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Puc. 2. Jlunamuka TpaHcMeMOPaHHBIX HOTEHIMANIOB X, ceTd u3 chcrem OXH (6).
XumMeponoloGHoe CoCTosTHNE

Fig. 2. Dynamics of transmembrane potentials x, in network of FHN systems (6).
Chimera-like state
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Puc. 3. Jlunamuka TpaHcMeMOPaHHBIX HOTEHIHANIOB X, ceTd u3 chcreM OXH (6).
Ciryuaii JieCHHXPOHH3alHH
Fig. 3. Dynamics of transmembrane potentials x, in network of FHN systems (6).

Desynchronization case
1 l’ ‘ Il

-
-
—
—
—
—
T

—
B—

1



TEOPETUYECKUI N MPUKNAOHOWM HAYYHO-TEXHUYECKU YKYPHAT

EXATPOHUKA,
IT@MAT%SALM%
NMPABJIEHUE

ISSN 1684-6427 (Print)

M3paetcs ¢ 2000 roga

ISSN 2619-1253 (Online) DOI 10.17587/issn.1684-6427

I'naBnbiii pepakTop:
®OUJIMMOHOB H. B., aA.T.H.

3aMecTHTEH IIABHOTO PeIaKTopa:
BOJIBILIAKOB A. A., 1.T.H.
TMOAYPAEB I0. B., 1.1.H.
IOLLLEHKO A. C., a.T.H.

OTBETCTBEHHBIN CEKpeTaphb:
BE3MEHOBA M. 0.

Penakunnonnsiii coer:

AHUIAKOB T. I1., un.-xopp. PAH
BOJIOTHUK H. H., wr.-kopp. PAH
BACUJIBEB C. H., akax. PAH
XEJITOB C. 0., akan. PAH
KAJIAEB U. A., akan. PAH
KY3HELOB H. A., akan. PAH
KYPKAHCKUH A. B., akan. PAH
IMELMEXOHOB B. I, akan. PAH
PE3YMUKOB A. ®., un.-kopp. PAH
CEBPSKOB I I., un.-kopp. PAH
CHUTIOB A. C., akan. PAH
COU®EP B. A., akax. PAH
COJIOMEHUEB 0. M., un.-xopp. PAH
®ENOPOB WU. b., akan. PAH
YEHLOB A. I, un.-xopp. PAH
YEPHOYCBHKO ®. JI., akan. PAH
LHIEPBATIOK A. ®., un.-kopp. PAH
IOCVYIIOB P. M., un.-kopp. PAH

Penkoaaerns:

DORANTES D. J., PhD, Typuus
GROUMPOS P. P, PhD, I'penus
ISIDORI A., PhD, Utanus
KATALINIC B., PhD, ABctpus
LIN CH.-Y., PhD, TaiiBaHb
MASON O. J., PhD, Upnanaus
ORTEGA R. S., PhD, ®pannus
SKIBNIEWSKI M. J., PhD, CLLIA
STRZELECKI R. M., PhD, Mosaswa
SUBUDHI B. D., PhD, Unnus
AJIUEB T. A., n.1.H., A3epbaitxkaH
TAPALIEHKO ®. I',, a.1.H., YKpauHa
BOBLOB A. A., 1.1.H.

BYKOB B. H., 1.1.H.

EPMOJIOB M. J1., a.1.H.

XKYKOB U. A, n.T.H.

MNJIbSACOB B. I., a.1.H.
KOPOCTEJIEB B. @, n.1.H.
JIEBENEBI. H., n.T.H.

JIOXWH B. M., 1.1.H.
MATOMEJOB M. X., n.¢.-M.H.
I[IYTOB B. B., a.T.H.

MUKW XOIIOB B. X., n.1.H.
PATIOIIOPT 3. 4., a.T.H.
CEPTEEB C. @, n.nc.H.
DUIAPETOB B. @, n.1.H.
®PAJIKOB A. JI., A.T.H.

®DYPCOB B. A, n.1.H.

Penaknus:
BE3MEHOBA M. 1O.

JIMpeKTop u3AaTenbcTBa:
AHTOHOB B. H.

CONEPXAHUE

CUCTEMHbIA AHANA3, YNPABJIEHUE U OBPABOTKA UHO®OPMALIUU

Xupa6ok A. H., 3yeB A. B., lUymckun A. E., Bo6ko E. 0. [MNocTpoeHne nHTepBanbHbIX
HabnogaTtene 4nNa AUCKPETHbIX HEMMHENHbIX AUHAMUYECKUX CUCTEM . . .. oo v o v .. 283

MnotHukoB C. A. lecnHxpoHusauus n konebarenbHocTb B BO36yaNMbIX ceTAaX dntuXoo—
HaryMO Lo 292

NunkoBu4 M. M., CaratauHoB A. P. [pumeHeHune anroputma "lMonocka" ans oHnanHoBOro
0EeKOANPOBAHUA QOM-MATTEPHOB . . . o oottt et et e et et e e e e et aee s 300

ABTOMATU3ALUA U YNNIPABNIEHUE
TEXHOJIOT'MYECKUMU NMPOLIECCAMU

Palchevsky E. V., Antonov V. V., Kromina L. E., Rodionova L. E., Fakhrullina A. R. Intel-
ligent Forecasting of Electricity Consumption in Managing Energy Enterprises in Order to
Carry out Energy-Saving Measures . . ... .. 307

POBOTbIl, MEXATPOHUKA N POBOTOTEXHUYECKUE CUCTEMbI

MenexuH B. B., XauymoB M. B. KorHuTuBHble MHCTPYMEHTbHI abCTPaKTHOrO MbIWMEHUS
ABTOHOMHbIX MHTEMMNEKTYaNbHbIX MOBUIMBHBIX CUCTEM . . .ttt e i e et e i e e e e s 317

Epmonos W. J1., NNanun B. C. PacnpegeneHHoe nnaHnpoBaHve OBWXEHUS ANS rpynnbl
COBMECTHO NEPEHOCSALLMX rPy3 poGOTOB C Y4ETOM CBOWCTB OMOPHbIX MOBEPXHOCTEN . . . .327

Kypnaa 6xooum e Ilepeuensv peyenzupyemvix HAy4HbIX U30auuil, 6 KOMOPLIX 00ANCHbI
Obimo  ony6aAuK06aHb! OCHOBHblE pe3yabmamosl Ouccepmauyuii Ha COUCKAHUE Y4eHOl
cmenenu Kanoudama u 00OKmMopa HayK; dcypHaa exarouen 6 cucmemy Poccuiickoeo
undexca nayunozo yumupoeanus, a maxyce 6 MHBJ[ Scopus u RSCI (na naamgopme
Web of Science).

HNudopmanusa o xypHajie nocrynsa no cetu Internet mo agpecy:
http://mech.novtex.ru, e-mail: mech@novtex.ru

© M3npareasctBo "Hosble TexHogornn", "MexaTpoHHKa, aBTOMATH3ANNSA, ynpasjienne”, 2023



THEORETICAL AND APPLIED SCIENTIFIC AND TECHNICAL JOURNAL

MECHATRONICS,

Vol. 24

2023

AUTOMATION, CONTROL .
MIEKRATRONIKA, AMTOMATZATSNA, UPRALEN]=

Published since 2000

ISSN 1684-6427 (Print)  ISSN 2619-1253 (Online)

DOI 10.17587/issn.1684-6427

Editor-in-Chief
FILIMONOV N. B.

Deputy Editors-in-Chief:
BOLSHAKOV A. A.
PODURAEV Yu. V.
YUSCHENKO A. S.

Responsible Secretary:
BEZMENOVA M. Yu.

Editorial Board:
ANSHAKOV G. P.
BOLOTNIK N. N.
CHENTSOV A. G.
CHERNOUSKO F. L.
FEDOROV I. B.
KALYAEV I. A.
KURZHANSKI A. B.
KUZNETSOV N. A.
PESHEKHONOV V. G.
REZCHIKOV A. F.
SCHERBATYUK A. F.
SEBRYAKOV G. G.
SIGOV A. S.

SOJFER V. A.
SOLOMENTSEV Yu. M.
VASSILYEV S. N.
YUSUPOV R. M.
ZHELTOV S. Yu.

Editorial Council:

ALIEV T. A., Azerbaijan
DORANTES D. J., PhD, Turkey
GARASCHENKO F. G., Ukraine
GROUMPOS P. P, PhD, Greece
ISIDORI A., PhD, Italy
KATALINIC B., PhD, Austria
LIN CH.-Y., PhD, Taiwan
MASON O. J., PhD, Ireland
ORTEGA R. S., PhD, France
SKIBNIEWSKI M. J., PhD, USA
STRZELECKI R. M., PhD, Poland
SUBUDHI B. D., PhD, India
BOBTSOV A. A.

BUKOV V. N.

ERMOLOV 1. L.

FILARETOV V. F.

FRADKOV V. L.

FURSOV V. A.

ILYASOV B. G.

KOROSTELEV V. F.

LEBEDEV G. N.

LOKHIN V.M.

MAGOMEDOV M. Kh.

PUTOV V. V.

PSHIKHOPOV V. Kh.
RAPOPORT E. Ya.

SERGEEV S. F.

ZHUKOV 1. A.

Editorial Staff:
BEZMENOVA M. Yu.

Director of the Publishing House:
ANTONOV B. 1.

The mission of the Journal is to cover the current state, trends and prospectives deve-
lopment of mechatronics, that is the priority field in the technosphere as it combines
mechanics, electronics, automatics and informatics in order to improve manufacturing pro-
cesses and to develop new generations of equipment. Covers topical issues of development,
creation, implementation and operation of mechatronic systems and technologies in the
production sector, power economy and in transport.

CONTENTS

SYSTEM ANALYSIS, CONTROL AND INFORMATION PROCESSING

Zhirabok A. N., Zuev A. V., Shumsky A. E., Bobko E. Yu. Interval Observer Design for
Discrete-Time Nonlinear Dynamic Systems . ... ... ... . i 283

Plotnikov S. A. Desynchronization and Oscillatority in Excitable FitzHugh-Nagumo Net-
WOTKS & . ettt 292

Lipkovich M. M., Sagatdinov A. R. Application of the "Stripe" Algorithm for Online Decoding
ofthe EEG Patterns ... ... ... 300

AUTOMATION AND CONTROL TECHNOLOGICAL PROCESSES

Palchevsky E. V., Antonov V. V., Kromina L. E., Rodionova L. E., Fakhrullina A. R. Intel-
ligent Forecasting of Electricity Consumption in Managing Energy Enterprises in Order to
Carry out Energy-Saving Measures . . ...t 307

ROBOT, MECHATRONICS AND ROBOTIC SYSTEMS

Melekhin V. B., Khachumov M. V. Cognitive Tools for Abstract Thinking Autonomous Intel-
ligent Mobile Systems . .. ... ... 317

Ermolov I. L., Lapin B. S. Distributed Trajectory Planning for a Group of UGVs Carrying a Load
Considerting Terrain Properties . . ... . 327

Information about the journal is available online at:
http://mech.novtex.ru, e-mail: mech@novtex.ru

© Uznarenscro "Hosbie Texnosornn", "MexaTpoHHKa, aBTOMaTH3aNus, ynpasienne", 2023



CUCTEMHbIA AHANUS,

YMNPABNEHUE U OBPABOTKA MH®OPMALIUA

VK 681.518 DOI: 10.17587/mau.24.283-291
A. H. Xupa6ok® 2, o-p TexH. Hayk, npod., zhirabok@mail.ru,

A. B. 3yeB1’ 2, KaHd. TEXH. Hayk, Aou., alvzuev@yandex.ru,
A.E. LIJymcKm7|1, O-p TexH. HaykK, Npod., a.e.shumsky@yandex.com,
E. 10. Bo6ko', cT. npenopasaTtens, bobko.eyu@dvfu.ru,

1 [anbHeBOCTOUYHBIN heaeparnbHbI yHUBEpCUTET, I. BnagneocTok,
2V|HCTI/ITyT npobnem mopcknx texHonorun ABO PAH, r. BnagnsocTtok

NMocTpoeHne MHTepBanbHbIX HabnogaTenen
ANA AUCKPETHbIX HeJIMHEeNHbIX AUHAMUYeCKUX cuctem*

Paccmampusaemces 3a0aua nocmpoeruss UHMePEAAbHbIX HaOa00amenel 045 HeAUHeUHbIX OUHAMUYECKUX CUCIMEM, ORUCHIBA~-
emMbiX QUCKPeMHbIMU MOOeASIMU, NPU 0elicm8UU HA CUCEMY 6HEUWHUX HEKOHMPOAUPYEMbIX 803MYUEHUL, a MaKice NPU HAAUYUY
WYMO8 U3MepeHUll u napamempuueckux neonpedesennocmei. Cmasumces 3adaya cunmesa Habaoamens pasmepHoCmu MeHb-
wetl, vem pa3mepHOCMb UCXOOHOU cucmembl, QOPMUPYIOUec0 GEPXHION U HUICHIOI 2DAHULbL MHOJICECMEa 00NYCMUMbIX 3HaAYe-
HUL 3a0QHHOU HeAUHEeUHOU QYHKYUU 6eKMOpa cOCMOAHUS UCX00HOU cucmembl. A pewenus ucnoab3yemces mamemamuveckuil
annapam maxk Ha3vléaemol aieedpvl QYHKUUL, 00CMOUHCMBOM KOMOPO20 ABAAEMCS MO, YMO OH NO380A1eM AHAAU3UPOBAMDb
JuHamuveckue cUcmembl, ONUCLIGAEMble MOOCAAMU C He2AAOKUMU HeAuHeluHocmamu. i cunmesa unmepeasvhoco Habawoa-
mens eHauane uwemcs Mooeab UCXOOHOU cucmembl, Heuy8CmeumenbHas Ui Maiouy8CcmeumenbHas K 6HeWHUM G03MYUeHUAM,
PA3MepHOCMU MeHbUell, YeM pa3mepHocms UcXo0Hol cucmemol. IIpoyedypa ochosana Ha 08yX an20pummax, nepevii U3 Komo-
PbiX npedHasnHauen 048 NOCMPOCHUS MOOeAU, MAAOHYECMBUMENbHOU K GHEUHUM G03MYWEHUAM, 8MOPOL — 045 YMEHbUIeHUS
pasmeprocmu modeau. Dopmyaupyiomes npasuaa, no3eoswUe obecnedums YCmou4ueocmos maxol modeau 045 3a0AHHO20
MHONICECMEA HCeAAeMblX COOCMBEHHBIX YUCeN 3a CHem 66e0eHUs 8 MoOeab 00pamHol ceésa3u. Cmposwutics UHMepea b bl HAOAI0-
dameab cocmoum u3 08yx noocucmem, nepeas U3 KOMopvix 2eHepupyem HUNCHIOI0 2PAHULY MHOICECMEd 0ONYCMUMbIX 3HAYEHUU
3A0AHHOU YHKYUU 8eKMOPA COCMOSAHUS CUCMEMbl, 6MOPAs — AHAA02UYHYIO eepXxHIoio epanuyy. [lpusodamcs coomuoweHus,
onucolearouiue Kaxcoy noocucmemy. s cunmesa makozo Haba00amens 6 HeAUHEHOM CAyYae 8800AMCA NOHAMUA NOAONCU-
MeAbHo20 U OMPUUAMENbHO20 GAUSHUS NEPeMEHHBIX, 8X00AUUX 6 NOCMPOCHHYIO MOOeAb, HA KOMNOHEHMbl 6eKMOPA COCMOSAHUS
modeau. Dmu NOHAMUS NO360AAIOM ONpedesumsd, KAKuM 06pasom eepxuue U HUMNCHUE SPAHUUbI COOMBEMCMBYIOUWUX NepeMeH-
HbIX Oydym 6x00umv 6 cmposawuiics uHmepeaivHulil Habawdamens. [loayuenvt ycaosus, npu Komopuix Habawdamens mMoxcem
Ovimo noayuen. Teopemuueckue pe3yrbmamol UALKOCMPUPYIOMCA NPUMEPOM U3BECMHOU MPEXMAHKOBOU CUCMeMbl, 0451 KOMOPOU
CUHME3UPOBAH COOMBEEMCMBYIOWUT UHMep8aabHbll Habawdamens. [Iposedennoe na ocnose nakema MATLAB modeauposanue
UCXOOHOU cucmembl U Habaoamens noomeepouULo NPAGUALHOCMb NPUHAMBIX 00NYUWeHUN U pa3pabomMAanHOU Meopul.

Karouegoie caoea: dunamuueckue cucmemsl, Heenadkue HeAUHEUHOCMU, napamempuieckue HeonpedeaeHHOCmuU, OUCKpem-
Hble Modeau, anreebpa yHKyull, epaHuybl, uHmMepeaibHsle Habawdamenu, ycmou1ueocms

BBenenune

Hacrosiimast ctarhs SBJSIETCSA JOTUYECKUM IIPO-
JojixkeHueM padort [1, 2], B KOTOpbIX paccMaTpUBa-
Jlach 3ajJada MOCTPOEHUSI MHTEPBAJIbHBIX HAOJIIO-
JaTeeil sl CUCTeM, ONMCBhIBAEMBIX JTMHEHMHBIMU
MOZEJISIMU C HeIPEPhIBHBIM BpeMEHEM IIpU HaJu-
YWY BHEIIHUX BO3MYIIEHUI U IIYMOB U3MEPEHUIA.

3amaya cMHTe3a MHTePBaJbHBIX HaOIIoAaTe e
aKTHBHO MCCIIeAyeTcs IMOCAeAHNUE TOabl, 00CTOs-
TeJIbHbIe 0030phl MOJYUYEHHBIX 3a 3TO BpeMs pe-

*PaboTra BbITIOJIHEHA TIpU (PUHAHCOBOM Tmonaepxke Poccuii-
ckoro Hay4yHoro ¢oHzaa (mpoekt Ne 23-29-00191).

3yJILTaTOB COAEPKAaTCs B CTaThsX [3, 4], peuieHus
JUISL Pa3JIMYHbIX KJaCCOB CUCTEM, a TaKXe Ipak-
THUYEeCKME TIPUJIOKEHUS MOXHO HAalTU B paboTax
[5—15]. B atux padoTax, Kaxk IIpaBuIO, OIIPEACsi-
€TCS OLEHKA MHOXECTBA IOMYCTUMbIX 3HAYCHUM
IOJHOr0 BEKTOpa COCTOSIHUSI, B TO BpPEMS Kak
TEOPETUUYECCKUN U MPAKTUICCKUIL MHTEPEC MOXKET
MpPEeICTaBJSITh UHTEPBAIbHAS OLEHKA TOJBKO IS
TOMYCTUMBIX 3HAYEHUH 3aJaHHONH (PYHKIIMU 3TO-
ro BekTopa. COOTBETCTBYIOIIUIA WHTEPBAJTLHBIN
HaOJIoAaTeNIb MOXET OKa3aThCsS CYIIECTBEHHO
Ipolle HabjamomaTesss IJIsI MOJHOIO BEKTOpa CO-
CTOSIHM S, a IIMPUHA MHTEPBajia 3aMETHO MEHBIIIE,
YTO MOBBILIAET TOYHOCTh OLEHUBAHMSL.

MexaTpoHnKa, aBTOMaTH3amusd, ynpasjienue, Tom 24, Ne 6, 2023

283



B paborte craBuTCS M pemiaeTcd 3agaya Mo-
CTPOEHUWS MHTEPBAJbHBIX HAOMIOMATENEeH A1 CTa-
IIAOHAPHBIX AUCKPETHBIX CUCTEM, OIMUCHIBAEMBIX
JTUHAMWAYECKUMU MOMEJISIMU C HEMJIAAKWUMU HEJIU-
HEWHOCTSIMU, PAa0OTAIOIINX B YCJIOBUSIX NEUCTBUS
BHEIITHUX BO3MYUIEHUH, IIITyMOB U3MEPEHU W Ta-
paMETPUYECKUX HEOITPENCTICHHOCTEHN, KOTOPBIE MO-
3BOJISIIOT OLIEHUTh MHOXECTBO JOMMYCTUMBIX 3HaYe-
HUM 3aJaHHON (PYHKIIMU BEKTOPA COCTOSHUS.

3amava pelaeTcsl B 0011eM BUJIE C UCIOJb30Ba-
HHEeM aJreOpbl PYyHKIIMMI, pa3paboTaHHOU B pabo-
Te [16], KpaTKO M3JIOXKEHHOUW B NMPUJIOXEHUM OIS
pellleHuns 3a7a4 aHaJan3a HEJTMHEWHBIX TUHAMUAYE-
CKMX CHCTEM W MO3BOJSIONIENH paccMaTpUBaTh CHU-
CTEMBI C HENIAAKUMU HEJTWHEUHOCTIMU, K YUCITY
KOTOPBIX OTHOCSITCA TaKWE€ HEJTMHEMHOCTH, KaK Cy-
X0e TpeHue, J1odT, TUCTEPE3UC, HACHIILIEHUE.

OcHoBHBIE COOTHOIIEHHUS

PaccmarpuBaeTcsl Kjgacc cUCTEM, OIMChIBae-
MbIX HEJIMHENHOU MOIEJIbIO

x(t+1) = f(x(@),u(?),p(t),9(1));
y(1) = h(x(2), (1)),

rae x() e X< R", u(f) e Uc R" u y(t) € R — Bexro-
pbl COCTOSIHMSI, YIIpaBlieHUs U Bbixona; p(f) € R® —
HEMU3BECTHAsl OrpaHuYeHHas (YHKLIUS BpEMEHH,
OITMCHIBAIOLIAS] BO3MYILICHUS Ha cucTeMy, [[p(@)|| < ps;
() R! onmceIBaeT LyMbl M3MepEHHMIl 1 TAKKE T10-
JlaraeTcsl HEM3BECTHOM OrpaHWYeHHON (QYHKIIMEH
BpeMeHH, |[v(f)|| < v+ fu h — HenuHeiiHble (DyHK-
1M, TIpA 3TOM f MOXeT ObITh HenuddepeHuupye-
moii. Ilpeanonaraercss, 4To 3HAYEHUSI BEKTOpa Iia-
pameTpoB 9(f) € R? MOryT HaxXOOUThCI B IPaHULIAX
9 < 9(1) < 9. Kak u B pabote [3], 1151 BEKTOPOB X!,
x? oTHOLIeHHE X' < x? TIOHNMAETCST TIO3IEMEHTHO.

TpebyeTcss mocTpouTh MHTEPBAJLHBIN HaOIIO-
JaTeb, HE YYBCTBUTCIBHBLIA K BO3MYLICHUSM,
(dhopMupyIOLINIA HUXKHIOKW Z(f) U BEpXHIOW Z(7)
rpaHulbl GYHKIMUA BEKTOpPA COCTOSIHMSI, KOTOpas
3amaHa B Buae z(f) = u(x(f)) nyis u3BeCTHON (PyHK-
MU W, Takue 4To z(f) < z(f) < Z(#) npu Beex 7 > 0.

Takoii HabmogaTeb CTPOUTCS Ha OCHOBE MO-
JeJI, OIIUChIBAEMOI B BUIE

(1)

xe(t+1) = fo(xu (1), (1), 2(1), (1)) ;
(1) = hy (x:(1), yo(1));
y(t) = hy (x:(1)),

rae x«(f) RF— BEKTOP COCTOSIHUSI MOAEIH; kK — ee
pa3MepHOCTb; y«(f) € R — mepeMeHHasl, yIOBJIET-

2

BOpSIIONIAsl TPU OTCYTCTBUM 1IYMOB U3MEPEHUI U
BO3MYIIEHUH YCIOBUIO V«(f) = y(y(f)) 4751 HEKOTO-
poii GyHKUMM y, KOTOpasi BMeCTe C (DyHKIUSIMU
S h, u h, opnexur onpeneneruto. [lepeMeHHas
y«(f) HeobxoguMa IJIsT JaJIbHEHUIIero ooecIeueHn s
YCTOWUMBOCTU MOJEJU, CMBICI M CIIOCOO HaXOX-
JNEHUS IEPEMEHHOM Y(f) MOSICHSIETCS HUXKE.
YcnoBusi u crocoObl mocTpoeHus: Moxenau (2),
paccMaTprBaeMble HUXKE, OMMPAlOTCsl Ha Marema-
TUYECKUIA arrapar ajareopbl (QYHKIWU, KOTOPBIA
JeTaIbHO M3JIOKEH B paboTe [16] m KpaTKo orucaH
B IlpunoxeHun. OCHOBHbIE KOHCTPYKIIMU 3TOTO arl-
rnapaTa; OTHOIIIEHUE YACTUYHOIO MOopsiiKa < Ha MHO-
KecTBe (PYHKIIUI ¢ OOJIaCThIO orpenesicHus X, Ou-
HapHBIE orepalu X u ®, OMHAPHOE OTHOILIEHUE A,
a Takxxe ornepatopbl M 1 m. OTMETUM TOJBKO, YTO
HEPABEHCTBO o < B MOXKHO TPAKTOBATh CJAEAYIOLIUM
o0paszoM: (QYyHKUUS o CcoAepXUT UHGOPMALIUU
O COCTOSTHMSIX U3 MHOXECTBA X HEe MEHbIIIE, YeM .
[Ipennonaraercss, 4TO MpU OTCYTCTBUM BO3-
MYIIEHUI BEKTOPHI COCTOSHUS X(f) 1 Xx«(f) cBsI3a-
Hbl COOTHOIIEHUEM X«(f) = @(x(¢)) IJs1 HEKOTOPOU
dynkuuu ¢. Y3 onucaHusg Momenu ciaenyeT, 4yTo
paccmaTpuBaeMasl 3afada Oimu3Ka K 3aaaue QyHK-
IIMOHAJILHOTO JUAarHOCTUPOBAaHMUS, NETAJIbHO pac-
CMOTPEHHOM Ha sI3bIKe anredpnl QyHKIMI B pabo-
Te [17]. OOLIHOCTD 3TUX 3a/1a4y TO3BOJISIET YTBEPXK-
JaTh, 4TO PYHKIMHU ¢ YAOBJIECTBOPSIET ycaoBuUIO [17]

he X ¢ < M(g), (©)

raec

() = (hx ) (x) = [h(x)] _ m
w(x) z

OrMmeTuM, 9TO HepaBEeHCTBO (3) Ha SI3BIKE aJreod-
pbl GYHKIIMIA OMUCHIBAET IMHAMUKY Moaeau (2).

HaunydimmumM BapMaHTOM peIIeHUs SIBIISIETCS
MOJIeJTb, He YYBCTBUTENIbHASI K BO3MYIIICHUSIM. 17151
MMOCTPOCHUST TAaKOW MOIEIW BBeAeM MUHHUMAallb-
HYIO B CMBICJIE OTHOIIEHUS < (ComepXKallyro Mak-
CMMaJIbHOe YMCI0 (PYHKIIMOHAJBHO HE3aBUCUMBIX
KOMIIOHEHT) (PYHKIIMIO o TaKylo, 4TO (QyHKIINSI
L(fix, u, p)) He 3aBUCHUT OT p. OmpenennM cemeii-
CTBO (PyHKU M <o <. CJIEAYIOLIUM 00pa3oM:

o' =o' ®@m(a’ xh),i=0,1,...

N3BectHo [16, 18], uTo HalimeTcsd k, YOOBJET-
Bopsitotee yciosuio of 1 = o, TMonoxum ¢:= of.
Teopema 1 [16, 18]. @yHKUIUS ¢ ABISCTCI MU-
HUMaJbHOU (comepxkallleili MaKCMMaJbHOE YMKC-
710 (DYHKIIMOHAJIBbHO HE3aBUCHUMBIX KOMITOHEHT),
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yaoBJieTBOpsIIonieil ycnosusaMm (3) u o < ¢, 4TO

MO3BOJISIET TIOCTPOUTH MOAENb (2), HE YYyBCTBU-
TEJbHYIO K BO3MYILEHUIO.

N3 onpenenenust oneparopa M 1 OTHOILIEHUS
< crenyeT, 4To yciaoBue (3) 5KBUBAJEHTHO Cylle-
CTBOBaHU1O QYHKIIMU f+ TAKOMW, UYTO

Se((@x hox(t),u(?)) = o(f (x(2),u(?),p(1))), 4)

a u3 yenosust o < ¢ u onpeneneHus GYHKIMN
o cremyer, 4TO BO3MYyILEHHE p(f) HE OKAa3bIBAET
BIAMSHUS Ha QYHKLUIO fe.

YToOBI 3TO BO3MYILIEHHE HE OKa3bIBAJIO BIUSIHUS
" Ha z(f), nepeMeHHas y(f) B Moaenu (2) Takxe He
JOJI)KHA WCITBITBIBATh BO3IEHCTBUS CO CTOPOHHI p(?).
W3 ckazaHHOTO ClIeAYeT, YTO 3Ta epeMeHHasI 10K~
Ha d¢opMupoBaTbead Kak Yy (f) = (. @ h)(x(1)).
[IpuBeneHHOE BBIpaXXEeHUE O3HAYAET, 4TO Y (f) op-
MUPYETCS TOJIbKO TEMU KOMIIOHEHTaMU BEKTOpa
BBIXO/A )(f), KOTOpbIC HE YYBCTBUTEIbHBI K BO3MY-
weHuto. O6o3Haunm hy = a’ @ h.

Hns moctpoeHus Monenu (2) 3amuiueM BbIpa-
>XKEeHHUe

Xe(t+1) = @(x(2)) = o(f (x(2), u(?), p(2))

U ¢ yueToM (4) mpeobpasyeM ero rnpasylo 4acTb, 4YTO
B UTOre JaeT MCKOMOE OMUCAaHUEe TUHAMMYECKOM
yactu monenu (2). Jnsa 3aBeplueHus MpoLEenRypbl
BBISICHUM BO3MOXHOCTb TIOCTPOEHUSI CTaTuye-
CKOW 4aCTH MOJIE/IH, 3aJaHHOM B BULIE y» = h)(X+) U
7= hy(x«, o). Ilepenuiiem Ux ¢ y4eTOM BBEAEHHBIX
0003HAYCHU:

v(h(x)) = hy(e(x)), n(x) = h(e(x),hy(x)), )

OTKYyIa C YYETOM OIpeIeIeHUSI OTHOIIEHUS <
CIEAYIOT COOTHOILIECHUS

(6)
(7

Ecnmu nns moctpoeHHONM DYHKUIMU ¢ 3TU yC-
JIOBUSI BBIMOJIHSIOTCS, KOHKPETHBIA BHA (GYHK-
Ui y U h, ONpenesseTcs Ha OCHOBE IEPBO-
ro paseHctBa B (5) u (6), 3aIIMCAaHHOM B BHUJE
v(h)=9o®h=nh,(p), byHkuuu h, — Ha OCHOBE
yciioBus (7) u onpeneneHUsl OTHOUIEHUS <. DTUM
3aKaHYMBAETCS IPOLIECC MIOCTPOCHUS MOIEIU, He
YYBCTBUTEJbHOM K BO3MYIICHUIO.

OTMETUM, YTO MUHUMAJbHOCTb (PYHKIHMU ¢
co3faeT HaWJyylllMe YCJIOBUS IJISI BBIIOJHEHUS
ycnoBuit (6) u (7), oTKyIa ciaeayer, YTO €CJIU OHU

¢ D h # const;
Qxhy < p.

HE BBITIOJHSIIOTCSI, MOIEJINU, He YYBCTBUTCIHHON
K BO3MYIIEHUIO, HE cyliecTByeT. B aTom cnyuae
IUIS TIOCTPOCHUS MOJIENH, CJ1ad0 YyBCTBUTEIb-
HOU K BO3MYIIEHUIO, HEOOXOAMMO AOTOJTHUTHL ¢
MaKcHUMaJbHOH (comepkallieit MUHUMAaJbHOE YKC-
JI0 (PYHKIMOHAJIBHO HE3aBUCHMBIX KOMIIOHEHT)
(byHkumen ¢, yIoBIETBOPSIOIIEH YCIOBUIM
(¢'x@)®h#const, px¢' xhy <p. ®)
IMockonbky (yHKLUS ¢ OIpenensieTcs He-
ONHO3HAYHO, BHIOMpATh €€ PEKOMEHIYEeTCs Tak,
ytoOBbl "BKJIan" p(f) B dyHkuMoo ¢ (f(x, u, p)) ObL1
MUHUMAaJbHBIM.
3ameuanue 1. Bonee KOHKPETHBIM BHUJ pac-
CMaTpMBaeMOil CHCTEMbI, HAIlpUMEpP, KOrJa OHa
JIMHeliHA U ONMCHIBACTCS MaTPUUYHBIMU YpaBHE-
HUSMU, MO3BOJISICT CTABUTh U pellaTh 3a1ady Io-
CTPOEHUSI MOACIU, MUHUMAJIbHO YyBCTBUTEIbLHOM
K BO3MYIICHUIO, ¢ (OpMajbHBIM OIpeAeeHUEM
BKJIaJia Bo3aMyllueHus B dyHkuuio ¢ (fx, u, p)) [19].
B o01iemM ciydyae MOXHO TOBOPUTH TOJBKO O Cjia-
00l (B MHTYUTUBHOM CMBICJI€) YYBCTBUTEILHOCTH.
Takum oOpa3oMm, MoJeab Terepb OydeT Mpel-
CTaBJISITh CO0OI KOMMO3UIIMIO paHee MOCTPOCH-
HOWM cucTeMbl (2), He YYBCTBUTEIbHOI K BO3MY-
IIEHWIO, U HOBOM CUCTEMBI C BEKTOPOM COCTOSHUSI
Xo = @o(x) (puc. 1), rne GyHKLUMA @y LOJXKHA YAOB-
JIETBOPATDH YCIOBUSM

99 <O, (9xh)xoy < M(gy). ©)

[TepBoe ycnoBue o3HayaeT, 4To QYyHKIUS ¢y CO-
JEPXKUT MHGOPMALIMY HE MEHbIIIe, YeM ¢, U MOXET
ObITh KCITOJIb30BaHa B ycioBuH (8) BMecTo ¢'. Bropoe
ycioBue B (9) mogoOHO HepaBeHCTBY (7) U obecre-
YMBAET CyLIECTBOBAaHWE BTOPOI CUCTEMbI Ha puC. 1;
HaJINYKne d)YHKLII/II/I ¢ B 3TOM YCJIOBUU II03BOJIACT
YMEHBIIUTb PAa3MEPHOCTH BTOPOU CUCTEMBI.

[MoctponTh GyHKUMIO @) C YKa3aHHBIMU CBOWi-
CTBaAaMU MOXHO C ITOMOIIIBIO M3JTOKEHHOT'O HUXKE
anropuTtMma [16, 18].

Ty

18]

h.

U

Puc. 1. PesyabTupyomas moaejb
Fig. 1. Resulting model
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Aazopumm 1

1. Honoxuts i := 1, ! = ¢'.

2. Beruucants dynkumio y = M(B). Eciut v BbI-
paxkaetcs yepe3 GYHKIMIO ¢ x /i x Bl x...x !, Te-
peiiTu K 1. 4.

3. Haiitu dpyHK1IMIO BH] C MUHUMAJIbHBIM YUC-
JIOM KOMIMOHEHT, TaKyl0 4TO

@x I x Bl x Bl x B <y, (10)

MOJOXUTD i ;= i + 1 1 mepelTH K 11. 2.

4. Monoxuthb ¢y = p' x...xp’. Komner.

ANTOpUTM HE TapaHTUPYET EOMHCTBEHHOCTH
MOJIy4aeMOI'0 PELICHUS, TaK KaK IIPY BBIITOJIHE-
HMU II. 3 BO3MOXEH BBIOOpP pa3JMyYHBIX (HE CpaB-
HMMBIX B CMBICJIE OTHOLIEHU S <) QYHKLUM, YIOB-
JeTBopsitolX HepaBeHCTBY (10), HO Bce 3TuU pe-
1meHus OyayT He CpaBHUMBI IPYT ¢ ApyroM. bosee
JIeTaJbHYI0 MHAOPMALIUIO IO aJITOPUTMY MOXKHO
HaiiTu B pabortax [16, 18].

[Tocne omnpeneneHuss GyHKUMU @, MOIENDL (2)
MpHOOpeTaeT CIEeNYION NI KOHSYHBIN BU;

x: (1 +1) = fu(x(1), (1), 2(1) , u(?));
xo(r+1) = fo(xo(#), x:(2), (1), 2(1) , u(?));
1) = he(xo (1), x:(1), Y (1)) ;

Y(t) = hy (xo (1), x:(1)),

rae GYHKIUWY A, hy, ¥ f; OTIPENENAIOTCS HA OCHOBE
cooTHowueHui (8) u (9) (mocye 3aMeHbI B IEPBOM
GyHKLIMM ¢' HA ¢y) COOTBETCTBEHHO.

3ameuanue 2. DyHK1UNS ¢, 0OOSCIIEYNBAIOLIAS HE-
YyBCTBUTEILHOCTh MOIEIN K BO3MYIICHMIO, HE Ta-
paHTUpYeT ee MUHMMAaJIbHOI pa3mepHocTu. Ilocie
MocTpoeHust GYHKIUA ¢ U f+ pa3MEPHOCTb MOAEIHN
MOXET OBITh YMEHBIIICHA 9BPUCTUUCCKUMU METO/IA-
mu. B npennonokernu, uto o < p, MOXHO Takxke
BOCIIOJIb30BaThCs MPUBEACHHBIM HMXKE aJTrOpUT-
MOM, SABJISIOIIUMCS MogudurKaluei aaropurma 1.

Aazopumm 2

1. Monoxuts i := 1, p! = .

2. Beruucaute pyHkuuio y = M(B,). Ecau y BbI-
paxaetcsl yepe3 (pyHKIUIO A x Bl X ... X Bi, nepe-
WTH K 1. 4.

3. Hatitu ¢pyHK1IMIO B’H ¢ MUHUMAJIbHBIM YUC-
JIOM KOMIIOHEHT, TaKyl0 4YTO al < [3”1, he X B X...
x B x B! <y, momoxute i =i+ 1 n nepeiity K In. 2.

4. Tlonoxutb ¢s =B x...xB’. Koner.

Tak Kak mpu Bcex [ BBINOJHSIETCA YCJIOBUE
o < B, To u o < ¢« M3 anroputma 2 Takxe cie-
OYeT, 4YTO /e x @« < M(@+); €clIum Ipu OSTOM
¢+ ® h # const, ToO PYHKIUS ¢« MOXET OBITh HC-
MOJIb30BaHA [AJsl MOCTPOCHMSI MOIEIM, HE YYB-
CTBUTEIBHON K BO3MYIIECHUIO.

(11)

AJITOPUTM 2 He TrapaHTHpyeT MWHUMAaJIbHON
pa3MepHOCTH TaKOW MOIead, HO, KakK IpaBUJIO,
JaeT MOJEeIN Pa3MEePHOCTU MEHBIIEH, YeM MOCTPO-
eHHbIe Ha OCHOBe (yHKUMHU ¢. OnHAKO B OTJIMYUE
OT 3TOM (DYHKIIMU OH HEe TapaHTUPYET MTOCTPOCHUSI
MOJIEJIU, 1aXKe €CJIM OHA CYIIEeCTBYeT. DTO CBSI3aHO
C T€M, UTO B II. 3 MOXET HE HAMTHUCh (DYHKLIMU Bi+1,
YIOBJIETBOPSIOLIEH YCIOBUIO a < Bi 1

O0ecneyeHne yCTOMYMBOCTH

YCcTouMBOCTh MOCTPOEHHOM HEJIMHEHHON MO-
IeJIn MOXeT ObITh oOeclieueHa pa3IMYHBIMU Me-
tomamu [20], meTaabHO PACCMOTPUM OAWH U3 HUX,
IJIL 4ero IoCjie MNOACTAHOBKMU Z = h.(Xxy, Xx, ¥g)
B (11) u BBegeHus oOpaTHOU cBsI3u Kr(f) 3anuiiemM
9TU ypaBHEHHUS B KOMIIAKTHOM BUJIE:

xc(t + 1) = fc(xc(t)ay(t)au(t)ag(t)) + Kr(t)a
Z(t) = hc(xc(t)ayo(t));
ys(1) = h,(x. (1)),

12)

rae K — Mmatrpuua oOpaTHOM CBSI3HU,

r() = y(y(®) - y«(1), x.=(x< xg)".

151 IpOCTOTHI NpeanoaaraeTcs, YTo IIyMbl U3-
MepeHUii, BOBMYIIEHNSI U BapUalluu MapaMeTpOB
CUCTEMbl HEBEJIMKW U HE OKa3bIBalOT BJIMUSHUS
Ha YCTOMUYMBOCTh MOJAEIH, ITO3TOMY B (PYHKIIMHU
J. HUXxe oHu onylueHbl. X yyeT npu paccMoTpe-
HUU BOIIPOCOB YCTOMYMBOCTU MHPEACTaBJSIET CO-
00I1 CJI0XHYIO 3a7a4y.

Beenem omnoky e(f) = o(x(¢)) — x.(f); npearno-
jaraem, 4to oHa majnia, GyHkuus f.(x., y, u) 1ud-
dbepeHuMpyeMa MO X, U MOXET OBITb PA3JIOXEHA
B psana Teiiaopa OTHOCUTENBLHO €ro TEKYyIIEro 3Ha-
yeHus. 3anuiueM ypaBHEHMe AJ151 OLUOKU e(f):

e(t+1) = o(f (x(1),u(?))) -
= fe(x (1), y(1),u(r)) - Kr(t) =
= fe(@(x(1)), y(¥), u(?)) -
= fe(x (), y(0),u(t)) — K(w(¥(1)) — y«(1)) =
= fe(x (1) + (1), (), u(t)) -
= fe(x (1), (1), u(?)) - K(y(y(2)) — y:(1)) =

- W“’) = K (hy (@(x(1))) = hy (x.(1))) =

I% ahay(xc)je(t) _

C c

~ afc(xcayau) _
ox

= Fr(Kaxcay: u)e(t)
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B BBIBOIIE TIPUHATO, YTO DYHKIMS A,(X,) TAKKE
nuddepeHIIpyeMa.

Hnst Toro 4ToOBl MOAEAb Obljla YCTOMYMBOM,
cobcTBeHHBble yuncna marpuusl F.(K, x., y, u)
JOJIKHBI HAXOAMTHCS B OKPY>KHOCTU €AMHUYHO-
ro paaudyca ¢ LIEHTPOM B Hauyaje KoopauHat. U3
MOJIYYEHHOTO ypaBHEHHUS CJENYeT, YTO JIEMEHThI
MaTpUIIBI OOpaTHOM CBSI3U K B 3TOM ciy4yae OyayT
3aBUCETb OT MEPEMEHHBIX X, y, u. Jdnsa ompene-
JIEHUSI 9TUX DJIEMEHTOB HEOOXOAVWMO BBIMOJHUTH
cleaylolue ornepaluu: HalTH XapakKTepucThye-
CKUi1 monuHoM matpuusl F.(K, x,, y, u) B BUzie

det(F.(K,x,,y,u)—r1;) =
=k +a1(1(,xc,y,u)kk‘1 +..+a,(K,x,,y,u);

JUTST o0ecrniedeHu s TpeOyeMo TMHAMUKY HabJroaa-
TEJIST 3a1aThb 3HAYEHUSI COOCTBEHHBIX YUCEI A, ...,
Ay; COCTaBUTb CUCTEMY HEJIMHENHBIX YPABHEHU:

a (K, x.,y,u) =—(hj + Ay +...+1p);
az(K,xc,y,U) = 7\‘1?\,2 + }\.17\,3 + ...+7\4k_17bk;

a, (K, x,,y,u) = (=) iy 0,

WU HaliTU U3 Hee BJIEMEHThl MaTpULIbl K.

ITocTpoeHne HHTEPBAILHOrO HAOIIONATENS

[Ipouenypa mocTpoeHUs] MHTEPBAJIbLHOIO Ha-
OiromaTtelisi CpaBHUTEIBHO MPOCTa TOJIBKO IS JIU-
HEMHBIX cUcTeM [3], 115 HeJIUMHEMHBIX, OCOOEHHO
3aJlaHHbIX B OOIlIEM BUJIE, OHA 3aMETHO YCJIOXHSI-
ercd. s m3aoXeHWs] OOIIMX IMpaBU 3amullIeM
mozenb (12) ¢ obpaTHOI CBSA3BIO B BUAE

X (t+1) = fo(x (1), h(x(2)),u(?), p(t), 9(1));
Z(t) = hc(xc(t)’hO(x(t)))-

3ameHa y(f) Ha h(x(r)) u yo(H) Ha hy(x()) 00B-
SICHSICTCSI HEOOXOOUMOCTBIO YUYECTh IIYMbI U3Me-
peHuii. HeompeaeneHHOCTIMU, BIUSIOIIMMU Ha
3HauUCHME MHTEpBaJia, SBJISIOTCS IIepPEeMEHHbIC
h(x(?)), ho(x(?), p(*) u 9(r); HeonpeaeIeHHOCTb
B h(x(f)) u hy(x(f)) cBsi3aHa ¢ LIyMaMM HU3Mepe-
HH, TOCKOJIBKY B HAOJI0OaTe b BXOIAST ITIEpeMEH-
Here y(t) = h(x(D) + v(0) u yy(t) = ho(x(®) + vy(0),
rae vy(f) — J4actb BeKTOopa V(f), COOTBETCTBYIOLIAS
MEPEMEHHOMI Y (7).

BBenem BaxkHbIe omnpeaeieHus. bymeM roso-
PUTb, UTO i-sl KOMIIOHEHTa HDYHKIMHU f, MOHOTOH-
Ha IO apryMEHTY X,, €CIU

Xe S xp = [oi(xe, h(X),u,p,9) <

< o h(x) ., 9) (13

nin
x' < xg = fgi(xé’h(x)aua [oH 9) >
> fgi(xgsh(x)’us P, 8)

HE3aBUCUMO OT 3HAQUCHUUW NPYTUX apryMeHTOB.
B cayyae (13) OymemM roBOpPUTH O IIOJOXHUTEIb-
HOM BJIUSHUU NEPEMEHHON X, HA i-10 KOMIIOHEHTY
byHKUMY f,, B ciaydae (14) — 06 orpunarebHOM.

B nmanbpHeiilmem OygeM mpeamojaraTrb, 4TO BCe
KOMIIOHEHTbl (GYHKUWA f, ¥ /i, MOHOTOHHBI IO
BCEM CBOMM apryMeHTaM, IIPU 3TOM JOITyCKaeTcs,
YTO €CJIM apryMeHT IIPEACTaBIISIET COOOM BEKTOP,
TO 4YacTh €T0 KOMIIOHEHT MOXET MMEThb ITOJIOXMU-
TEJIbHOE BIMSHUE, YaCTh OTPULIATEIHLHOE.

Bxoxnenue B HaOmomareab MHQOpMAIUM O He-
OIPENEICHHOCTSIX B BUIE MX HMXXHUX U BEPXHMX
IPaHMII 3aBUCUT OT BIMSIHUSI STUX HEOIPEAeICHHO-
CTE€M Ha MpaBble YACTU YPAaBHEHUM, B KOTOPhIE OHU
BxomaT. Eciu BausiHMe paccMaTprBaeMOl HEOoIpe-
JIEJIEHHOCTH MOJIOXXHUTEIBHO, TO B HYXKHIOK I'PAHUILY
COOTBETCTBYIOLIECH KOMIIOHEHTBI (PYHKIMHU f, TOJIK-
Ha BXOOWTb HIMXKHSISI XK€ TpaHMIIA 3TOIl HeoIpene-
JICHHOCTHY, B CJy4Yae OTPHULIATEJIBHOIO BIMSIHUS —
BEepXHSIS IpaHMIA. ['paHMIIa IIIyMOB M3MEpPEHUM Vs«
B IIEPBOM CJIy4ae BXOIUT C OTPHUIIATEIbHBIM 3HAKOM,
BO BTOPOM — C IIOJIOKUTEIbHBIM. [{JISI ITOJI0XKUTEIb-
HO BJIMSIIOLICH TIEPEMEHHOU X(f) B HUXHIOIO Tpa-
HUIy COOTBETCTBYIOLICH KOMIIOHEHTHl (DYHKIIUU
Jo MOJTKHA BXOAWTH TEPEMEHHast X ;(f), Al OTpH-
LATeJIbHO BIMSIIOLICH — mepeMeHHast X;(f). st
HVXKHEN rpaHulbl PyHKUMKU A, BXOXIEHUS HOPMU-
PYIOTCSI aHAJIOTMYHBIM 00pa3oM. 11 BEpXHUX Tpa-
HUI[ KOMIIOHEHT (QYHKIIWIA f, U A, OTIUCAHHBIE BBILIIE
BXOXICHUST MEHSIIOTCSI Ha IIPOTUBOIIOIOXHEIE.

B xauecTtBe mpuMepa ImpuBeIeM OIMCaHNUE WH-
TepPBaJbHOTO HAOIIOmATE IS IS CKaISIpPHBIX (DYHK-
Wit f, u h., KOrma BIUSHUST HEONPENEICHHOCTEH
h(x(7)), hy(x()) 1 p(f) MOJOXUTENbHBI, TapaMeTpa
9(f) 1 mepeMeHHOM Xx.(f) — OTPULIATETbHBI:

&c(l + 1) = fg(xc(t)’y(t) - V*,U(t),e,g);
)?c(t + 1) = fg(zc(t)hy(t) + V*au(t)95’§);
g(t) = hc(fc(t):yO(t) - VO);

(1) = h(x. (), y0(2) + vp).
I[J'[H IIOATBCPKACHUA IPaBUJIBbHOCTU IIPOBC-
JCHHDBIX onepaunﬁ BBCIEM OLLIMOKM OLIECHUBAHMUS:

gc(t) = xc(t) —Ec(f), Ec(t) = fc(t) _xc(t):
e ()=z(t)-z(@), e, (1) =7(1)-z().

(14)

(15)
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Teopema 2. Ecnu dyukuum f,(x., h(x),u,p,3)
n h.(x.,hy(x)) MOHOTOHHBI IO KAXAOMY CBOEMY
apryMeHTy He3aBMCHMMO OT 3HAYeHWM APYTrux ap-
rymeHToB U X.(0) < x.(0) < X.(0), TO A1 HaGIIO-
npatens (15) u Bcex ¢ > 0 BBINOJHSIIOTCS COOTHO-
meHusd x,.(f) < x.(f) < Xx.(f) n z(¢) < z(¢) < z(¢).

Joka3zarejabcTBO. HeTpynHo BUAETDH, YTO ypaB-
HEHUE 1715 OIIMOKM e, (f) UMeeT BUJ

e (t+1) = fo(x (1), h(x(1)),u(?),p(r), (1)) -
- fg()_cc(t)ay(t) - V*,Ll(t),g,g),

a Tak KaK x,.(0) = x.(0), y(t) — v« = h(x()) + v(f) — Vs,
v(t) - v« <0 u dynkums f,(x.,h(x),u,p,3) MOHO-
TOHHA MO KaXJIOMYy CBOEMY apryMeHTy, TO
e.()=0, . e x.(1)>x.(1). [lo uHIYKLIMKA MOX-
HO I0Ka3aTh HepaBeHCTBaA e,.(f) =2 0 u x,.(7) = x.(f)
U aHAJOTMYHO, 4TO €,(f) >0 u X.(¢f) > x,(f) nna
Bcex f 2> 0. [ockonbky h,.(x,,Hy(x)) MOHOTOHHA IO
KaxXJI0My CBOEMY apryMeHTy U x.(f) = x.(f), TO

e () =z(t) = 2(t) = h.(x.(1), hy(x(1))) -
- hc(ﬁc(t)ay(t) - v()) > Oa
YTO S5KBUMBAJIEHTHO HEpPaBEHCTBY z(f) > z(f) mpu

Bcex ¢ > (0. AHAJIOTUYHO IOKAa3bIBAETCS COOTHO-
menue zZ(t) > z(t). Teopema mokasaHa.

IIpakTHYecKHii mpuMep

PaccMmoTpum cucteMy ympaBiaeHMs

X, (1 +1) = aguy (1) = ay 3, (1) = X, (1) + x,(0);
Xy (1 +1) = asuy (1) + ayx, () = x,(t) -
= 4y %y (1) = x3(1) + 25(1);
X3t +1) = ay x5 (1) = x3(0) -
— a3\ [x;(1) + x3(8) + p(0);
Pi(t) = x2() +vi(8); ¥5(1) = x3(0) + v, (0).

VYpaBHeHus (16) omuchIBalOT AUCKPETU30BaH-
HYI0 MOJEJb TPEXTAHKOBOM CUCTEMBI, COCTOSIIIEH
U3 TPEX Pe3epByapoOB, COCMMHEHHBIX MEX 1Yy OO0
TpyOamMu, IeTajJbHO OMUCAaHHYI0 B padote [1]; oT-
METHUM TOJBKO, YTO YPOBHM XUIKOCTU B TaHKax
0603HaueHbl x(f), Xx,(f) 1 x;(¢). Ilpennonaraercs,
91O X (1) = X5 (¢) 2 x5(7).

I[loctpouM  wWHTEpBaJbHBIN  HaOJIOmATENb,
OLEHUBAOLIUNA TEpEeMEHHYIO0 Xx;(f) = z(f), 4TO
naetr u(x) = x;. HerpyaHo BuIETb, UTO A«(X) =
(XW(X) = xyxx3xx;, a’(x)=x xx,. Tak Kak

(16)

(a® x h)(x) = X XXy xx3 =0, TO m(a’ x 4.)(x) = 0,
oTKyma o(x) = al(x) =a’(x) = X| X X,, YTO Jdaer
MOJIEJIb Pa3MEPHOCTH 2.

IIpuMeHsIsT anropuTM 2, OJAYYUM OoJiee MMpo-
CTYI0 MoIeb. JIeCTBUTEIBHO, TaK KakK

B'(x) = u(x) = x; > a(x) = x; x x5,
TO
1(x) = M) (x) = ay\[x, = x; +xy,
YTO BBIpaxkaeTcs dyepe3 GyHKIINIO
(he x B (x) = Xy X X3 X Xj.

B pesynbrare X« = ¢«(X) = x;; MOAEJb ONUCHIBA-
eTCSl YpaBHECHUSIMU

X« (t+1) = agu; () — aj\x«(t) — by (x) + x:(7); (17)
(1) = x+(2).
HeTtpynHo BuaeTh, 9TO MOACIbh YCTOMYMBA.
[Ipennonaraercs, 4To mapameTpsl a; U a4 MO-
[YyT HaxXxOAUTbCA B TpaHULAX a;<a <aq U
a, <a, <a, COOTBETCTBEHHO. HeTpynHo mpose-
PUTb, YTO BIIUSTHUE HEOIPEAEICHHOCTER a, U h(X)
Ha X« B (17) MOJIOXUTENBHO, & @; — OTPULIATEJIBHO;
MepEMEHHAS X+ BIMSIET TBOSKO: HAXOASIIASICS MO
3HAKOM KOpHSI BJIMSIET OTpULIATEIbHO, B BUAE Clla-
raeMoro +x. — MojJoxuTeabHo. C y4eToM 3TOro
WHTEPBaJbHBINA HAOIIOMATEh OMMUCHIBAETCS YpaB-
HEHUSMU

X« (t +1) = agu (t) —‘71\/?7*0) = (V1(1) = vay) + x:(0);
F(t +1) = @ (1) — a2 0) = 7y (D) 5 o) + E(0);
2(1) = x«(1);

Z(1) = % ().

OTMeTHM, 4TO (BYHKLHUS * MOHOTOHHA.
BBenem olnOKy olieHUBaHUS ex() = X« (f) — X« (¢)
1 ypaBHEHUE s Hee:

et +1) = aguy (1) — @y (6) = by (x(1)) + x4(1) =
= (@qtty (1) = G (1) = (9 (1) = Vap) + X:4(1)) =
= u(1)(ay — ay) + @ X (1) — (1, (1) = vs)) -
D RGO + () =
= uy(t)(ay —ay) + @ % (1) = by (x(1)) -
= afx (1) = Iy (X(2)) + ex(2).
Tak xak X:(0) =2 x:(0), a =aqa,, a;=>ay,

u;(r) 20 u e«(0) >0, U3 NPUBEIEHHOIO BbIPAXKE-
Hus ciaeayeT e«(1) >0, 1. e. x«(1) > x«(1). Ilo un-
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x(H, ™

0 50 100 150 200 0 50 100
fLc fc
a) 0)

Puc. 2. Ilosenenune nepemennnix x(7), z(r) u z(¢)
Fig. 2. Behavior of variables x,(r), z(¢) and z(7)

OYKIIMA HETPYAHO II0Ka3aTb, 4To e«(f)>0 u
X«(#) = x+(f) nna Becex ¢ > 0, yto maet z(¢) = z(?)
st Beex ¢ > 0. [Togo6HBIM 00pa3oM MoKa3blBaeT-
cs, uyto Z(t) > z(1).

JUtst MOJIeTMpOBaHUs IPUMEM a; = a, = a3 = 0,1,
a, = a5 = 1, Bo3MylueHue p(f) U LIyMbl U3MEPEHU I
MpeaCcTaBICHBl CAyYallHBIMU BEJIMYMHAMM, DPaB-
HOMEpHO pacIipelieIeHHBIMM Ha WHTepBaJjie
[—0,2; 0,2], u(t)=u,(¢¥)=0,1(1+sin(z/2)). Ha
puc. 2 TIpeACTaBJIEHBI Pe3yJbTaThl MOIEIMPOBA-
HUST HaOaomaTeass ¢ Ha4aJbHBIMU COCTOSTHUSIMU
x10) = 3, x,(0) = 2, x3(0) = 1, x.(0) =1, x.(0) =5.
Ha puc. 2, a a,=0,11, a,=0,09, Ha puc. 2, 6
a, =0,15, a,=0,05. BuaHo, 4TO npu yBeanye-
HUM 3HAYeHWH Ko3(P(PUIIMEHTOB CBepX MUHU-
MaJIbHBIX MHTEpPBaJl CTAHOBUTCSI OKMIaeMO IIIHpe.

3akiaoyeHue

B pabore paccmoTpeHa 3ajgaya IOCTPOEHUS
WHTEPBaJbHbIX HaOJIOO4aTeNe IJisi HEIMHEUHBIX
JIMHAMUYECKUX CUCTEM, OIMCBIBAEMBIX TUCKPET-
HBIMM MOJEJISIMH, MPU HAJMYUM BHEIIHUX BO3-
MYIIEHUMU, ILIYMOB M3MEPEHUU M mapaMeTpuye-
CKHUX HeompeacJeHHOCTe. PeleHue mpoBeaeHO
Ha SI3bIKe aareOpbl (PYHKIIMI, ITO3BOISIONIEH IT0-
IyduTh obOiiee pemeHue. [loaydeHBI pacyeTHBIE
COOTHOIIIEHUS Y NpaBUJia, NAI0IINE BO3MOXHOCTD
MOCTPOUTH MHTEPBaJIbHBIC HAOMIOOATEIN, HE YYB-
CTBUTEJIbHBIE K BO3MYIIEHUSM U YYBCTBUTEJb-
Hbl€ B OTPaHMYEHHON CTeneHU. TeopeTUUyeCKue
pe3yabTaThl MJIJIIOCTPUPOBAHBI IIPUMEPOM IS
peaIbHOU TEXHUYECKOW CUCTEMBI.

IIpunoxenne

Hcnonb3yeMblil B paboTe MaTema-
TUYeCcKUil ammapat (ajaredbpa QyHK-
L) COHEPXKUT YEeThIpe OCHOBHBIC
KOHCTPYKLUU: 1) OTHOILIIEHUE YaCTUY-
HOro IIpearnopsiika, o0003HaYaeMoe
Kak <; 2) nBe OMHapHbIE oOIlepalllu
X u ®; 3) OMHaApHOE OTHOLICHUE A;
4) onepatopbl m 1 M. DTU KOHCTPYK-
LMW OMNpeAesieHbl Ha MHOXecTBe Vy
BEKTOPHBIX (PYHKLUUNH ¢ 00JIaCThIO
oIpelie/IeHUsI B IPOCTPAHCTBE COCTO-
aHui X. PaccMOTpUM 3TU 3JIEMEHTHI
OoJiee TIOAPOOHO.

1. OmHoweHnue wacmuynoeo npeo-
nopsadka. s IPOU3BOJBHBIX (PYHK-
uuii a, B € Vy 3anuceiBaercs o < J,
eClIi cyllecTByeT (yHKIUSA y Takas,
yTo B(x) = y(a(x)) nas Bcex x € X. OnpeneneHuve
O3HayaeT, YTO KaxJasi KOMIIOHEHTa (YHKIUU B
MOXKET OBITh BhIpaXKeHa 4yepe3 KOMIOHEHTHI (PyHK-
uun o. Ecam o < B u B < o, To GyHKLIUHU o U B
Ha3bIBAlOTCS SKBUBAJICHTHBIMU, YTO 0003HAYACT-
cs Kak o = B. ToxaecTBeHHass U 3KBUBaJeHTHBIC
el GpyHKIUHU 0003HaYarTCsI cCUMMBOJIOM 0.

2. bunapuvie onepayuu. W3BecTHO, 4YTO OJs
MPOU3BOJBbHBIX QYHKUMIA o, B € Vy CylLEeCTBYIOT
IB€ OMHaApHBIE oIepallud X U D, ompenelisieMbie
cJIenyIoIIM 00pa3oMm:

ax B =inf(o,pB), o @B =sup(o,p).

YKazaHHBIE ONepalluy ONMpeneasiioT GyHKINU
C TOYHOCTBIO 10 3KBUBAJICHTHOCTH.

[MpaBrio BEIYKMCIIEHUST ONEepalluy X BBITJISIIUT
MPOCTO:

150

200

(o)
(axp)(x) = [B(x)].

Onepalysi ® MOXeT OBbITh BBIYMCJIEHA C HC-
MoJib30BaHUEM CPeACTB nuddepeHInalbHON I'eo-
MeTpuH [16]. B mpocTeifimx ciydasix MOXeT ObITh
HCITOJIb30BAHO OMpEeNeICHUE omepanuu o @ B Kak
HaMMEHbIIIeH BepXHEW rpaHn GyHKIUHA o 1 f.

PaccmoTpum mpumep BbIYMCICHUS (QYHKIIMI
aXpBua®f. Iycte X = R’

alx) = [xl ’ ij, B(x) = ("‘ﬂ.
X3 X5X3
Torma

(0' X B)(X) = (xl + x2ax3ax1x3)Ta
(@ ®B)(x) = x3(x; +x7).
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3. bunapnoe omnouwenue A. JIJ1st IpON3BOJIILHBIX
byskumii o, p e Vy

(0,) € A & ol f(x,u)) = f+(B(X),u)

IUIsT BeeX (x, u) € X X Un HEKOTOpOi PYHKIINH f.
buHapHoe OoTHOIIEHUE A CaMOCTOSITEJILHOTO 3HAa-
YeHUsI HE MMEEeT U MCIOJb3yeTcs IJIsI oIpenese-
HHUS ONepaTopoB.

4. Onepamoper m 1 M. JInsT TTPOU3BOJBHBIX
bynkumii a, p € Vyoneparopsl m u M onpenensi-
IOTCS CIIEAYIOIIMM 00pa3oM.

Oneparop m 3aaaet dyHKuuo m(a) € Vy, Ko-
Topas yaoBJAeTBOpeT ycaoBusaM: (i) (o, m(a)) € A;
(i) ecmu (o, B) € A, To m(a) < B.

Oneparop M 3agaet dyHkuuio M(B) € Vy, Ko-
Topas ynoBaeTBopseT ycaoBuam: (i) (M(B), B) € A;
(i) ecnu (o, B) € A, To o < M(B).

M3 nociaenHux onpeaeaeHui ClaeayeT, 4YTo AJis
MPOU3BOJILHON o BhIpaxkeHue m(c) MpeacTaBaseT
co00ll MWHUMaJbHYIO (GYHKIHWIO, (GOpMHUPYIO-
LIYI0 Mapy ¢ o, M AJsI MPOU3BOJILHON B BhIpaxe-
Hue M(B) mpeactaBasieT COOOM MaKCHMabHYIO
dyHk1IMI0, hOopMUpPYIOIIYIO TIapy C f.

Omnepartopsl m 1 M 00J1agafoT PSIIOM CBOMCTB, KO-
TOpBIE JETAILHO ONMMCAaHBI B pabote [16], rme Takxke
MOXHO HalTH MpaBuia BBIYUCICHUS ONEPaTOpOB.
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The paper considers the problem of interval observer design for nonlinear dynamic systems described by discrete-
time models under external disturbances, measurement noise, and parametric uncertainties. The problem is to design the
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observer with fewer dimensions than that of the original system; such an observer must generate upper and lower bounds
of admissible values of the prescribed nonlinear function of the original system state vector. To solve the problem, special
mathematical tool is used. The advantage of this tool is that it allows studying the systems described by models with non-
smooth nonlinearities. To construct interval observer, the reduced-order model of the original system insensitive or having
minimal sensitivity to the disturbances is designed. The designing procedure is based on two algorithms: the first one is
intended to design the model of minimal sensitivity; the second one is used to reduce the dimension of the model. The
rules are formulated to ensure stability based on the prescribed set of the desirable eigenvalues and feedback. The interval
observer consists of two subsystems: the first one generates the lower bound, the second one the upper bound. The relations
describing both subsystems are given. To construct such an observer in the nonlinear case, the terms of positive and negative
influence of variables describing the model are introduced. These terms allow finding out how the upper and lower bounds
of these variables will appear in the interval observer. The conditions under which the observer can be designed are given.
The theoretical results are illustrated by an example of three tank system. Simulation results based on the package Matlab
show the effectiveness of the developed theory.

Keywords: dynamic systems, non-smooth nonlinearities, parametric uncertainties, discrete-time models, algebra of

functions, bounds, interval observers, stability
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WHCTUTYT npobnemM MalwmnHoBeaeHus Poccuinckom akagemmn Hayk, r. CaHkT-INetepOypr

[ecuHxpoHun3aumsa un KonebarenbHOCTb
B BO30yaAuMMBbIX ceTax PutuXoro—Harymo*

H3yuenue OuHamMuKu CAONCHBIX CemesblX cucmem sAeasemcs 00HOU u3 akmyanvhuix 3aday. Cemegvie cucmemvl Mo2ym
npedvleams 6 pazAuHHbIX COCMOAHUAX, HAYUHAS OM NOAHOU CUHXPOHU3AUUU, K020a éce cucmembvl 6 cemu eedym cebs co-
2AACO08AHHO, 3AKAHYUBAS NOAHOU O0eCUHXPOHU3AUuUel, M. e. NOAHOU PACCO2AACOBAHHOCMbIO 8 (YYHKUUOHUPOBAHUU CUCMEM.
Seaenue cUuHXpOHU3AYUU YIICe U3YUEHO 00CMAMOYHO XOPOULO: 86e0eHbl MAmMeMamu4yecKue onpedeseHus CUHXPOHU3AUULU, npeo-
A0NCEeHbL ANCOPUMMbL UCCACO08AHUS CUHXPOHUZAUUU, NOAYYEHbl YCAOBUSL CUHXPOHUZAUUU OAS PA3AUYHBIX MUNOE CEMeBbiX
cucmem. O0HAKo He MakK MHO20 pabom HA MEKYUUTL MOMEHM NOCBAUEHO UCCACO08AHUI0 OecUHXpOoHU3auuu. B dannoii pabome
8600umcst onpedenenue 0eCUHXPOHU3AUUU NO 8biX00Y 045 cemell U3 HeauHeluHvx cucmem. Paccmampueaomes onpedenenus
Kone6ameavHocmu no Aky60oeuuy, u ycmanaeAueaemcs cesa3b mexucoy KoaedbamenbHOCmyio U 0eCUHXPOHU3AyUeld 8 Cemsax U3
6030Y0UMbIX HeAUHeUHbIX cucmem. Bo3bydumeie cucmemot 1643110mcesi yemouvussimMu, HO3MOMY KOAeOAHUS 8 HUX OMCYMCMEY -
om. llo6aenrenue ceazeil mencoy maKumu CUCMEMAMU MOJCem NPUEECMU K 603HUKHOBeHUIO KoaebaHnull. Boigoodamces ycaosus
Kone6amenbHoCmu 045 OUGDY3UOHHO-CEAZAHHBIX cemell u3 npocmetiwux mooeaeti Heiiponoe DumuyXvio—Haeymo. Chauana
paccmampugaemcs cay4ai npocmeiwuti cemu u3 08yx ceazanuvix cucmem DumuyXovio—Haeymo, a 3amem pe3yromam 06006-
waemcs Ha cayvati u3 Heckoabkux cucmem. Cnexkmp mampuust Jlanaaca uepaem Kaw4egyio poib 6 OUHAMUKE MAKUX cemel.
Tloayueno ycaosue, ceasvieaiouee napamempol eOUHUYHOU CUCMeMbl, 6X00Auell 6 cemb, U coOcmeeHHble yucia mampuuyst Jla-
naaca, komopoe ycmaHnaeaueaem, 6yoem au cems KosebamenvHou uau Hem. Yucao cucmem, komopvie 6ydym eeHepupoeamsp
KonebaHus 6 makou cemu, 3a6UCUM OM YUCAA COOCMEEHHbIX Yuces mampuybl Jlanaaca, y0061emeopalowux NOAYHeHHbIM YC-
aosusam. Ilonyuennvie anarumuyeckue pe3yibmamol NOOMeEePICOAIOMC NPOGEOCHHbIM YUCACHHbIM Modeauposanuem. [lpueo-
damcs pe3yrbmamol MOOeAUPOBAHUS NOAHOU OeCUHXPOHUZAUUU 8 CemU, K020a 6ce CUCMeMbl HAYUHAIOM Koaebambvcs, a makice
XUMEPONn000OH020 COCMOAHUSA, NPU KOMOPOM K0AeOAemc s AUllb YadCMb CUCIeM, A 0OCMAAbHble HAX00AMCA 8 NOKoe.

Karoueevte caosa: decunxponuszayus, korebamenbHocmes, Heliponnvle cemu, cucmema PumuyXoro—Haeymo, mampuua Jla-
naaca

Brenenne IlapkuHcoHa [9]. B HopMaIbHOM COCTOSIHUU HE-
pPOHBI (QPYHKIIMOHUPYIOT B HECHMHXPOHU3UPOBAH-
HoM pexume. [ToaToMy BaxkHOI 3agaueit IBsIeTCS
MOMCK YCJIOBUI MPeObIBaHUSI CETel B Pa3JMUYHbBIX
coctosiHuAX [10—12], a Takke CHUHTE3 aJrOpUT-
MOB YMpaBJIeHUS JJIs1 MIepeBoja CeTHU B XKeaaeMoe
cocrogHue [13, 14].

B nmaHHOII paboTe u3ydyaeTcsl SBJIeHUE ACCUH-
XpOHU3AIUU B HEMPOHHBIX ceTsx. JIJs ero usyuye-
HUS TpeOyeTcsl BBECTHM IOAXOJSIIEe ONpeaeacHue,
KOTOpoOe OyAeT yaoOHO MCIOJb30BaTh AJIS MOJIyYe-
HUS aHAJIUTUYECKUX YCJIOBUI NECUHXPOHU3ALIUU.
HexoTropbie MONBITKY BBECTU OMpPeaeIeHUe JeCUH-
XpOHM3aluM ObBUIM chaedaHbl B padorax [15—17].
B HacTos1eit pabote OymeT BBEACHO IPYyroe omnpe-
JeJeHre TeCUMHXPOHU3AllMKU U T0OKa3aHa €ro CB3b
¢ KoJjebaresbHOCThI0. TIoHSITHE KOI€0aTEIhHOCTH
U yOoOHbIE MOAXOAbl K €€ M3YyUeHUIO ObIIM BBeE-
nenbsl B. A. fIxy6oBuuem B 1973 1. [18]. JaHHBII
anmnapaT ObI MpUMEHeH K 3amade Cwmeiiima — HMc-
CJIEIOBAHUIO BO3MOXHOCTM BO3HUKHOBEHUS KO-
JebaHUi TIpU COEAMHEHWM Tapbl BO30yIMMbIX
(ACMMNOTOTUYECKHU YCTOMYMBBIX) CUCTEM (KJIETOK)
[19, 20]. B Hacrosieir paboTe 3TOT ammapaT OyaeT
MpUMEHeH IJs WCCIeAOBaHUSI KoJjeOaHUil u Je-
CUHXPOHM3ALUU B CETSIX M3 BO3OYAMMBIX CUCTEM
duruXsio—Harywmo |21, 22].

HN3yuyeHne OMHAMMKU CeTell U3 HEJUMHEWHBIX
CUCTEM SBJISIETCS BaXKHOW 3aJa4ell U MUMEET IIPHU-
JIOKEHMSI B pa3IMYHBIX O0JACTSIX HayKH, TaKuX
Kak (usmka, HMHXKEHEpHBIE HayKH, OWOJIOTHS,
coumosiorust u mp. [1, 2]. CucteMbl B TaKuX Ce-
TSIX MOTYT (DOPMUPOBATh Pa3IMYHBIE COCTOSHUS
CeTHU: TIOJIHYI0 CUHXPOHU3ALIUIO, IIPU KOTOPOii BCe
CHCTEeMBI B CeTU (PYHKIIMOHUPYIOT COIJIACOBAHHO
[3]; KIacTepHYI0 CHMHXPOHM3AIMIO, IIPU KOTOPOI
cUCTeMbl (DYHKILIMOHMUPYIOT COIJIACOBAHHO B He-
0oJBIIMX TpyIax (KjaacTepax), a caMH TPYIIIbI
HEe corjlacoBaHbl MexXnay coboil [4]; cocTosiHue
XMMEpPhI, TP KOTOPOM OJHA YacTb CUCTEM CHH-
XpOHU3UpPOBaHa, a aApyrass — HeT [5, 6]; necuH-
XPOHM3ALIUIO, TIPY KOTOPOI HET COINIaCOBAHHOCTU
B (OYHKLIMOHMPOBAaHUU CUCTEM.

B oOmactu HeiipoHayK pa3JM4YHBbIE PEXKUMBI
(GYHKIIMOHUPOBAHUS HEWPOHHBLIX CETel TECHO
CBSI3aHBI C HOpPMAaJIbHBIM (PYHKIIMOHMPOBaHUEM
MO3Ta, a UX HapylleHue IMPUBOAUT K BO3ZHUKHO-
BEHUIO Pa3JIMYHBIX IATOJOTUM, TAKUX KaK 3CCEH-
LUaJbHBIA TpeMop [7], anunencus [8] u 60oje3Hb

*Pabora BeimosHeHa B MIIMamr PAH npu nmonnmepxkke Poc-
cuiickoro Hayunoro @onpga (mpoekt Ne 21-72-00107).
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HpeusapnTenbﬂme CBCIACHUA

Koaebameavnocmo no Sxyboeuuy. Paccmo-
TpUM cucTeMy nuddepeHIInaIbHbIX YpaBHEHUN
B popme Jlypnbe

X(7) = Ax(7) + BE(?);
y() = Cx(0); &) = @(y(1)),

rae X € R” — BEKTOp COCTOSIHUS; Yy € R/ — BBIXO/I;
E: R! > R™ — rnamkas BeKTOp-pyHK1IUS; A, B,
C — MOCTOSIHHBIE BellIECTBEHHbIE MaTPUIIBl pa3-
MepoB n X n, n X m, | X n coorBeTcTBeHHO. OT-
METHUM, YTO IIPOM3BOJbHAs cucTeMa X = f(X) Mo-
XKeT ObITh 3anucaHa B Buae (1).

Onpenenenne 1. [Ins1 o, B € R, a < B ckansipHasi
dynkuusa y(r) HazbiBaeTcsd (o, PB)-kojaedaTenbHON
Ipu ¢ — +oo, €CJIM OHA OTPAHMYEHA, U BHIIIOJHEHBI
clleayooliue HepaBeHCTBa:

)

lim y(r) > B, lim y(?) < o.
I—>+0 f—>+o0
CkansipHast ¢pyHKUuUs y(f) Ha3bIBaeTCs KoJie-
OarenbHOI 10 AKyO0oBMYY mpu f — +oo, €CIU Cy-
LIECTBYIOT HEKOTOPbIE KOHCTAHTHI a, B TAKKE, UTO
y(?) saBasiercs (o, B)-KojebdaTeabHOl Npu f — +oo.
Onpenenenne 2. Cucrema (1) Ha3bIBaeTCsl KO-
JiebareapHON 1Mo SKyO0OBHMYY MO BBIXOAY Yy, €CIU
IUISI TIOUTH Beex X, € R” ee pemnieHus x(#, X,) orpa-
HUYEHBI, U XOTd Obl AJs1 OgHOTrO y; i = 1, ..., [,
BBIIIOJIHEHBI HEPABEHCTBA

li_m yi(X(t,Xo)) < lim yi(x(t5X0))~
t—>+w t—>+o0

Crenylouiasi Teopema siBJIsIeTCsl OTHUM U3 IIPO-
CTEHIIMX KPUTEPHUEB KOJIeOaTEeIbHOCTH, HO OHA HE
JaeT OLIEHKM JJIsI pa3Maxa KojebdaHuit o, P.

Teopema 1. Ilycth Bce pemneHusi cuctembl (1)
orpaHnudeHbl. Kpome TOoro, mycth XoTs1 OBl OJHO U3
COOCTBEHHBIX YMCEJ KaXKJA0i U3 MaTpull JIMHeapu-
30BaHHBIX cucteM Q; = A +B¢'(Cx;)C, rme x; —
TOJIOKEH ST paBHOBecus cucTeMbl (1), a ¢'(y) — ma-
Tpuua Akobu BeKTOp-GyHKUUU ¢@(y), HAXOOAUTCS
B IIPAaBOM KOMILJIEKCHOM IIOJYILJIOCKOCTA, U HU
OIHO M3 HUX He HaxoauTcsa Ha MHUMoI ocu. Toraa
cuctema (1) sgBusieTcss kojebareabHOU 1Mo SKy6o-
BUYY Mo BbIxony y. Eciu Bce cOOCTBEHHBIE UuCia
Marpull Q; HaxomsTCd B MPABOM MOJYILIOCKOCTH,
TO MHOXECTBO HayaJIbHBIX HAaHHBIX, IJIS KOTO-
pBIX pelleHMsI He SBISIOTCS KojJeOaHMSIMU IIO
BBIXONY Yy, ©UMeeT BUI Q = {X: X :Xj}.

HaHHBIE OIlpeleleHusT W TeopeMa IIepBOHA-
yajJbpHO ObLIM chopmynupoBaHbl B. A. SIKy6oBu-
yeM B pabotax [18, 19] u ucmonab30BaluCh OIS

IuccuUmaTuBHBIX cucteM. Ilo3xe B pabGore [23]
aBTOPBI 3aMEHWJIN YCJIOBUE NUCCUIMMATUBHOCTU Ha
YCJIOBUE OTPAHUYEHHOCTHU.

Cucmema PumuyXvio—Hazymo. OnHoii u3 ca-
MBIX 3HAQUMMBIX pabOT B 00JaCTU BBIYUCIUTENb-
HOW HEMpOOMONOTUHM ABSeTCSd padboTa XOAKKWHA
n Xakciau [24] o HepBHOI NMPOBOAMMOCTH B TH-
raHTCKOM akcoHe KajbMapa. OgHako cucrema,
CUHTE3UpPOBaHHAAg B 3TOW pabOTe, OMMCHIBACTCS
YETHIPEXMEPHBIMU HEJIUMHEWHBIMU AuddepeHn-
QJIbHBIMU YPaBHEHUSIMU 1 TTIO3TOMY SIBJISIETCS 10~
CTaTOYHO CJIOKHOU IJTISI UCCIIEAOBAHUS, OCOOEHHO
B KOHTEKCTE WCCIEAOBAHUS NWHAMUKU CETEU U3
Takux cucteM. CyllecTBYIOT TakKXe YIpOIIEHHbBIE
MOJIeJIV, OIMChIBAlOIINE AMHAMUKY €IWHUYHOIO
HelipoHa. OmHOI M3 TaKMUX MOJEJEH SIBISICTCS CH-
creMa ®urtuXsto—Harymo (OXH) [21, 22], onu-
cbiBaeMasi nuddepeHIMaabHBIMM YpPaBHEHUSIMU
BTOPOTO MOPSAKA ¢ KyOMYECKOU HETMHEWHOCTBIO:

3
£x(1) = x(1) - XT(” 30);

(1) = x(1) +a,

rae x, ¥ € R aBISIOTCSA TTEpEeMEHHBIMU COCTOSTHUSI
U OIMMUCHIBAIOT TPAaHCMEMOpPAHHBINA MOTEHIMA U
MEIJICHHBI TOK BOCCTAHOBJICHUSI, COOTBETCTBEH-
Ho. Ilapametrp ¢ € R, roe 0 < ¢ < 1, ucnoab3y-
eTcsl Ui pasfefieHnus] AMHAMUKU Ha MEIJIEHHYIO
1 OBICTPYIO; a € R gBisieTcss 6uMbypKALMOHHBIM
napamerpom: 1ipu |a| < 1 cucrema (2) sBiIsIETCS
KoJiebaTesIbHOM, Torma Kak npH |a| > 1 oHa siBiis-
eTCcs1 BO30yAUMOM, T. €. II100aJIbHO aCUMIOTOTHUYE-
CKH1 YCTOMYMBOM.

()

Onpezle.lle}me JCCHHXPOHHU3AIINU

IMog cuHXpoHM3aLMEll ITIOHMMAETCS COIJIACO-
BaHHOE BO BpeMeHU (PYHKIIMOHMPOBAHUE ABYX UJIU
HeCKOJIbKUX mpoueccoB [1—3]. B 3aBucumoctu ot
TOro, Kakue XapaKTepUCTUKU pacCMaTpUBacMBIX
MPOLIECCOB UJIM OOBEKTOB CPAaBHUBAIOTCSI, MOXHO
BBIIEUTD Pa3JIMYHbIC TUIILI CHHXPOHU3ALMU. DTO
MOXET OBITh YACTOTHASI CUHXPOHMU3ALIUS, UCIIONb-
3yeMasi 11 IPOLECCOB, IS KOTOPBIX OIpPEAc/ICHO
MOHSITUE 4YacTOTHI [25]; pa3oBasi CHUHXpPOHU3ALIUS,
000011IeHHOE MOHSATUE KOTOPOU MOXKET MCITOJIb30-
BaTbCs IS OMUCAHUS CUHXPOHM3AllMM XaoTUYe-
CKMX IIpolieccoB [26]; KoopauHaTHasE CUHXPOHU-
3alusl, TOHMMaeMasl KaK COBIIaJIcCHUE KOOpIMHAT
BEKTOPOB COCTOSIHUI cuctem [27] u np. Ecam pac-
CMATPUBAIOTCS UACHTUYHBIE IPOLECCHl MIN O0b-
€KThl 0€3 BO3MYILUEHUI, TO CHHXPOHM3ALIUsI MOXET
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OBITh ACUMIITOTHYECKOM [3] — cirydaii, Korma pas-
HOCTh MEXIY pacCMaTpuMBaeMBIMU XapaKTePUCTH-
KaMM IIPOILIECCOB CTPEMUTCS K HYJI10. B mpoTnBHOM
cilyyae HeoOXOIMMO paccMaTpUBaTh MOHSITHUE TIPU-
ONMMKEHHOM CHMHXPOHM3AUMM (£-CHMHXPOHM3AIINN)
[3, 28, 29], rme ¢ ompenensieT ypoBEeHb TOUHOCTU
CHHXPOHM3ALINMN.

Ecnmu mom mecMHXpoHM3alueil ITOHUMAaTh OT-
CYTCTBHE CUHXPOHU3AILIMH, TO MOXHO YIIYCTUTh 13
PacCMOTPEHUSI HECKOJIbKO MHTEPECHBIX PEKMMOB,
TaKMX KakK KJacTepHasi CUHXPOHU3ALMSI U COCTO-
stHue xuMephl. [loaToMy HE0OXOOIMMO BBECTU KOP-
pPeKTHOE oNpeeieHre IeCUHXPOHU3Al MK, KOTOPOe
He OyJeT OXBaThiBaTh TPOMEXYTOUYHBIE' Clydyawu.
Onpenenenne $Ha3oBoOil TECMHXPOHM3AINU OBIIIO
nJaHo B pabotax [15, 30]. B mzanHOI1 paboTe paccMmo-
TPUM CJIy4dail IeCUHXPOHU3AIUH II0 BEIXOMY.

OnpeneneHne AECMHXPOHU3AMU IO BBIXOAY
ObLJIO 1aHO B pabote [17] 1 OCHOBaHO Ha ompene-
JIeHUU KoJiebarenbHoCcTH 1o SIKkyooBuuy. Eciam o
CHMHXPOHM3ALIMEN 10 BBEIXOAY MOHMMAETCSI CXOOM-
MOCTb K HYJIO OLIMOOK CHMHXpOHM3aUuu (pa3Ho-
CTM KOOPIMHAT BBHIXOHAOB Pa3IMUYHBIX CHCTEM), TO
Moj, IeCUHXPOHM3AIMeN 0 BBIXOAY Tpeajaraercs
NOHMMATh KoJjiebaTeabHOCTh Mo SKyOboBHUY CH-
CTeMbl M3 OLIMOOK CMHXpoHU3aluu. OmHaKo 3TO
omnpezaesieHre He oTpeaessieT rpaHullbl KoJieOaHU M,
MO3TOMY, HAIIPUMEP, &-CUHXPOHU3ALIUS TOXE MO-
JKET CUMTAThCS JECMHXPOHM3AIMEH B CMBIC]IE 3TO-
ro omnpeaeneHusi. BBemem HOBoe ompeneneHue ae-
CUHXPOHM3ALMU TI0 BbIXOMY, YUMUTHIBalOlIEe 000-
3HAUYCHHYIO IIPO0IeMy.

Paccmorpum cetb m3 N CBSI3aHHBIX CHUCTEM
pa3MepHOCTHU A :

x=F(x);y,=Cx;,i=1,...,N, 3)
e xeRM BEKTOpP COCTOSIHMSI BCEil CETH;
y; € R’ — Beixox i-it cuctemsl; C — MOCTOSTHHASI
Mmarpuia pasmepa n X I F: ¢ RM > RV — jo-
KaJIbHO JIMITIIMLEBA QYHKLIMS.

Hns cetu (3) BBeAEM CpPEIHIO B3BELIEHHYIO
IUHAMUKY

M=

X, =

N N
VX, Yo =2vi¥s v =1
] i=1 i=1

Omnpenenenne 3. Ilapy cuctem (i, j) B cetn (3)
OyneM Ha3bIBaTh JECUHXPOHU3UPOBAHHON IO BBI-
xony y, ecnu |y () =y > ¢, k=1, .., [, vt > 0,
rae ¢ > 0 — ypoBeHb IECUHXPOHU3AIIUH.

Cerp u3 cucteM (3) OyneM Ha3bIBaThb TMOJHO-
CTBIO ICCUHXPOHU3NPOBAHHON O BHIXOMY Y, €CITN

Vi — yaO| =&, k=1, .., L i=1,.. N, vt >0,
rae € > 0 — ypoBeHb 1eCUHXPOHU3AIUU.

Onpenenenune 3 TMO3BOJISIET MCKJIOYUTH CIY-
yau  aCHMMIITOTMYECKOW  CHUHXPOHU3aLMU U
€-CUMHXPOHU3AIUM, HO OHO TOXE HE JIMIIIEHO He-
noctatkoB. Hampumep, B ciydae mpoTtuBodasHoit
CMHXPOHM3ALIMKU CpefHss AuHaMuKa Y(f) = 0,
vt > 0, mo3ToMy O3TOT cjiyyail yAOBJIETBOPSET
onpeneneHnio 3. OQHaKO Takoe OIpeaeieHue Mmo-
3BOJISIET MCIOJb30BaTh TMOAXOMA KOOPAMHATHOIO
npeoOpa3oBaHMs K CUCTEME M3 CPelHel TMHaAMU-
KU 1 oin00K cuHxpoHusanuu [10, 11] u nanbHei-
IIEro MCIOJb30BaHUSI TEOpeM, MPEeATOXKEeHHbBIX
B. A. SIkyboosuueM [18, 19] nist aHanm3a CUCTEMBI
13 OIIMOOK CUHXPOHU3AUU

Tenepsp, ecnu mist cetu (3) BBECTU CUCTEMY M3
OIIMOOK CMHXPOHM3ALlMM M TMoKa3aTh, YTO OHAa
SBJISIETCS KojebaTenbHON Mo AKyOOBUYY MO BHI-
XOdy y, IprYeM IJis1 BCeX KOMIIOHEHT BbIXOJa, TO
YPOBEHb IECUMHXPOHU3ALIMU € MOXHO OyJeT orpe-
JeSITh Kak

€= max B,
izl,..,Nﬁ’k’

k=1,...1
rae Kaxzaas KOMIIOHEHTA BbIXoaa Y (f) — yu(?) aB-
asered (o, Biy)-KoJaedaTeabHOM.

OTMETUM, YTO € JIOJIKEH OBITh TOCTATOYHO BE-
JIMK, HaTIpuMep, B clyyae KojebaTebHOI CeTH OH
JOJKEH OBITh COM3MEPHUM C aMILJIMTYAO0M KoJieba-
HUI HECBSI3aHHOW CHUCTEMBI.

JlecHHXpOHM3aNIH B IBYX CBA3aHHBIX CHCTEMaX
®urnXsiw—Harymo

B xauecTtBe mpumepa paccMOTPUM IBE HIACH-
THUYHBIe TUPDY3NOHHO-CBsI3aHHbIe cucTeMbl X H

ex (1) = x, (1) -
() = x(t) + a;

3
£ (1) = X,(1) —sz(t)—h(f) e (1) - x, (1))

V(1) = x,(8) + a,

@ = Y1) +c(x,(t) — x5(0));

@)

IIe ¢ — CHWJia CBS3M MEXOy AByMS y3laMu. Bse-
JIeM TIepeMeHHBIEe CpelHeil TMHAMUKUA U OLIMOO0K
CUHXPOHU3ALIUU

1 1
X :E(xl +X3), Vg :E(yl +,),

1 1
O :E(xl -X;), 9, =5(J’1 =),
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Toraa ypaBHeHus (4) MOXHO TpeACTaBUTb B HO-
BBIX KOOpAMHATaX B BUJIE

3
5,0 = 5,0 - 50 - 520, (0 - 1,0;

V(1) =x,0)+a; 5)

sSx(t)::(14-2c)8x(t)——§§££2—

3
= 8,(Nx(1) = 8,(1);
5,(1) =58,(r).

3aMeTUM, YTO HANpSAMYIO MPUMEHUTH Teope-
My 1 K moacucrtemMe U3 OMIMOOK CMHXPOHU3ALUU
HE MOJIYYMTCSI, TaK KaK JaHHasl IMOACHCTEMa He
SBJISETCS 3aMKHYTOM. [ToaTOMy IpUMEHUM €€ KO
Bceir cucteme (5). Jns aTOoro Haiigem ee IoJiO-
JKEHUS pPaBHOBECHUS U JIMHEApU3YyeM 3TY CHUCTEMY
BO3Jie Kaxjoro u3 Hux. IlonyyeHHas cucteMa (5)
“MeeT eAMHCTBEHHOE IOJI0XEHUE PaBHOBECHS

3
T, 6x=0,8y=0,

3HA4YUT, €€ JIMHCaApMU30BaHHAasA (I)OpMa UMECT BU

* *
X, =-a, y,=—a+

550 = 10 a)x,(0 - 3,0
7,(0) = x,(0);

5.0 = 1101~ + 2008, -5, 1)
8y(1) = 8,(1),

a MaTpulla JMHEWHOW YacTU WMeeT OJIOYHO-Ira-
TOHAJILHYIO (OpPMY:

(1-a*/e -1/¢ 0 0

A 1 0 0 0
0 0 (-a’+2)/c -1/¢

0 0 1 0

n cjieayroumune COOCTBEHHbIEC YKCIIA:

1-a?+J(0-a%)?-4¢
}‘1,2 = 5

2¢e
1-a®+2c+(1-a® +2c)* - 4e
2¢e )

Yucna A;, COOTBETCTBYIOT CPEIHEH TMHAMUKE
U MMEIOT OTpMLATEIbHBIC BEIIECTBEHHBIE YacTH
npu |a| > 1. Yucna i34 COOTBETCTBYIOT CHCTeMe
U3 OIIMOOK CHHXPOHU3AaLUUM U HMMEIT IOJIOXM-
TeJIbHbIC BEIECTBEHHbIE YacTh, ecu 2¢ > a* — 1.
3aMeTuM, 4TO COOCTBEHHbIE YMCIa MaTpPULL HE Me-
HSIIOTCSI TIPY KOOPAMHATHOM IIpeoOpa3oBaHUU, I10-
3TOMY OHMU Xe€ SIBJISIIOTCSI COOCTBEHHBIMU YKMCIaMU
MaTpUILbl IMHEHHON YaCTU UCXOAHON CUCTEMBI (4).
OrpaHMYEHHOCTh pelleHuit B Auddy3moHHO-CBSI-
3aHHOI1 cetn cucteM ®XH Obina JokasaHa B pabo-
te [12]. [ToaTomy ycnoBust Teopembl 1 BEIOTHEHHI,
3HAYUT, BHIIIOJHEHO U €€ 3aKII0UCHHUE.

Teopema 2. JIBe cBsI3aHHbIE UACHTUYHbIE BO3-
oynumsie (Ja| > 1) cucrembr ®XH (4) Kosebareb-
HBI 110 SIKYOOBUYY 1O BBIXOMY (X, X,)" sl MOYTH
BCEX HaYaJIbHBIX HAHHBIX, ecin 2¢ > a* — 1

B maHHOM ciyyae Koye0aTelbHOCTh CHUCTEMBI
(4) o3HauaeT KoJiebATEJILHOCTh CUCTEMbI M3 OLIM-
0OK CHMHXPOHHU3alIUM, a 3HAYUT, cucTeMa (4) mos-
HOCTBIO JIECUHXPOHU3MPOBAHA TIO BBIXOAY (X}, X,)"
C HEKOTOPBIM YPOBHEM &.

OTMeTHM, 4TO B cliydyae KoJjeba-

7‘3,4 =

tesbHOM cucteMbl ®XH (|a| < 1) cpen-
HSS IMHAMHUKAa CeTU OyJeT TOoxXe KO-
JIe0aTeIbHOM, IMMO3TOMY MCXOAHAS CH-
creMa (4) OymeT KoJiebaTelbHOU IIpU
J11000i1 cujie CBI3U.

I[IpomoaenupyeM AMHAMUKY OBYX
cBsi3aHHBIX cructeM OXH (4) mpu ma-
pametrpax ¢ = 1,1, e = 0,1, c = 0,11 u
Ha4aJIbHBIX JAHHBIX X; = —1, y; = —1,

x, = 1, y, = 1. B naHHOM ciy4ae He-
cBa3aHHble cucteMbl OXH gBisgiorcsa
BO30YOMMBIMH, T. €. KOJIeOaHUs OTCYT-

Puc. 1. lunamMuka TpancMeMOpPaHHBIX NOTeHINAIO0B X; ABYX cuctem OXH (4). Ciy-
Yail JeCHUHXPOHU3AUMHT
Fig. 1. Dynamics of transmembrane potentials x; of two FHN systems (4). Desyn-
chronization case

CTBYIOT. YcioBusi TeopeMbl 2 BBINOJI-
HEHBI, a 3HAYMUT, CBSI3aHHBIC CHCTEMBI
®XH konedarenbHbl M0 SIKydooBUYY 1O
BBIXONY (X, X,)". Ha puc. 1 npencrasie-
Ha OIMHAMHKa TpaHCMeMOpaHHBIX IO-
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TEHIIMAJIOB X|, X, NBYX cucreM MOXH: nmeror mecto
JIEeCUHXPOHU3UPOBAHHBIE KOJIEOaHNUSI.

JleCHHXPOHH3AIMSA B CETH
u3 cucrem PurnXsio—Harymo

Tenepr paccMoTpuMm ceTb U3 N 1udPy3noHHO-
CBsI3aHHBIX BO30ynuMbIX cucteM OXH:

3
£x;(1) = xi(t)—xfT(t)—
N 6
— 30+ Ty (ki) - X, (0)); ©)
j=1
yit)y=x,(t)+a,i=1,...,N,
e C = (¢, i, j =1, .., N, — marpunua cMmex-

HOCTHU Tpada G, COOTBETCTBYIOLIETO paccMaTpHh-
Ba€MOM CETH.

JlaHHasg ceTb UMeeT eAUHCTBEHHOE TOJI0XKEHUE
paBHOBECH I

* 613 .
=-a, y; :—a+?,z:1,...,N,

*

X;
II03TOMY €1 COOTBETCTBYET CJEAVIOLIAs JUHEAPH-
30BaHHAS CUCTEMA:

x;(t) =
1 , N
= (I-a”)x;(t) - y; (1) + Zlcij(xj(f)—xi(f)) ;
Jj=

y[(t) = xi(t)’ i = L“';N,
KOTOPYIO MOXHO IPEACTABUTh B BEKTOPHOI (DOpME:

X(1) =((Iy ® A) + (L ® B))x(?),

e

A[(-a"/e ~1/e ’ B:[_l/g Oj‘
1 0 0 0
3necy x € RZY — Bektop cocrostHUSI Beeit
cetu; Iy — eanmHuyHasg Mmarpuua pasMepa NXN
L — marpuna Jlanmaca rpada G; ® — mpousse-
nenue KpoHekepa aByx marpui. IIpeanonoxum,
4yTO rpad G SBISETCS HEOPUEHTUPOBAHHBIM, TOTI-
na cyuectByeT matpuua U e RNN Takas, 4To
L = UAU", rne A — numaroHajbHasi MaTpulia, Ha
IWaroHajJy KOTOPOH CTOST COOCTBEHHEBIE YuMCIIa
marpulbl Jlanuaca.

Coenaem mnpeoOpa3oBaHHE KOOpPAUHAT Z =
= U'®I,X, UCTOib3ysl CBOWCTBO IPOU3BEACHUS

KpoHekepa, Torna ypaBHeHUSI CETUM B HOBBIX KO-
opIMHaTax UMEIOT BUJ

i(f) = Jz(t) =((Iy ® A) + (A ® B))z(?).

Marpuiia MojJy4eHHOro JIMHEWHOro YypaBHE-
HUSI MMeeT OJIOYHO-AMAaroHaJbHYyIO0 (opMmy, rue
MepBbIii 0JJOK COOTBETCTBYET CpEAHE NMHAMUKE,
a OCTajJibHble — OIIMOKaM CHMHXPOHU3ALUU (CM.,
Hanpumep, [10, 11]). Kaxapiii 610Kk J; nonyyeH-
HOI MaTpullbl J UMeeT BUI

g _[A=a®+0@)/e ~1/e
’ 1 0

rae A(G) — coOcTBeHHbIE yuciaa maTpulbl Jla-
minaca L rpaga G. HaiigeM coOGCTBEHHBIE YucCia
osioka J;:

1-a? +1,(G) (1 —a® + 1,(G))? - 4
2¢ ’

Marpuna Jlanmaca L mMeeT HyJieBoe cOOCTBEH-
Hoe yucio A(G) = 0, KoTopoe SBIASIETCS MUHU-
majbHbIM. [Ipu |a| > 1 cobcTBeHHBIE UKcIa OJ0Ka
J, UMeIoT oTpulaTe/bHbIE BELIECTBEHHbIE YaCTH,
a 3HAYUT, ITOACHCTEMA, OIMMCHIBAIOLIASI CPEAHION0
IWHAMUKY, SBJIsIeTCS BO30yaumoii. JIas Toro 4ro-
O6bl cucteMa (6) ObLia KojebaTenbHoM mo AKky6o-
BMUY, JOCTATOYHO, YTOOBI COOCTBEHHBLIE YHCIa
XOTs1 Obl ONHOrO 0JI0KA J; UMEJIU TOJIOXKUTEIbHbIE
BellleCTBeHHbIe YacTu. OTpaHUYECHHOCTh PEIICHUIA
B nuddy3noHHO-cBsI3aHHOM cetn cucteM DOXH
Obl1a nokaszaHa B pa6ore [12]. TToaToMy ycioBus
Teopembl 1 BBIIOAHEHBI, 3HAYUT, BLITIOJTHEHO U €€
3aKJIIOUCHUE.

Teopema 3. CeTh M3 CBA3aHHBIX BO30YAMMBIX
(la| > 1) cucrem ®XH (6) ¢ HEOPUEHTUPOBAHHBIM
rpagom cBs3eil kojebaTenbHa 1Mo SIKyOoBUYYy TI0
BBIXONY (X, ..., Xy)" IUISI TIOYTH BCEX HavaJbHbBIX
NAHHBIX, €CIU Ay, (G) > a® — 1.

Takum o00pa3oM, B 3aBUCMMOCTU OT TOTIO,
CKOJIbKO COOCTBEHHBIX 4ucea MaTpulibl Jlariaca
YIOBJIETBOPSIOT YCIOBUIO A(G) > a*— 1, Oynet pas-
HOE€ YMCJI0 KOJieOaTeIbHbIX KOMIIOHEHT BEKTOpA U3
OIIMOOK CUMHXPOHM3ALMU, a 3HAYUT, U YUCIIO Je-
CUHXPOHM3MPOBAHHKIX Tap B ceTu (6). B maHHOM
clyyae JIE€CMHXPOHU3MPOBAHHBIE IIAphl CHUCTEM
CeTH OydyT KoJeOaTeIbHBIMU, a OCTAaBIINECS CUH-
XPOHU3UPOBAHHBIE CUCTEMbI OYyIyT BO30YIUMBIMU
(B HUX KoJiebaHMS OyAyT OTCYTCTBOBATh), T. €. IIO-
JIY4EHHOE COCTOSIHHE CETHU MOXHO OXapaKTepH30-

7%'1,1'2 =
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BaTh KaK HEKOTOPOE XUMEPOIOI00HOE COCTOSIHUE.
Ecnn xe Bce COOCTBEHHBIE YMCIIa BCEX OJIOKOB J;,
KpOMe TIepBOTo, OYyAyT UMETh MOJIOXKUTEIbHBIC Be-
IIECTBEHHBIC YacTH, T. €. OyJeT BBITIOJJHEHO Hepa-
BEHCTBO M,(G) > a®> — 1, To cetp (6) GyzeT MOJTHO-
CTBIO ICCHMHXPOHM3UPOBAHA IO BBIXOAY (X, ..., Xp)"
C HEKOTOpPHIM YpOBHeM &. Bropoe MmHMMabHOE
cobcTBeHHOe yuciao marpuubl Jlamnaca A,(G) Ha-
3BIBACTCST aITe0OpanyecKoil CBSI3HOCTBIO M SIBJISICT-
Cs1 TIOJIOKUTETBHBIM, €Cli Tpad CBSI3EH SIBIISIETCS
CBSI3HBIM.

OTMeTuM, UTO IJIsI CETH U3 KoJiebaTeTbHbIX CH-
creM ®XH (Ja| < 1) Bce Gi10ku J; UMEIOT COOCTBEH-
HbIe YHCJIa C TTOJIOKUTETbHBIMM BEIICCTBEHHBIMU
YacTSIMU JlaXke TIpU OTCYTCTBMU CBSI3eil B CETH.

[MpoBenem MonenmpoBaHWe TUHAMUKU CETH U3
N = 100 cucrem ®XH (6). [TapameTpsl CUCTEMBI
BBIOpaHBI ciaeayommm obpaszom: a = 1,1, ¢ = 1.
Matpuia cMexxHoCTH C SIBISETCS CUMMETPUIHOM,
C HYJSIMU Ha TJIaBHOW IMAaroHallu, Ilie OCTaJbHBIC
BJIEMEHTBI SIBISIOTCS TTPOU3BOJIBLHBIMU TIOJIOXKH-
TEeJIbHBIMU YMCIaMH, T. €. pacCMaTPUBAETCS CIIy-
Yaif TOJTHOTO B3BEIIEHHOTO HEOPUEHTHPOBAHHOTO
rpada cBsaseir G 0e3 neTenb. HayanapHble TaHHBIC
paBHOMEPHO pacmpenesieHbl Ha oTpeske [0; 1].

B nepBoMm cinydae marpuna C BeIOpaHa TaKMM
00pa3oM, UTO TOJILKO IBA COOCTBEHHBIX YMCJIa CO-
OTBETCTBYIOIIEH MaTpuiibl Jlarnaca L ymoBiaeTBo-
pSIIOT HepaBeHCTBY A(G) > a®> — 1. Tlo Teopeme 3
takas ceThb u3 cucteM MXH Oynet konedarenbHOMI
o SIky6oBu4y 1o BeIXOny (X, ..., Xy)'. Pe3ynbra-
THI MOJIETMPOBAHUSI TMHAMUKH TaKOW CETH TIpe-
CTaBJIEHBI Ha pUC. 2 (CM. BTOPYIO CTOPOHY 000X~
K1). 310ech OCh aOCIMCC COOTBETCTBYET BpPEeMEHU
f, TOTIa KakK OCh OpAMHAT COOTBETCTBYET HOMEpY
y3na B cetu i = 1, ..., N. 3HaueHuss pyHkumi x(¥)
n300paxeHsl IBeToM. M3 puc. 2 BUAHO, YTO TOJIb-
KO JIB€ CHCTEMBI B CETH SIBIISIIOTCS KOJIeOaTeTbHBI-
MU, OCTaJIbHbIC Xe SBJISIIOTCSI BO3OYIMMBIMU, T. €.
B HUX KOJIeOAHUST OTCYTCTBYIOT.

Terepb paccMOTpHUM CJTydaii, Ipu KOTOPOM BCe
cobcTBeHHbIe umcna marpulibl Jlammaca L, xpome
MIEPBOTO, YIOBJIETBOPSIIOT HEPABEHCTBY A((G) > a - 1,
T. €. BBIIIOJIHEHO HEPABEHCTBO M,(G) > a* — 1. Pe-
3yJIbTaThl MOAETUPOBAHUS TUHAMUKHU TaKOW CETH
MpeacTaBieHbl Ha puc. 3 (CM. BTOPYIO CTOPOHY
00s10kKu). BuaHO, 4TO B JAaHHOM CJy4yae BCE CH-
CTEMBl B CETHU SIBISIIOTCS KoJiebatenbHbIMU. Co-
CTOSTHUE TaKOW CETU yIOBJIETBOPSIET OINPEAeTCHUIO
MOJTHOCTBIO  IECMHXPOHU3MpPOBaHHOW.  OmHaKo
TakXXe MOXHO YTBepXIaTh, YTO HEKOTOPHIC Y3JIbI
TaKoi ceTH MPOTUBOG(A3HO CUHXPOHM3UPOBAHHI,
Toraa Kak apyrue — cuHpasHo.

3akiaouenue

B pabote ObLJIO MpeayioXXeHO ompeneaeHue Jie-
CUHXPOHU3ALMU MO BBIXOAY IJISI CETU M3 HEJIU-
HeliHBIX cucTeM. [lokazaHa B3aMMOCBSI3b MEXIY
MOHSTUSAMHU KoJiebaTeIbHOCTU TI0 SKyOoBUUY U
JECUHXPOHM3ALMU B CETSIX U3 BO3OYIMMBIX CHU-
cteM. Ha nmpumepe nByX CBSI3aHHBIX BO30YIMMBIX
cucteM dutuXpro—HaryMo 6b1JI0 TOKa3aHO, KaK
MOXHO MOJIy4aTh YCJIOBUS KOJIeOATEAbHOCTHU IIJISI
BO30yIMMBIX cucTeM. Jlajgee JaHHBIN pe3yiabTaT
ObLJT 000011IEH Ha clyyail CeTH U3 CBSI3AHHBIX CU-
creM durtuXsio—Harymo. Iloka3zaHo, 4TO 4uCIO
KoJieOaTeIbHBIX CUCTEM B TAKOW CETH 3aBUCUT OT
cnekTpa Matpunbl Jlamnaca rpada cBg3eit ceTwm.
Takxke ObLIO IPOBEIECHO MOAEJMpPOBAHUE IUHA-
MUKHU ceteil u3 cucreM durtuXsro—Harymo, pe-
3yJBTaTbl KOTOPOI'O COOTHOCSTCS C MOJYYEeHHBI-
MU aHAJIUTUYECKUMHU YCIOBUSIMU.
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Study of dynamics of complex networked systems is one of the relevant problems. Networked systems can be in various
states, ranging from complete synchronization, when all systems in the network are coherent, to complete desynchroniza-
tion, i.e. complete incoherence in the functioning of systems. Synchronization phenomenon has already been well studied,
namely, the mathematical definitions of synchronization are introduced, algorithms of studying synchronization are pro-
posed, and synchronization conditions of various types of networked systems are established. Whereas a few works are
devoted to the study of desynchronization nowadays. This paper introduces output desynchronization notion for networks
of nonlinear systems. The definitions about Yakubovich oscillatority are considered and the link between oscillatority and
desynchronization in networks of excitable nonlinear systems is established. Excitable systems are stable; therefore, they
do not generate oscillations. Adding couplings between such systems can lead to occurrence of oscillations. The conditions
about oscillatority in diffusively coupled networks of Fitz Hugh- Nagumo systems, which are the simplest neuron models, are
derived. Firstly, the case of the simplest network of two coupled systems is considered, and afterwards, obtained result is
generalized for the case of several systems. Laplace matrix spectrum plays crucial role in dynamics of such networks. The
condition that connects the parameters of the uncoupled system in the network and the eigenvalues of the Laplace matrix,
is obtained which determines whether the network is oscillatory or not. The number of systems that generate oscillations in
such a network depends on the number of eigenvalues of the Laplace matrix that satisfy the obtained conditions. Obtained
analytical results are confirmed by simulation. The results of simulation of complete desynchronization in the network,
when all systems begin to oscillate, as well as a chimera-like state, in which only a part of the systems oscillates, while the

other part are rest, are presented.
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NMpumeHeHne anroputma "lMonocka"
AnA OHNanmHoBoro aekoguposaHua AAlM-narrepHoB*

Paccmampuseaemcs 3adaua onpedenenus no CUSHAAAM IAEKMPOIHUEDAN02PAMMYL MO0, KAKOU PYKOU — Npagoll uiu
A€60U — UCNbIMYeMbll HaMmepesaemces coeepuiums dguicenue. AKmyaibHocms 3a0a4u 00yca064eHa WUPOKUM pacnpocmpane-
Huem unmepgericoe moze—iKomnviomep, eoe s1eKmposxyedaroepapus 1641emcs 00HUM U3 OCHOBHBIX HEUHBA3UBGHBIX MEN 0008
CHAMUS CUCHAN08 C 20108H020 M032ad. Onpedeaus pyKy, KOMOpoU UCHbIMYeMblll HAMepPesaemcs Co8epuums 08UNCeHUe, MOICHO
nooasams coomeemcmeayujue KomManosl 6 KOMHbiomep.

Jas pewenus nocmaeienHoU 3a0avu U3 ompe3K08 CUSHAN08, NPeOuleCMEYIOUUX 08UNCEHUI), BblOCASIOMCS 8PeMeHHble U
Yacmommuble NPUIHAKU, KOMOPble N0OAoMca Ha 86X00 Modeau MAWUHHO020 00yueHUus. 3adaua gopmyaupyemcs Kak 3adaua ou-
Hapuou kaaccupurayuu. Modeav doaxcna npedckazamo, 6ydem au 08uUNCEHUE COBEPUICHO NPABOU PYKOU UAU 1€8OU.

B omauuue om cmaundapmmuoi nocmano8ku 3a0auu 00y4eHus ¢ yuumenem npednosazaemcs, 4mo nped3adauHulii Habop
JaHHbIX 045 00YHeHUS Omcymcmeyem, u cemnivl 041 00yueHus modeau nocmynarom o0uH 3a opyeum. Taxum obpazom umumu-
pyemcs cumyayus, npu Komopou mooeav 00AICHA pabomams ¢ HOBbIM UCHLIMYEMbIM U NHOOCMPOUMbCA HOO He20 6 PeanbHOM
epemenu. TpaduyuoHHsim memooom 00yuenus AUHelHbIX Modeneli 6 maKoi napadueme 18A1emcs CMoXacmuueckui epaouerm-
Houli cnyck. Panee 6vi10 nokaszano, umo asreopumm "lloaocka”, paspabomannsiii B. A. Axyboeuuem oas pada 3adau, obaadaem
00n1ee bICOKOU CKOPOCMbIO CXO0UMOCMU, YeM cmoxacmuyecKull epaduenmunsii cnyck. Odnako smo docmueaemcs 3a cuem
moeo, Y¥mo wae aneopumma co8epulaemcs Ha Kaxcovllli NPU3HAK cemnia. Dmo deaaem paccmampusaemyro panee eepcuio "llo-
A0CKU" He npueooHol 045 pabomsl ¢ OAGHHbIMU 8bICOKOU pasmepHocmu. B cmamoe npedaraeaemcs ucnoas3oeanue opyeoi eepcuu
"llosocku”, He ob6aadaioueli YKa3aHHbIM HEOOCMAMKOM.

Ilpednoncennwiii areopumm anpobuposar Ha omKpvimom Habope danHvix ¢ copeerosanuil "BCI competition 11". [loxaszano,
umo aneopumm obaadaem Goaee 8blCOKOU CKOPOCMbIO COBePULeHUs 00H020 Waea 00yHeHUs No CPAGHEHUI0 ¢ MPAOUYUOHHbIMU
AUHEUHBIMU MOOAAMU HA OCHO8e CMOXACMUYECK020 2PA0UeHMH020 CHYCKA HA PACCMAMPUBAeMOM Habope OaHHbIX, YMO A6A5-
emcs npeumMyuecmeom npu UCHOAb308AHUL 8 PEANbHOM GPeMeHl.

Karoueenie caosa: pexyppenmHuule yenegvie Hepasencmaa, unmepgeticol Moze—kKomnvromep, Kaaccuguxkayus I3[, mawun-

Hoe o0yueHUe

BBenenne

B HacTos11ee BpeMs IMPOKOE pacpoCTpaHEHUE
MOJIYYMJIU UHTepeiichl MO3r—KoMITbioTep [1], mpu-
MEHSIeMble B TIpOTe3UpOBaHUM [2], peaOMIUTALIUU
[3], neueHM HeBposOrMuYecKux 3abdosneBaHuii [4, 5]
M Apyrux objactax. as obecriedyeHUsT B3aMMOIEH-
CTBUSI MEXIY MO3IOM M KOMIIBIOTEPOM HEOOXOmu-
MO CHMMAaTh CUTHajbl ¢ Mo3ra. OgHuM M3 Hanbo-
Jiee TIOIYJISIPHBIX HEMHBAa3MBHBIX METOIOB CHSTHS
CUTHAJIOB C MO3ra SBJISIETCS 3JEKTpo3HIedantorpa-
dug (O3I) [6]. B cayyae ucnonb3oBanusa DI Bo3-
HUKaeT 3aja4ya JACKOAMPOBAHUS MATTEPHOB B LIE/SIX
BBIJCJICHUST U3 HUX T0JIE3HBIX KoMaHI. Hampumep,
orpeaeavB Mo curHajam D3I ABUXXKEHUST TIpaBoi
W JIEBOl PYKOM, MOXHO COMNOCTAaBUTh MM pa3HbIe
yIIpaBJsiolie BO3ACUCTBUSI HA MOOUJIBHOTO po0o-
Ta [7]. OmHako OOJbIION MHTEPEC AJ1s1 UHTepdeiicoB
MO3T—KOMIIBIOTEP MPEACTABIsACT 3a1a4a BbISIBICHUS
MaTTEPHOB U3 CUTHAJIOB JIO0 OCYIECTBJIEHMS MCIIbI-

*MccnenoBaHue BBIMOJIHEHO 3a cyeT rpaHTta Poccuiickoro
HayuHoro ¢onaa (mpoekt Ne 21-71-00144).

TyeMbIM ABUxKeHUS [8, 9]. Takum obpazom, TpeOy-
€TCS1 OIPEeNeINTh HAMEPEHUE COBEPLINTD ABUKCHUE.
Jannyto 3agauy MoxXHO cpOpMyIHMpoBaTh KaK KJjac-
CU(UKAIIMOHHYIO 3aJadyy MAaIIMHHOTO OOyYeHMsI,
rae TpedyeTcss OOyYUTh MOJAENb, KOTOpasl IO TpU-
3HAaKaM, BBIJECJICHHBIM U3 OTPE3KOB CUTHAIOB DIl
MPEAIIEeCTBYIONINX ABMXKEHUIO, TOJIXKHA OIPENesTh,
OyIeT I COBEpIICHO IBUKCHUE WM KaKOe MMEHHO
JIBVXXEHHE OyIeT COBEPIIEHO.

Lenpio gaHHOI pabOTHI SBISETCS pa3paboTKa
aJTOpuTMa [JISL pellieHMs 3aJadyd OIpeAc/ICHUS
PYKH, KOTOPOU UCHBITYEMbIA HAMEPEBAETCS COBEP-
IIUTh IBUXEHUE. B KayecTBe MCTOUHMKA JTaHHBIX
IJIs anmpobaluM ITOAXOdAa MCIOJIb3YETCSd OTKPBI-
TeIil mataceT "IV ¢ copeBHoBanuii "BCI competition
II"', B KoTOpOM TIpencTaBieHbl curHaIbl DOI Hc-
MBITYEMOI'0, COBEPLIAIONIETO HaXaTWsl Ha KJIaBU-
1M TaJbllaMy JIEBOU U TIpaBoii pyKu. Pe3ynbraThl
KJIaCCU(PUKALIMOHHBIX MOJEJIeii Ha OCHOBE 3TO-
ro Habopa JAHHBLIX IPEACTABJICHBI B PAa3JIMUYHBIX

"https://www.bbci.de/competition/ii/berlin_desc.html
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crarbsax [10, 11]. OcoGeHHOCThIO JaHHON pPadOTHI
SIBJISIETCS  PACCMOTpPEHME TIOCTaBJICHHOW 3amadyu
C TMO3UIUM OHJIAWHOBOIO MAalIMHHOTO OOy4YeHUSI:
OyzneMm mpearnosararb, 4YTo IMpeA3aJaHHbI TPEeHU-
POBOYHBIN HAOOp JJIsT OOyYEeHUST OTCYTCTBYET. by-
JIEM CUMTaTh, YTO CEMIIJbl MOCTYMNAIOT B MOMAEIb
1O OJJHOMY, U TpeOyeTcsl B peabHOM BPEeMEHM KaK
MOXHO OBICTpEE TOACTPOUTh MOJEIb TOM MOCTY-
nampime ceMmIuibl. Takum o0pa3oM, UMUTHUPYET-
cd CcUTyallusi, IpU KOTOpOH MHTepdeiicom Oyaer
MOJIb30BAThCSl HOBBIM MCTIBITYEMBbIii, 110 KOTOPOMY
MpeaBapuTesibHO COOpaHHbIE JaHHbBIE OTCYTCTBY-
I0T. McnbeITyeMblii Oy#eT COBEpIIAaTh HEKOTOPOE
YMCJIO ABUKEHUU COTJIACHO MHCTPYKLMSM OT TPO-
rpaMMBbl, BCJIEACTBHE YETrO Y MOAEIN OymyT TOSIB-
JIIThCS CEMILIbI A1 00yueHus1. TpebyeTcs HacTpo-
WUTb TTapaMeTPbl MOJEIN, UCTIOIb3YSI MUHUMAJIbHOE
YHUCJIO uTepauuii o0yueHus. Bompochl mprmeHe-
HUSI MHTEP(PENCOB MO3T—KOMIIBIOTEP B peaTbHOM
BpeMeHM ObLIM paccMOTpeHbl B paborax [12, 13],
OIHAKO B HUX HE TPeAIoaaraJoch o0y4eHus MoJe-
Jiell B IIpoliecce MCMoJIb30BaHUSI MHTepdelica.
[lpensioXXeHHbBIN aITOPUTM COCTOMT U3 Tpex
1IaroB: mpeaoopaboTKa AAHHBIX, BbIAEJICHUE IIPU-
3HAKOB M O0y4yeHMe KaacCM(PUKAIIMOHHON MOIENIN.
BynyT BbIIENSITHCS JBE KATETOpUU MPU3HAKOB: Bpe-
MEHHBbIE U YaCTOTHbIE. JIJ1s1 KaX 101 KaTeropuu mpu-
3HAKOB OyIeT MPUMEHSITHCS CBOSI TMpeaoopadboTka,
COCTOSIIIIAsT U3 LIEHTPMPOBAHUST CUTHAJIOB U (DUJb-
Tpaiuii. B kauecTBe KiaccudukaiimoHHONW MoAeIn
Oymet paccmarpuBathesl aaropuTt™M "Ilomocka”, pas-
pabotanHbiii B. A. Axy6oBuyem [14]. Panee Ob110
nokaszaHo, uto aaroputm "llonocka" ayis psaa 3amaqy
obOmamaeT 6oJsiee OBICTPOIN CXOMUMOCTBIO TIO CpaBHE-
HUIO CO CTOXaCTMYECKUM TPaaUEHTHBIM CITYCKOM
[15, 16], saBasomuMcsT CTaHAAPTHBIM METOIOM ISt
00y4YeHUs JIMHEUHBIX MONECAEH B MapagurMe OH-

YcpeaHeHHsI KaHan Cz, Nesan pyka

AMANKTYAA, MKB
o @ 1 =]

-

—600 -300 -200

JIAMHOBOTO MAIIMHHOrO oOydeHus. OmHaKO MO-
Jeib U3 paboThl [16] obGiagaeT HETOCTATKOM JIJIst
JTAHHBIX BBICOKOM PAa3MEPHOCTHU: HA KaXKJIbIU CEMILIT
JAHHBIX TpeOyeTCs OCYILIECTBUTh YMCIIO UTEpaALIii,
MIPONOPILIMOHAIEHOE pa3MEepHOCTH Mpu3HAKoB. s
MIPEOIOJICHUST 3TOTO OrpaHMUYEHUSI B JAaHHOU pabo-
T€ paccMaTpuBaeTcs Bapuanusa anropurma "llojo-
cka", Ha3BaHHag B. A. fAAxy6oBuuem "C-cuctemoii”
[17]. DT1a Bepcus anropuTMma COBEpIIAeT OOWH Iar
HACTPOMKHU MapaMeTpOB Ha OOUH CEMILI BHE 3aBU-
CUMMOCTHU OT YMcJia pu3HakoB. B pabore nposeneH
CpaBHUTEJBHBIN aHamu3 aaroputmoB "C-cuctema”
u "llonocka", a Takke ajaropuTMa CTOXaCTHMYECKO-
ro TPaJUEHTHOIrO CIIyCKa B IPUJIOXKECHUM K 3amade
OMPEAETIEHUS TOr0, KAKOM PYKOM MCTIIBITYEMbI Ha-
MEPEBACTCSI COBEPIIUTH IBUKCHUE.

CraTbsl OpraHm3oBaHa CJIEAYIOLIAM O00pa3oM:
B pasaeie "Habop maHHBIX" olmMCcaHbl JaHHbBIC, UC-
MOJIb3yeMbIe IJISI alpoOaliii IPeaIOKEHHOIO aj-
roputMa. B pasnesne "BroineneHnue mpu3HakoB” Onu-
CaHBbI METOJBI, MCIIOJIb3yeMEbIe IJIsI TPeaoopadoTKu
CUTHAJIOB U BBIACJICHUS IPU3HAKOB M3 paccMa-
TpUBaeMOro HaOopa maHHBIX. Pazmen "Anroputm
"TTomocka" TTOCBSIIIEH OIMUCAHUIO MOIEIN, NUCIIONb-
3yeMoi IJIsl Kjiaaccu(puKauyd CUTHAJIOB M, HAKO-
Hell, B pasaeiie "Pe3ymbTaTel" ormMcaHBl pe3yIbTaThl
YHMCJICHHOr0 cpaBHeHUs aiaroputma [lomocka" co
CTOXaCTUYECKUM I'PaJUCHTHBIM CITYCKOM.

Habop nannbix

B xauectBe Habopa HJaHHBIX MCHOJbB3YETCS
nmatacet "IV" w3 "BCI competition II" [18]. Hara-
ceT ObLI cOOpaH IpM MCCIEIOBAaHUU 340POBOIO
HUCITBITYeMOro ¢ ucnojb3oBaHueM 28 Ag/AgCl-
9JIEKTPOAOB ¢ yacTtoToil muckpetrusauuu 1000 T'u

] |
[ -
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Puc. 1. Ycpennennsie aMIIMTYAbI O KaXI0MY M3 KjaccoB Kanana Cz

Fig. 1. Averaged amplitudes of each class for channel Cz
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Puc. 2. IIpumepsl HHAUBUYAIbHBIX MO3UTHUBHBIX (4) U HeraTUBHBIX () 3M0X KaHaja Cz
Fig. 2. Examples of individual positive (a) and negative (6) epochs for channel Cz

n monocHeIM ¢uasrpom 0,05..200 TI'm. Jlatacer
BKJTIOYAET B ce0s1 416 anM3010B IBUXKEHU (31TOX).
Kaxmas smoxa mmeetr mimHy 500 MC M 3akaH-
yuBaeTcd 3a 130 Mc o coBeplIeHWS ABUXKEHUS.
JBUXEHUS IPEACTaBASIOT COO0OM HaxaTus Ha
KJaBully. B KaXxnoil smoxe MCIOJIb3YIOTCS OTHO-
CUTEJIbHBIC 3HAYCHUST BpEMEHU, MOMEHT HaXXaTusI
CUMTACTCSI HYJIEBBIM MOMEHTOM BpeMeHH. Takum
obpa3oM, Kaxpuast 31oxXa HauyMHAeTCd B MOMEHTE
BpeMeHu —630 Mc 1 3akaH4YnBaeTcd Ha —130 mc.

PaccmarpuBaem nBa Kijacca 50X — HO3UMUG-
Hble, TOC NBUXEHUE OBLIO BBIIIOJIHEHO JIEBOIl py-
KO, U HeeamugHvle, TIe IBUXEHNE ObLIO BBITIOJ-
HEHO TMpaBoii pykKoi. UMCIO IMO3UTUBHBIX M He-
raTUBHBIX 310X coBnagaeT. Ha puc. 1 mpuBeneHbl
YCpEeOHEHHBIE aMILIUTYAbl CUTHANA IJIS1 TTO3UTUB-
HBIX (puc. 1, @) n HeraTuBHBIX (puc. 1, 6) 30X
B KaHaje (Z, COOTBETCTBYIOIIEMY LIEHTPAJIbHOMY
BEPTEKCHOMY 2JIEKTPOLY.

Kak BugHO M3 rpadukoB, mpH IMO3UTUBHBIX
snoxax HaOjiopaeTcs 0ojiee SIPKO BbIPaKEHHOE
CHMXKEeHME aMILUIUTyIbl. OOHAaKO paclio3HaBaHUE
JOJIKHO OCYIIECTBJISITBCSI HE II0 YCPEeOAHEHHBIM
0 BI0XaM JAaHHBIM, a MO0 WHIWBHUIYaJbHBIM,
re B CUJY HU3KOTO COOTHOILIEHUSI CUTHAI—IIYM
pa3anyus He CTOJb SIPKO BhIpaxeHbl. s mpu-
Mepa Ha puc. 2 IIPUBEACHBI aMIIJIMTYAbl CUTHAJa
JUIST OMHOM 3IMOXM KaKJIOro M3 KJAaCCOB TOTO Ke
KaHaJa.

Brigenenue npu3HaKoB

Kak BumHO 13 puc. 2, pa3nmuuns B WHIWUBUIY-
aJIbHBIX 3M0XaX MOTYT OBITb HE CTOJb 3aMETHHI.
Heob6xonumo BuIAENSTh MPU3HAKU, KOTOPhIE OYIyT
MOJaBaThCs Ha BXOJ OMHApHON MOAEIU KJIacCUpu-

KallMM B LEJSX OIPEACIICHUS TOr0, KaKOU pPyKOM
WUCITBITYEMBIA HAMEPEBAECTCS COBEPIINTH ABUXKEHUE.
ITpusHaku BeIACISINCH KaK BO BPEMEHHOM, Tak
1 B 9aCTOTHOMU o0jacTsax. CHUrHaJbl OABEPrajncCh
IIPY 3TOM pa3HbIM BapHaHTaM HpeaodopadoTKMU.

Ilpedobpabomra 045 6pemMeHHbIX NPUSHAKOG

Kaxngpiit kanan B3I ObLI MOABEPHYT CIEAYIO-
LIEH TTpoueaype:

1. YVnaneHnue rino6anbHOTO CpeIHETO NS yaae-
HUS CMEIIEHWST U30JIMHUN OT HYJIS.

2. @unbrpalys IOJOCOBbIM (UIBTPOM C 4a-
crotamu cpes3a 0,3 I'm u 3 I'u. [nst aToro mcnomib-
3oBajics KNUX-puabrp, CHHTE3UPOBAHHBIN METO-
oM OKOH ¢ okHOM XemmuHra. [lopsimok ¢puaerpa
o611 paBeH 101.

3. VpmaneHue y4yacTKOB CHMTHAja C aMIUIATYIaMK
Beie 500 MkB. IIpy 3TOM BOKpPYr KaxKaoro cemruia,
MPEBBIIAIOLIETO 3Ty BEIUYMHY, AOMOJIHUTEILHO yaa-
Jisiics ydactok B 200 MC BOKpYT.

4. K kananam CI, C2, C3, C4 Obl1 OOIOJHU-
TEJIbHO TIpUMEHeH OOJIbIION JanjacCuaHOBCKUM
¢unetp. K xananam Cz, FC3, FC4 npuMeHscs
MaJIbIH JIaIlJIaCMaHOBCKUI (DUIETP.

Ilpedobpabomrka 045 wacmomnovix NPU3HAKOE

B tiensax ynydineHns KadecTBa paclio3HaBaHUS
CHUI'HAJIOB BO BPEMEHHOI 00JIaCTH, TAe HE ymaeT-
Cs BBIICIUTH MPU3HAKH, TTO3BOJISIIONINE OTICINUTh
MO3UTHUBHEBIE 3MOXM OT HETaTUBHBIX, JOMOJHU-
TE€JIBbHO OBIJIM BBIACJICHBI IIPU3HAKM B YaCTOTHOM
obnactu. IlpenpoOpaboTka CUTHAIOB AJIsI ITHUX
MMPU3HAKOB ObLjIa CIAEAYIOIIEH:

1. VnaneHue rinobanbHOro CpegHero s yaaie-
HUSI CMELICHUS U30JIUMHUU OT HYJIS.
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2. [Npumenenne ®PHY ¢ yacroroii cpesa 50 I

3. Ynanenue y4acTKOB CMTHajia C aMIJIMUTyaa-
mu Beime 500 MxB. Ilpu 3TOM BOKpPYr Kaxkmoro
ceMIlia, MPEBBIIAIONIETO 3TO 3HAYEHME, IOTOJI-
HUTEIbHO yaansics ydyacTok B 200 MC BOKPYT.

4. IlocTpoeHue JanjaacuaHOBCKMX BEPCUIA CUT-
HaJIOB aHaJIOTUYHO TpeaoopaboTKe BO BpPEMEH-
HOI 00JacTH.

5. BeluncneHve BBI3BAHHOW CUHXpOHU3ALUU/
JEeCUHXPOHM3ALIMU:

1) K curHajsy OpUMEHSIETCS OKOHHOE ITpPeod-
pazoBaHne @Pypbe ¢ OKHOM XEHHUHTA JIMHBI
175 MC ¥ CABUTOM MeEXAYy OKHAMHU B 5 MC;

2) 119 KaXXJ0ro OKHA BBIYMCISIETCSI MOITHOCTD
cuUTHaja Ha Habope YacTOTHBIX IMOJIOC:

alphal (8..9 T'u),

alpha2 (10...12 T'n),

betal (13...17 I'm),

beta2 (18...30 I'm);

3) curHan mId KaXAOW ITOJOCHI TEPEBOIUTCS
BO BPEMEHHYIO 00JacTbh, INl€ KaXIOMy OTPE3KYy
BPEMEHU COOTBETCTBYIOT MOIIIHOCTH 3TOM IOJIOCHI
B JaHHBIA MOMEHT BPEMEHMU.

ITo xaxoil amoxe nepBeie 175 MC UCIIOJIB3YIOT-
Cs AJIST KOPPEKIIMHU: TI0 3TOMY YYaCTKY Ha KaxKJI0M
KaHaJie BBIYUCISIETCI CPEIHEE, M 9TO CPEIHEE BbI-
YUTAETCId M3 KaXJOro CeMIlja KaHaJla M Ha HEro
K€ HOPMUPYETCS.

OnHM U Te Xe TUITbl TPU3HAKOB M3BJIEKAJUCh
MO OTAEJBbHOCTH M3 CUTHAJIOB C BPEMEHHOM Mpe-
00paboTKOM M 4YacTOTHOMN. BbIIM MCIOJB30BAHBI
YeThIpe KaTeropuu IMpru3HaKOB:

1. IlpudHaku Ha OCHOBE JIMHEMHOM perpec-
cHU. DTH MPU3HAKM CTPOMJIMCH ITO KaHajuaM Fz,
JIarlacCMaHOBCKOM Bepcuu KaHana Cz, Ha pa3HU-
1e JarjacuaHoOBCKUX Bepcuil kaHanoB C3 u C4,
a TakxXe I0 aHaJJoTMYHBLIM pasHuliam nap CIl, C2
n FC3, FC4. Tlo KaxJaoMy KaHaJly CTPOUJINCH JBe
JIMHEUHBIEC PErPECCUM C ABYMS KOI(PIUILIMEHTAMU.
OnHa nuHEHas perpeccusi CTpouJach C Hadajaa
3MO0XM 10 TOYKU meperuda, a BTopas — C TOYKU
neperuba 1o KoHua snoxu. Touka neperuda Obina
nomoOpaHa aBTOMAaTUYECKM MCXOIsI M3 YCJIOBUS
MUHUMU3ALUU CPEeIHEKBaAPaTUIHOTO OTKJIOHE-
HUS IOJYYEHHBIX IBYX PETPECCUOHHBIX IMPSIMBIX
OT UCXOMHOro curHaja. Tak:ke B KaueCTBE IOMOJI-
HUTEJHHOTO IpU3HaKa MCIO0JIb30BaI0Ch 3HAUCHHE
OTCTyIIa OT HayaJja 3I0X1 CaMOii TOUKMU Ieperuoa.

2. Ilpu3Haku Ha OCHOBE aMIUIUTYA. Beruucis-
JINCh MaKCUMaJIbHOE€ U MaKCMMaJbHOE MO MOAYJIIO
3HAYEeHMs IJIs1 JallIaCMaHOBCKOM BEpCUM KaHajla
(7, a Takxe AJ1s1 pa3HUIl JamjacuaHOBCKMUX Bep-
cuii kananoB C3, C4, xananoB Cl, C2u FC3, FC4.

3. [Ipu3Haku Ha ocHOBe Iomaneii. Ilo TeM xe
KaHajaM, YTO W B TMPEIbIAYIIEM MyHKTE, BBIUYUC-
JISJIUCH TUJIOLIAAN TI0M KPUBOM JUISi BCEW BMOXU.

4. TlpuzHaku Ha OCHOBE OOIIEro MpoCTpaH-
cTBeHHOro ¢uasrpa (common spatial pattern, CSP)
[13]. ®unbTp npumMeHsica K KaHanaM FI—F4, Fz,
FCl, FC3, FC5, Cl—C4, CP2—CP6 nu3 monochl
18...30 T'm. Ymcao KOMMOOHEHT MOmOMpaIoch Ha
OCHOBE KpOCC-BaJUIAallMU U OBIJIO B UTOre€ PaBHO
TPEM.

Takum 006pa3oM, Ha KaXAyI0 310Xy OBIIU BbI-
nIeJieHbl 611 ynciioBeIX Mpu3Haka. [1pu3Haku OblIn
CTaHAAPTU3UPOBAHBI TYTEM BBIYUMTAHUS CPEIHETO
U AeJeHus Ha CTaHJapTHOe OTKJoHeHue. M3Bie-
YeHHbIe MPU3HAKU TMOAAIOTCS Ha BXOA Kjaccudu-
KallMOHHOM Monenu AJjs oO0ydyeHus. B kadecTBe
TaKOW MOJIIEJIM MCIOJb3yeTcs ajroputm ITloo-
cka', paccMaTpuBaeMblii B CJIeAYIOIIEM pa3ieie.

Aaroputm "Ilosocka"

B nmannom paspene Oymer cdopmyaumpoBaHa
Bepcus ainroputMma "llomocka", Ha3BaHHasl B pa-
6orte [17] "C-cucTeMoit”, a TakKe, aHaJOTMYHO pa-
6ote [16], OynyT pacCMOTpPEHBI IPaKTUYECKHUE CO-
00paXeHUs MO ero peaausallu, KOTOpbIE MOJO-
KUTEJbHO CKa3bIBAlOTCSl HA CKOPOCTH OOYUYEHUSI.

Ilycte maH HaGoOp HaHHBIX {X;, Y s(x)},
i=1,..,m e x; e Xc R"— BekTOpHI NpU3Ha-
KOB, §(x) — Heu3BecTHas ¢yHKuus u3z X B {1, —1}.
3ajgaHa 3ajJadya OMHApHOW KiaccudukKauuu, T. €.
TpebyeTcss BOCCTAHOBUThH (PYHKIIMIO S MO MUMEIO-
meMycsi Habopy JaHHBIX.

[Mpenmonoxum, urto {a(x)}, j =1, ..., N, — nosn-
HBIA B LZ(X) Habop (pyHKIMH, TTPU 3TOM BEPHO,
yTO |a,(x)| < const.

B anaroputme "llonocka" crpoutcst Kiaaccudu-
KaTop BUAA

o(x) = sign gejaj(x) = sign(sy(x,u)),
j=1

rIe ¥ — BEKTOp 0oOy4yaeMbIX MapamMeTpoB C 3Jie-
MEHTaMU 6y, ..., Oy.

CornacHo pab6ote [17] ©Oymem TroBOpUTH
O TOM, YTO OIO3HAIOLIasl cucTeMa uMmeeT hopMy
"C-cucTeMbl’, eClIM mapaMeTpbl 4 BBIOMPAIOTCS
WCXOJIS1 U3 COOTHOIIEHU I

s = sy(x )l < e

IJ1s1 HEKOTOPOIo 1O0CTAaTOYHO MaJICHBKOIO €.

MexaTpoHnKa, aBTOMaTH3amusd, ynpasjienue, Tom 24, Ne 6, 2023

303



Iycts 0 <8 <, 0 <B <2, p — 0. Anropurm
HACTPOMKHU BECOB MPUMET CJACAYIOLUIUA BU:

N
Nk = S(xk)_zlejaj(xk);
Jj=

Gk = —N""ny, ecant [ny | > 2;
L = 2N "'(esign(ng)-ny)s

ecan &+ 8 < |n| < 2¢

L = —pr+N'Blesign(ng)—ny),
eca & < |n,| < 2&;

(1)

Ci =0, ecan & <|ny;

GJ = 91 +Ckaj(xk).

CornacHo pab6ote [17] anroputm (1) sBasieTcsa
KOHEUHO-CXOASIIINMCS.

M=l OyneMm paccMaTpuBaTh aaroputm (1) B ma-
pagurMe OHJIAMHOBOrO MAIIMHHOTO OOYyYeHMUsI,
IIe CeMIUIbl MOMaaaloT MJisi oOy4YeHUsl MO OJHO-
My. B aTOM ciyyae Ha KaxXIblii HOBBIM ceMILI Oy-
JeM OCYIIECTBISITh OAMH IIar odyudeHus. Korma
HAKOIUTCSI JAOCTaTOYHOE YMCJIO CEeMILJIOB, Oymem
OCYIIECTBJISITh TOBTOPHOE OOyYeHME Ha BCEX Ha-
KOIIJICHHBIX CeMILIaxX, ITOKa Ka4eCcTBO HE CTaHET
IPUEMJIEMBIM.

PesyabTaTnl

[MpoBeaem cpaBHeHue Tpex Mopeneit: "[lomo-
cka', "C-cuctema Ilosocka" m cToXacTHYeCKUIA
rpaJueHTHBI cnyck. Bce Mogenu ObLIv 0Oy4YeHBI
Ha TIpU3HaKax, ONMCAaHHBIX B pasneie "Brimene-
HUE MPU3HAKOB". AJTOPUTM CpaBHEHUS CJIEAYIO-
LU BCEeM TPEM MOIEJISIM IOCIIeIOBAaTEIbLHO, II0
OMHOMY, TPEIbSIBISIOTCS CEMILIBI M3 Aaracera.
Ha xaxjaoM ceMIijie onpeaensioTcss OIINMOKY KaxK-
JIOM Y3 MOZEJIe U 3aTIOMUHAETCS, CKOJIBKO OIIU-
00K OBLIIO cHeslaHO K JaHHOMY MOMeEHTy. [lanee
BTOT CEMILI NPEIbIBISICTCS AJs 1ara oOy4eHusl.
B utore oOyuyeHue NpoBOAUTCS Ha BCEM AaTaceTe,
U ompenesseTcs HakKonmuTeabHas owmmnbka. [locne
3TOrO JaTaceT MOAAETCs CHOBA IO KPYTy B TOM XK€
pexume. DTO 3allMKJIMBaHUE JaTraceTra OCYIIeCT-
BJISIETCS BBUAY HEOOJBIIOTO YMCJIa TPEHUPOBOU-
HBIX ceMIJIOB. Ha mpakTuke BMECTO 3TOr0 MOKHO
noxaBaTh HOBBIC 3MOXM, JIU0O, B CIydyae OrpaHU-
YEeHHOCTU Habopa JaHHBIX, TaKxKe MOXHO IOma-
BaTh 3allMKJICHHYIO TPEHUPOBOYHYIO MOCJICIOBA-
TeJBLHOCTh. Takoil MOAXOHd CpaBHEHUS OHJIAHO-
BBIX MoJeJieit Obl1 npenyioxeH B padbore [19].

B Tabn. 1 mpencraBieHbl METPUKHU WTOTOBBIX
mpoleHTOB omnook nocie 100 mporona 1, 10 u
100 smox.

Kak BugHo m3 tab6n. 1, anroputMm "Ilomocka”
cpa3y HauMHaEeT OlepexXkaTh OCTaJbHBIE METOHI,
1 TI0 Mepe n00aBIeHUs IIMKJIOB OH OIepexkaeT UX
CUJIbHEe. DTO COIIacyeTcsl ¢ MPEeablIyIIMMHU Ha-
OnoaeHMsIMU KacaTelbHO 0ojee OBbICTPON CXO-
JIUMOCTH »Toro airoputma [15, 16]. "Ilomocka
C-cucrema" HaunMHaeT paboTaTh XyXe OCTaJIbHBIX
METOJIOB, OJHAKO II0CJI€ JOCTAaTOYHO OOJIBIIOrO
YHCia [IMKJIOB OH TIOJTHOCThIO BHIPAaBHUBAETCST CO
CTOXaCTUUYECKUM TPaIMEHTHBIM cITycKoM. [lpen-
My1ecTBO "C-cucTemMbl” MPU 3TOM COCTOUT B €ro
CKOPOCTU Ha OIMH IIMKJI OOyUYEeHUSI.

Bpewmsi, 3arpaumBaemMoe Ha OAWH IIMKJI OOy-
YyeHu s, TIpeAcTaBieHo B Taby. 2. Bpems uameps-
JIOCh Ha KoMITbloTepe ¢ mpoieccopoM AMD Ryzen
5 4500U v 16 T'6aiiT onepaTUBHOM TTaMSITH.

Takum o6pazom, "llonocka C-cucrema" moka-
3bIBAET MPEMMYILECTBO BO BpeMEHU 00pabOTKHU
omHOro 1Mkga obyueHusd, torma kak "llomocka"
CXONMUTCS OBICTpPEe C TOYKM 3PEHUs 4YucCla I1U-
KJIOB, HO 3aTpauyMBaeT CyIIECTBEHHO OOJIbIIEC Bpe-
MEHU HA KAXbIA LIMKJ UTEpALlUi U3-3a TOTO, 4YTO
coBepllaeT mar o0ydyeHus Ha KaXXIblil TIPU3HaK,
Y TI03TOMY TLJIOXO TTOAXOMMT TSI 3a7ad BBICOKOM
pa3mepHocTH [16].

Tab6nuua 1
Table 1

HpOHeHTM HAKONHUTEJbHBIX OHIMOOK
nocjie 3aJaHHOr0 YMCJIA HUKJIOB

Percent of accumulated errors
after a given number of training loops

Yucao HMKIOB
MeTton o0ydeHU s

Opnun nuki | 10 nukiaos | 100 nukiIoB

CToXacTUYeCKU I 0,44 0,37 0,23

rpafueHTHBIA CIyCK

ITonocka 0,43 0,33 0,19

IMonocka C-cuctema 0,49 0,43 0,23
Tabnuua 2
Table 2

BpeMﬂ, 3aTpayMBaeMoec HaA OAUH LHUKJI Oﬁy‘leHl/lﬂ

Time required for one training loop

MeTon oOyyeHUS Bpems, mc
CTOXaCTUUYECKU I FPpaiMeHTHBIN CIyCK 141 + 30
[Tonocka 3005 + 173
INonocka C-cucrema 5,29 £ 0,26
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3akJoueHue

B manHo#T pabote ObLIM ITPUMEHEHEI IBE BEp-
cunm anroputMma "llojocka" K AeTEKTUPOBAHUIO
HaMepeHUs COBEPIIUTh ABMKEHUE HAa WHIWBU-
ayalbHbIX 3moxax. [lokazaHo, YTO aJropuTMm
"[Tonocka" B 3aBUCMMOCTHM OT peaju3aliuyd MO-
KET CXOOUThCSI OBICTpee, YeM CTOXaCTHYECKUIA
rpaaveHTHBIN CIyCK, OJHAKO MOXeT TpeOoBaThb
MHOTO BpEMEHM Ha COBEpIICHUE KaXXI0il uTepa-
nuu. Bepcusg "C-cucrema” anroputma "llonocka”
JaeT TaKOe Xe KayeCTBO, KaK Y CTOXaCTUUYECKOro
rpaIueHTHOroO CIIyCKa, HO 3aTpayMBacT MEHBbIIIE
BpPeMEHM Ha KaXIbIil 1Iar. DTO TMPerMMYIIeCTBO
anroputMa "C-cuctema’ nenaeTr ee NOIXOASILEH
MOJEbIO AJIS MCIIOJb30BaHUS B MapagurMe OH-
JIAalHOBOI'0 MAllIMHHOIO OOYyYEHUS MPHU BBICOKOM
Pa3MEepPHOCTHU IIPU3HAKOBOTO IIPOCTPAHCTBA.
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In this paper, we consider the problem of determining the hand with which the subject intends to make a movement
according to the signals of the electroencephalogram. The relevance of the task is due to the wide spread of brain-computer
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interfaces, where electroencephalography is one of the main non-invasive methods for obtaining signals from the brain. To
solve the problem, temporal and frequency features are selected from the segments of signals preceding the movement, which
are fed to the input of the classification machine learning model. In contrast to the standard supervised learning setup, it
is assumed that there is no predefined training data set and the training samples for the model are received one after an-
other. Thus, a situation is simulated in which the model must work with a new subject and adjust to them in real time. The
traditional method for training linear models in such a paradigm is stochastic gradient descent. Previously, it was shown
that the "Stripe” algorithm developed by Yakubovich for a certain problem has a higher convergence rate than stochastic
gradient descent. However, this is achieved by performing algorithm step on each feature of the sample. Thus, that version
of "Stripe"” is not suitable for working with high-dimensional data. This article discusses another version of "Stripe” that
does not have this drawback. It is shown that the proposed algorithm has a higher rate of one learning step compared to
traditional linear models based on stochastic gradient descent on the BCI competition Il dataset.

Keywords: recurrent objective inequalities, brain-computer interfaces, EEG classification, machine learning
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Intelligent Forecasting of Electricity Consumption in Managing Energy
Enterprises in Order to Carry out Energy-Saving Measures

Abstract

The concept of "Digital Transformation 2030", which defines the national goals and strategic objectives of the development of
the Russian Federation for the period up to 2030, specifies specialized goals and objectives that are an important message for the
introduction of intelligent information management technologies in the electric power industry. The main challenges for the transition to
digital transformation are the increase in the rate of growth of tariffs for the end consumer, the increasing wear and tear of the network
infrastructure, the presence of excessive network construction and the increase in requirements for the quality of energy consumption. The
determining factor in the possibility of developing an effective energy policy is the forecasting of electricity consumption using artificial
intelligence methods. One of the methods for implementing the above is the development of an artificial neural network (ANN) to obtain
an early forecast of the amount of required (consumed) electricity. The obtained predictive values open up the possibility not only to
build a competent energy policy by increasing the energy efficiency of an energy company, but also to carry out specialized energy-saving
measures in order to optimize the organization’s budget. The solution to this problem is presented in the form of an artificial neural
network (ANN) of the second generation. The main advantages of this ANN are its versatility, fast and accurate learning, as well as the
absence of the need for a large amount of initial da-ta for a qualitative forecast. The ANN itself is based on the classical neuron and
the error back-propagation method with their further modification. The coefficients of learning rate and sensitivity have been added to
the error backpropagation method, and the coefficient of response to anomalies in the time series has been introduced into the neuron.
This made it possible to significantly improve the learning rate of the artificial neural network and improve the accuracy of predictive
results. The results presented by this study can be taken as a guideline for energy companies when making decisions within the framework
of energy policy, including when carrying out energy saving measures, which will be especially useful in the current economic realities.

Keywords: neural networks, artificial intelligence, intelligent forecasting of electricity consumption, data mining, energy efficiency,
management in the energy sector
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MHTennekTyanbHOe NPOrHo3mpoBaHue NOoTpedrieHNs 3eKTPo3Heprum
Nnpu ynpaBrieHUM 3HEePreTM4eCKUMM NpeanpuaTUAMm
Ha OCHOBe HeMpoceTeBbIX TEXHONOrMn*

B konuenyuu "llugpposas mpanchopmayus 2030", onpedeasioujeii HayuoHabHble YeaUu U cmpameeuyeckue 3a0a4u paseu-
mus Poccuiickoti @edepayuu na nepuod do 2030 200a, yKa3aHvl cneyualu3upo8anubie yeiu u 3a0a4u, A8A3H0UUECCA 8ANCHIM
nocouLA0M 0451 6HeOpeHUs UHMEeANeKMYaNbHbIX UHDOPMAYUOHHBIX MeXHOA02Ul ynpasaenus @ cgepy saekmposHepeemuku. Oc-
HOBHBIMU 6b13086aMU 045 nepexoda K Yu@poeoi mpanc@hopmayuu 1843110Mcs yeesuvenue memnog pocma mapugoe 041 KoHeu-
H020 nompebumens, HApACMAOWUL UZHOC Cemesol UHPPacmpyKmypul, Haauuue u3ObiMoOUHO20 Cemeeoe0 CMmpoumeIbcmea u
nogviueHue mpe6o8anull K Kayecmey sHepeonompebaeHus.

Onpedeasouum GaKkmopom 603MOICHOCMU pA3PAOOMKU IPPeKmusHoll IHepeemuteckKolil NOAUMUKU A8AAemCs NPOSHO3U-
poeaHue nompebaeHUs 31eKMpoIHepeUU ¢ UCHOAb308AHUEM MeMO008 UCKYCCMBEHH020 unmentekma. OOHUM u3 memodos pe-
aAu3ayulU 8blUeCcKaA3aHH020 Aeasemces paspabomka uckyccmeennou Heipounoiu cemu (MHC) 0as noayuenus 3abrazcoepemen-
H020 npoeHo3a koauvecmea mpebyemoi (nompebasemoii) 3sekmposanepeuu. [loayuennolie npoeno3Hvie 3HaveHUs OMKPbIBAIOM
603MOJICHOCIb He MOAbKO @bICMPOUMb 2PAMOMHYI0 IHEPeeMmu4ecKyio NOAUMUKY nymem nOGbluleHUs IHepeo3ppeKkmugHocmu
IHepeemuueckol KOMIAHUU, HO U NPOBOOUMb CHEYUAAU3UPOBAHHbIE IHep2ocOepezaloujue Meponpusmus @ yeasax OnMuMu3ayuu
br00dxucema opeanuszayuu.

Pewienue dannoii npobaemvt npedcmasneno 6 eude UCKYCCMEEHHOU HEUPOHHOU cemu émopoeo nokosenus. OCHO8HbIMU
npeumyuecmeamu dannoi HHC sieasiromes yHu8epcaabHocms, CKOpOCmMHoe U mouHoe obyvenue, a makice omcymcmaeue He-
obxodumocmu 6 60AbUOM Koauvecmee UCXOOHbIX OAHHbIX 045 Ka4yecmeeHH020 npoeHo3a. 3a ocHosy camou MHC bepymcs
Kaaccuueckuti HelipoH u Memoo 00pamHuo20 pacnpocmpanerus owuoKu ¢ ux oaivHeluei moougpurkayuei. B memood o6pammnoeo
pacnpocmpaHenus owmubku dobasaeHsvl Kodgduyuenmsl cCKOPOCmMuU 00yUeHUs U YY8CMEUMENbHOCMU, A 8 HeUpPOH 8HeOpeH KO-
agpuyuenm peacuposanus Ha AHOMAAUU 80 BPEMEHHbIX pAAAx. Imo no3604UN0 CYUECMBEHHO YAYHUIUMb CKOPOCMb 00yYeHU s
UCKYCCMBEHHOU HeUPOHHOU cemu U noGbiCUmMs MOYHOCHb NPOSHO3HbIX Pe3yNbMmAamos.

Ilpedcmaesaennvie 6 Hacmoswem uccaedo8aHuU pe3yrbmamsl Mo2ym Obimb @31Mbl 8 Kauecmee opueHmupa 04s IHepeemu-
YecKUux KOMRNAHUL NpU NPUHAMUU DeUleHUl 8 PAMKAX IHep2emu4ecKol NOAUMUKU, 8 MOM Yucae U npu npogedeHuu 3Hepeocbe-
peearouiux meponpusmuii, ymo 6ydem 0coOeHHO NOAE3HbIM 8 MEeKYUUX IKOHOMUHECKUX pearusx.

Karwueenvie caosa: HelZpOHHble cemu, uCICyCCI’nGeHHbIL'I/ uUunmeniekm, UHmenneKmyaibHoe npocHosupoearnue nompeﬁﬂeﬁuﬂ

21eKmpoIHepeUul, UHMeANeKMYaabHbll AHAAU3 OAHHBIX, SHepe03pdeKkmueHocms, ynpagieHue 8 sHepeemukxe

Introduction

Energy forecasting (in particular electricity con-
sumption forecasting) is an integral part of energy sys-
tem management processes [1—4]. At the same time,
stable and accurate electricity consumption forecasts
are very important both for the individual utility and
for the energy sector as a whole due to increased net-
work capacity and maintaining the balance of supply
and demand in the electricity market [5]. Conversely,
inaccurate electricity consumption forecasts increase
start-up and forecast financial costs, which can reduce
the investment attractiveness of energy companies as

*HccnenoBaHue BBIMOJHEHO TpU (UHAHCOBOW MOAIEPXKKeE
MuHo6pHayku P® B pamkax 6a30BOii 4acTu roc3agaHusi By3aM
Ne FEUE—2023—-0007.

well as pose serious threats to the security, efficiency
and quality of energy systems [6].

The issues of electricity consumption forecas-
ting are still relevant today, not only for financial
reasons, but also because of the lack of the neces-
sary universal designers of such solutions in the
form of intelligent system technologies for mana-
ging organizations and companies in general. These
intelligent technologies and systems would help to
optimize energy consumption (including energy
efficiency). Over the last decades, a huge num-
ber of theoretical and practical specialized solu-
tions aimed at predicting energy consumption have
been presented by scientists and researchers. At the
same time, they can be divided to several types:
regression (statistical) [7], Gray’s prediction mo-
dels [8], hybrid models [9—11] and neural network
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(intelligent) models [12], which have three serious
common limitations:

1) specificity there is no universality regarding
forecasting in all electrical systems. I.e. each smart
model/system will have to be redesigned for each
specific case;

2) forecasting requires a large amount of retro-
spective data: amount of electricity consumed and
facilities on the grid, types of power grids, number
of appliances connected to one power grid facili-
ty, capacity of each appliance, specific legal entities
(companies) and their operating schedule, season
(summer, autumn, winter or spring), holidays and
weekends, forecast air temperature values;

3) quite resource-intensive intelligent forecasting
models: when providing effective forecasting in re-
mote and isolated energy districts without access to
an external global Internet network, this limitation
may be critical.

Thus, the main objective of this study is to deve-
lop a versatile solution in the electricity sector (ta-
king into account the shortcomings described above)
for forecasting electricity consumption in advance in
energy companies. This will allow specialized orga-
nizations and services, as well as governing bodies,
to make decisions, in particular energy saving mea-
sures, in the shortest possible time, under conditions
of increasing economic uncertainty.

In this study, to minimize the above limitations,
we propose to implement an artificial neural net-
work to predict electricity consumption with the
following advantages and scientific novelty:

1) the universality of the structure of the pro-
posed solution due to automatic formation of the
number of layers and neurons, as well as a modified
method for training the artificial neural network.
This will allow to integrate the ANN model into
the production process without re-designing;

2) modified training method based on the method
of back propagation of error. The main changes are:

addition of an ANN learning rate coefficient,
which will increase the speed of calculation of pre-
dictive values;

addition of sensitivity coefficient ¢ = 0.01, ..., 0.99.
The main point of the change is to create a range
of synaptic connection weights (weight coefficients).
This will make it possible to avoid sharp fluctuations
in the matrix of weight coefficients, which will have
a positive effect on the accuracy of the calculation of
predictive values;

3) modified neuron. The essence of the modifi-
cation (in contrast to the classical neuron [13]) is to
add a response coefficient to anomalies in the time

series, which also has a positive effect on the accu-
racy of the output forecast values;

4) small amount of data for training. The pro-
posed ANN model uses retrospective training data
for the last 4 years (25,903 values): electricity con-
sumption and air temperature. This makes it pos-
sible to accurately predict without historical data for
earlier dates.

Management of electricity consumption
in electricity distribution grids

At power distribution network enterprises, as well
as at any other enterprises, on the basis of certain
corrective actions managers formulate goals and
objectives of management, the solution of which
is achieved through the performance of a certain
sequence of functions of the management process.
With regard to electric distribution grids, the func-
tions of the management process are: development
of an action program; implementation of planned
work; evaluation of work results; formation of cor-
rective actions. Thus, the management process in
electricity distribution grids can be represented as a
Deming cycle in Fig. 1.

Section "plan” — "development of action pro-
gram". This section of the cycle implies the forma-
tion of plans for technical maintenance and repair of
distribution networks, where the basis for planning is
the information on the condition of equipment and
the frequency of preventive maintenance indicated in
the regulatory documentation. This section also in-
cludes forecasting of power consumption, which de-
pends on a large number of different factors (e.g., air
temperature, seasonality, etc.) that have a significant
impact on the volume of power consumption.

The head of the company

Goals and ™,

objectives

Fig. 1. Formal model of the control process in electrical distribu-
tion networks
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Section "do" — "performance of planned works".
This section of the cycle is to ensure the reliable and
efficient operation of power grid facilities (power
transmission lines, transformer substations, power
substations, etc.), as well as the uninterrupted sup-
ply of electricity to consumers.

Section "check"” — "performance evaluation”. This
section in the cycle is related to determining the devi-
ations between the values of the volumes of electricity
provided by the distribution networks and received by
the end users. The total volume of electric power pro-
vided by distribution grids is the sum of the volume
received by end users and the volume of various kinds
of losses arising in the grid. In reality, electricity losses
can occur in any part of the power grid in Fig. 2.

In Fig. 2, let us introduce the following notations:

— EDN is the electric distribution network;

— PS§, — a power substation with order number a,
such that a =(1, ..., n), where n — is the number of
power substations;

— T§,, — a transformer substation with ordinal
number b, connected to a power substation with ordi-
nal number a, where b = (1, ..., m), where m — is the
number of transformer substations, k¥ — is the inter-
mediate ordinal number of the transformer substation;

— UC,;; — the final consumer with serial num-
ber d, connected to the transformer substation with
serial number » and to the power substation with
serial number a, where d — is the serial number of
the final consumer, such that d =(l, ..., ), where
t — is the number of final consumers, p — is the
intermediate serial number of the final consumer.

Based on the above and Fig. 2, eclectric power
losses can be classified into the following groups:
losses on electric lines connecting power distribu-
tion networks and power substations; losses at power
substations; losses on electric lines connecting pow-
er and transformer substations; losses at transfor-
mer substations; losses on electric lines connecting

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
L

Fig. 2. Scheme of distribution of electricity over the network

transformer substations with the end consumer, and
losses at the end consumer points.

In the event of electrical losses, end users com-
pensate only for normative losses, and the difference
between the values of actual and normative losses,
often caused by malfunction and operation of obso-
lete equipment, emergence of emergency situations,
and complex modes of power transmission have to
be paid by distribution grids. If the actual volume of
power losses exceeds the permissible normative va-
lue, the reason should be identified and eliminated.

It is worth noting that significant changes in con-
sumption volumes caused by various factors, such
as temperature conditions, humidity, etc., affect the
change in the energy consumption factor value in
the base period, but this does not change the relia-
bility of the forecast. At the same time, the high
requirements imposed on the electric power indus-
try, including forecasting quality indicators (accu-
racy, reliability, timeliness, etc.), make it necessary
to develop and apply new solutions related to the
application of artificial intelligence and taking into
account the current level of information support, and
to ensure effective energy saving.

It is also important to understand that the activities
of power distribution grids depend not only on tech-
nological, but also on economic indicators. Moreover,
the task of forecasting has become particularly impor-
tant since the emergence in the Russian Federation of
the wholesale electricity and capacity market, whose
rules provide for the sale of electricity with changes in
hourly cost. Inaccurate electricity consumption fore-
casting has a negative impact on the quality of the
management process in electricity distribution grids,
as well as entailing an inflated cost of electricity. At
the same time, participants of the wholesale electricity
and capacity market may be subjected to penalties as-
sociated with the presence of significant deviations of
actual electricity consumption from the forecast val-
ues. The reason for this is an increase in the forecast
values of electricity consumption, which is the basis
for the costs associated with the maintenance of excess
reserve capacity. Decrease in forecast values relative to
actual consumption requires additional commission-
ing of emergency power plants.

Thus, correct and timely forecasting of electricity
consumption indicators using artificial intelligence
ensures the achievement of reliability and efficiency
of the unified energy system as a whole by making
effective management decisions by the heads of
energy companies. This will enable a more efficient
use of finances both for energy companies and their
customers (individuals and legal entities).
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Fig. 3. Scheme of using a neural network to predict the values of electricity consumption

Mathematical model of a neural network

One of the main influencing factors on the vari-
ous developing and intensively used components
(e.g. financial) of enterprises is the state of the elec-
trical grid, in particular the amount of electricity
consumed. The amount of electricity consumed in
an enterprise can be represented by the notation
FE. As an example, we took "Kumertau Electric
Networks" organization using time series for the
past 4 years. For this organization, a forecast with a
forecasting horizon of one month during one calen-
dar year was performed. The number of forecasted
days of electricity consumption is set by the man-
agement of the department/enterprise.

The following notation is used: EE f, — the va-
lue of electricity consumption measured on the k-th
meter on the i-th date of the j-th year. Here k = 1,
..., h, where n — is the number of electric meters
involved in the calculations, j — is the number of
the year, i — is the specific measurement date.

The task of advance forecasting consists in calcu-
lating, on a particular current i — day of measure-
ment, the value of electricity consumed on i + 1 day,

thatis EEX ,,andoni+2 (EEX,), i+ 3 (EEX ;)|

Ji+l» Ji+2 Ji+3
i+ 4 (EE%, 4).s i+ 31 (EEY 5)), 0ori+1(EEY,)),

for k =1,...,n any, in which case / =1,...,31.

The proposed method of advance forecasting
is based on the application of a second-generation
artificial neural network implemented using the
following tools and software: high-level Python
programming language, PyCharm Professional de-
velopment environment, free relational MySQL da-
tabase management system.

The forecasting process itself is proposed to be
carried out in four stages (Fig. 3): the decision ma-
ker on the forecast number of days, pre-processing
of data, formation of the forecast model and post-
processing of data. This technique was partially ap-
plied in earlier studies [15, 18]. The results of these
studies also partially confirm the effectiveness of
the proposed artificial neural network.

At the first stage, the decision maker determines
for how many days to calculate the forecast values
of electricity consumption (depending on the month
and various tasks). At the second stage, automatic
selection of parameters and training of the ANN is
performed.

The training method of second-generation artifi-
cial neural network (Fig. 4) proposed by the authors
is based on the Backpropagation method for elec-

Input Chutput
layer Li layer Lo

NV
! N (

o)
WYl
i

Fig. 4. The structure of the second-generation neural network
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Neural network training and synaptic weights adjustment

~

Parameters of the artificial neural network

Fig. 5. Sub-stages of neural network training

tric power consumption forecasting. Consequently,
when applying the above parameters, it is necessary
to normalize the input values of the amount of en-
ergy consumed to prevent disappearing and explo-
ding gradients (1):

EEY —Ee,.
EEY = “Cmin_ (1)
Eemax _Eemin
where FEe,, and Ee,, minimum and

maximum values of the amount of consumed
electric energy for all data fed to the input layer of

the neural network for all EEjk,, where k=1, ..., n.
The sub-stages of neural network training at the
preprocessing stage (Fig. 3) are shown in Fig. 5.
Calculation of the quadratic error. As a rule, the
inputs of the network are considered as the input vec-
tor (EEY), where EE} =[Ee%,, Eel,...,Ee% (],
and the outputs of the network _can be rep-
resented as_an output vector (EEk ), where
EE% =[Eef%,, Ee},...., Eel; /], that said K=1,.. M
L=1, .., N, in which M and N are the number
of input and output vector values. Correspondingly,
the training sample is a set of pairs R of input vec-
tors | Ee* ik and desired (reference) output vectors

Eele (2)

R={(Eef, Ee%,),(Ee};,, Ee%,),...,(Eefx, Eef )} (2)

jll’ 112’

With each application Ee* ik from R to the neu-
ral network will calculate the actual output Ee* il
layer (3):

Eet, = f(o,), 3)

where o — activation function, defined by the
relation (4):

; , (4)

k
1+e Boik

and which is the weighted sum of the outputs of the
neuron EEH; in each intermediate layer L (5):

quadratic error for each pair of vectors
of the set R by summing the quadratic
errors in each output neuron (6):

| !

| |

. A . oy = Z wiLW(EEH ), (5)
| 4 \ |

| | .

! ! where w — synapse weight, k — is the

Data Calculation of the Definition of | Changing synapse . ~ . : .

: normalization quadratic error partial derivatives " weights Trained ANN : k-th neuron in the intermediate layer‘
! ! Based on this, we can determine the
| \_ / |

| |

| |

! |

1L 3 K \2
= Ekgl (Eejik, — Eejip )7 (6)
and, as a consequence, the total quadratic error F
by summing all pairs of inputs and outputs in the

training sample (7):

LS S (B Eek, )? 7
- 5121 k’zz:l( it gy = it )" @)
Thus, the learning objective is to minimize E by
finding an appropriate set of weights w)lck and wj-k,
where / varies from 1 to 4.
Determination of partial derivatives of synaptic
weights. On the basis of relation (6) we can note that

dE. — 717 T
——— = Fe'.,, — Ee’;, 8
dek JiK JiL ( )
in this case, based on (5), we obtain
de
= L,(EEH ;). )
Wik

Based on (8) and (9), we determine the partial
derivative of E by weight wy to perform a gradient
descent in (10) for synaptic weights between the in-
termediate and output layers:

dE

dW ((Ee iK — Eesz)Eele) X

Jk (10)
X ((o(Ee); k) — Eely ) EEH ).

If we consider the special case of the derivative £

between the input and intermediate layers, all out-

puts depend on w,, and the partial derivative will
be as follows:

J’Lk )Eele ) X

dE L
Ee*
dW)lck Z_l (( JiKy

X (((o(Eefik, ) — Eefyy, )Wy EEH ) (11)

X ((1- EEH j.)Eelx ).
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Thus, equations (8) and (9) give all the necessary
values T to apply (10) and (11) within the gradi-
w

ent descent for all weights of the neural network.
Changing synapse weights. Each weight will be
changed to dw to reduce F (12):

w(t +1) = w(t) + Aw(z), (12)

where Aw(f) = —Z—E , w(f) — synapse weight du-
w

ring ¢, wi + 1) ! modified (updated) synapse
weight. In the present study, in order to increase the
learning rate of the neural network, the previously
indicated parameter o, and to improve the accuracy
of calculations of predictive values, a specialized
sensitivity factor (also designated earlier) is seto:

Aw(t) = _Z’_i + (p(aAw(t - 1)).

(13)

At the third stage, the prognostic model is
formed directly, and at the fourth stage, the pre-
dicted values of the amount of electricity consump-
tion are calculated. At the same time, it is necessary
to renormalizations normalize the obtained forecast

values EE j’-‘m (14) in connection with the initial

normalization of the data ( EFE f, e[0;1]):

EEY = Ee* (Eepyy, — Eepyy) + Ee (14)

max min-*

Modification of a classical neuron
for time series prediction tasks

As a basis for modification, we chose a classical
version of the neuron (Fig. 6, on the example of
the input layer), consisting of input values, synaptic
connections (synapses), neuron cell, axon and out-
put value.

In Fig. 6 n, — number of neuron inputs,
Eef,- x — hormalized value of the amount of energy
consumed, EEH ;x — the output value of the neu-
ron from the input layer to the intermediate layer.

The modified neuron and its mathematical mod-
el are shown in Fig. 7.

From Fig. 7 shows that the modified neuron has
an identical structure, except for the addition of the
response coefficient A € [0.1; 0.9] (Table 1) on the
anomalies in the time series. As such anomalies are
considered sharp spikes and drops in the values of
electricity consumption, which can lead to inaccu-
rate calculations of forecast data.

With this coefficient, we take into account such
spikes and decreases, which allows us to minimize

Input
| values Synapses

S G A o

MNeuron cell

|
|
|
|
!
|
|
|
|
EE*; ' — |
|
|
|
|
|
|
|
|
|
|

I
I
I
I
I
- % - _ﬁ"\
B~/ T
: ji % ny, \ f(z Eejx Wy )
» \ rrr i=

| EE* —— Z Ee',w, ——>EEH, d
| _‘__,‘L*—-""" - L _

¥ 7 i=l / f= -
I EE Wy / P
1 AN / 145
B e
b e e e e ————— o — 4

Fig. 6. Classical neuron on the example of the input layer of the
developed ANN

I Input

Qutput
: values Synapses MNeuron cell Axon value

Y Y 8 )

Fig. 7. Modified neuron taking into account the addition of the
coefficient of response to anomalies in the time series

Table 1
Values of the coefficient of response A to anomalies in time series
Value coefficient A Spike llrrll gl(lwg;zosn:rlil:;}) E&lhvalues

0.1 50—119

0.2 120—179

0.3 180—239

0.4 240—289

0.5 290—399

0.6 400—899

0.7 900—4999

0.8 5000—8999

0.9 9000—15000

the consequences in the form of inaccuracy of fore-
cast values. Thus, the local convergence of the ANN
model increases, and as a consequence, the predic-
tion accuracy increases, as shown in the next section.

Analysis of the effectiveness of the proposed ANN
for electricity consumption forecasting

To analyze the effectiveness of the proposed
ANN model as part of the prediction of the amount
of electricity consumed, the time series for the past
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4 years was used. This data was provided by the
production department "Kumertau Electric Net-
works" from 01.01.2018 to 21.06.2022 in the follo-
wing form (database, Table 2): date, active electri-
city consumption, air temperature. Name of the
meters used: "Mercury 230 ART".

During the experiment a large number of cal-
culations and iterations were performed in the
framework of predicting the amount of electricity
consumed. The total array of data used in the ex-
periment is 25,903 values, of which 60 % are fed to
the training sample of the neural network and 20 %
each to the test and validation sample.

This article presents the results of the experi-
ment to predict the amount of electricity consumed
by the enterprise in the period from 01.04.2022 to
01.05.2022. Initially, the predicted values of the

Table 2
Fragment of the database for the formation of the ANN dataset

amount of electricity consumption were calculated
with their subsequent comparison with the real (ac-
tual) values of the amount of electricity consumed
(Table 3, Fig. 8).

Every day (every day at 8:00 a.m.) data is taken
from all electric meters (their current number is 196,
i.e. n = 196), and entered into the database for further
processing in order to calculate the forecast values
using an artificial neural network. The start date of the
experiment can be considered 01.04.2022, i.e. /= 1.

The forecast itself was carried out for the next
m (for example, 1—31) days by 1 electricity meter,
i.e. n = 1. This value of n was taken to reduce
the time of the experiment. The next day the ac-
tual value of electricity consumption was measured
on the same electric meters EE ka The decision
maker (Fig. 3), For example, the head of the de-
partment, depending on the requirements of the
company, selects the number of days for which the
forecast will be carried out. Making forecasts daily

. until 01.05.2022 inclusive, we obtain for each elec-
Date Meter Consumed Air tricity meter 961 forecast and the actual value of
number electricity, kWh | temperature, °C ..
the amount of electricity consumed for each of the
01.01.2018 7156.5 —8.3 n electric meters. To do this, let’s introduce an ad-
02.01.2018 7567.1 —9.4
03.01.2018 8123.2 —14.4 P -
| Average error, KWh |

04.01.2018 8119.3 ~11.4 | 500 |

| soo |
05.01.2018 8912.0 —12.2 | o |
1 I s00 I
06.01.2018 7118.4 ~11.1 | o0 i
| 300 |
07.01.2018 7945.2 -11.9 e |
I I
08.01.2018 7981.5 8. | S§EEEEEEEEEEESEEEIEIEEESE |
I T 7 T Forecasthortzon I
09.01.2018 8589.0 -13.2 Tt TTTTTTTT T T :
_ Fig. 8. Change in E% depending on FEe*, in the framework

10.01.2018 8611.7 13.1 Ji Jji+1,...,31L
of the experiment on the three-phase counter "Mercury 230 ART"
Table 3

Change in the average error E Ik, when predicting the proposed ANN of the amount of energy consumed
(on the example of the Kumertau Electric Networks enterprise, meter No. 1)
E% E}, E} Ef E} E% E}, E} Ef E}

(10 days) (9 days), 8 days) (7 days), 6 days), (& days), (4 days), 3 days) (2 days), (1 day),
kWh kWh kWh kWh kWh kWh kWh kWh kWh kWh
286.4 168.7 149.4 119.8 130.5 75.9 62.7 61.4 57.2 34.2

E}, E}, E}, E}, El, E}, E}, E}, E}, E},

20 days) (19 days), (18 days) a7 days) (16 days) (15 days) (14 days) 13 days) (12 days) (11 days)
kWh kWh kWh kWh kWh kWh kWh kWh kWh kWh
5812.6 5914.2 5943.0 5600.0 511.3 494.4 475.8 468.9 443.8 366.6

Ef, E% E% E% E% E%, E% E% E% E%
(30/31 days), 29 days), (28 days), 27 days), (26 days), 25 days), (24 days), 23 days), 22 days), 21 days),

kWh kWh kWh kWh kWh kWh kWh kWh kWh kWh
840.2/861.9 811.2 787.0 760.8 746.0 723.8 840.2 811.2 787.0 760.8
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ditional notation / — the number of days of the ex-
periment, that is, the value / ;;, = 31. This makes
it possible to determine the average accuracy of the
forecast for each k-th electricity meter (15):

1 lk,i+m X X
Y. E|EEj, - EE};. |

Jyi+m
r=1

k
EE - (15)

lk,i+m
In this case, the error F Jk, (in kWh) on the i-th
day of the j-th year of each k-th electricity meter is
calculated by the ratio of the absolute difference (16),
and the error in percent by the following ratio (17):

EY =|EE% - EE},,,; (16)
EEX
Eply =| ——2—|100 %. (17)
EEj,i+m

Based on the results (Table 3 and Fig. 8) of the
experiment, the following conclusions were made:

the average error (Fig. 8) of the predicted elec-
tricity consumption E¥; cleft 457.2 kWh (Ep% —
7.8 %) on all three-phase static meter No 1 "Mer-
cury 230 ART";

noted that in the forecast on the 6th day (Table 3,
Fig. 8) errors E f, and Epfi more than the forecast
on day 7. This is a limitation of the modified mathe-
matical apparatus for training the artificial neural
network, which requires additional research and
improvements;

despite the weak trends of increasing/decrea-
sing power consumption, as well as constant spikes
(spikes, anomalies) in the time series, the predicted
values are quite accurate due to the coefficients intro-
duced earlier, as confirmed by further experiments.

Moreover, when evaluating the effectiveness, the
integral indicator of the effectiveness of the proposed
method of prediction is also important: it is neces-
sary to calculate the relative effectiveness of Epo}‘i
(Table 4) of each forecasting method by the ratio (18):

k
Epo, =[E”°,§J-1oo %, (18)
Emg,
where Epé‘p — average error (kWh) of the proposed
forecasting methodl Emé‘p — average error (kWh)
of the method, with the highest error (kWh).

The relative efficiency (Table 4) of the proposed
forecasting method is 84.6 %, which indicates the
need for energy capacity reserve in the form of an
additional 15.4 %. Consequently, the smaller the
percentage of power capacity reserve, the less finan-
cial costs for their reservation, which is especially
useful in the current economic realities.

Table 4

Calculation of the relative effectiveness of each method
(integral indicator)

Neural network Relative effectiveness, %

INS of the authors of the article 84.6
ARIMA 16.6
SVR 29.1
ARIMAX-GARCH 40.1
MLR 21.5
Single layer perseptron 0

Multilayer Perspectron 47.3
Convergent 75.1
Classic Recurrent 65.0

Thus, the implemented artificial neural network
of the authors of the article showed more accurate
and stable results, which proves the feasibility of the
proposed solution in the framework of electricity
consumption forecasting. Due to these forecasts, en-
terprises will be able to carry out energy-saving ac-
tivities (starting from the control of operating modes
and timing of checking electricity meters and ending
with the reconstruction of electrical networks). This
will allow energy companies to use financial resour-
ces more efficiently, which will positively affect not
only electricity tariff plans for individuals and legal
entities, but also provide an opportunity to optimize
the budget of an energy company.

Conclusion

Given the widespread use of artificial intelli-
gence technologies, this study examines the issue
of their effectiveness in predicting electricity con-
sumption. The model of artificial neural network
for predicting the amount of electricity consump-
tion was developed and evaluated on the example of
the enterprise "Kumertau Electric Networks".

The analysis of the effectiveness of the proposed
ANN showed on the basis of retrospective data en-
terprise "Kumertau Electricity Networks" that the
use of artificial neural network in predicting elec-
tricity consumption is appropriate and effective,
which confirms the calculated integral index.

Thus, the proposed method of forecasting elec-
tricity consumption can be especially useful for
companies to carry out specialized energy-saving
measures, which is especially useful in the current
global economic realities.
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WHcTUTYT nporpammHbix cuctem nm. A. K. AnnamassHa PAH, c. BecbkoBo, Apocnasckas o6n.,
depepanbHbIV UCCnegoBaTenbCkui LeHTp "MIHpopmaTtuka u ynpasnexHne" PAH,
Poccuiickuin yHnsepcutet gpy»6bl Hapoaos, r. MockBa

KorHutusHble MHCTPYMEHTbI aﬁchaKTHOFO MbILUTIeHUnA
dBTOHOMHBIX UHTEeJINMeKTyalribHbIX MOOMIbHbIX CUCTEM™

Pewaromes akmyanvhble npobaembl UCKYCCMEEHHO20 UHMEANCKMA, C8A3AHHble ¢ pA3paboOmMKOl UHCMPYMEHMAAbHbIX
cpedcme abcmpaKkmHo20 MolACHUS AGMOHOMHbIX UHMEANCKMYAAbHOIX MOOUALHBIX CUCMEM, NO360ASIOUWUX NAAHUPOBAMb e~
AeHanpasieHHoe nogederue 6 mpyoHoOOCMYNHbIX U A2PecCUuHbX 041 uenoéeka cpedax. Ilpedroxcenvl KoeHUMUBHbIE UHCIPY-
MeHmbl, obecnevusarujue UHMeALeKMYAAbHbIM CUCMEMAM G03MOICHOCMb OP2AHU3AUUU UeAeHANPABACHHOU MHO203MANHOU
dessmeabHOCMU, C8A3AHHOU C pelleHUeM CAONCHbIX 3adau, Ko20a naan nogedeHus agmomMamuiecKy Cmpoumcs 6 0OHUX YCao-
BUAX NPOOAEMHOU cpedbl, a 3a0aHHAS Ueab N0gedeHUsI 00CMU2Aemcs 6 OpyeuXx YCA08UAX DYHKYUOHUPOBAHUS, HAXOO0AUUXCS 34
npedeaamu paspewiaioweli CnocoOOHOCMU MeXHUYecK020 3perus. Baxcnoi ocobennocmoio npedaosiceHHbIX MUNOBbIX IAeMEHMO8
npedcmaeaenus u 00pabomKu 3HaAHUU 51641eMCs MO, YMO OHU NO360AIOM UHMENNCKMYANbHVIM CUCEeMAM 0P2AHU308AMb Gbl-
600 pelienus CAONCHbIX 3a0ay, ONUPAACh MOAbKO HA OaAHHble, XDAHAWUEC 8 MOOeAlU nPpedCcmasAeHUs 3HAHUL U NOCMYNAuue
U3 MeKywux ycao8ull QYHKUUOHUPOBAHU.

B o6wem cayuae pazpabomannas mooeav 3HAHUL UHMEANCKMYAAbHIX CUCIEM PA3AUYHO20 HA3HAYEHUS COCMOUm U3 de-
KAQPAMUBHBIX U NPOUEOYPHBIX MUNOBbIX IAEMEHMO08 UX npedcmasieHus. s opmaisbHo20 ONUCAHUA MUNOBBIX INEMEHMO8
npedcmaeneHus 0eKAAPaAMUBHBIX 3HAHUL UCNOAb3YIOMCA MPAOULUOHHbIE CeMAHMU4ecKue cemu U pasziuyHvie Habopsvl 02pa-
HUYeHUL, Ompaxcaruux 0onoAHUMeNbHbIe YCAOBUSL NPe0CMOoAue20 YYHKUUOHUPOBAHUS AGMOHOMHbIX MOOUALHbIX UHMeEANeK-
myaavhoix cucmem. Ymo xce Kacaemcs GopmMasbHO20 ONUCAHUS MUNOBBIX IAEMEHMO8 NPEOCMABAeHUS NPOUCOYPHbIX 3HAHUL
be30mHoCUmMenbHO K KOHKPemHOU npedmemHol 00aacmu, mo 045 3mo20 UCNOAb3YIOMCA HeuemKue ceManmuyveckue cemu. Jmo
n036045eMm A8MOHOMHBIM UHMEANEKMYAAbHBIM MOOUALHBIM CUCMEMAM A0AnMUPO8AMbCs K KOHKPEMHbIM YCAOBUAM QYHKUU-
OHUPOBAHUS 8 HEDOONPEOeNeHHbIX NPOOAEMHBIX CPedax U @biNOAHAMb HA MO 0CHO8E CHOPMYAUPOBAHHbBIE 045 HUX CAONCHbIE
3a0anus.

Ilpakmuueckas 3Ha4uMocmo ROAYHEHHBIX Pe3YAbMAMO8 3aKAHAeMCs 8 IPPeKmUeHOCMU UX UCNOAb308AHUS 045 PA3PaA-
O0OMKU UHMEANeKMYANbHbIX peuameneli 3a0au, 00ecneyusaruux aémoHOMHbIM UHMEANEKMYANbHbIM MOOUAbHBIM CUCHEeMAaM
PA3AUHMHO20 HA3HAYEHUS 803MONCHOCMb GbINOAHEHUS CAONCHBIX 3A0AHUL 8 Anpuopu HedoonpedeieHHbIX NPoOAeMHbIX cpedax
nymem adanmauyuu cQopmuposanHozo 6 obujem eude NAAHA UEACHANPABGAEHHOU O0esMeAbHOCMU K KOHKPEMHbIM MEeKYujum
YCA0BUAM YHKUUOHUPOBAHUSA.

Karoueevre caoea: asmonomuas uHmealeKmyaibHas cucmema, abcmpakmuoe MolidieHue, munoeole 1eMeHmol npedcmas-
AeHUs 3HAHUL, UHCMPYMeHMAaAbHble CPedCmea 6bl800a peuleHull, NAAHUPOBAHUE MHO20IMANHOU JeameabHoCmu

BBenenue

ITorpeOHOCTL B peLIEeHUU Pa3JIUYHBIX TIO0
CJIOXXHOCTH MPaKTUYECKMX 3aJady B HeCTaOMIIb-
HBIX, allpyOpU HEOMUCAHHBIX TPYAHOAOCTYIHBIX
M arpecCUBHBIX IJIsl YeJioBeKa MpPOOJIEMHBIX Cpe-
nax (IIC) nukTyeT 00beKTUBHYIO0 HEOOXOAUMOCTh
CO30aHUS AaBTOHOMHBIX MHTEJIJIEKTYaJIbHBIX MO-
ounpHbIX cucteM (AMUMC) paszauyHOro HasHa-

*MccnenoBaHKe BBITIOTHEHO 3a cueT rpanTa Poccuiickoro Ha-
yuyHoro ¢ponga Ne 21-71-10056, https://rscf.ru/project/21-71-10056

YeHMs, 00JaJaIoONInX MO AHAJIOTUU C YEJIOBEKOM
[1, 2] cnenytoimmu opMaMu MbliaeHus [3]:

1) HarsIAHO-AECTBEHHBIM MBIIIIJIEHUEM, 00€e-
cneynBanM criocooHocth AMMC K caMoo0y-
yeHu1o B anpuopu HeonucaHHbix [1C u dopmu-
pOBaHWE Ha 3TOW OCHOBE YCJIOBHBIX MPOTpaMM
LesiecoodopasHoii aesatenbHocTu [4, 5. B ocHOBY
opraHusainuu gjaHHoi ¢opmbl MbinuieHuss AUMC
3aKJIabIBAIOTCAd METOH MNpoO0 M OIMOOK, Mexa-
HU3MBbl u3buparesbHocTH noctymnatouieir u3 IC
nHGpOpMaLlMK, ONMUpalolIUecs Ha aHalnu3 MPOUC-
XOISILIMX B HEU U3MEHEHU, 4 TAKXKE UHCTPYMEH-
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Tbl 0€3yCJIOBHON pedAeKTOPHON AeITEAbHOCTHU
KUBBIX OPTaHU3MOB;

2) HarasaHO-00pa3HBIM MBIIIIJIEHUEM, TO3BO-
nsromuM AMMC BeIIONHSATH ChopMyTMpoBaHHOE
3ajlaHue B PasIMuYHBIX HEIOOIpPEeneJeHHbIX YCIIO0-
Busax I1C, orpaHMYeHHBIX paMKaMM BOCTIPUHUMa-
eMoll B cpeze TeKyleil curyanuu [6—8]. B atom
cnyuae ais BeiBoga pemieHuit AUMC cpaBHU-
BaeT MeXAy COOOi TEeKYyIIyl0 W LIeJIeBYlIO0 CUTya-
uuu I1C 1 Ha OCHOBE BBISIBJICHHBIX MEXIY HUMU
pas3iMuuii TeHepupyeT IUIaH liejJeHarnpaBieHHOMN
nesaTenbHocTH. OTpaboTka AeicTBUil chopMupo-
BAaHHOrO TaKMM O0pa3oM IlJIaHA TMOBEACHUS TO-
3BoJisieT AVUMC ycTpaHUTh BCe pa3anuust MEXIy
Tekyliei u ueaeBoi curyauusmu [1C u poctuun
Ha 3TOW OCHOBE LIEJU MOBEICHU S,

3) aOCTpakTHBIM MBIIIIEHUEM, OOecredynBalo-
mwuM AWUMC BO3MOXHOCTb pellIeHUs CIOXHBIX
3ajlady B pacrnpeneieHHbix B mpoctpaHcTBe [1C.
NHaye roBOpsi, 9TOT TUIN MBILJIEHUS MPUMEHSI-
€TCsl B YCJIOBMSIX, KOTja TJiaH lieJieHarpaBieHHOU
JNEeATEIbHOCTU CTpOMUTCS B omHoi cutyauuu [IC,
a JJIsl JOCTUXKEHU ST 3aJaHHON e WHTEJIEKTY-
aJIbHOM cucTeMe TpeOyeTcsl MepeTH, MCIOJb3Ys
psiA IPOMEXYTOUHBIX 3TAIlOB TMOBEACHMS, B APY-
ryto cutyanuio [IC. Takum oOpa3oM, HaHHBIA
BUJ MBILJIEHUST CIYXHWUT [JISI OpraHuM3aluu To-
auda3HoO MJIM MHOTOATAITHOW AesaTeabHOCTH [9],
korma monyuyeHHoe AMMC 3amaHue COCTOUT U3
HECKOJbKUX TIOALIEN e TOBEAeHMSI, JTOCTUXEHUE
KaXJI0W M3 KOTOPBIX, HAYMHAS C MEePBOW, BBITIOJ-
HsleTcs B pasnuuHbiXx ycaoBusax [1IC u aBasieTcs
NPEANOCHIIKOM IJIs1 TIepexoda Ha CIAEaYOIIi
aTan lejeHanpaBJeHHON aesATebHOCTH, peaiu-
3yeMblii B HOBbIX yciaoBusx T1C.

Cnenyer OTMETUTh, UTO B HAcTOsIIEe BpeMsi
HaMMeHee MCCJIeOBAaHHBIMU SIBJISIIOTCS TpoObJie-
Mbl, CBSI3aHHbIE C TIOCTpoeHueM 3(P(HEKTUBHBIX
WHCTPYMEHTAJIbHBIX CPENCTB a0CTPAKTHOTO MBbIIII-
nenuss AUMC. B cBsa3u ¢ 3tuM [Jist co3maHus
ANMC, obnamaromux BbICOKUMU (HYHKIIMOHAIIb-
HBIMU BO3MOXHOCTSIMU, TpebyeTcsl 0coboe BHUMA-
HUE YIeIWTh pa3paboTKe KOTHUTWMBHBIX WHCTPY-
MEHTOB OpraHM3aluM TaHHON (POPMBI MBIIIJICHUSI.

B o01ieM ciydyae KOTHUTUBHBIE WHCTPYMEHTHI
a0CTPaKTHOI'O BbIBOJAA pEIIeHUN MOJXKHBI Haje-
ns1Th AUMC CcrocoOHOCTBIO TIAHMPOBAHUS Ha
aJIbTEPHATMBHON OCHOBE MHOTO3TAITHOMN NESITeNb-
HOCTM B HemoomnpeneaeHHbIX ycaoBusix [1C, onu-
pasich TOJIbKO Ha 00pabOTKY JaHHBIX, XPaHSILIMXCS
B MOJEJV TIPEACTaBJIeHUs 3HAHUM, a TakXe CIo-
COOHOCTBIO afanTallMid U KOPPEKTUPOBKU CPop-
MUPOBAHHOTO B O0I1lIEeM BW/Ie MJIaHa MOBEAeHM S Ha

OCHOBE MH(POPMALIMH, TTIOCTYIIAIOIIEH U3 TEKYIIINX
ycaoBuii pyHknnonupoBanus. [Ipu stom cnemyet
TaKXXe YYUTHIBATh UMCIOIINECS Y MHTEIJICKTyallb-
HOI cucTeMbl (PYHKIIMOHAJIbHBIE BO3MOXHOCTU U
3aJlaHHBIe OrpaHUYEHUSI, HAIIpUMeEp, 110 BpeMeHU
peLIeHUS TTOCTAaBJIECHHOW 3a1a4u.

Takum oOpaszoMm, anst cozmanuss AVMUMC, o00-
JIaJaroIIMX BEICOKMMU MHTEIIEKTyaJbHBIMU CIIO-
coOHOCTAMU, TpebdyeTcsl pa3paboTKa abCTpaKT-
HOIl Momeau IIpelcTaBJIeHMS 3HAHMM, a TaKxke
MHCTPYMEHTAJBHBIX CPEIACTB HUX OOpabOTKH u
BBIBOJIA PEIIEHUI, B COBOKYITHOCTU IIO3BOJISIIO-
IIMX WHTEIJIEKTYaJbHBIM CHUCTEMaM Pa3JIMIHOTO
0a3upoBaHUS U Ha3HAUYCHUS IJIAHUPOBATH ILIEJe-
HampaBJIEHHYI0O MHOTO3TAaIlHYIO0 OEATEIbHOCTD,
CBSI3aHHYIO C pellIieHHMeM CJIOXHBIX 3a7a4 B U3Me-
Hsomuxca yciaopusx I1C. OmHoMy M3 MOIXOHOOB
peleHusT TaHHOK IpOo0JIeMbl 1 MOCBSIIAETCSA Ha-
cTosiliiee UcciaeqoBaHue.

ITocTanoBka 3agaum

Paccmorpum AMMC, ocHallleHHYIO TeXHMU-
YeCKUM 3peHMEM, MaHUIIYJISITOPOM U MOTOPHOI
noacucteMoii. IlycTs MOOyIb TEXHUYECKOTO 3pe-
Hug mno3Boysser AMMC pacrno3HaBaTh Haxons-
muecsd B I1C o6bekTh [10, 11] 1 cTpouTh MOJEIH
TeKYLIMX YCJIOBUIN (PYHKLIMOHMPOBAHUS B BUIE
TpaguILIMOHHOM ceMaHTHUYecKoi ceTu [12, 13]. Mo-
TOpHAas IMOACUCTeMa U MAaHUITYJISITOp obecrneyrnBa-
10T AUMC B03MOXHOCTbh OTPabOTKM pa3TMIHBIX
9JIEMEHTApHbIX AeicTBuit B ={b; }, i} = I,n, mo-
3BOJISIIONIHX:

— ueneHanpapijeHHo nepemeiarbesa B [1C g
repexoaa M3 OTHUX YCIOBUI (DYHKLIMOHUPOBAaHUS
B IpyTU€ YCJIOBUS B IIPOLIECCE MHOTOSTAITHOMN Jie-
SITEJIBHOCTU;

— MAaHUITYJMPOBaTh HAXONSIIIMMUCSI B cpene
00beKTaMHU B LEISIX IIpeoOpa3oBaHUS TeKyllei
cutyauuu IIC B TpeOyeMylo LIEJIEBYIO CUTYaIMIO,
COOTBETCTBYIOIIYIO BBIIIOJHSIEMOMY 3Tally lieJie-
HampaBJIeHHON OeSITeJIbHOCTU.

IIC uemecoobpa3HO oxapakTepu3oBaTh DdJie-
MEHTaMM CJIeAYIOIINX MHOXECTB:

— JHONYCTUMBIX CHUTyauui s; €S, ompeze-
JISIOIIMX pa3IMYHble 3Talbl U YCJIOBUS lieJeHa-
npaBieHHoON nesateabHocT AUMC, dopmanbHOe
OIMCaHME KOTOPBIX CTPOUTCS B MOAYJE TEXHMU-
YECKOro 3pEHMs] B BUJE CEMAHTHYECKUX CETei
S, €S8 ={S;}. )i =Lm;

— Haxonsiuxcst B cpezie 00bektoB 0 ={0; (X))},
Jj, =1,m,, ¥ BUIOM CEMaHTUYECKUX OTHOLICHUI
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mexay HuMu R ={r},y = I,n, rme X;, — MHOXe-
CTBO NPHU3HAKOB, OMHO3HAYHO XapaKTepU3YIOIINX
00BeKT 0, (X)) € 0 TIC;

— CO6bITI/II/I 0, =1q,, (S/| )Y, Jy = 1,ms, "
0, {qM(S )}, Ja =1,my, Bo3HuMKaromux B [IC
He3aBUCUMO OT gesteabHocT AWMMC, r1oe
S}E,SJ/.;“ — MOICUTYyallMU, KOTOPbIE XapaKTepu3y-
0T u3MeHeHus1, mpoucxoasiue B I[IC B pe3ynbra-
Te BOBHMKHOBEHHUsI B HEH, COOTBETCTBEHHO, CO-
OBITHIA qu(Sj/.f) eQ u qj4(SjJ.l4) € 0,.

Crnenyer  OTMETHTB, 4YTO K  COOBITHUSM
qj, (S ) € 0, OTHOCSITCSI TaKHe€ SIBJIEHMs, KOTO-
phIie HpOI/ICXOL[HT TOJIBKO B OIIPEACICHHBIX CUTY-
anugx IIC s j € S 1 BHOCIT B HUX M3MEHEHUH,
crocoOcTBylomue noctuxennio AUMC nmonuenu
MOBEICHUSI OMNpede/IeHHOI0 TEeKYyIIero 3Trara I1o-
Jda3Hoi aeareabHoCTU. [TpuMepoM MOXET ObITh
TMOSIBJICHNE B CUTYallUM S; €. TPaHCIOPTHOIO
CpelCTBa, KOTOPOE MOXET OIEePaTUBHO JOCTAaBUTH
AWMC B 3amaHHBII TYHKT HazHadeHus. Kak
MpaBUjIO, IMOACUTYallUU S/ff XapakTepusylolue
W3MEHEHUS, TPOUCXOASIINE B TEKYIIEH CATyallu
IIC s i € S, Be3piBaloT y AUMC onpeneiieHHbIE
peakluu, IpeacTaBlIsIone coboil yImopsaodeH-
HBIIT HAOOp 2JIEMEHTAPHBIX JEUCTBUM bl-l e B, or-
paboTKa KOTOPBIX M OOECIeYMBAET MHTEIICKTY-
aJIbHOM CHCTEeME HEINOCPEACTBEHHOE NOCTHXECHUE
MOJLIeJM Ha TEKyUIeM JTare liejJeHarnpaBieHHOMN
nesateabHocTu. CremoBaTebHO, pelleHue Of-
HOI M3 OCHOBHBIX MOA3ajad MHOTO3TAalHON Jes-
TeabHOCTU cBomuTcs K mepexony AUMC u3s te-
KYIIMX YCJIOBUI (DYHKIIMOHMPOBAaHMS B HOBBIC
ycnosust [1C, B KOTOPBIX MPOMCXOAAT COOBITHS
q;, (S ) € O, CBI3aHHBIE C JOCTUXEHUEM MHTEI-
JIeKTyaJIbHOI/I CUCTEMOM CTOSIIEN epel HEW TEKY-
IIEN TMOALIENIN LIEJEHAIPABJICHHON NESITEIbHOCTH.

B cBowo ouepenb, COOBITUSI BTOPOIro BHUIA
q;, (SIJ.;“) € 0, B pe3yabrare BO3HUKHOBeHUs B [1C
BHOCSIT B TEKYLIYIO CUTYaLHUIO §; € S TIC usme-
HEHUS, OIpeAcasieMble HOI[CI/ITyaI_[I/II/I S"‘, KOTO-
pble COMPOBOXIAIOTCS B03HI/IKHOB€HI/ICM B [IC
COOTBETCTBYIOILLIEHI MM YyIpo3bl pPe3yJIbTaTUBHOU
nesatenbHocTu AUMC. [Ipyrumu ciioBaMu, B 3TOM
ciyyae AUMC njst mOCTUIKEHUS CTOSIIIEH TToA1e-
JIX TIOBEeNEeHUS TpeOyeTcs IMpeaBapUTEIbHO OO
YCTPaHUTh U3MEHEHU S, OmpeaeseMble MOACUTY-
anuei S}“, KOTOpbIE OBIIM BHECEHBI COOBITHEM
qj4(SjJ.14)eQ2 B Tekyluee coctostHue IIC, nubo
NpeaNpUHSIThL MEpHI, CBSI3aHHBIE CO CHUKEHHEM
BIAMSHUS OaHHBIX M3MeHeHui IIC Ha maiabHeu-
LIYIO Pe3yJbTaTUBHYIO AESATEIbHOCTh WHTEJJICK-
TyaJIbHOM CUCTEMBI.

3amaHue, ompezensoliee 1eJeHanpaBIeHHYIO
JIesaTeIbHOCTh, dopmyaupyerca AMUMC B 1mpo-
LeaypHoil ¢dopme TpeacTaBieHMs] B BUIE KOP-
Te>Ka CJIOXHBIX sedcTBuil (B, B,,...,B; ,... Bk1>

—{B,z} i =1,n, ,hy, [14] ¢ HeoOXomMMBIMM IJIs
ero 2(MdeKTUBHON peanu3aluy OrpaHUYCHUS-
MU, HaIlpuMep, IO BPEMEHHU pEIIeHUS IMOCTaB-
JIeHHOM 3amauu M T. 1. Kaxgoe Takoe cIIOXHOE
JIECTBUE B,-2 eB (GaKTHUUEeCKH OIpeneIsaeT OOHY
U3 1noazagad nojudasHon aesareabHoctu AUMC
U TpeAcTaBisieT co0Ol yIMopsiAOUEeHHYIO MocJe-
JIOBaTeJIbHOCTh <b,% (1), b,f(iz )yenns bl.ll‘2 (i2)> 2JIEMEH-
TapHbIX AEUCTBUU b[] € B, a Takxe YCJIOBUUA UX
pe3yabsTaTuBHOI oTpaboTku. Hampumep, cdop-
myaupoBaHHoe AMMC 3amaHue MOXET HMETh
cleaylollee coaepXaHue:

"Hatimu na 3adaunom yuacmie npobaemHol cpe-
dbt 6ce 00vexmol 0,(X;)e0, obnadaroujue 00OHUM
u3 Habopos npusnaxkoe X, X, uau X5 u nepeeeamu
ux 6 3adanunoe mecmo npobaemuou cpedwt”.

CrnenoBaTeibHO, Ha IEPBOM 3Talle MPEIACTOsI-
wei gesareabHocTh AMMC TpebdyeTcss OThICKATh
B arrpuopn HeonucaHHo I1C u 3arpy3uTh B CBOIO
TEJIEKKY BCE OOBEKTHI 0 (X ) e O, yInoBIIeTBOPSI-
IolIMe OMHOMY U3 cneayloumx ycaoBuit: X; < X ; o
X, c X;, nim X;c X; . 3areM Ha BTOPOM 9Tare
MOBEACHUS MEPEBE3TU U Pa3TPy3UTh JaHHBIE 00b-
eKThl B onpenesenHom mecte [1C.

Takum o6paszoM, TpebyeTcst pa3padboTaTh TaKUe
TUIIOBBIE 3JIEMEHTHI MOJEIU NPEACTaBIEHUS U 00-
paboTKM 3HAaHUM, 0€30THOCUTENBHO K KOHKpET-
HOU MpeaMeTHOM 00J1acTU, ONMUPAsICh HA KOTOPhIE
AUMC, B cooTBeTcTBUU C (HYHKIMOHAJIBbHBIM
Ha3HAUYE€HMUEM, CTAHOBUTCS CIIOCOOHOI aBTOMAaTH-
YeCcKU IJIaHMPOBATh MHOI'O3TAIIHYIO lLieJIeHapaB-
JICHHYIO NIeSITeJIbHOCTh B Pa3MYHbIX HECTaOUIb-
HbIX ycaoBusax T1C.

CTpyKTypa H coaepKaHHe THIOBBIX 3JIEMEHTOB
npeacrasaenns 3Hannii AUMC

B o6iem cnyvae misa pemenus AUMC mHoro-
STAlIHBIX 3aJad Ha OCHOBE MHCTPYMEHTAJIbHBIX
CpeACTB aOCTPAKTHOIO MBIIIJICHUSI B Pa3IMYHBIX
ycaoBusix IIC TpebyeTcs, 4yToObl MoAeab 3HAHUMA
WHTEJUIEKTYaJIbHOM CHCTEMBbI BKJIIOYAJIa CIEedyIO-
1Y€ BUABI TUTIOBBIX 3JIEMEHTOB MX MPEACTABIICHUS:

1. TpaguIIMOHHBIE CEMAHTUYECKHE CETH S eSS’
omuceIBaonne Tekyuue curyauuu [1C S}, e S.

2. HeueTkne ceMaHTHYECKUE CETU S eS”
Jjs = 1,ms s, [15], mo3Boagioliue 6630THOCI/ITCHB-
HO K KOHKPETHOW IpeaMeTHOI 00JacTHh OmucaThb
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pa3InYHBIE YCIOBUS, KOTOPBIE HOJIKHBI BBITION-
HsaTbesa B [1C anst pe3ynbTaTUBHON AESITETBHOCTU
AVMC B pa3iIuMyHBIX YCIOBUSX (DYHKIIMOHUPO-
BaHUuA. J[laHHBIE CEMaHTUYECKUE CETU WCIOJb-
3yI0TCS UIS TIOCTPOEHUS TUIMOBBIX 3JEMEHTOB
MpEeACTaBJIEHNUS 3HAHUU 0€30THOCUTENIBHO K KOH-
KPETHOW TPEIMETHOU 00JaCTh U MPUMEHSIOTCS
AUMC nng BbiOOpa pe3ysibTaTUBHBIX IEUCTBUM
B TIpollecce TUIAaHWPOBAHUS IieJeHAIlpaBICHHON
eI TETbHOCTH.

3. TuroBbie 3J€MEHTHI, XapaKTepU3yIolllue yC-
JIOBMSI, KOTOPbIE AOJIXKHBI BBIMOAHATHCS B [1C s
pe3yapraTuBHONM 0TpaboTK AUMMC pasnmaHbIX
JNeNCTBUIA:

— OIpEeAenslIne 3JEeMEHTaApHbBIE IEUCTBUS
b, € B, xoropsie nossossiior AUMC perymunpo-
BaTh 3HAYCHUsI OTACTBHBIX OTHOLICHWH F, € R
MexXay oobekTamMu u coopiTusimMu [1C;

— XapakTepu3ylollue aJIbTePHATUBHBIC Ba-
PUAHTBI PELICHUS d 2 eD , J¢ =1,mg, TUIOBBIX
noxzanad d; € D, COOTBGTCTBYIOIL[I/IX CJIOXKHBIM
JNEVCTBUSIM B € B', U3 KOTOPBIX CKJIaAbIBACTCS
MHoroaTaHHaﬂ nesitenibHOCT AUUMC.

4. YcranaBnuBalonine aevictsusgs AMMC, obe-
CTIEYMBAIONINE OMpPEACTCHHBICE U3MEHEHUS 3HaUe-
HUIl OTHOIICHUH r, € R Mexny obbekTamu IIC,
Tpeodyloluecs i JOCTUXEHUS TEKYIIEH MOALe-
JIV TIOBEACHU .

5. Umeromme ¢opmar onvcaHusi B BUAE JIO-
TMKO-TPaHC(OPMALMOHHBIX — MpPaBUJI  BbIBOIA
q,,(8;,): S’Q(l)& B, - S’2(2) 00ecreynBaoIINX
BBIOOp Ha CI/ITyaI_[I/IOHHOI/I ocHoBe [16] _Pesyiib-
TaTUBHBIX CIOXHBIX [IEHCTBUI B, e B® mocne
BO3HMKHOBeHUs B IIC ompeneneHHBIX COOBITHIA
q9,,(SF)eQ, e SP(1)& B, »>S2(2) — axt
TMOBEICHU S, O3HAYaIolIUi, 4TO ecil B TeKyIIen
curyaunu IIC s; €S BBIMONHSIOTCS YCIOBHS,
OIpeneIsieMble l'IOI[CI/ITyaIlI/II/I Sz(l) TO OTpa-
6otka AUMC cinoxHOro ,I[GI/ICTBI/IH B; npusoxut
B Cpele K U3MEHEHUSIM, KOTOpPBIE OHI/ICLIBaIOTCH
MOJACUTYyalI el Sjlg ).

JaHHbBIE TpaBUJa MCIOJB3YIOTCS B IIPOIECCE
BeIBoma penreHni, kormna AUMC nist mocTuXeHU S
TEKYIIEH TOALENN TPeOYeTCs IONYYUTh Pe3yIbTar

’2(2) nocJyie BOBHUKHOBEHUSI B Cpele COOTBET-
CTByIOLL[ero COOBITHS ¢, S 13) [IpumMepoM MOXET
OBITH Cyyai, Koraa AI/IMC HEOOXOIUMO CECTh
B OXMIAeMO€ TPAHCIIOPTHOE CPEACTBO ITOCJE €ro
MOSIBJIEHUST B ompeneseHHbIx ycaoBusax I1C mns
MOCTUXEHUS TEKYIIEH TTOALEIN TTOBEACHUS U T. TI.

6. Ompenensiomne HaOOPbl OrpaHUYEHUI
hl’; e H, iy = 1,n;, Ha ocHOBaHMM KoTOpbix AUMC
BBIOMPAET COOTBETCTBYIOIICE UM aJbTEPHATUBHOE

pelieHue d’2 (13) e D* crosiueit mepen Heil mon-
3aJaq9u d e °D ma TeKyIIeM dTare IeJecHarpaB-
JICHHOM I[eHTeJH)HOCTI/I. IIpuMepoM Takux orpa-
HUYEHUIA MOTYT OBITh BHUJ M COCTOSIHUME TpyHTa
nosepxHocTtu yvyactka IIC, nmpu kotopeix AUMC
MOXET MepeMeIIaThCsl MO0 3TOMY YYacCTKy TOJIBKO
C OrpaHUYECHHOM CKOPOCTbIO 1 T. TI.

7. TMoxcuryaruu S ; j,» XapaKTepusyloLlie ycio-
BUsI BO3HUKHOBeHMs B [IC coObiTUil ¢ ; i (S 4) € 0,.

8. CTpyKTypuMpOBaHHOE ONMCAHUE anropMT—
MOB, ucrionb3yeMblX AUMC nns pemreHus pas-
JIMYHBIX HeNpeaBUACHHBIX IToA3alad B IIpoliecce
IJJaHUPOBAHUSI OCHOBHOM AESITEIbHOCTU, OTHO-
CAIIUXCI K KOTHUTUBHBIM MHCTPYMEHTaM Ha-
[JISAHO-ICMCTBEHHOIO0 M  HaIISIAHO-00pa3HOro
MbInieHus [2]. HampuMmep, K aiieMeHTaM JaHHO-
ro BUAa MOACIM TiperncTaBieHus 3HaHuit AUMC
ClIeAyeT OTHECTH aJTOPUTM CaMOOOYYEHUS, II0-
3BOJISIONINI WHTEJUIEKTYaJIbHOM CHCTeME opra-
HU30BaTh ITOMCKOBYIO IEITEIBHOCTh B amlpHoOpu
HeomnucaHHbIX ycioBusax IIC, u T. m.

®opmalibHO  TpamgUMIIMOHHBIE  CEMaHTHUYE-
ckue cetu S j € S" B Momenum mpencTaBie-
HUS 3HAHUN OIPENeNsIloTCS MOMEUEHHBIM TIpa-

dom G~ =(V11’E1‘1)’ B KOTOPOM BepPIUMHBI
v, € le, =1,m;, TIOMeYalTCd  HAXOLALIU-
MUCS B HC o0beKTaMu sz(ij)GO, a pebpa
e € Ejl,jg =1,mg, — KOJMYECTBEHHBIMU OLICH-

KaMU1 OTHOILIECHM, BHIITOJHSIOIIMXCS MEXIY TaH-
HBIMM OOBEKTaMU B TEKYIIMX YCIOBUSIX (PYyHK-
nuoHupoanuss AUMC.

B cBo10 0Uepenb, HeueTKe CeMaHTUYECKIEe CETU
S js € S™ Momenu npeacraBnenus sHanuit AUMC
ONpPENESAIOTCS MOMEYEHHBIMU HEYETKUMU Tpa-
bamu G; =V, E;), tne V; ={v;}, jo=1my,
Ej5 = {ejlo}, Jio = 1my, m;y, — COOTBETCTBEHHO MHO-
XKecTBa BepiiMH U pebep. IlomeTku BeplInH
V), €V;, B HEUCTKNX CEMAHTUYECKUX CETSIX S
OTIPENENSIIOTCS COOTBETCTBYIOIIMMU UM CJIOTaMUu
x;,(X;)), XapakTepu3yIOLIMMHUCS MHOXECTBOM
NpU3HAKOB X, KOTOPBIMM [OJKHBI 0ObJazath
pasznuuHbie 00bekThl [IC o i (X jz) e O nist TOrO,
yTOOBl ObLIA JOMYCTUMOM MOMETKa 3THUX CJO-
TOB JaHHBIMU OOBEKTAMU B TEKYILIMX YCIOBUSIX
¢ynkuronupoBanusa AUMC. JpyruMu cioBaMu,
MOMETKa CJIoTa X J-g(X jg) B ceTu S j; OTyCKaeTcst
Haxoagiumcss B IIC oObekTOM ojz(X jz)’ eciu
BBITIOJIHSIETCS yClIoBUEe X jo S X i

Pebpa €, € E j; B ceTn S js OMpenessoTcst
TpOMKaMu (Tju’yju’yyn+1>’ Jii =L5, roe Tm —
TepM MJIM CJIOBECHOE 3HaueHWE JUHIBUCTUYE-
ckoit mepemeHHoit [17, 18], omHOMMEHHOI ¢ Ha-
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3BaHWEM OTHOIIEHUSI, KOTOPBIM IOJKHO OBITh
MOMEYEHO pedpo e io® Takum o6pazomMm, TepMm
T; ~onpenenser, Hanpumep, oTHoiueHue “Jlomy-
ctumoe pacctosinue Mexay AUMC n obbekToM
[IC" B caemytomieM o606meHHOM BHae: "OO0BEKT
0, (X ;) momxeH pacnonararbest B I1C Ha "01n3-
KOM" pacCTOSSHUM OT MecTorojioxkeHuss AUMC";
Vi Vi+l COOTBETCTBEHHO HUXHSSI U BEpX-
HSd TpaHWYHBbIE OLIEHKW IOABIHTEpBaJla YMKC-
JICHHBIX 3HaYeHUW Tepma 7 Ha KOJIMYECTBEH-
HOI 1IIKaJie COOTBETCTBYIOIIEH JIMHTBUCTUYECKOM
MepeMeHHOM, XapaKTepu3ylollero MHTEePBaJIbHOE
3HAUE€HUE, KOTOPOEe OIpeaessieT BCe JOMYCTUMBIE
paccrostHusa Mexnay oobekToMm IIC m AUMC, nns
TOro 4TOOBl MHTEJJIEKTyaJbHasl CHUCTEMa Morja
3aXBaTUTh 3TOT OOBEKT.

TumnoBble 3JEMEHTBHI TIPEACTaBICHUS 3HAHWI
AUNMC, ompenensoiine yCIoBHs, HEOOXOIMMBbIE
IUJISl YCTIEIITHOTO BBHITIOJTHEHUST MHTEJICKTYaJIbHOMI
CHCTEMO¥ IeMEHTapHBIX ACHCTBUI b; € B, mme-
10T caenywouuii popmar onucanus: <HMdenmugu-
kamop Oeticmeus b;, G,-II,G,% >, Tae G,{ — rpad,
ONpees IO HEYETKYI0O CEMaHTUUECKYIO CETh,
OTIMCHIBAIOIIYIO YCIOBUSI, KOTOPBIE JOJKHBI BBI-
noaHATbes B [1C 11 pe3ybTaTuBHON OTPabOTKM
JCHCTBUSL b; B LEJISX TONYYCHUsI Ha 3TOH OCHOBE
n3MeHeHui Tekyieit cutyanuu I1C, ompenense-
MBIX HEYETKOM CEMAHTUYECKOW CEThIO, MPEACTAB-
JICHHOM rpadoM G,%.

Cgenenusi, cayxamme AUMC nnsa omnpene-
JICHUsI DJIEMEHTAPHBIX NeHCTBUI b; € B, 1m03BO-
JSIOIIUX BBITMIOJHUTHL HEOOXOMMMOE IS TOCTH-
KEHUS TEeKYIIel TOALeN M3MEHEHHE TEKYIIETO
3HAYEHWsI OTHOIIEHUS F, € R, UMEIOT Cleny ot
¢dopmat onmcaHus:

< Hoenmuguxamop omnowenus r, € R; deii-
cmeue b,:' € B, nossoaswwee yseauuumsv 3nauenue
OMHOWeHUs 1,; delicmeue bg e B, obecneuusaroujee
BO3MONCHOCMb YMEHLULUMb 3HAUEHUEC OMHOULEHUS I, >.

B o00mmeM ciaydyae THUIIOBBIE BJIEMEHTBI TMPEMI-
cTaBJieHMs 3HaHUM, To3BoJigome AMMC BbI-
OvpaTh Ha aJbTEPHATUBHOW OCHOBE Hambosee
3¢ GeKTUBHOE COTIACHO TPUHSATOMY KPUTEPHUIO
d ;2 e D" anbTepHATHMBHOE peLICHHE TUIIOBOI
nozzanayn d; € D MHOrOITaIHOi 1eSTENbHOCTH,
WMEIOT ciieayonuii gopmar onucaHus:

eciu A, To d;?;

i .
ecau hy, 1o dy?;

d,: (M

iy iy
eciau hma’ TO a’mﬁ,

r7e, HalpuMep, UMIDIMKAaTUBHOE pellaloliee mpa-
o "ecau A2, To déz " O3HaA4YaeT, YTO B CIIy-
yae, kormra y AUMC Bo3HMKaeT HEOOXOTUMOCTh
B BBITIOJIHEHWH TOA3anaYn d; € D Tpu HaInduu
OrpaHUYCHU hf, WHTEJJIEKTYyaJIbHOM CUCTEME
clIefyeT MCIIOJIb30BaTh €€ TUIIOBOE PEIICHME déz.

B cBowo ouepenb, Kaxkiaoe aJIbTepHATMBHOE
pelieHue dj’é e D* TUMOBOI TON3anaun d,eD
UMeEeT CleAyIomuii (hopMaT ONUCAHUS:

<"onz[j6 (iy)", "Tenoj6(i2)", "BbIXO)lj6 (i))">,

rae " BXO[ j6(i2*)*" — HeYeTKass CeMaHTHUYecKas
ceThb S /’56 (1) e S, ompenensioiiast yCJIOBUS, KOTO-
phie HOJIXKHEI BhINOAHAThCA B [1C mis ycnenrHoit
otpadboTkn AUUMC cJIOKHOTO NEUCTBUS B/f e B,
oOpasymwlero "Teno jG(iz)" Jg ANBTEPHATUBHOTO
BapuaHTa pelleHusT TUITOBOM moa3amadyu a’,-2 e D,
KOTOPO€ COOTBETCTBYET OTpPaHUYCHUSIM Ay ;
" BBIXOI jﬁ(iz)" — HedeTKas ceMaHTHUYecKasl CETh
S}S"(2), cooTBeTcTBYyIOIas yciaosusm IIC, mon-
TBepxXgawonuM noctukenue AMMC niopuenu 1mo-
BEICHNUS, CBA3AHHOM C pelueHueM d; € D rtumo-
BOI1 moa3agayu.

TurmoBble 3JIEMEHTHI ¢ i (Sﬁ) : SZ & Bi2 - Sj.i(Z)
npeactasieHus 3HaHuit AUMC umeror cienyro-
1ee coaepXKaHue:

"Ecau 6 mexywei cumyayuu IIC sj, €S 6bi-
NOAHAIOMCA YCA08US, ONpedeasoujuecs HeuemiKoll
cemManmu4eckoll cemuio Sj’i (1), a makxce npou3so-
wao codvimue q;, (SJ-4) € 0, u coomgemcmeyrujue
IMoMmy coObimuto usMeHeHus S; , Mo 6binOAHeHUe
AUMC caoxcnoeo deiicmeus B, noseonsem pe-
Wums meKyuyro nodzadavyy MH0203ManHo2o noge-
deHusl, C8A3AHHYIO C UBSMEHEHUIMU MeKYUUX YCao-
6Ull (DYHKUUOHUPOBAHUS, ONpedensemMblX HeuemKoll
CeMaHMuU4ecKoi cemoio S;i 2)" .

DeMeHThl MpeACTaBICHUS 3HAHU hl’; e H,
OTpeleasiolMe B COOTBETCTBUM C TEKYLIMMU
ycnoBusimu T1C paznnyHble MOAMHOXECTBA hf;
OorpaHMYeHUN (PYHKIMOHAJIBHBIX BO3MOXHOCTEH
ANMC, Ha OCHOBE KOTOPBIX MHTEJJICKTYyaJlbHas
CHCTEMa OCYUIECTBJISIET BEIOOD pPelIeHUs] COOTBET-
CTBYIOIIMX 3TUM OTPAaHMYEHUSIM TUITOBBIX MOI3a-
ma4 d; € D Ha aJbTepHaTHBHOW OCHOBE, MOTYT
BKJIIOYATH CJICAYIOIINE MX OCHOBHBIC BUIBL:

— OrpaHMYEeHMS, 3aJaBaeMblc COBMECTHO
¢ (opMynupyeMBIM HHTEIIEKTYaJbHOM CHUCTEME
3aJaHueM, HallpuMep B BUJE BPEMCHU, OTBCACH-
Horo AVUMC Ha pelieHMe OTIOCIBbHON ToA3anadyn
a’,-2 € D uaM Ha BBIIIOJIHEHME BCEro IOJYyYeHHOTro
3aJaHus U T. IL.;
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— OrpaHUYEeHUS, OIpenesieMble MCXOAsS W3
nMmeromuxcss y AUMC TekyImmux BO3MOXHOCTEH,
HampyMep OrpaHWYCeHUS, CBSI3aHHBIC C MAaKCH-
MaJibHO BO3MOXHOM CKOPOCTBIO TIepeMellieHU S 10
3aJlaHHOMY YYacTKY MECTHOCTHU, 3aBUCSIIEH OT
BHUJIa ¥ COCTOSIHM S TPYHTA €r0 IOBEPXHOCTH, M T. II.
(cocTosiHME TOBEPXHOCTU TPYHTa MOCJE TOXMIS
orpaHnuuBaeT ckopocthb nepemelneHuss AUMC);

— OTrpaHMYEHHUsI, CBSI3aHHBIE C BEICOKOIl BEpo-
SITHOCTBIO BO3BHMKHOBEHMSI B TEKYIIUX YCIOBUSIX
[IC cobertuit q;,(S;,) € 0,.

[Ipy HEOOXOTUMOCTH B OOOOIIEHHOM BUJE KO-
JINYEeCTBEHHBIC OLICHKHU Pa3JIMUHBIX OTPaHNYCHU A
OIIPEACISIIOTCS TepMaMU ONHOMMEHHOI ¢ HUMMU
JIMHTBUCTUYECKON TEepeMEHHON W ITOABIHTEpBa-
JIOM ero 4YucjeHHbIX 3HaueHui. Hampumep, orpa-
HUYEHWs, CBI3aHHBIC ¢ paboveii 30HON MaHUITY-
nsitopa AUMC, ompenenstoTcsl BBIIICONUCAHHOMN
TPOIKOH lel’yjll’yj|1+1 » THC Vi Vye1 — €O
OTBETCTBEHHO BEPXHSISI M HUXHSS OLICHKH IOIY-
CTUMBIX paccTosiHuil 1o oowvekToB IIC, ompene-
JSTIOIIMX pa3peliamllylo ClocoOHOCTh MaHUMY-
JISITOpa MHTEJJEKTYaJIbHON CUCTEMBI.

JJtst onmMcaHusI CeIbMOTO BUIa TUTIOBBIX 3JIEMEH-
TOB MpeACTaBJIEHUS] 3HAHWIN MCHOJb3YIOTCS CeTy-
J0llMe UMIUIMKAaTUBHbBIC pellaloliue MpaBua;

S;4 - P(qj4 (Sj4))’
rae S; — HedeTKas CeMaHTHYeCKasl CETh, OMpe-
nensnomas ycaoBus IIC, B KOTOpBIX MOXET BO3-
HUKHYTb COOBITHE ¢ is (S j4) C BEpOSITHOCTHIO, paB-
HOM P(qj4(Sj4)).

HMHTennekTyaabHass CHUCTeMa IPUHUMAET pe-
IIIEHUE O TOM, YTO B IIpolecce TNIAaHUPOBAHMS O~
BEACHUSI HEOOXOMMMO YYWUTHIBAaTh BO3MOXHOCTH
nposBiaeHus B TeKylux yciaoBusax IIC cobbiTus
q;, (S j4), €CJIv BeposITHOCTb P(g i S j4)) SIBJISIETCS
BBICOKOM, T. €. IPEBBIIIAET, HAIPUMED, 3adaHHBIA
nopor P, paBHbIit 0,5. B o61em cinyvae onucaHue
MOACUTYalluI S;4 1 3HAYEHUSI COOTBETCTBYIOIINX
UM BeposiTHocTeil P(gq is S j4)) BO3HUKHOBEHUS
B I1C cobniTUil g i S j4) € 0, MOT'YT OIpeeasaThCs
AUNMC Ha 0CHOBE HaKOIIJIEHHOTO OMbITAa MTOBEME-
HUS B Pa3JIMYHBIX YCIOBUSAX QYHKIIMOHUPOBAHU S
WM Ha OCHOBE DKCIEPTHBIX JaHHBIX.

HakoHel, THIIOBBIE 3JIEMEHTHI MpeACTaBJe-
HHS 3HAHWIA BOCBMOTO BUJA MPEACTABISIOT COOOM
CTPYKTYPMPOBAHHOE OINMCAHWE Pa3IMYHBIX aJITO-
PUTMOB IJIAHUPOBAHU S MOBEAEHU S, OTHOCSIIIXCS
K MHCTPYMEHTaJbHBIM CpPEICTBaM HaIISAHO-ACH-
CTBEHHOI0 M HarjiasgHO-00pa3HOro MBIILICHUS
ANMC [2]. HaHHBIE aArOpUTMbl MCHOJb3YIOTCS
ANMC B mpouecce peanuzaluu MNOCTPOSHHOIO

IJJaHAa MHOTOARTAITHOW AEATEIBHOCTU TIPU HEOO0-
XOAUMOCTHU PEUIEHUS TOMOIHUTEIBHO BO3HUKAIO-
IIMX B 3TOM CJIydae IoA3aaay, HalpuMep Mpu IMo-
sisnernu B [1C cobertnii g, (S;,) € O,.

K omHOMY M3 TaKMX TUTIOBBIX 3JIEMEHTOB TMPEM-
CTaBJIEHWS 3HAHWU OTHOCUTCS, HAIIpUMEP, aJrO-
puTM caMooOyudeHus, mmo3poasomuit AUMC op-
FaHU30BaTh B PEAJIbHOM BPEMEHU AEATEIBbHOCTD,
CBS3aHHYIO C TIOMCKOM 3aJaHHBIX OOBEKTOB
B anpuopy HeonucaHHbIX ycaoBusx [1C. JlaHHbIM
aJTOpuT™M B Mozenu 3HaHuit AMUMC npeacraBns-
eTcsl B cenytoleM (opMare ONnucaHus:

<Udenmuguxamop, onpedeasroujuili Ha3HaA4eHue
aneopumma camooOy4enus, memoo>,

rme memod OIpeNeNsieTcs CTPYKTYPUPOBAaHHBIM
OMMCAHUEM JAHHOIO aJrOpyMTMa B MOMAEIM Mpea-
CTaBJeHUs 3HaHuii, no3poisomiuM AMMC ero
peanu3auuio.

CrnenyeT OTMETUTD, UTO TUITOBBIE 3JIEMEHThI MPE/I-
CTaBJICHUSI 3HAHUI BOCBMOrO BHAA OOECIIEYMBAIOT
AHNMC B0O3MOXHOCTb, B 3aBUCUMOCTH OT BO3HMKa-
toiux B I1C HenpeaBuaeHHBIX OOCTOSITEILCTB, Opra-
HU30BAaTh B Ipoliecce BbIBOAA PELIEHWI palliOHAb-
HO€ COuYeTaHWE WHCTPYMEHTAJbHBIX CPEICTB pa3-
JIMYHBIX BUJOB MbILLIEHUS. D10 no3Bojsier AUMC
MOCTPOUTh PE3YJBTATUBHYIO LieJieHapaBJIeHHYIO
JIeSITeIbHOCTb B Pa3JIMYHBIX MO CJIOKHOCTH LigeHa-
npaBJieHHOro npeodpa3oBaHus ycaoBusix I1C.

HeobxonuMo Takke OTMETUTb, 4YTO IIpeld-
JIOXKEHHBIE TUIIOBBIE DJEMEHThI IIPEACTaBJICHUS
3HAHUI (PaKTUYECKU TPUHAINEXKAT K OOHOU U3
CIIeNYIOIIMX IBYX I'pynn. B mepBylo rpymmy BXo-
IIT TUTIOBBIE 2JIEMEHTHI, OTHOCIIIMECS K JIeKJia-
paTUBHBIM MOZACISIM TIpeICTaBJIeHUS 3HAHWM,
CIIy>XXalllUM OJIST ONMMCAHUS Pa3IMUHBIX BO3MOXK-
HBIX JOITYCTUMBIX YCJIOBMI1 (DYHKIIMOHMPOBAHUS
AUNMC. Bropyio rpyrnny onpeaeasiioT 3JIEeMEHTHI,
OTHOCSIIIIMECS K TIPOLEAYPHBIM 3HAHUSIM, KOTO-
pBIe OTpaxarmT B O0IeM BHIE 0E30THOCUTETHHO
K KOHKPETHOM MpeAMETHON 00IacT 3aKOHOMEP-
HOCTH IIpe0o0Opa30BaHUs Pa3IMUHBIX JOITYCTUMBIX
cutyauuii [1C. B coBokynHoCTH 00€ T'PyMIIbl TU-
MOBBIX B3JIEMEHTOB IIPEACTaBIICHUSI 3HAHUI 00e-
cneunBaioT AUMC BO3MOXHOCTD TNIAaHMPOBAHU S
LieJIeHAIIpaBJICHHOM MesITeJIbHOCTH B O0OOIIEH-
HOM BHUe, 0e3 NpHMBJICYCHUS NAaHHBIX, OTpaxka-
IOINX 3aKoHOMepHOCTH KoHKpeTHoU IIC. Ilo-
CTPOEHHBIMA TaKMM OOpa30M MJIAaH MPEeACTOsILIEH
IeSITeIbHOCTA YTOYHSETCI U KOPPEKTHPYETCS
B Mpoliecce peaan3aluu ¢ y4eToM (paKTHuecKoi
cutyauuu IIC, uyto obecneunBaer AUMC cno-
COOHOCTB aJalITUPOBATHLCS B IIPOIeCCe TTOBEACHU S
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K pa3/IMYHBbBIM aIllpyuopru HCOAOOIIPCACJICHHBIM YC-
JJOBUAM (bYHKLU/IOHI/IpOBaHI/ISI.

KornuTnBHbIE HHCTPYMEHTHI IVIAHUPOBAHUS H
peajii3alM MHOTOATaNHOi nesareabHocTn AUMC

M3 cTpykTyphl pa3pabOTaHHBIX 3JIEMEHTOB
npeacrapiaeHus 3HaHni AUMC cnenyeT, 4To K Oc-
HOBHBIM OTIepalysIM, CBI3aHHBIM C UX 00pabOTKOM
B Mpollecce BhIBOJA peleHui, oTHocsATCs [15]:

— oIpeaeiaeHUe HEYETKOro BJlO)KeHI/ISI dop-
MaJbHOTO OITMCAHUS G =V o ) HaTIpuMep,
MOACUTYalIU S’i(l) B (I)opManbﬂoe onucaHue
B BHUIE rpacba G =WV o /1) CeMaHTUYEeCKOM
ceTH S eS’ COOTBCTCTBYIOLLI,eﬁ TEKYIEi CUTY-
anuun HC s; € S;

— CpaBHEHHE MeXIY CO0Oil CeMaHTHUYEeCKUX
cereir S j € S u s G S™ 1S yCTAaHOBIECHUS MX
HEYETKOro paBeHCTBA.

Onpenenenne 1. HeyeTkast cemaHTUueckasi
cetb S i e S”, ompenensiemast rpadom Gj4, SIB-
JISIETCSI HEYETKO BJIOKEHHOW B CEMaHTUYECKYIO
ceThb S i € S”, KOTOpOii GUEKTHBHO COOTBETCTBYET
rpadp G j,» TIDHL BBIIIOJTHCHU Y CJIEAYIOLIVX YCTOBUIA:

a) IS KaxXOol BEpLIMHBI V jo € Vj4 rpada
G j,» KOTOpasl OMeYeHa CIOTOM X, (X j4), cyuie-
CTBYET CTPYKTYPHO 3KBMBaJICHTHasl €ii BepllMHa
v, erl, noMedyeHHast B Tpade Gj| 00BEKTOM
ojz(Xz), JIIST KOTOPOTO BBITIONHSIETCS YCJIOBUE

s & ij;

0) A Kaxaoro peopa e Jo er4 rpadpa G; ao
TMTOMEYEHHOTI'0 TPOMKOM <Tj“,yjll,yy”+l>, cyuie-
CTBYET CTPYKTYPHO 5KBHBAJICHTHOE €My peOpo

e € FE. j» IOMEUEHHOE B rpage G KOJINYECTBEH-
HOI OLIEHKOM r OTHOILEHUS 7, e R, onHOMMEH-
HOTIO C JII/IHFBI/ICTI/I‘ICCKOI/I HepeMeHHOI/I, orpene-
JISIIOLLIC A TepM T /10, IJISI KOTOPOM BBIIIOJIHSIETCS
yCJIOBHUE r € (yj”,yylﬁl)

Onpeueneﬂne 2. CpaBHUBaeMble CEMaHTHYE-
CKUE CeTU Sj1 eS u Sj4 e S HeueTKO paBHBI
MexXay co0oil, eCliM COOTBETCTBYIOLINE UM ITOME-
YyeHHBIEe Tpadbl Gj1 u Gj4 SBJISIIOTCS U30MOpPQ-
HBIMM C TOUHOCTBIO JO HEYETKOro paBEHCTBa I10-
METOK CTPYKTYPHO B3KBHBAJCHTHBIX B HUX Bep-
ILIMH U pedep.

CrhenyeT OTMETUTh, UTO CJIOXHOCTDH BBIIOJHE-
HMSI paCCMOTPEHHBIX BBIIIIE ONepalii CpaBHEHU
MeXJIy CO0Oil cCeMaHTHUUYeCKUX ceTeil S j € S" u

sk
§;, €8 ¥MeeT nopsiioK O(m3), rae my — uuc-
JIo BeplinH B rpade G i BOTO 00YCJIOBJIEHO TEM,
YTO B 3TOM CJiyyae MeXay cOo0Ol CpaBHUBAIOTCS

noMedyeHHbIe Tpadel G j H G X HanHoe oOCTOSI-

TEJIbCTBO TMO3BOJISIET ONMEPaTMBHBIM 00pa3oM pe-
aJn30BaTh JaHHbIE OMepaluu Ha OOPTOBOM KOM-
nelotepe AUMC.

B o0meM caydae mnpouecc MJaHUPOBAHUS
MHOI'O3TAITHOW 1IeJIeHANpaBJIeHHON AesATeIbHO-
ctu AUMC B paznanunbix ycaoBusax [1C cknanbli-
BaeTCd M3 CAeAYIOLIMX APYT 3a APYTOM OCHOBHBIX
1IarOB M COOTBETCTBYIOIIMX MM KOTHUTHUBHBIX
WHCTPYMEHTOB OOpPabOTKM 3HAHWU B TIpolEecce
BBIBO/A PEIICHUIA.

1. Hauano. Pa3outh noaydyeHHOE 3aJaHKUE HA TU-
MOBbIE MOA3aJauM, Kaxaas U3 KOTOPbIX BKJIOUaeT
COOTBETCTBYIOLLEE €if CIOKHOE HeiiCTBUe B; e B

2. OnpeaenuTsb Mo 3JeMeHTaM MpeAcTaBIeHUS
3HAHUU MSITOrO BUIA, TPeOyeTCS UM HET JJIST pe-
3yJbTaTUBHOM OTPA0OTKM KaXJI0TO BBISIBJICHHOIO
CJIOXHOTO NCHCTBUSL B; € B" mosisnenns B I1C
OIpelieICHHOIO COOBITUS g Js ) j3) )

Ecin cnoxHoe neiictBue B; e B® saBnsercs
pe3yJIbTAaTUBHBIM TOJIBKO T0OCJI€ BO3HUKHOBEHMUS
B I1C coObITHUA ¢ i (S j3) € 0;, TO ONPENEaUTH yCIIO-
BHUS YCIEILIHON OTPaOOTKU 3TOr0 CJIOXHOIO Ieii-
CTBUSI HA OCHOBE CJIEAYIOIIEero TUTIOBOTO BJIEMEH-
Ta IPeCTaBICHUs 3HAHUIL: S ’2 & B, - S 2 2(2).

3. Ucnonb3ys nopsiaok pacnonoxeﬂml TI/IHOBbIX
3aJa4 B MOJIYYEHHOM 3aJlaHUU, MOCTPOUTh KOPTEX
CJIOXHBIX JEUCTBUN B,-2 € B*, ONpeNcAOIMU N
B 00IIeM BUJE TJIaH MPEACTOSIEH AesITebHOCTU
C YYETOM YyCTaHOBJIeHHBIX ycioBuil [1C, HeoOxonm-
MbIX JJi UX pe3yJbTaTuBHON oTpaboTrku. Hampu-
Mep, OOOOIIEHHBIN ILJIaH IMPEACTOSIIEH OeaTeb-
HOCTHU MOXET UMETh CJIEAYIOUIYIO0 CTPYKTYPY:

(S, & B, > 53,2)),(S}.() & B, > S},2)),...,
L(SPM& B, > 8 (2)>>,

rae S (1) S (2) — HEYETKHE CEeMaHTUYECKUE
ceTu, xapaKTepmonmI/Ie YCJIOBUSI, KOTOpBIE, CO-
OTBETCTBEHHO, JOJIXKHBI BBITIOJHSATHCS B MCXO[-
Hoil u neneBoit cutyauusx [C; ¢ — yuciio noaza-
nad, kotopoe Tpedyercs pemruts AMMC cormacHo
copMyINpPOBAaHHOMY €l 3aTaHUIO.

4, TlpuHATH 3HAUYEHME & CUETUYMKA, OMIpee-
JISIIOLIEr0 HOMEP TEKYIIero aTarna peaau3aluu
chOpMUPOBAHHOIO IIJlaHA lieJIeHaIIpaBJICHHON
JeaTeNbHOCTH (2), paBHBIM €AVMHMUIIE.

5. CdopmupoBath (GopMaIbHOEC  OIMCAHUE
§;,0)eS " cutyauuu s ;,(8) € §, coOTBETCTBYIOLIEH
TEeKyIINM ycioBUsSIM dyHKunonuposannsgs AUMC,

6. IlpoBeputh yciaoBue "HedyeTKass ceMaHTUYE-
ckast SZ SIBJISICTCS HEUETKO BJIOXEHHON B ceMaH-
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TUYECKYIO ceThb §; () € §"; ec/ii yCI0BHE BBIMOJI-
HSeTCs, TO HCpGI/ITI/I Ha lIar IJIaHUpOBaHU 1. 7,
B IIPOTHBHOM CJlyyae, IepeiTH Ha 1ar mjaaHupo-
BaHu4 11. 10.

7. CdopmupoBaTh HabOp oOrpaHWYECHUI
hl’; (8) e H, ompenensoInx IOMOJTHUTEIbHEIC
ycioBusl pelueHus noasanaun d; € D, coorsert-
CTBYIOLLEH CIOXHOMY ACUCTBUIO Bs, oTpabarbiBa-
emoMy AMMC Ha TekylleM 3Tane lLiejeHarpaB-
JICHHOM nesTeabHOCTH. B oOlleM ciydyae maHHBIA
HaboOp OTrpaHMYEHUI MOXET BKJIIOYATh CJEAYIO-
III1ie UX OCHOBHBIC BUIHIL:

7.1. OrpaHnnyeHus1 OOIIEro xapakTepa, 3agaBa-
€MbI€ COBMECTHO CO C(pOPMYJIMPOBAHHBIM UHTEI-
JIEKTyaJIbHOI cUCTeMe 3aJlaHMeM M YYHUThIBaeMble
B MpOLIECCE pEIIEHUS BCEX COOTBETCTBYIOIIMX
5TOMY 3aJaHUIO MOoa3aaay.

7.2. OrpaHuuYeHUs, CBSI3aHHBIE C TEKYIIUMU
ycaousimu T1C, Hampumep, ¢ yCIOBUSIMU, Mpe-
MNSTCTBYIOIIMMU MaKCUMAaJbHONW CKOPOCTH [IBU-
xeHuss AMUMC Ha 3aJaHHOM Y4YacTKe MECTHO-
ctu. Kaxnoe orpannyenue nanHoro suga AMUMC
YUUTBHIBAET B MpPOLECCE IMJIaHWPOBAHUS ITOBENIE-
HUS B TOM cCjIydae, KOraa B CTPYKTYpPY CJIOXHO-
ro aevcTBusl By BXOOUT 3JIEMEHTAapHOE ACHCTBUE
b,-1 e B, s¢pdpexTuBHON OTpabOTKE KOTOPOTO OHO
NpensITCTBYeT.

7.3. OrpaHuyeHus, YYUTbBIBAEMbIE IIPU BbI-
COKOI BEPOSITHOCTU BO3HUKHOBEHUSI COOBITUI
q;, (S;4) € 0, BTexkywux ycaosusx [1C Ha Tekyiem
aTare leJeHamnpaBjieHHON nesaTenpHocTH AMMC.
Jnsg onpeneneHnss HeooxognMmoctn yuyera AUMC
JaHHOI'O BUJA OIPAaHUYEHUN MCIIOJIb3YIOTCSI TUIIO-
BbI€ BJIEMEHTHI MpPEeACTaBI€HUS 3HAHUU CEIbMOTO
Buaa. JlaHHbBIE 3J1€MEHTHI IPEACTaBICHMUS 3HAHUMA
1no3BoJisiI0T AMUMC BBITIOTHUTH MTPOBEPKY, HAIPU-
Mep, CJENYIOIIero YCJIOBUS: "SIBASETCS WA HET
HeyeTKasi ceMaHTU4yecKasl CeTh S; HEYeTKO BJIO-
KEHHOI B CEMaHTHUUYECKYlO CeTb S i (8), ompene-
JISIIOLIYIO TeKyllre YCI0BUS (PYHKIIMOHMPOBAHUS
AWMC". Ecnu naHHoe ycJioBKe BBITIOJHSETCS, TO
B HaboOp orpaHuYeHU h;(S) Z[O6aBJ'I$IeTCH COOT-
BETCTBYIOIIEE EMY COOBITHE ¢ ; i (S 14) € 0,.

Yyer orpaHuyeHUl Takoro BHAA TIO3BOJSET
ANMC B ci1ydyae BOBHUKHOBEHUS B TEKYIIMNX YCIIO-
BUSIX (DyHKLMOHMPOBAHUsI COOBITHI ¢, (SL) €0,
OoIepaTUBHO HAa HUX pearupoBaTh U MOCTPOUTh, UC-
MOJIb3ySl TUMOBBIE 3JIEMEHTHI MPEACTABJIECHUS 3Ha-
HUI TPeTbero M YEeTBEPTOro BUJA, TOAIMJAH IOBe-
JeHNs1, OTpaboTKa KOTOPOTO MO3BOJISIET YCTPAHUTh
MPOMU3OIIEAIINE B Cpelde M3MEHEHUs, OIpelnessie-
MbI€ HEYETKON CEMaHTUYECKOUN CETHIO SL.

8. Ompenenuth Haubosee a(bq)eKTMBHbm aJb-
TepHATUBHbIN BapyaHT d 2 e D" pewenus nomsa-
payn d; € D cormacHo cnez[yfomeMy MpaBuUJly ero
BbI60pa.

a) JIT BCeX aJbTepHATUBHBIX BapHaHTOB
d Z e D* peweHus noxzagadyn d e D, ucnosib3ysa
peruaroliee Npasuio (1), OHDCHCHI/ITB MOIITHOCTH
MHOXeCTB A | 2(8) mh’Z‘, Jo = Lmg;

0) BBIOpaTh TaKOI/I BapuaHT d’2 e D" peue-
HUSA TIO/I3a /141 d;, € D, nns KOToporo MOILIHOCTh
MHOXecTBa A" SIBJ'ISIGTCSI MaKCHUMaJIbHOM.

9. BeiOpaTh B MOJEAM IpeacTaBACHUS 3HAHUN
CprKTypHpOBaHﬂoe ormucanue {"BXOQ ; Je (iy)",

Tenojs(zz) BLIXOI[JG(lz) Y, HaWJEeHHOro TH-

IIOBOrO BapuaHTAa al’2 e D" peureHusl mox3agadu
a’2 eD. OTpa6OTaTB MOAIIJIaH TEKYIUEro 3Tala
LIeJICHAIIpaBJICHHON [eSITeAbHOCTU, BBIIIOJHUB
aneMeHTaprIe JeACTBUS b € B oOpasyolre
"teno; (i,)" moxzamauu a”2 eD [Mocne moctu-
)KCHI/IH TEeKyILIen HO,[[L[GJII/I MOBEACHUS TIPUHSITh
8 = 8 + 1, mepeiiTu Ha LIAar IJIAHUPOBAHMUS IIO-
BEICHUS II. 5.

10. IMocTpouTh, MCIIONB3YSI TUIIOBBIE BJIEMCH-
Thl MOJEAM TPEACTABICHUS 3HAHUU TPETHErO U
YeTBEPTOro BUAA, IOAIJIAH leJeHaIIpaBIeHHOIO
MOBEACHUSI, OTPA0OTKA KOTOPOIro MO3BOJISIET 00e-
cneuuTh BeinoaHeHue B [1C ycnoBuii, onpenensie-
MBIX HEYETKOMH CEMAHTUYECKOW CEThIO S?} ).

11. ITpoBeputs ycnoBue "8 = ¢": €CIM YCIOBUE
BBITIOJTHSIETCSI, TO TIEPEUTH K M. 12; B IPOTUBHOM
cllydyae IMepedTu Ha LIar IIAHUPOBAHMS MOBEIC-
HUY 1. 7.

12. ChopMupoBaHHBIN TJIaH MMOBEAEHUS OTpa-
0oTaH; KOHell.

PestoMupyst BBILIEU3IIOKEHHOE, CIACAYET OTME-
TUTh, UYTO TPEIIOXKEHHBIC ITPOLEAYPHl MJIaHUPO-
BaHU4 lLieJieHarpaBieHHo# nesaTeabHocTu AUMC
MOTYT OBITh OTHECEHBI K WHCTPYMEHTAJIbHBIM
cpeacTBaM abCTPaKTHOIO MBILIJIEHUS BBUIY TOTO,
YTO OHM, ONIMPASICh TOJBKO Ha JaHHBIC, XpaHSIIIH-
ecsl B MOJAEIU IIpedCTaBIeHWs] 3HAHUI U IIOCTY-
MapIIe U3 TeKyIINX YCIOBUUM (PYyHKIIMOHMUPOBA-
HUSI, MO3BOJISIIOT MHTEJUIEKTYyaJbHBIM CHCTEMaM
BBITIOJIHSITh CJIOXKHBIC 3aJaHUSI B Pa3IMUHBIX IO
conepxkaHuto 3akoHomepHocTeit T1C.

3akiaouenue

B cratbhe pa3paboTaHa opuTrMHaJbHAs MOIEIb
MpeacTaBjeHUs U oOpabOTKMU 3HAHUI aOCTpaKT-
HOTro MBIIIIeHUS, mo3Boisioniads AUMC minanu-
poBaTh MHOTOXRTAIHYIO IIeJeHaNpaBJIeHHYIO Jie-
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SITEJIBHOCTh B pacIIpele/IeHHBIX B IIPOCTPAHCTBE
IIC. IlpenymoxeHHass MOAEAb COCTOMT W3 THUIO-
BbIX 3JIeMeHTOB ("KMPIIMYUKOB"), OTpaxKalolInX
n3BecTHole AUMC o01iume cBeaeHUs O IIPEAIIo-
JlaTaeMbIX 3aKOHOMEPHOCTSX IIpeoO0pa3oBaHUSI
Pa3IMYHBIX JOMYCTHUMBIX YCJIOBUI (DYyHKIIMOHU-
poBaHUSI. DTO MO3BOISIET MHTEJICKTYaIbHBIM
cHCTeMaM aJalTUPOBaThCI K (aKTUIECKUM TEKY-
MM YCIIOBUSIM (PYHKLIMOHMPOBAHUS M Ha 3TOH
OCHOBE BBIMOJHATL CIOXHBIE 3aJaHUS B HEIO-
onpeneneHHbIX [1C.

[IpakTUyeckass 3HAYUMOCTh IIOJIYUEHHBIX pe-
3yJbTaTOB MCCAEAOBAaHMS 3aKatouaeTcs B 3¢ dek-
TUBHOCTYM MX HCIOJb30BaHUA s pa3paboTKu
MHTEJIIEKTYaJIbHbIX pellareieil 3agmady, obecre-
YMBAIOIIUX aABTOHOMHBLIM MHTEIJIEKTyaJlbHBIM
MOOMJIBHBIM CUCTEMaM pa3JIMYHOrO0 Ha3HAUYCHUS
BBIIIOJITHEHUE CJIOXHBLIX 3aJaHUi B TPYAHOIO-
CTYITHBIX U arPeCCUBHBIX IIJISI YeJIOBEKa cpedax.
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Abstract
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The actual problems of artificial intelligence related to the development of tools for abstract thinking of autonomous
intelligent mobile systems are being solved, which allow planning purposeful behavior in hard-to-reach and aggressive en-
vironments for humans. Cognitive tools are proposed that provide intelligent systems with the ability to organize purposeful
multi-stage activities related to solving complex problems, when a behavior plan is automatically built in some conditions of
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a problematic environment, and a given behavior goal is achieved in other operating conditions that are beyond the resolu-
tion of technical vision. An important feature of the proposed typical elements of knowledge representation and processing
is that they allow intelligent systems to organize the output of solving complex problems, relying only on the data stored in
the knowledge representation model and coming from the current operating conditions. In the general case, the developed
knowledge model of intelligent systems for various purposes consists of declarative and procedural typical elements of their
representation. For a formal description of typical elements of declarative knowledge representation, traditional semantic
networks and various sets of restrictions are used, reflecting additional conditions for the future functioning of autonomous
mobile intelligent systems. As for the formal description of the typical elements of the representation of procedural know-
ledge, regardless of a specific subject area, fuzzy semantic networks are used for this. This allows autonomous intelligent
mobile systems to adapt to specific operating conditions in underdetermined problematic environments and perform complex
tasks formulated by them on this basis. The practical significance of the results obtained lies in the effectiveness of their use
Jor the development of intelligent problem solvers that provide autonomous intelligent mobile systems for various purposes
with the ability to perform complex tasks in a priori underdetermined problematic environments by adapting the purposeful
activity plan formed in general form to specific current operating conditions.

Keywords: autonomous intelligent system, abstract thinking, typical elements of knowledge representation, decision

inference tools, multi-stage activity planning
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PacnpepeneHHoe nnaHupoBaHue ABMXEHUSA AN rpynnbl COBMECTHO
nepeHoOCsLWMX rpy3 poboTOB C Yy4eTOM CBOMCTB OMOPHbLIX NOBepXHOCTEen™®

Paccmampusaemcs 3ad0aua naanuposanus mpaekmopuu 08UNCEHUS cmpoem epynnbvl MOOUAbHBIX HA3eMHbIX pobomoe (MP)
¢ yuemom HeoOHOPOOHOCMU NAPAMempoe cyenieHus Kosec pobomos ¢ onopHou nogepxnocmoito. Ilpoeeden xpamkuii anaiu3s
Cyuecmeyouux memooog peuieHus 3a0ayu NAGHUPOBAHUS MPACKMOPULU U CHOPMYAUPOBAH 8bl800 0 He0OX00uMocmu JONOAHU-
meAbHo20 uccaedosanus 04 peulenus paccmampueaemoli 6 cmamoe 3adavu. B pabome npedaoxcen memod pewerus 0aHHoU
3adauu, ocHosaHHblU Ha eblbopke (Sampling-based). B kauecmee 6a306020 aneopumma UCnoAb308aH AA20PUMM ObICMPOpacmy-
weeo cayuaiinozo depeea (RRT). I[Ipeumyuecmeom, obuum 013 memo0dos, 0CHOBAHHLIX HA 8blOOPKe, A6AA€MCsL NPOCMOMA 8e-
OJeHUs pa3AuvHbIX HeAUHeUHbIX 02PAHUYeHUll (HanpuMep, npensmcemeuil, ouggepenyuarvHolX oepanuvenuti u m. d.). llomumo
amoeo, 6aazo00aps 0pe8oBUOHOL cmpyKmype OAHHbIX IM020 AN20PUMMA G03MOJICHO pacnapainesusanue aseopumma. Hedo-
CMamKom npedaazaemozo memooa A64semcs 8bicokoe nompebdaenue 60PMOBLIX BbIHUCAUMENbHBIX PeCcYPCO8 U, KaK ciedcmaue,
3HaAUUMeAbHAs OAumenvHocms pacvema. B cesaszu c amum 6 pabome donoanumenvHo npedaodcena moougukayus paccmampu-
6aemoeo memooa, no3eoAAWAA NPOGOOUMb GbIMUCACHUE HA 6ceX pobomax epynnsl 00Ho8pemenHO. Takoice 6binoaHeH cpagHu-
menbHblll aHaAU3 pachnpedeseHH020 U He pachpedeseHH020 memodos. [lokasansl nymu u memoodst nogvluleHus IhGekmusrnocmu
pabomet 060ux memodog. OCHOBHBIM NPEUMYUW,eCMBOM NPEON0NCEHHO20 Memoda 6A5emcs mo, Ymo OH N036804s1em UCHOAb30-
éamv npakmuyvecku A0b6vie Modeau 3aumooelicmeus deuscumens poboma ¢ ONOPHLIM OCHOBAHUEM 045 Nocaedyroujeeo pac-
Yema oepaHuueHull Ha ycKopeHue 0gudiceHus poooma no onpedeseHnol nogepxrHocmu. Ilpu smom modeau 63aumodeticmeus
dguicumens poboma ¢ ONOPHBLIM OCHOBAHUEM @ OAHHOU CMamve He PACCMOMPeHbl, a UCHO0Ab3068AHbl ONYCMUMble 3HAYEHUs
ManeeHYUuaNbHoIX U HOPMAAbHBIX YCKOPEHULl, NOAYHEeHHble ONbIMHBIM nymem 0458 KOHKPEeMHbIX YCA08ULl U Modeaell MOOUAbHBIX
pobomos. B cmamve npugedenst pezyabmamol MOOeAUPOBAHUs NAAHUPOBAHUS deudceHus cmpos MP ¢ yuemom ceoticmeé onop-
Hbix nosepxnocmell. IloayuenHvle pe3ysbmamol MOOeAUpo8arus noomeepicoarom 3hdexkmueHoCms NPeoI0NCeHHBIX Memodos
045 peuieHus 3a0a4u NAGHUPO8AHU 0eudcenus cmposa MP ¢ yuemom ceolicme onopHvix nogepxHocmeil.

Karoueevie caosa: mobunvhsie pobomsi, pacnpedenentvie sviuucaenus, RRT, e3aumodeiicmeue ¢ epynmom, ynpagieHue

pobomamu

BBenenne

3amaya MJaHUPOBAHUSI TPAEKTOPUU SIBJISIETCS
OIHOM M3 caMbIX HCCJIENYEMBIX 3aJady B COBpE-
MEHHOI pPOOOTOTEXHUKE, €XEMECSIUHO BBIXOAST
CTaTbU MO 3TOM TeMe, B KOTOPBIX IpeasiararoTcs
pelleHMs 3aJa4ym i1 KOHKPETHBIX YCIOBUM WU
npeajaralTcs Jy4dllre METOAbI IJIAHUPOBAHMUS.
Camoil uccienyeMoil B TocjeaHee Bpemsi o0Ja-
CThI0O MOXHO Ha3BaThb ILUIAHWPOBAHUE TPAEKTO-
puu 11 6ecnuJOoTHBIX aBToMooueit u BITJTA [1].
CyuiecTBYIOT pabOThl, MOCBSIICHHbBIC ABUXEHUIO
rpynn poOOTOB, B TOM 4ucje cTpoeM [2].

YnopapjeHue CTpoeM I'pyINnbl poOOTOB Ipen-
CTaBJIsIeT CO0OM OAHY U3 BaXHEWIIMX 3aaad
B aKTHBHO pa3BUBAIONICHCS B IMOCIEIHUE TOABI
rpynnoBoii (poeBoil) pobdotorexHuke [3]. Ilna-
HUpPOBaHUE MABMXXEHUS HAa3eMHBIX MOOMIBHBIX
poOOTOB OCJIOXHSIETCA BJIMSIHUEM XapaKTepu-

*YacTp pabOThl Hal [OaHHBIM MaTepUaJoOM BBITIOJIHEHA
Mo TeMe TrocylapcTBeHHOro 3agaHusi (Ne rocperucrpauuu
AAAA-A20-120011690138-6).

CTUK OIIOPHOM IIOBEPXHOCTM Ha peaJiu3yemMoe
poOOTOM IBUXKEHME, YTO BHOCHUT BBICOKYIO CTe-
IeHb HEOMNpPEeNeJeHHOCTHU B CBSI3b MEXAY YIIpaB-
JISTIOIIUM BO3IEMCTBMEM Ha ABUXUTENIb poboTa
U HETNOCPEeICTBEHHBLIM IBUXXeHHeM pobota. Ilpu
IBUKEHUM CTpOoeM HaHHYI0 HeOIpeAeIeHHOCTh
0COOCHHO BaXXHO YUYMTBIBATh, a BIUSHUE XapakK-
TePUCTUK OIOPHOI MOBEPXHOCTU IIPEACKA3bIBATh.
CrerneHb NaHHOM HEONpeAeJeHHOCTH OCOOEHHO
BBICOKA Ha IIepeCceUYeHHON MECTHOCTHU B YCJIOBUSIX
U3MEHSIIOIIUXCS TUIIOB OIIOPHBIX ITIOBEPXHOCTEH
n ux mnapaMmeTpoB. Kpurtuueckoit mpobieMa cra-
HOBHUTCS B 3ajJadax, rie TpedyeTcs obecrieynBaTh
BBICOKYIO CKOPOCTb ABUXKEHHUS T'PYMIBl POOOTOB.
IInanupoBaHue ABUKEHUSI MOOMJIBLHBIX POOOTOB
Ha IepeceYeHHOH MECTHOCTU SBJSETCS O4YeHb
MEePCIeKTUBHBIM HallpaBjJeHUEM, YTO ITOATBEPXK-
IAeTCs HENAaBHO AHOHCUPOBAHHOW IMpOorpaMmoi
DARPA Robotic Autonomy in Complex Environments
with Resiliency (RACER) [4].

B pabGore [5] OblIO paccMOTpeHO HOBUKEHUE
IPYNIIbIl pOOOTOB BAOJAb 3aJaHHON TpaeKTOpUU
C MaKCHUMaJIbHOI CKOPOCTHIO B YCIOBUSIX U3MEHSII0-
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LIMXCS TUTIOB TIOBEPXHOCTEN M MX XapaKTEPHCTHK.
B naHHOI paboTe paccMaTpuBaeTCs MJIAaHUPOBAHUE
TPAaeKTOPUU JBUXKEHUS TIPU TeX K€ YCIOBUSIX.

Kak mpaBujio, 4em cJIOXXHee YCJIOBHUS, TEM BbI-
YUCIUTEJLHO TPYAHEE MX YUYUThIBATH MPU TJIaHU-
poBaHMU. BOpPTOBBIE BBIYMCIUTEIU MOOUIBHBIX
POOOTOB TPAAUIIMOHHO CTaJKWBAIOTCS C HEXBaT-
KOH BBIYMCIUTEIbHBIX PECYPCOB, MIO3TOMY B TPYII-
MOBOM YTPaBJICHUM aKTyaJbHO paclpeaesiTh
BBIUMCJIEHUSI MeXay poboTramu. B maHHOI cTaTbe
pacCMOTPEHO pEelIeHUEe 3alayu TJIaHUPOBAHUS
TPaeKTOPUU I'PYIIIBI POOOTOB C pacipeaeeHHbIMU
MEXIy pOOOTaMu TPyl BBIYUCIECHUSIMU.

ITocTanoBka 3axaum

PaccmoTpum rpymimy po6oToB, KOTopas periaet
O0IIYI0 TPAHCIIOPTHYIO 3aJadyy 10 MePeHoCy Mac-
CUBHOTO O0BEKTa I10 MOBEPXHOCTU C Pa3JUYHBI-
MU XapaKTepUCTUKAMM, B YACTHOCTH, Pa3MYHBbI-
MU XapakKTepucTHKaMu clerieHus. [ToBepxHOCTh
JNBUXKEHMS OyJeM CUMTaTh POBHOI, O0e3 mepernaaoB
BBICOT U SIM UM IIpeAIriojaraeM, 4To 3aaady MOXHO
paccMaTpuBaTh Ha IiockocTu. IIpu aToM Ha Kax-
JOM PO0OTEe yXKe peaju3oBaHa CHUCTeMa ClieAoBa-
HHUS K 1IeJeBOMY TOJOXEHUIO C 3aJaHHBIMM OI'pa-
HUYEHUSIMU Ha JUHENHYI0 U YIJIOBYI0 CKOPOCTH
(6e3 00x01a MpensITCTBUA).

I'pynmna cocrout m3 poboTa-nuiaepa, Ha KOTO-
POM BBITIOJIHSIETCS pacipeaeieHue 3aaad IJIsT Kaxk-
J0T0 poboTa, U poOOTOB-BEAOMBIX, KOTOPHIE BBI-
MOJHSIIOT ABUXKEHUE K 3aJaHHOM JIMAEPOM I103U-
LIMU C OTPAaHUYEHUSIMM HaA JUHEWHBIC U YIJIOBBIC
ckopocTu. OOBEKT IepeHoca, UJIM O0BbEeKT ynpaB-
JIeHUs, 3aKpellieH Ha po0oTax rpymnmbl ¢ MOMO-
1IbI0 MOBOPOTHBIX IIaTGOpM (pUC. 1, CM. TPETHIO
CTOPOHY O0JIOXKKH). DTU MOBOPOTHbBIE MJIAT(GOPMBI
SIBJISIOTCSl IIAPHUPAMM, TO3BOJISIONIMMU POOOTY
BpallaThCsl OTHOCUTEIBHO TOYKU 3aKPETLICHUS €ro
Ha 00beKTe yIpaBjeHUs (IepeHOCUMMOM rpy3e) [5].

Heobxonumo pemiuTh 3amady MJaHUPOBAHUS
JIBUXEHU S, a UMEHHO ONpeAe/IUTh 3aKOH YIpaBJie-
HUS (IMHEHHYIO U YIJIOBYIO CKOPOCTH BO BPEMEHM)
JJIS1 KaXKJ0TO po0OO0Ta TPYIbl TAKOM, YTOOBI:

— poOOTHl ABUTAIWCH CTPOEM, T. €. OTHOCH-
TeJIbHOE MOJIOKEHNE OCEell MOBOPOTHHIX MJIaT(HOpM
COXPAaHSIIOCh HEMOJABUXKHBIM;

— o0ecrneynBaaoch IepeMellieHue Ipy3a B 3a-
JaHHYIO MO3MLIMIO 32 MUHUMAJIbHOE BpeMs;

— obecneunBajcsa 00XomI MPensITCTBUIA;

— YYMTBHIBAJIOCh UBMEHEHUE OrPAaHUYCHUIA, Ha-
KJIaJbIBA€MbIX OIIOPHOI ITOBEPXHOCTHIO Ha IBU-
KEeHUsI poOOTOB.

Mogaeap pacyeTa ynpaBjsiomux Bo3AeidcTBHA

B xauecTBe MoAenu AJs1 CUCTEMbI pOOOTOB I'PYII-
IOBOr0 YIIPaBJEHUS, IMEePEHOCSIIMX Ipy3 IO MO-
BEPXHOCTSIM C pa3jIUYHBIMM XapaKTepUCTUKaAMU
clieTIeHusI, OyaeM MCIOJIb30BaTh CIEAYIOIIYIO0 MO-
JIeJTb pacyeTa YIpaBJsSolnX BO3MEHCTBUIA (JIMHEH-
HOM U1 yIJIOBOI CKOPOCTH) IJIsl ABUKEHMUS 1O TpaekK-
TOPUU C YUETOM CBONCTB OIOPHOI MOBEPXHOCTH [5]:

] M (sien(K ()} + 0,0 | R0
Va (1) = VRmaX (1) Rmax(t)
V,(0)

R, (1)
rae Va(t) n o,(f) — UCKOMBIE JIUHEHHAA U YIJIO-
BBbIE CKOPOCTH,; Ra(t) — paguyc-BEKTOpP MOJIOXKE-
HUS poOOTa OTHOCUTEJIILHO MIHOBEHHOTI'O 1I€HTpa
macc (MUC); R, (1) — paccrosuue ot MLC no
caMoro yJaJIeHHOTO OT Hero po0ora; VRmax H —
3HAYEHME CKOPOCTHU caMoro ymajeHHoro ot MIIC
pobora; a,(f) — 3Ha4YeHUE yIiaa MexXay rOpU30H-
TaJIbHOM OChIO KapThl M HAIlpaBJICHUEM JBUXECHU S
o0beKkTa mepeHoca; K(f) — KpuBU3HA TPAeKTOPHUM.

OrpaHuyeHus], CBSI3aHHBIE C XapaKTEepPUCTUKAa-
MU ONOPHBIX ITOBEPXHOCTEN, HAKJIaAbIBalOTCS Ha
CKOpOCTb ABMXEHUS Kaxjaoro podora. Mcxons u3
JaHHBIX OrpaHUYEHUI PaCCUUTHIBAETCS 3HAYECHME
VRmax (). B craTtbe [5] mokazaH pacueT VRmax (¥) mo
3aJaHHBIM IJIsI KaXXI0ro TUIIA OIMIOPHOM MOBEPXHO-
CTH MaKCHMMaJIbHBIM YCKopeHUsIM. B cratbe [5] 3Ha-
YEeHMsI 3TUX YCKOPEHUI ITOyYeHbI ONBITHBIM IyTeEM
JIJIS1 KOHKPETHOM IpyIIbl POOOTOB U IIEPEHOCUMOIO
MU rpy3a. Ilpy 3ToM 3HaUYeHUST YCKOPEHUI BO3-
MOXHO pacCYMUTaTh pa3MYHBLIMMU CIIOCOOaMM, Ha-
MpUMep uYepe3 OLEeHKY KoadduireHTa TpeHus [6].

Breipaxxenuss (1) u (2) mo3BOJSIOT IIPOBOAUTH
pacueT JUHEWHBIX U YTJIOBBIX CKOPOCTENH pOOOTOB
B 3aBHCHUMOCTHU OT MapaMeTPOB TPACKTOPUU Mepe-
HOCHMOTIO I'py3a B MOMEHT BpeMeHU f. AHAJIOr Y-
HO BO3MOXEH pacueT lieJIeBbIX IOJIOKEHUI po0o-
TOB I'PYIIBI B MOMEHT BPEMEHU .

a,(7) = arctg(S()); (©)
R(t) = $(1) + M (0 (1))OA4, Q)

rie OA — pammyc-BeKTOp MOJIOXEHUS TOUKH 3a-
KpeIuieHMs1 poO0Ta OTHOCUTENBHO LIEHTpa 00beKTa
yIpaBJICHUS, S’(t)— paanyc-BEeKTOP ITOJOXEHMUS
LIEeHTpa 00BEKTa YIIPaBICHUS OTHOCUTEIHLHO Kap-
T, o,(f) — OpHMEHTalus OOBbEKTa YNpaBJICHMUS,
KOTOpasi onpenessieTcss Kak HaKJOH KacaTeJlbHOMU

, (D

o, (f) = sign(K(?)) ; 2
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K TpaekTopuu;, R(f) —pamuyc-BeKTOpP MOIOXEHHUSI
poboTa OTHOCUTEILHO Havyajla KOOPAUHAT KapThl.
C nomowipsio BoipaxeHuit (1)—(@4) BoO3MOX-
HO CBeACHME 3aJauyy IJAHUPOBAHUSI TPACKTOPHUIA
rpynibl poOOTOB K IIAHUPOBAHUIO OJHON TpacK-
TOpPUM I Bcell TIpyIImbl podoToB. Takum obpa-
30M, OCTAeTCs PELIUTD 3aa4y TJIAHUPOBAHUS MIPU
auddepeHIMaNlbHbIX OTPAHUYEHUSAX, KOTOPHIMU
SIBJISIIOTCSl OTPaHUYEHUS Ha JMHelHy1o (1) u yrio-
By10 (2) CKOPOCTHU ABUXEHUS TTEPEHOCUMOrO Irpy3a.

MeToabl pemeHus

Metoapl pellleHUS 3aJadyd IMJIaHUPOBAHUS
MOXHO pa3IeliuTh Ha YeThIpe KaTEeropuu: Ha OC-
HOBE IOMCKAa, HA OCHOBE BEIOOPKHM, HA OCHOBE OIl-
TUMU3AlUM U THOpUIHBIE MeTodbl. MHOrue co-
BpeMEHHBIC METObI INITAHUPOBAHMS TaK UJIA UHA-
ye COBMEILAIOT Pa3jMYHBIC MOAXOABI W, CTPOrO
ToBOpS, ABASIOTCS TMOpuIHBIMU. OgHAaKO Oymem
pa3nensaTh MX, YYUTHIBAS TOJIBKO 0a30BBHIM MOMI-
X0, 3aJIOXKCHHbBIII B KOHKPETHOM METOJIE.

3agaya TIIaHUpoOBaHUSA, CGOPMYIUPOBAHHAS
B raBe "lloctraHoBKa 3amaym’, OTIMYAETCS TEM,
YTO B Heil NPUCYTCTBYIOT auddepeHIINaIbHbIe
OrpaHUYCHUSI, 3aBUCIILINE OT TUMA HOBEPXHOCTU
B KOHKPETHBIX KOOpAMHATAaX Ha KapTe. DTO YBe/IU-
YUBaeT BHIYUCIUTEIBHYIO CIOXHOCTb IPU pelle-
HUM C MOMOIIBIO aJITOPUTMOB HAa OCHOBE ITOMCKA,
TaK KaK pa3MepHOCTh IIPOCTPAHCTBA ITOKUCKA CYILE-
CTBeHHO yBenuuuBaetrcs. [Ipu aToM B Teopuu aji-
TOPUTMbI, OCHOBaHHBIC Ha ONTUMM3ALUKU U pabo-
TalolMe C IVIOTHBIMUA KOH(MUTYPALIUOHHBIMHU IIPO-
CTPaHCTBAaMM, MOTYT ObITb HPUMEHEHBI, OXHAKO
Ha JaHHBIK MOMEHT TaKUX MCCJIEIOBAHUUN OYEHDB
MaJo U 3(pPEKTUBHOCTL CYLIECTBYIOIIUX pellle-
HUI OLEHUTH CJIOXHO. DTO SBIISIETCS IIPEIMETOM
OynylIUX MCCIeOOBaHMIA, HO 3aMETUM, UTO CTOUT
obpaTUTh BHMMaHMe Ha paboThl [7—9], B KOTO-
PBIX UCTIONBL3YIOTCS 3(PPEeKTUBHBIE COBPEMEHHBIE
YUCJICHHBIC METONBI IS PELICHUST JBYXTOUYCUHOM
KpaeBoil 3aauM ONTUMAJIbHOTO yIpaBieHus. Pe-
3yJIBTaThl 3TUX UCCIENOBAHUI, CKOpee BCETO, BO3-
MOXHO aJallTUPOBATh JIJISI pellieHUsI paccMaTpUBa-
eMoi 3amauM. B Tekyliem Bule B HUX HE YYTCHBI
nugdepeHIInalbHbIe OrPaHUYEHU S, OMHAKO TaKOU
MOAXO CUMTACTCS IIEPCIIEKTUBHbBIM.

B manHoi#1 paboTe pelleHo McCaeaoBaTh TpUMeHe-
HUE aJITOPUTMOB, OCHOBAaHHBIX Ha BeIOOpKe [10]. daH-
HBI KJIACC aJrOpUTMOB OOBIYHO TIPUMEHSIIOT AJISl 3a-
Jlad ¢ OOJIBIIION pa3sMEPHOCTHIO ITPOCTPAHCTBA KOH(MU-
rypauuii, CIOXKHBIMA KMHEMATUYECKUMU CBSI3SIMU U
JuddepeHInaIbHEIMU orpaHndeHusiMu [11].

OgHMM U3 caMBIX TIOMYJISIPHBIX aJITOPUTMOB,
OCHOBAaHHBIX Ha BBIOOPKE, SIBISIETCS aJITOPUTM
RRT [12] n paznuunbie ero Mmogudukanuu. Oco-
OCHHO MHTEpeCHBl MomudpuKaluu, obOecIieurnBa-
IOI[ME ACUMIITOTUUYECKYIO ONTHMMAJIbHOCTh Haii-
JIEHHOIO ITyTU II0 KPUTEPpUIO (OOBIYHO 3TO IJIMHA
MYTH, HO MOXET OBITh W IPYyTOoil KPUTEPUi).

IIpennaraemblii METO pelmIEHHS

B nanHoii paboTe ¢ yyeToM MpeAbIaAylLIMX Hapa-
00TOK [5] 1 HAaMUUYUS HEKOTOPHLIX MaTeMaTUUYeCKUX
CBOMCTB KPMBBIX (Hampumep, INMaAKOCTU KPHUBOW)
IJISI TeHepalluy TpaeKTOopuu OyaeM HCII0JIb30BaTh
CILTAliHOBBIE KPUBBIE, IapaMeTpPhbl KOTOPBIX pacCuM-
THIBAIOTCS M3 IIapaMETPOB HA4YaJbHOM U KOHEYHOM
KOH(UTypalluil TPaeKTOPUU B MPOCTPAHCTBE KOH-
¢urypauuii [13]. B padote [9] mokazaHo, 4TO C HO-
MOIIbIO CIUIAiiHOB BO3MOXXHO HAaXOAUTh ONTUMAaJIb-
HbIe 10 BpEMEHU pelleHUs 3aJauyM IIaHMPOBAHUS
IIST KBaJpOKOITepa, a B padore [8] aHallornuyHoe
pellleHre HaliAeHO JIs1 HA3eMHOI0 MOOMJIBHOIO PO-
0oTa B IMHAMMYecKol cpene (0e3 mpssMOro ydera
OrpaHMYEHUI, HaKJaIblBaéMbIX IIOBEPXHOCTLIO).
IlosToMy nj1s1 reHepauuyd TPaeKTOpPUM B ITaHHOM
paboTe mpemjaraeTcs MCIOJb30BaThb CILIAHBI
Catmull-Rom [14], KOoTOpble 4YacTO WCITOJb3YIOTCS
IJIST TUIABHOM MHTEPIONSLMMU IBUXEHUS MEXIY
KJIIOYEBBIMU TOYKaMM. IIpy 3TOM HYXXHO YYMTHI-
BaTbh, UYTO CILIAfHOBbIE KPUBBIE CaMU I10 ceOe He ra-
PaHTHUPYIOT F'e€Hepalio ONITUMAaJbHOI TPaeKTOPUMU,
U HeoOXOOUMBbI AOMNOJHUTEIbHbBIE OIpaHUYEHUS
U IpoBepku. B maHHOM ciydyae ux 3amadya — MO-
3BOJIUTH MOJYYUTh B pe3yjibTaTe IMaAKyl0 KPUBYIO
negekTa 1 (HEMpepbIBHYIO IEPBYI0 U BTOPYIO MpPO-
U3BOAHY10). Takast KpuBasi, IIpeACTaBlIeHHAas B BUJIE
MmapaMeTpUIeCcKoro CrjiaiiHa, MOAXOMUT IJIs1 BEIYKC-
JeHus1 BoipaxeHuit (1)—(4). Takum obpazom, mpu-
MEeM CJIeAYIollee OIMCaHue TPaeKTOPUM:

S@) ={S,(O},iel,...n
S.(t) = -1t} =212 + )P + (R - )t +
+ (=3 + )P +((1-2° +
+(3-20t2 + )P, + (1t} —tt?) P,

®)

rae P; — onopHble TOUKM CIUIaiiHA; T — MapameTp

HATSHYTOCTH CILJIaiiHa, IpUHUMAaeM ero paBHbEIM (,5.
OnopHBIE TOYKM CIUIAiHA ONpeneiIsTIOTCsS WC-
X0 ST U3 UCXOMHOM KOH(UTYpaLluK

init _ init init init _ init init
q,' _('xi ,yi ,(1[- ,V[- 70)[ )
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U 1ieJIeBOM KOH(UTYpaLuKU
oal oal oal oal oal oal
£ = Gy v o)

yyacTka TpaekTopuu. Beibop mpoucxogut ciaeny-
IOLIUM 00pa3oM:

P=p" = (x", yi""; ©)
Py = pt = (x, ygel, )
P, = pf —rot(l;,a""y; @)
Py = pi" + rot(lp, ) ©)
Iy = @pf*" - p"|.0). (10)

[Ipy npaHupoBaHWMM TPAEKTOPUU IBUKEHUS
pPa3MEpHOCTb MPOCTPAaHCTBAa KOH(UTypaluili paB-
Ha 5 (KOOpAMHATHI X;, ;, YIOJI o, JUHEHHAd V; U
yIJIOBasl & CKOPOCTH), OJHAKO TpeajaraemM ocy-
LIECTBISATH BBIOOPKY TOJBKO IO TPEM KOOPIM-
HaTtaMm {x, y, a}, TIe 00JlacTb BHIOOPKHU IO o CYy-
1lLeCTBEHHO orpaHuueHa. Ilpu stom {v, w} omnpe-
HnensgoTesa ucxods u3 BeipaxeHui (1), (2). Dto
BO3MOXHO, MOCKOJIbKY BhIpakKeHUe (5) HE 3aBUCUT
oT ckopocteil. [Ipu mocTpoeHUU TPAEKTOPUU U3
OIHOrO y3Jia B ApYyroil 3HaueHue yria BeIOMpaeTcs
cly4ailHbIM 00pa3oM 13 CeAYIOIIero MHOXECTBA:

—Aa

ae {aprev ~ Omaxsteps -+ +» % prey > A preys

+ Aa,... + o

A prey > A prey maxstep} ’

TIE 0, — 3HAYEHHUE YIJIA JJIs y3J1a, U3 KOTOPOro
CTPOMTCS TPAEKTOPHS; Olpay step — MAKCHMMAJILHOE
3HAYeHWEe M3MEHEHMs yTIjla 3a OOMH Iar, 4eM OH
MEHBbIIIE, TeM TPAeKTOPUM IMOJIYyYarOTCs IJIaBHEE,
HO TIpM 3TOM CKOPOCThb ITOMCKa YBEJIUYMBAETCH,
Ype3MepHO OOJbIIME WM MaJleHbKHE 3HauyeHUS
MPUBOAAT K TOMY, YTO aJTOPUTM IIPECTAeT CXO-
IUTCST; Ad — DUCKPETHOCTh BEIOOPKM YIJIA.
BaxxHast 0cOOEHHOCTb JAHHOTO aJITOPUTMa CO-
CTOUT B TOM, YTO pacIpOCTpaHEHUE AepeBa U3 Ha-
YaJIbHOM TOYKM B KOHEYHYIO CJIOXHO IJIaHUPO-
BaTh B YCJIOBUSX, KOrla HEOOXOAMMO 3aMelJieHue
IJIsl TIJIJAaBHOM OCTAHOBKM B 1IEJICBOM TOYKE WU
rnmepel ydJacTKOM IIyTH, KOTOPBI HEBO3MOXHO
MPOMTHU Ha TeKYIlei CKOPOCTH, TaK KaK JIJIsI TOTO
HEeoOXOIMMO IpeaCKa3biBaTh 3TU YCIOBUS. A Kak
UX MOXHO MpeacKa3aTb, €CJIU aJrOPUTM HUX elle
He 3HaeT? [lonydaeTcsi, YTO B MOMEHT, KOrJa aj-
TOPUTM MX Y3HaeT, HEOOXOOMMO IepecUUTHIBATh
BECh MyTh 10 3TOrO0 MOMEHTA, NP 3TOM He Hapy-
LUUB CTOMMOCTb APYTMX IIYTE€W, KOTOpbIE Hacle-
IYIOTCS OT Y3JIOB 3TOrO MyTH. DTO CYIIECTBEHHO
YCIIOXHSIET U 0€3 TOr0 Harpy>XeHHbBIN aJTOPUTM.
[TosToMy B nmaHHOI paboTe MpensioXeHa SBPU-

CTHKa, MO3BOJISIIONIAST TIEPECUYNTHIBAThH CTOMMOCTD
nyTtu ropasno 3¢ dekTuBHee, 6€3 HeOOXOAMMOCTHU
MOBTOPHOM T'€HepaluK YYaCTKOB TPACKTOPUMU.

CyTb 3BPUCTUKHU 3aKJII0YACTCS B TOM, UTO IJIsI
y4acTKOB TPAeKTOPUM 3alIOMUHAIOTCS HMXKHUE
rpaHUIB cTonMocTH (Bpemenu) ™" u cooTset-
CTBYIOLIME WM BEPXHHUE TI'PaHMIBI CKOPOCTEi
v a He peasibHble 3HaYEHUSI, C KOTOPBIMU Oy-
JeT ABUTAThCS 00BEKT MIaHupoBaHus. [1pu aTom
BO3HMKAET CUTYyallMsl, KOTJa CKOPOCTU Ha KOHIIE
TeKylero yuactka v y cxopoctu B Hauane
creyromero yyacrka v " ornnyaores, u ux
MpU pacyeTe peajbHONM CTOMMOCTH BCEro IYTH
HEOOXOAMMO YpaBHMBATh. Toraa nmpu pacyeTe CTo-
MMOCTH BCETO MyTHU MPU 00XO0/Ie YYACTKOB MYTH OT
11eJIEBOI KOH(MUTYpalny K Ha4aJIbHON OLEHKY pe-
aJIbHOWM CTOMMOCTHM ydYacTKa f; MOXHO OIpeie-
JIUTH CJAEAYIONINM 00pa3oMm:

max end
i

and

: max starty.
= min(v » Vi ;
max start

> Vit
end ’
i

max end
start _ |, max start max(v,
i - Vi

v
v

max start max end \ ,min
o (v; +v; )t

! start
Vi

+ vf”d

TIpy 3TOM BO3MOXeEH JULIb caydail ve"™d < y5ar,
MMOCKOJIBKY IIPY BBIOOpPE BEPXHEI TpaHUIIBI CKOPOCTU
CJCAYIOIIETO Y4YacTKa OHA BBIOMpPAeTCs MEHbIIICH,
YeM CKOPOCTb Ha KOHIIe TeKyIlero yvyactka. Kpome
TOrO, TIpA 00X0/Ie B 0OPATHYIO CTOPOHY T10 MyTH, CO-
[JIACHO 3TOMY IIPaBMILY, CKOPOCTh B HayaJie y4acTKa
HE MOXET ObITh YBEIMYECHA, 4 TOJIBKO YMEHBIIICHA.

IIpu renepanuu (puHAIBLHOIO MYyTH pacyeT CTOU-
MOCTH M CKOPOCTEH OyIeT OCYILECTBISETCS C IIO-
Mollblo BeIpaxkeHuit (1), (2), mo3TOMY OIIMCaHHAas
SBpPUCTUKA HEOOXOAMMA TOJLKO JJISI CpPaBHEHMUS
YYaCTKOB Iy TH.

Pacnpenesnienue BbIYHCICHHI

Hcnons3zoBanue RRT u cinaiiHoB Catmull-Rom
IJIS TJIAHUMPOBAHWSI MapllpyTa He M30aBiseT OT
BBIYMCIMTENLHO 3aTpaTHOI 3aJadyM pacyera co-
CTOSIHMI AJISI KaXXA0ro po0oTa I'PYIIIbl B KaxK 10U
Touke TpaekTopuu (cM. BeipaxeHus (1)—(4)). Ilo-
BSTOMY IIpelJIaracTcsl paclpencisiTh BhIUMCICHUS
MeXay poOOTaMU I'PYMIIbI.

B npouecce pabotsl anroputMa RRT reHepu-
pyeTcsl AepeBO TpaeKTOpUil, JaHHOE IEepPEeBO Xpa-
HUTCSA Ha OJHOM U3 POOOTOB, a OCTaJbHBIE POOO-
Thl MOTYT I00AaBJSITh HOBBLIE Y3JIbI B 3TO JIEPEBO
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WJIM 3ampalivuBaTh OOHOBJIEHUS AepeBa, OCYILECT-
BJss 3ampockl 1o cetu. [lepen crapToM paboThl
aJITOpUTMa 3ajJaeTcs 1ejeBoe Ynciao y3ioB. Ure-
panMy pachpeaeasioTcd MexXAy sSApaMu Ipo-
1IECCOPOB POOOTOB M 3aIyCKAlOTCs MapasiejibHO.
[Ipenmnonaraercs, YTO JaHHAsl CUCTEMa TTO3BOJSIET
CYILIECTBEHHO YBEJIMYUTH CKOPOCTh BHIYMCJICHMS
aJITOpUTMa, OJHAKO Cpa3y MOXHO 3aMETUTh y3KOe
MECTO — CepBep C JaHHBIMU JepeBa, U OTPaHU-
YeHMS, CBSI3aHHBIEC C Mepegadeil JaHHBIX 110 CETH.

3aMeTM, CyIIECTBYeT IIOMYJISIpHAS Momudu-
kauus anroputMa RRT* (RRT-Star) [15], xoTopas
C POCTOM YMCJIa UTepalMii rTapaHTUPOBAHHO CXOIUT-
cs1 K ONTUMAJIbHOMY PelIeH1I0, OHAKO OHA paboTa-
€T CYILIECTBEHHO MEMJIEHHEE W IJISI CIIOXKHBIX MOJie-
Jieil pacyeTa TpaeKTOpUH, KaK B HallleM cliydae, MO-
KET CXOMUTHCS K TAKOMY PEILIEHUIO CUILIKOM JOJITO.
Ho cymectBytor peanuzauun RRT* mapasielbHO
BBITIOJTHSIIOLIMECST HA HECKOJIBKUX SApPaX LIEHTPaTb-
Horo mpoueccopa CPU nnm rpadpmyeckoro yCKopu-
teas GPU [16]. Tlostomy mpeayiaraeTcs, B IEepPBYIO
ouepeab, MPOAHATM3UPOBATh BEPCUIO aAJITOPUTMA
RRT* Ona ommmyaercs oT oobraHoro RRT tem, 4To
n00aBJISIETCS TTPOLIeCC pedaTaHCUPOBKHM, B KOTOPOM
HOBBI y3eJl MOMeNIaeTcss BMECTO ONMKAWIIUX T0-
OUYEpeaHO, 1 B Cllyyae, eCJii CTOMMOCTb MOAU(DUII-
POBAaHHOI BETBM YMEHBIINIACh, B JIEPEBO BHOCSITCS
COOTBETCTBYIOILIIME ITOM MOAU(UKAIIMNA N3MEHEHUS.
B nmanHOM mpoliecce HEOOXOAMMO MEepPEeCUMTHIBAThH
TpaeKTOpuH, CJeaylolre Mocjie 3aMeHEHHOro y3Ja,
YTO CYILLECTBEHHO 3aMEJISIET aITOPUTM.

Peamm3zanns

AJITOpUTM OBIJ 3alpOrpaMMUPOBAaH Ha SI3bIKE
Python ¢ ucnonb3oBaHueM Oubauoreku Ray [17],
yIIpoliaoieil peajn3aiuio pacpeaeJeHHbIX Bbl-
yucjaeHuii. OCHOBHBIE BBIYMCAMTEIBHO 3aTpar-
HBIE YYaCTKM Kojaa ObLIM YCKOPEHBI C IOMOIIBIO
JIT xomrunaropa Numba [18].

[Ipu peanuzalium He cTOsIA 3a/1a49a CO3/1aTh MaK-
cUMaJibHO 3¢ GEKTUBHYIO BRIYMCIUTEIbHYIO CUCTE-
MY, TIO3TOMY OBbLJ1 BBIOpaH HE CaMblii BBIYUMCIUTEb-
HO 3¢ @EKTUBHBIA SI3BIK IporpamMmupoBaHusi. He
ObLIM TPUMEHEHBI 00Jiee ONTUMAJIbHbIE aJITOPUTMbI
(npu peanuzauuu RRT) B nojb3y 0oJiee MPOCTHIX.
OnHako peaJn3oBaHHasl CUCTEMA TTO3BOJISIET UCCTIe-
JOBaTh MOAXON K PEIICHUIO 3a1a4y IIaHUPOBAHUS
U OIpEeIe/IUTh, HA CKOJIbKO, MO CPaBHEHUIO C He-
pacrpeaesieHHOM CHCTeMOM, IUIAHMPOBaHUE IYTHU
paboTaeT ObICTpee WM MeAJIeHHee, M03BOJIsIeT Olie-

3amMeTuM, YTO IIyTU CO3JAHUS BBIYUCIUTENIb-
HO 3¢dekTuBHOrO anropurMa RRT, BHIIIOIHS-
IOIIErOCsl Ha OJHOM BBIYMCIUTENIE, JOCTATOYHO
XOpoIIo ucciaenoBaHbl. Kak oTMedalioch paHee,
CYIIECTBYIOT Aaxe BapuaHTbl RRT, yCKOpeHHBbIE
Ha MHOTrogIepHBIX mpoieccopax nau GPU. On-
HAKO YCJIOBUSI B3aMMONEHCTBUS MEXAY SOpaMu
CYILIECTBEHHO OTJIMYAIOTCS OT YCJIOBUI B3aWMO-
IENCTBUSI MEXIY KoMITbloTepamu 1o cetu. Cere-
BOE B3aMMOMENCTBUE CYIIECTBEHHO IIPOUTPHIBACT
B CKOPOCTH, 3aJepxKKaX, HaJeXXHOCTU Mepeaadyu
B OTJIMYME OT B3aMMOICHCTBUS MEXIY SApaMMu.

AHaau3 pe3yabTaToB

AHanu3 pe3yJbTaTOB IIPOBOAMJIM Ha BBIYKC-
JIMTEJIBHOM KJIACTEPEe, UMUTHUPYIOIIUM TPYIIITY U3
yeThIipex poboToB. Kitactep mpencraBisieTr coOoi
YeThIpe MPOMBIIIJIEHHBIX KOMIIBIOTEpa C BOChMMU-
snepHeiMu mpoueccopamu Intel Core i7 3.4GHz,
CBSI3aHHBIC JIOKAJIBHOW CETHI0 C MaKCUMaJIbHOM
cKopocThio 1 I'6GUT, KOTOPYI0 BO3MOXHO IOIMOJ-
HUTEJIILHO OrpaHUYMBaTh, MOJAEIUPYS OESCIIPOBOA-
HYIO CE€Th, CBI3bIBAIOIIYI0 MOOUJIbHBIE POOOTHI.

Briio mpoBeneHO cpaBHEHHE pe3yJbTaTOB pa-
0OTHI ClenyIoMX KOH(GUTypalluil CUCTEMBI IIJIa-
HUPOBaHUSI:

— KJIAaCCUYECKOI CUCTEMBI IITaHUPOBaHUsI, 0e3
pacrpeneaeHus BEIYMCICHUN MeX Iy poOoTaMu;

— mpeajiaraéMoil CUCTEMBbI ILJIAaHUPOBAHUS C
pacrpeneaeHeM BBIYUCICHUN MeXIy poOOTaMMu.

O0e cucteMbl HCIIOJIB3YIOT ONMHAKOBBIM CTEK
TEXHOJIOTUI, ONMHAKOBYIO MOJIeJIb pacueTa yIIpaB-
JISTIOIIMX BO3AEHCTBUII M OOIMHAKOBBIE (DYHKIIMU
Il MX pacyeTa M OJMHAKOBBIE ITapaMeTphl aj-
roputMa RRT. Kapra, Ajas KOTOpO#l IIPOBOAUIICS
aHaJu3, MpeiacTaBjeHa Ha pucC. 2 (CM. TPEThIO CTO-
POHY OOJIOXKH).

Kapra comepXuT Tpm mOpemnsiTCTBUS, 0003Ha-
YeHHBIC XEJTHIM IIBETOM, M ABa THUIIA T'pyHTa,
0003HaUeHHbIE TONYObIM (Jiel) U KOPUYHEBBIM
(3emnst) uBetamu. B HepasmedeHHOIT o0JacTu
IpeArnogaraeTcs rpyHT MO0 YMOJIYaHUIO (acdaibT).

I[TapaMeTphl ajropuTMa NpeacTaBISHbl HUXE:

Ilar pacyeTa TPACKTOPUM, M . . . . oo oo e v e v . 0,01
UHCHO Y3TIOB .« v o v et e e e e e e e e i 300...3000
Ilar yria opyeHTanMu MMpu BBIOOPKE HOBOTO y3i1a, © . 15

IIIar paccTosiHUS IIpU BEIOOPKE HOBOIO y31a, M . ... 0,4

Pannyc noucka coceiHUX y3JI0B (YMEHbBIIAETCS BMECTE
C YBeJIMUEHUEM YHuca y370B B aepeBe RRT), m . ... 10

PasMeD KADThL, M . .« .o eeeeeee e 10 x 7
HUTb HATPY3KY Ha CeTb U pacIpeieseHue Bbluncie- N?SMep KapTel, M . 0s
HIIT MEXITY BBIYHCTUTEISIME POGOTOB. aKCHMaJlbHasi CKOPOCTb po6oTa, M/C . .. ....... ,
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[TapaMeTpsl THUIIOB TOBEpPXHOCTE (Marepua-
JIOB) IIpeACTaBJIeHH B Ta0d. 1.

B pesynbrare mepBbIX HMCHBITAHUN ajJropuTMa
0KazaJioch, 4YTO peanu3alus pachpeneseHHOro
anroputmMa RRT* (RRT-Star) npuBoauT K He3Ha-
YUTEJbHOMY YMEHBIIIEHUIO BPEMEHU HaXOXIACHMS
MyTH, IPU 3TOM B 3aBUCMMOCTH OT YMCJIA YYacTBY-
IOIIMX B BBIYMCICHUSX KOMIBIOTEPOB MPOM3BOAM-
TEJIbHOCTb CUCTEMbI MTPAKTUUYECKU HE U3MEHSIETCS.

Heno B ToM, 4TO 4YacThio anroput™Ma RRT* sB-
JISIeTCsl TIpoliecC pedajlaHCMPOBKU AepeBa, KOTOPbIM
TpeOyeT YacThIX MOMOJTHUTENBHBIX 3alPOCOB K Jie-
pEBY, UTO MPOAYLUMPYET AOMOJIHUTEIbHBIN TpahuK
MeXAy BCeMU poOOTaMU U poOOTOM, XPaHSIIIUM Jie-
peBo. JlaHHbIN TpaduK HE SIBISIETCS CYIIECTBEHHBIM
B CJly4yae MEXIIPOLECCHOTO B3aMMOICHCTBUSI, B TOM
Yyuciae U3-3a TOro, YTO MaMsITh Y Sep Ipoieccopa
enrHasi. OmHAKO 3TOT TpadUK CTAaHOBUTCS OYEHb
CYILIECTBEHHBIM B CJIy4yae CETEBOr0 B3aMMOACHCTBUS
Mexay podotamu. IlockonbKy maMsTh y poOOTOB
He eqrHasi, a XpaHUTcs Tpad Ha ogHOM M3 POOOTOB,
3TO MPUBOAUT K TOMY, YTO Harpy3Ka Ha BbIYMCIUTE-

Ta6bnuma 1
Table 1
ITapamMeTpbl MaTepuaioB
Materials parameters
MaxkcuManbHOe Maxkcumanb-
Haspanmne TaHTeHIIUANb- | HOE HOpMaJb- LBet Ha
HOE YCKOpeHUe, HOE ycKope- Kapre
M/c? Hue, M/c’
Acdainst (1o 0,05 0,1 Cepunlit
YMOJYaHUIO)
3emIst 0,02 0,05 KopuuHeBbli
Jlen 0,01 0,01 [ony6oii
Ta6bnuua 2
Table 2

Pesyabrarsl ucnsiranuii anropurma RRT

Results of testing RRT algorithm

JIe pobOTa CTAaHOBUTCSI Upe3MepHOi. st pereHmns
3TOl NTpobJIeMbl, CKOpee BCero, He0OXOAMO BHeApe-
HUE PaCMpeieeHHOro XpaHeHus1 JepeBa.

[Torck MeTOIOB M CIOCOOOB YMEHBIIIEHUST 3TOTO
Tpaduka TpedyeT JOIOTHUTEIbHBIX UCCICIOBAHNIA,
eciu TpeOyeTcsl MOBTOPUTH JIOTUKY padoTrhl RRT™
B pacrpenesicHHOM MeXIy poOOTaMM MCITOJTHEHUM.
[TosToMy B naHHOW paboOTe PELIEHO TPOHOJIKUTH
aHau3 ajroputMa 6e3 pedaJaHCUPOBKU. DTO MpH-
BOIUT K TOMY, YTO aJITOPUTM, CKOpee BCETO, Iepe-
CTaeT OBITh ACMMIITOTHMYCCKM ONTUMAaJbHBIM. Of-
HAKO BBeIEHHBIC MOIVUMUKALINMU ITO3BOJISIIOT TOJIY-
YaTh TJIAJKWE TPACKTOPUM, MHTYUTHUBHO ITOXOXUE
Ha OJM3KMEe K ONTHUMAJBHBEIM C CYIIECTBEHHBIM
YBEJIMYCHUEM IIPOM3BOAUTEIBHOCT B pacIIpese-
JIEHHOM peanu3aluu. [Ipu 3ToM KayecTBO TPaeKTO-
puil cujbHEe 3aBUCUT OT YMCJIa y3JIOB, YeM Y OpH-
ruHajsbHoro RRT™* Ilpu upe3MepHOM UYHCiE y3JI0B
pe3yapTaT HaunmHaeT yxyamartbes. Ha puc. 3—5 (cm.
TPETBHIO CTOPOHY OOJIOXKKM) IIPEACTaBICHBI IIPHUME-
per g 300, 1000 m 10 000 y3moB. KpacHas mrrpu-
XOBasl JMHUS M300pakaeT TPaeKTOPUIO IEePeHOCH-
MOTO T'pYIIOi poOOTOB I'py3a.

WN3-3a cayuyaiiHoii TpUpoOAbl aJropuTMa pe-
3yJIbTAaT KaXXIbIH pa3 II0JIydaeTCs HEMHOTO pa3s-
HBII, TOATOMY MCIBITAaHUS IIpoBoamauch 10 pas
IUIS KaXXOIOTO 3HAYEHUSI YMCJIa y3JIOB, YTOOBI Ha-
OpaTh cTaTUCTUKY. PacueTr TpaekTopuil mpoBoau-
JIN JJIS 9eThIpeX poOOTOB HE3aBHCHMMO OT 4YMCIa
Y4YaCTBYIOIINX B BBIYUCICHUSIX poOOTOB. B Tabm. 2
IIpeACTaBJIEHbl YCPEeAHEHHBIC 3HAYCHU .

Ilo pe3ynbraram UCHIBITAHUI MOXHO BUICTh He-
JIMHEWHYIO 3aBUCMMOCTh BPEMEHU BBHITIOJTHEHUS OT
Yyucya y3JI0B, CBA3aHHYIO C TEM, UTO YeM OOJibllle
CTaHOBUTCS Y3JIOB B IIepeBeE, TEM OOJIBbIIEE UX YUCIIO
HEeOoOXOIMMO ITPOBEPSITh HA KaxXaoi nurepauun. M3-
3a 9TOTO B Mpoilecce paboThl aJiropuT™Ma 3aMeTHaA
TeHIEHIIMS TIOCTEIIEHHOTO IIepexoaa OT paBHOMEP-
HOTO pacIipelejieHusT BBIYMCINTEILHON Harpy3Ku
MeXay poOOTaMU K paclipenesieHUI0, IIpA KOTOPOM

Ynero yanos CUCTEMA OrpaHUYMBAETCS MPOU3BOAUTEIbHOCTHIO
IMokazarenu OOHOro p060Ta, XpaHALIECTO ACPEBO. DTO MOXHO
300 1000 3000 KOCBEHHO 3aMETUTH 110 3aMeJIEHHUIO pOCTa 3arpys-

JLTUTETBHOCTD 66 55 54 KU1 CETU MO MEpEe YBEJIMYEHMS YMCa Y3JI0B.
MPOXOXAEHUS MYTH, € OnmHako B 1eJIOM BUIHO, YTO pacrpenecHHas CH-
BpeMsi BBITIONHEHUS, C 83 151 902 CT€Ma M3 YETBIPEX pO6OTOB HaxoouT IIyTb 6BICTpC€
(pacnpeneaeHHbli aITOpUTM INpUMEPHO B JIBa pasa, Y€M HEC pacClipeacjcHHas CU-
4 pobora) cTeMa, TP 3TOM TIPH YBEJIUUEHUH YKCIA Y3JI0B 3TOT
3arpyska cetu Ho 2,5 | Ho5,6 | Ho6,2 pa3pbeIB COKpAaIaeTcs. DTO CBSI3aHO C T€M, YTO IIpH
(pacripeneieHHbIH a1ropuT™ YBEJIMUYEHUN YUCIIA Y3JIOB TIEPECHIIIKA JaHHBIX MEXTY
4 pobora), Mub/e poboTaMM CTAaHOBUTCSI "Y3KMM MECTOM', Torga Kak
Bpewmst BbITONTHEHMS, € 144 353 1532 B HEPACIIPEIETICHHOM BBITTOJIHEHWY BBIYMCIIEHUI 3TO

(I poGor) CKa3bIBAETCA HE TAK CUJIBHO.
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3akJoueHue

B nipouiecce pa®oThl OblIa peaan3oBaHa CUCTE-
Ma g OTpabOTKMU aJrOPUTMOB TLJIAHWPOBAHUS
IBUKEHUSI TPYNHI MOOMJIBHBIX POOOTOB, IBUKY-
LIIMXCS CTPOEM IO TOBEPXHOCTSIM C Pa3JUYHBbI-
MU XapaKTepUCTUKaMU clienjieHusi. Peann3oBaH
W IIPOTECTHUPOBAH MOAM(PUIMPOBAHHBIN IIOH 3Ty
3agavy aaroput™ RRT.

Ilo pesynbratram pabOTBI MOXHO clellaTh BbI-
BOJ, UTO AJisg aJlroputMoB RRT npu pacnpenele-
HHUU BBEIYMCIICHUN MEXAy poOOTaMM T'PYIIBI Tpe-
OyeTcsl pacmpeneasiTh HE TOJBKO CaM aJTrOpUTM,
HO M ero xpaHuuile aepeBa. Kinaccuuecku xpa-
HMJIMILE HAXOAUTCS B OOIIEH AJIs1 BCEX MPOLIECCOB
naMsTH, U 3TO Cepbe3HO HE CKa3bIBAETCs Ha IIPO-
M3BOAMUTENIbHOCTU. PacmpeneneHHoe XpaHUIUIIE
3HAYUTEJILHO YBEJIUYHUT IIPOU3BOIUTEIBHOCTD
pacmpeaeeHHO CHCTEMbl M TO3BOJUT 3¢ dek-
TUBHO MCMOJIb30BaTh pebalTaHCUPOBKY AepeBa, ra-
PAaHTUPOBATh ACUMIITOTUYECKYIO ONITUMAJIbHOCTb,
NoaaepXKMBaTh PaBHOMEPHOE paclpeaesieHUE BbI-
YUCAUTENbHONM HArpy3Ku MexXay poboTaMu. DTO
MJaHUPYETCsl UCCIeaoBaTh B OynyIIux padoTax.

[IpemnnoxeHHass peanu3alusl pPaclpeacIeHHOTo
aJITOPUTMA TMO3BOJINJIA 3HAYUTEJIEHO YCKOPUTH PACYET
TPAGKTOPUU JBMKEHUS JJIsI TPYAOEMKOro ILIAHUPO-
BaHMS B YCIOBUSIX MU (GEPEHIMATBHBIX OrpaHUYe-
HUM U IBMDKEHWS TPYMIIBL CTPOEM, IIPEIIOKEHBI ITyTH
M METOIbI HOBBIIIEHUS 3()(HEKTUBHOCTH aJrOpuTMa.
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The article studies a trajectory planning task for a group of UGVs with a consideration of wheels-terrain adhesion
variation. Within this paper a brief analysis devoted to existing trajectory planning is done. It outcomes with a conclusion
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of a necessity to produce additional research within this topic. This paper suggests to use a Sampling-based method to
solve this trajectory planning task. An algorithm of rapidly exploring random tree (RRT) is used as a basic algorithm. An
advantage of this method (typical for Sampling-based methods) is a simplicity of various non-linear restrictions introduc-
tion (e.g. obstacles, differential restrictions etc.). In addition we should mention good potential for algorithm parallelization,
because of tree structure of the algorithm. However there exists a shortage of the proposed methods — a high consumption
of computational resources, and as an outcome a long calculus duration. This paper proposes to overcome this shortage
via distributing of computation among UGVs — actors of a group. This is followed by a comparative analysis of distributed
and centralized methods. Analysis shows that the main advantage of proposed method is that it can use almost all models
of interaction between wheel and terrain. The latter can act a component for calculation of restrictions for motion acce-
leration over certain types of terrain. Within this paper we did not study models of interaction between wheel and terrain,
but instead used empirical data of allowed values of tangential and normal accelerations for specific UGVs in particular

conditions. In final part we present results of simulation witch confirm effectiveness of proposed methods.
Keywords: UGVs, distributed calculations, RRT, interaction with terrain, UGV control
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