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Cunre3 PEryJasiTOpPoOB AJIsi MHOTOKAHAJbHBIX CUCTEM
v V*
C UCITOJIB30BAHUEM HEMPOHHBIX CETCH

A.A. BOEBOJIAY, 11.0. POMAHHUKOB®

630073, P®, 2. Hosocubupck, np. Kapna Mapkca, 20, Hosocubupckuii 2ocyoapcmeen-
HbLIL MeXHUYeCKull yHusepcument

. b . . .
“ voevoda@ucit.ru dmitry.romannikov@gmail.com

B craTbe paccMaTpuBaeTcs 3ajaua CHHTE3a PEryJIsaTopa ¢ MCIOJIb30BaHHEM HEHPOHHBIX ceTeil
Ha NpHMepe 3aJa4yd CTaOMIN3alUU JABYXKaHAJIBHOTO 00BekTa. OOBEKTOM SBISIETCS TpexXmaccoBas
CHCTEMa, B COCTaB KOTOPOIl BXOJAT MIECTh HHTErpaTopoB. s yrpaBieHUs] 00bEKTOM HUCIIOIb3YIOTCS
JIBa BXOJa M HEOOXOIUMO JOOMTHCS CTAOMIM3allMM Ha IBYX BBIXOJHBIX KaHanmax. B mocTtaBneHHoOM
3a7ade M3HA4YaJbHO OOBEKT HAXOAWTCS B HEYCTOMYMBOM IOJNOKEHUH. B kaudecTBe perymsrTopa Hc-
HOJIB3YeTCsl HEHPOHHAs CeTh, KOTOPYIO IpeiaraeTcs 00y4aTh OJHUM U3 METOJOB 0Oy4YeHHs C HOJ-
KperieHneM (B cratbe MeToa Deterministic Policy Gradient mo3Bomi monyYuTs HAWTYYIIHE Pe3yiIb-
tatel). [locraBneHHas 3aga4ya paccMaTpuBaeTcsl B IByX BapHanusax. OcoOeHHOCTh IepBOil BapHalin
3aKIII0YaeTCsl B JOCTYITHOCTH BEKTOPA COCTOSIHUS 00BekTa. IIpy 3TOM, B OTIIMUHE OT KJIACCHYECKOTO
criocoba peneHust CHHTE3a PEryJIITOPOB, BXOAOM HEHPOHHOH CEeTH, KOTOPast SIBIISIETCS PETYIISITOPOM,
SBJIAETCS BEKTOpP COCTOSHHs 00BEKTa (3HAUEHHUs] MHTErpaTtopos). Bo BTOpoil Bapuanuu 3agadu Mbl
CUUTAeM, 4TO BEKTOpP COCTOSHHS O0OBEKTa HEMOCTYIEH M Ul €ro OLEHKH HCIIOIb3yeTCsl HabIroma-
TeJb, PEAJM30BaHHBI C MHCIOJb30BaHHMEM HeWpoHHOM ceru. Ilpemnaraercd MeTonuMka CHHTE3a
HaOmMomaTeNs, a TakKe CTPYKTypa HEHPOHHON ceTH HaOIoAaTens1, KOTOpasi COCTOUT U3 IEPBOTO pe-
KyPPEHTHOTO CJIOSl M CETH IPSIMOTO pactipocTpaneHus. i1 o0yueHns: HeHpOHHON ceTH HabIrogaTens
coOpaHBl JaHHBIE IyT€M CEPHU YKCIIEPUMEHTOB CO CXEMOH C MapauIeTbHBIM HOAKIIOUEHHEM MOIe-
nell oObekTa W HaONIo#aTeNs W IMOCIeRyIomel Mojgadn CIydaifHOTO 3aKOHA YNpPaBJICHAS Ha HHX.
ITpuBeneHsl rpadMKy OLEHKU COCTOSIHUA 00BEKTa U OLICHOK HaOuonarens. HeliponHas cethb peryis-
Topa o0ydeHa ISl CTabMIN3aluy U3 HCXOTHOTO HEYCTOWYHNBOTO COCTOSHHS.

KnroueBble c10Ba: HEIPOHHBIC CETH, CHHTE3, KIACCU(HKAINS, CTPYKTypa HEHPOHHBIX CETeH,
MeToIbl 00yUeHus, MallMHHOE 00y4YeHrne, 00paTHOE PacIpOCTpaHEHHE OLIMOKH, CTPYKTypHBIE METO-
b1, aITOPUTMBI YTIPABICHUS

BBEJIEHUE

B HacTosimiee BpeMsi MpUMEHEHHE HEHPOHHBIX CETeH A pelieHus 3aaad,
CBSI3aHHBIX C Pa3pabOTKOIl MCKYCCTBEHHOTO HHTENJIEKTa, IPHOOPENo OOJbIIyIo
MOMYJISIPHOCTh. B 4acTHOCTH, OHM IIMPOKO NPUMEHSIOTCS AN PACIIO3HaBaHUS

: Cmamus nonyuena 22 aszycma 2019 2.



8 A.A. BOEBO/IA, /1.0. POMAHHUKOB

00BEKTOB Ha M300pakeHUsX [ 1], pacro3HaBaHUs 3BYKOB M peuu [2, 3] U B Apyrux
3a/avax.

Panee paccMmarpuBanace 3ajauu CHHTE3a CTPYKTYpbl HEHPOHHOH ceTH s
CTaTUYECKUX 3a/ay: B [4] pemianack 3aqa4ya MOCTPOCHUSI HEMPOHHOM CeTH s pe-
IIICHUS JIOTHKO-apu(PMETHIECKHUX 3a1ad, B [5] pemranachk 3amada CHHTE3a HEHPOH-
HBIX CETeH NI peai3alii PeKyppEeHTHOTO METOa HAaUMEHBIIIUX KBaIpaToB.

B crarbe paccmaTpuBaeTcs IpUMEHEHHE HEMPOHHBIX CETEH NSl CHHTE3a CHU-
CTeM yTpaBJCHHUS MHOTOKaHaIbHBIMU 0O0bekTaMu. [Ipu 3TOM 00ydueHHe NCXOTHOM
HEHPOHHOH CETH BBINOIHSAETCS U3 HU3HAYAJIBHOTO HEYCTOMYHMBOIO IOJIOKEHUS C
UCTOJIb30BAHUEM METOJIOB OOyUYCHUsS C MOJTBEpXKACHUEM. B kauecTBe mpumepa
00BEKTa MCIIONB3YETCSl TPeXMaccoBasi CUCTeMa, COCTOSIIAs U3 TPEeX Macc, Mocie-
JIOBATEIIPHO COCTMHEHHBIX MPYKUHAMH [6].

PaccmaTpuBaTh BBIIIETIOCTABICHHYIO 337]auy OyJieM ¢ TOYKH 3PEHUS HCIIONb-
30BaHUs MeToJa O0yueHHs C mojkperieHueM. B [7] mpeanaraercs ans pemieHUs
JTUHAMHYECKUX CHUCTEM HCIOIh30BATh OMHMCAHUE MOJETH CHUCTEMBl B TEPMHHAX
MapKOBCKHX IIeTIel, T KaKJ0€ COCTOSIHHE OJHO3HAYHO OMpeAeNsieT COCTOSHUE
cucrembl. Jlanee 3ta mues ObUla HEOJMHOKPATHO HCIOJIb30BaHA. B wacTHOCTH,
B [8, 9] B KauecTBEe COCTOSHHS HCIIOIB30BAIOCH H300pakeHHe ¢ SKpaHa, B [10, 11] —
C UTPOBBIX JOCOK.

Hcnonb3oBanue HEMPOHHBIX CETEU AJI yNpPaBICHUS MHOTOKPATHO Mpejjara-
JIOCh B Pa3HBIX CTaThsX, Hampumep, B [12, 13], rae ocHOBHOI uzeii Ob110 00ydeHue
CeTH IO TMPeIBaPUTENHHO COOPAHHBIM JAaHHBIM IS TIEPEXOJHOTO TPOIecca HITH
npyrumu criocodamu. Takxke B [14—16] nmpemararorcst uaeu moacTporku kodddu-
IUCHTOB peryiisTopa, Hanpumep, [11/[-perynsTopa wim ero MoaupuKanuii ¢ mo-
MOIIIbIO0 HEHPOHHBIX CETEH.

3agaua GOpMHPOBAHUS YIPABISIONET0 BO3ACHCTBUS M3 HAYAILHOTO MPOM3-
BOJILHOTO COCTOSIHHSI PACCMATPUBAIach B CTaThe', IJie MPE/IaraeTcsi crocod mpu-
BEJICHHUS 3aMKHYTOW CHCTEMBI K COCTOSHUIO, KOT/Ia BO3MOXHA ONTUMH3AIUS C TI0-
MOIIBI0 MOTU(HUKAIIIN CTOMMOCTHOH (pyHKITNHU (IPUBEIEHHS €€ K BHIY CXOIMMO-
ctH). Takke CTOMT OTMETHTb, YTO B 3TOW CTaThe pacCMaTpUBAETCs 3ajaya OINTH-
MU3aIUN OJHOKAHAIBHOTO O0BEKTA.

s pelieHus 3ajiaun ¢ HEMPEPHIBHBIM MPOCTPAHCTBOM JIEUCTBUINA, K KOTOPO-
My OTHOCHTCSI paccMaTpuBaeMas 3amada, B [17] mpemiaraercsi HCIIOIB30BaTh «aK-
Tep-KpuTHK» Metop (Actor-Critic Method), Tak xak ero jerko Moau(puIUpoOBaTh
U pabOTHI C HEMIPEPBIBHBIM IIPOCTPaHCTBOM AeiicTBuii. B [18] nmpeamaraercs wc-
noyib3oBathk Deterministic Policy Gradient, Tak Kak, B OTJIMYHE OT MPEABIAYIIETO
MeTOJla, OH SBISACTCS off-policy, 4TO TO3BONSETCS HAKAIUIMBaTh Oydep dKCIepu-
MEHTOB U HCIIOJIB30BaTh UX ISl O0yUESHMUSI.

1. IOCTAHOBKA 3AJIAYH

B craree paccmarpuBaeTcs 3aada CHHTE3a CUCTEMBI YIPaBIIEHHS Tpexmac-
COBOHM CHCTEMOM, COCTOSILEN U3 TPEX Macc my, My U m3, MOCIEI0BATEIbHO MO~

BEIICHHBIX 4epe3 IPYXKUHBI ¢ KO3(DDULIUCHTAMU KECTKOCTH ki, ko U k3, B KOTO-

' A.A. Voevoda, D.O. Romannikov. Method for Numerial Optimization of the Parameters of
Regulator from Unstable Condition // The 14th International Forum on Strategic Technology (IFOST
2019): proc., Tomsk, Russia, 14-17 October 2019.
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pOﬁ ABa YIPaBJIIOIIHNX CUTHAJIA, CHJIBI Uy U Uy, HPHIIOXKCHBI K MaccaM niy, my,
a PEryjimpyCeMbI€ BCJIMYUHBI — IIOJIO2KCHHE IICPBOIO0 M BTOPOrO IPY30B V| H )).

BrimenpuBeieHHOE onvcaHue 3a7adu 0oJiee MoapPOOHO paccMoTpeHo B [6]. Koop-
JMHATa TPEThEro Ipy3a )3 He U3Mepsiercs. B xadecTBe CHCTEMbI yIpaBICHHS HC-

MOJIb3yeTCS HEMPOHHAS CETh MPSIMOTO PAacIpOCTpaHeHuUs, oOydaemasi TPy MTOMOIIH
METOJIOB 00y4eHHs C MOATBEpKACHHEM. M3HadanbHO CHUCTeMa HaXOAWTCA B He-
YCTOMYMBOM COCTOSHUH. i1 ynoOCTBa MOJIENIUPOBaHUs MepeAaTouHas QpyHKIH
00BEKTa YMpaBJICHUS B HEMPEPHIBHOM BHJIE MPEICTABICHA B ITUCKPETHOM BHUJE C
gactotoit muckperusamuu 0.05. Torma HenpephsIBHBIA HHTETpaTop 1/s OymeT mpea-
cTaBlieH B BUjie nepenatounoi pynkuuu 0.05/(z — 1). CtpykrypHas cxema 00beKTa
IpeacTaBlieHa Ha puc. 1.

y1

Integrator Integratori

Gain7 ,—YZ

-

£

Gaing

Integrator2  Integrator3

Gaing

2

Gain10

Gaing

Integrator4  IntegratorS

7 e
~

2 %

Gain11

Puc. 1. bnok-cxema 00beKTa B HEIIPEPHIBHOM BUIE

Fig. 1. A continuous flow chart of an object

Ha puc. 1 npeacraBieH 00bEKT ykKe ¢ KOHKPETHBIMU 3HAYCHUSMU IS MacC U
KO3 UITMECHTOB KECTKOCTH.

B [6] ¢ moMoIIbIO CHHTE3a MOJJATEHBIM METOJIOM PACCUUTHIBACTCS PETYIIATOP,
B KOTOPOM B MaTpuue obpaTHOH cBa3n K. conepkutcs 12 x03QpPHUIHEHTOB, 4TO
COOTBETCTBYET 12 HEM3BECTHBIM IEPEMEHHBIM B ClIydae ONTHMHU3AIMUA W3 He-
YCTOHYHMBOI'O HAYAIBHOTO COCTOSHUSI.
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2. PEAJIM3AIIMS PETYJISITOPA HA HEWPOHHOUM CETH

ITo cpaBHEHMIO C KJIACCUYECKOW CXEMOMW HCIOJIB30BaHUS PEryJaTopa, Iie Ha
€ro BXOJI TMIOCTYIAaeT CUTHAJ OIMOKHU U Janee GopMHUpyeTcs yIpaBlieHHe, 1101aBa-
eMoe Jajiee Ha O0BEKT, TPU HCIIOJIb30BAHUU HEUPOHHOW CETH B CTAThE MCIIOJIB3Y-
eTCsl I3MEHEHHas cxema (puc. 2).

.| HeiipoHHar i Y
> Sanily Wob —»

Y

X

Puc. 2. Cxema ucnonp30BaHUS HEWPOH-
HOM CeTH ISl pEryJINpOBaHuUsl 00BEKTOM

Fig. 2. A diagram of neural network use
for regulation by an object

Ha cxeme, mpencraBieHHON Ha pUC. 2, BXOJOM PETYIATOpa SBISETCS COCTOS-
HUE 00BEKTA, T. €. BEKTOP 3HAUCHUH 3aJiepiKeK u3 00bekTa. Takoe mpeacTaBiIeHue
HEOOXOAMMO JJISi TOTO, YTOOBI OJHO3HAYHO OMPEIENATh COCTOSTHHE BCEH 3aMKHY-
TOM cHUCTEMBI B (POPMHUPOBATH YIIPABIAIOINIEE BO3ICHCTBHE.

Perynsarop cocTout u3 AByX HEHPOHHBIX CETE: CETh «aKTepa» A GOpPMHUPO-
BaHUS YIPABISIONIET0 BO3/eiicTBrUA. HelipoHHAs CeTh «aKTepa» COCTOUT M3 BXO/I-
HOTO CJIOS pa3MepoM B 6 HEWpOHOB (TI0 YHCITY 3aAepKeK B 0OBEKTE), MEepBOTO
CKphITOTO cJost B 350 HEipoHOB, BTOPOTO CKPHITOTO ¢i1osi B 300 HEHPOHOB U BHI-
XOIHOTO clios B 2 HelipoHa. [IpH 3TOM B CKPBITHIX CJIOSIX UCHONB3YIOTCS (DYHKIUH
AKTUBAIUH BBHIMPAMUTENS relu, a B BBIXOJHOM ClIoe — (DYHKITUHM aKTUBAIMH TUTIEP-
0oNMYecKoro TaHTeHca fanh (BEKTOp Pa3MEPHOCTHIO 2, TaK KaK OOBEKT JABYXKaHAIb-
HBI). BTOpast ceTh, «KpUTHK», HeoOXomuma uis oneHku 3HadeHud O (s, a) [9].
HeiiporHas ceTh «KpUTHKA» COCTOUT M3 BXOJHOTO CJIOS B 6 HEUPOHOB (110 YHUCITY
3ajepikek B o0bekTe). [1epBblil CKpBITHIN ci10#, cocTosimuii u3 402 Heifponos (400
HEHPOHOB COEIMHEHBI C BXOJHBIM CIIOEM, a eIle Ha JIBa MOCTYIAIOT 3HAYCHHSI CHT-
HAJIOB YIPaBJIEHHS), B BBIXOJHOM CIIO€ TPEACTaBISAET OMUH HEelpoH. B ckpeiTom
CJIo€ UCTIONB3yeTcs (DYHKIMS aKTHBALWY 7elu, B BBIXOJHOM CJI0€ (DYHKIHS aKTHBa-
IIUU HE UCTIOIB3yEeTCS.

B kadecTBe (yHKIHME Harpambl HCHONb3yercs GyHKIms R=>v; —|v; -y,

1

rae v; — TpedyeMoe 3HaueHUeE Ha i-M KaHaje, a ); — BbIXOJ 00beKTa Ha i-M KaHa-

ne. Taxxe ¢ NpaKkTHYECKONW TOYKU 3pEHUSI OKa3anoch 3(p(EeKTUBHBIM IOIOIHU-
TeJBbHO YBEIWYUBATh Harpaay Onimxe K TpeOyeMoMy 3HAYEHHIO, HAIlpUMeEp, YMHO-
JKEHUE 3HAYCHUS HArpajbl, €CJIM OHA HaxoAuTcs B nuama3one = 10 % ot v.

OOyueHne HEHPOHHOH ceTH BBIMOIHEHO 32 300 THICSY MOX ¢ MAKCHMAaTbHBIM
noJTydeHHbIM pasmepoM Harpanbl B 1870. Ilpum oOyueHwm miiMHaA MEpPexXOmHOTO
npoiecca orpanuuuBaiack 100 TakTamMu, YTO COOTBETCTBYET MSTH CEKyHIaM
(10 0.05 cexyH/IBI Ha TaKT) AJISl YMEHBIIIEHUS BpeMeHU o0yueHus (puc. 3).
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Puc. 3. TlepexoaHslii IpoIIeCC 1O ABYM KaHAIaM PEryIHPyeMOro
o0BexTa

Fig. 3. A transient process along two channels of the regulated
object

3. PEAJIM3ALIUA HABJIIOJATEJIA

YacTo HET BO3MOXKHOCTH CHSTH C PCaJIbLHOTO o0BeKTa BCKTOP COCTOsIHHA.
B 3Tux cnyyasx mpuHSATO MUCHOJIH30BATh HAOIIOJATEIH, KOTOPHIC MO3BOJISIOT ClIC-
JaTh OIEHKY BEKTOpa cocTostHuA. s peanm3amuy HAOMIOJATENs C ITOMOIIBIO
HEHPOHHBIX CETEH NpeJIaracTcsl UCIO0JIb30BaTh CETh IPSIMOrO PacIpOCTPaHEHUs, B
KOTOPOW Ha BXOJ MOJACTCS CUTHANI C BhIXOJIa OOBEKTA y ¥ CUTHAJ YIPABICHUS U,
a Ha BBIXOJIC — OIIEHKa COCTOsIHUSL 00bekTa X' (puc. 4). UHTepec mpencraBiseT
TIEPBBIH CIIOM HEWPOHHOW ceTH HaOIMroAaTess, B KOTOPOM ISl pean3alliy aHajaora
3anepkku 1/z B 00bekTe W5 Mcnonb3yercs peKyppeHTHBIN CIIOH, B KOTOPOM 3Ha-

YeHHEe HEWPOHOB IIEPEAAI0TCs IOCIIEA0BATEIbHO AT BXOJOB € ¥ U #. B ocTansHOM
HEeWpoHHass ceTb HaONIoJaTeNs SBISAETCS CEThIO MPSMOIO PACIPOCTPAHCHHUS C
24 neiiponamu B nepsom cioe, 400 — Bo BTopoM 1 300 — B TpeTbeM.

OOyuenne HeiipoHHOU cetn HaOmomatens (puc. 4) MOXKHO BBITIONHATH OT-
JenbHO. 1 3TOro 10CTaTO4HO cOOpaTh AaHHBIC NIPU MOAEIMPOBAHUH COCTOSHHUS
00beKTa 1 HEHPOHHOW CeTH HAaOII0AATENs COTTIACHO CXeMe Ha pucC. 5.

Ha puc. 5 reHeparop ympaBieHUS CHHTE3HpYET ClIydaifHOE yIpaBlICHHE B
OTPaHMUYCHHOM [HAaIlla30HE, KOTOpPOE€ IOCTyNaeT Ha pealbHbll OOBEKT W Ha
HEHPOHHYIO ceTh HaOmomaTens. s coopa HaHHBIX A OOYUYCHUS BBITIOIHSIACE
cepusl MOACIMPOBAHUN ISl IOJTYYEHUS PEeaIbHOTO COCTOSTHHUS OOBEKTa X U BBIXOAA
HelipoHHol cetn X' . B cTathe 1y1st 00yueHus HAOIIOAaTeNs 3HAUCHHS YIPABIICHHS
ObUIM OrpaHUuYEHBl Juana3oHoM {—4, 4}, Takke cepus MOICIUPOBAHUS OCTaHAB-
JMBajach IMPH BBIXOAE 3HAYEHUH BBIXOAHOTO CHUTHAla OOBEKTa M3 JAMAra3oHa
{-5, 5}. CoOpaHHBIC MaHHBIE WCIOIL3YIOTCS IS OOYUYCHUS HEHUPOHHOW CETH
HaOIroIaTeNsl CO CTOMMOCTHOM QyHKIMEH cpeiHel KBaApaTHYHOM OIIUOKH.



12 A.A. BOEBO/IA, /1.0. POMAHHUKOB

HeidposHan u y
ceTh (per.)

HeiipoHHanA ceTs
(HaGnoparens)

Puc. 4. Cxema ucnonb30BaHNs HEMPOHHBIX cETEH
JUISL peryJIMpOBaHus C HaOIroqaTeneM

Fig. 4. A diagram of neural network use
for regulation with the observer

leHepaTop u X
ynpaBneHus Wob

h 4

HeiiponHan | X
certk (Hab.)

Y

Puc. 5. Cxema ju1s1 cOopa AaHHBIX U 00y4eHHS
HEHPOHHOW ceTH HaOIroIaTeNs

Fig. 5. A diagram of data collection to train
the observer’s neural network

I'padmku 3HAUEHUH TEPEMEHHBIX COCTOSHUS 00BbEeKTa 00ydeHHOTro Habmroma-
TeJsd MpUBEAEHBI Ha puc. 6.

Takum 00pa3oM, MOXKHO C(HOPMYJIHUPOBAThH OCHOBHBIC ACIEKThI pean3aluu
HAOJI0aTeNs C UCIIOIb30BaHUEM HEHPOHHBIX CETEH.

1. Heiliponnas ceth HaOMrOAaTENsT MOXKET OBITH MPSMOTO PACIIPOCTPAHEHHUS C
PEKYypPEHTHBIM TEepBBIM cioeM. [Ipu 3ToM Ha BXOJI MOaeTCsl TIOCIeI0BATEILHOCTh
M3 3HAYeHUH KaXXJIO0TO BBIX0Ja 00BEKTa U KaXKJIOTO U3 BXOJIOB.

2. JIns oOydenust HeHpOHHOM ceTn HAOIIOAATENI HEOOXOIUMO coOpaTh NaH-
HBIC, HCIIOJIb3YSl CXEMY C MapauIeTbHBIM MOAKIIOUECHUEM OOBEKTa U HEHPOHHOMN
CeTH HaONIONIaTellsl K TeHepaTopy CIyYailHOTO YIIpPaBIIEHUS, MPH 3TOM 33/1aB KpH-
TEpPHUH OCTAHOBA IS SKCIIEPUMEHTA U TPAaHHUIIBl CUTHAIA TeHepaTopa.



Cunmes pezayaiamopos OJ151 MHO2OKAHAILHBIX CUCIEM C UCHOTIb308AHUCM HeﬁpOHHle cemetl 13

0.6 —— x2_orig
07 of
. / 021 FA x2_pred

| “\ .ﬁ'\i\ﬁ. " / | \ / |

WA T\ /

00l ! W |

M /
— x1og  f\[V/ \\/
—0.6 x1_pred

0 20 40 60 80 100 0 20 40 60 80 100

1.00 4 —— x3_orig

— x4_orig
x3_pred 0.4

x4_pred
0.3
0.24

0.1

—0.501 \’ \) 4 \

—0.754

-1.00 4 024

Puc. 6. I'paduxu 3HaUCHNH IEPEeMEHHBIX COCTOSIHUS 00BEKTa

Fig. 6. Graphs of values of the object state variables

3AKIIOYEHUE

B craree paccmatpuBaeTcd mpolenypa CHHTE3a HEHMpPOHHOIO peryisTopa Ha
npUMepe IBYXKaHATBHOTO OOBEKTa TPEXMACCOBOW CHCTEMBI. TakKe 4acThlo 3alaud
OBUIO HCIIOJNIb30BaHME METOJIOB O0YUYEHHs C MOAKPEIUICHHEM Uit 00ydeHHi HeHpOoH-
HOM CETH PEeryJATOpa U3 Ha4albHOIO HEYCTONYMBOIO MOJIOKEHUs, B KOTOPOM HAaXo-
IuiIcs OOBEKT, C LENbI0 CTAOMIM3AlMM 3HAUYCHUI BBIXOAOB OOBEKTa B JHANa30HE
ycraBku. PaccmoTpeHo 1Ba citydas: ¢ JOCTYyIHBIM BEKTOPOM COCTOSHMSL M OLICHKOM
COCTOSIHUSI OOBEKTa, MONydeHHoro ¢ HaOmomarens. [Ipu obomx BapuaHTax BEKTOp
COCTOSIHMSI 0OBEKTa (WJIM OLICHKA) TOJAaeTcsl Ha BXOJA HEHPOHHON CETH Peryisaropa u
Jlajiee BBITOJTHACTCS e¢ OOYUYeHHE C HCIONIb30BaHWeM Metoma Deterministic Policy
Gradient. JIna peanuzanmu HaOmMopaTeNns: UCMONB3YeTCs HEHPOHHAsT CETh MPSIMOTO
pacnpocTpaHeHus, B KOTOPOM IEPBBIMA CIIOM 3aMEHEH Ha pekyppeHTHbIl. Ha Bxop
HEHpPOHHOM ceTH HaOJIIoAaTels MoJaeTcsl MOCIeA0BATENbHOCTh 3HAUCHU 00BEKTa U
BBIXOJTHBIX 3HaUCHUH 00BeKTa. |11 00yueHws HaOmomarens npemiokeHa cxema coo-
pa HaHHBIX, B KOTOPOW Ha HEHPOHHYIO CeTh (M3HAYaJbHO HEOOYUYEHHYI0) U OOBEKT
MOZIAIOTCSI CUTHAJIBI YIIPABJICHHUS, C(HOPMHUPOBAHHBIE C TIOMOLIBIO ['eHEepaTopa CIIydaii-
HBIX YHCEII, @ HA BBIXOAE HEHPOHHON ceTH (popMHUpYeTCs OLIEHKa COCTOSIHUS 00BEKTa.
Taxoke qaHHBIe 0 TPEOYEMOM COCTOSIHUM 00beKTa OepyTcs ¢ MOJIeNI 00bEKTa.

HanpasnenusiMy fanbpHEHIIETO UCCIIEAOBAHUS SIBISCTCS yCIOXKHEHUE 00BEK-
Ta, B YaCTHOCTU JOOABJICHHE B HEr0 HEIMHEHHOCTEH, a Takke (hopMyIMpoBaHUE
Oosee popMaNbHBIX PEKOMEH AN TI0 BBIOOPY CTPYKTYPBI HEHPOHHOM CETH.
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Abstract

The article considers the problem of regulator synthesis using neural networks on the ex-
ample of the problem of two-channel object stabilization. The object is a three-mass system
which includes six integrators. Two inputs are used to control the facility and stabilization must
be achieved on two output channels. In the task at hand, the object is initially in an unstable po-
sition. A neural network which is proposed to be trained using one of the reinforcement learn-
ing methods is used as a regulator. The Deterministic Policy Gradient method allowed us to ob-
tain the best results. The task in question is considered in two versions. The peculiarity of the
first version is the availability of the object state vector. In this case, in contrast to the classical
method for solving the problem of regulator synthesis, the input of the neural network, which is
the regulator, is the state vector of the object (integrator values). In the second version of the
problem, we believe that the state vector of the object is unavailable and an observer imple-
mented by a neural network is used to evaluate it. An observer synthesis technique is proposed,
as well as the structure of the observer’s neural network, which consists of the first recurrent
layer and further the direct distribution network. To train the observer’s neural network, data
was collected through a series of experiments with a circuit with a parallel connection of the
models of the object and the observer and a subsequent application of a random control law to
them. Graphs for assessing the object state and the observer’s estimates are given. The control-
ler neural network is trained to stabilize from the initial unstable state. The article ends with
conclusions and considerations concerning further research.

Keywords: neural networks, synthesis, classification, structure of neural networks, train-
ing methods, machine learning, back propagation errors, structural methods, control algorithms
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B pabore paccMOTpeH anropuTM HOUCKa Ie(EKTOB TOMOJIOTHIECKUX CBA3EH MEXIy IUHa-
MHUYECKUMH OJIOKaMH, IMO3BOJISIONINH TIOJIHEE y4eCTh CHelu(UKy MPOsBICHHUS PEANTbHOTO OJU-
HOYHOTO JedexTa — OOpbIBa ORZHOM CBA3M MEXAy AWHAMHUYECKHMH OJIOKAMH IepeJaTOTHOMH
¢yHKIMH 00BEKTa JAMAarHOCTHpOBaHUs. [IpuMeHeHHe M3BECTHBIX AJTOPHUTMOB MOJOOHOrO poza
OCIIOXKHSIETCS HEOOXOAMMOCTHIO HCIOIB30BAHMS MOAENEH C MPOOHBIMHM OTKIOHEHHSIMH IIapa-
METpOB, 00 HEOOXOIUMOCTBIO aHAJIM3a 3HAKOB Nepeaad BBHIXOAHBIX CHUTHAJOB, JTHOO CMEHOH
MO3MLMHU BXOJHOTO curHana. HegoctaTkoM anroputma Ha OCHOBE MPOOHBIX HM3MEHEHUH TOMOJIO-
TUYECKUX CBsA3CH MOJENU ABIAETCS TO, YTO OH UCIOJb3YET 3aJaHue 3TUX U3MEHEHUH B MoJensIx
C MPOOHBIMU OTKIOHEHMSMH, UTO SIBISIETCA TPyHOeMKoH 3amaueil. HemocTaTkom anroputma c
aHAIM30M 3HAKOB Mepeaad BBIXOJHBIX CHTHAJIOB C HCIIONB30BAHNEM HOPMHPOBAHHOTO AMATHO-
CTHYECKOT0 MpPHM3HAKa, a TaKXKe C MCIOJIb30BaHMEM OHWHApHOrO AMArHOCTHUYECKOTO IMpPH3HAKa
ABIISICTCSI TO, YTO HEOOXOJUMBI JOTOJHUTEIbHBIE BBIUHCICHHS 3HAKOB Iepeaad BBIXOTHBIX CHI-
HaJIOB OT OMHAMHYECKHX OJIOKOB IepefaToyHOH (QyHKIUHM X0 KOHTPOJIBHBIX Todek. Hemocrar-
KOM aJrOpUTMa CO CMEHOH MO3UIMM BXOAHOTO CHUTHAJA ABISAETCS TO, YTO OH UCIOJIB3YET Iepe-
MEILICHUE MECTa M0Ja4y BXOJHOIO CUTHANIa Ha APYTYIO IMO3UIHUI0 B MOJAEIAX, KOHTPOIUPYOLIIHNX
TOIOJIOTMYECKYI0 cBA3b. Hike paccMaTpuBaeTCst aJrOpUTM IOMCKA 1e(eKkToB B BHJE Hapylle-
HUS CBS3€H MEXIy JUHAMUYIECKUMHU OJIOKaMH MepeJaTOYHON (yHKINN, OCHOBAHHBINH Ha HCIIOJNb-
30BaHMM MOJIENIU TOIOJOTMYECKOH YyBCTBUTEIBHOCTH C IIOMOIIbIO MHTEIPAJIbHBIX OLEHOK BBI-
XOJHBIX CHTHAJOB OOBEKTa IUAaTHOCTHPOBAHUS. TOIMONOTrMYEcKas YyBCTBHUTEIBHOCTh MOXKET
OBITh IOJNY4YCHa C HCIOJIB30BAaHMEM CTPYKTYpHO-MATPUYHOH IMHAMHYECKOW Moxenu. Takoif
MOJXO0J YIPOILAET pPeanr3alnio aropuTMa myTeM YMEHbIICHHS YUClia KOHTPOJIbHBIX TOYEK, UTO
MO3BOJISIET COKPATUTh aNllapaTHbIE M BPEMEHHBIE 3aTpaThl NPH AWArHOCTHPOBAHUHU CIIOXKHBIX
00BexTOB. Onpe/eneHa Npoueaypa Moly4eHUuss HOpPMHUPOBAHHBIX AMAarHOCTHUECKUX NMPHU3HAKOB H
BBIYMCIIEHUS KOJMYECTBEHHON MEPHI Pa3INYMMOCTH Ae(eKTOB.

: Cmamos nonyuena 10 cenmaopa 2019 .
Paboma evinonnena npu noodepoicke Poccutickoeo ¢honoa gyHoamenmanbHbix ucciedo8anuii
(npoexm Ne 18-08-00737).
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KiroueBble ciioBa: novick 1eeKkToB, HENPEPbIBHASL CUCTEMa C 00OPaTHOM CBS3bIO, epeaToy-
Hast QyHKIUS TUHAMUYECKOTO OJIOKa, TOMOJOrHYecKast (GyHKIUS YyBCTBUTEIBHOCTH, IMArHOCTHYE-
CKasl MOJiellb, OOBEKT AMarHOCTUPOBAHUS, KOHTPOJbHBIE TOYKH, MHTEIPaJbHBIC OLCHKU BBIXOJHBIX
CHUTHAJIOB, HOPMHUPOBAHHbIH THarHOCTHYECKUH NPU3HAK, PA3ITHIUMOCTD 1e(eKTOB

BBEJIEHUE

JluHaMHUYeCKHUEe MOJECIM CTAIl[MOHAPHBIX HEMPEPBIBHBIX JUHEHHBIX CHCTEM
YOpPaBICHHUS CTPOSTCS KaK C MOMOIIBID Tpad0aHaTUTHYSCKOTO OMHUCAHUS C WC-
MOJh30BaHHEM CTPYKTYPHBIX cXeM [1, 2], Tak W myTeM ONHCaHUs WX B MPOCTPaH-
CTBe cocTosHUH [3, 4]. MeToa nmpocTpaHCTBa COCTOSIHUM MPUMEHUM B NPOTPaMMHU-
poBarnu Ha DBM, Tak Kak HCIOJIB3YET BHIUUCIIUTEIBHBIC METO/BI JIMHEHHON a-
reOpbl ¥ MAaTpUYHOE MPEACTABJICHHE CHCTEM. MEXIy TeM B OMUCAHHOW MPH TO-
MOIIH MEPeAaTOYHBIX (QYHKIUI CHCTEME BCET/Ia €CTh ONPEeIICHHBIH MPOU3BOJ B
BEIOOpE MMEPEMEHHBIX COCTOSHUS. [lepenaTouHoi yHKIIMUA CUCTEMBI COOTBETCTBY-
€T HECKOJIbKO MPECTABICHHH B IPOCTPAHCTBE COCTOSIHUM, U MepBast ONPeIeNIIeTCs
OJTHO3HAYHBIM 00pa3oM. Eciiu M3BecTHa MOJENb TOCIEAHEH B MPOCTPAHCTBE CO-
CTOSTHHIA, 3TO TOBOPUT O TOM, YTO OTHMCAaHHE CHCTEMBI SBIISIETCS B HEM Oosee 00-
M. MeHbInas pa3MepHOCTh 7 BEKTOpa MEPEMEHHBIX, TUHAMUYCCKUE CBOMCTBA
OTJICTBHBIX OJIOKOB U OTPaKEHHE MEKOJIOUHBIX CBsA3eH (TOMOJOTMYECKUX OCOOCH-
HOCTEH) ABISETCS yI0OCTBOM Ipad)0aHaTUTHYSCKOTO IPEACTaBICHUS 00BEKTa U~
arHoctupoBanus OJ] [5-7].

JlaHHBIE JMATHOCTHYECKHUE MOJENH YIOOHO TPUMEHATh MpU pa3paboTke
CTPYKTYPHBIX METOJIOB NMOMCKa Je(EKTOB, MOCKOIBKY OHH HMEIOT JIOCTOWHCTBA
METOJ/IOB IIPOCTPAHCTBA COCTOSIHUH (MCITOJIE30BAaHUE METOOB JTUHEHHOU anreOpsl,
MaTpHUYHOE MPEICTABICHUE) U rPpadOaHATUTHYECKOTO TMPEACTaBICHUs (0TOOpaKe-
HUEe OJIOUYHBIX cBsi3ei) [8—10].

1. AVITOPUTM NOUCKA JE®EKTOB

Anroputm noucka 1e(eKToB ¢ TIIyOHHOH 10 CTPYKTYPHOU CBSI3U MEXKIY JH-
HAMUYECKUMH OJIOKAMU OCHOBAaH Ha OIMPEICICHUN OTKIOHCHHH BBIXOJHBIX CHUTHA-
JIOB 00BEKTa AMATHOCTUPOBAHUS OT CUTHAJIOB HOMUHAIBHOW Mozaenw [11-13]:

DFJ-(OL) =Fj(OL)—FjHOM(a), j=L.., ki a=5/T,

rae j — HOMep KOHTPOJBHOW TOYKW;, kK — YHCIO KOHTPOJBHBIX TOUYEK; F ) (o)
uF jHOM(a) — CUTHaJBI 00BEKTa U MOJIEIN COOTBETCTBEHHO B j-ii KOHTPOJBHOM

TOYKe; 1}, — BpeMs KOHTPOJIS.
IMycte cucrema cocToMT W3 n  OJNOKOB C MEpeAaTOYHBIMH (QYHKIHSIMU
wi, Wy,..., W, . Obosnauum V — BxomHoe BosaeicTue, Y = (i, Va,..., yn)T

2

T
X= (xl, XD senns Xn) — BCKTOPbBI BBIXOJAHBIX W BXOJHBIX CHUTHAJIOB OJIOKOB COOT-

BeTcTBEHHO. [lycTh Takke 3a1aH MOPSIOK COETUHEHHUS OJIOKOB B AMarHOCTUYECKOM
Mozeny. Torna cTpyKTypHO-TOIOJIOTHYECKHE OCOOEHHOCTH CHCTEMBl OJJHO3HAUYHO
OTIPEAETISAIOTCS CTPYKTYPHO-MAaTPUYHON CXEMOi1, ITpeICTaBIeHHON Ha puc. 1.
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Puc. 1. Ilonnas cTpykTypHO-MaTpuyHas Moaens O/

Fig. 1. A complete structural-matrix model of the diagnosis object (DO)

B Monenu BBeneHsI cieaytomye 0003HauYeHUs:
V — cxanapuslit BxoaHo# curnan O/JJ;

B=(b,.., bn)T — BEKTOp IpeoOpa30oBaHus BXOJHOTO CUTHaNA
wm ... 0

W=|... ... ...| — [OdaroHainbHas MaTpula MEPEeAATOYHBIX (QYHKIHUHA
0o ... W

n
6moxoB O/I;
A =[a;] — (n x n)-marpuua roronoruu OJI, rae a; NPUHAMACT 3HAYCHHS U3

MHOkecTBa {—1, 0, 1} u onpexnenser HaIM4YMe U 3HAK CBA3M BBIXOAHOTO CHUTHANA
j-To 0G110Ka co BXOZIOM i-T0 OJI0Ka;

C=L’} — (n + s X n)-MaTpuIa MpeoOpa3oBaHUs CHUTHAJIOB, TNIE § — YUCIO
cymmaropoB B O/l, Bepxuuii 610k E — equanunas marpuna, P — (s X n)-maTpuna,
DIIEMEHT p;; KOTOPOH ONMPECIIACT HANTUYNE U 3HAK CBS3U BBIXOJHOTO CUTHANA j-TO

0JI0Ka C i-M CyMMaTOpOM;
(0)
D= {G} — (n + 5 x 1)-Bextop, O — HyneBoit 610K, G — (s X 1)-BeKTOp, KOM-

IIOHEHT g; KOTOPOro OIpejeseT Haluuhe W 3HAaK CBSA3M BXojaa V ¢ i-M CyM-
MaTOpPOM.

[Ipu TakOM TIpeICTaBICHUH 3JIEMEHTHI BEKTOPA BBIXOJHBIX CUTHANOB Y Tpej-
CTaBJIIOT c000i Bce n + s curHaoB OJl. CTpyKTypHO-MaTpHYHAsS MOACIH OTpe-
ACIACT COOTHOICHUEC MEXKIAY BEKTOPOM BBIXOJHBIX CHUIHAJIOB Yu BXOOHBIM CHUTI-
Hasiom V (1):

Y =(C[E - WA]_1 WB+D)V, (1)
OTKy/ia BEKTOP MepeAaTOYHBIX (PYHKIUHA

(I)=§=C[E—WA]_1WB+D=C[W_1—A]_IB+D. 2)
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Mojienb TOMONOTHYECKON YyBCTBUTEIBHOCTH ONpeAessieTcs: TuddepeHunpo-
BaHHEM BBIPKEHHUS (2) ITO CBSA3H MEXKIY i-M U j-M OJIOKaMHU:

oD

—— = AT Ay AT ' B

b

rae Alfj — IPOU3BOIHAS MAaTPHIlEl A 1O CBs3H (i, j).

Mogenb 9yBCTBUTENBHOCTHA TOJYYarOT ciexyromuM obpasoM. IloouepemnHo,
JUTST KaXKI0M M3 m CBSA3eW BceX OJIOKOB TMHAMHYECKOH CHCTEMBI COETUHSIOT Tepe-
MBIYKOM JIBE MOJICNIA: Ha BXOJ NIEPBOM MOJEIM MOAAIOT TECTOBBIM CUTHAN V, BBIXO-
JIOM TIEPBOH MOJENU OMPECNISIOT BBIXOJM i-r0 OJIoKa (Hayalo paccMaTpHBacMOi
TOTIOJIOTHYECKOH CBSI3M), BBIXOJ MEPBOH MOJETH COCTUHSIIOT CO BXOIOM BTOPOWM
AHAJIOTUYHONH MOJIENIHM, BXOJOM BTOPOW MOJEIM OIPEHEISIFOT BXOZ j-ro OJoKa
(OKOHYaHME KOHTPOJIUPYEMON TOMOJOTHIECKOH cBsi3n) (puc. 2). Monenb Tomomo-
TUYECKOH YyBCTBUTEIHLHOCTH MOXET OBITH IPEJICTABICHA B BUJIE COSAMHEHUS JIBYX
MOJIeNel, CBA3aHHBIX MEPEMBIUKOM.

*@*Iﬁ—r:’U:»

Cucrema 1 Cucrema 2

"”y —;-HJ:'

Y

Puc. 2. Mozesp TONONOrn4eckoi GpyHKINN 1yBCTBUTEIBHOCTH
Fig. 2. A model of the topological function of sensitivity

B nponecce NUArHoCTUPOBaHUSA PECTUCTPUPYIOT MHTCIPAILHBIC OLICHKHW BbI-
XOJHBIX CUTHAJIOB MO,Z[GJIeﬁ TOIIOJIOTUYECKOM YYBCTBUTCIIbHOCTU:

U@, j=L.... k, i=1...,m,

rae U(a) j; — 9yBCTBUTENBHOCTD NEPEIATOIHOM (GYHKINU 00BEKTa JTHArHOCTHPO-

BaHMS K U3MECHEHUIO i-i CBSA3M AJIS j-H KOHTPOJIBHON TOUYKH; 7 — YHUCIO paccMaT-
PHUBAEMBIX TOTIOJOTHUYECKHX CBSI3EH.

BrixoaHble curHaibl MOJieie YyBCTBUTENBHOCTH (2) SIBISIOTCS TOIMOJIOTHYE-
CKUMH (QYHKUMSIMU 4yBcTBUTEIbHOCTH U. Bripaskenus (1) u (2) mo3BoisAoOT BBI-
YHUCIUTH 3JIEMEHTHI BEKTOPOB AF 1 U, pa3MepHOCTh KOTOPBIX OMPEAEIAETCS KOIH-
YECTBOM KOHTPOJIBHBIX TOYEK. [MarHOCTUYECKUI MPU3HAK HAJIMYHS TOIOJIOTHYe-
cKoro nedekta onpenenseTcs GopMynon

k .. .
Ji=1-3 Z”(a) kAFJ(a) , i=l...,m. (3)
IS Uk [X AR @)
n=l

n=l1
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J11s1 HOpMUPOBAaHHBIX BEKTOPOB AF uU ¢dopmymna (3) 3anumercs B BUIE

2
k
Ji=1-| YU ()-AFj (@) | L i=1,...,m, (4)
j=1
rae

AF (o) =:f¢, )
> AF; (@)
n=l1
) Ur%i(a)
n=l1

IJIe M — Y9HUCII0 pacCMaTPUBAEMbBIX M3MEHEHHWH CBs3eil I PyHKIMH TOMOJIOTHYE-
CKOHM YyBCTBUTEJIBHOCTH; K — YHCIIO OTKJIOHEHHUI BBIXOJHBIX CHTHAJIOB O00BEKTA
JIUATHOCTUPOBAHMS OT CUTHAJIOB HOMUHAJIBHOM MOJENM Ha HWHTEpBaje KOH-
tposst 7} [14-16].

Tomonornyeckas cBs3b, A KOTOPOH JUarHOCTUYeCKui npusHak (3) umu (4)
MIPUHAMAET MUHUMAIIbHOE 3HAYEHHE, CAUTAETCS Je(EKTHOM.

Juarnoctudeckue npusHakd (3) u (4) nexat B pUKCHPOBAaHHOM HHTEpBaie
3HaueHwi [0, 1], TOATOMY pa3IMYUMOCTh JBYX TOMOJOTHYCCKUX JTEPEKTOB MOKET
OIIEHWBATKCS KaK Pa3HOCTh 3HAYEHUH COOTBETCTBYIOIIUX MMPU3HAKOB.

I'paduueckas nHTEpHpeTalUs TUATHOCTHUECKOTO MpPU3HAKA 3aKII0YacTcsl B
CJICYIOIEM: TIOCKOJIBKY B KBaJIpaTHBIX CKOOKax BbIpaxxeHus (4) 3amucaHo CKa-
JSPHOE TPOW3BEACHUE JBYX BEKTOPOB €IUHHYHOW [UIMHBI Pa3MEPHOCTHIO Kk
(k — 9ucI0 KOHTPOJBHBIX TOUYEK), TO BRIPAXKCHUE B KBAIPATHBIX CKOOKaxX €CTh KO-
CHUHYC yTja MEXIy STUMHU BekTopamu. ClemoBaTeNbHO, BBHIpakeHHE (4) MOXKHO
3aMEHUTH BBIPAXKCHUEM

J; —1-cos? 0; — sin? 0;)

TAC ¢; — Yyrol MCXKay BEKTOpOM G,Z[I/IHI/I‘{HOI)’I JJIAHBI UHTCTPAJIBHBIX OLICHOK OTKJIO-

HEHHUI CHUTHAJIOB O0BEKTa JUAarHOCTUPOBAHUS OT HOMHHAIBHBIX U BEKTOPOM €IU-
HUYHOM JUIMHBI MHTETPAJIbHBIX OIIEHOK BBIXOJHBIX CHUTHAJIOB MOJEIH YyBCTBHU-
TEJIBHOCTH I-U CBS3M.

daxTHyeckas pa3zIHYUMOCTh i-TO TOMOJOTHYECKOTo aedekra ompenenseTrcs
KaK

A‘]i:Jk_Jl"

rae J; — 3HauyeHMe NMPHU3HAKA [-rO IPUCYTCTBYIOIIETO B 00BEKTE TOMOJOIHYECKOr0

nedexra; J; —3HadeHHe ONMKANIIErO K HEMY 110 BEJIMYMHE IIPH3HAKA.
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OyHKIMOHANBPHAS CXeMa YCTPOMCTBA, PEau3yOIIero BHIUMCICHUE JUarHO-
CTHYECKOTO MPHU3HAKa HAIMYHUS TOIOJIOTHYECKOTO Ae(PEeKTa C NCTIOIB30BAaHUEM TO-
MOJIOTHYECKON (DYHKIIMK YyBCTBUTEIBHOCTH (3), MpuBeeHa Ha pucC. 3.

E——p In1 Out 1

mode|

dFeh

dF(a)

bl 1 Ot 1

shiget H
-d

L In1 0utt |[Hpmfin 1 Outt

Wil VZilt)

Puc. 3. (DyHKIII/IOHaHBHaH cXeMa YCTpofICTBa IIOHCKa ,He(l)eKTOB C UCIIOJIb30BAHUEM
TOMOJIOTTYECKOM (byHKHI/II/I YYBCTBUTCIBHOCTH

Fig. 3. A functional diagram of a defect search unit with the use of the topological
function of sensitivity

ITonck HeWcCIIpaBHON TOIIOJIOTMYECKON CBSA3H COTIIACHO NPEAIaracéMoMy ajro-
PUTMY CBOIUTCS K BBIITOJIHEHHIO CIEAYIOIIUX OIEPaLUN.

1. B kauecTBe NUHAMHYECKOW CHUCTEMBI PacCMAaTPUBAKOT CHUCTEMY, COCTOA-
IIyI0 U3 MPOU3BOJIBHO COENMHEHHBIX JTWHAMUYECKHX DIIEMEHTOB, MEPEIaTOYHBIC
(YHKIIMU KOTOPBIX B CYMME COJEPKaT 7 TOMOJOTHIECKUX CBS3CH.

2. IIpeaBaputrenbHO ompenessoT BpeMs KoHTpoust Iy =Ty, rae It —

BpeMsi IIEPEXOHOr0 Tpollecca CUCTEMBI. Bpems mepexomHoro mporecca oleHuBa-
0T [Tl HOMUHAJIBHBIX 3HAUCHHUN TTApaMETPOB TUHAMHUYECKOW CHCTEMBI.

3. OnpenensioT mapaMeTp WHTErpallbHOTO NMpeoO0pa3oBaHUsl CUTHAJIOB U3 CO-
otHowmenus o =5/1; [17-19].

4. OUKCUPYIOT YUCIIO KOHTPOIBHBIX TOUeK k [20-22].

5. IpenBapuTenbHO ONMpeneisoT BeKTopbl U(0) MHTErpaibHBIX OIEHOK BBI-

XOJIHBIX CHTHAJIOB MOJICIH, TIOJYYEHHBIC B pPe3ysibTare (DYHKIMH TyBCTBHTEIHHO-
CTH i-i MEXOJIOUHOM CBSI3U Ka)KIOM M3 m TOIOJIOIMYECKHUX CBS3eil BceX OJIOKOB,
JUTSL 4ETO BBITIOJIHSIOT MYHKTHI 6—9.

6. [TomaroT TecTOBBIN cUrHAN V (eMUHUYHBIA CTyNeHUYATHIH, IMHEHHO BO3pac-
TAOMINN, TIPSIMOYTOJIBHBIM UMITYJIBCHBIN U T. 1) Ha BXOJ CHCTEMBI YIIPABICHUS C
HOMHHAJIBHBIMU XapaKTePUCTUKAMU. [IpUHIMIIUANBHBIX OTPAHWYCHUN Ha BUJ
BXOJTHOT'O TECTOBOTO BO3JICHCTBHSI IIpejIaraeMblii Clioco0 He MpeycMaTpUBacT.

7. PeructpupyioT peaknuio CUCTEMBI ¢ HOMHHAJIBHBIMH XapaKTEPHUCTUKAMH
fjHOM(t), j=L.., k, Ha unrepBane t€[0, 7;,] B k KOHTPOIBHBIX TOYKAX U

OTIPEIETISIIOT MHTETPAIbHBIE OIIEHKH BBIXOJHBIX CHUTHANOB F ' HoM (@), j=1,..., k,

cuUCTeMBI. JlJis 3TOTO B MOMEHT IMOJA4Y¥ TECTOBOTO CHUTHAJA HA BXOJ[ CHCTEMBI
YIpaBICHHUS ¢ HOMHHAJIHHBIMU XapaKTEPUCTHKAMHU OJHOBPEMECHHO HAYMHAIOT HH-
TErPUPOBAaHUE CHTHAIOB CHCTEMBI YIPABICHHS B KaXJ0H M3 Kk KOHTPOIBHBIX
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TOYCK C BE€CaMHU €_at, rac o :S/Tk‘ I[J'IH 9TOT0 CUTHAJIbI CUCTCMBI YIIPABJICHUA
MMOAAar0T Ha MNEPBBIC BXOAbL k OaoxoB NEPEMHOKCHUS, HA BTOPBIC BXObL OJIOKOB

TIEPEMHOKEHHS TIONAIOT SKCIIOHEHIHANBHBIH curHan e | BBIXOHBIC CHTHAIBI k
0JIOKOB TIEPEMHOKEHUS TOIAl0T HA BXOIBI Ak OJIOKOB WHTETPHPOBAHMSI, HHTETPU-
pOBaHME 3aBEPLIAIOT B MOMEHT BPEMEHH 7}, TIOIy4eHHBIC B Pe3yJIbTaTe HHTETPH-

POBAHHS OLCHKH BBIXOJHBIX CUTHANOB Fiyoy (), j=1,..., k, perucTpupyror.

8. OmpenenstoT MHTETPATbHBIC OIEHKH BBIXOIHBIX CHTHAJIOB MOIETH IS
KOKIOM M3 k KOHTPOJIBHBIX TOYEK, MOJYYEHHBIE B PE3YJIbTaTE HCIONb30BAHUS
TOTOJIOTHYECKON (PYHKITMHM YyBCTBHTECILHOCTH. J[JIT 3TOTO MOOYEpPEaHO IS KaK-
JIOW M3 M TOIIOJOIMYECKUX CBA3EH OJOKOB JMHAMHUYECKOM CHCTEMBI COEIUHSIIOT
TOIOJIOTHUYECKOM CBSI3bIO JIBE€ MOJIECTU: HA BXO/JI MEPBOM MOJIEIHU MOJaI0T TECTOBBIN
curHan x(t¢); BBIXOJOM IEPBOW MOJAETH (QUKCHUPYIOT BBIXOJl OJIOKa, K KOTOPOMY

MOJIKJIIOYEHA paccMaTpHUBaeMas TOTIOJIOTHYECKasl CBSI3b; COEIUHSIOT BBIXO]I IEPBOI
MOJENI CO BXOJOM BTOPOH; BXOZOM BTOPOH Mojenu (UKCHPYIOT BXOJ OJIOKa, K
KOTOpPOMY TOJKIIIOYEHAa paccMaTpuBaeMas TOIMOJOTHYECKasl CBA3b; CHUMAIOT BBI-
XOJHBIE CUTHAJIBI JUIsl K&KIOW KOHTPOJIBHONW TOYKM BTOPOW MOJENH; MOIYUYEHHbIE
BBIXOJHbIC CUTHAJIBI UI KOKIOH U3 k KOHTPOJBHBIX TOUEK M KOXKIOH U3 m Co-
CTaBHBIX MOJENCH C TOMONOrHYeckod ¢yHkuueil dyscrBurensHoctd U(a) j;,

j=1,...,k i=1,..., m, peTUCTPUPYIOT.

9. OnpenensaioT HOPMHUPOBAHHbIE 3HAYEHHS WHTETPAIBHBIX OIICHOK BBIXO/I-
HBIX CHTHAJIOB MOJEJIH, MOJyYEHHbIC B Pe3yJIbTaTe HCIOJIL30BAHUS TOMOJOTHYE-
CKOM (PYHKIMH YyBCTBUTCIBHOCTH COOTBETCTBYIOIIMX MEKOJIOUYHBIX CBS3CH IO

hopmyiie

10. 3amemaior cucTeMy ¢ HOMHHAJIBHBIMH XapaKTEPUCTUKAMU KOHTPOJIHPYE-
Moii. Ha BX0oa cucTeMbl MOJAI0T aHAJIOTHYHBINA TECTOBBINA CUTHAT X(£).

11. OnpenensitoT UHTErPaIbHBIE OLEHKH BBIXOJIHBIX CUTHAJIOB KOHTPOJHUPYE-
MOM CHCTEMEBI I k KOHTPOJBHBIX TOUEK F i (o), j=1,..., k, ocymiecTBisisa ome-

palyy, ONIMCaHHbBIE B IIYHKTaX 6 ¥ 7 NPUMEHHUTEIBHO K KOHTPOJIUPYEMOH CHCTEME.

12. OnpenensifoT OTKIOHEHUS MHTETPalbHBIX OIICHOK BBIXOJHBIX CHI'HAJIOB
KOHTPOJIMPYEMOH CUCTEMBI A7l kK KOHTPOJBHBIX TOYEK OT HOMUHAJBHBIX 3Haue-
Huil AF (o) = Fj (o) = Fiyon (), j=1,..., k.

13. BeraucnsatoT HOpMUPOBAHHBIE 3HAYCHHS OTKJIOHEHHH BBIXOJHBIX CHTHA-
JIOB KOHTPOJIMPYEMOM CUCTEMBI OT HOMHHAIBHBIX TI0 popMyIie

AI:"j (o) = L@t)
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14. BBIUUCIAIOT AUArHOCTUYCCKUE TIPU3HAKH HAJTUYUS HEHCITPABHOW TOIMOJIO-
TUYCCKON CBSI3U OJIOKOB 10 (hopMyITe

2
ko .
Jizl_ ZUJZ(Q')AF](G‘) , izl,..., m.
=

15. [To MUHUMYMY 3Ha4Y€HHUS JUAarHOCTUYECKOTO MpHU3HaKa OMPENENaOT TO-
MOJIOTHYECKUN JePEeKT.

[MokakeM, YTO JaHHBIA AJTOPUTM IO3BOJIICT HAXOAUTH JC(PEKTHI TOMOIOTH-
YECKUX CBS3EH MEXKIIy COOTBETCTBYIOIIUMHU OJIOKAMHU.

2. NTIPUMEP IPUMEHEHUS AJITOPUTMA

PaccmoTpumM peanuzanuio mpejiaraeMoro ajroputMa IMOUCKa OJUHOYHOTO
TOIMOJIOTHYECKOTO IeeKTa Al CUCTEMBI, CTPYKTYpHAsI CXeMa KOTOPOH MpeacTas-
JIeHa Ha pUC. 4 ¥ SBISETCS MOJEIBI0O CHCTEMbI CTaOMIIM3AIMU JaBIICHHS ra3a Ha
YCTaHOBKE MPAMOTPYOHOM TeuH Jyisl MoAorpeBa HeTenpoayKToB Hedrenepepada-
TBIBAIOIIETO 3aBOJIA.

[Tepenarounsie QyHKIMEM OJOKOB, BXOASIIMX B OOBEKT JHATHOCTHPOBAHUS,
CIIeAYIONINE:

kl k2 k3S

2

k
W2 = W3 =, >
Iis+1 s(Ths +1) Tys+1

Tss"r‘l‘

W4 =e_”; WS =

B cucreme peanuzosan [IM]] 3akon perynupoBanus (0noku Ne 1-3). Mcmon-
HUTEIHHOE YCTPOHUCTBO, IIPEICTABIIAIONIEE COO0H ICKTPHICCKII BEHTHIb, O0BEKT
perynupoBaHusi (30Ha TpyOONpoBOJa MEXKIY BEHTHJIEM M JaTYMKOM) M JATYUK
JIABJICHUS MIPEJICTABJICHBl B MOJEIN JUHAMHUYECKUMU deMeHTaMu Ne 4 u 5. 3Haue-
HUS KO3 PULINEHTOB YCHUICHUS B OTHOCUTENBHBIX €AMHHUIAX U ITOCTOSHHBIX BpE-
meHn: K| =4.5; Ky, =4; K5=0.5;1=0.1¢; K5=1, I} =T, =13 =0.1¢; T5=1c.

4.5
i :
0.1s+1
HMeTouHKne Bnok 1
TECTOROMG
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cHrHana 4 b g 3—.- —_ 3—
— s+
015245 Brnok Enots
Bnox 2
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SN
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Puc. 4. CtpykTypHas cxema 00beKTa JUArHOCTUPOBAHUS

Fig. 4. A structural diagram of the diagnosis object
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OOBeKT AUArHOCTUPOBAHUA HMCECT MJIIUTCIBHOCTH NEPEXOAHOIO IIponecca

T,y =2 c. Iloatomy HauOomblIMe 3Ha4€HHA (AKTUUECKOH Pa3IMYMMOCTH IIOIY-

II
YCHBI IMPU HCIOJB30BAHUNU BPCMCHU KOHTPOJIA TK =2c. Ey,E[CM HCIIOJIBb30BaTh

E€IMHUYHOE CTYIEHYATOE€ BXOJHOE BO3JCHCTBHE U MHOXKECTBO KOHTPOJBHBIX TO-
YeK, KOTOpbIe MPAKTHYECKU BO3MOYKHO OPTraHU30BaTh B OOBEKTE, T. €. YETHIPE KOH-
TPOJBHBIE TOYKH Ha BBIXOJIE TIEPBOTO, BTOPOTO, TPETHETO U ISATOTO OJIOKOB.

[IpumeHeHue anropuTMa MOWCKA OJAWHOYHOTO TOMOJOTHYECKOro nedekra B
cBsi3u Ne 5 (00pBIB CBsI3M MeKAy 010koM Ne 5 1 BXOJIOM PEeryisTopa) MpH UCIOIb-
30BaHUM MHOXECTBA KOHTPOJIBHBIX Touek {1, 2, 3, 5} maeT ciemxyromnue 3HaAYCHUS
HOPMUPOBAHHBIX TUATHOCTHUYCCKUX IMMPU3HAKOB:

J; =0.962; J, =0.799; J5 = 0.935; J5 = 0.002.

MogenupoBaHue MNpPOLIECCOB TOMCKa Tomojorumdeckux nedexros B ITM/I-
perynarope JaHHOTO O0BEKTa AUArHOCTHUPOBAHHS MPH TEX K€ YCIOBHAX AMATHO-
CTUPOBAHHUS 1AET CIECAYIONINE 3HAUCHHSI TUAarHOCTUYECKHUX IPU3HAKOB.

[Mpu nanmnunm nedexra B cBsizu Ne 1 (0OpBIB CBSI3M MEXK[Y MEPBBIM U YETBEP-
THIM OJIOKOM) aNTOPUTM JAET CIEIYIOIINE Pe3yIbTaThI:

J; =0.004; J, =0.076; J3 =0.26; J5 = 0.956.

[Tpu nHanuuuu nedekra B cBs3u Ne 2 (0OpBIB CBSI3M MEXIY BTOPHIM H YETBEp-
THIM GJIOKOM) MTOJTyYUM 3HAUYEHUS TPU3HAKOB!

J;=0.13; J, =0.003; J3 =0.562; J5 =0.787.

[pu nanmuunu nedexra B cBa3u Ne 3 (0OpBIB CBSI3M MEKAY TPETHUM U UETBEP-
TBIM OJIOKOM) TOJIy4UM 3HaYCHHUS TPU3HAKOB!

J;=0.15; J, =0.424; J3 =0.013; J5 =0.961.

MuHnMaabHOE 3HAYCHHE AUArHOCTHYCCKOT'O IMPU3HAKA BO BCCX ClIydasX Ipa-
BWJIBHO YKa3bIBA€T Ha )Z[e(beKTHYIO TOIIOJIOTUYCCKYIO CBA3b.

3AK/IIOYEHUE

Pa3zpaboTan HOBBIN AITOPUTM MTOMCKA OJMHOYHBIX TOMOJIIOTHIECKHX Te(hEeKTOB
HernpepbIBHEIX CAY BO BpeMEHHOM 00JIaCTH Ha OCHOBE TOIIOJIOTHICCKON (QYHKITHH
YYBCTBUTCJIBHOCTHU, HCHOHI)?:YIOHIHﬁ HUHTCTPAJIBHBIC OLCHKHN BBIXOJHBIX CHUI'HAJIOB,
3HAYUTENHHO YIYUIIAoINi 3QPEeKTUBHOCTh JUATHOCTUPOBAHUS 33 CUET yBeInu4e-
HUS Pa3TUIAMOCTH, TI0O CPaBHEHHUIO C AJTOPUTMOM, HCIOJB3YIONINM BpEMEHHBIE
XapaKTEPUCTUKU CUTHAJIOB. B pabore paccMaTpuBaeTCs MOAXOM, MO3BOJISIOIIHMA
YOPOCTHUTH MOJNyYEeHUES UHPOPMAIIMH O MOJIEIH TOMOJIOTHYECKON 4yBCTBUTEIHLHO-
ctu. PaccmaTpuBaroTcss HOPMHUPOBAHHBIE TUATHOCTHYECKUE TPU3HAKU TOIOJIOTH-
YeCKUX Ae(PEKTOB, TIO3BOJISIONINE TPOBOIUTH CPABHEHHE PE3YJIbTATOB ITUATHOCTH-
POBaHHS B Pa3IMYHBIX PEKUMAX.

CTpyKTypHO-MaTpu4yHasi MOJI€Th TOTIOJIOTHYECKOW YYBCTBUTEIEHOCTU YI100-
Hel MoJeneH, MpeCTaBICHHBIX B BuAC nu(QepeHInaIbHbIX YpaBHCHHHA U TIPO-
CTpaHCTBA COCTOSIHUH, TaKk KakK MCHOJb3yeT He AuddepeHnanbabple, a HHTErpaib-
HBIC YPaBHEHUS, IO3TOMY JTUATHOCTUYECKAsT MOJICIb MO3BOJISIET MPOU3BOIUTh aHA-
T3 TEXHUYECKOTO COCTOSIHHSI BO BPEMEHHOH 00JIacTH M 00JafaeT CTPyKTypHO-
TOIIOJIOTHUECKOM YYBCTBUTCJIBHOCTbIO OTACIBHBIX IMapaMETPOB Ha YPOBHE AWHA-
MHUYECKOTO 3JIeMEHTa 00BEKTa TUarHOCTHPOBAHUSI.
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ANTOpPUTM TIOWCKA OIWHOYHBIX Je()eKTOB C TIYOMHOW 1O TOMOIOTHYECKOH
cB3u O], yauTeBaromuil CrienuuKy BIUSHUAS KOHKPETHBIX KOHCTPYKTHBHBIX
neheKToB Ha U3MEHEHUE TUHAMUYCCKUX XaPAKTEPUCTHK 00BEKTa TUATHOCTHPOBA-
Hus. [lokasaHa MPUMEHNMOCTh METOIOB TIOUCKA JIe(heKTOB /ISl AMATHOCTUPOBAHUS
JIMHEUHBIX HEMPEPBIBHBIX CUCTEM. PacCCMOTPEHHBIN aJIrOPUTM MO3BOJIAET HCIOJIb-
30BaTh Pa3JIMYHBIC BXOIHBIC CUTHAJBI, MOJaBacMble OIHOBPEMEHHO Ha OOBEKT,
MOJIeNTb 00BEKTa U MOJICTh YYBCTBUTEILHOCTH. BBEIEeHO MOHATHE HOPMUPOBAHHO-
ro JAWAarHOCTUYECKOTO TMPHU3HAKA, SBIISIOIIErocs Oe3pa3MepHON BEIMYHHOM, YTO
MO3BOJISIET MPOU3BOIUTH CPABHUTEIBHBIN aHAJIN3 YCIOBUM U pe3yJIbTaTOB IHArHO-
CTHUPOBAHHMS Pa3IUYHBIX 00BEKTOB. [Ipe/iokeHbl KOTMYECTBEHHBIC XapaKTePUCTH-
KH Pa3IMYAMOCTH MTapbl TOMOJIOTHYECKUX Ae(PEKTOB MPU JUArHOCTUPOBAHUM C HC-
MOJIb30BaHNEM (DYHKIIMH TOIOJIOTHUECKONW UyBCTBUTENBHOCTH. [IpuMeHeHne HOp-
MHUPOBAHHBIX XaPAKTEPUCTUK PA3TUIMMOCTH, MPUHUMAIONINX 3HAUCHUS B JIHara-
3oHe [0, 1], MO3BONSIET MHTEPIPETHPOBATH CTCIEHb PA3IUYUMOCTH ACPEKTOB B
TepMHUHAX MOJHON Pa3IMUUMOCTH, YACTUYHOM Pa3TMYMMOCTH WJIU MOJHOM SKBUBA-
JICHTHOCTH M CPAaBHUBATH PE3YJIHTATHl TUArHOCTUPOBAHUS B PA3TUUHBIX PEKUMAaX.
AHanmu3 Qopmbl ¥ 3HaYCHUH (QYHKIWH YyBCTBHUTEIBLHOCTH IO3BOJISIET TPEIBAPH-
TEJBHO OTIPENEIATh CTENICHb BIUSHUS Pa3IMUHBIX 1e(DeKTOB Ha BpEeMEHHBIC Xapak-
TEPUCTUKN OOBEKTa, a 3HAYHT, IPEIBAPUTEIIHFHO OIICHHBAThH BO3MOYKHOCTh HAXO0XK-
JICHVSI TOTO WJIM HHOTO TOTIOJIOTHYECKOTO Ne(eKTa.

ANTOpPUTM JHAarHOCTHPOBAHHS HA OCHOBE (DYHKIIMH TOMOJOTHYECKOH YyB-
CTBUTEIHLHOCTH TIO3BOJIIET OOECIICUNUTh PA3THIUMOCTh Ne(EKTOB B YCIOBHAX
HaJIMYUs MOTPENTHOCTEH M3MEpEHUsT TUHAMUYECKUX XapaKTepucTuk. Pemenne 3a-
Jlad Toucka Ne()eKTOB Ha TECTOBOM MPUMEpPE MOJTBEPIMIO paOOTOCIIOCOOHOCTh
(HaM4Me TMOMEXOYCTOWYHBOCTH), 3(P(PEKTUBHOCTh (HANMEHBIINE BBIYUCIUTEINh-
HbIC ¥ BPEMCHHEBIE 3aTPaThl) U MHPOKHUE (PYHKITMOHAIBHEIE BOBMOXXHOCTH TPE/II0-
JKEHHBIX aJITOPUTMOB, a TAK)KE MPaBUIBHOCTD BBHIABUHYTHIX TEOPETUUYECKUX TOJIO-
xxeHuit. [lokazano, 4To armocTepuopHbIe MEPBl PA3TUINMOCTH Tap Ne(EeKTOB JA0T
OIIEHKH C JIOCTaTOYHOM ISl IPAKTUKH TOYHOCTHIO.

AJNTOPUTM UCTIONB3YET MOJAEIH TOMOJIOTUYECKON TyBCTBUTEIILHOCTH, KOTOpas
MpeAnoiaracT MCIoib30BaHUE JIBYX MOJENEH, COCAMHEHHBIX IOCIEIOBATEIBHO
JIPYT C IPYTrOM CBSI3bI0, KOTOPAsi OMpPEESAeTCs pacloIOKEHNEM KOHTPOJIUPYEMOn
TOTOJIOTHYCCKOM CBsA3H. PacCMOTpEHHBIN alropuTM TO3BOJISET U30EKATh HEI0-
CTaTKOB aJITOPUTMa BBEJCHUSI TPOOHBIX AE(PEKTOB TOMOJOTHIESCKHUX CBSI3CH, KOTO-
pble HY>KHO IIPEIBAPUTENBLHO 3a7aBaTh. [IpenMy1ecTBOM pacCMOTPEHHOrO MOAXO0-
Jla SIBJISICTCSI TIEPEXO OT MPOOHBIX TOMOJIOTHYSCKUX Ae(hEKTOB MOACIH K TOIOJIO-
TUYECKOHM ()YHKIIMM YyBCTBUTEIHLHOCTH 0€3 CHUKCHHS Pa3IUYUMOCTH J1e(DEeKTOB, a
3HAYUT, U 0€3 MajieHus TOMEX0YCTOHYMBOCTH TUATHOCTHPOBAHUSI.
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Abstract

The paper considers an algorithm for searching for defects in topological connections be-
tween dynamic blocks, which allows one to more fully take into account the specifics of the
manifestation of a real defect: breaking one connection between the dynamic blocks of the
transfer function of the diagnostic object. The use of well-known algorithms of this kind is
complicated by the need to use models with trial deviations of the parameters, or the need to an-
alyze the signs of the output signals, or to change the position of the input signal. The disad-
vantage of the algorithm based on trial changes in the topological relationships of the model is
that it uses setting of these changes in models with trial deviations, which is a time-consuming
task. The disadvantage of the algorithm with the analysis of signs of output signal transmission
using a normalized diagnostic feature, as well as using the binary diagnostic feature, is that ad-
ditional calculations of the signs of the transmission of the output signals from the dynamic
blocks of the transfer function to the control points are necessary. The disadvantage of the algo-
rithm with changing the position of the input signal is that it uses the movement of the place of
the input signal injection to another position in the models controlling the topological connec-
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tion. Below, we consider an algorithm for searching for defects in the form of breaking links
between the dynamic blocks of the transfer function based on the use of a topological sensitivi-
ty model using integrated estimates of the output signals of the diagnostic object. Topological
sensitivity can be obtained using a structural matrix dynamic model. This approach simplifies
the implementation of the algorithm by reducing the number of control points, which reduces
hardware costs when diagnosing complex objects. The procedure for obtaining normalized di-
agnostic features and calculating a quantitative measure of the distinguishability of defects is
determined.

Keywords: defect search, continuous feedback system, transfer function of dynamic
block, topologic sensitivity function, diagnostic model, object of diagnosing, control points,
signal deviations integral marks, normalized diagnostic sign, defects distinguishability
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We consider a method for determining a mutual influence of a group of production and injec-
tion wells using a module of hydrodynamic modeling. The obtained results of this mutual influence
are widely used in practice — from maintaining the reservoir pressure to an effective optimization of
water flooding. To simulate the process of multiphase mixture filtration we use the finite element
method and a specific technology that allows balancing flows across cell boundaries of the finite ele-
ment mesh. The balancing method is based on the selection of corrective additives that satisfy the
minimum functional of the balance of volumes of the filtered mixture with regularization. The model
of mutual influence of wells uses the dependence of the wellhead pressure obtained as a result of hy-
drodynamic modeling, as well as volumes of an injected and/or taken-off mixture (with different
signs). For a producing well of interest, the wellhead pressure is approximated by a function of the
volumes of the injected mixture in a group of neighboring wells. Regression coefficients are calculat-
ed by the least squares method. The article also provides results of studies that consider the applica-
tion of the method on three specific tasks that, in turn, emulate the operation of production and injec-
tion wells. To evaluate the degree of influence of a nearby well on a well of interest, a significance
criterion is introduced in the form of ratios of residual sums of squared deviations. The calculation
results indicate that the estimated effect of the wells corresponds to the physics of the process, which
confirms the correctness of the developed procedure for analyzing the interaction of injection and
production wells, and also indirectly confirms the correctness of the implementation of the module for
direct problems solving. The creation of the hydrodynamic model, the calculations, as well as the
analysis of the mutual influence of the wells is implemented interactively in an automated software-
information system.

Keywords: reservoir simulation, filtration, finite element method, balancing flows, wells inter-
action, regression, influence, information system
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INTRODUCTION

Today improving the quality of production processes in the oil industry is
challenging without the use of high-tech software that allows building a digital
model of the deposit, carrying out three-dimensional modeling and making interac-
tive analysis of the results. Software systems of this kind should be based on the
use of three-dimensional mathematical models that reflect the fundamental laws of
physics, in particular hydrodynamics [1, 2]. Also, a very important task is to de-
termine the mutual influence of production and injection wells. The obtained re-
sults of mutual influence are actively used in practice, for example, for maintaining
reservoir pressure, or conducting effective water flood optimization [3].

The existing specialized software systems for modeling (e.g., ECLIPSE [4],
RSM [5], etc.) use the finite volume method, due to which a balanced solution is ob-
tained (observing the law of mass balance) [6]. However, it has a number of disad-
vantages for modeling areas with curved boundaries. Also, most studies to determine
the mutual influence of wells use methods of mathematical statistics, or some heuris-
tic approaches. However, a formal calculation of the mixture (or oil) withdrawal val-
ues at the producing well using a group of neighboring wells is not a universal ap-
proach, even with simple model examples. Besides the use of additional data on the
spatial orientation of wells and the construction of diagrams taking into account envi-
ronmental parameters does not allow achieving any acceptable results [7].

1. STATEMENT OF THE PROBLEM

Since one of the main requirements for hydrodynamic modeling systems is to
comply with the law of mass conservation, numerical schemes based on the finite
volume method are quite common. This method is based on the balance of flows
across cell boundaries of a discrete model.

At the same time the finite element method (FEM) allows us to use a much
more heterogeneous object geometry which is typical to describe the reservoir and
wells geometry in this class of problems. Moreover, a formal application of FEM
in the Galerkin formulation does not ensure compliance with the mass conservation
law [8-10]. Therefore, modifications are most commonly used for practical appli-
cations [11]. However, this approach entails an enormous computational cost due
to the use of very detailed spatial meshes to obtain solution convergence.

In this paper we will describe an approach to the use of the finite element
method, which guarantees the implementation of conservation laws and does not
impose additional requirements on the spatial mesh fineness. Also, a description
will be given of a method based on this approach to determine the influence of in-
jection wells on production wells using data on the injection volume, production
volume and pressure on production wells.

2. FINITE ELEMENT APPROXIMATION

The process of a multiphase flow of an incompressible fluid in the isothermal
area ) can be described by a system of differential equations [12]

—div(p™a™) =§((me5m)+f, m=1,M, (1)
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m
i =—KK—mgrad(P+PCm), m=1LM, )
n

where #™ is a filtration velocity of the m phase in porous media (Darcy's law);

S™ is the saturation of the m phase; n” is dynamic viscosity; k" is relative

m

permeability; p™ is phase density; P is pressure; P is the capillary pressure
phase; /} is the production or injection of the phase in the field; @ is the structure
of porous rocks, and K is structural permeability rocks.

With constant values of @, K and p™ equations (1) — (2) can be converted

into the problem [13]

M K™
~div| Y K~—grad(P+F")|=0, 3)
m=l M
with boundary conditions
Plrl = Pg > (4)
M m
K" OP
> K—— = 0, (5)
m=l1 n an

)

where I'y is far lateral boundaries of the domain €; I', is an impermeable

boundary with =0 and the boundaries of the wells through which the production
or injection of the mixture is specified.

Problems (3) — (5) will be solved using the finite element method to discretize
this Q area to Q, cells. In each cell the rock and mixture parameters are constant.

The pressure function P can be represented as the decomposition of linear basis
functions y; :

P=3p V- (6)
J
The weight decomposition p; can be found by solving sparse linear
tems [14]

where p is a vector of unknown weights while components of the matrix A and
the vector b of the right side are defined by the relations

m

M
K
Q m=1M
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m

M
b= | By;dQ- I(K > K—mgradE:mJgradwl-dQ :

We make an approximation of the fluid flow across boundaries I'; of the cell
area Q, . For this we calculate the filtration velocity

_ Moy m
uriz—KZ—mgrad 2o+ RT,
m=1M Jj

according to which the volumes of the filtered mixture can be calculated on the
face I'; of the finite element Q, :

Or, = | dr, -7ip,dT, (7)
T.

1

where 7ip-, is a normal vector to the face I'; . The flow direction is defined by the

value Sg? ¢, which is equal to 1 if O flows into the element Q, and is equal to

—1if Or  flows out.

The flowing volume can be different on both sides of the face, and the flow-
ing volume may not be equal to the flowing volume, due to an error in the numeri-
cal solution Therefore, we will use the balancing process flows for the averaged

volume on the face Q}i .

Let us find such corrective additives 60Q; (where i is the global number of

faces) for each finite element, that they, on the one hand, minimize the total system
unbalance, and, on the other hand, are close to the calcuated numerical flow. These
corrective additives can be found as a result of 8Q; minimization following the

functional [15]:

2

N¢ . NS
YBe| X (Sere-[Or,|+Ser 50 )| + X 0 (50,)°, ®)
i=l

e=l iEIQe

where e is the number of the finite element; /¢, is a set of faces I'; of the finite

element Q,; N¢ and N/ are numbers of finite elements and faces; B, and a;
are parameters. The parameter values 3, should be chosen as small as possible but

still they should ensure the required imbalance 50 :

]\Z[: Be Z (Sgl(}ie .‘QAF[‘-{-Sgl{ie ’SQZ') < Schit,
e=1 ie]Qe
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As a result of minimizing the functional (8) to 60Q; we get a system of linear
equations

(B+a)q=d, )

where q is a vector of unknown values 80;, O is a matrix with elements o;, and
components of the matrix B and vector d can be found by using the relations

2,i=],
By =1 Be - Sep -Sg%, ijelq,.i# je=1..N°,
0, else
Ne
Q A
di==-2S¢rc 2 Or,q,-
e=l ' jelq,

Rows/columns corresponding to the boundary conditions (5) on the faces of
the mixture volume should be deleted from the system (9).

The balanced volume mixtures Q}I, q, are defined as
A Q A Q
Or, 0, =8¢ (O, q, |+ Ser* 80, -

Using the volumes of the mixture Q}i o, We can calculate the saturation dis-

tribution at the current time step. We denote by

~ ~ Km
m _
QFi,Qe =0r,0, M
m n n
0"y k"
n=1

an instantaneous (per unit time) volume of the m phase overflowing through the
face I'; . Then during the time Af the volume of the m -th phase equal to

At

m ‘Nm

r.Q, - QFi,Qe

will overflow through the face I'; .
At the beginning of the time step, the volume of the m phase in the cell Q, is

17(’;’6 =®S"mes(Q,),

where S™ is the saturation of the m phase at the beginning of the time step, and
mes(€2,) is the volume Q, .
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Now we can determine the m phase saturation at the end of the current time:

m m Trm
. )3 r.Q, 2 VFj,Qe+VQe
m_ i€lin0, J€lout 0,
®-mes(Q,) ’

where 7/, Q, is a set of face numbers through which the mixture flows into Q,,
and /,,; o, 1s a set of face numbers through which the mixture flows out from €2, .

We will repeat the described process on each time layer.

3. DETERMINATION OF THE INFLUENCE OF WELLS

To determine an influence of injection wells on production wells it is pro-
posed to use data on an average daily injection volume changing in time in injec-
tion wells, the production volume and pressure of producing wells.

According to the obtained solution (6) pressure on injection wells can be cal-
culated as

P= Y jprjdr Y [adr, (10)
J€lw T Jelw T

where Iy, is a set of face numbers I'; of the & injection well.
The pressure value (10) on the production well W, at the time #; can be ap-

proximated by the function 13k of the volume Q; of the injected mixture on a

group of neighboring wells:
- m
P (t)=ag+ > a;0;(t). (11)
j=1

The normalized residual sum of squares of deviations (RSS) can be consid-
ered as a criterion of the proximity of the dependence 13k to the function P .
In this case, the coefficients ay, ay,..., a,, are found by the least squares method.

To assess the degree of influence of the j-th well let us introduce the value
significance test (hereinafter — an influence coefficient) in the following form

1 =(RSS; —RSS)/RSS , (12)

where the RSS I value is obtained by finding the 13y function coefficients excluded
from the j-th well.
The influence coefficient y ; will be maximum for injection wells that have

the greatest impact on the production well of interest.
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4. SOFTWARE - INFORMATION SYSTEM

For convenient creation of a hydrodynamic model of the field, as well as for
viewing the obtained calculation results, a software-information system was devel-
oped. Fig. 1 shows a graphical interface of this system.

OERRL&EG

|oos2s

1000 500 00 1000

Fig. 1. Window view of the information system for determining the wells interference
Puc. 1. Bug nHGOpMALMOHHON CHCTEMBI JUISl ONIPENEIEeHNS B3aUMOBIIMSAHNS CKBAKUH

The system consists of three logical units. Elements of the input parameters
for the analysis model, lists of production and injection wells with the characteris-
tics of influence and control buttons are located in the left part of the GUI window.
A graphical display of the wells in the plan (Oxy planes) in various color grada-
tions is given in the center. A unit for displaying of characteristics of wells mutual
influence is shown on the right. A circle is used to display wells in the center; a
square is used to display injection wells, and a rhombus is used to display produc-
tion wells which were converted into injection wells.

The list of analyzed production wells is presented in a table and contains the
following information: the serial number of the well (column N), the color of the
well display (C), the identifier of the well (Name), the number of selected regres-
sors or affecting wells (Regressors), a normalized residual sum of squares (RSS
norm), and a free term (Coeft0).

When you click on the production well of interest, the list of influencing injec-
tion / produc wells is updated, which is also presented in the form of a table contain-
ing the following information: the serial number of the well (column N), the color of
the well display (C), the identifier (name) of the well (Name),the mark of selecting
this well in the analyzed model (Sel) (the system provides an ability to in-
clude/exclude individual wells from the analysis, and also to use for analysis only a
group of wells located inside a circle with a radius (R), a linear regression coefficient
for the given well (Coeft), the color of the well display by the degree of its influence
on the studied production well (C), the influence coefficient reflecting the degree of
influence of the current well on the analyzed production well (Significance).

The information system provides an ability to determine an influence of wells on
the time interval of interest. To do this, you need to set two boundaries of the interval.
At the top of the right block, the graphs of the initial pressure and the pressure on the
production well in the selected time interval found by the proposed method are dis-
played (shown in black). At the bottom of the right block are graphs of injections and
productions from all wells used in the analysis. They can be viewed separately (turning
on/off the corresponding graph), and it is possible to change the scale.
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5. COMPUTATIONAL EXPERIMENTS

Testing of the developed module was carried out on synthetic data obtained
using the module for solving direct problems.

Let us consider a three-layer model in which the first and third permeable lay-
ers are separated by impermeable interlayers (the model task was carried out using
an automated system [16]). In this case, we consider three versions of this model.
In the first case (model 1) a dividing interlayer is completely impermeable, but
homogeneous permeability is set in the top and bottom layers (oil saturation distri-
bution and location of wells are shown in Fig. 2, a, b) (oil saturation distribution
and location of wells are shown in Fig. 2, a, b). In the second case (model 2) an
impermeable “partition” is set in the upper layer (see. Fig. 2, ¢), while in the third
case 3 (model 3) a permeable zone is set in the impermeable interlayer which sepa-
rates the upper and lower layers (see. Fig. 2, d).

Fig. 2. Models to test procedures for determining the mutual influence of injection and
production wells:

a — the distribution of saturation in the upper layer and the location of the wells; b — a layered
view saturation in model 1; ¢ — a layered view of permeability in model 2; d — a layered view
of permeability in model 3 (with a removed upper layer)

Puc. 2. Moaenu juis TeCTUpOBaHUSI POLEAYPHl ONpeAEEeHUs] B3aUMOBJIMSIHUSI HarHe-
TaTENFHBIX U JOOBIBAIOIINX CKBAYKIH:
a — pacipe/ieJIeHue HACBILIGHHOCTH B BEPXHEM CJIOC U PACIIOJIOKEHHE CKBaXKHH; O — MOCIOWHBIN
BUJI HACBIIIIEHHOCTH B MOJIEIH 1; 6 — IMOCIIOMHBIH BU MPOHUIIAEMOCTH B MOJEIH 2; & — MOCIIOM-
HBI{ BHJI IPOHULIAEMOCTH B MOJIEJIU 3 (CO CHATHIM BEPXHHUM CJIOEM)
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Thus, Well 1 takes off only from the upper layer, Well 2 takes off from both
the top and the bottom layers, and Well 3 takes off only from the bottom layer. In
turn, Well 4, Well 5 and Well 6 inject into the upper layer and Well 7 injects into
the lower layer.

Fig. 3 presents the results of procedures to determine the influence of wells
for Model 1. It can be seen that Well 1 is mainly influenced by Well 6 (as Well 7
injects into the layer separated by an impermeable interlayer and Well 4 and Well 5
are separated by production wells, namely Well 2 and Well 3). Well 2 is affected
by Well 6 and Well 4 (with an influence coefficient of 2.5-2.8), and Well 3 is af-
fected by Well 7 (which, despite the fact that it is further located, injects in the
same layer from which production Well 3 takes off, and this layer is separated by
impermeable interlayers).
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Fig. 3. The influence of Well 1 (a), Well 2 (b) and Well 3 (¢) according to the synthesized
model 1

Puc. 3. Bnusnue Ha ckBaxunsl Well 1 (@), Well 2 (6) u Well 3 () mo jaHHBIM, CHHTE3HPO-
BaHHBIM ISl MOzeNH 1
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Fig. 4, a, b shows the results for model 2. It can be seen that the influence on
Well 1 dropped sharply since it became a separate impermeable "barrier", and the
influence on Well 2, on the contrary, increased dramatically (the influence coeffi-
cient became 3.5). Fig. 4, ¢ presents the results of model 3. It can be seen that due
to the appearance of permeable zones in the interlayer Well 3 became affected by
Well 5 which injects into the upper layer in addition to Well 7.
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Fig. 4. The influence of Well 1 (a) and Well 2 (b) according to the synthesized model 2,
and Well 3 (¢) according to the synthesized model 3

Puc. 4. Bnusnue Ha ckBaxxunbsl Well 1 (@) u Well 2 (6) mo gaHHBIM, CHHTE3UPOBaHHBIM IS
Mojenu 2,  Ha ckBaxuHy Well 3 (6) 1o 1aHHBIM, CHHTE3UPOBAHHBIM 11 MOJIEIH 3

CONCLUSION

The method for determining the influence of injection wells on production
wells is presented in the paper. The aforementioned method of finite-element mod-
eling of hydrodynamic processes avoids the disadvantages of the classical Galerkin
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method and guarantees the observance of the law of mass balance of the filtered
components of the mixture. The conducted study of characteristic synthetic models
allows us to conclude that the estimated influence of wells corresponds to the phys-
ics of the process. This confirms the correctness of the developed procedure for
analyzing the interaction of injection and production wells, and also indirectly con-
firms the correctness of the implementation of the module for solving direct prob-
lems. Creating a hydrodynamic model, carrying out calculations, as well as analyz-
ing mutual influence of wells, are implemented in an automated software-
information system.
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IOIIMX MUHUMYMY (QyHKIMOHaNa OanaHca 00beMOB (UIIBTPYIOIICHCS CMECH C peryJisipu3ali-
eif. B Mozieny B3aMMOBIIHSIHASL CKBOKHMH UCIIONB3YIOTCS [OJIyYCHHAs! B pe3yJIbTaTe MUAPOnHa-
MHYECKOT0 MOJICJIMPOBAHNS 3aBUCHMOCTb YCTHEBOTO JIABJICHUS, a TaK)Ke O0bEMBl 3aKaunBae-
MOW W/uim orOupaeMod cMecu (¢ pasHBIMH 3Hakammu). [l WHTepecyromei moObBaronien
CKBQ)KMHBI YCThEBOE JIABJICHHUE AIIIPOKCUMHUPYETCs (QyHKIUEH OT 00beMOB 3aKauMBaeMON cMe-
CH Ha IPyNIe COCeOHUX CKBaKHH. KO OUIHEHTHI perpeccuy HaXOAATCS C MOMOIBI0 METOIa
HaWMCHBIIHUX KBaJpaToB. IIpUBEACHBI HCCIICAOBAHMUS IPUMEHEHUSI METO/Ia HAa TPEX XapakTep-
HBIX 3aJja4aX, SMYJUPYIOIHUX Pa0oTy NOObIBAIOINX M HATHETATENIbHBIX CKBAKHH. 1 OLCHKH
CTCNCHU BIIMSHUS COCEIHEH CKBa)XHHBI Ha HHTEPECYIOIIYIO CKBAXXHHY BBOJMTCS KpPHTEPHil
3HaYUMOCTH (KO3 (UUUEHT BIUSHUA) B BUJC OTHOIUEHHH OCTaTOYHBIX CyMM KBaJpaToB OT-
KJIOHCHHUH. Pe3ysnbTaThl pacueToB CBUACTEILCTBYIOT O TOM, YTO OLICHCHHOE BIIMSHUE CKBAXKHUH
COOTBETCTBYET (pU3HMKE IpOIecca — 3TO MOATBEPKAACT KOPPEKTHOCTh PaboThl pa3paboTaHHOM
HPOLIEAYPhI aHAIM3a B3aHMOBIIHSHNS HATHETATENIbHBIX M TOOBIBAIOIINX CKBAXHH, a TAKXKE KOC-
BEHHO IMOJTBEPXKJAeT IPAaBWIBHOCTh PEAIM3al[Md MOAYJIS PEIleHUs NPsMBIX 3a1ad. 3aJaHue
THAPOJMHAMHYECKOH MOJENH, NMPOBEJCHUE PACUCTOB, 4 TAKXKE aHAIN3 B3aUMOBIIUSHHS CKBa-
KUH pPEaJM30BaHbl B HMHTCPAKTHBHOM pPEXHME B aBTOMAaTH3UPOBAHHOW IIPOrpaMMHO-
HHPOPMAIIIOHHON cHCTEME.

KirouyeBble c10Ba: THIPOAMHAMHUYECKOE MOJACIMPOBAHUE, (MIBTPALUs, METOJ KOHEY-
HBIX JJIEMEHTOB, OAJIaHCUPOBKA IIOTOKOB, B3aNMOJICHCTBHE CKBaYKUH, PErPecCHsl, BIHSIHHUE, HH-
(opmanoHHas cucTeMa
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Metoa (popMupOBaHUA TPACKTOPUH ISl TPYIIIbI

NMOABHMKHBIX 00bEKTOB € MOMOIIbIO KIACTEePHU3ALNH
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B IByMEPHOM cpeje

M.IO. MEJIBEJIEB, B.C. TA3APEB’

347928, P®, Pocmosckas o6a., 2. Tazanpoe, ya. Illesuenko, 2, IOxcuwiti ¢hedepanvhuiil
YHUGepcumem
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PaccmarpuBaetcst mpoGlieMa IUIAHUPOBAHMS TPACKTOPUH JIBHIKEHHS IPYIIIBI TOIBIKHBIX 00b-
eKTOB, ()YHKLIHOHHUPYIOLICH B JIByMEPHOH Cpejie ¢ HEMOABIKHBIMH IPEHATCTBUAMH, C YIETOM MaK-
CHMU3aLIH MAHIMAJILHOTO PACcCTOSIHUSI My 00beKTaMH B rpymre. Cpena CoIepKUT IPEnsTCTBHS,
PAcCIOIOKEHHE KOTOPBIX 3apaHee HE M3BECTHO. AKTYaJIbHOCTb 3TOH NPOOJIEMBI MHOTOKPATHO MOJ-
YEepKHUBAJIACh B pab0Tax OTEUECTBEHHBIX M 3apyOekKHBIX yUSHBIX. METOo OCHOBAaH Ha UCIIOIb30BAHUN
MaKCHUMMHHOH 3a1au¥l Ul PEICHHs] YPaBHEHHH, NPEJCTABIAIOMNX COO0H PacCTOSHHUE OT KaXJOoro
MOIBMYKHOTO OOBEKTa O IPaHMIBl 001acTH (GyHKIMOHUPOBAHHSA M INPEMSATCTBHH, a TAKKe MEXIY
CaMUMH THOJIB)KHBIMU O0BEKTaMH B rpymne. JIjisi CoKpamieHus KOJIMYEeCTBa pellaeMbIX ypaBHEHUIH
PacCTOsIHHE PaCCYUTHIBACTCS TOJIBKO JUIS COCEAHMX OOBEKTOB, JUIS YEro MCHOJb3YETCs KIacTepH3a-
s Ha ocHOBe TpuaHryisinuu [Jenone. Takum o6pa3om, cucTeMa yrnpaBJIeHUs TPYIIION ITOIBIKHBIX
00BEKTOB MMeeT JiBa ypoBHs. Ha nepBoM ocyIecTBISETCS pelIeHHe KIacTepU3alis Ha OCHOBE TPH-
anrymsiuu Jlenone. Ha BTopoM ypoBHE pemaeTcss MaKCHMHHHAS 3ajada, I103BOJISIONIAsl PACIIOJIO-
JKUTb TOJIBUKHBIE OOBEKTHI B Cpelie TaK, 4TOObI MAKCUMHU3UPOBATH MUHUMAJIBHOE PACCTOSIHUE MEXKLY
TMIOOBIMHM OOBEKTaMH CPEBI: MEX]y HOABIKHBIMH OOBEKTaMH, MEXTY IOJBHXHBIMH OOBEKTaMH U
HPENSTCTBHAMH, a TAKKe MEXIy IOJBWKHBIMA 00BEKTaMHU U IPaHHLAMU 00JIacTH (YHKIMOHHPOBA-
Hus. [IpoBeaeHO YUCICHHOE MOJCINPOBAHHE IPYIIIbBI, COCTOSIICH M3 IATH MOABHKHBIX OOBEKTOB B
cpele C HEMOJBIKHBIMH HPEMsSTCTBUSIMU. [IpOM3BEIeHO CpaBHEHHE pe3YJIBTaTOB MOJCIUPOBAHUS
paboThI MPEITIOKEHHOTO METoIa M MeToa 0e3 kinactepusaunu. O6cyxaaercs fanpHenIee pa3BuTHe
TIPeAIaraéMoro MeTofa IUIAaHMPOBAHMS TPAEGKTOPHH IBI)KEHHMS, BKIIOYAIOIIEES AaNTaIMI0 METOoxa
HOJI TPEXMEPHYIO Cpey.

Kiawuesble ciioBa: I'pynIroBo€ ynpaBJICHUC, TIOIBVYKHBIN O6T>CKT, MaKCUMHWHHas 3ajia4da, TpHu-
AHTYJIAIUA HGHOHC, IUIAaHUPOBAHUE TPACKTOPUU

" Cmamvs nonyuena 20 cenmsabpa 2019 e.
Paboma evinoanena npu noooepcke npoexma PH® 16-19-0001 u HUP CII-4658.2018.5
(Konxypc CII-2018) (pasoen 3), svinoansiemvix FOoxchvim ghedepanbhvim yHUGEpCUMEMOM.
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BBEJIEHUE

B HacTosmiee Bpems akTyadbHAa TeMaTHKa IDIAHHUPOBAHUS ABMXKEHUS TPYIII
MOJIBUKHBIX OOBEKTOB B PA3NUYHBIX Cpelax. B CBI3M CO CIOKHOCTHIO TIPOOIEM
TUTAHMPOBAHUS M TPYNIIOBOTO B3aMMOJAEHUCTBUS €IUHOIO TMOJXO0Ma, NAIOIero 3¢-
(heKTHBHOE pelleHre B Pa3InUHBIX YCIOBHAX, HE CymecTByeT [1].

Jis pemeHus 3a1a4 TPyIIIOBOTO YIIPABIECHUS B YCIOBHUIX HEOMPEIEICHHOCTH
MPUMEHSIOTCS MYJIBTHATCHTHBIC MOAXOABI [2, 3], TEXHOJIOTMH HCKYCCTBEHHOTO
UHTEIUIeKTa [4, 5], a Tak:Ke METO/Ibl MOTCHIMANBHBIX MOJICH U METOJIbI HEYCTOHYH-
BBIX PEKHMOB.

BonbmmHCTBO M3 MEpEeYHCIIEHHBIX METOAOB MPEIoJiaraeT HCIIOIb30BaHNE
KapTorpadupoBanus, TpeOyeT 0OJBIIOro 00beMa NepeaaBaeMbIX JaHHBIX U OTIIH-
YaeTcs BEIYMCIIUTEIHHON CIIOKHOCTEIO.

Meroa MOTEHITMANBHBIX T0JIeH [6, 7] He TpeOyeT MOIIHBIX BRIYUCIUTEICH U
00Jb1I0T0 00BEMa MepelaBaeMbIX JaHHBIX, OJIHAKO UMEET NMpoOIeMy MOoMagaHus B
JIOKaJIbHble MUHUMYMBI. [IoMHMO TOTO, B JTaHHOM METOJIE HE YUUTHIBAIOTCSI CKOPO-
CTH TIOJIBUKHBIX OOBEKTOB M MPETIATCTBUH, UTO SBISETCS KPUTHYHBIM TSl 00X0a
MOJIBUXKHBIX MPETSTCTBUH.

Meron HEyCTOWYUBBIX peKUMOB [8—10] ocCHOBaH Ha MPUMEHEHUH TEOPEMBI
JlsmyHOBa 0 HEyCcTOWYMBOCTH. METOJ SIBISIETCSI POACTBEHHBIM METOAY ITOTEHIIH-
AJTBHBIX TOJIEH M TakKe He TpeOyeT MOIIHBIX BEIYUCIUTEICH U O0IBIIOr0 00heMa
nepeaBaeMbIX JaHHBIX. Hanmudue B MeToze ycioBHA Nepexojia U3 yCTONYHBOTO
peXrMa B HEYCTOWYMBBIA M TIOCTOSIHHAsI MPOBEPKA YCIOBHUS JIENAaeT BO3MOXKHBIM
OTIEpaTHBHO PearupoBaTh Ha M3MEHEHHUS cpelbl. TakuM 00pa3oM, MaHHBIA METOJ
SBIISIETCS IPEATIOUTUTENBHBIM IS ABMKEHUS B HEOTPEIeIEHHON Cpefie.

BaxxHO OTMETHUTH NIEPCIIEKTUBHOCTH THOPUIHBIX METOJIOB yIpaBieHus. Takue
METOJIbI COYETAIOT HECKOJIBKO MPOCTHIX METONOB BOEIUHO. MHOTOYHCIICHHBIE pe-
3yJBTATHl MCCIEIOBAHUN YKa3bIBAIOT 3(PPEKTUBHOCTh THOPUIN3AINH aJTOPUTMOB
¥ METOJOB B 33/1a4ax IUIAHUPOBaHUs U ynpasiieHus aBuxenueM [11-14]. B pabo-
Te [14] moka3aHo, 4TO THOpUAM3ANIMS PA3IMYHBIX METOAOB IPH PEIICHUH 33134
TUTAHMPOBAHUS MTyTH NMPUBOIUT K YBEIWUCHHUIO HHTETPAIHHOTO KPUTEPHUS KadecTBa
10 50 %.

B Hacrosimeii ctatbe paccMaTpuBaeTcs npobieMa MIaHPOBaHUS TPAeKTOPHIA
JBYKCHUS TPYIIBI TOJBIKHBIX O0BEKTOB, (DYHKIIMOHUPYIOIIEH B ABYMEPHOH cpe-
JIe C HEMOJBM)XHBIMH TPEMSTCTBUAMHU, C YY€TOM MAaKCHMHU3aLUU MHUHUMAaIbHOTO
paccrosHus Mexay oObeKkTamMu B rpymme. s 3Toi nenu npeiaraeTcs HCHONb30-
BaTh THOPUIHBIA METOJ TUIAHUPOBAHUS TPAeKTOPUW TPYIIBI MMOJBHXHBIX 00BEK-
TOB, OTJIMYAIOIINANCS UCTIOJIH30BAHUEM KIIACTEPU3AINU OOBEKTOB, a TAKKE HMEIO-
U ONTHMHU3ALMOHHYIO KOMIIOHEHTY JJISl paclpeaeeHus] IOABUKHBIX 00BEKTOB
B 001acTi (PyHKIIHOHUPOBAHHSL.

1. IOCTAHOBKA 3AJIAYH

[lycte umeetcs rpymmna U3 n MOJBHUKHBIX OOBEKTOB, KOTOPbIE (PYHKIIMOHH-
PYIOT B IBYMEpHO# cpexe (puc. 1).

[MonsrxHble 00BEKTH rpyIbl (Ha puc. 1 o6o3Hauensl O; ) NOMKHBI pacipe-
JeIUThCs B 00nacTu, orpanndeHnoi Toukamu B1, B2, B3, B4. Tlocne pacnpenene-
HUS TPyNIa JOJDKHA IBUTATHCA BIOJb ocH Y. Cpema comepxut npensarctus Obs,
pacrnojoxeHne KOTOPBIX 3apaHee He N3BECTHO.
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Puc. 1. TlocTanoBka 3amaun
Fig. 1. Problem statement

Heobxoaumo crtaHupoBaTh TPACKTOPHUIO IJIST KAXKIOTO MOABMKHOTO OOBEKTa
B IPYIIIE TaK, YTOOBI MAaKCUMU3UPOBATh MHHUMAIBHOE PACCTOSIHUE MEKIY JIFOObI-
MU 00BEKTaMU CPEeJlbl, a TAKXKe 00eCTIeUYUTh 00XO0]] MPETATCTBUH, BCTPEUAIOIIHXCS

Ha myTH. [log oObekTaMu cpenbl MOHUMAIOTCS MOJABHXHBIE 00BbeKTH! rpymnsl O,
rpanuLbl oonactu pyHkunoHupoBanus B1-B4, a taxke npensitctBust Obs.

2. MAKCUMU3 AL MUHUMAJIBHOI'O PACCTOSHUA

PaccrosiHne Mexay BceMu 00beKTaMu Cpellbl BEIYUCIISIETCS 10 popMyJie

r =i =x )2+ (=2 )% (1)

T7e 7;; — PACCTOSIHUE OT [-TO 00BEKTa JI0 j-TO; X H y — KOOPJAMHATEI OOBEKTOB 110

ocsiM X 1 Y (puc. 1); i — HOMep MOJIBMKHOTO 00BEKTA; j — HOMEP 0OBEKTa CPE/IbI.

TpeOyercst paccunTaTh PACCTOSIHUSA OT i-T'O 00OBEKTA JI0 BCEX 00BEKTOB CPEIbI,
ONpEeIUTh MUHHMATBHOE, a 3aTeM ONTHMH3HPOBAThH MOJOKCHHUE MOBIKHBIX
00BEKTOB TakuM 00pa3oM, 4TOOBI OHO MOTJIO MAaKCHMH3MPOBATh MHHHMAJIEHOE
paccTosiHue:

minz; — max. 2).



48 M.IO. MEJIBEJIEB, B.C. JIA3APEB

B pesynbrare BeinmonHeHus nepsoro mara (1) cozgaercs matpuna R:

ni Mn Mim
R=| .. ... . . L, 3)
0 ri’ll’l rnm
Ie 7; — PacCTOSHUE OT I-ro 00OBEKTa JI0 j-TO; # — YUCIO OOBEKTOB B TPYIIIIE;

y
m — 4UCII0 00BEKTOB cpesbl. MaTtpuia 10 7-ro cToa0la UMEET TPEyTroabHbIH BUIL,
TaK KaK pacCTOSHHE OT i-T0 O0BEKTa OO0 j-TO PaBHO PACCTOSHHUIO OT j-TO
00BeKTa J10 i-TO.

ITocne 3anonHeHus MaTpuibl R 3amycKaeTcs ONTHMM3allMOHHAs Hpoleaypa
Frinmax- B KadecTBe OrpaHMYECHMH BBICTYNAIOT KOOpAUHAThHl Touek B1-B4, a B

Ka4yCCTBEC ypaBHeHI/Iﬁ JJI1 OIITUMU3AIUU — 3JICMCHTBI MAaTPUIIbL R.

3. KIACTEPU3ALIUA OBBEKTOB CPE/1bI

C yBenudeHHEM 4YHCIia MPEISITCTBUN Ha A 4ucio 3neMeHToB MaTpuibl R (3)
OyJeT pacTu Ha BEIMYWHY PaBHYIO 1 X h. Jljis TOro 4ToObl CHU3UTH YUCIIO pacue-
TOB, TPEJIaraeTcsl UCIOIB30BaTh KIACTEPHU3AIMIO MOIBIKHBIX O0BEKTOB Ha OCHO-
B€ TpUAHTyJsIUK [lenoHe.

Knacrepuzanust ocymectsisiercs: cienyromuM oopazoM. COBOKYIHOCTE TO-
JIBUKHBIX OOBEKTOB W TPEIATCTBUI MpeACTaBIseT co00i 000OIICHHYIO TPYIITY
00BeKTOB cpembl (cM. puc. 1).

Ha mepBoMm 3Tare ocyIiecTBisieTcs: KlacTepu3anus 00bEeKTOB CPEeIbl C TOMO-
mpio TpuaHryisinun [lemone. B pesynprare TpHaHTYISIIHH JUTSL KaXIOTO PoOo-

ta O;, i=1,n, mony4yaercss MHOXXECTBO OOBEKTOB, C KOTOPBIMH i-ii POOOT CBsI3aH

pebpamu. Ha puc. 2 mpuBefieH pe3ynbTaT KIACTEPU3ALUH sl TPYIIIIbLI M3 IISATH TI0-
JIBUKHBIX 00BEKTOB B cpene Matlab.

0

10F

"

Puc. 2. Ilpumep npumeHeHus TpuaHrynauuu Jlenone

Fig. 2. An example of the Lelaunay triangulation
application
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Berpoennas B Matlab ¢ynkuus Delaunay mo3BonseT MONyYdTh MaTpUILY
TPUAHTYJISIUY, KaXKIasi CTPOUYKa B KOTOPOH €CTh NMEPEeUHCICHUE MOPSAIKOBBIX HO-
MEpPOB OOBEKTOB, OOPa3yIOUIMX TPEYTOJbHUK, YHUCIO CTPOUYEK COOTBETCTBEHHO
PaBHO YHCIY TPEYTOJIbHUKOB.

Jist manpHeMmel paboThl I KaKIOTO MOABHKHOTO OOBEKTa BBIICISIFOTCS
ero cocenu. s pemeHus 3Toi 3aJaun BHaYaue CTPOUTCS MacCUB CBSI3€H Ka)XI0TO
00BEKTa, a 3aTeM U3 3TOT0 MacCHUBa HCKIIIOYAOTCS TOBTOPSIOIINECS HJIEMEHTHI.

Jlns co3maHusl MaccuBa CBsA3€H IMOABMXKHBIX OOBEKTOB I'PYIIbI pa3paboTaH
ITOPUTM, OJIOK-CXeMa KOTOPOI'o NMPeCTaBIeHa Ha puC. 3.

ITonyuenne
MaTpuUlpl Bri6op nepsoro
TPUAHTYJISALUN 00beKTa

Jlenone ¢

Cosganue MmaccuBa
cBsI3eil 00beKTa

'

Iepexon Ha
HIEPBYIO CTPOKY
MaTpHIBI
TPHAHTYJISITHI

Ectp mu
COOTBETCTBYIOIIHEC
00BeKTY
JJIEMEHTHI?

3aHeceHue
JJIEMEHTOB B
MaccHB

Ilepexon k
CIIETyTOIIEl CTPOKE

Her

Bce ctpokn
npoiineHb?

EcTts eme
00BEKThI?

Ilepexon k
‘—  cuemyroomemy [«
00BeKTY

Puc. 3. biok-cxema anropurma co3JaHusi MacCruBa CBA3eil

Fig. 3. A flow chart of the creation algorithm of a relation array

BX0IHBIMH JaHHBIMH aTOPUTMA, IPEICTABIEHHOIO HA PHC. 3, ABIAETCS MaT-
puna TpuaHryIsuuu JlenoHe, a Ha BBIXOJE alropuT™Ma GOpPMHUPYETCsS MAcCHB CBSI-
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3€i TIOJIBMYKHBIX O0BEKTOB IPYIIIBI, MOJYYCHHBIX IyTEM aHAN3a BCEX CTPOK Mart-
PUIIBI TPUAHTYIIALINH.

Janee mpousBoauTcs: o0paboTka M COPTUPOBKA MacCHBa CBsI3€H, B X0JI€ KO-
TOpPOU yOUPArOTCS MTOBTOPSIFOIIUECS 3JIEMEHTHI U COCEAHHE DJIEMEHTHI BBICTPAUBa-
I0TCS B TIOPSAKE Bo3pacTaHus. B pe3ynbraTe momyyaeM MaTpuIly coceneil Kaxaoro
MOBIKHOTO 00BEKTa. B Hel 1o 0THOMY pa3y MepedrciieHbl HoMepa coceneit s
JaHHOI'O ITOJABHXXHOI'O 00BLEKTa B TMOPAAKE BO3paCTaHUA UX MOPAAKOBBIX HOMEPOB.

4. MOAEJINPOBAHUE

B aroii TimaBe Oyzmer nmpoBenero B Matlab uucienHOe MOmeTHpPOBaHHUE TPYII-
TbI, COCTOSINEH U3 MATH MOJBUKHBIX O0BEKTOB B CPEJIC ¢ HEMOABHKHBIMHU TIPETISAT-
cTBUSIMHU. Takke HEOOXOIUMO CpPaBHUTH PE3YJIbTAThl MOJCIHPOBAHHUS PaOOTHI
MIPEUIOKEHHOTO METo/1a M MeTo1a 0e3 KilacTepu3alny.

[TapaMeTpsl MOZETUPOBAHUS CIIEAYIOIIHE:

® YIICJIO ITOJBUIKHEIX O0BEKTOB 11 = 5;

e HavagbHBIC KOOPAMHATHI MOABMXKHBIX 00BekTOoB (1; 1), (5;2), (10;1),
(125 3), (15; 4);

o touku orpanmueHuii B1-B4 (0; 0), (0; 5), (20; 0), (20; 5);

® MPEMATCTBUE B BHJE CTEHKHM, OrpaHWYeHHON KoopauHaTamu (12; 8),
(12,2; 8), (12,4;8), (12,6;8), a Taxke TOYEUHOE TNPEMSATCTBHE C KOOPIMHATA-
Mmu (2; 8).

PO . ................... ...................

Puc. 4. Pe3ynpTaThl MOICTHPOBaHUS O€3 UCIIOJIb30BAHMS KJIACTEPU3AIIUN

Fig. 4. Results of modeling without clustering
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Puc. 5. Pe3ynpTaThl MOJIETUPOBaHUS C UCIIOJIB30BAHUEM KJIACTEPU3ALUN
Fig. 5. Results of modeling with clustering

U3 puc. 4 u 5 MOXKHO cenaTh BBIBOJ O TOM, YTO MOJYUYEHHBIE TPACKTOPUU
OTIIMYAIOTCS HEe3HAUYHUTEIhHO. [Ipy 3TOM HCIIONB30BaHUE TPHAHTYIIAINHA ITOMOTAeT
COKPaTHUTh YHCJIO BEIYHCICHUHN, TaK KaK B JAHHOM CJIy4ae pacCUYUTHIBAIOTCS TOIBKO
paccTosHUS 10 OMIKANIINX K TaHHOMY MTOJIBIYKHOMY OOBEKTY coceleH.

3AKIIOYEHHUE

B crarbe npennoskeH MeETOJ IUIAHMPOBAHUS TPACKTOPUM [BMIKECHHUS IS
TPYIIbl TOJBUKHBIX 00BEKTOB, (DYHKIIMOHUPYIOILICH B IByMEPHOW CpeJe ¢ HEeIo-
JIBIDKHBIMH MPEMSATCTBUAMH, C YIETOM MaKCHMHU3AI[MA MUHUMAIBHOTO PACCTOSHUS
MEXAy O0bEKTaMH B TPYIIIIC.

MeTon OCHOBaH Ha HCIIOJIb30BAaHUM MAaKCUMUHHOW 3aJa4yul JJIs pEHICHUS
YpaBHEHUH, MPEICTABISIONIUX COOOM PACCTOSHUS OT KaXIOro MOJBUKHOTO 00b-
€KTa JIO TPaHuIbl 00JIacTH (HYHKIMOHUPOBAHUS U MPEMATCTBUH, a TaKKe MEXIY
CaMUMH ITOABHKXHBIMH 00bEKTAMU B rpymme. I[J'DI COKpalI€H1d KOJINUYECTBa peuia-
EMBIX YPaBHCHUN PACCTOSHUE PACCUUTBIBACTCS TOJIBKO JJISi COCEIHUX OOBEKTOB,
JUTSL 9€T0 MCIOJb3YeTCs KIacTepu3allyisi Ha OCHOBE TpHAHTYIsIuH J{enoHe.

[IpoBeneHO YKCICHHOE MOJACIUPOBAHHME TPYIIbI, COCTOSINEH M3 ISTH TO-
JIBUKHBIX OOBEKTOB B CPEJIC C HEMOABIIKHBIMHU MPETATCTBUSAMU. TakKe MPUBEIACHO
CpaBHEHHE PE3yJIbTATOB MOJICITHPOBAHUS paOOTHI MPEATOKESHHOTO METOIa U METO-
nma 0e3 xmactepusanun. OOCykmaercs najdbHEHIIee pa3BUTHE TPEIIaraeMoro Me-
TOJA IS TUIAHUPOBAHUYSI TPACKTOPHIA IBUKCHHUS B TPEXMEPHOU Cpejie.
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Abstract

The problem of planning trajectories of a moving object group functioning in a two-
dimensional environment with fixed obstacles is considered taking into account the maximiza-
tion of the minimum distance between objects in the group. The environment contains obstacles
whose location is not known in advance. The relevance of this problem was repeatedly empha-
sized in the papers of Russian and foreign scientists. The method is based on the use of the
max-min problem for solving equations representing the distance from each moving object to
the boundary of the functioning area and obstacles, as well as between the moving objects
themselves in the group. To reduce the number of equations to be solved, the distance is calcu-
lated only for neighboring objects, for which clustering based on the Delaunay triangulation is
used. Thus, the control system of a group of moving objects has two levels. The first is a clus-
tering solution based on the Delaunay triangulation. At the second level, the max-min problem
is solved, which allows one to arrange moving objects in the environment so as to maximize
the minimum distance between any objects of the group: between moving objects, between
moving objects and obstacles, as well as between moving objects and the boundaries of the
functioning area. A numerical simulation of a group consisting of five moving objects in an en-
vironment with fixed obstacles is carried out. The results of modeling the operation of the pro-
posed method and the method without clustering are compared. Further development of the
proposed method for planning motion paths, including the adaptation of the method to a three-
dimensional environment, is discussed.

Keywords: group control, moving object, max-min task, Delaunay triangulation, path
planning
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MoOubHEIE POOOTHI CTAHOBSTCS B ITOCIIEAHIE TO6I HEOTHEMIIEMOH 4acThiO KU3HH COBPEMEH-
Horo dyenoseka. IlIupokoe pacmpocTpaHeHHe pOOOTOB-NBLIECOCOB, POOOTOB-Ta30HOKOCHIIOK, Pobo-
TOB — MOMIIIMKOB OKOH U JIPYTHX MOJZOOHBIX YCTPOUCTB MO3BOJISIET aBTOMAaTH3UPOBATh OBCEIHEBHEIC
3a/1a4y yesioBeKa. PeBOMIOIMOHHBIN Mporpecc B 06J1aCTH pOOOTOTEXHUKHU TO3BOMIMII CO3/[aBaTh MOIII-
HBIE pecypco3(h(eKTHBHBIC YCTPOUCTBA, KOTOPbIE OPHEHTUPOBAHBI HAa PEIICHHE YCIOXKHSIOMUXCS C
KaXIbIM rofoM 3azxad. [Ipy 3ToM yacTo BO3HMKAIOT 3aJadd, Ul PEeLIeHHs KOTOpHIX d(deKTnBHO
HCTIONB30BaTh HECKOIBKO YCTPOHUCTB, KOTOPBIE 00BEANHSIOTCS B KOATHIIMN MEXIy cOo0O0M, a TaKkxke ¢
nropMU. JJIst TakMX CHCTEM OBLT NMPEJIOKEH TePMHUH «COLMOKUOSp(hHU3NYECKHE CHCTEMBD», TECHO
HUHTETPUPYIOIINHA (HU3NYECKHEe yCTPONCTBA C JIOJAbMH U MOAJCP)KUBAIOIINIA MX B3aHMOJICHCTBHE B
HH(OPMAIIMIOHHOM IPOCTPAHCTBE. B craThe NpencTaBlICH OHTOJIOTOOPHEHTHPOBAHHBINA MOAXOX K
COBMECTHOU paboTe MOOMIBHBIX POOOTOB B connMokubepdu3ndeckoii cucreme. B kauecTBe npumepa
JUISL TAKOTO B3aMMOJEHCTBHS OBUI pacCMOTPEH CIEHApHil IPEOIOTIeHHS NPENSTCTBUI BBICOKOIIPOXO-
JMMBIM MOOHMJIBHBIM POOOTOM, B3aUMOJICHCTBYIOLIMM C KBAIPOKOITEPOM, JUISl OLIEHKH 3TOTO HPETIsT-
CTBHS M YEJIOBEKOM-OIIEPATOPOM, KOTOPHI OepeT Ha cels ympapieHrne poOOTOM B TOM CiIydae, eCiu
NPEOI0JICHHE TIPEIISITCTBHS B aBTOMAaTHIECKOM PEXUME HEBO3MOXKHO. Jyist anpodanuy noaxonaa Osuu
pa3paboTaHbl UMHUTAIIOHHbBIE MOZENIN POOOTOB B cpene MoaenupoBanus Gazebo, KOTOpPBIC O3BOJIH-
JIM TIPOBEPHUTH PabOTOCIIOCOOHOCTD MPETIOKEHHOTO ITOXO0AA.

KuroueBrble ciioBa: corpokndepdusmyeckas cucrema, MoOubHbIe poboTsl, Gazebo, clieHapuii
TIPEOIOJICHUS MIPEISITCTBUH, OHTOJIOTHS, KOHTEKCT, KOAINIMOHHAsI paboTa, NH(YOPMAIMOHHOE B3au-
MOJICHCTBHUE
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BBEJIEHUE

[ToBcemecTHOE pa3BuTHE POOOTOTEXHUKU B MOCIECTHHE TOIBI HETPEPBHIBHO
YCIIOKHSIET 33[]a4i, KOTOPBIE pelIaloTcs MOOMIbHBIMU pobotamu [1-3]. [Ipu aTom
HOSIBJSIFOTCS  CIIOXKHBIEC 3aJaud, KOTOpble TPeOyHOT KOAIMIMOHHON pPabOTHl He-
CKOJIBKHMX T€TEPOTEHHBIX pOOOTOB COBMECTHO C JIFOJIbEMHU.

B crarbe npencTaBieH moaxoa K KOATHUIUOHHONW paboTe MOOMIIBHBIX POOOTOB
U Jrozeil B connoknOepdu3nyeckuM cucreMe Ha 0a3e OHTOJIOTUYECKOro HOAXO0a.
Jliis mpoBepku pabOTOCIIOCOOHOCTH TOAX0Aa ObLIM pa3padOTaHbl MX UMHUTALMOH-
HBIE MOJIENIN B cpeae MoaenupoBanus Gazebo u peann3oBaH CLEHAPHH (OPMUPO-
BaHMS KOAJTHUUH MOOMIIBHBIMH POOOTaAMHU M YEIOBEKOM-OIEPATOPOM ISl IPEOO-
JICHUSI IPETISITCTBUM.

Jis B3auMoOIEHCTBUS POOOTOB MEXKAY COOOM, a TaKkKe C ApyruMu HH(pOpMa-
LOHHBIMH KOMIIOHEHTaMH OBUIO MPEIJIOKEHO MCIOIb30BaTh KOHLEMUIO COLIHO-
KNOEpPHU3NUECKUX CHUCTEM, IMPENIOJIaraollyl0 HaJddue MHOXECTBA PECYypPCOB,
B3aUMOJICHCTBYIONIMX MEXIYy 000l B MHPOPMAIIMOHHOM MPOCTPAHCTBE U YIIpPaB-
JSFOIIUX YCTPOHCTBaMU B (PM3NYECKOM MPOCTPAHCTBE B PEKHME PEabHOTO Bpe-
MmeHd. Ilpu 3TOM Takas cucrema BKIIIOYAeT B ceOsl Takke COLUaIbHOE MPOCTPaH-
CTBO, KOTOpPO€ OOBeAnHSEeT B ceOe JIIoAeH, y4acTBYIOIIMX B BBINOJHEHUHU 3a/1ad
COBMECTHO ¢ MOOWIBHBIMH poOoTamu. Ilpu sToM OHHM Oa3upyloTcst Ha HH(]pa-
CTPYKTypaX, 0OecleunBaIOIINX CBSA3b, BBIYMCIICHHUS, YIIPABICHUE M OOBEAUHSIIO-
IIUX CCHCOPHI, BHIYNCIUTEIbHBIE yCTPOIICTBA, CEPBUCHl M CPEACTBA KOMMYHHUKa-
it [2]. B Hacrosmeit pabore kK pru3nueckuM ycTpoHCTBaM OTHOCATCS MOOMIIBHBIE
PpOOOTHI, yIpaBisieMble COOTBETCTBYIOLIMMH HMPOTPaMMHBIMH KOMIIOHEHTaMH, OJI-
HaKo B 00IIEeM Buie 3TO J1I000€ yIpaBisieMoe YCTPOMCTBO, COBEPIIAIOIIEE HEKOTO-
poe BO3JIeiicTBUE WIIH U3MEPSIOIIEe MapaMeTphl B PU3MUECKOM IPOCTPAHCTBE.

Crarps opranuzoBaHa cieaylomuMm obpasom. B mepBoM pasnene paccmarpu-
BAIOTCS aKTyaJIbHbIC UCCIICAOBAHUS B 00JIACTH KOATUIIMOHHON paboThl MOOMIIBHBIX
POOOTOB M POOOTOTEXHMUECKOIO MMUTALMOHHOTO MOJennpoBaHusi. Bropoii pas-
JieJl TIOCBSILEH MpelaraéMoMy MoAXony K (GOPMHPOBAaHUIO KOAIUIHH POOOTOB U
nrozeil. TpeTuil pazaen onmuchiBaeT UIMUTALMOHHYIO MOJIENIb MOOMJIBHBIX POOOTOB
B cpene mozaenuposanusi Gazebo. B yerBepToM paszesne ONMUCAH MPEUIOKEHHbIN
clieHapuil (OPMHPOBAHUS KOAIUIUHA IS 3a]1a4d NPEOJOJICHUS TPEISITCTBUA MO-
OUIBHBIMH PoOOTaMu. B 3aKiltOYeHHH MpeNCcTaBICHbl UTOTH, OTY4YEeHHBIE B XOJ€
paboThI Hall CTaThEH.

1. OB30P COBPEMEHHBIX UCCJIEJJOBAHUI

B Hacrosiiee BpeMs OCHOBHOM MHTEpEC UCCieoBaTeNel Npu pelieHnu 3aia-
YM KOQJIUIMOHHON pabOThl MOOHMIBHBIX POOOTOB COCPEAOTOYEH BOKPYT CIEAYIO-
IIMX BOMPOCOB: OPTaHU3AIMS KOATUINH, 0OMEH MH(pOpPMAIMH MEXIy YIaCTHUKA-
MU KOAJHUIINH, PacIipe/ielIeHre 3aad M PECYPCOB MEXTy YIaCTHUKAMHU KOATHIIHH.

B mpoiiecce opranuzanuu KOaqaulUuA MOKHO BBIICJIUTH ABa KPYMHBIX HAMpaB-
JICHUS: LICHTPAIN30BaHHAs OpPraHMU3aIUs U ACLICHTPAIU30BaHHAs opranu3amnus [3].
LenTpanm3oBanHas OpraHU3aIys KOAIWIUH OTIMYAeTCs HATUIAEM KOMaHIHOTO
LIEHTpa, Ha KOTOPOM IPHUHUMAIOTCS PELIEHUs O COCTaBe KOAIHIIMM, pacrperesne-
HUM 33724 U (GOpMUpPYETCS IIaH pelieHus 3anaun. [Ipu 3ToM KOMaHAHBIN IIEHTP
MOXKET OBITh TPEACTaBICH KaK OTIENBbHBIM BBIYHCIUTEIHEHBIM YCTPONCTBOM,
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BBITTOJTHSIOIIUM TOJNBKO (QYHKIMH LEHTPA, TaK U POOOTOM, BBINOJHSAIOLIMM 3aa-
HUS HapaBHE ¢ OCTAIBHBIMU [4]. CTpyKTypa KOAJTHITUH B TOM CITy94ae MOXET OBITh
MHOTOYPOBHEBOM HepapXHUYECKOM, B KOTOPOH POOOTHI Ha KaKIOM HIXKeNexKalleM
YPOBHE MOTYMHSIOTCS TOJIBKO OJHOMY LEHTPY MX BBILIENEKAIEro ypoBHA [5].
JleuenTpanu3oBaHHas OpraHu3alus KOAJIUIMU MOIPa3yMeBaeT, Kak MpaBHio, OT-
CyTCTBHE IEHTpa MPUHATHUS PELICHW, 4acTO OPHUEHTHUPYACh Ha OMOMHCHHPHUPO-
BaHHbIE METOIBl OpPraHM3alUl COBMECTHOM paboThHI, TaKMe KaK pOEBble W CTaid-
HeIe [6, 7]. [Ipu 3TOM POOOTHI CUUTAIOTCS PABHBIMH TI0 UEPAPXUU U PyKOBOJCTBY-
IOTCSI OIMHAKOBBIMU aJITOPUTMAaMH [P NPUHATUN PEILCHHUS.

ObMmen nH(pOpMAIMK MEXIY YYaCTHUKAMH KOAJIHLWU SIBISETCS BaKHOW CO-
CTaBJISIOIIEH KOUIMIIMOHHOTO PELIeHHUs 3a/1a4t, IIOCKOIbKY COBMECTHOE pEIICHHE
3a1a4d TpeOyeT ONOBEIICHUS! YYaCTHUKOB KOQIUIMK O TEKYLIEM COCTOSHHHU pellie-
HUSI 331249 7151 OPTaHU3alUHU CIIaXCHHBIX ASHCTBHI TMOO KOHTPOJISL BBITIOTHEHUS
rwiana [10]. O6Men uH(opMaIueil MOKET OBITH OpPraHU30BaH IMMOCPEICTBOM OOIIIe-
ro IEHTPAIU30BaHHOIO XpaHWINIIA WHGOPMALMK HA OTAEIBHOM YCTPOMCTBE WM
pactipenencHueM HHOOpPMAITIN MEXIy wWieHaMu koanuiuu [12]. Takxke paccmar-
puBaeTcsi 00beJMHEHHE IBYX MOJX0A0B C 00pa30BaHUEM MHTEIICKTYyalbHBIX MPO-
CTpaHCTB — co3JaHHe OOIIero XpaHWIWIIa HHGOPMALHMH, HPEAOCTABISIOLIETO
CCBUIKHM Ha PECypChl, KOTOPBIMH SIBJISIFOTCS YYACTHUKH KOAIUIMHU, YTO J€JIAeT UH-
(hopMaruio pacnpesieieHHON MexIy BceMH ydacTHHKamu [11]. CyliecTByrOT Tak-
e peleHus Ha 0ase peer2peer ceTel M paclpelesIeHHOTO peecTpa, odecreunBa-
fomre OBICTpOe pacrpezaciicHne WHGOPMANK MEXIy BCEMH yYacTHUKaMH, TyO-
JUPYS TIPU 3TOM BCIO MH(OpPMAIMIO Ha yCTPOWCTBE Ka)XIOTo y4dacTHUKa [8, 9].
Pemenus Ha 6aze pacmpeleNeHHOTO peecTpa TakkKe MPEeNOCTaBISIOT 3alIUTy HH-
(hopMauuu OT epe3anucy, YTO MOKET OBITh TOJIE3HO NP OPraHU3aluH KOAIUINH
¢ TpeboBaHKEM O0eCIICUEHUsSI TIOBEPHS MKy YIaCTHHKaMU 0e3 HaIHM4YHs eJIHOTO
yIO0CTOBEPSIOUIETO IIeHTpa [9].

Tun opraHuzanyMy KOAJULIMU TAKKE BIMSET HAa CHOCOOBI paclpeneieHus 3a-
Jlad U PecypcoB MEXIy YYacTHUKaMU Koanuiuu. LleHTpann3oBaHHbIE Hepapxuye-
CKHE KOAJMIINH, KaK MPaBUIIO, OPTaHU3YIOT paboTy MOCPEICTBOM LEHTPATH30BaH-
HOT'O IUIAHUPOBAHUS MIPH MOCTYIJICHUH 3a1aud. Ha BRIIECTOSIIMX y371aX CTPOUTCS
IUIaH PaboT C yYeTOM BO3MOXKHOCTEH HHMKECTOAIIMX Y3JI0B M PECYPCOB KOATHLIUY,
B KOTOPOM 3a(MKCHPOBAaHBI UCIIOJTHUTENHN U MOPSAAOK pemeHus 3afad [13]. 3a cuet
9TOro obecreynBaeTcsl TrapaHTUsl BBINONHEHHS ATaloB IUIaHa M BCEro IUTaHa K
OTIPEIEIICHHOMY CPOKY C TOUYHBIM IPOTHO30M PAacXOJOBAaHUS PECYPCOB U BBIMJIATHI
BO3HArpaXkJICHMA, €CJIM ITO MPELYCMOTPEHO YCIOBHAMH 3afgaud. OIHAKO NaHHOE
pelieHne He ABISETCS THOKUM, TIOCKOJIBKY MPH BO3HUKHOBEHWH HEIUTATHOW CHUTY-
AUy MPOUCXOAUT OTKJIOHEHHE OT IJIaHa C HEOOXOIUMOCTBIO €r0 KOPPEKIHU HIIH
HOJHOTO IepecTpoeHus. JleleHTpaan30BaHHble KOAINIMM OCHOBAHBI Ha ajarTa-
IIUM YYAaCTHUKOB K TEKYIIUM YCJIOBHSIM C OTCYTCTBHEM €IMHOTO IUIaHA pELIeHUS
3agaud [14, 15]. Oto obecnieunBaeT rHOKOCTh pEIICHH 3aJa4 B YCIOBUAX YaCTBIX
U3MEHEHHUI cOCTaBa KOAJIMLUHU WIM JOCTYIIHBIX PECYpCOB, HO OrPaHHUYMBAET BO3-
MOJKHOCTh IIPOTHO3MPOBAaHUS MOMEHTA pelieHus 3a1a4u [16].

Takxe oTAenpHOE BHUMaHUE CIEAYET yAEIUTh UMUTAI[HOHHOMY U BU3Yyallb-
HOMY MOJEJIMPOBAaHMUIO B3aWMOICHCTBUSI pPOOOTOB, MOCKOJIBKY HAHHBIA IMOIXOX
CYLIECTBEHHO YNPOLIAET MPOBEPKY TUIOTE3 3a CUET CHI)KEHHUSI CTOUMOCTH pa3pa-
0OTKH, a TaK)Ke HATIISAHO MPEJICTABISIET PE3yNbTaThl pabOThI MpeIaraeMblX THITO-
te3. YacTh uccnenoBareneil pazpadaTeiBaeT cOOCTBEHHBIE BU3YyalH3alUK, 0TOOpa-
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’asi poOOTOB YCIIOBHBIMU 3HAKaMH, ITOCKOJIBKY paccMaTpHBAaeMbIe 3a/1a4d He Tpe-
OYIOT AeTamu3alud KOHCTPYKIMU pobota [3, 6]. s meranmpHON BU3yaau3arud
yaie BCero MCIONb3yeTcs MmakeT Bu3yanm3aunu Gazebo B KOMOWHAIMU C YIpaB-
JSIOMIMM KOJIOM OTlepaliioHHON cucteMbl pobota (Robot operation system, ROS)
JUIS YTIpaBJICHUS BUPTyaIbHBIM poboToMm [17-20].

Pe3toMupys paccMOTpeHHbIE HAIlpaBICHUS! UCCIEA0BAHUN, MOKHO OTMETUTb,
4TO B HACTOALIEEC BPEeMsi OCHOBHOE BHHMaHHE YACIACTCS CO3IaHUIO JCLEHTpau-
30BaHHBIX KOQIHIUH POOOTOB s pemeHus olreil 3axaun. Pacipenenenne 3ama4y
M PECYPCOB MEXIy HIMH OCYIIECTBISIETCS Ha OCHOBE JEIICHTPATN30BAaHHOTO TIIa-
HUPOBaHUS I aAaNTally K U3MEHSIOIEMYCsS KOHTEKCTY 3aJa4d, IPU 3TOM pobo-
THI IPUHUMAIOT YYacTUE B PEIICHUU 33/1a4l HA OCHOBE MMEIIErocs: (pyHKIMOHA-
Ja W JOCTYIMHBIX PEcCypcoB, TaKMX Kak 3apan Oartapen wiu paboumii pecypc
ycTpoiictB. BsaumMopetictBue ¥ oOMeH uH(pOpMaIueil Mexay poboTaMHu oOcCy-
HIECTBIISIETCA MOCPEACTBOM OOIIEro XpaHWIHWILNA, OJHAKO MOCIEAHUE HCCIIEA0Ba-
HUSl CMEIICHBI B CTOPOHY JELEHTpaIn3aliid Ha OCHOBE peer2peer MOJIEIH U HC-
MOJIB30BaHUsI pacTpeieIeHHbIX peecTpoB. [Ipr OTCYTCTBUU BO3MOKHOCTH TPOBEP-
KU MOJIeNIel B3aMMOJEHCTBUS Ha PEaIbHBIX POOOTax MCIONB3YIOTCS Cpelbl BU3ya-
TU3AIUY JUTSE MOJICTTUPOBaHMs poOOTOB U X jaelicTBuil. Hanbosee yacto ucmonb-
3yeMol CBSI3KOH sIBIISIETCS cpena MoenupoBanus Gazebo BMecCTe ¢ omnmeparnoHHON
cucreMoit st poboToB ROS, peanusytomeit GpyHKIOHAT poOOTOB.

2. IOJIXO/J K B3AUMOJENCTBHUIO POBOTOB U JIIOIEN

OHTOJIOTHYECKHIA MTOAX0 K B3aUMOICHCTBUIO POOOTOB U JIOACH B COITMOKHU-
oep¢usnueckoii cucreme (puc. 1) OpueHTUPOBAH HA aBTOMATHYECKOe (OPMHUPOBA-
HUC KOATMIIMKA yYaCTHUKOB JUTsl PEIICHUS BO3ZHUKAIONICH 3amaun. Kaxapii yuacr-
HUK COIMOKHOEP()HU3MUECKO CHCTEMBI OMUCHIBAETCS C UCIOIB30BAaHHEM OHTOJIO-
THH, OTPEACIAIONICH Ha0Op BO3MOXHBIX JEHCTBHM, KOTOPHIE OH MOJXKET BBIMOJI-
HSTh, ¥ OTPAHUYCHUN, KOTOPHIC JOJDKHBI OBITH yIOBJICTBOPEHBI ISl BBITOJHEHUS
aTuX AeictBuii [21, 22]. [Tox oHTONMOTHEH TOHUMAaeTCS MTOAPOOHAS CHIEIUPUKAIISL
MOJENH mpeaMeTHOW obymacTi. OHa BKITIOYaeT B ce0s CIIOBAph (T. €. CIIUCOK JIOTH-
YCCKUX KOHCTAHT U MPEAUKATHBIX CI/IMBOJIOB) JJIA OITMCaHUsA HpeIlMeTHOﬁ o0jacTu
1 HabOop JIOTHYECKUX BBHICKA3bIBaHUH, (POPMYIHPYIOIINX CYIIECTBYIOIINE B JTAHHON
MpoOJIeMHON 00JIACTH OTPaHWYECHUS W OINPENEIIOMINX WHTEPIPETAIHIO CIOBapsl.
Ha ocHoBe oHTONOTHMU W 3a/a4y, KOTOpast JOJKHA OBITh BBITIOJHEHA KOAIUIIMEH
YYaCTHUKOB, (hOpMUPYETCS aOCTPAKTHBIM KOHTEKCT YYaCTHHKA, KOTOPBIH Mpej-
CTaBIIIET COOOM Cpe3 ero OHTOJOTHH, PElIeBaHTHBIN 3aqade. Ha ocHOBe aOcTpakT-
HOTO KOHTEKCTa W ONEepaTWBHON WHMOpMAaIuu (IaTIukd, WH(HOPMAIMOHHEIE pe-
CYpPCHI U T.II.) CTPOHUTCS ONEPATHBHBIA KOHTEKCT, KOTOPBIA MyOIHKYeTCs B WH-
(hopmarmoHHOM TpocTpaHcTBO. Takum 00pa3oM, HH(GOPMAITMOHHOE MPOCTPAHCTBO
coIepkHT B cebe 0azy 3HaHMI 00 y9acTHUKAX COITMOKHOEp(OHU3NICCKON CHCTEMBI C
uHpopManuend 00 UX TEKyIIeM COCTOSHUM B JIAHHBIH MOMEHT BpeMeHu. Ha ocHoBe
3Tol 0a3pl 3HaHWW B MH(OPMAIMOHHOM IPOCTPAHCTBE MPOUCXOAMUT TOUCK TEX
YYaCTHHKOB, KOTOPBIE CITOCOOHBI peITUTh 3a1aqy 2 (GEeKTUBHBIM criocoOoM. Takum
o0Opa3oM (GopMHpYyeTCS BHUPTyalbHAas KOAIUIUS YYaCTHUKOB COLMOKUOEep(U-
3MYECKOM CHCTEMBI, a (u3MYecKas KOaIUIUs OyAeT BKIIOYaTh B ceOS TEX ydact-
HUKOB, a0CTPaKTHBIE KOHTEKCTHI KOTOPHIX OBLTH 3aTPOHYTHI MPH (HOPMUPOBAHUU
BHUPTYyalbHOM Koamumuu [23, 24].
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Puc. 1. OHTONOTHYECKHAN TIOAXO/ K B3aUMOACHUCTBUIO pOOOTOB H JIFOJICH B COLHO-
kubepdr3nyueckoit cucreme

Fig. 1. Ontology-based approach to interaction of robots and people in cyber-
physical-social system

ComnocTaBiieHUE OHTOJIOTUH SBISETCS KIIOYEBBIM JJI PAacCMaTPUBAEMOroO
noaxona [25], Tak Kak B TOM CJy4ae, €ClIM OHTOJIOTHH JIBYX poOOTOB OyIyT paspa-
0OTaHBI TAKUM 00pa30M, UTO CXOXHE MX YacCTH HEe OYAYT COTOCTaBJICHBI, TO JaH-
HBIE POOOTHI HE CMOTYT YYaCTBOBATh B OJHOW KOANHIUH. TakuM 00pa3oM, MOKHO
KOHCTaTHPOBATh (PAKT TOTO, YTO €CIU OHTOJIOTUU OyIyT pa3paboTaHbl Ha Oa3e oji-
HOH METAOHTOJIOTHH, TO COIIOCTaBJICHHE OymeT padorats 3ddektuBHO. OmHAKO
€CJIM OHTOJIOTUHU OYAyT pa3paboTaHbl pa3TUUYHBIMH SKCIIEPTAMHU C MCIIOJIb30BAHUEM
Pa3HOPOJHBIX TMOHSATHIA, TO BEPOSTHOCTh COMOCTABJICHUS OyJET CHUXKATHCS.
Jlns aTOro aBTOpamMu ObLT pa3paboTaH MOAXOMA K COMOCTABICHUIO OHTOJIOTHH Ha
OCHOBE TEXHOJIOTHHU Kpayacopcurra [26].

3. AIMUTAIIMOHHBIE MOJEJIM MOBUWJIBHBIX POBOTOB
B CPEJE GAZEBO

Jls mpoBelieHHsT SKCIIEPUMEHTOB OBUIM PEean30BaHbl CICAYIONIAE MOJICITH
poboToB B cpene moxaenupoBaHust Gazebo [27] ¢ ucmosb3oBaHHeM (ppeiiMBOpKa
ROS Melodic [28]. Ucnonbp30BaHue BBIMICIEPEYUCICHHOTO MTPOrPaMMHOT0 00ec-
MEYEHHsSI IIUPOKO PACTIPOCTPAHEHO B HACTOSINEE BPEMsI B 00JIACTH MOJICITHPOBAHHS
POOOTOTEXHUYECKUX CPENCTB W BKIIOYAaeT B ceOs pazHooOpa3Hylo OUOIHOTEKY
3JIEMEHTOB Y TOTOBBIX amllapaToB, MO3BOJISIONIUX CYIIECTBEHHO COKPATHUTh BPEMs
pa3paboTKu MoJieneit.

Mopens Ne 1. PoOOT-MaHAITYISATOP TMOBBIMIEHHOW MPOXOIUMOCTH, 00J1aa10-
HIMH CTIeTYFOIMMHU XapaKTePUCTHKAMHU.
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e POOOT COCTOUT W3 TpeX HE3aBUCHMBIX YacTel: MepenHel, ICHTPAIbHOW U
3aIHEN.

e PoOoT uMeeT miecTh Kojiec ¢ MPUBOJAMH Ha KaKJ0€ KOJIeco s IepeMelnie-
HUS Ha TUIOCKOCTH.

o [lepenHsis u 3aAHAA YaCTH O0JIAAIOT MEXaHU3MaMH MTOTHUMAHUS / OITyCKa-
HUS IS IPEOJIOJICHHSI TPETIATCTBUH.

e Ha nepenneii u 3amHeidl yacTsax po0OOTa PACIONIOKEHBI AATLHOMEPHI IS
OTIpEe/IeTICHHsI PACCTOSIHUS 0 OOBEKTOB, HANPABICHHBIE MapaUIeIbHO TUIOCKOCTH
IBIDKEHUS poOOTAa.

e PoOOT OCHamIeH AATYNKOM KOOPAHMHAT MJIS OTCIEKHBAHUS MECTOIIONO-
JKCHHSL,

Monenb Ne 2. PoGoT-kBagpokonrep.

e PoGoT obnamaeT QyHKIIMOHATIOM CTAaHAAPTHOTO KBAJPOKOITEpa IUIsl Tepe-
MEIIEeHHUs B TIPOCTPAHCTBE.

e Po0OT OCHaIlleH AATYMKOM JalbHOMEpa ISl CKAaHMPOBAHUS MPETSATCTBUS,
HaIpaBJICHHBIM BHHU3.

e PoOOT oOcCHalleH JaTYMKOM KOOPAMHAT IS OTCIEKWBAHHS MECTOIOJIO-
JKEHUSL.

Monenb Ne 3. PoGoT-ckayT.

o UeTbIpexKoNeCHBIE MOOWIBHBIA POOOT ¢ (yHKIMEH MepeMenieHns Ha
TUTOCKOCTH.

e PoOoT ocHameH JaT9ukaMiu TaTbHOMEPOB, PACIIOIOKEHHBIX M0 TIEPUMETPY
KopIyca po0oTa JUIsi CKAHUPOBAHHS 00BEKTOB.

e PoOOT ocHaleH JaTYMKOM KOOpPAMHAT AJISl OTCIICKUBAHUS MECTOIOJIOXKE-
HUSL.

Paccmotrpum monmpoOHee Momenb Ne 1, ommchIBaromyr poOoTa-MaHU-
OyJIsATOpa TOBBIIIEHHOW NpoxoauMmoctu. KuHemaTudeckass cxema pobora, a
TaK)Ke PacloOkKeHHEe CEHCOPOB U 0003HAYCHHE YacTe MOJAENIU MPUBEIEHO Ha
puc. 2.

Kax BugHO M3 cXeMBI, pOOOT COCTOUT M3 TPEX YacTel: MepeaHel, IEeHTPab-
HOHU M 3amHel. PoOOT obnanaer mecThio He3aBUCUMBIMH MOTOP-KOJIECaMH C TIpH-
BOJIaMHU Ha KaXXIOM W3 HHUX [, a TakKe ABYMS THAPABIMYECKAMH IMIIMHAPAMH, OT-
BEUAIOIIUMU 3a JIMHEHHBIE MepeMEIeHUs MepeIHeN U 3aJJHel YacTeil OTHOCUTENb-
HO LeHTpaybHOH dacTu 2. Kpome Toro, po6oT 001a1aeT BOZMOKHOCTRIO YIIpaBIIe-
HUS1 TOBOPOTOM IEpEAHEN U 3alHEN YacTeil B BEPTUKAIBHON OCH.

[IpencraBnenHas mMojenb poOoTa (COCTaBHBIE YACTH, CBS3M MEXAY HHMH,
MaccorabapuTHBIE M pacyeTHBIC TIApaMeTpPhl) ONpEeelsieTCs B CIEAYIONeM daiiie
npoekta: 6w_moon walker/moon.src.urdf/rmoon.urdf. 3a ympaBneHue oTBeuacT
MYROBOT _control/config/moon_control.yaml, B8 koropom ommcansr 111]]-pery-
JSTOPHI IPUBOJIOB.

Jns ynpaBneHus NOpHBOAaMH poOoTa Obl paspaboran uuTepdeiic (ROS
Node) nHa s3pike python (daitn moon_controller/src/keyboard control.py), obecre-
YuBaOMUK 0a30BbIe PYHKITMH yIpPABIICHUS pOOOTOM C HCITOJIb30BAaHUEM KIIaBHa-
Typbl. B TaHHOM CKpUINTE BBHIMONHSIETCS MPUBSA3KA HAXKATUN KIaBHII K OTIIPAaBKE
komanz B ROS topics. Komanas! ynpaBnenuss poOOTOM U ONKMCaHUE HX peanu3a-
[IUY IPUBEICHO B TaOIIHIIE.
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| 3adHee neaoe Koneco | | CpedHee neaoe Koneco | MepedHee neaoe koneco |
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Puc. 2. KunemaTtnueckas cxema poOb0Ta-MaHHITyJISITOpa:

1 — npuBOpI KOJIEC; 2 — IMHEHHBIE IPUBO/IBI IEpEeMEIICHHS IepeAHeH U 3aiHel yacTell; 3 — IpUBOABI
BpAILEHUs NIepeIHEN U 3aHEHN YacTell B BEpTUKAIBbHOU INIOCKOCTH; 4 — yJIBTPa3ByKOBbIE 1aJIbHOMEPBI

Fig. 2. Kinematic scheme of manipulating robot:

1 — wheel drives; 2 — linear drives for moving front and back parts; 3 — drives for turning of front and
back parts in vertical axis; 4 — ultrasonic sensors.

Komannb! ynpasieHust MoAe/ 1610 po00Ta-MaHHUITY ISTOPA MOBbIIEHHOI MPOXOIUMOCTH

Commands for controlling the model of manipulating robot

No Knapumm JBmxenue

1 w/x Buepen / Hazan

2 S OcraHoBKa

3 a/d [ToBopoT BIIEBO / BIIpaBO

4 f/r YrupaBieHre BepTHKAIEHBIM YTIIOM

5 t/g VYnpagneHnue nepegHuM ruApouuInHAPOM
6 y/h VYrpasieHue 3aTHUM TUAPOIITHHIPOM
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Mogenu po6oTOB, peanu3yroniye (GYHKIHOHAT POOOTOB KBaIPOKONTEpa U
ckayTa, OBUTH B3SATHI M3 OTKpPHITHIX OmOmmorek mist ROS m Gazebo u sBistroTcst
HanOoJiee MOMyJISPHBIMU Ha CETOMHSIIHUNA JEHb s pOOOTOTEXHUYECKOTO MOJie-
JUPOBaHUs B JAaHHBIX cpenax. Mogenb Ne 2, peanusyromas (GyHKIHOHAT poboTa
KBaJIpOKONTEpa, ObIIa peaTn3oBaHa Ha Oa3e makera hector quadrotor [29]. Ilaker
hector quadrator ObuT pa3paboTan B JlapMIITaATCKOM TEXHUYSCKOM YHUBEPCHTETE
U COICPXKUT omucanue pobota B gopmate urdf, a Takxke mapameTpbl, HEOOXOIU-
MBIC 11 CUMYJISIIIMH, TIAKET ISl TeICyIPaBICHUS U OONBIIOE KOJMYECTBO MAKETOB
JUTSL CAMYJISIIIH PA3IIHYHBIX ACTIEKTOB pabOThl KBaJpaKoNTepa.

Mogens Ne 3, peanuzytomasi GyHKIHOHAI poOoTa-cKayTa, Obula peann3oBaHa
Ha Oa3e makera husky gazebo [30]. Ilaker husky gazebo paspabortan ¢upmoit
Clearpath Robotics miiss CHMYJSITMH CBOETO CEPHMHO H3TOTABIMBAEMOTO poOOTa
Husky u ananornden nakety hector, cogepxur onucanue pooora B popmare urdf
Y pa3iuvHbIe PUMEPHI PabOTHI C POOOTOM.

Ha puc. 3 mokazana cxema yrpaBjiceHHs poOOTOM-MaHHITYIATOPOM. B oBamax
npezacTaBieHbl ocHOBHBIE Y3716l Monenu ROS (ROS nodes), a B mpsiMOyroibHU-
Kax — OCHOBHBIC KaHaibl mepefauu coobmenuii (ROS topics). Monmyns (ROS
Node) rocad teleop oTBewaer 3a ympaBieHne poOOTOM C KJIaBHATYpPhI, a MOIYJIb
gazebo sABJIsSETCS CTaHAAPTHRIM MOAYJIeM cuMmyisaTopa Gazebo.

/moon/aftRightWheel_j/command

4

/moon/aftLeftWheel_j/command

/moon/LefttoRight/command

/moon/sonar_fore

/moon/fore/command

/rocad_teleop /moon/midLeftWheel_j/command /gazebo /moon/joint_states

/moon/midRightWheel_j/command

/moon/sonar_aft

/moon/foreLeftWheel_j/command

/moon/foreRightWheel_j/command

/moon/aft/command

Puc. 3. Cxema kananoB (ROS topic) mepemgaun naHHbIX B MoJeIHn poOOTa-
MaHUMYJIATOpa

Fig. 3. ROS topics scheme for data transfer in manipulating robot model

Jns ynpaBineHHss pOOOTOM HCIIONIB3YIOTCS CIEAYIOUINE KaHAIbl COOOIICHHN:
yIpaBJeHHe CKOPOCTSIMH BpalieHus: konec /moon/[*1][*2]Wheel j/command, rae
[*1] — oT0 3amHSsI, CpEmHSS W TIEPETHSAS YacTh MOJIENH, a [*2] — neBas uiu mpa-
Basi CTOpOHA poOoTa.
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Jlns ynpaBlieHHs 3aJHUMH M TIEPSTHUMU THAPOIMIHHIPAMH UCIONB3YIOTCS
KaHanel /moon/aft/command u /moon/fore/command cooTtBercTBeHHO. Kanan
/moon/LefttoRight/command oTBeuaer 3a criubanue podoTa B IEHTPAILHON YaCTH.

YroObl monyyaTh HHOOPMAIIHIO O CTOSTHUH POOOTa, HEOOXOIUMO IO ITHCATh-
cs Ha KaHas /moon/joint state. IH(popManuio oT 3aIHETO U MEePeaHETO MaThbHOME-
POB MOYHO TOJIYYUTh IO KaHasaM /moon/sonar_aft u /moon/sonar_fore coorsetcrt-
BEHHO.

4. CHEHAPUM B3AUMOJENCTBUS POGOTOB

Jlns omeHKu MpeayioxXeHHOTO MOaX0Aa W MMHUTAIMOHHON Moaeny ObLT mpe-
JIOXKEH CIICHApUi (hOPMHUPOBAHUS YEITOBEKO-MAIIUHHBIX T€TEPOTCHHTHIX KOAIUIUI
JUTS 3a/1a4¥l TIPEOJIONICHUS] TPENSATCTBHI pOOOTOM-MaHUITYIATOPOM TTOBBIIICHHON
MPOXOAUMOCTH. JIaHHBIH KOJECHBI pPOOOT CIOCOOEH MPEeoI0NIeBaTh CIIOKHBIC
MPETISITCTBUS, BEICOTA KOTOPBIX OOJIBIIE, UeM paguycC ero Kojeca, 3a CYeT moabeMa
nepeHel U 3aHel yacTel u mMpuBOJIOB Ha Bce IiecTh kKonec. [Ipu aTom ynpasie-
HUE JAAHHBIM POOOTOM YEIIOBEKOM-OIEPATOPOM SIBIISIETCSI CIOXKHBIM IPOIECCOM,
MOCKOJIBKY TpEAIoiaraeT OJHOBPEMEHHOE YIIPaBIe€HUE MOIBUKHOCTHIO OOJIBIIOTO
YHClIa HJIEMEHTOB.

B paccmatpuBaeMoM CIieHapu¥ TPEUIOKEHO IMHAMUYECKH (HOpPMHUPOBATH
YEJIOBEKO-MAaIIHHHAYIO KOAJTHUIIHIO IS COBMECTHOM PadOTHI IO MPEOAOICHUIO TIpe-
MATCTBYS B 3aBUCUMOCTH OT KOHTEKCTa. B Takyro Koanuiuio OyJaeT 00sS3aTeNIbHO
BXOJUTHh POOOT-MaHHITYJISTOP, POOOT-KBAJAPOKOITEP WIH POOOT-CKAyT B 3aBUCH-
MOCTH OT TPEMSATCTBHS, C KOTOPBIM CTOJKHYJICS POOOT-MaHHUITYJIATOP, U MECTHO-
CTH, HA KOTOPOW OHHM HAXOMATCS, U OMIIMOHAILHO uenoBeK-onepaTop. [logpobHas
cxema MpeJUIoKEHHOTO CIIEHApUs MIpeIcTaBleHa Ha puc. 4.
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Fig. 4. Scenario for human-machine coalition formation
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BzanMonieiicTBre y9aCTHUKOB CIICHAPHS OCYIIECTBIISIETCS Ha 0ase miatdopMebl
Smart-M3 [31]. Jlannas miardopma SBISETCS CBOOOIHO PacpOCTPaHIEMBIM IPO-
rPaMMHBIM OO0€CIIEUeHHEM JUIS pealiu3alliyd KOHIICTIUY HHTEIICKTYalbHBIX MPO-
ctpadcTB. OCHOBHOH wWjeell 3TOM KOHIENIMHU SBISIETCS BO3MOXHOCTH ITyOJHKa-
WY / TIOANMHACKY MH(OpMAIMy ¥ 3HAHWH YYaCTHUKOB KOAIHIIMH C MCIIOJIb30BAaHIEM
CEeMaHTUYECKHX WHPOpMaIMOHHBIX OpokepoB nocpenctsoM RDF-ontonoruii. [Tpu-
MEpOM TaKoi UH(OPMAITH MOXKET CITyKUTh cieaytomuii RDF-rpuruier:

<“robot”, “task”, “goTolLocation”>.

B nanHOM ciydae cyOBeKT “robot” ONMMCHIBAET KOHKPETHOTO po0OTa, KOTO-
PphIii TOJDKEH MPOCeIoBaTh B KOHKpETHYI0 Touky (“‘goTolocation) Ha muiockocTH
JIUIA BBIIIOIHEHM 3aauu task”.

TO XK€ BPEMS O0BEKT i SIBJISIETCS 'LEKTOM JUIS CIEAYIOIIE-

B 10 xe Bpems o0bekT “goTolocation” eTcsl CYOBEKTO clIeIyIoNIe
rO TPUIUIETA!

<“goTolocation”, “coordinates”, “40; 200">.

Y4acTHUKH, MOAKITIOUEHHBIE K atdgopMe Smart-M3, HUMEOT BO3MOXKHOCTD
noanuceiBathest Ha RDF-Tpumnetsl, koTopbie MyOIUKYIOTCS IPYTUMH yYacTHUKA-
M{ B WH(QOPMAIMOHHOM TMPOCTPAHCTBE, W MONYYaTh YBEAOMIICHHUS O TOSIBICHUHU
TakoW WHOOPMAITHIH.

[Mpumep cumynsmu pa3pabOTaHHBIX MOJENEH POOOTOB Ml 3aaddl Koau-
LIMOHHOH PabOThI MOOMIIBHEIX POOOTOB MPH MPEOI0JICHUH TIPEIIATCTBUIN PUBEICH
Ha puc. 5. PoOOT-MaHUNYJIATOP MOBBIMICHHONH MPOXOAMMOCTH TEPEIBUTAETCS Ha
IUIOCKOCTH W CTAJIKMBAeTCs C TPEMATCTBHEM. 3anadell poOoTa-KBaIpoOKONTepa M
poboTa-ckayTa sIBISETCSI CKAHMPOBAHUE MPEISATCTBUS TAKUM 00pa3oM, 4TOOBI po-
00Ty-MaHUTIYJIATOPY OBLIO MOHATHO, KAKUM 00pa30M ero MpeoioieTh Ui KOHCTa-
TUPOBaTh (PAKT HEBO3MOXKHOCTH MPEOJIOJICHUSI MPEMATCTBUS B aBTOMATHYECKOM
peXHUMe U HEOOXOIMMOCTH PUOETHYTH K MOMOIIIH YeJIOBEKa-0IepaTopa.

Puc. 5. llpumep cumyisiiuu pa3paboTaHHBIX MOJIeNeil poOOTOB [UIs 331241
KOQIMIIMOHHOM paboThl MOOMIIBHBIX POOOTOB MPH NPEOAOJICHUH MTPESTCTBUNA

Fig. 5. Example of the developed models simulation for the obstacle
overcoming task
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3AKIIOYEHHUE

B crarpe mpemioskeH moaxonl K KOATHIHOHHON paboTe MOOMIBHBIX POOOTOB
U JMoJei B coloknOepdusnueckux cucreMax. [loaxon 0asupyeTcs Ha OCHOBE
OHTOJIOTHYECKOTO MOJICTUPOBAHUSI BO3MOXXHOCTEH W OTpaHUYEHHH MOOWILHBIX
po6otoB. Ilogxon ObUT anrpoOUPOBAH MPHU peaTu3alliy CIICHAPUS B3aUMOICUCTBUS
pOOOTOB | UYesloBeKa-onepaTopa Ajsl 3aa4y MPEOA0JICHHUS MPEMATCTBHNA POOOTOM-
MaHHUITYJISTOPOM TMOBBIIICHHON MPOXOAUMOCTH, KOTOPBI paboTaeT COBMECTHO ¢
POOOTOM-KBaJPOKONITEPOM MITH pOOOTOM-CKayTOM. POOOT-MaHUITYIATOP CIIOCOOCH
NPE0J0JIeBATh CIOXKHbIE MPEMSTCTBHS, BBICOTAa KOTOPBIX OOJBILE, YEM PaanyC €ro
KoJieca, 3a cYeT MoabeMa MepeHeil U 3aaHell yacTel U MPUBOJOB HA BCE IIECTh
konec. [Tpu aTOM ynpasiieHre JaHHBIM pOOOTOM YETIOBEKOM-OTIEPATOPOM SIBJISETCS
CJIO’KHBIM TIPOIIECCOM, IOCKOJIBKY TIPEAINoaracT OJHOBPEMEHHOE YIIPaBICHHE T10-
JIBIDKHOCTBEO O0JbIIOro uncina sneMeHToB. CrieHapuil ObLI ampoOUpoBaH B cpefe
MoxaenupoBaaus Gazebo. [y »Toi 1ienm OblIa pa3paboTaHa UMMHUTAITMOHHAS MO-
Jenp poboTa-MaHMIynATopa. Mozenu poboTa-KBaJpoKoINTepa W podoTa-ckayTa
OBLIH B3STHI CTAHAPTHBIC.
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Abstract

In recent years mobile robots have become an important part of human life. A wide-
spread use of vacuum cleaners, lawnmowers, window cleaning robots and other similar devices
allows us to automate everyday human tasks. Revolutionary progress in the field of robotics al-
lowed us to create powerful resource-efficient devices that are focused on solving tasks getting
more complicated every year. At the same time, problems often arise for whose solution it is ef-
fective to use several devices that are combined in a coalition among themselves, as well as
with people. For such systems, the term socio-cyber-physical systems was proposed, which
closely integrate physical devices with people and support their interaction in the information
space. The paper presents an ontology-oriented approach to the joint work of mobile robots in a
socio-cyber-physical system. As an example of such interaction, the scenario of overcoming
obstacles by a high-pass mobile robot interacting with a quadcopter to assess this obstacle and a
human operator who takes control of the robot if it is impossible to overcome the obstacle in an
automatic mode was considered. To test the approach, simulation models of robots were devel-
oped in the Gazebo simulation environment, which allowed us to test the efficiency of the pro-
posed approach.

Keywords: socio-cyber-physical system, mobile robots, ontology, Gazebo, obstacle
overcoming scenario
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IIpoGiema oneHMBAaHUS IUIOTHOCTH BEPOSITHOCTH PAacHpeieiIeHus] BOSHUKAaeT BO MHOTHX 00-
JACTAX CTATHCTHYECKOTO aHadn3a AaHHBIX. CymecTBYIOT pa3lNYHbIe MMOJXO/IBI K €€ PEHICHUI0, HO
B IIOCJIEJHEE BpEMs CTAHOBATCS IOIYJSPHBIMH METOJbl, OCHOBAaHHBIC HAa BEUBJIECT-OLCHUBAHHUHU.
CyTb METOJIOB COCTOUT B Pa3JIOKEHUU HEU3BECTHON (QYHKIMU B A IO HEKOTOPOMY KOHEYHOMY
Habopy OPTOHOPMHUPOBAHHBIX 0a3MCHBIX (YHKIMHA. B kauecTBe Takoro Habopa HCHOIB3YyeTCs CH-

creMa (YHKUHUii, OnpeleNeHHas Ha OTpe3Ke [0, 1], KOTOPBbIH HE BCErja COBIAnaeT ¢ 001acThio

3HAYEHUH Cily4yailHOW BeIuW4MHbI. [109TOMY AJi BbIYMCIIEHUS BEHBIIET-OLIEHKH IJIOTHOCTH pacipe-
JIeNICHNs] CIIyYaliHON BEJIMYHMHEL, 3aJaHHOI Ha IIPOM3BOJIBHON 00JacTH, TpeOyeTcs! BBIIOJIHUTE IIe-
pexoa K cucreMe (QyHKIHMHA, OnpeeIeHHON Ha TOM e OTpe3Ke, YTO 3HAYCHUS CIy4yaiHOH Benudu-
HBl. B paMkax ganHOH paboTsl OyAyT paccCMOTPEHBI BEHBIET-OICHKH IUIOTHOCTH paclpeeleHUs]
Clly4aiiHOM BeJMYMHBI C IIOMOLIbIO BelBIeTOB Xaapa u «MekcukaHcKas HuIina». BelnoaHeHo uc-
ClIeZIOBaHNE BIMSHHS HAa KaUYECTBO BEHBIIET-OI[CHOK TAKHX ITapaMeTPOB, KaK 00beM BBIOOPKH, dHC-
710 K09 GUIHEHTOB pa3iokKeHUsI PyHKIMU B sl B BBIPAXKECHUH ISl BEHBJIET-OLCHKH IUIOTHOCTH.
B xozme paboThl yCTaHOBIEHO, YTO Ka4eCTBO BEIBIIET-OLIEHKH CYIIECTBEHHO 3aBHCUT OT MapaMeTpa
CrIIa)KMBAaHUS U CYIIECTBYET €€ HaWlydlllee 3HAUYCHUE, KOTOPOE, B CBOIO OYepellb, MEHAETCSA OT
BBIOOpPa MAaTEPHHCKOTO BelBieTa. ABTOpaMH MPEIJIOKEH HOBBIM BapHAaHT OLEHKH MapaMeTpa
criaaxxuBaHus. [l KOIMYECTBEHHOH OIEHKN CTENEeHH OIM30CTH (QyHKIUH IIIOTHOCTH paclpejerne-
HUS U e¢ BeiBIeT-OLCHKH OblLIa MPOBEEHA NPOBEPKA COTIACHSA N0 KPUTEPHIO §° U ChOPMYIHPO-
BaHBI BBIBOJBI O TOM, Kakoi 0a30BBIi BeHBIIET oOecreunBaeT HanboIee KaueCTBEHHOE BOCCTAHOB-
neHne GyHKINHU IIIOTHOCTH.

KiroueBblie ciioBa: BeiBrIeT-OLCHKA, BeiiBIeT-aHAIM3, BelBIeT Xaapa, BeilBieT «MeKCHKaH-
CKasl IUIANA», QYHKIHS TUIOTHOCTH, OICHKA (PYHKIIMU IIOTHOCTH, KPUTCPHIA Xz’ rnapameTp Crilau-
BaHMS, BBIYUCIUTEIbHBIN IKCTIEPUMEHT

: Cmamvs nonyuena 03 cenmsops 2019 .
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BBEJIEHUE

Pemenne mpakTHUeCKUX 3a4ad, CBS3aHHBIX CO CTATHCTHUYECKUM aHAITU30M
JAaHHBIX, KaK MPaBHUIIO, MIperoiaraeT Halnune WHGOpMAIK O BHIE pacIpeene-
HUS TIPU3HAKOB CTOXAaCTHYECKOW MPUPOABL. Tak, MpoBEIeHHE PETPEecCHOHHOTO
aHaJln3a C MCIOJIb30BaHUEM METO0J1a MaKCHMAIIBHOTO MPaBO0N01001s HEBO3MOKHO
0e3 3HaHMs 3aKOHA pacHpeAeiIeHus CIydailHOM omMOKU. AIPHOPHO Takas HHOP-
Marus ObIBaeT MOCTYMHON KpaiHe pelKo, HO €€ MOXKHO IONTyYaTh U3 UMEIOIIHXCS
CTaTUCTUYECKUX MaHHBIX [1, 2]. OmHON U3 XapaKTEPUCTUK, COACPKAIIMX MTOTHYIO
MHQOPMAMIO O pAaCHpEAe]ICHUU HCCIACAYEMBIX NPHU3HAKOB, SBISETCS (QYHKIHS
wioTHOCTH. OneHKa (PyHKIUHU MIIOTHOCTU TI0 CTATUCTHYECKUM JTaHHBIM B YCJIOBH-
SX MOJTHOTO OTCYTCTBHUS MH(OPMAIINU O BUAE pacHpeesieHUs] MOXKET OBITh IPOBE-
JIeHA C TIOMOIIBI0 HEMapaMeTPUIECKUX MeToA0B. Cpeau TakKuxX METOIOB HarOOJb-
Y0 U3BECTHOCTH MONyUmIIa siaepHast oneHka PosenOnarra—Ilapsena [3], koTtopas
WCTIOJH30BANIACH aBTOPAMH TIPH ITOCTPOCHUH PETPECCHOHHBIX 3aBHCHMOCTEH [4].
OpHako ee KayecTBO CHJIBHO 3aBUCHT OT 3HAYEHHUS MapaMeTpa CrVIaXHBaHMS, He-
ONTUMAJIBHBIN BBEIOOP KOTOPOTO MOXKET MPUBOJUTH K PE3KUM (DIYKTyarusMm rpa-
(huka BoccTaHaBmMBaeMON (HYYHKIUH IUIOTHOCTH, YTO OCOOEHHO KPUTHYHO HA Ma-
JBIX BBIOOPKaX. ITO OOCTOATEIHCTBO 3aCTaBIISAET UCCIeAoBaTelielt OBITh OCTOPOXK-
HBIMH [IPH UCTIOJIb30BAHUY SIIEPHBIX OLICHOK.

B Hacrosmieli pabote wcciienyercs qpyroi moIxo/1, KOTOPBIHA TakkKe CIIEyeT OT-
HeCTH K HenmapaMeTprdeckuM. OH OCHOBaH Ha MMPUMEHEHUH TEOPHH BEHBIIETOB, KOTO-
past akTUBHO pa3BHBaeTCs B MOCIEHEE BPEMs M IMIMPOKO MCHONB3YETCs IS ammpoK-
CHMaluH pa3nuyuHbIxX QyHKImi. Llens paboThl COCTOHUT B BHISIBIICHUH TAKOTO 0A30BOTO
BeliBIIeTa, KOTOPHINA OBl 0OeCIIeunBal HAMTyJIlee Ka9eCTBO BOCCTAHOBIICHUS (DYyHKITHH
IUIOTHOCTH B Pa3IMYHBIX YCIOBUSIX, BKIIIOYAsi Majble 00eMBI BEIOOPOK, M B TIOCTPOE-
HHUU YHUBEPCAJIBHOTO AJITOPUTMA OLIEHKU (DYHKIIMH TUIOTHOCTH.

1. IOCTAHOBKA 3AJIAYM

[Iycts {x j‘ i :l,n} MPEJICTABIISIET COOON BHIOOPKY HE3aBHCHMBIX 3HAYCHHUU

cyuaiiHOM BenuumHBI &, 3aJaHHBIX HA NPOU3BOIBLHOM OTpeske [c,d], Tme

c=minx;
. 3aKkoH, a Takxke (QyHKIUS IUIOTHOCTH pactpeneienus f(f) ciydaii-
d =max x ;

HOM BEIIMYUHEI g SIBIIIFOTCA HEU3BCCTHBIMH. Tpe6yeTcsl MOCTPOUTH BCﬁBHCT-OL{CHKy

[, (#) mnotHOCTH pacnpenencHus f(f) ¢ HCIONB30BaHUEM BBIOOPOUHBIX JAHHBIX.

2. BEMBJIET-OIIEHKHW BEPOSITHOCTHBIX INIOTHOCTEM

CornacHo [5—7] BeliBner-oneHka GyHKIMU IUIOTHOCTH f,(f) ciy4aiiHOW Be-
JIMYUHBI BBIPAKACTCS PA3I0KEHHEM B PSAI MO0 HEKOTOPHIM OPTOHOPMHPOBAHHBIM
0asucHBIM QyHKIMSIM ; (1)

. N
Fn®)=26v,@), (D

i=1
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rae N — 4ucio 4wieHoB psaja (napamerp CriIaXUBaHus); ¢; — OLUEHKH Kod(hduIm-

€HTOB PA3NIOKEHUS 10 TAaHHOMY 0a3nCy, KOTOPBIE OMPEAEISIOTCS IO NMEIOIUMCS
CTATUCTUYECKUM JTAHHBIM

. 1
&==2wix;). (2)
nJ:1

C yuerom (2) BeliBieT-0eHKY (DYHKIMU MIOTHOCTH MOXKHO 3aIlMCaTh B CJe-
JYIOLIEM BUIE

]}n(t)leWN(tﬂxj)a 3)
j=1

n ._

N
rie Wy (t,x;) =2 w; (0w, (x;) .
i=l

B kadectBe OpTOHOPMHpPOBaHHOM cucteMbl \;(¢), cormacHo [2], paccMoTpum

Ha6op oproHopMupoBanHbiX Ha [0,1] GasucHBIX QyHKIMIA:
vi(=2"2y@ 1 (j -1, “

rne k20, 1<5< 2k TaKue, 410 i = 2k 4 j» W(t) — marepuHCKHi BeHBIET WK
BelBieT-(hyHKIMA. Bripaxkenue (4) cnpaBemmBo anst i >1, B cayyae i =1 ¢dyHK-
mast yy(t)=1 mns Beex t€[0,1] m y(¥)=0 B mporuBHOM cmyuae. [Ipumepsr
BelBIIeT-(OyHKINK TTpUBEACHBI B Ta0I. 1 [8—12].

Tabnuya 1
Table 1
BeiiBier-gyHkuuu

Wavelet functions

BeiiBner-¢yHkius AHanuthdeckas 3amnch
WAVE-geiiBner 2
(rayccoB NepBOro mopsijika) y (1) =—te
«MeKCUKaHCKast IIANay N
(rayccoB BTOPOTO MOPS/Ka) y(@)=(1-1")e

d" -2/2
I'ayccoB n-ro nopsnka () =(-1)" _n(e )
dt
42 1 2
DOG-BeiiBner y(t)=e'? -5e £°/8
1, 1€[0,0.5)
Beiiener Xaapa y()=4-1, te[0.5,1),
0, t«(0,1],
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OTMmeTuM, YTO PacCMOTpPEHHAs BBIIIC OPTOHOPMUpPOBAHHAsI cucTeMa (hyHK-
umit ;(¢) 3ananma ma orpeske [0,1], koTopeiii MOKET He coBmamartk ¢ (axTuue-
CKOit 00acTeio 3HaueHuit & . [oaToMy 171 BHIYHMCIICHUS /}n (¢) Tpebyetcst nepeii-
TH K OPTOHOPMHPOBaHHOW cucteMe GYHKImM \;(f), OMpeIeNceHHON Ha TOM Ke
orpeske [c,d], uro u 3HayeHus ciyyaiiHoM BeaMdMHbL. UTOOBI BBIIOIHUTE TAKOM
Mepexo, BOCIOJIb3yeMcsl COOTHOIeHueM [13, 14]

Vi () =My (Aot +23), ®)
rae Ap, Ay, A3 €R. CornacHo ONIpEeAeNCHHI0, OPTOHOPMHMPOBAHHAs CHCTEMa
GbyHkuui \J;(¢) D0WKHA yIOBIETBOPSTH IBYM yCIOBHSM:

d
(30, (0) = [¥;(O0F ()t =0 s peex i# j ;

19 (O] = V(¥ (0), 7, (0)) =

Vi (O, (0)dt =1.

QO —

W3 31ux ycnoBwuii v ¢ yueToM (5) MOCTPONM CHCTEMY YpaBHEHHI IS HAXO0XK-
neHust KOdQGUIHMEHTOB Ay, Ay, A3:

7\,20 + 7\,3 = 0,
7\,2d+7\,3 =1, (6)

NENEY

Pemas cuctemy (6), momygaem

° 7\‘3 = ° (7)

[oncrasmusst (7) B (5), monydaem npeoOpazoBaHue Oa3vCHBIX (QYHKOUH MpH
Mepexo/ie OT OAHON CHCTEMBI (DYHKITUH K IPYTOM:

o1 t—c
Wi(t)_\/ﬁ\yi(d_cj' (8)

Hrorosasi BeHBIIET-OLIEHKA (DYHKIUHU ITIOTHOCTH f,,(f) Cily4allHOH BEIMYNHEI
Ha TIPOM3BOJILHOM OTpe3Ke [c,d| Beipakaetcs pasnoxenuem (3), rae BMecTo 6a-

3UCHBIX QyHKIHMH Y, (f) ucnomb3yercs cucrema GyHkuui \; (7).

Janee B pabote OymeT 6osee MoapoOHO pacCMOTPEHA M MCCIIEAOBaHa OICH-
Ka (3), mocTpoeHHas Ha OCHOBE MaTEPUHCKUX BEHUBIICTOB Xaapa M «MeKCHKaHCKas
HJIsAIIa) .
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3. OLIEHKA IIOTHOCTH PACIIPEJEJEHUS C IOMOIIBIO
BEWBJIETA XAAPA

PaccmoTrpum oproronanbHbii BeliBieT Xaapa [15—19], onpenensiemslit cooT-
HOIIIEHHEeM W3 Tabi. 1, A1 KOTOPOTO OPTOHOPMHUPOBaHHAS cuUcTeMa GYyHKIHH (4)

na orpeske [0,1](cucrema Xaapa) npunumaer Bus
2k/2, te[z_k(j—l), 276D -1),
v =122 re[ 27D 2j-1, 27 ), 9
0, te(27F(-, 2—"]'],

rae i, k, j Takue ke, Kak B (4).
[Tepexox oT cuctems! GyHKIwit (9) K OPTOHOPMUPOBAHHOH cucteme ;(¢) Ha

Ipou3BoJILHOM oTpeske ¢, d| ¢ yuerom (8) naer pesynbrar
K2 e [2"‘ G-1d-c)+e, 27F D@ —1)(d-c)+ c),

\Th-(f)=ﬁ k12, te[Z_(kH)(Zj—l)(d—c)—kc, 2_kj(d—c)+c), (10)

0, te(2_k(j—l)(d—c)+c, 2_kj(d—c)+c],

rae i, k, j Takue xe, Kak B (4).
B pesynbrare BeiiieT-oneHka (yHKIMU INIOTHOCTH f, (f) ciydaliHOH BeiH-

YKHBI Ha TIPOU3BOJILHOM OTpe3Ke [C,d | ¢ MCIoNb30BaHneM MaTEPUHCKOTO BEiiBIIe-

Ta Xaapa BbIpakaeTcs pasiiokeHHeM (3) MO OPTOHOPMHPOBAHHBIM Oa3MCHBIM
¢ynkuusam (10).

4. OHEHKA IINIOTHOCTHU PACIIPEJEJIEHUA C IOMOUIIBIO
BEHMBJIETA «<MEKCUKAHCKAS HILJISIIA»

Marepunckuit BeiiBiaeT «Mekcukanckas nuisina» [18-20] ompenensiercst co-
oTHoIIeHHeM w3 Tabu. 1. B 3ToM cimydae opToHOpMHpOBaHHasi cuctema (pyHK-

umit (4) na orpeske [0,1] npunumaer Bun

yi(0) =225 (1—(2"t—(j—1>>2)e‘<2k" Gy (11

. . 1
roe i, k, j Takue ke, KaKk B (4). MHOXHTEND Zz =—

2
orpe/ieNieHrss OpTOHOPMUPOBAHHOM cucTeMbl GyHKIui [ 18].
[Tepexox ot cuctemsl dyHkimit (11) K OpTOHOPMHUPOBaHHOM cucTeme Y, (f)

HaxoauTCs U3 YCJ'IOBI/Iﬁ

Ha MPOM3BONBHOM HHTepBane[c,d | ¢ yaerom (8) maeT pesymbrar

2
2K221-1%)e ™2, (12)

- 1
\Vi(t)z—(ﬁ
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k
2
rae Tt =d—(t—c)—(j—1) , a3Ha4YeHMA [, k, jTakue ke, Kak B (4).

B pesyubrare BeiiBieT-oneHka (yHKIMU INIOTHOCTH f, (f) ciydaiiHOH BeH-
YMHBI Ha TPOU3BOJIBHOM OTpe3Ke [C,d | ¢ MCIONb30BaHEM MaTEPUHCKOTO BeiiBIe-

Ta «MeKCHKaHCKas NIy BRIPAXKACTCS pa3ioxeHueM (3) mo opToHOPMHUPOBAH-
HBIM 0a3ucHBIM QyHKIMM (12).

5. ACCJEJIOBAHME BEMUBJIET-OLEHKH IVIOTHOCTH
PACIIPEAEJIEHUSA

Jyis cpaBHEHUS KauecTBa BOCCTAHOBJICHUSI (DYHKIIUU IJIOTHOCTH C UCIIOJIB30-
BaHUEM BeiiBieToB Xaapa U «MeKCUKaHCKas MUIANay OB MPOBENEH PSI BBIUKC-
JUTETBHBIX DKCIIEPUMEHTOB. VcciieoBaHns MTPOBOAMIINCH MPH PAa3HBIX YCIOBUAX
(hopMUpOBaHUs BRIOOPKU U Pa3IMUHBIX 3HAUCHUAX MTapaMeTpa Crila)KUBaHUS.

[Ipexne Bcero uccienyeM KauyecTBO BOCCTAHOBIIEHUS (DYHKIIMH ILUIOTHOCTH
CTaHJIApPTHOTO HOPMAJBLHOTO paCIpe/IeTICHUS fn(t) OT KOJUYEeCTBa 4leHOB N
psana (3). Ans sroro cmonenupyeM BBIOOpPKY obbema n=1000, cocrosmiyro u3
HE3aBUCHMBIX 3HAYEHUH CIIydalHON BEIMYMHBI &, paclpeneseHHOl Mo Hop-
ManbHOMy 3akony ¢ mapamerpamu (0,1). Tloctpoum myis naHHON BBHIGOPKH TIpH
KaXJIoM 3HaueHnn N , HauuHas ¢ 5 u 70 50, BEUBIET-OIEHKU (PYHKIIUU TIOTHO-
ctu (3) c moMorbo BeliBieTa Xaapa, a 3aTeM BeliBiieta « MeKCUKaHCKas IS,
Pesynbrarsl BocctanoBinenus f(¢) nus N =35, N=16, N =50 npeacraBieHsl Ha
puc. 1 u 2 cOOTBEeTCTBEHHO. BMecTe ¢ MOIyYeHHBIMH OIlEHKAMHU Ha PUCYHKaX
MpecTaBiieH rpauK UCTUHHOM TUIOTHOCTH paclpeielieHnus CTaHIapTHOro HOp-
MasbHOro 3akoHa f (7).

0,5

0,4

03 - f(@)

0,2 ‘X/

0,1 N

0_ |||||||||||||||IM
S T I O R =TT S T W NI S N W

o o S o°o + & m
0,1

Fi(), == N=5, - N=16,— N=50

Puc. 1. BeiiBner-oueHka (GyHKIHUHU ITIOTHOCTH pacipeAeieH s Ha
OCHOBE MaTepHHCKOro BelBieTa Xaapa

Fig. 1. The wavelet estimate of the distribution density function
based on the Haar mother wavelet
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Puc. 2. BeliBneT-o1ieHKa TUIOTHOCTH pacIipeiejeHusl Ha OCHOBE
MaTEpUHCKOTO BeiBiieTa « MEeKCUKaHCKas IIUTSIIaY

Fig. 2. The wavelet estimate of the distribution density based
on the Mexican Hat mother wavelet

[Ipexme Bcero 0OTMETUM, UTO BUJ OLCHKH f’” (¢) cymIecTBEHHO 3aBHCHUT OT BbI-
O6opa MaTepuHCKOrO BeiiBrera. Tak OlEHKA, MOCTPOCHHAsI C MOMOIIBIO BeWBIETa
Xaapa, UMeeT CTyIeHYAThIi xapakrep (cM. puc. 1). A oIeHKa, MOCTPOSHHAS C TI0-
MOIIIBIO BeliBieTa « MeKCHKaHCKas IIUTSIay, TUIIeHA STOro HeJocTaTka (CM. puc. 2).

Kpome TOro, u3 pucCyHKOB BHIIHO, YTO 3HAYCHHE Mapamerpa CriaauBaHus N
TaKKe BIMACT HA BEUUMHY OTKIOHCHHUS BEHBIICT-OLICHKH OT IJIOTHOCTH pacrpesere-
HUSL 3aKOHA, [0 KOTOPOMY MOJICIUPOBAIaCh UCXOAHAs BbIOOpKa. [Ipu manom 3Have-

HUM N HMMeeT MeCTO CYIMIECTBEHHOE OTKIOHEHUE OIICHKH fn (t) oT UCTHHHOM TIOT-
HocTH. [Ipu goctaTrouHo 0obIIOM N OIEHKU (DYHKIMU TJIOTHOCTH UMEIOT JOTIOJTHH-
TEITLHBIC 3KCTPEMYMBI, KOTOPBIC YXYIIIAIOT e¢ KauecTBO. KOoMMuecTBO Takux 3KCTpe-
MYMOB 3aBHCHT OT BHJIa BEHBIIETa, KOTOPBIA MCIONB3YETCS TIPH TIOCTPOSCHUH OICHKH
(cM. puc. 1 u 2). B pesynbrare oreHka J}n (¢) nmaer noxxHOE TpeICTABICHHE O TOBE/IC-
HUM UCTHHHOM (QyHKImK pactpeneienus f (). Pe3ynsrarsl MCCIENOBAHNS O3BOJIH-
JIM CNIeNaTh BBIBOJI, YTO HAMJIyYIllee 3HAUYCHHUE MapaMeTpa CriIaKHBaHU JUIs BelBIIeTa
Xaapa—a3to N =16, a mia BeiiBnera «MeKkcukaHcKas nunina» —31o N =8 .

Taroke ObLITM TIPOBEJICHBI UCCIICIOBAHUS 3aBUCUMOCTH Ka4eCcTBa MOTydaeMon
OLIEHKH OT BEJHYUHBI MapameTpa CrIaXKuBaHus N ¢ MEHBIITUMH O00bEMaMU BbI-
oopku n =50, n=100, n =500 . [TomyuyeHHbIC pe3yJIbTaThl KAYECTBEHHO COBIAJIH C
NpUBEACHHBIME BhIle. OTMETHUM, YTO HamWIydilee 3HaueHWe N MEHSAETCS MpH
WU3MCHEHUM BHJIa MATEPUHCKOTO BeHBIETa. AHATIM3 TUTEPATYPhI MOKA3aJ, YTO 3TOT
(hakT MOXKHO y4YecTh IpH olleHke mapamerpa N . Jljs 3TOro joomnpeneinuM HaOoOp
OpPTOHOPMHpPOBaHHBIX OasucHbiX OGyHkmmit (4) mis (N+1)<i<2N. Cornac-
HO [21], olieHKa mapaMeTpa COCTOUT B CICAYIOIIEM:

N pip =argmint,,, (13)
I<N<n

2N 12 2
e T, = 2 | =2 v (%)

J=N+I\" =1
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Pe3ynbTaThl OIEHKH TapamMeTpa CrIIaXKUBaHUsSI C UCTIOJIb30BAHUEM COOTHOIIIE-
uus (13) npuBeneHs! B Ta0. 2.

Tabnuya 2
Table 2
OneHka mapaMeTpa CIriIasKUBaHUSA
A smoothing parameter estimate
Xaap «MeKcHKaHCKas LIS
n
N N Npi N
100 0,00245 0,044
500 0,00045 16 0,004 8
1000 0 0,002

Haunyumee 3Hauenue N , yCTaHOBJICHHOE B pe3yjbTaTe MOACIUPOBAHUS, HE
COBIIAJIACT C MPEATOIaracMbIM 3HAYCHHUEM, BBIUUCICHHBIM 110 hopmyiie (13). IIpo-
BOJIS YHCJICHHBIE SKCIEPUMEHTHI, YAalOoCh YCTAaHOBHTH, YTO HaWJIydlllee 3Hade-
HUe N IOIKHO OBITH HE MEHBIIIE 3HAYCHUS BEIUMCIEHHOTO CIIeIyIOMIMM 00pa3oM:

2N (1T 2
Npin =argmin| 1000 > | >y () | |, (14)
1<N<25 Jj=N+1 i=1

rae I' — KOIMYEeCTBO MHTEPBAIOB pa30MeHHs BHIOOPKH; TOUKa f; — CepeanHa i-ro

HWHTCPBAJja. PeBy.]'[BTaTBI OLICHKU IapaMeTpa Crila)kKuBaHHs C UCIOJb30BAHUCM CO-

otHouieHus (14) mpuBeneHs! B Ta0I. 3.
Tabauya 3

Table 3

OneHka napamerpa crjiakKuBaHUS ¢ Y4eTOM KOJIMYeCTBAa HHTEPBAJIOB
pa30ueHus BbIOOPKH

A smoothing parameter estimate into account the number of sampling

intervals
«Mexkcukanckas nuigmna», N =8
n
N T Nopi T
100 7,863 7,635
500 7,863 34 8,62 11
1000 7,863 8,654

Jis BeviBnera «Mekcukanckas nuisanay npu I'=34 u T =11 nmomywaem
Nipin =8 . 3Hauenus Ny, COBNAJAIOT C HAWIYYIINM 3HayeHHeM N , HOJIy4eH-
HBIM TIPH MOJICTIPOBAHHH.

Jlanee HaliicHHbIC HAWITYYIIIUE 3HAYCHUS TTapaMeTpa N ObUTH HCIOIb30BaAHBI
JUTSL UCCIICZIOBAHUS 3aBUCMMOCTH KaueCTBa OLICHKH (DYHKI[UM TIOTHOCTH j}n (#) or
obbeMa BBIOOPKH 7. J[Js1 5TOro OBUTH CMOJICIIMPOBAHBI BHIOOPKU HE3aBHCHUMBIX
3HAYEHWH CITyYalHOM BeIWYHHBI &, pacrpeielieHHOM 0 HOPMAILHOMY 3aKOHY C

napamerpamu (0,1), o6bemom 7 =100, n =500, n=1000. s Kaxmaoi u3 HUX
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OBLTa TOCTPOEHA BEWBIIET-OIIEHKA (PYHKIMHU TUIOTHOCTH (3) ¢ TIOMOIIBI0 MaTepHH-
cKoro BelBieTa «MeKcukaHCKas musina». Pe3ynbrarsl mpeAcTaBieHbl Ha puc. 3.
BwMmecte ¢ rpadgukaMu OLIEHOK Ha PUCYHKE TpejAcTaBlieH rpaduKk UCTHHHOW TUIOT-
HOCTH PacIpeelieH st CTaHIapTHOTO HOPMalbHOro 3akoHa f (7).

J(@)
0,4 /

Folt), - n=100, — n =500, -~ n=1000

Puc. 3. BeiiBner-o1ieHKa IDIOTHOCTH pacIpeelieHHs Ha OCHOBE
MaTepUHCKOTO BeiiBiieTa «MeKCHUKaHCKas LUISAIaY

Fig. 3. The wavelet estimate of the distribution density based
on the Mexican Hat mother wavelet

[MomydeHHbIe pe3yabTaThl O3BOJSIOT CAEIATH BBIBOJ, YTO 00BEM HCXOHOU
BEIOOPKH Majio BIMSIET HAa KA4eCTBO BEUBIIET-OIICHKH M BEITHMYWHY OTKJIOHEHHS OT
UCTUHHOW (PYHKIMH IUIOTHOCTH paclpeiesieHns, YTO ToKa3aHo Ha puc. 3. I1omo06-
HO€ HCCIICIOBaHUE OBLJIO MPOBEACHO JUIS OICHKH (YHKIMH IIoTHOCTH (3), mo-
CTPOCHHOM C y4eToM BeliBiieta Xaapa, ¥ yCTaHOBJICHO, 4TO OLeHKa f, () obmana-

€T TaKUM e KaueCTBOM.

AHaJOTHYHBIM 00pPa30M MPOBOAUIOCH HCCIIECIOBAHUE BHIOOPOK, CMOACIHPO-
BaHHBIX [0 JIPYTUM 3aKOHaM pacmpeferncHus. B uacTHocTH, paccMaTpuBaics dKC-
MOHCHIMATBbHBIA 3aKOH C TapaMeTpoM A =2 W ramma-pacnpenencuue. [lomydeH-
HBIE PE3YJIbTAaThl KAYECTBEHHO COBIIAIH C TIPUBEICHHBIMH BHIIIIE.

JUist KOJIMYECTBEHHOM OLICHKH cTeneHu oiusoctu f,(t) u f(t) Obuta mpose-
JIeHa TIpOBEpKa COTJIaCUsl M0 KPUTEPHUIO XZ [22-25]. PaccMmaTpuBamuch ciaemyro-
1Y€ TUIOTE3bI:

runoresa Hy: f,(1)= f(1),

runioreza Hy: f,(1)# f(1).

st umerormxcs Beroopok oosemoM 7 =100, 7 =500, n=1000, cocrosiux
13 MHOYKECTBA HE3ABUCHMBIX 3HAUECHUI CIIy4aifHON BENMUMHBI &, pacIpeneeHHON
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o0 HoOpMaibHOMY 3akoHy ¢ mapamerpamu (0,1), mocTpoum BeWBIET-OLEHKH

(hyHKIMH TIOTHOCTH (3) ¢ MCIOJE30BaHKMEM BeiiBiIeTOB Xaapa U «MeKCHKaHCKas
IAIIa» 1mpu HaﬁILCHHLIX BBIIIIC HAMITYYHINX 3HAYCHHUAX IMapaMeTpa N . Beruncium

3HA4YCHHUA CTAaTUCTUKHU XgMH :

A 2
A VAGED)
y —El )

, (15)

rae I — KOJIMYECTBO MHTEPBAJIOB Pa30MEHHUs BBIOOPKH, IMONYUCHHOE 0 (hopMyJie
Crepmxeca [23]; Todka #; — cepeluHa i-T'0 HHTEpBAa.

KpuTtnueckue 3HaUeHUS] KpUTEPUSI Xip IIupcona npu ducie cTeneHeir cBo0o-
ael v=T-1 mng1 a<0,05 u a<0,01 u pe3yabTaTsl pacyera coriacus npuBeIe-
HbI B Ta01. 4 [23], 3 KOTOPOH BHIHO, YTO 3HAYEHUS BEITHYHHBI ngH HOIIAJIA B
30HY HE3HAUMMOCTH, IPUYEM OHU HAaMHOI'O MEHbIIE Xﬁp i 5 %-ro ypoBHs 3Ha-

ynmoctu. CienoBareibHo, runote3a /() He oTBepraercs. BeiiBier-onenka f,(t)

¥ TeopeTHYecKas GyHKIMs II0THOCTU [ (f) O4YeHb OJIM3KH.

Tabauya 4
Table 4
3HaYeHHe CTATHCTUKH xz

The chi-square statistic value

X2 2 2
n T » X«SMH X3MH
. <0,05 @ <0,01 (Xaap) («MekcukaHcKast IUISIIa»)
100 8 14,067 18,475 3,192 12,243
500 10 16,919 21,666 2,986 11,923
1000 11 18,307 23,209 2,592 11,746

[IpoBepka coriacusi Mo KpUTEPUIO x2 BeImonHsIack s 1000 BEIOOpok 00b-
emom 7n=100, n=500, n=1000. Bo Bcex ciy4asx pe3yJbTaT COBMIAJ C HpHUBE-

JCHHBIM B Tabm. 4. Tak xe IMPOBCPAJIIOCH COIJIaCUC IJIsd CJ'Iy‘lafIHI:IX BCJIMYUH, pac-
MNPEACJICHHBIX IO S3KCIIOHCHIHUAJIBHOMY 3aKOHY C MapaMETpOM A =2 ™ 1o ramma-

pacnpezeyneHu0. 3HaAYCHUS BEIIMIMHBI Xgmn BCErJIa OKa3bIBAIUCh MEHBIIIC KPUTH-
YECKOW BEJIUYMHBI IS 5 %-T0 ypOBHS 3HAYMMOCTH, YTO IMO3BOJIMIIO CACJATh BbI-
BOJI: BEHBIIET-OICHKA /}n (t) m Teopernyeckas (GpyHKIMs WIOTHOCTH f(f) OueHb
OJIM3KU.
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3AKIIOYEHHUE

B paGote ObUIH pacCMOTPEHBI OLIEHKH (PYHKIUHU TUIOTHOCTH PACIpeIeICHUs
CIy4yallHOM BEIMYMHBI Ha OCHOBE BEHBIETOB Xaapa U «MeKCHKaHCKas LUISAIay.
YcraHOBICHO, 9TO 00HEM MCXOAHON BRIOOPKH Majo BIMSACT HA KaUeCTBO BEHBIICT-
OIICHKH, a BOT BBIOOpP MaTEPUHCKOTO BEiiBJIeTa, HA0OOPOT, OYeHb BakeH. OT BBIOO-
pa MaTepUHCKOTO BEUBIIETA 3aBUCUT 3HAYCHHUE MapaMeTpa CriaXXUBaHuUs, KOTOPHIH,
B CBOIO O4Yepellb, CYIIECTBEHHO BJIMSIET Ha KA4eCTBO ONEHKH (DYHKIIHH TUIOTHOCTH
pacnpeneneHus ciiy4yalHOM BEJIMYMHBI. B X07€ BBIYMCIUTENBHBIX SKCIIEPUMEHTOB
yIaJIoCh yCTaHOBUTh, YTO HAWIydlllee 3HaueHHe mapamerpa N i BeilBiera
Xaapa paBHO 16, a 114 BeiiBiera «MeKkcukaHCKas IUIANa» — paBHO 8. OTH 3Hade-
HUS HE COBMAJAIOT CO 3HAYCHMSIMH, HAWJACHHBIMUA C MOMOIIBI CYLIECTBYIOIIHUX
METOJIOB OIlcHMBaHUs. B paboTe mpeioxkeH HOBbIN CIIOCO0 OIICHUBAHUS, KOTOPBIH
MO3BOJISICT MOJyYaTh 3HAYCHHUS MMapaMmeTpa, OJU3KHE K TEM, YTO MOJYUYEHBI B pe-
3yJIbTaTe dKCHEPUMEHTOB. [loKa3aH psan NperuMylIeCTB KaXkKAOH U3 MOCTPOCHHBIX

OIICHOK. Brimoanena IMMOBCPKa COoTJIaCus 10 KpUTCPUIO XZ KOJIMYCCTBCHHOM OLICH-

ki crenenn 6imsoctu f, () u f(f), B pe3ynbrare 4ero Oblia MOATBEpIKICHA d(-
(heKTHBHOCTH PACCMOTPEHHBIX BAPUAHTOB OIICHUBAHUSI.
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Abstract

The problem of estimating the probability density of distribution arises in many statistical
data analysis. There are different approaches to solving it, but recently methods based on wave-
let assessment have become popular. The essence of the methods is to decompose an unknown
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function into a series over some finite set of orthonormal basis functions. A system of functions
defined on the [0, 1] line which does not always coincide with the range of values of a random

quantity is used as such a set. Therefore, in order to calculate a wavelet estimate of the distribu-
tion density of a random quantity given in an arbitrary region, it is necessary to perform a tran-
sition to a system of functions defined on the same segment as the random quantity values.
Within the framework of this work, the wavelet estimates of the distribution density of a ran-
dom value will be considered with the help of the Haar and Mexican Hat wavelets. The study
of the effect on the quality of wavelet estimates of such parameters as the sample size, the
number of coefficients of expansion of a function in a series in the expression for wavelet den-
sity estimation was performed. In the course of the work, it has been found that the quality of
the wavelet estimation depends significantly on the smoothing parameter and that its best value
exists, which in turn depends on the choice of the mother wavelet. The authors propose a new
version of smoothing parameter estimation. In order to quantify the degree of proximity of the
distribution density function and its wavelets estimation, agreement on the chi-square criterion
was tested and conclusions were made as to which basic wavelet provides the highest quality
recovery of the density function.

Keywords: wavelet estimate, wavelet-analysis, Haar wavelet, Mexican Hat wavelet,
function of density, estimation of density wavelet function, chi-square criterion, smoothing pa-
rameter, computing experiment

REFERENCES

1. Timofeev V.S., Khailenko E.A. Adaptivnoe otsenivanie parametrov regressionnykh modelei
s ispol'zovaniem obobshchennogo lyambda-raspredeleniya [Adaptive estimation of regression models
parameters using generalized lambda-distribution]. Doklady Akademii nauk vysshei shkoly Rossiiskoi
Federatsii — Proceedings of the Russian higher school Academy of sciences, 2010, no. 2 (15), pp. 25-36.

2. Timofeev V.S., Khailenko E.A. Robastnye otsenki momentov pri identifikatsii lyambda-
raspredeleniya v ramkakh adaptivnogo otsenivaniya [Robust estimates of moments in the identifica-
tion of generalized lambda-distribution within the adaptive regression model estimation]. Doklady
Akademii nauk vysshei shkoly Rossiiskoi Federatsii — Proceedings of the Russian higher school
Academy of sciences, 2017, no. 4 (37), pp. 101-111.

3. Fan J., Gijbels 1. Local polynomial modelling and its application. London, CRC Press, 1996.
360 p.

4. Timofeev V.S. Yadernye otsenki plotnosti pri identifikatsii uravnenii regressii [The Kernel
estimation of density function in the regression identification problem]. Nauchnyi vestnik Novosibir-
skogo gosudarstvennogo tekhnicheskogo universiteta — Science bulletin of the Novosibirsk state tech-
nical university, 2010, no. 3 (40), pp. 41-50.

5. Daubechies 1. Desyat' lektsii po veivletam [Ten lectures on weevletam]. Izhevsk, Regular and
Chaotic Dynamics Publ., 2001. 464 p. (In Russian).

6. Daubechies I., Guskov 1., Schro"der P., Sweldens W. Wavelets on irregular point sets. Philo-
sophical Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences,
1999, vol. 357, pp. 2397-2413.

7. Silverman B. Density estimation for statistics and data analysis. London, Chapman and Hall,
1986. 176 p.

8. Smolentsev N.K. Vvedenie v teoriyu veivletov [Introduction to the theory of weevlets]. Mos-
cow, Izhevsk, Regular and chaotic dynamics Publ., 2010. 282 p.

9. Zakharova T.V., Shestakov O.V. Teoriya veivletov i ee primenenie v obrabotke signalov
[The theory of weevlets and its application in signal processing]. Moscow, MasterPrint Publ., 2018.
178 p.

10. Vityazev V.V. Veivlet-analiz vremennykh ryadov [Wevlet-analysis of time series].
St. Petersburg, St. Petersburg University Publ., 2001. 58 p.

11. Malashkevich [.A. Veiviet-analiz signalov: ot teorii k praktike [Weivlet-analysis of signals:
from theory to practice]. Yoshkar-Ola, Volga state technological university Publ., 2016. 276 p.

12. Blatter C. Veivlet-analiz. Osnovy teorii [Wavlet analysis. Foundations of theory]. Moscow,
Tekhnosfera Publ., 2004. 273 p. (In Russian).



84 B.C. THUMO®EEB, E.B. UICAEBA

13. Shestakov O.V. Veroyatnostno-statisticheskie metody analiza i obrabotki signalov na os-
nove veivlet-algoritmov [Probabilistic-statistical methods of analysis and processing of signals on the
basis of weevet-algorithm]. Moscow, Argamak-Media Publ., 2016. 200 p.

14. Frasier M. An introduction to wavelets through linear algebra. New York, Springer, 1999
(Russ. ed.: Freizer M. Vvedenie v veivlety v svete lineinoi algebry. Moscow, Binom Publ., 2007.
487 p.).

15. Lepik U. Numerical solution of evolution equations by the Haar wavelet method. Applied
Mathematics and Computation, 2007, vol. 185 (1), pp. 695-704.

16. Lepik U., Hein H. Haar wavelets: with applications. Cham: Springer, 2014. 207 p.

17. Stankovic R., Falkowski B. The Haar wavelet transform: its status and achievements. Com-
puters and Electrical Engineering, 2003, vol. 29 (1), pp. 25-44.

18. Nagornov O.V., Nikitaev V.G., Prostokishin V.M., Tyuflin S.A., Pronichev A.N., Bukha-
rova T.I., Chistov K.S., Kashafutdinov R.Z., Khorkin V.A. Veivlet-analiz v primerakh [Weevlet anal-
ysis in examples]. Moscow, National Research Nuclear University MEPhI Publ., 2010. 120 p.

19. Mallat S. 4 wavelet tour of signal processing. New York, NY, Academic Press, 1999.
851 p.

20. Chernov A.V. O primenenii kvadratichnykh eksponent dlya diskretizatsii zadach opti-
mal'nogo upravleniya [On the application of Gaussian functions for discretization of optimal control
problems]. Vestnik Udmurtskogo universiteta. Matematika Mekhanika. Komp'yuternye nauki — The
Bulletin of Udmurt University. Mathematics. Mechanics. Computer Science, 2017, vol. 27, iss. 4,
pp. 558-575.

21. Antonov A.V. Sistemnyi analiz [System analysis]. Moscow, Vysshaya shkola Publ., 2004.
454 p.

22. Gevorkyan P.S., Potemkin A.V., Eisymont .M. Teoriya veroyatnostei i matematicheskaya
statistika [Probability theory and mathematical statistics]. Moscow, Fizmatlit Publ., 2016. 176 c.

23. Gmurman V.E. Teoriya veroyatnostei i matematicheskaya statistika [Probability theory and
mathematical statistics]. Lubertsy, Yurait Publ., 2016. 479 p.

24. Ivchenko G.I., Medvedev Yu.l. Matematicheskaya statistika [Mathematical statistics].
Moscow, Librokom Publ., 2019. 352 p.

25. Maksimov Yu.D. Matematicheskaya statistika [Mathematical statistics]. Moscow, Prospekt
Publ., 2016. 104 p.

JIIs UTHpOBaHUS:

Tumogpees B.C., Hcaesa E.B. O6 oneHUBaHNN (DYHKIMH IUIOTHOCTH pacHpeseNieHus CIydaii-
HOW BEJMYMHEI C UCIONb30BaHHEeM BeliBieroB // Hayunsrit BectHuk HI'TY. — 2019. — Ne 4 (77). —
C. 71-84. - DOI: 10.17212/1814-1196-2019-4-71-84.

For citation:

Timofeev V.S., Isaeva E.V. Ob otsenivanii funktsii plotnosti raspredeleniya sluchainoi veli-
chiny s ispol'zovaniem veivletov [On the estimation of the distribution density function of a random
variable using wavelets]. Nauchnyi vestnik Novosibirskogo gosudarstvennogo tekhnicheskogo univer-
siteta — Science bulletin of the Novosibirsk state technical university, 2019, no. 4 (77), pp. 71-84.
DOI: 10.17212/1814-1196-2019-4-71-84.

ISSN 1814-1196, http://journals.nstu.ru/vestnik
Science Bulletin of the NSTU
Vol. 77, No 4, 2019, pp. 71-84



ISSN 1814-1196 http://journals.nstu.ru/vestnik

Hayynwui secmuux HI'TY Science Bulletin of the NSTU
mom 77, Ne 4, 2019, c. 85-98 Vol. 77, No. 4, 2019, pp. 85-98
VNHOOPMATHKA, INFORMATICS,
BHUNVCIIMTEJIBHAA TEXHUKA COMPPUTER ENGINEERING
n YIIPABJIEHVE AND MANAGEMENT

VIIK 519.254 DOI: 10.17212/1814-1196-2019-4-85-98

ABTOMATHYECKHUI MOA00P ONepPeKAIINX
HHAUKATOPOB VISl IPOTHO3UPOBAHUSA

*
COCTOSIHMSI PETMOHAJILHOTO0 PbIHKA TPy/JAa

A.JO. TUHUMO®EEBA

630073, P®, 2. Hosocubupck, np. Kapra Mapxkca, 20, Hosocubupckuii cocyoapcmeen-
HbLIL MeXHUYeCKUll yHueepcument

a.timofeeva@corp.nstu.ru

ITpu mocTpoeHHH MPOTHO3HBIX MOJENICH Ha OCHOBE OINEPEKAIOMINX HHIMKATOPOB BO3HHKAET
npobnema oTOopa Hambosee MHPOPMATHUBHBIX MEPEMEHHBIX M3 MHOXKECTBAa BCEX MOTEHIMAIBHBIX
MIPEAUKTOPOB. DTa MpoOiIeMa MOXKET OBITh pellieHa BCTPOCHHBIMU METOIAMH, TAKUMH KaK PEerpeccHs
LASSO, wnn Meromamu (GUIbTpAlUK, HAPUMEpP, C MOMOIIBIO MOAXO/AA HAa OCHOBE KOPPEISLHN.
B pabGote craBurcs 3aga4ya cpaBHeHHs 3(Q(HEKTUBHOCTH STHX METOJOB C aIbTEePHATHBHBIMHU IIOIX01a-
MH K aHaJau3y BpeMeHHbIX psnoB (Momenb ARIMA, Xonbra—YuHTepca, 3KCIIOHEHIMAIBHOTO Cria-
JKHUBaHUs). JJIst 9TOro MPEeUIOKEH aNropUTM MOCTPOCHHUS POTHO3HBIX MOJENeH, BKIIIOYAIOIHil aB-
TOMaTHYECKUIl OA00p ONepexaroluX MHANKATOPOB. {11 MPOBENEHUS] SMITUPHYECKOTO HCCIIe0Ba-
HHA 13 OQHUIMATBHBIX CTATUCTUYECKUX TaHHBIX OTOOPAHbI OKA3aTEeNH, TIPUTOAHBIE ISl IIPOTHO3UPO-
BAHHUS COCTOSTHUSI PErHOHAIBHOTO PhIHKA TpyAa. OHHM ONMUCHIBAIOT TaKHe MHIMKATOPHI, KaK JICHEeKHAs
Macca, CTpYKTypa OajlaHca KPEeAUTHBIX OpraHM3aliid U MHIEKC HeH. [Ipon3BoauIoch NCeBIOBHEBbI-
0OpoYHOE MMPOTHO3MPOBAHHUE Psifia MMOKa3aTeNel, XapakTepU3YIOINX CUTYAINI0 Ha PETUCTPHPYEMOM
puiHKe Tpyaa HoBocubupckoit o6mactu 3a nepuon ¢ 2015 mo 2018 r. Mcnons3oBanucek npsmMble MHO-
TOIIaroBhIe MPOTHO3BI Ha 6 MecseB Brepes. Oka3zanock, 4TO yCToHUMBas MoauduKkanus percentile-
lasso He JaeT HUKAaKuX NMPEUMYLIECTB C TOUKU 3PEHUs CPEIHUX aOCONIOTHBIX IPOTHO3HBIX OLIMOOK.
B GonpmmHCTBE ciTydaeB JydIIne pe3ysIbTaThl MOMYYeHBI ¢ moMolbio perpeccurt LASSO c Bei6opom
napaMeTpa peryJisipu3alyy Mo NpaBwily OJHOW CTaHIApTHOM OMIMOKU Ha ocHOBe 10-01o4yHOM Kpocc-
BaIUAALUK CO CIy4ailHbIM (popMHUpOBaHHEM OJIOKOB. 3a cYET aBTOMAaTHYECKOr0 IMOAOOpa omepexa-
IOMIUX UHIUKATOPOB YJAJI0Ch YMEHBIIHUTH OIIHOKY IIPOTHO3UPOBAHUS 0 CPABHEHUIO C AJIbTEPHATHB-
HBIMH MeTOJaMH. TeM caMbIM NPEJIOKCHHBIH JITOPUTM NPU3HAH HNPHUIOJHBIM K HCIIOJIB30BAHHIO
JUISL IPOTHO3UPOBAHUSI COCTOSTHHS PETHOHAIBHOTO PEIHKA TPY/Ia.

KioueBrblie ciioBa: ot60p npeaukropos, perpeccus LASSO, percentile-lasso, or6op npusHa-
KOB Ha OCHOBE KOpPPEJISILHUii, OTepexaroniine HHINKaTOPhl, PRIHOK TPpyAa, Mporno3uposanne, ARIMA,
Mojenb XoiabTa—YuHTepea, anroputm STL
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BBEJAEHUE U IIOCTAHOBKA 3AJIAYN

[Ipy mocTpoeHNH NMPOTHO3HBIX MOJENCH Ha OCHOBE ONEPEKAIOIINX HHINKA-
TOPOB KOJIMYECTBO INOTEHLUAIBHBIX NMPEIUKTOPOB, KaK MpaBuio, Beauko. C yue-
TOM BO3MOJKHOTO YHCJIa JIaroB MEPEMEHHBIX 3TO MOPOXKAAET 3a/1ady BBICOKOW paz-
MepHoctu [1].

Jns CHIDKEHHMS DPa3MEpHOCTH 3ajadd HMPUMEHSIOTCS [Ba IPUHIHUINAIBHO
pasHbIxX noaxoja. IlepBrlil mpenmonaraer BeIACICHHE IPU3HAKOB HA OCHOBE METO-
Jla TJIaBHBIX KOMIOHEHT [1]. DTO mo3BoJIAE€T OCTaBUTh B KAa4e€CTBE BXOJHBIX JaH-
HBIX TOJBKO HEOOJBIIOE KOJIMYECTBO OPTOrOHAIBHBIX HEepeMEHHBIX. OnHako
KPOCC-KOPPEJSILIUA PErPECCOPOB B OONBLIMX HA0OPax JaHHBIX MOXKET NPUBECTH K
HETOYHBIM MPOTHO3aM, M, CJIEI0BaTENbHO, MEHBIINH HA0Op cKopee Bcero oodecre-
YUBAeT MEHBINYIO CPENHIOI OMMOKY mporHo3a. Tak, B pabote [2] oOHapyKeHO,
YTO BKJIIOYEHHE OOJIBIIEro YMCila MPEIUKTOPOB AJISl OLEHKU IJIaBHBIX KOMIIOHEHT
JIeJIaeT UX MEHee IOJIE3HBIMH Ul MPOTHO3UPOBAHUS. TeM caMbIM HU3BIEUEHHE
MIPU3HAKOB I MOCTPOEHUS MPOTHO3HBIX MOJETEH HAa OCHOBE ONEPEKAIOIUX HH-
JUKATOPOB HEXENATENBHO.

Bropoii moaxop 3akmovaercst B oT0ope Hanbonee HHOOPMATUBHBIX MPEIHK-
TopoB. Yare Bcero oréop MpeIuKTOPOB OCYIIECTBISETCS COBMECTHO C MOCTpOE-
HHEM NPOTHO3HBIX MOJAEJIEH C NMPHBJICUYCHHEM BCTPOCHHBIX METOMAOB, TaKUX Kak
perpeccuss LASSO [3]. 3a cduer perymisapu3aiii HEKOTOpbIe KOd(DPUIMEHTH pe-
rpeccud OOHYJAIOTCA. TeM caMbIM IOJIydaeTcsl pa3pexeHHOe pelleHHe, BKIYa-
I0LlEee TONBKO CylllecTBeHHbIE Mpu3Haku. LASSO ycnemHo npuMeHsieTcs Jiisl Tak-
THUYECKOTO IPOTHO3MPOBAHMS MPOAAXK C HCIOIb30BAHUEM MAaKPOIKOHOMUYECKUX
orepexaronux HWHANKATopoB [4]. IIpu mporHO3MpOBaHUM MaKPOIKOHOMHYECKHUX
nokazareneii LASSO Opu1o couTeHO MONE3HBIM AJSl BBIOOpA pEeleBaHTHBIX IIpe-
IukTopoB [5]. B uccnegoBanuu [6] ¢ MOMOILBIO MHOTOCTYNIEHYATOM perpeccuu
LASSO pemraercs mpoGiemMa CBEpXBBICOKOHW Pa3MEPHOCTH TPOCTPAHCTBA MapKe-
TUHTOBBIX TIEPEMEHHBIX, BIAMSIOMNX HA MPOAaKH PO3ZHUYHOTO Mara3riHa Ha ypOBHE
€JMHUIl TOBApHOH HOMeHKIaTypbsl. Monens LASSO cranoButcs Bce Goree mpu-
BJICKATEILHOM B CBETE MPOOJIEM C OOIBIIMMHE JTaHHBIMH [3].

OpHako pe3yibTaThl 0TOOpPaA ONEpeKaroNNX WHANKATOPOB Ha OCHOBE BCTPO-
€HHBIX METOJOB CHUJIBHO 3aBHCST OT THIA IPOTHO3HOW Mozenu. B oTnuune ot 3T0-
ro MeTonbl GuIbTparmuu JarT Ooee oOmuili pe3ynbpTar, CBOOOAHBI OT MOJEITh-
HBIX TpeanoiokeHui. OMHUM U3 TAaKUX MHOTOMEPHBIX METO/OB SBISETCS MOIX0]
Ha ocHoBe koppemsauii (CFS) [7]. On obecrieunBaeT KOMIIPOMHUCC MEXIY pelie-
BAaHTHOCTBIO NTPU3HAKOB C TOYKHU 3PEHUS UX BIUSHUS HA OTKIMK M X W30BITOYHO-
CTBIO B CMBICJIC B3aMMHOH KOPPEISIUH. DTOT MOAXOJ HPEATIOKEH Ul PEeIICHUS
3a7a4y Kiaccupukanuu. Ero mpuMeHHMOCTh K O0TOOPY MPHU3HAKOB B YCIOBUSIX HX
CHJIHOM KOPPEJISLUH, B YaCTHOCTU NPHU MOAOOPE ONEPEkarolINX HHINKATOPOB,
mmokasana B padore [8].

31ech cTaBUTCS 3a7ada cpaBHEHHSA 3(P(PEKTUBHOCTH BCTPOEHHBIX METOJIOB
(perpeccun LASSO) u metonoB Quubrparuu (0TOOp Ha OCHOBE KOpPpEISAIUit
CFS) mo cpaBHEHUIO ¢ albTEPHATUBHBIMU MOAXOJAMH K IIPOTHO3HPOBAHUIO CO-
CTOSIHUSI PETHOHAJIIBHOTO PBIHKA TpyAa. s 3TOro mpeanoxeH anroputM mocTpo-
€HHS MPOTHO3HBIX MOJEJIe Ha OCHOBE aBTOMATHYECKOTO 0TOOpa omepekaromux
MHAUKAaTOPOB.
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1. PETPECCHUSA LASSO

B ycnoBusix nepen30bITKa BXOJHBIX JaHHBIX OILIGHKU PErpeccuy, MOMyUeHHBIC
MeTtonoM HauMeHbnX kBazaparoB (MHK), wacTo okasbIBaloTCSI HECTaOMIBHBIMH.
Bo u3bexanue 3TOro UCNOJIB3yeTCsI METOJL PEryIApU3aLui, KOTOPbIM 3aKI04aeTCs
B HAJIOKEHUH JOMOJHUTEIbHBIX OTpaHUYCHUH Ha TIepeMeHHbIe IS IPeJoTBpaIle-
HUS U3JIMIIHEH CII0)KHOCTH Mojenu. CMBICIOM NpOLEaypHl ABISAETCA C)KaTHE BEK-
Topa K03()GUIMEHTOB perpeccur [3 Tpu ee MOATrOHKE TaK, YTOOBI B CPEAHEM ITH

K03()(pUIIMEHTH OKa3aUCh MO aOCOJIIOTHOM BEIMYMHE HECKOJBKO MEHbIIE, YeM
310 OBUTO OB IpH onTuMu3anuu Mo MHK.

LASSO MuHUMHU3UpYyET CyMMYy KBaJpaToB OIMIMOOK, HAKJIaJbIBasg OrpaHUYe-
HHE Ha CyMMY aOCONIOTHBIX 3Hau€HHWH mapaMeTpoB Mojenu. OueHKa omnpenenseT-
Csl peILICHHEM 3a/1a4i ONTHMHU3ALHH:

2
R n m
B=argmin| Y yi_ZBjxij +1B |, (1)
i=1 j=1
rae Y, Xj — i-e HabM01aeMoe 3HaueHne OTKIMKa j-ro dakropa; B=(Pi,..., B,,) —

BEKTOp IapaMeTpoB; 7 — 00beM BBIOOPKHU; m — uncio HaKTOpOB; A — mapameTp
peryJspu3aum, KOTOPbIii KOHTPOIUPYET BETHYUHY ITpada 3a CI0KHOCTD.

[Ipu 3TOM mocturaercs HEKOTOPBIH KOMIPOMHICC MEXAY OIIMOKON perpeccun
¥ Pa3MEPHOCTBIO MCIOJb3YEMOTO MPHU3HAKOBOTO MPOCTPAHCTBA, BHIPAKEHHOTO
CyMMoit abcomoTHbIX 3HaueHuii koadduumentos |B|. B xoxe mMuanmuzauuu (1)

HEKOTOpbIe KOA((OUIIMESHTHI COKpAMaTcs 10 Hyisl. TakuM 00pa3oM, HHTEPIPETH-
PYEeMOCTh MOJICTH yBEITHMYMBACTCS MIyTEM YJAJICHHUsI HEPEJICBaHTHBIX IMEPEMEHHBIX,
KOTOpBIE HE CBSA3aHBI C OTKIMKOM.

Pe3ynpraTel olleHHBaHNS YYBCTBHUTENBHEI K BHIOOpY Iapamerpa peryisapuza-
mun. s ero BbeIOOpa MIMPOKO HCIONB3YIOTCS JBa MOAXO0Ja. 3HAUEHHE, KOTOpoe
JaeT MUHUMAIBHYIO CPEIHIOI OIMMOKY MpHU MEpeKpecTHOH MpoBepke, 0003HaYa-
ercs uepe3 A =min. [IpaBuiio omHOTO cTaHIAPTHOTO OTKIOHEHHS (A = 1se) sBms-
eTcs aNbTepHAaTHBHBIM CHOCOOOM BBIOOpa 3HAUCHUS MapaMeTpa peryJisipH3aluu.
Wnes cocrout B TOM, 4TOOBI B3STh MpOCTeHIyro (Hanboyiee pa3pekeHHYI0) MO-
JIeNb, OINOKa KOTOPOW HaXOJUTCS B MIPEJeNax OJHOTO CTaHIAPTHOTO OTKIOHEHUS
OT MUHHMAaJIbHOM omunoku [3].

[Iponexypa nepekpecTHO# MPOBEpKH (Kpocc-BaNHUIAINH) TIPEATIONaraeT o0y-
YeHHE W TECTHPOBAHHUE MOJIEIH Ha Pa3HBIX Habopax MaHHBIX. DTO MO3BOJISIET OCia-
outs a3pdekt nepeodyueHus. [IockonbKy B cilydae ¢ BpeMEHHBIMU PsIIaMU MaKpo-
9KOHOMHMYECKHX IT0Ka3arenel, KOTOpble HOBOJIBHO KOPOTKHE, IMOJyuYeHHE IOTOJI-
HUTENBHBIX JaHHBIX 3aTPyIHUTEIHFHO WU HEBO3MOXXHO, TO MUMEIOIIUHCST 00BeM
JAHHBIX pa30HMBaeTCs HA YaCTU JJISl OLCHUWBAHMs W KOHTpOJs omuOku. B 3aBucu-
MOCTH OT TOTO, KaKUM 00pa3oM NPOUCXOAUT 3TO pa3OMeHHEe, MOKHO BBIICIUTDH
HECKOIILKO HanOoJiee pacrpoCTpaHEeHHBIX MPOLEeyp: Kpocc-Bamunarus mo K 0o-
KaM, BaJHIAIUs TOCIEeNOBAaTeNbHBIM CIyYaifHBIM COMIUIHPOBAHHUEM, MO3JIEMEHT-
Has kpocc-pamaanus (LOOCV).

KomOunanus LASSO u nmepekpecTHOH MPOBEPKU CO CIIy4ailHBIM pa30oneHneM
OKa3bIBACTCS HECTAOMIFHOW B TOM CMBICIIE, YTO IMOBTOPHOE NMPHUMEHEHHE Ipolle-
JypBI 9acTO aeT pa3HbIe pe3ynbTathl [9]. bonee Toro, yCTOWYUBOCTE peryisipru3a-
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I[UU 3aBUCHUT OT CBOMCTB HabOopa maHHBIX. [[03TOMy HE0OXOIUMO OBITH OCTOPOK-
HBIM ITpu uctoiib3oBarnu LASSO kak MeToja MOCTPOSHUS MTPOTHO3HON MOJICITH.

B pa6ote [10] moka3aHo, YTO MOJeib, BeIOpaHHas ¢ nmomornpio LASSO, mMo-
JKET OBITh YPE3BBIYAHO YYBCTBUTEIHHOW K BBHIOOPY OJIOKOB, MCTIOIB3YEMBIX IS
nepekpecTHOi mpoBepku. CleZICTBHEM STOW YyBCTBUTENBHOCTH SIBIISIETCS TO, UTO
pe3ynbTaThl aHAJIM3a MOTYT JIMIIUTHCS UHTEPIPETUPYEMOCTH. YTOOBI MPEoaoNeTh
TaKyI0 HeCTaOWIBHOCTHh 0TOOpa Mojenu ¢ momonisio LASSO, B [10] npeanaraercs
METOJl, HasbIBaeMblii percentile-lasso. Mopnenb, momydaemMas ¢ TOMOIIBIO
percentile-lasso, coorBeTrcTByeT LASSO perpeccun, olieHeHHOH ¢ UCIOIE30BAHM-
€M COOTBETCTBYIOIIETO IMEPICHTUIS BO3MOXKHBIX «ONTHMAJILHBIX» 3HAYCHHN Ta-
pamerpa perymspusanun. llokazaHo, uto percentile-lasso MoxkeT 3HAYHTETHHO
VIYYIIATh KaK CTaOMILHOCTH BHIOOpA MOJIEIH, TaK U OIMMHOKY BRIOOpa MOJENH TI0
cpaBHeHuio ¢ LASSO. BaxxHo 0TMeTHUTH, YTO IpU MPUMEHEHUH K PeajbHBIM JlaH-
HbeIM percentile-lasso, B otnmune ot LASSO, maet uHTEpHnpeTHpyeMbIe pe3yJibTa-
TBI, TO €CTh PE3yJIbTAaThl, KOTOPHIC SBIAIOTCS POOACTHRIMH K BBIOOPY OJIOKOB
HAOJIIOJICHUH )15 IEPEKPECTHOMN MPOBEPKHU.

2. OTBOP HA OCHOBE KOPPEJISAIIUI

Meron CFS (Correlation-based Feature Selection) mpemioxen B padore [7].
[Ipu3Haku BRIOMPAIOTCS TaK, YTOOBI 0OSCICUUTH HAUOONBIIYIO KOPPEISAIHIO C OT-
KIIUKOM W HauMCHBIIYIO B3aUMOCBSI3b MEXKIy CAMUMH MpHU3HAKaMH. TeM caMbIM
pelaercs ciaeayromas ONTUMH3AMOHHAS 331244

Z R;
<5k > max, )

i,jeSk-i# ]
rae R; — abcomoTHOe 3HaYeHHe KOd(Q(UIMEHTa KOPPEILUN MEKAY i-M NpU3Ha-

KOM U OTKJIHKOM; 7j; — aOCOIOTHOE 3HaYCHNE KOd(DULIMCHTA KOPPEIIALIHH MEXKY

i-M ¥ j-M IOpU3HAKOM; S — MOAMHOXXECTBO U3 k mnpusHakoB. IIpu anamuse Bpe-
MEHHBIX PSIOB SKOHOMHYECKHX TMOKa3aTeNeH yalle BCero Kak OTKIHK, TaK M Ipe-
JUKTOPBI U3MEPSIOTCS B KOJMUYECTBEHHBIX MIKajlaX, MO3TOMY IOIyCTUMO HCIIOJIb-
30BaHME 0OBIYHOTO KO3 duItneHTa Koppesaun [lupcona.

[IpencraBum 3amauy (2) Kak 3a7ady HEIMHEWHOTO ILETOYHCIEHHOTO Ipo-
TpaMMHPOBAHHUS:

< 2
ZRi X; +2Z Riijixj

i1 — i#] — max |, 3)
le'+2z 1iXiX j XY 5o e s Xpyy
i1 i#]

rae x; €{0,1}, i=1,.., m. Ecim x; =1, TO i-if IPU3HAK BXOAWT B ONTHMAIbHBI
Habop, unade x; =0. 3agaya (3) ABasercs ApoOHO-NOIMHOMHUAIBHON 3aqadyel Le-

JIOYUCIIEHHOT'O MpOorpaMMUpoBaHus. [louck rio0amsHOr0 ONTUMyMa MyTeM Iepe-
Oopa Bcex KoMOWHANMA MpuBOANT K NP-miomHOM 3agade. Ha mpakTuke MOTyqriIn
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pacIpocTpaHeHe NPOLEeAYPHl TOMAroBOro 0T00pa NepeMEHHBIX, KOTOPBIE MO3BO-
JSIFOT CHU3UTH KOJIMYECTBO BBIYMCIICHUH, HO HE 00ECIIeUNBAIOT JOCTHKEHUS ONTHU-
MaJbHOTO Habopa BXOJIHBIX NEPEMEHHBIX BBUAY «KaJIHBIX» cTpaTeruil. Takue aj-
TOPUTMBI CUUTAIOTCS 9BPUCTUYECKHUMH, ITOCKOIBKY HE SBJIAIOTCA FapaHTUPOBAHHO
TOYHBIMH HJIM ONTUMAJIBHBIMH, HO JOCTATOYHBI JJIS1 PEIIEHNS TIOCTaBJICHHON 3a/1a-
yy. Janee UCnoab3yeTcs: 3BPUCTHUECKHUM allTOPUTM NPSMOI0O ITOUCKA.

3. AJITOPUTM IMMOCTPOEHMS ITPOTHO3HBIX MOJEJIEN

OCoOeHHOCTBIO aHaJIM3a BPEMEHHBIX DPSIOB SIBIACTCS HPUCYTCTBHUE HECITY-
YalHBIX COCTABJLIOIMX (TPEHIa, Ce30HHOCTH, UMKIMYHOCTH). [Ipennaraercs BbI-
YHUCIIATh 3HAYEHHs IOKa3aTeliell B MPOLEHTaX K COOTBETCTBYIOIIEMY MECALY
npeapinymero roga. Takoe mpeoOpa3oBaHHE MO3BOJSIET cpa3y HCKIIOUUTH HENH-
HEHHBIN JDOJITOCPOUYHBIA TpeHN (IIpH €ro HAJIMYHH) U CE30HHOCTh, a Takke oOHa-
PYXXHUTh BO BPEMEHHOM DSy H3MCHEHUsI, BbI3BaHHBIE UKIMIECKUMHU KOJIeOaHMsI-
MU, CBS3aHHBIMH ¢ Kpu3ucoM. OHAKO MpPU 3TOM W3 UCXOJHBIX AAHHBIX TEPSETCS
LB TOJl, YTO MOXKET OBITh CYLIECTBEHHO NPH OTPAaHMYCHHOM Pa3Mepe BPEMEH-
HOTO psijia.

Takast mpobiemMa BO3HHUKIA C MOKa3aTeNIMH PETHOHANBHOTO PBIHKA Tpy[a.
U3-3a orpannyeHHOro 00beMa NCXOJHBIX JaHHBIX UX IIpeJBapUTeIbHas 00paboTKa
BKJIIOYa/la TOJBKO MCKIIOYEHHE CE30HHOM KOMIIOHEHTHI. [l 3Toro mpemiaraercs
UCIIOJIB30BATh OJWH M3 CIIOCOOOB pa3iesieHHss BPEMEHHOIO Psifia Ha KOMIOHEHTHI
TPEHAA, CE30HHOCTH U OCTaTKu — anroputM STL ¢ ucnons3oBanuem Loess [11].

IIpu ocymecTBIIeHMH IPOTHO3UPOBAHUS HA OCHOBE PErPECCHOHHBIX MOAEICH
OpeArnoiaraeTcs UCIOoIb30BaTh HE UTEPATHBHBIC, 4 MPSIMbIE MHOTOIIATOBBIC MPO-
THO3BL. /)11 MOCTPOEHHUSI TAKUX MPOTHO30B B MOJIENIN C paclpeesiCHHBIMU JIaraMu
BCE IMEepPEeMEHHBIE JIArUPYIOTCs HA /I TIEPHOJIOB JIJIsl MOJTyYeHUsI IPOTHO3a Ha /1 1ma-
TOB BIlepea. | OpH30HT MPOTHO3UPOBAHUSA /i (PUKCHUPOBAH. DTO IMO3BOJISIET UCIIONh-
30BaTh KOA(GQGHUIMEHTHl PErPeccHd HEMOCPEIACTBEHHO JUIS BBIYHCICHHS MPOTHO3a
0e3 urepamui.

Torzma anropuT™M HOCTPOEHUS IPOTHO3HONW MOJENN U BBIYUCICHUS TPOTHO30B
Ha OCHOBE ONEPEKAIOIIUX HHANKATOPOB MOYKHO MIPEACTABUTD B CIEAYIOIIEM BHUJIE.

Hlar 1. /lekoMno3uLys BpeMEHHOTO psJa MoKa3aTessl pernOHaIbHOTO PHIHKA
TpyAa y, ¢ nomoumbo anropurma STL:

V=V +5,

rae S; — ce30HHas KOMIIOHEHTA; J; — BPEMEHHOMU psJi 32 MCKIIFOYEHUEM CE30HHOM

KOMIIOHEHTHI (TPeH]I, CTIIaKeHHBIN ¢ TOMOIIbIo Loess, 1 ocTaTk).
Iar 2. [TocTpoeHne MPOrHO3HOM MOAETN Ha OCHOBE ONEpEeKAIOINX UHIUKA-
TOPOB:

- SN,
yt:a+Zka[_h+8: (4)
k=1

rac o, Bk — MapaMCTphbl, TOAJICIKAIINEC OLICHNBAHUIO, h — I‘JIYGPIH& 3ala3JibIBaHusAd;

k o . o o
xt(—zl — k- DKOHOMHYECKHHA IIOKas3aTejib, pacCMaTpuBaAC€MbId KaK OIICPEKAIOIITNN
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WH/IMKATOP, MPEACTABICHHBIN B MPOIIEHTAaX K COOTBETCTBYIOMIEMY MECSILy Tpeibl-
JIYIETO TOJa, B3ATHIN C JIaroM /i ; € — ciyd4aifHas omuoOKa.
Ilar 3. [TocTpoeHue npor{o3a Ha 4 MEPUOIOB BIEPE]:

- La W
ren =0+ 2 Brxr
k=1

rae O, B — ouenku napametpos; 7 — JIMHA BDEMEHHOTO psijia.

Ilar 4. JloGaBiieHHe OLEHKU CE30HHOCTH S; U IOJIYyYeHHE MTOTOBOIO IPO-
THO3a:

Vrin =Iren +5;-

Ha mare 2 HCIOJIB3YIOTCA OIMCAHHBIC BBIIIC METOJAbI aBTOMATHYECKOI'o OT-
0opa npenukropoB. [Ipu ucnonb3oBanuu perpeccun LASSO B Mogens (4) BKIHO-
YaroTCcsl BCE BO3MOXKHBIe HWHAUKaTophl. [lpm ucmomp3oBanmn meroma CFS wmo-
Iieb (4) CTPOUTCS TOJNBKO 10 OTOOPAHHOMY TIOJIMHOKECTBY TIPH3HAKOB.

JJis OlLleHKM KadecTBa MPOTHO30B, MOCTPOCHHBIX ¢ TIOMOIIBIO ONEPEIKAIOIIIX
WHIUKATOPOB, UMEET CMBICII CPABHHUTD 3TH PE3yJIbTATHI C ATFTEPHATUBHBIMH BapH-
aHTaMH MTPOTHO3MPOBAHMWS, OCHOBAaHHBIMHU TOJHKO Ha JHMHAMUKE CaMUX ITOKazare-
Jen PbIHKa Tpyaa. B xauecTBe AIBTCPHATUBHLBIX IMOAXOAO0B HJIA IMOJIYYCHHBLIX BpC-
MEHHBIX PSJIOB MTOKa3aTellel PErMOHATBLHOIO PhIHKA TPYy/ia ¢ UCKJIFOUEHHOW CE30H-
HOCTBIO cTpomiuchk Moaenn ARIMA, skcnonennmansHoro criaxuBanus (ES) u
XonpTa—Yunrepca [12].

[IpemnoxeHHBI aNrOpuTM peaM30BaH B CTAaTUCTHUECKOM cpeme RStu-
dio [13]. Anroputm STL peanmzoBan 4epe3 pyHKIuto stl B craHmapTHOM makeTe
stats. ;s aBToMatndeckoro moabdopa cTpykrypsl ARIMA-Mozenn HWCmoian30Ba-
nachk pyHkuus auto.arima{forecast}. OnTuManbHbIe 3HAUESHUS TAPAMETPOB MOJICITH
Xonbra—YUWHTEpCa Hal/IeHBl ITyTeM MHUHHMH3AIWW KBaJapara OMMOKW MpeacKasa-
HUS Ha OJUH IIIar Brepen ¢ moMormbio ¢yHkimu HoltWinters {stats}. C moMoripio
(ynkiuu forecast U3 OAHOMMEHHOI'O MaKeTa OCYIIECTBIUIOCH MPOTHO3UPOBAHUE
Ha & I1aroB BIepe] Kak 10 MOJEIH, oleHeHHOH mo Meromonoruu ARIMA, tak u
1o Moenu XoJibTa—YuHTepca. Jlanee 3Ta BO3MOXKXHOCTh MCIOJIB30BAJIACh IJI CO-
MOCTaBJICHUS PE3YJIbTATOB IPOTHO3UPOBAHHUSI C TIOMOIILI0 ONIEPEKAFOIINX UHIUKA-
TOPOB C aTbTEPHATUBHBIMHI METOIAMH.

4. PE3YJIbTATbBI DOMIIMPUYECKOI'O UCCJIEAOBAHUA

Craructryeckas HHGOPMALUS O CUTyallud Ha PETHCTPUPYEMOM PHIHKE TPy Aa
B3sTa C caiita denepanbHON CITy>KOBI IO TPyAy U 3aHstocTH [14]. BeiOpans! cire-
JYIOLIUE IPOTHO3UPYEMBbIE [IEPEMEHHBIE:

V] — YUCIEHHOCTb 0€3pabOoTHBIX IPaXJIaH (B THIC. YelL.);

Vo — 3asBlICHHAas paboToAaTEIIMU HOTPEOHOCTh B paOOTHUKAX;
V3 — YPOBEHb perucTpupyemoii 6e3paboTHIbL;

V4 — KO0(h(QUIUEHT HANPSHXKEHHOCTU HA PBIHKE TPY/a.
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N3 6a3w1 manaeix EMUCC [15] BEIOpaHbI TTOKa3aTeu, KOTOPHIE MOYKHO OTHE-
CTH K OTepeXarmuM nHAnKaropaM. OJHIM U3 KPUTEPUEB BbIOOpa OBIJIO HAIHINE
JAHHBIX C €XEeMECSYHOH NTUHAaMHUKOW. B pe3ynbTare BhIgENEHBI TPU OCHOBHBIX MH-
JIUKaTopa: JACHEeXKHash Macca, CTPYKTypa OallaHca KpeIWTHBIX OpraHW3allii M WH-
JIEKC TICH.

[TokazaTenn oOrmieHalMOHaIBHOTO MacmiTaba s WHAWKartopa «J/leHexxHas
Maccay:

— JICHEXXHBIN arperat M2;

— JIEHEXHBIN arperat M1;

— neHexHsbIl arperatr MO;

— MEePEeBO/IHBIC ICTIO3UTHI HACEICHMUS,;

— TIEPEBOIHBIC JICTIO3UTH He(DMHAHCOBBIX M (PMHAHCOBBIX (KpOME KPEIUTHBIX )
OpraHu3alnn.

[Tokazarenu oOmieHaMOHAIBHOTO MacmiTadba i uHAMKaTopa «CTpyKTypa
OayaHca KpeUTHBIX OPTaHU3aLUI»:

— YHCTHIE MHOCTPAaHHBIE aKTHUBBI;

— TpeOOBaHUs K HEPE3UCHTAM;

— 00s3aTeNbCTBA Mepe HEpe3uACHTaMU;

— TpeOOBaHUS K OpraHaM ToCyJapCTBEHHOTO YIIpaBJcHUSI CyObekToB PD u
OpraHaM MECTHOTO CaMOYIIPaBIICHUS;

— TpeOOBaHUS K APYTUM (PHHAHCOBBIM OPTaHU3AIUSIM;

— obOs3arenbeTBa nepex LleHTpanbHbIM OaHKOM;

— JIETIO3UTHI, BKIIIOYaeMBbI€ B IIMPOKYIO ICHEKHYIO Maccy;

— JIETIO3UTHI, HEe BKITIOYaeMbIE B ITUPOKYIO IEHEKHYIO Maccy.

[TokazaTenu peruoHaNbHOTO MacITaba s nHauKaTopa « MHaekc nen»:

— 0a30BBI HHAEKC MOTPEONUTENBCKUX 1IEH Ha TOBAPhI U YCIIYTH;

— MHJEKCHI 1IeH NMPUOOPETeHUs] MAallMH U 00OPYAOBaHHS WHBECTUIIMOHHOTO
Ha3HA4YeHUs (TI0 OTPacIIsiM).

[Ipu ucrnonb30BaHUM PETHOHATBHBIX MIOKa3aTellell B KauecTBE PerHoHa B3sTa
HoBocubupckas obnacte (HCO), mOCKOIBKY OCHOBHOM ILIENBIO BBICTYIANO TMPO-
THO3WPOBaHME MMOKa3aTenel peiaka Tpyaa HCO.

BceM mepeunciieHHBIM TOKa3aTessiM COOTBETCTBYET O OIHOMN MEPEeMEHHOMH,
KpOMe MHJIEKCOB LIeH NMPUOOpPETeHUs] MAIlMH U 000pyIOBaHUSI WHBECTULIMOHHOTO
HazHadeHus. JIoCTymHbI aHHbIe TI0 92 BUAaM SKOHOMHYECKOW NIeSTeTbHOCTH, B
ToM umciie o 16 paszgenam OKBO/I, 1 cymMmmapHBIH WHAEKC IO BCEM BUIAM Jesl-
TETBHOCTH.

Jns OUEHKH KayecTBa MOJEJEH, MOCTPOCHHBIX Pa3HBIMHA METOAaMH, OCY-
HIECTBIISUIOCH TICEBJOBHEBBIOOPOYHOE IMPOTHO3MpOBaHHUE. [IJisi 3TOr0 MCXOHBIH
BPEMEHHOM psif pa3iensuics Ha o0ydaroniiii Habop, M0 KOTOPOMY CTPOWIIUCH MO-
JIeNIA, ¥ TeCTOBBIN HA0Op, IS KOTOPOTO OCYMIECTBILIIOCH MTPOrHO3upoBanue. Mc-
XOIHBIM BpEeMEHHOW psii HacuuThiBan 78 mecsaues (c stHBaps 2012 1. mo UIOHbB
2018 1.).

Jiis Toro 94ro0bl CHU3UTH CIYYalHOCTH MONYyYEHHBIX PE3yJbTaToOB, IICEBIO-
BHEBHIOOPOYHOE MPOTHO3MPOBAHKE MMPOU3BOIMIOCH MHOTOKpATHO. C 3TOW LENbIO
oOyyaromuii Habop MOCTOSHHO pPacIIUpsICS HAa OJHY TOYKY JaHHBIX. [lepBoHa-
JabHBIA 00yuaronuii Habop BKIIIOYAN HaHHBIE 3a 37 MecsieB: ¢ saBaps 2012 1.
mo ssHBapb 2015 1. BrirounTenpHO. Chemyrommii Habop BKIIOYaAN yxe 38 Todek:
¢ saBaps 2012 r. mo ¢espans 2015 r. BritouutensHo. U Tak nanee BIUIOTH A0 Jie-
kabps 2017 r. Takum 0Opa3oM, MOTydnIIock Bcero 36 HaOOPOB.
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l'opu3oHT MpOrHO3MpPOBaHUS BBIOpAH paBHBIM IIecTH Mmecsuam, h=6. Cre-
JIOBaTeNbHO, U3 TECTOBOrO Habopa HCIIOIB30BaJIOCh OJHO HAOIIOAEHHE, COOTBET-
CTBYIOIIlEE IIECTH MecsaMm Brepen. s neporo Habopa 3to Obun mrons 2015 T,
a I mmociieHero Habopa — utoHb 2018 1. (mocmeaHss TOUka JaHHBIX ).

Jlanee mpejcTaBiieHbl Pe3yJbTAaThl TICEBJOBHEBBIOOPOYHOTO MPOTHO3WPOBA-
HUSI B BUJE CPEJHHMX a0COMIOTHBIX MPOrHO3HbIX omnOok (MAE) mis kaxnoro roga
¢ 2015102018 r.:

1
MAE ; =——> |97 .opr. — V7.0, j=2012,...,2018,
j ”(Tj)T~ YT +hT; = VTi+h J
J
rae );Tj +hjr; — TIPOTHO3 JUIA Tepnona T )i +h 1o Mojenu, MOCTPOSHHOH IO

JAHHBIM, JIOCTYMHBIM JO0 MOMeHTa [ |/ BKIIIOYHTEIIBHO, T5015 =37,...,42,

T; =43+12(j —2016),...,54+12(j - 2016), j=2016, 2017,  Try;g3 =67,...,72;
n(TJ) — YHCIIO MECSIIEB B j-M TOJY, IUISI KOTOPBIX CTPOMJICS MTPOTHO3.

Hcxonnpriit HA0Op MOTEHIIMABLHBIX OMEPEKAIONINX UHAUKATOPOB COCTOSIT U3
55 mepeMeHHBIX, TOCKOJIBKY MOCTe OYUCTKH JAHHBIX MHIIEKCHI IIeH MPHOOpETeHHS
MallMH ¥ 00OpyNOBaHHUS WHBECTHIIMOHHOTO Ha3HAY€HHUS OCTaJHCh TOJBKO IIO
40 BUIaM SKOHOMHUYECKOW JNesATeNIbHOCTA (B TOM uwmcie mo pazaenam OKBDJI)
¥ CyMMAapHBIF HHIEKC 110 BCEM BHJIAM JIE€ATEIbHOCTH.

Jia oTOopa cyIecTBEHHBIX MPEAUKTOPOB CHadaja MCIOIh30BaJlach perpec-
cust LASSO. Kak oTMeuanoch BbIllIe, pe3ybTaThl OLEHUBaHUS MojeH (4) myTem
pemreHus 3aa4du (1) 4yBCTBHTENBHBI K BHIOOpY mapamerpa perynspusanuu. [Ipo-
M3BEJICHO CPaBHEHHE JIBYX BapHaHTOB BRIOOpaA MapaMeTpa — Ha OCHOBE MHHAMYyMa
KpPOCC-BIMJIAIIMN U TI0 TPABWITy OJHOM cTaHmapTHoU ommOku. [Iporemypa nepe-
KPECTHOH TPOBEPKH pPEaNn30BHIBANIACH JIBYMS albTEPHATHBHBIMHU CIIOCOOAMH:
LOOCYV (mosnementrast) u 10-6y109Hast co ciydaitHeIM (pOpMHUpPOBaHHEM OJIOKOB.
CrnenoBaTenbHO, PaccMaTpPUBAJIOCh YETHIpE BapHaHTA: MHUHMMYM I103JIEMEHTHOM
kpocc-Banmuaaiu (LOOCV A =min ), oaHa cTaHgapTHas OIIMOKA IMO3JIEMEHTHOR
kpocc-Bamuaanuu (LOOCV A =1se), munumyM 10-0J04HOM KpOCC-BaTUAAIIUH
(10-foldCV A =min ), onna crangaptHas omnOka 10-0JI09HOM KpoCC-Baauaaluu
(10-foldCV A =1se).

B Tabn. 1 cpaBHMBaIOTCS cpeaHHe abCOJIIOTHBIE OIIMOKH MPOTHO3UPOBAHUS
IIpU pa3HbIX BapuaHTax oueHuBaHusa perpeccuu LASSO nns yeTbipex aHanuszu-
PYEeMBIX MOKa3zareneil pelHKa Tpyaa. B memom pe3ynbTaTsl He CHIIBHO OTJIMYA0T-
ca. OgHako i BCeX IMoKazarelield HamboJiee CYIIECTBEHHBIC pa3indus HaOIro-
nganuck B 2015 1. [y yncneHHOCTH 0e3paboTHBIX U ypOBHS 0e3paboTHIbI JTydlie
paboTaer mpaBuiIo ogHON craHaapTHOH ommbku 1 LOOCYV, mia norpeGHOCTH B
paboTHHKax U Kod(D(UIMEHTa HANPSHKEHHOCTH Ha PBIHKE TpyJa — MHHHMYM
Kpocc-Banuganuu. Ecim 0600maTte pe3ynsTaTsl, TO A OOJBIIMHCTBA MOKa3aTe-
Jell TodYTH 32 BeCh NMEPHOJ] HauMeHbIWe ommOku maBama 10-OmodHas Kpocc-
BaUAAIVs ¥ BEIOOP MapaMeTpa peryJIapu3aliy 1Mo MPaBuily OAHOW CTaHIapTHOM
OIIHOKH.

Opnako 10-0yo4Hast Kpocc-BaTuAanus co CaydailHBIM (popMupoBaHuEM OI10-
KOB JIa€T CIIy4allHbI€ pe3yJbTaThl, CIeAOBaTENbHO, HecTabmibHA. s momydeHus
0ojice YCTOWYHMBBIX MPOTHO30B KCIIOJIb30BaH HOBBIM TOAX0a percentile-lasso.
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B pabote [10] mpeanaraercst 3aaBath ypOBeHb KBAHTHIIS JJISI ONITUMAIIBHOTO I1a-
pameTpa peryspu3arnuu B quanazone ot 0,75 mo 1. Oka3anock, 9To BEIOOp KBaH-
THJISI CYIIIECTBEHHO HE CKa3bIBAETCS HA Pe3ysbTaTaxX MPOTHO3UPOBAHUS COCTOSHUS
pBIHKA Tpynaa. SIBHBIE pacxoxaeHus: HaOmonaoTcs Toiapko B 2015 r. [Ipuuem mns
YUCIICHHOCTH 0e3pa0O0THRIX JyUIHil pe3ynbTar obOecleuynBaeT BHIOOP KBaHTHIIA
ypoBas 0,95. Jlns nqpyrux mokaszaTeniei, Hao0opoT, HaNMEHbIIIee 3HAUCHIE KBaH-
THJIS TIPEATIOYTHTENILHEE.

Tabauya 1
Table 1
MAE npu pa3HbIx npoueaypax kpocc-pajuaanuu aisa LASSO
MAE under various cross-validation procedures for LASSO
OTKIHK IIponenypa CV 2015 . 2016 . 2017 1. 2018 r.
10-foldCV A = min 2,134 0,763 0,967 1,794
10-foldCV A =1se 1,328 0,660 0,926 1,563
. LOOCV A =min 2,059 0,771 0,983 1,889
LOOCV A =1se 1,245 0,666 0,937 1,668
10-foldCV A = min 3887 2641 2089 2436
10-foldCV A =1se 6546 2168 1960 2119
- LOOCV A = min 4060 2653 402 2414
LOOCV A =1se 7384 2214 2096 2173
10-foldCV A = min 0,199 0,051 0,070 0,074
10-foldCV A =1se 0,132 0,054 0,069 0,087
. LOOCV A =min 0,190 0,050 0,068 0,079
LOOCV A =1se 0,129 0,055 0,068 0,083
10-foldCV A = min 0,216 0,113 0,064 0,053
10-foldCV A =1se 0,242 0,065 0,054 0,049
. LOOCV A = min 0,147 0,114 0,085 0,053
LOOCV A =1se 0,267 0,071 0,066 0,051

B Tabn. 2 oO0beamHeHB! pe3yibTaThl MPOTHO3MPOBaHMs MO percentile-lasso
IpY 33JaHHBIX YPOBHSAX KBAHTWJICH ONTHMAIBHOTO MapaMeTpa peryJsiph3anu.
Ecnmm cpaBHWBATH 3TH pe3yibTaThl ¢ 00bIIHON peanm3anueir LASSO (tabm. 1), To
OHU B OOJIBIIMHCTBE CIy4YaeB OKa3bIBAIOTCA XYK€ MM IPUMEPHO TaKHUE XKe.
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CnenoBarenbHO, percentile-lasso He JaeT CyIIeCTBEHHBIX MPEUMYIIECTB B Ka-
4eCTBE IPOTHO3MPOBAHMUS, OJHAKO TPeOyeT ropas3no OOJBIIET0 BBIYHUCIUTEIEHOTO
BpemeHHd. [loatomy nanee pesynsratel LASSO c¢ 10-610uHOM Kpocc-Bamuaanueit
CO ciydaifHeIM (hopMHpoBaHHEM OJIOKOB M BBHIOOPOM HapaMeTpa peryisipu3anuu
TI0 TIPABIITYy OJHOM CTaHIAPTHOH OMIMOKY MPU3HAIOTCS KaK JIyqIIne.

Tabauya 2
Table 2
MAE pas percentile-lasso
MAE for percentile-lasso
Otknuk YpoBeHb KBaHTUIIS 2015 . 2016 . 2017 r. 2018 1.
N 0,95 1,613 0,730 0,950 1,772
b)) 0,8 4494 2578 2084 2407
3 0,8 0,150 0,050 0,065 0,070
Ya 0,75 0,209 0,120 0,064 0,051

ConocraBuM pe3yibTaThl ucnosb3oBanus meroga CFS ¢ anpTepHaTHBHBI-
Mu meTonamu (Tabi. 3). [IpeumymiecTBa oTOOpa Ha OCHOBE KOPPEISAIUN MPOSIB-
JSFOTCSL TP MIPOTHO3UPOBAHUU YPOBHS 0e3paboTuibl M Koddduumenra Hanpsi-
KEHHOCTU Ha pBIHKE TpynHa. [Ipum cpaBHEHHMH 3THX pe3yJbTaTOB CO CPEAHUMHU
omubkamu perpeccun LASSO10-foldCV A =1se (cM. Tabn. 1) okaswpiBaercs,
YTO €CIM He MPUHUMAaTh BO BHMMAaHHE HECKOJBKO MPOBAJIbHBIX IPOTHO30B,
LASSO obecnieunBaeT mydmue mMporHO3bl. [[1s mokasarens ypoBHS PETHCTpPH-
pyeMoii 6e3paborursl LASSO mMeeT abcomoTHOE MpeuMyInecTBo. s moka-
3aTeNist 3asBJICHHOW paborojarenasMu mnoTpeOHocTH B paborHukax LASSO
obecrieunBaeT JIydIIne pe3yJdbTaThl HAa BCEM TOPHU30HTE IMPOTHO3UPOBAHUA,
kpome 2015 r. KosddumueHT Hanmps»KeHHOCTH HA PBHIHKE TPyAa JydIle BCEro
nporuosupyerca ¢ nomouisio LASSO B 2016-2017 rr., a uncneHHOCTh Oe3pa-
ootabIx — B 2015-2016 rT.

Tabnuya 3
Table 3
MAE nis CFS u ajibTepHATUBHBIX METOJ10B

MAE for CFS and alternative methods

OTKIHK MeTox mporHo3UpOBaHUS 2015 1. 2016 . 2017 1. 2018 1.

Mogens ARIMA 2,254 4,314 2,147 1,328

Mogaens XonpTa—YuHTEpCA 2,300 2,159 0,893 0,660
N

ES 1,341 2,895 1,583 0,926

CFS 2,069 1,019 0,905 1,694
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Oxonuanue mabn. 3

End of Tab. 3
OTKIMK Meton mporHo3upoBaHus 2015 . 2016r. 2017 1. 2018 1.
Monens ARIMA 6361 3943 3060 2455
Mogpens Xonpra—YuHTEpCa 2770 2945 2684 4621
7 ES 1760 2482 2596 3404
CFS 17620 3215 2853 2251
Mopnens ARIMA 0,235 0,116 0,123 0,103
Moaens XonbTa—YuHTEpCa 0,203 0,174 0,160 0,090
. ES 0,183 0,066 0,136 0,119
CFS 0,216 0,063 0,072 0,090
Mogens ARIMA 0,162 0,117 0,102 0,068
Mopens Xonbpra—YuHTEpCa 0,132 0,135 0,080 0,058
i ES 0,088 0,114 0,096 0,031
CFS 0,440 0,097 0,072 0,036

Takum 00pa3oM, MOKa3zaHa BO3MOXKHOCTH IIPOTHO3WPOBAHUS COCTOSIHUS PBIH-
ka Tpyna HCO Ha ocHOBe onepexaromux HHINKATOPOB ITyTeM HX aBTOMAaTHYECKO-
ro nogbopa Ha ocHoBe perpeccun LASSO. BrisienenHble 5KOHOMHUECKHE TTOKa3a-
TEJIM Ha TOJT0Ja PaHbILE 110 CPABHEHHUIO C YPOBHEM 0e3pabOTHIBI pearupyroT Ha
[UKJIMYECKUEe M3MEHEHUSI B HKOHOMHKE. JTO IMO3BOJISIET MPEACKa3aTh M3MEHEHUS
Ha phIHKE TPYJa Ha OCHOBE JIWHAMUKH IOKa3aTeiell JeHEeKHON MacChl, CTPYKTYPHI
OanaHca KpeAUTHBIX OPTaHU3alWi U UHIEKCOB IIEH.

3AKJIIOYEHHUE

Takum oOpa3oM, B paboTe MPEUIOKEH aNTrOPUTM TOCTPOCHUS MPOTHO3HBIX
MOJIETICH, OIMCHIBAIONINX COCTOSHHE PETHOHAIBLHOTO PhIHKA TPYAa, HOBU3HA KOTO-
POTO COCTOUT B aBTOMAaTHYECKOM IOI00PE OMEPexarolix HHANKATOpoB. s sto-
T'0 WCTIOIB30BaHbI METOIBI OTOOpA MPU3HAKOB Ha 0aze GuiIbTpoB (0TOOP HA OCHOBE
Koppenauuii) u BcropenHsie MeTo sl (perpeccust LASSO). B xone smnupuueckoro
UCCIIEIOBAHUSI CPAaBHUBAIOCH KAadyeCTBO INPOTHO3UPOBAHUS C HCIIOJIB30BAHUEM
MPEUIOKEHHOTO alITOPUTMA U allbTePHATHBHBIMU METO/IaMU (C MTOMOIIBIO MOeIei
ARIMA, Xonbpra—YuHTEpCa, SKCIIOHEHITHAIBHOTO CIIIaXXUBaHUA). VcciiemoBaHbl
pa3nuYHbIe TpOoUEayPbl Kpocc-BallIallY, IPUMEHsIeMbIe AJIs1 BBIOOpa mapaMeTpa
perymspuzanuu B perpeccun LASSO, a Takxke ycroiunBas MOAu(UKAIHS percen-
tile-lasso. Okazanoch, 4TO JMydImmid pe3ynbTar obecreunBaetr perpeccust LASSO ¢
10-0104HOM KpOCC-Bauaanuei co ciydaiiHbiM (OPMHUpPOBAHUEM OJIOKOB M BbIOO-
POM mapamMeTpa peryspu3aliy 10 MpaBuily OJHOH cTaHgapTHOH ommOku. Como-
CTaBJICHUE PE3yJbTaTOB MPOTHO3UPOBAHUS C TIOMOIIBIO OMEPEKAIONINX WHINKATO-
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POB C albTEPHATUBHBIMU METOJIAMH TIOKA3aJI0 MPEUMYIIIECTBA UCTIOJL30BAHUS HH-
IAKATOPOB IS JIONTOCPOYHOTO TPOTHO3a (Ha IMOJITo/a BIEpEN), OCOOCHHO NpH
NpPOTHO3UPOBaHUU YpoBHs Oe3padotubsl B HCO.
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Abstract

The problem of selection of most informative variables from a set of candidate predictors
arises when constructing forecast models based on leading indicators. This problem can be
solved by embedded methods, such as the LASSO regression, or filter methods, for example,
using the correlation-based feature selection. The task of this paper is to compare the perfor-
mance of these methods with alternative approaches to the time series analysis (ARIMA, the
Holt-Winters model, and exponential smoothing). For this, an algorithm for constructing fore-
cast models is proposed, including automatic selection of leading indicators. To conduct an
empirical study, indicators suitable for regional labor market predicting were selected from of-
ficial statistics. They describe indicators such as money supply, a balance sheet structure of
credit institutions and a price index. A pseudo-out-of-sample forecasting of a number of indica-
tors characterizing the situation in the registered labor market of the Novosibirsk Region for the
period from 2015 to 2018 was carried out. Direct multi-step forecasts were computed for hori-
zons of 6months. It turned out that a stable modification of the LASSO, the percentile-lasso,
does not give any advantages in terms of average absolute forecast errors. In most cases, the
best results were obtained using the LASSO regression with the choice of the regularization pa-
rameter according to the one standard error rule based on block cross-validation with 10 blocks
selected at random. Due to the automatic selection of leading indicators, it was possible to re-
duce forecasting errors in comparison with alternative methods. Thus, the proposed algorithm
is appropriate for regional labor market predicting.

Keywords: variable selection, LASSO regression, percentile-lasso, correlation-based
feature selection, leading indicators, labor market, forecasting, ARIMA, Holt-Winters model,
STL algorithm
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PaboTa conepHT OomMmMcaHUue KOHTPOIMPYEMOTO €CTECTBEHHOTO SA3bIKa, IPEIHA3HAYCHHOTO IS
paboTel ¢ oHTONOTHsIMU. biaromapst popManin3oBaHHOMY ONPEICICHUIO TMOHITUHHON CTPYKTYPBI
MPEeaMETHON c(eprl B OHTOJOTMH CTAHOBHTCS BO3MOXKHOW MaIlMHHAs 0OpabOTKa OHTOJOTHYECKUX
CBCJICHHI, MPUMEHsIEeMasi B HOBBIX TOMCKOBHKAaX, CHCTeMaX HMHGOPMAIHOHHON WHTErpandH, 3KC-
TIEPTHBIX CHCTEMaX.

[IpuBomUTCS KpaTKHid aHAIW3 aHAJIOTOB, a TaKKe 00OCHOBaHWE HEOOXOIMMOCTH Pa3pabOTKH
CHELUATU3UPOBAHHOTIO s3bIKa. CHCTEMAaTU3UPOBAHBI TPEOOBAHUS, IPEABABISIEMBIE K S3bIKY C Y4ETOM
obmactu mpumeHeHus. ONHCaHO TO3UIMOHUPOBAHKE Pa3padaThIBAEMOro S3bIKa MO OTHOUICHUIO K
JIPYTUM MPEACTaBUTENAM TPYMIbl OHTOJIOTHYECKUX S3BIKOB. B Hacrosmell pabore mpemmaraercs
OIIMH W3 BO3MOXXHBIX BAPHAHTOB KOHTPOJIMPYEMOTO S3bIKA, H3HAYAJIHHO OPMEHTUPOBAHHBIN Ha pyC-
CKOSI3BIYHOTO TOJIb30BaTelsl. OHaKO, KaK MoKa3aa MPaKkTUKa, MYJIbTUS3bIUHBIA BapUaHT MPEICTaB-
JICHUS OKa3aJics BO3MOKHBIM U BeCbMa TTOJIC3HBIM TS LeJIe TPO(eCCHOHANBHOTO O0YUYEHUS B CBS3H
C TE€M, YTO CTPYKTYpa MHOTHX SI3BIKOB MOJXET OBITh MpPEACTaBIICHA JOCTATOYHO eqHHO00pa3Ho. [lo-
CKOJIbKY KOHTPOJIUPYEMBIH €CTECTBEHHBIH SI3BIK SABISETCS TOJMHOKECTBOM €CTECTBEHHOTO S3bIKa, OH
HE MIPOTUBOPEUUT CUHTAKCHUYECKUM IIPaBUJIaM PYCCKOIO S3bIKa, a TAKXKE €ro JIEKCEMbl CEMaHTHUECKU
COOTBETCTBYIOT. B CBOIO 04epe/b, €CTECTBEHHBIH S3BIK SABJISETCA 00Jiee BHIPA3UTEIBHBIM U CIOXKHBIM.
IIpu 5TOM KOHTPONMPYEMBI €CTECTBCHHBIN S3BIK JOJDKCH OJHO3HAYHO OTOOpakaThCs B CTAHIAPT-
HBIA s13bIK TpescTaBieHus oHtonoruit OWL. SI3eik OWL 0asupyercss Ha JICCKPUIITHBHOM JIOTHKE
(DL), BBULY 3TOTO JOCTHTAETCS TPEXCTOPOHHEE COOTBETCTBHE S3BIKOB.

JlaHO omucaHue CTPYKTYphl, CHHTaKCHCAa M IPAMMATUKU S3bIKa, MPEJICTABICHUE JAECKPUIITHB-
HOH JIOTUKU U HPaBWJI B KOHCTPYKIMAX s3bIKa. [IpuBeneHs! npumeps! IpeAcTaBIeHNUs 3HAHUN B OIH-
CBIBacMOM (opMaTe B CpaBHEHHH ¢ aHaimoramu. ONHCaHO HCIOJIh30BAHHE KOHTPOIUPYEMOTO eCTe-
CTBEHHOTO S3bIKa Ul COCTAaBJCHUs IMOBECTBOBAHUS C IMOJJICPIKKOW OHTOJIOrHYecKoro ¢opmara.
B pamkax pa3paboTku s3pIka HEKOTOPBIC KOHCTPYKIHMH OBUTH YIPOIICHBI OTHOCHTEIFHO aHTIIOSN3bIY-
HOT'0 aHAJIOra, a TAKXKE JIaNTHPOBAHBI K CHICHU(PHKE PYCCKOTO SI3bIKA.

: Cmamus noayuena 03 cenmsops 2019 e.
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D¢ deKTUBHOCT Iporiecca yNnpaBlIeHUs 3HAHUAMU HANpsMYIO 3aBUCHUT OT (GOPMBI HX Ipel-
crapienus. lllupokoe pacnpocTpaHeHUE OHTOJIOTUM B LIESX OpraHU3allMU KOHTEHTA OTKPHIBAET HO-
BbIC BO3MOXKHOCTH JJIsI PabOTBI C CEMaHTHKOW, 3aKIIOYEHHOH B Tekcrax. KoHTpoiupyemsblii ecte-
CTBEHHBIN SI3BIK SBISAETCS IBYHAIPABICHHBIM, BOCIIPHHIMAEMBIM KaK YEJIOBEKOM, TaK M MAIIMHOMN
JIOrnYecKoro BeIBoja. Ero mcrosp3oBaHue MO3BOJIMT HAWTH OoJiee MIMPOKOE MPUMEHEHUE OHTOJIOTH-
SIM, a TaKKe CHU3UTB TTOPOT BXOa A PabOTHI ¢ HUMHL.

KuioueBble cJ10Ba: KOHTPOJIMPYEMBIA €CTECTBEHHBIH SA3bIK, S3bIK OMMCAHUS OHTOJIOTUH, OHTO-
JIOTHH, UH)KEHEepUsl 3HaHUH, 0a3a 3HaHU, NpeAcTaBICHUE 3HAHUI, MEXaHU3M JIOTHYECKOTO BBIBOJA,
PEAAKTOP OHTOJIOTUM, MYJIBTUSA3BIYHOCTD, CEMAHTHKA, TPAHCIISTOPHI

BBEJIEHUE

OrpaHu4eHHBIN €CTECTBEHHBIN S3bIK O0OBIYHO MCHOJB3YETCS ISl TAKOHUIHO-
o W TOYHOTO TMPEICTABICHUS 3HAHMS B KOHKPETHOH mpodeccroHambHOM mpen-
METHOM obnactu. Hampumep, orpaHudeHHbIH 361K NpodeccHoHaIbHOM Ipo3bl Uc-
MOJIB3YETCA NPU HAITMCAHWH HAyYHBIX CTAaTeH, TEXHUYECKON NJOKyMEHTAlluH, CIpa-
BOYHHKOB, yueOHUKOB | 11p. OJJHAKO, NMesl OTIpeIeICHHbIE OTPaHHYCHHUS HA CTHJIb
Y Ha UCIOJIb3YEMBIH CIIOBaph MOHATHH, TAKOH S3bIK HE 001agaeT JOCTATOYHOM VIS
OIHO3HAYHOIO MAIIMHHOTO IPEICTABIEHUS TOYHOCTBIO BBIPAXKEHUSA CMBICIIA.
B cBsi3u ¢ 3TUM BO3HUKAET MOTPEOHOCTH B pa3pabOTKE KOHTPOIHPYEMOTO €CTe-
crBeHHOrO s3bIKa (KES) ¢ Oomnee xecTKMM OrpaHHYECHUSIMUA Ha CHHTaKCUC M CeMaH-
TUKY. DTO JAeT BO3MOXHOCTb, C OIHOIM CTOpOHBI, KOMIMIUPOBaTh TeKCThl HA KES B
MaIIMHHbIE (OPMBI IIPENICTABIECHNS 3HAHNUI, a C IPyroi CTOPOHBI, ECTECTBEHHO BOC-
NPUHAMATH HX YETOBEKOM 0€3 KaKOoH-THOO0 crienrualbHOM NOATOTOBKH [1].

KEXl oTkpbIBacT HOBBIE BO3MOXHOCTH INPHBIICUEHHS CIELMAIUCTOB U3 pas-
JMYHBIX [IPEIMETHBIX 00IacTel U1 CO3MaHMUsI COBPEMEHHBIX CHCTEM, OCHOBAHHBIX
Ha TEXHOJOTHIX 00paboTKH 3HaHUH. KOHTponMpyemblil ecTeCTBEHHBIN SI3BIK IO
cyuiecTBy siBisercs: GopMoill MpeacTaBleHHs OHTOJOTHMH, KOTOPBIE B HACTOSIIEE
BpeMs IIUPOKO HCIOJB3YIOTCSA KaK CIoco0 MpOoQecCHOHANBHBIX KOMMYHHKALUI,
WHCTPYMEHT JJIsl TIOMCKa MH(OpPMAIMHU, CPEACTBO IPEACTAaBIEHUS 00pa3oBaTelb-
HOTO KOHTEHTa, (hopMa MpeNCTaBICHUSI 3HAHUH I CUCTEM HCKYCCTBEHHOTO WH-
tesiekta. KES cocoOcTByeT He TOJBKO MOBBILICHUIO YPOBHS MAIIMHHOTO BOC-
npusATHS WHGOPMALUK, HO U CHU)KEHHUIO 110pora BXoJa Ul JrofeH, paboTaromux
CO 3HAHUSAMHU.

Cnenyer ormetruts, uro KEJS 3aBHCHT OT HCHOIB3yeEMOIrO €CTECTBEHHOIO
si3bIka. B aHTNOS3BIYHBIX CTpaHaX KOHTPOJMPYEMbIH aHTIUUCKUN SI3BIK IIHPOKO
MIPUMEHSETCS U CO3/IaHUsl KOHTEHTa, CEeMaHTHKa KOTOPOT0 OJHO3HAYHO BOCHPH-
HUMaeTcst MammHamu. Hambonee sipkum mpumepom siBisiercss ACEWIKI. Peanu-
3alys, IPUMEHEHNE U PEIIeHNEe TUIIOBBIX 3a7jad C MCIOIb30BAHUEM KOHTPOJIHpYeE-
MBIX S3BIKOB Ha TpHUMepe JaHHOTO MpoeKTa MOAPOOHO IpeiacTaBieHbl B [2].
Haunbonee nmomynsipHble Ha CETOAHALIHAN JEHb PENAaKTOPbl OHTOJIOTHM, TaKHE Kak,
Hanpumep, Protege u Top Braid Composer, TpeOyroT onpeeneHHON MOITOTOBKH
H0JIb30BAaTENS C TOUKH 3peHHs paboThl ¢ nHTepdeiicaMu JaHHBIX IPOrPaMM U, 9TO
0ojee BaXXHO, KOMIIETEHIIMM B MH)KeHepuu 3HaHui. Mcnons3oBanusa KES ans pa-
0OTHI OJIB30BATENEH CO 3HAHUAMH, B YACTHOCTH C TaKoi GOpMOii UX IpencTaBie-
HUsS, KaK OHTOJIOTHH, HAallLTH CBOIO peaym3aruio B mpomxykre Fluent Editor 2015.
WuTepdetic maHHON MporpaMMBbl MO3BOJISIET MCIIOJIB30BaTh IMPHUBBIYHBIE AHTJIIO-
SI3BIYHBIE KOHCTPYKIUHU AJIsl OIMCAaHUs peAMEeTHOH obmactu [3].
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B pycckosi3pIYHOM cerMeHTe Ha CEeTONHSAIIHWUN JCHb CHTyalus B 00JIacTh
pazpabotkun KES BEITISAIUT mMOCTaTOYHO CKPOMHO. MOYKHO, TOXKAIYH, yKa3aTh
BCETO OJWH PECypC, TO3BOJISIOMNUNA CO3aBaTh Oa3bl 3HAHUN HA KOHTPOIUPYEMOM
pycckoM si3bike [4]. Ho mpennaraeMblii 131K HE IpeAHA3HAYEH AJISI HETOATOTOB-
JIEHHBIX TIoJIb30BaTeneld. (s cpaBHeHUs, cymiecTByeT Oojee cTa BEepCH KOH-
TPOJIMPYEMOTO aHTIIMHCKOTO SI3bIKA, KOTOPHIE HAILIN MPUKIIATHOE IPUMEHEHUE U
pa3BUTHE.

Ha nansbIif MOMeHT pa3paboTka B 00JIaCTH MHCTPYMEHTapHsI 110 paboTe ¢ OHTO-
JIOTHSIMH BEJIETCSl B HAIPABJICHUH TpaUUecKuX peIakTOPOB M TEKCTOBBIX [5]. Takum
oOpasoM, 3amaua pazpaborku KESl mis pycckosi3eldHOrO pecypca ¢ KOHTEHTOM B
(hopmare oHTONOTHIA sIBIsIETCS aKTyanbHOH. C aKIleHTOM Ha 00pa3oBaHKME OHTOJIOTH-
Yyeckuil (hopmar mpezcTaBieHns 3HAHUN SIBIISIETCS] CBOEBPEMEHHBIM B CBSI3M C Hapac-
TaroIIeH TeHACHIMEH 1dPOBOI TpaHCchHopMaluK JaHHOM oTpaciu [6].

B nactosmieii paboTe mpemiaraeTcs OAMH U3 BO3MOXKHBIX BapuaHToB KES,
M3HAYaIbHO OPUEHTUPOBAHHEIN Ha PYCCKOSI3BIYHOTO MOIb30BaTes. OgHaKo, KaKk
MmoKaszaja MpaKTHKa, MYJIbTUA3BIYHBIA BapHaHT IPEACTABICHUS OKa3alCsi BO3-
MO>KHBIM U BeChbMa TOJIE3HBIM IS 1elied MPo(ecCHOHaTbHOTO O0yYCHUS B CBA3H
C TeM, 4TO CTPYKTypa MHOTHX S3BIKOB MOXKET OBITh IPEACTaBIICEHA JOCTATOYHO
eIMHO00pa3Ho.

1. TPEBOBAHMUAA, ITIPEABABJIAEMBIE K KESA

KonTpomupyemsrii ecrectBernslit s3b1k (KES) B manHO# paboTe 0THOCUTCS K
KJ1accy oHToJorH4IecKuX s361k0B (OS). K unciay oCHOBHBIX TpeOOBaHMM, TPEIbIB-
JISIEMBIX K OHTOJIOTUYECKHUM $I3bIKaM, HalpuMep B [7], OTHECEHBI CIIEAYIOLINE Tpe-
OoBaHUS:

® YETKO ONpE/CIICHHBIN CHHTAKCHUC;

® SMHCTEMOJIOTHYECKasi aJeKBaTHOCTb, TO €CTh CIIOCOOHOCTH BBHIPa3UTh BCE
MOHATHUS ¥ OTHOUICHHS B JAHHOM MpeMeTHOH 001acTu;

® HCITOJIb30BAaHUE JIOTHKM KaK OCHOBBI JJIS SI3bIKa (JIOTHKA IEPBOTO MOPSIKA,
JIECKPUIITUBHAS JIOTHKA, MOJIAIbHAS JIOTHKA);

® J0OCTaTOYHAs BBIpAa3UTENbHAs CHUJIA, CIIOCOOCTBYIONIAS BOCIPHUATHIO TEKCTa
YEJIOBEKOM;

® CTPOTrOCTh KOJMPOBAHHMS JIJIsl OJTHO3HAYHON MAIIMHHOW WHTEPIPETAIMA 110~
HATHH, CBA3CH, aKCHOM;

® BO3MOXXHOCTH BBITIOJHATE JIOTHYECKUH BBIBOJ, OCHOBBIBAsICh Ha CTPYKTYp-
HBIX KOMITOHEHTaX S3bIKa;

o QyHKIMOHATBHAS TIOJHOTA, HEOOXOMMas IJIsl PEHICHUsS] pa3IH4YHbIX 3a]ad
IIPU OMNEPALUAX C OHTOJIOTUSAMU: TOCTPOEHUE U COBMECTHOE MCIIONb30BAHNE OHTO-
JOTHi, 0OMEH 3HAHWSIMH, B3aUMOJICHCTBUE C OHTOJIOTHUSIMU;

® OJIHO3HAYHAs MHTEPIPETAIHS CMBICIA, BRIPAXKEHHOTO B 3HAHUEBBIX CYIITHO-
CTSIX, HE TOJNBKO CO3/IaTesIMA OHTOJIOTMH, HO W BHEIIHWMH areHTamu (ITOJb30Ba-
TEJSIMH, TIPOTPAMMaMH U T. I1.).

CdhopmynupyeM NOMONHUTENBHBIE TPeOOBaHHS, KOTOPHIM JOJDKCH YIIOBIIC-
TBOPTH KEAL:

o KESI sBnseTcs moAMHOKECTBOM €CTSCTBEHHOTO SI3BIKA;

o KES momxen ObITh otHO3HAYHO O0TOOpaskatbes B OWL [8].
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[Tockoneky KES siBnsieTcss MOAMHOMKECTBOM ECTECTBEHHOT'O SI3bIKa, OH HE
IPOTHBOPEUNT CUHTAaKCHUECKUM npaBuiiaM ESl, a Takxke ero JiekceMbl ceMaHTHUe-
cku cooTBeTcTBYIOT ESl. B CcBOIO oYepenb, eCTECTBEHHBIN S3bIK sBISICTCS Oolee
BBIPa3sUTENbHBIM U clI0XHBIM. [Ipu aTom KES nomkeH ogHO3HAa4HO OTOOpakaThCs
B CTaHMAPTHBIA S3BIK TpescTaBiaeHus ontomoruii OWL. f3pik OWL 6azupyercs
Ha JIeCKpUNTHBHOI Joruke (DL), BBHIY 3TOro AOCTHraeTcst TpeXCTOPOHHEE COOT-
BETCTBHUE SI3BIKOB (pHC. 1).

EA

KEA ) / OWL

Puc. 1. OrHomenne mexnay sizpikamu OWL, DL, ES u KESA

Fig. 1. Relations between the OWL, DL, EAl and KESI languages

2. CTPYKTYPA SAA3BIKA

Jroboi#t s3p1k cocTOMT W3 Habopa TOHATHH W CBS3€H MeEXAy HUMHU.
g ynoOGcTBa BOCTIpUATHS, a TAKXKE B LIEJIAX COOTBETCTBHUSI COBPEMEHHBIM CTaH-
JapTaMm TpeacTaBieHHus 3HaHUHU [9] Bce mOHATHS ObUINM pa3leieHbl Ha Tpu 0a3o-
BBIX KJIacca:

® 00BEKT — CYIIHOCTb, coepxKamias HHGOpMaIHIO O MOHATHH, KAK MUHUMYM
Ha3BaHME U UACHTH(PUKATOD;

® OTHOUICHHE — CYIIHOCTb, OTBEYAIOIIas 3a CBA3b MEXAY MOHITHAMH.
B OWL nannsrii knace npezcrasiieH kak ObjectProperty;

® CBOIMCTBO — CYIIIHOCTh, OTBEYAIOIIAsA 33 CBA3h MEXKAY MOHATHUSAMHU M UX Xa-
pakrepuctukamMu. B OWL nannslit knace npencrasieH kak DataProperty.

CTouT OTMETUTH, YTO OTHOIIEHHE U CBOWCTBO SIBJIIFOTCS HOIKJIACCAMU O0b-
€KTa, HO, YTOOBI HE YCIOXKHSITH CTPYKTYPY OHTOJIOTHH, OHH OBUIH BBIHECEHBI B OT-
JenbHble nepapxun. B o0mem ciydae KaxIplid 13 KIacCOB UMEET CBOM OTHOILCHHS
U CBOICTBa, KAK MMHUMYM DPOJOBUIOBBIE OTHOIIEHUS U JMHTBUCTUYECKHE CBOU-
CTBa.

B ocHoBe s3bIKa JEXWUT TPUILIETHAsl 3alUCh. BaXHO y4MThHIBaTh, 4TO, HE-
CMOTpPsI Ha U3HAYAIBHYIO MPOCTOTY JAHHOM CTPYKTYpBHI, C MOMOIIBIO HEE MOYKHO
BBICTPAUBAaTh JIOBOJIBHO CJIOXKHBIE SI3BIKOBBIC KOHCTPYKIMHU Osiaronaps TOMY, 4TO B
Ka4ecTBEe CYOBEKTOB U 00BEKTOB MOTYT BBICTYIATh HE TOJBKO MOHATHS, HO M CaMH
TpurieTsl. Y BI0KEHHOCTh 3Ta OIpaHUYMBAETCS TOJBKO BO3ZMOXKHOCTSIMU Y€JIOBE-
YECKOT'0 BOCHPUATHS M BBIYUCIUTEIBHBIMY 3aTpaTamu. Hanbonee pacnpoctpaneH-
HBIM TPUMEHEHHEM JIaHHOW KOHCTPYKLHMHU SBIISETCS 3alyCh MpaBWi, TI€ B Kaue-
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CTBE OTHOIIEHUSI BHICTYTIAET IPUIHMHHO-CJICICTBEHHAs CB3b, a B Ka4eCTBE CyOBeK-
Ta 1 00BEKTa — TPUILIET, COACPIKAIINI YCIOBHE BHITIOTHEHHS MIPaBWIIa, U TPUIUIET,
coJieprKaIlyii CJIEJCTBHUE €r0 BHIITOJIHEHUS! COOTBETCTBEHHO.

CTpyKTypa JaHHOW KOHCTPYKITUH MPEICTaBICHA Ha pUC. 2.

Puc. 2. CtpykTypa BIOXKEHHOCTH TPUILIETHBIX 3aIcen

Fig. 2. A structure of triplet record nesting

Kpome Toro, manHas CTpyKTypa COOTBETCTBYET (hpeiitMoBOMYy (opMaTy mpen-
crapyicHUs 3HaHu# [10].

3. BA3OBBIE KJIACCHI OTHOIIEHU I

IIpu peanmzanuy OHTOJOTMH KIIIOYEBYIO POJIb UIPAIOT POAOBUAOBBIC OTHO-
HICHUS] MEXAY MOHATHSIMU. B OONBIIMHCTBE S3BIKOB OMMCAHUS OHTOJOTHHA IS
JAHHOTO OTHOLICHUS BBIACIAIOT CIICLHUAJIbHBIC SA3bIKOBbIE KOHCTpyKIMH. B KAS
Every <C> is a <D>, 8 OWL ucnons3yercs crangaptaoe otHomerne SubClassOf.
Ho BBOA orpannvenuii Ha (opmar 3amucy poJOBHIOBOTO OTHOIIEHHS CYIIECTBEH-
HO CHM)KAeT BBIPa3UTEIBHOCTD SI3bIKa OMHUCAHMS IpeAMeTHOl oOnactu. Kpome To-
ro, JaHHBIM MOIXOA TpeOyeT BBOJAA 3TOTO OTHOLIEHUS A KaKAOTO W3 SA3BIKOB
MIpeaCTaBIIeHUS (PYCCKOT0, KHTalCKOT0, aHIJINHCKOTO).

Jns paccMaTpuBaeMoro si3blka BBIpAO0OTaH CICAYIOUIMHA MOAXOA: AJS BhIIE-
JICHHBIX OTHOILUIEHHH BBOAMTCS HE CIyXKeOHas KOHCTPYKLHS SI3bIKa, & OTICIbHBIN
KJIacC, KOTOPBIH COAEPKUT BCE OTHOILIEHMs, COAepKaliue B cede POJOBUAOBYIO
CEMaHTHKY WJIM CEMaHTHUKY OTHOIIEHHS YacTb—IIeNIOe, a TAK)Ke OOpaTHBIE UM.

Taxum o6pa3oM, npu paboTe C AaHHBIM S3bIKOM HET OIPaHUYCHUI B BhIpa3u-
TEJIbHBIX CPEICTBAX NPH BBOAE 0a30BBIX OTHOIIEHHH. BO3MOXHO mcnonbp3oBaHue
JOOBIX CHHOHHMOB TPH YCJIOBHM, YTO OHHM YHACJIEOYIOT CEMaHTHKY 3aJaHHOTO
POIUTENBCKOTO Ki1acca.

Crncok Hanbonee 3HAYMMBIX C TOUYKH 3PEHHS HOCTPOCHUSI OHTOJIOTHH OTHO-
IIEHUH TpeCTaBIeH B MPHIIOKEeHUH 3 K KHure [11].

Ha nannb1ii MOMEHT cpean 6a30BBIX BBIIEIEHBI CIEAYIOIUE OTHOLICHUS:
KJ1acc — MOAKJIACC;

MOJIKIIACcC — KJIACC;
9acTh — LEJNOE;
LIEJIOE — YaCTh;

® NIPUYMHA — CIIEJCTBUE;

® CIIe/ICTBUE — IPUYHHA.

JlaHHBIN TIepeyeHb SBISETCS PACIIMPSIEMBIM B 3aBUCUMOCTH OT IIPEIMETHON
001acTH, BO3MOKHO BBEJCHHE HOBBIX KJIACCOB OTHOIIEHHWH. [l 3TOr0 HeoOXxonu-
MO 3a/1aTh KJIACC U OMUCATh MpaBwiia 00pabOTKU €ro IIEMEHTOB.
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4. CTPYKTYPbBI U CHEHAPUU

CornacHo [12] nmroau UCIONB3YIOT B CBOEM MBIIIIEHUH CIIEHAPUH — CTPYKTY-
PBI C 3aJaHHBIMU MTapaMeTpaMH 00BEKTOB U TOCIIEAOBATEIBHOCTHIO ICHCTBUH.

Tak, HanmpuMep, cuTyanuss oOydeHHs B 00ImeM ciydae OyaeT BKITIOYATh JBa
00BEeKTa: yUUTeNd M yUYeHHUKa, Mpolecc Nepeadn 3HaHWi, a TaKkKe cpeay, B KOTO-
POt 3TO MPOUCXOUT, U UHCTPYMEHTHI.

CTpyKTypa THIIa «KKOHCTPYKLMS» OyIeT MMETh MHOXECTBO BIOXKEHHBIX 00b-
€KTOB, CBSA3aHHBIX MEX]Iy COO0I OTHOIIEHHEM «HaCTh—IIEI0e).

B pamkax peanm3zanum S3bIKa MPEACTABISICTCS BO3MOXKHBIM BBLACIHUTE CUET-
HOE KOJIMYECTBO TaKUX LIa0JIOHOB, Ojarofapsi KOTOPHIM IIOJIb30BATENIb CMOXKET B
HOJHOM Mepe onMcaTh pacCMaTPpUBAEMYIO IIPEIMETHYIO 00JIacTb.

JlanHple 1ma0JIOHBI CITy’KaT elle OJHUM YPOBHEM CTaHAAPTHU3AIMM 3HAHWH,
PETJIaMEHTUPYIOIIUM HE TOJIBKO OpMy IPEACTaBICHHS, HO U €0 MOPSAOK.

5. C1YKEBHBIE KOHCTPYKIIMU S3BIKA

Jis peanu3aiy MoIIeP KU JTECKPUIITUBHOMN JIOTUKA HEOOXOAUMO BBECTH B
SI3BIK CITY’)KEOHBIC KOHCTPYKIIUH, BIHUSIOIINE HA CEMaHTUKY MOHSATHA. /laHHBIC KOH-
CTPYKIUU JTOJDKHBI OBITH CTPOTO (DOPMaTH30BaHEI B SI3BIKE U YUTEHBI B AlTOPUTMAaX
TPaHCIISIIHH.

JlaHHBIe KOHCTPYKLMU MOXKHO pa3eiuTh Ha ABe rpymnmsl. [lepBas rpymnmna ot-
BedaeT 3a peanm3anuio geckpuntuBHor yoruku (OWL-DL m OWL-EL). Kon-
CTPYKITH TECKPUTITUBHOH JIOTHKY TIPUBEICHHI B Ta0I. 1.

Tabnuya 1
Table 1
HasBanue CuHTaKCcHC Peanuzanus B s3b1ke

[Monsitne A 3ammch, crosmas Ha MEPBOM MECTE€ WIIM TPEThEM
MECTE B TPHUILIETE

Bceobmee, T Yro-1160 (KTO-11M00), WIM CHHOHMMBEL Maccus

YHHUBEpCaIbHOE SBIISICTCS PACIIHPIEMBIM

MTOHATHE

IlycTtoe nousitue 1 HuuTto (HMKTO), WM CHHOHUMBL. MacCHB SIBIISET-
Csl pacIIupsIeMbIM

Ilepeceuenue CcnbD M, OIIEpaToOp CTABUTCA MEXKAY INMOHATUAMH Ha OJ-
HOM ypOBHE TaOyJISIMH C CYOBEKTaMH

O0benuHeHNEe CubD WJIM, ONEpaTop CTaBUTCS MEXIy MOHATHAMH Ha
OJTHOM YPOBHE TaOYJISIIINA C CYOBEKTaMH

CuMMeTpuIHas CAD Ju00, ONepaTop CTABUTCS MEXKIy HOHATHSIMH Ha

pa3HOCTh OJTHOM YpOBHE TaOyJISIIKU C CYyOBEKTaMH

Otpuiianue —C He, OIlepaTop CTaBUTCS Mepell TPUIUIETOM Ha CTPO-
Ky BBIIIE, MOCJIE€ HEro TalyJssilusl TPHUILUIETa CMe-
I1aeTCsl Ha OJIMH OTCTYII

Orpanuuenue VR.C IIpuHKMaeTca 0 YMOJIYaHUIO AJIS KJIACCOB

Ha 3HaUYeHHE

KBantuguxarop aR.C [IpuHKMaeTcsa 10 YMOIYaHUIO AJISl MHIVBH]IOB

CYLIECTBOBaHHMS
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Bropas rpymma otBeuaer 3a peanmzarmio Oe3onacHbIx npaBwa (Safe rules) [13].
KoHCTpyKITnu TIpaBwiI TPUBEACHBI B TA0IT. 2.

Tabnuya 2
Table 2
HazBanmne Peanuzanusa B f3bIke
HesBnoe 3ananue kiaccoB <Ilonsatue><Cay:ke0Hast KOHCTPYKUUA><Y CJIO-
Bue><Crencreue>
ITpumep:
YenoBek
KOTOPbI
UMeeT:
CBIHA;
J04Yb
SABIISCTCSA:
poauTeneM

[MpaBuna (Moryr wucnons3oBath | Ecau <Ycnosue>, To <CnencTBre BBITOTHEHUS ™
HECKOJIBKO IIEPEMEHHBIX INPH 3a-
ITUCH BBIPAKECHUIN) ITpumep:
Ecin
TEMIIEpaTypa BO3LyXa
Hmeer 3nauenne, C°=
20,
TO
Hpa
JIOJDKHA HAJIETh:
¢dyTOoIKYy

6. CHHTAKCHUC U TPAMMATHUKA S3BIKA

B pamkax pa3paOOTKu CHHTAKCHCAa OHTOJIOTHUECKOTO S3bIKa OCHOBHBIMH 3a-
JayaMH sIBIIsieTcAd MACHTU(HMKANUs 0OBEKTOB, OTHOUIEHUI U CyObEKTOB, a TaKXKe
YETKOE CTPYKTYPHOE PA3rpaHUYCHHUE 3aIIUCEH.

OmnpeneneHHyIo CI0KHOCTh MPEACTABIAIOT OOBEKTHI, IMEHA KOTOPBIX SIBIISA-
IOTCSI COCTaBHBIMH, IIOCKOJIBKY B 3TOM CIydac Mbl HE MOXEM HCIIOJIB30BaTh MpPO-
0er B KauecTBE pa3eauTeNs MEKIY MOHATUIMHU.

B mpoaykte Fluent Editor 2015, ynmoMsaHyToM BbllIe, 3aJada pelieHa myTeM
BBEACHUS AOTIONHUTEIBHOTO Pa3IeNUTeNs «-» (TUpe), KOTOPOe CIYXKUT IJIs pasze-
JICHUS CJIOB B PaMKax OJHOTO MOHATHS, a IPOOEIIbl NCIIONb3YIOTCS IS Pa3ICIICHUS
MOHATHI MEXITy COOO.

[Tpumep 3anmcu Tpumiera ¢ coctaBHbIME NoHsATHAMHU B Fluent Editor 2015:

Company-1 has-common-nameequal-to ‘Tommy's-Pizza-and-Subs’.

B pazpabatsiBaemom KESI Takxke BBeJ€HBI IONOJHUTENbHbIE pPa3CIUTENH,
IMPUHIUI UX OPTaHU3AaLUU B3ST U3 A3BIKOB IIporpaMMmupoBaHust. [is pasneneHus
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MIOHATUH WCTIONB3yeTCsl TaOyJALUs, Kaxaoe CIeAyIollee MOHITHE HAYMHASTCS C
HOBOW CTPOKM W MMEeT OOJBIIUI OTCTYN OT Hadaja CTPOKH YeM CIeAyIollee, 3a
UCKJIIOYEHHEM TIePEUHCICHUN CyOhEeKTOB.

[Ipumep 3amucu TpuIUIeTa C COCTAaBHBIMH IOHSTHIMH B pa3padaTblBaeMOM
SA3BIKE:

Company 1

has common name=
Tommy's Pizza and Subs.

[Topsimok 3ammcu CTPOTO OIpeAciicH: <00BeKT> |<OTHOIICHHE><THIT> |
<cyOBEeKT>.

Jis onipeieNieHnst TUTIA UCIIONIB3YIOTCS CIIEAYIONIHE CUMBOJIBI:

« :» — nsg 0003HAYCHUST OTHOIICHHUS MEXIy obobekramu (object property), B
3TOM Cily4ae CyOhEKTOM BhICTYIACT MOHSATHUE;

« = » — JUId 3a/laHusl 3HaYCHHU CBOMCTBaM o0BekTa (data property), B 3TOM
ciry4ae CyObeKTOM BBICTYTIAIOT YHCIIOBBIE FITH TEKCTOBBIC JaHHEIE.

B MMpEeACTaBJICHUU OHTOJIOTHHU, KOTOPOC UCIIOJIB3YCTCA IJId UTCHHUA, CUMBOJIbI,
UACHTU(UITUPYIOIINE THIT OTHOIICHUS, HE OTOOPAXKAIOTCS, IS TOTO YTOOBI HE 3a-
TPYIHSITh YTEHUE KOHCTPYKIUAMHU, HE THTUYHBIMHA JJISI €CTECTBEHHOTO SI3bIKA.

Kaxpiii HOBBIM TPUILIET 3alMChIBA€TCSl C HOBOM CTPOKH, B KOHIIE €ro CTa-
BUTCS TOYKA. Tak, KaXKIbIi TPUILIET SBISCTCS OTACIBHBIM MPEIT0KESHUEM.

CrpykTypa s3bIKa JOJDKHA TIO3BOJIATH HE TOJBKO OIMCHIBATH 3HAHUS, HO U
CTPOUTH 3aIPOCHI K HUM Ha €CTECTBEHHOM sI3bIKe [14].

Hwmxe MMpEACTaBJICHBI IPUMCEPBI UCIIOJIB30BaAHUA JaHHOI'O A3bIKA.

OcoOeHHOCTH pa3pabaThIBAEMOro S3bIKa OYIYT paccMaTpuBaThCS B CpaBHE-
Huu ¢ OWL, a Takxe ¢ aHTJIOSA3bIYHBIM aHAJIOTOM.

e OWL — Web Ontology Language;

¢ FE (controlled English) — Fluent Editor 2015;

e Onto (controlled Russian) — Onto.plus.

B T1abn. 3-14 mpencrtaBieHO CpaBHEHHE AHAIOTHYHBIX TPEACTABICHUN Ha
TPEX SA3bIKaX.

Tabauya 3
Table 3
Kraccsr
OWL FE Onto
V- Hrpox—xokkeiHoNn— K XOKKEHHOH
UrpoxXokkerHoiKoman bl POKTXOKKCHHOU HIPOK XOKKCHHOH!
KOMaH /bl KOMaH/Ibl

esocTHOCTH cocraBHoro | IlenocrHocts cocrtaBHOro | IlenoctHocTh COCTaB-
o0beKTa JocCTHraercss 3a | o0ObeKTa JOCTHUraeTCs 3a | Horo oOBeKTa JOCTHIra-
CUeT NCKJIYEeHNs MPO0EeIOB | CUCT 3aMEHBI MMPOOEIIOB Ha | €TCSA 3a CYeT IPUHIINIA
«OIHAa CTpOKa — OJWH

Pasnenenne ciaoB mpomcxo- | TMP€
00BEKT

JUT 32 cYeT 3arJaBHbIX OykB | Tupe ciy>)kxur pasznenure-
JIEM CIIOB Crnosa pa3fensoTcs
pobenom
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Tabauya 4
Table 4
DK3eMITISP
OWL FE Onto
<ClassAssertion> Bacummit  is a wurpox— | Bacmamii
<Class IRI=" UrpokuXokkeii- | XOKKEMHOU—KOMaH/IbI 3T0:
5 "
noKomanae! "/> WIPOK  XOKKeii-
<NamedIndividual HOW KOMaH/Ibl
IRI="Bacunuii"/>
</ClassAssertion>
DK3eMIULIp 33/1aeTCsl SIBHO Ox3eMiusip onpenensiercs: | L{enocTHOCTH cocTaBHOTO
[0 TPHU3HAKY 3arjaBHOIl | 0ObEeKTa JOCTHraeTcs 3a
OyKBBI CYeT MPHUHIMIIA «OIHA
Knacchl  mponuchiBarotcs | CTPOKA — OHH 00BEKT
HIDKHUM peructpoM, ok- | Croa paznensoTcs
3eMIUISIPl  HAYMHAIOTCS C | MpoOenoM
3arjJaBHOU

Knaccel n 9K3CMIUIAPBI OTINYAIOTCA 3a CUHET PETUCTPOB U CIICLICMMBOJIOB.

Tabauya 5
Table 5
CgoiicTBa
OWL FE Onto
<DataProperty Assertion> Bacuinii
<DataProperty IRI="hasAge" /> Tom has-age equal-to 23 BO3pacT=
<NamedIndividual IRI="Tom" /> 23
<Literal>23</Literal>
</DataProperty Assertion>
CBOICTBO 33/1a€TCS SIBHO CaoiictBo ompezensiercs | CBOHCTBO onpeaenseTcs
SBHBIM 33JaHMEM €ro | sIBHBIM 33JlaHHEM €ro 3Ha-
3HA4YEHMS], Yepe3 Olepa- | YSHHs Yepe3 ONepaTop «=»
Top: equal-to
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Tabauya 6
Table 6
Bruntoyenus kiaccos
OWL FE Onto
<SubClassOf> JIepeBbs
<Class IRI="Tree" /> . )
<Class IRI="Plant" /> Every tree is a plant 9TO:
</SubClassOf> pacTeHus
OrHoueHne BKJIKOYeHHsi 3aqaer- | OTHOlIeHHE Hepapxuu Xa- | OTHOIeHHEe HEpapXUH.
csl IBHO pakrepusyercs 0000meHn- | O0o0meHne NPUHUMAETCS

€M B Ha4aJiC NPEAJIOKCHUA

110 YMOJTYaHUIO

<SubClassOf>
<Class IRI="Branch" />
<ObjectSomeValuesFrom>
<ObjectProper-
ty IRI="isPartOf"/>
<Class IRI="Tree" />
</ObjectSomeValuesFrom>
</SubClassOf>

Every branch
of a tree

is-part-

BCTKHU
SIBJIAFOTCA 4aCTblO:

JIepEeBbEB

OK3UCTECHLIUAILHOE
ponu.
OTHolIeHHe arperanuy 3aJaercs
SIBHO, MEK/Ty KJIaCCOM, 3aJaHHBIM
SIBHO M KJACCOM, 3a/IaHHBIM He-
SIBHO (4aCTH /IePeBbEB)

OrpaHU4YC€HUC

OTHoLIEHHE  YacTb—LeN0e
XapakTepuzyercst  00001e-
HHEM B Hayajue MpeioxKe-
HUSI

OTHoOLICHHE YacTh—IIEIIOe.
OO6o0menne NpUHUMACTCS
[0 yMOJTYAaHUIO

<SubClassOf>
<Class IRI="Lion" />
<ObjectAllValuesFrom>
<ObjectProper-
ty IRI="eats"/>
<Class IRI="Herbivore" />
</ObjectAllValuesFrom>
</SubClassOf>

Every lion
but herbivore

eats nothing-

JIBBBI
eJIAT:
TOJIEKO

pacTeHus

VHHBepcaTbHOE OrPaHHYEHHE POITHL.

OTHoleHNe BKJIIOYEHUSI 33aeTcs
SAIBHO

Me:xay JbBaAMH U BCeMH, KTO €CT
TOJIbKO TPABOSIAHBIX

OTHOWEHHE arperauuu
xapakTepuzyercss  00o00re-
HUEM B Hayaje MHpeIoXkKe-
HUSL

Ponutenbckuii kmacc dop-
MHUpPYETCSl 10  3HAYEHHIO
npu3Haka «enat». [ns aro-
TO BBOAWTCA  OTPAHUYH-
TeNbHAS! KOHCTPYKIHS

OTHOIEHNE arperanum.
3a cueT BBOIHON KOHCTPYK-
UM TOJIBKO HAKJIAIbIBACTCS
OTpaHMYCHHE 3a 3HAUYCHHE
OTHOILCHUS «EAAT»

O6a Tuma OrpaHUYCHUA (BKBI/ICTCHLII/I&TILHBIG n yHI/IBepC&]’ILHBIe) JOIIOJIHAIOT
Apyr apyra. OTanyaroTcs OHU BBCACHHUCM KIIFOUYCBOT'O CJIIOBA «TOJIBKO».
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Oxonuanue mabn. 6

End of Tab. 6
Bxurouenus kinaccoB
OWL FE Onto

<SubClassOf> XKupadsr

<C1?‘SS IRI="Giraffe" /> Every giraffe eats nothing- €JAT TOJIBKO:

<ObjectAllValuesFrom> but thing that is a leaf and- [

<ObjectProperty IRI="eats"/> oris a twig
<ObjectUnionOf> izt

<Class IRI="Leaf" />
<Class IRI="Twig" />
</ObjectUnionOf>
</ObjectAllValuesFrom>
</SubClassOf>

eJIAT TOJIBKO:
BETKH.
Kopomgas 3anucs:
Kupadsl
€JIIT TOJIBKO:
JICTKH
WIn

BETKH

OTHOIIEHUE BKIIOYCHUS 3a1aCTCs ABHO.

IIpumep, B KOTOpOM 00JIaCTh OIPEACICHUS
3HaYEHHI OTHOIICHHsS 3aJaHa OO0beIUMHEHH-
€M M IIepeceyeHNeM JIBYX KJIacCoB

Jlns  HesiBHOrO  3alaHus
HCIIONB3YETCS YHHBEp-
CaJIbHBIA KOHILENT C orpa-
HUYECHUSIMU

OrpaaneHI/m 3a1ar0TCsA ABHO.

Jnst ynoberBa cdopmynuposa-
Ha KOpOTKas opMa 3amucu 6e3
JyOJIMPOBaHUS OTHOIICHHUIM

<SubClassOf>
<Class IRI="TastyPlant" />
<ObjectIntersectionOf>
<ObjectSomeValuesFrom>
<ObjectInverseOf>
<ObjectProperty IRI="eats"/>
</ObjectInverseOf>
<Class IRI="Carnivore" />
</ObjectSomeValuesFrom>
<ObjectSomeValuesFrom>
<ObjectInverseOf>
<ObjectProperty IRI=""eats" />
</ObjectInverseOf>
<Class IRI="Herbivore" />
</ObjectSomeValuesFrom>
</ObjectIntersectionOf>
</SubClassOf>

Every tasty-

plant is eaten by

a carnivore and is eaten by
a herbivore

BxycHble pactenus
CryxaT nuiiei:
TPaBOSITHBIM
u
CryaT numiei:

XHUIIHUKaM

IIpumep, B KOTOpOM 00JIaCTh OIPEACICHUS
3amaHa  mepecedeHueMm.  Ilepecekarorest
KJIACChI XHIHUKOB H TPABOSITHBIX

OTHOIIEHHE  BKJIIOUEHHS
xapakrepusyercsi 00001e-
HHUEM B Hayaje MpejioKe-
HUS

Ilepeceuenne unger Ha ypoBHE
OTHOIICHHUH, TOCKOJBKY OHH
MOTYT OTJINYAThCSA, U OOBEIH-
HEHHE Ha YPOBHE CYOBEKTOB He
cpabortaer

<SubClassOf>
<Class IRI=""PalmTree" />
<ObjectSomeValuesFrom>
<ObjectProperty IRI=""hasPart" />
<ObjectComplementOf>
<Class IRI="Branch" />
</ObjectComplementOf>
</ObjectSomeValuesFrom>
</SubClassOf>

Every palm-tree has-
part something that is not
a branch

TaJTbMBbI

HE COCTOAT U3:

BETOK

ITpumep, B KOTOpPOM 00J7acTh ONpEIeICHHUs
3ajlaHa  JIOTIOJIHCHHEM  (MCKIIIOYCHHEM M3
MHO)KECTBA)

OTHOIICHHE  BKIJIFOYCHHS
XapakTepuzyeTcsi 06001ie-
HHEM B Hayaie IpeIoxKe-
Hust

3a cyer BBOAHOH KOHCTPYKIHU
«Hey. Ilpoucxoaur uckitoue-
HHE U3 MHOXECTBA
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Tabauya 7
Table 7

DKBHUBAJICHTHOCTH KJIaCCOB

OWL FE Onto
<EquivalentClasses> Something is a boy if-and-only- | mambumk
<Class IRI="Boy" /> | if-it is a young-male-man SKBUBAICHTEH:
<Class IRI="YoungMaleMan" />
IOHOIIIA

</EquivalentClasses>

OTHOIIEHHE SKBHBAJCHTHOCTH 3aJ1aeTCs
SIBHO

OtHouleHue onpezaensercs
yepe3 yHHMBEPCAlbHBIH  KOH-
LEeNT, KOTOPBI MOXET OTHO-
CHUTBCS K OJJHOMY KJIACCY, TOJIb-
KO B CIIydae eCIIM OTHOCHTCS K
JIpyromy. JTO yCIOBHE Xapak-
TEpU3yeTcss  BBOJHOH  KOH-
CTpYyKIHEH

SIBHOe 3ajaHKe OTHOLICHUS
MEX[Iy KIaccaMu

<EquivalentClasses>
<Class IRI=""Man" />
<ObjectIntersectionOf>
<Class IRI="Adult" />
<Class IRI=""Male" />
<Class IRI=""Person" />
</ObjectIntersectionOf>
</EquivalentClasses>

Something is  aman if-and-
only-if-it is an adultthat is
a male and is a person

Kro-To
JKBHBAJICHTCH:
MY>K4UHE
TOJIBKO €CIIU
SABJIAETCS:
B3pOCIIBIM
KOTOpPBIN
SIBIACTCSL:

YEJIOBEK MYKCKO-
TO moJa...

ITpumep, B KOTOPOM KIIACC IKBUBAJICHTECH
NIEPECEUYEHHUIO TPEX APYTHX KJIACCOB

Knacc 3aman He sBHO qgepes
TIepeceyeHue

Krnacc 3aman He sBHO qgepes
nepeceyeHme

OKBUBaJICHTHOCTb — YaCTHBIN cnyqaﬁ BKJIFOUCHHA, IPU KOTOPOM Ka)KI[I:IfI nu3
KJIaCCOB LICJIMKOM BKJIFOYACT APYT Apyra.

Tabauya 8
Table 8

HenepeceKanmHecsI KJIaCCHhI.

OWL FE Onto
<SubClasseOf> TPaBOsAHBIE
<le‘gtl)RITgHer?w°rigg Every herbivore is not HE SABJIAIOTCS:
jectiomplemen a carnivore
<Class IRI="Carnivore" /> XUIIHUKAMH
</ObjectComplementOf>
</SubClasseOf>

3anuch OmpeAeNsieT HENepeceKarouicss Kiiacce

Y€PE3 SKBUBAJICHT €I'0 AOIIOJITHCHUSA

Bce anemenTsr ogHOTO
Kjlacca He SIBIISIIOTCS
3JIEMEHTaMHU JAPYTOro

Bce sneMeHTsl 01HOTO Kjac-
ca He SIBJISIOTCS DJIEMEHTaMH
JIpyroro

HOHOHHI/ITCHBHLIﬁ anI/I6y'T OTHOLIICHUA, KOTOpBII\/'I HAaKJIaAbIBACT OIPAaHUYCHHNC
Ha KOJINYECTBO CBA3CH MCIKAY KJIaCcCaMHU.
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Tabauya 9
Table 9
OrpaHnueHHe MHOXKECTB
OWL FE Onto
<SubClassOf> 4eII0BEK
<Class IRI="Person" /> Every person  is-a-child- ABISETCS PEOEHKOM:
<ObjectMaxCardinality cardinality="2"> | of at-most two parents
. MaKCHUMYM 2
<ObjectProper- -
ty IRI="isChildOf" /> poauTesen
<Class IRI="Parent">
</ObjectMaxCardinality>
</SubClassOf>
ATpuOyT OrpaHuyeHus cBepXy. 3ajaercs Mak- | ATpuOyT 3ajaercs BBOA- | ATpuOyT 3amaercsi BBOJHOM

CHMaJIbHOE KOJIMYECTBO CBS3CH MEXKY 3K3€M-
IUIApaMHu KJIaCCoOB

HOW KOHCTpyKLHMEH, a
TaKKe  YMCIOM  JIH6O
CII0BOM, 0003HAYarOIINM
YHCIO (YUCTa O JNECSTH
HUMEIOT B S3BIKE CIIOBEC-
HBI€ SKBHBAJICHTBHI)

KOHCprKHHeﬁ «MaKCUMyM» U
YUCJIOM

<SubClassOf>
<Class IRI=""Person" />
<ObjectMinCardinality cardinality="2" >

Every person is-a-child-
of at-least two parents

YCJIIOBCK

ABJIAETCS pEOCHKOM:

<ObjectProper- MHHUMYM zv
ty IRI="isChildOf"'/> poxurenen
<Class IRI="Parent">
</ObjectMinCardinality>
</SubClassOf>
ATpHOYT orpaHmyeHHsi CHu3y. 3azmaercs | ATpHOYT 3amaercs BBOI- | ATpHOYT 3amaeTcs BBOJHOMU

MHUHUMAJIBHOEC KOJIMYCCTBO
OK3EMILIIpaMU KJIaCCOB

CBs3eH  MEXIy

HOM KOHCTpyKuMeH, a
TaKKe YHCIOM  JIHOO
CJIOBOM, 0003HAYAOMINM
YUCTIO

KOHCTPYKIMEH «MUHUMYM» U
YHCIIOM

<SubClassOf> Every person is-a-child- | uenoBex

<Class IRI=""Person" /> of two parents SABJIACTCS PEGEHKOM:

<ObjectExactCardinality cardinali-

A poBHO 2
ty="2"> .
<ObjectProper- poauTenen

ty IRI="isChildOf" />

<Class IRI="Parent">

</ObjectExactCardinality>
</SubClassOf>

Tabauya 10
Table 10
3HadyeHue FE Onto OWL
<2 less-than two MEHbIIe 2 <ObjectMaxCardinality cardinality="1">
>2 more-than two | Gombie 2 <ObjectMinCardinality cardinality="3">
<2 at-most two makcumyMm 2 | <ObjectMaxCardinality cardinality="2">
>2 at-least two muHUMYM 2 | <ObjectMinCardinality cardinality="2">
#2 different-than | He poBHO 2 <ObjectMinCardinality
two cardinality="3"><ObjectMaxCardinality
cardinality="1">

=2 two poBHO 2 <ObjectExactCardinality cardinality="2" >
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B koHTpommpyeMoM s3bIKE €CTh HECKOJIbKO BBOIHBIX KOHCTPYKIHI, HO B
OWL oHH TpaHCIHPYIOTCA TaKUM 00pa3oM, UTO BEIPAXKAIOTCS TOJIBKO Yepe3 Mak-

CUMYM, MUHUMYM U «PABHO».

Jis KJTaccoB ¢ HECKOJNBKAMH SK3EMIUISIPAMUA MHOTJA TPUXOJUTCS BBIIEIATH
KITIOYEBOE CBOMCTBO, KOTOPOE SIBIISIETCS TapaMeTPOM MACHTU(DUKAITUN YHUKATHHON

3aIInuCH.
Tabnuya 11
Table 11
KiroueBblie cBOMCTBa
OWL FE Onto
<HasKey> . i . Bee
<ObjectProper- b - ng
ty IRI="hasld"/> KOTOpBIE
</HasKey> .
SIBJIFOTCSL:
TFOIIbMH
YHUKAJIBHBI €CITH
X
nmeer id:
4T0-71100
SlBHOe yKa3aHMe KIIOYeBOro | 3agaHme  mapamerpa  depe3 | 3ajaHde mapamerpa dYepe3 BBOJHYIO
napameTpa BBOJIHYIO KOHCTPYKITHIO KOHCTPYKITHIO
Tabauya 12
Table 12
3aiaHKe CIIOKHBIX MMOHATHI
OWL FE Onto
<DLSafeRule> . Eciu
If acatis
<Body> .
<ClassAtom> | &1 animal that has at- KOILIKa
<Class IRI="Cat" /> g:last f?.]e thl'e 8s ttlf]i SIBJISIETCSL:
<Variable IRI="CatX" /> | . ¢ cat1s something tha
</ClassAtom> | 15 not a bird SKHUBOTHBIM
<ClassAtom> KOTOpoe
<ObjectIntersectionOf> MeeT:
<Class IRI="Animal" /> ’
<ObjectMinCardinality cardinality=""5"> MHHHMYM 5
<ObjectProperty IRI=""has" /> Hor
<Class IRI="Leg" />
</ObjectMinCardinality> TO
</ObjectIntersectionOf> 3Ta KOWIKA
<Variable IRI="CatX" />
</ClassAtom> SIBJISICTCSL:
</Body> YeM-TO
<Head> ’
<ClassAtom> 41O
<ObjectComplementOf> He SIBIISIETCS:
<Class IRI="Bird" /> ’
</ObjectComplementOf> nTULeH
<Variable IRI="CatX" />
</ClassAtom>
</Head>
</DLSafeRule>
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Oxonuanue mabn. 12

End of Tab. 12

3aHaHI/IC CIIOKHBIX TIOHATUN

OWL

FE

Onto

3ajaHue KJjacca yepe3 Habop ycJOBUH.

"Cat" — ucxoaHbIif KJIacc.

UYepes

YCIOBHYIO KOH-
CTPYKLHUIO OIHUCHIBACTCS

UYepe3 yCIIOBHYIO KOHCTPYK-
L0 ONKCBIBAETCS IPABUIIO,

MPaBWIO, MO KOTOPOMY | IO KOTOPOMY HeE SIBHO 3aJaH-
"CatX" — onpeaensieMblii KJjace HESBHO 3aJaHHBbI IOA- | HBIM IOJKJIACC SIBISETCS HE
KJIACC SIBIISICTCS HE TIepe- | IepeceKaeMbiM ¢ JPYTUM
CeKaeMbIM €  JPYTHM | KJIaccoM
KJIaCCOM
Tabauya 13
Table 13
3aJaHue 3K3eMILIIPOB
OWL FE Onto
<ClassAssertion> Codus
—"n 1 " . . .
<Class IRI__ .Glraffe > . Sophie is a giraffe 3TO:
<NamedIndividual IRI=""Sophie" />
xupad

</ClassAssertion>

IK3eMIUISIP 32/1aeTCs IBHO

DK3eMIUIAp pacro3HaeTCst
3a CYET HANHCAHMS €ro C
3arJaBHON OYKBBI

DK3eMILIAp pPacHo3HaeTCs 3a CYeT
HAIHCAHUS €ro C 3arjiaBHON Oyk-
BBI

Tabauya 14
Table 14

Tloakmaccel OTHOIICHUH

ty IRI="isProperPartOf" />
<ObjectProperty IRI="isPartOf" />
</SubObjectPropertyOf>

then X is-part-of Y

OWL FE Onto
<SubObjectPropertyOf> OTHoLICHHE
<ObjectProper- If Xis-proper-part-of Y | coGcTBeHHas YacTh

3TO:

OBITh YaCThIO

SIBHOe 3a/1aHHe MOIMHOKECTBA

3anaHue yepe3 yciIoBUs U
MepeMeHHBIC

SIBHOE 3ajaHue uepe3 BBOJAHYIO
KOHCTPYKIHIO « OTHOIICHHUE)

OTaensHO CTOMT PacCMOTPETH 3afady 3aJaHus aKCHOM, MoToMy Kak B OWL
YacTh M3 HUX SBJSIETCS CTAHAAPTHOW XapaKTEPUCTHKOW OTHOIIeHHH. JIroaum e,
KaK MPaBUJIO, HE OMEPHPYIOT B JaHHBIX KaTeropusx. [l demoBeka MPUBBIYHEE
paccMaTprBaTh TO WK WHOE YTBEPKICHHE Ha IpuMepe 00bekToB. CpaBHEHHE 3a-
JIlaHWsI aKCHOM PacCMOTPEHO B Ta0i. 15.
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Tabauya 15
Table 15
TpaH3UTHBHOCTH
OWL FE Onto
<TransitiveObjectProperty> Ecmn
<ObjectProperty IRI=""hasPart" /> If X has-part something | X
</TransitiveObjectProperty> that has-part Y then COCTOMT 1!
Zidfce-part qero—nn6;)
4TO
COCTOUT H3:
Y,
TO
X
COCTOMT H3:
Y

SIBHOe 3anaHue TPAH3UTUBHOCTH OTHO-
IHeHus

3anaHue yepe3 ycioBUs U
MepeMeHHBIC

3agaHue 4epe3 ycioBHS M Iepe-
MEHHBIC

PedexcuBHOCTD
OWL FE Onto
<ReflexiveObjectProperty> Bcee
<ObjectProperty IRI="isPartOf" /> Every-single-thing is- X
</ReflexiveObjectProperty> art-of itself
p COCTOMT H3:
X

SIBHOe 3aaHue pPedIeKCHBHOCTH OTHO-
IeHus

3ajaHue yepes yciaoBHs U
BBOJIHBIC KOHCTPYKIIHH

3ajaHue Yepe3 yCIOBHS W Iepe-
MEHHBIE

HUppediaexcuBHOCTD
OWL FE Onto
<SubClassOf> Every-single-thing is not Bcee
<Class abbreviatedIRI="owl:Thing" / a thing that is-proper- X
> part-of itself )
<ObjectComplementOf> HE COCTOUT H3:
<ObjectHasSelf> 4ero-Jinobo,
<ObjectProper- 470
ty IRI="isProperPartOf" /> )
</ObjectHasSelf> COCTOMT H3:
</ObjectComplementOf> X
</SubClassOf>

SIBHOE 3ajaHMe PeIICKCHBHOCTH OTHOLIE-
HHUS

3ajgaHue yepes yciaoBHs U
BBOJIHBIC KOHCTPYKIIHI

3ajaHue Yepe3 yCIOBHS U Iepe-
MEHHBIE

CHUMMETPHYHOCTh
OWL FE Onto
<EquivalentObjectProperties> X
<ObjectProperty IRI="isFriendOf" /> X is-friend-of Y if-and- apyr:
<ObjectInverseOf> | 1y if v js-friend-of X v
<ObjectProper- >
ty IRI="isFriendOf" /> TOJIBKO €CIIN
</ObjectInverseOf> %
</EquivalentObjectProperties>
ApYT:

X
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Oxonuanue mabn. 15

Endof Tab. 15

CI/IMMeTpI/I‘IHOCTL

OWL

OWL

OWL

3ajaHue 4epe3 JKBHBAJEHTHOCTb M HH-
BEPCHI0 OTHOIICHHMIA.

3amaHue depe3 YCIOBUSA,
BBOJIHBIE KOHCTPYKIHH U
TepeMeHHbIe

3ajaHue 4epe3 YCIOBHS H Iiepe-
MEHHbBIE

DKBHBAJICHTHOCTH
OWL FE Onto
<EquivalentObjectProperties> X
<ObjectProperty IRI="isCloseTo" /> | x is_close-to Y if-and- pzIoM ¢
<ObjectProperty IRI="isNearTo" /> only-if X is-near-to Y
</EquivalentObjectProperties> Y,
TOJIBKO €CITU
X
HE JIANIEKO:

Y

SIBHOe 3ajlaHHe HYKBHUBAJIEHTHOCTH OT-
HOIIeHUit

3agaHue depe3 yclIoBUS U
nepeMeHHbIe

3ajaHue 4epe3 YCIOBHS H Iiepe-
MEHHBIE

Henepecexkaemoctsb
OWL FE Onto
<DisjointObjectProperties> X
<ObjectProperty IRI="hates" /> | £ ¥ |oyes Y then X does- HEHABHJIUT:
<ObjectProperty IRI="loves" /> not hate Y
</DisjointObjectProperties™> Y,
TOJIBKO €CIIH
X
HE JIO0HUT:

Y

SIBHOe 3ajaHUe HelepeceKaeMoCTH OT-
HOIIEHUit

38.I[HHI/IC HUepe3 yCIOBUA U
NEPEMECHHBIC

3amaHue dyepe3 ycIOBHS U Iepe-
MEHHBIE

OO0paboTka OTpHIIAaHUH OTIIMYAETCS OT AHTJIMICKOro si3bika. [lockombky B
PYCCKOM $I3BIKE HET ONpPEACICHHBIX MPaBUII, COTTIaCHO KOTOPBIM YacCTHIA «HE» HC-
IIOJIB3YETCS B OIIPENESIeHHOM MecTe npemiiokenusi, B KES oHa yuuTsiBaercs B co-
CTaBe OTHOIICHUS Ha JII000H MO3ULHKH.

7. HTOBECTBOBAHME

3aaHne OHTOJIOTUU HA €CTECTBEHHOM SI3BIKE TIO3BOJIIET COXPAHATH MOPSIOK
MMOBECTBOBAHUS U TEM CaMbIM BBOJUTH B OHTOJIOTUHU JOTIOJHUTEIbHYIO CEMAHTHKY.
Takoif MOAXOM IMO3BOJIAET CTPOUTH OINMCAHHE MPEAMETHOW OOJIACTH B TOPSIKE,
MPEeIyCMOTPEHHOM aBTOPOM OHTOJIOTHH (HAIIpPUMeEp, XPOHOJIOTUYECKOM HITH

HUEPAPXUIECKOM).

B cnydae u3nokeHuss MaTepuanoB MPeIMETHON 00JIaCTH B BHJIE MIOBECTBOBA-
HUS BXHYIO POJIb UTPAeT OeCIpensaTCTBEHHOE BOCTIPUATHE TeKCTa HH()OPMAIINU —
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rilaKouTeHue. JJaHHbBIM TepMUH BKJIIOYAET B ce0sl OTCYTCTBHE CHMBOJIOB, CIIOB H
KOHCTPYKIHI, HE NPEIHA3HAYEHHBIX JI1 ECTECTBEHHOTO A3BIKA.

PazpabareiBaemsbiii KESI cooTBeTcTBYET HaHHBIM TpeOOBaHUSIM, a 3HAYHT, OY-
JeT HOHSTEH YeI0BeKy 0e3 KaKUX-TH00 CIeHHaTN3UPOBAHHBIX HABBIKOB.

3AKIIOYEHHUE

B pamkax paspaborku KES monyumiioch OrpaHHYMTh €CTECTBEHHBIN S3BIK,
MPH PTOM COXPAHUB €T0 CBOMCTBA TJAJAKOYTCHHS, JJIsi OOBIYHOTO TOJIH30BATEIIS.
Takum oOpazom ObIT chOpMUPOBaH SA3BIK, KOTOPBIA, C OJHOW CTOPOHBI, Oecmpe-
MSATCTBEHHO BOCTIPHHUMAETCS YEIOBEKOM, a C JPYTOi — MOXKET OBITh HHTEPIIPETH-
pOBaH KaK OHTOJIOTHS MAIIMHOW JIOTHYECKOTO BBIBOJA. JIaHHBIN S3BIK MOACPKU-
BaeT BCE HEOOXOMUMBIE CTaHAAPTHI I TpaHcuanuu ero B OWL u manpHeimei
paboThI B IpyTHX MporpaMMHBIX cpemax. KES 6asupyeTcs Ha TeCKpUTITUBHOH JI0-
THKE W MOJIJCPKUBACT BCe e¢ 0a30BbIe KOHCTPYKIIMH, a TaK:Ke OTBEeYaeT TpeOoBa-
HUSIM, IPEIBSBISIEMBIM K OTOJOTUYECKUM SI3BIKAM.

B pamkax pa3paboTku si3pIKa HEKOTOPBIE KOHCTPYKIWHU OBLTH YIPOIIEHBI OT-
HOCHUTEIIFHO aHTJIOS3BIYHOIO aHAJIora, a TakKe aJanTHPOBaHHEI K crenuduke pyc-
CKOT'O SI3BIKA.

D PeKTUBHOCTL TIpoIlecca YIpaBIeHUS 3HAHUSAMH HANpsSMYK 3aBUCHT OT
thopmer ux mpencrasienus. [llupokoe pacnpocTpaHeHHe OHTOIOTHIA B IIETSAX Opra-
HU3aI[UM KOHTCHTA OTKPBIBAET HOBHIC BO3MOXKHOCTHU JJIsi pabOTHI C CEMaHTUKOM,
3aKJIIOUEeHHON B Tekcrax. [lanHas pa®oTa MO3BONSIET CHU3WUTH MOPOT BXOJa IS
WCTIOJIH30BAHMS OHTOJIOTHH JIFOIbMU 0€3 CIeIMaTbHBIX HABBIKOB.
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Abstract

The work contains a description of a controlled natural language intended for working
with ontologies. Thanks to a formalized definition of the conceptual structure of the subject ar-
ea in ontology, it is possible to automatically process ontological information which is used in
new search engines, information integration systems, and expert systems.

A brief analysis of analogues is given, as well as the rationale for the need to develop a
specialized language. The requirements for the language are systematized taking into account
the scope. The positioning of the developed language in relation to other representatives of the
group of ontological languages is described. In this paper, we propose one of the possible ver-
sions of a controlled language, initially oriented to a Russian-speaking user. However, as prac-
tice has shown, a multilingual version of the presentation turned out to be possible and very
useful for vocational training purposes due to the fact that the structure of many languages can
be represented quite uniformly. Since a controlled natural language is a subset of the natural
language, it does not contradict the syntactic rules of the Russian language, and its lexemes are
semantically consistent. In turn, a natural language is more expressive and complex. At the
same time, a controlled natural language must be unambiguously mapped into the standard
OWL ontology presentation language. OWL is based on a descriptive logic (DL) and because
of this, trilateral language matching is achieved.

The description of the structure, syntax and grammar of the language is also given. Rep-
resentation of a descriptive logic and rules in language constructs are described. Examples of
knowledge representation in the described format in comparison with analogues are given. The
use of a controlled natural language for compiling a narrative with support of the ontological
format is described. As part of the development of the language, a number of designs were
simplified with respect to the English-language analogue, and also adapted to the specifics of
the Russian language.

The effectiveness of the knowledge management process directly depends on the form of
their presentation. The widespread use of ontologies in order to organize the content opens up
new possibilities for working with semantics contained in texts. A controlled natural language
is bi-directional, perceived by both man and an inference machine. Its use will make it possible
to find a wider application of ontologies, as well as to lower an input threshold to work with
them.

Keywords: controlled natural language, ontological language, ontologies, knowledge
engineering, knowledge base, knowledge representation, inference mechanism, ontology editor,
multilingualism, semantics, translators
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Pacnpoctpanenue ucnonbp3oBaHus OecIMIOTHBIX BO3AyIIHBIX cucteM (BBC) B rpaxnanckux u
BOCHHBIX OIEPANUsIX MOCTaBIIIO MHOXKECTBO IIPOOJIEM: OT TOr0, KaK 00€CIIeUNTh HAaeKHOE CIeKEHNE
3a OECNMIOTHBIM BO3JYIIHBIM O0BEKTOM, 10 TOr0, KK OPraHW30BaTh U MPEJCTaBUTh JaHHBIC 3HAUU-
MBIM 00pa3zoM. KoHmenun mocTpoeHus MepCcreKTUBHBIX paanonokanuoHHbx cucteM (PJIC) moka-
3BIBAOT, YTO 3TO OYy/IyT KOMIUIEKCHI HHTErpaibHOro THma. Co31aHue TaKMX KOMIUICKCOB MPEAIOoNaraet
HaJM4YAe B UX COCTaBe MH(POPMALMOHHON CHCTEMBI, COCTOSIIEH M3 KaHAIOB, KOTOPHIE IIPOHU3BOJSIT
(YHKIMOHAIIBHO 3aBEPILCHHYIO NPOLEAYpY 00pabOTKH CHUIHAIOB M MH(POpPMAaLMK B HHTEpecax perie-
HMSI KOHKpEeTHOH 3azaun. IToBblleHHe KauecTBa 0OpaOOTKM CUTHAJIOB U MH(OPMAIMK (TOYHOCTH, IO-
MEXOYCTOIYMBOCTH, HAJEXHOCTH, IIEJIOCTHOCTH) B MH(OPMAIMOHHOH CHCTEME BO3MOXKHO IO JBYM
B3aMMOJIOMOJHSIONIMM JAPYT Jpyra HampaBieHHAM. IlepBoe — 3TO COBEpIIEHCTBOBAHUE YCTPOWUCTB U
CHCTEM, BXOZSIINX B COCTaB PaJHOdIEKTPOHHOTO KOMIUIEKCA, a TAK)KE BBEIEHNE B €0 COCTaB HOBBIX,
nMeromnx Oosiee BHICOKHE XapaKTEPUCTHKU KavyecTBa (yHKIMOHMPOBaHU. Bropoe — 310 paspaboTka
COOTBETCTBYIOIIETO aITOPHTMUYECKOTO obecrieueHus. B HacTosee BpeMs B anroputMax (GHIbTpaIin
o6brunas cucrema PJIC ucnons3yer Mojellb, OCHOBAHHYIO Ha NMPEIONIOKEHHH, YTO CONPOBOXKaeMast
LIeNTb IBIDKETCS MPSMOIIMHEIHO ¢ mOcTOsHHON ckopocThio. Ecm BITJIA He B coCTOSHMM MaHEBPHPO-
BaTh, TO 3a/{a4da CJIEKEHMS PEHIacTCs MPOCTO — ¢ MOMOINBIO CTAHJAPTHBIX AITOPUTMOB (HIBTPALANL.
Tem He MeHee CITOCOOHOCTD LI K MAHEBPUPOBAHHIO JENAET MEPEUHCICHHbIE adrOPUTMbl HEMOIXO-
JUSIIIUHA JUIST TOYHOTO CIIEKEHUS M3-32 HEeCOOTBETCTBUS HPE/IIoaraeMoi MOJISNH JBIDKCHUS HENIH pe-
aTbHOCTH.

KioueBbie cioBa: GuibTp, HHGOpMANMOHHAS CHCTEMa, MaHEBp, (QYHKIMOHHPOBAHHE, CIe-
JKEHHEe, MAaHEeBPEHHOCTb, OBICTPOJICHCTBYIOINH (QUIBTP, OCHOBHOH (DUIBTP, HEONPEAEIEHHOCTD, CTO-
XaCTUYHOCTB IMPOLECCOB, NECTAOMIN3UPYIOmUe (aKTOphl, ONTHMAJIbHAs OLCHKA, HU3KAs 4YyBCTBHU-
TEIBLHOCTD

: Cmamus nonyuena 14 cenmsops 2019 e.
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BBEJIEHUE

W3 BBIIIEU3/I0KEHHOTO BBITEKA€T HEOOXOIUMOCTh UMETh aBTOMATHYECKYIO
CUCTEMY CIIe)KEHHUS 332 BO3IYLIHBIM O0BEKTOM, COCTOSIIIYIO U3 HECKOJBKHX TOJ-
CHCTEM C pa3IMYHBIMU CTPYKTypaMH, Ha3HaUYCHHE KOTOPHIX COCTOUT B oOecreye-
HUM paboThl B Pa3jIM4YHBIX PEKUMaxX IPU HAJUYUU €CTECTBEHHBIX U OPTraHU30-
BaHHBIX TOMEX, BO3MOKHBIX HapyLIEHUH DPEryJIIpHOTO MpoIlecca COMPOBOXKIE-
HUS, PE3KOro M3MEHEHMs NOBEACHMs NapaMeTpOB CHUTHaJa BCIEACTBHE HEMpe.-
BUJCHHBIX IPUYHH.

Heo6x0auMocTh IPOTHO3UPOBAHMS U OTCIECKUBAHUS TPACKTOPUU ABMXKECHHUS
OecrnoTHBIX JieTarenbHbIX ammapatoB (BITJIA) TpeOyer pemars 3amady Oec-
CPBIBHOTO BBICOKOTOYHOT'O M3MEPEHUSI UX KOOPAMHAT, B TOM YHCJE U B YCIOBHUAX
noMex. OTO BO3MOXKHO IIyTeM IPUMEHEHHs aJalTUBHBIX CIEASIINX U3MEpUTENei,
B KOTOPBIX B 3aBUCHMOCTH OT CUTyallud MOTYT U3MEHATHCS KaK CTPYKTypa CHCTEM,
TaK ¥ mapaMeTpsl ciaeasmux GuibTpos [1, 2].

XapakTepHbIMH OCOOCHHOCTSIMM YKa3aHHOM 3alaud U COOTBETCTBYIOIIUX
CIIEASIIINX CHUCTEM SBIISIIOTCS CTPYKTYPHasi HEOIPEIEeNICHHOCTh (HE0O0XOIUMOCTb
CMEHBI CTPYKTYpBI B CIIy4aiiHble MOMEHTBI BPEMEHM) U CTOXAaCTHYHOCThH INpOLec-
coB B HuUX. O0e 3TH 0COOEHHOCTH SIBJISIOTCSI OOBEKTHBHBIMU XapaKTePHUCTUKAMU
nponecca (GYHKIMOHHUPOBAHUS CIOXKHBIX AMHAMHYECKHX CHCTEM, IIOJIyYHBIIHX
Ha3BaHUE CTOXAaCTHYECKHUX CHCTEM CO CMEHOH CTPYKTYphI B ClIydaillHble MOMEHTHI
BpPEMEHH.

ITycTth cuctema ciexeHus oJBepraercsi BO3ACHCTBUIO ABYX THUIIOB AeCTaOH-
JTU3UPYIOHINX (PAaKTOPOB: OTHOCUTEIHHO MEAJICHHBIX M3MEHEHUH OTCIIeKUBAEMBIX
napamMeTpoB U OBICTPBIX 3MEHEHUH [3].

1. IOCTAHOBKA 3AJIAYH

3amaueil aHaIM3a MEPEXOAHBIX MPOIECCOB SBIISETCS MONYUCHUE aITOPUTMOB
(hyHKIIMOHUPOBAHUS CIICSIIAX CHCTEM, ONTUMAIBHBIX B TOM MM UHOM CMBICIIE.
B o0miem cirydae onTHMaIbHBIMU SBIISIOTCS aJTOPUTMBI, 00ECIIEYHBAIOIINE BBICO-
KYIO TOYHOCTh M YCTOHYHBOCTH CIEAAIINX CHUCTEM, a TaKKe MX HU3KYIO YyBCTBH-
TEIBHOCTh K U3MCHEHHIO YCIOBUH (DYHKIIMOHUPOBAHUS MPU HAJIWYUU HEOMpEre-
JICHHOCTH B MOBEJIcHUU AuHaMu4deckon cuctemsl ([1C) [4].

B Hacrosmiee BpeMs Ipu BTOPUYHON 00pabOTKe paaroIOKaIMOHHONH HHGOP-
Malliy IIUPOKOE MPUMEHEHHUE MONYYalOT ONTHUMAIBHBIE aITOPUTMBI OIICHUBAHUS,
Oasupytommecs Ha TU(GGEPESHIIUATBHBIX WIH PA3HOCTHBIX YPaBHEHUSX, MOJTyYCH-
HBIX Ha OCHOBE METO/IOB (DMIIBTPAIIHH.

IIpu orcnexxuBanuu ManeBpeHHOTO BITJIA HaumydmuMu SBISIOTCS aJITOPUT-
MBI, 00CCIICUYUBAIOIINE BHICOKYIO TOYHOCTh OIICHUBAHUS MapaMETPOB OTHOCHUTEIb-
Horo nBukeHus BIIJIA u ycTOHYMBOCTB K CPBIBY CICKCHHS, a TaKKE UMEIOLIUE
HU3KYI0 YYyBCTBUTEIHHOCTh K HM3MEHEHHIO YCIOBHHA (YHKIIMOHWPOBAHUS TIPHU
HaJIMYUU HeompeeneHHocTH B moBeacHnu J[C.

Hcxonnple MOAETH BBIOMPAIOTCS B COOTBETCTBUM C 3aJauaMU, PEIIacMbIMU
CHUCTEMaMH CJIEKEHUS U BOZMOXKHOCTSIMA COBPEMEHHBIX IU()POBBIX BHIYHCIUTEINh-
HeIX MamH (LUIBM) ¢ Touku 3peHust CKOpocTH 1 o0bema naMatu. Mogens cocTo-
SIHUSL JIJIS KQKJIOTO MapIIpyTa JIOJIKHA 00eCIIeYuBaTh ONTUMAIBHYIO OI[CHKY BCEX
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HEOOXOAMMBIX (a30BBIX KOOPAMHAT JISI COBPEMEHHBIX U MEPCIIEKTHBHBIX METOJIOB
HaBeJIeHUS U BbImaun kKomauy s BITJIA [5].

Kak ormeuasioch B [6], XapakTepHOW OCOOCHHOCTBHIO CYIICCTBYIOIIMX HU3ME-
puTenel ABIAETCA HU3KUW MOPSIOK YCTOWYUBOCTH CIEISAIICH CHCTEMBI M OJHO-
KOHTYPHBII IPUHLMII €€ MOCTPOEHUs, IPU KOTOPOM UyBCTBUTEIbHBIA TUCKPUMU-
HaTOp, MeJeHTaTop, (JOpPMUPOBATENb OLIEHOK U MCIIOJHUTENBFHOE YCTPOHCTBO CO-
CTaBJIAIOT CJMHBINA KOHTYp. B Takoil cucteme ciexeHus TpeOOBaHUS K TOYHOCTH,
CKOPOCTU M YCTOMYMBOCTU HpOTUBOpeuaT Apyr Apyry. CriemoBaTeinbHO, HEBO3-
MOKHO OJTHOBPEMEHHO OOECIIeYHTh BBICOKHE TOYHOCTH, CKOPOCTHb M HAIEKHOCTh
OTCJIC)KMBAHUS Ha IOCTATOYHOM WHTEPBAJIC BPEMEHHU, OCOOCHHO MIPU WHTCHCUBHOM
u3MeHeHnuu koopaunat bBITJIA.

Ecnu BIUJIA coBepiiaer MaHeBp, B X0J/i€ KOTOPOTO BO3HUKAIOT MPOU3BOIHBIC
OTCJIEKUBAEMBIX KOOPIMHAT, MOPSJOK KOTOPBIX IMPEBBIMAET MOPSJOK acTaTU3Ma
CHIIAIICH CUCTEMBI, TO 3TO MPUBOJAUT K HAPACTAHUIO JMHAMUYECKHUX OIIMOOK CO-
MPOBOXKIEHHs. B pesympraTte TpW IIMTEIHEHOM MaHEBpe HEW30eXHBIM OyaeT
HapyIIeHHe OTCJIEeKMBAHUSA, a COOTBETCTBEHHO M CpBIB HaBeneHHs. CHIDKEHUE
BIIMSIHUSL MAHEBPA LIETU 32 CUET MOBBIIICHUS YCUICHHUS B KOHTYPHBIX U3MEPHUTEIAX
MPUBOJUT K CYIIECTBEHHOMY CHU)KCHHIO 3aI1aca yCTOMYMBOCTH.

B cBs3u ¢ oTMeUeHHBIME OCOOEHHOCTSIMHU CYIIECTBYIOIINX CIENANINX U3Me-
puteneli pemenue 3anaud 3(Q(HEKTUBHOTO COMPOBOKACHUS OECIUIOTHUKOB, OCO-
OCHHO O0JIAJAIOIINX CBEPXMAHEBPEHHBIMU CBOWCTBAMH, CTAHOBUTCS BECbMa IPO-
OJIeMaTHIHBIM.

B TexnnueckoMm miane ceepxmaHeBpeHHbIe BITJIA mpenbsBiIsiOT CymecTBeH-
HO 0oJiee ecTKue TpeOOBaHU K TOYHOCTH, OBICTPOACHCTBUIO U YCTOWYMBOCTH UX
CONPOBOXKICHUS CUCTEM CJIEKEHUS KaK MPHU CICKCHUH 33 OJUHOUYHBIMHU LIETSIMU,
TaK ¥ IIpU OJJHOBPEMEHHOM COIPOBOKICHUH HECKOJIBKUX 0OBEKTOB.

KauecTtBeHHoe ynyumieHue maHeBpeHHBIX cBOMcTB BIIJIA maer Bo3MOX-
HOCTb MOJIyYEHHUS TaKUX MAHEBPOB, KOTOPHIE MO3BOJSIOT KaK YXYAIIATh MOKa3a-
TEJIU CUCTEM COIPOBOXKICHMS, peau3ysl TaK Ha3bIBAEMBbIC AITOPUTMHYECKHUE
BO3JICHCTBUS, TaK M YJIy4IIaTh IOKA3aTEld CBOUX PaJUOJIOKALMOHHBIX CHCTEM
HAOJIFOICHNSI, COJIEHCTBYSl CHCTEME TPaeKTOPHOTO YIpaBleHUs HAOII0IeHUEM
camoro BITJTA.

IIpuMepoM mepBOro HaIpaBIEHUS SBJISIETCS LIEJIECHANPABICHHOE BBINOJIHE-
HUE MaHEBpa, NMPU KOTOPOM JIOCTATOYHO CUJIBHO MPOSIBISICTCS TPEThA U OoJjee
BBICOKHE MTPOU3BOJIHBIC U3MEHEHHUS JaTbHOCTH, CKOPOCTH U YTJIOBBIX KOOPJAUHAT,
MPUBOSIIME K CPBIBY CONPOBOKIACHUA. BBINOJHEHUE TaKMX MaHEBPOB, CyIle-
CTBEHHO PACIHIUPSIONIUX BO3MOXKHOCTH YKJIOHEHHUS OT YNPABISIEMBIX CPEACTB
MOpayKeHUs, HEBO3MOXHO 0e3 anroputmoB oneHuBaHus B PJIC oTHOCHTENHHBIX
YCKOPEHHH W WX MPOU3BOAHBIX. BO3MOXHOCTH cOpoca CKOPOCTH 0 OKOJIOHYIIe-
BbIX 3HAQYCHUI U 3aBHCAaHUE B BO3AYXE TAaKXKE MPUBOJUT K CPBIBY COIPOBOXKIE-
HUs cBepxMaHeBpeHHBIX BIIJIA umnynscHO-gomnepoBckumu PJIC mpoTuBo6op-
CTBYIOIIIEN CTOPOHBI.

IIpy pemeHnu 3azmad CONPOBOMXKIEHUS HWHTEHCUBHO MAaHEBPUPYIOIIHUX BO3-
JIYIIHBIX [EJIed MOAETU COCTOSHUS TOJDKHBI YUUTHIBATH HMHTCHCUBHBIC N3MEHEHUS
KOOPJMHATHI B TaJJbHOMEPHOM KaHaJe, MEeJICHIOB B a3UMYTalbHOU U YTIIOMECTHOU
IUIOCKOCTH @ M @p COOTBETCTBEHHO, YIVIOBOM CKOPOCTH JIMHUW BU3MPOBAHUS B

YIJIOMEpPHOM KaHaje. VIcroabp30BaHue CKOpPOCTel 00yCIOBICHO HEOOXOIUMOCTBIO
ydeTa MaHeBpOB LIeJIM B TIpoliecce ciexenus. Hampumep, BBINOTHEHHE TAKOTO Ma-
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HEBpa, IPU KOTOPOM CTAHOBSITCS CYIIECTBEHHBIMU TPEThH M 0OJiee BBHICOKHE IPO-
W3BOJHBIE KOOPIWHAT, 3HAYUTEIHHO PACIIHPSET BO3MOXKHOCTH COIPOBOXKIECHUS
LEJH.

PaccmoTpuM kKnHEeMaTHUYECKHE ypaBHEHUS AJISi METOJla HABEIACHHUS B HAWBBI-
TOTHENITYI0 YTIPEXKISHHYIO0 TOUKy. s yrmpomeHust pacCMOTPHUM 3TH ypaBHEHUS
TOJIBKO [IJISl TOPU3OHTAILHON IIOCKOCTH. ['€OMeTpHs B3aWMMHOTO IEPEMEIICHUS
BIITA u PJIC B 3T0i1 mI10CKOCTH MOKa3aHa Ha puc. 1.

Puc. 1. Tlepememenwnst BITJIA u PJIC
Fig. 1. Movements of UAVs and RLS

Ha OCHOBC 3TOI'0 pI/ICYHKa MOXHO HOJ'Iqu/ITB cne/:[y}omee BLIpa)KGHI/IeZ
p=t-Vy, (1)

rae ¢ — neneHr BIUUIA; € — yrioBoe moiokeHue TUHUU BUSUPOBAHUS, ¥ — Kyp-

cosoit yron PJIC.
W3 Beipaxenwus (1) crnenyer, 4to

(b=®(p=ﬁ), (2)

T7e ®, — YII0Bas CKOPOCTh M3MCHEHHS YIIa MeIeHra; o = £ — YrioBas CKOPOCTh

JUHUU BU3UPOBAHUSL.
[Ipu sTom otHOCHTEenbHOE nBrkeHUEe BIIJIA m PJIC ompenenseTcs ciemyro-
MM ypaBHEHUEM KHHEMaTuku [7]:

. 2106
O=— o, 3
D 3)

riae D — 1ansHOCTh [0 LenH; Vs — CKOPOCTh CONMKEHHS.
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C yuerom BeIpakeHHi (2) 1 (3) IOTYYHUM JETEPMUHHPOBAHHYIO YaCTh MOJIe-
JIM COCTOSTHUS

(i)=(,0,

4
Wes @)

D

B auckperHoii popme oHa OyIeT UMETh BUI
ok +1) = (k) + (k)T

_ 2V06 (k) )

ok+1)=|1 o T |o(k).

B marpuuHo#i popMme ¢ ydeToM CirydailHBIX BO3JEHCTBHIA MOJENb COCTOSIHUS
OyzmeT MMeTh BUJ

x(k+1)= 0D (k) - x(k) + P (k) (6)
1 T
@1y —
OV =| (| Wes®) ) |
D(k)

rae x(k) — m-MepHBIA BeKTOp (ha30BBIX KOOPAWHAT; &,(’)(k) — TIOCJIeTOBATEITb-

HOCTH CTaTUCTHUYECKU HE3aBUCUMBIX MEXKIY COOOW U BO BPEMCHH CIyYaiHBIX Be-
JIUYWH C TayCCOBCKOW TUIOTHOCTBIO BEPOSTHOCTH.

Hauanpapie m3meputenu (popMupoBatenyn HAOIIOASHUS MpoIecca) AOKHBI
rapaHTUpOBaTh (POPMUPOBAHUE OIICHOK M BCEX HEOOXOAUMBIX KOOPJIUHAT BEKTOpa
coctostaust. OOOCHOBAaHHOCTH JIEHCTBHS 3TOW rapaHTUM MOXHO MPOBEPHUTH Ha OC-
HOBE KpUTEpHEB HaOmomeHus. M3 3TOH MPOBEPKHU CIIEMyeT, 9TO B JIFOOOU TpyIIe
(1)}’HKHPIOH3JH)HO CBA3AaHHBIX KOOpAWHAT, MOAJIC)KAIIUX OLUCHHMBAHNIO, JOJIKHBI KaK
MUHUMYM HaOJIOAAaThCS HYJEBbIC MPOU3BOJHBIC OICHMBAGMBIX KOOPIMHAT.
B namem cnyuae 370 meneHru 1enell B TOPH30HTAIBHON UM BEPTHKAIBHOM TIOCKO-
CTH, KOTOpBIE U3MEPAIOTCA NEPBUYHBIMU U3Meputensmu PJIC.

Henocratkom Takoii MoAenu sIBIsETCS, KaK YK€ TOBOPUIIOCH, HEBO3MOXKHOCTh
OTHOBPEMEHHO O00EeCIeUnTh TOYHOCTh W OBICTPOTY pearupoBaHWs Ha W3MEHEHHUE
BXOJIHOTO CHTHaja. DTO XOPOIIO BUAHO Ha PHUC. 2, HA KOTOPOM H300pa’keHa Tepe-
XOJIHAs XapaKTePUCTUKA TaKOW CIeNAIel CUCTeMEBI, I/ie KpuBasi / — BXOJTHOU CHUT-
HaJI B ()OpMe SAMHUYHOTO CKa4yKa, KprBas 2 — OIICHKA BXOJHOTO CUTHAIA, MOJTyda-
emasi ¢ MOMONIBIO BBIIIIEONMCAHHOTO (PIITBTPA.

N3 pucyHka BUAHO, YTO IPU AOCTATOYHO BBICOKOM TOYHOCTH OTCJICKHUBAHUSA
HAOJI0]AEMOTO MPOIIECCa B YCTAHOBUBIIIEMCS PEKUME CKOPOCTh OTPAOOTKU OBICT-
POMEHSIOIIETOCS] BXOTHOTO CUTHAJIAa HEBBICOKA.
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Puc. 2. TlepexoaHast xapakTepuCTUKA JJi1 OCHOBHOM ClesiIeld CUCTEMbI
Fig. 2. A transient characteristic of the main tracking system

DTO0 MPUBOJUT K HEOOXOTUMOCTH MPUMEHEHHUS, B IOMOJHEHHE K MoJenH (4),
OBICTpOIEHCTBYIONMETO (DUIBTPA, KOTOPBI OymeT obecrneunBaTh OBICTPYIO OTpa-
0OTKYy pEe3KOro M3MEHEHHWs BXOJHOTO BO3JCUCTBHSI, BO3MOXKHO, M TPU MEHBIIEH
TOYHOCTH.

MoJienb COCTOSIHUS JUTS 3TOTO CIy4asi UMEET CIICYIONIHIA BUI:

o= +8, (k).
©)
_2Vc6 ®
D

d):

CyIecTBEHHBIM 3JIEMEHTOM MojeiH (7) ABISETCS TOIBKO MEPBOE YpaBHEHHE,
HO 11 JOPMAaIBLHOTO COTJIACOBAHUS €€ ¢ MOACHBIO (4) IMpu CHHTE3e (COXpaHESHUH
pasMepHoCTH 2x 1) cOXpaHEHO BTOPOE YpaBHEHUE.

B muckpernoit popme monens (7) Oymer uMeTh BUL

QUk +1) = (k) — 0y ()T +& ; (k).

(8)
—11_ 2Vc6 (k)
o(k+1)= (1 —D(k) Tj o(k).
B matpuunoii hopme mozens (7) OyneT uMeTs BUJ
x(k+1) = 00 (k) -x(k) + £ (k). ©)

1 0

D (k) = D) = _M)
oD (ky=d(k)=|0 (1 D) T
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Ha puc. 3, a, 6 u3o0paxkeHbl nepexoqHasl XapakTepUCTUKa ¢(¢) cleasen

CHUCTEMBI, CHHTE3UPOBAaHHOW Ha OcHOBe Mozenu (7), rae quaus / — BXOJTHON CHUT-
HaJI B BUJIC CIUHUYHOTO CKAyKa, JIMHUS 2 — OIICHKA BXOJHOr0 CUTHAJA, MMOJTydae-
Masi C IOMOIIbIO BBIIICOMTUCAHHOHN CIIEASIIEH CHCTEMBI.

Xoporio BumgHO (puc. 3, @), 9TO Takas CIeasIas cCucTeMa OBICTPO OTpadaThI-
BaeT PE3KOE M3MEHEHHUE BXOJHOTO BO3JCHCTBUS, HO B TO XK€ BpeMs UMEET 00Jib-
HIYI0 YCTaHOBHUBLIYIOCS OIIMOKY (pHcC. 3, 6).

® 9
1.5 11§
1
I e T SRS
,d
:'2 1
os| - |f 1E
; -._-.~...,f\\~_“ P A -"'.‘t--

0 2
05 0e

0 lte 2 3,e

a 7]

Puc. 3. Tlepexonnast XxapakTepHCTHKA s OBICTPOICHCTBYIOIIEH ciesien
CUCTEMBI

Fig. 3. A transient characteristic of the fast-acting tracking system

2. PE3YJIBTATBI PABOTHBI

Hcxons U3 BBILIEU3I0KEHHOTO IS CHHTE3a alropuTMa (yHKIHOHUPOBAHHUS
CHUCTEMBI aBTOMAaTHYECKOTO CONPOBOXKIEHUSI MHTEHCUBHO MAaHEBPHUPYIOIIHMX BO3-
IOYUIHBIX 1IeJield B pexkuMe 0030pa BEIOUpaeM MOJIEIb, COCTOSIIYIO UX JIBYX YacTei:
¢uIbTpa, TOCTPOGHHOTO HA OCHOBE BBIpaKeHUS (4), W OBICTPOICHCTBYIOLIETO
¢wipTpa Ha ocHOBe BblpakeHHs (7). OKoHYaTeNbHasl OLIEHKA OTCIECKHUBAEMOTO
rapameTpa ONpEAcIsIeTCs Ha OCHOBE TEOPUH CUCTEM CO CIY4YalHOU CTPYKTYpOH.
B cooTBeTcTBUU ¢ METOIOM CHUHTE3a CUCTEM CO CIyYalHOH CTPYKTYypOMH IOJIy4eH
ITOPUTM (PYHKIIMOHMPOBAHHS YTIIOMEPHOTO KaHaIa.

OueHku meneHra, yrioBOM CKOPOCTH JIMHHM BH3MPOBAaHUS M HOPMAaJbHOT'O
YCKOPEHUS Ha BBIXOJIe (PHIIbTPA MEPBOH MOAETH MOTYT OBITh IOJyYeHBI HA OCHOBE
CIIEIYIOIINX BBIPAXKCHHMN:

oV (k) =6k -1)+ 0V (k —1)T + KV (k —1)vD (k - 1); (10)

(1) (1 2Ves(k=1) jwn () PO PR
oM (k) [1 sl CRIG BT GV G (Y

COOTBETCTBYIOIINE OIICHKHU JJI (DHIIETPA BTOPOH MOJICITH:

6P k) =6 (k-1 = b, (kDT + KD (k—)v® (k- 1); (12)
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@y (1 2Ves (k=1 jA(z) e k@D @
@ (k) (1 el G AT S Gl (S (E)

1€ V — HCBA3KH, BRIYUCIIATOTCS 110 ¢)opMyJ1aM:

v (k) = z6) - RO (ke 1 k- 1) ; (14)

v (k) = z(k) - HZD (k 1 k -1). (15)

AnpropHass KOBapHAIlMOHHAs MaTpHIla TUCICPCHI OMIMOOK OMpenesieTcs
CJICYFOIUM 00pa3oM:
— JUTS IEPBOM MOJICITH:

Pk k-1)=BP (k11 k-1)+ B (k=1/k-DT + BY (k=1/k-1)T +
+ PYk-1/k-1T?,

PO (e e=1)=(BY (k=17 k=1)+ P (k =1/ k ~1)T ) x

X(l_w} (16)
D(k-1)

qu)(k/k—1)=(P2q)(k—1/k—1)+P2%)(k—1/k—1)T)x

x[1_2Vc6(k—1)Tj'
Dk-1) )

W (k —1)Tj2 .

POk /k-1)=PW(k-1/k-1)|1-
2 ( ) =Py ( ) D)

— 17151 BTOPOH MOJIEIH:

PR (k1 k-1)=PBP (k-1/k-1);
Ws(k-DT
PPk k-1)=PP (k-1/k-1 (1—06—}
12 )=hR3( W "pay

b

W (k—1)T
Pé?(k/k—l):Pz(f)(k—1/k—1)(1—M]

D(k —1)

2V, (k —1)Tj2

PO/ k-1)=PP(k-1/k-1)|1-
3k k=1 = PR =T
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Hanee onpezessieM aroCTEpPUOPHYIO KOBapHAaLMOHHYIO MATPHILy AWCIEPCHN

OIMOOK:
— JUIs1 IEPBOM MOJEINH:

POk 1k)=PY k1 k1) PP (k1 k -1k D, ()
PO/ ky=PP k1 k1= BO k1 k=1)K Dy (k)
P/ k=P (ke 1k =1~ B (k1 k=DKW, (;

POk 1k)=PY (k1 k1) B (k1 k—1)K D, (k)

— JUIs1 BTOPOM MOJIEIH:

B ek = B (k=)= B (£ =DK Pk
RS (k1 k)= B3 (6 k=)= B (k 1k =DK Py (b
PSP /b= PP (ke =1) = B (k /= DK D, (b

Pk ky=PF (k1 k=1)= PP (k 1 k=K P, (k).

(17)

(18)

KOBapI/IaLII/IOHHI)IC MaTpulbl OJHOIIAroBOr'0 IMpEACKa3aHUsA BEKTOpa Ha0JI10-

JICHUI:
— JUIsl IEPBOM MOJEIH:

P =RPk k-1 +03;

— JUIs1 BTOPOM MOJIEIH:

P =BP Kk k-1 +03.

Koaddunments! ycuneHus GuisTpos:
— JUIs1 IEPBOM MOJEINH:

kD k) =1;

POk 1k -1y
Ky k)=~
P/ k-1)
— JUIs1 BTOPOM MOJIENH:
KD =1;
POk [ k—1)

@ (4 =
K (k)= .
21

PRk 1k -1)

(19)

(20)

1)

(22)
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l"ayccoBckast IIOTHOCTE BEPOSTHOCTH HEBS3KH HAXOIUTCS 110 BBIPAKEHUSIM:
— JUIsl IEPBOM MOJEIH:

—‘V(l) (k)‘z '

1
\/275-‘V(1)‘ P 2-‘V(1)‘ ’

N[v(l)(k) | O,V(l)(k)] = (23)

— 1A BTOPOU MOZCIIN:
2
2

\/2n.‘V(2)‘eXp 2@ |

N[v(z) k)0, ® (k)} - (24)

BeposTHOCTH HOMEPOB CTPYKTYPHI CUCTEMBI:

2(0(k)=1|0(k —1) = 1)N[v(l> k)0, D (k)] wO k-1
U (k)

+

wD (k)=

2Ok +1)=1|0(k —1) = 2)N[v(2> (k)| 0,y (k)] w@ (k-1
+ ;
U (k)

(25)
n(0(k)=210(k-1) = 1)N[v(‘) k)0, (k)] wO (k-1
U (k)

w® (k)= +

n(0(k)=20(k-1) = 2)N[v(2) k)0, ® (k)] w® (k1)
" U ’

rue

U(k)=n(0(k)=1]0(k —1) = 1)N[v(l) k)| o,y® (k)] w0k —1)+
+ (0(k) =1]0(k —1) = 2)N[v(2) k)0, ® (k)] W@k -1)+
+ (0(k)=2|0(k —1) = l)N[v(l) k) 0,y (k)] Ok -1)+

+(O(k)=2|0(k —1) = 2)N[v(2) k)| 0,y@ (k)] W@ (k-1). (26)

PesynpTrpyromas oneHKa yriioBbIX KOOPIUHAT:

(k) =" (O k) + 62 (yw (k)

o) =0V Yy wD (k) + P )y w P (k).
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CrpykTypHass cxeMa airoputMa (YHKIIMOHUPOBAaHUS CIEISIIEH CUCTEMBI
npeJicTaBlieHa Ha puc. 4.

— @ik W-Q—E

—|K3"’(k) l :@_‘ w
Q

|(1-aTm‘ | T }.@,_{ n |—-- 41“_]‘

Ve : B0
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—|K1@(k) % wo @ )
v .
£

ok | V0
{-\.‘ ) v {*;_H | ﬂ? ‘ & WTJ ¢

Puc. 4. CtpykrypHas cxema aropurMa (pyHKIMOHHUPOBAHUS ClIe/ISIIE CHCTEMbI

Fig. 4. A flow diagram of the tracking system functioning

CTpyKTypa CHCTEMBI BKIIIOYaeT B ceOsl 1Ba GUIBTPA, BRIPAOATHIBAIOIINX KaXK-
IBIH CBOIO MapLUalbHYIO OLEHKY, U YCTPOMCTBO BECOBOH OOpabOTKH, pacCUUTHI-
Barollee OOIYI0 OIEHKY YTIOBBIX KOOPAHMHAT.

BbIBO/IbI

B pesynbrate mpoBeJCHHOTO HCCIICAOBAHHS MOKHO CIENaTh CICIYIONINEe BbI-
BOJBI.

[MosBnenue criocodnocTu BIIJIA kK MaHEBPEHHOMY IBIKEHHUIO 3HAYUTEIHHO
IIOBBIIIACT Tpe6OBaHI/ISI K ciegiamuyM cucreMamM 110 TOYHOCTH U yCTOfI‘II/IBOCTH ux
(YHKIMOHUPOBAHUSL.

DTO MPHUBOJUT K HEOOXOIUMOCTH MPUMEHEHUs, B AOMONHEHHE K Mozenu (7),
OBICTpOIEHiCTBYIONMETO (DHIBTPa, KOTOPHI OymeT obecrneuynBaTh OBICTPYIO OTpa-
0OTKYy pEe3KOro M3MEHEHHWs BXOJHOTO BO3JCUCTBHSI, BO3MOXKHO, M TIPU MCHBIIEH
TOYHOCTH.
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Abstract

A widespread use of unmanned aerial systems (UAV) in civilian and military operations
posed many problems: beginning with how to ensure reliable tracking of an unmanned aerial
object to how organize and present data in a meaningful way. The concepts for constructing
promising radar systems (radar) show that these will be complexes of the integral type. The
creation of such complexes implies the presence in their structure of an information system
consisting of channels that produce a functionally completed procedure for processing signals
and information to solve a specific problem. Improving the quality of signal and information
processing (accuracy, noise immunity, reliability, and integrity) in the information system is
possible in two mutually complementary directions. The first is the improvement of the devices
and systems that make up the electronic complex, as well as the introduction of new ones with
higher performance characteristics. The second is the development of appropriate algorithmic
support.

Keywords: filter, information system, maneuver, functioning, tracking, maneuverability
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Abstract

The paper considers the formant method proposed by N.V. Pokrovsky for determining speech
intelligibility. Its essence, algorithmic and technical realization based on the information-measuring
approach, as a method of making indirect measurements is analyzed. It is proposed to form a test
acoustic effect based on a unified speech-like signal from syllabic or verbal articulation tables. The
results of experimental studies of the synthesis of such signals, their energy spectra and probability
density distribution are presented. The issues of error estimation in speech intelligibility determina-
tion are discussed: the concept of errors for different applications, an error of indirect measurements,
and a theoretical error due to the conformity degree of the adopted model of speech intelligibility
measurement (estimation) to the real object that is a human hearing aid. Based on the analysis of the
results of the peripheral auditory system studies it is concluded that it is necessary to revise the adopt-
ed model of speech intelligibility estimation. In conclusion, the critique of the formant approach to
the assessment of speech intelligibility and suggestions for their improvement are given. Based on the
analysis of the results of the peripheral auditory system studies, an information-measuring model that
reflects the functioning of the external ear, eardrum, and basilar membrane more adequately is pro-
posed. The conclusion is drawn that it is necessary to revise the existing model for assessing speech
intelligibility, in particular, the criteria for the reliability of its assessment, the model of the test signal
and the measurement procedure.

Keywords: speech intelligibility, formant method, articulation tests, method of measurements,
intelligibility estimation error, theoretical error, transverse filter, frequency response unevenness,
amplitude compression
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INTRODUCTION

The definition of speech intelligibility is necessary in many areas: building
acoustics, medicine, psychoacoustics, speech communication systems, problems of
protecting speech information, etc. To determine speech intelligibility, a lot of dif-
ferent methods which can be divided into two large groups: subjective (expert) and
objective methods are used.

Subjective (expert) methods are based on articulation tests involving teams of
speakers and listeners using articulation tables of speech elements: syllables,
words, and phrases. There are quite a few varieties of articulation methods for de-
termining speech intelligibility. In Russia, they are regulated by the standards
GOST R 50840-95 [1] and GOST 16600-72 [2]. A review of foreign methods is
quite fully reflected in [3, 4].

Objective methods for assessing intelligibility are based on measuring the
objective parameters of a speech signal, while speakers and listeners are “re-
placed” by technical devices that to some extent model real speech pathways
and human hearing organs (for example, an artificial voice, an artificial
ear) [5].

Objective methods are divided into two large groups: formant (additive)
and modulation methods. Among the formant methods, we can distinguish
methods proposed by N. Pokrovsky [5], Y. Bykova [6], M. Sapozhkova [7], as
well as foreign methods such as Al, SII, % ALcons and others [3, 4]. Modula-
tion methods include STI and RASTI [3, 4]. In Russia, formant methods are
based on the theory of additive contribution of various frequency lanes to total
formant intelligibility. Differences between individual methods are caused by
the fact that various characteristics of speech and forms of their interdependen-
cies are selected, while the N.V. Pokrovsky method is widely used, the essence
of which is described below:

e The entire frequency range of speech is divided into n-bands (in the general
case n-arbitrary bands), for example, equal-articulating, octave, etc.

e For each i-th frequency band, its contribution g; is determined to the total

intelligibility of A4, formants; this contribution is estimated from the so-called
formant distribution 4,(f) which, in fact, is the distribution function of the for-

mant occurrence probability in frequency (because human perception of formants
has the additivity property > g; = 1).

If the listener knowingly accepted everything that the speaker conveys, i.e. if
there were an ideal channel (the source of speech information is a receiver), then
regardless of the number of bands and their width, formant intelligibility would
be 1. However, in real conditions, a part of the formants is not perceived for a
number of reasons such as an insufficient volume, distortions in the path, noises,
interference, etc., therefore we always have A f <1. This circumstance is taken into

account by the formant perception coefficient P; in fact, P is the probability of the
correct reception of formants 0 <P < 1.

The perception coefficient is a function of the sensation level of formants,
i.e. the number of formants whose intensity is above a certain threshold value.
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For most practical cases, the level of sensation E; is determined by the for-
mula:

E;=Bp — By = (By; = By) — AB;, (1)

si

where By;, B, By; are, spectral levels of speech, formant, and noise respectively

in the i-th frequency band; AB; is the difference between the speech spectrum and

formants.
Thus, total formant intelligibility is determined by the expression:

n n
Ai=2A5=22gh (2)
i=1 i=1

Next, the transition from a formant to any other types of intelligibility
(D, S, W, I) is carried out according to the dependencies known for a certain lan-
guage [5, 9].

The use of this method for solving specific practical problems is regulated by
appropriate methods; for example, GOST 8031 is used for assessing the quality of
communication paths [8]; the methodology proposed in [9] is used for assessing the
security of speech information from leakage through technical channels.

1. THE N.V. POKROVSKY FORMANT METHOD
AS A METHOD FOR TAKING MEASUREMENTS

Essentially, these methods are indirect measurement methods in which the fi-
nal measurement goal is obtained based on direct measurements of certain quanti-
ties and the known (accepted) dependencies of these quantities for the purpose of
measurement. In this case, we mean direct measurements of noise levels and signal
levels + noise” i in the received frequency bands f;. Then, the levels Bg;, the rati-

N
os (signal / noise) 1, the sensation levels of the formants E;, the perception coeffi-
cient p;, the formant intelligibility 4, and the transition according to the known

dependencies on the 4 f verbal intelligibility W[5, 9] are calculated.

Strictly speaking, it is more correct to speak about evaluation, not about
measurement, because the measured value — intelligibility — is dimensionless, but
this does not change the essence.

Below is a generalized structural diagram of the implementation of the
N.V. Pokrovsky method based on an analog sound level meter [10] (Fig. 1). This
diagram is called generalized, because it will be “filled” with various specifics for
various applications. Therefore, for the tasks of assessing the security of speech
information from leakage through technical channels, measuring microphones and
accelerometers are used as primary converters; seven-octave filters with center fre-
quencies of 125, 250, 500, 1000, 2000, 4000.8000 Hz, etc. are used.

As is known, the measurement procedure (method) is a set of specifically de-
scribed operations, the implementation of which ensures the receipt of measure-
ment results with established accuracy indicators [11].
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1 — a tone or white noise generator
r 2 — an amplifier

- > 3 — an acoustic emitter

2

1 3 5
rrol =y 0L
O &=k

1 — a primary converter
2—4 — an amplifiers
3 — a set of bandpass filters

5 —an RMS detector
6 — a display device with logarithmic calibration

b

Fig. 1. A generalized block diagram of formant method implementation:

L 4

a — a test signal generation device; b — measuring part

Puc. 1. O6001ICHHAs CTPYKTYpHAsI CXeMa peain3aiui GOpMaHTHOTO METO/Ia:

a — yCTpoHCTBO (POPMHUPOBAHHS TECTOBOTO CUTHAJA; O — M3MEPUTENIbHAS YacTh

According to this formulation and Fig. 1 in the N.V. Pokrovsky formant
method the following operations are implemented:

1. Conversion of an acoustic pressure into an equivalent electrical signal (pri-
mary transducers).

2. Linear amplification of the electrical signal (amplifiers).

3. Band-pass filtering in octave, third-octave or equal-articulation bands (a set
of band-pass filters).

4. Converting the “filtered” signals into average values of their squares (inten-
sity) Ii.

5. A logarithm of the obtained values.

Thus, at the output of the measuring part, a set of values of spectral noise and
“signal + noise” levels is formed in each frequency band:

I.. I ;
B, =101g-2 B, =101g—=" 3)
10 I

where
T
I = [p(, fidt. )

Then, computational operations are carried out to determine the formant intel-
ligibility of 4 f and the transition to verbal intelligibility in accordance with the

known dependencies [5, 9].
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2. THE TEST SIGNAL MODEL

In the adopted technique, either tonal signals corresponding to the middle of
the octave bands are used as a test signal (Fig. 1), or a white noise with a normal
probability distribution of values is used.

Such an approximation, apparently, is possible when dividing the frequency
range into a large number of bands (for example, equally articulatory), which is
known as completely inadequate to the real speech signal.

The most natural is the use of pre-recorded real speech signals with a duration
of at least the planned time of negotiations; ideally, the voices of the “owners” of
the protected premises (for the tasks of protecting information.). However, this ap-
proach does not allow certification (if necessary) of such UFTS. In this regard, a
unified approach to creating a test signal, in particular formed on the basis of syl-
labic or verbal tables seems appropriate in accordance with GOST [1, 2]. As an
example of such test signals, Fig. 2 and 3 show some results of experimental stud-
ies carried out under the guidance and with the participation of the author [12].

]
“
e}
-~ . .
e}

S |

AV et

Fig. 2. The energy spectra of a speech choir based on syllables, words,
and connected texts (two male voices and one female)

Puc. 2. DHepreTndeckne CIIEKTPHI peYEBOTO X0pa Ha OCHOBE CIIOTOB,
CJIOB M CBSI3HBIX TEKCTOB (JIBa MY>KCKHX T0JI0CA M OJIUH )KEHCKHH)
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It can be seen from the figure that the spectra obtained practically coincide
and correspond to the average spectrum of Russian speech.

An important statistical characteristic of speech is also the probability distri-
bution density of its values, which is most often approximated by Laplace distribu-
tions (double exponential) or a third-order polynomial in a system of exponential
functions [13, 14]. Figure 2 shows an experimental probability density of the RP
signal (syllables) values, constructed from 10,000 reports with a sampling frequen-
cy of 44 kHz. Visual resemblance to the Laplace distribution is obvious.

3. ON ERRORS OF INTELLIGIBILITY ASSESSMENT

From the point of view of information-measuring technologies, the applica-
tion of the N.V. Pokrovsky formant method and methods that implement it raises a
number of questions, and especially the following ones.

1. In accordance with the definition of the term “measurement technique”
[17], what will an estimation error W be and what should it be?

2. The degree of conformity of the measurement methodology used to the real
object due to the accepted assumptions and simplifications (a theoretical error).

The answers to these questions, of course, require a separate detailed discus-
sion, but in general terms they can be formulated as follows.

As you know, a measurement error is understood to mean the deviation of the
measured value of a quantity from its true value. In practice, of course, instead of a true
value (which is unknown), an actual value of the measured quantity, i.e. obtained with
a higher accuracy is used. Obviously, only the result of properly organized, representa-
tive articulation tests can be taken as a real value of W, since the very concept of W has
an exclusively expert meaning. Depending on practical applications and goals of ar-
ticulation tests, they should be organized in different ways. So, to assess speech intelli-
gibility in auditoriums (concert, theater, or cinema halls) according to GOST 25902-83
[8], syllabic speech intelligibility is estimated with gradation in 3 classes:

L. Excellent intelligibility (over 90 %), II. Good intelligibility (80-90 %),
III. Satisfactory intelligibility (70...80 %). In this case, spatial curves of equal in-
telligibility are constructed. To assess speech intelligibility in information protec-
tion tasks (assessment of the security of speech information from leakage through
technical channels), W is used with the following gradations [9, 15]:

— concealment of negotiation facts in the allocated premises, with W being no
more than 10 %;

— hiding the negotiation subject, with W <20 %,

— hiding the negotiation content with W < 30 %;

— an impossibility of compiling a brief summary-annotation of the negotiation
content, with W <40 %.

— an impossibility of drawing up a detailed certificate of the negotiation con-
tent, with W < 60 %.

Obviously, the inaccuracy of the intelligibility assessment in the first case can
lead to a change in class and, consequently, a comfortable perception by listeners. In
the second case, errors in the estimation of ¥ can lead to a speech information leakage
with a wide variety of consequences. However it can be seen from the foregoing that a
required error in the assessment of intelligibility is of the order of percentage units in
the first case for syllabic intelligibility with its high values (0.7...0.9), and in the se-
cond case for verbal intelligibility with its rather small values (0.1...0.5).
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The N.V. Pokrovsky concept of equally accurate measurements, i.e. actually
“tied” to the accuracy of formant intelligibility is introduced.

“If measurements of any kind are equally accurate, independent and free from
systematic errors and gross errors, then the number of measurements n for a given
absolute error € is determined by the dependence that is valid for each type” [5, p. 99]

n=1(2). s
r
where “r” is a standard deviation.

In this case, a single measurement is a table, i.e. n is a number of tables to be
transmitted along the communication path.

Now let us consider the "measured", i.e. obtained using the above methodolo-
gy, value of W and the diagram that implements it (Fig. 1).

The instrumental component of the estimation error W is determined by the
metrological characteristics of the technical equipment used, as shown in Fig. 1,
the requirements for which are obvious from the general provisions of information-
measuring technologies. A methodological error of the estimation of W is deter-
mined according to the recommendation of MI 2083-90 [18]. A methodological
error in determining W was estimated in [17, 18]. It is shown that an absolute error
of indirect measurements of W can be 0.07, and a relative error is 0.35.

[T
T

4. ON THE ORGANIZATION OF ARTICULATORY TESTS

Regarding the organization of articulation tests, it is important to note the fol-
lowing circumstance. Research conducted by N.B. Pokrovsky was primarily asso-
ciated with assessing the quality of means and communication channels to obtain
their objective characteristics. For this, it is extremely important that the actuation
tables are not correlated (sounds, syllables, words), while in a number of practical
applications (for example, in information protection tasks) negotiations and con-
versations i.e. connected, meaningful “texts” take place. You can restore a missed
word by context, and if it is possible to record conversations, listen to them repeat-
edly and filter, in this case intelligibility is significantly increased (the use of mod-
ern noise reduction methods increases the signal-to-noise ratio to 8 dB depending
on the frequency band) [15]. Therefore, articulation tests with coherent texts [18]
should be conducted for these purposes.

5. ON CONFORMITY OF THE ACCEPTED MEASUREMENT
MODEL TO A REAL OBJECT

Obviously, a human hearing system, a degree of compliance with which should
be evaluated is a real object. Studies of human hearing organs have been conducted
for more than a century, and many articles, monographs, patents, and dissertations
have been devoted to them. Nevertheless, a number of conclusions can be singled out
that are directly related to the issue under consideration. As you know, the peripheral
part of the human auditory system consists of the outer, middle and inner ear.

The outer ear organs (the auricle and the external auditory canal) perform the
functions of perception and amplification of sound waves, but also have their own
resonant frequencies in the region of 3...4 kHz with a gain of 10—12 dB [20, 21].

The eardrum is located at an angle to the ear canal and has asymmetric elastic-
ity, which leads, according to the Helmholtz theory, to the formation of combina-
tion frequencies. In addition, “the presence of a special mechanism controlling the
sensitivity of the ear in the form of a muscle stretching the eardrum” [20-22]
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weakens a high level of sound pressure by 10...30 dB depending on the frequency,
i.e. protects the ear from overload. At the same time, it is generally accepted that
transformations in the outer and middle ear are linear up to sound pressure levels of
the order of 80 dB [4, 22, 23], and nonlinearities appear only in the inner ear.

At the same time, in a number of papers opposite opinions are expressed
about the place of occurrence of nonlinearities. Therefore, their occurrence in
structures preceding the filtration mechanism is described, with the form of nonlin-
earity being a logarithmic or cubic root [22].

Modern methods of non-contact measurements of displacements of the na-
nometer range have revealed a logarithmic dependence of the movements of the
eardrum (in particular in the Umbo region) on the sound pressure amplitude on its
outer side in the range of ultrasound of 30...80 dB. In this case, the displacement
reaches 60...250 nanometers depending on the frequency [24, 25].

Filtration of speech signals in the cochlea of the inner ear is carried out by not
octave or equiarticulatory etc. bands, but by critical bands, the number of which
is 24 [4]. In addition, band-pass filtering is carried out in a tonotopic mode (fre-
quencies are “tied” to a specific location on the basilar membrane) from high-
frequency to low-frequency; this explains a greater masking effect of the high-
frequency part of the low-frequency spectrum. Apparently, the closest analogue to
such a filter is transversal [26], which agrees well with G. Bekesy’s traveling wave
theory. In addition, the presence of nonlinear compression on the basilar membrane
carried out by external hair cells is considered a fact [4, 21, and 23].

An analysis of papers devoted to studies of the peripheral auditory system,
presented in a concise form, allows us to conclude that the accepted measurement
model does not correspond to real processes in the human auditory system and to
propose a more adequate model (Fig. 4).
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Fig. 4. A model of peripheral auditory information system for intelli-
gibility measurements:

1 — a primary converter; 2 — an amplifier with an uneven frequency response

(rise by 12...15 dB in the region of 3...4 kHz); 3 — a frequency-dependent

amplitude compressor (a quasi-logarithmic or cubic root); 4 — a transverse
filter with bands corresponding to critical hearing bands; 5 — an integrator

Puc. 4. NudopmannoHHO-U3MepUTEIbHAS MOJENID MepU(epHIecKOii
CIIyXOBOW CHCTEMBI AJIsI ONIpENeIeHuUs pa300pUUBOCTH:

1 — mepBUYHBIN MpeoOpa3oBaTenpb; 2 — yCWINTENb ¢ HepaBHOMepHOH AUX

(momgwem Ha 12...15 gb B paiione 3...4 k['1); 3 — 4acTOTO3aBUCUMBIA aMILIH-

TyIHBIH KOMIIpECCOp (KBa3HJIOTapH()MUUCCKHHA WM KOPEHb KyOWYecKuii);

4 — TpaHCBepCalbHBI (GUIBTP € IOJOCAMH, COOTBETCTBYIOIIMMH KPUTHU-
YECKUM II0JIOCAM CIIyXa; 5 — HHTEeTpaTop
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In Fig.4 y(t)=k fx(t); 2(t)=kof FIy(0)], &;=[z(, Af;)dt, where F is

the compression function.
The proposed model, of course, requires experimental validation and determi-
nation of its numerical parameters.

CONCLUSION

Quite a number of publications have been devoted to criticizing formant
methods for assessing speech intelligibility, the results of which are reflected in the
most generalized form in [27, 28, and 29]. The above analysis allows us to draw
the following conclusions:

—results of correctly organized representative articulation tests (with coherent
texts taking into account the effect of speech forcing, etc.) should be used as crite-
ria for the reliability of speech intelligibility assessments;

— test signals should take into account real processes of speech formation;

— measurement methods should be based on an adequate model of auditory
perception.
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B pabGore paccmarpuBaercs (HhOpMaHTHBIA METOX, OIpEAElICHUS pa30OpPUYMBOCTH PEUH,
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JIEACTBUS HA OCHOBE YHU(DHIIMPOBAHHOIO PEYENOM00HOr0 CUrHaja U3 CJIOIOBBIX HIIH CIIOBECHBIX
APTUKYISLUOHHBIX TaOiuil. [IpuBomsATCS pe3yibraThl SKCIEPUMEHTAILHBIX HMCCIEIOBAHUMA 110
CHHTE3y TaKHX CHUTHAJIOB, MX SHEPI€TUYECKUE CIIEKTPHI U IUIOTHOCTH PACIIPEICIICHUS BEPOSTHO-
creit.  OOCYKIar0TCsl BOIPOCH! OLEHKH TOIPELIHOCTH B ONpPEAC/ICHHH pa300pYMBOCTH PEUH: Ca-
MOT0 MOHSTHS IOTPEIIHOCTH IS PAa3HBIX CIIY4YacB MPUMEHEHHS, IIOIPEITHOCTH KOCBEHHBIX H3Me-
pPEHUil, TEOPETUUECKOM ITOIPEIIHOCTH, 00YCIIOBIIEHHON CTENEHBIO COOTBETCTBUS IIPUHATOM MOJIE-
JI1 u3Mepenns (OLEHKH) Pa300pUYMBOCTH PEYM pealIbHOMY OOBEKTY, T. €. CIYXOBOMY alrapary
yeraoBeka. Ha ocHOBe aHanm3a pe3yJbTaTOB HCCICHOBAHHUI MEpHU(MEPUITHON CIYXOBOM CHCTEMBI
JIeNaeTCs BBIBOJ O HEOOXOAMMOCTH NIEPECMOTPA MPHUHATON MOJICIH OI[CHKH Pa300pUYNBOCTH PCUH.
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3a mpomieniee AecATHICTHE HA 00BEKTAaX OTCUYECTBEHHOW HEPTeTUKH HEOTHOKPATHO HaOIr0-
JIaJIMCh HEIITATHBIE CUTYAlH, BEI3BAHHBIC ISHCTBHEM CHCTEM MOHHUTOPHUHIA, 3AIIUTHl M aBTOMAaTHKU
Ha CHTHAJI W/WIH OTKJIIOYCHHE IeHEPUPYIOLIEro U Nepeatoliero 000pya0BaHUsl HHOCTPAHHOTO TIPO-
H3BOJICTBA II0 YCJIOBHIO BBIXOAA OJHOTO WJIM HECKOJBKUX KOHTPOJIHPYEMBIX IapaMeTpoB TEXHHUE-
CKOTO COCTOSIHUS 33 TPaHHIbl YCTAHOBJIEHHBIX MPENETbHBIX 3HAUCHUH. B psne ciayuaeB ykazaHHbIE
CHUTYaIlM! CONPOBOXKIAINCH TSHKEIBIMHI HEXXEJIATEIbHBIMU ITOCTIEACTBUSME OT HapyIICHHU HaIeKHO-
CTH 2JIeKTpOcHabXeHus norpeduterneil. [Ipy MHAMBUIYaIbHOM XapakTepe W YCIOBHUSIX BO3HHUKHOBE-
HUSI K&KJOH CUTyallll MOXHO BBIJEINTH OOIINE MPU3HAKK MPOOIEMBI B SKCILTyaTaIlH 3IIEKTPO00O0-
PYZOBaHHsI HHOCTPAHHOTO IPOM3BOJICTBA.

B kagecTBe mprMepa pacCMOTPEHBI HEKOTOPBIE ACIEKTHI IPOOIEMBI, BO3HUKINIEH B SKCIITyaTa-
muu cwioBEIX TpaHcopmaropoB Tuna TNEPE-125000/110 PN xomnanmun ABB (Asea Brown
Boveri Ltd.), ycranoBnennsix Ha HoBocubupckoit 'DC. Tlpencrapiena cyTh nmpoOieMbl, BBIIOIHEH
BCECTOPOHHUHI SKCIIEPTHBIH aHaIW3 NPOOJIEMHOH CHTyanuH. BEISBIEHB! BEpOSTHBIE NPUYMHEL, I10-
BJICKILIME PA3BUTHE HEXeNaTelbHbIX (U3MYECKUX ImpoleccoB B obopyznosanuu. ChopmynnpoBaHa
HEOOXOINMOCTh TIOMCKAa PEIICHUH I MOBBINICHHS HAOMIOZaeMOCTH TEXHHYECKOTO COCTOSHHS OT-
BETCTBEHHOr0 000pyHOBaHMs ¢ (UKcalUell ero OTKIOHEHUH OT yCTaHOBJICHHBIX HOPMAaTHBAMHU IIpe-
IEJIbHBIX 3HAYEHUI.

B mensx MOBBINIEHUS] JOCTOBEPHOCTH M 0OOCHOBAaHHOCTU IPHHHMAEMBIX JKCINTyaTallHOHHBIX
PEIICHUH TPEJUIOKEHO NPUMEHEHHE OO0O0OIIEHHOr0 HMAECHTH(HKATOPA COCTOSHMS U8 MHIMKALUH
HEXKeJIaTeNIbHBIX OTKIOHEHMI COCTOSIHUS TPaHC(HOPMAaTOPOB OT HOPMEI U JUISi CBOEBPEMEHHOTO BBE-
JICHUsI a[IeKBAaTHBIX KOPPEKTHPYIOIMX Bo3aeicTBHiA. MH(OpMaMOHHOW OCHOBOW pa3paboTKH City-
JKHUT PETPOCHEKTHBA MPOTOKOJIOB aHATIN3a PACTBOPEHHBIX Ta30B B Maclie CHIIOBBIX TPaHC(HOPMATOPOB.
®dopmupoBaHHe KPUTEPUEB JUTsl IPHHATHS PEILICHUH OCYIIECTBISIETCS C IIPUMEHEHNEM 0alleCOBCKOTO
Kiaccupukaropa, 00eCIeUnBaIOIMIET0 MUHAMAIBHBI PHUCK OMMOKH uaeHTH(uKanmu. Pazpaboran
QITOPUTM IIPUHSTHUS ONEPATHBHBIX PENICHHUH, Pealn3yOMunil MPeaIoKeHHbIE TEOPETHIECKHE TI0JI0-
JKEHHs U TI03BOJIAIOIINH HHTETPUPOBATh MOTyUEHHbIE PEIeHHsI B MHYOPMALMOHHYIO CHCTEMY MOHH-
TOPHHTa U JUAarHOCTUKY TpaHchopMmaTopHOro obopynoBanus HI'OC.

KiroueBble c10Ba: HaJEKHOCTh 3JIEKTPOCHAOKEHHS, MACIIOHAIIOJIHEHHBIE TPaHC(HOPMATOPHI,
MPUYKHBL 1e(DeKTOB, IUATHOCTHKA, SKCIIPECC-OLEHKA COCTOSHUS, IUArHOCTHYECKAs CTATHCTHKA, Oaii-
€COBCKas KIacCH(UKALMS, PEIIaloliee IPaBUIIO

: Cmamus nonyuena 25 aszycma 2019 2.
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BBEJIEHUE

BBICOKOTEXHOIOTUYHOE 3JIEKTPOTEXHUUYECKOE O0OPYJOBAHHE HHOCTPAHHOIO
MIPOU3BOCTBA 3aHUMAET JOCTATOYHO MPOYHBIC TIO3UIIMU Ha OTEYECTBEHHOM SHEp-
TETHYECKOM PBIHKE. DTOMY TOJIOKEHHIO B HEMAJIOi CTENeHH CIOCOOCTBYeT KOHB-
IOHKTYpa, NOJOrpeBaeMas IEHCTBUSIMHU KOMIIAHUN-TIPOM3BOJUTENIEH 4Yepe3 CBOU
MIPeICTaBUTENLCTBA HA TeppuTopun Poccuu.

[lo MHEHWIO aBTOPOB CTaThH, JaTh OJHO3HAYHO IIOJIOXKHTEIBHYIO OIICHKY
YKa3aHHOMY SIBJICHUIO HelNb3s. B psje ciydaeB mpUMEHEHHs 3JeKTpooOopyIoBa-
HUsI THOCTPAHHOTO TPOU3BOJCTBA Ha OOBEKTAX OTEUECTBEHHOW SHEPIeTHKH BO3-
HUKaeT TpoOiiemMa, CBs3aHHAs C WX HANEKHOW W OE30MacHOM JKCIUTyaTaruei.
DTO CHW)XAET YPOBEHHb HAOIIOMAEMOCTH M YIIPABISIEMOCTH dHEPTOOOBEKTOB, a 3a-
YacTyIO NMPUBOIUT K MOBBIIICHUIO PHUCKA MX aBapUUHOTO OTKIIOYEHMS C HEXKena-
TENBHBIMH TIOCIENICTBUSMHU. B HacTosmmiei cratbe 00CYKTAIOTCS OTHENbHBIE ac-
MEKTHl yKa3aHHOW TPOOIEMBI, a TaKXKe MpeasiaraeTcs pelieHue, HalpaBieHHoe Ha
MOBBINICHAE HA0IIOAAEMOCTH U YIPaBIIEMOCTH YHEProOOBEKTOB, Ha KOTOPHIX B
9KCIUTyaTallud HAXOAUTCS 3JIEKTPO0OOpYI0BaHIE HHOCTPAHHOTO MPOU3BOJCTBA.

1. MPOBJEMA OBOCHOBAHHOCTH MPUHATHA PEIIEHAN
IO SKCIIVIYATAIIUU TPAHC®OPMATOPOB
HOBOCHUBUPCKOM I'C

Ha Hoocubupckoii ruaposnekrpocranimn (HI'OC) B 2009-2010 romax
ycTaHOBJICHHI 5 TpaHchopmaropos trmma TNEPE-125000/110 PN, a B 2013 roxy —
rpymna onHogasHeix aroTpanchopmaropos  AR1ES3E-120000/220/110 PN.
Hauunas ¢ 2013 roga y yka3aHHBIX TpaHC(HOPMATOPOB MPOSBISETCS TEHACHIUS K
MOBBIIIICHUIO KOHIICHTPAITUH OKCHIa M JWOKCHIA yriepona B Macie. [lepuonmde-
CKM KOHIICHTPALMK YKa3aHHBIX T'a30B BBIXOIAT 3a TPAaHUYHBIC HOPMBI (corac-
HO [1], rpannunsie koHneHTpanuu CO cocraBustot 0,05 %, a CO, — 0,2 %). B ka-
YeCTBE KOPPEKTUPYIOICH MEpPHI MEPHOANYECKU MPOU3BOIUIIACE JIeTa3allysl Macia,
OJIHaKO Toclie HekoToporo BpeMeHn koHIreHTpanun CO u CO, BHOBb HaYMHAIN
pacTtu. YKa3aHHas TCHJCHIIMS OMAcHA C TOYKU 3pEHUS AalbHEHIIEH dKCIuTyaTauu
TpaHc(OpMaTOpOB M BBI3BIBAET OOOCHOBAaHHYIO TPEBOTY CIYXKOBI TEXHHUYECKOH
muargoctukd HI'DOC.

[TepBoHa"aMbHO MPEANIONATagoCh, YTO POCT OKCHAA W MHUOKCHIA YIIIepona
CBSI3aH C POCTOM IIOTEPh X0J0CTOro X0aa. COorliacHO 3aBOJICKMM HCIIBITAHUSM, WC-
XOJIHbIE IOTEPH XOJOCTOr0 Xoa cocTaBisiu 56,48 kBT, a cornacHo npotokoiny ot
04.09.2017 ux 3Hauenue cocraBuiao 84,79 kBT, uTo BbIlIe UCXOAHEBIX Ha 57,6 %.
Cornacno [1], npenensHo pomyctumoe npesblmieHne AP, cocrtasiser 30 % 3a

BECh CPOK CIIy>kO0bI TpaHchopmaropa. [lomydeHHbIi pe3yabTaT Hen30eKHO TpedyeT
BBIBO/IA TPaHC(HOPMATOPOB M3 PabOTHI I JaNbHEHUIIIET0 00CICIOBAHMS U PEMOH-
ta. OIHAKO OCTaBAINCh COMHEHUS, KOTOPbIE 3aCTaBUIIHN CITY>KOY TEXHUYECKOH ana-
rHoctukn HI'OC obpatuTbes 3a KOHCYNbTalMEl B KOMIAHUIO-TIPOW3BOAUTENb.
B pesynbrare nocnenHei IpoBEPKU MOTEPb XOJIOCTOTO X0/1a, BHIMOJHEHHON C y4a-
CTHEM TIpe/ICTaBHTENEH KoMmaHuu, y Tpancopmaropor 110 kB Ha mpumepe T-3
(26.03.2019) okazayoch, 4TO IOTEPHU XOJOCTOTO XOJa HaXOJATCS Ha BIIOJIHE MpH-
€MJIEMOM YypOBHE M TIPEBBIIAIOT IACHOPTHBIE 3HaueHUs Jumb Ha 9,85 %
(HamboBIIee U3 UMEIOIITIXCS 3HAUCHUHN ).
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[loBbIIIeHHBIE 3HAUEHUS TTOTEPh XOJIOCTOTO XOZa OOBSCHSIOTCS MCIIONIB30Ba-
HHEM pPa3HbIX METOJIOB MX H3MEpeHHUs mpousBomuteneMm (kommanus ABB) u B
yCIIoBUsIX 9Kciutyaranuun Ha HoBocuOupckoit ['DC. M3mepenuss Ha 3aBoje-
MIPOU3BO/INTENE BBIMONHSIINCH B COOTBETCTBHH C HOPMATUBHBIMH TPEOOBaHUSIMH,
COTJIACHO KOTOPBIM K HCTBITYEMOMY TpaHC(HOpMaTOPy MOIBOANUTCS HOMHUHAIBHOE
HampspkeHue. V3mepeHus B ycloBusax sKkcinryaranuu Ha HI'DC BeIMOTHSUIHCH B
COOTBETCTBHH C TPeOOBaHHUSIMH HAIMOHAIBHOTO cTannmapra P® [1], cormacHo Ko-
TOPHIM K TpaHC(HOPMATOPY MOABOIMIOCH TOHWKEHHOE HampshKeHHe. JTO U SBH-
JIOCh MPUYHHON 3HAYMTENBHBIX PACX0XKIEHUH B MACHOPTHHIX (MCXOMHBIX) U TEKY-
IIUX U3MEPEHHBIX 3HAUEHUAX KOHTPOIUPYEMOro napamerpa AP, .

Takum 00pa3oM, OTCYTCTBHE IOJDKHOTO IOAXOAA K COIVIACOBAHMIO (anamTa-
LIMM) HOPMAaTUBHBIX TPEOOBAaHUH MO HKCIUIyaTalluu U OLIEHKE TEXHUYECKOI'0 COCTO-
SHUS 000pYJIOBaHUA MHOCTPAHHOTO MPOM3BOJACTBA Ha MPHMEpPE CHUIIOBBIX Macio-
HAIOJIHEHHBIX TpaHchopMaTopoB, ycranoBieHHBIX Ha HI'DC, cnocobcTByeT npu-
HSTHIO HEOOOCHOBAaHHBIX PEUICHUI 00 MX OTOPaKOBKE IO TEXHUYECKOMY COCTOS-
HUIO, JUTUTEIHFHOMY IIPOCTOO0 U AOPOTOCTOALIEMY PEMOHTY.

2. METOJbI AHAJIM3A IMTIPOBJIEMHOM CUTYAIIUU

HecMoTps Ha TO 4TO OmaceHUs: KPUTHYECKOTO POCTA MOTEPh XOJIOCTOTO
xoJla TpaHC(HOPMATOPOB HE HAIUIM MOATBEPIKIACHUS, CHCTEMATHIECKOE YBEIH-
yenne koHneHtpamuit CO u CO,, pacTBOpeHHBIX B Maciie (puc. 1), mpeacrasis-
€T OMAaCHYIO JJIs DKCIUTyaTalid TCHICHIUIO U TpebyeT Goliee AeTanbHOrO aHa-
u3a.

A 2
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Puc. 1. MonoToHHBIH pocT koHIeHTparwmit CO u CO, B macie
tpancdopmaropos 110 kB HI'DC

Fig. 1. Monotonous growth of CO and CO, concentrations
in the NHPS 110 kV transformers oil

Poct koHneHTpanuil okcuga M JUOKCHAA yriaepoja B TpaHC(HOPMATOpHOM
Maclieé yKa3blBaeT Ha BO3MOYKHOE YCKOPEHHOE CTapeHHe M YBJIaKHEHHE Macia
W/WITY 1EeIUTIOJI03HON M30IISLHH, & TAK)KE MOBBIIICHHBIH HArpeB LEJUTIOJI03HON H30-
msiuuu [2]. TlpuuuHbl, BEI3BIBAIOIIUE YCKOPEHHOE CTApEHUE, MOTYT OBITH CIEIyIO-
IIAMH.

1. IloBeIlIIeHHAs HAarpy3Ka, IPUBOISAIIAS K YBEIUUYCHUIO TEMIICPATyPbl aKTHB-
HOH yacTH TpancopmaTopa. OTHAKO y UCCIIeyeMbIX TpaHc(hOpMaTOpOB HArpy3Ka
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MOJIICPKUBANIACH TTOCTOSTHHOW, KOA((UIMEHT 3arpy3kd HaxXxOOWiIcs Ha YpOBHE
0,5...0,6 0.e. OTHOCUTENFHO HOMUHAIBLHOH MOILTHOCTH TPaHC(HOPMATOPOB, YTO UC-
KJII0YaeT CAEJaHHOE MpEANoiokeHne. Toraa BO3HUKAET APYroe MpeanoiokKeHue:
MOBBINICHHBIE TEMIIEPATYphl MOTYT OBITh BBI3BaHBI HAPYIICHHON NUPKYISALUCH
Maciia u3-3a BO3MOXHBIX HEUCIPAaBHOCTEH CHUCTeMBI oxyaxaeHus. s Tpanchop-
MaTopoB cucTeM oxyaxkaeHus tumna J| u /1] Takne HencrpaBHOCTH OOBITHO CBSI3a-
HBI C 3arpsS3HEHHEM TPYOOK OXJIaXAAromero Kamopudepa u3-3a BTATHBAHHS BO3-
JlyXa paOOTalOIIMMH BEHTHIIATOPAMU MO0 C 3aCOPEHHEM MACISIHBIX (GUIbTpoB [3].
OpHaKo MO AaHHBIM SKCIUTyaTalldd MOJOOHBIX MPOOJIEM ¢ CHCTEMOMN OXJIaXICHHS
TpaHC(POPMATOPOB YCTAHOBIICHO HE OBLIO.

2. letheKThl TEPMHUYECKOTO XapaKTepa, BBI3BIBAIOIINE JIOKAJTBHEBIE MTEPErPEBbI
OyMaXHOH HM30ISIUKN. YKa3aHHbIE NE(PEKThl XapaKTEPU3YIOTCS TOBBIIICHHBIMU
TeMIlepaTypaMyd HanOoJiee HarpeThIX ToueK [2] ¥ BBI3BaHBI BHYTPECHHUMH ITOBpPE-
kaeHnssMA. OHH MOTYT OBITh BBI3BaHBI MECTHBIMHU TIeperpeBaMH 3a CUEeT Hapylle-
HUSI MEXIJIMCTOBOH M30JISIIIAH TUIACTHH MarHUTOIIPOBOJA, a TaKKe MPH 3aMbIKaHUU
9THX TUIACTHH TOKOMPOBOISIIMMH YaCTULAMU MM MEXIY COOOH, 4TO MPUBOAUT K
POCTY BHXPEBBIX TOKOB, @ CIEJOBATEIbHO, H K POCTY MOTEPh XOJOCTOrO XOAa.
Kpome Toro, meperpeB MoKeT OBITh BBI3BaH YBEIMYEHHEM MEPEXOJHOTO COIpPO-
TUBJICHUSA B KOHTAKTHBIX COCAWHCHUAX, YMCHBIICHUCM CCUCHHA MAC/IIHBIX KaHa-
J0B m3-3a nedopmariu (pazOyxanws) u3oisaaud o0MoTok [3]. CorracHO JaHHBIM
SKCIUTyaTalli W BCTPOEHHBIX CHCTEM AHATHOCTUYECKOTO MOHHTOPWHTA TpaHC-
(hopmaTopoB, TemIepaTypa BEpXHUX ¥ HIKHHX CIIOEB Macja He mpeBbImana 55 °C,
YTO SBJISICTCS BIIOJIHE IPHEMIIEMBIM.

KocBeHHBIM TOATBEP)KIACHUEM IEperpeBa CIY>KUT IOBHILICHHOE 3HAYCHHE
KoHIeHTparuu 3tusieHa C,H, B Macne, oHako ero ¢pakThudeckas KOHIICHTpAIUs He
MpeBBINIaIa TPAHUYHBIX 3HAYCHUH TSI BCEX TPaHCHOPMAaTOPOB.

3. [loBbIIICHHAs CTENIEHb YBIAXXHEHHUS Macia (Oymarw). ['TaBHBIM HCTOYHU-
KOM BJIaru sIBIsieTCSl aTMocdepHas Bilara, KOTopas MPOHHKAeT NMpPH HapyIICHUH
repMeTHYHOCTA (0COOEHHO 4epe3 OCIa0JIeHHBIE YIUIOTHEHHS). |'epMEeTHYHOCTH
MOXeT OBITh HapylleHa BCJIEICTBUE YXYJALIEHUS KadecTBa IJICHOYHOH 3allUThI
TpaHcpopmaropa. O HaIEKHOCTH 3aLIUTHI MOXHO CyIWTh MO TOKAa3aTelNsM KHC-
JIOTHOTO YHCIIa M COACPXKAHUIO aHTHOKUCIUTEThHOW mpucanku B macie [4]. Co-
[JIACHO UMEIOLIMMCS JaHHBIM, Y HCCIIEAYEMBIX TPaHCPOPMATOPOB MEPUOIHUECKH
HaOJIFOIaeTcs HapylieHne TrepMeTHIHOCTH. COTJIaCHO aKTy BBITOJIHEHHBIX padoT
ot 11.04.2013, na Tpanchopmartopax T-1 u T-2 Obuta ycTpaHeHa MpoTedKa Macia
o (UIaHIIEBOMY COEAMHEHHWIO Ha yKa3zaTelie MmoToka macia. Ha Tpanchopmarope
T-4 ObuTa ycTpaHeHa NPOTEYKAa Macia Ha BXOJE OXJIAQJUTENS BTOPOH TPYIITBI
Ne P21 cucremsl oxnaxaeHus. Taxke MpH BHIMOJIHEHUN KOPPEKTUPYIOMIUX paboT
MPOBEPSUIACH LIEIOCTHOCTh TUICHOYHOW 3aluThl. B mporecce TPEeHUPOBKHU TUICHKH
MAacJI0 BBIXOJWJIO C MHKDPOMY3BIPSIMH Bo3ayxa. Bce HaONrOmEHUS TOBOPST O TOM,
YTO B TPOIIECCe IKCIUTyaTalluy y TpaHchopMaTOpPOB HapyImIagach TepMETHIHOCTb.
[TapameTpoM, MO3BOMSIONINM OIICGHUTh HETaTUBHOE BIMSHWE BIATH, SBISETCS
aNIeKTpUUecKas mpoyHocTs Mmacna [2, 8]. CoriacHo pesyibTaraM (hU3HKO-XHMHU-
yeckoro anamm3a macia (DOXA), nmpoOuWBHOE HampsDKEHHE Macia HaXOAUTCS B
HopMme. Takxe pe3ynpratel XA (a UIMEHHO TAaHTEHC yTia JUAJIEKTPHUECKUX I10-
Tepb Macjia) MOTYT MOMOYb B MPOBEPKE APYTOro MPEANONI0KEeHHs, Kacalolerocs
MIPUCYTCTBHS SMYJIHCHOHHON BOABI (HE PAacTBOPEHHOH B Macie), BBI3BIBAIOIICH
pPOCT IMANEKTpHICCKUX MoTeph [5, 10]. o momydeHHBIM dKCIUTyaTanueid pe3yiib-
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tatam ®XA Macia u3 0aKOB HCCIIEyeMbIX TpaHC(HOPMAaTOPOB BIAroCoAEpIKaHUE
HE IPEBBIIIAI0 JOMYyCTUMbIX HOpM. CornacHo mpoTtokoiy oT 21.03.2018, Bnaroco-
Jep>kaHue cocTaBisuio 6,1 I/T, B TO BpeMs Kak HOpMaTuB — 25 1/T.

4. KauecTBO M 3KCIUTyaTallMOHHBIE XapakTepucTHKH macia Nytro 11 GX.
OKcIutyaTaloHHBIe MoKa3arenu macia Mapku Nytro 11 GX HaxonsTca Ha BBICO-
KOM YPOBHE, YKa3aHHOE Macjo OOJaJaeT XOpOoIled TEeIUIOOTBOAAIIEH CITOCOOHO-
CTBIO, BBICOKOH YCTOHYMBOCTBIO K OKHCIEHUIO. II0 Ta30CTOMKOCTH B 3JE€KTpHUYE-
CKOM II0JIe B Cpele MOHM3MPOBAHHOTO BOJOPOJA MAaciO SIBISIETCA Ta3BBIACISIO-
MM, T. €. MOKET MOBBIMATh OOMMK (HOH KOHIIEHTPALWH PACTBOPEHHBIX B HEM
rasos [6, 7].

5. KocBeHHBIE XapaKTEpPUCTHKH OKUCIUTEIBHBIX MPOLEcCcOB — (hypaHOBBIC
MpOu3BOAHBIe. Hamnume 3amuThl — aHTHOKUCIIUTENbHAS MpUcanka «uoHom». Co-
rmacHo [4], KoaumdecTBO MOHOJA B TpaHCHOPMATOPHOM Macje JOKHO OBITH HE
menbie 0,2 % maccobl. [Ipu 3kcrutyaraiuu TpaHcOpMaTOpHOro Maciia MIeT He-
NPEPBIBHBIA MPOLECC PacXOJOBaHUs MPHUCAIKH, CKOPOCTH KOTOPOTO 3aBHUCHUT OT
MHOTHX (DaKTOpPOB, OCOOEHHO OT TEeMIEpaTyphl W KOHIICHTPAIlMH KHCIOpPOJa B
Mmacie. [lpu cHmwkeHun KoHueHTparun noHoia Huwxke 0,1 % skcrutyaranus TpaHc-
(dopmaTopHOTO Macia HEAOMYCTHMA, MIOCKOJIBKY BO3MOKHO 00Opa3oBaHHE LUIaMa.
Kpome Toro, nmpu ManbIx KOHIIEHTPALUSAX WOHOJNA TTOCIETHUNI TIepecTaeT padoTaTh
KaK WHTHOWTOP ¥ CTAaHOBUTCS WHUIIMATOpoM okucieHus [4]. CormacHo [6], mepBas
NpoBepKa KauyecTBa Maciia IMociie BBEJICHHS MPUCAIKUA MPOU3BOAUTCS uepe3 5 JeT
9KCIUTyaTalluy, a 3aTeM B 3aBUCUMOCTH OT KHCJIOTHOTO YMCIIa — yepe3 3 Wi uepes
5 ner. [loaToMy MOXHO cenaTh emie OJHO pabouee MPEIOI0KEHHE 10 MTOBOTY
pocra xonueHTpanuii CO — KOHIEHTpaIHs HOHOJIA B Macjle cTaia HUXKE JOIyCTH-
Moro npeaena. OIHAKO MO UMEIOLIMMCS Y AKCIUTyaTalyuy JaHHBIM KOHIIEHTPALHS
AHTUOKHUCIUTEIHHON TPUCAJKH HaXOTUTCS B OMYCTHMEBIX Tpenenax. B mpomecce
SKCIUTyaTallid TPaHC(HOPMATOPOB MPOUCXOIUT JECTPYKIUS OyMakHOW W3OS,
B pe3yJibTaTe KOTOpOil oOpa3yrorcsi (pypaHoBbie mpousBoaHbie [7]. Tepmuueckas
JECTPYKITHS IIEJUTFONIO3BI KaK Pa3 BBI3BIBACT BBIJICIICHNE KUCIOT U OKCHIIOB YTJIEPO-
nma [3, 9]. Ho omare xe, cormacHo pesymnbraram OXA, comepkaHne (ypaHOBBIX
NPOM3BOHBIX B Maclie UCCIIEAYEeMbIX TPaHC(OPMATOPOB HE MPEBBILIACT JIOMYCTH-
MBIX MIPEETIOB.

JetanpHBIN aHAIN3 BO3MOXHBIX MPUYHH, MPUBOIIMIMX K OMACHOMY DPOCTY
koureHtpauuii CO u CO, B Maciie 00clieyeMbIX TpaHC(HOPMATOPOB, U COMOCTAB-
JICHWE MMEIOLIMXCA JaHHBIX O Pe3ysbTaTax IUarHOCTHYECKHX HCIBITAHHN MO3BO-
JSIOT CIeNaTh CIeAyoNINi BeIBo. HaOmonarommiics MOHOTOHHBIA POCT KOHIICH-
Tpanui OKCHIa M IHOKCHAA yTriepojia B TpaHC(HOPMATOPHOM Macie ¢ OOJNBIIOi
CTETICHbIO BEPOSTHOCTU BBI3BAaH JIOKAJBHBIM HApPyIICHHEM TepMETHYHOCTH (Ie-
JIOCTHOCTH TUICHOYHOH 3aIUTHI) TPAaHCHOPMATOPOB, TIOCKOJIBKY OCTAIbHBIE WHIH-
KaTOpPbl TEXHUYECKOT'O COCTOSIHHS HAXOASATCA B JOITyCTUMBIX Tpeesiax.

3. MIOBBILEHUE HAJIEXKHOCTH DKCILIYATAIIMOHHBIX
PELLIEHUN

O,Z[Ha U3 MCp MO CHWXCHHUIO KPUTHYHOCTU yKa3aHHOﬁ HpO6J’I€MLI, HalpaB-
JICHHas Ha ITOBBIINICHUC Ha6JIIOIIaeMOCTI/I TCXHHUYCCKOI0 COCTOAHUA CHJIOBBIX MacC-
JIOHAITIOJITHCHHBIX TpaHC(bOpMaTOpOB 1 000CHOBAaHHOCTHU MpUHUMACMbIX 3KCILUTya-
TAalMOHHBIX pe].HeHPIfI, 3aKJIIOYACTCAd B IPUMCHCHUHN O606H_IGHHOFO I/I)IeHTI/Iq)I/IKaTO-
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pa coctosiHus (OUC). B xauectse OMIC MoxeT OBITh MCIIONB30BaHA HENHHEHHAS
CBEpTKa BHJIA

2
Al ) A 1)
Airp i=1 Airp

,
G=%
i=1

KOTOpasi pacCUUTHIBACTCS IO JAHHBIM IPOTOKOJIOB aHAIM3a PACTBOPEHHBIX Ia3oB
(APT) B macne tpanchopmaropos [11, 12] u npeacrasnsier coboii cirydaifHyro Be-
JUYNHY, 3aBUCALIYIO OT OnpeaeieHHoro Habopa ¢akropos [13, 14]. BaxubM cTO-
XaCTUIECKUM CBOWCTBOM CITy9alHOHN BeMWIHHBI (1) SBISIETCS IyBCTBUTEIHLHOCTH K
NPOSIBIICHUSM XapaKTEePHBIX Ae(eKTOB B TpaHC(HOpPMATOpE, BHI3BIBAIOIINX MPEBHI-

IICHUS] KOHLCHTPALMHA OTAENBHBIX KIOUEBBIX ra3oB A; HaJ PEKOMEHIYEMbIMU
IpenesaMu KOHIEHTpaui Airp [11]. KroueBBIM NPUHATO Ha3BIBAThH ra3, pacTBO-

PEHHBII B Maclie CHJIOBOTO TpaHC(hopMaTopa U UMEIOIINNA MaKCHMAIbHOE MPEBBI-
IMeHNne PEeKOMEHIYEeMOTO Tpeaesia KoHIeHTparnuii. B Tabm. 1 mokazan xapaktep
BO3MOXHBIX Je(eKTOB B TpaHchopMmarope, MHTEPIPETUPYEMBIH 10 KPHUTEPHIO
KJIFOUEBOTO Tasa.

Tabauya 1
Table 1
Xapakrep gedekToB B TpaHchopMaTope 0 KPUTEPHIO KJIKYEBOI0 ra3a

Nature of defects in the transformer according to the key gas criterion

Kimrouesoit [ToBbilLIEHHOE CONIEpKaHKE
Xapakrep nedexra B TpaHCPOopMaTope

ra3 ra3oB
H, Hyra B macine
C,H,
H,,CO,CO, [yra B macite, 3aTpoHyTa Oymara
CH,, C,H¢ Ieperpes macna < 150 °C
CH,4, C,Hg, CO, CO, [eperpes 6ymaru < 150 °C
H,
- YacTudHbIE pa3paasl B Macie
CO, CO, YactuaHbIe pa3psabl B Oymare
CH, [eperpes macaa > 600 °C
C,Hy
- [eperpes 6ymaru > 600 °C
CO - CrapeHue, yBIa)XHEHHE Macia

JanubiMu Tabn. 1 moaTBepKIaeTcsi BEIBOJ, AKCIIEPTU3BI O BOZMOYKHOM Xapak-
Tepe nedekra B uccienyeMeix tpanchopmaropax HI'OC. [Nossrenne CO B pomu
KJIFOUEBOTO Ta3a B OTCYTCTBUE APYTUX COIMYTCTBYIOIIMX IPOSIBICHUH OJHO3HAYHO
yKa3plBaeT Ha CTapeHHe W/HIHM yBIAKHEHHE Macia, KOTOpoe MOXKeT OBITh clel-
CTBHEM JIOKAJIbHOT'O HAPYIIEHHS T€PMETHYHOCTH TPAHC(HOPMATOPOB.

[IpuMeHeHne BBIYMCIATEILHON MPOIEAYPHI, BKIIOUAIONICH (opMHpOoBaHUE
craTucTHYeckoi BeIOOpKH G Ha ocHOBe MpoTokoinoB API™ rpynmbl ucciexyeMbix
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OJHOTUIHBIX TpaHcopmaTopoB HI'DC, BblieneHHEe TMXOTOMUH KIACCOB TEXHUYE-
cKkoro coctostHus Tpanchopmartopos II; — «mopmay, Il, — «oTkiIOHEHHS OT HOp-

MBD» 110 KPUTEPHIO

Ai>AiI‘p€H2’

M03BOJISIET PACCUMTATh YHUCIOBBIC XapaKTEPUCTHKU CilydaiHOW BenuuuHbl G —
marematnyeckoe oxnmanne (M;) m cpepHekBagpaTHyeckoe OTKIOHEHHE (0 ;)

B KaXJIOM M3 j = 2 KJIACCOB COCTOSTHUM (Ta0i. 2) U ONpeNeuTh CTapTOBOE 3HAUe-
HUE TPAHUIIBI UX pa3zena

Gy =M +k-0]. )

B Mponuecce 3KCIIyaTalquu CTapTOBOC 3HAYUCHUC Grp IOOJICKUT HCpI/IO,I[I/IquKOI‘/'I

KOPPEKTUPOBKE 110 Mepe HAKOIIJICHHSI CTATUCTUKH (TIOTIOHEHHS 0a3bl MPOTOKOIIOB
APT’). KpomMe Toro, BO3MOKHOCTH aIallTalli{ PEIIAOINICTo TpaBuia

GSGrpel_Il,

3)
G> GIp €H2

K aKTyaJbHBIM IPOLIECCAM B KOHTPOJIMPYEMBIX TpaHC(opMaTopax 3aKI04aeTcs B
BBIOOpE 3HAYCHHUS BBIYMCIHTEIBHON KOHCTAHTBI kK =2—3 W3 yCIOBUS MHHHUMYyMa
CyMMapHOHW oIMOKH pacro3naBanus [13].

Tabnuya 2
Table 2

YucoBbie XapaKTepucTuKn pacnpenesienns G UIst AMXOTOMAN KJIACCOB

Numerical characteristics of the G distribution for class dichotomy

Knacchl YucaoBbIe XapaKTEPUCTHKH CIYYaHHOTO paclpeaeiICHUs
COCTOSTHUH P P y pacripexn
Hl Ml =0,529 01 =0,259
H2 M2 :1,326 0) :0,266

C MCTONB30BaHUEM YHCIIOBBIX XapaKTEPUCTHK caydaiHoW BennyuHbl G 1O
BBIpaXeHHUIO (2) TIOy4YeHa IpaHulla pa3zesia KI1acCOB TEXHHUECKUX COCTOSHHIMA

Gpp =0,529+2-0,259=1,037.

Ha puc. 2 npuBezneHa rucrorpaMma OTHOCUTENBHBIX YaCTOT CIy4aiHOH Benn-
yuHbl G B knaccax Iy u Il,, xoTopas orpakaer kak ¢opmar, Tak U CTaTUCTHYE-
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CKHE€ CBOMCTBAa HCIONB3YEMOI'O TUATHOCTUYECKOTO MpHu3HaKa. Takum oOpasom,
THCTOTpaMMa OTHOCHTENBHBIX YacTOT Clay4daiHoro pacmpenencuus G s Bbije-
JICHHOHN JUXOTOMHH KJIaCCOB TEXHUYECKOTO COCTOSHUS TPaHC(HOPMATOPOB HATIISAI-
HO JEMOHCTPHUPYET BO3MOKHOCTH PEIIaoIiero npasmia (3), COrjaacHO KOTOPOMY
yAaeTcsl BBISIBUTH OMacHyr TeHaeHuio G > G, , TpeOYIOIyI0 B KaYeCTBE aleK-

BAaTHOTO KOPPEKTUPYIOIIETO0 BO3JCHCTBUS BBIMOJHEHUS JAera3anuu TpaHcdopma-
TOPHOIO Macia.

h o 02 04 0.6 0,8 b 1.2 14 16 18 2

x1ace IT,

0 010203040506070805 1 111213 14151617 181% 2

Puc. 2. TuctorpaMmma OTHOCHTEIFHBIX YaCTOT CITy9aifHOTO
pacupenenenus G

Fig. 2. A histogram of relative frequencies of the G random
distribution

Jns peanmzanuu pa3paOOTaHHOTO IMOAXO0AAa W BO3MOXHOCTH WHTETpalluu
MOJTYYSHHBIX MOZEINeH U KpUTEpUEB B MHPOPMALIMOHHYIO CUCTEMY MOHUTOPHHTA
U TMarHOCTUKH 3nekTpoobopynoanus ['OC TpebOyercs pa3paboTka MOICHCTEMEI
MOAJIEPKKU TPUHATHS PEIIeHUH, TMpeTHa3HauYeHHOW BBITIONHATH DS CIIeNHalb-
HBIX (YHKIMI W HampaBJIeHHOW Ha oOecleueHue IKCILTyaTallMOHHOM HaJeXHO-
cTH dHeprooOwvekTa. Ha puc. 3 mpencraBineHa cTpyKTypHO-(pyHKUIMOHAJIbHAS
cXeMa TOJCUCTEMBI MOAMCPKKH MPHUHITHS PEIIeHUH 10 OIeHKEe TeXHHUYEeCKOTO
coctogHusa TpanchopmatopoB HI'OC u BeIOOpY aneKBaTHBIX KOPPEKTHUPYIOIIUX
BO3JCHCTBUMN.

VYkazaHHas TOJCUCTEMA BKIIOYAET MATh B3aHMMOCBS3aHHBIX (DYHKIIMOHAIb-
HBIX OJIOKOB, KaKIBI U3 KOTOPHIX B 3aBUCHMOCTH OT Ha3HAYEHHUS 00ECIeYNBAET
pelieHne KoMIuiekca 3amad: coop u 00paboTKy TeKyIel TUarHOCTUYECKON HH-
dhopmanmu o TpanchopmaropaM, GOPMHPOBAHUE U XPAHEHUE CTATUCTUKHU, BHI-
YUCJICHUE PEIIAloIINX MPaBWi, WACHTH(PHUKAIUIO TEKYIIETO COCTOSHHUS TpaHC-
(hopMaTOpOB, BEIOOP alleKBATHOTO KOPPEKTHPYIOIIETO BO3JCHCTBUS, BU3yalH3a-
IIUIO TAHHBIX.

[oncucrema dyHKIMOHUpYET ciieAyronmM oOpa3oM. Ha BXxox BeraucinTensb-
Horo Oyioka (BbB) m Gioka mamsartu (BII) mepromandeckn mocTymaeT AMArHOCTHYC-
cKast MHQOpMaIUs JABYX TUNOB. Bo-TepBbhIX, 3TO aHHBIE C JATYHMKOB BCTPOSCHHBIX
JIOKAITLHBIX cucTeM online-MoHHTOpWHTA TpaHchopmaTopos 1, 2,..., n, Takue Kak
koHmeHTpanun okcuna (CO) u auokcuaa yraepona (CO,), B % 00.; Temmeparypsl
BEPXHHX CJIOEB Macia, B °C; MOIIIHOCTH AJIEKTPUUECKUX HArpy3ox, B MB-A, u ap.
Bo-BTophIx, nanHbie ieproandeckoro ofline-gquarnoctTupoBanus: pe3ynbrarsl APT



O npobnemax 6 sxcnayamayuu 060py008aHs UHOCIPAHHO20 NPOU3BOOCHIEA.... 155

n ®XA macia (Bnarocox[epmaHHe, KHCJIOTHOC YHCJO, TAHI'CHC YyTIJia JUBJICKTPU-
YCCKHUX MOTCPb, HpO6I/IBHO€ HaHpﬂ)KCHI/IG), MOTCPU XOJOCTOTO XOoda APX. B BEI-

YUCIUTEIbHOM OJioke mpousBoautTcs Beruuciaenue OUC mo dopmyne (1), dop-
MHpPOBAHUE CTATHCTHYECKHUX BBIOOPOK GyHKIMH G IS AMXOTOMHH KJIacCOB CO-

crosauit 11}, I1, u pacdersl ee TpaHUYHBIX 3HAYECHUIT Grp M0 BBIPXXECHHIO (2).

bnok mamsaTH npenHasHadeH JUIS XpPaHEHHsI PE3yJbTaTOB BbIUMCIECHMU. Kpome
3TOT0, B HEM COJEPXKHUTCS HOpMaTUBHO-cipaBouyHas nHpopmanus (HCU), B co-
CTaB KOTOPOM BXOAST MPENEIbHO IONYyCTUMBIC 3HAUEHUS KOHTPOJMPYEMBIX Ia-
paMeTpoB, PeTPOCTIEKTUBHBIE JaHHBIE MHOTOJIETHUX HaOJI0IEHUH 3a mapameTpa-
MU COCTOSTHHSI TpaHC(OpMaTOPOB C IPUMEHEHHEM MeToA0B ofline-anarHocTupo-
BaHus U Tp. biok cpaBHeHus (bC) ocymiecTBiser Toruueckue orepanuu CpaB-
HEHHUS TEeKYUINX 3HAYeHHH KOHTPOJIHPYEMBIX ITapaMeTpPOB CO 3HAUYCHHUAMHM YCTa-
HOBJICHHBIX NPENEIbHBIX HOPM M HEMOCPEACTBEHHO CBSI3aH C OJIOKOM MPHUHSITHS
pemiennst (BIIP), B koTOpoM B 3aBHCHMOCTH OT HCXOJa OMNEPAIMid CpaBHEHHS
MPOM3BOANUTCS MICHTU(UKAINS TEKYIIETO COCTOSHHUS KaXXIO0TOo W3 TpaHcdopma-
TOpPOB, a TaK)Xe BBIOOP aIeKBATHBIX KOPPEKTUPYIOUIUX BO3ACHCTBUI, HAIIpaBlIECH-
HBIX Ha oOeclieueHre WX SKCIUTyaTallMOHHOW Haje:kHocTH. MHTepdelic BrIBOAa
nmaaaeix (MBJl) oOecreunBaeT BU3yadU3alMIO PE3yJbTATOB OICHKH COCTOSHUS
TpaHcOpMaTOPOB U PEKOMEHIAIMI MO BBEICHHIO KOPPEKTUPYIOIIMX JKCILTya-
TAI[MOHHBIX BO3JAEHUCTBU.

HCH

A

B BII BC M

BB

Puc. 3. CrpykrypHO-QYHKIIMOHAJTBHAS CXE€Ma ITOJICHCTEMBI
HNOAJCPKKH TPHUHATHS PEIIeHHH 0 SKCIUIyaTauuu TpaHchop-
MmatopoB HI'DC:

1, 2, ..., n — KOHTpOIHpYyeMbIe TpaHCPOopMaTOpbl; BB — BeruncinTens-

HeIi 6710K; BI1 — 610k mamstu; HCU — HOpMaTHBHO-CIIpaBOYHAs WH-

¢dopmanust; BC — 6ok cpaBuenus; BITP — Gnok mpuHATHSA perneHuit
(6mox npentudukanun); VIBJ] — naTepdeiic BEIBoga TaHHBIX

Fig. 3.A structural-functional diagram of the subsystem of deci-
sion-making support for NHPP power transformer operation

1 and 2 are n controlled transformers; BB is a computing unit;

BIT is a memory unit; HCHU is normative-reference information, bC is a

decision-making unit (an identification unit); UBJ] is a data output
interface
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B nponecce pyHKIMOHUPOBaHUS TTOACUCTEMBI MTOMICPKKU MIPUHSTUS pellie-
HUH 10 dKcIuTyaTanuu TpancdopmaropoB HI'DC peanmsyercs ciemyromnimii onepa-
LIUOHHBIN aITOPUTM.

1. Hayauro.

2. BBOJI HCXOAHBIX JJAHHBIX, BKIIIOUAs PETPOCIIEKTUBRY MPOTOKOI0B APT'.

3. Pacuersr OUC mo dpopmyne (1).

4. dopmupoBaHue BapuanroHHoro psaa G .

5. PacyeThl CTaTUCTHYECKHX MOMEHTOB pacmpeneneHuss G W BbIYHCIC-

HUC Grp o popmye (2).

6. Ecmn G < Grp, TO KJ1acc cocTosHus TpanchopmaTopa I «HOpMay.
7. Koner.

8. Maue, ecinu G > Gy, TO Kirace coctosiHust Tpancpopmaropa I «otkio-

HEHHE OT HOPMBD».

9. Ecin CO (mmu CO u CO,) — kiIroueBod ra3, TO HeoOXoJMMa MpoBEepKa
HAJIMYUS COMYTCTBYIOIIMX (haKTOPOB.

10. Ecir comytcTByromue (GakTophl He 3aUKCHPOBAHBI, TO pEKOMEHIOBaHA
Jerasanus Macia TpaHcopMaTopa, Iepexoj K 1. 7.

11. Ecnu TemmnepaTypa BepXHHX CJIOEB Macia B Oake TpaHcopmaTopa mpe-
BBICHJIA TIPEAETIHHO JOMYCTUMYIO HOPMY IIPY 3HAUEHHUH JIEKTPUIECKON MOIIHOCTH
Harpy3ku < 0,6 OT HOMHHAJIBHOTO, TO BEpOSATHA HEHCIIPABHOCTh B CHCTEME OXJIa-
JKJICHUsI, PEKOMEHIOBaHa PEBU3HS CHCTEMBI OXJIaXKACHHsI, IepeXo.l K II. 7.

12. Ecnu xonuentpauus C,Hy npeBbicuna JOMyCTUMYIO NPEACIbHYIO HOPMY,
TO BEPOSATEH TEPMHUUECKUH NeEeKT aKTUBHON 4acTH TpaHc(hopMaTopa B IUara3oHe
BbicOKHX Temmepartyp (6> 600 °C), pekoMeHI0BaHO TEIMIOBH3UOHHOE 00CIeI0Ba-
HHE JJIS1 JIOKAJIM3allui MeCTa U YTOYHEHHs IPUIHHEL AedeKTa, mepexon K 1. 7.

13. Ecniu HaOmronmaeTcst cymiectBeHHoe (Oosee 5 % OT NIpeAlecTBYOIIEro
3HA4YEHUs) YBEJIMYEHHE MOTEPh XOJOCTOrO XOAa TpaHChOpMaropa, TO BEpPOSATCH
Ie(eKT B MarHUTONPOBOJIE, PEKOMEHIOBAHO TEIVIOBU3MOHHOE 00CIIeIOBaHUE, I1e-
pexon Kk 1. 7.

14. Ecnu mpoOuBHOE HampshKeHUE Maciia TpaHchopMaTopa CTano HHKeE JOMy-
CTUMOM IIpeJeIbHON HOPMBI, TO BEPOSTHO IOBBILICHHOE yBIAXKHEHHE Macia 1/ UiH
HEJITION03HOM M30JISIMH, PEKOMEH0BAHO MCIbITaHuEe 0aka (IIEHOYHOW 3allUTHI)
Ha FepPMETUYHOCTB, [IEPEXOa K 1I. 7.

15. Ecnu conepxanue (ypaHOBBIX NPOM3BOAHBIX B Macie TpaHc(opmaTopa
IPEBBICWIIO AOIYCTHMBIA NpPENCNIbHBIA ypOBEHb, TO BEPOSATHA TepMUUECKas Je-
CTPYKIHMS LIEJUTIONIO3bI, PEKOMEHIIOBAH MOBTOPHBIN KOHTPOJIb (PypaHOBBIX MpPOM3-
BOJIHBIX ISl OLICHKH AMHAMHKH IIpoliecca, nepexon K 1. 7.

3AKJIIOYEHHUE

1. Okcmnyaranus 000pyA0BaHUS MHOCTPAHHOTO MPOM3BOJICTBA HAa O0BEKTAx
OTCUECTBCHHOM HHEPreTUKH 3a4acTyl0 OCJIOXKHSETCS MpPoOIeMON OTCYTCTBHUS
JIOJDKHOTO TOJX0/a M0 COTJIACOBAHMIO (a7anTalui) HOPMATHBHBIX JOKYMECHTOB
3aBOIOB-IIPOM3BOIUTENCH K TPEOOBAHUAM OTEYCCTBCHHBIX CTAHAAPTOB IO JUATHO-
CTHKE, OIEHKE TEXHUYECKOI'O0 COCTOSHUS M 3KCIUTyaTalldd COOTBETCTBYIOIIMX BU-
JIOB 3IIEKTpOo0oOOpynoBaHusA. Hanndue ykazaHHOW MpoOIEMbl MOXKET MPUBOIUTH K
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NPUHATHIO HEOOOCHOBAaHHBIX M HECBOEBPEMEHHBIX JKCIUTyaTallMOHHBIX PELICHUI,
JUINTEIIBHOMY IIPOCTOIO U JIOPOTOCTOSIILIEMY PEMOHTY 000pyA0BaHUS.

2. XapakTepHble acleKThl YKa3aHHON MpoOJieMbl MPOWUTIOCTPUPOBAHBI Ha
npuMepe cmiioBbIX TpaHcopmaropoB 110 kB HI'DOC, y koTopeix HaOmromaercs
OlacHas ¢ TOYKU 3PEHMS HAAEKHOH 3KCITyaTallud TCHICHIUS yBEIMYEHUS KOH-
nentpauii CO u CO,, pacTBOpPEHHBIX B Macie, a 0OHapyKeHHe UCTUHHON MPpHYH-
HBI SIBIICHUS 3aTPYIHSIETCS OTCYTCTBHEM COTJIACOBAHHBIX TPEOOBAaHHU K BBHIMOJIHE-
HUIO U3MEPEHUH TUarHOCTUYECKUX MapaMeTPOB.

3. OmanM u3 3P GEKTUBHBEIX METOJOB CBOCBPEMCHHOTO pAacIO3HABAHUS M
MHAWKAUN XapaKTEePHBIX OTKIOHEHHH TEXHUYECKOT'O COCTOSHUS TpaHcpopMma-
TOpa OT HOPMBI SIBJISIETCS MPUMEHEHHe peratomiero npasuia (3) Ha ocaose OUC.
Meton obecnieunBaeT BBICOKYIO JOCTOBEPHOCTh PACIO3HABAHMS U MPEACTABISET
co00¥f OCHOBY aBTOMAaTH3WPOBAHHON CHCTEMBI JMarHOCTHUYECKOTO MOHUTOPHHTA
U TPUHATHS PEIICHUH MO HAJEKHOW M 0e30MacHOM IKcIuTyaTauuu o0opylIoBa-
HUSL.

4. [paktuueckas peanusanus pa3pabOTaHHOTO MOJXO0JA HAlpaBlieHa Ha I0-
BBILICHUE HAOIIOAEMOCTH TEXHHYECKOTO COCTOSHUS OCHOBHOTO O0OOPYIOBaHHS
HI'DC u 6a3upyercss Ha co3maHUM TOJCUCTEMbI TIOJICPKKH TMPUHSATHUS PEIICHUN
0 3KCIUTyaTaly TpaHc(hOopMaTopoB C BO3MOXKHOCTBIO €€ HHTErpalluu B IEHCTBY-
IOLIYI0 MHQOPMAMOHHYIO CUCTEMY MOHUTOPHHIA U AUATHOCTHKH BJIEKTPOOOOpY-
nmoaaus ['DC. C 370l 1enbpio pa3paboTaHo anTOpUTMUYECKOe OO0ecTieueHIe KOM-
IUIEKCa pelIaeMblX 3a/1ad.
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Abstract

Over the past decade, abnormal situations caused by the action of monitoring, protection
and automation systems on the signal and/or shutdown of generating and transmitting equip-
ment of foreign manufacture have repeatedly been observed at Russian energy facilities when
one or more controlled parameters of their technical condition exceeded the established limit
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values. In some cases, these situations were accompanied by severe undesirable consequences
caused by violations of power supply to consumers. With an individual character of each situa-
tion, it is possible to distinguish general aspects of a problem in the operation of electric
equipment of foreign manufacture. They are discussed in the article.

As an example, some aspects of the problems encountered in the operation of the
PNEPE-125000/110 PN ABB (Asea Brown Boveri Ltd.) power transformer type installed at
the Novosibirsk HPP are considered. The essence of the problem is shown and a comprehen-
sive expert analysis of the problem situation is made. The probable causes that led to the devel-
opment of undesirable physical processes in the equipment are revealed. The necessity of find-
ing solutions to improve the observability of deviations of the critical equipment technical con-
dition from the established norms is formulated.

In order to increase the reliability and validity of operational decisions, it is proposed to
use a generalized status identifier to indicate undesirable deviations of transformers from the
norm and timely introduction of adequate corrective actions. The information basis of the de-
velopment is a retrospective review of the analysis protocols of dissolved gases in the power
transformer oil. The formation of criteria for decision-making is carried out using the Bayesian
classifier, which provides a minimum risk of identification errors. The algorithm of operational
decision-making is developed, which implements the proposed theoretical provisions and al-
lows integrating the obtained solutions into the information system of monitoring and diagnos-
tics of transformer equipment of NPP. The algorithmic implementation of the developed ap-
proach is developed

Keywords: reliability of power supply, oil-filled transformers, causes of defects, diag-
nostics, condition rapid assessment, diagnostic statistics, Bayesian classification, decision rule
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KommnpeccopHslii 1ex ¢ rpynmoii ra3onepeKadrnBaroIIiX arperaToB sSBISETCS OCHOBHBIM TEXHOJIO-
THYECKIM OOBEKTOM KOMIPECCOpHOH cTaHimu. Ha koMIipeccopHOW CTaHIMM MOXKET ObITh HECKOJIBKO
TaKUX [EXOB C Pa3IMYHBIMHU THIAMH arperaroB. OOBIYHO YHCIIO IEXOB HAa KOMIIPECCOPHBIX CTAHIHSX
COOTBETCTBYET YHCITy HUTOK MAaruCTpaabHOIO Ta30MpoBo/a, KOTOPbIE MOAXOAT K CTAaHIMHU. B TexHomo-
THYECKOM MPOIIecce 10 Mepe MPOKIAIKH HOBBIX HATOK Ta301POBOJA HA KOMIIPECCOPHON CTaHIMH TaK-
)K€ TIPELyCMaTPUBACTCsl CTPOUTENILCTBO HOBBIX LIEX0B. [Ipu akTHBHOW NOOBIYE B TEUCHHE HEKOTOPOro
TIPOMEXYTKA BPEMEHH MECTOPOXKACHUE Ta3a NCTOIAETCS M CHIDKACTCS Je0eT ero CKBa)KHH, YMEHbIIa-
10TCsl 00BEMBI TPAHCHIOPTUPYEMOTO TI0 MAaTUCTPAIN Ta3a, YTO HPHBOIUT K HEOOXOIMMOCTH H3MEHEHHS
PEXKUMOB PabOTHI MMEIOIIHXCS Ta30MePeKaunBaOIUX arperaToB. I1ockonbKy TpaHCIOPTHUPOBKA MPH-
POIHOTO ra3a MO MaruCTPaJbHBIM Ta30IIPOBOJaM NPHBOAUT K CHIDKCHUIO JABJICHHMS Ta3a, Ha Ta3oIpo-
BOJI€ YCTaHABJIMBAIOTCS BEICOKOTEXHOIOTUUHBIE TypPOUHBI, TTOIEPKHUBAIOIIIE HEOOXOIMMOE JaBICHHE.
OpHako a1 paboThl TaKUX TYpOHH TpeOyeTcsl 3JIEKTPOIHEPTHs COOTBETCTBYIOLIETO KadecTBa. AKTY-
aJIbHOCTh UCCIICZIOBAHUI 00YCIIOBJICHA NPOUCXOMSLICH TEXHOJIOTHYECKOH PEBOJIIOLMEH, CBA3aHHOH ¢
o(poBKOIT OKpy»Karomero Mupa. Mcnomb3oBaHne MHOTOYHCICHHBIX JATYHKOB B 3IEKTPOTEXHUUE-
CKHMX CHCTEMax BeJleT K MOBBILICHNIO TPeOOBaHUH K KaueCTBY JJIEKTPOIHEPTHH B AJIEKTPHIECKON CETH.
YBenuueHne KOMMYIECTBA aHAIM3UPYEMBIX JAHHBIX BEJIET K MPHHIUNUATGHO HOBOMY Pa3BHTHIO 3JIEK-
TPOIHEPreTHIECKOro KoMIuIekca. [IpenKTuBHAs aHAIMTHKA ITOBBIIAET BpeMs OecriepeOoifHol paboTh
000pyIOBaHHUS, CIOCOOCTBYET POCTY pecypcocOeperamomux TeXHOJIOTUH W MHUHHMHU3HPYET HOTepU
HaIpsDKEHHS B CETSIX IMMTAHMS ra30NepeKadrBalOIINX arperaToB, a TAkKe 3aTpaThl HA UX OOCIy>KHBa-
Hue. CyIecTByeT JOCTaTOYHO OOJIbIIOE KOJIMYECTBO BAPHAHTOB 00ECHEUCHHS HA/UICKAILEro KauecTBa
anexTposHeprut [1]. B HacTosmen paboTte mpeanaraeTcs CXeMOTEXHUYECKOE PEIICHHE, Oa3upyroIeecst
Ha UCIIOJIL30BAaHUH TaKHX JJIEMEHTOB, KaK Ipeo0pa3oBaTellb YaCTOTHI, BEIIPSIMUTENb, (GUIIBTP U HHBEp-
Top. Takxe B paboTe UCCIEIOBAHO BIMSIHIE 3THX YCTPOHCTB U HX PEKHMOB pabOTHI HA TTEPEKAUKy ras3a
C IOMOIIBIO Ta30IePeKaINBAIOIIETO arperara.

KiroueBble ci10Ba: BEHTHIIBHBIE TEHEPATOPbI, Ta30IEPEKAUNBAIOLINI arperar, KOMIIpeccop-
HBIH 11X, CTaOWIM3alus HAPSDKSHUS, PeryIupoBaHue paboThl, YMHAs CeTh, MUKPOTPHJ, HaIpshKe-
HHe, DHEProcHcTeMa

: Cmamus noayuena 11 mas 2019 2.
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BBEJIEHUE

B Poccuu ra3oBasi IpOMBINUICHHOCTh SIBISICTCS OAHOM W3 BEAYIIUX U JTUHA-
MHUYHO Pa3BUBAIOIIMXCS OTpacield HapoaHOTo Xo3sicTBa. Crienndrka 3Toi oTpaciu
3aKIIF0YaeTCsl B TOM, YTO MECTOPOKACHUS HAXOMATCS OT MOTpebuTeneil Ha mocTa-
TOYHO OOJIBIIMX PACCTOSHUAX, U TpeOyeTcs 00ecneunTh Nepeaady rasa Mo Maru-
cTpasibHOMY rasomnpoBoxy (MID). DTo HaklaJbIBaeT ONpPENe/ICHHBIC OrpaHHYCHUS,
MOCKOJIbKY B BUAY THAPABIUYECKOTO COMPOTHBICHUS MarkuCTPajIbHOTO TPyOOmpo-
BOJIa MPOUCXOJUT YMEHBIIICHUE NaBieHus ra3a [2, 3]. Aus moxnepxanus TpedyemMo-
rO JIABJICHUSI B MaruCTPaJId MPOU3BOJIUTCS €r0 KOMIPUMHPOBAHUEC B KOMIIPECCOP-
HbIX nexax (K1), koTopbie coopyKaroTcs HETIOCPEACTBEHHO Ha Tpacce Ta3ompoBoa.
TTo cytu KIJ siBisieTcst M30IMPOBAHHON MUKPOIHEPTOCUCTEMOIA.

B mporecce skcrutyaTanMy MarucTpaibHOTO Ta30MPOBOJA PEKUM KOMITPH-
MUPOBaHHUS Ta3a HEOoOXOIMMO peryiupoBaTh. HambOoree akTyallbHBIM SIBISETCS
CE30HHOE peryiupoBaHne. Tak, HampuMep, JIETOM MPH MOBBIIICHUN TeMIIepPaTyphl
OKPYKaIOIIEro BO3/JyXa MOIIHOCTh, BhIpabaThiBaeMasi ra30BOW TYpOWHOM, maaaer,
MO3TOMY TPEOYETCs IOHU3UTh U MOIITHOCTD, MOTPEOIIIEMYIO HATHETATEIICM.,

C oHO¥ CTOPOHBI, ISl ONITUMHU3AINH peXrMa PaboThI Ta30IpoBoIa TpedyeT-
CsI PETYJIHPOBKA pabOTHI KOMIIPECCOPOB I oOecTieueHns Hanbonee 3pPeKTHBHON
paboThI C TOYKH 3pEHUS 3aTpaT U 3KOJOTHUYESCKUX HOPM; C JIPYrOod CTOPOHBI, MPO-
WCXOJWUT CTaOWIIM3alvsl HANPSOHKEHHS, BHIPA0ATHIBAEMOTO T€HEPaTOPOM, KOTOPBIi
WCTIOJB3YeT DHEPrHi0 ISl COOCTBEHHBIX HYXKJ Ta3olepeKavynBaroOmIedl CTaHIWH.
BOHpOCLI yOpaBJICHUA PEKUMaMU KOMIIPECCOPOB ABJIAIOTCA aKTyaJlbHBIMU M UC-
CJIeyeTcsl BO MHOTUX CTpaHaxX MUpa, BKitovasi Poccuto.

1. IOCTAHOBKA 3AJIAYH

Ha puc. 1 npencraBieHO cXeMOTEXHUYECKOE pellIeHHe CHCTEMBI CTa0MIIn3a-
uuu HanpspkeHus. [lpu u3MeHeHnu pesknma paboThl TypOuHBI I BO3HHUKAeT HEOO-
XOAMMOCTh OOECTIeYeHHUs] 33aJaHHOI0 KadecTBa BJICKTpUUecKo sHepruu [1], mc-
HO0JIb3yeMON [UId paboThl IEKTPOIPUEMHUKOB I'a30IePEKauUBAIOIIETO arperara
(I'TIA) [4]. B sTtoM cnyuyae oOecrieueHHe KayecTBa 3JICKTPOIHEPTUH MOIAEPKUBa-
eTcs CTa0MIN3atell BBIXOIHOIO HAIPSKEHNsT BEHTUIIBHOTO TeHepaTopa 2.

Jlnst peryIupoBaHus HaPSDKEHUST Ha 3aKMMax BEHTHJIBHOTO I'€HEpaTopa uc-
moyib3yercs cuctemMa Bo30yxzaeHus 3. C menpio moaaep’kaHus HeoOXO0IUMOTo
HanpsDKEHHS Ha 32)KMMax TeHepaTopa B CXeMe UCTIONb3YETCsl CHCTEMa YIPaBICHUS
TeHepaTopoM 5, B KOTOPOH NPUMEHSIOTCS NaTYUK HAlpsDKEeHHUS 4 U cHCTeMa BO3-
Oyxnenust 3. UHpopmanus o BEIXOJHOM YPOBHE HaIpsDKeHUs (UKCUpYeETCs aaT-
YUKOM U MEPEXOJUT B CUCTEMY YIIPaBIICHUSI TEHEPATOPOM ISl CPAaBHEHUS C HEOO-
XOAMMBIM 3HAu€HHEM YPOBHS HampspkeHus. OOpaboTaHHBIA CHUTHAN yHpaBisieT
CHCTEMOM BO30YKIeHUS CHHXPOHHOTO TeHeparopa (CI') u moanepkuBaeT ypOBEHb
HaNPSKEHUS B 3a/IaHHBIX Mpeesax.

Lenp umccnenoBaHus — yMEHBIIEGHHE MPEACNIOB IOMYyCTUMOIO OTKJIOHEHHS
HaNpsDKEHUSI ¢ MOMOIIBIO CTAOMIM3aLUU BBIXOAHOTO HANPSDKEHHUS M HCIOJIb30Ba-
HUSI CXEMOTEXHHUYECKOT'O pElleHHs Ha OCHOBE BEHTHIILHOTO reHeparopa. OObek-
TOM HCCIIEIOBAaHUS SIBIISIOTCSI KOMIIPECCOPHBIE IIeXa, ra30MepeKaunBaloIne arpe-
ratel, BEHTHJbHBIC T€HEPAaTOPbl M KOMIUIEKC CTAaOMIM3HMPYIOIIETO HamNpshKEHHE
000pyTOBaHUS.
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Puc. 1. dyHKIpoHaNBHAS CXeMa dIIEKTPUIECKON 9acT TypOUHEBI:

1 — typbuHa, 2 — reHepaTop COOCTBEHHBIX HYXJ, 3 — cucTeMa BO30YXKICHUs, 4 — NaTINK HampshKe-
HHS, 5 — CUCTEMa yIpaBJICHHs] TeHEPATOpOM, 6 — PEIyKTOp, 7 — CUCTEMa I0JJauH TOIUINBA, 8 — MaTUhK
000poTOB, 9 — crcTeMa yrpaBJIeHUs TYpOHHOI

Fig. 1. A functional diagram of the turbine electric part:

1 is a turbine, 2 is a house generator, 3 is an excitation system, 4 is a voltage sensing device, 5 is a
generator control system, 6 is a reduction unit, 7 is a fuel feeding system, & is a rpm sensor, 9 is a
turbine control system

2. TEOPUSA

Ha mpakTuke peryiaupoBaHHe pe:KUMOB PabOTHI HATHETATEINS OCYIIECTBISICT-
sl IyTeM M3MEHEHHUs YaCTOTHI BPAlIeHHs CHJIOBOTO BaJia Ta30BOH TypOHWHEI B THa-
nazore 70...105 %. [lpu n3MeHeHWM YacTOTHI BpAIllEHUS Bajia TaKKe MEHSETCS
3HauYeHue 3eKTpoaBKymed cuibl (D/]C) BeHTHILHOTO reHepaTopa, B CBSI3U C
YeM BO3HHKAET 3a7ada o0ecrieueHus 3aJaHHOTO KauecTBa JEKTPHUECKON SHEPTUH
[1], ucioms3yemoit mis pabotsl anekTpornpueMaukoB [ TIA. [TogoOHas 3amada yxe
pemanack panee [5]. ABTopamu Oblia pazpaboTaHa MHKPOIIPOIIECCOPHAS] CHCTEMA
YIOpPaBICHHUS B COUETAHHH CO CTATHYECKUM KOMIIEHCATOPOM PEAKTHBHON MOIIHO-
CTH IS PETYIMPOBAHUS M CTAOMIIM3AINK HAMIPSDKEHUS B DJICKTPOIHEPTeTUIECKOM
CUCTEME Ha 3aJaHHOM ypoBHe. OIHAKO TaKOe PEIICHUE UMENIO OTPaHUYCHHE — 3a-
BHUCUMOCTH OT THIIa U BEJIIMYHHBI Harpy3ku. [1oaToMy aiist ycTpaHEeHHUs 3TOTo Orpa-
HUYCHUS U YIyUIICHUs KauyecTBa dJIEKTPOIHEPTUN OBLIIO TPOBEACHO UCCIIEIOBaHUE
B nporpammMHOoM Komiuiekce MATLAB, B koTopoM Ha OCHOBE HCCIIEAOBAHUS OBLIO
IMMOATBEPKIACHO, UTO CTa6I/IJ]I/I3aHI/IH BO3MOHa IMYTEM MOAACPKaHUA WHAYKTUBHO-
CTH HaMarHWYMBAIOIIET0 KOHTYpa Ha TIOCTOSHHOM YpOBHe [6].

B [7] npennaranocs pyroe CXeMOTEXHHYECKOE pelIeHUe TTOBBIIEHHUS Kade-
cTBa cTabunm3anuu B cTabuimuzaropax HampspkeHus. OTHAKO HUCIOJIb30BaTh TaKOe
pelieHrne BO3MOXKHO JIUIIh B CETSAX IMOCTOSHHOTO TOKA, YTO 3HAYUTEIHHO CYXKaeT
ero o0JIacTh IPUMEHEHHUS.

Kpome Toro, panee ObIIM Tak)Ke MPEAJIONKEHBI MOAXOABI K PETyIHPOBaHUIO
YPOBHS HANPSKCHHS, OCHOBAaHHBIC HA JBYXJTAITHOW apXUTEKTYpPE C COOBITHIHBIM
ynpasieHueM [8], ¢ y4eTOM XapaKTepUCTHK WHBEPTOPOB U OOBIYHBIX YCTPOWCTB,
TaKuX KaK YCTPOWCTBA perynupoBanus moxa Harpyskoi (PIIH) u Ganku mryHTHpPY-
IOLIUX KOHJCHCATOPOB. MeXaHU3M 3aIycKa COOBITHI MCIIOJIb30BAJICs JJIs OBICTPO-
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IO pearupoBaHusl Ha OOJIBIINE OTKIOHECHHUS! YPOBHS HANpPSDKEHUS C LETIbI0 YMEHB-
MMEeHUS KOJIMYeCTBAa HEOOXOMUMBIX VIIPABISIIONINX BO3ACHCTBUM. MHTEerparms
yIpaBieHHUs HalpspDKeHHeM Ha 0a3e MHBEpTOpa B MpeajaraeMoil IByXCTyIeHYaToi
ApXUTEKTYype MO3BOJIMIA 00ECIICUNTh OBICTPBIH U HEMPEPBIBHBIA OTKIUK Ha OTKIIO-
HEHMsI ypOBHS HamlpsDKEHWs. JlaHHBIH METOX MO3BOJIMI JOMOJHUTEIBHO YMEHbB-
IIUTh KOJIMYECTBO CpabaThIBaHWHA KOMMYTAIMOHHOTO OOOpPYAOBaHUS B IIpOLECCE
KOHTPOJISL YPOBHS HAIIPSIKEHUSL.

Jid noaaep:kaHus 3aJaHHBIX TapaMETPOB YacTOTHl U HANpPSKEHHUA Ha 3a)KH-
Max BEHTHJIBHOTO T€HepaTopa MOXKET OBbITh IPEATIOKEHA CXeMa, KOTOpast O3BOJIs-
et paborats ['TIA ¢ mepemeHHOW yacTOTON BpaiieHus TypOuHbl (puc. 2). Ha BbI-
xone CI' / ycTaHOBJICH BBHIIPSAMUTENH 2, KOTOPHIA Mpeodpa3yeT 3NMeKTPHYECKYIO
SHEPTHI0 MEPEMEHHOIO TOKA B IOCTOSHHBIA TOK. JUJIsT BBIPABHMBAHUS ITyJIbCALIUI
HaNpsDKEHUST Ha BBIXOJE BBIIPSMHUTENS NPUMEHEH CTIaXHBAOMMA QuibTp 3.

Uz = const
Uy = Var f2 = const

n=\Var 1 = Var Buinpamutens Ud WHeepTop

i v
g A > A
Typbua 2 CrHxpoKHbIf B ~ Crnaxusaowmi = - _ B
E parop C - thunetp et C
8 1 = —> 3 ’ o
8 2 " 10
Cuctema LaTumi e Datuuk
B036yKAEHUA MOCTOAKHOMO Cuctema NEpeNEHHOTD
CHHXPOHHOTO HANDAKEHUA YNpaaneH1A HanpAXSHUA
UHBEPTOPOM
reHepaTopa 8 7 5 1

T—‘ﬁT

Uynp

CuCTeMa BBTOMATVHECKOrD
ynpaBnexuA

12

Puc. 2. ®yHKumoHanpHas CXeMa CHCTEMBbI CTAOMIN3AIMN HAPSDKESHHS:

1 — CUHXPOHHBIH reHepaTop, 2 — BBIIPIMHUTENb, 3 — CIIIaXHUBAIONMN QMIBTp, 4 — HHBEPTOp, 5 — CHU-
cTeMa YIpaBJICHHUS MHBEPTOPOM, 6 — cUcTeMa BO30YXIECHHUS CHHXPOHHOIO I'€HEepaTopa, / — NaT4MK
MOCTOSIHHOTO HanpsbkeHus, 8 — Typouna, 9 — penykrop, /0 — BeIXogHOU GuibTp, /] — naTduk nepe-
MEHHOT'0 HalpsbkeHus, /2 — cucTeMa aBTOMaTH4ECKOTO YIPaBICHHUs
Fig. 2. A functional diagram of the voltage stabilization system:

1 is a synchronous generator, 2 is a rectifier, 3 is a smoothing filter, 4 is an inverter, 5 is an inverter
control system, 6 is a synchronous generator excitation system, 7 is a dc voltage sensor, § is a turbine,
9 is a reduction unit, /0 is an output filter, // is a ac voltage sensor, /2 is an automatic control system

IMocTostrHoe HampsikeHne U, ¢ moMOIIbI0 HHBEpTOpa 4 mpeoOpa3yercs B Tpex-

¢ba3zHoe mepeMeHHOe HampsbkeHue. Yactora f, u BemmumHa U, 3TOro Hampsoke-

HUSI 33]af0TCSl CHCTEMOM yrpaBiieHHss UHBepTopoM J. Jlist obecriedeHns: kauecTBa
ANEeKTPUYECKOl SHeprun Ha snekrponpueMmHukax ['TIA HeoOXoauMo moxnepKu-
BaTh B 3aJaHHBIX IpeJenax 3HaYCHUs] 4aCTOThl f, W BENUYMHBI HampspkeHus U,

IIpyU BO3MOXKHBIX BapHaluigX YaCTOTHI f] U BCIIMYUHBI HaAIPSKCHUA Ul Ha

BeIxozie CI'. Pemenrie mocTaBIIeHHOH 3a1aui OCYIIECTBIIIET CHCTEMa aBTOMAaTHYe-
CKOro YHpaBJ]eHI/ISI, KOTOpaH Ha OCHOBC I/IH(i)OpMa]_II/II/I O BCJIINMYMHAX ITOCTOSIHHOI'O
HanpsbkeHus U, u nepeMmeHHoro HanpsbkeHuss U, BblpaOaTblBaeT yIpaBIIIOIIUE



Tlogvluenue kavecmeaa OICKMPOIHepeUU nymem pecyiupoearusi 6EHMUIbHbIX ceHepamopoes

165

BO3JCHCTBUSA IS CUCTEMBI BO30YXKICHUS CHHXPOHHOTO TeHepaTopa 6 W CUCTEMBI
yIpaBJIeHHUS HHBEPTOPOM 5. YacToTa f, BBIXOAHOTO HAIPSDKEHUS B IPEAIaracMoi
CHCTEME HE 3aBHCHUT OT IapaMmeTpoB Harpysku. B paborax [9-11] yxe npemiara-
JIOCh aJalITHBHOE PEryJIUPOBAHUE MOIIHOCTH Yepe3 PEryIMpOBaHUE YaCTOTHI, HO B
MpeyIaraeMpIX PelIeHUIX OCHOBHAs Mpo0JieMa COCTOUT B 3aBUCHMOCTH YaCTOTHI
BBIXOJIHOTO HAMPSKEHUS OT MOTPeOIsIeMOi MOIITHOCTH, YTO HE ITO3BOJISIET UCIIOIb-

30BaTh 3Ty CXEMY B IPOMBIIICHHBIX MacIITa0ax.
Homunanwueie nannsie CI' kommanun MarelliMotori, ucronb3yeMoro B AaH-
HOM CXEMOTEXHHYECKOM PEIICHUH, MPEACTABICHBI B Ta0JI. 1.

Tabnuya 1
Table 1
IIapamMeTpbl CHHXPOHHOTI'O TeHepaTopa
Synchronous generator parameters
Homu- Hanpspxe-
Harps- Yacro- | Komuectso | Koaddu- Toxk BO3-
HaJIbHas Tox HHE BO3- Macca
MOII- KEHHE | oy Ta 000poTOB LHEHT GycHms Oy KIeHUS L Kr
U,B ’ £ n, 00/MHH | MOIIHOCTH B, A ’
HOCTE, U,V LA 1 H ev/min cos UB, B Ie, A m, kg
KBA . S B ¢ Ue, V .
300 380 | 456 50 1500 0,8 14 35 1450

Taxske pacnpocTpaHeHHe TOMyuria Tpexda3Has MOCTOBas CXeMa BBIIIPSIMUTE-
ns (cxema JlaproHosa) [12, 13]. Ona cocTouT U3 ABYX Tpex(a3HbIX OTHOIOITYTICPH-
OJHBIX CXEM BBIIPAMIICHHS, IUTAIOIIMXCSA OT OAHOIO MCTOYHUKA IUTAHUS U Pado-
TAIOMIMX Ha OOIIYI0 HArpy3Ky. JTO pelleHHe MPEACTaBIseT cOO0H MOCTOBBIE BBI-
OPSMHUTENH, KaKAble Mapbl TpexX(a3HbIX 0OMOTOK KOTOPOro padoTaloT Ha OOMIyIO
Harpy3ky. Takoe peleHue yxxe Haxonwio npuMeHerne panee [14]. Coenunsist B cebe
JOCTOMHCTBA MOCTOBOTO BBITIPSIMUTEIIS ¥ TPpeX(a3HOTO HCTOYHHKA TIUTAHUS, JaHHOE
pelleHre UMEeeT TOCTaTOYHO HU3KHH YpOBEHb IYJIbCALIUA, YTO MO3BOJISIET paboTaTh
0e3 criaxkuparomiero koHnaeHcaropa [15]. Hemocrarkamu Takoro ycTpoicTBa sBIIs-
€TCs YBEIMUEHHOE KOJIMYECTBO BEHTHIIEH, YTO IPUBOIUT K MOBBIIIEHHON CTOMMOCTH
YCTPOMCTBA M YCIIOXKHEHHUS CXeMOTEXHUYIECKOTO PEIICHUS B LIETIOM.

YacTtoTHble npeodpa3oBaTeny — HEOOXOIUMBIH 3JEMEHT B IJIABHOM peETryJIH-
POBAaHHMU CKOPOCTH CHHXPOHHOTO JABWraTells. Takyke OH NPUMEHSETCA B pas3ind-
HBIX pa3paboTKax M cXxeMmax yNnpaBJIeHUs aCHHXPOHHBIM ABuraTenem [16].

JUid crnakuBaHUS ITyJbCAllM HANpsKEHMs] Ha BBIXOAE BBIIPSIMHUTENS yCTa-
HaBJIMBAIOT (MIBTP, KOTOPBIM JOKEH oOeclieunBaTh Nepenady MOCTOSHHOU co-
CTaBIIIOILEH YPOBHS HAIIPSDKEHUSI B Harpy3Ky 0e3 MoTepb, a Takke MUMETh 00JIb-
IIyI0 BEJINYMHY COMPOTHUBIEHHS HA YAaCTOTaX FapMOHMYECKHUX COCTaBISIOIIMX BbI-
OPSMIICHHOTO HampsDKEHHUs. DTUM TpeOOBaHMSAM BIIOJHE YIOBJIETBOPSET (GUIBTP,
MIOCTPOEHHBINI Ha PEAKTHUBHBIX JJIEMEHTAaX — Apoccene U KoHaeHcaTtope. Ilpu mH-
BEPTHPOBAHUN TMOCTOSIHHOTO TOKa B NEPEMEHHBIM B NMPeoO0pa30BaTENIX HaCTOTHI
UCHOJB3YIOTCSI TPAH3UCTOPHI B MEPEKITIOYAIONIEM PEXUME, a TaKKe€ MHBEPTOPHI C
IITUPOTHO-UMITYTLCHOU MOayJIsIueit [17].

JuckperHslii aHanor HenpepbelBHOW MM — perynsipHO-IUCKpEIUTUPOBAH-
Hast IIIUM (ckanspuas 1LIMM), xoTopas JEerKo peaqu3yroTcsi ¢ MOMOIIBIO amra-
PaTHBIX CPEJICTB — KaK IHU(PPOBBIX, TaK U aHANOTOBEIX [18, 19]. Hepenxo pa3pabot-
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ku Ha ocHOBe LIIMM ncnonb3ytoTcst B peryIupoOBaHUY aCHHXPOHHBIX 3JIEKTPOIPH-
Boz0B [20, 21].

BrixomHoe HamnpshKeHHE HHBEPTOpa B 00IIEM CITydae MMEET HECHHYCOUTATEHYIO
thopmy. OHa xapakTepuszyercst KO3QQHUIEHTOM TAPMOHHK TI0 HarpspkeHuro. /laHHbIe
3JIEMEHTHI TTO3BOJIIFOT KOHTPOJIMPOBATh M TOACPKUBATh Ha 3aJaHHOM YPOBHE Iapa-
METpPBI YaCTOThI U HANPSKCHUSI CUCTEME JJICKTpocHaOKeHHs 1iexa. B cBs3u ¢ 00Jb-
MM YUCIIOM 3JIEMEHTOB MOTYT BO3HUKATh TAPMOHUKHU PAa3HBIX MOPSIKOB, OOJBIINH-
CTBO U3 KOTOPBIX OyJeT akTUBHO NMOAABIAThCS pu oMot [ITNUM [22, 23].

3. PE3YJIbTATHI BHEJAPEHUS

Ha puc. 3 moka3aHa cxema 3J'ICKTpOCHa6)KCHI/Iﬂ KOMITPECCOPHOI0 1€Xa, KOTopas
IMOCTPOCHA Ha OCHOBC CXCMOTCXHUYCCKOI'O PCIUICHU, I/1306pa)l(€HHOF0 Ha puc. 2.

4. Crnaxmaaoumi 5. Kouuescarop 6. MHBaHTOD 7. Bpoceens
1. Typbuna 2 lexepatop 3 .BuinpAMMTEN: ApOCCENt.

c
N L + A YL A
B —~ * N e = = 8 B
—~ Cc C M

8. HakonuTens G B
IHEprN + A A
—_— = B 10.LC- B
C DunsTp [+]

9. Cucrema
YNPABRNEHKA

Puc. 3. Cucrema snekTpocHaO)eHus: Ha 0a3e reHepaTopoB coOCTBeHHbIX HYx 1 [ TIA
C O6'I)CJII/IHCHHI)IM 3BCHOM IIOCTOAHHOI'O TOKa:

1 — typbuHa, 2 — reHeparop, 3 — BBIIPSIMHUTEINb, 4 — CIIKUBAIOIINNA IpOCceNb, 5 — KOHACHCATOP,
6 — UHBEPTOP, 7 — APOCCEIb, § — HAKOMUTEb IEKTPOIHEPTHH, 9 — cucteMa ynpasieHus, /(0 — GuibTp

Fig. 3. A power supply system based on GPU house generators with a unified dc link:

1 is a turbine, 2 is a generator, 3 is a rectifier, 4 is a smoothing-inductor, 5 is a capacitor, 6 is an in-
verter, 7 is a choke, &8 is an energy storage, 9 is a control system, /0 is a filter

[ToToku >1MEKTpUYECKOW 3HEPruM, BHIPAOATBIBAEMOW TreHeparopamMu 2 OT-
nenbHbIX ['TIA, cyMMHUpYIOTCS Ha IIKMHE MOCTOSHHOTO ToKa. K 3ToM ke mmuHe noj-
KJIFOUEH HaKOMHUTENb SHEPTHU &, 0OecneunBarouil TpedyeMoe KauecTBO dIEKTPH-
YECKOH 3HEPruH B CHCTEME JIEKTPOCHAOXEHUS MPU CYIIECTBEHHBIX KOJIEOaHUAX
Harpy3ku. K MMHAM IOCTOSIHHOTO TOKa MOIKIIOYEHBI WHBEPTOPHI 6, yIPaBIISAIO-
mue paboToii 3neKkTpoasurareneil //, HampuMmep, anmnapar BO3AyIIHOTO OXJIax/e-
Hus rasza (ABO). DnexkrpoaBurareny MmoIKIIOUEHBI K HHBEPTOpPAaM 4epe3 Apocce-
JH 7, 9TO MO3BOJIAET MOJIYYNUTh CIEAYIOUINE PE3YIbTATHI:



Tosviuenue kawecmea 21eKmpodHepaull Nymem pe2yiupo8anis GeHMUNbHbIX 2eHePamopos 167

— TO/IaBJIeHHE BHICOKOYACTOTHBIX TAPMOHHK B TOKE JBHUTATEIs, YTO TTO3BOJISI-
eT (hopMHUpOBaTh CHHYCOMAAIBHBIN TOK B OOMOTKax ABUTATENs C TIOMOIIBIO IIH-
pOTHO-UMITYJIbCHOM Monynanuu (LLIMM);

— OTrpaHHYCHHE aAMILUIATYbl TOKa KOPOTKOTO 3aMBIKaHHS POUCXOIWT 32 CUET
MIPUCYTCTBUS HHAYKTUBHOCTEH B KOHTYpE, a IpH JocTikeHnn TokoM K3 mopora cpa-
OaTpIBaHMS 3alUTHI MpeoOpazoBaTesst yacToTsl (I14) aBurarens oGecTounBaeTcs;

— CHIKEHHE CKOPOCTH HapacTaHUsl aBapUITHBIX TOKOB KOPOTKOT'O 3aMBIKaHMS
U 3aJlep)KUBAaHNE MOMEHTA JOCTIDKEHHS MaKCMMyMa TOKa oOecrednBaeT HeoOXo-
IAMOE BpeMsI ISl CpadaThIBaHUS IIETICH 3JIEKTPOHHON 3amuThl [14;

— OCYULIECTBIISICTCSI KOMIICHCAIMs €MKOCTHBIX TOKOB JJHHHBIX KaOENbHBIX
JIUHHNA, 9TO MPETISITCTBYET JIOKHBIM CpadaThiBaHUAM 3aiuThl [TY 0T cCBEpXTOKOB.

Onekrpudeckas cxema KII ¢ I'TIA, nMeromMu Ha BajTy CHHXPOHHBIN TeHepa-
TOp, MIpUBEJEHHas Ha puc. 4, ABIsIETCA OJHON M3 MEPCHEKTHUBHBIX, TaK KaK CyM-
MapHasi MOIIHOCTb BCIIOMOTATENBHOTO 3JeKTpoobopynoBanus oxHoro I'TIA Bo
MHOTO pa3 MEHBIIIE MOIITHOCTH T'a30BOM TYpOUHBI.
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Puc. 4. Dnexrpuuaeckas cxema K1, obopynoBanroro razorypouanasivu I'TIA ¢ rereparo-
paMu Ha Baty

Fig. 4. An electric circuit of a CS equipped with gas turbine GPU generators on the shaft

[ToaTomy koneOaHus Harpy3Ku reHepaTopa Majio BIMSIOT Ha ee pexHuM pado-
THI, KOTOPBIH IO YCIOBUSM 3KCILTyaTalldd MOJJIEPKUBAETCA OJNM3KUM K HOMH-
HaJbHOMY. biarogaps 3”ToMy yMeEHBIIaeTcsl YASIbHBIN pacxoa TorumBa ['TIA.

4. PE3YJIbTATDI

Hcnonb3ys BBIMIENEPEUUCICHHBIE YCTPOMCTBA U CXEMOTEXHUUYECKHE pellle-
HUSI, MOXKHO JOOMTHCS MUHHMAJIbHBIX OTKJIOHEHMH 3HAaYCHUH YacTOTHI U YPOBHS
HanpspkeHus. [IpenoxeHHoe perieHrne Mo3BoJseT 00eceYnTh MOCTOSIHHBIN ypo-
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BEHb HANpsHKCHUS HE3aBUCHUMO OT MapaMeTpoB HArpy3ku. Takoe perieHne MOXeT
CTaTh OCHOBHOM COCTAaBIISIONIEH YacThiO B (YHKIIMOHUPOBAHUH «yMHBIX CeTei», B
KOTOPBIX UCIIOJIB3YETCS MOTHOCTHI0 aBTOMAaTU3UPOBAHHOE yIIpaBieHue [24—-26].

Ha nanHBIII MOMEHT TeopeTHYecKue MCCIeTOBaHUS YMHOM CETH BEyTCS POC-
CUUCKMMH YYeHBIMH [26—29], a Ha MpaKTHKE HA TEPPUTOPHH OCTpoBa Pycckuii
YMHasi CETh BBOAHUTCS B KadeCTBE JKCIEPUMEHTA, Ui 4YEro W TpeJiaraercs K
BHEJPEHUIO JlaHHas cucTema ctabwnm3anmu HanpsikeHus [30]. CTOUT OTMETHUTS,
YTO JTaHHOE CXEMOTEXHHYECKOE PEIlIeHUEe UMEET P HETOCTATKOB, TAKUX KaK BBI-
COKasi CTOMMOCTh W BO3MOXXHOCTh BO3HHWKHOBEHHS BBICIIMX TapMOHHK HaIlpspKe-
HUsl. DKOHOMHUUYECKUH 3P (EKT OT BHEAPEHUS TAaHHOTO CXEMOTEXHHUYECKOTO pellle-
HUS TIpEJICTaBJICH B Ta0. 2.

Tabauya 2
Table 2
Ouenka 3¢p(peKTUBHOCTH OT BHEJAPEHHUS CXeMOTEXHMYECKOIro pelieHust

Assessment of the efficiency of introducing technological solutions

I'ox BbIycka npoekTa

Project released year
TTokazarenu
Indicators 2018 o | 2019 roxr | 2020 rox | 2021 rox | 2022 rox I?:;?} ng-
2018 year | 2019 year | 2020 year | 2021 year | 2022 year RUB ’
CymMa SKOHOMMHU 3a-
TpaT Ha SHEPropecypehl,
THIC. pyO.

The amount of energy
cost savings, thousand
RUB 399456,00 |399456,00 | 399456,00 | 399456,00 | 399456,00 | 1997280,00

Hanor ma wumymecTBo
(2,2 %), TBIC. PYO.

Property tax (2,2 %),
thousand RUB 193,60 193,60 193,60 193,60 193,60 968,00

Amoptuzatmst  (cpok
amoptmzarmu 12 Jer),
THIC. pyO.

Depreciation (deprecia-
tion period of 12 years),
thousand RUB 310,59 310,59 310,59 310,59 310,59 1552,95

[Ipubsuts 10 HaMOroo0o-
JIOKEHHSI TI0 TPOEKTY,
THIC. pyO.

Profit before project tax,
thousand RUB 398951,81 |398951,81|398951,81 | 398951,81 [ 398 951,81 | 1994759,05

Hamor Ha mnpuObLIb
(20 %), THIC. PYO.

Income tax (20 %),
thousand RUB 79790,36 | 79790,36 |79790,36 |79790,36 |79790,36 398951,8

Uuncras npuObLIG 1O
TIPOEKTY, THIC. PyO.

Netincome,  thousand
RUB 319161,45 |319161,45|319161,45|319161,45 [319161,45 | 1595807,25




Tosviuenue kawecmea 21eKmpodHepaull Nymem pe2yiupo8anis GeHMUNbHbIX 2eHePamopos 169

Oxonuanue maoén. 2

End of Tab. 2
I'on BbIycka npoekTa
Project released year
Tloxazarenu
Indicators 2018 o | 2019 rox | 2020Tox | 2021 rox | 2022 rox I/;T(igcl’c I;Zf-
2018 year | 2019 year | 2020 year | 2021 year | 2022 year RUB ’
KanmranosmoxxeHust,
BCEro, ThIC. pyod., Oe3

HJC
Total investment with-
out tax, thousand RUB | 11000,00 |11000,00 |11000,00 |11000,00 |11000,00 55000,00

Kanuranosnoxenust
(obopynoBaHue), THIC.
py6., 6e3 HAC
Capital investment,
thousand RUB 8800,00 8800,00 |8800,00 |8800,00 |8800,00 44000,00

Kanuranosnoxxenust
(TP, CMP, IIHP),
THIC. py0., 6e3 HJC
Capital investment
without tax, thousand

RUB 2200,00 2200,00 |2200,00 |2200,00 |2200,00 11000,00
JleHexHbIil OTOK, ThIC.

pyo.

Cash flow, thousand

RUB 399456,00 | 6270,00 |6270,00 |6270,00 |6270,00 424536,00
Koadpument muckon-

THPOBAHHUS

Discount coefficient 0,88 0,78 0,69 0,61 0,54 X

Hcxons w3 mpencTaBieHHBIX JaHHBIX Ta0J. 2 MOXHO 3aMETUTh, YTO MPOCKT obecre-
YUT MOJIOKUTENBHBIN JOXOJ yKe depe3 6—7 JIeT mocie BHEAPEHU, a OKyIIaeMOoCThb 3aiiMeT
MeHee 10 JieT. DTH 3KOHOMHUYECKHE TOKa3aTeNId MOATBEPIKIAIOT 1IEIeCO00pa3HOCTh MPe-
CTaBJIEHHOTO PELICHHS.

BbIBOJbI

[Mpobnema crabUIM3alMK YaCTOTHI U YPOBHSI HANPSDKEHHS pelIaeTcs yke Ha
MPOTSHKEHUU MHOTHX JIET pa3iMyHbIMU criocobamu. IIpesioskeHHOe CXeMOTEXHU-
YECKOE PEIeHHE IMO3BOJISET TOANEPKUBATh TPeOyeMBId yPOBEHb HANPSKEHUS B
N30JIMPOBAHHBIX SHEPIroCUCTEMAaX HE3aBUCUMO OT THUIIA BECJIMYMHBI HAI'PY3KH. KpO-
Me TOTO, B MPEJIOKESHHONW CXeMe CTaOWIHM3alMKi YacTOThl M HAIPsHKEHUs HaOro-
JaeTCs CYIIECTBEHHBIN TUTIOC B BHJIE 3aJIePKKU HapacCTaHHUS TOKOB KOPOTKOTO 3a-
MBIKaHHS, B CBS3M C YE€M Y JJIEKTPOHHOM 3aIUTHI €CTh ropa3fo Ooblle BpeMeH!
Ha cpabaThIBaHHE.

Takum 00pa3om, naxe NP MOBBIIICHAH TEMIIEPATyPhl OKPY KAIOIIETO BO3/Y-
xa, pu mageHnn MomHocTH B Kl Oymer coXpaHAThCS HYXHBIH PEKUM PabOTHI
ra3ornepeKaynBaonero 000pyI0BaHNsA, O3B0 MMOAAEPKUBATh HY)KHOE JaBIe-
HUE B MAarUCTPaJIbHBIX Ta30MPOBOIAX.
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Takxe yHUBEpPCANbHOCTh CXEMBbI TO3BOJIUT NMPUMEHSATh €€ HE TOJIBKO B OIU-
CaHHOM TEXHOJIOTUYECKOM IPOLIECCE, HO U B APYIHX HNPOMBIIIIEHHBIX TEXHOJIOIU-
YECKHUX MPOIeccax, I7Ie Harpy3ka MOXKET U3MEHAThHCS.

Brnaromapst ynydimeHuro kadecTBa 3IEKTPOIHEPTHH 00OpyIOBaHHME HE OyAer
BBEIXOJUTH U3 CTPOS, UYTO HE IMO3BOJUT JOMYCTUThH HapymeHue padbotsr I'TIA, BBI-
Opocsl ra3a B Bo3AyX M T. A. Kak ObUIo yKa3aHO BbIIIE, YHHBEPCATBHOCTh CXEMBbI
MO3BOJIUT IPUMEHATH €€ U B JPYTUX 00JacTsAX, TaKUX Kak HeTsHas IpOMBIIUICH-
HOCTh. [IpH MOCTOSHCTBE 33/JaHHOTO KayecTBa 3IEKTPOIHEPTHH TOJIOMKH OYPHITh-
HBIX CKBRXHH OYIyT MPOUCXOAUTH PEXKeE, YTO, COOTBETCTBEHHO, HE OyAeT ImpuBo-
JUTh K 9KOJIOTUYECKUM KaTtacTpodam.

He crouT orpanmunBathcsi mepekadkoil ra3a u nmo0bueit HeTH, Tak Kak Bce
00JacTH MTPOMBINUIEHHOCTH 0a3WPYIOTCS Ha AJIEKTPOIHEPTHH, W TOIICPKaHUE ee
Ha JIOJDKHOM YPOBHE TPUBEIET K COXPAHEHHUIO OKpYXKaroller cpeabl U 3hhexTHB-
HOMY HCIIOJIb30BAaHUIO IPUPOIHBIX PECYPCOB.

VYuuThiBas Bce IUIIOCHI U MHUHYCBHI JAHHOW CXEMBbI, PEKOMEHIyETCsl PacCMOT-
peTh ee Kak O/IHy U3 BHEJIPSIeMbIX TEXHOJIOTHI B CUCTEMY «Y MHas CEThY.

B KoHIIE CTOUT MTOJIBECTH UTOTH.

1. BHenpenue ycTpoiCTB, Ubeil 3a1aueii ABIseTCs CTaOWIH3aHs U PETYIHPO-
BaHHWE YACTOThl U HAINPSDKEHUS BEHTWIBHOI'O T'€HEPATOpa, MO3BOJISET MOBBICUTH
Ka4eCTBO AJICKTPOIHEPTHH, YTO NIPUBENET K Oosiee HaJe:)KHON paboTe HarHeTaTenen
¥ COOTBETCTBEHHO K 0oJiee YCIEIIHOW nepekadyke rasa. KamuTanbHbie 3aTpaThl B
9TOM ciy4ae OyAyT BBIIIE, HO MUHUMAaJbHBIE DKCILTyaTalldOHHBIE 3aTPaThl KOM-
MIEHCUPYIOT 3TO.

2. OnTuMH3anys METOI0B CTAOMIM3alUN HAIPSDKEHNS TPUBEAET K SKOHOMHU
B TIpoIlecce KCILUTyaTaud 000py T0BaHMSL.

3. Cxema umMmeeT npobJieMy ¢ MOSBICHHEM TapMOHUK, KOTOPAas €Ile HaXOUT-
s B IpoIiecce IKOHOMUYHOTO PEIIEeHUs.

Crnemyer OTMETHTB, YTO MPOOIJIEMa MOIABICHHS BBICIINX TAPMOHHK pellieHa B
JTAHHOM CX€M€ MOCPEACTBOM HHMBEJIIMPOBAHUS HEXKENATEJBHBIX JUIS AKCIUIyaTalluu
TapMOHHK KPATHBIX TPEM.

4. ABTOMAaTH3a1Ms PETYIUPOBAHUS YACTOThI BPALLIEHUS CHHXPOHHOTO F'eHepa-
TOpa SIBISIETCS TIEPEIOBOM pa3pabOTKOM Ha 3Tame mepepaboTKH CYIIECTBYIOIICH
CHUCTEMBI YIIPABJICHUS B CUCTEMY «YMHOU CETHY.

VY4uTBIBas CBOICTBA, MOMYUYCHHBIC TIPU CO3AaHUM JAHHOW CXEMBI, H 0COOEH-
HOCTH pabOTHI JAHHOM CXEMBI IO Pa3IUYHON HArpy3KoW, peKOMEHAYEeTCs ee TpH-
MEHEHHE B Pa3IMYHBIX 00JIACTSAX MPOMBIIIECHHOCTH HAaYMHAS OT Ta30lepeKadynBa-
FOLIX MEXaHU3MOB.

CIIUCOK JIMTEPATYPbI

1.T'OCT 32144-2013. HopMmbl KauecTBa JIEKTPUUECKON SHEPTrUU B CUCTEMaX NIEKTPOCHaOXKe-
Hus obmiero Ha3HaueHuH. — Beexa. 2014-07-01. — M.: Cranpaptundopm, 2014. — 16 c.

2. TepmopnHamuueckas 3(pGEKTUBHOCTb HMCIOJIb30BaHNUs JICTAHIEP-TeHEPATOPHBIX arperaTon
Ha CTaHIMAX TEXHOJIOTHYECKOTO YMEHBIICHUS NaBJIEHHS TPaHCIOPTHPYEMOTO IIPHPOIHOTO rasa /
A.B. Kitumenxo, B.C. Ara6a6os, I1.H. Bopucosa, C.H. Iletun // Ternodusruka U adpomMexaHuka. —
2017.-T. 24, Ne 6. — C. 961-968.

3. Kpamckoii A.A., @urunnos A.B. IlonyTHBIA Ta3 MOCIEOHAX CTyNeHel cemapauuu. Kommpu-
mupoBanue Huzkonarnopaoro ITHI / Teppuropust Hedreras. —2016. — Ne 3. — C. 78-83.



Tosviuenue kawecmea 21eKmpodHepaull Nymem pe2yiupo8anis GeHMUNbHbIX 2eHePamopos 171

4. Makarov V.V., Kuznetsova O.P., Nikolaev M.Yu. The effect of electric exposure on the gas
cleaning systems filter efficiency // IOP Conference Series: Materials Science and Engineering 12. —
2017.—Vol. 168, N 12. — P. 1-6. — DOI: 10.1088/1757-899X/168/1/012005.

5. Zabudskiy E.I., Balandina G.I. Automatic control system for power grid voltage stabiliza-
tion // Procedia Computer Science. —2017. — Vol. 103. — P. 511-516.

6. l[laoanxo [{.A. Crabunuzanusi TMapaMeTpOB HANpPsDKEHHS ACHHXPOHHOTO TeHEpaTopa, BO3-
Oy>KkaemMoro HHBepTOpoM HanpspkeHwus // IIpobieMsl pernoHansHON sHepreTuki. — 2017. — Ne 3 (35). —
C.9-16.

7. Konecnukos K.A. MeTo/bl NOBBIIICHNS KadecTBa CTA0MIN3alUK B CTaOMIM3aTOpax Hamps-
JKeHUsT B LENH MOCTOSIHHOTO Toka // Momogexp: Hayka u TBopdecTBo. — CraBpomnoss, 2017. —
C.316-319.

8. An event-trigger two-stage architecture for voltage control in distribution systems / C. Liu,
X. Ma, M. Zhou, J. Wu, C. Long // International Journal of Electrical Power and Energy Systems. —
2018.—Vol. 95. —P. 577-584.

9. Lucas A., Chondrogiannis S. Smart grid energy storage controller for frequency regulation
and peak shaving, using a vanadium redox flow battery // International Journal of Electrical Power
and Energy Systems. —2016. — Vol. 80. — P. 26-36.

10. Jamroen C., Namproom P., Dechanupaprittha S. TS-Fuzzy based adaptive PEVs charging
control for smart grid frequency stabilization under islanding condition // Procedia Computer Science. —
2016.—Vol. 86. —P. 124-127.

11. High efficiency CMOS rectifier for energy harvesting / N.A. Wahab, M.K.M. Salleh,
N. Othman, M.F.A. Khalid, N.M. Hidayat // 2016 IEEE Industrial Electronics and Applications
Conference (IEACon). - KotaKinabalu, Malaysia, 2016. - P.123-127. - DOL
10.1109/IEACON.2016.8067367.

12. AHanmu3 pexuMoB paboOThl OJHO(A3HOTO AKTHBHOTO BBIIPSMUTENS TOKAa C HIMPOTHO-
UMITYJIbCHOH MOIyJIALMEl 10 MpsSMOYrojbHO-cTyneH4yaToMy 3akoHy / O. KpacHos, B. JIrobapckui,
B. boxko, O. [lerperko, O. lybununa, P. Hypues / BocTouHO-eBpOnecKUil KypHAT MEPEAOBBIX
texnonoruid. — 2018. — T. 3, Ne 9 (93). — C. 50-57.

13. l]epbaxog A.B., Cmanvkos I1.M. PazpaboTka BEICOKOBOJBTHOTO CTEHJIA JUIS UMITYJIECHBIX
HCTIBITAaHUH YHEProeMKHX pe3ncTopoB // Bectauk MOU. —2017. — Ne 2. — C. 88-95.

14. Bposanos C.B, Xapumonos C.A. Ctatnueckue npeodpa3oBaTeian 3JIEKTPUIECKON 3HEPIUU
Ha OCHOBE MHOTOYPOBHEBEIX MHBEPTOPOB HANPSDKEHUS W BEIIPIMHUTENIECH ¢ KOPPEKTOPAMHU BXOJHOTO
toka // Hayunsrit BectHuk HI'TY. —2004. — Ne 2 (17). — C. 119-130.

15. Nidhal A., Dhia C., Lassad S. Modelling of conducted EMI generated by a three-phase
PWM rectifier // 2017 International Conference on Green Energy Conversion Systems (GECS). —
Hammamet, Tunisia, 2017. — P. 1-4. — DOI: 10.1109/GECS.2017.8066163.

16. Tkauyx P.JO., I'nazvipun A.C. TIpuHIMI OCTPOCHUS OTKAa30yCTOMYUBON CHUCTEMBI yIpPaB-
JICHHsI aCHHXPOHHBIM ITpuBoaoM // M3BecTrst ToMCKOro momuTeXHU4ecKoro yuusepeutera. — 2012, —
T. 321, Ne 5. - C. 105-109.

17. I'opbynos P.JI., Ilockonnvui M. VccnenoBanue Tpex(asHOTO UIMPOTHO-UMILYJIbCHOTO
npeoOpa3oBaTes ePEeMEHHOT0 HAIPSHKEHUS JUIS TOBBILICHHS SHEProd()(GEKTHBHOCTH aCHHXPOHHBIX
neurateneit / M3Bectuss ToMckoro momuTexHuueckoro yuuBepcutera. — 2014, — T. 324, Ne 4, —
C. 76-86.

18. Maxnaxoe A.C. T'MOpUAHBI aIrOpuT™M MOAYJSIIMM HAa OCHOBE IIPOCTPAHCTBEHHO-BEK-
toproii IITUM u HINM c ynaneHuem BbiaeseHHbIX rapMoHuK // BectHuk FOxxHO-Ypasbckoro rocy-
JnapcTBeHHoro yHusepcurera. Cepus: OHepretuka. —2018. — T. 18, Ne 1. — C. 92-100.

19. Nikolayev M.U., Nikolayeva E.V., Lyashkov A.A. Data measuring channels calibration pro-
cedure // 2016 IEEE Dynamics of Systems, Mechanisms and Machines (Dynamics). — Omsk, 2016. —
P. 1-4. — DOI: 10.1109/Dynamics.2016.7819052.

20. ITycmogemos M.FO. OmubIT pa3pabOTKH CHHYC-(QUIBTpa IS CHIOBOH CXEMBI YaCTOTHO-
peryJimpyemMoro acCMHHXpoHHOro npusoaa // M3Bectnst TOMCKOTo MOJIMTEXHUYECKOTO YHUBEPCUTETA. —
2014.—T. 324, Ne 4. — C. 87-95.

21. baxosyes U.A. VnTerpanbHble XapaKTEPUCTUKH BXOAHOIO TOKA JIByXYPOBHEBBIX MHBEPTO-
poB Hanpspxenus ¢ LIIUM // Hayuanstit Bectauk HI'TY. —2010. — Ne 1 (38). — C. 111-118.



172 M.FO. HUKOJIAEB, B.B. MAKAPOB u op.

22. I'epacumos B.A. Peanuzanus mudposoro MM noBbleHHOH pa3pemaroneil crocooHo-
cTH ¢ BeIcOKoH Hecymieil wacroroit Ha [IJIMC // Ilpom-Umxuaupuar: tpyast 111 mexmxynapoxHoit
Hay4YHO-TEXHUYECKO# KoHpepenunu. — Yensounck, 2017. — C. 302-307.

23. Approximate discrete-time modeling of DC-DC converters with consideration of the effects
of pulse-width modulation / X. Li, X. Ruan, Q. Jin, M. Sha, C.K. Tse // IEEE Transactions on Power
Electronics. —2018. — Vol. 33, N 8. — P. 7071-7082. — DOI: 10.1109/TPEL.2017.2752419.

24. Tuballa M.L., Abundo M.L. A review of the development of Smart Grid technologie // Re-
newable and Sustainable Energy Reviews. —2016. — Vol. 59. — P. 710-725.

25. Ucnionp30BaHKe HEHPOHHOH CETH ISl MOCTPOCHUS KPATKOCPOYHOT'O HPOTHO3a JJIEKTPOIO-
tpebienus OO0 «Omckast sueprocobiroBast komnanus» / B.W. ITotanos, A.C. I'punaii, I.A. TioHb-
koB, [.O. Cununus // U3Bectrss TOMCKOTO MOTUTEXHUYECKOTO YHUBEpCUTETa. HKMHUPUHT Teope-
cypcoB. —2016. — T. 327, Ne 8. — C. 44-51.

26. Smart Grid: assessment of the past and present in developed and developing countries /
M.A. Ponce-Jara, E. Ruiz, R. Gil, E. Sancristobal, C. Pérez-Molina, M. Castro // Energy Strategy
Reviews. —2017. - Vol. 18. — P. 38-52.

27. Knumoe I1.JI., Pasymey E.A. O630p yupaBneHust yMHOI ceTbio // DyHmameHTanbHBIE H
MPHUKIIaJHbIE HAYYHBIE MCCIEOBAHUS: aKTyallbHbIE BONPOCHI, HOCTIKEHHS M WHHOBAIMU: COOPHHUK
crareit 16 MexIyHapOIHON HaydHO-TIpaKTH4IecKol KoH(pepeHuuu. — [lensa, 2018. — Y. 1. — C. 81-83.

28. Ileemxog B.A. Smart Grid — YMHast anekTpuueckas cetsb // Science Time. — 2017. — T. 40,
Ne 4. - C. 218-220.

29. IMuenuunuxos C.O. TexHonoruu yMHbIX ceteit Smart Grid ans penieHus: mpodiiemM coBpe-
MeHHOH 3HepreTuku // IToBblmeHne 3()GEKTHBHOCTH NPOM3BOACTBA M HCIOJIb30BAHUS SHEPIUM B
ycnoBusax Cubupu: Matepuans! Beepoccuiickolf HayqHO-TIpaKTHIECKOH KOH(EPEHIIMH C MEXKTyHa-
poaHbIM yyactueM. — Upkyrcek, 2017. — T. 2. — C. 315-321.

30. Manycos B.3., Xacansooa H., Axvées /].C. Coznanue MHTETPHPOBAHHON CHCTEMEI JICKTPO-
cHabxeHHs ocTpoBa Pycckuii n ynpasieHue ee pexxumamu // Hayunsle npoGiemsr Tpancnopra Cu-
oupu u Jansaero Boctoka. —2017. — Ne 1-2. — C. 142-145.

Huxonaes Muxaun IOpveguu, xKaHIuIAT TEXHUYECKUX HAyK, noueHT OMCKOro rocynap-
CTBEHHOI'0 TEXHHYECKOTo yHHBepcutTera. OCHOBHOE HalpaBlieHHE HAyYHBIX HCCIIEHOBAaHMN —
MHIYKUHOHHO-UMITyJIbCHbIE BOJIHOBBIC TexHoJoruu. Vimeer Oonee 20 HayudHBIX ITyOIMKalui,
coaBTOp oHOro narenta. E-mail:munp@yandex.ru

Maxapoe Braoumup Bsuecnasosuu, KaHIWAAT TEXHUYECKHX HAyK, JOLEHT, JeKaH (da-
KyJIbTeTa HH(GOPMAIMOHHBIX TEXHOJOTHH M KOMIIBIOTEPHBIX cucteM OMCKOro rocyIapCTBEH-
HOTO TEXHHYECKOTO yHUBepcuTeTa. OCHOBHOE HANPaBJICHUE HAYYHBIX HCCIEIOBAHHMN — ra3oBast
nuHamuka. Mveer 6onee 80 Hayunbix myOmukanuid. E-mail: kosmos070969@mail.ru

Kponomun Braoumup Oneeosuu, cTyneHT (aKyabTeTa 3JIUTHOTO O0pa30BaHUs M Maru-
cTparypbl OMCKOT0 TOCyJapCTBEHHOTO TEXHHYECKOro yHUBepcuTeTa. OCHOBHOE HalpaBlCHUE
UCCIICNOBAHUI — MOZICIMPOBAaHUE HArpeBa CyXHX TPaHC()OPMATOPOB M HOBBILICHUE HPOITYCK-
Ho# cmocobnoct JIDII ¢ yuerom temmeparypel. Vmeer Gomee 20 HaydHBIX ITyOJIHKAIHN.
E-mail: kropotin_vl@mail.ru

Tpuyaii Anexcandp Cepeeesuu, KaHAUIAT TEXHUIECKUX HAyK, JOLECHT Kadeapsl HH Op-
MAaTUKH M BEYHUCIIUTEIFHOH TeXHUKH OMCKOTO rOCYAapCTBEHHOTO TEXHHUECKOTO YHUBEPCHUTE-
Ta. OCHOBHOE HalpaBJICHHE HAyYHBIX HCCIECIOBAaHUH — aBTOMAaTM3amusl OM3HEC-TPOIECCOB
9HEProcOBITOBBIX KOMIIAHUM, pa3paboTKa M BHEIPEHHE CHCTEM KOMMEPYECKOro ydeTa dJIeK-
TPUYECKOIl SHEPTHH, ONTUMHU3ALKS dJIEKTPOIHEPIeTHUECKUX CHCTEM, BKIIOYAIOIINX BO30OHOB-
JsieMble UCTOYHUKH dHeprun. Vmeer Gonee 60 Hayunbix myOaukauumii. E-mail: aleksandr.gri-
tsay@gmail.com

T'aax Aumon Buxmopoeuy, coBeTHUK TreHepanbHoro nupekropa AO OTOK, ucnonnu-
tenpHBId  gupektop OO0 «HUAP-TI'enepammsa» rockopnopauunn POCATOM. OcHoBHOe
HalpaBJICHUE HAYYHBIX MCCIICIOBAaHMH — aBTOMATH3alus OH3HEC-IIPOLIECCOB YHEPreTHUECKHUX
MpeNpUATHHA, ONTHMH3AIMS TEIUIO3HEPTeTHYeCKHX ImporeccoB. Mmeer Gosee 10 HaydHBIX
ny6nukarnuit. E-mail: vti2016@gmail.com



Tosviuenue kawecmea 21eKmpodHepaull Nymem pe2yiupo8anis GeHMUNbHbIX 2eHePamopos 173

Nikolaev Mikhail Yuryevich, PhD (Eng.), an associate professor of Omsk State Technical
University. The main direction of scientific research is induction-pulse wave technology. He is
the author of more than 20 publications, including co-author of 1 patent. E-mail: munp@
yandex.ru

Makarov Viadimir Vyacheslavovich, PhD (Eng.), an associate professor, dean at the in-
formation technology and computer systems department of Omsk State Technical University.
The main direction of scientific research is gas dynamics. He is the author of more than 80 pub-
lications. E-mail: kosmos070969@mail.ru

Kropotin Viadimir Olegovich, student at the elite education and magistracy department of
Omsk State Technical University. The main direction of scientific research is modeling the
heating of dry transformers and increasing the transmission capacity of power lines taking into
account temperature. He is the author of more than 20 publications. E-mail: kropotin_vl@
mail.ru

Gritsay Alexander Sergeevich, PhD (Eng.), an associate professor at the informatics and
computer engineering department of Omsk State Technical University. The main direction of
scientific research is the automation of business processes of energy retail companies, the de-
velopment and implementation of systems for commercial accounting of electric energy, the
optimization of electric power systems, including renewable energy sources. He is the author of
more than 60 publications. E-mail: aleksandr.gritsay@gmail.com

Gaak Anton Viktorovich, deputy general director of OTEC JSC — executive director of
NIAR-Generation LLC, ROSATOM state corporation. The main direction of scientific research
is automation of business processes of energy enterprises, optimization of heat and power pro-
cesses. He is the author of more than 10 publications. E-mail: vti2016@gmail.com

DOI: 10.17212/1814-1196-2019-4-161-176

Improvement of electric energy quality by regulating valve generators’

M.Yu. NIKOLAEV, V.V. MAKAROV'*, V.0. KROPOTIN **,
A.S. GRITSAY"™, A.V. GAAK*¢

U Omsk State Technical University, 11 Prospekt Mira, Omsk, 644050, Russian Federation
2 United Heat Power Company JSC, 7 Pogorelsky Pereulok, Stroenie 2, Moscow, Russian Fed-
eration

“munp@yandex.ru " kosmos070969@mail.ru  © kropotin_vi@mail.ru
4 aleksandr.gritsay@gmail.com € vti2016@gmail.com

Abstract

The relevance of the research is due to the ongoing technological revolution related to the
digitization of the surrounding world. The use of numerous sensors in electrical systems leads
to increased requirements for the quality of electricity in the electrical network. An increase in
the number of analyzed data leads to a fundamentally new development of the electric power
complex; predictive analytics increases the uptime of equipment, contributes to the growth of
resource-saving technologies and minimizes voltage losses in the power supply networks of gas
compressor units, as well as greatly reduces the cost of their maintenance. One of the ways to
improve the quality and stabilize voltage in electrical networks is to use valve generators as an
element of the “Smart Grid”.

The purpose of the research is to reduce the limits of voltage tolerance by stabilizing the
output voltage using a circuit solution based on valve generators. The object of the research is
compressor workshops, gas pumping units, valve generators and a set of voltage-stabilizing
equipment.

* Received 11 May 2019.
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The object of research is valve generators of gas pumping units installed in compressor
workshops which serve to reduce the pressure of gas pumped through the main gas pipelines.

Research methods are based on an assessment of the effectiveness of technological solu-
tions, including a systems analysis of the results of voltage stabilization of valve generators.

As a result of the research, a voltage stabilization scheme in networks using valve gen-
erators was developed, which allows achieving minimum voltage losses and frequency devia-
tions, regardless of the type of load. The scheme has been successfully implemented in the
compressor shop of the operating enterprise. The resulting scheme is recommended for applica-
tion in the developed system “Smart Grid”.

Keywords: gas pumping unit, compressors, generators, voltage stabilization, operation
regulation, smart grid, microgrid, voltage, energy system
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IIpaBuia ajst aBTOpOB

Kypnan «Hayunsrit Bectauk HI'TY» ocHoBan B 1995 rony Ha 6a3e HoBocuOupckoro rocy-
JIApCTBEHHOI'0 TEXHUUYECKOro yHHuBepcuteTa. IleyaTHas BepcHs *KypHaja 3aperucTpUpoBaHa B
Munucrepctee PO no nemam meuyaTH, TeNEBEIIaHUS U CPEACTB MAcCCOBBIX KOMMYHHUKAIUH B
2000 romy. CeunerensctBo o peructpauuu [T Ne 77-1599 ot 10.02.2000 roga. Ilepnoanu-
HOCTH BBIXOJIa M3JIaHMS — OJIMH pa3 B TPH MecAla (deTeIpe HoMepa B rofx). HaydHno-Texandaeckue
CTaTbU, HAaIlpaBJIEHHBIE B aJipec XKypHaja, IPOXOAAT PELEH3UPOBaHUE U PEIAKTUPOBAHNUE.

B xypnane «Hayunsiii BectHuk HI'TY» myOnuKyIOTCS OpUTHHAIBHBIC CTaThU 1O CIICAYIO-
UMM TPYIIaM CIIeHHuaTbHOCTEH:

05.11.00 — IIpubopocTpoeHHe, METPOIOTUS U HH()OPMAITHOHHO-U3MEPUTEIbHBIE TPUOOPHI
U CUCTEMBI;

05.11.07 — OnTrHyecKre U ONTUKO-3JICKTPOHHBIE IPUOOPBI U KOMITJICKCHI,

05.11.16 — MHbOopManmOHHO-U3MEPUTEIIBHBIC M YIIPABJISIOIINAE CUCTEMBI (TI0 OTPACIISIM);

05.11.17 — TIpuGopsl, CUCTEMBI U U3ICITUS MEIUIIMHCKOTO Ha3HAYCHUS;

05.13.00 — UndpopmaTuka, BEIYUCIUTEIbHAS TEXHUKA U YIIPABICHUE;

05.13.01 — CuctemHbIl aHamu3, yIpaBleHrue 1 00paboTKa HHPOpPMAIUH (10 OTPACIIIM);

05.13.11 — MaTtemaTu4eckoe W TpPOrpaMMHOE OOECIeUeHUE BBIYHCIUTEIBHBIX MAIIWH,
KOMIIJIEKCOB ¥ KOMITBIOTEPHBIX CETEH;

05.13.17 — TeopeTndeckre OCHOBBI HHPOPMATUKU;

05.13.18 — MaremaTuueckoe MOJIETUPOBAHUE, UHCIEHHBIE METOJbl U KOMILJIEKCHI
IIPOrpaMM;

05.14.00 — DHepreTuka;

05.14.02 — DnekTpudecKue CTAHIMU U DJIEKTPOIHEPTeTUUECKUE CUCTEMBI;

05.14.12 — TexHuKa BBICOKUX HaNpsKEHUH;

05.14.14 — TennoBbIe ANEKTPUIECKUE CTAHIINH, NX SHEPTETHUYECKHUE CUCTEMBI U arperaThl.

Paznens! sxypHana: mprHOOPOCTpOSHHE, METPOJIOTHSI U MH()OPMALIOHHO-U3MEPUTENBHBIE TIPH-
0OpHI U CHCTEMBI; HH(pOpPMAaTHKa, BEYHUCIUTEIbHAS TEXHUKA U YIIPABIICHAE; SHEPTeTHKA.

Pexomennyemsiii 06beM cratbu 10—16 crpanun. CTaTb 00BEMOM, HE MPEBBIMIAIONIAM
8 cTpaHuIl, MOTyT OBITH pa3MelleHbl B pasznene «KpaTkue coobmenus». Bo3moxkHa mybiuka-
U IUCKYCCHOHHOTO MaTepuana B pasaene «Jluckyccuny. B madopmanmonHoM paszaene Bo3-
MOJKHO pa3MEIIeHHE COOOMCHUI O COCTOSIBIINXCS M TUIAHUPYEMBIX KOH(PEPEHIIX, CCMHUHA-
pax M cUMIIO3UyMaX, CBeeHUH O (aKysbTeTax U CIEeUHATbHOCTAX, HAYYHBIX pa3paboTKax H
Hay4dHbIX mKoJax. CTaTbu 0030pHOTO XapaKkTepa, Kak IpaBuiio, He MyOIUKYIOTCS.

Website: http://journals.nstu.ru/vestnik

YciaoBus npuema crarei

B penaxnuro Hayuynoro Becrauka HI'TY npenctaBisiorcs clieayromye MaTeprUabl.

1. CraThs, IOATOTOBJICHHAS B COOTBETCTBUU C MpaBWJIaMU OQOpPMIICHHS, — MeyaTHas Bep-
cusl, 1Ba dK3eMIUIAPa, OANHCAHHBIX aBTOPaMHU.

2. KonraktHas wuHbpopMarms (TenehoHsl paboumii M COTOBBIH, ajapeca 3JIEKTPOHHOI
MOYTHI, MECTO PabOTHI, aIpec MecTa padoTHI, TOJDKHOCTD, yUCHAsl CTCIICHb, YICHOE 3BaHHE aBTO-
pa, ORCID) — meuaTHas BepcHsi, 1Ba IK3EMILISPa.

3. Onucanue craTbu A7 Oaszbl JaHHBIX «POCCHHCKME HMHIEKC HAyYHOTO LHUTUPOBAHUS
(PMHLI)», mOATOTOBICHHOE B COOTBETCTBUHU C NpaBUIaMU OGOPMIICHHUS, — IleyaTHasl Bepcus,
OJIUH 3K3EMILLAP.

4. JIutileH3MOHHBIA JAOTOBOP, 3aIOJTHEHHBIH W TOIMUCAHHBINA, OTIPABISETCA CO BCEM ITaKe-
TOM JOKYMEHTOB; CKaHUPOBaHHBII 3aII0THEHHBIN OTOBOP 3alMChIBACTCS Ha TUCK.

5. DJeKTpoHHasi BepCUsl CTaThbM, KOHTAKTHOM WH(pOpMAIMM, OMUCAHMUA CTaTbU AJS Oa3bl
nanHbix PUHL v ckaHnpOBaHHBIN JIMIIEH3MOHHBIN TOTOBOP — B OTACHBHBIX (paiinax Ha CD.

6. DKCIIepTHOE 3aKJIF0UEHUE O BOBMOYKHOCTH OITyOJTMKOBAHUSI.

[Tnata 3a myOMUKaNKIO PyKOMICEH HE B3MMACTCA.
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TpeboBaHus Kk 0popMJIEHUIO CTATHH

®dopmar opurunaiosB — A4. [lIpudrt — Times New Roman. Tekct HabupaeTcs B pycuduim-
poBanHOM pemakTope Microsoft Word. [TapameTpsl cTpaHuiist (cMm):

JeBoe mone — 3,3 BepxHee moje — 4,0

npasoe none — 3,3 HIDKHee mnoje — 3,9

TekcToBoe Tone 22 x 14,4

Mexctpounsie nHTepBansl oauHapHbe. [lepen YK ocTaBmsieTcst 4eTbIpe MyCThIe CTPOKH
pasmepom 12. YJIK nabupaercs nponucHbiMU OykBamu kerneM 8. Ilocne VK mepen 3aronos-
KOM OCTaBJII€TCSI IycTasi cTpoka pasMepoM 8. HaszBanue ctaTteu Habupaercs kerieM 14 momy-
JKUPHBIM CTPOYHBIM MIPU(TOM C OTCTYNOM cieBa 1,8 cM, 0e3 mepeHOCoB CJIOB C BHIPABHUBAaHU-
eM BieBo. [locie 3aronoBka ocTaBiseTcs mycTas cTpoka pazmepom 12. damunuu aBTopa — mpo-
nucHbIM mpudTOoM KersieM 8. Ilocne hamunuii octaBisercs mycras CTpoka pasMepom 7. Ykasza-
TeNIb CHOCKHU * TIOCJIe Ha3BaHWS CTaTbU yCTAaHABIHMBACTCS B BEpXHEM HHICKce. B cHocke mara
MOCTYIUTICHUS CTAThH YKa3bIBaeTcs KypcHBHBIM mpudtom kerieM 8. [locie @O aBropos cra-
ThU HAOHMpaeTcs aHHOTAIMS KeTJieM 8 ¢ OTCTYIOM epBoit cTpoku Ha 0,8 ¢M, MEKCTPOYHBINA UH-
tepBan ¢ mHoxuTeneM 1,1. Tlocne anHOTanum ocraBnsercs mycras cTpoka pasmepom 4. Kuo-
YeBbIe CJIOBA — KErJleM 8.

3arojoBKH paznenoB oOs3aTenbHBI (Hampumep, Beeaenume, IlocranoBka 3amaum, Metonbl
anaim3a, OcHOBHOII pe3yabTat, BeiBoabl mim 3akiioueHue), HAOUPAIOTCS MPOMUCHBIM TOJY-
SKMPHBIM MPSIMBIM IIpH(pTOM KeryieM § ¢ otctymioM 1,8 cM. [lepen HuMM ocTaBisieTcs mycTast CTpoka
pasmepom 20, mocrie HUX — mycTasi cTpoka pazmepom 10. OcHoBHO# TekcT — kernem 10.

IToa3aronoBKyM — MPOMKUCHBIM MOMY>KUPHBIM IIPH(PTOM KeriieM 8 ¢ orctynom 1,8 cm. [lepen
HUMHU U TIOCTIE HUX — ITyCTasi cTpoka pa3mepom 10.

Pucynku npeacrasnsrorest B Corel Draw 11 win Microsoft Word (RUS). Pucynku B npy-
TUX peJakTopax He npuHuMaroTca. CioBo Puc. U ero HoMep BBIACNSIOTCS KypCHBOM. PUCYyHKH
JOJI2KHBI OBITH ‘lepHO—GeHLIMI/I, B IMOAITIMCAX HE JOJIXKHO OBITH CCBUIOK Ha OBET.

PucyHk# n Tabmumbl HyMEpyrOTCS 110 MOPSAKY YIOMHHAHHS UX B TEKCTEC apaOCKUMH UG-
pamu. Ilociie HoMepa AOKHO celoBaTh Ha3BaHUE HA PYCCKOM M aHIJIMiicKoM s3bikax. [Ton-
PHCYHOUHBIC ITOJIIMCH U Ha3BaHUS TAaOJHIl — KeraeM 9.

Bce rpagsl B Tabnmiiax TOMHKHEI IMETh 3aT0JIOBKH U Pa3AeiISITHCS BEPTUKANBHBIMH JTHHUS-
MH. B romoBke TabIHII M0 BOZMOXKHOCTH YKa3bIBAIOTCS OYKBEHHBIC 0003HAUCHHUS TApaMETPOB U
WX €JMHULBI U3MEPEHUSL.

[lepeMeHHbIe B TEKCTe HAOMparoTCs KypcuBHBIM Impudrom kersiem 10. Ilpu Hanmmcanum
¢dopmyn ucnonp3oBath MathType Bepcun He Boime 6.0C. @opMynsl HAOHPATH IO LEHTPY Ker-
neMm 11, HaACTpOYHBIE U MOJCTPOYHBIC MHICKCHI — KeryieM 9, 3Haku — kerieM 14 (aTuHCKue
OyKBBI — KypPCHUBHBIM HMIPU(TOM, PYCCKHE U IPEUECKUE — MIPIMBIM, LUPPHI — IPSMBIM).

Hampumep:

n%+3 )
A(s)= Y, AsAD" 4 q,
i=0

Mexay TekcToM u (GOpMyIIaMH, a TaKxKe MeXKIy (opMyTaMu OCTaBISIOTCS MyCThIE CTPO-
ku pazmepoM 4. @opMmyinel He cxumath. Hymeparuio ¢opmyn momeniats crpasa kersiem 10.
Hanpuwmep:

Dy =D.D+ N.N. (1)

Hymepanust cTpanum ocymmecTBiseTcs ciaenyonmm oopasom: Beraska / Homepa crpanui...;
YCTaHOBUTH IOJI0KEHUE «BBEPXY CTPAHUIIBD), BBIPABHUBAHHME — «CHAPYXN», 0€3 HyMepaiuu
NIEPBOM CTPaHULIBL.
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KonoHTUTY Bl ycTaHABIMBAIOTCS BBEPXY (C OTCTYIIOM OT BEPXHETO Kpasi CTpaHUIbl 3 cM). UTo-
OBl KOJIOHTUTYJIbI Ha ‘IeTHOﬁ, HEYCTHOH U HepBOﬁ CTpaHUllaX OTINYAJIMCh, HY>KHO YCTaHOBUTD!:
®aiin / [TapameTps! cTpanunis! / PasMeTka; ycTaHOBUTE pa3Hble YeTHbIE H HeUeTHbIe U MepBas
OTJIMYAETCS.

KosonTutynel Ha 4eTHbIX cTpaHunax. Bunx / KomoHTUTYIbI; HaOWparoTCs KYypCUBHBIM MPO-
MUCHBIM mIpu$TOM Keriem 8. daMmims aBTOpa ¢ MHUIMAIaMHU BIEPEAH y MPaBOro Kpas 0e3
orcTyna. Ecim aBTOpOB HECKOJIBKO, TO YKa3bIBAIOTCS TOJBKO JBA TIEPBBIX, ANIEE «H IP.).

KosoHTHTY Bl HAa HEUETHBIX CTpaHMIaX. Ha3BaHUS CTaThH — ¢ MPOMMUCHON OYKBBI KYpCUB-
HbeIM TIpUdTOM KernieMm 8. Homepa crpanuil — kernem 10.

[epen cnmckoM muTepaTyphl — mycTast cTpoka pasmepom 20. 3aronoBok «CHHCOK JHuTepa-
TYpbD» — KeTJieM 8 MPOMUCHBIM MONYXUPHBIM pugToM ¢ orctynom 1,8 cm. Ilocne cniucka nu-
TepaTypsl mycras crpoka pazmepom 10. IlopsankoBeiii HOMEP — ¢ KpacHOM CTPOKH KeryieMm 8 c
uHTepBaioM 1,1. damMminn W WHUNHAIE — KETJIEM 8 MOJY)KUPHBIM CTPOYHBIM MIPHQTOM,
Ha3BaHUE CTaTbH (KHUTH) — CBETJIBIM TeM ke mpudTom. OdopmieHue 6uOIHorpaguueckoro
crucka — o 'OCT P.7.0.5-2008. bubnunorpadudeckas ccpuika. Oomue TpeOoBaHHS U MpaBUiIa
cocraBieHus. — M.: Crangaptuadopm, 2008. — 19 c.

ITocne crnucka nuTepaTypbl HAET MycTas cTpoka pasmepoM 24. Jlanee npuUBOAATCS KpaTKue
cBesieHHs 00 aBTopax KerjieM 8 ¢ uHTepBaioM 1,1 u oTcTynoM ot jeBoro kpas 1 cm. Pammuius,
WMS$I, OTYECTBO — C KPACHOH CTPOKHU KypcuBoM. [Tocienyromuii TekeT (yueHas CTeleHb, YIeHOe
3BaHUE, WICHCTBO B aKaJAEMISIX U T. 1.; OCHOBHOE HAIIPaBJICHUC HAYIHBIX HCCIICIOBAHUIT; KOJIH-
YeCTBO MMEIONIMXCS MyONMUKaiuid, B TOM 4Hciie MOHOTpaduii, yaeOHbIX mocobui; e-mail, pado-
quii TenedoH) — npsiMbM mpudTom. HHdopmanus npegocTapisieTcss HA PycCKOM M aHTJIMTi-
CKOM SI3BIKAX.

[Janee naetcs nepeBoj Ha aHIIIMUCKUN A3bIK ()aMHIITUHM, UMEHH, OTYECTBA aBTOpa U HAa3BaHUS
CTaThH, a TakXkKe pedepara U KIIFOUYECBBIX CIOB (00s3aTEIIHHO).

HcnpasieHns, BHOCUMBIC aBTOPOM, ITPH AOPAOOTKE CTATHH BBHIAENSITH )KEITHIM IIBETOM.

TpedoBanus k opopmiienuro PUHI]

B onucannu crathbu TomKHA OBITH yKa3aHa clenyronas HHopManus.

1. Homepa cTpaHHIl, Ha KOTOPHIX pa3MelleHa CTaThst B COOpHUKE.

2. Kouer: YJIK, u / unu BBK, u / v DOI, u / win mpyrux kiaccuUKAIMOHHBIX HHIICKCOB
W CUCTEM PETUCTPALIUHU.

3. Ha3Banue crarbu.

4. damunust, ©Ms1, OTIECTBO aBTOPOB.

5. Mecto pa®oThl Ka)XIOTO aBTOpPa B UMCHUTEIHHOM IMafexe. YKa3aTh JOIDKHOCTH aBTOpa
10 OCHOBHOMY MECTY PaOOTHI.

6. KonraktHass mHQOpManus (IMOYTOBBIA ampec MecTa paboThl, HOMep TenedoHa, aapec
AIIEKTPOHHOW TTOYTHI — 00SI3aTEIEHO).

7. Annoranus (He meHee 320 u He Oonee 640 3HAKOB).

8. KittoueBbie crmoBa: KaK0€ CIOBO WIIM CIOBOCOYETAHUE OTHEISETCS OT APYroro 3arsiToi
(10-20 cnoB).

9. [TyHkTHI 3—8 HA AaHTTTUHCKOM SI3BIKE.

10. Cnucok nureparypsl.

O6pasen ohopMiIeHUs IPUBECH Ha caiite http://journal.nstu.ru/vestnik.
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