ISSN 2713-3192
DOI 10.15622/ia.2023.22.4
hitp://ia.spcras.ru

UHPOPMATUKA
U ABTOMATU3ALUA

INFORMATICS
AND AUTOMATION

Cné6 $UL, PAH

CaHkT-lNeTepObypr
2023



INFORMATICS AND AUTOMATION

Volume 22 Ne 4, 2023

Scientific and educational journal primarily specialized in computer science, automation,

robotics, applied mathematics, interdisciplinary research

Founded in 2002

Founder and Publisher

St. Petersburg Federal Research Center of the Russian Academy of Sciences (SPC RAS)

Editor-in-Chief

R. M. Yusupov, Prof., Dr. Sci., Corr. Member of RAS, St. Petersburg, Russia

Editorial Council

A. A. Ashimov Prof., Dr. Sci., Academician of the National Academy of Sciences of the Republic
of Kazakhstan, Almaty, Kazakhstan

N. P. Veselkin Prof., Dr. Sci., Academician of RAS, St. Petersburg, Russia

I. A. Kalyaev Prof., Dr. Sci., Academician of RAS, Taganrog, Russia

Yu. A. Merkuryev Prof., Dr. Sci., Academician of the Latvian Academy of Sciences, Riga, Latvia

A. I. Rudskoi Prof., Dr. Sci., Academician of RAS, St. Petersburg, Russia

V. Sgurev Prof., Dr. Sci., Academician of the Bulgarian Academy of Sciences, Sofia, Bulgaria

B. Ya. Sovetov Prof., Dr. Sci., Academician of RAE, St. Petersburg, Russia

V. A. Soyfer Prof., Dr. Sci., Academician of RAS, Samara, Russia

Editorial Board

0. Yu. Gusikhin Ph. D., Dearborn, USA

V. Delic Prof., Dr. Sci., Novi Sad, Serbia

A. Dolgui Prof., Dr. Sci., St. Etienne, France

M. N. Favorskaya Prof., Dr. Sci., Krasnoyarsk, Russia

M. Zelezny Assoc. Prof., Ph.D., Plzen, Czech Republic

H. Kaya Assoc. Prof., Ph.D., Utrecht, Netherlands

A. A. Karpov Assoc. Prof., Dr. Sci., St. Petersburg, Russia

S. V. Kuleshov Dr. Sci., St. Petersburg, Russia

A. D. Khomonenko Prof., Dr. Sci., St. Petersburg, Russia

D. A. Ivanov Prof., Dr. Habil., Berlin, Germany

K. P. Markov Assoc. Prof., Ph.D., Aizu, Japan

R. V. Meshcheryakov  Prof., Dr. Sci., Moscow, Russia

N. A. Moldovian Prof., Dr. Sci., St. Petersburg, Russia

V. V. Nikulin Prof., Ph.D., New York, United States

V. Yu. Osipov Prof., Dr. Sci., St. Petersburg, Russia

V. K. Pshikhopov Prof., Dr. Sci., Taganrog, Russia

A. L. Ronzhin Prof., Dr. Sci., Deputy Editor-in-Chief, St. Petersburg, Russia

H. Samani Assoc. Prof., Ph.D., Plymouth, UK

A. V. Smirnov Prof., Dr. Sci., St. Petersburg, Russia

B. V. Sokolov Prof., Dr. Sci., St. Petersburg, Russia

L. V. Utkin Prof., Dr. Sci., St. Petersburg, Russia

Editor: A. S. Lopotova

Interpreter: Ya. N. Berezina
Art editor: N. A. Dormidontova

Editorial office address

SPCRAS, 39 litera A, 14-th line V.O., St. Petersburg, 199178, Russia

e-mail: ia@spcras.ru, web: http://ia.spcras.ru
The journal is indexed in Scopus

The journal is published under the scientific-methodological supervision of Department
for Nanotechnologies and Information Technologies of the Russian Academy of Sciences
© St. Petersburg Federal Research Center of the Russian Academy of Sciences, 2023



MHOOPMATUKA U ABTOMATUSALIUNA

Tom 22 Ne 4, 2023

HayyHbli, Hay4HO-06pa3oBaTenbHbIl KypHaa c 6a3oBoit cneumanusaumen
B 061aCcTU MIHPOPMATUKKU, aBTOMATU3ALMUM, POOOTOTEXHUKM, NPUKNAAHON MaTEMATUKU

N MeXANCLUNANHAPHbBIX UCCNEeA0BAHUN.
MypHan ocHoBaH B 2002 roay

Yupeaurtenb u usparenp

depepanbHoe rocyAapcTBeHHOe BI0AKETHOE yUpeKaeHNe HayKu

«CaHKT-MNeTepbyprcknin GesepanbHblili UCCNeA0BATENLCKUIA LEHTP POCCUICKOM akaZeMnm HayKk»

(CN6 GULL PAH)

FnaBHbIli peaakTop

P. M. IOcynos, un.-kopp. PAH, a-p TexH. HayK, npood., CaHkT-MeTepbypr, PO

A. A. Awumos

H. M. Becenkux

PepaKuMOHHbIN coBeT

akagemvk HauvoHanbHoit akagemumn Hayk Pecnybnukv KasaxcraH, A-p TexH. Hayk, npod.,
Anmartbl, KazaxctaH
akagemuk PAH, o-p meq. Hayk, npod., CaHkT-MeTep6bypr, PO

WU. A. Kansies akagemuk PAH, g-p TexH. Hayk, npod., TaraHpor, P®

10. A. MepkypbeB akapgemuk JlaTeuiickon akagemun Hayk, a-p, npod., Pura, lNatens

A. N. Pyackon akagemuk PAH, g-p TexH. Hayk, npod., CaHkT-lMeTepbypr, PO

B. CrypeB akapgemuk Bonrapckoi akagemun Hayk, A-p TexH. Hayk, npod., Codusi, Bonrapus

B. /1. CoBeToB akagemuk PAO, A-p TexH. Hayk, npod., CaHkT-lNeTepbypr, PO

B. A. Colidrep akapgemuk PAH, o-p TexH. Hayk, npodg., Camapa, PO
PepakumMoHHana Konnerua

0. 10. 'ycuxuu A-p Hayk, AnabopH, CLLA

B. fenuny BA-p TexH. Hayk, npod., Hosu-Caa, Cepbus

A. B. flonruu A-p Hayk, npod. CeHT-OTbeH, dpaHuus

M. XenesHbl A-p Hayk, AoueHT, Mnb3eHb, Yeluckas pecnybnuka

A. A. UBaHoB A-p 3KOH. Hayk, npod., bepnuH, Nepmanns

X. Kans A-p Hayk, AoLeHT, YTpexT, HuaepnaHabl

A. A. Kapnos BA-p TexH. Hayk, foueHT, CaHkT-MeTepbypr, PO

C. B. Kynewos [-p TexH. Hayk, CaHkT-MNeTepbypr, PO

K. M. Mapkos [O-p Hayk, AoLUeHT, Augy, AnoHus

P. B. Mewepskos [-p TexH. Hayk, npod., Mocksa, P®

H. A. MonpoBsiH [-p TeXH. Hayk, npod., CaHkT-MeTepbypr, PO

B.B. Hukynun A-p Hayk, npod., Hbto-Mopk, CLUA

B.}0. OcunoB BA-p TeXH. Hayk, npod., CaHkT-MeTepbypr, P®

B. X. MwwuxonoBs BA-p TexH. Hayk, npodd., TaraHpor, P®

A. . POHXUWH [O-p TeXH. Hayk, npod., 3aM. rnasHoro pepaktopa, CaHkT-MNetepbypr, PO

X. CamaHu A-p Hayk, goueHT, MnumyT, CoeanHénHoe KoponescTso

A. B. CMupHOB A-p TEXH. Hayk, npod., CaHkT-MNeTepbypr, PO

B. B. Cokonos A-p TexH. Hayk, npod., CaxkT-MNeTepbypr, PO

1. B. YTkuH BA-p TexH. Hayk, npodd., CaHkT-lNeTepbypr, P

M. H. ®aBopckas BA-p TexH. Hayk, npod., KpacHosipck, PO

A. . XomoHeHKO
1. B. lLlepemeToB

[-p TexH. Hayk, npod., CaHkT-Tetepbypr, PO
[A-p TexH. Hayk, Mexuko, Mekcuka

BbinycKatowumii pegakrtop: A. C. J/lonoTtoBa

NepeBoguuk: A. H. bepe3sunHa

XypoxecTBeHHbI pegakTop: H. A. lopmnaoHToBa

Appec peaakuuu
14-a nvHua B.O., 4. 39, auT. A, 1. CaHkT-lNetepbypr, 199178, Poccus
e-mail: ia@spcras.ru, cait: http://ia.spcras.ru

YypHan uHgeKkcupyeTca B mexayHapoaHoi 6ase gaHHbIX Scopus
YypHan BxoguT B «MepeyeHb BEAYLIMX PEeLLeH3MPYEMbIX HAYYHbIX XKYPHAN0B U U34AHUN,
B KOTOPbIX A0/IXKHbI 6bITb 0I'Iy6/1VIKOBaHbI OCHOBHbl€ Hay4YHble pe3ynbTaTbl AUCcepTaumnmn

Ha COMCKaHMWe YYeHOM CTENEHM LOKTOPA U KaHAMAATa HayK»

)HypHan BblNyCKaeTCcA NpU Hay4YHO-MmeToANYEeCKOM PYKOBOACTBE OTtaeneHuna HaHOTEXHONOrUM

1N MHPOPMALMOHHbIX TEXHONOMMI POCCMICKOM akageMmm HayK
© depepanbHoe rocyaapcTBeHHoe BloAXKeTHOE yupeAeHUe HayKu

«CaHKT-MNeTepbyprckuii PegepanbHbii UCCNef0BaTENbCKUIA LLeHTP PoccuitcKoi akagemun Hayk», 2023
Paspeluaetca BocnpousBeaeHue B Npecce, a Takxke cooblyeHne B 3GpUp uam no kabento onybaMKoBaHHbIX
B COCTaBe NeYaTHOro NePUOAUYECKOro U3[aHua - kypHana « IHOOPMATUKA M ABTOMATU3ALINA»
cTaTei No TEeKYLLMM SKOHOMUYECKUM, NOIMTUYECKUM, COLMaNbHBIM U PEIUTMO3HbIM BOMPOCaM
c 0bA3aTeNbHbIM YKa3aHMeM UMEeHW aBTopa CTaTbM U NEYaTHOrO NEePUOANYECKOTO U3JaHNA
)ypHana «MHOOPMATUKA N ABTOMATU3ALLNA»



CONTENTS

Information Security

A. Sinyuk, O. Ostroumov, A. Tarasov

INFORMATION-THEORETIC REPRESENTATION OF INTERCEPTION
NETWORK CHANNEL VIRTUALIZATION

1. Polansky, K. Loginov
OPTIMAL NONLINEAR FILTERING OF INFORMATION IMPACT
ESTIMATES IN A STOCHASTIC MODEL OF INFORMATION WARFARE

M. Gidwani, A. Rao
COMPARATIVE ANALYSIS OF RUMOUR DETECTION ON SOCIAL
MEDIA USING DIFFERENT CLASSIFIERS

Nguyen Viet Hung, Thang Quang Loi, Nguyen Thi Huong, Tran Thi Thuy Hang,
Truong Thu Huong

AAFNDL - AN ACCURATE FAKE INFORMATION RECOGNITION MODEL
USING DEEP LEARNING FOR THE VIETNAMESE LANGUAGE

Digital Information Telecommunication Technologies

A. Gaiduk, N. Prokopenko, A. Bugakova

ERRORS COMPENSATION CAUSED BY TIME DELAY OF DIGITAL
SENSORS

1. Glukhikh, A. Prokhoshin, D. Glukhikh
COMPARISON AND RETRIEVAL OF SITUATIONS IN THE CASE-BASED
REASONING SYSTEM FOR SMART-FARM

Abdullah Hashem. M.A., Kumar A.V. Senthil, Qasem Ahmed A.A.,
Mosleh M.A.S.

HYBRID OPTIMIZATION BASED ON SPECTRUM AWARE
OPPORTUNISTIC ROUTING FOR COGNITIVE RADIO AD HOC
NETWORKS

V. Zelentsov, |. Pimanov, S. Potryasayev

INTEGRATION OF HETEROGENEOUS INFORMATION RESOURCES AND
EARTH REMOTE SENSING DATA IN MONITORING AND MANAGEMENT
OF TERRITORIAL DEVELOPMENT

Informatics and Automation. 2023. Vol. 22 No. 4. ISSN 2713-3192 (print)
ISSN 2713-3206 (online) www.ia.spcras.ru

721

745

77

795

826

853

880

906

719



COJEPXXAHUE

Hudopmannonnas 0e30nacHOCTb

A.Jl. Cuniok, O.A. OctpoymoB, A.A. Tapacos
TEOPETHUKO-MHO®OPMALIMOHHOE ITPEJICTABJIEHUE
BUPTYAJIM3ALIMU CETEBOI'O KAHAJIA TIEPEXBATA

N.C. lonsackwuit, K.O. JloruHoB

OIITUMAJIbHA Sl HEJIMHEMHA S OUJIBTPALINS OLIEHOK
NHO®OPMAILIMOHHOI'O BO3AENCTBUS B CTOXACTUYECKOM
MO/JIEJIM THOOPMAILIMOHHOI'O ITPOTUBOBOPCTBA

M. I'ugBanm, A. Paou
CPABHUTEJIbHBIM AHAJIW3 BBIABJIEHUA CJIYXOB B COITMAJIBHBIX
CETAX C UCITOJIb3OBAHUEM PA3JIMUYHBIX KITIACCUD®UKATOPOB

H.B. Xynr, T.K. Jlou, H.T. Xstonr, T.T.T. Xanr, T.T. Xb10HT

AAFNDL — TOYHA I MOJEJIb PACITO3HABAHWS [TOJJIEJIbHOM
MHOOPMAIMHA C UCITIOJIB3OBAHUEM I'JTYBOKOI'O OBYYEHU A
BBETHAMCKOTI'O SA3bIKA

Iudposbie nHPOPMALHOHHO-TEIEKOMMYHHKALMOHHbIE TEXHOJIOTHH

A.P. T'aiinyk, H.H. IIpokonenko, A.B. byrakosa

KOMITEHCALIUS OLIMBOK, BbI3BBAHHBIX BPEMEHHOM 3A JIEPXKKOM
UPPOBLIX JATUMKOB

W.H. I'nyxux, A.C. TIpoxouwms, JI.A. I'nyxux .
CPABHEHME U OTBOP CUTYALIMU B CUCTEMAX BbIBOJIA PELIIEHNU
HA TIIPELIEJJEHTAX JUISL « YMHOW» ©®EPMbI

Abnynna Xumam M.A., Kymap A.B. Centxui, Kacem Axmen A.A.,

Mocnex M.A.C.

OIINIOPTYHUCTUYECKAS MAPIIPYTU3ALIMS HA OCHOBE
T'MBPUIHOU OIITUMM3ALIMUA C YYETOM CIIEKTPA JJIS1
CAMOOPIAHM3YIOINXCS CETE KOTHUTUBHOM PAJIMOCBSI3U

B.A. 3enennos, 1.10. [lumanos, C.A. [Totpsicaes

MHTEI'PAIIUS PABHOPO/IHBIX MTHOOPMALIMOHHBIX PECYPCOB 1
JAHHBIX JUCTAHLIMOHHOI'O 30H/IMPOBAHN A 3EMJIN TTPU
MOHUTOPUHIE U YIIPABJIEHUU PA3BUTUEM TEPPUTOPUIA

720 MHdopmaTuka 1 aBTomaTtndaums. 2023. Tom 22 Ne 4. ISSN 2713-3192 (nev.)
ISSN 2713-3206 (oHnaiH) www.ia.spcras.ru

721

745

T

795

826

853

880

906



INFORMATION SECURITY

V]IK 004.056.5 DOI 10.15622/ia.22.4.1

A.JI. CuHIOK, O.A. OCTPOYMOB, A.A. TAPACOB
TEOPETUKO-UH®OPMAIIMOHHOE ITPEACTABJIEHUE
BUPTYAJ/IM3AIINN CETEBOI'O KAHAJIA IIEPEXBATA

Cuniok  A.J[, Ocmpoymos O.A., Tapacos A.A. Teopernko-uHpopMaunOHHOE
npeAcTaBjeHNe BHPTYaJIN3allHU CeTEeBOr0 KaHaa epexBara.

AnHoTanus. CrnoxHeimend 3ajayeil 3alUIIEHHbIX TEJEKOMMYHUKAIIMOHHBIX CHCTEM,
HCTIONB3YIONMX CHMMETPHYHOE MH(POBAHHUE, B CBA3U C HEOOXOIUMOCTBIO MIPEIBAPUTEIHHON
W PECypCOeMKOIl OpraHH3alliM CEKPeTHBIX KaHaJIOB JOCTAaBKH KJIIOYEH CEeTeBHIM
KOPPECIIOH/IEHTaM, SIBIISIETCS YINpaBjeHUE KIo4aMu. AJIbTEpDHATUBONH BBICTYIAIOT METOJBI
(bopMupOBaHUA KITIOUEH IO OTKPHITHIM KaHalaM CBsI3H. B Teopuu nHdopManuu mokaszaHo, 4To
9T METOABI PeaNnu3yIOTCs IPH YCIOBHU IPEBHINICHUS HHGOPMAMOHHONW CKOPOCTH KaHaia
KOPPECIIOHAEHTOB HaJl CKOPOCTHIO KaHaja IepexBaTa HapylIUTells. AKTyalIH3UpyeTCcs MOHCK
METOJIOB, 00€eCIeunBaIoNINX MOJTyYeHNE “H(OPMALOHHOTO IPeUMyIecTBa
KOppecIoHAeHTOB. 1lens 3akmodaeTcs B OIpeaeleHUH TeOPETHKO-NH()OPMAI[HOHHBIX yCIOBHI
(opMHpOBaHUs BHPTYaJdbHBIX CETH M KaHaja IMEpexBaTa, Il KOTOPHIX 0OOecreYnBaeTCs
Jydilee y KOPPECIOHJECHTOB OTHOIIEHHE HH(OPMAIMOHHBIX CKOPOCTEH IO CPaBHEHMIO C
OTHOIIICHHEM HCXOJHBIX CETH M KaHala IepexBara. B pabore mpemaraercs Moaens mepenain
nHbOpMALK, BKIIOYAIONIAs MOJETb CBSI3BHOCTH W METOA Iepenadd HH(pOpMauuu st
ACHMIITOTHYECKHX JUIMH KOAOBBIX CJOB. Mojenb BKIIOYAaeT TpeX KOPPECHOHIEHTOB U
OT/IINYAeTCSl BBEACHHEM HICANbHOTO IIMPOKOBEIIATENPHOTO KaHala B IONONHEHHE K
LINPOKOBENIATENFHOMY KaHalIy ¢ OIIMOKaMH. B Mojeny BBEJEH MCTOYHHK «3allyMIISIOIIEH
nHbopMaIyy, KoTopas IepeaeTcs o KaHaly ¢ OIIMOKaMHU, HO2TOMY Hepeaua KOJIOBBIX CIIOB
C UCHOIb30BaHUEM H3BECTHOTO METOMA CIIy4aifHOro KOJMPOBAHMS IPOU3BOAUTCS IO KaHAIY
6e3 ommoOoK. J[ysi aCHMITOTHYECKUX JJIMH KOJOBBIX CJIOB BCE AEHCTBUSI KOPPECIIOHJCHTOB 110
00paboTke U nepenaye MHGOPMAIMU B MOJIEIM CBEACHBI B NpEIaraeMblii METOJ Neperayu
nadopmanuu. Hcnomp3oBaHue MeTola KOPPECHOHAEHTAMH B paMKaX MOJEIU Iepefadn
MO3BOJIICT ~ OJHOBPEMEHHO  c(hOpMHpOBATh  JUIi ~ HUX  HOBBIH  BHPTYaJIbHBIH
HIMPOKOBENIATeNbHbI KaHal ¢ MH(OPMAIMOHHOH CKOPOCTBIO, KaK M B IEPBOHAYAILHOM
KaHaje ¢ ommOKaMy, a Il HapyMIUTENIs HOBBI BUPTYalbHBIN IIHPOKOBEIATEIBHBIN KaHAI
HepexBaTa CO CKOPOCTBIO MEHbIIEH HH(MOPMAIMOHHOH CKOPOCTH NEPBOHAYAIBHOIO KaHaJIa
nepexBaTta. TeopeTHKO-MHGOPMAIMOHHBIE YCIOBHS  yXyJIIGHMS KaHala IepexBaTa
JOKa3blBaeTCs B yTBepxKACHHU. IIpakTHdeckas 3HAYMMOCTh MOJNYYEHHBIX PpE3yIbTaToOB
3aKJII0YaeTCsl B BO3MOXKHOCTH HCIIONB30BAHHUS IOCIEAHHMX IS OLECHKH WH(OPMAI[OHHOW
9(pHEKTUBHOCTH OTKPHITOTO CETEBOr0 (OPMHUPOBAHHS KIIOUCH B MPEATOKECHHOH MOIEIH
nepenadd MHGOPMANUH, a TAKKE B PA3BUTHUM U3BECTHBIX HAYYHBIX NOCTI)KCHHH OTKPBHITOIO
KIIIOYEBOTO cornacoBaHus. IIpemmaraemas MoJenb Hepefadydl MOXKET OBITh IOJNE3HOU Uit
MPOBE/ICHHUS MCCNEJOBAHUN CHUCTEM YIpPABICHUS KIOYaMH M 3alUThl  MH(MOpMaLuy,
nepenaBaeMOl 1O OTKPHITHIM KaHajaM. JladbHeHIne MCCleJOBaHHS CBS3aHBI C TEOPETHKO-
MH(OPMAIIOHHON OLEHKOH CeTeBOH KII0UeBOI MPOILYCKHOI CIOCOOHOCTH, MpeICTaBIIIOeH
co00if NMOTEHINANBHYIO TEOPETUKO-HH(YOPMALMOHHYIO CKOPOCTh (hOPMHUPOBAHMS CETEBOTO
KIII0Ya.

KiroueBble cjaoBa: MoJenb Iepenadd  HHGOOpPMAaMd B CETH CBSI3H, CETEBOU
KOPPECIIOHAEHT, HAPYyLIUTENb, UCTOYHHK «IIyMOBOI» IMOCIEIOBATENbHOCTH, BUPTYalbHBIN
KaHaJI IepexBaTa, MeToJ Iiepeadn HHGOPMAIUU AT ACHMITOTHIECKUX JUTHH KOJOBBIX CIIOB.

1. BBenenue. OnHOW W3 CIOXHBIX 3a4ad KPHNTOTpaUIECcKUX
TCJICKOMMYHHUKAIUOHHBIX CUCTCM, HCIOJIB3YIOIUX CUMMCTPUYHBIC
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NHPOPMALIMOHHAA BE3OMNACHOCTb

mndpel, SBISETCS 3ajada  yNpaBieHWs KIouyamu, OOyCJIOBJICHHAs
MIPEABAPUTENILHOM OpraHu3aluel CEeKpeTHOTO JUIsi HapyLIMTeNs KaHaia
JOCTaBKM KJoueil koppecrongenTam [1]. B Hacrosinee Bpemst 3ajaava
pelIaeTcs ¢ UCHONIb30BaHUEM 3AlUIEHHBIX KAHAIOB CBSA3HU, UTO JOPOro, He
OlepaTHBHO M He Bcerga Bo3MoxkHO. OOHapy)keHHas KOMIIPOMETAIUs
KII0Ya  HApYIIUTEJEM TMPHUBOAWT K  CYIIECTBEHHBIM  BPEMEHHBIM
3anmepxkamMu nHGopMaryn. B ycnoBusaX QpyHKIIMOHIPOBAHUS 3alIUIICHHBIX
ceTed CBA3M Ha EOUHOM KIII0YE€ BEPOATHOCTh  KOMIIPOMETAINU
YBEJIMYMBACTCSI C YBENMYEHHEM KOPPECIIOHAEHTOB, YTO MPHBOAHUT K
YBEJIMYCHUIO BPEMEHH IMIPOCTOS, CBSI3aHHOTO C OONBIINM BpEMEHEM
OpraHU3aIiH JOCTABKH HOBOT'O KJIF0Ua BCEM KOPPECIIOHACHTaM [2].
YMeHblieHrne — WH(QOPMAIMOHHBIX — 3aJiep)KEK  BO3MOXHO  C
HCIIOJIb30BaHUEM METO/I0B (DOPMUPOBAHMS CETEBOrO KIIOYA IO JOCTYITHBIM
OTKPBITHIM ~ KaHajaM cBs3u. VccnexoBanuss B 00NacTw  TeOpHH
uHbopmarmu [3] mokazany, 4TO MPEANOCHUIKOH K YCICHIHOH peann3aluu
METOZa OTKPBITOrO KIIIOYEBOIO COIVIACOBAHUS SIBIISIETCS  BBIMOJIHEHHE

yCIIOBUS IIPEBBILICHUS nH(pOpMaIOHHOM CKOpOCTH KaHaja
KOPPECIOHIEHTOB HAJ CKOPOCTBIO KaHajla MHepexBaTa HapyHIUTens. JTO
aKTyaIM3upyeT  IMOWCK  METOJIOB,  OOECICUMBAIOIIMX  IOJydYECHHE

MH()OPMAIIMOHHOTO TIPEUMYIIECTBA KOPPECHOHACHTOB. Jlpyrumu cioBamy,
HEOOXOIMMO BBITIOJIHUTH TIOWCK YCIOBHH, NP KOTOPBIX OOeCHednBacTCs
NPEUMYILECTBO MO  KauyecTBY  KaHana(oB), KOTOPbIH  HCIIONB3YIOT
KOPpECHOHJICHTB! Ul  (OpMHPOBaHMSL OOIIEro Kiro4Ya Haj KaHAIoOM
mepexBaTa WHGOpPMAIMM, yTEKaOmeW K  HapymmTemo. [lostomy
UCCIe0oBaHUIO Mozenn kaHama nepexBara (KII) B mporecce OTKpBITOro
KJIIOUEBOTO COITIACOBAHMS yaelseTcs: Oonblioe BHUMaHue. Tak, Hapumep, B
Xoae BBITIOJIHCHUSA MCETOa pacnpeacicHud KJII0uei JUI Tapnl
KOPPECIIOHICHTOB 110 KBAHTOBBIM KaHanaMm CBsi3u [4] mpuMeHeHue
TOJIIPU30BaHHBIX (POTOHOB, MO3BOJISET MOJXYYUTh 3()(EKT, KOTOPBIH HENb3s
JOCTUYb TIPH HWCIOJNB30BAaHUU OOBIYHBIX CPEJACTB Iepenaddl MH(OpPMAaIUH.
Hcnons3yst mpuHIMIT HeonpeaesieHHoCTH [ el3eHOepra, MOXKHO ITOyYWTh
KaHaJ, B KOTOPOM 3aTpyAHEH TIIepexBaT HapymmreiaeM Oe3 HaIumuus
HapymieHnii  mpu  mepermade-ipueMe  WH(POpMAmMOHHOTO  (pOTOHA
KoppecroHeHTaMl. OIHOM W3 aTak HapyLIIUTENs SBISETCS IEpEeXBaT-
PETPaHCIAIHSA TOIAPH30BAaHHOTO (POTOHA, KOTOpasi MOXKET OBITH OOHApY>KeHa
KOPPECHIOHJICHTAMH C HEKOTOpOW BEpOSTHOCTHIO. B 3aBucumocTtd  oT
pE3ynbTaTOB M3MEPEHHs] HapyLIEHHH KOPPECHOHICHTBI MOTYT OTKa3aThCs
WM TIPUHATH ceaHc (OpMUpOBaHMA Kfodya. B Ipyrom msBecTHoM merone
«Mogenn wucroynuka» [5] QopMHpOBaHHME KIOYa MEXKIy —apo
KOPPECHIOHJICHTOB CTaHOBHUTCS BO3MOXKHBIM, €CJIM KauecTBO OJHOTO W3
KaHAJIOB OT UCTOYHMKA K OJJHOMY M3 KOPPECIOHIeHTOB Jryuiie kadecrsa KIT
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OT WUCTOYHHWKA K Hapylurtesnto. Jis JUCKPETHBIX, B TOM YHCIIE JBOWYHBIX,
KaHaJIOB CBS3M MO/ TEPMHUHOM «KauecTBO KaHaJIa» ClieIyeT ITOHUMATb
BEpOSATHOCTh OIIMOKM B KaHaite [3]. B kauectBe Tperbero mnpumepa
BBICTYIIaeT MeTOA (OPMHUPOBaHMS CETEBOro Kirova [6], Ans KOTOporo
BO3MOKHOCTH (popMmupoBanus cereBoro kiroda (CKJI) obecnieunBaercs mpu
BBITIOJTHEHUH  YCJIOBUSI TIPEBBIMICHUST YHCIOBOTO 3HAUCHUSI BEPOSTHOCTH
oum6Okn KII Hax 9nuCIOBBIM 3HAYEHWEM CYMMBI BEPOSITHOCTEH ONIMOOK B
KaHaJaxX CBS3M MeXIy cereBbIMH KoppecroaeHTamu (CK). Yxectouenue
TpeboBanmii mo kadectBy KII cBs3aHO ¢ HEOOXOAMMOCTHIO (POPMHUPOBAHUA
CKJI o cpaBHEHUIO C MPEIIIECTBYIOMUM IIPIMEPOM.

Llenb  paboTbl  3aKkiio4yaeTcs B ONpPEAEJICHUH  TEOPETHUKO-
MH(OPMALIMOHHBIX YCIOBUI (POPMUPOBAHMS BUPTYAJIbHBIX CETH M KaHalla
repexBaTa, Uil KOTOPBIX OOecreurBaeTcs Jiydilee /sl KOPPECIIOHICHTOB
OTHOIIEHHE MH(POPMAIIMOHHBIX CKOPOCTEH MO CPaBHEHHIO C OTHOIICHHEM
HCXOJHBIX CETH M KaHajga mnepexsara. Kpyr mpo0iem, cOCTaBIISIOIINX
OCHOBHOE coJiepKaHKe TeopuH HH(opManu [ 7], MOXKHO 0XapaKTepHU30BaTh
KaK HCCIIeIOBaHHE METOJI0B KOJMUPOBAHUS JUIsl SKOHOMHOTO TPEJCTaBICHUS
COOOIIEHWH Ppa3IWYHBIX WCTOYHHUKOB W ISl HAAEKHOW mepenadu
COOOIIEHNH TT0 KaHaJlaM CBS3M C IIYMOM OCHOBaHHOE Ha CTATUCTHYECKOM
ONMCAaHNHM WCTOYHHUKOB COOOIIECHWH, KaHAJIOB CBA3M W H3MEPEHHUH
KOJIM4YecTBa WH(pOpManun Mexay coobmenusmu no [lennony [3]. Torma
LIENIEBBIE MCKOMBIE TEOPETUKO-UH(OPMALMOHHBIE YCIOBUS ONPENEISIOTCS
moctpoeHneM mojenu nepenaun uaGopmanuu (MIIN) B cetu cesasu (CC),
omuceiBaomed  (popMupoBaHHE  MH(POPMAIIMOHHOTO  MIPEUMYILECTBA
koppecnionnentoB  CC. Paszpaborka MIIU onpenpensercs 3amaveid
noctpoeHust monenu cszHoctu (MC) B CC, BKJIIOYArOed HCTOYHUKH
uHpopMalMK ¥ KaHaNbl CBS3M KaK HJCalbHbIE, TaK M C OIIMOKaMH.
Pa3paboTtka Tombko MC He MO3BOJISIET AOCTUTHYTH L€ HCCIIEIOBaHMUS,
MO3TOMY B KadyecTBE BTOPOW 3a/laud IpeiCcTaBisieTcsl pa3paboTka MeTozaa
nepenaun uHbopmaruu (MTIIM) mis acHMITOTHYECKHX JUIMH KOJOBBIX
cioB (KC), onpenensromero nedcTBHs KOPPECTIOHCHTOB 1O 00paboTKe U
mepenadye wHpopmanmu B MIIM. B KkadecTBe OCHOBHOTO MeTona
HCCIIEIOBAHNS UCIIOIB3YIOTCS TEOPHs HHPOPMALNH.

B pesynbrare uccnenoanuii nocrpoena Hoasi MIIM Bxumrouaromas
MC u MrtIIU. IlepBas xommonenTta BkimowaeT Tpex CK m Hapymmrens
(Hp). B pamxkax MC mnpomsBomurcs rmepenadya HHQOPMAIUH IO
COBOKYITHOCTH ILIMPOKOBEIIATENBHBIX KaHAIOB cBs3U [8] ¢ ommbkamu u 6e3
omMOOK TakUM o00pa3oM, 4YTO B pe3yJbTaTe Uil KOPPECIOHAEHTOB
(opMHUpYIOTCSl HOBBI BUPTYalbHBIH mHpoKoBeraTenbubiid kanan (ILIBK) ¢
KayecTBOM paBHBIM IMEpBOHAYaJbHOMY KaHamy. Jlns Hapymmrens
(dopMupyercsi HOBBI BUPTYyaJbHBIH KaHaJ IepexBaTa, 3HAYUTEIBHO
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YCTYINAIOIMA  CBOEMY IE€pPBOHAYaJIbHOMY 00pady MO  KOJHYECTBY
nHpOpMaKU Ha cBoeM BbIxoje. [IponsBenena mocranoska 3anaun. OOMeH
nHpOpManKeil OCHOBaH Ha W3BECTHBIX MOJICNISIX CIydailHOro Koaepa
JCTCPMUHUAPOBAHHOTO JAekoaepa [6], (GYHKUIMOHHMPYIOLIMX B HOBBIX
YCIIOBUSAX B3aMMOCBSI3M C BBEJCHHBIM HCTOYHHKOM  «3aIIyMIISIONICH
nHpopmanmu. Pazpaboran acummrormyeckuit MTIIM. Martemarndecku
CTPOTO JI0Ka3aHO YTBEP)KIACHUE 00 OTCYTCTBHU MH(OPMAIIOHHBIX ITOTEPH B
BUPTYaJIbHOM IIMPOKOBEIIATEIbHOM KaHale KOPPECHOHAEHTOB MU UX
HaJlMuuM B BHUPTyadbHOM KaHaie mnepexsara. [ns CC omnmceiBacMoin
mozenbto nBoumuHoro IIBK mnoka3zaHo yciaoBue MO KayecTBY KaHAJIOB,
BBITIOJIHEHHE KOTOPOTO 00ECTIeUnBAET IOCTHKEHUE LEJTH UCCIIeJOBAHMSI.

HayuyHnass HOBHM3HAa TOJYYEHHBIX PE3YJbTaTOB  OINPEAEIAETCS
noctpoenneM HoBoii MIIM B CC, ompenensiomed TEOPETUKO-
nHpopManroHHble ycnoBus Gpopmuposanus BuptyansHbix [IBK u KI1, s
KOTOPBIX obecrieunBaeTcst MH(OPMaMOHHBIH BBIUTPBILI TSt
KOPPECIIOHIEHTOB.

[IpakTHueckas 3HAYUMOCTb PE3yJIBTATOB OINPEICISIETCS TIPEIMETOM
teopur uHpopmanmu [3], CYIIHOCTH KOTOPOTrO  3aKJOYaeTcs B
JIOKa3aTeIbCTBE TEOPEM, YCTaHABIMBAIOIIMX IPENCIbHbIE BO3MOXKHOCTH
Pa3IMIHBIX METOHOB 00OpaOOTKH U TIepeaayr COOOIICHHH.

[IpakTHueckas 3HAYMMOCTD 3aKJIIOYACTCS B CO3AHUU YCIOBHH UIS
OLEHKH MpElNeNbHOr0 3HA4YeHHs HHQOPMALHMOHHON 3 ¢deKTUBHOCTH
OTKPBITOrO ceTeBoro GopMupoBaHus Kitoded B mpemoxenHoit MIIN CC,
a TaKkKe B PAa3BUTHM W3BECTHBIX HAYYHBIX JOCTI)KEHHH OTKPBITOTO
KJIF0UeBOro cornacosanust [1, 4,5, 6]. Kpome storo, MITU MoxkeT ObITH
TIOJIE3HOM I MPOBEJCHUS MCCIIEJOBAHUI CHCTEM yMpaBIEHUs KI0YaMU U
3alMThl  WHpOpMAlWK, MepeAaBaeMOil 10  OTKPHITBIM  KaHaJjlaM.
JanbHeiime wWcclenoBaHUs CBSI3aHBl C  TEOPETHUKO-MH(OPMAI[MOHHON
OLICHKOHM CeTEeBOW KIIIOYEBOM MPOITYCKHON CHOCOOHOCTH, TPEJICTaBISIONIEH
co00il  MOTEHIMATBHYI0  TEOPETUKO-UH(DOPMALMOHHYIO  CKOPOCTh
(hopMHpOBaHUS CETEBOTO KIIIOYa.

Jloruka nMpoBEAEHHOTO MCCIIEIOBAHMUS ONPEEISIET CTPYKTYPY CTaThH.
B nmocranoBke 3amaun npemtaraercs MIIU B CC, koTopast JeKOMITO3HPYeTCs
Ha HOoBele MC m MTIIM. [lns ommcanms mepenadn WH(DOPMAIMOHHBIX
TIOCJIE/IOBATENIbHOCTEH aCHMIITOTUYECKUX [UIMH B TEOPHH HMH(GOPMaLuH
UCTIONB3yeTCsl  CliydaiiHoe KomaupoBanue [9], mMmo3TOMy mpeasararoTcs
U3BECTHBIE MOJIENU CIy4alHOTO KOJepa M JAETEPMHHHPOBAHHOTO AEKOZepa
[6] ¢ ommcanneM oOcOOEHHOCTEH HCIOAB30BaHMs. JIJIsl BBIIEOMHCAHHBIX
ycrnoBuid  mpemiaraercss MTIIM  onpenensirormuii  MOPSIOK  Tiepefadud U
00paboTKH HMH(OPMALMOHHBIX —IIOCIIEI0BATENFHOCTEH aCHMITOTHYECKUX
JutH. OCOOEHHOCTh MoOJeNM Hapylurtens [6] 3akiroyaercs B HAIUYUU
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nononHutensHoro KIT 6e3 ommbok B 1ensix koHTpoist uaeansHoro 11IBK. B
JanbHEHIIEM Ha OCHOBE aHanmu3a npeanoxeHHod MIIM  ommceiBaeTcs
nipotiecc ¢opmupoBanus BuptyansHelx IIIBK u KII. ®opmynupyercs u
JIOKa3bIBaeTCsl  yTBEpXkJeHHE O  (OPMHUPOBAaHMM  MH(OPMAIMOHHOTO
npeuMyiiectBa  BuptyansHoro  IIIBK  wam  BuptyamensiM  KIL
[Ipon3BeneHHbI aHaNMM3 pE3yNbTATOB  JIOKA3aTENIbCTBA  YTBEP)KACHHS
TI03BOJISIET ONPENCINUTh TpebyeMoe yClIoBHe 1o kadecTBy ucxonusix [IIBK n
KII. OGoOmieHne NONMyYeHHBIX pPE3yNIBTATOB, WX 3HAYUMOCTh, a TakKXkKe
HAaIpaBJICHUS JATbHEHIIINX UCCIIE0BAaHNI IPUBEACHBI B 3aKIIFOUCHHUH.

2. ITocTranoBka 3agaum. Tpebyercs pa3padoTaTh MOJENb Iepenadn
uH(OpMAaLIK 110 OTKPBITHIM KaHAJlaM CETH CBSI3U, B KOTOPOH OTHOCHTEIILHO
nepenaBaeMor MH(GOPMALMOHHOI MOCIEN0BATEILHOCTH aCUMIITOTUYECKON
JUIMHBI Ka4ecTBO (JOpMHUpPYEMOro B mpolecce nepenayn BupryansHoro KIT
yXy[lLIaeTcsl OTHOCUTENIBHO KauecTBa KaHajla IlepexBaTa HapyLIUTeNs 0
nepenaun  MH(OpManMKM, a KauyecTBO OJHOBPEMEHHO (opMHUpYyEMbIX
BUPTYaIbHBIX OTKPHITBIX KAaHAJIOB CETEBBIX KOPPECIIOHICHTOB OCTAeTCs
HEM3MEHHBIM OTHOCHUTEIBHO KaueCTBa OTKPHITHIX KaHatoB CC 1o nepexaun
nHpopmanmu. C Opyroil TOUKH 3peHHs TEOPUM WH(POPMAaNWH pean3arus
3TOr0 TpeOOBaHMA ompenenseT (GopMHUPOBaHHE BHPTyalnbHBIX cetu u KII,
JUISL KOTOPBIX 0O€CTIeunBaeTCsl JIydimiee Ui KOPPECTIOHICHTOB OTHOIICHHE
MH()OPMAIMOHHBIX CKOPOCTEH IO CPAaBHEHHIO C OTHOLIEHHEM HCXOJHBIX
CEeTH U KaHaJa IIepexBara.

Hus storo mpemnaraercs HoBas MIIM B CC Brmowaromas psij
KOMIIOHEHT, OCHOBHBIMH M3 KOTOpHIX sBisitorcs MC u MTIIN. Onumem
cBs3HOCTH Tipesiaraemoiit MC ceTu CBsi3H, TOKa3aHHOW Ha pUCyHKeE 1.

Koppecriosnent B
P, ] 3
3 Bl 7"yt
LA \—‘\
yer?| lel'[T
! Kangn otrpeiToro obcy:xnermsa 1 Kanan otepeitoro obcysmerms 2
z= ot ﬁ 17 3 D Fe L';r 1 Koppecnongeur C )
T' x ’—| iﬂ ‘,f 3‘ g
Hcrosmnx X1 — - Kanan 2 17 Hexomep CK C‘]—b
- n - n
xekX me M deD" zegt
Koppecrnonaent 4 Kanan nepexsataloTepeiToro od cy e
Tell* | ; Hapymwrems E
_ Y -
E Ly e
Tez' [ M 520"
Puc. 1. Mopnens cesasnoctu CK 4, B, C u HapymuTens £
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KoppecnoHeHT A MMeeT HCTOYHUK «IITyMOBOW» IOCIEA0BATENbHOCTH.
BeIxoj ncTOUHMKA CBSI3aH € TIEPBBIM BXOZOM CyMMaTopa 1o moayio 2 (CM2)
u BxozioM ITIBK (Bxogamu IByX HE3aBUCHMBIX cOCTaBiisttoIux kanaios [IIBK,
OIKCHIBAEMBIX MOJICIISIMU JBOWMYHBIX CUMMETPHYHBIX KaHanoB cBsi3u (JICK) ¢
ommokamu [3]). KanambHast CBS3HOCTH CETEBBIX KoppecnoHaeHToB B CC
OITMCHIBAETCSI MOJENBIO IBYXCOCTaBHOTO IIMPOKOBEIIATEIHHOTO KaHala
cs3u [10]. C BBIXOZOB COCTaBIIAIOIIMX KaHAJIOB CHUTHAJIBI IOCTYNAIOT HA
mepeie  Bxogel CM2 CK B, C. Bexon IIBK xkonTpomupyercs
HapymmuteneM E mocpenctom K1, ommcriBaemoro moxensio JICK. Bexon
KII cBs3an ¢ mepBbiM Bxogom CM?2 Hapymmwmtens. Y KoppecmoHAeHTa B
umeeTcs UcToyHHMK cooOmennii GJ. Beixox G/ cBsizaH ¢ BXOJOM
ciyyaitHoro konepa (CnK). Beixon CnK cBsizan co BropeiM Bxogom CM?2
CK B. Bexon CM2 CK B ¢ Bxoaom 6e3zommbounoro [1IBK (IIIBK60). B
Harnpasienun or CK B x CK 4 u C umeercs 11IBK6o, Briovatomuii 18a
COCTaBHBIX KaHamna, omuchiBaeMbix moxenmsmu JICK 6e3 mamstu [3], B
KOTOPBIX OTCYTCTBYIOT OImMOKM. HazoBeM 5TH KaHambl — KaHaJaMH
otkpeitoro  obcyxmenus (KOO) wu  o6ozmaunm KOO-1, KOO-2,
cootBercTBeHHO. Brixon KOO-1 cBs3an co BTopsiM BxoaoM CM2, a BbIxoa
CM2 cBs3an BxogoMm aerepmuaupoBanHoro aexoznepa (/1) CK A. Bexon
KOO-2 cBs3an ¢ BropeiM BxogoM CM2, a Beixog CM2 cs3ad Bxogom 1]
CK C. Beixox IIIBK60 xorTpomupyercs Hp E mocpencTeom kanana yTeuku
nHpopMalMU, KOTOpbIi onwuceiBaercs Moaenbio JICK 6e3  ommbok.
HazoBem ero kanamom mepexBaTa OTKpbIToro obcyxaerus (KIIOO).
Brxox KITIOO cBsi3an co BTopsiM BxogoM CM2 HapymmTens.

Kpatko omumem snementst MC. IlycTe mepBas KOMIIOHEHTa —
HCTOYHHK «IIIyMOBO» MOCIenoBaTteabHOCTH X1 OIHMCHIBACTCS MOZCIBIO
JIBOMYHOTO CTAallMOHApHOTO HWCTOYHMKAa Oe3 mamstu [11] um 3amaercs

aHcambIieM {Xp(x)} . Andaput 3amaercsi MHOXKECTBOM X H COCTOMUT
CHMBOJIOB X = {0,1} , 1 B K&XIYIO CJMHHILy BpPEMEHH HE3aBHCUMO BHIOMpAET
i -to OykBy x; u3 andaBuTa C OJUHAKOBOH BEPOSTHOCTHIO p(xi)=0,5.
HcroyHuk reHepupyeT COOOLIEHHE X , HPEICTaBISIoLIee JIBOMYHYIO

TOCJIEIOBATENBHOCTh UIMHOM N, pudeM X € X", e X" — nekaproBa N -5
crernieHb MHOXecTBa X [11].

Bropoii anemenT MC — COBOKYITHOCTbD, COCTOSINAS U3 ABYX KaHAJIOB
¢ obumM BxonoM (BbIXoJ ucTouHMKa X1, kotopsiit Haxomurest y CK A) u
BbIxogaMu (Bxoabl cymmartopoB CK B u (), omnuchBaercst MOJENBIO
nsongHoro IIIBK ¢ aBymst COCTaBISIOIINME KaHAIAMH CBS3H C OIIMOKAMH.
Ilepemaua cmmBomoB mo IIBK ompenmensiercs oOmuMm  anpaButoM X,
BBIXOIHBIMU JIBOMYHBIMH ajdaButamMu Y n M H MaTpuIamu nepexoHbIX
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BeposiTHOCTeH R ={p(y/x)},P2 ={p(m/x)},x€X, yeY meM.

[epeeiii  cocraBmsitommii kanan (CtK1) omuceiBaercs monensio JICK
C BEPOATHOCTBIO oKbKH p , a Bropoit (CtK2) — JICK ¢ p

m *

TpeTbsi KOMIIOHEHTa — KaHajl IepexBaTa, KOTOPBIM MpeacTaBisieT
co00ii kanai cBg3u oT Bbixona uctounnka X1 CK A u BBIXOIOM Ha BXOJE
CM2 mnapyummmrens £E. Ilepemaua curnanoB no KII onpepensercs
JIBOMYHBIMH BXOJHBIM andaBuToM X, BbIXOAHBIM aidaButom Z u

MaTpHIel IepexomHBIX BeposTHocTed F ={ p(z/ x)},xeX ,zeZ . KII
omuceiBaerca  Mogensro  JJCK ¢ BEepoATHOCTBIO  OLIMOKH  p,.

Cocrasistromue kanaiasl HHIBK u KIT siBiisrorcst kaHajaaMu ¢ HE3aBUCHMBIMU
ommubkamu [3].

YerBepThlii 3meMeHT — wHcTouHMK coobmenuit G/ CK B
OIIMCBIBACTCS MOACJIIBKO IBOUYHOT'O CTaI_[I/IOHapHOFO HUCTOYHHKA 663 IIaMsITH.
AndaBur UCTOYHMKA 3a/aeTcsi MHOXKeCTBOM G M COCTOMT M3 JBYX OYKB

G ={0,1} . IlycTh MCTOYHHMK B KXAYH CIMHHIY BPEMEHH HE3aBHCHMO
BbIOMpaeT i -f0 OykBY 3 ajdaBuUTa C PaBHOI BEPOSTHOCTHIO p(gi ) =0,5.
Hcroynuk 3amaercs aHcamOiem {G, P( g)} . Hcrounuk renepupyer
coollieHne g , MpeicTaBisioliee Cco0oil  cilyuyaiHyl0 JBOMYHYIO

HOCIIENOBATENFHOCTh JIHHON K CHMBOJIOB HCTOYHHKA, IPHYEM g € G~.
ITaras cocraBmsromas MC — IIBK6o. Ilycts Bxox [IIBK6o CK B

omuchBaeTCss MHOXkectBoM L', rme L — nBomunbli andasuT Bxoja.
Ilycte BRIXOn mepBoro cocraBmsomiero kanama KOO-1 y CK A4
onwuceiBaetcss MHOKectBoM U", rme U — nBonussii anaBuT BbIXOAAQ

KOO-1. TIlycts BeIXOAL BrOoporo coctasistomero KOO-2 CK C

onuckiBaercs MHoxkectBomM D", rme D — gpouunsiil andasuT BhIXOAA
BTOPOTO COCTaBJISFOIIIETO KaHaiga KOO-2. Onpenenmm
nocienoBarensHocTH Ha Bxoge 1IIBKGo |, npu4eM I el", u Bbixoze
KOO-1 - T, npuyem T eU", u Boixome KOO-2 — d , mpuuem d € D"

HononnurensHo y CK u Hp umerorcs CM2 [3]. Boixogq CM2 paBen
cuMBOIy «l», eciau Ha ero BXOJ MOCTYMNAIOT Pa3IMYyarollie CUMBOJIBI,
nHavye paBeH «0». Omnucanue mogenedt CnK wu /I mpueaeno nmwke. B
OTIMYHE OT W3BeCTHHIX [6] B mpemmaraemoit MC wmcmome3yercs
pacnonoxenne CinK y CK B u JJI y CK 4, mosToMy BBEICHBI MOJCIH
IIIBK60 u KTIOO.

OO0mas TOCTaHOBKA 3agadd: HEOOXOOWMO CHHTE3MpPOBATh W
HCCIleoBaTh ycinoBus W mopsmok aevictBuii CK B mporecce mepenadn
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uH(OpMaLMK C TOCTOSIHHOHW CKOPOCTBIO IO OTKpbITHIM KaHaimam CC,
omuceiBaeMOH  coBokymHocThio  Mozenedi  IIIBK  w  IIBKGo,
obecrieunBaone yMeHbIIeHHEe NHOOPMALMOHHOM CKOPOCTH TepeJady Ha
BBIXOJIC BHPTYaJIbHOTO KaHaia IepexBaTa HapymuTens, GopMupyemMoro B
TIpoIiecce nepeaayn.

Oco0eHHocTH MojeJ1en CJIy4aitHOr o Koaepa "
JeTePMHUHMPOBAHHOIO JeKofepa. MH]opManroHHas MOCIeN0BaTEIbHOCTD

R k
2,2 € G, nepenannas o 1IIBK, ve moxer OpiTh ucmonb3oBaHa CK, T.k.

MOXKET COJep)KaTh OIMMOOYHO TIPUHATHIE CHMBOJBL OJTO Tpedyer
KOppekiu  (OTOOpakeHHWs)  TPHHATBIX  IOCIENOBAaTENLHOCTEH B
JICKOJIMPOBAaHHbIE MH()OPMAIMOHHBIE MOCIEA0BATENLHOCTU: U > g', Tae

g_'eGk mst CK 4 un c7|—>§“, roe §"eGk 1 CK C. Meronomnorus

Teopud MHGOPMALMKM  ONpENeNsieT, YTO NpPU I[OCTPOCHUH  KOAa
paccMaTpHUBAIOTCSL TONBKO TaKHe KOABL, Ul KOTOPBIX KOAEp SBIAETCA
TOX/ICCTBEHHBIM OTOOpa)XEHHEM Ha MHOXECTBE KOJOBBIX ciioB [5]. B
TAKOM CJIydae KOABl 3aJal0TCs MHOXECTBaMH KOJOBBIX CJIOB U
JIEKOTUPYIOIIUMHI 0TOOPaXCHUAMH, a HE KOIEPaMHU U IEKOJepaMH, KaK 3TO
ucmob3oBaiock B [12]. TIycth 3agaHo g0CcTaToqHO GOIbIIoe N (N —> 0 ).
Heob6xo0auMo BEIOpaTh KO, C IIOMOIIBIO KOTOPOTO MPOM3BOAMTCS Nepeaada
nHpopmanmu. s mepepaun  MHQOpMAaNMHM  HCIIOJIB3YyEM  MOJIENb
cy4ailHOro Kojepa, TNPEIIOKEHHOT0 B [6] ¢ 0COOCHHOCTBIO €ro
WCTIONB30BAHUS 3aKIIOYAMONIYIOCS B TOM, 4YTO i (HOpMHpPOBAHUSA
«BHUPTYAIbHBIX» KaHAJIOB BHIXOJ ero cBs3aH He ¢ BxomoMm IIIBK c¢
ommOKaMu, Kak 1mokazaHo B [6], a ¢ Bxomom IIIBK 6e3 ommbok y CK B u
pacnonoxxenuss I y CK A. Jlpyrags ocoOeHHOCTH CBs3aHa C TEM, YTO
CIyJaiHBIN KOJIEP MCIIONB3YET «IBONYHBINA BEKTOP OMIMOOK» AMMHON N [3]
IBK nuist popMupoBanust 3anryMIICHHOTO KojtoBoro ciioBa, a JJ/l y CK 4 n
C cHavana CHUMAaKOT «3alIyMJICGHHE» H TOJBKO TIOTOM JIEKOAUPYIOT
TIPUHATHIC COOOIICHUS.

Kparko omumem wmogens CinK. Beibepem u3z T" MHOMkeECTBO
KOZIOBBIX OB V , pudeM V TpenCTaBIsIET BBICOKOBEPOSITHOE MHOXKECTBO

v n v
THITAYHBIX TOCeaoBarensHocTedl [3] 1 3amaer Ha 1 HEKOTOPHIH (n,gl)

Koz co ckopocThio R [13] ymoBierBopsiromieit ycnosuto st 7,7 > 0
R<F(X;Y;M)-r, (D

roe F (X Y5 M ) — comectHast uapopmanus (CH) [IBK [14].
C yuerom (1) mommHocts J MHOXecTBa V HE TNpPEBHIIIAET 2™
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B cootBetcTBUE ¢ npsamMoi Teopemoit koaupoBanus LIIBK [14] mus (n,gl)

Koaa obecreunBaeTCst Cpe€aHAsA BEPOATHOCTDH OIIMO0YHOTO JACKOANPOBAHUA

He Oonee & , npudeM & >0 . Pazpgenmum V Ha M, Hemepecekaromuxcs
noxmHOkecTB  C,  (KOTOBBIX MHOXecTB), rne i=12,..,M,, paBHOI

momHocTu DI :
Dl=—, )

rae M, — aucno nocnenosatensHOCTEH G1:
k
M, = 2%, 3)

B cootBercTBHM TEOpPEeMOIl O BBICOKOBEPOSTHBIX MHOXKECTBax [3] st
N — o BEPOSTHOCTU JIEMEHTOB V 1oUTH paBHBL. BeposTHOCTh V OImu3ka K

1, T.e. mis1 masoro p ,taep >0, P (V) VIOBJIETBOPSIET YCIIOBHIO:

P(V)>1-p. )

Torna BepostHOCTH 31eMeHTOB C; Takke ONM3KHM Ipyr K Ipyry.

Bripaxenne (4) o3Hagaer, 9To UL JTI000H t,rmeteT",c BEPOSATHOCTHIO:
p(teC)zp, (5)

naiinercst C,, npuuem t € C, . Torma g, — C,.

KomupoBanue. Ilycts Ha Bbixone Gl mossusercs g, . Komep ¢
BepoATHOCTHIO (5) BeiOupaer C;. 3aTeM ¢ paBHOH BEPOSTHOCTbIO BBIOMpPAET
KozloBoe cioBo t , roe T e C, , u ornpasiser t ma Bxoxm IIIBKG6o.
Konuposanue 3anaer pacnpeneneHue Ha 1"

%, VieC;
p(f)= v, (6)
0, v7elJC,
i=1
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rae DI ompenensercs u3 (2),a M, u3 (3).

OCOOEHHOCTD CXeM JAEKOAMPOBaHUS 3aKiodaeTcss B ToM, 4To JIJ]
CBOMM BXOZIOM cBsizaHbl uepe3 CM2, B KOTOPOM CYMMHUPYIOTCSI BBIXO[
IIIBK6o ¢ Berxogom IHIBK.

HexonupoBanne. CK 4 u C wussectasl C

, KOTOpbIe BBIOUPAIOT

B KauecTBe COOTBETCTBYIOIINX pelaomux obnacreit
S, cU",Q cD"i=1,..,M,. lycrs V1 — ancambnp pemennii J|JI CK 4.

Kaxmass U eU" omnpenensier peuterne V eV 1 110 npasmiy:

v, VUEeS;

M,
VMUH’ v UQUSI (7)

i=1

V=

Pemenne Vv, B (7) mnpuHMMaeTci C BEpOATHOCTBIO  (4).

Pemenune Vy ., CBSI3aHO C OTKA30M OT JekoaupoBanus. 110 aHanoruu mycrs

W — ancam6up permennit JIJ] CK B. Kaxas d € D" onpenensier pemenne
w e W no npasuiny:

w,vd €Q,,;

M, .
w, ... vd ¢ Q.
i=1

®)

Pemenne W, B (8) mpuHHMMAaeTcsi ¢ BEpOSTHOCTBHIO (4), KOTOpas
Gombuie (1—-p). Pewenne Wy, ., Onpeessier 0Tkas OT ACKOAUPOBAHML.

BepOHTHOCTb OAHOBPEMEHHOI'O IMpaBUJILHOTO JACKOAUPOBaHUA

— 2
U n d mpessimaer Benuunny (1—p) —¢,.

MeToa nepenayn WHQOPMALMH UISl ACHMIITOTHYECKHX JUIMH
KOJIOBBIX €JI0B. BBeneM cumBon @ , KOTOpBIH 0603HAYAET MOPa3pPsIHOE
CYMMHpPOBaHHE II0 MOAYJII0 2 IBYX JABOWYHBIX IOCIIEAOBATEIbHOCTEH
OJMHAKOBOH JUIMHBL. B 00meM Buae MeTon AJs TOCTAaTOYHO OOJBIIOro N
MPEJCTABISAET CIEAYIOUIYI0 IOCIEJ0BATEIEHOCTD NIEHCTBHIA:

1. CK 4 c ucnonp3oBanueM X1 ciydaiiHO BBIOMpAET «ITyMOBYIO»
X . ACHMITTOTHYECKOM JUTHHBI N, TpuueM X € X", N —> 0 .

2. CK A4 nonmaer x Ha Bxox LIIBK u nepenaer CK B, C.
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3. CK B npununmaert Ha Bbixoze CTK1 IIBK ¥ anuusbl N, npudem
yeY". CK C nmpunumaer na Boixoge CtK2 — m mumHbBl N, Tpudem
meM".

4. CK B c¢ wucnoms3oBanueM Gl ciywaitHo BbeIOMpaer
MH(MOPMAIMOHHYIO TOCIEIOBATEIbHOCTh g; ACHMITOTHYECKON IIHHEL K,
npraem kK >0, g €G*, i=1,..,M,.

5. CK B xomupyer (n,sl) KOIIOM CO CKopocThio R,

onpeneneHHoil B (1) g, u dopmupyer no 3axkony (6) xomoBoe cioso i
AnuHEL N, pudem T eV .

6. CK B mopa3spsaHo CyMMHPYeT 110 MOAYJII0 2 B cymmarope t u
¥ M MONydaeT MOCIe0BATENbHOCTD «3AITYMICHHOTO» KOZOBOTO CIOBA |

JJIUHBI n:
T-587. ©)

7. CK B nogaet I na Bxox IIIBK6o u nepenaer k CK 4, C.

8. CK 4 mpunmmaer Ha BeIxoge KOO-1, a CK C nHa BbIXOIE
KOO-2 «3aimyMIeHHO®» KOI0BOE CII0BO | .

9. CK A4 cHuMaer 3amymjeHHE C I IyTeM TOPa3psAIHOTO
CYMMHPOBaHHUS I ¢ x =u MOoJy4YaeT  JBOMYHYIO  IPHHATYIO

MOCJIEA0BATENLHOCTh U JUTMHEI N, iprueM U eU" :

u=x®1 . (10)

IMo ananormn CK C cuumaer 3amrymienue ¢ | mocpeactsom m u
MOJIYy4acT ABONYHYIO MPUHATYIO IMMOCICA0BATCIBHOCTD d JUIMHBI N, nmpuiyeMm

deD":
d=m®I . (11)

10. Tlo npasuny nexkoxuposanust (7) CK A ¢ BepositHOCTBIO OOJI€e,
4eM 1— p BBIHOCHT pellleHue o coobueHun g ' uminbl K, mpudem g'e G

B npoTuBHOM cityyae BBIHOCHT pelieHne 00 oTkase ot aexoauposanus. CK
C 1o aHAJNOTHH C BEPOSATHOCTBhIO Ooiee 1—p mo mpaBminy (8) BBIHOCHUT
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pemenne o coobuenny g" mmmnel K, npudem g€ G*. Muaue BHIHOCHT
pemieHne 00 OTKasze OT JAEKOIUPOBAHMS.

Mopaens HapymmuTeasi. Brpimie  mokazaHo, 4YTO  IIepexBar
nHpopmanronHoro ooMena B CC npousBourest Hp mocpencrsom mozeneit
KIT u KIIOO. Ilpenmonmaraercs, 4Yto, Kak W B [6], HapymmTens
TIPUAEPKUBACTCS MACCUBHOM CTPATErWy M MOXKET TOJIBKO KOHTPOJIMPOBATh
nHpopmanmto Ha Bbixomax KII m KIIOO. Ucnonn3oBanune Hp aktuBHOU
CTpaTeruy, KOraa OH COo3AaeT MHGOPMAIMIO U MOKET OOMEHHUBATHCS €0 C
CK onmcansr B [15]. JIONOTHAUTENBFHO MPENNONIAracTCs, YTO HAPYIIUTENh

3HAET IOJHOE OIMMCAHNE BRIOPAHHOTO KOfa (n, gl) n ucrounukos X1 u GI,

MOCTIEIOBATEIBHOCTD M COIep)KaHue BceX neiicTBuid, BemonHseMbix CK mo
nepenade nHpopmarwm B CC.

Paccmorpum mepexBarsiBaeMyro uH(popManuio Hp Ha ocHOBe
aHaJIM3a I1aroB BHIILICONMCAHHOTO MeTojIa nepeaayn. Ha BTopom u TperbeM
nrarax Hp F HaOmomaeT BEpCHIO «IIYMOBOM» MOCIIEIOBATEILHOCTH X Ha
Bbixoae KII u npunumaer Ha Boixoge KII nocinenoBaTenbHOCTh Z , IPUYEM
ZeZ". Ha cenpMoM M BocbMoM marax Hp E HabIomaeT U NpHHAMAET
«3aurymiiennoey» kojgooe ciaoBo | Ha Beixome KIIOO. 3amymuieHHas
nepeaaya wHopMarwu, ucrnonbyemas CK mocpencTBoM mpeijiaracMoro
Merona rmepepaun wuHpopmammu B CC, co3maer ycioBHS Ul
(dopMupoBaHus BUPTyaIbHOTO KaHaia mepexsara Hp [16]. 3nanue Hp z
HE YyBEeIMYMBacT ero wuHpopMmanmioo o mnepemaBaemoir CK B
WH(POPMAIMOHHON ITOCIEIOBATEIBPHOCTH g , T.K. OHH (POPMHUPYIOTCS U
nepenatorca  HesaBucuMo  pasHeiMu  CK.  3Hanme  HapymmTenem
«3aIlyMJICHHOTO» KOJOBOTO ciioBa | ocraBimsier ero WHPOPMAIHIO O
MepeJaHHOM KOJOBOM CJIOBE Ha HYJIEBOM ypOBHe, T.K. cormacHo (9) |
HpeacTaBiseT coboii cyMMy t M, IpUYeM CIaraeMoe y B CyMMe HIPaeT
POJB IIIyMa C MaKCHMAJIbHOW cOOCTBEHHOH »HTpomuer [17]. 310 ¢ Toukn

3peHHsI TEOPUU MH(POPMAIIUK MaKCHMAIBHO 3alllyMJIsIET KOJOBOE CIIOBO i
mmHEL N. B [18] moka3zaHO, YTO TpH TaKWX YCIOBHAX ONTHMAIBHON

obpaboTkoit Hapymmrenss E Oymner cymmupoBanue | ¢ z s cHATHA
CIIy4aifHOTO «3allyMJIEHHsD C IePEeAaHHOI0 KOJOBOIO CII0BA!

0=2®1 . (12)

B pesymprare E moiy4aeT NPHHATYIO IIOCIENOBAaTEIBHOCTH O ,
npudem 0 € O" . Tocne semonuernsst CK npemmaraemoro MrtIIA u Hp
BBIIIICONUCAHHONW 0OpPabOTKH MMEIOIICHCs Y Hero MHpOpMAIMU JeiCTBUNA
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U3  [EPBOHAYAIBHOW  MOJENH  CBS3HOCTH  (opmupyercs  MoJelb
«BHUPTYaJIBbHOW» CBS3HOCTH, COCAMHSIONIEH BBIXOJ] MCTOYHHUKA COOOICHUI
G1 CK B ¢ Bxomamu nexoxaepoB CK 4, C (u Hapymmrens E), mocpenctom
«suptyanbsHbeix» LIIBK u KII ¢ «BupTyanpHBIMU OIIHOKaMI).

3. ®opmupoBaHMe BUPTYAJbHBIX KaHAJ0B. lccienyem, Kk Kakum
npeobpazoBanusiM B MC TIpHBENO HCIHOIB30BAaHNE BBINICOMHCAHHOTO
MrIIW. Jnsa onucanus nepepaud B IIIBK o6o3HauuM e, — BeKTOp OIUOOK

[3] (wmuoi n nBomunbix cumsonos) B CrKl IIBK, npuyem e, -
ABOUYHBIA CHMBOJ OIMOKM €, , KOTOPbI paBeH «1» C BEpPOATHOCTBIO
p(ey = 1) = p, . Hmst CtK2 0603Ha4uM e, Kak BEKTOp OLIMOOK JUIMHOW N,
opuyYeM €, — IBOMYHBI CHMBOJI OMIMOKU €, , KOTOpbIi paBeH «I» ¢
BEPOSITHOCTBIO p(em =1)= p, - Hna ommcanmsa nepexsara B KII mo

aHaJlorMu 0003HAauuM €, KaK BEKTOp OIIMOOK [UIMHOM N, mpuyeM e, —

JBOUYHBI CHMBOJ OIIMOKH €, , KOTOPbII paBeH «1» ¢ BEpOATHOCTBHIO

p(ew = 1) = p,, . Onpenennm B3anmocss3pb Bxoaa IIIBK c ero Beixogamu u

BbixonoM KII Ha Tperbem mare npeanaraemoro MtIIN:

y=x@®e,
m=x®e,, (13)
z7=x®g

Hcxonst uz (13), MOXXHO OTIpeAETNTh, KaK CBSI3aHbl y W 1 :
n=y®e de,. (14)

Ha mecrom mare MTIIM CK B dopmupyer | , mis koroporo ¢
ucnonszoBanueM (9) u (13) 3anumem:

I =x®e, @7 . (15)

Ha nessrom mrare CK A4 ¢opmupyer U, A KOTOpOW Ha OCHOBE
(10) m (15) momyuaem:

Informatics and Automation. 2023. Vol. 22 No. 4. ISSN 2713-3192 (print) 733
ISSN 2713-3206 (online) www.ia.spcras.ru



NHPOPMALIMOHHAA BE3OMNACHOCTb

U=t_@€y. (16)
CK C dopmupyer d, kotopo#t m3 (11), (13) u (15) momygaem:
d=19¢e @€, . 17

Hapymmrens E ¢opmupyer 0 , anst koropord u3z (12), (13) u (15)
NoJTy4YaeM:

0=10¢ @¢,. (18)

Anamm3 mpeobpaszoBanuit (14), (15), (16), (17), (18) B mpouecce
nepenaun nHpopmannu B CC mokassiBaer, uto ucxogueie [IIBK u KII B
MC, mpeacTaBiCHHbIC Ha PHCYHKE 2(a), mpeodpa3yercss UCIOJIb30BaHHEM
HIBK60o u KIIOO k BupryansueiM LIIBK u KII, koTopble moka3aHbl Ha
pucyske 2(0). B utore ¢popmupyercs Bupryansaas MC.

KoppecnoHaeHT B

2,

KoppecroHgeHT A Zn Koppecnokpert C
T > = = P
Hapyumtens E
2,
™ e =

a
KoppecnoxaeHT B KoppecnoHaeHT A KoppecnongeHT C
2 = 2
ai=19¢,

3 —>‘ Kanan 1 > Kanan 2 %—» d=i® e Te,

Hapyumtens E

2.
_> 7=t é 9_\ é E"
6

Puc. 2. Ilepexon: a) ucxonusix LLIBK u KIT; 6) k «BuptyamsabiM» LLIBK u KIT
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AHanu3 BUPTyaJIbHOW MOJIENHU CBA3HOCTU Ha PUCYHKE 2 MOKa3bIBAET,
4YTO B HEH, kak u B nepBoHadanbHOi MC, mmeercs IIIBK c ommbkamu,
cesspiBaronid CK. Taxoit IIIBK omnuceiBaeTcs MOJENbI0 YXYIIMIAIOIIUMCS
mupokoBemmateasHbiM kaHasioM (YIIIBK) [19]. B mozmenmn YIIBK u B
mepBoHadanbHO Moxmermu IIIBK mepBeie cocraBmstromue JICK xaHamsi
COBIIAJIAIOT, a BOT BTOpoi cocraBistromuii kanan YIIIBK (mexay CK B u
C) sBiseTcss yXyOIICHHBIM BapHaHTOM IIEPBOTO COCTABIIIOIIECIO KaHaja
VIIBK, T.K. B €ro cocTaB JOMOJHUTEIBHO BXOAUT BTOPOH COCTaBISAIOLINI
kanan [1IBK. Hmxe moka3zano, uro ¢popmupoBanue BupryansHoro 11IBK e
MpUBOANT K TmoTepe uH(popmammm B mnpomecce mepemaun mexy CK.
B otHOmennu BuptyansHoro KII mMoxHO cKka3zaTh, 4TO B HEM INPOU3OLLIN
U3MEHEHHs IO CPaBHEHHMIO C €ro IMepBOHAYalbHBIM BapHaHTOM. Temeps
Bupryanbubiii KIT (BKII) omuceiBaercs mozpensto YIIBK, y kotoporo
MIEPBBIM COCTABIISIONIUM KaHAJIOM SIBJISIETCS MEPBBIN COCTaBIAIONINI KaHal
IIIBK, a BTOpO# COCTaBISIONUI KaHaI SIBISETCS YXY/IIEHHBIM BapUaHTOM
nepsoHauansHoro KII. Hmxe, B VYTBepkaeHuu, MOKa3aHO, 4YTO
ucnonsb3oBanue CK  MTIIM nmpuBomuT K mHoTepe IepeaaBaeMoi
napopmarmn Mexay CK B w HapymumreneM E 1O CpaBHEHHIO C
IIepPBOHAYAIBEHBIM KOJIMYECTBOM NepenaBaeMoii nHpopmammu mexay CK 4
u E (ecnmn momomHMTENBHO He Hcmons3oBaTh [IIBK6o, kak panee mokazaHo
B [6]). D10 ompenenseT 1enecooOpa3HOCTh UCTIONB30BaHMS TPEIaraeMoro
MrTIIA B MC.

Ymeeporcoenue. Ilycte CK ucons3yioT s nepeaadn HH(GopMaIm
Bermeonucanabii MTIIM B pamkxax MC ¢ paBHOMEpHBIM pachpeesicHHEM
CHMBOJIOB Ha coBMelieHHOM Bxoze dopmupyembix YIIIBK u BKII, Torna
MeXAy MH()OPMALMOHHBIMU MepaMu A0 Hcrnojib3oBanus MTIIM u mocne
€r0 UCIIOJIb30BAHUS YCTaHABINBAIOTCS CIEIYIONINE COOTHOILICHUS:

max I(T;D):g}gﬁ F(X;Y;M), (19)

r{nax I(T;0)<max 1(X;Z), (20)

npuyeM paBeHCTBO B (20) mocturaercs mpu p, =0 u rue F(X;Y;M) -
coBMecTHas MH(GOpMaIMsI MEXIy BXOJOM M Bbixoaamu kanaia [1IBK [14],
I(T;D) — B3auMHas MH(QoOpManus MEXAy BXOIOM M BBIXOJOM BTOPOTO

cocrassiowero kanana YIIBK [20], 1(X;Z) — s3anmuas undopmanus

MEXIY BXOJIOM M BBIXOZOM MepBoHaudanbHOro KII, I(T;O) — B3aWMHas
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uHpopmanus Mexay BxoaoM 1 BeixonoM BKIT napymmrens.
Loxazamenvcmeo.

CosmectHas uadopmauus F (X YoM ) IIIBK [14] paBHa:
F(X;Y;M)=1(Y;M), 1)
roe | (Y M ) — B3auMHas uHMopManus Mexay ancamomsivu Y u M .

Ucnonezyss  (14) wm (21) yuuteiBas paBHOMEPHBIH  3aKOH
pacnupenencaus BeposTHocTed Ha Bxoae IIIBK ¢ ommOkamm MoxHO

3anucarhb s F (X Y:M ) :

F(X:YsM)=H(Y)-H(Y/M)=1-h(p,+p,-2p,p,),  (22)
rnue h(q)=—qlog2q—(l—q)logz(l—q) — oHTponuiHas  (QYHKUHS
JCK [3].

PaBencrBo B (22) sHTpommm BhIXoxHOro ancamb6ms CtK1 IIBK
MaKCHMaJIBHO H H(Y)=1 , T.K. MakCUMaJbHa SHTPOIUS €ro BXOJIHOI'O

aHcamos H (X ) =1 [3]. YcnoBHas SHTPOIIHS
H(Y/M)= h(py +p,=2p,D, ), T.K. OHa 3aBUCUT OT COYETaHHUs

BeposTHOCTe ommbok B  cocraBmaomux IIIBK, o0ycrmoBneHHBIX
«CBEPTKOW» BEPOSITHOCTEH B COOTBETCTBUH C 3aBUCHMOCTHIO MEXIY V
U m ompenereHHou B (14).

Jist B3auMHOM nHpOpMarmu | (T; D) 1 I00bIX t Ha BXOJE BTOPOTO

cocraBmsomero kanana YIIBK u d Ha ero BeIXOge B COOTBETCTBHH C
3aBHCHMOCTBIO MEXKAY y U O onpeaencHHOH B (18) MOXHO 3ammcaTh:

[(T:D)=H(D)~H(D/T)=1-h(p, + p, ~2p,p, ). (23)

puYeM H(D)=1 , eciau H(T)=1 . Hocnemnee mocruraercs mpu

PaBHOMEPHOM pacHpeleieHHd Ha BXOJE BTOPOIrO COCTAaBJISIONIEr0 KaHaja
VIIBK [3]. Torma (22) u (23) paBHsl, 9ro jokassBaet (19) mepBoii yactu
YrBepxnenus. Ha ocrHoBe (13) M ¢ ydeToM paBHOMEpPHOTO 3aKOHA
pacupenenenus BeposTHocTed Ha Bxoge IIIBK MoxHo 3amucats [uist
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1(X;2Z)[3]:
I(X;Z)=H(Z)-H(Z/X)=1-h(p,). (24)

PaBencTBo sHTpomnmu BbixogHoro ancam6is KII H(Z) B (24)

MaKCHMallbHO, T.K. MAaKCHMallbHA OSHTPOMHUS €ro BXOJHOTO aHcaMOs
H (X)=1 s JICK kanana [3]. Jns ouenku I(T;O) u moObix t Ha

Bxosie BKII u cumBOJIOB O Ha ero BbIXOJie C ucmoyib3oBanueM (18) u Ha
OCHOBE aHAIIU3a MOJICIIM HAPYIIUTEISI MOXKHO 3aIIUCATh:

1(1;0)=H(0)-H(0/T)=1-h(p, +p,~2p,p,), (25)

npuuem H (O) =1, ecmu H (T) =1, 4TOo JOCTHraeTcs MpU PaBHOMEPHOM

pacripenenenun Ha Bxoxe BKII. CpaBuenune (24) u (25) noka3ssiBaer, 4to
I(X;Z)Z I (T;O) , B CWJIy TOTrO, 4TO OJHTpONUiHAas (QyHKIUS KaHaia

sBiseTcss Bo3pacTaromeid ¢ynkumeir [3] B obmactu omnpenesneHws,
npuHagnexamed orpesky [0;0,5]. OTo nmokaseiBaeT HepaBeHCTBO (20) BO
BTOPOH 4acTn YTBEPI/IEHUS CO 3HAKOM DABEHCTBA B Ciy4dae, ecmu p, =0

B IIEpBOM cocTaiisitomieM kaHaie [IIBK.

Ymeeporcoenue dokaszano.

AHanu3 pe3yJbTaTOB yTBEP)KICHUS MOKA3bIBACT, UTO MEpeIaBaeMoe
CK B xonoBoe cinoBo sBisiercst obmeit napopmanueit YIIBK mis CK u,
clezoBaTeNbHO, pH BhimonHeHun MTIIN u ycnosus (19) «kauecTBeHHasD)

UH(POPMALMOHHBIC Mepa F(X;Y;M) IIIBK no BemosnHenus MTIIU u

uH(oOpMaLMOHHAs Mepa, XapaKTepH3YIollas «KayecTBO» BUPTYaIbHOTO
YHIBK, nocne BemonHeHuss MTIIM paBHEL. DTO TOBOPUT O TOM, YTO
ucronp3oanne MrtIIM He yxydmaer «kadecTBa» mepeiadn oOmiei
MHQOPMAIMU CETH CBSI3U. OJTOTO HENb3s CKa3aTh o BHUpTyanbHOM KII,
¢dbopmupyemom mocie BemonHeHus CK  MrtIIM w  ycmoBus  (20)

YrBepxkaenus. «KauectBeHHas» uH(popMalMoHHAs Mepa I(X;Z) KIT no

BeimonHeHust MTIIM  Gonbmie I(T;O) — UHQOPMAIMOHHOH MepHl,

XapakTepu3yrollel «xauecTBo» «BUpTyanpHoro» KII mocie BhimogHeHUs
MTtIIU. 3rto roBopuT o0 TOM, uTo wucnosib3oBanue MTIIN yxynmaer
«xagectBo»  ¢opmupyemoro  BKII.  «KauectBo»  dopmupyembix
BuptyanbHeix YIIIBK u KII cBsizaHO ¢ BeposATHOCTSIME OMIMOOK. AHamu3
(22) u (23) moka3eiBaeT, uTo BeposTHocTH ommOok B [IIBK u BupTyamsHOTO
VIIBK onrHaKOBbI U paBHBI OLIEHKE pl:
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pl:py—l—pm_2pypm' (26)

B 10 xe Bpems BeposTHOCTH omuOku ¢opmupyemoro BKII p2
paBHa:

p2=p,+p,-2pp,. 27)

Amnanmu3 (27) nokaselBaeT, 4To p2 = p,, . OTO MOATBEPXKIAeT (PakT
TOTO, 4TO Hcnonb3oBanue MTIIN yxynmaer «kagectBo» BKII.
C npyro#t CTOpPOHBI, B3aWMHBIC WH()OPMAIUH I(T;D) , I(T;O) ,

| ( X;Z ) ompenesIeTcs Kak HH(pOPMALMOHHAS CKOpPOCTH

COOTBETCTBYIOIIMX KaHaloB cBs3u [3]. CoBmectHas uHpopmanus
F(X;Y;M) spisieTcs  uHOpMaMoHHONH ckopocteio [IIBK  [21].

B cooTBeTcTBUM € pe3ynbTaTaMHM Y TBEp)KIACHHS, IOCIE BUPTyaIU3alUU
KaHaJoB MHQOpMalnnoHHas ckopocTh B BupTyasnsHoM YIIIBK ocraercs
npexHei, a uadopmarmonnas ckopocts B BKIT ymensiaercs.

3aMeTuMm, 4TO IS TOr0, YTOOBI B IpearaecMoi moaenu MITU 6viio
BO3MOXXHO  (JOPMHpOBaHHE CETEBOrO KIOYa HEOOXOAMMO, YTOOBI
nHpOpMaMOHHas cKopocTh B BupTyansHoM YIIIBK Oputa Gomblie
nHpopManmoHHOH ckopocth B BKII [6]. [Ing »Toro HeoOXomumo
BEITIOJTHEHUE yCIoBHS: p2 > pl. AHamu3 (26) u (27) moka3pIBaeT, 4ToO 3TO

CTaHOBUTCS BO3MOXHBIM B CJIy4ya€ BBIIIOJIHEHUSA YCIOBUA: p, > D,

BrImonHeHHe 3TOr0 yCIOBHS 3HAYUTENBHO JIETYe JUIS peallu3allid, YeM
ycnosue: p,, > p, + p, Jis Moaenu pOpMHUPOBaHKE CETEBOIO Kito4a [6].

4. 3axaouenune. B pabore conepikarcs HOBbIE HayYHBIE PE3YJIBTATHI
TEOPETUKO-MH(POPMAIIIOHHOTO TPEJICTABICHUS BUPTYAIN3allMUd CETEBOTO
KaHajla IIepexBaTa CETH CBSA3M, BKIIOYAIONIEH TpeX KOPPECIOHJICHTOB,
cBs3aHHBIX COBOKymHOCTHIO IIIBK ¢ ommbkamu um IIIBK 6e3 ommbok.
Omnmcana ToOCTaHOBKa 3agadd, B KoTtopoi mpemmaraercs MIIM B CC,
KoTopast nexommosupyercss Ha HoBele MC m MTIIM. OcobeHHocThIO
mpemmaraemoir  MC  sBmsercs wcnons3oBanne CK  gng  mepenmaun
nHdopmanuu B pononnenue k 11IBK eme u [IIBK6o. 3to npenonpenenuio
paszpabotky HoBoro MTIIM Bkimtouaromiero 10 maroB u Ompenemsioniero
MOPSIIIOK Tepeayr 1 00paboTKu HHPOPMAIMOHHBIX MOCIIE0BATEIbHOCTEN
aCUMNTOTHYECKHX  JiauH. OCOOEHHOCTBIO  INPEJIOKEHHOH  MOJeNn
HapymuTens: sBisercss ucnonb3oBaHue uM  KIIOO 6e3 ommbok B
nononnenne Kk KII. B umenom wuccnemyemas MIIU omuceiBaer mporecc
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¢dopmupoBanus Buptyanshbix [IBK u KII.

MertonoM Teopuu HMHGOPMALMM  JO0Ka3aHO YTBEpXKAEHHE O
MOJy4eHNH HMHQOpMalMOHHOTO NpenMyniecTBa BupTyaiasHoro IIIBK nan
BuptyansusiM KII, kotopsie ¢popmupyrorcs B MITU. TIpousBenen ananmus
VYTBepkIeHUS Kak Ha YPOBHE «KadueCTBa» BHPTYaIbHBIX KaHAJOB, TaK U Ha
ypOBHE HMH(OPMAIIMOHHBIX CKOpOCTEH B (OPMHUPYEMBIX KaHallax CBS3H.
JampHeWmmiAi aHanmM3 TMO3BOJNMI HAWTH YCJIOBHE, OOecreunBaiomniee
nonyueHne uH(opMmanuoHHoro npeumyinectsa CK nax Hp, ces3anHOE ¢
kagectBoM wucxomHeix IIBK m KII. OmnpeneneHnoe ycioBue co3aeT
MIPEATIOCHIIKN Il pa3pabOTKK KI0Ya € YBEIHMYEHHONW HMH(OPMAIIOHHON
CKOPOCTBIO (POPMHUPOBAHUSI KITFOUA.

Hampasnenus paJbHEHIIMX HCCIIEAOBAaHUM CBSI3aHbl C TEOPETHKO-
MH(POPMAIMOHHOH OEHKOM B npeanaraemoid MITU kmo4eBoii mporyckHOM
CIIOCOOHOCTH CETHM Kak OICHKOW IOTEHIMAIBbHONH WH(OpMalnOHHON
CKOPOCTH ()OPMHUPOBAHHS CETEBOTO KITIOYA.

[Tomy4enHsle pe3ysbTaThl MOTYT OBITH MOJE3HBI HCCIENOBATEISIM
JUId  aHanM3a  pPa3lUYHBIX  CHCTEM  yNOpaBJIEHUS  KIIOYaMU U
KpHUNTOrpaUIecKuX CHCTEM 3alIMTHl MH(POPMAIMK B IOMCKE OTBETOB Ha
BOIPOCBI O MPEJENBHBIX BO3MOXHOCTAX IEPEYHUCICHHBIX CHCTEM,
ONpeNEeNeHusl, B KaKOM Mepe MpPOEKTHpyeMas CHCTEMA yCTyNaeT
TEOpPETHYECKH BO3MOXKHOU. Kpome 3Toro, noruka BeIBOja, UCIONb3yeMast B
TEOPETUKO-NH(POPMATHOHHOM UCCIEJOBAaHUM  TONOOHBIX  CHCTEM
HHQOPMAINU, MOXKET MOACKA3aTh MCCIEAOBATENSIM IyTh, HAa KOTOPOM
BO3MOXKHO OyJeT HalJIeHO KOHCTPYKTHBHOE PELIEHHE ATl MOCTPOSHHMS
pEabHON CUCTEMBI.
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A. SINYUK, O. OSTROUMOV, A. TARASOV
INFORMATION-THEORETIC REPRESENTATION OF
INTERCEPTION NETWORK CHANNEL VIRTUALIZATION

Sinyuk A., Ostroumov O., Tarasov A. Information-Theoretic Representation of Interception
Network Channel Virtualization.

Abstract. The most difficult task of secure telecommunication systems using symmetric
encryption, due to the need for preliminary and resource-intensive organization of secret
channels for delivering keys to network correspondents, is key management. An alternative is
the generating keys methods through open communication channels. In information theory, it is
shown that these methods are implemented under the condition that the channel information
rate of correspondents exceeds the rate of the intruder interception channel. The search for
methods that provide the informational advantage of correspondents is being updated. The goal
is to determine the information-theoretical conditions for the formation of a virtual network
and an interception channel, for which the best ratio of information speeds for correspondents
is provided compared to the ratio of the original network and interception channel. The paper
proposes an information transfer model that includes a connectivity model and an information
transfer method for asymptotic lengths of code words. The model includes three
correspondents and is characterized by the introduction of an ideal broadcast channel in
addition to an errored broadcast channel. The model introduces a source of "noisy"
information, which is transmitted over the channel with errors, so the transmission of code
words using the known method of random coding is carried out over the channel without
errors. For asymptotic lengths of code words, all actions of correspondents in processing and
transmitting information in the model are reduced to the proposed method of transmitting
information. The use of the method by correspondents within the framework of the
transmission model makes it possible to simultaneously form for them a new virtual broadcast
channel with information rate as in the original channel with errors, and for the intruder a new
virtual broadcast interception channel with a rate lower than the information rate of the initial
interception channel. The information-theoretic conditions for deterioration of the interception
channel are proved in the statement. The practical significance of the results obtained lies in the
possibility of using the latter to assess the information efficiency of open network key
formation in the proposed information transfer model, as well as in the development of well-
known scientific achievements of open key agreement. The proposed transmission model can
be useful for researching key management systems and protecting information transmitted over
open channels. Further research is related to the information-theoretic assessment of the
network key throughput, which is the potential information-theoretic speed of network key
formation.

Keywords: information transmission model in a communication network, network
correspondent, intruder, source of «noise» sequence, virtual interception channel, information
transmission method for asymptotic lengths of code words.

References

1. Zhou H., El Gamal A. Network Information Theoretic Security with Omnipresent
Eavesdropping. IEEE Transactions on Information Theory. 2021. vol. 67(12). pp.
8280-8299. DOI: 10.1109/TIT.2021.3116962.

2. Mitsugu 1., Kazuo O, Junji S. Security Formalizations and their Relationships for
Encryption and Key Agreement in Information-Theoretic Cryptography. IEEE

742 MHdopmaTuka 1 aBTomaTtndaums. 2023. Tom 22 Ne 4. ISSN 2713-3192 (nev.)
ISSN 2713-3206 (oHnaiH) www.ia.spcras.ru



INFORMATION SECURITY

10.

16.

17.

18.

Transactions on Information Theory. 2018. vol. 64(1). pp. 654-685.
DOI: 10.1109/TIT.2017.2744650.

Csiszar 1., Korner J. Information theory: coding theorems for discrete memoryless
systems. Cambridge University Press. 2011. 523 p.

Chitambar E., Fortescue B., Hsich M.-H. The Conditional Common Information in
Classical and Quantum Secret Key Distillation. IEEE Transactions on Information
Theory. 2018. vol. 64(11). pp. 7381-7394. DOIL: 10.1109/TIT.2018.2851564.

Gohari A., Giinli O., Kramer G. Coding for Positive Rate in the Source Model Key
Agreement Problem. IEEE Transactions on Information Theory. 2020. vol. 66(10).
pp. 6303-6323. DOIL: 10.1109/TIT.2020.2990750.

Sinyuk A.D., Ostroumov O.A. [Theorem about key capacity of a communication
network]. Informatsionno-upravliaiushchie sistemy - Information and Control
Systems. 2018. no. 5(96). pp. 79-87. DOIL: 10.31799/1684-8853-2018-5-79-87.
(In Russ.).

Bloch M., Giinlii O., Yener A., Oggier F., Poor H.V., Sankar L., Schaefer R.F. An
Overview of Information-Theoretic Security and Privacy: Metrics, Limits and
Applications. IEEE Journal on Selected Areas in Information Theory. 2021. vol. 2(1).
pp. 5-22. DOI: 10.1109/JSAIT.2021.3062755.

Pappas N., Kountouris M., Ephremides A., Angelakis V. Stable Throughput Region of
the Two-User Broadcast Channel. IEEE Transactions on Communications. 2018. vol.
66(10). pp. 4611-4621. DOI: 10.1109/TCOMM.2018.2834943.

Averbuch R., Merhav N. Exact Random Coding Exponents and Universal Decoders
for the Asymmetric Broadcast Channel. IEEE Transactions on Information Theory.
2018. vol. 64(7). pp. 5070-5086. DOI: 10.1109/TIT.2018.2836668.

Mobhapatra P., Pappas N., Lee J., Quek T.Q.S., Angelakis V. Secure Communications
for the Two-User Broadcast Channel with Random Traffic. IEEE Transactions on
Information Forensics and Security. vol. 13(9). 2018. pp. 2294-2309.
DOI: 10.1109/TIFS.2018.2818076.

Yu L., Li H, Li W. Distortion Bounds for Source Broadcast Problems. TEEE
Transactions on Information Theory. 2018. vol. 64. no. 9. pp. 6034-6053.
DOI: 10.1109/TIT.2018.2854547.

Choi J. A Coding Approach with Key-Channel Randomization for Physical-Layer
Authentication. IEEE Transactions on Information Forensics and Security. 2019.
vol. 14(1). pp. 175-185. DOI: 10.1109/TIFS.2018.2847659.

Padakandla A., Sandeep Pradhan S. Achievable Rate Region for Three User Discrete
Broadcast Channel Based on Coset Codes. IEEE Transactions on Information Theory.
2018. vol. 64(4). pp. 2267-2297. DOI: 10.1109/TIT.2018.2798669.

Ostroumov O.A., Sinyuk A.D. [Broadcast communication channel bandwidth].
Vestnik komp'yuternyh i informacionnyh tekhnologij — Bulletin of computer and
information technologies. 2019. Ne. 9 (183). pp. 33—-42. (In Russ.).

Qikun Z., Yongjiao L., Yong G., Chuanyang Z., Xiangyang L., Jun Z. Group Key
Agreement Protocol Based on Privacy Protection and Attribute Authentication. IEEE
Access. 2019. vol. 7. pp. 87085-87096. DOI: 10.1109/ACCESS.2019.2926404.
Ghosh S., Natarajan L. Linear Codes for Broadcasting with Noisy Side Information:
Bounds and Code Constructions. IEEE Transactions on Information Theory.
vol. 65(7). 2019. pp. 4207-4226. DOI: 10.1109/TIT.2019.2893617.

De Palma G. New lower bounds to the output entropy of multi-mode quantum
Gaussian channels. IEEE Transactions on Information Theory. 2019. vol. 65. no. 9.
pp. 5959-5968. DOI: 10.1109/TIT.2019.2914434.

Giinlii O., Schaefer R.F. Controllable Key Agreement with Correlated Noise. IEEE
Journal on Selected Areas in Information Theory. 2021. vol. 2(1). pp. 82-94.
DOI: 10.1109/JSAIT.2021.3054035.

Informatics and Automation. 2023. Vol. 22 No. 4. ISSN 2713-3192 (print) 743
ISSN 2713-3206 (online) www.ia.spcras.ru



NHPOPMALIMOHHAA BE3OMNACHOCTb

19. Zou S., Liang Y., La L., Poor H.V., Shamai S. Degraded Broadcast Channel with
Secrecy Outside a Bounded Range. IEEE Transactions on Information Theory. 2018.
vol. 64(3). pp. 2104-2120. DOI: 10.1109/TIT.2018.2791995.

20. Li C.T. Anantharam V. One-Shot Variable-Length Secret Key Agreement
Approaching Mutual Information. IEEE Transactions on Information Theory. 2021.
vol. 67(8). pp. 5509-5525. DOI: 10.1109/TIT.2021.3087963.

21. Sinyuk A.D., Ostroumov O.A. [Information capacity and uncertainty of a discrete
broadcast communication channel]. Vestnik komp'yuternyh i informacionnyh
tekhnologij — Bulletin of computer and information technologies. 2018. no. 8(170).
pp. 36—45. (In Russ.).

Sinyuk Alexander — Ph.D., Dr.Sci., Associate Professor, Professor of the department,
General professional disciplines department, Military communications academy. Research
interests: cryptographic protection of information transmitted through open communication
channels. The number of publications — 250. eentrop@rambler.ru; 3, Tikhoretsky Av.,
194064, St. Petersburg, Russia; office phone: +7(812)247-9481.

Ostroumov Oleg — Ph.D., Doctoral student of the department, Information protection
department and telecommunication systems of special purpose, Military communications
academy. Research interests: cryptographic protection of information transmitted through open
communication channels, ensuring the security of communication and control systems critical
objects. The number of publications — 134. oleg-26stav@mail.ru; 3, Tikhoretsky Av., 194064,
St. Petersburg, Russia; office phone: +7(812)247-9832.

Tarasov Alexander — Adjunct of the department, General professional disciplines
department, Military communications academy. Research interests: cryptographic protection of
information transmitted through open communication channels. The number of publications —
10. taras4912@mail.ru; 3, Tikhoretsky Av., 194064, St. Petersburg, Russia; office phone:
+7(812)247-9481.

744 MHdopmaTuka 1 aBTomaTtndaums. 2023. Tom 22 Ne 4. ISSN 2713-3192 (nev.)
ISSN 2713-3206 (oHnaiH) www.ia.spcras.ru



INFORMATION SECURITY

YIK 57-77 DOI 10.15622/ia.22.4.2

N.C. TITongHckuit, K.O. JIOrMHOB
OIITUMAJIbHA 1 HEJIMHEVIHA §I OUIBTPAIIA OIIEHOK
NH®OPMAIIMOHHOI'O BOS)IEIZCTBI/ISI B CTOXACTUYECKO
MOIEJIN TH®POPMAIIMOHHOI'O TPOTUBOBOPCTBA

Honsmckuii U.C., Jloeunos K.O. OnrumanbHasi HeuHelHasi (puibTpanusi OLEHOK
WH(OPMAIMOHHOTO BO3JEHCTBAA B CTOXACTHYECKOHl MoJean WH(OPMAIMOHHOrO
MPOTHBOOOPCTBA.

AnnoTamus. B crathe pa3paboTaHO BBIUMCINTENBHO 3(PQPEKTHBHOE aIrOPUTMHUYECKOE
pellieHne 3aJayd ONTHUMAJIbHOW HEJIMHEHHON (UIbTpalMK OLIEHOK HMH(OPMAIMOHHOTO
BO3/IEiICTBISA B 0OOOIIEHHON CTOXACTUYECKOH Mozen MH(POPMAIIMOHHOTO NPOTUBOOOPCTBA.
CdopmupoBanHoe pellieHHe NPUMEHUMO NPH HAJIUYMU PAa3HOPOIHBIX IPABUJI H3MEPEHUs
IapaMeTpoB Mofie/IM HH(OPMAIOHHOTO IPOTUBOOOPCTBA, HA OCHOBAHHUH KOTODPBIX COCTABIISIETCS
Iapa CUCTEM CTOXacTHYecKMX AuddepeHIHanbHbIX ypaBHeHHH. Onenka nH(pOpMaloHHOro
BO3/IEHICTBUS B MOJE/IN ONTUMATBHON HEeIMHEHHOH (DUIbTpaluy BHIIOIHSETCS 110 KPUTEPUIO
MaKCHMaJIbHOTO TPaBIONO00Ms 10 OIpeJesIAeMOl BOMOMI aroCTEPUOPHON yCIIOBHOM
(pyHKLIMM TJIOTHOCTM BEpOSITHOCTM Ha 3aJaHHOM HHTepBajle HaOmopeHus. Haxoxnenue
arloCTEPMOPHOH yCJIOBHOM (DYHKLMHM IJIOTHOCTH BEPOSATHOCTU B 3a/1aHHBIi MOMEHT BpPEMEHU
OCYIIECTBJISICTCS C YYETOM TEOPEMBI CJIOXKEHHs] BEPOATHOCTEH, KaK BEPOSITHOCTh CYMMBI
JBYX COBMECTHBIX COOBITHI, (DyHKIIMH IUIOTHOCTH KOTOPBIX YCTaHABJIMBAIOTCS U3 UHUCJICHHOTO
PpeLLeHHs] COOTBETCTBYIOLIUX POOACTHBIX ypaBHeHuil [yHkaHa-MopTteHceHa-3akau. [11s1 nepBoro
COOBITUSA MOJIATAETCs, YTO HepBasi CHCTEMa CTOXaCTHYECKUX Au(hepeHIIMaIbHbIX YPaBHEHHI
ABJISICTCS ypaBHEHNEM COCTOSIHUSA, a BTOpas - ypaBHEHUEM HaOmoeHus. [t BToporo coobTus
YCTaHABIMBAETCSl UX OINpefiesieHHe B 0OpaTHOM Iopsifke. Pemenne po6acTHOro ypaBHEHHUs
HyHkana-MopTeHceHa-3akau BHIIOJHEHO B IIOCTAHOBKE CIEKTpajbHOro Merona lanépkuna
[P AUCKPETH3AlMM MHTepBala HaOJIOACHUs Ha IOABIHTEPBAIBl U CBEACHUHM HMCXOJHOTO
peleHns K YUCIEHHOMY PEeKYPPEeHTHOMY HCCIIEe[0BAHUIO MOCIIe0BATENbHOCTH MOA3aa4 110
TaK Ha3blBaeMOMY Yau-Yau’s aJiIrOpUTMY, IIPE/IIOoJIaraoieMy OLEeHKY BEpOsSTHOCTHON Meph U3
peleHus npsaMoro ypaBHeHus: Konmoroposa npu ee nociieyiomei KOppeKIuy 110 Ha0JIOAEeHHUIO.
Jns BbIIETICHUS OCOOEHHOCTEH aJrOPUTMHYECKOIl pealu3allid COCTAaBJICHHOTO PpEeIICHHs
chopMUpPOBaH aIrOPUTM ONTUMATLHON HEJIMHEHHON (PUIbTPALU OLIEHOK NH(POPMAIIMOHHOTO
BO3JIEICTBUA B 0OOOIIEHHOM CTOXAaCTHYECKON MoieM MH(POPMAIMOHHOTO MPOTUBOOOPCTBA
IIPH YyTOYHEHUHU JIUCTHHIA UCTIONHSIONIEH ero (hyHKLUU, KOTOPHII IIPeCTABICH ICEBIOKOAOM.
st BBIABIEHMA IIPEANOYTUTEILHOCTH COCTABJIEHHOTO aIrOPUTMMYECKOrO pEIIEHUS IO
ONTUMAJIbHOM HeJIMHEIHON (DUIIbTPALMKU OLIEHOK MH(OPMALIMOHHOI'O BO3/ICHCTBUS IIPOBE/IeHA
CepHs BEIYMCIUTEIILHBIX 9KCIEPIMEHTOB Ha TECTOBBIX BHIOOPKax Oomblioro ooseMa. Pesynbrar
OLIEHKU HMH(OPMALMOHHOIO BO3JEHCTBHS, MOMyYaeMblii 10 HPEUIOKEHHOMY aJIfOPUTMY,
CPaBHEH C OIpefiesiseMbIM peIleHHeM: 1) Mo CpeJHeBHIOOPOYHBIM 3HAUSHHEM W3 Mofeleit
HaOJmofieHN; 2) aHcaMOJIeBbIM pacpeHHbIM (iibTpoM KanmaHa; 3) anroputMom uibTparmm,
IperosaraolM YHCIeHHOe UccenoBaHue ypaBHeHus JlyHkana-MopreHceHa-3akau. Ilo
MPOBEJIEHHOMY aIllOCTEPMOPHOMY HCCJIEJIOBAHHMIO BBIIEJIEHBl KOJIMYECTBEHHBIE IOKa3aTelu,
YCTaHABJIMBAIOLIME BBIUIPHIII COCTABICHHOTO aJIFOPUTMA U TPAHULIbI €70 IPUMEHHMOCTH.

KuroueBble ciioBa: HelmmHelHast (IIIbTpALHs, OLlEHKAa HH(POPMAIIMOHHOTO BO3JEHCTBHS,
cTOXacTUyecKast Moje/b MH(OPMALIMOHHOTO NPOTHBOOOPCTBA, podacTHOE ypaBHeHue JlyHkaHa-
MopTenceHa-3akan, TaycCoBbl 6a3ucHbIe (DYHKIUH, CIIEKTPAIbHBIN MeTo [anépkuna.
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1. Beenenmne. [TocTosiHHOE paciIUpeHNe ayOUTOPUN COIHAIBHBIX
ceTell U MeCCeH)KepOB OOYCJIaBIMBAET 3HAUMTEJIbHBIA POCT UX BIMSHUS
Ha XKM3Hb YeJIOBeKa B OOINecTBe. DTO CTUMYJMPYET HMHTEpeC YYeHHIX K
WCCJIE/IOBAHUIO TTPOLIECCOB MH(OPMAIIMOHHOTO BO3/EHCTBUS COLIMAIbHBIX
Meaua Ha ¢opMHupoBaHue oOlIecTBeHHOro MHeHust [1-6]. Hammuue
y 1MiaTtdopM COLMANIbHBIX MeOua OTKPHITOrO OIMCAaHHWS CHOCOOOB
nporpaMMHoro B3aumozenctBus (API — application programming interface)
NP1 OTHOBPEMEHHOM Pa3BUTUH CTOPOHHHMX OMOJIMOTEK U pacIMpeHuii (numpy,
requests, pandas, seaborn, networkx u 1p.) BbICOKOYPOBHEBBIX S13bIKOB (python),
ABTOMATU3MPYIOIIMX PYTUHHBIE (DYHKIMH 00pabOTKHU, BU3yIM3AlUY K aHAIU3a
JaHHBIX [7], yBeIMYMBAaET MOTHBALMIO IIOJOOHBIX UCCIIEOBAHUI C TIO3ULIUH
popManu3anmy npeaCTaBIECHUNA MPU MIPUMEHEHNH, COBEPIIEHCTBOBAHUU U
pa3paboTKe METOI0B MaTeMaTHYECKOr0 MOJEIMPOBaHIs HH(POPMAIIMOHHOTO
NPOTUBOOOPCTBA U YIIPABJIEHHS B CTPYKTYpPUPOBAHHOM COLIYME.

MeTon0I0THYecKyl0  OCHOBY (hOPMaJIM30BAHHOTO HCCJIEIOBAHUS
COLMAIBHBIX ~MeJOWa TpH TIOCTPOCHWM MaTeMaTHYeCKHX Mopesen
MH(POPMALMOHHOTO IPOTHBOOOPCTBA U YIPABJIEHUS COCTABISIOT TEOPUM
BeposATHOCTE#R [5, 6, 8], urp [2], rpadoB [2, 9] u auddepeHuanbHbIX
ypaBHeHwuii [3,4, 10]. OcHOBHbIE MOAXOB MATEMATHUECKHUX MIPEICTABJIEHUI 110
TIOJTyYeHHIO OLICHOK MH(OPMALMOHHOTO BO3/ICHCTBHUS Oa3upyIOTCs Ha aHaIM3e
AKTUBHBIX CETEeBBIX CTPYKTYp [3] u nuddepennmansHeix ypaBHenui [2]. C
MO3HULIKM OTHOCUTEIBHON MPOCTOTHI M TOYHOCTH MOZEJH aHAJIN3a PeaIbHON
COLIMAIbHOM CETH B YCIOBUAX HEOIHO3HAYHOCTH M HEMOJIHOTH HH(OPMAIIH
aTpUOYTUBHOTO TPOCTPAaHCTBA  B3aMMOJCWCTBYIOUIMX  MOJIb30BaTENIEH
MIepPBUYHON ITPeIIOYTUTEILHOCTHIO 001a/1aeT MaTeMaTHiecKast (popmanu3anus,
OCHOBaHHAsI Ha TPE/ICTaBJICHUAX cUCTeM Oy pepeHIInanbHbIX ypaBHEHUH
— MoJead WH(MOPMALMOHHOTO IMPOTUBOOOPCTBA B CTPYKTYPHPOBAHHOM
coumyme [2,4, 10]. Ix MaTeMaTHYECKYIO 3aMich, 0OOOIIEHHO YUYUTHIBAIOIIYIO
BhIJIe/IeHHBIE B [2, 4, 10] hakTOphl pacnipocTpaHeHus HH(OpMALIUK B COLIUYME,
MOJKHO OIpelleUTh B ciieayomem Bue [11]:

dZmk (t)

M

m/=1

6]

dymk(t) - _ditmk(t) _

M
+ amk(t) + Z /Bm’m(t)xm’k(t) Ny, — Z (Cka/ (t) + ymk/(t)) )
m/=1 k'=1
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e m',m € {1,M}; k = 1,K; K — 4ncino cyObeKToB, B OTHOLICHUH
KOTOPBIX B colluyMe (hOpMUPYIOTCS NMPEANoUTeHns Y MHAUBUAOB; M — ducio

TIO/ITPYIIIL, BBIICTISIEMBIX B COITIyMe; [V,,, — YUCIIO MHAUBHUIOB B 111-i IOATPYIIIe
M
npu obosHauennn Ng = > N, oOIIell YHCICHHOCTH COLMYMA; Tk U
m=1
Ymk — YUCIO aJleNTOB U MpPEeJaJieliTOB COOTBETCTBEHHO k-TO CyOBbeKTa U3

M-H NOATPYIIIBI COUUYMA; Otk YU Yk — MHTEHCUBHOCTH TIOJIOKUTEIBHON 1
OTpHUIIaTEILHON MH(OPMALMH, PACTIPOCTPAHSEMOI BHEIIHIMHI NCTOYHUKAMU
B OTHOUIEHHH k-ro cyObeKTa MpU y4yeTe OCOOCHHOCTH WX BOCHPUSTHS
WHIVBUIAMU M-l TIOATPYNIbI; [3,,/,;, — WHTEHCHMBHOCTh MEXJIMYHOCTHOM
KOMMYHHKAIMK WHIUBUIOB m/-i ¥ m-il Toarpym; ¢ € [to, tl] — MOMEHT
Bpemenu ([to, t1] — BpeMEHHOW HHTEPBAJ aHAIN34).

OrgenpHO cielyeT yTOYHUTh, YTO B (POPMHUPYEMOM pEIIECHUH
Ha OCHOBE MaTeMaTW4ecKux NpuOnmkeHudl Bupa (1) He HCKIIOYaeTCs
BO3MOXHOCTh KOMOMHAIMK Mojesell MH(POPMaMOHHOTO MPOTUBOOOPCTBA
B CTPYKTYPHUPOBaHHOM COIIMyME C aKTUBHBIMH CETEBBIMH CTPYKTypaMH,
K MpUMeEpy, NPUMEHSEMbIMU /11 OUEHKU U3MEpPSEMbIX MapaMeTPOB (i,
Bmks> Ymk [12]. HemoctaTok Mozesneit nH(POPMAIMOHHOTO MPOTUBOOOPCTBA
B CTPYKTYPHPOBaHHOM coimyMme [2,4, 10] cocTouT B AETEpMUHNPOBAHHOM
oMpeeIeHNU UX MapaMeTPOB (ks Bmks> Ymk ), YTO HE TIO3BOJISIET B MTOJTHOM
Mepe OLIEHUTh CTEeNEeHb Pa3JIMUMs MEXAY UCXOAHBIMU (DAKTOPAMU (Tyn ks Ymk)
KOHKYPHPYIOIMX CyOBEKTOB.

Jlist ycTpaHeHHMsl yKa3aHHOTO HeJocTaTka B paborax [11, 13, 14]
B pasButue [2, 4, 10] npennoxeHO BBOOUTH (PIYKTyallMi0O B HU3MeEpsieMbIe
mapaMeTpbl MOAENHM — HWHTEHCHUBHOCTH Qupi U Ymk. LIpy 3TOM 3a
METO/0JIOTMYECKYIO OCHOBY COCTABJIEHUSI CTOXACTUYECKUX MAaTEeMaTHUECKUX
mopeneii B [11, 13, 14] BeiOpaHa TeopHst MApKOBCKHUX ITPOIIECCOB U MPOIIECCOB
g @ysuonHoro tTuna [15, 16]. [ yBeauueHust TOUHOCTH OUEHKH Tk, Ymk
Ha (poHe HAOMOOAEMBIX (ks Yimk»> COLEPKALINX CTOXACTUYESCKIE KOMIIOHEHTHI
¢ mapaMeTpaMu OTJMYHBIMU OT HOPMAaJIbHOI'O 3aKOHa pacrpegenenus [17],
B [18] npu BBeAEHUH AOMOIHUTENBHOTO (PUKTHUBHOIO CTOXACTHYECKOTO
anddepeHIranb-HOro ypaBHeH!s COCTOSIHUS pa3padoTaHa cxema HeJIMHEeHON
¢unbTpanuu. OHa mnpeAnosnaraeT CBeJEHUE 3aJadyd aHaIN3a HUCXOJHOTO
CTOXAaCTUYECKOTO AU HEPEHINANTBHOTO YPaBHEHUS K YACIIEHHOMY PELIEHUI0
ypaBHeHus [JlyHkaHa—MopreHcena—3akan [19] cnekTpagbHBIM METOIOM
lanépkuna [20].

OcHOBHOI HejocTaTok pereHus [18] 3akimovaercss B (PUKTUBHOM
BBEJIEHUU CTOXaCTHUYECKOro Au((epeHIUaNIbHOIO ypPaBHEHHUS! COCTOSHUSA
(cocTaBnsieTcsl U3 HMCXOAHOTO TPU OLEHKE CTOXACTMYECKUX KOMIIOHEHT
HaOM0JaeMbIX MHTEHCHUBHOCTEH aruTalyd METOAAMH IOJIMCIIEKTPAIbHOTO
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aHamza [21]) B ¢QopMupoBaHMM MOIEIA ONTHMAJBHOW HEIMHEHHON
¢unbTpanuu oleHOK MH(POPMAITMOHHOTO BO3JAECHCTBUS.

Ilens HacTOAmEeidl CTaTbU COCTOUT B YCTPAHEHUM YKa3aHHOTO
Hepoctatka [18] mpum  pa3paboTKe BBHIYMCIUTENBHO 3P HEKTUBHOTO
petiieHrst 00OOIIEHHOW 3a[auyd ONTUMAJIbHOM HEJIMHEHHOM (uabTparuu
OLIEHOK MH(OPMALIMOHHOTO BO3AEHCTBUSI B CTOXACTUYECKHUX MOJAEIAX
MH(POPMAIIMOHHOTO MPOTUBOOOPCTBA. JIsl JocTIREeHNs CHOPMYIMPOBAHHON
LeJIM B pa3BUTHE pe3ynbTaToB [ 18] He0OX0OMMO pelnTh ClieyIoNre 3a1aun:

1) ¢popManu3oBaTh MOCTAHOBKY 3aJadd ONTUMAJIbHON HEJIMHEHHON
(puIbTpaluu OLEHOK MH(MOPMALMOHHOIO BO3AECHUCTBUA B CTOXaCTUYECKON
MozeJ i MH(GOPMALIMOHHOTO IPOTUBOOOPCTBA, HE MPeNoNaraonyio BBeACH S
(PMKTHBHOTO CTOXaCTHYECKOro AU hepeHIINaIbHOIO YPAaBHEHNS COCTOSHHUS;

2) B pa3pabaTbiBaeMoi 3a/1a4e ONTUMAaJIbHON HeJIMHEeiHO# (buibTpanun
MIPU ONPEJEsICHUH 3BOMIONUY (PYHKIMU MJIOTHOCTH BEPOSTHOCTUA YTOUHUTH
0COOEHHOCTH ITPUMEHEHHs pobacTHOro ypaBHeHUs [lyHkaHa—MopTeHceHa—
3akam [22];

3) onpeneuTh YUCIEHHYI0 CXEMY pelleHus 3a7ayd ONTHMaJIbHON
HEJMHEHO! (pUIbTpalMyd U MPU CUCTEMATU3UPOBAHHOM IpEACTaBICHUN
MOCJIEJ0BATEILHOCTH IEACTBUIA MO MOTYYEHUIO OLIEHOK MH(OPMAILMOHHOTO
BO3JIEHCTBHS B CTOXaCTHYECKOIN MOJe I MH(OPMAIIIOHHOTO TPOTHBOOOPCTBA,
YTOYHEHUH M KOHKPETHU3allMd OCOOCHHOCTEil NPOrpaMMHON pean3aluu
COCTaBUTb COOTBETCTBYIOIIUI BBIYUCIUTEIIBHBINA aJITOPUTM;

4) BBINOJIHUTH CpPABHUTENBHOE AallOCTEpPUOpPHOE HCCJIeI0BaHHe
pa3paboTaHHOTO aJTOPUTMHUYECKOrO peleHUsI TIPY BhIICIEHUH OCOOEHHOCTE
MO0 YCTOWYMBOCTH MPEUIOKEHHON YMCIEHHON CXEMBI U TOYHOCTH IOy 4aeMBbIX
OLIEHOK.

Iiss  OOMIHOCTH  TpPEJNCTABJCHUII  CTOXACTUYECKOHW  MOJen
MH(OPMALIMOHHOTO MPOTUBOOOPCTBA, B oTinyMe oT [18] ycraHoBUM
3aBUCUMOCTH OT BpPEMEHM M HalW4yhe CTOXaCTUYECKOH KOMIIOHEHTHl B
WHTEHCHBHOCTH MEXKJIMYHOCTHON KOMMYHHKALMHU [3,,/ 1y -

2. ITocraHoBKa 3aAa4Yd ONTHMAJIbLHON HeJIHHENHON (PUILTPALHN
OlleHOK HH(OPMALMOHHOTO0 BO3ECTBUS B CTOXaCTHYECKOH MOIesH
HH(OPMALMOHHOTO  NPOTHBOOOPCTBA. PacCMOTpUM  TMHAMUYECKYIO

mozens Buga (1) Uit HavaJbHBIX YCIOBHH Tk (to) = Ymk (to) = O,
TIOJIOKMB, UTO 3HAYEHHS] MHTEHCUBHOCTER ik, Bmims Ymk 3ABHUCAT OT ¢ U
CKJIaBIBAIOTCS U3 MCTHHHBIX Bemmand 0 < o, (¢), B2, (£), 72, () < oo
U [IyMOB HAOMOAECHUS Ak (t), Bmrm (t), Ymk (t) ¢ COOTBETCTBYOINME
cratuctudeckumu mapavetrpamu: E (@] = B |Brvm| = E[Ymk] = 0;

~ ~ _ . 2 2 _ B .
COV Qs Qmrir] = dt - €%y COV [,Bm’m,ﬂj’]} = dt - €
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cov [’?mk/’?m’k'] = dt- Ejnkm’k’ (ka k/ € {1a K}s mvmlaj>j/ € {1a M})
Onupasich Ha npeactaeiaenus [11, 13, 14, 18], 3anumem (1) B Buge cuctemsl

CTOXACTUYCCKUX ,HI/I(I)Cl)epeHHI/IEUII)HLIX ypaBHeHI/Iﬁ:
a7 = 4 (Z A07BO71"0,t> dt + 3 (Z t) AW, )

mne A% = (a0) y it BY = (Bhm) arenrt TO = (Vo) arc-

Crioco0bl Ompe/ieieHHsI IEMEHTOB BEKTOpa ePeMEHHBIX Z, BEKTOpa
CHOCa /T, nudy3MOHHON MaTpUIIbl X ¥ BEKTOpa IITyMa V_V, c yuetoMm (1) u
npencrasienuii [11, 13,14, 18], yTouHeHbl B IPUIOKEHUM.

VpaBHeHue (2) ycTaHaBiIMBaeT MPaBWJIO U3MEPEHHUS UKCIEHHOCTH
a/ICTITOB ¥ MIPEJa/IeNTOB B CTPYKTYPUPOBAHHOM COLIMyME TIPH HAOJIOIaeMbIX
MHTEHCUBHOCTAX k> Bm/ms Ymk- 1OTEHIMANbHO COOTBETCTBYIOIINE
napameTphl (ks Bm’/m»> Ymk BO3MOKHO OMPEIEISITh Pa3IMIHBIMA METOJAMU
npu 00eCTIIeYeHNH YCIIOBHSI HEKOPPEIMPOBAHHOCTH IIIyMOB HaOmoneHus1. Tak,
HaNpUMep, HTHTEHCUBHOCTH (v Y Yy k PACTIPOCTPAHEHHUS MTOJOKUTEILHON 1
OTpHIIATENIbHOI HH(pOpMamy O k-M KaHAUOATe B 1m-i HOATPYIIIE COIIyMa
JOIyCTUMO 3a/1aBaTh OTHOIIIEHHEM 4YHCJIa COOOIIEHUII COOTBETCTBYIOIIEH
TOHAJIBHOCTH (TIOJIOKUTEbHAS M OTpUIaTeNIbHAsI) K MEpUOLy BpPEMEHHU
HaOJIIOZICHUs TIPU y4YeTe KX 00beMa M BEPOSATHOCTHBIX XapaKTEPUCTHUK
ToHaIbHOH onieHKH [18]. IIpu 3TOM cOOTBETCTBYIOIAs1 BEPOSITHOCTHAS OLIEHKA
OTJIETIFHOTO COOOIICHUsI MOXET IOy4YaThCs MPU MPUMEHEHUH Pa3JIMIHBIX
ANTOPUTMUYECKUX pereHuil. OHM, HampuMep, MPOrPpaMMHO-PEaTA30BaHBI
B Takux Oubmmorekax python kak Dostoevsky, TextBlob, BERT, ruGPT-3
WA TpeACTaBleHbl B BHJAE CaMOCTOSTENBHBIX mporpamm [18, 23]. Ux
OCHOBY COCTAaBJISIIOT aJTOPUTMBI MAIIMHHOTO OOYYEeHHsT U CJIOBapHBIC
MeTomsl [23]. Takke v BEJIMUMHA [3,,,/y, MOXET OMPEAEAThCS PA3IMUHBIMU HEe
B3aMMOYBSI3aHHBIME CcIIoco0amMu. YacTHOE pellieHre 110 HAXOKACHUIO 3,7,
MIpUBE/ICHO B [24].

YkazaHHOe TMO3BOJISIET CIPABEAJIMBO TMPEANOJIOKUTh O HAJIMYUU
BTOPOr0 HE3aBUCHMOL'O OT NIEPBOTO MPABUIIA HAOTIOACHUS &) 1y Brrins Yok
COOTBETCTBYIOIIHUX MapaMeTPOB HHTEHCUBHOCTEH (ynk, Bm/m»> Ymk B MOJIETH
(1) mpu HeompeneNeHHOCTH B MPEINOYTHTEIHHOCTA IEPBOTO W BTOPOTO
npaBu HabmoaeHust. [Ipu 9TOM aHAIOTUYHO iy, Bin/ms Ymk AHTCHCUBHOCTH
Qs Brims Vang CKIAIBIBAIOTCS U3 MCTMHHBIX BE/IMYMH a?nk, B ’y?nk
¥ mymoB Habmomenus &) . (t), 8., (t), V... (t) ¢ cOOTBETCTBYIOIMMY

cratuctideckumu napamerpamu: E @) ] = E B;n,m =E[RF, ] = 0;
~ /B

~1 / _ e . 3! 3! _ . .
cov [amk’am’k’} = dt Emkm/ k> COV [ﬁm’nl’ 7' = dt Em/mj’j’
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~ ~ / o
CovV (i Vorir) = dt - €0, ... B STOH CBsI3M, 3alMIIEM BTOPYIO

CUCTeMy cToxacThdyeckux auddepeHIualbHbIX YPaBHEHUIT HAOII0ICHUS 32
YUCJIEHHOCTBIO aJIEINTOB:

a7 = A (Z’,AO,BO,FO, t) dt + 3 (Z’,t) av, 3)

TJie 3JIEMEHTHI BEKTOpa MEPEMEHHBIX Z ', BeKTOpa cHoca A, mudy3MoHHOM
MaTpuIbl X’ 1 BeKTOpa IIyMa V, 3aal0TCsl aHAJIOTHYHBIM (2) Cioco0oM (CM.
NPUIOKEHNE) IPH YUYeTe IPABUIT ONPEACICHUST Oy 1y 1/ Vi k-

VTouHuM, 4To ypaBHeHus (2), (3) Oymem moHUMaTh B cMmbicie Mo [16].
3anaua pUIbTPALUY COCTOUT B MOJIYUYEHUH OLICHOK Z = (Zl) qrcia

d
aJIeNTOB U NIPeIaJIeNTOB k-ro CyObeKTa 1m-i HOArPYIIbl B MOMEHT BpeMeHu ¢ €

[to, t1] u3 3agaHHbIX ypaBHeHui (2), (3). OueHky 7 BHITIONHUM TIO KPUTEPUIO
MaKCHMaJIbHOTO TIPaBJONOI00US:

é = argrggg [p (Z, t)} , 4)

rae p (Z , t) — anocTepuopHas yclIoBHasA (PYHKILHMS IUIOTHOCTH BEPOSATHOCTH

pacnpesieneHus Z e
DyHKLMIO p(Z,t) npu p(Z,t) = ¢(Z,t> /fcf)(Z,t) dZ
Q

OIIPEZEIINM IO TeOpEeMe CIIOKEHUS BeposTHOCTEH [26] n3:

¢ (Z t) - (Z t) + o (Z t) — (Z t) D (Z t) , 5)

KaK BEPOSTHOCTh CYMMBbI JIBYX COBMECTHBIX COOBITHIA, HACTYIAIIMX PU
COCTaBJICHUH CJICAYIONIUX JIBYX Iap YpPaBHEHHiIl COCTOSHUS U HAOIONCHS
111 (pOpMHUPOBAHUSI MOJEIM OINTUMAJIbHON HEJIMHEHHOW (UIbTpaluu:
1) ypaBHeHue (2) 3amaeTcs COCTOSTHUEM, a (3) — HaOJoieHneM;, 2) ypaBHEHUS
COCTOSIHMSI U HAOJIO/IEHHU I ONIPEJIEIISIIOTCS B OOPATHOM MOPSIZIKE.

B sTOM ciy4ae, SBOMIOIHMIO AlOCTEPUOPHBIX YCIOBHBIX (DYHKITHIA

IUIOTHOCTH pacrpeiesieHus1 BepOSITHOCTEN Py (Z , t), D2 (Z , t) u3 (5) mpu

750 WHdopmaTrka n aBTomaTtndaums. 2023. Tom 22 Ne 4. ISSN 2713-3192 (nev.)
ISSN 2713-3206 (oHnawH) www.ia.spcras.ru



INFORMATION SECURITY

D12 (Z, t) = ¢12 (Z,t) /f P12 (Z,t) dZ u 3alaHHOM Ha4aJbHOM
Q

YCIIOBHH @] 2 (Z , to) = Do (Z ) OTpee)IUM U3 pellleHus] YpaBHEHUI THIIA
Hynkana—Moprencena—3akau (IM3) [18, 19]:

dei,2 (Z, t) =L {¢172 (Z, t)] dt+

10 (Z t) [ffz,l (Z t)}T [D(z’l)) (t)} o dZs1,

(6)

e A, (Z,t) = E(Z,A,B,I‘,t); A, (Z,t) = E(Z,A',B’,I",t);
A = (amk)]wXK; B = (Bm’m)]wXM; = (’Ymk)]wXK; A= (a;nk)zwa;

B = (B;n’m)IWXM; I = (’Ymk)MxK’ D = (Dl(zlf)) =»3";, DO =
dxd
(D;ﬁ))dw = ¥, ng’l — TIpUpaleHne BeKTopa Z, ompeaensieMoe

ypaBHeHHsIMH (3), (2) cooTBeTCTBEHHO; L1 2 [¢] — mnddy3nOHHBIE OmepaTops!
Poxkkepa—Ilnanka—Konmoroposa [19]:

£ ia[g ¢]+12d32d: 2 - [pi?e]. @
1219 a0z, U T 2 e e 92,02, LT

YTouHMM, YTO B 3a/laHHBIX B BblpakeHUH (6) 0OO3HAYEHHSIX
JUIst onpejenennst (QYHKIMH ¢1 HUCTIONB3YIOTCS OMepaTopbl M (yHKLIMK
C COOTBETCTBYIOIMM TEpPBBIM WHJAEKCOM — L1, A2 D®@ y ng s
HAXOXACHUS (o TMPUMEHSIOTCS KOMITOHEHTH U3 (6) C COOTBETCTBYIOIIUM
BTOPBIM HH/IEKCOM. B HOCIe [y I0IIUX COOTHOIICHUSX OyIeM MPUAEPKUBATHCS
YKa3aHHOTO IMPaBUIa.

CdopmupoBannsie  mpenctabieHus  (4)—(6)  dopMamM3yioT
UCXOJIHYI0 TIOCTAaHOBKY 3a/lauyll ONTHMAJIbHOW HeJIMHEeHHOH (uibTpanun
OIICHOK HWH(OPMAIMOHHOTO BO3JEACTBAS B CTOXACTHUECKOW MOJEIH
MH(pOPMALIMOHHOTO  MPOTHUBOOOPCTBA  [PU  BBHIMONHEHUH  YCJIOBHIA

HOpMHUpOBKM [13, 14]: fp(Z,t)dZ = 1 [pie (Zt)dZ = 1
Q Q

p(Z:t) > 0:p12 (Z,t) > 0.
Crnenys pesyabtaTtam [25,27], njis MOBBILIEHUS] TOYHOCTH YUCJIEHHOTO
pelieHus 3ajaur HeJIMHEHHOW (bHITbTPAIVH TIPU CHIKEHUH TyBCTBUTEIBHOCTH
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(buibTpa K JUCKPETHOMY BO BpeMEeHH M3MEHEHHIO TPAeKTOPUH HAaOMOASHU S IS

P1,2 (Z , t0> =po (Z ) ypaBHeHue (6) mpeacTaBuM B podacTHoM Buje [27]:

d d -\T
2?2 = (%1 [D(Q’l)} ) Zr1p1,2+

+exp {—f‘g,l [D(2’1)]71 22,1} {&,2 - 543, [D(Q’l)rl A'Q,l} x ®
X {exp {Agl (D] - 22,1} P1,2} ;

npu 0003HAYESHUH:

-1
$1,2 = exp {‘@,1 [D(Q’l)} Z271} p1,2- )

s 3amaHHOM mocTaHOBKHM 3amaun (4), (5), (8), (9), yuuThBas
pesyastatel [11, 13, 14, 18, 25, 27], cdopMmupyeM YHCIEHHYIO CXeMy
ONTUMAJIbHOW HEJMHEeHHOW (UIbTPaMKM OLIEHOK HH(OPMAIIMOHHOTO
BO3/ICACTBUS B CTOXACTUIECKOI Mojie i HH(OPMAITMOHHOTO IPOTUBOOOPCTBA.

3. YucjeHHoe pelleHne 3aJa4Ydl ONTHMAJIbLHOH HeJIHHEHHOH
(puabTpanuu oneHoK HHGOPMAIMOHHOTO BO3/IENICTBHS B CTOXaCTHYECKOT
Mo/1eJ1 HH(pOPMALOHHOT 0 MPOTHBOOOPCTBA. Hanbosbiiyio Tpy0eMKOCTh
U ocHOBYy B cdopmupoBaHHOl 3anavye Gunbtpauu (4), (5), (8), (9)
cocraBysier pemenue ypaBHeHus (8). Ero uccienoBaHue BBITOJHUM B
MOCTAaHOBKe creKkTpaipHoro Meroga lanépkuna [20] npu guckperusanuu
UHTepBasla HaOJOeHHs [{(, t1] HA TAKTOBBIC HOABIHTEPBAJIBI ¢ € [Ty, Ty11]
(At =Tat1 —Tn; n=0,N—1; N = (t; —tg)/ At) [28]. Crenys
yTBepkaeHuio 1 [25] (yrBepxkaenue 2.1 [27]), A 3aiaHHON AUCKPETU3ALIUN
t € [T, Tnt1) B GOPMHpPYEMOM YKMCIIEHHOM pellieHHH cBeieM 3a1ady (8), (9)
K PEeKypPPEHTHOMY PEIICHHIO MOCIeJ0BATeIFHOCTH MO/3a/1a4, COCTABIISIOMINAX
OCHOBY Yau-Yau’s aaroputma [25]:

o1 5 (27 7'n—1) = ?El (Z, Tn_l) X
T (10)
X exp { {A'Q,l (Z, T”_lﬂ [D(271) (7'”_1)] -t dZQ,l (7-n_1)} 7
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riie npu ¢ , (Z, T()) = ¢1, (Z, to) = po (Z) sHaveHns ¢ 5" (Z, Tn,l)
ONpeeISIOTCS U3 pellieHus npsMoro ypasHenust Konvoroposa [25]:

% ?31 (Z'7 t) =L12 [lel,gl (Z’ t)} B

—%gf)?gl (Z, t) [ZM (Z t)f {Dm)) (t)}_1 Aoy (Z, t) .

an

VYuurtsiBas pesyabtatsl [13, 14, 18], pemenue npsamoro ypaBHEHUs
KonmoropoBa (11) BBINOIHMM YHCAEHHO MpU BBEACHUM CJEIYIOLIUX
MpeACTaBICHUN.

U
Bagamum paszouenne Q@ = |J w(™ wabopom m3 U cummiekcoB
u=1

d+1 d+1 - _
o = {Edp s (T =1) a (wi=Tar 1" 20)f
i=1 i=1
R4 (u =1, U) ¢ d + 1 BepuHaAMH Pl(u), Pz(u), ceey P(gj_)l u
GapULIEHTPUUYECKUMH KOOPAUHATAMU Clu), e U(l’jr)l npu w™ N w®@) =@

(u #u's u,u € {I,U}).
OGozHaunM (-, -) CKaISAPHOE MPONU3BEIEHUE:

noja = [ 0(2)0(2)dz. (12)

U1 HEKOTOPHIX (PyHKLIMIA 1) U1 .

3agauM anmnpoKCUMaluio (;3?72 (Z , t) HEHOPMHUPOBAHHBIX (DYHKIMIA

7o (Z , t) IUIOTHOCTU BEPOSITHOCTH:
)

iy (Z:1) = ZUI S we (7). (13)

u=1jeJd

MOJICTAHOBKA KOTOpHIX B (11) B MPOEKIIMOHHOM TNpeJICTaBJIEHUH METO/a
lanépkuHa cBeleT UCXOMHYIO K CHCTeMe OOBIKHOBEHHBIX TU(h(depeHIIMaTbHBIX
YPaBHEHWNA:
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(14)

B Bepaxenusx (13), (14) mpuHSATH clienyomue 0OO3HAYCHUS:
G = vec(G) mpu G = <<p0,wj(.u)> ) ; vec(-) — omepanust
Q/Ux|J4|

BekTopusamn Matpuisl; C12) = vec (C1?)) — Bektop HCKOMBIX
K03 PUIMEHTOB pa3noxeHus, sapucammx or ¢, mpu C12) =

(CE‘?QOUXIPI; Lo = H(<w(p)’£12{wy/)}>9)wxw; Q(,LQ)
(<w(“)A [DED) ( )] A, %( )>Q)U,,,xU,,.;S:(<w§w’w§?)>ﬂ)upxu,,;

Uu. = U |Jd u,u’ € { } — MHOXECTBO MYJIbTUMHIEKCOB
4,3 € J4[13,14]:

d+1
Jf=:{j:<jh.nhnw.wjmﬂ>:ﬁezz+,§:ji:r}, (15)

i=1
rie r € N — nopsajok ammpokcumarmu Ha w(™; Z, = N U {0}; w](-")
GasucHasn (PyHKIMs YaCTUYHON 1MoA06aacTu w® e Q, KOTOpYIO 3a7aJuM

MPOU3BEICHUEM:

d+1

o8 =T ¢, (16)
i=1
TayccoBbIx GasucHBIX yHKUMIA [29]:
24 +1—2¢ (r + 1))
- — . 1
i eXp{ 2(d+1) (17

[IpyHMMass BO BHMMaHWE 3a[laHHYIO JUCKPETH3alMI0 BPEMEHHOTO
WHTEepBaja aHaJlM3a W BHIOpaHHYI0 peKyppeHTHyIo cxemy (10) oreHku
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¢1,2, pellleHne OOBIKHOBEHHOro mauddepeHMaibpHoro ypasHeHus (14)
JUIST  COOJIIOCHUST KOMIIPOMHUCCA MEkAY TOYHOCTHIO, BBHIUMCIIUTEIILHON
YCTOMUMBOCTBIO U CJIIOKHOCTBIO BBIMOJHUM MeTogoM Diiepa [30]:

n—1

ar =Y+ ar{s (L) - Q) ]}, as)

e 67(11’2) = C‘,’(Lg) (Tn); LSLl,z) = 1,(1,2) (Tn); Q;1,2) = Q(1,2) (Tn)
Brruucnienssie BoipaxenueM (17) koapuireHTs! 6‘«'7(11,2)’ ¢ yuetom (10)

u arnnpokcumanuu (13), HopMupyITCS MO NPaBIITY:

G0.2) — G2) /(67(32)6) 7 (19)

a 3aTEM YTOYHAKTCA COOTHOLNICHUEM!
G =57t Qo] (20)

re Q2 = (<1/’J(‘u)anP {X;l [D(M)rldZQ’l}wJ('?/)%)U v, P

7(1,2 1T ~
n( 2) = Q’(M) (T) ¥ PacCUUTHIBAEMBIX IEMEHTOB Az 1, D(z’l), dZs 1

—

B MOMEHT BpEMEHHM T,; ¥ = vec (‘i’) npu v = (‘i’w) 74| JuLA
Ux|Jd

b= [ (Z) az.
w(w)
OrnpeieieHne UCKOMOM (DYHKLIMU TUIOTHOCTH BEPOSITHOCTEH P (Z , t)
B MOMEHT BpPEMEHH T, OCYIIECTBISETCS IpH ee aHainorudaoit (13)
— % —
anmpOKCUMAIIH P (Z , t) =3 > ey (2) wj(.u) (Z ) , 1€ KO3(PPULUEHTHI
u=1 jejg
Cuj M1 C = vec (C)uC = (cuj)le 74| 3AIAIOTCA TPU JIOTIOJTHATEIbHOMN

HOpMHPOBKH (19) nomy4eHHbIX C_",(Ll’z) u3 (20) no npasuy:

—

G,=CW 1 3® _g-1¢,. G, = C}/(C}@) , Q1)

Informatics and Automation. 2023. Vol. 22 No. 4. ISSN 2713-3192 (print) 755
ISSN 2713-3206 (online) www.ia.spcras.ru



NHPOPMALIMOHHAA BE3OMNACHOCTb

—

rie G, = C_"(Tn); C, = 5(5n77n> U1 C:”n = vec (Cn) npu C, =
(5505 95”) ) s

ITouck makcumyma (4) ocyiuectBisietcss MetronoM HbiotoHa [31]

IS HAayaJbHOTO NPHOMIKeHHs Z°, BHIOGMPAEMOro C YU4ETOM CJIEAYIOIEro

- U
.70 _ (u) (w) _ AON AN
BBIpAKEHUS: Z° = ) Z V5, Tne O = [ 290 (Z) dZ.
u=1 jEJﬁ
B nesiom, nepeurcaeHHbIe MTPaBUIa BEIYMCICHHS SBOIOLUN (DyHKIIIH

=

IVIOTHOCTU BEPOATHOCTHU P (Z,Tn) n  OLCHKH Z  COCTaBJISIOT CyYTb

YHCJICHHOTO peIIeHUs1 33a/aYll ONTHMAJbHOW HEJIMHEHHO#N (uIbTpamuu
OIEHOK HWH(MOPMAIIMOHHOTO BO3JEUCTBUSI B CTOXACTHUYECKOH MOJEIH
H“H(pOPMALIMOHHOTO MIPOTUBOOOPCTRA. UccnenoBanue BOIIPOCOB
CYIIIECTBOBAHUsS, EOWHCTBEHHOCTH W CXOIUMOCTH C(OPMHUPOBAHHOTO
YHCJICHHOTO PEeUICHUs] TP HEM3MEHHOCTH OIEPAaTOPHBIX INPEeACTaBICHUMN
B (11) u BbIOpaHHOII cucTeMbl Oa3WMCHBIX (DPYHKIMI coriacyeTcsi ¢
pesynbratamu [13, 14, 18]. 3aganue 351eMeHTOB BEKTOPOB U MaTpuil B (18),
(20) obGecrieunBaeTCsl YMCICHHBIM BBIUUCIICHHEM HHTErpajioB Buma (12) c

NpUMeHeHneM KyOatypHbix dopmyi [14] mis cummiekcos [32]. Takxke ais
1(1,2)

s

MUHVMU3AIAY BRYMCIUTENBHBIX 3aTpaT MpH pacdere matpun S, Q
Cn u3 (18), (20), (21) COOTBETCTBEHHO YUYMTHIBAETCS UX CUMMETPUUHOCTbD,
a HaxOXJCHUE 3JIEMEHTOB MaTpull S, Cn peanu3yercsi aHaJMTUYECKU
yepe3 (PYHKIIMM ONIMOOK (MCHONB3YIOTCS PEe3yJbTAThl, MMONyUYeHHbIC NpPU
nokazaresnberse JiemM u3 [13]). [locneanee onpenesnsier JONOJIHUTEIBHYIO
MPeIMOYTHTEIPHOCTh TPUMEHEHHS B KavecTBE AaIMIPOKCHUMUPYIOIIIX
noMHOMOB [ayccoBbiX Oa3ucHbIX (pyHKIMiA (16) B cpaBHEHMHU C JIpyrUMU

U
BUIAMH CTIeNHaIbHBIX (pyHKImii [33]. Anropurtm pasouenns Q = |J w(®
u=1
HabopoM 13 U CUMILIEKCOB IpY (pOPMHUPOBAHUM TpUAHTYJIsAIMK [34] yTOUHEH
B [14]. ¢ dexTrBHBbI! anropuT™ (POPMUPOBAHUS MHOKECTBA MYJIbTUMHAEKCOB
(15) npusepen B [35].
JIg cuCTeMaTU3MPOBAHHOTO TPEJCTABJIEHHS I0CIIe]0BATEIbHOCTH

JefCTBUIl IOy YeHH s Z o COCTaBJICHHOMY YKCJIEHHOMY PEIeHHUIO, IPUBEIEeM
IFOPUTM ONTUMAJILHOI HEJTMHEHHO# (PUIIbTpalK OLIEHOK MH(POPMALIHIOHHOTO
BO3JIEHCTBUS B CTOXaCTUUYECKOI MOJIeIIM MH(OPMAIIMOHHOTO IPOTUBOOOPCTRA.
[Ipu popMupoBaHum anropuTMa UCTIONB3yeM pe3ynbTathl [13, 14, 18,36].

4. AnroputM  ONTHMAJBHOI  HeJHHEWHOH  chuabTpanuu
OIleHOK WH(hOPMAIIMOHHOTO  BO3ENCTBHSI B  CTOXaCTHYECKON
Mofean WH(POPMANMOHHOTO MPOTHBOOOPCTBA. BXOMHBIMI TaHHBIMU
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IrOpUTMA SIBIAIOTCS: 1) BpeMEHHON MHTepBan aHanusa [to, t1]; 2) 4ucio
oTcueToB muckperuzarmu N; 3) unmcio K CyObEeKTOB, B OTHOIICHUU
KOTOPBIX (DOPMHUPYIOTCSI NPEIIIOYTEHUS] Y UHAUBUAOB; 4) KonmdecTBo M
HOArPYIIT B COLMYME; 5) YMCIEHHOCTh UHAUBUIOB N, B m-X MOATPYIIAx

U
conuyMa; 6) HOPSIOK anmpokcumanud r; 7) pasouenue @ = J W
u=1
8) HaOmonaemble MaTpuuHble (DyHKIMM WHTeHcHBHOCTe A, B, I' n A,
B’, T’; 9) HavanbHOe pacripesiesieHue (DYHKIMH TUIOTHOCTH BEPOSATHOCTH

p (Z, t0> = po (Z) = S exp {—% (ZTEaIZ)} , TIE 0 — HOPMUPYIOLTUI

MHOXHUTEJb, 00ECIICUMBAIOIIHI BBHIIOJHEHUE YCIOBHS f Po (Z ) dz = 1;
Q
_ (y0
B0 = (Z0) gar
BI)IL[C.HI/IM OCHOBHBIC DTaIlbl pa6OTbI anropHTma, TmoJjiarast HEM3BECTHbIMU
a B Y Ia / Iy
HapaMeTpbl €, g/ 5 €7n/mj’j’ amkm’k” Emkm/k'> Em/mj/j’ €mk:m’k:’ .

llaz 1. MeronoM noJucHekTpaibHOro anammsza [18, 21] B
OTHOWICHUH (DYHKLIMH ks Bmim, Ymks Qg Bl s ~r.\ BBIIOJHUTD

OLIEHKY ~COOTBETCTBYIOIIMX BENMYMH MHTeHcuBHOCTed &0,, (9, .
20 ~0 59 o0 0o _ 40 ~0
ks s B rms Ymp ¥ ycpemsenumeM o, = 0,5(d&y., +a/ 1)

~ ~ 0 ~0

0 — 0 1 0o _ 50 /

m'm 07 5 ( m’'m + 5 m’m)’ Tmk = 0’ 5 (’mG +7 mk) OIpECINTD
HpI/I6J'[I/I)KeHI/IH IJI1 COOTBETCTBYIOIIUX UCTUHHBIX 3HAYEeHUI UHTEHCUBHOCTEM.

Llaz 2. Tlo cpenHeBBIOOPOUHBIM TpaBWiIaM [35] s cumk, Bm/m,

/ / / i 0 0 0
TYmks Xppkes ﬁm/m, VYmi W HAUOCHHBIX ¢ ., Bm/m, VYmk ONPEACTIUTh OLECHKY

COOTBETCTBYIOIINX NTAPAMETPOB € a

¥ o /
mkm/'k’? Em’mj/j’ Emkm/ k" Emkm/k’» 6m’n’Lj’j’

Iy 1,2
gmkm’k/ IUIA 3alaHr s KOBapUAIIMOHHBIX MAaTPUIL [IIyMa D( )

Hlaz 3 [Tonoxute n = 0 U yCTaHOBUTH HaYaJIbHbIE 3HAYCHU S Zn =0,
7\ =0, Z, = 0.

Llae 4. I1pu 3apaHHOM Po (Z) ONpeIesuTh C, = C_",(Ll’z) =S1G.

Hlaz 5. Ins MOMEHTa BpPEMEHH T, BBIUHCIUTH KOBapHAIMOHHBIC
MaTpHLBI D,(ll’Q).

Ilaz 6. Tlo merony iinepa (Ditnepa—Mapysamsl [37]) BBIIOIHUTH

)

SKCTPANIONSLIUIO Zﬁfllfl ¢ yuetom mozeieit (2), (3):

28, =20 + At (Z0 AB,T,7,)

(22)
79, =7 + At (Z},?), A BT, Tn) .
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llaz 7. YauteBas npencrtaBienus (14), (18), onsa 7,, paccuuraTh

(1,2) ~(1,2)

Matpunst Ly, ™, Q7.
Hlaz 8. Ecman > 0, TO:

a) NpuHUMas Bo BHUMaHue (20), paccuurars:
G2 — g1 {Q;ELQ)C;SLI,Q)} ’

re QY = Q2 (1),
npu Q12 = (<1/J](.“),exp {A2 G\ }w(u > ) g G0
U, xU,

1,2 -1 (1,2 (1,2
] (207 - 222);

5(1,2)
6) HOPMHUPOBATH MOy YEHHBIE BEKTOPBI C’n

1o npaBymy (19).

Llaz 9. C yuerom Beipaxenus (18), Borunciants C’n i 1) C mocleayoen
HOPMHPOBKOH pe3yabTaTa cooTHoImeHueM (19).

Ilaz 10. C yyerom Bbipaxenus (21), paccunraTs én+1.

Hllaz 11. Nnsanaitnennoro C,, 1 1o npasuny (4) meronom Helotona [31]

OTIPEAEUTD OLICHKY Zn+1.
Hlaz 12. YBenuuutb n = n + 1 ¥ IPOBEPUTH YCIIOBUS:
a) ecmu n < N, To nepeiTu K mary 35;
6) ecmi n = N, TO 3aBEpIINTH padOTy aJrOPUTMa U BBIBECTH PE3YJIbTAT

BBIYUCJICHUA — Z(), Zl, ey ZN—I'

IceBaokon chOpMUPOBAHHOTO AJITOPUTMA ONTUMAJIbHON HEJIMHEHHOR
punbTpalMy OUEHOK MH(pOPMALIMOHHOTO BO3JEUCTBUS B CTOXACTUYECKOMN
Mo/iesi UH(POPMAIIMOHHOTO IPOTUBOOOPCTBA, C YUETOM yKa3aHHOM oOrei
MOCJIeI0BATEIbHOCTH JICHCTBUM, NIPUBEeH B BUAE JUCTHHTA 1 — (pyHKIHA
FILTERRATINGS .

BcnomoraresnbHbie (PyHKIIUM B IPUBEAEHHOM JIMCTEHTe | peayin3yioT
cJIe1yIoUIe BEIYUCIUTEIbHBIE POLIE Iy PHL:

1) POLYSPECT ESTIM — ompedelicHWE TPUOMMKEHUS IS
COOTBeTCTByIOH.lI/IX WCTUHHBIX 3HAYECHWH WHTEHCUBHOCTEMH a?n > Bgl,m,
79 & (war 1 anroput™a);

function F|LTERRAT|NGS(t0,t1,N, K, M Ny - ,NM,Q,po,
AB,T A" B T'){
(A® B° T° = POLYSPECTESTIM(A,B,T",A’,B’,T");
(€€’ €, P ) =
CALCVARIANCES(A®,B°,T° ,A,B,T',A’,B' . T); n=0;
Z,=0; Z0¥ =0; Zo =0;
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At

S= (<¢j<u)7wj(/u’>>n) o ¢ = (<p07wj(U)>Q)U ;

= (t1 —to)/ (N —1); 7o = to;

r

C. = CALCSLAE(S,G); Co = NORMVECTOR(C,); Co® = C,;
while (n< N) {

DY = DIFFUSIONESTIM(e®, €%, €7, Z.);

DY = DIFFUSIONESTIM( o e e 7Y,

retu

JIucTunr 1.
BO3JIEHCTB!

2) CALC VARIANCES

Emkm k> 5&/

70, =7y atd(Z . ,A BrTn)

7% =79 L AcA(ZS A’ BTV, 7);

LM = L@ (4, D< ™);

Qi = Q02 (A, D %rn);

if (n>0){

(—;'/(1 2) [D(l 2)} (2(12) 25,1_21))
Q/(l 2) Q/(l 2)(A G ,,7.");
6(1 2) _ :](1 2)6(1 2)Y
¢ — CALCSLAE(S, €}

C, " = NORMVECTOR(C,
(1,2) =(1,2)

dC (L(l :2) Q(l 2))
dc™? = caLcsLAE(s, dety;

éﬁff — ¢ 4 Ardc™?,

c™? — Norm VECTOR(C,(,H))

=(1,2)
Tn+1 =7 + At; Cn+1 = C(Cn+1 , Tn+1);

Cos1 = CALCSLAE(S, Casi):

Coi1 = NORM VECTOR(Cf,ﬁ1 + ijl - én+1);

y A ARGUMENTMAXIMUM (Cpy1); n=n—+1;}

m (io, e iN,l)}

OHTI/IMaJ'[bHaﬂ HeJIMHENHAsA ClJI/IJ'lI)TpaL[I/IH OLICHOK I/IHq)OpMaLII/IOHHOFO
s B CTOXaCTUYECKON MoaeI HHq)OpMaHHOHHOFO HpOTI/IBO60pCTBa

#(1.2)
)i

(1,2) =(1,2)

)}

v o B y
mj'j’ Emkm/ k"> Emkm/k’> 6m/mj/j’ Emkm/k/

3) NORMVECTOR — HopmupOBKa (19);

4) DIFFUSIONESTIM — BbIYMCJ/IEeHHE KOBApUAITMOHHBIX MaTpuI] Dy,
(tar 5 anropuT™a), ¢ y9eTOM MpaBUIl 3aJaHust MaTpUIl X2, X', YTOUHEHHBIX B

(1

IMPUJIOKEHNU;

Info

— CpeIHEeBBIOOpOYHAsT OIIEHKA IMapaMeTpOB
(1ar 2 anropurma);

2)
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5) ARGUMENTMAXIMUM — MakCHUMaJIbHO IPaBJOINOA00HAs OLIEHKA

=

Zp+1 B COOTBETCTBHH C TIPABUJIOM (4) IIPY YMCIICHHOM HAaXOXIEHNU ONITHMyMa
meToznoMm Heotona [31] (mar 11 anroputma);

6) CALC SLAE — pemeHue cucTembl JIMHEWHBIX aire0pandeckux
ypaBHeHwuii [38].

5. PesyabTaTsl BbIYHCJINTEJIHHOI0 3KcnepumMeHTa. s
aTlOCTEPUOPHOTO  HCCJICNOBAHUSI  MPEAIIOYTUTEIFHOCTH  TIOJyYEeHHBIX
pe3yJIbTaTOB TPOBEAEM CEPHUI0 BBIUMCIUTENBHBIX SKCIIEPUMEHTOB IpH
pelIeHnn 3a1a4d MOACTUPOBAHUS U OLEHUBAHUS CTOXACTUYECKOH MOJEIH
MH(pOPMALIMOHHOTO TpoTHBoOOpcTBa Buaa (2), 3) mia K = 2, M = 1
(mample 3HaueHuss K, M BeiOpaHBl W3 COOOpaXeHWil HArJISITHOCTH
JeMOHCTPAIUH TPapUIECKUX Pe3yTbTATOB BHIYUCIUTEILHBIX IKCIIEPUMEHTOB).
[Mpy npoBeNeHMM YKAa3aHHBIX WCIBITAHUNA 0CcO00€ BHUMAaHHE Y/AEIUM
Pe3yAbTaTUBHOCTH C(OPMHUPOBAHHOTO anroputmMa (JuctuHr 1) npum
BTOPUYHOM YTOYHEHUHU €r0 YCTOMUMBOCTH U BBHIYUCIUTEIBHON CIOKHOCTH.
BriienieHHble CBOMCTBA arOpuUTMa IPU U3MEHSIEMOM YPOBHE HECTAI[IOHAPHOTO
HErayCCOBCKOI'O IIyMa B HaOJII0JJaeMbIX MHTEHCHBHOCTSIX Mopenei (2), (3)
aTrlOCTEPUOPHO YCTAHOBMM TIPH CPaBHEHWHM HAHHBIX MOJEIMPOBAHUS

TouHoro pemenus X° = (zz) K YO0 = (yg) K C otennBaembivu: 1) Z 1o
CpeIHEBLIOOPOUHBIM NPABUIAM Z = (Z +2z ) / 2 pe3yIbTaToOB HAOMOIEHHiT

Z, JARTE mogeneit (2), (3) COOTBETCTBEHHO; 2) 7' w3 mopmeneit (2), (3)

aHcam0JIeBbIM paciiupeHHbM puiibTpoM Kanmana [39]; 3) A aJrOPUTMOM
(punbTpalu, OCHOBY B KOTOPOM COCTABJISIET YMCJICHHOE PEllIeHHe YPaBHEHUS
JIM3 (6).

B kauecTBe MCTHHHOM MOJeM MHGOPMAIIMOHHOTO MPOTUBOOOPCTBA
NIPY NIPOBEJCHUN BBIYMCIIUTEIBHBIX SKCIIEPUMEHTOB MPOM3BOJIBHO BRIOpaHa
crieyiomas cucTeMa OObIKHOBEHHBIX AU((epeHIMaTbHBIX YPAaBHEHHIA:

dy?
WE 30 (0 — 1) + (o + 8%99)
2
% N o IO/+ 0/ _ .0 ;
0 ;El( b y) — v 23)
di%_o 0 0,01 _ ~,0,0. 0_0. O_O.k,_l.Q
gt —%[%4‘5%] Virgs T =05 yp =05 k= [1;2],

e of (t) = 0,25]1 + 2cos (15t)[; a3 (t) = 0,25|1 + 2sin (5¢)[; O (¢) =
0,005]2 + 5cos (0, 1t)|; 7Y (£) = 0,05 |sin (20t)|; 79 (t) = 0,1 |cos (2t)].
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Pererre (23) Mpu ONpee/eHnn SBOMOIIN X O = (29) K Yo —
(yg) ¢ OCYLUECTBIISICTCS YMCIICHO METOLOM Siinepa 11 aHATOTHYHBIX (22) NV,
At.

Ipu obecnieuenuu ycaoBus (hOPMHUPOBAHUSL B KOMIIOHEHTAX (i, (3, Yk
u ), (', v}, HECTALHOHAPHOTO HErayCCOBCKOIo LIyMa Ui Mojesel (2) u
(3) cooTBeTCTBYyOIIIE HAOMOAaeMble THTEHCUBHOCTH 3a/IaHBI CJIEAYIOIIMUA
MIPaBUJIAMH:

D oax(t) = |of () =N (0,q1)], B = [8°t) =N (0,q1)|,
Y (t) = |yp @) —N(0,q)|, e N(0, ql) - (pyHKuMﬂ reHepanum
CJTyYaiiHBIX YUCEJI, TIOUUHSIIONIMXCSI HOPMAJIBHOMY 3aKOHY pacripe/ieIieHUsI CO
cpenauM O U qucniepcueit ql;

2) a (t) = |ad () +R (a2'/2)]. /(1) = [B°(t) + R (¢5/2)],
. (t |7k +R (q2 1/2) ’, rie R (qgl/ 2) — (pyHKIUA reHepauuu
CIIy‘IaI/IHbIX 4pcelsl, TOMUYMHSIONIMXCS SKCIIOHEHIIMAIbHOMY  3aKOHY
pacrpeesieH st CO 3HAYCHNEM ITOKA3aTesIsl IKCIOHEHTHI PAaBHBIM (2¢2)

Ipyrie BXOAHbIE [aHHbIC aJrOPUTMa 3aJaHbl  CJCAYIOIUMU
BesmunHamu: tg = 0; t7 = 4; N = 480; No = 10; r = 33; ¢¢ = 0,5;
g2 = O, 25.

JIJIsT KOMITAKTHOCTH TIPEJICTABJICHUI pe3yIbTaThl BBIUMCIUTEIIBHBIX
SKCIIEPUMEHTOB TMPHUBEJEM B OTHOIICHWM 3HAYEHUS CYMMBI AJENTOB W
npejanentos k-ro kauaugara &y (t) = xy () + yg (¢).

Ha pucynke 1 npeacrtaBiaensl rpauku 3aBUCUMOCTH  OT
BPEMEHH 3JIEMEHTOB BEKTOPOB YHCJICHHOCTH aJenToB: 1) HCTHHHOTO
52; 2) onpeaeseMoro CpeiHero é ¢ 13 Mogeneit (2), (3); 3) oneHuBaeMoro 5,’6

aHcamOJ1eBbIM paciuupenHbiM (ubTpom Kanmana [39]; 4) onenuBaemoro &),
M0 AITOPUTMY (PUIBTPALIMH, TIPEIIONAraloeMy YUCISHHOe UCCIeJOBaHNE
ypaBHenust [IM3 (6); 5) olieHUBaeMOro é & TI0 pa3paboOTaHHOMY aJrOPUTMY,
OCHOBaHHOMY Ha YMCJICHHOM MCCJIe[JOBaHUHM podacTHOro ypasHeHus [IM3 (8).

Ha pucyHke 2 oTpaxeHs! rpaq)mcn Ha6n1011aeML1x u I/ICTI/IHHLIX 3HaYEeHHI
MHTEHCUBHOCTEH i, [, Yis Qs [, vk u ak, B9, % st t € [to, t1],
HCTIONB3YEMBIX IIPH OLIEHHBAHUM £, fk, fk, §k, fk (pucyHok 1).

Ha pucynke 3 nprBeieHbI rpapvKky OTHOMEPHOT0 Cpe3a anoCcTepHOPHBIX

YCJIOBHBIX (DYHKIIAH IJIOTHOCTH BEPOSTHOCTH P (Z , t) , D1 (Z , t) , D2 (Z , t)

B pasiM4Hble MOMEHTHl BpeMeHU t € [to,t1]. OpHeHTalusl MIIOCKOCTH
cpe3a BbIOMpAIach [0 MAKCHMAJIBHOMY 3HAYEHHIO JUCIICPCUN OTHOCHTEIILHO

OIIEHMBAEMOTO TI0 MpaBUiy (4) 3HAYEHUIO Z.

KonuuecTBeHHO CpaBHUTEIILHYIO MPEANOUYTUTEILHOCTD MOJTy4aeMbIX
Ppe3yJIbTaToOB Ek, é,’c, é,’ﬁ, ék MO0 OTHOILICHUI0 K 52 YCTaHOBUAM
BEJIMYNHONI HaKOIUICHHOU cpenHen KBaJIpaTHYECKO1 OILINOKMH,
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3HaYeHHE KOTOpOH, Hampumep, I &, OIpelesieH0 MO0 IpaBHILy

N-1 K - 2
A~=¢}V X 3 Jeb(ta) — Gelt)| 1401

6 - -2 -
Puc. 1. [pacpuku 3aBUCUMOCTH OT t: a) &9, Ex; 6) £, £} B) €5, &1 DED, &k

Taxxe comocTaBieHue PE3YJIbTATOB BLIIIOJHUM ITPU ONPEACTICHNN OTKJIOHCHUS
PaCY€THOr0 OT UICTUHHOI'O 3HAYCHU S JI4d 3aKJIIOUYUTEJIbBHOIO MOMEHTA BpEMEHU

K -
HaOJIOIEHUS: (55 = > §g(tN,1) —&k(tny—1)| [40]. s mpoBemeHHOrO
k=1
pacuera (pucynok 1) npu g1 = 0,5, g2 = 0,25 3HaueHuss A v 0 COCTABHIU:
Ag = 1115 Ag = 1,076; Aé, = 0,988; Aé = 0,945; 6z = 0,366;
g = 0,275; 6z = 0,231; 6 = 0,208.
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Puc. 2. Tpacpuku 3aBucuMocTn ot t a) a1, o), o; 6) aa, ah, a3; 8) B, B, 6°;
0. 0
) Y1, Y1, Y5 ) Y25 V2 V2
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8
Puc. 3. I'paduku cpe3oB 11sl pasHbIX t: a) p (Z, t); 0) p1 (Z, t); B) P2 (Z, t)

[MonyyeHHbIE YaCTHBIE PE3yIbTAThl (PUCYHOK 1) CBUIETEIBLCTBYIOT O
TOM, 4TO C(POPMHUPOBAHHBIIA AJTOPUTM OOECIIEYNBAET OOJIee TOUHYIO OIICHKY
B CpPaBHEHUHM C U3BeCTHBIMU perenusviu [11, 13, 14,39]. IIpu 3ToM uHTEpEeC
BBI3BIBAET UCCJIEJOBAHNE COOTHECEHHOTO BHIMTPHILIA P U3MEHEHHH (1, 2.

OueBUIHO, YTO IIPU POCTE OMUOOK B HAOMOACHUSAX Ok, B, Vi, Oy 55V,
BBIUKCIIUTEbHAST YCTONUMBOCTH COCTABJIEHHOTO YHNCJIEHHOTO PEIeHust OyIeT
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CHUXaThCs. [I7151 ee OBBIIIEHNS IPU COXPAaHEHNH a/IeKBATHOCTH HAXOXKICHUS
dyHKIWMA p (Z, t) , D1 (Z7 t) , D2 (Z, t) TpeOyeTCsT YBEMUYHUTD YUCIIO TOUEK

muckperuzaiuy N Ha BRIOPAHHOM UHTEpBaie HaOoaeHus [tg, t1] (PUCYHOK 4).

6
Puc. 4. I'papuxu cpe3oB p, p1, p2 At = 0,2, g1 = 0,75; g2 = 0, 5¢1, MOIMyYEHHBIX
NIpH YMCIIEHHOM Hcclle/ioBanuy: a) ypasHenust AM3 mpu N = 480; 6) pobacTHOro
ypasHenus JIM3 npu N = 480; B) pobactHoro ypasaerus IM3 npu N = 500

Informatics and Automation. 2023. Vol. 22 No. 4. ISSN 2713-3192 (print) 765
ISSN 2713-3206 (online) www.ia.spcras.ru



NHPOPMALIMOHHAA BE3OMNACHOCTb

I'padmueckas WUTIOCTPAIKsI OTMEYEHHON OCOOSHHOCTH TpHUBEAeHa
Ha pUCYHKe 4 TIpU TpelCTaBJIEHUH OJHOMEPHOTO Cpe3a anoCTepUOPHBIX
YCJIOBHBIX (DYHKIIMI TUIOTHOCTH BEPOSITHOCTH P (Z , t) , D1 (Z , t) , P2 (Z , t),
PACCUMTaHHBIX [IPY PelIeHUH 3aJa4u (PUIIbTPALIUKY PU IPUMEHEHUU Y PaBHEHU ST
IM3 (6) u pobactrOTO ypaBHeHust IM3 (8) (cchopMUpOBaHHBIIA AITOPUTM) IS
t=0,2;q1 =0,75;¢2 = 0,5¢1; N =480 u N = 500. 13 npecTaBaeHHOTO
npuMepa (PUCYHOK 4) CIIeyeT, 4TO Ha y4acTKax ObICTPOro M3MEHEHHs YucIa
agentoB W npepazentos (¢ € [0;0,4], pucyHok 1) mpu yBeJaudueHuu ¢,

@2 IJIS HEIOCTATOYHOro yucia N MPH YMCICHHOM HAaXOXICHHUU P (Z , t),

D1 (Z , t) D2 (Z , t) Ha0JI01aeTCsl HepaBHOMEpHast (PUCYHOK 4,6 ) CXOOUMOCTh

BbIOpaHHOi1 anmpokcumaiyu Buja (13). Ilpy 5TOM B OTHOIIEHUU IPUMEHEHU S
pobactHoro ypaBHenusi JIM3 (8) B cpaBHeHHH ¢ MPOCTHIM ypaBHeHueM M3
(6) Ta HEPaBHOMEPHOCTh MPOSBISETCs Oojiee BhIpaXeHHO. [IpuHMMasi BO
BHMMaHME YKa3aHHOE, BBIIIOJIHEHO CPABHUTEILHOE UCCIIEI0BAHNE TOYHOCTH
c(hOpPMHUPOBAHHOTO PEIICHUS ITPU U3MEHEHNH (1, G2.

Ha pucynke 5 npeacrasieHsl rpagyKi 3aBUCUMOCTH YCPeIHEHHBIX
no 10% BHUMCIUTENTBHBEIM 3KCIIEPUMEHTAM Aé, Ag,, Aéu Aé, (55, ér
55,, 65 OT q1, g2 ipu ¢ = 0,5g> (yKa3aHHas 3aBHUCHMOCTb BBIOpaHa
U3 COOOpaKeHWil COM3MEPMMOCTH YpPOBHSI IIyMa B COOTBETCTBYIOIIMX
HaOT0aeMbIX UHTEHCUBHOCTSX Mogeeii (2) u (3)).

6. 3akJiroyeHne. Pe3ynpTatel  NMPOBEAEHHBIX  BBIYMCIUTEIIbHBIX
9KCHEePUMEHTOB (PUCYHKM 1-5) mOATBEpKAalT paboOTOCIIOCOOHOCTh
Ppa3paboOTaHHOTO AJrOPUTMHUUYECKOTO PEIICHUsI ONTUMAIbHON HEJMHEeUHOM
(prbTpanuy OnEeHOK MH(OPMALIMOHHOTO BO3JEHCTBUSI B CTOXACTUYECKON
Mozen MH(GOPMALMOHHOTO MPOTUBOOOPCTBA. OTHOCUTENBHBIA BBIMIPHIII
B CpaBHEHMM CO 3HAUCHUSIMH, IOJYYaeMBIMH IO CpPEIHEBHIOOPOYHBIM
npaBuwiaM HabuozieHusi, B cpenHeM paBHsercs 20,7 % (pucyHok 5). Ipu
9TOM aHAJIOTMYHbIN BHIMIPHIII MPUMEHEHUs] aHCaMOJIEBOTO PaclIPEeHHOTO
¢unbrpa Kanmana cocrasnser 7,4 %, a anropurma HeJIMHEHHOH (puibTpanuy,
¢opmupyemoro Ha ocHOBe ucciefoBanus ypasHenus M3 (6), — 17,3 %.
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8 2
Puc. 5. T'paduku 3aBUCUMOCTH OT q1, g2 Tipr g1 = 0, 5¢2: a, B) 55, 55,, 55,, 65; 0,1)
Az, Ag, Agr, A

C no3unuM BBYUCIUTENBHBIX 3aTpaT aHCaMOJIEBBI paclIMpeHHbIN
¢unptp Kanmana oOnamaeT NpeMMyIIECTBOM B CpPaBHEHHH €O
Cc(OPMHUPOBAHHBIM ~ AITOPUTMOM U CIIOCOOEH IIpU  IIPOrpaMMHOM
peaym3aim Ha TunoBoil [Ip3BM obecrieunTh BBIUKMCICHUSI B PEKHUME,
OJIM3KOMY K peajbHOMYy BpeMeHH. [10 BBIUMCIMTENIBHOH YCTOWYMBOCTH,
onpeaesisieMoil paBHOMEPHOCTHIO (PUCYHOK 4(0)) CXOOVMMOCTH BHIOPaHHOM
annpokcuMaluuyd (PyHKUMRA IJIOTHOCTEH BEPOSATHOCTEN IPU OJUHAKOBOM
JUITENIbHOCTY MHTEPBaJIa AUCKpeTHU3auuu At, aNropuTM, KOTOPBIi OCHOBaH
Ha wucchenoBaHnu ypaBHenuss M3 (6), obiamaeT NpeUMyIIECTBOM B
CpPaBHEHMHM C pa3pabOTaHHBIM AJITOPUTMOM (IIperoyaraeT NpUMEHEeHHe
podactHoro ypaeHenus M3 (8)). BmecTe ¢ TeM, MO BBYHCIHUTEIHHOM
CJIOKHOCTM yKa3aHHblE aJrOPUTMBl COIMOCTAaBMMBI W Pa3pabOTaHHbIN
ITOpUTM O0ecIieunBaeT HauOOJIbIIYI0 TOYHOCTh OLEHKH. Takum oOpa3om,
HCXO[ISI U3 allOCTEPUOPHO OTIPEICTICHHOTO BRIMTPHIIIA MO PE3yIbTATUBHOCTH
pemieHust (TOYHOThb OLIEHKH) IIPU MOTEHIMAIbHONW BO3MOKHOCTH Al TUBHOM
Bapuanyu At B 3aBUCHMOCTH OT CKOPOCTH W3MECHEHHUsl YHCJIA aIeNTOB U
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npeAaaernToB Zu YPOBHSI IIyMa q1, g2 HaOoAeHH# «, [3, 7y, paspaboTaHHOE
ITOPUTMUYECKOE pelieHre 001aaaeT HanoobIIeH MPenoYTUTEIbHOCTBIO.
OpHako ero INMpUMEHeHWe B CPaBHEHMU C aHCaMOJIEBBIM pacIIMpEeHHBIM
(punpTpom Kanmana cranoBuTCs HenenecooOpa3HbIM (PUCYHOK 5) MPH MaJIbix
3HAYEHUSIX (1, ¢2 (CHIKEHHE OTHOCHUTEJIBHOTO BHIUTPHIIIA 00YCIaBINBACTCS
BBIUMCIIUTEIIbHON MOTPEIIHOCTBIO B (POPMUPYEMBIX UMCJIEHHBIX PEIICHUAX IO
KyCO‘lHO—HOHHHOMHaJIbHOﬁ alrmpoKCUMalu u I/IHTerI/IPOBaHI/IIO).

B 11esiom, nosmydeHHbIe pe3yibTaThl B pa3suTue pador [11,13,14,18],
(popmupyioT  BeMHCINTENBHO 3 (PEKTHBHBIE pemeHus: 0000IEeHHON
3aauy ONTHMAJILHON HEJMHEHHON (PMIIbTpaLiK OLIEHOK MH(OPMAIIMOHHOTO
BO3JEICTBHS B CTOXaCTUYECKUX MOJEISIX MH(OPMALIMOHHOTO IPOTUBOOOPCTBA
Ipyu  BbIACJICHUN OCO6€HHOCT€I71 OCHOBHBIX 2>TallOB aHFOpHTMH‘IeCKOﬁ
peaymzaiy.  COCTaBJIEHHBI ~ JITOPUTM  NPUMEHMM TPU  HAIMYUH
HEOIpeIeJIeHHOCTH ¥ Pa3HOPOAHOCTH MPABHJI M3MEPEHHST COOTBETCTBYIOLINX
MHTEHCUBHOCTEH v, (3, v Moaenu (1). [Ipu Hanuumu Gosee IBYX pa3HOPOIHBIX
NpaBHJI HOLOOHOTO HaOmoaeH!s, CPOPMUPOBAHHBIN aJITOPUTM MOXKET OBITH
0000IlIeH, MPU y4YeTe OCHOBHBIX TEOpPEM TEOpUH BeposiTHocTeil [26] u
MoaudUKaIMM TMpaBujia OIpejesieHusT UTOTOBOM (PYHKIMU TIJIOTHOCTH
pactipesenienust  BeposiTHoctd  (5). K HampaBieHusiM — gajibHERIINAX
UCCJIeIOBAaHUI OTHOCUTCS MOTyUeHNE allpHOPHON OLIEHKH, ONpeAesIsonien
NPaBUJIO aJalITHBHOrO BEIOOpa At B COCTaBJIEHHOI YMCIIEHHOH cXeMe.

7. IIpnioskenne. B (2) npuHATH ciepyomye 0003HAYEHUS: Z e

pu 7 = (Z1), = (2’(1), 2@),..., ,E(M)) ompeeisieTCs] YUCICHHOCTBIO
aJICNITOB U MPEaIeNTOB OTHOCUTEJIBHO 77-i1 IOATPYIIIIbI Zm) = (z,(cm)) =
2K
(xmla Ymily Tm2; Ym2y -+ -y TmK, ymK) [18]7 Q - 5(1) X 5(2) X ... X
M) © R4 — d-mepusiii (d = 2M K) BHIIYKJIBII MHOTOIPAHHUK (TIpaBMIA
napameTtpu3aryu ) onpenesneHs B [13, 14]); em c R2K _ cummekc ¢

2K + 1 BepumHamu [14]; A= (A), = (5(1) &'(2) ) (—i(M)) — BEKTOp
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1. POLYANSKY, K. LOGINOV
OPTIMAL NONLINEAR FILTERING OF INFORMATION IMPACT
ESTIMATES IN A STOCHASTIC MODEL OF INFORMATION
WARFARE

Polyanskii I.S., Loginov K.O. Optimal Nonlinear Filtering of Information Impact Estimates in
a Stochastic Model of Information Warfare.

Abstract. A computationally efficient algorithmic solution to the problem of optimal nonlinear
filtering of information impact estimates in a generalized stochastic model of information warfare
is developed in the article. The formed solution is applicable in the presence of heterogeneous
rules for measuring the parameters of the information warfare model, on the basis of which a pair
of systems of stochastic differential equations is formed. According to the criterion of maximum
likelihood according to the determined evolution of the a posteriori conditional probability density
function at a given observation interval, the evaluation of the information impact in the optimal
nonlinear filtering model is performed. Taking into account the probability addition theorem, as
the probability of the sum of two joint events, the density functions of which are established from
the numerical solution of the corresponding robust Duncan-Mortensen-Zakai equations, finding a
posteriori conditional probability density function at a given time is performed. For the first event,
it is assumed that the first system of stochastic differential equations is the equation of state, and the
second — is the equation of observation. For the second event, their definition is set in reverse order.
The solution of the robust Duncan-Mortensen-Zakai equation is carried out in the formulation of
the Galerkin spectral method when sampling the observation interval into subintervals and reducing
the initial solution to a numerical recurrent study of the sequence of subtasks using the so-called
Yau-Yau’s algorithm, which assumes an estimate of the probability measure from the solution of
the direct Kolmogorov equation with its subsequent correction by observation. To highlight the
features of the algorithmic implementation of the compiled solution, an algorithm for optimal
nonlinear filtering of information impact estimates in a generalized stochastic model of information
confrontation when specifying the listing of the function implementing it, which is represented by
a pseudocode, has been formed. To identify the preference of the compiled algorithmic solution
for optimal nonlinear filtering of information impact assessments, a series of computational
experiments on large-volume test samples was carried out. The result of the information impact
assessment obtained by the proposed algorithm is compared with the determined solution: 1) by
the average sample values from the observation models; 2) by an ensemble extended Kalman filter;
3) by a filtering algorithm involving a numerical study of the Duncan-Mortensen-Zakai equation.
According to the conducted a posteriori study, quantitative indicators that establish the gain of the
compiled algorithm and the limits of its applicability are highlighted.

Keywords: nonlinear filtering, information impact assessment, stochastic model of
information confrontation, robust Duncan-Mortensen-Zakai equation, Gaussian basis functions,
Galerkin spectral method.
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COMPARATIVE ANALYSIS OF RUMOUR DETECTION ON
SOCIAL MEDIA USING DIFFERENT CLASSIFIERS

Gidwani M., Rao A. Comparative Analysis of Rumour Detection on Social Media Using
Different Classifiers.

Abstract. As the number of users on social media rise, information creation and
circulation increase day after day on a massive basis. People can share their ideas and opinions
on these platforms. A social media microblogging site such as Facebook or Twitter is the
favoured medium for debating any important event, and information is shared immediately. It
causes rumours to spread quickly and circulates inaccurate information, making people uneasy.
Thus, it is essential to evaluate and confirm the level of veracity of such information. Because
of the complexities of the text, automated detection of rumours in their early phases is
challenging. This research employs various NLP techniques to extract information from tweets
and then applies various machine learning models to determine whether the information is a
rumour. The classification is performed using three classifiers such as SVC (Support Vector
Classifier), Gradient Boosting, and Naive Bayes classifiers for five different events from the
PHEME dataset. Some drawbacks include limited handling of imbalanced data, difficulty
capturing complex linguistic patterns, lack of interpretability, difficulty handling large feature
spaces, and insensitivity to word order and context by using the above classifiers. The stacking
approach is used to overcome the above drawbacks in which the output of combined classifiers
is an ensemble with LSTM. The performance of the models has been analyzed. The
experimental findings reveal that the ensemble model obtained efficient outcomes compared to
other classifiers, with an accuracy of 93.59%.

Keywords: Rumor detection, Machine learning, Social Media, SVC, Gradient boosting,
Naive Bayes.

1. Introduction. Social networks are undisputedly the most
prevalent information access environment today. It is due to massive
amounts of data and massive social network connections. While researching
social networks, researchers attempt to answer some issues that emerge
from the rich relationships that they contain [1]. The plethora of posting
methods accessible on internet communities like Twitter, Weibo, Instagram,
and Facebook facilitates message dissemination. It, however, adds to the
fast distribution of unverified whispers and conspiracy theories, which
frequently evoke accelerated, massive, but naive social responses. Even so,
the World Economic Forum's 2013 report has identified massive digital
misinformation as a significant technical and global political risk. False
reports had an impact on our economies, which are not impervious to the
dissemination of deceit. There are two types of rumours: new rumours and
long-standing rumours. New rumours arise during breaking news, as do
"long-standing rumours” that have been debated for a long time [2].
Rumours will spread and increase visibility more than previously
anticipated. According to statistics, there were nearly 320 million monthly
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active users on Twitter in November 2015, with 500 million tweets shared
per day on average [3]. Social media platforms have grown in popularity,
with users using them to share news and events and voice their opinions.
The network'’s ease also fosters the spread of lies; For example, the fast
dissemination of disinformation in a brief period can have negative things.
However, determining the validity of rumours purely based on their textual
substance can be challenging. As a result, people have begun to pay
attention to the views expressed in relative responses. Knowing the stances
that users adopt in reaction to specific rumours provides helpful insights,
whereas some denying or questioning comments expose false rumours.
[4,5, 6].

Figure 1 depicts an example of a rumour that circulated during the
recent COVID-2019 prompted India's Lockdown, alleging a decrease in
pension payments to Indian citizens. The tale was unsubstantiated and
wrong, and the Ministry of Finance of the Government of India needed to
dispute it and provide clarification.

Fig. 1. Sample rumour and fact-checked in recent times

Therefore, it is crucial to be able to tell whether information
elements posted on social media are real and legitimate, especially
regarding current events. In this situation, building automated credibility
detection systems is essential because the information seeker cannot tell
true information from fake information. Nonetheless, there are several
difficulties in determining the news' reliability. Nevertheless, there are
several difficulties in determining the trustworthiness of news; these
difficulties are caused by the limited datasets that include the aspects of the
tweet that must be examined. Without technology, it might be challenging
to identify accurate and reasonable postings or information. It necessitates
time and work. Several researchers [7] use Twitter APl to determine the
creditability of the information. The limited size of tweets and casual
wording is another difficulty. The phase of feature extraction and selecting
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the ideal function for constructing and executing the classification devices
is the most difficult problem in the rumour detection task when using noisy
data. Rumour identification aims to determine whether or not an inbound
social media post contains rumours. It is simply a text classification
problem.

Feature engineering is a critical component of text categorization
because it is required to convert data into a machine learning-friendly
framework. The primary problem with text-based rumour identification is a
lower discovery rate, which occurs when algorithms incorrectly categorize
fake material. It has a bad result on the system's detection rate & precision.
In recent years, Al approaches have produced cutting-edge outcomes for
various natural language processing tasks. The PHEME dataset, which
includes rumour and non-rumour tweets on five incidents — Charlie Hebdo,
the German plane tragedy, the Ottawa massacre, the Sydney siege, and
Ferguson — is used in this investigation.

Author contribution. In this article, we investigate the issue of
automatically detecting rumours as they circulate on social media. We
provide a novel approach for automatically detecting rumours on social
media that combines word embeddings with machine learning. The
following listing summarises the important contributions of this work:

1. To address the cross-topic problems in broadcast rumour
identification, we provide a novel technique for updating word embeddings
while training proceeds using word2vec.

2. The experiment takes place in five different events from the
PHEME dataset having conversational structure, and it is evaluated using a
variety of measures, including accuracy, precision, recall, and the
AUC/ROC curve. The results show that the ensemble model outperforms
better with high accuracy by comparing the four classifiers for overall
events in the dataset.

The rest of the content is structured as follows: the prior effort in the
area of rumour detection is described in segment 2, an overview of the
proposed method is discussed in section 3, simulation results are discussed
in section 4, and the paper is concluded with future research directions in
section 5, which is followed by references used in this research work.

2. Related work. The amount and speed of user-generated
information on social media make rumour detection imperative. The first
and most essential step in locating unverified information circulating on
social media is rumour detection. It serves as the foundation for all
subsequent research. The outcome of future tasks can be indirectly
improved by increasing this task's accuracy.
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Regardless of the source's veracity and position as a verified source,
social media enables the spread of information. Several studies have
demonstrated automatic rumour identification in social media data.

The first technique was put out by authors [8] and begins with
identifying "signal tweets," which are then sorted into several clusters, each
of which stands for a rumour. Next, further similar tweets are found using
the summary of each cluster. The clusters are evaluated in order of how
likely they will be — rumours at the end. The whole foundation of the
suggested framework is a set of user-defined regular expressions. This list
must be continuously edited and updated for the model to handle new,
unseen tales more effectively. Another study in this category is provided
in [9]. The researcher suggested a rumour identification model based on a
sequential classifier, in which the text was classified as likely a rumour or a
non-rumour based on preliminary data. While this technique outperforms
the earlier efforts, it is affected by the cold start problem, which means the
suggested sequential classifier's effectiveness depends on the tweets'
structures observed thus far. Our suggested strategy addresses this issue by
categorizing each micro-post solely on its features. It is not required to use
micro-post procedures.

In paper [10] the authors suggested a rumour detection approach that
matches social media material to news media and employs the support
vector machine (SVM) as a binary classification strategy. However, it is not
suitable for large amounts of data. In study [11] the authors suggested a
combined approach for rumour classification that includes deep learning
and an optimized filter-wrapper classifier for naive Bayes.

Articles of news that have been purposefully written to present
incorrect information are called rumours. Recently, rumour detection has
gained much interest as a developing study area, particularly on social
media. This field of study aims to predict whether a news item is a rumour.
The work in this sector may be divided into two families: selecting news
stories worth checking and assessing their authenticity. In paper [12] the
authors suggested automated categorization of news stories. Their study
focuses on different textual properties that can be used to discern between
genuine and phoney content. Using these properties, they trained various
machine learning algorithms tested on four real-world datasets using
different ensemble approaches. However, it was more expensive to create,
train, and deploy. In study [13] the authors focused on rumour detection
using NLP and data mining techniques. Authors categorize fake news that
spread on social media into two categories: rumours that have been around
for a while and newly developing rumours that result from current
occurrences. Authors create a four-part framework for categorizing
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rumours: 1) rumour detection; 2) rumour tracking; 3)rumour stances;
4) rumour veracity.

Data imputation was used to improve the identification of fake news,
according to the authors [14]. To improve performance, the authors used a
novel data pre-processing method to fill in the absent value in the original
dataset. Using data modelling, the authors used missing numbers for
numerical and hierarchical traits. When authors selected the most common
value in columns and were numerical for the average value of the column,
the accuracy of multilayer perceptron (MLP) classes were shown to be
improved for hierarchies.

Study [15] provided several important influencing factors, and the
innovative rumour-refuting method presented in this study used NLP to
analyze user microblog content before using the NLP analysis findings as
extra predictor factors to identify anti-rumour spreaders. This research
provides a novel and efficient decision support system for rumour
countermeasures compared to prior studies. The number of pairwise
similarities increases quadratically with dataset size, posing a problem for
similarity-based machine learning techniques on big datasets. As a result,
computing all potential pairwise similarities for big databases is virtually
impossible.

3. Rumour Detection on social media by Machine Learning and
Deep Learning Models. Any information, whether real or fake, has the
potential to become viral on social media and touch millions of people.
Even rumours spread quickly because of how quickly information is shared.
As a result, it's critical to identify and suppress these rumours before they
seriously affect people's lives.

The goal is to determine whether a specific micro-post on a
particular bit of data is a story. It is the definition of the research issue of
detecting breaking news rumours. This issue may be expressed as a binary
classification problem in the manner described below: Let the word
sequence w = {wc;... wcy} represent a micro-post w of length N. The
objective is to determine if w is a rumour or non-rumour by selecting a label
from the set S = {R, NR}.

Figure 2 shows the suggested rumour detection model's workflow.
There are four stages in the model: 1) data collection; 2) pre-processing;
3) feature extraction; 4) training and testing of Data using a machine
learning algorithm. Accuracy, precision, recall, and F1-Score measurements
were employed to evaluate the effectiveness of each technique. More details
on the steps are provided in the following subsections.
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Fig. 2. Workflow of Proposed Methodology

3.1. Data Collection. The standard PHEME dataset utilized in this
study for rumour identification [16] includes tweets about five significant
news events that seasoned journalists have marked for the 'rumour' and
'non-rumour’ classifications. Here, the objective is to simulate how a source
post's comments behave in a conversational structure. The whole network
was processed by taking into account the source node and their immediate
comment reply node. All source posts and immediate nodes were then
saved in CSV format. These are the events:

1. #charliehebdo — around noon on January 7, 2015, two gunmen
attacked the Paris headquarters of the French satirical weekly newspaper
Charlie Hebdo, murdering 12 persons and injuring 11. The collection
comprehends 458 whispers and 1621 non-rumours.

2. #ferguson — on August 9, 2014, Darren Wilson, a white police
officer, mortally shot Michael Brown Jr., an 18-year-old African American,
in Ferguson, Missouri. The officer describes an encounter with Brown
during which Brown assaulted him. Wilson later pursued him after he fled.
Wilson fired twelve shots, six of which struck Brown from the front.
Numerous demonstrations ensued. There are 284 rumours and 859 non-
rumours in the dataset.

3. #germanwingscrash — on March 24, 2015, an Airbus A320-211
transporting 144 people and six crew members crashed in the French Alps,
100 kilometres (62 miles) northwest of Nice, while en transit from
Barcelona-El Prat Airport in Spain to Dusseldorf Airport in Germany. The
co-pilot, whom his psychiatrist had identified as having suicidal
inclinations, deliberately crashed the aircraft. The collection contains 238
whispers and 231 non-rumours.
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4. #ottawashooting — on October 22, 2014, many gunshots
happened on Parliament Hill in Ottawa. Michael Zehaf-Bibeau mortally
shot Corporal Nathan Cirillo, a Canadian soldier acting as a symbolic sentry
at the Canadian National War Memorial. Zehaf-Bibeau then went inside the
adjoining Centre Block of the Canadian Parliament, where MPs were
conducting caucuses. After a struggle with a policeman outside, Zehaf-
Bibeau rushed inside and engaged in a firefight with parliament security.
Six cops shot him 31 times, and he passed away there and then. The dataset
comprises 470 rumours and 420 non-rumours.

5. #sydneysiege — on the 15th and 16th of December, 2014, a
gunman named Man HaronMonis kidnapped ten clients and eight
employees at a Lindt confectionery café in Sydney, Australia. Two
individuals were murdered, and a couple more were injured during the 16-
hour standoff.

One indicates a rumour, and zero indicates a non-rumour. The data
cleaning technique is applied in two different processes. The deactivated 1D
must be eliminated once the null value has been eliminated.

3.2. Pre-processing. The process of changing data so that the
machine learning program can understand is known as pre-processing. The
model is fed with clean data transformed from the original raw data.
Especially for social media content, data pre-processing is an important
stage. These datasets must go through the following rounds of pre-
processing to receive specific refinements. The crucial cleaning procedures
within the pre-processing techniques applied in this study include stop-word
removal, tokenization, lowercase, deleting repeated letters, auto-correct
spelling, and stemming. They will assist us by removing redundant data and
reducing the actual data's quantity. Then, to achieve better execution, the
pre-processing entails the ordering of the processes stated in the following
steps:

1.  Getting rid of the unnecessary: Punctuation indicators such as
commas, apostrophes, quotation marks, and question marks are deleted if
they contribute no value to the performance.

2. Elimination of Stop Words: Stop words are frequently used to
describe the most general terms in a language that lack substantial semantic
substance in an assertion. Each tweet inthe datasets has these terms
removed.

3. Lowercasing is changing uppercase characters to lowercase
letters in a phrase. For example, "Charlie Hebdo became well known for
publishing the Muhammed cartoons two years ago™ will be converted into
"charlie hebdo became well known for publishing Muhammed cartoons two
years ago".
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4. Tokenization is the process of reducing vast quantities of
substance into smaller token-sized bits. The tokens, split down into words,
are counting the sentences. For example, the processed input tokenizes such
as, 'charlie’, 'hebdo’, 'became’, ‘well', 'known', 'publishing’, '"Muhammed',
‘cartoon’, 'two', 'year', ‘ago".

5. The stemming and Lemmatization process recovers the lemma
form for each input word, and end users can ask any form of a base word
and receive relevant results, reducing the word to its word stem.

The pre-processed tweets are fed to the feature extraction stage to
extract the features to classify the rumour and non-rumour contents.

3.3. Feature Extraction using Word2Vec. A word2vec model uses
a text dataset as input to generate real-valued, low-dimensional vector
approximations of the words in the corpus. As a result, written information
is transformed into dispersed vector representations, which may
subsequently be used as input for the classifier to classify rumours and non-
rumours. Word embedding is vector depictions of words.

In this research, we use the Google News Dataset [17] to train the
word2vec model more efficiently using a method dubbed skip-gram. The
word2vec model [18] is created using skip-gram using a text corpus. Let wc;
be a word in the corpus, and let the context of wc; be the collection of words
surrounding wc; inside a certain window size of a phrase. By learning the
word representations of each word wc; and the words in their context, skip-
gram constructs the word2vec model. The learning goal in this instance is to
find meaningful representations of these phrases in the embedding space so
that the model, given any other word, wt, can predict its surrounding
context words with high probabilities while the others have low
probabilities. A skip-gram model's formal goal is to maximize the average
log probability function shown shown in equation (1), given a list of words
w = {wc;... wcy} and a context window of size W.

N
Average log probablity function =iz > logp(we,,;lwe,), (1)

n=l-w<j<w, j#0

where log p(wc,,jwcy,) is approximated using negative sampling. The
Word2vec probabilistic model is used to anticipate the context of the nearby
words. The words were predicted using a mix of model architectures
depending on the corresponding context word. The dataset contains a
substantial quantity of data and is transformed into word vectors. It is
passed into the classifiers.
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3.4. Applying learning models. We tested the efficacy of different
models using three conventional machine-learning classifiers. Three
different models were tested to choose the most effective model: support
vector machine (SVM), Naive Bayes (NB) and gradient boosting classifier.

3.4.1. Support Vector Classifier (SVC). SVM [19], a subset of
machine learning, seeks the optimal hyperplane, which can often divide
data sets into two groups. A neural network approach merely looks for
hyperplane separators between classes, whereas SVM seeks the optimal
hyperplane. It is said to be the best if a hyperplane has the widest margin
and can categorize fresh data effectively and without mistakes — a
hyperplane in the shape of a straight line for two-dimensional data. SVM is
widely regarded as effective in real-world applications where data sets are
usually segregated nonlinearly and provide superior results than other
methods. In non-linear SVM, data is transferred to an advanced dimensional
vector space by the function ¢ (x) and then a hyperplane can be created to
serve as a class separator.

The dot product produced from the converted data, namely ¢y, ¢y, is
the sole component of the SVM learning process dependent on it. Because
transformation is challenging to convert, kernel K (z,, zy) can be used
instead of computing dot products. The following formula denotes this
function as Kernel Trick:

K (2. 2Y) = 4.4, )

By knowing the kernel functions that will be used, the Kernel Trick
can streamline identifying support vectors. In our work, we have used RBF
(radial Bias Function) has been used as a kernel function.

3.4.2. Gradient Boosting Classifier. A strong classifier is gradually
built from several weak learners using the additive and iterative tree-based
supervised machine learning technique called "boosting” [20]. Gradient
boosting creates a prediction model from a collection of poor prediction
models, most commonly decision trees. When a decision tree fails to learn,
the technique that results is known as gradient-enhanced trees, and it
typically beats random forest. It builds the model in the same way that other
boosting techniques do, but it broadens the scope by enabling the
optimization of any differentiable loss function.

3.4.3. Naive Bayes Classifier. The naive Bayes technique is founded
on the Bayes hypothesis [21]. It employs training data to calculate the
likelihood that certain attributes belong to a certain class to forecast the
unobserved data class (testing data).

Informatics and Automation. 2023. Vol. 22 No. 4. ISSN 2713-3192 (print) 785
ISSN 2713-3206 (online) www.ia.spcras.ru



NHPOPMALIMOHHAA BE3OMNACHOCTb

The posterior probability, P(alz), can be calculated using the Bayes
theorem by dividing the P(z) with the product of P(a) and P(z[a). The naive
Bayes classifier assumes that the impact of a predictor's value (z) on a
certain class (a) is unrelated to the values of other predictors. The term
"class conditional independence" refers to this assumption:

p(a|z)zp(zl'3+)zs’@, ©)
P(alz)=P(zlla)xP(z2a)x....... P(z2]a)xP(a), 4)

where:

P(ajz) is the posterior probability of the class-given attribute.

P(a) is the prior probability of class.

P(z[a) is the likelihood which is the predictor given class probability.

P(z) is the prior probability of the predictor.

The proposed model consists of three machine learning base models:
Support Vector Classifier (SVC), Gradient Boosting, and Naive Bayes.
These models are combined with an ensemble model called Long Short-
Term Memory (LSTM).

3.4.4. Short-Term Long Memory (LSTM). A modified RNN
network called long short-term memory (LSTM) was developed to learn
long-range relationships among time-varying patterns [19]. In general,
LSTM is a second-order recurrent neural network that addresses the
problem of disappearing and exploding gradients by substituting memory
blocks in the recurrent hidden layer for RNN simple units. In an LSTM, a
memory block is a complicated multi-unit processing unit. It comprises one
or more memory cells, input, output, and forget adaptive multiplicative
gating units, and a self-recurrent connection with a fixed weight of 1.0.
With help from adaptive multiplicative gating units, it functions as a short-
term memory. Input and output gates, respectively, govern a memory cell's
input and output flow during activation.

In general, an Android app featuresy = (y4,¥5,.. ., yr) are
transmitted as input to LSTM, which then estimates an output sequence

2t = (zt,, zt,,.., zt;) with a continuous estimation of the gates that
include input gate (zg), output gate (xg), forget gate (fg), and enhancing a
memory cell (ml) activations iteratively from t = 1 to T. It is possible to

formulate the calculation of the recurrent hidden layer function at time-step
T as follows:
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y,,hz,,,ml_, - hz,,ml, (5)

29, = sigm(a)yzg Yo + Oy N2 + @Ml +3y, ) (6)

fg, = sigm (a)y,g Yo + Wi NZ 4 + @Ml +ay ) @)

ml, = fg, ©ml_, +zn Otanh(ay,, Y, + o, hz, , +ay,), (8)
Xt, = Sigm (@, Y, + g hi; + @Ml +a,,), 9)

hz, = xt, © tanh(ml,), (10)

where tanh represents the element-wise hyperbolic tangent non-linear
activation function with outcomes in a range of [-1,1], sigm is known as
element-wise sigmoid non-linear activation function with an outcome range
of [0,1], Ostands for element-wise vector multiplication, " terms"
represents the weight matrices, "ai," "ag," "am," and "ay" are bias units of
input gate, forget gate, memory cell, and output gate, correspondingly and ml,
instructed LSTM network to acquire knowledge of long-term temporal
dynamics in the sequence data through proactively selecting either the current
input value employing input gate zg; or forgetting earlier stated data with f g;.

4. Result and Discussion. A developed model's performance was
assessed for individual events in the PHEME dataset, considering the
features from the conversation comments for the source post. Experiments
were conducted on a typical computer. (Intel Core i5-6500 3.20 GHz, 8 GB
RAM). Python3.11.1 with Jupyter Notebook was used to create the model.
The pandas, nltk, genism for word2vec, sklearn for machine learning
model, and NumPy libraries are included in the Python packages. The
classifier used the percentage method (80% training and 20% testing
datasets) to analyze performances.

4.1. Performance Evaluation. To accurately depict performance on
the PHEME dataset, we selected Accuracy, Precision, and Recall as
assessment measures for individual events. We also evaluated our model's
performance using AUC. The AUC scores for the PHEME dataset's five
events vary from 0.78 to 0.91 (Table 1).
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Table 1. Events Wise performance evaluation

Algorithm  |Accuracy (%) [Precision (%)] Recall (%) JAUC /ROC (%)
Charlie Hebdo
SvC 93.60 97 95 87.2
Gradient
Boosting 92.33 85.0 88 84.8
Classifier
Naive Bayes 82.73 80 72 79.8
Ensemble 93.75 97.62 95.38 92.13
Model
Ferguson
SvC 93.40 98 93 89.8
Gradient
Boosting 92.14 97 92 88
Classifier
Naive Bayes 77.85 81 88 75.4
Ensemble 93.85 98.62 95.38 92.13
Model
Ottawa shooting
SvC 86.92 91 84 87
Gradient
Boosting 91.48 93 90 915
Classifier
Naive Bayes 78.76 79 77 78.8
Ensemble 92.41 94.02 91.44 91.98
Model
Sydney siege
SvC 93.50 98 94 90
Gradient
Boosting 92.25 98 92 88
Classifier
Naive Bayes 78.53 83 87 75.3
Ensemble 94.41 98.22 94.44 91.48
Model
German wings crash
SvC 93.16 98 93 89.5
Gradient
Boosting 92.25 97 92 88.2
Classifier
Naive Bayes 78.42 82 87 75.6
Ensemble 9355 98.62 95.38 92.13
Model
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Table 1 shows the results of each unique event in PHEME
investigated using different classifiers such as SVC, NB, and the gradient
boosting method along with the ensemble model. The ensemble model
outperforms the other classifiers for the five events, with the highest
accuracy for the Sydney siege.

For the Charlie Hebdo, Ferguson Unrest events, Ottawa shooting,
Sydney siege, and German wings crash, the ensemble model has an
accuracy of 93.75%, 93.85%, 92.41%, 94.41%, and 93.55, respectively.

By comparing the results for four classifiers for combined overall
events in the datasets in positions of performance metrics like accuracy,
precision, recall, and AUC/ROC curve, the ensemble model outperformed
better than other classifiers. In Table 2 the three classifiers are compared
with the final dataset in terms of performance metrics, which results that the
ensemble model has the highest values of accuracy is 93.59%, precision is
97.42%, recall is 94.40%, and AUC/ROC is 91.97% due to its linear
function of predicting the rumour data from non-rumour data accurately.

Table 2. Performance of Different classifiers on overall events in the PHEME

dataset
Algorithm | Accuracy (%) | Precision (%0) |Recall (%) | AUC /ROC (%)
svC 93.19 96 94 91
Gradient
Boosting 85.25 92 88 80.8
Classifier
Naive Bayes 77.52 80 87 77.52
Ensemble 93.59 97.42 94.40 91.97
Model

5. Conclusion. In times of crisis, rumours are commonplace.
Rumours grow swiftly in the virtual social environment due to the intensity
and unpredictability of the issue, as well as the informational gap. The
tangibility of information must thus always be called into question. This
study examined a unique system for real-time rumour detection to dispel
online rumours. The classification is carried out using three different
supervised learning methods: SVC, Gradient Boosting, and Naive Bayes
classifiers, and are combined with an ensemble model called Long Short-
Term Memory (LSTM) to overcome the drawbacks of the three classifiers.
The classification takes place for each classifier by using five different
events in the PHEME dataset. The performance of each classifier for five
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events is calculated using several performance measures like accuracy,
precision, recall, and AUC/ROC curve. The results show that the ensemble
model outperformed other classifiers by comparing the performance of all
events in the datasets for three different classifiers. This study may be
expanded by employing various deep-learning models to increase the
prediction accuracy of rumour detection. We can also increase forecast
accuracy by applying efficient pre-processing processes.
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M. T'uaBAHHU, A. PAO
CPABHUTEJILHBIN AHAJIM3 BBISIBJIEHUS CJIYXOB B
COINUAJIBHBIX CETSAX C UCITOJIB3OBAHUEM PA3JIMUHBIX
KIACCUDPUKATOPOB

Tuosanu M., Pao A. CpaBHUTEIbHBII aHAJIM3 BBISBJIEHHS CJIYXOB B COLMAIBHBIX CETAX €
HCI0/Ib30BAHHEM PA3IMYHBIX KIACCH(PHKATOPOB.

AnHoranus. ITo mepe Toro, kak 4mCiIO IOIb30BaTeNeld CONMANBHBIX CETEH pacTer,
CO3/[aHHE M PAcIpOCTPaHEHWE HH(POPMALMH YBEIHYMBAIOTCA KaXIblii I€Hb B OTPOMHBIX
MacmTabax. JIloau MOTryT AeMUThCs CBOUMU HIESMU M MHEHUSIMH Ha 9TuX maatdopmax. Calt
MHUKpPOOJIOTOB B COLMANbHBIX CeTsAX, Takux Kak Facebook wmm Twitter, sBisercs
HPEANOYTUTENBHBIM CPEACTBOM OOCYXKIEHHUs 0000 BaXHOro COOBITHA, M HH(OpManus
mepefaeTcs HEMENTIEHHO. OTO IPHUBOAUT K OBICTPOMY pACHPOCTPAHEHUIO CIYyXOB U
pacrpocTpaHEeHHIO HETOYHOI MH(OpMAIMK, 4TO BBI3BIBAET Yy JF0zeH OecrokoiictBo. [ToaTomy
B)XHO OLICHUTh ¥ MOATBEPJUTH YPOBEHb JOCTOBEPHOCTH TakoW HH(popmaumu. 3-3a
CIO)KHOCTH ~TEKCTa aBTOMAaTHUYECKOe OOHapy)KeHHE CIIyXOB HA pAHHHX CTaAusiIX
3aTpyAHUTENbHO. B TaHHOM HCCIeNOBaHMM HCHONB3YIOTCS pasziauuyHble Meroasl NLP mms
n3BJICYCHNsT HHOOPMAIIMK U3 TBUTOB, a 3aTeM NPUMEHSIOTCS Pa3InIHbIe MOJEIH MAlIMHHOTO
o0y4eHus, 4TOOBI ONpenenuTh, siBIsieTcs J WHopmanus ciayxoMm. Kiaccuduxamus
BBINOJIHACTCS C MCIOJIB30BaHUEM TpeX KilaccudukaTopoB, Takux kak SVC (Support Vector
Classifier), Gradient Boosting u kiaccugukaropsr Naive Bayes 11 IIATH pa3iInaHEIX COOBITHIH
u3 Habopa nanHbix PHEME. CyliecTByIOT HEKOTOpBIC HEIOCTATKU: OrpaHUuCHHAs 00paboTKa
HecOAIaHCHPOBAHHBIX JAHHBIX, TPYIHOCTb YIABIUBAHHUS CIOMKHBIX JMHTBHCTHYECKHX
1abJIOHOB, OTCYTCTBHE HHTEPIPETUPYEMOCTH, CIOKHOCTH ¢ OOpabOTKOH OOoNBIINX
MPOCTPAHCTB MPU3HAKOB M HEUYBCTBHTENPHOCTh K IIOPAAKY CIOB M KOHTEKCTY IIPU
HCTIONB30BAHUY BBINICYKa3aHHBIX KJIaccu(uKaTopoB. [logxon cyMMHPOBaHHS HCIOIb3YeTCS
JUIL TIPEOJOJICHHs] BBINICYKAa3aHHBIX HEIOCTATKOB, IIPH KOTOPOM BBIXOAHBIC JIaHHEIE
KOMOMHUPOBAHHBIX KJIACCU(UKATOPOB MPEACTaBISIOT coboil ancamOne ¢ LSTM. bBeuta
[IPOAHAIM3UPOBAHA IPOHM3BOAUTENBHOCTh MOAeNeH. OKCHepUMEHTAlbHbIE Pe3ylbTaThl
II0Ka3bIBAIOT, YTO aHcamOiieBas Mozenb jaaeT 3(G(EeKTHBHBIC PEe3yJbTAThl 110 CPABHEHHIO C
JIPYTUMU KIacCU(PUKATOPAaMU € TOYHOCTBIO 93,59%.

KiioueBble ciioBa: oOHapyXeHHE CIyXOB, MAIIMHHOE OOYdYCHHE, COLHAIbHBIC CETH,
SVC, rpaguenTHbIH OyCTHHT, HAUBHEI OalleCOBCKUH KIIaCCH(BHKATOP.
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AAFNDL - AN ACCURATE FAKE INFORMATION RECOGNITION
MODEL USING DEEP LEARNING FOR THE VIETNAMESE
LANGUAGE

Nguyen Viet Hung, Thang Quang Loi, Nguyen Thi Huong, Tran Thi Thuy Hang, Truong Thu
Huong. AAFNDL - An Accurate Fake Information Recognition Model Using Deep Learning
for the Vietnamese Language.

Abstract. On the Internet, "fake news" is a common phenomenon that frequently disturbs
society because it contains intentionally false information. The issue has been actively researched
using supervised learning for automatic fake news detection. Although accuracy is increasing, it is
still limited to identifying fake information through channels on social platforms. This study aims
to improve the reliability of fake news detection on social networking platforms by examining
news from unknown domains. Especially, information on social networks in Vietnam is difficult to
detect and prevent because everyone has equal rights to use the Internet for different purposes.
These individuals have access to several social media platforms. Any user can post or spread
the news through online platforms. These platforms do not attempt to verify users or the content
of their locations. As a result, some users try to spread fake news through these platforms to
propagate against an individual, a society, an organization, or a political party. In this paper, we
proposed analyzing and designing a model for fake news recognition using Deep learning (called
AAFNDL). The method to do the work is: 1) first, we analyze the existing techniques such as
Bidirectional Encoder Representation from Transformer (BERT); 2) we proceed to build the
model for evaluation; and finally, 3) we approach some Modern techniques to apply to the model,
such as the Deep Learning technique, classifier technique and so on to classify fake information.
Experiments show that our method can improve by up to 8.72% compared to other methods.

Keywords: social networking, computational modeling, deep learning, feature extraction,
classification algorithms, fake news, BERT, TF-IDF, PhoBERT.

1. Introduction. Nowadays, broadcasting fake news online has become
standard on Social Networks [1, 2], and more information, opinions, and topics
can happen worldwide [3]. Fake news has a huge impact. Detecting fake news
is a critical step. Using machine learning techniques to see fake news employs
three popular methods: Naive Bayes [4, 5], Neural Network [6, 7], and Support
Vector Machine [8 — 10]. Normalization is essential in cleaning data before
using machine learning to classify it [11].

Moreover, the analysis of fake news and information distortion detection
algorithms is becoming popular [12, 13]; several methods of detecting fake
news in Russia have also been proposed, such as using artificial intelligence [14]
and machine learning [15].

In [16], Fake news is information that is false or misleading and is
presented as news. Fake news is frequently intended to harm a person’s or
entity’s reputation or to profit from advertising revenue. Nonetheless, the
word has no fixed definition and has applied to false information. Public
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figures also use it to refer to any negative news. Furthermore, disinformation
is the dissemination of incorrect information with malicious intent, and it is
sometimes generated and spread by hostile foreign actors, particularly during
elections. Some definitions of fake news include satirical articles that are
misinterpreted as genuine and articles that use deception. Figure 1 describes
the process of identifying fake information.

Fig. 1. Procedures for receiving and handling fake information

We have performed the analysis and divided it into three steps; below
are our implementation steps:

— Step 01 — Received Information: First, the information is gathered
using various techniques from social networking sites like Twitter and
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Facebook, as well as breaking news from CNN, BBC, or online publications.
Then, this data will be classified as news content, social content, and outside
knowledge.

— Step 02 — Assessment: Following classification, the data will be
compared to standard datasets supplied by individuals or organizations to verify
the correctness of the news. In the past, comparison and evaluation experts
handled this work. Hence censorship groups frequently needed a lot of staff,
time, and effort. However, these tasks have been mechanized by algorithms
that improve comparison, contrast, and evaluation under the heavy weight of
big data.

— Step 03 — Disclosure: Finally, the data is split and labeled as fake
news, false news, and factual information.

In [17], Fake news was well-known in politics when it harmed the
field. The election of Donald Trump as president has generated a lot of
controversy due to false information regarding the number of votes cast in
his favor. However, in the last two years [18], as the Covid-19 pandemic has
become a severe problem in many nations, distance has made it easier for
people to access unconventional information. For example, there is much false
information about vaccines, and media campaigns to stop the spread of Covid-
19 have destroyed numerous health systems. Price information also encourages
people to hoard food, which contributes to inflation. The economy, health, and
particularly human health have all negatives impacted by false information.
We must identify and remove fake news from media outlets to combat it.

In the past [19], when looking for false news, individuals checked it
manually by submitting it to professionals who would screen it; however, this
requires a lot of time and money. Therefore automatic fake news search engines
are now regarded as fake news, a current efficient fix. Machine learning and
deep learning algorithms are a couple of them. In [20], these two Al algorithms
frequently are utilized since more modern Al algorithms have been developed
that better solve categorization challenges (natural text classification, voice
classification, image classification, etc.) Additionally, as technology becomes
more productive and affordable and as the availability of standard datasets
rises, it becomes easier to assess the accuracy of false news detection models.

Although numerous datasets are available, you must use them correctly
with your strategy. "Granik and colleagues Fake news detection using naive
Bayes classifier" was published in 2017. However, because he used the dataset
4.9%, which is fake news, his accuracy is only 74% [20]. Compared to the
entire surface of identifying fake news, it is a low number. In this case, four
Kaggle datasets were used to accomplish this. These datasets are appropriate
for the method.
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To address readers’ current needs for the most reliable information
among the abundance of information on social networks, we offer a deep
learning aggregation model for detecting fake news based on deep learning and
machine learning algorithms with high accuracy of up to 99% in this paper.
We recommend doing the following:

— We analyze the existing techniques, such as BERT;

— We proceed to build a model to evaluate to classify fake information;

— We approach some Modern techniques to apply to the model through
techniques, such as Deep Learning techniques, classification techniques, etc.

This paper is organized as follows: Section 2 discusses the related work.
Section 3 presents the concepts and features of identifying fake news on social
networks. Section 4 describes the suggested viewport estimation technique.
Section 5 contains the performance assessment. Section 6 concludes with a
discussion of our conclusions and open questions.

2. Related work. Because of the increased internet use, it is much
easier to spread fake news. Many people are constantly connected to the internet
and social media platforms. There are no restrictions when it comes to posting
notices on these platforms. Some people take advantage of these platforms and
begin spreading false information about individuals or organizations. This can
ruin an individual’s reputation or harm a business. Fake news can also sway
people’s opinions about a political party. There is a need for a method to detect
fake news. A new study [21] has shown that machine learning classifiers are
used for various purposes, including detecting fake news. The classifiers are
listed first. The classifier trainers use a data set known as the training data set.
Following that, these classifiers can detect fake news automatically.

Fake news and hoaxes have been around since before the Internet. Many
clickbait use flashy titles or designs to entice users to click on links to increase
ad revenue. In article [22], the author examined the prevalence of fake news
in light of the media advances brought about by the rise of social networking
sites. In this article, the author has developed a solution that users can use to
detect and filter out websites containing false and misleading information.

In [23], supervised methods have yielded encouraging results. However,
they have one significant limitation: they require a reliably labeled dataset
to train the model, which is frequently complex, time-consuming, expensive
to obtain, or unavailable due to privacy or data access constraints. Worse,
because of the dynamic nature of news, this limitation is exacerbated under
the setting, as annotated information may quickly become outdated and cannot
represent news articles on newly emerging events. As a result, some researchers
investigate weakly supervised or unsupervised methods for detecting fake news.
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Studies [24, 27] have shown that Online social media networks have
developed into a powerful platform for people to access, consume, and share
fake news. Additionally, this results in the widespread dissemination of fake
news or purposefully false or misleading information. The models must
perform better for news in unexplored fields (domains) due to domain bias,
which remains a significant obstacle for practical application even though
accuracy is improving. As a result, numerous reports are shared, such
as [24], focusing on analyzing the various traits and varieties of fake news and
suggesting an efficient solution to detect it in online social media networks.
This model, however, also deals with data that falls under the purview of the
Online Social Media model. On the other hand, in research [25], the author
has concentrated on examining data sources, particularly those that always
include pairs of false and true news about the same topic. The author also relies
on that to assess the accuracy and provide a dataset for concatenation useful
for cross-domain detection. By examining the connection between domain
news and its news environment, the author, like the method [26], focuses on
developing a framework for comprehending the historical news environment.
In all earlier posts, the author has cited history and the current state of the
mainstream media. The author also creates a model to identify fake news by
representing perceptions through domain gates. The outcomes are also good,
but due to the anti-face change, this method is still only somewhat predictive
if the user consciously improves; changes the history. To accomplish this, we
discover that the method [27] the authors have chosen to emphasize in the
suggested research, has compared various supervised machine learning models
to categorize fake news (hoax news) with reliability. Although the author has
suggested the K nearest neighbor model from there to classify the sample and
improve the quality of service like the advertisement the author mentioned,
this is similar to the method [26].

The real issue with social media is that anyone can post or share
anything, occasionally leading to issues if the shared information needs to
be verified. For many recent studies, this is also a challenge before sharing.
For instance, [26] shows how the author used the skill by using news from
Facebook, Instagram, and other social networks. The author has improved
accuracy by using the random forest to enhance the quality. The method we
have extended by designing a model through the data model is rigorously
testbed, and the data is analyzed, in contrast to the methods mentioned above.

Most research has concentrated on detecting fake news in a specific
language. Much information, however, is disseminated not only among native
English speakers but also among speakers of other languages from other
cultures. It raises an important question about the applicability of current
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methods for detecting fake news [23]. An extensive multilingual news database
is required to train a multilingual fake news detection model. To the best of our
knowledge, there are very few datasets for multilingual rumor detection. The
PHEME dataset includes tweets in both German and English [29]. COVID-19
news in both English and Chinese is included in multilingual COVID-19 [18],
whereas fake Covid [30] includes COVID-19 news in 40 languages. COVID-19
news is available in six languages on mm-COVID [31]. While the datasets
available can assist scholars with multilingual fake news research, they could
be more extensive in terms of the number of languages and data they contain.

Due to the benefits of Al algorithms, numerous researchers have used
these algorithms. In 2019, in study [32] the authors used machine learning to
compare three Nave Bayes algorithm classifiers, Support Vector Machine, and
Logistic Regression to categorize fake news. Therein, the Nave Bayes algorithm
classifier had the highest accuracy result of 83%. The HC-CB-3 approach [33],
which the authors proposed in 2018, was deployed in the Facebook Messenger
chatbot and verified using a real-world application, reaching 81.7% accuracy
in the detection of fake news. By utilizing the binary classification method [20]
in 2020, the authors could identify fake news with an accuracy of up to 93%. In
the same year, in [34] the authors developed a method known as Bi-Directional
Graph Convolutional Networks (Bi-GCN), which can process large amounts
of data quickly and efficiently while yet maintaining accuracy to assist in the
study of the propagation of rumors. In 2022, a new author suggested using the
TF-IDF algorithm and a random forest classifier, but the results showed 72.8%
of accuracy [35].

Additionally, numerous studies have taken an interest in recent
studies developed and proposed in Vietnam, such as Bidirectional Encoder
Representation from Transformer (BERT) [36]. In [36], the author uses
deep learning and natural language processing to base a question on an
answer. The author attempts to apply both language-specific BERT models
and multilingual BERT models for the Vietnamese language, including
DeepPavlov multilingual BERT and multilingual BERT refined on XQuAD
(PhoBERT). The analysis in this direction, though, ends at the level of the
representative model. In [37], the BERT and Hybrid fastText-BILSTM models
are also improved for the rather large data set of customer reviews. However,
the approach of this method clearly shows that the BERT model is superior to
Deep Learning. Recently, the K-BERT model has been suggested to support
language representation knowledge in specialized fields [38]. Using the
knowledge graph’s topic model to infer the topic for the input sentence, the
author has examined and approved the model for segmenting the knowledge
graph by topic. Our approach, however, relies on the BERT technique and then

800 WHdopmaTrka n aBTomaTtndaums. 2023. Tom 22 Ne 4. ISSN 2713-3192 (nev.)
ISSN 2713-3206 (oHnawH) www.ia.spcras.ru



INFORMATION SECURITY

normalizes the data using context analysis based on the TF-IDF evaluation
model to prevent the problem of incorrect input data.

In this research, we present a deep-learning aggregation model that
employs the TfidfVectorizer algorithm to train and test the data, matching and
transforming the training set in practice and altering the test set to increase
the accuracy in detecting fake news combined with computation economics
of the current BERT scheme. Additionally, Indonesia’s recent development
is also making substantial progress [39]. However, the BERT model still
has unresolved challenges, such as sentiment analysis, text classification, and
summarization. In this report, we used the BERT and TF-IDT models to
analyze and evaluate fake information. Experimental findings demonstrate
our model’s great effectiveness, with false news detection accuracy up to 99%
higher than that of the V3MFND, TF_RFCFV, and FNED models.

3. Theory background

3.1. Definition of fake news. Defining fake news has become
complicated since before 2016; it only referred to satirical and humorous
news [40]. After a period of complex changes with different meanings in
production, the press and the people’s government are threatened [41]. Since
then, fake news has become a buzzword on social networks [42]. Through the
analysis of the authors [40 — 42]. We define fake news as a type of information
that is inaccurate, or in other words, false with the primary information
(accurate information). They can be misleading, incorrect, or intentionally
created to deceive the public into attracting attention or increasing specific
personal or collective interests.

In Vietnam [43 — 45], much information, including accurate and
incorrect information, is transmitted throughout the country to deceive
appropriate property. Many authors have proposed and built models for that
information, such as [43] predictive models to transfer knowledge from one
data set to another without entity or relational matching. Besides, the author
in [44] carefully recommends counterfeit practices that rely on covid 19 to
take advantage of it to benefit individuals and organizations. This news is
never proper to reality and is given to deceive and create misunderstandings
about a particular issue or event.

Unfortunately, fake news is now not only spread by word of mouth
from one person to another, but through media effects, and social networks, it
spreads at breakneck speed. Because it is fabricated news, it is exaggerated,
so it contains thrilling, attractive, easy-to-hit emotions and the psychology of
people with high "expectations".

Fake news not only wins over the curiosity of readers, but it also weakens
the media. Fake news misdirects a part of society and "guides" some reporters
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and press agencies - unverified information from individuals on Facebook, Zalo,
etc. But there are online newspapers that still "quickly" turn into journalistic
products.

Our research shows that not only in Vietnam but also in other countries,
it is pretty common to identify fake information or human behavior can be
classified into three main categories as follows in Figure 2:

— The group that reluctantly publishes negative information always
finds bad points or distorts information.

— The group of people who need to be fully informed but rely on their
limited knowledge to give false information.

— The group has no data but wants to get views and badmouths, so they
are ready to spread unverified information.

Fig. 2. Three groups of people spread fake news famous in Vietnam

3.2. Some features of recognizing fake news on social networks.
There are three fundamental characteristics to detect fake news on social
networks: User, Posts, and Network.

— User: Fake news can be created and spread from malicious accounts
on social networking sites. User features represent how those users interact
with information on social media. The characteristics of social networks can
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be divided into different levels: individual level and group level, in which the
personal level includes relevant information such as Age, number of followers,
number of posts, etc. At the group level, users will know information related
to news of the posts that the user posts in the group.

— Post: People express their opinions or feelings through social media
posts such as Feedback, sensational reactions, etc. Therefore, extracting Post
features helps to find news stories and fake news through public posts. Feature
Post relies on user information validation to infer authenticity from multiple
aspects related to social media posts. We can extract Post information to detect
fake news on social networks. These features are divided into three levels:
1) Usually, social media posts. Each post usually has characteristics such as
Opinion, topic, and credibility - Post Level, 2) All relevant posts, specifically
the one using “Wisdom of Crowds”, which means “Wisdom of the crowd”. For
example, average confidence scores are used to assess news reliability - Group
Level, and 3) Recurrent Neural Network (RNN) is used to determine when to
post on social networks to attract posts that change over time. Based on the
shape of this time series for different metrics of related posts (e.g., Number of
Posts), mathematical features can be calculated, such as Parameters by time —
Temporal Level.

— Network: Users use social networks to connect members with similar
interests, topics, and relationships with each other — network-based extracts
particular structures from users who post public posts on social networks.
Network-based is built in different styles.

— Stance Network: Built by visible nodes for all news-related posts,
the edges represent the weight of the Stance Network similarity.

— Co-occurrence Network: Built on user interaction by counting
whether those users have posts related to the same article.

— Friendship Network: Indicate whether users follow or not follow
related posts.

Based on the features of detecting fake news on social networks
presented above. In this study, the authors use Post features to identify the
information to be verified.

4. AAFNDL. In this section, we discuss some of the issues of fake
news — definitions, components, types, and features of disinformation. We
detail our export model, which does some of the following work to identify
forgery information printed.

4.1. Problem Formulation. Fake news has become a global issue
that must be addressed immediately [46]. Defines fake news as misleading
content such as conspiracy theories, rumors, clickbait, fabricated news, and
satire [46]. According to reference [47], fake news is defined as misinformation
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and disinformation, including false and forged information, that is spread to
mislead people or fulfill propaganda.

In reality, there are several types of fake news. For example, we can take
the form of a stance, satire, multi-modal, deep fake, or disinformation. There
are four types of perspectives: agree, disagree, discuss, and unrelated [48].
Each concurrence is similar to the information in the fake news headline. In
addition, the point of disagreement contains conflicting information.

Therefore, properly evaluating fake information to combat fake news is a
big challenge. And from there, we can build a system to combat misinformation
or phony information on today’s social networking platforms. Most studies
evaluate using English, Spanish, and Portuguese [49]. We find that English is
the most commonly used language today. We recognize that the style of fake
news and how it is written can also vary from country to country, so a dataset
from a country that speaks that language would be a good contribution, rather
than translating existing datasets into other languages.

Furthermore, we have tried more than two examples above, and the
results show that our system performs reliably. With trained documents, the
system always ensures high accuracy. In addition, we also have tried a few
examples in addition to the training document the results are also good.

However, before processing for inclusion in the system, we have added a
step before putting it into the system, that is, to process the actual data on social
networking sites (the text is too long, the grammar is incorrect, or misspellings
and so forth). We call this phase the "Text summarization system", but it
doesn’t change the meaning of the entire text. Our system will be faster due to
the shorter sentence structure.

In Figure 3, we use a Text summarization that has become an essential
and helpful tool for supporting and extracting textual information in today’s
rapidly evolving information age. Therefore, in this section, we propose a
system of "Text summarization system" in three main stages as follows:

— Analysis: Analyze the input text to provide descriptions, including
information used to search and evaluate necessary corpus units and input
parameters for the summary.

— Transformation: The selection of extracted information is
transformed to simplify and unify; as a result, corpus units have been
summarized.

— Synthetic: From the summarized corpus, create a new text containing
the primary and essential points of the original text.

Extraction plays a significant role in detecting fake information and
word processing-related problems. The extraction method is built by extracting
necessary textual units (sentences or paragraphs) from the original text based
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Fig. 3. Stages of the text summarization system

on analysis of words/phrases, frequencies, locations, or suggested words to
determine the units’ importance and extract the actual units from there as
a summary. We can see it in Figure 3. Text transformation is how we use
statistical and graphing algorithms to represent it. Calculate the weight of
the sentence importance and select a subset of the original text to become the
summary text and represent it as natural language processing.

4.2. Design and problem solve. Based on the inadequacy and
explosion of information technology, we found that many studies have used
tools to detect bots but have yet to detect other bots because of the constant
change of the bot feature. It is hard to meet many requirements for online
detection. Therefore, in this section, we analyze and build a method to detect
many separate types of bots instead of one. According to [50], the authors
devised an unsupervised technique for automatically clustering similar bot
accounts based on a dataset and then assigning homogeneous accounts to
specialized bot classifiers.

In this section, we propose a model to identify fake information. We
analyze to detect phony information and use programming techniques to build
an artificial information detection m odel. The proposed model uses neural
network architecture to predict fake news in Figure 4.
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Fig. 4. AAFNDL algorithm model evaluates fake information

The model is detailed as follows:

Step 01. Data collection: The proposed approach will input the dataset
from a Social network to include in the system. The data is then fed into the
BERT system, a variety of techniques analyzed by many researchers such as
Word2vec [51], and FastText [43]. However, in this report, we use word2vec
for analysis in the BERT system shown in Figure 4. This system will analyze the
contents of the word information based on the analyzed content, according to
Golve. We call it the benchmark license for evaluation. This is very important
because it directly affects the later analysis. For example, the battery in the
computer, if it is said that the battery runs fast, it is not good because the
battery runs out quickly. Therefore, the BERT technique will find a vector
representing each word based on a large corpus, so it cannot describe the
diversity of contexts. This creation shares his direction toward the accuracy of
sentences in Vietnamese. In [3], the author also shared the opinions and views
of the comments. Therefore, creating a representation of each word based on
the other words in the sentence yields much more meaningful results. In this
step, our method will focus on data processing, and this step will be analyzed
through techniques and combined with modern methods such as BERT to
process the original data quickly.

806 WHdopmaTrka n aBTomaTtndaums. 2023. Tom 22 Ne 4. ISSN 2713-3192 (nev.)
ISSN 2713-3206 (oHnawH) www.ia.spcras.ru



INFORMATION SECURITY

In summary, at this step, we do the following two tasks:

— First, test data is collected from the content of articles from pages and
groups of social networking sites. Collect stories with many views, comments,
and shares for this data.

— Second, we collect real-life data sets collected from trusted websites,
and the data are described in detail in the performance evaluation sections.

Moreover, we analyze using the Hidden Language Model (HLM) in
this step to enable two-way learning from the text. To achieve this, we can
conceal a word in a sentence and make BERT use two-way words on both sides
of the sentence. To predict the hidden word, we can attempt to comprehend the
words that come before and after it. By examining the two-dimensional words
that come after and before the hidden text, we can quickly guess the missing
word because it gives us context cues. One example set a sentence in Figure 5:
"What are you doing?" We can predict and calculate the probability of this
sentence.

Fig. 5. BERT example uses two-way words on both sides

Step 02. Data preprocessing: The data will be analyzed and
preprocessed before entering the system. We use several analytical techniques,
such as word separation, unnecessary word removal, labeling, and data
encryption. Furthermore, we also use the BERT [36, 39, 52, 53] feature to
BERT extends the capabilities of previous methods by generating contextual
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representations based on words first and then leading to a language model
with richer semantics.

After collecting data from news websites and social media stories
according to a particular structure, data preprocessing is performed. First,
convert the data to its correct form and apply word separation measures to
separate the document’s content into corresponding words and phrases, remove
redundant characters in Vietnamese, and keep only words mean. The result
of the preprocessing stage is the index vector for each text document. The
preprocessing steps are performed in Figure 6.

Fig. 6. Our Data Preprocessing Diagram

Step 03. Extract information: Extract the essential information from a
text to create a concise version that still contains enough of the core information
of the original text with the requirement to ensure grammatical and spelling
correctness.

We find that the BERT model has shown superiority and responsiveness
to the processing process. However, the current techniques could be more
extensive in expressing the capabilities of representative vector models,
especially the fine-tuning approach. The main limitation here is that language
models are built based on a one-dimensional context, which limits the choice
of architectural model to be used during pre-training. In OpenAl GPT [53],
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for example, the authors use a left-to-right architecture, meaning the tokens
depend only on the previous tokens.

Furthermore, we can see that Figure 7 is a small data collection module
that performs normalization with the following specific functions:

— Step 01: Read news from data contextually analyzed by BERT;

— Step 02: Extract information, select information and remove
inappropriate information;

— Step 03: Save information and system for proof;

— Step 04: Process the TF-IDF index for news data;

— Step 05: Build an inverse index for news for information search;

— Step 06: Finish.

Fig. 7. Data collection subsystem

In general, this system with the idea is to build an accurate data set as
evidence to deal with fraudulent and fake acts of users. In the future, we will
continue to update more information, hoping that the system will automatically
update and put more data into the system.

Step 04 Identify features: The study uses TF-IDF to pinpoint the
characteristics of the text’s content. The most well-known statistical method
for assessing the significance of a word in a text paragraph within a collection
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of various text fragments is TF-IDF (Term Frequency - Inverse Document
Frequency). It is frequently employed in text data mining as a weight. Text
representation is transformed into vector space by TF-IDF. Therefore, we have
used additional TFIDF [51, 54] features by calculating the T'F' by counting the
keywords on the input data. However, we consider the number of keywords (for
keywords that are too large, i.e., more than nine times, we consider correlation
rather than using keywords). This will be more difficult because the input data
processes at the basic levels. Therefore, here we have further analyzed using
the following logarithmic (log) function to calculate T'F":

1+ log(Keyword Count)

TF
log(Word Count)

ey

This parameter Term Frequency (TF') reflects whether we use a
keyword too often or too rarely. Sometimes this value does not affect a positive
because we may need to measure the importance of a phrase, not just the
frequency in terms of how many times it uses, but be it a preposition, pronouns,
conjunctions, e.t. Therefore, to avoid that, we need the Inverse Document
Frequency (I DF) index, give by:

Total datasets

IDF =log(1 .
og(1+ Datasets with keyword

2

The I DF formula is equivalent to the T'F’ procedure. A linear lower
function will more accurately reflect the value in situations where phrases with
high I DF scores because a linear I D F' function pushes a document’s score
too high. When phrases with high I D F scores (possibly uncommon words,
misspelled terms, etc.) are in the field, the Linear I D F, like TF, can raise the
document’s score excessively.

Therefore, the TF — IDF is a comprehensive metric, unlike the
keyword density measure, which only reflects the degree of "cramming" a
specific keyword into the text. Furthermore, it helps to lessen the prominence
of meaningless words and phrases while elevating the importance of meaningful
and uncommon terms.

Step 05 Output parameter setting: After performing the IF-IDF
analysis, we conduct the analysis based on the classes trained through Layer,
Dropout, Conv1D, MaxPooling1D, LSTM, and Dense layers for classification.
Here we perform the assessment and divide it into two categories. If the result
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is 1, it is fake news; if the result is 0, it is not. The experimental results that we
define in formula 3 are the ones we tested:

1 fake news
0 otherwise

Classification results = { 3)

Finally, if we want to test with our model, we can input data from the
test set, and the system, through the trained data, will evaluate whether the
information is fake or not.

5. Performance Evaluation. This section will detail the installation
process and present some assumptions for detecting fake information through
the performance evaluation process.

5.1. Experimental Settings. This section will discuss standard
disinformation detection methods used in our review. In this study, we focus
on processes that take only previously forged information as input. Our future
work will include more advanced methods.

In particular, we evaluate three Fake News on ASUS Rog Strix G15
G513IC Laptop, with Chip: Ryzen 7- 4800H, Ram: 16 GB, and Graphics: RTX
3050 4GB methods: A comprehensive multi-domain multimodal model for
identifying fake news in Vietnamese (we called V3MFND), Term Frequency
- Resource Frequency combination to detect fake Vietnamese (we called
TF_RFCFV), and A Deep Network for Social Media Fake News Early Detection
(we called FNED). The following are the specifics of each method:

— V3MFND [44]: The author of this article also employs the multi-
domain deep multimodal fake news detection model for Vietnamese, also
known as v3AMFND. Based on the evaluation of the function of each method
in the multimodal model, the tests are expanded on the actual data set and
demonstrate the performance of multi-domain, multimodal fake news detection
for Vietnamese people.

— TF_RFCFYV [45]: This model uses the PhoBERT [55] pre-trained
language model and the Term Frequency - Resource Frequency combination to
detect fake Vietnamese news on social networking sites. For word embedding
and extraction for tamper detection, inverse data (TF-IDF) and convolutional
neural networks (CNN) were used.

— FNED [56]: This method suggests a new deep neural network for
early fake news detection. The technique is based on state-sensitive crowd-
response feature extraction, which takes the user’s text feedback and the
corresponding user profile and extracts text and user features. The average
aggregation mechanism, approach, and location-aware attention mechanism
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highlight the importance of user feedback at specific ranking positions. To
carry out feature aggregation across multiple regions using different window
sizes.

In general, the methods are evaluated to be relatively stable. The
advantages of every technique are demonstrated. Regarding our approach,
we draw on some of the used strategies, like using tools, machine learning, and
deep learning to improve our algorithms using the abovementioned methods.
However, our system was created based on neural network architecture to
foretell fake news.

5.2. Performance evaluation. This section uses three datasets to
evaluate the methods referenced, including fake_or_real_news, news, and
WELFake_Dataset in [57].

To experiment with the evaluations between the AAFNDL method
and the reference methods, we divide and arrange the data sets according
to 8:2, which means that 80% of the dataset uses for training and the
remaining 20% uses tests. The analyzed data evaluates as follows: for
the data file "fake_or_real_news" in Figure 8, "nmews" in Figure 9, and
"WELFake_Dataset" in Figure 10. In general, our method outperforms the
mentioned methods. Studies reveal that, in contrast to the FNED method,
which consistently achieves results of 92%, our method achieves over 99% in
Table 1.
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Table 1. Findings from comparing the AAFNDL method to the referenced methods

Dataset names
STT Methods Value fake_or_real news WELFake_
news Dataset
Accuracy 98.44 98.19 98.81
1 V3MFND F1-Score 92.72 92.79 95.97
Accuracy 95.83 93.13 95.83
2 TF_RFCFV | F1-Score 82.91 82.91 90.43
Accuracy 90.76 90.76 91.99
3 FNED F1-Score 68.47 68.27 77.13
Accuracy 99.22 99.48 99.70
4 AAFNDL F1-Score 95.97 94.36 95.97
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To evaluate the performance of the proposed method with the evaluation
method, we make two measurements, Accuracy, and F1-score from [58, 59],
using the following formulas:

Accuracy = TP+ TN 4
Y“TPYTN+FP+FN’
. TP
Precision = m, (5)
TP
Recall = m, (6)

Precision * Recall
F1-8 =2 7
core * Precision + Recall’ @)
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where:

— TP: The model predicts 1 while actually, it is 1;

— TN: The model predicts 0 while actually, it is O;

— FN: The model predicts 0, but the truth is 1;

— FP: The model predicts 1, but the truth is 0.

On the one hand, for each dataset, the methods all show relatively stable
results from the WELFake_Dataset to fake_or_real_news and news. For the
dataset WELFake_Dataset, the techniques have the best results: V3MFND of
98.81%, TF_RFCFV of 95.83%, and FNED of the lowest at 91.99%, and our
method achieves the best rate up to 99.70%. For the dataset fake_or_real_news,
the methods V3AMFND, TF_RFCFV, and FNED are 98.44%, 95.83%, 90.76%,
and 99.22%, respectively. The remaining dataset is 98.19% with V3MFND,
93.13% with TF_RFCFV, 90.76% with FNED, and ours is 99.48%.

Moreover, the experiment also shows that the results of the F1-Score of
AAFNDL are always better than those of the reference methods; the results
can improve up to 3.25%, 13.06%, and 27.50% for the referenced procedures
projections are V3AMFND, TF_RFCFV, and FNED, respectively.

On the other hand, considering each method, the data is different.
However, the experiment shows that the oscillometric methods at the set level,
such as the V3MFND method (from 98.19 to 98.81) and the proposed method
(from 99.22 to 99.70), fluctuate by no more than 1%, besides two of the
remaining techniques ranged no more than 3% with TF_RFCFV from 93.13
to 95.83, and with FNED from 90.76 to 91.99 not more than 2%.

6. Conclusions. This paper presents the recent techniques that BERT
widely uses along with the evaluation as mentioned above criteria TF-IDF. We
are applying assessment techniques to analyze fake information in Vietnam and
the limited problems in Vietnam and the general world. Second, we have built
and analyzed an evaluation model based on the combination of two criteria of
BERT and TF-IDF. Besides, we also have used Deep learning techniques to
classify fake information on social networking sites like Facebook, Zalo, etc.

Also, this paper has looked at four methods for identifying false
information. Our analysis also demonstrates that, when there is a method
that can detect fake news up to 98.81%, the estimated performance of the
current techniques is relatively good. Howeve, experiments have shown that
our method is better than the referenced methods when the proposed model
and analysis technique is used. In the future, our research will enhance current
approaches by enlarging the problem with more data.
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H.B. XyHr, T.K Jlou, H.T. XbIOHI, T.T. XAHI, T.T. XbIOHI'
AAFNDL — TOYHA A1 MOJEJIb PACIIO3HABAHUA
HOIII[EJII;HOFI NH®OPMAIINA C UCITOJIb30OBAHUEM
INIYBOKOI'O OBYUEHU S BBETHAMCKOI'O AA3bIKA

Xyne Heyen Bvem, Jlou Tpan Kyame, Xvione Heyen Tu, Xame Tpan Txu Tyii, Xvione
Tpyonz Ty. AAFNDL — TouyHass MojeJib pPacno3HaBaHHUsS NOAeJbHON HMH(popMamuu ¢
HCHOJIb30BaHNIEM INIyOOKOro 00y4eHHsI BbeTHAMCKOrO si3bIKa.

AnHoTamusi. B uHTepHeTe «(eiikoBble HOBOCTH» - 3TO PACIpPOCTPAHEHHOE SIBJICHHE,
KOTOPOE 4acTo GECIOKOUT OOIIECTBO, MOCKOIbKY COAEPKUT 3aBEAOMO JIOKHYIO MH(OPMALIMIO.
IlpoGnemMa aKTUBHO HcCCleJOBalach C HUCHOJL30BAaHMEM OOYUeHHs C y4uTesleM ISt
ABTOMATHYECKOr0 OOHapykeHHsi (PeHKOBBIX HOBOCTeil. XOTS TOYHOCTh pACTET, OHA IIO-
IpexkHeMy OrpaHHYMBaeTcs HAeHTUHMKanuell JokHOM HH(pOpMAlUM dYepe3 KaHaibl Ha
coluabHbIX IUIaTdopMax. DTO HCCIeOBaHHE HANpABJIEHO Ha MOBBHIIEHUE HAJEKHOCTU
oOHapyxeHHs1 (PefIkOBBIX HOBOCTeHl Ha IUIATOpPMax COIMATBHBIX CeTeil IMyTeM H3ydeHus
HOBOCTEHl C HEHM3BECTHBIX JOMEHOB. OCOOEHHO TPYIHO OOHApykKUTh U IIPENOTBPATUTH
pacnpocTpaHeHre MH(OPMALMU B COLMANBbHBIX CETAX BO BbeTHame, MOTOMY 4TO BCE UMEIOT
paBHBbIE 1IpaBa Ha MCIOJIB30BAaHUE MHTEPHETA Ul PasHbIX Liesieid. DTH oAU UMEIT JOCTYI K
HECKOJIbKMM Iu1athopMam colpasbHbiX ceteil. JIio0oii mosp30BaTeb MOXKET MyOIMKOBATh MIIH
PacnpoCTpaHATb HOBOCTU Yepe3 OHJIAH-IIaT(OPMBL. DTU IUIAT(GOPMBI HE NBITAIOTCS MIPOBEPATH
T0JIb30BaTelIel, UX MECTONONOKEHUE WM COAEPKMMOe UX HOBOCTei. B pesyibraTe HeKOoTOpbIE
MOJIb30BATENM TBITAIOTCS PACHPOCTPAHATh UYepe3 3TH IIaThopMbl (heKoBble HOBOCTU IS
NponaraHabbsp; NMPOTHB OTAEJIBHOrO JIMLA, OOLIECTBA, OPraHU3aLMU WM IOJUTHYECKON
maptud. Mbl OpeoXWId IPOAaHAIM3UPOBaTh M Pa3paboTaTh MoOfeNb pPACHO3HABAHUS
(peiikoBBIX HOBOCTEil C WCHOJNB30BaHMEM ITyOOKoro oOyueHusi (HassiBaemMoro AAFNDL).
MerToz BbIIONHEHUsT PaOOThL: 1) BO-MEPBbIX, aHAIM3UPYEM CYILIECTBYIOIME METO/BI, TAKHE Kak
IpeJICTaB/IeHHe ABYHAIPABJIEHHOIO KOIMPOBINKKa OoT npeodpasosateiist (BERT); 2) npucrynaem
K TOCTPOEHHUIO MOJEJM IJISl OLIEHKH; 3) MOAXOAMM K HNPUMEHEHHIO HEKOTOPBIX COBPEMEHHBIX
METOJ0B K MOJEJIY, TAKUX KaK MEeTOf I'TyOOKOro o0yueHsl, MeToAl KjiaccudukaTopa u T.1., JJIs
KJIacCU(pUKaLUU JIOKHOH MH(pOpMalMH. DKCIEPUMEHTHI ITOKA3BIBAIOT, YTO HAll METOJ MOXET
YILy4IIUTD pe3ynbTaThl Ha 8,72% MO CPAaBHEHUIO C APYTUMH METONAMHU.

KuroueBble cJioBa: colMalbHBE CETH, BBIUUCIUTENHHOE MOAEIMPOBaHNeE, IIyOOKoe
o0ydeHue, U3BJICYEHHE NMPU3HAKOB, AITOPUTMBI Kilaccupukarmy, deiikosie HoBocTH, BERT,
TF-IDF, PhoBERT.
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A.P.TAUYK, H.H. IIPOKOIEHKO, A.B. BYTAKOBA
KOMITEHCAIIMS OIIIUBOK, BbI3BAHHBIX BPEMEHHOM
3AJIEPKKOM [IU®POBBIX JTATYNKOB

Taiioyx A.P., Ilpoxonenxo H.H., Byzaxkoséa A.B. KommeHncaumsi OmMO0K, BBI3BAHHbIX
BPEMEHHOIi 3a/1ep:KK0if IH(POBBIX JaATYUKOB.

Annoranus. VccienoBaHue MOCBSIICHO TOBBILICHHI0 TOYHOCTH HU(POBBIX TaTYUKOB C
3ama3fblBaHHEM  II0  BPEMEHH.  AKTyalbHOCTb  TeMBl  OOyCIOBIE€HAa  IIUPOKHM
pacrpocTpaHeHHEeM JaTINKOB 9TOTO TUIIA, YTO BO MHOTOM OOYCJIOBIEHO PE3KUM ITOBBIIICHUEM
TpeOGOBaHUil K TOYHOCTH NATYHKOB, a TAKXKE DPACIIMPAIOIMMCS HPUMEHCHHEM LH(POBBIX
TEXHOJIOTHH A1 00paboTku MHGOPMALMU B CHCTEMAaX YIPABICHUA, CBSI3M, MOHHUTOPUHIA U
MHOrHX Jpyrux. Jus ycTpaHeHHs OMHKOOK, OOYCIOBICHHBIX BPEMEHHOH 3aIepiKKou
U(POBBIX JATYMKOB, IIPEUIAracTCsi HCIOJIb30BAaTh AaCTATMYECKHil OBICTpOACHCTBYIONIMIA
KoppekTop. LlenecooO6pa3HOCTh MPUMEHEHHUs 9TOT KOPPEKTOpa 0OOCHOBBIBACTCS CBOICTBaMU
JHCKPETHBIX IUHAMUYECKHX CHCTEM. B CBSI3H ¢ 9TUM CHavana pacCMaTPHBAIOTCS YCIOBHS, IPU
KOTOPBIX AUCKPETHBIE CHUCTEMbI SABJIAIOTCA (1]14314'-{60](1/[ peanu3yeMbIMU U UMCHOT KOHCYHYIO
JUTHTETbHOCTh TEPEXOAHBIX IPOLECCOB, MTOCKOIBKY B 9TOM MOCTEAHEM CIIydae OHHU SIBISIOTCS
HanOosee ObICTpoAEHCTBYIOMMMHE. TaiKe MOKa3aHO, UTO U H3MEPEHHS IOTHHOMHAILHOTO
CHIHAJIa OTPaHMYCHHON WHTCHCHBHOCTH C HYyJICBOW OIIMOKOW B YCTAHOBHBIUEMCS PEXKHME,
JaTYHK JO/DKEH HMETh MOPSIOK acTaTU3Ma Ha eIHHHIy Ooblie CTeHEeHH 3Toro curHana. Ha
OCHOBE IIPUBEIEHHBIX YCIOBHII JOKA3bIBAETCS OCHOBHOH pe3ylbTaT CTAaTbH — TEOpeMa, B
KOTOPOH YCTaHABIMBAIOTCS YCIIOBHS CYIIECTBOBAHHS aCTATHYECKOTO OBICTPOAEHCTBYIOIIETrO
KoppekTopa. IIpy BKIIIOYEHHH 3TOrO KOPpEKTOpa Ha BbIXoAe LU(POBOro JaTuHKa HIU
KOPpPEeKIMM MHPOTPaMMHOIO O0eCIedeHHsI MHOCIETHEro o0pasyeTcsi MOJCPHH3MPOBaHHBIN
JIaTYHK, OLIMOKA KOTOPOTrO B YCTAHOBHMBLIEMCS peKHMe OyAeT paBHa HYI0. DTO MPOUCXOIUT
BCJIG[ICTBHE TOTO, YTO KOPPEKTOP yCTpaHseT OMHOKY HU(POBOro NaTyHKa, 00yCIOBICHHYIO
MMeBIIEHCS B HEM 3aJep)KKOH MO BpeMEHH, KOTopas MpeArnoJyiaraeTcs KpaTHOH Hepuomy
IucKpeTH3anuu. Ilopsmok KOppekTopa Kak CHCTEMbl ONpPENessseTcs] LEeJIOYHCICHHBIM
pellleHueM MONy4eHHOTo B paboTe ypaBHEHHUs, KOTOPOE CBS3bIBACT CTENEHb U3MEPSEMOro
MOJIMHOMHAIBHOTO ~ CHTHAla,  3ama3jgblBaHue  OUGPOBOrO  JaT4WKa,  JOIYCTUMOE
NepeperyIMpoBaHie MOJCPHU3UPOBAHHOIO JaTUYMKAa M OTHOCHUTEIBHBIH MOPSIOK HCKOMOIO
KOppeKTopa. OTO ypaBHEHHE PELIEHO I CIydaeB, KOIJa CTENEHb M3MEPAEMOro CHrHaja He
GouIbllIe eAUHUIIBL, IEPEPETyIHPOBAHIE PABHO YACTO HA3HAYAEMBIM 3HAUCHHUSM, a 3aAepKKa [0
BPEMEHH HE INPEBBIIACT YETHIPEX MEPUONOB NUCKpeTH3aluH. ITOpsIKH COOTBETCTBYIOIINX
MOJICPHU3UPOBAHHBIX HU(POBBIX AATYMKOB MPUBEACHBI B TaOIHYIHOM opme. ITO MO3BOISET
HAXOMUTh HEOOXOMUMBIH KOPPeKTOp Oe3 pelleHHs yKa3aHHOTO YpPaBHEHHS BO MHOTHUX
MPAKTHYECKHUX CIydasx. D(PEKTUBHOCTh MPEIIaraeMoro Moaxoja K MOBBIIEHHIO TOYHOCTU
UpPOBBIX JATYMKOB II0KA3aHAa Ha YMCIECHHOM mnpuMmepe. HynieBoe 3HaueHHe ONIMOKH
MOZEPHU3UPOBAHHOTO JATYHKA MIOATBEPKIACTCS KaK IyTeM KOMIBIOTEPHOTO MOJCIUPOBAHUS,
TaK U YHCIEHHBIM pacueToM. IlomydeHHBIE pe3yIdbTaThl MOTYT HCIOJB30BATHCS IPH
pa3paboTKe BEICOKOTOUHBIX HU(PPOBBIX JATYUKOB PA3INYHBIX (PH3UYECKUX BEITUUMH.

KioueBble cjI0Ba: IUCKpeTHas cucTeMa, HU(PPOBOH GHIBTP, HUGPOBOH [AaTUIHK,
MOPSIIOK CHCTEMBI, OTHOCHTENBHBIN MMOPSIOK CHCTEMBI, 3alla3/(bIBAHNE, aCTATH3M, IIePEX0IHbIH
mporecc, epeperyIupoBaHie, KOHEUHBIH IepeX0oAHOH mpouecc.

1. BBeueHne. C YBCIMYUCHHUEM CJIO’)KHOCTH COBPEMCHHBIX
TCXHUYCCKUX CHUCTEM U YKECTOUCHUCM Tpe60BaHHI71 K HUX KadCCTBY,
BO3pacCTacT BAXKHOCTL POJIM JAaTUYMKOB B CUCTEMAX PA3JIMYHOTO HA3HAUCHUA:
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yIpaBJIeHUs,, MOHUTOPHUHTa, AuarHoctuku u T.m. [1—5]. Tlo cymectsy,
WMEHHO JIOCTOBEPHOCTh W TOYHOCTH JIOCTAaBISIEMBIX JaTYMKaMH JaHHBIX
00yCJIaBIMBAIOT HOJIE3HOCTh U 3((PEKTHBHOCTh (DYHKIHMOHUPOBAHMS 3THX
cucTeM. OTH KadyecTBa JATYMKOB 3aBUCIT HE TOJBKO OT XapaKTepPHCTHK
YyBCTBHUTENBHBIX 3JIEMEHTOB, HO W OT CHCTEMBI NpeABaAPUTEIHHON
00pabOTKM MaHHBIX, KOTOPYIO IEJIECOO0pa3HO pa3MeIarh ONmKe K
CUMTHIBAHUIO JIaHHBIX. B CBA3M C 3THUM B IOCIEAHME ToAbl BCE Ooiee
IIMPOKOE  pAcIpOCTPaHEHHE  TOJNy4YaroT  JaT4MKH, B  KOTOPBIX
YYBCTBUTENBHBI JIEMEHT OOBENUWHSIETCS CO BCTPOSHHOH CHCTEMOU
TpeaBapuTeIbHOW 00paboTk maHHBIX. llocieaHss OOBIYHO TPEACTaBISET
cO0OW  BBIYUCIUTENIb, (YHKIHM KOTOPOTO peaju3yeT MpPOIEccop,
pa3MellaeMblii B HEMOCPEICTBEHHOH OJIM30CTH K UYyBCTBHUTEILHOMY
9JIEMEHTY JaTyvka. Takue UuQpoBbIe IaTYMKM YacTO Ha3bIBAIOTCS
WHTEIUICKTYyaJbHbIMU. M3-32 HanWuus BBIYUCIWTENS TaKOW JaT4uK
MpeBpaIlaeTcss B JUCKPETHOE NUHAMHYECKOE 3BEHO M XapaKTepH3yeTcs
3amas3/iblBaHieM 10 BpeMeHH. OCHOBHBIE IPOOJIEMBI, CBS3aHHBIE C
CO3[JaHMEeM HHTEIUICKTYAIBHBIX JaTYUKOB M HW3MEPHUTENIBHBIX CHCTEM,
3aKJII0YAIOTCs KakK B pa3padoTKe 3 (EKTHBHOTO, C TOYKH 3PEHUSI TOYHOCTH,
anroput™Ma o0pabOTKH JaHHBIX, TaK ¥ B BBIOOpE BRUHCIHTENL. B pabote
[6] moxazaHO, WTo mpoOiieMa TOYHOCTH HWHTEIUIEKTYalbHBIX JaTIHUKOB,
TECHO CBSI3aHA C YPOBHEM IOTPEOJICHUS] SHEPTUH KOMIIOHEHTAMH CHCTEMBI
oOpaborku. IlosToMy pekoMeHIyeTcs TPHMEHSTh IPOIECCOPHl ¢
MHUHUMAJIBHBIM IIOTPEOJICHUEM JHEPIHH, 4YTO OOECHEYUT 3HAYUTEIHHO
60mbIIyI0  CBOOOAY BHIOOpPa AITOPUTMOB BBIMONHEHHS HEOOXOINMBIX
(GYHKIWIT ¥, B 4aCTHOCTH, (PHIIBTPALIUH.

[Tocnennee O0OYCNOBIEHO TeM, 4YTO JaTYUKH, KaK IPaBHIIO,
(YHKIHMOHHUPYIOT B YCIOBHSX BHEUIHUX CIIyYailHbIX IOMEX U BO3JECHCTBHH,
MIO3TOMY WX BBIXOJHBIE CHTHANBI COJIEp)KaT ciay4daiiHble omnOku. OOBIYHO
9TH OIIMOKU CYUTAIOTCSI IIEHTPUPOBAHHBIMU CITyYalHBIMH T'ayCCOBCKHUMH
npoueccamu.  [lodToMy — BeIUMCIMTENM  OONBIIMHCTBA  M3BECTHBIX
MHTEIUIEKTYaJbHBIX JaTYMKOB pEau3yl0T B OCHOBHOM aJTOPUTMBI
IUQPOBEIX (DMIBTPOB PA3IUYHBIX THIOB. [Ipr 3TOM COBpeMEHHBIE METOJIBI
nupoBOi (QUIBTPAIIA TO3BOJIAIOT O00ECIEUYNTh IMPEHEOPEKUMO Maibie
3HAYCHUSA omHnOOK  JaTYHKOB, 00YCIIOBIICHHBIX CITyJaHHBIMH
COCTaBIIONINMH BXOJHBIX CHUTHAIOB [/ —8]. OmHako »TH (QUIBTPHI
XapaKTepU3YIOTCsl 3HAUUTEIbHON 3aJ€PKKOM 110 BpPEMEHHU, YTO IIPUBOJIUT K
MOSIBJICHUIO CYIICCTBEHHBIX OIMHOOK matuukoB [2, 6]. Ha pucynke 1
[OKa3aHbl rpavKH BXOJHOrO CUrHaa: (&) HEKOTOPOro JaTdMKa U CHTHAala
(6) Ha BBIXOIE €TO HUIBTPA.

Kak BuaHO OmMOKH, BBI3BaHHBIE CIYYalHBIMH [OMEXaMH, MO
OKOHYaHMM  IIEPEeXOJHOr0  mpouecca B (uibTpe, MPaKTHYECKH,
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OTCYTCTBYIOT, HO H3-32 33JIEpXKKH BBIXOJHOTO cHrHaia (6) ¢unbetpa, 1o
OTHOIICHHIO K BXOJHOMY CUTHaJy (@), BOSHHKAET OLINOKa, 4acTO JIOBOJILHO
3HAYUTEINIbHAS, 4TO CYILLIECTBEHHO YXYAIIAaeT KAaueCTBEHHBIC
XapaKTEepUCTUKH JAaTUUKOB KaK M3MEPHUTENBHBIX ycTpoilcTB. IlosTomy Ha
NIPaKTUKE IPUMEHSIOTCS DPA3IMYHBIE METOABl M IOAXOJBI, IO3BOJIAIOLIUE
YMEHBIINTH BIUSHAE OMNOOK JaTYNKOB, 00YCIOBICHHBIX 3aI1a3bIBAHUECM.

Puc. 1. I'pa¢uixu a-BXOAHOTO, H-BEIXOAHOTO CHUTHAIOB

C aTo#i 11eJIBI0 B psijie paboT MpeIaraloTcs pas3iIndyHble aJrOpUTMbI
BOCCTaHOBJICHHUS IEHCTBUTEIHHOTO 3HAYECHUs M3MEPSIeMOro curHaia. Tak B
[5] Ha ocHoBe Teopemsl KoTenbHrkoBa-1lleHHOHA M METOIa PETYIISIpU3aIiK
A.H. TuxoHoBa pa3paboTaHBI HOBBI METOJ M alTOPUTM MaTeMaTHYECKOU
00paboOTKM [aHHBIX, IMOCTYHAIOUIMX OT IHCKPETHOTO UYyBCTBUTEIBHOTO
3JIeMeHTa. BBIUMCIEHUs] peanbHBIX 3HAUCHHWH HENPEPhIBHOIO CUTHAjla Ha
BXOA€  JaTyhKa  OCYHIECTBISCTCS  C  HCHOJIBb30BAaHMEM  JABYX
PETYISIPU3aLMOHHBIX Sep M BBIOOPOK COOTBETCTBYMOLIEro 00bEMa. Ilpu
STOM TapaHTHUPYIOTCA TOYHbIE T'paHHULBI OmHMOOK natdynka. C 3TOH xe
1espio B [9] mpemmararorcsi METOIbI MPOCKTHPOBAHKS HHTEIUICKTYATBHBIX,
BBIYUCIIUTEIIBHBIX CCHCOPHBIX CUCTEM W OAaTYHUKOB, (byHKLlI/IOHI/IpOBaHHe
KOTOPBIX TTOJIEPIKUBACTCS METOJIaMH MallMHHOTO 00yueHus. [lo MHEHHIO
aBTOPOB, IMpeAjlara€MblC METOAbI TO3BOJAT CO3AaBaTb HEAOPOrue U
KOMITaKTHBIE CEHCOPHBIE CHCTEMBI, TOBBIIIEHHON TOYHOCTH.

B [10] nnst MOBBIMEHUS TOYHOCTH WHEPLUANBHBIX IAaTYHKOB, THUIIA
THPOCKOITMUECKUX  AKCEJIEPOMETPOB,  NPUMEHSETCS  WTEPALMOHHBINA
QITOpUTM JUCcKpeTHoro (mipTpa Kanmana, ucronb3yromuil 0OHOBICHNE
KOBapHAlMOHHBIX  (DyHKIMH, CBA3BIBAIOIIMX  JAWCKPETHBIE  OTCUETHI
BbIOOPOK. IIpn 3TOM CyIIECTBEHHO CHMIKAIOTCS BBIYMCIHUTEIBHBIC 3aTPATHI,
HO 3¢ ¢extuBHOCTh ¢GuibTpa Kanmmana He cHuKaeTcs. B HempepbIBHBIX
Cllyyasx IJIsl aHaJIOTUYHBIX IIEJeH HCIOJIB3YETCsl MOJENb HENPEPBIBHOTO
¢unsTpa Kanmana [11]. TouHoe H3MEpEHHE CHTHAIOB, HECOMHEHHO,
CBA3aHO C 0€30TKa3HOW paboTOW JaTYMKOB, B TOM 4YHCIC U

828 MHdopmaTuka 1 aBTomaTtndaums. 2023. Tom 22 Ne 4. ISSN 2713-3192 (nev.)
ISSN 2713-3206 (oHnaiH) www.ia.spcras.ru



DIGITAL INFORMATION TELECOMMUNICATION TECHNOLOGIES

UHTEJUICKTYaldbHbIX. Iy  oOecreueHuss YCTOWYHMBOH pabOTBI CHUCTEM,
WCHOJB3YIONMX  JAaTYNKH, [PHHAMAIOTCS  pa3IMYHBIC  MEphl IS
MPEOJOJICHUS  CIIy4acB BO3HUKHOBCHHS OINMOOK B HW3MEPUTECIHLHOU
nH(pOPMAIINH, BRI3BAHHBIX 0TKa30M JaTYHKOB. C 3TOU IEIBI0 TPUMCHSFOTCS
CHeHANbHBIC HAONFOIATENH, MO3BOJIIOMIAE OIICHUTh TEKYIIEe COCTOSHHE
JATYUKOB W OCYIIECTBUTh OCTATOYHO TOYHBIA MPOTHO3 W3MEHCHHHN
BHEIHUX  u3MepsieMblx  curHanoB [12-15]. Tlpu a3tomM MoOryT
HCIOJB30BATECS aJalTUBHBIE alNTOPUTMBI OIEHKH TEKYIIer0 COCTOSHUS
JIaTYNKa, pa3paboTaHHbIe Ha OCHOBE TEOPHH ycTonunBocTH JIsmyHoBa [13],
TEOPUHM CKOJNB3SIIUX PEKUMOB, JIMHEWHBIX MATPHYHBIX HEPAaBEHCTB H
WHTETPUPOBAHUS, YTO YBEIMYMBAET CKOPOCTh CXOJWMOCTH M TO3BOJISIET
CBECTH K MUHUMYMY OINMUOKY orieHuBanus [14, 15].

BecbMa 3 QeKTHBHBIM B IUIaHE OOCCICUCHHS BBICOKOW TOYHOCTH
BOCCTAHOBJICHHsI BXOJHOTO CHMTHajla Ha BBIXOJIE HM3MEPHUTENBHON CHUCTEMBI
siBrsieTcsl 3 ekt BOSHUKHOBEHHS HYJICBOM OIMIMOKH B CICIAIIUX CHCTEMAaX
JUCKPETHOTO THUIIA C KOHEUHBIM BPEMEHEM IEPEXOJHOro Ipolecca MpU
JCHCTBHUM Ha UX BXOJAax CTyleH4aThix Bosneictuii [16]. Ipennaraercs,
TaKXKe OICHWBATH BpEeMs 3ama3ibIBaHHS C TEM, 4YTOOBI Y4eCTh €ro B
anroput™Me (YHKINOHHWPOBAHUS CHCTEMBI, B KOTOPOH HCIIONB3yeTCs
maTduk. Jns KoMmeHcanuu OmMOOK JaTYWKOB, BRI3BAHHBIX BPEMEHHBIMU
3allep)KKaMH, TpeUIaraeTcsl MPUMEHUTh METOJ JIMHEHHOW perpecchd ¢
MUHUMH3ALUEH OTKIIOHEHHH. OTO TO3BOJSET OOECIEeYHTh OOJIBIIYIO
IIyMOYCTOMYMBOCTh JaTylKa, HO HyJieBas OIIMOKa, €CTECTBEHHO, HE
nocruraercs [17, 18].

B pabotax [19 —21] pa3pabaThiBatOTCs CICUUAIBHBIC JJIEMECHTHI C
OTpHUIATENBLHBIM TPYIIOBLIM 3amasapiBanueM (NGD) BkiioueHHe KOTOPBIX
B CHUCTEMBl CBSI3M W TMEpelayd JaHHBIX TI03BOJISIET KOMIIEHCHPOBATH
BIVMSIHAC  3ama3[plBaHUs. OTH  3JEMEHTHl  pa3padaThlBalOTCA U
W3rOTABJIMBAIOTCS HA OCHOBE KaK CHEIHATbHBIX akTUBHBIX RC 1ierneit, Tak u
C TIpPUMEHEHUEM HHIYKTUBHOCTEW U pe3ucTopoB. Bo3HHKarolmue B 3THX
cXeMax HaHO-, MUKPO-, 1 MIUDTHCEKYHIHBIE 3P PekTsl NGD monrBepxaeHsI
YUCIICHHO W SKCIEPUMEHTAIbHO. BO3MOXHOCTE KOMITCHCAIIUN BPEMEHHOU
3allepKKU ¢ ucnonb3oBaHueM NGD OTKpbIBaeT MIMPOKHE MOTEHIHAIBHBIC
BO3MOKHOCTH JIJIsl YJIyYIICHHS KAadeCTBEHHBIX XapaKTEPUCTHK JaTYAKOB
[19, 20]. B [21] mpemroxkeHa MHOTO(MYHKIIMOHATbHAS CXeMa, Ha OCHOBE
KOTOPOH MOTYT OBITh pEaM30BaHbI DJIEMEHTHI C OTPULIATEIHHON TPYIIIIOBOM
3aJIEP’KKOM, BKIJIFOYAsi MOJOCOBOM, BBHICOKOYACTOTHBIM M HHU3KOYACTOTHBIN
(GUIBTPBI, KOTOPBIM COOTBETCTBYIOT pa3lIMUHbIE YCJOBHUSI BKIFOYSHUS
E€MKOCTH, UHTyKTHBHOCTH u COMPOTHBIICHUSI. PesynbpraTsl
SKCIIEPUMEHTAIBHBIX HCCIIEOBaHUN pPa3pabOTaHHON W HM3TOTOBJIEHHOMN
cxembl ¢ NGD moarBepanin BO3MOXHOCTh KOMIICHCAIIMK 3amia3bIBaHHUS.
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OnHako OTOT NOAXOJ TMO3BOJSET KOMIIGHCHPOBATh JIMIIL — Malible
3ara3/IbIBaHusl, YTO OTPAaHUYMBAET €r0 MPUMEHEHHE B PEAIbHBIX CHCTEMax
YIIpaBJICHUS U CUCTEMaX CBSI3H.

Yame Bcero W3BECTHbIE METOABl  KOMIIGHCAMM  OMIMOOK
MHTEIJIEKTYaIbHBIX JaTYMKOB, BEI3BAHHBIX 3aMa3/[bIBAHUEM 10 BPEMEHH, HE
MO3BOJIIIOT YCTPAHUTh 3TH OIIMOKH MOJHOCTBIO, AAXE OISl CHUTHAJIOB,
OTIpeNIeICHHBIX BUAOB [22 —25]. JrTo o00ycnaBimBaeT HEOOXOAUMOCTH
pa3paboTKM HOBBIX METOAOB KOMIIGHCALMM BIHMAHUS BPEMEHHOTO
3ara3AbIBaHus.

B nmanHO# paboTre Ay KOMIIEHCAIMK OIMHOOK IMU(PPOBOTO JaTUYHKA,
BBI3BAHHBIX 3aJICPXKKOH 10 BpPEMEHH, paccMaTpHUBAeTCs HPUMEHEHHE
acTaTH4ecKoro OpicTpoaeicTBytomiero koppekropa (ABK), mpennoxeHHOro
B pabote [26]. DTOT KOppEeKTOp SBISETCS JUCKPETHBIM W pean3yercs
TaKKe C NPUMEHEHHEeM LU(POBLIX 3ieMeHTOB. OH HMMeeT KOHEYHYIO
JUTUTEBHOCTD TIEPEXO/IHBIX MPOLECCOB U 00JI1aaeT CBOMCTBOM acTaTH3Ma
[27,28]. DTO CBOWCTBO AWHAMHYECKHX CHCTEM, B TOM YHCIEC W
JMCKPETHBIX, JOCTaTOYHO YacTO HCIOJB3YyeTcs MU IIOBBIICHMS
Ka4eCTBEHHBIX XapaKTePUCTHK Pa3IMuHBIX CHCTeM. B ciyuae mudpoBbIX,
WHTEJUIEKTyaJIbHBIX JaTYUKOB HMMEHHO 3T0 cBoicTBO ABK mnozBomsier
00eCTeunTh TOJHYK KOMIICHCAIUI0 €ro OIMHOOK, OOYCIOBICHHBIX
3ara3ibIBaHUEM.

OO0b1uHo tndpossie narunku (L1, pucyHok 2) npencraBistoT coboi
COBOKYIIHOCTh 4yBCTBUTeNbHOTO 3jeMeHta (UD) u ananoro-imdpoBoro
unrepdetica (ALIN) [6 — 8, 24]. Tlocnennuii, B 4aCTHOCTH, MpEAHA3HAYCH
JUIsl ToAaBieHust ((QUIIbTpalMK) CIIy4YaiHBIX IIYMOB W TIOMEX, KOTOpBIC
BCET/1a CONPOBOXKIAIOT PabOTy NaTYMKOB.

Puc. 2. Cxema MOJIepHU3UPOBAHHOTO IU(PPOBOTO JaTIUKA

Curnanel Yy, ¥ Y, CIEIYIOT ¢ HEKOTOPHIM IIEPHOAOM T H, Kak
MOKA3aHO HA PHUCYHKE 3, 3HAYEHMS BBIXOJHOTO CHTHaNIA Y, B
YCTAQHOBHBIIEMCST PEKHUME HE OTIMYAKOTCS OT 3HA4YeHHH Oy,
uenpepsiBHoro curiana g, (t) , k=0,1,2,.... Oxnaxo, 3HAYCHHS Y,
AMEIOT OOJIBIIYIO 33ICPKKY (3ara3qpIBaHUe) IO BPEMEHH T, KOTOpask MOXKET
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JOCTHI'aTh HECKOJIBKUX IEpUuoJoB, T.e. T = (T, rme memoe yucio (=>1
(na pucynke 3 =2, T.e. Hampu™mep, Yauia =%pn o Yawnss = G
U T.J.). OTa 3aJepKKa, OYCBHIHO, MPHUBOJUT K 3HAYUTEILHOW OLIHOKE
naryrka. OTMETHM, 4YTO B Ciydae, INPEACTaBICHHOM Ha pHUCYHKe 3, B
nHTepBaie BpeMeHn Mexay t = 17T u t = 21T umeer MecTo IepexoaHON
Impolecc, MO3TOMY B CIydae pacCMaTpUBAEMOro JaTdMKa pPAaBEHCTBO
Yark = Oiyk_» B 9TOM MHTEPBAIIE, ECTECTBEHHO, HE BBIMOHIETCS.

OmnbKa JaTYMKOB, BEI3BAHHAS 3ala3/bIBaHUEM, KaK OBLLIO ITOKA3aHO
BBIIIE, OTPULATCIILHO BJIMACT HAa HMX XaPAKTCPUCTHUKH, a TAKKEC Ha CBOMCTBa
CHCTEM, B KOTOPBIX OHU HCHOJIB3YIOTCS. [109TOMYy BO3HMKaeT HEOOXOAUMOCTh
YMEHBIICHHS! BIIWSIHHS 3ama3iblBaHus HA OMIMOKY JaTyuKa, >KeJIaTebHO
TIOJTHOM KOMIIEHCAllMM 3TOTO BIWSIHUA. VIMEHHO IUISl TTOJHOM KOMIIEHCAIUH
9TOH OWIMOKM TMpejyIaraeTcs JONOJHUTENBEHO BBECTH B COCTaB JIaT4MKa
aCTaTUYECKUI OBICTPOICHCTBYIOMIMIT KOPPEKTOP, KaK MOKA3aHO HA PHCYHKE 2.
3TOT KOPPEKTOp, KaK OyJeT MOKa3aHO HIJKE, yCTPaHseT OUINOKY, BHI3BAHHYIO
3arma3JblBaHUeM,  HE3HAYMTEIBHO  YBENMYMBAsS ~ CyMMapHOE  BpeMs
3anazapiBaHus. [Ipu 3ToM npenmomnaraercs, aro 3anepxka B UD u ALIU kpatHa
nepuofy Auckpermsaimu 1 [27,28]. Jatdyuk, cxema KOTOpPOro roka3aHa Ha
pucyHke 2, Oy[eM Ha3bIBaTh MOJIGPHU3MPOBAHHBIM LH(POBBIM JIATYUKOM
(upgrade digital sensor).

Puc. 3. ,Z[I/ICerTHLIe 3HAa4YCHUA CUT'HAJIOB

Janee paccMaTpHBalOTCsi CBOWCTBA MOJAEPHU3UPOBAHHBIX HU(PPOBBIX
natynkoB ¢ ABK, uMeromem KOHEYHYIO JUIMTENIBHOCTh IEPEXOIHOTO
mpoliecca  MOCTOSHHOE nepeperynuposanue [29, 30].

2. IToctanoBka 3amaum. Ilyctp uyBcTBUTENBHBIH 3ieMeHT (YD)
comectHo ¢ Al nwmdppoBoro pmarumka (PUCYHOK 2) QOPMHUPYIOT
mucKpeTHbie 3HaueHus Yy, = 0, ((K—0)T) BxomHoro HempepsiBHOTO

curnana g, (t) (pucynok 3) ¢ mepuonom T u ¢ 3a1epXKKOi Ha ( MEPHOJIOB.
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B oTom ciryuae z-uzobpaxenne BbixomHoro curnama AU Y, ¥AMeeT

BUI Y, (2) = 2799, (2) [29]. 3nauenus Y, , BoIxoaHOro curxama ALIM

nocrynatoT Ha Bxoa ABK, koropblii mnpenamnonaraercs JIWHEHHBIM C
nepenaTouHor QpyHKIue:

Wi (2) = Vg (2) Yarm (2)=D,(2)/D(2), 1)

rae Y, (2) — z-u3o6paxenue BoixoxHoro curnana ABK, ssisromierocst n
BBIXOIHBIM  CHUTHAJOM  MOJCPHHU3HUPOBAHHOTO  LU(PPOBOrO  JaTYMKA
(ML, pucyHok 2), T.e. Yyuy(2) = Yasc(2) ; Dy(2z) u D(z) — mexoTopsie
NoJIMHOMBI 0T Z. CleoBaTesbHO, B LeNIoM IepeaaTouHas ¢yHkimus ML
OTPeIeISIETCS BRIPAKCHUEM:

z D,

wy ) - YD) _Bo(@) g @
0u(@ D@

Bemuunna Ny, =degD(z) — sto nopsmox MILL; a Benuumua
My =degD(z)—-degD,(z) - ornocurenshbiii  mopsgoxk  ABK (1)
[28 —29]. 3mecy degD(z) — oOo3nauyeHwe creneHu monuHoMa D(z) .
CrnemoBarenpHO, cOrylacHO (2) OTHOCHUTENBHBIH  mopsgok — MILJ]
gy = Hage 70, a mopsinok MIJL pasen mopsinky ABK. Ilocnennee

00yCIIOBIICHO TeM, 4TO JUHaMu4eckne cpoiictBa UD u Al B maHHOM
cilly4yae TMpOSIBISIIOTCS B 3ama3/blBaHUM Ha BpeMst 7 =(T BBIXOJHOIO

curnana AW no oTHOmeHMIo K BXoAHOMY curHany g () .

3aMeTHM, YTO BO3MOXKHOCTh (PU3MUECKON peallu3alyu JAUCKPETHBIX
NepelaTouHbIX  (DYHKIUH JMHAMHYECKUX 3JEMEHTOB OIpEessieTcsl uX
OTHOCHTEJIBHBIM TOpsiAKoM. Tak mepenaroyHble QyHKIHMH THIA (2) MOTYT
OBITH peayM30BaHbl Ha OCHOBE HU(POBBIX 3JEMEHTOB, €CIM TOJBKO HX
OTHOCHTENBHBIA TOPSIOK He MeHbIne eauHunbl [28]. B cmygae ABK st0
BO3MOXHO, €CIH TOIbKO i, =1 . IlosTromy HeoOXoaumMo, 4YTOOBI

OTHOCHUTENbHBIN TOPIoK ML 24, 2 +1.
Lyerb &k = Yk — Ymmk — OTKIOHCHHE BBIXOJHOIO CHTHAnA
ML or muckperHpix 3Hauenmit g, =0, (KT) , k=0,12,.. ,

SBJISIOIINXCSL  PE3Y/IbTATOM JTMCKPETH3ALMM  BXOAHOro —curama g (t)
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(pucyHok 2). Oumbka MOJIEpHH3UPOBAHHOTO [IU(POBOTO JIaTUHKa, BHI3BAaHHAS
ero BXoxHbIM curranioM J; (t) , paBHa oTKiOHeH IO &y TpH K > Ky, e

K — 4ucno neprogoB 7, B TeYEHHE KOTOPBIX [UIUTCS MIEPEXOAHOM IPOLIece
sroro narunka [28,29]. W3 mNpuBENEHHOTO BBIPAKEHHS IS Eyvipk M

nepenatounoit dyrkimu (2) ciaemyer, uto mepemarounas dyrkims MIJ] mo
OIIUOKE &yyy; | OMPEENSETCS CIIEY UMM BHIPAKEHHEM:

i (2) D(z)-D,(z)z ™"
wwt zy = Sl g oy PA2) 7 B(Z)2 T
I ) B 7 ©

OrpaHuunMcst 37€Ch CIyYaeM MOJMHOMHAIBHBIX CHTHAJOB, T.€.
Oynem paccmarpuBaTh ciydad, korjga curHan g, ,» k=0,12,..,

SBJISAETCA  pE3yNbTATOM  JUCKPETH3allMd  HEMPEPBIBHOIO  CHTHAla
nonMHOMHANBHOTO THIA: g, (1) =g, + g/t +...+g,t" . Ilpu sTom Gyzmem

CUMTATh, YTO 3HAYCHHE CTENCHH I MPUBEACHHOTO MOJMHOMA HM3BECTHO, a
3Ha4YeHUsI ero KOd((HIMCHTOB (i HEM3BECTHBI, HO BCE OHH SIBILIIOTCS
OrpaHUYCHHBIMH BEJINYHHAMH.

3aaya COCTOUT B ONMPEICICHNH TAKUX CTENeHeH n KoddhuipeHTos
nonuaoMoB D(z) u Do(z) m3 mepenarounoit ¢yukumu Wagk(z) (1), mpu
KOTOPBIX ONIMOKA JATYHKA &y OyNET paBHA HYIO 10 OKOHYAHHMH €ro

NepeXoHOro mpouecca, T.e. &y, =0 mpu Beex Ky <K <Ky, , e

kHHHT — MOMCHT BpPEMCHHU, B KOTOpLIﬁ BO3HUKACT HOBBII nepexoaﬂoﬁ

npouecc 1MGpoOBOro garyuka. Jpyrumm cioBamH, HEOOXOIMMO HaiTh
TaKylo MEpeAaTovYHyl0 (YHKIHIO KOPPEKTOpa, MpH KOTOpoM OyJaeT MMeTh
MECTO IOJHAs KOMIIEHCAUUsl OIIMOKH MOAEPHU3UPOBAHHOTO ILU(PPOBOrO
JlaT4YMKa, BEI3BAHHOH 3aMa3AbIBAHUEM B HCXOIHOM LU(PPOBOM AATUHKE.

3. Pemenne 3agaun. MojepHU3UPOBaHHBIM U(POBOK JaTUUK
(pUCyHOK 2), B TEOPETHYECKOM IUIaHE, SIBISETCS JUCKPETHOW CHCTEMOM,
MOATOMY B JIaHHOM paboTe HCIOJNIB3YIOTCS CBOMCTBA AMCKPETHBIX CHCTEM.
Kak wu3BecTHO, QUCKpeTHas CHUCTeMa SBISEeTCAd YCTOMUMBOM U UMeeT
KOHEUHYI0  JUINTENIBHOCTh  IIEPEXOJHOr0  Ipolecca, €CIU  TONBKO
3HaMeHaTelb e€ mepeaaToyHol (QyHKIMHM paBeH Z B HEKOTOPOW CTENeHH
[29, 30]. M3BecTHO TakxkKe, 4TO AMCKPETHASI CHCTEMA C TAaKOW MepeJaTouHoOM
¢yHKIMel oOnmamaeT HaWOONBIIUM OBICTPONCHCTBHEM II0 CPAaBHEHUIO C
JMCKPETHBIMH CHCTEMaMHM, WMEIOUIMMH IepeaTouHble (DYHKIUH JPYTUX
BunoB. [losTromy s obecriedeHUs] yCTOWYMBOCTH M OBICTPOICHCTBUS
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n
MIIJI, mocrarouHo B Beipakenusx (2) u (1) npumsrs D(z) =z,
IIOCKOJIbKY, KaK OTMEYaoCh BbIIIE, Ny = Ny - [loa4epKkHEM, 4TO B 3TOM

ciyuae nepexofHoi nponecc ABK anutecs posro Ny, T .

VMest B BHIy HalW4de 3ama3jblBaHUA B HCXOTHOM LHU(PPOBOM
JaTYMKE M CBOMCTBA JUCKPETHBIX CHCTEM C KOHEYHOW IHTEIBHOCTHIO
[EPEXOHBIX TIPOLECCOB, PACCMOTPUM HEKOTOPYIO JMCKPETHYIO CHCTEMY
nopsiika N, Ha BXOJA KOTOPOW IOCTYIAET CHUTHAN B BHUIE JUCKPETHOM
enquHUYHOM crymendatoid ¢yHkuun 0, =1(kT) , a BbIXOZHOW CHrHAT

CHUCTEMbI OITUCBHIBACTCS BHIPAXKCHUCM !

0-1(KT), 0<k <z,
y, =10+ A)-1KT), u<k<n-1, (4)
1.1(kT), k=>n.

CornacHo (4) 3HaueHHs Yk paBHbI HyJrO mpu Beex K =0,1,..., u—1,
CJICIOBATENIFHO, 3Ta CHCTEMa HMMEET 3alla3iblBaHhe 10 BPEMEHH 7 = uT.
VYcraHoBuBIIEECS 3HAYEHHWE BBIXOJHOTO CHTHala paccMaTpuBaeMoi
cuctemsl (mpu K >N') paBHO equHMuIle, MOITOMY e OMIMOKA paBHA HYIIO, a
NIepEeXOAHbI  IPOIeCC  MMEeT  IIOCTOSHHOE  IepeperyiMpoBaHUe
0% =1-100% ¥ KOHEYHYIO AIUTENBHOCTS T, =NT , T.e. K, =n.

Bocnonp3oBaBmmcy  cBoiictBamMu  Z-mpeobOpazoBanust  [29] u
BRIpakeHHeM (4), Haiiem nepenarounyio pynkmmo W, (2) =Y(z)/9(2)
paccMaTpuBaeMoii IMCKpeTHOl cucteMbl. Kak U3BeCTHO, Z-u300paxeHue eé
BxoaHoil Qynkumn g, = g(KT) MoxHO oGosmaunte §(z)=Z{g(kT)}, a

Z-n300pakeHHe BBIXOIHON (YHKINH Yk 3TOW CHCTEMBI B COOTBETCTBHU C (4)
IpU HYJIEBOM HayaJbHOM 3HAYCHHH 3allUILETCS CIEAYIOIUM 00pa3oM
y(2)=[(1+A)z*-A2"1g(z). Orcioga ¢ y4eToM oONpeaelIeHus

nepeaaTouHbIX QYHKIHIA JUCKPETHBIX CHCTEM BBIBOIUM:

_y(@) @Q+A)zr-Aart
Tow” 1 ©

Wi (2)

OObryHO TIEpenaTouyHble (DYHKIMM JUCKPETHBIX CHCTEM MPHHATO
3aIUChIBATh, KaK OTHOIIEHHWE MOIMHOMOB C IIOJIOKHMTENBHBIMH CTETIEHAMHU
aprymenta Z. Ilostomy, 4YTOOBI HCKIIOUHTH OTPHUIATEIBHBIE CTEIICHH B
BIpXeHUH (5), YMHOXKHMM YHCIIUTENb ¥ 3HAMEHATENb Ipo0H B IPaBOi 4acTh
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3TOrO paBeHCTBa Ha Z" . B pesynbTare HalijieM, uTO MCKOMas MEpEIaTOYHAs
(YHKIUS paccMaTpuBaeMOM AUCKPETHOM CHCTEMbI UIMEET BHJL:

W, (2) = @+ /I)Zz:*ﬂ -y} . ©)

OTMeTHM, YTO 3Ta cucTeMma sBisiercst ycroiumBoii [28 —30], a e€
OTHOCHUTEJIbHBIA MOPSAOK, COIVIACHO MPUBEICHHOMY BBIIIE OIPEICICHUIO,
paBeH 4 , T.e. 3ama3jiblBaHHE BBIXOJAHOTO CHIHAla 3TOW CHCTEMBI IO

OTHOIICHUIO K BXOJHOMY CHTHATY PABHO €€ OTHOCHTEILHOMY ITOPSIKY.
Ipenmonoxkum, Ha BXon cucrembl ¢ Id W (z) (6), moctynaer

JMCKPETHBII CUTHAl (, , Z-U300paskeHHe KOTOPOro SBJISETCS OTHOLICHHEM

HOJIMHOMOB OT Z, T.€.:
9(2)=2{9,}=G,(2)/G(2), ()

rae G,(z) u G(z) — nexoropsle nonuuomsl, U deg G, (z) <degG(z) =nj.
C npyroit CTOpOHBI, MO aHAJIOTHH C (3) MOXHO 3aKIHOYUTh, YTO
CUTHall (, BO3JCHCTBYIOIIMM Ha CUCTEMy C IepeiaTodHoil (yHKuuen

W,, (2) BeI3bIBaCT OIIMOKY &,  (K) , Z-M306pakenne koTopoii ¢ yuerom (7)
uMeeT BUL: &, ,(2) =(1—Wyg(z))Go(z)/G(z). [Tokaxem, uro mpu K — oo

Tpeiest ATON OIMOKK PaBeH HYJIO MIPU BHITIOJIHEHUH CIIEAYIOLIETO YCIOBUSI:
W, (2) =1-V(2)G(2)/ 2", (8)

rae V(z) - Hekoropeii nommHOoM Takoif, uro deg[V(2)G,(z)]<n.
JleiicTBUTETFHO, TIOACTABISISI IPABYIO YacTh PaBEHCTBA (8) B MpenslayIiee
BhIpakenne, Oynem wumets &,  (2)=V(2)G,(z)/z" . Tak xak npu
BeinonHeHuu ycnosua (8) deg[V(z)G,(z)]<n, To B cuimy Teopemsl Z-
mpeobpa3oBaHusi O TPAaHWYHBIX 3HadeHHsX [29] W3  IMOIyYEeHHOTO
Boipakenns cieayer lime, (k) =0 npu k — .

Kak wu3BecTHO, Z-W300paKeHHE IOJMHOMHANBHBIX CHTHAJIOB
O, =0, +9,KT +...+9,(KT)" , k=0,1,2,... cremenu I onpenensercs

BBIPAXKCHUEM
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9(2) = Z{[gy + QKT +...+ g, - (KT)' ] 1kT)| =Gy (2) / (z=)™.  (9)

rae G,(z) — HexoTopsIil MOAMHOM, KO3()(GULHEHTb! KOTOPOro OJHO3HAYHO
OMpPENEeNAIOTCA CTeneHblo I U kodbhdummentamu @i, i=0,1,2,..7r
Hanpuwmep, ecmu g, = g,1(kT), t.e. r =0, o g(z)=9,2/(z2—1); ecnn xe
0, =[9, + GKT]-1KT), 10 §(2) =[g,(2° ~2)+¢T2]/ (z=1)" [29].

W3 Bepaxennii (8) u (9) cienyer, 4TO AUCKPETHAS cUCTEMA ITOPSIIKA
n ¢ H® Wy (z) Oyser wumers HyneBylo OWMOKY, BBI3BAHHYIO

MNOJIMHOMMAJIBHBIM CUTHAJIOM CTCICHHU I, €CJIA BBIIIOJIHSICTCS YCIIOBUEC:

" -V(2)(z-)™

n 1

z

(10)

Wy, (2) =

rme V(z) — uwexoropsrit mosuHoM crerern degV (z)=n-r-1.

Ormetum, uto eciau [ID HEKOTOPOM JUCKPETHOH CHCTEMBI
yaosneTBopsieT ycnoButo (8) wmmm (10), To 3Ta cucrema Ha3bIBAETCS
JUCKPETHOM CHCTEMOM C acTaTU3MOM HOpsAKa vy =Tr +1 o OTHOLIEHMIO K

curHaiy ¢, .BaxHelinee CBOWCTBO aCTaTHYECKHX CHCTEM 3aKJIIOYaeTCA B
TOM, 4TO K03 duimentsl g, i =0,1, 2,..., r u3 BelpaxkeHus (9) He BIUAIOT

Ha 3HAa4YeHHE OUIMOKHM IMCKPETHOH CHCTEMbl, acTaTHYeCKOH K 3TOMY
curHaixy. VIMEHHO 1o 3TOH NpPUYMHE NPEAJIOKEHHBIH BBIIIE KOPPEKTOP
CHHTE3UpYeTCsl KaK acTaTH4ecKas CHUCTEMa MO OTHOIICHUIO KO BXOJHOMY
CHTHAITY.

W3 mpuBeneHnsx BeipaxeHuit (6) u (10) crmemyer Teopema, KoTopas
MO3BOJISIET pemuTh 3amady cuHTe3a ABK, obecrieumBaromero HyJeByIo
OIMOKY ILM(POBOr0 IaT4MKa C 3ara3[blBAHHEM IIPU  IOJIMHOMHAIBLHOM
BXOJIHOM CHTHAJIE CTETIeHH I

Teopema 1. AcraTWyecKHil OBICTPOJACHCTBYIONIUA KOPPEKTOp C
OTHOCHTEJIBHBIM TIOPATKOM Ly = fyy —0 21 1 nopsiakom acratusma

Vi =T +1 cymectByer, eciu ypaBHeHHeE:
2"V (2)(2 -1 = L+ Az g (11)

MMeeT lienounciennoe pemenue Ny, npu degV(z)=ny,  —r-1.

Hoxazamenvcmeo.  Heobxooumocms.  IlycTh  acTaTHYECKUH
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OBICTPONEHCTBYIOIME  KOPPEKTOp (PHCYHOK 2) mopsaka Ny, , TIpH
kotopoMm MIJl wumeer HyJeByl0 OMIMOKY, BBI3BAaHHYI0 BXOIHBIM
TIOJMHOMMANLHBIM ~ BO3JeHcTBHEM  cTerenn [ =V, —1, cymecTsyer.
Torma mnepenarounas ¢yukmus MIJJ] wumeer Bua (10), tme N = Ny
u degV(z) =ny,, —r—1, mpuaem Ny, — 5TO LEIOE YHCIO, TAK KaK ITO
nopsiiok  koppekropa. Ecimum  astor xe MILJ wumeer mnocrosHHOE
nepeperyimpobanie o= A1-100 % M KOHEUHYIO JUIMTEIBHOCTh IIEPEXOIHOIO
mpoliecca, To CoracHo (6), B 3TOM Cllydae ero rnepeaarovHas GyHKIUsS UMEeT
Bun (5), Tae N=Ny, MU=y > @ Vg = +1. Tak kak ykasaHHble
nepeaTouHble (DYHKIMH OMHICBHIBAIOT OMH M TOT ske ML/l 1 mMeroT paBHbIe
3HAMEHATENHN, TO UX YUCIUTENHN TOXKE AOJDKHBI ObITh paBHBI. OTCIONA CleyeT
HEOOXO/MMOCTb  CYWIECTBOBAHMS  LIEJIOYMCICHHOrO  peleHus Ny,
ypaBrenus (11).

Hocmamounocms. Ilycth ypaBHenme (11) mMeeT meIOYHCICHHOE
pemenue Ny, npu degV(z)=n,, —r-1 . Bo3sMéM nepenarouHyo

¢ynkimo MI/L B Buze:
W™ (2) =[(1+ )z — 2]/ 2™ (12)

IIpu stoMm B cootBercTBrH ¢ (6) ML/l Oyzmer mMeTh KOHEUHBIH TIEPEXOTHOM
TPOLECC JUTMTENBHOCTBIO by =Ny, T ¥ mocTosHHOE mepeperynmpoBaHue

0=1-100% . C jpyroii CTOPOHBI, TaK KaK yKa3aHHOE pemeHue Ny,

ypasrenwns (11) cymiectByer, To nepemarounyto ¢pyukmmo ML (12) ¢ yaerom
yenoBus Vg = I +1 TeopeMbl MOXKHO NPENCTABUTH CIIETYHOMMM 06pa3oM:

Wyz[wl(Z) :[anm —V(Z)(Z—I)HI]/ Z”MLLEL ) (13)

CrenoBarensHo, B cootBerctBur ¢ (10) ommobka MIIJ ¢ T1d (12),
00yCIIOBIIEHHAs MOJMHOMHAIBHBIM CHUTHAJIOM CTENEHW I, paBHa HYJIIO.
Teopema dokaszana.

B COOTBETCTBHMM ¢ TOCTAHOBKOW 3aj1auM, s 3aJaHHOTO IU(POBOTO
JaTyrKa, WMEIOIEro 3amasapiBanne 7 =(T , HeoOXOAUMO HaiTH

HepeAaToOuHy IO ¢dyHKUMIO W, (2) €)) acTaTUYECKOro

OBICTPOJEHCTBYIOIIETO KOPPEKTOpa, MpU MHOAKIIOYEHHH KOTOPOro K
3a/]aHHOMY JATYMKy (PHUCYHOK 2) OmHOKa MOJECPHH3MPOBAHHOTO JAT4HKa
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& MIULK > BbI3BaHHAasl IOJIMHOMUAJIbHBIM CUTHAJIOM (k CTCIICHHU I, 6y,IICT paBHa

HY/TI0O TI0 OKOHYAaHWM IEepPeXOoAHOro mnporecca. OXHAKO C MPaKTUYECKOH
TOYKH 3pPEHUs, LIeJIeco00pa3Hee HaXOAUTh CHavYasIa, MEPEeAaToOuHyI0 (QyHKIHIO

M
W, "(z) MonepHM3MPOBAaHHOTO JAaTYMKa MO 3aJAaHHBIM K  HEMy

TpeOOBaHMUSM, a 3aTeM, UCTIONB3Ys BhITeKaroniee u3 (1) u (2) BelpakeHue:
WABK(Z) = ZquI;IHH(Z) , (14)

HaxoIuTh nepeparounyio ¢pyukuuo W, () HeoOX0AUMOro KOppeKTopa.

Urak, mycth HeoOxoaumo cunTe3upoBath MIJI, uMmerommuii HyJIeBytO
OIIMOKY U TIepeperympoBanue o % MpH BXOTHOM MOJIMHOMHUATIEHOM CUTHAJIC

Ok crenmeHu I. C oTOM LEIbI0 BBIUKCIAIOTCA 3HAYECHHS VMLLZ[ =r +1,
A=0%/100% u 4, =1+q, a3arem permaercs ypapuenue (11), 4o maér
cooTBeTCTBYrOIME Ny ¥ TIoHOM V (2). Tlpu 310M, ecri v, =1, To Mo
(11) nerxo ycTaHOBHTB, YTO TIPH TFOOOM 3HaYeHHH Ny, > (+2 ToOIMHOM
V() =z"w" 42" 4 42 +2-4. Dro nossonser mpu v, =1

HAWTH COOTBETCTBYyMOIIyI0 mepenarounyro ¢yukio CIIJI, wHe peras

ypaBHeHus (11), a 3arem o dopmyne (14) Haiiti nepenaTounyro (GyHKIHUIO

HeoOxomumoro ABK. [TokaxkeM, OPSIOK ACHCTBHI B 3TOM YaCTHOM CITydJae.
Ilycts 3anasabiBanue MCXomHOro mupposoro narumka 7,; =T , Ha

ero Bxox mocrynaer curian g, (t) =g,1(t), Te. r = 0, a HEOOXOMMMBI
TNOPATIOK acTaTu3Ma Vv, = 0+1=1. Torma mpu ﬁMHIl =(+ 2 neobxomumoe
3Hauenne [l =G+1 ,  monuHom V(@2)=2""+2"+..+2-1 , a
niepenaToyHast pyHKIus cootBeTcTByRommero ML/ sanmceiBaercs mo (10):

2 (M 0+ - A)(2-))
ZG+2 .

W (z) = (15)

C momompsio pasemctBa (2" —-2)=(2"'+2"C+..+ 2% +2)(z-D)
CNIpaBeyIMBOTO IMpH  Jro0oM N >2, mnepematounas ¢yakmus  (15)
NPUBOJNTCS K BULY:

Q+A)z-2

Wy 2) = S as)
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[Monyuennas nepenarounas ¢yuxuus MIJT (16) coorserctyer (6) u
(12) mpu n="Ay, ., =G+2, u=fiy,; =q+1 mockombKy B JaHHOM ciydae

N—p ="My — Ay =1. Urobsr yoemmTsest B TOM, uTo nomydennbii ML
obecrieunBaeT Tpebyembie CBOICTBA, Haiiiem ero peaxumio Ha J, (t) = g 1(t) .

MopepHusupoBaHHOMY IM(POBOMY IaTYUKy C MepelaTOuHON
¢byHKIMEH (16) COOTBETCTBYET pa3HOCTHOE ypaBHEHHE

Y = (1+/1)gu;[,qu71 _ﬂ’g]_u[,k—ﬁ—Z' IIpu Ok = gol(kT) u k=012,..,
TIOJIYYHM:

Yo=0:5¥,=0;...0 Vg =@+ )0y — A9, , =0;
Yo = @+ A) G0 = A0y = @+ ),

Yoro = A+ D) iy — A9y = A+ )9 — 49, =9,

Yors = L+ D)y = A0y, = A+ )9, - 49, =9, -

Kak Bumno, MIIJI neiictBurensHo mMmeer 3anasipiBanve 7 = (G +1)T ,
obycnopienHoe ucxomubiM I[JI u momkmoueHHbIM mocie Hero ABK,
nepeperyaposanre paBHoe o = A4-100% M KOHEUHbIH MEPEXOAHON MpoLEeCC
nmarenbHOCThIO (G + 2)T |, a ero onmoOKa, OUEBHIHO, PABHA HYJIIO.

Mepenatounast ¢ynkuuss ABK B 3TOM cityuae, omnpeneneHHas Mo
dopmyne (14), umeer Bux W, (2)= [(1+A)z2-A]/7° . Kak BumHo,
OoTHOcUTeNnbHBI mopsnok 3toro ABK . =1, T.e. oH MoOxer ObITb

pean3oBaH Ha rQpoBbIX BBIYUCITUTEIBHBIX JJIeMEHTaX.
CootserctBytoummii  amroputm  ABK  cormacmo (1) wumeer BuZX
yAEK,k = (l+ ﬂ“)yAL[I/I,k—l _iy/xun,k—z , k=0,12,....

3amaua cuHTe3a ABK cymiecTBEeHHO OCIIOXKHSETCS B TEX CIIydasX,
Korma HeoOXoAnMo 00ecHeduTh BTOPOW WM 0oJiee BBICOKHM MOPSIOK
acTaTu3Ma TpU MaJloM TEepeperyInpOBaHUM, T.€. B TeX CIydasxX, Koraa
Vi = 2 1 6onee ipu o €[0+40 %].

B 70-x romax mpomwioro Beka B.A.Hukoneckuit Hamen (6e3
ucrons3oBaHust ypasaenus (11)) momuuomst V(z) =V (z) u3 BbIpaxeHHs

(10) ans vy =2, TPM KOTOPBIX TIEPEXOJHBIE TPOLECCHI, BBI3BAHHBIC
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CTYTIEHUaThIM CHUTHAJIOM, HMMEIOT TOCTOSIHHOE IepeperyiupoBanue o %

pasuoe 10%, 15%, 20%, 25%, 33% [31]. Cy1iecTBEeHHO, YTO Ha MPAKTUKE
nMeHHo 3HaueHms 5%, 10%, 15% wu 20% crpemsTcs mpHarth
MPOCKTUPYEeMBIM ~ cucTeMaMm  ympaBimeHws. Opnako B.A. Huxombckwmit
paccMaTpuBan JUCKPETHBIE CHCTEMBI TOIBKO C OTHOCHTEIBHBIM ITOPSIKOM
u=1, Te 0e3 ydera 3amazfplBaHusA. B TOXE BpeMs OTHOCHUTEIHHBIC

TIOPpAIKHA luMLU_I I_[I/ICI)pOBBIX JAaTYUKOB, H3-3a BJIWAHHUA 3anas3IblBaHUA I10

BpPEMEHH, JJOJDKHBI UMETh OOJbIINE 3HAUYSHHUST OTHOCHUTEIBHOTO Mopsiika [6 —
8].

B  coorBerctBUM ¢ = TeopeMoil 1 IS TOCTPOEHUs
MOJICPHHU3UPOBAHHOTO ITM(PPOBOTro JaT4WKa B OOIIEM CiIydae AOCTaTOYHO
N0 33JaHHBIM 3HAYeHUAM I, o % M ( BBYUCIUTH V., =T+1,

A=0%/100%, pyy =1+Q , a szarem pemmth ypaBHenue (11)
OTHOCHTENBHO cTemenn Ny, . C oTolf uenbio ero menecoobpasHo

MPEACTaBUTh TAaKUM 00pa3oMm:
M (L4 A)zMmm g g =V (2) (2 1) (17)

B Tabnume 1 mpuBeneHbl MOPSIKU Nyuy JATIEKA TPH Vg =2,

Uy =140 1 HeKkOTOPBIX 3HAYEHUAX o % , HallIeHHbIE TTyTEM PELICHUs B
MATLAB ypasuenuns (17) mpu q < 3.

3ameuanue. Ecimm 6 =15 %, to B ypaBHenmsx (11) u (17)
HeoOXxoJuMO Tonarath BennuuHy A = 1/7, a ecim o =33 %, to Opathb

A =100/3.

Tabmuua 1. Tlopsnox natauka Ny,

Tlopsitok acTatusma Vi = 2
% ! 0 1 2 3
5% 21 12 63 84
10% 1 22 33 14
15 % 8 16 24 32
20% 6 12 18 24
25% 5 10 15 20
3% 4 8 12 16
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N3 tabaunet 1 cnexyer, yro nopsagok MIIJL oueHs pe3ko Bo3pacraer
IIPY YMEHBUICHUM IEPEPEryupoBaHus o % U YBEIWYCHUH 3ala3/bIBAHUS
J B MCXOIHOM JaTuuke, mostoMy eciau MIIJ nmomkeH uMeTh Majoe
TepeperyInpoBanne, To mepuoa 7 HeoOXOIUMO YMEHbBIIATh, 4TO TpeOyer
TIpUMEHeHHs 0osiee OBICTPOACHCTBYOINX BEIYUCIUTEIBHBIX CPEICTB.

IMoguepkuéMm, YTO 3HAYEHWS, NPHUBEACHHBIE BO BTOPOM CTOJOIE
tabmmiet 1 (mpu g = 0), COBMAaroT cO 3HAYCHUSIMH, NPUBEACHHBIME B [31].
Cryuaii, korma mepeperynupoBanne o =5% , B 31O paboTe He
paccmarpuBaics. OtMeTnM Taroke, uto ypaBHerus (11) u (17) 3anucans! mis
Cilyyasl MOJMHOMHUAIIbHBIX CUTHAJIOB, TIPHYEM, €CIU Vi 2 3, 0<4<0,4

U Ly 21, To 5TH ypaBHEHHS HE MMEIOT pElleHHi OTHOCHTENBHO IEJIbIX

Ny - [Ipobnema paspemMmMoCcT aHAJIOTHYHBIX YPABHEHUH NPH JPYTUX

(bopMax BXOIHBIX PEryJSIPHBIX CUTHAIIOB SIBJSIETCS OTKPBITOM.
Ormetum, uTo 13 BhIpaxenuit (12), (14) u ycmosus fi,,; =1+¢

CIIeJyeT, 4TO Z-u300pakeHue BbIXOAHOW BenmuuHbl ABK ompenpensercs
BRIpaKeHHEM Y, (2) =[(1+ )27 = Az" "™ 1Yauu(2). OTomMy paBeHcTBY

COOTBETCTBYET CJIEAYIONH anroput™m pabotsl ABK:

0, k=0,
Yasick =1 A+ DY i 1<K <Ny, =0, 18)
A+ )Y atrrcr =AY atrkenayrar Mg —A <K,
k=0,12,....

Kaxk Buano, B mporecce ¢ynxumnonuposanus ABK na kaxmnom k-om
IEPUO/E BBI3BIBAIOTCA W3 MaMIATH TMpOIeccopa MaKCHMyM  JiBa
koapoummenta 1+4 u A ; nmBa 3HAYCHUSA Yamui , W BBIIOJTHIIOTCS
MaKCUMyM [IB€ OI€palil YMHOXXEHHUS U OJHA OIepalusi CIOXKEHHUS C
3aCBUIKOM pe3ylibTaTa B HaMsTh mpoueccopa. llpu 3ToM B mamsTa
mporeccopa  HEOOXOMUMO  UMETh  JIBE  SYCHKHA Ui XpaHCHUSA
kodduuuento 1+ L u A, a Tawke Ny, —Q+1 ayeex ana xpaneHus

Yauwsi- OdeBumno, amroput™ (18) ABNAETCA OYEHb NPOCTBIM, €TO

BEITIOJIHEHUE TpeOyeT HeOONBIINX 3aTpaT MAIIMHHOTO BPEMEHH, MOATOMY
OH MOXET OBITh peajn30BaH COBPEMEHHBIMH IPOLECCOPAMH 3a MEPUOJT
oueHb Manoi mmrtensHOoCcTH. [Ipm 3ToM peammsamuss ABK moxxer ObITh
OCYILIECTBJICHA JIN0O B BUJIC OTICIBHOTO OJI0Ka, MOJKIFOYAEMOTO K BBIXOIY
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nuQpoBOro JaryMka, WM K€ IyTeM HEOOJNBIION KOPPEKLIUH allrOpUTMa
pa0oThI BBIYMCIUTEINS ATOTO IATUHKA.

[MoguepkHEM, YTO NMpPEATIOKEHHBIA MOJIXO0J K YCTPAHEHHIO OMINO0K
IUQPOBEIX JaTYMKOB HAa OCHOBE UX HHTEIUICKTYaJU3allud MOXKET
CYIIECTBEHHO  yNPOCTUTh  peallM3alldi0  CHCTEM  aBTOMAaTH3allWH,
co3laBaeMbIX B pamkax mapaaurM Wunyctpus 4 m Unmyctpus 5 [32].
COOTBETCTBYIOIINE CHCTEMBI COOMPAIOT OYEHb OOJBIINE OOBEMBI NaHHBIX,
MO3TOMY HMHTEIUIEKTyalH3alysi JaTYNKOB M YCTpPaHEHHE HX OIIHOOK
CYILECTBEHHO YMEHbIIAeT 00BEM MH(GOPMALUHY, NepelaBaeMblii 110 KaHaIaM
CBSI3M HH(OPMAIIOHHO-YTIPABIISIOIINX MOACHCTEM.

D¢ddexkruBHOCTH TIPEATI0KEHHOTO aCTaTHYECKOTO
ObICTpOIEICTBYIOIIErO KOoppekTopa u MeToJa CHHTE3a
MOJICPHU3HPOBAHHBIX IM(POBBIX JATUYUKOB TMOKAXKEM HA YHUCICHHOM
npuMepe.

4. Ilpumep. Haittu ABK, nnsa ycrpanenus ommOku 1mdpoBoro
JlaT4rKa, OOYyCJIOBIEHHOM €ro 3amasfblBaHHEM MO BpeMeHH 7 =2T mpu
T = 0,2 ¢ ¥ BXOIHBIMU HOJMHOMMAIBHBIMHU CUTHATaMH, CTEIIEHb KOTOPBIX
He npebliaeT eauHuubl. [lepexomHoil mpouecc MILJ[ nomxen umers
nepeperyiupoBanue He 6omnee 15%.

B nmanHOM criyuae, oueBuaHO, 0 = 2, r =1 u ¢ <15% , nostomy B
COOTBETCTBUM C TEOpeMOW 1, MOJAEPHU3MPOBAHHBIA NATYMK IOJDKEH HMETh
NOpA/IOK  actatmsMa Vy =F+1=2 | a orHocuTenbHBIH  mOpsIOK

Uy =140 = 3 . TlockoisKy mepeperyaupoBanie o <15% , To B

COOTBEICTBMM C TIPUBEICHHBIM BBINIE 3aMEYaHHEM HEOOXOIUMO B3STh
A = 1/7. Tak Kak Vy; =2 , TO BMECTO pemeHus ypasHenus (17)

BOCIONB3yeMcst Tabnutieit 1, o kotopoii ipu g = 2 HaxomuM My = 24. Torma
o ¢popmynam (12) u (14) mosyunm nepemarounsie Gpyuximn ML u ABK:

MLUL _ 21 24
W, (2)=Q+1/7)z" -1/7)/ 27, 19)
W, (2) = @+1/7)2* -117) 1 2%

Ha pucynkax 4 u 5 moxazamsl momydenasle B MATLAB mo
nepeaaTouHOi (QYyHKIUH Wyzmﬂ(z) (19) rpaduke M3MeHEHHS 3HAYCHHIA
BBIXOAHOTO curHana Y, =Y, (KT) MonepuusupoBarHoro mu¢pposoro

Jar4yrka (PUCYHOK 2), 4yBCTBUTEJIBHBIN 3JIeMEHT, UHTep(eic U HallIeHHbIN
ABK xotoporo pabotarot ¢ nepuogom 7 = 0,2 c. Ha pucynke 4 npuseneHs
3HauEHHUs BHIXOAHOro curHana Y, = Yy, (KT) u rpauk Bxoasoro curxama
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g(t) = gu(t), xoTopsiit paen 1(t) ¢ agmutuBHOU cityvaiiHol momexoit y(t),

.. Jua(t) = 1(t) + y(b).
Ha PHCYHKE 5 MOKa3aHbI JIUCKPETHBIE 3HAYEHHS

9, = 0,;(KT)=0,6k Bxommoro wempepsiBHOro curnana g, (t)=3t u
BhIxoHOrO curHana Y, = Yy, (KT) Moxeprusuposannoro mudposoro

JlaTYMKa B MHTEpBaJie BpeMeHH { OT HyJIsl 10 IECTH CEKYH].
Ilo pucyskam 4 u 5 MOXHO JIETKO 3aKJIIOYUTh, YTO
MOJICPHU3UPOBAHHBI HU(PPOBOH NaT4MK WMeeT 3ama3gbBanne 7 =0,6C

(paBHoe 37), mepeperynupoBarue 15%; ero mepexOqHbI MPOLecC AITUTCS
poBHO 4,8 cexyHapl, T.e. 247, a ommbKa M TPH CTYNEHYATOM, M IPU
JIMHEHMHOM CHUT'HaJlaX, HCCMOTPA Ha HAJIMYWE 3alla3/ibiIBaHus, paBHa HYJIIO.

Puc. 4. Curnaner gaturka npyu CTYHEHYaTOM BXOJIHOM CHTHAJIE

Kak Buzno, nogxmouenne ABK ¢ nepenarounoit ¢ynxumeid W, (2)

(19) k 3aganHOMY 1M(POBOMY JATHUKY oOecriednBaeT TpeOyeMble CBOMCTBA
MOJACPHU3HUPOBAHHOI'O JaTYHKa.

Puc. 5. Beixon gatymka npu JTMHEHHOM BXOJIHOM CUTHaje
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Ownbka gaTyuKa, NpeaaokeHHOro B JaHHOH paboTe TuIa, SBISETCS
HYJIEBOW IPU NMPOU3BOJIBHBIX, HO JOMYCTUMBIX 3HAUEHUSX CTYINEHYaToro U
JIMHEHHOTO BXOAHOTO BO3JeHCTBHA. UTOOBI 3TO IOKa3aTh, PaccCUUTACM

3HAYCHUS BHIXOJHOIO CHrHANA TOro xe mardmka ¢ 1 W (z) (19), no
npu AeifctBun ero Bxozie curnana gy, (t) = 2t, T.e. Apyroii MHTEHCHBHOCTH.

Mepenarounoit  ¢ynkumu ML  (19) cooTBeTCTBYeT pa3HOCTHOE
ypaBHEHHE:

Yy = (1+1/7)9w1,k_3 —(1/7)gmlk_24 k=0,1,2, ..., (20)

a JIMCKpeTHbIe 3HaueHus curHana g, (t) =2t npu T'= 0,2 ¢ onuceBarOTCs
dynkmmeit g, =0,4k . Tlpakruueckn, ypasuenne (20) sBmsercs

AIITOPUTMOM PabOTHI MOACPHH3UPOBAHHOTO JATYHUKA.
Beimonasist 31 mar 9Toro anropuTMa, T.€. Toyiarast B Beipaxkerud (20)
k=0,1,2, ..., 30, nomyuum cooTBercTByomme 3HaueHUs Yy, (KT) .

Buauenus K, Y, =Yy (KT) , a Tawke ¢, =0,,(KT) , npusemens B

tabiune 2.

[To Tabnuue 2, kak W 1O pUCyHKaM 4 u 5, XOpoIIO BHIHO, 4YTO
3anasapiBanie B fgartunke paBHo 37. Ilpu k =24 mepexomHoil mporecc
3aKaHYMBACTCS, U BBIXOJHBIC 3HAYCHUS MOJEPHH3HPOBAHHOTO JaTUUKa
CTaHOBSATCS B TOYHOCTH PaBHBIMH 3HA4YEHHUSM BXOJIHOTO CHrHaja, T..
omuOKa JaT4uKa ICHCTBHUTENBHO SIBISIETCS HYJEBOH IpH Pa3IMYHOM
WHTEHCHBHOCTH BXOJHOTO CHTrHanma. OTMETHM, 4YTO TpH OTCYTCTBUH
CHHTE3MPOBAHHOTO KOPPEKTOpa OIMMOKA paccMaTpUBaeMOIrO JaTdyHKa,

o0ycrnoBieHHas 3amaspiBanuem, npu g, (t) = 2t, pasxa 0,8.

[MoguepkHEM TaK)ke, YTO CTOJNb BBICOKMH MNOPSJIOK Jaryuka (B
JTAaHHOM ciydae Ny = 24) 00yCIIOBIICH 3HAYUTENbHBIM 3ala3/bIBAHUEM B
mudpoBoM garumke T = 27, a TJaBHOE, YCIOBHEM MAaJlOrO
nepeperyiauposanus. Hampumep, mpu JOmycTUMOM IepeperyIupoBaHUN
25% w 3anazneiBannu T = 27 mopsimok Nuip = 10, a npu © = T nopsanok
NMiy = 5.

Bpemennas umarensHOCTh nepexonHoro npomecca MIJ] B
OCHOBHOM OIpeJenseTcss OBICTPOACHCTBUEM MPUMEHSEMBIX B JaTYUKE
BBIYHCIUTENBHBIX cpencTB. Hampumep, ecnu nepuon paGoTsl LUGPOBOTO
BbIUMCIUTENsT jAatuuka paBeH He 0,2 ¢, a 0,05 ¢, TO IIUTENHLHOCTH
nepexoanoro nporecca MIJ ¢ I1® (19) cocrasnser Beero 1,2 c.
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Tabnuia 2. BeixoaHOI Yk ¥ BXOaHOU gk curHambl MIIJT

k Yk gk = 0,4k
0 (1+1/7)-0,4-0-(1/7) -0,4-0=0 0
1 | (1+1/7)-04-0—(1/7) -0,4-0=0 0,4
2 | (1+1/7)-04-0—(L/7) -0,4-0=0 08
3 (1+1/7)-0,4-0-(1/7) -0,4-0=0 12
4 | (1+#1/7)-0,4-1- (1/7) - 0,4-0=0,45714 16
5 | (1+1/7)-0,4-2— (L/7) - 0,4-0=0,91429 2,0
6 | (1+1/7)-0,4-3—(1/7) - 0,4-0=1,37143 2,4
22 (1+1/7)-0,4-19-0=8.68571 8,8
23 (1+1/7)-0,4- 20 - 0=19.14286 9,2
24 | (1+1/7)-0,4- 21— (1/7) - 0,4-0=9,60 96
25 | (1+1/7)-0,4- 22— (1/7) - 0,4- 1 = 10,00 10,0
29 | (1+1/7)-0,4-26 - (1/7) -0,4-5=11,6 11,6
30 | (1+1/7)-0,4-27— (1/7) -0,4-6=12,0 12,0

5. 3akmiouenue. B paboTe mpenoxkeH crmocod yCTpaHSHUS OIIHO0K
I(POBBIX JaTYMKOB, BBI3BAaHHBIX BPEMEHHOW 3aJCP)KKOM, Ha OCHOBE HX
MOJEPHHU3ALHUU. DTO IOCTUTACTCS JIMOO MyTeM BKJIIOYCHHUS Ha UX BBIXOJE
aCTaTUYECKOro OBICTPOJCHCTBYIOIIETO KOPPEKTOpa, JHOO0 KOppeKmuen
anropuT™Ma pabdoThl MX BBIMUCIHTENS. [IpeanoskeHHBIH criocod Mmo3BosAeT
00eCIeunTh HYJEBYIO OIIMOKY NPH IOCTOSHHOM M JIMHEHHOM BXOIHBIX
CUTHaJaX, a TaKke I[OCTOSHHOE IepeperyJupoBaHie W KOHEYHBII
HepexoJHbIH mpouece. JJIUTeNbHOCTh EPEXOAHOTO IPoIiecca B OCHOBHOM
orpesiessieTcst  OBICTPOACHCTBUEM BBIYMCIHTENS LU(GPOBOrO JIATYHKA.
INapamerpbl ~ HEOOXOAMMOIO  aCTATUYECKOTO  OBICTPOJECHCTBYIOIIETO
KOPPEKTOpa ONpPEeASIIAIOTC aHAIMTHYECKH IO 3aIla3[bIBAHUI0 HUCXOIHOTO
IUQpOBOro Jaryuka M JONYCTHMOMY IepeperysmpoBaHuio. B obuiem
cllydyae 3arasiblBaHHEe MHTEIUICKTYaJIbHOTO JAaTYMKa MOXKET OBITh PaBHBIM
OJTHOMY WJIM HECKOJBKHM IEpUOAaM JTUCKpeTH3anuu. IIpu 3ToM mopsmox
MOJICpHU3UPOBAHHOTO JIaTYMKAa PpPE3KO BO3pPacTaeT C yBEIWYECHUEM
3ama3fpIBaHUA W B OCOOCHHOCTH TIPH YMEHBLICHHH JOIYCTHMOTO
NepeperyaIupoBaHus, YTO MOXKET IPHBECTH K OONBINOH JUIUTEIBHOCTH
MePEXOMHOTO Mpolecca MOACPHU3UPOBAHHOrO Jaryuka. OJHAKO OTOT
pdexT Jerko ycrpaHieTcs 3a CYeT MOBBIMIEHHUS OBICTPOACHCTBU
MIPUMEHAEMBIX POLIECCOPOB.
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A. GAIDUK, N. PROKOPENKO, A. BUGAKOVA
ERRORS COMPENSATION CAUSED BY TIME DELAY OF
DIGITAL SENSORS

Gaiduk A., Prokopenko N., Bugakova A. Errors Compensation Caused by Time Delay of
Digital Sensors.

Abstract. The paper is devoted to improving the accuracy of digital sensors with a time
lag. The relevance of the topic is due to the widespread use of sensors of this type, which is
largely due to a sharp increase in the requirements for measurement accuracy. The timeliness is
associated also with the extensive application of digital technologies for information
processing in control systems, communications, monitoring and many others. To eliminate the
errors caused by the time delay of digital sensors, it is suggested to use an astatic high-speed
corrector. The applicability of this corrector is justified by the properties of discrete-time
dynamical systems. In this regard, at first, the conditions are considered under which the
discrete systems are physically realizable and have a finite duration of the transient since in this
latter case they are the fastest. It is also shown that in order to measure a polynomial signal of
limited intensity with zero error in steady-state mode, the astatism order of the sensor must be
one value greater than the degree of this signal. Based on the above conditions, the main result
of the article is proved — a theorem in which the conditions for the existence of the astatic high-
speed corrector are established. When this corrector is switched on at the output of the digital
sensor or when its software is being corrected an upgraded sensor is formed, the error of which
will be zero in steady-state mode. This is due to the fact that the corrector eliminates the error
of the digital sensor caused by its time delay, which is assumed to be multiple of the sampling
period. The order of the corrector as a system is determined by the integer solution of the
equation obtained in the work, which relates the degree of the measured polynomial signal, the
time delay of the digital sensor, the permissible overshoot of the upgraded sensor and the
relative order of the desired corrector. This equation is solved for the cases, where the degree
of the measured signals is not greater than one, the overshoot is equal to the frequently
assigned values, and the time delay does not exceed four sampling periods. The corresponding
order of the upgraded sensor is given in tabular form. This makes it possible to find the
required corrector without solving the shown equation in many cases. The effectiveness of the
suggested approach with respect to improving the accuracy of digital sensors is shown by a
numerical example. The zero error value of the upgraded sensor is confirmed both by computer
simulation and numerical calculation. The results obtained can be used in the development of
high-precision digital sensors of various physical quantities.

Keywords: discrete system, digital filter, digital sensor, order of system, relative order of
system, time delay, astatism, transient, overshoot, finite-time transient.
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WN.H.T'nyxux, A.C. ITroxoimH, JI.1. TTyXux
CPABHEHHE U OTBOP CUTYAIIM B CUCTEMAX BBIBOJIA
PEIIEHUM HA TIPEIEJEHTAX JIJISI «YMHOM» ®EPMbI

Tnyxux UH., Ipoxowun A.C., Inyxux [.1. CpaBHeHHe ¥ OTOOP CUTyaUuii B cHCTeMax
BBIBO/IA PellleHHii Ha MpelefeHTax JJIs1 KyMHOI» epMbl.

AnHoTauus. TeHIeHUMS pa3BUTHS YMHBIX (epM HampaBlieHa Ha HMX CTaHOBJICHHE
MONHOCTBIO ~ ABTOHOMHBIMH,  POOOTH3MPOBAaHHBIMH  HPEANpUATHAMH.  [lepcrexTuBBI
HHTEIUIEKTYaJIN3aliH CeIbCKOXO03SHCTBEHHOTO IPOMU3BOACTBA M YMHBIX ()epM, B 4aCTHOCTH,
CEro/iHsl CBS3BIBAIOTCS C PA3BUTHEM TEXHOJOTHiA CHCTEM, NPHMEHSEMBIX JUIsl OOHApY>KEHHs,
PAcIO3HABaHUS CIIOKHBIX IPOH3BOJCTBEHHBIX CHTYalHH M MOUCKa () (EeKTHBHBIX pelleHH B
9TUX CHTyalHsAX. B cTaTbe pacCMOTPEHBI BONIPOCHL CO3JAHUS CHTYalHOHHBIX CHCTEM
MOJUICPXKKH HPHUHATUS PELICHHs HAa YMHBIX (pepMax C NMPHMCHEHHEM BBIBOJA PEIICHWIl Ha
OCHOBE paccCyXJIeHuil 1o npeneaeHTam (case-based reasoning). st pa3pabOTKH TaKMX CUCTEM
TpeOyeTcs BEIMONHEHHE Psija HEeTPHBHATBHBIX 3a[a4, K KOTOPHIM OTHOCSTCS, HMPEXIe BCEro,
3amauy (opMaNTH3ALMK NPEACTABICHHS CHUTYalUUi M IMOCTPOCHMS HA JTOH OCHOBE CIIOCOGOB
cpaBHEeHHs M OTOOpa cuTyanuid B 0Oa3ax 3HaHWi. B naHHOM uccienoBaHuM yMHas (epma
IPeJCTaBIeHa KaK CIOXKHBIH TEXHOJIOTMYECKHH OOBEKT, COCTOSIIMH M3 B3aHMOCBS3aHHBIX
KOMIIOHCHTOB, KOTOPBIMH SIBJISIFOTCS  TEXHOJIOTMYECKHE MOACHCTEMBl YMHOH  (epMsl,
MIPOU3BOIUMAs IPOTYKIIUS, 00BEKTHI OIEPAIMOHHOTO OKPYKEHHUS, @ TAK)Ke OTHOLICHUS MEXIY
HHUMH. J{J1s1 peanu3aniu aIropuTMOB CUTYaIlHOHHOTO BEIBOJIA PEIICHHI Ha OCHOBE IIPEIEICHTOB
MpeUIOKEHO (HOPMANTU30BAHHOE TPEACTABICHHE CUTYalluH B BHIE MYJIbTHBEKTOPA, KOTOPBIH
COJICPIKUT MH(POPMALIUIO O COCTOSHUSIX ITUX KOMIIOHEHTOB. DTO MO3BOJMIO Pa3paboTaTh psf
Mozenelt 00ydaeMoil (yHKIIMH CXOXKECTH MEXIy CHUTyanusiMH. [IpoBeleHHbIE SKCIEPUMEHTHI
MoKa3aau paboTOCIIOCOOHOCTh IPEUIONKEHHBIX MOJeNeil, Ha OCHOBE uero paspaboTaHa
aHcaMmOJeBast apXUTEKTypa HEHPOCETH JUlsl CPAaBHEHUS CUTYallMid U UX 0TOOpa U3 0a3bl 3HAHUH
B IIpoLeccax BBIBOJA pemieHui. [IpakTiuaeckuii HHTepec MpeCTaBIsieT MOHHTOPHHT COCTOSHHUS
pacTeHuii 1o UX BUIEO-, POTO- H300PAKEHHSIM, YTO ITO3BOJISIET OOHAPYIKUBAThH HEXeaTeIbHbIC
COCTOSIHUSL pacTeHHil (0osie3HH), KOTOpPBIE MOTYT CIYXKUTh CUTHAJIOM JUIl aKTHBU3ALUH
mpoliecca MoucKa pelieHni B 6a3ze 3HaHUH.

KiroueBble c10Ba: BbIBOJ Ha OCHOBE NPELEIEHTOB, NMPUHATHE pEIICHUH, HEHpoceTs,
apXUTEKTypa HelipoceTH, yMHas (epma.

1. Benenue. Hudposuszarus CEJIbCKOTO XO035IUCTBA u
arponpoOMBIIIJIEHHOT0 KOMIUIEKCa B II€JIOM C IPUMEHEHHEM METOI0B
HCKYCCTBEHHOT'O MHTEJUIEKTa CTajla OJTHUM U3 TPEHJOB Pa3BUTHS OTPACIHU B
TIOCIICTHUE TOJIBL [pumepamun TOTO, Kak COBPEMEHHOE
CEIIbCKOXO03SICTBEHHOE npenpHiTHE CTaHOBHTCS CIIOXKHBIM,
BBICOKOTEXHOJIOTHYECKAM ~ KOMIUIGKCOM  C  BBICOKUM  YPOBHEM
aBTOMATH3alUK PadOYMX IPOLECCOB MOTYT CIY)KHTh T'OPOACKUE (epMBbl
(koHTeliHepHbIe, BepTHKaIbHbIe CUTH-QepMmbl) [1 — 3], «ymHbIe» GepMbl U
akBatepmsal (smart farms) [4 — 6]. YMHbIe GepMBI CTPEMSTCS K TOMY, YTOOBI
CTaTb IOJHOCTHKO aBTOHOMHBIMH, pO6OTI/ISHpOBaHHBIMI/I NpeaAnpuATUAMU,
KOTOpPBIC MpHU pPa3BEACHUUN CEIIbCKOXO03SMCTBEHHBIX BUAOB WM IIOPOAO
KUBOTHBIX HE TPEOYIOT yuacTus denoBeka [2]. ITo He TONBKO CYHIeCTBEHHO
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obJier4yaeT AaHHYI NPOM3BOJCTBEHHYIO AEATEILHOCTh, HO W CHIXKAET
TpeOoBaHMS K KBAIM(UKAIMU CIEHUAINCTOB W MEHEKEpOB, B HeH
yuacTByronmx. KirroueBsIM B paboTe YMHBIX ()epM CTAaHOBHUTCS OpraHU3aIiN
cOopa 1 NCTIOJIb30BaHUS IAHHBIX, YTO TI03BOJISIET HE TOJIBKO KOHTPOJIMPOBAThH
W TPOTHO3WPOBATH  COCTOSHHE  TPOM3BOAMMOW  TNPOAYKIMH U
TEXHOJIOTUYECKUX CHCTEM, HO W YIPABISATh B aBTOMAaTHYECKOM PEKHMeE
rapamMeTpaMy MHUKPOKJIMMATa, TOYBBI, NMUTAHUS W T.II. JUIA JOCTIDKCHHS
KemaeMbIX pe3ynsTaTtoB [5,7]. HecmMoTps Ha mIMpoKoe NpUMEHCHHE
TEXHOJIOTMH MOHMTOPMHTAa W aHajiW3a JaHHBIX B paboTe TakKux
BBICOKOTEXHOJIOTHUECKHX KOMIUIEKCOB HE HCKIIIOYAETCSl BO3HHKHOBEHHE
HELITAaTHbIX CHUTYallMl, KOTOPbIE MOTYT OBITh CBSI3aHBI Kak C OOJE3HSIMHU
pacTeHuil WU )KUBOTHBIX, TaK M C MOJIOMKaMH 0OOpYIOBaHUSA, aBapUIMHU.
[lonoOHbIe cHUTyaliM HE BO3HUKAIOT €)XXKEJAHEBHO, OJHAKO, OHH MOTYT
KPUTHUYECKH TOBJIUATh Ha palboTy MpPEANpHATHS W TOTOMY TpeOyroT
ONEpaTUBHOrO, TPaMOTHOTO TNPUHATHA pemeHMd. B To ke Bpems
OTHOCHTENbHAas  PEOKOCTh  HEIUTATHBIX  CHUTyalid  0OyCIIOBIMBAET
OTCYTCTBHE, KaK MPaBIJIO, HEOOXOIUMOTO OIbITAa ¥ 3HAHWH y PaOOTHHKOB
WM MEHEIKEPOB CEIBbCKOXO3SHCTBEHHOIO MPENNPUATHS, a CIIEUATUCTbI-
9KCTEPTHI B HYKHOH 001aCTH HE BCET/IA SIBISIFOTCS TOCTYHBIMH.

B 53Toil cBA3M NEpCNEKTUBBI AANbHEHIIEH WHTEIJIEKTYalu3aluu
CEJIbCKOXO3SMCTBEHHOTO IIPOM3BOJCTBA M YMHBIX ()epM, B UYaCTHOCTH,
CETOJIHS CBS3BIBAIOTCS C PA3BUTHEM TEXHOJIOTHUI CUCTEM, TPUMEHSAEMBIX IS
oOHapy)XeHHs, PacliO3HABAHUS CIOXKHBIX MPOU3BOJCTBEHHBIX CUTyalluil U
noucka d(pQEeKTUBHBIX PEIICHUH B 3TUX CUTYalMsX. Tak, At oOHapyKeHUst
1 pacrio3HaBaHus 0oje3Hel pacTeHnit cBOIO 3P PEeKTHBHOCTH yXKe MoKazann
HCKYCCTBEHHbIE HEHPOCETH, B YaCTHOCTH, TITyOOKHE CBEPTOYHBIC CETH,
KOTOpbIe paboTarT B cOCTaBe cucteM BuneonaodmoaeHus [8 — 11]. Oxnako,
oOHapyxuBasi mpoOieMy, TakMe HEWpOCeTH HE IpeIyiararoT OTBETOB Ha
Bompocsl «UTo M Kak Jenars?», 4TOObI YCTpaHWTh 3Ty mpoOiemy. Ha
CIICAYIONINX JTamax pa3BUTUS (akT OOHApyKeHWS W KiIACCH(PHUKALNH
001e3HH WiH 000U Jpyroi MpoOIeMHON CUTyalu TpeOyeTcst JOMOTHUTh
BBIBOJIOM PEKOMCHOBAaHHBIX MM O0S3aTENbHBIX IPOrpaMM JeHCTBUM,
KOTOPBIE HY>KHO BBITIOJIHUTD B 3TOI CUTYaIUH.

CeroiHs UMeeTCs OIBIT CO3/JaHUs UHTEIUIEKTYaJIbHbBIX CHCTEM, B TOM
qucie, B arpolpOMBIIIICHHOM IPOHM3BOJCTBE M CMEXHBIX 00IacTsX,
KOTOpBIE CITIOCOOHBI HE TOJILKO OOHAPY>KUBATH MTPOOIEMHBIE CUTYalluH, HO 1
mpeasaratb JUIsi HUX palMoOHanbHble pemeHus. Tak, B pabote [12]
TIPUBOJIUTCS IPUMED Pa3padOTKH CUCTEMBI, KOTOpas Ha OCHOBE SKCIEPTHOTO
OTIBITa BBIBOJUT PEKOMEHIAINH 110 BBITIOIHEHMIO 3AIIUTHBIX ACHCTBUH A
HUCTOYHHUKOB BOJBL B [13] Ha ocHOBe aHanmM3a CUTyalui U paccyKIeHUN 10
TIpere/IeHTaM MpeIaraloTcs peleHus 110 HPPUTallHOHHOM 1esSTeITbHOCTH Ha
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BUHOTPAJHUKAX, B [14] 3TOT Xe MOAXOJ HCHOIB3YeTCs i NPHHATUS
pelleHuil B upe3BBIYAMHBIX 3KOJIOTMYECKMX CHTyallusax, B craTbe [15]
HCCIIETYIOTCSI BOTIPOCHI BBIBOJA PEIICHHUH JUIsS OpraHM3alliy IMpPOU3BOJICTBA
AKBaKyJIbTYPBHIL.

B oatux wnccnenoBaHWAX AN BBIBOJA PEIICHWH B IPOOIEMHBIX
CUTyallMsIX TPUMEHSETCS W3BECTHBIH B  00JAacTM  HMCKYCCTBEHHOTO
MHTEJICKTA METOJ BBIBOJIA PEIICHWH HAa OCHOBE pPAacCyXICHHH IO
npenenentam (Case-based reasoning, CBR) [16]. DTOT MeTo/ okasasn CBOO
3¢ ($eKTUBHOCTP BO MHOTHX HPEAMETHBIX 00JacTAX, KOorja HeoOXOauMo
NIPUHATHE PEUICHHH B YCIOBHAX ciaboi (opmanm3anum KpUTEpUEB WU
yCIOBUI  BbIOOpa, HE  MO3BOJSIIOIIMX  HCIOJBb30BaTh  CTPOTHE
MaTeMaTH4ecKhe MOJEIN U METOJIbl ONTUMH3ALIUH.

B CBR-cucreme ucnonb3yeTcss MHTYUTHBHO ITOHSITHAS! HJIESI O TOM,
YTO, €CIIM HWMEEeTCS IIOJIOKUTEIbHBIH OIBIT pPa3pelieHus] HEKOTOpOn
npoOIeMHO# CUTyall, TO NPU BO3HMKHOBEHHM TOJOOHOI CHTyanuu B
JaTbHEHIIEM MBI TaK)K€ MOXKEM HCIIOIB30BaTh 3TOT ONBIT VIS MOITYyYCHUS
MIOJIOXKUTEIBHOTO pe3yibraTa. Torna Hanmuyue JOCTaTOYHO OOJIBIION IO
o0beMy 0aspl 3HaHuWil (B3), Toe OymyT XpaHHWTHCS NpEleAeHTHl — Hapbl
<Curyanmsa-Pemenne>, mO3BOMMT TP BO3ZHUKHOBEHHHM NPOOIEMHON
CUTyallil Tomo0paTh I/l HEe pEeIICHHe, CPaBHUBAs 3Ty MPOOJIIEMHYIO
CHUTYaINIO C TEMH, KOTOpbIe ecTh B b3.

BaxHBIM NpPEeUMyYIIECTBOM TaKOrO MOJAXOJa SBIAETCS CKOPOCTb
BBIBO/Ia pEeIICHU (T.K. IPOMU3BOJUTCS BEIOOP M3 TOTOBBIX BAPHAHTOB, & HE
pa3pabaThIBAIOTCSl HOBBIE), BO3MOKHOCTH IOWCKA PEIICHUI B YCIIOBHAX
cnaboii (hopManu3alMK M HEOMPEACICHHOCTH, a TAKXKE MOTCHIMAIbHO
BBICOKOE, OKCIEPTHOE KauecTBO IPHHUMAEMbIX pelleHud (3a cyer
obecrieueHns TAKOTo KauecTBa peeHuii B b3).

B To ke Bpems mpoctas Ha mepBblii B3msn uaes CBR  mis
peanM3aliM ee B NPUKIAIHBIX CHCTeMax TpeOyeT BBINOJIHEHHS psiaa
HETPUBHAIBHBIX 33/1a4, K KOTOPBIM OTHOCSTCS, IIPEXJIE BCEro, 3ajadn
(opManuzanyy TpesCTaBICHUS CUTYallid U pa3paboTKu Ha 3TOH OCHOBE
cnoco0oB cpaBHEHHUS M 0TOOpa cutyanuii B b3.

B nmamnO# paboTe mpemmaraercs pemieHHE STHX 3a7ad C Y4eTOM
BO3MOXKHOCTEH WX IPUMEHEHHS NPH CO3JaHWH CUTYalMOHHBIX CHCTEM
BBIBOJIA PCINCHHM, KaK OJHOTO W3 HOBBIX CEPBHCOB yMHOM (epmer [17].
CHayana B cTaTbe OINMCHIBAETCS CIOCO0 MaTeMaTHYECKOT'O MpPEeACTaBICHUSI
CIIOKHBIX CHUTyallUi, Jajee HCCIeayloTcss oOydaeMmble HellpoceTeBble
MOJENH CXOXKECTH, Ha OCHOBE 4UEro Ipeiaraercst aHcamOieBas
HelpoceTeBast apXUTEKTypa JUIsl CPAaBHEHHUS M 0TOOpa CUTYaIMH B IIpoIieccax
CUTYallMOHHOTO BBIBOJIA PEILICHUIA.
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1.1. Metoabl. B CBR-cucreme mperieieHT odpasyercs mapoit < Sit,
Sol>, rae Sit sBseTcs: GOpMANTN30BAHHBIM MPEICTABICHUEM H3BECTHOH M3
NPOLLJIOr0 OINBITA CHUTyalUH, a Sol MpencTaBisieT pEIICHHE, KOTOpOe
npeyaraetes B JaHHOH cutyanuu. B 3aBucumoctd oT HaszHaueHuss CBR-
CHCTEMBI €€ PEICHHUs MOTYT COAepXkaTh B cebe KOMaHMIBI JUI YIPaBICHHS
peKMMaMH  TEXHOJIOTHYECKOrO  O0OpYIOBaHHS, IIENCBbIC  3HAUYCHUS
KOHTPOJIUPYEMBIX IapaMeTpoB, MPOTrpaMMbl JSHCTBHII HepcoHana ajs
yCTpaHSHUS aBAPHHHBIX CUTYalUi, peKOMEHIANH, HHCTPYKIMU U JIp.

Ecnn B HaOmromaeMoil cucteMe BO3HUKAaeT MpoOJieMHas CHTYalus
Sitaci, TpeOyIOIIast CBOETO perIeHus, oHo HieTcs B b3 myTem cpaBHEHUS Sitact
C CHTyalMssMH U3 0a3bl 3HaHM, BEIOOpa Hanbosee oxoxkel curyauuu Sit*
U BBIBOZA TOTO peuieHus Sol*, koTopoe Bxomut B napy <Sit*, Sol*>. s
OMPEIeNICHUsI CTEIICHH TIOX0KECTH CUTYaIlMil HEKOTOPBIM 00pa3oM 3a1aeTcs
¢ynkius Sim(Sitacr, Sitz), KoTopas MO3BOJISIET HE NPOCTO 3aPHUKCUPOBATH
(baKT MOX0XKECTH JBYX CUTYyaUUH Sitaet U Sitz, HO ¥ KOTHYESCTBEHHO OLCHUTH
CTETICHBb TOH MOX0XKECTH C TEM, YTOOBI 00eCTICYUTh 00OCHOBAHHBIN BEIOOD
Ha MHOXKeCTBe cuTyarmii B b3, T.e.:

Sit* = argmax Sim (Sitye, Sitz), 1)

rie Z — WHIEKC MHOXKECTBa CHTyanuid B 0a3e 3HaHWHA, NIpoOerarommuit
3HAYCHUs OT | J10 00IIIero Yyucia npeleAeHTOB, UMeroIuxcs B b3 Ha qaHHbIH
MOMEHT.

3a cyer ATOro MOSIBISETCS BO3MOXKHOCTH BMECTO BBIBOJIA THIIOBBIX
pelIeHnii, OCHOBAaHHOTO Ha pPAacHO3HaBaHUM Kjlacca BXOIHBIX CUTYyalui,
HaXOJHUTh KOHKPETHBIE U JIETAIbHBIE PEIICHNUS, KOTOPbIE OYAyT HAaNOOIbIINM
00pa3oM MOAXOANTh UMEHHO K JAaHHOU MPOOJIEMHON CUTYyalnH Sitac.

VYcnoue BoOOpa (1) MOKET MOMONHATHCS OTPAHUYICHUSMHE, CPEIH
HHUX 0c000€ MECTO 3aHMMAETCs] OTPaHUYCHHE HA MUHHMAIBHO JOIYyCTHMOE
snagenne Sim(.) >Th, rae Th — moporosoe 3HaueHne, KOTOPOE OTPAHHUHBACT
BO3MOXXHOCTh MpUMeHeHHs HaiinenHoro Sol*. B cmyuae, ecimn Sim (Sitac,
Sit*)< Th, walinenHoe pemnreHne Sol* He peKOMEHIyeTcsl IS
HEMOCPECTBEHHOTO NMPUMEHEHHUs, HO OHO MOXET CIIy>)KUTb OCHOBOW ISt
pa3paboTku HOBOTO pemicHUs Soly. DTOT Mpoliece Ha3bIBACTCS aqanTalIlHi
pewennii [18], mo pesynpraram koToporo B 0a3dy 3HaHMU (mOcie
COOTBETCTBYIOIIEH OIIEHKH HAIJICHHOTO PeIIeHNs ) J0OaBiIseTcs HoBas rmapa
< Sitact; SOlact >,

Takum oOpazoM, B mpouecce skciuryatamun CBR-cucremsr
obecrieunBaeTcsl IMOMOJHEHHE ee 0a3bl 3HaHWi. Bompocsl momosHeHus
npeneieHTHOM b3, akTyanu3anny npeneaeHToB U 00CTy KuBaHNs 00bEMHBIX
0a3 3HaHMI COCTABIISIIOT OJTHO M3 HANIPABJIICHUH COBPEMEHHBIX UCCIIE0BaHNI
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B JjanHoi obmactu [18—20]. Ho ocHOBHbIMH Tpu pa3paboTKe
MIPELE/ICHTHBIX CUCTEM SIBJIAIOTCS 33j1aud (popMaim3aluy MpeneaeHToB, B
YaCTHOCTH, TIPEJCTABICHHUS CUTyallMd W CBs3aHHBIE C HHMH 33/1a4d
CPaBHEHUSI U OLICHKU CX0XKECTH CHTYaIHH.

Haunbonee oueBHAHBIM CIOCOOOM  TPENCTABICHUS  CHTyaIMH
SIBIISIETCSl TIPE/ICTABICHHE HMX TOYKAMH B MHOTOMEPHOM IIPOCTPAHCTBE
IapamMeTpoB, KOTOpBIE COOMpPAIOTCS W OLEHHWBAIOTCA B HaOIr0ogaeMoin
CHCTEME.

B »ToM cirydae oreHKa CXOXKECTH Sim MOKeT OBITh OIpejesicHa C
MIOMOIIBI0O METPUK PACCTOSHHUA B 3TOM HPOCTPAHCTBE, 0030p KOTOPBIX
npuBeIeH, HanmpumMep, B [21 — 23]. OxHako, 3a1a9 IPEACTABICHUS H OIICHKH
CXOXKECTH CI/ITyaI_H/II\/II Ipyu TaKOM MOJAXOAC YCIOXKHAKTCA C YBCINUYCHUCM
YyHucia KOHTPOJIMPYEMBIX IapaMeTpoB, TMpPH TMOSBICHUM Hapsigy C
KOJINYECTBEHHBIMU €I1I€ U KaYeCTBEHHBIX, a TAK)KE HETOYHBIX WJIM HETIOJIHBIX
naHHBIX. [IpobiemMa ycyryOnsieTcs: B CII0KHBIX CHCTEMaX, KOTjia B ONTUCaHUN
CUTYyallMid JUIsl TPUHITHS pPEIICHWH HEoOXOAWMO YUYHUTHIBATh COCTOSIHUS
3HAYUTEIHHOTO YHCJIAa HEOJHOPOJHBIX OOBEKTOB M OTHOIICHHH MEXIY
HUMH, KOTOPBIE MOTYT OIMCHIBATHCS JAHHBIMH PA3HOM MPUPOJBI M Pa3HBIX
(dhopM mpencTaBIeHUS.

B momo6HBIX yCIOBHUSIX MOTYT HCIOJIB30BATHCS JIOKATBHBIE METPUKA
CXO0XeCTH [24], 4TO TOBOPHUT O TIOSIBJIEHUH BEKTOPHOTO KPUTEPHS BEIOOpA:

Sit* = argmax {Sim; (Sitye, Sity), ..., Simg (Sitae, Sitz),..., Simy )
(Sitacs, Sitz)}.

[onoxurtenbHo TO, 4TO B (2) Kakaas W3 JIOKAIBHBIX (YHKIMH
CXOKecTH Simk MOXeT OBITh BBIYHMCIEHA I0-CBOEMYy W HA CBOEH 4acTH
TaHHEIX. B TO e BpeMs ocTaeTcs npodiieMa fanbHEHIIero Bbioopa, KOTOPBIi
Ha IMPaKTHKE CBEJETCS WM K IOMCKY MapeTo-ONTHMAIBHBIX PEIICHHH, T.€.
0TOOpY HECKOJNBKHX HECPAaBHHMBIX BapHaHTOB pemeHnd u3 b3, mmm k
BbIOOpY croco0a arperupoBaHusi, T.e. TIEPEBOJA BEKTOpa B HTOTOBYIO
arperupoBaHHyI0 Sim ¢ qanpHeHIIM BeIoopom 1o (1).

B nepBom cityuae Mbl He U30aBiIsieM MTOJIb30BaTeNsl (KOTOPBIN MOXKET
He o0yazarb HeoOXOQMMOW KBalnu(uUKalMedl U OIBITOM) OT MPOOJIEMBI
BbIOOpa. Bo BTOpOM citydae ¢ IOMOIIIBIO 3KCIepTOB HeoOXoquMa pa3paboTka
MOJIENT KOMIIPOMHCCA MEXIy JIOKaJIbHBIMH METpuKamy (Hampumep, Ha
OCHOBE BBEJICHUsI KO3()(UINEHTOB OTHOCUTEIIFHOIM BaKHOCTH), YTO MOXKET
CTaTb TpynoeMKuM. Kpome Toro, B CIOXHBIX CHCTEMax MOJENb
KOMIIPOMHCCA MOXET OKAa3aTbCsl HE TIOCTOSIHHOM, T.€. Beca OTHOCHTEIbHON
BaXHOCTH CXOJCTBa 110 TOM WJIM MHOW TPYIIE MapamMeTpoB Simg MOTYT
MEHSTBCS B 3aBHCUMOCTH OT COCTOSTHUN OOBEKTOB U CBSA3EH MeXIy HUMH. B
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NOAOOHBIX CITy4asix MEePCHEKTUBHBIM SBJSIETCS WUCIIOJIb30BaHHE 00y4aeMoii
¢yHkIMM Sim M, B YacCTHOCTH, INpPHMEHEHHE HEHpOCETEBBIX Moeneit
[15,24,25], ¢ NOMOIIBIO KOTOPHIX (YHKIHS CXOXKECTH MOXET OBITh
MIPEJCTABICHA B BUAE:

Sim = i, (W, ..., fi(W1, Xin), 3

rae Xin — BEKTOP BXOJHBIX JaHHBIX HEHPOCETH, KOTOPBIA COJAEPKUT B cede
WH(POPMAIIHIO O CPABHUBAEMBIX CUTYAIIHAX;

W, ..., Wi — HacTpamBaeMmble B mporecce oOydeHHus Beca
MEXHEHUPOHHBIX CBsI3ed Ha cloAX OT 1 70 m, mpuueM Majisi BCEX CJIOEB
W e R™, T u V — pa3sMepHOCTH COOTBETCTBEHHO BBIXOJHOTO U BXOJHOTO
BEKTOPOB Ha JAHHOM CJIO€ HEHPOCeTH;

fm, ..., fi— OYHKIMK aKTHBAIIMK HA BBIXOJE HEHPOHOB Ha CJIOSX OT 1
JI0 m.

[Tpn oOyyeHnn Ha MpuMepax MOXOXKUX U HETIOXOXKHX Iap CHTYyaIui
nogdupatoTcss Beca HeifpocereBoid Monenu (3) Tak, 4TOOBI OHAa MoIJa
BBIUMCIATH OIICHKY IOXOXKecTH Sim (.) A7 HOBBIX, B TOM YHCIE,
HEW3BECTHBIX € paHee cuTyanuii. KadecTBO Momenu OICHWBAeTCS C
MTOMOIIBI0 CHEIHANPHBEIX METPHUK TPH WCIIONB30BAaHUU BaTHIAIIMOHHBIX
HaOOpOB JaHHBIX, KOTOpble HE YydYacTBOBaM B oOydenuu. Ilogbop
apXUTEKTyphl  (KOMMYECTBO CJIOEB, Pa3MEPHOCTh BEKTOPOB, BHUIBI
AKTHBAI[MOHHBIX (DYHKLMH U T.I1.) OCYILECTBIISIETCS SKCIIEPUMEHTAIBHO.

Hanee B cTatbe  pa3padarbIBaeTcs (bopmannuzoBaHHbIC
MaTeMaTUYeCKHe IPEJCTABICHHUsI CJIO0XKHOIO TEXHOJOTHYECKOro o0beKTa
yMHOW (epMbl M CUTyauui, KOTOpble OOECIEUUBAIOT BO3MOXKHOCTU
WCIIOJIb30BaHUsI  HEWPOCETEBBIX  MOJIENICH, ONMCBHIBAIOTCS  [PUMEPHI
MIPEACTaBJICHNS] CUTYyaluii, BOHUKAIONINE Ha TEXHOJOTMYECKOM OOBEKTEe
ymHOH  ¢epmbl. Ilocme 3TOro  mpoBOJSTCS — AKCIICPUMEHTAJIbHBIC
HCCIIeIOBaHUS HEHPOCETEBBIX Mojened W (OpPMYyTHPYIOTCS BBIBOIBI JUIS
OpraHM3aINH TIpoliecca IMONCKa PELISHHUH.

1.2. ®dopmanu3anusa npeacraBieHuil od0bekTa U cutTyauuii. s
(hopmMam3anuy MPeICTaBICHUS CUTYaIllH, KOTOpas MOXKET BO3HHMKATh B
mpoiiecce  paboThl  yMHOH  (depmbl, Jnanee OyAeM  HCIOJb30BaTh
Npe/JIOKEHHOE aBTOpaMK paHee OOOOIIEHHOE IPECTaBICHHUE CII0KHOTO
texHosoruueckoro oosekta (CTO) [26]. Bynem ncnonb3oBaTh aOCTpaKTHBINA
CTO, kotopsiii cocrout u3 N-ro umciaa 3JI€MEHTOB M IPEACTaBISETCS
CJIC/TYFOIIIIM KOPTEXOM MHOKECTB!

CTO=<0,S,P,D >,
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rme O = { O; | Vi € [l; N]} — MHOXecTBO 3JIEMEHTOB CJIO)KHOTO
TEXHOJIOTMYECKOro 00bekTa, N — 4nciio 3J1IeMeHTOB ClIOXKHOT0 00bekTa. [Ton
9JIEMEHTOM IIOHMMAETCs B JIAHHOM Cilydae Jto0as M3 TEXHOJOTMYECKUX
MOJICUCTEM YMHOH (epMbl, COOCTBEHHO NPOW3BOJUMAS TPOIYKIHS,
00BEKTHI OTNIEPAMOHHOTO OKPY)KEHHS (IIPU HEOOXOJMMOCTH YUUTHIBATh MX
COCTOSIHHE TIPY TIPHHSATHU PEIICHWi), a TAK)Ke€ OTHOMIECHUS MEXIY HUMH.
Kaxnprit i-i1 37MeMEHT MOXKET HaxXOJWThCS B HEKOTOPOM COCTOSHHH
(HanpuMep, «HCIpaBeH» WM «HEUCIIpaBeH»). Kpome cocTosHUIA 3I1eMEeHTHI
CTO MoryT XapakTepnu30BaThCs JOTMOIHUTEIBHBIMU TApaMeTPaMH, KOTOPBIE
HIDKE Ha3BaHbI OLICHUBAEMbBIMU;

S={S|Vie[l;N]} uSi={Sj|Vje [l; Ns]} — MHOKECTBO
cocrosauii i-ro snementa CTO, Ns; — 4KCIIO BO3MOKHBIX COCTOSIHHMH 1-TO
JJIEMEHTA;

P={Px|Vk e [I; Np]} , k € {Ki} } — MHOXeCTBO OI[CHHBaEMBbIX
napameTpoB, Ki — moaMHOKECTBO MHCKCOB, UMCIOIIUX OTHOIICHUE K i-MYy
anementy CTO, Np — 4ncito olleHHBaeMbIX MapamMeTpoB;

D = { D« | Vk € [1; Np]}, Dk — ymopsoueHHOE MHOXECTBO
KaTeropuaibHbIX 3HaYeHu# K-ro mapamerpa.

Kareropun mnapamerpa MOTYT 3a/1aBaTbCsl JIMHTBUCTUYECKUMH
3Ha4YeHUAMH (Hampumep, napamerp «TemrepaTypa» MOXXET UMETh 00J1acTh
3HaueHnd «Huskas», «Cpenusisi», «Bplcokas»), MHTepBajJaMHd Ha IIKaie
3HAYEHUH OIIEHWBAEMOTO IapameTpa, Jormdeckumu 3HadeHusiMu (False,
True) v MHBIM cITIOCOOOM 3aJaHNUS IEPEUNCITUMbIX TUIIOB JJAaHHBIX.

KaxmoMmy i-My 3JIeMEHTYy B TEKyIIMH MOMEHT BPEMEHH MO>KHO
CONOCTaBUTh BEKTOP COCTOSSHMH C pa3MEpHOCTBIO Nsj, KOMIIOHEHTBI
KOTOPOTO MPHUHUMAIOT 3HaYeHHE | (3IEMEHT HaXOIHUTCA B j-M COCTOSIHHUH)
unu 0 (3MEMEHT He HAXOAWTCS B JAHHOM COCTOSHUH). AHAJIOTHYHBIM
obpazom kaxapiii K-if oreHuBaeMblii mapameTp Py TOXe TpeacTaBiseTcs
BektopoM u3 0 u 1 pasmepHocTh kotoporo paBHa |Dy|. C yuetom 3TOM
CXO0XKECTH JaJiee IJid YIIPOIICHUA BBEACM OJNH yHHBepcaﬂbelﬁ OLIeHO‘leIﬁ
BekTOp (cocTosiHMI M mapameTpoB) S™®, KOMMOHEHTBHI KOTOpPOro MOTyT
npuHUMAaTh 3HaueHust 1 nim 0, a nHIekc B Oyaer o3Ha4aTh BCE MHOXECTBO
WHJIEKCOB B MHOXXECTBAaX COCTOSIHUH M MHOXKECTBAaX KaTErOpUalIbHBIX
3HayeHnH. Habop Taknx BEKTOPOB, KOTOPBIM OIMCHIBAETCS BCE MHOXECTBO
3JIEMEHTOB CII0KHOTO OOBEKTA, COCTABIISET My IbTHBEKTOP S, rie uHmekc o
o6o3Havaer Bce MHOKecTBO HHACKCOB T € [1; (N+ Np)]. Mnaue rosops, o u
B B S npencraBnsior coboil ocu KOOpAMHAT, Tje NepsBas 00O3HAYAET
3JIEMEHTBl WM TMapaMeTpbl, a BTOpPas — MX BO3MOXKHBIC COCTOSIHUS WIIN
3HAYCHMUS.
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Omnpenenenne. Cutyanueir Ha CTO Ha3bIBaeTCsl Takoe MOJOKEHUE
JIeJ, KOTOPOE XapaKTepH3YyeTCsl COBOKYITHOCTHIO COCTOSTHHH 3JIEMEHTOB U
KaTeropHalbHBIX 3HAUCHNH OIIEHUBAEMBIX MTAPAMETPOB CJIOKHOTI'O OOBEKTA.

C yueTom 3Toro MysibTHBEKTOp S* ecTh (hopMaBHOE NpeICTaBIIEHNE
curyauuu, T.e. Sit <>S®. Ormerum, uto S® He sBNAETCS MaTpULIEH, OJHAKO,
OH MOXXET OBITh 3amlFcaH B BHJIC TAONHIBI 3HAYCHUH, TJI€ CTONOIBI OyIyT
03HA4aTh 3JIEMEHTHI ¥ OIICHUBAEMbIE ITapaMEeTPHI, & CTPOKH COOTBETCTBOBATh
MX COCTOSHHSIM WIJIM KaTeTOPHAIbHBIM 3HAYCHUSIM, KaK 3TO Aajee MOKa3aHo
B Tabmmre 1.

Konkartenamuss cTpoK Takoil Tabimipel oOpazyer BHyTpEHHeEe
(BcTpoeHHOE) MpeNCTaBlICHUE CUTYaIlud — YMOSIINHT CUTYallld, KOTOPBIH
OyzmeT ucrnosb30BaH uis (OPMUPOBAHUS BXOAAa HEWPOCETEBBIX MOjENei
(pazmen 2.1). UroObl HE BBOOUTH MOTOJHUTEIBHBIX O0O3HAYCHHUH, naiee
Oy/ieM HoJiaraTh, 4To MyJIbTHBEKTOp S MOKeT OBITH NpeJCTABIIEH KakK B
BUJE JABYMEpPHOW TaONUIBI, TaK W B BHAE OJHOMEPHOIO MaccCHBa,
MOJy4aeMOT0 KOHKaTE€HAMeH CTPOK 3TOW TaOJINIBI, M C TIOMOIILI0 HHOU
(OpMBI TIpEICTaBJICHHUS IIPU COXPAHEHHH BO3MOXKHOCTH OOpamieHus K
M000My M3 KOMIOHEHTOB MYJBTHBEKTOPA C TIOMOIIBIO YKa3aHHs 3HAYCHUH
WHJIEKCOB TI0 OCSIM 0. 1 [3.

2.1. Onucanne o0bekTa. PaccmatpuBaemas ymHas ¢depma
NIPEACTaBIsAeT COOOH aBTOMATH3MPOBAHHYIO CHCTEMY BBIPAIIMBAHUSA
pactenuit Ha rugpononuke [3]. OHa OCyIIeCTBISIET KOHTPOJIb YIIPABISIEMBIX
napaMeTpoB (TeMIeparypy, BIaKHOCTh, OCBEIIEHHOCTh, ypoBeHb CO2,
KOJIMYECTBO M COCTaB MUKPORJIEMEHTOB U pH B MUTaTEILHOM pacTBOPE U JIp.)
U PEryJIMpoBaHKie PEKUMOB PabOThl TEXHOJIOTMYECKOro 000PYA0BaHUS st
CO3JJaHUS YCIIOBHH, HEOOXOAMMBIX JUIsl BHIPALMBAEMbIX KYJBTYp. 3a CHeT
sToro obecrneuynBaercss AP(PEKTUBHOCTP M KayecTBO POCTAa PACTECHUMH,
YMEHbBIIAETCS 3aBUCUMOCTb OT TMIOTOJIHBIX YCIIOBHH M OIBITa arpoHOMA.

B uensx mpencraBienus u aHanuza curyauuil snementsl CTO u
OLICHMBAeMbIe TapaMeTpbl YMHOH (epMbI COOpaHbI B CIIEAYIONIE TPYIIIHI —
KOMITOHEHTHl KOMIUIEKCHOH curyarnu: «Mukpoknumary, «[luranuey,
«OcBemenne», «Pacterms». B HEKOTOpoH cHTyanmuum Kaxnmas TpyIma
XapaKTepU3yeTCsl COCTOSHUSIMU BXOJSIINX B HEE 3JIEMEHTOB M 3HAYCHUSIMA
OLICHMBAaeMbIX mapameTpoB. Hampumep, moxacucrema «MHKpOKIMMAT»
onMchiBaeTcsi napamerpamu «Temmneparypa», «BiaxHocTb», «YpOBEHb
CO2» u namementamMu «JlaT4Wk TeMIepaTyps», «JlaTduuk BIaKHOCTHY,
«Jlarunk CO2». JlaTunku Temmeparypsl, BiaxHoctd, CO2 MoryTt ObITh B
ogHoM U3 JAByX cocrtosHui  «HcmnpaBen» wnm  «Heucnpasen»,
a OllCHMBAaeMble TapaMeTpbl MPUHUMAIOT 3HaueHus W3 crucka [«Hike
nopora», «MuHUMYM», «OnTUMyM», «MakcuMym», «Beliie moporay»], riue
TIepBOE ¥ MOCJIEIHEE 3HAUCHHE SIBIISTIOTCS. HEAOITYCTUMBIMH.
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B Tabmuue 1 npencraBieH mpuMep KOMIIEKCHON CHUTYalllH, 37€Ch
€/IMHMILIA B CTOJIOLIE COOTBETCTBYET TOMY COCTOSIHUIO, B KOTOPOM HaXOIUTCS
JAHHBIM 3JIEMEHT WIM TOMY 3HAU€HHI0, KOTOpOE NPHHHUMAET JaHHBIN
napameTp.

Tabmuma 1. [IpeacraBnenne cuTyauy Ha YMHOH (epme

ol g | E g
— A oo s 2
y EE 2| B8 2| 8| 8| ¢
& g2 S| &| 2| g|s|g|?:3
= s =] [3) [5) = = < o
g Sl S| E| 5| 8|¢g] ¢
o= | £ = 2
~ | Temnepatypa 0 1 0
% JlaTuuk TeMnepaTypbl 1
) BrnaxHocTth 0 0 1 0 0
é JlaTuuK BIaXHOCTH 1 0
S | Yposens CO2 o 1] o] o] o
v Hatuuk CO2 1 0
Ph (xucaoTHOCTB pacTBOpa) 0 0 1 0 0
pH-metp 1 0
EC no snemeHTHBII 0 0 0 1 0
a4 (NP K+ MEUKPOMaKpO3/JIEMEHTBI)
E JIATYUK 3JIEKTPOIPOBOAHOCTH 1 0
E Temneparypa pactBopa 0 0 1 0 0
JlaTuuk TemnepaTypsl 1 0
VIHTE€HCUBHOCTB 110JIMBA 0 0 1 0 0
Taiimep nonusa 1 0
§ OcBsenenne 1 0
o]
)
g MOIIHOCTH OCBEILCHHS 0 0 1 0 0
/m
|
Q [leproau4HOCT OCBEIEHHS 0 0 1 0
5
g | 8| 8| &
2 = =z =)
= = o 13
s & 2| &
jan) O A og
=]
= VBsiianue 0 0 0
% A| TloxenreHue 0 0 1 0
<
& Oxoru 0 0 1 0
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Kak Obuio cka3aHo Bbllle, SMOEAIMHI JaHHOW CHUTyalluu
(dopMupyercsi myTeM KOHKaTeHAallMM CTPOK TaOJMIBl, Al HpUMEpa I10
JaHHBIM TaONmUUbl |  WMeeM ciedylollee BHYTPEHHE IIPEJCTaBICHHE
CHUTYaIIH:

S*=(0,0,0,1,0,1,0,0,0,1,0,0,1,0,0,1,0,0,0,1,0,0,0,1,0,0,1,0,0,0,0,1,0,
1,0,0,0,1,0,0,1,0,0,0,1,0,0,1,0,1,0,0,0,1,0,0,0,0,0,1,0,1,0,0,0,0,0,1,0,0,0,1,0).

[Tomy4eHHBII BEKTOp SBIAETCS BHYTPEHHUM IIPEICTABICHUEM
CHUTYaIlH, KOTOPBIH OyeT NCMOIb30BaThCS HA BXO/IE€ CUCTEMBI BHIYHCIICHUS
CXO0)KEeCTH U 0TOOpa cUuTyanuii u3 06a3pl 3HAHUI.

2.2. Onucanue HaGopa JaHHBIX. {7151 co3manus Habopa 00yJaroNIIX
JaHHBIX C IIOMOLIbIO JOKCHIEPTOB 6I)IJ'II/I BBIACJICHBI CICAYIOIUEC TpU
XapaKTEepHBIC CUTYAlUH:

— curyamus Nel, oHa XapakTepusyeTcss BBIXOJOM H3 CTpOs
Taiimepa cuctembl moyimBa (Tabmuia 2). CocTOSHHE 3TOrO JJIEMEHTa B
tTabnuue npuHuMaeT 3Hadenue «Hewcnpasen» [Ipm stom HaGmomaercs
YBSIAaHWE PACTCHHUH, a TaKkXkKe CpeJHEH CTEICHH OXKOTH M IOoXenTeHne. B
Ta0IHIe 3TO OKA3aHO TaK: OLICHWBAEMBbIN apaMeTp «YBsilaHue» B TpyIIe
«Pactenust» umeer 3HaueHHE «MaKCUMyM», YEMY COOTBETCTBYET BEKTOP
0010. AnamormyaeiM obOpa3om mapamerpam «lloxentenme» m «OKoOTrm»
cTaBsTCsA B cooTBeTcTBHE BeKTOPHI 0100;

—  curyamus Ne 2, KOTOpasi OTpa)kaeT COCTOSHHS JJIEMEHTOB II0
MPOLIECTBHIO CyTOK IOCIE BBIXOJIAa U3 CTPOsI KOHAUIMOHEpa (KOHIULIHOHED
HE paccMaTpUBAaeTCsl KaK 4acTh OOBEKTa B JaHHOM 3KcnepuMente). Ilpu
9TOM HaOIIONAETCsl IOBBIMICHHAs TEMIIEPaTypa, YBSJAHHE pPAaCTEHHH,
CHIKEHHBIH ypoBeHb KoHLeHTpau CO2 B Bo3ayxe;

— curyanus Ne3, oHa XapakTepusyeTrcs BBIXOJOM U3 CTpOs
TaliMepa BBIKIIIOUEHMsI ocBemieHus. [Ipn aToM HabIromaeTcsl MOBBIICHHAS
TEMIIEpaTypa, MOXKEITCHHUS U yBsIaHUE PacTCHUH.

Curyanuu Ne 2 u Ne 3 mpeCcTaBIsSIOTCS aHATOTHYHBIME TaOJIUI[AMH,
Kak u Tabmuma | mns curyarmmm Ne 1, re yCTaHaBIMBAIOTCS €IMHMIIBI
HalpoOTHB COOTBETCTBYIOIIMX COCTOSIHMM 3JE€MEHTOB WIM 3HA4YeHHWH
OLICHUBAEMBIX ITaPaMETPOB.

Ha ocHOBaHMM 3THX MPUMEPOB CUTYyaIMH nanee ObUI CTEHEPUPOBAH
Habop maHHBIX o0beMoM 1700 map cuTyaruii ¢ OICHEHHOH CXOXECTBIO IO
aNropuTMaM TpeoOpazoBaHUs MPUMEPOB, NMPEICTABICHHEIM B padorte [27].
st aTOrO CHavana SKCIepTOM Oblia OllEeHEHA OTHOCHUTEJbHAs Ba)KHOCTh
KaXKJIOTO DJIEMEHTA B CJIOKUBIIEHCs cuTyaruu 1o mkane ot 0 1o 10. M3 atux
OLIEHOK OBLIM TOJy4YeHbl BECOBbIE KOIPPHIMECHTH 3HAYMMOCTH IS
(hopMyJIBl JJIUTUBHOM CBEPTKH, KOTOpasl MCIOJB30Bajiach IPH pa3sMeTKe
oOyyatoriero Habopa JaHHBIX.
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Tabnuna 2. Cutyanus Ne 1 ¢ HercpaBHBIM TaiiMEPOM IOJIMBA
= o= m < E
zE 5| 2| 2 E| gl B 2
= a s 9 = = 19)
= x 2l E[ 2 E g g ¢
2 = 3 2 5| o E| E| 2| o
g gl 5| E| 5| 8| & 2
3 B = = 2
| Temneparypa 0Of0|1(0]O0
é JlaTuuk TeMnepaTypbl 110
5| BaxHocTs 0Ofo0|1(0]0O0
§ JlaTuuK BIaXXKHOCTH 110
S| Yposens CO2 ojlof1]o0]o0
7| Daruuk CO2 110
Ph (xucaoTHOCTB pacTBOpa) 0|1]10]0]|0
pH-metp 1|10
_| EC no snementasiii (N P K+ MukpoMakposieMeHTsI) 0| 1]10]0]|0
E JlaT4uk 371€KTPOIPOBOAHOCTU 110
é Temneparypa pactBopa 0Ofo0|1(0]0O0
7 JlaTunk TemnepaTypsl 110
VHTEHCUBHOCTH MOJIMBA 1 0(0]0]|O
Taiimep nosnusa 0|1
§ OcsgelnieHue 1 0
=
Q
5| MormmocTs ocBetenus ofof1|0foO
S
Q| Hepuoauunocts ocselienust ojlo|1]0]0O
)
gl 8] 8| =
Z = = I
= =4 o 13
=l &l 2| &
Tl O| Al B
o
| Vesananue 00| 1[0
jout
EL; [Moxenrenue o|1]0]0
S| Osorn ol1]o]o

Bce Bekropa cutyanmii B o0Oyd4aroniem HaOOpe JaHHBIX SIBISIFOTCS
pe3ynpTatoM one-hot koaupoBaHHs (BEKTOpPa, COOTBETCTBYIOIIHE CBOMM
aeMeHTaM (TrapaMeTpam), IPUHUMAOT 3HaueHue 0 win 1, Ipu 3TOM TOJBKO
OJIMH W3 HUX PaBeH 1).

2.3. Bamuaaunonnsle  Ha0opbl  JaHHbIX. g mpoBepku
PpaboToCIOCOOHOCTH OOYYCHHBIX MOJIENCH NOMOTHUTEIFHO K OOyJaroIIiM
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JJAHHBIM OBLIH pa3paboTaHbl BajMJalMOHHbIE HA0OpbI. BbIIO TOATOTOBIEHO
3 BanuaauMoHHBIX Habopa maHHbBIX (1B, 2B, 3B), mo3Bossomumx OLEeHUTH
CIOCOOHOCTh HEHPOCETEBOM MOJICITH:

—  oTOMpaTh CXOKHE CUTYaINH;

—  pamXHUpPOBATh CXO0XKHE CHUTYAIlUH 110 CTEIICHH CXOXKECTH,

—  paboTaTh B YCIOBHSX HEUYETKON KIacCH(UKAIIMH COCTOSHHIA,
KOTZla KOMIIOHEHTHl BEKTOpa TIPEACTaBICHUS CHTyalUd MPUHUMAIOT
3Ha4YeHus B mHTEpBaje oT 0 1o 1.

Banmmpammonssle HAOOPHI CoAepyKaT Maphl CUTYallMid C OLEHEHHOM
9KCIEPTOM CXOXKECThIO, OTJIMYHBIE OT Iap CUTyalud M3 00ydarouero
HaOopa.

Ha6ops! 1B u 2B coxepxar no 15 map cutyauuii, rie ogHa CUTyanus
CpaBHHUBACTCSA C 15 ApyruMu pa3HO# CXOXKECTH (3HAYCHHUS CXOXKECTH Sim
MeHs10TCs B uHTepBae ot 0,50 no 0,95).

Banunarmonnsrit Habop 3B comepxkut 10 map curyanuii. OH
AMHUTUPYET BO3HHKHOBEHHE HEKENATeNbHONH CHUTyalldd C HETOYHBIM
OIPENEIEHUEM COCTOSIHUN HEKOTOPBIX AJIEMEHTOB, T.€. KOIZla KOMIIOHEHTHI
BEKTOpa CHUTyallud IpUHUMAOT 3HaueHus B wuHrepBane [0;1]. Takas
CUTyals 3/ecCh Ha3BaHa HedeTkod. OHa WLTIOCTpUpPYET CIy4ald, Ipu
KOTOPOM  CIIEIMAJINCT, OKCIUIyaTHPYIOMHUHA YMHYI QepMy, B CHIY
HEJOCTAaTKa JaHHBIX (M3-32 HEUCIIPABHOCTH 000PYAOBAHMS) HITH HEIOCTATKA
3HAHUH U OTBITa HE MOXET CAeNaTh TOYHBIC BBHIBOABI O 3HAYCHUSIX TE€X WIIN
WHBIX TTapaMeTpoB B TeKymied curyanuu. [Ipenmomnaraercs, 9To U B TaKOM
cnydae CBR-cucteMa J0KHAa yMETh HaXOJUTh B 0a3c 3HAHUUN MOXOKUE
CHUTYaIlMH C TEM, YTOOBI IPEATI0KUTh HEOOXOAUMOE PEIICHHUE.

ITpumMepom HeueTKOMH CUTyaluH SABJISETCS CUTYALHsL, TPEeICTaBICHHAS
B Tabnune 3. OHa XapakTepu3yeTcss HEUCIIPABHOCTHIO AaTUMKa PETyIsITOpa
kucaoTHocTH pactBopa pH. Tak kak ¢ matunka u3Mmepenus pH pactsopa He
MOCTYTMAET JaHHbIE, TO TOYHO OLEHUTh KUCIOTHOCTh HEBO3MOXHO. B cuiy
9TOTO WCIIONB3YyeTCsS HEUeTKOe OlleHWBaHWE mapamerpa Ph. xorma mpu
HaONIONEHWH 3a TEKyIleH CHuTyaruel CHenualucT YMHOH (epMsl
BBICKA3bIBAET CBOM MPEAIIOIOKEHUS OTHOCHTENBHO 3HAYCHUS 3TOTO
mapamMeTpa. IIpu 3ToM OH BEICTaBISIET CyOBEKTHBHYIO OIIEHKY BEPOSTHOCTH
(ko3 duIeHT yBEepEeHHOCTH) MPEANOoIaraeMoro 3HaueHHs, KOTOpoe
MIPUHUMAET JAaHHBIA MMapaMeTp B STOH CHTyallld — B IPAMEPE STO 3HAYCHUS
«Hwmwxke mopora» u «MuHumym» c¢ orneHkamu BeposTtHoct 0.4 u 0.6
COOTBETCTBEHHO. AHAJIOTUYHBIM 00pa3oM, B JaHHOH CHTyallMd HEYETKO
OILICHUBAIOTCSI 3HAa4YeHHs MapameTpoB B Tpymme «Pacrenusi». Korma mpu
aHaJIM3€e COCTOSIHUS pacTeHHH HaOII0JaTeNlb HE MOXKET OJJHO3HAYHO OLIEHUTh
napameTpsl «YBsananue», «lloxenrenue», «Oorm», OH BBICTAaBISIET UM
3HaueHuss  cmuckoM  [«Hwmskoe»,  «Cpemnee»,  «Bsicokoe»] ¢
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COOTBETCTBYIOLIUMU CY6’beKTI/IBHbIMI/I OLUCHKaAMu BEPOATHOCTHU ITUX
3HAYCHUH.
Tabmuua 3. [Ipumep cUTyalMu ¢ HETOYHBIMH TApaMeTpaMu
= ° s I
z e S| E|a|2|z|%¢
o T 0 = g o = S = o
= g = e | B = = = 5 =
— S = 3] ) = = z 5]
[Th= 3} = % = g s g
s E =l 8|57 = | 3
~ | Temmeparypa 0 0 1 0 0
% JlaTuuk TemnepaTypsl 1 0
5 |Buaxnocts 0 0 1 0 0
é JlaTumnk BIaXKHOCTH 1 0
S |Yposens CO2 oot ][ofo
~ | Harunk CO2 1 0
Ph (xucnotHOCTH pacTBopa) 04 106| 0 0 0
pH-metp 0 1
7 +
. EC no snemenTtasbiit (N P K 0 0 1 0 0
A | MHKPOMAKPOIIEMEHTBI)
E JTATYHK 3JIEKTPOIIPOBOAHOCTH 1 0
E Temneparypa pacTBopa 0 0 1 0 0
Jlatuuk Temnepatypsl 1 0
MHTEeHCHBHOCTH MMOJIMBA 0 0 1 0 0
Taiimep nosnusa 1 0
é Ocgelenne 1 0
=
o
g | MormHocTs ocBemieHHs 0 0 1 0 0
m
o
9 IleproANYHOCTD BKITIOUCHHS OCBELICHUS 0 0 1 0 0
5
AEIRE;
< 1) 5
g1 38| 8| ¢
TS| A8
o
5 VBsmanue 041 0.6 0 0
=
é Tloxenrenne 0 106]04]| 0
<
%< | Oxorn 0 |08]02]| 0
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B Hewerkoil curyanmu BMecTO one-hot KOIMpOBaHHS BEKTOPOB
UCIIONIB3YETCS «MSITKoe», soft KoaupoBaHHWeE, NMPH KOTOPOM B JIIOOOM U3
BEKTOPOB MOTYT IPHCYTCTBOBATh YHCJIA OT HYJS IO €IMHHIBI B Pa3HBIX
MO3ULIMSX.

B okcmepuMeHTax Takas cHUTyarus cpaBHHBajach ¢ 10 apyrumm
CUTYaIlWsIMU, TAC COCTOSIHHS JJIEMCHTOB W 3HAYCHHUS IapaMeTpoB OBLTH
TOYHO U3BECTHEI. TakuM 00pa3oM, IpoBepsUIach THIIOTE3a O IPUMEHIMOCTH
o0ydJeHHO# HeiipoceTu I cpaBHEHHS U 0TOOpa CHUTyaluii B 06ase 3HaHHM,
KOTJIa BXOJHAs, TEKYIasi CUTYaIHs SBISETCS HEUETKOM.

2.4. Onucanne MeTpuk. JInsi OIGHKH HEHWPOCETEBBIX MoOJeNel
UCIIOJIB30BAIHCH CIEAYIOIINE METPHUKH.

1) MAPE (Mean Absolute Percentage Error) — abcomtoTHas
CpeIHsIsl MPOICHTHAS oInOKa [28] 3HaueHus: Sim, KOTOpasi BEIYUCIISIACH 10
crenyronei popmyse:

MAPE = % Yo, * 100%, @)

ye=Ft
Yt

I'JIe N — KOJIMYECTBO OLIEHUBAEMBbIX Sim Map CUTyalul, Y, — 3Ha4eHue Sim u3
BaJIM/IAIIMOHHOTO (aiina, ¥, — MOJIeNIbHOE 3HAUEHHE MOJIyYSHHOTo Sim.

2) nDCG@k (Normalized Discounted Commulative Gain mias
JTy4umx K) — MeTpuKa Ajs OLEHKHA BEPHOCTH PAHKHUPOBaHHS K cuTyarmit
[29] nmyuymux o BenuyuHE Sim. Beraucnsmace mo cieayomum GopMyiam:

DCGy
NDCGy =
k= Ipcgy’ S
DCG, = Yk, 2=t (©)
k™ &i=1 60, (14i)
rme f; — OIICHEHHAs pENICBaHTHOCTh pe3yJjbTara Ha IO3WIWH |,

IDCGk — 3nauennie DCGk npu paHXMpOBaHUH 10 UCTUHHBIM 3HAYCHHUSIM
(pefiTHHraM 13 BaJMAAIIMOHHOTO HAabopa), K — KOMMYECTBO OLEHHBAEMBIX
cutyanuii, mpuasaTo K=6.
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3) Accuracy — MeTpuKa Ui OIIEHKH BEPHOCTHU OIpPEAENCHUS
kinacca [30]. B Hamem cirydae Kilace map CUTYalllid «II0X0X/HEIOXO0XK» MpH
mopore Sim>(.75. Beraucnsiace mo cienyromieit popmyie:

TP+TN

Accuracy = TP+TN+FN+FP ' @

rae TP — BepHbIe MOJNIOXKHUTEIbHBIE (TTOXO0K) Kiaccupukanuu; TN — BepHbIe
oTpunarenpHpie  (Hemoxox)  kiaccudukanmu; FP —  HeBepHble
MTOJIOKUTETBHBIE (TI0X03K) Kiaccupukanuu; FN — HeBepHbIe OTpHIIaTEIEHBIC
(HEenoxoxx) KiaccupUKaIuu.

2.5. Pe3yabTaThl. B nccnenoBanuu ObUT MPOBE/IEH SKCIIEPUMEHT T10
aHaJIM3y IMPOM3BOAUTEIHHOCTH TPEX HEHPOCETEBBIX MOJENCH AJIS OLIEHKH
CXOKECTH CHUTyallMii M WX KoMmOumHammid. Kaxnmas mozaens omnepupyer
BXOAHBIMH  JaHHBIMH, TIOJIyYaeMbIMH W3  MYJIBTHBEKTOPOB  JBYX
CPaBHUBAEMBIX CHTYAIIUH.

3a OCHOBY apXHTEKTYPbl MOJIETH B35Ta apXUTEKTYpa MOJHOCBA3HOMN
HEHpOHHOI ceTH (pUCYHOK 1).

Puc. 1. IlonHocBsA3Has HEHPOHHAS CETh
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Mopens M1 Ha BXox mojydaeT eauHbIi 00pa3 IByX cuTyauui Xin B
BHJIE KOHKaTeHalnu (concat) MyJIbTHBEKTOPOB TeKyllei cutyaruun S® o u
cutyarnuu u3 6a3bl 3HaHuH S, ¥ peobpasyeT ero B OLEHKY CXOMKECTH ITHX
curyarmid Sim:

Xin = concat (S ,t, S® ),

M1: Xin — Sim € [0;1].

OtoT cnocod (opMHpOBaHMS BXOIHOTO CHTHAla HCIIOIH30BaH B
ONHOM W3 AapXWTEKTyp CHAaMCKHX HEWPOHHBIX CeTeH, CHEenHalIbHO
MpeIHa3HAuYeHHBIX U1 CpaBHEHHS 00BEKTOB [15].

Mopens M2 Ha BXOA TMONy4aeT MOCHMBOJBHYIO —Pa3HHILY
MYJIbTUBEKTOPOB JBYX CHTYaIHH:

Xin = | SuB act = SuBZ |,

M2: Xin — Sim € [0;1].

D10t crocob (GopMHUPOBAHHUS BXOJIHOTO CUTHAIA ObUT UCIIOJIH30BaH B
pabote [31]. OH MO3BOJIIET COKPATUTH JUTMHY BXOJIHOIO BEKTOpa B JIBa pasza
10 CPABHEHUIO C Te€M, KOTOPbI ucrnoisb3yercs B mogenu M1. Cokpaienue
Pa3MEpPHOCTH BXOJJHOT'O BEKTOPA MOTEHIUAIBHO 00JI1a1aeT IOJI0KHUTEILHBIM
CBOMCTBOM, T.K. yMEHbBIIAET KOJIMYECTBO KOMOMHAIMH BXOJHBIX BEKTOPOB,
KOTOpBIE MOTYT /1aBaTh HA BBIXOJIC OJMH U TOT )K€ PE3YJIbTaT BBIYHCICHHH.

Mopens M3, koTOpasi Ha BXOJ1 IOIy4aeT HOCUMBOJIbHYIO CYMMY JBYX
MYJIbTUBEKTOPOB.

Xin = Sitaet + Sit;,

M3: Xin — Sim e [0;1].

31ech KOMIIOHEHTBI BXOAHOTO AJIsI MOJIENIH BEKTOpa Xin MPUHUMAOT
3HageHnss oT 0 [0 2, YTO WMHTEPIPETHPYETCsA CISAYIOMHNM 00pa3oM.
HexoTopslif ij -if KOMITOHEHT BXOTHOT'O BEKTOpa Xin IpUHUMAET 3HaUYCHHE 2
B TOM Clly4ae, KOrja B 00eMX CHTyalHsxX i-il 3JeMEeHT HaxXOAMTCS B j-M
COCTOSTHHY, 3HaueHHe () — JJIEMEeHT He HaXOAUTCS B ATOM COCTOSHMU HU B
OJTHOW W3 CUTYaIUii, 3HaYeHUE | — i-i AIIEMEHT HAXOAUTCS B j-M COCTOSIHUU
B OJTHOH U3 CPaBHUBAEMBIX CHTYAaIIHH.

B pabore [32] mpeacTaBneHBl pE3yJbTAaThl  MCCIEIOBAHMS
npeIokeHHbIX Mojeneit M1, M2, M3 mns Beraucienus Sim. B 31oii cratbe
MBI TIPUBOJMM DPE3YJIbTAaThl JajbHEHIINX HCCICAOBaHUI, I'Zle B MEIIX
yIy4IICHNS] METPUK KauecTBa pacCMaTPHUBAIOTCS aHCaMOJIN HEWPOCETEBBIX
MOJIENEN.

IIpumep apXuTeKTypbl aHCaMOIEBOW MOJENM TIPUBEACH Ha
pHUCYHKE 2, NpOrpaMMHasi peaau3alysi BbIMOJHEHa Ha s3bike Python c
ucronb3oBanrem oubauorek Keras, TenzorFlow.
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Puc. 2. ApxurexTypa ancam01eBoi MOAETH

[ukn oOyueHns1, BaluAay U aHAJIN3a MOKa3aTeIed MPOM3BOAMICS
8 pa3 Ha OHMX W TeX K€ JAHHBIX IS KKIOH MOJEIH B IESIX OLCHKH
CTaOMIBHOCTH TIOKa3aTeleH, YTO IMOTEHIHAIbHO MO3BOJSET O0OECIEeYNTh
CTaOMIBHOCT pabOTHI HA HOBBIX HaOOpax JaHHBIX.

B kauecTBe anbTEepHATHBBI HEMPOCETEBBIM MOJENSAM PACCMOTPEHA

MOJIeNb arperupoBaHMsl JIOKaJbHBIX METPHK cXoicTBa (2) Ha OCHOBE
AIUINTHBHOM CBEPTKU C MOCTOSHHBIMH KOI((HIMEHTAMH OTHOCHUTEILHOU
Ba)XHOCTH, KOTOPBIE ONPEACIISIOTCS IyTEM SKCIIEPTHOTO OIpoca.

IIpu sToM popmyna (2) mpeodpa3yroTcs B CIEIYIONIIYIO:

Sim = Z aESimy, ()

T/Ie @) — BeCOBOH KOA(PPHUIUEHT TPYIIIHI, OTIPEIEIIIEMBIN dKCIIEpTaMHt, Sim,
— cxonctBo K-i rpynnsl snementoB CTO B AByX CpaBHUBAaEMBbIX CHUTYAIHsX,
ompeensemMoe 1o Gpopmyie:
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Simk = Z ﬂkl’fki:

rae S, — KOdPOUIMEHT OTHOCHTENHLHOW BAKHOCTH 1-TO 3JIEMEHTa
(mapametpa) B K-ii rpyre, NpHHUMAIONIHI 3HaUYeHHe B nHTepBaje oT 0 1o 1
IIpY cyMMe BceX K03((HIMEHTOB B ITaHHOW Tpymre paBHOH exunmue. Ero
3HAa4YeHWE, KaK W 3HaueHWe KO3()(UIMEHTOB O, TOXE ONpenesseTcs
9KCIIEPTHBIM ITyTEM;

fi — OKazareNs CXO/ACTBA i-ro 2eMenTa (mapamerpa) B K-if rpyrme
B CpaBHMBAEMBIX cUTyanusx. OH MPUHUMAET 3HaYCHHE |, KOT/Aa SIEMEHTHI
(mapameTpsl) B IBYX CHUTYaIMsIX UMEIOT OAMHAKOBOE COCTOSIHUE (3HAYCHHE)
WM HOJIb B IPOTUBHOM CITydae.

Jlyammue  mokasaTrenn ~ METPUK W3 BOCBMHM  IPOBEIEHHBIX
OKCIICPUMECHTOB C BaJIUAAIIMOHHBIMU OTaHHBIMU JJId OTACJIBHBIX MO[[eJIeﬁ u
uX aHcaMOJieil mpeicTaBIeHbI B TA0IHILE 4.

Tab6smua 4. ITokazaTenu METpUK

N Tounast K1accHpHKaLUs Herounas kinaccuduxarms
- /;1 COCTOSIHMH M OILIEHKa COCTOSIHMH U OlLIEHKa
napameTpos (Habop 1B, 2B) napameTpoB (Habop 3B)
M
MeTp”Ka MAPE [nDCG@K| Accuracy | MAPE | nDCG@k Acc;rac
0JIeNb
1 M1 14% 61% 92% 21% 68% 80%
2 M2 3.75% 96% 96% 12% 98% 100%
3 M3 13.40% 89% 92% 19% 78% 70%
4 A;‘;;Mﬁg": 339% | 100% | 100% 9.8% 98% 100%
5 ﬁ’z'c&“‘fﬁz: 7.90% | 95% 100% 12% 95% 100%
6 I]{\j’é"ll\l/’é “{,‘[’;iﬁg 3.48% | 985% | 100% 12% 95% 100%
AnauTuBHAS
CBEPTKa C
7 | MOCTOSIHHBIMH 6% 92% 90% 14% 60% 90%
KO3 duLIeHTaM
BAXXHOCTH ]ﬂ

3. O0cy:kneHue pe3yJbTATOB JKCHEPUMEHTOB. OKCIEPUMEHTHI
MOKa3aJId, YTO aHcaMOJIb IPOCTBIX MOJENICH MoXeT obecneunBaTth Oojee
Ka4eCTBEHHBIE PE3yJIbTATHI 110 CPABHEHHUIO C OTICIBHBIM MX IPUMEHEHUEM.
Ha ocHoBe mokaszareneil METpUK, NpEACTAaBICHHBIX B Tabiuie 4, MOKHO
clienath BBIBOJX O LEJIECOOOPA3HOCTH NMPUMEHEHMS B 3aJadyax CpaBHEHHS
CUTYyaIuid aHCaMOIIS IPOCTHIX Mojeneii: M2, M2 (tabnuma 4). Apxurekrypa
9TOro aHcaMOJIs MoJieJIel MOKa3aHa Ha PUCYHKeE 2.
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JlanHplii  aHcaMOiib  MoOjeeH TOKazan Jydmue (B CMBICIC
WCIIOJIB3YEMBIX METPUK KadecTBa) Pe3yJIbTaThl IIPH PELICHUH 3a/1a4 0TOOpa
CXOKHMX CUTyallli M paH)KNPOBAHUS CUTYalLMi 10 CTETIEHH CXOXKECTH, B TOM
YHCIIe B YCIOBUSIX BOSHUKHOBEHHUSI HEUETKON CUTYAIIHH.

AKTyanbHOCTh PAaH)KHPOBAHHS BO3PACTAET C YCIOXHEHHEM OOBEKTa
(yBenmmueHMEM  KOJMYECTBA JJIEMEHTOB), KOTJa BO3pAacTaeT  pPHUCK
BO3HMKHOBEHUSI KOJUIM3HH, T.€. CIy4aeB, IPH KOTOPBIX Pa3Inine CUTYyaIi
10 OAHUM aTpUOyTaM MM JTOKAIBHBIM METPUKaM MOXKET KOMIEHCHPOBATHCS
HX CXOJCTBOM IIO IpyTUM aTpHOyTaM.

AnyuTuBHaS CBEpPTKA NPH IPOBEPKE HAa BaIMJALMOHHOM HaOope,
HECMOTps Ha OJIM3KKE K HEMPOCETEBBIM MOJIEIISIM Pe3yIbTaThl, He NoKa3aa
PE3YJIbTAaTUBHOCTL NPU PCHICHUHN 3aJla4yd paHXUPOBaHUA, IPUPABHAB I10
cxoxxectd 5 curyauuil. HampoTtus, HelipocereBas Mojenb YCHELUIHO
paszzenuiia 3TH CUTyallud IO YPOBHIO CXOXKECTH, IO3BOJMB HOCTPOUTH
PAHXUPOBaHHYI0 1o Sim(.) IOCIEN0BaTENbHOCTh, COBIANAIOIIYI0 C
MHEHHEM OKCHEepTa, C TIOMOIIBI0 KOTOporo ObUT  cOpMHUpOBaH
BaIUIAMOHHEIA HA0OD.

Takum 00pa3oM, SKCIIEPUMEHTH MOKa3ald, 4YTO HeHpoceTeBbIe
MOAENH W UX aHcaMOiM, OOYyYHMBIINCH Ha TpUMepaxX, MOTYT OBITh
WCTIOJIB30BAHBI [UISl TIONCKA M 0TOOpa B 0a3e 3HAHHH IMOXOXHE CUTYAaIUH,
ynoBinerBopsitorue kputepusim (1)-(2). Ipu ycnoBum Hamomuerus b3
npeueaentamu  <Sit, Sol> HaiimenHas Sit* mo3BoNIET TPENTOKHUTH
MOJIB30BATENI0 TO pemieHne Sol*, KOTopoe accomuupoBaHO C 3ITOU
CUTyallUell M KOTOpOE€ PEKOMEHIOBAaHO Ul Takux curyauuid. Tak, B
PacCMOTPEHHBIX MPUMEPAX MPHU BOSHUKHOBECHUHN CUTYyaAllUN C HEUCIIPABHbIM
pH-merpom (Tabmuna 3) B3 moxer coxepkarh B cebe peuieHue, KoTopoe
Oyner mpencTaBiIsATh cO000l mporpaMmy JeiCcTBUN (TEXHOIOTUYECKYIO
KapTy) 10 YCTPaHEHUIO HEUCIIPaBHOCTH O0OPYAOBAaHUS M PEKOMEH/IyeMble
JIeWCTBHS JJIsl BOCCTAHOBJICHUSI COCTOSTHUN pacTeHHH.

4. 3akmiouenne. B crathe paccMmorpeHo wucnonb3oBanne CBR-
METO/a C TPEICTaBICHUEM CUTyalMi ITIOCPEICTBOM BEKTOPOB, KOTOpHIE
cozepkar B cebe MH(OpMALMIO O COCTOSHMAX 3JIEMEHTOB W 3HAuYCHUH
OLICHMBAEMbIX MapaMeTpOB, NPUMEHHUTENBHO K 3aJadyaM CHUTYallHMOHHOTO
BBIBOJIA PEIICHUH MIPH IKCILTyaTallid YMHOU (hepMEL.

YMmHas ¢Qepma mpencTaBiIeHa KaK CIOXKHBIA TEXHOJOTHYECKHHA
O6'beKT, COCTO?HJ_II/Iﬁ N3 B3aMMOCBA3AHHBIX KOMIIOHEHTOB, KOTOPBIMU
SBIAIOTCS TEXHOJIOTMYECKHE IOJCHCTEMBI YMHOH (hepMBbl, IPOM3BOIMMAs
NPOAYKIUS, OOBEKTHl OIEPAIMOHHOTO OKPYXKEHHS, a TaKKe OTHOLICHWS
MeXAy HuMH. [ peanuzalMu  anropuTMOB CHTYallMOHHOTO BBIBOJA
pelleHHii Ha OCHOBE IIPELEAEHTOB MPEATIOKEeHO (HOPMAIU30BaHHOE
Tpe/CTaBIeHHE CUTyallud B BHjE MyIbTuUBeKTOpa S, uro mossommio
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paspaboraTh psn Mojeneld oO0ydyaeMOl (YHKIMH CXOXECTH Sim MexXIy
curyanusiMu. [IpoBeeHHBIE SKCIIEPUMEHTHI TIOKa3an paboTOCIOCOOHOCTh
MIPEJIOKEHHBIX MOJICNIC, Ha OCHOBE Yero paszpaboTaHa aHcamOieBas
apXMUTEKTypa HEWpOCEeTH ISl CPaBHEHUS CUTyallMid M X oTOopa u3 0a3bl
3HaHUM B Mpoueccax BbIBoJAa pelieHuid. IlpuMeHenue HedpoceTed Iuist
KOJINYECTBEHHOM OIEHKH CXO0XKECTH CHUTyalWi MO3BOJIIET OTKAa3aThCsl OT
TPYIOEMKHX 3a/ad O3KCICPTHOTO OLEHWBAHMS CHTYyalWid, pa3paboTKu
KPHUTEPUEB U AITOPUTMOB MX CPABHEHUS B CIIOJKHBIX YCIOBHUSX, B TOM YHCIIE,
IIpM  HETOYHBIX JAHHBIX I  WACHTH(UKAIMKM  CHUTyalMu, IpU
HEOOXOAMMOCTH  NPHMEHEHUsS  JIOKAJbHBIX METPHK  CXOXECTH U
JUHAMHUYHOCTHU BECOB OTHOCHUTEIBHOM Ba)KHOCTH DTHUX MCTPHK.

Jns npuMeHeHus TpelUiaraeMoro Iojxoja W pa3padoTaHHBIX
MoJieNiell Ba)KHBIM CTaHOBHTCSI BOIIPOC HMICHTH(HKAIMU CUTyalui, 4TO
CBSI3aHO C KJIacCHU(HKAIMEeH COCTOSIHUN KOMIIOHEHTOB YMHOH (epMBI I10
cobupaembIM aaHHBIM. [IpakTHueckuii HHTEpEC NMpeACTaBIsIeT MOHUTOPUHT
COCTOSIHHSI PACTCHHH MO WX BHIEO-, (POTO- H300paxkeHusM [8], dto
I03BOJISIET 0OHAPYKMUBATh HEXeJaTeNIbHbIE COCTOSHUS pacTeHui (0one3Hu),
KOTOpBbIE MOTYT CIYXWTh CHTHAJIOM JUIS aKTUBH3AaLMH IIpoliecca IOMCKa
pemieHuit B 0a3e 3HaHWH. Pa3paboTka KIacCHPHUKATOPOB COCTOSHHIA
pacTeHHH M WHBIX KOMIIOHEHTOB YMHOH (epMbl Ui HICHTH(HUKALIH
CUTYyallMid M 3aITycKa IPOIECCOB BBIBOJA PEIICHUH SBIAETCS CIETYIOIINM
3TalOM HCCIIEI0BAaHUI aBTOPOB.

PesynbTaTsl HcClieOBaHWS MOTYT HalTH TNPUMEHEHHE Ui
pa3paboTku 0a3 3HAaHMH M CHCTEM MOJIEPKKH HPUHATHS PELICHUH B
CIIOKHBIX CUTyalUsX, BO3HHKAIOUIMX MpPU OSKCIUTyaTallkd YMHBIX (epM
(HeucnpaBHOCTH 00OPYIOBaHUs, OOJIC3HU PACTCHHM, HETOCTATKU MUTAHUS
U ap.). MOXHO 0XHJaTh, 4TO TNPHUMEHEHHE IOJ00HBIX CUCTEM OyaeT
CIOCOOCTBOBATh MOBBIIICHUIO ONEPATUBHOCTH M KAa4eCTBa MPUHUMAEMBIX
pelIeHni, a Tak)Ke MEHATh TPEOOBaHUS K KOMIIETEHIUSIM CIIELHAINCTOB H
00CITyKHMBaIOIIETO TepcoHalla YMHOW (epMbl, cMemas HxX NpoduiIb B
CTOpoHY LU(pOBEIX TexHojoruil. Ilpm sToM s oOydeHus Monenei u
co3faHus 0a3 3HaHWH MOTPEOYIOTCSI W SKCHEPTHI B «CBOEH» MpeIMETHOMH
obyacTh  —  BBICOKOKBAIM(UIMPOBAHHBIE  CICIHAIUCTBI  CEIBCKOTO
XO35HCTBA, YbH 3HAHUS M OIBIT CTAHYT JAOCTYITHBI I 0OecreyeHus: paboThl
MHOTOYHCIICHHBIX (epM.
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COMPARISON AND RETRIEVAL OF SITUATIONS IN THE CASE-
BASED REASONING SYSTEM FOR SMART-FARM

Glukhikh 1., Prokhoshin A., Glukhikh D. Comparison and Retrieval of Situations in the Case-
Based Reasoning System for Smart-Farm.

Abstract. The trend of development of smart farms is aimed at their becoming fully
autonomous, robotic enterprises. The prospects for the intellectualization of agricultural
production and smart farms, in particular, today are associated with the development of
technology systems used to detect, recognize complex production situations and search for
effective solutions in these situations. The article presents the concept of such a decision support
system on smart farms using the method of decision support based on case-based reasoning -
CBR system. Its implementation requires a number of non-trivial tasks, which include, first of
all, the tasks of formalizing the presentation of situations and creating methods for comparing
and retrieving situations from the KB on this basis. In this study, a smart farm is presented as a
complex technological object consisting of interrelated components, which are the technological
subsystems of a smart farm, the products produced, the objects of the operational environment,
as well as the relationships between them. To implement algorithms for situational decision-
making based on precedents, a formalized representation of the situation in the form of a
multivector is proposed. This allowed us to develop a number of models of the trained similarity
function between situations. The conducted experiments have shown the operability of the
proposed models, on the basis of which ensemble architecture of a neural network has been
developed for comparing situations and selecting them from the knowledge base in decision-
making processes. Of practical interest is monitoring the condition of plants by their video and
photo images, which allows detecting undesirable plant conditions (diseases), which can serve
as a signal to activate the process of searching for solutions in the knowledge base.

Keywords: case-based reasoning, decision making, neural network, neural network
architecture, smart farm.
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Optimization Based on Spectrum Aware Opportunistic Routing for Cognitive Radio Ad
Hoc Networks.

Abstract. Opportunistic routing has increased the efficiency and reliability of Cognitive
Radio Ad-Hoc Networks (CRAHN). Many researchers have developed opportunistic routing
models, among them the Spectrum Map-empowered Opportunistic Routing (SMOR) model,
which is considered a more efficient model in this field. However, there are certain limitations
in SMOR, which require attention and resolution. The issue of delay and degradation of packet
delivery ratio due to non-consideration of network bandwidth and throughput are addressed in
this paper. In order to resolve these issues, a hybrid optimization algorithm comprising firefly
optimization and grey wolf optimization algorithms are used in the basic SMOR routing model.
Thus, developed Hybrid Firefly and Grey-Wolf Optimization-based SMOR (HFGWOSMOR)
routing model improves the performance by high local as well as global search optimization.
Initially, the relationship between the delay and throughput is analyzed and then the
cooperative multipath communication is established. The proposed routing model also
computes the energy values of the received signals within the bandwidth threshold and time;
hence, the performance issues found in SMOR are resolved. To evaluate its efficiency, the
proposed model is compared with SMOR and other existing opportunistic routing models,
which show that the proposed HFGWOSMOR performs better than other models.

Keywords: Cognitive Radio Ad Hoc Networks, Opportunistic routing, Spectrum Map-
empowered Opportunistic Routing, Firefly optimization, Grey-Wolf optimization, bandwidth
threshold.

1. Introduction. Cognitive radio ad hoc network (CRAHN) is a type
of distributed, self-organizing, self-Configuring wireless network in which
the radios in the network can adapt their transmission and reception
parameters in real-time, depending on the availability of the frequency
spectrum.

The cognitive radio devices can sense the presence of other radio
signals in specific bands, and dynamically adjust their transmission
parameters to avoid interference with other devices, and, thus, maximizing
the utilization of the available spectrum. This approach leads to a more
efficient use of the radio spectrum, reducing the possibility of interference
and increasing the capacity of the network. This type of Network uses
cognitive radio technologies to allocate network resources dynamically such
as frequency, bandwidth and power.

In CRAHN, nodes (CR-users) can sense the availability of the radio
spectrum and adjust their transmission parameters accordingly to avoid
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interference with other users. This enables efficient utilization of the free
available spectrum and improves network performance [1, 2].

CRAHNSs can automatically search, monitor and use the available
free spectrum to take care of the problem of the spectrum resource shortage
and low utilization rate without affecting licensed users.

The cognitive radio rule has acquainted the thought with abuse
spectrum holes (i.e., bands) which result from the demonstrated
underutilization of the electromagnetic spectrum by present-day wireless
communication and broadcasting advancements [3].

CRAHNs are often used in military, rural connectivity and
emergency communication scenarios where the availability of spectrum is
limited and rapidly dynamically reconfigure itself to maintain
communication in the face of changing conditions [4].

The components of a Cognitive Radio Ad Hoc Network (CRAHN)
are [4, 5, 6]:

—  Cognitive Radio Nodes: The main component of the CRAHNs
is the cognitive radio nodes (Secondary-User), which are equipped with the
radio transceivers and the processing capabilities to monitor and adapt to
the surrounding radio environment [6].

—  Spectrum Sensing: Each node in CRAHNSs infrastructure is
equipped with a spectrum-sensing module to detect the presence of other
users in the radio environment.

—  Decision Making: Based on the information gathered through
the sensing of spectrum, the nodes make decisions on which frequency band
to use for communication, and how to allocate the available spectrum
resources [7].

—  Spectrum Management: The nodes in a CRAHN use their
cognitive abilities to manage the available spectrum resources dynamically
to avoid interference with other users and optimize the performance of the
network.

— Routing the nodes in a CRAHN use routing protocols to
dynamically establish and maintain communication links with other nodes
in the network [8, 9].

—  Network Management: CRAHNSs use the network management
techniques to monitor network performance and make adjustments to ensure
optimal operation [10]. These components work together to enable
dynamic, self-organizing, and efficient communication in a Cognitive Radio
Ad Hoc Network [5, 6].

In cognitive radio, the secondary users (SUs) refer to a specific
device that dynamically accesses and uses the underutilized portions of the
radio spectrum that are licensed to primary users (PUs) such as government
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agencies or licensed commercial operators. The secondary user (US)
operates on a non-interfering basis with the primary users and can vacate
the spectrum when the primary user requests access [7, 8].

The primary users in a cognitive radio network are the licensed or
authorized users who have been assigned the use of a particular frequency
band by a regulatory authority, such as a government or standardization
organization [8, 9].

They have the primary rights to use the spectrum bands and are
usually traditional users, such as government agencies, television and the
radio broadcast stations, or mobile networks. They have priority over the
secondary users in accessing the radio spectrum and can use it without
interference [10].

The main aim of CR-AHNSs is to increase the utilization of available
spectrum by detecting and avoiding busy frequency bands, and exploiting
unused ones. The nodes in CR-AHNs can also cooperate and share
information with each other to make more efficient decisions about
spectrum utilization. This technology results in increased network
performance, efficiency and capacity, energy consumption, provides better
quality of service to users, and improved overall performance [11]. On the
other hand, the key idea behind CRAHNSs is to allow wireless devices to
sense and adapt to changes in the radio environment, such as the presence of
other devices, interference, or changes in channel conditions.

In order to handle these difficulties, the opportunistic routing (OR)
strategy has been connected in CRAHNs with a specific end goal to uncover
the effect of the spectrum availability on the stability of the routing.
Considering the predominance of the broadcast feature and the
exceptionally decent variety of wireless mediums, the OR strategy has been
earlier proposed in the amazingly opportunistic routing protocol (ExXOR)
[6, 7, 12]. Instead of firstly deciding the following hop SU and after that
sending the packet to the following hop SU, a SU with the OR strategy
broadcasts the packet keeping in mind the end goal to get the outcomes that
all neighbors of the SU have the chance to get the packet and help with
forwarding the data packets.

Contrasted with the traditional routing methodologies, the OR
strategy brings the high throughput gains. Additionally, it is likewise hard to
keep up the routing table for a SU because of the embodiment of dynamic
spectrum access [13]. Consequently, the pre-decided end-to-end routing
cannot be fitting for the CRAHN situation. Because of the way that the OR
strategy does not require the earlier foundation of the routes, the OR
strategy is more suitable to be utilized in the CRAHN situation with
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dynamic changes of channel availability because of the dynamic behavior of
PUs [9, 14].

On analysis, the SMOR routing model [10] has been found to be the
most efficient OR strategy for CRAHNS. Previously some improved models
of OR have been proposed [11 — 16]. However, due to the limitations of
performance due to network bandwidth and throughput in SMOR, leads this
paper to develop an HFGWO-SMOR routing model, which utilized hybrid
Firefly, and grey-wolf optimization algorithms to improve the delay-
throughput relationship analysis and improve the cooperative multipath
communication.

The main challenges and issues in CRAHNSs. Besides the basic
challenges and issues such as (Spectrum Sensing, Spectrum Management
and Allocation, Interference Management, Routing and Network Protocols,
Security and Privacy), there are some of the principal issues are:

—  Minimize the energy consumption of the network while
ensuring the reliable data transmission; it takes into account the dynamic
spectrum availability and channel conditions to make routing decisions.

—  The interaction between primary users and secondary users that
while achieving an optimal network performance.

—  Optimization of spectrum sensing and routing in cognitive
radio ad hoc networks; routing decisions to maximize network throughput
while avoiding interference to primary users.

—  Quality-of-service (QoS)-aware opportunistic routing in multi-
channel cognitive radio ad hoc networks.

The main Contributions of this paper are:

—  Deep study of the Cognitive Radio Ad Hoc Network;

— This work had made significant contributions to the
understanding and development of cognitive radio systems;

— Analysis of the existing studying of the delay, and degradation
of packet delivery ratio due to non-consideration of network bandwidth and
throughput problems;

—  Proposing a new modeled based on the “hybrid optimization
model” to solve the above problems.

Structure of this research paper. The rest of the article is organized
as Section 2, which presents a review of related research works. Section 3
presents the proposed system model and Section 4 explains the proposed
hybrid optimization model and utilization of it in the OR strategy. Section 5
evaluates the performance of the proposed model while Section 6 makes a
conclusion about this routing model.

2. Related Work. There are several research papers, which focus on
the CRAHNS, these papers, serve as a starting point for understanding and
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exploring the field of hybrid optimization-based spectrum-aware
opportunistic routing in cognitive radio ad hoc networks.

As stated above, the interest in the CRAHN routing models has been
very high recently. Many existing efforts focus on developing OR strategy
with channel assignment and maximizing network throughput. In [17], a
new route metric called multichannel expected any path transmission time is
proposed, which exploits the channel assorted variety and resource of
multiple applicant forwarders for the opportunistic routing. In light of the
new metric, a distributed algorithm named channel-aware opportunistic
routing is also displayed.

In study [18], an online opportunistic routing algorithm is proposed
by utilizing multi-specialist support learning; introduces the concept of
opportunistic spectrum access in cognitive radio networks and proposes an
optimization-based approach for selecting the best available spectrum bands
for communication. The proposed routing plan together addresses the
connection and relay determination in light of transmission achievement
probabilities. This advanced learning system effectively investigates
openings in part recognizable and non-stationary conditions of CRAHNS.

In study [19], the randomization structure is summed up, which is
initially proposed for the information line changing to a SNR — based
interference model in multi-hop wireless networks. Further, circulated
power assignment and correlation calculation are produced, which
accomplishes about 100% throughput. In study [20], a Bayesian decision
rule-based algorithm to take care of the throughput maximization problem
ideally with steady time multifaceted nature is proposed. To organize PU
transmissions, the throughput maximization problem is re-detailed by
adding a constraint on the PU throughput.

In study [21], the throughput execution of the network is portrayed
by utilizing a lining theoretic investigation, and throughput is additionally
boosted by means of the use of the Lagrangian duality hypothesis. In study
[22], by applying the convex optimization method, the shut-shape
articulation for the ideal time portions is acquired to boost the sum
throughput. To beat this problem, another execution metric known as the
common throughput is proposed, which considers the additional constraint
that all users ought to be designated with an equivalent rate paying little
respect to their distances to the H-AP.

In study [11], presents a hybrid optimization algorithm for
opportunistic routing in cognitive radio ad hoc networks. This algorithm
uses the hybrid artificial bee colony optimization to achieve a trade-off
between exploration and exploitation in the route selection process,
considering spectrum availability and energy efficiency. The authors
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propose a routing protocol that takes into account the variation in channel
conditions and utilizes a particle swarm optimization algorithm to select the
best routes based on spectrum availability and link quality.

In study [10] the authors developed the SMOR model, the Spectrum-
Map-Empowered Opportunistic Routing (SMOR) model focuses on
leveraging spectrum mapping techniques to enhance opportunistic routing
in the cognitive radio ad hoc networks (CRAHNSs). The model is designed
to address the challenges posed by dynamic spectrum availability in
CRAHNS; which was developed separately for both regular CRAHNS as
SMOR-1 algorithm and large scale as regular CRAHNs as SMOR-2
algorithm. By incorporating spectrum mapping and opportunistic routing,
the SMORT model likely aims to improve spectrum utilization, enhance
overall network performance, and mitigate the effects of varying spectrum
availability in CRAHNSs.

SMOR-1 Algorithm (for regular CRAHNS): The SMOR-1 algorithm,
specifically tailored for regular CRAHNSs, aims to optimize opportunistic
routing by utilizing a spectrum map. The spectrum map provides
information about the availability and quality of different spectrum bands in
the network. Based on this information, the SMOR-1 algorithm selects the
most suitable spectrum band and path for data transmission, considering
factors such as channel conditions and interference [10, 11, 26].

SMOR-2 Algorithm (for large-scale CRAHNS): The SMOR-2
algorithm, developed for large-scale CRAHNS, extends the concepts of the
SMOR-1 to address the scalability issues inherent in larger networks. It
aims to efficiently utilization of spectrum resources while considering the
challenges of topology dynamics and resource limitations in large-scale
CRAHNs. The SMOR-2 algorithm may incorporate additional
optimizations or techniques to handle the increased complexity and scale of
the network [10].

In Stochastic geometry analysis for regular CRAHNS, the
mathematical analysis for transmission delay of multi-hop communications
is examined via Markov chain modelling and queuing network theory, and
the SMOR-1 algorithm is proposed to exploit opportunistic selections for
cooperative relay regarding link transmission qualities. For large-scale
CRAHNS, the corresponding delay of opportunistic links is derived via
stochastic geometry and queuing network analysis, and the SMOR-2
algorithm is proposed to fulfill geographic opportunistic routing, exhibiting
cooperative diversity in such large-scale networks [10, 26].

3. System Model. Due to the challenges that face the decentralized
infrastructure of Cognitive radio ad hoc network, and due to the fact that
CRAHN has no infrastructure backbone, we considered the system to

Informatics and Automation. 2023. Vol. 22 No. 4. ISSN 2713-3192 (print) 885
ISSN 2713-3206 (online) www.ia.spcras.ru



LUNdPOBbLIE NHPOPMALIMOHHO-TENEKOMMYHUKALIMOHHBIE TEXHONOI M

involve with a finite of (M= 10) Primary users (PUs), every PU has its own
licensed spectrum to communication in specific spectrum band X' < X
where X is estimated area of 500m x500 m.

PUs share an unused channel with Secondary Users (SUs) which are
specified with (N=100) SUs when PU is in the off state, SU is able to find a
PU spectrum hole to establish connection and communication with a single
transmitter Tx and K receivers Rx over the time interval [t0, T ].

Let n denote the number of the transmitting and receiving pairs for
SU and Tn= {1,2,..,n} denotes the set of SU where the pairs of transmitting
and receiving of SU i (SU i for ieN) are changeable based on the PU
activities; that means, the licensed spectrum of PU i should be busy during
transmitting and receiving of PU i, otherwise the opportunistic Spectrum
will be available for SU i. Figure 1 shows the system model utilized in this
paper [25 - 31].

This system model proposes a hybrid optimization-based routing
protocol for cognitive radio ad hoc networks. It combines genetic
algorithms and particle swarm optimization to optimize the routing path
selection while considering spectrum availability.

Fig. 1. System Model

The following Table 1 illustrates the main parameters in the system
model, the energy of transmission in PU i is denoted by pf, as well as the
transmission energy in SU i is denoted by p7, while it is supposed that the
pairs of SU i transmitter/receiver are inside the communication range of each
other.
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Table 1. Simulation Parameter

Simulation Parameters
No.
Parameter Parameter Value
1 Simulation Area Size 500m x500 m.
2 Simulation time 120s
3 Number of CR-Nodes (SUs) 100
4 Number of PU-Nodes 10
5 Size of frames to be scheduled 64 to 196 kb
6 Variable transmission time ranges 10-50 ps
7 Number of chan.nels utilized to schedule the 35
frame transmission
8 Size bandwidth available per channel 2 MB/s
9 Distance between the Nodes Random
10 Node Energy Capacity 250mAH

4. Hybrid Firefly and Gray-Wolf optimization based on SMOR
Model. This proposed routing model follows the processes in SMOR; the
existing SMOR model has been shown to improve and enhance the network
throughput, reduce the delay and the packet loss, then, enhance the network
resilience to channel variations and node failures. However, it also required
careful design and optimization of the spectrum sensing, channel selection,
and opportunistic routing algorithms, as well as the handoff criteria and the
routing metrics.

Overall, the SMOR model is a promising approach to improve the
performance and efficiency of cognitive radio ad hoc networks as explained
in the previous relative work section in this paper; therefore, the proposed
new approach is developed to enhance the performance, efficient
opportunistic routing in CRAHN via hybrid firefly and Gray-Wolf
optimization approach.

Based on these strategies, the proposed HFGWO-SMOR model has
developed. The relationship between the delay and throughput is optimized
using the hybrid algorithms.

The behavior of the fireflies and the Gray wolves are merged to
develop this model. First, the basic concept of these two optimization
models has been discussed in [25]. The flashing behaviors of fireflies are
utilized to develop firefly-inspired algorithms.

Firefly Approach (FA) and Gray Wolf Optimization Approach are a
metaheuristic optimization algorithm.
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4.1. Firefly Approach (FA). Xin-She Yang defined the Firefly
Algorithm, which is an optimization algorithm that is based on the flashing
characteristics of fireflies. It was proposed by the author in 2008 as a novel
optimization technique to solve complex optimization problems. The
algorithm is inspired by the properties of fireflies, which use their flashing
behavior to attract mates and communicate with each other [33].

The algorithm then simulates the flashing characteristics of the
fireflies, where the intensity of their flashes represents the quality of the
solution they represent. On the other hand, the algorithm models the
behavior of fireflies, which communicate with each other through
bioluminescence. The brightness of a firefly's light is proportional to its
attractiveness to other fireflies, and fireflies tend to move toward the
brightest light they can see [23, 24].

Firefly Approach; this algorithm uses a set of parameters, such as the
light absorption coefficient and the step size, to control the movement of the
fireflies. On the other hand, the firefly’s movements are also influenced by
the distance between the fireflies, with closer fireflies having a stronger
attraction.

The Firefly algorithm has been shown to be effective in solving a
wide range of optimization problems, including function optimization,
parameter estimation, and machine learning. It is also known for its
simplicity and fast convergence rate.

The proposed hybrid algorithm is developed by hybridizing both of
these behaviors. For a maximization problem, it obtains the highest possible
value of the fireflies function, the brightness and flashing can be
proportional to the value of the possible objective function. In maximum
optimization problems, the brightness | of a firefly at a particular location x
can be chosen as I(x) « f(x). However, the attractiveness P is relative; it
should be seen in the eyes of the beholder or judged by the other fireflies.

Thus, it will vary with the distance rij between firefly i and firefly j.
In addition, light intensity decreases with the distance from its source, and
light is also absorbed in the media, so we should allow the attractiveness to
vary with the degree of absorption [23 — 26]:

ﬂi,j = ﬂoeimz ) @

where B, is the attractiveness at r=0.and y is the light exhaust coefficient.
The distance between two transmitters of i and receiver j is arrived using
deff. The movement of transmitter i as its being powered by the brighter
receiver j is calculated as follows:
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AX = e’ (X=X )+az, )

where the y second term is due to the attraction. The third term « is a
randomization vector drawn from a Gaussian disposal.

The algorithm uses the following phases:

1. Initialization: Generate an initial population of fireflies with
random positions and intensities.

2. Fitness Evaluation: Evaluate the fitness of each firefly based on
the problem'’s objective function.

3. Attraction: Move each firefly towards the brightest firefly
(i.e., the one with the highest intensity) in its vicinity, where the degree of
attraction is based on the distance between the fireflies and their intensities.

4. Randomization: Introduce random movement to each firefly to
prevent premature convergence and to explore new areas of the search
space.

5. Updating: Update the positions and intensities of the fireflies
based on their movements and fitness values.

6. Termination: The algorithm stops when a certain stopping
criterion is met, such as a maximum number of iterations, or when the
desired accuracy is achieved.

Definition: Light intensity: The light intensity of each firefly is
calculated as follows:

|_i = f(x_i), 3)

where 1_i is the light intensity of firefly i and f(x_i) is the fitness value of
firefly i.

Attraction: Each firefly is attracted to other fireflies based on their
light intensity and distance. The attraction of firefly i towards firefly j is
calculated as follows:

r_ij = [x_j - x_i], (4)

beta = beta 0 *exp(—gamma*r _ij"?), (5)

Xx_i =x_i + alpha * (x_j — x_i) + beta * epsilon_i, (6)
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where r_ij is the Euclidean distance between fireflies i and j, beta_0 is the
initial attractiveness, gamma is the light absorption coefficient, alpha is the
step size, and epsilon_i is a random vector with values drawn from a
Gaussian distribution [27 — 32].

4.2. Gray Wolf Optimization Approach. In 2014, in studies
[31,34] the authors proposed the Gray Wolf Optimization (GWO)
algorithm, inspired by the social hierarchy and hunting behavior of gray
wolves in the wild.

It simulates the hunting behavior of wolves, the algorithm starts with
an initial population of wolf packs where the range of each pack is from 5 to
12 wolves, each pack consisting of alpha, beta, and delta wolves. In the
GWO algorithm, a population of wolves is used to search for the optimal
solution to a problem. The alpha wolf is responsible for leading the hunting,
while the beta and delta wolves assist the alpha wolf in the hunting process
[33, 34].

The GWO algorithm optimizes a function by updating the positions
of wolves, which represent the best solutions found so far. The algorithm is
based on the social behavior of gray wolves, where each wolf has a specific
role in the pack and works together to achieve a common goal.

Definition: The algorithm iteratively searches for the optimal
solution by simulating the hunting behavior of the wolf packs. During each
iteration, the alpha wolf updates its position based on its hunting
experience, while the beta and delta wolves adjust their positions based on
the alpha wolf's position. The alpha wolf represents the best solution found
so far, the beta wolf represents the second-best solution, and the delta wolf
represents the third-best solution [35].

At each iteration, the positions of the wolves are updated using the
following equation [32, 33]:

Yi=xg+ ax2xrl—1) *| Axxvalpha — xij|, ()

where x'ij is the updated position of the i-th wolf in the j-th dimension, xij
is the current position of the i-th wolf in the j-th dimension, a is a
coefficient that decreases linearly from 2 to 0 as the number of iterations
increases, rl is a random number between 0 and 1, and A*xalpha is the
position of the alpha wolf.

The Gray Wolf Optimization algorithm steps:

1. Initialization: The algorithm starts with an initial population of
n search wolves (where CR user searches for free Spectrum holes) that are
randomly distributed in the search space.
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2. Fitness evaluation: The fitness of each search wolf (get a
Spectrum-hole that belongs to PUs) is evaluated by applying the objective
function of the optimization problem to its corresponding search space. The
search wolf is ranked according to their fitness values, with the best (i.e.,
lowest) fitness values having the highest rank.

3. Pack updating (alpha, beta, and delta) wolves: The algorithm
identifies the three best wolves in the population. The position of these
wolves is then updated based on the positions of the other wolves in the
population. The three search agents with the highest ranks are designated as
the alpha, beta, and delta wolves, respectively.

4. Solution update: The algorithm updates the positions of the
candidate solutions, and checks if the new solutions improve the overall
fitness of the pack.

Definition: The algorithm continues to update the positions of the
wolves until a stopping criterion is met, such as reaching a maximum
number of iterations or a satisfactory solution [35].

Updating the position of the alpha wolf:

D_alpha =|C1 * X_alpha - X_i|, (8)
X1 =X alpha- Al * D_alpha. 9)

Updating the position of the beta wolf:
D_beta = |C2 * X_beta - X_il, (10)
X2 = X_beta - A2 * D_beta. (11)

Updating the position of the delta wolf:
D_delta=|C3 * X_delta - X_i|, (12)
X3 =X delta- A3 * D_delta. (13)

Updating the position of the other wolves:

Xi=(XI+X2+X3)/3, (14)

where X _i is the position of the i-th wolf, X_alpha, X beta, and X_delta are
the positions of the alpha, beta, and delta wolves, respectively, C1, C2, and
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C3 are random vectors between 0 and 1, A1, A2, and A3 are constants that
control the step size of the update.

These equations of GWO are applied to each candidate solution
(wolf) in the population in each iteration of the algorithm, and the process
continues until a stopping criterion is met (e.g., a maximum number of
iterations or a desired level of convergence).

The steps of the HFGWO Approach:

1. Initialize values of Firefly Approach (FA) parameters:
population, maximum iterations, attraction coefficient, etc....

2. Initialize Gray Wolf Optimization (GWO) parameters:
population (primary-users), search agents (CR-User).

Generate initial fireflies.

Evaluate fitness and update light intensity.
Find the brightest firefly.

Update information.

Feed FA results to GWO.

GWO initializes search agents and solutions.
. Evaluate fitness.

10. Compare with other agents to determine the best search agent.

11. Verify the result of FA.

12. Return the best grey-wolf firefly agent.

Based on this concept of HFGWO, the SMOR routing model is
modified and improved. The proposed model initializes the nodes as
fireflies and selects the best firefly using FA while it is cross-checked using
GWO to verify the best selection. This concept is presented in the following
algorithm.

©CEoNO O AW

Algorithm 1. HFGWO-SMOR
Initialize network parameters (Number of PUs, SUs, Data Rate, etc...)
Partition traffic into batches of packets
For each time slot
Source Collect link information
Prioritize forwarding nodes
Select data packets for each path via HFGWO
Initialize FA & GWO parameters: (population, maximum iterations, an
attraction coefficient and algorithm parameters).
Find the brightest of fireflies with a high attraction coefficient
Change attractive level and distance
Select the best Firefly node
Feed FA result to GWO
Verify the node information using GWO
Initialize the best three solutions, the first best solution as xa, the second
best solution as xf3, and the third best solution as x0, respectively.
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While (k < maximum number of iterations or a desired level of
convergence)
Fori=1.n
Update the current position of the search agent based on the
desired level of convergence
End for
Evaluate the fitness.
Update the coefficient vector
If there is a better solution, then update the best agents, xa, xB and xd.
k=k+1;
Return the best forwarding node
Update the parameters
Send test data
If ACK is not received
Initiate path-checking process
For each relay node
Check the packet transmission information
Update lists
Return packet data
End While
Transmit data
End For

5. Performance Evaluation. The proposed HFGWO-SMOR routing
model is evaluated using MATLAB. The routing performance of this model
is compared with that of SMOR [10], HABC-SOR [11], HB-SOR [12] and
HFSA-SOR [13]. The simulation environment is set as in [10 — 16] and the
comparisons are simulated in concepts of end-to-end delay (EED), Bit Error
Rate (BER), throughput and packet delivery ratio. MATLAB simulators
provide a framework for modeling the various network components and
their interactions.

5.1. Delay. Simulating delays in cognitive radio ad hoc networks
involves modeling the various factors that contribute to delays in the
network. Delays in the network can be caused by factors such as
propagation delay, queuing delay, processing delay, and transmission delay.
Delay simulation in cognitive radio ad hoc networks can be represented
mathematically using a queuing model; queuing models provide a
framework for modeling the arrival and service processes in a network, and
can be used to estimate the queuing delay and other performance
metrics [29].

One commonly used queuing model for delay simulation in
cognitive radio networks is the M/G/1 queuing model. In this model,
packets arrive according to a Poisson process with rate A. The queuing delay
for each packet can then be calculated as:
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D = (p/u-2) * (172 + (V2)"2), (15)

where p = A/p is the traffic intensity, and V is the coefficient of variation of
the service time distribution. This equation assumes that the service time
distribution is memoryless, which is a reasonable assumption for many
communication protocols in cognitive radio networks.

Total delay = Propagation delay + Queuing delay + Processing
LS (16)

delay + Transmission delay.

Propagation delay: Propagation delay is the time it takes for a signal to be

traveled from the transmitter to the receiver, and is dependent on the

distance between the nodes and the propagation speed of the medium.

Mathematically, propagation delay can be expressed as:

Propagation delay = distance between nodes / propagation speed 17)
of the medium.

Queuing delay: Queuing delay is the time it takes for packets to wait in a
buffer before they can be transmitted, and is dependent on the network
congestion and the size of the buffer:

Queuing delay = packet size / available bandwidth. (18)

Processing delay: Processing delay is the time it takes for the node to
process a packet before forwarding it, and is dependent on the processing
power of the node [30 - 37]. Mathematically, processing delay can be
expressed as:

Processing delay = packet size / processing power of the node. (19)
Transmission delay: Transmission delay is the time it takes for the packet
to be transmitted over the wireless medium, and is dependent on the
bandwidth of the channel and the size of the packet. Mathematically,
transmission delay can be expressed as:

Transmission delay = packet size / available bandwidth. (20)

5.2. Throughput: The throughput of a cognitive radio ad hoc
network is affected by various factors such as the number of nodes in the
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network, the data rate of the channel, the propagation delay, the processing
delay, and the queuing delay [28, 29].

By using appropriate values for these parameters and applying the
following equation, one can simulate the throughput of the network and
analyze the performance of the network under different scenarios.

The throughput in HFGWO-SMOR Model is modeled
mathematically using the following equation:

Throughput = total number of bits received / total time, (21)

where the total number of bits received is the number of bits received by all
the nodes in the network during a given period of time, and the total time is
the time taken for all the bits to be received. The total number of bits
received can be calculated as:

Total number of bits received = number of nodes * data rate * time, (22)

where the number of nodes is the number of nodes in the network, data rate
is the data rate of the channel, and time is the period of time for which the
data rate is measured. The total time can be calculated as:

Total time = transmission time + propagation delay + processing 23)
delay + queuing delay.

By the way, Table 1 shows the main parameters to simulate the
delays and throughput in our system model, in order to model delays in the
network; one can configure the simulator to include parameters such as the
distance between nodes, the buffer size, the processing power of the nodes,
and the bandwidth of the channel. By adjusting these parameters, one can
simulate different network scenarios and measure the resulting delays.

It is also important to consider the impact of interference in the
network, as cognitive radio networks rely on the ability to detect and avoid
interference. Simulating interference was done by introducing competing
signals in the network, or by modeling the spectrum sensing capabilities of
the nodes.

We obtained the total delay in a cognitive radio ad hoc network in
our research. The resulting delay value is used to evaluate the performance
of the network and to compare different network configurations and
scenarios, the Figure 2 shows the EED vs. lambda comparison of SMOR,
HABC-SOR, HB-SOR, HFSA-SOR and the proposed HFGWO-SMOR.
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HFGWO-SMOR shows a remarkable improvement in the packet
delay aspect, which leads to minimizing the delay in all levels of the offered
load with an average of 4%, HFGWO-SMOR model reduced delay than
other models because of the improved optimal selection of the routing
paths.

Fig. 2. End-to-end delay

Figure 3 shows the BER vs. lambda comparison of SMOR, HABC-
SOR, HB-SOR, HFSA-SOR and the proposed HFGWO-SMOR. HFGWO-
SMOR shows a lower error rate with a 4% decrease on average while other
models have comparatively higher BER. This is because the path selection
is highly reliable in the proposed model.

Fig. 3. BER comparison
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Figure 4 shows the Throughput vs. lambda comparison of SMOR,
HABC-SOR, HB-SOR, HFSA-SOR and the proposed HFGWO-SMOR.
HFGWO-SMOR provides a higher throughput rate with a 3% increase on
average due to a significant selection of optimal paths while other models
have comparatively less throughput.

Fig. 4. Throughput comparison

Figure 5 shows the Packet delivery ratio vs. no. of nodes comparison
of SMOR, HABC-SOR, HB-SOR, HFSA-SOR and the proposed HFGWO-
SMOR.

Fig. 5. Packet delivery ratio
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HFGWO - SMOR provides a higher packet delivery ratio, which is
almost 22% higher than the SMOR model and significantly higher than
other models. From the performance evaluation results, it was found that the
proposed HFGWO-SMOR model has better performance than other models
in providing efficient opportunistic routing.

6. Conclusions. This paper aimed at developing an improved
opportunistic routing model that can resolve the limitations of the SMOR
model. This has been achieved by the HFGWO-based SMOR routing model
that further improves the opportunistic routing behavior. The proposed
HFGWO-SMOR model follows the process of SMOR with additional
improvement achieved in the optimal selection routing paths. The
experimental results also prove that the proposed model has reduced delay,
less error rate, improved throughput and improved packet delivery ratio. This
model provides more efficient opportunistic routing performance than the
other models compared including SMOR, which is evident from the
evaluation results. In the future, the feasibility of improving this model by
adding viable concepts of path loss, node failures, and power consumption
will be examined.
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X.M. ABIVIUIA, A. KYMAP, A.A. KACEM AXMEJ, M.A. CAZL MOCJIEX
OIIMMOPTYHUCTHUYECKASI MAPIIIPYTHU3ALIASI HA OCHOBE
T'UMBPUIHOM ONTUMMU3ALIMA C YYETOM CIIEKTPA JIJISI
CAMOOPIAHM3YIONMXCS CETE KOTHUTUBHOM
PAITMOCBSI3U

Aboynna XM., Kymap A., Kacem Axmeo A.A., Cauo Mocnex M.A. OnnopryHucTuyecKas
MapHIpYTH3alHsI HA OCHOBe THOPHAHOH ONTHMH3AIMH C Y4YeTOM CHeKTpa AJs
CaMOOPraHU3YIOIHMXCS ceTeil KOTHNTHBHOMH PATHOCBSI3H.

AnHoTtauus. ONNOpTYHUCTHYECKAass MapUIpyTH3alys MOBbICHIA 3()(EKTUBHOCTE U
HaJeKHOCTh B CAaMOOPTaHU3YIOMIUXCS CETIX KOrHHTHBHOH paxuocss3u (CRAHN). Muorue
HCCIIeIOBATEN pa3padoTali MOJEIH ONIIOPTYHHCTHYECKO MapHIpyTH3alHd, B TOM YHCIIe
MOJIeJIb ONMOPTYHHUCTHYECKON MapiupyTH3auuu Ha 6asze kapthl crnektpa (SMOR), xoTopas
cumuraercs 6onee 3(pekTHBHON Mojenbio B 3Toif obmactu. Omnako B SMOR cymecTByroT
OIIpeJieNICHHBIC OIPaHHYEHHUS, KOTOpble TpeOyIoT BHUMAHUs M YCTpaHeHUs. B naHHON cTaThe
paccMarpuBaeTcs npobiiemMa 3a1epiKKM M yXyIleHHs: Ko3(dHIMeHTa JT0CTaBKH TaKETOB U3-3a
HeydeTa IPOITyCKHOHW cOCOOHOCTH ceTH. UTOObI pemmTs 3TH IpobieMsl, B 6a30BoH Monenu
Mapupytusanud SMOR ucnonb3yercss THOPHIHBINA aNrOpPUTM ONTHMHU3AIMHU, COCTOSIINN 13
anropur™oB ontuMusanun Firefly u Grey Wolf. Paspaborannas Takum 00pa3oM ruOpuHas
mozmens Mapmpytusammn - SMOR  Ha ocHoBe omrtuvmsaiuu  Firefly u Grey-Wolf
(HFGWOSMOR) moBbIIIaeT NPOU3BOAUTENBHOCT 33 CYET BBICOKOH JIOKAIbHOW U
I7I00aIbHOI MOMCKOBON ONTHMH3alUuH. [lepBoHaYaIbHO aHATM3UPYETCS B3aHMOCBS3b MEXKIY
3aJep)KKOH U IPOIMYCKHOH CIIOCOOHOCTBIO, a 3aTeM YCTAaHABIHMBAeTCS COBMECTHAs
MHOTOJIy4eBasi CBsi3b. IIpemmaraemasi MoJenb MapIIpPyTH3alUH TAaKXKe BBIYHCIIET 3HAYCHHS
9HEPrUM IPHHMMAEMBIX CHTHAJIOB B IIpejesiax II0Opora IMOJIOCHl NPONYCKaHHs H IepHoja
BpPEMEHH, U, CIEIO0BATEIbHO, IPOOIEMBI ¢ IPOU3BOAUTENBHOCTEIO, 00HapykeHHbIe B SMOR,
pemarotcsi. UtoObl oneHHUTH €€ 3()(EeKTHBHOCTD, MPEUIOKEHHAsT MOJENb CPaBHHBAETCS CO
SMOR 1 fApyruMH CyLIECTBYIOIIMMH MOJEISAMM ONINOPTYHUCTHYECKOH MapIIpyTH3aluH,
KOTOpBIE IMOKAa3bIBAIOT, uTO mpearaemas moaens HFGWOSMOR pabotaer nyume, uem
Jpyrue MOJenu.

KiloueBble  c10Ba:  caMOOPraHHU3YIOIIMECS  CETH  KOTHMTMBHOW  paguOCBs3H,
OIMOPTYHHCTUYECKAS] MapIIPYTU3ALs, ONIOPTYHUCTHIECKAs! MapIIPYTH3anus Ha 6a3e KapThl
cnekrpa, ontuMusanus Firefly, ontumusanus Grey-Wolf, mopor nporyckHoit crioco6HOCTH.
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B.A. 3EJEHLOB, N.IO. ITMMAHOB, C.A. ITOTPSICAEB
HUHTEI'PAIIUS PASHOPOJIHBIX UTH®OPMAIIMOHHBIX
PECYPCOB U JAHHBIX ITMCTAHIIMOHHOT' O
30HAUPOBAHUS 3EMJIA TP MOHUTOPHUHI'E 1
YIIPABJIEHUU PABBUTUEM TEPPUTOPUN

3enenyos B.A., IHumanos HW.IO., ITlompacaes C.A. VHTerpanmsi pa3sHOPOIHBIX
HHPOPMALMOHHBIX PeCypcoB M JAHHBIX JUCTAHIHOHHOIO 30HIMPOBAHMS 3eMJIM NpH
MOHHMTOPHHIE H YIPABJIEHHH Pa3BUTHEM TePPUTOPHIA.

AnnoTanus. CTaTbs IOCBsINIEHA pa3paboTKe MOJEIEHO-AITOPUTMHIECKOr0 00ecTieYeH s
U T[POrpaMMHBIX  CPEACTB JUI  ABTOMAaTH3allMM  IPOLIECCOB  MHTErPalMH  JaHHBIX
JUCTaHIIMOHHOTO 30HAMpoBanus 3emuu ([I33) ¥ Apyrux pasHOPOIHBIX HH(POPMALMOHHBIX
pPEeCypCcoB IIpH pELICHWH 3ajad MOHUTOPHMHIA W IPOAKTHBHOTO YIIPaBICHHS Pa3BUTUEM
Tepputopuid. OTINYHTETLHOH OCOOCHHOCTBIO MOCTAHOBKU 33Jaudl SIBJSIETCS BKJIIOYCHHE B
COCTaB MHTEIPUPYEMBIX PECYPCOB  CPEACTB MOJCIHPOBAHHSA COCTOSIHHS —IPHPOJHO-
TEXHHYECKHX OOBCKTOB, pACIIOJIOXKCHHBIX Ha aHaIM3upyemoil Tteppuropun. OCHOBY
pa3paboTKH  cocTaBisieT ~ OOOCHOBaHWE  TEXHOJOTHHM  HMHTETPAllid  Pa3sHOPOIHBIX
HH(POPMAILIMOHHBIX ~ PECYpCOB, BKJIIOYAIOLICH aarOpuTM BbIOOpA THMA  APXHTEKTYpHI
CO3/1aBaEMOT0 KOMIUIEKCA CPEJCTB aBTOMATH3AlMH, CIOCO0 OMHCAHHS HH()OPMAIHOHHOTO
mporecca HHTETPALMH JAHHBIX M HUX COBMECTHOH OOpabOTKH, aJTOPHTM OIpeeIeHUs
HaWITy4qIIei KOHHUIypauu HHPOPMALMOHHBIX PECYpPCOB MPH PELICHUH TEMaTHYECKHX 3a7ad,
a TaKXKe COBOKYIMHOCTb IPOrPaMMHO-TEXHOJIOIHYECKUX PEIICHNUH 110 MHTerpauuy JaHHbIX J133
C JpYyrHMH HEOOXONVMBIMH JaHHBIMH U HX COBMECTHOMY HCIIOJIb30BAaHHIO IIpU
MOJICIHPOBAaHUH. B pe3yipTaTe HCCIEOBAaHUH M NPUMEHEHHs pa3pabOTaHHBIX AITOPUTMOB
YCTAHOBJICHO, YTO HamboJiee MPEANOYTHTEIBHBIM THIIOM APXUTEKTYpbl CHCTEM HHTETPALUH
Pa3sHOPOJHBIX MH()OPMALMOHHBIX PECYPCOB SIBISCTCS CEPBUC-OPUEHTHPOBAHHAS aPXUTEKTYpa.
Jns onmcaHus HMH(GOPMAIMOHHOTO IIpOIlecca UHTETPALMU  IIPEUIOKEHO HCHOJIb30BaHHE
Hotarmu Business Process Model and Notation. KinrodeBsiM KOMIOHEHTOM pa3pabOTKH B
YaCTH MPOrpaMMHO-TEXHOJOTMYECKNX PEIICHUH [0 HMHTEIPAlUK PAa3HOPOAHBIX TaHHBIX
SIBJIICTCSI IPEUIOKEHHAs! CXeMa B3aHMOJICHCTBHS C IOCTABIIMKAMH U IOTPEOUTEISIMH JaHHBIX
Ha OCHOBE CO3JaHUsS ClIOsl abCTpakuuM AaHHBIX. [IpHMEHEHWe NPEIIOKEHHOTO pELICHHS
MO3BOJIACT MPHUBECTH PAa3HOPOJHBIC JaHHBIE K CIAMHOMY YHHBEpcaabHOMY (opmarty s
MOCIeNyIOme COBMECTHOH 00pabOTKM Ha CpelacTBaX MOJIENUpoBaHHA. IIpoBeneHHas
arnpobanyiss Ha KOHKPETHBIX TEMAaTHYSCKUX 3aJadaX MOHHTOPHMHIA U YIPABICHUS Pa3BUTHEM
TEPPUTOPHI  TOKa3ana pealu3yeMOCTb MPEATOKEHHOH TEXHOJOTMM HUHTErpalMd |
pa3paboTaHHBIX ~ MPOrPAMMHO-TEXHOJOIMYECKMX  CPEACTB, a  TaKkKe  JOCTHXCHHE
CYILIECTBEHHOTO BBIMIPBILIA B ONEPATUBHOCTH PELICHUSI TEMaTHYECKHX 3a/1ad.

KiioueBble cJI0BAa: aBTOMAaTH3alys, IIPOAKTHBHOE YIpaBieHHE, HH(YOPMALMOHHbIC
PecypChL, JaHHbIE JUCTAHI[HOHHOTO 30HANPOBAHUS 3eMIIU, HHTETpallys JaHHBIX, KOMIIEKCHOE
MOJICJIHPOBAHHE, CepBUC-OPUEHTUPOBAHHAS APXUTEKTYpa, MHOT'OKpUTEpHAIbHAS
OINTHUMH3ALHS.

1. BBegenne. B Hacrosiee Bpems IpH  pELIEHUH 33434
MOHHUTOpPHUHTA ¥ YNPAaBJICHHUS Pa3BUTHEM TEppUTOpHUil Bce Oojee MIMpoKoe
MIPUMEHEHHE HaXOJAT JAHHBIE IUCTAHIMOHHOTO 30HIAMPOBAHUSA 3EeMIN
(133), momydaemble € pa3IMYHBIX OTEYCCTBCHHBIX W 3apyOeKHBIX
kocmmueckux ammaparoB (KA). Kak B Hameil ctpane, Tak u 3a pyoexom
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pa3BUBAIOTCS CHCTEMBI JOCTyna K JaHHbM J[33, co3maroTcsi HOBbIE
TeMaTHYecKue cepBUCHl. Cpenn poccuiickuX pa3padOTOK MOKHO BBIJIEIHUTH
reomopran Pockocmoca [1], HHGOPMALMOHHYIO CHCTEMY AUCTaHLMOHHOTO
MoHHTOpUHra DeepanbHOro areHTCTBa JIECHOro Xo3siictBa Poccuu [2],
napopmammonneie  pecypcsl TUC «Kackamy um TUC «Kocmorman»
CHCTEMBl KOCMHYECKOTO MOHHMTOPHMHIA Ype3BbYaHbIX cuTyarmii MUC
Poccun [3], reonopran «Bera» MHCTHTYTa KOCMHYECKHX HCCIICIOBaHHUM
PAH [4], reomopran «I{udposas 3emis» [5], TemaTndeckre mopraibl Ha
6a3e pecypcoB psiZia KOMMEpPYECKHX KoMmranwuii [6 — 8], u apyrue.

HeobxomuMo OTMETHTB, YTO B CTaTh€ HE PACCMATPUBAIOTCA TaKHE
CHeLUabHble  O0JACTH  MHTETPUPOBAHHOTO  TNPUMEHEHHS  JIaHHBIX
KOCMHYECKOr0O MOHHUTOPHHTA, KaK MOJICITUPOBAHUE COCTOSIHUS OKPYKarowien
cpenbl, KiuMmara, TPOTHO3a IOTOJABI, M PSA  JAPYTUX, OTIMYAFOLIUXCS
JI00aNBHBIM ~ XapakTepoM HaOJIoJaeMbIX TPOILECCOB M MOJENeH UuX
OITMCaHWs. 3/1eCh paccMaTpHBaeTCs Kiacc 3a/ad yIMpaBJICHUS pPa3BUTHEM
TEpPUTOPHUI JIOKAIBHOTO W PETHOHAILHOTO MacIiTaboB, Tpedyromux
JICTaJbHOTO aHAIN3a W IIPOTHO3MPOBAHMS COCTOSHHUS PACIIOJOKEHHBIX Ha
9TUX TEPPUTOPHUSIX Pa3IMYHBIX HPHPOAHO-TexHHMuecknx o0wvekroB (IITO).
[pumepamu [1TO gBISFOTCS CHCTEMBI THIPOIHEPTETHKH, 30HBI pa3pabOTKu
TIOJIE3HBIX MCKOIIAEMBIX, JIECHBIE U CEIbCKOXO03HCTBEHHbBIE 00BEKTHI, 1 Ap. K
YHCITy HanOoJiee XapaKTePHBIX IPHMMEPOB OTHOCSTCS PETHOHAIBHBIE BOJHbIC
OOBEKTHI M TEPPUTOPHUH PACTIPOCTPAHEHHSI HABOAHEHUH C PACIIONOKEHHON Ha
HUX UHPACTPYKTYpOH.

HecMoTpst Ha MOCTOSIHHOE COBEpPIICHCTBOBAHME IIEPEUHCIEHHBIX
BBILIE CHCTEM JOCTymna K JaHHbIM J[33 M co3naHue OONBIIOro KOJIUYecTBa
TeMaTuueckux cepBucoB [9— 11] amst pemieHus paccMaTpuBacMBbIX 3ajad,
BOIIPOCHI OTIEPATUBHOT'O AOBCACHHUA IMOJIb30BATCIISIM Tpe6yeMI)IX JaHHBbIX U
“HQOpPMAlMM Ha WX OCHOBE B 3HAUUTEIBHOW CTENEHH OCTAIOTCS
OTKPBITBIMU. [lo-TIpeKHEMY aKTyaJbHBIMU SIBIISIOTCS 3aJlaudl YIPOLIEHUS
B3aUMOJICHCTBUSI  TOJIb30BATENICH-HETTPOTPAMMHCTOB € CO3/1aBacMBbIMHU
CHCTEMaMH W COKpAIleHHs JUIMTEIBbHOCTH OOpaOOTKH Pa3sHOPOIHBIX
JAHHBIX IJISl CHCTEM MOHHUTOPHHTA W YIPaBICHUS pa3BUTHEM TEPPUTOPHIH,
YTO HANpSIMYIO JUKTYyEeT HEOOXOIUMOCTh JAIbHEHIIIErO MOBBIMICHUS YPOBHS
aBTOMaTH3alMd OOpPabOTKA M TOATOTOBKM MAaHHBIX W HWH(POpPMAIHMU IS
peuIeHns 3aa4 yIpaBICHNUS.

K xmodeBsIM mpoOnemMaM B paccMaTpUBaeMoi 00JacTH yHpaBlIeHUS
Pa3BUTUEM TEPPUTOPUN TAKKE OTHOCSTCSI OIPaHUYEHHbIE BO3MOXHOCTU
CYILIECTBYIOIMX  CHCTEM II0  HHTETPallMd  JAaHHBIX, MOJy4aeMbIX
cpasHotnnHbIx KA JI33, a Takke OrpaHMYEHHS [0 COBMECTHOMY
UCTIONB30BaHMIO JTaHHBIX J[33 ¢ apyrumu MHGOPMAIMOHHBIMH PECypCaMH,
HEOOXOAMMBIMU JIJIsl PEIlieHHs yMpaBJIeHYEeCKHUX 3agad. Bmecre ¢ Tem,
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OYEBHIHO, YTO 00paboTKa maHHbIX J[33 W MOCTaBKa WX TOTPEOUTENIO HE
SIBIISTFOTCSL. KOHCYHBIMU LICJIIMU B 3a]a4aX YIPaBICHUS. | JTaBHBIM SIBIISCTCS
KauecTBeHHass MH(MOPMAalMOHHAs MOAJCP)KKA BBIPAOOTKH TOTPEOUTEIIMU
CBOEBPEMEHHBIX M OOOCHOBAHHBIX DEIICHUH I0 YIPABICHUIO DPa3BUTHEM
TEPPUTOPUI, B TOM YHUCIIE IO JCUCTBUSIM B UPE3BBIYAMHBIX CHUTYAIHSX, MO
[UIAHUPOBAHUIO MPHUPOJIONOIb30BaHUEM, U T.J. PellieHMe Takux 3a/1a4
TpeOyeT UCIOJIL30BaHMUS JAOMOIHUTEILHOM HHPOPMAIK 00 aHATU3UPYEMBIX
00BEKTaX U TEPPUTOPHSAX — HAMPUMEP, PE3YJIbTATOB HA3EMHBIX H3MEPEHUIA,
Ka/IaCTPOBBIX U JPYTUX MPOCTPAHCTBEHHBIX M HEMIPOCTPAHCTBEHHBIX JAHHBIX.

OT™meTnM, 4TO MOHSITHE «MH(POPMAIIMOHHBIN pecype»
paccMaTpuBaeTcsi 31€Ch B IIUPOKOM CMBICIIE KaK COBOKYIHOCTbH JIAHHBIX,
OpPraHM30BaHHBIX s A(PQPEKTUBHOrO  TONYYEHHS  JIOCTOBEPHOM
undopmarmu [12] — B Hamem ciaydae, HHPOPMAIMH, HEOOXOAUMOW IS
aHaJM3a, MOJCJIMPOBAHUS W TIPOTHO3MPOBAHMS PA3BUTHS TEPPUTOPHM.
K undopmanmonneiM  pecypcam OyJeM OTHOCHTb, B TOM 4YHCIE,
JJIEKTPOHHBIE 0a3bl NAHHBIX, COJep)Kallue MH(POPMAIMIO O TEKYIIUX MU
MIPOTHO3HBIX 3HAUYCHUSAX IApaMEeTPOB Cpelbl W HAOIIONAEMBIX OOBEKTOB,
HWHTEPHET-PECYpChl C HEOOXOAMMOHN JUIS MOJENUpPOBaHUs HH(opManuei,
U T.a. B TakoM KOHTEKCTE TEPMHHBI MHTETPALUs JAHHBIX M HHTErpalus
MHPOPMAIIMOHHBIX PECYPCOB OYIYT pacCMATPUBATHCS KaK CHHOHHMBI.

BaxkHe#lmM  KOMITIOHEHTOM — HH(OPMAIIMOHHOTO  OOecreueHus
yIpaBICHUS SIBJISIFOTCS TaKKe Ppe3yJbTaThl MOJICTTUPOBAHHUS
Pa3BUBAIOLIMXCSA  CHTyallMii W W3MEHEHHS COCTOSIHUS — HPUPOJHO-
TEXHMYECKUX OOBEKTOB Ha  aHAJIM3UPYEMbIX  TEPPUTOpHsIX. OTa
cocTaBJsomas HH(GOPMAIMOHHOTO OOCCIeUeHUsT OCOOCHHO Ba)kKHA IS
OCYILIECTBIICHUSI ~ Mpoaxkmuenozo ynpasienus [13,14] passutuem
TEPPUTOPHH, KOTOPOE OCHOBAHO Ha MOJICIUPOBAHUHM M MPOTHO3UPOBAHHH
u3Mmenenus coctostHust [ITO u B menoM pa3BUBAIONIMXCS CUTYyallMid Ha
AHAITU3UPYEMBIX TCPPUTOPHSIX.

B Hacrosimiee Bpemsl IS pasNUYHBIX NPEAMETHBIX oOjacTed
JIOCTATOYHO AKTHUBHO pa3pabaThIBAIOTCS MPHIOKEHUSI, MPEANOoararonme
COBMECTHOE KCIOJIb30BaHue MaHHBIX J[33 M JOMOJHHUTENBHBIX JAHHBIX O
teppuropusix [15—17]. Tlpu »>ToM pa3paboOTKH, HaIeJICHHBIE Ha
COBMECTHOE UCITIOJIb30BAaHUE PA3HOPOHBIX JAHHBIX, BKIfoUas aaHubie /133,
u pesynbTatoB MomenupoBanus I[I1TO, a Takke aBTOMATH3ALUIO 3THX
MPOIIECCOB, HAXOJATCS JUINb B HadalbHOW craauu. Kak cleacTeue,
CYLIECTBYIOIIME CHCTEMbI, B OCHOBHOM, IpEJHA3HAYEHBI MJIs aHaIM3a
CUTyaluil «1mo (akTam» yxe CIy4HBIINXCS COOBITHI M HE HANpPaBJCHBI Ha
UX IPOTHO3UPOBAHKE U NPEYNPEKICHHE.

[Ipn BKIIFOYEHUM CPEICTB MOJEIMPOBAHHSI B COCTaB MHTEIPUPYEMBIX
PECYPCOB BaXKHO YUUTHIBATH TOT (PAKT, uTO A/ aaekBatHoro onucanus [1TO
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Y BBICOKOH JIOCTOBEPHOCTH MPOTHO30B TpebyeTcs: MpUMEHEHUE, KaK MPaBUIIo,
He OJJHOH, a cemeiicTBa MoJenel Win moauMoaensHbIx komiuiekcos (IIMK)
[18, 19]. Kaxxmast 3 MoJiesieil MOXKET SIBJISATHCS HAWUITYYIIEH B ONpE/IeIeHHOM
JIana3oHe BHENTHUX YCIIoBHUH W/wmu auanazoHe coicte [1TO. [pudem stu
ycmoBust U cBoiictBa [ITO MOryT mUHAMHYECKH W3MEHATHCS BO BPEMCHH.
[lepcieKTUBHEIM =~ HampaBIICHHMEM  OOCCIICUYCHHs BBICOKOTO  KadecTBa
MIPOTHO30B HA JUTUTEIFHOM HHTEPBajJe BPEMCHHU WIH B IIMPOKOM JHAIIa30HE
cBoiictB IITO sBnstroTCS mapaMmerprmdeckas W CTPYKTypHas aganTanus
Mojeneir, a Takke mepexox or monenu k moxenu (ot [IMK k IIMK)
B TIpo1Iecce (YHKITMOHUPOBAHUS COOTBETCTBYIOIINX CUCTEM
HH(OPMAIIMOHHOTO O00€eCcIeUeHnsl MpoakTHBHOrO ympasienus [19]. Dro
O3HAYaeT, YTO aBTOMATH3AIUs COBMECTHOTO HCIIOJIB30BAHUS PA3HOPOIHBIX
WHPOPMAIIMOHHBIX PECYPCOB M  PE3YJIBTATOB MOJCIMPOBAHUSA TpeOyer
CO3/IaHUS] MHCTPYMEHTOB aJlaNTalyy U BeiOopa mojeneii onucanus [1TO Ha
aQHAJTM3UPYEMBIX TEPPUTOPHUSX, a TaKKe Mepexoia OT OJHOW MOJeNd K
JIpyroil B Tporecce (QYHKIMOHUPOBAHUS CO3JaBaCMbBIX IPOTPAMMHBIX
KOMIDIEKCOB 00paOOTKM JaHHBIX. Hampmmep, I TMpOTHO3UPOBAaHUS 30H
3aTOIUICHUN TIPU PEYHBIX HABOJHCHUSX MOTYT UCIIONB30BATHCS PE3yNbTATHI
pacyeToB OT HECKONBKUX THIIOB THUAPOIOTHYECKUX W THIAPOIMHAMHYICCKUX
MoJIeTieid, MOJIeNeii Ha OCHOBE MCKYCCTBEHHBIX HEHPOHHBIX ceTelt, u ap. [20 —
23]. B 3aBHCHMOCTH OT BHEIITHHX (PAaKTOPOB M PACCMATPHBAEMOTO ydacTKa
pycna peKH COCTaB MOJENeH, IPHUBIEKAEMBIX [UII pacyeToB, IOJDKEH
MEHSATBCS IJIs1 OOECIedYeHHs MAaKCHMAaJbHOM JOCTOBEPHOCTH IPOTHO30B.
I[lprgem camm Mopenu, Kak TPAaBWIO, TNPHHALICKAT PANUIHBIM
pa3paboTyvkaM W pPEaJM30BaHbl B BHAC MNPOTPAMMHBIX MOJYJIeH Ha
TEPPUTOPHATBEHO PACTIPEICICHHBIX BEIYUCIUTEIBHBIX PECYpPCax.
O6ocHoBaHUE TEXHOJIOTUH KOMILJIEKCHOTO MIPUMEHECHHUSI
HE00XOUMOTO MOJENbHO-aJTOPUTMUYECKOTO obecrieueHUs u
MPOTPAMMHBEIX ~ CPEACTB JUI1 CKBO3HOW aBTOMATH3allMU  IIPOIIECCOB
WHTETpaluu JaHHbIX J[33, Ipyrux pasHOPOIHBIX HHGOPMAIIMOHHBIX
PECYpPCOB W CPEICTB MOACTHPOBAHUSA B IOJAOOHBIX CIIOXKHBIX 3aJadax
SIBIICTCSI LIENBI0 HCCIIECAOBAHUSA, PE3YJbTaThl KOTOPOTO MPEICTABICHEI B
JaHHOW pabore. OCHOBHOW aKIEeHT cAelaH Ha  (HOpMHUpOBaHUE
ABTOMATHYECKH PEaJM3YIOMIMXCS TMPOIECCOB MOJTHOTO MUKIa — OT
morydeHus HeoOoxoauMbIX naHHbIX J[33 ¢ pazmmunsix KA, a takxke apyrux
BUJIOB JIaHHBIX, IO MPEAOCTABICHUS I0JIb30BATENI0 KOHEUHOTO pe3yiibTaTra
B BHJIE TEMATHYECKOTO IPOAyKTal uin cepBuca. Psjl 4aCTHBIX PE3yJIbTATOB

1 Temarnueckuit MPOIYKT 0OpabOTKM JAaHHBIX JMCTAHIMOHHOTO 30HAMPOBAHMsA 3eMIM M3 KOCMOCa:
Ipoxykr, co3maHHbIi Ha OCHOBe NeMIMGPUPOBAHMS [AaHHBIX IUCTAHIMOHHOTO 30HAMPOBAHHS 3eMIH H3
KocMoca, ¢ IPUMEHCHHEM TEeMaTUYECKON MIIM aHATUTHYECKONU 06pa6o’r1<n, B TOM YHCJIE C HUCIIOJIb30BAHUEM
TPOCTPAHCTBEHHBIX JAHHBIX U APYTUX BUIOB MH(OpMALNH, 11 pelIeHns 3a1ad notpedureneit [24].
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[0 JAHHOMY HaIpPaBICHHUIO HCCIIENOBAaHUN MPEACTaBIEH B IPEIbIIYLINX
nyOnuKaiusax aBTopoB [25 — 27]. B naHHO# cTaThe BBIIOIHEHO 0000IICHHE
U Pa3BUTHE 3THUX pE3YJIbTaTOB NPHUMEHHUTEIBHO K DPEHICHHIO ITPOOIeMBbl
aBTOMATH3alUK IPOLECCOB MHTETPAlMU Pa3sHOPOIHBIX HH(OPMAIIOHHBIX
PECYpCOB B LIEJIOM.

2. TexHOJIOTUSI MHTErpalMM Pa3HOPOAHBLIX HH(OPMALMOHHBIX
pecypcoB. IlepclieKTHBHBIM HAalpaBICHHUEM PEIICHUS pPaccMaTpUBacMON
MpoOJIeMBl aBTOMATH3ALMH MPOIECCOB MHTETpanuy AaHHbIX J133, apyrmx
Pa3sHOPOIHBIX JAHHBIX M  PE3yJbTaTOB  MOJEIUPOBAHUS  SABISIETCS
HCIIONIb30BAHUE W PA3BUTHE KOHIENIIMM KOMIUIEKCHON aBTOMAaTH3allMH U
UHTEJUICKTYaln3alMd  3a]ad  [OoJydeHHs, oOpaboTku, aHamu3a |
MPAaKTUYECKOTO MCIOJIB30BAHUS PA3HOPOIHBIX TAHHBIX, IMOCTYMAIOUINX H3
pasnuyHbix  McTouHHKOB [28]. Tlpu o3TOoM  TpeOyemblii  ypOBEHb
aBTOMAaTH3alMKM  MOXeT  ObITh  obecrieyeH  IMyTeM  pa3padOTKH
COOTBETCTBYIOIIEH TEXHOJIOTHH HUHTETpaLuu Pa3HOPOJHBIX
nHpopmannonHbx pecypcoB (MPUP), B Tom wumcne pmanueix 133,
MIPEAToaraone aBTOMaTHYECKUii BHIOOP HMCTOYHHMKOB JAHHBIX B XOj€
peleHns KaXI0i KOHKPETHOH TeMaTH4ecKOl 3aa4i MOHUTOPUHTA H(HWITH)
MIPOAKTUBHOTO YIIPABJICHHS, N3BJICUCHIE TPEOYEMbIX UCXOIHBIX JaHHBIX U3
pa3NMUYHBIX HMCTOYHHUKOB, WX WHTETPAllMI0O U COBMECTHYIO OOpaboOTKy B
MOJIENTMPYIOMNX KOMIUIEKCAX, OITyOJIMKOBaHHUE M BU3YaTN3ALIHIO.

Texnonorus HMPHUP 1o cBoeMy COIEpKAHUIO OTHOCUTCS K
MHQOPMAIMOHHBIM TEXHOJIOTHSAM M MOXET OBITh OIpeAeicHa Kak
COBOKYIHOCTh alTOPUTMOB U MPOTrPaMMHO-TEXHOJIOTHYECKUX CPEJCTB,
o0ecreunBaoIMX  aBTOMATHU3aIMI0  IPOLIECCOB  cOOpa, HMHTErpalyy,
COBMECTHON 00pabOTKH, XpaHEHHs PAa3HOPOIHBIX NAHHBIX O COCTOSIHUH
00BEKTOB M TEPPUTOPHH, IPEICTABICHUS ¥ PACIPOCTPAHEHHST PE3YJIbTATOB
o00padotku. CooTBeTcTBeHHO, TexHONorus MIPUP Bkimovaer B cBOil cocTaB
KOMILIEKC  CPEACTB  aBTOMaTH3anuu (T.e.  OINpEAENeHHBIH  Habop
B3aUMOJICHCTBYOIIUX MPOrPaMMHBIX MOJYJIEH, CKOMIIOHOBaHHBIX Ha 0aze
BBIOPAaHHOM apXUTEKTYPBI), a TAK)KE€ MOJAEIH U AJITOPUTMBI UX COBMECTHOTO
(YHKIIMOHMpOBaHUS. DTO O3HA4aeT, 4To co3gaHue TexHoioruu WPUP
JOIDKHO MpeaycMaTpuBaTth: 1) pa3paboTKy MOJEIbHO-AITOPUTMUYIECKOTO
oOecrieueHnssT WHTErpaliil Pa3HOPOIHBIX HH(OPMAIMOHHBIX PECYPCOB;
2) ompenenieHHe CcocTaBa HEOOXOIMUMBIX MPOTPAMMHO-TEXHOJIOTHUECKIX
cpeacts mia pewenus 3anad MPMP npu MOHUTOpPMHIE W yHpaBiIeHUU
pasBUTHEM TeppUTOpHi; 3) pa3paboTKy KOMIUIEKCAa CPEICTB IS
aBTOMATH3aLUK [TPOIIECCOB MHTETPAILIHA U COBMECTHON 00pabOTKM JaHHBIX,
Nmoy4eHHbIX OT pasznuuHbix KA [JI33, a Takxke MaHHBIX W3 JAPYTUX
HCTOYHUKOB.
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OTMeTuM, YTO B JaJbHEHIEM H3JIOKEHHH OYIyT pa3iudatbCs
noHsATHs Komiuiekca cpeactB aBromarmsauuu (KCA) u cucremsr IPHP B
uenoMm. B ornuume or KCA, cucrema uHTErpanuu BKJIIOYAET TaKkKe
WHPOPMAIIMOHHBIE PECYpChl W CPEACTBA MOJCITHPOBAHUS, KOTOPBIC
SIBITIOTCS] BHEITHUMH cucTeMaMy 1o oTHommeHnio Kk KCA u mpuBnekaroTcs
B XOJ€ pemIeHWs KOHKPETHOW TEeMaTHYecKOH 3amadd B KadecTBE
HWCTOYHHUKOB W MOTpeOUTENei pa3sHOPOAHBIX JaHHBIX. B aToM cMeiciie KCA
mpeacTaBilsieT co0oil  yHHUBepcaimbHOE sAapo g cucrem HPUP,
pa3IMYArOIINXCS COCTABOM IPHUBIEKAEMBIX BHEIIHUX HH()OPMAIIOHHBIX
PECYpCOB H CPEICTB MOJCITHPOBAHUS.

C Touku 3peHHS Ppa3pabOTKM  MOMACIbHO-aJrOPUTMHYCCKOTO
oOecrieueHuss MOTYT OBITh BBIACICHBI JBE OCHOBHBIE OCOOCHHOCTH
texHonoruu MPUP. TlepBas ©3 HHUX COCTOMT B TOM, 4YTO, KaK Yyxke
OTMEUaJoCh, JUIsl OCYUIECTBICHUSI HPOAKMUBHO20 YUPABICHUS PAa3BUTHEM
TEPPUTOPUIA B COCTAB HHTETPUPYEMBIX PECYPCOB BXOAAT MOMIYJIH
(cepBUCHI), OCYMIECTBISIOMKE MOAeTupoBaHue aHanmmsupyembix I[1TO c
[ENBI0 TIPEJCKa3aHus WX COCTOSHHSA B OyIylmue MOMEHTHI BPEMCHH.
Jpyroii TpUHIMIHAANEHOW 0coO0eHHOCThIO TexHonoruu WPUP sBasercs
obecneyeHre BO3MOKHOCTH HCITOAb30Banus 1 onucanust [1TO He oxHOM,
a HECKONBKUX MOAeJeH (ITOTUMOIENBHBIX KOMIDIEKCOB) C peaim3amueit
MPOIEAypPHl BRIOOPA HAWIYYIINX MoJeNel (IMOIMMOIENTBHBIX KOMILIEKCOB)
Juist Kaxkzaoro arana ¢yHkiuuonupoBanus KCA ¥ cucTeMbl MHTErpali B
menoM. Ha mpakTtmke mporecc BeIOOpa Monened 3aKiIrodaeTcs B
OTpEeNeTICHNH COCTaBa MPOTPAMMHBIX  MOIYJE€H  IPOTHO3HPOBAHUS
coctosinus [1TO, BKIIOYaeMbIX B KOHTYP peUIeHHs] TEeMaTHYECKUX 3a]1ad.

I[Ipu ydere omnucaHHBIX OCOOCHHOCTEH 0000IIEHHAs cXxeMma
TEXHOJIOTHH HWHTETPAIlMM Pa3HOPOIHBIX HH(POPMAIMOHHBIX PECYpPCOB
MOXET OBITh TpEICcTaBlicHa B BUJE, NpPUBEJACHHOM Ha pucyHke 1. Ha
JJaHHOM  pUCYHKE B  JIEBOM YacTH TIOKa3aHbl  HHTErpUpyeMble
WH(POPMAIIMOHHBIE  PECYPCHI, B LEHTpE LBETOM BBIJICJICHBI
TexHosornyeckue onepauuu UPUP. B oBanax npeactaBieHbl KOMIIOHEHTHI
ANTOPUTMHYIECCKOTO W MPOTPAMMHO-TEXHOJIOTHYECKOTO  00eCIIeUCHUS
onepauuii UPUP.

B cooTBeTCTBUM C NpUBEJECHHOW Ha PUCYHKE CXEMOW TEXHOJOTHS
HNPUP Bxirovaer pelieHue AByX TUIIOB 3a71a4 UHTETPaLUU:

1 — onpenenenne coctaBa MOAyJeH ¥ WHGOPMAIMOHHBIX PECYPCOB
QI PelIeHUs] KaXJOW KOHKPETHOW TeMaTH4YeCcKOW 3a/layd, B TOM YHCIIE
Moyneit (cepBHCOB) MOJCTUPOBAHUS I1TO, u3 JIOCTYTIHBIX
aJbTepHATUBHBIX BAPUAHTOB;

2 — MHTETPalUI0  Pa3sHOPOAHBIX  JAHHBIX, IMOCTYMAIOIIUX M3
Pa3IMYHBIX MCTOYHHKOB (MH(POPMAIMOHHBIX PECYpCOB), B TOM YHCIIE OT
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pasueix KA /133, 118 HMX COBMECTHOIO  MCIOJB30BAHUSA  IIPH
MOJENUPOBAaHUM U PELUIEHUHM TEMaTHYECKUX 3aJad MOHUTOPHHTA U
MIPOAKTUBHOTO YIPABICHUS Pa3BUTUEM TEPPUTOPUIL.

Puc. 1. O606meénnas cxema texnosiorun UPUP (3nece UP — nnpopmanmonnsie
pecypcsl)

B pesynbTare pemenus 3agauu 1 onpenemnstoTcs THUI apXUTEKTYpPHI
KCA, a Taxke s KakJIOH TeMaTUYECKOW 3aJayud — COCTaB CPEJACTB
MO/JIETUPOBAHHMSI, HEOOXOJMBIX UM MCXOJHBIX aHHBIX, U, COOTBETCTBEHHO,
COCTaB  MpHBJIEKAaEeMbIX HWHPOpPMANMOHHBIX  pecypcoB. To  ecTh
ompenensercs koupurypamus cuctemsl UPUP B menom. [lamee, Ha ocHOBe
NIPUBJIEKAEMBIX M pa3padaTblBaeMbIX IPOrPaMMHO-TEXHOJIOTMYECKUX
CPE/CTB pelIaloTcs 3aa4un 2 THIA 110 WHTerpanuy JaHHeix 33 u apyrux
JAHHBIX JUI BEIOpaHHOU KoH(uryparmin. COBMECTHO pe3yJIbTaThl PELICHUS
3a7a4 | 1 2 TUTNOB ONPEAETSIIOT CTPYKTYPY M HOPANOK (DyHKIIMOHHPOBAHUS
KCA u cucremsr IPUP B miernom mpu pemieHud 3aJaHHBIX TEMaTHYECKIX
3ajad.

3. MozeJibHO-aJITOPUTMHYECKOe  ODecrieYeHue  TeXHOJIOTHH
HUPUP. Pemienue 3agau | Tuma mpou3BOJIUTCS HA OCHOBE NMPUMEHEHUS U
(unm) pa3pabOTKM COBOKYITHOCTH MOJIENIE M alTOPUTMOB, K KOTOPBIM
OTHOCSTCS IOKa3aHHbIE HA PUCYHKE 1:
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—  anropuT™ BeiOopa apxutektypbl KCA;

—  cmocob omucanus uHGopmanuonHoro mnponecca UPUP mis ero
BU3YaJIBHOTO OTOOp@XEHMS M IOCIEAYIOIIEH aJITOpPUTMHU3AIMK  3a/ad
BBIOOpa cocTaBa MHTETPUPYEMBIX MH(OPMAIMOHHBIX PECYpPCOB U CPEACTB
MO/JIETTUPOBAHHS;

—  aIropuTM BBIOOpa cOCTaBa CpEICTB MOJCIUPOBAHUS U
HEOOXOMMBIX HH(OPMAIMOHHBIX PECYPCOB.

3agaun BEIOOpA, U PELIEHHS KOTOPBIX NPEAHA3HAUCHBI alTOPUTMbI
W3 JAHHOTO TIepedHs, SBISIIOTCS, Kak TMPaBWIO, JAWUCKPETHBIMH U
MHOTOKpUTEepHaNbHbIMU. KOHKpeTHas peann3anysi aJropuTMoB, B 00IIEM
Cllydae, 3aBHCHUT OT THIAa IIOCTAHOBKM 3a/1a4 YNpPaBJICHUS pPa3sBUTHEM
teppuropuii.  IlompoObHO  BO3MOXHBIE  METOABI  pEIIEHHs  3ajgad
MHOTOKPUTEPHAIBHOTO BHIOOPa B Pa3IMYHBIX ITOCTAHOBKaX PaCCMOTPEHBI,
nampumep, B [19]. Hwxke B naHHO# paboTe KpaTko OMHCHIBACTCS
MIPUMEHEHHE pa3pabdOTaHHBIX aJTOPUTMOB ISl JTOCTATOYHO LIMPOKOTO
kpyra 3aznad uaterpanuun UPUP B cratnueckoil mocTaHOBKE.

3.1. Anroputm BbIOOpa THna apxutekTypbl KCA. Bribop THma
apxurektypsl KCA npu ¢opmuposanuu texnonornun PP, kak nokaszano
B [27], MoxeT GOBITH OCHOBaH Ha OLCHWBAHHH DPAa3JIMYHBIX TMPUMEHHMBIX
apXHUTEKTyp IO COBOKYITHOCTH IIOKa3aTeled KadecTBa M ITOCIEIYIOIIEM
pemIeHuN  3aJadd  MHOTOKpHUTepuanbHOoro  BeiOopa. K = Hambomee
pacupoCTpaHEHHBIM THUIIAM APXUTEKTYPHI, B HMPUHLIUIE MPUTOLHBIM JUIS
co3manmusi KCA mporeccoB WHTErpanuyl pa3HOPOIHBIX HWH(POPMAIIMOHHBIX
pecypcoB, OTHOCSITCS:

—  MOHONUTHas apxutekTypa (mon);

—  MojynsHas apxutektypa (mod);

—  KOMIIOHEHTHas apXUTeKTypa (Com);

—  KIIMEHT-CepBepHasl apXuTeKTypa (CSa);

—  CepBUC-OPHEHTHPOBAHHAs apXHUTEKTYypa (S0a).

OCHOBHBIMHU MOKAa3aTeIsIMU KauecTBa apXUTEKTyp NpPH MPOBEJCHUU
CpaBHEHHUs  SBIIIOTCSA:  IIOKa3aTelb  ONEPAaTHBHOCTH,  IOKa3aTelb
MOJYJIbHOCTH, TIIOKa3aTellb JOMYCTHMOW TeTepPOTeHHOCTH, II0Ka3aTellb
MHOT'OTIOJIB30BAaTENCKOTO  PEXXMMa, IOKa3aTelb MAacIITaOUPyEMOCTH.
MHO>XECTBO CPaBHMBAEMBIX apXHUTEKTyp OLIEHWBAEcTCsS HAO0OpPOM 3HAUCHHI
BBIIIETIEPEUNCICHHBIX TTOKA3aTeNeH, KaXKIbIH W3 KOTOPBIX IMPEACTABISIET
c000i1 TUHTBUCTUYECKYIO TIEPEMEHHYIO.

Anroputm BeIOOpa 6a3zupyeTcs Ha HAyYHO-METOUIECKOM arapare,
MIPEATNONAraoeM COBMECTHOE MHCIIONB30BAHUE METONO0B OJKCIEPTHOIO
orpoca, BepOaJBHOTO aHajM3a pEIIeHWH W METOJOB INpeoOpa3oBaHUs
KAueCTBEHHBIX IIOKa3aTeleil B KOJMUYECTBEHHBIE, TEOPUU HEUETKHX
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MHOXXECTB, OTHOILIEHMH M Mep, a TaKkKe TEOPHU IUIAHUPOBAHUS
skcnepuMenTa. OH BKIIIOYAET CIETYIOIUE OCHOBHBIE 3TaIIbI:

1. KoHcrpywpoBaHue JHMHIBUCTHYECKMX IOKAJ JUIS YacTHBIX
MoKasareleid, epeBo]] UX 3HaueHuil B uaTepBan [-1, +1].

2. IlpoBeneHHEe 3KCIEPTHOTO OINPOCa HA OCHOBE ITOCTPOCHHOTO
OPTOTOHAIBFHOTO TUIAHA JUTSA BBISIBICHUS BIMSHUS YaCTHBIX MOKa3aTelel Ha
Pe3YIIbTUPYIOUINI ITOKa3aTeNlb KauyecTBa apXUTEKTYP.

3. ®@opmupoBaHHME U pacyeT 3HAYCHUH PE3YNHTHPYIOIIETO
rokasarens kadectna F.

B pesymprare peanmsamuy IPOLEXYPHl MHOTOKPHTEPHAIBHOTO
OLICHMBaHHUs B COOTBETCTBHU C Pa3padOTAHHBIM aJITOPUTMOM MOJyYEHBI
CIEIyIOUINe 3HAYCHHWS  pe3yJbTHPYIOIEr0o  MOoKa3aTelnss  KadecTBa:
Fmon=0,711; Fmed=0,754, Fcom=0,813, Fca=0,891, Fs.=0,931. Takum
o0pa3oM, Hamitydllee 3HaYeHHE Pe3yJbTUPYIOLIETO MOKa3aTelsl KauyecTBa
nocruraercs npu  ucnosnszoBaHun  COA, dTO MO3BOJISIET  cemaTh
00OCHOBaHHBI BBIOOpP B IOJB3Y €€ HCIIOJNB30BAHUS ISl PeaTU3alni
texnonorun UPUP.

CepBHC-OPHEHTHPOBAHHAS APXUTEKTYpa pealu3yeT MOIYJIbHBIN
MoIXoA K pa3paboTke MPOrpaMMHOTO OOECIIeYeHHs, OCHOBAHHBIA Ha
WCIIONIb30BAHUM  PACIpENENEHHbIX, Ccnab0 CBA3aHHBIX  3aMEHAEMBIX
KOMITOHEHTOB, OCHALIEHHBIX CTaHAAPTH3MPOBAaHHBIMU HHTepdeiicaMu s
B3aMMOJICHCTBHS M0 CTaHAAPTH3UPOBaHHBIM mpoTokomam [29, 30]. Ilpu
ucnons3oBanun COA qis peanusammu TexHosoruun MPUP kaxnpiii us
MH(OPMALIMOHHBIX PECYpPCOB, JIMOO MOJYJICi POrHO3UPOBAHHS COCTOSIHUS
[TO, y4acTByromux B nporecce 00pab0TKN Pa3HOPOAHBIX JTAHHBIX, MOXKET
0CTaBaThCS HA CBOEM MECTE JIOKAIM3alny, 0e3 (PU3MYEeCKOro nepeMenieHus
Ha pabouee MECTO TOJIb30BATENs IPU PEIICHUH KOHKPETHON TeMaTHYeCKOn
3agaun. TemM caMbIM pemaercss mpobieMa HEeoOXOIMMOCTH OTUYXICHHS
yauBepcansHoro I10, paspaborannoro it moxaenuposanust I1TO, or
pa3paboTyMka, YTO 3HAYWTENFHO YHPOUIAET IOCTPOEGHHE CHCTEM

unrerpauuu UPUP.

3.2. Cnocod ONMUCAHUS HHPOPMAIIMOHHOT O npouecca
HHTerpanui pa3sHOPOAHBIX MH(OPMALMOHHBIX pecypcoB. [Ipumenenne
COA ompenenser paBuiIa B3aMMOJICHCTBHSA Pa3HOPOIHBIX

WH(OPMAIIMOHHEIX DPECYpCOB M CPEICTB MozaenupoBaHus. Ilpu sToM
BOIPOCHI OpPraHU3aIlMi CaMOro HH(OPMAIMOHHOIO Mpolecca 00padOTKU
JAHHBIX ¥ OIPEAETCHUs] COCTaBa HEOOXOAMMBIX CpEINCTB 00paboTKh
TPeOYIOT OTAENBHOTO PACCMOTPEHHSI.

OyHKIMOHUPOBAHUE CHUCTEM, pa3pabaThlBaeMbIX AJIsS HHTETPalldH
Pa3HOPOMHBIX HMH()OPMAIMOHHBIX PECYPCOB, KaK CIEAyeT M3 PUCYHKa 1,
3aKJII0YaeTCsl B pean3alii MH(GOPMAIMOHHOTO MPOIIecca, COCTOSIIETO U3
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YIIOPSI0USHHBIX ONEpalyii MoJy4eHus, 00pabOTKU, XpaHEeHHs U INepeaaqn
JaHHBIX W uH(opMmanuu. s aBTOMaTH3allMM MNPOLIECCOB HMHTETPaln
Pa3sHOpPOJIHBIX HH(QOPMAIMOHHBIX peCcypcoB HeoOXoamma pa3paboTka
crocob6a (QopMaTbHOrO OIMMCAaHHWS pPEATU3yeMOro HH(OPMaMOHHOTO
mporecca ¢ BKIIOYEHHEM B HEro BCeX (YHKIMOHATIBHO HEOOXOAMMBIX
orepanuii (meicTBUi) O 00pabOTKE MAaHHBIX, W C ONHCAaHUEM CBs3CH
MEXIy HHMH. Hamuume Takoro omucaHus IIO3BOJIMT B SIBHOM BHJE
0T00pa3uTh (YHKIMOHANBHYIO KOH(PHUIYpAIMIO CHCTEM HWHTETpaIyH,
MEepedTH K KOJMYECTBEHHOW OIICHKE Pa3WYHBIX KOH(HUTypamuid, BEIOOPY
HaWiIy4lnX KOHOQUTrypaumuid, ¥ K pa3pabOTKe NpPOrpaMMHBIX CPEICTB
ABTOMATH3ALMK MPOLIECCOB HHTEIPALIUH.

[Tpu popmanbHOM OIMUCAHMM JOJDKEH OBITh OTPaXKEH TOT (akT, YTo
KaXJ10€ U3 JIeHCTBUI 110 00paboTKe TaHHBIX MOXET B 00IIEM ciydae ObITh
peau30BaHO pa3IMYHBIMM CHOCO0aMH, C TPUBIICUYCHHEM Pa3INYHBIX
pecypcoB — HMH(QOPMAIMOHHBIX, WM OCYIIECTBISIIOUIMX MOJEINPOBAHUE
IITO. IlocTtpoeHHas ¢ y4eToM 3TOT0 KOH(UTypalus CHCTEMbl HHTETPAIN
SIBIISIETCS. HEOOXOJIUMBIM KOMITIOHEHTOM 3aJaddl BBIOOpa ONTHMAalILHOTO
COCTaBa CpEICTB MOJCIMPOBAHUS W WHPOPMAIMOHHBIX PECYpCOB,
HCIIOJIb3YEMBIX Ul PELLIEHUS TOW WM JPYrod TEMAaTHYECKOU 3a1auu.

Cpenu TOTCHIMAIbHO TNPHUMEHHMBIX MOAXOIOB ISl OIHMCAHUS
MH()OPMAIMOHHOTO TIpoliecca (YHKIMOHMPOBAHUS  PacCMaTpPHBAEMBbIX
CHCTEM WHTEerpamud MOryT ObiThb Bbigesnensl: ceru Iletpu  [31];
rpadoanamuTrueckue moaxomsl [32]; crammapter IDEF  (Integrated
DEFinition) [33]; auarpammer UML [34]; craraapt eEPC (Extended Event
Driven Process Chain) [35]; norauust BPMN (Business Process Model and
Notation) [36].

CpaBHUTEIBHBINA aHATN3 MOKa3all, yTo HoTaruss BPMN, uzHaganbHo
NpeAHa3HayeHHas  JUIl  ONHMCaHWs  JuarpaMM  OW3HeC-TIPOIECCOB,
NPEOCTABIISIET, 10 CPAaBHEHUIO C JPYTMMH HOAXOAAaMH, DPacCIIMpEHHBIE
BO3MOXKHOCTH U151 (POPMATIBHOTO ONMCAHUS B3aMMOJICHCTBHS KOMIIOHEHTOB
CJIOKHBIX CHCTEM U MOJICTH pachpeieieHHbix npoueccos [37, 38]. Umentno
nmaHeple  otnmuuss BPMN B HamOonpliei CTEEHH COOTBETCTBYIOT
ocobeHHOCTSIM paccMmarpuBaemoii TexHomormn WPUP. Kpome Toro,
Omarojapsi HCIOJIB30BAaHHUIO CEPBUC-OPHEHTUPOBAHHON apXHUTEKTYypHl M
HoTauuu BPMN cTaHOBUTCS BO3MOXKHBIM BH3YaJbHOE KOHCTPYHPOBAHHE
nponeccoB ¢ynkiuonupoBanuss KCA u cucTeMbl MHTETpallMd B IIEJIOM
3a cyeT IpPUMEHEHMs s3bIKa MCIOJNHEeHHWs OusHec-mpoueccoB (Business
Process Execution Language, BPEL) [39, 40], kOTOpBIii 103BOJISIET ONUCATH
W OpraHU30BaTh JIOTHKY B3aUMOJAEHCTBUS BeO-CEPBHUCOB, HCIIONB3YsI, B TOM
YHCIIe, BU3yaJbHBIA PelaKTop.
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Onucanue nHGOPMAIIMOHHOTO IMpoIecca ¢ Ucnojb3oBanueM BPMN
Ha T[IpUMepe TEeMaTH4YEeCKOW 3aJaud IPOTHO3MPOBAHUS HABOIHEHHWH
MIpUBE/IEHO Ha pucyHKe 2. YacTh M3 MOKa3aHHBIX HAa PUCYHKE JEHCTBHN
MOJKET OBITh pealn30BaHa aJbTEPHATHBHBIMH CIIOCO0aMH, C MPUBJICYEHHEM
Pa3NMYHBIX CPEACTB MojenupoBaHus. Hampumep, Ha pucyHKe 2 Takue
OTlepalMy BBIIENCHBI IBeTOM. [yl pacdera pacxona BOJIBI MOTYT OBITh
TIPUBIICYCHBl MOJYIH, BBIMONHAIOMKE TaOmmuHbIil pacder (A-1), 6o
CTaTUCTHYECKUH pacueT (A-2), mmbo peanmsyioniue HeipoceTeBbe
monxonsl (A-3). Ilpumepamu ajdbTepHATHUBHBIX IIOAXOIOB UL pacyera
rIyOWH B TOUYKax sBIsTtOTCS momenu cpe3a (b-1), Momenm Ha ocHOBe
ypaBHeHuii CeHn-Benana (b-2), u neitpocereBsie moaemnu (b-3).

Puc. 2. [IpencraBnenune nporecca peleHust 3a1a44 MPOrHO3UPOBAHIS HABOJHEHHUI
¢ ucnons3oBanreM BPMN (AI'K — aBToMaTu3upoBaHHBIN THIPOIOTHUCCKUN
komiuieke, YI'MC — YrpaBneHne THIpoMeTe0CTyKObI)

3.3. AIroputm onpejeeHus COCTABA CPeACTB MOACJIMPOBAHUA U
HH(pOpMAaLMOHHBIX pecypcoB. OrmpeseneHHe KOHKPETHOIO COCTaBa
CPEACTB MOJEIUPOBAHUS M HWH(POPMAIMOHHBIX PECYPCOB — HCTOYHHKOB
HEOOXOANMBIX TaHHBIX, TO €CTh BBIOOP KoH(uryparmu cucremsl MPUP npu
pELICHNU TeMaTHYeCKUX 3a]ay, OTHOCHUTCS K KJaccCy 3ajaad CTPYKTYpPHOrO
cuHTe3a. OHa  MoOXeT ObITh  pelieHa Ha  OCHOBE  METOJIOB
MHOTOKPUTEPHAITEHON ONTHMH3ALIUH.

JanHas 3amaya MOXKET OBITH ()OPMANN30BAHO OMKCaHa CIIETYFOLIHM
oOpazom. Beenem 0003HauCHUS:

A={A,ieN} N ={12,..,n} — MHO)XECTBO HAMMEHOBAHUI CPEJICTB
MonenmupoBanus (CpM) u (wim) MHPOPMAMOHHBIX PECYPCOB, KaKIOE U3
KOTOPBIX MOXET ObITh PEATM30BAHO OAHMM M3 aJIbTEPHATUBHBIX CIIOCOOOB;
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B={B!,je{l,2,..,m}ie N} — MHOXKECTBO HOTEHUHAILHO
BO3MOXKHBIX BapuaHTOB peanmusarmu CpM ( B, - Jj-ii BapHaHT peanu3anuu
i-ro CpM);

Cj.ieN,j e{l,2,...,m} — cTrouMocTs j-ro Bapuanra i-ro CpM;

t;
j-ro BapmanTa peanuszanu i-ro CpM;

p.ieN,je{l2,..,m} — 1IeJIeBOM TIOKa3aTesb KauecTBa paboThl j-TO

ieN,je{l2,...,m} — ONEPaTUBHOCTb (JUIUTENBHOCTb PAOOTHI)

BapuanTa peanusaiuu i-ro CpM — 06bIYHO 3TO MTOKA3aTENN TOCTOBEPHOCTH,
TOYHOCTU MOJICTMPOBaHMS (IIPOTHO3MPOBAHMSA), WIH JPYTHE IOKa3aTel,
XapaKTepU3yIIUe CTENEHb YJOBIETBOPEHHs IIOJb30BATENs KAayeCTBOM
MoienupoBaHus (mporuo3uposanus coctosHus [1TO);

X =|x,| — BapuaHt konpurypanun cucremst UPUP, rue x; =1,

ecau B kauecTBe A, ucnomssyercss CpM BY |, u ¥%; =0, B HPOTHBHOM

m;
ciydae. Ilpu  sTOM inj =1VieN, TXK B MPOCKTUPYEMOI
j=1
koHpurypauuu B KadectBe CpM A MOXKET UCIOIb30BAaThC KaKOHU-TO
OJIMH JIEMEHT B} M3 MMEIOIICHCS HOMCHKIATYPhI. JIaHHbIC OrpaHHYCHHS

OIIPEIETISIOT 00JIacTh A OMYCTHUMBIX BaAPUAHTOB KOH(UTYPALUH CUCTEMBI
HPUP.

B xauectBe 1meneBbIXx (YHKUMH 3amaud, B COOTBETCTBHHU
C MMOJIOXKEHUSIMH  TEOpUH  I(PQPEKTUBHOCTH  CIOXKHBIX cucteM [41],
1esnecoo0pa3sHo  MCMONB30BaTh TPH  TPYMIIBI  [TOKa3aTeNiei:  3aTparsl
Ha pean3alfio BapuaHTa KOH(UTypanuy, ONEepaTUBHOCTb, II0J KOTOPOH
MIOHUMAETCS JIUTENBHOCTD PEHICHHS TpeOyeMol TeMaTHYeCKOW 3aaadd,
1 IIEJIEBOH TTOKa3aTesb, OTPAXKAIOMINN Ka4eCTBO IMOJIYYEHHOTO PEIICHHS —
JOCTOBEPHOCTD MJIM TOYHOCTh PE3yJIbTaTa.

C yderoM BBEOCHHBIX OOO3HaYeHHWH 3agada (OPMHPOBAHUS
koHurypamym cuctemsl TPUP cBoguTcs K MHOTOKPHUTEpUAIBHOW 3a1ade
BbIOOpa Ha JIMCKPETHOM  MHOXECTBE  JIONYCTHMBIX  albTEpHATHUB
CJIC/TyIOLIETO BHUJA:

minC(X), min T (X), max P(X), (1)
XeA XeA XeA
rae C(X) — CTOMMOCTb HCIIOJIB30BAHMSI CPEACTB MOJEIUPOBAHUSA U

uH(pOopMaLMOHHBIX pecypcoB B kKoHpurypauuu X; T(X) — UIMTEIBHOCTH
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pelieHus  TEMaTHYecKOW  3ajaud  I[pu  3TOW  KOH(Urypauuw;
P(X) — meneBoii mokasarenb kauyecTBa paboTsl cuctemsr UPUP.

Cucrema WPHP, B o0mem cinydae, MOXET HMETb CETEBYIO
CTPYKTYpY, NMONOOHYIO, ITOKa3aHHOH Ha pHCyHKe 2. B 3Tol ceTH MOXHO
chopMHUpOBATH MHOKECTBO KpaTyaimmx myTei YCHELIHOTr0
¢bynkunonuposanus cucreMsl UPUP, mns kaxmoro mytn K =1,2,...,K
00o3Ha4nM 4epe3 [, MHOXxecTBO HoMepoB CpM, Bxoxsmux B Hero. Toraa

aHANTM3UpyeMble II0Ka3aTeIdi MOTYT OBITh ONPEHCNCHBl CIEAYIOIINM
obpazom:

—  3aTpaThl HAa pEANM3alMI0 IMUKJIAa PACYCTOB ISl PEIICHHS
TEeMaTHIECKOM 3aJa4u:

C(X)= n ICij’Xij ' (2)

i=1 j=1

- JJINTCJIbHOCTD PACUCTOB!:

T(X):krf}a’i(Zitu R (©)

iel, j=1

- LIEJIEBOM ITOKA3aTeIb:

PO = min, min D Py X, - @

ConepxaTenbHO TOCTAaHOBKA 3aJadll BBIOOpAa HHTEPHPETHPYETCS
CIIEAYIONIMM 00pa3oM: HEOOXOAMMO OIpPEAEIUTh TAKOW COCTaB CPEACTB
MOJICTUPOBaHMS M MH()OPMALMOHHBIX PECYPCOB [UISl PEIICHUS] KOHKPETHON
TEMaTHYECKOM  3aJauydl MOHUTOPMHIa W  YNpPaBICHHS  Pa3BUTHEM
TEpPPUTOpPUH, MpPH KOTOpPOM obecleurnBaeTcs MUHHMM3ALUSA 3aTpaT Ha
(YHKIMOHHPOBaHKE BBIOpaHHOM KOH(UTypanuu, MUHUMHU3ALUST
JUIMTENIEHOCTH PelIeHHUs TeMaTH4eCKOH 3aaun 1 MaKCUMM3aLUs 1IeJIeBOr0
MIOKa3aTelsl KayecTBa.

ANTOpUTM pelIeHus] MOJOOHBIX 3ajad, KaK IPaBWIIO, BKIIOYAET
olpejieJieHhe MHOXecTBa HelnoMuHUpyeMblX ([Tapero-onTHMalbHBIX)
BAapHAHTOB KOHQUTYpallMM W HAaxXOXJICHHE Ha OSTOM MHOXXECTBE
€IMHCTBEHHOTO  pEIIeHMs, BBIOpaHHOMY Kpurepuro. Jlins BwIOOpa
€/IMHCTBEHHOTO pPEUICHUs, B YACTHOCTH, ANpPOOMPOBAHHBIM IOJXO0JOM
SIBIISIETCS.  HAXOKACHWE KOMIPOMHCCHOTO BapHaHTa, IIPU KOTOPOM
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JOCTUTaCTCA MUHHUMU3aUA MAaKCHMAaJIbHOI'O nus3 B3BCHICHHBIX
OTHOCHUTENIbHEIX OTKJIOHCHHH OT OIITUMYMOB II0 YaCTHBIM ITOKa3aTCJIsAM
[42]:

X" =arg minmax pw(X), )

rae: L — MHOXecTBO 4YacTHBIX MOKa3arenell KauecTBa; o, — BECOBBIC

KOO(DUUMEHTBI UX OTHOCHTEINBHOH BaKHOCTH, p, >0,> p =15 W(X) -
leL

OTHOCHTENBHBIE OTKIIOHEHHsS 3HAYeHWH II0Ka3aTejlell OT ONTHMYMOB,

w,(X)=(f (- /(f=f%, tme f° ®m f° — COOTBETCIBEHHO

HaWiTydlliee W Haumxymmiee 3HadeHus |-ro mokasartens. IIpuMEHHTENBHO K

paccmaTpuBaeMoit 3amade (1) MHOKECTBO L COCTOMT M3 Tpex mokazarenei,

u uacthble mokaszatemu f, | €L, umeror cnemyrouryro unrepnperanuro:
nokasarens f, npencrasiser coboit C(X), f, —aro T(X), a f, —P(X).

Hanpumep, [J1si cXeMbl, MPEACTABICHHON HA PUCYHKE 2 M UCXOIHBIX
JAHHBIX TI0 aJbTEPHATUBHBIM Bapuantam WP, mpeicraBieHHbIX B
tabnuue 1, BO3MOXKHO 9 BapUaHTOB KOH(PHUTYPAILMH CUCTEMbI HHTETPAIUU —
tabmuua 2. B sdeiikax TaOnuupl 2 Cciyyar HMCIOJIb30BAHHUS MOJYJIS
cooTBeTcTBYeT 1, He wucnonb3oBaHuio — 0. 3HAYCHUS] OTHOCHUTEIBHBIX
B3BCIIICHHBIX OTKJIOHCHHH OT ONTHMYMOB JJIsi BO3MOXKHBIX KOH(HIYyparui
NpUBEJICHbl B Tabnuue 3, MpuYeM CYUTACTCS, YTO BeCOBbIe KOA(QUIIHEHTHI
YAaCTHBIX TOKasaTelell npuHuMaroT 3HaueHws: 0,3 — amd mokasarens
tounoctd, 0,3 — s mokasarens croumoctd, 0,4 — s mokasarens
OIEPAaTUBHOCTH PEATU3AIIH AITOPUTMA.

Ta6m/1ua 1. 3HaueHus YaCTHBIX MOKa3aTeNei KauecTBa AJIBTCPHATUBHBIX BApUAHTOB
HCHNOJIb30BaHUS CPEACTB MOACIIUPOBAHUSA

Cpenctsa 3HaueHus MoKa3aTeeil kauecTBa
MOACIUPOBAHUS Tounocts | CrommocTts (yeu. en.) | JnutensHOCTB (cex.)
Monyns A-1 0,8 0,05 60
Mounynb A-2 0,6 0,15 10
Mopnyns A-3 0,9 0,34 5
Mopnyns b-1 0,7 1,2 90
Mopyab b-2 0,75 2 70
Monyns b-3 0,79 3,5 60

Tabnuma 2. BapuaaTtel KOHQUTYpAIlMK CHCTEMBI HHTETPAIUU
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Cpencraa BapuaHTbl KOHQHUTYpaluu
MOJIEIUPOBAHUS 1 2 3 4 5 6 7 8 9
Monyns A-1 0 0 1 0 0 1 0 0 1
Mopynb A-2 0 1 0 0 1 0 0 1 0
Mopynb A-3 1 0 0 1 0 0 1 0 0
Moayns b-1 0 0 0 0 0 0 1 1 1
Mopnyins b-2 0 0 0 1 1 1 0 0 0
Monyns b-3 1 1 1 0 0 0 0 0 0

Ta6muna 3. OTHOCHTENEHBIE B3BEIICHHBIE OTKJIOHEHHS OT ONITHMYMOB
3HauCHUS] OTHOCHUTEIBHBIX B3BEIIEHHBIX [TOKA3aTeNICH
IToxa3zarenu JUIsl BADHAHTOB KOH(UTyparu

1 2 3 4 5 6 7 8 9

Tounocts | 0,000 | 0,300 | 0,000 | 0,063 | 0,300 | 0,063 | 0,142 | 0,300 | 0,142
Croumocts | 0,300 | 0,278 | 0,266 | 0,126 | 0,104 | 0,093 | 0,034 | 0,012 | 0,000
Oneparusnocts| 0,000 | 0,024 | 0,259 | 0,047 | 0,071 | 0,306 | 0,141 | 0,165 | 0,400

Make.
OTKJIOHGHIIE 0,300 | 0,300 | 0,266 | 0,126 | 0,300 | 0,306 | 0,142 | 0,300 | 0,400

B cooTBeTcTBHM C HCHOIB3yEMBIM KPUTEpHEM BHIOOpA, HAWTYUIINM
BapUaHTOM siBIsieTcsl KoHdurypaus 4 u3 tabnuusl 2, IpU KOTOPOM IS
ormeparun  «Pacuér pacxoma Boael» BbeIOpaH cepBuc «HelipocereBoit
pacuér», a 1151 onepanuu «Pacuér riyOuH B TOUKax» — CEPBHUC « Y paBHEHHSA
Cen-Benanay.

Kak BHIOHO W3 TIPHBEICHHOTO NPHMEPA, B MPAKTHUYECKUX 3ajadax
YUCIO N 3JeMEeHTOB KoHQurypamum cuctembl WPHUP, nomyckarommx
IbTEpHATHBHBIC BAapHAHTHI peaTN3aliy, BeChbMa OIPaHWYEHO, a YHCIIO
MOTEHIMATbHO BO3MOJKHBIX BApHAHTOB pPEANIN3AIMU  KaKIOTO TaKOTO
Cpe/ICTBa MOJECIMPOBAHHS HE SIBIsieTCst OonbliuM (mi Bappupyercst oT 2-3
1o 5-7). IToaromy pa3MepHOCTB 3aa4u BEIOOpa ake TPH HCIIOIB30BAHUN
HOJIHOTO Tepedopa BapuaHTOB (KaK B IMPHUBEACHHOM IPUMEpPE) HE SIBISIETCS
BBICOKOﬁ, n 1 COBPEMEHHBIX CPEICTB BBIYHMCJIMTEILHOM TEXHUKU HE
SBISICTCS (haKTOPOM, KOTOPBIH MOYKET CKOJbKO-HHOYIb 3aMETHO BJIHMSATH Ha
OIEPaTHBHOCTH PEUICHHs TEMAaTHYECKUX 33/1a4 MOHUTOPHHTA U YIIPAaBICHUS
pa3BUTHEM TEPPUTOPHIA.

4. [IporpaMMHO-TEXHOJIOTHYECKHE PpelIeHHs] M0 HHTerpanuu
nanHbix  JI33 wm gpyrmx uHGOpPMANMOHHBIX pecypcoB. Bribop
KoH}Uryparmm HHPOPMAIMOHHBIX PECYPCOB M IPUBIEKAEMBIX CPEICTB
MOJIEITMPOBAHMSI OJHO3HAYHO OIpPENENsieT COCTaB JIaHHBIX, B TOM 4YHCIIE,
maHabIX  JI33, KOTOpele HEOOXOOWMBEI JUIS  pEIICHWS  3aJaHHON
TeMatHdeckoil 3amaun. COBMECTHOE  HCIIOJB30BAaHHME  ITOJYYaeMbIX
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Pa3HOpPOIHBIX AAaHHBIX OOECIEeUUBAETCS NMPUMEHEHHEM CYIIECTBYIOLIUX H
CO3JJaHMEM HOBBIX IIPOTrPAMMHO-TEXHOJIOTHYECKUX CPEICTB, T.€. PELICHHEM
3aja4 MHTErpauy 2-ro0 THIA, B COOTBETCTBUM C BBEJCHHOW BBIIIE
KJ1accuQuKauen.

KiroueBsiM  BompocoMm oOecriedeHHss HHTETPAlid  pa3HOPOIHBIX
JaHHBIX  SABJSIETCS ~ OpraHu3alMs  IIOKa3aHHOTO  Ha  pHCyHKe 1
B3aUMOAEHCTBUS ¢ MHQOPMALMOHHBIMHA  pecypcaMH M CEPBHCAMH,
SIBIISTFOIIIMUCST ICTOYHHUKAMH ¥ TIOTPEOUTEIAMH MHTETPUPYEMBIX JTaHHBIX.
OTH pecypchl U CEPBUCHI SIBIAIOTCS, B OOIIEM Cilydae, BHEIIHHMH
CHCTEMaMH 10 OTHOIIEHHIO K pa3pabarsiBacMomy KCA.

OyHKIMOHANBHO  B3aMMOJICUCTBHE C  BHEIIHHMMH  CHUCTEMaMH
BKJIFOYaeT psja omnepaumii: 1) GpopMupoBaHUE CTPYKTYpbl HEOOXOJMMBIX
WCXOJHBIX JaHHBIX, WHIMBHIYAIBHBIX JUIl KaXXIOW TEMaTHUeCKOH 3ajaun
MOHHUTOPUHIa M IIPOAKTHBHOTO YIPABJICHUS; 2) BHINOJHEHHE 3arpocoB
K MIOCTAaBUIMKAaM JIaHHBIX B COOTBETCTBHMHM CO C(OPMHUPOBAHHBIMHU
CTPYKTYpaMH; 3) MOJyYeHHE 3alpolleHHBIX JaHHBIX; 4) 3amonHeHne
CTPYKTYpBI JaHHBIX, X HOPMaJIN3aIHs ¥ TPYIIIHPOBAHHE.

CxeMa B3aMMOJAEHCTBUSI C BHEIIHMMH CHCTEMaMH, YYHTHIBAIOIIAS
Pa3sHOPOIHOCTh MHTErpupyeMslx VIP m pasznmums B THMAX MOCTABISIEMBIX
JaHHBIX, [TOKa3aHa Ha PUCYHKE 3. B BEpXHMX CTPOKAX PUCYHKA MPHUBEICHBI
HMHTErpHpyeMble pa3HOPOIHBIE JaHHbIC U HHTEP(EHCHI, NCIONb3yeMbIe [UIs
OpraHM3ald B3aUMOJEICTBUS C BHEIIHUMM CHCTEMaMH. B KkauecTBe
npuMepa HpHUBEAEHBl HH(OPMALMOHHBIE PECYpChl, HCIOJIb3yeMble B
3aj1a4ax MPOTHO3UPOBaHUS pedHbIX HaBoaHeHni [20 — 23]. C Touku 3peHust
OOIHOCTH  MpeAaraeMoro  pelleHHus NPUHLIUIHAIBHBIM  SIBISICTCS
paccmoTpeHre 4-X THUIOB HCTOYHHMKOB M TIOTpeOHTENeidl pa3HOPOIHBIX
nmaHHbIX: 1) pasmuunsle KA JI33 (unm pasiuuHbBle THIBI CHEMOYHOMN
anmapaTypsl); 2) pecypchl ¢ IpOCTPaHCTBEHHBIMH JTAHHBIMHE; 3) PECYpCHI C
HETPOCTPAHCTBEHHBIMH JaHHBIMU (HAIpUMep, pe3ysbTaThl U3MEPEHUH C
JaT4ukoB ® 1p.); 4) momynu (cepBuchl) MopenupoBanus [ITO. Ilpm
pemIeHnH  OpYyrHMX  TEMaTHYeCKMX  3aJad  KOHKPETHBIH  COCTaB
HMHTErpUPYEMbIX HHPOPMAINOHHBIX PECYPCOB MOXKET Pa3INYaThCs, OJHAKO
MIPEATIOKEHHBI HA0Op THUIOB TaKWX MCTOYHHWKOB, BIMSIOMMN Ha CrOco0
MHTErpanuy JaHHbIX, SBISIETCS JOCTATOYHO OOIIMM.

OTtnrunTenbHass 0COOCHHOCTh MPEIUIOKEHHOW CXEMBI M OCHOBHOE
pelieHne, oOecrevnBalollee BBIMOJHEHHE MHTErPAllMd  Pa3HOPOIHBIX
JAHHBIX, COCTOUT B CO3[aHUM JIOTIOJIHUTEIBHOTO €051 a0CTPaKIMU AaHHbBIX
(Beimenern myHkTHpoM). Co3gaHWe BTOrO CJIOS TO3BOJSET 3aMEHUTH
CIIO)KHBIE OTHOIIEHHs M:M Mexay TOCTaBIIMKAaMH JaHHBIX M HX
oTpeduTeNns MU (CepBHCaMU MOJIEIMPOBAHUS) Ha IMPOCThIE COOTHOIIEHHUS
M:1. To ecth OoOJbIIOE KOJIMYECTBO Pa3HOOOpA3HBIX CBA3CH KaKIOU
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MOJACIN C KaXIbIM IIOCTABIIMKOM JIaHHBIX 3aMCHACTCA HpOCTOﬁ CBA3BIO
MoJieNniel co ciaoeM aOCTpaKnuy JaHHBIX, O€30THOCHTEIBHO K TOMY, KaKHUM
o0pa3oM 3TH JaHHBIE OBUIM TOJYyYeHHI M B KakoMm Qopmare. Ilpu
HeoOxoauMocTH  mpuMeHsiemble Mojenun wim  [IMK  cHaGxkarores
MIPOTPaMMHBIMH ~ 00EpTKamMH, KOTOpBIE MOTYT paboTaTh CcO CIIOEM
abCTpakIMy TaHHBIX U U3BJIEKATh TPeOyeMyro HH(OpPMAIHIO.

[Ipn sTOM BHemHHWE WH()OPMAINMOHHBIE PECYPCHl — MOCTABIIMKA
Pa3sHOPOIHBIX [JAaHHBIX, [OJDKHBI YJOBIETBOPATh DOy TpeboBaHuUil,
OCHOBHBIMH U3 KOTOPBIX SBIISIFOTCS:

—  Hanmuwme y BHemIHeW cHCTEMBI IPOTPaMMHOTO HHTEpdeiica.

- Hanuume pa3zaciICHUA JaHHBIX U UX MPCACTABJICHUA.

- Wcnons3oBanue JUIA nepeaayn TCKCTOBBIX JaHHBIX
obmenpu3HaHHbIx GopmaroB XML mim JSON.

—  Hammume MexaHn3MOB aBTOMaTHYECKOH ayTeHTH(PHKAIIH.

Puc. 3. Ilopsnok B3auMoAeHCTBUS C BHEITHUMHU CUCTEMaMHU IIpH 3apoce U
MOJIy4YE€HUH JJAHHBIX

B cmydae eciau MOCTaBUIMKK — JJaHHBIX HE  YJIOBJIETBOPSIIOT
MIEPEUYHCICHHBIM TPCOOBAHUSAM, KaXIbIi YACTHBIA (OpPMAT MOIyYaeMbIX
WCXOJHBIX JIaHHBIX MPUBOJIUTCS K TMPEUIOKCHHOMY YHHUBEPCATbHOMY
(dopMaTy ¢ IOMOIIBIO CHCTEMBI aallTepOB M MEAMATOPOB, TIOKa3aHHBIX Ha
pucynke | B KadecTBe HEOOXOJWMBIX KOMIIOHCHTOB  pealu3alliu
texaonorun WPUP. Tlpumep momoOHOTO amamTepa, BEIIONHSIOMIETO
(YHKIMM KaTajoru3aTtopa W IpeaBapuTeNsHOW oOpabotkum maHHBIX (33,
npuBezeH B [43].

[IprmMeHeHre TpeaToKEHHOTO MOAX0a B Clydae YHHBEPCATH3auN
ONMMCaHWs  TUIOB  JAHHBIX  [O3BOJSCT  HMHTCTPUPOBATH  JIaHHBIC
U3 Pa3InYHbIX KICTOYHHKOB HE TOJBKO Ha (PU3MYECKOM M JIOIHMYSCKOM
VPOBHSIX, HO M Ha CEMAHTUYECKOM YPOBHE. OTO BO3MOXHO, €CJH
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JUISl BCEX UCTOYHHMKOB TMOJOUPAIOTCS THUIBI JIAHHBIX W3  CIIPaBOYHHKA
Schema.org [44]. Tlpu uX OTCYTCTBHM B CHOpPABOYHHMKE Ui CO3/AHHUS
HOBOTO TMIIAa BO3MOXKHO  HCIOJB30BAHUE  MEXaHU3Ma  PaCIIMPEHUsS
Schema.org. Ilpumep ceMaHTH4YECKOTO ONMMCAHUs THUApONocTa B (opMate
JSON-LD pnsti3amaud  TIPOTHO3UPOBAHWS HABONHCHWH TIPHBEICH B
muctunre 1.

5. Ctpykrypa KOMILIeKca cpeacTB aBromarusanum. Kak yxe
oTMedasnock, BHenpeHue texnonmorun WPUP monpazymeBaer pa3zpaboTky
KOMIIJIEKCA  CPEACTB  aBTOMATH3allMd, OCHOBAaHHOIO HA  CEpBHUC-
OPHEHTHPOBAHHON apXWTEKTYpPE M PEaTM3YIOIIEr0 PacCMOTPEHHBIE BBIIIC
QITOPUTMBI U PEIICHUS.

O6umit  coctab  KCA  [0KeH  TO3BOJIATH  OCYIIECTBIIATH
WHTErpaluio pPa3HOPOJIHBIX JaHHBIX, CpEeId KOTOPBIX oco0as poJib
npuHaanexuT faHasiM 133, Jlannasie [133, nomydaemsle ¢ pa3nuuHbix KA,
SIBIISIFOTCSL  BOKHEWIIMM KOMIIOHEHTOM HWH()OPMALMOHHOTO OOecTeYeHHs
MIPOAKTUBHOTO YIPaBJICHHUs Pa3BUTHEM TeppuTopuii. Ocoboe 3HaUeHNE OHU
UMEIOT Ui yJaJeHHBIX M OOMIMPHBIX TEPPUTOPHHA, KOTAa OTCYTCTBYET
BO3MOXKHOCTb HCITOJIb30BAHMS JIPYTUX cpeAcTB HaOmonenus. CosnaHne
MIPOTPaMMHO-TEXHOJIOTHYECKAX ~ CPEICTB AN HMX  aBTOMAaTH4eCKOTrO
M3BJICYCHUS] M TOATOTOBKM K HCIOJIB30BAaHUIO COBMECTHO C JIPyTHUMH
THUIIaMH JaHHBIX B CEPBHCAX MOAEIHMPOBAHUS SIBISIETCS HA CErOAHSIIHUN
JIeHb MaJIOWCCIIeIOBaHHOHM 3amaueil. [loaTromy B paccmartpuBaembix KCA
JOJDKHBI ~ OBITh  MPELYyCMOTPEHBI  COOTBETCTBYIOIIME CpPEACTBA Ul
MOJATOTOBKH JAaHHBIX J133.

{

"@context": "https://schema.org",
"@type": "CivicStructure",
"name": "Kanukuno",
ngO": {
"@type": "GeoCoordinates",
"latitude": "46.16",
"longitude": "60.44"

"waterLevel": {
"@type": "Observation",
"measuredValue": "885",
"observationDate": "2020-07-25T11:32:31"
}
}

Jluctunr 1. [Ipumep ceMaHTHUECKOTO OMUCAaHUs THAponocTa « KalmnkuHo»
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[Tpu peanuzauun texnosxorun MPUP pabora ¢ nanusimMu 133 U ux
00paboTKa COBMECTHO C APYTUMH JAaHHBIMU BKITFOYACT HECKOJILKO TAIOB!

1) dopmupoBanue TpeOOBaHUN K COCTaBY M XapaKTEPUCTHUKAM
nMaHHbBIX J[33, HEOOXOMUMBIX IS PEHICHHUS KaXKJ0W KOHKPETHOW 3a71a4yH IO
MOHHTOPHUHTY ¥ YTIPABICHUIO Pa3BUTHEM TEPPHUTOPHi; HOpMUpOBaHHE Ha
9TOW OCHOBE CTPYKTYPHI IaHHBIX JUIS BHITIOJHCHHS 3aIIpOca B COOTBETCTBHU
CO CXEMOi Ha pUCYHKE 3;

2) mowmck, mombop, 3arpy3ka MartepuanoB J[33 Ha pecypcax
MTOCTABIIMKOB HaHHBIX J[33, moaxomsmmx moj 3aJaHHBIE YCIOBHUS (naTa,
THT, OONAYHOCTB, YTOJI COJHIA, pa3pelieHne Ha MECTHOCTH H T.M.),
pa3MeleHne U KaTaJoru3annio JaHHbIX [[33;

3) npenobpaboTka MaTepuajoB KOCMUYECKOM CBHEMKH,
U3BJICUCHUE METAJIaHHBIX, (POpMHUPOBaHUE (DAMIOB OBICTPOrO MPOCMOTPA U
TEMATHYCCKHUX CJIOCB C PACCUUTAHHBIMU 3HAYCHUSIMH WHJICKCOB 3a/IaHHOTO
THUIIA;

4) WHTETpaNUIO C JPYTUMH Pa3HOPOJHBIMUA JaHHBIMH  JUIS
MOJICITUPOBAHUS COCTOSHUSI 00BEKTOB M TEPPUTOPHI B HHTEpECAX PEIICHUS
TEMaTHYCCKOH 3a/1a4H;

5) pemeHne TeMaTHYeCKHX 3aJad HA OCHOBE 0OPa0OTKH JaHHBIX
33, npyrux nmaHHBIX, W PE3yIbTaTOB MOJACIHPOBAHUS W3MCHEHUS
cocrostaus I1TO;

6) nyOnuMkanuio W BH3YaJIHW3aLMI0 PE3yJIbTATOB  00pabOTKH
maHabIX J[33 COBMECTHO C JAPYTHMMH JaHHBIMH, BKIIFOYas BO3MOYKHOCTB
BBITIOJTHEHUSI MYJIFTUBPEMEHHOTO aHaIW3a JJIsl WCCICHOBAHUS JUHAMUKA
MpoucCxoadImux H3MEHEHU.

COOTBETCTBYIOIINI KOMILJICKC CPEICTB IS Pean3alui TEXHOJIOT U
HUPUP ¢ wucnonb3oBanueM JaHHbiXx [JI33  BKIIOWaeT — ciemylomiue
KOMIIOHEHTEI, TOKa3aHHbIC HA PUCYHKE 4:

Puc. 4. Ctpyxrypa KCA
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—  OpOorpaMMHBIA  MOIYJIb  9KCHEPTHOro  (opmMHupoBaHMs
NapaMeTpoB UCXOAHBIX AaHHbIX [133 — peanusyer 3tan 1;

—  NpOrpaMMHBIN MOAYJb KaTaJOTU3alMH KOCMUYECKHX CHUMKOB
— peanu3yeT onepanuu 3tana 2;

—  IPOrpaMMHBIA MOAYJb NPENoOpabOTKN KOCMHYECKHX CHUMKOB
— peanmzyer stan 3;

—  TIpOrpaMMHBIH MOIyNb MYyJBTHBPEMEHHOTO aHAIN3a JAHHBIX —
peanu3yeT KIroueBble (yHKINH Tana 6.

3agaun 3Tana 4 BBIIONHSIOTCS 4Yepe3 MOIYJIb B3aUMOJCHCTBUS C
BHEIIHNMHU CHCTEMaMH, 3Tall 5 peanusyercs C IOMOINbI0 BHEMIHUX MO
otHomennio ¢ KCA pecypcos.

B cocTaB MUHUMAaJIBHO HEOOXOAUMBIX MIPOrpaMMHO-
TEXHOJIOTUYECKHX KOMITOHEHTOB, TPEOYEMBIX JUIsl pealli3alii TEXHOJIOTHU
WPUP, Taxxke BXOAST CEpBUCHAs IIMHA U IMpOrpaMMHBIe afantepsl. Kpome
TOro, HEOOXOIUMBIMUA KOMITIOHEHTAMH TIPH padoOTe C MPOCTPAHCTBEHHBIMU
JAHHBIMH SBJISIFOTCSL TeocepBep, 0a3za JAHHBIX M MOJYJb BU3yaIH3alld
reofiaHHplx. JIs  B3aUMONEHCTBHSL € IMOTPEOWTENSIMH  CO37aeTcs
MTOJTL30BATEIbCKHIA HHTEPEIAC.

[lepeuncnennsie Momynw (GYHKIMOHHPYIOT COTJIACOBAHHO IOJ
yTpaBJIeHNEM CEPBHUCHOM IIMHBI, B COOTBETCTBUH CLIEHAPHUIMH HHTETPAIINN
MHPOPMAIMOHHBIX pecypcoB. CLeHapuu OIPEAEISIOTCS B pe3yibTare
UCTIONb30BAaHMUA  ONHCAHHBIX BBINIE AITOPUTMOB  BBIOOpAa  COCTaBa
MPUBJIEKAEMBIX HMH(POPMAIMOHHBIX PECYPCOB U CPEICTB MOAEIHPOBAHUS
[ITO. Bs3ammopneiicTBHe C BHEIIHUMH CHUCTEMaMH [UIS TOJIYYCHHUS
UCXOJHBIX JIaHHBIX, HCIIONb3YEMBIX IPH MOJEIMPOBAHUH U pPELICHUU
TEMaTHYECKHX 3aJlad, OCYIIECTBISIETCS Yepe3 NMpOorpaMMHBIN HHTepdeiic B
COOTBETCTBUM €  ONMCAHHOM  BBIIIE  TEXHOJOTMYECKOW  CXEMOMU
B3aUMOJICHCTBUSI W alropuTMamMu (YHKIIMOHMPOBAHUS IPOTPAMMHBIX
aJIanTepoB.

6. JkcmepuMeHTAJIbHAS MPOBEPKA Peaim3yeMOCTH TeXHOJIOTHHU
HNPUP. TectupoBanue peanusyemocty TexHosornd MPYP BeinonHeHo npu
pELICHUH pAa TEMaTUYECKUX 3a/1a4 MOHHUTOPMHTA M IMPOAKTHBHOIO
YOpaBICHUS  pa3sBUTHEM  TEPPUTOPUH, OTBEYANOLINX  CIEIYIOLIEMY
TpeOOBaHUIO: pellaeMble 33Ja4yd JOJDKHBI ITOKa3bIBaTh BO3MOXKHOCTh
MHTETrpaIliy Pa3sHOPOAHBIX TaHHBIX IS 3-X CIIydaes:

1 — unTerpanusa naHHbBIX J[33 OT pa3HBIX MMOCTABIIMKOB M Pas3HBIX
KA;

2 —pHrerpauust JmaHHeIX /133 ¢ OpyrMMM  THOAMM  JTaHHBIX
(IpOCTPaHCTBEHHBIMH M HETIPOCTPAHCTBEHHBIMN );

3 —uHTerpauus JMaHHBIX JI33 ¢ OpyrMMM  THOAMH  JTaHHBIX
(IpOCTpPaHCTBEHHBIMH W HEIPOCTPAHCTBEHHBIMH), @ TAKXKE C PE3yIbTaTaMU
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pacueToB Mo MonensM u3MeHeHusa coctosHus IITO Ha anamusupyemoit
TEpPUTOPUU C OAHOBPEMEHHBIM BBIOOPOM  KOHKPETHOTO  CepBHca
MOJIETMPOBAHUS U3 YHCIIA HECKOJIBKUX UMEIOIIUXCA.

Hcxons u3 3T0ro, onpeaeneH CIeayoUi Nepe4eHb TeMaTHUeCKUX
3amad At oTpaboTku TexHonorun MPUP:

1) MynpTUBpEeMEHHON BU3YyalbHBIA aHATIN3 TUHAMHUKHA W3MEHEHHS
napekca 6uomaccel (NDVI — Normalized Difference Vegetation Index) na
3aJjaHHOM TeppuTOopuH. PemeHue 3agadu JEMOHCTPUPYET BO3MOYKHOCTH
KCA 1o unTerpannu nanaeix J[33 oT pa3muuHBIX MOCTABIIMKOB.

2) DBrlgBreHWE W OLEHHWBAaHWE IUIOMIAAM JIECHBIX Tapei mocie
noxapoB Ha ocHoBe uHjaekca BAI (Burn Area Index). Pemenne 3amaum
JneMOoHCTpHpyeT Bo3MokHOCTH KCA 1o MHTerpanuu pa3sHOpPOAHBIX JaHHBIX
OT PAa3IUYHBIX IOCTABIIMKOB MAaHHBIX [I33, a Takke MaHHBIX APYroro
THUIA — KapTorpauyecKkux MaTepHajoB O TIpaHHUIAX KOHTYPOB JIECHBIX
KBapTaJoB, U JIp.

3) IlporHo3mpoBaHHEe W3MEHEHHS TPAaHMI] MPUPOIHBIX OOBEKTOB
(manpumep, OOJOT, NPHUPOAHO-KINMATUYECKUX 30H B TYHApE, W T.IL.)
Pemenne 3amaun nemoncTpupyer Bo3MmoxHOCcTH KCA nus peanusanuu
MOJMMOJIENTFHOTO TIOX0/a K YMPABICHUIO DPA3BUTHEM TEPPUTOPUI Ha
OCHOBE MHTETPAIMN Pa3HOPOJHBIX JAHHBIX OT PA3IWYHBIX MOCTABIINKOB U
PE3yIIbTaTOB PACYETOB IO MPOTHO3HBIM MOJEIISIM.

Bun nonb3oBarensckoro unrepdeiica KCA npu  perieHun
TEMaTUYECKHX 3aJa4 IPHUBE/ICH Ha PHCYHKE .

Puc. 5. Busyanusanus pacuéra nagexca NDVI

B neBoii wactm SKkpaHa OTOOPaXKAFOTCS: THIT PEIIACMON 3aJIayum;
c(hopMHUpOBaHHBIC ABTOMATHUYCCKU TpeOoBaHMS K gaHHBIM J[33 mis sToi
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3a/aud; TIIOCTABIIMKKM BBIOpaHHBIX JaHHBIX J[33; HeoOXomumble s
pelIeHUs 3ala4yd JaHHBIC JIPYTHX THUIOB, MUCTOYHUK HaHHBIX J[33 mis
BH3YQIU3UPYEMBIX PE3YIIbTATOB.

B HmKHEW uYacTH SKpaHa OTOOpPaXKaeTcs BPEMECHHAs MIKaja,
rmepeMeras KOTOPYI0 IOJb30BaTelh MOXET MPOCMATPHUBATh PE3yIbTATHI,
OTHOCAIINECS K Pa3HBIM MOMEHTaM BPEMCHU, M aHAIM3UPOBATh TUHAMUKY
M3MCHEHHI Ha TEPPUTOPHUH.

B ocHOBHOM TmoONE€ [EMOHCTPUPYIOTCS pE3yJIbTaThl PpeIICHUs,
a TakKe BBIBOAATCS (IO YKEJIAHHIO TTOJIH30BATENs) CITyKeOHBIE COOOIIEHNS O
¢yaxmnornpoBanun KCA 1 ero oTIenbHBIX MOIYIISH.

Jlnis  ynoOCTBa  TOJNB30BAaHUS — PEaM30BaH  MEIABIA  psia
JIOTIOJTHUTEIbHBIX (YHKIUH: M3MEHEHHE IMPO3PAYyHOCTH CJIOCB Ha KapTe,
W3MCHCHHME TIOPSIKa CIIOEB, II0Ka3 KBHUKIYKOB ((aiijioB OBICTPOrO
MIPOCMOTpPA CHUMKOB), U JIp.

Ha pucynkax 6 u 7 nmpuBeACHbI pe3yNbTaThl pelieHus 3aaaun 1 amns
ciiydasi, KOrja HeoOXOAMMO TPOaHAIM3MPOBATh W3MCHEHHWE WHIEKCa
ouomaccel 3a 2015-2016rr. B KkauecTBe HCTOYHHKOB JAHHBIX,
MTOIXOSIUX TI0A chOPMHUPOBaHHBIE TpeOoBaHus, onpeaencHbl KA Pecype
[I1-T'EOTOH, canmoxk ot 29.05.2015, u KA Kanomyc-B-MCC, cHuMOK OT
01.01.2016 (c menpmmM, O cpaBHeHHIO co cHUMKOM KA Pecypc IIl,
MIPOCTPAHCTBEHHBIM Pa3pEIICHUEM ).

Puc. 6. PesynpraT Buszyanusauuu naaekca NDVI o caumky KA Pecypce I11-
TEOTOH
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Puc. 7. Pesynbrar Buszyann3aunu naaekca NDVI no canmky KA Kanomyc-B-MCC

B xonme ¢ynkumonupoBanuss KCA B aBTOMaTnieckoM pekHMe
orpeziesieHbl TpeOoBaHMs K JaHHBIM /133, HaliieHbl COOTBETCTBYIOIUE UM
JaHHBIE OT Pa3HbIX MOCTABLINKOB U pa3nuuHbIX KA, npousBeneHsl pacueTsl
WHJIEKCOB, oOecreyeHa BO3MOXKHOCTh  MYJBTHBPEMEHHOTO  aHAIM3a
pe3yJIbTaTOB IIyTEM MEpEeMEINEHHs TIOJI3yHKA IOKAIBI M W3MEHEHHSA
TIPO3PAYHOCTH CIIOEB.

Pesynbprarsl pemeHus 3agadd 2 TPHUBEINCHBI Ha PHUCYHKE 8 JUIs
cilydast, Korja HeoOXOIMMO BBISIBUTH JIECHBIE Tapu Ha 33aHHOM ydJacTKe
Teppuropuu 3a 2021 T.

Puc. 8. Buzyanu3zanus y4acTKOB C JIECCHBIMU rapsiMu
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3nech, Kak ¥ B IIEpPBOM Cllyyae, B aBTOMAaTHYECKOM pPEXHME
orpeziesieHbl TpeOoBaHMs K JaHHBIM /133, HaliieHbl COOTBETCTBYIOIUE UM
JIaHHBIC, @ TAKKE BBISBJICHBI YYaCTKH C TapsMH, HAHJICHBI M 3arpyKeHbl
JaHHBIE TI0 TpaHWIAM JIECHBIX KBapTalOB, COOTBETCTBYIOLIME OSTHM
ydJacTKaM, paccuMTaHa IUIomanb rapeil. B paccmarpuBaemMoM mpumMepe
otoOpakaroTcst deTbipe cios (pucyHok 8): «Jlecupie rapu (Yuactox 1)»,
«Jlecupie Tapm (Yuactoxk 2)», «Jlecnoit kBaptam Ne 94y, «JlecHoit
kBapTai Ne 107»).

B kagectBe 3amaum 3 pacCMOTPEH AOCTATOYHO MPOCTOH IpuMeEp
MIPOTHO3MPOBAHUSI WM3MEHEHWs] TpaHUI OOJOT Ha 33JaHHOM YdYacTKe
TEPPUTOPHUH.

[Tocne BbIOOpa THMHa 33Ja4d M y4acTKa TEPPUTOPHHM TaKXKe B
ABTOMAaTHUYECKOM DPEXHME MNOAOHPArOTCS W 3arpy’karoTcsi HeoOXOoanmble
nannble /133, BeimonHseTcs uX 00paboTKa JUIs MICHTHU(PUKAIMNA TPaHHIL
pUpoHOrO 00BeKkTa. OTIMYUTENBHON OCOOCHHOCTBIO 33/1a4d SIBIISIETCS
MIPUBJICYEHNE CTOPOHHUX MOJEJeH ISl TPOrHO3MPOBAHMS HW3MEHEHHMS
rpannn; Oojora. Mcmonp3yrores faBa TuUma Mofeiaed C  pasIHMYHBIMA
3HAUYEHWSMH ILIEJIEBBIX ITOKa3aTelNiel: NepBast U3 HUX ITO03BOJISIET IPOBOJHUTH
pacdeTsl 32 MHHUMAaIbHOE BPEMsI, HO C MEHbBIIEH TOYHOCTHIO, IPH 3TOM Y
BTOPOM MOJENH JIydlIMe MOKa3aTedW II0 TOYHOCTH, HO XyXe IO
OTIEpaTHBHOCTH. B 3aBHCHMOCTH OT 33/1aBa€MBIX WTOTOBBIX NPENOYTCHNI
IOJIB30BATENs OCYIIECTBISICTCS pacdeT JHOO IO MepBOH, MO0 MO BTOPOI
Mojenu. TeM caMbIM OCYILIECTBIISIETCS MHTETPUPOBAHHOE HCIIOJIb30BAaHHE
KaK Pa3HOPOAHBIX JJAHHBIX, TaK M PE3YJIbTATOB PACUETOB 110 MOJCIISIM.

PesynbTar pemienus 3anaun 3 mpeicTaBiseTCs B BUE, TOKA3aHHOM
Ha pucyHke 9. Boiiee TeMHBIM IIBETOM BBIJEICH KOHTYp HPUPOIHOTO
00beKTa Ha JaTy ChbEMKH, OIPEICIICHHBIN B Pe3yJibTaTe 00pabOTKU JIaHHBIX
33, Oonee cBeTIBIM — pe3ydbTaT MNPOTHO3a. [IpUMeHsE MONI3YHOK
BPEMEHHOM IIKabl, MOXKHO OCYLIECTBIISITh aHAJIM3 PAa3BUTHS CHUTYallMH B
Oymy1re MOMEHTHI BpEMEHH.

HeobxoauMo oTMeTHTh, YTO BCE TMOJNy4YEHHBIE pE3yJbTaThl HE
TOJIBKO BHU3YaJM3UPYIOTCS, HO M IOCTYITHBI JJIsl Iepeladdl HOTeHIINAIbHBIM
MOJIb30BATENsIM 4€pe3 CTaHAAPTHBIC IPOrpaMMHBIE MHTEP(EHCH, B TOM
YHCIIe ONMCAHHBIE BBIIIE B JAHHOHN CTaThbe.
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Puc. 9. Busyanusamus pe3ynbTaToB pacdeTa ¥ IPOTHO3UPOBAHHS H3MEHEHHS
TPaHUIl IPHPOIHBIX 0OBEKTOB

B memom, pesymeratel otpabotrkm u ampobammm KCA mokazanmm
PpaboTOCIOCOOHOCTh MPEINIOKECHHBIX PEIICHUN 10 PEeaTH3alii TeXHOJIOTHH
HPHP u BO3MOXHOCTh JOCTHKEHUS BBICOKOIM CTENEHU aBTOMAaTU3alUuu [IPU
pelIeHNH TeMaTHYeCKUX 3a/1a4 MOHUTOPHUHTA M TIPOAKTHBHOTO YIIPABICHUS
pa3BUTHEM TeppUTOPHHA. JJOCTUTHYTas CTENEHb aBTOMAaTH3alUK paboTHI C
paSHOpOI[HLIMI/I JAaHHBIMU HOZ[TBCp)KI[aCTCH peSyHI)TaTaMI/I
JKCIIEPUMEHTAJIBHOM IIPOBEPKU BBIUIPHINIA B OIEPATUBHOCTH PELICHUS
TeMaTU4YeCKUX 3aJad. B XxoJe OKcrmepuMeHTa TPOBEIACHO CpaBHEHHE
JUIMTENILHOCTEH BBIMOJIHEHMs omepanuid  paboTel ¢ jmaHHbiMH  [133,
BBIMIOJIHAGMBIX ~ CIICIUATUCTAMH TI0  TPAJWIMOHHOW TEXHOJIOTHH, C
JUIMTENILHOCTBIO TeX ke omepauuit mpu ucnonb3oBanuu KCA. Cpennss
CyMMapHasi JTUTEITLHOCTh BBITIOJMHEHHUS OIMEpandii paOOTHl ¢ JaHHBIMH B
Clydae WCIIONB30BaHUS MPETIOKEHHBIX PEIICHUH YMEHBIIAeTCsS HE MEHEe,
yeM B 10 pa3 6e3 CHIKEHUS KadecTBa MOTYYaeMbIX pPe3ylIbTaToB.

7. 3akimoueHne. PaccMOTpeHHBIE — MOAETHHO-aNTOPUTMHUYECKOE
obecrieueHre W MPOTPAMMHO-TEXHOJIOTHUECKHE PEIICHHS IO3BOJSIOT
ABTOMATH3MPOBATH TIPOTIECCHI WHTETPaIlui Pa3HOPOIHBIX
WH(POPMAIIMOHHBIX PECYPCOB, BKIIOYAIOIINX, B TMEPBYIO Ouepelb, JaHHBIC
33, a Taxke cpenctsa MoAeIMpoBaHus u3MeHeHus: coctosHus [1TO, mpu
MOHHTOpPHHIE M TPOAKTHBHOM YIPABICHHH PAa3BHTHEM TEPPUTOpHUA. DTO
JIOCTHUTaeTCs 3a CYET PELICHHs 3ajad BhIOOpa cocraBa MH()OPMalMOHHBIX
PECYPCOB M CEPBHCOB MOJICIHPOBAHUsS, pa3pabOTKH HOBBIX CIIOCOOOB H
CPEICTB HWHTETPAIuN Pa3HOPOTHBIX JIaHHBIX, u co3aHus
COOTBETCTBYIOIINX KOMILICKCOB IPOTPAMMHOT0 00CCIICUCHUS.
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[IpencraBneHHple  pe3yabTaThl  OTIWMYAIOTCS, MPEXIE BCEro,
KOMILJIEKCHBIM HCIOJIb30BAHUEM pPAHEE COBMECTHO HE NPUMEHSBIIUXCS
QITOPUTMOB ()OPMHUPOBAHUS CTPYKTYPHl CHUCTEM HHTETPAallMd U BEIOOpa
mozeneit IITO, a Takke MNPOrpaMMHO-TEXHOJOTUYECKUX CPEACTB JIst
ABTOMATHYECKOTO (OPMHUPOBAHUS MACCHBOB Pa3sHOPOAHBIX HCXOJHBIX
JAHHBIX, HEOOXOMUMBIX U BBHIOpaHHBIX Mojeneil. Takoi momxom w ero
peanuszanus B Buie 1eaoctHol Texnosnorun UPUP coznatror MmeTonuueckyro
0a3y M mpOrpaMMHO-TEXHOJIOTHIECKYIO OCHOBY NMPUMEHEHHSI METOAOIOTUH
U METOJOB KBWIMMETPUM MOJAENEH W THOJUMOJIEIbHBIX KOMILIEKCOB
B pacCMaTpUBAaEMbIX 3ajadax IPOAKTHUBHOIO YIPABIEHUS pPa3BUTHEM
TEPPUTOPUHL.

[IpoBenennpie  ampoOamusi W OKCIEPUMEHTHI  TOATBEPAUIIH
peanu3yeMoCcTh MPEeAsOKEHHOr0 MOAXO0Ja K HHTErpaldd Pa3sHOPOIHBIX
WHGOPMAIIMOHHBIX PECYPCOB, BO3MOKHOCTh CKBO3HOW aBTOMATH3AIIUU BCEX
STamoB MWHTErpalyy, ¥ TOJyYeHHE 3a CUET OJTOr0 3HAYUTEIHHOTO
BBIUTPHIILA B ONEPATUBHOCTU PEUICHUS 3a1a4 MOHUTOPUHTA U YNPABICHUS
pasBuTHeM TeppuTOopuil. [Ipy 3TOM CyIIECTBEHHO CHIKAIOTCS TPEOOBaHHS
K TIOJIb30BAaTEIsIM CO3JaBAa€MBIX CPEACTB AaBTOMATHU3AlMM, a TaKkKe
co3faeTrcd NpPUHLUUIMUANbHA BO3MOXXHOCTh pEAM3ALUNA NPOAKTUBHOCTH
NpU YNPaBICHUHM PA3BUTHEM TEPPUTOPUN 3a CUET BKIIIOUEHUS MOJEIEH
nporao3upoBadus coctostHus [ITO B KOHTYp pemieHus TeMaTHYeCKHX
3aj1ad4.

PesynbTaThl OTpaKEHHBIX B CTaTh€ MCCIEAOBAHUN IOKA3bIBAIOT
MPUHLIUIHAIBHYI0 BO3MOXXKHOCTh M TIEPCIIEKTUBHOCTH pa3paboToK 1O
CO3JIaHMIO TEXHOJOTHH aBTOMATH3allMM JJii TPUMEHEHUS] METO/0B
KBaJTUMETPUUA MOJICJICH M TOJMMOJCIBHBIX KOMIUIEKCOB, TPEOYIOMIHX
WCIIONIb30BAaHUsl  PAa3sHOPOJHBIX  JaHHBIX. HampaBieHUs JaJbHEUITHX
HCCIEeIOBAaHUN CBSI3aHBI C pAacIIMPeHHEeM COCTaBa IMOKazareiael Juist
OIICHUBAHMS U BEIOOPA KOHKPETHBIX MOJIEIEH MPOTHO3UPOBAHUS COCTOSTHUS
I[ITO, B COOTBETCTBHM C TMOJOKEHUSIMH KBanuMmerpuu wmojenei [19],
a TakkKe C JajbHeHIIel pa3paboTKOW CPEeINCTB MHTETPAIMU Pa3HOPOIHBIX
JIAHHBIX HA CEMAHTUYECKOM YpPOBHE.
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V. ZELENTSOV, |. PIMANOV, S. POTRYASAYEV
INTEGRATION OF HETEROGENEOUS INFORMATION
RESOURCES AND EARTH REMOTE SENSING DATA IN
MONITORING AND MANAGEMENT OF TERRITORIAL

DEVELOPMENT

Zelentsov V., Pimanov I, Potryasayev S. Integration of Heterogeneous Information
Resources and Earth Remote Sensing Data in Monitoring and Management of Territorial
Development.

Abstract. The article is devoted to the development of model-algorithmic support and
software tools for automating the integration of Earth remote sensing data and other
heterogeneous information resources in solving problems of monitoring and proactive
management of territories development. A distinctive feature of the problem statement is the
inclusion of tools for modeling the state of natural and technical objects located in the analyzed
territory into the resources should be integrated. The development is based on the justification
of the technology for integrating heterogeneous information resources, which includes an
algorithm for choosing the type of architecture for the created automation tool complex, a
method for describing the information process of integrating data and their joint processing, an
algorithm for determining the best configuration of information resources when solving
thematic problems, as well as a set of software and technological solutions for integration of
remote sensing data with other necessary data and their joint use in modeling. As a result of
research and developed algorithms application, it has been established that the most preferred
type of systems’ architecture for integrating heterogeneous information resources is a service-
oriented architecture. To describe the information integration process, it is proposed to use a
Business Process Model and Notation. The key component of the development in terms of
software and technological solutions for the integration of heterogeneous data is the proposed
interaction scheme with data providers and consumers based on data abstraction layer creation.
The application of the proposed solution allows you to bring heterogeneous data to a single
format suitable for further processing on modeling tools. The testing carried out on specific
thematic tasks of monitoring and managing the territories’ development showed the feasibility
of the proposed integration technology and the developed software tools, as well as the
achievement of a significant gain in the rapidness of solving thematic tasks.

Keywords: automation, proactive management, information resources, Earth remote
sensing data, data integration, complex modeling, service-oriented architecture, multi-objective
optimization.
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