BECTHHR

I0RHO-YPAABCROT'O
TFOCYIAPCTBEHHOTO
YHUBEPCHTETA

2022
T. 22, No 2

ISSN 1991-976X (Print)
ISSN 2409-6571 (Online)

CEPUA

«KOMIIBIOTEPHBIE
TEXHOJIOI'MHA, YIIPABJIEHHUE,
PAINOIJIEKTPOHUKA)>

Pemiennem BAK Poccuu BriioyeH B [lepeyeHnb peneH3upyeMbIX HAYYHbBIX H3IaHUM

Yupenureb — @enepajbHOE FOCYIAPCTBEHHOE ABTOHOMHOE 00pa30BaTe/IbHOE YUpPeKICHHE
BbIcHIero o0pasoBanus «HOxkHO-Ypajbckuii rocy1apcTBEHHBIH YHHBEPCHTET
(HALMOHAJIBHBII HCCIeI0BATEILCKII YHUBEPCUTET))

}KypHaJI OCBCIIACT HOBBIC HAYYHBIC NOCTHMIXKCHUA U NPAKTUYCCKUEC pa3pa60TKI/1 YYCHBIX IO aKTyaJlbHbIM HpO6J’I6MaM

KOMITbIOTEPHBIX TeXHOﬂOFMﬁ, YIpaBJICHUA U PAJUOSJICKTPOHUKH.

OCHOBHOI1 LIENTbIO M3IaHUS SBJISICTCS MPOTMAraHia HaydHbIX HCCICI0BAaHUN B CICAYIOMINX 00IACTSX:

o ABTOMAaTHU3UPOBAHHBIC CUCTEMBI YIIPABICHHS
B DHEProcOepeKeHUI

e ABTOMaTHU3UPOBAHHBIC CUCTEMbI YIIPABJICHHS
TEXHOJOTHYESCKUMH MPOIIECCaMHU

e AHTECHHAsI TEXHUKA

o lHpOKOMMYHUKAIIMOHHBIEC TEXHOJIOTHH

Peoakuyuonnan konnezusn:

JlorunoBckmii O.B., 1.1.1H., ipod., 3aci. AesTens
Hayku P® (en. pedaxmop) (r. UensiOUHCK);

Bypxkos B.H., 1.1.H., npo@., 3aci. nestenb Hayku PO
(3am. en. peoakmopa) (r. Mocksa);

Tonnaii A.B., 1.T.H., oul. (3am. en. pedakmopa)

(r. YenstOuHCK);

3axapos B.B., oms. cekpemapy (r. UensaOunck);
Bapkasos C.A., 1.T.H., mpod. (1. Boponex);
Bepe3saunckuii JI., PhD, npod. (r. Beap-1llera, N3panis);
Jxanapos B.A., 1.1.H., pod. (r. Actana, Kazaxcran);
3aronckuii A.B., 1.1.H., mpod. (r. ITepmb);

Kymukos I'.T'., 1.1.H., npod., 3aci. gesrenb Hayku PD
(r. Voa);

Masypos B./L., 1.¢.-m.H., ipod. (r. ExarepunOypr);
MaxkcumoB A.A., 1.17.H. (T. HoBoky3HeK);
MeabaukoB A.B., 1.1.H., npod. (1. Xantei-MaHcHiick),
Hpaurumeuau A.U., 1.17.H., npod. (r. TOuucH,
I'pysus);

Hlenxun A.B., 1.1.1., mpod. (r. Mocksa);

Sunkos U.M., n.1.1H., npod. (r. MarHUTOropcK)

o IlHpopManmoHHO-U3MEpUTENbHAS TEXHIKA

o HaBuranuoHHbIe IPUOOPHI U CUCTEMBI

¢ PajnoTrexHHUECKHE KOMIUIEKCHI

o CucteMbl aBTOMaTH3MPOBAHHOT'O YIIPaBICHUS
MPEANPUSATHSIMA B TIPOMBIIUICHHOCTH

o CHCTEeMBI yIIpaBIIeHHS JIeTaTeIbHBIMH allapaTaMy

Peoakyuonnntii coeem:

lecrakoB A.JL., 1.T.H., ipod. (npedcedamenv)

(r. YenstOuHck);

Agepbax ., PhD, nipod. (r. Toponro, Kanana);
Bpasepman E., PhD, npo¢. (r. Kanrapu, Kanana);
Hertaps B.I., 1.1.1., npod., wi.-kopp. PAH

(r. Muacc, Uensounckast 0071.);

Kazapunos JI.C., 1.1.H., npod. (r. YensOuHCK);
Kubaaos E.B., 1.3.1., npod. (r. HoBocubupck);
Hosukos [I.A., 1.1.H., ipod., wi.-kopp. PAH (r. Mockga);
Mandgepor B.U., 1.1.1., npod. (r. UensOuHCK);
Camnnbko A., PhD, npoo. (r. Oxnenn, HoBas 3enangus);
Croa60B B.1O., n1.1.1., mpod. (r. ITepms);

Tanauna B.IL., n.¢.-M.H., mpod. (r. Yens0uHCK);
Yxo6010B B.H., 1.0.-M.H., 1pod. (T. YensaObuHck);
Ymaxkos B.H., 1.¢.-M.H., ipod., wi.-kopp. PAH

(r. ExarepunOypr);

lecrakoB U., 1.¢.-M.H., ipod. (r. Can-Tlayny, bpaszwus);
Mlupsies B.U., 1.1.H., mpod. (1. UensiOnHCK);

Muaiinep A.A., 1.1.H., mpod. (. Yens10uHCK);
MTeccean FO., PhD, pod. (1. Xanrceuwi, Anabama, CIIIA)

© Uznarensckuii nuentp HOVYpl'Y, 2022



BULLETIN

i, OF THE SOUTH URAL 2022
STATE UNIVERSITY Yol. 22, no. 2

SERIES

“COMPUTER TECHNOLOGIES,
AUTOMATIC CONTROL, ISSN 1991-976X (Print)
RADIO ELECTRONICS” ISSN 2409-6571 (Online)

Vestnik Yuzhno-Ural’skogo Gosudarstvennogo Universiteta.
Seriya “Komp'yuternye Tekhnologii, Upravlenie, Radioelektronika”

South Ural State University

The journal covers new scientific achievements and practical developments of scientists on actual problems of computer
technologies, control and radio electronics.
The main purpose of the series is information of scientific researches in the following areas:

e Automated control systems in energy saving ¢ Navigation devices and systems
¢ Automated process control ¢ Radio engineering complexes
¢ Antenna technique o Computer-aided management of enterprises
o Communication technologies in industry
e Information and measuring equipment o Control systems of aircrafts
Editorial Board:

Loginosvkiy O.V., Dr. of Sci. (Eng.), Prof., Honored Worker of Science of the Russian Federation (editor-in-chief), South Ural State
University, Chelyabinsk, Russian Federation;

Burkov V.N., Dr. of Sci. (Eng.), Prof., Honored Worker of Science of the Russian Federation (deputy editor-in-chief), Institute
of Control Sciences named by V.A. Trapeznikov of the Russian Academy of Sciences, Moscow, Russian Federation;

Gollai A.V., Dr. of Sci. (Eng.), Ass. Prof. (deputy editor-in-chief), South Ural State University, Chelyabinsk, Russian Federation;

Zakharov V.V., executive secretary, South Ural State University, Chelyabinsk, Russian Federation;

Barkalov S.A., Dr. of Sci. (Eng.), Prof., Voronezh State Technical University Voronezh, Russian Federation;

Berezansnky L., PhD, Prof., Ben Gurion University of the Negev, Israel;

Dzhaparov B.A., Dr. of Sci. (Eng.), Prof., Archive of the President of the Republic of Kazakhstan, Astana, Kazakhstan;

Zatonskiy A.V., Dr. of Sci. (Eng.), Prof., Honored Worker of Science and Education of the Russian Federation, Berezniki Branch
of the Perm National Research Polytechnic University, Perm, Russia;

Kulikov G.G., Dr. of Sci. (Eng.), Prof., Honored Worker of Science of the Russian Federation, Ufa State Aviation Technical University,
Ufa, Russian Federation;

Mazurov V.D., Dr. of Sci. (Phys. and Math.), Prof., Ural Federal University, Ekaterinburg, Russian Federation;

Maksimov A.A., Dr. of Sci. (Eng.), Open Joint Stock Company ‘Kuznetsk Ferroalloys’, Novokuznetsk, Russian Federation;

Melnikov A.V., Dr. of Sci. (Eng.), Prof., Ugra Research Institute of Information Technologies, Khanty-Mansiysk, Russian Federation;
Prangishvili A.1L., Dr. of Sci. (Eng.), Prof., Corresponding Member of National Academy of Sciences of Georgia, Georgian Technical
University, Tbilisi, Georgia;

Shchepkin A.V., Dr. of Sci. (Eng.), Prof., V.A. Trapeznikov Institute of Control Sciences of Russian Academy of Sciences, Moscow,
Russian Federation;

Yachikov I.M., Dr. of Sci. (Eng.), Prof., Magnitogorsk State Technical University of G.1. Nosov, Magnitogorsk, Russian Federation.

Editorial Council:

Shestakov A.L., Dr. of Sci. (Eng.), Prof. (chairman), South Ural State University, Chelyabinsk, Russian Federation;

Averbakh 1., PhD, Prof., University of Toronto, Canada;

Braverman E., PhD, Prof., St. Mary’s University, Calgary, and Athabasca University, Department of Science, Athabasca, Canada;

Degtyar’ V.G., Dr. of Sci. (Eng.), Prof., Member Correspondent of the Russian Academy of Sciences, Academician V.P. Makeyev State
Rocket Centre, Miass, Chelyabinsk region, Russian Federation;

Kazarinov L.S., Dr. of Sci. (Eng.), Prof., South Ural State University, Chelyabinsk, Russian Federation;

Kibalov E.B., Dr. of Sci. (Econ.), Prof., Siberian Transport University, Novosibirsk, Russian Federation;

Novikov D.A., Dr. of Sci. (Eng.), Prof., Member Correspondent of the Russian Academy of Sciences, Institute of Control Sciences
named by V.A. Trapeznikov of the Russian Academy of Sciences, Moscow, Russian Federation;

Panferov V.1, Dr. of Sci. (Eng.), Prof., Russian Air Force Military Educational and Scientific Center “Air Force Academy named after
Professor N.E. Zhukovsky and Y.A. Gagarin”, Chelyabinsk branch, Chelyabinsk, Russian Federation;

Slinko A., PhD, Prof., University of Auckland, New Zealand,

Stolbov V.Yu., Dr. of Sci. (Eng.), Prof., Perm National Research Polytechnic University, Perm, Russian Federation;

Tanana V.P., Dr. of Sci. (Phys. and Math.), Prof., South Ural State University, Chelyabinsk, Russian Federation;

Ukhobotov V.1., Dr. of Sci. (Phys. and Math.), Prof., Chelyabinsk State University, Chelyabinsk, Russian Federation;

Ushakov V.N., Dr. of Sci. (Phys. and Math.), Prof., Member Correspondent of the Russian Academy of Sciences, N.N. Krasovsky Institute
of Mathematics and Mechanics of Ural Branch of Russian Academy of Sciences, Ekaterinburg, Russian Federation;

Shestakov 1., Dr. of Sci. (Phys. and Math.), Prof., Sdo Paulo University, Brazil;

Shiryaev V.I., Dr. of Sci. (Eng.), Prof., South Ural State University, Chelyabinsk, Russian Federation;

Schneider D.A., Dr. of Sci. (Eng.), Prof., South Ural State University, Chelyabinsk, Russian Federation;

Shtessel Yu., PhD, Prof., Huntsville, Alabama, USA.



COOEPXAHUE

MH(bOpMaTMKa n BblYyncnunTesrbHaa TexHnkKa

JAMUTPUEB B.M., TEMBYX JI.A. KonnientyanapHas MOJENb peallbHO-BUPTYAILHOHN Ta00PaTOPHH .......... 5

AHJIPUSAHOB H.A., ATAXOIXAEBA M.P., BOPOJAMH E.N. MaremaTnueckoe MOJEITUPOBAHUE

PEeKOMEHIATeTFHON CUCTEMBI H 00pab0TKa MTaHHBIX TEICKOMMYHUKAIIMOHHON KOMITAHHUU C MTOMOIIBIO

MOJICTIEH MAIITUHHOTO OOYTEHHIS ....cuvveetreenrreesueeeureenseessseeseessseeanseesseesnsesssessnsesssesensessnsessssessssessssessnseesssessns 17

BUNOVA E.V., SEROVA V.S. Methodology for solving problems of classification of appeals/requests

of citizens to the “hotline” of the President of the Russian Federation ...........cccccceveneninincniinieneneenee 29

ynpaBneHMe B TeXHN4YeCKNX cuctemax

TEJIETYH A.W. AnanuTiueckoe pemieHue nepBoii 3a1aun JUHAMUKHA MaHUITYIITOPOB € BpallaTelbHBIMU

COUITCHEHISIMU .....veeeuevreeesnereeeasnsseessssseessssseesasssssesasssssssssssssasssseessssssssssssssssssssesssnssssssssssssssssseesasssseesssssesssnsseeennns 41

BAPKAJIOB C.A., KAPIIOB1UY M.A., MOUCEEB C.H. Merton aHanu3a uepapXuii: mMoax0Jl, OCHOBaH-

HBI HA TEOPUH JTATEHTHBIX IIEPEMEHHBIX ...eeeuvteeutreeueerutteestestteateesteeeseessaesseesseesseesseesnseesseesnseessseessseesns 58

BUJIb®EJIB/ H.B., BAPJTAMOBA C.A., 3AXAPOB B.B. Co3nanue u TecTUpoBaHHE MOJIENIEH Heonpee-

TJICHHBIX CHICTEM ....uteeuteiuteautettenteenttenteeutesttesteenteenseenseestesaeesheesbeenseemttea st eutesbaenbt e bt enbeeabeeatesbeesbeenbeenbeenteeanesbaenbaens 67

UEPHBILIEB H.H., HJKEHEIL] T.B. ITapameTrpuueckass ONTUMHU3aLUsI MOJAIBHOTO PETYISATOpa C Orpa-

HUYCHUSIMHA HA OCHOBE METOIA POST TACTHIL .evvveeuvreevrersrreeseessseeenseesseesnseesseesnseessessnsessssessssessssessssesssessssessns 76

MpubopocTpoeHne, METPONOrnA U NH(POPMaALNOHHO-U3MepUTenNbHbIe

npuoopbl U CUCTEMBI

AJIAJIN 1I., AJIXAJI’)K XACCAH @., TAVHYJUJIMHA JLP. Pa3paboTka mOPTATUBHOTO 3JIEKTPOMHUO-

rpada 11 QuKcaruy OMOAIEKTPHICCKIX MTOTCHIIHAIOB, BOSHUKAIOIINAX B MBIIIIIAX ......eevreeeeenereneeaneenneenneens 87

anaBneHMe B coLuUaribHO-3KOHOMUYECKUX CUCTeMax

3ATOHCKMIA A.B., CHPOTHHA H.A. VYnpasnenue npUpoIHO-PECYpCHBIM NoTeHuuanoM Ilepmckoro

Kpast HA OCHOBE KOHEUHO-PA3HOCTHON MOJIETTU BTOPOTO TTOPSAIIKA «oeuvveeeerurreeenureeesureeeenreeeesnsaeeessnneeessnueeesans 96

LOGINOVSKIY O.V., SHESTAKOV A.L., KORENNAYA K.A. Information and analytical support

of strategic management of enterprises in global instability cONitions ............ccceeeveevieriereeneenieeee e 107

TASHKIN A.O., HOLLAY A.V. Development of a decision support system of city's social infrastructure

accessibility based on GIS-teChNOIOZIES .......cccceveiiriiriiririiieieteecee ettt s 122

ABEPUHA T.A., JABPOBA 10.C., MEJIbHUYYK B.H. Konnenmus tpexdaktopHoii Moaenu udpoBoit

) 010 (63 V13 B N 0 USSR 132

KpaTkue coobweHusn

ABJIEEBA E.A., ABEPUHA T.A., BAJTALLIOBA H.A. TexHonorndeckue mpopbiBbl Kak OCHOBOIOJIA-

raroumi GakTop ro0aaTbHON KOHKYPEHTOCHOCOOHOCTH .....couerueeureueenientententesueeseeneensensessessesueeseeneensensensessenaens 141

CAIIOXXHHUKOB A.1IO., KYJIMKOB I'.Il'., KY3HELIOB A.A., IOPJIOB M.B. VYnpaBieHue 3HaHUAMHU

Ha TIPUMepe MAITUHOCTPOUTETHHOTO TPEITIPHSITHS B BY3Q ..eeuvveevreerreereesrreenseesseesnseesnseessseesssesssseessseessseesns 148

HOUBYJIC J1.3., PATO3MH A.H., TAPOBCKUX C.H., KYJITAHATOB A.3. VccnenoBanne HeTMHEHHON

UPPOBOH PIIBTPAINH CUTHAIOB C UCIIOIB30BaHIUEM TCHEPATUBHO-COCTI3aTeILHON HEHPOHHOMH CETH ...... 158
BecTHuk FOYpIY. Cepusi «KoMnbloTepHble TeXHONMOMMM, ynpasneHue, paauoaneKTPOHNKa». 3

2022. T. 22, Ne 2



CONTENTS

Informatics and computer engineering

DMITRIEV V.M., GEMBUH L.A. A conceptual model of a real virtual laboratory ...........cccccceevververrvennens

ANDRIYANOV N.A., ATAKHODZHAEVA M.R., BORODIN E.I. Mathematical modeling of recom-
mender system and data processing of a telecommunications company using machine learning models ......

BUNOVA E.V., SEROVA V.S. Methodology for solving problems of classification of appeals/requests
of citizens to the “hotline” of the President of the Russian Federation .............cccoceeeeeneniecncnenncneccnennecnn
Control in technical systems

TELEGIN A.I. Analytical solution of the first problem of dynamics of manipulators with rotational
JOTMES 1etieiiteeeteeetee et e st e ettt e s tteeabeesabeeeaaeessbeeenseesnseeesseesaseeenseesaseeenseesaseeenbeeenbaeenbeeeabeeenteeenseeenbeeenbeeenbeeensaennreenn

BARKALOV S.A., KARPOVICH M.A., MOISEEV S.I. Analytic hierarchy process: An approach based
on the theory of 1atent VATIaDIES ..........oooiiiiiiiieecee ettt et eee st e ae e e enneens

BIL'FEL'D N.V., VARLAMOVA S.A., ZAKHAROV V.V. Creating and testing models of uncertainty
R 51171 1P PPPPPPPTPTPRt

CHERNYSHEV N.N., NIZHENETS T.V. Particle swarm parametric optimization of a constrained state
£EEADACK CONLTOLLET ...ttt ettt b e s bt eb e st es et et e besaeebesseebeeneeneenes
Instrument engineering, metrology and information

and measuring devices and systems

ALALI Sh., ALHAJJ HASSAN F., GAINULLINA L.R. Development of a portable electromyograph for
recording bioelectric potentials appearing in MUSCIES ........ccivviiiirierieitierieie ettt eee e seeesaeese s e

Control in social and economic systems
ZATONSKIY A.V., SIROTINA N.A. Management of the natural resource potential of the Perm region on
the basis of a second-order finite-difference model ............ccooviiieiiiiiiiiiiii e e

LOGINOVSKIY O.V., SHESTAKOV A.L., KORENNAYA K.A. Information and analytical support
of strategic management of enterprises in global instability cONditions ...........cccceevveveerieriierieiienieseeeeiens

TASHKIN A.O., HOLLAY A.V. Development of a decision support system of city's social infrastructure
accessibility based on GIS-tEChNOIOZIES ......ccviciiiiiiiiiiieie ettt ae b e aesreesreesaeesseenseens

AVERINA T.A., LAVROVA Yu.S., MELNICHUK V.N. The concept of a three-factor model of the digi-
tal ecosystem of housing and cOMMUNAL SETVICES ......eecuieruiriiirieiierierie et ettt eee e see e seeeneeenneens
Brief reports

AVDEEVA E.A., AVERINA T.A., BALASHOVA N.A. Technological breakthroughs as a fundamental
factor in global COMPELILIVENESS .....ccueeiuieiieieiieeiett ettt ettt et et e ee st e e ste s et e et et e eneeeneeeseesseeseenseensesneeenes

SAPOZHNIKOV A.Yu., KULIKOV G.G., KUZNETSOV A.A., YURLOV M.V. Knowledge manage-
ment on the example of a machine-building enterprise and a higher education institution ............ccccecceeuenee

TSIBULIS D.E., RAGOZIN A.N., DAROVSKIKH S.N., KULGANATOV A.Z. Study of nonlinear digital
filtering of signals using generative competitive neural NEtWork ............ccccoeveevierieriieiieiieieceeee e

17

29

41

58

67

76

87

96

107

122

132

141

148

Bulletin of the South Ural State University. Ser. Computer Technologies, Automatic Control, Radio Electronics.

2022, vol. 22, no. 2



UHdopmaTuKa n BbluMcnutesribHas TeXHMKa
Informatics and computer engineering

HayuyHas ctaTbs
YOK 378.147
DOI: 10.14529/ctcr220201

KOHLUENTYAJIbHAA MOAEJb
PEAJIbHO-BUPTYAIIbHON NABEOPATOPUMU

B.M. mumpuee, dmitriewvm@gmail.com
J1.A. 'em6yx, lev.gembuh@mail.ru

Tomckuli eocyGapcmeeHHbIl yHUgepcumem cucmem yrnpassieHusi U paduos/1eKmpPOHUKU,
Tomck, Poccusi

Annomayun. B craThe TMpemIokeHa CTPYKTYpHO-(QYHKIHOHAIBHAS CXEMa pealbHO-BUPTYAIbHOMN
Mab0paTOPHH, ONPE/ICICHE OCHOBHBIC OJIOKH pealbHO-BUPTYAIBHON TA00PATOPUH M CBS3H MEKIY HUMHU.
st neneii Gpopmanuzanuu BBeISHb MOIYJIH HHGOPMAIIMOHHOTO 00pa30BaHus, HILUTIOCTPUPYIOIIUE IPe0d-
pa3oBaHUA KaXAbIM OJIOKOM BXOJHBIX U BHYTPECHHUX MNEPEMCHHBIX U XapaKTCPUCTUK B BBIXOJHBIC. Taxxe
KpPaTKO PacCMOTPEHBI HEKOTOPEIC UCTAaHIIMOHHEBIC pealbHO-BUPTYyaIbHEIC Ta00pATOPHU C TIPUBEACHUCM UX
CTPYKTYPHBIX CXCEM. OmnucaHsl 3JIEMCHTBI, BXOJAIINE B JUCTAHIIMOHHBIC PCaJIbHO-BUPTYAJIbHBIC na60paTo-
pUH, ¢ IPUBEICHUEM OMUCAHUA (DYHKIHH, BRIIOTHAEMBIX B abopaTopmsix. Hean. PazpaboraTs KoHIENTY-
aNBHYIO MOJICTh PeallbHO-BUPTYaJIbHOM Ta00paTOpHH, MPEATIOKIB €€ CTPYKTYPHO-()YHKIIMOHATIBHYIO CXe-
MY U OIIPE/EIMB OCHOBHBIC OJIOKH peallbHO-BUPTYaJIbHOW J1a00paTOpuH, X (PYHKLNH, & TAKIKE CBI3H MEX-
1y HUMH. MeToabl. [ pa3paboTKi HOBOM CTPYKTYpHI JUIS pealbHO-BUPTYaJIbHON 1abopaTopuu HE0OX0-
JIUM aHaJIi3 U3BECTHBIX HAYUYHBIX PE3YJbTATOB U MPAKTUYECKUX PEILIECHUH, ISl YEro UCMOIb3YIOTCS Hay4-
HBIC ITyOJNMKAIUH, Pa3MEIICHHBIC B Pa3IMIHBIX MCTOYHHKAX HA aHTIHICKOM M PYCCKOM S3BIKAX, a TAKXKe
METOJBI IPOTPAMMHUPOBAHUS COBPEMEHHBIX KOHTPOJJIEPOB, CPEACTB UX CBS3H C KOMIIBIOTEPOM U Jabopa-
TOPHBIM 000PYJOBaHUEM M METOIBI CETEBOTO MporpaMMmupoBaHus. Pesyabrarel. Croenan kpaTkuit 0030p
CYIIECTBYIOIUX ANCTAHIIMOHHBIX TA0OPATOPHUHA C MPHUBEICHIUEM UX CTPYKTYPHI H OMUCAaHUEM MEXaHHU3Ma
B3aMMOJICHCTBUS YIAIEHHOTO TOJIb30BaTeNs ¢ jJabopatopueit. [Ipemnoxkena cTpyKTypHO-()YHKIIMOHATb-
Has cXeMa peaJbHO-BUPTYAIbHOH 1a00paTopuu, OMpEICIICHB €€ OCHOBHBIC OJIOKU U CBS3U MEXKIy HUMH.
Jnst meneit hopmanu3anuu BBEICHB MOIYJIH WH()OPMAIIMOHHOTO MPEe0O0pa30BaHUs, WILTIOCTPUPYIOIIUE
Hp606pa30BaHI/IH KaXXabIM OJIOKOM BXOOHBIX U BHYTPCHHHX MECPEMCHHBIX U XapaAKTCPUCTUK B BBIXOIHBIC.
3akJouenue. B pesynbTaTe pacCMOTpEHUS HEKOTOPHIX peau3aluil yIanéHHbIX J1abopaTopuii ObLI cenaH
BEIBOJI, YTO OOJIBIIIMHCTBO M3 HUX TIOCTPOCHBI C UCIIOIE30BAaHIEM 3apYOCIKHON IIIATHOH cpelbl pa3padoTKH.
B cBs3u ¢ 3THM, pUHKUMAas BO BHUMaHHE OOIIYIO CHUTYaIlMI0 B MUpE U KOHKPETHO B Hallel cTpaHe, ObLIO
CIIeNlaH0 YMO3aKIIIoueHHe, YTO pa3paboTka CBOEH COOCTBEHHOW peanu3aluy ynajJeHHOW J1abopaTopuu B
OTEUYCCTBEHHOH cpele pa3pabdoTKu — 3TO HeoOxoammas Mmepa. B paboTe mpeacraBieHa CTPYKTYPHO-
¢dbyHaknnoHagbpHas cxema PBJI, oTpaxaromias ee 0JI04HYI0 CTPYKTYpy. IIporece GhyHKIIMOHUPOBaHUS 1a00-
paTopuM OTPAXKAIOT MOIYJH MH(POPMAIIMOHHOTO MPEOOPa30BaHUs BXOAHBIX MEPEMEHHBIX U MapaMETPOB B
BBIXOJTHBIC XapaKTepUCTUKH. J[aHHBIH (hopMa3M MOXKET OBITH WCHOJB30BaH I MOCTPOCHHS (PYHKITHO-
HAJTEHOW MOJIENTN pealbHO-BUPTYaJIbHOH JTa00paTOPHH.

Knrwoueswie cnoea: peaabHO-BUPTyasIbHAs 1JaO0OPAaTOPHsL, MOAYJIE HHPOPMALMOHHOTO ITPeodpa3oBaHus,
MHUKPOKOHTPOJUIEP, NAaTYMKHU, UCTIOHUTENH, YIPABICHUE SKCIIEPUMEHTOM

Jna yumupoeanua: JImutpues B.M., I'emOyx JI.A. KonnenryansHast MOJENs pealbHO-BUPTYaIbHOM
naboparopuu // Bectank IOYpI'Y. Cepust «KoMItbroTepHbIE TEXHOJIOTHH, YIIPABICHUE, PAANOICKTPOHUKAY.
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Beenenue

Onpedenenue: PeanbHO-BUPTYyaIbHON Monenupyromeil crpykrypoit (PBMC) Ha3biBaeTcs HEKOTO-
poe B o0I1ieM cirydae mporpaMMHO-aIapaTHOe pellieHrne, MO3BOJIsIoIee 00 beIMHATL KaHAIbI peallbHO-
IO U BUPTYAIBHOTO MOJCIUPOBAHUS C LIETbI0 KOMIUIEKCHOTO aHajIu3a (0TOOpaKEeHHUs) U aBTOMAaTH3aLUH
MIOCTPOCHUS MOJIETH 00beKTa uccieaoBanus [1].

PBMC, Brumrouaroriast 06a Ha3BaHHBIX KaHaja, MO3BOJISET COXPAHUTH MIPEUMYIIECTBA PEATLHOTO U
BHUPTYQJILHOTO KaHAJIOB © MUHUMH3UPOBATh NPUCYIINE UM HETOCTATKH.

Ee dvacTHBIM ciyyaeM NPUMEHHUTENBHO K Yy4e€OHO-HAYYHBIM HCCIIECIOBAHMSM SIBISIETCS pealibHO-
BUpTyalbHas nabopatopus (PBJI).

Konuenuus PBJI ocHOBBIBaeTCS Ha TOM, YTO MPOBOJUMBINA HCCIIEOBATENEM JKCIEPUMEHT MOXKET
CTPOUTHCSI B peasIbHO-BUPTYAJIBHBIX MOAENUpyoommx cTpykrypax. [lox PBJI nanee Oynem moHuUMath
ABTOMATH3UPOBAHHEIH Ta00PATOPHBINA KOMILUIEKC JIJIsl Y4eOHO-HAYYHBIX IeJIeH, TIOKaTM30BaHHbIN B TIPO-
CTPAHCTBE ¥ UMEIOIHNI CeTeBYIO JBYXCTOPOHHIOIO CBA3H C MOJIB30BATENIEM.

PBJI u BuptyaneHble npuOOpsl U1 €€ (HYHKIMOHUPOBAHUS peaM30BaHbl Ha 0asze rpaduyeckoit
cpensl MoaenupoBauust MAPC [2, 3].

Hanee paccMOTpUM HEKOTOpPBIE CYIIECTBYIOIIME aBTOMATU3UPOBAHHBIE KOMIUIEKCHI, peanu3ytomiye PBJII.

6 Bulletin of the South Ural State University. Ser. Computer Technologies, Automatic Control, Radio Electronics.
2022. Vol. 22, no. 2. P. 5-16



Amumpues B.M., Fembyx J1.A. KoHyenmyanbHasi Modenb
peasibHO-8upmyasnbHolU nabopamopuu

1. CymecTByomue peajbHO-BUPTyaJdbHbIe JIA00paTOPHHU

ACEL (Automatic Control Engineering Laboratory) — 310 cuctemMa TUCTaHIIMOHHBIX J1a0OPaTOPHIA,
COCTOSIIIAsT U3 JIA0OPATOPHU MCCIIEIOBAHUSI CEPBOMEXAaHM3MOB U JTa00OpaTOPUHU HCCIEOBaHMs CBOMCTB
MarHUTHBIX noJied. B 1aHHOM cucTeMe nepeaayda JaHHbBIX MEXY MOJb30BaTEIEM U CEPBEPOM OCYILIECT-
Bisiercs 1o npotokoy TCP/IP, uto no3Bossier paboTtatk ¢ nabopaTopuei yaaaeHHO U3 0001 TOUKH, IIie
ecTb uHTepHET. Ha pric. 1 mpencraBiieHa cTpyKTypHas cxema AucTaHmoHHo# naboparopuu ACEL [4].

aneHTCKwu komnbloTEp .

Ayavo/suaeocepsep

G

KnueHTCKWin KoMnboTep 3 a @
Web server
Kamepa

‘—l_,lh'f\:-nlj

Wcenepyemas
cuctema

Cepsep nabopatopun [Mnata Beoga BelBOAA

Puc. 1. CTpykTtypHas cxema cuctembl ACEL
Fig. 1. Block diagram of the ACEL system

JlaGoparopusi COCTOUT M3 TaKHX 3JIEMEHTOB, KakK: HCCIlelyeMasi CHCTeEMa; cepBep JiabopaTopHu;
TIaTa BBOJA-BbIBO/IA JUIS MIEpeauy JaHHBIX MEX]y UCCIIEyeMOI CUCTEMOM B CepBEpPOM JT1a00PaTOPHH;
cepBep 00pabOTKH ayaro- U BUACOMOTOKA; Web-CepBep IS CBSI3U C YIAIEHHBIM IT0JIb30BATEIEM; TTOJTb-
30BaTeNbCckuil uHTEpdeiic. KimenTckas 4acte B BUAE OTACIBHOTO MPHIIOKEHUS pealli30BaHa B Cpelie
LabVIEW [5].

AIM-Lab (Automated Internet Measurement Laboratory) — 3To aBTOMaTH3MpOBaHHas AUCTAHIIUOH-
Has Jlaboparopus, peJHa3HaueHHas IS MCCIIEOBAHUS XapaKTEPUCTUK TOJEBBIX TPAH3UCTOPOB. [laH-
Has 1abopaTopHUs SIBJISIETCS IPOYKTOM COBMECTHOM paboThl HOpBEXKCKOT0 YHUBEPCUTETA HAYKU U TEX-
Hostoruu (NTNU) U MONMHTEXHUYECKOTO MHCTUTYTa T. Xbeswiep. g u3MmepeHuil B 1abopatopuu Mc-
none3ytotcst GPIB-ycTpoiictBa, moakmouéHabie 1o GPIB-mmHe (mmHe 00miero Ha3HAYeHHs) C BBIXO-
oM Ha web-cepsep [6]. CTpyKTypHas cxeMa JaHHOM CHCTEMBbI IIPEICTaBlIeHa Ha pUC. 2.

WwuHa

GPIB

Internet y (IEEE

N 488)
Ocuwnnorpacp MaTpuyHbIf HP 41428 DC

Tektronix TDS kommyTarop HP s Monit
3052 34970A ource/Monitor
OkcnepumeHTanbHas
ycTaHoBKa

Puc. 2. CTpykTypHas cxema cuctembl AlM-Lab
Fig. 2. Structural diagram of the AIM-Lab system
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Lab-on-Web — 3to naboparopusi, npeaHa3HaueHHAs J1s1 U3YyUCHUS PA3IMUHBIX TUIIOBBIX YCTPOMCTB
U CXEM, a TakXe Al AEMOHCTPALH pabOThl Pa3IUYHBIX YCTPOWCTB M MPOTHO3UPOBAHUS MOBEICHHUS
Oosee cIOXKHBIX cxeM. M3ydeHne ycTpOHCTB M CXeM MPOUCXOAMT MPU MOMOIIHN WHTETPATbHONU CXEMBI,
Ha KOTOPOW peann30BaHbl Pa3UYHbIE TUIIOBBIE CTPYKTYPHI CXEM U YCTPOMCTB, U3TOTOBJICHHBIE TIO TEX-
Hojoruu CMOS. Ctpyktypa 1aHHOH 1a00opaTopuu NMpeacTaBieHa Ha PUc. 3.

Internet

GPIB-
Controlled
Instruments

edejyxejul €IdD

Triax
| ————
Cables

Puc. 3. CTpykTypHasa cxema cuctembl Lab-on-Web
Fig. 3. Block diagram of the Lab-on-Web system

B AIM-Lab u Lab-on-Web nons3oBatensckuii mHTEpdEiic peann3oBaH Kak B OOBIYHOM HHTCPHET-
Opaysepe, Tak M OTIAEIBLHOM NpHiIokeHuH. llpunoxkenne peannzoBano npu nomouu cpensl LabVIEW
[7, 8].

ABTOMAaTH3MPOBAHHBIN CTEHJ A MPOBEJACHHUA JTaOOPAaTOPHBIX PAOOT IO 3IEKTPOTEXHUUECKHM
JUcUUIUIMHaM pa3paboTtan B UepHomopckoMm mmxeHepHOM HHCTHTYTe PI'BOY BO «loHckoit IAY».
JlaHHBIN CTEH[ HCIIONB3YETCS B PSAE JUCLMIIINH, CBA3aHHBIX C H3YYEHHEM JIIEKTPOHUKH, aBTOMAaTHKU 1
ABTOMATHU3UPOBAHHBIX CHCTEM YTPaBICHHUS TEXHOJOTHUYECKUMHU TporeccaMu. CTpyKTypHas cxema JaH-
HOTO CTEH/Ia TIPeCTaBlIeHa Ha puc. 4.

@rﬁ
w"

WinTepret Komneiotep  Be6 - kamepa
X1
YCO " Y1
Nnara BBOAA/ X2 % ofernb ¥7
BbIBOOA YCO TeXHoréoqueCKoro 5
cUrHanos Xn obbekTa
e A YCO Yn
YCO Hatunk P
husmueckmx [«
YCO penvumuH_ [€

YCO

Puc. 4. CTpykTypHas cxeMa aBTOMaTU3MPOBAHHOro CTeHAa ANA NpoBeAeHUsA
nabopaTopHbIX paboT NO 3MNEKTPOTEXHUYECKUM AMCLIUMNIIMHAM
Fig. 4. Block diagram of an automated stand for laboratory work
in electrical engineering disciplines
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Ha cxeme, npencraBneHHo Ha puc. 4, IpU MOMOIIY YCTPOMCTB CONMPSDKEHUS 3a1aI0TCSI YIPABIISIO-
muye curdansl X, Xp, ..., X, 1 OpoU3BOJATCA U3MEPEHUS BBIXOAHBIX BEIWYUH Y, Ys, ..., V,. JlaHHBII
CTeHJI pa3padaTbIBalICA I UCCIEOBAHUS aCHHXPOHHOTO 3JIEKTPONPUBO/IA, HO €r0 CTPYKTYpa IMO3BOJISI-
€T MCcCIIe0BaTh U APYyrue yCTpoucTBa. s BeIBOJA JaHHBIX CO CTEHJIA HAa 3KPaH KOMIIBIOTEPA UCIIONb-
3yercs nporpamma Datalogger komnanuu Advantech [9].

Be6-nnadoparopust uCVLab. Jlannas taboparopus pa3paboraHa B HoBocrOMpCKOM rocynapcTBeH-
HOM TEXHHUYECKOM YHUBEPCUTETE JJISl MCCIEA0BAaHUSI MUKPOKOHTPOJUIEPOB U CUTHAJIBHBIX MPOLIECCOPOB.
Ha puc. 5 npeacrasieHa cTpyKTypHas cxema gaHHo# nabopatopuu [10, 11].

Cepeep HTTP
‘ Web - cepsep I{ KnmeHt
Web-
UCV - Lab cepeep N Gpaysep
¢ A ¢
Mogyne Cepsep DSTP
BBOZla Data €
BblBOAA Socket
A ActiveX
uCV-lab
MonuTop
A

h 4 A 4

OuUeHOYHbBIN MoaYIb
(LeneBoOM MUKPOKOHTpONNEp)

Puc. 5. CTpykTypHas cxema Be6-nabopartopus uCVLab
Fig. 5. Block diagram of the uCVLab web lab

Monyss BBOAa-BBIBOJIa BCTPOEH B IIEPCOHANBHBIN KOMIbIOTEP. Ha ero ocHOBe peann3oBaHbl: ABYX-
KaHAIBHBIHA ocluiorpad, IByXKaHaTbHBII NCTOUYHHUK PEryJIMPYEeMOT0 HaINpsbKEHHS TOCTOSTHHOTO TOKa,
TeHEPaTOp MMITYJIbCOB PEryJIMPYeMOH YacTOThI, BOCEMb WHIMKATOPOB COCTOSIHUS, U(PPOBONH WHIUKA-
TOp, YETHIPE NEPEKIIOYaTeNsl, YeThIpe KHOMKU. Moy BBOJA-BbIBOAA MOIKIIOUEH K MUKPOKOHTPOJLIE-
pYy, obecrieurBasi BO3MOXKHOCTh IOJaBaTh CUTHAJIBI HA BXObl MUKPOKOHTPOJUIEPA U C TIOMOLIBIO BUPTY-
IBHBIX U3MEPUTEIHHBIX TIPUOOPOB U3MEPATH OTKJIMK Ha BXOASIINE CUTHAIBL. BupTyanbHble MprOOpHI
peanuzoBaHnsbl B cpenie LabVIEW.

[onp3oBarenbckuii HHTEpQEc peanmn3oBaH Kak oOBeKT ActiveX, KOTOpPBIH BCTPOSH B CTPaHUILY
Opay3epa, TO €CTh IOJIb30BaTeb MOIY4aeT JOCTYH K B3aUMOACHUCTBHIO C BeO-1a00paTopuel U3 CBOETO
Opayzepa mo npotokoiry HTTP. [lepenaua naHHBIX MEXIy CEpBEpPOM M KIHEHTOM peajn30BaHa C IO0-
Morbio mporokona DSTP.

Kak MoxHO 3aMeTuTh, OOJBIIMHCTBO M3 PACCMOTPEHHBIX BBIINIE JAMCTAHIIMOHHBIX pEalbHO-
BUPTYaJIbHBIX JIAOOPAaTOPHI MOCTPOEHBI C HCIIOIb30BAHUEM WHOCTPAHHOH IIaTHON cpenbl pa3paboTKu
LabVIEW. Ilo cpaBuenuto ¢ Humu PBJI Gyner crpouTbes Ha ocHOBE CBOEi COOCTBEHHON cpenbl MHO-
roypoBHeBoro mojenupoanusi MAPC. JlanHas cpena paspadatsiBactes Ha kadenpe KCVYII B Tomckom
rOCy/IapCTBEHHOM YHUBEPCUTETE CHUCTEM YNpaBlIeHHs M paauo3nekTpoHuku. Ha eé 6ase chopmupona-
HBI BUPTyaJIbHbIE TPUOOPHI, MO3BOJISIIOLINE OTOOPAXKATh Pe3yIbTaThl H3MEPEHUH, MOIyYeHHBIE C peajlb-
HBIX YCTPOMCTB Ha 3KpaHe KOMIIbIOTEpa.

Hanee paccMOTprUM KOHLENTyalIbHYIO Mozesb PBIL.

2. IToacucreMbl ABTOMATH3MPOBAHHOIO JIA00PATOPHOI0 KOMILIEKCa
Ha puc. 6 npuBeaen ogun u3 Bapuantos PBJI, Bkmouatommii B ce0st cieayronme OCHOBHBIE TTOA-
cuctemsl [12-15].

BecTHuk HOYplY. Cepusi «<KoMnbioTepHble TEXHONOrMK, yNpaBreHne, PaanoaneKkTPOHUKay. 9
2022.T. 22, Ne 2. C. 5-16



UHdopmaTuka U BbluMCnUTENbHAA TeXHUKA
Informatics and computer engineering
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ynpaeneHus
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[Opansepbl MwuKpokoHTponnep

A

VicnonHuTenbHble Komnbtotep
6noku
[ Mopcucrema « Peructpauus
KomnbtoTep cbopa n rnornb3oBaTteren
nepeaaun « OByueHne
« MaHenu npuopos AaHHbIX « [loMycKOBHbI KOHTPONb
« O6paboTka 1 « OKcnepuMeHT
cirHanos > « O6paboTka pesynsraTtoB
* Ynpasnsiemblii « dopMUpoBaHME OTHETOB
UCTOYHWK MUTaHUS

|

O6bekT
(NabopaTopHoe
aBTOMaTU3NpOBaHHOE
paboyee MecTO)

Y

LOaTtunkm

Puc. 6. CTpykTypHO-(DyHKLMOHaNbHasA cxeMa peasnibHO-BUpTyasibHOW nabopaTtopum
C peanbHbIMU 06BLEKTaMUN U BUPTyallbHbIMU NpuGopamu
Fig. 6. Structural and functional diagram of a real-virtual laboratory
with real objects and virtual devices

B cootBercTBHM C mepeuncieHHBIMU QyHKIMAMU cuctema PBJI momkHa BkIodaTh B cebs clie-
JYFOIIHE TIOJICHCTEMBL: JTaOOPaTOPHBII MaKeT, yrpaBisieMble OJIOKH MHUTAHHS, ITOJICUCTEMBI cOOpa U mepe-
Jlau¥l JaHHBIX, JATYUKH, MUKPOKOHTPOJUIEP ¥ JApalBep, UCTOJHUTEIbHbBIC OJOKH, 3KCIEPHMEHTAILHBIHN
CTCHJI. YNpPaBJIAIOIIas MOACUCTEMa, OJIOK PErHCTpalluy, OJOK 00ydueHHs, OJI0K KOHTPOJIS, OJIOK IpoBe/ie-
HHS SKCIIEPUMEHTa 1 00pabOTKH Pe3yIbTaTOB, OJIOK (POPMUPOBAHKSI OTYETOB U BBIIAYN IPOTOKOJIOB.

2.1. J/labopamopmuwiit makem

JlaGopaTopHBbIii MakeT BKIIFOYAET H3y4aeMblil peallbHbIH 00BEKT (YCTAHOBKY ), JaTYNKU (PUIUIECKUX
BEJINYMH, UCTIOJHUTENBHBIE ycTpoiicTBa. [Ipr HEOOXOIMMOCTH MOAKIIIOYAIOTCS CHEIUAIN3UPOBAHHbIC
YCTPOMCTBa COIJIACOBAaHMs CUTHAIOB. B BUpTyanbHOH JabopaTopuu OOBEKT HCCIIEAOBAHMS 4Yepes3
CTPYKTYpY (OpPMAaJIBHOTO OTOOpaKEHUS MpeoOpazyercsi B KOMIBIOTEPHYIO MOJENb, XapaKTEPUCTHKH
KOTOPOM U MOAJIEKAT UCCIIEAOBAHUIO.

PeanbHblii 00BEKT MOKET OBITH BBINOJHEH B BHJE JIAOOPATOPHOH YCTaHOBKH, TEXHHYECKOTO YCT-
pPONCTBA MM TEXHOJIOTHYECKOTO MPOIECCa M MOXKET PACIIONAraTtbCsl Kak BHYTPH, TaK U BHE CTEH IOMe-
LIEHUs, B KOTOpOM pacnoyioxxena PBJIL.

Konkperusupyem noHsTHE 1a00paTOPHOr0 MaKeTa Kak COBOKYITHOCTH J1a00paTopHBIX padot, o0be-
JUHEHHBIX B O0ILEM CiIydae MPOCTPAHCTBEHHO U (MJIH) TOMOJIOIHIECCKH:

LM =\ JL; P, T,

l
rae L; — i-s1 naboparopHas ycTaHoBKa; P u T — COOTBETCTBCHHO (DYHKIIMH MPOCTPAHCTBEHHOTO U TOIO-
JIOTHYECKOT0 00BEANHEHNUS IAOOPATOPHBIX padOT B MHTETPUPOBAHHBINA MAKeT.

Bynem paznudate 00BEKTHI (CTPYKTYPBI) DIEKTPUUECKOW MPUPOJBI Se U OOBEKTHl HEIIEKTpHUYe-
CKOM WJIM CMEIIaHHOW MPUPOABI Sn.

PaccmoTpum cHadana Moaenu o0bekToB THia Se. OOBEKT MOXKET paccMaTpUBAThCA KaK KOMIIOHEHT
crnemyrolero Buaa (puc. 7).

w Y
—> —>
-------- > Se poomee >
—> —>

T

Puc. 7. O6beKT aneKkTprMyeckon npupoabl
Fig. 7. An object of electrical nature
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Ha puc. 7: W — MHOECTBO BXOJHBIX TIEPEMEHHBIX, TOKOB U HAIPsDKEHUH; Y — MHOXKECTBO BBIXOJI-
HBIX (M3MEPSEMBIX) IEPEMEHHBIX CUTHAIOB; U/ — CHTHAIIBI PETYIMPOBAHUS U YIIPABIEHUS 00OBEKTOM.

Ecin 00BbeKT MCCIenoBaHUS UMEET HEIJICKTPUUCSCKYIO NMPUPOAY, TO €r0 KOMIIOHEHTHOE MPEICTaB-
neHne umeeT Buj (puc. 8).

w Y
—> —>
-------- » Sn Pe [
—> —>

il

Puc. 8. O6beKT HeanekTpMU4ecKon npupoabl
Fig. 8. An object of non-electrical nature

Ha puc. 8: Pe — 6mox mpeobpazoBateneli, mpeoOpa3yomux HeNeKTPUIECKHE BETMIUHEI /B 3I1eK-
TPUYECKHE BETUUUHBI 1 .
O00011IeHHBIA MOTYJIb HHPOPMAIIMOHHOTO ITpeoOpa3oBanus s 00beKTOB TUma Se [16]:

<C,’ , P/, W/, U>=<u,i>,

rae C np] — cTpyKTypa (KOMIOHEHTHAs 1IeTib) i-if 1TabopaTopHOii yctaHoBKH; P/ — 0000MIEHHBIH BEKTOP

€€ BHYTPEHHUX 1apaMETPOB; W/ — BEKTODp 3afaromux Bo3zaeiicTBuil; U — BEKTOp yIpaBIsiONUX BO3-
NneicTBUiA; W, 1 — BEKTOPHI MOTEHUIMANBHBIX (HANPSHKEHHS) U MOTOKOBBIX (TOKM) MEPEMEHHBIX; j — Te-
KYLIUH UHACKC.

O060011eHHBI MOAYIE HTH)OPMAILIMOHHOTO MpeoOpa3oBaHus Al OOBEKTOB THIIA Sn:

<C,/, P/, W U>=<V, V>

rae V,, V, — COOTBETCTBEHHO INOTCHIMANbHAS U [IOTOKOBAs IEPEMEHHBIC POU3BOJIBHON (QU3HYCCKOH

MPUPOJIBI, ACHCTBYIOMINE HA OOBEKTE.

2.2. Pezynupyemulii ucmo4HuK RUmaHus

Perymupyemsiii uctounuk nuranusa (PUIT) npennasHaveH Al MOMyYeHHs MUTAIOUIMX BHEIIHUE YCT-
pOMCTBa HaNpPSDKEHUI: MOCTOSIHHOTO PETYIMPYEMOro MCTOUHMKA muTanus +15 B, 1 A; mocTtostHHOTO pery-
JIMPYEeMOro UCTOYHHKA ruTaHus —15 B, 1 A; mocTosiHHOTO HeperympyeMoro ucTouHrka nuranus +5 B, 0,5 A.

B cocra PUIl Bxomsar: mpeoOpazoBaTenb HANPsDKEHHS CETH B IOCTOSIHHBIE HAPSKEHHS
(Vvar — Vconst ), punsrpoBanue mynscauuii (Ft), crabunuzatopsl HanpsbkeHuid (St), naTepdeiicHbIN
MoayJib cBsizu ¢ PC (Ms), mudposoii perynsrop (IIP), nudpoananorossiii npeodpaszosateins (LIAIT).

CrenoBarensHO, MOAYJIE HH)OPMAIMOHHOTO IpeoOpazoBanus ais 6inoxos PUII npumet Bug

<Vvar — Vconst, Ft, St, Ms, IIP, HAIl > — < Vu >.

2.3. /lamuuxu-npeobpazoeamenu

K marumkam-nipeoOpaszoBaTensiM HEIJIEKTPUISCKOW BETUYHUHBI B AJIEKTPUIECKYIO OTHOCST, HAIPH-
MEp, AaTYUKHU C6J'II/I)K€HI/I$I, TCPMOAATYUKN W JAaTUUKU OABJICHUA. HNx xoMmnoHeHTHOE IpeaACTaBJICHUEC
nmMeet Bun (puc. 9).

u X Y
—> > —>
-------- » Sn > De f->
—> > —>

171

Puc. 9. JaTunkn-npeobpasoBarenu
Fig. 9. Sensors-converters

B kadecTBe BBIXOOHBIX 371€Ch MOT'YT OBITh TaKHE XapPaKTEPUCTHKH AIEKTPUUECKOW CXEMBI, KaK aM-
muTyaa Hanpsokerus U v Toka [, yactota f u ¢asa ¢ nepemeHHOro curaajia. CooTBETCTBEHHO MOIYJIb
UHGOPMALMOHHOT0 TPeoOpa30BaHus I TAKMX JaTYUKOB UMEET BUIL
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<C,/\P',F.M,v,w>=<U,I, f, ¢>,
rae C di — CTpyKTypa (KOMIIOHEHTHas LeMb) JaTdyrKa; P’ — reoMeTpuueckie napameTpsl aaTanka; F, M —

YCUIIMSI U MOMEHTBI, JaBJICHUE WM TEMIIEPATYPA; V, W — JIMHEHHBIEC U YIVIOBBIE CKOPOCTH KOHTPOJUpPYE-
Moro o0bekTa. B cocraB 0y0Ka JaTYMKOB BXOAMT M3MEPUTENHLHBIA MOIYIb, PYHKIMEH KOTOPOTO SIBIIS-
€TCs CYMMHPOBAHUE CHUTHAJIOB C HECKOJIBKMX YYBCTBUTEIBHBIX 3JIEMEHTOB, HAIPUMEDP, C MOMOILBIO
MOCTOBBIX CX€M, H UX MIOCIEAYIONIEE YCHIICHUE.

2.4. Hcnonnumenwhboie snemeHmol

K ucnonauTensiM OOBIYHO OTHOCSAT JBUTATENH IOCTOSHHOTO TOKA, CEPBOJBUTATENHM W IATOBHIC
JIBATATEIIN.

CoOTBETCTBEHHO MOJTyJTh HHPOPMAIIMOHHOTO IPpeoOpa3oBaHus U TAaKUX JATYNKOB UMEET BUJ

<C/, P I,U Po>—<F,M,v,w>,

rae C,' — cTpykTypa (KOMIIOHEHTHAsI LIeTlb) HCIOIHHUTENS; P’ — reoMeTpryeckie napamMmeTpbl HCIIOIHH-

tenst; [, U — Toku U HanpshKeHHss 00OMOTOK; Po — BBIXOIHAS MOITHOCTh KOHTPOJIUPYEMOT'O HCIIOTHUTETIS.
F, M — ycunus ¥ MOMEHTBI; v, W — TMHEWHBIE U YTJIOBBIE CKOPOCTH.

2.5. Jlabopamopnoe asmomamu3zuposantoe padouee mecmo

JlaGopaTtopHoe aBTOMaTHU3MPOBaHHOE pabouee MECTO COJCPKHUT B CBOEM COCTABE IMEPCOHAIBbHBIN
KOMITBIOTEP C YCTAHOBJICHHBIM Ha HEM CIICLHAIM3UPOBAHHBIM MPOTrPaMMHBIM 0OeCTIedeHHueM, OH MPea-
Ha3HaueH /s 00ecTieYeHUsT B3aUMO/ICHCTBUS MONIB30BaTeNsl ¢ 00BbEKTOM HccieaoBanus. Haubonee ad-
Q)GKTHBHOC HCIIOJIb30BAHUE JIOKAJIBHBIX KOMITIBIOTEPOB NPOU3BOAUTCA B paMKax KOMIIBIOTCPHOI'O KjacC-
ca. B nmabopaTtopusix Takoro Kjiacca UCHOJIb3YETCs OTIACIBHBINA CETEBOH cepBeEp, Yepe3 KOTOPHIH OpraHu-
3yeTcsl IOCTYI K 0a3e JaHHBIX OOydaronield ¥ KOHTPOJIHPYIONIEH (JIOMyCKOBBI KOHTPOIIb) MOJICHCTEM.
DTOT Xe cepBep MOXKET 00ECIEUHTh JIOCTYI K MOJCHCTeMe cOopa JIaHHBIX, €CIIM OHAa PacIioJIoKeHa 3a
npeaenaMy KJiacca, a TakKe MOYKHO 00ECHEeUUTh PEXUM «KIMEHT-CEPBEPHOI» CTPYKTYPHI AJIsl OpTaHu-
3alUHU JUCTAHIIMOHHOTO MPOBEICHHS SKCIIEpUMEHTa ¢ TabopaTopueil.

2.6. IlIpozpammupyemoliit MUKPOKOHmMPONIED

MuxpoxonTtposutep (MK) mpeacrapmisiror co60ii 3akoHUeHHYI0 MUKponpoueccopuyto MII-cuctemy
00pa0oTKu MH(pOPMAIIMK, KOTOpas peaii30BaHa B BHUJIE OJHOM OOJIBIION MHTErPaIbHONH MHKPOCXEMBI.
MK o0benuHseT B mpeaenax OJHOTO TOJYIPOBOJIHUKOBOTO KpUCTasla OCHOBHbBIE (PYHKIIMOHATIHHEIC
ook MII ynpasmsromiei cucTeMsl: HEHTpabHbIHN mponeccop, [13Y, O3V, nepudepuiinbie ycTpoiicTa
JUTSL BBOJIa-BbIBOIa MHQOopManyu (puc. 10).

MwuKpoKoHTposnep
lMpoLeccHoe Anpo
. Cxema
Cxema .| LeHTpanbHbil |
> <—>»  ynpaBsieHus
CUHXPOHM3aLMK npoteccop
pexumamu

A A
MA
< \ 4 >
MD A A A A A A

Yy A A YVY } Y
G nay o3y MopTel Taiimep o3y
BBOJa-
BbIBOAa

Puc. 10. MoaynbHas opraHusauusi MUKPOKOHTponnepa
Fig. 10. Modular organization of the microcontroller
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bazoBeiii  QyHKIMOHANBHBI OMOK wmnM mpoueccopHoe aapo MK BrioyaeT: LEHTpasIbHBIN
nponeccop (LII), BHyTpeHHHE MarucTpaiu azapeca, JaHHbIX M ynpasieHus (MA, MD), ycrtpoiicTBO
ynpasieHus pexxumamu padotel CYP, cxeMy CUHXpOHU3AIUH I TakTupoBaHus L1 1 MexMOTyIbHBIX
MarucTpaneu.

CoOTBETCTBEHHO MOJYJbh MH()OPMAIMOHHOTO NPeoOpa3oBaHus AJIi MUKPOKOHTPOJIJIEPOB MOXKET
UMETH BH]

<V,,UB;,1I,, >—> <Vu>,
rne V,; — mepeMeHHble CHUTHAJbI ¢ naTunkoB; U B; — Habop ¢pyHKunoHANbHBIX 610k0oB MK I1;, — mopTsl
BBOJIa-BbIBOJIA; V' — CUTHAJIBI HCTIOJIHUTEIISAM.

2.7. bnok zenepuposanus cuzHa108

['enepatop obecrieunBaeT BO3MOKHOCTD 3aJaHusl (POPMUPYEMBIX CUTHAJIOB OJHUM M3 CIECTYIOLINX
CIoco0OB: IyTeM BBIOOPAa OJHOTO M3 CTAaHAAPTHBIX CUTHAIOB M 33/JaHUsI €ro OCHOBHBIX IapameTpoB
(C,, P), aHAIATHYECKH C TIOMOIIBI0 MaTeMaTHUeCKUX hopMy1 u Gubnmoreku pyukumii (Cy, PY), B pyu-
HOM PEKHME C TIOMOIIBIO 3aaHus (PUKCHPOBAHHBIX Touek (Cr, PP).

I'enepatop obecneurBaeT GOpPMHUPOBAHHUE CIECAYIOUIMX CTAaHAAPTHBIX CHUTHAJIOB: CHHYCOHMIALHON
¢dopmel (Sin), TpeyronbHol (B T. 4. miioo0pa3Hoit) popmsel (77), npsMmoyronsHO# Gopmer (Pr), mocto-
stHABINA curHa (Const).

i KaXkmoro U3 MepevrcIeHHBIX CUTHAIOB reHepaTop 00ecrednBaeT BO3MOXKHOCTE ONEPATUBHOTO
W3MEHEHUS €T0 OCHOBHBIX MapaMeTPOB (aMITIUTY b, CMEIICHUS U YaCTOTHI) OT KOMITBIOTEPA.

I'eneparop obecrieunBaeT GOpMUPOBAHKIE HANPSIKCHUS TOCTOSIHHON COCTABIISIIONIEH, CUTHAIIOB CH-
HYCOMJAIBHOH, MPSIMOYTOJIBHOM U TPEYToJIbHOM (POPMBI ¢ aMIUTUTYA0M OOBIYHO B Ipeaenax JUHAMHYE-
CKOTO guama3oHa ot —5 B go +5 B.

Tornma Mmomyns HHGOPMAIIMOHHOTO PE0OPa30BaHUs TeHEpaTOpa MPUMET BHT

<CS,PS,CA,PA,CFPF > —< Sin, Pr,Tr, Con > .

2.8. bnok uzmepenusn

OCHOBHEBIM 3JIEMEHTOM OJIOKa U3MEPEHHUS ABIsAeTCS MU POBOI ocImmiorpad.

Ociwniorpad nudposoii Apyxkananbhbiit OLJ] (manee ocimmiorpad) mpenHasHaveH s HCCIIe-
JIOBaHUS OJHOKPATHBIX M MEPUOINYECKUX SICKTPUUYECKUX CHUTHAJIOB B quamna3oHe yactoT ot 1 I’ jo
100 k't myTem Ux peructpanuu B mu(poBOH MaMaTH M OTOOpaKCHHUS HA SKpaHE KOMITbIOTEpa U IHd-
POBOI'0 U3MEPEHUS aMIUTUTYIHBIX ¥ BPEMEHHBIX ITapaMETPOB, a TAKKE MaTeMaTHUECKOM 00paboTKH pe-
3yJbTaTOB U3MEPECHUI.

Ocmmiorpad oOecrieyuBaeT aBTOMAaTHYECKYIO YCTAaHOBKY pa3MEpoOB H300paKeHHS (aBTOITOWICK)
MOCTOSIHHBIX, a TAKXKE MEPUOANYECKUX curHanoB ¢ yactoroil ot 50 'y go 1 mI'n u pazmaxom ot 200 MB
1o 10 B mo BepTukanu st 000MX KaHAIOB U 10 TOPU3OHTANIN IS aKTUBHOTO KaHala B PEKUME BHYT-
peHHel cuHXpoHu3anuu. Moryns HHPOPMAIIMOHHOTO MPeo0pa3oBaHus reHepaTopa MOXKET OBITh 3alITu-
CaH B BHJIE

<V, P PP N>—><AWV,), f(V,), o (V,)>.

3meck V; — BxoaHo# curHan, P* — mapamerpsl Ooka cHHXpoHH3aunn; P* — mapamerpsl 61oka ycuie-

uusi; P° — mapamerpsl pa3BepTky; N — 4HCIIO KaHAIOB; 4, f, (¢ — COOTBETCTBEHHO aMILIUTY/Ia, YaCTOTA U
¢a3za BeIxO#HOTO curHana V,, orodpaxkaemoro Ha ocuuuiorpade.

2.9. bnoku oopabomku cuznanoe

B o0mem ciaydae 3Ty 0J10KH MPEICTABISIOT c000H (PYHKIIMOHAT OT HEPBUYHOIO BBIXOJHOTO CHT'HA-
Ja oT 00BbEKTa, KOTOPBIH, B CBOIO 04Yepeib, monaeTcs Ha 610k 00pabotku curaanos (BOC).

Ocuumorpad obecrieynBaeT CIeAyIONIUE JOOTHUTENLHBIE PEXUMBI Pa0OThI: XpaHEHUE B TIAMSITH
CUTHAJIOB, KOJIMYECTBO KOTOPBIX OIPAHUYMBACTCS TOJIBKO 00bEMOM CBOOOTHON MaMATH YIIPABIISIOIIETO
KOMIIBIOTEPA; XpaHEHHE B MaMATH COCTOSHHUN MaHEIU U CUTHAJIOB; 00pabOTKa CHrHasa, 3allCaHHOIO B
MaMsITH; YCpeAHEHUE TIEPHOANYCCKUX CUTHAIIOB; CIIOKEHHUE M BRIYMTAHUE CHTHAJIOB TI0 JIByM KaHallaM;
CHEKTpaNIbHBIN aHanu3 curHana (mpsiMmoe ObIcTpoe mpeobOpazoBanue Dypbe); CpaBHEHHE U3MEPSEMOTO
CHUTHAJA C 3aJaHHBIMH BEPXHHUMH M HW)KHUMH 3HAYCHUSIMH aMIUTUTY/Abl CUTHANA; CpaBHEHUE BBHIOpaH-
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HOTO MapaMeTpa U3MEPSIEMOro CHUrHala C 3aJaHHOM BenM4YMHOU. Pa3BepTka ocTaHaBIMBAaeTCs, KOrAa
BEJIMYMHA ITapaMeTpa CUTHalla CTAHOBUTCS MEHBIIIE/00TbIlIe 3aJaHHON.
Toraa MomyJib nHGOPMAIIMOHHOTO MTpeodpa3zoBanus st 61okoB BOC mpumMer Bua

<V,, E(P,V,)...F,(P",V,)>— <II,T,,...., 1T, >.

3,I[€CL Ha BXOJ€ — Q)YHKHHOHaJ'ILI OT CUIrHajia VO " UX MMapaMCTpPbI P’ , Ha BbIXO/JIC — IMAPaMCTPU30BAHHBIC
XAPAKTCPUCTHUKU CUT'HAJIA. praBJ’IeHI/Ie YKa3aHHbIMU PCIKUMAMU OCYHICCTBIIACTCS UCPE3 MCHIO.

2.10. Ynpaenawwaa cucmema

Ynpasnstomas MoICUCTeMa BKIIOYAET B ce0s: pErHCTPAIHIO TIOJIh30BATENs IS BBIJAYU €My COOT-
BETCTBYIOIIUX IpaB, OJIOK PErUCTpalK CTYACHTOB, OJIOK 00y4eHHUs (OTChUIKA K YICOHUKAM M METOIH-
YECKUM MaTepuaiam), OJIOK KOHTPOJIS HCXOHBIX 3HAaHUH, OJIOK POBEACHUS SKCIIEPUMEHTa U 00paboT-
KH pPe3yJIbTaToB, 0J0K (pOpMUPOBaHUS OTYETOB U BBIAAYU IIPOTOKOJIOB.

Ynpagistomas MoJACUCTEMa CBA3bIBACT BOSIMHO BCe mojacucteMbl u 0j0ku PBJI, oOecrieunBas He-
00X0IMMYIO TOCIIENOBATEIHFHOCTh MTPOXOXKICHUS OCHOBHBIX 3TaIoB J1abopatopHoit paboTsl. OHa obec-
TIEYUBACT: PETUCTPAIUIO TTOE30BATEIS JUIS BBIAYN €My COOTBETCTBYIOIIUX TPaB; CONEPIKUT OJIOK 00y-
YEHWsI, BKIIFOUAIOINI OMUCaHne 00heKTa UCCIIEAOBAaHUS U CTIOCOOBI HACTPOHKH €ro Ha HYKHBIH PEeKUM,
a Tak)Ke HEOOXOAMMbIE METOAMUECKUE YKa3aHuUs; OJIOK KOHTPOJIS C MO3BOJIAET ONEPATUBHO MPOU3BECTH
JIOTTYCKOBBIA KOHTPOJIb YUAIIUXCS C IENBI0 ONPENeIeHNs NX TOTOBHOCTH K IIPOBEICHHUIO JIA0OPATOPHO-
T'O KCIIEPUMEHTA; OJIOK MPOBEIEHHUS IKCIIEPUMEHTA U 00pa0OTKH PEe3yIbTaTOB MIPEACTABIISET MOIH30BA-
TEJI0 BCE HEOOXOAMMBIC MHCTPYMEHTHI JJISI MCCICIOBAHUS PA3IUYHBIX CUTHAJIOB; I 00pabOTKU pe-
3yJIbTaTOB MCIOJIB3YIOTCS IIPOrpaMMbl ITUGPOBOI 00pabOTKH CHTHAJIOB; OJIOK (GOPMHUPOBAHMS OTUCTOB
Y BBIJJAYH TTPOTOKOJIOB 00ECTICUNBAET XPaHEHUE U JOKYMEHTHPOBAHHUE OTYETOB.

< Reg, Lern, Contr, Exp, Bod > — <Report >.

3nmech B JIeBOM 4acTu MHGOPMAIMOHHOTO MOJIYJIS BCE OIMIIMU IO MOJATOTOBKE W MPOBEIACHMIO J1abopa-
TOPHOTO SKCIIEPHMEHTA, a B TIPaBOI YacTH — OT4eTHas Gopma.

3akiaouenue

B pabote mpexacraBneHa CTpyKTypHO-QyHKIHOHaNBHas cxema PBJI, oTpaxkaromas ee OI0YHYIO
cTpykrypy. [lponecc dyHknnoHupoBaHus n1abopaTOpUu OTPAKAIOT MOIYJIH UHGOPMAIIMOHHOTO TIpe-
00pa3oBaHUsl BXOJHBIX TIEPEMEHHBIX M IMapaMeTPOB B BBIXOJHBIC XapaKTepUCTHKHU. JlaHHBINA hopma-
JU3M MOXET OBITh MCIIOJIB30BaH JJISl MMOCTPOSHUS CTPYKTYPHO-(QDYHKIIMOHAIBHBIX MOJIEel peanbHo-
BUPTYaJIbHBIX JIA00PATOPHIA.
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Annomayusn. Ienb uccaeqoBanusi: pa3padOTKa METONOB MOJICTMPOBAHMS AAHHBIX IJIS pa3paboTKu
PEKOMEHIATENBHBIX AITOPUTMOB C MCIOIb30BAaHUEM JBAXK/BI CTOXACTHYECKUX aBTOPETPECCHOHHBIX MOJE-
Jel cIydaiHbIX NPOLECCOB M NPOBEPKa MX aJEKBATHOCTH IYTEM IPHMEHEHHs aJrOPUTMOB MAalIMHHOTO
o0ydeHus JUIs KilacTepU3alny I0JIb30BaTeNe B UMUTHPYEeMOM Habope JaHHBIX W MPOTHO3UPOBAHUS BEPO-
sSTHOCTell mHTepeca. MeToabl HccaeqoBaHusl. B cTtatbe paccMOTpeHBI METOIBI, UCIONb3YEMBIE MPH IO-
CTPOCHNHU PEKOMEHIATeNbHBIX cucTeM. IIpu 3ToM paccMoTpeHa 3ajada MOJEIUPOBAHUS MTOBEICHHS I0JIb-
30BaTesieil ¢ MOMOMIBIO JIBAXK/bI CTOXAacCTHUECKONW Mojenu. JlaHHas MOJenb HpeAoKeHa Al TeHepaluu
HCKYCCTBEHHBIX JaHHBIX. J[BaXIbl CTOXacTHYECKas MOJENb IT03BOJIIET I'C€HEPHPOBATh HECTALIMOHAPHBIC
IIPOIIECChl, TAKUM 00pa3oM, CO37aeT MOJb30BaTeNel C Pa3HBIMH BEPOATHOCTHBIMH CBONHCTBAMH B Pa3HBIX
rpynmnax o0beKTOB MHTepeca. Ilocie 3Toro MCKyCCTBEHHO CO3JaHHBIEC MOJIB30BAaTENU (M MX aKTHBHOCTH)
KJIaCTepU3yIOTCsS Ha OCHOBE Moam¢uuuposaHHoro aiaroputMma K-cpemnnx. OcHoBHas Momudukanus 3a-
KJIFOYaeTcsl B HEOOXOMMOCTH aBTOMAaTHYECKOH IpeBapUTEIbHON OIIEHKH YHCIIA KIIACTEPOB, a HE €ro BhI-
6opa uyenoBekoM. [lanee MoaenMpyeTcsl OBEICHNE MPEACTABUTENCH KaX IO TPYMITBI MOJIb30BaTeNeH s
HOBBIX coObITHH. Ha ocHOBe creHepmpoBaHHOH HMHGpOpPManuyM M OOydaromMX JaHHBIX peIIacTcs 3ajada
MIPOTHO3UPOBAHUS M PAHXUPOBAHUS IpeAnaraeMblx yciyr. [Ipn 3TOM Ha mepBOM 3Tare HCIOJIb30BAHUS
PErpeccHOHHBIX MOJENIEH OCTATOYHO Ul OTHECCHHMS IOJIb30BATENs K Ipymie U (OpMUPOBAHUS MPEIIIO-
KCHHH JaHHOMY II0JIb30BaTelio. Pe3ybTaThl HcciaenoBanus. Ha oOyuyaromux 1aHHBIX B 2 KiacTepax OblI-
JIU JOCTUTHYTH! BBICOKHE HMHIEKCHI IeTepMUHALINH, YTO TOBOPUT IpuMepHO 0 90 % oOBsICHEHHOH aucmep-
CHH TIPU HCIIOJIB30BAHUU TIPEIIOKEHHONW Ba) bl CToXacTHueckod moxenu. Ocoboe BHUMaHHE YAEICHO
paboTe COBpEMEHHBIX PeKOMEHIATEIbHBIX CUCTEM Ha MpuMepe cucteMsl «Jlucko» ot SAuaexc. Kpome Toro,
BBINIOJIHEHA NpeJoOpadoTKa U MpeaBapUTENbHbIN aHaIN3 JaHHBIX PEalbHOIO CEKTOpa, a UMEHHO: UCCIIEy-
I0TCS JaHHbBIE TEJICKOMMYHHUKAIIMOHHOW KoMnaHuy. C IeNbI0 BBIAAYH PEJICBAHTHBIX IPEUIOKEHUHN 10 yc-
JIyraMm CBsI3HM pa3paboTaHa TeCTOBas peKOMEHAATeIbHas cucTeMa. 3aKaoyeHne. TakuM o0pa3oM, K OCHOB-
HBIM pe3yJbTaTaM paboThl OTHOCUTCS MaTeMaTndeckasl MOAENb, CUMYJIUPYIOIasl PEaKLUIo 0Ib30BaTeIIeH
Ha Pa3iIM4HbIE YCIYTH, a TAKXKE MOJAENb JIOTHCTHYECKOI Perpeccuu, HCIoIb3yeMast ISl IPOTHO3UPOBAHUS
BEPOSITHOCTH 3aWHTEPECOBAaHHOCTH I10JIb30BaTENsI HOBOHM yciryroil. Ha ocHOBe IpOrHO3MpYEMBIX BEPOSITHO-
CTelf He COCTaBILIET TPy/Ja PaHXMPOBaHWE HOBBIX MpEATIOKEHUH. AnpoOarys Ha CHHTE3WPOBAHHBIX IaH-

HBIX MMOKa3aJia BBICOKYIO 3 (GEKTHBHOCTh MOJICITH.

Knroueewote cnosa: PEKOMEHAATCIbHBIE CUCTEMBI, MATEMATUYCCKOC MOACIMPOBAHUE, ABAXK/BI CTOXAC-
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Abstract. The purpose of the study is to develop data modeling methods for projecting recommender
algorithms using doubly stochastic autoregressive models of random processes and checking their adequacy
by applying machine learning algorithms to cluster users in a simulated data set and predict probabilities of
interest. Research methods. The article discusses the methods used in the construction of recommender
systems. At the same time, the problem of modeling user behavior using a doubly stochastic model is con-
sidered. This model is proposed for generating artificial data. The doubly stochastic model allows generat-
ing non-stationary processes, thus creating users with different probabilistic properties in different groups of
objects of interest. After that, artificially created users (and their activity) are clustered based on a modified
K-means algorithm. The main modification is the need for automatic pre-estimation of the number of clus-
ters, and not its choice by a person. Next, the behavior of representatives of each user group for new events
is modeled. Based on the generated information and training data, the problem of predictiing and ranking
the services offered is solved. At the same time, at the first stage, the use of regression models is sufficient
to assign users to a group and form offers for this user. Results of the study. On the training data in 2 clus-
ters, high determination indices were achieved, which indicates approximately 90% of the explained vari-
ance when using the proposed doubly stochastic model. Particular attention is paid to the work of modern
recommender systems on the example of the Disco system developed by Yandex. In addition, pre-
processing and preliminary analysis of data from the real sector was performed, namely, the data of a tele-
communications company are being studied. For the purpose of issuing relevant proposals for communica-
tion services, a test recommender system has been developed. Conclusion. Thus, the main results of
the work include a mathematical model that simulates the reaction of users to various services, as well as
a logistic regression model used to predict the probability of a user's interest in a new service. Based on
predicted probabilities, it is not difficult to rank new proposals. Approbation on the synthesized data
showed the high efficiency of the model.

Keywords: recommender systems, mathematical modeling, doubly stochastic model, logistic regres-
sion, machine learning
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Beenenue

PriHOK pexomennatensHbIX cucteM B Poccuiickoit ®enepannu (P®) 6e3octanoBouHO pacteT. PrI-
HOK uckycctBenHoro uareiiekra (UMW) B menom B PO B 2018 1. coctaBun 189 mupna py6., a k 2024 T.
NPEACKa3bIBAIOT, YTO OH yBenuuutcs 10 907 miapx py6. mo manaeiM CNews [1]. [lanHbli noka3arenb
BKJIIOYAET B ce0s BBIPYUKY KOMIIAaHUH B chepe HCKYCCTBEHHOTO MHTEIUIEKTa, BEIpYUKy npouux UT-kom-
NaHWH, KOTOpBIE pa3pabaThIBAIOT MPOAYKTHI Onaronaps M, u mpupocT BEIpYYKH KOMITAHUH U3 pa3iny-
HBIX OTpacieil 59KOHOMUKH, KOTOPBIH OB MOTy4YeH OJ1arogaps TaHHON TEXHOJIOTHH.

ITo muenuto cnenmanucto CoepbOanka, B Ommkaiiiee BpeMs BOCTPeOOBAaHHOCTh PEKOMEHIATEIh-
HBIX CHCTEM M MHTEIUIEKTYyaJbHBIX CHCTEM IMOANCP)KKH MPUHATHA PeUIeHUH OyleT BBICOKOH B PHIHOY-
HOM, HH(PACTPYKTYPHOM, COLMAIEHOM CEKTOpaX, a TAKXKe B CEKTOPaxX rocynpasiieHUs U O€30IacCHOCTH.
B Tabn. 1 mpeacrasnena ornenka TexHonoruii Coepoankom [2].
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BopoduH E.N. u obpabomka GaHHbIX MesIeKOMMYHUKaUUOHHOU KOMMaHuU...
Tabnuua 1
BocTpe6oBaHHOCTb TeXHONOrMM
Table 1
Demand for technologies
Cy6-CIIT PeiHOUHBIE Undpactpyk- Commanenas | 'ocynpasneHue
y CEeKTOopa TYpHBIE CEKTOpa cepa 1 0e30IMacHOCTh
KomnerotepHoe 3penune Bricokas Bricokas Cpennsist Cpennsas
O6paboTKa eCTECTBEHHOTO
Bricokas Cpennsis Cpenusisa Cpennsis
SI3BIKA
PacnoznaBanue U CUHTE3 peun Bricokas Cpennsas Cpennsas Cpennsas
PexomeHaaTenbHBIC CUCTEMBI
1 MHTEJIICKTyaIbHbBIC
y Bricokas Bricokas Bricokas Bricokas
CUCTEMBI MOAACPKKU
MPUHSATHUS pelICHUH
IlepcnieKTUBHBIC METOIBI
P UH Cpennsis Huskasa Huskasa Hwuskasa
pa3Butus TexHojoruii U
Hetipoctumynsamms
13 Y Cpennsis Huzkas Bricokas Huzkas
Y HEHPOCEHCUHT
HetiponpoTre3upoBanue
13 P P . Bricokas Hwuskasa Bricokas Cpennsis
1 HelponHTepdenchl

OpHako B KOMITBIOTEPHOM 3pPEHHH M 00pabOTKe €CTECTBEHHOIO SI3bIKa CYIIECTBYET MHOXECTBO
JIAHHBIX, © UX cOOp 3a4acTyr0 HE COCTaBISIET 0c000ro Tpyaa. B To ke BpeMs st pa3paboTku peKOMEH-
JaTeNbHBIX CHCTEM TpeOyroTcsl creunpuuecKkue HabOpbl AaHHBIX, NOTY4YEeHHE KOTOPBIX, KaK MpPaBUIIO,
BecbMa npoOieMaTHyHO. B mepByio odepenp, 3TO CBA3aHO C TE€M, YTO COOp TaKMX JaHHBIX JOCTYIEH B
KPYTHBIX KOMIIaHHUSIX C MHO)KECTBOM I10JIb30BaTEIEH U YCIIYT.

CyIecTByeT Tpy OCHOBHBIX IMOAXOa, MPU KOMOHHAIIUH KOTOPBIX (POPMHUPYETCS Iyl MPeII0KEeHUH
JUTS TTOJIb30BaTeNsA. PaccMOTpUM UX Ha puMepe cucTteMsl «{ucko» ot SHaexkc.

[epBbIii cBA3aH ¢ aHATM30M KOHTEHTA U OCHOBAH Ha BBISIBIICHUH CBSI3€H ONPENEICHHOT0 00BEKTa C
MIPOM3BOANTENIEM, OPEHIOM, CTPaHOM PacTpOCTpaHEHUs, IENIEBOM TPYIINON, IPYNIIOH TOBApOB WX Ha
BBISIBJICHHN WHBIX XapakTepUCTHK [3]. IIpuBomuTcs nomylieHHe, 4TO 3aMHTEPECOBAHHOCTb B KaKOM-
0o KaHpe, BUAC NPOLYKTa MM KOMIAHWU BIIMSET HA BO3MOXKHYIO NPUBEPKEHHOCTh K OOBEKTaM M3
JaHHBIX KinactepoB. Crucrema «JlMCKO» TpeanaraetT MpoayKThl, YCIYTH WM KOHTCHT TeX OpeH/IOB, TH-
MoB 1M (GOpM, K KOTOPEIM paHee yKe oOpallayicsi JaHHBIN MMOJIb30BaTeNb. Takol MOIX0/ MPUMEHUM K
TEM MOTPEeOUTEISIM, KOTOPBIE YKE UMEIOT CBOH TPEK B CUCTEME.

Bropoii noaxon ocHOBaH Ha aHanu3e nosb3oBarenei (B SIuaexce — u3 Kpunrer), crpynmupoBaHHBIX
10 BO3pPAcCTy, MOy, MECTOIOJIOXKCHHIO WIIN PoAy 3aHsTwii [4]. B maHHOW cuTyaruu nemaeTcs IOImyIie-
HHE, YTO CXOXHE I0JIb30BaTeIn OyIyT HHTEpEeCcCOBaThCs OAMHAKOBBIMU 00beKTaMH B cepBucax. Cueno-
BaTeNbHO, «/{MCKO» MpeIaraeT KIMEHTY TO, YTO y’Ke ObIJI0 YHOTPEOJICHO MOJIb30BATEISIMUA CO CXOKHUMHU
napaMmeTrpamMu. MeTosl pacpoCTpaHeH HE TOJIBKO Cpelr YCTOSBIIMXCS IMOJb30BaTeNeil cepBHca, HO U
MPUMEHHUM AJIS1 TAaK Ha3bIBAEMOI'0 XOJIOJHOTO CTapTa: HOBBIE KIIMEHTHI €Il He OCTaBHIN HH(POPMALIUIO O
CBOMX IPEAINOYTEHHAX B cepBuUce. [103TOMy pekoMeHIaTenbHas CCTEMa TeHEPUPYET NPEIIOKEHNS IS
HOBBIX TTOJIB30BATENEH JaXke C y4€TOM TOT0, YTO OHU ellle HE U3BECTHBI CEPBUCY.

[Mocnemuuii METO CBSI3aH C MEPCOHATBHBIMU OIICHKAMH TI0JIb30BaTENeH MOTPEOIIeMOro KOHTEHTA,
TOBapoB WM YCIyT [5]. OLeHKOH MOXKET CIYXHUTh JalK, PakT HaIUM4us KOMMEHTApHs WM BpeMs Ipo-
cMOTpa posrka. «Jlucko» GopMupyer npeacrapieHue o Oyayiiel peakiyuu NoiIbp30BaTeNieil Ha KOHTCHT
ele JI0 ero mpocMoTpa. Takoi MOAXOJ YYHUTHIBAET HE TOJILKO CBSI3b IMOJIB30BATENCH MeXay coOOH U
CBSI3U OOBEKTOB IO XapaKTEPUCTUKAM, HO W TO3BOJISIET BBIIEIUTh HETPUBUAIIBHBIC 3aKOHOMEPHOCTH
MEX[y Pa3pO3HEHHBIMH I'PYIIIIAMU Ha OCHOBE OLIEHOK MOTpeOHUTENeH.

W3zBecTHBI Takke u THOpUAHBIC anropuTMEI [6]. Takum 00pa3om, Bce yKa3aHHBIC MMOJIXO/BI OMUpPa-
I0TCSI Ha peanbHble AaHHble. HegocTaTkoM siBisieTcs HeOOXOAUMOCTh HAKOIUICHUSI JaHHBIX Ui paspa-
OOTKHM KaueCTBEHHBIX aJITOPUTMOB U NPOBEPKHU MX aieKBaTHOCTHU. C APYroi CTOPOHBI, TAKHE CUCTEMBI U
WX OMMOKW HE SBISIOTCS KPUTHYECKUMH. [Ipu 3TOM, Mo CyTH, 3aja4a MpeAIoKEeHUS] PEeKOMEH AN
MOJIL30BATEII0 CBOAMTCS K 3a/1aue pamkupoBanus. [lociequss sxe 3aa4a MOKET ObITh CBEJIeHa K MPo-
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THO3WPOBAHHIO BEPOSTHOCTH MHTEPECa K MPOAYKTY. B CBSA3M ¢ 3TUM BO3HUKAET 3a7]a4a MOICTHUPOBAHUS
JIEHCTBUIA TIONIb30BaTENeil HA OCHOBE HEKOTOPOTO BEPOSITHOCTHOTO pactupezaeneHus. OQHaKo BaXKHO OC-
TaBUTh KOPPEJSIIIMOHHEIE CBSI3H MEXKTYy BEPOSTHOCTIMH, ITOCKOJIBKY IITYMOBBIE HE3aBUCHUMEIC JaHHBIC HE
MOTYT aJICKBaTHO OMKCHIBATh MOBEACHUE I0JIb30BaTeNek. J[pyruMu ci10BaMu, Mbl ¢ OOJIBIION BEPOSTHO-
CTBIO OXKHU/IAE€M OT TIOJIH30BATEINS OXOXKHUX ACUCTBUHN JJIS MIOXO0KHUX TPOIYKTOB U YCIYT.

J1st MoieTMpOBaHMSI BEPOSITHOCTEH MHTEpeca K IMPOIYKTY MOKHO HCITOJIb30BaTh aBTOPETPECCUOHHEIC
Monenu [7-9]. K coxxaneHnro, ©X HeIOCTaTKOM SIBJISICTCSI JIOCTATOYHO BHICOKAS «KOJIOYECThY» TeHEPHUpYe-
MBIX JTAHHBIX M, KaK MPaBUIIO, HEOOIBIION HHTEpBAI KOppelsaimy. Eme oqHiuM KilaccoM Moieneii IporHo-
3WPOBaHUS BEPOSTHOCTH SIBIISTFOTCS MOJIENN C KPAaTHBIMU KOPHSIMHU XapaKTEPUCTHUYECKUX ypaBHeHuit [ 10,
11]. Takue momenu oOeCHEUMBAIOT OOJIee IVIAJKHE M3MEHCHUS B FEHEPHPYEMBIX MPOLECCaX, OJHAKO HE
MOTYT aJIeKBaTHO CIPOTHO3MPOBATh M3MEHEHHE CBOWMCTB B TaKWX AaHHBIX. C IEbI0 TeHEepaluu HEOTHO-
POIHBIX W HECTAIIMOHAPHBIX MAaCCHBOB OBLIHM TPEUIOKEHBI JABAXIBI cTOXacTUdeckue monenu [12-14].
Takue mMomenu Takke XOpoIno cebs 3apeKOMEHIOBANM B 3a/adax ayrMEHTAIlUH JAHHBIX, B TOM YHCIIE
MHOTOMepHBIX [15]. OnHako Takue MOJAETU MOTYT T€HepHpPOBaTh JaHHbIE B IPOU3BOJIBLHOM JHaIa3oHe.
C 0oHOIi CTOPOHBI, MOXXHO BBECTH ITOPOTOBEIE OIPAaHUYCHUS, HO TOria Oy/IeT OTOpackIBaThCsl BaKHAS UH-
(hopmarysi, XapaKTepHu3yIoIias pa3HUIly MKy TeHEpUPYEMBIMH YUCIIaMH 32 oporamu. B Takom ciryuae
MOJKHO MCITOJIb30BaTh MOeb yHKIMHU softmax [16] miist nepeBoa B uHTEepBai BepostHoctel — (0; 1).

Jlarmee paccMOTpHM HCHOIB3yEeMYIO MOJIENb, CreHEepHpyeM OOydalollie W TECTOBbIC TaHHBIE H
MIPEIOKUM BapHaHTHl MIPOTHO3UPOBAHUS peKOMeHaanuid. B KoHIle crathu OymyT MpelCTaBICHBI pe-
3yJIbTAThI IPEABAPUTEILHON 00Pa0OTKH ISl peasIbHBIX TAHHBIX TEJICKOMMYHHKAIIMOHHOW KOMIIAHHH.

1. MoageaupoBaHue aKTUBHOCTH MOJIb30BaTeJIei

ITycte nmeercss N = 20 nons3oBateneii 1 M = 100 pasznuunsix ycuyr. IIpu 3Tom yenyru npuHaaie-
XKaT 5 KaTeropusiM, onmuceBarommmMcs uaTepBagamMu ot 1 1o 20, ot 21 mo 40 u 1. 1. Takum oOpazom,
TpeOyeTcs KOppenupoBaHHOE TIOBEACHUE TOJIh30BATENS BHYTPH KaXKJOH KaTETOPUH M HEOJHOPOTHOCTD
IIPH CMEHE KaTeropuil.

JUid 3an0MHEHHA MATpHUIBl CIyYalHBIMU YHCIaMH, HMMUTHPYIOIIMMH aKTUBHOCTh IMOJIB30BAaTENEH,
BOCTIOJIb3yEMCS ABAKIBI CTOXACTUYECKON MOJIENBIO BUA

Alk :Alflkpk +GAk'w1_p]%§l’ i:1,...,M, k=1,...,M/20, 12111{ :Alk+mAk, (1)

A

rae A — BEeKTOp peaklMil MoJIb30BaTeNs Ha YCIYTH; p, — KOppemsuus B k-ii kaTteropuu; G, — CTaH-
JapTHOE OTKJIOHEHHE peakluu B k -il kareropuu; & — ciyd4aifHas HOpMaibHas J00aBKa C HyJEBbIM
CPEIHUM W €AMHUYHON IUCTIEPCUEN; M 4 — CPENHAA PEAKIMSA TI0Nb30BaTENS B k-# KaTeropuw.

CrnenmyeTr OTMETHTB, YTO BhIpakeHHe (1) ONMMCHIBaE€T MOBENECHUE OJHOTO ITOJIb30BATEINSA, & CUCTEMA
TaKUX BBIPOKEHUH Oy/IeT ONMUCHIBATH NeHCTBUE N MOIb30BaTENCH.

I'enepariyst Takoi MOJICNH ISl TPOU3BOJIBHO BHIOPAHHBIX IMOJIb30BATEINICH MPeICTaBIeHa Ha puc. 1.
J1s pa3snuyHBIX KaTeTopuil mapaMeTpbl MOJIETH OBLIN 3a/IaHbl, KaK

c,=112;35;0,5], r, =[0,9;0,65;0,92; 0,99; 0,8], m, =[0;-1;1;-1; 2].
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011\
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Puc. 1. Peanusauusa aBaxabl cToxacTU4eCcKon Moaenu
AN UMUTaLMU aKTUBHOCTU Nonb3oBarenen
Fig. 1. Implementation of a doubly stochastic model
to simulate user activity
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AHanu3 MpenCcTaBICHHOro puc. | MOKa3bIBaeT, YTO 1Mo (hopMe peanm3ariyii MOXKHO CHIeIaTh BHIBOJ,
YTO CTCHEPUPOBAHBI TOXOXKHUE BEPOSTHOCTH PEAKIMH TOJb30BaTeNei Uit OONBIIMHCTBA KAaTErOpHil.
OpHako [ys yciyr, Hanmpumep, 4-il KaTeropuy 3HA4YEeHUs MONTYYHIINCh CHIIBHO OTIHYAIOIIUMUCS. DTO
CBUETEIBCTBYET 00 aIeKBATHOCTH MOJEITUPOBAHUS IMOBEACHUS, MTOCKOIBKY T00aBISET MHIUBUAYATb-
HOCTH IOJIb30BaTENAM.

Ha Bropom sTare uist nepexo/ia K BEpOSTHOCTSIM HEOOXOMMO C/IeNiaTh Ipeo0pa3oBaHue BHIA

1
P exp(—d —bm)’

2

rae b— npousBoibHBIM KOI(QOUIUEHT, a 1;,— He3aBUCUMBbIE CTydaliHble BEIMYMHBI C HOPMAJbHBIM 3a-

KOHOM pachpeeNeHus, HyJIEBbIM CPEAHUM U €AMHUYHOU Aucrepcueil. Hannume nanHOro ciaraeMoro
MO3BOJISIET KOHTPOJIMPOBATh YPOBEHb «CIYyYaHOCTH MOBEACHHS» NMPH MPeoOpa3oBaHUK MOTYYECHHBIX
3HAYCHUN ABAXKIBI CTOXACTHUECKHX MOJENEH B 3HAYEHMsI BEPOSATHOCTH. B mokasaTene SKCIOHEHTHI
MPUCYTCTBYET CMeCh HHPOPMAIIMOHHOTO CUTHAJA C ITyMOM, HMEIOIIIUM OTIpEJIeIICHHBIN Bec.

Ha puc. 2 mpenctaBieHbl BEpOSITHOCTH, COOTBETCTBYIOIINE peanu3auusaMm u3 puc. 1. Peammzauu
MOJTYyYEHBI B YCIOBHSIX OTCYTCTBUS IIyMa, T. €. Ipu b = 0.

1.00 A
075
0.50 1
0.25
0 20 40 €0 80 100
05
DO T T T T T T
0 0 0 €0 80 100

Puc. 2. BepoATHOCTM aKTUBHOCTU nonb3oBartens (b = 0)
Fig. 2. Probabilities of user activity (b = 0)

Ha puc. 3 npencraBneHsl BEpOATHOCTH, COOTBETCTBYIOIIUE pean3anusaM u3 puc. 1, mpu b = 1.
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Puc. 3. BepossTHOCTU aKTUBHOCTK nonb3oBatens (b =1)
Fig. 3. User activity probabilities (b = 1)

Bunum, uto peanuzanuu Ha puc. 3 UMEIOT YK€ OOJBIIYIO JUCIIEPCHIO U U3MEHAIOTCA pe3ko. Baps-
upys mapaMeTpsl MOJIENIM, MOKHO MOJEIUPOBATh Pa3IMYHbIe NAaHHbIC IS 3alOJHEHHS] MaTpULBl 00Y-
Yaromux cucteM. [Ipu 3TOM caMy MOKYINKY YCIYI'H MOXHO MOAEIUPOBATh, UCIONb3Yys AAHHYIO BEPO-
SATHOCTH JTMOO MPOCTO BBIOMpas mopor. Hampumep, s BepositHocTel Gonbiie 0,7 Ha mepecedyeHun
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MOJIB30BATENS U YCIYTH CTABUTCA «IOKYIIKa». JTO MO3BOJUT NMEPEUTH K OMHAPHOMY NPEACTaBICHHIO
JAHHBIX.
Janee paccMoTpuM Her0 00y4eHHs MOJIEH [T TPOrHO3UPOBAHUS PEaKIIMK Ha HOBBIE YCIYTH.

2. O0y4eHue M PAaH/KUPOBAHUE HOBBIX JAHHBIX

JInst Havyanma BBIIOJIHMM KJIACTEPU3ALMIO IMoJb3oBarenel mis ciaydas b= 0. Moaudpukanus anro-
putma K-cpennux [17] mompa3dyMeBaeT HaJu4ue MpeABAPUTENBHOM CTaIuH, HA KOTOPOM ompeaenseTcs
ONTHMAIBHOE YHCIIO KIACTEPOB.

Ha puc. 4 noka3zaHsl pe3ynbTaTsl IPUMEHEHUS METO/IA JIOKTS, Ha pUC. 5 — MeTo/a cuityaTa [18].

110 0.325
100 4 0.300
m
%0 g 0275
80 3 0250
w s
1] u 0225
p= §
80 & 0200
-4
50 2 0175
40 1 0.150
?0 T T T T T T T T 0 125 T T T T T T T
1 2 3 4 5 6 7 8 2 3 4 5 6 7 8
K K
Puc. 4. MeTtop nokTa Puc. 5. Metoa cunyaTta
Fig. 4. Elbow Method Fig. 5. Silhouette method

Taxum oOpa3om, Hanboee MPEANOYTUTENBHO pa3/ielieHue Mojb3oBaTeneil Ha 2 kinactepa. Pasnene-
HUE MPOUCXOTUT B mporopruu 9 Ha 11.
Puc. 6 nemoHcTpupyeT pa3neneHue Ha Kinactepsl o 1-it u 20-if ycmyram.
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Puc. 6. Npumep knactepusaumm B NpoCTpaHCTBE 2 NPU3HAKOB
Fig. 6. An example of clustering in the space of 2 features

Hanee nnst oOyueHHs MOXHO BBIOpaTh 1Mo 3—4 mpeacraBuTess Kaxaoro kiacrepa. CreHepupoBaTh
WX TIOBEJCHHE JUISL 5 HOBBIX YCIYT aHAJOTHYHO BeIpakeHusM (1) u (2). i mporHo3oB APyrux MOIb30-
BaTeJie B KJIaCcTepe MOXKHO IOCTPOUTH MOJIEINb JIOTUCTUYECKOW MHOKECTBEHHON PETrpecCHH Ha OCHOBE
oOyyaromero Habopa AaHHBIX. 3aTeM B COOTBETCTBHM C IOIYUYEHHON MOJEIBIO TEHEPUPYETCS BEPOSIT-
HOCTh MHTEpeca K HOBOM yciyre, a caMu yCIyTH PaHKHUPYIOTCA MO BeposTHOCTH. [Ipeanmararorcs Te,
KOTOpBIE 3aMHTEPECYIOT MOJIb30BaTENd ¢ HAMOOJNBIIEH BEpPOSTHOCThIO. OTMETHM, YTO Ul CTeHEepHpO-
BAaHHBIX OOYYalOLIMX JAHHBIX MHIACKCH JIETEPMHHALMKM B IIEPBOM M BTOPOM KJAacTepax COCTAaBUIN

R’ = 0,91 u R 2= 0,86 coorBeTcTBeHHO npu b =0. B Tabi. 2 pacCMOTPEHBI OIIEHKH MHIEKCOB JIETEP-
| 2
MUHAIUH TP PA3TUYHBIX 3HAYCHUSX b .
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Tabnuua 2
3aBucuMocCTb NpeackasaTenbHOW CNOCOGHOCTU MoAenu
oT ko3adppuLMeHTa cry4amHOCTU AeNCTBMI Nonb3oBaTens
Table 2
Dependence of the predictive ability of the model
on the coefficient of randomness of user actions

b 0 1 2
R} 0,91 0,73 0,52
R} 0,86 0,71 0,54

AHanu3 JaHHBIX Ta0Jl. 2 IOKA3bIBAET, YTO MIPH YBEITHUECHUH «ITyMay MU NEHCTBUSIX ITOJIb30BaTEINS
Ka4eCTBO MOJIC/IM Maj1acT.

Janee paccMoTpuM IpeaoOpabOTKy JaHHBIX B PEKOMEHIATECIBLHOW CUCTEME TEJICKOMMYHHUKAI[HOH-
HOM KOMITAHHH.

3. IIpenoopadoTka JTaHHBIX TeJIEKOMMYHUKAIMOHHON KOMIIAHUMN

B nanHOM paszjene BBITIONHSAETCS MpeaBapUTeIbHass 00paboTKa JaHHBIX IJIS pa3pabOTKU PeKOMEH-
JIaTeNBHOM CHCTEMBI YCIIyT JIst aboHeHToB Tele2.

IlepBriil mIar — BBISICHUTD, HACKOJIBKO aKTUBHBIN T0JIb30BATEIb MMOX0XK HA JPYTUMX IOJIb30BATEIEH.
B manHOM cimyuae ObUT mataceT ¢ BakHOH MH(opmanueld 00 aOOHEHTe, a UMEHHO Tlle OH HaXOJUTCH,
KaKoi y Hero Tapu( 1 KakoBO CpeHee 3HaUYeHHUE arpu (average revenue per user — «CpeaHui J0Xo 1 Ha
TIOJIB30BATEINS» )

®dopmaT UCXOAHBIX JaHHBIX IPECTaBIEH Ha pHC. 7.

[6] df.head()
D TP_NAME BSEGMENT CORE_LIVE_SUBS ARPU BRANCH_NAME MACROREGION_NAME MINUTIES MB  SMS SERVICE_NAME
0 11111  Moit oHnaik+ B2C 1 419.166583 Omcx Cubnpe 200 7300.085539 0 BeznumuT Ha BKonTakte
1 11112 Moii pazrosop B2C 1 275.000000 Bonrorpan 1or 950 12071448762 0 Crwnara 100% Ha Mol NOMOLLHKK
2 11113 Moit oHnais+ B2C 1 266.666673 Opexbypr Ypan 29.0 2028.019118 0 Cewmeiicteo Up-Sale
3 11114 Beane oHnaitH B2C 1 416.666583 Kypck YepHozemee 84.0 30398311928 0 Beznumut Ha BKonTakTe
4 11115 Moii onnaiin+ B2C 1 454166677 YnbAHOECK Bonra 24.0 60.057621 0 Beanumu Ha Viber

Puc. 7. CTpykTypa ucxogHoro garacera
Fig. 7. The structure of the original dataset

Ji11 Hayasa Hy>KHO TIOATOTOBUTSH JaTaceT. BeiOepeM Bce BO3MOXKHBIC YHUKAIbHBIC TapudbI (puc. 8).

° df.TP_NAME .unique()

array(['Moi onnain+’, "Moi pasrosop', 'Besge ownain’, '1588 mun_30 6°,
'Moi onnain', 'HosorogHuwi', 'Mpospaunwe rpaswus M', 'Moh Busnec S°,
‘208 muH_3 6', 200 mun_2 F6', '250 mun_3 T6", "580 mun_15 T6°,
‘BesnumuT", "358 mMuH_5 T6', 'NadTt', '350 mwms_15 re’,
'5@@ muH_20 6", "CoumancHuii', "6@0 muH_2@ IG', "58@ mun_5 T6',
'49@ muH_5 6", '70@ mMuH_3@ Id', '50@ muH_25 6", "308 muH_12 I6°,
'49@ muH_25 6", "508 muH_48 IS", "KomnaHeow M', 'Cynep oHAaiH+',
'35@ muH_12 T6', '@ MuH_2 6", "78@ muH_5 IG', '10@@ mun_10 r6°,
'"MHTepHeT AnA Beweid’, '®epepancHoid’, 200 mun_7 M6'], dtype=object)

Puc. 8. YHuMKanbHble Tapudbl
Fig. 8. Unique tariff plans

Kak M0oxHO yBUAETH Ha pUC. 8, €CTh MHOXKECTBO ACUCTBYIOMIKX Tapu(oB. BrIIO peeHo crpynmnu-
poBath ux B 3 rpynmsl: Crapsiii Tapud B2C, Hoserit Tapud B2C u Tapud B2B.
AHalu3 JJaHHBIX IOCJIe MPeoOpa30BaHUsl MOKA3bIBAET, UYTO MpeoliianaroT HoBbie Tapudsl B2C

(puc. 9).
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° df.pivot_table('ID','TP_MNAME', "MACROREGION_MNAME', 'count').plot(kind="bar", stacked=True)

[+ <matplotlib.axes._subplots.AxesSubplot at @x7f63188226d8>
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Puc. 9. PacnpeaeneHnue TapudoB
Fig. 9. Distribution of tariff plans

[Tocmotpum Ha pacnpenenenne ARPU (puc. 10).

[44] sns.scatterplot{data=df.ARPU)

<matplotlib.axes. subplots.AxesSubplot at @x7fe3effbadde:
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Puc. 10. PacnpegeneHue 3Ha4yeHUn BHyTpu AaHHbIx ARPU
(no ocn X — Bce YHUKanbHble CTPOKU UCXOAHOW Tabnuubl)
Fig. 10. Distribution of values within ARPU data
(along the X-axis — all unique rows of the source table)

Paznenum ARPU Ttakske Ha 3 rpynmsl: low, middle u high. Pesynbratsl npencrasnenst Ha puc. 11.

[IpakTudyeckuii OMBIT MOKAa3bIBAECT, YTO OCHOBHBIMH HapaMeTpaMu UIsi IOCTPOCHHSI MOJEJeH
OynyT sSBIATHCS MakpoperuoH, Tapud u ARPU. Bce monbp3oBaTenu ObUIM CrPYNIUPOBAHBI 110 3TUM
napameTpam.

UtoroBeiii Habop mpenoOpaboTaHHBIX AaHHBIX (IEpBBIE 5 CTPOK) ¢ JOOaBICHHEM CTOIOIA group
(oObeanHEeHHE KITIOYEBBIX TApAaMETPOB) MIPEACTABICH Ha puc. 12.
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~ [5@] df['ARPU']=df['ARPU'].apply(lambda x: 'low' if x¢40@ else 'middle’ if x<1000 else 'high')

v [52] df.head()

D TP_NAME BSEGMENT CORE_LIVE_ SUBS ARPU BRAMCH_NAME MACROREGIOM NAME MINUTIES MB SMS SERVICE _NAME rj
0 11111 Hoewif Tapud B2C B2C 1 middle Omck Cubupe 200 7300.085539 0 Beanumut Ha BKoHTakte 1
1 11112 Hoewid Tapudg B2C B2C 1 low Bonrorpaa Kr 95.0 12071.448762 0 Cruaka 100% Ha mod nomowHme 1
2 11113 Hoewif Tapug B2C B2C 1 low Qpenbdypr Y¥pan 290 2028.019118 0 Cemeficteo Up-Sale 1
3 11114 Hoewit Tapudy B2C B2C 1 middle Kypex Yeprozemee 840 30398311928 0 Beanumut Ha BKowtakte 1
4 11115 Hoewit Tapudg B2C B2C 1 middle YNeAHOBCK Bonra 240 60.057621 0 BeanvmuT Ha Viber 1
¥ ° df.pivot_table('ID', 'TP_NAME', ARPU", 'count').plot(kind="bar', stacked=True)

[» <matplotlib.axes. subplots.AxesSubplot at @x7fe3ee219eles>
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Puc. 11. Pacnpepenexnue no tapudam n ARPU
Fig. 11. Distribution by tariff plans and ARPU

© dfhead))

g I TP_NAME BSEGMENT CORE_LIVE SUBS ARPU BRANCH_NAME MACROREGION NAME MINUTIES MB  SMS SERVICE _NAME rj group
0 11111 Hoewii Tapud B2C B2C 1 middle Omck Cubups 200 7300085533 0 Beanumut Ha BKowtakte 1 CunBupe.Hosuiit Tapud B2C;middle
1 11112 Hoewif Tapug B2C B2C 1 low Bonrorpas Kr 95.0 12071.448762 0 Cenara 100% Ha Mo nomowkme 1 Hor;Hogeli Tapudy B2C;low
2 11113 Hoewii Tapud B2C B2C 1 low Openbypr Ypan 290 2028.019118 0 Cemeiicteo Up-Sale 1 Ypan;Hogeiit Tapudh B2C; low
3 11114 Hoewii Tapug B2C B2C 1 middle Kypck YepHozemee 840 30398311928 0 Beanuuut Ha BKoktakte 1 YepHozemse Hoswit Tapud B2C;middle
4 11115 Hoewi Tapud B2C B2C 1 middle YnbAHOBCK Bonra 240 60.057621 0 BeanumuT Ha Viber 1 Bonra;Hoewlit Tapud B2C;middle

Puc. 12. Pacnpepenexnue no tapudam n ARPU
Fig. 12. Distribution by tariff plans and ARPU

Takum oOpa3om, aboHeHThI Tele2 OblTH CrpyNIUPOBaHbBI 10 UX CXOXKHUM Mapamerpam. B Oyayiiem
IUTaHUPYETCs pa3padoTKa peKOMEHIATEIbHON CUCTEMBI HA OCHOBE MOJYYECHHBIX JaHHBIX.

3akjoueHue

B crathe oTMedeHBI 2 BayKHBIX 3Tama i pa3padOTKH PeKOMEHIATeNbHBIX cucTeM. llepBhIil aTan
CBSI3aH C OTCYTCTBUEM JIAHHBIX M OOJBIIOTO KOJMYECTBA TEXHOJIOTHUH Tl pa3pabOTKH U anpoOHpOBaHUS
AJITOPUTMOB PEKOMCHIATEIILHBIX CUCTEM. B 3TOM cllydae MpeIoKeHbI JBaXK/IbI CTOXaCTUYECKUE MOJIC-
JIY, TIO3BOJISIOIIME MMUTUPOBATh ACHCTBUS IMOJib30BaTenel. Ha aTame mpeoOpa3oBaHUs NPEIOKEHO
WCTIONIb30BaTh JIOTIOJTHHUTEIBHYIO CIYYaiiHYI0 COCTaBisroITyro. OmHako 4eM OoJbiie e€ Bec, TeM XykKe
MOJTy4aeTcsl MOJISIb Mpeicka3anns. Ha HCKyCCTBEHHBIX JaHHBIX B OTCYTCTBHE JOMOJHUTEIBLHOTO IIyMa
B MOJIC/IM IMOJIyYEHBI UHACKCHI JIeTepMHUHAIIUMHU mopsaka 90 %. DToro yaanoch JOOUThCS 3a CYET mpe-
BapUTENFHON KIIACTEPU3aIlUH IOJIb30BaTelei. BTopoii sTam cBsi3aH ¢ MOATOTOBKOM NaHHBIX IS PEKO-
MEHIATeIbHBIX CHUCTEM, KOTJa TaKWe JaHHbIE UMEIOTCS. B cTaTbe paccMOTpEHBI OIepanud, KOTOPhIC
MO3BOJIMJIM CTPYKTYPHPOBATh JaHHBIC TEICKOMMYHHUKAIIMOHHONW KomraHuu Tele2 mo TapugHBIM Iuia-
HaMm. B Oyaymiem mmaHupyeTcs arpoOarus Ipeyios)keHHOW MOJIEH Ha PeallbHbIX JaHHBIX U pa3padoTKa
PEKOMEHIATeILHOW CUCTEMEI 110 TaHHBIM Tele2.
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Abstract. The use of neural networks for the classification of text data is an important area of digital
transformation of socio-economic systems. The article is devoted to the description of the methodology for
classifying citizens' appeals. The proposed technique involves the use of a convolutional neural network.
The stages of processing citizens' appeals in the amount of 7000 appeals are described. In order to reduce
the dimension of the problem, methods of filtering and removing stop words were applied. The resulting da-
ta set allows you to choose the best classifier in terms of accuracy, specificity, sensitivity. Training and test
samples were used, as well as cross-validation. The article shows the effectiveness of using this method to
distribute requests on 15 topics of citizens' appeals to the “hotline” of the President of the Russian Federa-
tion. Automating the classification of received appeals by topic allows them to be processed quickly for fur-
ther study by the relevant departments. The purpose of the study is automation of the distribution of citi-
zens' appeals to the President's hotline by category based on the use of modern machine learning methods.
Materials and methods. The development of software that automates the process of distributing citizens
into categories is carried out using a convolutional neural network written in the Python programming lan-
guage. Results. With the help of the prepared data set, the pre-trained model of NL BERT and sciBERT
was trained by the deep learning method. The model shows an accuracy of 86% in the estimates of quality
metrics. Conclusion. A pre-trained model was trained using a convolutional neural model using a prepared
data set. Even if the forecast does not match the real category, the model gives a minor error, correctly
determines the category of the appeal. The results obtained can be recommended for practical application
by authors of scientific publications, scientific institutions, editors and reviewers of publishing houses.
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Annomauyus. TIpuMeHeHNE HSHPOHHBIX CETEH U KIACCH()UKAIIMK TSKCTOBBIX JAHHBIX SBJSETCS BaK-
HO¥t chepoit 1HbpoBoii TpaHCHOPMALIK COLMATLHO-3KOHOMUUECKNX chcTeM. CTaThs OCBSIIEHA OMHCAHUIO
METOJIUKY KIacCH(UKAIK oOpameHuit rpaxaan. [Ipemiaraemas METOAMKa BKITFOYAET MCIIOIH30BAaHHE CBEP-
TOYHOW HEHPOHHOH ceTn. OnurcaHbl ATanbl 06paboTkK obpaieHui rpaxaan B konrdaectse 7000 oOparmeHuit.
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C 1epl0 COKpaIleHHs Pa3MEPHOCTH 3a/1aui MPUMEHEHBI METOAbI (DMIIbTpalny, yaaleHus cTon-cios. Ilo-
Jy4eHHBIH HaOOp JaHHBIX TO3BOJISIET BHIOpATh JIyUIIMi KiacCU(pHUKATOP MO MOKAa3aTelsM TOYHOCTH, CIie-
U(UIHOCTH, YYBCTBUTEIBHOCTH. VICHonb30BaHBl oOydaromias M TecTOBas BBIOOPKH, a TaKKe Kpocc-
BaManys. B crarbe mokazaHa 3¢(EeKTUBHOCTB MCIIOIB30BaHMS JAaHHOTO METOJa ISl paclpeaeieHus 3a-
MpocoB 1o 15 Temam oOpamieHn#t rpakaaH Ha «ropsayro JuHuio» Ilpesnaenra P®. ABTomaTu3anus kiac-
cu(rKaMy NOCTYNUBIINX OOPAIICHNH 110 TeMaM I03BOJISIET OBICTPO NX 00paboTaTh IS AaNbHEHIIeH po-
pabOTKM COOTBETCTBYIOIINX BeJOMCTB. Lles1bI0 Mccaeq0BaHus SIBIISICTCSI aBTOMATH3AIMSI pacTIpe/IeIeHUs
oOpaiieHnil rpakJaH Ha Tops4yro JuHHIO [Ipe3nseHTa mo KaTeropusiM Ha OCHOBE HCIIOJIb30BAaHUS CO-
BPEMEHHBIX METOJIOB MALIMHHOI'O 00yueHuss. MaTepuaJjbl M MeToabl. PazpaboTka nporpaMMHoro obec-
MeYeHHs], aBTOMATH3HPYIOLIETO IPOIecC paclpelesiCHus I'pakJaH M0 KaTeropusM, OCYIIECTBISETCS C
UCIIOJIb30BaHHEM CBEPTOYHBIX HEHPOHHBIX CEeTed, HAUCAHHBIX Ha sI3bIKE IporpaMmupoBanus Python.
Pe3yabTaThl. C MOMOIIBIO HOATOTOBIEHHOIO Habopa MaHHBIX MpEABAPHTEIBHO OOydeHHas Moxaens NL
BERT u sciBERT 6buta oOydena mMeTozioM riryOokoro oOydeHus. Mojenb MOKa3bIBaeT TOYHOCTH 86 %
B OILIGHKaX IMOKa3aTelel kauecTBa. 3aKIo4yeHue. B xoze nccienoBaHus ¢ MOMOIIBIO TOATOTOBIEHHOTO Ha-
0opa AaHHBIX OblIa 00yueHa METOJOM MCIOJIb30BaHUS CBEPTOYHON HEHPOHHOW HpenoOydeHHas MOJEIb.
Jaxxe mpu HeCOBIIAJICHUN MPOTHO3a C PealbHON KaTeropueil MOAeNnb 1aeT He3HAYUTENbHYI0 OIHNOKY, 1pa-
BIJIBHO ONpEAENseT KaTeropuio oopamenus. IlomydeHHbIe pe3yabTaThl MOTYT ObITh PEKOMEHIOBAHBI IS
MPaKTHYECKOTO NPUMEHEHNUS aBTOPAMHU Hay4YHbIX ITyOIHMKaIMi, HAYYHBIMU YUPEKACHUAMH, PEJaKTOpaMu
peLeH3eHTaM1 M3/1aTeIbCTB.

Knrwouesvie cnosa: o6paboTKa TEKCTa, MAIIMHHOE 00y4YeHNE, CBEPTOUHbIC HEHPOHHBIE CETH, KATErOpH-
3amms Tekcta, LSTM, CNN, riybokoe o0y4ueHue, aHaIu3 TEKCTa

Hna yumuposanus: Bunova E.V., Serova V.S. Methodology for solving problems of classification of
appeals/requests of citizens to the “hotline” of the President of the Russian Federation // Bectauk HOYpI'Y.
Cepust «KoMmbroTepHbIE TEXHOJIOTHH, YIIPaBIEHUE, paauodIeKTpoHuKay. 2022, T. 22, Ne 2. C. 29-40. DOI:
10.14529/ctcr220203

Introduction

Currently, a lot of attention from the federal authorities and the leadership of the Russian Federation
is paid to improving the “quality of life” of the population. In his Messages to the Federal Assembly,
Russian President Vladimir Putin has repeatedly stated the need to improve the standard of living, en-
sure a decent, long life for Russians and improve its quality as the goal of the socio-economic develop-
ment of the country and the implementation of National projects [1, 2]. The targets for improving
the quality of life of Russians were formulated in Presidential Decree No. 204 of May 7, 2018 “On Na-
tional goals and strategic objectives for the development of the Russian Federation for the period up to
2024” [3]. On July 13, 2020, at a meeting of the Council for Strategic Development and National Pro-
jects, Russian President Vladimir Putin said: “... we will discuss the key directions of the country's de-
velopment, our further actions, and their main, unifying task is to improve the quality of life of citizens.
I want to emphasize once again: a person should be at the center of all our decisions, plans, and pro-
grams” [4].

An important event held by the President of Russia V.V. Putin is the annual “hotline”, to which eve-
ry citizen can send an appeal/request for solving urgent problems for him. So, for example, only in
the Chelyabinsk region for a few days, about 4 thousand requests from citizens are received by the “hot-
line” of the President of the Russian Federation.

It is impossible to process these requests quickly using manual methods, and some appeals/requests
from citizens require a quick response. Therefore, an urgent task is to develop a software application to
automate the classification of incoming requests by topic and send these requests to the relevant struc-
tures that are authorized to solve the problems described by citizens.

This article describes the solution to the problem of classifying appeals /requests of citizens by top-
ics, namely: COVID, Highways, Alimony, Banks and loans; Landscaping; Veterinary medicine; Water
supply, Issues of remuneration and employment, Issues of pensions and retirement experience, Gas sup-
ply, Citizenship, Courtyards and common areas, Housing, Healthcare of the Russian Federation,
Healthcare and medical care in the Chelyabinsk region.

These topics are the most popular, the number of requests/queries on these topics is about 70% of
the total number of requests.
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Currently, the following methods are most often used to classify text data by topic:

1. Define the document topic manually. The method is accurate, but usually has such a disadvantage
as the inability to process large volumes in a sufficient amount of time, and there is also subjectivity in
data processing. Manual classification is very limited in the ability to quickly process large arrays of
texts, characteristic of many applications of automatic text classification methods. Such methods are
widely used by modern Internet systems: news aggregators, such as the Yandex service.News or Google
News to solve the problem of thematic classification of documents and news stories, email services, for
example, Yandex.Mail, gmail, or Mail.ru use algorithms detect spam filter mail, search engines
(Yandex, Google, Mail.ru, Yahoo and others) resolve the challenge of ensuring diversity of search re-
sults, etc. [5].

2. Determining the topic of the document automatically using the developed rules based on regular
expressions. The method allows you to process large amounts of data, but requires efforts to develop and
maintain the rules up to date. In addition, before defining the rules, a specialist is obliged to familiarize
himself in depth with various data samples of all topics on which a large amount of time can be spent.
The disadvantage of the described method is its high sensitivity to errors that may occur accidentally
or systematically both during the digitization of the text and during its formation. It is the person who is
the main factor of non-determinism when placing bibliographic information in texts [6].

3. Determining the topic of the document automatically using machine learning. When using this
approach, the dependency of the theme on the sample is set automatically. Manual markup of the trai-
ning sample is required beforehand, but this is often a simpler task than finding the rules for belonging
to the topics of all samples. This approach is currently the most promising.

The direction of using machine learning is currently widely used. For example, machine learning is
used in law enforcement agencies when employees receive tactical recommendations [7]. Artificial in-
telligence is already being introduced into medical institutions. For example, the processing of patient
data, preliminary diagnosis and even the selection of individual treatment is implemented on the basis of
information about a person's illness.

Implemented machine learning algorithms make predictions or make decisions not on the basis of
strictly static program commands, but on the basis of a training sample, with the help of which the pa-
rameters of the model are adjusted. Various branches of mathematics are used for the process of setting
up (fitting) a model based on data sampling: mathematical statistics, optimization methods, numerical
methods, probability theory, linear algebra, mathematical analysis, discrete mathematics, graph theory,
various techniques for working with digital data, etc. The result of the learning algorithm is a function
that approximates (restores) an unknown dependence in the processed data.

When talking about machine learning, they often mean artificial neural networks (hereinafter — INS)
and deep learning, which have become popular, which are machine learning models presented in Fig. 1,
i.e. special cases of pattern recognition methods, discriminant analysis, clustering methods, etc.
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. learning neural learning
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Fig. 1. Machine learning models

One of the machine learning models is INS. Currently, there is a revival of INS under the new brand
“Deep Learning” (Deep Learning). So, in the article [8], with the help of deep learning, stroke risk fac-
tors are extracted from medical texts. Based on the results of the experiments, conclusions were drawn
about the effectiveness of the developed methods and the text characteristics used to solve the problem.

A similar approach was used in the article [9] for clustering the corpus of documents in Russian.
The results of applying the algorithms are demonstrated in the work on real data and show the high ac-
curacy of the chosen method.
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INS are hierarchical classifiers that are able to independently identify features in the original signal.
A common indicator of the INS is the number of hidden layers. Some modern networks have hundreds
or even thousands of hidden layers. There are a large number of INS architectures. Let's list the most
popular of them.

Networks without feedbacks or direct signal propagation networks in which the signal passes
from the outputs of the neurons of the i-th layer to the inputs of the neurons of the (i + 1)-th layer and
does not return to the previous layers:

— perceptrons (single-layer, multi-layer with cross-links, etc.), except perceptrons with feedbacks;

— Bayesian neural network;

— extreme learning machine;

— in fact, any INS that is a directed acyclic (without cycles) graph.

The article [10] reflects the disadvantages and advantages of these networks. The advantages of
networks without feedbacks are the simplicity of their implementation and guaranteed receipt of a re-
sponse after passing data through layers.

The disadvantage of this type of network is the minimization of the size of the network — neurons
repeatedly participate in data processing.

Convolutional Neural Networks (SNN, Connews), a distinctive feature of which is the convolu-
tion operation:

— AlexNet;

— LeNet-5;

— convolutional networks with region allocation (Region Based CNNs, R-CNN);

— deploying neural networks (deconvolutional networks, DN, DeConvNet) or reverse graphic net-
works, convolutional networks on the contrary.

In the article [11], the process of determining the subject of texts is automated using a convolutional
neural network of deep learning.

The methods and tools used in the construction of a neural network for semantic classification of
text are described in the article by authors V.I. Voronov and E.V. Martynenko [12].

The authors Y.V. Kotenko, S.A. Petrenko [13] described an approach to assessing the reliability
of information posted on a social network. The reliability of information is considered from the point of
view of its truth. It is proposed to evaluate the reliability of the information provided in the social net-
work entry using classification algorithms. It is proposed to use convolutional neural networks to ana-
lyze the texts of records. The article also describes an algorithm for constructing and using a tool for
assessing reliability, as well as possible options for its application.

Generative adversarial networks (hereinafter referred to as GAN), which consist of two compe-
ting INS: a generative model that generates samples, and a discriminative model that tries to distinguish
correct (“genuine”) samples from incorrect ones. GAN is quite difficult to train, because the task is not
just to train two networks, but also to maintain a balance, an equilibrium between them. If one of
the networks (generator or discriminator) becomes much better than the other, then the GAN will not
converge (learn).

The author U.D. Muratova [14] considered the development tools necessary for the implementation
of an information system based on the analysis of text perception.

The disadvantage of GAN is the long process of learning the model [15].

Recurrent Neural Networks (SNN) or networks with memory. They contain neurons that can
store information about their previous states during operation, such neurons receive information not
only from the previous layer, but also from themselves as a result of the previous passage. Recurrent
networks are the neural network embodiment of Markov chains. There are many architectures of re-
current INS:

— network with long-term and short-term memory (Long Short Term Memory, LSTM);

— fully recurrent network;

— recursive network;

— Hopfield neural network, a type of fully connected INS;

— Boltzmann machine and limited Boltzmann machine;

— Hamming neural network;
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— Bidirectional associative memory (BAM) or Kosko neural network;

— bidirectional recurrent neural networks (bidirectional recurrent neural networks);

— Elman and Jordan networks;

— echo-networks and impulse (spike) neural networks;

— unstable state machines (liquid state machines, LSM);

— neural history compressor;

— recurrent networks of the second order;

— controlled recurrent neurons (Gated Recurrent Units, GRU);

— neural Turing machines (Neural Turing machines, NTM), etc.

In this article [16], recurrent neural networks are used in natural language text processing tasks.

The main disadvantage of these networks [17] is the lack of stability, and in cases when it is
achieved, the network becomes equivalent to a single-layer neural network, which is why it is unable to
solve linearly inseparable problems. As a result, the capacity of such networks is extremely small.

Convolutional neural networks have proven themselves well in the tasks of object recognition and
machine vision. This has led to further research into the way they are applied, one of which is the task of
classifying the text.

Layer
Text in vector ~ Convolutional layer MaxPooling
representation DropOut Layer
e - o } I
"l 1 Fully connected
L I > LSTM N, layer
— > Definition
| of text
I v . classification
- I —
. ] "
1
> ! k|
— o I
o TN LSTM [
1
. "

Fig. 2. Architecture of the designed neural network

To understand the architecture of the designed neural network, shown in Fig. 2, let's consider each
layer separately:

— A convolutional layer is a layer that consists of a feature map, each map has its own core.
The number of feature maps is determined by the requirements for the task, if you take a large number
of maps, the accuracy of the model will increase, but the computational complexity will increase.
The core is a filter or window that “slides” over the entire area of the previous map and finds certain
signs.

— A subdiscretizing layer is a layer that performs a dimensionality reduction of the input feature
map. The convolution layer has already identified some features, then for subsequent processing such
a detailed feature map is no longer needed, and it is compacted to a less detailed one. In addition, filter-
ing out unnecessary details helps to avoid retraining.

— A fully connected layer is a layer in which each neuron is connected to all the neurons on the pre-
vious layer, and each connection has its own weighting factor. In the Keras library, this layer has
the name “Dense”.

— Dropout layer is a way to combat retraining in neural networks. This layer excludes a certain per-
centage (for example, 20%) of random neurons (located in both hidden and visible layers) at different
iterations during neural network training. This technique significantly increases the learning rate,
the quality of training on training data, and also improves the quality of model predictions on new test
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data. In the architecture being developed, which is based on a convolutional neural network, cores of
different sizes will be used, which are designed for parallel processing of the n-gram of text, respective-
ly. After processing by convolution layers, feature maps arrive at the subdiscretization layers, which ex-
tract the most significant n-grams from the text. After that, it is combined into a common feature vector.
Then the resulting vector is fed into a hidden fully connected layer. At the last step, the resulting feature
map is fed to the output layer of a neural network with a sigmoidal activation function. The number of
consecutive convolutional layers, the size of the cores of the convolutional layer and the subdiscre-
tization is determined experimentally. Kernels of sizes 1, 2, 3, 4 and 5 are designed to process one word,
bigrams, trigrams, 4-grams and 5-grams, respectively.

Let's consider a methodology for solving problems of classifying citizens' appeals/requests by topic,
developed on the basis of a convolutional neural network.

The methodology for classifying citizens' appeals/requests by topic consists of the following
stages:

Stage 1. Preliminary preparation of the data set.

When developing the classification model, data on appeals/requests of citizens to the “hotline”
of the President of the Russian Federation living in the Chelyabinsk region were used. The number of
requests/requests is about 7 thousand records.

Preparation of a set of this includes:

1. Clearing text data from unnecessary characters.

2. Converting text to lowercase.

3. Perform tokenization, normalization and filtering of text data.

Tokenization involves dividing the text into words in accordance with regular expressions, the spec-
ified template for which allows you to remove punctuation marks from the text. We will set the maxi-
mum number of tokens to be taken into account during processing, as well as the relative frequencies of
token use that occur in the analyzed text. This allows you to exclude rare, as well as very frequently
used words that will lead to the exclusion or retraining of the program. Solving the problem of normali-
zation (lemmatization) allows you to bring the words selected as a result of tokenization to a normal
form. Only single terminals of the analyzed text will participate in further processing.

To filter the data, a dictionary of words was created, shown in Fig. 3, which do not affect the de-
finition of the category of treatment and were automatically removed without loss of semantic con-
tent from further processing of text data. The size of this dictionary is 28% of the total amount of
text data.

replace_vocab={"anHoTauma™ : " ",# cnoBapuk cnoB, komopsie He Hecym HGzpy3Ku

"<person>oeu4” " ", "<person»eHa” @ " ",

"zppaecTEyATe” @ ", "pobpeil pews” @ " ", "sapaeuA xenaw” @ " ", "gobpeid sevep”: " ", "lobporo BpemsHu cyTok": " ", "3gpaecT
“yeakaemwit” : " ", "y " i " ", "cye """, "sB":"", "Yeaxaemui Mpesugent PO" : " ",

"<person><person>" : "<person>", "<person><person><person>” : "<person>",

"CémkuHa" : " ", "Asapkwk™ @ " ", "TYPBAN" : " ", "CEMbA HECBMT" : " ", "3emnanckan” : " ", "Yukanosa" : " ", " 3
"Kyctos" @ " M, "Kng&d" @ " ", "Byask Hagewgma" : " ", "Mowaxoe" : " ", "CopmA" : " ", "Pomawos" : " ", "Bepa" :

"Mwboes” @ " ", "Banoe" : " ", "TuwyHoea" : " ", "Teepgoxned” : " ", "Cnywaw" : " ", "Cepro” : " ", "Xapwuwna" : " ",
"MaxnToBa" : " ", "Mogewkosa” : " ", "Azapkwk” : " ", "NloroeumHa” @ " ", "Ywkanoea” : " ", "Mowaxoe” : " ", "Tpycoe” : " ",
"fomuk™ " ", "YepeAkosod T H" @ " ", "YepeakceoW O H" : " ", "llernukos" : " ", "lleraumkoea B M" @ U ", "AN": " ", "lymcw
"lanaiiga™: " ", "CarutoBa™: " ", "B B MyTen": " ", "Topbus™ : " ", "Merpwban Mavail kw3w” : " ", "MawuHa Hagexga” : " ",
"Bpa4 Mapewea <person» <person>” : " ", "3nokazoea” : " ", "Oanmzosxa” : " ",

"Mo4ta tveranastasia gmail com™ : " ",

"z0ByT MeHA" @ " ", "MeHA zoeyT" @ " ", "npeactaEnwcs” " ",

"roga poxgenma” @ " ", "maTa poxgenwus" : " ",

"BeiZ0B W Ten Mo Ten Tt

"O4eHb X04eTCA  4ToOb Bbl Npo4uTand mMoe obfpawenwe™ @ " ", "O4ens Hagewcs” : " ", "CkawwTe noxanydcta’ @ " ", "CnacuBo” : " "
"3apanee cnacwbe” @ " ", "feno B ToMm 410" @ " ", "npoceBa” : " ", "Mpowy noMmods B <person> npobneme” : " ",

"PazBe 3To CMPaESANMB0  <person> <person>cevd  Be x2 pe3ugedT  Bel MOMETE pewMTe Hawy npobnemy” : " ", "3To xe abcypp” : "
"O4enb npowy Bac pewuTs 3Ty npobnemy™ @ " ", "3apades Gonewoe cnacwbBo” : " ", "Cnacwbo 3a BHMMadwe” @ " ", "npowy” : " ",
"Mpowy pazofpateca” : " ", "obpawawce K Bam c npoceBod o nmomoww™ : " ", "npoceBa” : " ", "00paTwTe BHumanue" @ " ", "Onarom:

"f NoHMMak 4To y Bac MHOTC gen W Bul BpAA AW GydeTe 3aHMMATECA 3THUM CaMd  HO MOMET Mopy4uTe KoMy HMbyae pazobpaTecA C Haweid nj

Fig. 3. A fragment of a dictionary of words that do not carry semantic words

Stage 2. Model training.

To conduct the training of the model, a dictionary of keywords was created to distribute citizens'
appeals into 15 categories, which are the most in demand. The number of requests/queries on these top-
ics is about 70% of the total number of requests.
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A fragment of the dictionary is shown in Fig. 4.

In [234]: def text_update_key(s):

vocab=["noporn’, ‘Tpameauw', 'pensce’, ‘acgansT', 'Tpocw', ‘OezonacHocTs', '‘newexogw’, ‘MOCT', ‘ocBewedue’, 'OTcenka', 'rpeime
‘ceeTofop’, 'MpMOopOXHuR’, ‘cepeuc’, ‘wym', ‘peareHTe’, ‘napkoska’, '‘nogwezgHoi’ ‘nyTe’, 'AMa’, 'obWecTEeHHHIA', 'TpaHd
'BEDUMOME", 'MHOrOZeTHaA', 'cemMsA', 'WHEanMa', 'BeTepad’, 'BONCHTEpH', "anuMeHTE', 'aNUMEHTWMK', 'poOMTenbCKME',
‘npaea’, ‘cypebHbie', 'NpucTaEs’, 'BKA3JYMKKM, 'WNOTeKa', 'MOWEHHM4ECTBO', 'HaKoOMNeHWA', 'KaHWKyne', ‘KpeguT',
‘Hanor', 'Bknan’', 'AeeancBauvA’, ‘Cepbank’, 'obAsaTenbcTEa', 'CnMcaHMe', '‘MEHCMOHHbE', "B3HOCH', 'KOMHCCHMA',
'peduHaHcupoBanme ', "sapabothar’, 'nnata’, 'nupamnga’, ‘gonr', '‘npouyeHTel’, ‘cueT’, ‘cheperaTencHar', 'kHuxka', 'GaHk’,
'komneHcauMa ', ‘noTpebuTensckwid', 'koonepatwe', 'kapTta', 'konnekTopel', 'OaHkpoT', 'Hanu4Hee', 'WHOEKCauMA',
‘BnarogapHocTs’, ‘rnaea’, ‘ropoja’, ‘rybfepHaTop’, 'GnaroycTpoilcTEC', 'OKOMOWKONLHAA', 'TeppMTOpMA', 'AeTckaA’, 'naowal
‘npeobpaxenus’, ‘cHer', ‘mycop’, 'AepeEsR’, 'MaMATHWK', "HWCTUTE', ‘mouck’, ‘paboTw’, "WHTepHeT',
‘cobak’, 'maAx’, ‘ropogckod’, ‘napk’, 'aTTpakuvoHe', 'pagMoHacTOTHAA', '3MeKTPOMarHWTHAR', 'aHTeHHa', '2n0BOHMe’, 'nul
‘eoga’, ‘fgeopey’, ‘cnopTa’, 'meTCKMi', 'caguk', 'MONWKAWHUKA', '‘npugomoEas’, 'TeppuTopuA', 'obnaropaxuBaHue’, 'OYMCTHE
‘coopyxeHwAa', 'odMcTKa', 'peku’, 'KaHanu3auwW', 'CTOAHKW', 'aBToMmoGuned’, ‘TpoTyap', 'MexeBanue’, 'ABopa’, 'HE3aKOHHbIE
‘necHoi’, 'maccue’, ‘npwwT', ‘Bwryn’, ‘mdens’, ‘Boga', 'TpyGu', 'Bogonposos’, 'MKX', 'BopjocHabkenue’,
'BOA0OTEEAEHWE ', 'TpygoycTpoidcTeo', ‘wHEanwge', 'paboTopatenn’, 'pafoTta’, 'WHAeKcHpoBaHue', 'wHOAAUWMA',
‘neHcwAa’, 'WHBanupHocTe', ‘onnaTta’, "MPOT', 'nocofuA’, 'cokpawewkue', 'PBN°, 'BaxToBwd', 'meTon’, ‘ueHTtp',
'3aHATOCTH', "BHOMEeTHWKM' , "HeopuuWaneHo', 'cokpawenwe', '‘couMansHaA', ‘nonk3a’, 'oknag’, "MPOXMTOHHEIA', MHHMMYyM',
‘TpynoBoid', ‘cTax', "pomsHocTs', ‘W2zobpeTaTenscTeo’, 'MPOM3BOACTEO’, ‘UeH', ‘CpefHwi’, 'noxom’,

Fig. 4. A fragment of the keyword dictionary

Next, we will apply the apply() function of reducing all words to lowercase, the text update key()
function to the entire array of text data and the onlygoodsymbols() function using the apply function,
which is used in cases when it is necessary to apply any function to all rows or columns of the matrix
(or arrays of larger dimension). The code of these functions is shown in Fig. 5.

X= X.apply(get_louer)
X= X.apply(text update key)
X= X.apply(onlygoodsymbols)

Fig. 5. Application of the apply function

Fig. 6 shows the result of this function.

print(X.head())

) naT ropofa achaneT cyn cya
B pPEMOHT
7 NeT NeT ras xXuibe
g nat
=l nec OeTCKWi

Mame: TekcT ofpawenwn, dtype: object

Fig. 6. A fragment of the processed data

We use the train_test split module, shown in Fig. 7, of the Scikit-learn library, which is useful for
separating datasets, and to avoid problems with retraining, we divide the data set:

from sklearn.model_selection import train_test_split
¥x_train, x_test, y train, y_test = train_test split(
X, y, test_size=8.1, stratify=y, random_state=42)

Fig. 7. Using the train_test_split module
Fig. 8 represents the output of the first line from x_train.

In [244]: x_train[aj
Out[244]: "ner ropoga achaneT cyn cyg’
Fig. 8. Output of the first line from x_train
To create a Sequential model, we import the libraries of optimizers Adam, RMSProp, SGD. First of

all, the optimizer is a method of achieving the best results, helping to accelerate learning. In other words,
it is an algorithm used to slightly change parameters such as weights and learning rate so that the model
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works correctly and quickly. It uses a first-order moment estimation and a second-order gradient mo-
ment estimation to dynamically adjust the learning rate of each parameter. The main advantage of Adam
is that after correcting the bias, each iteration of the learning rate has a certain range, which makes
the parameters relatively stable, also among the advantages of the optimizer can be distinguished: simple
implementation, computational efficiency and small memory requirements. The RMSProp algorithm
calculates only the corresponding average value, so this can alleviate the problem of the algorithm's rapid
learning rate decrease. The stochastic Gradient descent (SGD) algorithm reads part of the data and im-
mediately calculates the gradient of the cost function to update the parameters.

We also import the callbacks class, shown in Fig. 9. Callback is a set of functions used at certain
points during the training procedure. Callback functions are used to get information about the internal
state of the model during training. You need to pass a list of callbacks (named with the callbacks argu-
ment) to the method.fit() Sequential or Model classes. Suitable callback methods will be called at each
stage of training.

from tensorflow.keras.optimizers import Adam, RMSprop, SGD
from tensorftlow.keras.callbacks import ModelCheckpoint, EarlyStopping, ReduceLROnPlateau|

Fig. 9. Importing optimizers and a class of callbacks.

Next, a Sequential model was created, which is a linear stack of layers that we will add using the
.add() method, where Dense(1024), Dense(512), Dense(32) is a fully connected layer with 1024, 512
and 32 hidden neurons, respectively. Theoretically, the number of hidden layers can be arbitrarily large.
Then we specify the training configuration (optimizer, loss function, metrics). It is necessary to choose
the optimal size of the number of training facilities (batcha). The model is trained in this way: split
the data into “packets” of batch_size size and sequentially iterate the entire dataset with a given number
of “epochs”. It should be taken into account that with large batch size sizes, there may not be enough
memory on the video card, with too small sizes, training will be unstable.

The creation of a model and layers for it, as well as training with the optimizer RMSProp is shown
in Fig. 10.

: model = Sequential()

model . add(Dense(1824, activation="relu’))
model.add(Dropout(.3))

model.add()
model.add(Dense(512,activation="relu"))

model. add(Dropout(.3))
model.add(Dense(32,activation="relu"))
model.add(Dropout(.3))

model.add(Dense(y.shape[1], activation="softmax'))

model . compile(optimizer=RMSprop(momentum=.9, learning_rate=.8881), loss="categorical_crossentropy’', metrics=["acc'])
# print(model.summary())

history = model.fit(x_train, y_train, epochs=28@, batch_size=512, validation_split=0.2,callbacks = [early_stop, reduce_lr],verbos

Fig. 10. Creating and training a model

The process of learning the model, shown in Fig. 11, is taking place.

Epoch 1/280

6/6 [ ] - 1s 5ims/step - loss: 2.8754 - acc: 8.1394 - val loss: 2.8387 - val_acc: @.2879 - 1r: 1.8
cége-a4

Epoch 2/2@@

6/6 [ ] - @s 14ms/step - loss: 2.8287 - acc: 8.2847 - val loss: 1.968@8 - val _acc: @.2944 - 1r: 1.8
cége-a4

Epoch 3/2@@

6/6 [ ] - @s 16ms/step - loss: 1.9348 - acc: 8.2985 - val loss: 1.8378 - val_acc: @.3566 - 1r: 1.8
cége-a4

Fig. 11. Model learning process

Fig. 12 shows the accuracy metrics of the model training.
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# print(np.argmax(model .predict(x_test),axis=-1),np.argmax(y_test,axis=-1))

L}

print(model. evaluate(x_test,y_tesjc})

12/12 [==============================] - B85 4ms/step - loss: 1.8722 - acc: 8.8612

[1.8721559524536133, ©.86120219230865186]

Fig. 12.Model learning accuracy

In deep learning, loss is a value that a neural network tries to minimize: this is the distance between
the true value and the predictions. To minimize this distance, the neural network learns by adjusting
weights and offsets in such a way as to reduce losses, and the acc shows the percentage of instances that

are correctly classified.

Thus, the evaluation of the quality of the model on the test sample is 86%.

The result of training the model. With a batch size of 512, the model under study needed 200 iter-
ations (batches) for one training epoch.

Testing a trained model. Let's demonstrate how the model works on test data. To do this, we will
create a separate csv file, which will contain 20% of the entire sample. The code for reading the file path

is shown in Fig. 13.

obrashenie=pd.read_excel('/content/Test.xlsx")
obrashenie=obrashenie[ '0bpaweHue’ ]

Fig. 13. Reading the path to the test file

Let's output a list of requests. This list is shown in Fig. 14.

‘,} obr

BwWN R ®

1448

HHOTaUMA [OpaBCcTBYATe dQopmun kpeauT B oBkomba. ..
HHOTALUMA OTPYAHMKW MOJMUMKM  XEHWWHE He MOTryT...
HHOTALUMA oO4eMy B OeTCKOM cady Yy BOCnMTaTenem ...
HHOTaLMA pomafHble Tapudsl Ha xonofHoe BoocHab. ..
HHOTaUMA nnaTa Tpyda MeWUMHCKMX paboTHWKoB

C Moel Cembell MPOXMBaKW B I OPKWHO enAbUHCKON. ..

Name: TekcT obpauenua, Length: 1453, dtype: object

Fig. 14. Output of requests in the test file

The result of training the model is shown in Fig. 15.

° print(np.argmax(pred,axis=-1))

tor i in np.argmax(pred,axis=-1):
print(ly[i])

[451 ... 44 4]

NbroTel ¥ colU. MOMOlL
MHOrOKBapTUpHele OOMa

Bornpochl MeHCHd M NEeHCUOHHOTO CTaxa
MHOrOKBapTUpHble OOMa

0BpazoBaHune

CovID

NbroTsl ¥ coL. MOMOlb

Bonpockl NeHCHA M NEeHCMOHHOIO CTaxa
Xunse

Xunse

Npupopa, 3Konorua

Kunse

0BpazoBaHune

Mpupoda, 3Konorua

Bornpochl MeHCHd M NEeHCUOHHOTO CTaxa
NbroTel ¥ COL. MOMOlL

Fig. 15.The result of model training
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Conclusions

With the help of a prepared data set, a pre-trained model of NL BERT and sciBERT was trained by
the deep learning method. The model shows an accuracy of 86% in the estimates of quality metrics.

The results obtained can be recommended for practical application by authors of scientific publica-
tions, scientific institutions, editors and reviewers of publishing houses.
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AHANUTUYECKOE PELWLEHUE NEPBON 3A0AYN OUHAMUKN
MAHUNYNATOPOB C BPAWATEJIbHbIMU COYJNIEHEHUAMU

A.N. TeneauH, teleginai@susu.ru
FOxHO-Ypanbckuli 2ocydapcmeeHHbIlU yHugsepcumem, gunuan e 2. Muacce, Muacc, Poccus

Annomayusn. Pemaetcs npobiiemMa CI0XKHOCTH BBIBOJA M TPOMO3IKOTO aHAJTUTHUECKOTO BHa ypaBHE-
HUM MaTEMaTUYECKHX MOI[GJ'[CfI YHpaBIAEMbIX CUCTEM TEJI C ABHO BBIPAXKCHHBIMU CTPYKTYPHBIMH, KHHEMA-
TUYECKUMHU, CTATUYECKUMU U JUHAMUUYECKUMHU MapamMeTpaMu. B nepByto ouepenb 3TO OTHOCUTCS K ypaBHe-
HUSIM IMHAMUKH, Ha KOTOPBIX OCHOBAaHbI CUCTEMBI yIpaBieHHs. Hall npakTH4ecKkuil OombIT U TeopeThye-
CKHE pe3yIbTaThl YKAa3hIBAIOT HA TO, YTO IYTH PEIICHUS ATOH MPoOJIeMBl HY>KHO HCKATh B ABYX HalpaBlie-
HUsX. Bo-TiepBrIX, B HampaBIeHUH KIaCCU(PHUKAIIMHA CHCTEM Tell U HCIOJIh30BaHUSA OCOOCHHOCTEH IpeacTa-
BHTEJICH pacCMaTPUBAEMBIX KJIACCOB CHCTEM TEJ B YaCTH YIPOIICHUS (POPMATN3MOB BEIBOJA X YpaBHCHUH
JUHaMHKH, a TaKXKEC YMCHBUICHUA 4YHCJIa MATEMATHYCCKUX onepaunﬁ B AQHAJIUTHYCCKOM MPECACTAaBJICHUN
ypaBHEHHH IWHAMHKH. BO-BTOPHIX, B HalpaBJIeHHNH BBIOOpa MapaMeTPOB COCTOSHUSA T€J, B KOTOPHIX 3alH-
CBIBAIOTCA aHAJIUTUYCCKHUEC CKAAPHO-KOOPAMHATHBIC BUIABI ypaBHeHI/Iﬁ JUHAMHUKU. B o0l cBA3M CJICayeT
3aMETHUTh, YTO ToJaBistoiee 600abIMHCTBO (Oosee 90 %) MpOMBINUIEHHBIX POOOTOB, a Takke PoOOTOB
CHENMaTbHOTO HA3HAYEHHUS MMEIOT CTPYKTYpPY OJHOM OTKPBITOI BETBH, B KOTOPOH Tela 00pa3yroT ApyrT C
JIPYTOM BpallaTesbHble KHHEMAaTHYeCK1e TTaphl MATOT0 Kiacca (BpamaTeabHble cousieHeHus ). Ecimu B Takux
cUCTeMax IOJIFoca TeJl BRIOMPATh HA OCAX MX OTHOCHUTEIFHOTO BPAIICHHSA, TO MEKIIONIOCHBIC PACCTOSHUS
OyIyT TMOCTOSIHHBIMH, YTO 3HAYWTEIBHO YIPOIIAET pelleHHe yKa3aHHOoW mpoOieMsl. [lo moBoay BeIOOpa
apaMeTpoB COCTOSIHUS, SIBHO BXOJSIIMX B YPaBHEHUS AMHAMMKH, CIE€IyET 3aMETUTh, YTO KBa3HUCKOPOCTH,
T. €. IPOCKIUHU aOCOMOTHBIX YITIOBBIX CKOPOCTEH TE Ha OCH UX CBSI3aHHBIX CUCTEM KOOPIHMHAT, SBIISIOTCS
HanOoJee MOAXOMSAIIUMHE U1 3TUX Hened. Jlemo B TOM, 4TO B YpaBHECHUSIX KHHEMATHKH, 3aMBIKAFOIIAX
YpaBHEHHsI IWHAMUKH JI0 TIOJTHOTO HaOOpa ypaBHCHHHU JUIS pEIICHU TOH WIIM WHOW 3a/1a4H, BCETIa MOXKHO
BBIPA3UTh KBA3MCKOPOCTH yepe3 JIOObIe JIpyrue mapaMeTpsl, HalpuMep, OTHOCUTENbHBIE YIJIbl TOBOPOTa
TEJI U UX MPOU3BOAHBIC ITO BPEMEHH, HAITPABJIAKOIINEC KOCUHYCBI U UX NPOU3BOJAHBIC, KBATCPHUOHBI U T. 1.
Ecnu nmpoeknun abCOMOTHBIX YIIIOBBIX CKOPOCTEH TEN Ha UX OCU U3MEPSIOTCS, HApUMeEp, THPOCKOTIAMH Ha
TCJIaxX U peIIacTCsd nepBad 3ajjada 1MHAMHUKU, TO q)OpMyJ'II)I peuICHuA COACPKAT MUHUMAJIBHOC YHUCIIO OIIC-
parmii CloKeHHUs U YMHOXKeHHA. TakuM 00pazoM, HeJbI0 MCCJIeA0BaHNs SBISETCS pa3paboTKa MPOCTOro
METOAAa BBIBOAA AHAJIUTHUYCCKOI'O BHOA ypaBHeHI/II\/'I JWHaAMHUKHW MAHUITYJIATOPOB C BpallaTCIbHBIMU COYJIC-
HEHUSIMU B KBa3HUCKOPOCTSIX, B KOTOPBIX SIBHO BBIPAXKEHBI F€OMETPHUUECKHUE, KHHEMATUYECKUE, CTATHYECKUE
U WHEPUHOHHBIC MapaMeTphl Tell. Mcmonb3yemMple MeTOAbI HCCAeqOBAHUS (BEKTOPHAS U aHAUTHYCCKAs
MeEXaHUKa CHCTEM TeJ, BEKTOpHAs aiaredpa, CHCTEMHBIA aHAIN3 U METOJBI TOXKICCTBCHHBIX MpeoOpa3oBa-
HUI1) MMO3BOJIMIIA CBECTH BBIBOJ YPABHEHUH JHMHAMHUKH MAHHITYJIATOPOB K (POPMAIBHBIM JCHCTBUSAM UX BBI-
MMUCHIBAHUS 0€3 BBHIMTOJNHCHUS CIOXHBIX MaTEeMAaTHYCCKHX orepanuii nuddepeHIupoBanus, BO3BESACHUS B
CTEIEeHb, BBIUNCIICHUS BEKTOPHBIX onepaluii u T. A. Pe3yabTaThl cCleI0BaHUs COJIepkKaT JOKA3aTeIbCTBO
06H.[CI‘O BCKTOPHOI'O BUAA ypaBHeHI/Iﬁ JUHAMHUKHU MaHUITYJIATOPOB B KBa3UCKOPOCTAX C ABHO BbIPAXKCHHBIMU
MECKIOJJOCHBIMH PACCTOAHUAMMA U MMapaMETpaMu pacrpeaCICHUs MacC TEJI. IIJ'[SI BBIIIMCBIBAHUSI MOMCHTOB
JBIDKYIIMX CHJI B COWICHEHHUSIX MOIYUYSHbI CKAISIPHO-KOOPJMHATHBIE ()OPMYJIBI M UX MPOCTON YaCTHBIN BH]T
IUIsL Ciydasl mapajulelIbHOCTH OCed BpaIleHUs COCEAHHMX cowileHeHWi. Kak dJacTHBIM ciydail moixydeHbl
(I)OpMyJ'II)I BBIITMChIBAHUS ypaBHeHI/Iﬁ JAVMHAMUKW MaHUNYJIATOPOB Ha ITJIOCKOCTH. I[J'IH HUX IPOLECC BBIITHU-
ChIBaHMs YPaBHEHUH AUHAMHUKHU CBOAMUTCS K KOHKPETH3ALMU YUCIA Tell, UX T€OMETPUUECKUX U UHEPLUOH-
HBIX TIapamMeTpoB. 3akiaodeHne. IHHEeKTHBHOCTh M3JI0KEHHBIX METOJIOB W IOy4eHHBIX (popMyln mpoje-
MOHCTPUPOBaHA Ha MpUMeEpax BHIIMCHIBAHUS YPAaBHEHUU AMHAMUKH Teja C OJAHOM 3aKpPEIUICHHON TOYKOM,
THEPOCKONA B KapJITaHOBOM TIOABECE U aHTYISIPHOTO MAHHITYJIATOPA C TPEMsI M MIECTHIO CTEIICHSIMH CBOOOIBI
B MPOCTPAHCTBE. DT Pe3ybTaThl NO3BOJIAIOT HAM OXHJIATh, YTO YUCIIO MOJIb30BaTeNEH MpeagaraéMbix Me-
TOIOB OynmeT pacTh. [10J0KUTENBHBIA OMBIT HCIOIB30BAHUS ATHX METOJIOB B YI€OHOM IPOIIECCE B TUCIIHII-
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ANALYTICAL SOLUTION OF THE FIRST PROBLEM OF DYNAMICS
OF MANIPULATORS WITH ROTATIONAL JOINTS

A.l. Telegin, teleginai@susu.ru
South Ural State University, Miass, Russia

Abstract. The problem of complexity of derivation and the cumbersome analytical form of equations
of mathematical models of controlled body systems with explicit structural, kinematic, static and dynamic
parameters is solved. First of all, this applies to the equations of dynamics on which the control systems are
based. Our practical experience and theoretical results indicate that solutions to this problem should be
sought in two directions. Firstly, in the direction of classifying body systems and using peculiarities of
the representatives of the considered classes of body systems in terms of simplifying formalisms for deriving
their equations of dynamics, as well as reducing the number of mathematical operations in the analytical
representation of the equations of dynamics. Second, and in the direction of choosing the parameters of
the state of bodies in which the analytical scalar-coordinate types of the equations of dynamics are written
down. In this connection, it should be noted that the vast majority (more than 90 %) of industrial robots, as
well as special-purpose robots, have a single open branch structure in which the bodies form rotational kin-
ematic pairs of the fifth class (rotational articulations) with each other. If in such systems the poles of
the bodies are chosen on the axes of their relative rotation, the interpole distances will be constant, which
greatly simplifies the solution of the above problem. Regarding the choice of state parameters explicitly in-
cluded in the equations of dynamics, it should be noted that quasi-velocities, i.e. projections of absolute an-
gular velocities of bodies on the axes of their coupled coordinate systems, are the most suitable for these
purposes. The point is that in the equations of kinematics, which close the equations of dynamics to a com-
plete set of equations for solving a problem, one can always express quasi-velocities through any other pa-
rameters, for example, relative angles of rotation of bodies and their time derivatives, guiding cosines and
their derivatives, quaternions, etc. If projections of absolute angular velocities of bodies on their axes are
measured, for example, by gyroscopes on bodies, and the first problem of dynamics is solved, the solution
formulas contain a minimum number of addition and multiplication operations. Thus, the goal of the study
is to develop a simple method for deriving the analytical form of the equations of dynamics of manipulators
with rotational joints in quasi-velocity, in which geometric, kinematic, static and inertial parameters of bo-
dies are explicitly expressed. The used research methods (vector and analytical mechanics of body sys-
tems, vector algebra, system analysis and methods of identity transformations) made it possible to reduce
the derivation of the equations of dynamics of manipulators to formal actions of writing them out without
performing complex mathematical operations of differentiation, magnification, calculation of vector opera-
tions, etc. The results of the study contain a proof of the general vector form of the equations of dynamics
of manipulators in quasi-velocity with explicitly expressed interpole distances and parameters of mass
distribution of bodies. Scalar-coordinate formulas and their simple special formulas for the case of paral-
lel rotation axes of neighboring joints are derived for writing out the moments of driving forces in joints.
As a special case, the formulas for writing out the equations of dynamics of manipulators on the plane were
obtained. For them, the process of writing out the equations of dynamics is reduced to the specification of
the number of bodies, their geometric and inertial parameters. Conclusion. The effectiveness of the outlined
methods and the obtained formulas have been demonstrated by examples of deriving the equations of dy-
namics of a body with a single fixed point, a gyroscope in a gimbal, and an angular manipulator with three
and six degrees of freedom in space. These results allow us to expect that the number of users of the pro-
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posed methods will grow. The positive experience of using these methods in the educational process in
the disciplines “Fundamentals of Mechanics of Body Systems”, “Electromechanical Systems” and “Mecha-
tronics” justifies our expectations.

Keywords: articulated arm, equations of dynamics, quasi-velocities, writing out the formulas, guiding
cosines, equations verification
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Beenenne

OcHOBHO# Tpo6IEMON MPAKTHYECKOT0 MCIONb30BaHUs ypaBHeHUH nuHamuku (Y/]]) mMaHumymnsro-
POB SIBIISICTCA MX TPOMO3JKOCTb. 3a MOCIEIHUE MSATh JIET Mbl HE BCTPEYald OTEUECTBEHHBIC U 3apyOeK-
HBbIC Hay4HBIC MyOJIIMKAIH, B KOTOPBIX TaK WIM MHAYE CTABUTCS 3ajada BBIIMCHIBAHUS aHAJIUTUIECKOTO
Buaa Y/l MaHUITyISTOPOB CO MHOTHMH CTETEHSMH TOABIKHOCTH U SIBHO BBIPA)KEHHBIMH T'€OMETpHYe-
CKMMH, KHHEMAaTU4YE€CKUMH, CTATHYECKHMU M MHEPLIMOHHBIMH apaMeTpaMu Tel. MHOro craTteil mocss-
LIEHO YWCIEHHOMY PEUICHHIO 3aJa4 AWHAMUKH MaHMIYJIATOpoB Ha OBM B momaroBo-anropuTmu-
4eCKOM peKuMe, T. €. 0e3 npezacrapieHus Y/ B SsBHOM aHanuTHyeckoM BHje. Mcmons3oBaHne cucteM
AQHATTMTUYECKUX BBIYMCIICHUH /ISl BBIMUCHIBAaHUA Y [| MAaHHITYTISTOPOB MO KIACCHYECKHM (QOpMann3Mam
(Jlarpamxa, Annens, HeroTona — Ditniepa u 1. 1.) He periaeT npodiaemMy ux rpomosakoctd. Hampumep, B
crathe [1] oTmedaetcs, uro Y/ aHTyISpHOTO MaHUITYJISITOPA C IIECTHIO CTEIIEHSIMU CBOOOIBI, BEIBEICH-
HBIE 10 QopManu3My Jlarpanxa ¥ 3amucaHHbIe B CHMBOJIBHOM BHUJIE, 3aHUMAIOT COPOK MAIIMHOMHCHBIX
cTpaHull. MBI cUuTaeM, 4TO 3TO CJIEACTBUE HEAPPEKTUBHOCTH KIIACCHYECKUX (hopMan3MoB BeiBoAa Y /|
MaHUIIYJIATOPOB.

IlocTanoBka 3amaum: pazpaboTaTh MPOCTON METOJ BBIBOJIA aHATUTHYECKOro Buaa Y /| Manumys-
TOPOB C BpallaTeIbHBIMU COUYJICHEHUSMHU U SIBHO BBIPAKEHHBIMHU NapameTpsl Ten. CBecTu BeIBOZ Y /I
K (OpManbHBIM JEHCTBHUSIM UX BBIIHCHIBAHUS 0€3 BBIIOIHEHUS CIOXKHBIX MAaTEMAaTHYECKHX OIEPALli U
MPOIEMOHCTPUPOBATH 3TOT (OPMAaIM3M Ha MpUMEpax BBIMUCHIBaAHHS Y /| MaHUITYISTOPOB C TpeMs U
IIECTBIO CTENICHSIMU CBOOO/IBI B TIPOCTPAHCTBE.

1. VI MmanunyJasiTopa B KBa3UCKOPOCTSX

[IprcBoMM HEMOJBMKHOMY TeNly MaHUMYJSITOpa (CTOMKE, CTAHWHE) HYJIEBOH HOMEP U CBSKEM C
HUM IPaByIO cucTeMy KoopauHaT OXYZz, rae X — opT ocu aOcuce, HalpaBJICHHONW TOPU30HTAIBHO
BIIPaBO, Y — OPT OCU OPAMHAT, HAPaBJICHHON BEepTHKAJIbHO BBepX. [loABMKHbIEC Tena 3aHyMepyeM YKC-
namu 1,2, ..., N, rne N — KOJIM4ecTBO MOABMKHBIX TeJl. BBeneM crenyromie 0003HaAYCHHMS

m,; —Macca u 0003HaueHHe i-ro Tena;

m; —Macca 1 0003HauYeHHE i-i MOJCUCTEMBI, T. €. TeJIa 1M,; 1 BCEX CIEAYIOIUX 332 HUM TET;

0; — nonioc Tena my;, T. €. (PUKCUPOBAHHAS TOUKA TeJa My;;

C,; — nentp macc (LIM) tena m,;, TOMOTHEHHOTO Maccoi M; 41 B Touke O;,1;

L; — paccrosiaue ot Touku O; 10 Touku O; 4 q;

e; — OpT, yKa3bIBalOIIUi HanpaBieHue u3 To4ku O; B TOUKyY O;1;

a; — opT, YKa3bIBaloUuil HarpasieHue u3 Touku 0; B TOUKY Cgj;

Riy1 = 0i0;1 = Liey, p; = Limyyq, Myyq = 0, py = 0, by = m;|0;Cy;

O0;x;y;Z; — npaBas CBsA3aHHasI C TEJIIOM M,,; cucrema koopaunat (CCK(i)), rae x;, ¥;, Z; — OpPTHI ee
oceii;

w?, a)iy , W} — IPOEKIIMHU BEKTOpa @; abCOIIOTHOMN yIiIoBOM CKOPOCTH Tela m,; Ha ocu CCK(i);

K ; — KuHeTH4YeCKHI MOMEHT Tejla M,; OTHOCUTEIbHO TOUKH O;;

17, Iiy , I7 — oceBbie MOMeHTBI HHEpIHH Tena m,; B CCK(i);

L7, I, I7* — nentpoGeskHble MOMeHTHI MHepLWK Tesa m,; B CCK(Q);

M; — rnaBHBIII MOMEHT OTHOCUTEIBHO TOUKH O; CHJI, IEHCTBYIOIMX Ha TENO M,; CO CTOPOHBI Tena
Moj—1-
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Jnist yMEeHbLICHHUS! TPOMO3KOCTH 3anucei Oy1eM HCIoIb30BaTh:
—rpedyeckue OykBol &, 717, ¢, Vv, U, IPUHUMAIOIINE 3HAYCHHUS HA MHOXXECTBE JATMHCKHUX OYKB

{x,y,z}
— JIATHHCKYIO OYKBY U, IPUHUMAIOIIYIO 3HAaYEHHE HA MHOXECTBE JIATHHCKUX OYKB {e, a};

— 3HAKW CYMMHUpPOBaHus 1o OykBam &, 17, ¢, V, U;

— CUMBOJI €g;¢ JleBu-Uusutel, rae §,7,¢ € {X,y,2} ¥ €4y,=€y,,=€,y,= 1 nm €gp= 0, ecnu
Cpeu CUMBOJIOB §1) €CTh MOBTOPSIOIIMECS, HHAYE Egpe= —1 [2].

Ota cucreMa 0003HAYEHHH MO3BOJISET 3aIMCHIBATh CIEAYIONINE BHIPAXKECHIS:

w; = wix; + @]y + 0fz; = PN wffi — pasnoxenue Bekropa w; o opram CCK(i);

U; = Xy UpiMl; — pasnoxenue opT @; um e; no opram CCK(i), rae u € {e,a}, u,; = u; - 1; -
noctosiHHbIe Hanpasisomue kocunycsl (HK) opra u; 8 CCK(i);

{i=2n Cfini — pasnoxenue opt {; CCK(j) mo opram CCK(i), rue (]7-71- = {; -m; — HK opt CCK(j)
B CCK(i);

§i XM =€y Vi § X =8 X Xy Cfmi =Yn €y C]nivi-

1.1. @opmyna evtuucieHUs MOMEHMA CUNBL 6 COUNEHEHUU
Jnist MaHUIyIATOpa ciipaBeainBa Gopmyna

-1 . . . .
Mj=m; xYI2 Lide + XL [Koi + Li(pie; + Myy1) X @i + biRj; X wg;] + G (L.1)
rae m; = ZQ’:;’ bray, @y =X¢ Qiifi, u €{ea}, Ko; = X¢ wflfa Rj; = Z;c_zlj Lyey,
X X Z Z
IF =1 - 17y — 172, 1) = =7 %, + By, — 172, I = —17%x; = 1%y, + 17 2y,

Of = uy @) — uy@f + (uyw! + uywf)wf — uxi(wiyz +wf?), G =gm; xy,

QZ[ = uxid)iz - uzid)lx + (uxiwlx + uziwiz)wiy — Uy; ((‘)lxz + wizz),

Q% = Uy — Ui @] + Uy @] + Uy 0] Y0F — Uy (02 + 0], Ug = U - &5

Jloxazamenvcmeo ¢opmynvt (1.1). B crathe [3] BeiBeneHa GopMyia

M;=m; x#+3YIL; Ko+ XL [(nR; + m;) X R; + R; x 1] + G, (1.2)
raem; = YiL; (My;0;C; + Miy1R;41), Ryp1 = 0, G; = gm; X y, 1; = 00;, C; — 1IM tena my,;.

VYduThIBas yCIIOBHE CTaTHUECKOTO paBHOBecHs M,; 0;C; + m; 1 R; ;1 = b;a;, nony4dum

m; = Z{\I:] bl-al-.

Ucnons3ys ¢popmyny [lyaccona e; = w; X e;, 0003HaUCHHE W,; = W; X €; U PaBEHCTBO Wy = 0,
HOTYyYHM

7 =Y R =3I Ry = X120 Ligy = ¥I2) Liw; x e, = $2) Liw,;.

CrnenoparenbHo, m; X ¥j = m; X Z{;ll Liw,;, T. €. mepBasg cymma (110 HOMepaM Tell, HECYIIUX Te-
710 My ;) B popmyiie (1.1) IpUHMMAET HCKOMBIH BHI.

B CCK(i) ¢ yuerom BBeZICHHBIX 0003HAYCHUH TTOTyYUM

X Xy  _yxz x
I; I; I; w;
— | —_r*y y _7yz . B
Ko=|-1" I I; w! | =
XZ yz z z
A A ¢ W}

= (Fof - I7 w0} = IFo)x; + (I[P of + o) — P 0d)y; + (-7 wf — 0! + [Ffwf)z; =

=S¢ Fwf& — U7y + [Pz)f — 7%+ 1 z) o] — U + 17 y)w?.

Ecnu B mocnemHeM BBIpaXXEHUU PACKPBITh cyMMy 1o & € {X, Y, Zz} U npuBeCTH NOAO0OHBIE MPH TIPO-
eKIMAX W, a)iy , W, TO C y4ETOM MPHUHSTHIX 0003HAYCHHUI BEKTOPOB | f MOJTYYHM HMCKOMBIH BHJ] BEKTO-
pa Ko = X¢ wflf.

C yuetoM paBeHCTB R 1 = Lie;, €, = w; X €; = Wy, Riy1 = Li@,;, p; = Lim;,1 nomyunm

(Miy1Ripq +Mipq) X Riyy = (g1 Lie; + Limyq) X @g; = Li(pie; + Myyy) X @y

CreoBatenbHO,

Y jr (iR +my) X Ry = XL, (M Ry + My q) X Riyq =

=YL Li(pie; + myyq) X @ (1.3)
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YuuteiBas 0003HaUEHNE W,; = W; X A; PABEHCTBA

. _ _ .o _ . .o _ N .. _ _ k_l _

A = W; X Q; = Wg;, @; = @g;, Ty = Y= ; by, Ry = 00y = ¥, = Lie;, Rjj =0
¥ (hOPMYITy H3MEHCHHS MOPSIKA CYMMHUPOBAHHA Yone ; Li YN_iv1 b = YN_ .., S*°1 L.by,, monyunm

pmyiy pAA Yy po i=j i 4k=i+1 Yk T Lk=j+1 Li=j ~iVk oIy

N .o _ N .o _ N N . _

Yicjrr Rixmiy = Yz Ripq X1y g = Yz j Lieg X Y—iyq br@gy =

_ VN k-1 . _§yN S

= Dk=j+1 b XiZj Li€;i X @ar = Xg=jy1 biRjx X @y =

— VN . _§yN .

= Yizj+1 DiRji X @g; = Xi=; biRj; X @g;.

Otcrona ¢ yuerom dopmyn (1.2), (1.3) moayuuM HCKOMBIH BHJl BTOPOI CyMMBI (TI0 HOMEpaM Tell,
HECOMBIX TEJIOM M) B hopmyite (1.1).

Bripazum depe3 KBa3HCKOPOCTH W KBa3WyCKOpeHHsI (OpMYNy BBIYHCICHHUS BEKTOpa @,;, TIC
u €{e,a}l u oprH e;, @;, U; HEMOABWXHBI B Telle M,;. Vcnone3ys obo3Hauenus &, = &; X e,
$ai = & X @y, §ui = §i X Uy, Wy; = W; X U; N PABIOKEHNE W; = D¢ wffi, Oy IUM

L _ 3 _ 3 _ - & ¥

@y = (@ XU = Qg 07§ Xuy)p =Yg (0§t = X (@07 §ui + 07 §u).

Hns BextopHoro mpomsBeneHuss opt CCK(i) OymeM HCHONB30BaTh MpEACTaBICHUE §; X 1); =
=€gn¢ §i» THE Egp¢ — cumBon Jleu-Unputel u §, 7 € {x,y,z}. Eclu H3BECTHBI COMHOMHTENH, T. €. 3Ha-
YeHHsI CUMBOIIOB ¢ U 1), TO PE3yNIbTAaT BEKTOPHOTO MPOU3BeAcHUS §; X 1); BHIIKUCHIBAETCS OJHO3HAYHO.
Hanpumep, ecmu § =x,n =y, 10 §; XN = X; X ¥; =€xy¢ §; =€xy, Z; = Z; WM €CTU § =1 = Y, TO
Yi Xy; =0, TaKk KaK €y,,,¢= 0, u 1. 1. [2].

Hcnonb3ys paznoxkenue w; = Y, Up;1; opra w; no opram CCK(i), rue u,; = u; - 1; — const, nomny-

— — — _ ., §¢ _
auM &y = & X Wy = & X Xy Uiy = Xy €gng Uni€i = w; ;e u;” = ¥, Egpe Up; — const. Cnegio-
BaTENbHO, Wy, = Y¢ (d)fufc(i + wffui). Jst BekTOpa §,,; TOIydrM

3 _ o o o > f{ >

$ui ;{(Ei X)) —gn uni(§i X M)¢ —fz{n Uni(Eeng §i)e = Xy Eeng Uni§i = u; ¢ =

=u; @ X §=up Yy 0]V X§ =u” Yy gy 0] My
Otcrona

Sy _ . &¢ _ 3 34 _

Zf w; $ui = Zf w; U 2 SN w}/ﬂi = ZE w; 2 w}/ui Evou Bi =

— 3

=X w; Xy @] Xy Egng Uni Svgu Mi-

Tenepb B MpaBoi YacTH MOCIEIHETO BBIPAXKEHUs pa3BepHEM Bce TpH cyMMEI 1o &, v u 1. Torja,
YUUTBIBAs 3HAUCHUSI CUMBOJIOB JIeBU-UHBHUTHI, OIYIHM

Sy y
Zf w; Eui - wix[wix(o +Exyz uyi Exzy Yi +€xzy Ugi Exyz Zi) + w; (0 +€xyz uyi Eyzx X + 0) +
y y
+(‘)iZ(0 +0 +Exzy Uz Ezyx xi)] + w; [(‘)gc(eyxz Uyi Exzy Yi +0+ 0) + w; (nyz Ui Eyzx X +
+0 +Eyzx Uz nyz Zi) + (‘)iZ(O +0 +Eyzx Uz szy yi)] + wiz[wic(ezxy Uyi Exyz Z; +0+ 0) +
y —
+(‘)i (0 +Ezyx uyi nyz Z; + 0) + (‘)iz(ezxy Uyi Ezyx X +Ezyx uyi szy yi) + O] -
— y y y
= o} |0 (—uyyi — uziz;) + 0] wyix; + wFuzx;| + 0] [WFuyy; + 0 (—uyx; — ugz) +
y
+uzyi] + of [0 uyz; + 0] Uy Z; + Of (“UyX; — Uy Y]
W3 nocnieHero BeIpaXeHHs MOCIIe PUBEACHUS OIOOHBIX TP X;, Vi, Z; MOTYYHM
$g y y2 2
Y 0 §ui = [(yiw] +uzywf)of —uy (0] + wf?)]x +
y 2 2 y 2 y2

H(Ugi0f + uzy0))w;] — Uy (0" + o))y + [(Ug 0] + Uyw] o] — Uy (0 + wi™)]z;.

AHamoruyHo

Ye iue =Y of Y, € 1§ = of (e 2, +€ v+

& WUy (l = LE Wy Lp S u?’]l(l = wg xXyz uylzl xzy UziYi
-y . —

+(‘)i (nyz UyiZ; +Eyzx uzixi) + (‘)iz(ezxy UyiYi +Ezyx uyixi) -

_ . y . . . . . y

= (uziwi - uyiwiz)xi + (U @7 — Uz @7)Y; + (uyiwfc — Uy w; )Zi-

Taxum 00pazom,

Wy =), (a)gf -+a)§é D) = [y @) — w07 + (Uy;w) + uywH)wf — uy(w’? + 0?)]x; +

ui — L& i Sui i Sui) — LYUziW; yiWi yiWi zi Wi i xi \ Wy i i
. . y 2 2
Fugi@f — Uz 0f + Uy 0] + Uz W] — Uy (W] + wf)]y; +
. -y y 2 y2

Huyiof — uy @) + (ugiwf + uy0) Yw? —uy(0f? + w!%)|z;.

C y4eToM BBeICHHBIX 0003HAYCHUI OKOHYATEIBHO MOMYUUM @,; = (3 X; + Qiiyi + OZ;z;, uato
TpeOOBAIOCH JOKA3aTh.
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1.2. Cayuau ynpowienua ghopmynwt (1.1)

JU1si HEKOTOPBIX KJIACCOB MaHHITYISTOpoB popmyna (1.1) mpunumaer naubonee npocroit Bua. Ha-
IPUMED, €CIH y MOJCUCTEMBI 1M TOJI0CA BCEX TN OOLIKE, T. €. COBNanaT, To L; = 0 nnusa Bce i = j u
KakK MOKa3aHo B II. 2.3 cratbu [3]:

=Y (@I =Yg @071 + 0P Ig) + wf 0! I + 0f I + o) ? 7, (1.4)
e 1 =17y — 17z, L, =172 —1"7%;, I;=1"x—1"y;, I'=-I"x+I1"y+
+(1) - Il-x)zl-, I =17x 4+ (f =15y, — %z, " = (If - Il.y )x; — Iy, + [?z;. Benm ipu s10M
CCK(i) nisa Beex i sBisercs rnaBHoit CCK (I'CK(i)), To

P =1 =17 =015 =01 = }§, I” = Ifz;, I* = I’y I* = I%x;,
rne I8 =17 17, 1P =1F -1, If =17 - I, le,Ily,IZ MOMEHTBI HHEPIHH Tela M,; OTHOCUTECIBEHO
rnaBHbIX ocelt 0;x;, 0;¥;, 0;Z;, COOTBEeTCTBEHHO, U Popmyna (1.4) mpumer BUI

=Y If(wffl)t = (IFof + If o) wf)x; + (ID @] + IR wfw?)y; + (IF6F + If wfw?)z;. (1.5)

Ecnn N = 1, To uMeeT MecTO TeJIO C HeTOABIKHOM Toukoi. g nero u3 ypasaenus (1.1) ¢ yuerom
napametpos j = N =1, L; = 0, p; = 0 nonyunm My = Y¢ (a)fli),’t + G4, tne G, = gb,a, X y. Ha-
npasuM ocu CCK(1) Booss rmaBHbIX oceid Tena B Touke 0. Torna, ucnomns3ys ¢popmyiy (1.5), Beimumem

M, =3¢ If(wffl)’t +6G, =

= (Ifof + fw) wi)xy + (1] @3 + Rofw?)y, + (Iof + Ifwfw] )z, + G;.

Ortcrona, uctonp3yst 00IIENPUHATbIE 0003HAUCHHUS

A=If,B=1),C=1f, p=0}, (=}, 1 =0, x =%,y =y1,2 = 24,

MOJTYIUM

M, =[Ap+ (C —B)qr]x+ [Bg+ (A—CO)prly + [CT + (B — A)pqlz + G,

YTO COBIIAJAET C U3BECTHBHIM BUAOM Y /[ Tena ¢ 0AHOM 3aKpEmICHHOM TOYKOW B MOJI€ CUJT TAAKECTHU.

OO6o3Ha4MM Yepe3 q; — OPT OCH BPAaLICHHS TeNla M, j OTHOCUTENIBHO TeJa M, ;_q BOKPYT ocu 0;q;.
Ecmu CCK(i) = I'CK(i) ans Beex i, To u3 (1.5) moxydum

=4; 3 Ko =3I 3 SHET, (16)
rne Ef = I[Fof + Ifw)wf, EY = Il_ywiy + Dwfw}, Ef = IFof + Ifofw?, iqj =¢&; - q;. Ecu npu
9TOM TI0JIIOCA BCEX TEJI COBNANAIOT, TO ¢ yueToM (1.6) u3 popmynsr (1.1) momyunm

Mj=q; Mj=3XY; Z;qu€+G (1.7)
rae Gj = q; - G;.

B kauectBe mpumepa ucnonb3oBaHus Gopmynsl (1.7) BemumieM Y/ rupockona B KapAaaHOBOM
MOJIBECE, COCTOSIIEr0 U3 TpeX TBepAbIX Tell (N = 3) — poTopa U IBYX paMoK, IIAPHUPHO COCAMHEH-
HBIX MEXIy co00il. PoTOp — 3TO rupockomn, KOTOpBIH BpamaeTcsi BOKPYT CBOCH OCH CHMMETPHH, yCTa-
HOBJICHHOW B MOANIMITHUKAX, 3aKPEIUICHHBIX Ha BHYTpeHHEH pamke. OHa BpallaeTcs BOKPYT OCH, He-
IIOJABMKHOM Ha BHEIIHEH paMKe, KOTOpas BpAaIaeTCs BOKPYT OCH, 3aKPEIJIEHHON B HETOJBW)KHBIX
NOJIINITHUKAX. Bce Tpu Tena MMeroT oOLIyl0 HEMOABIXKHYIO TOUYKY, Ha3bIBAEMYIO TOUYKOHW HoJBeca
rupockomna. Ocu BpallleHHs paMoOK IojiBeca opToroHajgbHbel. OcH BpalleHHs poTopa M BHYTpEHHEH
paMKH TOXe OpTOroHanbHbI. CHCTeMa HaXOAWUTCA B MoJie cuil TsokecTH. LM BHemrHed paMku Haxo-
JUTCSL Ha HEMOABW)XHOW ocu ee BpamieHus. LIM poTopa u BHYTpEHHEN paMKH COBINAAAIOT C TOYKOH
noaseca rupockomna [4].

Jl1a paccMaTpuBaeMoOro rHpOCKOIa OpThI OCel BpallleHHus Tell BhIpaXkatoTcs depe3 opthl oceit CCK
Ten 110 popMynaM g1 = X1, 4z = Yz, 43 = Z3.

3neck u ganee misa noucka BeipakeHnit HK oceit CCK ucnonp3yrores tabn. 1 u 2 u3 crareu [3], a
Takxke Metojuka BoimuckiBanuss HK mo pexyppeHTHBIM popMynam, nznokeHHbIM B ctatbe [5]. Ot HK
MOJKHO BBIBECTH CaMOCTOSITEIFHO Ha OCHOBE OMMCAaHHUS HCCIEAyeMOW CHCTEMBI TeNl WM €€ KHHeMAaTH-
YECKOU CXEMBI.

Io ¢popmyne (1.7) nna i = j = 3 ¢ y4eToM paBeHCTB xg3 =x%; = y3q3 =0, Zg3 = 1 BeIIIUIIIEM

M; = E% = I360% + [Swiw) .

Mo ¢opmyne (1.7) ans j = 2 ¢ y4eToM PaBEHCTB q, = Y, x%’z = z%’z =0, yzyz = 1 BeIIHIIEM

M, = Ezy + s fngfj- Tak kak g3 = Z3, u3 3-ro O10ka Tabn. 1 umeem xé’z = s3, yéyz = c3, Zé’z =0.
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3nech u panee s; = sin(q;), ¢; = cos(q;), q; — YroJ moBopoTa Tela M,; OTHOCUTEIBHO TENa My;_q.
CrnenoBatenasHO,

My = EJ + s3E¥ + c3E3 = 1) @) + I2wiw} + s3(IF o + Swl w?) + c3(1ya)3 + 12 wiw?).

ITo dopmyne (1.7) mis j =1 ¢ y4eToM paBeHCTB q; = X1, X34 = 1, ¥4 = z{4 = 0 BbimHIIEM
My =Ef + % Eﬁ‘lEg + s f?’flEg. Tak kak q, = y,, u3 2-ro 61oka tabn. 1 umeem x3; = ¢, y3; =0,
z51 = S,. Paznoxum opthl X3, Y3, Z3 10 opram CCK(2), rae kodbduimeHTs! npu oprax X, Yo, Z, Ol-
penenum u3 3-ro 61o0ka Tadu. 2. Torna momydum

X3 = Xx3X2 + Xy3Y2 + X532 = C3X; + S3Y2,

Y3 = Yx3X2 T Yy3¥V2 t Vz3Z; = —S3X3 + C3Y2, Z3 = Zy3Xp + Zy3Y2 + Z,32Z) = Z;.

Teneps ¢ yuerom HK u3 2-ro 6oka Ta0:1. 1 momydum

x31 = X3+ X1 = (C3X2 + S3Y2) - X1 = C3x3; + S3Y31 = €36y,

Y31 = Y3 X; = (=S3Xz + C3¥;) - Xy = —S3X31 + C3Y31 = —S3Ca,

Z3x1 =Z3°X1 =2y X1 =S5

CleI0BATENBHO, C yUETOM OUEBHIHOTO PABEHCTBA w; = w? = 0 momyunm

My = Ef + ¢;EX + s,EZ + x5, E¥ + y§, EJ + s,EZ.

Takum obOpazom, Y I paccMaTpuBaeMoro mpocxona UMEIOT BUJT

Fof + Ifw! w? + c,(IF0F + I$w) wh) + s, (IZ0% + w}w)) +
+x§‘1(1§‘a)§‘ + 1§ w3 a)§) + y?’fl(lgd)3 + I3 wga)g‘) + 52(13 Wi + w3 a)é') = M,
o) + Bwiw} + s3(I30F + I§w) wf) + c3(I3 03 + 12 wiwi) = M,,

k JE4NE +I3a)3a)3 Ms,.

K stum ypaBHeHHsIM HeoOxoaumo n06aBuTh (Gopmyinsl Beraucienuss HK x3;, y3; u ypaBHeHus
KHHEMAaTHUKH, T. €. OPMYJIbl BEIUUCICHUS KBA3UCKOPOCTEH M YCKOPEHUH, KOTOPhIE MOXHO BBHIHCATH IO
METOAMKAM, U3JI0’KEHHBIM B cTaThe [3].

1.3. Momenmui 08udICyUux Clusl MAHUNYIAMOPQA
CrpasennuBa popmymna

Mj =2y qni(dnzj 1LQ€€+ZN1LQM)+K + G, (1.8)
rre d = SN_; beal,, Q) = ¢ Ef]ﬂfu, u€fea), Off =dlO +el0f, O = TN\, bOss,

d?j = pie?j + Xh=is1 bkakj, pi = Limiyq, aZj =ag-nj,

Kj =4q; 'Z?I:j Ko, Gj = an Egne d]n(] *y

ﬂoxammeﬂbcmeo Gopmynvl ( 1. 8). Ucnone3ys popmyiy (1.1), momyuum

q] q] m] XZ Li(bei+

+‘Ij Y [KOi + Li(p;e; + mi+1) X We; + biRj; X wy] + q; - Gj,
rae m; = Zk =j bray, Rj; Zk =j Lxey,1.e. M; = A +B +Cj + D; +K + Gj, Toe

Aj=q;-Yi=; bray X2i=1 Liwe, Ki=q; Y Koi, Bj =q;- XL, Lipie; X @y,

Ci=q; X, Li Yizi+1 b X @ei, Dj = q; - Z{V j bi Z;c Lyex X wg;, G; =q; - G;.

Jlnsa Gj ¢ y4eToM pasloXeHHs @y = Zn akjnj, rie akj = @y * 1)j, ¥ TPEJICTABICHUS (; X @) =
=2y €qn¢ azj(j HOJTYYHM

G =9gq;-m, ><y=gq,- X Nk=j by -y = gXR=; biq; X Xy ag;m; -y =

— y _ n7y

= 9 Xk=j bk Zn ak] ang $°¥ = 9Ly Eqng Tk=j bkakJ( = 9%y € 4G5

rae d}7 = Zk:j bkakj, (j =y

Jlns Aj ¢ yHETOM PAaBEHCTB Wy = g Qgifi, {i=¢;- El, Zf Egﬂgl MONYYHM

- )
4; = ZJ' LiXN=j bk X Eqn¢ ;8 Xe Qiifi :Z' L'ZE 'Zk =j b 2y Eqn( aZjC;' =
n,& _ n j-1 e{
Z L i X Qezzn qng dj (ji =2 €qn¢ dj Z L i X Q =Xy €qm¢ Z 1 Li Q
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Jl1s1 B; ¢ y4eToM paBeHCTB €; = X, eZ.nj, einj =e; M, q; X1Nj =€y §; n0TyINM

By = XL Lipiqj X X €l - @ei = XiL; Lipi Xy Eqne €158 - @i =

= Z{\]:] LiPi Zn Eqr]( eZ(] ' ZE Qgifi = Zn Eqr]( Zlivzj Lipi ZE leegflz] =

— N 18648

=2 Eqn¢ Li=j Li Xg pieSiille;

AHaAJIOTUYHO IS Cj MOJy4YUM

Ci=q; XN Li Ximivs bt X @e; = XiL; Li XR—iy1 b Xy €qne azjfj DN Qiifi =

— N 78 yN n N N4 08¢

= Xy €qn¢ Bi=j Li Xg Loy Xk=i+1 by ;i = Xy €qne Zizj Li X Cij&; 58

Cinj = Yk=i+1 bkaZj-

Host D mosyvnm

Dij=gq;- Zliv=j bizgcllj Lyex X wg; = Z?I:j b; chllj- L Xy €qn¢ e;?j hN ffjﬂil

Hcnonb3yeM cleayromnyro GopMyry K3MEHEHHS MOPsAIKa CyMMHUPOBAHUS

YN bi ity L = TRZ) Lie Bikea bi-

Torma nomyunm Dj = Z’,},’;jl L Yiis1 biXe X €qne e;zjffjﬂzi. [TomeHsIeM MeCTaMH HHICKCHI

cyMMHupoBaHus k u i. Toraa nmoayuum

Dj = Xilj Li ie=is1 bk X oy Eqng e?jfgjﬂik =Yy €qne 2L LiXg eff XRziva bkfgjﬂik-

Taxum oOpazom,
- nsJ-1 5 5es N e m£6 58 1 N ey

M; =Yy €qn¢ [dj Yimq Ll + Xz Li Xe (pieij'fijﬂei + G0 + e Xk=ina bk'fkjﬂak)] +
. _1 . .

HRHG) = Ty €qne [d) TI2E LS + L, Li((pie]l + C1) Te €505, +

el SN-ier bic Ze 65,0501+ Ki+G.

Orcroa, UCMONB3Ys 0003HAYEHHS sz =Y g ].Qik, ij =N i bkﬂg, Q?f = d?jﬂff + e?jgfj

u paBeHcTBa py = 0, C 11\7, ; = 0, nomyunm HCKOMyo ¢dopmymy (1.8).

1.4. Pexyppenmmuasn (popmyna ¢o14ucieHus MOMEHMOE CUJl 6 COUICHEHUAX
@opmyiy (1.1) MOXKHO IPENCTABUTD B CIEAYIONIEM PEKYPPEHTHOM BH/IE:

. _1 . . .

M] = Mj+1 + K()] + a; X Z{:l Lijwei + LJpJeJ X We; + €; X Z?]:j+1 le-wal- +gb]a] XYy, (19)
raej=N,N—1,...1; My = Koy + ay X X} Lin@,; + gbyay X y; Li; = L;b;.

Lokazamenvcmeo gopmyne (1.9). iconb3ysi oueBUAHBIE PABEHCTBA

m; = Yi_; byay = bja; + mj,1, Rj; = 0;0; = 00,1 + 0;,10; = Rj ;1 + R}y,

G =gm; Xy =g(bja; +mj1) Xy = gbja; Xy + Gj44,
u3 ¢popmysl (1.1) momyuum

M] = (b]a]+ mj+1) X (2’1!:1 Lid)ei — L]wEJ) + KO] + Lj(pje] + mj+1) X wEJ +

+ 2 1 [Koi + Li(pie; + Myyy) X @i + bi(Rjiq + Rjy1;) X @gi] + ghja; X y + Gjyy.

Bbinenum B MocieIHeM BBIPAKEHHH CllaraeMble u3 (popMyIibl Beraucienus M 1. Torma nomyunm

i—1 . . :
M] = Mj+1 + bjaj X Z{:l Liwei — ijj+1 X (l)ej + KO] +
+L](pje] + mj+1) X (l)e] + Rj+1 X Z?I:j+1 biwai + gbjaj Xy=
—1 . : . .

=Mjiq + bjaj X Z{:l Liwei + KO] + Ljpje] X (l)ej + Ljej X Z?Izj+1 biwai + gbjaj Xy.

Otcrona crnenyer uckomoe mnpezacrasienue (1.9), u3z xoroporo ans j = N ¢ y4yeToM DPaBEHCTB
Mpy,1 =0, py = 0 nonyuum popmyny Beraucienuss M. ®opmyina (1.9) nokazana.

[poekuus M, ; momenta cunbl M; Ha ock 0;q, Tie q € {X,y, Z}, BBIPAXKaETCs YePE3 KBAa3UCKOPO-
CTH M KBa3UYCKOPEHUs 110 hopMyJie

: i—1 . 2
Mgj = q; - Mj1 +q; Koj + X{2; Lij[Xs (quiwf - Qfjwf ) +
+q:};wfwiy + qefiwi wf + qg’jziwiywiz] + Lipj X¢ €qec eg,-ﬂij +

N & & a , &2 xy x, ¥V Xz , X, Z yz Yy .z
+2imj+1 LiilXe (qg;0; — Q5jiw;7) + qgj0f i + qgjiwi wf + 4,07 0F] + Ggj, (1.10)
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rae j=N,N—1,...,1; My, =0; Ggj = gb; Y¢ €qez agi{?;
Chfji = uyiq}'LiZ - uziqyiya qzji = uziq?ix - uxi‘l}iiz, qlztji = uxiq?iy - uyiQﬁx, esj =€ §;,
Qxji = uyiqyiy + uziq}-‘f, Qyji = Uxiqji + Uz Q;ji = Uyqji + uyiqyiya ag; = a; - §j,
qffﬁ = U@ + Ui Qi = WG+ UniQfES Ay = Uyiq + Uiy, =850y,
qu =2y Eqng Unj 1§i=

rneu € {e,aluecnnu =e, TOU” =qa,ecIMU =a,TOU = €; (fi ={;-§;.
Loxazamenvcmeo popmynwt (1.10). 3 hopmyansl (1.9) nomyuanm
Mgi=q;-Mj,1+q;,-Ki+q;xa;- 2{2—11 Lije; +q; X% € XN iq Ljj@g; +
+Lipiq; X ej-w,; +gbjq; X a;-y. (1.11)
C y4eToM pasioKeHus W = Y, Up;iMN;, TAE Uy; = W, - 1) — const, u € {e, a} nonyunm
qj X W = q; X Xy Unjtlj = Ly Eqng Unj§j-
Hcnonb3ys 0003HaYEHUS @y = Yig Qiifi, {Gi ¢ = ¢; - §i, momyanm

1 . 1 1
q; X a; - Z] LU“’ei =Xy Eqn¢ AnjiS) Z] LijXe QelEl Z] LijXe¢ ‘Qel Xy €qn¢ anjffi’
q; % ej ' Zi a1 Lji®ai = Xy €qng ey Ti i Ljg T Q581 =

3
J+1 Lii Xe Qazzn qn( enjCji-

- € ué _
BBez[eM 0003HayeHue qﬂ Zn qng Un j( jie 3meck eciM B 0003HAYEHUU qj; CHMBON U = a,

TO MHOXKHUTCIIb B HpaBOI/I YacTH U, ; = e,”-. Wnadve ecau B I€BOM YacTH U = e, TO B npaBoﬁ qaCTHu

nj

U, = ay;. Tenepp mony4nm

nj
1 . j—1 A
q X a] 2] Ll]wei = Z{=1 Lij ZE qj'gﬂgian X ej ' Z{V j+1 wal Zl =j+1 Zf qa{QE
Packpoem cymmy no € € {x,y, z} B BEIpaKeHUN Z; q Jfﬂg Torna, ¢ yuetom ¢opMyI1 BEIYUCIICHHS
‘Q'le.l? Qma ‘Q'ul? OJIy4nM

uf f — Ux y . Z y z\, X y2 z2
25 qj; Q) =qj; [uZl —Uyw; + (uyia). +uzia)-)a)- —uxi(a). + w; )] +
y X2 z2
+q;; [uxl — Uy @F + (Ugf + Uz — uy (0 + o} )] +
y x2 y2
+q [uyl(‘) uxi(‘)i + (uxi(‘)i + uyi(‘)i )(‘)i - uzi((‘)i + w; )]
[IpuBenem nmoaoOHbBIE MPHU KBa3HYCKOPEHUSX, KBaApaTax KBa3UCKOPOCTEH U MPOU3BEICHHUAX Pa3HO-

MMEHHBIX KBa3uCcKopocTeil. Torna nomyynm

Zf qufﬂf = (uinI}'liZ - uziCI}'iiy)d)lx + (uziqyi uxlq]l )w + (uxlq” uyiQﬁx)@f -
_(uyiqjiy + uziqu‘z) (uxLCI]L + uZlq )w (uxiq?ix + uyiqji )w'Zz +
+(uqu11 +uxlq]l )(‘) (‘) + (uXIq]l +uth11 )(‘) (‘) + (u’qujl +uthﬂ )(‘)

CrnenoBaresipHO, C yU4ETOM BBeneHHHx 0003HaUeHU I qu jio q? S ji, qu jio Quiiis qu i TTOTY4HM

q; X a; - Z] 1Ll](;"ei =Zl 1 Ll](qe]zw +qe]lw +Qeﬂ Qx]l x2

—q5 ;0] w”? —qgwf + +qe wiw! + qifwfof +qejl- Y w?), (1.12)
q'xej'Zi—j+1 wal Zl =j+1 l(Qa]Lw +qa]lw +Qa]l qX]l x2

— 4y yz—qz,1w22++qaﬂ 0! + gl ol +q)50] of) | (1.13)

Beoipasum dopmyiy q; X €; - @, uepe3 KBa3UCKOPOCTH U yckopeHus. [lomyunm

A N6 g 5§ —
q) X € @oj = Ty Eqng eq;§j - Te VU85 = Ty Eqne e e 05585 &5 = Ty Eqn €905
Temneps, moncraBuB Gopmynsl (1.12), (1.13) u mocnensee Beipaxkenue B (1.11), moay4nM UCKOMYFO
(bopMyny (1.10), kOoTOpPYIO MOXKHO 3aHI/ICZiTI) B BUJIC

=q; My, +q; K +Zz 1 Lij Xe q]l Qg i T Lipj X €qec 65196 +
+zi=,-+1 i Te @505 + Gy (1.14)
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2. lIpumeps! BeinucbiBanus Y/l MaHUIYyIATOPOB
PaccMoTpuM aHTyIIsIpHBIE MAHUITYJISITOPHI.

2.1. Boinucwieanue YJ[ anzynapnozo MaHunyaamopa Ha pucynKe
W3 cxembl MAaHUTYJIATOpPA HA PUCYHKE BHTHO

qQ1 =Y1 =Y. 92 = 21,43 = 23 = 21,4 = X4 = X3, (5 = Z5 = Z4, (s = Xg = X5,
al‘:ei=xi,i=2,3,...,6,L1=L3=L5=0, p1=p3=p5=0.

O:Ol—_-OQ 03 04 ‘é__—\v e
O—— ;'%_l * p—

Ja® o,=0, 0=0C5 Ci

|LI_IJ
|l

MaHunynsTop ¢ aHrynsipHoM CUCTEMOI KoopauHaT
Manipulator with angular CS

o popmyie (1.8) nnst j = 6, g = Xg BbInMIEM Mg = Xy Expe dg (LZQZE + L4Qig) + K¢ + +Gq,
rie d) = bgags =0, dZ = bgaZs =0, Gg = 92 Exne digl =0, 1.e. Mg = Kq. Jlns cokpauenus
3ammmceit Oynem cuutath, uTo CCK(i)=I'"CK(i) n Iiy = If s Beex i. Torma I = 0, If = Iib u KJ MO>KHO
BhINKcaTh 10 Gopmyie (1.6), rae

B = IFof, B = I76] + IPwfof, B = IFof — Pofa?, 1P = IF ~ 17, &) = &-a;

o dopmyne (1.6) ¢ yueTom paseHcTs X% = 1,v% = 2% = 0 Bemmmem Kg = I¥@¥. Crnenosa-
TenpHo, Mg = I5 Wy .

ITo ¢popmyne (1.8) misa j = 5, g5 = Z5 BeIUIIEM

Mg =Y, €me AT (L Q55 + LQ55) + Ks+Gs,
rae dg = b5a§5 + bGags = bs + b, dé/ =0, Gs = an Ezn( dg(él =g szy décysy = gd§y5y~

Q3% = Xe 5315052 =X¢ ygzﬂiz’ gy = Xe 5215054 = =55y + c5 0.

Teneps 1o popmyie (1.6) ¢ yaerom paBeHCTB xZs = y&s = 0,28 = 1, x45 = 0, y&s = s¢, 2&5 = C6
BBITUILIEM

Ks = X¢ TES =Yg (§5ES + §2:ES) = EZ + sgEY + coEE

5 i=5 Zf ¢isE; ZE ($ssEs +86sEg) 5 T SeLg T CeLg-

CnengoBarteibHO,

Ms = d¥(L,Q5% + L,QgY) + Ks + Gs =

= d3[L, (75205, + ¥, 0 + ¥50%5) + La(—550%, + cs07)] + Ks + gd3ys.

e QX = X500 — Xy @05 + (Xy20) + X)W — X (0) + w52 = —w)” — wf,
-Q;Jc]z = xxzd)g - xzzd)g + (xxzwéc + xzzwf)wg — Xy2 (w%cz + wgz) = d)% + wfwél,
)2, = Xypy — xxzcbé’ + (w3 + xyzwév)wﬁ — X (w5% + wévz) = —(D%’ + wiw3,
1, = —w)? — wP, O, = 0 + wie).

o dhopmymne (1.8) st j = 4, q, = X5 BeIIHAIIEM
My =Yy Exne (dILo Q55 + LaQlS) + KytGy,
rie di’ = b4af;4 + b5a§4 + bsag4 = (bs + bs)a§4 =d¥ss, df = byaf, + bsal, + bgaZ, =0,
Gy = an Exn{ dzqil =g Exyz dZZiI = gdi’zi’ = _gdZCZSStb Ca3 = COS(qZ + qS)a
K, = i6=4 Zg 'fi)fLEif = Zf (ffz;EE + €§4E§ + fé‘4E§) =
= Ej + csE5 — SsEgl + csEE + y&EL + 25 EE, yE, = —SsCe, 284 = S5Se.
Cnenosatensno, M, = dj L,0%% + Ly (Q); — Q5)) + K4 + Gy, Te
8% = X '5224952 =2 ijﬂgz = 25,05 + 22,00, + c4Q% = 535,05, — c35,0%, + ¢,0Z,,
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Qﬁ - Qﬁ, = dLQZi + 32745'2:214 - dZ4QZZ - ef4ﬂi’4 = d?{ Zf ffz;ﬂgi = dZQZ4,
Tak kak dj, = psey, + bsaz, + beag, = d, €2, = 0,d%, = 0, ef, = 0. Teneps
My = d} [Ly(535405; — €354, + €40%) + Ly0Z] + Ky + Gy,

A A% Y —0Y O0Z — O
rac ‘QeZ — S&x2» Qez - sza 'QeZ - ‘QxZ’

Y . X .y x YN, Z x2 Y2y _ Y x, .z

Qes = Xya@y — Xa @y + (Xpawy + Xyaw) )05 — Xz (W3 ” + 0, 7) = —w; + Wi wg.

Hanee ananorudno mo gopmysne (1.8) i j = 3, q3 = z3 BeUIIEM:
Ms =%, €40 (dQ’Lzﬂig + L4QZ§) + K3 + G3, y3) = C3, X31 = Sp3, Sz3 = sin(q; + q3),
G; = an Ezn{ dg('g = g(ezxy gy??] +Ezyx d'_%,]xé]) = g(décyg1 - d:}),]x%]1 = g(d%CC23 - d§523),
§ = Xf=s brajz = by + by + (bs + bg)cs = by + by + d¥cs, by = m,305Cs,
dy = Y53 bray, = (bs + bg)as, = d¥x¥, = d¥cyss, by = M 04,C4 + MsLy,
xi3 =0, Vi3 = Sy, Zf3 = C4, X33 = S4S5, Y53 = S4Cs, Zg3 = C4, Xé3 = X33,
Y6 = C6¥s + SeZs, Zg = C6Z5 — S6¥s, Vb3 = CcYVs53 + SeZs3, 283 = CeZs3 — S6¥53s
Ky =38 B¢ §4EF = N (E5E5 + SuEL + cuBL + §4,EL) =
= B} + YBE} + 2aEf + T (§5:E2 + S4EY),
185 = ¥ 6505, = 5 15,05, = 1505, + 22,07, = c30%, + 5302,
Q53 = Y¢ fzysﬁiz =X¢ 3’352952 = y3,085 + y3,00, = =305, + 30}, ef3 = xj5 = 1,
€y = 0,d3 = paefs + bsads + bsads = ps + (bs + be)xd, = ps + dics, dy; = d¥ss,
Oy — Q3 = diz00 + ez My — 088 — e330F5 = (py + d3cs)Qg; + Oy — dfss Q5
255 = Bg §5a08 = x508 + Y02, + 2502 = 0%,
0F = Te e408, = x508, +y50%, + 20,08 = 0, — 5,02,
05 = Thos bl = bsO + be Qg = bs Ng §2,05 + bs T £250%,
Q) — 05 = (s + d¥cs) (ca2y — 54020) + bs T E25,0%5 + b T £2,05, — d¥s50%,.
CrnenoBartenbHO,
My = Ly[dF (—s3Q%, + c302,) — % (c30%, + 5302)] + La(Q)Y — Q2F) + K3 + G5 =
= L[~ (d¥s3 + d3 c3)Q%, + (df c3 — d353)00,] + La[(ps + dE c5) (ca}, — 540%s) +
+hs g E5.00 + b Y £2,0%, — d¥ssO%,] + Kz + Gs.
Tak xak q, = q3 = Z,, TO ABWXKYIIUI MOMEHT cuiibl M, BbinuiieM 1o ¢popmyie (1.10), 1. .
Mgy = My = M3 + 2, - Koy + Lopy S €60 €205, +
+ 30 LailZe (@@ — 0o} ™) + qyi0f 0] + ¢5i0Fof + @50} Of] + Gy,
rne Gga = gby N €25 528 = 9by(axay; — ay2X3) = ghaysy = ghaca,

N Y AY _ ay _
Zf €z¢¢ eEZ‘QeZ =€zxy ex2{ley = Qyy, qglczi = ayiqgiz —azq,; =0,

y _ ax az __ az
Qoo = Aziq2i — Axiq2i = —q2i>

z _ ,ay a _ a _ ,ax a _ . ax xy _ ,ay Xz _ ,Qaz yz __
Qazi = Q2i » Qx2i = 0, Qyoi = 427> Qz2i = Q20> Qg2 = 9ai > Qa2i = 92i» g2i = 0-
CrenoBaTeibHO,

_ ; %%
MZ —_— M3 + ZZ N KOZ + szzﬂxz +
6 ay . .y y2 2 ay y
+ Xi=3 L2i(qy; @F — q370] — q37 0" — 37 0 + g5 wi 0] + @3 wfof) + Gya,
rae o popmysie (1.5) Boimumem z, - Ky, = E5 u
ax _ X _ X X _ X Y
qi = Zn 62175 3172{21' _szy €x2Y2i +Ezyx 3y2x2i =Y = xiz’
ay _ y _ y _ .Y _ .y _ _ _ .y
Qi = Xy €ng en283 =Czxy €x2V3; = Yai = Yiz» 42i = Ln €ang 2821 = Y21 = Ziy-
Taxum 00pazom,
My = M + EZ + L,p,Q), +
6 Yoo y Y.y Yy, Y2 2
+ i3 Lyi[yi, (wf + wlxwi ) =z, (0] — wiwf) — X (w; " + o) + G2,

y o y o Yy o_
TOE X3, = S3, Y35 = C3, 23, = 0.

BecTHuk HOYplY. Cepus «<KomnbioTepHble TEXHONOrMK, ynpaBreHue, PaauoaneKkTPoHUKay. 51
2022. T. 22, Ne 2. C. 41-57



YnpaBrneHue B TeXHUUYECKUX CUCTEMAX
Control in technical systems

[To popmymne (1.8) qnsa j = 1, q; = y, BeIIHIIEM
- 1¢ - 1n¢ ;
My =Yy €yng (La€21 + Lalq) + Ky + Gy,
G1=9Yy €ync A187 = 9(Eyzx dix] +E€yx, diz]) =0,x7; =0,2); =0,
Ry = Y6y B¢ EHE] = B) +x,ES + Y)Y + %3, B + Y)Y + g (E1,E5 + S ES + 82 B,
xé’l = Sz, 3’23,1 = Cy, x§1 = 823, 3’3?,1 =3, €51 =0, €31 =3, ef3=x53=0, ej3 =x33 =1,
51 = p2e3y + Xz braiy = pacy + (bs + by)cyz + (bs + bg)ady,
51 = p2es1 + Xz bragy = (bs + bg)ag; = dag; = dixZs,

difs = paeis + Yies bkais = pa + bsads + bsads = ps + dixZ, = py + d¥cs,

dfy = psei; + 22=5 brag, = bsag, + beag, = dixé; = dixé; = d3,

« ZX ~ XZ - ex - X - ez A - ex - ez .

Q%}C - Q)z& = 5195316 + 32219561 - d§1Qg; - 35619%1 = dg‘xégﬁg; - %Cng% — €01,

Qu — Q4 = d%1943 + ef3Qs3 — di3Q3 — €333 : A5 xE3823 — di3€3 — Qy3,

- ex . - X -y . ez . A

Q1 = Zf §518202 = €200 — 52007, Q51 = Zg §51Q202 = Qe,

A . az . E A -y ~Z

Q21 = Yhos biQu1 = Yo b Xe E51900k = b3Qqz + ba(54Q04 + c4Qgs) +

- &

+X0=5 bi X &3 Q.

. ex . E . X . ez . E -y .z

Qa3 =Yg §43Q004 = Qes, Qu3 = X §53204 = 54004 + €4 Q04,

4 .az . &

Qu3 = Yoos bz = Yos b X E83Q0k,

. ZX - XZ - X -y .z

Qz1 — Q1 = d§x523(02992 - 52992) —d31Qe; —

. Z -y .z . f

—C2[h3Q03 + ba(54Qq4 + €4Q04) + X5 by ¢ €i3Qarls

~ ZX - XZ - X -y . Z . E

Q1 — Q1 = dix3Q0, — di3(54Qeq + €4Q%4) — Xims by PN $ic3aks

Takum 06pazom, Y I aHT'YJIIPHOTO MAHHITYJIATOPA B KBA3UCKOPOCTAX UMEIOT CIICTYIOIINI BU/L:

. X -y - X - Z ~Z
( dzxi; [Lz (CZsz - SZsz) + L4Qx4] - Lz(d§19xz + b3CZQx3) -
6
%Y A . E
—(Lybycy + L4dff3)(549x4 + C4Qx4) — (Lacy +Ly) z by i3 Qi +
k=5 ¢

VE + S,EF + oEY + 5,3EF + cp3EY + Z (63,E5 + €2, ES + €LEL) = My,
3
6
z -y . X -y Y X v AY y A Z _
EF + Lyp, Q% + L23(53Qx3 + C3Qx3) + 2 in(xizQxi + y5,Q% + ZiZQxi) + gbyc, = My — Mg,
4 . y .y . y ) xl=4 X .y .z y &
Ly[(d3c3 — d353)€%; — (d3s3 + d503) Q] + La[(Ps + d5¢5) (€424 — S482%4) + bs 2 $e3Qs +
3

. E . X
+b62 fggﬂxs — d3ssQys] + ES + 54EZ + c EX + 2 (5523E§ + 5623E§) + g(d§C23 - d%’st) = M3,
3 3
. X =y ~Z - Z
dy [La (2252 + 21,2 + €4Q2) + LyQs] +

+Ef + csEX — 55E§' +csES + y&Eé’ + z5,EE — gch23s4 = M,,
. X Y . Z -y - X
dg[Lz(yECzsz + 3’5yZQx2 + J’5ZzQx2) + L4(C59x4 - SSQx4)] + EZ + SsEg + coEE + gd%‘ysy = Ms,

X X —
Ig wg = Mg,
X _ 71X ,X Y _gz,.Y b,z x Z _ JZ,Z b, x, Y
FI[eEi —Il-(J)l-,Ei —Iia)i +Iia)iwi,Ei—Ii(A)i—Iiwi0)i,
NX y2 22 N _ .z x, Y &% _ _ Y x, .z
Qui = —w; " —wi*, Qi = 0] +wjw;, Qy =—0; +w;w;.

2.2. Bausanue pazmewienusn IIM men na zpomozoxocms Y/]
Paccmotpum V]| mepeHOCHBIX TBHKEHHM aHTYJISIPHOTO MaHMITYJIATOpa Ha prcyHKe. To ecTh Oyaem

CUNUTAaTh, YTO TpHU MOCJICAHUX TCJIa HC ABUIKYTCA, a LIM TPETHEI'0 TCJIa PACIIOJIOKCH BBIIIIC OCU a6CI_[I/ICC
CCK(3).
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o dpopmyne (1.10) gms1j = 3 ¢ yquOM paBeHCTB M4 =0, L13 = 0, p; = 0 BrImUIIIEM
Mq3 =q;3 - Kos + Lys[Xe (qegzwz Qgszw ) + qe3zwz wz + q25,w3 w5 + %32“)2 S wi] + Gg3»
— — — y
e Ggz = gbs Zf qé¢ af3(3 = gb; (szy ax3y3 tTE€2yx ay3x3) = gb3(“x33’3 — Ay3X3 ). lycrs
Ay3 = Cq, Ayz = Sq, TIE Cq = €0S(Q), Sq = sin(a) — npoekiuu opra az Ha ocu CCK(3), 1. e. @ — yron
MEXTy OpTaMu X3 M @z. OHEBHIHO, 4TO V) = Cp3, X3 = Sp3, Cz3 = C0S(qa3), Sz3 = Sin(qa3),
423 = q2 + q3. MHOXHTEN q§32, Qggz, qg’z,qé%zz, qg3zz COJIEpKAT KOHCTAHThI €y, = 1, €y, = 0, 5, = 0.
BhIpakeHus Y5 BHITHCHIBAIOTCS TIO dhopmyiie u = > Egnz Un (f Tme u=e, T.€. Uz =0a
p 432 PMYJIC G35 = Lin ©qn¢ Un3Szz, TAC U =€, T.C. Upz = dpgs.
Takum oOpazom,
2= Zn €gme an3(33‘c2 =€zxy ax3Y32 +E€,yx ay3x§c2 = Ay3Y32 — ay3x§2 =

j— X X —_ —_ :
= CaY32 — SaX3z2 = —CqS3 — SqC3 = —Sg3, Sa3 = Sin(a + q3),
ey __ Yy _ y y _ _ _ ez __
G33 = Xy Eqn¢ W383z = Cal3z — SaXzy = CaC3 — SaS3 = Ca3, Cq3 = COS(a + q3), q53 = 0.
Teneps
b - ez ey __ y _ ex ez __ zZ ey ex — €Y _
de32 = €y2q32 — €243, =0, Qeji = €22432 — €x2q32 = 0, qcji = ex293; — €y2952 = q33 = Ca3»
e _ ey ez _ e _ ex ez _ ex _
Qx32 = €y2q3; T €22q35 = 0, Q32 = €x2q37 + €;2q33 = 432 = —Sa3,
e _ ex ey __
Q732 = €x2q37 + €529, = ‘I32 = —Sa3,
Xy __ ex ey __ — — ez ex _ yz _ ez ey _
Qe3z = €y2q32 T €x2(3; = CI32 = Cu3> Qozz = €x2q55 22053 = 0, qy3, = €)2q55 + e52q55 = 0.
CrenoBaTeibHO,

— — 7 4 z2
Mgz = M3 = q3 - Ko3 + Las[cqz03 + SaS(wz + w3*) + Ca3w2wz] + Ggs.
Y4uuThIBas, YTO q, = 3 = Z, = Z3 = Z4, 10 popmyie (1.10) ang j = 2 BpmuieMm
_ 7 14
My, = My3 + q; 'Koz +d, Zf qf{ 352992 +
+L23[Z$ (%230)3 Q§’23(U ) + qa230)3 “)3 + qa33w3 w3 + qa230)3 0)3] + Gy,
GqZ =gb, ZE q&q afZ(z = gb, (szy axzyz +E€,yx ayzxz) = gb, (axzyz ayzxz) =
— y _
= gb,y, = gb,c,.
X Z
MHoxurenu q§23,Q?23,qa%'3,q"1‘§3,q523 COJIEPIKAT KOHCTAHTHI Ay3 = Cq, Ay3 = Sg, A3 = 0. BbI-
a§ a§ _ - ¢ _ - _
PAKEHHUS (3 BBIUCHIBAIOTCSA TI0 QOPMYJIE qy3 = X €gne Unz(z3, TIE U = A, T. €. Upy = €y, Takum
o0pasom,
ax — X — X X — X X — X —
433 = Xy Eqng €n2823 =E€zxy €x2Y23 TE€zyx €y2X33 = €x2Y33 — €y2X33 = Y33 = S3,
ay __ y _ y y _ .Y az _ ~,Z _
qu - Zn Eqn( enz(zg _szy exzyzg +Ezyx eyzng - yzg = C3, CIZS - y23 = 0.
Teneps
X az _ aJ/_O y ax __ az —
az3 = Ay3q23 — Az34,3 = U, (g3 = Az3(0323 — Ax3G423 = U,
z ay ax _— —
qa23 Ax3q53 _aySCIZS = CqC3 — S¢S3 = Cqy3,
a _ ay az _ a _ ax az _
Qx23 = Ay3Qqy3 T+ 33953 = SqC3, Qyr3 = Ax3q23 + 033923 = C4S3,
a _ ax ay __ —
Qz23 = Ax3q23 + Ay3q,53 = CqS3 + SaC3 = Sg3,
xy _ ax ay __ XZ az ax _
qazg - ay3q23 + ax3‘123 = Sg¢S3 + CaC3, Qa23 - ax3q23 + a23q23 - 0:
yz _ az ay __
Ga23 = Ay3q23 + az3G,3 = 0.
CrnengoBartenbHO,
Mg, =M, =Mz +q; - Koz +
<z x2 y2 z2 x, ¥
+Ly3[Ca33 — SaC3w3" — CaS3W5 ~ — SezW3” + (S¢S3 + CC3)w3 w3 | + Gy
W3 dhopMyn BEIMUCICHHS IBUXKYIINX MOMEHTOB cuil Mz u M, crienyer, 4to B cinydae a = 0, T. €. B
ciy4dae pasmeteHus [IM C,3 Ha ocu 03X3, 3TH GOPMYIIBI COKPAILAIOTCS TIOYTH B JjBa pas3a.

3. Ilnockue MAaHUMYJIATOPHI
Hns MaHI/IHyHHTopa B BEPTUKAJIBFHOHN IJIOCKOCTH

M M]+1 + Zl— l-j[(axjcl-j aijl‘j)ai + (aijij + ay]Cl])alz] + I]pa] +
+ 2011 Lisl(axjcji — aysj)d; — (axjsji + ayjci)af] + gbj(ax;y; — ay;x), (3.1)
rnej=N,N—-1,...,1;
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ij =I7 + Ljpj; My,q = 0; 555 = sin(ayj); ¢;j = cos(ayj); a;j = Ycivs G
(i — OTHOCUTENBHBII Yroj MOBOpOTa TeJa Mgy, T. €. YTOJl, OTKIaAbIBaeMbId OT ocu Oy Xj;_1 0 OCH
Orxy; aj = Z{(ﬂ qx — aOCOMIOTHBIA YTOJI MOBOPOTA TENA My j, T. €. YTOJI, OTKIIA/ILIBAEMBIH OT TOPH30H-
TanbHOM ocu 0x 1o ocu 0;x;. B ciyuae a; = e; = x;

j—1 . . . . .
M] = Mj+1 + Z{:l Lij(cijai + sijaiz) + ijaj + Z?I:j+1 Lji(cjiai - Sjiaiz) + gbjCOS(C(j). (32)

3.1. loxazamenvcmeo ¢popmyn (3.1), (3.2)

Jia paccMaTpuBaeMoro Kjiacca MaHUIYJISITOPOB UMEEM q; = Z; = Z IS BCeX i, TJe Z — HopMaJlb K
x_ Y _ z _ 5 N ;
miockocty ABrkeHust Oxy. CnefoBaTensHo, wj = w;j = 0, w/ = a&; = X;_; q; ans Beex j. Ilo pop-
myie (1.10) Bemmumem

J j—1 . .
Mgj =M; =My +2z-Ko; + X120 Lij(qZd — Q5jaf) +
+Lipj Xe €z¢ efjﬂgj + XN i1 Lji(adjidi — Qgad) + Gy,
tie Gg; = gb; Y €50 agil] = gbj(€sxy Axjy] +Esyx ayjx)) = gbj(ay;y] — ayjx7). Yuursisas

PaBEHCTBO €; = X;, BBINUIIEM

Z _ ., €Y _ ., _ex _ ey _ Y _ Y Yo Yy
Qeji = exiji equ]l = q]-i = Xy €zn¢ njCi =Czxy Axj¥Vi; T€zyx AyjXji = AxjVj; — AyjX;,

e — — X X X X X
szi - exlq]l + equ” q]l Zn 62175 anj(ji _szy axjyji +€zyx aijji - axjyji - aijjia
z — y X — y X
Qaji = axiq]'i - ayini = Ay Zn €Ezn¢ enj(ji — Ay Zn €zn¢ enj(ji = QxiYji — AyiVjio
a _ ax ay _ X y x y
Qzji = idji + Qyiq;; = Axi Xy €zyg €njSGi + Ayi Ly €zng €njCii = Axj¥ii + ayjVii
~{ Y AV s
Y €zgp egjlly; =€axy exjlly; = er = exjdy = .
: N Ry iz
ITo dpopmyne (1.4) Ko; =Yg (w; I )t = (&;I7);. CnenosatensHo, z; - Ko; = (d;z; - I7); = I d;.
Takum oOpazom,
— z . j-1
Mj = Mg + (IF + Lipj)d; + X127 Lij[(ayyy; — ay; ]l)az (axjyji — ayxi)at] +
N y x5
+ 30541 Lisl(axy); — ayjyi) @ — (ayjyfi + ayjy7)af] + Gyj.
Hust i < j, ucnione3sys o603HaueHUE @;; = Zk=i +1 Qx> TOIY4IUM
— — — — Y _ — —
Xji = X; - Xj = cos(£x;, x;) = cos(a;;) = ¢ij, ¥i; = ¥i - ¥j = cos(a;j) = cyj,
Vi = Xy = cos(£x,¥;) = cos(a;; +90°) = —s;;,
Y _ — — —
Xj; = Yi -+ X; = cos(£y;, x;) = cos(a;; + 270°) = sy
AHaNOru4Ho Juist i > j, UCTONB3ys 0003HAYEHHE Qj; = Yk= j+1 k> NOITYIUM
Y _ — — —
Vi =¥j¥i =cos(Ly;,y;) = cos(a;) = ¢,
Vi = ¥j x; = cos(£y;, x;) = cos(aj; +270°) = sj;.
CrnenoBatensHO,
_ D .. j—1 . .2
M; = Mjyq + 176 + Xy Lijl(axjeij — ayjsip @ — (—axjsi; — ayjeij)ai] +
N .o -2
+izj+1 Lil(axjcji — ay;sji) @i — (axjSji + ay;i)ai] + Gy,
yTo AokasbiBaeT ¢popmyny (3.1). Ecium a; = e; ans Beex i, To popmyna (3.1) npunumaet Buzx (3.2), uro
TpeOOBAJIOCH JI0KA3aTh.
O4eBHIHO, YTO €CJIM IFIOCKOCTh JABMXKCHHUS TEJ TOPH30HTaNIbHA, TO B Gopmyiax (3.1), (3.2) nocra-

TOYHO NMOJOKUTh g = 0. B ciydae HaKIOHHOM MIOCKOCTH IABW)KEHHS JOCTATOYHO CUMTATh ¢, YMHO-
JKEHHBIM Ha sin(a), T1e a — yroji HaKJIoHA IUIOCKOCTH JIBIKEHHUS K TOPU3OHTY.

3.2. Auzynapuuliit MAHURYAAMOP 8 6EPMUKATIbHOU NIIOCKOCHU
Husaj =N =3Bciuyuae a; = e; = x; (i = 1,2,3) nmo popmyiie (3.2) Beinuiem
M; =YY%, Li3(ci3&i + SiSdiZ) + 15&3 + gbscos(as),
rae A3 = qq3 = q1 + q + q3. 111 j = 2 no dpopmyne (3.2) BeinuiieMm
My = M3 + Lyi5(C126y + 51207) + 15 Gy + Lpz(Ca3dis — 553d3) + ghycos(ay),
The 0y = G132 = q1 + q2. A1 j = 1 no dopmyne (3.2) BoimuieM
My = My + Y}, Lyg(cri@ty — sydf) + 17 &y + gbycos(qy).
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3akiouenne

Ha 3ape craHOBIeHUST pOOOTOTEXHUKH KaK HAyKH BBLICHUIIOCH, YTO MaTEMaTHYECKOE MOJEITHUPOBa-
HHE MAHUIYJSITOPOB U, B YACTHOCTH, BBIBOJ UX Y ][ ABJISIETCS CIOKHOW M TPOMO3JIKOW 3ajadeil, He ro-
BOpsl yXKE O peIlleHUH 3a]a4y JUHAMUKH, UICHTU(UKAIIMK TTapaMeTpoB Tejl, CHHTE3a MaHUIYJISITOPOB C
3aJaHHBIMU CBOWCTBaMHU M pelleHHH Apyrux 3amad. Kmaccuueckue meronsl BeiBoga Y/l (HwroToHa,
Jlarpamxa, Diinepa, 'aMuiIpTOHA U T. J.) CO3/IaBAIUCh U PA3BUBAIUCH HE JJIS1 UCCIICAOBAHMS MAaHUITYJISI-
TOPOB, IOTOMY HX TPYAHO MCIOIB30BaTh AJs ATUX Ieneil. Co3maioTca HOBbIe METO B BhIBOAA Y/, oc-
BOOOJKIAOLINE UCCIEeN0BAaTENEH OT YTOMUTEIbHON aHAIUTHYECKONH pabOThl, U UX KOMIIAKTHOTO Mpen-
CTaBJICHUS B CUMBOJIBHOM BHUJIE C IBHO BBIPQ)KEHHBIMH F'€OMETPUYECKUMY, KHHEMaTHUYECKHMHU, CTaTH4e-
CKMMH U WHEPLHMOHHBIMHU MapaMeTpaMH, MO3BOJISIONIUME Ha MHOXECTBE 3TUX IapaMeTpoB pelaTh, Ha-
MIpUMep, 3ala4ll CUHTE3a MAHUITYJIATOPOB € 3aJaHHBIMU CBOMCTBaMH.

B craTesx [3, 5, 6] oTpaxeHsl pe3yabTaThl UcciaenoBanuil o Teme «Pa3paboTka METOJOB BBINKCHI-
BaHUsI ONTHMAIBHOTO aHATUTHYECKOTO BU/Ia MATEeMaTHYECKON MOJIETH MPOMBIIICHHOTO po0O0Tay, MO/ -
neprxaHHbpIXx POOU u UensaouHckoi 001acThio. B 3THX cTaThsAX MpencTaBiIeHbl HOBbIC 00MIHe BUABI Y []
u GopManu3Mbl UX MCIOIB30BAHMS B MPOLECCE PYYHOTO BHIMHUCHIBAHUS Y | KOHKPETHBIX MaHUIYJISTO-
POB C BpalaTeIbHBIMU U ITOCTYNATEIbHBIMU COUICHEHUAMH. B HacTosAmIEeN cTaThe pacCMOTPEHBI MAaHU-
MyJIATOPBI C BpalllaTeNbHBIMU COWwIeHeHHAMHU. Kiacc Takux MaHMITYyJIATOPOB O4YeHb Benuk. [IpoBenen-
HBIH HaMH 0030p COBPEMEHHBIX NMPOMBIIIJICHHBIX POOOTOB HA OCHOBE MCTOYHUKOB [7—16] mokasai, 4To
BEAYyLIUE MPOU3BOIUTEIN POOOTOB BBITYCKAIOT MAaHUITYJISITOPBI M3 3TOTO KJlacca.

[Ipumeps! BeimuckiBanus Y /] pa3nuyHBIX MaHUITYISTOPOB C IIECTHIO CTETIEHSMH CBOOOJBI B MPO-
CTPaHCTBE U MX ONTHUMAaJIbHBIE (B CMBICIE MHUHMMyMa MaTeMaTHYECKHX OIepanrii) BUIbI MO3BOJSIOT
HaM OXMJaTh, YTO YUCIIO MOJIB30BATENICH MpearaeMbIx METo10B OyaeT pacTu. [10M0KUTEIbHBINA ONBIT
WCIIONIb30BAHUS ATUX METOJ0B B yUeOHOM Iporecce B TUCHUILTNHAX «OCHOBBI MEXaHUKH CHCTEM TEI»,
«DNEeKTPOMEXaHUYECKUE CUCTEMBI» U «MeXaTpOoHHKa» OMpPaBIbIBACT HAIIN OKUIAAHUS.
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Annomayus. B pabote npeanaraeTcs MaTeMaTHUECKasi MOJETh OLIEHKH IPUBIEKATEIbHOCTH aJIbTep-
HATHUB 0 KaYeCTBEHHOMY KPHUTEPHUIO, KOTOpas OCHOBaHA HA METOJIE OIEHKH JIATEHTHBIX MEPEMEHHBIX IO
Monenu Pama. JlaHHas Momenb NpenHa3HAYCHA U OICHUBAHWS IMPHUBICKATEIHHOCTH ANBTEPHATHB IPH
SKCIICPTHOM OILICHMBAHUU 110 METOJAY aHAIN3a UePapXHil, OCHOBAHHOMY Ha MApHOM CPaBHCHHUH albTEPHA-
tuB. [IpemmaraeMerii METOI TIO3BOJIHT MOIYYaTh OOBEKTHBHEIC OIICHKU allbTCPHATUB IO JIMHCHHOW MIKAe,
KOTOpBIC HE 3aBUCST OT COCTaBa OLICHMBAEMBIX anbTepHATHB. Llesb HceefoBaHus 3aKIIFOYaeTCs B OIIHCA-
HUHM HOBOTO MaTEMAaTHYECKOTO allapara, MO3BOJIAIONIETO OIYy4aTh OICHKH MPUBJICKATEIBHOCTEH albTep-
HATHB M OOJIQJAIOMIETO PSIOM MPEHMYIIECTB 110 CPABHECHHUIO C TPAIWIHOHHBIMA METOJAMH OICHHBAaHUSI.
IIpennaraemas MoJieinb OCHOBaHA Ha TEOPHH JIATEHTHBIX MIEPEMEHHBIX, & TOUHEee, Ha Mojenu Pama oneHkn
JATCHTHBIX MepeMEHHBIX. MaTepuaJibl 1 MeToAbl. B OCHOBe omMcaHHON B pabOTe MOJENTH OIEHKH allb-
TEPHATHB JISKUT METOJ MapHBIX cpaBHeHWH. OHAKO B OTIUYHE OT TPAAUIIMOHHOTO MAaTEMATHUECKOTO arl-
rapara MeToJia aHaIu3a uepapXxuid, METOMKa BBISIBICHHS TIPEANOUTEHHUS OJTHOM albTepPHATUBEI HAJl APYTOi
JUTSI KaXJI0M MX Mapbhl OCHOBaHA HAa BEPOSTHOCTHOM TOJXOJE, IIOATOMY OLIEHKH MPEANOYTCHUN MeHee a0CT-
pakTHHI U Ooiiee 0OBEKTHBHEL. B paboTe maHo MaTtemMaTtnieckoe 00OCHOBaHHE IpeAaracMoi MOJEITH, TIPO-
BEJICHO CpaBHCHHE PE3YNIbTATOB OICHUBAaHUS IO TpEAsaracMoi MOJCIH C Pe3yJIbTaTaMH, MOTyYCHHBIMH
TPaTUIMOHHBEIMA MeTOHaM. TakKe ONMHMCaHBl BBIYHCIUTEIBHBIC SKCICPUMEHTBI, KOTOPhIE 00OCHOBBIBAIOT
aJIeKBaTHOCTH TIOJTYYCHHBIX OILCHOK. Pe3yabTaThl. PaspaboTana mMaremaTndeckas MOJECIb, KOTOpAas sBIIS-
eTcs albTepHATHBOM MeToay aHamu3a uepapxuii (T. CaaTi) 1 OLEHKH MPHUBICKATEIHHOCTH allbTCPHATHB
M0 METOJy MapHBIX CpAaBHCHHU. B oTiHYmE OT TpaIWIIMOHHOTO METOJAa OICHHBAHUS, MOJENH MO3BOJISCT
MOJIy4aTh HE3aBUCHMBIE OIIEHKH aJIbTEPHATHUB 1O JTUHEHHOMN IKaie, a KpUTEPUH CPAaBHEHUS ajbTepHATHB
HOCSIT BEPOATHOCTHBIN XapaKTep, YTO MO3BOJISET MPOBOJAUTE OOBEKTUBHOE OIICHUBAHKUE. BhIUnCIUTEIHHBIE
AKCIIEPUMEHTHI TIOKa3aJIM aJIeKBATHOCTh M XOPOIIYIO YCTOWYHUBOCTD MOJYYCHHBIX OIIEHOK K U3MEHEHHUIO HC-
XOJIHBIX JaHHBIX. 3akJ/rouenue. [Ipeanaraemprii MeTo 00pabOTKH SKCIIEPTHON MHPOPMAITUH, TTOTYyISHHON
MIPY TIAPHBIX CPABHEHUSX albTEPHATHUB, MO3BOJIUT MOIYYaTh MAKCUMAIbHO OOBEKTUBHBIC MX OIEHKH U MO-
JKeT OBITh HCTOJB30BaH KaK MaTeMaTHYECKHWH ammapar Ui CHCTEM MOJJEPKKH MPUHATHS pPElIeHHH BO
MHOTHX c(pepax HAYIHOW U MPAKTHICCKON ACATEIEHOCTH.

Knroueevie cnoga: Meron aHamM3a UCpapXUid, albTEPHATHBEI, IPUHATHE PEIICHUN, YKCIEPTHOE Olle-
HUBaHHE, JJATCHTHBIC IIEPEeMEHHBIC, MO/IeNb Parra
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Abstract. The paper proposes a mathematical model for evaluating the attractiveness of alternatives by
a qualitative criterion, which is based on the method of evaluating latent variables according to the Rasch
model. This model is intended for assessing the attractiveness of alternatives in expert evaluation using
the hierarchy analysis method based on a paired comparison of alternatives. The proposed method will
make it possible to obtain objective estimates of alternatives on a linear scale, which do not depend on
the composition of the alternatives being evaluated. Aim. The purpose of the study is to describe a new
mathematical apparatus that allows one to obtain estimates of the attractiveness of alternatives and has
a number of advantages over traditional methods of evaluation. The proposed model is based on the theory
of latent variables, and more precisely, on the Rasch model for estimating latent variables. Materials and
methods. The basis of the model for evaluating alternatives described in the paper is the method of paired
comparisons. However, unlike the traditional mathematical apparatus of the hierarchy analysis method,
the method for identifying the preference of one alternative over another for each of their pairs is based on
a probabilistic approach, so preference estimates are less abstract and more objective. The paper gives
a mathematical substantiation of the proposed model, compares the results of estimation by the proposed
model with the results obtained by traditional methods. Computational experiments are also described that
substantiate the adequacy of the obtained estimates. Results. A mathematical model has been developed,
which is an alternative to the hierarchy analysis method (T. Saaty) for assessing the attractiveness of alter-
natives using the method of paired comparisons. Unlike the traditional evaluation method, the model al-
lows you to obtain independent estimates of alternatives on a linear scale, and the criteria for comparing
alternatives are probabilistic in nature, which allows for an objective assessment. Computational experi-
ments have shown the adequacy and good stability of the obtained estimates to changes in the initial data.
Conclusion. The proposed method for processing expert information obtained from paired comparisons of
alternatives will make it possible to obtain the most objective assessments of them and can be used as
a mathematical apparatus for decision support systems in many areas of scientific and practical activity.

Keywords: Analytic Hierarchy Process, alternatives, decision-making, expert evaluation, latent variables,
Rasch model
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Beenenne

B Teopun aHanmMTHYECKOTO IUNIAHUPOBAHUS, MPH AKCIEPTHOM OLEHWBAHUHM M HPUHITUU PELICHUN
4acTO HCIOJB3YIOTCSI METOJbI, KOTOPBIE OMUPAIOTCA Ha MaTeMaTH4eCKHe MOeN, OCHOBaHHBIE Ha Tap-
HOM CpaBHEHMH anbTepHaTUB. OLEHKH MPUBICKATEIBHOCTH albTEPHATUB OOBIYHO HAXOMASATCSI HA OCHOBE
MaTeMaTHYEeCKOro anmapara MeToa ananusa uepapxuid (Analytic Hierarchy Process) — AHP. Otot me-
TO/I OCHOBaH Ha HJee MapHBIX CPAaBHEHHM BCETO MHOXKECTBA ajlbTEPHATHB M MMEET HECKOJBKO pa3HO-
BuAHOCTEN. [lepBOoHauanbHON BEPCUEH SIBISETCS aAAUTUBHBIA METOl aHATUTUYECKOW UEpapXuH, pa3pa-
6otannbiii Tomacom Caatu (Thomas Saaty) [1, 2]. Hemuoro no3zaaee 6611 pa3paboTaH yCOBEPLICHCTBO-
BaHHBIM MaTeMaTUYECKHUH alnapar, KOTOPbIi Ha3BaJlu MyJIbTUIUIMKATUBHBIM MeTogoM AHP [3, 4].

Henu u 3axaum uccjie 0BAHUA

Lenbto nanHo# pa®oThI SBIISETCS ONMCAaHHE HOBOI'O MaTEMAaTHYECKOTO amlapara, MO3BOJISIOIIEIO
MOJy4aTh OLEHKU NPHUBICKATENFHOCTEH anbTEepHATHB U OONaJaolero psiioM MPEeUMYIIECTB [0 CPaB-
HEHUIO C TPaJAMLMOHHBIMH MeToJaMu oleHuBaHus. [Ipenimaraemas Momens OCHOBaHA Ha TEOPHUH Ja-
TEHTHBIX IEPEMEHHEBIX, a TouHee, Ha Mojienn Pama (G. Rasch) orieHKM TaTeHTHBIX TEpEeMEHHEIX [5, 6].
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YnpaBrneHue B TeXHUUYECKUX CUCTEMAX
Control in technical systems

TpaauoHHBIE METOBI OLICHUBAHMS, OCHOBAaHHBIE HA MTAPHOM CPAaBHEHUM aJbTEPHATHB, MPEATIO-
JararoT MCIOIb30BaHUE HEKOTOPOH BepOasbHON MIKAJIbl OTHOCUTENBHONW Ba>KHOCTH OAHOM albTepHATH-
BbI TIepe]] Apyroil. Pe3ynpTaTel cpaBHEHHS MPEACTABISAIOT cO00i HEKOTOPYIO MaTpHIly MapHBIX CpaBHe-
HUM, KOTOPAsi C MOMOILBIO ONPEEICHHOIO0 MAaTEMATHYECKOrO anmnapara NepeBOAUTCS B KOJIWYECTBEH-
HBIE MOKA3aTeIN NPUBIEKATENBHOCTH Ka)KJOW anbTepHaTHBBI. OJHAKO OLICHKH, MOJyYEHHBIE C IIOMO-
mpio AHP u myneTunnmukatusHoro AHP, xapakTepusyroTcs cienyromuMy HeTOCTaTKaMU.

1. Bep6aspHas nikana OTHOCUTEIFHONW BaKHOCTH JOCTATOYHO aOCTpaKTHA M TIOTOMY B 3HAUHUTENb-
HOH CTeneHU CyOBEKTHBHA, NMOJNyYEHHBIC TI0 HEH OLEHKH MPEACTABIAIOT JIMIIb CYOBEKTUBHBIC MHEHUS
JKCIIEPTOB U HE HECYT YETKOI'O CMBICIIA.

2. OUeHKY TPUBIIEKATENFHOCTH aJbTEPHATHB CHIIBHO 3aBUCST OT X MHOXKECTBA M COCTaBa, J100aB-
JieHre MO0 UCKIIIOYCHUE OAHOM MM HECKOJIBKUX albTEPHATHB CUIIBHO BIHUSET HA ITOJyYCHHbIC OLICHKH
Y MOXKET IIPUBECTU K PE3YJIBTATY, 3HAUUTEIBHO OTINYAIOIIEMYCS OT IIEPBOHAYAIIBHOTO.

3. OLeHKH NPUBIEKATETFHOCTH AIbTEPHATUB HE TMHEHHBI OTHOCUTEIHHO YaCTHBIX OIICHOK M3 MaT-
PULBI TAPHBIX CPABHEHUH, 110 KOTOPBIM OHU IIOJIYYEHBI.

[Ipennaraemas B paboTe MOAENb, Kak OyAeT MOKa3aHO JAajee, MO3BOIUT B KAKOKH-TO CTEIICHH HHBE-
JUPOBATh YKa3aHHBIC HENOCTaTKH, YTO IMO3BOJIUT TOJNydYaTh Oojiee OOBEKTHUBHBIC OLCHKH IPHUBIIECKA-
TEJIbHOCTH aJIbTEPHATHB.

Kpome Toro, B pabote OyayT npuBeAEHB! pe3yIbTaThl BHIUMCIUTEIbHBIX SKCIIEPUMEHTOB, KOTOPbIE
000CHYIOT a/IeKBaTHOCTb HOJTY4YEHHBIX OLIEHOK IO IpeagaraeMoi Moaesu.

ITocTaHoBKA 3a/1a4M OLIEHKHU AJTbTEPHATHB MPH MAPHBIX CPABHEHUSX

PaccmoTpum 1 anbTepHATUB, OLEHUBAIOIIMXCS O HEKOTOPOMY Kau€CTBEHHOMY KPUTEPHIO, KOTO-
peie 0003HaYNM Kak A, A, ..., A,. ICXOAHBIMU TaHHBIMH JIJISI METOJOB MAPHBIX CPABHEHUN CIYXKHUT
MAaTpHULa X;, B KOTOPOH NPUBEJIEHBI CTENICHN MTPEANIOYTEHUHI /i albTEPHATUBBI 4; 10 CPABHEHHMIO C allb-
TepHatuBoil 4;. B metonax AHP u myneTurumkatueaoro AHP [uis HaXoxJIeHUS 3JIEMEHTOB 3TOM Mat-
PUIIBI UCTIONB3YIOT BepOaIbHYIO MIKATy, HA OCHOBAHHH KOTOPOW OIpeNessieTCss KaX bl SJIeMEeHT MaT-
PHIIBI X;;, IPU YCIOBHH, YTO albTEPHATUBA A; IPEINOYTUTEIbHEE AJIbTEPHATUBBI A;: X; = h, ecinn Hao60-
port, 10 x; = 1/h, TO ecTb x; = 1/x;. CTenenu mpexnnoureHuit 4, cornacuo [1, 3], npuBeneHsl B Tabm. 1
(cTonOuer 1 u 2).

Tabnuua 1
Bep6anbHbie WKanbl cCTeneHn npeanovTeHumn
Table 1
Verbal preference scales
Cremnenu npeAnouTeHUS 3Hauenue s qig AHP BeposiTHOCTh p 1151 METOa,
1-i1 anpTepHATUBEI nIepen 2-i U MyJabTHIIHKaTHBHOrO AHP OCHOBAaHHOI0 Ha Mozenu Pama
1 2 3
OuHAKOBBIE NPEOYTEHUS 1 0,5
Cnaboe mpeBOCXOACTBO 3 0,6
YMepeHHoe TPEeBOCXO0CTBO 5 0,7
3HAUYUTETBbHOE NPEBOCXOJCTBO 7 0,8
Bonsioe npeBocxoacTBoO 9 0,9
OJHO3HAYHOE MPEANIOUYTEHHE — 1

HpI/IBe,Z[eM KpaTKO METOAMKY pacy€Ta OLCHOK MNPHUBJICKATCIbHOCTU AJIBTCPHATUB IO MYJIbTUILIIMNKA-
TUBHOMY AHP, TaK KakK gajicc 6yz[eT MMPOBOJAUTHCA CPABHCHUC OLCHOK 3TOr0 METOAa C OLICHKAMU, I1OJTY-
YCHHBIMHA 110 MOICIIN Pama. Ha ocHoBanuu MaTpullbl HapHBIX CpaBHGHHfI X;; CHa4daJla HaXoZsT co0cCT-
BCHHBIC BCKTOPBI JJIA KaXKAOU aJIbTCPHATUBBI W;, KOTOPLIC ABJIAIOTCA HCHOPMHPOBAHHBIMH OLCHKAMU

n
aJIbTEPHATHB. W; = n Hxij’i =1, 2, ..., n. Jlaee TMPOMU3BOAUTCA HOPMHPOBAaHHUE TaK, YTOOBI CymMMma
Jj=1

n

OLIEHOK PaBHANACH eauHuLe: W, = w; Zwk . [Homyuennsie 3nauenus W; u OyayT CIyXHUTb OLIEHKAMH
k=1

MIPUBJIEKATENBHOCTH aNbTEPHATHB, TIOJIYYSHHBIMH 110 MyNbTUIUITMKaTHBHOMY AHP.
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MartemaTH4ecKHii annmapaTt HoJiydeHHs1 OLeHOK 1o Mojean Pama

[lepeiinem Teneps HEMOCPEICTBEHHO K MAaTEMaTHYECKOMY ammapary HOJy4YeHHs OLEHOK IpUBJIEKa-
TenbHOCTH anbTepHaTHB 10 AHP, ocHoBanHOMY Ha Moenu Pamra.

[IepBoe oTnuuMe JTaHHOTO METOAA OT TPAAMLIMOHHBIX pacueToB o AHP 3akirogaercs B momydeHHH

MaTpHIIBI MAPHBIX CPAaBHEHUH, KOTOPYIO B MOAX0zae Mozaenu Pama Oyaem o603HauaTh depes xgm. Cre-
IIEHb MPEANIOYTECHUs OJHOM anbTEPHATUBBI HAJl IPYrod B Iape HOCUT BEPOSITHOCTHBIN xapaktep. s
€ro OLIEHHWBAHMSI UCIIOJIB3YETCSI HEKOTOPAsl BEPOATHOCTD p, KOTOPasi UMEET CMBICI TOT'0, YTO HEKOTOPHBIN
SKCHEPT, MPOBOSIINN OLIEHKY, BHIOEPET MEPBYIO aJbTEPHATUBY MO CPABHEHUIO CO BTOPOil. [pyrumm
CJIOBaMH, OLICHKA p XapaKTEpPHU3yeT HEKOTOPYIO MEpY CTENEHH NPEANOYTEHNs OAHOMN albTEpHATUBEI IIe-
pea apyrou 1o JNHEHHOH IKae.

Ha si3pIke Teopuy HEYETKUX MHOXKECTB BEJIUMUMHY p MOKHO MHTEPIIPETHPOBATH KaK (PYHKIIHIO TIPH-
HAJUIEKHOCTH IIEPBOM aJIbTEPHATHBBI K KATETOPHUH IPUBJIIEKATENIBHBIX B IPYIIIIE CO BTOPOU albTepHATU-
Boii. Takoe MOHATHE CTENECHU MPEANOYTCHUSI MEeHee a0CTPaKTHO W OoJiee MOHSATHO, YeM JUIS TPaJIHIIH-
oHHBIX MeToJI0B AHP, Tak kak xapakTepu3yercsl IpONopIMOHATLHOCTEIO BEIOOpa OJHOH abTepHATHBEI
nepes Apyrou.

Ecmu B 3kcniepTH3e yuacTBYET Ipymiia 3KCIIEPTOB, TO VI pacdeTa BEINYMHBI p MOKHO HCIONb30BaTh
JIOJTIO HKCIIEPTOB B IPYIIE, KOTOPHIE BEIOUPAIOT MEPBYIO ajbTepHaTUBY. Kpome Toro, AJ1sl OLIEHKH p TaKKe

MOXXHO HCTIONIb30BaTh BepOANTBHYIO KAy MPEIIOYTEHUH, OHa TIpUBE/cHA B Ta0. 1 (cTonOust 1 u 3).

Rm

Hony4yeHHas Ha OCHOBAHWHU [IapaMeTpa p MATPULA NAPHBIX CPaBHCHMIL x; OyzaeT obiaiath ciie-

o . Rm _ Rm Rm 1
AYIOIMUMU CBOMCTBAMMU: xl-j =1 —xﬁ s X > .

[anee o6ocHyeM mMaTeMaTH4eCKH METOAMKY pacdyeTa OLEHOK MPHBIIEKATEIbHOCTH AIbTEPHATUB Ha
OCHOBE TMXOTOMUYECKO# Mojenu Pamia [5, 6].

[IpenmonoxxuM, 4ToO 3KCIEPT MyTEM MapHBIX CPAaBHEHUH HA BEPOSTHOCTHOW OCHOBE IBITAETCS OII-
pEeAEnUTh MPEANIOYTEHNE OHOM adbTEpHATHBBI HAJl APYTOM.

Paccmotpum nBe anbrepHaTtusbl A; u A;. O003HauMM P;,, — BEPOATHOCTL BBIOOPA JKCIIEPTA AJIbTEP-
HaTUBBI A; TI0O CPAaBHEHUIO C HEKOTOPOM TpeTheil ambTepHATHBON A,. COOTBETCTBEHHO, BEPOATHOCTH
HEBBIOOpA abTEePHATUBBI A; IO CpaBHEHMIO C A, Oyzet paBHa (1 — P;,). s anbTepHaTUBBI 4, IO CpaBHE-
HHIO C A,, NIPUMEHSIOTCS aHAJOTHYHBIE pacCykJIeHus. Toraa oueHKa cTeneHu NpHuBiIeKaTeabHocT Uy,
alnbTepPHATHBBI A; (B €JMHUIAX OLECHKH aJIbTEPHATHBBI A;) ITyTeM CPaBHEHHS UX C HEKOM albTePHATUBOH A,
OyzeT, COrllacHO TeopeMe YMHOXEHHUsSI BEPOSTHOCTEH, MPOIMOPLIUOHAILHA BEPOSITHOCTH BhIOOpa A; TIO
CPaBHEHMIO C A,,, YMHO)KEHHON Ha BEPOSATHOCTH HEBBIOOpA A; 1m0 cpaBHEHUIO C A0 Uy ~ Py(1 — Ppy).
AHaNOrM4HO OIIEHKA NPHUBIIEKATENLHOCTH A; 110 cpaBHEHHIO ¢ A; OyneT Uy, ~ (1 — Pyy)Pjy.

OTHoLIEHNE ATHX NapaMETPOB MOKHO 3aIMCATh KaK

Ul'/j| . Bm(l_l)jm) (1)

Upi'" P(1=PB,)

Tak Kak HE HaKJIaJbIBAJIOCh HUKAKUX YCIOBHI Ha MPOMEKYTOUYHYIO aIbTEPHATHBY, C KOTOPOH Ipo-
BOJMJIOCH CPaBHEHHE A,,, TO OyIET CHpaBeIINBO PABEHCTBO

Ui/j| _Em(l_ij)_Ek(l_ij)_Ui/j| )
Uy " Pu(=Fy) Py(=F) Uy
B cBot0 ouepenp u3 BeIpaxkeHHUs (2) MOXKHO 3alKCcaTh CIEAYIOIIee

B, V[ B (1=Pul] B

=8, ) U=r ) P JU1-P,

Torna npu m = j noay4um

BOL(m Ym0 5

RS A

Tpebyetcst MONyYUTh TaKyl0 METOJIMKY pacyera, YToObl OIICHKU allbTEPHATHB B Mape HE 3aBECHIIH
OT APYTHX albTEePHATUB, TO €CTh OTHOIIEHHUE (3) ObUIO CIIPAaBEAIUBO IJIsl OLIEHOK JIFOOBIX MMap ajJbTepHa-
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TUB ¢ HOMepamMu m U k. C 1enpio0 o0ecTieueH s BRITIOTHEHHS 3TOTO TPEOOBaHUS B KAUECTBE HCXOIHBIX
TOYEK AJIA IPOBEACHUS CPABHUTEIBHOrO aHAIM3a BO3bMEM YPOBEHb OLICHOK HEKOTOPOU aJbTEPHATUBBI C
ungexkcoM 0. [Tomumo 3TOrOo HeoOXOaMMa eaUHAs ITKajla U3MEPECHHs OICHOK aIBTEPHATHUB IO MPOMU3-
BOJIBHOMY KPHUTEPHIO, TIPHU 3TOM 32 TOUKY OTCUETa B HEH YJOOHO MPHUHSATEH OIEHKY aJbTEPHATHBEI C WH-
nexcom 0. Takxe ydrem, 94To 3Ha4YeHHE mapameTpa P, a Takke Py Oynmet pasuo 0,5. [Ipumenus 310
(pu £ = 0), momyuum u3 (3) BeIpakeHHe

Pij - F;O I_Pjo PJ — F:'O I_Pjo =Ui/j 0- (4)
1=F; ] \1=Fo )\ Pro \1=-P; ) \1=F ) P Uy

P
ClieqyeT 3aMeTHTb, 4TO B BhIpakeHuH (4) Benuunna —%— = b, — 3T0 OlEHKA [IPUBIEKATENLHOCTH
—Lio

1-P; 1
0 .
albTePHATUBHI A;, a B /= = — _ BenuunHa, 0GpaTHAS TOI e OLEHKE AlbTEPHATHBBI A;. Ouenku npu-
J J

BJICKATEILHOCTH aJbTEPHATHB, ITOJyYCHHbIC TAKUM 00pa30M, HE 3aBHCSAT OT MHOXKECTBA OIICHUBAEMBIX
aNnbTepHATHUB. YUUTHIBAsI TAKXKe COOTHOIIEHHE BepoaTHocTel P, =1— P, , MOxHO a1 (4) 3anucaTh

ij Ji?
I-F  P; b

Takum 00pa3oM, OTHOIICHHE OICHOK IMPUBJIEKATEIBHOCTH AITEPHATHB PAaBHO OTHOLICHHUIO BEPO-
SATHOCTEH MPEIIoYecTs OJHY U3 HHUX JPYroi, TO €CTh OLEHKH MPOIOPIMOHAIBHEI BEPOSTHOCTSIM BBIOO-
pa COOTBETCTBYIOIIMX UM albTEPHATHB, YTO H MPEIIIONATAIOCH PaHee.

Haiinem BeposiTHOCTB Pj. IIpu 3TOM, 4T0OBI COOIII0AIOCH CBOMCTBO JIMHEHHOCTH OLIEHOK b;, y100-

P.
Hee UCITONb30BaTh uX gorapudmsl. [Iponorapupmupyem (5), nomyuum: In UP =In(b;) —In(b;).

P, P;
1} R R 1)
= —w j " YTO aHAJIOTUYHO /

) 1- P,

O6osnaas Inb, = WX, moxuo 3ammcate: In

W,Rm _ WRm

=e /, IpY 3TOM TlapaMeTp wl-Rm OyIeT UMEeTh CMBICI HCHOPMHUPOBAHHOMN OIICHH TPUBIIEKATEIhb-

HOCTH aJIbTEPHATUBHI 4;, TOly4eHHON 110 Monenu Parma.
Hcxons U3 5T0r0, MOXKHO BBIYUCIMTL BEPOATHOCTD P; NPEANOYTEHHS aIbTEPHATUBEI A; 110 CpaBHE-
HMIO C allbTEPHATUBOM A;:

e
By (6)
l+e” 7/
CrnenmyeTr OTMETUTH, YTO IMONyUYeHHOE BhIpaxkeHHe (6) mpeacTaBisieT coO0i JTOTUCTHYECKYIO (PYHK-
IIUI0 W aHAJIOTUYHO (POopMyIie pacueTa BEpOSTHOCTEH MPH OLEHKE JIATEHTHBIX MEPEMEHHBIX IO JUXOTO-
Muyeckor monenu Paia [5].

o R
HepCI/LI[eM TCIICPh K BOIIPOCY HAXOXACHHA OLCHOK IIPHUBJICKATCIBHOCTH aAJIbTCPHATHUB W; ", TYT
CJICOYET OTMCTUTDL, UTO 3JIEMCHTBI MaTPUIIbl IMTAPHBIX CpaBHeHI/II\/'I, IMOJIYYCHHELIC B BEPOATHOCTHOM IIOJI-

R
xone X

ij » AIMCIOT CMBICII TEX XKE BEPOSITHOCTEH (6), HO MOJIyYCHHBIX Ha OCHOBAHUU SKCIIEPTHOrO MHE-

R
HUA. CHGHOB&TCJ’ILHO, BCPOATHOCTD (6) AOJDKHA CTPEMUTBHCA K SMIIMPUYCCKUM BEPOATHOCTIAM Xl-jm.

JanHyio 3ajady MOXHO pELIUTh B MOJAX0A€ Monenu Pamia, 0OCHOBaHHOM Ha METOJI€ HaWMEHBIINX
KBaJIpaToB, KOTOPBIH omnucaH B padotax [7—10]. CoriacHo 3TOMy METOaY, apaMeTPhI wiRm mozenu (6)

BEIOMpAOTCA Tak, YTOOBI CyMMa KBaJpaTOB OTKIOHEHHWHA dMIMPUUYCCKUX JTAHHBIX xifm OT PACUETHBIX

BEpOsTHOCTEH (6) OblTa HaMMEHBITIEH. MaTeMaTHYECKH 3TO CBOJIUTCS K PEIICHUIO ONTHMU3AITMOHHON
3a7a4u:

62 Bulletin of the South Ural State University. Ser. Computer Technologies, Automatic Control, Radio Electronics.
2022. Vol. 22, no. 2. P. 58-66



Bapkanoe C.A., Kapnosuuy M.A., Memod aHanu3a uepapxuli: T00x00, 0CHO8aHHbIU
Mouceee C./. Ha meopuu JlameHMHbIX nepeMeHHbIX

n n
zlzl(xlfm _Pl'j)z :ZZ x;m —% — min . (7)
i=l j=

i=1 j=1 1+e" 7"

OnruMuzanuonHas 3agada (7) OymeT MOMOMHATHCS YCIOBHEM HEOTPUIIATEIHLHOCTH TOMYYEHHBIX
OIICHOK:

Wi >0, i=1,2, ..., n. (®)

ITocrne Toro Kak HaiICHBI OIICHKU MIPUBJICKATEIHFHOCTH aIbTCPHATHB wl.Rm , IX HEOOXOIMMO HOPMHU-
pOBaTh Tak, 9TOOBI UX CyMMa PaBHSIIACH EUHUIIE:

wrn = M i1 2, . )

>t
k=1

R
[Mony4ennsie mo Qopmyie (9) oueHkn W, MO3BOIAT ONPENETUTH CTENCHb HPUBICKATEIBHOCTH

AJIBTCPHATHUB HA OCHOBC MOJCIIN Pama OLCHUBAHUS JIATCHTHBIX IICPCMCHHBIX.

IIpoBepka ageKBAaTHOCTH NMOJYY€HHBIX OLEHOK

s mpoBepKH aAeKBaTHOCTH OLICHOK albTepHATHUB MO Mojaeiu Pama ObLIO pelIeHO CPaBHUTH STH
OLICHKH C OLIEHKaMH, [TOJYYCHHBIMH Ha OCHOBE XOPOILO 3apEKOMEHA0BABILETO ce0s1 U anpOOUPOBAHHO-
ro MyIbTHILTHKATHBHOTO AHP.

Jns atux meneit 6bUIM MPOBEIEHBI BHIYMCIUTEIbHBIE SKCIIEPUMEHTHI 110 METOJUKE, ONHMCAHHOW B
pabotax [11-14], koTOpBIe 3aKTIOYAINCh B TE€HEPALNH PA3IUYHBIX MAaTPHI] MAPHBIX CPaBHEHUH, Ha OC-

HOBAaHUM KOTOPBIX BBIYMCIIUINCH OLUECHKH W, W Wl-Rm , @ 3aTEM BBIYHCIIAIACH COITIACOBAHHOCTD OIICHOK

R
C MOMOUIBIO KOPPEIIINUOHHOI'O aHaIn3a. CBs13b MEXKAYy MaTpulaMu xl-j nu xl-jm OCYLIECTBIIAIACh B COOT-

BETCTBUU C TadII. 1.
IIpuBeeM pe3yapTaThl OJHOTO M3 TAKUX BBIUMCIUTEIBHBIX SKCIEpUMeHTOB. OH mpemoiarai oe-
HuBaHue 7 = 10 aNbTepHATHUB C MATPUIIAMHU MAPHBIX CPABHEHUH, KOTOPbIC PUBEACHBI B Ta0I. 2.

Tabnuua 2
ManVILIbI NapHbIX cpaBHeHvuﬁ AnA BbIMUCITUTESIbBHOIO 3KCNepumMmeHTa
Table 2
Pairwise comparison matrices for computational experiment
Marpuna x;; Marpuna xEm
ij g

A | Ay | Ay | Ay | As | A | A7 | As | Ao [Avo| A1 | Ao | A3 | As | As | As | A7 | As | A9 [ Ao
A | v (s 371511494111 7140503(0,2(0,6/0,8(0,7|0,5{0,9/0,5{0,8
A|S{Vv|7\vyry 719 (7|19 9|51]07(05(0,8(0,2|0,8[0,9]0,8|0,1(0,9]0,7

Ay | 7 (71| 3 s \y7(1/7| 7 |1/5|1/7)0,8(0,2{0,5(0,6]0,7{0,2]|0,2|0,8(0,3{0,2
Ag |13 7 |13 1 |U7|1/3(1/5,5 |3 |1/5]0,4/0,8/0,4/0,5]0,2{0,4{0,3]0,7/0,6/0,3
As |71 U7\ US| 7 |1 | 3 |U7T| 1 1/5(0,2(0,2/0,3/0,8]0,5/0,6{0,2]0,5/0,8/0,3
Ag |U/S{19) 7 |3 (131 (9|71]9]|1/7(03(0,1{0,8(0,6]|0,4[0,5/0,9|0,8(0,9{0,2
A, | v (7757|917 15|1/7(0,5(0,2{0,8(0,7]0,8(0,1]0,5{0,8(0,3{0,2
Ag |19, 9 |vy7|/5) v (y7(1/7p1191|7101(09(02({0,3]0,5{0,2{0,2/0,5/0,90,8

Ay | 1 |19 5 |13|\/7|(1/9) 5 19| 1] 91]05/01(0,7/0,4|0,2{0,1]0,7/0,1[0,5/(0,9
Ap | UT\VUS| 7 |5 5|7 |7 |V7(1/9]10,2{0,3]0,8/|0,7/0,7{0,8]0,8{0,2{0,1]0,5

Ha ocHoBanuu JaHHBIX W3 Tabi1. 2 OBUIH IMMOJIYy4YC€HbI OLICHKHU ITPUBJICKATCIIbHOCTH aJIbTCPHATUB I10
MYJIbTUIIIIMKATUBHOMY AHP u no METOAY, OCHOBAHHOMY Ha MOZJACIIN Pama. Pe?;y.]leaTBI OLICHHWBAHUA
MMPpCACTaBJICHBI HA PUCYHKC.
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Comparison of estimates for different models
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=<= Multiplicative AHP  ——@=—Rasch's model

Pe3ynbTaTbl OLeHMBaHUSA anbTepHaTUB No MynbTunnukatusHon AHP n moagenu Pawa
The results of evaluating alternatives by multiplicative AHP and Rasch model

Kak BUIHO U3 pUCYHKA, OLICHKU albTEPHATUB, MONIYYCHHBIC PA3HBIMU METOJAaMHU, JOCTATOYHO CO-
rJ1acoBaHbl, KOAGUIMEHT KOPPEIIALIUK I JaHHOTO npuMepa coctasut 0,977. PamkupoBaHue ajbTepHa-
THB Ha OCHOBAHHUH OLICHOK IO Pa3HbIM METOJaM Takxe coBmanaeT. OIHAaKO MEXAY OLUEHKAMU CYILECTBY-
10T M PA3JIUYUs, YTO CBA3aHO C PA3IMYHBIMA MaTeMaTHIECKUMHU MOJICIISIMUA 00pabOTKY HH(POPMAITUHL.

Bbrimo mpoBeneHo 0koo 50 aHaJOTUYHBIX BRIYUCIUTEIBHBIX KCIEPUMEHTOB /IS Pa3INYHOTO YHC-
Jla aJIbTEPHATUB, BCEra MOIYYaluCh aHAJIOTUYHBIC pe3yybTaThl. CpeHUH KOA(PQGUIIMEHT KOPPEISIIUU
okazaisica paBHbIM 0,972. Bce 3T0 MOATBEPKIAET aICKBAaTHOCTh OLICHOK MPUBJIEKATEIBLHOCTH aJIbTEpPHA-
B 10 AHP ¢ MaremMaTudeckuM armmapaToM, OCHOBAaHHBIM Ha Mojienu Paiia oleHKY JTaTEHTHBIX Iepe-
MEHHBIX.

3akinoueHue

[pennoxkena U MaTeMaTHYecKH OOOCHOBaHa MOJIENb OOPaOOTKM IKCIEPTHOW HWHPOPMALUU TPU
OILIEHKE MPUBJIEKATEIbHOCTH AIETEPHATUB IO METOly aHAIN3a UEPApPXUl, KOTOpas OCHOBaHA Ha MOJEIN
Pamra oneHok jaTeHTHBIX nepeMeHHBIX. OCHOBHBIE MPEUMYIIECTBA JAHHOW MOJEIH IO CPABHEHHIO C
TpaguioHHbEIMU MeTonamMu AHP ciemyromue [15]:

— IIOKA3aTesb IIPEBOCXOACTBA OJHOW aJbTEPHATHUBBI HAJ APYTrOM HOCUT BEPOSITHOCTHBIN XapakTep,
MO3TOMY OH MEHee aOCTPaKTHHINA U 0oJiee 00bEKTUBHBII;

— OIICHKH TPHUBJICKATEIFHOCTH AJIbTEPHATHB HAMHOTO MEHBIIIE 3aBHCAT OT Habopa OICHUBAEMBIX
albTepHATHB;

— MOJIyYCHHBIE OLICHKHU aJIbTEPHATHB U3MEPSIOTCS 110 TMHEHHOH IIKae.

[IpoBeneHHbIE BBIYMCIUTEIbHBIE SKCIEPUMEHTHI MOKa3ajdd aeKBaTHOCTh OLEHOK aJbTEpHATUB,
MOJTyYEHHBIX M0 Moneiu Para, M MpUroIHOCTh NMPEIOKEHHON METOIUKH OIEHUBAHUS aJIbTEPHATUB K
MIPAKTHYECKOMY PUMEHEHHIO.
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Annomayus. B nponecce )XU3HEHHOTO IUKJIA TEXHOJIOTHYECKHE OOBEKTHI MOTYT OBITh IIO/BEPKEHBI
Pa3IMYHBIM U3MEHCHMSIM, BOSHUKAIOIINM H3-32 OCOOCHHOCTEH TEXHOJOrHYecKuX mporeccos. K Takum n3-
MCHEHHSM MOXKHO OTHECTH, HalpuMep o0pa3oBaHHe HAKWIIM B arperarax. B pesynpraTe mMaremaTrHueckoe
onucanue 00beKTa, MOJTYYCHHOE Ha MPEABIIYIINX CTaIUIX KH3HEHHOTO LKA, MOKET HE COOTBETCTBOBATh
TEKYIIEMY COCTOSIHHIO 00bEKTa aBTOMaTn3auu. Takue CHCTEMbl Ha3bIBaloT podacTHEIMU. Ile1bio padoTsl
SIBIISIETCSI OTpesieieHre pyHKIMH IS aHaIu3a M OIMCAHMs 110JIOTPEBaTellsl BRICOKOTO JABJIECHHS CPENICTBA-
mu cucteMbl MATLAB ¢ npumenennem 6ubnuoteku Robust Toolbox. MaTtepuaJibl M MeTOAbI. MIcXOIHBI-
MU JaHHBIMH paOoThI ABISANACH MepefaTodHas (GYHKIHSA MOJOTpeBaTells M0 KaHay Pacxoja, MOIydeHHas
AKCIIEPUMEHTAIBHBIM 00pazoM. K 3ToMy 00BEKTY OBLT CHHTE3MPOBAH PETYJATOP M MPEICTABICHO OMHCa-
HUE CUCTEeMBI U mepexoanbiii mporecc B MATLAB. Crneayromum 3TanoM paGoThl ObUT CHHTE3 HEolpee-
JICHHBIX IIAPaMETPOB C MOMOIIBI0 QYHKINHU ureal. B pe3ynprare 00bEKT MOIYy4NI HE KOHKPETHBIC 3HAYEHHUS
IIapaMeTpoB, a MHTEPBAJ AJs KKAOTO U3 MapaMeTpoB 00beKTa. B pesynbrare ObuT mosrydeH oOBEKT ¢ He-
OTIpeieTICHHBIMH IIapaMeTpaMu U rpa)uKH ero NepexoaHbIX mpoueccoB. Ha criemyroniem stare ObUIH BBI-
JIeNieHbl HOMUHAJIbHBIE MTapaMeTphl 0OBEKTa W IMPOBEPKA YCTOWYMBOCTH CHCTeMBl. CHCTEMa ¢ HOMUHAJb-
HBIMH TTapaMETPaMH YCTOWYHBA, TIO3TOMY MOKHO BBITIOJIHUTD aHAJIM3 CHCTEMBI C HEONIPEIeJICHHBIMHY T1apa-
MeTpamu. [ 3TOTO BBINOJHEH pacdeT poOacTHOH ycToiumBocTH. PacueT poOacTHOW yCTOWYMBOCTH BHI-
monHeH cpeactBamu MATLAB ¢ npumenenneM QyHKimn robuststab. B pesynbrare paboThl GyHKIHSA TO-
3BOJISIET OMPEACTHUTH Psii 3HAUEHHUH JJIs OLIEHKHM CHCTEMBI M KOMOMHALIMIO €€ MapaMeTpoB, MPU KOTOPOil
paccMaTtpuBaeMasi CHCTeMa CTaHOBHTCS HeycToWunBoi. Ha ciemyromem sTame ucciefnoBaHus ObLIN OIpe-
JIeJIeHBl HauXyALINe apaMeTpsl CUCTEMbI U3 BEIOpaHHOTO Habopa, MOJTydYeHHBIE 3HAUYCHHSI OTIMYA0TCA OT
rapameTpoB poOACTHOW HEYCTOMYMBOCTH CUCTEMBI. B pesyibrare MoydeHsl nepeaTouHbie GYHKIMN CHC-
TEMBI ¢ HOMUHAJIBHBIMHU apaMeTpaMy, HAUXYIIIUMH ITapaMeTpaMu U HEYCTONYUBON CHCTEMBI, TOCTPOCHBI
nepenarounbie GyHKIuU. Pe3yabrarsl. C NOMOIIBIO HHCTPYMEHTA aHal3a POOACTHBIX CUCTEM BBITIOJHE-
HO HcCleoBaHne 00BEKTa, ONPE/ICIICHbI INaNa30Hbl IapaMeTPOB, IIPH KOTOPBIX CHCTEMa Oy/IET 0CTaBaThCs
YCTOWYUBO.

Knrouegvie cnosa: HeonpeeneHHas cucTeMa, podacTHOE yIpaBiieHHe, HEONpeeJICHHBIE TapaMeTpBl,
poOacTHBIE METOIbI, AHATIN3 YCTOHYNBOCTH, HOMHUHAJIbHBIE TIAPAMETPHI
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Abstract. Technological objects can be subject to various changes in the life cycle process, arising
from the peculiarities of technological processes. Such changes include, for example, the formation of scale
in the aggregates. As a result, the mathematical description of the object obtained at the previous stages of
the life cycle may not correspond to the current state of the automation object. Such systems are called ro-
bust. The aim of the work is to define functions for the analysis and description of a high-pressure heater
using the MATLAB system, using the Robust Toolbox library. Materials and methods. The initial data of
the work was the transfer function of the heater through the flow channel, obtained experimentally. A con-
troller was synthesized for this object and a description of the system and the transient process in MATLAB
were presented. The next stage of work was the synthesis of uncertain parameters using the ureal function.
As a result, the object received not specific parameter values, but an interval for each of the object's parame-
ters. As a result, an object with uncertain parameters and graphs of its transients was obtained. At the next
stage, the nominal parameters of the object were identified and the stability of the system was checked.
A system with nominal parameters is stable, so it is possible to perform an analysis of a system with uncer-
tain parameters. To do this, the calculation of robust stability was performed. Robust stability calculation
was performed by means of MATLAB, using the robuststab function. As a result of the work, the function
allows you to determine a number of values for estimating the system and a combination of system parame-
ters at which the system under consideration becomes unstable. At the next stage of the study, the worst pa-
rameters of the system from the selected set were determined; the obtained values differ from the parame-
ters of the robust instability of the system. As a result, the transfer functions of a system with nominal pa-
rameters, the worst parameters, and an unstable system are obtained, and the transfer functions are con-
structed. Results. With the help of the tool for analyzing robust systems, the study of the object was carried
out, the ranges of parameters were determined, under which the system will remain stable.

Keywords: uncertain system, robust control, uncertain parameters, robust methods, stability analysis,
nominal parameters

For citation: Bil'fel'd N.V., Varlamova S.A., Zakharov V.V. Creating and testing models of uncer-
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Beenenue

OdeHb 4acTO TEXHOJOTHYECKHE OOBEKTHI ITOIBEPIKEHBI Pa3IUYHBIM M3MEHEHHUSIM ((DIyKTyaIrusm).
B dactHOCTH, B Tpy0Oax TEII0O0OMEHHHUKOB MOXET IMOSBHUTHCS HAKWITh HW3-32 HEKAUYEeCTBEHHOW BOJEI.
Peaknum B ammaparax cHHTE3a MOTYT MPOUCXOAWTH C BEIICICHHEM HIIM TOTJIONMIEHHEM Teria U T. II.
Jpyrumu cinoBaMu, MaTeMaTHYECKOE OIMCcaHne 00BEKTa, IOTYYSHHOE B IIPOIIeCcCe ero WACHTU(DUKAIIH,
MOYET HE COOTBETCTBOBAThH TEKYIIEMY OIMMCAHHUIO OOBEKTa. YTIpaBlieHHE TAKUMH CUCTEMaMH Ha3bIBaCT-
Cs1 poOaCTHBIM yIIpaBiicHHeM [ 1—4], eciiu OHO CIIPaBIIACTCSA ¢ BOSHUKAIONUMHU B CUCTEME U3MCHCHUSMH.

B MATLAB umeercst 60mbIiIoii nepedeHb HHCTPYMEHTOB ((YHKIIUIT), peIHA3HAUYEHHBIX IS pa-
00THI ¢ pobacTHBIMU cucTeMaMi [5]. Bece onn HaxonsaTcst B Oubnmoteke (foolbox) Robust.

Llenp maHHO# CTaThM — PaCCMOTPETH OTAENbHBIC (PYHKIIMU M3 3TOr0 HaOOpa JUIsl aHAlIn3a | OIHCa-
HUsl poOacTHOW CHCTEMBI YIpaBIeHHs Ha ImpuMepe nojorpesarens Boicokoro fasieHus (I1BJ]). Takue
MOJTOTPEBATENN HCIIONB3YIOTCS Ha MAapOBBIX KOTIAX IS IMPEABAPUTEILHOTO MOJIOTPEBa BOJBI, MOCTY-
narorei B 6apaban xotia [6, 7].

DKcIepUMEHTAILHO TIoNMydeHHast (Oe3pa3MepHasi) nepenaTodnas QyHKIMS TOJOTpeBaTelis 1Mo Ka-
HaJIy pacxo/ rnapa — TeMIieparypa BOJbl UMEET BH
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1

505 +205+1
Hactpoiikn ontumanssoro IIH-perynaropa umerot 3Hauenue Kp =3, Ti = 2. Torga nepenatouHast
(GYHKLUS peryasTopa onuieTcs Kak [8]
6s+1
C(s)= .
() =—3
CoznaanM HEOIIpeIeIeHHYI0 CHCTEMY € HAalllUM 00bEeKTOM U peryisTtopom [9—11].

W (s)

1. Co31aHue HeompeaeJeHHOI CUCTEMbI

Omnumem B MATLAB Ham 00bekT 1 perymnarop. Jist 3Toro BEIOJHUM KOMAaH/BI:

W =tf([1],[50 20 1])

C =([6 1],[2 0]).

[MonyunM mepenaToynyio QpyHKIMIO 3aMKHYTOW CHUCTEMBI M MOCTPOMM MEPEXOTHBIN IMporecc 1o
BO3MYILEHUIO. [[J151 3TOTO BHIMOIHUM KOMaH/IbI:

WC = WAI+W*C),; step(WC),grid;

B pesynpraTe nosnydnm nepexoAHbli Mpouecc, NPpUBEACHHBIA Ha puc. 1.

-0.05
0 20 40 B a0

Puc. 1. MNepexoaHbIi Npouecc B 3aMKHYTOW cucteme
ANnA naeHTMUUNPOBaAHHOro o6 bLeKTa
Fig. 1. Transient process in a closed system
for an identified object

Tak Kak Hall 00BEKT MOKET MEHATH 3HAUEHHS CBOUX IIapaMeTPOB, CO3aUM HEOIPeaeIcHHBIE
napaMmeTpsl. HeonpeneneHHble mapaMeTpbl CO3AAIOTCS ¢ MOMOIIBI0 GyHKIMKU ureal. yHKIUA CO3-
naeT 20 cnyJaiHbIX 3HAYCHHUH B yKa3aHHOM uHTepBaje. [loagpoboHoe onucanue GyHKIUN TPUBEACHO
B [12-14].

JIJ1st 5TOro BEITIOIHUM KOMAHIbL:

k = ureal('k' 1, percent’ 20);

T1 = ureal(‘T1’,20, 'percent’,20),

T2 = ureal(‘T2’,50, 'percent’,40);

Tenepb mapamMeTphl HAIIEro OOBEKTA 33]JaHbl B UHTEPBAJIAX:

kor0.8 10 1.2

T1 ot 16 no 24

T2 ot 30 1o 70

Tenepb MOXHO CO37aTh OOBEKT ¢ HEOMPEACICHHBIMU MapaMeTpaMyd M MEPEAaTOYHYIO (YHKIHIO
3aMKHYTOM CUCTEMBI C HEOTIPEISICHHBIMU TTapamMeTpamMu. [1ocTpouM mepexoaHbie mporecchl. 1 3Toro
BBIIIOJIHAM KOMAH/IbI:

Wo=tf([k],[T2 T1 1]) Wz=Wo/(1+Wo*C).

figure; step(Wz),grid

B pe3ynbraTe moay4uM nepexoHbIe MPOIECChl, TPUBEICHHBIC Ha pHC. 2.
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0.25

100 120 140

Puc. 2. NepexopHblie npouecchbl B 3aMKHYTOM cucTeMe Ans o6beKTa
C HeonpeAeneHHbIMX NapamMmeTpammu
Fig. 2. Transient processes in a closed system for an object
with uncertain parameters

Heo6xonumo otmeTnts, uyto Ha rpaduke 8000 mepexoaHbIX NPOLECCOB, TAK KaK y HAC TPU Heomnpe-
JICJIEHHBIX MapameTpa, 1o 20 3Ha4YeHUH y KaXKIoro.

2. BelesieHHe CHCTEM ¢ HOMUHAJILHBIMHY MapaMeTpaMu

Uto0Obl BBLACTUTH (MOJIYYUTh) MEPEXOIHBIA MPOIECC CHUCTEMbl C HOMUHAIBHBIMHM IapaMeTpaMH,
BBIMIOJIHUM KOMaHy

Wnom = tf(Wz.nominal);

Ommuto nominal MOKHO HUCIIONIB30BATh TOJIBKO JJISI TIEPEMEHHBIX, OOBSIBICHHBIX C TOMOIIBIO HEOTI-
peneneHHbIX nmapaMeTpoB. [logpoOHoe ommcanue omniwu npuBeneHo B [15—17]. Ecau moctpouts mnepe-
XOJHBIN TIPOIIECC IS CUCTEMBI Whnom, TO TOIYyYUM MEPEXOTHBIA MPOIIECC, COBMAMAIONTHI C TIEPEeX0I-
HBIM TIPOIECCOM, IPUBEACHHBIM Ha puc. 1.

[IpoBepuM cucTeMy ¢ HOMHUHAIBHBIMU MapaMeTpPaMu Ha YCTOMYUBOCTH. [[J1s1 3TOr0 BBINOJIHUM
KOMaHIy

m = max(real(pole(Wnom))),

ITo cytn, KOMaHIa BEIYUCIISIET MAKCUMAIHFHOE 3HAUCHHUE OT BCEX JACHCTBUTEIBHBIX YaCTEH MOJFOCOB
HaIley CHCTEMEI.

B pesynbprate momyunm 3HaueHue —0.05. Tak kak AelCTBUTENbHAS YacTh MOJIOCA UMEET OTpUIa-
TETHLHOE 3HAYCHHE, CIICI0BATEIHHO, CUCTEMA YCTONIMBA.

3. AHAJIN3 cHUCTeMBbI ¢ Heollpe/ieJIeHHBIMH MapaMeTpaMu

J11s aHaM3a CUCTEMEBI C HEOTIPEIeICHHBIMH ITapaMeTpaMHy BBITIOJTHIM KOMaH/IbI:

[StabilityMargin, Udestab,Report] = robuststab(Wz);

disp(StabilityMargin), disp(Udestab), disp(Report);

Oyuxiys robuststab paccauteiBaeT podacTHyto ycToiunBocTs [13—15, 18]. HoMuHansHo ycToHH-
Basi HEOTpe/IeeHHasl CUCTeMa OOBIYHO HECTaOMIIbHA MPU OINPEJICIICHHBIX 3HAUYEHUSIX €€ HeolpeelicH-
HBIX 3JeMeHTOB. OnpeneneHne 3HaYeHUH HEONPEIeIeHHBIX JIEMEHTOB, Hanlosee ONMM3KUX K UX HOMH-
HAJIHBIM 3HAYEHHSM, AJIS1 KOTOPBIX BOSHUKACT HECTAOMIBHOCTD, SIBJISIETCS] PacueToOM pOOACTHOH yCTOM-
YUBOCTH.

Ecnu HeompeneneHHasi cucreMa yCTOHYMBA JIJISl BCEX 3HAYCHUN HEONPE/IETICHHBIX JIEMCHTOB B
npeenax ux JOMyCTUMBIX JAMANla30HOB, HEONPEICICHHAs CUCTEMA SIBISETCS POOACTHO YCTOWYHBOM.
U HaobopoT, ecau cyuiecTByeT KOMOMHAIMS 3HAYEHUH 3JIEMEHTOB, BBI3bIBAIOIINX HECTAOMIBLHOCTD, U
BCE OHHM JIEXKAT B JIOMTyCTHMBIX IIpe/eliaX, TOTJa HeonpeaeleHHas CUCTeMa He SBISeTCs HaJeKHO YC-
TOWYUBOA.
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Oto ouens MomHas GyHKuus. s ee BoimonHeHus TpedyeTcs onpenenennoe Bpems. [locne ee 3a-
BEPILICHHUS BBIBEAETCS CIeIyoLIas HHPOpPMaIUsL:

LowerBound: 1.989579704281458e+00

UpperBound: 2.041062710585281e+00

DestabilizingFrequency: 2.347676495189469¢-01
T1:1.183574915765887e+01

72: 8.915809634940935¢+01

k: 1.304674732920217¢+00

Uncertain system is robustly stable to modeled uncertainty.

1t can tolerate up to 199% of the modeled uncertainty.

A destabilizing combination of 204% of the modeled uncertainty was found.
This combination causes an instability at 0.235 rad/seconds.

Sensitivity with respect to the uncertain elements are:

'T1'"is 1%. Increasing 'T1' by 25% leads to a 0% decrease in the margin.
"T2"is 3%. Increasing 'T2' by 25% leads to a 1% decrease in the margin.
'k'is 4%. Increasing 'k' by 25% leads to a 1% decrease in the margin.

B napamerpe StabilityMargin Bo3BpaliaioTcs ciaelyrone 3HaueHus:

3nauenue StabilityMargin — ckanspHOE MOJOXKHUTENbHOE 3HaUCHNUE HIKHEH OLICHKU T'PaHMIIBI 3ara-
ca ycroituuBoctd. Ecnu 310 3HaueHue Oounplie 1, To HeompeaeaeHHas CHCTeMa rapaHTUPOBAHHO YCTOM-
YHBa JUIS BCEX 3HAYEHUI MOJETNPYEMON HEOIpeIeIeHHOCTH.

3nauenue UpperBound — ckansipHOE NONOXKUTENbHOE 3HAYCHNUE BEPXHEH OLIGHKU TPaHULIbl 3amaca
ycroitunBocTH. Eciam 3T0 3HaYeHne MEHbIIE €IMHUIBI, TO HEONpeAeICHHasl CUCTeMa HEeYyCTOWYMBA IS
BCEX 3HAYCHUH MOJETUPYEMOM HEONPEAEeICHHOCTH.

Ecnn HoMuHabHOE 3HaUSHHE HEOTIPEICIIEHHON CHUCTEMbI HECTAOMIIBHO, TO 3HAUYEHHE 00CHX TPaHUI]
OyZeT paBHO HYJIIO.

3uauenue DestabilizingFrequency — KpuTH4YecKOe 3HaUYE€HUE YaCTOTHI, IPU KOTOPOM BO3HHKAET
HECTaOUIBHOCTD, C HEONPEACICHHBIMHU MapaMeTpaMy, HanOosee OJIM3KUMHU K UX HOMHUHAJIBHBIM 3Ha-
YEHHSIM.

B napametpe Udestab BbIBOASATCS 3HAUEHUS [TapaMETPOB, MIPH KOTOPHIX CHUCTEMa CTAHOBUTCS HEYyC-
ToitunBOil. B Hamem ciydae 3to Oyzaer npu

k=13;T1=11.8; 72 =89.1.

B mpunImune, 3To mapaMerpsl, IpU KOTOPBIX CHCTeMa OyJeT HaXOMUThCS Ha TPaHHIE YCTOHYH-
BOCTH.

B napamerpe Report BEIBOAUTCS OTYET.

B Hamewm ciaydae ero MOXHO HHTEPIPETHPOBATH CICAYIOLIMM 00pa3oM:

Heomnpenenennas cuctemMa HaaASKHO yCTOWYHMBA K CMOJCIMPOBAHHON HEONIPEACICHHOCTH.

Cucrema octaHeTcsl yCTOMYMBOM Ipy U3MEHEHHHU mapameTpoB Ha 199 % oT cMonennpoBaHHOIl He-
OTIpe/IeTICHHOCTH. B HalieM citydae 3To mpakTU4ecKH B 2 pasa.

OOHapyxeHa JecTaOIIN3Npyolas KOMOMHAIMS TapaMeTpoB (CUCTeMa MOXKET CTaTh HEYCTONYH-
BOI) IIpH W3MeHEeHnH napameTpoB Ha 204 % oT cMOIEIMPOBAaHHOW HEONpPEeAEICHHOCTH. JTa KoMOMHa-
LIUS1 BBI3BIBAET HECTAOMIBLHOCTD Ha ypoBHe (dactore) 0.235 pan/c.

Hanee uner nadopmanus o KaxoM napamerpe. Hanpumep:

[Tapametp 72 coctaBusier 3 %. YBenuuenue 72 Ha 25 % NPUBOIUT K CHUKEHUIO YCTOMUUBOCTH
Ha 1 %.

[onyunm nepenaToyHyto QYHKIHIO 3aMKHYTOI CUCTEMBI 111 TApaMEeTPOB, MOTYYECHHBIX (QyHKIMEH
robuststab. J]is1 5T0T0 BBITIOTHUM:

Wol=tf([1.3],/89.1 11.8 1]); Wwel=Wol/(1+Wol*C);

4. OnpenesneHue HANXYALIUX TapaMeTPOB
,Z[J'I}I IMMOJIYYCHUA HAUXYAUIUX 3HAaUYEeHUH U3 3aI[aHHOﬁ HEOMPECACIICHHOCTH BBIITOJIHUM KOMaHOy

[Weh,Weu] = wegain(Wz), disp(Weg), disp(Weu);
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@OyHKIUS BBIBOAUT aMIUITUTYJHO-YACTOTHBIE XAPAKTEPUCTUKU IS IEPEXOJHOr0 MpoIecca o BO3-
MYIICHUIO IJId HAUXYAIINX 3HAUYEHUH napamMeTpoB M3 JUaria3oHa HEOIMPEACICHHBIX 3HaUCHHUI U 3Ha4e-
HHE€ PE30HAHCHOM YacTOTBHI.

B mapamerpe Wcg Bo3BpamaeTcsi MaKCUMalbHOE M MHUHUMANbHOE 3HAYCHUE aAMIUIUTYIHO-
YaCTOTHOM XapaKTepucTuku. Kak npaBuiio, OHU paBHBL.

B mapameTpe Wcu BO3BpamalOTCs HauXyAlIME 3HAYEHUA U3 JMana3oHa HEOIlpeAeJICHHBbIX 3Ha-
YeHUH.

B pesynbTaTe noxyuum:

LowerBound: 0.8503;
UpperBound: 0.8503;
CriticalFrequency: 0.2348;
T1:16; 72: 70; k: 1.2000

3aMeTHM, YTO HauXy[IIME MapaMeTphl, MONydeHHbIe QYyHKUUEH robuststab u byHkuuen wegain,
OTJIMYAIOTCA.

B mnepBoMm ciyyae 310 mapamerpsl Ui HecTaOMIIBHOW CHCTEMBI, 2 BO BTOPOM — 3TO HapaMeTphl
HauXyALIEeH cHCTEMBI U3 33JaHHOTO TUana30Ha HEOIIPEIEIEHHBIX TapaMETPOB.

Ecnu B makere MISU (MHOroKpuTepHaabHOE UCCIEIOBaHUE CHCTEM YIpaBieHus) noctpouts AUX
JUTS 3AMKHYTOH CHCTEMBI, /Uil 00bEeKTa ¢ MOJMy4YeHHBIMH mapamerpamu (k, T1, 72), nonydnm rpaduxk,
MIpUBEJICHHBIN Ha pHC. 3.

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

0 0.2 0.4 0.6 0.3 1

Puc. 3. N'pacmk AYX cuctembl ¢ HaMXygWwMMM napaMmeTpamm
Fig. 3. Graph of the frequency response of the system
with the worst parameters

Urto0sl chopMHupOBaTh MEPEAATOUHYIO (DYHKITUIO 3aMKHYTON CUCTEMBI ¢ HAMXY/IIMMHA TTapamMeTpa-
MH, BOCIIOJIb3yeMCsl pyHKIUEH usubs.
J71s1 5TOr0 BBIMOJIHUM

Wwe = usubs(Wz,Uwc);

Htak, MBI IMeeT MepeaaTouHyo GpyHKIMI0 Wnom ¢ HOMUHATBHBIME MapaMeTpaMu, MepeIaTOUHYIO
GbyHKIHIO Wwe ¢ HauXyOIIAMH MapaMeTpaMy M3 3aJaHHOTO JTHAla30Ha W MepedaTOuHyro (YHKIIHIO
Wwcl HeyCTOMINBON CUCTEMBI.

ITocTporM nepexoTHbIE MPOIECChl BCEX CHCTEM:

step(Wnom, Wwe, Wwel,200),grid

B pesynbrare nonyunm rpaduku, NpuBeJcHHBIC HA pUC. 4.
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Puc. 4. NepexopHbie npoueccbl cuctem Wnom (1), Wwe (2), Wwe1 (3)
Fig. 4. Transient processes of systems Wnom (1), Wwc (2), Wwc1 (3)

BriBoabI

Urak, ¢ moMomsio GyHKIUK aHaIM3a POOACTHBIX CHCTEM MBI MCCIIEAOBAIH HAlll 0OBEKT U OIpelie-
JIWJIA TUAIa30H 3HAYCHHUH ITapaMeTpPoB, B KOTOPOM HaIlla CUCTEMa C UCTIOIB3YEMBIM PETYISITOPOM OyIeT
yCTOHYMBOM. B 3akitoueHue TOKakeM, 4TO C JIIOOBIMU APYTUMU HapaMeTpaMu U3 3aJJaHHOTO Jrara3oHa
MEPEXOIHBINA MpoliecC OyAeT Jydile, YeM ¢ MapaMeTpaMH, MOJYyYCHHBIMH JJI HauXyIIero BaphaHTa.
Jis aToro Bocmonb3yeMcst GyHKIMeH usample. OyHKINMS TeHEPUPYET YKa3aHHOE 3HAYCHUE CITyYaiHbIX
MepenaTouHbIX QYHKIUH ¢ apaMeTpaMu U3 yKa3aHHOTO JHara3oHa.

JIJ1s1 TOTO BBITIOJIHUM

Wrand=usample(Wz, 4), figure, step(Wrand,’b’,Wwc, 'r’); grid on

IepBbIM apryMmeHTOM (YHKIHU SBISETCSA OMHCAHUE CHCTEMBI ¢ HEONPEACICHHBIME MapaMeTpaMH,
BTOPBIM apTyMEHTOM — KOJMYECTBO TCHEPUPYEMBIX 3HAUCHHIH.

B pesynbraTe moay4InM IePeXoHEBIE TPOIECCHI, TIPHBEACHHBIE Ha PHC. 5.
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Puc. 5. Cny4yaiiHble nepexogHble NpoLecchl U NepexoaHbIv npouecc
C HauxyALWwuMu napaMmeTpamMmu
Fig. 5. Random transients and a transient with the worst parameters

U3 puc. 5 BuaHO, 4TO AMHAMHUYECKas OLIMOKA y BCEX MEPEXOIHBIX MPOLECCOB MEHbBILE, YeM Y I1e-
PEXOJIHOT0 MpolLecca ¢ HAaUXy/JIIUMH [TapaMeTpaMH.
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Annomayun. OCHOBHBIM (haKTOPOM HOBBIICHHS 3P PEKTUBHOCTH Tpoliecca pyHKIMOHUPOBAHUS CHC-
TEeM aBTOMAaTHYECKOTO YNPAaBJICHUS TEXHUUYECKHUMHU OOBEKTaMU U IPOLECCAaMH B Pa3IMUHBIX 00IACTSIX MPO-
MBIIIIEHHOCTH SIBJISIETCSI ONITUMANIbHAs HACTPOIKa MapaMeTPOB MOJAIBHOTO PETYJIATOPOB TaK, YTOOBI, Ha-
npuMep, 00ecreunTh MPOTeKaHWe MEePEXOTHBIX MPOIECCOB 33 MHUHUMAJIBHOE BpeMsS MM JOCTHYh MUHU-
MaJIbHOTO 3HAYEHHUS MHTErPAJIbHON OLIEHKH KadecTBa YNpaBJICHUS. PemieHne onTUMH3AIMOHHON 3amaqn
BBITIOJIHSETCS JJIsl TIO/IBIHTETPANbHON (YHKIIMK TaKOTO BHIA, YTOOBI MHTErpalibHasi OlICHKA JIyd4Ille BhIpa-
JKajla KayecTBO ympasieHus. IIpu 3ToM moka3aTenn KadecTBa YIPABICHUS 3aBUCAT OT HACTPOEUHBIX Mapa-
METPOB PErysaTOpa JOCTATOYHO CIOKHBIMH COOTHOIICHHSIMH, YTO 3HAYUTEIBHO YCIIOXKHSCT MpPOIEnypy
AQHATMTHYECKOTO CHHTE3a. AJTOPUTMBI YHCICHHOM ONTHMHU3AIMHU PA3IMYAIOTCS MEXAY CO00H crocobom
M3MEHEHHMS I10/ICTPauBaEMBIX I1apaMeTpOB, MPH 3TOM HanbOosee 3(Pp(HEeKTUBHBIMU CUUTAIOTCS TE, KOTOPHIC
JOCTUraloT pe3ysbTaTa IMPU MEHBIIUX 3aTpaTax BBIYMCIUTENBHOro BpeMeHH. llesb mccaenopanus — mno-
Jy4eHHE ONTUMAIIbHBIX 3HAUYEHU MapaMeTpOB MOJAIBHOIO PEryJsATOpa C HHTErPAIbHONW COCTaBISIOMEN 1
OTrPAHUYEHUSAMH Il HENPEPBIBHBIX JIMHEWHBIX CTAL[HOHAPHBIX CUCTEM HAa OCHOBE CTOXaCTUYECKOTO METa-
SBPUCTUYECKOr0 METOoAa pos yactul. Marepuanasl u MeToAbl. Mcrnone3yeTcsa coBpeMeHHasi TEOpHsl aBTO-
MaTHYECKOTO YIPaBICHUS, POCBOI HHTEIUIEKT B PEIICHUH 33Ja4l ONTHMU3AIMH ITapaMEeTPOB MOJAIBHOTO
peryasaTopa u yrnpaBlIeHHH TEXHUYECKUMHU cucTeMaMiu. Pe3yabTaThl. [IpencTaBieH nporece napameTpuye-
CKOM ONTHUMH3AIMK MOJAIBHOTO PEryyIsiTopa ¢ OrpaHHYCHHSIMH Ha OCHOBE METOJa POs YacTHIl AJS OJHO-
MEpHOTo 00BeKTa ynpaBieHus. [IpuBeeHsI pe3yabTaThl MOJCIUPOBAHMUS C IIOMOIIBIO METO/Ia IPSMOTO Tie-
pebopa mapamMeTpoB peryasTopa H METOJIa POsl YaCTHIl, UX CpaBHEHHE. 3aK/ao4YeHHe. Pe3ynbTaTel YuCIeH-
HBIX HCCJIEIOBAHUH MO3BOJIAIOT TOBOPUTH O TOM, YTO pa3pabOTaHHBIM aJTOPUTM pEIICHUS HmapamMeTpHye-
CKOH ONTHMH3AIMH MOJAIBFHOTO PEryJsTopa ¢ OrpaHMYCHUSIMHA Ha OCHOBE METOJA pOs YacTHIl 00JiafaeT
BBICOKOM TOYHOCTHIO U OOJBIINM OBICTPOICHCTBHEM.

Knrwuegwie cnosa: nmapamerpuueckas ONTUMH3ALMSA, MOJANBHBIA PErylsTOp, MOKa3aTeNnu KadecTBa
yIpaBJIE€HUs, OTPAHUYEHUS, METOJ POsI YACTUL]

Jna yumupoeanua: Yepuoiues H.H., Huxeneu T.B. Ilapamerpuueckass onTUMHU3aUsl MOAAIBHOTO
peryisitopa ¢ orpaHAYCHUSIMA Ha OCHOBE MeTona post yactull // Bectauk FOYpI'Y. Cepust «KoMmbroTepHBIC
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Abstract. The key to increasing the efficient functioning of automatic control systems for technical fa-
cilities and processes in various areas of industry is the optimal setting of the state feedback controller pa-
rameters, for instance, so as to minimize the duration of transient processes or achieve the minimum value
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C O2paHuUYeHUsIMU Ha ocHoge mMemod0da posi Yacmuy,

of the integral control quality assessment. The optimization problem is solved for an integrand of a kind that
ensures that the integral assessment better expresses the quality of control. At the same time, the control
quality indicators are in a rather complex relation to the set parameters of the controller, which greatly
complicates the analytical synthesis procedure. Numerical optimization algorithms differ in the way the ad-
justable parameters are changed, the most effective being those that achieve the result in a shorter computa-
tional time. Aim. The goal is to obtain the optimal parameter values for a state feedback controller with
an integral component and limitations for continuous linear stationary systems based on the stochastic
metaheuristic particle swarm method. Materials and methods. The modern theory of automatic control,
swarm intelligence are used to solve the problem of optimizing the parameters of the state feedback control-
ler and controlling technical systems. Results. The process of parametric optimization of a constrained state
feedback controller using the particle swarm method for a one-dimensional controlled object is described.
The results of simulation using the method of direct enumeration of the controller parameters and the parti-
cle swarm method are described and compared. Conclusion. The results of numerical studies allow us to
conclude that the developed algorithm for particle swarm parametric optimization of a constrained state
feedback controller is highly accurate and fast.

Keywords: parametric optimization, state feedback controller, transient response specifications, con-
straints, particle swarm optimization algorithm

For citation: Chernyshev N.N., Nizhenets T.V. Particle swarm parametric optimization of a con-
strained state feedback controller. Bulletin of the South Ural State University. Ser. Computer Technologies,
Automatic Control, Radio Electronics. 2022;22(2):76-86. (In Russ.) DOI: 10.14529/ctcr220207

BBenenue

B o0miemM cMbiciie 3aja4a HACTPOMKH PEryysaropa, 00ECIICYMBAIOIICIO ONTUMAILHOE MPOTCKAHHE
TIEPEXO0JTHOTO TIPOIIECcCa B CHCTEME, CBOJIUTCS K 3aaaue Tio0anpHOl ontuMu3anuu. OCOOEHHOCTSIMU Ta-
KOH 3a/1a4¥l 9acTO SBISIOTCS HEIMHEHHOCTh, MYJIIbTUMO/IATBHOCTD, BBIYUCIUTENHHAS CI0XKHOCTh, 00Ih-
1ast pa3MepHOCTh MPOCTPAHCTBA, B KOTOPOM OCYIIIECTBIICTCS IMMOUCK, YTO SBJISETCS MPUYUHON OTCYTCT-
BHS YHUBEPCAIbHBIX aJTOPUTMOB pEIIeHHUs ONTHMM3AUMOHHBIX 3a1a4 [1, 2]. Ilapamerpudeckast onTu-
MH3aLUsS YUCICHHBIMUA METOJAMU MO3BOJISIET YIPOCTUTH MPOLIECC HAXOXKICHUS ONTUMAJIbHBIX MapaMeT-
pOB perynaTopoB [3—9], HO He Bceria JOCTUTACTCSI:

1) 6picTpoIEelicTBHE AITOpUTMa HACTPONKU PETYIATOPOB I PA3IMYHOTO Kiacca 0OBEKTOB yIIpaB-
JICHUS, YTO OCOOCHHO BaXKHO TSI OOPTOBBIX CHUCTEM YIIPABJICHUS, IOCTPOSHHBIX HA MAJIOMOIIHBIX BHI-
YUCIUTENbHBIX CPEACTBAX;

2) onTUMaIBHOE MMPOTEKAHUE TIEPEXOTHBIX MPOIECCOB B 3aMKHYTOM CUCTEME I10 TMIPUYUHE TOTO, YTO
HE YUYUTHIBAIKCH PA3IMYHOTO POJia HEJNWHEHHbIE 3aBUCUMOCTH. B yacTHOCTH, Tipn yuete 3ddekra Ha-
CBIILICHUS UCTIOJHUTENIBHOIO MEXAHU3Ma KJIACCHUYECKHE METOJbl HACTPOMKHU HE TapaHTHPYIOT MOIyYe-
HUE TIePEXOAHBIX MPOIIECCOB C 3aJaHHBIMHU TTOKA3aTEIISIMH KaueCcTBa.

B 1980-x rT. mosiBUnIACh rpyIa CTOXaCTUYECKUX IMOMCKOBBIX METOJOB ONITHMHU3AITUH, KOTOPHIE Ha-
3BIBAIOT MHTEIUIEKTYaJIbHBIMU, METABPUCTUIECKUMU, POCBBIMU U T. 1. POeBble METONBI B CPaBHEHUU C
KJIACCHYECKUMH METOJaMH ONTHMH3AIMN UMEIOT MPEUMYIIECTBA PU PEIICHUU 3a7ad C MePEUHCIICH-
HBIMH OCOOEHHOCTSIMH, TPH 3TOM OHHM MOT'YT 00€CIEUUTh HAX0XKICHUE TJI00aIbHOTO 3KCTPEMyMa Iiejie-
BOH (PYHKIIMU C TIPUEMIIEMON TOYHOCTBIO JIJISl PEIIeHHsT OOJBIIMHCTBA MPAKTUYECKUX 3a]1a4d yIPaBICHUS
B TexHuueckux cucremax [1, 10, 11]. Iloaromy s pelieHuss ONTUMU3ALMOHHON 3a/1a4d MIPU CUHTE3E
MOJAJIBHOTO PETYNIATOpa MpeaiaraeTcsl MPUMEHEHHE CTOXAaCTHYECKOr0 METa’dBPUCTHUECCKOTO METOAA
ONITUMHM3ALIMH POsi YacTHIl (particle swarm optimization).

IIpu ucnonb30BaHUM METOAA POSI YACTHILl BO3HUKAET 3aJaya €ro HACTPOMKH Ui PELIECHUS KOHKPET-
HOW ONTUMH3AIIMOHHOM 3a/1a4H JUIs CUCTEMBI YIIPaBJICHHs, BbIOOpa 3HAUCHUH KOAPPHUIIMEHTOR IS TIOTY-
YEHUSI TOUHOTO PEILICHHUS, KaK MTOKa3aHO B UCCIEJOBaHUAX TaKUX aBTOpoB, kKak I11.B. Marpenun, H.B. Poc-
toB, A.P. Engelbrecht, M. Dorigo, R.C. Eberhart, J. Kennedy, S. Ozana, Y.H. Shi, H. Lu, W. Chen u
npyrux [1-15].

1. IlocTaHoBKa 3a1a4n

PaccMoTpuM 3aMKHYTYIO CHCTEMY C MOJAJIBHBIM PETYIATOPOM U OOPATHOM CBSI3BIO IO peryaupye-
Mol mepemenHo# (puc. 1). [ mpuaaHus acTaTUYECKHX CBOWCTB 3aMKHYTOW CHCTEME B CTPYKTYPY
BBeJIeHA MHTErpaibHas COCTABIISIONIAs MOJJATBHOTO PETyIATOpA.
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Puc. 1. CTpyKkTypHas cxemMa 3aMKHYTOW CUCTeMbI C MOAanbHbIM PeryniTopom
Fig. 1. Structural diagram of a closed system with a state feedback controller

B cootBercTBUM € prc. 1 MOKHO 3anMcaTh CIEAYIOLNE YPaBHEHUS:

X' (t) = Ax(t) + Bu(),

{y(t) = CX(0) + Du(?),
rae A — MaTpula AMHAMHUKH pa3MEpHOCTH (nxn); B — MaTpuua ympaBieHHs pazMepHOCTH (nx1);
C — marpuna Beixoaa pazmepHocTH (1xn); D — maTpuna o6xona pasmeproctH (1x1); X(t) — n-MepHbIT

e

BEKTOP COCTOSIHHS; #(f) — 3alaroline Bo3AeHCTBUE; u(f) — ynpaBisiolIne Bo3AeicTBUE; () — perynu-
pyemast iepeMeHHasl.

BBenem o003HaueHMe I IEPEMEHHON PacCOriacoBaHUs PETYIISITOpa:

¢(t) = r(t) = y(t) = r(6) = Cx(t) — Du(t). @)

[penamnonaraercs, 94To 0OBEKT, ONHUCHIBacMbIi ypaBHeHHEeM (1): 00nagaeT CBOHCTBOM IMOJTHOM yIpaB-
JSIEMOCTH; BCE MEPEMEHHBIC COCTOSHUSI U3MEPSIOTCS;, HE BOBHUKHET CIIydasi COKpaIlleHHsl HyJleld UHTe-
rpaTopa u o0beKTa; BXOJHOE BO3/ACHCTBHE B BUIE cTyneH4YaTold GyHkuuu r(f) = 1(f) npuKIagspiBacTcs K
cucteme B MOMEHT ¢ = 0.

JlMHAMHKa CHCTEMbI MOXKET OBITh ONKCaHa ypaBHEHHEM, KOTOPOE SIBISETCS OOBEIUHEHUEM YpaB-
Henuit (1), (2):

[?(t)} :{ A4 0<nx1>}[x(t)} .\ {B}u(t) . Hm), 3)
e |-c o e |D 1
rae
u(t)=-K,x(t)+ K,e(t). @)
BBe/ieM B pacCMOTpPEHHE HOBBII BeKTOp X (¢) m = (n + 1)-ro mopsiaka:
X(z){xm}. 5)
e(r)
C yueToM BBeZileHHOTO 0003HaueHus (5) ypaBHeHue (3) mpUMeT BUJ
X'(t)=AX )+ Bu(t), (6)
rae
4 Oy B
vl )
a ypaBHeHHE (4) MOKET OBITh MPEJCTABICHO B BHUIIC
u(t)=—-KX (1), (®)
rae
K=[K, -K]. ©)
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3agaya mapaMeTpU4ecKOl ONTUMH3ALUU MOAAJIBHOTO PETYJSITOpa TaKOW 3aMKHYTOH CHCTEMBI CO-
CTOUT B TOM, YTOOBI IIPH 3aIaHHBIX YpaBHEHUHU 00bekTa ynpasieHus (6), (7), orpanndenusx X (¢)e X,
u(t) e U naiitu ynpasnerue u(t) (8), Ipu KOTOPOM MUHUMH3HUpPYETCA LeneBast QyHKIMS BUAA

J = f(X (@), u(0),1) (10)

" 3aMKHYTAas CUCTCMaA SABJIACTCA ACUMITOTUYCCKU YCTOﬁqHBOﬁ.

2. Boi6op nesieBoii pyHKIUH

OneHka KauecTBa ympaBliCHHsS OCHOBBIBACTCS Ha YHMCICHHBIX IOKazaTelsxX. Tak, mpsiMble, KOpHE-
BbI€ M YaCTOTHBIC MOKA3aTeNId KaueCcTBa XapaKTEpU3yeT JHIIb OAWH MPU3HAK MEPEeXOAHOro Ipolecca.
B umKeHepHOH NpakTHUKE YacTO HCIOJB3YIOTCS WHTErpalbHBIC IOKA3aTelNH KadecTBa IO OIIHOKe
ynpasneHus [7]:

= Tez(t)dt 1 :T|e(t)|dt, I= Tt|e(t)|dt W 11p. (11)
0 0 0

OHU TO3BOJISIIOT HE TOJBKO BBINOJHUTH OLICHKY KAa4eCTBa, HO W ONPEIEIUTh ONTHUMAalbHbIE 3HA-
YeHHS TapaMeTpPOB PEryJsiTOpa, KOTOPhIe COOTBETCTBYIOT MUHUMYMY BBIOPAaHHOTO WHTETPaIbHOTO
noka3zatensa. OJHaKo Ha MPAKTUKE MPU CHHTE3€ PErysTOpa HEOOXOAUMO YUUTHIBATh PA3IMYHOTO PO-
na orpanumdenus [7, 8, 12] kak Ha ympaBlsieMyl TEpEeMEHHYIO, TaK U Ha (QOpMHpYyeMBbIil CHTHAl
YIpaBJICHHUS.

1. IlepeperynupoBanue. s yueTa nepeperympoBaHus MpeiaraeTcsl HCIONb30BaTh BEIYUCICHUE
NEPEMEHHOMU Yoi{t) IO popMyIie Buaa

[0 0z,
or=U Yerersy (2

HtpadHas GpyHKUMS MOXKET OBITH BBIYHCIICHA 110 (hOpMyIIe

3'tan 3'tr{4r{
RK)= | tly®)=yor @]dt="[ tleo, )], (13)
0 0

TJIC ., — BPEMsI IEPEXOHOTO TPOIIecca.

2. Hacelienne curaana ympasieHus. J[s ydeTa orpaHuyeHus] Ha MpeAeibHbIC 3HAYCHUS (Uax U
Umin) CUTHAJIA YIpaBJIeHUs u(f) Ha BBIXOJC PETyJIsITOpa MPeUIaracTcsi UCIoIb30BaTh BEIYMCIICHHE Mepe-
MEHHOM ug; (1) o popmyiie Buaa

umax u(t) Z umax >
ug ()= u(t) up, <u(t) <, (14)
Umin M(t) < Uin -

TpadHas hyHKIUS MOXKET OBITH BBIYHCIICHA IO (hopMyIie

3'tan 3'tan
P(K)= [ tlu@)—ug @)|dt="| tleg ®)|dt. (15)
0 0

3. CKopocTh M3MEHEHHsI CUTHaNa yrnpasieHus. [ ydera orpaHM4YeHUs] HA MakCUMAalbHYIO CKO-
pocTh HapacTtanus (R) u yObiBaHus (F) ynpaBisioniel nepeMeHHON u(f) mpeaiaraeTcs MCIOJb30BaTh
BBIYUCIICHHUE TIEPBON NMPOU3BOAHON du(k) n mepeMeHHOH Uy, (k) o Gpopmyine Buga

du(k)zw, k=1,2, ...,

At-R+up (k=1  du(k)>R,
gy (k) = u(?) F<du(k)<R, (16)
At-F+up (k=1)  du(k)<F.

TpadHast GyHKIKS TOTAa MOKET OBITH BEIUUCIIECHA TIO (hOpMYyJIIe

3'tan 3'tan
P(K)= | tlu()—ug 0)]dt= [ tleg, ()]t (17)
0 0
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[IprHuMas BO BHUMaHHE PACCMOTPEHHBIC OTpPaHHYCHUS, IPU PELICHUH 3a1a4d TI00aJbHON onTu-
MU3ALMU 11eJIeCO00pa3HO HCIIONB30BATh 1IETEBYI0 (QYHKIUIO C YIETOM HMHTErPaIbHOIO KPUTEpHs Kaye-
cTBa U WTpapHbIX QYHKUMH, 3HAUEHUE KOTOPOH onpenenseTcs napaMmeTpaMu peryistopa K:

min J(K) = ki - 1(K) +ky - R(K) + k3 - B (K) + ky - B(K), (18)

rae ki, ky, k3 1 k4 — BeCOBbIC KOA(PPHUIIMEHTHI, KOTOPBIC ONMPEACIAIOT BKJIAJ KaXK0r0 CJIaraéMoro B Io-
JTy4aeMoe 3HaueHHe 1eNIeBOH (PYHKIMH U MO3BOJISIOT B MPOIIECCE CUHTE3a PEryisiTOpa y4ecTh B 0OJb-
el WM MEHBIIEH CTEeNeHHM HeoOXoauMble orpaHuueHus; /(K) — MHTErpaIbHBIN IMOKa3aTelb KauecTBa
no omubOke ynpasienus Buaa (11); Pi(K) — mrpadnas GyHKUMS 0 BEIWYMHE TepeperyIupoBaHus pe-
rynupyemoii nepemenHoit Buaa (13); P»(K) — wtpadHast QyHKIHUS 110 BEITMYMHE HACBHIICHUS CHTHANA
yrnpasnenus Buaa (15); P;(K) — mrpadHas (yHKOUS 1O BETMYHMHE CKOPOCTH W3MEHEHUS CHUTHANa
ynpasienus Buaa (17).

3. Onucanue MeTOAa POst YACTHL VI PelleHUs] ONTHMH3ALMOHHOM 32/1a4H

OCHOBY MHOBeAEHHUSI PO YaCTHUI] COCTaBIIIET CaMOOpPraHU3alMs, OOecleuMBaIOIIasl JOCTH)KEHHUE
o0IIMX 1eseil posi Ha OCHOBE HU3KOYPOBHEBOT'O B3aUMOJICHCTBHS. HacTUIIbI ABIKYTCS B MHOTOMEPHOM
MIPOCTPAHCTBE TIOMCKA, T/Ie MOJ0KEHUE KaXK/I0M YacTHIIbI ONpeNesieTcs B COOTBETCTBUH C €€ COOCTBEH-
HBIM OTIBITOM U OTIBITOM €€ COCe/IeH, TAKMM 00pa3oM MPOUCXOIUT OOHAPYKEHUE ONTUMAILHBIX 00Jac-
Tel MHOTOMEPHOT'0 MPOCTPAHCTBA, B KOTOPOM BBINIONHAETCS ouck [10, 13—15].

Iycts x; ,(k) obosnauaer mosnoxenne yactuusl i (i=1,2,...,M , rae M — KOIMYECTBO YaCTHIL

posi) B n-MEpHOM IIPOCTPAHCTBE TIOKUCKA (7 — YUCIIO HACTPAUBAEMBIX MAPAMETPOB PETYISITOPA) B k-i
MOMEHT BpeMeHH. IlonoxkeHne 4acTuIbl M3MEHAETCS IMyTEM MEepeHoca X, ,(k) Ha BEKTOp CKOPOCTH

via(k+1), 1. €.
X (k+)=x;,(k)+v; ,(k+1), (19)

rae v; ,(k +1) — CKOpOCTh MEPEMENIEHHs YACTUIBI M3 IO3ULKMH X; , (k) B mosuumio x; ,(k +1).

i,n i,n
Cy1iecTByeT HECKOIBKO Pa3HOBUIHOCTEH «COLMAIBHOIN» CTPYKTYpHI post. [Ipenmaraercs ncmnosns-
30BaTh CTPYKTYpY B dopMme «3Be31000pa3Hoi» ceTH. [lockoabKy OHa 1M03BOJISET OPraHU30BaTh MPO-
[[ecc MOKCKa ONTHUMYyMa ObICTpee, uyeM Apyrue cereBble cTpyKTypsl [10]. Koppekmus ckopoctu Kax-
JIOW YaCTHIIBI PH KCIIOJIB30BaHUH «3BE37000pa3HON» COIUANBLHOW CTPYKTYPBI POSI ONIPEIEISIeTCs BbI-
pakeHHEeM

Vialk+D=w-v,  (k)+7 ¢ - (p; , (k)= x; , (k) +1y-¢; - (g, (k)—x, ,(k)), (20)

rae w — xkodhdunuenT uHepUMH; ¢|, ¢; — KOADOUIMEHTH YCKOPEHUS YaCTHUIIBI, KOTOPBIE OTPa)XaroT
CTPEeMJICHHE YaCTHUIBl JOCTUTHYTH TI00ATBHO IYUIIETO PEIIeHUS JTUOO COXPaHUTh CBOE IOJIOKEHUE;
71, 2 — KO3 QUIUEHTHI, KOTOPBIC MOTYT IIPUHUMATh CyJaiHbIe 3HaueHus u3 uaTeppana [0; 1].

[pennaraercst K03GGHUIUSHT HHEPLIUH U3MEHSTH 110 PopMyIIe

w(k +1) =aw(k), 21)
rae o <1.

JIngynHas ydimas mo3uIus p;, i-i 4aCTUIBI — 3TO JIyUIIasl MO3HIIHS, KOTOPYIO YacTHUIA TIOCETUIA C
MepBOro BpeMeHHOro mara. C y4eToM 3aj1ad MUHUMU3AINK JTydIas JUIHAs TO3UIHS Ha CIIEeTYIOIeM
BPEMEHHOM Iare k+ 1 paccuuThiBacTCs Kak

Pin(k)  J(x;, (k+1) 2 J(p; , (k)
Pip(k+1) J(x;, (k+1) <J(p; , (k)

rae J — uenesas ¢pyHkius puja (18).
I'moGanpHas HamTydInas MO3ULHMS g, SBISETCS HAWITy4IIeWd Mo3unuel, oOHapyXKeHHOU Tro0o0# u3
YaCcTHII I0 MOMEHTA k U oTipesiensieTcs Kak

gn (k) € {pl,n (k)’ cey pM,n (k)},

g,(k)=min{J(p, ,(k),.... J(py , ()}, (23)
rae M — o011ee KOJIMYEeCTBO YaCTHIL B poe.

Piplk+1)= (22)
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4. AJITOPUTM NapaMeTPH4eCKOoil ONTHMHU3ANMH MOJATBHOI0 PeryJsiropa

¢ OrpaHMYeHUSIMH HA OCHOBE METOa POSl YACTHIY

UncneHHoe pelieHne 3ajjadyn napaMeTpudecKod ONTUMHU3AUU MOAAIBHOTO PErysTopa ¢ OrpaHu-
YeHUsIMU Ha OCHOBE METOJ[a pOs YacTHUIl IMPOXOAUT B HECKOJIBKO ITAlOB M CXEMAaTHYECKU BBITJIATUT
cleayromuM oopasoM (puc. 2).

(e )
1 !

3anaHne MaTeMaTHEeCKON MOIeIH
0DBeKTa VIPABIEHH

2 )

JapaHue paIMepHOCTH POCTPAHCTEA
TIONCKA, THAA30HA 1 I ara Eapb Py eMBLX
TapaMeTpoE PeryiIATopa

TIOZMLIMI 9aCTHLRBL

ObHOENEHIE IHAYEHI THIHOMA TyHm eff ‘

3anaHue or paHITEHITT M EECOBBI
KO3 QHLIMEHTOR LIeIeBoil §yHErn

4 .

3ananne napaMeTpOE METONA POt HacTHLL
(KOm¥rHECTEO HACTHLI M HTEPALIE, SHAYCHIA
ko3 duinienTos)

12 v

Obnornenne HaueHIA rIodanEHOM Iy4m e
[OSHLIMH B poe

Ln
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TIPOCTPAHCTEE, 33 aHHME CKOPOCTH, BEMICIEHHE »
LIENEB0iT P YHELINI, OIpefeneHie TI0DanEHO 4

Ty U efi T03 MLIFI) @

H TeparmoHHBII VKT [0 KOIMHECTEY
»{ TIOETOpEHMIT BEIMMCIEHHI TTOMOMKeHNE 9acTHIT
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7 14 ¥

5 _ /M TeparMoHHBIH LMK 110 KOMMHECTEY HacTHL] Brmon riobansHoil my4meit mosmnm B
g pox poe M sHaTeHMA LeNeEoit dyHEIM
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Puc. 2. Bnok-cxema anroputma napameTp1M4eckon onTMMU3auMm MoganbHoOro perynsropa
C OorpaHU4YeHUsIMM Ha OCHOBE MeToAa Posl YacTul,
Fig. 2. Block diagram of the parametric optimization algorithm of state feedback controller
with constraints based on the particle swarm optimization algorithm

Iar 1. B Hauane 3agaercs MareMaTHIecKas MOJIENIb O0BEKTa YIIpaBlIeHUs B (hOpMe MPOCTPaHCTBA
cocTosiHui BHa (6).

ar 2. 3aganue nuama3oHa MOWCKA M LIara U3MEHEHUs IapaMeTpOB pETyJsTopa [xl-“:;“ xl-”llax] B

n-MepHOM TpocTpancTee (n=1, 2, ...).

Iar 3. BBox orpanu4eHui Ha peryaupyemyro nepemenuyto (12), curnan ynpasnenus (14), (16) u
3HA4YEHUI BeCOBBIX KO3 HOUIIMEHTOB k|, ky, k3 1 k4 pyHKoHana (18).

[Iar 4. 3aganue mapaMeTpoB METOAA PO YaCTHIl: KOJIHMYECTBO YacTHIl B poe M u uteparuii Iz, 3Ha-
YeHus1 K03 (PUIMEHTOB HHEPLUH W, YCKOPEHUS YaCTULIBI €1 U Cs.

[lar 5. Maunuanu3anysa posi 3aKjoyvaeTcs B CIy4allHOM paclpeiesieHUH 4acTHIl x?n (0) B mpo-

CTPAHCTBE MOUCKA, 3aTaHHS HAYAIBHOU CKOPOCTH v? ,(0), BbIUmCIEeHNS 1eneBol QYHKIMU IS KaKIO0H

YaCTHIIBI U OTIPEICTICHUN TTI00ATBHOM ITydIIiei mo3uIun post 1o Gopmyte (23).
[lTar 6 u 7. [Janpire IpoXOaUT UTEPAIMOHHBIA MPOIIECC BRIYUCICHUHN 3aJaHHOE YUCIIO pa3 Il Ka-
KO YaCTHULIBI POSL.
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[Tar 8. Beraucnenue KOPPEKMU CKOPOCTH YacTHLp! V; , (kK +1) mo dopmyne (20), monokeHus 4acTu-

bl X;

i,n

(k+1) mo popmyre (19) u 3Hauenns uenesoit Gyukumu J(x; , (k)) 9actuupl i B nosuumu x; , (k) .
[ar 9 u 10. Onpenenenne TMIHOM Ny4qnei nosumu p; , (k) i-i yactuiusl o popmyie (22).
Ular 11 1 12. Onpezenetye riodanbHOM HAMITYYIIIeH JIy4Ilel Mo3uLuK B poe g, (k) 1o dpopmyie (23).

[ar 13. lunamMudeckoe yMeHblIeHue Ko3dduimrenta nuepuuu o Gopmyie (21).

Hrepanuu npogomxaioT, IOKa allfOPUTM HE JOCTUTHET OCTAHABIMBAIOLIECTOCS KPUTEPUS — JHOCTH-
>KEHUE ONPEJCICHHOIO YUCIIa UTEPALIMA.

Iar 14. Ilocne 3aBepiieHUS AIrOPUTMa BBIBOAMTCSA HAHICHHOEC 3HAYCHUE IICICBOH ()YHKIUM

J(g,(T)) BraobanbHON HaWIy4IIeH TydIIed MO3ULHHU POS.

[ar 15. OroOpaxkeHure rpaduKOB MEPEXOTHBIX MPOIECCOB MO PETYIUPYEMOi MePEMEHHOM, CUrHa-
JIy paccorjacoOBaHMs U YIPABIECHUSA IIPYU ONTUMAJIBHBIX IApAMETPAX MOJAJIBHOIO PETYJIATOPA.

5. MonesmpoBaHue npouecca napaMeTpu4ecKoi ONTHMH3AIMU MOAAJBLHOIO PeryasaTopa
PaccmoTpuM 00BEKT yIipaBieHUs, ONMUCHIBaeMbIi MuddepeHIInanIb-HpIM ypaBHEHHEM Buaa (mapa-
MeTpel k=2, T=10 c):

1 k
X' () =——x() +—u(t),
T T
rae T — noctosiHHas BpeMeHH; kK — k03 uuuenT nepenauu; u(f) — yrnpasisemas iepeMeHHas; x(¢) — pe-
rylIupyemast IepeMeHHasl.
HavanbHble 3HaYeHHs TapaMeTPOB MOJAIBHOIO perymsaropa K = [K ,?1 K l_o] = [13,5 20] Hal1eHbI
IPH pacIpe/ieNIeHNH MOII0COB 110 baTTepBopTy CO 3HAUCHUEM CPETHETeOMETPUUECKOTO KOPHS 0y = 2.
[penmnonoxxum, 4To MpH NapaMeTPUIECKOW ONTHMHU3AIMNA MOJAIBHOTO PETYISATOpa HY>KHO YUUThI-
BaTh cleaytomue GU3NUECKHe OTPaHNYCHHUS:
1) Ha aMIIMTY Ny curHana ynpasineHus U <u(t) <up.. (Umax =4 €1, Umin = 0 €11.);
2) Ha CKOpPOCTh HapacTaHus (yObIBaHus) curHaia ynpasienust F <u'(t)< R (R=9en/c, F=-9 en./c).
[Ipumem, uTo BecoBble KO3 (PUIMEHTHI LIETEBON (PYHKIIMN PAaBHBL:
minJ(K)=0,5-1(K)+0.1-R(K)+1-P,(K)+30-P(K). (24)
Ha puc. 3 mokazanbl rpadyKi MEpeXOJHBIX MPOIECCOB B CUCTEME C HAYaJbHBIMH IapameTpamMu
MOJAJIHOTO PEerysiTopa.

3Ha4YeHHe Ueneeol By HKL WK JKL K FI(13.5,201=3.95

T T T T 1] L] L ¥
T 05 ~ =081 1
0= 1 L -
0 z 3 4 5 6 7 g g
tc
= T
¥ib
=1 A | 0 Llaa | - ¥, (0
= 05 P, =013 | av| |
N 1 1 1 1 1 1 1 1
0 2 3 4 5 g 7 B 3
ic
T T T T T I
= P =019 | |-
=3
Py =0.11
3 4 5 B 7 B :
tc

Puc. 3. NepexogHble npouecchbl B 3aMKHYTOW cucteme
C HavyanbHbIMW NapaMeTpaMyu MoAanbLHOro perynsaTopa
Fig. 3. Transient processes in a closed system
with initial parameters of the state feedback controller
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Amnanu3 rpadyKoB Ha pUC. 3 TO3BOJISCT ClIENATh BHIBOJ, YTO CUTHAI YIIPABICHUS HE COOTBETCTBYET
BBEJICHHBIM OTpaHHYCHUSM. J[JIs1 TOITBEPIKICHUS aJIeKBATHOCTH pa3pa0OTaHHOIO alTOpUTMa IapaMeT-
pUYECKON ONTUMHU3AIUN MOJAIBHOTO PEryjsTopa ¢ OTpaHMYEHHSIMH Ha OCHOBE METOJa POS YaCTHI]
CHayaJla HaliJieM MHUHUMAaJIbHOE 3HaueHHe 1eneBod QyHKIuK (24) ¢ MOMOILIBI0 METoa MPSMOro Iepe-
0opa 3HaueHH IapaMeTPOB PErysTopa U3 Auarna3oHa:

xl,zsze[0,0l-K,?q 1,5-1{,‘;],
%, =K, €[0,01-K) 15K ].

Iar u3MeHeHUs] MapaMeTpoB peryistopa BeiOpaH paBHbIM 0,1. B pe3ynpTaTe mosiydeHa 3aBUCH-
MOCTh 3HaYCHMH 11eJIeBOM (PYHKIMM OT IMapamMeTpoB peryisTopa B ¢GopMe NOBEPXHOCTH, NPUBEICHHOM
Ha puc. 4.
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Puc. 4. NoBepxHOCTb, NONy4eHHas C MOMOLLbLIO NocneAoBaTeNlbHOro
nepe6opa napameTpoB perynsitopa
Fig. 4. The surface obtained by sequential enumeration
of the controller parameters

MuHMMaNbHOE 3HAYEHHUE 1IeJieBast (YHKIUS MPUHUMAET MPHU IMapaMeTpax peryjsTopa, paBHbBIX:
minJ (K)=minJ ([K;P K[ |)=minJ([10,44 10,73])=0,5919.

Jns mapaMmeTpudeckol ONTUMHU3ALMKY MOJAIBHOTO PEryJsITOpa HA OCHOBE METOAA POsl YACTHUIL 3a-
MM KOJIMYECTBO yacTuil B poe M = 10 u urepauuii /¢t = 45, koapduiiuents! uaepiua w =1, o= 0,99,
YCKOpPEHHUSI 4acTHIel c; =c; =0,5. B pe3ynmprare MmoiydeHo, 4TO MUHHUMAJILHOE 3HAUYCHHUE IIeJeBas
(yHKIMS IPUHUMAET TPU TapaMeTpax perysTopa, paBHBIX

minJ (K)=minJ([ K} KP'|)=minJ([10,31 10,57])=0,5918.

Ha puc. 5 mokasansl rpaduKy HEPEXOAHBIX MPOIECCOB B CUCTEME C HAHJACHHBIMU HapaMeTpaMu
MOJAJIBHOTO PETyJsTOpa

K=[Kp" K.
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Puc. 5. MNepexoaHble npoLecchbl B 3aMKHYTON cMCTeMe C napaMeTpaMm
MoJarnbHOro perynsaitopa, HauaeHHbIMU C MOMOLLbLIO MeToAa Pos YacTul,
Fig. 5. Transient processes in a closed system with the parameters of the state
feedback controller found using the particle swarm optimization algorithm

6. JxcnepuMeHTAIbHBIE Pe3yJIbTaThI

Ha s>¢dexTrBHOCTS pelIeHus 3aayd MapaMeTpU4ecKOd ONTHMHU3AIMU MOJAIBHOTO PETYIATOpa
C OrpaHMYEHUSIMHU Ha OCHOBE METOJa pOs YaCTHULL BIMAET PSJl YIPABIAIOIINX [TapaMeTPOB, 8 UMEHHO:

1) konuyecTBO yacThll B poe. bonpuiol poi Mo3BONSIET OXBATUTH OOJBIIYIO YacTh HMPOCTPAHCTBA
MIOWCKA ¥ YMEHBIIUTH KOJIMIECTBO UTepanuii. J{is post ¢ HeOoIbIINM KOJTHYeCTBOM YacTHIl (MeHbIe 20)
TpeOyeTcs Ooblle nTepaurii Ui HaXOXKICHUS! MUHUMYMa LIENEeBOH (DYHKIUH, IPH 3TOM YMEHBIIACTCS
OBICTPOZCHCTBIE ANTOPUTMA;

2) KOMM4YecTBO uTepanuid. Manoe 4uciao UTepanuii MOXKET MPUBECTH K MPEXKIECBPEMEHHOMY Ipe-
KpamieHuio mnoucka. CIMIIKOM OOJbIIOe KOJUYECTBO HTEpAIMii MPUBOJUT K TOBBIIIEHUIO BBIYHCITH-
TEIHHOMN CIIOKHOCTH aJITOPUTMA;

3) k03¢hPUIMEHT UHEPLIUU W KOHTPOJIUPYET CKOPOCTh ABMKEHHS YACTHL ITyTEM OIPECIICHHS CTe-
TIEHH BIMSHHS CKOPOCTH B MPOIIBIA MOMEHT BPEMEHH Ha HOBOE 3HaueHHe ckopocTu vacTul [15]. ITo-
3TOMy OOJIbIIME 3HAYCHHS W TO3BOJIIIOT POIO0 MCCIENOBaTh OOJblINe «Teppuropum». HeOomprmoi w
CIOCOOCTBYET TIOUCKY B MEHBIIEM MPOCTPAHCTBE, IPH STOM YMEHBIIAETCS CIIOCOOHOCTh pOs K MPOBE-
JICHHIO TTOMCKa DKCTpeMyMa IesieBol (GyHKIMK B OOJbIIEH OKpecTHOCTH. B pazpaboTaHHOM anropuTme
npeasiaraeTcs UCIoIb30BaTh AMHAMHYECKOE yMEHbIIEHHE KodduunenTa naepiuu (21), 4To mo3BOIUT
COKpAaTHUTh BpeMsl IOMCKa MUHUMYMa LIeIeBOH (hyHKINY;

4) k03 (HUIHMEHTHI ¢, €; KOHTPOIMUPYIOT BIMSIHAE KOTHUTUBHON M COLMAJIBHOI COCTAaBIISIOIIMX HA
obmryro ckopocth yactuilsl [15]. [pemiaraercst K03hGUIMEHTHI ¢; U ¢, 33/1aTh PABHBIMHU JIPYT IPYTy U
HE M3MEHSTH B MPOIIECCE BBIMOIHEHHS TIOUCKA, 3TO MPHUBEJET K TOMY, YTO YACTHIBI OYAYT TATOTETh K
cpeaHeMy 3HaveHuto p; (k) u g, (k). Ilpu stom | u ¢, pekomenayercs Opath MeHblUe 1, B pesynbrare

TPaeKTOPUH ABIKEHUS YacTHL OyIyT IUTABHBIMHU, YTO TO3BOJIUT POIO OCYIIECTBUThH MOUCK ONTHMYyMa B
00JIBIIIEM TPOCTPAHCTBE, MPEXK/IE YEM BEPHYTHCS K JydllleMy 3HaueHuto. [Ipu 3ToM HenmpaBuUiIbHAs HHH-
[UAIN3ALNA €] U ¢; MOXKET NMPUBECTH K PACXOJIAIIEMYCS ITH [IUKJINIECKOMY TTOBEACHUIO POS.

AHanu3 TOJYYeHHBIX PE3yJIbTATOB TO3BOJISET CHENaTh BHIBOJ, YTO HaiiIeHHBIE MapamMeTphbl MO-
JABHOTO PEryJIsiTOpa COBMANAlOT ¢ MOMYyYEHHBIMH 10 MeToAy nepebopa. [Ipu aToM Bpemsi BHIIOIHEHHS
nporpamMmel (MATLAB®, npoueccop Intel(R) Core(TM) i5-6200U CPU @ 2,30I'T — 2,40 [T, O3Y
8,00 I'B) mo moucky mnapamMeTpoB MOJAJIBLHOTO PEryjsIToOpa ¢ IMOMOIIBI0 METO/a mepedopa COCTaBIIsIeT
OKOJIO 5,5 MHH, a PETIOKESHHBIM CIIOCOO0M Ha OCHOBE METOJIa POS YaCTHUI] — OKOJIO 4 C.
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3axinoyenue

[IpenyioskeHHBIN AITOPUTM NapaMeTPHUYECKON ONTUMHU3ALMN MOJAAIBHOTO PEryIATopa ¢ OrpaHude-
HUSIMH Ha OCHOBE METOJIa POsI YaCTHII IO3BOJISIET MCCIIE0BATEII0 BAPbUPOBATh BECOBbIC KOA(DPHUIIIECH-
THI [IEJIEBOH (QYHKIMH, TEM CaMbIM JJOOMBAsICh TPEOYEMBIX MOKa3aTelel KauecTBa MepPeXoaHbIX MpoIliec-
COB C y4eTOM OTpaHMYCHHUIl Ha yNpaBicHHE, a U3MEHEHHE MapaMEeTPOB METOAA POSI YACTHILl MO3BOJIUT
JOCTHYL TpeOyeMoi TOYHOCTH M 3aTpayrBaeMOTr0 BPEMEHH JUIs HAXOXKACHUS ONTHMAIBHBIX TapaMer-
POB MOJJANTEHOTO PETYIISATOPA.
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Annomayusn. B pabore paccMaTpHBaeTCsi TUArHOCTUUECKHH METOJ ANEKTPOMHUOTrpaduu, MO3BOJISIO-
IMHA OIICHWBATh COCTOSHUE (YHKIMOHMPOBAHUS HEpBa, HHHEPBHPYIOLIETO MOBPEKICHHYIO MBIIIIy. Me-
TOJI OCHOBAH Ha PETUCTPAIMK U aHAIN3¢ OMOAICKTPUICCKUX MOTCHIIMATIOB MBIIII U TEPUPEPHUCCKUX HEP-
BoB. Iles1b MccienoBaHusA: pa3padoTKa aJropuTMa pabdOTHl U CTPYKTYPHOH CXEMBI IIPpHOOpa 3JIeKTPOMHUO-
rpaduu ¢ BO3MOXKHOCTBIO TIpeoOpa3oBaHus pe3ynbTaToB 3anuck Ha [1K, aucnueit u cmaprdon gepes USB
u Bluetooth mist ux ananuza. MaTtepuaJjibl 1 MeToabl. [Ipeanaraercst MeTox H3MEPEHHsT MBIIICYHON (yHK-
IINH, KOTOPBIA BKIIOYacT B ceOsl HaONIoeHNe 3a JBIDKCHUEM MBIIIL C OBEPXHOCTH KOXKM HaJ| MBIIIIEH.
MBEIIIeYHbIH AaTYUK JaeT BBIXOJAHOW CHUTHAJ B 3aBUCUMOCTH OT €€ aKTHBHOCTH. C TIOMOIIBIO TOBEPXHOCT-
HOTO 3JIEKTPO/a MOXKHO OTCJIEKHBATH o0Iiee ABMKeHHE MBI C ITOMOIIBIO TPOTPAMMBI ISl COTIPSIKEHNUS
MeImeyHoro ceacopa Myoware EMG ¢ Arduino mosyyaeM aHaJOTOBBIM cUTHAN. 3HaYCHUS AATYNKA MOYKHO
HaOJII0IaTh Ha MocjeoBaTeNnbHOM oTTepe. Cienyrorieil 3a1aueii ObIJI0 MPOYUTATh NAHHBIE AAaTUYMKA HITH
aHanorosoe Hamnpspkerne Ha LCD1602-mucnnee. Mo moaximtoumnu koHTakTs! [2C (SDA u SCL) LCD1602-
mucmiess K A4 u AS Arduino. LCD1602-moayne otoOpaxaer 2 cTpoku 1o 16 cumBosios. Ilocie 3arpy3ku
cnenuanbHOro kona LCD1602 mo 12C-nucmuieit Hauan oToOpaxaTs 3HaYeHHE aHaNoroBoro curuaina EMQG,
a TaKke HarpsbkeHue. Arduino MOKeT CBSI3BIBATHCS C IPYTUMH yCTpoicTBaMu yepe3 Bluetooth ¢ momorisio
Moxynss HC-05 (zs—040). DtoT Monynp mo3BoisieT Arduino MOIKIIOYAThCS W OOMEHUBATHCS TAHHBIME C
JIPYTUMH YCTpOMCTBaMH, TAKMMHU Kak cMapT(OH, KOMIIbIOTEp U T. I. Pe3yabTaTsl. beuto nomyueno mpen-
CTaBJIEHHE O OMOAJIEKTPUYECKOM IMTOTEHIIMAle, BOSHUKAoMeM B Mblmine. [Ipumensemslii Meton pukcannu
OMOIEKTPUUECKUX CHTHAJIOB B MBIIIIAX MMEET MPAaKTHYECKOE 3HAYEHHUE VIS KIMHUYECKOH HEBPOJIOTHH;
ero peanu3anus OOJIETYHUT U MOBBICUT JUArHOCTHYECKYIO TOYHOCTh JICKTPO(U3UOIOTHUECKUX HCCIIE0Ba-
Hui. 3akiaoueHue. B nanHoi pabote pazpaboTaHa CTpyKTypHas cXxeMma Mpubopa U pelieHrne TeXHUUECKON
3aJa4M Ha OCHOBE TEXHUUYECKHX TpeOOoBaHMii, paspaboTan aaroputM npudopa. Ha BeimonHeHue npakTuye-
CKHX pa60T C YY€TOM 3aTpaT OCHOBHBIX U BCIIOMOT'ATCJIbHBIX MAaTCpPpHUaAJIOB, 4 TAKXKC MPOYUX MPAMBIX 3aTpaT
n3pacxozoBano 4963 pyo.

Kniouesvie cnosa: moBepxHOCTHAs dekTpomuorpadus, IMI -curnan, SMI -gatuuk, OHodIEKTpHUIe-
ckuii norennuan, Bluetooth
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Abstract. The paper discusses the diagnostic method of electromyography, which allows assessing
the state of functioning of the nerve that innervates the damaged muscle. The method is based on registra-
tion and analysis of bioelectrical potentials of muscles and peripheral nerves. Purpose of the study: develop
an algorithm of operation and a structural diagram of an electromyography device with the possibility of
converting the recording results to a PC, display and smartphone via USB and bluetooth for their analysis.
Materials and methods. A method is proposed for measuring muscle function, which involves observing
the movement of muscles from the surface of the skin over the muscle. The muscle sensor gives an output
signal depending on its activity. Using a surface electrode, you can track the overall movement of the mus-
cles. Using the program for interfacing the Myoware EMG muscle sensor with the Arduino, we obtain
an analog signal. The sensor values can be observed on the serial plotter. The next task was to read the sen-
sor data or analog voltage on the LCD1602 display. We have connected the 12C pins (SDA and SCL) of
the LCD1602 to A4 and A5 of the Arduino. LCD1602 module displays 2 lines of 16 characters. After
downloading the special code LCD1602 via I12C, the display began to display the value of the EMG analog
signal, as well as the voltage. The Arduino can communicate with other devices via Bluetooth using
the HC-05 (zs-040) module. This module allows the Arduino to connect and communicate with other
devices such as a smartphone, computer or other. Results. Based on the results of the study, an idea was ob-
tained of the bioelectric potential that occurs in the muscle. The applied method of fixation of bioelectrical
signals in muscles is of practical importance for clinical neurology; its implementation will facilitate and
increase the diagnostic accuracy of electrophysiological studies. Conclusion. In this study, a structural dia-
gram of the device and the solution of a technical problem based on technical requirements have been de-
veloped, and an algorithm for the device has been developed. 4,963 rubles were spent on the implementation
of practical study taking into account the costs of basic and auxiliary materials, as well as other direct costs.

Keywords: surface electromyography, EMG signal, EMG sensor, bioelectrical potential, Bluetooth

For citation: Alali Sh., Alhajj Hassan F., Gainullina L.R. Development of a portable electromyo-
graph for recording bioelectric potentials appearing in muscles. Bulletin of the South Ural State University.
Ser. Computer Technologies, Automatic Control, Radio Electronics. 2022;22(2): 87-95. (In Russ.) DOI:
10.14529/ctcr220208

Beenenue

buosnexkTpuyeckre cUrHabl, TOMYYEHHBIE OT Pa3iIMYHBIX YYaCTKOB KOKH WM C MMOBEPXHOCTH Te-
Ja, MPEeJOCTaBISIOT HanOosiee LCHHBIC 3HAHHUS O PadoTe BHYTPEHHHUX OPraHoB M (PU3HOIOTHYECKHX
npolieccax Teja COrIacHO CpaBHEHHIO AP(PEKTUBHOCTH pa3IMYHBIX THArHOCTHUYECKHX METOAOB. B mep-
BYIO OY€pellb, ITO KAcaeTCs AJIEKTPUUECKUX MOTEHIMAIOB MBIIII. OTH KPUTHYECKHE MPOLETYpHl Tpe-
OYIOT JONMOJHUTENBHBIX YCHIIMI U CO3IaHUSI SJICKTPOHHOTO 00OPYIOBAHUS IS PEIICHUsSI CIIOKHBIX HC-
CJIeTOBATEIbCKUX 33[a4 B JMArHOCTUYECKUX 1emsx [ 1, 2].

Onektpomuorpadus (OMI') — 370 AMArHOCTUYECKHUM METOJ, KOTOPBIA OIEHUBACT OMO3JIECKTpHUE-
CKO€ TOBE/ICHHE MBIIIL], TI03BOJISISL CAETATh BHIBOJBI O COCTOSHUM (PYHKIHMOHUPOBAHUS HEPBa, KOTOPBIN
WHHEPBUPYET MOBPEKICHHYIO MBIIIIY. DTOT TECT MOMOXET Bpady OMPEAeTUTh MECTO U BEIUYHUHY I10-
paKEHHS, a TAK)KE CTETIEHb M TUI TIOBPEXICHUS MBI U epr(epruuecKiux HEpBOB. DTO HCCIEI0BaHNE
MPOBOJMTCS C TOMOIIBIO CIICIIMATbHBIX HHCTPYMEHTOB, HA3bIBAEMBIX 3JeKTpoMuorpadom [3].

Curnan OMI — 310 M300paskeHHe TOKa, BOCOPUHUMAEMOI'0 B OIPEICICHHOM MECTEe, KOTOPBIH CO3-
JaeTcsl JOCTAaBKOW MOHOB 4Yepe3 MeMOPaHbI MBIIIICYHBIX BOJIOKOH U MEPEAaeTCs Yepe3 MPOMEKYTOUHbIC
TKAaHH. DTO BBI3BAHO HEPBHO-MBIIIEYHON CTUMYJIALUEN BO BPEMS COKpAILIEHUS MBI [4].
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IKCNepUMeHTAIbHAA YacTh

Lenpb paboTsl — pa3paboTka anropurma paboThl U CTPYKTYpHOH cxeMbl mprbopa OMI' ¢ Bo3MOXKHO-
CTBIO IpeoOpa3zoBaHus pe3yibraToB 3anucu Ha [IK, nucmnneit u cmaptdon yepez USB u Bluetooth s
WX aHaju3a.

Jnst Toro 4To0bl MOMYYUTh U 3aUKCUPOBATH MHPOPMAIUIO, HEOOXOJUMO HUMETh LEIYI0 COBO-
KYIHOCTb YCTPOHCTB. CTpyKTypHasi cxema npubopa COCTOUT U3 HECKOJIBKHUX OCHOBHBIX 3JIEMEHTOB
(puc. 1):

— ATYUK A7 TOJYyYCHUS CUTHAJA;

— 070k iutanust (2 6arapen 9 B);

— Arduino Jy1st BRIIOJIHEHUS aHAJIM3a MTPOIIECCOB;

— KOMITBIOTEP JUIA 0TOOPaXEHHUS TaHHBIX U JHarpaMMbl;

— XKK-nucruteit ans oToOpakeHus TaHHBIX;

— Bluetooth ans nmpocMoTpa naHHBIX Ha cMapTQOHE UM HOYTOYKE.

LUSBE Bluetooth

—» Owucnnei

Natunk — Arduino

—» RomneoTep

Bnok nuTaHMA

Puc. 1. CTpykTtypHas cxema npubopa
Fig. 1. Blockdiagramofthedevice

Mermeunblii JaTauk V3, KOTOPBIH MBI HCIIOIB30BaIH, — OTO YHUBEPCATBHBIA JATUYUK IS DJICKTPO-
muorpadpun (OMI') ot Advancer Technologies. On naet BeixoaHo# curnan ot 0 1o Vin B B 3aBucHMO-
CTH OT aKTUBHOCTH BBIOpAHHOW MBIIIIbl. HaM HY)KHO HAaKJIEUTh HECKOJIBKO JJIEKTPOJOB M CUHUTHIBATH
HamnpspKEHUE, KOT1a MBITIIIEI cTuOarTes [5, 6].

OTOT maT4uk OyAeT W3MepsATh OT(HUIHTPOBAHHYIO W BEIIPSIMIICHHYIO AJIEKTPUYECKYIO aKTHBHOCTD
MBIIIIBL, BBIBOA 0—Vs B B 3aBUCMMOCTH OT aKTMBHOCTH B BBIOPAHHOM MBbIIIIIIE, TI¢ VS O3HAYaeT HaIps-
JKEHHE UCTOYHMKA nmuTaHus. Hampsbkenue muranus: min 13,5 B [7].

Mer1 ucrions3oBanu 2 6atapeiiku (Camelion 9v) muist muTaHus JaTduka.

TecTupoBaHUEe B HAYYHBIX LEISAX TOTPEOOBAIO UCIOIL30BaHM MUKPOKOHTpouiepa Arduino UNO,
MPEUMYIIIECTBOM KOTOPOTI'O SABJISCTCS €ro TOCTYIHOCTh 10 CPaBHEHHIO ¢ 00Jiee JOPOrMMH MEIUITMHCKH-
MU ycrpoiictBamu. B Arduino He Bce KOHTakThl oaHOro TUMa. MiMeeTcsa 6 aHanoroselx u 14 nudpoBbIX
BBIX0/I0B. Pa3HuIa B TOM, 4TO Ha aHAJOTOBBIX BBIXOJAaX JHUAINA30H 3HAYCHHUN MOXKET OBITh pa3ieliecH OT
€JIMHUIIBI IO HYJIS Ha HECKOJIBKO HEOOJBININX yJ9acTKOB. Ha 1ud)poBEIX BEIBOJIAX BCErO JBa 3HAYCHUS:
JIOTMYECKUHA HOJIb WJIM JIOTUYecKas eauHuIia. Ha mpakTuke aHajIoroBbIe JATYMKH YaIlle BCETO MOIKIIIO-
4aIOTCA K BBIXOJIaM aHAJOoroBoro tura [8].

B nanHOM uccnen0BaHUU UCIOB3YIOTCS IOBEPXHOCTHBIE 3JICKTPO/IbI, IOKa3aHHbIEC HA PUC. 2.

C noMomp0 TOBEPXHOCTHOTO DJIJIEKTPOJIa MOXHO OTCIEKHBATh TOJBKO 00IIee IBUKCHUE
MBIIII, KOTOPOE TPEJICTABISIET cO00H MpephIBaHNUE MOTEHIUAIOB JACHCTBHS COTCH WU JaKe THICIY
BOJIOKOH [9].
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Puc. 2. CtpykTypa anekTpoaa [9]: 1- meTannmMyeckum KOHyC; 2 — neH-
Has noaknagka; 3 — Ag/AgCl pgaTuumk; 4 — Kpblno; 5 — 3NeKTPONUTHbLIN
renb; 6 — Knenkas 3alWwMTHas NieHkKa
Fig. 2. Structure of the electrode [9]: 1 — metal cone; 2 — foam lining;
3 — Ag/AgCl sensor; 4 — wing; 5 — electrolyte gel; 6 — adhesive

protective film

[Iporpamma jist conpsbkeHus MblmedHoro cencopa Myoware EMG ¢ Arduino odens mpocta. Bee,
YTO HaM HY>KHO, 3TO U3MEPEHHE aHAJIOTOBOro HampsbkeHus (puc. 3).

@ 111 Arduino 1.8.12 - O *
File Edit Sketch Tocols Help

void setup ()

{
Serial.begin(9600) ;7
pinMode (A0, INFUT) ;

void loopl()
i
float sensorValue = analogRead (Ad);
float milliveolt = (sensorValue,/l023)*5;
Serial.print ("Sensor Value: ");
Serial.print ("Voltage: ");
Serial.print (millivolc*1000)
Serial.println(™ moV"™);
Serial.printlm(™");
delay ({1} : A

Puc. 3. UcxopgHbin kop, /| ocHoBHasa nporpamma Arduino
Fig. 3. Arduino source code / main program

[Tocne 3arpy3ku MBI MOXEM HayaTh TECTUPOBaHWE JaT4YMKa U HAOIIOJEHUE 332 3HAUCHHUSIMHU.
Jnst mpoBepku pabOTHI AaTYMKa BHITSTHBAEM PYKY, 3aT€M COKpallaeM WIH pacciabiisieM MBIIIIIHL.
OT0 co3aaeT aHaJIOTOBOE HANPsKEHUE, KOTOPOE MOKHO HaOMI0JaTh Ha MOCJIE0BATEIbHOM MOHHUTO-

pe [10].
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Cursain Taxke MOKHO HaOIIOJaTh Ha MOCJIEIOBATEIBHOM IIOTTEPE. [ 3TOT0 HAMO OTKPBITH 3K-
paH MOCJIE0BATENBHOIO INIOTTEPA U IMPOCMOTPETh (POPMY BOJIHBI, KOTJa phlyar IPUBOAMTCS B JBHIKE-
Hue (puc. 4).

2400
[
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2 ) |
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Bpema (ceryHpa)

Puc. 4. ®opma BOJHbI MblleYyHoOro ceHcopa V3
Fig. 4. Musclesen sorwave form V3

[ToMuMO mepedrCICHHBIX HAOMIOACHUI Halllel 3aqaucii ObIO MPOYMTATh JAHHBIC JAaTYUKA BBIIIC-
MEPEYUCIICHHBIX HAONIONCHUI MK aHajoropoe Hampspbkenrue Ha LCD1602-aucmiee. Mbl MOAKIIOYHIN
koHTakThl [2C (SDA u SCL) LCD1602 -mucrutes k A4 u A5 Arduino. LCD1602-mMoxynp oToOpaxaet
2 ctpoku o 16 cumBonos. [locie 3arpy3ku cneunansHoro koga LCD1602 no 12C-gucnuieit Hauan oTo-
OpakaTh 3HaUeHHUe aHasorosoro curnana EMG, a takke HamnpspKkeHHe.

Arduino MOXeT CBS3BIBAThCS C APYTMMHU yCTpoiicTBamu uepe3 Bluetooth ¢ momoripro Momyis
HC-05 (zs—040). 1ot Momyns mo3BoisieT Arduino HOAKIFOYaTECS U 0OMEHUBATHCS TaHHBIMH C JIPYTH-
MH YCTPOHCTBaMH, TAKUMH KaK CMapT(OH, KOMIIBIOTEP WK Ipyrue MUKPOKOHTposuieps [11].

Hamm moOunbHble Tamkersl win aaxe [1K ocymectristor ces3b Bluetooth ¢ MCU (MUKPOKOH-
TPOJUIEPOM) Uepe3 CIelUalIbHbIC MPHUIOKEHHs, n3BecTHBIe Kak Bluetooth Terminal. Msl ubo oTripas-
JsieM JJaHHbIe / KOMaHTy, UCTIoNb3ys xocT-ycrpoictBo BT, B MCU, 4T0OBI ynpaBisiTh HHTEPECYIOLIEH
CHCTEMOH, JIMOO MPOCTO ToydaeM aaHHble / komanay or MCU uis onpeaeneHHoro uenoiabp3oBanust [12].
Hamu Obuto ncnonszoBano npusioxenne (Bluetooth terminal HC-05) miast oToOpaxeHust TaHHBIX «3Ha-
YCHHE JaTYuKa U HaIllpsDKeHUe» Ha cMapTdone [13].

ITomy4yennsie pe3yiabTaThl IEMOHCTPHUPYIOT PaboTOCIIOCOOHOCTH MPEMIOKEHHOTO MOPTATHBHOTO
aneKTpoMuorpada, KOTOPI MOKET MCIIONIB30BATECS B JIA0OPATOPHBIX YCIOBHUAX I CTYJEHTOB, 00Y-
YAIOIIUXCS 110 HAMIPABICHUIO OMOTEXHUYECKUX CHCTEM M TEXHOJOTHIA.

AnroputM pabOThl aBTOMAaTU3UPOBAHHOW (DUKCAIIUK OHO3JICKTPUUYECKHUX MOTCHIIMAIOB, BO3HUKAIO-
IIUX B MBIIIIAX, IPUBEACH Ha PUC. 5.

PazpaboranHOe yCTpOWCTBO OTJIMYAET TO, YTO M0OABICHA BO3MOXKHOCTH IMPEOOpa30OBaHUs Pe3yilb-
tata 3anucu OMI nHa IIK, nucnneit u cmaprdon uepes USB u Bluetooth ans ananmsza pesynbTatos.
KommonoBka ycTpoiicTBa mpuBecHa Ha puc. 6.
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| Hauamto l

OopaboTka
CHIHATA 33 5
CeKyHI

KoHTpoan
CMrHana

KoMmmeroTep Y- meruieid Bluetooth

I Kone1n I

Puc. 5. O6wun anroputm paboTtbl npubopa
Fig. 5. General algorithm of the device operation

Puc. 6. KomnoHoBKa CTPYKTYpHbIX 3nemeHToB npu6opa: 1 — Arduino Uno; 2 — 6nok
nutaHusa (2 6arapen 9 B); 3 — MblweyHbin aatumk V3; 4 — LCD1602-aucnnen
no 12C; 5 — moaynb Bluetooth HC-05; 6 — noBepXHOCTHbIE aNEKTPOAbI
Fig. 6. The layout of the structural elements of the device: 1 — Arduino Uno;
2 — power supply (2 batteries 9V); 3 — muscle sensor V3; 4 — LCD1602 display

via 12C; 5 — module Bluetooth HC-05; 6 — surface electrodes
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PesynpTarhl pacyeToB OCHOBHBIX CPEACTB MpeICcTaBIeHbl B Tabnuue [14, 15].

3anaTbI Ha OCHOBHbLIE€ U BCNoOMoraTtesribHble MaTepuanbl
The cost of basic and auxiliary materials

Hassamme KonmuecTBo mryk Lena 3a 1 mr., Cymma,

Ha | u3nenue pyo. pyo.
Hatuuk smr V3 1 1999 1999
ApIyHHO YHO ¢ KaOeyneM 1 1449 1449
Hucruret LCD 1602/ 12C 1 422 422
Barapeiika 9 B, Camelion 2 232 464
T'ens MeAULIMHCKUN 1 200 200
Bluetooth HC-05 1 429 429

Uroro 4963

BrIBOABI

[Ipumensiemblii Metox ¢uKcauuu OHMOAIEKTPUYECKUX CHUTHAJIOB B MBIIINAX MMEET MPaKTHYECKOe
3HAYEHUE ANl KIMHAYECKOW HEBPOJOTHH, €r0 pealn3alys OOJErdyuT U TMOBBICHT IUArHOCTHYECKYIO
TOYHOCTbH MEKTPOPU3NOIOTHUECKUX UCCIIEIOBAHUI.

Hocumple naTumku cTaHOBATCS BCe OOJiee paclpoCTPaHEHHBIMH MO MEpE Pa3BUTHUS TEXHOJOTHH.
A nmatunk OMIT MOXeT CTaTh OJHHM W3 HauOojee BAKHBIX MHCTPYMEHTOB JIJISl ONTHMU3AIMNA BOCCTa-
HOBJICHUS, 32)KUBJICHUS U COXPAaHEHHs MPAaBUIHLHOTO MBIIIIEUHOTO TOHYCA BO BPEMS CIIOPTHUBHBIX TPEHH-
POBOK, CHIKAIOIIUM YTOMIISIEMOCTD M IEPETPY3KY.

B nannoii pabote pazpaboTaHbl CTPYKTYpHas cxema npulopa U pelleHre TeXHUYECKOH 3aJauu Ha
OCHOBE TEXHHYECKHUX TPeOOBAHUM, alTOPUTM ITPUOOPA.

Paspabotan nopratuBHbii OMI' 10 HEBBICOKOH IIeHE U C KOHKYPEHTOCHOCOOHBIMH XapaKTEePUCTH-
KaMHu. YCTpoHCTBO npuHUMaeT curaain IMI u oroOpaxkaeT ero Ha KOMIBIOTEpE, AUCIIEE, a TAKKe Ha
cMmaptdone yepe3 Bluetooth.

Ha BpImosiHeHne mpakTuyeckux paboT ¢ y4eToM 3aTpaT OCHOBHBIX M BCIIOMOTaTENbHBIX MaTepua-
JIOB, a TAaK)Xe NPOYMX NPSAMBIX 3aTpaT u3pacxogoBaHo 4963 pyo.

3Has BCIO HEOOX0ANMYI0 0 HEM MH()OpPMAIHIO, OTCUYECTBEHHBIE Pa3padOTYNKU MOTYT MOJEPHU3U-
POBaTh TEKyIIee yCTPOICTBO MM )K€ Ha ero 0a3e MOCTPOUTH HOBBIH, OoJiee yIIydIlIeHHBIH THIT Mpubopa
OMI'.
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YNPABNEHUE NPUPOAHO-PECYPCHbIM MOTEHUWAJIOM
NMEPMCKOIO KPAAA HA OCHOBE KOHEYHO-PA3SHOCTHOM
MOJAEJIN BTOPOI'O NOPAOKA
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lNepmcKul HauuoHasbHbIU uccriedogameribCKUl MOIUMEXHUYECKUU yHusepcumem,
BepesHukoeckull ¢punuarn, bepesHuku, Poccus

Annomayusn. CtaThs MOCBAIIEHA IPOOJIEMe YIIPABJICHUS TIPUPOTHO-PECYPCHBIM MOTEHITHAIOM Ha OC-
HOBE KOHEYHO-Pa3HOCTHON MOZENH 2-ro Mopsaka. B mpoBeneHHBIX paHee HCCIeI0BAHUAX OBLIO YCTaHOB-
JICHO, YTO YIIPaBJICHHE NMPHPOTHO-PECYPCHBIM HOTCHIIMAIOM C UCIOIb30BaHHEM KOHEYHO-PA3HOCTHBIX MO-
JieNieil T03BOJIAeT MOJMYYUTh KauyeCTBEHHBIC MPOTHO3BI B CPABHEHUH C TPATUIIMOHHO MCIOJIb3yEeMBIMHU JIH-
HEHHBIMU MHOXECTBEHHBIMU MojiesisiMu Llesib padoThl. [enbio qanHON paboThl ABISIETCS TOCTPOSHUE KO-
HEYHO-Pa3HOCTHOM MOJENHM KOMIUIEKCHOTO IOKa3aTeNs MPUPOJHO-PECYPCHOrO MOTEHIHala BTOPOTo IMO-
psiAKa Ha OCHOBAaHUM CTaTUCTUYECKHX JAaHHBIX U OLEHKA €€ MPOTHOCTHUYECKUX CBOMCTB Ha mpuMepe Ilepm-
cKoro Kpas. Matepuaibl H MeToAbl. KOHEUHO-pa3HOCTHAsI MOJIENIb BTOPOTO TOpsiAKa OblIa IMoydeHa Imy-
TeM 100aBIeHUS B MOJICNIb MHO)KECTBEHHOM JIMHEHHOM perpeccun aBTOpPEerpecCHOHHBIX ClIaraeMbIX HEepBO-
TO M BTOPOTO MopsAakoB. Ha ocHOBaHMM TPEeHAOB OBUT BBIMOJIHEH MPOTHO3 (PAKTOPOB M PACCUMTAHBI COOT-
BETCTBYIOIIME MOJICNbHBIEC 3HaUeHH. Bo3MoxxHOCTE ynpaBienus ¢akropamu, onpenenstomumu [1PI1, 651-
Jla YCTaHOBJICHAa HAa OCHOBaHMM MX Ka4eCTBEHHOro aHanmu3a. OLEHKH BIUSHHS M3MEHEHUs (DAaKTOpOB Ha
yposesb I1PII Grina mpousBeaeHa IMyTeM YBETHUYCHHS W YMEHBIICHHS MPOTHO3HBIX 3HAUYEHHUH BBIOPAHHBIX
YIOpaBIIEMBIX U HEYIpaBIseMbIX (pakTopoB Ha 5 %. BripaboTaHa cucteMa peKOMeHAaIuil A perHoHalIb-
HOTO TPaBUTENBCTBA IO YIPABICHHUIO MPUPOJHO-PECYpPCHBIM moTeHnuaioMm Ilepmckoro kpas Ha 2019 u
2020 rr. Pe3yabTaThl Hcclieq0BaHus. BIsBICHO, YTO B TeUeHHE OOOMX MPOTHO3HBIX MEPUOJOB OTPHIIA-
TenbHas auHamuka [IPI1 B pe3ynmpTare CHIDKCHHS HEKOHTPOJIHPYEMBIX (pakTopoB — yMeHbmeHune Ha 0,01
B 2019 r. m Ha 0,02 B 2020 r. — KOMIIEHCUPYETCSI €0 MOJOKUTEIBHON TMHAMUKON B PE3yJIbTAaTE pOCTa KOH-
TponupyembIx (aktopoB — poctoM Ha 0,15 B 2019 r. m Ha 0,16 B 2020 r. [TockonbKy yBenW4YeHHE YIpaB-
JsieMbIX (hakTOpoB Ha 5 % 103BOJISET cylmecTBeHHO yBenuuuThb [1PII, To aist KOMIIeHCAK OTpHLIATENbHO-
TO BIHMSHUS HEYIPaBISEMbIX (PAKTOPOB AOCTATOYHO POCTa YNpPaBIIEMBbIX (PaKTOPOB MeHee 4eM Ha 5 %.
Obcy:kaenune u 3akjarouenne. [lomydeHHbIE pe3yabTaThl MO3BOJSAIOT YTBEPKIATh, YTO UCIIOJIB30BaHUE
KOHEYHO-Pa3HOCTHOW MOJIENIM BTOPOTO MOPSIKa MO3BOJISIET OCYIIECTBIATh 3((HEKTUBHOE YIPABICHUE
YPOBHEM IPUPOAHO-PECYPCHOTO NOTEHIMAIA PETHOHA.

Knrwouesvie cnoga: mareMaTHUecKoe MOJEIHPOBAaHUE, IPUPOJHO-PECYPCHBIN MOTEHIHAJ, KOHEYHO-
pa3HOCTHAsA MOJIEIb, IPOTHO3UPOBAHKE, CHCTEMa PEKOMEH Al
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MANAGEMENT OF THE NATURAL RESOURCE POTENTIAL
OF THE PERM REGION ON THE BASIS OF A SECOND-ORDER
FINITE-DIFFERENCE MODEL

A.V. Zatonskiy, zxenon@narod.ru
N.A. Sirotina, nsirotina117@mail.ru

Perm National Research Polytechnic University, Berezniki Branch, Berezniki, Russia

Abstract. The article is devoted to the problem of natural resource potential management based on
a finite-difference model of the 2nd order. In previous studies, it was found that the management of natural
resource potential using finite-difference models allows us to obtain qualitative forecasts in comparison
with the traditionally used linear multiple models. Purpose of work. The purpose of this work is to build
a finite-difference model of a complex indicator of the second-order natural resource potential based on sta-
tistical data and to evaluate its predictive properties on the example of the Perm Region. Materials and
methods. The second-order finite-difference model was obtained by adding autoregressive terms of the first
and second orders to the multiple linear regression model. Based on trends, a forecast of factors was made
and the corresponding model values were calculated. The ability to control the factors determining the PRP
was established on the basis of their qualitative analysis. Estimates of the impact of changes in factors on
the level of PRP were made by increasing and decreasing the forecast values of the selected controlled and
uncontrolled factors by 5%. A system of recommendations for the regional government on the management
of the natural resource potential of the Perm Region for 2019 and 2020 has been developed. The results of
the study. It was revealed that during both forecast periods, the negative dynamics of the PRP as a result of
a decrease in uncontrolled factors — a decrease of 0.01 in 2019. and by 0.02 in 2020. it is compensated by its
positive dynamics as a result of the growth of controlled factors — an increase of 0.15 in 2019 and 0.16
in 2020. Since an increase in controlled factors by 5% allows for a significant increase in PRP, an increase
in controlled factors by less than 5% is sufficient to compensate for the negative impact of unmanaged fac-
tors. Discussion and conclusion. The results obtained allow us to assert that the use of a second-order
finite-difference model makes it possible to effectively manage the level of the natural resource potential
of the region.

Keywords: mathematical modeling, natural resource potential, finite difference model, forecasting,
recommendation system
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Beenenue

ParnmonansHOe MCMONIB30BaHNE MPUPOAHBIX PECYPCOB SBISETCS HEOOXOANMBIM yciIoBUEM 3 dek-
TUBHOTO YIIPaBJICHUS YCTOWYMBBIM PETMOHAIBHBIM Pa3BUTHEM. KOMIIJIEKCHBIM MOKAa3aTenaeM COBOKYII-
HOCTH PETHOHAJILHBIX MPHPOIHBIX PECYPCOB SBIISETCS MPUPOTHO-PECYPCHBIN MoTeHnuan. Kpusucheie
SIBIICHUSI, XapaKTEPHBIE JJIsl COIMATIbHO-DKOHOMHYECKHX CHCTEM B COBPEMEHHBIX YCIIOBHSX, BEIPAXKAIOT-
Csl B HETaTUBHBIX TEHACHUMAX M UUKIMYHOCTH. I MX KOPPEKUHH HEOOXOAMMO 0OECHeunuTh KayecT-
BEHHOE YIPaBJICHUE PErHOHATIBHBIM NMPUPOAHO-pecypcHBIM noTeHimanoM (ITPIT). Dto Oyner ciocobeT-
BOBAaTh WHBECTUIIMOHHON MPHUBIIEKATEIBHOCTH CYOBEKTa, 00Jee JMHAMHYHOMY DKOHOMUYECKOMY POCTY,
a TaKXKe MO3BOJIMUT YCTAHOBUTH L1€JIECO00Pa3HOCTh TOT'O MM MHOTO BU/IA XO3SMCTBEHHOM JAESTENbHOCTH.

1. O630p auTEpPaTYypHI

B paborte [1] npearnpuHsTa MONBITKA OICHUTD BIMSHUE MIPUPOIHBIX PECYPCOB Ha MEXKIYHAPOTHYIO
TOPTOBITIO ¥ (PHHAHCOBOE Pa3BUTHE TEPPUTOPHI, OJTHAKO JAHHBIA aHAIN3 OCYIIECTBICH HA MaKPOYpPOB-
HE, a YKa3aHHBIA B CTaThe METOJI CTATUCTHYECKOTO aHaN3a MaHEIbHBIX JaHHBIX MMPEATOIaracT COCTaB-
HYIO CTPYKTYPY 00BbEKTa UCCISAOBaHUS (HAIpUMep, peruoHbl deiepaabHOro OKpyra) u He MOXKET OBbITh
WCTIONIb30BaH Ha YPOBHE €AMHUYHOTO O0O0BEeKTa. Psm aBTOpOB pa3pabarhIBaroT BOIMPOC 3(PPEeKTHBHOTO
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ocBoenus u ynpasineHust [IPII mocpencTBoM MonennpoBaHusi HHBECTULMOHHBIX JCHEXKHBIX IOTOKOB Ha
npuMepe pPa3INyHbIX cTpaH U pernoHoB: Adpuku [2], Tamkukuctana [3], Kuras [4]. Jnsg koMIuiekcHO-
ro uzydenus [IPII u ynpaBiieHusi €ro oTAENbHBIMHU 3JIEMEHTAMHU JOCTATOYHO IIUPOKO PACIPOCTPAHEHO
UCTIONIb30BaHKe TeonHpopmanmonHo-ananmutiueckux cucrem (IHC). Tak, B [5] mis neneit a3pdexTus-
HOT'O yIpaBJIeHHUs] MPUPOTHBIME pecypcaMu paccMmarpuBaercsa npuMmeHenne ['MIC na teppuropun MH-
Iy, B [6] mokasaHa pousb qucnuininabl GIScience B MHGOPMAIIMOHHON M METOI0JIOTMYSCKON MOIICPIK-
K€ MCCJIEZIOBaHUI B 00JIaCTH MPUPOTHBIX PECYPCOB M OKpYXKaroliel cpeibl, a B [7] aBTOpOM IMpenrpu-
HSTa MOMBITKA KOMIUIEKCHOW OLEHKH MPUPOAHOro OorarcTsa [lepMckoro kpas.

MeToapl MaTEMaTHYECKOTO MOJEINPOBAHMS IIUPOKO MPUMEHUMBI 7151 MOJECIMPOBAHUS U POTHO-
3UpPOBaHMS, a, CIIEOBATENbHO, U YIPABICHHUS IPUPOTHBIMU pecypcamu Tepputopuu. Tak, B padore [8]
OCYILIECTBIICH 0030p MMEIOIIUXCSl MaTeMAaTHUYECKUX MOJAEICH MOANEPKKH NPUHSITUS PEILICHUN C LENbI0
MOBBIILICHHUS YCTOMYMBOTO PA3BUTHS CEITLCKOTO XO3AHCTBA B Pa3BUBAIOIIMXCS CTpaHaX. ABTOPHI 3aKIIIO-
YWIW, YTO MPHUHATHE PEIICHUH 10 3€MJIETIONIb30BAHUIO C LIEIBI0 MOBBIIIEHUS YCTOHYMBOCTH CEIBCKOTO
X03AUCTBA M 3PPEKTUBHOCTH MCIIOIB30BAHUS PECYPCOB HA OCHOBE MaTEMAaTHYECKUX MOJIeNel o0aiaet
OONBLIMM MOTEHIMAJIOM 10 CPAaBHEHHUIO C HCIIOJIb30BaHUEM TPAIWIMOHHBIX Mozeneil. B uccienoBanun
[9] paspaboTana MoAenab PHIHOYHOIO PAaBHOBECHS Ha OCHOBE CMEIIAHHOIO KOMIUIEMEHTAPHOTO IPO-
rpammupoBanus (MCP) s ouenku 6e3omacHOCTH MOcTaBoK rasa B Kutae. PaGota [10] mocsamena
ONTUMM3ALMOHHBIM TMHAMHUYECKUM MOJENSIM HEBO300OHOBHUMBIX NPUPOIHBIX pecypcoB. B [11] aBTop
OPEANPHUHSAI MONBITKY pa3paboTKU 0000IIEHHONH MOJAENH OLEHKH OOIIeH TEeXHHKO-3KOHOMHYECKOH U
9KOJIOTHUECKON A(P(PEKTUBHOCTH MEPEepadOTKH METAJUIOCOIEPKAIUX TEXHOTEHHBIX pecypcoB [ pys3un,
OCHOBaHHOW Ha CHEIMaJIbHO YCOBEPIICHCTBOBAHHON JJIs1 3TOW IIeJId MaTeMaTHUECKON Moy aHalu3a
TOYKH 0e3yObITouHOCTH. OIHAKO HPU 3TOM PacCMaTPUBAIOTCS TOJIBKO OTAEIBbHBIE BHIIBI PECYPCOB, UTO
SIBTISICTCSl HETPUMEHHUMBIM JIJIs1 OOJIbIIIEH YacTH PETHOHOB BBUTY HANWYHS OOJIBIIOTO X KOJTHYECTBA.

B pa6ore [12] uccieayeTcst poJib JieCHOW OMoMacchl B 00ph0e ¢ OPOHXUTOM y HaceJeHHS, BbI3BaH-
HBIM ypOanuzauuei. st 3Toi uenu aBTopaMu chopMyIMpOBaHa HEIMHEHHAS MaTeMaTH4eCcKasi MOJEb,
YUUTHIBAIOIIASl MHTEPAKTHUBHYIO ITUHAMUKY MEXIY JIECHOH OMOMAaccOi, HaceJICHHWEM U 3arps3HEHUEM
OKpy:karomei cpeasl. PazpaboTranHas MoJellb KaYeCTBEHHO MPOAHAIN3UPOBaHA JUIs CYIIECTBOBAHUS U
YCTOMYMBOCTH €€ Pa3IMYHBIX COCTOSHUI PaBHOBECHS C UCIOJIb30BAaHHEM TEOPUH YCTOHUMBOCTH IUd-
(hepeHIaIbHBIX YPaBHEHHM.

ABtopamu B [13] pa3zpaboTaHna MHOTOKpUTEpHaIbHAsT MHOTO(QAKTOpHAs HEYeTKas MOJAEIb JUIs OIl-
TUMH3AIMU paclpelielieHUs 3eMENbHBIX W BOJHBIX PECYpPCOB B YCIOBHSX pHcKa. [1og00HBIE METOIBI
3¢ GeKTUBHBI AT peUIeHus c1abo GpopManu3yeMblX 3a/1ad, OJHAKO 3a4acTyI0 TpeOyloT pa3paboTKu co-
OTBETCTBYIOIIETO MPOTPAMMHOTO 00ECTIeYeHHUS ¥ CIIEIH(PUIECKOTO MATEMaTHUECKOT'O HHCTPYMEHTAPHSL.
B [14] aBTOpHI HCTIONB3YIOT CTOXACTUYECKHE AETEPMUHUPOBAHHBIE MOJIEIH JJISl OIICHKH BIMSHUSA OCa-
KOB Ha JIECHBIC PecypChl. ABTOPHI B [15] OLIEHMBaIOT 3KOHOMUYECKOE PETHOHATBHOE Pa3BUTHE TEPPHUTO-
PHH C IOMOIIBIO CUCTEMBI TU(epeHINANbHBIX YpaBHEHUH. BakHO OTMETHTH, YTO JETEPMUHHPOBAH-
HbIE (PaKTOPHBIC MOJIENTH B OCHOBHOM HUCIIOJIL3YIOTCS ISl MOZJICITUPOBAHUS M IPOTHO3UPOBAHUS (pH3HUe-
CKUX M TEXHHYECKUX CHCTEM, a MOBEICHUE CIIOKHBIX SKOHOMHUYECKHX M COLHAIBbHO-3KOHOMHYECKUX
CHCTEM HE BCET/a a/IeKBaTHO OMHCHIBAIOT.

JlocTaTOyHO pacnpoCTpaHEHHBIM MOJXO00M K YIPABIECHUIO PUPOIHBIMU PECYpCaMu SBISIETCS MO-
JIETUPOBAHNE C IIETBI0 HUBEJIHPOBAHMS BO3ACHCTBUI Ha OKpYy»Karomlyio cpeay. B [16] B pamkax mocTta-
HOBKH M PELICHHUS 3aJaud JHUHEHHOI'0 MPOTPaMMHUPOBAHUS MPEANPHUHSTA MOMbBITKA OLEHKH Pe3yJbTa-
TUBHOCTH MEPONPHUATHI MO BOCCTAHOBJIEHUIO OKPY’KAIOLIeW MpUpoJHON cpeapl. ABTOpHI B [17] uccne-
JYIOT BOIIPOCHI MOZIETTMPOBAHMUSI C I[ENTBI0 KOHTPOIIS B cpepe NCTOIICHHSI 3a11acOB PUPOIHBIX PECYPCOB.
B paGorte [18] aBTOpBI NpeANTOKHIN METOAUKY MaTEMAaTHIECKOTO MOJIEINPOBAHHMS C LIEIbIO YIPABICHHS
OTXOZaMH M PECYpPCaMu C UCIIOJIb30BAaHHEM KOMIUIEKCHOTO IMTOAX0AA.

[IpoBeneHHBIN 0030p UMEIOIMUXCS PadOT MO3BOJIMI YCTAHOBUTH, YTO BOMIPOC YIIPABICHUS MTPUPO/I-
HO-PECYPCHBIM TOTEHIMAJIOM Pa3paboTaH HEJIOCTATOYHO. 3HAYMTENbHAs 4acTh OTEYECTBEHHBIX paboT
SIBIISICTCS. HEaKTyallbHOM BBHIY AAaBHOCTH McciefoBaHusA. Cepbe3HbIX padoT, MOCBALICHHBIX H3Y4YECHHIO
[TPIT IMepmckoro Kpasi, BHINOJIHEHHBIX B TeUeHUE TocieqHux 20 JIeT, B X0/ie MPOBEIEHHOTO 0030pa 00-
HapyXUThb He ynanock. [Ipu 3TOM omepaTWBHOE IUIAHMPOBAHUE MPH HCIOIB30BAHUM MPUPOIHBIX 00-
raTCcTB OpraHaMH BJIACTH SIBIISICTCS MHTEPECHOH 3a/1aueii KaK ¢ TEOPETHYECKOM, TaK M MPUKIIaIHON TOUEK
3pEHHMS, TIOCKOJIBKY €€ peIlcHHE IO3BOJISIET 00eCTIeYnTh YCTOMYMBOE Pa3sBUTHS pernona. s ympasiie-
Hus [1PI1 Ha npakTHKe HEOOXOIUMO PEIIUTh CIICIYIOIINE 3a0auu:
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1) pazpaboTaTh MaTEMaTHYECKYIO MOJEIb IPUPOAHO-PECYPCHOTO MMOTEHIMAa PETHOHA;

2) ocyiecTBUTH COOp IKOHOMUKO-CTATUCTUIECKHUX JaHHBIX HA IPUMEPE KOHKPETHOTO PETHOHA;

3) BBINOJHUTE OCTPOEHHE Pa3pabOTaHHON MaTeMaTHUECKOW MOJIEH Ha IPpUMepe KOHKPETHOTO pe-
THOHA;

4) nmpoaHanU3UpPOBaTh BO3MOXKHOCTH JHL, MpuHuMatoniux pemenus (JIIIP) mo mpoTtuBozeiicTBuio
HETaTHUBHBIM TCHICHLMSIM HEyNpaBisieMbIX (aKkTOpoB, onpenesomux yposens [1PI1, mytem Bapeupo-
BaHUs yIpaBisieMbIMH (DaKTOpaMH Ha IMIpUMeEpe KOHKPETHOTO PErHOHA.

2. MaTtepuaJibl 1 METOABI

B kauectBe oObekra uccienosanusi BeiOpan [1PII Ilepmckoro kpas. LlemecooOpa3Ho OlEHHTH
BJIIMSHUE M3MEHEHHUS YIPABISIEMBIX U HEYNpPaBIsieMbIX (PaKTOPOB HA €ro BEIMYUHY M BHIPabOTaTh CUC-
TeMy PEKOMEHIAMUK MO KPaTKOCPOYHOMY YIPAaBICHHIO UM C LEJIBI0O KOMIIEHCAIlUM HEraTUBHBIX TEH-
JEeHLUH onpeaensouux ero ¢pakTopos. s 3Toro He06X0UMO:

— BBIMIOJIHUTH KPaTKOCPOYHBINM MporHo3 ¢akrtopos, onpenenstomux [IPIT Tlepmckoro xpas
(ma 1 ron);

— BBIYMCIIUTH COOTBETCTBYIOMIEe porno3noe 3HaueHue [1PII [lepmckoro xpas (LeHTpaIbHYIO TOY-
Ky IIPOTHO34);

— npoaHanu3upoBath pakTopsl, onpenemsoniue [IPI1 Ilepmckoro kpast, 1 OLEHUTh UX C TOYKHU 3pe-
HUS YIPABIIIEMOCTH;

— BBIOpATh MO JIBa HaHOOJIee 3HAYUMBIX JJISl PETUOHA YIPABISIEMBIX U HEYIPABIISIEMbIX (aKTopa;

— BBIYMCIIUTH aOCOJIIOTHBIC 3HAYCHUS! BHIOPAHHBIX (PAKTOPOB MPH MX YBEIWYCHUH M YMEHBLICHUU
Ha 5 %;

— paccuurtats 3HaueHus [1PI] npu pa3nuuHbIX KOMOMHAIMSIX 3HAUYEHWH YIPaBISIEeMbIX U HEYNPaB-
JSIeMBIX ()aKTOPOB, OLIEHUTH, KOMIICHCHUPYIOT JIU MOJIOKHUTEIbHbIC N3MEHEHHSI YIIPABISIEMbIX (PaKTOpOB
HEeraTHBHbIE N3MEHEHUS HEYIPaBIsIeMbIX;

— B CJIy4ae eclid PacCMOTPECHHbIC N3MEHEHUS yNPaBlIIeMbIX (PaKTOPOB HE MO3BOJISIOT KOMIICH-
CHUPOBaTh M3MEHEHUs HEYNPaBISIEMBIX, COOTBETCTBYIOIIME 3HAYCHHUS CIEAYET MOA0OpaTh «BpYydY-
HYIO»;

— Ha OCHOBaHUH IOJIYYEHHBIX pacdeToB pa3padoraTs pekomeHnanuu mno ymnpasieauto [1PII Ilepm-
CKOI'0 Kpas JUisl JIUL, IPUHAMAOIIHUX PEIICHUS.

Uzyuenne umeromeics cTaTuCTUIeCKoil HH(POPMALIUU B OTKPBITHIX NCTOYHHKAX IO3BOJIMIIO yCTa-
HOBUTH HaOOp mokazateneil, onpenenstomux yposenb [IPIT Ilepmckoro kpast Ha BpeMEHHOM HMHTEpBae
¢ 2008 mo 2018 r. (Tadm. 1).

Ta6nuua 1
®akTopsbl MNPl MNepmckoro kpas
Table 1
Natural resource potential factors for the Perm region
Ne O6o3HaUCHHE HanmenoBanue
1 X [ToceBHbIE MIIOMIAIN CEIBCKOXO3SIMCTBEHHBIX KYJIBTYD, ThIC. I'a
2 X CpenHeroioBasi YUCICHHOCTD 3aHATHIX B 9KOHOMHUKE, THIC. YeTl.
3 X; WuBecTuiyy B 0CHOBHOM KaIrluTall MPEeINpUATHI, MIH pyo0.
4 Xy Buecenue yno6penuii: MuHepanbHbIe yT0OpEHUS, THIC. T
5 X5 BHrecenune ynoOpenuii: oprannieckue yao0peHus, ThIC. T
6 Xs CTonMOCTh OCHOBHBIX (DOHIIOB Ha KOHEI[ r0J1a, MITH pPYO0.
7 X5 JlecoBoccTaHOBIICHUE, THIC. T'a
8 X3 Uucno npeanpusTHil 1 OpraHu3aliii Ha KOHell rojia
9 Xy Ilena nedtu Brent (cpeaneromosoe 3Hauenue), USD 3a 6appens
10 Xio Okcnopt npoaykuuu TOK, Mo USD

Panee Obu10 ycTaHOBICHO [19], 4UTO AJI MPOTrHO3UPOBAHUS COIUATBHO-3KOHOMUYECKUX MPOIIECCOB
MOJIET C aBTOPErPECCHOHHBIMU CJAaraéMbIMU pA3JIHYHBIX IOPAAKOB (B YACTHOCTH KOHEUYHO-
Pa3HOCTHBIE MOAEIH MepBOro u Broporo nopsakos, KPM-1 u KPM-2) no3BossioT nonyduTs Oosee Ka-
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YECTBEHHBIE MPOTHO3BI IO CPABHEHHUIO € TPATULIMOHHO UCIIOIb3yEMBIMH JINHEHHBIMU MHOKECTBEHHBIMH
monesivu (JIMM).

Ha ocHoBaHuu cratuctudeckux gaHHbIX 1o Ilepmckomy kparo 3a 2008-2018 rr. B [20] Hamu ycra-
HOBJICHO, YTO HamWIydllee KaueCTBO NPOTHO3MpoBaHMs obOecrieunBaeT HaOop ¢akTopoB X, Xp, X4, Xg,
X7, Xg, Xo, X19, @ ypaBuenuss KPM-1 u KPM-2 umeroT BHl COOTBETCTBEHHO:

Yieonr (1) = —1,683 + (=0,894 +1) - Yiepnpy (14 1) +1,950- X, (1) — 0,844 - X, (1,) + 0,192 X, (1) +
+1,819- X (1,)— 0,807 X (1) +1,483- Xy (£, ) + 1,112 Xo (1) +0,338- X, (£, ) =

= —1,683+0,106 - Yiepppy (64_) +1,950- X, (1) — 0,844 X, (1,)+0,192- X, (£, ) +

+1,819- X, (£,)— 0,807 - X, (¢, ) +1,483- X (£, ) +1,112- X, (£, ) + 0,338+ X, (1) (1)

Yionia () = —1,270 4+ (=1,781=0,349 4+ 2) - Yiepnn (15 _1) — (1-0,349) - Yoo (8 ) +
+0,108- X, (£,)+1,216- X, (t,) — 0,176 - X, (£, ) + 2,567 - X (t,) + 0,389 X (£,) +

+0,361- Xg(t,)+0,009- X, (£,) +0,166 - X, (£, ) = —1,270— 0,130 Viepprr (£, _,) +

40,651 YViepprn (t4_2 ) + 0,108 X, (£,) + 1,216+ X, (¢, )-,176 - X, (1) + 2,567 - X (¢, ) +

+0,389- X, (£, ) +0,361- Xy (1) + 0,009 Xo (£, ) +0,166- X, (t; ). )

[lorpemHocTy MPOrHO3UPOBaHUs ¢ uconb3oBaHueM KPM, kak mpaBuiio, CyIECTBEHHO HUKE, YeM
¢ ucnonp3oBanreM JIMM (tabim. 2).

Tabnuua 2
MorpewHocTn nporHo3uposaHus MNPl Nepmckoro kpas
Table 2
Perm region natural resource potential forecasting errors
IToctnporxos
N IToctnporuos
Bpemennoi Monenb | rox 2 roga
HHTEpBal 1-ii rox 2-ii rox
JIMM 100 100 100
KPM-1 65,55 -29,77 83,21
2008-2018 rr. KPM-2 68,73 16,29 45,52

[Ipu nporHo3upoBaHuK Ha 2 rojia BIepe/] 1ejecoo0pa3Ho pacCMOTPETh Ka4eCTBO IPOTHO30B Ha 1 u
2 rona. [Iporuo3sr KPM Ha 1 roa 06yafaroT JydIiMM Ka4eCTBOM 110 cpaBHEeHUIO ¢ JIMM Juiib B 1oJ10-
BUHE CITy4aeB:

— NP IPOrHO3UPOBAHMY HA OJIMH roJl Biepen Ha BpemMeHHoM uHTepBaiie 2008—2018 (ua 2018 r. mo
nmaaabsM 2008-2017 rr.) mporaozst KPM-1 u KPM-2 na 2018 r. nyume JIMM-nporaosa Ha 34,45 u
31,27 % cOOTBETCTBEHHO;

— IpU TPOTHO3MPOBAHUM Ha 2 roja BHepea Ha BpeMeHHOM HHTepBasie 20082018 rr. mporxossl
KPM-1 u KPM-2 Ha 1 rog (#a 2017 r. mo nanabiM 2008—2016 rr.) cymecrBenHo syume JIMM-mpor-
Ho3a (Ha 70,23 u 83,71 % mo abcomoTHOW BeNMYHMHE COOTBETCTBEHHO); MporHo3bl KPM-1 u KPM-2
Ha 2 roma Brepex (Ha 2018 r. mo manaeiM 2008-2016 rr.) cymectBenHo nyumie JIMM-mporuosa
(1a 16,79 u 54,48 % 1o aGCOMOTHON BETUIMHE COOTBETCTBEHHO).

Takxum 00pa3om, MPOrHO3UpOBaHue ¢ Ucnoyb3oBanreM KPM-2 Ha 2 rosa mo3BoJsieT COKpaTHTh 10-
TPEUTHOCTh MPOTHO3UPOBaHMs Ooliee 4eM BIBOE 0 CPABHEHHWIO C MOTPEIIHOCTHIO MPOTHO3HPOBAHHS
JIMM. Ilockonbky TodHOCTEH TIporHo3a KPM-2 Beimre, uem KPM-1, pacdersl s 1ieneit mampHEHIero
WCCIICIOBaHUs OYyIeM BBINOIHATH Ha ocHoBaHuU KPM-2.

3. Pe3y1bTaThl HCCIEI0BAHUS

st moctpoenust KkpaTkocpodroro mporxo3a [IPIT ma 2019 u 2020 rr. B COOTBETCTBUHU C MOTYUYCH-
HbIMH ypaBHeHHUSAMH (1) U (2) HEOOXOIUMBI COOTBETCTBYIOIIHME MTPOrHO3HbIC 3HaYCHMsI (pakTOpoB. BhI-
MOJTHUM HX TPOTHO3 Ha OCHOBaHUH 4—5-TI€THUX TPEHIOB (TaldI. 3).
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Tabnuua 3
MporHo3Hble 3HaYyeHnA hakTopoB Ha 2019-2020 rr.
Table 3
Forecast values of factors for 2019-2022
IIporuo3 IIporuo3s
Ne Paicrop Metoz nporsosa Ha 201p9 r.(t=6) | na 202po r.(t,=7)
1 X Xi(t) = 0,0459-¢,— 0,0234 0,2520 0,2979
2 X Xo(1) = —0,1574+1;, + 0,8362 —0,1082 —0,2656
3 Xy Xy(t) = 0,1341-¢,+ 0,0523 0,8569 0,991
4 X Xe(t)=0,1131-¢,+ 0,4533 1,1319 1,2450
5 X5 X5(t,) = 0,1670-¢, + 0,1485 0,9203 1,0026
6 X3 Xg(tr) =—0,1134-1, + 1,0023 0,3219 0,2085
Xo(t,) = 0,1985-4,— 0,2164,
7 X t,=2019, t; = 2020 0,5776 0,7761
8 Xio o a2 0,5209 05053
9 Yiem2 (# = 12) | B cooTBeTcTBHU C ypaBHeHHEM (2) 1,2513 1,2316

BosmoxkHocTh ynpasnenus: gaxropamu, onpenenstomumu [1PI1, Mmoxer ObITh ycTaHOBIIEHA Ha OC-
HOBaHHMH UX KAUECTBECHHOTO aHaiu3a. Tak, K ynpasisieMbiM (GakTopaM B (1) u (2) MOKHO OTHECTH:

X| — IOCEBHBIE IJIOLIAIN CENbCKOX03AHCTBEHHBIX KYJIbTY, ThIC. Ia;

X5 — MIHBECTHLIMU B OCHOBHOH KamnuTall NpeanpUsiTHA, MIH pyo0.;

X, — BHECEHUE MUHEPAJIbHBIX YAOOpEHUH, ThIC. T;

X5 — BHECEHHUE OpraHUYECKUX YI0OPEHHH, ThIC. T;

X — CTOMMOCTb OCHOBHBIX (DOHIOB Ha KOHEII TOAa, MIH PYO0.;

X5 — IeCOBOCCTAHOBIJICHHE, THIC. Ta.

K HeynpasisieMbiM (hakTOpaM OTHOCSTCSL:

X, — cpenHerofoBas YHCIECHHOCTD 3aHAThIX B DKOHOMHKE, ThIC. Yell.;

Xg — 4MCII0 NPEeAIpUITUM U OpraHu3alMi Ha KOHEll ToJa;

Xo — nena Hedtu Brent (cpeaneromoroe 3nadyenue), USD 3a Gapperb;

X0 — 3kcnopt npoaykmmu TOK, ma USD.

Bo03M0OHOCTH OnepaTHBHOTO yIpaBlICHHs pa3MepaMH MOCEBHBIX IUTomaneil (X;) ompenensercs ak-
THBHO pealu3yeMbIMHU IIPOrpaMMaMH MOJJEPKKHU CEIbX03MPOU3BOANTENEH Ha Tepputopun [lepmckoro
Kpas B paMKax peajii3alid CTPaTeruu UMItopTozamenieHus. CTOUMOCTh 00BEKTOB OCHOBHBIX CPEICTB
SIBIISIETCS. OTHUM M3 OCHOBOMOJIAraomux (HhakTopoB SKOHOMHKH, TTIAaBHOW COCTAaBIISIOLICH Mpolecca Xo-
3SAUCTBEHHOW JIEATENFHOCTH, WUTIOCTPUPYIOIUX YCIENIHOCTh (DYHKIMOHMPOBAHUS OpraHu3anuid (Ot
3G PEKTHBHOCTH WX WCIIOJIb30BAHUS 3aBUCHT Ka4eCTBO, KOJMYECTBO MPOHM3BOAMMOW MPOAYKIMH WIIH
OKa3aHHBIX YCIYT, a TaKKe MX KOHKYPEHTOCIHOCOOHOCTH), KPOME TOTr0, IMO3TOMY LeNeCOO0Pa3HO BhI-
Opatb B KadecTBe ympasiaomero dakropa X Paxropom X; (BHeceHHE MUHEpaTbHBIX yIOOPEHHI)
YIPaBJISATH HEBO3MOXKHO B CHITy TOTO, YTO COOTBETCTBYIOIIUI KO3(D(DHUIIEHT HMeET HyJIeBOE 3HAUCHHUE.
dakTop JIECOBOCCTAHOBICHUSA (X7) SBIACTCS OJHUM M3 BOKHEHIIMX JUIS LIEed 00CCIeUeHUsT YCTOMIH-
BOTO Pa3BHUTHUS PETHOHA, JaHHBIA BUJ ACATEIBHOCTH B IIepMCKOM Kpae akTHBHO peanu3yeTcsd Ha Mpak-
THKE, OJIHAKO YPQEKT OT HEro He MOXKET OBITh MOJYYCH B KPATKOCPOUHOW TepcreKkTuBe. Takum oOpa-
30M, B Ka4eCTBE YIPaBIsieMbIX (aKTOPOB BHIOpaHbI X U X;.

Haunbonee 3HaunMbIMu HeynpaBiisieMbIMU (PaKTOpaMH SBISIIOTCS: X, — CPEAHEr0/10Bas YUCICHHOCTh
3aHATHIX B 9KOHOMHKE U Xy — LieHa He(TH Brent. [loka3aTens YuCIeHHOCTH 3aHATHIX B OOJbILEH cTemne-
HU ONpeAessieTcsl SKOHOMHYECKOW KOHBIOHKTYPOH M COLMAbHOW OTBETCTBEHHOCTHIO OHM3HECa W B
MEHBIIIEH CTENEHN — MOJUTHUKOW PETMOHAIBHBIX BIACTEH, COOTBETCTBEHHO, YIIPABICHUE UM 3aTPYIHHU-
TenbHO. CTOMMOCTD HETH ONpeAessieTcsl B3auMOACHCTBUEM MUPOBOIO CIIPOCA U MPEIUIOKEHUs, Ha e
YPOBEHB JI0 OTIPE/ICIIEHHON CTETIEHH MOTYT MOBIUATH (pefiepaibHble, HO HE perHOHANbHBIC BiIacT. [Ipu
3TOM 3HAYMMOCTh HE(TSHOHM oTpaciu ais Oro/pKeTa perroHa BechbMa CYIIECTBEHHA, a MPOU3BOJICTBO
He(TH SABISAETCS OAHUM U3 3HAUUMBIX U OTHOCHTEIBHO PEIKUX KPAEBBIX PECYPCOB.

J7ist otieHKM BIUSIHYS M3MEHeHHs (hakTopoB Ha ypoBeHb [IPI1 paccuntaem yBennieHHe U yMEHBILICHUE
MPOTHO3HBIX 3HAYCHUH BHIOPaHHBIX YIpaBisieMbIX U HeynpasisieMbix [TPIT pakTopos Ha 5 % (Tabm. 4).
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Tabnuua 4
N3meHeHue ypoBHen onpepensowmx cdaktopoB Ha 5 % B 2019 1 2020 rr.
Table 4
Change in the levels of determining factors by 5 % in 2019 and 2020

PaxTop X-5% X X+5%
X1(2019) 0,2394 0,2520 0,2646
X1 (2020) 0,2830 0,2979 0,3128
X>(2019) —0,1136 —0,1082 —-0,1028
X5 (2020) —0,2789 —-0,2656 —0,2523
X5(2019) 1,0753 1,1319 1,1885
X5 (2020) 1,1828 1,2450 1,3073
X,(2019) 0,5487 0,5776 0,6065
X5 (2020) 0,7373 0,7761 0,8149

Ux nanuuue mo3BoJSeT ompenenuTh cooTBeTcTBytomme ypoBHH [IPII mo xaxxnomy U3 ypaBHEHHI
(1) u (2) (Tabumn. 5, 6).

Ta6bnuua 5
KPM-2 nporHo3sbi MNPl npy manbix uameHeHUsX HeynpaBnseMbix (pakTopoB
Tabl
CRM-2 forecasts of PRP with small changes in uncontrolled factors able®
KPM-2 2019 (#, = 12) KPM-2 2020 (#, = 13)
X-5% X X +5% X-5% X X +5%
Xo— 5% 1,2445 1,2511 1,2577 1,2151 1,2313 1,2474
(-0,55%) | (=0,02 %) (0,50 %) (-1,34%) | (1,28 %) (1,28 %)
Y 1,2448 1,2513 1,2579 1,2155 1,2316 1,2478
’ (0,53 %) (0,53 %) (-1,31 %) (1,31 %)
Xo 5% 1,2450 1,2516 1,2582 1,2158 1,2320 1,2481
(=0,50 %) (0,02 %) (0,55 %) (~1,28 %) (0,03 %) (1,34 %)

ITockoneky monoxxutensHo auHamukol I[IPII sBnsercs poct, To HauXyAlmUil creHapuil U3 pac-
CMOTpPEHHBIX COOTBETCTBYET CHIDKECHHIO 000UX HEeyIpaBisieMbIX (pakropoB Ha 5 %, T. €.

Yiomo (8 =12, X5 =5 %, Xo —5 %) =1,2445,

Yiomo (8 =13, X5 =5 %, Xg —5 %) =1,2151.
Torna camkenue yposHs IIPII oTHOCHTENBHO €ro IEHTPATbHBIX TOUEK IPOrHO3a COCTABUT

AY G5 (8, =12) =1,2445-1,2513 =—0,0068,

AYepih (t =13)=1,2151-1,2316 = -0,0165.

Tabnuua 6
KPM-2 nporHo3sbl NP1 npu Manbix 13aMeHeHUAX ynpaBnseMbiX pakTopoB
Table 6
CRM-2 forecasts of PRP with small changes in controlled factors
KPM-2 2019 (1, = 12) KPM-2 2020 (7, = 13)
Xe—5% Xs Xe+5% Xs—5% Xs Xe+5%
Y _59 1,1047 1,2500 1,3952 1,0703 1,2300 1,3898
: Sl E1L,72%) | (—0,11%) | (11,50%) | (<13,10%) | (<0,13%) | (12,84 %)
Y 1,1061 1,2513 1,3966 1,0719 1,2316 1,3914
! (-11,61 %) (11,61 %) | (12,97 %) (12,97 %)
Y 450 1,1074 1,2527 1,3980 1,0735 1,2332 1,3930
: ° | (=11,50%) | (0,11 %) (11,72%) | (-12,84%) | (0,13 %) (13,10 %)

[Tockonbky nonoxutenbHoll nuHamukout IIPII siBnsieTcst pocT, TO HaWJIydllMid CUEHApUM U3 pac-
CMOTpPEHHBIX COOTBETCTBYET POCTY 000HX yrpaBisieMbix pakropoB Ha 5 %, T. e.
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Yieomo (4 =12, X1 +5 %, X +5 %) =1,3980,
Yieomo (4 =13, X; +5 %, Xg +5 %) =1,3930.

Toraa ysennuenue ypoBHs [IPI1 0THOCHTENBHO €ro LEeHTPATbHOM TOYKH MPOrHO3a COCTABUT
AYo (8, =12)=1,3980—1,2513 = 0,1466,

AYeho (8, =13)=1,3930-1,2316 =0,1614.

OueBuAHO, YTO B TeUCHUE 0OOUX MPOTHO3HBIX NEPHOAOB oTpunarenbHas auHamuka [1PI1 B pe3ymns-
TaTe CHIWKCHUSI HEKOHTPOJUpyeMbIX (akTopoB (ymensineHue Ha 0,0068 B 2019 r. u na 0,0165 B 2020 1.)
KOMIIGHCUPYETCSI €ro TOJIOKUTEIbHOW TUHAMUKOW B pe3yjbTaTe pocTa KOHTPOJUPYEMBIX (haKTOpOB
(pocrom Ha 0,1466 B 2019 1. 1 Ha 0,1614 B 2020 r.). [TocKONBEKY yBeTHUEHHE YIPABIIEMBIX (aKTOPOB
Ha 5 % mo3BousieT cymecTBeHHo yBennyuTh [1PI1, To miist koMIieHcaluy OTPUIIATENILHOTO BIHMSHUS He-
yIpaBIIsIeMbIX (aKTOPOB JOCTATOYHO POCTa yNpapisieMbIX (hakTopoB MeHee ueM Ha 5 %. Tak, B 2019 .
Uil KOMITeHcauuu 5 % yxyameHus o00MX HeynpaBiseMbIX (aKTOpOB (CpeIHEroJoBasi YUCICHHOCTD
3aHATHIX B 9KOHOMHKE M 1eHa HeTu Brent) mpu HEM3MEHHOM 3HAYEHWH CTOMMOCTH OCHOBHBIX (DOHIOB
Ha KOHEIl Ieproja He00X0IMMO yBEIMUCHHUE MTOCEBHBIX MJIOMIAZIEH CENbCKOXO3SMCTBCHHBIX KYJIbTYp Ha
25,3 %. B 2020 r. ansa komreHcaiuu S5 % yxyaiieHus 000UX HEyNpaBisieMbIX (haKTOpOB (CpeaHEeroio-
Basi YUCIIEHHOCTD 3aHATHIX B DKOHOMHKE U IIeHa HeQTu Brent) nmpu HEM3MEHHOM 3HAYEHUH CTOMMOCTH
OCHOBHBIX (DOHIOB Ha KOHEIl Mepro/a He0OX0ANMO yBEIMUCHHE TOCEBHBIX TUIOMIA/ICH CeTbCKOX03SHCT-
BEHHBIX KynbTyp Ha 51,5 %.

B 2019 r. nna komnencanuu 5 % yxyameHus 000MX HeynpaBiIsieMbIX (akTOpOB (CpeaHEeroqoBas
YHCJICHHOCTh 3aHATHIX B 9KOHOMUKE U LieHa Hedtu Brent) mpu HeM3MEHHOM 3HaYEHHU MOCEBHBIX ILIO-
magel CenbCKOXO3AUCTBEHHBIX KYJIBTYP HEOOXOOMMO yBEIMUYEHHE CTOMMOCTH OCHOBHBIX (DOHIOB Ha
koHerl roza Ha 0,235 %. B 2020 r. mis komneHcanuu 5 % yxXyauieHus: 000uX HeynpaBisieMbIx (pakTo-
POB (cpenHeroIoBasi YMCICHHOCTD 3aHATHIX B SKOHOMUKE U IieHa He(TH Brent) mpu HEM3MEHHOM 3Ha-
YCHWU TOCEBHBIX IUIOMIAJIEH CEbCKOXO3IHCTBEHHBIX KYJIbTYp HEOOXOAMMO YBEJIWYEHHUE CTOUMOCTH
OCHOBHBIX ()OHJIOB Ha KOHell roaa Ha 0,516 %.

O06cysk1eHne 1 3aKJII04YeHUE

o pe3ynbraTaM NpOBEACHHOTO UCCIIEIOBAHUS MOXKHO CAEIATh CIIEIYIOIINE BEIBOABI.

1. OTpunaTensHON TUHAMUKOW HEeylpaBisieMbIX (GakTopoB X, (cpelHero1oBasi YMCICHHOCTh 3aHsi-
THIX B 9KOHOMUKE) U Xy (1ieHa HedTr Brent) siBnsiercst cHmkenue. [Ipu ymenpiennu ¢aktopoB Ha 5 %
npoucxoaut ymensienue [1PI1 B coorserctBun ¢ KPM-2 Ha 3,91 % B 2019 1. m Ha 3,10 % B 2020 T.

2. IlonoxuTensHONH TUHAMUKOW yrpaBisieMbix (akTopoB X| (pa3mepsl MOCEBHBIX IUIOMAAen) u Xg
(cronMocTh OCHOBHBIX ()OHIOB Ha KOHEL rona) siisercss pocT. llpu yBenuuenun daxtopoB Ha 5 %
npoucxoaut poct IIPII B coorBeTcTBrn ¢ KPM-2 Ha 11,72 % B 2019 1. mHa 13,10 % B 2020 1.

3. lpupoct IIPII B pe3ynpTare MONOKUTENBLHOIO M3MEHEHHS yIpaBisieMblX (akropoB X; u Xs Ha
5 % KOMITEHCHPYET €ro CHWKEHHUE B Pe3yJIbTaTe HEraTHBHOTO W3MEHEHUS HEYTIPABIIsIEMbIX (DaKTOPOB X,
u Xo Ha 5 %, cienoBaTeNbHO, JOCTATOUHO M3MECHEHHS YNpPaBIseMbIX (JaKTOpPOB MeHee ueM Ha S5 %.
OTO MO3BOJUT MEpPEHANPAaBUTh MOTOKH PECYpPCOB Ha APYrUe 3HAYMMbIE COIUAJIbHbIE U IKOHOMHUYE-
CKHE TIPOEKTHI.

4. B 2019 r. ang xoMmeHcayu S5 % yxXynmieHus: 000X HeYNpaBIsIeMbIX (akTOPOB (CpeIHEro0Bas
YHCIICHHOCTh 3aHATHIX B SKOHOMHUKE U LieHa HedTH Brent) mpu HeM3MEHHOM 3HAYEHHH CTOMMOCTH OC-
HOBHBIX (D)OHIIOB Ha KOHEI| IepHOAa HEOOXOOUMO yBEIHUYCHHE MOCEBHBIX IUIOMAACH CENbCKOXO3ANUCT-
BEHHBIX KyJIbTyp Ha 25,3 %. B 2020 r. ams xomneHcanuu 5 % yXynieHus: 000X HeYNpaBIIeMbIX (ak-
TOpOB (CPEeHET0I0BAsI YHCICHHOCTh 3aHSTHIX B 9KOHOMUKE M IleHa HeTu Brent) npu HeM3MeHHOM 3Ha-
YEHWU CTOMMOCTH OCHOBHBIX (DOHJIOB Ha KOHEIl TIepHoa HEOOXOMMO YBEIMUYEHHE MOCEBHBIX TUIOMNIA-
Tl CeIbCKOXO03IUCTBEHHBIX KYIbTYp Ha 51,5 %. Ilpencrapisercs, 9To Takoe CYIIECTBEHHOE yBEIHYC-
HHUE TPYAHOJOCTIKUMO Ha IPAKTHKE.

5. B 2019 r. nna komnencauuu S % yxyameHus 000uX HeynpaBisieMbIX (akTopoB (CpeaHErooBast
YHCIICHHOCTh 3aHATHIX B 9KOHOMUKE U LieHa Hedtu Brent) mpu HeM3MEHHOM 3HaYEHHU MOCEBHBIX ILIO-
ajgeil CeNbCKOXO3IUCTBEHHBIX KYJIBTYP HEOOXOJUMO YBEIMUYEHHE CTOMMOCTH OCHOBHBIX (DOHIOB Ha
koHernl roza Ha 0,235 %. B 2020 r. mis komneHcanyuu 5 % yxXyauieHus: 000uX HeynpaBisieMbIx (pakTo-
POB (cpenHeroioBasi YMCICHHOCTD 3aHATHIX B SKOHOMHUKE U IieHa He(TH Brent) mpu HEM3MEHHOM 3Ha-
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YEHUU IOCEBHBIX IUIOMIA/ICH CEeNbCKOXO3AHCTBEHHBIX KYJIbTYP HEOOXOAMMO YBEIMYCHHE CTOMMOCTH
OCHOBHBIX ()OHJIOB Ha KoHell roja Ha 0,516 %. B abcomroTHBIX 1udpax COOTBETCTBYIOIINE MPOTHO3HBIE
nokazarenu paBHbl 7 264 048,2 u 7 857 542,8 muH py6. B 2019 1 2020 IT. COOTBETCTBEHHO.

6. st mocTikeHust TpeOyeMBbIX YPOBHEW CTOMMOCTH OCHOBHBIX ITPOU3BOJICTBEHHBIX (POHIOB HEOO-
XOJIMIMbI MHBECTUIMH B pa3Mepe

7264 048,2 — 7 250 539,6 = 13 508,62 mmun py6. B 2019 1.;

7 857 542,8 —7 824 917,5 =32 625,27 mnH py6. B 2020 1.

Takum 00pa3om, JHIa, TIPUHAMAIONINE aMUHUCTPATHBHBIE PEIICHUS MOTYT 00ECIIEYNUTh YCTOWYH-
Boe pasButue [IPI] pernona 3a cuetr obecreueHus MOJOKHUTEILHON JTUHAMHUKH YIPABISIEMBIX (PaKTOPOB
Jake B HEOIaronpHUATHBIX BHEIIHUX M BHYTPEHHUX YCIOBHSIX.
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Abstract. 1t is shown that the strengthening of the role of strategic management of industrial enterprises
and corporations that has taken place in recent years requires the creation of new developments in the field
of both improving the strategies for managing manufacturing companies themselves and the formation
of appropriate information and analytical support for the mentioned process. The aim of the work was
the need to develop an up-to-date information and analytical support for the strategic management of enter-
prises in the context of global instability in the world and a tough confrontation between Russia and
the West. In this regard, the implementation of effective management of industrial enterprises and corpora-
tions is becoming an increasingly difficult task, the solution of which depends on an increasing number of fac-
tors, not only direct, but also increasingly significant indirect impact. Materials and methods. The study
of the origin, formation and development of ideas of strategic management of industrial enterprises and or-
ganizations showed that the implementation of operational and strategic management of enterprises cannot
be carried out, as was done in the very recent past, based on the experience of managers and simple unam-
biguous schemes development of management decisions. Based on the analysis of the development of sci-
entific ideas, foreign and domestic approaches and conceptual provisions for the strategic and operational
management of industrial companies and corporations, a set of scientific provisions for the formation of in-
formation and analytical support for the development of the strategy of Russian companies, based on the re-
sults of practical experience and scientific developments of the authors. Results. The proposed set of scien-
tific provisions for the development of information and analytical support for the strategic management of
enterprises in the context of global instability enables the leaders of these enterprises to increase the validity
and effectiveness of their activities. Conclusion. Because foreign and domestic experience in managing
enterprises and organizations, scientific research on the strategic and tactical management of companies of
the past years, by now, has ceased to make it possible to effectively manage the development of companies.
The complex of scientific provisions presented in the article and the algorithm of strategic management of
industrial enterprises and corporations is a necessary element for improving the quality of strategic mana-
gement of manufacturing companies in today's extremely tense and unstable conditions for doing business
and business in our country.

Keywords: production corporation, strategic management, operational management, political and eco-
nomic instability, information system
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Annomayusn. TlokazaHo 4TO NPOHCXOAAIIEE B IMOCIECAHHE TOMBl YCHIEHHE POJH CTPATErHYECcKOro
YIOpaBIEHUS IPOMBIIIJICHHBIMH NPEINPUATHSAME U KOPIOPAIUAMHU TpeOyeT CO3IaHMsI HOBBIX pa3paboToK B
00J1acTH KaK COBEPIICHCTBOBAHUS CAMUX CTPATETHH yIPaBICHHUS MPOM3BOACTBEHHBIMI KOMITAHUSIMH, TaK U
(hopMHpOBaHUS COOTBETCTBYIOIIETO HMH(GOPMAIIMOHHO-aHAUTHYECKOTO 00ECIeUYeHHs] YIOMSIHYTOTO Ipo-
recca. leabro padoTsl SBMUIIACE HEOOXOIUMOCTh Pa3pabOTKM aKTyaJbHOTO WH(POPMALMOHHO-aHAINTHYE-
CKOT'0 00ECIIeUCHNS CTPATETHUECKOTO YIPABICHNS NPEANIPUATHAME B YCIOBHUSX T7I00aIbHON HecTaOMIIBHO-
CTH B MHpE U XECTKOro NpOTUBOCTOsIHUS Poccun co crpanamu 3amana. B aToii cBsi3n ocymecTBieHue 3¢-
(heKTUBHOTO YIIPABICHHUSA HMPOMBINUICHHBIMA HPEANPHATHAMH M KOPIOpAIMSIMA CTaHOBHUTCA Bce Oolee
CIIO)KHOM 3a/1a4eii, pemeHne KOTOPOH 3aBUCHUT OT Bce OOJBIIEro KoJIuYecTBa (akTOPOB HE TOJIBKO MPSIMO-
ro, a Bce OoJjiee 3HAUMMOI0 KOCBECHHOTO Bo3JeicTBHs. MaTepuanabl U MeToabl. V3ydeHne BOIPOCOB 3a-
poxaeHus, GOPMHUPOBAHUSA M PA3BUTHA UACH CTPATEIrMYECKOI0 YIPABICHUS MPOMBIIUICHHBIMU MPEapUs-
TAAMH U OpraHu3anusaMu IOKa3ajlo, YTO OCYHICCTBJICHUC OIICPATUBHOIO U CTPATCTUYCCKOro YIIPABJICHUA
NPEANPUATHAME HENb3s MPOBOANTH, KaK 3TO JEJaloCh €lle B COBCEM HEJaBHEM IPOLIJIOM Ha OCHOBE
HNMCIOLICTOCA Y pyKOBOHHTeHeﬁ OIIbITa U MMPOCTBIX OAHO3HAYHBIX CXEM BBIpa6OTKI/I YHOpaBJICHYCCKUX pCIIC-
Huil. Ha ocHOBe aHanm3a pa3BUTHS HAYYHBIX WAEH, 3apyOEKHBIX M OTCUECTBEHHBIX IIOAXO0I0B M KOHIICITY-
IBHBIX TTOJIOKEHUH MO CTPATETHYECKOMY M ONEPATHBHOMY YIIPABJICHHIO NPOMBIIIICHHBIMH KOMITAaHUSMHU
¥ KOPHOpAILMAMH IIPEUIOKEH KOMIUIEKC HAYYHBIX HOJIOKEHHH 1o (opMHpOBaHMIO HH(OpManMOHHO-
AQHATMTHYECKOTO 00ECTIEUCHUS Pa3BUTHS CTPATEIMH POCCUUCKUX KOMITAHWH, 0a3upYIOMIMIACS Ha pe3ysIbTaTax
MPaKTUYECKOTO OIBITa M HAyYHBIX pa3paboToK aBTOpoB. Pe3yabrarhl. [IpeuioxkeHHbIH KOMIUIEKC HAyYHBIX
TIOJIOXKEHHUH 110 pa3paboTke MH(POPMAIMOHHO-AHAIMTHYECKOTO 00ECIIEUEHHsI CTPATeTHYECKOTO YIIPABICHNUS
NpEATNpUATUAIMUA B YCIOBHUAX rino0anpHOM HECTAaOMIIBHOCTH JacT BO3MOKHOCTb PYKOBOAUTECIIAAM 3TUX IIPEI-
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YTO 3apyOEKHBIM M OTEUECTBEHHBIH OMBIT YNPaBICHUS NPEANPUATHAMH M OpraHH3alUsIMH, HAyYHBIE HC-
CJICOOBAHHUA IO CTPATETHYCCKOMY U TaAKTUYECKOMY YIPABJICHUIO KOMIIAHUAMM MPOIIBIX JIET K HACTOALIC-
My BPEMEHH IepecTalH AaBaTh BO3MOXKHOCTH 3((HEKTHBHO YHPABIATH pa3BUTHEM KOMIIAHUH, MpeacTaB-
JICHHBIH B CTaThe KOMIUIEKC HAYYHBIX MTOJIOKEHUH 1 aJITOPUTM CTPATETHUECKOTO YIPaBJICHHUS HPOMBILIIICH-
HBIMU TNPCANPUATUAMA U KOPIOpalUsAMHA ABJIACTCA COBCPIICHHO HCO6X0}II/IMI)IM 3JICMCHTOM ITOBBINICHUA
KadyeCTBa CTPATCTUYCCKOI'O YHIpaBJICHUA IMMPOU3BOJACTBEHHBIMU KOMIIAHUAMU B COBPEMEHHBIX KpaﬁHe Harps-
JKEHHBIX U HECTaOMJIbHBIX YCIOBUSX BEACHUS XO35HCTBEHHON EATEIBHOCTH U OM3HECA B HAIIEH CTpaHe.
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Introduction

The theory and practice of management in production companies and corporations show that for
many years now the prevailing trend in the development of ideas and innovations in this field has been
the consolidation of the role of strategic planning, actually from the zero point in the period of evolving
capitalistic relations and through the prevailing positions in the modern era. However, the task on effi-
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ciently performing both strategic and operational management in production companies and corpora-
tions is becoming more and more complicated since the conditions, in which modern industrial enter-
prises and corporations of various fields of activity are working, are characterized with surging uncer-
tainty.

The military-and-political, social and economical situations in the world are extremely tense. The con-
trolled chaos, local and hybrid wars, inter-ethnic and interreligious conflicts in different regions around
the world, organized by the United States of America and supported by their NATO allies, have resulted
in utter instability and created significant migration flows of refugees, as well as intensified social an-
tagonism between different population groups, what entailed a whole number of other negative factors
accompanying such actions. All of the that, over the recent years, has been contributing to the escalation
of tension in the world, and the aggravation of contradictions between the major superpowers in their
civilizational competition for the dominating influence in the international arena, for the possession or
control over the strategic territories, oil reserves and other natural resources, and so on.

As a consequence, the conditions of efficient functioning and prospective development have be-
come quite complicated for industrial enterprises and corporations. For Russian production companies
and corporations, the situation gets aggravated also due to the fact that the U.S.-led western nations have
imposed different sanctions on Russia aiming at creating various obstacles for Russian companies stri-
ving to enter foreign markets and signing long-term contracts on supplying goods produced for foreign
consumers. As a result, the task on ensuring efficient activity of Russian companies has become more
complicated as compared to that of their foreign competitors. This especially concerns the issues of stra-
tegic character, forming of medium-term and long-term development strategies for production compa-
nies and corporations, and their ability to survive in the context of the surging uncertainty.

Thus, the problems on strategic and tactical management at industrial enterprises in the modern
conditions are becoming especially relevant; and the importance of scientific and methodological sub-
stantiation of this relevance is becoming extremely necessary in order to ensure the competitiveness of
the Russian business. This article is devoted namely to the issues of such substantiation, as well as of
forming modern management strategy for industrial enterprises and corporations functioning in the con-
text of global instability.

1. Developing the ideas on strategic management in production companies and corporations

The issues on emerging, forming and development of the ideas on strategic management in industri-
al enterprises and organizations hold an important place in the scientific literature. This is explained by
the fact that without the understanding of situations, factors and peculiarities of their occurrence and
evolving, it is quite difficult to make sense of the trends of such dynamics, as well as of the already da-
ted or still relevant approaches, concepts and technologies of managing the organization systems,
including production enterprises and corporations, regardless of their fields of activity.

In this context, one should acknowledge that the methods and algorithms of strategic management
aiming at improving the efficiency of operation of enterprises and organizations, as well as the quality
of preparing the decision-making are the key ones among the complex of various measures and tasks on
forming the goal-oriented activity of industrial enterprises, companies and firms, and the like, with re-
gard to the evolution of the managerial approaches, starting from the school of scientific management,
administrative school, schools of human relationships, behavioral sciences, quantitative analysis, and
also the process-, system-, and situation-based approaches to management [10, 17, 26, 33, 41], and
ending with various modern approaches and concepts [1-4, 6-8, 12, 16, 22, 23, 25, 28, 30, 32, 34, 35,
37, 40, 42—-44].

The development of the directions of the western management is described significantly more com-
prehensively in scientific literature than that of the Russian ones. Nevertheless, the origination of scien-
tific management (scientific labor organization) in Russia dates back to the very beginning of the 20th
century [17]. After coming to power of Bolshevicks in the Soviet Russia, the new leaders of the country
had to think over how to manage the work of industrial enterprises and organizations to meet the inter-
ests of a state of dictatorship of the proletariat. Thus, the Russian history of scientific management be-
longs already to this epoch. Back then, the Soviet government established several institutes of scientific
labor organization, which started actively developing different directions of scientific management [17].
And since in those times industrial enterprises already became a state property, the main ideas and
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developments on managing those were being formed as part of the centralized planning and manage-
ment for various fields of industry, as well as improving the efficiency of manual labor, its standardiza-
tion, etc. However, generally speaking, no smooth or profoundly substantiated concepts on improving
the efficiency of strategic management at certain enterprises were created in that epoch. And the func-
tions of strategic management of the country's enterprises at the industries level were being fulfilled by
the Planning Bureau, as well as certain ministries. By the period of the decline of socialism in the USSR,
the country's government included already about a hundred ministries, meanwhile those comprised seve-
ral metallurgy ministries, several mechanical engineering industries, and so on, with regard to different
sector groups. As a result, the authorities in our country began seriously speaking about the strategic
management for certain industrial enterprises only after the restoration of capitalism in Russia, that is,
starting from the 1990s.

And since the new Russia was influenced by the West in those years, the developments of the Rus-
sian scientists in the field of scientific management (including the strategic management at industrial
enterprises and organizations) mostly repeated the scientific ideas and approaches of the well-known
western schools and their most prominent representatives.

Let us give a number of most famous works by the Russian scientists and specialists in the field of
strategic management of industrial enterprises, which are mostly based on the approaches and concepts
of the western strategic management [3, 9, 35, 43]. We should also mention several more up-to-date
Russian works on strategic management of industrial enterprises at the industries level: [5, 6, 14]. A sig-
nificant contribution to the development of organizational management was made through the works by
the scientists of V.A. Trapeznikov Institute of Control Sciences of Russian Academy of Sciences [7, 8, 34].
For a number of years, the authors of this book were also studying the issues of managing (including
the strategic managing) of production companies and corporations [18, 20-22, 24, 27-29, 31].

In the recent years (starting from the world economic crisis of 2008), many heads of Russian busi-
nesses have come to fully realize that the organization of a system of strategic planning and management
is a vital necessity for industrial enterprises and corporations. The external environment, and the whole
production-and-economic infrastructure of the society together with it, started changing even faster than
before. In this context, even the best specialists on operational management at enterprises are not able to
ensure the prospective development of those. Therefore, the Russian scientific basis of strategic mana-
gement is in need of reinterpretation and further development.

As we have mentioned earlier, the western theoretical developments in the field of strategic and tac-
tical management, same as the Russian ones, date back to the beginning of the past century, in the course
of which they were being developed and amended. The names of the western predecessors and founders
of scientific management are widely known: Robert Owen, Charles Babbage, Andrew Ure, Frederick
Taylor, Mary Parker Follett, Elton Mayo, Henri Fayol, Henry Gantt, Frank and Lillian Gilbreth they
were the first ones to point out the necessity of performing analytical preparation of any production op-
eration, staff selection and training, resource support of works, as well as material incentives for the em-
ployees for better labor efficiency. Their contribution into the theory and practice of management, along
with that by other classical authors, is described in details in [10, 23, 26]. The huge influence on the de-
velopment of the management theory was made by Norbert Wiener, who wrote a well-known book on
Cybernetics: Or Control and Communication in the Animal and the Machine in 1948, as well as by
C. Shannon and R. Ashby.

Among the outstanding theoreticians of the western management we must mention D. Aaker,
R. Ackoff, I. Ansoff, S. Beer, T. Peters, P. Drucker, M. Porter, J. Womack, P. Gaughan, R. Johnson,
R. Koch, H. Mintzberg, W. Rice-Johnston, P. Senge, A.-W. Scheer, J. Sheldrake, and others [1, 2, 4, 10,
11, 13, 15, 23, 30, 32, 33, 35, 36, 38, 39, 41, 42, 44, 45].

We should note that the trends on using this or that idea, approach, concept and other theoretical
developments on tactical and strategic management in the field of managing enterprises and corpora-
tions were constantly changing depending on the emerging of those approaches and concepts. The rise
of every new school and approach to management, much as of other conceptual developments of similar
kind, was being widely advertised in the western scientific literature, and the consulting firms with this
regard were attracting lots of new clients and were making good money on them.

It is important to understand that the development of the theory of management was happening over
the span of quite a long period of time, that is why the scientific ideas, provisions and results obtained

110 Bulletin of the South Ural State University. Ser. Computer Technologies, Automatic Control, Radio Electronics.
2022. Vol. 22, no. 2. P. 107-121



Loginovskiy O.V., Shestakov A.L., Information and analytical support of strategic management
Korennaya K.A. of enterprises in global instability conditions

by those, who participated in this process and made their contribution to modern theoretical legacy of
the management science, should be appreciated and assessed with consideration to the historical peculi-
arities, conditions of doing business in the time when they were formulated, as well as the goals and
tasks, which this or that management theoretician or practice expert was setting before him-/herself.

Among the ideas on modern strategic management that are still relevant are the elaborations by
R. Ackoff on the methods of interactive planning of the development of a corporation's future; by Chris-
topher Bartlett and Sumantra Ghoshal on the meaning of transnational corporations and international
companies, their structure and management peculiarities, development strategies, and more; by Ray-
mond Miles and Charles Snow on pointing out the main aspects of a company's strategic development:
the entrepreneurial, technical (engineering) and managerial (administrative) aspects, which in combina-
tion form an adaptive cycle, as well as on the interrelation between a company's structure, management
process and development strategy. As to the ideas on improving the management efficiency in compa-
nies, we may mention those by J. Grayson and C. O'Dell, which demonstrate the importance of such fac-
tors as: flexibility in management, occupation of new markets, using all the possibilities to receive
orders, new forms of labor control and organization, requirements to quality, and abrupt changing of
the structure of production expenses. These people proved that it is necessary to make modern produc-
tion more efficient by means of reducing the staff while attracting employees with higher qualifications;
improving labor efficiency through monetary incentives; optimizing the vertical structure of manage-
ment through using brigade forms of work and orienting the supply and assortment of products at
the consumers' needs; minimizing the reserves of raw materials, etc.

As compared to the western corporate practices, the experience of Japanese companies is of interest.
It is described, for example, by Masaaki Imai in his book on Kaizen: The Key to Japan's Competitive
Success [32]. In terms of this experience, the systems of relations between an individual and an organi-
zation are normally characterized, which form five “great systems”:

1) system of lifetime employment (usually, this is not a legal system of obligations, but rather
an a priori agreement, which an organization voluntarily and unilaterally assumes, and what is a first
step to making an employer more devoted to the company);

2) system of workplace training (usually, the obtained education is never enough for efficient wor-
king, and the Japanese pay special attention to it; the continuous training becomes some sort of a part of
the technological process);

3) system of rotation (transfer to a different subdivision is taken as something new in the employer's
life; rotation broadens the mind, allows to get a grasp of the related productions and processes, build
new connections, solve some conflict issues, and cultivate the process-wise thinking);

4) system of merits (attestation ruins a business, but getting hold of the information on what
the employee's colleagues think about him/her helps him/her better understand his/her drawbacks and
strengthen his/her merits);

5) system of bonuses (length of service is an important moment for the labor remuneration; the par-
ticipative management or bonus, related to the successes and failures of the whole firm and the team, in
which the employee works, allows to make him/her part of the family — the company).

Moreover, the collective mechanisms of decision-making and other similar measures are used.
Ultimately, an integral mechanism of improvements to companies called “Kaizen” is generated, which is
formed in the course of their many years of evolution.

In Japanese companies, each employee can contribute suggestions aimed at various improvements
to work. This is a way to encourage creativity, which is the main essence of “Kaizen”.

Thus, the emerging of “Kaizen” (1980—-1990) replaced the epoch of expanding markets, constantly
growing demand, possibility of using cheap resources and work force. Instead of increasing the sales
volume, companies started using the methods and technologies of improving the quality of goods, in-
creasing the assortment of the manufactured products, and more. With this regard, “Kaizen” is some
kind of a system of improving the production efficiency and quality control.

Studies foreign developments in the field of strategic management show that currently the most
widely spread and tested methods of analyzing an enterprise's strategic status include:

e SWOT analysis, STEP analysis (analysis of the macro-environment spheres: social, technical,
economical, and political spheres);

e analysis of the “field of forces”, as per 1. Ansoff;
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» marking out of competitive forces, as per Porter;

e comparing the growth ratios and the market share — BCG matrix;

e cvolution analysis method — Hofer/Schendel model;

e analysis of sector attractiveness — Shell/DPM model;

e comparing the attractiveness of the market and competitiveness — GE/McKinsey model.

The Western specialists in the field of production management are actively promoting the men-
tioned developments in the process of rendering consulting services to industrial enterprises and corpo-
rations. However, where these managerial technologies might help achieve positive results at foreign
production companies, they are often of little efficiency when it comes to Russian industrial enterprises
[18-20, 22, 28, 29]. Moreover, the theoretical and methodological substantiations for the majority of
the developments in the field of the western production consulting, and different concepts and recom-
mendations on developing of companies and corporations, unfortunately, feature only in a verbal presen-
tation in foreign scientific literature. Essentially, all of those have always been and still are nothing but
trivial advices for various managerial links within a company. Therefore, the mentioned developments
do not include all the technical, informational, and often organizational-and-methodological aspects of
improving the efficiency of the activities of industrial enterprises and corporations.

All of the above leads us to a quite obvious conclusion: it is unlikely that the use of the theoretical
provisions and developments in the field of production management, widely covered in foreign scientific
literature, allows for positive results by ensuring the improved management efficiency even at foreign
companies. For modern Russian industrial enterprises, the western theoretical developments on strategic
and tactical management (as well as Russian analogues repeating their ideas) prove to be even less pro-
ductive.

In this context, the main shareholders and heads of Russian industrial enterprises and corporations
should realize that in the business conditions of our country they should not expect significant economic
effect in management from using different concepts and methods of foreign management, such as
the “new corporate strategy” by I. Ansoff, “lean manufacturing” by J.P. Womack [45], “balanced system
of indicators” by M. Brown, or R. Kaplan, D. Norton [15], “7 laws of Chrysler” by R. Lutz [30], “six
sigmas” by P. Pande, L. Holpp [36], “McKinsey method” by Ethan M. Rasiel [37], “fifth discipline” by
P. Senge [39], as well as Kaizen: The Key to Japan's Competitive Success by Masaaki Imai [32].

We should once again stress that the peculiarities of functioning of industrial enterprises and organ-
izations in Russia are quite specific and fundamentally differ from the existing western practices. We have
a different mentality, and our criteria of success in production, economic and financial activity are not
like those in the West and they far from always coincide with foreign ideas on the methods and means
of reaching the goal in a competition, technical re-equipment of productions, information support of
a business, remunerations and incentives for the personnel labor, etc.

The difference from the western practice of managing the activities of industrial enterprises and
corporations is that, as of today, to manage production companies in our country, we may use not one,
but several organizational-and-economy ideologies (and sometimes a symbiosis of the two) given be-
low. Among those, the classical ideology of doing business as per the Western model clearly stands out.
Many Russian production companies and event major holdings have formed their management systems
in full agreement with the classical recommendations of the western management. It is a different mat-
ter, that this does not always produce good results. An ideology that is still practiced by some Russian
industrial enterprises (which may be characterized as authoritarian) implies the preservation of the prin-
ciples and methods of the Soviet-era command and administration system in the system of an enterprise
management (such a system still survives at some industrial enterprises, which did not perform serious
production modernization, and are using outdated logistics and other methods of administration origina-
ting from the USSR of second half of the past century).

Nevertheless, the using of authoritarian approaches, methods of administration, means and methods
of doing business at certain industrial enterprises allows to ensure relative stability of their operation.
This becomes possible due to the following logic of the administration activity. In the cases when
an authoritarian organizational-and-economy ideology is adopted for managing of an industrial enter-
prise, the efficient company management should not be performed by several leaders, even if they are
vested with approximately equal authority. If orders are given by different management centers, they
might contradict each other, and lead to misunderstanding and confusion. Within the authoritarian mana-
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gement system, an industrial enterprise can have only one leader — a top manager who should hold
the authority to make decisions on any issue of the company management at his/her sole discretion, and
without any procedures on obtaining approval with this or that collegial body (board of directors, etc.),
even if the enterprise's management structure features one. In case of an authoritarian management leaders
of industrial enterprises have no need for any so-called “teams of fellow-thinkers”.

The “teams of fellow-thinkers”, heading enterprises and corporations, along with collegial bodies,
might indeed be useful for managing western companies and corporations, but essentially are of no use
for Russian production companies (even if these are managed as per the Western-model classical ideo-
logy of doing business), since those do not facilitate the elaboration of managerial decisions but rather
hinder the formation of the latter.

If on the West, a team is a group of people working to improve a company's operation, in many other
corporations (including Russian ones) such a “team” is nothing but a group of individuals, striving for
personal gain at the expense of an enterprise and basically facilitating its collapse and bankruptcy. After
all, the “team” members far from always pursue interests of the company as a whole, for the most part
they are guided by their own interests and personal profit. “Teams” may be useful only in such organiza-
tional structures as, for instance, political parties, election campaign headquarters, and the like, which
are created in the process of preparing to different kinds of elections. In these cases, those allow to pro-
duce new moves, means and a system of steps in the course of election campaigns.

Heads of industrial enterprises and corporations in the context of modern conditions in Russia
should be fulfilling the following with regards to the management process:

o fixing all the strings of strategic and operational management of a company on him-/herself, its
top leader should be in possession of complete and quality information on all the processes happening
there. Meanwhile, s/he should be absolutely sure that no information is kept back by this or that subor-
dinate employee. For all the cases of withholding the information on the business status at the subdivi-
sions, the heads of these subdivisions should be subject to severe punishment, up to and including termi-
nation of employment. In this context, an enterprise should create such a procedure of providing data to
the company leaders which would make it totally unacceptable to corrupt information on the current
state of affairs. Without regular inspections, a company leader should not blindly believe the data being
reported to him/her by the heads of the enterprise productions on an on-going, and especially, on
an emergency basis;

e company's striving to achieve good results in strategic and tactical management is, first and fore-
most, related to ensuring total control, which the top leader should have over the financial flows, re-
sources, documents, information databases, stock reserves, sales system, external relations, and more.
This control should be in the hands of namely the company's top manager, and not in those of any
of his/her deputies or other highly placed officials in the company's structure, since the “blurring” of
the management, and consequently, of the responsibility, can significantly decrease the resulting quality
of administration.

Thus, the authoritarian management system in a company is structured in such a way that only its
head or top manager could made decisions at his/her sole discretion. And namely this person bears
the responsibility for everything that is happening at the enterprise, while the management structure
should be maximally convenient to ensure sole leadership.

It is worth reminding that the modern literature, touching upon the methodological aspects of mana-
ging enterprises and organizations, features a thesis stating that in the structure of a company, the func-
tions of its departments, production subdivisions and other offices should not overlap or duplicate each
other. However, the analysis of management practices at industrial enterprises in many cases shows
a different thing — it is no good when the functions of an industrial enterprise's deputy heads, supervisors
of workshops and other subdivisions do not overlap in any way at all. It is not only impossible, but is
impractical as well. Otherwise, the company's top manager will be receiving information from all
the subdivisions which is difficult to consolidate, and will not be able to see the true state of affairs at
the enterprise, but what is more important, s’he will not be able to get a quality information grasp of
the situation based on which s/he must make managerial decisions [22, 25, 29].

Company managers should also be realizing that in real practice there are extremely few enterprises
at which the heads of line units, along with the majority of supervisors over the main and auxiliary pro-
ductions, are not interested in stagnation of the procedures and rules at the workplaces and look forward
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to changes in the company, its modernization and so on, feeling wary the new procedures might be more
severe than the old ones, and their positions will go downhill. For quite many enterprises it is characteristic
that the production workers fight for excessive norms of consumption of materials, electric energy, etc.

Today, the use of either classical, or authoritarian ideology of doing business does not allow pro-
duction companies to ensure solving of the new tasks set before our country's industry with regard to
creating breakthrough technologies within the frameworks of the new industrial revolution in Russia.
As the most adequate to the modern conditions of doing business in our country, one may suggest
a modernized organizational-and-economy ideology of managing enterprises and corporations. It orients
a company's collective towards taking into consideration the influence of global social-and-economical
processes, the forming international business environment and market dynamics, and the specifics and
peculiarities of doing business in Russia [22].

2. Forming the strategy and tactics of managing production companies

and corporations in modern conditions

When forming the strategy of their prospective development, as well as the tactics of achieving that
and the operational management of company activity, certain industrial enterprises, big production cor-
porations or holdings are naturally guided by the experience they have gained over the years of reforms
in Russia. However, the conditions of doing business, which have changed in the several recent years, in
a certain way cancel out this experience, possibly making it not quite suitable for development of such
strategies (as well as of algorithms of managing current activity of industrial enterprises) in the currently
unfolding uncertainty situations, both with regard to the issues of making forecasts on market develop-
ment, competitors' behavior, etc., and to determining the complex of steps on company activity planning
and management.

Given below are the relevant ideas and algorithms on strategic and operational management of
company activity, elaborated based on many-years' scientific research by authors, and on practices of
managing big industrial enterprises, which can help their main shareholders and heads organize efficient
company operation.

In modern, very complicated, conditions of doing business, the successful management of the acti-
vities of industrial enterprises and corporations should be based on the fact that their heads are realizing
that today they must not consider the managerial algorithms within any production structure apart from
one another, that is, for this or that field of company activity. It is possible to ensure the efficient mana-
gement at industrial enterprises and corporations provided the managerial, information, production, fi-
nancial-and-economic, and all other technologies, including logistics, marketing research, etc. are only
considered as interrelated and from the point of view of achieving the goals set before companies and
the criteria of efficiency of reaching those. Only with such approach it becomes possible to ensure well-
balanced company development, based on creating relevant advantages while fighting against competitors.

It is worth noting that, currently, the horizon of strategic planning for industrial enterprises has
shrunk to very short time periods. In this context, industrial enterprises need to use such local manage-
ment models, which would allow to achieve most acceptable results in the practical preparation to for-
ming of managerial decisions.

It would be reasonable to form the strategy of managing big Russian industrial enterprises and pro-
duction corporations, which are functioning in the context of growing international political, economical
and financial instability and different sanctions, in the following way:

1. In compliance with the wishes of the main sharcholders of a company, the strategic priorities,
goals and tasks of its development are determined. In the course of this work, the main shareholders of
the company along with its leadership come up with their vision of the company's future (if necessary, it
is possible to differentiate the short-term, medium-term and long-term prospects). Meanwhile, it is im-
portant to represent the complex of different changes at all the company departments, workshops, ware-
houses, transport and other infrastructure elements, and in all the fields of activity. This work results in
dynamic development of the logistics of the industrial enterprise, modernization of the technology park
of the main and auxiliary productions, application of new industrial technologies (within the current and
future technological setup), as well as improvement of the existing one or creation of a new integrated
information-and-analytical system of preparation to making managerial decisions at the enterprise.
There should be a place for changes related to the quality of the manufactured products, using of
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the available resources of raw materials, as well as the sales markets' dynamics, etc. Thus, the basic
foundation is formed for the managerial paradigm of the industrial enterprise's development.

2. In the process of work on creating an integral managerial paradigm of the company development
it is also necessary to perform the analysis of the customary operational, tactical and strategic approaches,
methods and models of company management, and reveal the bottlenecks decreasing the efficiency of
operation in various fields. Based on this, new methods, models and technologies are created, which al-
low to improve the managerial algorithms and formulate relevant tasks on improving the system of sup-
port for making decisions on managing different fields of activity and company subdivisions. Within
the frameworks of the chosen ideology of doing business, all of that should facilitate the growth of
the operation efficiency at industrial enterprises and corporations.

The strategies of developing of an industrial enterprise or corporation can be formed based on seve-
ral scenarios. The criteria of choosing the most acceptable scenario of company development may include
the following ones:

o possibility of the best use of a company's competitive advantages;

e availability of a staff of most qualified specialists for successful strategy fulfillment;

e availability of all types of resources within the scenario under consideration;

e minimization of capital investments and expenses on developing the enterprise's material base, etc.

Thus, the choice the company development strategy should be based on the comparison of the tech-
nical-and-economical substantiations for the elaborated scenarios.

In the process of working out the development strategy for an industrial enterprise or organization it
is possible to use the advanced innovations in the field of organizational management by V.A. Trapez-
nikov Institute of Control Sciences of Russian Academy of Sciences [7, 8, 34]. Among the most effi-
cient developments on operational and strategic management at industrial enterprises and corporations,
which give significant practical results, it would be reasonable to use the methodologies of operational
and strategic management for industrial companies, which have proven their practical value, and which
were created by the authors of this monography [18, 21, 22, 25, 28, 29, 31].

Within the mentioned methodologies, it is possible to use a number of the following mathematical
models:

e integral assessment of the activity of an industrial enterprise [22, 29];

e managing the material resources of the industrial enterprise, while supporting its economical and
ecological priorities [27, 29];

e optimization of cargo delivery from the manufacturers of raw materials [28, 29];

e development of the industrial enterprise on new territories [28, 29];

e improving the efficiency of managing the human resources at enterprises through perfecting the
systems of labor remunerations and incentives for workers [28, 29];

e forming the production plan of goods manufacture [29];

e planning the preventive maintenance of the main production assets of the industrial enterprise
[29], etc.

It would be reasonable to perform the process of current or operational management at an industrial
enterprise using the model developed by the authors as part of the forecast-adaptive approach, the de-
tailed description of which is given in [18, 19, 22, 29, 31].

3. To successfully fulfill paragraphs 1 and 2, the company structure should be brought into compli-
ance with the changed conditions of doing business, and if necessary, it should undergo reformation.
The structure that is being formed must, in the best way possible, meet the requirements of efficient en-
terprise management within the whole vertical administration. In such a structure, all the excessive ma-
nagerial links must be eliminated, so that any orders and commands given by the leadership could reach
the end executors (without unnecessary intermediaries) as quickly as possible. Meanwhile, the main
managerial functions of the company's structural subdivisions must organizationally ensure the fulfill-
ment of the enterprise's priority goals and tasks. Then again, reducing the excessive managerial links in
the enterprise's management structure provides for additional saving on the financial resources.

As the research studies by the authors have shown, the structural scheme of management at an in-
dustrial enterprise should not be built on the basis of linear or divisional approaches. The matrix-
divisional structure schemes are also inefficient for this purpose. In [25] a profound consideration is
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given to the advantages and disadvantages of different schemes of management at enterprises and
corporations.

4. The company's main shareholders and leadership should timely analyze the operation indicators
for the enterprise as a whole, and for all of its subdivisions.

In the process of analyzing the enterprise's production-and-economy activity indicators it is very
important to reveal their compliance or non-compliance with the current trend of the company's deve-
lopment. If the mentioned dynamics of the technical-and-economical indicators of the enterprise's de-
velopment does not comply with the intentions and plans of the main shareholders and leadership, it
would be necessary to correct the whole set of the relevant strategic imperatives of the enterprise's de-
velopment. Such correction will allow to steer towards the positive dynamics of the technical-and-
economical indicators of the company's development, long-term.

In this context, the development of the system of logistics, project management, as well as the as-
sessment of the adequacy of the production and all other technologies used at the enterprise must com-
ply with all the modern competition requirements and the necessity to transit to new technology setups.
All of that should be fulfilled in a coordinated fashion, and on the basis of a complex technical-and-
economical substantiation. Meanwhile, it is necessary to be taking into account the fact that the process
of technical upgrade at industrial enterprises is a cost-demanding measure. The main shareholders and
leadership of industrial enterprises must be absolutely sure that the transition to a new technology setup
will be beneficial for the enterprise, and that customers will prefer more quality products (but at a higher
price) to usual (but cheaper) products.

Creation of new projects of this kind should be guided by the assessment of the capacities available
at the enterprise, its technological equipment, etc.

In the context of decline of productions around the world and the proprietors' lacking significant fi-
nancial resources for the transition of enterprises to state-of-the-art industrial technologies, or in case a
company's main shareholders are confident that the transit to such technologies will allow to achieve
good results and undeniable advantages to fight competitors, it would be reasonable to make decision on
taking time to wait before making such a transition, so that it could be performed only provided it is
economically feasible and the risks are acceptable. The project management at the enterprise can be suc-
cessfully fulfilled using modern methodologies, for instance such as those represented in [29].

5. The leader (top manager) of the industrial enterprise or corporation must suggest to and mandato-
rily obtain approval from its main shareholders for the system of preparing and making basic managerial
decisions on the development of the company, as well as of the operational management of its function-
ning. Such work cannot be performed efficiently without a developed information-and-analytical system
supporting the making of managerial decisions, which is part of the integrated information-computing
system of the industrial enterprise or corporation. Meanwhile, the mathematical models and methods,
used in the process of analyzing different indicators of the company activity and for other computations,
must comply with the requirements of the analysts and other persons making managerial decisions at all
the stages of preparation of these decisions. Therefore, the applicability of this or that model or method
must be agreed upon with the persons making decisions.

Since any modern industrial enterprise or corporation today features a more or less developed set of
information systems of various designation (accounting, economic, process automation, production
management, warehousing facilities, stock reserves, and the like), which can function locally or within
the integrated information-computing system of the company, it is crucial that the resulting indicators of
functioning of these systems do not contradict each other and can be interconnected into a unified inte-
gral complex for managing the company activity. And the impossibility for the leadership of the compa-
ny to receive non-contradictory information from its subdivisions, where such systems are installed,
in many ways cancels out the use from operating those.

Heads of companies may face especially serious difficulties when elaborating their managerial deci-
sions in case foreign ERPs and other information systems are used at an enterprise, since often those
lack computation, analytical and other modules (for instance, modules of the flow of materials, semi-
finished products and goods within the production workshops) required for the company's leadership.
In such cases the enterprise has to order such modules, which are being created by Russian IT developers.

As a result, the elaboration of an efficient system of preparing the decision making in a company
should be performed in coordination with the development of the enterprise's information-computing
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infrastructure, creation of new or modernization of the available automated control systems, process
control systems, computer-aided design systems, analytical and expert information systems, etc.

If a company does not create a modern information-computing infrastructure, which will be based
on an automated system controlling all the enterprise's fields of activity and the processes of production-
and-economy activity, and will be adequate to users' requirements and the level of business processes, it
will be extremely difficult for such a company to sustain competition even on Russian markets, not
speaking of the international ones.

We should also remember that in the current conditions of doing business in our country, the use
of foreign equipment, computing machinery, as well as the software manufactured abroad, as part of
the company's information-computing infrastructure does not give any guarantee that this equipment
will not fail or stop functioning at all in case of deterioration of the political and military situation in
the world. Successful development of the company's information-computing infrastructure and infor-
mation-and-analytical systems of preparing the decision making is possible based on the methodological
and technical developments presented in [18, 20, 22, 25, 28, 29].

6. The following should be fulfilled within the processes of creating the strategy of managing
the industrial enterprise, as well as administration of its current activities [18, 22, 26, 291]:

e well-thought-out and non-contradicting division of functions, rights and obligations between and
inside the subdivisions;

e forming an analytical forecast on the development of the competitive organizations, suppliers and
consumers of the products, as well as the dynamics of various external environment factors influencing
the enterprise;

e creating an efficient system of managing the human resources, selecting and appointing the per-
sonnel [18, 22, 29].

Conclusion

The foreign and Russian practices on management at enterprises and organizations, and scientific
research on the strategic and tactical company management of the past years, by the present moment,
have stopped providing a possibility for efficient management of company development. In the new
conditions of doing business (growing political and economical instability, sanctions, etc.) there is
a need for updated approaches, concepts or mechanisms of forming the development of industrial enter-
prises and corporations.

The complex of scientific provisions and the algorithm of forming the development strategy for
production companies and corporations suggested in this article allow to take into account the existing
drawbacks of many classical developments of the past and provide the owners and heads of big busi-
nesses with a mechanism of forming the corporate management strategy, that is adequate to modern
conditions of economic activity and is oriented towards the needs of Russian entrepreneurs and ma-
nagers.
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Abstract. There are three main problems of interaction people with limited mobility with social infra-
structure facilities (SIF): the first is physical, the second is the inaccessibility of information about the SIF,
and the third is social. The accessibility of SIF and information about it can be ensured through use elec-
tronic maps of urban areas and SIF (digital city). These circumstances determine the relevance of the deve-
lopment and creation of a geoinformation support system for decision support in the field of social infra-
structure accessibility for people with limited mobility. An original approach to the development and crea-
tion of technology to meet the needs for obtaining formalized spatial data, as a social tool for geographic
orientation, an information and reference system for supporting decision-making in the field of social
development is proposed. The purpose of the study is to develop a system for managing and monitoring
the city’s social infrastructure facilities. Materials and methods. The conceptual model of the system was
developed using GIS technologies and the theory of formal concept analysis (FCA). The online version is
implemented using PHP, JavaScript. Results. The paper presents a methodology for implementing a deci-
sion support system. An Internet version of the system has been implemented. The system functionality and
interface were tested with the involvement focus groups of people, interested in using the development.
Conclusion. A system for managing and monitoring city’s social infrastructure facilities has been deve-
loped and implemented. The work is useful in the field of municipal management of social infrastructure,
as well as for people with disabilities and researchers.
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Annomayusn. CylmecTByIOT TPH OCHOBHBIE TIPOOJIEMBI B3aMMOAEHCTBUS MAJIOMOOMIIBHBIX I'PYIIT HACe-
nenust (MI'H) ¢ o6bekramu cormansHoi nHppacTpykTypsl (OCHU): nmepBast — ¢pusnyeckas, BTopas 3aKJIo-
yaeTcsl B HepocTynHoctr uHpopmaruu 06 OCH, a TpeThs — conuanbHas. JlaHHas kateropusi rpaxkaaH
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OTpaHMYCHHA B MEPEMELICHUN U HUCTIBITHIBACT TPYAHOCTHU IMPH B3aMMOACHCTBHHU C COLHAIBLHON MH(PPACTPYK-
TYpOIi: B IIEPBYIO OYEPE/b, ITO JIMLA C OTPAHWYEHHBIMH BO3MOXHOCTSIMHU (MHBAJINABI), COCTaBIISIIOMNE 00-
nee 15 % HaceneHus MHpa, a TAaKXKe JIMIA, IEPEMEINAIONINEcs], HAPUMEp, C 0araxoM MM KOJIACKOH. B Mu-
pe yzmenseTcs 3HAYWTEIbHOE BHUMaHHE (HOPMUPOBAHUIO 0€30apbepHON Cpenbl W YIydLICHHIO KadecTBa
xu3Hn MI'H, peanuzyrorcst henepanbHble 3aKOHBI M IIEJIEBbIC ITPOTPaMMBbI, HallpaBJICHHbIEC Ha yIIpaBJICHHE
mporeccom obecriedeHus nocrynmHoctd OCU minsg MI'H. HoctymHocts OCH 1 mHOpMAIH 0 HUX MOXKET
OBITH Oo0ecredeHa 3a CUYET MCIIONIF30BAHMS AIIEKTPOHHBIX KapT ropoiackux tepputopuit u OCHU (mmdposoit
ropon). YKazaHHbIE 0OCTOSTEIbCTBA O0YCIIABIMBAIOT aKTyaJIbHOCTh Pa3pabOTKH M CO3JaHus reorMH(popMa-
LIMOHHOI CHUCTEMBI OAAEPKKH MPUHATHS PEIICHUH B cepe oOecreueHuns! JOCTYITHOCTH COManbHOi nHdpa-
CTPYKTYpHI 1tuppoBoro ropona. IIpeanoxer opurnHaIbHBINA MOAX0A K pa3pabOTKE U CO3AAHHIO TEXHOJIOTHH
YIOBJICTBOPEHHS MOTpeOHOCTEH B IMOJTyYeHUH (POpMaNn30BaHHBIX MPOCTPAHCTBEHHBIX IaHHBIX, B KaueCTBE
COI[MAJIBHOTO HMHCTPYMEHTa Ieorpaduueckoro OpHUEHTHPOBAaHUS, HH()OPMALMOHHO-CIPABOYHOH CHCTEMBI
MOAJCPKKH MIPUHATHS PEIICHNI B 001acTH connanbHOTo pa3BuTHA. Lle/Ibo HeciieloBaHUs SIBISIETCS pa3pa-
00TKa CHCTEMBI YIpaBJIeHHs U MOHUTOPUHIa 00BEKTOB COLMATIbHON MH(PPACTPYKTYphl roposa. MaTepuasbl
u Metoabl. KoHuenryanpHas Mozens cucteMsl pazpadborana ¢ ucnonszoBanueM ['MC-TexHonmoruii u Teo-
pun anamm3a ¢opmanbHBIX TOHATHH (ADII). OHmaiiH-Bepcus peanm3oBaHa ¢ wucnoib3oBanneM PHP,
JavaScript. PesyapTaThl. B paboTe mpeacTaBiieHa METOMKA PEATU3ALMH CUCTEMBI TTOJICPKKH NPUHATHSL
pewenuii. PeanuzoBana nHTEpHET-BepcHs cucTeMbl. DyHKIMOHAT U HHTEp(eiic CHCTEMBI TPOTECTUPOBAH C
IIpUBJICYEHHEM (POKYC-TPYIIN, 3aMHTEPECOBAaHHBIX B HCIIOJIB30BAHUM Pa3palbOTKH. 3akJroueHue. Pazpabo-
TaHa W peaJn30BaHa CHCTEMa YMPABICHNS U MOHHUTOPHHTa OOBEKTOB COLUAIBHON HHPPACTPYKTYpPHI TOPO-
na. Pabora nonesHa B cepe MyHHIIMIANBLHOTO YIIPABICHUS COLMAIbHON MH(PACTPYKTYPOH, a TaKkxKe JUis
JIOZIEH ¢ OTPaHNYCHHBIMU BO3MOXKHOCTSIMH M HAyYHBIX paOOTHHUKOB.

Knioueswie cnoea: CIIIP, I'MIC, ynpaBneHue, NoAaepKKa, IPUHATUE PELIEHUM, KapTa, JOCTYIHOCTb,
teppurtopusi, MI'H, OCH, reoundopmanmonsas, cucrema

bnazooapnocmu: ViccnenosaHue BHIIOJIHEHO IpH noazepxke Poccuiickoro HayyHoro ¢oHIa B paMKax
Hay4yHOTro mpoekrta Ne 22-11-20031.

Jlna yumuposanus: Tashkin A.O., Hollay A.V. Development of a decision support system of city's
social infrastructure accessibility based on GIS-technologies // Bectauk IOYpI'Y. Cepust «KomnproTepHbIe
TEXHOJIOTUH, YIIPABJIECHHE, PaTH03IeKTpoHnKay. 2022, T. 22, Ne 2. C. 122-131. DOI: 10.14529/ctcr220211

Introduction

A significant part of modern society is made up of low-mobility groups of the population (LMGP),
these are people with disabilities as well as people moving, for example, with luggage or a stroller. Re-
searchers identify three main problems of the interaction LMGP with social infrastructure: the first is
related to the physical barriers of social infrastructure facilities (SIF), the second is the inaccessibility of
information about SIF, and the third includes a number of social problems caused by the attitude to-
wards LMGP within society [1]. Information support for the issue of SIF accessibility for LMGP can be
increased through the use of urban areas and the SIF electronic maps (digital city) [2]. The problem of
developing and improving methods for obtaining and processing information about objects of the social
infrastructure of a digital city to ensure the availability of LMGP requires systematization and develop-
ment of an approach in terms of processing geospatial and socio-economic data [3].

In Russia, for the purpose and execution of laws and state programs, public authorities are taking
measures to disclose information regarding the physical accessibility of the SIF in order to increase the
awareness of citizens, as well as the passportization of SIF and the introduction of standards to simplify
the provision and use of information. To manage this process, tools and systems for managing such in-
formation are needed, which justifies the need to develop a decision support system (DSS) in the field
of territorial administration. One of the most important problems for the developers of such systems is
the problem of technical implementation due to the heterogeneity and weak structure of the initial
data, which is one of the main areas of research in this work [4, 5]. At the moment, information por-
tals operate in many municipalities of Russia, the tasks of which include meeting the information
needs in the field of SIF accessibility for LMGP. However, often such resources do not have data
analysis tools and solve a limited set of problems. The paper describes the tools for expanding
the possibilities of analyzing socially-oriented data in order to obtain formalized information about
SIF accessibility level.
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Methods

Often there are tasks related to the analysis of attributive data, for example, information about
the area, length, number and other parameters of objects in the information space. The paper uses
a combined approach to the process of processing and combining unstructured disparate data, which im-
plements various algorithms, methods and approaches, thanks to which an original method was obtained
for solving the problem of information support in the field of SIF accessibility for LMGP. The main idea
of the proposed decision support method is to solve two main tasks:

1. Consideration and search of social infrastructure objects on the map and sorting by accessibility
levels and other parameters. This problem is solved by means of GIS and spatial analysis.

2. The study of structured arrays of attributive, spatial and socio-economic data regarding the acces-
sibility of the SIF. The problem is solved with the help of mathematical methods and algorithms for
processing semantic and numerical data.

The initial data for providing information support in the field of SIF accessibility for LMGP
have different nature and forms of presentation. The legally established requirements for the acces-
sibility of BSI, maps and city plans, as well as arrays of spatial and attributive data of the existing sys-
tem of urban social infrastructure form the parameters of models for presenting and structuring data.
The scheme of the decision-making process is shown in Fig. 1. Arrays of spatial objects of areal,
linear, point information are used to build models for presenting accessibility data using city plans and
maps, as well as models for structuring socially-oriented data using the accessibility requirements of
SIF [6].

Initial information (geodatabases, parameter values)

Maps and Spatial datasets and features SIF accessibility
city plans (SIF, buildings, etc.) Requirements
| | | |
v v v v
Models for presenting data of Structuring socially-oriented
SIF accessibility and characteristics data models

v v

Sets of structured geographic and attributive data to support decision-making
and meet information requirement in the field of SIF accessibility for LMGP

Fig. 1. Decision making process diagram

The processes of information provision, processing and analysis of data aimed at supporting deci-
sion-making in the field of managing the SIF accessibility for LMGP are laborious and require a long
processing time due to the large volume, and are also difficult to identify and compare due to receipt
from several sources, which leads to lead to errors and incorrect management decisions.

The presence of a decision support system will reduce time and labour costs, reduce uncertainty and
increase the speed of the decision-making process due to the implementation of the possibility of storing
and processing a large amount of socio-economic spatial data about the SIF. Fig. 2 shows the decision-
making process in the area of managing SIF accessibility.

Providing federal and municipal authorities with decision support systems is one of the key tasks in
the transition to a digital economy. Large volumes of semi-structured arrays of socio-economic data,
their diverse structure and fragmentation make them impossible for manual processing and making rea-
sonable management decisions of social processes. In this way, DSS are aimed at improving the ef-
ficiency of decisions and it is customary to use them as the main tool for developing effective manage-
ment decisions in the field of public administration.

The qualitative difference and peculiarity of the proposed method of spatial analysis lies in the uni-
fied representation of SIF, their characteristics, properties and attributives in the form of geoinformation
objects and structured arrays of attributive, semantic socially oriented data.
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External environment
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Fig. 2. Scheme of SIF accessibility management control

For the analysis and structuring of socio-economic data, the object-attribute representation is not
enough. Methods are needed that take into account the folksonomic data structure, usually consisting of
three arrays: O = {o;}!_, — array of objects; P = {p j}§=1 —array of attributives of objects; U = {u,}N_; —
array of GIS users generating arrays of objects and attributives. Such data structures can be organized
using the theory of formal concept analysis (FCA) [2, 7]. The tasks of classifying spatial objects in
the digital environment, as well as the structuring of socio-economic data from LMGP, organized ac-
cording to the principle of folksonomy, are considered to be one of the key tasks for ensuring decision-
making in the field of ensuring SIF accessibility for LMGP [3, 8].

The development of mathematical models for structuring data of decision support systems is due to
the need to improve the quality of information retrieval, processing and presentation of results. Often,
methods are used aimed at building an ontology of the information space of a decision support system.
Ontology is a knowledge model that can be used to describe the semantics of IS objects. Based on various
definitions, ontology is a logical theory that uses the capabilities of a formal language to represent a do-
main model in the form of a network hierarchical structure of concepts and relationships between them.
The ontology can be represented as follows:

ON = (C,R,L,P;, P, P ), Where

C = {cy, ..., ¢y} — array of concepts in the ontology;

R = {ry, ..., ;y} — array of binary relations r;(c,, c,) between concepts;

L ={l, .., L,}—array of lexical labels (ontology dictionary).

As a result of the analysis of socially oriented Internet services, it was revealed that the data struc-
ture of such services can be interpreted in the form of the arrays mentioned above, which have the fol-
lowing properties:

array of objects 0 = {0;}}_1;

array of objects attributives P = {p;}

array of users U = {u,}¥_1;

the first two array O, P are generated by the third array U 0, P, U = {0, pj, un}iL} =y nes-

Approaches to the classification of such data structures are commonly called folksonomy. The main
problem of folksonomy is the problem of the lack of interconnectedness of data. The solution to this
problem can be achieved by combining the folksonomic and taxonomic approaches to data classifica-
tion, for which the key characteristics of objects and attributives of the information space were deter-
mined and a system of relationships between them was implemented. For the first time, a combined
classification system was proposed, namely, the main classification table was supplemented with tables
of typical values formed during the classification by the folksonomic approach [9].

.
j=1
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One of the possible means of extracting ontological concepts and their hierarchies is the theory of
formal concept analysis (FCA) (F. Simiano and A. Hotho, 2005) [9, 10]. On the basis of data consisting
of three arrays (folksonomic data), it is possible to build a lattice of formal concepts, extract concepts
and ontology classes, hierarchical structuring, identify dependencies, and so on. FCA, as a method of
replenishing knowledge bases, can be used to build ontologies of a subject area in the form of a sematic
multidimensional network.

A method for organizing the ontology of the subject area is proposed by using the GIS for LMGP
database of SIF. As before, 0 = {0;}!_, is the array of SIF, P = {p]-}jz1 is the array of attributives of

the SIF, and to denote the relationship between them, we introduce the array Y = {< 0;,p; >}§]=1'j=1,

which contains information about which array of attributives each object from the array of SIF is en-
dowed with, , Y < O x P, relation < o;, p; > means that object o; has attribute p;. The formal context
can be expressed as K = (0, P,Y) and represented as a binary matrix (Table 1).

Table 1
Binary matrix of objects of their attributes
P1 p2 P3 pj
0, 1 1 0 1
0, 0 1 1 0
03 1 1 1 1
0; 1 0 1 1 1

Based on two arrays (objects and their attributes) and a known binary relation between them, using
Galois operators, one can obtain formal concepts. For arbitrary A < P and B < O the Galois operators
are defined:

A'={p € P|Vo € A: (oY p)},

B'={o € O|Vp € B:(oYp)}.

A'is the array of attributives that all objects represented in array A. B’ is the array of attributives
that all objects represented in array B. The formal concept (4, B) includes the array of objects A € 0
and the array of attributes B € P satisfying the condition B'= A and A’ = B. A is the volume of
a formal concept, which includes a array of objects endowed with certain attributives of the array B.
B is the content of a formal concept, which includes a array of attributives, one or more objects of
the array A.

In Fig. 3, the arrays of objects and attributives, as well as the areas of formal concepts, marked with
a stroke, are graphically represented as planes. It is customary to visualize the formed lattices of formal
concepts using Hasse diagrams, which are a graph covering the relation “to be a more general concept”
(Fig. 4). Each lattice vertex is a formal concept [3, 7, 11].

A’ A’
P
0 A
I
Os
Fig. 3. Areas of Formal Concepts Fig. 4. Formal concept lattice
126 Bulletin of the South Ural State University. Ser. Computer Technologies, Automatic Control, Radio Electronics.

2022. Vol. 22, no. 2. P. 122-131



Tashkin A.O., Hollay A.V. Development of a decision support system of city's social
infrastructure accessibility based on GIS-technologies

Results
Let us consider the construction of a lattice of formal concepts using the example of SIF array and
its attributives of a GIS, aimed at meeting the information needs of the LMGP (Table 2).

Table 2
A special case of a binary matrix (SIF and their attributives)
0 — array of objects P1 D2 D3 Da Ps
No. P — array of attributives Building Road Social [Residential fgicﬁf\;'gls
o, |District Hospital 1 0 1 0 1
0, |UGRASU 1 0 1 0 1
0; |Shopping center “Gostiny Dvor” 1 0 1 0 0
o, |Mira street 0 1 1 0 1
oz |Mirast., 100 1 0 1 1 0
Traffic light
O6 Krasnoarmeiskaya st./ Chekhov st. 0 1 1 0 1
o, |Kalininast., 26 1 0 0 1 1

As a result of the accumulation of a sufficient base of social infrastructure objects and their attribu-
tives, it is possible to build a graph using Hasse diagrams to visualize lattices of formal concepts (Fig. 5).

O

Fig. 5. A special case of a Formal concept lattice (SIF and their attributives)

Formal concepts formed as a result of graph construction are nodes with the largest number of con-
nections. With regard to the case under consideration of SIF and their attributives can assign the formal
concepts names as follows [12]:

(03) — Not accessible SIF for LMGP;

(04, 02) — Accessible SIF for LMGP;

(05) — residential buildings not accessible for LMGP;

(07) — residential buildings accessible for LMGP;

(04, 0g) — places accessible for LMGP.

The result of method application is maps with highlighted areas, reflecting the accessibility level of
SIF and a detailed SIF description, containing the base parameters of objects [9, 11].

Regarding the software and hardware implementation, due to the social orientation of the system,
a client-server architecture was chosen. The modularity of the software implementation is provided by
PHP tools, the client application is an object wrapper over a relational database [13, 14]. The decompo-
sition of the system architecture can be represented as five main components [15, 16] (Fig. 6):
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Fig. 6. System architecture

1. DB. Structured archives of spatially-referenced cartographic and semantic data, provided with
appropriate metadata, stored in the database.

2. Cartographic basis. A geospatial field responsible for the interactive presentation of cartographic
data using API services.

3. CMS. Content management system (platform for publishing Internet sites), which implements
the application logic, communication with APl mapping services and provides work with the data ware-
house.

4. Applications. A set of software modules implemented in PHP.

5. Web Client. Graphical user interface implemented as a Web application (Internet resource).

The study regarding the implementation of GIS for LMGP is designed as an Internet resource at
geowheel.ru (Fig. 7).
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Fig. 7. Screenshot of the created system
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Discussions and Conclusions

A new method of automatic analysis and folksonomic data extraction using formal concepts analy-
sis theory, aimed at supporting the decision-making process, has been proposed and tested. A model for
the folksonomic data classification based on the FCA theory has been developed, that is provides infor-
mation support process for decision-making in the field of ensuring SIF accessibility for LMGP.

A decision support system has been created that implements the developed models and methods to
support the decision-making process in the field of SIF accessibility managing state for LMGP. A soft-
ware and hardware complex based on geoinformation technologies has been implemented, that makes
possible to accumulate, systematize, and effectively use folksonomic data to support managing process
of SIF accessibility for LMGP and research tasks.

The system is used by LMGP as a tool for spatial orientation, as well as by municipal authorities to
make managerial decisions regarding informational provision and physical accessibility of social infrastruc-
ture facilities. In particular, it has been introduced into the work of wheelchair users regional public organi-
sation “Preobrazovanie” and to the Khanty-Mansiysk branch of the Federal Autonomous Organisation
“Main State expertise of Russia” as a decision support system in the field of SIF accessibility for LMGP.
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Annomayun. B HacTosee BpeMs 3HAa4E€HHE MH/AEKCA Pa3BUTHSA MHPOPMAIMOHHO-KOMMYHHKAIIMOH-
HBIX TeXHOJIOTHH B Poccun yBenn4uBaeTcs ¢ KaAbIM FOJJOM, HO TIOKa eIlle 3HAYUTEIbHO OTCTAeT OT 3Haue-
HUH MHPOBBIX JHaepoB. Crenuduka 0TeUeCTBEHHOTO OIbITa H(ppoBoil TpaHchopmannu Beex cdep 3Ko-
HOMUKH CBUAETENBCTBYET O TOM, YTO OCHOBHBIE N3MEHEHHMS Yallle OCYIIECTBISIOTCS MO OT/CIBHBIM BEKTO-
paM, a He KOMIUICKCHO. DTO SIBIISICTCS ONpEAeTIeHHON NpoOieMoi Ut pa3BUTHS HU(DPOBOH IKOCHCTEMBI
OTpaciyl — CJI0XKHOM CHCTEMBI B3aMMOCBS3aHHBIX MEXIy COOOH OOBEKTOB, KOHKYPHPYIOUIMX HAa €AUHON
mdpoBoii muardopMe U NperHa3HAYEHHBIX U PEIICHHUs KOHKPETHBIX 3a/1ad, MOCTaBJICHHBIX MO OTpac-
JieBbIe MOTpeOHOCTH. Y paccMaTpuBaTh €€ ClIeAyeT He TONBKO Ha YPOBHE roCyIapCTBEHHON MOIIEPKKU, HO
¥ Ha YpOBHE OOBEAMHEHHUS CHJI TOCYIapCTBa C HAYKOW M 4acTHBIM Om3HecoM. [yt 3Toro HeoOXOMMO CO3-
JaHWE CTUMYJIHPYIOMHUX (GaKTOPOB C IENBI0 MIPUBJICUCHHUS] HHBECTUINN, 9YTO OCOOCHHO aKTyalbHO B OTpac-
JM KWINITHO-KOMMYHAJIBHOTO X03siiicTBa. 1lesibI0 JaHHOro Mcce0BaHHUA SBISETCS aHAIU3 (aKTOpOB,
COCTaBJIAIONINX apXUTEKTypy Hudposoit sxocuctemsl JKKX, a Takxke OlleHKa NX B3aMMHOTO BIIHSIHUS APYT
Ha apyra. B pabote OblUIM IpUMEHEHBI METOAbI aHATN3a U CHHTE3a, SKOHOMHKO-CTATUCTUUECKUN U CPaBHH-
TENBHBIA METOMBI, @ TAKXKE MaTEMATUYECKOE MOJENIUPOBAHUE. ABTOPBI aHAIM3UPOBAIH aKTyaJbHBIE 3apy-
Oe)KHBIE U OTEYECTBEHHBIC HAyYHBIC ITyONHUKALIMHU [0 TEME HCCIICOBAHUS, JICKTPOHHBIE COOPHUKY aHAJIH-
THKO-HMCCIIEJIOBATEICKUX LEHTPOB, OPHUIHAIBHBIE CTATUCTUIECKUE OTUETHl FOCYIapCTBEHHBIX OPTaHOB.
B kauecTBe pe3yJabTaTOB IPHBOAUTCS oNHcaHue Tpex(hakTopHOU Monenu udposoii skocuctembl KKX,
COCTOSIIIEH N3 NMokazaTenei 3pPEeKTUBHOCTH U(PPOBBIX CEPBUCOB, KOMIIETCHTHOCTHBIX XapaKTEPUCTHK de-
JIOBEUCCKHX PECYPCOB M Habopa (pyHKIHOHAIBHBIX MUPPOBHIX cepBucoB At JKKX. 3akiarouenue. Paccmar-
puBas ¢ poyro 3xkocucteMy JKKX B KOMIUIEKce TpeX B3aMMOCBS3aHHBIX (DAKTOPOB, MOXKHO MOBBICHTH Ka-
YEeCTBO MPUHSATHS YIIPABICHUYECKUX PEIIeHUH B BOIpocax MojepHu3anuu mudposoro ynpasienus XXKX. bo-
Jee TOro, MaTeMaTH4ECKH OIMCHIBAsI 3aBUCUMOCTH (paKTOpoB HU(POBOIH 3KOCHCTEMBI, MOXKHO TEPEHTH Ha
YPOBEHb OIpE/eNeHNsI KOHKPETHBIX IMOPOTOBBIX 3HAYEHHUM, MOC/IE TOCTIDKEHHS KOTOPBIX 3kocucteMa JKKX
Oynet nmprobpeTaTs ONTUMAIBHYIO KOH(DUTYPALIHIO 3JIEMEHTOB U OoJiee BRICOKHI IU(POBOIT MOTeHIHA.

Kniouesvie cnosa: undpoBbie cepBuCH, IIM(POBbIE KOMIETEHIINH, IU(PPOBaAsi IKOCUCTEMA, KUIUIIHO-
KOMMYHAaIIbHOE XO035ICTBO

Ana yumupoeanusa: Asepuna T.A., JlaBposa 10.C., Menpunuyk B.H. Konnenmus tpexdaxtopHOit
mozenn nugposoii sxocucremsl XKKX // Bectaux IOYpI'Y. Cepust «KoMnbloTepHbIE TEXHOJIOTHH, YIIPaB-
JICHHE, paanodjekTponnkay. 2022, T. 22, Ne 2. C. 132-140. DOI: 10.14529/ctcr220212
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Abstract. Currently, the value of the information and communication technology development index
in Russia is increasing every year, but it still lags far behind the values of world leaders. The specifics of
the domestic experience of digital transformation of all spheres of the economy indicates that the main
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changes are more often carried out in separate vectors, rather than in a complex. This is a definite problem
for the development of the digital ecosystem of the industry — a complex system of interconnected objects
competing on a single digital platform and designed to solve specific tasks set for industry needs. And it
should be considered not only at the level of state support, but also at the level of combining the forces of
the state with science and private business. To do this, it is necessary to create stimulating factors in order to
attract investment, which is especially important in the housing and communal services sector. The pur-
pose of this study is to analyze the factors that make up the architecture of the digital ecosystem of housing
and communal services, as well as to assess their mutual influence on each other. Methods of analysis
and synthesis, economic-statistical and comparative methods, as well as mathematical modeling were
used in the work. The authors analyzed current foreign and domestic scientific publications on the research
topic, electronic collections of analytical research centers, and official statistical reports of state bodies.
The results are a description of a three-factor model of the digital ecosystem of housing and communal
services, consisting of performance indicators of digital services, competence characteristics of human re-
sources and a set of functional digital services for housing and communal services. Conclusion. Consider-
ing the digital ecosystem of housing and communal services in a complex of three interrelated factors, it is
possible to improve the quality of managerial decision-making in matters of modernization of digital
management of housing and communal services. Moreover, mathematically describing the dependencies of
the factors of the digital ecosystem, it is possible to move to the level of determining specific thresholds,
after reaching which, the housing and communal services ecosystem will acquire an optimal configuration
of elements and a higher digital potential.
Keywords: digital services, digital competencies, digital ecosystem, housing and communal services
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Beenenne

CeroiHsi KJIIOYEBBIM HAIIPAaBJIEHUEM PAa3BUTHS OTPACITH SBJISETCS COBEPILIEHCTBOBAHNE YIIPABICHU
ee mU(pPOBON FKOCUCTEMON — CIIOKHOM CHCTEMOW B3aWMOCBS3aHHBIX MEXIy cO00W 00BEKTOB, KOHKY-
PHUPYIOLINX Ha eOUHOM LudpoBoi miaTdgopMe M npegHasHAYCHHBIX A7l PEIICHUsT KOHKPETHBIX 3aiad,
MOCTaBJICHHBIX MO OTpacjeBble MOTPEOHOCTH.

31 mas 2021 roga Ha V Bcepoccuiickoit konpepeHuun «MHTepHET Bemied u u¢ppoBas TpaHC-
dbopManus KUIHIIHO-KOMMYHaabHOro xo03sicTBa — [oT B JXKKX 2021» Obuia momyepkHyTa ocobast
aKTyaJbHOCTh BOIPOCA Pa3BUTHA LH(POBBIX cepBUCOB Ha Oa3e mHTepHeTa Bemel [1-3]. DTo o3Haua-
€T, YTO KJIFOYEBBIM (PaKTOpOM pa3BUTHA HU(POBOI SKOCHCTEMBI B HACTOALIEE BPEMSI CTAHOBUTCS CETh
¢u3nYecKuXx OOBEKTOB, KOTOPHIC MMEIOT BCTPOCHHBIC TEXHOJOTHH, MO3BOJISIONINE OCYIIECTBISThH
B3aUMOJICHCTBHE C BHEIIHEH CPeoil, mepeaaBaTh CBEJEHUS O CBOEM COCTOSHUU U MIPUHUMATH JTaHHbBIE
U3BHE.

Lenbto manHoW paboThl sBIseTcs aHaiu3 (akTOpOB, B KOMIUIEKCE COCTABIIIOLINX apXUTEKTYPy
mudpoBoit skocuctembl JKKX u ux BiusHUA ApyT Ha apyra. s qOCTIKEHHS 3TOU 1einn Heo0X0auMo
PEIIUTh CIIENYIONINE 331a4h: JaTh YeTKUE ONpPEACTICHHUS TOHATHM «TUPPOBas SKOCUCTEMa» U «ITUPPO-
BBIE CEPBHCHI», BBIICIHTh OCHOBHBIC MOKa3aTeny 3(h(HEeKTUBHOCTH HU(PPOBBIX CEPBHCOB, MPOAHAIN3U-
POBaTh POJIb KOMIIETEHTHOCTHBIX XapaKTEPUCTHK YEJIOBEUYECKUX PECYpPCOB B paMKax HU(POBOil sKocH-
CTEMBI, PACCMOTPETh BIMSHUE Ka)KAOTO HAbOpa 3JEeMEHTOB Tpex(aKTOPHON Monenu Hu(pPOoBOM KO-
CHUCTEMBI JIpYT Ha Jpyra, a TakkKe MpOoaHaIM3UPOBATh MEPCIEKTHBHBIC HAIPABICHUS HCIIOIb30BAHUS
MOJIEININ JUTS JalTbHEUIIEr0 HCCIIeIOBAHUS TUPPOBOH SKOCHCTEMBI.

Konuenuust TpexdaxropHoii nudposoii s3kocucremsl JKKX

[on enuno# 1dpoBoit SxocucTemoit JKKX B gaHHOM HCCIeOBaHUM MOJIPa3yMEBACTCs CIOXKHAS
CHUCTEMA, COCTOALIA:

1) U3 B3aMMOCBSI3aHHBIX MEXIy COOOH LU(POBBIX CEPBUCOB, ACHCTBYIOLUIMX B PaMKax €IWHON
nudpoBoi mIaTdhopMbl U IPEAHA3HAUYCHHBIX U PELICHUs] KOHKPETHBIX MOJIb30BaTEIbCKUX 3a1a4, BbI-
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NOJHEHUE KOTOPBIX CIIOCOOCTBYET KaK MOANECPIKaHUIO M Pa3BUTHIO BCEH SKOCHCTEMBI, TaK U YIOBJIETBO-
PEHHUIO KOHKPETHBIX 3aIPOCOB MOJIh30BATEIEH;

2) ompeneneHHOro Habopa KOMIIETCHTHOCTHBIX XapaKTePUCTHUK UYEIOBEYECKHX PECYpPCOB — ydacT-
HHUKOB PBIHKA >KHJIMIIHO-KOMMYHAJIBHBIX YCIIYT, CIOCOOCTBYIOIIMX MOJACPKAHUIO U PA3BUTHIO SKOCH-
CTEMBI, a TAK)KE €€ HEIPEPHIBHOMY COBEPIICHCTBOBAHHUIO;

3) cucrembl okazareneit 3QHEeKTUBHOCTH ISl OTIPE/ICIICHHS aKTyalbHBIX POOIeM WM UMEIOIIHIX-
Csl BO3MOYKHOCTEH JUI paboTaromMx B 9KOCHCTEME LU(POBBIX CEPBHUCOB, MO3BOJSIONICH OMEPATHBHO
pearupoBaTh Ha BHEIIHUE M BHYTPEHHUE U3MEHEHUS [4].

CxeMaTHYHO apXUTEKTypa IH(POBOM SKOCUCTEMBI IPUBEAEHA Ha puc. 1.

ITokazarenu
ahdexTuBHOCTH
DyHKIMOHAIBHBIE 1M (POBBIX
dpossie CCpPBHCOB
cepBuchl B KKX
KoMIieTeHTHOCTHBIC
XapaKTePUCTHKH

YEJIOBEYECKHUX PECYPCOB

Puc. 1. TpexdakTopHas mogenb uudcgpoBon akocucteMbl KKX
Fig. 1. Three-factor model of the digital ecosystem of housing and communal services

[lepeiinem k meTanbHOMY PAaCCMOTPEHHUIO KaXIOT0 U3 (HakTOPOB HU(PPOBOI IKOCUCTEMBI U HAUHEM
C ompeeneHus: MUPPOBBIX cepBUCOB. [IpoaHanu3upyeM CyliecTBYIONIME B HAYYHOH JIUTEpaType MOHSI-
THS TI0 HAPaBJICHHUIO OT MPOCTOTO K CIOXKHOMY.

e [{udpoBble cepBUCH — 3TO CAUTHI, KOTOPBIE IPEAOCTABIISIIOT BCEBO3MOXKHBIE YCIIyTH OHJIAMH [5].

e [TudpoBbie cepBUCH — cHeNUaANbHbBIE IPOrPaMMBI, IPEAHA3HAYEHHBIC AJISI ONEPAaTHBHOTO pelie-
HUSI TPOOJIeM U BOIIPOCOB I10JIB30BATENSI B PEXXUME OHJIAMH [6].

o [{udpoBbie cepBUCH — 3TO TEXHUYECKHE MPOIYKTHI, KOTOPblEe (PU3NYECKH HAXOAATCS B CETH H
MIpeJIaraioT MOJIb30BATENSIM ONpe/ieNIeHHbIE BO3MOKHOCTH HHTEPAKTUBHOT'O B3aUMOAEUCTBUS [7].

o [{udpoBbie cepBUCH — MOIHOLEHHOE MPOTPaMMHOE OOecrieueHre ¢ MIMPOKUM (DYHKIIHOHATIOM,
npeHa3HaYeHHOe JUIsl ONIEPaTUBHOTO BBHITIONHEHUS 33/1a4 B JIFO00H HUIE U JAEATENLHOCTH, IOHIATHOE U
MIPO3pavHoe s BOBJICUEHHOTO MOIb30BaTeNs [§].

Takum o0pa3oM, Ha UX OCHOBE MOXKHO C(HOpMYIHMPOBATh TAaKOE ONpEAEIeHUE, KOTOpoe Hauboiee
TOYHO ¥ EMKO OMHCHIBAET OOBEKT UCCIIEIOBAHUS.

udposbie cepBUCH — CIIOKHBIE ITU(YPOBBIE CUCTEMBI C BHICOKUM MOTEHIIHATIOM, MPEICTABISIONINE
co0OH calThl, CrieMANIbHBIE TIPOTPAMMBI, TEXHUYECKHE TPOIYKTHI, a Tarke noiHounenHoe [10, ¢puznye-
CKU HaXOJSIINECS B CETH U MPU3BAHHBIC 3aKPBITh aKTYaIbHYI0 NOTPEOHOCTh B MOJIY4YECHUH OINpenencH-
HBIX YCIIYT y BOBJICUEHHBIX IMOJIb30BATENEH B JIIOOOH TOYKE, HE3aBUCHUMO OT MX MECTOHAXOXKICHUS U
BpeMeHH 00palleHus K CEpBUCY.

B Tabn. 1 npuBeneH cnucok GyHKIMOHANBHBIX HUPPOBBIX cepBUCOB st KKX.

I'oBops o mudpoBeix cepBucax s JKKX, BaxKHO OTMETHTD, YTO y MHOTHX KOMITAHUH B JaHHOH OT-
paciy ecTb MHTEPeC K MOOMIIBHBIM MPUIOKEHUSIM, CIeqU(pUIECKUM MPOrpaMMHBIM NPOAYKTaM U JIpY-
UM TEXHOJOTHMSM HMCKYCCTBEHHOI'O HMHTEIUIEKTa, CIOCOOHBIM NPHUHECTH 3HAYMMBIA 3KOHOMHYECKHUH
3¢ eKT, 0JJHAKO B HACTOSIIIEEe BPEMs IMOKa OONBIIMHCTBO MPOSKTOB HAXOJWTCS HAa CTaJUHM MHIOTA U
TOJIbKO 14 % opraHu3alyii B HACTOSIIMA MOMEHT CMOTJIM MAacCIITa0OUpOBaTh MCIOJIL30BAaHUE TAKUX Pe-
uieHuit [9].
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s Toro yToObI MX MacIITaOUPOBATh, HEOOXOAMMO YAETUTH 0CO00€ BHUMAaHHE KOMIICTEHTHOCT-
HBIM XapaKTEPUCTUKaM YYaCTHHKOB PbIHKA )XKWIMIIHO-KOMMYHAJIbHBIX yCiyr. IloHumas, kakue 3HaHus,
YMEHHS ¥ HaBBIKM Ha JaHHOM 3Tare TpeOyIoTca OT YeJOBEUECKHUX PeCcypcoB, MOXKHO BeCTH palboTy B
HaIpaBJICHUH COBEPLICHCTBOBAHUS LU(POBON 3KOCHUCTEMBI.

Ta6nuua 1
®dyHKUMOHanbHbIe unudposble cepBuchl ansa XKKX
Table 1
Functional digital services for housing and communal services

Hazpanue cepsuca @yHKIMOHAI

Be6-cTpannna, oOBIYHO co3faHHas Al B3aUMOACH-
CTBHS C YHPAaBJISAIONMMUA M PECypcOCHA0KAIOUIMMU
opranmzammsiMu, TCXK, a Taxke opraHamMu BIacTH
Pas3In4HBIX YPOBHEH

CoBpemenHnas nudposast mardopma aist paboTel Ha
cMapTQoHax, TMpeJHa3HAYCHHAS JUIS  YIPaBICHUS
MHOTOKBapTUPHBIM JOMOM, OIUIAThl KOMMYHaJIbHBIX
YCIyT ¥ Iepeladn MoKa3aHui, y4acTus B 00Ie10MO-
BBIX COOpaHUsX, a TAaKXKe Al KOHTPOJS 32 SJIEMEH-
TaMU CHCTEMBI «YMHBIN JTOM)

BupryanpHbIi TEKCTOBBIM NMOMOILIHHK, KaK IPaBHIIO,
PasMEIICHHBI B TUAJOTOBOM OKHE CTapTOBOM CTpa-
HUIIBI caliTa Wi MOOMIILHOTO TIPUIIOKEHHS, KOTOPBIN
NPY TIEPBOM KOHTAKTE BBISICHSET MOTPEOHOCTH TMOJb-
30BaTeNel B BUE MEPENUCKU U MMOMOTaeT X KayecT-
BEHHO yJIOBJIETBOPHTH

MHoxecTBO mporpamm, paboraromux Ha 0Oaze 00-
JAYHBIX TEXHOJIOTHH, MpPHU3BaHHBIX O00ECHEeYUTh
4 [IporpammHuoe obecrieueHue YIPaBISIONINM WM PECYPCOCHA0XKAIOIIUM KOMIIaHH-
SIM aJITOPUTMBI 00pabOTKK OONBUIMX OOBEMOB HH-
(hopmanuu Tt IPOU3BEICHHS PACUECTOB

CHeLHICCKHE POrPaMMHbIS Hudpossie cepBuchl, pazpabarbiBacéMble B WHIWBU-

5 IyalbHOM IOPSAKE MOJ KOHKPETHBIE 3alPOCHl U MPO-
HPOIYKTHI
LIECCHI

1 Caiir

2 MoOunpHOe IPUIOKEHNE

3 Yar-60T

CeroaHs KOMIIETEHTHOCTHBIN MOAXOJ SIBIACTCS OJHUM W3 MEPCICKTUBHBIX HAIPaBICHUM pa3BH-
THS TIOTEHIIMaja YeJIOBeYeCKUX pecypcoB. Ocoboe 3HaUCHHE PUMEHEHHUS TaKOT0 MOIX0/1a U OIpeie-
JIeHUsT KOHKPETHOTO Ha0opa KOMITETEHIMH YYaCTHHKOB ITU(PPOBONM DKOCHUCTEMBI IMOJ KOHKPETHBIN
3Tal €€ Pa3BUTHs IMOATBEPKIACTCS MOTPEOHOCTAMHU IUGPPOBOH IKOHOMHUKH H TEXHOJOTHYECKUMHU
TpeHmamu [5, 6].

ITon KOMITIETEHTHOCTHBIMH XapaKTEPUCTUKAMU B JTAHHOW paboTe MOHUMAETCS ONpeneiCHHBIA Ha-
0Op 3HAHWI, YMEHUWI W HAaBBHIKOB, TaK WJIM WHAY€ CBS3aHHBIX C KCIIOJb30BaHUEM ()YHKIIMOHAIBHBIX
g poBeix cepucos [10]. [Ipemnaraercst 0ObeIMHATE WX B MATH OJIOKOB — 0a3y, TUYHOCTb, yIIpaBie-
HUE, KyJIbTYpy U 0€3011aCHOCTb.

Harnsaao qaHHbIi MOAX0I MIPEACTaBICH Ha pUc. 2.

Opnako TuX IBYX (hakTOpoB — (PyHKIMOHATHHBIX U(POBHIX cepBucoB st XKKX u koMIieTeHTHO-
CTHBIX XapaKTEePHCTUK YEIIOBEUECKUX PECYPCOB — I ommcaHus mudpoBoii sxocuctemMbl XKKX Hemoc-
TatouHo. HeoOxomum moka3zaTeiib, KOTOPBIN Obl CBA3bIBAJ MX U BBIABJUT 3()()EKTUBHOCTH PabOTHI IU-
POBBIX CEPBUCOB B YaCTHOCTH, & 3HAYUT, U IKOCHCTEMEI B IICJIOM.
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KoMmneTeHTHOCTHEIE XapaKTePHUCTHKH YeJIOBEUECKHX PecypcoB B 1dporoii sxocucTeme KKX

3HaHWEe OCHOB IH(POBOH TPaMOTHOCTH, 8 UMEHHO HHCTPY-
MEHTapUs MOJIb30BATENICKUX M CIEIUATIBHBIX TEXHHYECKUX
Iporpamm.

YMeHne HaXxO0IWTh, aHATH3HPOBATh, KPUTHUYECKH OIIEHHBAThH
JIOCTYITHYEO HHpopMaluio B H(poroii s3kocucteme KKX.
Hapbiku paboTs! ¢ M)pOBEIMH TEXHOJIOTHSIMH B TIOBCEIHEB-
HOIt KU3HH U TPO(hEeCCHOHANBHOH JeATETbHOCTH.

Bbiox baza

3HaHWE OCHOB IICHXOJOTHH W KOH(IHKTOJOTHH, ITO3BOJISIO-
e paboTaTh ¢ yYacTHUKaMH IH(poBoi skocucTeMbr JKKX
Biaok JINHHOCTS Ha 10JIrOCPOYHOM OCHOBE.

YMeHMe NposSBIATE KPEaTHBHOE MBILUIEHHE I pealn3alii
cTpaTeru U pPoBoii TpaHChHOPMALIHH.

Hagbiknu MOJCIHPOBAHUA aJIbTCPHATUB BBIXOJa M3 CIIONKHBIX
CHTYyallHi B IH(QPOBOM TIOJIC HA OCHOBE NPO(PeCcCHOHAIBHOTO
OIbITA B YCJIOBUAX UU(PPOBU3ALIUH.

3HaHue HHCTPYMEHTOB, METO/IOB W MOIX0JI0B K YIPaBIEHHIO
nponeccaMu B IH(poroi akocHcTeMe KKX.

YMeHHE TOCTUraTh MOCTABICHHBIC LEH, IPUHAMATE 3P dek-
THBHBIC YNPABJICHYECKHE pElICHHS, HATPABICHHBIE HA pa3-
Burtue upoBoil akocucremsl KKX.

HaBpIkM 1mMOCTPOEHUA CUCTEMBI YNPaBICHUS LU(PPOBOH 3KO-
cuctemoit JKKX B ycnoBHSIX OrpaHMUEHHOCTH PECYPCOB H
INOCTOAHHO MEHAIOIIHUXCA YCJ'IOBI/Iﬁ BHEITHEN Cpeabl.

buiok Ynpagnenue

3HaHWe IEHHOCTEH, HOPM M YCTAHOBOK, JEHCTBYIOIIMX B
paMkax HUQPOBOH KyIbTYpPHI.

YMenue TpaHcaupoBaTh IHUGPOBYIO KyAbTYPY B MaccChl I
bnok Kynetypa obecrieveHus ycrmenHoro (yHKIIHOHHPOBAHUSA [THPPOBOit
skocHcTeMbl KKX.

Happiku ¢dopMuUpoBaHHsS CHCTEMBI MOTHBALMH, COMPOBOXK-
Jarolneil BBeJIeHHE HOBBIX PETTIAMEHTOB B IIH(POBOH IKOHO-
MHKE.

3HaHWEe WHCTPYMEHTOB, MEP M TEXHOJOTHM TrapaHTHPOBAHUS
OTIPEICIICHHOTO YPOBHS HH()OPMAIIHOHHOH 0e30TacHOCTH.
|| Brox BezonacHOCTE VYMeHHe aHANTH3UPOBATL CTENeHb WH(MOPMALMOHHON 3alin-
IIEHHOCTH IH(POBOTO CEpBHCa M BBIBIATH Ciladble MecTa
C NOCJICAYIOLIEH LIEJIbIO MX YCTPaHEHHUS.

Hagrikn obecriedenns 3aIIATH NEPCOHANBHEIX M TEXHOJIOTH-
YEeCKUX JIaHHBIX, OpraHu3alid XpaHeHus WHPOpMalHH, a
TAKOKE CO3/IaHUS PE3CPBHBIX KOIUHA.

Puc. 2. KomneTeHUuM YenoBeYecKMX pecypcoB B pamMkax undposoi akocuctembl XKKX
Fig. 2. Competencies of human resources within the digital ecosystem of housing and communal services

PaccmoTpum nokasarenu 3¢ppekTuBHOCTH HUPPOBBIX CEPBUCOB, MPeACTaBIeHHbIE B Tadm. 2 [11].
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Tabnuua 2
OcHoBHble noka3aTenu 3¢ heKTMBHOCTU LIMPPOBbLIX CEPBUCOB
Table 2
Key performance indicators of digital services
Ne
i ITokazarenb XapakTepuCTHKa U pacyeT IMoKa3aTesst

CroumocTs 3arycka
(YHKLIMOHAIBHOTO
uudpoBoro cepuca

[ns onpeneneHuss onTUMaNbHOW JOJIM IOJIB30BATENIECH paccyu-
ThIBaeTCA MOKAa3aTeNb IIyTEM JAEICHMS 3aTpaT Ha MpPOIBHKEHHE
Ha KOJINYECTBO YCTAHOBHUBIIUX MPHIIOKEHUE, IOCETUBIINX CaNT,
HCIIOJIB30BAaBIINX OHHaﬁH-CepBHC

YpoBEeHb BOBJIEYEHHOCTH

,Z[J'ISI OIIpE€ACIICHUA IIOJIE3HOCTU M HMHTEPECa pPaCCUUTBIBACTCA
BpeMeHHOﬁ moKasarejib IMyTeM ACJICHUA KOJIMYCCTBA CXKCIHCB-

2 |monb30BaTenei 3a Mecsll N
HBIX TOCEIICHUH HA KOJIWYECTBO 3aIyCKOB LU(POBOrO MPOAYKTA
(YHKIMOHUPOBAHUS . o
3a Mecsl, yMHOKeHHbIH Ha 100 %
s onpeneneHrs KOJMYECTBA BPEMEHHM, MPOBEACHHOIO IIOJb-
3 CpenHasg MpoAOKUTENBHOCTD | 30BaTENIEM Ha CEPBHCE, PACCUUTHIBACTCA MMOKA3aTeNlb IyTEM Jie-
ceccuu JICHUsI CyMMAapHOM MpOJIOJKUTEIFHOCTH Ceccuil Ha MX ooiee
KOJIMYECTBO
st onpeneneHys NMpoLeHTa BEPHYBILNXCS HA CEPBUC IOBTOPHO
paccuMThIBacTCA MOKa3aTeNb IMyTeM JeNIeHHs KOJIUYECTBa Bep-
Koadduuument ynepxkanus N
4 . |HYBIIUXCS TOJIb30BaTelcd Ha oOIlee KOJWYECTBO YCTAHOBHUB-
BOBJICUEHHBIX MOJIb30BATENIEH N .
[IMX TPUIOKEHHUE, TOCETUBIINX CalT, UCIOJIH30BABIINX OHJIANH-
cepBuUC, yMHOKeHHBIH Ha 100 %
TSl OTpeneNeHus] JOJIM MNPEKPaTHUBILUX HCIONb30BaTh (PYHK-
Koa¢dduuument orroka A P PeKp by
5 . |IroHaN UM(POBOro MPOAYKTa PACCUUTHIBACTCS MOKA3aTeNb IIy-
BOBJICUEHHBIX M0JIb30BATEINCH o
teM BbranTanus u3 100 % 3naueHust koapduumenTa yaep:kaHus
Jnsa onpeneneHus yCHENMIHOCTH MOHETH3AI[MH PACCUUTHIBACTCS
6 CpenHuit 10X0/ ¢ OJJHOTO MOKa3aTeNlb MyTeM JEJICHUS BBIPYYKH OT TPHIIOKEHHS, CaiTa,
BOBJICUEHHOT'O TIOJIb30BATEN | OHJIAMH-CEpBHCAa Ha KOJMYECTBO 3allyCTUBIIMX MPUIIOKEHHE,
MOCETUBIINX CAalT, MCIIOJIb30BABIIUX OHIAHH-CEPBUC
Hns onpenenenus 3(¢GEKTUBHOCTU BIOXKEHHH B MPOABIKECHHE
CTouMOCTh IPUBJICUCHUS
7 paccuuThIBaETCs MOKa3aTesb MyTeM ACIEHUS CYMMbI PacX00B Ha
OJTHOTO TI0JIb30BATEN .
peKIaMHYI0 KaMITaHUIO Ha YHCIIO MPHUBJICUEHHBIX MOIb30BaTeNeH
Hns ompeneneHus: peHTaOETBHOCTH WHBECTUIIMHA B pEKIaMy
OxynaeMocThb peKIaMHbBIX
8 paccuMTHIBaeTCs MOKAa3aTeNnb MyTeM JEJeHHs JOXOJOB OT PeK-

BJIOXKECHUN

JaMbl HA MapKETHHIOBBIE pacxopl, yMHOKeHHBIN Ha 100 %

[Ipon3BoauTh pacdeT TakuX MOKaszaTeneld MOKHO CAaMOCTOSITENIEHO, HO YA00Hee U ObICTpee NCTIONb-
30BaTh CIICIUAIBHBIC CUCTEMbI aHAIMTUKHY, TAKHE KakK cepBUC OT SHmekc — AppMetrica Wiu CEpBUC OT
Google — Firebase Analytics [12, 13].

Takxum 00pa3oM, JETaTFHO PACCMOTPEB 3JIEMEHTHI TPeX(PaKTOPHON MOJIENH, MPe/IaracTcs OMucaTh
3aBHCHMOCTH MEXIy HIMH CIIeAYIomuM oopasom [4, 14, 15].

Brmsiaue Habopa KOMITETEHIIMN YeTIOBEUECKUX pecypcoB B mudposoit s3xocucteme XKKX Ha moxa-
3areiu 3h(HEKTUBHOCTH PabOThI IU(DPOBBIX CEPBUCOB MOYKHO MPEJICTABUTH B BUJIC

DSE = f(HC),

(M

rae DSE (digital services efficiency) — 3¢ ekTHBHOCTD HHUPPOBBIX CEPBUCOB;
HC (human competencies) — KOMIIETEHTHOCTHBIE XapaKTEPUCTUKH YEJIOBEUECKUX PECYPCOB.
AHAJIOTUYHO BIHMSIHUE CO3JaHus U (YHKUMOHUPOBAHUS LH(POBBIX CEPBUCOB B LU(PPOBOI 3KOCH-
creme JKKX Ha hopmupoBanue Habopa KOMIETEHIMI YEIOBEUECKUX PECYPCOB MOKHO TPE/ICTABHUTH B

BUJIC

HC = f(DS), (2)
rae HC (human competencies) — KOMIIETEHTHOCTHBIE XapaKTEePUCTUKU YEIOBEUECKIX PECYPCOB,

DS (digital services) — ¢pyHKIHOHAIBHBIE TH(POBBIE CEPBHCHI.
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B nepcniektrBe, onmuchiBas 3aBUCUMOCTH (PAKTOPOB IU(PPOBOIA SKOCHCTEMBI TAKUM 00pa3oM, MOXK-
HO HepeﬁTH Ha YPOBCHBb ONIPCACICHNUA KOHKPECTHBIX MOPOTOBBIX 3Ha‘-IeHI/II71, IMOCJIE€ JOCTUIKCHUA KOTOPBIX
9KOCHCTEeMa OyJeT MpHoOpeTaTh ONTUMAIBHYIO KOH(PUIYypaIUi0 JIEMEHTOB M 00Jice BBICOKUH IU(ppO-
BOM MOTEHIIMAI.
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BopoHexckuli eocydapcmeeHHbili mexHu4Yeckul yHueepcumem, BopoHex, Poccus

Annomayus. lenabio padoTsl SABISETCS HCCIEA0OBAHNE HOBBIX MUPOBBIX TCHICHITUH MPOMBIIUICHHOTO
Pa3BUTHS U CKOPOCTH PEaKIUH HATMOHANBHBIX MPABUTEIBGCTB, KOMIAHUNA M PaOOTHUKOB HA TEXHOJIOTHYEC-
CKHe U3MeHeHUs. B kayecTBe MeTO0B HCCJIeI0BAHUS [IPUMEHEHbI aHAJIN3 U CUHTE3 TEKYLIUX MHUPOBBIX
TEHJICHIIMH, a TAK)Ke MCIO0JIb30BaHbI CIIElUaJIbHbIE METOAbL: IIPOAHATU3UPOBAHBI SKCIIEPTHBIE OLICHKU MEK-
JIyHApOJHBIX OpraHu3alui, IPOBEJACHbl CPABHUTEIBHBIH U 3KOHOMUKO-CTaTUCTUUECKUN aHainu3. B pe3yJib-
TaTe BbIACIEHB! OTINUUTENbHBIE YepThl MHIycTpuu 5.0 — 3TO cocylecTBOBaHUE MPOMBIIIJIEHHOCTH U HO-
BBIX COIIMAJIbHO-IKOJIOTHYECKUX TEHACHIIUNA U OTpeOHOCTEH. M3MeHeHusT Hen30eKHbI: 3eJIeHast YHEPTHUs U
YCTOHYMBBIC MPOAYKTHl HU3HAYATIHHO OYAYT MOHOIOJBHEIM (PAaKTOPOM M MPHUHECYT MPEUMYIIECTBA WHCAM-
nepaM. [ToqaepkHyTO, YTO I JOCTIDKEHUS TI00aIbHOH KOHKYPEHTOCTIOCOOHOCTH KOMITAHHSIM HEOOXOIH-
MO TpaHC(HOPMHPOBATH YCTOSIBIIHECS OM3HEC-MOJCIN M MHBECTHPOBATH B TEXHOJIOTHH M CETEBBIC (DOPMBI
OM3Heca C y4eTOM COLMANBHBIX IIEJICH: MOMHMO CO3JIaHUs HOBBIX Pa0OYMX MECT M 00eCIeYeHUs THOKOH
3aHATOCTH Peub UJET O NEPCOHAIMU3ALMH TOBAPOB U HKOJIOTU3alKi. PacCMOTpEHBI MOJIUTUYECKUE U IKOHO-
MHMUYECKHE LEIN MATON MPOMBILUICHHON pPEBOJIIOIMHU, HAaNpaBiCHUs TEXHOJIOTMYecKux MHHOBauui. [lon-
YEPKUBAETCSI, YTO TEXHUKA, COTIIACHO HOBOMY IOAXO0.Y, JOJDKHA CIYKHUTh JIOISIM U OOIIECTBY, a 3TO O3Ha-
9aeT, YTO TEXHOJIOTHs, UCTIONb3yeMasi B IPOHU3BOJICTBE, AAANTUPYETCs K MOTPEOHOCTSAM U PasHOOOPa3HIo
paboTHUKOB OTpaciu. JIMaUPYIOMMI TPU3HAHBI UCKYCCTBEHHBIM MHTEUICKT, KBAHTOBass MHPOpMAIUI U
MIOJIYIPOBOTHUKH. TexXHONMOrnueckast TpaHcopManus 6a3upyeTcs Ha pa3BUTHH CISAYIONUX HAMPaBICHUN:
WHIWBUIYATbHBIC TEXHOJOTHH B3aUMOJICHCTBUS YeJIOBEKa U MAIIMHBI, OMOTEXHOJIOTHH M WHTCIUICKTYallb-
HBIC MaTepHAIIbl, ICKYCCTBEHHBIH WHTCIUICKT, NU(POBBIC TBOWHUKH, TEXHOJOTHH TEpPEIavH, XpPaHCHUS W
aHanu3a JaHHBIX, a TaKke SHeProdd(HEeKTUBHOCTH, BO30OHOBIISEMbIX HCTOUHUKOB DHEPTHUH, XPAHCHUS U aB-
TOHOMHOCTH. JTO 3KOCHCTEMHO-OPHCHTHPOBaHHAS WHHOBAIIMOHHAS IMOJUTHKA ¢ THOKOH OpHCHTAaIWel Ha
pe3ynbTar. OTMEUEHO, YTO TEXHOJIOTHIEeCKas TpaHC(HOpMAIHsI TOMOXKET PEIIUTh PsA YHHKAIBHBIX 00IIeCT-
BEHHBIX TpobseM. OHa JenaeT CMENbIN aKIeHT C OTACIbHBIX TEXHOJOTHI Ha CUCTEMHBIN MOAXO, YTO TO-
3BOJISIET OTPACIH JTOCTUTATh COIMATBHBIX IeJIei TOMUMO CO3JJaHHusS padOYMX MECT U pOcTa, U CTAaBUT OJa-
TOIoNyYre pabOTHUKOB OTPACIH B LIEHTP MIPOU3BOJICTBCHHOTO Mporiecca. B 3aK/II04eHnH pacKphIT TEXHO-
COIMANILHBIN XapaKTep MATON PEBOJIOLNU C TEXHOJIOTHSIMHU KaK MHCTPYMEHTAMHU U COLMAIbHBIMU TOTPeO-
HOCTSIMHU B KaU€CTBE KOHCYHOM IICIIH.

Kniouesvie cnosa: nstas NpOMBIIUIEHHAs PEBOJIIOLMS, 3€J€HAsT DHEPIUs, YCTOHYMBBIE NPOAYKTHI,
r06anbHas KOHKYPEHTOCTIOCOOHOCTD, TIEPCOHATU3AIINS, SKOIOTH3AITUS
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TECHNOLOGICAL BREAKTHROUGHS AS A FUNDAMENTAL FACTOR
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Abstract. The research objective of the present article is to study new world trends in industrial deve-
lopment and the reaction speed of national governments, companies and workers to technological changes.
As research methods, analysis and synthesis of current world trends were applied, as well as special methods
were used: expert assessments of international organizations were analyzed, a comparative and economic-
statistical analysis was carried out. As a result, the distinctive features of Industry 5.0 are highlighted — this is
the coexistence of industry and new social and environmental trends and needs. Change is inevitable: green
energy and sustainable products will initially be a monopoly factor and benefit insiders. It is emphasized that
in order to achieve global competitiveness, companies need to transform established business models and in-
vest in technology and network forms of business, taking into account social goals: in addition to creating new
jobs and ensuring flexible employment, we are talking about personalization of goods and greening. The poli-
tical and economic goals of the fifth industrial revolution and the direction of technological innovations are
considered. It is emphasized that technology, according to the new approach, should serve people and society,
which means that the technology used in production adapts to the needs and diversity of industry workers.
The leaders are artificial intelligence, quantum information and semiconductors. Technological transformation
is based on the development of the following areas: individual technologies for human-machine interaction,
biotechnology and smart materials, artificial intelligence, digital twins, data transmission, storage and analysis
technologies, as well as energy efficiency, renewable energy sources, storage and autonomy. It is an ecosys-
tem-based innovation policy with a flexible focus on results. It is noted that technological transformation will
help solve a number of unique social problems. It puts a bold focus from individual technologies to a system
approach that allows the industry to achieve social goals beyond job creation and growth, and puts the well-
being of industry workers at the center of the production process. In conclusion, the techno-social nature of
the fifth revolution is revealed, with technology as tools and social needs as the ultimate goal.

Keywords: fifth industrial revolution, green energy, sustainable products, global competitiveness, per-
sonalization, greening

For citation: Avdeeva E.A., Averina T.A., Balashova N.A. Technological breakthroughs as a funda-
mental factor in global competitiveness. Bulletin of the South Ural State University. Ser. Computer Tech-
nologies, Automatic Control, Radio Electronics. 2022;22(2):141-147. (In Russ.) DOI: 10.14529/ctcr220213

Beenenue

VYuactauku BcemupHoro skonomuueckoro ¢opyma B 2020 roay akmeHTHpOBaNIM BHUMaHHE Ha
KIIMMAaTHYECKOM KpU3HUCe, OTpaKaIoIeMcsl Ha 3KoHOMUKe U (puHancax. Crnemyer oTMETHTh, 9To B 2019
rogy Oonpire kommnanuili u3 crucka Fortune 500 omyOnukoBann 00s3aTeNbCTBA MO 3aLIUTE OKPYKaro-
meit cpensl, yeM 3a 2005-2015 roast Bmecte B3ateie [1]. C cepenunst 2019 roga KonnyecTBO MOUCKO-
BBIX 3a11pocoB B Google 1o 3Toif TeMe BO3pOCiIo B T€OMETPUIECKON MPOrpeccuH, a riodaabHble JeMOH-
CTpalMH IO 3aIUTE OKPYKAIOMICH CpeAbl CTAId OXHUMHU U3 KPYMHEHIINX MpoTecTOB B HcTopuu. MHBe-
CTOPBI OOBSBUIIM, YTO OHM OyIOYyT y4acTBOBATh B IMPOEKTAX C BBICOKOM CTEIEHBIO YCTOWYMBOCTH. MOXK-
HO BBIIEIIUTh U IOJOXKUTEIIbHbIE MOMEHTHI IepecTpoiiku: 82 % ONpOIIEeHHbIX MEHEDKEPOB CUUTAIOT,
YTO MHBECTHLMH B 3aLIUTy KJIUMAaTa IIOMOTalOT CIIPABUTHCS C MOCIEACTBUSIMHE KOPOHAKPU3HUCA; «3eJie-
Hasi 5KOHOMHKa», B CBOIO OUYepelib, TAKXKE MpeaaracT 00oiblIre BO3MOXHOCTH AJIsl 3KCIIOPTa, 0COOCHHO
JUTSL TEXHOJIOTUH 00€e3yTiepokuBanus [2].

MeTtoanl
MeTo/10JI0THYECKYI0 OCHOBY MCCJICIOBAaHUS COCTABJISAIOT OOIICHAYUYHBIC M CIICIIHAJIbHBIC HAYYHBIC
METOABI. K O6H.[I/IM OTHOCATCA I/IHZ[yKIH/IH nu I[eJIYKHHH, aHaJIn3 U CUHTC3 TeKYIlII/IX MI/IpOBBIX TeH]leHHPIfI.
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Aedeeea E.A., AsepuHa T.A., TexHono2u4yeckue nNpopbI8bl KaK OCHogoMos1a2arowull
Banawoea H.A. ghakmop 25106a5bHOU KOHKypeHmocnocobHocmu

Taxxe ObLIU IMPUMCHCHBI CIICHUAJIBHBIC MCTOABL: MPOAHAIN3UPOBAHBI SKCIICPTHLIC OLICHKU MCEXKAYyHa-
POAHBIX OpFaHPBaLIPIﬁ, MMPOBCACH CpaBHHTeJ’ILHBIﬁ aHaJIN3 U YKOHOMHKO-CTaTUCTUYCCKUI aHAIIHN3.

PesynbTarsl

Komnreroreps! 1 MHTEpHET NPOHUKAIOT BO BCE ACMIEKTHI YEJIOBEUECKON KU3HU, H3MEHEHHE KJIMMaTa
MEHSET Halll MUp. MBI MOKE€M Ha3BaTh 3TO S5-M MPOMBIIIJICHHON PEBOIIOIHCH.

TeXHOIOTNN CO31aHus KUBBIX CYIIECTB ITyTEM aHAJIN3a T€HOB M MaHUITYJIHUPOBAaHHUS UMM CTAHOBSIT-
cs Bce mpotule U aoctymHee. [Ipeamonaraercsi, 4To pe3yslbTaTOM MATOW MPOMBIIUIEHHONW PEBONIOIHU
JOJDKHO CTaTh pelieHHe riio0aabHbIX nmpodaem. OHa ABIAETCS Pe3ylabTaTOM CTPATETHYECKOrO MOAXO-
1a, croco0OM OMpeneNeH s TOro, Kak OyAyT COCYIECTBOBATh MPOMBIIIICHHOCTh U HOBBIE COIIMAIbHBIC
TeHJeHIMK ¥ notpeOHocTH [3]. Takum obOpasom, Uunyctpus 5.0 donoausem w pacuiupsiem OTIHYU-
TenbHble uepTsl Unayctpun 4.0

C TOYKM 3peHHS YyCTOWYUBOTO Pa3BUTHS OM3HECA BBIJEISIOTCS TP MOJICTH MOBEACHUS KOMITAaHHH.

1. «[Ipeobpasyiics win MOTHOHW»: OM3HEC-MOJICIIH STUX KOMITAHUH HaXOIATCs Ha nepenyTthe. Kom-
MaHWM JOJDKHBI BKJIQABIBATh 3HAUYUTEIbHBIE CPEICTBA B HOBBIC TEXHOJIIOTUH U CETH, YTOOBI CIIeNaTh CBOU
npenpayIme neicteus bonee 3PQEKTUBHBIMU U IEPCIIEKTUBHBIMH.

2. «Tpancdopmupyiirecs, 4To0bl TOOCAUTEY: OU3HEC-MOJENN 3TUX KOMIAHUN MpeLIaraoT MoTeH-
mman st auddepennpanu. HoBble uen U co3aanue SKOJIOTMYECKH HEUTPaIbHOW IEHHOCTH obecre-
YaT KOHKYPEHTHOE MPENMYIIECTBO.

3. «lIpeoOpa3oBanue AJsl Pa3BUTHUS»: MMOJIB3YIOTCS CIPOCOM TaK Ha3bIBaeMble CpPeACTBa TpaHchop-
MaIliH, KOTOpPbIE IEIal0T HOBBIE TEXHOJIOTHH, MTPOLEAYPHI U MPOLECCH TOCTYIHBIMHU B IEPBYIO OYepeb
JUIs1 BCEX OCTaJIbHBIX KOMITAaHUH.

M3menenus Heu30eKHbI, U HEKOTOPBIE KpaeyroibHbIE KAMHH YK€ SICHBI: 3eJieHasi 3HEPTus U yCTOM-
YHBBIC MPOIYKTH W3HAYAIBHO OYAyT MOHOIOJBHBIM (haKTOPOM W MPHHECYT mpeumyliecTBa. OIHAKO
3aTeM, B 0003pHUMOM OyIyIieM, OHH MPOHUKHYT Ha II00aJbHbIM MacCOBBIM PBIHOK — U MPEXHHE pelle-
HHS UICYE3HYT [4, 5].

OKOHOMHUKH MHOTHX CTPaH-TUAEPOB JKEJIAIOT MMETh KOHKYPEHTHOE MpenmyniectBo. K mpumepy,
SITMIOHCKOE TPABUTENBCTBO CUMTAET, €CIIM PACIIMPUTH PHIHOK, CBsi3aHHBIN ¢ 0T, rae uckyccTBeHHbIH MH-
TEJUIEKT, POOOTHI M BCE OCTaJbHOE CBsI3aHO uepe3 VHTepHeT, OH CTaHeT KaTalu3aTOpOM JUIsi STIOHCKOM
9KOHOMMKH, MOTEHIHAIBHBIN TEMIT pocTa KOTOPOM BsUIbI. MUHHCTEPCTBO SKOHOMHUKH, TOPTOBIH U MPO-
MBIIIICHHOCTH, KOTOPOE CTAJIO0 LEHTPOM Pa3paOdOTKH CTPATETHH, YK€ Ha4yajo JIBH)KEHHE K OCYILECTBIIE-
HHUIO «IISITOM MPOMBILUIEHHOH peBomrounm». anee uner 6uorexnonorus. Heobxoanmo moamep uBaTh
0a3y JaHHBIX OMOJOTMYECKHX M TEHETHUECKHX PECYPCOB, XPAHSIIIMXCA B KOMIAHUSIX, TOCYAAPCTBEHHBIX
HAYYHO-UCCIIE/IOBATENILCKUX WHCTHTYTAX, YHUBEPCUTETAX C IEIBI0 Pa3BUTHUS «OUOWHIYCTPHUI», TIPOU3BO-
JsIIel TeKapcTBa, TOIUTMBO, MPOIYKTHI MUTaHUsI M IPOYEe C UCTIONB30BaHUEM OMOXMMHUYECKON TEXHOJIOTUH.

Hcropuio 3aMeHbI 4eJI0BEYECKOro TPyla MAalTMHAMH MOYKHO MPOCIEIUTH IO XPOHOJIOTHH HayYHBIX
peBomonni. Ecay MBI IOCMOTPUM Ha BpeMs, TO YBHIUM, YTO CKOPOCTh IpOrpecca yBEIUYHBAETCH.
[IpoMeIneHHas: peBOIOLUSA HavaJlach ¢ TOrO, YTO MAIIMHBI IOMOTAJId YEIOBEKY B IIPOM3BOJCTBE TEK-
CTHJISI, M, HAKOHEII, JJOCTUTIIA YPOBHS, KOT/a MallIMHA MOYET B35Th Ha ce0s1 OOJBIIYIO YacTh YeJIoBede-
ckoro Tpyna [6]. Apkum npumepom spisiercs Kurait. M3 69 3aBo0B 1Mo BceMy MUpPY, KOTOpbI€ B Ha-
cTofIIee BPeMs CUHTAIOTCA JIUAEPaMH, HCIIOIb3YIOUIMMH TEXHOJOTHH YETBEPTOM MPOMBIIIICHHON pe-
BOJIIONIMHU, B HacTosmee BpeMs B Kurae Haxonutcsa 20, 32 Humu cieayrot 19 3aBonoB B EBpomeiickom
cotose, cemMb B CHIA u nare B Snonun. «Kuraii qoctur cranuu, Koraa ero GupMbsl MOTYT KOHKYPHPO-
BaTh CO CBOMMH KOJUIETAaMH B Pa3BUTOM MHUpPE BO MHOTHX CEKTOpPaX, B TAKHX KaK CMapTQOHBI U DJICK-
TpoMoOmIN», — ckazan JKussit Ukan, rnaBHblil skoHOMHCT Pinpoint Asset Management. 11 Kuraid, u
CHIA npu3HAIOT, 9TO 3TH TEXHOJIOTHYECKHE ITPOPHIBEI MOT'YT MPUBECTH K U3MEHEHUIO JaHmadTa MH-
POBOI1 3KOHOMHMKM. UkaH Ipelncka3an, 4TO OCHOBHAs KOHKYPEHILMsS B TEXHOJOTHSX YETBEPTOH IIPO-
MBbILUIEHHOH peBomounu Oyner mexxay Kuraem u CLLUA, nmockonbky EBpomna u Slmonust MoryT passu-
BaTh OIBIT B KOHKPETHBIX O0JIACTSIX, HO MOTYT HE HaOpaTh MacmTadoB, 4TOOBI KOHKYPHPOBAThH B IIUPO-
KOM CIIEKTpe TEeXHOJIOTUH [7].

B HoBOM msTHIIETHEM miaHe Kutas cemb KIItOUeBBIX 00JIacTell pa3BUTHS, U3BECTHBIX KaK «IOrpa-
HUYHbBIE TEXHOJIOTUW», TIEPEUHCIICHbl B KaYeCTBE TJIABHBIX NMPHUOPUTETOB HAIMOHAIBHOW MONUTUKH, a
WCKYCCTBEHHBIH MHTEIJICKT, KBAHTOBasI HH(GOPMALIUS U NOJTYIPOBOAHUKY BXOJAT B TPOHMKY JIUACPOB.

Kurail akTHBHO CTpeMHUTCS K 3HEPreTH4ecKoi HezaBuCcHMMOCTU. Kurtaro morpeGyercst moTpaTuTh
6,4 Tpmmuona nosutapoB CIIIA Ha CTPOUTENBCTBO HOBBIX MOITHOCTEH IO TTPOU3BOJICTBY 3€JICHOM DHEP-
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THH, HEOOXOAMMBIX JIJIS JOCTHIKEHHMS €T0 LIENU 0 JJOCTHIKCHHUIO YIIepoIHON HeTpanbHocTH B 2060 romy,
HO, IT0 MHEHHUIO PHEPreTHYCCKOro aHaTUTHKAa Byma MakkeH3H, eMy MOXKET HE XBAaTHTh ITOCTaBOK KIJIIO-

YCBOI'O ChIPbA: B OCHOBHOM MCIH, aJIOMUHWA, HUKCIIA, KoOalbTa U JINTHS.

Takum 06pa30M, QJICMCHTBI, OTHOCAIIHUECA K I/IH,I[YCTPI/II/I 50, YKC ABJIAIOTCA 4aCTbHO OCHOBHBIX I1O-

muTHYecKuX uHumarus (puc. 1) [8, 9].

Wnpyctpus 5.0 — 370 He TeXHOJIOTUYECKas! PEBOJIOLMS, a IIEHHOCTHAs] WHUIIMATHBA, KOTOpasi CTH-
MYJHPYET TEXHOJIOTHYECKYI0 TpaHc(opMalmio ¢ onpeneneHHol nenbto. OHa 0a3upyercss Ha pa3BUTHH

[puHATHE OPUEHTHPOBAHHOTO
Ha YEJIOBEKA MOIX0/a K MTH(POBBIM
TEXHOJIOTHAM, BKITHOUast
MCKYCCTBEHHBIH HHTEIIEKT

[loBbiienne kBanupuUKaLMU
1 nepexBanHKaLnsg pabOTHHKOB,
0CODEHHO HX LIH(POBLIX HABBIKOB

CoBpemeHnHble, pecypcodhheKTHBHBIE
W YCTOWYHBEIE OTPaCiIH
[IPOMBILIEHHOCTH U TIepPexo.

K PKOHOMHKE 3aMKHYTOIr0 IIHKIIa

[Mo0anpHO KOHKYPEHTOCTIOCOOHAs
W BeJylias BO BCEM MHPE 0Tpacb,
YCKOPAIOLIas HHBECTHLIUH
B HCCIIEI0BAHHSA 1 HHHOBALHH

Puc. 1. Monutnyeckune n akoHommyeckne nHmumnaTuebl UHayctpum 5.0
Fig. 1. Political and economic initiatives Industry 5.0

CIIeTyIOINNX HaIMpaBieHuit (puc. 2)

WMHauBuyanbHble TEXHOJIOTHH
B3aHMOJICHCTBHS YEIOBEKA
M MalliHbI, KOTOPBIE COETUHSAIOT
1 00BEIMHSAIOT CHIIBHBIC CTOPOHBI
JTIOACH ¥ MAalTuH

Buorexnonoruu
H UHTEJUIEKTYallbHbIC MaTepHalbl,
KOTOPBIE TTO3BOMISIIOT HCTIONB30BATh
MaTepHabl CO BCTPOSHHBIMHU
AATYMKAMHU K PACIIUPEHHBIMA
(yHKIHAMH, TIPU DTOM IIPHUTOIHEIC
JUIsL BTOPHYHON 1epepaboTKu

HckyccTBeHHBI HHTEIUICKT
U1 OOHApY)KEHHs, HALIpUMEP,
[IPUYUHHO-CIIECTBEHHBIX CBA3EH
B CJIO’KHBIX JHHAMHYECKHX
CHCTEMAaX, YTO IPHBOJIHT
K JIeliCTBEHHOMY UHTEIUIEKTY

LiucpoBbre ABOHHIKHA H CHMYIALIHA
JUTA MOJIEJIMPOBAHHA LIEJBIX CHCTEM

TexHOTOTHH Tepeadn, XpaHeHHs
M aHaliv3a JaHHbIX, KOTOpre
cmocoOHBI 00pabaTEBaTh TaHHBIE
H 00ecrneynBaTh COBMECTHMOCTE
CHCTEM

Texuonoruu 3xeproadHeKTHBHOCTH,
BO300HOBIIAEMBIX HCTOYHHKOB
SHEPIHH, XpaHEHHs ¥ ABTOHOMHOCTH

Puc. 2. OcHOBHbIe HanpaBieHUs TEXHONOrM4YeCKUX NPOopbLIBOB
Fig. 2. Main directions of technological breakthroughs
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OrtpacneBas peBomouus 00yclIoBIeHa TPaHCPOPMATMOHHBIMHA TEXHOIOTMYECKUMH TOCTHKEHHSIMU,
KOTOpbIC NPUBENN K (PyHAaMEHTAIbHBIM U3MECHEHUSM B ()YHKLIMOHUPOBAHWU OTpaciu. DTH U3MEHEHHS
MMEIOT SKOHOMHYECKHE M COIMalibHBIe MOCiencTBUSA. HekoTopele M3 HUX OUYEBUAHBI M KEJIATENbHBI,
IpyTye HenpeaHaMepeHHble U HexxenaTenbHsle [10, 11].

BaxxHO OTMETUTH, YTO TEXHOJOTHYECKas TPaHCHOPMALHS MOMOXKET PEIIUTh PsJ YHUKAJIbHBIX 00-
IIECTBEHHBIX MpobsieM. MHaycTpust 5.0 nemaeT cMenblii aKIEHT ¢ OTACIbHBIX TEXHOJOTHUI Ha CUCTEM-
HBIHA TIOJXOJ. DTOT IOAXO] MIO3BOJISIET OTPACIH JIOCTUTATh COIMATIBHBIX TIeIel MIOMUMO CO3/1aHusI pabo-
YUX MECT M POCTA U CTaBUT OJ1aromnoiy4yne pabOTHUKOB OTPACIIU B LIEHTP NPOU3BOJACTBEHHOIO IpoLecca
(puc. 3). OT0 MOXET MOMOYb OOBSICHUTH, MoueMy Muayctpust 5.0 cuuTaeTcs TUIOM MPOMBILITICHHON
PEBOIIOLINH, OTIIMYHBIM OT APYTHX MPOMBIIUIEHHBIX peBotonuii [12, 13].

ConnanpHas
HEOIHOPOAHOCTh
C TOYKH 3pEHHSA
LEHHOCTEH
U MX MPUHATHS

DKOCHCTEMHO-
W3mepenne
OpPHEHTHPOBaHHAA
CTOMUMOCTH CO3JaHHA
WHHOBAaLHOHHAs o
. IKOIOIHIECKON
TIOJTUTHKA C THOKOI o
. H COLMAJILHOM
opHeHTalueH
LEHHOCTH
Ha Pe3ymbTar
®opmupoBanue
KJIACTEPOB 1151
MexaCUHITMHAPHOCTD .
ONTHMU3ALHH BallIen
HCCNe0BaTeNbCKHX ”
CTOMMOCTHOM LEMOYKH
JTUCITMTIITHH U CHCTEMHAS
U I1OBBILUCHUSA
CIOXHOCTh
IpUOBLILHOCTH
Ou3Heca

Puc. 3. CoumanbHbie LEHHOCTU NATON NPOMbILLIIEHHOW PeBOSOLMMU
Fig. 3. Social values of the fifth industrial revolution

3axinoueHue

Wnnyctpua 5.0 mononHAeT ¥ pacmmpseT oTAMYuTeNbHble yepTel Maayctpun 4.0. OTo npeanonara-
€T, YTO UX CIEAYET pacCMaTpUBaThb COBMECTHO, T. €. KaK COCYIIECTBOBAaHHE TexHojormueckoi Ilpo-
MbinuieHHocTH 4.0 u [IpomsinuienHocty 5.0, OpHEHTHPOBAHHON Ha COIMANIbHBIE IIEHHOCTU. B mHTEpe-
cax YIpOIIEHHs TEPMUHOIOTHH, MOKHO CKa3aTbh, MBI SBJSIEMCS] CBUACTEISIMU TEXHO-COLIMAILHON PEBO-
JIOLMU C TEXHOJOTHUSAMHU KaK MHCTPYMEHTaMM U COLHMAIbHBIMHU MOTPEOHOCTSIMH B KayecTBE KOHEUHOM
nenu [14].

[Momo6GHBIE MPOAYKTHI MOTYT MPOU3BOJUTHCS TOJBLKO MPH YYACTUHU YEIOBEKA. DTOT MHIAMBUIYAIb-
HBIH MOJIXO/ MPEKAE BCErO SBISIETCS TEM, YTO MOTPEOUTEIH CTPEMSTCS BBIPA3UTh CBOIO MACHTHYHOCTD
Yyepe3 MPOAYKTHI, KOTOpbIe OHU MOKyMNaroT. IloTpedurenu mpuHUMAarOT TEXHOJIOTHH — OHU HE BO3paska-
10T, HAaIIpUMeEp, €CIIM aBTOMATHU3aIUS SBJISETCS YaCThIO MMPOM3BOACTBEHHOTO Iporiecca. Ho oHM KaxyT
JIMYHOTO Yy4acTHA JU3aHHEPOB U MacT€pPOB, KOTOPBIE CBOMMH JTMYHBIMH YCHJIMSAMH CO3/al0T YTO-TO OCO-
OeHHOE M YHUKAJIbHOE. DTO OIIYIEHHE POCKOIIN — IEPCOHATN3ALHS, 32 KOTOPOH OyayIiee KOMIIaHHMA.

Ota tenpenuus Mungyctpun 5.0 sBiseTcss ckopee aHTHHHIYCTPHAJIBHOW, YeM HHIyCTPHAIBHOM.
3TO BO3BpaT K 4yeMy-To Ooliee paHHEMY, K BpEMEHaM J0 MHAYCTPHATIM3aliH, KOT/Ia MTOIapKoM, HarpH-
Mep, OBUIO YTO-TO, YTO KTO-TO M3 BALIMX 3HAKOMBIX MECALAMH BsI3aJl, BBIPE3all WIH CO3JaBajl BPyUHYIO.
370 OBUIO UMEHHO VIS BAC, IIOTOMY YTO YEJIOBEK, KOTOPBIN C/IeNal MOAapOK, 3HAN BAC JIMYHO H, CIEI0-
BaTENLHO, 3HAJ, KaK C/IeaTh MOAapOK JJIsl Bac ¥ OOJBIIE HU JUIS KOTO.

Ho xak coBpeMeHHbIE THU3alHEPBl U PEMECIEHHUKHN CO3JAI0T MPOAYKTHI, KOTOPBIE COOTBETCTBYIOT
CTaHJIapTaM KauyecTBa, KOTOPBIX OxkuaaroT moau? Kak oHM MpOM3BOAST MPOAYKTHI IO LEHE, KOTOPYIO
o011 MOTYT cebe 1mo3BouTh? KomnabopaTuBHbie poOOTH — O0JIbIIAst 9aCTh OTBETA.
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KonnabopatuBHbie poOOTHI — 3TO, TIO CYTH, SJCKTPOUHCTPYMEHTHI, KOTOPBIC HAJCISIOT MacTepPOB-
OTEPaTOPOB CBEPXUETIOBEUCCKUMH CIIOCOOHOCTAMH C TOYKH 3PEHUSI CKOPOCTH M TOYHOCTH. ITO TO, YTO
HYKHO, YTOOBI TPOU3BOJIUTH POMBIIUICHHBIE TPOAYKTHI C YEIIOBEYECKUM MPUKOCHOBEHHEM [ 15].

BO3BpaHIaH HIOI[eﬁ B LOCHTP HNPOMBINUJICHHOI'O0 IMPOU3BOACTBA C IIOMOMLIBIO TAKMX HHCTPYMCHTOB,
Kak k000TbI, UHIycTpus 5.0 He TOIBKO JAaeT MOTPEOUTEISIM MPOAYKTHI, KOTOPBIC OHU XOTAT CETOJIHSI, HO
U cOo311aeT paboyre MecTa.

quOBeKOHeHTquHBIﬁ Ioaxoa CTaBUT OCHOBHBIC YCJIIOBECUYCCKHUEC HOTpe6HOCTI/I U UHTEPCCBI B OCHO-
BY MPOM3BOJICTBEHHOTO MPOIECCa, MEPEX0As OT TEXHOJIOTHUECKOTO MPOrpecca K MONTHOCTHI0 OPUEHTH-
POBaHHOMY Ha YeJIOBeKa W OOIIECTBO MOAXOAY. B pesysibraTe mo Mepe CMENICHHUS IEHHOCTH Y Mpo-
MBIIIICHHBIX pab0YHX Pa3oBBIOTCS HOBBIE POJH. PAOOTHUKOB YK€ PaCCMATPHBAIOT HE KaK «H3IECPIKKID,
a KaK «MHBECTUIMH». TEXHOJIOTHS JODKHA CY>KUTh JIFOSIM U OOINECTBY, & 3TO 03HAYAET, YTO TEXHOJIO-
THsI, UCTIONIb3yeMasi B MPOU3BOJICTBE, AIANITHPYETCS K TOTPEOHOCTAM KIIMEHTOB.
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Annomayusn. B HacTosIIEH cTaThe paccMaTpPUBAETCs MPOOJIEMa YIIPABICHNS 3HAHUAMHU. 3HAYCHHE POJIH
YEJIOBEUECKUX PECYPCOB, OPraHU3AMOHHOTO YIIPABICHHUS M MH(POPMALMOHHBIX TEXHOJOTHH B IOBBIIICHUN
3¢ (PEKTHBHOCTH COBPEMEHHBIX KOMIAHUH SBHJIOCH NMPUYHUHOW TOTO, YTO CO BTOpOH MOJIOBHHEI 90-X romoB
HAYaJIOCh aKTHBHOE MCCIICIOBAaHKE POOIIEMAaTHKH yIpaBieHus 3HaHmsIMU (knowledge management). OcHOB-
Hasl Ie7b YIPaBJICHNS 3HAHUSIMH — NPEBPATUTH 3HAHMS U OIBIT COTPYAHUKOB B KamuTayl KoMIaHuu. VH-
(hopMaIMOHHbBIE TEXHOJIOTUH CETOMHA SIBIIIOTCS OJHUM U3 OCHOBHBIX JpaiBEpPOB NP TPaHCHOPMALUH CO-
BpPEMEHHOT0 OM3Heca, onpenelsironM (HakTopoM 4eTBepToi mpombiiuieHHoN peBoironun INDUSTRY 4.0.
ITosToMy ceronHs ueneBas MOAENb NPEANPHATHS HAYKOEMKOH OTpaciu BCE 4allle COAEPXKUT 3ahady Io
cozganuto UT-pemenus ans ynpasneHus 3HaHUAMU. Lleb Mceeq0BaHNsA: TTOCTPOCHUE METAMOJIEIH CHC-
Tembl ynpasieHus 3HaEuAMHU (CY3) c mpumenenuem merononormn TOGAF, pa3zpaboTka apXHUTEKTYpHI
CVY3 nisg ucronb30BaHUS Ha MPOMBIIUICHHOM TPEINPUATHN U By3e. MeToabl HccaeI0BAHMSA, HCIOIb30-
BaHHBIE B Pa0dOTe: KOMIUICKCHBIN MOIXOX M CTPYKTYPHBIN aHaJIM3 MPOLEcca CHCTEMHOTO MPOEKTUPOBAHUS
no meroponorun SADT (Structured Analysis and Design Technique) u mo merononornu TOGAF (The
Open Group Architecture Framework). Pe3yabTaTsl. Paspaborannas Meramonens apxutekrypsl CY3 ne-
MOHCTPHPYET Ha BBIICJICHHON IpeaAMeTHON obmactu npuMmeHenne meroposioru SADT u TOGAF mnst cos-
JIaHUSI CUCTEMBbI YIIPaBJICHHUs 3HAHWSMH KPYITHOTO MAaIlIMHOCTPOUTENHHOTO MPEANpHUATHI U By3a. Pazpabo-
TaHHas (YHKIMOHAIbHAs MOJIENIb ONMCHIBAET MEXaHU3M HAKOIUICHUS U (opMalu3aluyu 3HaHUil B Gopme
THNEPTEKCTOBBIX M MPOAYKIIMOHHBIX 0a3 3HAHUH NP pealn3allii COBMECTHBIX NMMPOEKTOB M UX Mepeaavdy B
CVY3 orpaciu. 3akiaouenne. PazpaboTaHHbIe IPOAYKIIMOHHBIE [IPABUIIA TO3BOJIAIOT HHTEIPUPOBATH Opra-
HHU3aLIUOHHO-()YHKIIMOHATIbHYIO CTPYKTYPY MPEANPUATHS U By3a C TOYKH 3PEHHS NOBBILICHHS (P PEKTHB-
HocTu IT, co3maTh equHyI0 MHTEIUIEKTYalbHYIO Cpelly MpH pealu3alliil COBMECTHBIX MPOEKTOB, obecrie-
YUTh HAKOIUIEHHE 3HaHWi B ToKanbHEIX CY3 1 ux TpaHcgep B oTpacieBble 0a3bl 3HAHUI.

Knrwouegvie cnosa: cucrema ynpasienus 3HaHusMH, Metamonens TOGAF, nndposoii aBoiHUK, 6a30-
Bas Kadenpa, nudposas TpaHchOpMAaLUI
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Jlna yumupoeanusn: YrpapieHue 3HAHUSIMU Ha NPUMEPE MAIIUHOCTPOHUTENIBLHOTO MPEANPUITHS U
By3a / A.}O. Canoxnuxos, I'.I". Kymukos, A.A. Kysueuos, M.B. IOpnoB // Bectuuk IOYpI'Y. Cepus
«KoMnproTepHBIE TEXHOJIOTUH, yIpaBJIeHHE, paauodaekTpoHukay. 2022, T. 22, Ne 2. C. 148-157. DOI:
10.14529/ctcr220214

© Canoxaukos A.1O., Kymukos I'.I'., Ky3zunenos A.A., IOpios M.B., 2022

148

Bulletin of the South Ural State University. Ser. Computer Technologies, Automatic Control, Radio Electronics.
2022. Vol. 22, no. 2. P. 148-157



CanoxHukoe A.1O., Kynukoe I'.I"., YnpaeneHue 3HaHuUsiMu Ha npumepe
Ky3Heyoe A.A., Opnoe M.B. MawuHocmpoumeJsibHO20 Npeodnpusimusi U ey3a

Brief report
DOI: 10.14529/ctcr220214

KNOWLEDGE MANAGEMENT ON THE EXAMPLE OF A MACHINE-BUILDING
ENTERPRISE AND A HIGHER EDUCATION INSTITUTION
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Abstract. The article discusses the problem of knowledge management. Meaning of the role of human
resources, organizational management and information technologies in efficiency advancement of modern
companies is the reason why active research of the knowledge management problem got started in the se-
cond half of 1990s. Main aim of knowledge management is to transform knowledge and experience of em-
ployees into company capital. Information technologies today are the main drive for transformation of mo-
dern businesses which is the main factor for the fourth industrial revolution INDUSTRY 4.0. This is why
today’s goal model of knowledge-intensive industry enterprises contains task of IT solution creation that
handles knowledge management. Aim: creating a metamodel of knowledge management system (KMS)
using TOGAF methodology. Developing a KMS architecture for it to be used on industrial enterprise and
higher education institution. Research methods used: complex approach and structural analysis of the pro-
cess of system design using SADT (Structured Analysis and Design Technique) and TOGAF (The Open
Group Architecture Framework) methodologies. Results. Developed metamodel of KMS architecture shows
application of SADT and TOGAF methodologies on a given subject area in order to create knowledge ma-
nagement system of industrial enterprise and higher education institution. Developed functional model de-
scribes mechanism of how knowledge is collected and formalized in form of hypertext and productional
knowledge bases when conducting collaborative projects and their transfer to industries KMS. Conclusion.
Developed productional rules allow integration of organizational and functional structure of enterprise and
higher education institution from point of advancing IT efficiency, to create a central intelligent sphere
when conducting collaborative projects, to allow knowledge collection at local knowledge management sys-
tems and to transfer this knowledge in industry enterprises.

Keywords: knowledge management system, TOGAF metamodel, digital twin, base department, digital
transformation
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KiroueBoil 3afaueii ynpaBiaeHHs 3HAaHUAMHU SABJSETCA UCIOIb30BAHUE 3HAHUM IS [TOJTy4YEHUs] KOH-
KypeHTHOro npeumyiectsa [1]. OueBuaHO, 4TO MOBBILIICHNE 3((GEKTUBHOCTU MPH PEATH3aLUN HAYKO-
€MKHX MPOEKTOB HA MPEANPHUATHIX MOXKET JOCTUTATHCSA 334 CUET MPHUBJIECYECHUS HAyYHOrO MOTEHIMAaa
BY30B, B TOM YHCJIE€ C UCIIOJIb30BaHuEM 0a30BbIX Kadeap [2, 3]. OCHOBHBIM HHCTPYMEHTOM, oOecneyn-
BalOIIMM B3aMMOJICHCTBUE YYAaCTHUKOB HAay4HO-TIPOM3BOACTBEHHON CpeJbl, BBICTYHaeT HU(POBOH
JBOWHUK KopriopatuBHoi nHpopmannonHoi cpensl (LIJ] KUC) npeanpustus, pearn3yeMblid B COCTaBe
KUC ynuBepcuteta. JlanHbiii nppoBoii JBOMHUK peaan3yeTcsl Kak MpeIMEeTHO-OpUEHTHPOBAHHOE c1a00-
CTPYKTYypHUPOBaHHOE MH(OPMALMOHHOE MPOCTPAHCTBO (Cpena) ¢ MpaBUIaMH UCUHCICHUS, OTBEYAIOLIH-
MH TEOPHUU KaTEropuu MHOXKECTB, O0OecleunBaroIiee MOAAEPKKY >KU3HEHHOTO IHMKIIA MPOAYKIHUH BbI-
nmyckaeMol oTpacibio. CoBpeMeHHbIE HH(POPMALMOHHBIE TEXHOJIOTHUH, PEATN3YIOIUe HU(PPOBHIE ABOM-
HUKH [4—6] 00BEKTOB, MPOLECCHl M MX B3aUMOJICHICTBHE B MpoLeccax YIPABICHHUS TAKKE ABISIFOTCSA OC-
HoBo#1 Tpanchopmarnun INDUSTRY 4.0 [7-9].
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B [10] mokazaHo, uyTo popManu3anuy JOrHIeCKIX cocTaBistonmx B moaemnsax LI/ mpomeccos, oT-
Beuatonux tpeboBanusm ['OCT [11, 12], B o0mieM cirydae COOTBETCTBYIOT TOYKAM HPHUHATHS PeEllle-
HUU B popMe MPOIYKIHN: «ecou — To» (ycIoBHBIM onepaTtopaM) BHyTpH LIJI. CooTBeTCTBEHHO, eciu
kakas-m100 komnosunus L[/l cooTBeTcTBYeT 00001MIEHHOMY TIpOIIeCCy, TO U MpaBUiIa MPOIYKIUH Hc-
XOJHBIX IPOLECCOB OyayT 0Opa30BBIBATH KOMIIO3UIIUIO MPOAYKIUI (0a3bl 3HaHMI) OOOOIIEHHOIO
nporecca.

Baxknas ponp B cocTaBe Hay4YHO-MPOU3BOJCTBEHHOMN Cpebl OTBOAUTCS MPOLIECCaM BBISBICHHUSI, Ha-
KOIUICHHS M 0OMeHa 3HaHHUsAMH, B TOM YKCIIe 3HAHUH 10 padoTe B MPHUKIATHOM IPOTPaMMHOM obectie-
yernnu (I10), BxonsiieM B coctaB u(ppoBOro ABOHHHKA.

B kagectBe Meromonoruu st pazpadbotku CY3 moxer cinykuth MeTogoaorus TOGAF (The Open
Group Architectural Framework) kak HanOonee yHuBepcanbHas ¥ 4acTO MpUMEHsAeMasi AJsl pa3padoTKu
KOPTIOPAaTHBHBIX apXUTEKTYPHBIX PEIICHUH, periaMeHTUpYomuX ucrnonb3oBanue UT Ha mpenqnpuarusx
u Kopriopauusx [13].

Opuaum u3 kimoueBsix noHATH B TOGAF siBisiercs Touka 3peHus (viewpoint), onpeesstomnas Te-
KYIIlee COCTOSTHHE MPENPHSITUS U ACTIEKT, B KOTOPOM OyJeT MPOUCXOIUTH €ro TpaHCQOpMAIHs B IIeJe-
Boe. B nmanHoil pabote OyzeT paccMOTpeH acieKT HU(POBOH TpaHC(HOpPMALUH, aKTyaJIbHBIH Kak Ui
MIPEATIPUSITHN, TaK | JUI OTIOPHBIX yU4eOHBIX BY30B.

[locTraBneHHBIE HA MPEINPUATHN aKTyalbHbIC 3a]Ia4H SIBISTIOTCS HOBBIMH BBI30BAMH, MX PEIIICHUE
MTO3BOJIUT MEPEHTH TPEIIIPUATHIO B HOBOE (11enieBoe) cocTosaue [ 14, 15].

Ha puc. 1 npuBenena MEHEMocXeMa MO peasin3alyy MoJ00HOTO poja MPOU3BOJCTBEHHBIX 3a1a4
B BHJIE COBMECTHBIX MPOEKTOB C IMPUBIECYESHUEM Hay4HO-TexHHueckoro 3anena (HT3) Byza. Bax-
HBIM 3seMeHToM mipu 3toM ctaHoButes L[/l KHC B cocraBe yHUBepcHUTETa, BHITIOIHSIIONIUN POJIb 00-
paTHOM CBA3M IO BO3ACHCTBUIO HA HAYYHO-IIPOU3BOACTBEHHYIO cpely. TOIbKO MPH €ro HaIu4MuM CTa-
HOBHTCS BO3MOXHBIM TpaHc(ep TEXHOJOTHH OT MPENNpHATHS K BY3Y, peallu3alusi MPOEKTOB C HC-
noyib3oBanueM HT3 yHuBepcurera, kak cinencrBue — IT-rpancdopmaims yHUBEPCUTETa, BO3MOXK-
HOCTb IIepe/Iadl HOBBIX 3HAHUH MPEINO0IaBaTeIbCKOMY COCTaBY M BHEJPECHHS DTHX 3HAHUHN B yueOHBIH
npolecc.

NPEOANPUATHE BY3j
Teryuiee Lenesoe Tekyuiee Uenesoe
COCTORHME COCTORHME Jadauu HT3 COCTOAHME COCTOAHME

KWUC BY3a KWUC BY3a
Ccy3
BY3a

KUC ADM KHUC

[MPOEKT

IT-

TpaHcdop-
mMauma

Pezyaemamei

Modeprusuposarneiii U4 KMC

Puc. 1. LudpoBoe nHterpupoBaHue n tpaHccpopmaumnsa KUC n CY3 By30B u npeanpuaTUir otpacnu B pesyrnbraTe
BbINONMHAEMbIX NPOEKTOB U ucnonb3oBaHua LI KUC
Fig. 1. Digital integration and transformation of corporate information systems and knowledge management system
of Higher Educational Institutions and enterprises of industry as a result of projects that use digital twins and
corporate information systems
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[Ipu 3TOM MOKHO 3a(UKCHPOBATH PSIA CIEAYIOMINX 0COOEHHOCTEH.

s mpeAnpusTHs BBINOTHEHNE IPOSKTOB:

1) npubnmxkaeT TeKyliee COCTOSTHUE NPEATIPUATHS K LIETICBOMY;

2) obecrieynBaeT MOSABICHUE HOBBIX 3HAHMIA, MONIYYEHHBIX KaK B BUAE PE3YyIbTaTOB MPOEKTa, TaK U
B Bune HT3 By3a;

3) monepumzanus LI KUC B ynusepcurere ¢popmupyet oosnk KMC B 1eneBoM COCTOSHUM Mpe-
MIPUSATHSL.

[l By3a BBIITOJIHEHUE NTPOEKTOB!

1) Tpebyer nammuus LIJI KMC B cocraBe yHUBepcUTeTa, SBISIETCS HEOOXOIUMBIM YCIOBHEM JUIS
paboThI 0a30BBIX Kadep;

2) uanuuupyet monepuuzanmio LIJI KUC u, xak cnenctsue, okaspiBaeT BiausHue Ha IT-tpancdop-
MAalHIO0 YHUBEPCUTETA;

3) o0ecneunBaeT HAKOIJICHUE 3HAHUH B YHUBEPCUTETE.

ADM (Architecture Development Method), noka3aHuslii Ha puc. 1, — 310 MeTo B coctaBe TOGAF,
KOTOPBII MO3BOJISIET OCYHIECTBUTH MEPEXO0Jl OT TEKYIIETO K LEJIEBOMY cOcTosiHUIO uepe3 10 ¢a3 apxu-
TEKTYPHOT'O LIUKJIA.

[locTpoenne cucTeMHON MOZENIHN MpoLecca B3aUMOJCHCTBUS «BY3 — MpeanpusaTHe» (puc. 2) u ee
JanbHEWIINN aHANK3 TO3BOJISIET BBISIBUTH CIEIYIOLINE HEJOCTATKH, SBISIOMINECS HeQopMaTn30BaHHbI-
MU paHee pe3epBaMH I10 MOBBIIICHUIO () ()EKTHBHOCTH.

1. OTcyTcTBYeT MeXaHH3M, OOECTIEUHBAIOIINI HETIPEPHIBHOE U CUCTEMHOE B3aUMOIEHCTBUE MIEPCo-
HaJIa By3a U NPEANPHUITHS M0 PEIICHUIO aKTyallbHBIX 3a1a4 oTpaciu. ObcyxaeHne npodiieM u norpeo-
HOCTEH OTpaciii MPOUCXOAUT B PaMKaX COBEILAHUI, HOCSIIUX Pa30BBIA XapakTep, MPH 3TOM B pealb-
HyI0 paboTy nepenaeTcs He3HAUUTEIbHOE KOJUUECTBO 3a1ad, pean3alus KOTOPbIX TpeOyeT NpuBede-
HUS HAYYHOTO TIOTEHIIMAaJa By3a.

2. Cnaboe Wi TIOJTHOE OTCYTCTBUE MPUBJICUCHUSI 00YUAIOIINXCS B By3€ JUIS PEIICHHS aKTYaJIbHBIX
3agad orpacid. CTyJeHTHl 3HAKOMSTCA C MIPOU3BOJCTBEHHON CPEIOH, ee 3aJadyaMH U MOTPEOHOCTSIMU
TOJIBKO IIPH MPOXOKIEHUH MPAKTHK.

3. 3amauu, pemaeMble B paMKaxX KypCOBBIX M BBIITYCKHBIX KBATU(UKAIIMOHHBIX Pa0OT, HE COAepKaT
MPaKTUYECKOW LIEHHOCTH JIJIs1 MPOU3BOJICTBEHHOMN CPEMBI.

4. OtcyTcTBYeT O0OINas NporpaMMHO-alnaparHas cpenaa, obecrneuuBaroiias HH(OOPMAIMOHHOES
B3aMMOJEHCTBYE MEPCOHANA By3a U NMPEANPHUATHS IIPU COBMECTHOM PELIECHHH aKTyalbHbIX 3anad. Koi-
JIEKTHUBBI C MPEIANPHUIATUS U YHUBEPCUTETA, 33J€HCTBOBAHHBIC B PELICHUU OJHOW 3a[aud, BBITOJIHSIIOT
paboty B pazmuunbix KMC. O6men nHdopmanmeit mporucxoauT B OyMaKHOM BHJE WM ITyTeM oOMeHa
CbEMHBIMH HOCHTEJISIMH MH(OpPMAIIMK TIPU JIMYHBIX BCTpEeYax WIIM MyTeM oOMeHa depe3 OOIIeI0CTyII-
HbIE KaHaJbI CBS3U, TAKUE KaK M0YTa, STHAEKC-IHUCK U Jp.

5. OTcyTcTBYeT enuHas eneBas 6a3za 3HAHUH ¢ pe3yJIbTaTaMH BBITIOJHEHHSI COBMECTHBIX TIPOCKTOB.
B BJl HUY xpanutca Todbko oOmas, arpuOyTuBHass HHGOpPMaunus O BBIIOJIHEHHBIX HAay4HO-
uccnenoBarenbckux padorax (HHUP), B To Bpems kak mpaktuueckue pesynbratel HUP xpanstcs B apxu-
BaxX OTAENbHBIX Kadeap WM HayYHBIX KOJUICKTHBOB. Pe3yibTaThl BEITYCKHBIX KBANH(UKAIIMOHHBIX pa-
00T B YHHUBEPCUTETE XPAHATCS B OTIEIBHBIX apXvBax Kadep, a MOsICHUTEIbHBIC 3alUCKH K HUM Xpa-
HATCS B OyMa)KHOM BHJIe B LIEHTPAJILHOM apxuBe By3a. He opranuzosan mporiecc c6opa U KOHCOH A~
UM B IUHYIO 0a3y Hay4HBIX M MPAKTHYECKUX PE3yJbTATOB pabOT, BHIIOJHEHHBIX B BY3€, a TAKXKE HE
OTIa)XEH IpoIlecc JOCTYyIa K 3TUM JaHHBIM, UX Mepeadya B IPOU3BOACTBEHHYIO CpENLY.

6. He ¢popmanmzoBanbl nporieaypbl, 00ecriedrBaronire MoJHOIeHHOEe QYHKIIMOHUPOBAaHHE 0a30BbIX
kadenp (bK) B coctaBe By3a. B HacTosmmii MOMEHT opraHu3ais paboTbl C HUMH OCYIIeCTBIseTcs 0e3
ydeTa uxX crenu(uKy | HaNpaBJIeHHOCTH Ha B3aUMOJICHCTBHE C MIPEIPHUITAEM.

JpyruMu KIIIOYEBBIMU JIEMEHTAMH, MPEICTaBICHHBIMU B omnMcaHuu, sSBisitoTess CY3 Bysa u CY3
otpaciu. Ha puc. 3 npencrasieH MexaHu3M HanosHeHUs: CY3 oTpaciu B pe3ynbTaTe BBITOJHEHUS CO-
BMECTHBIX MIpoeKTOoB. [Ipn 3TOM OoTpaxkeHa riaBHas uaes, 3ajlokeHHast B KopropatuBHbeIX CY3: kaxaoe
MpeaNpHUsITHe 00eCIIeYMBaCT HAMOHEHNE OOIIeH OTpaciieBoi 0a3bl 3HAHWH, KOTOpasl ABJSCTCS pacIpe-
neneHHoi. Takum obpaszom, myreM npumeHerus L[] KUC, Ha KOTOpO#l BBITOTHSIOTCS IPOEKTHI «BY3 —
NPENPHUITHE», BCEM MPEANPHUITUSAM 0Tpaciu craHoBuTcs nocryned HT3 ynuBepcuteros, odecnieunBas
CKOpPEHIINHA POCT OTPACIIEBBIX TEXHOJIOTHH.
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Puc. 2. dyHKuMOHaNbHasA aguarpaMmma B3auMoaeucTBUs «BY3 — NpeanpusitTue» ¢ ucnonb3soBaHuem LI n mexaHuama
6a3oBbIx kadenp (1-1 ypoBeHb)
Fig. 2. Functional diagram of “Higher Educational Institution — Enterprise” interaction using digital twins and base
department mechanisms
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Puc. 3. Cxema nononHeHus otpacneBon CY3 B pe3ynbTaTe BbINOSIHEHUA NIOKaNbHbIX MPOEKTOB
Fig. 3. Model of knowledge management system refill as a result of local projects

OtmetnM BaxkHOE cBOMCTBO CY3 yHHMBEPCUTETOB, KOTOpas B oTiauuue ot CY3 mpeanpusTui mo-
TIOJTHSAETCS pe3yabTaTaMH MPOEKTOB, HO MPH 3TOM OCTAETCS] aBTOHOMHOIA.

Kax ormeuanocs B [3], passutue 1|/l KMUC Ha ocHoBe Meromonorun TOGAF mpoucxoaut urepa-
HMOHHO U 0a3zupyercs Ha OJHOM M3 OCHOBHBIX IPOLIECCOB, HANPHUMEP, UII KOHCTPYKTOPCKOro OIOpo
MAaIIMHOCTPOUTEIHHON OTPACId OCHOBHBIM IPOLIECCOM SIBJISIETCS Pa3pabOTKa HOBBIX M3MEIHH, YTO BO3-
MO>KHO TOJIBKO IIPA OAHOBPEMEHHOM peann3anuu nepcrnekTuBHeIX HUP u BHeapeHHn HOBEHWIIUX TeX-
Hojoruid. OueBuIHO, 4TO MoOoe nposenerne padot B ycnosusix INDUSTRY 4.0 npoucxoaut ¢ npu-
BiedeHueM IT, a Takxke opraHu3aluy NpOIECCOB TEXHUYECKOTO COMPOBOMXKACHUS CIEUATUCTOB U3 pas3-
JMYHBIX 00JIaCTel PH MCIOIB30BaHMH MPOTPAMMHOTO M allapaTHOTO 00eCIICHeHHS.

[Ipu >TOM y GONBIIMHCTBA MPEANPHUATHNA MPONOJDKAETCA HCIIONb30BAHNE TPAJUIIMOHHBIX TEKCTO-
BBIX JOKYMEHTOB, ONHCHIBAIOIINX Pa3IWYHbIC NPOLEAYPHl M TEXHOJIOTHUH, B TOM YHCIE U IpU padoTe ¢
nporpaMMHbIM obecnieuerneM (I10).
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JanHb1i TOAX0[ MOKa3all CBOIO HEI((EKTUBHOCTD IPH pa3pabOTKe MPOrpaMMHBIX JOKYMEHTOB.

Bo-nepBbIX, CyIIECTBEHHBIM HEJOCTATKOM SIBIISICTCSl 3HAUYNTENBHASI POJOKUTEIBHOCTL pa3paboT-
KH, 0(OpPMIICHHSI, COTJIACOBAHMSI, a TAKXKE MPOBEICHUS U3MCHEHHUI B MPOrpaMMHBIX AokymenTax (I1/]),
YTO HEMPUEMIIEMO B YCIOBHSX YaCTOTO OOHOBIEHHS Kak camoro [10, Tak 1 MEHSIOIIHUXCSI ITOIX0/I0B €T0
MIPUMEHEHUS.

Bo-BTOpBIX, ApKUM HEOCTATKOM siBIsieTcsl «oTpbIBY I1/] oT npukiagHoit 061acTH, B KOTOPOM OHO MPH-
MeHseTcs. PasnmyHbIie Kitacchl KPYIMHBIX HH(GOPMAIMOHHBIX cucteM, Takux kak CAD, CAM, PLM, MRP,
ERP 1 T. 1., HCHIONB3YIOTCS ¢ YyY4ETOM METOJOJIOT UM, pa3padOTaHHBIX B IPUKJIAAHBIX 00JacCTAX U IPUHSI-
THIX B OTpaciy. TakuMm o0pa3zoM, JUisi KOPPEKTHOTO U MOJHOTO onucanus padotsl B [1]] TpeOyeTcs KoH-
conuaanus 3HaHui [T-crnenuanucToB ¥ SKCIEPTOB MPeIMETHOM 001acTH, B KoTopoi ucnomnb3yercs [10.

B-TpeTtbux, HeoCcTaTOUHAS CTENeHh MH(POPMATHBHOCTH MPOIPaMMHBIX JOKYMEHTOB. B psne ciy-
YaeB BMECTO TEKCTOBOI'O AOKYMEHTa Ul KOHEYHOro HOoTpeduTess Oonee MOHSATHOH sBIseTcs MHQOP-
Malus, IpeAcTaBlIeHHas B popMaTax BUIEO, KAK HHTEPAKTHBHOE PYKOBOACTBO U T. II.

Ha puc. 4 npusenen ¢parment nenesoii meramonenu TOGAF, orpaxaromuii undpoByo TpaHc-
¢dopmanuio npeanpuaTys B Buae nossienus CY3 Ha mpuMepe CleAYIOINX NPOLECCOB:

— TEXHUYECKas MOJEePIKKa MOIb30BaTeNiell HHPOPMAIIMOHHEBIX CHCTEM;

— pa3paboTka KoHcTpykTOpckoi nokymenrtanuu (KJI) ¢ ucnonszosanuem CAIIP u PLM-cucrewm;

— nposenenue HUP;

— BHEJIPEHHE HOBBIX TEXHOJIOTHH.

BusHec npoueccol
OcHOBHBbIE npouecchbl BcnomoratenbHbie npoLuecchl npOIJ,ECCbI pasBUTUSA
_ Paspabotka KA. _ IT- noaaepwKa. - NMposegeHue HAP. :
-BHeipeHve HOBbIX TEXHO/IOTUIA.
: i i —
_____ __ ! {
V——————— S P e i e i —
| | BaHHble
a1
HOHCEEVIEpERRE [ CnpaBoyHble AaHHble ] Cratbm CY3
AOKYMEHTbI
|
3 |
[ s e s i e el e ™ s e "
' }
| MpunoxeHus |
1
I [ MDM ] [ HELP DESK ] [ CAD/CAM/CAE ] [ ncys3 ]
| Ly
TexHonornyeckui
Cepsepobl ba3 TR APM 5 Cepsepbl 5
OaHHbIX noNb30oBaTeneu NPUNOKEHMM
{ 1
l MapLupyTHU3atopbl J

Puc. 4. ®parmeHT LeneBon meTamogenu
Fig. 4. Fragment of target metamodel

HoBusHoii pazpaboTaHHON MeTamMoJIeNu SBIsieTcs CBs3b Mexay 110 Ha cioe mpunoxxeHuit. JlanHas
CBsI3b 00OecTieurBaeT akKKyMyJIMPOBaHHE 3HAHUI B BHJE B3aUMOYBs3aHHBIX cTateil B CY3 mpu peannza-
UK B MTHQOPMAIIMOHHBIX CHCTEMaX BHIOPAHHBIX OM3HEC-TIPOIECCOB, 3aTPAruBarOIIUX Pa3InIHbIC MTPE/-
METHBIE 00TaCTH.

B kauectBe mpumepa mpuMeHeHHs mpemioxeHHoi 1eneBoit meramonenun TOGAF paccmorpum
nporecc [T momnepxku monp3oBaTenedd HHPOPMATMOHHBIX cucTeM (puc. 5). B kauecTBe OCHOBHOIO
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pemrenus s noctpoeHust CY3 ObLI0 BRIOPAHO CBOOOTHO pacIpoCTpaHsIeMOe MPOTrpaMMHOE oOecTiede-
Hue MediaWiki [16] u momckoBas cuCTeMa TOJTHOTEKCTOBOTO IIOMCKA W aHAIW3a JaHHBIX C BeO-
unrepdeiicom elasticsearch [17].

KnC 3HaHuA
CAD CAM
PLM HesiBHbIE fBHbIE
CAE
MS AD Help Desk

i 1. 3naHus

6. 3anpoc
5. 3anpoc

11. Mamepuan u3s N
CY3 (npu Hanu4uu) 12, 14. Omeem
13, Hoewrii ...t
mMamepuan 12. HoebIl

Mamepuan

11. MNouck mamepuana
(npu omcymcmeuu)

10. Mamepuan unu ezo
omcymecmeue

TexHu4veckan
nopaepxka

Monw3oBaTenu

13. HosbIl Mamepuan
(npu omcymcmeuu)
1. Halimu peweHue
e CY3

4. Mamepuan unu
e2o0 omcymcmaue

<
<

NMouckoBOW OBUXKOK

PacwwupeHue no npoBepke elasticsearch

I 4
|
|
|
|

\ 3. Hoenbill — l

\ _mame % 9. Mame
- puan

. oy s 3, 9. Mamepuan unu /
———— Oewxok MediaWiki e omcynfcmeue/

Puc. 5. MHemocxema npeanaraeMoro npouecca TexnoaaepXxku ¢ ucnonb3osaHmem CY3
Fig. 5. Mnemonic scheme of proposed process of tech support using knowledge management system

[Ipy BO3HMKHOBEHHWW MPOOJIEMBI 10 WCIONH30BAHUIO HH(POPMAIMOHHBIX CHUCTEM II0JIH30BATENb
CHavasa IeITaeTcsl HalTH perreHur npobiemsl muuHo B CY3. Ecnu HykHas nHpopManus He HaiineHa,
TO OH COCTaBJISIET 3a5IBKY B TEXHUYECKYIO TOIJIEPAKKY.

CoTpyIHUKH TEXHUYECKOW MOANEPKKH, YOSIUBIINCH, YTO PEUICHHEe NEHCTBUTENBHO OTCYTCTBYET,
MIPHUCTYTAIOT K PEIICHUIO MPOOJIEMBI TTOIH30BaTENs, 00paIasch B TOM YUCIIEC U K BHEIITHUM, IO OTHOIIIE-
Huto k CY3, uctounukaMm 3HaHWd. VMU MOTYT SIBISTHCS HESIBHBIC 3HAHMS, TAKUE KaK JIMIHBIA OIBIT
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9KCIEPTOB, MO0 SIBHbIC 3HAHMS, NPEACTaBICHHbIC B KAUYeCTBE KOHKPETHBIX TEKCTOBBIX, Ipad)nuecKux,
BUAECOMATEPUAIOB, KOTOPBIE MOXHO HaiiTu B cetn MuTepHet. [locne Toro kak HOBoe pemieHue npooJe-
MBI OBUTIO COPMUPOBAHO OMEPATOPOM TEXHHUIECKOH MOAJEPKKH, OHO TIPEIOCTABIISIETCS MMOJIL30BATEINIO,
a TaKKe 3aHOCUTCS B CHCTEMY YIIPABJIICHUs 3HAHUH B KauecTBE HOBOW CTaThU (IIPaBKH), KOTOPYIO Tpe-
OyeTcsl yTBEpAMTb.

B pamkax mporecca nornonHenuss CY3 paccMmaTpuBaeTcsl mpodiieMa MPUBEACHUS Pa3IMUYHON HH-
¢dopmanuu k popMaTu30BaHHOMY yI0OHOMY BHIY JUIsi pabOTHI MoJik30Batenei. s aToro npeanaraer-
Csl UCNOJIB30BaTh MPUBBIYHBIN GyHKIHOHAN MediaWiki, KoTopas mpeaocTaBisieT BO3MOXKHOCTh CO3/a-
HUS CTaTeH, ONpeleNieHUsI UX B Pa3IUYHbIC KaTeropuu, AOOABICHUS KIIIOYEBBIX CJIOB, MMO3BOJIIOIINX
TPYNITUPOBATH U UCKATh CTATHU PA3IMYHBIM KPUTEPHSIM.

[Ipu pa3paboTke MpHUHATO pelieHHe 00 00s3aTeNFHON MPUBS3KE KaXKIOW CTaThH K KaTETOPHSM,
a TaKKe HA3HAUYCHHUHU K KOKIOH KaTeropuy KOMIETEHTHBIX CIICLUAINCTOB (3KCIIEPTOB) AT IPOBEPKH.

IIpennoxenHelid nmoaxoxn okxaszaHus IT-moAAEpKKU MHO3BOJIAET MOINYYUTh DSl NPEUMYILIECTB IO
CPaBHEHUIO C UCIIOJIb30BAHUEM TPAJULMOHHBIX TEKCTOBBIX [1/]:

— HaJIM4ME TIOMCKOBOM HaBUTralyy 1o 0a3e MporpaMMHBIX JOKYMEHTOB Ha MOpTaJle MPEeaIpUsITHS;

— CHIDKEHHE Harpy3KH Ha CIIy>KOy TEXHHYECKOW MOAACPIKKH 32 CUET BO3ZMOKHOCTH CaAMOCTOSITENb-
HOTO PeIIeHUs MPoOIeMbl MoJIb30BaTeneM myTeM oopaiueHus B CY3;

— YMEHBIIICHUE KOJIMYECTBA OJIMHAKOBBIX 3ampocoB B help desk;

— MOBBIIIIEHHEe WH()OPMATUBHOCTH TPEAOCTABIIEMOH HH(POPMAIIUU MO CPABHEHUIO C TEKCTOBBIMH
JOKYMEHTaMH.

BoiBoabI

1. [Ipenyioskena apxuTekTypa cucteMHoi udpoBoit Tpanchopmannu CY3 nccneayeMoil npeamer-
HOW o0mnacTu (IPOEKTOB) MPOMU3BOACTBEHHOTO MPENNPHUATHS U By3a Ha ocHOBe MeTomonorud TOGAF,
o0ecrieunBaronias cuHepreTuueckuit 3G dext mpu coBMECTHON peanu3aluy NPOSKTOB MHHOBAIIMOHHBIX,
HaYKOEMKHX HM3JeJIui 1o pa3padoTke ¢ ucnonb3zoanuem LIJ] KUC.

2. Pazpaborana cxema B3ammMogneiicTBusi Mexay orpacieBbiMu CY3 mpennpustuii u CY3 By30B,
oOecrieunBaroniass 0OMEH 3HAHUSIMHU MEX]Ty IPOU3BOJCTBEHHOHN U HAYIHO-00pa30BaTEIBHON CPeIoi.

3. IIpennoxkeHa nejaeBas MeTaMoelb poiieccoB pa3padborku K/ u Beimonnenus HUP, obecnieun-
Baroast HakorieHue 3Hanuii B CY3.

4. [IpuBeaeH mpuMep peanu3anuu 1 ucrosibzopanuu CY3 11 mporecca TEXHUIECKOHN MOICPIKKH.
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OUNbTPALUUUN CUTHAJIOB C UCTMOJIb3OBAHUEM
FrEHEPATUBHO-COCTA3ATENbHON HEUPOHHOW CETHU
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Annomayus. B craTthe IpUBEIEHBI Pe3yIbTATHl UCCIEIOBAHM, a TAKXKE CTPYKTYPHBIE CXeMbI U Hapa-
METPBI COCTABJIAIOIINUX T€HEPATUBHO-COCTSI3aTeIbHON HeHpOoHHOU ceTH. [IpuBenens! rpadudeckue n3odpa-
JKCHHS Pe3yNbTaTOB (IIIBTPAIIMHN PATUOTEXHUYECKUX CUTHANOB. CleNaHbl BBIBOABI O BOZMOXKHOCTSX MpHU-
MEHEHHUS TaHHBIX HEHpOHHBIX ceTel. Llenap ucceaenoBaHusi: 000CHOBaHHE BO3MOXKHOCTEH HCIIOJIB30BAHUS
TeHEPATUBHOCOCTSI3aTENIbHBIX UCKYCCTBEHHBIX HEHPOHHBIX CeTei JUisi peuleHus 3a1ad uudpoBoii oopadboT-
KU PaJMOTEXHUYECKUX CHI'HAJI0B. MaTepuaabl U MeTOABI. [[J1s1 OIIEHKH pe3yabTaToB U(POBOH GriIbTpa-
I[UH 3alIyMJICHHBIX CUTHAJIOB UCIOIb30BANICS METOJ MAaTEMAaTHUECKOT0 MojenupoBanus B cpeae MATLAB.
B kadecTBe TECTOBBIX CUTHAJIOB OBUIN B3STHI: CHHYCOHM/IA, CUTHAJ B BHJE CyMMBI CHHYCOW, MOJIEb Peajb-
HOTO PaJnOTEeXHUYECKOT0 HHPOPMAIIMOHHOTO CUI'HaNA. B kauecTBe 1IyMOBOIl cOCTaBISIOMIEH HCIIOIB3YyET-
cs1 Oestblii TaycCOBCKUM mIyM. Takke nNpoBoauTCs (GMIBTPALUS CUTHANA, B KOTOPOM OTCYTCTBYET (hparMeHT
orpezeneHHol 1MHHEL. bputa creHeprpoBaHa o0ydarommasi BBIOOpKa 111 HEHPOHHOW ceTn reHeparopa, co-
CTOSIIIas U3 3alIyMJICHHBIX TECTOBBIX CUT'HAJIOB. bplia Taxke creHepupoBaHa oOydaromasi BEIOOpKa HEHpOH-
HOM CETH JUCKPUMUHATOPA, COCTOSAIAs U3 TECTOBBIX CUTHANIOB, HE coepxkaux myma. Pesyabsrarsl. Ha oc-
HOBE IIPOBEIEHHOI0 MOJEIMPOBAHUS CAEIaH BBIBOJ O TOM, YTO I'€HEPAaTHUBHO-COCTA3AaTE/IbHAs HEHPOHHAs
CEeTh YCIEIIHO PEelIaeT 3aaud BBIACICHUS MOJIE3HOT0 CUTHAJIA B CMECH €T0 C IIyMOM pa3iInyHON (usmue-
cKol mpupoabl. Takas HelpoceTeBas CTPYKTypa CIiocoOHa TakyKe BOCCTAHOBHTD TOJIE3HBIN CUTHA, €CJIU B
HEM OTCYTCTBYET Kakasi-TH0O 4acTb B pe3yibTaTe BO3JCHCTBHS BHEIIHUX IOMeX. 3akjoveHue. Cymect-
BYIOIIME METOJbI HU(PPOBOH (QHUIBTPAMK PAJHOTEXHUYECKHX CHTHAJIOB TPEOYIOT ONpPENENCHHBIX TPYHO-
BBIX W BPEMEHHBIX 3aTparT, CBA3aHHBIX C pacyeToM Hu(poBeIX ¢(mibTpoB. Takke MpH MPOSKTUPOBAHUH
(UIBTPOB BBICOKNX MOPSIKOB BO3HHUKACT CJIIOKHOCTH P NMPOBEJICHNUH pacdeTa JaHHBIX (QuibTpoB. Mnes
UCIIONIb30BaHMs HEHPOHHOM ceTH B 3a7adax (MIbTPALUK IT03BOJSIET 3HAUYUTEIBHO YMEHBIINTD BpeMs Ipo-
eKTHpOBaHus (PUIbTpa, yMpOCTUB, TAKMM 00pa3oM, mpolecc ero peanusanuu. HeipoHHas cerb, SBIISIO-
mascs caMooOydaeMoi CHCTEMOM, MOKEeT HaXOAUTh PEILICHHS, HEAOCTYIHbIC AJIS OOBIYHBIX aJTOPHUTMOB
udpoBoit puabTpauy. Pe3ynpTaTel JaHHOW pabOThI MOTYT HAMTH CBOE MPUMEHEHHUE B 001acTH IH(POBOM
00pabOTKN CUTHAJIOB U B PA3BUTHH IIPOrPAMMHO-KOH(GUTYPUPYEMOTO Paano.

Knrouesvie cnoea: reHepaTUBHO-COCTA3ATENIbHAS CETh, TCHEPATOP, TUCKPUMHUHATOD, H(PPOBOH HUIBTP,
MH(QOPMALMOHHBIA CUTHAJI, PAANOTEXHUIECKUN CUTHAI

Jna yumupoeanua: Vccnenosanne HeauHEHHON M(POBOI GUIbTpany CUTHAIOB C HCIIOIB30BaA-
HHEM T'€HEpaTUBHO-COCTs3aTeNbHOl Heiiponnoii cetn / J[.0. Lnbymuc, A.H. Paroszun, C.H. [lapoBckux,
A.3. Kynranatos // Bectauk FOYpI'Y. Cepust «KoMploTepHBIE TEXHOJIOTHH, YIIPABICHUE, PAJANOIIICKTPO-
HuKa». 2022. T. 22, Ne 2. C. 158-167. DOI: 10.14529/ctcr220215
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STUDY OF NONLINEAR DIGITAL FILTERING OF SIGNALS
USING GENERATIVE COMPETITIVE NEURAL NETWORK

D.E. Tsibulis, inz.radio25k10@gmail.com
A.N. Ragozin, ragozinan@susu.ru

S.N. Darovskikh, darovskikhsn@susu.ru
A.Z. Kulganatov, kulganatov97@gmail.com

South Ural State University, Chelyabinsk, Russia

Abstract. The article presents the results of the study, as well as the structural schemes and parameters
of the components of the generative-adversarial neural network. Graphical images of the results of filtering
radio signals are given. Conclusions are drawn about the possibilities of using these neural networks.
The purpose of the study. Substantiation of the possibilities of using generative-sensory artificial neural
networks to solve problems of digital processing of radio signals. Materials and methods. To evaluate
the results of digital filtering of noisy signals, the method of mathematical modeling in the Matlab environ-
ment was used. As test signals, the following were taken: a sine wave, a signal in the form of a sum of si-
nusoids, a model of a real radio-technical information signal. White Gaussian noise is used as the noise
component. Also, filtering of the signal is carried out, in which there is no fragment of a certain length.
A training sample was generated for the neural network of the generator, consisting of noisy test signals.
A training sample of the discriminator neural network was also generated, consisting of test signals that do
not contain noise. Results. Based on the simulation, it is concluded that the generative-adversarial neural
network successfully solves the problems of isolating a useful signal in a mixture of it with noise of various
physical nature. Such a neural network structure is also able to restore a useful signal if any part of it is
missing as a result of external interference. Conclusion. The existing methods of digital filtering of radio
signals require certain labor and time costs associated with the calculation of digital filters. Also, when de-
signing high-order filters, it becomes difficult to calculate these filters. The idea of using a neural network
in filtering tasks makes it possible to significantly reduce the filter design time, thus simplifying the process
of its implementation. A neural network, which is a self-learning system, can find solutions that are inacces-
sible to conventional digital filtering algorithms. The results of this work can find their application in
the field of digital signal processing and in the development of software-configurable radio.

Keywords: generative adversarial network, digital filter, information signal

For citation: Tsibulis D.E., Ragozin A.N., Darovskikh S.N., Kulganatov A.Z. Study of nonlinear digi-
tal filtering of signals using generative competitive neural network. Bulletin of the South Ural State Univer-
sity. Ser. Computer Technologies, Automatic Control, Radio Electronics. 2022;22(2): 158-167. (In Russ.)
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Beenenne

WHbopmanmoHHbIe CUTHANEI B TIpoliecce uX oOpabOTKH, MpH Mepeaade v nprueMe Mo KaHaIy CBS3H
MOJIBEP)KEHBI PAa3IMYHOTIO poja MCKakeHusM. Hampumep, Hamo)keHHe ITyMa Ha CUTHaJl, HEJIMHEWHBIE
WCKXEHVSI CUTHANA WM TIOTEPS KaKOro-1r00 ¢)parMeHTa CUrHalla, 9TO IPUBOAUT K HETIPABWIILHOM T1e-
penade cooOIIeHUS U YXYAIISHUIO KAYeCTBa CBS3U B IEIIOM.

C pasButreM UPpoBOH 00paOOTKM CHUTHAIIOB TaKHE MPOIECCH, KaK (QUIbTpaIys, KOJAUPOBaHHE,
JEKOAUPOBAHNE, BO3MOXKHO PEANIM30BATh NPU MTOMOIIM IIPOrPaMMHBIX CPEACTB. Takxke cTamo BO3MOXK-
HBIM TIPUMEHUTH B 3TON cdepe TEXHOJIOTUH MAIIMHHOTO 00y4eHus. Hmke mpepcraBieH BapuaHT mud-
POBOI'0 HETMHEHHOTO (DUJIBTPA, PEaTM30BAHHBIN Ha T€HEPATHBHO-COCTSA3ATEILHON UCKYCCTBEHHON HEH-
ponHnoii cetu (I'C MHC).

1. KpaTkue cBeileHHsI 0 TeHEPATHBHO-COCTA3aTeJIbHBIX HEHPOHHBIX CETAX

I'C UHC — mozens B 00JacTH MAIIMHHOTO O0yUYEHHS, O3BOJIAIONIAs UMUTHPOBATh 33JJaHHOE pac-
npeneneHre JaHHbIX. Takas MOJENb COCTOMT M3 IBYX HEHpOHHBIX ceTeil: renepartopa (I') u nuckpumu-
Hatopa (1) [1-4].
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I'enepatop popmupyer 0ObEKTHI U3 CKPHITOTO MPOCTPAHCTBA NMPHU3HAKOB, a JUCKPUMHUHATOP, 00Y-
YEHHBIA Ha peajibHbIX 0OBEKTaX, CTPEMUTCS] HAUTH PACXOXKICHHUA MEXIY HACTOALIMM M Cr€HEPHUPOBaH-
HBIM 00BeKkTOM. [Ipu 3TOM reHepaTop MBITAETCS MOBBICHTH MPOIEHT OIUOOK TUCKPUMHUHATOPA, a TOT,
B CBOIO OYepeslb, CTapaeTCsl YBEJINIUTh TOYHOCTh pacio3HaBaHus [S].

I'enepaTuBHO-cOCTA3aTENbHAS MOJIENb 00yUeHHSI HEHPOHHOW CETH OTJIMYHO MOAXOAUT AJIS Pas3iny-
HBIX THUIIOB JIAHHBIX H crienn(uveckux 3ajad. Bce, 4To mpuxoguT Ha BXOJ, @ HMMEHHO: M300pakeHHe,
TEKCT WM ayIMOCUTHAI, B IalbHEHIIIEM MPEJICTABUMO B BUJIC BEKTOpa 3HAUCHHMIA, Ha3bIBAEMOTO U PO-
BbIM H300paxenueM. llpeacraBienne MHGOPMALMOHHBIX CHTHAJIOB B BHIE UU(QPOBBIX H300paskeHHUN
Jenaetr BO3MOKHBIM ncnoib3oBaTh I'C MHC ans 3amau undpoBoit 00pabOTKH CHTHAJIOB, K MPUMEPY
HenuHelHo! 1udpoBoii punbTpanyu [6-9].

Unesa npumenenust I'C MHC coctouT B TOM, 4TOOBI 00YyYUTH T€HEPATOP BOCCTAHABIMBATH CUTHAJ
u3 Hekoero myma [10]. IIpu 3ToM auckpuMuHAaTOp, OOYYEHHBIH HA YHCTBHIX CHUTHalaX, OyAeT oTOpachl-
BaTh M300paKeHHS, JajeKue OT JeHCTBHTENLHBIX. OXKUAAETCs, YTO TeHEepaTop CMOXKET Moa00paTh Ta-
KH€ BeCOBBIE KO (HUIMEHTHI, YTO Ha BBIXOJIE OH Oy/eT BhljaBaTh curHai 6e3 myma [10, 117.

2. Onucanue uccjieyeMol HeifpOHHOM ceTH

HUccnenoBanne Henxuneitnoro ¢unsrpa ¢ ucnonb3oBanueM I'C MHC pa3duTto Ha HECKOIBKO 3TAMOB:
— coopka I'C MHC B cpene MATLAB;

— tperupoBka ['C MHC Ha He3alrymIleHHBIX JaHHBIX (HaOOp CHHYCOW, Ha0Op CYMM CHHYCOMI,
MOJIEJIb PEaIbHOTO CUT'HAJIA);

— MOJIEJIMPOBAHKE TECTOBBIX CUTHAJIOB;
— nobaBJieHHNE B TECTOBBIM CUTHAJ IITYMOBOM COCTaBIISIONICH, TAKOM Kak OEIbIi rayCCOBCKUI ITyM;
— yZAaJeHUE U3 TECTOBOI'O CUTHAIA HEOOBIIOrO ()parMeHTa;

— MpOBEpKa pabOTHI CETH Ha 3alIyMJICHHBIX JaHHBIX U OLIEHKA PE3yJIbTaTOB (PMIIbTPALIH.
CrtpykTypa reHeparopa JaHHOM ceTH MpeAcTaBieHa Ha puc. 1.

I'eneparop

— N
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Puc. 1. CTpykTypHas cxema reHepaTopa
Fig. 1. Block diagram of the generator

CtpykTypa JUCKpUMHUHATOpA IIPEICTaBlieHa Ha puc. 2.
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Puc. 2. CTpykTypHas cxema AUCKPMMUHaTopa
Fig. 2. Block diagram of the discriminator
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B Tabauue npencraBieHsl mapaMeTpsl TeHepaTopa U AUCKPUMUHATOPA.

MapameTpbl reHepaTopa U AMCKpMMUHATOPa

Parameters of the generator and discriminator

ITapameTp T'eneparop JluckpuMHUHATOD
KonnuecTBo cnoes 5 6
OYHKIUU aKTUBALUU _(xx>0 _(xx>0
TI0CJIE/THETO CIIOS leakyReLU(x) = {ax, x<0 leakyReLU(x) = {ax,x <0
Benuunna BXOZHOTO Cllost 1001 1001
Hannuaue DropOut cnoes Her Ectp

3. Pe3yabTaThl MOJACTUPOBAHUS

CHauana ucclieioBaHre POBOAMIOCH Ha MPOCTHIX MOJIENILHBIX CUTHanax. Ha BXoj reneparopa mo-
JIaBaJIMCh CHHYCOM/BI C JOOABICHHUEM OEJIOro raycCoBCKOTo IiymMa. dparmMeHT oOydaromieil BHIOOPKH
reHeparopa MpeCcTaBiIeH Ha puc. 3.

2

0 0.05 0.1

0 0.05 0.1 0 0.05 0.1 0 0.05 0.1

Puc. 3. ®parmeHT oby4yarower BbIGOPKM reHepaTopa
Fig. 3. Fragment of the training sample of the generator

s oOyueHus TUCKPUMHUHATOpPA MCIONB30BAINCH YHCThIE MOJCIbHBIC CUTHANBL. PparMeHT 00y-
Yarolei BEIOOPKH TUCKPUMHHATOPA MPE/ICTaBIIeH Ha pHcC. 4.

2

0 0.05 0.1 0 0.05 0.1 0 0.05 0.1

Puc. 4. ®parmeHT obyyatoLier BbIGOPKM AUCKPUMUHATOpPa
Fig. 4. A fragment of the training sample of the discriminator
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Pesynprar pabotel HenuHeiiHOTO QmibTpa ¢ ucnonb3oBanueM ['C MHC Ha snemeHTapHOW CHHY-
coujie ¢ 1o0aByieHHEM O€JI0Tr0 rayCCOBCKOro IIyMa MPEACTaBiIeH Ha puc. 5.
‘ :

0.01 002 003 0.04 005 0.06 0.07 0.08

3alwymneHHbIN BXOQHOM curHan
T T T T

OT¢MNbTPOBaAHHbIN cUrHan
T T T T T

2 1 i i
0 0.01 0.02 003 004 005 006 007 0.08 009 01

Puc. 5. Pa6oTta reHepaTMBHO-COCTSi3aTesIbHOW CeTU Ha MPOCTOM cUrHane
Fig. 5. The work of the generative adversarial network on a simple signal

PesynbpTar paboThl reHEPaTHBHO-COCTSA3ATEILHON CETH B CUTYAIIMH, KOT/Ia U3 CHHYCOUJIBI TPOoTia/ia-
eT parMeHT curaaia, mpeicTaBlicH Ha puc. 0.

3alwymneHHbIN BXOAHOM cUrHan
T T T T T

0 0.01 002 003 004 005 0.06 0.07 0.08 0.09 0.1

OThMnbTPOBaHHbIN cUrHan
T T T T T

-1F : 1

0 0.01 002 003 004 005 0.06 0.07 0.08 0.09 0.1

Puc. 6. BocctaHoBneHue chparmeHTa CUHycouabl FreHepaTUBHO-COCTA3aTeNIbHOM CeTbI0
Fig. 6. Reconstruction of a fragment of a sinusoid by a generative adversarial network

3arem ['C MHC obyuanace Ha CI0KHOM CHUTHaJle, IPEACTABISIONIEM CyMMYy CUHycouA. PesynbraT
paboThl TEHEPATUBHOM CETH Ha CIIOKHOM CHUTHAJIE, B KOTOPBIM ObLT J00aBiIeH Oeibli 1myM, H300pakeH

Ha puc. 7.
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Puc. 7. PaboTa reHepaTUBHO-COCTAI3aTeNIbHOM CETU Ha CIIOXKHOM CUrHane
c pob6aBneHnem 6enoro raycCoBCKOro wyma
Fig. 7. The work of a generative adversarial network on a complex signal
with the addition of white Gaussian noise

PC3yJ’IBTaT BOCCTAaHOBJICHHSA CJIOXKHOI'O CUTHaJIa IPEACTABJICH Ha puUC. 8.

3alymrneHHbIM BXOAHOW CUrHan
T 1] T

0.03 0.04 0.05 0.06 007 0.08 0.09 0.1

OThunbTPOBaHHLIW CUrHanN
T T T Ul T

0 0.01 0.02 0.03 0.04 005 0.06 0.07 0.08 0.09 0.1

Puc. 8. BocctaHOBNeHMe CNOXHOro curHana
Fig. 8. Complex signal recovery

B 3aBepmaromniem uccienoBannu ['C MHC oOy4yanach Ha CJI0KHOM CHUTHAJIE, MPEACTABIISIOIIEM MO-
JIeJTb PeaibHOr0 WH(POPMAILMOHHOTO cUrHama. Pe3ynpTar paboThl TeHEpATHBHOM CETH Ha MOJICIU peallb-
HOT'O CUTHaJIa, B KOTOPBIH ObLT JOOABJICH OCJIbIN IIyM, H300paXkeH Ha puc. 9.
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3awymneHHbIA BXOQHOW curHan

fi M
IR

0 0.01 002 003 004 005 0.06 007 0.08 0.09 0.1

OT¢hUNbTPOBaHHbIN CU
T T T

rHan

2 I 1 1 I
0 0.01 0.02 003 004 005 0.06 0.07 008 0.09 0.1
Puc. 9. PesynbTaTt paboThl ceTu Ha MoAenu peanbHOro curHana,
B KOTOpbIA A06aBneH 6enbi WyM
Fig. 9. The result of the network operation on the model of a real signal,
to which white noise is added

PCSYJ'ILTaT BOCCTAHOBJICHHS CETHIO p€aJIbHOI'O CUTHaJIa IPEACTABJICH HAa pUC. 10.

3awymneHHbIN BXOQHOM cUrHan
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OT¢MNbTPOBaHHbIN cUrHan
T T T T

2 I i | i |
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Puc. 10. BocctaHoBneHue peanbHOro curHana
Fig. 10. Reconstruction of the real signal

3akil0ueHue

I'C MHC BoccTaHaBIMBACT CUTHAJ, IIOXOXKHIA 110 (JOPME HA BXOJIHOM, HO ¢ MpUMeCSIMH IyMa. I1po-
OlemMa 3aKIIoYacTCsi B CTPYKTypax TeHepaTopa M JUCKPHUMHHATOpA: KOJMYECTBO W THUIl CIIOEB, BHJ
(hYHKIIMM aKTHBAIUU, pa3Mep CIOEB U T. 1. MI3MeHsIst 5TH mapamMeTphl, MOXXHO 3HAYUTEIHHO YIyUIIUTh
pe3yJIbTaThl PabOThI TAHHOTO HEJIMHEHHOTO IIU(PPOBOro QUILTPA.
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PaccmoTpennsiit HenuHeHbIH mudpoBoi GuiasTp ¢ ucnonszoBanueM I'C MHC BO3MOKHO HIMPOKO
NPUMEHHUTH B 3aJayaX, CBA3aHHBIX C HU(POBOW 0OpabOTKON CHUIHAIOB, BOCCTAHOBICHHEM CHTHAJIOB,
MTOABEPTAIOIINXCS KaK JTUHEHHBIM, TaK U HEJTMHEHHBIM UCKaKeHusM [ 12—15].
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