pon Muzeca 2016 r.

Mpbl HaOrO1aeM CKayeK MOIIHOCTUA HOBOTO Ju((epeHIIMaTbHOr0 KpUTEpUs MPUMEPHO B 9 pa3 1o
CPaBHEHHUIO C €ro KJIACCUYECKUM aHanorom [3].

AHajornyHasi CUTyarws BO3HUKACT M IPH MEPEX0/Ie K UCTIOIB30BaHUI0 AU(HepeHITHATBHOTO aHaJIOo-
ra kimaccuueckoro kputepus CmupHoBa — Kpamepa — ¢oH Mmuzeca, kpurepust AHaepcona — JlapnuHra,
kputepus Opounnu (puc. 5-7).

015 . .
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Puc. 5. Heiipon nuddepeHnaapHoro ananora KiacCHIecKoro
kpurepusi CmupHoBa — Kpamepa — ¢pon Museca 2016 1. [18, 19]
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Puc. 7. Helipon nuddepernuansaoro anamora kpurepus Oporuan 2016 1. [18, 19]
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Puc. 6. Heiipon nuddepennuansaoro anamora kputepust Augepcona — Jlapmunara 2016 1. [18, 19]
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HckyccTBeHHBIE HEHPOHBI CPEJHETO FEOMETPUUYECKOTO M CPETHETO FApMOHUYECKOTO MOXO0XKH MEXIY
co00# 1Mo WX (HYHKIMOHAIBHBIM CBSI3SIM U 10 HX IporpaMMHoi peanusarmu [13, 14]. Kak pesynbrar, Mbl
MMeeM JJIl HUX COINOCTaBUMBbIE BEPOSATHOCTHBIE XapaKTepUCTUKU. Tak, vccienyemble IEpPBHIMU HEHMPOHBI
CYMMBI KBaj[paTa CpEeIHEro TeOMETPUIECKOro (CM. puc. 1) mpu 0TOOpakeHUH UX B IPOCTPAHCTBO CPEIAHETO

BETCTBYIOIIETO YUCICHHOTO KCIIEPUMEHTa OTOOPaKEHBI Ha pHUC. 8.

TapMOHHMYECKOTO Jal0T ONM3KHE BEposATHOCTH omuoOoK. [IporpamMMHoe obecriedeHne u pe3ysbTaThl COOT-
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Puc. 8. Helipon HakomuieHus: cpegHero rapmMonndeckoro 2018 r.

[Ipomokenne uccienoBaHUN O BO3MOXKHOCTSIM HCIOJNB30BaHMs JU(QepeHIHATBHON MI0THOCTH
pacnpezneneHuit mo3posnnio B 2020 r. Moy4nUTh HOBBIN CTAaTUCTHUECKUN KPUTEPHI «CyMMBbI XBOCTOB» [20].
OTOT KpUTEpU MOCTPOECH HAa TOM, YTO BEPOATHOCTh HAOJIOACHUS 3HAYMUTEIBHBIX «XBOCTOB)» HOPMAJIbHO
pacrpeeNeHHBIX JaHHBIX CYIIECTBEHHO MEHbBIIIE B CPABHEHNUHU C PABHOMEPHO paclpeeIeHHbBIMI JaHHBIMU
(puc. 9).
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Puc. 9. HelipoH 5KkBUBaNeHTHBII KpUTEPUIO «CYMMBI XBOCTOBY» 2020 1. [20]

ITpumepHO Takoii ke pe3yJsbTaT MOMy4YaeTcsl U IpU NPUMEHEHUHN (YHKIUH BEPOSITHOCTH HOPMAJIBHO
pacrpe/ieNIeHHbIX JaHHBIX, €CIIM BBIIOJHUTH ONepanuio TuddepeHInpoBaHns (BEIYUTAHUS) JAaHHBIX JKC-

MEPUMEHTAILHOTO PACIPE/ICIICHUs U MPUOIKEHHON BeposiTHOCTH uX nosiBiieHus [20]. TloaTBepiknaroniye
3TO JaHHBIE MPUBEACHBI Ha puc. 10.
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Puc. 10. Heiipon ¢yHKIMH BEpOSTHOCTH ¢ TiceBaoanGGpepeHipoBaHreM BXoAHbIX qanHbix 2020 . [20]

Emie omuH BapuaHT CMHTE3a HOBOT'O CTATUCTHUYECKOTO KPUTEPHS BBIMOJIHACTCS Yepe3 MpocToe aud-
(hepeHIpoBaHNe CITy9allHBIX BXOIHBIX JaHHBIX MalIOil BBIOOPKH C €r0 YMHOXXEHHEM Ha TEOPETHYECKYIO
TUIOTHOCTH BeposiTHOCTH. [lpu Berancnennn auddepeHiuana JaHABIX Majloi BEIOOPKY BBIITOIHEHA PeryJis-

pHU3aIMs pacyeToB, UCKIIOYAIOIIas clay4yailHoe AeJeHHe pa3HOCTH Ha HOJb. Pe3ynbTaThl YMCIEHHOTO JKC-
NepUMEHTa MpuBeeHbl Ha puc. 11 [21].
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Puc. 11. HeilpoH 5KBUBaJIEHTHBIM KPUTEPUIO IBOMHOTO
QG pepeHIPOBaHUI BXOTHBIX JaHHBIX Majlol BBIOOpKH 2021 1. [21]
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I'pynnosoe cpaBHeHne 11 HOBBIX CTATHCTHYECKHX KPHTEPHEB
C NOTEeHIIHAAOM KAACCHYECKHX CTATHCTHYECKHX KPHTEPHEB

B npenpiaymeit cratbe [3] ObUIO BBIUKCICHO CpPEeIHEE TEOMETPHIECKOE BEPOATHOCTEH OMHOOK Tep-
BOTO ¥ BTOPOTO poja I 9 KIACCHYECKUX CTATUCTHYECKUX KPUTEPHUEB, COCTABIIONIEee 3HaUeHne P = P, =
= Pgp= 0,287. Boruncnenue 3HaueHuit 4ya 11 paccMaTpuBaeMBbIX BBILIE HOBBIX KPUTEPUEB JACT BEIUUUHY
Py =Py, = Pgg= 0,07. DTO CBUAETENBCTBYET O POCTE OTHOCUTEIBHOM MOIIHOCTH HOBBIX CTATUCTUUYECKUX
KpUTEpHEB MIPUMEPHO B YeThIpe paza. OqHAKO MPOCTOTO POCTa MOIIHOCTH 10 CPETHEMY T€OMETPUIECKOMY
B TPYIINE COMPSATAaEMBIX CTATUCTHYECCKUX KPUTEPHEB HEAOCTATOUHO. J[OTIOMHUTENBHO HYKHO yUYHUTHIBATH

KOpPEISIMOHHEIE CBA3U B Tpymie. B Tadn. 2 npuBeneHsl k03)OUIHEHTH NapHOH KOPPESIIUU MEXKIY pac-
CMOTPEHHBIMH KPUTEPUSIMH.

TaOnura 2

MOIIIHOCTE HOBBIX CTATUCTHYECKUX KPUTEPHEB U KOAPPHUINUEHTHI MAPHOW KOPPEIALUT MEX Ty HUIMU

2014 | 2014 | 2016 2016 2016 | 2016 2017 | 2018 2020 | 2020 | 2021
PEE
SS5g sg dEN | dSESN | dAD | dF sga | ssga ok sX DD
0.044 ssg 1 0033 | 0978 [ 0916 0917 | 0978 | 0.13 0319 | 0969 | 0762 | 0833
0.333 sg 1 0.092 | 0.073 0.05 0.08% | 0813 | 0034 [ 0173 | —0.034 | -0411
75 73 7 3 —0.942 733
0.03 JKAM 1 0.975 0.973 1 0.147 0316 0042 | 0733 | 0806
7 75 2 —0.903 7
0,037 | dsEav 1 0.99] 0975 | 0114 | 0298 0903 | 0684 | 0766
73 2 — T T
0.03 JAD 1 0973 | 0081 | 0298 0.01 0.716 0.79
3 3 {047 73 7
0.035 OF 1 0.143 | 0316 0942 0.734| 0.807
sz 1 0.044 0039 | 0134 | 0332
0233 sga
—0.303 27 262
0.059 ssza 1 0.303 02 0262
0.061 ok 1 —0.78y 0918
0.094 sx o
0.078 DD 1

CpenHee 3HaueHHE MOAYJIEH KOA(PHUINEHTOB MapHOH KOPPENSLIUN HOBBIX CTATUCTHYECKUX KpUTe-
pHUEB cOoCTaBIsAET 3HaUeHUe E( | 7| ) = 0,578, 9TO HECKOJIBKO Xy’>K€ B CPAaBHEHHMHU C ITHM K€ MoKa3aTeseM y
KJIACCHYECKUX CTaTUCTHUYECKUX KpuTepres F( | r | ) =0,4. [Ins cpaBHEHMSI TPYIIIOBBIX BO3MOYKHOCTEH KJlac-
CHYECKHX M HOBBIX CTAaTHUCTHYECKHX KPUTEPHUEB BBIOJHUM MX CUMMETpH3aluio [22] U 4HCIEHHOE MOJe-
JMPOBAaHUE CUMMETPUYHBIX CETEHl MCKYCCTBEHHBIX HEWPOHOB. Pe3ysibTaThl YMCIEHHOTO MOIEIMPOBAHUA
0TOOpakeHbI B JorapupMUIECKHX KOOpAUHATAaX Ha puc. 12.

B BepxHeii yactu puc. 12 otoOpa)keHbl JaHHBIE KIACCHYECKHMX HEHPOHOB C OTHOCHUTEIHHO HHU3KHM
KaueCTBOM MPHUHATHUS PEIlIeHH, paHee MpuBeieHHbIe B padote [3]. B HMKHEH 4acTh prCyHKa 0TOOpakeHBI
TPHY JIMHUM SKCTPANOJIINN IPOTHO30B, IOCTPOSHHbIE HA YHCIEHHOM MOJeINpoBaHuM Ha si3bike MathCAD
JUISL TIPOCTEHUIIMX KOPPEKTOPOB OIMMOOK IUIi 9 HOBBIX 0oJiee MOIIHBIX CTaTUCTHYECKHX KPUTEPHEB.
W3 mannbIX puc. 12 BUOHO, YTO MPOCTOE yBETUYEHHE MOIIHOCTH Yepe3 CHH)KEHHE CPEAHEro reoMeTpuye-
CKOTO BeposiTHOCTEH omuOok ¢ BenmuauHb! 0,287 1o Bexwmanubl 0,07 TIpu COXpaHESHUU CPETHETO 3HAYCHUS
MOJIyJIel KOPPEesIIHUU 1aeT BEPXHIOI MPSAMYI0 HHKHEH 4acTH puUCyHKa. J[Be BepxHMe mpsimble puc. 12 ma-
pannenbHbl. HUKHSS U3 ABYX BEpXHMX HapajIeNbHBIX MPSMBIX SBISETCS OLEHKOH CBEpXy BEpOsSTHOCTEH
omnOok. IleccuMucTryeckas OLEHKa CBEpXy MOCTPOCHA Ha MPEIOJIOKEHUN O COBMAACHUU Koddduuen-
TOB KOPPEJSIUH Y HOBBIX CTATUCTHYECKUX KPUTEPUEB U KIACCHYECKUX CTATUCTHUECKUX KPUTEPHEB.
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Puc. 12. Pe3ynbTarhl YNCIIEHHOTO MO/ICIIMPOBAHUS CBS3U BEPOSITHOCTH OIIMOOK EPBOTO
1 BTOPOT'O pOJia U YKcia HEOOXOAMMBIX HCKYCCTBEHHBIX HEHPOHOB

ONTUMUCTUYECKOHN SBISETCS OLICHKA [0 HIDKHEH MpsIMOM, KOTOpas MOCTPOCHAa Ha TOYKE CPEIHEro
reometpudeckoro 0,07 u Touke KOppPEeKTOpa M3OBITOYHOTO KOJA TPEX MCKYCCTBEHHBIX HEHPOHOB. JTa OM-
THUMHUCTHYECKas OLIEHKA MO3BOJISIET HAAEATHCS HA TO, YTO MPUEMIIEMBIE Ul MPAKTHKH BEPOSITHOCTH OIIU-
00K TepBOro M BTOpOTo pona Py = Py= Pgg= 0,01 MOTyT OBITh JOCTUTHYTHI IIPHU UCIIOH30BAHUHU TTPUMEPHO
25 HOBBIX CTaTHCTUYECKUX KPUTEPUEB.

Toukam, COOTBETCTBYIOIIUM CETSIM C 5, 7, 9 HCKYCCTBEHHBIMU HEHPOHAMHU, JOBEPATH HEIb34, TaK KaK
OHHM TIOKa3bIBAIOT CHIDKEHHE KauecTBa MPUHUMAEeMbIX HelpoceTsMu pemeHuil. Ckopee Bcero 310 3ddexr
HAKOIUIEHHUS OIIMOOK M3-32 OrpaHMUYEHHOI'0 YHCIIa JAHHBIX MPH MPOBEACHUU UYMCIEHHOTO HKCIEpUMEHTa
(BeIOOpKa M3 9999 OMBITOB) M MAaJIOTO YHCIIA YYUTHIBAEMBIX paszpsanoB (3ddexra OMyKmTaHUS CTATHCTUYC-
CKHX OIIEHOK MaTeMaTHYeCKUX OKHIAHUH M CTaHJApTHBIX OTKJIOHEeHWH). TeM He MeHee MBI BCeT/1a MOXKEM
MOCTPOUTH YCPETHEHHYIO OLEHKY MEXIy ONTHMUCTHYECKON M TEeCCHMUCTHUYECKOM omeHkamu. Takas
yCpeqHEHHasl OLIEHKAa COOTBETCTBYET IIEHTPAJIbHOM NMpsIMOH (LIEHTpaJIbHOMY JIydy, UCXOJAIIEMY U3 TOUKH
Plzpzz I)EEz 0,07)
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OCOBEHHOCTU AMATHOCTHUKU TEXHUYECKHNX CUCTEM
C UICITIOAB30OBAHUEM MYABTUKAACCOBOH KAACCUOUKAITUU

B. H. Kasukun', U. H. Kapoyanna®

'V nbstHOBCKHiT roCy/apCTBEHHbII TEXHUYECKUI YHUBEPCUTET, YIIbIHOBCK, Poccust
2V IBSHOBCKHA HMHCTUTYT I'pa)X/1aHCKON aBualuu, ¥YJIbsiHOBCK, Poccus
'v_kl@mail.ru, ? karpunina531@yandex.ru

AnHOTanms. AxmyansHocms u yeas. [1ocTOSHHO pacTyimiue TpeOOBaHUs MO OOecIeYeHHI0 0e30IMacHOCTH U
Ha/Ie)KHOCTH TEXHUUYECKHX CHCTEM MPUBOIAT K HEOOXOIMMOCTH OO0Jiee TOUHOH AMArHOCTHKU COCTOSIHHS OOBEKTa B
YCIIOBUSIX SKCIUIyaTallM 110 pe3yJibTaTaM MOHHUTOPHHTA IOKaszaTeneld (GpyHKIMOHUpOBaHMS 3Toro oObekra. MHorna
HEOOXOJMMO COCTOSIHHE 00BEKTa ONMMCATh C ITOMOIIBI0 HECKOIBKMX BO3MOXKHBIX BAPHAHTOB. B 3TOM ciydae mpoBo-
JUTCSL MYJIBTHKJIACCOBAs KJIACCU(HKALUS, NMPU KOTOPOH BO3MOXKHBIE COCTOSIHUSI OOBEKTa IMOJAPA3JENsIoTCs Ha He-
CKOJIBKO KJIACCOB, HAaIpHMeEp, 10 BHAY OTKa3a. IIpu 3ToM MOryT 3¢h)(heKTHBHO MCIONIB30BATHCS METOJBI MALIHMHHOTO
o0y4enus. OcOOEHHOCTH paccMaTpUBacMOW 3aj1auy — OrpaHMYEHHBIH 00beM BBIOOPOYHBIX JIAaHHBIX, a TAKXXe HecOa-
JIAHCHPOBAHHOCTH O0Y4aromieil BRIOOPKH: MH(OOPMALIK O TOKa3aTesiX (PYHKIMOHUPOBAHUS TIPH HEpabOTOCIIOCOOHBIX
COCTOSIHMAX 0OBEKTa, KaK IPaBHIIO, FOPA3A0 MEHbIIE, YeM IpH paboTocnocoOHbIX. Llens ucciaenoBanus — pa3paboTka
TEXHOJIOTUH AWATHOCTHKH COCTOSIHUSI TEXHHYECKOTO OOBEKTa MO 3a/JaHHBIM IOKa3aTesAM €ro (yHKIMOHUPOBAHUS C
y4eToM 3TuUX ocoOeHHocTel. Mamepuanvt u memoodwl. Cpeau UCIONb3yeMbIX METOJO0B MALIMHHOTO OOY4eHMS I
MYJIBTHKIIACCOBON KJIACCH(MKAIMK CIEAyeT OTMETHUTh KaK CTaHIAPTHBIC CTATHCTHUYECKHE, TaK U CIEHHUAIbHBIE!
HEWpOHHBIE CETH, KOMITO3UIIMOHHBIE MOJIENIH, arperupoBaHHbIe KiaccudukaTopbl. B naHHOM paboTe [ MyJIbTHKIAC-
coBo#l Kiaccudpukanmu nmpuMeHeH meton Random Forest («cimydaifHbIit jtec»), TOKa3aBIINA BBICOKOE Ka9eCTBO IIPH
pELIeHUU pa3IuyYHbIX 331a4 MaIlMHHOIO o0ydeHus. Pesyrbmamol u 6b1600bl. Pazpaborana TeXHOIOTUS MyJIbTHKIIAC-
COBOMW JMarHOCTHKH TEXHHYECKUX CHCTEM C IIPUMEHEHHEM «CITydailHOTo Jieca» B cucteMme Statistica. Ha mpumepe au-
arHOCTHKH KOMIBIOTEPHON CHUCTEMBI [T0Ka3aHO, YTO MCIIOJIb30BaHHE 3TOr0 METOAa 00ECHeYrBaeT OCTATOHYHO BBICO-
KyI0 TOYHOCTh Kiaccuukammu. B ciaydae HecOamaHCHPOBAaHHOCTH KJIACCOB B KauecTBE KpHUTEpus Kiaccupukammn
BMECTO JIOJIM OIIKMOOK ucroib3yercs F-mepa. [Ipy HEoOXOIUMOCTH KOJIMYECTBO IMOKazaTeneld (yHKIMOHUPOBAHUS
MOJET OBITh COKpAILCHO C YI€TOM MX 3HAaYMMOCTH.

KiroueBble ciioBa: TexHUYECKasl UATHOCTHKA, MOKa3aTean (QyHKIIMOHUPOBAHUS, MAIIIMHHOE O0yUYCHHE, CITy-
yalHBIN Jiec, cucTeMa Statistica

Tt mutupoBanus: Kisukun B. H., Kapnynnna . H. OcoGeHHOCTH IMarHOCTUKH TEXHUYECKUX CHCTEM C HCIONIB30Ba-
HHUEM MYJIBTHKIACCOBOH Kiaccupukanuy // Hane:kHOCTh M Ka4ecTBO CIOXKHBIX cucTeM. 2022. Ne 2. C. 45-52. doi:10.21685/2307-
4205-2022-2-5

FEATURES OF DIAGNOSTICS OF TECHNICAL SYSTEMS
USING MULTICLASS CLASSIFICATION

V.N. Klyachkin', I.N. Karpunina?

!'Ulyanovsk State Technical University, Ulyanovsk, Russia
? Ulyanovsk Institute of Civil Aviation, Ulyanovsk, Russia
'v_kl@mail.ru, * karpunina531@yandex.ru

Abstract. Background. Constantly growing requirements for ensuring the safety and reliability of technical
systems lead to the need for more accurate diagnostics of the state of the facility in operating conditions based on the
results of monitoring the performance of this facility. Sometimes it is necessary to describe the state of an object using
several possible options. In this case, a multiclass classification is carried out, in which the possible states of the object
are divided into several classes, for example, by the type of failure. At the same time, machine learning methods can
be effectively used. Features of the problem under consideration are a limited amount of sample data, as well as the
imbalance of the training sample: information on the performance indicators of functioning in inoperable states of the
object, as a rule, is much less than in the case of able-bodied ones. The purpose of the study is to develop a technology
for diagnosing the state of a technical object according to the specified indicators of its functioning, taking into ac-
count these features. Materials and methods. Among the machine learning methods used for multiclass classification

© Kasuxun B. H., Kapnynnsa M. H., 2022. Kontent pocrynen no aunensun Creative Commons Attribution 4.0 License / This work is licensed under a Creative Commons
Attribution 4.0 License.

45



HAAEXHOCTD M1 KAYECTBO CAOJKHBIX CMCTEM. 2022. Ne 2

are both standard statistical and special: neural networks, compositional models, aggregated classifiers. In this paper,
the Random Forest method was used for multiclass classification , which showed high quality in solving various ma-
chine learning problems. Results and conclusions. A technology for multiclass diagnostics of technical systems using
a random forest in the Statistica system has been developed. On the example of diagnostics of a computer system, it is
shown that the use of this method provides a sufficiently high accuracy of classification. In case of class imbalance, F
is used as a classification criterion instead of the error rate. — Measure. If necessary, the number of performance indi-
cators can be reduced taking into account their importance.

Keywords: technical diagnostics, performance indicators, machine learning, random forest, Statistica system

For citation: Klyachkin V.N., Karpunina I.N. Features of diagnostics of technical systems using multiclass classification.
Nadezhnost'i kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2022;(2):45-52. (In Russ.). d0i:10.21685/2307-
4205-2022-2-5

ITocranoBka 3apAaun

[MocTosiHHO pacTyume TpeboBaHMs M0 00ECIeYeHNIO 0E30MaCHOCTH M HAaJIeKHOCTH TEXHUUECKUX CH-
CTEM MPUBOJIAT K HEOOXOAMMOCTH OoJice TOUHON IUATHOCTUKHU COCTOSIHHSI 00BEKTa B YCIOBHUSX IKCILTyaTa-
WY TI0 PE3yJIbTaTaM MOHHTOPHHTA IMOKa3aTeNIe GyHKITMOHUPOBAHUS 3TOTO 00bekTa [1-4]. CoBpeMeHHbBIC
KOMITBIOTEPHBIE T€XHOJIOTMH, B YACTHOCTH, METOJbl MALIMHHOI'O OOydYeHMs, NalT BO3MOXKHOCTh PELIMTh
3Ty 3a;auy [2, 5].

JMarHocTuka MOXET CBOJHMTHCS K PACIO3HABAHMIO OJHOTO M3 JBYX COCTOSHHM: K pa3leleHHI0 COo-
CTOSIHMH OOBEKTa Ha HMCIpaBHBIE WJIM HEHWCIpaBHBIE. B 3TOM ciydae MPUMEHSIOTCS METOIbl OMHApHON
knaccudpukanuu. OqHaKo HHOTAA He00X0AUMO Oojiee JeTalbHOE UCCIIeIOBAHUE, KOTIa COCTOSIHUE 00BhEKTa
HEOOXOJMMO OIUCATh C IIOMOLIbIO HECKOJIBKUX BO3MOXHBIX BAPUAHTOB (@ HE TOJBKO JBYX: HCIPaBEH 00b-
eKT WM HeucnpaseH). Hanpumep, Takas 3azada pemranack ¢ NIPUMEHEHHEM HEHPOHHBIX CeTell Mmpu Kiac-
CH(HKaLUU PSKUMOB PadOTHI aBUALIMOHHOTO Ta30TYPOMHHOrO ABUraTess [6, 7]. B aTom ciryuae mpoBoaut-
Csl MyJIBTHKJIACCOBAs KJacCU(UKAIHA, TP KOTOPOi BO3MOKHBIE COCTOSHHA 00BEKTa MOAPa3IessIOTCS Ha
HECKOJIBKO KJIacCOB, HAallpUMeEp, MO BUAY OTKa3za. Kak u mpu OMHapHOW KiacCH(UKaLUK 3/1eCh MOTYT 3¢-
(EKTHBHO HCTOIB30BaTHCS METOIbI MAIIMHHOTO 00yUYCHHSI.

Bri0opka, moydeHHast 0 pe3yJbTaTaM IPEABAPUTENbHBIX UCIBITAHUI TEXHUUECKOIO 00BeKTa (3TO
MOTYT OBITh KaK CIIEIIMaJbHO ITOCTABJICHHBIN 3KCIIEPUMEHT, TaK U HCCIEIOBAaHKUE B MPOLECCE 3KCILIyaTa-
1I1K), pa30MBaeTCsl Ha B YacTu: 00ydarollyro W TecToByto. OOyuaromas 4acTh nperHa3HaueHa Iyis Mo-
CTPOCHUS MOJIENIEH, C MOMOILBIO0 KOTOPBIX COCTOSIHAE O0BEKTa pa3zessieTcsl Ha 3aJaHHOE KOIWYEeCTBO Kilac-
COB: TpeOyeTcs HOCTPOUTH aJTOPUTM, KOTOPBIN AJIsl 3aJaHHOro Habopa mokasaTesei (yHKIMOHUPOBAHHUS
obecrieuny ObI TOCTATOYHO TOYHBIM pe3yNbTaT O COCTOSHUM 0OBeKTa. TecToBas 4acTh BBIOOPKH INpeaHa-
3HAYEHa JUIA OLIEHKH KayecTBa KJIAaCCU(PUKALIUH.

Cpenu uCIoIb3yeMBIX METOJIOB CIIEyeT OTMETHTh KaK CTaHIAPTHBIE CTATUCTUYECKUE, TaK U CIIEIH-
aNbHbIe: HEHPOHHBIE CETH, KOMITO3UIIMOHHBIE MOJIENH, arperupoBaHHble kiaccudukaropsl [8—11]. Haubo-
nee 3¢ PEeKTHBHO, KaK MMOKa3bIBAIOT UCCIEI0BaHUs, IIyOoKoe 00ydueHne HEHPOHHBIX ceTel, OHAKO J1Ba 00-
CTOSITENILCTBA YACTO MPEMATCTBYIOT UX MPAKTUYECKOMY IPHUMEHEHUIO.

IepBoe — 3TO HEOOXOAMMOCTH TOCTATOYHO OOJBIIOTO 00beMa BHIOOPOUYHBIX AAHHBIX, YTO JUIS TEX-
HUYECKUX CHUCTEM, KaK IPaBUIIO, HepeaabHO. Bropoe cocTout B TOM, 4TO I IIIyOOKOro 00y4eHHsI HeoO-
XOJ¥Ma MOIIIHAsI BEIYUCIUTEIbHAS TEXHUKA, KOTOPas AaJ€KO HE BCET/la MMEETCS B PacIOPsLKEHUH HCClie-
JOBaTeNs B IPOU3BOJICTBEHHBIX YCIOBHUSX.

[Tpu GuHapHOM KIaccu(UKALMKA XOPOIIUE Pe3yJbTaThl MOKAa3bIBAIOT arpernpoBaHHBIC METOBI, Of-
HaKO 3TO HE MOATBEPANIIOCH B YCIIOBHAX Pa3AeiICHHUS COCTOSIHUS OObEKTa HA MHOKECTBO KIJIACCOB.

B paccmarpuBaemoii cutyanuu Hambonee 3(pPeKTHBHO NMpPUMEHEHHWE KOMITO3MIIMOHHBIX METOJOB.
B mammoit paboTe miis MyJIbTHKIIACCOBOH Kiaccudukaruy npuMeneH Meton Random Forest («cirywqaitHprit
JIECY ), TTOKA3aBIIHHA BEICOKOE KAYECTBO MPH PEIICHUH Pa3IMIHBIX 3a7a4 MAITHHHOTO o0yJeHwus [9].

Eme ongna cymectBeHHas 0COOEHHOCTh pacCMaTpUBAEMOH 3aauld COCTOUT B HecOallaHCHPOBAaHHO-
cti oOyuaromieil BEIOOpKH: MH(OpMAIMK O MOKa3aTelnax (YHKIMOHHUPOBAHUS MPH HEPaOOTOCTIOCOOHBIX
COCTOSIHUSIX 00BEKTa, KaK MpaBHJIO, TOPa3[0 MEHbLIE, YeM Ipu paboTocnocoOHbIX. [Ipu cOanancupoBaH-
HBIX JaHHBIX KPUTEPHUEM KadecTBa MOJENIN OOBIYHO CIYXKHUT (PYHKIMOHAI OMIMOOK — CpelHee KOJIUIECTBO
HECOBHAICHUN (aKTUIECKOTO U IPOTHO3UPYEMOTO COCTOSHUI, MIIN 10JIs1 OIINOOK Ha TECTOBOI BBHIOOPKE.

s yueta HecOaIaHCHPOBAHHOCTH KJIACCOB KPUTEPHEM KauecTBa KJIAcCH(UKAIMK CIeLyeT BbIOH-
patb F-Mepy: rapMOHHYECKOE CPEAHEE MEXILY TOUHOCTBIO U MOJTHOTOHN KJIacCH(UKAIINK; YeM TO 3HAUCHHE
Omke K eIWHHIE, TEM KauecTBO KiaccupuKauuu dydme. MHoraa, Hanpumep, Ipu COBIAJACHUH 3HAUYCHUN
9TOH MepbI IS Pa3IMYHBIX METOAOB MOKHO JOTIOJHHUTENILHO UCTIOJIB30BATh B KAUECTBE KPUTEPHS IUIOMIAAb
nox kpuBoi omuboxk AUC [12-14].
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[Ipu GompIIoM KOMMYECTBE TOKa3aTelNel, XapaKTepu3yIUX KauecTBO (QyHKIIMOHUPOBAHUS TEXHH-
YecKol cucTeMbl (MHOTZIa UX MOXET ObITh HECKOJBKO AECATKOB), LeJIec000pa3Ho 0TOOpaTh HEKOTOPOE UX
MTOIMHOKECTBO. [lJ1s perreHust 3Toi 3aa9i MOTYT OBITh IIOCTPOEHBI PErPECCHOHHBIC MOJIETH 3aBUCUMOCTH
OTKJIMKa (KJacca) OT mokasareyied (yHKIIMOHUPOBAHUS, ITPY STOM 3HAYMMBIC MTOKA3aTen OTOUPAIOTCS 110
kputeputo CtetofeHTa. C APYroil CTOPOHBI, 3HAYMMOCTH MTOKa3aTellell MOXET OBITh OllEHeHa W Hermocpe/I-
CTBEHHO CpEJICTBAaMH CIIy4aifHOTO Jeca.

Bri6opka npejcrasisercs B BUAe MaTpullbl X mokaszareiei QyHKIIMOHUPOBAHUSI CHCTEMBI, 3JICMCH-
TBI KOTOPOH X;;-pe3yJbTaT i-ro HabIIoAeHHs 110 j-My nmokasatemo; i =1, ..., [, j =1, ..., p (I — konmuyecTBO
CTPOK, WJIM YHCIIO HaOJIIONEHHH, p — KOJTUYECTBO CTOJOIOB, MM YUCIIO TIOKa3aTeNeil), 1 BeKTOpa-cToaona
OTBETOB Y, COCTOSIIETO U3 HOMEPOB KitaccoB. Kaxkiol cTpoke x; MaTpulibl X COOTBETCTBYET OINpPEIeIEHHOE
3HavYeHue y; BekTopa Y. COBOKyHmHOCTB nap (X;, ¥;) 00pa3yeT BEIOOPKY MCXOTHBIX JaHHBIX — MPELEICHTOB.

3amavya COCTOWT B IOCTPOEHUH MOJEIH, KOTOpas 1Mo 33/JaHHOW CTpOKE ToKaszarenei (pyHKIHOHUPO-
BaHUsI X; IPEICKAXKET HOMEP KJlacca y;, ONMPEeNsIOIero COCTOsIHAE pacCMaTpUBaeMOro 00BbEKTa.

Lens nccnenoBanns — pa3pab0TKa TEXHOJIOTHH JHATHOCTUKHA COCTOSIHUS TEXHUYECKOTO 00BEKTa Io
3aJlaHHBIM TIOKa3aTelsIM ero (PyHKIIMOHUPOBAHUSI.

Metop Random Forest AAst MyABTHKAQCCOBO KAACCHPHKALUA

Random Forest, nnm ciyyaiiHBIi Jiec, — 3TO aNTOPUTM MAIIMHHOTO OOYYeHUs, TMPeaIoKEeHHbIH
JI. Bpeiimanom [9], oH ucnosb3yeT aHcaMOIb (KOMUTET) PEIIAIONINX JEPEBhEB. AJTOPUTM COUETAET B cebe
OorruHr (CiydyaiiHBIA BBEIOOP C BO3BPAILICHHEM) M METOJ CIy4YaiHbBIX moAmpocTpancTB. OH COCTOUT U3
MHO’KECTBA HE3aBHCHUMBIX JIEPEBBHEB PEIICHHU, IPA 3TOM HCIOIB3yeTCs CilydaifHas BRIOOpPKA HAOIIOIEHHIH
13 o0yyJaroiero Habopa W CIIy4aliHbIii Ha0Op MOKa3aTenel MpH MPUHITHUA PEIICHUH O pa3OMeHUM Y3IIOB.
CrnyuaitHbIi Jlec MPUMEHSIETCS IS PEIIeHNs 3a1a9 KIIaCCH(PHUKAINH, PETPECCHH U KIIaCTePU3aIIHL.

Knaccugukanys oObEKTOB MPOBOIUTCA MyTEM TOJIOCOBAHMA: KaKIAOE AEPEBO KOMHUTETa OTHOCHT
KIaccupumupyemMeiii 00bEKT K OJHOMY W3 KIIACCOB, a MOOEXKIaeT Kiacc, 3a KOTOPHIH IPOTOIIOCOBAIO
HanOoJbIIee YUCIIO AepeBbeB. ONTUMANFHOE YHCIIO AEPEBHEB MOIOUPAETCS TAKMM 00pa3oM, YTOOBI MUHH-
MH3UPOBATh OIMHOKY KiacCu(UKaTOpa Ha TECTOBOU BHIOOPKE.

MeTo/1 UMeeT BBICOKYIO TOYHOCTh IMPEJICKa3aHusl, HCYYBCTBUTEIICH K MOHOTOHHBIM TTPEe0Opa3oBaHM-
M 3HAYEHWH TOKazaTelel, peaKo nepeoldydaeTcs: Jo0aBIeHNe NePEeBbEB MOYTH BCETIa TOJBKO YIydIIaeT
KOMITO3UIIHIO, HO TOCJIE JOCTIKEHHUS ONPEIEIEHHOTO KOJIMYECTBA AePEBbEB KpHBas 00yueHHs BHIXOJUT Ha
acuMmnToTy. K HemoctaTkaM OTHOCAT TO, YTO B OTJIMYHE OT OJHOTO JIEPEBa, PE3yNbTaThl CIIyIalHOTO Jeca
CJIO)KHEE MHTEPIPETHPOBATH, KPOME TOTO, TPEOYETCs MHOTO MaMSATH Ui XPaHCHUS MOJICNIU BCIICACTBHE
00JIBIIOTO pa3Mepa MOTyYaIONIIXCS MOJIeIeH.

TOYHOCTH MPOTHO3UPOBAHMS CITYYAMHOTO Jieca 3aBHCUT OT psfa (PaKTOpOB — KOJIUYECTBA MOKa3are-
Jel B cirydaitHoM Habope, o0beMa ToABBIOOPKH (CiTydyaitHOM BHIOOPKH M3 O0ydaromero Habopa), KoJmde-
CTBa JICPEBHEB, MAKCUMAIBHOH TITyOUHBI JIEPEBhEB (MAKCHUMAIbHOTO KOJHMUYECTBA YPOBHEW), MAaKCUMAIIbHO-
IO KOJMYECTBA y3JI0B B JIEPEBBSIX, MUHUMAIBHOTO YHCIIa OOBEKTOB B JIUCTHAX, MUHIMAIBHOTO KOJTHYECTBA
00BEKTOB B JOYEPHEM Y3II€.

Mopyns citydaifHoro jieca BKIIOUeH B OmOimoTeky scikit-learn B s3pike Python, moatomy 3amaua
Jerko mporpaMmupyercs. OZHaKko 4yacTto ynoOHee BOCIOJIB30BATHCS pealu3alueil dTOro MeTofa, BKIIO-
YEeHHOW B cucTeMy Statistica [15], KOTOPHIH TTO3BOJISIET BApbUPOBATH PA3IMUHBIC (PAKTOPHI, BIHSIONINE HA
Ka4yeCTBO O6y‘-IeHI/I$I, M MOJKET OBITh HMCITOJB30BaH JId peIICHUA OCTaBJICHHOM 3a1adn MYHBTHKHaCCOBOﬁ
KJIACCU(DUKAIIH JUTSI TUATHOCTHKH COCTOSIHUS TEXHUIECKOTO 00BEKTa 0 pe3yIbTaTaM MOHHTOPHHTA ITOKa-
3aresiei ero GyHKIIMOHUPOBAHMS.

YucaeHHOE HCCAEAOBaHHE

Jnst HaOmroneHus 3a mporeccoM (QyHKIIMOHMPOBAHHS KOMIIBIOTEPA MPOBOJMICS TECT €ro XapakTe-
PHUCTHK C TIOMOIIBIO BCTpOeHHBIX PyHKIMH nporpammbl AIDA64 Extreme BMecTe ¢ mapaienbHON Harpy3-
KOH JPYTHUMH IpOrpaMMaMH B T€UEHHE OINpPENETIeHHOTO Meproaa BpeMeHH. VccnenoBanoch BIUSHHUE pa3-
JIMYHBIX MOKa3aTeel paboThl KOMIBIOTEPA (3arpy3KH M TEMIEpaTyphl poLeccopa U sSaep, TMHAMUIECKOH
MaMsATH, HapsHKeHHs, MOIIIHOCTH M APYTUX — Bcero 9 mokasareneit X1...X9) Ha ero coctosiHue: kimacc 1 —
KOMITBIOTED MCIIPaBEH U 4 BHa HEUCTIPABHOCTEH: KJIACC 2 — MMEJIO MECTO 3aBUCAHUE, KIacC 3 — HCKaKEHHE
n300pakeHus, 4 — 3aTOPMOKEHHOCTh Kypcopa, 5 — 3aeaHue 3ByKa.

B Tabn. 1 nmoka3aHa 4acTh MCXOHBIX JAaHHBIX, U3 KOTOPBIX CIydailHBIM 00pa3oM (opMHUpOBaIach
oOyyaromas U TecToBasi BEIOOpKHU. [lepBble OEBITH CTONOIOB — 3TO MaTpHuua X mokaszaresnedl GpyHKIHOHH-
pPOBaHUS CUCTEMBI, JECATHIH — BEKTOP-CTOJIOCI] ¥ — HOMEpa KJIacCOB.
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Taonuma 1
YacTp uCX0AHOI BEIOOPKHU

X1 X2 X3 X4 X5 X6 X7 X3 X9 Y
8 23 15 0 113 50 45 0,817 4,78 1
25 17 17 10 97 50 52 1,013 2,69 1
15 38 15 202 97 50 44 0,693 5,88 1
25 44 7 10 101 46 43 0,693 2,27 1
22 29 18 202 101 46 51 1,015 1,79 1
25 44 25 202 102 46 44 0,908 2,08 1
25 100 100 1252 184 61 60 1,013 5,58 2
25 100 100 1252 184 60 62 1,009 10,92 2
25 100 100 1252 184 63 65 1,009 10,83 2
25 100 48 1752 171 58 61 1,013 8,17 3
25 100 100 1252 128 66 70 1,009 10,43 3
8 100 100 1252 83 49 68 1,009 6,69 5
25 100 100 1252 85 64 64 1,009 10,81 5
25 100 100 1252 85 64 62 1,013 10,71 5
8 12 12 1752 76 65 51 0,688 9,75 1
8 11 18 1752 76 58 57 1,011 6,49 1
22 25 29 1752 82 48 53 1,011 1,51 1

Bcero momydeno 345 wabmiofeHnil, 3 KOTOPHIX HapylIeHHs MMenu mecto B 126 ciydasx (37 %),
pacmpenencHue HapyIIeHH 10 KilaccaM MpeacTaBiieHo B Ta0ir. 2. Hampumep, coctostaue y = 3 (MCKaKCHHE
M300paKEHNST) UMEN0 MECTO B 32 HAOTIOACHUSX.

Tab6mmma 2
Pacnpenenenue kiaccon
Kiacc Komngecto
1 219
2 36
3 32
4 29
5 29

Takum oOpa3om, 3amada UCCIEOBAHUS — MCIIONB3Ys MaTpHIly X TMokaszareneld (pyHKINOHHPOBAaHUS
KOMITBIOTEPHOH CHCTEMBI pa3MEPHOCTEIO 345 CTPOK U 9 CTOJIOIOB M BEKTOP-CTOIOECI] OTBETOB O COCTOSTHUHN
CHCTEMBI Y, pa3paboraTh MOAENb KiIaccH(HuKaTopa, KoTopas oOecredrnBana Obl MO BBEICHHBIM JTaHHBIM
(YHKITHOHUPOBAHUS KOMITBIOTEPA JUATHOCTUKY OJHOTO M3 MSATH BO3MOXKHBIX COCTOSTHHIA.

Jnst perienus 3a4ady MCIOJIB30BANICS MOAYJIb «CIy4alHBIN Jiec» JTOKaau30BaHHOHM Bepcuu 13.3 ma-
kera Statistica. Hactpoiiku nokaszansl Ha puc. 1: npuHATHI 10751 TecToBoi BbIOOpKU — 0,3 (30 % ot Bcero
HabOpa JaHHBIX), T0JIs1 TOABBIOOPKU — 0,5; 4ncio cirydalfHbIX MoKasartenel (IpeaAnKTopoB) — 4 U T.11.

‘ "'t Hacrpoitkn: Tabanua aaHHbIX1 ? X
BhicTpbIA } Knaccudpukauma 0K
[lononxurensHo } YCII0BHE OCTaHOBKM
TMapameTpbi Otmeria

NpPeAMKTOPOB: TECTOBbIX [aHHbIX: B Omwm -
Yucno Mponopuwms
100 50
1epeBRLeR: E noABLIGOpKY: E Wi Y & B
HauankHoe 3HaueHre
1
[[aTuKKa ChyYaiiHbIX Yucen: E
YCrnoBuA 0CTaHOBKM
e e o
HabrloaeHni: [loYepHeM yane:
Makc. n Makc. n
yosien |0 yanos: |0 [

8 TectoBas Buifopka | BbIKI.

Puc. 1. HacTpoiiku «ciay4aiiHOTO Jecay
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Ha puc. 2 nokaszan xox mpouecca NOCTPOCHUS «CIIy4ailHOTO Jiecay»: MO TOPU30HTAIBHOW OCH OTJIO-
KEHO KOJMYECTBO JIEPEBBEB, IO BEPTUKAIBHOW — JOJS OMIMOOK Kiaccuukamuy Ha oOydaromen (CHHSS
JIMHHKS) U TECTOBOM (KpacHas JMHHUS) BbIOOpKax. BumgHo, uto mponecc crabunusupoBaincs yxe npu 40 ne-
peBbAX (XOTs B HAacTpoiikax ykazaHo 100 mepeBreB, MpU HEOOXOIUMOCTH JUIA MOBBIIIEHUS TOYHOCTH MOX-
HO 100aBHUTH 3aJaHHOE KOJIMYECTBO JEPEBHEB): IIPH 3TOM Ha oOyuaroieil BBIOOpKe OIMOOK HET, Ha TECTO-

Boi1 BEIOOpKe 1ot omn6ok 0,01.

0,14

Wrtorn CnyyanHoro neca

Otknuk: Mep10

Yucno aepesbes: 40; Makc. paamep aepesa: 100

o o o o o
[} =) =] = =
B o [e:] o N

YacTota olumbkK knaccudmkaLim

o
[=3
R

0,00

20 25 30 35 40 __ O6yy. panHbie

Yucno pepesbes —— TecT. AaHHble

Puc. 2. TIporecc mocTpoeHHS «CIyIaHOTO JIecay

Marpuua knaccuukanuy As TeCTOBOM BBIOOPKHM IMOKa3aHa Ha puc. 3: HaOmroneHue 3-ro Kiacca
OMIMOOYHO OTHECEHO K IEPBOMY; OCTAJIbHbIC HAOMIOJCHUS KIACCH(UIIMPOBAHBI BEPHO: 3TO 57 Habmone-
HUH Kiacca 1, xorga KOMmbOTep padoTan ucrpaBHO, 15 HaOmromeHuit 2-ro xmacca, 14 — 4-ro knacca u

10 mabmrogenuii 5-ro kmaacca.

MaTpuua knaccuduravn (k)

OTrnuk: Mep10
TecTosas Bbibopka; Hucno gepesbes: 40
Knacc Knacc Knacc Knacc Knacc
Mpenck. 1 Mpegck. 2 Mpegck. 3 Mpegck. 4 Mpeack. 5

Habnwog. 1

57,00000

Habnrwog. 2

Habnwg. 3

1,00000

Habnwg. 4

Hab6niog. 5

15,00000

10,00000
14,00000
10,00000

Puc. 3. Matpuna kinaccupukaim

[IporpaMmMa aBTOMaTHYECKH PaHXKUPYET MOKa3aTenu (YyHKIIMOHHUPOBAHMS 110 3HAYMMOCTH (pHC. 4),
YTO TIO3BOJISIET MPH OOJBIIIOM MX KOJIMYECTBE COKPATHUTH HAaMMEHEee 3HA4YMMEble MoKaszarend. B HameMm uc-
CJICIOBaHUM HauboJiee 3HAYMMBIMH OKa3alIUCh MoKazareiau X9 u X5, HaumeHee 3HauuMbIM — X4, 13 rpadu-
Ka nepesa (puc. 5) BUIHO, YTO BHaUYaje pa3ieieHUue IMPOBOJANUTCSA 10 TIOKa3aTero X9, 3areM — X5 u T.1I.

3HaunUmMocTb
o
E)

0,

N

0,0

Mpacbuk 3HauMmocTn

3asucumas nepemenHas: MNep10

linns.

Mep9 Mep5

Mep6

Mep7 Mep8 Mep3 Mep2 Mep1 Mep4

e -

Puc. 4. T'ucrorpamMmma 3Ha4MMOCTH TIOKa3aTenei

49



HAAEXHOCTD M1 KAYECTBO CAOJKHBIX CMCTEM. 2022. Ne 2

lpadmr gepeea Mepll
Hucno He-KoHeuHbIX y3noe: 3, YMcno KoHewHsX yanoe: 4

N gepesa : 1
D=1 ; F=119
Mep?
== §,270000 =8, 270000
=2 M= O=3 M=42
1 2
ﬂ 1 — [
MNeps
== 80, 500000 = 80,500000
D=4 M=20 C=5 =22
5 2
mill ]
MNepd
== 10,530000 = 10,530000
D=8 M=11 o= =g
5 4
] -
FLITE LR Do 0

Puc. 5. I'paduk nepesa

3akAroueHue

Pa3pa60TaHa TCXHOJIOIuA MyJIBTHKHaCCOBOﬁ AUAarHOCTUKU TEXHUYCCKUX CUCTEM C IMPUMCEHCHUCM

«cIyJalHoro jieca» B cucteMme Statistica. Ha mpuMepe JMarHOCTUKH KOMIBIOTEPHON CHCTEMBI TIOKA3aHO,
YTO MCIOJB30BAHUE 3TOTO METOAa O0ECIEeYNBACT JOCTATOYHO BBICOKYIO TOYHOCTH KIIACCU(DHKAINU: JOJIS
omunOoK Ha TecToBOW BhIOOpke coctaBuwia 0,01. B ciayyae HecOamaHCHMPOBAaHHOCTH KJIACCOB B Ka4yeCTBE
KpUTEpUs KIacCU(UKAIMU BMECTO JIOJU OIMIMOOK HCIONb3yeTcs F-mepa. TOYHOCTh KiIacCU(UKAIUH I10-
BBINIACTCS MyTeM JT0OaBIICHUS IepeBbeB. [Ipu HEOOXOAMMOCTH KOJUYECTBO MOKa3aTeNel (GyHKIIMOHUPOBa-
HHS MOKET OBITh COKpali€HoO € Y4€TOM UX 3HAYUMOCTH.

—_

11.
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AEPEBb PEIIEHU HA OCHOBE TEXHOAOTUU MEMPHUCTOPOB

A. 0. Aopocunckuit', O. B. IIpokodses®, M. A. Aunkosa’®, 1. 0. Cemouxkuna*

! Hayuno-npoussoacteenHoe npeanpusarue «Conapy, [lensa, Poccus
234 Mensenckuit rOCyAapCTBEHHBIN TEXHOJIOIMUECKUN YHUBEpcUTeT, [1en3a, Poccust
"antik_r13@mail.ru, > prokof ow@mail.ru,>m__linkova@mail.ru, * ius1961@gmail.com

AHHOTaUMA. AxmyanvHocms u yeau. HecMOTpsl Ha 3HAYUTENBHBIA MpoOrpecce K HEHPOOHOJIOTHH B TIOCIETHEE
BpeMsI, TIOHIMAaHHE TIPUHINIIOB U MEXaHU3MOB, JIKAIINX B OCHOBE CIIOKHBIX (DYHKIWH MO3Ta M TIO3HAHUS, OCTAETCS
HenoyiHbIM. MozenupoBanue U (u3nueckas peanusalus HeHTpa IPUHSATHS PELICHUH, aHaJOTUYHOTO €CTECTBEHHBIM
MPOLIECCaM MO3ra, SIBJISIOTCSI CPEICTBOM MMOCTPOCHHS KUOep(HU3MUECKOH CUCTEMbI AJIsl ITUPOKOTO KPyra MPHUKIIaHBIX
3a11a4, CBA3aHHBIX C MOJACPIKKON MPUHATHS pemeHnid. Mamepuansl u menoosl. OTKPBITHE MEMPUCTOPOB, BBISIBICHUE
TEXHUYECKON BO3MOXKHOCTH 3allOMHMHAHHUS U XpaHCHUA aHaJIOrOBOM l/IH(l)OpMaLII/II/l CJIy)Kat TEXHOJIOTMYECKON IIjIaT-
(dbopMmoii 11 co3naHus JIepeBbeB NPUHATHS pelneHnid. HelipoHsl, yuacTByonpe B 00padoTke HHPOpMaLKU U XpaHe-
HUM JaHHBIX, JMHAMAYECKH YCTaHABIMBAIOLINE CBSI3H MEXIY CO0O0M, TakKe pealin3yloTcs MEMPHCTOPAMHU, yIIpaBJisie-
MBIMH HanpspkeHHeM. MeTo/pl HeHpOOHOJIOTHH, CETEBbIe MOJIETH U METOAbI PacyeTOB CXeM MHKDPOIJIEKTPOHUKH Ha
6a3e MEMPHCTOPOB HCIOJIB3YIOTCS 37IECh B €IMHOM KOMILIEKCE IJIs 3allOMUHaHUs, 00pabOTKH MH(GOPMALMU 1 TIPHHS-
TUs peteHuit. Pezyiemamel. OTKpBIBaeMbIe IPEHUMYIIECTBA TIO3BOJIIOT HE TOIBKO MIPUMEHSTh YCTPOMCTBA XpaHEHHUS
nHpopManuu OONBIIEH eMKOCTH, BRITECHSIOINE TPAAUIIMOHHYIO (IICHI-IaMATh, HO U IPUMEHATE EPEBbs MPUHITHS
peLIeHU ¢ y3IaMu BEeTBJICHHUS, Pealr30BaHHBIMU Ha YPOBHE MOJEKYN. B 3akmodeHnn 000CHOBaH BHIBOJ O BO3MOXK-
HOCTH CO3JIaHMSI CHCTEM IMOIACP)KKH NMPHHATHS PEIICHUI HOBOTO TOKOJICHHS, COYETAIONINX COBPEMEHHBIE CPEeICTBa
BH3YyQJIN3alliH JCPEBHEB U NMPHMEHEHHs OMOIMOTEK permeHuil. Buigoowv:. Takum 00pa3oMm, BO3MOXKHO OOBEIMHEHHE
MIPEUMYIIECTB COBETYIOMIEH, OOBACHSIOMEH CHCTEMBI W SKCIIEPTHOW CHCTEMBI, CAMOCTOSATENFHO BRIpaOaTHIBAIOMIEH
pelleHre, eciy Toro noTpedyer 3aqaya B MpeaMeTHOH obnacti. Pa3paboTka MHUKPOIIEKTPOHHBIX MEMPUCTOPOB 03~
BOJIIET pa3paboTaTh MHTEIEKTYalIbHbIE CUCTEMbI MOIEPKKU MPUHATHS PEIIeHH HOBOTO MOKOJCHHS, HMHUTHPYIO-
mye OMOJIOrMYeCcKHe MPOLECChl YeJIOBEYECKOro MO3ra, B KOTOPBIX MPOLIECCHl 00yUYeHHs], CO3/1aHMsl, 3alIOMUHAHUS U
XpaHEHUs AepPEeBbEB PEIICHUI Pean3yIoTCs Ha AMHON TEXHOJIOTHYECKON N CXeMOTEXHUUECKOH Oase.

KiroueBble ciioBa: JACPEBbA peHIeHPIﬁ, MEMPUCTOPBI, NOAACPIKKA MTPUHATUA peHIeHI/Iﬁ

Jas untupoBanus: JJopocunckuii A. 0., [Ipokodrer O. B., JluakoBa M. A., Cemoukuna U. 0. JlepeBps pemenuii Ha
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Abstract. Background. Despite significant progress in neuroscience recently, understanding of the principles
and mechanisms underlying complex brain functions and cognition remains incomplete. Modeling and physical im-
plementation of the decision-making center, similar to the natural processes of the brain, is a means of building a
cyber-physical system for a wide range of applied tasks related to decision support. Matherials and methods. The dis-
covery of memristors, the identification of the technical possibility of memorizing and storing analog information
serve as a technological platform for creating decision trees. Neurons involved in information processing and data
storage, dynamically establishing connections among themselves, are also implemented with voltage-controlled
memristors. Neurobiology methods, network models and methods for calculating microelectronics circuits based on
memristors are used here in a single complex for memorizing, processing information and making decisions. Results.
The advantages that are being discovered allow not only to use information storage devices of higher capacity, replac-
ing traditional flash memory, but also to use decision trees with branching nodes implemented at the molecular level.
In conclusion, the inference is substantiated about the possibility of creating a new generation of decision support sys-
tems combining modern visualization tools of trees and the use of decision libraries. Conclusions. Thus, it is possible
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to integrate the advantages of an advisory, explanatory system and an expert system that independently develops a so-
lution if a task in the subject area requires it. The development of microelectronic memristors makes it possible to de-
velop intelligent decision support systems of a new generation that simulate the biological processes of the human
brain, in which the processes of learning, creating, memorizing and storing decision trees are implemented using a
single technological and circuit-based base.
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Heﬁp06n0AornquKnﬁ METOA CETEBOI0 MOACAHPOBAHNA NO3HAHUA

YenoBedeckuii MO3T MpeAcTaBisieT co0O0i CIIOKHBIN MapagoKc: HECMOTpsI HAa (PUKCHPOBAHHYIO aHa-
TOMHIO, XapaKTepU3YIOIIYIOCS CBSA3HOCTBIO, er0 (YHKIHMOHAIBLHBIA pernepTryap OOMIMPEH, TO3BOJIsIs JeH-
CTBOBATh, OCYIIECTBIIATh BOCHPHUATHE U MO3HAHHE. DTO KOHTPACTUPYET C TAKUMHU OpTaHaMU, Kak cepile,
KOTOpbIE MMEIOT JTUHAMUYECKYI0 aHATOMUIO, HO MMEIOT TOJbKO OfHY (pyHKIMI0. Paspemenue aroro mapa-
JIOKCa MOJKET 3aK/II0YaTbCsl B CETEBOM apXUTEKTYpe MO3ra, KOTOpas OpraHu3yeT JIOKaJbHbIC B3aMMOJEH-
CTBHS, YTOOBI CIIPaBUTHCS C Pa3HOOOPA3HBIMU TPEOOBAaHMSAMM OKPYXKAlOLIeH cpeabl, oOecrieurBas agar-
TUBHOCTb, HAJEXKHOCThb, YCTOMYMBOCTH K MOBpPEXKICHUAM, 3(QeKkTuBHyI0 mepenadyy CoOOOIEHHH U
pasHoo0pas3Hy0 (YHKIIMOHATHHOCT MPHU HATMYUU (GUKCHPOBAHHOU CTPYKTYphl. Kakum oO6pa3zoM pa3Hoo0-
pasHble (YHKIUHN BO3SHUKAIOT U3 CTATHYECKON HEHPOHHOU apXuTeKTyphl? OOBsICHEHNE MOXKET 3aKII04aTh-
Csl B TOM, YTO IOSBJICHUE AMHAMHUYECKON (DYHKIMOHAIBHON CBA3HOCTU U3 CTATUYECKUX CTPYKTYPHBIX CBS-
3eil TpedyeT (opMaNbHBIX (BEIYHACIUTEIBHBIX) IMMOAXO0I0B K 00pab0TKe HEMPOHHOUN WH(pOPMAINH, KOTOpPhIE
MOTYT Pa3pelInTh AUAIEKTUKY MEXIY CTPYKTYpoH U QpyHKIuerH. Bo MHOrom Haiie noHMMaHue B3aMMOCBS-
3eil MO3ra OCHOBBIBAETCs Ha criocobe nx u3mMepeHus u moaenuposanus [1]. [lonxox K UX OMUCAHUIO OCHO-
BaH Ha TeopuH rpadoB, MEIb0 KOTOPOH SIBISIETCS IOCTPOCHUE CETEBOW TOIOJOTHH (HEHAIIPaBICHHBIX) CO-
€IMHEHUI TOro TWUIMA, KOTOPBIA H3MEPSETCS HEMHBA3MBHOW BU3yalM3alMell aHATOMHUYECKHMX CBsI3€d U
(OYHKIMOHATBHON CBSI3HOCTH (KOPPEILINHN) MEXITY yAaJEHHBIMA yYaCcTKaMH MO3Ta. DTO CPaBHHBACTCS C
OCHOBAaHHBIMHU Ha MOJEIISIX ONpPeNeeHISIMA KOHTEKCTHO-3aBUCUMON (HanpaBieHHOH) 3¢ (EKTUBHOM CBS3H,
KOTOpBIE OCHOBaHBI Ha OMO(MHU3MKE B3aMMOJCHCTBUN HEHPOHOB. TOIOIOTHYECKUI CeTEeBOI aHaIHM3 Ieren
MO3ra MOKa3bIBAET, YTO MOAYJIbHBIE U HEPAPXUUECKUE CTPYKTYPHBIE CETH 0COOEHHO MOAXOAAT I (QYHK-
UOHAIFHOH HMHTETPaly JIOKAJIbHBIX ((QYHKIMOHATIBHO CIIEUATM3UPOBAHHBIX) HEWPOHHBIX OIEpaIHid,
JIeKaIIUX B OCHOBE TMO3HAHMA. V3MepeHns: ClIOHTaHHON aKTHBHOCTH BBIIBIISIOT IMATTEPHBI (PYHKIMOHAIb-
HOH CBSI3U, aHAJOTMYHbIE CTPYKTYPHOH CBSI3HOCTH, IPEAIOJArasi, 4To CTPYKTYPHbIE CETH OIPaHUYMBAIOT
¢byHKkumoHanbHBIE ceTH. OIHAKO OTBETH, CBA3aHHBIC C 3aJadyaMH, KOTOpbIE TPEOYIOT KOHTEKCTHO-
3aBUCHMOM WHTErpallii, BBUIBIIIOT PacXOoXICHHE MexXy (QYHKUUEH u CTPYKTypoil, KoTopoe, Io-
BUJMIMOMY, OCHOBaHO NPEUMYILIECTBEHHO Ha JalbHOACHCTBYIOMINX CBA3SIX. B oTiimune or MeTonoB, KOTO-
pble (PEHOMEHOJIOTHUYECKH OMHMCHIBAIOT TOIOJOTHIO CETH, TEOPETUYECKUE M BBIUYMCIUTEIbHBIC MOIXObI,
OCHOBaHHBIE Ha MOJENSIX, COCPEIOTAUYMBAIOTCS HAa MEXaHHW3Max B3aMMOJAEUCTBUS HEHPOHOB, KOTOpHIE
o0ecIeunBaOT AMHAMHYECKYI0 peKOHpHUTyparmio 3pdextuBHOTO coenuHeHmns. CyIecTByeT COOTBETCTBHE
MEXIY HePapXUUECKHUMU TOMOJOTHSMHU (OCHOBAaHHBIMH HA CTPYKTYPHOH M ()YHKLMOHAIBHOW CBA3HOCTH) U
3¢ EeKTUBHBIMU CBS3IMH, KOTOpBIE MOTPEOYIOTCS AJsl MepapXU4ecKoil mepenadyn cOOOLICHUH TOrO THIA,
KOTOPBIN MpeasaracTcs BEIYMCIUTENBHON HelipoOouonorueit. HelipomopdHoe obopynoBanue, a Takxke Hc-
KyCCTBEHHbIE HEHPOHHBIE CETH MPEACTABIIAIOT COOOM YPE3BBIYAWHO YIPOIIEHHBIE MOJENN TOTO, KaK MO3T
paboraet miu oOpabarbiBaeT HHPOPMALIUIO, C TOPA3I0 MEHBIICH CIIOKHOCTBIO C TOYKH 3pEHHUS pazmepa 1
(GYHKIMOHAJIIBHON TEXHOJIOTMU U Topa3fo Oosee perysipHON CTPYKTYpOW ¢ TOYKH 3PEHUS] BO3MOXKHOCTH
nogkmoyeHns. CpaBHeHHE HEMPOMOPQHBIX YUIIOB C MO3IOM — OY€Hb Ipy0Oe cpaBHEHHE, TOJOOHOE CPaB-
HEHHIO CaMoJIeTa C NTHULEH TONBKO MOTOMY, YTO y HHX OOOHMX €CTh KpbUIbS M XBOCT. [leno B TOM, 4YTO
HEHPOHHBIE KOTHUTHBHBIE CUCTEMBI HA MHOTO TOPSAKOB 00Jiee SHEPrOEMKHE M BBIYHCIUTENBHBIE, YEM CO-
BPEMEHHBI HMCKYCCTBEHHBIM WHTEIUIEKT, U HEHWpOMOp(HAas WH)KEHEPHsS — ITO TOIBITKA COKPATUTH STOT
paspeiB. Kak mokasanu uccnenoBanus [2—5], Bompoc o Gpu3ndeckoil peannsanun IpoIecCoB, aHATOTHYHBIX
CYLIECTBYIOLIMM B 00JIaCTH MO3ra, MOXHO PEIIUTh HA OCHOBE TEXHOJIOI'HH MEMPHUCTOPOB.

MeMpHCTOPBI KAK KOMIIOHEHT 9AeMEHTHOM 0a3bI

Uya B cBoeil craThe B 1971 T. onpenenusi TEOPETUUECKYIO CUMMETPHIO MEKIY HEIMHEHHBIM pe3H-
CTOPOM (HampspKEHHE B 3aBUCHMOCTH OT TOKA), HETMHEHHBIM KOHICHCATOPOM (HANpsDKEHHE B 3aBUCHMO-
CTH OT 3apsa) U HENMHEHHBIM HHAYKTOPOM (CBSI3b MarHWTHOTO TOTOKAa B 3aBUCHMOCTH OT TOKa) [2].

54



RELIABILITY AND QUALITY OF COMPLEX SYSTEMS. 2022;(2)

U3 sToli cMMMeTpHH OH BBIBEJT XapaKTEPUCTHKH YETBEPTOro (DYHIAMEHTAIBHOTO JJIEMEHTA HEIMHEHHOM
CXEMBI, CBSI3bIBAIOIIET0 MATHUTHBIM MOTOK M 3aps]l, KOTOPBIA OH Ha3BaJl MEMpPUCTOPOM. B oTnnume ot au-
HEHHOro (MM HEMMHEHHOr0) pe3ucTopa MEMPHCTOP MUMEET AMHAMHYECKYIO B3aMMOCBSI3b MEXIY TOKOM H
HaIpsHKEHUEM, BKII0OYas MaMsITh O MPONUIBIX HANPSHKEHHUAX MM TOKaxX. MEMpPHCTOp — 9TO dIEKTPUUYECKUI
KOMITOHEHT, KOTOPBIN UMEET CONPOTUBIICHHUE 3JEKTPUUECKOMY TOKY, HO COIMPOTHUBIIEHHE U3MEHSIETCS B 3a-
BHCHMOCTH OT HamlpaBiieHus Toka. Korma Tok He TeueT, MEMPHUCTOP COXpaHsIET NOCIEIHEE COCTOSHUE,
B KOTOPOM OH OBIJI, TIO3TOMY, IO CyTH, IPEACTaBIsAET COOOH aHAJOrOBYIO CXeMy MaMsITH. MeMpHCTOpHI
MOTYT BBIMIOJHATH KaK JIOTMYECKUE OIEpalru, TaK U onepanun xpaHeHus [3]. Uya BbIBen 3aKOH O cylile-
CTBOBAHHWU MEMPHUCTOPOB M3 MAaTEMATUYECKUX COOTHOLIEHUM MEXAY JIEMEHTaMH CXEMbl. YeThIpe BeINUH-
HBI KOHTYpa (3apsill, TOK, HalpsDKEHUE ¥ MarHUTHBIN MMOTOK) MOTYT OBITh CBSI3aHBI IPYT C IPYTOM ILECTHIO
croco0aMu. JIBe BEMMYUHBI PETYIUPYIOTCS OCHOBHBIMH (PM3MUECKHMMU 3aKOHAMH, & TPH — HU3BECTHBIMH
3NIEMEHTAMH CXEMBI (PE3UCTOpP, KOHIEHCATOP M WHAYKTOP). DTO OCTAaBISET OJHO BO3MOXHOE OTHOILCHHE
HeyuTeHHbIM. OCHOBBIBasICh Ha 3TOH peanuzanuu, Uya mpeiokuia MEMPUCTOP UCTIONb30BATh U1 MaTeMa-
TUYECKHX MOJEIEH KaK KIIACC CXEMHBIX JIEMEHTOB, OCHOBAHHBIX Ha COOTHOIIEHHH MEXKIY 3apsioM U IO0-
TOKOM (puc. 1).

e (o o

o
Resistor H Gapacitor
dv = Rdi [N dg = Cdv
el
dq =idt q
Inductor Memristor
dp = Ldi dp = Mdg
4
Memristive systems

Puc. 1. ba3oBerif Habop 37IEMEHTOB ANMEKTPOTEXHUKH 10 Uya [4]

YCcTpoiicTBO Ha MEMpPHUCTOpPax B CBOCH pabOTe MOBOJIBHO OTYCTIMBO HAIIOMHUHAET (PYHKIIMOHHPOBA-
HUE CHHAICOB, T.€. TOYEK KOHTAKTa MEXKIY HEPBHBIMU KIIETKAMH y KHUBBIX OPTaHU3MOB BOOOIIE M B MO3Te
B YaCTHOCTH. XOTS TaifHBI pabOTHI MO3ra TIOKa YTO HENb3s Ha3bIBaTh MOCTUTHYTHIMHU, pad0OTa aMsITH OTpe-
JCIIACTCA TEM, KaKUC HeI>'IpOHI>I MO3ra CBA3aHbI APYTr C APYIrOM M HACKOJIBKO 3TU CBA3U CUJIBHBI. CooTtBeT-
CTBEHHO, TPOIIECC 3alIOMUHAHMS TPAKTYETCS KaK M3MEHCHHE CHJIbI ATHX CBS3CH MO JCHCTBUEM ONIyIIC-
HUH, MOPOXKIAIONINX CUTHAIBI B HEHMPOHHOH CEeTW MO3ra. YBHIEB aHAJIOTHIO IS JaHHBIX IMPOIECCOB B
pabote cBoero ycrpoiicta, B HP Labs [5] mpeamnomoxuimu, 9To MOKHO TOMBITATHECS CKOITUPOBATH CTPYKTY-
Py MO3ra, MOCTPOUB HEHPOHBI U3 TPAH3UCTOPOB, @ CHHAIICHI 3aMEHHUB MeMpHcTopaMu. O MepBOM ycrexe Ha
JTAHHOM HAaIpaBJICHUHU CTAJI0 U3BECTHO, KOTIa OOBSBILIN O Pa3pabd0oTKe 00pa3IoB SYEEeK CO CTOPOHOU 3 HM U
CKOPOCTBIO TIEPEKITIOYCHHS TOPsIIKa OJHOW HaHOCEKYHIBI. [I0mMyTHO yYEeHBIM yIanoch CO31aTh U3 TaKUX
3JIEMEHTOB KOMIIAKTHBIH 3D-MaccuB Ha 4MIle, CIOCOOHBII BBHIMONHSATH JOTUYECKUE OTepalii U pabdoTaro-
U aHAJIOTMYHO CUHAIICAM, T.€. CUTHAIBHBIM JTUHHSIM MEXIY KICTKAMU HEHPOHOB B YEJIOBEUSCKOM MO3TE.
AHanoruro paboThl MOACHSIOT Tak. CKOPOCTH Mepelayy CUTHAJIA [T0 CHHAIICY 3aBHCUT OT BPEMEHHU aKTHBa-
UM HEHPOHOB: YeM MEHBIIIE BPEMEHHOH NMPOMEXKYTOK MEXIy aKTHBAIMsIMHU, TeM ObIcTpee mepenaeTcs
CUTHaN 1o cuHarcy. TOYHO Tak e paboTaeT U MacCUB MEMPHUCTOPOB: NPU IMOJIa4€ TOKa C WHTEpPBaIaMH
20 MC CONMPOTHBIIEHUE MEMPHUCTOPA BJIBOE€ MEHBIIIE, YeM Ipu uHTepBanax 40 Mc.

MoAeKyASIpHBINA NPONeCCOP HAa TEXHOAOTHH MEMPHCTOPOB

OOuIbHEBIC JACHAPUTHO-CUHAIITUYCCKUE B3aMMOCBA3U MEXKIAY HCﬁpOHaMH B HCOKOPTEKCE BKIIIOYAIOT
CJIOKHBIC JIOTUYECKHUE CTPYKTYPHhI, ITO3BOJIAIOIINE ITPUHUMATL CJIOKHBIC PCIICHHA, KOTOPBIC 3HAYUTCIBHO
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NPEBBIIIAIOT JIFOObIC UCKYCCTBEHHBIC JIEKTPOHHbBIC aHanorn. Ou3udeckas CII0KHOCTh HAMHOTO MPEBOCXO-
JIMT CYLIECTBYIOIIUE TEXHOJOTUU U3TOTOBICHUS CXeM: 0oJiee TOTO, CeTh B MO3Te JHHAMUYECKH PEKOH(U-
TYPUPYETCsI, YTO 00ECIeUnBACT THOKOCTh M aIalTUPYEMOCTh K M3MEHSIOMIMMCs ycioBusM. Hamnpotus, co-
BPEMEHHBIE [OJTYTTPOBOJHUKOBBIE JIOTHYECKHE CXEMbI OCHOBAaHBI HA IOPOTOBBIX MEPEKIIOYATENX, KOTOPHIE
JKECTKO TOJKJIFOYCHBI JIJIs BBIMIOJHEHUS 3apaHee ONpPE/CTICHHbBIX JIOTHYECKUX (YHKIMA. YTOOBI MOBBICHTH
HPOU3BOIUTEIIBHOCTD JIOTHYECKHUX CXEM, pa3paboTYuKH [6] MPEUIOKUIN OCHOBHBIC 3JIEMEHTHI AJICKTPOH-
HBIX CXEM, BBIpaKas CIOXHYIO JIOTUKY B CBOWCTBAaX MaTepHaJOB B HAHOMETPOBOM Maciurtabe. [Ipu stom
UCIIOJIb3YETCs YIpaBisieMasi HAMPSHKCHUEM YCIIOBHASI JIOTHYECKast B3AUMOCBS3b MEXK/Y ISThIO Pa3IHNuHBIMU
MOJICKYJISIPHBIMUA OKHCIMTEIIbHO-BOCCTAHOBUTEILHBIMH COCTOSIHMSIMU METAJZIOOPTaHUYECKOTO KOMILIEKCa,
94TOOBI BCTPOUTH «3apOCIN» JAEPEBbEB PEIICHUH (COCTOSIIMX M3 HECKOJbKHX YCIOBHBIX ONEPaTOPOB
if-then-else), nmerommx 71 y3en B omHOM MeMpucTope. Pe3ynpTHpylomias BOIbT-aMIiepHasi XapaKTepUCTH-
Ka 3TOr0 MOJICKYJISIPHOIO MEMPHCTOpPa («PE3UCTOpa MaMSTH», TJI00ATbHOTO MACCUBHOTO AJIEMEHTa CXEMBbI
PE3UCTHBHOTO MEPEKII0YATENs], KOTOPbI aKCHOMATHYECKH JOMONHIET HAOOp KOHICHCATOPOB, KATyIIKa
UHIYKTUBHOCTH U PE3UCTOP) AEMOHCTPUPYET BOCEMb PEKYPPEHTHBIX M 3aBUCSIIUX OT UCTOPUH YHEProHe-
3aBHCHUMBIX MEPEXO0/I0B MEPEKIIOUCHUSI MEKIY JABYMsI YPOBHSIMH MPOBOAUMOCTH 33 OJIUH LUK Pa3BEPTKH.
W ieHTUYHOCTh Ka)XJOr0 OKHUCIUTEIbHO-BOCCTAHOBUTEIBHOTO COCTOSIHUS MOJIEKYJ ObLIa OINpeaeiicHa
C TIOMOUIBIO CIIEKTPOCKONUH KOMOWHAI[MOHHOTO pAcCesHUS Ha MeCTe M MOATBEPXKICHA KBaHTOBO-
XMUMHUYECKUMH pacyeTaMM, PACKPHIBAIOIIMMH MEXaHU3M MEPEeHOCa JIEKTPOHOB. VICTOBb3ysl CXeMbl, COCTO-
SIINE TOJBKO M3 ITHX 3JIEMEHTOB, SKCIICPUMEHTAIBHO JIOKa3aHa paboTa AMHAMHUYECKH PEKOH(QUTypHpYe-
MOif, KOMMYTaTHBHON ¥ HEKOMMYTATHBHOM JIOTHKHU C OTCJIC)KUBAHHEM COCTOSIHHSI B MHOTOMEPHBIX [1ePEBb-
SIX PEUICHHI, KOTOpbIC BBIMOJHAIOTCS 32 OJMH BPEMEHHOW IIar M MOTYT, HalpuMep, HPHUMEHSITHCS
B KaueCTBE JIOKAJILHOTO MHTEIUICKTa B TPAHMYHBIX BEIYUCICHUAX (pHC. 2).

a b c
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Puc. 2. MHOTOMEpHBIE JepeBbsl MPUHATHS PEIICHUN B MOJIEKYJISIPHOM Tpolieccope [6]
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B oTnuuue oT TpamuIMOHHOW HU(BPOBOH JIOTUYECKOW CXEMBI, TIOPOTOBBIE MEPEKIIoUaTeNln odecre-
YHUBAOT ABOUYHBIC COCTOAHUA, COCAMHCHHBIC B PA3JIMYHBIX KOH(i)I/IpraHI/DIX JJIA CO3JaHHusA JIOTUYCCKHUX
BCHTHJICH M BBIYMCIHMTEIBHBIX CXEM, IMPEIIJIOKCH prroﬁ nmoaxond: 3aKpCIICHUE CIOXKHBIX JIOTHUYECKUX
BO3MOXXHOCTEH B CBOWCTBax MaTepHalia OTAEIBHOTO JJIEMEHTa CXeMbl M TUHAMHUYECKOM BBIOOpE TeX U3
HUX, KOTOpble HEOOXOOUMEBI. 3a7aya 3aKiovanack B TOM, YTOOBI PaCKpBITh (PU3NUECKUN MEXaHU3M, KOTO-
pHBIit MOT OBl 00ECIIeYnTh MHOXKECTBEHHBIC HEMOHOTOHHBIE YCJIOBHBIC MIEPEXO0/Ibl IEPEKIItOUeHNUs. BrisBieH
MOJICKYJISIPHBI OKHCIUTENFHO-BOCCTAHOBUTEIIEHBIA MEXaHHU3M, KOTOPBIH MOKET NMPENOCTaBUTh yIOOHYIO
wiathopMy Ui peanu3aluy Takod QyHKUuoHanbHOCTH. Ha puc. 3 mokasaHa MoleKyJsipHas CTPYKTypa
MaTepHana JIEMEHTa CXEMBI.

a Va V, V, V) Vy VsV, V,
10-3f H,
o
< 10751
=
o
10 (s
M M,
!
1079+ 4
-1 -0.5 0 0.5
Au (flat)/[Fe(L™)L,J(PF,)/Au nanodisk/ITO/YSZ Voltage (V)

Puc. 3. CtpykTypa MONeKyIspHOTO Tipolieccopa [6]

Her HEoOXOAMMOCTH B MPOMEXKYTOUYHOW OIEpalliy YTCHUS U peoOpa3oBaHus MPOBOJUMOCTH B
TOK WJIH JIJIS IEPEMEIICHUs OUT B IPYroe MECTO — BCE ONEPAIUK BBIMOJHSAIOTCS BHYTPH ITAMATH B OIpe/ie-
JICHHBIX SYEHKax C M3MECHCHHON CXEMOM 3alycH B MaMsTh. TakuM 00pa3oM YMEHBINAIOTCS 3aTpaThl BpeMe-
HU ¥ 3IEKTpOodHepruu. [IpuMeHeHne 3THX 3JIeMEHTOB CXEMBI MOXKET OXBaThIBATh ITUPOKUH AUana3oH ooOa-
CTel TMPUHATHS pEIICHWH, B TOM YWCJIe B aBTOHOMHBIX YCTPOWMCTBaxX, B MepUGEPUHHBIX U MOOWIBHBIX
YCTpPOMCTBAx, B CIy4asx HeCTAOMIHLHOTO MCTOYHHWKA MUTAHUSA. BRIUUCIEHUS ¢ OTCIEKUBAHHUEM COCTOSHHUS
B MMaMATH C HCIIOJIF30BAaHUEM OKCHIIHBIX MEMPHCTOPOB YK€ MOKa3bIBAIOT Ooyiee BBICOKYIO 3HEprodddex-
TUBHOCTb ¥ KOMITAKTHOCTb.

I1aTe Pa3INYHBIX OKUCIUTCIbHO-BOCCTAHOBUTECIIBHBIX COCTOSIHUM B MOJICKYJIAPHBIX IJICHKAaX YCJIOB-
HO B3aMMOCBA3aHbI ITIOCPEACTBOM IIPUIJIOKCHUS HAIPSAKCHUA, U KOHerTHBIfI Nepexoa MeXay COCTOSIHUAMUA
ompeeNsieTCs] UCTOPUEH MPUIOKEHHOTO HampspkeHus. IlpuHuMas BO BHUMAaHHE 3TH YCJIOBHS, BOJbTaM-
MIEPHYIO XapaKTEPUCTUKY FJIEMEHTA CXEMbI MOKHO OIHMCATh KaK «Yallly PeIIeHUi» (puc. 4), onpeaeIsieMyro
KaK Ha0Op JIEPEBhEB PEIICHUMN, KAXK/I0€ U3 KOTOPBIX COCTOUT M3 BHIPAKEHHUH «ECIIU-TO-HHAYECY.

Her HeoOXoauMMOCTH B MPOMEXYTOYHOW OMEpalliy YTeHUs U peoOpa3oBaHus MPOBOJUMOCTH B
TOK WJIH JIJIS IEpEeMeEIIeHUs] OUT B IPYroe MECTO — BCE ONEpAIH BBIMOIHSAIOTCS BHYTPH ITAMATH B OIpe/ie-
JIEHHBIX sTYeHKaX ¢ M3MEHEHHOM CXeMOH 3aluCH B ITaMsITh. TakuM 00pa3oM YMEHBITIAIOTCS 3aTPaThl BpeMe-
HU ¥ DJEKTPOdHEepruu. lIpuMeHeHne 3THX 2IeMEHTOB CXeMBI MOXET OXBaThIBATh MTUPOKUH AHana3zoH obia-
CTEH TIPUHATHS PEIICHWH, B TOM YHCJIE B aBTOHOMHBIX YCTPOWCTBax, B MepU(DEPUHHBIX W MOOHIHHBIX
yCTpOﬁCTBaX, B ClIy4dasax HeCTa6I/IJIBHOI‘O HCTOYHMKA MUTAHUS. BEIUnMCIIEHNs ¢ OTCIEKUBAHUEM COCTOSHHUS
B MaMSATU C UCIOJb30BAaHMEM OKCHUIHBIX MEMPHCTOPOB YXe TOKa3bIBalOT 0oJice BHICOKYIO Heprodddek-
TUBHOCTh M KOMITAKTHOCTh. OCHOBBIBAsCh HA JIOTHYECKOM IMapauieaTn3Me, U30bITOYHOCTH U PEKOH(UTYPH-
PYEMOCTH, IEMEHTBI CXEMbI MOTYT 00SCIICUUTh AabHEUIINI porpecc B 3()()EKTUBHOCTH BBIYMCICHHI 3a
CYET CYIIECTBEHHOI'O CHIDKCHHSI KOJIMYECTBO IIArOB BBHIYHMCIICHHUS, KOJIUYECTBA YCTPOUCTB U 3aTpayuBae-
MOH 3HEpPrumu.
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Puc. 4. [lepeBbs pelieHu# B ipeiesiax 0JJHOTO JIEMEHTa CXEMbI MOJIEKYJIAPHON TIIEHKH

3akAroueHue

HeiipoHnHble B3auMOAEHCTBHSA pealu3ylOT COOOH AWHAMUKY (UKCHPOBAHHOH CTPYKTYpHOH CBSI3H,
KOTOpasi JISKUT B OCHOBE ITO3HAHMS M MOBEJeHNs. Takoe OTKIOHEHHE (QYHKIHU OT CTPYKTYPBI, BOZMOKHO,
SBISICTCSl HAaUOOJIee HEM3YUCHHBIM CBOMCTBOM MO3Ta M TpeOYyeT MHTEHCHBHBIX HCCIICIOBAHUN B OyayIEM.
W3yuas AMHAMHKY M CaMOOPTraHU3alMi0 QYHKIMOHAIBHBIX CETeH, Mbl MOKEM MOHATh UCTUHHYIO MPUPOIY
MO3ra KakK BOIUIOIIEHUS pa3zyma. J[namazoH BO3MOKHOCTEH (PYHKIIMOHAIBHBIX CeTell OCHOBAaH Ha CKPBITOM
CTPYKTYpHOW apXHUTEKType COCIMHEHHIA, KOTOpasi 00ecreunBaeT nepapxudecKyro (yHKIIMOHAIBHYIO HHTe-
rpaiuo. J[s MOHMMaHUS 3TUX CeTel MOTPEOYIOTCS TEOPETUYECKHE MOJCIH HEHPOHHON 00pabdOoTKM JaH-
HBIX, JIe)KaIlel B OCHOBE TIO3HAHUSI.

PaccmaTpuBasi HOBble TEHAEHIIMH B CETEBOH HEHPOOHMOIOTHH, MOXXHO OTMETHTH MEPCHEKTHBHOCTH
MyTH K JIy4dlIeMy TOHHUMaHUIO MO3Ta Kak MHOTOMacIITaOHOM ceTeBoi cucTeMsbl. Mcciemyst MexaHU3MBI T10-
3HAHHSA, CeTeBasi HEMPOOHMOJIOTHS HIIET HOBBIE CIIOCOOBI OMMCAHUS TOMOJIOTHH, 3aIIMCH, aHAIN3a U MOJAEIIH-
POBaHUS 3JEMEHTOB CTPYKTYphl MO3ra. B OCHOBE 3TOTO MOJIXOJa JIeXaT JBE MapajuiebHbIC TCHCHIINH:
JIOCTYTHOCTh HOBBIX AMIIMPUYECKUX MHCTPYMEHTOB ISl CO3JIaHHUSI BCEOOBEMIIIOMINX KapT U PETUCTPALlUU
JUHAMUYECKUX MATTEPHOB MEXIY MOJEKYJIaMH, HeHipoHaMH, 00NacTsIMA MO3Ta U TEOpPETHUYECKasl OCHOBA,
BEIYMCIIATEIbHBIE UHCTPYMEHTHI, WH()OPMAIMOHHBIE ceTeBble Mojenu. KOoHBepreHIHs SMIUPUYECKUX H
BBIUMCITATEIBHBIX JTOCTIKEHUI OTKPHIBAET HOBBIE TOPU30HTHI HAYYHBIX MCCIIEIOBAHMMA, BKITFOYAs THHAMHU-
Ky CETH, U3Y4YEeHHE M KOHTPOJb CeTell MO3ra, a Tak)Ke NMPHUBA3KH CETEBBIX MPOLECCOB K MPOCTPAHCTBEHHO-
BPEMEHHBIM 00JIACTSIM.

TexHudeckuii aHaJoOr YJaCTKOB MO3Ta, OTBEUAIOMNX 3a 00paboTKy MHGOpMAIMKA U 3allOMHHAHWE,
HUMEET TeOpETHIECKOE 000CHOBAHNE, CBEPXKOMITAKTHYIO pealii3allnio B 00J1acTH (U3UKH aTOMOB, 00Iagaer
BOCTIPOM3BOJIMMOCTBIO U COXPAHAEMOCTHIO XapaKTepUCcTUK. OCHOBBIBAsCH Ha JIOTHYECKOM Mapajlienu3Me,
M30BITOYHOCTH U PEKOH(UTYPUPYEMOCTH, JIEMEHTHl MEMPHCTOPHOW CXEMBI MOTYT 00ECIEUnTh AalbHEH-
mwid mporpecc B 3 (peKTHBHOCTh BBIUMCIICHUH 32 CYET CYIIECTBEHHOTO CHIKEHUS KOJMYECTBa IIaroB BEI-
YHCIIeHUs, KOJTMYECTBa YCTPOHCTB M 3aTpaunBacMoOi 3Heprun. TakuM o0pa3oM, ompenesneHa Ipearnochluika
CO3/1aHUsI 00YYaeMBIX CHCTEM, OCYIIECTBISIFOIINX TOIEPKKY MPUHATHS PEIICHUH W BBIPAOOTKY peKOMEH-
Al Ha OCHOBE THOKOH (hopMupyeMoit CTPYKTYPHI IepeBbeB pelieHni [7]. B coueTanuu ¢ coBpeMeHHBI-
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MU CIIoco0aMy BU3YyaJIH3alllH 1epeBbeB [8] Mog00Hast MO3Ty MEMPUCTOPHASI CTPYKTYpa CTAHOBUTCS HOBOM
MEPCHIEKTUBHOW BO3MOKHOCTBIO JJIsl pa3pabOTYMKOB MOBHIMICHNUS () ()EKTHUBHOCTH HUHTEIUICKTYa bHBIX UH-
(hOpMaIMOHHBIX CHCTEM.

Bo3zHukmas BO3MOKHOCTD CO3[JaHHS THOPUAHBIX CHCTEM TIOICP KK MPUHATHS perneHnii [9] mo3so-
JIMT HepeﬁTH K UTCPATUBHBIM PCUICHUAM 3a/lavu, CJIO>KHOM 1A BOCHIPpUATUA YCTIOBEKOM, COBMECTHO UCKYC-
CTBEHHBIM MHTEIIEKTOM M YeJIOBEKOM, IPUYEM OHH OYIyT 00JIaaTh COMOCTABUMON CTETEHBI0 PUOPUTE-
ta. TakuMm oOpa3oMm, codeTaHWe OE3yCIOBHOW IMaMSTH, BBICOKOW CKOPOCTH IIPOIIECCOB W UEJIOBEUCCKOM
WHTYUIIMN MOXET JIaTh 00Jiee BRICOKUH YPOBEHD PE3yJIbTATOB.

WnpnBuayanuzanys 1 nepcoHU(pUKaLusa NCKyCCTBEHHOTO HHTEIUIEKTA II03BOJUT CO3/1aTh «IH(POBO-
ro aBaTapa», IOHMMAaeMOTO KaK Ha0Op JaHHBIX, CO3[]aBaeMbIX YEIIOBEKOM B U(POBOM MHpe. ABaTaporio-
IIO6H3H TCEXHOJOI'usA MOXKET IIOMOYb B IIOUCKE BBICOKOKBaHI/I(bI/IHI/IpOBaHHLIX CIICHUAIMCTOB IJIA PCUICHUA
MpUKIaTHBIX 3a1a4. MeTponornieckue KOTHUTUBHBIE TEXHOJIOTHH MO3BOJIAT CO3/1aTh OoJiee MoyHbIe Habo-
PBI TaHHBIX IS OOYUYEHHsI CUCTEM MCKYCCTBEHHOTO MHTEIUIEKTA, JJISl POBEPKU PE3yJIbTATOB O0yUYEHHS Ha
HOBBIX JaHHBIX. CTaHET BO3MOXHBIM COCTABIIEHHE «HAWIIYUIIeH» MOJEIH MAIIWHHOTO OOydYeHUs, Tpen-
CTaBJIAONIEH CO00M KOMIO3UINIO OMOITHMOTEK, METOIOB, AITOPUTMOB U3 3HAUYUTEIHHOTO YHCIIa BApPUAHTOB.
Taxkum 0Opa3oM, TBOpUECKOE HAvyalo B PEHICHUH MPHUKIAAHBIX 3a71a4 Ha 0a3e W3BECTHBIX METOA0B MalllH-
HOTO OOYYCHHS MOXKET OBITh TPUMEHEHO TPH paboTe ¢ OoNbIMMH NaHHBEIME. CTaHET TOCTYITHBIM PEIICHUE
3aJa4 TeHepaTUBHOTO JH3aliHa CYIIHOCTEH peaibHOr0 MUPa, KOT/la, HAalpUMep, TEXHOJIOTHIO TPOU3BOJICTBA
MOKHO OyZeT MPOEKTUPOBATh BMECTe ¢ rpa)ukoM paboThl, TpPeOOBAaHUAMH K MEPCOHANY, MOPSAKOM HaiiMa
1 00y4YeHHs COTPYIHHKOB. llepeuncieHHOe OTKphIBaeT MHOXKECTBO HOBBIX HAIIPAaBIICHUI paOOTHI IS pas-
PpaboOTINKOB CUCTEM NMPHUHATHUS PEIICHNH HOBOTO IIOKOJICHUSI.
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NHOOPMAITMOHHAA U MATEMATHYECKHNE MOAEAH
AASATIPOTHO3UPOBAHUSA HAAEXKHOCTHU HHTEAAEKTYAABHOM
HH®OPMAITMOHHO-U3MEPUTEABHOM CUCTEMBI
TENMAO®PUINIECKHUX CBOICTB MATEPUAAOB

3. M. CeauBanosa', K. B. Ckomopoxos®

"2 TamGoBCKHMiIi TOCYIapCTBEHHbII TeXHUUECKHUil yHuBepcuTeT, TamGoB, Poccus
'selivanova_zm@mail.ru, > kirillv6812@gmail.com

AnHoTauus. Axkmyanvnocms u yenu. [IporHO3MpoBaHNE U3MEHEHHS HAICKHOCTH MHTEIUICKTYAIBHON HHQOP-
MaIMOHHO-U3MEPUTEIFHON CHCTEMBI SIBIISICTCS aKTyaJ bHOM 3amadeil MpH ONpEeNelIeHUH TEIUIO(PU3NIECKUX CBOWCTB
TEIUIOM30JSIIIMOHHBIX, KOMIIO3UTHBIX, CTPOUTEIBHBIX M APYTHX MAaTEpHaNoB HA MPOW3BOACTBEHHBIX MPEANPUATHIX.
OTKa3 MHTEIJIEKTYAIBHOW M3MEPUTEIHFHON CHCTEMBI 3aKIIF0YAaeTCsl B MPEBBIMICHIH TTOTPEIIHOCTH U3MEPEHNUH KOMIIO-
HEHTOB CHUCTEMBI, YTO MPUBOJANT K HETOYHOCTH KOHTPOJIS TEIIO(QU3NIECKAX CBOHCTB MaTepHAJIOB M CHIDKEHHUIO Kade-
CTBa BBINIYCKA€MbIX MAaTCpHUAIOB Ha MPOU3BOACTBE. OLIGHKa HaACKHOCTHU CUCTEMBI HA OCHOBC CO3JIaHHBIX I/IH(l)OpMa-
IJ,I/IOHHOI‘/‘I U MaTeMaTHYCCKUX MO[leJ]eﬁ MMPOTHO3UPOBAHUA HAACKHOCTU IMO3BOJUT CBOCBPCMCHHO IOJACPKUBATH
PaboTOCIIOCOOHOCTh CTPYKTYPHBIX KOMIIOHEHTOB M3MEPHUTEIBHOIN CHCTEMBI, IOBBICUTh TOYHOCTh H3MEPUTEIHHON UH-
(hopmaruu [T pacueTa mapaMeTpoB TEIUIO(GHU3HYECKIX CBOMCTB MaTePUAIIOB U, CICIOBATEIBHO, YIIYUIIUTh KA4eCTBO
BEIITYyCKaeMOU MpoAyKuuu. Mamepuanvt u memodsi. [IpOrHO3UpOBAHHE HAJC)KHOCTH MHTEIUICKTYalbHON MH(pOpMa-
LIMOHHO-U3MEPUTENLHON CUCTEMBI BBHIIIOJIHEHO HA OCHOBE KJIACCHYECKON TEOpUHU HAJEKHOCTH, MAaTEMATUYECKOTO MO-
JENPOBaHUA, TEOPUH BEPOSTHOCTA M MAaTEMAaTUYECKOH CTATHCTHUKH, METOJOB IIPOTPAMMHOTO W amlIIapaTHOTO CaMo-
KOHTPOJIS, alTOpPUTMa IIPOTHO3HPOBAaHUS HAIS)KHOCTH HW3MEPUTENFHOW CHUCTeMEL. Pesyrsmamul. Pa3zpaboTaHbl
WHQOPMAIIMOHHAS U MaTeMaTHYECKUE MOJIENHU Ul MPOTHO3UPOBAHMS HAJISKHOCTH MHTEIUIEKTYaIbHON MH(pOpMAIH-
OHHO-M3MEPUTENBHOW CHCTEMBI TEIIO(QU3NIECKUX CBOWCTB MaTepHajoB, 0a3a 3HAHWH, 9TO CIIOCOOCTBYET MOBBIIIE-
HUIO BEPOATHOCTH 0€30TKa3HOH pabOTHI JaHHOM CHCTEMBI. Bu1gooul. IIporHo3npoBaHie HAIC)KHOCTH HHTEIIICKTYaIb-
HOM MH(OPMaIMOHHO-U3MEPUTEIbHOH CHCTEMBI TI03BOJISIET MCKIIOYUTH HapyLIEHHE PabOTOCIIOCOOHOCTU CHUCTEMBI,
MOBBICUTH TOYHOCTD MOJTYHYa€MbIX U3MEPUTCIIbHBIX JaHHBIX C O61)CKT8. KOHTPOJIA U O6CCHe'-II/ITl:- JOCTOBECPHOCTH OIIpE-
JACIISIEMBIX TeHHO(l)l/ISI/I'-IeCKI/IX CBOWCTB MaTepuraioB JIA MOBBIIICHUA KadyeCTBa anycxaeMoﬁ MPOAYKIIMU HA ITPOU3-
BOJICTBEHHBIX MPEANPUATHUIX.

KiioueBble ciioBa: MPOrHO3MPOBAHUEC HAACIKHOCTH, NHTCIUICKTYyaJIbHAsl U3MCPUTCJIbHAA CUCTEMA, TeHJ’IOq)I/BI/I-
YeCKHE CBOMCTBA MaTepuaioB

Jas uurupoBanusi: CenuBanosa 3. M., Ckomopoxos K. B. MHpopmanmonHas 1 MaTeMaTHYeCKHE MOJEIH IS TPOTHO3H-
pOBaHUS HAAEKHOCTH MHTEIUICKTYaIbHOH MH()OPMAIIMOHHO-U3MEPHUTEIILHON CHCTEMBI TEINIOMH3UIECKIX CBOWCTB MaTepHajoB //
HanexxHocTh 1 ka4ecTBO ClIoXkHBIX cucTeM. 2022. Ne 2. C. 61-69. doi:10.21685/2307-4205-2022-2-7
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INFORMATION AND MATHEMATICAL MODELS FOR RELIABILITY
PREDICTION OF INTELLIGENT INFORMATION-MEASURING
SYSTEM OF THERMOPHYSICAL PROPERTIES OF MATERIALS

Z.M. Selivanova', K.V. Skomorokhov*

12 Tambov State Technical University, Tambov, Russia
"selivanova_zm@mail.ru, *kirillv6812@gmail.com

Abstract. Background. Predicting the change in the reliability of an intelligent information-measuring system
is an urgent task in determining the thermophysical properties of heat-insulating, composite, building and other mate-
rials at manufacturing enterprises. The failure of an intelligent measuring system consists in exceeding the measure-
ment error of the system components, which leads to inaccurate control of the thermophysical properties of materials
and a decrease in the quality of manufactured materials in production. Evaluation of system reliability based on the
created information and mathematical models of reliability prediction will make it possible to maintain the efficiency
of the structural components of the measuring system in a timely manner, improve the accuracy of measuring infor-
mation for calculating the parameters of the thermophysical properties of materials and, therefore, improve the quality
of products. Materials and methods. The prediction of the reliability of an intelligent information-measuring system is
based on the classical theory of reliability, mathematical modeling, probability theory and mathematical statistics,
methods of software and hardware self-control, and an algorithm for predicting the reliability of a measuring system.
Results. Information and mathematical models have been developed to predict the reliability of an intelligent infor-
mation-measuring system of thermophysical properties of materials, a knowledge base, which helps to increase the
probability of failure-free operation of this system. Conclusions. Forecasting the reliability of an intelligent infor-
mation-measuring system makes it possible to exclude a violation of the system's operability, improve the accuracy of
the measurement data obtained from the control object and ensure the reliability of the determined thermophysical
properties of materials to improve the quality of products manufactured at manufacturing enterprises.

Keywords: reliability prediction, intelligent measuring system, thermophysical properties of materials

For citation: Selivanova Z.M., Skomorokhov K.V. Information and mathematical models for reliability prediction of intelli-
gent information-measuring system of thermophysical properties of materials. Nadezhnost' i kachestvo slozhnykh sistem = Reliability
and quality of complex systems. 2022;(2):61-69. (In Russ.). doi:10.21685/2307-4205-2022-2-7

BBeaenne

Kontpons Temnopuznueckux cBoicTs (TOC) TEMION30ISIUNOHHBIX, KOMIIO3UTHBIX, CTPOUTENIBHBIX U
JpyTUX BHJOB MaTepHallOB C HCIIOJb30BAHUEM HHTEJICKTYyaJbHON MH()OPMAIIMOHHO-U3MEPUTEILHON CH-
ctembl (MMM C) HeoOxoarM Ha MPOM3BOICTBEHHBIX MPEANPUATHSIX JJIS TIOBBIIIEHNS Ka4eCTBa BBITYCKaeMBIX
MaTepuaioB. Ha kauecTBO BBIMTyCKaeMOM MPOAYKIMH OKa3bIBAIOT BIUSHUE COCTaB UCXOAHOTO CHIPBS, TEXHO-
JIOTUS1 U3TOTOBJICHUS, @ TAKKE UX TEIIO(MH3UIECKUE CBOMCTBA, TOYHOCTh ONPEAEICHNSI KOTOPBIX 3aBUCHUT OT
Hagexxaoctu UMUC TOC marepuanoB. Hagexxaocts UMUC mpu onpeneneanu TOC maTepuanioB — 3TO
CBOWCTBO CHCTEMBI COXPaHATh PYHKLUUH CTPYKTYPHBIX KOMIIOHEHTOB 06€3 H3MEHEHHUS! BO BPEMEHH YCTaHOB-
JICHHBIX HKCIUTyaTallMOHHBIX MapaMeTPOB B JOMYCTUMBIX HpEAeiax M MOTPEIIHOCTh W3MEPEHHs] U3MEpH-
tesnpHOro Kanana UMUC.

Mertozs! poraozupoBanus HagexxHoctn UMNUC TOC matepranoB 3aKII0YalOTCS B OL[EHKE OKUAae-
MOTO YpOBHS HAJEXKHOCTH CHUCTEMBI Ha OCHOBE MH(GOPMALUHN O JOCTUTHYTHIX 3HAYCHUSIX U BBIIBICHHBIX
TEHICHIUAX M3MEHEHMS IIPOTHO3MPYEMOU HaIEKHOCTU H3MEPHUTEIBHOM CHUCTEMBI, KOTOpas aHAJOIMYHA
paccmarpuBaemoit MUUC mo HazHauenwmto u npuHnmmy padotst (TOCT P 27.013-2019 (M3K
62308:2006). HanmonanbHbIi cTaHAapT poccuiickoit deneparnuu. HanexHOCTh B TeXHUKE. METOMbI OIICH-
KM TIOKa3atenell 6e3otkasHocTH). Jlns onenkn HagexHoctd MUMC Heobxomumo pa3paborats MHpOpMa-
IIOHHYIO 1 MaTeMaTHYECKHE MOJENIN NPOrHO3UPOBAHUS HANECKHOCTH U3MEPUTEIBHOI CUCTEMBI, MaTeMa-
TUYECKYI0O MOJIENIb MPOTHO3UPOBAHUS W3MEHEHUS TEIUIONPOBOJHOCTH MaTepHalloB ¢ TEYEHHEM BPEMEHH,
ctpykrypayro cxemy UNUC TOC maTepuanos ¢ monoiaHsAeMol 6a30i 3HaAHUIA.

MaTeprasbl H METOADI

C y4eToM BBIIEU3I0KEHHBIX 3a/1a4 pa3zpadoTaHa HHGOPMAITMOHHAS MOCIb IS (hOPMHUPOBAHMUS Ma-
TEMaTHYECKUX MoJienell nmporHo3upoBanus HanexHocTd U UMUC Tennodusnuecknx CBOMCTB MaTepHaioB

(puc. 1) [1, 2].
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Puc. 1. Unpopmanmonnas mogens MNNC: UCp — urdopmarmionHas cpena; D — skcrept; 1 — moms3oBaTes;
b3 — 6a3a 3nannii; [IK — nepconanbHbiii kommbtotep; BITP — 610k nmpussTas pemennii: UC — BUABI N3MEPUTETBHBIX
cutyauuii; BPTU — 6110k, peanusyromuii Termodusudeckue usmepenus; O — uccnenyemsie oobextsl; (I110),...(I10), —
CBEJIEHHS O IPEIMETHBIX 00JIACTAX, /I — KOJIMUECTBO MPEAMETHBIX 00nacTel; S, — JaHHBIE O METOaX U3MEPEHUH
T®C uccrnegyemMbix 00BEKTOB; S o — CBEIICHUSA O BHIE necrabunusupyomero daxropa (AD); S,, — naHHbIE
00 00beKTe uccenoBanysd; S, — uH(opMauus IKCIepToB; S, — AaHHbIE NI0JIb30BaTeNel; V), _Ipoueccs 0OMEHOB
MH(POPMALMOHHBIMH JQHHBIMU; V), — M3MEPUTENbHAA CPe/ia Ha OCHOBE a3kl 3HaHUi; Vi, — GopmupoBanne
IPUHATHSA peLIeHUs ¢ ucnonb3oBanueM b3; V. — popmupoBanue uH(GOpMalMOHHBIX JaHHBIX A7 IEPCOHATIBHOIO
KOMIIbIOTEpPa 00 U3MEPUTENBHBIX CUTYALHsAX; P, — napamerpsl TOC maTepuanos; V., — 1aHHbIE 0 3HAYEHHUAX
temneparyp MO; V,, — 3HaueHuUs MOIHOCTEN TEIIOBBIX BO3EHCTBUIL Ha HccllelyeMble MaTepUalbl;

V. — HH(GOPMalMOHHBIE JaHHbIE O HArPeBe MAaTePUAIIOB; V,,; — BUIbI allpHOPHON HH(OpMaIUU

[Ipu npoBeneHun TEIIOGU3MYECKUX U3MEPEHHUI MATEPUATIOB OJIOK MPUHSATHUS PEIICHUS BBITIOIHSICT
(hyHKIIMM UACHTU(UKAIIMN U BEIOOpA M3MEPUTENHHBIX CUTYallui ISl COOTBETCTBYIOIUX JAUANIa30HOB TeTl-
JIOTIPOBOAHOCTH 00BEKTOB MccienoBanusi. Ha ocHOBe maHHBIX WH(OPMAITMOHHOW MOJIENY HHTEIIEKTYallb-
HOHM CHUCTEMBI B 3aBUCUMOCTH OT MPEAMETHBIX 00JaCTEeil UCCIeNOBAHUN TEPCOHATBHBIN KOMIBIOTED Peain-
3yeT NPUMCHSEMBIA METOJ ONpEICIICHUS TEIIOPU3NICCKHX CBOMCTB OOBEKTOB M 00padaThIBaeT
[TOCTYHAIOIIYIO U3MEPHUTENbHYI0 HH(POPMAIIHIO C HCCIIETyEMOTO MaTepHalia C HCIIOIb30BaHUEM allPUOPHBIX
naHabiX b3. Co3ganHOe WHGOPMAIMOHHOE TOJI€ TO3BOJISET CHOPMHUPOBATH TPEOOBAHUSA K OOBEKTY IpPO-
rao3upoBanus HagesxxHocT — UMUC TOC uccneayemobix Marepuanos (UM).

Hndopmannonnas moaenb MMNC Myuguunc IpeacTaBieHa B BUAE KOPTEXa MHOKECTB:

Mqu)I/H/H/IC =< TI/IM 4 UH 4 VI[CD s XBXZ[CD s YBHXI[CD 4 JI/IIT s JI/I3 4 JE3 2 JEHP 2 SI/H/H/IC 2 KI/H/H/IC > 4
rne npusenenst  muokectBa: Ty ={T.i=1...,N}— BbiXomHble curHamsl jgaraukos  UM;

U, ={Ui,i :1,...,m} — onpenensiembie napamerpsl TOC; V ={Vﬂ®i,i = l,...,n} — JIeCTa0MIN3UPYIOIIHE
YBblxﬂCDi’i = 1”y} B

BBIXOAHBIE chrHANBI ¢ yaetoM A®D; J,, ={Jy,i=L...,]} — undopmanus, npeacrasnennas nonb3osare-

daxroper; X, 4 = {X ax10iol = 1,...,x} — BXOJIHBIC CUTHAIBI IpH Biwsiann 105 Y, o ={

naem; Jy, ={Jmi,i=1,...,h} — uHopMalys, AaHHAs dKcnepToM; Jp, :{Jmi,i:l,...,k} — uHpopMaIus,

63



HAAEXHOCTD M1 KAYECTBO CAOJKHBIX CMCTEM. 2022. Ne 2

npencranennas B b3; Iy ={Jyppi=L...r} - nagopmammsa,  Qpopmupyemas  BIIP;
Sumie ={Swmcisi =L j} — BHIBI CTPYKTYp MHTEJIEKTYaNbHBIX MH(OPMALMOHHO-N3MEPHUTENBHBIX CH-

crem; Kypue ={I1,,I1,,,8} — kpurepun, nossonsoue onenuts Hanexnocts MMAC TOC marepuanos

om?
(I1,— morepu TounoctH, I, — TOTEpH OMEPaTUBHOCTH, & — IIOTPELIHOCTD U3MEPEHHUS).

Nudopmarmonnas cpena MMMC BritouaeT co3naHHyto 0a3y 3HaHHI Ha OCHOBE (ppeiiMoBOi Moenn
npeacTaBieHus 3HaHui (puc. 2). baza 3nanuii cozgana ¢ ucnoiabp3oBaHueM (GpelMOB, TPUMEHSIOLIUXCS IS
peanmzanuu WHTEeIDIeKTyanbHoro anroputMa (yskiuonuposanuss MMUC TOC matepuano. OperimoBas
Mozenb 0a3bl 3HaHWH co3aHa B Hotanmu UML Ha tutatdopme aiis MmoaenupoBanus StarUML. ba3za 3nanni
COJICPKUT aNpHOPHYI HH(POPMALIUIO, KOTOpas UCHONB3YyeTcs B Ipolecce (YHKIMOHHUPOBAHUS H3MEPH-
TenpHOU cucteMbl. MHpopmanmonnoe obecieuenne MMMC no3Bomser momy4nts, 00pabaThiBaTh, aHAIH-
3UpOBaTh, XPaHUTh, a TAKXKE U3BJIEKATh HEOOXOAUMYIO U3MEPUTEIIbHYIO0 HHPOPMALUIO O TeII0(MU3NIECKUX
CBOICTBax MaTepHasoB.

frmMethod ftmPO
Meron onpenenenus
napameTpos TOC o i i
MaTepHaloB obecneyenne frmMaterials
Hceenenyemsii
MaTepHa
frmSA
CunTe3s anropuTmoB frmTypeMat
Tun marepuana
frmApproDepend B
—> ATITPOKCHMHPYIOUIHE
3aBHCHMOCTH frmDopusk
frmAppDepSIP — Jonycrumele
| | Annpokcummpyomme frmRP e e
3ABHCHMOCTH U1 KOPPEKLHH PekuMHbIe MapaMeTphbl (> frmDop Tepl
Ucun ro: = AToc) H JonycTiMble 3HaUYCHHSA
frmAppDepAmpl TEeMIONPOBOTHOCTH
| | Armmpokcummpyiomme f‘n.'r‘)Ma'lMod\els frmDop Templ
3aBHCHMOCTH JUT KOPPEKIIHH Mar i’:‘al“;f“c”e i L Jonycrumele 3Hagenns
U!r'c = f{Toc) Oc) TEMIEPaTypoOpPOBOJHOCTH
frmCorTeploplv fmiMocelnIE
Maremarnueckas —
ANNPOKCHMHPYOIIHE , frmDF
moaens CHUII s
3aBHCHMOCTH LIl KOPPEKLIHH Jecradunnzupyromme
A= f(Toc) frmModelAmpl (hakTopel
rﬂﬁDOpUSkPﬂrﬁm MaremaTHueckas 1
JlonycTHMBIE 3HAYCHHA mozens JIY fmTemp o
— KOHTPOIHPYEMBIX frmModelAnalog Temneparypa BllasHOCTh
napamerpoe CHII, IV, AII, MaremaTHueckas —— oC oC
I, O moens AL

Puc. 2. ®peiimoas mojaens 3nanniit UMM C TOC marepuanos: CUII — cuctema u3MepuTeIbHBIX TPeoOpa3oBaTeliei;

Y — nuddepenunansusle ycunurenu; AL — ananoro-uudpossle npeodbpaszopatenu; U, — CUTHAI Ha BBIXOJIE

CHUIIL; U, — curHai Ha BbIXOJIE yCHIMTENS; Ty, — TEMIIEpaTypa OKpYy Karollei cpeJibl

HNudopmarmonnast Moaens U (pperiMoBas MOJIEIb IPEACTABIICHAS 3HAHUNA CITyKaT OCHOBOW JIJIST pas-
pabotku MMUC TOC uccneayembix 00bekToB (puc. 3) [3-5].

NNNC TOC marepuanioB BhITIONHEHA Ha 0a3e MukpokoHTposuiepa PICISFS872(0, KOTOpBIA MMeeT
OOJTBITION 00BEM MAMSITH, BHICOKOE OBICTPOACHCTBIE, MHOTOKAHATBHBIN TTapaylIeIbHBIN HH)OPMAITHOHHBIN
BBOJI-BBIBOJI. DYHKIIMKM MUKPOKOHTpOJUIEpa: 00paboTka N3MEpUTENbHOIN HH(OpMAIIUK ¢ TepMonap; yrpas-
JIeHHe BBHIOOPOM PEXHMMOB pabOTHI CHCTEeMBbl U HarpeBoM MM mpu mpoBeeHNH TEIUIO(QHU3HYECKUX U3Mepe-
HU; OCYIIIECTBIEHUE KOHTPOJISI U3MEPUTENHHOM WH(GOPMAIINH C BBIXOJIOB TepMotnap, ycunureneid u AL u
UX TIOTPEIIHOCTEN H3MEpeHUl; peanu3anus WHTEeIUIEKTYalbHOTO alTOPUTMa KOPPEKIUH H3MEpPUTETbHOM
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nH(pOpPMAIUN CTPYKTYPHBIX KOMIIOHEHTOB C HCIIOJB30BAaHUEM IOJyUYEHHBIX alIPOKCHUMUPYIOUINX 3aBHUCH-
MOCTEH M MPOBEPKH UX COOTBETCTBHSA 33JaHHOMY JIOIYCKY, a TaKKe MPUMEHEHUE WHTEIIEKTYaIbHOTO ajl-
roputma mporaosupoBanus HaaexxHoctu UMUC. B 6aze 3nanmit UMUC TOC uccrenyeMbix 00BEKTOB
XpaHuTcs uHbopManus 00 anropuTMax (GyHKIHOHHUPOBAHUS CHUCTEMBI; METOJaX KOHTpOsI Kodddummen-
TOB A U 0. HCCIEAYyEeMbIX 00bEKTOB, IPUHATHUS PEIICHUN IPU pealnu3alii HHTEIJICKTYalbHbIX ITOPUTMOB
(¢byHKUMOHUpPOBaHUA M mporHo3upoBaHus HaaexHoctn MMHC. CoryiacHO HM3MEHSIOIIMMCS YCIOBHSAM
¢ynxuonupoBanus UNNC, napopMaimoHHOM cpeabl B cUcTeMe MPUMEHSETCs aallTUBHBIA HHTEIIEKTY-
AJBHBIM AITOPUTM, BBINOJIHAIOLUN NpOLEeyphl KOPPEKLIUN PE3yIbTaTOB U3MEPEHNN KOMIIOHEHTOB H3Me-
PHUTEIBHOrO KaHajla ¢ MCIOJIb30BaHUEM MH(GOPMALMOHHON U MaTeMaTH4ecKoi MoJenei i MPOrHO3upo-
BaHHS HaJIC)KHOCTH CUCTEMBI C YUETOM TEKyIIeH M alnpuOpHO WHPOpManuu 00 0OBEKTax HCCIIETOBAHNS,
npencrasieHHbIX B 0aze 3Hanuit UMUC. Anropurmuueckoe obecnieuenue MMNUC TOC marepuanos pea-
JM30BAHO C UCIIOJIb30BaHMUEM Pa3pabOTaHHOTO MPOrPaMMHOI0 00ecleueHHs Ha OCHOBE SI3bIKA MPOTrPaMMHU-
poBanus C++ u xommmsatopa CCS PCWH. Tlossimenue Hagesxxanoctu MNMUC ocymiecTBiseTcss METOIOM
CaMOKOHTPOJISl CUCTEMBI HAa OCHOBE JIOITyCKOBOTO KOHTPOJISL BBIXOAHOW MH(OPMAIMM KOMIIOHEHTOB H3Me-
PHUTEIBHOTO KaHalla C UCIIOJIb30BaHUEM NIPOrPaMMHOTO obecriedeHus [6, 7).
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Puc. 3. CtpykrypHas cxema MMNC s onpeiesieHus TEIUIOPU3NUECKUX CBOWCTB MaTEPHUAIOB M TPOTHO3UPOBAHUS
HagexHocTu cucremsl: TII1, TII2, ..., TII, — cucrema Tepmomnap, pa3MellieHHasl B KOHTaKTHOH o0nactu UM
U U3MEPUTENBHOTO 30HAa; i — uucio Tepmonap; AY1, Y2, .., Y, — muddepeHunanbHble yCUITUTENH;

M — KOJMYECTBO ycmuTeneit; Bb — BeraucurenpHbIi 010K, BKtogatomuii: MK — mukpokoHTpointep; MAO — Momyis
anroputMuieckoro obecrnedenust; MIIO — Moxyb porpaMMHOTo 00eCeYeHus]; MOLYIH KOPPEKIMN PE3YIbTaTOB
HM3MEPEHUs; MOAYNH pacdera u Koppekmu A u o; [| — nucneit; BYH — 6ok ynpasienus Harpesom UM
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D

OkcnepuMmeHTanbHble MccaenoBanus MNUC mo3Bonuiy MONMyduTh 3aBUCUMOCTH KOA((HUIIMEHTOB
TEIJIONPOBOJHOCTH A M TEMIIEPATYPOIPOBOAHOCTH 0 TEIUIOW3OJSILIMOHHBIX, CTPOUTEIBHBIX H JIPYTHX Ma-
TepuasioB ot Temmepatypsl A= f(T), BnaxHoctH A= f(W) um ux anmpokcumupyoume QyHKIHN
A= f(T), L= f (W), xpansmuecs B 6asze 3sHanuit MTMNC. TIpuMep 3aBUCHUMOCTEN UIT MUHEPAIBHON BaThI
MpUBENIeH Ha puc. 4.

ATNIPOKCUMHUPYIOIINE 3aBUCUMOCTH A= f(T), A= f (W) uMmeroT crneayromnmii BUI:

A=/(T)=-3,310-10"T°+1,843-10 772 +2,64-10*T +0,039 ;
A=f(W)=2,86-10"W>—4,27-10°W* +0,0019% +0,048..
A’ % BT/OrK)
0.097

0.07+

a=f()

-60 -30 0 30 60 0 12 24 36
a) 0)
Puc. 4. 3aBrcuMOCTH pe3yJIbTATOB M3MEPECHHUS TEILIONMPOBOTHOCTH MUHEPAILHOM BaThl OT TeMmepatypbl A = f(T) :

a — BnaxHoctn A= f (W) ; 6 — anmpokcumupyroue dynkumn A= f(T), A= f(W)

Ecimm A u o HE COOTBETCTBYIOT 00JIACTH JOITyCKa, TO BHIMONHSAETCS UX KOPPEKIHUS C UCTIOIH30BAHH-

€M anmpoKCUMHUPYIOLIUX 3aBUCUMOCTeH, xpansmuxcsa B B3 UNUC.

Ilocmanosxka 3adauu npoznosuposanus naoedxcnocmu UHHUC TOC mamepuanos. llpu ananutnde-
CKOM  TIPOTHO3MPOBAHWM  HM3MEpPUTENbHbIE  CHUTHAJIbl  KOMIIOHEHTOB  M3MEpPUTENIbHOTO  KaHaja
P, =(p,» Pys -+ D;), KOHTPOIUPYEMBIE B MHTEPBAJIbl BPEMEHH T, T,, ..., T,, HEOOXOIMMO OIPEIEIUTH B

HOCNEYIONINE BpEMEHHBIE HHTEPBANLI T,,, . Pemenne 3amaun nporuosuposanus Haaexxnoctd MUMC ana-
JUTHYECKUM METOAOM CBOJUTCS K (POPMHUPOBAHHIO MAacCHBa U3MEPUTEIHHONH MH(POPMAIMK MPOTHO3UPYe-

MBIX TapaMeTpoB F.., aHamu3y JaHHBIX, MOJyYSHHIO alllIPOKCHMUPYIOIIEH QYHKINH, IO KOTOPOH omnpeze-

T’
JISIeTCsl IPOTHO3UPyeMast BennunHa napamerpa Py [8-10].

Maremarndeckasi MOJIeNIb MPOTHO3UPOBAHUS M3MEHEHUS TEIIO(QU3NIECKUX CBOHCTB HCCIEIYEMBIX
MaTepUaJIOB NPECTABIEHA B BUJIE CIEAYIOUIEH aHAIUTHYECKON 3aBUCUMOCTH:

P, =AB, f(p.W.T)+3,,

rae F, ~— NporHosupyeMble mapameTpbl MaTepuaios; 4 — K09QUUHMEHT KOPPEKLUH 1aPAMETPOB TEILIO-

H30JAOUOHHBIX MAaTCPUAJIOB, PQ ~ — IapaMeTphbl 00BEKTOB IIpyu UCCIICAOBAHUU; 6PQ — INOTrpCHIHOCTDL OIIpC-

i

nenenust TOC 00BEKTOB; P — MIIOTHOCTh MAaTEPHUAIIOB.

Mopnens MpOTHO3UPOBAHMS CBOHCTB MaTeprajoB MO3BOJISIET ONMPEIEIUTh HAPaBIeHUS H3MEHEHUS
TEeIIO(OU3NIECKIX CBONCTB MATEPHAIOB MPU YCTAHOBICHWHM KadeCTBa TEIJIO3ANATHEIX TMOKPHITHI 00b-

€KTOB.
Pa3zpaboTana rpadoBas MmaTemMaTHIeCcKass MoJIeIh Iporao3upoBanus TAC matepuaiion (puc. 5).
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Puc. 5. I'padoBast MaTemaTiyeckast MOAEINb IPOTHO3UPOBAHUS COCTOSHUS TEIIO3AIMUTHOTO OKPHITHA OOBEKTOB!
S —HNNUC TOC marepuanos; D,, D,, D, — 1aT4UKH IIOTHOCTU MOKPLITU 00beKTa (p ), BIaxHocTu (W )

u TeMneparypsl (I ) COOTBETCTBEHHO; (), — NOKPBITHE 00BEKTA; /1 — BUJ MaTepuana MOKPbITUS;

V, ... V,, —uHpOpMalMOHHbIE CUTHAJIBI MEXy BepLIMHaMu rpada

B cootBercTBHM ¢ TpadoBOi MOJENBIO HA PUC. 5

0, ecmu D, nogxmoyaerca Q,,
V.=1<1,ecin D, noaximovaerca Q,,

01, ecnmn D, nmogxmrouaercs Q,.
Takum o0pazom,
NV +V+ V4V, 41, =0,
VAV, AV V440, 4, =1,
N+Vi+Vo+V, +V,+V,,+V, =01.

[Ipu mporHO3MPOBAHUK COCTOSHHS TETUIO3AIIUTHBIX MOKPHITHH OOBEKTOB MPUMEHSETCS METO]] IKC-
TPAIOJIANNY TIPH OIEHKEe OYIYIIX COCTOSHHUI Ka4ecTBa MOKPHITHI HA OCHOBE PE3yJIbTATOB HCCIIeIOBAHHIHA
KaueCTBCHHBIX IMOKA3aTeleH M CTATUCTHYECKOW CBSI3U MApaMeTPOB IOKPHITHS OOBEKTa B HACTOAIICM U
MIPOIILIIOM.

[IporHo3upoBanre MOTPEIIHOCTH TPU OMPEIEICHNH A OCYIIECTBISIETCS C MCIIOJIb30BAaHUEM ITOITY-
YEHHBIX YKCIEPUMEHTAIBHBIM IyTEM aNnmpOKCUMHUPYIOMINX 3aBUCUMOCTEH OTHOCHUTEIBLHOU MOTPEUTHOCTH
A OT MOTPEUTHOCTEN CTPYKTYPHBIX DJIIEMEHTOB B U3MEPUTEIHLHOM KaHAJI€ CUCTEMBI:

8, = f(Bmy)=0,0472(8 ;)" +0,7659(8,,) +8,0167,
8, =f(8y)=0,0388(8 )" +0,8795(5,1,) +6,9383,

8, = f(Bpu)=—0,1149(8 1)* +1,8623(8 5,y ) —0,4825 .

}‘ALII'I

Pe3yapTaTsl 1 00CyKAEHIE

Pazpaborana undopmanuonnas moaenr> UNUC TOC martepuanos, OTIUYAIONIASCS HAIAYHEM CO-
3IaHHOM 0a3bl 3HAHUH, colepxamiell HHPOPMALIUIO O MapaMeTpax pa3paboTaHHBIX MATEMaTHUYECKUX MOJe-
neit, Metonax onpeaeneHus TOC mMaTepraioB U alIPOKCUMUPYIOLINX 3aBUCUMOCTSAX TEIIONPOBOAHOCTH U
TEMIIEPaTypPONPOBOAHOCTH MAaTEPUAJIOB OT TEMIIEPATYPBI M BIIAXKHOCTH CPELIBL.

Matematrnyeckie MOAEIN MPOTHO3UPOBAHUS MCIONB3YIOTCA Ul ONPECIICHUs] HalpaBiIeHNUs U3Me-
HEHUI KOHTpoIupyeMbIX napameTpoB TOC nccneyeMbpIX MaTEPUANIOB ¢ LENBIO MOBBIMIEHUS Ka4eCTBa BbI-
ITyCKaeMON PORYKIIUU HA IPEAIPUATHH.

Pexomennyercs npumenenne MHUMC ¢ mpenioXeHHBIM MaTeMaTHYECKUM M aJrOpUTMHUYECKUM
o0ecrieueHrueM AJIsl KOHTPOJsS TeIIO(QU3NIEeCKUX CBOWCTB TEIIO3ALIMTHBIX HMOKPBITHI O0OBEKTOB, HEIpe-
PBIBHOTO WJIH NEPHOANYECKOTO MOHUTOPHHT A, aHAIIN3a U IPOTHO3UPOBAHUS YPOBHS Ka4eCTBA TEIUIOU30JII-
LIAOHHBIX MaTEPHAIIOB.
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3akArouenune

HNudopmarmorHoe obecniedeHrne ucmoib3oBado npu pazpadborke MMNC TOC marepuanos misa pea-
JM3AMMN PACYETHO-aHATUTUYECKUX (DYHKIMH U MCTIONB30BaHHS AlPHOPHBIX JIAHHBIX YIS TOYHOTO OIpeie-
snennss TOC MaTCpUajIOB U IMOBLINICHWA Ka4Y€CTBa U3TrOTAaBJIMBACMbIX MAaTCPUAJIOB HA ITPOU3BOJACTBE.

Paspaborana crpykrypras cxema MHUUC rtemnodusnueckux CBONCTB HUCCIEAYEMBIX OOBEKTOB,
BKJTIOYAIOIIas pa3paboTaHHY0 WH()OPMAIMOHHYIO MOJENb, 0a3y 3HaHWM, peaau3yrolias NpeaioNKeHHbIC
MaTeMaTHYeCKHe MOJICNTM MPOTHO3UPOBAHUS HAJCKHOCTH CUCTEMbI, HHTEIUIEKTYaIbHbIC aITOPUTMBI KOP-
PEKIMU Pe3yJIbTaTOB U3MepeHHH K03 QUIIMEHTOB TEIIO- U TEMIIEPaTyPOIPOBOJIHOCTH, YTO TIO3BOJISET I0-
BBICUTH TOYHOCTH KOHTPOJIS TEIIO(YU3NIECKUX CBOUCTB MaTepHAaJIOB.

Marematndyeckoe u WH(POPMAIIMOHHOE MOJICIMPOBAHUE, TECTOBBIH CAMOKOHTPOIb CTPYKTYPHBIX
KOMITOHEHTOB n3MeputenbHoro kanana MMMC Ha ocHOBE MPOrpaMMHOTO METO/A, AITOPUTMOB KOPPEKIMU
TEXHUYECKOTO HECOBEPIIEHCTBA U3MEPUTEILHON CUCTEMBI JUIS TOBBINICHUS] BEPOSITHOCTH 0€30TKA3HOU pa-
6oter MMNC obecrieuniio moseimenne HaaesxkHocTd UMUC TOC marepuaioB, 9TO CITIOCOOCTBYET TTOBBI-
IICHHUIO Ka4yeCTBa BBIHYCKaeMOﬁ MPOAYKIMHN Ha MPEANIPUATHHU, COXPAHCHUTIO HeO6XOILPIMOI71 TCIIIIOU30JIALINN
Y YBEITMYCHUIO CPOKA IKCILTyaTalluy TEeILIO3AIUTHBIX MOKPBITHIA UCCIICAYEMbIX 00BEKTOB.
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KAACCUOUKAIITMN HAHOMATEPUAAOB AASA TPAANITMOHHDBIX
U AAAUTUBHBIX TEXHOAOTHUIN B CUCTEME
TPAHCIIOPTHOI'O MAINIMHOCTPOEHUA
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! Camapckuit rocy1apcTBEeHHbIH YHUBEPCHTET yTeit coobienns, Camapa, Poccust
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AnHoTtanmsi. Akmyansrocms u yeay. CACTEMHBIN MOJXO0]] IPUMEHSETCS K aHAIM3Y JBOJIOIUU PA3BUTHS TEX-
HOJIOTUI ¥ CO3JJaHUsI YMHBIX IIPOU3BOJICTBEHHBIX cUcTeM. Mamepuanvl u memoowi. [lokazaHo, 4TO aJIUTHBHBIE TEX-
HOJIOTHH — 3TO TexHoJoruu 3D (4D)-neuaTn u3nenuii ¢ MOMOIIBIO TTOCTIOHHOTO JTa3epHOro (TIa3MEHHOTO, HOHHOTO U
T.JI. ) CIUTaBJICHHs W/WJIM CIIEKaHHs MOPOIIKOBBIX MaTepHalIoOB, B TOM YHCIie U HaHOMarepuasioB. [Ipemioxkena kiac-
cuUKays MOPOIIKOBBIX HAHOMATEPHUAJIOB, MPEIHA3HAYCHHBIX KaK ISl TPAJAUIMOHHBIX, TaK U JUIS aJIMTUBHBIX TEX-
HoJIOTHIT opMOOOpazoBaHus leTaeld ¢ COCTaBHBIMU AieMeHTaMu. [loka3aHo, 4To it 3 PEeKTUBHOTO MPOU3BO/ICTBA
uzgenuii ¢ momomipio 3D- u 4D-mewaty (TeXHOJIOTHIT) Heo0X0ANMa CHCTeMa TUATrHOCTUIECKOTO YIIPABICHHST KOHIICH-
TPUPOBAHHBIMU MOTOKAMH SHEPIrUU TCXHOJIOTMYECKOI0 060pyu03aﬂy1;1. AHbTepHaTHBOﬁ TpaJUIIMOHHBIM MOAXOAaM
SIBIISIFOTCSL «yMHBIE» IPOM3BOJICTBA, PaHEEe HA3bIBAEMbIC TMOKMMH ITPOM3BOJACTBEHHBIMH CHUCTEMaMu. Pesynomamol
u 66160061, OLICHUBACTCS BO3MOYKHOCTh HCITOJIBL30BAHUS «YMHBIX» MPOU3BOJCTB B PEIICHUHU MPOOJIEM CO3aHUs MPO-
n3BoacTBeHHON MHPpacTpykrypel OAO «PXK]I», mpenHa3sHaueHHOW IS MEIKOCEPHHHOTO MPOU3BOICTBA/PEMOHTA
MIOJIBHYKHOTO COCTaBa.

KiioueBble ciioBa: Ka4yeCTBO, KOHTPOJIb, JATYUKH, TCXHOJIOTUU TPAAULIHUOHHBIC U aJIUTUBHBLIC (3D—H€‘laTL),
HaHOMAaTEepHaJibl U «yMHBIE» MaTCPHUAJIbL

s uutupoBanus: [lepesepros B. I1., Kyszun H. A., IOpxos H. K. Knaccupukannm HaHoOMaTepraioB Ui TPaAUIHOHHBIX
Y aIUTUBHBIX TEXHOJIOTHH B CHCTEME TPAHCIIOPTHOTO MAITMHOCTpOoeHNUs // HagexHOCTh M KauecTBO CIOKHBIX cucTeM. 2022. Ne 2.
C. 70-77. doi:10.21685/2307-4205-2022-2-8
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Abstract. Background. The systems approach is applied to the analysis of the evolution of technology develop-
ment and the creation of smart production systems. Materials and methods. 1t is shown that additive technologies are
technologies for 3D (4D) printing of products using layer-by-layer laser (plasma, ion, etc.) fusion and/or sintering of
powder materials, including nanomaterials. A classification of powder nanomaterials is proposed for both traditional and
additive technologies for shaping parts with constituent elements. It is shown that for the efficient production of products
using 3D and 4D printing (technologies), a system of diagnostic control of concentrated energy flows of technological
equipment is needed. An alternative to traditional approaches is "smart" production, previously called flexible production
systems. Results and conclusions. The possibility of using "smart" industries in solving the problems of creating the pro-
duction infrastructure of Russian Railways for small-scale production/repair of rolling stock is assessed.

Keywords: quality, control, sensors, traditional and additive technologies (3-D printing), nanomaterials and
smart materials
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AnnutuBHble TexHonoruu (AT) — ato texuonornu AM (AF) unu 3D (4D)-newats mociaoiHOTO Ja-
3epHOro (TUIa3MEHHOTO, MOHHOTO M T.J. ) CIUIABJICHHS — CIIEKaHHS MOPOILIKOBBIX MAaTEpHAaJIOB, BKIIOYAs
KOMITO3UIIMOHHBIE ¥ HAHOKPHCTAIUIMYECKAE MaTepUalIbl, MMO3BOJISIOIINE B aBTOMATH3UPOBAHHOM IHU(PO-
BOM pEXHME CTPOUTH TPEXMEPHBIE U3/IENINS 110 KOMIBIOTEPHON MOJIENH, COKpaIIaroIliye BpeMs U 3aTpaThbl
Ha TOJIyYeHHe U3JeHsl, yCTpaHsomue Ae(eKTrl, IPUBOIAIIME K OTKA3aM M YMEHBUIAIOUINE TPYI0EMKOCTb
00pabOTKHN MaTepHuaIoB, HA3bIBAIOT TEXHOJOTHEH 5-TO MPOMBIIIUIEHHOTO YPOBH:» [1-6].

Jusa apdexTuBHOTO MpOM3BOACTBA M3AENHi ¢ ToMoIbo 3D- u 4D-nevatn (TexHOIOTHI) HEOOXO-
I¥Ma CUCTEMa JUAarHOCTUYECKOrO YIIPABJICHUS KOHLIEHTPUPOBAHHBIMU MOTOKAMU SHEPIHU TEXHOJOIHYe-
CKOTO 00OpYyIOBaHMS, OCHAIMIEHHAS OBICTPOJCHCTBYIOMNMH OCCKOHTAKTHBIMH JAaTYHKAMH (CEHCOpamH) U
HCTIOTHATEIFHEIMI OpraHaMu — OCHOBHEIX 35ieMeHTOB YIIC [4—7]. Anamu3 pabot no m3ydenuto AT mo-
CJIOITHOTO CHHTE3a METAJUINYECKUX, MOJTUMEPHBIX, METAJUIOKEPAMUYECKIX U HAHOIIOPOIIKOBBIX KOMIIO3H-
it GopmooOpazoBaHus JeTaneil (3aroToBOK) TOKa3al TPEHH HCCIIEJAOBAHUN: BHEJIPEHUE B MPOMBIIILICH-
HOCTbH BBICOKOIIPOU3BOANTENBHBIX JIA3€PHBIX M TUIA3MEHHBIX, HOHHBIX YHEPreTUYECKUX TEXHOJIOTMYECKUX
CHCTEM JJISl CTIEKaHMs M CIUIaBJICHUS METAJJIONOPOIIKOBBIX KOMITO3UIINK, OCHAIIEHHBIX O€CKOHTaKTHBIMH,
OBICTPOAEHCTBYIOIIMMH AATYMKAMHU, OCHOBBI CHCTEM KOHTPOJISl, AMArHOCTUKU U aJanTUBHOTO (MHTEIUIEKT-
HOTO) YTIpaBJICHUS ANbTEPHATUBHBIMU (THOPUIHBIMH) TEXHOJIOTHAMH, 00ECIICUNBAIOIINX HAJAEKHOCTH 000-
PYZIOBaHHS ¥ Ka4eCTBO MPOIYKITUH (IeTajei, y3oB, arperatoB) B ycioBusx YIIC [4-9].

OO0muM TpeOoBaHHWEM K IOPOIIKOBEIM MarephaiioM uisi TexHojoruii AM (AF)-mammue sBrisercs
chepuueckasi ¢popMa yacTul, 00ECICUNBAIOIIAS KOMIIAKTHYIO YKJIAAKY YaCTHIl IIOPOLIKA B OIpPEIEIIeH-
HBIH 00BEM, a TAKXKE «TEKy4eCTh» IOPOIIKOBOW KOMIO3UIMN C MUHUMAJIBHBIM CONPOTHBICHUEM B CHCTE-
Max MOJa4yd MOPOUIKOBOro MaTeprana. MeToAbl MOJyYeHHs MOPOIIKOBBLIX MaTepPHAJIOB Pa3AeisIioT Ha
¢puzuko-xumMHueckne u Mexanndeckue. K ¢puznko-xuMuyecKuM OTHOCSAT METOJIBI, CBSI3aHHBIC C (pu3H-
KO-XUMHYECKHMH MPEBPALICHUSMI UCXOJHOTO CBIPBS, MPH 3TOM XUMHUYECKHH COCTaB M CTPYKTypa KOHEY-
HOT'O MPOAYKTa — MOPOIIKOBBIM MaTepHal — CyLIECTBEHHO OTJIMYaeTcs OT MCXOJHOro marepuana. Mexa-
HUYeCKHEe MeTOAbl 00eCleunBalOT MPOM3BOACTBO MOPOIIKOBOIO MaTepualla U3 ChIpbsi 0e3 HW3MEHEHUs
XMMUYECKOr0 COCTaBa C IOMOLIBIO pa3Moja B MeJIbHHIAX, a TAKXKe JUCNEPrupoBaHue (aToMu3anus )
nporecca. YacTuipl MOPOLIKOB, MOJMyYaeMbIX IIyTEM pa3Molia, UMEIOT HepaBUIbHYIO (opMy U comepikar
MIPUMECH U MPOAYKTHI H3HOCA U IPUMEHSIOT B TPAJULMOHHBIX TEXHOJIOTHAX (hopmooOpa3oBaHus AeTaseil.

IlopomkoBbie MaTepuadbl ( MOPOIIKH) — CHITyYHe MaTEepHAIIBl C pa3MepoM dacTuil a0 1,0 MM —
KJIacCH(pUUUPYIOT TI0 pa3zMepaM gacTun (nquametp d):

1) nanoaucnepcnsie : d < 0,001 Mkm;

2) yastpagucnepcusie: d = 0,01-0,1 Mxwm;

3) BoicokoaucnepcHbie: d = 0,1-10 MkMm;

4) menkue: d = 10—40 Mxm;

5) cpennme: d = 40-250 MkwMm;

6) kpynnsle: d = 250-1000 mxwM [8].

B agmutuBHEIX FM (AM) TEXHOIOTMUECKNX MAaLIMHAX HCIOJB3YIOTCS MOPOIIKU Pa3IMYHOTO (pak-
LMOHHOTO COCTaBa C ONpPEEJICHHBIM IepeyHeM MaTepraioB. OTCYyTCTBHE CTAHIAPTOB HA IMOPOIIKOBBIEC Ma-
tepuaisl i1 AT 1 METOOB OLIEHKH KadecTBa (KOHTPOJIb U JUArHOCTHKA) CBOMCTB MaTepHaJIOB, 3aTPy IHI-
€T UX IPUMEHEHHE U3-32 AHU30TPONHUHU, BOSHUKAIOIIEH IIPH [TOCIOHHOM NPUHIUIIE CO3JaHNs AETallH.

OnHMM M3 TPEHIO0B Pa3BUTHUS MAIIMHOCTPOCHHUS U MaTepHUAJIOBEACHUS SBISIETCS pa3padoTKka HOBBIX
MIOPOIIKOBBIX HAHOMATEPUAJIOB U I'MOKUX TEXHOJIOTHH UX MoJy4eHus u oopadorku [1-7, 10, 11], co3na-
HUS Ha UX OCHOBE MIPOrPaMMHPYEMBIX MaTEepHUaIOB U KOMIIO3UTOB.

K nHanomatepmasaM OTHOCAT JHCIIEpCHBIE U OObeMHBbIE (MacCHBHBIE) MaTEpUAIIBI, COJEpKallne
CTPYKTYPHBIE 3JIEMEHTHI (3epHa, KPUCTAJUINTHI, OJIOKH, KJIACTEPHI), TEOMETPHUUECKUE Pa3Mepbl KOTOPBIX HE
npesbrmaT 100 HM, 1 00agaroNFie HOBBIMA CBOWCTBAMHM, HATMINE KOTOPHIX OOECTICUNBACT TIOSBIICHUC
Ka4eCTBEHHO HOBBIX MEXaHMUYECKHX, XUMHUYECKHX, (DU3NYECKUX CBOICTB, ONpENENIIEMBIX HPOSBICHUEM
HaHoMacmTaOHBIX (akTopoB [1-7, 10-14], QyHKIMOHANBHBIX W SKCIUTyaTAllHOHHBIX XapaKTEPUCTHUK.
JIro0ble npeoOpa3oBaHusl BELIECTBA HA HAHOMETPOBOM YPOBHE COCTaBIISIIOT HAHOTEXHOJIO0IMH, o0ecIie-
YHBAIOIINE BO3MOXKHOCTh ITyTEM KOHTPOJIS CO3/1aBaTh HaHOMAaTEepHalbl, a TaK)Ke OCYLIECTBIATh UX MHTE-
rpalyio B Ha/JCKHO (PYHKIMOHHMPYIOLIME CIIOKHBIE, yIpaBlisieMble TUHAMHUYECKHE cUCTeMHI [2, 4-7, 9].
B oTnuumne ot TpaAHIMOHHON TEXHOJIOTUH sl HAHOTEXHOJIOTHH XapaKTePeH «MHIUBHIYaIbHBIH» TOAXO,
[P KOTOPOM BHEIIHEE yNpaBJICHHE JOCTHTAeT OTAEIBHBIX aTOMOB M MOJIEKYJI, YTO MO3BOJISET CO37aBaTh
U3 HUX «0e3nedeKTHbIe» MaTepHajbl ¢ MIPUHIUIIHAILHO HOBBIMH (DU3UKO-XMMUYECKUMH M OHOJIOTHYECKH-
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MH CBOMCTBaMH, HOBBbIE KJIACCHI YCTPOKMCTB C XapaKTepHBIMH HAHOMETPOBBIMU pasMepamu. AHanmu3 AT
MO3BOJISET BBIJCIIUTh B HEW PsiJl BAKHEHUIITNX HAIPABICHUN:

1) MoneKkyJsIpHBIN AU3aiiH;

2) matepuanoBeneHue (coznanne «0e3neeKTHRIX» BEICOKOIIPOYHBIX MaTepHAIIOB);

3) npudopocTpoenue (Co3JaHHE CKaHUPYIOIIUX TYHHEJIBHBIX MHKPOCKOINOB, aTOMHO-CHJIOBBIX U
MarHUTHBIX MUKPOCKOIIOB, MUHHATIOPHBIX CBEPXUyBCTBUTEIBHBIX JATYUKOB, HAHOPOOOTOB H T.1I.);

4) 31eKTPOHUKA (KOHCTPYHPOBAHME HAHOMETPOBOH deMeHTHOU 6a3nl 1yt 9BM — HaHOIIPOBOOB,
TPaH3UCTOPOB, BBHITPSIMHUTENEH, TUCIIEEB U T.1I.);

5) onrTuka (Co3JaHUe U CUHTE3 CHCTEM C HaHOJIa3epaMH);

6) reTeporeHHbIH KaTAIU3;

7) MeauUMHA;

8) Tpmubosorus (onpeeeHne CBI3H HAHOCTPYKTYPHl MATEPUAIOB U CHUJI TPEHUS JUI U3TOTOBJICHHS
nap TpeHus);

9) ynpasisieMble siiepHbIe PeaKIiu.

Knaccuguxayua nanomamepuanos 0is CIONHCHbIX CUCEM Hpedcmasisem cobou CO80KYNHOCHb
Knaccuguxkauyuu nanomamepuanoea 1 pooa (no ocnosHviM Kamezopusm) u Kiaccuguxauyuu 2 pooa
(cTpyKTypa HAHOMATEPUAIIOB [0 KPUCTAUIUTAM) .

Knaccugpurayus nanomamepuanog 1 pooa no 0CHOBHbIM Kame2opusam:

1 xaTeropusi — Marepualbl TBEPABIX TN, pa3Mepbl KOTOPHIX B TPEX KOOPAMHATAX HE MPEBBIIIAIOT
100 am. K HEM OTHOCSTCS HaHOpa3MepHbIE YaCTHUIBl (HAHOIOPOLIKH), HAaHOMPOBOJIOKH M HAHOBOJIOKHA.,
TUIEHKH TonuHOi MeHee 100 HM, KOTOpbIe MOTYT COJIEPKaTh OT OJJHOTO CTPYKTYpPHOT'O 3JIEMEHTA WM KpH-
CTAUTATA (T YaCTHIT ITOPOIIKA) O HECKOJIBKHUX WX CIIOEB (IS IICHKH), T.€ MOYKHO KJIACCU(PHUITIPOBATH KaK
HaHOMATEPHAITBI C MAJIBIM YUCIIOM CTPYKTYPHBIX 3JIEMEHTOB WIIM HAHOMAaTEepUANbl B BHJIE HAHOU3ICIUH.

2 KaTeropusi — MaTepuaibl B BUae M3AeIuid ¢ pasmepoM 1 MKM...1 MM (IIpOBOJIOKH, (osibra) u ux
MOYHO KJIAacCH(PHUIUPOBATH KaK HAHOMAaTEpUAIbl C OOJBIIUM YHCIOM CTPYKTYPHBIX 3JIEMEHTOB (KpUCTaJ-
JUTOB), W HAHOMATEPHUAJIBI B BH/Ie MUKPOU3/IeJIHIi;

3 kaTeropusi — 00beMHBIE HAHOMATEPHAIIBI C pa3MepaMyu H3JIEIHA U3 HUX B MaKpoAHarazoHe (MM),
cocTosmre 13 OOJNBIIOTO YHCIIa HAHOPA3MEPHBIX AJIEMEHTOB (KPHCTAJUIUTOB) M SBIISIFOILIUXCS TTOJUKPH-
CTANIMYECKUMH MaTepuajaMu ¢ pazmepoM 3epHa 1...100 HM, KOTOpBIE YCIOBHO MOXKHO Pa3eiuTh Ha JBE
rpynnel. B rpynmy 3.1 BXoaar onxHo(a3Hble MaTepUaNbl, CTPYKTYPa U XUMHUYECKUH COCTaB KOTOPBIX H3Me-
HSeTCS 10 00beMy MaTepuana TOJBKO Ha aTOMHOM YpOBHeE [3—8] 1 KOTOpbIe HaXOAATCSl B HEPAaBHOBECHOM
COCTOSIHMH (B cocTostHMU cTekna). K rpynme 3.2 OTHOCATCS MUKPOCTPYKTYPHO HEOTHOPOIHBIE MaTepHaIbI,
COCTOSIIIIME U3 HAHOPAa3MEPHBIX AJIEMEHTOB (KPHUCTAILIUTOB, OJIOKOB) C PA3IMYHON CTPYKTYpPOH M COCTAaBOM
Ha OCHOBE CIIOKHBIX METAJUIMYECKUX CIUIABOB. Bmopas u mpemusa kamezopuy HAaHOMATEPUAIIOB SBIISIOTCS
HaHoKpucmaniuyecKumu U Hanogazuvimu mamepuamu [10].

K 4deTBepToii KaTeropuu OTHOCATCS TMOPIIKOBBIE KOMIO3UIIMOHHBIE MaTepuanbl (KM), comepxa-
i€ B CBOEM COCTaBE KOMITOHEHTHI N3 HAaHOMAaTepHajoB, OTHECCHHbIE K MePBOi KaTeropuu (KOMITO3UTHI
C HAHOYACTHIIAMH W/WJIM HAHOBOJIOKHAMH, W3JIENHS C M3MEHEHHBIM MOHHOW MMILIAHTAlMEH MOBEPXHOCT-
HBIM CJIOEM WJIM TOHKOH IJICHKOH) U BTOPOH KaTeropuu (KOMIO3WUTHI, YIPOYHEHHbIC BOJIOKHAMH W/WIIN
YaCcTHIIAMU C HAaHOCTPYKTYpOW, MaTepHaibl ¢ MOAW(MUIIMPOBAHHBIM HAHOCTPYKTYPHBIM MOBEPXHOCTHBIM
CJI0€M WUIM TIOKPHITHEM), a Takke KM Cco CIIO)KHBIM HCIIONh30BaHUEM HAaHOKOMITOHEHTOB. Kiaccupuka-
U HAHOMATEPHAJIOB 2 Poja M0 KPUCTAJJIMTAM COJIEPKUT CBONCTBA (IIPU3HAKH), KOTOPBIE OTpenes-
IOTCSl XapaKTepoM pachpezenenns, GopMOH M XMMHYECKHMM COCTaBOM KPHCTAJUINTOB (HAHOPa3MEPHBIX
3JIEMEHTOB), U3 KOTOPBIX OHHM COCTOAT (Tab. 1).

ITo ¢popme KpUCTANIUTOB HAHOMATEPHAJILI MOXKHO Pa3/IesIUTh Ha:

1) ciaoncThie (IMIaCTHHYATEIC);

2) BOJIOKHHUCTEHIE (CTONIOYATEIE);

3) pasuoocHsIe [3, 10-13].

TonmuHa citosi, TaMeTp BOJIOKHA U pa3Mep 3epHa cocTanister nopsaka < 100 Hm.

Mo xuMHYECKOMY COCTABY KPHCTALUTUTOB U MX TPaHUI] HAHOMAaTEpUabl MOXKHO KIaCCH(PHUIIUPOBATH
Ha ueTsIpe rpynmsl [1-3, 10-13]:

1) HaHOMaTepuanbl, Yy KOTOPHIX XHMHUYECKHHA COCTaB KPHCTAIUTOB W TPAHUIl pa3fesia OJWHAKOB
(omHOa3HKIE): YUCTHIE METAUIBI C HAHOKPUCTANIMYECKOH PABHOOCHOM CTPYKTYPOU M CIIOUCTHIE TIOJIHKPH-
CTaJUIMYECKUE MTOTUMEPBI;

2) Marepuaibl, Y KOTOPBIX XUMHUYECKHI COCTaB KPHUCTAIUINTOB PA3JIMYEH, HO TPAHUIIBI SBISIOTCS
WUJICHTHYHBIMH 110 XUMUYECKOMY COCTaBY;
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3) HaHOMAaTepHaNbl, y KOTOPHIX KaK KPUCTAJUIUTHI, TAK U TPAHULIBI UMEIOT Pa3IMYHBIA XUMUYICCKUAN

4) HaHOMATCEpHAJIbl, B KOTOPBIX HAHOPA3MEPHBIC YaCTULbI, BOJIOKHA, CJIOU paClIpeACJICHbI B MATPHUILIC,

HUMeEIOoLIEN JPYyrol XMMHUYECKUI COCTaB.
OcCHOBHBIE METO/IbI TOTYYEHHSI HAHOKPUCTAJUIMYECKUX MaTepHrasioB st AT mpeacrasieHs! Ha puc. 1.

Tabmuma 1
OCHOBHBIC THITBI CTPYKTYpHI HaHOMaTepuanos [1-3, 5, 6, 11]
PLAPANTEDY [PACH [HE SE HH KPMLTAIHTIOE MATPHYHOE
COCTAR COCTEM COCTAD HFHETilLIH TR
. KPFRC TR 0% KPHCTARAHTOR | B EPHCTAMIMITE | DRCTIPEACICHN
XHMHUCCKUH COCTILE W IpaRan prcai W A AN
OIHHBXRB A IIfYH LU LA He PRTMNHL B APy Mo COCTIRE

COUTARS I PdHHLL

DopMa KPHCTAINIATON;

s

Caoucran

BonoEwaeTas

Parmoocuan

(OCHOBHBIE METO/IbI MOJIYHYCHUS HAHOMATCPHAIOB

I i

MeTonsl HHTEHCHBHOH
NIacTHueC hC‘."I'FI J'Et’![l)ﬂph‘lﬂl 1IHH

MeTons! nopowkoBoii
METAANY PN

[

Metoiet ¢ HCMONLIOBAHHEM
amopdrzawin

TIoBEPXHOCTHBIE TEXHONOTHII

\

KomMnnekcHsie MeToOab

Puc. 1. OcHOBHBIE METOABI OTyYEHU HAHOMATEPHAJIOB

MCTO,Z[LI HOpOHJKOBOﬁ MCTAJIIIYPrun MO3BOJIAIOT MNOJYYUTh MOPOIIKOBBIC MAaTCpHAJIbI C YIIpaBJIsAC-
MBbIMH XAPAKTCPUCTUKAMU: MCXAHUYCCKUMHU, MATrHUTHBIMH, TCXHOJIOTUYCCKUMHU U IpP., a U3ACIUA U3 HUX

HCIOJB3YKTCA B TPAHCIIOPTHOM MAallIMHOCTPOCHHUU
1) MEXaHNYCECKOC U3MEJIBYCHUC MCTAJUIOB B BUXPEBBIX, BI/I6paI_[I/IOHHBIX 1 MapOBbIX MCJIIbHULAX U T.[.;
2) PpacClibICHUC pAaCIUIaBOB JKUAKUX MCETAJJIOB B CPEAC MHCPTHBIX Ira30B IJIA 3(1)(1)€KTI/IBHOFO OYHIIC-

HUS paciulaBa OT MHOTHX ITPHMECEH TIPH BBICOKOW MPON3BOAUTEIHHOCTH W AKOHOMHUYIHOCTH TIPOIIECCa;
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3) DAEKTPOIUTHIECCKUI METO/T;

4) crienualIbHBIC MMOPOIIKH, TOyYaeMbIe OCAXKICHUEM, HAyTJICPOXKUBAHUEM, TEPMUICCKOM JTUCCOIIH-
aren IeTy4Ynx CoeAMHEeHNH (KapOOHWIBHBIM METO/T) U APYTUMH criocobamu [4-9].

MeTozp! ¢ HCTIONB30BaHNEM aMOP(H3AIIH [TO3BOJIAIOT MOMydaTh aMOp(HBIE METATHIECKHE CIUIa-
BbI, SBJISIOLINCS HOBBIM NEPCIEKTUBHBIM MaTepHaIOM IyTeM CBEPXOBICTPOTrO OXJIAXKACHUS MaTepuana u3
ra3000pa3HOT0, JKUAKOTO MM MOHU3UPOBAHHOTO COCTOSHUA. CyHIECTBYIOT METOABI TIONyUeHHsS aMOP(PHBIX
craBoB [13]:

1) BBICOKOCKOPOCTHOE MOHHO-IUIA3MEHHOE U TEPMUYECKOE HANBIJICHHE MaTepraja Ha OXJIaXIaeMyIo
SKUJKAM a30TOM Ha MOJUI0KKY MO3BOJIAET MOJIyYaTh CJIOU TONIIUHOMN 10 5 MM;

2) XUMHYECKOE€ WIIH JJIEKTPOIUTHYECKOE OCAKICHIE NOHOB METAJNIOB Ha TIOJIOXKKY

3) onaBieHne TOHKUX MTOBEPXHOCTHBIX CIOEB AeTajel Ja3epHbIM JTy4OM;

4) nazepHast 00paboTKa cMecH MOPOILIKOB MPH OBICTPOM OTBOJE TEIJIa OT PACILIABA;

5) 3aKanka U3 )KHJIKOTO COCTOSHUS H T.1.

Metoapl TTO3BOJISIT TOTy4YaTh aMOpdHBIe cIaBhl [13] mpu Mpou3BOACTBE JICHT, (GOJBT U MPOBOJIOK
toyuHoi 70 100 MM u mupuHoi 10 200 MM. BO3MOXHOCTh TIOIy4YeHHST aMOP(PHOTO COCTOSHUSI OIIpeie-
JISICTCSI XUMHYECKUM COCTaBOM M CKOPOCThIO oxJaxkneHus [3, 13, 14]. AMopdHOe cOCTOSHUE CIUTaBOB SB-
JISIETCST METaCTaOMIIBHBIM, MO3TOMY TIOCIE aMOp(U3allii YacTO MPOBOIAT OTXKHI, B IPOILECCE KOTOPOTO
YaCTHYHO MPOUCXOIUT Mepexoll K Ooiee cTabMIIbHOMY HAHOKPHCTAIUINYECKOMY COCTOSIHUIO aMOp(pHU3UPY-
IOIIMXCA CIUTaBoB. [Jis mosxy4eHust aMop(HOTO COCTOSHUSI IPOBOJIAT MPeIBAapUTENbHYI0 00paboTKy (BBICO-
KOCKOPOCTHAsI 3aKaJIKa) 3aT0TOBOK: 00beMHO-aMOP(U3UPYIOIINXCS CIIABOB HA OCHOBE )KeJie3a, BO3MOXKHO
MOJTydYeHNe HaHOKPHUCTAINTUYECKON WM amMOp(pHO-HAHOKPUCTAIUIMYECKOW CTPYKTYPBI HenoCpeoCimeeHHO
npu 3aKaiKe pacniasd co CKOPOCTBHIO OXJIAXKICHUS HEMHOTO HHMKE KPUTHUECKOW CKOPOCTH 00pa3OBaHMs
amop¢Horo coctosHus [3, 7-14]. Jns moydeHus: HAHOCTPYKTYPBI UCIIONB3YETCS KOHMPOAUpyemas Kpu-
CMAnIU3ayuss CNaA8o8 Uz amopghroco cocmosnus pu TepmMoodpadoTtke [14], moaydeHne HAHOKPHUCTAIIIN-
YEeCKOHM CTPYKTYPBI ITyTEM UHULUAYUU NPOYECCO8 KPUCMATTUZAYUU 8 npoyecce 0epopMuposanus amopgp-
HO20 Mamepuana.

MeTopl MONy4YeHHsT HAHOCTPYKTYPHBIX MaTepuaJioB (puc. 2) ¢ UCIOIh30BAaHHEM HHTEHCHBHOI
miactuueckoii gepopmanun (UII1A) otHOCsTCS K 00paboTke MaTepuanoB nasieaueM (OM/I) u ocHoBa-
HBI Ha IIACTHYECKOM JTe(hopMaIiui ¢ OONBITUME CTEIICHSIMHU Je(OpPMAIlMK B YCIOBHUAX BBHICOKHX JaBIICHUH,
KOTJIa MTPOUCXOANT CHUJIbHOE M3MEIhbUeHHE MUKPOCTPYKTYpPHl B METalIaX W CIUIaBaX 0 HAHOPa3MEPHOIO
muanasona [3, 10, 11]. Memooom UIIJ] kpyuenus noo evicokum dasieHuem U3MEITbYACTCS CTPYKTypa MaTe-
puana nocie aedopmanuu obpasna. OOpa3oBaHHe YIBTPAMENKO3EPHUCTON CTPYKTYPHI C pa3MepOM 3€peH
100-200 aMm (puc. 2,a) onpenensieTcss yCIOBUAMH JedopMaui — AaBlIeHHEM, TEMIEPATyPOH, CKOPOCTHIO
nedopmar 1 BUAOM oOpabaTeiBaeMoOTo MaTepuana. Memoo pasHOKAHAILHOZO Yelo8020 NPeccOB8aAHUs
(puc. 2,6), OCHOBaHHBIH Ha UCIOJb30BAaHUU JIe(HOPMAIUU CABUIOM, (POPMUPYET YJIbTPAMEIKO3EPHUCTYIO
CTpYKTypy B auanaszone ot 200 go 500 um [10].

e

a) 0)

Puc. 2. Cxema MeTOZI0B HHTEHCHBHO# I1actuueckoit negopmartuu (UI1J]):
a — METOJI KpyUYeHHS 110J1 BBICOKUM JaBJICHUEM; O — METOJ] PaBHOKAHAJILHOTO
YIJIOBOTO NPECCOBaHMs; / — BEpXHUH IMyaHCOH; 2 — oOpasel; 3 — HWKHUI IyaHCOH; 4 — 3ar0TOBKa
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PaspabarsiBatorcst metoas UI1Jl na KIIIM ynapHoro neifictBus (MOJIOTHI, BUHTOBBIE TPECCH) U CIIe-
nuanbHasg NpoKaTKa, KOTOpBIE TOJKHBI OTBEYaTh TPEOOBAHUSIM:

1) popmMupoBaHUS yIBTPAMETKO3EPHUCTHIX CTPYKTYP JJIsl KAYECTBEHHOTO M3MEHEHHUsI CBOMCTB Marte-
pHaoB;

2) obecrieueHust CTaOMIILHOCTH CBOWCTB HAHOMATepHaa;

3) oTCYyTCTBHA MEXaHUYECKUX TTOBPEXKICHUHN U TPEIIHH.

HanocTpyKTypHBIE MaTepHalibl COAEPKAT B CTPYKType OO0IbIIOE KOJIMIECTBO TPAHUI] 3€pEH, POPMHU-
PYIOLIMX HX HEOOBIYHbIC (PU3MUECKHE M MEXaHMUYECKHE CBOWCTBA, BBICOKYIO MPOYHOCTh W YHUKAIBHYIO
IUTACTUYHOCTH. MeTOAbI OTy4YeH!s] HAHOMaTepUaIOB C MCIIOIb30BAHUEM TEXHOJIOTHI 00pabOTKH MOBEPX-
HOCTH MaTepHajoB ITyTeM CO3JIaHUS Ha MMOBEPXHOCTH MATEPHAJIOB MOJU(PHUIIMPOBAHHEIX CIOEB pacCMaTpH-
BAaIOTCS KaK METO/Ibl HAHOTEXHOJIOTHH, TaK KaK MMO3BOJISIOT CO3/1aBaTh HAHOPa3MEpHbIE M HAHOCTPYKTYPHBIE
CJIOM Ha MTOBEPXHOCTH MaTEPHaIOB, KOMIO3ULMOHHBIE MaTepHalbl C HAHOKOMIIOHEHTAaMH, a B PAJE CIIydaeB
Y HaHOMAaTepHualbl B BUJe HAHO- U MUKpou3ennid. JlaHHbIE METOIbI MOYKHO TIOJIPa3/IeUTh Ha JABE TPYIIIIHL:
TEXHOJIOTUW, OCHOBAaHHBIE Ha (PM3NIECKUX M XUMHUYECKHX mnporeccax. Cpeas HaHOOPHEHTHPOBAHHBIX TEX-
HOJIOTHI 00paOOTKH MOBEPXHOCTH MEPCIIEKTUBHBIMHE SBIISIOTCS MOHHO-BAKyYMHBIE TEXHOJIOTHH HAHECCHHUS
nokpeITUil. [lodydeHHbIe con OTINYal0TCsl BBICOKOH afaresueil, a TeMnepaTypHoe BO3/ACHCTBHE Ha MaTepH-
aJ OCHOBBI MHHHMMaJbHOE. PazMep KpHUCTAIUIMTOB B TUICHKAX, MOJTYYCHHBIX MO TEXHOJOTHSIM BaKyyMHOTO
HaHECEHHs, MOXKET JocTurath 1-3 um [§, 14].

KommnexkcHble METOABI MOMyYeHNs HAHOMAaTepHallOB UCIIOJIB3YIOTCS MOCIEAOBATEIbHO (Mapaliesb-
HO) B Pa3HBIX TEXHOJIOTHUAX, PACCMOTPEHHBIX paHee.

CuHTE3 KOMITBIOTEPHOTO MOJIETMPOBAHNS U MaTE€PHAJIOBEICHIS TIO3BOJIIII CO3[aBaTh MPOTPAMMUPY-
eMble YMHBIE MaTepHalibl HA OCHOBE HAHOMATEPHAaJIOB, U3 KOTOPBIX M3TOTABIMBAIOTCS U3ENUs, CIOCOOHBIE
K CaMOOpTaHW3allii, U3MEHSS TIPU STOM CBOM (OpMy ¥ CBOWCTBA (PYHKINM) TPU BO3NEHCTBHU SHEPTHU
(cBeTOBOM, TEIIOBOM | T.A.), Oarogaps TOMy, YTO B HUX 3allpOrpaMMHUPOBAHBI OIIpe/IeIIeHHbIE CBOICTBA,
peanzyemble TeXHOJIOTHEH yeTbipexMepHoit (4D) neuatsio. TexHomorus 4D-nipunTep ABIsSETCS MOABUAOM
aaguTUBHBIX TexHoJorud (AT) ans co3maHust caMOCOOPHBIX TEXHOJOIMYECKHX CHCTEM Ha OCHOBE IPO-
rpaMMUPYEMBIX HAHOMATEPHUAJIOB U BKITFOYAeT alnropuT™ 4D-meyarn:

1) 3D-mipuHTEp CO3Aa€T OOBEKT IMyTEM MOCIOMHOTO paclpeieNieHUs] MaTepHraa;

2) Ha BBIXOJI€ MBI MIOJTYYaeM H3JeNIne HyKHOW KOHDUTYpaLiH;

3) B 9TOM 0CcOO€HHOCTHh 4D-mevyat — HameyaTaHHbIE TaKUM 00pa3oM u3nenus (TakKe CO3IAI0TCs
CJIOH 3a CJI0€M) MOTYT 4Yepe3 OmIpeeNleHHBI POMEXYyTOK BPEMEHH MEHITHh CBOM (POpPMY M CBOICTBA IO
JIEWCTBUEM SHEPIUU;

4) u3nenwsi, U3TOTOBJICHHBIE TEXHOIOTHEH 4D-MpHHTEPOM U3 MPOrPaMMHUPYEMBIX MAaTEPHAIIOB, MO-
TYT cOOMpAaTh (BBHICTPAWBaTh) ceOs caMM, TIPEBPAIIaTh OJHU U3IEIHS B IPYTUe WIM MCHATH X CBOWCTBA 110
Mepe HaJ00HOCTH ¢ TOMOIIBIO OCBOCHHBIX TeXHOJIOTHI — 3D-nipunTepoB [4—6].

PazpaboTka nmporpaMMupyeMbIX YMHBIX MaTepHajOB Ha OCHOBE HAHOMATEPUAJIOB TIO3BOJIUT CO31ATh
poOOTH3MPOBaHHBIE MUKPOCKOITMYECKHE CUCTEMBI C TTOMOIIbI0 4D-mevat, cnocoOHBIX MEHATH CBOIO (hop-
My u ¢yHKIuU. Eciam B mportecce 00beMMHEHNS TEXHONIOTHH 4D-11edaT 1 HaHOMAaTepHAIOB B OOBEKT (13-
JieTiie) BHEAPUTD «yMHBIE» MaTepHalbl, TO Ha BBIXOJE MOIYy4aTcsi MHOrO(pYHKINOHAIEHBIE HAHOKOMITO3H-
THI, CIIOCOOHBIE W3MEHSATh CBOM CBOWCTBA TMPH BO3JEHCTBHM HAa HHUX DJIEKTPOMATHUTHBIX BOJH
(yneTpadmoneToBoe M3MydeHne). B xoe SBOMONNN TaKMX MAaTEPHAJIOB MOSIBUTCS HOBBIN KIIACC ATINKOB
IUIsl BCTPAUBaHUS B TEXHMUYECKHE CUCTEMBl KOHTPOJISA U AHATHOCTUKHU TTapaMeTpoOB MHKpOTeXHoNoruid. Tex-
Hojnorusa 3D-mpuHTEpa MO3BOJSET «BBIPACTHTHY HU3AEIHE, CIOCOOHOE MEHATH CBOM (OPMBI, (DYHKIHUU H
HazHadeHHnd. JJI 3TOTO HYXKHO «3aJ0XHTHb» B YNPABIAIOIINE MPOTPAMMBI aJTUTHBHOTO 000pPYyIOBaHUS
JaHHBIC O CBOMCTBAX MPOTPAMMHUPYEMBIX MaTEPUAIOB U O TpaHCHOPMAIIUIX, KOTOPBIE JOKHBI IPOU30UTH
C «BBIPALICHHBIMY U3JICIHEM.

3akArouenue

1. AHamu3 agaUTUBHBIX TexHoJoruu 3D (4D)-mocmoitHOTO CHHTE3a METaUTMYECKHUX, METAJLIOKe-
pPaMHYECKHUX W HAHOCTPYKTYPHPOBAHHBIX MOPOIITKOBEIX KOMIO3UIIHKA (hOopMOOOpa3oBaHus AeTaleH moka-
3aJ1 TPEH]I BHEAPEHUS B MPOMBIIIIEHHOCTh BEICOKOIIPOU3BOUTEIBHBIX JIa3€PHBIX, MJIA3MEHHBIX U HOHHO-
IJIAa3MEHHBIX TEXHOJOTHUYECKUX CHUCTEM IUIS CIEKAHWS W CIUIAaBJICHHUS METAJUIOTIOPOIIKOBBIX «yMHBIX)
KOMIIO3UIIAM, OCHAIEHHBIX CHUCTEMaMH KOHTPOJSA, AUArHOCTHKA W aJalTHBHOTO (MHTEIUIEKTHOTO)
YIPaBJICHUS TEXHOJIOTHSIMH, OOCCICUHMBAIOIIMX HAJICKHOCTh O0OPYIOBAaHUS U KA4eCTBO IMPOIYKIUU B
ycnoBusax YIIC.
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2. Knaccudukanus HaHOMATEPHUAIOB SBISIETCS OCHOBOW CO3JaHHMS KOHTPOJIHMPYEMBIX TEXHOJOTHH

MPOrPaMMHUPYEMBIX ITOPOIIKOBBIX MAaTEPHAIOB, HCIOJIb30BAHHE KOTOPBIX B TeXHOJIOTUsIX 4D-mevatn mos-
BOJIUT CO37[aBaTh CaMOCOOpPHBIE TEXHOJIIOTHUECKHE CHUCTEMBI (JaTYNKH, POOOTHI) B TPAHCHIOPTHBIX CHCTE-
MaX, UMCIOIIUX CIEeIUANbHbIC CBOWCTBA: aHTU(PUKIIMOHHBIC JICTANN Y3JI0B TPEHHSI MPUOOPOB M MAIIIHH,
KOHCTPYKITUOHHBIC U AJICKTPOTCXHUUYECKUE JCTATH JJIS DJIEKTPOHHOW M PAJUOTEXHUYECKON MPOMBIIILICH-

HOCTH.
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AEAUTEAD HATIPSDKEHU BBICOKOBOABTHBIN
AHB-201 AASI ITUPOKOITIOAOCHBIX
NHOOPMAITMOHHO-USMEPUTEABHBIX CUCTEM

A. C.Mabnn', U. A. Kapues?, A. I1. Boponos?

' Tlensenckuii rocynapcTBeHHsI yHuBepentert, [ensa, Poccns
123 Hayuno-nccie10BaTebCKyii HHCTHTYT 3MEKTPOHHO-MEXaHHYeCKHX prubopos, [Tensa, Poccus
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AHHOTanus. AkmyanvHocms u yeau. AKTYyallbHOCTb IPUMEHEHUS JIeJIUTENIeH HapsHKEHUH BBICOKOBOJIBTHBIX B
MH(pOPMALIMOHHO-U3MEPUTEIBHBIX CUCTEMAX OINpPEIEIsIeTCs] MUPOKUM NPUMEHEHHEM BBICOKHUX HAIPSDKEHUI B pas-
JUYHBIX cepax 4YeloBEYeCKOW NesTenbHOCTH. KOHTpOJIb MMIYJIBCOB BBICOKMX HANpsOKEHHH BBI3BIBAET HEOOXO.M-
MOCTb IPHUMEHEHUsI IUPOKOIOJIOCHBIX JlenuTeNnell HanpsbkeHui. Llenbio paboThl sIBISETCS O3HAKOMIICHHE C COBpE-
MEHHBIM OTEUECTBEHHBIM JENIUTENEM HampsKeHUH BbICOKOBONBTHBIM JIHB-20M u pesynpraraMu €ro HCHBITAHHM.
Mamepuaner u memoowi. Meton MaciiTabHOro npeodpasoBanusi. Pezyaismamut. [IpuBeeHo onycaHue U pe3yibTaThl
ucnblTanui genutens HanpspbkeHus JJHB-201. Buigod. [Jenurens HanpsbkeHuit BeicokoBonbTHEIN JJHB-20U cooTtBet-
CTBYET 3asBJICHHBIM JaHHBIM U MOXXET HCIIOJIb30BATHCA Ul KOHTPOJIS M U3MEPEHUH 1enel MOCTOSHHOTO U TTePEMEH-
HOT'O TOKa, & TaK)Ke UMITYJIbCHOTO HaIPSDKEHUSL.

KirwueBble cJioBa: BHICOKOE HaIpsHKEHUE, UMITYJIBCHOC HAIIPSHKEHUE, ACINUTEIb HANPSHKCHUA, FpO3OBOﬁ M-
IIyJIbC, UCIIBITAHUA

Jas umtupoBanust: Uneun A. C., Kapues U. A., Boponos A. I1. [lenutens HanpsikeHuid BbicokoBoabTHBIN JJHB-20U st
MIMPOKOIIOJIOCHBIX HH(OPMAIMOHHO-H3MEPUTEIIBHEIX cHcTeM // HamexXHOCTh 1 KaduecTBO CIOXKHBEIX cucteM. 2022, Ne 2. C. 78-84.
doi:10.21685/2307-4205-2022-2-9

HIGH VOLTAGE DIVIDER DNV-20I FOR BROADBAND
INFORMATION-MEASURING SYSTEMS

A.S.Ilin', I.A. Karchev?, A.P. Voronov®

"Penza State University, Penza, Russia
123 Scientific Research Institute of Electro-Mechanical Devices, Penza, Russia
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Abstract. Background. The relevance of the use of high-voltage voltage dividers in information-measuring
systems is determined by the wide use of high voltages in various fields of human activity. The control of high voltage
pulses necessitates the use of broadband voltage dividers. The purpose of the work is to familiarize with the modern
domestic high-voltage voltage divider DNV-20I and the results of its tests. Materials and methods. Scale transfor-
mation method. Results. The description and test results of the voltage divider DNV-20I are given. Conclusion. The
high-voltage voltage divider DNV-20I corresponds to the declared data and can be used to control and measure DC
and AC circuits, as well as impulse voltage.

Keywords: high voltage, impulse voltage, voltage divider, lightning impulse, tests

For citation: Ilin A.S., Karchev I.A., Voronov A.P. High voltage divider DNV-20I for broadband information-measuring sys-
tems. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2022;(2):78-84. (In Russ.).
doi:10.21685/2307-4205-2022-2-9

B Hacrosiee BpeMst B nH(GopMannoHHO-u3MepuTenbHbIX cuctemax (MMC) anekTposHepreTHIecKoro
KOMIUIEKCAa BO3pacTaeT HyX/Ja B KOHTPOJIE M M3MEPEHHWH HMITYJIbCOB BBICOKHUX HampspkeHuit mpo 20 kB.
Cdepa npumeHeHHs] HaNpsHKEHUH JaHHOTO YPOBHS HE OTPAaHMYUBAETCS TOJIBKO paclpeleluTeIbHbBIMU

© Mavun A. C., Kapues H. A., Boponos A. I1., 2022. Konrent pocrynen mo antensun Creative Commons Attribution 4.0 License / This work is licensed under a Creative
Commons Attribution 4.0 License.
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MO/ICTAaHIIMSIMH. IMITyJIbCHBIE HANpsDKEHUS aKTHBHO NMPHUMEHSIOTCS B TaKUX 00JacTAX, Kak Hay4dHbBIE HC-
CJIEJIOBAHMS, NMPOU3BOJCTBO MOJIYIPOBOJAHMUKOB, HOHHAS MMIUIAHTALNA, JEKTPOCTaTHKA, KOHTPOJIb Kade-
CTBa HM30JIALIMH, 3JEKTPOIPO3UOHHAs 00paboTKa MaTepualioB, HMITYJILCHAS PEHTIeHOrpadusi, TepMosiiep-
HBIE UCCJIEZIOBAHUSA U T.1.

Jns obecrieueHUs] KOHTPOJS M M3MEPEHHUsl B AMana3oHe 4acToT 10 5 MI' uMmymnbcoB BBICOKHX
HampspkeHui! B nuana3one 10 20 kB HMCmonb3yloTcss UMITYyJIbCHBIE BBICOKOBOJIBTHBIE JETUTENH HaIpsKe-
HHW, MacIITaOUPYIOIIHe BXOAHOE Hanpspkenue [ 1].

Tak, OTeueCTBEHHBIN AETUTENb HANIPSHKEHUI BBICOKOBOJIBTHBIN nMITysbeHbld JIHB-20M npennasna-
YeH JJIsl UCTIONIb30BaHMsI B Ka4eCTBE MacIITaOHOTO Tpeo0pa3oBaTelisi BHICOKUX MOCTOSIHHBIX, TIEPEeMEHHBIX
u uMnynseHBIX (1,2/50 MKc) HampsbkeHui. MOKeT HCIoNB30BaThCs ISl KOHTPOIIS PEXKUMOB PabOTHI THPH-
CTOPHBIX M TPaH3UCTOPHBIX KOMIIEHCATOPOB pEakTHBHOW MomHOCTH (1o 50 MBap) B SHEpPreTHUECKHX
YCTaHOBKAaX, JJIEKTPOTEXHUYEeCKHX M paguorexHuyeckux NMUC, mpoMBINIIEHHOCTH, KOHTPOJS KayecTBa
H30JISIUUH, HAYYHBIX UCCIEIOBAHUSAX [2].

PaboTa nenmuTenst HanmpsHKEHUH 3aKIIOYaeTCsi B CBOWCTBAX IACCHUBHBIX JHHEHHBIX IIEKTPUUYECKUX
HeTnei N3MEeHATh aMIUIUTY Iy HalpsDKeHUS B JTI000H TOYKE 3JIEKTPUUYECKOM EMH MPONOPIHOHATEHO aMILIH-
TyZ€ BXOAHOro curHaina [3].

OCOOEHHOCTBIO SIBIIAETCS] BO3MOXKHOCTH BO BCEM JTMANa30HE MPeoOpPa30BbIBATE UMITYJIbCHI HAIIPSIKeE-
HUS 1 paboTaTh B IIUPOKOH MOJIOCE YACTOT.

Hemnrens JIHB-20U He ycTymaeT myqmuM 3apyOekHbIM aHanoram — mafenusM Gupm HILO-Test
(I'epmanus), Ross Engineering Corp. (CLLIA), Haefely Test AG (ILsetinapus) [4].

Cxema 3amemenus /IHB mnpexacraBneHa B crathe «MacmraOHble MpeoOpa3oBaTeind BBICOKOTO
HanpsDKEeHUs! U1 MH(POPMaMOHHO-U3MEPUTEIBHBIX CHUCTEM», OITyOJIIMKOBaHHOW B KypHaie «HaxexHocTb
M Ka4eCTBO CIOXKHBIX cucteM (2021)» [5].

st mpoBepkH pabOTOCTIOCOOHOCTH JEHTENS coOpaHa cXxemMa MOJIEIH B IIPOrpaMMe MOJIETHPOBAHNS
Multisim (puc. 1). Ha Bxox cxemsl mofaetcst Harpsibkenue V1 amrmumatynoit 18 kB. bioku Beicokoro HB1 u
Huskoro HB2 nampsbxenus: oOpasyror aenutens ¢ koddduuuentom nenenust Ko = 1500, Benencrue yero
Ha BEIXoze Outl umeercs Hanpspkenne 12 B.

HB1-

0 oy ror [0
S 1Uy12.00
P
P e R
18KV | e Qut
- - IDI.D?.. - e e e e e e e " e e e e e e
L.u?f

Puc. 1. Mogens IHB-201 B nporpamme Multisim

Ha roroBom o6pasiie npoBepeHa paboTa ¢ UMIyJIbcaMi Ha HU3KOM ypOBHE HallpskeHus. B xauectse
HCTOYHHUKA BBIOpaH reHeparop uMmyibcoB ['5-54, ¢ kortoporo Ha Bxon JIHB noaaBanuck npsMoyrojibHbIe
AMITYJIBCHI aMIuiTy Aok 6 B. Ha puc. 2 npencrasieHa ocmunmiorpamma BxogHoro C1 (KeNThIi 1yd) U BBI-
xogHoro C2 (CHHUIT Tyd) UMITyJIbCA.

Hanpsokenue Ha Beixozie 4 MB moarsepikaaer, 4To AeTUTENb HAIPSKEHU HMEET COOTBETCTBYIOIINH
kodurreHT meneHus u 0e3 HCKaKeHHH rmepeaaet GopMy BXOTHOTO UMITYIbCA.
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File | Edit |

B 6.0Vidiv 1MQ By:500,0M ‘ | e -s.04v || 10.0ustdiv 10,0msis 100ns/pt

D 4.0mVidiv R Te] E,:500,01
- 290 acqs RL:1.0k
Value Mean Min Max St Dev Count  Info

‘_ ©&® Rise 31.55ns  [30.677243n [25.81n  [33.89n [1.91n  [840 |

Puc. 2. Ocmorpamma BXOIHOTO B BEIX0gHOTO MMITysibca JIHB-201 Ha pa3Beptke 10 Mxc

Ha puc. 3 npencrasieH BHEITHUA BU JSIUTENS HAIPSDKEHUM BRICOKOBOIbTHOTO JIHB-20MU.

Puc. 3. BHewnuil Bua aenurens HanpspkeHuid BeiIcokoBobTHOr0 JIHB-201
JL1st TONKITIOUeHUS IETUTENS K CpeficTBaM KOHTpois u m3Mepenus: B UM C ucnons3yercss BBICOKOYa-

CTOTHBIN COeIMHUTEIbHBIN Kabens Tuna RG-214/U [6].
B tab6n. 1 npuBeneHp OCHOBHBIE TEXHHUECKUE XaPAKTEPUCTHKH.
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Tabmma 1

TexHruuecKkue XxapakTepuCcTUKU
Jnana3oH BXOAHBIX HAIPSDKEHUH OCTOSIHHOIO TOKa, KB 1-18
Jlnama3oH BXOTHBIX HANPsDKCHUH nmepeMeHHoro Toka gactotor 50 I'm, kB 1-12
OCHOBHas1 OTHOCUTEIBHAS MOTPEITHOCT IpeodpazoBanus Upc, % +0,1
OcCHOBHasi OTHOCUTEIbHAS TOTPEIIHOCTh peodpazoBanms Uy yactoroit 50 ', % +0,5
Bpewms HapacTaHus epexoIHOI XapaKTEepUCTHKH, HC, He Doiee 70
AMIUHTY1a IMITYJIbCa, KB 60
Jnama3on pabounx gacror, ['1g 50-5-10°
JlnmmHa kabens, M, He MEHee 0,8
["abaputHsle pasmepsl (H/D/L), MM, He Ooriee 280/140/150
Bec, kr, He Oosee 3

HcnprratensapiM ieHTpoM OO0 «OMAKCy ObUTH TIPOBEICHBI UCTIBITAHUS ACTUTENCH HATPSOKSHUH
BbICOKOBOJIbTHBIX JIHB-201. PaccmoTpuM mpoBepKy Ha rpo3oBoM umiyJbce. Ha puc. 4 nmpencrasieno ¢o-
TO Ha YYaCTKE BHICOKOBOJIETHBIX UCIIBITAHUH [7].

“”'_“"”’ R || (1

I'Jl

‘|

I
J
i
ik

Puc. 4. UmnynscHbie ucnsiTanns genureneid JHB-20U:
1 — nenuTeny HaNpsDKEHUH BBICOKOBONBTHEIE [IHB-20U;
2 — cucTemMa U3MepeHUsl BRICOKOTO UMITYJIbCHOTO Harpshkenus CIDY-1600/120

Ha puc. 5 npencrasnensl rpaduky pe3yinbTraTa H3MEPEHUS] BpeMEHH HapacTaHus 1f M JINTETbHOCTH
Tv rpo3oBoro uMnyibca (1,2/50) HanpsHKeHUs! TOJIOXKUTENBHON M OTPULATEIbHON MOJSIPHOCTH aMIUTUTY-
mot 60 kB ¢ BeIxoga menutens Hanpsoxerwnit JJHB-201.

I'paduxu puc. 5 mokaswiBatoT padoty AHB-20M ¢ umnynbcHbiM HanpsbkenueM. Mcexoas nz TOCT
1516.2-97, cranmapTHBIA T'PO30BOK MMITYJILC UMeeET BpeMs Hapactanus If= 1,2 + 0,36 MKC U AnHUTENb-
Hocth Tv =50 £ 10 mkc'.

Ananmu3upyst rpaduKu, TOYHO ONPEIelTIoTCs MapaMeTpbl HK3MEPEHHBIX UMITYJIbCOB. Ha puc. 5 rpo3zo-
Boit umnynbc (1,2/50) monoxurensHoi noisipHocT umeet 7f= 1,3 mkc u Tv = 54,0 Mxc (puc. 5,a), a oTpu-
narenbHoi monsapHocty 7f= 1,3 mxc u Tv = 51,8 mMkc (puc. 5,0). Tem cambIM fenuTenb 0e3 UCKaXKEHUH Tie-
penaet GpoHT u HOpMy UMITYJIbCA.

1
T'OCT 1516.2-97. DnexkTpooOopyIOBaHUE H SICKTPOYCTAHOBKH IEPEMEHHOI'O TOKA HA HANPSIKCHUE 3 KB U
BhImre. O0IIKe METOIBI UCTIBITAHUH SIEKTPHIECKON TPOTHOCTH H30JISIIHH.
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Puc. 5. I'paduku TpPO30BBIX UMITYJILCOB!
a — TIOJIOXKUTENILHOM TOJISIPHOCTH; 6 — OTPULIATENEHOMN MOJISIPHOCTH

Henurenun nanpspkenuit JJHB-20M HaxoasT mpUMEHEHHE B BBICOKOBOJBTHOM IIMPOKOIOJIOCHOM
komrmiekce KMBT (puc. 6) dupmer 3A0 «UTL, Kortunyym» (T. SIpocmaBns). KoMieke npemHasnadeH
JUTSL U3MEPEHUS TIOCTOSIHHOTO/TIePEMEHHOT0/UMITYJILCHOT'O HANPSKCHUS JIJIS TAOOPATOPHBIX HIIU ITPOMBIIII-
JICHHBIX TpUMeHeHuH. [I[puMeHnM aJis 3JEKTPOIHEPTEeTUKY, TPUKIATHON (PU3UKH, TECTHPOBAHUS IIEKTPO-
MEIUITUTHCKOTO (PEHTIEHOBCKOTO) M KOMMYHHKAITHOHHOTO 000pynoBaHus [8].

4

Puc. 6. BEICOKOBONBTHBIN MUPOKONOIOCHBIH KoMIuiekc KMBT
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3A0 «MTL Kontunyym» taxxke ucnons3yer JHB-20M B xoMmekcax M3MepEeHHH 3IEKTPUIECKUX
IMapaMeTPOB CHCTEMBI YIIPABICHUS MICKTPOMUTAHUEM CBEPXIPOBOMAIINX KATYIIEK MarHUTHON CHUCTEMBI
HUTBP KMBT.

KomrIieke cocTouT U3 IBYX OCHOBHBIX KOMITOHEHTOB: IIEPBUYHOTO M3MEPUTEIHHOr0 IIpeoOpa3oBa-
TeJS HaNpsHKCHWH (memuTenns), o0eceunBaroIero MacmrabHoe mnpeoOpa3oBaHHEe MTOCTOSSHHOTO M Tepe-
MEHHOTO HANPSDKEHMS, a TAaKXKe MOJTYJIS aHAIIOTOBO-IIU(POBOTo npeodpazoBanus (Momyis ALIIT).

3akarouenue

HUcneiranus, npoBeaennsie U1 OO0 «OMAKCy, nonTBep:KaatoT COOTBETCTBUE ACTUTENEH Hanpsixe-
Huil BeICOKOBONBTHEIX JIHB-20U 3asenennbiM nanHbeM U TpeboBanmsaM ['OCT 1516.2-97 u IEC 60060-1.
Henutenu HampspKEeHUM MOTYT MPUMEHSTHCS ISl U3MEPEHUN BBICOKUX HAMPSDKEHHM MOCTOSHHOTO, TEpe-
MEHHOT'O U UMITYJIbCHOTO TOKa.
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YIIPABAEHUE HCKYCCTBEHHBIX HEMPOHHBIX CETEN
PACIIO3HABAHMHA PACKAAPOBKH OBPA30B BBICOKOT O PASPEINIEHU A
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AHHOTaUMA. AxmyanvHocms u yeau. PacKkpbIBaeTcs 3a/a4ya aHAN3a, PAaCIO3HABAHMS U YIIPaBJIeHHS 00pa30B
BBICOKOI YETKOCTH ¢ MHHHMAJIBHOIN HMOTPEIIHOCTRIO Olaromapsi MpeIIecTBYIOMIEMY MOKaJpOBOMY pacHO3HABAaHHIO
KOMIUTEKca M300pakeHni HU3KOH deTkocTd. DyHIaMEeHTanbHOM MpoOIIeMOl ABISETCA IMOSBICHHE W BO3JCHCTBHE
IPaJMEHTHBIX [IOMEX B BUJIE Pa3yKPYIIHEHHBIX IIUKCEJIbHBIX CETMEHTOB, B 3HAUUTEIILHON MEPE CHUXKAIOIIMX paspelie-
HHE paccMaTpuBaeMoii odnactu. Mamepuanvl u memoosl. J1o HacTosAIIEro BpeMEeHHU TaHHOE HAIlpaBJICHUE HUCCIIeI0Ba-
HHUH UCKYCCTBEHHBIX HEWPOHHBIX CETel He ObLIO JOCTATOYHO M3YYEHO B CBSI3U C HU3KUM HOTPEOUTEIBCKUM CIIPOCOM
TEXHOJIOTUH M MEJICHHBIM Pa3BUTHEM OT SHTY3HAcTOB. HecMOTpst Ha TOT (pakT, 4TO pacro3HaBaHHE N300paKEHHN HE
SIBIIOCH TICPCIICKTHBHBIM HAIPaBIICHHEM paHee, Ha JaHHBI MOMEHT OHO TaWT B ceO¢ MOTEHIHAT B 00JIACTH TpUME-
HEHUsI UCKYCCTBCHHBIX HEHPOHHBIX CETE U HUBCIMPOBAHUS TPAIUCHTHBIX MTOMEX C NTyOOKUM OOy4YCHHEM Ha UX OC-
HOBe. Pezyremamul u 6b1800b1. PaccMaTprBaeTCs Kak BOSMOXKHOCTB aJaNTaIllA CTAPhIX CYIIECTBYIONINX ITOAX0J0B K
pELICHUIO 3a/1a9X aHaJIM3a U paclio3HaBaHUA 00pa30B, TaK M MPEIOKEH HOBBIH METOJ YIPABICHUS Ha OCHOBE KOM-
IUIEKCa PAacKaIpOBKH MCKYCCTBEHHBIX HEHPOHHBIX CETEH ¢ NalbHEHIINM OOBbEAMHEHHEM IS TIIyOOKOro oOydeHHs U
peleHns TOCTaBICHHBIX 3a1a4.

KiroueBbie cioBa: 00pa3, HICKyCCTBeHHAs! HEHPOHHAS CETh, ITyOOKOe 00ydeHue, TpafueHTHBIE TIOMEXH, pac-
KaJIpOBKa

Jost nuruposanust: Komenes H. [I., Anxarem A., Hosuxos K. C., Hynpuk A. ., FOpkos H. K. Ynpasnenue nckyccrpen-
HBIX HEHUPOHHBIX CETel paclo3HaBaHUs PACKaJAPOBKH 00pa3oB BHICOKOro paspeiueHus // HamexHOCTh M KayecTBO CIOXKHBIX CH-
creM. 2022. Ne 2. C. 85-91. doi:10.21685/2307-4205-2022-2-10

MANAGEMENT OF ARTIFICIAL NEURAL NETWORKS
FORRECOGNITION MAPPING OF HIGH-DEFINITION IMAGES

N.D. Koshelev', A. Alhatem?, K.S. Novikov?, A.D. Tsuprik*, N.K. Yurkov®
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*tsuprik.rjirf@yandex.ru, ° yurkov. NK@mail.ru

Abstract. Background. Scientific article reveals the problem of analyzing, recognizing and managing high-
definition images with a minimum error due to the previous frame-by-frame recognition of a complex of low-
definition images. The fundamental problem is the appearance and impact of gradient noise in the form of disaggre-
gated pixel segments, which significantly reduce the resolution of the area under consideration. Materials and meth-
ods. Until now, this area of research on artificial neural networks has not been sufficiently studied due to low consum-
er demand for the technology and slow development from enthusiasts. Despite the fact that image recognition was not
a promising direction before, at the moment it holds potential in the field of application of artificial neural networks
and gradient noise leveling with deep learning based on them. Results and conclusions. The article considers both the
possibility of adapting old existing approaches to solving the problem of pattern analysis and recognition, and a new
control method based on a complex of storyboarding artificial neural networks with further integration for deep learn-
ing and solving problems.

Keywords: image, artificial neural network, deep learning, gradient noise, mapping
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BBeaeHue

KauectBo mudpoBsIx 006pa3oB SBISETCS KOMIUIEKCHBIM COOMPATEIHHBIM MTOHITHEM, 3aBUCSIINM KaK
OT OTpaHHYCHUN MEePEeIaTOYHBIX CHUCTEM M KaHAJIOB CBs3el, Tak M XapaKTEPUCTUK cpel (OPMUPOBAHUS U
0o0paboTtku. [l 00pa3oB KaueCTBEHHBIM [1apaMeTPOM SIBIIIETCS BhICOKOe paspemieHue (BP), cooTBeTcTBy-
I0IIee TIOCTABJICHHBIM JIJI1 KOHKPETHBIX IIEJICH 3a/1ayaM U OTBeUaroliee TpeOyeMOMy YPOBHIO J€Taln3alliu
1 OOpUCOBKH CIleH. B CBsI3M ¢ orpaHnYeHHsIMHA HEKOTOPBIX cpei (hOopMUPOBaHUS U 00pabOTKH 00pa3oB Ha
armapaTHOM YPOBHE HE IPEICTaBISICTCS BO3MOXHBIM IMOJIydeHHe M300pakennit BP 6e3 momomHuTENbHON
nocrobpaborku [1]. Jnst Takux cpen ¢ dopmupoBaHreM oOpa3oB B HHM3KoM paszpemieHun (HP) cinenyer
MPUMEHUTH Paclo3HaBaHUE HA OCHOBE AJITOPUTMUYECKON PACKaIpOBKH, YIyUIIAIOUIEH W aJanTHpPYIOIIEH
Ka4yecTBO 00pa30B M YETKOCTh JCTaTN3aIuy 01aroapst mokajapoBoii 00paboTke ClieH 00pa3oB. AJITOPUTMBI
PacKaJipOBKH TO3BOJISIOT NOJTYYUTh HCKOMBIE 00pa3bl BP myTem 3amomHeHus koMriekca n3oopaxkenuii HP
OJTHOTO M TOTO e KaJipa U X OCEBOTO CMEIEHHs TNKCeTe B KOHKPETHBIX CIIEHAX.

OnHUM U3 HETaTUBHBIX (PAaKTOPOB MPSIMOTO BO3ICUCTBHS HAa BHIXOJHOE KayecTBO 00Opa3oB sIBISETCS
MOSIBJICHUE TPAIMEHTHBIX TIOMEX M WX BIUSHUE Ha paclpelesieHne pa3yKpyMHEHHbIX nukceneil. dparMen-
TapHOE Pa3yKpyMHEHUEe 00pa30B (POPMHUPYIOT OOJIACTH MHKCEIBHBIX NMEPEKPBITUH, CHIKAIOIIMX UTOTOBOE
KadecTBO. Takue 00JacTu He MOTYT OBITh YCTpaHEHBI IyTeM 00pa3HON (pUIbTpaIuu, 1 MHOTHE COBPEMEH-
HBIE aNTOPUTMBI (QYHIAMEHTAIFHO HE MPHUCIIOCOOJIEHB K WX HHUBenupoBaHuio [2]. WTeparmoHHBIE anro-
PUTMBI JIMHEHHON U HEJIMHEHHON (QMIIbTPALUK CLIOCOOHBI PEIUTh JaHHYO MPO0JIeMy, OJHAKO 3a4acTyIO He
OIIPABJIaHbI IPAKTUYECKU B CBS3H C PSAOM JOMYLIEHUHI IPU TOCTPOEHUU MATEMATUYECKUX MOJCIIEH.

3anavya ynpaBieHHEM MOCTOOpabOTKH 00pa3oB TpeOyer Oojee aJanTHBHON JMHAMUKU TOJXOOB,
KOTOPBIMH MOTYT BBICTYTIaTh METOJBI IITyOOKOTO OOyUYEHHsI MMOCPEACTBOM CIICUAIBHON apXUTEKTYPhI UC-
KYCCTBEHHBIX HEHUPOHHBIX CET€l — CBEPTOUYHBIX HEHPOHHBIX CETEed M MX BapuallMii B 3aBUCUMOCTH OT
CJIO)KHOCTH PEUICHUsI TeKylueil mpobnembl. [1y0okoe o0ydeHHWE M CBEPTOYHBIE HEMPOHHBIE CETH MOTYT
MPUMEHSATHCS JIJIS YIPABJICHUS PEIICHUEM IMOKaIPOBBIX 3a7ay IOCTOOpa0OTKM OJyiarofaps OTCYTCTBHUIO
HEOOXOAMMOCTH MOCTPOSHUS MaTEMaTHUECKUX MOJICICH, HO TPU 3TOM HAKJIAJbIBAIOTCS OTPaHHYCHUS, TH-
MUYHBIE TS Tpoliecca oO0y4deHHs, B BUAE OONBIIOT0 o0bema o0ydaromux BHIOOPOK, OONbIIOro oObemMa
JTAaHHBIX aHATN3UPYEMBIX IIPUMEPOB 00pa30B M BpeMeHH Ha 00paboTKy 1 00ydeHHE.

HayuHoii HOBU3HOU MPEACTABICHHOIO B pad0OTe METO/Ia SBJISICTCS aJalTallysl MPEUMYIIEeCTB T1y0o-
KOTO O0OYy4eHUs CBEPTOUHBIX HEWPOHHBIX CETel W CerMEHTAIMU I'PaJNEHTHBIX TIOMeX B MpeaoopaboTke 00-
pazoB HP B kOHKpeTHOM KOMILIEKCE 3a/1a4 MOCPEACTBOM aJTOPUTMHUUECKON PacKaIpOBKH.

YrpaBaeHne nocro6paborkoii 06pazos

Jlyis penieHus mocTaBJIeHHOW B paboTe 3a7aun yIpaBIeHHsI Ka4eCTBOM O0Opa30B B YACTHBIX CIyYasix
MIPUMEHSIETCS aJalTUBHBIN MOIX0]] C YTOUHEHHEM OIIEHOK KOMIUJIEKCOB CIIEH. Y CIIOBHMCS, 4TO umeercs N
o6pazos HP FC nmoapsina (4, w", ¢), KoTOpbIe MOABEPrarOTCs BO3ACHCTBHIO IPaIHEHTHBIX ITOMEX U (dpar-
MEHTApPHOMY Pa3yKpyIHEHHIO IUKcereit [3]. 3amaueii mocTaBmM momyueHue m3obpaxerns BP (F7) ¢ xave-
CTBOM BBIIIIC UCXOIHOTO 0€3 BO3/CHCTBUS I'PAJMCHTHBIX MIOMEX.

YacTHBIM peIICHUEM MMOCTABICHHOW 3a1a4 OYJIeT SBISITHCS MOAXO0J C IPUMEHEHUEM aJITOPUTMHYC-
CKOTO OIIEHOYHOTO KoMmIulekca. [loMumo Tekymiel 3aadu CerMEHTAlMW TPaJUEHTHHIX MMOMEX Ha CXeMe
WUTEPAaTUBHON MOCTOOPaOOTKM 3HAYMTENBHBIM MPEUMYIIIECTBOM TaK)Ke ABISETCS OlleHKa o0pas3a W ee TodY-
HOCTh, HA OCHOBaHHMH KOTOPOH OIpPEIENAeTCs Ka4eCTBO OCEBOTO CMEUICHMsS MUKCENed MeXIy oOpasamu
OJHOM cueHbl. Bo3aeiicTBHe TpaJlueHTHBIX MOMEX HAMNPSIMYIO BIMSIET HAa OLIEHOYHBIN MT0Ka3aTellb, OCKOJIb-
Ky TIOITUKCEIBHO CHIDKACT KaueCTBO BEIOpaHHOM oOactu. [Toaxo/ ¢ MpUMEHEHUEM OLICHOYHBIX YTOUYHCHUH
YYHUTHIBAET BO3MOXKHBIE HEJIOUETHI TIpH peructpanuu oopa3os B HP u npu 0OHOBIEHNN X OLeHKH (HOpMHU-
pyeT oOHOBIIeHHE OlleHKH oOpa3a BP. Cxema moctoOpaboTku 00pa3oB ¢ OIEHOYHOM cucTemoi (puc. 1) co-
CTOHWT M3 TPeX MOCIIEAOBATENbHBIX UTEPAIHIA:

1) olLleHKa OCEBOTO CMEICHHS MHUKCEIel COCENCTBYIOUIMX MOCIEI0BATENLHBIX 00pa30B OAHOM CIie-
HBI U pErUCTpallys TEKyIIero oopasa;

2) ynpaBleHHe MoTydYeHHOH onleHkr oOpasa B BP st ee oOHOBIIEHUS;

3) BO30OHOBIJICHHE OIEHOYHOTO ITUKJIA IO TIOTyYEeHHST HCKOMOTO Pe3yJIbTara.
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O6pa3 BP (F-Q) O6pa3 HP (F-Q)
C TeKYIleil CLeHOH C TeKyIIeH cueHou
A Y
.| Ouenka BIOpaHHOTO Onenka BeIOpaHHOrO |
obpasza BP (F-Q) obpaza HP (F-Q) |

v \ 4

Perucrpanusa odpasa,

YnpaBiaeHHe OLEHKOH,
MPOBEPKa OLIEHKH

oOHoBnenune BP (F-Q)

HP (F-Q)
A
Y
[Tonyuyenne HOBO# Co3nanue HOBOTO
onenku BP (F) obpasa B HP (F)

Puc. 1. Cxema ureparuu moctoopaboTKH 00pa3oB ¢ OIIEHOYHON CHCTEMOI

['maBHBIM TPENMYIIECTBOM IPECTABIEHHON CXEMBI IOCTOOPaOOTKH 00pa30B ABIAETCS yHpaBICHHE
TOYHOCTBIO OlLleHKK o0Opa3a BP Guarogaps oceBomy cMeleHnto nmukcenel oopa3oB ogHol cuenbl HP. TTo-
JydeHHass B XOJe KaXJoH urepamuu OIeHKH oOpazoB HP wmHpopmamms crmocoOCTByeT HHBETUPOBAHUIO
HEraTUBHOTO BIUSHUS TPAIUCHTHBIX oMeX. OCOOEHHOCTHIO CXEMBI SBISIETCA OJJHOBPEMEHHOE HHUBEIHUPO-
BaHHE TPaJIMCHTHBIX ITIOMEX BMECTE C MOBBILIEHHEM paspeuieHus: oopazoB HP u BP coorBerctBenHo. Ilo-
CJIEJIOBATEIBHOCTh 00paboTku 00pa3oB HP He sBnsercs (PMKCHPOBAHHOW W MMeEET CBOOOIHYIO JUIHHY C
OJIMHAPHOW 00pabOTKON TEKYIIEH CIICHBI.

B cBs13u ¢ mpubIMKEHHON TOYHOCTHIO OLIEHOYHBIX MTOAX0/I0B, HE TapaHTUPOBAHHO CCHUTAIOIINXCS HA
TOYHBIC TIPEIIOI0KEHHUS O CTATUCTHYECKUX CBOMCTBAaX MCXOTHBIX 00pa30B, BO3MOXHO 00pa3OBaHUE «HE-
KOPPEKTHBIX OLICHOK.

OrcyTcTBue cTporux 6a3 mpaBuil (popMUpOBaHHS UIMH 00pabOTKH BHIOPAHHBIX CIICH BIHSCT HE
TOJILKO Ha UTOTOBBIN pe3yNbTaT, HO U Ha 3aTpaurBaeMOe Ha KaXKIYI0 UTepaunio o0paboTKH CIICH BpeMsl.

O6paboTka 06pa3oB c npuMeHEeHHeM HCKYCCTBEHHBIX HeHPOHHBIX ceTel

st pemieHus 3a1a4y MOBBILIEHUS] KadecTBAa 00pa30B M HUBEIMPOBAHUS HETaTHMBHOT'O BIMSHUS Ipa-
JUEHTHBIX ITOMeX JydIInM BeIOopoM OymyT uckyccrBenHble HeliponHble cetu (MHC). MHC n ympasnenue
Ha X OCHOBE HE HYXIAIOTCSA B MOJENAX JAaHHBIX U OTIMYAIOTCS UCKIIIOYUTENBHBIM OBICTPOJCHCTBIEM MIPH
y’ke 00y4eHHOH CTPYKTYpe.

TTonxon ¢ npumenennem MHC, co cBepTOYHBIMU HEUPOHHBIMU CETSAMU B YACTHOCTH, JIJISl PETUCTPHU-
poBaHHA 00pa30B M MOBBILICHHUS/BOCCTAHOBIICHHS UX pa3pelIeHus] yxKe OblI MPaKTHIECKH peain30BaH B all-
ropurme FVRSR [4]. Peructpanus o6pazoB HP dukcupoBanacs mocpencTBoM cBepTOYHON HEHPOHHOH ce-
™1 LiteFlowNet2, paspaborannoii Ha ocHoBe CVPR LiteFlowNet n umeromeii ¢ perneHHOW TpoOieMoi
OIIEHKH ONTHYECKOTO MOTOKA, MeIIalomiei pabote Haa obpazaMu B mpeapaymiel sepcu [5]. [lpumenenne
LifeFlowNet2 mo3BonuT B JaqbHEHIIEM MOBBICUTH TOYHOCTh OLIEHOK HP M ymy4ImiuT UTOTOBYIO HeTanm3a-
LU0 0TOOpakeHUH ClieHbl. B kauecTBe nmporpaMMHO# OubmuoTeku ais rmyookoro oOydenus LiteFlowNet2
ucrionb3yem TensorFlow.

VYnpaBneHue CBEPTOUYHONH HEHPOHHON CETHIO OCYIIECTBISIETCS MOCPEACTBOM 00pabOTKH Hpuema
IBYX 00pa30B pa3HOro paspeuieHus: oueHka BP u o6pa3 B HP ¢ moBbIIeHHOI Y4€TKOCTBIO MOCPEACTBOM
OCEBOT0 CMEICHUS IHUKCeNeH U packaapoBKH. MTOroBeIM pe3ysbTaToOM HX CIMAHUS OyneT oauH o0pas ¢
0OHOBIIEHHO! OILIEHKOM 110 aHaJOTHYHOM cxeme (puc. 1).
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[Mocne mpoBeneHus psa UCCIeJOBATENBCKUX PA0OT YAaI0Ch MONYyYUTh PE3YyIbTaT B BHJIE YACTUIHO-
TO HUBEJIMPOBAaHUS IPaJHUEHTHBIX IOMEX, OJHAKO TaKOH MOIX0/ HE pelaeT npooiaeMy BO3ICHCTBHS TOMEX,
W3HAYAJIBHO BO3ICHCTBYIOIIMX Ha 00pa3-epBOMCTOYHUK. Bo3melcTBHE Ha NMEPBOMCTOYHHMK NPHUBENET K
HOSIBJICHUIO ITMKCEIbHBIX MCKAKEHUH Iake IOCie MPOXO0XKICHHUSA depe3 IMOCTOOpaboTKy C OLEHOYHOH CH-
cTembl. boee TOro, Takoil MOAX0A HE JacT pe3ysIbTaTOB B 00JIACTH TIIyOOKOro 00y4eHHss HEHPOHHON ceTH,
npennaras GpyHIaMEHTaIbHO HEKOPPEKTHBIE 00JIaCTH paclio3HaBaHUs M HEBEPHO X amantupys. s rumo-
TETUYECKOTO YIIYUIICHHUS CXEMBI TTOCTOOpabOTKH 00pa3oB (puc. 1) mobaBuM B alropuT™M pabOTHI pacdyer
CpeIHel OICHKU-TIEPBOUCTOYHHKA C IMOCICI0BATEIbHOM 00pabOTKOW M 000COOJICHHOM MUKCENBHON cer-
MEHTaLUEH.

Buenpenue cBepTOUHOW HEMPOHHOH CETH ISl PACKAIPOBKH C CPEAHEN OLIEHKON-EPBOUCTOUYHUKOM U
MOCJIEIOBATENHHON 00padOTKOM MOKHO aJaNTHPOBATh CO3[aHHBIC paHee TIOAXO/bI ¢ KIIACCHUECKOH OIleHOY-
HoH cuctemoii 6e3 npumenennss MHC. Buenpenne MHC no3BonuT peann3oBaTh yrnpaBieHHE IPEeABAPUTEIIb-
HO 00y4YeHHBIMH HEHPOHHBIMH CeTsIMU 10 npuHUMIY DAG-ceTH, mo3Bosomell INIaHOMEPHO KOMIIOHOBAaTh
KOMIUTIEKCHYIO PacKaIpoBKy 00pa30B IS TIOyUeHUS HOBOM, OTIMYHOM OT TEKYIIHUX OIeHKYy BP [6].

OmnucarenbHast 9acTh paboOThl HOBOW cxeMbl ¢ ynpaieHuem WHC 3akirouaercs B CIEAYIOMIUX I10-
cleoBaTeIbHBIX dTaNax:

1) magano pabotsr yrnpasieans MHC;

2) ¢dopmupoBaHHUe cpelHe oleHKH rnepBouctounnka BP Ha ocHoBe HP-00pa3oB-niepBoMCTOUHIKOB
TEKYILEH CIICHBL;

3) peructpanms o0pasa TEKyIlIeH CLECHbI;

4) nuKcenbHAs cerMeHTalus o0JIacTel, IOCTPaJaBIIUX OT BO3AEHCTBHA IPAAUEHTHBIX [IOMEX Ha Te-
kymei HP-cuene;

5) KOMITOHOBKa ¥ OOHOBJICHHS HOBOI OLIEHKHM Ha OCHOBE JaHHBIX O MMKCEIbHONW CerMEeHTaluu 00a-
CTel ¢ TpaJIMCHTHRIMU ITIOMEXaMH 1 TEKYIICH OIeHKH CIIeHbI oOpa3a HP;

6) UUKIMYHOE MOBTOPEHHE MYHKTOB Ne 2—4 10 moyryueHus yI0BIETBOPUTEIHHOTO pe3yIbTara B BU-
Jie KOMILIeKca packaapoBku oOpazoB HP;

7) okoHuaHHe pabOThHI LMKJIA IIPH MOJyYEHHHU TOcenHed oueHku obpaza BP u ee mpunstHe kak
uroro oopasza BP;

8) KoHell ynpaBlieHHs, 3aBepIICHUE PaOOTHI.

Hauano paboTts

ynpanenus MHC
4
DopMUpOBaHHE
PMHD \Perucrpauus odpaza
cpelHel OIeHKH > 5
TEKyLLLeI/i CLICHBI
BP
Y
KommonoBka u Iukcenbuas
obHoBICHIE < CerMeHTAIHs Ha
HOBOI1 OLICHKH Texyeii HP cuene
[uxnuuHoe
TIOBTOPEHHE A0 [lonyueuue u
HOIYYSHU COXPaHEHHE OLIEHKH *IpH «+» LUKIE
pegyﬂbTaTa BO3BPAlCHHC K

PErUCTPALMH HE HYKHO

*IpH «-» unKne
BO3BPAT K PErHCTPALHH
W TIOBTOPEHHE 1IHKIIA

Konen ynpasnenus.

= HHKI
Konen odpadoTky.

Puc. 2. HoBas cxema nocrodpabotku 00pa3os ¢ ynpasienuem MHC
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Jy1s1 HOBOM CXeMBlI perucTpHpOBaHue mocienyommx obpa3oB HP mpoucxoaur nocpeacTBoM HEHpoOH-
Ho#i cetn LiteFlowNet2 u oceBoro cMemienus paccMarpuBaeMoro oopasa Ha 00pa3-nepBOMCTOYHUK. Kaxmpiii
CJIOI CBEPTOYHOIN HEHPOHHOU CeTH IS MOAX0/a C PaCKaJpOBKOM 00pa3oB U cpenHeli oneHkoi HP momaroso
YBEJIMYMBAET UTOTOBOE KAUECTBO Pe3yJbTara, 00pa3ysl KOMIUIEKC IBYX COBMECTHO paOOTAIOLIMX IOJACETEH U
permeHneM npooieMbl TPAJUEHTHBIX TIOMEX M MUKCENbHBIX NCKaKEHHH.

O6yuenne MTHC u packappoBka 06pa3os

Obyuenne MHC u cBepTOYHON HEWPOHHOH CETH, B YaCTHOCTH, HPUAEPKUBACTCS NPUHIMIIA ONTH-
MaJILHOTO TJTyOOKOTO 00YYEHUS — OTCYTCTBUS JIMITHUX 00yUYaOIMNX BEIOOPOK, OTCYTCTBHE HEOOXOIMMOCTH
B TepeoOyueHnu u m3beranue ommOodHOro oOydeHus. OOydeHHWe CBEPTOYHONW HEUPOHHOW ceTh Oyaer
MPOMCXOJIUTh METOJIOM CTOXAaCTHYECKOTO I'PaJAMEHTHOro cIycka ¢ BeiOopkoi u3 50 mzobpaxenuit HP on-
HOM CIEHBI C pa3HBIM NPOLEHTHBIM IPAJUEHTHBIM IOBPEXIECHHEM 4eTKOoCcTH [7]. [ 3ammTel oT nepeody-
YeHHS TIPUMEHUM TOJIXO0] «UCKIIOYEHHE» C METOJIOM BHIOPACHIBAHHS CIIyYalHBIX OJAMHOYHBIX HEHPOHOB —
npomnayT. [IocKkoJIbKY B OCHOBE PaOOTHI CBEPTOYHOM HEHPOHHOW CETH JIeXkKAaT MOIHOCBSI3HBIE CJIOH, TpeOyeT-
cs1 00beIMHEHUE ClieH 00pa3oB B oOyvaromuii Habop. Torga oOydaronuit Habop IS CBEPTOYHOM HEHPOH-
HO# ceTr ¢ HabopoM n 00pa3oB / moapsiaa OyAeT BEIYUCIATHCS 1O (hopMyIie

(i)

: i el
SO =112 == (1)

e

n=1 n
rJIe 11 — TeKyLmii HaGop 06pa3oB Texyeii cuensr; A — mepsas monoBuHa oGy4aromtero Hadopa B HP ¢ i-m
ITOJIOKUTEIBHBIM (DParMeHTOM CIICHBI; [ — TIOIPSI TEKyIIero Habopa oGpasos; z) — Bropas mooBuHa 06Y-
yaromero Habopa B HP ¢ i-m oTpunaTenbHbIM ()parMeHTOM CLEHBI.

B cBs131 ¢ KOJIMYECTBEHHBIM NpeodiIaJaHueM CTEIEHEH CBOOOABI B CBEPTOYHBIX HEHPOHHBIX CETSIX OHH
CKJIOHHBI K HE3HAUUTEIbHON IOTPEIIHOCTH B BBIXOAHBIX JAHHBIX, JOIIYCTUMBIX [UIS HAILIEro MCCIIEA0BAHMS U
He ycyryOnsromux BP ¢ Touku 3peHus yxyameHnus kadecTBa TpaqueHTHbIME omexamu. Ha puc. 3 HarsimHo
JEMOHCTPUPYETCS MPaKTHYeCKui pe3ynbTat padoTsl B LiteFlowNet2. PesynbraTer n3o0paxenwii 2 u 3 co-
OTBETCTBYIOT IOIXOY, IPUBEACHHOMY Ha puc. 1, cxeme moctoopadoTku 6e3 mpumenenns MHC u riry60-
Koro obyuenus. Mzobpaxenrne 4 MUHIMAIbHO TIOABEPKEHO IPAJUSHTHBIM IIOMEXaM M TOKa3bIBaeT Hanbo-
niee OJMM3KUH K OpUTHHAITY PEe3yJIbTaT U COOTBETCTBYET YPOBHIO UETKOCTH 00pasa B BP.

Puc. 3. PesynbraTel paboThl yrpaBieHreM packaapoBkoii B LiteFlowNet2:
1 — obpaz-niepBorctounuk B HP; 2 — oOpa3 ¢ orieHo4HO# cucteMoii (cM. puc. 1);
3 — 00pa3 ¢ YaCTHYHBIM HUBEINPOBAHUEM TPAJUEHTHBIX ITOMeX; 4 — 00pa3 1o HOBOH
cxeMe noctobpabdotku ¢ ynpasineaneM MHC; 5 — opurunan n3obpaxenus B BP
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3akArouenune

Taxum 00pazom, peAcCTaBIEHHBIH B padOTe HOBBIM MOAXOMA K MOCTOOpaboTKe 00pa3oB ¢ MpUMEHe-
HueM MHC u riybokoro o0y4eHus moka3sbiBaeT 00jiee KaueCTBEHHBIN pe3ysibTaT B 00JIACTH HUBEIMPOBA-
HUS TPAJMEHTHBIX ITOMEX W MOJYYeHHUS BBIXOAHBIX 00pa3oB BP, uem mpexamecTByromuii BapuaHT 0e3 mpu-
MEHEHUsI CBEPTOYHBIX HEHMPOHHBIX CeTel W o0ydueHWs. B manapHEHIIeM TOYHOCTh MPUMEHAEMOTO TTOIX0/1a
MOJKET OBITh YBEIIMYEHA 3a CUET HOBOHM Bepcuu cpenbl o0yueHus LiteFlowNet3 npu ee okoHUaTeNsHON OT-
JIaJIke ¥ TOTOBHOCTH K MaCCOBOMY HCIOJIB30BaHHUIO.
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OBECIIEYEHUE KAYECTBA 1 COSAAHUE NMTHTEAAEKTYAABHBIX
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AHHoOTanust. Akmyanvhocms u yeau. PaccMOTpeHbl MaTeMaTHYECKUe MOJIENN (BHU3UUYECKUX MPOLIECCOB, MTPOKC-
XOISIIUX B TEXHOTCHHBIX 00BEKTaX, CHCTEMax TPYOOIPOBOJHOTO TPAHCIIOPTa SHEPTOHOCUTENEH MOI3eMHON M MOp-
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Abstract. Background. The article considers mathematical models of physical processes occurring in man-
made objects, systems of pipeline transport of energy carriers underground and offshore, based on conservation laws
and equations of mathematical physics. Materials and methods. 1t is shown that the simplification of the obtained
models by bringing them to the form of "input-output" is sufficient for software and hardware implementation in the
form of cyber-physical systems. Examples of technical means for monitoring and controlling electrochemical protec-
tion are given. Results and conclusions. It is shown that quality assurance and intellectualization of corrosion protec-
tion systems for pipeline transport of energy carriers is achieved by the gradual introduction of technological innova-
tions into known technical means.

Keywords: pipeline transport of energy carriers, corrosion protection, mathematical models, intelligent sys-
tems

For citation: Korshunov G.I., Sol'nitsev R.1., Frolova E.A. Quality assurance and creation of intelligent corrosion protection
systems for pipeline transportation of energy carriers. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quality of complex
systems. 2022;(2):92-101. (In Russ.). doi:10.21685/2307-4205-2022-2-11

BBeaeHne

Heo0xomuMocTh UCTONb30BaHusl TPYOOIPOBOJHOTO TPaHCIIOpTa dHeproHocureneil B PO oueBuaHa.
K snepronocuressiM oTHOCSTCS HEPTh, r'a3, BOAA XOJIOAHAS U ropsiyast Al CUCTEM OToIuleHus, nap. Heo6-
XOAMMOCTh O0€cCIeueHHs KayecTBa IPOLECCOB TAKOTO TPAHCHOPTA O0YCIIOBJIEHA HAIMYHUEM TEXHOTCHHBIX
aBapuil ¥ KatacTpo, YUCIIO0 KOTOPBIX BO3PACTAET IO Mepe BBIPAaObOTKH pecypca. K uncny BaxneHmnx dak-
TOPOB, BIUSIOIIUX HA TEXHUYECKOE COCTOSHHE TPYOONPOBOJOB, OTHOCUTCSI KOPPO3usl. 3aliuTa OT BO3JIEH-
CTBHA NPUYMH BO3HUKHOBEHHS KOPPO3UM OCYLIECTBIIETCS Pa3HBIMH CPEICTBAMM, OJHAKO BO BCEX CTaH-
JapTax MHO O3TOH TeMaTUKe NPUCYTCTBYeT »3JeKkTpoxuMuueckas 3ammra (DX3). Oto 00ycioBieHO
3HaYUMOCTBI0 DX3 MO CPaBHEHMIO C APYTUMH BUAAMH 3aLUTHI, a TAKKe HAJIMUYUEM MaTeMaTHYEeCKOro, Me-
TOJMYECKOTO M IKCIIEPUMEHTANBHOTO 3aJ1eN1a, He00X0IUMOoro Juis nupoBu3anuu o0bekToB. OQHAKO MPO-
OseMa 1o yIpOLIEHUI0 N3BECTHBIX MAaTEMAaTUUECKUX MOJENEH MO-IIPEXHEMY CTOUT OCTPO, U B UX IPAKTH-
YEeCKOM IIPUMEHEHNH HEAOCTaTOYHO MpeCTaBiieH (opMaIM30BaHHbIN anmnapar.

Henbto paboThl siBiIsieTCs 0OeciieueHNe KauecTBa CUCTEM KOPPO3MOHHOH 3aIlUThl TPYOOIPOBOAHOTO
TpaHCIIOpTa PHEPTOHOCUTEIIEH Ha OCHOBE MOCTPOCHUSI MATEMaTHYECKHX MOJIeel (PH3NUECKUX MPOIIECCOB,
IIPOMCXOSIINX B TEXHOTEHHBIX 00bEKTaX, YNPOIIEHUE U IPUBEACHUE UX K BUIY «BXOI-BBIXOI» JUIA IIPAK-
THUYECKOI'O NMPUMEHEHHs, CO3/JaHNE MHTEJUIEKTYaJIbHbIX LU(PPOBBIX CHCTEM KOPPO3MOHHOM 3aILUTHI C HC-
[10JIb30BAaHUEM HMMEIOILIETOCs] TEXHUUECKOTO M METOJIMYECKOIo 3afiefla M IOCJIE0BATENbHOIO BHEAPEHUS
TEXHOJIOTHYECKUX WHHOBALIUH.

MaTeprasbl H METOABL

(DaKTOpI)I, OIpCACIAOINE KOPPO3HIO, METOAbI U CTaAHAAPThl MOHUTOPHHI'A U 3allIUTEI OT KOPPO3UHU

Hasnauenwne (meneBast GyHKIHS) U 3a7a9H dIESKTPOXUMUYIECKOH 3anuThl (DX3) omnpeneneHsl HopMa-
TUBHBIMUA JOKYMEHTaMH, COTJIACHO KOTOPBIM Mepomnpusatus 1o DX3 TpyOOmpoBOJOB BXOIAT B CHCTEMY
IIAHOBO-TIPE Y IPEAUTEIHHOTO PEMOHTA (PYHKIIMOHAIBHBIX CTPYKTYP IHEProX03sHUCTBa; 3Ta CUCTEMa MO-
KeT OBITh OIpejesieHa KaKk COBOKYHMHOCTh OpPraHU3allMOHHO-TEXHHUECKHX MEPONpPUATHH 10 HAA30py H
yxoay 3a MOA3CMHBIMHU KOMMYHHUKAIIUAMHU C LCJIbIO MPEAYIPCKACHUA HUX HNPECKACBPEMCHHOI'0O HM3HOCA,
TIpEAOTBPAICHHS aBapuii U obecrieueHus OecriepeOoitHoM mogaun >Heprun moTpedutersm [1]. [Ipu aTtom
KaTOJIHAs 3alHTa TPYGOIPOBOIOB OCYIIECTBISETCSA B COOTBETCTBUM C TPEOOBAHMSIMH .

Karonnas 3amura peanu3yercs HaJIOXKEHUEM OTPHUIATESIILHOTO MOTEHIMANA OT CICIHAIBLHOTO BhI-
IPSIMUTEITSI IEPEMEHHOTO TOKA Ha 3allMIAeMbIi y4acTOK JIMHEHHOW 4acTh TPyOOIpoBOja. DTOT Y4aCTOK
COEIUHSETCS C OTPUIATEIHFHBIM MOJTIOCOM BBITIPSAMHUTEISI, KOTOPBIN SBISETCSI OCHOBHBIM (DYHKIIHOHATBHBIM
AJIEMEHTOM CTaHIIMH KAaTOJHOM 3aIluThl. B CBOIO ouepesh MONOKHUTEIBHBIN TOJTIOC COSANHEH C aHOIHBIM
KOHTYPOM (3a3eMJISIOLIUM YCTPOHCTBOM). YTIPaBICHHE KAaTOAHOMN 3alIUTON MPOBOJUTCS MyTEM IMOJJIEpiKa-
HHUS HeO6XOILI/IMOFO 3alllMTHOT'O IIOTCHIIHAJIa METAJNIMYECKOM CTEHKHU Tp}IGI)I OTHOCHUTCJIBHO 3€MIJIM, 3TOT
MTOTEHIIHAI MOXXET OBITh M3MEPEH Ha CIHEIHabHBIX KOHTPOJIHHO-U3MEPHUTENBHBIX ITyHKTaX C MOMOIIBO
CTAIlMOHAPHBIX MM TIEPEHOCHBIX JIIEKTPOJOB cpaBHeHMs. Co3aHue W MoJiepkaHue HeoOXOAUMOTo 3Ha-

"TOCT 9.602. Exunas cicTeMa 3aIiiThl OT Koppo3uu u ctaperus. CoopyxeHus noazemMusie. Oomue Tpedo-
BaHMA K 3amure ot koppo3uu ; OCT P 51164-98. TpyOGonpoBois! cTanabHbIe MaructpanbHble. O01re TpeboBaHus K
3amqure ot kKopposuu ; CIT 378.1325800.2017. Mopckue TpybompoBoasl. [IpaBrira mpoeKTHPOBAHUS U CTPOUTEIHCTBA.
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YECHHUS MTOJIIPU3AI[MOHHOTO 3aIMTHOTO MOTECHI[MAIA HA BHEIIHEH TOBEPXHOCTU 00BEKTA JIOCTHTACTCS MMy TeM
HaJIO)KEHUSI BHEILIHErO BBIIPSAMIIEHHOIO TOKa. BenuuuHa MONsSpU3allMOHHOTO 3allMTHOrO IMOTEHLHANIAa @
CITY>KUT KOJIMYECTBEHHOM MEpOM KayecTBa KAaTOJHOM 3alUThl, & KPUTEPHUEM 3alIUIIEHHOCTH B KaXKIOU
TOYKE SIBISCTCS BBIMOIHEHUE YCIOBUA Qpin < @ < Qnax. BBIMOJIHEHUE 3TOrO yCloBHsl 00ecreunBaeTcsl B
HACTOSIIEee BpeMs NMPUMEHEHHEM cpencTB DX3, BKIIOYAONINX, B YJACTHOCTH, IIPU MPUMEHEHUN KaTOIHON
3aIUTHl 3JEKTPOJ CPaBHEHUS, NATYUK MOTEHIMAJIa, aHOJHOE 3a3€MIICHHE, UCTOYHUK MOCTOSIHHOIO TOKa
(mpeobpazoBaTeNb TOKa MPOMBIIIIIEHHON YaCTOTHI B BHITPSIMIIEHHBIN TOK), CpeAcTBa cOopa, hopMupoBaHus
Y MHTEpPIpPETALUUU AAaHHBIX O BEJIMYHMHE MOJSPU3ALMOHHOrO MOTEHLIMaNa. B CcymecTBYOMEN TEXHOIOTUU
MPUMEHSIOTCS HEABTOMATU3UPOBAHHBIC, YACTUYHO WJIM MOJIHOCTHIO aBTOMATU3UPOBAHHBIC CPEJCTBA CTA0H-
JIM3alyH OIS PU3ALMOHHOTO TTOTEHIHANIA.

MaremMaTHyecKe MOAEAH KOPPO3HOHHOTO MOHHTOPHHTA
CHCTEM TPYOONIPOBOAHOIO TPAHCIOPTA

CucteMbl TPAHCTIOPTHPOBKU SHEPTOHOCUTENCH — 3TO OJIMH M3 BRKHEHINNX BHJIOB TEXHOTCHHBIX CH-
cteM. [IpoTsHKeHHBIE MarkcTpalbHbIe CUCTEMBI TIPOKIIAIBIBAIOTCS M OKCIUTYaTUPYIOTCS B 3€MJIE, MOpE H T10-
TpaHUYHBIX cpefax. HopMaTHBHBIMH JOKYMEHTaMH YCTaHOBJIEHBI TPEOOBaHUS K 00ecreueHHI0 (PyHKIHO-
HUPOBAHMs TPYGOIPOBOJIOB', B TOM YHCIIE K YIPABJICHHMIO 3alUTOi OT KOPPo3uH. B 3TOM ciiyuae xapakrep
B3aMMOJICHCTBHSI MIOBEPXHOCTH CTATBHOTO TPYOOMPOBOJA C PA3IMYHBIMH CPEJaMHU JOCTATOYHO CIIOKEH U
onmceiBaeTcs auddepeHITHaTbHBIMA YPaBHEHUSAMHA B 9acTHRIX Mpou3BogHbIX ([[YUIIT). Marematndeckue
MOJIENT DJIEKTPOXUMHUYECKOTO TIpoIlecca 3aIlUThl TPYOOIPOBOIOB SIBIISIOTCSI OCHOBOM Ui pa3paboTKu
CpEACTB MOHHUTOPHHTA U YIIPABICHHUS 3alIUTON TPyOONPOBOIOB OT KOPPO3MH. BaxkHEHIIUM KpUTepueM Ka-
YeCTBa CUCTEM 3allUThI TPYOOIPOBOJIOB OT AIEKTPOXUMHUSCKON KOPPO3UH BHEITHHM TOKOM SIBJISCTCS BE-
JIMYUHA BJIEKTPOJHOrO MOTEHIMAA 3alUINAeMOl MOBEPXHOCTH. B ciiydae Koppo3uu HEOOIBINIUX MO pa3-
Mepy O0BEKTOB BEJMUMHA TTOTCHIMANIA aJIEKBATHO OTPayKaeT CTeleHb 3amuiieHHocTH. OJJHaKo KoTa pedb
UJIET O KOPPO3UHU TPYOOIIPOBOJIOB, XapaKTEPHU3YIOMIUXCS OOIBIION MPOTSKEHHOCTHIO, IIOBEPXHOCTh METaI-
JIa HEJIb3sl CYUTATh U30IOTEHUMAIBHON, II03TOMY KOPPO3Usl MOKET UMETh HEPAaBHOMEPHBIN Xapakrep. s
3¢ (EKTUBHON 3IIEKTPOXUMUYCSCKON 3aIUThI TPYOOIPOBOOB IIEeJIeCO00pPa3HO HMCIIOJIB30BaTh MaTeMaTHye-
CKHE MOJIEJH JUIs pacyera pacrlpe/eieHus MONAPU3ANUOHHOTO MOTEHIMANA C YYETOM HEIHHEHHON 3aBH-
CHUMOCTH TIOJISIPU3AIIMOHHOTO MOTEHIMAala OT IUIOTHOCTH YIPABISIONIEIO TOKA U KOHEYHOTO YKCIa TOYEK
TIOJIKITFOUCHHUST CPEICTB KOHTPOJISA U yrpaBiieHus 3amutoid. OCHOBHAs 33j1a4a MaTEMaTHUECKOTO MOJICITUPO-
BaHWA MOHUTOPHHIA U YIPABJICHHA CBOAUTCA K HAXOXKACHHUIO XaPAKTCPUCTUK 3alIUTHOT'O JJICKTPUUCCKOI'O
TOJIS TIO TIOJIOXKEHUEO CO3/IAIOIINX T10JIE UCTOYHUKOB U (PU3NYECKUX TTApaMETPOB CPEIbI.

IToa3eMHbIe TPYGONIPOBOABI

CpaBHI/ITCJ'IbHO OobIIast OPpOAOZKUTCIIBHOCTD IPOTCKAHUA PACCMATPHUBACMBIX IIPOLECCOB MMO3BOJIACT
HCIIOJB30BaTh JJIsd UX OIMHCAHHA KBA3UCTATHYCCKOC HpI/I6J'II/I)KeHI/IC, T.€. BBCCTH IIOTCHIIMAJ ¢, YAOBJICTBO-

paronuit ypapHeHuto Ilyaccona. Haxoxaenue pacmpenesieHusi MOJISIPU3ALMOHHOIO IMOTEHLMalla Ha TIo-
BEPXHOCTHU TOJI3€MHBIX METAIIMYECKUX TPyOOTPOBOIOB TpeOyeT 3HAHUS paclpeesieHus] moTeHnuana ¢,

CO3J]aBaE€MOT0 B IPYHTE TOKaMH, MMPOTEKAIOIIMMHU Yepe3 Hapy>KHYIO IOBEPXHOCTH TPyOOIIPOBOIa, HMEIOIYIO
KOHTAaKT ¢ IpyHTOM. Pacuer pacnpenenenust NoTeHIMana MpOM3BOJUTCSA B IPEAIIONOKEHNH, YTO MOJA3EMHBIE
TpyOOIIPOBOBI PAcIOI0KEHBI B OHOPOIHOM HPOBOSIIEM MTOIYIPOCTPAHCTBE C YACIBHBIM CONPOTHBIICHHU-
eM pP,. Cpena, c KOTOPOH IPaHUYHUT HOIYyIPOCTPAHCTBO, IPUHUMAETCS HENMpOBOAdAIIed. B »Tux ycrmoBusax

pacrpeziefieHue TIoTeHnyana ¢ B MpoBOAAILEH cpelie ABIsieTCs pelieHueM ypaBHeHus [lyaccona

Vio=—p,-> " 1,-8(P-¥,). (1)

rae P — Touka HaONIOACHUS HAa MOBEPXHOCTH TpyOomposoaa; ‘¥, — Touka pacmosoXeHus NCTOYHHKA

C HOMepOM ¢; [, — ynpaBiseMblil TOK HCTOUHHKA.

"TOCT 9.602. Exunas cicTeMa 3aIiuThl OT Kkoppo3uu u ctapenus. CoopyxeHus monzeMubie. Oomue Tpebdo-
BaHMs K 3anure oT koppo3uu ; 'OCT P 51164-98. Tpy6onpoBos! cTanbHble MarkucTpaibHble. O01He TpeOboBaHus K
3aIIMTe OT KOPPO3HH.
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HpI/IHI/IMaSI BO BHMMAHHUEC, YTO HA IMPAKTHUKEC KaXXJ0€ IMONCPECHYHOC CEUCHHUE MOXXHO CUUTATh 3KBUIIO-
TCHIOHAJIbHBIM, 6naro,uap;1 yeMy NOoTCHIMAI MeTaljia q)M OKa3bIBACTCA 3aBHUCAIIHUM TOJBKO OT HpOIlOJ'IBHOﬁ

(1o oTHOWIEHMIO K TPYOOIPOBOY) KOOPAMHATHL. YPaBHEHHE, ONHUCHIBAIOLIEE MPOIOJIBHOE pacipeesieHne
MOTEHIHAaNa MeTaja, IPUHAMAET BUJ

d’oy,
— M =r(P)-i(P), 2
rae r(P) — TIOTOHHOE TIPOJIOJIEHOE COTPOTHBJICHHE TPyOOIpoBOIa B paccMaTpUBaeMON TOYKE;

i(P) — TOK, CTEKArOLWMii B CPe/ly Uepes3 NOoIepedHoe cedeHne TpyOonpoBosa.

Hpezlnonarasl, YTO IIUIOTHOCTH TOKa, CTCKAIOWICIO0 B CPEAY, BO BCEX TOYKAX IMOIECPECUHOTIO CCUCHHA
OJMHAKOBasA, MOXHO CUHUTATh, YTO 3Ta INIOTHOCTh TOKa CO34acCTCA JIMHEHHBIM MCTOYHHKOM TOKa C ITOTOH-

HOM MPOU3BOIUTENHEHOCTEIO [ (‘I’) , PACTIOJIOKEHHBIM Ha OCH TpyOorpoBoa. Tormaa moTeHITHa, CO3/1aBaeMBbIii

TOKaMH, IPOTCKAIOIINUMHU Y€PE3 NNONCPCUHOC CCUCHUC pr6OHpOBOI[a, MOJKET OBITh IIPpEACTaBJICH B BUAC
L .
=p,-[ i(W)G(P,¥)d¥, 3)

rae (—L,L) — paCCManI/IBaeMBIﬁ y4aCTOK pr6onp0130;[a; Y — Touka PAaCIIOJIOKCHUS UCTOYHHUKA TOKA Ha

paccMaTprBaeMOM ydYacTKe; G(P,‘P) — (hynkmus ['puHa, yauThIBaromas CBOMCTBa cpenpl. Pemenne naTe-

TPaIbHOTO YpaBHEHUS MMPUBEICHO B [2, 3]
B ycnoBusax TpyOonpoBoaa ¢ MHOXKECTBOM COCPEIOTOYEHHBIX HArpy30K MOTEHIHal @, co3maBae-
MbIi N HCTOYHWUKAMH YIPABISIONIETO TOKA, OMpeIeseTcs mo hopmyie

pZVIV )’ (4)

rae [, — ynpaBisIIOLIMA TOK V -T'O UCTOYHHKA, G(P, ﬁv) — (yHKIMS BusHAA (4), yIUTHIBAOIAs KOOPIH-

HAThl TOUKK HaOmonennst P(x,y,z) u Touek pacnonoxkenus ucrounnxos toka ¥, (§,.1,.8, ).

Torna cucrema ypaBHEHHI [T ONpeACIeHUs] pacpeaeseHUs] TOKa B0k 3aJaHHOTO TPyOOIpoBoOa
MIPUMET BUJ

0 +i(5) A K (08)-[i(6)=i(3) JaE+ 2 ()i (1) =0, X\ .-G 8.,

L N (5)
| i(g)de+Y 1, =0.
Tlepexonst OT IEPBOTO U BTOPOTO MHTErpasia K Pa3HOCTHBIM YPaBHEHUSM, TTOJIYUYUM
Mt F ()i ) A2 0B () = A, Yo G380 )+ (%)),
(6)

Alxk Z—M (/),

Tae P, (x/.) up, (xj) — MOTPEILIHOCTH, MOJIyYalolUecs B pe3yJIbTaTe Mepexoaa OT MHTErPAJIbHbIX YpaBHe-
HUU K CUCTEME Pa3HOCTHBIX YPAaBHEHUI.

Or0OpaceiBas B TIPaBO 9acTH paBEHCTB (6) Majble BETMINHBI p3(x].) u p4( ) TOYHBIC 3HAYCHUS

KOTOPBIX HEW3BECTHBI, MOIYyYUM CIEIYIOUIyI0 cHcTeMy n+1 ypaBHeHHH ¢ n+1 Heu3BeCTHBIMH O, ,

1(x),7(x,),.0 (x,):
A0, +F(xj)"7<XA/)+7‘ZZ‘=‘BJ-,/¢ 1 (x,)= —lpSZiV:lIV -G(xj,év),
)
" Ai(x)==Y0 1,
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Moienb «BXOJ-BBIXO» I 00BEKTa YIPABICHUS B CUCTEME JICKTPOXUMUYCCKOM 3aIUTHI OT OJIyK-
JTAOLUX TOKOB Yepe3 MOYBY BBIBOJUTCS U3 CUCTEMbI YpaBHEHUI

d2¢M (x) B )
Tl r(x)-i(x),

(~0.]" /()G (x.8)dE+ 3 ()05 (x)]. @)

[ocne npeoOpazoBanuii Jlannaca npu HyJIeBBIX HaUYalbHBIX YCIOBHAX HaiimeM [2]:

Oy _ 1
0, - P2 _\P(p’RwL’I) . ©

Ilo HaiineHHOMY pacHpeleseHUI0 TOKa BAOJb TPYOOIPOBOAHOM CHCTEMBI ONpEAENseTCsl pacipere-
JICHHE CMEIIEHUsl PETYJIMPYEMOro MOTEHIHANa HAa MOBEPXHOCTH TPYOONPOBOAHON CHCTEMBI M 3allUILEH-
HOCTb TPYOOIIPOBOIHOM CHCTEMBI OT KOPPO3HHU TI0 POopMyJIie

n,(x)=R.(x)Q(x)), (10)

Omnpenenennie CMeNeHNs TOTEHIMANA O] AEWCTBUEM TOKOB JTa€T BO3MOXKHOCTh MPHOIHM3UTH 3HAUE-
HUSI TOKOB YCTaHOBOK AJIEKTPOXUMHUYECKOH 3allUTHl K ONTHMAaJIbHBIM 3HaueHusIM. OIleHKa YCIOBUH JOCTH-
JKCHUA KaTOILHOﬁ 3alIuTHI I10 BI)I6paHHOMy KPUTECPUIO 3aKIIIOYACTCA B Tpe6OBaHI/II/I 06ecnequI/I${ AU THBIX
MapaMeTpoB B psAae QUKCHPOBAHHBIX KOHTPOJIBHBIX TOYEK.

O0603HaYMM YHCIIO0 HE3aBUCUMBIX CTAHIIUU KAaTOAHON 3aIUThI N, KOOPAWHATHI KOHTPOJIBHBIX TOUYEK
X1 (B BBIOpaHHOH cucTeMe KOOpAWHAT, HAlpUMeEp, B 3aBUCHMOCTH OT PAaCCTOSHUS 10 HAYaJbHOH TOYKU
TpyOOIIPOBOAOB MO AJMHE Tpacchl). [t pemieHus moCcTaBIeHHON 3a1a4i HEOOXOIUMO PacCUUTaTh 3HAUe-
HUS CMEIICHUS MOTEHIMANa, CO3/1aBacMble B Ka)KIOW KOHTPOJIHHOM TOUKE OTAEIbHBIMHU CTaHLUSIMH. Pe-
3yIabTaTOM pacueTa OyneT KBajpaTHas maTtpuia W pasmepHOCTBIO (N, X N,), KOTOpas MO3BOJSET HAWTH
BEKTOp 3HAYCHHWH CMEIEHUS MOTeHIHajla B KOHTPOJIBHBIX TOYKaX MO W3BECTHOMY BEKTOPY 3HAUEHHH BbI-
XOJIHBIX TOKOB / KaTOJHBIX CTAHIIUH 110 QopMyJie

o, =WI . (11)

Ecmu tpeGyercs, 9TOOBI B KOHTPOJBHBIX TOYKAX MPH paboTe CHCTEMBI KaTOTHOW 3alUTHI TOIAEP-
JKUBAIKCH 3aJIaHHBIC 3HAYCHHS CMEIICHHUS IOTCHIIMAIOB, 00pa3yollre BEeKTOp 3a/laHHbIX 3HAYCHUH V), He-
00X0IMMOE pacpe/Ie/ieHUe TOKOB MEKIY CTAaHIIUAMU MOXET OBITh HaiIeHO 110 hopmMyJie

I=w7V,. (12)

B cayuae, korna 4uciio KOHTPOJIBHBIX TOYEK V| M YMCIIO CTaHLUUU N, HE cOBNanawT, N, > N,, T.e.
MMEIOTCSI CTAHITUH, BBIXOJHOM TOK KOTOPBIX YMPAaBISETCSA APYTUM crocodom, dopmyna (11) mpuaumaer
CenyOLnN BU;

1=w(V,-W,1,), (13)

rae W, — marpuna pasmeprnocta Ny X (N, — N,), onpenensiomas BIUIHAE «HEYTIPaBIIEMbIX» CTaHIMNA Ha
CMEIEeHNUS TIOTEHHAJIOB B KOHTPOJIBHBIX TOUYKaX; [/, — BEKTOP BBIXOAHBIX TOKOB HEYNPAaBIISIEMbIX CTAHIIMN
pasmepHocTH (N, — Ny).

AHanornuyHele NpeoOpa3oBaHMUsI UCXOIHBIX PacIpelesCHHbIX MOAelIed O00ObEKTOB YIpaBJICHHS Ui
Pa3IMYHBIX Cpell MPUBOAATCS HA OCHOBE OOIIMX ypaBHEHH HepaspeiBHOCTH [2—4]. B ciyyae MHOTOKOOp-
JUHATHOH 3aBUCUMOCTH J(¢, &, 1, {) OLIEHKY BIHMSHUS ABMKEHUS 110 KOOpAHHATaM &, 1), { MOJIy4HM Ha OCHO-
BE€ M3BECTHOU TEOPEMBI O IEPBBIX MHTErpanax JuQQepeHnnalbHbIX YPaBHEHUI B YaCTHBIX [IPOM3BOJHBIX
nepBoro nopsiaxa [5].
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Mopckue Tpy60npoBoAbI

B Hacrosimee BpeMs 3amiuTa OT KOPPO3HH TPYOOIIPOBOIOB, MEPECEKAIOIINX 3HAYNTEIBHBIE BOJHBIC
MPOCTPAHCTBA IO BOJOW, 00eCIeUnBaEeTCsl CHCTEMOM KOJIBLEBBIX MPOTEKTOPOB, MEPUOIUIECKH PACIIONO-
KEHHBIX C OIPEAEICHHBIM IIaroM BAoJb TpyOompoBoaa [6, 7]. CkazaHHOE BhIlIE CHPaBEIIMBO JIHIIb IIPH
YCIIOBUHU OTCYTCTBHSI OJIy>KAAOIIMX TOKOB B Cpezie, B KOTOPOH MpojoxeH TpyOonposoa. Curyanus cyuie-
CTBEHHO M3MEHSETCS IPU B3aUMOACHCTBHU TPYyOOMPOBOJIA C SJICKTPHUECKUM IOJIEM OTy>KIAarOIIX TOKOB B
Mope. Tokr MPOTEKTOPOB 3aBUCAT OT PACIOIOKEHHS NPOTEKTOPOB OTHOCHTENIBHO OKOHEYHOCTH TPYOOIpo-
BOJIa. MakCHUMabHOIO 3HAU€HMs JOCTHIAeT TOK IPOTEKTOpa, Omxaiiiero K KoHIy Tpyoomposoza. Ilpu
HaNpsKEHHOCTH BHEILHETO 2J1eKTpuyecKkoro nomus £y = 0,5 MB/M 310 3HaueHHe coCTaBIACT Iyp (vaxe) = 5,25 A.
[Ipu TakoM TOKE CPOK CITy>KOBI MPOTEKTOPA COCTABUT MOKET OBITh YMEHbBIIEH. TOKH OCTalBHBIX MTPOTEKTO-
POB MOTYT OBITH, IPUOIMKEHHO, OIICHEeHHI 110 Gopmye (12)

[np(m) = Inp(MaKc) eXp(_clm) ’ (14)

r7ie 7 — HOMEp TPOTEKTOPa; /,, — €r0 pacCTOSHUE OT MPOTEKTOPa C MAKCUMAIIBHBIM TOKOM; & — IMOCTOSTHHAS
pacnpoCcTpaHeHHsI.

Heo0xomumMo OTMETUTB, YTO TOK HPOTEKTOPOB, OOYCIIOBJICHHBIA JCHCTBHEM ONYXKAAIOMIUX TOKOB
MIPAKTHYECKX HE 3aBUCHUT OT MapaMeTPOB M30JUPYIOMIETO MOKPHITHS TPyOOIpoBoIa.

[IpuBencHHBIE TaHHBIEC TIOKA3BIBAIOT, YTO HECKOJIBKO MEPBHIX aHOJIOB UMEIOT OJIM3KHME 3HAYCHHUS TO-
KOB. biaronapst aToMy OHU pacTBOpATCS B MEPBYIO ouepelb. MIX pacTBopeHMe, C OJHON CTOPOHBI, IPUBEIET
K YBEJIMUEHHUIO CKOPOCTH PACTBOPEHUS CIEMYIOMNX MPOTEKTOPOB (32 CUET YBEIMYCHUS UX TOKOB), a C IpY-
oW CTOPOHBI, BBI30BET YXYAIIEHHE KOPPO3UOHHOTO COCTOSHUS MeTajula B KOHIIEBOW 30HE TPyOOIpoBOaa
3a CYeT yBEJIINYECHHUS MOJIOKUTENBHOTO CMEIIEHUs TOTEeHINAaa.

Pe3koe yBenmueHHe TOKa MPOTEKTOPOB, MPUBOMAIIEE K KATACTPOPUUIESCKOMY COKPAIIEHHIO CPOKa
CITy’KOBI TIPOTEKTOPOB, HE SIBIAETCS €IUHCTBEHHBIM HETaTUBHBIM CIIEACTBHEM IEHCTBHS Oy KTAIOMINX TO-
KOB. [IpyruM TakuM CIEACTBUEM SIBISIETCS YXYALICHUE KOPPO3HOHHBIX YCIIOBHH B KOHIIEBOH 30HE Tpy0O-
MpoBOJa Jake MpH padOoTaroIUX HpoTekTopax. s ycTpaHeHUs! OTPULATENbHBIX MOCIEACTBUN IeHCTBUS
OJTyKTafOIUX TOKOB Ha TPYyOOIPOBOJ, 000PYIOBAaHHBIA CHCTEMOM IPOTEKTOPOB, IEJIECO00pa3HO MprUMe-
HUTh B KOHIICBBIX 30HAX CUCTEMY KaTOAHOM 3amuThl. OCHOBHOMH 3aaueii 3T0# CUCTEMBI OYIET yCTpaHEeHHE
KOHIIEBBIX 3()()eKTOB BAMAHUS Oy KIAIOIINX TOKOB.

TexHHYeCKHe CPeACTBAa MOHHTOPHHIA H 9AeKTPOXHMHIeCKOH
3aIIUTHI TPYOOIPOBOAHOIO TPAHCIIOPTA

W3BecTeH 3HAYNTENBHBIN allapaTHBIA 331 PA3TUIHbIX (GUPM U TPEANPUSTHHA IS TOCTPOSHUS CH-
creM DX3. 31ech I OMPEEICHHOCTH TIPUBEIACHBI CCHUIKH Ha pa3paboTaHHBIC, H3TOTOBJICHHBIC W BHEI-
pennsie u3aenus pupmsl OO0 «[TAHTEC).

[Ipubop mns m3mepenust mapametpoB kopposuun «KOPUIT C-3 A» (TY 4217-003-54303725-2003,
B JalbHEHIIEM — IpuOop) MpeaHa3HaueH I OMPEISICHUs] KOPPO3IUOHHOTO COCTOSHUS W OIEHKH (P dek-
TUBHOCTH CcpecTB DX3 MOJ3EMHBIX METALIMYECKHX COOPYKEHHH B MOJIEBBIX YCIOBUSAX M 00paOOTKH WH-
¢dopmanmu Ha KomnbroTepe. OO0MEHl 0COOEHHOCTBIO BBHIMOJHEHHBIX U3MEPEHHHN SIBISIETCS UCIIOJIB30BaHUE
prOOPOB B PEXXUME CHHXPOHHBIX M3MepeHuid. C 3TO# IeNbIo mepell HayalloM H3MEPEHUI BBINMOIHSIACH
CHUHXPOHHU3aIHsI MPHUOOPHBIX YACcOB C YacaMu KOMITbIOTEpa. B pe3ynibTare BHIMOIHEHUS 3TOH oneparyuy mno-
Ka3aHusl MPUOOPHBIX YacOB OTIMYAINCH He Oosiee yeM Ha | c. IIpu ycraHOBKE OJMHAKOBOIO MOMEHTa
BKJIFOUEHHSI PETUCTPAIMHM 3Ta BEIMYMHA OIpeAesseT TOYHOCTh CHHXPOHM3AIUH MOMEHTOB H3MEpPEHHIl.
brnarogapst mpuMeHeHHIO YKa3aHHBIX PETHCTPATOPOB MOJTYUYEHHBIE NaHHBIE O BIMSHUH HA YYaCTKH TEIUIO-
BBIX Tpacc Kak OJyKJAaroIuX TOKOB, TaK M pabOThl YCTAHOBOK KAaTOJHOM 3aIIUTHI CMEXHBIX MOJ3EMHBIX
COOpY’KeHHH 00J1aJar0T BBICOKOH JOCTOBEPHOCTBIO U, CIEOBATENbHO, AOKa3zaTenbHOU cuioil. [lomyyen-
HbIE TaHHBIE OBUTH HCIOJF30BAaHBI KaK MCXOTHBIE HA CTAINH MPOSKTHPOBAHMS NIPH ONTHMH3AINH KaK pac-
MOJIOKEHUSI YCTAHOBOK KaTOJHOM 3alllUTHl BJIOJb TpacCc HE(QTENPOBOAOB, TaK M BBIXOIHBIX IMapaMeTpPOB
9THX YCTaHOBOK.

B Tabn. 1 nmpuBeneHs! onvicanne 00bEKTa, CPEACTB, PEXKUMOB U PE3YIbTATOB IS IBYX XapaKTEPHBIX
BapHaHTOB KOPPO3WOHHBIX oOcienoBanuii. Llempio mepBoro BapmanTta sSBiIsieTcs o0IIee KOPpO3HOHHOE 00-
ClIeIOBaHKE 3aJaHHOTO Y4YacTKa TEIJIOBOM Tpacchl, BKIIOYAs BIMSHUE UMITYJILCHON KOMIIOHEHTHI OJTy>Kaa-
IOIUX TOKOB. Bo BTOpoMm BapuaHTe K ATOH 3ajade q00aBIeHa OIIEHKA BIUSHUS PaOOThl CHCTEMBI KaTOIHOM
3aIUTHl CMEKHBIX TIOA3EMHBIX COOPYKEHHU (Ta30BOM CETH).
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Tabnuna 1

Onwucanne 00bEKTa, CPEJCTB, PEXKUMOB U PE3yIbTATOB
JUTSL IBYX XapaKTEPHBIX BAPHAHTOB KOPPO3UOHHBIX 00CIeI0BaHHI

BBITTOJTHEHBI H3MEPEHUS
HaTPSKEHHOCTH
3JIEKTPUUECKOTO TOJISI.
JIJ1s1 OLICHKH BIUSHUS
YCTaHOBKH KaTOJHOM
3allUTHI IPOU3BOIUIOCH
BBIKJIFOUCHHUE €€ TTUTaHUS
MIPOTPaAaMMHUPYEMBIM
TpephIBaTeIeM

Omnmncanue o0beKTa CpencrBa Cxema 1 pexumM PesynbraTel 00paboTKH JaHHBIX
U 1EJIb U3MEPEHUI HU3MEpPEHUI HU3MEpPEHUI
YyacTok Tpacchl [IsaTe mpubdopoB M3mepsnuce noreHuuansl | Pe3ynbTaThl M3MEPEHUM IOTEHIMAIOB
TEIUIOBON CEeTH KOPHIIC, «Tpy0a — 3eMJIs» BOJIIM3U | 3JIEKTPOJAMH, PACIION0KEHHBIMU
TPOTSAKEHHOCTHIO 15 m3MepuTEeTHHBIX 5 TENIoBbIX Kamep, Ha PacCTOSTHUU 25 M OT Kamep
1,6 kM; Ha yyacTke | DJIEKTPOJIOB B KOTOPBIX K TpyOam MMOKA3bIBAIOT:
16 TennoBbIX MOKITIOYAINCH Ka0eIu 1. TloTeHuuansl Ha OOJIBIIMHCTBE
Kamep OT MOJIOXKUTEIBHBIX CEKI[MH yJacTKa CMEIEeHbI
KJIEMM ITPHOOPOB. B MOJIOKUTEIbHYIO CTOPOHY.
BOnu3u xaxmoi u3 3Tux 2. 3HAUYUTENLHOE BIHSHHUE
KaMep pa3Menannch HMMIYJIbCHOM COCTaBISIOIEH
TPH U3MEPUTEIBHBIX OJTy K TAfOINX TOKOB.
3JIEKTPOJa HA 3. XapakTep BAUSHHS UMITYJIbCHON
paccTosiHUsIX 5 M, 25 M COCTABIISIIOLIEN 3aBUCUT
u 50 M oT Kamepsl OT PacIoJIOKEHHs TOUYKH Ha Tpacce:
BOs3u TK-4 uMIynnbChl Oy KAat0MInX
TOKOB BBI3BIBAIOT aHOJTHOE CMEIIICHHE
MoTeHIrana, Toraa kak Bommsu TK-16
— SIPKO BBIPAYKEHHOE KAaTOJIHOE
CMEIIEHHE
VY4acTok Tpaccel [TsT6 IPHOOpOB M3mepsiuce noteHnuansl | Pe3ynbTaTel M3MEpeHUil MOTEHINATIOB
TEIUIOBOM CeTH KOPUIIC, «Tpyba — 3eMys» BOJIM3U | 3JIEKTPOJAMH, PACIIOI0KEHHBIMA
MPOTSLKEHHOCTBIO 15 n3mepuTenbHbIX YETBIPEX TEIUIOBBIX Ha PacCTOSIHUM 25 M OT KaMep
0,95 xwm; 3JIEKTPOIOB kamep. Pacnionoxenue MI0Ka3bIBaIOT:
Ha yJacTKe M3MEPHUTEIBHBIX 1. INorennuans! Ha OOIBIIMHCTBE
12 TemoBeIX 3JIEKTPOIOB Kak B II. 1. CEKLUH y4yacTKa CMEIIEHbI
Kamep JononxurensHo Obln B HIOJIOKUTENBHYIO CTOPOHY,

3a uckioueHneM TK-39, yuactox
BOJIM3U KOTOPOH 3allHIICH

OT KOppO3uu Oiiaronapsi IeHCTBHIO
YCTaHOBKH KaTOJHOU 3alUThI

Ha ra3onpoBo/ie.

2. BnusHue UMIyIbCHOMN
cocTaBJIsIonIel HanboJee 3HaYMTEIEHO
O3 TK-29.

3. B paiione TK-29 — TK-33 pabora
YCTaHOBKH KaTOJHOM 3aIIUTHI
BBI3BIBACT CMEILCHNE NTOTEHIIMAIA

B HAINIPaBJICHUHU TOJIOKHUTEIBHBIX
3HAYEHUH, T.€. yXyIIaeT
KOPPO3HMOHHOE COCTOSIHUE
TpyOOIPOBOAOB

OOmield 0COOGHHOCTBHIO BBITIOJHEHHBIX HM3MEPEHUH SIBJISIETCS HUCIIOJIb30BAaHUE PETHCTPAaTOPOB
KOPHIIC B pexxnMe CHHXPOHHBIX H3MEPEHUI.

[IpeoOpazoBatens 3amurHOrO MoTeHImana (TY 4217-002-54303725-2002) npeana3HadeH i O-
CTOSIHHOT'O MOHUTOPHHIa MarMCTPalbHBIX HedTe- u razonpoBogoB. CTpyKTypHas cxema mpeodpa3oBaTelis
NpuBeieHa Ha puc. 1.

Korna xirou komMMyTaTopa HaxoqUTCA B MOJIOKEHUH 1, BcriomMorarensHbIN anekTpos (BD) monsapu-
3yercsl (3apsbkaeTcs) MOTeHIHMajaoM TpyOompoBoaa. 3ateM BD mepexmrouaercsi K BBICOKOOMHOMY BXOAY
a”asnoro-ungposoro npeodpazosatenss AL, m MuKporporeccop OCyIIECTBISET U3MEPEHUE BEINYHHBI
HanpspkeHWs Ha BD oTHOcUTEenbHO MemHO-cynbdartHoro snekrpona (MCD) kak paboueir mepsl. ks
M3MEpPEHUs TTOBTOPSIOTCS ¢ TiepuogoM 1 Mc (7 Mc B monoxeHuu 1, 4 Mc — B mojoxkeHuu 2). OTIHIuTeNh-
HOU OCOOEHHOCTBIO MPE0OPa30BATEIIS SBISIETCSI OTCYTCTBHE UCTOUYHUKA ITUTAHUSI.
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Puc. 1. CtpykrypHas cxema npeoOpa3oBaTens

ABTOMaTH3aLUs MOHUTOPUHIA U YIPABJIECHUS] KOPPO3HUOHHOM 3aLIUTON TEXHOTCHHBIX OOBEKTOB UMe-
Jla MECTO W paHee, ogHako 3(dekT, mpecTaBIeHHBI Ha YPOBHE TEOPHHU, HEe OBUT MOJHOIICHHO PEaIM30BaH.
OT0 0OBACHAJIOCH HEJOCTATOYHBIM YPOBHEM pa3BUTHs TEXHUYECKUX cpelcTB. ba3oBeili Habop Takux
cpenctB u mHTErpanusa B coctaBe KOC mpencrapnensl B koHtenun «Uamycrpus 4.0». 3TH cpencrTsa co-
BEPIICHCTBYIOTCSl M CO3JIAIOT HEOOXOIUMBIE YCIIOBHS AJIsl 00ecreueHHs KauecTBa TEeXHOTEHHBIX 00BEKTOB
Ha OCHOBE IH(POBU3ALMK ITANOB KU3HEHHOro LWKJIa. [loaTamHblil IepeBoa cUCTeM aBTOMAaTHU3alUl MO-
HUTOPUHIA M YNPaBJICHUS KOPPO3MOHHOW 3AIIUTON TEXHOTE€HHBIX OOBEKTOB JOCTHIaeTCsl BHEAPECHHEM
kommoneHToB W4.0: MaTepHeTa Bemel, B3anmMoaelicTeust M2M (MamHa ¢ MalmmHoOH), coopa, XpaHEeHUS U
00paboTKH OOJBIINX O0BEMOB JaHHBIX, PACIIO3HABAHHS JMHAMHUKH W3MEHEHHUS IapaMeTpoB. JTO, B 4acT-
HOCTH, BKJIFOUAET:

— OpraHu3anyio cOopa JaHHBIX C KOHTPOJIbHBIX TOYEK MOHUTOPUHIA U Iepelady yNpaBieHUH ¢ IOo-
Mompio MHTepHeTa Bemield Mo pacmpocTpaHeHHBIM cTaHgapram Bluetooth LE, ZigBee, Thread
(6LOWPAN), Z-Wave, ANT*, WirelessHART, ISA100.lla (6LOWPAN), EnOcean, Plus more — mist pac-
crostauit 10-100 m; 802.11a/b/g//n/ac, 802.1 laf (white space), 802.1 lah & 802.Up — s paccrosamii 100—
1000 m; WI-SUN (6LOWPAN), ZigBee-NAN (6LOWPAN) — mis paccrosuuit 5—10 xwm; Cellular,
2G/3G/4G, LTE-MTE, 5G in the future, Low Power Wide Area (LPWAN), SIGFOX, LoRa, Nelensa, PTC
u apyrue — a0 100 kM; u T.4.;

— MOJIyYCHHE YTIPABILIIOIUX CUTHAJIOB OT OTKAa30yCTOWYMBBIX HCTOUHUKOB [IOCTOSHHOIO TOKA II0 pe-
3yJbTaTaM MOHUTOPHHTA,

— cbop, xpaHeHue U 00pabOTKy OONBIIUX 0OOHEMOB TAHHBIX O KOPPO3ZHOHHOM COCTOSIHHUHU TPYOOIIpO-
BOJZIOB B 0a3ax JaHHbIX M 0a3ax 3HAHU VIS IOCTENIEHHOTO NEPEX0Aa K O€3JIF0AHBIM TEXHOJIOTUSIM;

— pacmo3HaBaHWe AMHAMHUKH U3MEHEHHsI TTapaMeTpoB ISl IPOTHO3UPOBAHUS COCTOSIHUSI KOPPO3UOH-
HOH 3alIUTBHL

[IpuBenenHbIi MOAX0 OBLT PeaIn30BaH MPH MO3TATHOM BHEIPEHUH TEXHOJIOTMYECKUX HHHOBALIMH B
CHCTEMY OIEPATHBHOTO JUCTAHIIMOHHOT'O KOHTPOJIS TEIUIOTpace B BUJE KHOep-(pu3nuecKol cucTeMsl [8].
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[To Mepe pemreHus 3THX 3a/lad BO3HUKAIOT 33/Ia4M MHTETPAIMU MPOLIECCOB M PECYPCOB B TPOOIIEM-
HOI 00macTr SHEProdPHEeKTHBHOCTH.

3akArouenue

[IpennokeHHbIE B CTaTbe MOJAETH (PU3NYECKUX Cpell ONMPENEeNSIOT He TONhKO CTaTHKY, HO U JHWHA-
MUKY MX B3aWMOJIEHCTBUS C TPyOONPOBOJAMH B YCIOBHSIX BO3JEHCTBUSA BHENTHUX JJIEKTPOMArHUTHBIX
noJieli. KoppekTHOe ynpoIlieHne Takux MOJeNield U MPUBEJACHUE K BUy «BXOJ-BBIXO/» MO3BOJISET OoJiee
TOYHO OCYIICCTBIIATH JIEKTPOXUMUYECKYIO 3aIUTy TPYyOOIPOBOIOB U 00eCIIeUnBaTh NX 0€3aBapUUHOCTh
W TpojJieHue pecypca. Moaenu MpuBEIeHBI A MOA3EMHBIX M MOABOJHBIX TPYyOOTPOBOAOB, HO MOTYT
OBITH MCTIONB30BaHbI U IIJIS IPYTUX O0BEKTOB — MOPCKUX CYJIOB, HE(PTEXpaHWUIUII, MOCTOB U JPYTHX Me-
TaJUIMYECKUX 0O0BEKTOB. [IpUBeNeHBI MPUMEPhl TEXHUYECKUX CPEJCTB JIJII MOHUTOPUHTA M YIIPaBICHUS
2X3. IlokazaHo, 4TO pa3BUTHE KUOECPHETUUECKHX METOJNOB, JIOKAJLHOW aBTOMATH3AIlMU U TOSBJICHUE
TEXHOJIOTHYECKAX MHHOBALMW CO3JaIi HEOOXOJUMBIE YCIOBHUS MJISl TIOCTEIEHHOTO Iepexoja K MHTEe-
JIEKTyaIbHBIM CHCTEMaM KOPPO3MOHHOH 3alUTHI TPYyOOMPOBOJHOTO TPaHCIIOpTa dHeproHocurenei. Ta-
KOU 1MOoJX0/ 00€CIIeYUT HOBBIC BO3MOXKHOCTH O0ECIICUCHHUS Ka4eCcTBa MPOILIECCOB TPAHCIIOPTA, MEPEX0 K
OC3/II0JHBIM TEXHOJOTUSIM M Pa3BUTHS MPoOJieMHON obnact DX3 Kak 4yacTH TJ100ajJbHOW MPOOJIEMBI
obecneueHus YHeProdPHEKTHBHOCTH.
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Abstract. Background. The study is aimed at the development of theoretical and technical-organizational
foundations for managing the safety and resilience of regional critical infrastructures. At the initial stage of our re-
search, the analysis and positioning of the state-of-the-art theory of regional security among the existing fundamentals
in the field of managing the development and functioning of complex dynamic systems are carried out. This is neces-
sary for the subsequent enhancement of the formal apparatus used in modeling and automating the processes of ensur-
ing the security of regional socio-economic systems and critical infrastructures of the region. Materials and methods.
From the standpoints of a systems approach and the general principles of network-centric control, the methodological
foundations of the theory of regional security as an independent and advanced field of knowledge are considered. The
methodology of the regional security theory is built on the basis of well-known research areas: the stability theory, the
reliability theory, risk management, the sensibility theory, the viability theory, the resilience theory and other scientific
concepts that are ideologically complementary to the science of the security of socio-economic systems and develop it
in goal-setting, missions, used methods and means. Results and conclusions. The range of regional security theory
problems and its place among other scientific disciplines subject to the class of the object under study (regional socio-
economic system), control modes and the impact nature of the external and internal factors are determined. At a quali-
tative level, ways are proposed to extend and adapt the developed theory of regional security to the problems of man-
aging the resilience of regional critical infrastructures. The application substantiation of the considered regional securi-
ty methodology for fully solving these problems is given.
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CTH Cpely CYUICCTBYIOIINX TEOPETHUYECKUX Pa3pabOTOK B 00JACTH yIpaBlICHHUS Pa3BUTHEM U (DYHKIIHOHHPOBAHUEM
CIIOKHBIX JTHHAMHYECKUX CHCTEM. DTO HEOOXOAUMO ISl TIOCIEAYIOMIETO COBEPIICHCTBOBAHUS (POPMABHOTO ammapa-
Ta, UCIIOJNB3YEMOTO MPH MOAETHPOBAHUN W aBTOMATH3AIMH IPOIECCOB obecreueHus] 0e30MacHOCTH PETHOHANBHBIX
COIMAJIBHO-OKOHOMHYECKHUX CUCTEM M KPHUTHYECKHX MH(PACTPYKTYp peruoHa. Mamepuanvr u memoovt. C 1mo3uLuii
CHCTEMHOTI'0 MTOJIX0a U OOIINX HMPUHIUIIOB CETEHEHTPHUECKOTO YIPABICHUS PACCMOTPEHBI METOIOJIOTHYECKHE OCHO-
BBl TEOPHH PETHOHAILHONW 0€30MacHOCTH KaK CaMOCTOSITEIbHON M TMEepPCHEKTUBHON 00JacTH 3HAaHUN. MeTOmOIOTHs
TEOPUH PErHMOHAILHON 0E30MacHOCTH MOCTPOCHA Ha 0a3e M3BECTHBIX HAYYHBIX HAIPABJICHHUNA: TCOPUU YCTONYHUBOCTH,
TCOpUH HAACKHOCTU, PUCK MCHCPKMCHTA, TCOPUN HYBCTBUTCIIBHOCTHU, TCOPUHN KUBYYCCTU, TCOPHUU SKM3HECIIOCOOHOCTH
U IPyTUX KOHIICTIIUIA, HICOJIOTHUECKH KOMIUIEMEHTAPHBIX HAyKe O 0E€30MaCHOCTH COIMAILHO-KOHOMUYECKUX CHCTEM U
Pa3BUBAIONIMX €€ B [ICJICNONIAaTaHuH, 33a7a4aX, UCIOJIb3YEMbIX METO/IaX M CPENCTBaX. Pesynvmamol u vieodvl. Ompene-
JICH KPYT MPOOJIEM TCOPHU PErHOHAIBHON 0E30IMacHOCTH M €€ MECTO CPeAH APYTUX HAYYHBIX JUCHUILIMH C YIETOM
KJIacca HCCIIEAYEMOro 00bheKTa (PErHOHAIBHON COIUATEHO-3KOHOMHUYECKON CHCTEMBI), CIIOCOOOB YIIPABICHUS U Xa-
pakTepa BO3ACHUCTBHS BHEITHUX U BHYTPEeHHUX (hakTopoB. Ha kauecTBEHHOM ypOBHE MPEUIOKEHBI ITyTH PACIIHPEHUS
pa3pabaTbIBaeMOi TEOpPUH PETHOHATBFHON O€30MACHOCTH Ha 33aJa9 YIIPABICHHS KU3HECTIOCOOHOCTHIO PEerHOHATHHBIX
KpUTHYECKUX MHPpACTpyKTyp. JJaHo 000CHOBaHWE MPUMEHEHHUSI METOMOJIOTHH PETHOHAIBHON O€301MacHOCTH K KOM-
IUIEKCHOMY PEIICHHUIO 3THX 3a1ad.
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CKHE OCHOBBI, yCTOMYHBOCTH, HA/ICKHOCTD, )KU3HECIIOCOOHOCTh, PUCK-MEHEKMEHT
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Introduction

Regional security is a relatively young and promising research streamline in the security sciences
making a significant contribution to the development of the state-of-the-art security theory of complex sys-
tems. However, the basic theoretical statements and approaches of this dynamically developing branch of
knowledge still require in-depth study and analysis. The entire world research community, including the
leading scientists of our country, is actively involved in problem-solving related to the development of the
theory and methods of regional security management. Meanwhile, it should be mentioned that in practice
many of these problems still remain not fully resolved. At the present stage of the country's development
characterized by escalation, pressure, tension and uncertainty of the geopolitical situation in the world, en-
suring regional security and resilience of the regional critical infrastructures is one of the foreground strate-
gic tasks of the state, along with the organization of complex interdisciplinary research in this problem do-
main. Regional security is an important component in the country's national security system. The need to
develop an integrated knowledge system in the field of regional security is stipulated by the emergence of
new challenges under global threats growth: crisis phenomena in the world economy, international con-
flicts, global climate change, energy shortages, natural disasters, pandemics, etc. As a result, all that re-
quires the development of theoretical and technical-organizational foundations for regional security ensur-
ing and support, scientifically grounded methods and tools for management problem-solving of risk and
security of the regional critical infrastructures, as well as new technologies built on their basis and applica-
ble in practice to maintain the resilience of various categories critical facilities of the region under the im-
pact of internal and external threats of various nature and scale.

It must be admitted that there is still no unified theory of regional security generalized for various
fields of economic activity and branches of knowledge (humanitarian, natural and technical sciences). The
scientific and technical literature is mainly dominated by verbal representations on the regional security as a
field of research, along with strict formalized definitions, which are practically missed. It is well known
from practice that the security problem agenda of the regional system functioning is directly related to the
parameters variation of system state as a result of the impact of negative internal or external factors on the
system elements. That leads to the initiation of crisis phenomena and emergence situations. Thus, regional
security ensuring is not possible without the stability and controllability analysis of critical facilities and in-
frastructures of the region. At the same time, the violation of regional security is in theoretical terms deter-
mined by the state transition dynamics of the socio-economic system or its individual critical elements from
a state of stability to an unstable state.

Sustainable development and regional security are interconnected to each other: the lower the tension
is in the social sphere, the higher the environmental sustainability and efficiency of the economy are, than
the higher the life quality of the region population and the level of its security are, and the more perfect the
system of regional security ensuring is, than the more stable the all critical facilities, processes and infra-
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structures operates. Then the principle and formula of "regional security ensuring via sustainable develop-
ment" can be reasonable used as a basis for developing and implementing the security management meth-
odology of the regional socio-economic systems.

The concept of "regional security" is quite clearly defined and formalized in [1]. In general, regional
security is understood as such a protectability state of the regional socio-economic system when the impact
of external and internal factors does not lead to deterioration or impossibility of system functioning and de-
velopment. This definition is considered well acceptable, but needs some minor clarification. Since the giv-
en definition of regional security interprets it through the system (region) state, which is specified by a set
of parameter values of the system elements fixed at some instant, in the most general form the regional se-
curity ensuring expects the arrangement of favorable conditions when the impact of external and internal
factors does not lead to the state parameters deterioration of the critical elements of regional system or to
the impossibility of their functioning and development.

The objective of this study is analysis and positioning the theory of regional security among the exist-
ing theoretical evidence in the field of development and functioning management of the complex dynamic
systems. This is necessary both to identify the specific features of the theory of regional security and deter-
mine the classes of problems solved by methods characteristic to this theory, and to improve the mathemat-
ical apparatus used in modeling and automating the processes of security ensuring of regional socio-
economic systems and critical infrastructures of the region.

The work has a traditional structure and consists of two main. In the first section, from the standpoint
of a systems approach, the methodological foundations of the theory of regional security and its place
among the related research concepts: stability theory, reliability theory, control theory, risk management,
sensitivity theory, survivability theory, resilience theory that are ideologically complementary to the securi-
ty science of the socio-economic systems and developing it in goal-setting, scope, agenda, methods and
tools used, are considered. The second section is debatable and touches upon general issues of extending
the methodology of regional security to the management problems of the regional critical infrastructure re-
silience, as well as the basic principles of the system engineering theory and practice for regional security
ensuring under the impact of external and internal disturbances on the controlled object (infrastructure).

Background

Historically, the need to ensure the protectability of socio-economic systems from various types of
threats and the prospect of the science of regional security have always existed throughout the entire period
of research on the security problems and issues of society and the state. However, regional security as an
independent research guideline was arisen and come out in progress relatively not long ago. At present, the
theory of regional security is an interdisciplinary knowledge system on methods and approaches to protec-
tion and resilience support of the regional socio-economic systems. Despite the seemingly applied orienta-
tion of this doctrine prima facie, regional security, as a scientific discipline, has a high predictive value and
usefulness for solving new, sometimes unexpected and non-standard problems that origin within the man-
agement process of the risk-sustainable development of regional socio-economic systems. This discipline is
supported by well-known theoretical laws and systematized empirical facts on the nature of threats and
dangers, operates with its own categories and abstractions, contains axioms and theorems, has a logically
built methodology for analysis and counteraction the negative trends. According to the National Security
Strategy of the Russian Federation [2], the public policy in the field of regional security ensuring is carried
out in three main areas:

1) problem monitoring and threat prevention of emergency and crisis situations initiation in the re-
gions, the implementation of anti-crisis measures appropriate to the situation;

2) scenario analysis, forecasting and mitigation of the security violation risks of regional critical in-
frastructures;

3) system development and enhancement of the distributed situational centers at the regional level
for a comprehensive problem-solving of security ensuring and evaluating of critical facilities of the region,
as well as efficiency enhancement of public administration in this area.

These problem-solving in practice is impossible without a deep insight of the theoretical foundations,
principles and approaches on which the modern theory of regional security is based. Thus, the essential im-
pact on fundamental development of the theory of regional security in the formation and key ideas genera-
tion phase was made by such universally recognized and established scientific conceptions as the general
system theory and system analysis, control theory, decision theory, risk theory, catastrophe theory, stability
theory, reliability theory, survivability theory, probability theory, operations research, sensitivity theory and
many other disciplines that are in some way related and similar to security in terms of goal setting and mis-
sions. The most common problems that unite these theories cover the following: modeling and analysis of
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the behavior of complex dynamic systems (socio-economic, natural-industrial, technical, cyber-physical,
etc.) under uncertainty on mathematical models; studying the characteristics dynamics of the complex ob-
jects that are under the influence of internal and external factors (disturbances) and determine the structural
integrity, functionality and resilience of these systems; development of mechanisms for stabilizing dynamic
systems and the processes running in it under conditions of critical situations emergence and loss of stabil-
ity; synthesis of regulators — systems for stability and protectability control of complex objects in the pro-
cess of influencing their functioning by multiple threats under various development scenarios of the adverse
events, object behavior and modes of operation of these objects.

The problems-solving stated above is based on the application of a systems approach, which also un-
derlies all the listed above research concepts, ideologically adjacent to the security theory. The systems ap-
proach allows visually representing and modeling the structure of critical facilities, critical infrastructures
and security support systems, conducting system functional decomposition, defining behavior mechanisms
and patterns of system elements and specificities of their interaction, describing input and output influences
and the nature of the external environment, identifying the trends in system operation, as well as assessing
both the relevance of goals and action chains to achieve them and the adequacy analysis of chosen system
control algorithms subject to hypotheses suggested and modeling objectives assigned. Using the methods of
system analysis, it is possible to establish, how the system components behavior differs from the system as
a whole (e.g. when the system elements function stably, but at the same time the system itself is unstable, or
otherwise). Another situation is typical for the class of macrosystems [3] such as regional socio-economic
systems, when an object (system) has a deterministic type of behavior, and its subsystems operate in some
non-deterministic way. These features emphasize the applied value of the systems approach using for the
management problem-solving of the macrosystem security and in the theory of regional security. Examples
of studying various aspects of regional security based on the methods of system analysis, cybernetics and
operations research are given in [4-9].

Then, let us consider the methodological basis of the theory of regional security and its relationship
with congenial research concepts, on the major ideas and statements of which it is built. Thereto, let us ana-
lyze and examine the conceptual model of the regional socio-economic system, presented in the form of a
black box and including critical infrastructures and critical facilities (Fig. 1), which are significant in re-
spect to ensuring the security and resilience of this macrosystem.
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Fig. 1. Conceptual model of the regional socio-economic system (macrosystem)
with a view to managing and ensuring regional security

According to the study [10], such a model in operator form can be formally defined as follows:
CM 4 : X XEXUXPXYX[0,T] > Y, (1)

where x€ X is a set of identifiable input actions (impacts of the external environment on the system);
Ec Z is a set of the environment parametric disturbances, i.e. the external random influences such as
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threats and dangers; u€ U is a set of control actions (crisis-proof or protective measures) generated by the
security management system (regulator) and aimed at the regional system stabilization under parametric
disturbances via implementing an appropriate control algorithm (program); pe P is a set of structural pa-

rameters of the system (critical facilities and regional critical infrastructures); ye ¥ is a set of internal
threats and dangers; [O,T ] is a action period of the system; ye Y is a set of state variables of the regional
system that determine the trajectory of dynamic system in the security domain at the development cycle
[0,T]; «x» is a sign of the Cartesian product.

Internal and external actions (threats) are implementing through certain known functions p = p(\u) ,

x= x(E_,) and impact on the system behavior by destabilizing actuation and changing the system parameters
pe€ P and input variables xe X, respectively. Then, using differential form of model specification, if ac-
ceptably, the system model (1) can be presented of the form:

v=f(x(&).u,p(W),0.1), 2)

where f is a known vector-function; x(&),u, p(\|I), y are vectors of the sets X,U, P,Y , respectively,
with entry conditions y(¢,)=y,.

The mathematical apparatus of sensitivity theory [11] can be in attempt effectively used to formalize
the concepts of threat and danger. Following [12], external and internal impacts on the dynamic system’s
behavior are formalized in an analytical form as follows. Let a critical object of the region or a regional crit-
ical infrastructure be formally defined in the following differential form:

i=r(vp(t).0),¥(t) =y,

where ye Y is a n-dimensional state vector of system parameters; p(t) is a m-dimensional vector of sys-

tem parameters with rating value p=p,; f is a vector-function; ¢ is operating time.

System parameters pe P depend on time. Therefore, the identified input actions are considered as
the known functions and refer to among these parameters also.

If the function f assumes Taylor expansion in the neighborhood of point p= p,:

Sy(t,p)(

— Do)t e,
8p|17=170 0)

y(t,p)=y(t,py)+

dy(t,p)
8p |P=Pn

then the form is a sensitivity vector of the n-component state vector y€ Y with respect to pe P.
When considering external EE E and internal ye ¥ impacts as the parameters pe P that exert in-
fluence on the sensitivity of state variables ye€ Y of the regional socio-economic system, its critical infra-

structures or individual objects, then these impacts (threats) are potentially dangerous, and the concepts of
external and internal threats can be formalized in the following form:

dy(¢,E, AIATE
EIEJ[EE:M >0,i=1,K,Eh4f.e‘I‘:M >0, j=1,L.
% = ' Sy,
i Vi=Vjo
The study [12] proves that the form s(z)= 58)/(|t,p) satisfies a vector differential equation:
P P=DPo
| (3, p0s1) S (¥, p:t)
S=|————|§ |y:)7 s a— P} (3)
oy .-,
where y=y(t,p,) and s(0) __ % )
8[7 |P:P0
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The solution of equation (3) allows to analysis the sensitivity indices dynamics of the system and es-
timate the feasibility of potential threat implementation, i.e. the hazard occurrence.

The problem of identifying a set of adverse combinations IT < Ex'¥ of the internal Y, € ¥ and ex-

ternal &, € E impacts, initiating critical situations in the system, has the most concrete practical interest for
the researchers and security system developers. As a rule, the given critical combinations of the vy, e

and & € Z impact chains are assigned and identified under simulation experiments on system model or

composite models of independent system components.

The completeness of the conceptual model (1)-(2) is limited only by information on the system and
the processes occurring in it, available to the security control actors at the time of decision-making, and is
adequate within the framework of the assumptions made on the behavior manner of the security objects,
their attributes and parameters. Model (1)-(2) can be used to estimate the causes of unstable behavior and
the stability limits of the system and its elements, in particular, at the initial phases of the development life-
cycle of regional crisis situations (namely the emergence and activation of threats and dangers) [13]. How-
ever, this model does not deal with all other phases of the life-cycle (development, penetration, impact, re-
generation) and is not able to embrace all modes of system functioning: normal, emergency (crisis reaction)
and post-emergency (elimination of consequences). At the same time, in these modes and at other phases of
the threat life-cycle of regional security, the information on behavior of the system and its elements can be
obtained in the course of running series of simulation experiments with composite computer models built
on the basis of the conceptual model (1)-(2) and its extensions. Thus, the formal analysis and substantiation
of the security of a regional system using model (1)-(2) is carried out by dynamic modeling of interaction of
the system elements with the external environment in time and under the influence of control, internal and
external disturbances.

The principal components of the security of regional socio-economic systems are stability, controlla-
bility, observability, reliability and survivability.

Talking about the analysis of system stability, the conceptual model (1)-(2) allows obtaining a family of

phase trajectories characteristic to the system subject to the entry conditions values y(to) =y, , type and level
of internal ye ¥ and external e = influences and their combinations. The stability theory statements [14]

are widely used in problem-solving of regional security, since it allows discovering the causes of fluctuations
in the system behavior occurring as a result of the multiple threats implementation of various natures.

From the standpoint of this theory application, the problem-solving of ensuring regional security
comes down to stability delimiting of the regional socio-economic system. Overrunning these stability lim-
its means that the system or its backbone elements lose dynamic balance due to the influence of negative
factors on them (the development of disproportions and dysfunctions within the system, the entropy incre-
ment, external impacts, the destruction of internal connections, defect accumulation, etc.), i.e. the system
transition from an equilibrium state to a critical one, in which the system resilience, its structural integrity
or functionality may be violated.

In terms of stability theory, regional security is defined as such a protective attribute of the socio-
economic system called self-preservation, when a set of preventive anti-crisis measures is implemented un-
der the impact of internal and external threats that are uncertain in composition, type and level on its critical
elements. In an effort to ensure and support system self-preservation, these protective actions provide suffi-
cient remoteness of the system balance states and development trajectories from critical situations with a
given margin of safety (survivability).

The stability theory is extremely useful and urgent for the general understanding of regional security
theory, its scope, purposes and the range of problems it solves. Thus, classical studies in the field of stabil-
ity theory [14] examine balance states of complex systems and carry out analysis of system dynamics in a
small neighborhood of these states. Herein, the stability problems in case, when the system development is
a result of external environment factors changing and not the system itself, are solved. Studying the nature
of arising disturbances in the initial system state or at its primary input, is especially urgent to the protection
of critical facilities of the regional systems. State-of-the-art studies on stability theory [14] are vice versa
focused on structural stability [15] and "coarse systems" [16]. These research works examine perturbations
in the system structure itself and consider problem-solving of qualitative changes identification in system
functioning trajectories in case of violations of the system structure (parameters) itself. Hence, the stability
theory makes it possible to estimate the behavior changes dynamics of socio-economic system (phase tra-
jectories) under emergence of multi-type critical situations and various random events in the context of sys-
tem normal functioning, as well as to determine the nature, conditions and mechanism of system transition
to an emergency operating mode, when adverse or unknown events occur.
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The further ideological development of the structural stability conception is the theory of bifurcations
[17, 18] and the theory of catastrophes [19, 20] based on it. Bifurcation theory studies qualitative changes in
the dynamics of system behavior that are sensitive to some of their parameters under an infinitesimal varia-
tion in these parameters, i.e. it examines the nature of system equilibrium positions in the phase space when
these parameters change. Thereto, the methods of perturbation theory are used [21]. The system parameters,
the change of which leads to a situation of bifurcation, are called bifurcation points. Catastrophe theory also
studies the conditions under which there is a abrupt qualitative change in the dynamic system attributes as a
result of a uniform quantitative change of its parameters on which it depends. On the basis of catastrophe
theory methods, the critical domains of system parameters, that cause the initial system position transition
in the equilibrium state space (changing of stability attraction domains), are determined.

Certain difficulties in the process of system analysis for stability arise when finding all points character-
izing the system equilibrium states, and when constructing all possible system behavior trajectories in the
neighborhood of these points over an infinite time interval. These problems may have rather high dimension
and computational complexity. To simplify the solving method of these problems, ad hoc frequency, matrix
and integral stability criteria are applied [14], which are also suitable for analyzing the risk-sustainable devel-
opment of regional socio-economic systems for security and resilience. At once, the issues of studying the
practical stability of regional socio-economic systems deserve special attention in terms of assessing the per-
missible limits of the macrosystem trajectories on a finite time interval [3, 5], as well as identifying the pre-
requisites for the unstable system behavior due to spontaneous or unforeseen failure of its critical elements.

The system controllability is essentially similar to the reachability concept and characterizes the pos-
sibility of achieving the control objective, which is fixed in the system state parameters. From the system
controllability point of view, the application of control theory [8, 22-24] in the problem-solving of regional
security ensuring pursues generation and maintenance of conditions for the system dynamic equilibrium,
since the system utility function reaches its maximum only in the domain of stable states.

The traditional approach to problem-solving of socio-economic system stabilization under conditions of
parametric disturbances (internal and external threats) using control theory methods [8] lie in the application of

control action function u () within the framework of model (1)-(2) and engineering the regional security man-

agement system of the "object — regulator” type. Thereto, three typical classical control circuits, which are con-
sidered in detail in [25] and shown in Fig. 2, are used. There are (a) closed-loop, (b) open-loop and (¢) combined
control schemes, differing in the principles of control implementation: "by disturbance" and "by deviation".
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Fig. 2. The engineering circuit diagrams of the regional security control systems:
a — closed-loop; b — open loop; ¢ — combined

Key symbols in Fig. 2: X,(¢),i= L,n is a set of identifiable (measured) external disturbances
(threats); U (t) is a set of control actions generated by the regulator according to a certain program (control
law) and compensating for the negative impact of external disturbances; A(t) is a deviation of state varia-

bles Y (t) from the given values ¥ (t) ; &(¢) is a set of random nature parametric disturbances of the exter-

nal environment.

The synthesis of regulators for managing complex socio-economic objects and systems is a laborious
multi-aspect problem in the development of integrated automated systems for control of regional security
and ensuring of critical infrastructure resilience. For the theory and practice of regional security, of particu-
lar interest is a problem of finding and substantiating universal feedback control laws that guarantee the
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stability of functioning in the chosen development cycle, the global stability and adaptability of regional
macrosystems under any limited disturbances and impacts, regardless of their nature and scale.

In the practice of engineering and organizing regional security support systems, along with the funda-
mental ideas of control theory [26], methods of reliability theory [27, 28] are also used, aimed at operational
reliability enhancement of critical facilities and infrastructures of the region. It is terminologically known that
the concepts of security and reliability are not similar, since security is a system status when there are no nega-
tive impacts on the system elements or on other objects that are in the system operation environment. Mean-
while, reliability is a system status when, over a selected time interval, the system is able to perform its prede-
fined functions in the specified modes and operating conditions while retention the values of all operating
technological parameters, quality indices and dynamic characteristics within these permissible limits.

Traditionally in practice, methods of probability theory and mathematical statistics are used to relia-
bility indices estimation of the system [29]. This is stipulated by the fact that the events characterizing the
quantitative and qualitative reliability indices are random in nature. The system state is assigned by a multi-
dimensional point y in the phase space Y, and the y state transition in time is defined by a random pro-

cess y(t). The subset of critical states ¥, C Y that correspond to the failure occurrence is allocated in the

phase space Y . Such failures initiate critical situations that are characterized by a gradual or sudden loss of
system performance and functionality as a result of band fault, when system parameters overrunning the
admitted region due to the impact of internal and external factors (threats). Thus, using the methods of reli-
ability theory (e.g. the "event trees" or "failure trees" techniques), the estimation of the regional security
level is derived through the emergence probability of critical situations at the facilities and infrastructures of
the region and involves indentifying the set of infeasible values of the critical element parameters of the re-
gional system and the vector of its phase coordinates that are unacceptable in respect to the functioning and
development of the system.

The probabilistic approach to risk assessment of the critical situations (failures) emergence undoubt-
edly draws the theory of reliability closer to the theory of regional security when carrying out a probabilistic
scenario analysis of the system unstable behavior characteristics. However, there are some limitations in
application of the reliability theory to problem-solving of regional security ensuring. Firstly, for the proba-
bilistic interpretation of risks and critical situations, a presence of the mass character of homogeneous
events is important, while for the theory of regional security this is not always reachable, since regional cri-
sis situations, like sources of threats, are heterogeneous by their nature and do not always emerge in statisti-
cally uniform conditions. Therefore, the probability statistical interpretation is not always applicable to the
set of such events. Secondly, the theory of reliability was mainly focused on the failure analysis of complex
technical systems from its origins, whereas failures of individual elements of the socio-economic systems
do not lead to violation of the entire system functioning as a rule. At the same time, socio-economic sys-
tems require taking into account the active influence of the controlled system on the security management
process and are characterized by a variety of macro-states such as dynamic equilibrium, sustainable devel-
opment, transient phenomenon (bifurcation), crisis, absorption, adaptation to changes, recovery and others.
At the same time, attempts to take into account the human factor are also made in the modern theory of reli-
ability [5] on the basis of the well-known methods — on-line monitoring, precaution, preventive-treatment
and diagnostics of complex socio-technical systems.

Despite the considered limitations, it is worth to mention that the relationship between the theory of
reliability and the theory of regional security is quite obvious. Reliability theory explores the whole set of
probable states of the system functioning: normal (stable), limiting, critical (emergency) and other types.
The criteria for these states are regulated by technological normative, operational and experimental-design
documentation. In turn, the theory of regional security, from the standpoint of acceptable risk, studies ways
to minimize and mitigate the consequences (damages and losses) from the impact of potential threats and
hazards on critical facilities and regional critical infrastructures located directly in the space of these states
and having their own stability limits and security domains. However, not all objects of the theory of region-
al security have a developed legal framework and security certificates have been designed that establish the
modes and requirements for performance and operation of these objects. The security certification of criti-
cal facilities and regional critical infrastructures is an independent applied problem and needs detailed sci-
entific substantiation and consideration. Thus, the goals of the reliability theory and the theory of regional
security coincide in maintaining the system resilience and retention its performance at the lowest cost, dam-
age and loss in conditions of both stable and critical situations.

The concept of survivability [30, 31] is fundamentally different from the reliability theory. The sur-
vivability of socio-economic systems takes into consideration a wider range of destabilizing factors, the ac-
cumulation of internal dangers (e.g. structural changes) leading to fatigue, aging and subsequent degrada-
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tion of system elements, and global threats from the external environment (crisis phenomena in the global
economy, natural disasters, military-political international conflicts, etc.). The survivability of socio-
economic systems is often understood as the conservation property of the full or partial performance of crit-
ical system elements under the influence of destabilizing factors on them, which ensures the structural in-
tegrity and connectivity of system elements with the minimum tolerable loss of system controllability and
performance quality, as well as the possibility of system functions recovery.

Unlike security and reliability, the attribute of system survivability is actually considered in relation
to the entire system and not to its components individually. Meanwhile, the methods of the survivability
theory should ensure that the system fulfills its goals, functions and tasks under the influence of negative
factors, and not support its full recovery after the threats are implemented. A system that possesses surviva-
bility attribute is capable, first of all, to respond to threats and seeks to mitigate (eliminate) the consequenc-
es of destabilizing impacts until the moment of complete failure of the system operation, regardless of the
deterioration in the performance of the system elements.

Thus, the survivability of socio-economic systems, as a component of regional security, should be
achieved not only through higher state of readiness and protection of critical facilities and infrastructures of
the region (timely detection of potential hazards and implementation of preventive anti-crisis measures), but
also through mechanisms for recovering and adapting the system to new operating conditions in the process
of counteracting multiple threats.

A modern version of the survivability theory is the dynamically developing mainstream conception
of socio-technical, cyber-physical and organizational system resilience [32]. Currently, this novel concept is
popular mainly abroad. Meanwhile, as shown in [33-34], this is a relatively new research direction in the
domestic science, which can be positioned as a logical continuation (evolution) of the ideas and postulates
of the general theory of security of complex socio-economic objects and systems at the present stage of de-
velopment of the risk and security sciences.

Results and Discussion

The theory of regional security as a science of protectability and resilience of the regional level so-
cio-economic systems is based on the following main statements and conditions. The theory of regional se-
curity uses its own mathematical and conceptual-categorical apparatus developed on the basis of research
concepts discussed in the previous section of the work and taking into account the specificity of objects and
problems being solved in the field of regional socio-economic system management. To these problem-
solving, the regional security theory encapsulates the entire arsenal of methods and tools used by scientific
disciplines adjacent in goal-setting and phenomenology. In particular, the methodology of regional security
is based on the concept of "acceptable risk" [5] and the principles of sustainable development [1], which al-
low systemic examination and definition of the concepts of risk, threat, hazard, damage and losses in resili-
ence management of socio-economic systems from a unified position.

Since the occurrence of emergency and crisis situations in various areas of socio-economic system
development is an imminent objective reality, the theory of regional security should operate with model
toolset that provide the possibility of scenario analysis and forecasting of the behavior dynamics of critical
facilities of the region under the impact of multiple threats. In this case, risk assessment, identification of
trends, mechanisms and patterns is carried out using the methods of simulation, cognitive, logical-
probabilistic and fuzzy modeling, as well as expert methods. In terms of minimizing the consequences of
threat implementation, such an approach in the theory and practice of regional security management pro-
vides the principle of "anticipate — prevent — adapt", which is relevant to the research objectives in this sub-
ject domain. Based on this approach, not only the problems of risk assessment and prediction of the critical
situations are solved, but also the problems of identifying sources of hazards, analyzing scenarios for the
possible behavior of critical facilities, estimating their stability limits and impact tolerance to external and
internal disturbances (threats), organizing or configuring (optimizing) the streamlined security systems,
formation of an information structure for making managerial decisions.

A distinctive feature of regional security studies is the need to solve multi-objective optimization prob-
lems with stochastic or fuzzy target (criterion) functions under deterministic, probabilistic or fuzzy constraints
in the context of data incompleteness on the origination causes and development dynamics of the regional cri-
sis situations. An example of such a problem can be mentioned the estimation of the optimal configuration of
program-technical assets (decision support system) of the regional situational center or the efficiency evalua-
tion of the control program (project) of comprehensive security for the groups of critical facilities by regional
economy sectors taking into account the costs of protection measures and current legislation.

A special place in the methodology of regional security is assigned to expert evaluation of random
threats and dangers operating in a latent, background or active manner within the critical domains of the re-
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gional socio-economic system functioning, since the sources and nature of hazard manifestation are not
known in advance as a rule. At the same time, in some cases, the subjectivity of experts and judgement
methods in the anticipation of adverse events may negatively affect the quality of prevention of the critical
situation development and be accompanied by additional costs for goal-oriented planning and implementa-
tion of measures to security ensuring and support of the regional critical infrastructures and their elements.
From a methodological point of view, the theory of regional security corresponds a body of scientific
knowledge, mechanisms and laws, methods and principles, terms and definitions in the field of risk and se-
curity management of complex systems that provide estimation of protectability criteria and indices of the
regional socio-economic systems at the quantitative and qualitative level, studying the behavioral trends of
this class of systems in the threat life-cycle of regional security, conducting the scenario analysis and fore-
casting of the regional crisis situations development, synthesis the comprehensive programs for situational
management of the critical facilities security in the region and the regional critical infrastructures resilience.
In a generalized form, the proposed methodology of regional security is schematically represented in Fig. 3.
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Fig. 3. The unified methodological base (methodology) of the theory of regional security

Let us state the basic principles of organizing security systems that underlie the theory and method-
ology of regional security (Fig. 3):

1. The principle of locality. This principle consists in parrying and localizing possible threats and
hazards at the initial phase of their inception (before diffusion) by arranging special conditions that prevent
the emergence and spreading of negative factors and trends and that are beneficial from an economic point
of view at the same time. This principle is applied once or repeatedly subject to the specificity of problem
statement to be solved on regional security ensuring.

2. The principle of globality. This principle consists in a broader multi-level organization of regional
security management and is implemented in cases when the principle of locality is violated or the applica-
tion of the latter is not efficient enough. This principle is a superstructure over the principle of locality and
is designed to support favorable conditions for the system (region) existence and functioning under emer-
gence of the global threats by streamlining and regulating the interaction between elements of the regional
socio-economic system and the external environment.

3. The principle of functional decomposition. The application of this principle expects the implemen-
tation of two protective mechanisms (special measures built according to the systems concept): an internal
mechanism for security ensuring of the region integrated into critical areas of regional socio-economic sys-
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tem and an external mechanism for counteracting the security threats. The external protection mechanism
implements models and methods that provide acceptable conditions for the normal functioning and progres-
sive development of the regional system, i.e. the minimum permissible level of impact on the system of
negative factors leading to the deviation of regional security indices from the standard values. The external
security ensuring mechanism is aimed at achieving a protectability state of the regional system under the
impact of multiple threats and their penetration into critical facilities and infrastructure of the region. The
internal protection mechanism provides parrying and localization of internal security threats (structural
transformations and disturbances generated by the system elements as a result of their self-organization), as
well as external security threats (impacts produced by the environment and overcoming the external protective
mechanism). In other words, the internal security ensuring mechanism is focused by its measures on maintain-
ing the dynamic balance of the system elements (systemic homeostasis) and retention their critical parameters
in the security domain by means of self-regulation and adaptation of the system. The use of the principle
based on the considered protection mechanisms in the theory of regional security provides the major in-depth
analysis of the origination nature of the internal and external threats, as well as recognizing and distinguishing
between them when solving the problems of security control of regional socio-economic systems.

4. The principle of stabilization. This principle can be considered in respect both to the system we
are examining and to a specific situation in the interaction of individual system elements with each other
and with the external environment under the actuation of parametric disturbances. Regional socio-economic
systems belong to the class of complex developing purposeful systems, the structure and functions of which
change over time. Meanwhile, from the standpoint of general theory of systems and control theory, in the
process of these system stability analysis over a certain fixed time interval, such systems can be considered
as stabilizer systems of the "object — regulator”" type owing to the presence of controls that counteract inter-
nal and external disturbances. Then the problems of the theory of regional security become the problems of
stabilization. The principle of stabilization involves the implementation of a set of measures to preserve and
process the system in the space of stable states (security domains), the observed characteristics of which can
dynamically change and predetermine the manner of system behavior under critical conditions. As a rule, in
practice, one has to deal with several, functionally related security domains in the state space of regional
systems, corresponding to a variety of sources and channels of threat initialization in these systems.

As a regulator to compensate for disturbances, control mechanisms are used that ensure the formation
of favorable conditions for the purposeful behavior of the control object (regional socio-economic system).
Following [10], there are: "rigid" institutional management through the control of restrictions and norms of
activity (control coordination at the metalevel); "soft" motivational management through changing the utili-
ty functions and preferences of control actors by introducing a system of penalties and rewards for choosing
certain actions (stimulating the activities of actors); "flexible" information management through the change
of control information structure (situational awareness), which is operated by the control actors in the pro-
cess of preparing and generating decisions (decision-making information-analytical support appropriate to
the situation). Violation of the system stability leads to malfunctions and collisions in its functioning, due to
the development of critical situations and random processes, which in fact may not be amenable to compen-
sating control actions (correcting signals).

5. The principle of controllability. This principle characterizes the set goal achievement by the re-
gional security support system. As is known from practice, to implement this principle it is necessary that
the security authorities of the region have the opportunity to purposefully influence on the state parameters
of critical facilities and infrastructures of the regional system, as well as that the resource supply of the
management process is sufficient to problem-solving on the way to the system goal and appropriate for it.
At once, in order to implement system control, the system observability requirements must be met, which
ensure the receipt and access to information on the system state. Thereto, tools for state monitoring and
identification of the regional socio-economic system development are being designed. For nonlinear dy-
namic systems, the terms of controllability and control conditions are associated with great difficulties,
while for linear systems it is known.

6. The principle of echeloning protection. This principle is based on the network-centric approach
[10] and the implementation of the "in-depth" security ensuring mechanism by means of the deployment of
the multi-level distributed security control systems of the region. Examples of such a network security in-
frastructure at the federal and regional levels are systems of distributed situational centers and regional
management centers [35], respectively. The network is large-scale, there are many decisive centers, and
each node (security manager or decision-maker) needs to be provided with information exactly correspond-
ing to the current situation in order to coordinate managerial decisions and joint actions. Substantially, the
principle of network-centricity in the theory of regional security implies the implementation of a fully or
partially decentralized structure of security organizational management of the critical facilities in the region
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with dedicated control centers, the interaction between which is carried out on the basis of their integration
into a unified regional information space. Control centers perform the major functions of monitoring, pre-
ventive analysis, filtering and auditing of risks associated with a security violation of the regional critical
infrastructures functioning, and on the basis of adverse event forecasts, it generates anti-crisis measures to
minimize the possible consequences of the threat implementation in each domain of regional security and
ensure an acceptable risk level of critical facilities protectability in the region.

7. The principle of coordinability. In the theory of regional security, this principle is implemented by
controlling the restrictions on management. By this method of negotiation, the principles of coordination of
the interactions and quality functions, as well as the postulate of compatibility of problems solved by the
system elements with respect to the general problem of the system, must be fulfilled. Coordination is under-
stood as the achievement of consistency in the operation of all system units by rational interfacing them that
ensures obtaining the optimal solution to the general problem of the system under optimization the subprob-
lems solved by the subsystems. The system is coordinated if there is a coordinating signal that ensures the
consistency of the interfacing inputs and the consistency of the expected and actual values of local objective
functions, respectively.

8. The principle of diverse actuation (diversity). The principle of diverse actuation security (protection)
is one of the central ones in the theory of regional security and is implemented both at the object (local diverse
actuation) and infrastructural (global diverse actuation) levels of regional socio-economic system organiza-
tion. This principle is generally aimed at the rational combination and allocation of various types of resources
and support tools to security ensuring at different levels of situational control of the region. This is necessary
to reduce the disfunction probability (risk) of the group of critical facilities due to a common cause. When en-
gineering regional security support systems, this principle implies the availability and actuation of the multi-
version redundancy mechanisms (generation of two or more redundant systems) that optimize the functioning
of critical facilities according to the criteria "reliability — cost" or "security (acceptable risk) — preparedness to
parry", in the case of destructive impact of multiple internal and/or external threats, including those of an irre-
versible nature. The principle of diverse actuation protection is oriented to the adaptive support systems for
ensuring regional security, capable of self-organization and operating according to non-programmable logic.
The diversity in protection is achieved by means of the use of mutually redundant channels and security ele-
ments, or through expansion of the existing system by additional security support tools built on fundamentally
diverse methods and approaches. As a rule, parametric diversity is programmable and expects the activation
and actuation (launch) of control algorithms (regulators) appropriate to the situation based on monitoring data
on the security parameters state of the controlled system and control of their permissible values and variations.
The application of the diversity principle allows taking into account the influences of the human factor in
problem-solving of security control of the socio-economic systems.

9. The principle of "technical cannibalism”. This principle involves the use of resources of regional
socio-economic system elements that have degraded or lost their functionality as a result of the impact of
multiple threats in the interests of operability recovery of the other critical facilities of these systems and re-
silience support of the critical infrastructures of the region that integrate these objects. This principle is im-
plemented in the process of transformation and evolution of regional critical infrastructures that is often
caused by changes in their properties, system requirements, high dynamics of the external environment,
etc., in order to adapt regional security systems to new challenges and changing operating conditions. This
contributes to the rational choice of forces and means to security ensuring for the purposes of risk minimi-
zation of the functionality loss of critical facilities of the region.

Towards the end of our discussion, it is appropriate to assign a number of problem issues in the theory
of regional security, which scientists and authorities have yet to comprehend in the process of developing this
research streamline. Day by day, the requirements for technologies and support tools of security ensuring of
the regional critical infrastructures are tightening and raising. The theory of regional security and its toolkit are
not in time to keep abreast of the times with these requirements. That makes it difficult for the situational con-
trol systems to respond timely to new threats to sustainable regional development. At the same time, the latent
or spontaneous character, the various nature and the slow growth of potential threats and dangers in all critical
areas of the socio-economic system functioning provoke the emergence of crisis situations for which every-
thing cannot be taken into account and planned in advance. Therefore, the models and methods of regional se-
curity management used today in practice and based on a logical-probabilistic approach to risk assessment and
analysis need to be theoretically rethought in the focus on providing mechanisms for rapid recovery and adap-
tation of regional systems to the consequences of the impact on their critical elements of multiple negative
factors. The transition to the theory of socio-economic system resilience [33], as a new comprehensive con-
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cept of organizing the security of these systems, is one of the ways to solve this problem. In the course of in-
terdisciplinary studies of the socio-economic system security, disagreements arise in the interpretation of the
key concepts of this subject domain: threat, hazard, critical facility, incident, crisis situation, protection mech-
anism, forces and means, critical infrastructure, risk, and others. This indicates that the terminological and
formal apparatus of the theory of regional security requires additional scientific research, analysis and inter-
disciplinary interfacing. Another problem of regional security methodology is the inability to control the fore-
cast precision of crisis situations in real sectors of the socio-economic system development, while simulation
experiments on individual object and critical infrastructure models are not able to predict the full picture of
possible incidents in these systems. That is, forecasts are approximate nature, and this, in turn, affects the effi-
ciency of the ongoing anti-crisis measures. Up to date, the development of digital twins and its combinations
is one of the promising technological solutions to this problem.

The regional security methodology is focused on solving its own class of multi-objective optimiza-
tion problems of risk assessment and analysis of the security violation of regional critical infrastructures
functioning. These problems enclose local criteria (quality objective functions) that can be unmatched or
fuzzy, and their parameters values can be characterized by randomnicity, high entropy, belonging to a mul-
tidimensional probability distribution, or error content. To efficient solving this class of problems, special
mathematical methods and computer simulation tools are used [1, 3-5, 8].

The application of logical-probabilistic methods (e.g., "event tree" or "failure tree" methods) is of lit-
tle use for regional security management and expects the statistical stability (homogeneity) analysis of the
considered set of probable critical situations that are rare in recurrence and random. It has been experimen-
tally founded that in practice a complete analysis of the statistical stability of critical situations is sometimes
impossible and is highly laborious. In addition, this class of methods operates with conditional rather than
true probabilities (risks) of the critical situations emergence. That reduces the accuracy of security estimate
of the system when a threat or event is implemented. At the same time, only on the basis of the frequency
stability analysis of adverse events occurrence, one can judge the nature and matter of certain crisis phe-
nomena and evaluate their impact on the system functioning and its elements. Another contradiction, that
arises when using statistical methods at the stages of security risks prediction of the system (risk assessment
and consequences forecasting are subject to a probability law) and countermeasures planning to the conse-
quences of critical situations, is due to the fact that the probabilistic problem of optimal choice of the re-
gional security support system configuration options is in the final analysis reduced to a rigidly determined
one. Even so, it is known that probability laws are irreducible to the principles of rigid determinacy [3].

For recent time past, in public policy and debates, there has been already a shift in emphasis from re-
gional security (critical infrastructure protection) to that of resilience of the regional socio-economic sys-
tems. Comprehensive regional security ensuring by full protection of the critical facilities and infrastructure
in the region can never be guaranteed, and achieving the desired guaranteed level of security is normally
not cost-effective in relation to the actual threats. Therefore, one should put more focus on adaptive
measures and quick recovery. Thus, the novel resilience approach in the theory of regional security should
focus on both the pre-crisis phase and the during-crisis (response, adaptation) and even less to the after-
crisis (recovery) phases. But this requires a developed legal and regulatory framework, as well as the posi-
tioning of a new methodology of regional security based on the principles of the digital economy, in the
structure of public administration. This is a grand problem that has yet to be solved by researchers and spe-
cialists in regional security at a new historical stage in the development of the theoretical foundations of the
security of socio-economic systems.

Conclusion

The study explores an important and promising research area — regional security. It is shown that re-
gional security covers a variety of management aspects and scopes, which are essentially very diverse (eco-
nomic, environmental, social, energy, military, industrial, personnel and other types of security). All of
them are naturally interconnected and affect the functioning and development of regional socio-economic
systems in different ways. These aspects need to be linked into a single whole. Thereto, a clearly-build and
well-defined theory of regional security, which methodology considers all the diversity of security man-
agement aspects of the region from a unified standpoint of their influence on the stability and resilience of
regional socio-economic systems, is needed. In our country and abroad, attempts to streamline and central-
ized control of the entire range of the regional security and resilience characteristics of socio-economic sys-
tems subject to the hierarchical design of the regional security support and evaluation system, have been re-
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peatedly made. However, rigid centralized control did not provide the desired effect, even at the analysis
level of the each regional security area separately, which has its own specific attributes and features.

To overcome these difficulties, the theory and methodology of regional security should be drawn on the
general principles of network-centric (distributed) control of complex systems. The network-centric approach
most sufficiently reflects the real nature of various level socio-economic system management and takes into
account the decentralized nature of the ensuring processes of regional security both in terms of functional and
organizational structure subject to the priori and posteriori information on the control object, the external envi-
ronment and internal disturbances. In terms of the theory of socio-economic system management, such a flex-
ible approach in the regional security methodology has not yet been implemented. The network structure of
the organizational management of regional security provides the efficiency enhancement of the threat parrying
measures implemented by the regional security support system at the expense of coordination and goal-
oriented planning of the critical facilities security of the region within the unified information space. Accord-
ing to expert judgements, the application of such an approach to developing regional security support systems,
for instance based on a system of distributed situational centers [36], is economically more costly than central-
ized solutions. However, the operability recovery costs of the critical elements and infrastructures of regional
socio-economic systems and the consequences elimination costs of the critical situations are meanwhile much
less than in the case of centralized control and support of regional security.

Despite the fact that today the theory of regional security is still in the phase of rapid development, it
can be confidently asserted that it is an independent branch of the security science of complex systems. It has
its own methodological base and formal apparatus built on the basis of knowledge domains already formed in
the research agenda, namely control theory, stability theory, reliability theory, survivability theory, risk man-
agement, sensitivity theory, general system theory and quite a number of other scientific disciplines.

In perspective, further development of regional security fundamentals and methodology (theory and
practice of security management of large-scale socio-economic systems) will be carried out in the following
areas of basic and applied research:

— adaptation and spreading of the regional security theoretical apparatus to the management prob-
lems of the regional critical infrastructures resilience (resilience as a new comprehensive enveloping con-
cept of security organization);

— shifting from "object-focused" models of the security situational control to the "function-focused"
models, i.e. stealing the spotlight from goal-oriented planning of preventive measures for ensuring the secu-
rity of socio-economic systems to targeted support of the flexible recovery of these systems functionality
after multiple threats impact and adaptation to new operating conditions;

— engineering of models for the decentralized control coordination of regional security and methods
for the situational awareness support at all levels of managerial decision-making;

— development of the theory of destructors (decomposers) that constitute implicit (hidden) sources
of threats and dangers, accumulating over time within the socio-economic systems and that are able to ran-
domly affect the normal functioning of individual elements and processes in these systems, as well as the
system as a whole;

— toolkit design for problem monitoring and risk auditing of regional security, as well as the meth-
ods for risk analysis and potential threats and dangers identification at the initial stages of their life-cycle;

— development a set of the well-grounded and justified methods for scenario analysis of the behav-
ior dynamics of the critical facilities under the destructive impact of internal and external threats for the
purpose to estimate their stability limits, the recovery time of system functions and the options for adapting
to parameters variations of the operating environment;

— engineering of computer-aided technologies for implementation and deployment of the intelligent
information-management systems and network-centric digital platforms to situational control of regional
security under uncertainty;

— optimization problems definition on the dynamic configuration of support tools (i.e. situational
centers) for the ensuring of regional security and these problems step-by-step solving by methods that are
appropriate to the efficiency target indices of anti-crisis management;

— regulatory and legal framework improvement of the theory of regional security, regional security
methodology and management support tools;

— research substantiation of public administration digital transformation (virtualization) in the field
of regional security ensuring under digital economy era.
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