HAYYHbIN XXYPHA




doi:10.15217/issn1684-8853.2018.1

ISSN 1684-8853

— 1(92)/2018

SCIENTIFIC JOURNAL

INFORMATSIONNO-

UPRAVLIAIUSHCHIE SISTEMY

REFEREED EDITION

(INFORMATION
AND CONTROL SYSTEMS)

Founder
«Information and Control Systems», Ltd.

Publisher

Saint-Petersburg State University

of Aerospace Instrumentation

Editor-in-Chief

M. Sergeev

Dr. Sc., Tech., Professor, St. Petersburg, Russia
Deputy Editor-in-Chief

E. Krouk

Dr. Sc., Tech., Professor, Moscow, Russia

Executive secretary
O. Muravtsova

Editorial Council

C. Christodoulou

PhD, Professor, Albuquerque, New Mexico, USA

L. Chubraeva

RAS Corr. Member, Dr. Sc., Tech., Professor, St. Petersburg, Russia
L. Fortuna

PhD, Professor, Catania, Italy

A. Fradkov

Dr. Sc., Tech., Professor, St. Petersburg, Russia

V. Kozlov

Dr. Sc., Tech., Professor, St. Petersburg, Russia

B. Meyer

Dr. Sc., Professor, Zurich, Switzerland

A. Ovodenko

Dr. Sc., Tech., Professor, St. Petersburg, Russia

Y. Podoplyokin

Dr. Sc., Tech., Professor, St. Petersburg, Russia

Yu. Shokin

RAS Academician, Dr. Sc., Phys.-Math., Novosibirsk, Russia

V. Simakov

Dr. Sc., Tech., Professor, Moscow, Russia

V. Vasilev

RAS Corr. Member, Dr. Sc., Tech., Professor, St. Petersburg, Russia
R. Yusupov

RAS Corr. Member, Dr. Sc., Tech., Professor, St. Petersburg, Russia
Editorial Board

V. Anisimov

Dr. Sc., Tech., Professor, St. Petersburg, Russia

B. Bezruchko

Dr. Sc., Phys.-Math., Saratov, Russia

N. Blaunstein

Dr. Sc., Phys.-Math., Professor, Beer-Sheva, Israel
A. Dudin

Dr. Sc., Tech., Professor, Minsk, Belarus

|. Dumer

PhD., Professor, Riverside, USA

V. Khimenko

Dr. Sc., Tech., Professor, St. Petersburg, Russia
G. Maltsev

Dr. Sc., Tech, Professor, St. Petersburg, Russia
G. Matvienko

Dr. Sc., Phys.-Math., Professor, Tomsk, Russia
V. Melekhin

Dr. Sc., Tech., Professor, St. Petersburg, Russia
A. Shalyto

Dr. Sc., Tech., Professor, St. Petersburg, Russia
A. Shelupanov

Dr. Sc., Tech., Professor, Tomsk, Russia

A. Shepeta

Dr. Sc., Tech., Professor, St. Petersburg, Russia
A. Smirnov

Dr. Sc., Tech., Professor, St. Petersburg, Russia
Z.Yuldashev

Dr. Sc., Tech., Professor, St. Petersburg, Russia
A. Zeifman

Dr. Sc., Phys.-Math., Vologda, Russia

Editor: A. Larionova

Proofreader: T. Zvertanovskaia
Design: M. Chernenko, Y. Umnitsina
Layout and composition: Y. Umnitsina

Contact information

The Editorial and Publishing Center, SUAI

67, B. Morskaia, 190000, St. Petersburg, Russia
Website: http://i-us.ru/en, e-mail: ius.spb@gmail.com
Tel.: +7 - 81249470 02

The Journal was registered in the Ministry of Press,

Broadcasting and Mass Media of the Russian Federation.

Registration Certificate JD N2 77-12412 from April, 19, 2002.

Re-registration in the Federal Service for Supervision in the Sphere of Telecom,
Information Technologies and Mass Communications (ROSKOMNADZOR)

due to change of the founder: «Information and Control Systems», Ltd.,

JD N2 FS77-49181 from March, 30, 2012.

© Corporate authors, 2018

\

I INFORMATION PROCESSING AND CONTROL
KarasevE. Yu., Vatamaniuk I. V., Saveliev A. I., Ronzhin A. L.
Architectural Solutions for Integrating a Video Conferencing Module into
Cyberphysical Intelligent Space

Krasilnikov N. N., Krasilnikova O. I. Providing Compatibility for 2D and 3D
Television Broadcasting Systems

I INFORMATION AND CONTROL SYSTEMS
Gorodetskiy A. E., Kurbanov V. G., Tarasova l. L. Decision-making in
Central Nervous System of a Robot

Martynova L. A. Underwater Observation under Intellectual
Interference

I SYSTEM AND PROCESS MODELING
Khorev V. S., Ishbulatov J. M., LapshevaE. E., KiselevA. R.,
Gridnev V. I., Bezruchko B. P., Butenko A. A., Ponomarenko V. I.,
Karavaev A. S. Diagnostics of Directional Coupling between Blood
Circulation Regulation Loops using Analysis of Time Series of
Mathematical Model of Human Cardiovascular System

Mailtsev G. N., Yakimov V. L. Reliability of Multi-Stage Control over
Technical Condition of Tested Objects

4 INFORMATION SECURITY
Fedorchenko A. V., Kotenko I. V. Correlation of Information in
SIEM Systems based on Event Type Relation Graph

I INFORMATION CODING AND TRANSMISSION
Engelberg S., Keren O. Error-correcting Codes for Ternary Content
Addressable Memories: a New Perspective

I INFORMATION CHANNELS AND MEDIUM
Blaunstein N. S., Sergeev M. B., Nenashev V. A. Impact of Built-up Terrain
on Operational Parameters of Signals in Land-Satellite Communication
Links
Blaunstein N. S., Ben-Shimol Y. Prediction of Operational Parameters of
Radio Signals Passing a Land-Satellite Link through StormTime
lonosphere

4 INFORMATION AND MEASURING SYSTEMS
Inochkin F. M., Kruglov S. K.,Bronshtein I. G. Breaking the Diffraction
Limit in Optical Edge Estimation Problem

, CONTROL IN MEDICAL AND BIOLOGICAL SYSTEMS
Runnova A. E., Maksimenko V. A., Pchelintseva S. V., Kulanin R. A.,
Hramov A. E. Wavelet Method for Motor Activity Pattern Analysis on Experimen-
tal Data from Human Multichannel Electroencephalography

11

21

31

42

49

58

68

74

85

96

for External Device Control 106
, CONTROL IN SOCIAL AND ECONOMIC SYSTEMS

Suvorova A. V., Tulupyev A. L. Bayesian Belief Network Structure

Synthesis for Risky Behavior Rate Estimation 116
& BRIEF SCIENTIFIC REPORTS

Lyandres V. Model of Deep Fading 123
4 INFORMATION ABOUT THE AUTHORS 128

Submitted for publication 09.01.18. Passed for printing 20.02.18. Format 60x84; 5.
Phototype SchoolBookC. Digital printing.

Layout original is made at the Editorial and Publishing Center, SUAI.
67, B. Morskaia, 190000, St. Petersburg, Russia
Printed from slides at the Editorial and Publishing Center, SUAI.
67, B. Morskaia, 190000, St. Petersburg, Russia

The journal is distributed by subscription. Subscription can be made in the Editorial and publishing
center, SUAI as well as in any post office based on «<Rospechat» catalogue:
N2 15385 — semiannual subscript.



doi:10.15217/issn1684-8853.2018.1

— 1(92)72018 ¥

ISSN 1684-8853

HAYYHbIV XXYPHA

P

H3VUPYEMOE M3OAHUE

Yupeputeno

YIIPABJIAAIOIINE
CUCTEMBI

HPOPMAIIMOHHO-

000 «MHpOopMaUNOHHO-YNPABASIOLLE CUCTEMbI»

Uspatens
CaHkT-lNeTepbyprckunii rocyaapcTBeHHbI yHUBEPCUTET
a3POKOCMMYECKOr0 NPUBOPOCTPOEHNS

maBHbIA pepakTop

M. B. Ceprees,

O-p TexH. Hayk, npod., C.-MeTtepbypr, PO
3am. rnaBHOro pegakropa

y 4

OBPABOTKA UHOOPMALIUU U YNIPABJIEHUE
KapacégE. 0., BatamaHiok U. B., CaenbeB A. U., PoHXuH A. J1.
ADPXUTEKTYPHbIE PELLUEeHUS] MHTerpaLmum MOAY/s BUAEO0-KOHPEPEHL-CBSI3N

E. A. Kpyk, M - B KNOEPPU3INIECKOE NHTEINIEKTYaIbHOE MPOCTPaHCTBO 2
g}i;iﬁé:iﬂ:l;pcoi"eTZCtBa’ KpacunbHukos H. H., Kpacunsnuukosa O. U. [po6iema COBMECTUMOCTH
0. B. MypasuoBa peTap cucTeM TeneBu3noHHOro BellaHns 2D u 3D u meTos ee pelueHns 11
PepakunonHblii coset: I UHOOPMALIMOHHO-YMNMPABJIAIOLWUE CUCTEMbI
n_pef‘)’(ﬁ”'ﬁTeﬂ"nA' %OgoFr?Hﬁo, 6vor PD Fopoaeukwii A. E., Kyp6aHos B. I., Tapacosa W. J1. Mpurstne
%.pH.%aémﬁzeé PO®., &.-1leTepoypr peLueHnii B LLeHTpasibHOV HepBHOV cucteme poborta 21
an.}:iKOl?O%ﬂF:)AEH‘ A-p TexH. Hayk, npod., C.-MeTtepbypr, PO MapTsiHoBa J1. A. PelueHue 335841 MOABOAHOMO HABIIOAEHNS]
ﬂ_'?( TexH. H ayk, npod., C.-Metepbypr, Pd B YCJI0BUSIX PUMEHEHUSI UHTEJINEKTYasbHbIX TOMEX 31
. cTopony,
a-p Bgyg, #pg?j,)., Anbbykepke, Hblo-Mekcunko, CLUA I MOJEJINPOBAHUE CUCTEM U NMPOLLECCOB
B. Menep, . Xopes B. C., Nubynartos 0. M., Jlanwesa E. E., KuceneB A. P.,
4-p Hayk, npog., Liiopux, LLiBeruapus TpugHes B. U., Beapy4ko b. I1., ByteHko A. A., [TloHomapeHko B. U.,
K?' ?é)goﬂg“’ge;”ga) C.-MeTenbyor PD KapaBaes A. C. [JuarHocTika HanpasieHHO CBSI31 KOHTYPOB PErysiLum
%.DB. CMI;/IaKgB’ po®., & poypr: KpOBOOOPALLEHUS 0 BDEMEHHbIM PsijlaM MaTteMaTn4eCcKor Moaemn
O-Pp TexH. Hayk, npod., Mockea, PP cepaeqYHO-CoCyaNCTON CUCTEMbI HE10BEKA 42
ﬂ;;b r?a%(y“nar; ocb., Karanus, Utanus MansuesT. H., Skumos B. J1. [JocTOBEPHOCTb MHOr03TarnHoro KOHTPOoJisi
A.T1. Ppagkos, ’ TEXHUYECKOro COCTOSIHNSI OOBLEKTOB UCTILITAHNI 49
O-Pp TexH. Hayk, npod., C.-MeTepbypr, PP
J1. . YyGpaesa, I SALLUTA UHOOPMALIUU
‘g--ﬁoﬁ_rl)é PAH, A-p TexH. Hayk, C.-MeTepGypr, PO ®egopuenko A. B., Koterko WU. B. Koppensums nHgpopmaiiym
. KVH, 3 ~ o
%Ki;lu"BAH’ ‘N bu3.-mMaT. HayK, npod., HosocHBUpcK, PO B SIEM-cnuctemax Ha OCHOBE rpaga cBsi3ei TUnosB cobbITui 58
45.-0pp. PAH, 2-p Texs. Hayk, npod., C.-Tetep6ypr, P 4 KOAVWPOBAHME U NEPEJAYA UHOOPMALMM
PenaKkuMoHHas KOerus: Engelberg S., Keren O. Error-correcting Codes for Ternary Content
B. I. AHUCMMOB, ' . o Addressable Memories: a New Perspective 68
L-p TEXH. Hayk, npod., C.-MeTepbypr, P
B. M. Beapyuko, l UHPOPMALMUOHHBIE KAHAJIbI U CPEADI
ﬁ_psﬁ):;ﬁmfh ;!ayK. npo¢., Capatos, PP Blaunstein N. S., Sergeev M. B., Nenashev V. A. Impact of Built-up
JJ.-.D dn3.-mar. H’ay'(’ npod., Beap-LLesa, Mapauns gerram on OperaLt{ozalParameters of Signals in Land-Satellite s
A.H. llyoun, ommunication Links
ﬁ_pmqDH% 'é"ST- HayK, npod., MuHck, Benapyce Blaunstein N. S., Ben-Shimol Y. Prediction of Operational Parameters
JJ.-.D ﬁayK, npbcb., Pusepcaiin, CLUA of Radio Signals Passing a Land-Satellite Link through StormTime
A. U. Beiidman, ® lonosphere 85
O-p dus.-mar. Hayk, npod., Bonoraa, P
I. H. Manbues, I UWHOOPMALIMOHHO-UBMEPUTEJIbHBIE CUCTEMbI
lE‘rp R/leXH' HayK, npod., C.-MetepGypr, PP WHouknu ®. M., Kpyrnos C. K., BponwTeiin U. I'. [lpeononeHve auppax-
;1%) ¢3;_B_",:f:T'.<OHAYK’ npod., Tomck, Pd LMOHHOIO rpeaena npu ONTUYECKUX N3MEPEHUSIX rpaHunL, 00bEeKTOB 96
B. ®. MenexuH,
-p TexH. Hayk, npod., C.-MeTepbypr, PO I YNPABJIEHUE B MEAULUHE U BUOJTIOTNUN
A. B. CMUpHOB, PynHoBa A. E., MakcumeHrko B. A., MNienunuesa C. B., Kynauun P. A.,
A-p TexH. Hayk, npod., C.-MeTepGypr, PO Xpamos A. E. MeToz BeviBnet-aHann3a natTrepHoB ABUraTe/ibHOM
E_‘DMT'é(TiMﬁgch" npod., C.-MetepBypr, PP aKkTUBHOCTY Ha AKCNEPUMEHTasIbHbIX AaHHbIX MHOrOKaHasbHOM 371eKTPO-
A.A. Wanbimo, v ’ 3HLepanorpagpum Hes08eka A5 yrnpasieHnsl BHEeLUHUMU yCTPOMCTBaMM 106
LO-p TexH. Hayk, npod., C.-MeTepbypr, PP
A. A. LLlenynaHos, I YNPABJIEHUE B COLUUAJIbHO-3KOHOMUYECKUX CUCTEMAX
ﬂ-li)_lTﬁjH- Hayk, npod., Tomck, PO CysopoBa A. B., Tynynbes A. J1. CuHTe3 CTPYKTYp 6arieCoBCKOM ceTu
.M. WeneTa,
4-p TexH. Hayk, npod., C.-MeTepGypr, PO ZI0BEPUS /17151 OLIEHKM XapaKTepUCTUK PUCKOBAHHOIO NOBEAeHUS] 116
.M.
g-p Te?HdﬁzLygBﬁpod)., C.-MNeTtepbypr, PO I KPATKUE COOBLUEHUS )
PeaakTop: A. I. JlaproHoga Lyandres V. Model of Deep Fading 123
KoppekTop: T. B. 3BepTaHoBckas
DOu3zaiin: M. J1. YepHeHko, 0. B. YMHULBIHA I CBELOEHNA OB ABTOPAX 128

KomnbioTepHasa BepcTka: 0. B. YMHULbIHA

Appec pepakumu: 190000, CaHkT-MNeTepObypr,

B. Mopckas yn., a. 67, F'YAN, PUL],

Ten.: (812) 494-70-02, an. agpec: ius.spb@gmail.com,

canT: http://i-us.ru

XypHan 3apeructpuposaH B MuHuctepctee PO no nenam neyatu,
TenepaanoBeLLaHns v CPEACTB MAaCCOBbIX KOMMYHVKaLWIA.
CeupetenbctBo 0 pernctpaumm M N2 77-12412 ot 19 anpens 2002 .
MepepernctpuposBaH B PockomMHaa3ope.

CeupeTenbcTBo 0 pernctpaumm MU N2 dC77-49181 ot 30 mapTta 2012

XKypHan BxoauT B «[lepeyeHb BeAyLUNX PELLEH3MPYEMbIX HayHYHbIX XXYPHAI0B U U3AaHUN,
B KOTOPbIX OOJIXXHbI ObITb OI'IyGHVIKOBaHbI OCHOBHbI€ Hay4Hble pe3yibTaTbl Aucceprtaunu
Ha COMCKaHWe YYEeHOW CTeNeHN JOKTOPpa 1 KaHamuaaTa Hayk».

© Konnektue aBTopos, 2018

CpaHo B Ha6op 09.01.18. MoanucaHo B nevats 20.02.18. ®dopmar 60x841/8.
FapHuTypa SchoolBookC. MNeyaTb undbposas.
Yen. ney. n. 15,7. Yu.-u3p. n. 21,5. Tupax 1000 ak3 (1-11 3aBop, 140 ak3). 3aka3 N2 51.
OpwurviHan-makeT U3roTOB/EH B PeaKLIMOHHO-U3AaTeNbCKoM LeHTpe MYATT.
190000, CaHkT-MeTepbypr; 6. Mopckas yn., 67.
OtneyataHo C roTOBbIX AXANO3UTUBOB B PEAAKLUMOHHO-M3AaTebCckoM LeHTpe MYAT.
190000, CankT-MeTepbypr, 6. Mopckas yn., 67.

XKypHan pacnpocTpaHsieTcs no nognucke. Moanmcky MoxHO oopMuTh
yepes peakLuio, a Takxe B IIOGOM OTAENEeHNN CBA3M MO KaTanory «<Pocneyarb»:
N2 15385 — nonyroaoBoWi MHAEKC.



' OGPABOTKA MHOOPMALMU U YNIPABAEHUE /

YAK 004.773.5
d0i:10.15217/issn1684-8853.2018.1.2

APXWUTEKTYPHbIE PELUEHUA UHTETPALUU MOAYAA
BUAEO-KOHOEPEHU-CBA3U B KUBEPOPU3NYECKOE
UHTEAAEKTYAABHOE MPOCTPAHCTBO

E. 0. KapacéB?, nporpammuct, gnomskg@gmail.com
WU. B. BatamaHIOK3, acrinpaHT, vatamaniuk@iias.spb.su

A. U. CaBenbeB?, KaHA. TEXH. HAYK, CTapLLMI HayUYHbIM COTPYAHMUK, saveliev@iias.spb.su
A. A. POH)XHH3, AOKTOP TEXH. HayK, npogeccop, ronzhin@ijas.spb.su
aCaHKT-lleTepbyprckuit MHCTUTYT MHPOPMaTHUKK 1 aBToMaTusaumm PAH, 14-g9 amHus B.O., 39,

CaHkr-lletepbypr, 199178, PO

aAbHOE MPOCTPAHCTBO.

BBeaeHue: knbeppuanueckme CUCTeMbl — LUMPOKMI KAGCC CUCTEM, OCHOBHOM XapakKTePUCTUKON KOTOPbIX SBASIETCS Bbl-
CoKas cTerneHb MHTerpaLUmm BblUMCAUTEAbHbIX PECYPCOB B KaXAbIM GU3UUECKMIA KOMIOHEHT cucTeMbl. OAHa U3 3aaad Kubep-
PU3NUECKOTO MHTEAMEKTYaAbHOIO MPOCTPaHCTBa — obecneyeHune yA06HOro B3auMOAEHCTBUSI MOAb30BATEAEH APYr C APYroM
MOCPEACTBOM PA3AMUHbIX Y3A0B AQHHOM CUCTEMbI. AAS 3TOr0 COBPEMEHHbIE MPUAOXEHUS BUACO-KOHPEPEHL-CBA3M AONKHbI HE
TOABKO MCI0Ab30BaThb PA3AMUHbIE MOAAABHOCTH: TEKCT, ayAMO- M BUAEOAAHHbIE, rpapuueckme 06bexTbl, — HO M COOTBETCTBOBAThL
KPUTEPUSIM MOAYAbHOCTH M KPOCCNAATPOPMEHHOCTH. LleAb: pa3paboTtka apXUTEKTYPbI MPUAOKEHUS BUACO-KOHPEPEHL-CBS3H,
MPEAOCTaBASIIOLLETO CEPBUC BUAEO-KOHGEPEHLI-CBA3M MOAL30BATEASIM KNOEPOUIUUECKOTO MHTEAEKTYaAbHOIO NMPOCTPaHCTBA.
Pe3yAbTaTtbl: NPEANOXEHbI aPXUTEKTYPHbIE PELLEHUS MOAYASl BUAEO-KOHPEPEHLI-CBA3M, obecrneymnBaroLme BO3MOXHOCTb ero
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C CepBEPOM, COEAMHEHUEM MOAb30BaTEAEH, a TaKKe COBAMHEHUEM AASl NEePeAaun MyALTUMEAMIAHbIX AGHHbIX y4aCTHUKOB BU-
AEO-KOHPEPEHLI-CBA3M. [TpOM3BEAEHbI 3aMepbl BPEMEHU OTKAMKA COEAMHEHMS MPU OpraH13aLmMmu BUAEO-KOHGEPEHLI-CBA3H.
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BBenenune

Bupneo-koudepeni-ceass (BKC) cerogas Boc-
TpeboBaHa KaK rOCyZapCTBEHHBIMU MUHUCTEPCTBA-
MU ¥ BeIOMCTBaMH, K IPUMEPY, apOUTPaKHBIM U
rpaskgaHcKuM cyaoMm P® [1], MeguiuHCKUMHU Op-
ranusanuamu [2], o6pasoBaTebHBIMU YUPEKIeHU-
avu [3], Tak u KPYOHBIMU KOPIIOPAIUAMMU, OOIIe-
CTBEHHO-TIOJIUTUUECKUMHU OpPTraHU3aMUuaAMU — Te-
MU MHCTUTYTaMU, KOTOPBIM HEOOXOAMM ITPOCTOM U
YIOOHBINT WHCTPYMEHT, TO3BOJIAIOIIUNA OIePaTUBHO
IIPOBOAUTH COBEIAHUsS C YIAJEHHBIMU KOJIJIeTaMU
[4]. Buempenue monmyns BKC B pacmpenmeseHHYIO
kubepdpusuveckyo cucremy (K®C) mpemsmpusaTus
b0 OpPraHms3aluy CYIIEeCTBEHHO PAaCIIUPSeT BO3-
MOYKHOCTY TIOJIb30BATEJIEH, a TaKKe IPEeJIOCTaBIIET
IOIIOJIHUTEIbHbIe MHCTPYMEHTHI IJIsI KOHTPOJIS 6e3-
OIIACHOCTY U YIIPABJIEHUA PAOOUMM ITPOIIECCOM.

KpoccmmaropmeHHble BeO-T€XHOJIOTUHN II03BO-
JAI0T afalTupoBaTh padory npuoxkenus BKC mox

pasJIMyHbIE IPOrPaMMHO-AIIIapaTHRIE IIaTGOPMBI
u obecreuynBaTh KOHTPOJIb HaJl OOBIUHBIMU U YIIPaB-
JIAeMbIMU aKKayHTaM{d B €JUHOOOpa3HO# ajar-
TUPYEeMOIl cpelie B DPeKUMe PeasbHOT'0 BPEMEHW.
CrenmaIu3nupoBaHHbIe CHUCTEMBI COBMECTHOII pabo-
ThI, IOMUMO II€pefauy ayIuOBU3YAJBHBIX IIOTOKOB
TaHHBIX, 3aXBaThIBA€MbIX MUKDPO(GOHAMU U BUIE0-
Kamepamu, obecmeurBaOT 0OMeH AOIIOJHUTEJIbHOI
MyJIbTUMEeANIHON nHpOpMaIue, BKIwuad [5]:

— COBMECTHBIN [OCTYI K 9KPaHy UJIU OTOE]Ib-
HBIM IPUJIOKEHUSIM (Screen sharing);

— MHTEePaKTUBHYIO HocKy (Whiteboard);

— JIeMOHCTPAINIO IIPe3eHTaInIi;

— CUHXPOHHBIA TPOCMOTP Beb-cTpaHUIl (CO-
browsing);

— aHHOTAIIMIO 9KPaHa;

— MOHUTOPUHT IPUCYTCTBUA YUACTHUKOB;

— TEKCTOBBLIH UaT;

— uHTerpupoBaHHyI0 VoIP-cBA3b;

— BHUE0-KOH()EePEeHII-CBA3b;
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— BO3MOXKHOCTH MEHATDH BEIYIIETO;

— BO3BMOYKHOCTb OTJaBaThb KOHTPOJbL HAJ MBI
IGO0 U KJIaBUATYPOI;

— MOJepaIluio OHJIaH-BCTPEY;

— o0paTHYIO CBA3b (HAIpPUMep, OIPOCHI WJIU
OIIEHKN);

— MJIaHWPOBaHUE BCTPEY U IIPUTIAIIIECHNE YUacT-
HUKOB;

— 3amnmch X07a BeO-KOH(DEPEHITNN.

AddexTrBHAA IEpesaua MyJIbTUMEIUNHBIX TaH-
HBIX B peaJlbHOM BpeMeHU 0e3 MmoTepu MaKeToB —
OofHa U3 HEMAaJIOBaKHBIX 3ajadu IPU OPTaHU3AIUU
BEKC. B crarbe [6] uccienyercsa nmpobsiema makeTHBIX
mepesiad OT OJHOTO UCTOYHUKA HECKOJBKUM IIPU OP-
ranusanuu BKC B peanpbHOM Bpemenu. Cxema mepe-
maun TRAding DElay for Reliability (TRADER),
IpeJIOKEeHHA s aBTOPAMU, PACIIPeeIAeT OTIIPaBJe-
HUE TTaKeTOB C yUYeTOM OTPAaHWYEHUI MO 3a/IeprKKe,
YTO CYIIECTBEHHO YJIYUIIIaeT KauecTBO IiepefaBae-
MOT'O BUJIEOTIOTOKA C TOYKY 3PEHUA OTHOIIIEHU S CUT'-
HaJI/IIyM.

B mociennue roabl MYJbLTUMEIUMHBIE IPUJIOMKE-
HUSA Ha MOOMJIBHBIX YCTPOMCTBAX IIOJIL3YIOTCS 00JIb-
0¥ MOMYJIAPHOCTHIO. Biaromapsa ObICTPOMY pasBU-
THUIO TeXHOJIOTUH OecIIPOBOAHON CBS3W HPOIYCKHAS
CIIOCOOHOCTh MOOMJIBHBIX COEIMHEHHN CTAHOBUTCS
JIOCTATOYHOH [JIA TOAAEP:KAaHUA IOTOKOBOI'O BUAEO
B PeaJIbHOM BPEMEHU, UTO II03BOJIAET HHTEIPUPOBATH
OJIL30BaTEJIbCKUE MOOUIbHBIE ycTpoiicTBa B KDPC.
OpHako u3-3a MX OrPAHUYEHHBIX BO3SMOXKHOCTEH II0-
TOKOBasl mepemaua BHUIe0 BBICOKOH ueTkocTu (HD)
HO-IPEeKHEeMY IIPeJICTABJIAeT CO00I HeIIPOCTYIO 3aja-
uy. 3a4acTyio MOOUIbHBIE KJIWEHTHI MMEIOT OI'PaHU-
UeHHBI pasMep dKpaHa, OTHOCUTEJIHHO MeJIeHHOe
ceTeBOe COeIUHEHUE, a TaKiyKe OrpaHUYEeHHOe BPeMsd
paboTHI OT aKKYMYJIATOPA, IIO3TOMY IIpU Pa3paboTKe
npuio:xkennit BKC mjis MOOMIBHBIX YCTPOWICTB HEOO-
XOAUMO YUUTHIBATD CJIEAYIOIIE aCIIeKThI [7].

1. IsMeHYUBOCTDL CETEBOU CPeAbl: B OTJIMYUE OT
IPOBOIHOM CETH, MOOMJILHOE COeIUHEHNE 3a9acTYIO
HEyCTOMYMBO, a IIPOMYCKHAs CIOCOOHOCTH MOJKET
3HAUNTEJLHO HU3MEHSAThCSI. UTOOLI rapaHTUPOBATH
OecriepeboiiHYI0 M BBICOKOKAUECTBEHHYIO JOCTAaBKY
BUJIEO0 IJIA MOOMJIBHOTO KJIMEHTA, CHCTEeMa TOJIXKHA
OIUHAMHWUYECKU PEeryJUpPOBAaTh CKOPOCTH Ileperaduu
BUIEOTIOTOKA, OTIIPABJIIEHHOTO KJINEHTY.

2. PazHooOpasue BO3MOMKHOCTEHI MOOMJIbHBIX
YCTPOMCTB: MOOUJIBbHBIE YCTPOMCTBA OUEHbH PAa3HO-
POMHBI C TOYKU 3PEHMSA almnapaTHBIX U IIPOTrpaM-
MHBIX PeIIeHU# A 06paboTKu BUAEO. Y BBICOKO-
IPOU3BOAUTEIBHBIX CMapT(OHOB YACTO €CTh aIlla-
PaTHBINI YCKOPUTENb AJA NeKOJUPOBAHUA BUJEO,
TOrza Kak GOJBIINHCTBO MOOUIBHBIX TeJIe(OHOB HE
MOT'YT TIOJIePKUBAThH allllapaTHOe AeKOJNPOBaHUE.
1151 IOBBIMIEHNA TTPOU3BOJUTEIBHOCTH BUIE000pa-
0OTKU cHuCTeMa JO0JIXKHA OTIPABJATH BUAEO B IIOA-
XOIAIEM Pa3pPEIIeHN B COOTBETCTBUY C BO3MOYKHO-
CTAMU KJINEHTOB.

IIpu paspaborke Mmoxaynas BKC K®C craemyer
YUYUTBIBATH 9TU OCOOEHHOCTU (GYHKIIMOHUPOBAHUS
MOOUJIBHBIX KJWEHTCKUX YCTPONCTB, UTOOBI OITH-
MU3HPOBATL 00PA0OTKY MYJIbTUMEIUIAHBIX JAHHBIX
COOTBETCTBYOIIUM oOpaszoM. Kak mpaBuo, cpen-
crBa BKC opueHTHpOBaHBI Ha 3aXBaT KJINEHTCKUM
YCTPOUCTBOM AayAMOBUIEONAHHBIX TOJBKO OIHOTO
TIOJIb30BATEJISA, M Yallle BCEIO CeaHC CBA3W OpPraHU-
30BaH MEXAY AByMsa ycrpoiicrBamu. OgHaxko mpu
IIPOBEIEHUY CEAaHCOB CBABU MEXKAY HECKOJIbKUMU
TIOJIb30BATEJIAMU TAKOU MOAXOM 3a4acTyIO HeIoCTa-
TOUeH, W TpeOyeTcsa MHOrTOKaHaJbHasA 00paboTKa
ayIMOBU3YaJbHBIX CUTHAJIOB HA CTOPOHE Ka’KJIOTO
kJyguenTta [8]. B caemyromem pasgese paccMOTPEHBI
ocobenHocTU pasdpadbarbiBaemoro moxyiasa BKC, xo-
TOpPBIE ITO3BOJIAIOT PEIIUTDL IIP00aeMy 00paboOTKU 1
XPaHEeHUsA Pa3HOPONHOM MH(MOPMAIMK, IIOCTYIIAI0-
el B pasJnuYHbIe MOMEHTHI BpeMeHU, 00eclIeunTh
MOJYJBHOCTb U IIPOCTOE B3aUMOJeNCTBUE JIOTHUYe-
ckux gacteit KOC [9, 10].

Apxutexrypnsie pemienusa moayias BKC,
paspabarsiBaemoro giasa KOC MTHOC

Paccmorpum cTpykTypy Moxyias BKC, paspa-
0aThIBa€MOr0 B paMKaX MHOTOMOZAJILHON WH(MpOP-
MAIIMOHHO-HABUTAIIMOHHOM  OOJAYHOM  CHCTEMBI
(MHUHOC) (puc. 1) [9, 10]. C Tourku spenus KPC
00001IeHHBIT TPOUIhL moab3oBaTenass BKC cocTouT
U3 CIAEVIONNX KOMIIOHEHTOB:

— npod Ui [I0JIB30BATEJIS B CCTEME (€CJIH IOJIb-
30BaTeJb 3aPETUCTPHUPOBAH);

— JKYPHAJIOB JIeMCTBUH II0Jb30BaTE, BKIIOUAS
WCTOPUIO €r0 3aIllPOCOB, WCTOPUIO II€PEMEIeHM’I,
HUCTOPUIO ITPOJIOKEHHBIX MapIIPYTOB, UCTOPUIO BHI-
30B0B BKC;

— JMaHHBIX 0 er0 KJIMEHTCKOM YCTPOMCTBE.

ITpodpuns WKypraisr
I0JIb30BaTEJISA IelCTBUI
D10 Wcropua
BBI130BOB BKC
v

JoKHOCTD
IlorHOMOUM A
+« Cepsep BKC |
, 7y N

s '

, ¥ N
, g Kanenrckoe q N
, Y yerpoiictBo [T~ N

.
3 3

Mob6unbHBIE
TepMUHANBI [€------------- » POGOTOTEXHUYECKUIE
cpencTBa

B Puc. 1. O60061eHHas cTpyKTypa moayia BKC

B Fig. 1. The general structure of the videoconferenc-
ing module
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Kubepdpusuueckas cucrema paciiojiaraeT o II0JIb-
30BareJie ciaenymorneil napopmamnueii. Eciau moanso-
BaTeJb 3aPeruCTPUPOBAH B CHCTEME, TO B €r0 IIpO-
duse xpaHaTca ganubie o ero PUO, ero craryce (co-
TPYAHUK, MOCETUTEJb, IIPOUee), er0 IOJHOMOUYUIX
B CHCTEMe, a TaKIKe, eCJIA 9TO COTPYIHUK, TO O IIOJ-
pasesieHuu OpraHusaliii, B KOTOPOM OH paboraer,
U 3aHUMAaeMou JoJi:kHocTu. KpoMme Toro, B mpouiib
MOXKeT OBITH Ho0OaBJieHa U Apyrad uHopMaIusd, Ha-
IpuMep, O JHE POMKICHUS COTPYIAHUKA — IJIs IOKa-
3a II03IPABUTEJLHBIX CIAWIOB B MOAYJe KOPIIOpa-
TUBHOTO TEJIEBUAEHU, YBEIOMJIEHUI COTPYAHUKOB
mo BKCu . 1.

OTTanKuBasCh OT IIPEJJIOKEHHOM CXEMBI, pac-
CMOTPUM IIOAPOOHEe BO3MOMKHYIO Peajn3aliuio MO-
nyiasas BKC B pamrkax K®C. Moayar BKC gposxen
OBITH OCTYIIEH HA YCTPOMCTBAX, MHTETPUPOBAHHBIX
B K®C, BKIIOUasA TepMUHAJBI, MOOUJIbHEIE POOOTO-
TeXHUYeCKre ImIaTGopMbl, pabdoume KOMITBIOTEPHI
COTPYIHUKOB, a TaKKe KJMUEHTCKHEe YCTPOMCTBa
noJsib3oBaresieii. O0befHEHIE IEPEUNCIEHHBIX YCT-
POMCTB B eINHYIO JIOKAJbHYIO CETH ITO3BOJUT MOIY-
ai0 BKC QyHKIIMOHIPOBATh B pAMKAaX OPraHU3aIlnN
HEe3aBUCUMO OT ceTu VIHTepHeT, YTO MOKET OBITH II0-
JIE3HO IIPU IIO0TePe CBA3U BO BHEIIITATHBIX CUTYaI[U-
AX unau nia obecneueHnA 6e30IIaCHOCTU IPeAIIPU-
TUA.

Apxurexktypa moaysas BKC nupuHroBas, dTO
IIO3BOJIET IIOJIB30BaTEJIIM IOJAKJIIOYaThCA APYyT
K Ipyry HAIpAMYI0, HE HCIIOJbL3Ysl CepBEp B Kaue-
CTBe IPOMEKYTOUHOTO 3BeHa cBA3u. OJHAKO B pas-
pabareiBaemomM perenuu Ay K®C cepBepHas yacTb
HUCIIOJIB3YETCA IJIA XPAHEHNUA IPOMEKYTOUHBIX JaH-
HBIX, JaHHBIX IT0JIb30BaTeJell U COeAUHEHUA C IPY-
ruMy OOJIAaUHBIMH CEPBUCAMMU, B YACTHOCTH, IJIS
aBTOPU3AIlUU IIOJIb30BaTes el 1 O0OMeHa «CUTHAJIb-
HBIMU» NaHHBIMU. [logo0HAas peaausalus nepegaun
Y XpaHEHUs «CUTHAJBbHBIX» NAHHBIX HA KJINEHTE U
cepBepe obecrieunBaeT Oy(depusaIuio U MOCIeayIo-
TyI0 06PabOTKY «CUTHAJIBHBIX» JAHHBIX, UCKJIIOYAT
X IIOTEPIO U MOAAEPKUBAA B3aUMOJEHCTBUIE MEKIY
rpynmnamMu KjaneuTos [11].

PaspabareiBaemblii monyab BKC mpemamosaraer
HaJW4Yue TaK Ha3bIBAEMBIX HNYOJUUYHBIX aKKayHTOB
(puc. 2), obrajgarmIux ABYMA BaKHBIMU OCOOEH-
HOCTAMHU. Bo-TIepBBIX, MYOJIUUYHBIN aKKAYHT IpPeno-
craBasger goctyn K BKC HeszaperucTpupoBaHHBIM
OJIb30BATEJIAM (C HEKOTOPHIMY OTPDAHUUYEHUIMMN);
BO-BTOPBIX, OYOJUUHBIE aKKAYHTHI ABJIAIOTCS KOH-
TPOJIUPYEMBIMU, T. €. 3aPETUCTPUPOBAHHBIE II0JIH30-
BaTeJU MOTYT IPUHYAUTEIHHO K HUIM IOAKJIIOUNTD-
ca. KouTponupyemble aKKAyHTHI B apXUTEKTYPHOM
IJIaHe OTJIMYAIOTCSA OT OOBIYHBIX TOJBKO B3auUMO-
IeficTBMEM C cepBepoM. B ciyuae ¢ HIUPUHTOBELIM CO-
eIVHEeHNEM U Iepegaueil MyJIbTUMEIUNHBIX JaHHBIX
OHU ITO00HBI OOBIYHBIM aKKayHTam [12].

AKKayHTBI TTOJIb30BaTeIEH TMOAPa3meaaioTcs Ha
nyO0IuYHbIe W TEepPCOHAJbHBIEe, TOCJEIHUE B CBOIO

MobuabHbIE
poboToTexXHUYECKUE
cpencTBa

| |

( IIy6nmuHbIi aKKAyHT >
3aKpBITHINA
aKKayHT

Kiauenrckue ycrpoiicTa

<j CBOGOLHOE COeANHEHIEe
<j [IPUHYAUATEIBHOE COeIUHEHNEe

B Puc. 2. Tunsl 1 crioco0bl B3aNMOAEHCTBUSA aKKAYHTOB
BKC

B Fig. 2. Types and ways of interactions of videoconfer-
encing accounts

TepmuHa b

OTKPBITHIH
aKKayHT

ouepeqb MOT'YT OBITH OTKPBITHIMU UJIU 3aKPBITHIMU.
Tak, my6JIuuYHbIe AaKKAYHTHI II0 YMOJUYAHUIO yCTa-
HOBJIeHBI Ha TepMuHajgax K@®C u MOOMIbHBIX ILIaT-
dopmax, MpeaycMaTpUBAIOIINX BO3MOYKHOCTH KC-
nosb3oBaHusa BKC. OHu He TpeOyrOT perucrpanuu
B cucteMe BKC u npemHasHaueHbl 1JIS OIIEPaATUBHOMN
CBABU C COTPYOHUKAMU, WUMEIOIIUMU OTKPBITHINA
IIepCcoHAJILHBIN aKKayHT. [lepcoHabHbIE aKKAYHTHI
3aperuCcTPUPOBAHHBIX B CUCTEME I0JIb30BaTeIel MO-
TYT COeIUHATHCA APYT C APYTroM 0e3 OrpaHMUYeHUH
(Ipu HAJIMYUU BBI3BIBAEMOTO IOJIL30BATEJA OHJIANH
U IPUHATUU UM BBI30Ba), KPOME TOT0, OHU 006JIaatoT
BO3MOJKHOCTBIO YCTAHOBUTHL IIPUHYAUTEJIBHOE CO-
eqVHEHNe C JIIOOBIM NYyOJNYHBIM aKKAayHTOM CHCTe-
MbI. B OTZIMume OT OTKPBITHIX ITePCOHAJIbHBIX aKKa-
YHTOB, 3aKPBITHIE He JOCTYIIHBI AJIsI CBSI3U CO CTOPO-
HBI MyOJMYHBIX aKKayHTOB. [Ipu sKeJaHUU 3aperu-
CTPUPOBAHHBIN MOJIH30BATEIb MOKET BOUTU B CBOIO
YUYETHYIO 3allUCh Uepe3 TepMUHAJ UJIU MOOUIbHYIO
aaTdopmMy, YTOGBI BOCIIOJB30BATHCA CBOUM IIEPCO-
HAJbHBIM aKKayHTOM.

Apxurexrypa moayasa BKC

Peanuzanusa mpensiosKeHHON TMOPUAHOM CXeMbI
OpraHm3aliy CeTEeBOr0 COeINHEHUs M0JIb30BaTe e
npuaoxkenusa BKC mpexacrasieHa psmoM Iporpam-
MHBIX KOMIIOHEHTOB, O0'beJUHEHHLIX B OLHY apXu-
TeKTypy. UToOBI paspabaTbiBaeMoe IIPOrpaMMHOEe
obecmeuenue (ITI0) cooTBETCTBOBAJIO KPUTEPUIO TLIA-
CTUYHOCTHU, CETEBO€ B3aMMOIENCTBUE IIPeACTaBJIA-
eTcdA B BUJIe TPEX OTAEJNbHBIX CJIOEB:

1) cyi0ii, oTBeUalOIUil 3a yIpaBJeHUE CETEBHIM
COeIMHEHNEM C CEPBEPOM IIPUJIOMKECHIS;

i) 7 VHOOPMALVIOHHO-YNPABASIIOLLINE CUCTEMbI
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2) cI0ii, OTBEYAIOIUII 3a yIIPaBJIEHHE COemuHe-
HUEeM II0JIb30BaTesel, Berymnatoiux B BKC;

3) cyIoit, OTBeUAWIUI B3a YyIpPaBJEeHHE COeIu-
HEHUEeM [JId Iepefaull MYJIbTUMEAWNHBIX TaHHBIX
yuacTHuKOB BKC.

Kaxxapiii ciioii BhIpasKeH COBOKYIITHOCTHIO 00b-
€KTOB, PYHKIUIT, DOPMUPYIOIUX BEIPAKEHHYIO a6-
CTPaAKIINIO HAJ JOI'MKON 00paboTKM 3aIIpOCOB K I'pa-
(urueckomy mHTep(decy 1 oOpaImieHnii K COOTBET-
cTByIOIeMy nporpammvmuomy nHTepdeiicy (WebRTC,
WebSocket, GraphQL).

Kaxkapiit u3 mporpaMMHBIX KOMIIOHEHTOB, IIPE]-
CTaBJISIOIINX ONKChIBaeMble CJIOM, B CBOEIl OCHOBE
UMeeT CXOXKYI0 JIOTUKY YIIPaBJIEHUs COeTUHEHU-
eM — OIlepaluy II0 OTKPBITUIO, 3aKPBITUIO TPAHC-
HOPTHBIX KAHAJIOB, IIepegaue u oOpaboTKe IOCTyIa-
IOIIIUX COOOIIEHUI MEKIY COeQUHUBIIUMUCS TIOJIb-
3oBareasaMmu. B paspaborarnuom 110 mammas joruxa
oTpaskeHa B KJyiaccax Transport, Channel u ero mon-
TUIIOB.

Transport THKAICYJINPYET JOTUKY PaOOTHI C CO3-
JlaBaeMbIM COeIMHEHUEM, IPEeIOCTABJIASA KJINEHTaAM
00O0OIIeHHBIN IIPOrPaMMHBIA HHTep(delic yipasJe-
Hug (puc. 3).

Cratuueckuii wmeTon create(pattern) KJacca
Transport WCHIONB3YyeTCSA A WHCTAHIIMPOBAHUA
HOBBIX 00'bEKTOB KJiacca. MeTo IpuHUMAaeT cTpare-
THIO CO3NAaHUSA KaHAJA AJIA Ilepefadn JaHHBIX MeX-
ny noabs3oBatenamu [13]. Crparerusa npencraBiisgeT
co0oif (PYHKI[MIO, BO3BPAIAIOIYI0 O0BEKT THUIIA
Channel n TPpUHUMAIOIYIO B KAUeCTBE apryMeHTOB
coenHAEMbBIX HoJib3oBareseii. Ilpu cosganum 00b-
eKT HaXOQUTCA B COCTOAHUU OXKUIAHUA TONKJIIO-
YeHUsA, UYTO BBIPAKEeHO 3HaueHUeM “inactive” cBOWU-
ctBa status. Meton connect(connecting, connected)
TIO3BOJISIET KJIMEHTY BBITIOJHUTH COEJUHEHUE TI0JIb-
30BaTeJsiel, mHPopMaIuAd O KOTOPLIX OblLIa Ieperna-
Ha B apryMeHTaX, C UCIOJb30BAHUEM IlepeJaHHOMN
paHee crtpareruu. VHGopMaIus O II0Jb30BaTEIIX
JOJJKHA OBITH IlepefaHa IMOCPEICTBOM 00BEKTOB THU-
na PeerData. Ilpu ymayHOM COE€IUHEHUU OOBEKT
KJjacca IEepexOoAuT B COCTOsAHUe “active”, 3amluChI-

Transport

+status
+connecting
+connected
+channel
-pattern

+create(pattern)
+connect(connecting, connected)
+disconnect()

+isActive()

B Puc. 3. Juarpamma kaacca T'ransport
B Fig. 3. Diagram of class Transport

BaeT MHMOPMAIIUIO O COeIUHEHHBIX IT0Jb30BATEIAX
B CBOMCTBax connecting u connected u coxXpaHseT
CO3IaHHBIN KaHAJ B cBONCTBe channel. B ciyuae
BOSHUKHOBEHUS OIIUOOK METOJ connect reHepupy-
eT UCKJIIOUeHNe C COOTBETCTBYIOIIIUM ITpo0emMe co-
obtreHmeM. 1A OTKJIIOUEHUSA COeAUHEHUA I0JIH30-
BaTesJel KJacc mpeaocTtaBiaserT meton disconnect(),
TIPU UCIOJb30BAHUHU KOTOPOTO O0BEKT KJacca yaa-
JIsieT COXPaHeHHbIe NAaHHbIe O CO3JaHHOM COeIUHe-
HUW U TepeBoauT status B cocrodAHuMe “inactive”.
Taxum ob6pasoM, 00beKT Kjacca Transport MoKer
OBITh MCIOJIL30BAH B PA3JIUYHBIX CeaHCaX CBA3U.

Kiaacc Channel aBiasierca 6a30BbBIM AJISA O0BEK-
TOB, CKPBIBAIOIIINX B cebe JIOTUKY CO3NAaHMUA KaHajia
CBA3U OJiA oOMeHa MaHHBIMHU MeXKIYy ABYMS IIOJb-
soBarensamu. Channel cBOOUT pas3juuus B yIIpaB-
JIeHUY KaHAJIOB PA3HBIX TUIIOB K OOINEMY AJIA BCEX
uHTep(deiicy, obecrieunBas eINHOOOPA3HYI0 PabOTy
C KaHAJIaMU Ha BCeX CETEBBIX YPOBHIX MPUJIOMKEHU S
(puc. 4).

WucrannupoBanue ob0beKkTa Kjgacca Channel
BBITIOJTHAETCS IIOCPEACTBOM CTATUYECKOTO MEeTOoda
KJacca create(connection). B KauecTBe aprymeHTa
METO O:KUJAeT IIPOCTOM 00BEKT connection ¢ MeTo-
mamu send(event, data), onmessage(event, callback)
u close(), onepupPyoOITUMY AaKTUBHBIM COeIUHEHVEM
moJib3oBaresieii. Channel BLICTyIaeT B poJiu KJjacca-
amamnTepa, MIPeIOCTABJIAS IIOTOMKAM BO3MOKHOCTD
aganTanuu uHTEPhENcoB co3JaBaeMbIX KaHAaJIOB
K obmemy aasa Bcex Bupny. Iloarunsl Channel un-
KaICYyJIUPYIOT JIOTUKY CO3MaHUA KaHaJOB, PaCIIu-
PSS KOHCTPYKTOP 0a30BOro KJacca. B KOHCTPYKTO-
pe TOATHUIOB ITPOUCXOAUT BBITIOJIHEHE COeNUHEeHUA
MoJIb30BaTejiell, MmepeJaHHbIX B apryMeHTe, W IIO-
CJEeYIONTNY BBI3OB KOHCTPYKTOpPa 0a30BOT0O KJacca
c repenaueit CO3TaHHOTO connection B apryMeHTe.

B paspaborarmnom IIO gasa peanamsainiuu CJI0eB
CeTH HCIIOJIL30BAHBI CJEAYIOI[Ne IIOATUIILI, o0pa-
sosaHHbie oT Channel: IOChannel, P2PChannel,
MP2PChannel (puc. 5).

IOChannel npuHUMAaeT B apryMeHTaX KOHCTPYK-
TOpa [HOaHHBIE O COENUHSIEMBIX II0Jb30BaTENAX,
MpeACTaBJIEHHBIX O0BEeKTaMU C IOJAMU name u
address. Ilpu cosgaHun o0'beKTa BBIIIOJHSETCS CO-
eIVHEHUe KJINeHTa, MPeACcTaBJIeHHOr0 B connecting,
c connected mo WebSocket, ¢ nucnosb3osanuem 3amnu-
CaHHOTO B connected anpeca.

Channel

+create(connection)

+send(event, data)
+onmessage(event, callback)
+close()

B Puc. 4. luarpamma kiacca Channel
B Fig.4. Diagram of class Channel
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Channel

+create(connection)

+send(event, data)
+onmessage(event, callback)

+close()
EYAN AN

P2PChannel

7

MP2PChannel

+create(connecting, connected, signaling)

+send(event, data)
+onmessage(event, callback)
+close()

+create(connecting, connected, signaling)

+close()

+send(event, data)
+onmessage(event, callback)

I0Channel

+create(connecting, connected)

+send(event, data)
+onmessage(event, callback)

+close()

B Puc.5. Quarpamma mepapxuu KJaaccoB, 00pasoBaHHBIX oT Channel
B Fig.5. Hierarchy diagram of classes inherited from Channel

Transport

+status
+connecting
+connected
+channel
-pattern

+create(pattern)
+connect(connecting, connected)
+disconnect()

+isActive()

B Puc.6. Ouarpamma cBsasu Transport u Channel

~ +create(...)

Channel

+send(event, data)
+onmessage(event, callback)
+close()

B Fig.6. Diagram of relationship between Transport and Channel

P2PChannel wucnonb3yeT B KauecTBe MeXa-
ausma coenumueHus API RTCPeerConnection u
RTCDataChannel nuz WebRTC. P2PChannel tmupu
co3maHmy 00beKTa MPUHUMAET B apryMeHTax KOH-
CTPYKTOPA JAaHHBIE O COEIUHAEMbBIX IT0Jb30BATEIIX
¥ KaHAJI Iepejauyl CUTHAJIN3UPYOINX COOOIIeHN.
Kaman mepemaum mpeacTaBiisgeT co00il 00beKT, 00-
pasoBauHBI oT Channel. Kaman mepegauu mCHosb-
3yeTcs Ha dTare OTKPBITUA COeNUHEHU JJIA oOMeHa
MeXKAYy KJHeHTaMu WH(opMaIlineii, HeoOX0mmuMOoil
ISl YCTAaHOBJIEHUA ceaHca cBasu. Ilocie 3aBepire-
HUA COeIMHEHUA KaHaJ MOKET ObITh 3aKPBIT.

Kaacc MP2PChannel umeer cxoxxyto ¢ P2PChan-
nel joruky paboThl. A coeguHEHUS ITOJIH30Ba-
Teseit o ucmoabdyer API RTCPeerConnection us

WebRTC u MediaStream API, coeguusasa moiab3o-
BaTejel Ay oOMeHa MYJbTUMETUMHON mH(pOopMa-
e,

ITpu BBI3OBE connect(connecting, connected) 06s-
eKT Transport co3maeT KaHaJ CBASU MEMKIY IOJIb30-
BaTeJsIMHU C UCIIOJb30BAHUEM IIepelaHHON B apry-
MeHTe KOHCTPYKTopa cTpareruu. TaKuMm o0pasoM,
Transport arperupyer Channel nam ero MOATUIIBI
(puc. 6).

O0weKTsl KJaacca PeerData B paspaboTaHHOM
II0 mcmonb3yioTcsa KaK KOHTEHMHePHhI IJd XpamHe-
HUA WHPOPMAIIU O MOJb30BATENIX, YUACTBYIOIIIX
B ceTeBOM BsaaumojerictBuu. PeerData 1mo3BojsieT
KOMIIOHEHTaM HCIIOJIL30BATh B KAUECTBE MCXOTHBIX
MaHHBIX eIUHOOOpAa3HbIe MEPCUCTEHTHBIE CTPYKTY-
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PBI JaHHBIX, ob0eclieunBasi yIIPOINeHNe B3aMMOIei-
crBusa BEyTpu 110 (puc. 7).

PeerData obnanmaer coiictBamMu name u address:
name gBIseTCA YHUKAJBHBIM HUAEHTUPUKATOPOM
TIOJIb30BaTeJIsA, YUACTBYIOIIETO B MEKCETEeBOM B3a-
umojeiicteuu; address IpemocTaBiisgeT aapec, II0
KOTOPOMY ITOJIE30BaTeJIb MOKET OBITH JIOKAJIU3UPO-
BaH. Ilpu cosmamuu o6BEKTa KJacca KOHCTPYKTOD
PeerData mpuHuMaeT 00BEeKT ¢ umH(pOpMAaIuen o
oJIb30BaTe e, OKUAAA IPU ITOM, UTO desc mMeeT
cBoiicTBa name u address. B cayuae moayuenus He-
KOPPEKTHOTO O00'BEKTa-JeCKPUIITOPA KOHCTPYKTOD
reHepUpPyeT UCKJIOUEeHNe C OMMCaHUeM OOHApYKeH-
HOM IpOOJIEMBL.

PeerData upepmocraBiseT PsL METONOB, YIIPO-
mIaomux paboTy € CO3ZAHHBIM KOHTEHHEPOM.
Cratuueckuii Merton copy(peerData) 103BOISIET
cIeJIaTh YMCTYIO KOIIUIO CYIIECTBYIOIIEro O0BeKTa
PeerData. Merop is(peerData) mos3BosigeT cpaBHU-
BaTh 00beKTHI PeerData. JlaHHBIE METOIBI TTIO3BOJIA-
0T o0eceunBaTh HEM3MEHAEMOCTD JaHHBIX, COXPa-
HeHHBIX B PeerData, B mpoliecce X UCHOJIb30BAHUS
rKommoreunTamu I10.

IIpu ycmemrHOM COEIWHEHUM IIOJIb30BaTEJElH
00BeKT Transport coxpaHseT KOIUU TepefaHHBIX
connecting u connected B ¢cBouxX cBoiicTBax. Takum
obpasoMm, moJsA connecting u connected obbeKTa
kJacca Transport mmeror tunt PeerData. OnucaHHBIE
OTHOILIEHUA MeXKy Kaaccamu Transport u PeerData
BBIPA’KEHBI B BHUJE KOMIIOSUI[UU, IIPEACTABJIEHHON
Ha puc. 8.

O0BeKTsl Transport oTpaskalT CBA3H MEMXKIY
mapaMu IIOJIb30BaTesel, yJaCTBYIOIINX B CETEBOM
B3aumogeiicreun. Kaxkaprii cioit I10 ceTeBoro B3a-
MMOJEMCTBUSA BBIPAYKEH B BUJE OTAEIbHOI'0 MOIYJIS
U c)OPMUPOBAH OIPeAeIeHHBIM HaO0pOM 00 BEKTOB
Transport. Ilepsorii caoit I10 cetu ncmosb3yeT 06b-
exT Transport ¢ nepefaHHO eMy IIpU co3maHuu a-
opuuHoii (QyHKIUeir create]lOChannel(connecting,
connected). PyHKIIUA ABIAETCSA 00EPTKOI AJA BbI-
30Ba Merojga create(connecting, connected) Kyacca
IOChannel. KnaueHTcKoe IIPUJIOKEHHNE BBI3bIBA-
eT Merton connect(connecting, connected) obobeKTa
Transport, ncnonb3ysa B KauyeCcTBe apryMeHTOB 00b-
exTwl Tuna PeerData c madopmaiiueii o cebe u o cep-
Bepe IPUJIOKEHU S, TEM CAMBIM BBITIOJHAA UX COEIU-

HeHue. MoayJb CJIOSI CETU YCTaHABIWBAET P o0pa-
60TYMKOB co00IIIeHnH Ha 00 beKT Channel, sanucan-
HBIN B 00beKTe Transport, HEOOXOOUMBIX IJIs CUH-
XPOHUBAINYU COCTOTHUA KJINEHTCKOTO IPUJIOKEeHU ST
C COCTOSHMEM APYTUX IoJib3oBaTreseii. Kpome Toro,
MO YJIb YCTaHaBJINBAET PAL 00pab0TUNKOB COOBITHIT
Ha JefiCTBUA IT0JIb30BaTeJISA, BEITOJIHIAEMbIE C THTEP-
deiicoMm TPUIIOMKEHUS, AJIA OTIPABJIEHUSA COOTBET-
CTBYIOIIUX COOOIIIeHW HA cepBep. BTopoii ciioit mpu
uHuIuanuu Hoporo ceanca BKC momapHo coequnaseT
KA JOT0 M3 YYACTHUKOB CBSI3U, CO3MaBasi IJIS 9TO-
ro o0beKTHI TUIa Transport ¢ mepenaueit um Qa-
opuunoii Gyuruu createP2PChannel(connecting,
connected, signaling). B KauecTBe CUTHAJIBHOTO CEP-
Bepa OyZeT WCIIOJb30BaH CO3JAHHBIN Ha IIPOIIJIOM
caoe WebSocket-xamaa. Tperuil cjioil BHIIOJIHSET
coenuuenne yuactHuKoB BKC cormacHo cpopmupo-
BaHHBIM B mporecce mHunuanuu BKC oTHoieHnu-
AM MeXKIy YYACTHUKAMMU, UCIOJIb3YySA IJsSI COemu-
HeHUuA 00beKT Transport ¢ mepegaHHOl eMy (DyHK-
nueit createMP2PChannel(connecting, connected,
signaling). B KauecTBe CUTHAJILHOI'O cepBepa Oyaer
nCcIoab30BaH 00beKT P2PChannel, co3maHHBINA Ha
BTOPOM CJIO€ CEeTH.

IIpencraBienHas cereBas apxurextypa I10 mpu-
aoxkenus BKC ob6samaer mepapxueil OTHOIIIEHUA
MeXKIy OTAEeJbHBIMU KOMIIOHEHTaMu. PereHus,
MpUHUMAaeMble Ha TEPBOM CJIO€ CETEBOW apXuTeK-
Typbl, HaIpuMep, 00 OTKJIIUEHUN COeINHEeHUS
C CepBepPOM MPUJIOMKEHUS, MOTYT IOBJUSATH Ha pa-
60Ty BTOPOTO M TPETHLEro CJ0eB. B cBoio ouepenb
BTOPOM CJION MOKET MOBJUATH Ha PaboTy TpPeThero.
Wepapxuueckue OTHOIIEHUSA MEKIY CJIOAMU CeTe-
Boil apxuTeKTypbl B IIO BBIpaKeHBI IIOCPEICTBOM
Kommosunuu. Ha cTopoHe KJMeHTa CJIOU IIPeCTaB-
JeHbl o0beKkTaMu KJjacca NetworkNode. Ilpu cos-
manuu o0beKT NetworkNode TIpUHHUMAaeT CCBLIKY
HAa cJIo# BhIMIe o mepapxuu. Kiacce mpegocTaBiasier
meroy createChild(), cosmaroniuii fOYEPHUI 00BEKT
NetworkNode. O6beKT KJiacca Coaep:KuT nudopMma-
IIMI0 O BCEX COeNUHEHUAX Ha CBOEM YPOBHE (BKJIIO-

PeerData

+name {readOnly}
+address {readOnly}

+create(desc)

+co eerData
+is(peerData)

B Puc.7. Juarpamma kiacca PeerData
B Fig.7. Diagram of class PeerData

Transport

+status

+connecting PeerData

+connected +name {readOnly}

+channel +address {readOnl

-pattern { d
+create(desc)

+create(pattern) +copy(peerData)

+connect(connecting, connected) +is(peerData)

+disconnect()

+isActive()

B Puc.8. Ouarpamwma cBasu T'ransport u PeerData

B Fig.8. Diagram of relationship between Transport
and PeerData
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4 OBPABOTKA IHOPMALIIN U YNIPABAEHVE

yasag MHPOPMAIMIO O CAMUX II0JIb30BATEIAX) U MO-
JKeT omepupoBarh aouepHuUM NetworkNode Ha cBoe
yCMOTDEHUE.

ITogruner xkaacca NetworkNode wmHKaICyaupy-
IOT JIOTHKY pabOTHI IJIA KaKIOT0 CJIOS CeTEeBOU ap-
XUTEKTYpbl. OTHOINIEHUS MeKAY YPOBHSAMU CETH,
copMupoBaHHBIe B mpuiokeHuu BK®, orpaskeHbl
Ha puc. 9.

Pasnenenue ceTu Ha HECKOJNBKO YpPOBHel, neii-
CTBYIOIIINX B CBOUX DPaMKaX IIPaKTHUYECKU He3aBU-
CHMO OT OCTaJIbHBIX, IIO3BOJIAET IIPUJIOKEHNIO IIPO-
IOJI3KATh OCYIIECTBJIATH CBOU (DYHKI[UU IIPU OTKase
KJIIOUEBBIX y3JI0B. B ciayuae oTkasa cepBepa IIPUJIO-
JKeHUs paboTa moJb30BaTeiell He OyleT HapyllleHa,
TIOCKOJIBKY MEXKJAY HUMU IIO-TIDeKHeMy OyAeT cy-
1IeCTBOBATh MpsMoe coequuenme. Takum oOpasom,
aKTUBHBIE BUJEOKOH(MEPEeHIIUN He OYAYT IPEePBaHEIL.
ITomumo 3TOr0, AOIMOJHUTEJbHAS (PYHKIIMOHAJID-
HOCTH MOJKeT OBITh BKJIIOUEHA B Peain3aliiio Kaik-
JIOTO U3 YPOBHEH CeTH KaK YaCTh KOMIIO3UIIUU MOIY-

7

Jisg, obecreumBasi IIPOCTOM aJITOPUTM MAaCIITaOUPO-
BaAHUSA CETEBOU apXUTEKTYPhI IPUTOKEHUA.

B To ke BpeMs MCHOJIb30BaHIEe OMNCAHHON cXe-
MbI COeIUHEHHUs o0JamaeT HemocTaTKamMu. BTopoit
CJIOIf CeTeBOTO COeAWHEHUs, O00ecIeunBaroIIuii
IpsiMOe COoefUWHEHUe II0JIb3oBaTesell IPUJIOMKeHUs,
ToIpa3yMeBaeT CO3JaHue CEeTeBOT0 COeMMHEHUS II0
cxeMe «KasKIbIH-C-KayKAbIM», (GOPMUPYS IIPU ITOM
n30BITOYHOE KOJMUECTBO AKTHUBHBIX COeNUHEHUI
yuacTHUKOB. TeM He MeHee JaHHBIN MOAXO0M obecIie-
YyMBaeT HaJeKHOe CoeInHeHNre I0JIb30BaTe el B ce-
TH, TOCKOJIbKY OTKJIIOUEHNE OTAEJIbHBIX Y3JI0B CETU
He CMOJKeT IOBJIUATh HAa COeJUHEHNe OCTAaBIITUXCA.

IIpenyo:kenHaa B paboTe cxemMa COeIUHEHUS
moJsb3oBaresieii mpuiokenus BKC, mcmonnsyemas
B paspaborannom IIO, mosBosma JOOUTHCS 3HAUE-
HUII BpeMeHU OTKJWKa COeIUHEHUs, IpeicTaBJIeH-
HBIX Ha puc. 10. IamepeHnA OTKJINKA BLIIIOJIHSAJINCH
c nurepBasiom 500 mc. B cpegHeM OTKJINK AJIA ABYX
TIOJIb30BaTe Iell, HaXOAAIINXCS B OTHOM 3JaHUU, CO-

MainNetworkNode

P2PNetworkNode

MP2PNetworkNode

B Puc.9. Oprarusanusd CJI0eB apXUTEKTYPHI CETEBOTO COeINHEHN A HA CTOPOHE KJINEHTa
B Fig.9. Organization of architectural layers of the network connection on the client side
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B Fig. 10. The response time of the peer-to-peer connection established by means of the developed software
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craBuia 5,81 mc. Ilepemaua ocyiecTBiasiaacs mo Wi-
Fi BHyTpDU JIOKAJIBHOM CETH.

BosuukzoBeHMe TMKOB (BBIOPOCOB) Ha rpaduke,
HabII0maeMoe 1A usaMepenni mog Homepamu 40—-76,
252, 357, MoxxeT OBITH CBA3aHO C OCOOEHHOCTSIMU II0-
PAOKA MCIOJHEHUS MPOrpaMMbl MHTEPIPETATOPOM
Kozma. Kpome Toro, TMOCKOJBKY mepemada OCYIIECT-
Bassack mo Wi-Fi, yBennuenue 3aep:KKu CUTHAJIA
MOTJIO TTPOM30MTHU BCJIEACTBHE BOSHUKHOBEHUS IIO-
MeX B OKpYy:Karlolei cpese.

3akIouyeHue
PaspabarniBaeMass apxXuUTEKTypa COeIMHEHUS

moab3oBaresieii B nmpuiokenun BKC obmamaer ps-
JIOM IIPEUMYIIECTB, CIIOCOOCTBYIOIUX KOHKYPEHTO-

AN

CcII0COOHOCTY pa3paboTaHHOTO MIPUJIOKEeHUA Ha hoHe
aHaJjoroB. IIpenyoskeHHasa opraHuU3anud MOZYJIEH
I1I0O cereBoro coeguuenus npuaoskeHus BKC mpeno-
CTaBJSAET MIPOCTPAHCTBO MJisI BHEAPEHUS JOTOJHU-
TeJbHBIX QYHKIIUH B mpuiao:kenue. B pamrax K®C
yIpaBisgeMble aKKayHTBlI MOI'YT WCIIOJb30BATHCS
B MOZAYJIAX obecrieueHUsi 6€30MMaCHOCTU U yIIpPaBJie-
HUSA DOCTYIOM, HAIPUMeEpP, AJs o0ecleyeHus KOH-
TpoJA 3a pPabouymMm MecTaMU, TPOU3BOACTBOM U
Ipyrumu oobekTamu. Opranusanusa XpaHeHus u 00-
PaboOTKM JaHHBIX IO3BOJISIET BHeAPUTh Moayib BKC
B K®C, a Takike caemaTh YIOOHBIM €0 MCIIOJIb30Ba-
HUe KaK Ha TepMUHAJIaX 1 MOOHJIBHBIX POOOTOTEX-
HUYeCKUX ILTaTdopMax, TaK U Ha KJINEHTCKUX MO-
OMJIBHBIX YCTPOMCTBAX.

WccomenoBamme BBITIOJIHEHO IIPHW TOAzAep:kKe Poc-
cuiickoro HayuHoro ¢ouzga (rpaut Ne 16-19-00044).
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Introduction: Cyberphysical systems are a wide class of systems whose main characteristic is high integration of computing resources
into each physical component of a system. One of the tasks of a cyberphysical intelligent space is to provide convenient interaction between
users via various system nodes. Modern videoconferencing applications are expected not only to use various modalities like text, audio/
video data or graphic objects, but also to meet the criteria of modularity and cross-platformness. Purpose: To develop an application
architecture which would provide a video conferencing service for cyberphysical intelligent space users. Results: The paper discusses
architectural solutions for a videoconferencing module, providing the possibility of its integration into a MINOS cyberphysical system,
as well as a generalised structure of a videoconferencing module with the implementation of private and controlled public accounts. The
network interaction is presented in the form of three separate layers responsible for managing the network connection to the server, the
connection between the users, and the connection for transferring multimedia data to the video conference participants. The connection
response time during the organization of the video conferencing has been measured. On average, the response for two users is 5.81 ms.
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MoctaHoBKa npobAembl: BHeapeHUe cucTeM 3D TEAEBU3MOHHOIO BELLAHMS B HACTOSILLEE BPEMS 3aTOPMO3MAOCh OT-
CyTCTBMEM COBMECTUMOro popmara TeAeBU3MOHHOIO BeLLaHWs, KOTOPbIA N03BOAMA Obl nepesady 3D-KOHTEHTa CMOTPETL Ha
2D-teneBu3opax B popmate 2D. C 9KOHOMMUECKOH TOUKM 3PEHUST BaXHO, UToObI AH0OOM CO3AaBaEMbI TEAEBU3UOHHBINM KOH-
TEHT, B TOM YUCAE PHAbMbI, BCEBO3MOXHbIE MEPEAAYH, PEKAAMA U T. A., ObIA AOCTYMEH AAS TPOCMOTPA Ha SKpaHax AoObIX TeAe-
BM30pOB, Kak 2D, Tak 1 3D. LieAb uccAeAOBaHMA: MOMUCK MPUHLIMIE MOCTPOEHMUS aAropUTMa 06paboTKm CTEPEOCKOMUUECKOIO
n306paxeHns AAa coBMeCTMoro gpopmarta. MeToabl: peLueHne npobaemMbl 6a3nmpyeTcs Ha ydeTe CBOMCTB 3pEHMS YEAOBEKA,
Ha MeToaax KoHBepTaumumn 2D-uzobpaxeHuii B 3D, KoMApeccun u3obpaxeHui, a Takke 60AbLLIOM 0ObEME IKCNEPUMEHTAAb-
HbIX M3MEPEHMI, BbIMOAHEHHbIX C rPYNMoN 3pUTEAEH, KOTOPbIM MPEABABASAUCH AT HABAKOAEHUSI CTEPEOCKONMYECKHE n306pa-
JKEHWS, CUHTE3UPOBAHHbIE MPU Pa3AUYHbIX popMaTax nepesayn, A ONPeEAEAEHUS] 3aMETHOCTHU BO3HUKAIOLLMX MPU 3TOM MCKa-
JXeHuH. Pe3yAbTartbl: pa3paboTaH MpuHLMM NOCTPOEHUS COBMECTUMOro popmata ars 3D TeAeBU3MOHHOIo BeLLaHus. B pamkax
3T0ro popmMarta B Ka4ecTBe OCHOBHOIO NepPeAaETCs AEBbIA KOMMOHEHT U30OpaXeHusi cTepeonapsbl, HO nNpu 3TOM MaAas YacTb
BPEMEHM NMepeAayn Kaapa, YTO COOTBETCTBYET MaAOH MAOLLAAM NepeaaBaemMoro n3obpaxeHmns, OTBOAMTCA ANS NMEpPeAayn CUr-
HaAa, coaepXallero MHGopmMaLmIo, KoTopas, MCrOAb3YSl AEBbINA KOMMOHEHT, MO3BOASIET COOPMMPOBATL rnpaBbiki KOMMTOHEHT
cTepeornapsbl. B kayecTBe Takoro curHaaa MCrnoAb3yHTCS MUKCEAU KapTbl IKPaHHbIX MaparlakcoB, nepeaadya KOTopbIX PacTaru-
Baetcsl Ha 3-4 kaapa. B 3D TeneBU3MOHHOM npUeMHUKE M3 3TUX MUKCEAEN METOAOM MHTEPMOASILMM HYAEBOIO MOPsIAKa BOCCTa-
HaBAMBAKTCS KapTbl 3KPaHHbIX NaparakCcoB, MCOAb3Ys] KOTOPbIE COBMECTHO C A€BbIMM KOMIOHEHTaMM cTepeonapbl, MOXHO
CHHTE3MPOBaTh HEAOCTAKOLLME PaBbie KOMIOHEHTbI CTepeornap, obecrneunBasi BOCIPOM3BEAEHNE CTepeon3obpaxeHust. Tere-
BU3MOHHbIE NMPUEMHUKM 2D NpoCTo OrpaHMuMBaroTCs BOCMPOM3BEAEHNEM AEBOIr0 KOMMOHEHTa cTepeonapsl. MpakTnyeckasa
3HauUMMOCTb: pa3paboTka nPUHLMNAE NOCTPOEHUS COBMECTUMOro popmata 3D TEAEBM3MOHHOMO BELLAHMS MO3BOASIET MHOIO-
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Beemenmne

HasbHelilliee pasBUTHE U BHEAPEHUE CHCTEM
3D TejleBU3MOHHOTO BeIaHWs TOPMO3UTCSA Hepe-
IIIeHHOCTHIO ITPOOJIEMBI UX COBMECTHUMOCTH C CYIIe-
cTBymomuMu cucremMamu 2D TeleBM3MOHHOTO Be-
magus. B macrosinee spema ¢popmarel Anamorph
SideBySide (amamopdmasa ropusoHTaJIbHASA CTEPEO-
nmapa) u Anamorph OverUnder (amamopdHas Bep-
TUKAJbHAA CTepeonapa) SBJIAITCA CTaHAapTaMU
3D TeseBU3MOHHOrO BelanuA. [Ipy UCoIb30BaHUA
oTuX (popmMaToB 006a M300paKeHUA CTepeomaphbl 3a-
nuckIiBaioTcAa B ogHoM (paiisie. IIpm sTom miomans,
OTBOAMMAS [IJIsI IepeJady OLHOr'0 Kaapa B CHCTEMe
2D TesleBU3MOHHOTO BelllaHUs, B cucTeme 3D Tese-
BUBMOHHOTO BeI[aHUA [eJUTCA MOPOBHY MeXKIY Je-
BBIM U IIPaBBIM U300paKeHUSIMU CTEPEOnaphbl, KOTO-
pbIe pacmoJiaraioTcs PSAAOM BILJIOTHYIO APYT K APYTY
B omHOM Kazpe [1].

IIpu nepenaue 3D TeIeBUBMOHHOTO M300paAKEHM
¢ ucnosab3oBanmem gopmara Anamorph SideBySide
JIEBBIII KOMIIOHEHT CTepPeoIlaphbl PACIIOJIATAETCS CJie-
Ba, a IpaBbIil — cCIpaBa, IPU 9TOM 00e KapTUHKU
CJKMMAIOTCSA B TOPUBOHTAJIBHOM HAIIPABJIEHUU B ABa
pasa Tak, UTO HOJIyYUBIIAACA B Pe3YJIbTATe KapTUH-
Ka IpUHUMaeT pasMep CTaHAapTHOrO Kaapa, Hallpu-
mep 1920 x 1080. BceaeactBue sTux mpeobpasoBa-
HUN KaKkaoe n300pasKeHUe CTepeonaphbl BBITJIAIUT
BBITSIHYTHIM B BEPTUKAJBHOM HAIIPABJIEHUM, a Pas-
pelieHNe KasKA0ro paKypca B TOPU3OHTAJIBHOM Ha-
IpaBJeHNU YMeHbIIaeTcsa B ABa pasa. Ha puc. 1, a
B KauecTBe IIpUMepa IIPUBEJEHO TaKOe N300pasKeHue.
IIpu mpocmorpe 3D TeJIeBU3MOHHOI'O M300parKeHM’s
C WCIOJIB30BAaHWEM BJTOro (hopMaTa BBIIOJIHAIOTCSA
oOpaTHBIe IIpeo0pa3oBaHMUsA, a MMEHHO, CyMMapHasa
KapTUHKA PACTIATUBAETCS 10 TOPU30HTAJIN B IBA pasa
U pasgesseTcsa Ha ABa M300paKeHUs CTEPeonaphbl —
JIeBOe U IIPaBoe, U 3aTeM OHU BBLIBOJSITCS HA 9KPAH OfI-
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a)

0)

B Puc. 1. Bug uzobpakenus Ha skpaue 2D-TesieBu3opa Ipu MpocMOTpe Iiepeavuu ¢ UCIoab3oBanreM popmaTa Anamorph

SideBySide (a) u Anamorph OverUnder (6)

B Fig.1.Theimage on the 2D TV screen when viewing the transmission using the format Anamorph SideBySide (a) and

Anamorph OverUnder (6)

HUM 13 U3BECTHBIX CIIOCO00B. B cayuae TeeB130pOB
¢ uepecctpouHoit nonapusanueit (LG Cinema 3D) uc-
TIOJIb30BaHUeE 3TOr0 (hopMaTa IPUBOIUT K IIOTEPE Pas-
pellleHNs B IBa pasa He TOJIbKO B BePTUKAJIBHOM, HO
¥ B FOPUBOHTAJIBHOM HAaIlpaBjieHnu. B TeseBusopax
C 3aTBOPHBIMU OYKaMU HMCIOJIb30BaHIE 3TOTO (popMma-
Ta MPUBOJUT K IIOTEPE PAa3PeIlleHus B [BA pasa TOJIb-
KO B TOPU30HTAJILHOM HaIpaBJIEHUN.

IIpu epenaue 3D Te1eBU3MOHHOT0 N300paKEH U
¢ ucnoabzoBanuem popmara Anamorph OverUnder
JIEBBIU PaKypc Kaapa pacliojlaraeTcs BBEpXY, a mpa-
BbI BHU3Y. O0e KapTHUHKU CXKUMAIOTCS B BEepPTU-
KaJIbHOM HaIlpaBJEeHUU B JBa pasa, IPU STOM II0JIY-
YUBIIAACA B pe3yJbTaTe KapTUHKA IPUHUMAET Pas-
Mep CTaHZapTHOTO Kaznpa, Hampumep 1920 x 1080.
BceiencTBue aTHX mpeoOpasoBaHUE KasKaoe U3 M30-
OpasKeHHtII cTepeomapbl OKa3LIBAETCSA BBITAHYTHIM

B TOPMBOHTAJHLHOM HAIIPABJIEHUH, & UX PaspereHune
B BEPTUKAJHLHOM HAIIPABJICHUU YMEHbBIIIAETCS B ABa
pasa (puc. 1, 6). IIpu mpocmorpe 3D TemeBU3UOH-
HOT'O M300pakeHudA C HCIOJIb30BaHUEM 3TOTO (hop-
MaTa BBIIIOJHSAIOTCS oOpaTHBIEe IIpeoOpasoBaHMUS:
Pe3yAbTUPYIONIAsa KaPTUHKA PACTATUBAETCA II0 BEP-
TUKAaJIX B [Ba pPasa 1 pasfesisgeTcs Ha JeBoe U IpaBoe
n300pasKeHns CTepeonapsl, KOTOPhIe BEIBOAATCA HA
9KpaH.

Taxum obpasoM, cOBpeMeHHBIe cTaHZApPThl 3D
TEJICBUBMOHHOTO BeIIaHWs WMEIOT JBa OUYEeHb Ce-
PBbE3HBIX HemoCTaTKa. Bo-epBhIxX, IIPU peaausaliuu
JI000TO M3 HUX MMEeT MEeCTO YMEHBIIIeHVe paspe-
IIeHus KaKAO0ro M3 M300pasKeHUuil cTepeomnapsl II0
KpaliHeil Mepe B ABa pasa. Bo-BTOPBIX, U 9TO HaU-
0oJiee CyIleCTBEHHO, pu nepenauve 3D TeseBU3MOH-
HOM IIporpaMMbl 110 KaHAJY ee HeJb3s CMOTPEeTh Ha
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2D-TeneBu3ope, TaK KaK Ha ero sKpaHe OyJaeT OTO-
OpasxaTbCa CABOEHHOe m300paskeHme. B pesyiabra-
Te BO3HUKAET 3aMKHYTHIN Kpyr. C OlHOW CTOPOHHI,
SKOHOMUYECKU HEIleJIecO00Pa3HO HAIOJTHATH PHIHOK
3D-TemeBu3OopaMu, TaK KaK B HACTOAIee BpeMsd
MPAKTUYECKN ITOJTHOCTBIO OTCYTCTBYIOT TEJIeBU3U-
ouHbIe nepegauu B 3D-dopmare. C gpyroii CTOPOHEI,
Iake HecMOTpsA Ha Haquuwme 3D-KOHTEHTa, SKOHO-
MUYECKU HEBBITOJHO OCYIIECTBIATH TE€JIEBUSNOHHOE
Bemauue B (popmare 3D, MOCKOJBKY Yy HaceJeHUSA
oueHb MaJio 3D-TexeBu3opoB. B ¢BA3U ¢ 3TUM KOM-
maHuU, BeIycKaIiue 3D-TeleBu30phl, HAIIPUMED
Phillips, Sony, LG, Samsung u ap., 1u060 CHUJILHO
COKPAIal0T WX BBINYCK, JINOO IIPEKPAIIAalOT CO-
BceM [2]. BrIXomoM u3 CJIOMKUBIIEHCA CHUTyaI[UU
ABJIAIOTCA pPa3paboTKa U BHEAPEHNE COBMECTHMOTO
dopmaTa TeJeBUBMOHHOTO BEIlaHUs, IIPU HCIOJIb-
30BaHUU KOTOPOI'O MOXKHO OyZeT He TOJbKO IIO-
IpPeKHEMY CMOTPETh Ha dKpaHax 3D TeseBU30pOB
2D-xkouTeHT B (popmaTe 2D, HO U CMOTPETH Ha BKpa-
Hax 2D-remeBusopoB 3D-konTenT B 2D-(hopmare.
CJIOKUBIIASACS CUTYAIlUA CTUMYJINPOBAJia UCCIeN0-
BaHUS 1 Pa3pabOTKU COBMECTUMBIX (hopmaToB [3—5].

Comectumsliii hopmat 3D Te1eBU3HOHHOTO
BelIaHUS

IIpuHIUIIMaIbHAS BO3MOKHOCTE Pa3paboTKHU Ta-
Koro ¢hopMara cJefyeT U3 TOTO, YTO M300pakeHud
cTepeorapbl MaJio pPa3jnualoTcs MeKAy coboii, Io-
CKOJIBKY MX ChbeMKa IIPOM3BOLUTCSA U3 OJM3KO pac-
TIOJIOJKEHHBIX TOYEK IIpocTpaHcTBa. IlosTomMy, pas-
pabaTbiBasi COBMECTUMBIIT (DOPMAT, 32 OCHOBY MOYKHO
B3ATHh OJHO M3 M300pa’KeHMUIl cTepeomaphl, HAIIPU-
Mep JieBoe, a IpaBoe n300paskeHre cTepeonapsl hop-

MUPOBATh U3 JIEBOT'O, KOPPEKTUPYS ero CUTHAJIOM
PasHUILI MeKIy JIEBBIM U MPaBBIM M300paKeHusd-
MU, TOCKOJBbKY PE30HHO OKUAATh, UTO MaJjoe pas-
JauYme MeKIy M300paKeHUsIMU CTepeornaphbl MOKET
OLITH IIPEACTABJICHO MAJBIM ITU(PPOBBIM IIOTOKOM.
HanpHelIne sKCIepuMeHTaJbHbIE WCCJIEJOBAHUA
TIOATBEPAUIN 3TO TPeAIooKeHne. Mexoma us ms-
JIOYKEHHOTO B IIPOCTEHIIeM CJiydyae COBMECTHMBII
dopmat 3D TeIeBU3MOHHOI'O BEI[aHUA MOMKET ObITh
cJeAYIONMM. 3a 0OCHOBY OepeTcs onanH 13 ¢GopMaToB,
MIPUHATHIX B [MIUMPOBLIX CUCTEMAX TEJIEeBU3NOHHOI'O
BeIaHUs, U B paMKaX 3TOro (popMara mouUTH MOJTHO-
CTBIO IIepelaeTcs JIeBbI KOMIOHEHT M300pasKeHu’s
cTepeomaphbl, W JUINb He3HAUWTEJIbHAA YacTh Bpe-
MeHU, OTBeJeHHAaA Ha ero mepegady, pacxoayercs Ha
mepemavy CHUTHAJIA, COAEPIKAINero MHMOPMAIUIO O
pasHuIle MeKAy JIEBBIM U IIPAaBLIM N300PaKeHUAMMU.
IKCIIepUMEHTHI IOKA3hIBAIOT, YTO 9TA YaCTh COCTAB-
JISIET BCEro HECKOJBLKO ITPOIEHTOB OT AJUTEJIbHOCTU
mnepenavyu Kaapa, a cJeloBaTesbHO, OT ILJIONIALH Jie-
BOT'0 KOMIIOHEHTa n300pakenusd. [Ipu sTom m3o0pa-
JKeHre Ha sKkpaHe 2D-TeseBu3opa OyaeT MMeThb BU,
MOKa3aHHBIN Ha puc. 2.

IIpn wmcnosnb3oBaHWM OMUCHBIBAEMOrO opmara
B cayuae HaOmomenus Ha 2D-tesneBusopax 3D-
KOHTEHTa 3pUTeNUN OyAYT BUILETH JIEBoe M300pasKe-
HIe cTepeonapsl, y KOTOPOro He3HAUUTEIbHA I YaCTh
Kajapa, HampuMep PACIIOJIOMKEHHAS B ero HUMKHEeHR
yacTu, OyJeT 3allTopeHa, TaK KaK 5Ta ILJIOIIAlb
Kajapa OTBeJeHa JJIA mmepeqaun nuHopMamuy o pas-
HUIle MeXKIY JEeBBIM W IIPABBIM M300paKeHUSIMU.
IIpenBapuTesbHBIE SKCIEPUMEHTHI C ayAUTOpPUEi
3pUTeJIe MOKAa3aJu, YTO IIOTePU MHOJIe3HOH ILJIOIA-
I7 Kaapa mopanka 5 % mMu mpakTUUecKu He 3aMe-
YaroTCcia. BOBMOMKHBI U IPYryue BapUaHThI BKJIIOUE-
HUSA B Kaap nHGOPMAIIUY O Pa3HUIle MEKAY JeBBIM

B Puc. 2. Buj usobpakenus Ha sxpane 2D-TesieBusopa npu IpocMoTpe mepefadun ¢ UCIoJab3oBanreM 3D coBMecTUMOro

dopmara

B Fig.2. Theimage on the 2D TV screen when viewing the transmission using a 3D compatible format
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U IpaBbIM M300paskeHuAMHu. [Ipu TakoMm momxoje,
o cpaBHeHuio ¢ ¢opmaramu 3D Tile Format u 3DZ
Tile [3—6], oGecieunBaeTcsa GoJiee BBICOKOE paspe-
mreunnre Kak 2D-, Tak u 3D-usobpakenus. Ilpu sTom
nUKcesel B Kaape okassiBaeTcsa B 2,14 pasa 6oabliie.

PaccmoTpuM BO3MOXKHBIE BAPUAHTHI IIpEACTaBJIe-
HUA nHQOpMAIY, HeOOXOIUMOIL /IS CUHTe3a IIPaBo-
0 KOMIIOHEHTA CTePeoaphl IIPU UCIIOJIb30BAHUY B Ka-
YecTBe OITOPHOT'O JIEBOTO KOMIIOHEHTA CTEPEOIaphl.

1. B Bujie pasHOCTH KOMIIOHEHTOB CTEPEOHaphl:

AL(k, n) = L, (k, n) — L (k, n),

rae L (k, n) — IpaBblii KOMIIOHEHT CTEPEOIaphI;
L (k, n) — neBbIli KOMIIOHEHT CTepeonaphl; £ — HO-
Mep CTPOKM; 71 — HOMeP CTOJI0IA.

2. B Buie KapThl MIyOuHBI (KapThl 9KPAHHBIX IIa-
pajIaKcoB): KaK M3BECTHO, KOOpAMHATa TIyOWHBI
d,, 1 BeIMYNHA 9KPAHHOTO IapaJljaKca p CBA3AHBI
COOTHOIIIEHUEM

b(dob - dsc )

p=———7"
dob

rme b — paccTosHUE MeXKIY 3pauKaMU TJias3 3puTe-
a5 (6asa); d,, — paccTosHMe OT 3PUTeJId J0 BKpaHa,
IOSTOMY KapTa INIyOMHBI SJIeMEeHTapHO IIpeobpasy-
eTcs B KapTy 9KPaHHBIX MapaJjuiakcoB. Tem He Me-
Hee IIPeAIouYTe e CIeyeT OTAATh KapTe SKPaHHbIX
mapaJIyIaKCOB, IIOCKOJILKY IIPY PABHOMEPHOI IITKaJIe
KBaHTOBAaHUA, KOTOPAs NUMEeT MeCTO IIpU IIu()POBOM
mnmpeacraBaennu uHGOPMAIMKA O IIyOMHE, OHA OKa-
3BIBAETCH JIYUIIle COTJIaCOBaHA C pas3pellleHueM 3pe-
HUSA II0 KOOpAWHAaTe IIyOMHBI, UeM KapTa ITyOMHBI.

IIpu BeITONTHEHUU PAGOTHI OBLIN WCCJIEIOBAHBI
o0a BapuaHTa IIPeACTAaBJIEHUSA U, CJIEIOBATEJLHO,
nepefady MHAOOPMAIIUY O PA3JINUYNYN MEXKAY KOMIIO-
HEHTaMU CTePeOonaphl.

IlepBBIli BapuaHT B3aKJOUAJICSI B BBIUNCICHUU
«Pa3HOCTHOTO N300PAKEHUA» ITyTeM BEIUNTAHUS U3
IIpaBoOro M300paKeHUs CTepeomnaphl JeBoro n3oopa-
JKEeHUA CTepeonapsl U JaJbHEUIIe ero KOMIIPECCU N
nyTeM mpeobpasoBaunua B opmar JPEG mpu pas-
JIMYHBIX 3HaUeHUAX KauecTna ¢ (Quality), uro, coor-
BETCTBEHHO, IIPUBOIUJIO K MOJYUYEHUIO PABIUUHBIX
cremeHell cxxkarusa. [Ipy sToM B KOMIIpeccupyemoe
Pa3HOCTHOE M300paKeHNe BHOCUJINCH HCKAKEeHUd,
TIOCKOJIbKY MCIIOJIb3YEeMbIII MEeTOJ KOMIIPDECCUU SB-
JgeTcs MeTonoM ¢ norepamu mH@opmanuu. Ilocie
STOTO «Pa3HOCTHOE W300pasKeHue» BOCCTAHABJIU-
BaJjochk B (popmare BMP. 3arem ¢ mcmob3oBaHUEM
JIEBOT'O M300paKeHUs CTEPEOIIapbl B KAUECTBE OIIOP-
HOTO U «Pa3HOCTHOI'0 M300paKeHusI» BOCCTAHABJIU-
BaJIOCh IIpaBoe mM300paskeHMe cTepeomaphl. Takum
00pa3oM, M3TOTABJIUBAJNCH I'PYINbl UCKaYKEHHBIX
crepeorap.

Bropoit BapmaHT 3akKJiOuaJiIcCi B BBIUYNCJIEHUU
KapThl 9KPAHHBIX MapajiiakcoB (BEKTOPOB cMelre-

HU) ¢ MOCJEeAYIONUM ee CKaTUeM IIPU WCIIOJIbH30-
BAHUU [AJIS 9TOU IeJIM, IIOMHMO 3amucu B popmar
JPEG, elrie IByX MeTOJ0B KOMIIPECCUU C ITOTEPAMU
uH(popmanuu. B mepBoM ciyuyae c:kaTue IUPpPO-
BOT'O IIOTOKA, IIPEJCTABJIAIOIIET0 KapTy SKPaHHBIX
IMapaJijIaKCcoB, JOCTUTAJIOCh YMEHbIITeHUEM KOJIruye-
CTBa ABOMYHBIX Pa3psANOB KOZA HA MUKCEIb, KOTO-
poe B KOHEUHOM WMTOTre IPUBOAMJO K YMEHBIIIEHUIO
KOJINYeCTBa YPOBHEl KBAHTOBAHUS, a CJIEIOBATEIIb-
HO, M K MeHee TOYHOH mepenaue nHGOPMAIUU O TJIy-
6une. Bo BTropom cirydae cixaTue udpoBOro IoToKa,
IIPEJCTABJIAIONIETO KAaPTy 9KPAHHBIX IIapaJIjIaKCoOB,
IOCTHUTAJIOCh YMEHbIIIeHNEM IIJIOTHOCTU OTCUETOB Ha
KapTe SKPaHHBIX [IapaJlIaKCOB, KOTOPOE BJIEKJIO 3a
co0oi1 pasMbITHE T'PAHUI] IPEACTABICHHBIX Ha HeM
00'BEKTOB.

EcrecTBeHHO, UTO IIPM KUCIOIB30BAHUU METOHA
CoKaTuA C MOTepAMH WH(OPMAIUY BOSHUKAIOT II0-
TPEITHOCTYU IIPY BOCCTAHOBJIEHUU CTEPEOIaphl, Of-
HaKO [I0 OIIPEeJeJIEHHOTO YPOBHS OHU HE IIPUBOAAT
K 3aMETHBIM [JIs 3PUTEJIell HCKAKEHUSIM CTepeo-
CKOIMYeCKUX n300pasKkeHmil. 1esibi0 OMMChIBAEMBIX
HUKEe MCCJIeOBAHUM OBLIO OIpeesieHune 9KCIIepu-
MEHTaJbHBIM IYTEM TaKOIH BEJINYNHBI KOMIIPECCUN,
IIPU KOTOPOH 3TU MCKAKEHUA MOYKHO ellle CUUTATh
IJIsl 3pUTENsT He3aMeTHbIMHU. I[JIs IpoBemeHus uc-
ciaenoBaHmil ObLIu  oTOOpaHBI 3D-m3o0parkeHUA
Pa3JIMYHOIO CIOKETHOTO COMEPIKAHUSI U PAasIUYHON

CTPYKTYDBHI.

MeTonmca BBIIIOJTHEHU A IKCIIEPUMEHTAa
CO 3puTeJAMU

Hna onpefeneHus NONYCTUMOM BeJIWUUHBI KOM-
peccuu U@GPOBOTO IIOTOKA, KOTOPHIM IlepefaeTcs
uHopManusa O Pal3judYuUu MeXKAY KOMIIOHeHTaMU
cTepeoIapbl, He3aBUCUMO OT TOrO, JeJIaeTCsA 9TO II0-
CPEICTBOM «Pa3HOCTHOTO M300paKeHUA» UM Kap-
ThI SKPAHHBIX IIapajliakCcoB, OBLIO paspaboTaHO
crelraJJbHOe IIPUJIOKEeHe, 61arofaps KOTOPOMY Ha
9KpaH IJIdg IIPOCMOTPa OLHOBPEMEHHO BBIBOLUJIUCH
JIBa CTEPEOCKONIMUECKIX M300pakeHus B aHATIN(D-
HOM (popMare: 3TaJOHHOE, IPpU (POPMUPOBAHUU KO-
TOPOT'0 KOMIIpeCCUA He MPUMeHsAIach, U n300pake-
HUe, coZiepsralee uckaxenus. I[Ipu ¢popmupoBanun
nocyenHero u(poBoii IOTOK, KOTOPHIM IepefaeTcs
uH(pOpPMAIUA O Pa3IUUYNU MeKJy KOMIIOHEeHTaMU
cTepeornapsl, moaBeprajiica Komupeccuu. Ha puc. 3
IIpUBeLeHO u300paskeHue nHTEpdeiica 9TOro IpuUJIo-
skeHuA. [Ipy BBITTOTHEHMM SKCIEPUMEHTa 3PUTEIH
paccMaTpuBaJ ¥ CpaBHUBAJ MeXAy co00ii oba cTe-
DPEOoCKOIIMUeCKUX U300paskeHus yepes aHATIN(HBIE
OYKU C KPACHO-TOJYOBIMY (DUIBTPAMIU.

3puresb paHKNPOBAJ CDaBHUBaeMbIe N300paske-
HUd, T. €. OIIPelessa, Kakoe n300pakeHne, cpaBa
WJIV CJIEBA, UMeeT 0oJiee BLICOKOE KauecTBO, T. €. SAB-
JIeTCH dTAJIOHHBIM, ¥ B 3aBUCHMOCTY OT IPUHATOTO
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B Puc. 3. Uarepdeiic IPUIOKEHNUA A1 PAHKUPOBAHNA CTEPEOCKONINUECKIX N300PAKEHU N 3PUTEIAMU
B Fig. 3. The interface of the application used to rank stereoscopic images by viewers

pelleHus Ha)KUMAaJ CIeluajbHble KHOIIKHU, PacIio-
JIOKeHHbIe B HUJKHEH YacTu OKHA IIPUJIOKEHU, CO-
OTBETCTBEHHO CIIpaBa U cjeBa. Ilepen BLIBOAOM CTe-
peocKonnUecKuX M300paKeHuil Ha 9KPaH 3PUTEJII0
IpeIbABIAINCH CTUPAIOINE IITyMOBbIe M300paske-
HUS, a IPU BBIBOJE PACIIOJIOMKEeHYe 9TaJOHHOT0 U 1C-
KayKeHHOro n300parKeHui (CIipaBa, cJieBa) Iejiajaoch
cay4yadHBIM, HEM3BECTHBIM 3pUTE 0. Bpemsa npeasb-
SABJIEHUS M300pakeHui IJId X CPaBHEHUS IIPU BbI-
TMOJHEHUN 9KCIIEPUMEHTa MOIJIO OBITH YCTaHABJIECHO
Ha OIWH M3 CJeAYIOIUX WHTepBaJos: 1, 2, 3, 5, 10,
15 u 20 ¢, — mocJie uyero oba m300pasKeHus ¢ IKpa-
Ha ucuesaau. C KarKI0ii Iapoil CTePEOCKOMINYECKUX
u300pasKeHul (ATaJOHHOEe — MCKAaKEeHHOe) 3PUTENb
BBITIOJTHSAJ 3aJaHHOE 9KCIEePUMEHTATOPOM KOoJuue-
CTBO CPaBHEHUIl, IIPU ITOM IIPUJIOKEHKEe aBTOMAa-
TUYECKU BBIUUCIANIO OTHOCUTEIHHOE KOJUUECTBO
MPaBUJIbHBIX PEIIeHUNl U BBIBOAUJIO OTY BEJIUUUHY
Ha sKpaH. [TosyduyeHHbIe TaHHbBIE 3aITNCHIBAJINCH 9KC-
epruMeHTaTOpPOM B Tabsuiy. [[aHHBIH MeTOH OIeH-
Ku KauecTBa 3D-u3o0paskeHuii, 110 CpaBHEHUIO C HC-
TOJb30BAHHBIMU JIS aHAJOTUUYHBIX IIeJieli U Omu-
caHHBIMU B paborax [7—11], obsazaer TeM JOCTOMH-
CTBOM, UTO B HEM OIleHKa JAeTCsI CAMUM 3PUTEJIEM.

Pesynb'ra'rm IKCIIEpPMMEHTAJbHBbIX
HCCJEeTOBaAHNN

Metona mepegauyu pa3HOCTH KOMIIOHEHTOB
cTepeornapsl

Hsa OIeHKU O0KMaeMOIi OTHOCUTEJIbHOU BeJIN-
unHBI qu(posoro noroka AL(E, n) / L (k, n), KoTo-
PBIM MOXKeT OBITH IIpPefCcTaBJIeHA PA3HOCTh KOMIIO-
HEHTOB CTepeoIaphl, ObLJ ITOCTABJE€H SKCIEPUMEHT,

IIPY BBITIOJIHEHUY KOTOPOTO IJISI CEMU CTepeonap ObI-
JI ISTOTOBJIEHBI PABHOCTH JIEBOT'O U ITPABOT'0 KOMIIO-
HeHTOB. Jlajlee QUHAMUYECKUI AUAINa30H KasKIOH
pasHOCTU OBLJ OrpaHNUUYeH MHTepBajoM oT —127 mo
127 KBaHTOBBIX YPOBHEH, a MOJYUUBIIUNACA CUTHAJT
IIEHTPUPOBAH OTHOCUTENHHO 127-T0 yPOBHA KBAaHTO-
BaHU, T. €. BEIUNCJIAJICA CUTHAJI

ALy (k, n)=AL(k, n)/2+127.

Haimee aToT curxaJj, Kak yske OBLIO CKasaHO,
TmoBeprajicad KOMIIpeCCUU IIyTeM TpeoOpas3soBaHUS
B ¢opmar JPEG 1mpu pasinuHBIX 3HAUCHUAX Kaue-
CTBa @, M, COOTBETCTBEHHO, IIPU 3TOM IIOJyYaJINCH
pasinuHbIe CTEIMeH! C)KaTUA. BeluunHa CoKaTUSa
B 3HAUMUTEJBbHOI CTEIeHM 3aBUCeJa OT CTPYKTYPbI
coKmMaeMoro msobpaskenus. Ha sTarme KoMIIpeccuu
B CUTHAJI BHOCUJINCh MCKAKEHUS, MOCKOJBKY WC-
TOJIB30BAJICA AJTOPUTM KOMIIPECCUU C TOTEePIMU
nH(popmMaLuu.

Ha cinenyromiem staire 00pabOTKM BBIIIOJIHSIACH
nexommpeccus curaaia ALy(k, n), a 3aTeM BoccTa-
HoBJIeHUe curHaja AL(k, n):

AL(k, n)=2[ ALy (k, n)-127].

3aTeM BOCCTAHABJIMBAJICS IIPABBI KOMIIOHEHT
cTepeoIapsl MyTeM MPUOABIEHUS K JIEBOMY KOMIIO-
HEHTY CUTHAJIa PA3HOCTH:

Ly (k, n)=Ly(k, n)+AL(E, n).

Ilosyuennas TakuM 06pasoM crepeornapa Ipeab-
SIBJISJIACH 3PUTENI0 OJHOBPEMEHHO C MCXOJHOH CTe-
peomapoii Ha mpeaMeT OOHAPYKEHUA pPasInmduil
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B Puc. 4. 3aBUCUMOCTH BEPOATHOCTH P, C KOTOPOH 3pU-
TeJib O0HAPYIKUBAJ NCKAYKEeHU Ha N300pasKeHn, OT Be-
JUYUHBI Komnpeccuu K mpu IauTesbHOCTU HaOJIOme-
Husa 10 ¢

B Fig. 4. Dependence of the probability p with which
the viewer detected distortions in the image on the value
of compression K at the observation time 10 s

B COOTBETCTBUU C OIIMCAHHOI BBIIIe MeToauKoii. Ha
puc. 4 IpuBefieHa ycpeqHEeHHAasA 3aBUCUMOCTh BEpo-
ATHOCTH, C KOTOPOI 3puUTeIbh 00HAPYKUBAJ N300pa-
JKeHNe, IIOJYyUYeHHOe pacCMaTPHBaeMbIM CIIOCOOOM,
B 3aBUCUMOCTHU OT BeJIUUYNHBI KoMIIpeccuu K, nmero-
el MecTo IIPU UCII0JIb3yEeMOM IIapamMeTpe (.

IIpu BeIUMCIEHMY 9TOY 3aBUCUMOCTY YCPEeTHEHUE
TMPOM3BOAMJIOCH TI0 PEe3yabTaTaM SKCIEePUMEHTAJb-
HBIX HCCJIeIOBAHMI, BBIIIOJHEHHBIX 12 3puTenrsamu
C CeMbl0 M300paKeHUAMU. SPUTENN OTMEUaJIi, UTO
VCKAYKEeHUA HA CTEPEOCKOIINYECKUX N300ParKeHnaX
TMPOABJIANNCH, B BUJE HTOCTOPOHHEro IITyMa, a Tak-
JKe B PasMBITUU TPAHUIl Ha MEJIKUX o0beKkTax. M3
SKCIIEPUMEHTOB CJIEIYeT, UTO yiKe MPU MaJbIX Be-
JuYuHaX Kommpeccuu, Hanpumep K =3,9, B 58 %
CJIy4aeB 3pUTEJIN OLEHNBAJIN IIPeo0pasoBaHHOe pac-
CMOTPEHHBIM CIIOCOOOM CcTepeomn3o0paskeHme Kak
n3o0paskeHne Xyaiiee, 4eM NCXOTHOe.

MeTox mepeaayu KapThl 9KPAHHBIX IIaPAJIJIAKCOB
c ucnoabzoBanueM popmara JPEG

JlJIsl OIeHKY OMKUIAEeMOM BeJIWYWHBI MU(PPOBOTO
TIOTOKa, KOTOPBIM MOJKET ObITh IIPeJIcTaBJIeHA KapTa
SKPAHHBIX NapajlIaKCOB IIPU WCIIOJb30BAHUU IJIA
aroii mesu ¢popmara JPEG, Obl mocTaBjIeH dSKCIepU-
MEHT, IIPU BBITIOJHEHUHW KOTOPOTO OBIIM OTOOPAHBI
mecTs 2D-u300pasKeHuil pPasJMUYHOTO CIOJKETHOT'O
COZlep:KaHUSA 1 PA3JIUYHON CTPYKTYPHI, a TaKKe CO-
OTBETCTBYIOIIIVIE MM KapThl dKPAHHBIX IIapajljiak-
coB. [layiee KasKkaas M3 KapT SKPAaHHBIX MTapajljaak-
COB ObLIa IIOABEPTHYTA CYKATHIO IIyTEM ee 3aIllnCU
B (aiin B popmare JPEG npu onmuax ¢g=0u g=1,
a 3aTeM «pas3s;KaTHuio» ¢ 3amuchio B ¢aiia B popmare
BMP. B pesyabTaTe Takoro mpeodopasoBaHusa B Kap-
Thl DKPAHHBIX NapaJiJIaKCOB OBLIU BHECEHBI MCKAa-
JKeHusa (IIyM IIpeoOpasoBaHmUsA), BeJIUUYMHA KOTO-
pPBIX ObLJIa TeM BBIIIE, YEM BBIIIE CTEIEHb CXKATHUA.
Bennunna cixatusa gaiisa KapThl SKpaHHBIX ITapaJi-
JIAKCOB IIPH 9TOM OIIPENessajach KaK OTHOIIEHUE
pasmepa Gaiiaa KapThl SKPAHHBIX IIapajiaaKcOB
B (popmare BMP k pasmepy (paiiyia KapThl 9KPaHHBIX
napaiaakcos B popmare JPEG. O6paboranHbie Ta-

OBPABOTKA NHMPOPMAUN N YINPABAEHNE /

KHM 00pasoM KapThl 9KPaHHBIX IapajiaKCOB ObLIN
HCIIOJIb30BAHBI IJIsI KOHBEPTAIIMHU KaiKIOr0 M3 IIle-
ctu 2D-u306paskeHuii B COOTBETCTBYIOIIIE UM CTe-
peocKonnuecKre n300parkeHns B aHATIN(HOM (op-
maTte. Kpome crepeockonmuuecKux mu300paKeHUH,
TMOJIYYEHHBIX OIMMCAHHBIM CIIOCOO0M, OBIIN TaKKe
MBrOTOBJIEHBI 3TAJIOHHBIE CTEPEOCKOIINYECKUEe H30-
OpasKeHusd C MCIIOJb30BaHMEM KapT SKPAHHLIX IIa-
paJLIaKCcOB, He ITOABEPraBIINXCA OIEPAIUY CIKATUS.

B pesynbTaTe 06paboTKY JAHHBIX SKCIIEPUMEHTA
OBLJIO HAMAEHO, UTO IIPU KOMIIPECCUAX, YCPeIHEH-
Hble 3HAUYEHUA KOTOPBIX IO IIECTH M300paKeHUIM
cocraBiaaan K =73 u K =71, 4ToO COOTBETCTBOBAJIO
3HaueHUAM mapamerpa ¢ =0 u g =1, BepoATHOCTbD,
C KOTOpO# B3puTesb OOHAPY'KWBAJ M300paKeHUe,
MOJIyYeHHOE PaccMaTPUBAaeMbIM CIIOCO0OM, ycCpen-
HeHHasd II0 Pe3yJabTaTaM 3YKCIEPUMEHTOB, BBITIOJ-
HEHHBIX 12 3pUTEIAMHU C IIeCThI0 N300paKEeHUIMHU,
cocraBuia p=0,613 (g=0) u p=0,622 (¢g=1) upnu
BpemeHu Habaogenus 10 c.

MeTop cikaTHA KapThl SKPAHHBIX MaPAIIAKCOB
IIyTeM COKPAIeHUA KOJIUYECTBA Pa3pAA0B Koga
JJ1a omeHKM OMKUaaeMoil OTHOCUTEJIbHOU Besu-
YUHBI IU(PPOBOTO TOTOKA, KOTOPHIM MOXKET OBITh
IIpecTaBJIeHa KapTa 9KPAHHBIX IapaJljIaKCoB, ObLI
TIOCTaBJIEH 9KCIEPUMEHT, IIPU BBITIOJHEHUN KOTOPO-
ro OBLIN 0TOOPAHEI IIecTh 2D-1M300paskeHuil 1 cooT-
BETCTBYIOIIINX UM KapT SKPAHHBIX ITapajiaKCoB.
Hanee KapThl 9KPAHHBIX MapajliaKCOB OBbLIU
IpOKBaHTOBaHBI Ha 2, 4, 8, 16, 32 u 64 ypoBHA
APKOCTH C WCIIOJb30BAaHUEM PAaBHOMEDPHOI IITKa-
JIbI KBAHTOBAHUA, IOCJIE YEero AJIA KasKJIOU Iapbl
«2D-u3o6paskeHre — TIPOKBAHTOBaHHAS KapTa
9KPaHHBIX ITapaJJIaKCOB» ObLIU IIOJYUYEHbI COOTBET-
CTBYIOIIIIE WM CTEPEOCKONUYeCKre M300pakeHm’sI
B aHaraudHoM (popmare. EcTecTBeHHO, UTO YeM Ha
MeHbIIlee KOJNYECTBO YPOBHEH OblJa IPOKBAHTO-
BaHa KapTa SKPAHHOTO Mapajijakca, TeM OOJIbITH
YPOBEHb WHCKAXKEHWI BO3HUKAJ B CTEPEOCKOIHYe-
CKOM m300pasKeHun, KOTopoe OBLIO TMOJYYeHO C ee
HCIIOJIb30BAHUEM, ITOCKOJBLKY IIPU 9TOM C OOJIbIITe
TIOTPENTHOCTHIO  IIPEJICTABJIAJNOCH PACIOJOMKEHUE
00'BEKTOB II0 JaJbHOCTHU. [losyueHHas TakuM obpa-
30M CTepeoIrapa ImpeabABIIAJIAChH 3PUTEII0 OLHOBPE-
MEHHO C MCXOIHOM CTepeoIrapoii B IeIIxX o0HapyKe-
HUSA Pa3JIUUYUN B COOTBETCTBUU C ONUCAHHOU BBIIIE
MmeTogukoi. Ha puc. 5, a nmpuBegeHa ycpeaHeHHAas
3aBUCUMOCTDh BEPOATHOCTH, C KOTOPOM 3pUTEJb 00-
HapyKuBaJ n3obpakeHue, MoJyUeHHOe pacCMaTpu-
BaeMBIM CIIOCOOOM, B 3aBMCUMOCTH OT BEJIUUYUHBI
KoMmIrpeccuu K, nMeromieir MeCTo IIPU UCI0JIb3yeMOM
KOJIUUYecTBe ypOBHelM KBaHToBaHUsdA. IIpu BrIumce-
HUU 9TOM 3aBUCUMOCTH YCPeAHEHe ITPOU3BONIOCE
IO pe3yJbTaTaM JKCIIEPUMEHTOB, BBITIOJHEHHBIX
11 3puTeaAMU C MIECTHIO N300PAKEHUAMIU.
O6paiiaeT Ha ce0s BHUMAaHHE TO, UTO ysKe IPU
IATU paspsagax Komga, uto coorBercTByer K = 1,6,
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B Puc. 5. 3aBUCUMOCTH BEPOATHOCTH P, C KOTOPOH 3pU-
TeJib O0HAPYIKUBAJ NCKAYKEeHU Ha N300pasKeHuu, OT Be-
JIMYUHBI KoMIIpeccuu K 3a CUeT COKPAIeHUS KOJIUUECTBA
paspsamoB Koza (a) 1 MI0THOCTH OTcueToB (0): KpuBasa I u
KpuBas 2 COOTBETCTBYIOT AJUTEIbHOCTH HabmMomaeHua 10
u 20 ¢ COOTBETCTBEHHO

B Fig. 5. Dependence of the probability p with which
the viewer detected distortions in the image on the value
of compression K by reducing the number of bits of code
(a) and the sample density (6): curve I and curve 2 corre-
spond to observation durations of 10 s and 20 s respec-
tively

6osiee 60 % spuTesiell 3aMedYar0T PA3HOr0 PoIa apTe-
dakTsI (cMm. Takke [12, 13]).

MeTopx cskaTUA KapThl 9KPAHHBIX MTapajIaKCcoOB
IIyTeM COKPAIeHUA IMJIOTHOCTH OTCUYETOB

L7151 OTeHKM OKUJaeMOM OTHOCUTETHbHOHN BeJINUM-
HBI 111(POBOr0 MOTOKA, KOTOPBIM MOYKET ObITH ITPe-
CTaBJIeHA KapTa SKPaHHBIX IapaJjIaKCcoB IIPU METOe
COKPAIeHHOM IJIOTHOCTH OTCYETOB, OBIJ MOCTABJIEH
SKCIIEPUMEHT, IIPU BBIMIOJHEHUU KOTOPOI'0 OBLIN OTO-
OpaHsbI 1m1ecTh 2D-u300paskeHnil Pas3JIUYHOIO CIOMKeT-
HOTO COMIEPKAaHUA U PA3JINYHON CTPYKTYPHI, a TAaKIKe
COOTBETCTBYIOII[ME UM KapThI INIyOUHBI.

C xapramMu 9KpaHHBIX ITapaJIJIaKCOB B 3TOM 3KC-
nmepuMeHTe ObLIY BBIIIOJHEHBI Ceyolue mpeoopa-
3oBaHUA. BHauase u3 Kaskaoil KapThl IIOCPELCTBOM
rpadguueckoro penaxropa Adobe PhotoShop ObI-
JII U3TOTOBJIEHBI BEPCUU, PA3MePbl KOTOPBIX OBLIN
yMeHbIIeHH B 2, 4, 8, 16 u 32 pasa. IIpu ymeHsb-
IIeHUY JUHEHHOTo pasMepa KapThl 9KPaHHBIX IIa-
PaJLIaKCOB KOJIMYECTBO OTCUETOB, KOTOPHIM OHA
IPECTaBIAETCS, YMEHBIIAeTCA TPOIOPIIMOHATIBHO
KBaJpaTy BeJIUUYUHBI 9TOT0 YMEHBIIIEHU, T. €. IIPO-
HCXOAUT CiKaTue Iu(POBOro IMOTOKA, KOTOPBIM OHA
IIPEeCTABJIAETCS. 3aTeM KasKIas U3 YMeHbIIeHHbIX
Bepcuii KapT SKPaHHBIX MapajjiaKCcoOB IIOCPEICTBOM
JTOTO Ke peJaKTopa Obljla BOCCTAHOBJIEHA IO CBOETO
TepBOHAYAJIBHOTO Pa3Mepa, P 9TOM HeIOCTAIOIIe
OTCUYeThI BOCCTAHABJIMWBAJINCHL IIyTEeM WHTEPIIOJIA-
WU,

ITocoe sToro myia Kakmgoii mapbl «2D-m3o00paske-
HUe — IpeoOpasoBaHHAs KapTa SKPAaHHBIX MapaJi-

JIAKCOB» OBLIU MOJIyUYeHbI COOTBETCTBYIOINE UM CTe-
peocKomnyecKre n3o0paskeHns B aHarIu@HEOM (op-
mare. EcTecTBeHHO, UTO UeM MEHBIITUM KOJNUEeCTBOM
OTCUETOB IIPEACTABJISAETCA KapTa SKPAHHBIX IapaJi-
JIAaKCOB, TeM OOJIBIIINY ypPOBEHb MCKAXKEHUN BO3HU-
KaeT B CTEPEOCKOIIMYECKOM M300pakeHuu, KOTOpoe
TIOJTYYaeTCs C MCIIOJIb30BAHMEM 9TOI KapThI.

ITonyueHHas TakuM 00pa3oM cTepeorapa Ipeb-
SIBJISAJIACH 3PUTEJI0 OJJHOBPEMEHHO C MCXOJHOM cTe-
peorapoii B 1eiIX 00HAPYKeHUA PasJIunduii B COOT-
BETCTBUU C OIMCAHHOW BBIIIE METOAUKOI. Bpewms
peabaBJIeHUA MU300paKeHUN O WX CPaBHEHUS
IPpY BBIMOJHEHUN SKCIEePUMEHTa OTPaHUYNBAJIOCH
OMHUM U3 CJEAVIOIUX WHTEPBAJIOB, KOTOPHIE yCTa-
HABJUWBAJIUCDH TIepea HauajJoM dKclepumenTa: 1, 2,
3, 5, 10 u 20 c. Ha puc. 5, 6 npuBeeHbl 3aBUCUMO-
CTU BEPOSTHOCTH, C KOTOPOU 3PUTEH 00HADPYKUBAJT
u3obpakeHme, MOJYyUYeHHOEe PacCMaTPHUBAE€MbIM CIIO-
coboM, oT BemmuuHBI KoMmipeccuu K. B skcmepumen-
Te npuHAgu yuactue 10 spuresneii.

Ha puc. 6, B oTiuue ot puc. 5, 0, IpeacTaBaeHa
3aBUCUMOCTDH BEPOATHOCTH, C KOTOPOM 3pUTETb 00-
HapysKUBaJ n300pakeHue, IMOJyUYeHHOe pacCMaTPu-
BaeMBIM CIIOCOOOM, HO OT BpeMeHU HAOJIOneHU s JJIs
PasINUYHBLIX BEJIWYUH KOMIIpeccuu. IIpu BBITIOJIHE-
HHUH 9TOr0 SKCIIepuMeHTa npuuaan yuyactue 10 3pu-
Teseii. IIpu paccmorpenuu rpadmkoB puc. 6 obpa-
maet Ha cebda BHUMaHMe TOT (haKT, UTO IPU MaJbIX
3HAUEHUAX BPEMEHU HaOJIIONEHUs BEPOATHOCTU P
okasbIiBaoTcA 0auskuMu K 0,5, T. e. 3puTesb He 3a-
MeJYaeT MCKaKeHUU B CTEPEOCKOIIMYEeCKOM m300pa-
JKEeHUM, KOTOpPbIe OOYCJIOBJIEHBI IIOTPEIITHOCTIMUI
KapThl 9KPAaHHBIX HMapajlIaKCcoB. OTOT (DeHOMEH 00b-
SICHSETCS Te€M, UTO AJIA OIpeAesieHus TIyOUHEI JIT0-
6011 TOUKM HA CTEPEOCKOIINYECKOM M300paKeHN U He-
00xX0AMMO, YTOOBI 3pUTEJIbHAS CHUCTEMAa IIpou3Besa
XOTdA OBI OJHY CaKKaay, Ha KOTOPYIO 3aTpaurBaeTCs
Bpema okoio 0,2—0,3 ¢ [14-17]. [lna obHapyKeHUs
WCKAKeHUH IpU mepenave TIyOUMHBI B CTEPEOCKOIIH-
YeCKOM M300pa’keHnu HeoOXOAMMO HECKOJbKO CaK-
KaJ, YTOOBI MOYKHO OBIJI0 CPDABHUTH MEXK Iy CO00i1 1e-
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B Puc. 6. 3aBUCUMOCTb BEPOATHOCTH P, C KOTOPO# 3pu-
TeJb OOHAPYKMBAJI WCKAKEHUA Ha N300PaKeHuu, OT
IUIUTEJIbHOCTHU HAOIIOeHUSA IPU BEINUNHAX KOMIIPECCUN
K, paBubIX 4 (KpuBad 1), 16 (kpuBas 2) u 64 (kpuBas 3)

B Fig. 6. The dependence of the probability p, with
which the viewer detected distortions in the image on the
duration of the observation at the compression values K:
4 (curve 1), 16 (curve 2) and 64 (curve 3)
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perauy riayOMHBI pa3InYHBIX YacTell n3o0paskeHus,
Ha UTO U 3aTpauuBaeTcsa 2—4 c.

PesynbraTs! ncciaeqoBaHUMN BIUAHUAA YMEHbIIIEH-
HOTO IIPOCTPAHCTBEHHOT'O M BPEMEHHOI'0 pasperre-
HUA KapThl IMIyOMHBI HAa HUTOTOBBIN KOS(DOUIIMEHT
coKaTHA IpuBeeHbI B padore [18].

AHaau3 moJIyuYeHHBIX Pe3yJIbTaTOB

IIpoaHanusupyeM IIOJyUYeHHbIE OKCIEPUMEH-
TaJbHbIE PE3YJIbTATHI UCXOAA U3 TOTO, UTO Tpedyer-
csA paspaboraTh popMAaT MpeICcTaBIeHUS KOHTEHTa,
obecIeunBarIUi coBMeCTUMOCTE 2D- 1 3D-cucrem
TeJIeBUBMOHHOT0 BelllaHu s, 1 CHOPMYIUPYEM HPeIb-
ABJsAeMble K HeMy TpeboBaHus. Co3maBaeMblii hop-
MaT JOJI2KeH 00eceunBaTh BO3MOKHOCTE IIPOCMOTPA
3D-xkouTeHTa Ha 2D-TeneBmsopax B 2D-gopmare,
a Ha 3D-teneBusopax — 2D-KoHTeHTa B (hopMmare
2D. Kpome TOro, mockoJbKy B HACTOSINlEe BpeMs
y HaceJIeHUA YyKe UMeeTcsa HebOJIbIIToe KOJIUUeCTBO
3D-TeIeBU30pPOB, JKeJaTeJbHO TaKiKe 00ecIeuuThb
BO3MOYKHOCTH CMOTPeTh 3D-KOHTEHT B HOBOM (Dop-
MaTe Ha 9THX TeJeBU30pax MyTeM IIPUMeHeHUs He-
CJIOJKHBIX IEPEeKOAUPYIOIINX IIPUCTABOK. bBymem
UMEeTb B BHUIY, UTO HOCKOJbKY KOMIITPECCUS s
mepegavyy MMapHOr0 KOMIIOHEHTA CTepeoIrapbl B TOM
WJIY WHOM BUJle He0O0X0oamMa, TO IAJIA ee pealnsaliuu
JKeJIaTeJIbHO He NPUMEHATH CJIO0MKHbBIE aJTOPUTMBI
KoMmmpeccuu. OTMETUM TaKiKe, UTO JJIA TOr0, YTOOBI
3aTpaThl MOJE3HOI ILIOIAAN Kaapa, UCIIOJIb3yeMOli
IS epegavyy NHQOPMAIIUY O PAa3IUYNU MEKIY Jie-
BBIM W IIPABBIM HM300pa’KeHUAMU CTepeolaphl, He
mpeBbImaau 5 %, BeIUYNMHA KOMIIPECCUU TOJIMKHA
ObITh He MeHee 20 TpU HE3aMETHOCTU €e IIOCJeN-
CTBU 1A 3PUTEJA.

PaccmarpuBasi pesyabTaThbl SKCIEPUMEHTOB IIO
oIrpeieIEHUI0 BEePOATHOCTH, C KOTOPOII 3pUTEJIH 00-
Hapy:KHUBaeT uH300paKeHHe, MOJyUYeHHOe paccMa-
TPUBAEMBIM CIIOCOOOM, MBI CPa3y »Ke MOJIMKHBI OTKa-
3aThCA OT MEeTo/a Mepeaavl PasHOCTH KOMIIOHEHTOB
cTepeorapsl 10 IPUYNHE MAJION CTEIeHr KOMIIpec-
cuM Jajke IPU MCIIOJb30BAHUU IJIA €e peajlusaliuu
dopmara JPEG, xotopas B cpemem mpu q =0 co-
craBasger K = 3,9, uro Hegocrarouno. Bropasa mpu-
uyyHa, [gejalolias HeyKeJaTeJbHbIM I[IPUMeHeHUe
5TOTO METOJAa, COCTOUT B HCIIOJH30BAHUU CPaBHU-
TEJILHO CJIOMKHOT'0 aJIrOPUTMA KOMIIPECCHUH.

Hasee MBI BBIHYKIEHBI TAKKe OTKa3aTbhCS OT
IpUMeHeHUsA MeTofa mepefaurd KapThl SKPaHHBIX
mapaJijlakCcoB IIyTeM COKpAaIlleH!s KOJMUYecTBa pas-
pAmoB Koma. V3 sKCIIEPUMEHTOB CJEIYyeT, UTO s
TOT0, YTOOBI BEPOATHOCTD, C KOTOPOIT 3pHUTeIh 00HA-
pysKuBaeT m300pasKeHue, MOJYUYeHHOe pacCcMaTpu-
BaeMbBIM cIocoOoM, Owlira MeHbIre 0,6, HeoOXoguMO
KapTy IMIyOMHBI IepefaBaTb, MUCIIOJb3Yys AJIS 9TOM
meJu He MeHee MATU ABOMYHBIX eIUHUIT KOZa, UTO
cooTBeTcTByeT KoMmirpeccunu K = 1,6.

O6patasacsh K MeTOAy mepeaul KapThl 9KPaHHBIX
mapaJjjakcoB ¢ mcmosb3oBanueMm ¢opmara JPEG,
YKa’sKeM ero OfWH, HO CYIIeCTBEHHBIN HEJOCTATOK,
a UMEeHHO CJIOJKHOCTH aJITOPUTMA KOMIIPECCUU, XOTSA
TpeOOBaHNIO O0eCIIeUeH s HeOOXOAMMOM BeJIMUMHBI
KoMIIpeccuu OH yhoBJieTBopseT. CienyeT cKasaThb,
YTO MPUMEHEHEe 9TOr'0 aJrOPUTMAa KOMIIPECCUU He-
TIOCPECTBEHHO K Ilepefiaue MAapHOTO KOMIIOHEHTA
cTepeorapbl Takike obecreumBaeT TPeOGOBAHUSA CO-
BMECTHMOCTHY, HO TOXK€ HeyKeJIaTeJIbHO BCJEICTBUE
CJI0KHOCTH ajsropurMa. OTMETHUM, UTO TaKUe U aHa-
JIOTUYHBIE METOIbI CYKATHUS C IIOTEPAMU OIIMCAHEIL,
HampuMmep, B paborax [19, 20].

Taxum 0Opasom, IJIsi PACCMOTPEHU S OCTAETCS Me-
TOZ Ilepeauy KapThl 9KPAHHBIX IapajlIaKCOB IyTEM
COKpAaIlleHus IIJIOTHOCTU OTCYETOB. J{OCTOMHCTBOM
9TOTO METOJa SABJIAETCS IPOCTOTA AEKOTUPOBAHUA
CUTHAJIa, IIPEJCTABJISIONIET0 KapTy 9KPaHHBIX IIa-
paJLIaKCcoOB, KOTOPOE II0 CYIIeCTBY MOJKET OBbITH CBe-
EHO K MHTEPIOJAINY HYJIEBOTO MOPAJLKA, IIPU €T0
cIIoco0HOCTH OOecreynTh HEOOXOAMMYIO CTeleHb
KOMIIPeCCHUU, KaK 9TO cJeAyeT U3 rpaduKoB, IpeS-
CTaBJIEHHBIX Ha puc. 5, 6 u 6. BoJsee Toro, famHbIH
MeTOJ II03BOJISIET PACTAHYTh (POPMUPOBAHME KAPTHI
9KpaHHBIX MMapajjiakcoB B 3D Te/leBU3MOHHOM HpU-
eMHUKe Ha HeCKOJbKO KaapoB (cM. puc. 6), mepena-
Bas OTCUETHI TPYIIIIaMU II0 k OTCUeTOB, Tae k=m/n,
M — KOJIMUYECTBO OTCUETOB B KapTe SKPAaHHBIX IIa-
PaJLIIaKCOB, N — KOJUYECTBO KAaJPOB, HEOOXOAUMOE
[JI TIepefiauy Bcell KapThl SKPaHHBIX IapaJjliaKCoB.
B mamHOM ciyuae BajKHO, YTOOBI BpeMs Ilepeia-
Y1 3TUX 1 KaAPOB He MpeBhINIao 3—4 ¢, B TeueHue
KOTOPBIX 3PUTENb, KaK 9TO cjeayeT us rpadura Ha
puc. 6, He ycrleBaeT 3aMETUTD UCKAKEHU, 00yCIIOB-
JIEHHBbI€ TIOTPEIIHOCTAMU IIPEACTABICHUS KapThl
SKPAaHHBIX IapaJIJIaKCOB.

3akJaiouyeHne

3aBepirasi M3J0KEHUE IIOJYyYEeHHBIX Pe3yJbTa-
TOB, OTMETHM, UYTO BBINIOJIHEHHBIE WCCJIEOBaHUSI,
HECMOTPsS Ha UX IIPeIBapUTEJIbHBIN, OIeHOUHBIH
XapaKTep, pa3pemramT CYIIeCTBEHHO COKPATUTh
00'beM gasbHeel paboThI 0 CO3TAHUI0 COBMECTHU-
Moro (popmMaTa TeJIeBU3NOHHOI'0 BeIllaHuUs, II03BOJIS-
forero Ha 2D-TeseBu3opax cMOTpeTh 3D-KOHTEHT
B 2D-(opmare, a Ha 3D-TeseBusopax — 2D-KOHTEHT
B popmare 2D, NCKIIIOUNB U3 HAaJbHEHIIIETO0 PACCMO-
TPEeHUsA IeJbIH PAJ HeIepCleKTUBHBIX, HO BechbMa
TPYAOEMKHUX IJIS MCCIEIOBAHUSA METOIOB IIepemsaun
uHGOPMAaINU O HEJAOCTAIOIIEM KOMIIOHEHTE CTEPEO-
mapul. [lefCTBUTENIbHO, IJA MOJyUYeHUA OJHON TOY-
KU Ha JI000M M3 IPUBEIEHHBIX B CTaThe I'pad)uKOB
651710 BBITIOIHEHO 6oJiee 1000 3amepos.

CrnemyeT TaKiXe OTMETUTH, UTO IIPEIJIaraeMbIil Me-
TOZ IIepefauy KapThl 9KPaHHBIX apajIaKCoB, 3aKJII0-
YaoIUiics B Ilepefade ee B TeUEHNE PALA KaIpoB, I0-
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3BOJISIET, IIOMIMO PEeIeHnA IOCTABJIEHHOU ITPO0IeMbI
COBIaHUA COBMECTHMOTO (DOpMaTa TEJIEBUSMOHHOTO Be-
IIaHUsA, PEIIUTH elrle OAHY IIPobJeMy COBMECTUMOCTH,
a IMEHHO, 00eCIIeunTh BO3MOKHOCTD IIPOCMOTPA IIepe-
Jlau B HOBOM cTaHzapre Ha 3D-TesleBu3opax, KOTOPhIE
B HACTOSAIIIee BPEMS XOTS U B HEOOJIBIIIOM KOJIMYECTBe,

AN

HO UMeEIOTCA Y HaceseHus. [[JIsT 5TOro MOYKHO CO34aTh
CPABHUTEJHLHO HECJIOXKHBbIE WMHIWBUAYAJIbHBIE IIPU-
CTaBKMU, IOCPEACTBOM KOTOPBIX CUI'HAJI HOBOT'O COBME-
ctuMOro (popmara OyIeT IepeKOANPOBATHCS IJIS 9TUX
TEJIEBU30POB B OAMH W3 HMEIOIINXCSI (POPMATOB —
Anamorph SideBySide miau Anamorph OverUnder.
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Providing Compatibility for 2D and 3D Television Broadcasting Systems
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Problem: The introduction of 3D television broadcasting systems is now stalled by the lack of a compatible television broadcasting
format which would allow 3D content to be viewed on 2D TVs in 2D format. From the economic point of view, it is important that any
television content produced, including films, all kinds of broadcasts, advertisements, etc., can be watched on any TV screen, either 2D
or 3D. Purpose: Search for a way to construct a stereoscopic image processing algorithm for a compatible format. Methods: The solution
is based on the consideration of human vision features, on the methods of converting 2D images into 3D, on image compression, and
also on a large amount of experimental measurements made in a group of spectators who were asked to observe stereoscopic images
synthesized in various transmission formats, examining the visibility of the resulting distortions. Results: A principle of constructing
a compatible format for 3D television broadcasting has been developed. In this format, the left component of a stereopair image is
transmitted as the main one, but a small part of the frame transmission time, corresponding to a small area of the transmitted image, is
allocated to transmit a signal containing the information which, using the left component, forms the right component of the stereopair.
As such a signal, the screen parallax map pixels are used, whose transmission is stretched to 3—4 frames. In a 3D television receiver,
using a zero-order interpolation method, screen parallax maps are reconstructed from these pixels. Using these maps along with the left
components of the stereo pair, you can synthesize the missing right components of the stereo pairs, reproducing the stereoscopic image.
2D TV receivers simply play back the left component of the stereo pair. Practical relevance: Constructing a compatible format for 3D
television broadcasting makes it possible to significantly reduce the complexity of developing broadcasting standards.

Keywords — Stereoscopic Image, Compatibility, Screen Parallax Map.
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BBeaeHHe: YMHbIE 3NEKTPOMEXaHNUYECKME CUCTEMbI UMEHT BO3MOXHOCTb OCYLLECTBASTL NapareAbHbIE€ BblYMCAEHMUS,
rpynrnoBoe yrnpaBAeHUE, KOMMYHUKaLIMIO, XpaHEHUE MHPOPMAaLMK, MOHUTOPUHI, N3MEPEHNE U KOHTPOAb COOCTBEHHbIX Napa-
METPOB U NapamMeTpPOB OKPYXatOLLEN CPEAbl MPU NaparerbHON KMHEMAaTUKE UCTIOAHUTEAbHbBIX MeXaHM3MOB. 3TO NO3BOASIET
noAO0GHbIM CHUCTEMAM C TOYKM 3PEHMS TOUHOCTM U XECTKOCTU MaHMIMyAMpOBaTb BOAbLLUMMU Harpy3kamu. [loBeAseHne Takok cu-
CTeMbl OCHOBbIBAETCS Ha MHYOPMaLMM, MOAYHEHHOM OT BXOASILLIEN B €€ COCTaB LIEHTPAAbHOM HEPBHOM CUCTEMbI O COCTOSTHUM
OKpyXaroLLes cpeabl u cobCcTBEHHOM coCTosIHUM. Lleab uccaeaoBaHms: pa3paboTka aAropUTMOB MPUHSATUS MOBEAEHYECKMX
peLueHur poboToB, MoA0OHbIX YEAOBEKY M MOCTPOEHHbIX Ha 6a3e MOAYAEN MHTEAEKTYaAbHbIX IAEKTPOMEXaHUUYECKMX CUCTEM
Ha OCHOBE MHGOPMaLMM, MOAyYaeMOoK OT LIEHTPaAbHONM HEPBHOM CUCTEMbI. Pe3yAbTaTbl: pacCMOTPEHbI AEAYKTUBHbIN, MHAYK-
TUBHbIF U aOAYKLMOHHbIM THMbl MPUHATUS MOBEAEHUECKUX PELLEHMI B LEHTPAALHOM HEPBHOK cucTemMe poboTa, CTPOSILLErOCS
Ha 6a3e MOAYAEH MHTEAEKTYaAbHbIX IAEKTPOMEXaHNYECKUX cUCTEM. [Noka3aHo, YTo abAYKLIMOHHbIM METOA SIBASETCST Hanboree
6bICTPLIM 110 @HaAOTMU C UHTYMLIMEH, HO €ro HAAEXHOCTb 3aBMCUT OT MOAHOThI 6a3bl AAHHbIX XOPOLLMX PELLUEHMI M3 MPOLLAOIO
orblTa, T. €. OT BPEMEHM 3KCrAyaTaLmm MoA0OHbIX POOOTOB B MOXOXUX YCAOBUSIX OKPYXEHUS. AEAYKTUBHbIN METOA NPy GOAbLLIOM
4ucAe orpaHudYeHuH 6oaee BbICTPbIN M0 CPaBHEHUIO C MHAYKTUBHbBIM, TakK Kak He TpebyeT MpoBEPKU OrpaHUYEHUI AAST BCEX pe-
LUeHUH. [Tpyu CAOXKHBIX KPUTEPUSIX KAYeCTBa U MaAOM YUCAE OrpaHUYeHUI MHAYKTUBHBbIN METOA MOXET ObICTPEE AaTb PE3YALTAT,
TaK Kak oTbpachiBaeT NMOMCK PELLUEHUS MO CAOXKHBIM KPUTEPUSIM KauecTBa AASl HEMPUEMAEMbIX MO OrPaHUYEHUSIM PeLLEHMH.
lMpakTnueckas 3HaYUMOCTb: 1CXOAS M3 PACCMOTPEHHbIX TUIMOB MPUHATUSI MOBEAEHUYECKUX PELLEHUH B LIEHTPAAbHOM HEPBHO
cucteme poboTa, MPEANOKEHHbIE aArOPUTMbI MOXHO MCMOAb30BaTb AAST YOPMUPOBAHUS CTPpaTErMn U TaKTUKKM YIpaBAEHUS] UH-
TeAMEKTYaAbHbIMMW POboTaMu.
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Bsenenune

HHTenneKTyalbHbIe JIEKTPOMEXaHUYeCKUe CHU-
crembl (SEMS) ucmonb3yioTea B KubephusudecKux
cucTeMax, B YaCTHOCTHU, B MHTEJJIEKTYaJbHBIX PO-
6orax. Popmanmsanusa 3aJauyd CTPYKTYPHO-PYHK-
IIUOHAJBLHO-TIApAMETPUYECKOTO CUHTe3a Kubepdu-
3UYECKOH cucTeMbl 1 ()OPMUPOBAHUA COOTBETCTBY-
IOIlero KuOep(hur3nYecKoro mpOCTPAHCTBA PACCMO-
Tpera B pa6ore [1]. [lada nmpaBuibHOrO GYHKIIHO-
HUPOBAHUS CHCTEMa aBTOMATHUYECKOI'0 yIIpaBJe-
Hua (CAY) pobora IoJIKHA MOJyYaTh CBEIEHUSA 00
OKpYy’KamlIreil o0CTAaHOBKE W «IIOBEIeHUH» CaMOTO
po6ora [2]. [TonyueHHBIEe cBefeHU s M03BOJIAI0T CAY
IIPOrHO3UPOBATDH ITOBeieHre KubOephu3ndecKoil cu-
cTeMbl [3] ¥ IpUHUMATD PEIleHUA O MeJaAX QyHKIHI-
OHUPOBAHUA U YIPABJIAIOIINX BO3IEUCTBUAX, HEOO-
XOOUMBIX IJIS HOCTUMKEHUS ITUX IleJei, T. e. obe-

CIIeYMBATH IleJIeco00pasHoe NN I1eJIeyCTPEeMIeHHOe
noBenenue pobora [4]. B atom cryuae CAY poboToB
TOJI’KHBI He TOJBKO OBITH CHAOKeHBI 60Jiee COBEp-
IMIeHHBIMY JaTYMKAMU OIYINeHnH (ceHcopaMu), HO
1 UMETh CIOCOOHOCTh IIOHUMATh A3BIK OIIYIIeHUI,
T. €. 00JaaTh YYBCTBAMU THUIIA «CBOM — UYIKOW»,
«OIacHO — 0e30IIacHO», «JIIOUMBIII — HeJJII0u-
MBIi1», «IIPUATHO — HEIPUATHO» U AP., hopMuUpye-
MBIMHU B Pe3yJIbTaTe PelieHusA CUCTEeM JOTUUYECKUX
ypaBuenunii. Taxue CAY CTAHOBATCS ITOXOKUMU
Ha IeHTPAJbHYIO HEPBHYIO CHCTEMY uesoBeKa [5].
ITosToMy WX MOKHO IO aHaJOTUU HA3LIBATH IIEH-
TpaJbHOM HepBHOU cuctemoii pobora (IIHCP), B xo-
TOPO# B pe3yJbTaTe PEIIeHUA CUCTEM JIOTMUECKUX
ypaBHeHUIT, GopMUPyeMbIX Ha 6ase I3hIKa OILIYyIIe-
HHUI poboTa, MOABJISAETCSI BO3MOMKHOCTH CAMOCTOS-
TeJIbHO IIPUHUMATH PEIIeHUs OTHOCUTEJILHO ITeje-
coobpasHoro moBegenud [6, 7].
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IIpuanmune: nocrpoenus ITHCP

IToctpoenue ITHCP cBoguTcs mpeskie BCero
K CO3JJaHUIO CIEMYIONIel MelouKu: (M3MepUTeIbHbIe
CHCTEeMBbI, BKJIIOUAIOIIe PA3JIMUYHbIe CEHCOPRI 1 IaT-
yuKu) —> (MU3MEePUTEJIbHBIN HWHTep(deiic, BKJIIOYAO-
Ui nHGOPMAIlMOHHbIE KAaHAJBI IIPHeMa CUTHAJIOB
U UX IepBUYHON 00paboTku) — ((hopMUpPOBATEH
TOBEJIEHYECKUX PeIeHn, BRKJIKUalomuil ¢assu-
(ukamuo CUTHAJOB, PaclnosHaBaHWe U KJaccudu-
KaImuio o0pas3oB, (hopMHUpPOBaHLE OMHAPHBIX OIEHOK
00pa30B U IPUHATHE PellleHnit) — (hopMupoBaTesb
YIPaBIAKIIUX BO3NEHCTBUI, BKJOUAIOIIUNA BbI-
O6op 1esielt (PYHKIIMOHMPOBAHUA PoOOTA Ha OCHOBE
BbIOOpa pedIEKCUBHBIX PaCCYKIEHUil, BEIPAOOTKY
YIIPaBJIAIOITNX BO3IENCTBU, 00eCIIeUnBAIOIINX IIe-
JecooOpasHoe oBeeHre poboTa, 1 Imepefady ux Ha
pabouue opranbl) — (pabouue opraHbl poboTa, obe-
CIIeYnBAaIOIIe PA3JINYHbIE IePEMEIeHNA, PACTAKe-
HUSA, CJKaTue, 3aXBaThl U JPyrue AeiicTBuA pabounx
OpraHoB pPo6oTa) (PUCYHOK).

IIpu sToM pelraroTcsA ABe OCHOBHBLIE B3AUMOCBS-
3aHHBbIE 3aJaUN:

1) cosmanue 0ojiee COBEPIIIEHHBIX AATUYNKOB U
TeXHUYECKUX CUCTEM OIIYIIeHn;

2) co3maHMe MPOTPaMMHBIX CPEACTB, obecrieun-
BAIOIIUX POOOTOB CIOCOOHOCTHIO TOHUMATH SBBIK
OITYIIeHUH 1 (POPMUPOBATH MTOBEIeHUECKUE IIPOITec-
ChbI Ha OCHOBEe aHaAJIM3a OIIYIIEeHUuH, T. e. obecreun-
BaTb POOOTOB BOBMOKHOCTBIO PE(IEKCUBHO PACCY K-
IaTh, UTO CYIIECTBEHHO MPUOJIMIKAET MX 3HAKOBBIE
CHCTEeMBI K TeM, KOTOPLIMHU II0JIb3YeTCs B CBOEI I10-
BCeIHEBHOI MPaKTUKe UeJIOBEK.

PaspaboTaHo JOCTaTOYHO MHOI'O M3MEPUTETHLHBIX
CHCTEM U CEeHCOPOB, MMUTHUPYIONIUX 3peHue (610K 1):
CHUCTEeMBI TeXHUUYeCcKoro 3penus, II3C-maTpuilsbl,

THEREHT
*

(== * * o > ¥ ¥ » >

B Cxema ITHCP: I — usmepuresbHaa cucreMa; 2 — Ka-
HaJI TIepelayy UBMEPUTEIbHBIX CUTHAJIOB; 3 — OJIOK IIpes-
00paboTKU M3MEPUTEIbHBIX CUTHAJIOB; 4 — OJIOK (has3u-
(ukanuy, paco3HABAaHUSA W IPUHATUA PEIIeHUdA; 5 —
KaHaJl IlepeJauyd yOPaBISIOIIUNX CUTHAJIOB; 6 — OJIOK
dopMUpOBAaHUS YIPABIAIOIINX BO3AeHCTBU; 7 — pado-
yue opraubl poboTa

B CNSRscheme: I — measuring system; 2 — measuring
signal transmission channel; 3 — preprocessing block
for measuring signals; 4 — block for fuzzification,
recognition and decision making; 5 — control signal
transmission channel; 6 — control action forming unit;
7 — robot working parts

OINITUKO-9JIEKTPOHHBIE U TeJEeBU3UOHHBLIE CHUCTEMbI
U3MepeHNns IIepeMelleHnii, pa3sMepoB, APKOCTeld u
apyrux mapameTtpoB [8]. To ke MOKHO cKasaTb U O
cucTeMax, UMUTHPYIoNuX cayx [9]. UmetoTcsa ompe-
JIeJIeHHBIE YCIIeXU B 00J1aCTH CO3AaHUA U3MEPUTEb-
HBIX CHCTEM U CEHCOPOB, UMHUTHUDPYIOIINX OCSI3aHUE
[10]. Majso m3y4YeHHBIMH U IPAKTUYECKHU €JIabo mc-
TIOJIb3YEeMbIMU SIBJIAIOTCSA N3MEPUTEIbHBIE CUCTEMBI,
UMUTHUPYIOIe obouAHMe 1 BKyc [11]. OTcyTeTByIOT
IIpaKTUYeCKre pa3paboTKM, KacalolIuecs CO3TaHnA
TeXHUYECKUX CUCTEM, HMUATUPYIOIINX YYBCTBO PaB-
HOBecUsd, UHTYUIINIO U TejenaTuio. CiaemoBaTeabHo,
pellleHIe IIePBOM 3aJaun BO MHOTOM eIlle He 3aBep-
IIIEHO.

MeTonsl u cpefcTBa Iiepefavn U IpeodpasoBaHUA
CUTHAJIOB B IIeJISIX BBIZEJNEeHUS WH(POPMAIIMOHHBIX
TIapaMeTpPOB M3 CMECH CUTHAJ-IIIYM H3YYeHbI JOCTa-
TOYHO XOPOIIIO, I UMEEeTCA 3HAUNUTEIHHOE KOJIMUEeCTBO
PasIUYHBIX TEXHUUECKUX CPEJCTB IPUEeMO-TIepeIaun
u ¢puaprpanuu (6soku 2, 3, 5) curHaaos. Tak sxe Xo-
POIIIO PasBUTHI TEXHUUYECKUE cpeacTBa (hOPMUPOBa-
HUA YIPaBISIONINX Bo3aeiicTBui (6JI0K 6).

WsBecTHBI MeTOABI (ha33uduKaAUU JaHHBIX (CUT-
HAJIOB), JJOTMYECKOTO BBIBOZA U JIOTUKO-UHTEPBAJIb-
HbIe, JIOTUKO-BEPOATHOCTHLIE U JIOTUKO-TAHTBUCTU-
YeCKHe MeTOIbl PACIIO3HABAHUSA U IPUHATHUS Pelle-
Huda (6yok 6) [12]. OgHako pellienne 3agavuu cO37a-
HUS MaTeMaTHUUYeCKUX U IIPOrPaAaMMHBIX CPEICTB,
TIO3BOJIAIONINX 00ecreunBaTh POOOTOB BO3MOYKHO-
CThbI0 Pe(QIIeKCUBHO pAaCCYKAATh, HAXOAUTCS eIre
Ha caMOll HaYaJbHOW CTAINUU, OrPaHUYMBAIOIIEHCS
MOJeJIMPOBaHNEM MOBeJeHUYeCKUX MPOIeCCOB Ha OC-
HOBe aHAJIM3a OIYIIIeHNIH.

Taxum 06pa3oM, UMeIOIIHUecs TeXHUUEeCKre pelle-
HUSA HA JAHHOM 9Talle II03BOJISIOT IPUCTYIUTD K CO3-
maHUio yupoineHHbrx mporoturnos ITHCP. Ogaum us
Hanbojiee MEPCHEKTUBHBIX BAPHMAHTOB MaTeMaTHhue-
CKOM peayiu3anuu 6Ji0Ka 4 MOXKeT ObITH JIOTKO-BEPOo-
ATHOCTHAA peanmusalud (pOpMUPOBAHUSA IIOBeJeHYe-
CcKuX mporieccoB [13] Ha ocHOBe aHaIM3a OITYIIIEeHUN
B BU/JIe CUTHAJIOB OT CEHCOPHOI cucTeMbI poboTa. Ilpu
9TOM IIePBOM W OU€Hb BaKHOM IJIA AaJbHEHIITUX JIO-
TMYEeCKUX TOCTPOEHUI omepanueil siBisgeTrcs (hassu-
duKanua JaHHBIX, IIOCTYIAIONUX II0 CEHCOPHBIM MH-
opMaITMOHHBIM KaHAJIAM OT PA3INYHBIX JATUNKOB.

daz3upuranusa ceHCOPHOI HH(popMAITNHT

Onepanus Gu3sUPUKAIUN YUCIEHHBIX TaHHBIX
IIIAPOKO HCIOJb3YeTCA B HHTEJJEKTYaJbHBIX CHU-
creMax yIIPaBJeHUSA W, COOTBETCTBEHHO, B CHCTE-
Max yIpaBJIeHUs WHTEJJIeKTYaJIbHBIMU POOOTAMIU.
ITocse BhIMOIHEHUSA onepanuu passupuramuy I
Ka’kJ0OTO0 CEHCOPHOI'0 M3MEePUTEJbHOTO KaHaJja 00-
pasyloTcs MHO:KecTBa X;, cofep:kamiue HabGODbI
JIOTHYECKUX NIePeMeHHBIX ;. Hampuwmep, nusa ka-
HaJla W3MEPEeHUs SAPKOCTU WM300Pa’KeHus MOYKHO
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MOJIYUYUTEH CJIEAYIOIINE JIOTUYECKUe IepeMeHHbIe:
X{{ — «OUYeHb TEMHOE», X 5 — «TeMHOEe», X 3 — «II0-
JIyTeMHOe», X1, — <«IIOJIyCBETJIOe», Xis — «CBETJIOe»,
X1g — <IIOJNYAPKOE», X ; — «APKOEe», Xig — «OUeHb
sApKroe». I[lonyyeHHbBIE JIOTUYECKIe IIePeMEeHHbBIE IJIA
PaBIMYHBIX TOUEK OKPYIKAIOIero podoT IpoCTpaH-
CTBa MOTYT OBITH UCTUHHBIMU (xl.]- =1) uau JO0KHBI-
MU (xl.]- = 0). IIpu aTOM YaCTO MOTYT BOBHUKATH CUTY-
anuu, Korga npu (aszupuKanuu 4YUCIeHHbIX OaH-
HBIX 00 MCTHMHHOCTH HWJIU JIOKHOCTU IIOJyUaeMbIX
TeX WM WHBIX JIOTUYECKUX IIePEMEHHBIX MOYKHO
TOBOPUTH JIUIIIL C HEKOTOPOI HoJiell YBEepPEeHHOCTHU.
B aroMm coryuae Kakast moIyUYeHHA JIOTMYeCKas me-
PeMeHHAdA X;; CHA0KaeTCsa COOTBETCTBYIOIIUM aTPU-
OyTOM B BHJe BEPOATHOCTU P{xij =1} nin QyHKIUU
u(xi]-), KOTODPBIA XpaHUTCA B 0ase MJaHHBIX BMeECTE
C JIOTUUEeCKOU repeMeHHoli. Tam Ke XpaHATCA KOOop-
OUHATHI TOUEK OKPYIKAIOIIero poboT IPOCTPAHCTBA,
COOTBETCTBYIOIIIME KaKJOM JIOTMYECKOH IepeMeH-
HOIi. EcTecTBeHHO, UTO IPU U3MEHEHUN OKPY KEeHU
poboTa comep:raHue 0as3hbl JaHHBIX 00HOBJIAETCS.

IIpu dazsuduranuu Jormuyeckue IiepeMeHHEBIe,
HAIPUMeDP, XapaKTepUSYIOI[He TeMIepaTypy, Vg
00pasyioTcs myTeM KBaHTOBaHUSA BCErO AUalla3oHa
JaTUYNKA TeMIIePaTypPhl U IPUCBOCHUS MOy YSHHBIM
KBaHTaM A;, HMMeH JIOTHYeCKHX IIepeMeHHBIX Vg,
npuHUMAaINuX 3Havenua nctuHa (1) mau goxxuo (0).
Torma, ecsiim BXoAHAs IMepeMeHHAas — TeMIleparypa
t — MOKeT U3MeHAThed B mpefenax ot —20 go +20 °C,
T0, BBega KBaHT B 10 °C, MOKHO Bech AUAIa30H U3-
MeHeHUs TeMIlepaTyphbl pasbuTh Ha UYeThIpe KBaH-
Ta: Ag; =[-20, —10], A3, =[-10, 0], Ag3 =[0, +10],
Ag4 = [+10, +20]. SaTem KBaHTY Ag; MOXKHO IIPHCBO-
UTBb UMA Ug; {09€HB XOJOLHO}, KBAHTY Agy — UM Vg,
{xomogHO}, KBAHTY Ags — Ugg {IPOXJIANHO} U KBAHTY
Agy — uMa vg, {Temo}. IIpu aTom:

— JIOTMYeCKOIl TepeMeHHOH Ug; OyJeT COOTBerT-
CTBOBATH UHTEPBAJ

[(=20 + 20)/(20 + 20),
(-10 + 20)/(20 + 20)] =[0; 0,25];

— JIOTMYeCKOll IepeMeHHOIl s, OyfeT COOTBeT-
CTBOBaTb UHTEPBAJ
[(-10 + 20)/(20 + 20),
(0 + 20)/(20 + 20)] =[0,25; 0,5];

— JIOTUYECKOU HepeMeHHOﬁ Ugg 6y;[e'1' COOTBET-
CTBOBATh NHTEPBAJI

[(0 + 20)/(20 + 20),
(10 + 20)/(20 + 20)] = [0,5; 0,75];

— JIOTUYeCKOHl IIepeMeHHOH Ug, OyneT COOTBeT-
CTBOBATH MHTEPBAJ

[(10 + 20)/(20 + 20),
(20 + 20)/(20 + 20)] =[0,75; 1].

B uacrHOCTH, eciy, HAIPUMep, JaTUUK ITOKAa3hI-
BaeT Temmeparypy t = + 50 ‘C, To mocie passudpura-

nuu B 6a’dy ganubix IITHCP 6ynyT 3aHeceHbI cieny-
IoIue 3HaYeHNs JOTMYeCKUX IePeMeHHBIX: Vg =0,
Ugg =0, g3 =1, vg3,=0 — u cooTBeTCTByIOII[E UM
OIIMCaHHbBIE BBIIIIE MHTEPBAJBI KaK aTPUOYTHI dTUX
JIOTUYECKUX IIePEeMEeHHbIX.

B 0osee c10:KHBIX cIyUasxX B KAUueCTBe aTPHUOyTOB
MOTYT OBITH BEPOATHOCTU P{xij: 1} mau pyHKIMN
IpUHAAJIEKHOCTU u(xl.j). Torma maHHBIE OT CEHCOPOB
OPraHOB YYBCTB POOOTOB XPAHATCA B IAMSATH B BUE
JIOTUKO-BEPOATHOCTHBIX JUOO JIOTUKO-TUHIBUCTHU-
YeCKUX ITepPeMeHHBIX, KOTJa B KauecTBe aTpuOyTOB
moJy4aeMbiX 1mocJie (has33upuKauyl JOTUUECKUX
nepemMeHHBIX B 6ase ganubIX IITHCP 6ynyT xpaHnuTh-
Cs BEPOATHOCTHU JM00 (PYHKIITNU TPUHAIIEIKHOCTU.
B aTom cryuae mammuHa ormdeckoro Beisoga ITHCP
MIPaKTHUYECKU Bceraa OyeT moaydaTh He OJHO pelre-
HIe, a HECKOJIbKO C Pa3HOM CTeIeHbI0 YBEPEHHOCTH.
Hanpuwmep:

eCIIH X;; = 1 ¢ BepoarnocThio P, 1 Y= 1 ¢ Bepo-
ATHOCTBIO Py, u z;=1 c BepoATHOCTBIO P,, 1 U= 1
C BEPOATHOCTBIO P, 1 v = 1 ¢ BepoarHOCTBIO P, U
w;;=1 ¢ BepoarHocreio P, T0 ¢;; =1 ¢ BeposATHO-
CTBIO Pq.

CeHCODBI 11eJ1eco00pPasHo 00 beIUHATD B I'PYIIIIbI,
oOpaasyiolue cJeAyoIlliue OpraHbl YYBCTB poboTa
TMO00HO opraHaM YYBCTB UeJOBEeKa: 3peHure B BUE
MHO’KecTBa X, CJIyX B BUJIe MHOKECTBa Y, 000HAHME
B BUjJe MHOKeCTBa Z, BKyC B Buje MHo:KecTBa U,
ocsi3aHUE B BUJe MHOKecTBa V, paBHOBecue B BUJE
MHOKecTBa W U TeJjlerraTuio B BUle MHOKeCcTBa Q.

B KaK0M 13 BBEIEHHBIX MHOKECTB MOYKHO BBI-
IeJIUTh 00pasymoIue UX MOIMHOMKECTBAa, XapaKTe-
pU3yIoIlre CBOMCTBA HAOII0LAeMOTO UJIN U3y YaeMO-
rooowerra: X; c X, Y, cY, Z,cZ, U,cUV,cV,
W,cW,Q,cQ.

Ha6op Takux ITOAMHOKECTB 3aBUCUT OT Habopa
CEHCOPOB, 00Pa3yIOITNX OPTraHbl YYBCTB KOHKPETHO-
ro po6ora. Hanmpumep, MOryT GBITH BBEIEHBI CJIeAY-
IOIIMe ITIOAMHOKEeCTBa:

— auaa speHus: X; — KOHTYD H300pasKeHHd,
X, — pasmep usobpakeHus, X, — APKOCTb U300pa-
weHnd, X, — IBeT u300pakeHns, X5 — pPacCTOAHNe
no o0beKTa, Xy — CKOPOCTh IpubIuKeHud, X, —
CKOPOCTH Y AaJICHU;

— I clyxa: Y; — I'POMKOCTB, Y, — TOHaJb-
HOCTb, Y3 — HMHTEPBAJ, Y, — CKOPOCTb IPUOIUKe-
HId, Y5 — CKOPOCTB yJajleHus, Yy — HallpaBJeHue;

— AJ1A 000HAHUA: Z, — THUII 3a1axa, Z, — UHTeH-
CHBHOCTD 3allaxa, Z; — HalpaBJeHHe 3amaxa, Z, —
CKOPOCTH IPUOIMKEHN, Z5 — CKOPOCTH yJaJIeHI;

— paa Bryca: U; — tun BKyca, U, — cuiia BKyca,
U; — nanpasiienne;

— JLJI OCA3aHUA: V; — POBHOCTH IIOBEPXHOCTH,
V, — cyXocThb IOBEPXHOCTH, V3 — TeMIlepaTypa II0-
BEPXHOCTH.

YyBCTBO paBHOBECUs Y POOOTOB 00ECIIEUNBAETCS
00BIYHO THpPOCKomaMu. B 9ToM ciayuae MOT'yT OBITH
BBeJIeHbI ClIeflyolne IoAMHOKecTBa: W, — OTKJIO-
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HeHHe «BBePX — BHH3»; W, — OTKJIOHEHUE «BIIe-
peq — Hasafa»; Wy — OTKJIOHEHMe «BJIEBO — BIIpa-
Bo»; W, — CKODOCTb OTKJIOHEHHUS «BBePX — BHU3»;
W, — CKOpDOCTb OTKJIOHEHHS <«BIepef — Hasal»;
W — CKOPOCTB OTKJIOHEHUSA «BJIEBO — BIIPABO».

Tenematusa y po60TOB, B OTJIMUYNE OT UeJIOBEKa,
BIIOJIHE O0'BACHUMOE SIBJIEHUE. Y HUX IIPUEM U Iiepe-
mava COOOINEeHUWH ITPOM3BOAATCA II0 KaHajgaMm Oec-
IPOBOAHOI cBaA3UW. B HacToAlee BpeMda HauboJiee
MINPOKO IJiA 3Toro ucmnoabsyerca Wi-Fi. Haubosee
IIPOCTO IOAMHOMKECTBA §);, 00pasyoIue MHOMKECTBO
Tesenatuu @, chopMUPOBATHL 3apaHee, HA CTaIUU
MIPOEKTUPOBAHUA POOOTA, IIPEeIHASHAUEHHOI'O IJIS
BBITIOJTHEHU A TeX WU WHBIX TeXHOJOTUYECKUX OIle-
pamuii. B aToM ciaydae TaKMUMU TOAMHOMKECTBaAMU
OyZyT WHCTPYKIIMU WJIN TUILI PEaKIUHi (qij €Q),
KOTOpPBIE XPAaHATCA B MaMATHU POOOTa U M3BJIEKAIOT-
cA OTTYAA MAIIUHOM JIOTUUYECKOTO BBIBOZA.

IIpunarue pemenuii 8 [ITHCP

IIpu mpuHATHU peIeHnusA O IIeJIeCO00pPasHOM II0-
BeJleHNU PoboTa HeoOXOOMMO B OIpPe[esIeHHOH II0-
CJIEIOBATEJILHOCTYA BBINOJHUTDL CJIEAYIOIINE IIPO-
Meayphl: BBIZleJIEHEe U paclio3HaBaHMWE 00pas3oB
B OKPYJKeHUU po00oTa; mosyueHre OMHAPHBIX OIIEHOK
9TUX 00pas3oB; (popMupoBanme pedIeKCUBHBIX WU
MOBEJIEHYECKNX pacCy:KIeHuii poboTa Ha OCHOBE
JIOTUYECKOro aHajln3a OMHAPHBLIX OIEHOK 00pas3oB;
ompeaeeHue mese PyHKIIMOHUPOBAHIA poboTa HA
OCHOBe BbIOOpa peIeKCUBHBIX PACCYKICHUI U BbI-
00p ONTUMAJLHOTO PEIIeHUSI, COOTBETCTBYIOIIETO
neadaM GYHKIIMOHUPOBAHUSA U TEKYII[UM OrpaHuYe-
HUSM.

Brigesnenne u pacnmo3HaBaHue 00pa3oB

Omepanus BelJeeHnsa 00pa3oB M; B OKPYyKalio-
meM pPoOOT IMIPOCTPAHCTBE IMHUPOKO HCIIOJIb3YeTCs
B CHUCTEMAaX TEXHUUECKOT'0 3PEHUs MHTEJJIEKTYaJb-
HBIX po00TOB. B mpocTeiimiem caydyae sTa ornepaiins
CBOAUTCA K 00beIMHEHNIO B OJHO MHOXKeCTBO M, Tex
TOUYEK IIPOCTPAHCTBA, KOTOPbIEe 00JIaailoT OANHAKO-
BBIM HA0OPOM JIOTUYECKUX IIePEMEHHBIX C ONMHAKO-
BBIMU aTpUOyTaMU, IPU YCJIOBUU, UTO PACCTOSHUE
o OamsKanIIeil coceqHe TOUKY C TeMU JKe ImapaMe-
TpaMU He IIPeBBIIIIaeT HEKOTOPOI 3apaHee 3aJaHHOM
BeJUYUHBL. [Ipu 5TOM OIpemesAoTCs: KOOPAUHATHI
IEHTPa TAKECTU MOJydYaeMbIX usobpaskeHuir (06-
pasoB). Ilociie o6beguHEHUS TOUYEK B MHOYKECTBa
IOCJIeHYE MOT'YT HOJYUYUTD JOIOJHUTEIbHEIE Kaue-
CTBEHHBIE TTapaMeTPhI B BUE JIOTUYECKUX IePEMEH-
HBIX Y;; TIOCJIe, HATIPMMED, aHAII3a TeOMeTPUIECKUX
mapamMeTpoB (mJIoIaeii, 06 beM0OB, KOHTYPOB U IP.)
u3o0paskeHuil. OTU JOMOJHUTEIbHbIe IapaMeTphI:
Y11 — «OOJBIIOH 00beM», Yy — <«TTASKUNA KOHTYD»
U OIp. — 3aHOCATCS B 0asy JaHHBIX B pasges «MHO-
JKeCTBO 00pa3oB» BMeECTE C APYTUMU JIOTUTYECKUMU

rmapaMeTpaMu MHOKECTB U KOOPAWMHATAMU UX IleH-
TpoB TsskecTu. ComepskaHme 9TOro paszeisia 6asbl
JaHHBIX OOHOBJISIETCA IIPU UBMEHEHUU OKPY:KeHUSA
poboTa. IIpy BOBHMKHOBEHUU CUTYAIlUU He II0JHOI
OIlpeeJIeHHOCTH B Tpoliecce O0beAUHEHUS TOUEK
IIPOCTPAHCTBA B HEKOTOPOE MHOKecTBO (00pas) ms-
3a, HAIPpUMepP, BEPOATHOCTHBLIX ATPUOYTOB JIOTU-
YeCKUX MIePeMeHHbIX Heo0XOAMMO, IIOMHMO TeoMe-
TPUUECKUX Mep O0JIU30CTU TOUEK, BBOAUTH JOIIOJHU-
TeJbHBbIe MepPhI GJIM30CTH, HAIIPUMED, HOIYCTUMbIH
pasdpoc 3HAUEHUII BEPOSTHOCTU JOTMUYECKUX IIepe-
MEHHBIX y COCETHUX TOUEK.

Ilpu GopmupoBanmy 00pas0B B OKPY:KAaIOIEeM
po6oT mpoCcTpaHCTBE OOBIUHO MCIOJIL3YIOTCA CIENY-
foIIMe IIpaBuJia PaboThI C JAHHBIMU:

If(xijz1/\yijzl/\zijz1/\ui]-=1/\vl.j=1/\wij=1),

then g;=1. @)

IIpu GosbIIIOM KOJHMUYECTBE JOTHMUECKHUX IIepe-
MEHHBIX TaKUX MPaBUJ MOKET ObITh OUeHb MHOTO.
Torma mocaemoBaTe IbHBIN mepebop IPABUI B IEJIAX
BBIABJIEHUSA WX BBIMOJHUMOCTH OyAeT 3aHUMAaThb
3HAUNUTEJIbHOE BpeMsd. B aToM ciyuae »keaaTeabHO
KCIIOJIb30BaTh IlapaJijie/ibHble BbIUMCIeHUA. s
9TOr0, KaK MMOKasaHo B pabote [14], MOYKHO MCIIOJb-
30BaTh MIPOIEAYPY ajaredpausaliuu JOrnueCKuX BbI-
Pa'KeHM, 3aKJIYAONIYIOCA B CIEYIOIIEM.

IIpaBuia Buga (1) mpeacTaBJISIOT COOOM MMILIN-
KaIluu Ha SI3bIKe aJireOphl JOTMKHU MK 0yJIeBOii aJi-
reOpoI:

Xy AN Yy N 245 AUy AUy AW —> Qe 2)

Breipaskenua Buga (2) MOKHO mTpeoOpasoBaTh
B (hopmy anredpsl sKerajixkuHa man B 9KBUBAJIEHT-
HBIe ajarebpanyecKue ypaBHeHUA 1o mod 2

Sij @ 8ij *qil-@ 1= bij, 3)

roe @ — sHAK cioMKeHus 1o mod 2; * — 3HAK YMHO-
xeHnd no mod 2; by; — 0 mbo 1 ms;;=x;; A Y, A 245 A
Ujj A Uy A Wye

Torma mMoyYeHHYIO CUCTEMY JIOTUUECKUX YpaBHe-
HUI MOKHO 3aIIMCATH B MAaTPUUHOM (popme 1mo mod 2
[14]

AsF =B, @)

roe A — IpAMOYroJibHAs IBOMYHAS MaTPHUIlA pas-
MEPHOCTH [n, m], 5J1eMeHThI KOTOPOI COCTOAT M3 HY-
seit u equuui [14]; F — dyHgaMeHTa IbHBINA BEKTOD
JIOTUYECKOU CUCTEMbI PA3MEPHOCTBIO 7, CTPOAIITUIM-
cdA 13 KOMOMHATIINIT IOTUUYECKUX TIePeMeHHBIX Xij» Yijp
2jjp Uyjs Vyjp Wyjs G;j» IOMYIEHHBIX TIPK (assupuranunm
CEHCOPHBIX JaHHBIX, U JOMOJHEHHBIHN 1 Ha MecTe 1o-
cJIeHEero sJieMeHTa; B — IBOMYHBIN BEKTOP pasMep-
HOCTHU 1.

IIponenypa moayuyeHUs: CUCTeMbI ypaBHeHHUit (4)
Jerko ¢popmanusyercs [14].
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EcrecTBeHHO, UTO moJyyeHHaA TaKUM CIIOCOO0OM
MaTpudYHasa cucreMa ypaBHeHuii mo mod 2 Buga (4)
OyzeT uMeTh OOJIBINYIO pasMepHOCTh. OXHAKO B pe-
anpuoii ITHCP He Bce KOMIIOHEHTHI 3TOTO ypaBHe-
HUS (He BCe COUETAHUA JIOTMUECKUX HePEeMEeHHBIX)
dusnuecKu peasn3yeMbl I MOT'YT OBITH OTOPOIIIEHBI.
B pesysnbTaTe Takoil pegyKINN MBI IIOJYYUM Ma-
TPUUHYIO CUCTEMY ypaBHEHUI 1mo mod 2 MeHbIIei
pasMepHOCTU

C+R =G, ®)

rae pasmepsl matpurl C, R, G MmeHbIIIe pazmMepoB Ma-
Tpui, A, F, B coorBeTcTBEeHHO.

PacnosnaBanue chopmupoBanusix I[HCP 06-
pasoB M; — 5TO OTHeCeHHe UX K TeM WU HUHBIM
KJiaccaM o6pa3oB CjM, cofep:KaIliuM TaK Hasbl-
BaeMble MjeaJsibHble 00pasbl M;, AJIf KOTOPBIX H3-
BECTHBI NPUHATHIE PaHEe ONTHUMAJbHBIE PEIIeHUs
(Mi* € C].M). IIpu sTOM MOYKHO CYIIIECTBEHHO YCKO-
PUTH IIPOIECC IPUHATHUA PeIlleHns mpu (OpMUPOBa-
HUY IieJiell QYHKIIMOHUPOBAHUA U 1[eJ1eCO000pa3HOT0
moBeleHus poboTa.

IIpomenypa pacmosHaBaHuA 00pas3oB B ciaydae
mpeAcTaBJIeHUA UX B ajaredpe mo mod 2 Tpebyer 3a-
JaHus IIPaBUJ HUJIK AJTOPUTMOB 00pPabOTKU aTpHU-
Oy THOM yacTu, XapaKTepUIYIOIIel JOrnuecK e nepe-
MeHHBbIe, IIPU [IPOBEIeHN Y Hal HUMHU OIePaIiuil CJio-
JKeHUdA 1 YMHOXKeHuA no mod 2. JInHrBuctuuecKkue
aTpubyThl, XapaKTepusyiolnue ob0pasbl, 00pasyioT
B of0meM cilydae HeMeTpPH3yeMble MHOKecTBa B;.
B sToM ciayuyae mpu pacrmosHaBaHUM BBIOODP HaU-
JIYUIIero KJacca M3 MHOMKECTBA aJIbTePHATHUBHBIX
MOJKET ONMPAaThCA Ha IPOLeAyPY MOUCKa OMHAPHBIX
orHowrenuit M,gM j*, £ — IBYMECTHBII IpeJuKaT Ha
aHAJIUBUPYEMBIX MHOJKECTBaX, KOTODBIN, HAIIPU-
Mep, MOKeT ObITh 3aJaH yKasanueM (hOpMYJ JIOTHU-
KO-MaTeMaTHUeCKOI'0 I3bIKA WM (DOPMAJIN30BaHHO-
0 JUHTBUCTUUECKOro BhIpaskeHud [15]. IIpu sTom
mpobJsieMa BBIABJICHUSA HAUJIYUIIETrO IPUOIUIKEHUS
CBOAMTCA K IBYM 3ajJaduaM: HOJYUEHUI0O MHOKECTB
M;, M j* ¥ KOHCTPYUPOBAHUIO ONTUMAJBHOI IpOIle-
IYDHI g, TO3BOJIAIONIEN MOJYUYNTH KOJIUIECTBEHHYIO
oneHKy 6anzoctu M; K M j*.

CosmaHne UCXOMHOM 6a3bl AJIA KOHCTPYUPOBAHUA
g 1esecoo0pasHo HAUMHATE C BBIIEJIEHUS B KaKIOM
U3 CPaBHMBAEMBLIX MHOXKECTB METPU3YEMBIX IIOA-
MHOJKECTB (HAIpUMeEDP, IIOAMHOYKECTBA BEPOATHO-
CTel pereHuin), AJs dJIEMEHTOB KOTOPHIX MOT'YT ObITH
YKas3aHbl OTHOIIIEHUA M YUCJIOBBIE MepPHI OJIMB30CTH.
CuenyromumM, Haubojee CIOKHBIM IIIArOM SBJISET-
csA YIOOPSAOYMBAHUE 9JIEMEHTOB HEMETPU3yeMbIX
TOAMHOKEeCTB. BecbMa BEPOATHO, UTO AJIS PEIIeHUA
9TOM 3aJauyy IIOHAJOOUTCSA IIOCTPOEHNE HOBOUM CH-
CTEMBI JIOTUYECKUX YPAaBHEHUI, DPeIleHme KOTOPOM
mpuBeaeT Jub0 K MEeTPU3yeMbIM MHOXKeCTBaM, JIM00
K YIIOPAIOYeHHBIM. B mrepBoM cirydae MBI cpa3y HoJIy-
YaeM YUCJIOBble MEPHI OJIM30CTH, BO BTOPOM OTHU Me-
PBI IPUAETCS CTPOUTH 3aHOBO. B KauecTBe BO3MOK-

HBIX YMCJIOBBIX OIIEHOK MOTYT OBITH HCIIOJIH30BAHBI
MOIITHOCTA MHOYKECTB, KOJIWYECTBO COBIIAJAIOIITNX
9JIEMEHTOB, YKCJIO TPYIII COBIIABIINUX 5J€MEHTOB U
ap. Kakux-1mbo peKoMeHIaIluii 110 BEIOOPY TeX MJIN
UHBIX OIIEHOK B HACTOSAIee BPEMA HET B CBA3SU CO
ca00ii M3yUeHHOCTRIO ITIOJO0OHBIX Mofeei. B ciryuae
HEBO3MOYKHOCTU YIIOPSAJOUYMBAHUA HEMETPU3YEMbIX
MHOKECTB pellleHre 0 HauOOoJIbIel 6JM30CTU KaKo-
ro-1rub0 MHOKECTBA K 9TAJIOHY MOJIXKEH IPUHUMATh
caM pa3pabOTUMK WJIN OIEPATOP, UCXOJSA M3 CBOUX
MIPEeAIIOUTEeHUH, OMbITA U MHTYUITUH.

K maumbosee 4acTO UCIOJIB3YEMBIM U JIETKO KOH-
CTPYUPYEMBIM OMHAPHBIM (DYHKIIMOHAJIBHBIM OTHO-
IIIeHU M MOYKHO OTHECTH:

— OIIEHKY II0 MaKCHUMaJbHOMY OTKJIOHEHUIO
MOIITHOCTEe# MHOJKECTB;

— OIIEHKY II0 CPeIHEKBAAPATUIECKOMY OTKJIOHE-
HUIO MOIITHOCTEN MHOKECTB;

— BEPOATHOCTHYIO OIIEHKY IO MaKCHMAaJbLHOMY
OTKJIOHEHUIO MOIITHOCTEl MHOKECTB;

— BEPOATHOCTHYIO OIIEHKY II0 CPeSHEeKBaIpaTu-
YeCKOMY OTKJIOHEHUIO MOIITHOCTEH MHOYKECTB.

Hcnonb3oBaHne yKa3saHHBIX OMHAPHBIX (PYHKIIU-
OHAJIBHBIX OTHOIIIEHUU MO3BOJIAET JIETKO PAHIKUPO-
BaTh 06passl M; Momen 0 uX OJM30CTH K 9TaJOHAM
M j* ¥ IIPU 5TOM BBECTHU UHCJIOBYIO OIIEHKY OJIM30CTH.

®dopMupoBaHUEe OMHAPHBIX OI[EHOK

BunapHbIe olleHKHu 00pa30oB MOKHO IIOJIYUYHUTh IIy-
TeM JIOTUYECKOTO aHAJIN3a IIapaMeTPOB, XapaKTepu-
3yromux obpassl. [[J1sg 5TOro BHauYaJsie HEOOXOZUMO
COCTAaBUTh IIPABUJIA IPHCBOCHUSA HAAHHOMY 00pasy
TOW MU MHOUW OMHAPHOI OIeHKU, HaIpuUMep, eCJu
o0pa3 oueHb APKUIA, OOJIBIIION 1 OBICTPO IIepeMeIla-
eTcs B CTOPOHY poboTa, To 3TOT 00pas (06-eKT) OUeHb
omacHbIl. CucTeMa TaKMUX IPaBUJ BHOCUTCS B 6asy
saanuii [JTHCP Ha cramguu cosmanusa pobora. B psa-
e caydaeB OHA MOYKET KOPPEKTUPOBATHCSA B IIPO-
Imecce sKCIIyaTamuu poboTa myTeM OOyUYeHuS HUJIn
camoobOyueHusi. I[Ipu GOJBIIIOM KOJMUECTBE TAKUX
IIPaBUJI 11eJIeCO00PasHO UX IIPUBECTHU K CHUCTEME aJI-
rebpanyecKkux ypaBHeHui mo mod 2 uiu K aareGpe
aoruku JKerankuua (4). B pesyabraTe MbI IOJIyYaeM
MATPUYHbIE YPABHEHUS, PEIleHne KOTOPBLIX JIETKO
pacmapaJiieInBaeTCsa MAaTPUYHBIMU IIPOIIECCOPAMMU.
ITO IO3BOJIAET PE3KO YCKOPUTH JIOTMYECKUH aHa-
Ju3 mapaMeTpoB 00pasoB. IlosyueHHbIe OMHaAPHBIE
OITeHKY 00pas30B TaK:Ke 3aHOCATCS B 0a3y HaHHBIX
00pasoB B OKpYJKaIIeM poOoT mpocTpaHcTse. [lpu
U3MEeHEHUU OKPYKeHUA Po6oTa OMHAPHBIE OIEHKU U
caMu 00pas3bl 00OHOBJISIOTCS.

Br160p OMHAPHOI OIEHKU OCYIIECTBJISETCA ITyTEM
IIPOBEPKU BBIIIOJTHUMOCTH Te€X WU UHBIX IIPAaBUI Pa-
0OTHI C JAHHBIMU 13 IIOJAMHOMKECTB (xij e X, Y;; € Y,
2;j € Zy u;; € Uy, v; € Vi, wy; € W)). Honobusle mpasu-
J1a OOBIYHO UMEIOT BU/I:

eCJIH X;; = 1,I/Iyi]~= 1, nz;= 1, U U= 1, uv;= 1, u
w;; = 1, To 8j € G,.
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IIpu OGosabIIOM KOJMYECTBE JIOTMYECKUX Ilepe-
MEHHBIX TAaKWX MIPABUJ MOYKET ObITh TaKiKe OUeHb
mHoro. Torma mociegoBaTe bHBIN Tepebop MPaBUJI
B IIEJAX BBIABJIEHUA WX BBITTOJHUMOCTU OyaeT 3a-
HUMaTh 3HAUUTEJIbHOE BpeMsA. B aToM ciyuae :KeJa-
TeJIbHO MCIIOJIb30BATD ITapaJljie/IbHble BLIUNCIEHUS.
Js1 5TOTO0 MOKHO KCIOJIB30BATh IPOIEAYPY aJjire-
Opausanuu JOTUYeCKUX BhIpaskeHui [14].

JlaHHbBIe TOrMIeCKOT0 THIA (X5, Yji Z;j> Uyjs Vyjp Wi
M3BJIEKAIOTCS U3 JaHHBIX UJIN CUTHAJIOB OT CEHCOPOB
OpPraHoOB UyBCTB POOOTOB IIyTeM X (PassupuKaIlim.
IIpu sToM C KasKAo¥ JIOTMUYECKOI IIepeMeHHOU O0y-
IeT CBA3aH HMPUCYIINI el arpubyT. B mpocreiiiem
ciydyae TaKUM aTpuOyTOM SBJIAETCS WHTEPBAJ.
B Gojtee CIOMKHBIX CJOyYasgX B KauecTBe aTpPHUOyTOB
MOTYT OBITH BEPOSTHOCTH P{xij: 1} unun pyHKIUN
OPUHAAJIEKHOCTH u(xi]-). ITosTOoMy maHHBIE OT CEH-
COPOB OPTaHOB UYBCTB POOOTOB XPaHATCA B MTaMATHU
B BHU/Ie JIOTUKO-MHTEPBAJIbHBIX, JOTMKO-BEPOSITHOCT-
HBIX JIN0O JIOTMKO-IMHTIBUCTUUECKUX II€PEMEHHBIX.
Mamrraa JIOTUYEeCKOTO BBIBOJA OTHOCUTEJHHO OU-
HaPHBIX OIIEHOK 00pa30B MPaKTUYeCKHU Bcerna 0yaeT
oJIyYaTh He OJHO PeIleHme, a HECKOJIbKO C Pa3HOHU
CTelleHbI0 yBepeHHOocTH. Hampuwmep, eciu X;= 1
C BEPOATHOCTRIO P, Y= 1 ¢ BEpOATHOCTHIO Py, u
2= 1 ¢ BepoarsocThiO P,, 1 u;; = 1 ¢ BEPOATHOCTHIO
P,nu V= 1 ¢ BepoarHOCTBIO P, 11 w;; = 1 c Bepodar-
HOCTBIO P, TO 8= 1 ¢ BEPOATHOCTHIO Pij WA g = 1
C BEPOATHOCTBIO P ..

9TO, eCTeCTBEHHO, OyAeT IMPUBOAUTL K HEOTHO-
3HAUHOCTU TOBefieHusA poboTa. HesoBEeK B AaHHOM
CHUTyalluu BeAeT ce0s IIeecoo0pasHOo MJIM IieJje-
yCTPEeMJIEHHO MHTYUTUBHO, ONMKPAasACh HA COOCTBEH-
HBIH OUBIT JINOO T'E€HETWUYECKU 3aJI0’KEHHBINU IOBe-
meHdecKuii crepeorun [15]. 3amaua HamedeHUS PoO-
00TOB HaBBIKAMU I1€JIECO00PA3HOI0 TIOBEIeHU S IT0OKa
HaXOOWTCA HA caMOM HadaJbHOM 3tame. OOGBIYHO
B TaKUX CJIyYasdX B CUCTEME YIPaBJIEHUsI POOOTOM
IOJIKHA 3aIyCKATHCSA IIPOLEyPa MOUCKA OIITUMAJIb-
HOT'O PeIleHns.

B macrosiiee Bpems HauboJiee IIOJHO U3yUEHBI
Ipo0JIeMBI BEIOOPA ONITUMAJIBHBIX PEIIEeHUH B YCJIO-
BUSX HEIOJIHOI OIIpeaeJeHHOCTH WHTEPBaJbLHOIO,
BE€POATHOCTHOTO JIN0OO JTUHTBUCTUUECKOTO Tuma [16].
IIpu sTom TpebyeTcAa MCIOIB30BATH M3BeCcTHEIE [17,
18] anropuT™MbI BEIYMCJIEHUA TaAKUX aTPUOYyTOB JIO-
TUYECKUX PYHKIINI, KAK MHTEPBAJIbl, BEPOATHOCTHU
¥ QYHKIINY IPUHALJICKHOCTH.

®dopmuporaHue pedIeKCUBHBIX PACCYKISHMIT

PediekcuBHBIE UM MOBEIEHYECKUE PACCYIKIe-
HUA poboTa MOKHO IOJYUYUTH Ha OCHOBE JIOTHMYe-
CKOr0 aHaJiu3a OMHapPHBIX OIEHOK 00pas3oB, HAaXO-
IAITUXCA B €70 OKPpYsKeHuu. 114 5Toro Heo6XomumMo
COCTABUTH IIPaBUJIa TUIIA «ECJAU — TO» PeaKIluu
Ha Ty WK MHYIO OMHApPHYIO OIleHKYy obOpasa c yue-
TOM MECTOIIOJIO}KEHU U COCTOSHUS caMoro podora.
Hampuwmep:

ecau 00pa3 OUeHb OMACHBIN U HAXOJUTCA PAIOM,
TO POOOT MOJIXKEH YAAJIUTHCA OT HETO;

ecau 00pa3 OUeHb OMACHBIN, HAXOAUTCA PAJOM U
PSOOM HaXOAUTCS OOJBIIION XOPOIIHNil 00pas, TO pPo-
60T JOJIKEH CIIPATATHCS 3a HEro.

Takwue mpaBujia COCTaBIAIOTCA U 3aHOCATCA B 6a-
3y 3HAHWNI Ha CTaAuMU co3ZaHusa pobora. X MoxkeT
OBITH OUEHb MHOT'0, M OHU MOTYT KOPPEKTUPOBATHCA
B IIpoIiecce sKcmayatanuu. IIpu sTom meaecoobpas-
HO IPUBECTU UX K CHUCTeMe ajiredbpandyecKux ypas-
HeHuii mo mod 2 uau K anre6pe jgoruku Keraaxkuua
LI pacnapaJjijieluBaHud BeruuciaeHuii. IIporpamma
TepeBo/ia CUCTEMBI IPABUJI B aJiredpaniecKue ypas-
HeHus 10 mod 2 T0JI’KHA BXOAUTH B MATEMAaTUYECKOe
ob6ecnieuenue ITHCP.

Onpenenenue mesjei PyHKIIMOHUPOBAHUA

dopmupoBaHue 1esell GYHKIIMOHUPOBAHUS PO-
6oTa Ha OCHOBe BbIOOpPa pedJIEKCUBHBIX PaCCYK-
JeHUul, MOJYUYEeHHBIX IIOCJe AaHajJan3a OWMHAPHBIX
OIIEHOK 00pas30B, OKPYsKAWIUX pPOOOT, SABJISETCS
CJI0KHOIT mpo06JIeMOi, CBA3aHHOM ¢ pPeleHneM IIJI0-
X0 (hopMasm3yeMblX MHOTOKPUTEPUAJJIBLHBIX OIITH-
MUBAIMUOHHBIX 3amad. [Ipu sTom uacTo Tpebyercs
BBIOMpATH He OJHY KOHKPETHYIO IleJib, a MoCJIeI0Ba-
TEJBHOCTD CJAEAVIOIIUX APYT 3a APYTrOM Ilejiel IIpu
YCIIEIITHOM BBITIOJITHEHUUN TpeanIaymiux ieseit. Ha
CTaAuM IPOEKTUPOBAHUS POOOTA HEBO3SMOIKHO IIPE/-
YCMOTpPEeTh BCE CUTYaIlluU, B KOTOPBIX MOKET Haxo-
IUTHCSA POOOT IPU MPUHATUU PEIIeHU O BbIGOPE I1e-
au QyHKIIMOHUPOoBaHuA. [losaToMy B maMaTh podoTa
BHOCSATCST BO3MOXKHBIE II0 ITPeAIoaraeMbIM YCIOBU-
AM SKCIIyaTalluyd CUTYAIIUU U COOTBETCTBYIOIIHE
BO3MOJKHBIE IIeJIM C UHIEKCOM UX 9(P(PEeKTUBHOCTHU.
Torma 8 ITHCP posKHO OBITH TaKOe IIPOrpPaMMHOE
obecmeuenre, KOTOPOE MOTJIO ObI ITyTeM OIeHKH! J0-
MYCTUMBIX Pe(IeKCUBHBLIX PACCYKICHUN U MMEIo-
IUXCA IPUTOAHBIX Hanbosee sh(PeKTUBHLIX Iiejei
GYHKIIMOHUPOBAHUS B JaHHON CUTyaluu BBIGOpa
COCTaBUTh IIOCJIEIOBATENLHOCTD IleJiell, KoTopas
obecrieunBaJjia OBl SKCTPEMYM KPUTEPUA KadecTBa
(pyurmuonasa). @opMUpPOBaHNE TAKOTO KPUTEPUS
KauecTBa ABJAETCA CJOKHOM M TPYAOEMKOH 3a-
maueit, pellleHre KOTOPOI CBS3aHO IIPE’KAe BCEro
¢ (hopMHpOBaHMEM U PEIIEHUEM Psifa JIOTMYECKUX
3amad, MPUBOAAIINX K (DOPMYJe BBIUNCIEHUS KPU-
Tepus KauecTBa [17]. Haubosee xopoiiiue pesyabra-
THI TIPU PEIIeHUN 9TOM MTPOOIeMbI MOKHO ITOJYUUTDH
TP MCIIOJb30BAHUU MHOTOIIIATOBOI'O 00O0OIIIEHHOTO
IIPOrPaMMMPOBAHUS W IIPOTPAMMHBIX CpeI THIIa
A-life.

BrI60Op ONITHMAJIBEHOTO PELIEHU S

Yes0BEK B IIPOIECCE MBIMIJICHUA U IIPUHATUSI
pellleHrs Ha OCHOBE 00pPabOTKU HMEIOIecsa WH-
dopManuu OOBIUHO IIPUAEPKUBAETCS OJHOTO U3
IBYX CTUJIed — JOeAYKTHUBHOI'O WMJINU HUHIAYKTUBHO-
ro. Umeetcda u TpeTuii, IJI0X0 U3YUYEHHBIN U PEIKO
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BCTPEUAIOIIUICS, TUII MBIIIJIEHUA — a0AyKTUBHBIA.
PaccmorpuM BapmaHTHI mcnoab3oBauusa B I[HCP
KaKI0r0 U3 NEePEeUMCJEHHBIX TUIIOB NPUHATUS Pe-
IIeHUN.

IIpu 0edyxmuerHom TPUHATUY PEIIEHU TPOIECC
mbinieHusa B [THCP wmaumnHaetrcs ¢ rirob6asibHOTO
VDPOBHA, U IaJjiee UeT ABUKEHNEe BHU3 K JOKAJBHO-
My. TeXxHUUYEeCKUM aHaJIOTOM TAKOr'0 BHAA MBIIILIE-
HUA MOYKeT OBITH ITPOIeCC ONTUMUBAINY, KOT/Ia BHA-
vaje Ha OCHOBe mMerolelica nH(poOpMaIuy UIeTCs
HAUJy4Illee PelleHre 13 BCeX BO3MOKHBIX, a 3aTeM
IyTeM NPOBEPKU Ha OCHOBe mMMeloIelicsa nmHpopma-
MY BCEX OTPAHUUYEHUN MPOUBBOAUTCS KOPPEKIIUS
pertieHuA.

Bri6op onTUMaIbHOTO peIleHusA U3 BCeX pellle-
HUH (;;, TONYIEHHBIX U3 CHCTEMbI (5), mosxet ocy-
MIECTBJIATHCA Pas3JIUUYHBIMU crocobamu. Haubosee
IIPOCTO B BTOM CJIy4Yae MCIOJIb30BATh METOJBI MarTe-
MaTUYECKOro mporpaMMupoBaHusd. Torma mpu Joru-
KO-BEPOATHOCTHOM OIIMCAHUM HEOIIPeIeIeHHOCTel
[16], T. e. Korma aTpuUOyTaMU JIOTUYECKUX IIePeMeH-
HBIX B ypaBHeHUAX (4), (5) ABISIOTCS BEPOATHOCTHU
P{qij = 1}, KpuTepuii KauecTBA MOYKHO BEIPABUTH CJIe-
IYIOIUM 00pas3om:

fo(Qi) = P{qij =1} - max. (6)

IIpu sTOM B3HAUeHUS BEPOATHOCTEMH P{qij =1}
MOJKHO BBIYUCJIATH HPUOGIMIKEHHO II0 ONHCAHHOMY
B paborax [15, 18] anropurmy.

Ecau B pesynbraTe ananusa Kakoii-nuoo ITHCP
Oy[eT BBIABJIEHO, UTO BIUAHUE T€X MJIU WHBIX KOM-
IIOHEHT ¢;; Ha ee IIOBefleHNe PA3JIMYHO, TO KPUTepuit
KauecTBa (6) mesecoo0pasHoO MIPUBECTU K BULY

f()(Qi) = Bi P{qij =1} - max, ()

rie B, — HazHaYaeMble BeCOBBIe KOO (UIIEeHTEI.

IIpr JOTHMKO-TMHTBUCTMUYECKOM OIIMICAHUM He-
OIIPeIeJIEHHOCTE, T. €. KOTZla aTpudyTaMu JIorude-
CKUX MEePEeMeHHBIX B ypaBHeHU:AX (4), (5) ABIAIOTCA
GYHKIUYU DPUHALJIEKHOCTU u(qij), Kpurepuil xade-
CTBa MOYKHO BBIPA3UTh CJIELYIOIINM 00pa3oMm:

f()(Qi) = U(qi]‘} — max. 3)

IIpu sTom 3HaueHUA QYHKIMHI IPUHAIJICKHOCTH
u(qij) MOXKHO BBIUMCJIATH IO ONMCAHHBIM B pabore
[15] anropuTmam.

Ecau B pesysnbraTe anasmusa xaxoi-muoo ITHCP
OyZeT BBIABJIEHO, UTO BJIMAHUIE Te€X WJIN WHBIX KOM-
IIOHEHT ¢;; Ha ee NOBeJleHNe PAsINIHO, TO KPUTEPHi
KauecTBa (8) 1mesecoodpasHo IPUBECTU K BUAY

£o(@) = (g, — max. ©

IIpu JOrMKO-MHTEPBAJHLHOM OIIMCAHUU HeoIlIpe-
JIeJIEHHOCTEH, T. €. Korga aTpuOyTaMUu JIOTHUYECKUX

TepeMeHHbIX B ypaBHeHUAX (4), (5) ABIAOTCS WH-
TepBaJbl Aij = [aji, bﬁ], KpuTepuil KauecTBa MOYKHO
BBIPA3UTH B BUJIE CJAEAYIONINX BHIPAKEHUI:

fo(Y) = kb — a;) — min; (10)
Fol0) = kb~
fo(Y) = kb [(b;— b2)% + (a;;— a%)?] - min; (12)
fo(Y) = [kb{(b;;— bO)2 + k4(a;;— a%)?] - min, (13)

a;) - cjl.]2 — min; 11

rIe kﬁ, k’;i, k‘?i — KO09((PUIIMEeHTHI TPEAIIOUTEHUA
JUIA, IPUHUMAIOIIET0 PeIleHuns, 00 ONTHUMAaJIbHO-
CTH; ¢;; — dKejaeMas AJIA JULA, TPHHIMAIOIIEro pe-
e’ s, ITIPUHA NHTEePBAJIa; b(}i, a(}i — ’KeJlaeMble

JIUIIOM, IPUHUMAIOIIUM PeIlleHnsi, TPAHUIbI MHTEP-
BAJIOB.

Ilocne BBIUMCJIEHUSA KPUTEPUEB KadyecTBa BCEX
BOBMOJKHBIX PEIIeHUI B COOTBETCTBUYU C YPABHEHU-
amu (6), (7) Ipu JJOTUKO-BEPOSITHOCTHOM OIIMCAHUUI
HeoIpeieIeHHoCcTeH, a1u00 (8), (9) Ipu JIOTUKO-JINHT-
BHUCTUYECKOM OIIMCAHUM HEOIPeAeJIEHHOCTEMH, 160
(10)—(13) 1pu JTOTUKO-UHTEPBAJIHLHOM ONMCAHUU He-
oIpeieJIEHHOCTEN BCe HAWIeHHBIE PEIlleHU PAHKU-
pyioTcs. 3aTeM peIlleHusA IPOBEPAIOTCA Ha BBIMIOJ-
HUMOCTh OTPAaHUYEHUH AJjiA ypaBHeHU (4), (5), Ha-
YMHAA C IIEPBOT0, UMEIOIIEr0 HauBBICIIIUI KPUTEPUt
KauecTBa. IIpu aTOM mepBoe U3 IPOBEPsIeMbIX pellle-
HU, YAOBJIETBOPAIOIIEE OTPAHUYEHUAM, CIUTAETCA
OITHUMAaJIbLHBIM.

IIpn undyxmu6éHoOM UPUHATUU DPELIEHUS IIPO-
necc mbrnenua B [[THCP maumHaercda ¢ aHaimsa
OTAEeJbHBIX PEIleHuil, U Jajiee UAeT MOUCK OOIIero,
r100aJIBHOTO BBIBOZA. TeXHUWUYECKMM aHaJIOTOM Ta-
KOTO BUJA MBIIJIEHUSA MOKET OBITH IIPOIIeCC OITH-
MU3aIuu, KOT/la BHaYAJIe Ha OCHOBE NMeIOITlelica nH-
dopMaIuu IPOBEPAIOTCS BCE PEIIeHUA Ha BBITTOJIHU-
MOCTb OUDAHUYEHUH, a 3aTeM HUINeTCs HAUJIyUIlee
pellieHre U3 BCeX BO3MOYKHBIX II0 YCJIOBUAM OIDaHU-
YeHUH pelleHui mo Kpurepusam tuna (6)—(13).

IIpu a60yxmueHoM TPUHATUY PEIIeHN A, COTJIAC-
Ho Ilupcy, mo3uaBarenbHad AeaTeabHocTs B ITHCP
eCThb B3aumMojelicTBre aOAyKINMN, MHIYKIUU U Je-
nykimuu [19]. IIpum sTom abZyKIIUA OCYIIECTBJISIET
MIPUHATAE IPABAOIONOOHBIX TI'MIIOTE3 IIOCPEICTBOM
00bACHeHUs (PAKTOB, C IIOMOIIBI0 MHAYKIIUU DPe-
aJu3yeTcsi TECTUPOBAHWE BBIABUHYTBHIX THUIOTES,
a IMyTeM AeAYKIUU U3 MPUHATHIX TUIOTE3 BBIBO-
OATCA CIeACTBUsSA. TeXHUUECKUM aHaJIOrOM TaKoTro
BUA MBIILJIEHUSI MOXKET OBITh IIPOIECC IOMCKA OIl-
THMAaJILHOTO PEIleHNs 10 aHAJIOTUU, KOT/Ia U3 BCeX
BO3MOJKHBIX PeIlleHUl, IoJyYaeMbIX 13 YpaBHEeHUN
(5), BHauaJe 0OTOMPAIOTCA METOAAMY PACITIO3HABAHUS
00pas3oB Te pellleHus, KOTOpble Hambojee OJIU3KU
K ysKe MMEIOIIUMCS PeIIeHUAM, XPaHAIIUMCA B 0a-
3e ranHbIX ITHCP 1 gaBaBIIINM B IIPOIIIJIOM XOPOIITHE
pes3yabTarThl. 3aTeM MOXKHO METOJaMU IeIyKTHUBHO-
ro U (W) UHAYKTUBHOTO MPUHATUA PEITeHUi IIo
Kpurepusam Kauectsa (6)—(13) BLIOMpATh JyUIIIee.
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B Oosee cloKHBIX CIyYasax, XapaKTePHBIX IJIs
WHTEJJIEKTYaJIbHBIX CUCTEM, KOTa He yaaeTcs chop-
MHUPOBATh CKAJAPHBIA KPUTEPUII KauecTBa, BBIOOD
ONTUMAJILHOTO PEIeHUs U3 BCEX DPEeIIeHuH q;j» TO~
JIYUYeHHBIX U3 CUCTEMBI (D), MOYKET OCYIIEeCTBIATHCS
MeToaM¥ MAaTeMaTUYeCKOTO IIPOrpaMMUPOBAHUS
B TOPAJKOBBIX INKAaJiaX, 000OIIEHHOT0 MaTeMaTu-
YECKOT'0 MPOrpaMMMPOBAHUA WJIU MHOTOIIIAr0OBOTO
0000IIIEHHOTO MAaTeMaTUYeCKOTO IIPOrpaMMUPOBa-
Husa. CpaBHUBas OIMCAHHBIE METOAbI NPUHATUA
pellieHuA, MOKHO CHeJaTh BBIBOJ, UTO aO0AyKIIMOH-
HBIII MeTof ABJseTcsa Haubojee GBICTPLIM IO aHa-
JIOTUY C UHTYUIIHEl, HO eT0 HaJIeKHOCTh 3aBUCUT OT
TIOJTHOTHI 0a3bI JAHHBIX XOPOIINX PEIIeHUH 13 Ipo-
IJIOTO OIIBITA, T. €. OT BPEMEHU JKCILIyaTaIluu II0-
IOOHBIX POOOTOB B ITOXOXKUX YCJIOBUAX OKPY/KEHU.
HenyKTUBHBIN MeTOL 60Jiee OBICTPHIH 10 CPABHEHUIO
C MHAYKTUBHBIM ITPU OOJIBIIIOM YMCJIe OTPAHUYECHUH,
TaK KaK He TpeOdyeT IPOBEPKU OTPAHUUYEHUN IJIA
Bcex perrennii. I[Ipu cI0KHBIX KPUTEPUSIX KauecTBa
W MaJIOM YHCJIe OTPAHUYEHUN MHAYKTUBHBIA METO
MOJKeT OBICTpee JaTh Pe3yJabTaT, TaK KaK OTOPOCUT
TIOWICK PEeIeHUs A IO CJOKHBIM KPUTEePUAM KauecTBa
151 HEIIPUEMJIEMBIX 10 OTPDAHUYEHUAM DPEIIeHnH.

ITocsie BIOOpa OIITUMAJIBHOIO perieHus B OJI0Ke 4
(cM. pHUCYHOK) 3amrycKaeTcsa onepanusa nedassudura-
MUY, IO KOTOPOU MOHMMAETCS IIpoIeaypa npeobpa-
30BaHUA HEUETKUX BEJINUNH, II0JTYIaeMbIX B PE3yJIb-
TaTe HEUETKOI'O BBIBOZA, B UETKIME. ITU BeJIUUNHEI ITO
KaHaJy mepejadyu yIpaBJsaioOlIUX CUTHAJOB 5 mepe-
IaroTcs B 6JIOK 6 POPMUPOBAHUA YIIPABIAIOIIUX BO3-
netictBuii. OGbIYHO B OGJIOKe 6 (DOPMUPYIOTCS OIITH-

MaJIbHbIE€ 3aKOHBI yIIPABJIEHUS PA00UMMU OpraHaMu
7, KOTOpBIE MOCTYIIAIOT TyAa B BUIE YIPABJIAMOIINX
CUTHAJIOB (HAIpsKeHuil). MeTogbl MOMCKA OIITH-
MAaJIbHBIX YIIPABJAMIINX BO3AEHCTBUI U3yUYEHbI 10~
CTATOYHO TIOJTHO, HaIIpuMep, B padore [20].

3akJaroyeHue

IIpensiosxeHHble TIPUHITUIBI JeIyKTUBHOTO, WH-
IYKTUBHOTO U aOAYKIIMOHHOTO TPUHATUS pelle-
HUII ¥ COOTBETCTBYIOI[ME IIPOIeAypPhl 00paboTKU
uanpopmanuu B ITHCP c wucnosb3oBaHumeM aJire-
Opamsanuu ¥ MaTPUYHOTO PEIIeHUA CHUCTEM JIOTU-
YeCKUX ypaBHEHUUN 3(P(EKTUBHO IIPUMEHATH IIPU
(GOpPMUPOBAHUY CTPATETUU ¥ TAKTUKU YIIPABICHUI
UHTEJJIEeKTYaJIbHBIMU POOOTaMU B YCJIOBUAX HEIIOJI-
HOIi ompeaenernHocTu. Ilpu sToM HamboJsee GBICTPO
OymeT MPUHUMATHCS PellleHre IPU KUCII0JIb30BAHUU
a0IyKI[MOHHOTO IIPUHIIWIA, BKJIOUAOIIEro 3Je-
MEHTBI JeTYKTUBHOTO U NHAYKTHUBHOTO MBIIIJIEHUA.
JOoCTOBEPHOCTh W HAMEKHOCTb MPUHATUS PEITeHUs
IIPU TAKOM TIOJIXO0/Ie MOT'YT OBITH TOBBIIIIEHBI B TIPO-
Iecce dKCIIyaTaluu poboTa, €Ccid BKJIIOUYUTH B CHU-
CTeMy YIIPaBJIEHUS 3JIEMEHTBI CaMOOOYUYEHUS, II0-
ToJTHAIoNIe 6a3y 0TOMPAEMBIX XOPOIINX PEIIeH!H,
IaBaBIIUX B IPOIILJIOM IIPAaBUJIbHBIE DEIIIEHU.

PabGora BhIMOSTHEHA TIpU (PUHAHCOBON MOMAEPIK-
Ke PDODOU (mpoext Ne 16-29-04424, 18-01-00076,
18-51-06003 u 15-07-04760), PH® (umpoexT Ne 18-
19-00005 ) u IIporpammer IIpesuauyma PAH 1.3111
«AKTyasbHBIE ITPO0JIEMbI POOOTOTEXHUKM».
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Introduction: Smart electromechanical systems have the ability to perform parallel calculations, group control, communication,
information storage, monitoring, measurement and control of their own or environmental parameters with parallel kinematics of
the actuators. This allows such systems to manipulate large loads in terms of accuracy and rigidity. The behavior of such a system
is based on the information it obtains from its own central nervous system about the state of the environment and the state of the
system itself. Purpose: Developing algorithms of individual behavioral decisions for humanoid robots built from modules of intelligent
electromechanical systems. The decisions should be based on the information received from the central nervous system. Results: The
paper discusses the deductive, inductive and abductive types of behavioral decision-making in the central nervous system of a robot
built from modules of intelligent electromechanical systems. It is shown that the abductive method is the fastest one by analogy with
intuition, but its reliability depends on the completeness of the database of good solutions from the past experience, i.e. it strongly
depends on the time of operating similar robots in similar environments. The deductive method, with a large number of constraints, is
faster than the inductive one, as it does not require that the constraints for all the solutions are verified. Under complex quality criteria
and a small number of constraints, the inductive method can produce faster results, as it discards the search for solutions by complex
quality criteria for the decisions unacceptable by constraints. Practical relevance: Based on the considered types of behavioral decision-
making in the central nervous system of a robot, the proposed algorithms can be used to formulate the strategy and tactics of the control
over intelligent robots.

Keywords — Intelligent Electromechanical Systems, Human Sense Organs, Human Central Nervous System, Central Nervous
System of a Robot, Measurements, Calculations, Control, Deduction, Induction, Abduction.

Citation: Gorodetskiy A. E., Kurbanov V. G., Tarasova I. L. Decision-Making in Central Nervous System of a Robot. Informatsionno-
upravliaiushchie sistemy [Information and Control Systems], 2018, no. 1, pp. 21-30 (In Russian). doi:10.15217/issn1684-8853.2018.1.21
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PELLEHUE 3AAAYU NOABOAHOIO HABAIOAEHUA
B YCAOBUAX NPUMEHEHUA UHTEAAEKTYAABHbBIX MOMEX

A. A. MapTbIHOBa?, AOKTOP TEXH. HAYyK, CTaPLLMKI Hay4YHbIH COTPYAHMK, martynowa999@bk.ru
3AO «KoHuepH «LUIHUW «nektponpubop», Manas lNocaackas ya., 30, CaHkT-lNetepbypr, 197046, PO

BBeaeHue: aBTOHOMHbIE HEObHTaeMble NOABOAHbIE anmnaparbl BbiMOAHSIOT pa3Ho0bpasHbie 3aaayu, B TOM YMCAE HabAto-
AEHUE 3a APYrMMU aBTOHOMHbIMW HEOOUTaeMbIMU MOABOAHBIMU annapatamu, NPEACTaBASIOLLMMU ONPEAEAEHHbIN UHTEPEC,
Harnpumep, ¢ KOMMEPUYECKOH ToYKkM 3peHns. 3asada annapara-HabAtoAaTeAs] 3aKAOUAETCS B MOAAEPXaHUM MOCTOSIHHOIO KOH-
TaKTa ¢ HabAroAaeMbiM 0OBEKTOM U MOAYYEHMM MHPOPMaLMKU O €ro KOOPAMHaTax U napameTpax ABWKeHUs. B 1o xe Bpems
HabAoAaeMbIV annapat CTPEMUTCS 36aBHUTLCS OT HAOAOAEHUS, AN HEro UCTMOAL3YET MHTEAMEKTYaAbHYIO MOMEXY B BUAE Bbl-
COKOCKOPOCTHOro annapara. MHTeAMEKTYaAbHOCTb MOMEXM 3aKAHOUAETCSA B €e CrOCOBHOCTH pacno3HaBaTb CPEACTBA MPOTUBO-
AEVCTBHS, KOTOPbIE MCIIOAL3YET MPOTUB HEe HabAKAATEAb, M CHUXATb MX BAUSIHUE BblOpaHHOM CTpateresi CBOero rnoBeAeHMUs.
Ao cux nop B 3aaadvax MOUCKa U NPECAEAOBaHUA 00bEKTa, B TOM YUCAE U B YCAOBUSIX MOMEX, MOBEAEHME NMOMEXU HE HOCHAO
MHTEMEKTYaAbHbIN xapaKkTep. LieAb uccaeao0BaHUA: OLiEHKa BAMSIHUST MOBEAEHNS MHTEAEKTYaAbHOM MOMEXH Ha BO3MOXHOCTb
COXpaHeHUsI KOHTaKTa C HabArAGEMbIM annapaTtoM B YyCAOBHUSX, KOTA@ PAA NapamMeTpoB MOMEXM U CTpaTeris ee MnoBeAeH s
3apaHee He orpeAereHbl. Pe3yabTaTbl: CHOPMUPOBAH TaKTUUECKMI 3NMU304A HabBAKOAEHUS 3@ CTOPOHHMM arnapaTtoM, UCTOAb3Y-
IOLLUMM UHTEAMEKTYaAbHYH MOMEXY; BbipaboTaHbl CTpaTerisi MCMoAb30BaHUs HabAoAaTeAEM CPEACTB MPOTUBOAEHICTBHUS 1 CTpa-
TErnsl MNoBeAEHMWs] BbICOKOCKOPOCTHOIO annapara ANl CHUXKEHUST BAUSIHWUS CPEACTB MPOTUBOAEHCTBUA. AASI OLEHKW BAMSIHWS
onpeAeneH nokasatenb 3GPEeKTUBHOCTU, AN €ro pacueta paspaboraHa Matemarmyeckass MOAeAb. B OCHOBY pacueTa noka-
3arenst aIPGEeKTUBHOCT HabAOAEHNS MOAOXKEH METOA CTaTUCTUUECKMX UCMbITaHni (MeToa MoHTe-Kapao). C nomMoLLbto paspa-
60TaHHOM NPOrpaMMHON peaAr3aumnmu MaTeMaTMyeCKoN MOAEAM NPOBEAEHbI YNCAEHHbIE IKCMEPUMEHTbI, YTO MO3BOAMAO OLe-
HUTb BAMSTHUE MHTEAMEKTYaAbHOM MOMEXM Ha BO3MOXHOCTb COXPaHEHUST KOHTaKTa HabAtAaTeAs: ¢ HabaroAaeMbIM annaparom.
lMpakTuueckas 3HaYUMOCTb: Pe3YAbTaThl MOryT ObITb MCMOAL30BaHbI MPU MAGHUPOBaHUN CTpaTErn NOBEAEHUS HabArOAaTENS
B YCAOBMUSIX MOMEX, MPY BbIBOPE TEXHUYECKMX PELLEHUI 10 0becrneyeHnto HabAOAEHUS1 3@ CTOPOHHUM arnnapaTtoM B yCAOBUSIX
nomex, npu BbI6ope CPEACTB NPOTUBOAEHMCTBUSA MHTEAMMEKTYaALHOM MOMEXE, MPUMEHSIEMOU HabAoAaEeMbIM annapaTom.

KaroueBble cAoBa — aBTOHOMHbIM HEOOUTaeMbI MOABOAHbIH arinapart, MmatemMatn4yeckoe MoAeAnpoBaHue, MeToA CTaTtu-

CTUYECKMX UCMbITAHUH, MIHTEAAEKTYaAbHas MoMexa.

IIutupoanme: MapreraoBa JI. A. Pemnrerve 3ajauy IOJBOJHOTO HAOJIIOZEHUS B YCJIOBUAX IPUMEHEHUS WHTEJIJIEKTYaJIbHBIX IOMEX//
Nudopmanmonuo-ynpasadomue cucreMbl. 2018. Ne 1. C. 31-41. doi:10.15217/issn1684-8853.2018.1.31

Citation: Martynova L. A. Underwater Observation under Intellectual Interference. Informatsionno-upravliaiushchie sistemy
[Information and Control Systems], 2018, no. 1, pp. 31-41 (In Russian). doi:10.15217/issn1684-8853.2018.1.31

BBenenmne

B ceTeneHTprUeCKOl cucTeMe 3aIUTHI 3aaHHO-
T'0 MOPCKOTI'0 PaioHa OJHUM U3 3JIEMEHTOB ABJIAIOTCA
MOJBOAHbIE HEOOHMTaeMble allapaThl, IMPOBOLSIINIE
ocBeleHre OOCTAHOBKM, B TOM dYHcJe OOHapyKe-
HUe alliapaToB, OKa3aBIINXCA B 3aJaHHOM paiioue,
KOTOpbIe TPeOyIOT HAOJMIOAEeHUS M COMPOBOKIACHUA:
OAVH U3 alllapaToB — HaOJIoZaTesib — BeJeT Ha-
OJIrofleHMe 3a OPYruM almaparoM — HalJImogae-
MBIM. 3ajlaua annapara-Ha0JromaTessa 3aKJII0YaeTCa
B IIOAZEPKaHUY IIOCTOSTHHOrO KOHTAKTa ¢ HabJrona-
eMbIM O0BbeKTOM U TOJYUYEeHUU WHPOPMAIIUU O ero
KoOpAUHaTaX W IapaMerpax ABu:KeHus. OgHaKo
Ha0JII0IeHIIe CO CTOPOHBI HAOII0AATe IS MOMKET IPOo-
TUBOPEUNTL MHTEpecaM HaOJII0JaeMOro ammnapara,
OTOMY [IJIsl YKJIOHEHUS OT HAOJIIOAeHUsI OH MOKeT
WCIIOJIE30BATh IIOMEXY B BHJE BBICOKOCKOPOCTHOTO
CaMOXOIHOI'0 HeoGMTaeMOoro IIOABOIHOIO aliapara,
CYII[eCTBEHHO ITPEBOCXOJAIIETO B CKOPOCTH IepeMe-
mieHuA HabJIogaTe a. BEICOKOCKOPOCTHOIT ammapar
CcOo3aeT HEBBIHOCHMbIE YCJIOBUS HAOJIOMEHUS, II0

KpaliHeil Mepe Ha HEKOTOPOe BpeMs, U TeM CAMBIM
JaeT BO3MOJKHOCTH HaOJII0JaeMOMY amIapary OTO-
pBaThbecA OT HabJOAaTeN . B TaKUX yCJIIOBUAX 3aja-
va HaOJII0aTe I — IPOAOJIXKATh BeCTU HAOII0AeHTe
B yCJIOBUAX ToMeX. IIpu aToM Habr0gaTe 110 Heo6xo-
IVMO PEIIUTD JIBe 3a1aUn:

— MAaKCHUMAaJIbHO CHUBUTH 3(PEKT CO3LaHUA BbI-
COKOCKOPOCTHBIM aIlIIapaToM IIOMEeXU;

— He TOTePATh KOHTAKT ¢ HaOJI0JaeMbIM allma-
parom.

ITocienHee o3HAUaeT, UTO B CIydYae YKJIOHEHUA
OT TIOMeXH Ha0JII0JaTe b MOYKEeT OTOMTH Ha AUCTaH-
[0, MIPEPHIBAOIIYIO er0 KOHTAKT ¢ Ha0JII0aeMbIM
ammapaToM M He ITO3BOJIAIOIYI0 BECTU HaOII0qeHUe.
B sToM ciryuae 1ociie mpeooJieHns IoOMexX1 Ha0Jio-
JaTeJl0 BHOBDL IIPUAETCS BECTU MOUCK alliapaTa Ha-
OJIfOfeHUs ¥ TOJIBKO IIOCJIe OOHAPYKEHUs IepeiTu
B PEKUM ero HabJIIoge .

s Toro 4To6bl MaKCUMAaJIbHO CHU3UTH 9D HEKT
CO3MaHUA IIoOMeXu, HabJoaTe/Il0 Heo0OX0quMO, IIpe-
JKJe BCero, UCIoJIb30BaTh MaHeBp YKJIOHEHU S, O HA-
KO 3TOr'0 HEJIOCTATOUHO M3-3a GOJIBIIIOr0 IIPEBOCXOI-
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CTBa II0 CKOPOCTH BBICOKOCKOPOCTHOTO ammapara.
ITosTOMy MOOMOJHUTEIBHBIM CIIOCOOOM CHIKEHUSI
BINAHUSA TIOMEXU SBJSAETCA HCIOJIH30BaHUE HEKO-
TOPOTO apceHaJa CPENCTB IPOTUBOAEHCTBUS BBHICO-
KOCKOPOCTHOMY ammnapary. BhICOKOCKOPOCTHOI air-
mapar croco0eH B CHJIy CBOEr0 MHTEJJIEKTa, B CBOIO
ouepenb, IPEoJOJeTh 3TU CPENCTBA, OAHAKO HA 9TO
OyzeT 3aTpaueHO HEKOTOpPOe BpeMsdA, a BpeMsdA ero
(GYHKIIMOHUPOBAHUSA OTPAHUYEHO SHEPTOPECYPCOM.

B cBsABM ¢ 5TUM BOSHUKAET 3aJava OIeHKU BJIU-
AHUA UHTEJJIEKTYaJbHOU ITOMEXY Ha BO3MOYKHOCTH
CcOXpaHeHMs KOHTaKTa HalOJmomarens ¢ HabJogae-
MBIM amIIapaToM.

ITomoGHBIM 3amavaM, KJacCUPUIIMPYEeMBIM KaK
3a1au IIOVCKA U IIPecaeJOBaHA, B TOM YHCJIE B YCJIO-
Buax momex [1-10], B tuTeparype ymeaeHo JOCTaTOU-
HO BHUMaHUsd. Hampumep, 13 TeOpUU UTP U3BECTHA
3aaua o Bopuresie-youiite [11], B KOTOPOI TUIIOTETH-
YecKUH yOerarmninii MOKeT IBUTATbCA MeIJIeHHO, HO
MaHEeBPEHHO, IIBITAACh YUTH OT BOJUTEJA, BEIYIIIETO
MAaITUHY Kyzaa ObICTpee, HO CYIIeCTBEHHO OTPaHUUeH-
Horo B MaHeBpe. IIpu sTom aBTOop P. Aiisekc BMecTo
«BOIUTEJISI» U <«IIEIeX0[a» II0APasyMeBaJ TOPIEeNy
¥ yBepThIBaIOIUiicA OT Hee HeOobIoi Karep [12].
HuckpeTHaa Bepcud 3amaum onrcana B padore [13].

B yxaszammpIix paborax (opMmpOBaHUE OIITU-
MaJIbHOT'O IIOBEIeHUA IIOMEXY PacCMaTpUBAJIOCh 6e3
IIPUCYIIIETO el UICKYCCTBEHHOTO MHTEJIJIEKTA, IT03BO-
JISTIONEeT0 MeHSTh TAKTUKY U HMapaMeTphbl CO3MaHUs
TOMeXHY B 3aBUCUMOCTH OT CJIOYKUBIIIEICA CUTyAIUH,
CBSBAHHOMU C UCITOJIL30BAHUEM MMPOTUB HUX CIIOCOOOB
cHUKeHUA (GopMupyeMoil nmomexu. o HaCTOAIIETO
BpPEMEHM B TaKOU IIOCTAHOBKe 3amaua (opMmpoBa-
HUS TIOMEXH CO CJIOKHBIM IIOBEIeHNEM 1 B YCIOBUAX
TIPOTUBOIENICTBUS IIOMEXe He pacCMaTpUBajach.

Ilenpio HacToAlell PabOTHl ABJAETCA OIEHKA
BJIUAHUS CTPATETUU MOBeJeHUA HAOJI0AaTe s B yC-
JIOBUAX WHTEJJIEKTYaJIbHON IIOMEXM, CO3JaBaeMOu
BBICOKOCKODPOCTHBIM AaIllllapaToM, U CTPaTeruy KC-
TOJb30BAHUA TPOTUB BBICOKOCKOPOCTHOTO AaIlma-
para Mep MPOTHBOJENCTBUSA, CHUMKAKIMUX 3(hHEKT
BINAHUS TOMEXYW HA BO3MOKHOCTH HAaOJIOAATEeJs
yIep:KaTh KOHTAKT C HaOJI0ZaeMbIM alllIapaToM.

Huia mocTmikeHUA 1esii B paboTe ObLIM PEIleHbI
cJIeyIoIye 3a aun:

— ompeneseHa TaKTUUYECKasd CUTyallus, YUUTHI-
BaOIasg pas3IuvHbIE CTPATETUY TOBEIEHUA BHICOKO-
CKOPOCTHOTO allllapaTa M CPeACcTB IPOTUBOAEHCTBUS
momMexam;

— oIpeJiesieHbI IToKazaTean 3(h(PeKTUBHOCTU CO-
XpaHeH!Usd KOHTaKTa ¢ HaOJI0ZaeMbIM AaIllapaToMm
yTeM CO3JJaHUS TPOTUBOIEHICTBUS IIOMEXaM;

— paspaboTaHa MaTeMaTudyecKas MOJeJb II0Be-
IeHuA HaOJIoHaTe s B YCIOBUAX IIOMEX;

— paspaboTaH TJIaH YNCJIEHHOTO JKCIIEPUMEH-
Ta W MIPOBEJEHBI PACUYeThl C MCIIOJH30BAHUEM IIPO-
TPaMMHOM peasusaliuy paspaboTaHHON MaTeMaTu-
YeCcKOU MOJEJIN;

— Ha OCHOBE TIOJIYYEHHBIX PE3YJIhTAaTOB BHIJAHBI
PeKoMeHIaIuy 10 CTPaTernu IIoBeJeHus HabJroa-
TeJd B YCJIOBUAX ITIOMEX.

Onucanue TAKTHYECKOH CUTyaI[MU
HAOIIOAeHUA OJJHUM ABTOMATHYECKIM
anmnapaTom gpyroro

PaccmarpuBaeTcsa samaua BeleHUSA HAOJIIOAEHUS
OIHUM aBTOHOMHBIM HEOOUTAaeMbIM IOABOMHBIM all-
mapaToM Apyroro. Amnmnapar-HabJ/ogaTes b BeJeT Ha-
OJIIOfleHNe Ha TUCTAaHIINN, He IIPeBbIHIaioniein D
UCXOMA M3 CBOUX TEXHUUECKUX BOZMOIKHOCTEM.

Habamogaemblii anmapaTr cTpeMUTCA YUATHU B OT-
PBIB OT HaOJIOHATENA, OJIA Uero MCIIOJb3YeT BHICO-
KOCKOPOCTHOM amImaparT, CO3[AIoIUii IIOMEeXHW Ha-
OJIFOZATEJII0 U BBEIHYKIAIOMINII er0 MaHeBPUPOBAaTh.
B pesysnbrare HabglomaeMoMy ammapary yaercs
YBEJIUUYUTH OJUCTAHIINIO, C KOTOPOU HaOJIIofeHUe 3a
HUM CTAHOBUTCS TPOOIEeMATUUHBIM.

IIpenmosiaraercs, 4YTO B OTBET Ha AeHCTBUS BHICO-
KOCKOPOCTHOTI'0 amiapaTra HabJIogaTesrsb I CHUKe-
HUA CO3JaBaeMOH BBICOKOCKOPOCTHBIM AaIllllapaToM
IIOMeXHU UCIIOJIb3YeT:

— MaHEeBDP YKJIOHEHUSA 110 KYyPCY, CKOPOCTHU U TJIy-
OuHe, B X0O[le KOTOPOr0 B MaKCHUMAJbHO KOPOTKUE
CPOKU IBITAETCA BBIMTHU U3 TPEXMEPHOI'0 KOPUAO0pPA,
IIPOCMAaTPUBAEMOI'0 BHICOKOCKOPOCTHBIM alllapaToM
B IIPOIECCE CO3MAHMS ITOMeX HabJII0JaTe Io;

— cmeluaJibHbIE CPEACTBA IIPOTUBOAEUCTBUA
BBICOKOCKODOCTHOMY AaIllIapary [IJs TOr'0, 4YTOOBI
BBICOKOCKODOCTHOII ammnapar IMoTepsj OPUEeHTAIUIo
B IIPOCTPAHCTBE U 3aTPATUJI OIIPeeIeHHOe BpeMs Ha
ee BOCCTaHOBJICHUE.

IIpuBecTy BHICOKOCKOPOCTHOI almapar K moTepe
OpPHEHTAIINH CIIOCOOHBI YCTPOHCTBA, KOTOPHIE:

— COBJAIOT IOMEXU O0HAPYIKEeHUA CBOETO CUTHA-
Ja Aper@yoniuM IprudopoM IoMex;

— COBJAIOT UCKAaKEeHHOe I10JIe, B Pe3yJIbTaTe UYero
CKOPOCTHOI alllapaT CXOAUT C ICTUHHOI'O MapIIIPyTa
U IBUKETCSA B JIOXKHOM HaIpaBJIeHUU (MMUTATOPHI);

— co3Jal0T (PU3UUYECKUe NMPENATCTBUA, B KOTO-
PBIX CKOPOCTHOII allllapaT «BsS3HET» U He UMeeT BO3-
MOJKHOCTH BBIOpaThCA (AHTH-aIIIIapar).

OTHOCUTEJNLHO BBICOKOCKOPOCTHOI'O arapara
IIPEeJIIoJIaraeTcs, YTO OH AOCTATOUHO MHTEJJIEKTya-
JieH, 4TOObI u30eraTs co3aBaeMble €My TPYIHOCTH,
M TIOCTOSHHO IBITAETCS I[OMEIIaTh HaOJII0IaTeso
IIyTeM COMMIKEHUA ¢ HUM Ha JUCTAHI[MIO KOHTAKTA.
CoOnnskenne Ha JUCTAHIINMIO KOHTAKTA 03HAUAET, UTO
IocJie ATOTO HAOJIIOaTe b Ha HEKOTOPOE BpeMdA He
crocobeH BecTU HAOJIIOJeHIe 3a MHTEPECYIOIIUM eT0
anmapaTom.

OTrHocuTebHO HamboJiee Iiesiecoo0pasHoi cTpa-
TErny HUCIIOJIb30BAHUS CPEICTB, CO3MAIOIIUX TPY-
HOCTU BBICOKOCKOPOCTHOMY ammapary, IIpeJIoJia-
raercs, 4TO O TOTO, KaK HauaTh MaHEBPUPOBAHUE,

HabJI’
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HaAOJIOATe b BBIIYCKAET CAMOXOMHOE CPEeaCTBO,
cosparolee JOMKHOe ToJie (Ha ITUPKYIAIINN BBITTYCK
CaMOXOIHOI'0 CPeACcTBa (MMHUTATOPA) HEBOZMOIKEH 110
TexHUUYeCKuM mpuunHam). Ha puc. 1 mokasana Tpa-
eKTOpPUSA IBUIKEHUSI UMUTATOPA, OTBOIAIIET0 BBICO-
KOCKOPOCTHOM ammapar Ha JOKHOe HallpaBJIeHUe.
Yepes HEKOTOPOE BpPeMs ITPOUCXOAUT BBITYCK
Ipeiidyromiero nmpubopa mmoMex, B pe3yJbTaTe 4Yero
B 30HE BOKPYT HETO CO3IaeTCAd BBLICOKOYPOBHEBBIH
IyM, 3aTPyAHAONINN OoO0HApPYKeHHe BBICOKOCKO-
POCTHBIM ammapaToM Haboxaresns (puc. 2).

V\
AN
AN TpaexkTopus
V. YKJIOHEHHA
\ Habmromarens
N
\
\
\

\
\
]
I

- /\

O
n - ~ Ha6ronaembrit
MuTaTop o~ — aarmapar
Ha6uoxarens CKOpOCTHOMH \
ammapar -
-

~
TpaexTopua Sa
VKJIOHEHU A
Ha0JII01aeMOTro
ammapara

B Puc. 1. Cxema B3aMHOTO II0JIOKEHUA HAOJII0HATe I 1
Ha0 I0ZaeMoro anmnapara

B Fig. 1. Diagram of the relative position of the observ-
er and the observed apparatus

HaGmromaTens ucmoab3yeT Apedyoiuil mpu-
0Op IIOMeX TakK, UTOOBI IITyM IOMEXM He 3aIJIyIa
curHajJ mMuraropa. IIpmHMMaeM, YTO IIOMexXa MO-
JKeT HaXOOUThCS U B CTOPOHE OT HAIIPABJICHUS JBU-
JKeHUs CKOPOCTHOrO ammapara. Eciu B pesysbrare
mpubop IToMeX OTBJIEK HAa HEKOTOPOe BPeMsI BHICOKO-
CKOPOCTHOM ammnapar, TO IOCJIETHNI BO3BpAIlaeTC
¥ BHOBB OCYIIIECTBJIAET IIOUCK HabatomaTens. B cay-
yae ero 00HAPY KeHUA BBLICOKOCKOPOCTHOI ammapar
IIEPEXOUT B PEIKUM COIIPOBOKACHU S HaOII0aTe .
Torga HabmOmaTe €M HCIIOJb3YETCA CAMOXOIHBIN
ammapar (aHTH-ammapar), TPUBONAININUN B HETrox-
HOCTh BBICOKOCKOPOCTHOII ammapar. lIpuMeHeHUe
aHTH-anmapara HauboJsee s(p(PeKTUBHO HAa KOPOTKUX
OIUCTAHIINAX, TaK KaK Ha OOJBIIUX TUCTAHITUAX
MOJKEeT He XBAaTHUTbL Pecypca, U CHCTEeMA HaBEeIeHUS
aHTH-aIIapaTa He cIoco0Ha 0OHAPYIKUTH 1 MOIACTh
B BBICOKOCKOPOCTHOI armapar. [lucrauinmsa ucmoab-
30BaHUA aHTHU-ammapara okoJo 400 m.

IIpenmosiaraercsi, YTO CKOPOCTHOM ammapar mo-
CTATOYHO <«YMHBII», UTOOBI C TeUEeHWEM BpPEeMeHU’
pasobpaThbCcsa B TOM, UTO Iepea HUM JIOMKHBIN amia-
paT, WiIu IpPeojoJieTh COo3JaBaeMoe IIOMEXOH IIoJie.
IIpu BOBHUKHOBEHUY WMUTATOPA, KOTOPHIH BBI3BI-
BAeT ero OTBe[eHUe Ha JIO}KHOe HallpaBJieHUue, BBI-
COKOCKODOCTHOI ammapar ¢ HeKOTOPOI AMCTAaHIIUNU
D, xnaccu@uIupyeT UMUTATOP KaK JIOMKHYIO IeJlb
W TIOHMMAET, UTO COINeJ] C MCTUHHON TPaeKTOPUH.
ITocme sTOTO BBICOKOCKOPOCTHOII allllapaT BO3Bpa-
11aeTcdA B TOUKY IOCJIEJHEI'0 KOHTAKTa C HabJrogarTe-
JieM, YTOOBI IIOIIBITATHCS CHOBA CO3/IaTh €My IIOMeXY.

IIpy BOSHUKHOBEHMM IIYMOBON IIOMEXH PE3KO
COKpaIllaeTca TaJLHOCTh OOHApPY:KEeHUs, IOKa IIpe-

A 4
AN Tpaexkropus
Y.  YKJOHEHUS
N HabIomaTe I
P 4 E
s - N\ N

TpaexTopus /’
ABUIREHUA | Ha6monarens
BBICOKO - '\ \
CKOPOCTHOTO \ AN

N

ammapara

Hucranmusa
oTX0ma
3a IOMexy

= .
CKopocTHOMI
ammapar Hab6mronaemurit
ammapar

TpPaeKTOPHA > ~_
VKJIOHEHUS >~
Ha0II01aeMOTr0
ammapara

Sa

B Puc. 2. Cxema IpuMeHEHUA IIOMEXHU, IPEIATCTBYIOIIeH 00HaPYKeHUI0 BEICOKOCKOPOCTHBIM alliapaToM HabJIiogaTes s
B Fig. 2. Schematic of the use of interference preventing detection of an observer by a high-speed device
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cjIe0BaTeIb HaXOAUTCs B 30HE JelCTBUSA IIOMeX. 3a
cueT cCOOCTBEHHOTO MHTEJIJIEKTA W TPOBOAMMBIX M3-
MepeHU YPOBHSA IIIyMa CAMOXOAHBIN ammapaT Haxo-
OUT ONTUMAJIbHBINI BBIXOJ M3 PalioHa CO3JaBaeMbIX
emy nomex. ITo ypoBHIO IITyMa OH BbIOMpPaAeT B Kaue-
cTBe HamboJee 11e1eco00pas3Hoil TaKTUKY IBUKeHIEe
B SIUIIEHTP UCTOUHUKA TIOMEX C Te€M, UTOOBI IIPONTHU
€ro HAaCKBO3b, IIOCKOJBKY TAKOM IIOAXOM IpPeaCTaB-
JAeT co0OM KpaTJadIImil IyTh TPEOJOJIEHUA 30HBI
nelicTBUA ITOMeX U B Bue Kpyra. [lociie mpeomoeHusa
IoMeX’ CAMOXOAHBIM ammapar IIepexXOofuT Ha Tpa-
eKTOpUIO TIOMCKa HaOJoJaTeNd AJA IIPOAOJIKEeHU
CO3JaHMs €My IIOMeX ¥ OTPBIBA OT HAOJIIOAEHUS C eT0
CTOPOHBI.

IIpuauMaeTrcs, 4To IpU OJUBKON AUCTAHIIUU O
BBICOKOCKOPOCTHOT'O AaIlliapata Ha0J poAaTeJ b HuC-
MOJIb3yeT aHTHU-aMIapaT, MIOCKOJbKY Ha TaKUX [IHC-
TAHIIUAX OPYyTHUe CpeacTBa (MMHUTATOP U Apeidyio-
Ui mpubop moMex) HeapeKTuBHBI. [Ipu 5TOM BbI-
COKOCKOPOCTHOII aIlllrapaT He MMeeT BO3MOXKXHOCTU
0e3 CTOPOHHE! HOMOIIM BHIOPATHCA U IPOAOJIKUTH
cosmamme momMexu HabJI0gaTe o,

3ajaua coCTOsIa B OLeHKE BO3MOMKHOCTH COXpa-
HeHUA KOHTAKTa ¢ HAbGJII0JaeMbIM aIlllapaToM MocJjie
VKJIOHEHHS OT BRICOKOCKOPOCTHOIO allapara.

Biusanue Ha coxpaHeHUe KOHTaKTa ¢ HabJamomae-
MBIM aIlllapaToM OKa3bIBAET TO, UTO CTPATErus MPU-
MeHEeHUsA MeIIaIoIuX CPEACTB CO CTOPOHBI HAbJIO-
naTeJisg BeIOMpaeTcsa TAKUM 00pasoM, UTOOBI CBECTU
K MUHMMYMY IOOBITKM BBICOKOCKOPOCTHOI'O aIlla-
para momerrnaTh HabJIIOgeHUIO.

ITociie moTepu KOHTaKTa ¢ HAOJIIOAATEIEM BBICOKO-
CKOPOCTHOMY allTllapaTry IIPUAETCS BO30OHOBUTE ITOUCK
Ha0II0maTe A, ONHAKO OrPAHNUYEHHOCTh €TI0 SHeprope-
cypca He IIO3BOJIAT €My BECTH 3TOT IIOMCK OECKOHEUHO.

Il TpoBeieHnsI OIeHKY BO3MOYKHOCTH COXpaHe-
HIS KOHTAKTAa ¢ HAOJII0JaeMbIM alIapaToM IIOCJe ero
YKJOHEHMS OT BLICOKOCKOPOCTHOTO aIliiapara ompeze-
JINM TIOKa3aTesb 9(P(PEeKTUBHOCTH ero HaOII0AeH .

ITocKkonbKY B3ajlaua COCTOUT B OIlEHKE BJIUSHUSA
cTpaTreruu HabOJOmaTe] s HAa cOXpaHeHre KOHTAKTa
¢ HaOJIOJaeMbIM AIllIapaTOM IIOCJE YKJIOHEHHS OT
BBICOKOCKOPOCTHOT'O allllapaTa, TO B KauecTBe TOoKa-
saresd 5PPEeKTUBHOCTY BbIOpaHA BEPOATHOCTDL CO-
XpaHeHUA KOHTAKTa HabJIomaTesda ¢ Ha0aiogaeMbIM
ammapaTrom.

Pacuer BepoATHOCTH COXPaHEHMU KOHTAKTA IIPO-
MCXOAUJI C YUETOM TOT'0, UTO 3ajava paccMaTpuBa-
eTcs B YCJIOBUAX HEOIIPEeIeJIeHHOCTH, T. €. IPHU He-
M3BECTHOH 3apaHee CTpaTeruu MOBEAEHUS BBICOKO-
CKOPOCTHOI'O allapara, KOTopas 3aBUCHUT B CBOIO
ouepenb OT UCIOJb3yeMbIX IIPOTUB HETO 3apaHee He-
M3BECTHBIX CPEACTB MPOTHUBOIeICTBUI.

ITockonbKy paAn IIapaMeTpPoB 3apaHee HeM3Be-
CTeH, BKJIIoUas MapaMeTphbl MOBeJAeHUsA BHICOKOCKO-
POCTHOTO ammapara, To IJId pacuera BepOSATHOCTH CO-
XpaHeHUA KOHTAKTa HabJIomaTesda ¢ Ha0JiogaeMbIM
amnmapaToM MUCIIOJIb3yeM METOJ CTATUCTUUYECKUX HC-

neiTanuii (Metog Moute-Kapiio) [14, 15], mpumens-
eMBbIiI aBTOpaMU paHee IPU IIPOBEIEHUU ITOJ00HBIX
uccaegosauuii [16—20].

IIpoBonunace cepus us N, MCIBITAHUI. B KasxK-
JIOM HCIILITAHUU OIPEIessANoCch MpephiBaHUe KOH-
TaKTa HaOJgogaTea s ¢ HaOJOZaeMbIM allIapaToM
WY coXpaHeHme KOHTaKTa. B ciayuae coxXxpaHeHUS
KOHTAKTA UCIBITAHNE CUYNTAJIOCH PE3yIbTATUBHBIM,
B cJIyUae IpepbIBaHUA KOHTaKTa — Hepe3yJIbTaTuB-
HBIM. BepoATHOCTh COXpaHEeHUsA KOHTaKTa oIpere-
JIsJIach KaK OTHOIIIEHWE Pe3yJbTATUBHBIX HCIIBITA-
HUIT K 00II[eMYy KOJIMUEeCTBY UCIBbITAHUH.

st pacueTa BePOSITHOCTU COXPAHEHUSA KOHTAK-
Ta ObljIa paspaboTaHa MaTeMaTHUUeCKas MOIENb.

Onucanue MaTeMaTHYeCKOI MOIeJIn

B maremarmueckoii Mojesu paccMaTpUBaeMbIe
00BbeKThI: HAOIIOZATENb, HAOIIOZAEMBIA OOBEKT,
BBICOKOCKOPOCTHOII almapaT, CaMOXOOHBIN MMUTA-
TOop — (QopMasu3yeM KaK MaTepuajbHble TOYKHU,
IBUIKEHUE KOTOPBIX OIpeAesiseTcd KypcoM, CKOPO-
CThIO, JU(pPepeHTOM, a UX IO0JIOKEHUEe XapaKTepu-
3yerTcsa TINIyOMHOW M KoopamHatamu. IIpu mcmoJib-
30BAHUM TIOMEXU OIEHWBAJIOCH BpPeMsA OKOHUYAHUS
MaHeBpa II0 Kypcy, CKopocTu u riryouse. [Ipu mpose-
JeHUU PacueTOB IIPOM3BOAUJICA IEPEeXOo[ M3 reorpa-
GuyecKoil cucTeMbl KOOpPAWHAT (IIIMPOTA, AOJTOTA)
B MECTHYIO (JIOKAJIbHYIO) CUCTEMY KOOPJAUHAT, OIIpe-
IeJIseMyI0 CJeqyIoIuM o0pa3oM: IIeHTP 3eMHOM
CUCTE€MBI KOOPAMHAT COBIAJET C MaTeMaTHUYECKUM
OJKUIAHUEM TOJOXKeHnA HabarogaTessa, mepBas oCh
HaIpaBJieHa B CTOPOHY MaTeMaTHUUYECKOTO OYKUIa-
HUSA TOJOKEeHUSA BBICOKOCKOPOCTHOTO allllapaTa Ha
TOT K€ MOMEHT BpeMeHM, BTopas OCh HalpaBJieHa
BEPTUKAJBLHO BBEPX, TPETbA OCh 00pasyeT MpaBYIO
TPOHRKY C IEPBBIMU IBYMS OCSIMMU.

Bpemsa xoma 3ByKa MCIOJIB3YeMOTI'0 CKOPOCTHOTO
ammapara o HaOJIIoZaTesid OIIpeesigeTCa BhIpasKe-
HUEeM

r
tsndm = v — >
ssnd
roe I/ssnd — CKODPOCTB 3BYKa B BOJI€; ' — pacCCTOAHUE

MeJKIy CKOPOCTHBIM aIllllapaToM U HabJIIoaTeseM,
KOTOpOe ompesiessaeTcA o opmyJie

r:\[xlz +X32.

3mech X; M X3 — IOJAPHBIE KOODPAMHATHI Ha-
GroaTeNIA OTHOCUTEIBHO BBHICOKOCKOPOCTHOTO ail-
napara. depes cTapTOBbIE JeKapTOBBI KOOPAUHATEI
KOpPaGLd kp1p Epopg) X CTAPTOBEIE IEKAPTOBEI KOOP-
OUHATHI B, , B3 CKODOCTHOT'O aIlllapaTa OHU BBIUKC-
JAI0TCA 110 (hopmysiam

x1 = kro1 — ko1 +tpeg Vs - c0s(qr);
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X3 = kpo3 — k03 + theg * Vs -sin(qy),

e ty,, — BpeMs Havaja MOUCKa; V. — Terylias
CKOPOCTB aIlapaTa; ¢, — TeKyIuii Kypc Habmoma-
TeJIs.

OmpezesieHrie BpeMeHM HadaJjia YKJIOHEHUS Ha-
0sIr0[1aTe s OT BHICOKOCKOPOCTHOTO ariapara omnpe-

ZIesisieTcs BhIpasKeHueM
ty = tbeg +ts01 T tsndm>

rae t,,, — BpeMsA IPUHATHUSA PellleHu.

Ompepenenne yria orsopora Habmogarend @,
(3HaueHUE yIya — CJy4daiiHoe, ITOCKOJIBKY 3aBUCUT
oT psiza (PaKTOPOB, KOTOPhIE 3apaHee HEeM3BEeCTHDI)
OIIpesesigeTCcA BEIPAKeHIEM

T
Qorv =§+p_Qk +Qpup + % (Qpnx —@mn)»

Tfie p — YroJl MeXXy IePBOi 0ChI0 3€MHOM CHCTEMBbI
KOOpJAWHAT 1 HAallpaBJIeHUEM OT BBICOKOCKOPOCTHOT'O
ammapara Ha HabJrofaTeNd; X — CJAydYaiiHOe YUCJIO,
pasBIrPHIBAEMOE PaBHOBEPOATHO; @, ., @, . — Mu-
HUMAaJIbHOE U MaKCHMAaJbHOE 3HAUYEHNE U3 3aJaHHO-
ro [uanasoHa yIJjioB OTBOPOTA.

Pacuer BpemeHH %, yBeTHUEHNA CKOPOCTH JO MaK-

CUMAaJILHO JIOITYCTUMOM V;syf IPOMCXOAUII 110 (hopMmyie

_ b Vssyf - Vss
tV _ ty + assl N b b
assy Uss
rae b, ., 4, — KO9(POUIUEHTHI IBUKEHNA CKOPOCT-

HOTO ammapara 0 OKPYsKHOCTH.
IIyTe Sy, IPOXONUMBIH BBICOKOCKOPOCTHBIM Aall-

mapaToM B Xofie Habopa CKOPOCTH [0 MpeIesbHO [0-

IIyCTUMOTO 3HAUEHU S, OIIPeIeIAeTCA BEIPAKEeHIEM

(tv —ty )2

Sy = bassl Vs -ty - ty) + bass2 Ass T

IIycTs CKOPOCTS S/ BLICOKOCKOPOCTHOT'O amlapa-
Ta HA MMUPKYJIAINY IIPU IIOBOPOTE OT TEKYIIETO yIJyia
Ha yT'oJI 0TBOPOTA OIIpefiesisieTCs BhIpaskeHueM

Sy :|Qotv|'r2'

CpaBHUBaeM, KaKOUW OyTh IPU MaHeBpe OOJIbITIe:
II0 CKOPOCTH 1y, MK 110 KYPCY ¢, €CJIM IO CKOPOCTH,
T. €. S < 871, TO IYThb Sk, IPOXOAUMBII HabJI0mA-
TeJIeM IIPU YCKOPEHUU B PEKUMe IUPKYIAIUU OT
HavaJIbHOM CKOPOCTH 0 MaKCUMAaJbHOI, OIperes-
€TCsI BEIPAYKEHUSIMU

Skl =8y,
SV1 -5

v

b
ass; ’ ssyf

.

ty =ty +lgo +

€CcJI’ II0 KypCy:
Skl = sVl;
t\V = ty + tSOl +
2
N _bassl 'Vss +\/(bassl 'Vss) +2ba332 "Ass Sy,
bass, - @

ass,

.

S8

ITepecueT BpeMeHH ty, 3aTPaYNBAEMOr0 Ha PASTOH
0 MaKCHMAaJIbHOI CKOPOCTH C YUYETOM IIOTEPHU CKO-
POCTH Ha MUPKYJIALAN, OLIPELEIAETC BEIPAXKeHIEeM

N 88yf — Vs ty —ty ;
v =l t ~Vassy * b ~tsol-
Uss ass;

Toma MaKCHUMaJIbBHOE BpeMsd, 3aTpaduyrBaeMoOe Ha
MaHeBD, oIIpenesdeTca COOTHOIIIEHUAMU

t
t

Ye = v TIPE ty <ty

Yy — by TPt 2ty

MaseBp 1o TIyOMHE CUMTAETCA CIENYIOIIUM 00-
pasom:

th=t, + Pinn _k?kz pu 0 > 0;
Vssyf sin
h,,.—kEk

ty=t, +-——2 npu <0,

* Vssyf -sin0

e 0 — nuddepeHT HAOTIOAATE.

Ha sToM pacuerT BpeMeHU OKOHUAHHUSA MaHEBpa
YKJIOHEHU s HabJII01aTe s 110 KYPCY, CKOPOCTH U TJIy-
O01iHe OT BBICOKOCKOPOCTHOTO amIapara 3aKOHYeH.
IlonyueHHBIE 3HAUEHUSA NCIIOJH30BAHBI 3aT€M B Ma-
TeMaTUYEeCKON MOJEeJU IIPU ONpPeAeSIeHUN TeKYIITUX
KoopauHaT HabJogaTe d B IIePUOI er0 MaHeBPUPO-
BaHUS.

B KaKaA0M IUKJIe UMUATAIIUY BOCIIPOU3BOIUINCH
IpoIlecchl IlepeMellleHnss HabJaogaTess, HaOJoma-
eMoro 00'beKTa, BBICOKOCKOPOCTHOTO ammapara, ca-
MOXOJHOI'0O UMUTATOPA B COOTBETCTBUU C IPUHATOH
cTpaTerueil ux moBemeHus. Kpome TOro, BOCIPOMU3-
BOJUJINICH PE3YJIbTAThI QYHKIITMOHUPOBAHUSA CPEICTB
IIPOTUBOEMCTBUS BHICOKOCKOPOCTHOMY aIllIapary u
€ro TIoBeleHMre IJis CHUMKeHUA 9(pdeKTa nx Bo3mei-
CTBUS.

OnucaHue MporpaMMHOM pean3annu

1 TpoBeieHU A UCCIeOBAHUM IO MaTeMaTuye-
CKOI1 Mozesiu ObLiIa paszpaboTaHa mporpaMma, BHEIII-
HUHM BHUJ TIJIaBHOT'O OKHA KOTOPOII IIpeACTaBJIEH Ha
puc. 3.

Ha BcmomorarenbHOM dKpaHe (puc. 4) mokasaH
UHCTPYMEHTapUil OJid MIPOBEeNeHUSA HCCJIeIOBaAHUNIL
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B Puc. 3. UHTepdeiic T1aBHOTO OKHA IPOTPaMMBbI JJIA IPOBEAEHUA UCCIeT0BaAHUI
B Fig. 3. Appearance of the main window of the program for research

B Puc. 4. Inrepdeiic OKHA IPOIPAMMEL C THCTPYMEHTAPHUEM JJIA OIeHKY d3(PMEeKTUBHOCTY BeZeHNA HAOIIONEHNA B yCJIIO-

BUSAX IIOMeX
B Fig. 4. Appearance of the window of the program with the tools provided to the researcher for assessing the effective-
ness of conducting observations under interference conditions
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0 oreHKe 9(p(heKTUBHOCTU BeJleHn s HaOJII0IeHn 3a
Ha0/II0IaeMbIM aIlllIapaToM B YCJIOBUAX mOMeX. B mH-
CTPYMEHTapUi BXOAAT:

— oToOpakeHue TPAeKTOPUU TepeMeIleHusa Ha-
OJsroaTesiss B XOe BBIMIOJHEHUS MaHeBpa YKJOHE-
HUS;

— COOTHOIIIEHEe BpPeMeHM, 3aTpauynBaeMoro Ha
MaHeBp YKJOHeHUuA HabJIomaTes s 1o Kypey, CKopo-
CTU U TIyOWHe, Ha CHelUuaJ bHONi JuarpaMMe ¢ yKa-
3aHMNEM TEeKYIIero MOMeHTa BpeMeH;

— KOJIMUECTBO U IIepeueHb WCIIOJb3yeMbIX Ha-
OJII0aTesIeM CPEACTB MPOTUBOIEICTBIS BBICOKOCKO-
POCTHOMY amnmapary ¢ yKasaHreM PeKOMeHJOBaHHO-
TO MOMEHTa BPeMeHU WX MCHOJb30BAHUA U IIPOHOJI-
SKUTEJHLHOCTY UCIIOJIL30BAHUS;

— BpeMeHHas JAumarpaMMa COOTHOIIIeHUS Ma-
HeBpa 1 PYHKIIMOHNPOBAHUS CPEACTB IIPOTUBOLIEH-
CTBUS BEICOKOCKOPOCTHOMY amlmnapary;

— 9(hheKTUBHOCTDH IPOTUBOAEHCTBIA BEICOKOCKO-
POCTHOMY aIlIapaTy, pPacCuMTaHHAs II0 OIIpeieJieH-
HOU MeTOAMKe, OIcaHre KOTOPOH IIPUBeIeHO0 HIMKe.

ApceHas 1 KOJIUUECTBO UCIIOJb3YEMBIX CPEICTB
npu oneHKe 3(PPEeKTUBHOCTU ONPeNeIAI0TCA C yue-
TOM BpeMeHH’, Ha KOTOPOe HeoOXOIMMO OTBJI€UDL BhbI-
COKOCKOPOCTHOM ammapar OT HaOJIrogaTessd C yUeToM
TOT'0, YTO DHEPrOpPecypc BBICOKOCKOPOCTHOI'O amma-
para orpaunuen. Kaxxkoe cpecTBo «3a6epeT» y BhI-
COKOCKOPOCTHOTO amapara oIpeeJeHHOe BpeMsA Ha
pasbop co cpeacTBOM, TEM CAMBIM PACXOAYsS HOMOJ-
HUTEJHLHO eT0 S9HEPTOPECYPC.

ITycTh BBICOKOCKOPOCTHOMY ammapary, ABUMKY-
IeMycs co CKopocThio V, Heobxoxumo Bpemsa T, Ha
npeogosienue aucrannum D: T, = D/V. Ilycts 3amac
BpEMEHH II0 3SHEPropecypcy BBICOKOCKOPOCTHOTO
anmapara cocrasuaer T, . Eciu T, < T}, TO BBICO-
KOCKODOCTHO¥ ammapaT He CMOXKeT Ha TaKOi Juc-
TAHIIUU CO3JjaBaTh moMexy HalOsiogarenaio. Ecau ke
T, > Tp, TO y BLICOKOCKOPOCTHOI'O aIlliapaTa BO3HHU-
KaeT «3amac» BpeMeHHN, KOTOPBIil HeOOXOAMMO «3a-
KpPBITh» CpeAcTBaMU IIpoTHBOeiicTBuA. Torma, or-
BJIEKAACh Ha CPEICTBA MPOTUBONENCTBUS, BBICOKO-
CKOPOCTHOW allapaTr M3pPacxoyeT pecypc, M Jake
€CJII BCE CPEeJICTBA IIPOTUBOAEHCTBUA ITPEOJOJIEET
B COOTBETCTBUU C 3aJI0;K€HHBIM B HEM UHTEJIJIEKTOM,
pecypca Bce PaBHO MOKET OKas3aThCs HEJJOCTATOUHO
[IJISI TOT'0, YTOOBI COTMBUTHCS ¢ HAOII0maTeIeM Ha He-
00xoaUMYyI0 gucTauIuio. [I[poMesKyToOK BpeMeHU At,
KOTOPBIHM HEOOXOAUMO 3aIIOJHUTH CPEJCTBAMU IIPO-
TUBOJIEHICTBUS, OTIPEAEIAEeTCA BhIpaKeHUEeM

At=T, - Tp.

Ecau mpennosouTh, 4TO B CPEIHEM BBICOKO-
CKOPOCTHOIl ammapaT TPaTUT BpeMd t,  Ha TO, UTO-
ObI pazodpaThCs CO CPeACTBOM IIPOTUBOAEHCTBUSA U
BEPHYTHCA HA MO3UIIUIO CO3LAHUA ITOMeXU HabJIIo-
JlaTeJf0, TO KOJIUUYECTBO CPEJCTB IIPOTUBOAEHCTBUA
OITpeIeIAETCS OTHOIIIEHEM

N =[At/t, ] +1,

re CUMBOJI [] 03HAUaeT «Iiejiasi 4acTh» Yuca.

TakuMm o6pas3oM, WHCTPYMEHTapWii, IIPeACTaB-
JIEHHBIN Ha puc. 4, MO3BOJIAET MCCJESOBATEI0 MU3-
MEHUTD IMOPAIOK IIPUMEHEeHU UMEeIOIIUXCS CPEeICTB
TIPOTUBOMENCTBUA ¥ BpPEMEHHBIE XapaKTepPUCTU-
KM — 3aJep:kKKy Havajga ¥ I[IPOAOJIKUTEJIBHOCTh
(PYHKIITUOHUPOBAHUA.

C ucrmosib3oBanmeM paspaboTaHHOM MaTeMaTmye-
CKOM MOJeJI U ee IPOrpaMMHOI pean3anuu ObLINI
MIPOBeeHbl UCCJIEIOBAHUS, B XO€ KOTOPBIX BBITOJI-
HAJICS UNCJEHHBIN BdKcmepuMeHT. McciemoBaHus
OBIIM HAIIPABJIEHBI HA OIEHKY BIAUSHUS IapaMeTpPOB
HaOII0aTe s M BLICOKOCKOPOCTHOTO anmapara Ha a(-
(heKTUBHOCTH COXPAHEHUS ITpoIlecca HaOIIOAeH .

Pe3yJII)TaTI)I YHUCJEHHOTI'O IKCIIEPpUMEHTa

B unc/ieHHOM 9KCIIePIMEHTe 3a1eliCTBOBAHBI BA
ammapara: HabJomaTes b 1 HabIogaeMblil, — pacIio-
JIOKeHHBIe B TOUKax ¢ koopauuaramu 70.029146701°
c. 1., 29.98280885° B. n1. u 70.012483446° c. .,
30.06972222 B. 1. COOTBETCTBEHHO (CM. pucC. 3).

IIpu mpoBemeHUN YKUCJIEHHOTO SKCIIePUMeHTa pa-
3BITPLIBAETCS:

— CTApTOBBIN KypC [OBUKEHUS HaOIIOmaTes s ;
nuaras3oH passirpbiBaHuA 0+90° oTHOCHUTE/ILHO Ha-
0JIr0aeMoro aimapara;

— rIyOmHAa W YroJl OTBOPOTA HAGJIOJATE A IPU
BBITIOJIHEHUY MAaHEBPA YKJIOHEHUS U3 JUAIIa30HOB:

rnybuna 20+450 m;
yroJ orBopoTa +60°.

CrapToByI0 OUCTAHIIUIO <«HAOJMIOZATEIh — Ha-
OsromaeMblii ammapaT» B KasKIOM HCIBITAHUU CUU-
TaeM BeJIMUMHON IIOCTOSHHON 1 paBHOI 3050 M.

Ecsii BBICOKOCKOPOCTHOM ammaparT IIOTepsJ CBOIO
paboTocIIocOOHOCTh B pesyJibTaTe AelCTBUSA IIPUO0-
pa IPOTHUBOAENCTBUSA, MCIOJIb3YeMOT'0 CO CTOPOHBI
HaOJofaTeIeM: M3PAacXoJoBaJl PEeCcypc WU YIIIesa
B JIO)KHOM HANpPaBJIEHUU — HUCILITAHUE CUUTAETCS
3aBepPIIIeHHbIM.

B X0/ YKMCIEHHOr0 9KCIIePUMEHTA IPOBOAUIIACD
cepusd WMCOBITAHUN W ONMpPeNessanch 3HAUEHUS IIC-
TaHIIUU OT HaOJIIofATe s 10 HaOJII01aeMoro ammnapa-
Ta B MOMEHT, KOTZ]Ja TIOMEXH OT BHLICOKOCKOPOCTHOTO
ammapaTra [IpPeoJoJieBAJINCh. 3aTeM MOoJyUYeHHBIe
B HUCIBITAHUAX OUCTAHIIUY COPTUPOBAJIUCH II0 BO3-
pacraHuio, (opMmpoBaJICad AMAIIa30H AUCTAHIIUU,
OrPaHUYEHHBIN IOPOrOBBIM 3HAUEHUEM IUCTAHIINH,
3a IIpemelaMH KOTOPOII HaOJoAaTe b Tepsaa KOH-
TaKT ¢ HabJIogaeMbIM amnmapaToM. Ilocse copTupos-
KM TIOJIYUYeHHBIX MUCTAHIIUN OIPEenessaioch KOJU-
YecTBO AMCTAHIINII, TOHaJaloIUX B paccMaTpuBae-
MBI UaIIa30H.

Ha puc. 5 mpuBeeHa BepOATHOCTh COXPAaHEHUA
KOHTaKTa HaOJIofaTe i ¢ HAOJIIOJaeMbIM almnapa-
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TOM B 3aBHCHMOCTH OT IIOPOTOBOI'0 3HAUEHUS JIVC-
TAaHIIUU, ITPU KOTOPOM KOHTAKT eIlle BO3MOYKEH: IO
TOPU30HTAJBHOM OCH OTJIOKEHO II0POr0oBOe 3HAUEHIIE
OUCTAHIIUY, Ha KOTOPOH KOHTAKT eIrle BOSMOJKEH, 110
BEPTUKAJBHOI — BepoATHOCTb. CpefHee BpeMs OT-
BJeueHUs cocTaBuyo 235 ¢, MmuHumMaabHoe — 212 ¢,
MakcuMaabHOoe — 249 ¢, cpegHeKBaapaTUUECKOoe OT-
KJOHeHUe cocTtasuJo 13,8 c.

W3 pucyHKa BUIHO, YTO TapaHTUPOBAHHOE CO-
XpaHeHIe KOHTAKTa Ha0JI0JaeTcs B OCHOBHOM Ha
nuctaunuax ceeime 3800 m. ITosTomy Ha ciegy:o-
IeM STale WCCJAeJOBAHUI aHaJIU3UPOBAJINCH TIPU-
YMHBI IIOJYYEHHBLIX 3HAueHUH aucraHimuu. IIpu
TPOBEIEHUY UCCJIEJOBAHUMN MCXOAUJIU U3 TOTO, UTO
OUCTAHIIUSA OO HAOJJI0LaeMoro aimapara IocJe mpe-
ONOJIEHUS TIOMEXU OIIpefiesiAeTcs BpeMeHeM, 3aTpa-
YeHHBIM HaOJofaTeJeM Ha yCTpaHeHMWEe IIOMEeXMH.
Kpome Toro, ma AuCTAHIIMIO BINSAHINE OKAa3bIBAET
KypcC OBUKeHUS HAabGJII0IaeMoro anmnapara.

3HaueHNs [IeJIEHI0B, MOJYUYeHHBIE B KaXKJI0OM KC-
TBITAHUY CePUU, YIIOPAJOUEHBI IT0 BO3pacTaHuio. 13
puc. 6 BuAHO, UTO XapaKTep KPUBOI OJM30K K JIU-
HEWHONM 3aBUCHUMOCTH, UYTO IIO3BOJISIET T'OBOPUTH O
PaBHOMEPHOM pacipeeIeHN IeJIeHT'0B B CEPUH HC-
OBbITAHUH.

N &~ O 00
N

/V

BeposaTHOCTb
o o o o

0
1200 2200 3200 4200 5200 6200 7200
IToporoBas nucrannusa, M

B Puc. 5. BeposaTHOCTh COXpaHEHUS KOHTAKTa B 3aBUCU-
MOCTH OT IIOPOTOBOT'O 3HAUEHUS JUCTAHITUN

B Fig. 5. The probability of maintaining a contact as a
function of the distance threshold

Ha pucrannmuio BiIusgHHE OKa3bIBAIOT KypC Ha-
OJII0maeMoro amapara 1 BpeMsd, 3aTpauuBaeMoe Ha-
OJfofaTesieM Ha IOJAaBJIEHNE TOMEXM, CO3IaBaeMoit
BBICOKOCKOPOCTHBIM allIapaToM.

Ha cnegyromem stane mccaenoBaHuit 6bLI0 TPO-
aHAJIM3UPOBAHO, CYIIECTBYIOT JIM KYPCOBBIE YIUIBI
IepeMeIreHna HaOJI0LaeMoro ammnapara, KOTOpbIe
MIPUBOAAT K IPePhIBAHUIO0 HAOJIIOAEHUA.

Habamogaemblii ammapaT MOT ABUTaTbCA HPOMU3-
BOJIBHBIM KypPCOM, B TOM YHCJE «AUaMETPAJIHHO»
pacxoaschk ¢ HabmogaresneMm. [losTomy aja gaabHEH-
1iero aHajm3a OBLIO IIEPECUUTAHO IIOJIOJKEeHUe Ha-
OJfofaTesii K MOMEHTY OKOHUAHUS ero YKJOHEHUS
OT BBICOKOCKOPOCTHOTO ammnapara.

s aTOTO OIpeAesANNCh IMOJIOKEHUe Ha0JIo-
maTtess W BpeMs, KOTOPOE OH MOTPaTUJI Ha 00phOy
¢ moMexoii. Jlajee mepedupaanch KypcoBble YIVIBI U
OIIPeeJIAIOCh ITOJIOMKeHe HaOJII0JaeMoro amiapa-
Ta, B KOTOPOM OH MOT OKa3aTbCA Uepe3 PacCUUTAH-
HBIT IPOMEKYTOK BpeMeHU. Pe3yIbTaThl MOIeInpPO-
BaHUA IIPEICTABJIEHBI HA pUC. 7.

W3 pucyHKa BUIHO, UTO CYII[ECTBYET QUAIIa30H
KYPCOBBIX YIVIOB, IIPU NBUYKEHUU C KOTOPBIMU Ha-
GJIT0TaeMbIN amlmmapar BEIXOAUT MU3-TIOM HAOIIOMeHUA
3a TO BpeMs, IIOKa Hab/ogaTesIb «pas3dupaeTcs» co
CKOPOCTHBIM ammapaToM. Tako#i BapuaHT ABJIAETCA
caMbIM HeOJaTONPUATHBIM IJiA HaOJIIOJAaTessd, II0-
CKOJIbKY IIPUIETCS 3aHOBO BECTH IIOMCK, a B CJIyUae
00HAPYKEHUA — «JOTOHATH» HAOJIIOJAEMOro ¥C-
KJIIOUMTEJIHHO 32 CUET PA3HOCTU CKOPOCTEH.

IIpu amasnmse cTparernm moBeJeHUA CKOPOCTHO-
ro ammapara IO IPeOJOJEeHUI0 IIPOTUBOJEHCTBUSI,
CO3IaHHOT0 HAaOJII0JaTeJieM, BBISABJIEHO, UTO BpPeMSA
MOJKET 3aBUCETH, B YACTHOCTHU, OT AUCTAHIIUU OTXO-
JIa BBICOKOCKOPOCTHOT'O aIlllapara 3a Aperyroniuii
IpubOoP IIOMeX JIJIS TOTO, UTOOBI BLIMTH M3 IITYMOBOT'O
1I0JIA, B KOTOPOM HEBO3MOYKHO OOHAPY KUTh HAOJIO-
marend. [1yia sToro npu QUKCUPOBAHHBIX 3HAYEHUAX
TIOJIOJKEeHU A HabIroaTes s 1 HaOJII04aeMoTo anmnapa-
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28 60 5

g8 90

sg 40 1

= B 30 4

2g 20

85 101/

[

§?E %3 5 7 o 11 13 15 17 19 21 23 25

Ucuwpiranus

B Puc. 6. IameHeHUe TIeJieHTa OT HaOJIOgaTes] s Ha Ha-
0JII0ZIaeMblii alapaT B 3aBUCUMOCTH OT Kypca ABUKEHUA
HabJII0[aeMoro anmnapara

B Fig. 6. Bearing change from the observer to the ob-
served device depending on the course of movement of
the monitored device
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B Puc. 7. IsMeHeHue JUCTAHIUK OT HAOJIIOLATENS IO
HAO0JII0[IaeMOr0 B 3aBUCUMOCTH OT KypCa ABUKEHUS Ha-
0JIFOZAEeMOr0

B Fig. 7. Changing the distance from the observer to
the observed, depending on the course of motion of the
observed
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B Puc. 8. 3aBUCUMOCTb BpeM€eHU OTBJIEUEeHUA HAOIIOAA~
TeJs Ha CKOPOCTHOI ammapaT OT JUCTAHIIUYU OTXOLa CKO-
POCTHOTO amnmnapara 3a Apeidyooini npubop moMmex

B Fig. 8. Dependence of the observer’s distraction time
on the velocity apparatus from the distance of the depar-
ture of the velocity apparatus for the drifting interfer-
ence device

Ta mepedupasuch AUCTAHIIUU OTXOAA BBICOKOCKO-
poctHoro anmapara ot 100 go 900 m.

PegynbrarTel BIUAHUA AUCTAHIMU OTXOZA CKO-
pOCTHOT0 anmapara 3a Apelidyionuii mpubop moMex
Ha BpeMs OTBJIeUeHU HAOJI0gaTe /s Ha CKOPOCTHO
almapar IpuBeIeHbI Ha puc. 8.

Bupgmo, uTo ¢ yBeIuueHUEeM IUCTAHIIUU OTXO-
Jla BBICOKOCKOPOCTHOTO almnapara 3a Ipudop ImoMex
IIPOUCXOUT YBEJNUEeHNe BpeMeH!, 3aTPauBaeMOro
HabJIIoaTesIeM Ha IPeoJoJIeHIe WHTEJIIEKTYaIbHOR
IIOMeXY, BBIBBAHHOI IIOBEJEHUEM BBICOKOCKOPOCT-
HOTO ammapara.

Taxum oO6pasom, II0 pes3yJbTaTaM IIPOBEIEHHBIX
WCCJIeOBAaHUM TTOKAa3aHO, UTO HAOJIOJaeMbIil ammna-
paTt MoskeT BbIOpaTh cTpaTeruio (Kypc Uau Imapame-
TPBI — AUCTAHIIAIO OTX0a), KOTOPAS ITI03BOJIIET EMY
OTOPBAThCA OT HABJIIOAATEIIA 1 TEM CAMBIM ITPEePBaTh
Ha0JI0/IeHe 3a HUM CO CTOPOHBI HAOJ I0qaTe 1.

3aKJoueHne

[ pellieHUA 3aJavy MOABOAHOTO HAOJIIOAEHUA
B YCJIOBUAX MPUMEHEHU IIPOTUB HaOJII0qaTe ] s NH-
TeJIIEKTYaJbHBIX IIOMEeX B padoTe pacCMOTPEHBI Ba-
PUAHTHI TTOBEIeHUs HaOJI0AaTe s AJA COXPaHeHUI
KOHTaKTa ¢ HabgromaeMbIM amnmapatroMm. Has mpo-
BeJIeHUS COIIOCTABJICHUS IOJYUEHHBIX PE3yJIbTATOB
MpeaJIoyKeH MoKasaTeab 9(P(PeKTUuBHOCTH HabJII0Ie-
HIS — BEPOATHOCTh COXPAHEHUA KOHTAKTA.

I pacueTa BEPOATHOCTY COXPaHEHUI KOHTAKTa
paspaboTrana MaTeMaTUYeCKas MOJe/b, YUNTHIBAIO-
m1as 0COOEHHOCTH OBEJeH I Ha0IrogaTe s, Ha0Iro-
JaeMoro ariapara, a TaKke almnapaTos, CO3AI0NUX
moMexH Ha0JI0JaTes 0 I CKOPOCTHOMY OOBEKTY, HC-
MOJIb3yeMOMY Ha0II0LaeMbIM allllapaToM B KauecTBe
IoMeXH HabJII0IaTeIto.

PesynbTaThl MOIEIMPOBAHUSA IIO3BOJUIN IIPO-
THO3MPOBATH BO3MOXKXHOCTEH COXPAHEHNA KOHTAKTA 1
BBIOMpATH TAKTUKY ITOBEIEeHUS, 00€CIeUMnBAIONIYIO
s dexTrUBHOE HADIIOIeHNE.

Pab6ora BeITIOSIHEHA IpH IoAAep:KKe Poccuiickoro
doHTa QyHIAMEHTAJLHBIX HCCIeTOBAHUM (IPOEKT
Ne 17-08-00666).
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Underwater Observation under Intellectual Interference
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Introduction: Autonomous uninhabited submersibles perform a variety of tasks, including monitoring other autonomous
uninhabited submersibles which are of interest, for example commercially. The task of an observing device is to maintain a constant
contact with the observed object and to obtain the information about its coordinates and motion parameters. At the same time, the
observed device tries to get rid of the surveillance, for which it uses an intellectual interference in the form of a high-speed apparatus.
The interference is intelligent because it can recognize the countermeasures used against it by the observer and to reduce their influence
by a chosen strategy of its behavior. So far, in the problems of search or pursuit of an object, potentially under an interference, the
behavior of the interference has never been intellectual. Purpose: Evaluating the influence of an intellectual interference behavior upon
the possibility to maintain the contact with a monitored device under the conditions when a number of the interference parameters and
behavioral strategy are not determined in advance. Methods: The efficiency indicator calculation is based on the method of statistical
tests (the Monte Carlo method). Results: A tactical episode was formed of observing an object which uses an intellectual disturbance.
A strategy has been developed for the observer to use countermeasures, along with a strategy for the behavior of a high-speed device
to reduce the influence of the countermeasures. To assess the impact, performance indicators were defined, and a mathematical model
developed for their calculation. The developed software implementation of the mathematical model made it possible to conduct numerical
experiments which allowed us to evaluate the influence of an intellectual interference on the possibility of keeping the contact between
the observer and the monitored device. Practical relevance: The results can be used for planning an observer's behavior strategy under
interference, for choosing technical solutions in order to ensure monitoring an object under interference, or for choosing a strategy of
anti-interference measures against the monitored device.
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IMocTaHoBKa npobAeMbl: pa3BHUTUE METOAOB OLIEHKM B3aUMOAEHMCTBUS MEXAY CUrHaAaMm GMOAOrMYECKOM NMPUPOAbI 3a4ya-
CTYH0 OCAOXKHEHO HEOBXOAMMOCTbIO HACTPOMKK 1 anpobaLmmu napaMeTpoB METOAMK BBUAY OTCYTCTBUSI A€TaAbHbIX MPeACTaBAe-
HUI 0 QYHKLIMOHMPOBaHMM 06bEKTa MCCAEAOBaHUS, 0OLEKTUBHbLIX A@HHbIX O 3HAYEHUSIX MapaMeTpoB 06beKTa. SPPEKTUBHOMY
pPeLUEHNIO AaHHOM NMPOBAEMbI CrIOCOBCTBYET MCMNOAb30BaHME MareMaTtnyeckux MoAered. LieAb uccaesoBaHMa: aHaru3 Ha-
rpaBAEHHOM CBS3aHHOCTM M0 CUrHaAaM MaTeMaTtuyeCcKo MOAEAM KOHTYPOB CUMMAaTUYECKOM PEeryAsiLumMmu 4acToTbl CepAEYHbIX
COKpaLLEeHUH U 6apopePAeKTOPHOM PeryasiLmm TOHyca apTepualbHbIX COCYAOB, a TaKXe Mo 3KCMEePUMEHTaAbHbIM AaHHbIM.
MeToAbl: 11COAL30BaH METOA, OCHOBaHHbIN Ha MOCTPOEHUU MHAMBUAYaAbHbIX M COBMECTHbLIX MOAEAEN AMHAMMWKK Ga3 CUrHa-
AOB KOAebaHUI B BUAE rapMOHUYECKMX MOAMHOMOB TPETLEH CTeNneHU. Cua BO3AENCTBMS OAHOIO 3AEMEHTa Ha APYrok OLeHMU-
BaAach o M3MEHEHMWH TOYHOCTHM MPOrHo3a Npu BKAOYEHUM B MOAMHOM YAEHOB, YYHUTbIBaKOLLMX AMHAMUKY KOAebaHU BTOPOro
aneMeHTa. Pe3yAbTaTbl: Ha OCHOBE CPaBHUTEAbHOIO aHaAM3a OLIEHOK CHAbI BO3AEHMCTBUS W 3amnasAbiBaHUSI B CBA3U MeEXAY
MOAEAbHbIMW CUTHaAaM1 KapAMOMHTEPBaAOrpaMM U TOHYCa AMCTaAbHbIX COCYAOB, BbIYMCAEHHbIX B pe3yAbTate 06paboTku 3a-
rmcen B CKOAb3SILLMX OKHaXx, BbIAM NMOAyYEHbI 3aBUCUMOCTH AMHAMMUKK CPEAHMX 3HAYEeHUI 1 pa3bpoca OLEHOK CBOMCTB CBS3U
OT AAMHbI aHaAM3MPYyeMoro y4yacTka psiAa. [TokasaHo, UTo MCMOAb30BaHME PSAOB AMTEABHOCTLHO 6oaee 1200 C cyLlecTBEHHO
YBEAMUYMBAET TOYHOCTb OLIEHKM CBOMCTB CBSI3U M YMEHbLLIAET AMCIEPCUIO OLIEHOK. [TPOAEMOHCTPUPOBAHO KauyeCcTBEHHOE CO-
OTBETCTBME MOAEAbHbIX M 3KCHIepPUMEHTaAbHbIX PE3yAbTaToB. lMpaKTHYecKas 3HaYUMOCTb: PE3YALTaTbl MCCAEAOBAHMIA MOryT
6bITb MCMOAb30BaHbI AN PA3BUTUS METOAOB AMArHOCTUKM NaToAOTrMI CEPAEYHO-COCYAUCTOMN CHMCTEMbI YeAoBeKA. OHU MMEKT
BaXHoe 3Ha4YeHUe AN M3YyYeHUs 0COOEHHOCTEN MCMOAL30BaHUS METOAOB AMArHOCTUKM CBA3aHHOCTH, OCHOBAHHbLIX Ha AMHa-
MUKE MIHOBEHHbIX a3 korebaHUH, Mo IKCNePUMEHTaAbHbIM AaHHbBIM CAOXHbIX CUCTEM.
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BBemenue TMaTOJIOTUH  CepAevHO-cOCyaucTOl cucTemMbl [1].
IlepcrieKTUBHBIM CIIOCOOOM AUATHOCTUKY U TEPAIIAN

Hapyiienue BereTaTwBHOI PeTyJAANUN TOHY- HEKOTOPHIX ITATOJIOTUI CEPAIla U COCYAOB ABJIAIOTCA

ca apTepruasIbHBIX COCYIOB U YAaCTOTHI CEPIAEUHBIX pasBuUBaeMble HAMU IIOAX0/IbI, OCHOBAHHBIE Ha OI[€H-
COKpAIIeHUNA MOJKEeT TPUBOAUTH K PALY OIACHBIX Ke CTeleHW B3aMMOJIeHICTBUS KOHTYPOB BereTaTuB-
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HOH peryasannuy KPoBoOOpaIleHusA ¢ IIOMOIIbIO qua-
THOCTUKY MOACTPOIKU a3 KosebaHuii [2, 3] u Ko-
JINYECTBEHHOM OIleHKE CTEIeHU CBA3AHHOCTHU JTUX
KOHTYpPOB MeromamMu (ha3oBoii mguHaMuku [4—6].
Takas oIeHKa 3aTpyaHEeHA HaJUUYNEeM CBOOOMHBIX
mapaMeTpOB MCHOJb3YeMbIX HEJIMHEHHBIX METOOB,
BBIOOD KOTOPBIX IIPU aHaJIU3€e CIOMKHBIX HECTaI[HO-
HAPHBIX CUTHAJIOB CUCTEM OMOJIOTUYECKON TPUPOIBI
ABJIAETCS CAMOCTOSTEeJIbHOM HETPUBUAJbHOM 3aja-
ueii [7-10].

Anpobanusa u HacTpoiiKa IIapaMeTPOB METOLOB
aHa/IM3a HAHHBIX OMOJIOTMYECKOI ITPUPOALI CYIIe-
CTBEHHO YIIPOIIAETCS TP HAJTUYNY aIeKBaTHOU Ma-
TeMaTUUYEeCKON MOJeJ U MCCaeayeMoro oobeKrTa, Ia-
paMeTphI U CBOMCTBA TMHAMUKU KOTOPOI 3aai0TCs
uccaemoBaregeMm anpuopu [11].

B pamkax mamHOII pabOThI IPOU3BOJUTCS OIEH-
Ka HaIpaBJIEHHO CBA3aHHOCTY II0 CUTHAJAM IIpe-
JIO’KeHHOW HaMHU paHee MaTeMaTUYeCKOH MOMIeJIu
cepaeuHO-CcOCyauCTO cucteMbl [12], oTpaskarorei
IVHAMUKY KOHTYPOB CHUMIIATUYECKOM PeTyIAIun
YACTOTHI CEPAEUYHBLIX COKpalleHuii u Oapopediex-
TOPHOU PETYIAAIUU TOHYCA apTepuaIbHBIX COCYIOB,
¥ COIOCTaBJIEHIIE IIOJYUEHHBIX OIIeHOK MOIEJbHBIX
¥ DKCIIEPUMEHTAJbHBIX BPEMEHHBIX Peaau3amuii.

JlaHHBI€ M METOABI IPOBOTUMBIX
HCCJeTOBaHUN

B pabGoTe 6b11HM MCIOIb30BaHbI JaHHBIE 0 10 1c-
IIBITYEeMBIM, He HMEOIUM IaTOJOTUI CePIeUHO-CO-
CyaucTOi cucTeMbl. BceM 00ciiefOBaHHBIM ITPOBO-
IUJIaCh OJHOBPEMEHHAs PEerucTpaIus 3JeKTPOKap-
nuorpamMmsbl (KT, dorommerusmorpammsl (PIIIY) u
MeXaHUYECKOU 3alIiCH IbIXaHUA B TOPUBOHTAJIHLHOM
HoJoXKeHuU Teja. IIpofoKuTeTbHOCTD KasK a0l 3a-
nucu cocraBisaga 7200 c. Bo Bpema perucrpanuu
CHUTHAJIOB AbIXaHNWE Yy BceX 00CeqOBAaHHBLIX ObIJIO
TIPOU3BOJIbHBIM.

Perucrpamua 9KI, ®PIIT' u apixaHUA OCyIIeCT-
BJISAJIACH TPU TIOMOINY MHOTOKAHAJBLHOTO 3JEKTPO-
sHIedagorpapa-anaausaropa IIIA-21/26 «IHIte-
daman-131-03» momesns 10 (HITK® «Meguxkom MT/I»,
Poccusa) ¢ KoOMIIIEKTOM CTaHAAPTHBIX AATYUKOB.
Perucrpanusa curaajoB Ipon3BOAUJIACE C YACTOTOM
250 T'm mpu 12-paspsamHoOM paspelleHUU. 3aluch
@DIIT mpoBoaMIaCh TMYJIbCOKCUMETPUUYECKUMU IAT-
yuKaMu (B IIPOXOAAIIEM CBETe), ITOMEIeHHBIMU Ha
IUCTAJILHON (hasiaHTe YKa3aTeJbHOIO ajablla PYKHU,
majblia HOT'M, a TaKyKe Ha Mouke yxa. Ilo samumcu
IBIXaHUA KOHTPOJUPOBAJINCH CIIOHTAHHOCTD JbIXa-
HUSA, OTCYTCTBUE (DOPCUPOBAHHBIX BIOXOB U 3alep-
JKeK OBIXaHUs BO BpeMs PEeruCcTPAIlUU 3aIuceil, TeM
CaMbIM 13 aHaJIM3a UCKJIIOUAJNCH CIyUYaiiHble BJIU-
SHUSI HA CePAEeYHO-COCYAUCTYIO CHCTEMY CO CTOPO-
HBI IbIXaHUA, T. €. BCe UCCJIeNOBAHUS ITPOBOIUINUCH
B OTHOCHUTEJIbHO CTAHAAPTHBIX YCJIOBUAX CIIOHTAH-

HOro AbIxaHudA. [[J1a ganpHelero anajansa oTonupa-
auck 3anucu curaajioB OKI u PIIT, me comepsraiime
TmoMeX, 9KCTPACUCTOJ, 3aMETHOTO JIMHEITHOTO TPEeH-
[la U TIepPexXOIHbIX IIPOIECCOB.

Taksxe B paboTe ObIIM MCIIOJb30BaAHBI CUTHAJBI
MaTeMaTHUYeCKON MOJesn, IPeIJIOKeHHON B pabo-
Te [12], omuchIBatoIeil OCHOBHOI CepPAEYHBINA PUTM,
paboTy KOHTYpa CUMIIATUUYECKON PEryJIAINN YacTO-
TBI CEPJIeUHBIX COKpAIlleHN, KOHTypa 0apoped.iek-
TOPHOIT PEryaAIliy TOHYCA apTepUaIbHBIX COCYIOB,
BIUSHUE OapopedIeKTOPHOIN Peryasaiiuid Ha JacTo-
Ty U CUJIy CEPAEUYHBIX cokpalreHmii. [Ipomecc dop-
MUpPOBaHUA apTepuajbHoro masjeHusa (A]ll, blood
pressure — BP) yuuTbsiBaeT BiIuUAHUE IbIXaHUA Ha
INHAMUKY HepeuurcJIeHHbIX cucTeM. [[amHa peasu-
3aIliii U ITapaMeTPhl MOjIeJii ObIJIM BEIOPAHBI TAKUM
o0pas3oM, UTOOBI AUHAMHUKA CHCTEM COOTBETCTBOBA-
Jia HabJIIogaeMoll y 37OPOBOTO UeJOBEKa B COCTOS-
HUU TOKosA. Momesb IIpeAcTaBiisgeT co00il crucTeMy
u3 nATu auddepeHnnaaIbHbIX ypaBHeHu 1-Tro mo-
pAnka c samasabiBaHuaMu [12].

Wuadopmarina o BapuabeJbHOCTU CEPHeUHOTO
puTMa ObLIa moayueHa myTeMm Bbifesenus us OKIT
RR-nocsnemoBaresnbHOCTH  (KapAMOMHTEPBAJIOTPAM-
mbl — KHUTI, R-R intervalogram — RRI), anopox-
cuMaIliy IIOJYUYEeHHON pean3alliid KyOUYeCKHMU
cIIaiHaMU W PEeCEeMIIJIMPOBAHUS O YACTOTHI IIC-
kperusanuu 10 I'm. Meamenusie 0,1 I'ii-Komebanus
TIOZICUCTEM PETYJIAIUN COCYLUCTOT'O TOHyCa U Ua-
CTOTHI CEPIEUYHBIX COKPAIIEHUH BBIAEIAINCH C II0-
MoIlbI0 MoJocoBoi ¢uabptparmuun 0,05-0,15 T
dunasrpoBaHHbIi curaas PIIT mpope:xuBaJica mo
yacTtoTel auckperusanuu 10 I'm. Bpemenubie pea-
JAU3aNUU MaTeMaTUYeCKON MOJeJu IIOABeprajunch
aHaJIOrnuHoi obpadorke. Takas mpeaBapuUTeIbHAS
00paboTKa SKCIePUMEHTAJbHBIX TAHHBIX COOTBET-
CTBYeT METOAMYECKUM DPEKOMEHAAINAM, M3JI0KEeH-
ueiM P. M. BaeBckum B pabote [13].

WccnenoBaHus HaIpaBJIEHBI Ha COIOCTABJIEHIE
Py aHa/Ju3e MOAEJNbHBIX U 9KCIEPUMEHTAJIBLHBIX
JTaHHBIX HECKOJbKUX MOAXO0NO0B. [IpuMeHAINCH Me-
TOJ, OCHOBAHHBIII Ha MOJeJIUPOBaHUU (HhasoBOIl Au-
HaMUKU HCCIenyeMbIX cucteM [14], a Takike mmm-
POKO M3BECTHBIN METOJ pacueTa WMHAEKca (PasoBOil
KOTepPeHTHOCTH.

MeTozm, OCHOBAHHBIM Ha MOIEJIUPOBAHUU (Qa-
30BOM AWHAMUKH, COCTOUT B IIOCTPOEHUM WHIU-
BUAYAJbHBIX U COBMECTHBIX MOZeJel AUHAMUKU
¢a3 curHajsioB KojaebaHUI B BUAE TapMOHUYECKUX
MOJIMHOMOB TpeTheii cremeHu. Cuja BO3AEHCTBUS
OTHOTO BJIEMEHTA Ha APYTOl OIleHWBaJaCh II0 M3Me-
HEHUIO0 TOUHOCTH IIPOTHO3a ITPU BKJIIOUEHUU B IIOJIHU-
HOM UJIEHOB, YUUTHIBAIOIIUX AUHAMUKY KOJIeOaHU
BTOPOTO 9JIEMEHTa. ¥ MeHbIIIeHNe OITNOKY IIPOrHO3a
COBMECTHOM MOJEJNM IO OTHOIIEHWI0 K WHIWBUILY-
AJILHOI ABJIAETCA MIPU3HAKOM BJIUAHUSA BTOPOM CU-
cTeMbl Ha II€pBYI0. Bpems samasgblBaHUSA B CBA3U
MeKIy 3JIEMEHTaMU OIeHWBAJIOCH II0 ITOJIOKEHUIO,
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COOTBETCTBYIOIIIEMY MaKCUMYyMYy OII€HKY CUJIbI BO3-
IeMICTBUSA CO CTOPOHBI OZHOT'O 9JIEMEHTa CUCTEMBI Ha
IPYToii IT0 AMAanasoHy IPOOHBIX 3aePiKeK

2n2n

21 9
Gl ~—— J IaFl,Z((Pl’ P2, a1,2) / 091,2)" derdeg, (1)
T oo
rae G| — WHTEHCHUBHOCTBL BO3JEHCTBHUA BTOPOH CH-

creMbl Ha NepByio; F;, — TPUrOHOMETPHYECKHe
MHOTOYJIEHBI TPETHErO MOPSAKA; ¢y o — Pa3BEPHY-
Thle (pasbl NCCIEAYeMBbIX BPEMEHHBIX PS/0B; &g 5 —
BEKTOD KO3(pPUIIUeHTOB.

Tak:xe OBIT HCIOJB30BAH PaCIPOCTPAHEHHBIN
[15—-19] meToxn pacuera uHAeKca (ha30BOI KOTEPEHT-
"ocTu [20]:

N
o(d) = lz &l (010) = 02(G=a)) | @)
N5

e p — UHIEKC (a3oBOi KOTEPEHTHOCTU, PACCUUTHI-
BaeMbIil IJis MPOOHOT0 BpeMeHU 3aaep:KKu d; N —
IIVHA PALOB.

PesyabTaThl MCCIeTOBAHUIT U BHIBOIBI

Ha puc. 1 npeacraBieHbI (hparMeHTHI BPEMEHHBIX
PAIOB KapAauouHTepBaJsiorpamMmmbl (puc. 1, a) u goro-
ILIeTU3MOrpaMMEel (puc. 1, 6) 3T0POBOTO UCIIBITYEMOTO
(IyHKTUPOM) U MOZEIH (CILJIOITHOM JIMHMELT), CUTHAJIBI
AJl HOpMUPOBAHBI K €IUHUYHOU AWCIIEPCUU U TIPU-
BelleHbI B Oe3pasMepHBIX emmHumax. Ha puc. 1, 6—e
IpUBEIEHBI (Pyphbe-CIIeKTPhI MOAeIbHBIX (puc. 1, 8, 2)
¥ SKCIIEPUMEHTAJbHBIX (puc. 1, 0, €) curHasios, Ha KO-
TOPBIX MOYKHO 3aMETUTD ITO'HEMbBI BOJIM3U YaCTOTHBIX
IMAaTa30HOB, COOTBETCTBYIOITUX TIOJIOCAM aKTHUBHOCTH
noacuctem cumnarumueckoit (0,05—0,15 T'm) u mapa-
cumnarudeckoii (0,25—0,35 I'r) perynamum.

OlLleHKY CHJIBI BO3IEMCTBUA U 3amas3gbIBaHUA
B CBA3U MeKAYy MomedbHbIMH curHamamMu KUI' u
TOHYyCA AUCTAJBHBIX COCYIOB IOJYUYE€HBI B Pe3yJb-
TaTe 00paboOTKU ABYX4acoBOH 3anucu. MaKCUMyMbl
3aBHCUMOCTH OILIEHKM CHUJIbI CBS3M B HAIIPABJIEHUU
«KUT - All» (puc. 2, a), BbIBeIeHHBIE C IIOMOIIILIO
MeToJa MOJeJUPOBaHUA (hasoBOU AUHAMUKU, IIPU-
XOOATCS Ha HYJIEBYIO 3aePKKy IPU CUJIe BO3Jeli-
crBusa Gy = 0,06, 11 06paTHOrO HAIIPaBJIEHUs CBA-
3u «All > KUT» (puc. 2, 0) 3aiep:XKa COCTaBISIET
0,7 ¢ nmpu cune BosgeiictBua Gy = 0,14. SanepxKa,
olleHMBaeMas C IOMOIIbI0 MHAEKca (asoBOii Kore-
PeHTHOCTH, IPUHUMAET 3HaueHue 2,8 ¢ mpu MaKcu-
MaJbHOM 3HaueHnu uHpekca p = 0,76.

JNuHaMuKa M3MeHeHUsS MaKCUMaJbLHOTO 3Haue-
HUSA YPOBHSA CBS3U, IIOJYUYEHHAS C IIOMOIIbIO METO-
Ia MOAeJUpPOBaHUA (PA30BOM AUHAMUKU B CKOJIb-
3ANUX HeIlePeKPhIBAIOIINXCS OKHAX, IPeCTaBIeHA
Ha puc. 3. [[ymHa OKHA IJId MOJYYEeHUS OIEHOK CO-
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B Puc. 1. Bpemernsie pagsi: a — KU, GunbsTpoBaHHOR
B moJioce 0,05-0,15 I'i;; 6 — AJl, uabTPOBAHHOTO B TIO-
aoce 0,05-0,15 T'm; 8, 0 — Gypbe-CIeKTPhl CUTHAJIOB
KWUT; 2, e — dypbe-cueKTpsl curaasos Al

B Fig. 1. Time series: a — RRI, filtered in the band
0.05-0.15 Hz; 6 — BP, filtered in the band 0.05—-0.15 Hz;
8, 0 — Fourier spectra of the RRI-signals; 2, ¢ — Fourier
spectra of the BP-signals
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B Puc. 2. OuleHKY CUJIbI BO3AEUCTBUA U 3aIa3IbIBAHU:
a— «KUI' - All»; 6 — «All - KUT»

B Fig. 2. Estimates of coupling strength and delay time:
a — RRI - BP; 6 — BP — RRI

craBiasaaa 1200 c. Omenku, I0JIyYeHHBIE 10 9KCIIEPU-
MEeHTaJbHBIM JAaHHBIM, TOKa3aHbl Ha puUc. 3, a, 0, 1o
MOeJbHBIM — Ha puc. 3, 8, 2. BUIHO, YTO YPOBEHb
cBsasu B HanpaBieHuu «KUT' - AJl» niaBHO YMeHb-
11aeTcsA C TeYeHWeM BPEeMEeHHU B CJIydJae WCII0JIb30-
BaHuA oKoH ajauuoin 1200 c. Taxikxe caexyeT oTMe-
TUTH YMEHBIIIeHEe JUCIIEPCUN OIIeHOK, IT0JIyUYaeMbIX
IJisi Gojiee NJIWHHBIX PAJOB, UTO CBUIETEIHCTBYET
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6 — «KUT' > All»; 6, 2 — «AJll > KUT'»

B Fig. 3. Dynamics of maximum coupling strength: a,
86 — RRI — BP; 6,2 — BP —» RRI
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B Puc. 4. JunamMuka cpegHero ypoBHSA CBA3U: A, 8 —
«KUT — AIl»; 6, 2 — «All - KUT'»

B Fig. 4. Dynamics of average coupling strength: a,
6 — RRI - BP; 6,2 — BP —» RRI

B IIOJIB3Y TOT'0, UTO AJIA MOJYUeHUS KOPPEKTHBIX pe-
3yJIBTATOB JKeJlaTeJbHO MCII0Jb30BaTh BPEMEHHBIE
panel gauuoii He mexee 1200 c.

Taxkum ob6pasom, B pe3yabTaTe 00pabOTKH By XUa-
COBBIX 3aIUCEH 3[0POBBIX UCIILITYEMBIX C TIOMOIIBIO
OIIMCAHHBIX BBIIIE METOAOB ObLIN ITOJYUYEHBI OIIEHKHU
CHUJIBI BO3JIEMCTBUS U 3aIla3bIBAHUS B CBA3U MEXKIY
curgajgamu KT u ToHyca nucTaabHBIX cocymoB. I1o
arcam0Or0 20 AByXUYacCOBBIX 3AIIMCEN ObLIO YCTAHOB-
JIEHO, UTO CpeAHue 3HAUCHUA 3aJeP:KeK MeKAy CHUT-
HaJaMu, MOJYYeHHBbIE C IIOMOIIBLI0 METOAA MOJIeJIu-
poBanusa $a30BOi AUHAMUKU, IIPU aHaJINU3e BO3ei-
CTBUS KOHTYPA PEryJIAlli CepAeYHbIX COKPAIIeHUN
HA KOHTYD PeryJjadalliu TOHyCA AUCTAJBbHBIX COCY/IOB
cocrasisaoT (2,13 + 0,14) ¢ mpu cpeHeli cuie BO3ei-
crBuda GG = 0,09 + 0,08, 1,157 BO3AEHICTBUA B IPOTHBO-
TIOJIO}KHOM Hamnpasjienuu — (2,12 + 0,17) ¢ mpu cpen-
He#i cuie BosjeiicTBua G, =0,11+0,12. Ilo meTomy
pacuera mHAeKca (hasoBOIi KOT€PEHTHOCTH CPeIHIe
3HaUeHUs 3anep:KKu cocrasuau (3,88 +0,76) c, a
cpenHmMe 3HaUEHUA MaKCUMyMa HHAeKca (Da30BOM KO-
repeaTHoctu — 0,22 + 0,09.

ITonyueHHbIe Pe3yabTATHI COTVIACYIOTCS ¢ HAOJIIO-
JaeMbIMU paHee B pabdorax [12]. Ha rpadukax omeHOK
110 MEeTOAY MOeJupoBaHusA (hasoBON IUHAMUKU HA-
OIIOAIOTCS 3HAUMMbIE MAaKCUMYMBI, COOTBETCTBYIO-
m[ye 3aep:KKaM ITOPAKa CeKYHIbI, B 000X HAIIPaB-
neuusax. Ha puc. 4 mpuBeneHbl 3aBUCUMOCTU CpeHe-
o MAaKCHUMAaJLHOTO 3HAUEHHS OIeHKN YPOBHS CBA3MU,
IIOJIyYEHHOr'0 C IIOMOIIBI0 METOJa MOIEJIUPOBAHUS
¢as30Boif TMHAMUKHU, OT AJIUHELI OKHA. SHAUCHUS IIPU-
BeZieHbl B hopMe cpefHee + cpegHeKBaIpaTAUYECKOe
oTkJoHeHne. Kak 1o momenvHBIM (puc. 4, a, 0), TaK
U II0 9KCIIePUMEHTAJbHBIM (puc. 4, 8, 2) JTaHHBIM a0-
COJIIOTHBIE 3HAUEHUSA OIEHOK CUJI CBSABU YKAa3bIBAIOT
HaA TO, YTO MPENMYIIeCTBeHHOe HAIlpaBJeHne CBA3U
coorBeTcTBYeT HamrpasaeHuio «AJl — KHWI'», uto oco-

OeHHO XOPOIII0 BUAHO HA rpa)uKax TUHAMUKY YPOB-
Hs cBaA3u. To ecTh mMeeT MeCTO KaueCTBEHHOE COOT-
BETCTBUE Pe3yJIbTAaTOB, MOJYUYEHHBIX JJIS MOAEIbHBIX
U peasibHBIX MaHHBIX. OgHAKO abCOJIIOTHBIE 3HaUe-
HUA OIEHOK JJIA MOMeJU OKa3bIBAIOTCSA CYIIeCTBEH-
HO 3aBBIIIEHLI, YTO YKA3LIBAET HA HEOOXOAMMOCTD
COBEPIIIEHCTBOBAHUSA MOJEJbHBIX IIPEACTABJICHUIT
B HAIIPaBJIEHUU YTOUHEHUS CTPYKTYPHI U 3HAUCHUI
mapamMeTpoB MofeJiu. VCIoJb30BaHne IIONYYeHHBIX
Pes3yabTATOB MO3BOJUT B JAJLHEHIIIeM ITPOBECTU CO-
BEpPIIIEHCTBOBAHIE MOJEJIN AJIS KOJHNUYECTBEHHOI'0 CO-
OTBETCTBUS ITIOKA3aTese, oJyJyaeMbIX TP aHAJIN3e
3amnucell peaJibHbBIX JIIOJEI.

3aKJaouyeHne

IIpoBenen amaims B3aMMOJEHCTBUA MEXKAY CHUT-
HajJlaMi, OTPaKaIOIMUMU AUHAMUKY OTAEJIbHBIX
KOHTYPOB PEryaAliy Ha MOAEIHN CepheuHO-COCYIU-
CTOIl CHUCTEeMBbI, a TaKiKe COIIOCTABJIEHHE C Pe3yJb-
TaTaM#, IIOJYUYeHHBIMU HA 3J0POBBIX CYOBEeKTaxX.
ITonyueHHBIE PE3YIBTATHI COTJIACYIOTCS C COBPEMEH-
HBIMU IPeACTaBIeHUAME 00 YCTPOIiCTBE 1 OpraHu3a-
MY B3aMMOIENCTBUS IIOACUCTEM PEryIAlUN B cep-
JIeYHO-COCYAUCTOM cucTeMe. IIpomeMOHCTPUPOBAHO
KauecTBEHHOE COOTBETCTBME PE3yJbTAaTOB OIEHKU
MIPenMYIIeCTBEHHOI'0 HalpaBJIeHUsd, a TaKJ/Ke OIeH-
KU CUJIBI BO3AEHCTBUSA U 3aJ€PKKU B CBA3U MEXKIY
cucremMamu. IlosiydeHHBIE Pe3yabTAThI CBUIETE]Ib-
CTBYIOT O HAJUYUU CHUMMETPUUYHOTO ABYyHaIIpPaB-
JIEHHOI'0 B3aMMOJENCTBUA M3yYaeMbIX KOHTYPOB
peryadanuu Ipu aHaIu3e KaK 9KCIePpUMeHTAIbHBIX
JTaHHBIX, TAK U 3aTIMCEN MOJEIN.

Pabora BbITIOJNIHEHA TPU MOAAEPIKKE T'PAHTOB
POOU Ne 16-32-00326 um 15-02-03061, rpamra
IIpesugenta P® M]I-3318.2017.7.
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Introduction: The development of methods for assessing the interaction between signals of biological nature is often complicated
by the need to adjust and approbate certain technique parameters, as detailed representations of the investigated object functioning
are lacking. Using mathematical models is an effective solution to this problem. Purpose: Analyzing the directional coupling between
the signals reflecting the dynamics of the contours of sympathetic regulation in human heart rate and baroreflex regulation of blood
pressure, taking into account experimental data. Methods: Our method is based on constructing individual and joint models of oscillation
signal phase dynamics in the form of harmonic polynomials of the 3rd degree. The main idea is to evaluate how much the future evolution
of a phase of one system depends on the current phase value of the other system. If taking into account the dynamics of the first system
reduces the prediction error of the model for the individual dynamics of the second system, the first system has an influence on the
second one. Results: Comparative analysis of estimates of coupling strength between the model signals of the cardiointervalograms and
the blood pressure allowed us to obtain the dependencies of mean values and deviation of estimates on the length of the analyzed part
of the series. We analyzed the data in non-overlapping windows from 10 to 40 minutes long. The use of time series less than 20 minutes
substantially increases the deviation of the estimates and thus negatively affects the possibility of obtaining an accurate estimate of
the coupling strength. The results obtained for the model are qualitatively consistent with the results obtained from an experiment on
healthy subjects, however the quantitative discrepancy requires further improvement of the model. Practical relevance: The results can
be used to further improve the model of baroreflex regulation of the cardiovascular system.

Keywords — Signal Analysis, Mathematical Model, Instantaneous Phase, Directional Coupling, Delay Time, Cardiovascular
System, Autonomic Regulation of Heart.
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AOCTOBEPHOCTb MHOIO3TAINMHOIO KOHTPOAA 5
TEXHUYECKOI0o COCTOAHUA OBbEKTOB UCINbITAHUU

I. H. ManbueB?, AOKTOP TEXH. HayK, npogeccop, georgy_maltsev@mail.ru
B. A. AKMMOB?, KaHA. TEXH. HayK, AOLIEHT, yakim78@yandex.ru
3BoeHHO-KocMuUeckas akasemusi um. A. @. Moxarickoro, XKaaHoBckasi Hab., 13, CaHkT-lletepbypr, 197198, PO

BBeaeHue: obecrieyeHne A0CTOBEPHOCTU KOHTPOAS TEXHUYECKOIO COCTOSHUS 0OBEKTOB MCMbITaHUI ABASETCS 0083aTeAb-
HbIM YCAOBUEM 3PPEKTUBHOIO NMPOBEAEHUS AHOObLIX UCMbITAHMIA TEXHUYECKUX cuCTeM. OLEeHMBaHMUE AOCTOBEPHOCTH KOHTPOAS
TEXHUYECKOrO COCTOSIHUSI 0ObEKTa UCMbITaHUI NPU NAGHMPOBAHWUM WUCMbITAHUI U aHau3e UX pesyabTatoB TpebyeT Bbibopa
rnokasateAsi AOCTOBEPHOCTU U pa3paboTKM METOAMK Ero pacyeTa Ha OCHOBE MOAEAEN rpoLecca MCrbITaHWi. 1oy 3TOM UCMOAb-
3yeMblii oKasaTeAb AOAKEH ObITb OPUEHTUPOBAH MPEXAE BCEro Ha AOCTOBEPHOE 3aKAoYeHMe 06 MCrpPaBHOCTU 0ObeKTa MC-
nbitaHui. LleAb nccaeaoBaHmsA: 060CHOBaHUE MHTErPAAbHOIO MOKa3aTeas AOCTOBEPHOCTM KOHTPOASI TEXHUYECKOIO COCTOSIHUS
006BEKTOB MCMbITAaHUI U METOAMK €ro pacyeta rnpu MpOBEAEHUMU OTAEAbHOIO 3Tana MCbITaHUM U MHOIO3TanHbIX UCMbITaHUM.
Pe3yabtatbl: 060CHOBaHO MCMOAL30BAHUE B KAYECTBE MHTErPaAbHOIO nokasaTtenss AOCTOBEPHOCTM KOHTPOAS TEXHMUYECKOIO
COCTOAHUS 0OBLEKTA UCMbITAHMI arnoCTEPUOPHON BEPOSTHOCTH MPAaBHUAbHOIO 3aKAKOUEHMS O €ro UCrpPaBHOCTH, MPEACTaBAE-
Hbl @HaAMTUYECKME BbIPAXEHUSI AASI €0 pacyeTa rpu npoBEAEHUM OTAEAbHOIO 3Tarna UCrbITaHWi U pu NPOBEAEHUM MHOIMO-
aTarnHbIX OAHOPOAHbIX UCMbITAHUH, MCCAEAOBAHO BAUSIHME Ha BblGpaHHbIM rnoka3aTteab AOCTOBEPHOCTU BEPOSITHOCTEN OLLIMOOK
MepBOro M BTOPOro POAAa Mpu KOHTPOAE TEXHWUYECKOrO COCTOSIHMS 0ObeKTa MUcrbiTaHui. lMpaKTUYecKasa 3HaYUMOCTb: MPEA-
CTaBAEHHbIE PE3YAbTaTbl OMPEAECASIFOT MPUHLUMITBI aHaAU3a C MOMOLLbIO MHTErPaAbHbIX MOKa3aTeAei AOCTOBEPHOCTH KOHTPOAS
TEXHUYECKOIO COCTOSIHUSI OOBEKTOB MCIMbITAHUH MPU NMAAHUPOBAHWUM UCTLITAHWMIA U aHaAu3e mx pe3yabtaToB. [1puBEAEHHbIE
BbIpaXeHUs o3BOASHOT PACCUMTaTb PACCMOTPEHHbIN B paboTe MHTerpaAbHbIi MOKa3aTeAb AOCTOBEPHOCTU MPU MPOBEAEHUU
OTAEAbHOrO 3Tarna UCMbITaHUHI W NPU NPOBEAEHMM MHOIO3TarnHbIX UCAbITaHUA.

KnroueBble cnoBa — VCrbITaHWS, KOHTPOAb TEXHUYECKOIO COCTOSIHUSA, AOCTOBEPHOCTb, OLUMBKM nepBoro 1 BTOPOro poAa.
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Beemenmne

KouTposns Texuauueckoro cocroauusa (KTC) as-
JIeTCcs OJHOM M3 OCHOBHBIX OIEepaIiudil Ipu IpoBe-
IeHUU UCHBITAHUU TexHuuecKux cucrem [1-3]. Ilox
TeXHUYECKUM COCTOSAHNEM O00BbeKTa WCIBITAHUMN
(ON) B obOmiem ciyuae MOHHUMAETCS COBOKYITHOCTH
€ro CBOMCTB, XapaKTepusyeMmas B OIpPeIesIeHHBIN
MOMEHT BpPE€MEeHH’ COBOKYIITHOCTBHIO 3HAUEHUH IIOKa-
3aresiell U (UMW) KAUeCTBEHHBIX IIPM3HAKOB, yCTa-
HOBJIEHHBIX TEeXHUYECKUMU TpeGoBaHUAMU. HuCJIO
BHUIOB TeXHMUUEeCKOro cocrosuus OU, o mpuHamgiex-
HOCTHU K OTHOMY U3 KOTOPBIX IIPUHUMAETCS PEIlIeHNe
B pesyabrate KTC, ompenenserca Imejabio HCIIBLITA-
Huii. Hanbojiee o0IMY BUAAMU TEXHHUUYECKOT'O CO-
CTOAHUSA ABJIAIOTCA NCIIPABHOE U HEUCIIPABHOE, IIPU
srom KTC u onpenenenne ncupasaoctu OU MmorxeTr
COCTABJIATHL OCHOBHYIO II€JIb WCIBITAHUUA WUJIU SB-
JIATHCS MEPBLIM 9TAIIOM TEXHUUYECKOI'0 JUATHOCTHU-
poBanus OU.

KoHTpPOJIb TEXHUYECKOTO COCTOSHUS CJIOKHBIX
TEXHUYECKUX CUCTEM HABJIAETCA MHOTOYPOBHEBBIM
u MHOrosTamHbIM [3—5]. Ha KaKkaom srame HCIbI-
Tauuit B KauecTBe OU BRICTYHAIOT CJIOKHAS TEXHU-
YecKas CHCTEMA B II€JIOM WUJIU €e COCTaBHBIE UaCTU U
MMeeT MeCTO OIpeesieHHAs AeTaInu3alus TeXHude-

ckoro cocrosaauss O B cOOTBETCTBUU C YUUTHIBae-
MBIMU TPU3HaAKaMu. I[Ipu TOM 110 Mepe YCI0KHEHU
TeXHUUYECKUX CHUCTEM POJIb UCIBLITAHUI B IIpoIlecce
WX CO3JAaHUA CTAHOBUTCA Bce OoJiee 3HAUUTEIbHOM.
Ilo umeroIuMCs OIEHKAM, [IJIS CJI0MKHBIX TeXHUYe-
CKUX CHCTEM, CO3aBaeMbIX B a9POKOCMUUYECKOMN OT-
pacJiu, u3-3a HeBO3MOKHOCTH MOJIYYUTH aIeKBaTHOE
Teoperuueckoe onucanue 10 40 % Bcex BOBHUKAIO-
IUX TPOO6JIeM PeIralTCsa MPU IMOMOIIN UCILITAHUN
[3]. Kpome ToTro0, IpOITIeCC MCOBITAHUNA CIOMKHBIX TEX-
HUYECKUX CHUCTEeM MOYKEeT PacCMaTPUBATHCS B IITUPO-
KOM CMBICJIE — OTHOCHUTEJbHO He TOJbKO dTama X
CO3MaHMUA U ITOCTAHOBKY HAa ITPOM3BOJICTBO C HKCIIE-
pUMeHTaJbHOUN oTpaboTKoi [4, 5], HO U sTama sKc-
IJIyaTannui, Ha KOTOPOM IIOATOTOBKAa K IIPUMeHe-
HUIO CJIOMKHBIX TeXHUYECKUX CUCTEM, KaK IIPaBIUJIO,
BKJIIOUAET IPOBeJeHNe MHOTOUYMCJIEHHBIX aBTOHOM-
HBIX 1 KOMIIJIEKCHBIX ITPOBEPOK [6, 7].

OcuoBHbIM pesyiabraToM KTC mpu ero mposese-
HUU B MeJIX ompeneneHus ucnpaBuoctu OU aBis-
eTcsA MPUHATHE PeIIeHUs O ero TOAHOCTU (TOTOBHO-
CTU): Ha dTalle PKCIEPUMEHTAJbLHON OTPabOTKU —
K TIOCJIeYIOIUM UCIIBITAHUAM UJIN K IIOCTAHOBKE HA
IIPOM3BO/ICTBO, & Ha 9TAlle dKCILIyaTalluu — K IIPU-
MeHeHMIO 1o HasdHaueHnuio. OgHAaKO B CUIY MeHCTBUSI
cAy4YalHBIX (PAKTOPOB IPUHUMAEMbIE€ PeIIeHUs O
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TexHUUYecKoM coctosauaun O xapaKkTepusyoTCs KO-
HEYHOM MTOCTOBEPHOCTHIO, 3aBUCAIIENl OT IIpPOrpaM-
MBI U oO0beMa wucnbiTaHuii. OmnpeneseHue obbema
WCHBITAHUM, UCXOAA M3 TPeOyeMOH JOCTOBEPHOCTH
WX Pe3yJIbTAaTOB, IBJSETCS ONHOM 13 BasKHBIX 3a1au
IIpY IJIAHWUPOBAHUU HCIBITAHUN CJIOMKHBIX TEXHU-
YeCKUX CHUCTeM. B HacTosAIel cTaTbe UCCIAENYIOTCA
nokasaresu gocropepuoctu KTC OU mpu mposepe-
HUU MHOTO3TAIHBIX UCITBLITAHUH.

IToxa3aTeau JOCTOBEPHOCTH OTAEIHLHOTO
JTala UCIBITAHUN

ITox moctoBepuocThio KTC OM B o6Imiem ciryudae
TOHUMAETCS CTeNeHb O0OBeKTHUBHOTO COOTBETCTBUS
pesyabTaTra KOHTDOJIA €ero MCTUHHOMY TeXHUUYEeCKO-
My cocTOoAHUI0. [[0CTOBEPHOCTH PE3yJabTATOB KOH-
TPOJIA ABJAETCA WHTETrPaJbHON XapaKTepPUCTUKOI
kauectBa KTC iro060it TexHnuecKoii cucremsbl. [Ipu
TPOBEeHNN WCILITAHUN OHA OTpa’skaeT CTeleHb
000CHOBAHHOCTH PEIIeHUH 0 TeXHUUYECKOM COCTOS-
Huu OW u onpenesisgeT ypOBEeHb HOBePUA K IOJTYUeH-
HBIM pesdyabraraM. [Ipu nposegeruu KTC OU c ue-
JIbIO OIIPENeUTh €ro NUCIPABHOCTD IO Pe3yabTaTaM
UCTIBITAHUN TPUHUMAIOTCS PEIIeHUsS «TOAeH» WJIU
«HEerozeH», ozHauamwiInue oneHky OM kaxk mcopas-
HOT'O M HEHCIIPaBHOT'O COOTBeTCTBEeHHO. TakuM obpa-
3oMm, nocroBepHocTh KTC OU ompenessieT 1ocToBep-
HOCTB olleHKU cBoiicTB OU 1o pe3yibTaTaM MCHBITA-
HUH, ABIAIOIIYIOCA OTHUM U3 OCHOBHBIX KPUTEPHEB
3¢ deKTUBHOCTH UcIbITaumii [1, 3].

CryuaiiHBIN XapaKTep BO3HUKHOBEHUS HEUC-
IpaBHOCTEN UM OIMMOOK IIPU OIlEHKE TeXHUYECKOTrO
cocrossauAa OV mpuUBOAUT K TOMY, UTO OCHOBHBIMU
xapaxkTepuctTukaMmu gocrosepHoctu KTC 1r00bIX
TeXHUYECKUX CHUCTEM SIBJIAIOTCA BEPOSTHOCTHBIE
xapaxTepucTuku. OHI MOT'YT ObITH ATPUOPHBIMU U
amocTepropHBIMU. IIpy MIaHUPOBAHUM UCIIBITAHUI
¥ TIPOTHO3WPOBAHUHU OKUTAEMOM JOCTOBEPHOCTH pe-
3yJIbTATOB WCIIBITAHUI WCIIOJB3YIOTCA AIllPUOPHBIE
BEPOATHOCTHBLIE XapaKTEePUCTUKU. B TO Ke BpeMs
sagauam KTC Ha pasauuHbIX Tamax KU3HEHHOTO
IUKJIa TEXHUYECKUX CUCTEM B HAMOOJIBINIEN cTelre-
HU COOTBETCTBYIOT allOCTEPUOPHLIE BEPOATHOCTHEIE
XapaKTEePUCTUKY, XapaKTepUu3yoIllne BepOATHOCTh
Toro, uro OU, mpusHaHHBIN mo pesyabraraM KTC
WCIIPABHBIM ¥ COOTBETCTBYIOIIMM TEeXHUUECKUM
TpebOBaHUSAM, JeHCTBUTEIBLHO SIBJIAETCI TAKOBBIM.

3amaua KTC OU B 1enAx ompeneeHUs ero WC-
IIPaBHOCTU CBOAUTCSA K 3aaue PaClIO3HABaAHUSA ABYX
00'beKTHBHO BOBMOXKHBIX TeXHUUYECKUX COCTOSHUI
OUN — ucnpasuoro (1) u weucunpaHoro (1) u mpu-
HATHUSA PellleHNs 0 Pe3yabTaTax KoHTpoasa O — ro-
neH (I') niu meromen (I'). McxomHoe TexXHMUYECKOE
cocrogame OU xapaxTepudyeTcs BepOATHOCTAMU
uctpasHoro P = p(M) u HeucnpasHoro @ = p(H) co-
CTOSTHUUM B MOMEHT KOHTPOJISI, KOTOPbIE MOT'YT OBITH

PasIMUYHBIMM Ha PAal3JIMYHBIX dTalax KOHTPOJA.
Pesynbrarsl KOHTDPOJIA XapaKTEPUBYIOTCSA BEPOAT-
HOCTAMU 3akKJioueHus «roxeH» p(I') m saxiroue-
HUS «HETOJeH» p(l_‘). OueBuguo, urto: P+Q@=1,
p(@) + pT)=1.

Cxema, mpeacTaBJIeHHAasA HA puc. 1, COOTBETCTBY-
€T JByXaJIbTEPHATUBHOMY KOHTPOJIIO TEXHUYECKOTO
cocrosuusa O u mIpu COOTBETCTBYIOIIEM 3aJaHUN
BEPOATHOCTEH, XapaKTepU3YIOIIUX JOCTOBEPHOCTH
pes3yJabTaTOB KOHTPOJIS, MOKEeT OBITh OTHeceHa
K OIleHKe KaK OTHOEJNbHBLIX HJIN O0O0OINEeHHBIX IIa-
pamerpoB OU, Tak u TexHUUYECKOro cocTtoauusa ON
B II€JIOM.

Bo3MOKHBI UeThIpe CUTyaIuu Pe3yIbTAaTOB KOH-
Tpoasa. B aByx cayuasax mo pesyabraram KTC OU na-
IOTCs BepHBIE 3aKJIIOUeHuA: 1) IPU3HaHHBINA TOTHBIM
OU meficTBUTEIHHO C BEPOATHOCTHIO BEPHOTO 3aKJIIO-
ueHndA o rogaoctu P, . .= p(M x I') ABnAeTCA ncIpas-
HBIM; 2) IpuU3HaHHBIN HeroaubIM OU meficTBUTEIBLHO
C BEPOATHOCTBHIO BEPHOT'O 3aKJIIOYEHHUA O HETOAHOCTH
P, ,+=pMAxT) asisercsa HeucmpaBHBIM. B 1Byx
caydasx M3-3a HAJIUYUA PA3JIUUHOTO POAA OITHUOOK
sdakJaouenua 1o pesyabraram KTC OU aBiaaroTcs
HeBepHbIMU: 1) npusHaHHBIN HerogubiM OU ¢ Bepo-
arroCTBIO P, = p(UxT) ABJIAETCA MCIPABHBIM —
JIOJKHBIN OoTKa3; 2) mpusHaHHBINA rogabiMm OU ¢ Be-
POATHOCTBIO Py ;= p(I71><I‘) SABJISIETCS HEHCIIPaB-
HBIM — HeoOHapy KeHHbIH oTKas3. CyMmMapHas Bepo-
ATHOCTH BePHOTO0 3aKJtoueHusa: P, , =Py , . + P ;5.
CyMMapHas BEPOATHOCTL HEBEPHOTO 3aKJIIOUe-
wua: P, =P +P_ . PaccMOTpeHHEIE YeThIpe CH-
Tyallid COCTABJISIOT IOJHYIO TPYIIY COOBITHIMA:
Py ar+Pyar+Pro+Pyo=1.

BeposaTHOCTI BepHBIX 3aKJIOUEHUU II0 PEe3yJib-
ratam KTC O P, . - u P,y omnpezmendiorca Ges-
ycnoBubIiMu BeposaTHocTamMu p(A xT') u p(AxT)
IIPAaBUJIBHBIX BaKJIOUEHUU CUCTEMBI KOHTPOJIA 00

O0BexT
UCHBITAHUI

p(‘I/I)/ \p(Aﬁ)

HUcnpasen HeucnpaBen
p<T)/  p(U<T) p(7AT) p(7AT)
Bepnoe Heo6Hapy- . Bepnoe
3aKJII0UeHUe | | JKEeHHBIN JIOKHBIE | | 0 rouerme
«TOJIeH» OTKAa3 0TKas «HEToJ[eH»
p(T) p()

B Puc. 1. O60061m1eHHasA cxeMa (POPMUPOBAHUA PE3YIbTA~
TOB KOHTPOJISI TEXHUUECKOT'O COCTOSIHUS

B Fig. 1. Generalized scheme for the formation of con-
trol results technical condition
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ucupaBHocTu uiau HeucrnpaBHocTu OU. OHu 00BEK-
TUBHO XapaKTePU3yIOT KaUeCTBO CUCTEMbI KOHTPOJIA
¥ MOTYT OBITH MCIIOJIb30BAHBI IIPU aHAJIUTUYECKOM
onucauuu u MogeaupoBanun nporeccoB KTC u gua-
THOCTUPOBAHUSA CJIOMKHBIX TEXHUUECKUX CHUCTEM
[8, 9]. B To ke BpemMsaA MOCTOBEPHOCTH PE3YJIBTATOB
KOHKPETHBIX MCIBITAHUI, B KasKJIOM U3 KOTOPBIX
WCXOMHbIe BEPOSATHOCTH HCIIPABHOTO U HEUCIIPaB-
Horo cocroguua OU u BepoaTHocTu npusHanusa OU
TOAHBIM WJIUW HETOAHBIM II0 Pe3yJbTaTaM HCIbITA-
HHUH MOT'YT OBITH PA3JINYHBIMU, BepoATHOCTU P, , 1
P, ., + orpaskaior He B moyiHO#H Mepe. CucTeMy KOH-
TPOJISI IPUHSTO XapaKTePU30BaTh alIPUOPHLIMU Be-
POATHOCTAMU OIIMOOK IIEPBOT'O M BTOPOTO POJa O U
[, HETIOCPEACTBEHHO CBA3aHHBIMY C YCIOBUAMU IIPO-
BeleHUA UCIBITAHUN 1 He 3aBUCAIIUMHU OT BEPOAT-
HOCTel MCIIPABHOI'0 ¥ HEMCIIPaBHOro cocTosuuit O
B momeHT KTC.

BepoarnocTs  omubKum IIepBOTO poza
= nxr
o= p(I‘|I/I) :% €CThb BEpPOATHOCTH HACTYILIe-
p

HUA COOBITUSA JIOXKHOTO 0TKAa3a, IPU KOTOPOM B pe-
3yJIbTaTe KOHTPOJIA ucnpaBHbIi O OymeT nmpusHaH
HerogHbIM. IloABjeHME JIOKHOTO OTKa3a IIPUBO-
JUT K HeOoIIpaBOaAHHBIM 3aTpaTaM H3T'OTOBUTEJIA Ha
BoccTtaHOBJIeHNe OV mim ero mepempoBepKy (IIo-
HWCK HecylecTBylomero aederra). IlosTromy omm6-
Ky IIepBOTO0 pPOZa TaKiKe Ha3bIBAIOT DPUCKOM U3~
roToBUTENA. BepoATHOCTH OMIMOKH BTOPOTO DPOZa

B= p(r|m - 2D
p(1)

HUS COOBITUA HeOOHAPYIKEHHOT0 0TKAa3a, IPU KOTO-
pom meucnpaBubIii O B pesyabTaTe KOHTPOJA OY-
IeT IpU3HAH rogubiM. Haanune HeoOHAPYIKEHHOTO
orkasza O mpuBOAUT K BBIXOY €T0 U3 CTPOA B IPO-
mecce SKCILIyaTalliu IIOTPEOUTEIeM U CPBIBY BBI-
HOJIHEHHUS IIOCTABJEHHBIX 3amau. [TosaTomMy oOmmoKy
BTOPOT'O POJla TaK’Ke Ha3bIBAIOT PUCKOM IIOTPeduTe-
asa. OueBUHO, UYTO HEOOHAPY KEHHbIE OTKA3hl HAU-
0oJee OIMacHbI.

BepoaTrHocTH OmIM6GOK TEPBOTO U BTOPOTO pPOAa
o ¥ 3 IIUPOKO MCIOJIb3YIOTCA KaK IIOKA3aTeJIn J10-
croBepHocTH peayabraToB KTC OU [1-3]. IIpu aTom,
XOTA HMOHATUSA PHUCKOB IIOCTABIIUKA U IIOTPEOUTEIA
B OYKBAJbHOM CMBICJIE CJIOBA OTHOCSTCS K IIPUEMO-
CIATOUYHBIM UCIBITAHUSAM, II0 PE3YJIbTaTaM KOTOPBIX
uanesne IMIPUHUMAETCS NOoTpeduTeseM y IIOCTaB-
KA, COOTBETCTBYIOIME IIOKA3aTeNN [OCTOBED-
HOCTU W WX MHTEPIPEeTaIus UCIOJb3YIOTCA IO OT-
HOIIIEHUIO K HCIBLITAHUAM JIIOOOI0 YPOBHS, BILIOTH
IO CTAHIAPTHBIX OIEPAIUil JOTYCKOBOTO KOHTPOJIA
OTIEeJILHBIX IapaMeTpoB. B mociaenuem ciydae omnpe-
JleJIeHNe BEPOATHOCTEl OITMOOK IEPBOTO U BTOPOTO
poza ctporo dhopMaausdyercs IJs 3aJaHHOTO CTAaTU-
CTUYECKOr0 OIUCAHMA pasbpoca 3HAUEHMI KOHTPO-
JINPYeMOTO ITapaMeTpa U IIOT'PEIIHOCTEL eT0 u3Mepe-
HUS.

€CTb BEPOATHOCTH HACTYILJIE-

IIycTh ocyIecTBIsIeTCA AOMYCKOBBIM KOHTPOJb
nmapamerpa x. OW mpusHaeTcsa TOTHBIM, €CJIU OIEH-
Ka mapaMeTpa He BBIXOAUT 3a JOIYyCTHUMbIE IIpeje-
Jbl: ¢ <x <d, rme ¢ 1 d — COOTBETCTBEHHO HUMKHSI
¥ BEPXHAA I'PAHUIBI KOHTPOJIBHOTO TOJSA AOMYCKAa.
IIpu sTom OU nmeficTBUTENIBHO SBJIAETCSA UCIIPABHBIM
HA MOMEHT OKOHUYAHUA KOHTPOJISI, €CJIU NCTUHHOE
3HAUeHNe ImapaMeTpa HaXoAuUTCA B 006JiacTu paboTo-
criocobHocT: a < x < b, rme a 1 b — COOTBETCTBEHHO
HUKHAS U BEPXHAA TPAHUIILI 00J1aCTH PabOTOCIIO-
cobHOCTU. BepoAaTHOCTH OIIMOOK IIEPBOT'0 ¥ BTOPOTO
poJia Ipu JOTYCKOBOM KOHTPOJIE TapaMeTpa Y OIrpe-
IeJIAI0TCA CJIeAyIoIUMU BeipaskeHuamu [10]:

b d—x
a=[w@)|1- [ q@)ds |dx; §)
a d—x 0 d-x
B=[w@)| [ g(@de|dx+[w@)| | g(&)dt|dx, ()
—o0 c—x b c—x

rae w(x) — anpuopHasd MJIOTHOCTH BEPOATHOCTHU 3HA-
YeHUH U3MepAeMOro mapamMerpa X Ha MOMEHT Haya-
Ja KOHTPOIA; ¢(§) — MJIOTHOCTH BEPOATHOCTHU IIO-
rpemrHocTu uaMmepenud &. Beipaskenus (1) u (2) as-
JISIOTCSA IIPUMEPAMY AHAJUTUUYECKUX BBIPAKEHUI
ISl pacyeTa BepPOATHOCTEH OIIMOOK IIePBOTO U BTO-
poro poja mpyu HPOBEAEHHU OTAEJbHOI Olepauun
KTC O u 6yayT UCIIOJIb30BAHbBI AJIA OIMPeIeIeHU T
9TUX BEPOATHOCTEH B CJyuae MHOTOATAIIHBIX OIHO-
POAHBIX UCIBITAHUN.

JoCTOBEPHOCTL PE3yIbTATOB KOHTPOJIA KaK CTe-
IeHb OOBEKTHMBHOCTU OTPaKEeHUs B peayabTaTax
KOHTPOJIA MCTUHHOTO TEXHUYIECKOTO cocTossHua OU
XapaKTepu3yT 0e3yCJIOBHbIE BEPOSATHOCTH IIpa-
BUJIbHBIX 3aKJIOUEHUN CUCTEMbl KOHTDPOJIS, HOPMU-
POBaHHBIE K COOTBETCTBYIOIIIUM BEPOSATHOCTSAM IIPU-
sHanua OVl mo pesyabTaTaM HUCIBITAHUN TOTHBIM

p(AxT) p(=T)
e H = .
T
p(I) p(I)

BBemennrnie BeIMUMHBI Dr u Dy ecTh He YTO MHOE,
KaK alloCTEPHOPHBIE BEPOATHOCTH IIPABUJIBLHBIX 3a-
KJIIOUEeHUH CUCTeMBbI KOHTPOJIA 00 UCIIPABHOCTHU WK
neucrpasuoctu OU: Dy = p(M[T) u Dy = p(I/I|I‘).

IIpencraBiieHre amoOCTEPUOPHBIX BEPOSATHOCTEH

OPaBUJIbHBIX 3aKJIOUEHUN CHCTEMbl KOHTDOJA
D= pAl) u Dy = p(I/I|I‘) o hopmyie Baiieca naet

unu HerogHbIM: Dp =

) ) p(I/I)P(F|H) :

Pr = p(1)= pDp(T1)+ p()p(T[HE) ;
. p(ﬁ)p(f|ﬁ)

Dr = P(H|F>‘ p(ﬁ)p(f|171)+p(ﬂ)l’(f|ﬂ).

IlogcraBnasa B BeIpaskeHuda (3) u (4) sHaueHHA
BepoaTHocTeit p()=P, p(H)=1-P, p(I‘|I/I) =a,
p(I‘|I/I) =[3, mocJie TpeoOpa30BaHUN IOSTyIaEM

Nel, 2018 N\
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. Pl-a) 5
T pa-a)+a-P)p’ ©)
Do — 1-P)1-B) ©6)

' @-P)a-py+Pa’

Bripaskenus (5) u (6) onpenenamoT 0600IIIeHHEIE
nokasaresu gocrosepHoctu KTC OU, yuuTwsiBaio-
e UCXOLHOe TeXHuYecKoe coctossuue OU, xapak-
TepU3yeMoe BepPOATHOCTHIO €0 MCIIPABHOTO COCTOS-
HUA K HAYaJay KOHTPOJA P, 1 XapaKTepPUCTUKU CU-
CTEMBI KOHTPOJIA — BEPOATHOCTHU OIITMOOK IIEPBOTO
u BToporo pona o u . Haubonbmuii uuTEpEC U A1
TIIOCTABIUKA, W [JA NOTPeOUTENA IIPeICTaBIAET
IOCTOBEPHOE 3aKJIOUeHNe O T'OJAHOCTH WCIPaBHOTO
0o0beKTa wucnbITaHUU. [[OCTOBEPHOCTHL TAKOTO pe-
3yJIbTaTa KOHTPOJA XapaKTepusyeT IMoKasaTesab D,
(5). K Takomy ke IIpeacTaBJIEHUIO ITOKA3aTeJs J0-
CTOBEPHOCTU MOJKHO IIPUHNTH HA OCHOBAHUY aHAJIN3a
rpada cocrosuuii nporecca KTC OU, mpuBeseHHOTO
Ha puc. 1. IIpu sTOM BBeeHUEM COOTBETCTBYIOIINX
BepoATHOCTell B MoKasaTese Dy JOIOJIHUTEIHHO MO-
TYT OBITH YUTEHBI OTKa3 00'beKTa UCIBITAHUN B IIPO-
1ecce U IOCJie OKOHUYAHUSA UCTIBITAHUM:

PA-¢)1-0)d-7)
P[(1-g)1-0)+gBl+(1-P)(A-g)B+gBl’

rIe ¢ — BepoATHOCTh oTKasza OU B mpoiiecce KOHTPO-
Jd; Y — BepoATHOCTBL oTKasza O mocie okoHUaHUA
UCIBITAHUI (HO HauaJia CJIeIYIONIIEro 9Tama UCIbITa-
Hui). B Beipaskenuu (7) napamerps! P, ¢ u v xapak-
Tepusyior OV, a mapaMeTphI . U1 3 — CUCTEMY HCIbI-
tanuii. [Ipu orcyrcrBuu orkaszoB OU B mporiiecce u
mocJje OKOHUaHuA ucnbiTaruil ¢ = 0 u y = 0, u BbIpa-
skenue (7) cBoguTCA K BeIpaskenuio (5).

SHaueHHA IIOKasaTesld [OCTOBepHOCTH D us-
MeHsAioTcA B mpegesnax oT 0 go 1. ITonnasa mgocToBep-
HOCTb KOHTpOJA (D= 1) gocTuraerca B Tpex clyda-
ax: ) apuqg=0, y=0, P =1 u HeHyJIeBbIX 3HAUEHUAX
oaunf; 2)upu a=0, =0, y=0, HeHyJIeBOM 3HAUEHUN
¢ W OTVINYHOM OT €JUHUWYHOrO 3HaueHms P; 3) mpu
q=0,p=0,y=0, HeHyJIeBOM 3HAUEHUU O 1 OTINUHOM
oT eguHUYHOrO 3HaueHusa P. IIpu v > 0 moctmixeHme
TIOJIHOM JOCTOBEPHOCTY HEBO3ZMOXKHO ¥ MaKCUMAaJILHO
BO3MOKHOe 3HaueHue D cocrasiser (1 — v). Ilonsas
HeJ0CTOBEPHOCTb KOHTPOJIA (D = 0) uMeeT MecTo, ec-
au q=1, nnu o =1, unu y= 1. Ilokaszarenab Df, Ha-
000pPOT, YMEHBITIAETCA C YBEJIUUEHNEM BEPOSATHOCTU
P u B obyiacTu ee 3HAUeHUMH, OJIM3KUX K €IUHUILE,
CTPEMUTCSA K HYJIO U MOKET ObITh MHTEPECEH JIUIIb
B 3aJlauaX BBIABJIEHUSA HEMCIPABHOCTEN amapaTyphl
C BBICOKOIT BEPOSTHOCTHIO OTKAa30B.

IToxasarenp Dy, onpenesaeMblil BEIPAKEHUAMU
(5) unu (7), MoKeT OLITH PEKOMEHIOBAH K HMCIOJIb-
30BAHUI0O B KAUYeCTBE WHTEI'PAJIEHOIO BEPOATHOCT-

Dr =

HOro mokKasarensa moctoBepHocTu KTC BbICOKOHA-
IeKHBIX TEeXHUYECKUX CHUCTEM IIPU ITPOBEIeHUU
KaK OJHOSTAIHBIX, TAK M MHOTOITAIIHBIX HCIILITA-
Huil. B mociaemHem coryyae pesyabTaThl UCIIBITAHUMN
XapaKTepu3yeT IOKas3aTesb JOCTOBEPHOCTH, OTHO-
CAIUNACA K 3aKJIOUUTEIbHOMY STANY WCHBITAHUA.
YcioBusA TIpOBeIeHNA UCTIBITAHUY TeXHUYECKUX CU-
CcTeM JOJI’KHBI BBIOMPAThCA TAKUM 00pasoM, UTOOBI
mpu pacueTHoM obocHoBauuu moctoBepHocTu KTC
OM pna moxasaTeJis JOCTOBEPHOCTH D = Dy BBINIOJI-
HaA0Ck yeaosue D> D .o, e D, 5 — TpeGyemoe
3HaUEHNeE ITI0Ka3aTeJA JOCTOBEPHOCTY KOHTPOJIA.

Oco6eHHOCTRHIO TIOKAa3aTeJId JOCTOBEPHOCTH KOH-
Tposa Dy ABIAETCA KPUTUUYHOCTHL K BEPOSATHOCTH
oImmbOK BTOPOTO poja 3 U, COOTBETCTBEHHO, K PU-
CKY mOTpeduTessi. ITO BIIOJHE OIMPAaBAAHO TEM, UTO
OIMMOKY KOHTPOJIA TEXHUUYECKOI'O0 COCTOSHUSA THU-
ma HeoOHaApPYKEHHBIX OTKas30B HamboJiee OIIACHLI.
Kpome Toro, nmoxasaresnsb mocToBepHOCTH D cylie-
CTBEHHBIM 00pasoM 3aBHUCUT OT AIIPUOPHOM Bepo-
ATHOCTU MCIpaBHOTO cocTosaumusa OV mo mauasa mc-
neiTaguil P. Yem Oouibitie P, TeM BBIIIIE IIOKa3aTelb
JNOCTOBEPHOCTH KOHTPONA Dy Biuanwe Ha mocro-
BEPHOCTH KOHTPOJIA BEPOSTHOCTHU OIIUOOK IIEPBOTO
poza o MeHee 3HAUUTEJIbHO. ITU OIMTUOKY TPUBOAAT
K MeHee omacHbIM omrubkamM KTC Ttuma J0:KHBIX
OTKAa30B. YBeJUUYeHUe BEPOATHOCTEN ¢ U Y BO BCeX
caydasX IPUBOAUT K YMEHBIITEHWIO MTOKAa3aTessa J0-
CTOBEPHOCTH KOHTpPoJA Dr. B panereiimem Oyzem
OJIaraTh, 4To ¢ = 0, y = 0 u BeinunHa D 3aBUCHUT OT
BeposaTHOCTel P, o u f3.

Ha puc. 2, a npuBeeHbI 3aBUCHUMOCTHU II0OKa3aTe-
JIsl JOCTOBEPHOCTH D OT BEpOATHOCTH HCIPABHOTO
TeXHUYeCKoro cocrosumusa OV B Hauajse KOHTPOJA
P, paccuMTaHHOTO B COOTBETCTBUU C BBLIPAKEHHEM
(5), TpU pas3IMYHBIX COUETAHUAX OITMOOK MEPBOTO U
BTOPOTO poza o U 3.

Onpezendmolee BIUAHAE Ha IIOKA3aTeab JOCTO-
BepHOCTH D OKas3bIBAIOT HAdaIbHAA BEPOATHOCTH
HUCIIPABHOTO TeXHUYecKoro coctroauus OU P u Beiu-
YMHA BEPOATHOCTHU OIIMOKYM BTOpOro poxa f3. B o6ia-
CTU BBICOKUX 3HAUEHUI BEPOSATHOCTHU P IIoKasaTesb
DOCTOBEPHOCTY KOHTPOJIA D cTpeMUTCA K eIMHHUIIE,
YTO OTPa’KaeT OYEeBUAHBIN (DUBUUYECKUIN IPUHITUII:
yeM BbINIe Hajge:xHocTb OM, TeMm BBIIIEe JOCTOBEP-
HOCTb KOHTPOJIS €r0 TeXHUUYECKOI'0 COCTOSAHUS. ITO
TI03BOJISAET JOCTUTATh OJIMBKUX K eIUHUIIe 3HAUeHU
IIOKa3aTesis JOCTOBepHOCTH Dy TP HeHyJIeBbIX 3Ha-
YeHUAX BEPOATHOCTEH o 1 [3.

s cpaBHeHUA HaA pUC. 2, 60 MIPUBEJEHBI 3aBUCU-
MOCTH OT BEPOATHOCTH P P11 pasIUnYHBIX COUETAHUAX
OIIIOOK IIEPBOT'O ¥ BTOPOT'O POZA OL U [3 TAK Ha3bIBaEMOI
JocToBepHOCTU pasdpakosku Dp=1 — Pa— (1 —P)B,
OTHOCAIIIENCA K YnUCTy 0e3yCJIOBHBIX ITOKasaTesei 10-
CTOBEPHOCTU U TaKsKe HCIIOJIbL3YEeMO IIPH OIeHKEe J10-
croBepuoctu KTC OU [4, 6].

IToxaszarens gocToBepHOCTH Dp HE CTOJIL KPUTH-
YeH K BEPOATHOCTU MCIPABHOTO TEXHUYECKOTO CO-
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B Puc. 2. Ilorasarens nocroBepHoctu KTC (a) u pasdpa-
KOBKU (0) B 3aBUCUMOCTHU OT BEPOATHOCTHU UCIPABHOTO CO-
crossausi OU B Hauase KOHTPOJIS IPU PA3JINUHBIX BEPOAT-
HOCTSX OIIMOOK IIEPBOTO U BTOPOTO PoJia

B Fig. 2. Indicator of technical condition control relia-
bility (a) and culling (b) depending on the probability of
operational state of tested object at the beginning of the
control for different error probabilities of type I and II

crosauusg O P u mocTuraeT eJUHUYHOI'O 3HAYECHISI
TOJBKO IIPHA HYJEBBIX BHAUEHHUSAX BEPOSATHOCTEI
OIMOOK IIePBOT'0 ¥ BTOPOTO poja o U [3, a Ipu pas-
JUYHBIX COUYETAHUAX OTUX BEPOSITHOCTEH MOKeT
KaK yBeJUUYMBATHCA, TAK ¥ YMEHBIIIATHCA C YBEJIU-
YyeHUEeM BepoATHOCTU P.

B obsacTu 3HaueHuit BeposATHOCTU P, OJIUBKUX
K eJUHUIlE, IOKa3areab D, onpejedeTcsa 3HaUeHH-
€M BEepPOATHOCTHU OIIMTUOKY IIEPBOTO POJa Ol.

Iloxa3aTeau JOCTOBEPHOCTH
MHOT'03TANHbIX HCIIBITAHUN

IIpu amasuse JOCTOBEPHOCTY MHOI'O9TAITHBIX WC-
TBITAHUNA HEOOXOJUMO OIPEAeATh IIOKa3aTeJIu JI0-
croBepHoct KTC OM mocye 3aKJIIOUNTEIHLHOTO 3Ta-
ma ucnblTaHuii. MHOTOKpPATHBIE MCHBITAHUS MOTYT
OBITH OMHOPOJHBIMU M HEOJHOPOAHBIMU. IIpu 0gHO-
PONHBIX HCHBITAHUSIX HA PA3JIUUYHBIX dTAlax WC-

OBITAHUN IIPOBOAATCS OAMHAKOBBIe mmpoBepku OU,
YTO COOTBETCTBYET MCIIOJIb30BAHUIO OJHOU U TOM JKe
cucreMbl KTC OU ¢ He M3MEHAIOIUMICS OT 3Talla
K arany nmapamerpamu o u 3. IIpu HEomHOPOIHBIX
UCIBITAHUAX IOPANOK IpoBemeHUsa mpoBepok ON
Ha PA3JMUYHBIX 9TAIlaX UCIILITAHUN OTJINYAETCS, UTO
COOTBETCTBYET KUCIIOJIH30BAHUIO HA PA3JIUYHBIX JTa-
nax pasauuHbix cucrtem KTC OU, kaxkmoit co cBOu-
MU IIapamMeTpamMu o u f3.

OmnpenesieHne TOKasaTesid JOCTOBEPHOCTU KOH-
Tposisa D ¢popmanusyerca B BUAe JOCTATOYHO IIPO-
CTBIX pAaCUEeTHBIX BBIPAKEHUH B cJaydyae MHOTO-
kpataHoro KTC OU mpu mpoBeaeHUUM OSHOPOSHBIX
UCTIBITaHUI. PaccMOTPUM OLHOPOAHBIE UCIBITAHUA,
BKJIIOuaioniue N He3aBUCUMBIX IIPOBEPOK. B obIimem
ciaydae mo pesyabraram N mpoBepox OW moxxer
OBITH IPU3HAH TOAHBLIM, €CJIU PEe3yJIbTaT KOHTPOJIA
«romeH» ObLa moayudeH n < N pas. B GoJbIIuHCTBE
CJIyYaeB B XOIe UCIIBLITAHUI CA0KHBIX TEXHUUECKUX
CHCTeM MpU HaAOJIIOAeHUU OTPUILATEIHLHOI'0 MCXOa
MIPOBEPKU OCYIIIEeCTBJIsIeTCA OTOpPaKOBKa (CHATHE
¢ ucubsiTanuii) OM, u 1mocjse peMOHTa, HACTPOUKU
WJIV PETYJINPOBKY €70 UCIIBITAHUA HAUNHAIOTCA CHA-
yaja. CiiemoBaTeIbHO, TOAHBIM IIPU3HAETCA TOJIBKO
ToT OM, KOTOpHBI# IO pedyabTaTaM N-KpPaTHOH IIPO-
BepKU OpusHaH rogubiM n = N pas. Ilokasaresns mo-
CTOBEPHOCTH KOHTPOJIA D nocne N IpoBepoOK omIpe-
JIeJseTcss B COOTBETCTBUU C BhIpakenmeMm (D) mis
MCXOMHON BEPOATHOCTU WCIIPABHOIO TEXHUUYECKOI'O
cocrosauusa OU B Hauasie KOHTPOJIA P U BepoATHOCTH
OIIMOOK IIEPBOTO U BTOPOTO PoJa Oy B B(N) mocae N
IIPOBEPOK.

ITycrs nsBECTHBI OL=0yqy ¥ P = [3(1) — BepOATHO-
CTH OIITOOK IIEPBOI0 ¥ BTOPOIO Poja IIPU OJHOKpAT-
Hoit mpoBepke (N = 1). PaccMoTpuM mOPSAOK OIIpe-
[IeJeHUs BePOSATHOCTEH OIIMOOK MIepBOro M BTOPOTO
poza o) 1 B( ) ocste N-KpaTHOM IPOBEPKU C oTbopa-
KOBKOI, KOTOPBIMU OyJEeT ONpPeneasaThbCA JOCTUMKU-
MO€ 3HaUeHNe II0Ka3aTe s TOCTOBEPHOCTH KOHTPOJISA
TexHIYecKoro cocroauusa OU Dr. [Ins onpenenreHus
3HAUYeHU Oy B B(N) WCIIOJIb3YeM MHOAXO0J, OCHOBAH-
HBIff Ha aHaJM3e YCJOBHOW BEPOATHOCTM OIIMOKHK
THIIa JIOMKHOTO OTKAa3a p(F|I/I) ¥ alloCTEePHOPHOIT Be-
POATHOCTH OIIMOKY THIIAa HeOOHAPYKEHHOT'O OTKAa3a
p(I/I|F) npu N-KpaTHOH IIPOBEPKE C MCIOJIH30BaAHU-
eM JomycKoBoro KoutpoJia [10, 11].

AnpuopHasa BepOATHOCTh OMIMOKY IIEPBOTO Poja
O OIPEeZEeJAETCA YCJIOBHON BEPOATHOCTHIO OLIND-
KU THIA JIOXKHOTO OTKa3a: o = p(I‘|I/I). Onpenenus
Ay N-KpaTHOU IIPOBEPKU BEPOSATHOCTH Py N)(f‘|I/I),
Mbl HEIOCPEJCTBEHHO IIOJyYaeM SHAYEHHE O y).
AnpuopHasd BepoOATHOCTH OMIMOKM BTOPOTO pPoOAa
B ompemenserca yCIOBHOH BEPOATHOCTBIO OIIUG-
KM THIIa HeOOHApYy:KEeHHOTO OTKasa: [= p(I‘|I/I).
Ompenenus gus N-KpaTHOU IIPOBEPKU BEPOATHOCTH
pvy(A[D), nns momyuenus suadenus Py, HeoGX0-
VMO YCTAaHOBUTb B3aUMOCBA3b MEXKAY BEPOATHO-
cramu poyy (A|T) u p(N)(I‘|I/I).
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Ecin Bxomamryio B Beipaskenud (1) m (2) miror-
HOCTb BEPOATHOCTHU IOTrpemtHocTu uaMmepeHusa (&)
MOKHO IOJIaTaTh CUMMETPUUYHOI TaycCOBOI IIJIOT-
HOCTHIO BEPOATHOCTHU C HYJEBBIM MATeMaTHUUYECKUM
O)KUJAHUEM, TO IIPU YCJOBUM, YTO II0JI€ PACCEAHUS
IIOTPEITHOCTY U3MEPEeHU MeHbIIIe ITOJISA JOIIyCKa Ha
M3MepseMbIi mapamMerp, a 00JacTu MPUHATUSA pPe-
IIeHU s ¥ PabOTOCIIOCOOHOCTH COBIIAAAIOT, YCJIOBHEIE
BEPOATHOCTH p(f‘|I/I) u p(I7I|1") IpU MHOTOKPATHBIX
U3MepPeHuAX AJIs OUepPeJHOro i-To M3MepeHus IIPU-
Osm:KeHHO ompeaenasoTes mo opmyJie [10]

pi (T = py [Ty ~ O+ ey, (8)
jwi_l (x)dx 0

rae w;_;(x) — IJIOTHOCTL BEPOATHOCTH 3HAUEHUI II1a-
pameTpa Ha MOMEHT HauaJa i-ii mpoBepku, i =1, 2,
..y N; ¢ M d — COOTBETCTBEHHO HUKHASI U BEPXHAS
TPAHUIILI KOHTPOJBHOTO TIOJIA MOMIYyCKa, COBIIAAAT0-
e ¢ HKHel 1 BepxHel rpaHuliei odaacTu pado-
TocmocobHocTH (¢ = a, d =b). Popmysna (8) Trem ToU-
Hee, YeM MeHbIITe TIOI'PEITHOCTH OTAeIbHBIX U3Mepe-
HUH 1 ueM 00JIbIlle UX YucJo N.

Jloskubprit orkas OU MOXKeT BOBHUKHYTH IIPU
Kakaou u3 N mpoBepok. IIpu KOHTpoJIe ¢ 0TOPaKOB-
KOI TJIOTHOCTH PAacCIIpelesieHusa 3HaueHUU KOHTPO-
JIUPyeMOro mapaMeTpa IPU3HAHHBIX rogHbiMu OU
mocJie i — 1 TPOBEPOK OIIpenesiAeTCs BhIpasKeHneM

dex i-1

w1 (%)= [a@de] . ©
11 pgy@te—=
k=1

w(x)

rIme p(i)(l‘) — BepoATHoCcTh npusHanusa OWM rox-
HBIM TIocJie i-Ui mpoBepkKu. IIpu BBICOKOII TOUHOCTU
U3MEPEeHN KOHTPOJUPYEMBIX IIapaMeTPOB MOJK-
HO TIIoJIaraTh, YTO BepPOATHOCTL IpusHaunusa OU

TOAHBIM IIOCJIe IIEPBOM i-ii IIPOBEPKU COCTABJISAET
d

p(l)(l")z.[w(x)dx, a IOCJe IOCIeYIONINX IIPOBe-
¢ d
POK BBIIOJIHSIETCS Iwi_l(x)dx ~1 I/Ip(i)(r) ~1,i=2,
c
3, ..., N. Torma, moacraBuB B BeIpaskeHue (8) cOOTBeT-
CTBYIOIYI0 YKA3aHHBIM [OOMYIEHUSM IIJIOTHOCTH
pacupegeneHus w; (x) suga (9), mocie mpeobpaso-
BaHUU OJIyUYaeM

_ 1 —
P =5y (T, (10)

rfie yCJIOBHAS BEPOATHOCTD OIIMOKY THIIA JOMKHOTO
orkasa p()(T[H) ecTs BepoaTHOCTH OIIMOKY IIEPBO-
ro pozia IpH OXHOM maMeperum: o = pq (T |1).

Ilepexons ot ompexpesisgseMbIx BbhIpaskeHueMm (10)
YCJIOBHBIX BEPOATHOCTEM OITNOOK TUIIA JIOMKHOTO OT-
Kasa AJ1d KaKIol IPOBEPKU p; (P|I/I), i=1,2, .., N,
K Pes3yJIbTUPYIOIEH YCJI0BHON BEPOATHOCTU OIINO-
KU TUIIA JIOXKHOTO OTKa3a, mocje N-KpaTHOl TpoBep-
KU C OTOPAKOBKOM 0Ly = P( N)(I‘|I/I) nojgydyaeMm

Q,(N) :2(1(1—2LNJ. (11)

Bripaskernme (11) ycramaBiauBaeT 3aBUCHMOCTD
Oy OT OL= 04y ¥ OT N: mpu N>>1 MOKHO II0JIaraTh
Oy 20.

Amnanus Berpaskenusd (11) moxkasbsIiBaeT, YTO MHO-
TOKPATHBIA KOHTPOJIb C OTOPAaKOBKOM HPUBOIUT
K YBEJIMYEHUIO BEPOATHOCTHU OIINOKY IEPBOTO Poja
Oy IO CPABHEHUIO C BEPOATHOCTHIO OLIMOKY IEPBO-
T'0 pofia o IIpU OJHOKPATHOM KOHTpoJie. OZHAKO II0-
PAIOK BeJIUYUHBI BEPOATHOCTHU OIIUOKY IIEPBOTO PO-
[la IIPX ATOM COXPaHseTCsd, U MaKCUMaJbHOE ee yBe-
JIMUeHNe He IPEeBBIIIaeT ABYX pas. PaccumraHHBIE
o hopmyte (12) BaBUCIMOCTHI 0y OT O TIPX PaBJIHY-
HBIX N TTOKasaHbI Ha PUC. 3.

BujgHo, uTO BaBUCHUMOCTH, COOTBETCTBYIOIIIVE
N=5 n N=10, orimuarmTcsa HE3HAUUTEJHHO U
MIPaKTUYECKU COBIAJAIOT C IPEAeJbHON 3aBUCUMO-
CTBIO Oy = 20L.

Heob6uapy:xenusiii orkaz OV mpum MHOTOKpAT-
HBIX MIPOBEpPKAaX BO3HUKAET MOocJe IocyienHeit N-it
npoBepku. OTKa3bl, He 00HAPYKEeHHbIEe IPU KaK 101
u3 npenpraymux N — 1 mpoBepoK, MOTYT OBITH OOHA-
PYKEeHBI IpU MOCJEAYIONNX MPOBEPKaX U He yUu-
THIBAIOTCS IIPU OIPEJeJIEHNN Pe3yJIbTUPYIOIIei yc-
JIOBHOII BEPOATHOCTY HEOOHAPYKEHHOI'0 OTKa3a Ipu

N-KpaTHOU TIpOBEpPKE p(N)(I7I|I‘). CrnemoBaTesbHO,

Pav)(#[D) = py (A[D), tae py (AT) — anocrepuop-

%)

0,4

0,3 9 =
z D
6 $4

0,2

-
01 //"ﬁ

0 (o)
0 0,05 0,10 0,15 0,2

B Puc. 3. BepoAaTHOCTH OMUOKY IEPBOI0 POJA IPUA MHO-
TO9TAHBIX UCIBITAHUSAX B 3aBUCUMOCTU OT BEPOATHOCTH
OIKUOKY IIEePBOro POJa Ha OTAeJbHOM Tale

B Fig. 3. Probability of type I error in multi-stage tests,
depending on the probability of type I error at a particu-
lar stage
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Hasd BEPOATHOCTDH OIIUOKU THUIA HEOOHAPY:KEHHOTO
oTKasa mpu N-it mpoBepKe.

IlmoTHOCTE pacmpenesieHUA 3HAUEHUU KOHTPO-
JUPYyEeMOTo ITapamMeTpa MPU3HAHHBLIX rogubiMu OU
mocyae (N — 1)-i1 mpoBepKU oIIpeAesisieTcs BhIpaske-
uueM (9) mpu i = N. Tak ke, KaK 1 Ipu ONpeeIeHII
P N)(F|I/I), OymeM mojiaraThb, YTO UMEeT MECTO BBICO-
Kas TOYHOCTb M3MePeHUH KOHTPOJIMPYeMBIX mapa-

d
MeTpOB U IIPH IIePBOIi IPOBEPKE p(l)(I‘) ~ Iw(x)dx,
c

a IIpu II0CJHeAYIOINMUX IIPOBEPKaX BBINIOJHAETCA
d

jwi_l(x)dx ~1 u py(M) ~1, i=1, 2, .., N. Torxa,
c

TIO/ICTaBUB B BhIpaskeHue (8) COOTBETCTBYIOIIYIO YKa-
3aHHBIM [JOIIYIIEHUAM IIJIOTHOCTH DPacIipeaejeHusA
wy_1(x) Buga (9), mocie npeoOpasoBaHU MOIydaeM

_ 1 _
P (D) = Py (D) (12)

The P (I7I|I‘) — amocTepuopHasa BEPOATHOCTD OITU0-
KU TUIIa HeOOHAPYKEHHOT0 0TKa3a IIPYU OJJHOM H3Me-
peHuu.

IIepexop OoT amocTEPUOPHOM BEPOATHOCTHU OIIMO-
KU TUIIa HeOOHAPY KEHHOr0 OTKas3a npu N-KpaTHOM
IIPOBEPKE Py N)(I/I|F): PN (I/I|F), oIpezessseMoil BbI-
paxkenueMm (12), K yCJIIOBHO! BEPOSATHOCTH OIIUOKM
THIIA HEOOHAPY’KEHHOrO OTKAasa p( N)(I‘|I/I), ompe-
JeJIAI0Iell BEPOATHOCTH OIIUOKY BTOPOT'O Poja B(N),
OCYII[ECTBJISAETCS 110 BHIPAYKEHUIO

_ p(T[T)[1- p(1D)]
p([1- p(T[¥)]+ p(T[TD[1 - p(HD)]

p(A[T) 13)

Hcnonbaysa Beipaskenns (11)—(13) ¢ yuerom Toro,
uro P =p(N), o= p(I‘|I/I), B= p(I‘|I/I), ILJIsI PE3YJILTH-
pyroiieil yCJIOBHOM BEePOATHOCTU OIIMOKM TUIIA He-
00HAPY’KEeHHOro OTKa3a mocjue N-KpaTHOW IIPOBEPKU
¢ oTOparoBKO# Py = p(N)(I‘|I/I) mocJjie mpeobpaso-
BaHUM IOJIyUYaemM

By = PP X
M) oN11 p1—a)+p(1 - P)]-p(L- P)
X 1—20{1—5} . (14)

Bripaskenme (14) ycranaBiauBaeT 3aBUCHMOCTD
B(N) ot B u ot N, Kpome TOTO, B(N) 3aBUCHUT OT oL 1 OT P.

Amnanus BeipaskeHus (14) moxasbIBaeT, YTO MHO-
TOKPATHBI KOHTPOJb C OTOPAKOBKOUW IIPUBOIUT
K YMEHBIIIEHUIO BEPOATHOCTY OIINOKY BTOPOTO POZA
By O CPaBHEHMIO C BEPOATHOCTBIO OIINOKHU BTOPO-
T'0 Pojia 3 IpU OJHOKPATHOM KOHTPOJIEe, IPUYEM IIPU
N>>1 obecneunBaerca fy, — 0. IIpusrom BenunHa

B(y) OmpesessAeTca B OCHOBHOM 3HaYeHUAMHY B u N, a
3aBUCUMOCTBIO B(N) oroaumor Pupunoa <0,2u P>0,8
MOXKHO ITpeHe0peys 1 110JIaraTh B(N) =B/2N71 410 co-
orBercTBYeT 0. = 0 u P = 1. VI3 3TOT0 IPUOIMKEHHOTO
BBIPA’KEHUA HEIIOCPEJCTBEHHO CJIeAYeT, UTO C yBe-
JINYEHNEM UYHCJIa IIPOBEPOK BEJINUYNHA BEPOATHOCTHU
OImMUOKYU BTOPOTO poja ObICTpO yMmeHbIIaercd. Tak,
npu N =5 yMeHbIIIeHUe B(N) 110 cpaBHEHUIO C f3 co-
craBydAet 16 pas, a mpu N = 10 — 512 pas. Ha puc. 4
IpuBeNeHbl paccuuTaHublie 1Mo opmysie (14) saBu-
cumoctH Py or § mpu pasauyabix N. Ilosaranock
a=0,2 u P=0,8. I3 rpapukoOB BUIHO, UTO C yBe-
anueHreM N BeJIndynHA B(N) Pe3Ko yMeHbIIIaeTcsa 1
CTPEMUTCA K HYJII0, IIPU STOM BIUSHUE ITapaMeTPOB
o 1 P Ha BeInuuHy B(N) He3HAUUTEJbHO, U IIPUBe-
AileHHbIe BaBUCUMOCTH (5, OT 3 IPAKTUYECKU COBIIA-
AAIOT C IPeJIeIbHO 3aBUCUMOCTHIO 3 ) = B/2N-1,
YMeHbIIIEHNE BEPOATHOCTU OIIUOKU BTOPOr'O PO-
Jla C YBEJIMUEHNEM UKCJIa IIPOBEPOK OKa3bIBaeT 6ojee
3HAUUTEJbHOE BJIMNSHNE HA IIOBBLIIIEHNE [OCTOBEPHO-
CTHU KOHTPOJISA, YeM YBeJIUUEeHVE BEePOATHOCTU OITUG-
KU IIePBOr0 poja, IO ABYM HpUYKUHAM. Bo-TIepBBIX,
IIOKa3aTe b JOCTOBEPHOCTH KOHTPOJA Dy 6osee Kpu-
THYEeH K BeJUYUHE BEPOATHOCTHU OIIUOKU BTOPOTO
pozma f3, 4eM K BeJIMUMHE BEPOATHOCTH OIIUOKY IIep-
BOro poma o. Bo-BTopbiX, mpu 3 =0 HezaBUCHMO OT
BEJIMYMUHBI O JOCTUTAETCA MAKCHMAJbHOE 3HAUEHUe
IIOKa3aTe s JOCTOBEPHOCTH KOHTPoJaA Dp=1, a npu
MHOTOKPAaTHOM KOHTPOJIE C OTOPAKOBKOII BeJIWYMHA
B(N) YMEeHbITIaeTCcs J0 3HAUeHU, OJIMBKUX K HYJIIO.
ITonyuennsble Boipaskerus (11) u (14) pusa Beposr-
HOCTeH oITOOK IIEPBOT'0 X BTOPOT'O poja Oy & B(N) o-
3BOJISIIOT PACCUUTATh B COOTBETCTBUU C BBIPAYKEHUEM
(5) morasarens gocrosepHoctu KTC OU Dy mocie N
IIPOBEPOK IIPU IIPOBEJEHUY OJLHOPOJHBIX UCITHLITAHUIH,
KOTZla Ha BCEX dTallaX MCILITAHWI IapaMeTpsl o U 3
OIWHAKOBLIE. B ciryuae HEOZHOPONHBIX WCIIBITAHUM,

Bavy
0,2
0,15
D
D)
0,1
0,05
0 N=5  n_i0qp
0 0,05 0,10 0,15 0,2

B Puc. 4. BepoaTHOCTh OIINOKY BTOPOT'O POAA IIPU MHO-
TOATANIHBIX UCIBITAHUAX B 3aBUCUMOCTU OT BEPOSATHOCTH
OIIUOKY BTOPOTO POja HA OTAEJILHOM dTale

B Fig. 4. Probability of type II error in multi-stage
tests, depending on the probability of type II error at a
particular stage
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KOI'Zla Ha PasjIMYHbIX 9TAllaX UCIBITAHUN IIapaMeTphl
o 1 3 pasIuyaroTcs, moKasareiab qocroseproctu KTC
OU Dy mocne N IpPOBEPOK MOKET OBITh PACCUMUTAH
TOJIBKO B Pe3YJIbTaTe €r0 IIOCIE0BATEILHOIO OIIpeie-
JIEHUsI B COOTBETCTBUU C BhIpaskeHueM (5) 11 KasKIo0-
ro srama. IIpu 9TOM 3HAUEHUE ITOKA3aTesIsi JOCTOBEp-
moctu KTC OU Dy Ha mpexwigyiem (i — 1)-m srame
UCIILITAHUN pacCMaTPUBAETCSA B KaueCTBe allpUOPHOIL
BeposaTHocTH npedbiBanud OV B mCIpaBHOM COCTOS-
Huu P nepen HauaJioM aHAJIU3UPYEMOTO i-TO 9Tala Hc-
TBITAaHUH, UTO OTPAsKaeT MoBbIllieHre KauecTBa OU or
OJIHOTO dTalla UCHBITAHUI K Apyromy. Kaskabiit staim
XapaKTePU3yeTCsI BEPOSATHOCTAMHU OIIMOOK IIEPBOI0 1
BTOpOTO poja o, u B, i =1, 2, ..., N. IlocienoBareabHBIH
pacueT 3HaUeHHII IOKasaTess JOoCTOBepHOCTH D oT
TIepBOTO dTala K MOCJIeJHEMY COOTBETCTBYET IIPIMOM
3ajlaue aHAJIM3a JOCTOBEPHOCTHU, a OT IIOCJIEIHEro aTa-
Ta K mepBoMy — OOpaTHOI 3ajjaue aHAJIM3a JOCTOBEP-
Hoctu [11]. IIpy 5TOM COBOKYITHOCTH HCIIOJIB3YEMBIX
IIJISI PACUYETOB 3aBUCHMOCTEI MOYKeT ObITh ITPe/ICTaBJIe-
HAa B BuJie HoMorpaMMmusI [12].

3aKIoueHune
UcnopiTanusa u JKCIIEpMMEHTaJIbHadA 0Tp3.60TRa

CJIO}KHBIX T€XHUYECKUX CUCTEM IIPEACTABJIAIOT CO-
00¥1 CJIOKHBIM TEXHOJOTHMUYECKUU IPOIleCC, peasiu-

3yeMbIil Ha OCHOBE HAyYHBIX IIOAX0/I0B, (DopMan3o-
BAHHBLIX B BHUJE IIPOTPAMM M METOAUK WCIBITAHUMH,
o0ecrieunBaOINNX AOCTUKEHUE IV WUCILITaHUI.
Omnenusanne pocrosepuoctu KTC OU sasiasercs
ONHOUM M3 Ba’KHBLIX 3aJay, PelIaeMbIX HpU IJIaHU-
pOBaHUM WCIBITAHUI U aHaJu3e UX Pe3yJbTaTOB,
TMOCKOJIBKY moctoBepHocTs KTC OU ompenensieT mo-
CTOBEPHOCTHL OIleHKU cBoiicTB OU mo pesyabTaTam
UCOBITAHUN, XapaKTepusyiomniyi 3((eKTUBHOCTD
UCOBITAHUU, U, HUCXOAA U3 TpebyeMoil mTOCTOBEP-
HOCTH PEe3yJIbTATOB WCIIBITAHUI, OCYIIE€CTBJISIETCS
ompezesieHre 00'beMa UCIIBITAHUH.

B o6miem caryuae moctoBepHocTh KTC cao:KHBIX
TEXHUYECKUX CUCTEM OIPEAEIAETCA IEJBIM PAIOM
daxTopoB, cBasaHHBIX Kak ¢ O, Tak u c cucre-
MOM WCIBITAHWI B IIeJOM. PaccMOTpPeHHBIA IIOKAa-
saTesnb pocroBepHocTu KTC O — amoctepuopHas
BEPOSTHOCTL IIPABUJILHOTO B3aKJIIUYeHus 00 ero
UCIPAaBHOCTU — ABJAETCA WHTErPAJBLHBIM IIOKa-
3aTejieM, OPMEHTHUPOBAHHLIM Ha [ITOCTOBEPHOE 3a-
KJOUeHre 00 WMCIPaBHOCTU OOBEKTA WCHBITAHUIM,
YTO SABJAETCA OCHOBHOM IIeJbIO0 JIIOOBIX HCIIBITA-
Huii. [Ipeacrasienuble pe3yabTaThbl XapaKTePU3YIOT
CBOIiCTBa JAHHOTO ITOKA3aTeJIs U ONPEeNeIAI0T IPUH-
I[UIIBI €70 UCII0Jb30BAHUS IIPU AHAJIMU3E JOCTOBEPHO-
ctu KTC OU npu npoBefieHMN KaK OTAEJIBLHOTO 9Ta-
Ia WCIBITAHUI, TAK WM MHOTOITAIIHBIX HCIBITAHUH
B II€JIOM.
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Introduction: When testing technical systems, the reliability of control over the technical condition of the tested objects must be
ensured. Evaluation of this reliability when you plan the test or analize the test results requires choosing a reliability indicator and
methods for its calculation based on test process models. The chosen indicator should ensure a reliable conclusion about the serviceability
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for its calculation at a separate stage of testing or in multi-stage homogeneous tests. The chosen reliability indicator is influenced
by the probability of errors of types I and II. Practical relevance: The presented results determine the principles of using integral
indicators to analyze the reliability of control over the tested object condition when planning the tests or analyzing their results. The
given expressions allow you to calculate the integral reliability indicator during a separate stage of a test or in multi-stage tests.
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MocTaHoBKa npobAembl: B HacTosiLLee BpemMsi CUCTeMbl yrpaBAEHUs1 MHGOpMaLMer n cobbIThaMM 6e30MacHOCTH SBASI-
I0TCS1 aKTMBHO Pa3BMBAIOLLMMCS U LUMPOKO PachpOCTPaHEHHbIM KAGCCOM CPEACTB MOHUTOPUHra 6e301acHOCT pasAuyHbIX
MHOPaCTPyKTyp. HeoTbeMAeMbIM NMPOLIECCOM, pearndyeMbiM CUCTeMaMm AGHHOIO KAacca, IBASIETCA KOPPEAsiLMS MHPopMa-
LMK AN BBISIBAEHUS MTPEAYITPEXAEHUI M MHUMAEHTOB 6€e30MacHOCTU. C y4eToM pocTa pasAMyHbIX BUAOB MCTOYHMKOB MCXOAHBIX
A@HHbIX, & TaKke NX KOAMYECTBA M CAOXKHOCTH B3aUMOCBS3EH MEXAY HUMM CYLLECTBYIOLLME MOAXOAbI HE B COCTOSIHMM obecrie-
4YnBaTb IYPEKTUBHOE BbIMOAHEHME rpoLiecca kKoppeasumu. Lieab nccaresoBaHus: paspabotka METOAUKU KOPPEASILIMM COObITUM
6e30MacHOCTM C aBTOMaTU3UPOBaHHOM aAanTaumnes K aHaAusmpyeMor MHGPaCTpyKType, a Takxe CO3AaHne MOAEAM aHaAM3a
Co6bITHI 6€30MacHOCTM Ha OCHOBE MX TUMOB. Pe3yabTaTtbl: pa3paboTaHa MOAEAL KOPPEASLMM AAS BbINOAHEHUS CTPYKTYPHOIO
aHaAu3a BXOAHbIX AGHHbIX, HA OCHOBE KOTOPOH MPOMU3BOAMTCS MOCTPOEHME rpaga TMnoB COObITUI C MPSIMbIMU U KOCBEHHbI-
MU CBA3AMM MeXAY HUMU. COpMyAMpoBaHbl TPEOOBaHUSA K HOPMaAU3aLMN UCXOAHBIX AQHHBIX M0 HAAMYMUIO PaBHO3HAYHbIX
CBOVCTB B popMaTtax TUmoB coBbITUH, a TakxKe K MOAHOTE U BDEMEHHOM CUHXPOHM3aLMmM XypHaAoB. [puBeAeH npumep aHaan3a
XKypHaAna cobbiTuii 6e30rM1acHOCTH, a Takxe MOAYYEHHbIV B pe3yabtate rpag cBsser TMnoB cobbiTui. MpaKTMyeckasa 3Hauyu-
MOCTb: npeararaeMbiii MOAXOA OCHOBaH Ha yueTe pasAMyHbIX CBOKMCTB TUIMOB OTHOLLEHWI U CBA3EM MEXAY HUMMU U MO3BOASIET
MCMOAL30BaTh PaHee He MPUMEHSIEMbIN METOA PAHrOBOM KOPPEASILMIU HapsAY C APYTMMU METOAAMM UHTEAMEKTYaAbHOM 06-
paboTku uHPopmMaLmu, 4To obecrneynBaeT BbiMOAHEHUE PoLecca KOPPEAsILIMM COBbITUI 1 MHPOPMaLM 6e30nacHOCTU C BO3-

MOXHOCTbIO aAanTaummu K MHGPaCTPYKType.

T 6e30nacHoCTH.

KaroyeBble cAoBa — 3aluuTa MHGOPMaLMU, CUCTEMbI MOHUTOPUHIA M yrpaBAeHUsT 6€30MacHOCTbIO, KOPPEASILMS COObI-

IMutupoBanue: Penopuenko A. B., Korerko U. B. Koppenanusa nadopmanuu B SIEM-cuctemax Ha ocHOBe rpad)a CBA3el TUIIOB COOLITHI //
Nudopmanuonno-ynpasiasaomue cucreMmbl. 2018. Ne 1. C. 58—-67. do0i:10.15217/issn1684-8853.2018.1.58

Citation: Fedorchenko A. V., Kotenko I. V. Correlation of Information in SIEM Systems based on Event Type Relation Graph.
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Bsenenune

B HacTosIee BpeMAa Ha MUPOBOM DBIHKE IIPU-
CYTCTBYET IOCTATOYHO OOJIBIIIOE KOJHUYECTBO pas-
HOOOpPas3HBIX KJIACCOB CPEJCTB II0 00eCIeYeHno Oe3-
OITACHOCTY PAa3JIUYHBIX UHOPacTPyKTyp. IlaHHBIE
CcpelcTBa HAaIpaBJIEHBI Ha IIpeayIpeskIeHue, 00-
Hapy:KeHue U MpeJoTBpallleHre KOMIIbIOTEPHBIX
aTaK M BPEJOHOCHON aKTHMBHOCTH, & TaK)Ke MOHU-
TOPUHT ¥ yIpaBJIeHHE TeKYIIUM ypPOBHeM Oesomac-
HocTu. OJHUM M3 KJIACCOB TAKUX CPEICTB SIBJISIOTCS
SIEM-cuctemsl (Security Information and Event
Management), pasBuBamwIuecs y:Ke Ha IIPOTSKe-
"Huu 6osee 10 xer [1, 2].

OcuoBHas 3samaua SIEM-cucreM 3sakjiodyaeTcs
B cbOope oIpeneieHHOI Pa3HOPOAHONM MH(MOpMAINHI
¥ BBISIBJICHUU B HEll BBICOKOYPOBHEBBIX MHITHIEHTOB
¥ IpeayIpesKAeHn 0 HapyIlleHuu 6e3omacHocTu [1—
4]. Insa mocTuiKeHUA YKasaHHOI Ieu, KaK IpaBu-
JI0, IPUMEHSAIOTCSA MeTOAbl HOpMAaJIn3alluu, arpera-
muu, GUIBTPAIUY U KOPPeadanuu coobiTuii. OqHaKo
C POCTOM CJIOYKHOCTH IIPOBOJMMBIX aTaK (Hapumep,
IeJIeBLIX aTaK), 3allUIaeMbIX O0BeKTOB (HaIpu-

Mep, KnubeppusnyecKuX CHUCTEeM) M UCIIOJIb3yeMbIX
TEeXHOJIOTUH (Hampumep, TexXHoJioruu HVHTepHeTa
BelIell) IpuMeHsaeMble MeTOABI 1 TIOAX0ABI 3aUaCTYIO
He B COCTOSHHH 00ecHeurBATh AOJKHBINA YPOBEHD
3aIuIneHHocTy. [JlaHHad TeHAeHIIUA yCyTryosaeTcsa
BO3pacTaIoIUM 00beMOM JaHHBIX, 00Pab0OTKa KOTO-
PBIX CTAHOBUTCS Bce O0Jiee 3aTPYAHUTETHLHOM.

IIpomecc KoppesAnuy JaHHBIX B CPEACTBaxX 3a-
muThl KJjgacca SIEM urpaer 0oCHOBOIIOJIATAIOIIYIO
posb. JlaHHBIN IIpOIeCC B OCHOBHOM HaIpaBJIEH
Ha OoIpejesieHre IPUYNHHO-CJIEJCTBEHHBIX CBA3EH
MeXKIY TOCTYIAIoIUMU Ha 00pab0TKY COOBITHAMMU.
OH TO3BOJIAET BBINOJHATH O0HAPYKEeHNe BPeIOHOC-
HOII 1 aHOMAJILHON aKTUBHOCTHU, OIIpeAeJIeHHe WC-
TOUHUKA U IIeJIN aTaKU, BbISIBJIEHIE MHOT'OIIIaTOBBIX
aTaK ¥ 3aBUCHUT OT KOHKPETHOU! peaJsmusanuu [5].
HecmoTpsa Ha pasHOOOpasme METOIOB U IIOAXOJOB,
MIPUMEHUMBIX B IIPOIEeCcCe KOPPeJAInuU, Ha JaHHBIH
MOMEHT HauboJiee PACIPOCTPAHEHHBIM OCTAeTCs
IIPaBUJIO-OPUEHTUPOBAaHHBIN MeTo [6—8].

B nmammoii pabore mpencTaBiIeH IOAXOMN K Koppe-
JIAIUY Ha OCHOBE aHAJIM3a TUIIOB COOBITUIT Ge3ommac-
HOCTHU B IIEJIAX OIpPeHesieHUs CBI3eil MeyKay HUMHU.
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Oco0eHHOCTIMM [OAHHOIO IOAXOHa SABJIAETCS HC-
moJb30BaHme (hOpMHUPyeMoro rpada TUIIOB COOBITUI
C MPSMBIMHU U KOCBEHHBIMU CBA3SIMU MEKIY CO00it
IS BLINOJHEHUA (PDYHKITMOHAJBHOTO U IIOBEJeHYe-
CKOI'0 aHaJM3a 3a CUeT BBIUMCJIEHUS YaCTOTHO-Bpe-
MEHHBIX XapaKTePUCTUK COOBITUI, OIIpeaesIeHUs
TIPUUYNHHO-CJIEICTBEHHBIX CBS3el, PaHKUPOBAHUI
COOBITHI 1 IOCTPOEHMUS I1a0JIOHOB IIOBEIEHMA.

B paboTte paccmarpuBaeTca MeCTO, POJIb U O0IIITIe
MPUHIAIILL IIPOIlecca KOPPENANUUr, CTABUTCS IJIO-
OasibHAs 3aJada pPaspabdOoTKU METOLUKHN KOoppeJss-
U 1 YacTHAasA 3aava IIOCTPOCHU S MOIeIN aHaIn3a
coOBITUM Oe3omacHoCcTH. PaccMarpuBaioTCs OTAEb-
Hble ATalbl IPUMEHEHUA IIPeaIaraeMoro IIOAXOoma.
B Tom uwmciie packpbiBaercsa mpoiiecc (opMupoBa-
HUS HEOPUEHTHUPOBAHHOTO rpad)a OTHOIIIEHUI THUIIOB
COOBITHH, BLIIOJIHSIEMOr0 Ha OCHOBE aHaIr3a THUIIOB
COOBITUI B IIpefesiaX ONHOTO KypHaJia COOBITHUIA,
C YUeTOM ero HOpMaJIM30BAHHOT'O IIPEACTAaBJIEHUA.
PaccmarpuBaroTesa 0cOOEHHOCTH UCIOJIb30BAHUS I10-
JIYUYeHHBIX MaHHBIX JJIA IPOBeleHUA (PYHKITNOHAIb-
HOTO U TIOBEJEeHUYECKOTo aHaausa. [Jid KOPPEeKTHOMI
paboThl IIpemjiaraeMoro Ioaxoma (OPMYJIUPYIOTCS
He0o0XOAMMbBIe U JOCTATOUHbIE YCJIOBUA UCIIOJIb30Ba-
HUS UCXOJHBIX (BXOJHBIX) TaHHBIX. B 3aK/JII0UEHUT
OIIMCBHIBAETCS SKCIIEPUMEHT II0 aHAJU3y THUIOB CO-
OBITUH KypHAJia 0e30MAaCHOCTU OIIePaIlOHHOMN Ccu-
cremsl (OC) Windows. IIpuBogsiTes: pe3yIbTaThl 9KC-
mepuMeHTa W OIeHKA BO3MOYKHOCTElHl IIpPUMeHeHUS
npeaaaraeMoro moaxoja IJIsd KOPPeaAalun cOObITHI
06e30macHOCTH.

PeneBaHTHBIE Pa0OTHI

Koppensmus [gaHHBIX [OEePBOHAYAJIBHO ObLIA
IpUMeHeHa B CPeNCTBaX OOHADPYIKEHUSA BTOPYKEHUH
(Intrusion Detection Systems) s BeIsABII€HUA CBA-
3ell MeXK/Iy CeTeBLIMU COOLITUAMU C IIeJILIO UX arpe-
ranuy ¥ IOCJEeRYIOIIeT0 MeTeKTUPOBAaHUA aTak (B
TOM UHCJEe PaCIIpelieIeHHBIX U MHOTOIIIATOBBIX) [5].
WM meHHO U3 cuCTEM ZAaHHOTO KJacca MeTOABI Koppe-
JANUY OBLIN aJalTHUPOBAHBI AJA KOPPEIAINU WH-
dopmaniuu B SIEM-cucremax.

IIpu ob11eM paccCMOTPEHUY IIPOIIECC KOPPEIAIUN
MOXKeT OBITH pas3fieJieH Ha CJenyIoIue sTambl [5]:
1) mopmasmsanusd; 2) arperanus; 3) QUIALTPAIINI;
4) aHOHUMUBAIK; 5) IpruopuTe3aIus 1 6) cobcTBeH-
HO Koppenanuda. Hanmuwe m qomoiHUTENbHAA Je-
KOMITO3UINS AAHHBIX 9TAI0B 3aBUCUT OT KOHKPET-
HOI peanusanuu. C HaIllell TOUKU 3PeHUsI, KaK bl
U3 YKa3aHHBIX 3TAll0OB HEOOXOIMM JAJI IIOJHOIIEHHO-
T'0 BBITIOJTHEHU A IIPOIIECCa KOPPEIAIINH.

Ha pasHBII MOMEHT CYIIIECTBYEeT MHOYKECTBO
METOJOB KOPPEeJNAIUN COObITUII 6e30IIacHOCTH CO
CBOMMM JOCTOWMHCTBAMM U HemocTaTkamu. Ha KoH-
KPEeTHOM JdTalle IIpollecca KOPPEeJANUU IIeJIeco-
0o0pasHO NPUMEHATh METONbl, B HambOOJIbIIIEN cTe-
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IIeHU YIOBJIETBOPSAIONINE €ro 3ajadyaM B TeKyIIei
uH(ppacTpyKType. MeTOAMKY BHIIIOJIHEHUS OOIIETO
mpoIecca KOPPEeJANUU B CYI[ECTBYIOIUX PEIIeHN-
X, KaK ITPaBUJIO, KOMOMHUPYIOT HECKOJBKO METO-
II0B. Bce MeTOIBI MOYKHO YCJIOBHO Pa3/eIUTh HA CUT-
HaTypPHBIE U 9BpUCTUUEeCKHeE. [laHHbIe METOAbI MOT'Y T
IIPUMEHATH PAa3JINYHBbIE AJTOPUTMBI, OCHOBAHHBIE
Ha aHaJIi3e CXOYKEeCTH, CTaTUCTUUYECKOM aHaJu3e,
UHTeJJIeKTYaJbHOM aHaJau3e JaHHbIX U IP.

CJI0}KHOCTh OIIEHKM KauyeCcTBa HCIHOJIb3yeMBIX
METOAMK KOPPEeJAIUU JaHHBIX 3aKJII0UYAEeTCA B TOM,
yro npousBoauTenu SIEM-cucTem B IienAx 3aliu-
Thl WHTEJJIEKTYaJbHON COOCTBEHHOCTH He pasIjia-
IAI0T OCOOEHHOCTHM TEeXHOJIOTUYECKUX PeIIeHN’,
IIPUMEHsSIEMBIX B CBouX cucteMax. K Tomy Ke naske
npu nokynke SIEM-cucTeMbl ncciiejoBaHue MOIYJIS
KOpPPEeJAINUYU 3aTPYJHEHO TeM, UTO ero HacTpoiKa
3aKJIIOUAETCA IPEeUMYIIEeCTBEeHHO B (YOPMUPOBAHUY
HOBBIX (JOTOJTHUTEJNHHBIX) IPABUJ U UCKJIIOUEHUT.

OmgHako HApPAAY ¢ MJIaTHBIME pereHuamu SIEM-
CHCTEM CYIIECTBYIOT TaK:Ke ITPOEKTHI C OTKPBITHIM
UCXOMHBIM KOZOM, a TaKyKe MHOYKECTBO HayUYHBIX
nyoauKaIuii 1o MeToAaM U IIOAXOAAaM K KoppeJss-
11 COOBITUI 0€30IIaCHOCTH.

HawuGoJsiee monyaApHBIM U IPOCTHIM IIPU Peasu-
3aluy ABJIAETCA IPABUIIO-OPUEHTUPOBAHHBIA Me-
Tog [6—8], ocHOBaHHBINI Ha (PUKCUPOBAHHOM COOT-
HECeHUU COOBITUI JPYT C IPYTOM TIPU BBHIIOJHEHUU
oInpefieleHHBIX ycJjaoBUil. JaHHBIE YCJIOBUSA MOTYT
cozepsKaTh JIOTMUECKUe oIlepanuy Hajl JTaHHBIMU,
WX CBOMCTBAMU W BBIUUCJIAEMBIMU IIOKAB3aTEJIAMIU.
I'maBHBIM HEZOCTATKOM AAaHHOTO METOAA SABJIAETCS
CJIOKHOCTh U JJIUTEJNBHOCTH COCTABJIEHUS ITPABUJI
agMuHHUCTpaTopoM OesomacHocTu. IIpuuem spdex-
TUBHOCTDH BBITIOJIHEHUS KOPPEJAINN IPaBUJIO-OPU-
€HTHUPOBAHHBLIM METOJOM HANPAMYIO B3aBUCUT OT
KBaJM(pUKAIUY CIIeI[NaJIUCTa II0 BHEIPEHUIO.

MHorue MeTonbI, TAKKE KaK ITa0JI0HHO-OPUEHTH-
POBaHHBIH (CIleHaPHO-OPUEHTUPOBAHHLIH) [6], rpad-
opueHTHpoBaHHBIN [9, 10], HAa ocHOBE MAIITMHBI KO-
HEYHBIX cocTosaumi [9, 11], Ha ocHOBe cxoskecTu [12,
13] u npyrue, 10 CBOEH CYyTH UMEIOT PA3JINYHBIE MO-
JIeJiu TIPeICTABJIEHUA COOBITUI U UX CBA3€EH, OMHAKO
B KOHEUHOM CUEeTe OHU TaK’Ke MOT'YT OBITh BhIpasKe-
HBI B BUJie IPaBUJI.

CoBpeMeHHBIM HallPaBJIEHUEM Pa3BUTUA METOIOB
KOPPeJAIr COOBITUN SIBJIAETCS IIPUMEHEHUEe METO-
OB WHTEJJIEKTYaJIbHOTO aHAJIW3a NaHHBIX, TaKUX
Kak OaiiecoBckue cetu [6, 9, 14], ummyHHBIe ceTu [9,
14], ucxkyccrBeHHbIe HeTPOHHBIE ceTH [9, 14—-16] u ap.
JOCTOMHCTBO MaHHBIX ITOAXOIOB 3aKJIOUAETCS B BO3-
MOXKHOCTUA CAMOCTOATENILHOI (6e3yCJIOBHOI) Koppe-
JIAIAY COOBITUI ¢ MUHUMU3AIIeH PYYHOM HACTPOI-
Ku. OgHaKo O TOCTPOEHUA IIpeAcKa3aTebHBIX
MO7ieJiell Ha OCHOBE MHTEJIJIEKTYaJIbHBIX METOIOB TPe-
OyeTcs TpeIBapUTEJLHBLIA aHAIN3 CAMUX AAaHHBIX,
KOTOPBIA JaJIeKO He BCErJa MOXKHO aBTOMATU3UPO-
BaTh. Kpome TOTO, IpUMeHeHNe NHTEJLJIEKTYaJIbHBIX

Nel, 2018 N\

VNH®OPMALIVIOHHO-YMPABASIOLLIVE CUCTEMBI N\ 59



/ SALLVTA HDOPMALI 7

IOJIXO0B OIIpeeJisieT TpebOBaHMe IO OIeHKe aleK-
BATHOCTH W KauyecTBa MOjeJieli, a NCXOAHbIE JaHHbIe
00yUYeHUS JOJIPKHEI ObITH JOCTATOYHO ITOJTHBIMIU.

ITogxon K KOpPeAINN COOBITHIT

IIpomecc Koppeaauuu

1l MOCTAaHOBKM 3a/lauy MCCJIEJOBAHUU CJIEAYET
OIIPeIeJINTh MECTO M POJIb MpOoIlecca KOPPeasaIluu
B SIEM-cuctemax. Cunuraercs, 4TO IIPOIlecc Koppe-
JIAIUY HAIIPaBJIeH Ha PellleHue CAeNYIOIINX 3a1ad:

1) rpynnmupoBKY HUBKOYPOBHEBBIX COOBITUI B 60-
Jiee BBICOKOYPOBHEBBIE COOBITHUSI;

2) omrpeiesieHre B3aMMOCBSA3EH MEXKIY Pas3HOYPOB-
HEBBLIMU COOBITHAMU W WHMOpMaIimeir 6e30ImacHO-
cTu;

3) ompeneseHre BasKHOCTY COOBITUHA M UX T'PYIII
B paMKax 3ajauu obecreueHus 6e30IacHOCTH;

4) obHapy:KeHNe NpenyIpe:KIeHul U WHITUAEH-
TOB 6€30ITaCHOCTH.

Takum 00pas3oM, BBIIIOJHEHUE IIpollecca Koppe-
JSANUY HaYMHaeTCA cO cOopa JaHHBIX U3 PA3HOPO/I-
HBIX MCTOYHMKOB U 3aKaHUMBaeTcA Ha stamne ¢Gop-
MUPOBAHUSA OTYETA O TEKYIIeM COCTOSHUU 3allly-
IIeHHOCTHY aHAJN3UPyeMbIX nH(ppacTpyKTyp. CTouTt
TaKsKe OTMETHUTD, UTO IIPOIIeCC KOPPEISIIUY ABJISeT-
CsA HeTIPEePBIBHBIM U JOJIKEH OBITh PACCUUTAH Ha BhI-
TIOJTHEHUE B PeaJIbHOM MacIliTabe BpeMeHU.

OcHoBHas (Ty100a1bHA ) 3a4aua IPOBOAUMBIX HC-
CJIeOBAHUH 3aKJIIUYAeTCsa B pPa3paboTKe MEeTOIUKU
aBTOMATU3UPOBAHHOU KOPPEJAINN PA3ZHOPOIHON
uHpopManuu 6esonacHocTu. ad JoCTHIKEeHUS TaH-
HOM 3ajauu TIpeJJaraeTcs HCIOJb30BAaTh PE3YJIb-
TaThl CTPYKTYPHOI0, (DYHKIIMOHAJIBHOTO, MOBEEH-
YEeCKOT'0 U HBOJIIOIIMOHHOTO aHAJIN3a 3aIUIaeMbIX
00bexToB [17]. IIpencraBiieHHOE pasfesieHHe 3ala-
Yy 0OYCJIOBJIEHO COOTBETCTBYIOIIIMMU ACIIEKTAMU
CJIOKHOCTY aHAJIU3UPYEMBIX HHPPACTPYKTYP Kak
CJIOXKHBIX AUHaMuuyeckux cucreMm [17]. B pamrax
TEKYIIEro MCCJIeJOBaHUA YaCTHON 3ajaueil ABJISAET-
cA paspaboTKa MOJeJy Ha OCHOBE aHaJn3a TUIIOB
COOBITHI [JIA BBINIOJHEHUA IIPoIiecca KOPPeIAINnnu
TaHHBIX. HOBU3HA IIpeajiaraeMoro moaxoa 3aKJIio-
YyaeTcsi B aBTOMATU3AIUU IIOMCKA MPAMBIX U KOC-
BEHHBIX CBsA3el MeXKIy PasHOPOAHBIMU COOBITUAMU
[lJIsi BBIITOJIHEHUS IIpollecca Koppesasanuu. JaHHbIN
TOXOJ TOJIKEH 00eCIIeUNTh aBTOMATHUUECKOE BKJIIO-
YyeHUe B MOJeJIb KOPPEJIAINU TUIIOB COOBITUI, KOTO-
pbIe paHee He ObLIM N3BECTHBI, HO TOJBKO ITOCJIE IPU-
BeIeHUA TaHHBIX O COOBITUAX K HOPMAaJIU30BaHHOMY
BULY.

B kauecTBe BXOMHBIX MaHHBIX ITpPOIlecca Koppe-
JAIMAYA MOTYT BBICTYHATh PAa3JNUYHbIE HCTOYHUKU
uHpoOpManuu (BHYTpPeHHWE U BHEIIHUE): CEeHCO-
poI (aTumMKu) M3MEepeHuil, areHThl cOopa JaHHBIX,
JKYPHAJBI COOBITHI, KOH(PUTryparnuu 00LEeKTOB WH-
dpacTpyKTyphl U MHOTHe apyrue. B obieil cxeme

Bas3bl wabnoHoB basbl
atak ys3BUMOCTEN

Bbasbl NMAO

KoHdpurypauus
NPUIOXEHNI

g
L=
[ Ba3sbl BUpYCHbIX o
z 2 Py Basbl SKCMoNTOB
ElE curHaTyp
2 -8- YcnoBHo-
o I | cratniHoe
| — | cooepxumoe

KoHdurypaums

= & e 221 KoHdurypauums cetn
T = CUCTEMbI
T ®©
L
8
I

I | AnHamunuHoe o o
o £|A McnonHsemble channbl CeteBoW Tpacmk

coaepxumoe

MoBeneHve
nonb3oBarenem

XypHanbi cobbiTui

J

CpepcTsa 3awuTbl CpencrtBa Cpepncrtea obHapyxeHus Bl CpeacTea obHapyxeHus |l CpeacTsa 3almTbl
MHopMaLmu aHTMBMPYCHOW 3aLUMThI BTOPXXEHWI yA3BUMOCTEN OT yTeuek
McxoaHble faHHble JKypHarnbl BUpyCHOM 1 XKypHaneb! XKypHanbl

A A yp PycHol XKypHanbl ceTeBbIX aTak yp yp
Koppensauum MOA03PUTENBHON AHOMANAA [EeTeKTMPOBaHMS noBefeHns
(cobbITus) aKTUBHOCTU OnacHbIX 06bEKTOB nosib3oBarenen

SIEM Mpouecc koppensaumm

Pesynbtart 2

BOIMOTHEHNA n el e exael 6esonacHoc

npouecca HUMAEHTbI ¥ NpeaynpexaeHus nacHocTH

Koppensauumn

B Puc. 1. O0mas cxemMa UCII0Jb30BAHUA BXOJHBIX JaHHBIX IJIs Ipolecca Koppensanuu B SIEM-cucremax
B Fig. 1. General scheme of using input data for correlation process in SIEM-systems
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WCITOJIb30BAHUSA PA3JIUYHBIX MCTOYHUKOB JAHHBIX
(puc. 1) nmpuBeneHb! 6a3bI TPOIPAMMHO-ANIIIAPATHO-
ro obecmeuenusa ITAO — »5To XpaHUJIUINA UHQPOP-
Manuu 00 UAeHTU(GUKAITMOHHBIX XapaKTepPUCTUKAX
YCTAHOBJIEHHBIX IPOTPaMMHO-AIIIapPaTHBIX CPEICTB
B aHaJusupyemoii mH@pacTpykType. Ha maHHOI
cxeMe BXOJHBIE («CBIPBIE€») MAHHBIE IIPEICTABJIEHBI
BHYTPeHHel MH(opMaIueid ¢ ITMHAMUYHBIM COJEp-
JKUMBIM ¥ BHYTPeHHeH u BHelllHeil mH(popMaiuei
C YCJIOBHO-CTATUUYHBIM COAEPIKIMBIM.

HamHoe pasgesieHme HEOOXOAWMO BBUIY CJIOMK-
HOCTHU KOPPEJAIUU B OJHOM IIpoliecce MHGOPMAIUN
U3 Pa3HBLIX KaTeropuii, rJIaBHBIM PasjauyreM KOTO-
PBIX ABJAETCA NPUBA3KA KO BpeMeHU (IJid MUHA-
MUYHOTO cofiep:kumoro). Tak:ke ciegyeT OTMETUTh,
YTO HA JAaHHOM BdTame pas3padaThIBaeMbBINl ITOAXO[
OPUEHTHPOBAH IIPENMYIIeCTBEHHO HA BXOIHbBIE JaH-
HbI€ C ITMHAMHUYHBIM COIEPKUMBIM, IIOCKOJBKY JIIO-
6oe M3MeHeHMe YCJOBHO-CTATUYHON WH(MOPMAIIUN
MOKeT OBbITh TaKsKe IPEICTaBJIEHO KaK COOBbITHE.
OnxHako HaHHBIN (DAKT He UCKJIOUAET YUeT JaHHBIX
C YCJIOBHO-CTATUYHBIM COAEPKUMBIM IIPU aHAJIN3e
cocrossHuA GezomacHocTu. TaKiKe IpeacTaBIeHHAS
cxeMa BKJIIOUAET CPENCTBa BaIl[UTHI, OCYIIECTBJIA-
IOIe TPOMEKYTOUHYI0 00pabOTKY BXOMHOW WH-
dopmanuu u reHepupyoiire 60JIee BEICOKOYPOBHE-
BbIe coObITHA. OJHAKO CBSA3HL MCTOUHUKOB HAHHBIX
C TPUBEJEHHBIMU CpeIcTBaMU He (PUKCHUPOBAHA,
T. €. WCIOJIb30BaHWE TOTO0 WJIM WHOTO KMCTOYHUKA
KOHKPETHBIM CPEJCTBOM 3aBHCHUT OT €ro peaJjiusa-
muu. TakuM o0pasoM, MCXOAHBIMU NAHHBIMU IS
BBITIOJTHEHUST IIPOIECcCa KOPPEeJAUN SBJISIOTCSA
pasHOpOAHBIE U PAa3HOYPOBHEBbIE COOBITHA Oe3omac-
HOCTHU, UTO JOJIKHO OBITH 0043aTeJIbHO YUTEHO IIPU
pelrernu riiod0aabHOI 3aJaumn.

AHaJn3 JKypHAJIOB COOBITHI

IToxm cobbITHEM TIOHMMAETCSA Pe3yJIbTaT AeHCTBUA
(BBITIOJITHEHHOTO, OTKJIOHEHHOTO, 3aBEepIIeHHOTr0
¢ OIMuOKOI) MM HMOUBITKU COBEPINEHUA AEUCTBUA,
TeHepUpPyeMblii UCTOYHUKOM AeHCTBUSA WUJIU CHUCTEe-
MOM ero o0pabOTKM, UMEIOIIUN IIpeaonpeIe/IeHHbII
dopmaT onmmcaHusA, MOHATHBIN crucTeMe 06paboTKH,
a Takske obOJamaromuil crueru(pUUYHBIMUA CBOMCTBA-
MU, OIHCBIBAIOIIINMI CAMO JIeHCTBUE.

CoObITUA Pa3JIUUYHBIX THUIOB B IIpeJesax OIHO-
ro *KypHaJa SBJIAIOTCSA MUCXOTHBIMU TAHHBIMU IJIS
TIPOBEIEHUS MCCIAEOBAHUIN 1 MOT'YT OBITH BhIpaske-
HBI KaK

{e1, e9y syt =Ep, {ty, ty, v, £, =T,
rae E — MHOMXecTBO coObITHii KypHana L, a T —
MHOKECTBO TUIOB COOBITUH KypHaa L.

Anajua TUIIOB COOBITHUI IIpeaiaraeTcs IPOU3BO-
IUTH HA OCHOBE PeaJbHBIX UCXOAHBIX JAHHBIX ((KYP-
HaJIOB coOBITHI). B maHHOM ciiyuyae HMCKJIIOYaeTCs
BEPOSITHOCTb BO3HUKHOBEHUS OIIMMOOK, CBA3AHHBIX

\ SALLVTA HOOPMALIN \

c usMeHeHmeM ()OpMAaTa THUIIOB, a IPU HAJUYUU Ta-
KOT0 UBMEHEHUA MOJOO0HBIE COOBITUA OyAyT 3aduK-
CUPOBaHBI.

Ha ocuoBe ananmnsa sxypHaJja COOBITUN IIPOU3BO-
IuTca (opMUpOBaHUE MHOKECTBA CBOMCTB MHOKE-
CTBa TUIIOB COOBITHUIA:

{P1> P2s e » P} = Py

rae P — MHOKeCTBO CBOMICTB MHOYKeCTBa TUIIOB 7.

Ceoiicmea cobbimuil MOYKHO YCJIOBHO Pas3mesiuTh
HAa CJeAYIoNre TPYIIIhI:

— uleHMu@uUKaAUUOHHbIe CBOICTBA, 3HAUCHUS
KOTOPBIX IJIs KaKI0T0 COOBITUS YHUKAJJIbHBI B IIpe-
JejaxX MHOYKECTBA COOBITHII OLHOrO KypHaJa (rpyi-
IIBI JKYPHAJIOB) UJIM CHUCTEMBI (HAIIpUMep, UAeHTU-
(UKaTOPHI 3aIUCE COOBITH);

— CBOIICTBA NPUHAOdLeHHOCMU, SHAUCHUST KOTO-
PBIX YKa3bIBAIOT HA COAeprKaHue COOBITUI B OIIpee-
JIEHHBIX MHOJKECTBaX, TAKUX KaK THUII, ITPOBamaep,
XOCT;

— @peMmeHHble CBOMCTBA, OTPAKAIOII e BHAUECHIE
BpeMeHU CO3IaHUsd, 3aIllMCHU, CTApPTa, OKOHUAHUA U
IPYTUX BPEMEHHbBIX XapaKTePUCTUK IeliCTBU;

— cBoiicTBa ayduma, ONpeneIAoIIre Pe3yabraT
BBITIOJTHEHUA AENCTBUA, KOTOPBIN OIMCHIBAET eii-
CTBUE KaK yCIIeITHOe, 3aIIpeleHHoe, 3aBePIIuBIIIe-
ecs ¢ OIMMOKOM U AP.;

— UH@OPMAYUOHHbLe CBOUCTBA, OTpasKarolue
cuenupUYHbIE XapaKTEePUCTUKU NEUCTBUSA, OIUCHI-
BaeMOTO B COOBITUM (ABJsAeTCA HamboIee OOIIIMPHOMR
TPYIIIOH aTpudyTOB).

Taxum o6pa3oM, aHAJIU3 KYyPHAJIa COOBITHI (C T1e-
JIBIO BBIABJIEHUSA CTPYKTYP TUIIOB U UX CBOMCTB) MOJK-
HO IpPeACTaBUTH KaK O0TOOpasKeH1e MHOYKeCTBA COObI-
THU# B MHOKECTBA TUIIOB U CBOMCTB THUIIOB COOBITHIA:

E—>TxP.

Mopgeas KOppesauu
HA OCHOBE aHAJIN3a TUIIOB COOBITHIT

ITockOJIBKY BHIABJIEHHBIE THUIILI COOBITHIII OIIpee-
JISIOTCS CBOMCTBAMU, XapaKTEPU3YIOIUMU OITHCHI-
BaeMoe B COOBITUU AENCTBUE, CBA3U MEKIY TUIAMU
COOBITHI ¢ TTOMOIIBIO aHAJIN3A UX CTPYKTYP hopMu-
PYIOTCA 3a CUET CBA3EH MeK Iy uX cBoiicTBamu. [{asa
oIrpeieJIeHUsI MeCcTa CTPYKTYPHOT'O aHAJIM3a B 3aja-
e oImpefesieHusa CBA3eH HeoOXOAMMO BBECTH KJac-
cU(PUKAIINIO OTHOIIIEHUH MEXKIY CBOMCTBAMU THUIIOB
coObITH. BbIe UM 0mHouleHUs TI0 PaBHOSHAYHBIM
¥ HEPABHO3HAYHBLIM CBOMCTBAM.

Pasrosnaunoe ceoiicmeo p, — 5TO OJUHAKOBOE
CBOMCTBO ABYX PA3JMYHBIX TUIIOB COOBITUMH t; 1 £yt

Vp,ePpip.€pty,p.€ pty, THEt, ty € T.

B cBot0 ouepenb OTHOIIEHUSA TI0 HEPABHOIHALHbLM
ceoiicmeam NeJIATCSA Ha OJHOTUITHBIE U PA3HOTUITHEIE.
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OodnomuntuLe HepaBeHO3HAYHbLE cgoiicmeaa pp
Py — 9TO CBOﬁCTBa, 9KBUBAJICHTHEBIE II0 TUIIY COoEP-
JKHUMOTI0:

P1> Py € Pripy~ py.

Pasnomunuvie HepasHO3HaAUHbLLE cB0UCMBA —
9TO CBOMCTBA, 9KBUBAJIEHTHEIE II0 3BHAUEHUAM COJIeP-
JKMMOTO IIPU ABHOI PasHUIle MKy TUIIAMU COLEeP-
SKHTMOTO.

Kpome Toro, ogue THUI COOBITUIT ¢ MOYKET Comep-
JKaTh HECKOJbKO OJHOTUIHBIX M PA3HOTUITHBIX He-
PaBHO3HAUYHBIX CBOICTB p B CBOEIl CTPYKTYpe:

ViP1» Pgs v » P S Py Py ~Pg~ o ~ P t €T,
Tme S — KOJUYEeCTBO ONHOTUIIHBIX WM Pa3HOTUI-
HBIX HEPABHO3HAYHBIX CBOMCTB THUMA t.

IIpu mocienyoIieM aHaanse HaJUUME Y PA3JIUU-
HBIX TUIIOB COOBITHI PaBHO3HAUHBIX CBOMCTB OyAeT
paccMaTpuBaThCS KaK NPAMAs C8513b MEXKIY CBOI-
CTBAMHU TUIIOB COOBITUII, a HAJUUYWE ONHOTUITHBIX
¥ PaAsHOTUITHBIX HEPABHO3HAUHBIX CBOMCTB — KaK
ONHOTUITHBIE ¥ PASHOTUIIHBLIE KOCBEHHbLE C8A3U CO-
OTBETCTBEHHO. B paMKax CTPYKTYPHOI'O aHAaJIM3a
paccMaTpUBaIOTCA TOJBKO IIPSIMbBIE CBSI3H MEKIY
TUIIAMHU COOBITUH, TOTHAa KaK (QPYHKIMOHAJIBHBIN U
MOBeJIeHYeCKUIT aHaJM3bl IIOAPAa3yMeBaloT oIpeje-
JeHWe KOCBEHHBIX OJHOTHMIHBIX U PA3HOTUIIHBIX
CBsI3eil COOTBETCTBEHHO.

Hanpumep, mpu cpaBHEHHH CTPYKTYP MOBYX
TUIOB coObITuil OesomacHocTu masa OC Windows
«3aBepirenue nporecca» (4689) u «BrisBana npusu-
JerupoBaHHAaA caysxba» (4673) omHUM 13 paBHO3HAY-
HBIX CBOMCTB 000MX THUMOB sABJserca «Processld»
(Tportiecc-uHUITUATOP), UTO SABJIAETCS MIPSIMOM CBSA-
3bI0 MEXKIY YKa3aHHBIMU TUIIAMU COOBITHUH.

Cob6bITHe THNIA «3anycK mpoiecca» (4688), momu-
Mo cBoiicTBa «NewProcessID», cogepsXUT CBOHCTBO
«CreatorProcessID». O6a cBoiicTBa MHUIIUATIUBUPY-
0T UAEeHTU(PUKATOP IIPOIlecca, TOJIbKO B IEPBOM CJIY-
yae — JOUEpHEero mpoiiecca (HacjegHUKa), a BO BTO-
poM — mporiecca-uHUIMATOPA (TpeaKa). YKasaHHasd
CBS3b ABJISIETCA KOCBEHHOI OMHOTHUITHOI IT0 TUIY CO-
nepsxumoro (tun — «MpenTudurarop mporeccar),
TIO9TOMY TO3BOJISIET MPOCIEIUTD (PYHKITMOHATbHEIE
CBSI3W MEKIY COOBITUAMHU PasHbIX TUIIOB U, B HaH-
HOM cCJIyuae, BBIABJIATL COOBITHUS PabOUMX ceccuii
TIPOIECCOB 1 UX MepapXuu HacJaeq0BaHUs.

Cob6biTHe THHA <«3ammycKk mporecca» (4688) co-
IEPKUT TaKKe cBoiicTBO «ProcessName». IIpu pac-
cvorpenun cBoicTB «Processld» u «ProcessName»
TUIIBI UX COAEPIKUMOTO IBHO OTJIMYAIOTCS: B IIEPBOM
cayuyae — 910 «MaeHTH(UKATOP IIpoIlecca», a BO
BTOpOM — «MMsa MCOOJHAEMOro MOAYJaA B (haiiyio-
BoOii cucteme». OmHaKo 00a CBOIICTBA OIIMCHLIBAIOT
UIeHTU(PUKAIINOHHbIE XapPaKTePUCTUKU IIPoIecca.
B mepBoM ciyuae mamHasA XapaKTePUCTUKA NMEET
MPUBASKY KO BpeMeHU — HAeHTU(UKATOP IIPUCBa-

UBAeTCs CHUCTEMOIl KaKIOMy CO3JaBaeMOMY IIPO-
Imeccy M WMMeeT YHUKAJBbHOE CJIydyailHOe 3HAueHUe
B TEKYIUI MOMEHT BPEMEHU B PaMKaX OTAEJHLHOHU
ceccuu mpoiiecca (0T co3maHus OO 3aBepIieHus). Bo
BTOPOM CJydYae UAEHTU(MUKAIMOHHAA XapaKTepu-
CTUKAa ABJAETCA CTAaTUYHON U He MMeeT MPUBASKU
Ko Bpemenu. Ilpu maabHeHIIell KOpPpPeasaIlni yKa-
3aHHBIX HEPABHO3HAUHBIX CBOMCTB PA3HOTO THUIIA
MOKeT OBITH OIlpejesieHa KOCBeHHAs Pa3HOTUIIHAS
CBA3b.

B pesysnbraTe aHaiauza CTPYKTYP TUIIOB COOBI-
TUH, B COOTBETCTBUU C IIPeJIaraeMoi MOIEIbI0 KOP-
penanuu, GopMuUpPyeTCcsa HEOPUEHTUPOBAHHBIN rpad
cBsasell (G, UCII0JIb3yeMbIi IPHU JaJIbHENIIIeM aHa Iu-
3€ BXOJHBIX NaHHBIX U BBINIOJHEHUU IIPoIecca Kop-
penAanuu:

G=(T,P,0),0:P>TxT.

CrenyeT y4YUTBHIBaTh, UTO MOJYUYEHHAS MOJEJb
He SBJIgeTCS OKOHYATEJNbHOH, a Hao0OpoT, ABJIS-
eTcd TEePBUYHBIM ITPEACTABJIEHNEM OTHOIIEHU
Mexay coobiTmamu. [asee, mocie GYHKIIMOHAIL-
HOTO U TIOBEJEHYECKOTO aHaJM3a, JaHHAA MOJEJNb
KOPPEKTHUPYeTCs 3a CUeT yUueTa CUJILI CBsa3el (BeCoB)
MeXAy TUIIaMU COOBITHII. BbIUHMCIIeHIIe BECOB pe-
6ep TOJIlyueHHOTro Tpada MPOM3BOAUTCS Ha OCHOBE
OTHOCUTEJLHBIX U a0COJIOTHBIX YAaCTOTHBIX Xapak-
TEPUCTUK IO MPUHITUIY CXOXKECTU 3HAUEHUI CBA-
3YIOIIUX CBOMCTB. B cBOIO ouepenns HAITPABJIIEHHOCTD
CBsi3ell, BBIPAKAIOIIAA I[IPUYNHHO-CJIEICTBEHHBIE
OTHOINIEHUA MEKJYy THUIaMU COOBITHII, OIpeaessd-
eTCsl 3a CUeT YaCTOTHO-BPEMEHHBIX XapaKTePUCTUK
C ompeleJIEHHOU N0JIell BEPOATHOCTH.

Tak:Ke CTOUT OTMETHUTH, UTO IIPU IOCJEIYIOIEeM
BBIJIEJIEHUM TPYIIII CBA3HBIX COOBITUH, a TaKiKe
oIpeeieHNN KJIAacCOB 00'beKTOB CO BpeMeHeM KU3-
HU U APYTUX CYIIHOCTEN OYIAYT IOJYyUYeHBI MOIEJIN
mocenyoIux (6osee BLICOKUX) ypoBHeii. IToxg Kiac-
camMu O0'bEKTOB CO BpE€MEHEeM JKU3HU MOHUMAIOTCH
BBICOKOYPOBHEBbBIE CTPYKTYPbI, OIlpeessieMble ¢ I0-
MOIIbIO ITporcxoaAnux coowiTuii. Hanpumep, OC,
Kak IPaBUJIO, HMEIOT B KaueCTBe HeJeIMMOro oepa-
TUBHOT'0 00'beKTa NCIOJHIEMbBIN MOTOK. I'pyIIma mo-
TOKOB hopMupyeT mpoiiecc. IIporiecc B cBOIO ouepenb
MOXKET OIPeNeasiThbCA OJHUM HUJIN HECKOJIbKUMU
cepBucamu. Takum o6pasom, 60jiee BHICOKOYPOBHE-
Bas MOJeJb TPEACTaBJEHUA COOBITHH MOJKHA CO-
IepsKaTh MOoA00HbIe KJacChl 00BEKTOB W IO3BOJIATH
B JaJIbHEHINIeM CBS3LIBATh MeEKIY CO00Ii JaHHBIE
C IWHAMUYHBIM W YCJIOBHO-CTATUYHBIM COJEPIKU-
MBIM.

CraTucruuyecKue MeTOIbI KOPPeJLIIuu

MeToabl KOPPEeIAIUY MOI'YT IIOAPA3HeIATHCA Ha
ImapaMeTprUUecKre U HellapaMeTpuuecKkue. B cBasu
c TeM, 4To Jioboe coObITHEe XapaKTepusyeTrcsa Habo-
POM KaueCTBEHHBIX U KOJUUYECTBEHHBIX cHeruduy-
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HBIX CBOWCTB, IIPUMEHEHHE IIapaMeTPUUYECKUX Me-
TOZOB (KOoBapHaIlu¥, JUHEHHOW KOPPEJANNU) I
ompeneseHnsa Koa(hGUIIMeHTa KOPPEIANUU MeKIY
coOpITHAMY 3aTpygHeHOo. OHAKO TapaMeTpUUecKue
MEeTOABI MOT'YT OBITh MCIIOJIb30BAHBI JJIs OIIpeesie-
HUSA JUHEHHBIX 3aBUCHMOCTEH MEKIy CBONCTBaAMU
¥ TUIIaMU COOBITHH. B cBOIO ouepeb Mpu paHKUPO-
BAHUM BXOMHBIX NAHHBIX OIpPEIeJIeHHBIM 00pasom
BOBMOJKHO WCIOJIb30BAHME HeIapaMeTPUUYECKUX
MEeTOJOB PAHTOBOM Koppenadnuu. [[aHHBIE METOIBI
mpeaJjiaraeTcA WCIOJb30BATh IJIA PEIeHUs CJIemy-
oImux 3amau: 1) ompefesieHUsA CBI3ei MexXIy CBOM-
CTBAMU BHYTPHM TUIIOB COOBITUI; 2) BBIUUCJICHUSA
CUJIBI U HATIPABJIEHUS CBA3EH MEKIY TUIIAMU COOBI-
TUH; 3) onpenesieHUsA CBA3eH MeyKJy I'PYIIIaMU CO-
OBITU U 4) TOMCKa B3AaMMOCBA3el MeK Iy KIaccaMu
00bexToB. IlepBhie TpU 3ajauu peaausdyoT QYHKIIH-
OHAJIbHBIN aHAJIMN3 3aIIIUINAeMONi NHPPACTPYKTYPHI,
a TocJIeIHAA 3aava HeoOX0AMMa A1 MOHUTOPUHTA
MOBEIeHU A OTAEJbHBIX 00BEKTOB U, CJIeN0BaTEIbHO,
CUCTEMBI B II€JIOM.

OxpHUM u3 CIIOCOOOB PAHKUPOBAHUA COOBITUIA
JLIsI IPOBEIEHUSA ITOBEJIEHUYECKOT0 aHAJM3a SIBJIAET-
csd oIpeiesieHe CUJIbI CBSA3eH MeXK Iy TUTIaMU COOBI-
TUH, a TAaKKe MeXKIY CAaMUMU dK3eMILIIPaMU COObI-
THUH.

IIpenyaraerca BBIAENUTH CJAELYIOIIVE BUIBLI Be-
COB CBA3eI:

1) yoesnbHBIE Beca IPAMOIi, KOCBEHHOIN OJHOTHUII-
HOM ¥ KOCBEHHOU PA3HOTHUIIHOMN CBSI3€W MEXKIy THU-
maMu COOBITHI, 3aJal0NIrecs KOJIUUECTBOM DaBHO-
3HAYHBIX, HEPABHO3HAYHBIX OJHOTUIHBIX M HEpaB-
HOBHAUHBIX PA3HOTUIHBIX CBOMCTB COOTBETCTBEHHO;

2) oTHOCUTEJbHBIE Beca CBA3ell MeKIy 5K3eM-
IJIsIpaMu COOBITHII, OMpPeaeIAIuecs OTHOIIIeHEeM
KOJIMYEeCTBa COBIIAAOIUX 3HAUEHUN CBOMCTB K CO-
OTBETCTBYIOIIUM yAEJIbHBIM BeCaM.

B pesynbprare anasnza BRIOPAHHOTO BPEMEHHOT'O
OKHAa B IIpefesax aHaJU3UPyeMOro KypHaJja dop-
MuUpyeTca HaOOp Iap B3HAUEHUN OTHOCUTEJIHLHOTO
Beca W HHTepBaJia BpeMeHH. YacTOTHBINI aHAJIU3
HOJIVUEHHBIX Ha0OPOB MEXKAY TUIIAMH COOBITHUM, a
TaKsKe IPUMeHEeHe MeTOIOB PAHTOBOM KOPPEIAI NN
TO3BOJISIOT ONPEAEJUTH IIPUUYNHHO-CJIEICTBEHHBIE
OTHOINIEHUA MEKIY TUITaMU COOBITUM U MeKIy KOH-
KPEeTHBIMU SK3eMIIIIPaMU COOBITHIHA.

Br160p KOHKpPETHOrO MeToZa Koppeasanuu (Ha-
npumep, metona Kennganna, meroga CiupmeHa, me-
TOa MHOKECTBEHHO PAHTOBOM KOPPEJIAINN) 3aBU-
CHUT OT dTamna, Ha KOTOPOM OH IPUMEHSAETCA, U BO3-
MOXKHOCTY IIPUMEHEHUS UCXOAsA M3 BXOAHBIX TaH-
HbIX. OH BBIOMpPAETCS SKCIEPUMEHTAJIbHBIM IIyTEeM
¢ yueToM 3(PHEKTUBHOCTH MCIIOJIb30BaHU .

OBOJIIOIMOHHLIN aHaJW3 3allfuiraeMor uHQpPAa-
CTPYKTYPHI TIOAPasyMeBaeT BBIJeJEHUE KJACCOB
TUIOBBLIX JIEMEHTOB (X0CTOB, cepBepoB, OC, cepBu-
COB U Op.) U 00yUeHNe MOAYJA KOPPEJIANUU IO BbI-
YKCJIEeHHBIM NOKasareisaM. B KauecTBe «yUHUTeJsI»
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B JaHHOM CJydae IPeZAIoJiaraeTcsa KCIOJIb30BaTh
KOMIIOHEHTHI 3alluThl WH(GOpMAINU, OOHAPY KU-
BaIOIUe TEKYIUe YIPO3bl U MOJAIOIINe UX B BUIAE
BBICOKOYPOBHEBBIX COOBITHI. BBUIY BEpPOATHOTO Ha-
JUYuA MUKJIOB B HaIlpaBJIeHHOM r'pade cBaA3el Tu-
1I0OB, TPYIII THUIIOB U KJIACCOB OO'HEKTOB IIPHUMEHEe-
HUe 0alieCOBCKUX ceTel 3aTpyaHeHo. JJaHHbIA GaKT
00yCJIOBJIEH T€M, UTO IUKJINYHOCTD CBABEU BJIEMEH-
TOB rpada TeopeTHYeCKH He MMeeT BO3MOKHOCTU
yCTpaHEeHU:

— yZAaJieHue MaJIOBEPOATHBIX ITUKJIUYHBIX CBSA-
3ell MOJKeT IIPUBECTH K NCKAKEHUIO Pe3yabTaTa Kop-
PEJIAINY U IPOITYCKY aHOMAaJIbHBIX I'PYIII COOBITUIA;

— yIpOIIeHre HEBO3MOYKHO B CBASU C UCIIOJIb30-
BaHMEM HU3KOYPOBHEBBIX U HENEJIUMBIX (dJI€MeH-
TapHBIX) COOBITHUH.

TpeboBaHUA K MCXOTHBIM TAHHBIM

IIpexnaraeMblii TOAXOM UMEET P OTPaHUUYCHU I
Ha BXOJHBIE AaHHBIe. Tak, mpeAIosaraeTcs, 4To me-
pen HauaJioM BBIABJIEHUS CTPYKTYP TUIIOB COOBITUH
B paMKaX OJHOI Moze i (D)OPMAT COOBITU SIBJIAETCS
HopMaJIn30BaHHBIM. HopMaiusanusa CTpyKTyp IIpe-
MMYIIIECTBEHHO OTPAKAeTCsI B CJEAYIOIIEM YCJIO-
BUU: CTPYKTYPA OAHOT'O TUIIA COOBITUA f He JOJKHA
MMeTb PABHO3HAYHBIX CBOMCTB Py U Py:

Vp,py€P,ip#py, tel.

HanHOe orpaHmMueHMEe HEOOXOAWMMO AJISA WCKJIIO-
YeHUA 3aIUKJINBAHUS HA OJHOM COOBITHH B XOne
HCIIOIb30BAHUSA IIpPeIjiaraeMoro Iomxoma. Bmecre
C TeM cJiefyeT co0JIi0jaTh HOPMAaJIN30BaHHBIH (OJHO-
3HAUYHBIN) (hopMaT 3aII1ICH CBOMCTB COOBITUI Pa3HBIX
TUTIOB.

CTouT OTMETUTh, YTO UCXOAHBIE NJaHHbIE TaKiKe
JIOJI?KHBI YAOBJIETBOPATH HEOOXOIUMOMY YCJIOBUIO IO
TIOJTHOTE BCEBO3MOJKHBIX THUIIOB COOBITUM B paMKax
paccMaTpuBaeMoi MOLEIN U JOCTATOUHOMY YCJIOBUIO
TI0 TIOJTHOTE KOJIMUEeCTBA PASHOTUITHBIX COOBITUH JJIs
BBINIOJIHEHUSA CTPYKTYPHOr0, (OYHKIIMOHAJIBHOTO,
TIOBEZIEHYECKOT0 U 9BOJIIOIMOHHOr0 aHanusa. Takxe
caenyeT YUYUTBIBATH HEOOXOAUMOCTH COOJIIOMEHUS
IIOKa3aTeJeH IMOJTHOTHI UCXOAHBIX JAHHBIX 10 [IPEI0-
cTaBigeMoii nHpopmarnuu. [lauubIi (GaKkT 00yCJIOB-
JIEH YCJIOBHEM JIOCTATOUHOCTU AHAJU3UPYEMOU BbI-
OOPKU C IIOMOII[BI0 METOHA PAHTOBOIN KOPPEJIAINN,
a Tak:Ke obyuaemoit BeiOopku. Kpome Toro, B cBs3u
C YyBCTBUTEJIHHOCTHIO 1 IPUBASKOM ITPEAIaraeMoro
moAxofa K peaJbHOMY MaciiTaby BpeMeHU 3Haue-
HUSA BPEMEHHBIX CBOMCTB COOBITHII B paMKaXx OJHOI
MOJeJIN HOJIKHBI OBITh CHHXPOHU3UPOBaHbI. Takum
00pasoM, AJIs1 KOPPEeKTHOTO IPUMEHeHUs IIpeaJjara-
eMOT0 TTOAX0a K JKYPHAJIy, CICTEME, CETMEHTY WJIN
MHPPACTPYKTYPe BpeMeHHbIe ITOKa3aTeJ I COOBITH
IOJIKHBI OBITH CHHXPOHU3UPOBAHBI B IIPeesiax JaH-
HOTO JKypHAaJia, CUCTEeMBbI, CeTMeHTa 1 WH(PPaCTPYK-
TYPBI COOTBETCTBEHHO.
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OmnpenesieHre BPEeMEHHOTO OKHA JKypHajga Co-
OBITHI IJIs1 BBINIOJIHEHUA TOBEJEHYECKOTO aHAJIM3a
cJeyeT IPOU3BOLUTH TaKIKe C yu4eToOM TpeGoBaHUA
penpeseHTaTuBHOCTU BBIOOPKU. IlosTomMy pasmep
BBIOOPKU IIpeAJIaraeTcsA OpeeaTh Ha OCHOBE:

1) yacTOTHO-BPEMEHHOTO aHaJau3a BXOAHBIX THU-
TIOB COOBITHI, MCIOJb30BAHME KOTOPOT'O 00YCJIOBJIE-
HO IIePUOUYHOCTHIO BHIIIOJTHEHU A PAIa IIPOITECCOB U
3a/1a4 B PA3JINYHBIX CUCTEMAX;

2) yuera TMHAMUKH (YaCTOTHI) U3MEHEHU 3HAUE-
HUY PABHOSHAYHBIX, HEPABHOSHAYHBIX OJJHOTUITHBIX
¥ HEPABHO3HAYHBIX PASHOTUIIHBIX CBOMCTB, UTO 00Y-
CJIOBJIMBAETCA KaK CIyUYaiiHOCTBHIO (paboTo MmMoIb30-
BaTeJid), TAaK U IePUOANYHOCTHIO (Pab0OTOH CUCTEMBI)
OIIMCHIBaEMBIX B KypHaJax AefcTBUI.

JKCIEePHMMEHTHI U OI[€HKA Pe3yJIbTaTOB

B macrosiiiiee BpemMsi aHAJIU3 CTPYKTYP PaASHBIX
TUIIOB COOBITHM WMCHOJb3yeTCcsd, HAIIPUMeEDP, Ccpem-
CTBOM aHAJUTHUUECKOI'0 aHaJIM3a HAHHBIX Oesorac-
HocTu Splunk [18]. B aT0i1 cucTeme cBOMCTBA TUIIOB
COOBITHHM NPUMEHSIOTCA AJs HOpMaJau3aluu WH-
dopmaluuy mocse ee 3arpy3KU U MOCJIEAYIOIIEero WH-
IEeKCUPOBAHUA AJIA BHITIOJHEHUS 3a7a4 00pabOTKH.
B manmOM ciayuae mpsMble CBS3HU, MOJYUYEHHBIE IIPU
aHaJM3e HCXOAHOUM WH(MOPMAIIUU, MOTYT HCIOJb-
30BaThCA B 3ampocax o0paboTKU, KOTOPbIE B CBOIO
ouepenb COCTABJIAIOTCA HA OCHOBE DKCIIEPTHHIX 3HA-
HUU U UX PYYHOH KOPPEKTUPOBKU. [J1d monyueHUs
KOCBEHHBIX CBf3ell HeoOXOAWMO TaKiKe IIPOBOAUTD
IOTOJTHUTEJIbHBIN UaCTOTHBIM aHaJau3 OSHOTUIIHO-
ro colep:KuMoro. B yKasaHHOM peIlleHUU IPSIMbIe
CBSA3HU TOJBKO MOAPA3yMeBalOT X IPUMeHeHue, TOT-
Ia KaK B IpeajaraeMoM aBTOPaMU CTaThbU IIOAXO[E
IIPsIMbIe CBSA3U OEPYTCS 3a OCHOBY MOJEJIU B3aKMO-
CBA3EHM MEXKAY COOBITUAMMU.

B pamMkax mnpoBegeHHBIX HCCJIEIOBAHUII B Ka-
YecTBe MCXOOHBIX MaHHBIX OB ITPOAHAJIU3UPOBAH
sKypHaJ coOwpiTuii GesomacuoctT OC Windows 8
0(DMCHOTO KOMIIBIOTEPA, He BKJIIOUEHHOTO B JIOKAJIb-
HBII JOMEH.

OKCIIepUMEHTAJbHLIII HA0Op MaHHBIX 00Jamal
CJIEAYIONNMY XapaKTEePUCTUKAMU:

— paswmep :kypHasaa ~7 I'B B popmare XML;

— BpeMd 3amucu KypHaJa ~1 mec.;

— BpeMs 06paboTKM :KypHaaa ~50 MUuH;

— KOJIMUeCcTBO coObITuii :KypHaJga ~6 700 000;

— KOJIMUECTBO BBLISIBJIEHHBIX TUIIOB COOBITUH —
80 u3 418 saaBeHHBIX B AoKyMeHTanuu [19] nis
Bepcuu pauHHOM OC (TMOBI COOBITUII TIPEABIAY-
meil BepCUU He YUYUTHIBAJIUCH; UMCJIO SK3EMILIA-
POB COOBITH JAHHOM BEPCUU COCTABUJIO HE OOJIBIITE
20);

— KOJIMYEeCTBO BBISIBJIEHHBIX CBOHCTB — 158, us
HuX 14 — ob1Iue (BCTpeyaroTCs BO BCeX TUIAX COOBI-
TUH), 53 — YHUKAJbHBIE (BCTPEUYaIOTCS TOJIBKO B OfI-

HOM THIIe COOBITUI), 89 — cMeKHBIe (BCTpeuarTcs
6oJiee UeM B OJTHOM THII€ COOBITHII).

B pesynbraTe anamnsa mpeacTaBIeHHOTO Ky pHA-
Jia ObLI chopMHUPOBaH rpad) IPAMBIX CBA3€H THUIIOB
cobbITHii (puc. 2). Ha pucyHKe BUAHO, YTO OOJIBITTHH-
CTBO BBISIBJIEHHBIX TUIIOB COOBITHI MMEIOT JOCTATOYU-
HO 0O0JIbIIIOE KOJIMYECTBO IIPSIMBIX CBs3eil. Bcero
rpad comep:xkut 1309 y310B. Takike IPUCYTCTBYIOT
TUOBI COOBITUM, HE MMEIOIe IPAMBIX CBA3eil HU
C OOHUM JPYTHUM THUIIOM.

@dparmenT rpada Tunos cobeituit OC MS
Windows 8 ¢ yueToM BBIUMCJIEHHBIX VAEJLHBIX Be-
COB CBf3eM Me)KJIy HUMH IpeAcTaBJeH Ha puc. 3.
B yTouHeHHOM rpade THIIOB COOBITUH CHJIa CBSI3U
oroOpaskaercs 3a CUeT TOJIIITUHEBI TYT.

B Tabaume mnpuBeneHbl HaumboJee paciIpocTpa-
HEHHBbIE CME)KHbIe CBOICTBA TUIOB COOBLITUI; KOJIU-
YeCTBO THUIIOB OTOOpaKaeT YMCJIO TUIIOB COOBITHIA,
00J1a1aI0IIINX KOHKPETHBIM CBOMCTBOM.

IIpenmaraeMbIii TOAXON Ha OCHOBe aHaJIu3a
CTPYKTYP TUIIOB COOBITHII SBJISETCA COCTaBHOU ua-
CTBIO 00ITIeli METOAMKYU KOPPeJANUUu coObITui 6es-
omacHocTu. OH MOKeT OBITh NPUMEHEeH IJA (op-
MUPOBAHUA MOJEJIN B3aMMOCBS3eH (KOPPeaIinm)
COOBITHI, KOTOpasA OyJeT YTOUHATHCA Ha Ka'KIOM
IIOCJIEAYIOIIEeM Ifare METOIUKH.

IIporecc aHaMM3a CTPYKTYP TUIIOB COOBITUM TaK-
JKe MOJKeT paccMaTpPuBATbCAd KaK 3aBepIiaiolias
cTagudA mpoliecca HopMmajausanum. B cBoio ouepenn
COOBITHSI, KOppeaupyeMble B pe3yabTaTe padoThI
METONUKHU IT0 OIPEeeJIEHHBIM CBOMCTBAM UX THUIIOB,
TIO3BOJIAT T'E€HEPUPOBATHh COOBITUA 00Jiee BBICOKO-

B PesysbTaThl aHajin3a pPacIpPOCTPAHEHHOCTU CBOMCTB
THUTIOB COOBITHUIT

B Results of the prevalence analysis of event types
properties
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B Puc. 2. ITpumep rpada cBs3eiil TUIIOB COOBITUI
B Fig. 2. Example of a events types relations graph
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B Puc. 3. Ilpumep ¢parmenta rpada TUIOB COOBITUH
C BBLIYKUCJIEHHBIMHU YIEJbHBIMU BeCAMU CBS3el MexKIy
HUMUI

B Fig.3. Example of a event types graph fragment

with computed the specific weights of the relations be-
tween them

r0 YPOBHHA, KOTOpPbIe OYAYT COAEP:KAaTh COCTaBHBIE
CBOICTBA.

s obecmeuernus paboThl B peasbHOM MacIITa-
0e BpeMeHU C yYeTOM TpPeOOBaHM’s MO IIOJTHOTE KC-
XOMHBIX MTaHHBIX ¥ TEOPETUUYECKU HEOTPAHUUEHHOT'O
pasMepa aHAJIU3UPYEeMOH MHPPACTPYKTYPHI peaJin-
3aIuA MEeTOAUKYU OyIeT HYKJaThbCA B IPUMEHEHUU
TeXHOJIOTUH IapaJijieJIbHOM M MHOT'OIIOTOYHOM 00pa-
OOTKM OOJBININX JaHHBIX.

3aKJIoueHne

IIpoBenmenHbIe MCCaeIOBAHUA B 00JaCTU KOppe-
Jaganuu coObITuil 6esomacuHoctu s SIEM-cucrem
OKAa3aJIu HeoOXOAMMOCTh Pa3paboOTKU HOBOM METO-
IUKHN KOppeadnuu cobbiTuii 6esomacHoctu. Ha oc-
HOBe aHaJm3a 00II[ero Ipoliecca Koppeasanuu u hop-
MYJIUPOBKU TVI00ATBHOM 3a1aUN B CTAThE IIPEAI0MKe-
Ha MOZeJb KOPPeaAIlny Ha OCHOBE aHAJM3a THUIIOB
COOBITUH, a TAKIKe IOAXO0M K KOPPEJIAIUN COOBITHIA
HAa OCHOBE METO[0B PAHTOBOI KOPPEJIAIINN.

PaspabaTriBaeMass MeTOAMKA INIaBHBIM 00pas3om
HaIIpaBJIeHa Ha pellleHre TAKUX aKTYyaJbHBIX 3aau
B obJj1acTu obeciieueH s 0€30IIACHOCTH, KaK MOHITO-
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PUHT cocTOosHUS 06e30IIacHOCTU KubepdusmuecKux
uHGPACTPYKTYDP; OOHApPY'KEeHMe IeJIeBBIX aTak (Ha
OCHOBeE BBISIBJIEHUS M aBTOMATU3NPOBAHHOM IICEBIO-
KJlaccu(UKAIuM aHOMAJINH), a TaKXKe aBTOMAaTU3U-
poBaHHAaA OLlEHKa COCTOAHUA Oe3omacHOCTH MH(ppa-
CTPYKTYP HEOTPAHUUYEHHOTO pasMepa ¢ IPUMeHeHU-
eM ycrpoticTB IHTepHeTa Belreil.

B manbmeiineM miaHUPyeTCs IPONOJIsKeHe pPas-
paboTku 00IIeil MEeTOAUKY KOPPeIAINd Ha OCHOBE
ompenesieHns (PYHKIIMOHAJIbHBIX CBA3EH MEKAY CO-
OBITUSAMY U IOCTPOEHUA I1a0JIOHOB TTOBEIEHUA aHa-
JUBUPYEMbBIX THPPACTPYKTYP.

Pabora BrimosiHeHa npu noagep:;xkke rpanta PH®D
Ne 15-11-30029 8 CIIMMPAH.
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Introduction: Security information and event management systems are now an actively developing and widely distributed class
of tools for security monitoring of various computing infrastructures. An essential process implemented by systems of this class is
information correlation in order to detect security alarms and incidents. Considering the growth of initial data source types, as well
as their number and the complexity of their relationships, the existing approaches cannot provide efficient correlation. Purpose: The
development of an event correlation technique which automatically adapts to the analyzed infrastructure; in particular, the development
of a security event analysis model on the base of event types. Results: A correlation model has been developed for structural analysis of
the input data. On the basis of this model, a graph of event types is constructed with direct and indirect links between the events. The
paper specifies requirements to the initial data normalization concerning the existence of equivalent properties within the formats of
the event types, as well as the completeness and temporal synchronization of logs. An example of security events log analysis is provided,
along with the resulting graph of the event type links. Practical relevance: The proposed approach is based on taking into account
various properties of relation types and links between them. It allows you to apply the previously unused method of rank correlation
along with other intelligent methods. This provides event correlation and the adaptation to the infrastructure.
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Introduction: In the work “Error-Correcting Codes for Ternary Content Addressable Memories”, Krishnan et al. show that
under certain assumptions, using 2t + 1 copies of a word is an optimal strategy for guaranteeing the reliable operation of
a ternary content addressable memory in the presence of up to t errors. Purpose: To present a new proof of the results of
Krishnan et al. about coding for ternary content addressable memories and to extend these results somewhat. Results: A
new logic-oriented extension of the Hamming distance is presented. Making use of this new distance, an alternate proof that
repetition-based coding is optimal over the set of non-context-oriented codes is provided. The new proof allows the results
of Krishnan et al. to be extended to cases where some information about the memory organization is available to the code
designer. It is shown, for example, that the number of necessary redundancy bits in a non-context-oriented code cannot be re-
duced by assuming that the memory organizer stores codes in a particularly effective order. Practical relevance: The results
described in this paper make clear that a repetition code is the optimal code for protecting the data stored in a ternary content
addressable memories from errors. The new proof presented in this paper allows the results of Krishnan et al. to be extended
to certain cases where some information about the memory organization is available to the code designer.
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Overview

Ordinary content addressable memories (CAMs)
store completely specified words (i. e., sequences
of zeros and ones) [1]. Ternary content address-
able memories (TCAMs) store completely speci-
fied words or incompletely specified words, words
which are sequences of ones, zeros and wildcards
(which are denoted by asterisks, “*”s). Wildcards,
*s, match ones and zeros. The input to a TCAM is
always a completely specified word. In its standard
operating mode, a T/CAM notifies its user if a giv-
en word matches one or more completely or incom-
pletely specified words stored in it and, if there is a
match, informs the user of the address of the first
location whose contents the word matches [2].

As the size of individual memory cells shrinks
and the number of cells on a single chip grows, the
probability of one or more errors in the contents of
the memory increases [3, 4]. When a symbol in the
memory is corrupted, it can go from being a zero,
one, or wildcard to being any element of that set.
Error correcting codes for T/CAMs are usually de-
signed under the assumption that while a T/CAM is
operating in its standard operating mode, there is
no simple way to read the contents of the T/CAM.

There are several ways to make T/CAMs more
tolerant of soft errors [5—10]. One of which is to add
a sense amplifier (and some additional logic) at the

end of each match line [7]. When the sense ampli-
fier is present, T/CAMs declare a match between
the input to the unit and a value stored in the unit
as long as the two items differ in ¢ or fewer places.
Throughout this paper, it is assumed that T/CAMs
with sense amplifiers are being used.

In [11], Krishnan et al. prove that under certain
assumptions, a simple repetition code, one that con-
sists of 2t + 1 copies of a word, is an optimal strat-
egy for guaranteeing the reliable operation of a
TCAM in the presence of up to ¢ errors. In this note,
a clear distinction is made between context- and
non-context-oriented coding and a weaker exten-
sion of the Hamming distance is described. Using
this new logic-oriented distance, a simpler proof
that the central theorem of [11] is optimal over the
set of non-context-oriented codes is provided. Using
the new proof the results of [11] are then extended
to cases where some information about the memory
organization is available to the code designer.

Context-Oriented and
Non-Context-Oriented Codes

T/CAMs are often used to associate rules with
headers. If each header of interest, say #, is associ-
ated with a separate set of rules, R(%), then one uses
a CAM which searches its memory for the specific
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header. Often, however, a subset of headers has the
same rules associated with each of its elements. In
such a case, by using a TCAM and making judicious
use of wildcards, it is possible to use many fewer en-
tries to list all the relevant sets of headers and their
associated rules.

When considering code design and use in TCAMs,
we have found it useful to split the task into two sub-
tasks: code design and memory organization. Code
design is the design of a code by adding redundancy
symbols to headers or sets of headers to form code-
words, while memory organization involves taking a
(subset of a) code and using it in a way that optimizes
the utilization of the memory (and other resources)
[12, 13]. In practice, the code designer and the mem-
ory organizer are often the same person.

When dealing with code design for TCAMs, we
consider two cases: the design of context-oriented
and of non-context-oriented codes. In the first case,
the code’s designer knows something about the set
of headers to be stored, and s/he can use this infor-
mation in designing the codes.

In the second case, the code designer is trying to
design a code that will be useful for any possible set
of completely- or incompletely-specified headers.
The code designer may or may not know something
about the general principles the memory organizer
will use when storing codewords in the memory,
but the code designer does not know anything at all
about the rules associated with the headers the mem-
ory organizer will be storing.

When designing a non-context-oriented code,
the code designer must assign a code to each of the
3% possible Boolean cubes that can be used to repre-
sent completely- or incompletely-specified headers
in the TCAM.

Definition 1 (Boolean cube). A Boolean cube of
order w is a vector of length n with w wildcards
and n — w elements from {0, 1}. A Boolean cube of
order w represents 2% distinct binary vectors (and
“matches” those vectors).

In what follows, a cube of length %, is referred to
as a header; i. e., h = {0, 1, *}%. The term “codeword”
is used to refer to a cube, ¢, of length n, and the in-
put to a TCAM, y, is always a fully specified binary
word: y € {0, 1}". Both headers and codewords are
Boolean cubes; in certain contexts the term header
is more appropriate, and in others, the term code-
word is more suitable.

To fix ideas, first several simple examples of
how a memory organizer, who knows which rules
are associated with each header, can combine head-
ers are presented and then several code design ex-
amples are presented.

Example 1.

Denote by Hc{0, 1}4 the set of completely-speci-
fied headers of interest without added redundancy.
Let

4 [ 11=(1000), 7y =(1001), =y =(1100)
- hy =(1101), ks = (0000)

and let the header h; be associated with the rule
R(h_i),i=1, ..., 5. We consider three scenarios and
the ways of combining headers that they lead to.

1. If the rules for Ay, ..., b are the same and only
hy has a different rule, then the memory organizer
can encode the first four headers as a Boolean cube
of order two of the form %4 = (1%0%*) and use a total
of two entries.

2.If R(hy) = R(hy), R(hg) = R(h,), and R(hj;) are
three distinct rules, then the memory organizer
can encode the headers using two Boolean cubes of
order one, A, = (100%) and kg = (110%), and the single
cube k5 = (0000).

3. If R(hy) = R(h;) # R(hy)but R(hy) = R(hs) = R(h,),
then the memory organizer can encode the three
headers hy, h, h, as a cube of order two, iy = (1%0%),
and the two headers %, and & as a cube of order one,
hg =(*000). S/he must then place hq before the cube
of order two. As T/CAMs return the first address at
which a word matches, this ordering ensures that
the correct rule is associated with #; and .

In order to make the difference between con-
text-oriented codes and non-context-oriented codes
clear, the scenarios from Example 1 are now recon-
sidered from the point of the code designer. As the
point of any code is to make different codewords
“maximally distant” from one another, it is crucial
that the distance between cubes be defined precisely.

Definition 2 (a logic-oriented distance). Let
C;=(Cips s €195 € 1) ANA ;= (C) 45 ey € 95 € 1) bE tWO
Boolean cubes. The distance d(c;, c)is defined as

d(c;, cj)=‘{w|ci,w #Cjws Ciws Cjw # %5 ISan}‘.

In what follows: distance will always be taken to
mean this logic-oriented distance.

This logic-oriented distance is an extension of
the Hamming distance, and when both cubes are
of order zero, our logic-oriented distance reverts
to the Hamming distance. Two points are particu-
larly worth noting. The logic-oriented definition of
distance given here differs from the hardware-ori-
ented distance defined in [11] and is weaker than
the distance defined there. For example, using our
logic-oriented definition of the distance, d((000),
(***)) = 0. Using the more hardware-oriented defi-
nition in [11], the distance between these elements
is 3. (See [7] for more information about this alter-
nate definition of distance.)

Additionally, the logic-oriented extension of the
Hamming distance between cubes is not a metric as
the triangle inequality does not hold. Consider, for
example, ¢; = (000), ¢, = (110), and cg = (¥*0).

In this case d(c;, ¢y) = 2, d(cy, c3) =d(c3, ¢y) =0,
and d(cq, ¢g) > d(cq, c3) + d(cs, Cy).
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When a code designer develops a context-orient-
ed code, s/he is assumed to know which codes may
be of interest to the memory organizer and which
codes are definitely not of interest to the memory
organizer. S/he may have additional information as
well (such as the order in which the cubes are stored
in the memory).

Assume that the code designer (who knows the
headers and rules the memory organizer is using)
has been told to design a code that can correct a sin-
gle error. At first glance, it would seem that the code
designer must add enough redundancy bits to each
header to make the distance between any two code-
words at least three, but this is not always necessary.

The intersection of two Boolean cubes c; and c,,
¢1 M ¢y, is defined to be

Definition 3 (intersection of cubes). Let ¢; and ¢,
be two cubes of length n, then

c; Neg ={ce{0,1}" |(cecy) and (c e cy)}.

Cubes are said to be disjoint if their intersection
is the null set.

It will be shown that when there are non-disjoint
codewords it is sometimes possible to design a sin-
gle-error-correcting code even if the distance be-
tween the codewords is less than three. For disjoint
codewords, however, we find that:

Theorem 1. For a (non-context-oriented or con-
text-oriented) code to be t-error correcting, the dis-
tance between any two disjoint codewords must be
at least 2t + 1.

This is so because when two stored entries, #; and
h,, are disjoint, codewords that must match the most
corrupted possible version of 2, — which may have
up to t error — must not get “caught” by the corrupt-
ed version of 2, — which may also have up to  errors.

Now the previous scenarios are considered one
by one. Redundancy is added to each header in a way
that enables the correction of a single error (¢t = 1).

Example 2.

1. In the first case, the redundancy can be add-
ed as shown in the following table, and it makes
the distance between the cubes > 3. Here the code-
words — composed of the headers with the requisite
redundancy symbols — are each six symbols wide.

header redundancy
Ce 1%0% 00
Cs 0000 11

2.In the second case, the redundancy can be
added as follows.

header redundancy
cqr 100% 000
cg 110% 110
Cy 0000 011

3. In the third and final case, the redundancy
can be added as follows.

header redundancy
Co *000 00
Cs 1*#0* 11

Note the difference between the first case and
the third case: in the first case d(c;, cg) = 3, and this
allows the input to be correctly located in the pres-
ence of a single error. In the third case, however,
the distance is only two. In classic coding theory,
a distance of two does not provide error correction
capability; in a TCAM, it is possible. In the third
case, the order of the cubes makes the code sin-
gle-error correcting. Suppose, for example, that the
header and redundancy y = (100000) were entered
into a TCAM in which the two entries in the table
above had been corrupted to

header redundancy
corrupted cq *000 10
corrupted cg 1%0* 10

Because d(corrupted cgy, y) <1, the TCAM re-
turns the rule associated with cy. Here, the TCAM
works correctly because of the order in which the
codewords were stored.

Note that because (*000) N (1%0%) = ¢, there are
codewords that should be “caught” by both headers.
These codewords do not have to be “protected from
one another” by the final code, and that is why the
final code does not need to maintain a distance of
three or greater between different Boolean cubes in
order to be single-error correcting.

Because of the fact that the code designer was
privy to the headers to be used by the memory or-
ganizer, the code designer was able to design rela-
tively efficient codes. As will be seen shortly, when
the code designer does not have this foreknowledge,
there is no way to achieve such efficiencies.

When building a complete system that employs
a TCAM that uses an error-correcting code, it is
necessary to implement an encoder that encodes
the header being searched for. A simple repetition
code turns out to be the optimal code in the non-con-
text-oriented case, and the corresponding encoder
has complexity approaching zero. In the case of con-
text-oriented codes, the complexity of the encoder
is an open question. If the redundancy were taken
to be an arbitrary function of the header, then the
encoder would suffer from the “Shannon effect” [14
(Ch. 5), 15], and it would generally require a number
of gates that grows exponentially in the number of
bits being encoded. At that point, it might be pref-
erable to build a combinatorial circuit that returns
the “address” of the header without bothering with
a TCAM and error correcting codes.
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As our focus is on non-context-oriented codes,
we do not consider context-oriented codes further.

Non-Context-Oriented Coding

Constraints Imposed on the Code Designer

When designing a non-context-oriented code,
the code designer does not know which headers H
contains and certainly does not know the rules to be
associated with each header. S/he must, therefore,
associate redundancies with each of the 3% possible
headers. S/he must encode the headers in such a
way that the distance between any pair of non in-
tersecting headers h; and hj @i. e., cubes for which
h;N h; = @), that the memory organizer might store
together in the T/CAM is at least 2¢ + 1. In the fol-
lowing, the discussion is restricted to systematic
codes — codes for which the information appears in
the final coded binary vector in its original form.

The Repetition Code is Optimal

One way of making it possible to correct ¢ errors
is to store 2t + 1 copies of the value to be stored
[11] — to use a repetition code. When using a rep-
etition code, if ¢ (or fewer) bits of the stored val-
ue get corrupted, the TCAM still recognizes that
the stored value matches any value it should have
matched, and it does not match any value it should
not have matched. Though this scheme looks in-
credibly wasteful, using our weaker, logic-orient-
ed distance, we provide a proof that there is no er-
ror correcting code for a TCAM that is more effi-
cient.

Theorem 2. The repetition code of length 3k and
size 8" is the optimal non-context-oriented single er-
ror correcting code for headers of length k.

Proof: The proof proceeds by producing a se-
quence that requires at least 3% ternary bits to pro-
tect against a single error. As the elements of the
sequence used generally have many “trailing ze-
ros,” the cube (abc0...0) is denoted by C ;..

Because the code designer does not know the ele-
ments of H, s/he must encode every possible “head-
er” — whether completely or incompletely speci-
fied. In particular, s/he must encode the header
Cy=(0...0). Without loss of generality, assume that
the header C is associated with a “tail” of redun-
dancy bits that are all zeros. (Any completely spec-
ified header will be associated with a completely
specified redundancy: using a wildcard as part of
the redundancy adds nothing to the distance be-
tween the codewords.)

Since the memory organizer may choose to use
the header C, = (10...0) the code has to be able to dis-
tinguish between C, and C;. Thus, C,’s redundancy
must have at least two ones. Denoting the codeword

composed of a header C,,,,,,, and its associated re-

dundancy by épattern’ the distance from C; to C; is
now found to be at least three.

On the other hand, the memory organizer may
choose to combine C, and C; to form C: =(*0...0).
As the codeword associated with this header, Cs,
must “catch” C, and C;, C:’s redundancy must
have *s in any place where the redundancies associ-
ated with C, and C, differ. As they differ in at least
two places, C:’s redundancy has at least tvwo *s.

Next consider Cy; = (010...0). Since Cyy NC: =,
C:'Ol has to be distinguishable fromC:. That is,
Cp1’s redundancy must differ by two non-star val-
ues from non-star values in each of the preceding
redundancies. That brings us to at least four redun-
dancy bits.

The redundancy associated with C::: =(*%0...0)
must have *s in any locations where any of the 0-or-
der cubes it contains/covers have redundancy bits
that differ from one another. Thus, there must be
at least four *s in the redundancy associated with
C:. (The redundancies associated with C, and G
differ from one another in two places, and Cy;’s
redundancy bits differ from each of theirs in two
other places.)

Finally, consider C\y; =(0010...0).  Since
Coo1 NCs+ =0, its associated redundancy bits must
differ in at least two non-* locations from those of
C:+. Thus, its redundancy has at least 6 bits. This
pattern continues; for each bit that is added to the
header, at least two bits must be added to the re-
dundancy. Thus, any single-error correcting code
must have at least 2k redundancy bits. It is simple
to extend this proof the more general case of a t-er-
ror correcting code; at each step rather than adding
two bits, one must add 2¢ bits. This proves the fol-
lowing theorem.

Theorem 3. The repetition code of length (2t + 1)k
and size 3% is the optimal non-context-oriented t-er-
ror correcting code for headers of length k.

A simple consequence of this theorem is that if
one needs an ECC for a TCAM, one might as well use
the extremely simple repetition code — for no other
code can use fewer bits.

Variations on a Theme

‘We now prove two corollaries of Theorem 3 that
concern non-context-oriented codes for which we
have some general information about the behaviour
of the memory organizer.

From the proof of Theorem 2, it follows that even
when the code designer knows that the memory or-
ganizer will not use headers that contain one anoth-
er (for example, that the header (1000) will not be
used if the header (**00) is used), the code designer
cannot use this knowledge to produce a more effi-
cient non-context-oriented code. Stated more for-
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mally, the proof of Theorems 2 and 3 also suffices
to prove the following corollary.

Corollary 1. Knowing that h; & h]-, vV h;, hj, i#f
cannot be used to reduce the number of redundancy
bits in a non-context-oriented code.

Actually, the sequence used in the proofs of
Theorem 2 and 3 allows somewhat more to be said.

Corollary 2. The number of necessary redun-
dancy bits in a non-context-oriented code cannot
be reduced by assuming that the memory organizer
stores codes in a particularly effective order.

Proof: Consider the sequence of choices used in
the proof of Theorem 2 above and the way they de-
termine the necessary number of redundancy bits.
The proof starts by considering C’O and C’l. These
codes must have a distance of at least three, and
as d(C, C;) = 1, order cannot be useq to reduce the
necessary distance. Thus C; and C;’s redundan-
cies differ in at least two places. As was seen in
the proof, the code associated with C. must have
at least two wildcards in its redundancy. When the
code associated with C,,; is considered, nothing is

known about what the memory organizer is plan-
ning. It is possible that the memory organizer will
only use C: and C~01. Clearly order cannot help save
bits here, and 601’5 redundancy must have at least
four bits. At each stage in the construction of the
sequence in the proof, it is clear that order cannot
reduce the number of necessary redundancy bits.
Thus, order-related strategies do not allow the num-
ber of redundancy bits to be reduced.

Conclusion

Unlike CAMs, TCAMs can store wildcards. This
makes them useful when one wants to reduce the
size of the memory. Using the new logic-oriented
distance, an alternate proof that the 2¢ + 1 repeti-
tion code is the optimal non-context-oriented code
is provided. Moreover, it is shown that knowledge
of the order in which codewords will be stored in
the TCAM cannot help produce a more efficient
non-context-oriented code.

References

1. Pagiamtzis K., and Sheikholeslami A. Content-Ad-
dressable Memory (CAM) Circuits and Architectures: a
Tutorial and Survey. IEEE Journal of Solid-State Cir-
cuits, March 2006, vol. 41, no. 3, pp. 712—-727.

2. Arsovskil., Chandler T., and Sheikholeslami A. A Ter-
nary Content-Addressable Memory (TCAM) Based on
4T Static Storage and Including a Current-Race Sens-
ing Scheme. IEEE Journal of Solid-State Circuits, Jan.
2003, vol. 38, no. 1, pp. 155-158.

3. Seifert N., Gill B., Foley K., Relangi P. Multi-Cell Up-
set Probabilities of 45 nm High-K Metal Gate SRAM
Devices in Terrestrial and Space Environments. Proc.
IEEE Int’l Reliability Physics Symp. (IRPS ‘08), 2008,
pp- 181-186.

4. SatohS., Tosaka Y., Wender S. A. Geometric Effect of
Multiple-Bit Soft Errors Induced by Cosmic Ray Neu-
trons on DRAMs. IEEE Electron Device Letter, June
2000, vol. 21, no. 6, pp. 310-312.

5. Baeg S., Wen S., and Wong R. Minimizing Soft Er-
rors in TCAM Devices: A Probabilistic Approach to
Determining Scrubbing Intervals. IEEE Trans. on
Circuits and Systems, Reg. papers, Apr. 2010, vol. 57,
no. 4, pp. 814-822.

6. Noda H., Dosaka K., Morishita F., and Arimoto K.
A Soft-Error-Immune Maintenance-Free TCAM Ar-
chitecture with Associated Embedded DRAM. Proc.
IEEE Custom Integrated Circuits Conf., 2005,
pp. 451-454.

7. Pagiamtzis K., Azizi N., and Najm F. N. A Soft-Error
Tolerant Content-Addressable Memory (CAM) using
an Error-Correcting-Match Scheme. Proc. IEEE Cus-

tom Integrated Circuits Conf. (CICC °06), 2006,
pp. 301-304.

8. Lee H.-J. Immediate Soft Error Detection using Pass
Gate Logic for Content Addressable Memory. Elec-
tronics Letters, 2008, vol. 44, no. 4, pp. 269-270.

9. Zhang W. Replication Cache: A Small Fully Associa-
tive Cache to Improve Data Cache Reliability. IEEE
Trans. Computers, Dec. 2005, vol. 54, no. 12, pp. 1547—
1555.

10. Pontarelli S., Ottavi M., Salsano A. Error Detection
and Correction in Content Addressable Memories.
Proc. IEEE 25th Int’l Symp. “Defect and Fault Toler-
ance in VLSI Systems” (DFT ‘10), Oct. 2010, pp. 420—
428.

11. Krishnan S. C., Panigrahy R., and Parthasarathy S.
Error-Correcting Codes for Ternary Content Ad-
dressable Memories. IEEE Trans. on Comp., 2009,
vol. 58, no. 2, pp. 275-279.

12. Karthik Lakshminarayanan, Anand Rangarajan, and
Srinivasan Venkatachary. Algorithms for Advanced
Packet Classification with Ternary CAMs. SIGCOMM
Comput. Commun. Rev., Aug. 2005, vol. 35, no. 4,
pp. 193-204.

13. Alex X. Liu, Chad R. Meiners, and Eric Torng. TCAM
Razor: A Systematic Approach Towards Minimizing
Packet Classifiers in TCAMs. IEEE/ACM Trans.
Netw, April 2010, vol. 18, no. 2, pp. 490-500.

14. Karpovsky M. G., Stankovic R. S., Astola J. T. Spec-
tral Logic and its Applications for the Design of Digi-
tal Devices. John Wiley & Sons, 2008. 598 p.

15. Wegener 1. The Complexity of Boolean Functions.
New York, John Wiley & Sons, 1987. 458 p.

72 7 VHOOPMALVIOHHO-YNPABASIIOLLINE CUCTEMbI

/N, 2018



\ KOAVNPOBAHVE I NEPEAAYA UHOOPMAUMA N\

VIK 621
doi:10.15217/issn1684-8853.2018.1.68

Hcnonp3oBaHue IOMEX0YCTOWYUBHIX KOAOB B CHCTEMAaX TPOUYHON aCCOIMATUBHOM MAMSATH: HOBBIE IIePCIEeKTHUBBI

Surensbepr I11.2, PhD, mar., foueHT, gekaH, shlomoe@jct.ac.

Kepexn 0.5, PhD, crapmmuii npemogasarens, Osnat.Keren@biu.ac.il

alepycaJMMCKHUI TeXHOJOIMUYECKUI KOJLIeI K, XaBa Xaueimu, 21, I1.0.B. 16031, Uepycaaum, 91160, spanab
6YVuusepurer Bap-Nnan, Pamar-Tan, 5290002, Mspauis

Beenenune: B crarhe «Vcrnosb3oBanue IOMeX0yCTOMUYMBBIX KOJOB B CUCTEMaX TPOMYHOM accomuaTuBHON naMATu» KpuirHaH ¢ coas-
TOpaMHU IIOKAa3aJl, YTO IPU ONIPeIeIeHHBIX IIPEAII0JIOKEeHUAX UCIO0Ib30BaHue 2t + 1 KOMUIi CJIOB ABJIAETCA ONTUMAJILHOM CTpaTeruei, ra-
PaHTHUDPYIOIIEH peaJns3aluio TPDONYHBIX KOHTEHTHBIX aJpPEeCHbIX 3JI€MEHTOB MaMsATH IpK Hajauuuu g0 t omubok. Ileas: BbIBeCTH HOBOE
JIOKa3aTeJIbCTBO Pe3yIbTaToB KpuilrHaHa ¢ coaBTOpaM¥ O KOJUPOBAHUY JIJI TPOUUHBIX KOHTEHTHO-a/IPECHBIX 9JIEMEHTOB IaMATH B IEJIAX
pacUIMpPEeHUs STUX Pe3yJIbTATOB [JI BO3MOKHBIX CIyUaeB OPTaHU3AIUY NIaMATH. Pe3ylsTaTsl: IPeICTaBIEHO HOBOE JIOTUUYECKU-OPUEHTH -
pPOBaHHOE PaCIIMPEHNEe PACCTOSIHUSA XIMMUHTA, 6Jarogapsa KOTOPOMY IIPeAJOKeHO aJbTePHATUBHOE NOKA3aTeJIbCTBO TOTO, YTO KOLUPO-
BaHWe, OCHOBAHHOE HA IIOBTOPEHUM, ABJSETCA ONTUMAJIbHBIM, OXBATHIBAIOII[UM CEPUU HEe KOHTEKCTHO-OPUEHTUPOBAHHBIX K0omoB. HoBoe
JIOKa3aTeJIbCTBO TaKJKe II03BOJISAET PAaCIINPUTh pe3yabTaThl KpuirHana ¢ coaBTropamMu Ha cjiydau, Korga HeKas nHdopMalus 06 opranum-
3alUy IaMATH NMeeTCsl B HaJIU4YUuU y paspaboTunka KogoB. IloKkasaHo, HAIpUMED, UTO YKMCI0 HEOOXOAUMBIX AJIS PEIPOLYKINU OUTOB B
He KOHTEKCTHO-OPUEHTUPOBAHHOM KO/ He MOJKeT ObITh BRIKMHYTO (OIYIIEHO), €CJIM OPraHM3aTop IMaMATU COXPAHSAET KOABLI B UaCTUY-
HO-3(dekTUBHOM nOopsAaKe. IIpakTHYecKas 3HAYMMOCTbD: Pe3yIbTaThl JaHHOW PA0OThI ACHO ITOKA3bIBAIOT, UTO IIOBTOPHBIN KO ABJIAETCSA
ONTUMAJBHBIM KOIOM JJIS 3AIUTHI OT OIIMOOK [JIsi MH(GOPMAI[UU, XPAHUMON B TPOMYHBIX KOHTEKCTHO-aJPECHBIX DJIEMEHTAX MaMsTH.
HoBoe nokasaTenbCTBO, IPEIJIOKEHHOE B CTaThe, II03BOJIAET PACIIUPUTH Pe3yJbTaThl KpUITHaHA ¢ coaBTOpaMu Ha PAJ CAy4aeB, Korga
HeKoTopas nHdopmanusa 06 OpraHu3anuy NaMATH HAXOAUTCA B PACIIOPSKeHNHN PadpaboTUNKa KOJOB.
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Introduction

From the middle of the 20t century worldwide
researchers tried to find the adequate models that
could predict operational parameters, pass loss,
fading and link budget, in the land-satellite com-
munication (LSC) links where the built-up profile,
density of buildings and other obstructions, as well
as the terrain structure and contours affect signals
passing from the moving satellite and grand-locat-
ed subscriber. Where proposed several approaches
that we briefly will present below to understand the
matter of the problem under studying. In our de-
scription of the matter we follow results discussed
in the references [1-27].

Statistical Models

These models correspond to cases for which mul-
tipath and line-of-sight are present simultaneously
[6-13, 16, 19]. In this section we will describe only
two models; Loo’s [15, 17] and Lutz [16], which have
been used in [10, 11, 22, 23] for designing the uni-
fied algorithm for predicting fading phenomena in
the land-satellite links. Therefore, we will describe
briefly these models and compare their results with
those obtained in [10, 11, 22, 23] and with those ob-
tained on the basis of the multi-parametric stochas-

tic approach proposed for the land-satellite links in
[20] for the special series of experiments described
in [11, 25-27].

We also refer the reader to some other statistical
models by Corazza — Vatalaro [19], Xia — Fang[20],
Abdi [21], and the three-state model [27], which are
lesser used by designers of such land-satellite links.

Loo’s Model. This model is a statistical model [15,
17] for a land mobile-satellite link with applications
to rural environments. The model assumes that the
amplitude of the line-of-sight (LOS) component un-
der foliage attenuation is distributed according to
the lognormal probability density function (PDF)
and the received multipath component is described
by a Rayleigh PDF. The model is statistically de-
scribed in terms of its PDF or cummulative distriu-
tion function (CDF), which were obtained under the
hypothesis that foliage not only attenuates but also
scatters radio waves. In such assumptions, the total
complex fading signal is the sum of a lognormally
distributed random signal and a Rayleigh signal
[15, 17]:

rexp(jo) =z-exp(jog) +w-exp(j), z > 0, w > 0, (1)

where the phase ¢, and ¢ are uniformly distributed
between 0 and 2n; z is lognormal distributed

74 7 VHOOPMALVIOHHO-YNPABASIIOLLINE CUCTEMbI

/N, 2018



\ NHDOPMAUNOHHbBIE KAHAANALI N CPEABI AN

amplitude, and wis a Rayleigh distributed amplitude.
If z is temporally kept constant, it can be assumed
that the PDF p(z) is lognormal. The signal random
envelope r is lognormal distributed for large values
and Rayleigh distributed for small values [15, 17]:

(Inr —p)

1
exp
ry/2nd, { 2d,

2
Lexp | for r<< bo
by 2bg

} for r>>,/dy

p(r)= - 2)

In this equation \/% and n are the standard de-
viation and mean for the lognormal distribution, and
by is the variance for the Rayleigh distribution, re-
spectively. The parameter b, represents also the ave-
rage scattered power caused by multipath effects.

Many calculations with different values for b, d,
and p where carried out by Loo with the objective of
fitting the results of his model to those derived from
measurements made on simulated satellite paths.
The measurements site was a rural area with about
35 % tree coverage. The model parameters were ob-
tained by trial and error to fit measured values.

Computational results for the signal envelope,
based on Loo’s model, we compare to measurements
obtained in [15, 17].

As was mentioned in [8], the signal envelope
PDF of the model facilitates the calculation of fade
margins in the design of communications systems.
As for the signal envelope phase distribution, Fig. 1
shows a comparison of the complementary cumula-
tive distribution function (CCDF) for the received
signal phase calculated using the well-known equa-
tion [8]:

R
CCDF(r)=p(r>R)=1-CCD(r)=1- Ip(r)dr, 3)
0

where R is either maximum accepted path loss or
noise floor figure of the system.
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B Fig. 1.Loo’s phase model and measurement for heavy
shadowing at f = 18.925 GHz

‘We must note that for the case of infrequent light
shadowing, the model shows the best fit around the
median region and some deviation near the tails of
the distribution. As for the heavy shadowing situa-
tion is changed (see Fig. 1), the results indicate that
the model shows a correlation between the rate of
change of the envelope due to multipath and foliage
attenuation for heavy shadowing too excluding only
the higher probability of the event. The disadvan-
tage of this model is that the measurements were
made up to 30°. Model parameters for higher eleva-
tion angles are not available.

Lutz Statistical Model. In this model, which
can be considered as a generalization of the Loo’s
model, the simple statistics of LOS and NLOS (non-
line-of-sight) are modeled by two distinct states,
good and bad, called the Markov’s chain, as shown
in Fig. 2. This is appropriate for describing the
propagation situation in urban and sub-urban areas
where there is a large difference between the shad-
owed and non-shadowed statistics. The parameters
associated with each state and the transition prob-
abilities for evolution between states are empirical-
ly derived. The LOS condition is represented by a
good state, and the NLOS condition by a bad state.
In the good state, the signal is assumed to be Ricean
K-factor distributed [8], which depends on the sat-
ellite elevation angle and the carrier frequency, so
that the PDF of the signal amplitude is given by
P,p0a = Price- In the bad state, the fading statistics
of the signal amplitude are assumed to be Rayleigh,
with a mean power S = o2, which varies with time.

So the PDF of amplitude is specified as the con-
ditional distribution pRayleigh(S |SO), where S, varies
slowly with a lognormal distribution p; 5(S,), repre-
senting the varying effects of shadowing with the
NLOS component. For detailed formulas, we refer
the reader to the original [8].

Transitions between states are described by a
first-order Markov chain. This is a state transition
system, in which the transition from one state to
another depends only on the current state rather
than on any more distant history of the system. The
transition probabilities, which summarize all mod-
els based on the Markov chain approach, are (see
Fig. 2 [8]):

from good state to good state P,;

g
from good state to bad state P,

Bad

Pbg

B Fig. 2. Markov’s model of channel states
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from bad state to bad state P,;

from bad state to good state P,

For a digital communication system, each state
transition is taken to represent the transition of
one symbol. The transition probabilities can then be
found in terms of the mean number of symbol dura-
tion spent in each state [8]:

Py, = 1 where D, is the mean number of
D,
symbol duration in the good state;

1
P,y =— where D), is the mean number of
Dy

symbol duration in the bad state.

The sum of the probabilities leading from any
state must equal to the sum of

ng Zl—Pgb and Pbb :1_Pbg' (4:)

The time share of shadowing (the proportion of a
symbol in the bad state) is
Dy

A=—"T09 5
Dg+Db ( )

Below we will use this formula to find the pa-
rameter A, denoted as the time share of shadowing,
during comparison with physical-statistical and
the stochastic multiparametric approaches, where
this parameter is derived in other manner. In this
comparison we will use the Lutz model as a classical
statistical approach.

Physical-Statistical Models

In pure statistical models, the input data and
computational effort are quite simple, as the model
parameters are fitted to measured data. Such mod-
els only apply to hypothetical environments and
lack the physical background of the realistic prob-
lem. On the other hand, pure deterministic physi-
cal models provide high accuracy, but they require
actual analytical path profiles and time-consuming
computations.

A combination of both approaches has been de-
veloped by the authors. The general method relates
any channel simulation to the statistical distri-
bution of physical parameters, such as building
height, width and spacing, street width or eleva-
tion and azimuth angles of the satellite link. This
approach is henceforth referred to as the “Physical-
Statistical” approach [10, 11, 22, 23]. The main con-
cept of such an approach is the following. According
to the physical approach, input knowledge consists
of electromagnetic theory and a full physical under-
standing of the propagation processes. However,
this knowledge is then used to analyze a statistical

input data set, yielding a distribution of the output
predictions. The output predictions are not linked
to specific locations. Physical-statistical approach
therefore require only simple input data such as dis-
tribution parameters (e. g., mean building height
and building height variance).

This model describes the geometry of mobile
satellite propagation in built-up areas and proposes
statistical distributions of building heights, which
are used in subsequent analysis. We will consider
only two these models:

1) a shadowing model based on the two-state
channel Lutz model;

2) a multi-parametric stochastic model.

The Model of Shadowing. The geometry of the
situation, which was analyzed in [10, 11, 22, 23] by
Saunders and Evans with their colleagues, is illus-
trated in Fig. 3.

It describes a situation where a mobile is situat-
ed along a straight street with the direct ray from
the satellite impinging on the mobile from an arbi-
trary direction. The street has buildings, line-up on
both sides, with randomly varying heights. In the
presented model, the statistics of building height in
typical built-up areas is used as input data. A suita-
ble form was sought by comparing with geographi-
cal data for the cities of Westminster and Guildford,
UK [11, 22, 23]. The PDFs that were selected to fit
the data are the log-normal and Rayleigh distribu-
tions with unknown parameters the mean value, m,
and standard deviation, c,. The PDF for the lognor-
mal distribution is [10, 22, 23]

_In?(hy/m)
Py(hy)=———e % (6)
hb\/ﬁcb

The PDF for the Rayleigh distribution is fully
described in [8]. We will repeat it using notations
made in references [10, 22, 23]:

by
by 20
Py(hy)=—5-e “. (7)
Op
Electromagnetic
Theory =
Knowledge ]
@
S35
@ g | Prediction
3=
[
Data E‘
Statistical and Point-by-point
Propagation Distribution
Theory

B Fig. 3. Algorithm of physical-statistical model
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B Table 1. Best-fit parameters for the theoretical PDFs

Lognormal PDF Rayleigh PDF
City Mean m Standard Standard
Deviation Deviation
Westminster 20.6 0.44 17.6
Guildford 7.1 0.27 6.4

To find the appropriate parameters for these
functions in order to fit the data measurements as
accurately as possible, the PDF was found by min-
imizing the maximum difference between the two
cumulative distribution functions. The parameters
for each PDF are quoted in Table 1 from [10, 22, 23],
where all parameters are in meters.

The direct ray is judged to be shadowed when the
building height k, exceeds some threshold height
hp relative to the direct ray height A  (Fig. 4). The
shadowing probability, P,, can then be expressed in
terms of the PDF of the building height, p,(k,) as
[10, 22, 23]

Py =Pr(hy >y )= | py(hy)dhy. ®)
by

The definition of Ay is obtained by considering
shadowing to occur exactly when the direct ray is
geometrically blocked by the building face. Using
a simple geometry, the following expression is ex-
tracted for A, [10, 22]:

hm+w for 0<6<m

sin®
hp =y = (w-d,)tane - O
h,, +—————| for —-1<0<0
sin®

All notations and geometrical parameters in (9)
are explained in Fig. 4.

The shadowing model estimates the probabili-
ty of shadowing for Lutz two-state model [24]. The
same Markov chain, shown in Fig. 2, is used, but
parameters A, P,,, and P,,,, are obtained from ac-
tual random distribution of the obstructions above
the terrain. Thus,

)
A= j P, (h)dh, (10)
2
where h are different heights of obstacles, z; and z,

are the minimum and maximum height of the built-
up layer;

lognormal+ Ricean
b= (11)

lognormal + Rayleigh’

Mobile

B Fig. 4. Geometry for mobile-satellite communication
in built-up areas

where the lognormal PDF is for pure NLOS
shadowing. The Ricean PDF describes both the LOS
and the multipath component, and the Rayleigh
PDF describes the multipath component of the total
signal, when the LOS component is absent [8].

Now, using theoretical results obtained by Lutz’s
pure statistical model and results the Saunders and
Evans model, we can combine them into one unified
model. This unified model will be compared with the
stochastic multiparametric model described in the
next section based on the theoretical framework ana-
lyzed in [8]. Thus, taking into account the Markov’s
chain (see Fig. 2), we consider the bad state by us-
ing the Rayleigh PDF and the good state by using
the Ricean PDF, as well as shadowing by using the
lognormal PDF. By combining all these PDF's in a
Markov’s chain, we finally can obtain the total PDF
that describes the effects of different kinds of fading
occurring within the LSC link, caused by terrain ob-
structions; natural and man-made. As a result we get

P(S)=(A=A) Pygooq + A+ Bpaq = (1= A) Price(S) +

o0
+Aijayleigh (S | SO) * Plognorm (SO)dSO' 12)
0

Then, we introduce the corresponding CCDF,
which describes the signal stability, being the re-
ceived signal with amplitude r that prevails upon
the maximum accepted path loss, R, in the mul-
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tipath channel, caused by fading phenomena. This
can be presented in the following form:

R
CCDF =Pr(r>R)= [ p(S)dS. (13)
0

All above formulas allow us to present the uni-
fied algorithm for fading phenomena estimation in
LSC links, both stationary and mobile.

Multi-Parametric Stochastic Approach

As an example of a physical-statistical mod-
el, we present the same stochastic approach which
was used successfully for land communication
channels, rural, sub-urban and urban, and was de-
scribed in [1-8]. The reason for that is based on the
fact that the previous physical-statistical model, as
was shown in [10, 11, 22, 23], predicts more strictly
the fading effects in different LSC links compared
to the pure statistical models [15-21].

At the same time, as was mentioned in [8], the
physical-statistical model, which is based on a de-
terministic distribution of the local built-up geom-
etry introduced in [22, 23], cannot strictly predict
any situation when a satellite, moving around the
world, has different elevation angles 6, with re-
spect to a subscriber located at the ground surface,
as shown in Fig. 5. As the result, the radio path
between the desired subscriber and the satellite
crosses different overlay profiles of the buildings
because of continuously changing elevation angle
of the satellite during its rotation around the Earth
with respect to the ground-based subscriber anten-

na. To predict continuously the outage probability
of shadowing in real time, a huge amount of data is
needed regarding each building, geometry of each
radio path between desired user and the satellite
during its rotation around the Earth, and finally
high-speed powerful computer.

Most of these difficulties can be handled by us-
ing the multi-parametric stochastic model [1-8].
Following [8], we take into account both, the build-
ings distribution at the ground surface and their
height profile changing in the vertical plane that is,
accounting for the 3D stochastic model of multiple
scattering, reflection and diffraction rearranging the
corresponding formulas in the case of the LSC link.

Buildings’ Overlay Profile. The LSC link is very
sensitive to the overlay profile of the buildings,
because during its movement around the Earth,
depending on the elevation angle ¢, the buildings’
profile will be continuously changed leading to dif-
ferent effects of shadowing in the current commu-
nication link (Fig. 6).

Taking into account the fact that real profiles
of urban environment are randomly distributed,
the probability function P,(z), which describes the
overlay profile of the buildings, can be presented in
the following form [6, 20, 39]:

Py(2)=H(hy —2)+ H(z—hy)- H(hg —2) ¥

« (rp-2) [ >0,0<z<h
(hz—hl) » n ’ 2 29 (14:)

where the function H(x) is the Heaviside step
function, which is equal 1, if x > 0, and is equal O,
if x < 0.

B Fig. 5. General geometry of the land-satellite link
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Vertical plans:
CDF(z4, z,)

B Fig. 6. Change of the profile function F(z,, 2,) in the
vertical plane during the movements of a satelllite

The graph of this function versus height z of a
built-up overlay is presented in Fig. 7. For n >> 1
P,(2) describes the case where buildings higher
than 2, (minimum level) very rarely exist. The case,
where all buildings have heights close to k, (maxi-
mum level of the built-up layer), is given by n<<1.
For n close to zero, or n approaching infinity, most
buildings have approximately the same level that
equals h, or hy, respectively. For n =1, we have the
case of building height uniformly distributed in the
range of h; to hy. _

The average buildings height %, can be found
as [8]

hy —hy)

Z:hz—n( (15)

n+1

Then, analyzing the built-up layer profile F(z,
z,), “illuminating” by the terminal antennas of the
heights z; and z,, we get :

— for the case when the antenna height is above
the rooftop level, that is, z, > hy > hy:

hy —h

+H (2, —hy)H(hy —2) (16a)

(n+1)(hy — )"
— for the case when the antenna height is below
the rooftop level, that is, z,< h:
F(z, z9) = H(hy — ) x
(hy — )" — (hg —2)"*" .
(n+1)(hy —1y)"
(hy —hy)"" —(hy —29)""!
(n+1)(hg —Iy)"

X{(h1—2’1)+

+H (21 —hy)H(hy —21)

. (16b)

Then, the cumulative distribution probabili-
ty function (CDF) of the event that any subscriber

Pn(z) Distribution Versus the Current Height z for h;=10 and h,=50

1 ’5: T by !
0.0} SN S |
PR Ty, |
0.8f Py Fhay f
07} LN S
osl AT * |
— 0.5 1 Eﬁn% \ﬁ\\ *[
o« AT N i
04 O i
—n=0 | E \\\
0.3f + n=0.2¢ k] B 1
n=05|; 4 " s, |
0.2f —« n=1 | 1 “,
= h=2 | ﬂ‘a mﬂm
0.4y-=-N=3 1 4, Fag S
o= p_SO(.Ji Teg Bﬂﬂﬂﬁggm o
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z

B Fig.7.Buildings’ overlay profile PDF

B Fig. 8. Horizontal map of multipath phenomenon oc-
curring in the urban scene

located in the built-up layer is affected by obstruc-
tions due to shadowing effect can be presented as
[1-8]

22
CDF(z, 29, n) = j P,(2)dz=
21

22—

F(z, 29). an

The built-up profile function presented by (16)
allows us to account for continuous changes of the
overlay building profile during the movement of the
satellite around the Earth and the corresponding
changes of its elevation angle with respect to the
position of any subscriber located in areas of ser-
vice. This CDF will be used in the next section to
find the total outage probability of fading phenom-
ena occurring in LSC links.

Multi-ray Pattern Distribution on the Ground
Surface. As is shown in [1-7] and mentioned also in
[8], at the horizontal plane the array of buildings
are randomly distributed according to Poisson’s
law. During movement around the Earth, the satel-
lite antenna “illuminates” different land areas with
various distributions of obstructions on the ground
surface, that is, in the horizontal plane, as shown
in Fig. 8.
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The proposed multi-parametric model [1-8] al-
lows us to consider the strength of the total field
at the receiver as the additive summation of n-time
independently scattered waves with independent
strengths. The real situation with multipath phe-
nomena occurring in the urban environment is
shown in Fig. 8. As was mentioned in [8], in micro-
cell land communication links (d < 1-3 km; d is the
range from the base station antenna), the singly
scattered waves are dominant, whereas the twice-
and three-time scattered waves begin to be prevail
in macro-cell scenarios for d > 5-10 km. Therefore,
as was shown in [8], for land-satellite mega-cell
links we must additionally consider the three-time
reflected and scattered waves. As was shown in [8],
the strengths r; of these waves are distributed ac-
cording to the Gaussian law with the zero-mean val-
ue and dispersion 0% (for singly scattered waves),
cg (for twice scattered waves) and cs% (for three-
time scattered waves), which depend strongly on the
characteristic features of the terrain. The average
number of scattered waves involves also a depend-
ence on the distance from the base station antenna
d. Following [8], we can obtain a new multi-ray dis-
tribution for the LSC link. Thus:

— for the average number of single scattered
waves

2
Z\_]l _ nvd

Kz(’YOd); (183)

— for the average number of two-time scattered
waves

Ny -9(nva?)’| KaltoD | 2 Frz0d) |, g,
2 8! mod T |

— for the average number of three-time scat-
tered waves

Ng= 8(chd2 )3 x

K K- d
R 5(y0d)+ 2 Ki1/2(vod) 8o
yod 10! yod 11!

where K, (yyd) is the MacDonald’s function of
n-order, 7, [km™] is the density of buildings
contours [8].

The probability of receiving once to three-time
(i. e., for n =1, 2, 3) scattered waves at the mobile
station antenna can be computed according to the
following formula [8]:

P,=1-exp[N,], n=1,2,3. (19)

In computations of equation (19) we take into
account the effects of independent single (the first
term), double (the second term) and triple (the third

term) scattering of rays with the random amplitude
r, as well as their mutual influences on each other
(the fourth term), that is,

r2

CDF(r):Pl(l_PZ)(l_P3) rze 26% +
B oy

rz

_ _ Py
L BA-P)A-B) f‘ze 20}
PO Go

I‘2

_ _ )
L BA-P)A-P) rze 20}
PO o3

r2

+P1P2P3 r e72(6%+(5§+63)’ (20)

By o} +0%+05

where
Py=1-(1-P)(1-P)A-Py)=1- Mi+NatNa) (97)

is the probability of direct visibility (e. g., LOS
component), P;, P, and P, are defined by equation
(21) combined with (18a)—(18c), respectively.

Equation (21) is more general form of the cumu-
lative distribution function of the multipath effects
occur in the land-satellite links with respect to that
describing the same multi-ray effects in the land-to-
land communication scenarios (see [1-8]). This CDF
will be used in the next section [together with CDF
described by (19)] to estimate the total probability
of fading for predicting successful communication
and service by the satellite antenna of any ground-
based subscriber.

Prediction of Fading and Pass Loss in LSC
Links via Experimental Data

In this section, we use the unified algorithm,
based on use the combination of the physical-sta-
tistical (e. g., Saunders and Evans) model and the
pure statistical (Lutz) model of the mobile-satellite
communication channel, using formulas (12) and
(13), and compare it with the proposed stochastic
multi-parametric model based on the corresponding
CCDF(r)=1 — CDF(r), of signal random strength
envelope (20). This CCDF describes the total prob-
ability to achieve a successful communication be-
tween any ground-based subscriber and the satel-
lite. It can be presented as [8]

CCDF(r)=1-CDF(r)-CDF(z, 25, n),  (22)

where both CDFs are described by (17) and (20),
respectively.
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In the comparative analysis, we used measured
data from references [25, 26], done in several cities in
Europe. These tests were narrowband measurements
at a single frequency, representing the channel with-
in its coherence bandwidth. The test was transmitted
from the ESA ground station in Villafranca, Spain
and relayed by the geostationary satellite MARECS at
L-band (1.54 GHz). The measurements were conducted
in areas with different satellite elevations (Table 2).
Using these measurements and using a Rayleigh PDF
for building distribution heights and the correspond-
ing equation (22) for CCDF, we constructed a corre-
sponding numerical code to see if there is a good agree-

B Table 2. Parameters of channel model according to
[25, 26]

10log(c),

Satellite Elevation A dB

M, dB c,dB

13° — Stockholm 0.24 10.2 -8.9 5.1

18° — Copenhagen 0.8 6.4 -11.8 4.0

24° — Munich 0.66 6.0 -10.8 2.8
34° — Barcelona 0.58 6.0 -10.6 2.6
43° — Cadiz 0.54 5.5 -13.6 3.8

a) CCDF of Normalized Signal for City Stockholm
at Satellite Elevation = 13° for 6 = 2.6 dB

© 04 - o
Physical-Statistical Model
0.3 statistical Model
02 Multi-Parametric
0.1 Measurements

-20 -15 -10 -5 0 5 10
Normalized Signal Strength, dB

c) CCDF of Normalized Signal for City Munich
at Satellite Elevation = 24° for c = 2.6 dB

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0
-20 -15 -10 -5 0 5 10
Normalized Signal Strength, dB

CCDF

b)  CCDF of Normalized Signal for City Copenhagen
at Satellite Elevation = 18° for c = 2.6 dB

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0
-20 -15 -10 -5 0 5 10
Normalized Signal Strength, dB

CCDF

d) CCDF of Normalized Signal for City Barcelona

at Satellite Elevation = 34° for 6 = 2.6 dB

1
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0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0
-20 -15 -10 -5 0 5 10
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e) CCDF of Normalized Signal for City Cadiz
at Satellite Elevation = 43° for c = 2.6 dB

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0
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Physical-Statistical Model
Statistical Model
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Measurements

5 10
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B Fig. 9. CCDF of normalized signal for three different models: a — for city Stockholm at satellite elevation angle 13°;
b — for city Copenhagen at satellite elevation angle 18°; ¢ — for city Munich at satellite elevation angle 24°; d — for city
Barcelona at satellite elevation angle 34°; e — for city Cadiz at satellite elevation angle 43°
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ment with the measured data. It is clear that the CCDF
gives us the knowledge of stability of received signal
with respect to noise caused by fading phenomena.

The same was done for the multi-parametric
model by using equation (22) with the correspond-
ing CDF (17) and (20) for each city. The results of
fading estimations were compared with those ob-
tained from the pure statistical Lutz model based
on Markov’s chain.

The main goal of such simulations was to define
which one of the three models presented the best fit
to the measured data and also the simplest one. In
such a comparison we used for the Lutz statistical
model simulation ng =(0.8, 0.95, 0.85, 0.83, 0.7)
and Py, =(0.08, 0.15, 0.25, 0.22, 0.5). These results
are shown in Figs. 9, a—e for five cities presented in
Table 2.

The standard deviation, o, was taken not more
than 2.6 dB, obtained from our estimations of each
built-up profile. Nevertheless, in reference [16], the
authors used o = 3+4 dB, which is not a realistic case
when NLOS regime is very small compared with the
LOS component of the total filed strength. It is clearly
seen from the results of the comparative analysis pre-
sented in Fig. 9, a—e that the physical-statistical mod-
els, Saunders and Evans, and the stochastic multi-par-
ametric, are closer to the experimental data compared
to the pure statistical Lutz model. Therefore, in our
further analysis, we will compare the proposed physi-
cal-statistical models with each other.

Before doing this comparative analysis, let us
check the accuracy of the proposed stochastic mod-
el in the case when the standard deviation of the
CCDF cannot be directly estimated via numerical
evaluations. Thus, in Fig. 10, the CCDF of received
signal for the city of Stockholm [25—-27], at satellite

CCDF
1

0.8
0.6
0.4

0.2

-20 -15 -10 -5 0 5 10
Signal Strength, dB
c=4 c=2 c=0 c=-2

c=-4 o = Measurements

B Fig. 10. Comparison between the experimental data
obtained in satellite observations over Stockholm (con-
tinuous line) and those obtained theoretically from the
stochastic approach

elevation angle 13° is presented. The computations
were carried out taking the following parameters:

— the building contour density parameter varied
from 8 to 12 km™! with the mean value ¥ =10 km™1;

— the built-up profile parameter n was changed
from 0.65 to 1.48;

— the obtained terrain data allow us to estimate
the standard deviation of CCDF within the range of
c € (-4, 4)dB.

The results of comparison between the experi-
mental data (continuous curve) and those obtained
numerically for the range in the estimated param-
eters o shown in Fig. 9 show that the experimental
data lie between the two theoretical curves comput-
ed for o changing from —4 to —2 dB, which is close
to that parameter estimated by analyzing the topo-
graphic map of Stockholm [25-2T7].

Another land-satellite experiment was compared
with the Saunders — Evansphysical-statistical model
[10, 11, 22, 23], and was carried out in England for two
cities, Westmister and Guildford. Here, the CDF, as a
total probability of shadowing was investigated using
both models. We do not go deeply into the description
of these experiments that are fully described in [10,
11, 22, 23]. Here we will only mention that a compar-
ison showed that the best fit was obtained when the
CDF of the combined fast/slow fading was described
by the corresponding Rayleigh law with the corre-
sponding mean height of buildings # =20.6 m and
standard deviation ¢, =17.6 m (for Westmister) and
h =7.6 m and o, = 6.4 m (for Guildford). The corres-
ponding comparison analysis is presented in Fig. 11, a
and b for each city, respectively.

Therefore, in this additional comparison with the
Saunders — Evans, physical-statistical model and with
experimental data, we accounted for these estimations
as well as for the average density of buildings’ contours
within one square kilometer, which was estimated as
Yo =10.6 km ! (for Westmister) and Yo=7.5 km !
(for Guildford). We also estimated the corresponding
mean height of buildings for Westmister, 2 =18.2 m
with a standard deviation of c,=7.5 m and for
Guildford, ~ =5.8 m and o, = 4.6 m. These estimations
have suggested that the two cities have fully different
built-up terrain profiles: the parameter of the overlay
building profile is n = 2 (the amount of small buildings
exceeds that of tall buildings) for Westmister, and
n =10 (most buildings are small) for Guilford.

‘We should note that these parameters were taken
in a form of average values, but not exactly, as was
done by Saunders and Evans with their co-authors in
[10, 11, 22, 23] using the local parameters for each
position of the moving satellite. Despite this fact,
our estimations are within the ranges of estimations
obtained by Saunders and Evans, and we can, final-
ly, compare our computations of CDF =1 — CCDF ac-
cording to (17), (20) and (22) with those obtained by
them using the Rayleigh CDF, as a best fit of measu-
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a) CDF
1
0.8
0.6
0.4
measured
0.2 Rayleigh
multiparametric (n = 10)
20 40 60 80
Building height, m
b) CDF
1
0.8
0.6
04
measured
0.2 Rayleigh

multiparametric (n = 10)

20 40 60 80
Building height, m

B Fig. 11. Comparison between experimental data
(dots) obtained in Westmister (a) and Guildford (b),
physical statistical model (blue line) and data obtained
from the stochastic approach (green line)

red data. This comparison was shown in Fig. 11 for
Westmister and for Guildford, where the correspond-
ing experimental data were plotted by dots.

Conclusion

Even with the data on terrain features using aver-
age parameters of the built-up terrain, not the local
parameters, we obtained a satisfactory agreement
between the theoretical prediction based on both,
the Saunders — Evans physical-statistical and mul-
ti-parametric stochastic models, and experimental
data. This means that the designers of satellite-land
links do not need every time to have information on
the local built-up terrain parameters as shown in
Fig. 6 and 7. It is enough to obtain average parame-
ters of the terrain during satellite movements above
the corresponding city, town, village, and so on, and
we can for prediction of fading effects to use the sto-
chastic multi-parametric approach.

As can be finally expected, and as seen from Fig. 11,
according to the knowledge of the kind of terrain to-
pography from good (open) to bad (urban) scenarios,
the main difference is noticeable in the urban en-
vironment (as the worst case of strong fading), due
to its special propagation features such as multiple
diffraction, scattering and reflection from buildings
surrounding the subscriber ground-based antenna.
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IIOMOII[HIO0 CTOXACTAUECKOI'0 MHOTOIIAPAMETPUUECKOr0 OAX0/a IIPU COCPEIOTOYEHHOCTY Ha BPEMEHHBIX U MPOCTPAHCTBEHHBIX CBOMCTBAX
U3MeHEeHUs MOIITHOCTY CUT'HAJIA AJIA IPOTHO3a II0Teph B KaHase u adpexToB pesunra. Pe3ymasraTsl: Ha OCHOBE CTOXACTUUECKOT0 IIOAX0/A,
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KmaroueBsie ciioBa — KaHaJ «3eMJIsi — CIIyTHUK», CTOXaCTHYECKUI MHOTOIapaMeTPUUYECKUM TOAXO0, MPOMUIL 3aCTPOUKHU U TLIOT-
HOCTH 3aCTPOMKYU JOMOB, BEPOATHOCTEH MYJIbTUILINKATUBHOTO (DefNHTa, TIOTEPHU B KaHAJe, pacueT KaHaja CBA3HU.
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Introduction: The subject of this research became important during the recent decades due to the increasing demand
in globalization of wireless networks by using long-path ionospheric radiowave propagation in land-satellite communication
links. Purpose: Analyzing the key parameters of VHF/UHF radio waves in a satellite-land link which determine the fading
effects occurring in storm-time mid-latitude ionosphere. Results: For perturbed plasma parameters experimentally caused
by a magnetic storm, the absorption and phase fluctuations of the radio signals were examined. The scintillation index
corresponding to signal scintillations in multi-path ionospheric communication links with fading was studied on the base of
experimental data. It has been shown that ~10% density irregularities in the storm-time F region yield strong fast fading of
radio signals in VHF/UHF frequency band with considerable signal intensity fluctuations (up to 1%) and phase deviations (up
to hundreds of radians). Practical relevance: The obtained results allow you to predict multiplicative fading in ionospheric
sub-channels and its impact on the total link budget in a full land-satellite communication link.
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Introduction

The ionosphere is one of the sub-channel (addi-
tional to the terrestrial and atmospheric sub-chan-
nels) of the global (e. g., mega-cell) land-satellite
and transionospheric communication systems. It
is well known that ionospheric irregularities cause
strong fluctuations of the amplitude and phase of
radio signals, i.e. fast fading. Enhanced irregular-
ities are usually observed during magnetically dis-
turbed periods, especially in the auroral ionosphere
(see [1-9] and bibliography there). As the auroral
boundary shifts equatorward during magnetic dis-
turbances, it is usually assumed that mid-latitude
scintillation events occur inside the expanded au-
roral zone. As was expected by many researchers
dealing with satellite observations of the perturbed
stormtime ionosphere, this phenomenon occurs
not only in the proximity of the polar and auroral
zones, but also in the sub-auroral and middle-lati-
tude ionosphere [10—14]. This event occurs in about
15-17 % of time per year and usually is observed
during several-day to several-week periods. It was
found that during magnetic storms strong phase
and amplitude scintillations (the scintillation index
S, > 0.5) of radio signals of the satellite operating at
250 MHz [2] and 1.5 GHz [3] are observed (namely,
near Boston, MA, USA and Ithaca, NY, USA) well
equatorward of the auroral zone, up to the sub-au-

roral and mid-latitude ionosphere. Satellite and ra-
dar observations in the stormtime sub-auroral ion-
osphere [4—7] revealed irregular structures embed-
ded within fast westward streams, called sub-auro-
ral polarization streams (SAPS) [8]. In particular,
strongly irregular plasma density structures are
embedded within SAPS wave-like structures (called
SAPSWS) [6, 7]. Thus, the Defense Meteorological
Satellite Program (DMSP) for satellite observa-
tions, which coincided with the [2, 3] scintillation
events, revealed SAPSWS-related irregular den-
sity troughs. Within the troughs, power spectral
densities (PSD) (6n,=10-20 % with respect to
non-disturbed ionospheric plasma n,[9]) of plasma
irregularities (electron and ions, since plasma is
quasi-neutral) in the range of apparent wave num-
bers from k& = 2n/L=0.85 km™ to =12 km™, X is
the wavelength, were well-approximated by a plas-
ma density power-law (5n,/n,)?kP with the spectral
index of 5/3 < p < 2[9].

The spectral properties of plasma perturbations
allow for predicting spectral characteristics of the
radio signal with data (called the bandpass signal
[15]), and finally predict the type of signal fading,
flat or frequency selective, in such a perturbed ion-
ospheric channel. These aspects are very actual for
advanced wireless networks design based on mod-
ern techniques of signal processing, namely, or-
thogonal frequency division multiplexing (OFDM),
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where each subscriber obtained very narrow band-
width. The main goal of such a technique is to elim-
inate effects of the noise caused by multipath phe-
nomena occurring in the channel with fading and
by inter-subscriber interference [16]. Therefore,
it is important to predict a-priory the type of the
channel, frequency or time dispersive (or both), and
to estimate the coherent bandwidth and time of co-
herency of such a channel with fading for the future
performance of OFDM access technique [16]. Above
example shows the actuality of this paper and re-
search carried out in it.

This work describes fading phenomena and their
effects on key parameters of radio signals in the
land-satellite communication link passing through
the structured storm-induced plasma region, filled
by the “typical” small- and moderate-scale irreg-
ularities. The basic effects of irregular plasma
structures, embedded within SAPS, on radio sig-
nals propagation via the perturbed stormtime ion-
osphere are briefly discussed in the first Section.
In the Section following it presents the results of
computation of signal integral absorption, ampli-
tude and phase “point-to-point” deviations, and
variations in the intensity and phase of radio sig-
nals propagating through this SAPSWS-related
“typical” link. These results help to understand the
fading phenomena effects for signals passing mul-
tipath ionospheric links during magnetic storms.
Then, we conclude main effects of radio signals
of various frequency bands occurring in the per-
turbed ionosphere during magnetic storms.

Satellite Observations of Stormtime
SAPS-related Density Irregularities

We start our discussions with analysis of several
satellite campaigns carried out during period from
the end of 20 century to beginning of 21 century.
Thus, Fig. 1 (rearranged from [9]) shows a snapshot
of plasma observations from the DMSP F14 satellite
near the scintillation event near Boston, MA, USA
during the 23 September 1999 magnetic storm [2].
Shown in the bottom panel is the plasma density var-
iation along the satellite track measured by a spher-
ical Langmuir probe sampled at the rate of 24 Hz.
A detailed description of the probe and the whole
DMSP/SSIES (Special Sensor for Ions, Electrons,
and Scintillations) suite can be found in [10-13].
The top panel shows the corresponding waveform of
plasma density deviations, on/n,, obtained applying
0.1-9.5 Hz bandpass elliptic filter (see details in [2]).
Here on is the perturbation of the background ion-
ospheric non-disturbed plasma density (denoted by
ny). One can see also that enhanced density irregu-
larities were present well equatorward of the bound-
ary of auroral zone indicated by the vertical dashed

0.2 " " " "
F14, 23 Sep 1999
= 0.1
~~
5
0
-0.1
™ L ' '
P 6l 20,8 MLT
g 5t
[}
T 4
= 3t
N 9 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
00:5712  :5736 :5800  :5824  :5848 UT
49.4 50.7 52.0 53.3 54.7MLat

B Fig. 1. DMSP F14 observations during the 23 Sep-
tember 1999 magnetic storm near Boston, MA, USA:
(top) waveform of relative density variations én/n and
(bottom) the density variation along the satellite track

,\ . . -,.,—\.-". T, ‘_\...t,-.....). r"-'v.-
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N he i
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Min after 1700 UT

B Fig. 2. (top) Horizontal (positive westward) compo-
nent V;; of the convection velocity and (bottom) the plas-
ma density from the DMSP F15 satellite on March 31,
2001 (extracted from [3])

line (i.e., beyond this zone the sub-auroral inono-
sphere is seen to be also perturbed).

We present now another example of stormtime
sub-aurora density irregularities observed by
the DMSP F13 and F15 satellites during the ma-
jor magnetic storm of March 31, 2001 [3]. Fig. 2
shows a 5-min snapshot of the horizontal (positive
westward) component of the convection velocity
Vy; (the top panel) and plasma density n; (bottom)
from F15/SSIES obtained by the ion drift meter
and Langmuir probe sampled at the rates of 6 and
24 Hz, respectively.

Note that quite similar SAPS/trough patterns
were observed throughout the storm also by the
DMSP F13 satellite. As in [2, 3, 9, 10], we obtained
the density waveforms in the SAPS regions apply-
ing 0.1-9.5 Hz bandpass elliptic filter. Their PSD
are shown in Fig. 3 as a function of apparent fre-
quencies. Likewise [9, 10], PSD is well represented
by the law &n,/n,~ k™, p =2 (or dny/ng ~ 72), where
k = 27nf/c, and p is parameter of PSD [2-9].
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B Fig. 3. Power spectral densities of plasma irregulari-
ties vs. the apparent frequency from the DMSP satellites
and near the times designated in label: e. g., 130521 stand
for the satellite F13 at 0521 UT (extracted from [9])

We emphasize that spatial and temporal var-
iations cannot be separated in data from a single
spacecraft and thus frequencies (wavelengths)
mean apparent frequencies (scale-lengths). Given
the satellite speed v, = 7.5 km/s, apparent frequen-
cies 1-10 Hz correspond to wavelengths A = 2m/
ky,=v,/f="17.56-0.75 km along the satellite track.
Note also that after about 1900 UT short-scale os-
cillations faded away, whereas “smooth” SAPS/
trough plasma structures remained throughout
and even after the storm recovery phase. Such be-
havior is typical of SAPSWS that develop within
10—20 min and decay is ~1 hour after substorm ex-
pansion onsets [6, 7, 9].

Prediction of Main Parameters of Signals
Passing Stormtime Perturbed Ionosphere

Main Parameters of the Radio Channel

In predicting the key parameters of radio sig-
nals passing through irregular ionosphere charac-
terized by a spectral index p =1+ <n> (<n> is the
mean value of the plasma refractive index) or by the
PSD index p’' =p — 2 [15-21] it is important to show
that the signal intensity fluctuations at a given fre-
quency can be described by the Ricean K-parameter
as a ratio of coherent and incoherent components of
the total signal intensity [22]:

K = I )[L,0- (1)

Here (I, is the line-of-sight (LOS) component of
the signal (called also the coherent part [14, 15, 22])
and ([, is the incoherent component of the total
signal intensity:

I =,y + €0 (22)

where

<Iinc> :<Ico>\/¥° (2b)

The scintillation index

G§:<Iz>_<1>2:<12>_1 ©20)
(1y” (1"

denoted in [1-9] as S,, defines the normalized
intensity of the signal fast fading.

For Gaussian zero-mean random signal ampli-
tudes, the relationship between K and (5% (denoted
in experimental works [1-5] as S,) is simply

K?=1/02=1/8,. 3)

We note, according to[15] that for Gaussian non-
zero-mean random signal amplitude distribution,
as clear seen from relations (1)—(2c), formula (3) be-
comes more complicated. However, as was shown by
many researchers investigating stochastic process-
es occurring in the perturbed ionosphere [15, 16—
21, 23—36], the spatial distribution of ionospheric
irregularities of natural and artificial nature can
be correctly described by zero-mean Gaussian law,
which according to ergodic theorem leads to the
same Gaussian distribution of scattered radio sig-
nals in the time domain.

The basic characteristics of signal fading are
derived by means of the approach developed in [16—
20, 23-32] and summarized in [15, 21]. They are:
1) mean square phase fluctuation ((A®)2); 2) outer
scale L of the disturbed ionospheric plasma struc-
ture; 3) inner scale [, of the plasma density irregu-
larities.

In addition, to describe radio wave propagation
in irregular plasmas, the outer scale L, should be

compared with the Fresnel scale dp =,/AZ, [15].

Here A is the signal wavelength and Z is the dis-
tance from the ionospheric layer filled by plasma
inhomogeneities to the ground reception plane [15,
25-27)).

The spectrum of the signal intensity fluctuations

can be derived via <(ACD)2> [16-19, 21, 23, 30, 32,

34-36] by assuming that the root mean square
(RMS) of phase fluctuations is larger than one ra-
dian. Moreover, in [15, 18, 19, 21, 30] have shown
theoretically that at £ >> 1/L, the power spectrum
of phase fluctuations S(k) in the perturbed inhomo-
geneous ionosphere is proportional to £ (e. g., fP),
where p = 2 (see Fig. 3). This condition was proved
by numerous observations of perturbed stormtime
ionosphere (see [9, 21] and bibliography there).

Main Characteristics of the Radio Signal Fading
We analyze now propagation characteristics of

the radio signal passing disturbed ionospheric re-

gion perturbed by geomagnetic storm. As it follows
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from experimental data presented above, the back-
ground ionospheric plasma can be perturbed es-
sentially in period of magnetic storm preparation.
During this period the observed deviations of plas-
ma density around its non-disturbed background
can achieve 10-20 % (see Figs. 1, 2). There are
several features should be estimated for predicting
fading phenomena in the satellite communication
links passing through the perturbed ionosphere,
such as absorption, point-to point attenuation and
phase deviation of radio signal amplitude along the
radio path, as well as scattering phenomena caused
signal intensity and random phase variations.

NHD®OPMAUNOHHBIE KAHAALI 1 CPEAbI

7

Absorption of Radio Signal in the Disturbed
ITonosphere

To estimate losses due to absorption, i.e., the
part of energy of radio signal, which is absorbed in
the perturbed region of the ionosphere, from D to
F, we propose here, following [15, 21, 35], to use a
special value of absorption in decibels:

A, = 1010g‘r70 =

2
(")pe (Vem tVei Vee)
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B Fig. 4. Absorption of signal vs. frequency for weak magnetic storm (a, ¢, €) and strong magnetic storm (corresponding
to Alaska region) (b, d, f): a, b — grazing angle y = 0.175 rad (y ~ 10°); ¢, d — v ~ 0.628 rad (v = 36°); e, f — v ~ 1.05 rad

(y ~ 60°)
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where v,,., v, and v, are the frequencies of
electron-neutral, electron-ion and electron-electron
collisions, respectively.

The parameter of absorption fully characteriz-
es real ionospheric radio traces and can usually be
estimated by measuring radiometric absorption
at the fixed frequencies and by knowledge of fre-
quency dependence of coefficient of absorption «x.
We should note that in integrand of (4) we account
not only for the effects of electron-neutral and elec-
tron-ion collisions, but also ion-neutral and elec-
tron-electron collisions, based on the elements of
kinetic theory [37—40], but not a magneto-ioning
theory usually used in such computations based on
hydrodynamic classical approach.

Then, accounting in (4) for the fact that the
length of radio path, s, and the height of the iono-
sphere, h, are related as & = ssiny, where v is the
grazing angle of the satellite antenna with respect
to the ground-based antenna, we can estimate the
total absorption of radio signal along the radiopath.
InFigs. 4, a—fthis parameteris presented in [dB] vs.
the carrier frequency of probing radio signal sent
via stormtime ionosphere under different grazing
angles, respectively. The corresponding profile of
disturbed plasma density N(%) is taken from Fig. 2
and normalized on the non-disturbed plasma den-
sity Ny(h) taken from [15, 21] for the mid-latitude
regular ionosphere, and accounting in computa-
tions of integral (4) for the limits A ; =50 km
and k.. =500 km. We consider below two scenari-
os, weak and the strong magnetic storm, which are
shown in Figs. 4, a, ¢, e and 4, b, d, f respectively.
The corresponding data were taken from observa-
tions of magnetic storm, described above for weak
storms observed at the middle latitude ionosphere
above USA and at the northern regions of USA and
Alaska.

As follows from above illustrations, with in-
crease of the magnetic storm strength, from weak
to strong, absorption of radio signals increases
roughly three times at lower frequencies from 100 to
500 MHz, while at 500-600 MHz, absorption does
not depend on frequency; only on the grazing angle.
At the same time, with increase of the grazing an-
gle, the tendency of decrease of signal absorption
for week storms compared with strong storms is the
same, per twice or three times. Results of compu-
tations presented above allow us to conclude that
magnetic storms occurring in the northern mid-lat-
itude ionosphere can significantly perturb iono-
spheric plasma and thus cause a dramatic attenua-
tion of radio signals up to 500 MHz. This effect de-
pends on the grazing angle and can be insignificant
for grazing angles bigger than y > 20°. Hence with
increase of the radiated frequency of radio signal
for the same grazing angle or for increase of graz-
ing angle for the same frequency, the tendency of

significant decrease of signal energy absorption is
evident.

Signal Point-to-Point Amplitude Attenuation
and Phase Deviations

At the same time, we should point out that for
radar and radio communication applications, other
characteristics of signal fading can give informa-
tion about radiophysical effects, dealing not with
the cumulative intensity integral absorption along
the radiopath, but with the point-to-point amplitude
and phase deviations of the signal along the radio-
path. In this case, it is important to understand of
how perturbed parameters of the ionospheric plas-
ma attenuate radio wave amplitude and change its
phase. To understand these radiophysical effects,
we will consider an arbitrary monochromatic radio
wave [15]:

U(z, 1) = A(z, D)explj(ot — k2)]. )

In this case, the wave number % can be described
through the coefficient of wave amplitude attenua-
tion, o, and the coefficient determining changes of
wave phase in real time, (3, i.e.,

k=a+jp. (6)

Unlike usual description of parameters o and f3,
we will present them through collision frequencies
of plasma particles using elements of kinetic the-
ory (see [15, 21]). For numerical computations, we
introduce the additional notations and parameters
to describe o and B, thatis, X = o)?, /0)2, Z=v/®,®
is the background plasma density in the perturbeg
ionosphere [15, 37-39]. In these notations, after
straightforward derivations, we obtained that

c? 1-iZ | ¢? 1+ 22
2 .
:0)_|:1_X+ZZX)i| (7a)
c? 1+ 22
or
2
k2:‘”—2{1— X2—iZ—X2}. (7b)
c 1+Z7 1+Z7

By introducing now normalized parameters
(to the wave number in free space kg), a -2 and

B .
B=-—, we finally get:
ko

v2 0)?;
I+~ ——5  2,.,2_ .2
® w2 O +VI-o

P
= ; (8a)
(ij o +v2
1+ —
(O]
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Herev=v,, +v,;+V,,=Vv,,(1+q+q'), whereqg=v,/
Vopand q'=v, /v, .

Deviations of radio signal parameters, a and j,
in the perturbed ionospheric region, were found by
using parameters of the disturbed ionosphere, i. e.,
variations in the plasma frequency ©,/®p05 plasma
concentration N/N, (N = Ny + 0N, 8N < N,)), and plas-
ma conductivity c/c,, where ®pop Ny, and o are the
background non-disturbed ionospheric parameters
[15, 21]

®,0 = (4nNge?/m )'/2;

©)
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7

g0 =1-[0F /(0% + (vem +ve)?) [ (10)

o) :[co(z)(vem +vei)/4n(m2 +(Vem +vel~)2 )] (11)

Here e and m, are the charge and mass of plasma
electron; other parameters are defined above.

Thus, in Fig. 5, a, b we present deviations of radio
signal parameters, a and B, compared with those,
o, and B, obtained for non-disturbed background
ionospheric plasma. The computation results are
shown in Fig 5, a (for normalized attenuation) and
Fig. 5, b (for normalized phase velocity) versus alti-
tude of the ionosphere for different frequencies of
probing waves varied from 50 MHz to 2 GHz (i.e.,
covering also HF-bandwidth which is important
for transionospheric propagation). Thus, we use

a) Frequencey = 50, 100 MHz Frequencey = 200, 500 MHz Frequencey = 1000, 2000 MHz
1 1 1
0.9 0.995 0.9998
0.99 0.9996
0.8
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S 0.7 o
% § 0.98 g 0.9992
0.6 0.975 0.999
0.97 0.9988
0.5
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0.4 50 MHz 1 GHz
100 MHz 0.96 288 Mg; 0.9984 5 GHa
0.955 0.9982
100 200 300 100 200 300 100 200 300
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p) Frequencey =50, 100 MHz Frequencey = 200, 500 MHz Frequencey = 1000, 2000 MHz
x10~7 x10-8 x10-10
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B Fig.5.Normalized attenuation coefficient () and phase velocity (b) of probing wave vs. ionospheric altitudes for frequen-

cies varied from 50 MHz to 2 GHz
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those frequencies which are actual both in land-ion-
osphere-land navigation (f < 500-600 MHz) and
those which usually used in GPS radio monitoring
of the ionosphere (f >900 MHz).

As is seen from Fig. 5, a with the increase of
frequency of the probing wave, the effect of atten-
uation of the wave energy becomes weaker, and the
probing radio wave propagates at the same manner
as in the non-disturbed ionosphere. This effect de-
pends strongly on what altitudes the propagation
process is observed. Thus, with increase of iono-
spheric altitude, attenuation affects stronger for all
frequencies under consideration.

The same tendency of decreasing phase veloci-
ty of radio wave passing the disturbed ionospheric
region with increase of frequency of probing wave
is clear seen from Fig. 5, b. In fact, with increase
of frequency from 50 MHz to 2 GHz, the normal-
ized phase velocity, /B, becomes smaller, i. e., the
phase velocity of the probing wave becomes smaller
in disturbed plasma compared with that in non-dis-
turbed plasma.

This effect can be easily explained. When the
frequency increases (or the wavelength decreases
compared to the dimensions of plasma irregulari-
ties), the effects of “diffractive scattering” become
weaker and, instead of defocusing with strong
fading, we observe focusing with weak fading [15,
21].

Signal Intensity Fluctuations

To investigate the signal intensity deviations
in the perturbed ionosphere and the corresponding
scintillation index evaluations, the plane-screen
[16-20, 23, 33, 34] and curved-screen ionospheric
model [26, 27, 39] were performed and then summa-
rized in [15]. Based on the theoretical self-consist-
ent framework described there, one can estimate the
effects of magnetic storm on the above two param-
eters of the radio signal propagating in perturbed
ionospheric communication channel. Therefore,
dealing only with situation occurring during mag-
netic storm described by the following PSD param-
eter p=4 (p’'=2) introduced in first Section (see
Fig. 3), we finally get, following [15, 21]

_ 2 Lo 2(1,2 9
I(k)—32<(A<D) >(1+k2L(2))2 sin (21@ dFj. (12)

Accounting for self-consistent theoretical
framework described in [15, 21] for various scenar-
ios occurring in the strongly perturbed ionosphere,
we get for p’ =2 (p = 4) the following expression of
the scintillation index:

o2 = ﬂdﬁ <(A(D)2 > (13)
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B Fig. 6. The RMS of the scintillation index, 6}, vs. the

outerscale Lyfor1.5d,< L, < 50d, <(ACD)2> =0.1rad

(@) and <(A<1))2> =1rad (b)

Computations of the scintillation index present-
ed by (13) were compared in [15, 21] with those for-
mulas obtained in [16—20, 23] for weak and mod-
erate plasma perturbations [e. g., for p=2 (p' =0)
and p=3 (p' =1), respectively], for an outer scale
Ly =10dy and inner scale [, = 10"2d,. Figures 6, a
and 6, b present the RMS of the scintillation index,

o7 =+/c%, computed for weak ( <(A(D)2> =0.1 radj

and moderate ( <(A<D )2> =1 radj signal phase fluc-

tuations versus square mean deviations of signal
phase for various PSD parameters p=2, 3, 4 and
different scales of ionospheric irregularities.

It is seen that for p =2 the scintillation index
with increase of phase fluctuations limits to the
unit. In the last case, for more higher spectral in-
dex (p > 2) o; exceeds the unit within the range of
0 < Ly/dy < 1, which explain us the focusing prop-
erties of the ionospheric layer consisting various
irregularities and strong variations of signal phase
after passing the perturbed ionosphere.
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Signal Phase Deviations

‘We model the ionospheric F-region, according to
[15, 21, 27], as a spherical 3-D layer of mean ioniza-
tion density N and with the outer scale L (instead
of a plane-layer 1-D model, as was performed in
[16—20, 24, 29-34]) with the standard fluctuations
of ionization density, (AN/N,)? = (N/N,)?. We take
the outer scale L, eqauals H, assuming latter as
the thickness of the disturbed ionospheric F-layer.
In such notations, the mean square fluctuation of
phase of radio signal can be derived with the help of
the general model [15, 21, 27], which finally gives:

<(Ad))2> —4r2N§ [?V—N

2
j 2\2H? sec X- (14)
0

Here r, is the radius of electron. For numerical
computations we take H =100 km and N, = 10! m™3.
In Figs. 7, a and b the RMS of the signal phase fluc-

tuations, <(A(D)2>, [in radian], are shown versus

the zenith angle of a satellite for various frequen-

a) 4 Ionization density = 0.01 (1%)
< 10 —
g
gn.? 103] Wave frequency = 32 MHz
<
e ) 100
s 107 320 :
.E 1 1000 — |
g 107} 3200 i
R 10 000
&= 107+ 32000
%J 600
Qﬁ 10_1 L L L L L I "
0 10 20 30 40 50 60 70 80
Zenith angle, deg
b) 4 Tonization density = 0.1 (10%)

10 . . . : . . .
E Wave frequency = 32 MHz
g 103 100
) 320
5 102} 1000
é 1 3200
g 10 10 000
E 32 000
= 109[ 0000 —— |
2
~ 10—1

0O 10 20 30 40 50 60 70 80
Zenith angle, deg

B Fig.7. RMS of signal phase fluctuation vs. zenith an-
gle, for 8N/N,=0.01 (a) and for SN /N, = 0.1 (b) and for
frequencies varied from 32 MHz to 60 GHz

cies from 32 MHz (HF-band) to 60 GHz (UHF-band)
and for different 8N/N,, in percentages to the total
plasma content of Ny=10"1 m™3, from 1 % (weak
magnetic storm) to 10 % (strong magnetic storm),
respectively.

Here, we should mention that the frequency
band of signals that we investigate covers whole
spectra of useful frequencies operating in existing
land-ionosphere-land communication links, GPS
satellite links and also in new networks beyond
3-G (third generation), operating at frequencies of
10 GHz to 60 GHz. As is clearly seen from the il-
lustrations presented, the frequency dependence of
RMS fluctuations of the signal phase is sufficient
only for zenith angles greater 60—65° for mean and
large perturbations of the background ionospheric
plasma, i. e. 1 to 10 %. With increase of the radiat-
ed frequency, the phase fluctuations become strong-
ly depending on 6N/N,. Thus, for the frequency
band from 1 to 10 GHz usually used in satellite
communications, for zenith angles of 50—60°, the
RMS of phase fluctuations increases from 1-5 rad
(ON/Ny = 0.1 %) to 20 rad (8N/N, = 1 %) and 100 rad
(ON/Ny =10 %).

Effects of Fast Fading on the Radio Signal

Based now on the magnetic storm effects ex-
perimentally observed during sounding of the dis-
turbed stormtime ionosphere, we will analyze the
effects of fading of radio signals determined by the
K-factor of fading, defined above in Section “Main
Parameters of the Radio Channel”.

For these purposes, we will use relations be-
tween the parameter of signal intensity scintilla-
tions G% and the K-factor described by formula (3),
as parameter of fast fading phenomena within the
channel [15, 21]. Taking into account variations of
scintillation parameter, Sy EG%, observed experi-
mentallyin[1, 2], from 0.4 to 0.8 (see also Figs. 1, 2),
we get that the corresponding K-parameter varies
in the range of 1.1 to 1.6, indicating the existence
of direct visibility between the ground-based and
satellite antenna. In the above cases the LOS com-
ponent is at the same order or higher than the NLOS
component.

In other words, the coherent component of sig-
nal intensity is accompanied by additional effects
of multipath phenomena (i. e., by the incoherent
component) caused by diffractive scattering of ra-
dio signals on small- and moderate-scale plasma
density irregularities 8N/N,, which exist in storm-
time ionosphere (see Figs. 1-3). This implies that
the coherent (LOS) component exceeds the inco-
herent (NLOS) component even in stormtime per-
turbed ionospheric links. As was shown in [15, 21],
knowing the K-factor of fast fading, one can predict
deviations of the signal data passing through the
disturbed ionospheric radio channel.
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Conclusions

In this work, we presented theoretical predic-
tions of the signal intensity and phase fluctuations
of radio signals propagating in the stormtime sub-
auroral ionosphere. The background ionospheric
parameters and density irregularities used in the
calculations are taken from the DMSP satellite ob-
servations during several magnetic storms that in-
clude two events where coincident intense radio-sig-
nal scintillations were observed (see first Section
and the corresponding bibliography in [1-9]).

Based on experimental observations carried
out in [1-9] and summarized in [21], as well as on
theoretical framework developed in [15—-20, 23-27,
31-34], the following phenomena can be predicted
using these results.

1. Deviation of plasma density: weak storm —
on /ng =2+5%; strongstorm— 6n /ng=10+20%.

2. Attenuation of signal amplitude: the change
is 3 times from weak to strong magnetic storm (see

Fig. 4); the tendency which does not depend on graz-
ing angle. With decrease of grazing angle, for fre-
quencies up to 600 MHz, the attenuation of radio
signal increases.

3. Signal phase fluctuations: from tens to hun-
dreds radian from weak to strong magnetic storm
(see Fig. 3).

4. Scintillation index deviations: from 0.4 to 0.8
(for p = 2) with respect to the non-perturbed iono-
sphere (see Fig. 6).

5. Effect of fast fading: Ke[0.8+1.6]; I, is at the
same order or slightly higher then I, ; the Ricean
law can be used for description of such radio chan-
nels.

Finally, the knowledge of the main parame-
ters of land-satellite communication links passing
through the perturbed stormtime ionosphere al-
lows estimates the main parameters of signal data,
such as the capacity, spectral efficiency, and bit er-
ror rate. These aspects needs additional serious the-
oretical analysis and will be investigated in future.
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Beenenue: TeMa nccieoBaHUA cTajla aKTyaJIbHOU B IIOCIeAHee BpeMs BBUAY II00AIN3aIluy CUCTEM OeCIIPOBOJHOM CBA3K 3a CUET UC-
OJIb30BAHUSA JAJIBHET0 NOHOC(EPHOTO PACTIPOCTPAHEHN A PAMOBOIH B KaHAIAX CBASY «3eMJIA — CIYTHUK » . Ilesb: aHAIN3 KJIIOUEBBIX I1a-
pPaMeTpPOB YJIbTPAKOPOTKUX PAAVOBOJIH B KaHAJE «3€MJIA — CIIYTHUK», KOTOPbIE OIPefeadaoT 3(pdeKTh! (heJUHTa IPU MAarHUTHBIX OypPAX,
IIPOUCXOAAIINX B CPeNHEIINPOTHON noHOochepe. Pe3yabraTt: IpU BO3MYIIEHHBIX IIapaMeTpax IJIa3Mbl, BBI3BAHHBIX SKCIIEPUMEHTAIbHO
MarHUTHBIM IHITOPMOM, IPOAHATNSUPOBAHBI IIOTJIONIeHNe U (hadoBble (PIyKTyaluu pagnocuraanos. Ha ocHOBe 9KCIIepUMeHTaJNbHbIX JaH-
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HBIX UCCIEL0BAH NHAEKC CIUHTUIIIAINN G%, COOTBETCTBYIOIIUI CIIMHTUIAIIUAM CUTHATIOB B MHOT'OJIYIEBHIX KaHAIAX CBABH ¢ eIuH-
rom. ITokasano, uro ~10 % HeperyaspHOCTel IIJIOTHOCTHU ILJIa3MbI BO BpeMs IIITOpMa B 06JiacTy F BBIBBIBAIOT CUJIBLHBIN (DeJUHT BHICOKOUA-
CTOTHBIX PAJMOCUTHAJIOB AVAIla30Ha YIBTPAKOPOTKUX PAAMOBOJIH CO 3HAUUTEIbHBIMU (DIYKTYyaluaAMUA HHTEHCUBHOCTH curHasa (mo 1 %)
u n3MeHeHUAMH (asbl curHaia (Lo coTeH paguaH). IlpakTudeckas 3HAUMMOCTD: IOJIyUeHHbIE Pe3yIbTAThI I03BOIAIOT IPOIHO3UPOBATE
MYJIBTAILINKATABHBIA (DeJUHT B NOHOC(HEPHBIX CyOKaHAIaX U ero BKJAJ B ONIpeeieHre TOTePh B IIOJHOM KaHAJIe CBA3U «3eMJIST — CIIYT-
HUK».

KuaroueBsie cioBa — moHOC(hEpPHBII cyOKaHAa, NOHOC(hEPHBIe HEPETYIAPHOCTH IIJIOTHOCTH IIJIa3Mbl, NHAEKC CHUHTUIIIAINYN HHTEH-
CUBHOCTY CUTHAJIA, 3aTyXaHUe aMILINTYAbL, QIyKTyanuu ¢assl, CpegHEeKBapaTuiecKas BeJINunHa, pagnoBoiansl Y KB-nuanasona.

IMuruposanue: Blaunstein N., Ben-Shimol Y. Prediction of Operational Parameters of Radio Signals Passing a Land-Satellite Link
through StormTime Ionosphere // Mudopmannonuo-ynpasisiomniue cucrembr. 2018. Ne 1. C. 85-95.d0i:10.15217/issn1684-8853.2018.1.85
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YBaskaeMsble aBTOPHI!

IIpu moaroToBKe PpyKONMHUCeii CTaTeil He0O0XO0XMMO PYKOBOACTBOBATHCS CIAEXYIOUMIMH PEKOMEH A IMH.

CraTbyl JOJKHBI COAEPIKATDH HMBJIOKEHUe HOBBIX HAYUYHBIX pedyJsbTaToB. HasBaHue cTaTby [OJKHO OBITh KPATKUM, HO MHGOPMATUBHBIM.
B HasBaHNU HEOIYCTHMO UCIIOJb30BaHNE COKPAII[eHNI, KpoMe caMbIx o0mienpuaATsix (PAH, P®, CAIIP u T. m.).
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IIeHb, 3BaHue (IPX OTCYTCTBUU — JOJIKHOCTD), IIOJTHOE HadBaHIe OPraHu3alliy, AHHOTAIIUSA U KJII0YeBbIe CJI0BA HA PYCCKOM U aHIVIMIICKOM A3bIKaX,
9JIEKTPOHHBIE a/ipeca aBTOPOB, KOTopbIe 1o TpeboBanuio BAK noyKHbI GbITH OIYOIMKOBAHBL HA CTPAHUIAX KyPHAaJa. [Ipy HAaIUCAHUYM AaHHOTAIIUH
He UCIIOJIL3yiTe a00peBUaTyp U He JAeJlaliTe CChLIIOK HA NCTOYHUKY B CIUCKE JINTEPATYPhI.

CraTbu aBTOPOB, He UMEIOIIUX YIeHOM CTelleHH, PEKOMEHIYeTCsA IyOJNKOBATh B COABTOPCTBE ¢ HAYYHBIM PYKOBOJUTEJIEM, HATMYNE ITOJIUCH
HAYYHOTO PYKOBOAUTEJS HA PYKOIINCH 003aTEJIHHO; B CIyYae CAMOCTOSTEIHLHOM Iy0InKauy 06513aTeIFHO IIPELOCTABIISANTE 3aBEPEHHY IO IT0 MECTY
PpaboThI peKOMEHAIINI0 HAYYHOI'0 PYKOBOJUTEJIA C YKasaHueM ero GaMUINy, IMeHU, OTYEeCTBA, MeCTa PabOoThI, JOJIKHOCTH, YI€HOTO 3BaHU, yue-
HOII cTenleHN — 9Ta HH(popMaIusa 6yaeT ony0JINKOBaHA B CChLIIKE Ha IIePBOI CTPAHMUIE.

®opmyast Habupaiite B Word, He ucnonb3ysa Gopmyabubiit pegakrop (Mathtype miau Equation), npu Heo6xoquMoCTH MOKHO UCIIOJIH30BATH
dopMyIBHBINA peIAaKTOD; A1 Habopa OgHOM (POPMYJIBI He HCIONB3YIiTe ABa peffakTopa; npu Habope (popmMmy B (GOPMYILHOM pefaKToOpe 3HAKHU IIpe-
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He pacTATUBAliTe U He CKUMalTe MBIIILI0 (DOPMYJIBI, BCTABJIEHHBIE B TEKCT; B GOPMyJIax He OTAeaAlTe IpobesaMu 3HaKU: + = —.

Ilna mabopa popmyn B Word HuKorza He ucrouabayiite KoHeTpykrop (Ha BepxHeil manenu: «Pabora ¢ popmynamu» — «KoHCTpyKTODP»), Tak
KakK 9TOT pecypc IpeAHasHauYeH TOJbKO IJis BHYTPEHHEr0 UCII0Ib30Banus B Word u He OAAep:KUBAETCA IPOrpaMMaMu, IpeJHa3HAaUYeHHBIMU 15
HMBTOTOBJIEHUA OPUTHHAI-MaKeTa KypHaa.

IIpu HAGOpe CHMBOJIOB B TEKCTe IIOMHUTE, YTO CHMBOJIBI, 0003HAUAaeMble JJATHHCKUMU OyKBaMu, HaOUPAIOTCA CBETJIBIM KYPCHUBOM, PYCCKUMU
¥ TPeYEeCKUMU — CBETJIBIM IPAMBIM, BEKTODPBI U MATPHUILBI — IPAMBIM MOy KUPHBIM HIPU(TOM.

WnmrocTpanyy 1pefoCTaBIAI0TCA OTAeIbHBIMI UCXONHBIMY (DaiiaMu, IOAAI0NIMMICS PeSaK THPOBAHIIO:
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MocTtaHoBKa Npo6AeMbl: AMPPAKLMOHHBIN MPEAEA SBASETCS QyHAAMEHTaAbHbIM OrpaHMYeHUeM TOUHOCTU M3MEPEHUI
reomMeTpuu 0ObEKTOB B TPAAMLIMOHHBIX ONTUYECKUX CUCTEMaXx. BeaeacTBUE AMPAKLMU BbICOKOYACTOTHbLIE KOMIMOHEHTbI M30-
6paXxeHWs1 MOAHOCTbIO 3aTyxaloT, rPymnnbl MaAopPa3MeEPHbIX IAEMEHTOB rpaHulibl nepectaroT 6biTb paspellnmMbiMiy. OueHka
rpaHuLbl 06beKTa M3BECTHIMU aArOPUTMaMM CTAHOBUTCSI CIA@KEHHOM M0 OTHOLLIEHUIO K ee MCTUHHOM popme. Lieab nccaeso-
BaHMA: pa3paboTka MEeToAa OLEHKM rpaHuLibl 06bEKTa C YUETOM BAMSIHUS AMPpPaKLMM Ha n306paxeHue. Pe3yAbTaTbl: A1 KOM-
neHcaumm BAUSHUS AMPPAKLMM TPEANOKEH METOA ABYMEPHOM anmnpoKCMMaLmMm n306paxeH1ss aArOPUTMUYECKM BbIYUCAUMOK
MoAeAblo. [Tpeararaemas MOAEAb annpoKCUMMPYET PErMCTPUPYEMOE KaMepo# n3obpaxeHne ¢ CyOrnMKCeAbHOM TOUHOCTbIO,
YUYUTBIBAET ABYMEPHYIO GOPMY rpaHMLbl, MMMYyAbCHbIA OTKAMK OMNTMYECKOH CUCTEMbI M HEPABHOMEPHOCTb SPKOCTU. B OCHO-
BE pearmn3alLmmu MOAEAU AEXUT aAropUTM CUHTE3a Qypbe-0b6pasa MHOIOyroAbHUKa, OrpaHMYMBalOLLEro M3MEPSEMbI OObEKT.
B peanbHbIX OMTUYECKMX CUCTEMax METOA MO3BOASIET CKOMIMEHCUPOBATb HE TOABKO BAMSIHUE AMGPAKLMU, HO U abeppaLmii.
MpuBeAeHbI Pe3YAbTaTbl BbIYUCAUTEAbHBIX IKCIEPUMEHTOB, @ TakxKe PesyAbTaTbl U METOAMKA NPUMEHEHUS B PeaAbHOM ONTUye-
ckoti cucteme. MpaKTuyeckas 3HAYUMOCTb: PE3YALTAT OLIEHKM KOHTYPpa METOAOM ABYMEPHOM anmnpoKCcUMaLmMm COOTBETCTBYET
MOBbILLEHMIO OMTUYECKOro pa3peLLeHus: NPUbAM3UTEAbHO B 2-3 pasa no CcpaBHEHMWIO C M3BECTHbIMU OAHOMEPHbBIMM aArOpUT-
Mamu OnpPeAeAeHUs rpaHuUL.

KaroueBble cAOBa — OMpeAeAeHne rpaHmL, 00bEKTOB, ONTUYECKOE CBEPXPA3PELLIEHUE, AMPPAKLIMOHHBINA MPEAEA, CUHTE-
3upoBaHme n3obpaxeHui, pacuet pypbe-obpasa, obpaTtHas 3asava, annpoKCUMaLMOHHbIA METOA, FreOMETPUYECKHE N3Me-
peHus.
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BBemenune

OnTuuecKkre MeTOAbl U3MEPEHUS T'eOMEeTPUU
00bEKTOB NPUMEHAIOTCA B INMHMPOKOM CIIEKTpe 3a-
Iady (pyHZAMEHTAJILHOTO M IPUKJIAJHOTO XapaKTe-
pa. COoBMECTHO C COBPEMEHHBIMHU 3JeKTPOHHBIMU
cpeAcTBAMU CUMTHIBAHUA W300pa’KeHU Ha OCHO-
Be TBEPAOTEJIbHBIX MATPUUYHBIX (DOTOIPUEMHUKOB
¢ MUJIJIMOHAMM CBETOUYYBCTBUTEJILHBLIX 3JI€MEHTOB,
OIITHUYECKNEe METOIbI TO3BOJISIIOT JOCTHUYL BBICOKOI
TOYHOCTU U AMHAMHUUYECKUX XapPaKTEPUCTUK H3Me-
penuii. BmecTe ¢ TemM, HECMOTPsS Ha TEeXHOJIOTHUe-
CKWUIT mporpece, ¥ ONTUYECKUX METOAOB CYIIIECTBYET
dbyHmamMeHTaJbHAA [TpPo0GJieMa — OrpaHHYeHHe II0-
JIOCHI YacTOT O0'BEKTA, IlepefaBaeMbIX ONTUYECKON
CUCTEeMOIi, UM TaK Ha3bIBAEMbBIN MTU(MPaKIIMOHHBIN
upepnes. CieacTBUEM 9TOTO ABJIAETCA PA3MBITHE 130~
OpaskeHUA 00BEKTa, UTO 3aTPYAHAET OIIpeJesieHue
ero MCTUHHOII reomerpuu. IlpemenabHas IIPoCTpaH-

CTBEHHAS YacTOTa 00'HEKTA He 3aBUCUT OT (POKYCHO-
T'0 PACCTOSHUSA OIITUUECKOI CUCTEMBI U OIIpeIesIsieT-
CA JINIITh JUAaMeTPOM ee 3pauKa U CIEKTPAJIBLHBIM CO-
craBoM usayueHus. Tak, HaTpuMep, IJid 00beKTUBA
UIeaJIbHON ONTUUYECKOUN CXeMBI C JHaMeTPOM BXOJ-
Horo 3pauka 30 MM Ha paccToauuu 1 M mpeneabHaAA
MIPOCTPAHCTBEHHAS YaCTOTa 00'beKTa COCTABUT IIPU-
6umsuTenbHO 15 MEM ! (B BUAMMOI 06/IaCTH CIIEKTPA
IJIUH BOJIH). [lanbHeliIIee MOBBIIIIEHNE TIPeeIbHOM
YaCTOTHI BOBMOJKHO JIUIIH 32 CUET YBEJIUUECHUA qUa-
MeTpa BXOJHOT'O 3pauKa. JTO BJIeUeT 3a cO0OM POCT
Macco-TabapuUTHBIX ITapaMeTPOB ONTUYECKOH CUCTe-
MBI, IIOBBIIIIEHUE €€ CTOUMOCTH, YsKecToueHre Tpebo-
BaHUU K YCJIOBUAM sKCILIyaTanuu. Kpome Toro, yse-
JIMYeHMe JruaMeTpa 3pauKa IPUBOIUT K IIPOIOPIIIO-
HAJbHOMY CHHIKEHHIO TVIyOMHBI pPe3sKo m3o0paska-
€MOT0 IPOCTPAHCTBA, YTO B JOCTATOUHO IITMPOKOM
Kpyre 3ajady MOXKeT HMPUBOAUTH K HEIONYCTUMBIM
norepAM nH@opmauu o6 00beKTe.
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B cBsA3u ¢ sTHM aKTyaJbHOII ABJSETCA paspa-
00TKa MaTeMaTUUYECKUX 1 aJTOPUTMUUECKUX pelrre-
HUI, MO3BOJSIONINX BOCCTAHOBUTH WH(pOPMAIIUIO,
yTpauyeHHYIO BejeAcTBue audpariiuu. [[OCKOJIbKY
BBICOKOUACTOTHBIE  KOMIIOHEHTHI  M300paKeHUs
IIOJIHOCTBIO 3aTyXAaloT, JaHHAs 3a1a4a SABJISEeTCS He-
KOPPEeKTHOH B MaTeMaTHYecKoM cMbIcie. Kak cien-
CTBUE, JJIS BBIUUCJIEHUSA PeIleHus TpedyeTcs ampu-
opHasa nHpopMmalusa o6 oobexre. [Ipu onpegeneHun
rpaHuIl 00'beKTa Takasa nHGOPMAIUA 3aKJII0UaeTCs
yiKe B caMOU IIOCTaHOBKe 3ajauu — HabJmomaemMoe
u300paskeHre ecTh CUTHAJ CTYIIeHYaToro IIepernamga
SAPKOCTHU Ha rpaHule obbekTa u (pona. Hacrogmas
CTaThsl TOCBAIIEHA METOAY COBMECTHOTO PEeIIeHUs
3aauyu OIpeJesieHusl I'PaHul] 00'beKTOB U IIPEOMO0-
JeHuA Iu(PPaAKIMOHHOTO Ipejesa MCKJIIUUTETHHO
BBIUHMCJIATEIbHBIMU CPEACTBAMMU.

Bausaue nudpakiiuoHHOTO IIpeaeaa
Ha U300paKeHue rpaHUIbI 00bEeKTa

B cooTrBercTBUM ¢ Teopmelr (pypbe-ONTHMKU WH-
TEHCUBHOCTH M300PaKeHUs IPOTIKEHHOI0 00beKTa
B HEKOI'€PEHTHOM OCBEII[EHUY OIIMCHIBAETCS CBEPTKOMI

I(x, y)=V(x, y)*h(x, y), @

rae (X, y) — KOOpPAMHATHI TOYKU B ILJIOCKOCTU M30-
OpaxeHuA; V — TUIOTETUYECKOE HAEAJIFHOE M30-
OpaskeHue, IIpeJCTaBIA0IIee co00i MacIiITabupo-
BaHHOE pacipefelieHre SPKOCTH o0beKTa. DyHK-
usa I UMeeT CMBICJ UMIIYJIBCHOTO OTKJIWKA OITHU-
YEeCKOM CHCTeMBbI — TaK HasbiBaeMasi QYHKIIUA pac-
ceaaud Touku (DPPT). ITo Teopeme 0 CBEpTKe BHI-
paxkenue (1) MOXKHO HepeBeCTH B YACTOTHYIO 00-
JaCTh:

F(I,)=F@, f)-F(h, ), &)

rae F — omeparop npeobpasoBanus @ypbe; f — Ko-
OpAMHATA B YaCTOTHOU oOyacTu m3obpakenud. M3
Teopun (Gyphbe-ONTUKU TaKyKe HU3BECTHO, UTO QY-
pre-ob6pasz ®PPT orpanmueH pasMepoM 3padyKa om-
Tueckoil cumcrembl [1]. aa onmTumuecKkoil cucre-
MBI C KPYIVIBIM 3paukom auametrpom D: F(h, f)=0,
|fl > fpax = D/(LR), TAe A — pnuHa BoaHB; R — pac-
CTOSIHUE OT TIJIOCKOCTU BBIXOIHOI'O 3pauyKa [0 ILJIO-
ckoctu umsobpaskeHus. C yuerom (2) dypne-obpas
n300paskeHusi OrpaHUYEeH 9TOH Ke 00JIacThI0 IIPO-
CTPaHCTBEHHBIX YacToT, uTo u ®PT. 3 sToro cieny-
IOT Ba Ba’KHBIX TIOJIOJKEHU:

1) BEICOKOUACTOTHBIE KOMIIOHEHTHI (hypbe-obpasa
n300paKeHus MOJTHOCTHIO 3aTyXal0T;

2) MAKCUMAaJbHBIA IIar IIPOCTPAHCTBEHHON IUC-
KpeTusanuu wusobpaskeHusa 0e3 JOTOJTHUTEIbLHON
moTepy NHPOPMAIINN MOKET ObITH OITPeIeJIeH 110 Te-
opeMe oTcueToB: Ay < (2f,.. )7t

HJa npeaibHON ONITHUYECKON CUCTEMBI 0e3 UCKa-
SKeHUU BOJTHOBOTO (hpoHTa (A paKIMOHHO-OIPAHU-
yenHasa cucrema) PPT onucwiBaercs GyHKITUEH Ipu

22 2
kD? | [, (kDr /2R)
SR kDr /2R

b

hAiry (x, y) =

rae k=2n/A, A — AJWHA BOJHBL; J; — QYHKIUA
Becceuna nepsoro poza; r = (x2 + y2)1/2, B Taxom cay-
yae IJis BBITIOJHEHUSA YCJOBUI TE€OpeMBbI OTCUETOB
IIar IPOCTPAHCTBEHHON MAUCKPETUIAIIUU CJETYET
BBIOpPATh TaKUM, UTOOBI AUAMETP IEePBOTO TEMHOTO
KoJblla GyHKIIUYU Jpu OblI He MeHee 4,88 mukcens
n300pasKeHuns.

IIpoananusupyeM BINAHWE AUPPaKIUM Ha M30-
OpaskeHre T'paHUIBI 00BbeKTa. IIpeamosoKuM, UTO
rpaHuna o0beKTa IIPEeACTABJIAET COO0OH MPAMYIO JIU-
HUI0O 3a WCKJIOUEHWEM IIapbl PAIOM PACIIOJIOMKEH-
HBIX TPEYTOJIbHBIX 3JIEMEHTOB (prc. 1, BEpXHUU PAL).
BeaencTBue nudpaKIiiny rpaHUTA MEeXKIY 9JIeMeHTaM 7
Ha n300pasKeHN CTaHeT «pasMbITOMy» (puc. 1, cpegHuit
pam). B caydae ecau paccToAHME MEKIY BePIITUHAMU
TPEYTOJbHUKOB OyJeT MeHbIIe [y .. , Cllaf APKOCTU
MEeXKTy HIMU IIOJIHOCTBIO NCUE3HEeT — IIapa 2JIEMEHTOB
CTaHOBUTCSA Hepaspenumoii (pruc. 1, Hu:KHUT pax).

OueBHUIHO, UTO, IIOMUMO (DOPMUPOBAHUSA HEPas-
PeIINMBIX TPYII 5JIEMEHTOB TI'PAHHUIEI O0BEeKTa,
oudpaxius OygeT MCKaKaTh Pe3yJabTaThl OIEHKU

B Puc. 1. Biuanue gudpakiium Ha n3o0paskeHue: cie-
Ba — Iapa TOYEYHBIX NCTOYHUKOB; II0 IEHTPY — IPAHUIA
06'beKTa; cipaBa — MOAYJIB (pyphe-o0pasa n3o6parkeHus
rPaHUIIBI

B Fig. 1. Diffraction impact on image: left — a pair of
point sources; center — object edge; right — edge image
Fourier transform magnitude

Nel, 2018 N\

VNH®OPMALIVIOHHO-YMPABASIOLLIVE CUCTEMBI N\ 97



7/ NHD®OPMAUNOHHO-N3SMEPUTEANBHBLIE CUCTEMBbI /

reoMeTPUr U OSUHOYHBIX DJIEMEHTOB, IIPUUYEM UeM
MeHBIIle PASUYC 3aKPYTJIEHUA dJIEMEHTAa, TeM 00JIb-
11e OyZeT 3TO BIAUSHUE.

Ciemyer OTMETHUTh, YTO BBICOKOUACTOTHBIE KOM-
TIOHEHThI O0BEKTa MOTYT OBITH BOCCTAHOBJIEHBI IIO
MHOKECTBY  AU(PPAKIIMOHHO-OrPDAHUYEHHBIX  UM30-
OpasKeHUil ¢ ITEPEMEHHBIMU YCJIOBUSAMU OCBEIIIEHUA.
Hns perreHusa 9TON 3amaum pa3pabaThIBAIOTCA TaK
Ha3bIBa€Mble METONbI OITUYECKOT'O CBepXpasperrie-
HusA. MeTofbl CTPYKTYPHPOBAHHOIO OCBellleHus [2]
II03BOJISIIOT [IOJIY YUTH IIOBBIIIIEHNE ITPEAeIbHOMN YacTo-
THI U300PaKeHUs M0 ABYX KpaT IIPU HUCIIOJIb30BAHUU
OCBETHUTEJIA TOH ’Ke alepTyphl, YTO U cucTema (op-
MupoBauus m3obpaskenusa [3]. Illupokoe ceMercTBO
METOJJOB, OCHOBAHHBIX Ha HEJIWHENHBIX 3(deKTax
dayopectierniuu [4—7], mO3BOISAET TOJIYYUTH TEOpPe-
THUYECKU HEOTPAHUUYEHHOE YBEJIMUEHNE pPas3pereHus
n300pakeHnii, HA IPaKTHUKe IOCTUTHYTO 0ojiee ueM
10-kpaTHOe TpeoosieHe AUPPAKIITUOHHOIO IIpe/ea.
W3BecTHBI TaK:Ke MEeTONbl CHHTE3POBAHHON amlepTy-
PBI 1 MeToAbI hyphe-ITuxorpaduy (JOCTUTHYTO TOBLI-
IIIeHre paspereHns 10 YeThIpex Kpar) [8], ogHako oHu
MIPUMEHUMBI JINIIh IJISI HOJYIPO3PAYHBIX O0'BEKTOB.
TaksKe BeqyTCA MCCJIENOBAHUA II0 BO3MOYKHOCTU pe-
aMU3alliu CBEPXPAa3PEIaoUX ONTUUYECKUX CHUCTEM
C 9JIeMeHTaMU U3 MeTaMarepraJioB [9], HO pe3yabTaTh
TIOKa JaJeKu OT IIIMPOKOro IpuMeHeHus. VI3 mepeunc-
JIEHHBIX JIUIITh METOIbI CTPYKTYPHUPOBAHHOT'O OCBeIIe-
HUA 00JIaJaI0T JOCTATOYHOM OOIITHOCTHIO AJIS IIpUMe-
HEeHUA K IITMPOKOMY KJIAcCy O0BbEKTOB, OMHAKO B CHIY
WX OTPaHNUYEHHOr0 IOTEeHITNAJIa TPodIeMa AuPpaKIu-
OHHOT'0 IIPeJieia OCTAeTCS HepeIleHHO.

MeToanI OlleHKH I'PAHUIL 00 HEKTOB

s oOHApY)KeHUA U OIeHKY I'PDAHUI] Ha YPOBHE
nuKcesel nsobpaskeHus HanboJjiee IITUPOKOe IIPUMe-
HeHMe HalLJIXU IIOAXOJbl Ha OCHOBe Aud@epeHnupy-
IOIIIUX OIIEPATOPOB C MOCJEeAYIOIIUM HPUMEHEHUEeM
aJTOPUTMOB IIPOCJIEKUBAHNA I'paHull (Hajee Oyaem
Ha3bIBaTh TaKMe MEeTOABLI IPUOJMKeHHBIME). B p4-
Ie COBPEMEHHBIX IIPUJIOKEHUI TpebyeTcs Imorperir-
HOCTh usMeperus 1/100 nmukcensa u menee. [[as pe-
IIeHUA 9TOH 3a7jaum paspabaThIBalOTCA TaK HashIBa-
eMble CyOIuKceabHbIe MeToAbl. CyOmuKceIbHbIE Me-
TOABLI OOBIUHO IMPUMEHSIOTCA KaK OTAEeJIbHBIN JTall
00paboTKy M300paKeHns, YTOUHAIOIINE Pe3yJabTa-
THI IPUOJIMIKEHHOTO MEeTo/Ia.

CyOnuKceabHBIE METOILI MOMKHO pasiesuTh Ha
TPU I'PYIIIILI: METOAbI MHTEPIIOJISAIINY N300parKe i,
MeTOABI MOMEHTOB U alllIPOKCUMAI[MOHHBIE METO/bI.
CyTb METO/IOB UHTEPIIOJSAIINY N300pakeHU i 3aKJII0-
YyaeTcs B IPUMEHEHUU IIPUOJMIKEHHBIX METOIO0B
K MHTEPIOJHPOBAHHBIM OTCYETAM WCXOLHOTO M30-
opaxkenus. CiaenyeT OTMETUTh, UTO OJIs Au(ppaKIiy-
OHHO-OT'PDAHMYEHHBIX M300pasKeHUil OmInbKa OIeH-
KU MOXKET COCTABUTH 00JIee OMHOTO ITUKCEeJId YiKe Ha

aTame MpUOJMKEeHHOTO U3MePeHusA, U AajbHenmasa
WHTEPIIOJAINA OTCUYETOB HE IO3BOJIAET AOCTUYD CY-
IIECTBEHHOT'O CHUIKEHUS IOTPEIITHOCTH U3MEPEHU .
Tounocts MeTomOB MOoMeHTOB [10—12] TaKike B 3Ha-
YNTEJHLHOU CTEeNeHU OrpaHWYEeHa TOYHOCTHIO IIPU-
onusxennoro pernenus [13]. HaumbGosiee TouHBIMU
¥ He3aBUCUMBLIMU OT pe3yJbTaTa IPUOIMKeHHON
OIlEHKU SABJSIOTCA AIlNPOKCUMAIMOHHBIE METOIbI.
B ux ocHOBe JIeKUT ues alIIpPOKCUMAaINU paciipe-
IeJIeHUA APKOCTU U300pasKeHUs UJIN ero rpajgueHTa
mapaMeTpU30BAHHOII MoAeJbio. IlosoikeHre TOUKHU
TPAHUILI 00'bEKTa ABJIAETCA OTHUM M3 IapaMeTpPOB
MOJIeJIY, BBIUYUCJIAEMBIM B IIPOIleCCe MUHUMU3AI[UN
dyHKIIMOHANA OmMMOKYU anupokcumanuu. [ia am-
MIPOKCUMAIINK HEIOCPEACTBEHHO pacIpeneeHus
SAPKOCTU M3BECTHBLI MOJEJIN, OCHOBAHHBIE HA (hYHK-
muu ommubok [14], pyukmuu apkranrenca [15], jo-
ructuyecko dyurmuu [16]. Haa anmpoxcumanum
TTPOMBBOMHON IpUMeHA0T pyHKIUo 'aycca [17, 18]
U nmapabonyecKyoo mozeasb [19], mpu sTom Koopau-
HaTa TOYKU I'PAHUIILI BEIUUCISIETCS KaK 9KCTPEMYM
COOTBeTCTBYIONIel QyHKIIUN.

T'maBHBIN HEIOCTATOK IIePEeUNCIEHHBIX BBIIIIE all-
IIPOKCUMAIMOHHBIX METO/IOB COCTOUT B TOM, UTO 3a-
JIOJKEHHBIe B HUX MOJIEJIN SIBJISIOTCSA OJHOMEPHBIMU.
Kax ciencrBue, oHU He YUNTHIBAIOT BIUAHUE COCEM-
HUX yYaCTKOB I'PAHUIILI 00'HEKTA HA M300pasKeHue,
U IIOJyYeHHbIe TaKUM 0O0pasoM OIEeHKU (HhOPMbI
TPAHUILI TPUOOPETAIOT CIVIAKEHHBIN BUJ IO OTHO-
IIeHUI0 K UCTUHHOMN. I8 KoMIleHcAIIuM BJIUAHUS
Indpaxkmuyu Ha pe3yJabTaT OIEHKU I'PAHUIILI HE00-
XOAVMMO YUUTHIBATH €e ABYMEPHYIO CTPYKTYpy. OTa
3a7a4ya MOKeT ObITH pellleHa IIyTeM ABYMEPHOM all-
IIPOKCUMAIINU N300paKeHnA.

JAByMepHBI almIPOKCUMAIMOHHBII METOT
onpeneIeHUus IPAHNUI 00BEKTa

Wpes mpegaraeMoro IBYMEPHOI'O AIIIPOKCH-
MAaIIMOHHOT'0 METOJa 3aKJII04YaeTcs B TOM, UYTOOLI
AIIPOKCHMUPOBATh 3apPeriCTPUPOBAHHBIE KaMe-
poOil JaHHBIE CUHTE3UPOBAHHBIM (MOAEIBHBIM) M30-
OpaskeHneM. B oTimume OT OZHOMEPHBIX METOIOB,
OCHOBHBIM IIapaMEeTPOM MOJeJU SBJAETCS He OT-
JeIbHAas TOYKA T'PAHUIILI, 4 BCE MHOMKECTBO TOUCK.
O603HAaUNM BTO MHOKeCTBO Kak {P; = (x;, y,),i = 1..k}.
Torgma oreHKa (GOPMBI I'PAHUIILI 3AKJIIOUAETCA B Pe-
IeHun o0paTHOM 3aaun:

(P}=argmin(E):E=> ¥ AL, (BD% (3
(x,y)ep

rme (x, y) — DeKapToBBI KOOPAMHATHI TOUKU pacTpa
nsobpaskeHud; || — aHaAIU3UpyeMasd 00J1acTb TOUEK
pacTpa (B HEKOTOPOM OKPEeCTHOCTHU rpaHuIlbl); Al —
MaTpHUIla PABHOCTH CUHTE3UPYEMOIr'0 U PErUCTPUPY-
eMOoro 1300paKeHu .
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Byzem cuuTars mpsaMoil 3ajgaveii BLIUHMCJICHUE
MaTpHUIBI CHHTe3UpyeMoro usobpaxkenus I,,, cooT-
BETCTBYIOIIETO 3a/laHHOMY MHOXKECTBY ToueK {P}.
IIpennaraemas MoOJesb OHUCHIBAET u300pasKeHUE
00'beKTa c yueToM Haauuusa GoHa:

Iy :A([fOB -Mog +1p¢ '(1—M03)]*’2);

i . §) 1, (x, ) e
oBX, Y)= A A >

0,(x,y)2Q
rge A — omeparop /JBYMEPHOH AWCKPeTU3AIUU;
Ipgp — pacupepeleHue apkocTu oobekTa; Mo —
Macka o0beKTa; Iggy — paclpeeseHHne SPKOCTU
doHa; A — WMIOYIBCHBIN OTKJIUK KaMepbl (CBEpT-

Ka MMOYJbCHOTO OTKJMKA ONTUYECKOM CUCTEMBI U
(oronpuemuuka); (X, ) — KOOPAWHATHI TOUKU HA
IJIOCKOCTU M300paskeHns; {2 — 00J1acTh TOUEK 00b-
ekra. [[J1g Toro 4To6hI MOZEIH MOTJIA OBITH PEaJIN30-
BaHa B BHJie aJITOPUTMAa, He0OXOIMMO IIePeiiTH OT He-
TPEePLIBHOTO TpEACTaBJIEHUA CUTHAJIOB K IUCKPET-
"HOMY. ByzeM mcKaTh TaKoe IIpecTaBIeHNe B BU/E

Iy =[Iog -Mog +1pg -(1-Mgp)]*h, )

rae IOB,AMOB, }BG, h — guckperHble aHagoru fOB,
Mopg, Igg, h coorBercTBeHHO; I — MaTpuna, Bce
5JeMeHThI KoTopoit paBHBI 1. IIpousBemeHue Mmar-
pUIl — MO3JIeMEeHTHOE.

OCHOBHBIM BOIIPOCOM, KOTOPBINI TpebyeTcs pe-
AT IJIS CHHTe3a Moaesu (4), ABJISeTCsA BEIUNCIeHIIe
IUCKPETHOr'0 aHajiora MacKu o0beKTa. IIoCKOJIBKY
KOMITeHcaIua MUMPAKINU CBA3aHA C OIEHKON Ma-
JIOpasMepHBIX JeTaJjieil IpaHuIlbl 00beKTa, Tpedy-
IOTCA BBIUYHCJIEHUS C CYONMKCEJIHLHOWM TOYHOCTBIO.
CyOnuKceabHasd TOUHOCTb MOMKET OBITH JOCTUTHYTA
160 3a CUeT CHMKEHUA I1ara JUCKPEeTu3auu, Judo
3a cueT mepexofa K BBIUMCJICHUAM B 4acTOTHOI (dy-
pne) obsacTu. YuurthsiBasd, uTo (ypbe-o0pas msobpa-
JKeHusA orpaHumueH audpakriiueir, a uudopManusa o
JIOKAJIM3aIU 5JIEMEHTOB I'PAHUITBI KOTUPYETCH C Te-
OpeTUYeCKN HeOTPAaHUUYEHHONU TOUYHOCTHIO (ha30BbIMU
KOMIIOHEHTAMU 00pasa, BBIUYMCJIEHUS B YaCTOTHOI
o0JjlacT IIPEACTABIAIOTCS 0o0jiee IIePCIeKTHUBHBIM
uHCTpyMeHTOM. [[Jis mpocThIxXx ¢uryp ¢ypbe-odbpas
MacCKU MOJKeT ObITh BhIUMCJIeH aHaauTudecku. O6pas
TPOU3BOJILHBIX (GUTYP MOKET ObITH BEIUUCJIEH ITyTEM
pasbueHus Bceli MacKU Ha MHOYKECTBO TPEYTOJbHU-
KOB, IIPX ATOM [JIs KaXKIOTO TPEYTOJbHUKA (ypbe-
00pas3 BBIUUCJIAETCA aHAJIUTUUECKH C IPUBJICUCHIEM
JuITh dneMeHTapHbIX GyHKIui [20]. ucKkpeTHbIi
aHaAJIOT MacK’ 00'beKTa AJIs cuHTe3a Momenau (4) dop-
MUPYeTCs IIyTeM 06paTHOro yphe-mpeodpasoBaHms.

He menee Ba)KHBIM BOIIPOCOM [IJISA Peau3aiuu
CUHTe3a SBJIAETCS OIpeAesieHre MAaTPUIL pacIipe-
nenenuit aproctu Ip u I, VX 3agaueii aBaseTca
MOJeJINPOBaHME TEKCTYPhI 00bEeKTa M HEpaBHOMED-
HOCTH OCBEITeHUA, YTO JOIKHO 00ecIeuynBaTh COOT-

BeTCTBUE MOJAEeJUW U NaHHBIX. IIpmHMMasa momyiie-
HUe, UTO B IIpejiesax aHAJIU3uPyeMoi 06JIacTh 130-
OpasKeHns OTCYTCTBYIOT Pe3KUe Iepemnaabl ApKOCTU
(3a MCKJITOUeHUEeM caMOU T'PaHUIBI 00bEKTa), TIpe-
JIOKUM CJIeAYIOITYI0O MOJEJIb:

Iog =QoB *G(opB);
Ipe =Qpg *G(opg), 6))

rme Qpp ¥ Qp; — CKpPBITBIE IapaMeTphbl APKOCTHU
B BuAe MaTpuil Koa((PUIEeHTOB TOH Ke pasMepHO-
CcTHU, 4YTO U n3o0pakenue; G — criakuBaloliee aapo
(mampumep, QpyrKnua laycca); mapameTpel Gop U
Gpg ONPEeNeNAIoT YaCTOTHBIE XapaKTePUCTUKH He-
paBHOMepHOCTH sApKocTu. Hanuuwme aByx mapame-
TPOB TIO3BOJIAET MOAEJUPOBATH PA3JIUUUSI B UACTOT-
HBIX XapaKTepUCTHUKax o0beKkTa u oHa. B uacTHO-
CTH, TIPU pacHOKyCUPOBAaHHOM (DOHE ImapamMerp Cpq
MOKeT 3HAUUTeJIbHO IPEBOCXOLUTD Gyp.

Ilepeiimem K peleHuio obOpaTHOU 3amauu (3).
B mportiecce perrenusa TpedyeTca HaWTHU He TOJIbKO
BHEIIIHWE IIapaMeTpsl Mojenu {P;}, HO U CKpBITHIe
napaMeTpel Qpp, Qpe. 3amaua ABIAETCA HeJIHHEH-
HOM, U ee pellleHNre IpeJaraeTcsa NCKaTh MeToqaMu
yucaeHHON ontuMusanuu. CBoicTBa QyHKIIMOHAIA
TI03BOJIAIOT IPUMEHATH IPafueHTHbIE CTPATEeT U OII-
TUMU3AIN, TaKUe KaK METOJ] CONPAKEeHHBIX I'pa-
IueHTOB. IlJid 3TOro TpebyeTcs OMpPenesuTb CIocob
BBIUUCJIEHUA BEKTOPA I'paJueHTa.

YacTHbIe ITPOM3BOJHBIE II0 CKPBITHIM IIapaMe-
TpaM paclpeaesieHuil APKOCTH 00'beKTa MOT'YT OBITH
BBIUMCJIEHBI AHAJUTUYECKU, IIPUUYEM Cpasy s
BCeX 3JIEMEHTOB MaTpuibl Q,p. Auddepennupysa E
¢ yueroM (4) u (5), TOJTyUUM CIIOCOO BEIUUCIIEHUA Ma-
TPUIIHI 3HAUEH U TTPOM3BOTHBIX:

oE

— & —([(AI-C)oh]-Myp ) G;
2Qos)r. s ([( )oh] OB)

L (x y)en
Y0, (x, ey

T7le CUMBOJI « o » 0003HaUaeT Koppeaalnio. JYacTHbIe
MIPOMBBOMHBIE TIO ITapaMeTpaM pacIpeaeJeHus Ap-
KocTHu (poHA BBIUUCJIAIOTCS aHAJOTHUYHO, C 3aMEHOI
Mg Ha (I - Myp).

Jl1a JacTHBIX NPOM3BOAHLIX IO Iapamerpam (x;,
Y;) IPOCTOTO AHAJUTHYECKOrO DelleHus HaWTh He
ymaercs, TpeOyeTcsa uuciaeHHoe nuddepeHIIIpoOBa-
Hue. OO0Iue MeToabl YncJaeHHOro auddepeHIInpoBa-
HUA TOTPeOyIOT MHOTOKPATHOTO PeIeHUA ITPIMOI
3amaun, uTo HeapdexTuBHO. ONHAKO 00H€M BBIUMC-
JIEHUH MOKeT ObITh 3HAUNTEJHLHO CHUKEH C YUeTOM
TTPOCTPAHCTBEHHOM JIOKAIN3aI[UU SJIEMEHTOB I'PaHu-
IbI. 3aIIUIIIEM TOYHOE BhIpasKeHue JJIsI IIPOU3BOTHOMI
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Huddepennupys (4), moaydum

oLy, Mo
8xi 8xi

= [Top ~Ing ] *h.

AnmnpokcuMupyeM IPOMSBOHYIO YWCJIEHHO IIO
IBYM TOYKAaM C I1arom Ax;:
oy 1

~

ox; Ax;

([Tog ~Ip]-AMqg ) *h.

Takum oOpasoMm, umcieHHOe aAuddepeHIuPo-
BaHHe II0 MmapameTpy X; (PAaBHO KaK M Y;) CBOAUTCSA
K BBIYHCIeHNIO AM)p, UTO 53KBUBAJIEHTHO PeIleHUIO
VIIPOIIIEHHON NPSAMOU 3aJaum JUIIL AJIS ABYX Tpe-
YTOJLHUKOB.

Onenka 3¢ (eKTHBHOCTH JBYMEPHOTO
ANNPOKCHMMAIMOHHOI0 METOAA

Paccmorpum s dexTuBHOCTE pPaboOThl MeToaa
B BBIYUCJIUTEIHHBIX U (QU3UIECKOM SKCIIEPUMEHTAX.
MopgeabHbIe TECT-00BEKTHI IIPEACTABIECHEI Ha PUC. 2.
O6bexT No 1 cay:KUT AJIA JeMOHCTPAIUHI CIIOCOOHO-
CcTH OOHAPY’KUBATh U OIEHWBATh I'€OMETPUIO0 IIPO-
CTBHIX 9JIEMEHTOB, HepaspeInMbIX BeaeacTBue aud-
paknuoHHOTO Tpenena. O6wbeKT Ne 2 mMomesnmpyeTt
CJIOJKHBIN KOHTYD CO MHOYKECTBOM HEPOBHOCTEH U
TIO3BOJISIET OIEHUTH PaboTy MeToza IJiA IIepoXoBa-
TBIX T'PaHUI] 00BEKTOB. M300parkeHuA MOJOOHBIX
TPAHUIL MOT'YT OBITH IIOJIYY€HbI, HAIIPUMep, IPU Ha-
OJII0IeHU Y MUKPOAe(PeKTOB MeXaHuecKoi 0opabor-
KU JeTajel.

B xauecTBe aJIbTEPHATUBHOTO METOZA JJIA CPaB-
HEHUs Pe3yJIbTaToB Pab0ThI BEIOPAH METO/ OJJHOMED-
HOH aIIIIPOKCUMAIINY T'PAHUIBI (PYHKIIHENH OIIMO0K
[14]. HauanbHOe perreHme Kak IpejiaraeMoro, Tak
¥ aJIbTEPHATHUBHOI'O METO/OB II0JIYYE€HO aJIrOPUTMOM
IIPOCJIEKUBAHUA MAaKCUMYMOB MOAYJISA T'pagUeH-
Ta M300pasKeHusi. YCJIOBMEM OCTAHOBA IIPOIEYPHI
IBYMEDHOI AaNIpPOKCUMAIUU SIBJISIETCS CHUKEHIE
BeJMUMHBI L2-HOopMEI mara no sHaueHua 1073 muk-
cesqeir. Illar wuywncsenHoro naudepeHIMPOBAHUA

B Puc. 2. Upgeanbuble n300paKeHUA TeCT-00bEKTOB
B Fig.2. Ideal images of test objects

10 KOOpAMHATAM TOUYeK BbIOpaH paBHBIM 10 % oT
IUIMHBI IIPAJIETAIOMNX K TOYKE OTPE3KOB I'PAHUIEL.
Amnanusupyemas 06JacTb |1 — IIOJIOCA IITUPUHON
10 nuKceJieil mo 06e CTOPOHBI OT I'PAHUIBI 00BEKTA.
B KauecTBe cIyIasKMBaIOIEro sAapa KOMIIOHEHTOB
pacipejesieHnii SIPKOCTU WCIIOJb30BaHA (PYHKIIUA
T'aycca ¢ oz, = 65 = 10 muKcensam (ecau He yKa3aHO

Apyroe).

BrruucanTteabHbIe 9KCIIEPUMEHTHI

IIpomemoHCcTpUpPYyeM CIHOCOOHOCTHL MeToAa OOHa-
Py:KuUBaTh HepaspelIinMble 5JeMEHTHI TPaHUIlbI.
VBenuueHHbIe GPArMEHTHI CMOAEINPOBAHHBIX Au-
PaKIIMOHHO-OTPAHUYEHHBIX M300paskKeHuil TecT-
oobekTa Ne 1 ¢ pesyapraTaMu pabOThI AJI'OPUTMOB
IpUBeeHbI HA puc. 3. PaccTosHme MeX 1y BepIinHa-
MU 3JIeMeHTOB — 4 mukcesad. [[Jia onmucaHus BIUS-
HUA TUPaKIuy BBEIEH IIapaMeTP OTHOCHUTEJIbHOMH
IpejeIbHOI YacToThl nsobpasenua V. = 2Apf, ..,
rae A, — mar pacrpa usobpakenua. ®PT omnru-
YeCKO CHUCTeMBbI MOJeJUpoBajiach (QYHKIHeN Opu
¢ AMaMeTPOM IIepBOTrO TeMHoro koJubna 4,38/
(TuKceb).

IBymMepHas alnIpOKCHUMAIlWA II03BOJIAET OOHA-
PYKUTh HepaspeluMyio [apy 3JIEMEHTOB BILIOTH
no mpefenbHOit wactoTel V. ~ 0,3. OgHOMepHas
aIlIPOKCUMAIIAA PA3PeIlaeT Te Ke 9JIeMeHThI JIUIIb
nna obnactu ¥, .. > 0,6, mpu aToM gaske B 9TOMH 06-
Jactu (opmMa TpPaHUIILI CIVIA’KEHA II0 OTHOIIEHUIO
K mcTuHHOM. OIeHUM 5TO CTJIa’KMBaHUe UUCJIEHHO
C IIOMOIITHI0 MEPhI OITUOKY OIEHKY I'PAHUIIBI (OTKJIO-
HEHUSA OT ee UCTUHHOUN (POPMBbI) B CJIEAYIOIEM BH/IE:

ax

N, 2
Y| min p(Py; Lyg) | +
~ 1 | A
Nl +N2 N, 2
+>| min p(Pors Ly;)
k=1 i=1..Ny

rae N; u Ny — KoimuecTBO ToueK; Py, u Py, — MHO-
SKeCTBa TOYeK IrpaHull; L,; u Ly, — MHOKeCTBa OT-
Pe3KOB rpaHuIl (Bce — IJIs IIePBOM 1 BTOPOM I'PAHUI]
COOTBETCTBEHHO); p — OIEPATOP BBIUUCJIEHUA Pac-
CTOSTHUSA MEKJy TOUKOUN 1 oTpes3koM. [laHHaa Mepa
WHBapWaHTHA K CMEIeHWI0 TOUeK BIOJIb OTPE3KOB,
JeKalinx Ha OJHOM MPSAMOM, IIOCKOJbKY 9TO HE 13-
MeHseT (OopMYy TPAHUILI. 3aBUCUMOCTH OIITHOKU
OLIEHKY T'PAHUIBI OT OTHOCUTEJHHOHN IIPeHebHON
YacTOTHI TOKAa3aHa Ha puc. 4 (IpuBeleHbI TaHHBIE
nast oobexTa Ne 1). OmubKa oIeHKU IPAHUIIBI COOT-
BETCTBYET 2—3-KPaTHOMY YBEJINUYEHUIO OITUUYECKOTr0
paspelreHus IO OTHOIIIEHUIO K TOI »Ke OlleHKe, II0-
JIYYEeHHOU OJHOMEPHBIM METOZOM.

9P PeKTUBHOCTL METOL0B, OCHOBAHHBIX Ha MOJe-
JISX, B 3HAUNUTEJIbHOM CTEIIeHN OIIpeessieTcs aaeK-
BaATHOCTBHIO MOZEJU SKCIEPUMEHTAJIbHBIM JaHHBIM.
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Y .. .=1 Y ..=0,6

max max

Y = 0,4: b4 = 0’2

max max

B Puc. 3. Cmoco6HOCTb MeTOIa OOHAPYKUBAThH HepaspelInMble 3JIeMeHThI TPAHUIIbI: BEPXHUH PAJ — ABYMepPHAas aIlllIPoOK-

cuManud; HUKHUAT pAL — OAHOMepHAad alllIPOKCUMAaIusd

B Fig. 3. Method ability to detect unresolvable edge details: top row — two-dimensional approximation (proposed);

bottom row — one-dimensional approximation

1
g 0,9
)
§ 0’8 N
E 07 N JIBymMepHasa alIpOKCUMAIIUA
=3 N
%z 0,6
=t N
= 0,5
E 0.4 / - OnHOoMepHaA aTIPOKCUMAIIIA
= ’ T <
£ 03 S
< T
g 0,2 — ==
© o1 —
O \\
0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

max

B Puc. 4. 3aBUCUMOCTD OIIUOKY OIleHKY I'PAHUIIBI OT OTHOCUTEJIbHON IpeeIbHON YaCTOThI
B Fig. 4. Edge estimation error as a function of relative cutoff frequency

IIpuBemeHHbIE BBIIIE OIEHKY OJYUYEHBI B YCIOBUAX
PaBHOMEPHOI'O paclpelesieHus APKOCTU 00beKTa u
dona. OgHaKO peasbHbIe 00BEKTHI MOTYT OBITH IIOJI-
BepiKeHbl HEOJHOPOAHOMY OCBEINEHHUIO U HAJTUUUIO
TeKCcTypbl. HanboJIbIIYIO TPYAHOCTD IIPU 9TOM IIPEJ-
CTaBJIAIOT M300pakeHnA OOBEKTOB C TEKCTypPaMMU.
B Takux cayuasx ageKBaTHOCTb MOJeIu 00ecIieuu-
BaeTCs KOPPEKTHBIM BLIOOPOM IapaMeTPOB G,p U
Gp B KoMmnoHeHTax (5). IIlpumep paboTsl MeToma A1
u300pasKeHusA ¢ TeKCTY POl IpUBEIeH Ha puc. 5 (aaa

sHauenua V¥, . = 0,6). Texcrypa Ha puc. 5, a cmoze-
JIUPOBaHAa GEJILIM IIYMOM, CIJIA’KEeHHBIM IrayCCOBBIM
GuabTpoM ¢ =3 OUKCEIAM, BeJIUYNHA OTHOCU-
TeJbHOI Monyaanuu TeKcTypbl 20 %.

IIpu sHauenusax o < 2 (puc. 5, 6) COOTBETCTBUE
MOJIeJIV M TAaHHBIX 00eCIIeUnBAETCS 34 CUET BHICOKO-
YACTOTHBIX COCTABJIAIOIINX PAaCIIPeIesIeHUl SAPKO-
CTH MOJeJu, IIPU STOM IIapaMeTpPhI T'PAHUIILI 00B-
eKTa HeycTOWumBbI. I[Ipyu 3HAUEHUAX G > 5 MOAEJb
He MOJKeT JOCTATOYHO XOPOIIIO AIMPOKCHMUPOBATH
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B Puc. 5. IIpumep paboThl MeToa AJIs M300PaKe s C TEKCTYPOii (a4) ¥ 3aBUCUMOCTh OITUOKY OIleHKY I'PAHUIILI OT ITapa-

meTpa mogenu (6)

B Fig.5. Example of method application to a textured image (a), edge estimation error as a function of the model pa-

rameter (0)

MaHHbIe, ¥ TOUKU I'PAHUIILI IPUOOPETAIOT CMeIleH1e
110 OTHOIIEHUIO K UX UCTUHHOMY TOJIOKeHuo. [Ipu
OIITUMAJBHOM BBIOODE ITapaMeTPOB MeTO/ 00ecreun-
BaeT TaKoe JKe KaueCTBO PeIeHusd, KaK U AJId 005~
eKTa 6e3 TeKCTYPHI.

Pusznyecknii IKCIIePUMEHT

B peanbHBIX ONTHUYECKUX CHUCTEMAaX Ha mM300pa-
JKeHue BJIUAET He TOJbKO AudpaKIiiud, Ho u abeppa-
I, BI3BBAHHBIE HEJOCTATKAMY OITHUUYECKOH CXeMbI
WJIM TEeXHOJIOTMW M3TOTOBJEHUs. B TakoMm ciydae
@DPT onTtudyecKoil cuCcTeMbl MOYKET IPUHUMATH BU/I,
CYIIIeCTBEHHO OTJIMUAIIUNCA OT (GYHKIIUU OPH.
ITpu gocTaTouHO GONMBIINX abepparuax MOAEb 130-
Opasxenus (4) He obeclieunBaeT COOTBETCTBUE PEru-
CTPUPYEMOMY CUTHAJY, YTO CHUKAeT KauecTBO pe-
IIeHU S U CXOUMOCTE MeToa. PerrienreM mpooeMbl
ABJIseTcsa uaMepeHue peaJsbHoit PPT Kameprnl, Ha-
mpuMep, IIyTeM PerucTpaliuy U300paskeHusa Toueu-
HOT'O MCTOUHUKA.

OcHOBHBIE TTapaMeTpPhl SKCIEepUMEHTa IpuBee-
HBI B Ta0JI. 1, a pesyabraThl — B TabJ1. 2. [TapamMeTpsl
momoOpaHbl TaKMM 00pasoM, UTO IIapa 3JIEMEHTOB
rpaHuIbl 00beKTa Ne 1 OoKashIBaeTcsA Hepaspelu-
moii. PesynbraTel paboThl MeTOAA OIS PEAbHON OIl-
TUYECKOM CHUCTEeMbI C abeppaluAaMU IpeacTaBIeHbI
Ha puc. 6, a—x. 300parkeHne TOUEUHOrO NCTOUHU-
Ka, MpUMeHeHHOe B IIPoIleype CUHTe3a, IMOKa3aHo
Ha puc. 6, 6 B TOM Ke MacITabde, 4To 1 U300parkeHne
o0'beKTa. B KauecTBe TOUEUHOI0 UCTOUYHUKA MCIOJIb-
30BaHO OTBePCTHE AuaMeTpoM 1 MM.

Kak 1 B BBIYUCIUTEIHHOM SKCIIEPUMEHTE, METOI
TI03BOJISIET OOHAPYKUTH U OIEHUTDH HepaspelrnMbie
9JIeMeHThI rpaHullbl (puc. 6, ¢). Ha puc. 6, 8 mpu-
BeleHbl CUHTE3WPOBAHHBLIE B pe3yJabTare pPaboThI
MeTtona usobpaskenus (I,;), a Taxkie pasHOCTH 3a-
PEerucTPpUPOBAHHOTO U CHUHTE3WPOBAHHOTO M300pa-
skeunii (AI, pasmocTHBIN curuaaga ycuaeH B 100 pas).
Ha paszocTHBIX M300paskeHuAX mIpeodamaeT mryM,

B Tab6ruya 1. IlapameTrpsl PU3UIECKOTO HKCIIEPUMEHTA
B Table 1. Physical experiment parameters

IlapameTp 3HaueHUe

OTHOCUTEIBHOE OTBEPCTHE f/16

Pacuerubiit tTuameTp gucKa

Ipu: 10 MmxM/5 MM
usobpakeHre/00bEKT
leax 0’5
KMOII MT9P031,
DorTonpueMHUK .
MOHOXPOMHBIT
ITar nukceas 2,2 MKM

Paccrossaue no o0beKTa 12 ™

MacimiTab nsobpaskeHusa 1 MM/TIMKCENh

Pasmeps! nuzobpasxeHuit 100 x 100 nukcemneit

B Tab6ruya 2. OmubKa olleHKY IPaHUIBI B PU3UUECKOM
9KCIIePUMEHTe

B Table 2. Physical experiment edge estimation error

M O0BEeKT O0BEeKT
eron Ne 1 Ne 2
OpHOMepHaA allIPOKCUMAIIA 0,41 0,67
C usmepeHHOM
IBy™mepHasa ®PT 0,13 0,26
aMMIPOKCUMAI U
Dyurusa Ipu 0,35 0,62

JIeMOHCTPUPYA XOpoIllee COOTBeTCTBUe Mojenau (4)
peasIbHBIM 9KCIIePUMEHTATbHBIM JaHHBIM.

ITo cpaBHeHHIO C aJbTePHATUBHBIM METOIOM,
omubKa OIeHKM T'PAaHUIBI CHUKaeTca B 2,9 u 2,4
pasa nas o6beKkToB Ne 1 (coeBa) m 2 (cupaBa), 4TO
COOTBETCTBYET PE3YJIbTATAM BBIUKNCJIUTEIHHOI'O 9KC-
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B Puc. 6. IIpumep paboTHI MeTOZA C PEATBLHOI OITUYECKOIT CUCTEMOIT: @ — u3obparkeHne 06beKTa; 6 — M300pakeHme To-
YEUHOTr0 NCTOUYHUKA; 8 — CUHTE3UPOBAHHOE N300PakeHne; 2 — PasHOCTHOe n300parkeHue; 0 — OTHOMEpPHAs alllIPOKCUMAa-
us; e — AByMEepHAs alllIPOKCUMAIUA; H — UCTUHHAA TPAHUAIA

B Fig.6.Example of method application to real optical system: a — acquired image; 6 — point source image; 6 — recon-
structed image; 2 — difference image; @ — one-dimensional approximation; e — two-dimensional approximation; x# —

ground-truth

nepumeHTa. [Ipu 5TOM MCIOIb30BaHE N3MEPEHHOMH,
a He TeopeTnueckoit PPT aBisercs cyIliecTBeHHBIM
parTopoM s3(p(HeKTUBHOTO MPUMEHEHUA METO1a.

3aKJI0ueHne

ITpensosxeHHBIN MeTOn [BYMEPHON aNIIPOKCH-
Manum u300paskeHus ABJIAeTcA 39PGEKTUBHBIM
AJITOPUTMUYECKUM WHCTPYMEHTOM ITPEOJOJIEHUA
IUMPaKIMOHHOTO IIpeJiesia OITUUYECKUX CHUCTEM
B 3a/lauax M3MePeH!s reOMeTPUHN 00'beKTOB. 3a CUeT
ANIIPOKCUMAIUY JBYMEPHOT'O PACIPeNeIeHUA Ap-
KOCTH, a TaK:Ke yueTa BIugHUA Paktuueckoir @PT
OIITUYECKON CHCTEMBI METOJ IIO3BOJIAET CKOMIIEH-
CUpOBaTh BhI3BaHHOE Auppariueil u abepparnuamMu
cryIaKMBaHMIe N300pakeHns.

Meton saBnAETCA WTEPAIMOHHBIM, M KauyeCTBO
pellleHuA 3aBUCHUT OT CTPATErMM YUCJICHHON MUHU-
Musanuu QyHKIIMOHAJIA OIINOKY alllIPOKCHUMAIINN.
CBolicTBa (PYHKIMOHAJIA ITO3BOJIAIOT Peain30BaTh
BBIYHMCJIUTEIHHO-3()(EKTUBHBIE TPAJUEHTHBIE CTPA-
Teruu. IPPeKT TPUMEHEHNA METOLa COOTBETCTBYET
npubIN3UTEeIHLHO 2—3-KPATHOMY IIOBBIIIIEHUIO OITU-
YECKOI'0 Pas3pelleHusa AJIs OJHOMEPHBIX METOIOB W,
B YAaCTHOCTH, IIO3BOJISET OLIEHUTH (popMy Hepaspe-
IIUMBIX BJIEMEHTOB I'DAHUILHI.

PesyapTaToMm paboThI MeTOZa ABYMEPHOW Aail-
MIPOKCUMAIIUU ABJIAETCA HE TOJHKO OIeHKa (POPMBI
rPaHUIILI, HO W CUHTE3UPOBAHHOE WN300pakeHue
00beKTa. ITO JaeT BO3MOKHOCTH BePUPUKAIINY pe-
3yJBTATOB PAOOTHI AJITOPUTMA IIYyTEM aHaJnu3a COOT-
BETCTBUA CUHTE3WPOBAHHOTO U 3aperucTPUPOBAaH-
HOro u3obOpaskeHuil. Tak:Ke TaKUM 00pPa30M MOYKHO
IIPOBOAUTH KOCBEHHBIE OIEHKU COCTOSAHUS OITHYE-
CKOI cucTeMbl, 00'beKTa HAOJIONEHNA, YCIOBUN ero
OCBeIIeHUs.

Hegocratkom MeToma dABJAETCA YBeJIUYEHUE
OIITMOKY OIEHKU B CJIy4ae HECOOTBETCTBUS MOJEJIU
U 9KCIepUMEeHTAJbHBIX MaHHBIX. B uacTHoCcTHU, Ha-
JITYre TeKCTYPHI 00beKTa TpedyeT aJeKBaTHOT'O BbI-
0opa Mojeiu pacipeejeHnsa SpKOCTH, a abeppanuu
B OIITUYECKOM cucTeMe TpeOyIoT usMepeHus ee pak-
tuueckoit @PT. IIpyroit HemocTaToK — OOJIBIIIOH
00beM BBLIUMCJIEHUN, CBA3AHHBIN CO CJIO0KHOCTBIO
pertenusa mpamoii 3agaun. [IoucK pelreHus Ha TH-
IIOBOM COBPEMEHHOM IIPOIIECCOPEe B OIUH IIOTOK KC-
TIOJTHEHUA 3aHUMAeT HECKOJBKO JECATKOB CEKYH]I.
OTMeTuM, UYTO NPEIJOKeHHOe pelleHne IIPAMOIt
3a/jauM Ha OCHOBe IPAMOro pacuera (hypbe-obpasa
adhdeKTUBHO MOAJaeTCA IapasjieIn3anu AJsA BbI-
YUCJeHUN Ha rpauUecKux IIPOIleccopax, B TaKOM
cJydyae BpeMsd IIOMCKa PEIeHns MOKeT ObITh COKpa-
IIIeHO Ha OAUH-IBA IIOPSIAKA.
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Introduction: Diffraction is a fundamental limit for object geometry measurement accuracy in conventional optical systems. Due to
diffraction, high-frequency components of an image are fully attenuated, and groups of small-sized details become non-resolvable. Edge

estimation results obtained by known algorithms become smoothed compared against actual edge geometry. Purpose: Development
of a method to estimate an object edge with a compensation of the diffraction impact on the image. Results: To compensate for the
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diffraction, a method of 2D image approximation by a numerical model is proposed. The proposed model reconstructs a camera-acquired
image with subpixel accuracy, taking into account the optical system’s 2D point spread function along with the non-uniformity of
the object intensity. The model implementation is based on the Fourier image synthesis algorithm for the measured object’s bounding
polygon. In real optical systems, the method provides the opportunity to compensate not only for the diffraction but also for lens
aberrations by means of point spread function measurement. Numerical simulation results are presented, along with the results and
technique for a real system application. Practical relevance: The edge estimation error for 2D image approximation corresponds to 2- or
3-fold improvement in optical resolution as compared to the conventional 1D edge estimation algorithms.

Keywords — Edge Detection, Optical Superresolution, Diffraction Limit, Image Reconstruction, Fourier Image Calculation, Inverse
Problem, Approximation Method, Object Geometry Measurements.
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MoctaHoBKa nNpo6Aembl: GOAbLLION MHTEPEC COBPEMEHHON GYHAAMEHTAAbHOM M TEXHMUECKOM HayKu K pa3paboTke Herpo-
MHTEPPENCOB CBA3aH C CO3AaHMEM YCTPOMICTB KaK AAS MOBbILLEHMS KaueCcTBa XU3HM 1 PEOAOAEHUS OrpaHUYeHUi BO3MOXHO-
CTel AHOAEH, TaK M B paMKax MCCAEAOBAHUS QYHKLIMOHMPOBAHUS Pa3AMYHbIX OTAEAOB FOAOBHOIO MO3ra M CO3HaHMWS YeAOBeEKa.
Cpean 0CHOBHbIX MPOBAEM COBPEMEHHbIX METOAOB PaCLUMGPOBKM MaTTepPHOB PErUCTPUPYEMOM aKTMBHOCTM FOAOBHOIO MO3-
ra, Aexallmx B OCHOBE CUCTEM yrpaBA€HMS MOAOBHBLIMU YCTPOUCTBAMM (HEHPOUHTEPEHCaMm), BEIAGAMM HU3KYHO 3PGEKTHB-
HOCTb METOAOB Pacro3HaBaHus NaTTepHOB 1 BOAbLLIME 3aTpaThl BPEMEHM TPEHUPOBKM 0NepaTopoB HerponHTepdericos. Lieab
uccneaoBaHusA: paspaboTka METOAOB AAS PACro3HaBaHMS MaTTepPHOB, aCCOLUMMPOBAHHbIX C Pa3HO0bpas3HOM ABUraTeAbHOM
aKTUBHOCTbIO HETPEHUPOBAaHHbIX 0MepaTopoB. Pe3yAbTaTbl: Ha OCHOBE BEHBAETHbIX TEXHOAOIMI MPEANOKEHbBI HOBbIE CrOCO-
Obl U3yYEHUS Pa3HOBUAHbIX MATTEPHOB aKTUBHOCTH FOAOBHOIO MO3ra, KOpPeAMpyeMbIX C PasAMyHbIMM TUMaMU ABUraTeAbHOM
aKTUBHOCTHU: MOAMPULIMPOBAH B LIEASIX COKPALLIEHMS PAaCUYETHOro BpeMeHu MopAe-6a3inc, ornmMcaHbl MOAXOAbI OLEHKMU SHepre-
TMYECKOH MOLLIHOCTM MPOLIECCOB Ha IAEKTPOIHLEDArOrpaMmMe Ha OCHOBE PacyeTa CKeAETOHHbIX XapaKTepUCTUK. [TpnBeaeHsl
npumepsbl 06paboTKU SKCNEePUMEHTAAbHbIX AGHHbIX, 38PErMCTPUPOBaHHbLIX B rpyrnne A06pOoBOAbLEB 6€3 TPEHMPOBOYHOIO re-
puoAa. BriepBbie BbiIBAEHb! XapaKTepHble 0COOEHHOCTH NaTTepPHOB PA3AMUYHON ABUraTeAbHOM aKTMBHOCTU (BOOBpaxaemor 1
AGHCTBUTEABHOM, ABUXEHMI HOT/PYK). [oKasaHa YHUBEPCaAbHOCTb 0BHaPYXEeHHbIX MaTTePHOB Ha SAEKTPO3HLIeparorpapuue-
CKMX AQHHBbIX AAS AOBPOBOABLIEB, MPUHABLLMX Y4acTUe B SKCNEPUMEHTaAbHbIX paboTtax. MpakTHyecKass 3HAYUMOCTb: BbisiB-
AEHHbIe 0COBEHHOCTH «ABUraTEAbHbIX» NATTEPHOB, @ TaKXe METOAbI 06pabOoTKM SAEKTPOIHLEGAAOrPaGUIECKUX CUTHAAOB MOTYT
ObITb UCMOAb30BaHbI AAS MOCTPOEHMS YCTPOKUCTB — HEHPOMHTEP(PECOB, PaCLIMpPOBLIBAIOLLMX IAEKTPUUECKYIO aKTUBHOCTb
rOAOBHOI0 MO3ra npakTMuecku 6e3 TPeHMpPOBKM oneparopa.

KaroueBble cnoBa — 3/AEKTPO3HLIEAAOrpadus, narrepH, HenpepbIBHOE BEHBAETHOE Mpeobpa3oBaHue, YaCcTOTHO-Bpe-
MeHHas AMHaMMKa.
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HOCTHU pa3paboTKe HeliponHTeP(eliCHBIX YCTPOHCTB.
Oco060 BaXKHYI0 POJIb HEHPOMHTEPQENCHI UTI'PAIOT
B CO3JAHUU PA3JUUHBIX IIPOTE30B U 9K30CKEJEeTOB,

BBenenune

IIpencraBiaenHasa HayuHas padoTa JIEKUT B 00-

JacTl HeWpoHay4yHBIX ucciaenoBanuii. Ha cerop-
Hs HeWpoHayKa — 9TO aKTUBHO PasBUBAIOIIEECsS
MeXXKIUCIUILINHAPHOEe HaydYHOe HaIpaBJieHWe, CO-
yerarlee B cebe (HUINKO-MaTeMaTUUYECKUe U TeX-
HHUUYeCKIe MOAXOJbI K 00paboTKe OMOJOTMUYECKUX U
MeIUIINHCKUX TaHHbIX. [Iogo6HbIe KOMOMHAIINY Me-
TOJOB X COBPEMEHHBIX PErNCTPUPYIOIINX YCTPOUCTB
KaK MTO3BOJIAIOT IPOABUHYTHCS B IOHUMAHUY TPUH-
UII0B (PYHKIIMOHUPOBAHUS T'OJIOBHOI'O MO3ra U CO-
3HAHUSA YeJIOBeKAa, TaK U CIOCOOCTBYIOT PEIIEHUIO
pALa IpUKJIATHBIX 3a/a4, CBI3AHHBIX C JIEUCHUEM U
(mnu) yaydiieHrueM KadecTBa sKU3HU JIOE, B 4acT-

peasus3yoInX BO3SMOKHOCTA BOCCTAHOBJIEHUA JTBU-
raTeJbHOM aKTUBHOCTH UeJIOBeKa IIPU ee HapyIIIeHu-
AX U YIPaBJIAEMBIX Ha OCHOBE PaCIIU(POBKU pPeru-
CTPUPYEMBIX CUTHAJIOB C TOJIOBHOT'O MO3Ta UeJIOBEKA.
Hawubosee uacTo MCIOJIB3YIOTCA IPU CO3TAHUU IIO-
TOOHBIX YCTPOMCTB dJIeKTPO3HIIe(dhaIorpaduuecKue
perucTpanuyu aKTUBHOCTHA T'OJOBHOI'O MO3ra, YTO
CBSI3aHO C HEMHBA3UBHOCTHIO, YAOOHOCTBHIO IIPUIMeE-
HeHUs1, 0€30ITaCHOCTHI0 M MOOMJILHOCTHIO COBPEMEH-
HBIX aJieKTposHIedasorpados [1-4]. Kpome Toro,
COBpPEeMEeHHbIe PerucTPUPYIOIe IPHrOOPHI TT03BOJIA-
IOT COYeTaTh BBICOKOE KaueCTBO CUT'HAJIOB 9JIEKTPO-
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sHedasorpaMMbl (I9I') ¢ OTHOCUTESBHO HU3KOM
IeHOH UX KCILTyaTanuu. B HacTosAIee BpemMsa obpa-
6oTKa 1 pacirudpoBKa MOLOOHBIX PETUCTPUPYEMBIX
CUTHAJIOB IPUBJIEKAaeT K cebe OOIITMPHOe BHUMAaHIE
uccyenoBaresyeii [5—7]. OmHAKO CYII[eCTBEHHBIM He-
IOCTATKOM MHOI'OYMCJIEHHBIX IIOJXOJO0B OCTAETCsS
HUBKadA 5(P(PeKTUBHOCTb, CUJIbHAA WHIAWUBUILYAJIU-
3amus KasKJIoro olepaTropa U [OJUTEJIbHBIA CPOK
o0yueHUsA oIlepaTopa s JOCTUKEHUS CTabUJIBLHO
BBICOKOT'0 KauecTBa pabOThHI ajaropuTMma. B maHHOMI
cTaThbe IPeaIararTcs MeTOIbl 00PA0OTKHU KOPOTKIX
maTTepHoB Ha JOI-IaHHBIX HA OCHOBE BEMBJIETHO-
ro Ipeo0pasoBaHUSA W IPUBOLATCS PE3yIbTATHI UX
IpUMeHeHUsA Ha 5SKCIePpUMEHTAJbHBIX CHUTHaAJIaX.
Yeunus 1o co3gaHuIo MOAX0A0B K JUATHOCTUKE 0CO-
G6ennocTeil JI-TIaTTEPHOB HAIIPABJIEHBI HA PACIIO3-
HaBaHNe CUTHAJIOB, COOTBETCTBYIOIINX Pa3JIUYHO
JBUraTeJIbHOI aKTUBHOCTH YeJIOBeKa, — JBUIKEHUN
KaK B peaJIbHOCTU, TaK W TOJBKO B BOOOPaKeHUU
vesgoBeKka. OTMeTUM, UTO UMEHHO OIIBIT «BOOOpasKa-
eMOIi» IBUTATeJLHON aKTUBHOCTHU SBJISIETCS OCHOB-
HBIM O0BEeKTOM pPaboThl MpU (PYHKIIMOHUPOBAHUU
HelipouHTepdelica, YIPaABISIINEr0 IPOTE3HBIMU
KoHCTpyKIImAMU. 1lenbio paboThl ABJIAETCA CO37a-
HUe 00'beKTUBHOTO U, B eaJie, YHUBEPCAJIbLHOTO UH-
cTpyMeHTa paboTsl ¢ II-qaHHBIME, HE TPEOYIOIIETO
IUIATEJIBHOTO 00y YeHUA orepaTopa HelipounHTepdeli-
ca IJis yIpaBJIeHUS BHEIITHUMU YCTPOHCTBAMMU.

BRCHepHMeHTaJILHBIe JaHHBbIe

IIpoBenena cepusa 3SKCIEPUMEHTAJBHBIX pPaboT
B I'pyIIie us 25 HeollJlauBaeMbIX YCJIOBHO 3JJ0POBBIX
mobpoBoJibiieB (15 :xenmuu, 10 MyKuYwmH, BO3pacT
BapbupoBaJics ot 20 no 34 ynet, pusuuecKoe coCToA-
HUe TOOPOBOJIBIIEB COOTBETCTBOBAJIO XapPaKTePUCTHU-
KaM HOPMAaJbHOT'0 MHAEKCa MAacChl Tejla U CPEeIHEro
YPOBHA (hU3UUECKON aKTUBHOCTHM). Bece m06GPOBOJIB-
bl OBIJIN IMIPOWHCTPYKTUPOBAHBI O HEOOXOIMMOCTHU
mepe] IpoBeJeHNeM HCCJIeJOBAHUI B TeUEHUE TPexX
IHEHN co0JII0aTh PEKUM MOJTHOIIEHHOTO HOYHOTO OT-
nweixa. McciiemoBaHusA BeJIuCh B YTPEHHUM U JHEBHOM
nepuopnsl (9—13 uacos) uepes 2 yaca ocje HeOOMJIb-
HOTO TIpHeMa IHUIIKU C OTPaHUYeHNEM HOTPeOIeHM’T
Ko(dewmHa 1 (MJIM) MHBIX CTUMYJIUPYIOIIUX H0OABOK
K muire. B paMKax ITpoOBOAWMBIX MCCJIeIOBAHUIL HC-
TIOJIB30BAJICS MOHOIIOJIAPHBIN CIIOCOO PerucTpalumu
¥ pacIIupeHHas paccTaHOBKa 3JeKTpomoB I «10-
10», TO3BOJIAOIAA OIEHUTHL AKTUBHOCTH KOPBI I'0O-
JIOBHOT'O MO3Ta IT0 TPOEKI[NUAM BCEX OCHOBHBIX 30H [1,
3]. Ha puc. 1 mpuBemeHa cxema paccTaHoBKHU 31 ak-
TUBHOTO PErUCTPUPYIOIIEro dJeKTPoaa ¢ YKasaHU-
eM UX NPUHATHIX 0003HaueHUl. [lOMOJIHUTEIBHO
oTMeueHb! Tpu syekTpoga (Al, A2 u N), obecrieun-
BaloIye HeoOXOAMMbIe, TaK HasbIBaeMble WHAUD-
¢depeHTHBIE, TOYKMH, B KOTOPBIX 3JIeKTPUUECKIE
IIPOITeCCHl MUHUMAJBHBI U OTHOCUTEJIBHO KOTOPBIX

B Puc. 1. Cxema pacCTaHOBKHU CKAJBIIOBBIX 9JIEKTPOI0OB
«10-10»

B Fig. 1. The scheme of the scalp electrodes arrange-
ment “10-10”

BezeTca peructpanua I3[ B aKTHUBHBIX KaHaJaX.
Perucrpanua 99I-maHHBIX BeJlaCh Ha 9JIEKTPOSH-
medasorpadguueckoM 000pyaoBaHUUN <«JHIedaIaH-
99I'P-19/26» (OO0 HIIK® «Menukom MTII», PD).
Yacrora guckperusdanuu I cocraBiasanaa 250 I'm,
YACTOTHBIN Auamas3oH AaHHBIX cocTasisa ot 0,016
1o 70 I't; c mpuMeHeHUEeM pesKeKTOPHOTO (hUIbTpa Ha
50 T'm. Husaiium u o6opyaoBaHMIEe SKCIIEPUMEHTAIb-
HOM paboThI ofo06peHbI Komuccueii mo atTuke CI'TY
um. 'arapunua 1O. A.

ITocse ycTaHOBKM BCeX HEOOXOAUMBIX NATUUKOB
CITeI[MAJIUCT-TICUXOJIOT ITPOBOIUI KOPOTKYIO JIMUHYIO
Oeceny ¢ moOPOBOJILIIEM, IIOATOTABIUBAA €70 K KOH-
IEeHTPaIU Ha CBOMX JBUTATEJBbHBIX OIIYIIEHUIX.
AxTuBHaA (asa sSKCIEPUMEHTA IIpeaIoaraja uepe-
JoBaHUe IIePHOO0B PeaIbHOM 1 BooOpakaeMoil JBura-
TeJIbHOM aKTUBHOCTU. VICIIBITYeMbIH CHes B yI00HOM
TIOJIOJKEHUH, TIoJyUasa ayAuajibHble KOMaHIbl, KOTO-
pble 1y0IMPOBAJIUCE IJISA €r0 yA00CTBa B BUie TEKCTA
Ha 9KpaH Iiepel, HUM. B sKclepuMeHTe MCI0JIb30Ba-
JINCH peasibHbIE 1 BOOOpaskaeMble ABUIKEHUS JIeBOi/
IIPaBOM PYKOH (B3MaxXM U CKATUA B KYyJIaK), a TaKKe
IBUKEHU B OeIPEHHOM CyCTaBe JIeBOIi/IIpaBoOil HOTHU.
IToce Kaskgoil KOMaHALI B TeueHue 2—2,5 MUH cJe-
JOBAJIX CEPUU €€ BBITTOJTHEHUA omepaTopomM. Mexmy
CepUAMU BUTATEJIHLHO aKTUBHOCTH JJIA paccade-
HUA, OTIBIXA, & TAKYKe BOCCTAHOBJIEHUA CIIOCOOHOCTH
K KOHIIEHTPAIIMMU HCHBITYeMOT'O BBOIUJINCH MAY3bI,
BO BpeMs KOTOPBIX IPOUTPHIBAJIACE JIETKAS MY3bIKa.
7151 cpaBHEHUSA C COCTOSHIEM ITaCCUBHOT'O 60APCTBO-
BaHUA B KOHIIE U Hayaje KasKIOro dKCIIepUMeHTa
OBLLIM OTIOJTHUTEIHHO 3aperuCTPUPOBAHBI KOPOTKIE
dparmenTs! doHoBOI akTUBHOCTH (7—10 MuH). Oco60
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BBIJEJINM TOT (PAKT, UTO BCE JOOPOBOJBIILI HE MMEJIN
BOBMOJKHOCTH <«TPEHUPOBKM» CBOUX CIIOCOOHOCTEI
K BOOOPAsKEHUIO MJIM OCO3HAHUIO ABUTaTEJIbHON aK-
TUBHOCTHU, U, TAKUM 00pPasoM, MCCJIeOBaHNEe BEJIOCH
Ha HEeIIOATOTOBJIEHHBIX OIepaTopax.

O0paboTKa TaHHBIX

B ocHOBY co3gaHusA MeTOAMKY OOHAPYKEHUA KO-
poTKuXx martepHoB Ha I MoI0KeH aHaJIN3 dHepre-
TUYECKUX XAaPAKTEPUCTUK PErMCTPUPYEMBIX CUT'HA-
JIOB Ha 0ase HeIPEePhIBHOT'O BEBJIETHOTO IIpeobpaso-
BaHu4g [8, 9]:

+00
W s, 1) =% | x(t)w*(t St‘) jdt, ¢)

—00

roe x(f) — BpeMeHHas peajul3anud SKCIEePUMeH-
TaJbHOTO CHUIHATA; g ¢ (t) — MaTepUHCKUH BelB-
JIeT; S — BPEMEHHOII MacITad, OIpeAesI AUl ITH-
PUHY BeliBjieTa, OJHO3HAUHO CBSI3aHHBINA C KJIACCHU-
YeCKUMHU YacTOTaMu IpeoOpaszoBaHUusa Pypbe; cuM-
BOJ «*» 0003HaAuaeT KOMILJIEKCHOE COIIPS'KEeHUe.
BeliBieTHbIA aHAIU3 SABJSETCS HA CErOLHS OLHIM
u3 HauboJiee MOIHBIX MaTEeMATUUYECKUX WHCTPY-
MEHTOB JIJI 00pabOTKHU CJOKHBIX HECTAIMOHAPHBIX
3aITyMJIEHHBIX JAaHHBIX, OTPAHUYEHHBIX KOPOTKU-
MU BpeMeHHBIMU pagamu [8, 10].

BaXHBIM (aKTOPOM YCIIENTHOCTU ITPUMEHEHUI
BEHWBJIETHOTO NIPe0oOpas3oBaHUs K PA3JIUYHBIM 9KC-
IePUMEHTAJbHBIM JAHHBIM SIBJISAETCS BBIOOD (PYyHK-
MY MaTepUHCKOro BeliBjeTa (BeiiBieT-0asuica).
B nomo6ubIX 3amauax, CBA3AHHBIX ¢ aHaJau3oM I
CUTHAJIOB, OOBIYHO KCIOJIb3YEeTCA IIUPOKO M3BECT-
HBIH BetiBieT Mopure [8]

v =1/ YDexpiQomexp(—n° /2] @)

c mapameTpoM Q, = 2w, 4To obecreunBaeT OJHO3HAY-
HYIO B3aUMOCBSI3b MEMKAY BPEMEHHBIM MAaCIITa00M
S BeHWBJIETHOTO IIPeobpas3oBaHUA W YacTOTOu [ (y-
pre-ipeobpasoBanusd, a mMenHo f=1/s. BeiiBier
MopJie mmeeT oueBMIHBIE TPEUMYIIECTBA IO CPaB-
HEHUIO C BeIleCTBeHHLIMHU BeHBJIeT-6a3McaMU: BbI-
COKYIO0 YAaCTOTHO-BPEMEHHYIO JIOKAJIM3aIlNui0, BO3-
MOXKHOCTDH ITPOBOJUTDL OIEHKY MTHOBEHHOI YacTo-
Tl U (pasbl PUTMUYECKUX IIPOIECCOB, HATJISIIHOE
IIPeCTaBJIEHNE Pe3yJIbTaTOB CIEKTPAJIbHOTO aHa-
Ju3a B BUJE UYaCTOTHO-BPEMEHHBIX CIIEKTPOB, IIPO-
CTOTY MHTEPIIPETAIlNN PEe3yJIbTAaTOB PACUETOB M3-3a
CXO/ICTBA YCPETHEHHBIX HHEPreTUUECKUX CIIeKTPOB
(ckaJorpaMM) C KJIACCHUUYECKUM CIEKTPOM MOIITHO-
CTH, OCHOBAHHBIM Ha mpeobpasoBanuu Pypne. Ma-
TepuHCKU BeiiBjaeT MopJjie XOpOIIIO 3apeKOMeHI0-
BaJI ce0A IIPU UCIIOJIB30BAHUY B UCCJIEJOBAHUAX JU-
HaMUKK Mo3ra Ha JI[-maHHBIX y JIOAell 1 JKUBOT-
HBIX, B YaCTHOCTH, IIPU U3YUEHUU SIIUJIEITUIECKUX

apyennii [10, 11], KorHUTHUBHBIX IIpoieccoB [12—14]
uT. 1. [7-9]. OnHako mocraBieHHAA 3a/1a4a, CBA3AH-
Has ¢ HCCJeIOBAHUEM «IBUTaTeJIbHBIX IIaTTEPHOB»
Ha IIT, TpedyeT aHAIM3a KpaliHe KOPOTKUX BPEMEH-
HBIX PAJOB. B ¢BA3U ¢ 9TUM 6ObLiIa TPOBeAeHa ajat-
TanmusA IIapaMeTPoOB KJACCHUYeCKOTo BeliByiera Mop-
ae. llenwro gaaHON MOAM(MUKAIIUY ABJIAJIOCH YMEHbB-
meHue IanHbI yuacTka 9T, HeoOX0AMMOTo AJIA pac-
yeTa BEMBJIETHOTO CIIEKTPa B HU3KOUYACTOTHOII 00J1a-
ctu [15]. Ha mauaibHOM sTale IIPOBOAMUJIACH OIeH-
Ka IJIWHBI TaHHOTO YJYacTKa, HeOOXOAMMOM IJIs mc-
moJib3oBaHUA 6asuca MopJie. B pesyabraTe Oblya mo-
CTPOEHA 3aBUCUMOCTD JJIMHBI BPEMEHHOT0 NMHTEPBa-
Ja oT yacToTsl B fuanasone 1-30 I' (puc. 2, a). Ilo-
JyUYeHHbIe Pe3yIbTaThl COITIOCTABICHBI C BDEMEHHBIM
MHTEPBAJIOM, ACCOI[UUPYIOIIUMCSA C HU3MEHEHUSIMU
YaCTOTHO-BPEMEHHBIX CBOMCTB CUTHAJIA TTPU BBHITOJI-
HEeHUU UJIU BooOpaskeHun ABuskeHnii. C yueToMm pe-
3yJILTATOB COIIOCTABJIEHUA C(hOPMYJIUPOBAHEI TPEOO-
BaHUA K ONTHMAJbHON INMUPUHE BPEeMEHHOTO OKHA,
HeoOXOIMMOTO IJISI IIOCTPOEHUS BEHBJIETHOIO CIIEK-
Tpa B geabTa-obaactu (1-5 I't). B pesyabTaTe B KJjac-
cuueckuii 6asuc MopJe (2) 6bIJI BBeJleH MHOKUTEIb,
obecmeunBaIONINN YCKOPEeHNEe CHUMKEHUA aMILIUTY-
IbI orubaroItieil BelBiIeTHON QYyHKIIUY \:
1 ; 4
wm(n)=%exp<mon)exp(—5n | BG)

OmeHKa IMUPUHBI BPEMEHHOTO OKHA, HEOOXOmu-
MOTO [AJIs1 BBIJEJIeHUSA HU3KOUACTOTHBIX CHEKTPAaJIb-
HBIX KOMIIOHEHT Ha OCHOBE KJiacC4ecKoro (2) u mMo-
muduimpoBanHuoro (3) BeiiByieToB MopJie, mpuBee-
Ha Ha puc. 2, 0, rae ¢, t'y 0003HAYAIOT MAKCHMAJIb-
HbIe BpeMeHHbIe MHTePBaJIbl, He0OXOAUMbIe JJIA pac-
yeTa 9HEPruu CIIEKTPa HAa OCHOBE KJIACCUYECKOU U
MOAM(PUITMPOBAHHON BenBJIeTHOU (pyHKImu Mopie
COOTBeTCTBeHHO. TaKuM o00pasoM, [IJis BBIUUCTE-
HuA sHepruu Ha yactoTe 1 I'it MoguduiimpoBaHHbIiT
BetiBjeT (3) MCIOJIB30BAJI MHTEPBAJ BpPEMEHU 2 cC,
B TO BpeMA KaK CTaHJApPTHBINA BeiiBiieT Mopuie (2) —
8 c. IlosyueHHOE TPEMMYIIECTBO ITO3BOJIMJIO 3(-
(eKTUBHO BBIABJIATH ObICTPble M3MEHEHUS YACTOT-
HO-BPE€MEHHOU CTPYKTYpbI I, accomumupyomniuecs
C IBUKEHUAMU.

Haa ob6paborku II-maHHBIX IPUMEHAJIOCH
BeliByeTHOE TIpeobpasoBanue (1) ¢ 6asucom (3) B ua-
crorHoM auamnaszone 1-40 I'm. [I1sa xKaIoro MmoMeH-
Ta BpeMeHH ¢, ObLJ pACCUMTaH MOMEHTAJIbHBIN CIIeK-
TPaJbHBIN Cpe3 Eto (s) curunana W(s, t):

E, (5)=[W (s, o). @

CooTHotieHue (4) pacCUUTHIBAETCSA II0 BCEMY A1a-
TMa30HY MACIIITA00B S BEIIBJIETHOTO ITPe00pa30BaHM’A.
3areM NOJyUYeHHbIe BEHWBJETHBIE CIEKTDPHI YCpPen-
HSAJIMCh HAa BPEMEHHBIX HHTEPBAJaX, COOTBETCTBY-

108 7/ VHOOPMAUVIOHHO-YMPABASIOLLVIE CUCTEMbI

/N, 2018



\ YNPABNEHVE B MEAVUVHE 1 BUONOTI N AN

a) O(f),c f* 0)
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B Puc. 2. CpaBHeHUe AJUTEJIHHOCTEH BpEMEHHBIX OKOH, HEOOXOJUMBIX /IS pacueTa KJIacCU4ecKoro U MOAU(MUIIUPOBAH-
HOTO BeHMBJIETHOTO TPeodpasoBaHUsA. @ — 3aBUCUMOCTD AJUHBI BPEMEHHOTO WHTepPBaJjia, He00OX0AUMOTO AJIs BEIUMCICHUS
SHEePIruy BeHBJIETHOTO CIeKTPA Ha PA3IMYHBIX YACTOTAX TP IOMOIH BeliBreTHO# (pyrKIun Mopae (5,(f)) u mogudumnupo-
BaHHOTO BeiiBnera (3,(f)); 6 — IpuMep HCIONb30BaHUA BeiiBneTHOH QyHKIuUN Mopie u MOAU(MUIMPOBAHHOTO BeilBaeTa
I aHaausa orpesra 99T

B Fig. 2. Comparison of the durations of the time windows necessary for the calculation of the classical and modified
wavelet transforms: a — the dependence of the length of the time interval necessary to calculate the energy of the wave-
let spectrum at various frequencies using the Morlet wavelet function (5,(f)) and the modified wavelet (8,(f)); 6 — an

example of using the Morlet wavelet function and a modified wavelet for analyzing an EEG segment

IOIUX PA3JIUYHBIM TUHAM (POHOBON aKTUBHOCTU U
meprofaM PasJUudYHbIX BOOOPAKaeMBbIX U PeabHBIX
IBUKeHUN. [[JINTEeTbHOCTh pPacCMaTpuBaeMOro Bpe-
MEHHOTO MHTepBaJia Obljia BuiOpaHa 4 c. B pesyib-
TaTe NS KaKIOr'o THUIIA COOBITHI IJIsI KasKIOoro HC-
TIBITYEeMOr0 ObLI ImoJIyueH Habop N x M BeHBJIETHBIX
cekTpoB (M — uucio pasHbIX coObITHUl, N =31 —
yucyo kaHayioB 93I'). Ha ocHOBe moTyUeHHBIX CIIEK-
TPOB OBLIN PACCUUTAHBI CPeIHUE BeiiBIeTHBIE S9HED-
ruu. Ha puc. 3, a mpenacraBjieHBI pacCUYUTAHHBIE
pacrpefiesieHus cpenHei sHepruu IOI-cUrHaoB 1o
Pa3JIMYHBLIM OTBEIEHUAM, YCPEJHEHHbIe II0 TPYIIe
UCIBITYEMBIX [AJIsI COOTBETCTBYIOIIUX CECCHUM: pe-
aJIbHOE JBH)KEHME IIPaBOil PYyKOil (0003HAUEHO KaK
RHR), BooOpa:kaemoe IBUKEHUE NIPaBOM PYKOI
(RHI) u donoBoit aktuBHocTu (BCG). Ha pucys-
Ke TaKJKe IIOKasaH pasdpoc 3HaueHUIl B IIpemeax
rpynnbl ucubiTyemMbix. Ha puc. 3, 6 mokasaHbI pac-
CUMTAaHHbIE UBMEHEHUA 9HEPI'UU, COOTBETCTBYIOIIHE
pasiIuuHBIM OTBefeHUAM IO, accomuupyroue-
cA ¢ mepexonoM oT (hOHOBOM aKTHUBHOCTH — K pe-
alpHOMY ABHKEHMIO (<Egpygp — Epce™), oT (oHO-
BOMl aKTUBHOCTH — K BOOOpasKaeMoMy IBUKEHUIO
(<Egy1 — Epcg™>), 0T BOOOpaskaeMoro JBMKEHNI —
K peanbHOMY (<Egjpgp — Egpr>). Puc. 3, 6 nemosn-
CTPUPYET IIPOCTPAHCTBEHHBIE JIOKAJIU3AIIUM HAU-
0oJjiee CYIIIECTBEHHBIX W3MEHEHUU paclpeneeHus
BEJINUMH, XapaKTepUsyIOIUX NU3MEeHEeHUS SHEePruu
IpU Iepexo/ie OT OGHOTO TUIIa AKTUBHOCTH K JPYTO-
MY, II0 Pa3JIUYHBLIM OoTBefeHuaAM IOl Ha AByMepHOIi
miaockocTu. Ha prc. 3 XOpPOIIIo IPOCaeXNBAeTCA OT-

JUYMe IaTTEePHOB, COOTBETCTBYIOIINX IBUTATEJIb-
HOM aKTUBHOCTH, OT ()OHOBOI'O ITACCUBHOI'0 yUacTKa
93I. Kpome TOro, HeoOXOAMMO OTMETUTH PA3HYIO
CTPYKTYPY U IIPU CPaBHEHUU SHEPreTHUUEeCcKOoi xa-
paxtepuctuku (ouoBoit III' (BGG) ¢ momeHTaMU
peansuoii (RHR) u Boo6paskaemoit (RHI) akTuBHO-
ctu. BHu3y puc. 3 npuBefeHa ropu3oHTaJbHaA Ta0-
auiia 0003HaUeHUN BCeX aKTUBHBIX KaHaJOB, HaU-
MEHOBaHUSA KAaHAJIOB ABJIAIOTCA MEKIYHAPOJHBIMU
¥ COOTHECEHEI CO CXeMOi Ha puc. 1

Takum 06pa3oM, CIeKTpajbHAasd CTPYKTypa Bpe-
MEHHBIX HWHTEPBAJIOB PErHUCTPaIluU COOBITHII, CBHA-
3aHHBIX C PeaJbHOM UJIU BOOOpaKkaeMoil JBUTaTeIb-
HOM aKTHUBHOCTBHIO, CYIIIECTBEHHO Pa3JIUYaeTcs II0
MHTEHCUBHOCTHU K0Jie0aTeIbHON aKTUBHOCTH Ha pas-
JUYHBIX KaHaMax perucrpanuu. OdpaTruMcs Ternepb
K 0oJiee IeTaJbHOMY C TOUKHU 3PEHUS CIIEKTPAaJIbHOI
CTPYKTYPBI aHANIU3y KOHKPETHBIX OCOOEHHOCTEH,
CBABaHHBIX C pPeaJbHOI MM BooOpaskaeMoil ABUTa-
TeJbHOW aKTWBHOCTBHIO OIpeAesieHHOro Tuma. [lis
9TUX IieJiell TaK’Ke HCCJIeJOBaHBI MHTEPBAJBI Bpe-
MEHU, COOTBETCTBYIOI[VE€ OTHEJbHBIM COOBITHUSIM,
HO OOIIMI YaCTOTHBIN AMAMAa30H OBII pasiesieH Ha
KJIACCUYECKHU BBIJIeJIIEMble B 3JIEKTPOMU3UOJIOTUN
CIeKTpaJbHbIe WHTEPBAJIbI, U 3aTeM KaKIbIA ua-
CTOTHBIM MHTEPBAJ aHAJIU3UPOBAJICA OTAETbHO.

ITomo6HasT MeTOAMKA MIPEeIOCTaBMUIa BO3SMOYKHOCTH
¥ IeTaJbHOr0 M3YUeHUs CBOMCTB KasKAOro ImaTTepHa,
¥ OIMCAaHUSA O0HAPYKEHHBIX OCOOEHHOCTEIl B Tpaau-
IIMOHHBIX IJIA HelpoHayKu TepMuHax. Hamu ObLIn
paccMOTPEeHBI TPU KJACCUUYECKUX YACTOTHBIX IuUa-
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Ia30HA, BEIOPAHHBIX COIVIACHO TPAIUIIMOHHBIM IIPeJ-
CTaBJIEHUAM O CTPYyKType 9OI-curHasmoB [1-5, 16]:
nmenbra-guatnasoH (1-5 I'm), anbda-nranazon (8—12 I'r)
u Geta-nuamnasoH (20—30 I'm), — KasKABIA 13 KOTOPBIX
paccMarpuBaJIics OTAesbHO. [[JIA KalKA0ro YHUKAJb-
HOT'O COOBITHSI PACCMOTPEH MHTEPBaJ BPEMEHU IJIu-
TeJILHOCTBIO 6 ¢, comepskalii mHTepBaJIsl (o 3 ¢) 10
¥ [IOCJIe HavaJia BBIIOJTHEHUA AeficTBUA. [JIa KasKa0ro
WHTEepBaJja IOoJydyeHa YacTOTHO-BpeMEHHAsd 3aBUCH-
MOCTB CITEKTPaJILHOI 9Hepruu AJsd Kaskaoro us N = 31
orBemennii 9. B pesyabrare I KasKIOr0 U3 KUCIIBI-
TyeMBIX IOJIyueH Habop u3 N 3aBucumocreii. Ha puc. 4
JaHHbIe 3aBUCUMOCTH, SBJISIOIIAECS Pe3yIbTaToM 00-
paboOTKM JAHHBIX OTAEJIbHBIX «OOBIYHBIX» SITHM30/I0B
JIBUTATEJIHLHON aKTUBHOCTU OJHOTO M3 WCIBITYEeMBIX,
PAaCHIOJIOYKEHEI Ha JIICTE B COOTBETCTBUU C IIOJIOYKEHU-
em orBemenuit OII. Puc. 4, a COOTBETCTBYET BBITIOJIHE-
HUIO PeaJIbHOTO IBUKEeHNUs, puc. 4, 6 — BooOpasKkaemo-
ro nBusKenusd. IIITpuxoBas TUHUSI 0003HAYAET MOMEHT
BpPeMEeHU, COOTBETCTBYIOIIIMI HAYAJIY BbIIOJHEHUS
IENCTBUA, KaXKIaA CXeMa COIEPKUT MHTEPBAJ BpeMe-
HU (3 ¢), IPEAIITeCTBYONINI BHITIOJIHEHUIO JBUKEHNS,
¥ MHTEPBAJ BpeMeHH (3 ¢), COOTBETCTBYIOIIUI BBITIOJ-
HEHUIO0 OBUKeHuA. JlereHga B JeBOM HUMKHEM YIUIY
TIOKAa3bIBaeT I'PAHUIILI PACCMATPUBAEMOr0 IIPOCTPaH-
CTBEHHO-BPEMEHHOT'O OKHA.

Kpowme Toro, 114 aHaansa o011eit KapTUHbBI U3MeHe-
HUA CIIEKTPAJbHBIX XapaKTePUCTUK HaAMU ITPOBEIEHO
yCpeIHeHMe MOJTyUYeHHBIX 3HAUeHUI SHEPTruU M0 00JIb-

YNPABNEHVE B MEAVUVHE 1 BUONOTI N

N

momy (~100) uumciry OZHOTUIIHBIX COOBITUI OTAEJIHLHO
LS KAsKI0T0 U3 UCIBITYeMbIX. [[JIs BBIIIIeyKadaHHbIX
YaCTOTHBIX MMAIIA30HOB aJjib(a, 6eTa m raMMa ObLINI
paccunMTaHbl 3HAUEHUS BEMBJIETHON SHEPIUU, YCPe.I-
HEeHHBIE TI0 MHTePBaJIy BpeMeHH 4 ¢ mocJie Iogavun 3BY-
KOBOro curHaJja (CUrHaja K Hadyajy OCYIIeCTBJIEHUS
W BOOOpPaKEHUs MBUKEHUS), OTAEJIbHO A Kask-
moro u3 31 orBemerusa III. IlosyueHHbIe 3HAYECHUSA
SHepruu ObLIU 3aTeM ycpemHeHbI 1Mo Oosbiiomy (~100)
YHCJTy OMHOTHUIHBIX COOBITHM OTAEIBHO IJI KasKI0T0
ucsiTyemMoro. Ha puc. 5 mpezicraBiieHbl pe3yIbTaThbl
Ha TIpuUMepe YeThbIPeX Pa3JIUYHBIX THUIIOB COOBITU
(mBYX peaJbHBIX — ABUKEHIIE IIPABOIl 1 JIEBOM PYKOI
U IBYX BOOOpa’sKaeMbIX — BOOOpasKeHHe IBUKEHIS
IIpaBoil 1 JIeBOU PYKOU COOTBETCTBEHHO).

Hnast yTouHeHuUs xXapaKTepa KadeCTBEHHBIX OT-
JAUYUHA MEXKJY YacTOTHOM AWHAMWKOM IIaTTEPHOB,
COOTBETCTBYIOIIINX PA3JIUYHLIM THUIIAM JBUKEHUI,
IIPOBeZleHA AeTaIN3alus aHaJIN3a SHEePreTUUYeCKUX
COOTHOIIIEHUH 110 BCEMY YaCTOTHOMY CIIEKTPy. A
9TUX IeJiell aHalIu3upyeMas CIeKTpaJbHas o00-
aactb (1-40 I'm) 6pina pasbura Ha yskue (~2 I'm)
MHTEPBAJIBI YaCTOT, B KOTOPBIX IIPOAHAJJIU3UPOBaHAa
BeUMBJIeTHASA SHEPTUS IPU TeX JKe TUIaX IBUIKEeHUA.
Ha puc. 6 meMOHCTPUDPYIOTCA pPe3yJIbTaThl dHEpPTe-
THUUYECKOr'0 aHaJIu3a C PaCIINPEHHON YaCTOTHOM me-
Tajausanueil B IIPOCTPAHCTBEHHBIX pacIIpeaeeHu-
sIX TI0 CKAJbIIOBOMY PACIIOJIOKEHUI0 BJIEKTPOIOB.
IInaBaroriee 3HaUEHWE JINTEJIHLHOCTU WHTEpPBAJA
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B Puc. 4. IIpocTpaHCTBEHHO-BPEMEHHbIE 3aBUCUMOCTH, XapaKTepPU3yIoIue sIU30[ peajabHoro (a) u Boodbpakaemoro (6)

IBUKEHUS IPaBOil pyKOit

B Fig. 4. Spatio-temporal dependence for an episode of the real (a) and of an imaginary (6) movement with the right

hand
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paccMarpuBaeMbIX YaCTOT BLIOPAHO C IO3UIIAY HAU-
OosblIllell HaTyIAgHOCTU. B paMKkax — HauboJjee OT-
JINYAIOIIECS II0 CBOMM JHEPreTUUYeCKNM XapaKTe-
pUCTHKAM CIEeKTpPaJbHbIE AUAla30HEbL.

3aKJIoueHne

B pesynbraTe pacuera um aHaJan3a BeWBIETHBIX
xapakTepucTuk (1), (3), (4) ObLIU BBISIBIEHBI HEKOTO-
pble XapaKTepHBbIe 0COOEHHOCTU CTPYKTYPhI CUTHA-
JiI0B 9T, acCOUUPYIOMTUXCS C PA3IUUYHBIMU TUIIAMU
IBUKeHU (BOOOpakaeMbIMU U PeaJbHBIMH). B mmep-
BYIO OUepenb, aHAJN3 N3MEHEeHU A SHEPTUU DJIEKTPU-
YeCKUX KoJie0aHUll, PEruCTPUPYEMBbIX IIOCPEACTBOM
93T, ToKa3bIBaeT, UTO BO BpeMsA II0CJIeJ0BATEIHHOTO
BBITIOJTHEHUSA peajibHBIX [IBUKEHUN HaOJIo1aeTcs
yBeJIMUeHNe SHEePTruu CUTHAJJ0B III, cHMMaeMbIX
¢ J100moit obacTu. IIpu sToM HabII0gaeTCsa OTHOBPe-
MeHHOe (MeHee 3HAUNTeJIbHOE) YMEeHbIIIEHIEe 9HePTUU
B 3aTBIJIOYHOUN obsiacTu. HauMeHbINIEe M3MEHEHUI
paccMaTpuBaeMoOil 9HEPreTUYeCcKOl XapaKTepuCTHU-
KU HaOJIIOJAIOTCSA B TeMEeHHOH objiacTu. B oTamune
OT peaJIbHOI'0 ABUIKEHU, BOOOpaskaeMoe IBUIKeHe
XapaKTepus3yeTcsi YMEHBIIIEHNEeM 9HEePTUU B JIOOHBIX
IOJIAX U YBeJIUUYEeHWEeM SHEePTUU B 3aTHIJIOUHON U Te-
MeHHOU o0sacTax (cM. puc. 3).

B T0 xe BpemdA mIpoBeeHHBIN aHAIN3 U3MEHEHUH
SHEPTreTUYeCKNX XapaKTEePHUCTHUK BO BPEMEH! ITOKAa3bI-
BAET, UTO IIPU PeaIbHbIX 1 BOOOPAKAEMbIX JIBUKEHN-
AX HaOJII0]aeTCs TPOTUBO(A3HOE N3MEHEeHNe SHEePI U
93l B 106HOM 1 TeMEeHHOMI 00JIaCTAX: B CIyuae peajb-
HOT'0 IBU KEeHUA HAaOII0IaeTcA JJOKAJIbHOE YBeJINUeHIe
SHEPrUU B TeUeHUe IIePBOI CEKYHIBI IOCJe IPEeIbAB-
JIEHUA 3BYKOBOT'O CTUMYJIa (CUTHAJIA K HAUAJy BBITIOJ-
HEeHUs IBMKEHN), a B cIyuae BooOpaskaeMoro — Jio-
KaJIbHOe yMeHbIeHue. I[Ipu 9ToM cpenHsast BO BpeMeHHn
sHeprusa Kojebanuii ' B J06HOIT 001aCTH OKA3bIBa-
eTcs OOJIBIIEH IIPU peaibHOM JIBUKEHUH, a B TEMeH-
HOM — IIp; BooGpaskaeMoM (CM. puc. 3).

Amanus sHePreTHYeCKUX M3MEHEeHHUHN B YacTOT-
HO-BPEMEHHBIX JOMEHaX IOKAa3aJj, 4TO B CJydae BO-
oOpaskaeMoro IBUKEHUA OOJIbITasg UYacTh SHEPTUU
cocpenoroueHa B auamasone 8—12 I'm (asxbda-puTm)
B 3aTBIJIOUHOII 1 TeMeHHo# obsacTax. IIpu BooGpa-
JKeHUU JBUIKEHUS IIPOUCXOAUT yBeJNUeHUe SHep-
Ty B JaHHOW 00JIacTU CIeKTpa. B To ke BpeMs
B JIOOHBIX [OJISIX YBeJMUYeHUe SHEePTUHU B AUala3oHe
8-12 I't (MIO-pUTM) COIPOBOXKAAeTCA OoJiee 3HAUU-
TeJbHBIM YMEHBIIIEHNEM SHEPIu B HU3KOYACTOTHOMR
obsactu (1-5 I'm). B cayuae peaabHOTO IBUIKEHUS
HabJIfomaeTcA YMEHBbIIeHNe 9HepPruu B 00JIacTHU vac-
ToT Oera-guamnasona (15—30 I'ty) B 3aThIIOUHOIT Uac-
TH, YMEHbIIIeHNe SHepruu B auanasone 8—12 I'm —
B 3aTBHIJIOYHOM M TeMEHHOI 00JIaCTAX U YBeJIUUeHure
SHEPIUM Ha HUBKUX YaCTOTaX — B JIOOHBIX IOJISIX
(cm. puc. 4).

OTrmMeTuM, YTO IIPOBEJEeHNEe CTATUCTUYECKOTO yC-
penHeHNs II0 HAOOPY COOBITUI JeMOHCTPUPYET CO-
XPAHHOCTb BBIABJIEHHBIX OCOOEHHOCTEH B UYaCTOT-
HBIX AUAalasoHax raMma, ajb(da u 0erTa mo «JBUTa-
TeJbHBIM» TmaTTepHaM Ha 93 (cm. puc. 6). Kpome
TOr0, IIPOBEJEHHASA YAaCTOTHASA AeTan3alus CIIeK-
TPaJbHOTO0 cocTaBa I -TIaTTEPHOB MO3BOJIAET YTOU-
HUTH pAMKH HaOJIOZAOINXCA OTIMUYNHA MeXKIY IIaT-
TepHamMu. MaKcuMaJbHBIE Pas3NUYUsA, CIOCOOHBIE
JOCTOBEPHO OMIpeAeAThCSI B UMCJIeHHON 00paboTKe,
JeskaT B juanasonax 5—7 u 15-19 I'm.

Takum o6pas3oM, B pesyJabTaTe IIPOBEIEHHOTO
BEHMBJIETHOTO aHaJim3a OBIJIM YCTAHOBJIEHBI JOCTO-
BEpPHBIE PA3JIUYUA MEXKAY CIAYUasIMHU PeasibHOTO U
BooOpaskaemoro Apuikenusa. [loayueHHBIE Pe3yabTa-
THI HOCAT MEXKIUCITUILINHAPHBIN XapaKTep U sIBJISA-
FOTCSA BasKHBIMU KaK JJIs TOHUMaHUA (GU3NOJTOTUUe-
CKUX MEXaHU3MOB 3JIEKTPUUECKOIl aKTUBHOCTU T'O-
JIOBHOTO MO3Ta, TaK U JJIs IPOEKTUPOBAHUS HEHpo-
UHTEeP(dEecoB «MO3I — KOMIIBIOTEP», YIIPABIAEMbBIX
BOOOpaKeHUEM TeX UJIU UHBIX TBUKEHUI.

Pabora mommep:;xama PODPU (mpoert Ne 16-29-
08221 ocpu_m).
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Introduction: The modern fundamental and technical science has a great interest in neural interface development, as it aims at both
improving life quality and studying the functioning of a human brain. Neural interface devices are based on recognizing the patterns of
recorded brain activity, and their main problems are low efficiency of pattern recognition techniques and long time necessary to train
the operators. Purpose: Developing methods for recognizing patterns associated with various motor activity of untrained operators.
Results: Based on wavelet technologies, new methods are proposed for studying various patterns of brain activity which correlate
with various types of motor activity. Morle basis is modified in order to speed up the calculation. Approaches to assessing energy
capacity of various electroencephalography processes are discussed, based on the calculation of skeleton characteristics. We give
examples of processing experimental data obtained from untrained volunteers. Characteristic features of patterns for various motor
activity (imaginary or real, leg or hand movement) have been discovered. We demonstrate that the electroencephalography patterns are
universal for everyone from the volunteering group. Practical relevance: The revealed features of "motor” patterns and the methods of
electroencephalography processing can be used in constructing neural interfaces which decode brain electrical activity almost without
operator's training.
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Kuura mocssiena ogHoM ns HauboJiee o0Iux npodiaeM GUSUKU U TeXHUKU, O1O-
JIOTU U €CTeCTBOZHAHUSA — Ipo6JieMe U3BIeUeHN A NH(POPMAIIUY U3 CAYUANHBIX JaH-
HBIX (HabJII0eHNI, UBMEePeHNil, 9KCIePpUMEeHTAJbHBIX uccaenoBanuii). Cam mpoiecc
usBIeUeHUA WH(DOPMAIIUY BKJIOUAET B ce0sA 9Tambl cOopa JaHHBIX, IIOCTPOEHUS MO-
[eJsiell peasbHBIX IIPOILECCOB U CHCTEM, aHAIN3a U WHTEPIPEeTAI[NY IIOJIYUeHHBIX pe-
3yJIbTATOB.
IaHbI onMcaHYe U JeTaIbHBIN aHATNS3 CTPYKTYPHI Hanbojee BasKHBIX C TOUKH 3pe-
HUS IPUIOKEHUN MOZiesiell BDeMeHHBIX PsA0B, HEIIPEPHIBHAIX CIYUaHHBIX IIPOIECCOB,
CIyUYalHBIX IIOTOKOB COOBITHI, CAyUYalHBIX IOJiell u m3obpakeHuii. IIpeacraBieHo
60JIbIIIOe KOJIMYECTBO HOBHIX PE3YJIBTATOB II0 BEPOATHOCTHOMY aHAJHN3Y HEOZLHOPOZ-
HBIX JaHHBIX, OTOOPa’KEHUAM CIYYaHHBIX IpolieccoB Ha (asoBOil IIJIOCKOCTH, Xa-
paKTepUCTHKAM BBIOPOCOB M XapaKTePUCTHMKAM NPEBBLIIIEHUI 3aJaHHBIX YPOBHEM.
ITokasaHo ITUPOKOE PadHOOOpasue IPaKTUUYeCKUX 3ajad, KOTOpble peuaioTcs (Uiu
MOT'yT penraTbcsi) Ha OCHOBE PACCMOTPEHHBIX MOgeell CIydaiiHbIX PYyHKITUH.

KHura opueHTHpOBaHA Ha MIMPOKUH KPYT YuMTaTeseii — Ha TeX CIEI[UaJNCTOB,
aCIUPAHTOB U CTYAEHTOB, KOTOPHIE N3YUAIOT, NCCAEAYIOT U IPUMEHAIOT Ha IPAKTHKe
MOZeJIN ¥ MEeTOJbl aHAIN3a PA3JIUUHBIX II0 CBOEH (U3MUECKOM MPUPO/e CIyUalHbIX
aHHBIX.
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CUHTE3 CTPYKTYP BAUECOBCKOM CETU AOBEPUS
ANl OLEHKU XAPAKTEPUCTUK PUCKOBAHHOIO
NMOBEAEHUA

A. B. CyBopoBa?, kaHA. pU3.-MaT. HayK, CTapLUMi Hay4HbI COTPYAHMK, suvalv@gmail.com

A. A. TyaynbeB® 5, JoKTOp Ppu3.-MaT. Hayk, AOLIEHT, alexander.tulupyev@gmail.com
aCaHKT-lNetepbyprckuit UHCTUTYT UHPOPMAaTHMKKU U aBToMaTn3aumm PAH, 14-a anHns B. O., 39,
CaHkTt-letepbypr, 199178, PO

SCaHKT-IMeTepbyprekmii rocyAapCTBEHHbIN YHUBEPCUTET, YHMBEpcHTETCKas Hab., 7-9, CaHKT-letepbypr,
199034, PO

IMocTaHoBKa npob6AeMbI: HEOOXOAMMOCTb OLEHMBAHMS NapaMeTpoB MOBEAEHUS (Kak MHAMBUAYaAbHOIO, TaK U Ha ypoBHEe
MonyAsiuMmM) BOBHUKAET B Pa3AMYHbIX 0OAACTSX COLIMOAOTMUECKMX, NCUXOAOMMYECKMX, SMUAEMMUOAOMUYECKMX, MaPKETUHIOBbIX
MCCAEAOBaHMI, NCCAEAOBaHMI be3onacHocTh. OAHaKo npsamas oueHKa MHTEHCUBHOCTH PUCKOBAHHOIO MOBEAEHMS HE BCeraa
AOCTYrHa, KaK CAEACTBUE, TPebYeTCs pa3BUTME KOCBEHHbLIX METOAOB OLIEHKM. PaHee ObiA MPEANOXKEH MOAXOA K MOAEAMPOBA-
HWHK PUCKOBaHHOIO NMOBEAEHMSI Ha OCHOBE 6arieCOBCKOM CETU AOBEPUS 110 AGHHBIM O HECKOAbKMX MOCAEAHMX 3MU30AaX TAKOro
MOBEAEHMSI, HO AAS MPAKTUUECKOrO NPUMEHEHMS HEOOXOAUMbI M3MEHEHMS TOM MOAEAM B LIEASIX CHUXEHUSI €€ 3aBUCUMOCTH
OT NMePBOHaYaAbHbIX MPEATOAOKEHUH SKCEPTOB O B3aUMOCBA3AX MEXAY SIAEMEHTaMMU MOAEAU. Lienb: npesroxuTs MoAndUKa-
LM MOAEAM, KoTopasi He TpebyeT 3aAaHUsi CTPYKTYPbl 3KCrepTaMu; rMpoBECTU CPaBHEHUE 3TOM MOAEAU C epBOHaYaAbHOM.
MeToAbl: AAS TPOBEPKU MOAEAM pa3paboTaHa nporpamMmMa, reHepupyroLlas TeCToBble AaHHbIE B COOTBETCTBUU C TEOPETHYE-
CKUMM MPEAMOAOKEHUSIMU MOAEAK. AASI OCTPOEHMS CTPYKTYPbI 6aieCOBCKOHM CETU AOBEPUS M0 CreHepUpoBaHHbIM AaHHbLIM
MCMOAL30BaH aAropuTM ONMTUMM3aLmMM Mepbl kayecTBa cetu Hill-Climbing ¢ mepo# kauectBa Bayesian Information Criterion.
Pe3yAbTartbl: NPpeANOXEHO pa3BUTUE MOAXOAA K MOCTPOEHMIO MOAEAM PUCKOBAHHOIO MOBEAEHUSI HA OCHOBE 6aeCoBCKOM CETH
AOBEPUS M0 COBOKYMHOCTU HAabBAOAEHUH, BKAKOUAKOLLIEH CBeAeHMST 06 3nm3oaax Takoro rnoBeaeHus. [poBeaeHo cpaBHEHUE
ABYX CTPYKTYD TaKok MOAEAU: MPEANOKEHHOM 3KCrepTamMu 1 MOCTPOEHHON aBTOMaTMUYECKU 0 AaHHbLIM. B To BpeMsi kak ¢op-
MaAbHbl€ Mepbl KayeCcTBa MoKa3bIBakoT MPEUMYLLECTBO aBTOMAaTUYECKM 00YYEHHOM CTPYKTYPbl, KAYECTBO MPEACKa3aHUs Ayy-
e Y MOAEAU C 3KCMEPTHO 3aAaHHOM CTPYKTYPOH. TakuMm 06pa3oM, AASl PELLEHMS NMPaKTUYECKMX 3aAady MOXHO MCMOAb30BaTh
AOBYIO M3 MPEANOXKEHHbBIX MOAEAEH; BbIOOP MOXET 6bITb 06YCAOBAEH YCAOBUEM KOHKPETHOM 3aAayM.

KaroueBble cnoBa — MOAEAMPOBaHME MOBEAEHUS, BaHeCcOBCKME CETU AOBEPUS, CUHTE3 CTPYKTYP, MalLMHHOE 06ydeHue,
PUCKOBaHHOE MoBEAEHME.

HOuruposanue: Cysoposa A. B., Tynynses A. JI. Curres cTpyKTyp 6afieCOBCKOIL CeTU JOBEPUS AJIs OLEHKU XapPaKTEePUCTUK PUCKOBAHHOI'O
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Citation: Suvorova A. V., Tulupyev A. L. Bayesian Belief Network Structure Synthesis for Risky Behavior Rate Estimation.
Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2018, no. 1, pp. 116-122 (In Russian). do0i:10.15217/

issn1684-8853.2018.1.116

BBemenune

Perrtenre MHOTMX 3a7a4 B Pa3JIUYHBIX 00JIaCTAX
WCCJEOBAHMSA OCHOBAHO HA M3YyUYEHUU IIOBEIEHUS
YyeJIOBeKA MJIW T'PYMIIBI, B YaCTHOCTH, HA M3YUYEHUU
YUCJIEHHBIX IIapaMeTPOB HCCJEeAyeMOro TIoBeje-
HUsI, CPABHEHUM MX C HOPMATUBHBLIMM 3HAUYEHUS-
MU WU OTCHCKUBAHUU AUHAMUKHU ITOKasaTesei.
IIpumepamMu OMOOHBIX 3ajau ABJIAIOTCA OIEHUBA-
HUe YaCTOThl MHAWBUAYAJLHOTO ITOBEIeHUs, CO3/Ia-
IOIIero yrpo3y 0e30I1acHOCTH, HAIpuMep nH(pOopMa-
IMUOHHON cucTeMbl [1]; MomenupoBaHMe MOBEIEHUS
B rpyumne [2]; olleHMBaHWE WHTEHCUBHOCTU PUCKO-
BaHHOTO ITIOBEIEHUA Ha YPOBHEe nonyaanuu [3].

Psap sagay siuaeMUOJIOTUY 1 OXPAaHBI O0IIIeCTBEH-
HOT'O 3/TOPOBbsI TECHO CBSI3AH C OIIEHKOIT Bpeaa, KOTo-
PBIii MOJKeT OBITH MIPUUYNHEH WHINBUAOM OOIIECTBY,
camoMy cebe u (Mau) APyroMy MHAUBUAY. B Takom
cydae C PUCKOM CBSSBIBAIOT SIM30[bI OIIPEeJIeH-

HOTO TIOBEeIeHUA WMHIWBUJA, a YKUCJIEHHOU XapaKTe-
PUCTUKOII TAKOTO PUCKA BBICTYIIA€T WHTEHCUBHOCTH
noBeneHua [4]. OmHOM M3 TaKWX 3a4a4 SABJIAETCHA
OIleHMBaHIe PHCKa Iiepenaun uau moaydenusa BIAY-
nHGEKIUY, a B KAUeCcTBe MHTEPECYIOIIEero MUCCaeI0-
BaTeJId TUIA IOBEIEHU — YIOTPebJieHe NHBEKIIN-
OHHBIX HAPKOTUKOB U PUCKOBAHHOE CEKCYaJbHOE I10-
Bemenue [5]. OmHAaKO IpAMAasd OleHKa MHTEHCUBHOCTH
(T. e. HETIOCPEACTBEHHOE M3MEPEHIEe YKCJia DIIN30/]0B)
PUCKOBaHHOTO ITIOBEJIEHUA He BCerja JOCTYITHA B CUITY
9KOHOMHWUYECKUX IPUYUH (TIOZOOHBIE WCCIENOBAHUA
Ias cbopa AAHHBIX CJOKHO, JOJITO U JOPOro opra-
HU30BbIBaTh) [6, 7]. PerpocmexkTmBHOE mH3MepeHUE
(ommpochl caMUX PECIIOHAEHTOB O YKCJIE SIIM30J0B TI0-
BeIeHUA OIPeeIEHHOT0 THUIIa) CTAJIKUBAETCA C IIPO-
0J1eMOIi TOYHOCTH OTBETOB M3-3a OCOOEHHOCTEI BOC-
IOMHUHAHUSA W CAMOOIIEHKH, a TaKiKe ¢ IpobJieMoit
IieJIEHATIPABJIEHHOTO BaHMKEHUS WHTEHCUBHOCTU
13-3a COIMAJILHON HEKeJIaTeJIbHOCTU MHOTUX BUJIOB
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pucKoBaHHOTO TToBefieHNA [7]. Bor mouemy Tpebyercs
pasBUTHE KOCBEHHBIX METOIOB OIIEHKU.

B paborax [8, 9] mpeio:KeH MoAX0 K IIOCTPOEHUIO
batiecoBckoit cetu nosepusa (BCIl) mmsa momenmposa-
HUSA PHUCKOBAHHOI'O TIOBEAEHUS Ha OCHOBE JaHHBIX O
HECKOJIbKUX TOCIeTHUX SIU30/]aX TAKOT'O TIOBEIeHUA.
BC]l mos3BoJisgeT IpeacTaBUTh CI0MKHBIE B3aMOCBA3U
MEXKIy dJIEMEHTaMU, BXOJAINIMMYU B MOJEJb, B BHUJE
paBJIoKeHMs Ha 60Jiee IPOCTHIE BIIEMEHTHI, UTO YIIPO-
IaeT KakK OmMCcaHUe BCeil CUCTEeMBI, TaK U ee MHTep-
mperaruio [9—11], B To BpeMs KaK BBIBOJBI JAEJIAIOTCS
C yueToM IToJIHOM cucTeMbl. Kpome Toro, anmapat BCII
TIO3BOJIAET YUYUTHIBATH KaK MMEIOIecs CTaTUCTUYe-
CKIe JaHHbIEe, TaK 1 9KCIIEPTHYIO MHGOPMAIIUIO 00 MH-
TepecyoIeil nccaenoparensa oonactu [9—11]. Ilpuuem
YPOBEHb BOBJIEUEHUS SKCIIEPTOB MOKET OBITh OUeHb
pasHBIM: OT BBIOOpPA METOHOB, MCIIOJIB3YEeMBbIX IJIs
TIOCTPOEHUA MOJEJU, MO TOJIHOTO 3aJaHusA MOIEJH,
BKJIIOUASA ee CTPYKTYPY U mapaMeTpsI [12-15].

B pgamHo#l paboTe muCCIeIOBAHO BJIMAHNE DKC-
TMEePTHBIX TPEATIONOKEeHUNA O CTPYKTYpe MOIeJan Ha
ee KauecTBO. [{J1g 3TOT0 IIpeAoKeHa MOIUMDUKATINA
MOJieJIV, TIPU TIOCTPOEHUYU CTPYKTYPhI KOTOPOU HC-
TOJb30BAaH aJTOPUTM aBTOMATHUUYECKOT'0 O0yUeHUS
0 TaHHBIM, a 3aTeM IIPOBEJIEHO CPaBHEHME MOJIeJIel
C UCXOHOU 1 MOAU(MUITMPOBAHHON CTPYKTYPOU.

Onucanue MCXOTHOM MOIEIN

B KauecTBe MCXOAHBIX NJAHHBIX JJIA BEIUMCJICHUSI
OIIEHKY WMHTEHCUBHOCTH DPUCKOBAHHOTO IIOBEIEHUS
[16] mcmionb3yIOTCS CBENEHUA O TPeX IOCJIeTHUX
anIm304ax IIOBeAeHUdA t01v l195 tog (TouHee, IJIWHBI
WHTEPBAJIOB MEKIY 9TUMHU 3MIU30IaMU) U CBEJeHUS
0 MUHMMAJIbLHOM ¥ MaKCHMAaJbHOM WHTepBaJe (£, ;.
u t,,.) MEXIy SIIM30JaMU 3a HCCIeAyeMbIil mpoMe-
JKYTOK BpeMmeHU. Mopjeabio IIOBeIEeHUS BBICTYIIAET
IYaCCOHOBCKUI CJYUYAWHBIN IPOIIECC, T. €. HJIMHBI
WHTEPBAJIOB MEXKY SIIM30JaMU PacCIIpeiesieHbI 9KC-
noHeHIInaJIbHO. Kpome TOro, Mo/ieIb CONEPIKUT TaK-
JKe OIeHMBAaeMyI0 BeJIUUYNHY A, COOTBETCTBYIOIIYIO
MHTEHCUBHOCTHU IIOBEJEHUA, WM CKPBITYIO IIepeMeH-
HYI0 1 — YHUCJO 3MU30J0B, ITPOUBOIIEAINNX 3a HC-
cJeIyeMblil IPOMEKYTOK BPEMEHMU.

Hnsa mocTpoeHuss 6alieCOBCKOM CETU BO3MOIKHBIE
3HAUEHUs BCeX HePePBIBHBIX BeJUUYUH (A, tg;, t19,
1935 tmin» tmax) PA3OMBAIOTCA HA AUCKPETHBIE HHTEP-
BaJIbI; TaKUM 00pPa30oM, pacipeneeHUus ABJIAI0TCS
MYJBTUHOMUAJBLHBIMY. Bo Bcex mpumepax, paccMo-
TPEeHHBIX B JaHHOUW paboTe, UCIIOJb3yeTCs AUCKpe-
TU3ANUA BUAA: OJA CAYyYaWHON BEJIUUYUHBI, COOT-
BeTCTBYIOIIell mHTeHcuBHOCTH moBegenus, A =[0;
0,01), A? =[0,01;0,03), .®) =[0,03; 0,05), .Y =[0,05;
0,1), \® =10,1; 0,2), .® =[0,2; 0,3), .(V =[0,3; 0,5),
A8 =10,5; 0,7), A9 =[0,7; 1), L0 =[1; w0); ga cxy-
YaWHBIX BENUYUH 1,4, toin, .y, XapaKTepuUsy-
OIMUX IJIUHBI WHTEPBAJOB MEXKAY SIU30JaMU,

P

P(ty3|n)  Pltazlh)  Pltyln, n)

B Puc. 1. Crpyrrypa BCI nisa MmomennpoBaHUA PUCKO-
BAHHOTO IIOBeJIeHUA, 3aJaHHA A S9KCIEPTHO

B Fig. 1. Expert-based structure of the BBN for risky
behavior modelling

D =[0; 0,1), t® =[0,1; 1), t® =[1; 7), t® =[7; 30),
t®) =[30; 180), (6 =[180; ).

B nmepBonauaabHOI Mozeau [8] cTpyKTypa 3agaHa
9KcIepTHo (puc. 1).

Tensopsl P ycioBHOII BepoATHOCTU, XapaK-
TEePU3YIOIIUe IIePeXoabl MeXKAY V3JaMHU CeTH:

P R P

P(n|r), P(L)}, — ompenieAIOTCA AHATATIIECKH, CO-
TJIACHO IIPEAIIOJIOKEHNIO O IIyaCCOHOBCKOM ITPOIIEC-
ce B KauecTBe Mojenu mosemenusa (I, =1, ..., k,, Tme
k, — UHMCJIO0 TU3BIOHKTHEIX IIPOMEKYTKOB IIPH JIIC-
KpeTHu3anuu cay4yanHbix Beauuus; s =0, ..., 4;j =1,
2;i=1, ..., m, voe m — YNCJIO JU3BIOHKTHLIX IIPOMe-
SKYTKOB IIPU AVCKPETU3AINY BeJIUYUHEI A) [8]:

(i) (i)
p( (l;ll 7\‘(1)) —ak _e—b)\, . JZO, 1, 2’

@)
w0 =[as )

n, x(t)) —anp® —bnk(’), ) [a; b);

min min

(t(zg)

P(n‘x(i) ) = —(k(i)T)n T,

n! ’

. _1y) (D43)
p(tl(rl;g)x ‘n, A9, tr(rl;“ﬁl)ze(” D2 Ptml

. L o\n-1 . o1
I YORC) _2Dp YORCE)) g
X (e min e — e min __ e ,

tla) — =[a; b).

IIpennosxenHas Momae b Oblja ampoOMpoBaHa Ha
TECTOBBIX AAHHBIX [17]; mOKasaHo, YTO MOAEH NMe-
eT XOpoIllre MoKasaTeJln KauecTBa IIPU CPaBHEHUU
¢ (hbaKTHUYECKNMMU 3HAYEHUSIMU MHTEHCHUBHOCTU IIO-
BeJIeHU, T. €. CBeIeHUA O TMOCJEeTHUX SMU30aX TI0-
BeIeHUsI TO3BOJISIOT XapaKTeprns30BaTh IIOBeAEeHIE
B I[€JIOM.
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O0yueHNE CTPYKTYPHI
0aiieCcOBCKOI ceTH T0BepPUusd

1 oIleHUBaHUSA BIUAHUSA dKCIIEPTHBIX IPEAIIO-
JIOKEHUM 0 CTPYKTYpPe Ha KaueCTBO MOIE N B JaHHOMK
paboTe TaKiKe HCCJIeAyeTCs CTPYKTypa, IIOJYyYeH-
Has aBTOMaTHUYECKU II0 JAHHBIM. TaOJauIlbl yCJIOB-
HBIX BEPOATHOCTEH TaKKe BBIUUCJIAIOTCA Ha OCHOBE
IaHmHbIX. M3-3a TOTO, UTO JaHHBIE O YKCJIE SITU30I0B
peasbHOTO TOBEJEHUA 3a 3aJaHHBIA IPOMEKYTOK
BPEMEHM IIOJYUYUTh OPraHM3AIIMOHHO CJIOKHO, a
WHOTZIa M HEBO3MOJKHO (HaIpuMep, IIPU HCCJIeaoBa-
HUY PUCKOBAHHOTO CEKCYaJIbHOTO MOBEIEeHUS), TO
IJIS TeCTUPOBAHUA MOe U Obla padpaboTaHa IIPo-
rpamMMa, TeHepupyiollas <«dIMU30Ibl IIOBEeIeHUS»
B COOTBETCTBUU C TEOPETUUYECCKUMHU IPEATION0KEeHU-
AMU MOJEJH, T. €. B COOTBETCTBUU C MIYaCCOHOBCKOIA
MOJIeJIbIO IIOBeJieHusi. Bce BBIUMCIEHUS U aHAJIU3
BBITIOJTHEHBI € TTOMOIIBLI0 A3kIKa R [18], B uacTHOCTH,
IJIst paboThI ¢ 0AIeCOBCKUMMU CEeTSIMU HCIIOJIb30BaJI-
ca makert bnlearn [19].

Cuauajia Obliu cremepupoBaHbl 300 3HaueHMH
WHTEHCUBHOCTH, COOTBETCTBYIOIIINE 3HAYCHUAM
CcJaydYaliHOW BEeJIWYUHBI, pacipeieieHHON 0 raMMa-
pacmpenenenuio ¢ mapamerpamu k =1,1; 6 =0,3.
C omHOU CTOPOHBI, OOJBINIAA YaCTh 3SHAUCHUN MEHb-
mre 0,5, YTO COOTHOCUTCS CO MHOTMMM IIPUMepPaMu
peasbHOTO TOBEIeHUs, C APYTroii — B JAHHBIX €CThb
3HAUYEHU [JIS BCeX MHTEPBAJIOB, Ha KOTOpbIe pasou-
TO 3HAUEHUE A IIPU AUCKPETUAIIUU.

Hamee nis KasKIOTO 3HAUEHUS WHTEHCUBHOCTU
reHepupyetrcsa 20 «pecIoHIeHTOB» — IIOCJIeIOBA-
TEJIBHOCTEH TOUEK, PACCTOSHUA MEXKAY KOTOPBIMU
MOJUUHSIOTCA 9SKCIOHEHIIMAaJbHOMY paciupenee-
HUIO C COOTBETCTBYIOIIMM 3HAUEHNEM WHTEHCUBHO-
ctu. VI3 KasKmoil TaKoil IOCJIeSOBATEJIHLHOCTH BBHI-
IeJSIIOTCS MCXOMHBIe NAaHHBIE AJIS OIEHKU: AJIUHBI
WHTEPBAJIOB MEKAY TPeMs MOCIeTHUMHU TOUKAMU,
MUHUMAJbHBIA U MaKCUMAaJIbHBII MHTEPBAJI 3a IPO-
MEXXYTOK AJUHOUN 365 «IHel», yAAJISI0TCs IOCTIeI0-
BaTeJIbHOCTH, ¥ KOTOPBIX HET XOTA ObI IBYX TOUEK 3a
STOT HMPOMEKYTOK. TaKuM o0pas3oM, KOHEUHBI 00-
yuaroruii Habop BKJIoUaeT 5936 «pecroHIeHTOB»,
mpuYeM AJSA KasKA0ro JOMOJHUTENHbHO U3BECTHO HC-
XOJHOE 3HAUeHVe WHTEHCUBHOCTU, YTO ITO3BOJIAET
CPaBHUTH €0 C UTOTOBOU OIEHKOM.

AnanornyHbEIM 00pa3oM OBLIU CTeHEePUPOBAHBI
TeCTOBbIe MAaHHBIE MJIA MaJIbHEHUIIell OIeHKU II0-
CcTpoeHHBIX Mozesel (50 3HaUeH T MHTEHCUBHOCTH,
15 mocaemoBaTeIbHOCTEH /I KasKI0r0 3HAUYEHU,
Bcero 730 «pecmoHIEeHTOBY).

Hna mocrpoenusa ctpyKTypbl BCIl mo cremepwu-
POBaHHBIM [TaHHBIM OBLT WCIOJb30BAH AaJTOPUTM
onTuMusanuu mMepbl KadectBa cetu Hill-Climbing
[19], mepoii kauecTBa aABaanaca BIC (Bayesian
Information Criterion).

ITonyuenHas B pe3yjabTaTe O0yUeHUA CTPYKTYpa
BCII npencraBiiena Ha puc. 2.

P())

P(ty5]n) P(tys!n) P(tin| n)

B Puc. 2. Crpykrypa BCI nisa momenrnpoBaHUA PUCKO-
BaHHOTO IIOBEJIEHU s, O0yUeHHAasd Ha JaHHBIX

B Fig. 2. Data-based structure of the BBN for risky be-
havior modelling

Cienyer OTMETUTh, UTO AJaHHAA CTPYKTYypa nUMe-
eT JOCTATOYHO MPOCTYI HHTEPIPETAINI0: WHTEH-
CHUBHOCTH IIOBeMeHUA (IPYTMMU CJIOBAMM’, YaCTOTa
IOBEIeHN) OIIPeesseTcsa uepe3 UUCJIO SIU30I0B
TIOBeZIeHM s, ITPOMBOIIIEAINNX 3a PacCMaTPUBaEMBbIi
MIPOMEKYTOK BpeMeHH (B TeKyIieM rmpumepe 365 mH.).
OmHako, KaK y:Ke OTMeYaJsoCh, IMOJYUYUTh B SIBHOM
BUe UHCJIO SIIN30/0B AJIS OOJBIIUHCTBA IIPUMEPOB
MOBeJIeHN A HeBO3MOKHO. TaKum o6pas3oM, 1 IBJISIET-
Ccs CKPBITO IIEPEMEHHOI, OIpeeIaeMON Yepes HC-
XOMHbBIE JaHHbIE U OIPEe/ISIIeil B CBOI0 ouepeab
WCKOMOE 3HAUeHue A.

s mosIHOTO ompeziesieHus Mozesei (cM. puc. 1,
2) najee OBIJIO IPOBEIEHO AaBTOMATHUUECKOe 00y UeHUe
mapaMeTpoB MIpeACTaBJIEeHHBIX 0alleCOBCKUX ceTeit
HA UMEIOINXCA MTaHHBIX, T. €. BHIUUCJIEHNE YCJIOB-
HBIX BEPOATHOCTEH IJid BCeX IMap IepeMeHHBIX, CO-
eIMHEHHBIX B Pa3paboTaHHBIX CTPYKTypax pedpoM.

CpaBuuM mosyueHHBIE Momesu. CoryiacHO aJjiro-
PUTMy TIOCTPOEHUsA, Ha oOyuarolneil BHIOOPKe Mepa
KauecTBa CTPYKTYPbI, IPEACTABJIECHHOI HA PIC. 2, BbI-
e, yeM IepBOHAYAJIbHOM, 3a/laHHOU SKCIIEPTHO (CM.
puc. 1), xak gisa BIC (—40165 1 —54991 cooTBeTcTBEH-
HO), TaK W [IJ Mepbl MaKCHUMAaJbHOTO ITPAaBIOIIOIO0-
ousa (—38649 u —38704). Ha TecToBOi BEIGOPKE MephI
KauecTBa CTPYKTYPbI, 00yUEeHHOMI 110 JaHHBIM, TaKKe
BBIIIIE, XOTS W HE3HAUUTEJIHHO B CIydYae Mephbl MaK-
cumaJsbHoro npaspomonodus (BIC: —5990 vs —16836;
MaKcuMaJIbHOe TpaBzononooue: —4474 vs —4477).

OpHako, TaK KaK OCHOBHOE HasHaUeHUe IIPeIJIo-
JKEeHHBIX MOJieJieli — OIleHUBaHue MHTEHCUBHOCTH,
TO CJEAVIOITUHA STAIll CPAaBHEHUSA MOMAeJiell COCTOUT
B OIlEHKE KauecTBa He CaMUX CTPYKTYD, a IIpencKa-
3aHUU COTJIACHO KaJKAOW M3 IIPEeAJOKEHHBIX MOJe-
neti. CoOTBETCTBUE IIPEACKA3aHHOIO UM MCXOTHOTO
3HAUEHWH WHTEHCUBHOCTH IJSA IPEIJIOKEeHHBIX MO-
nmemeit mpeacraBiaeHo B Tabu. 1 u 2. OTMeTum, UTO
IpY YKa3aHHOW AUCKPETUIAIUU TIepeMeHHO# A 3a-
Java OIeHNBAHUA MHTEHCUBHOCTU UHIUBUAYATHHO-
ro IMOBeIeHUus SBJAETCA 3ajgadell KJjaccupuraruu
o 10 HemrepeceKaIOMIUMCA KJIaccaM.
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B Tab6nuya 1. IlpenckasaHme IO 9KCIEPTHO 3aJaHHOM
CTPYKTYype

B Table 1. Confusion matrix for prediction on model
with expert-based structure

B Tab6ruya 2. IIpencrasaHue 1o 00y4eHHON Ha JaHHBIX
CTPYKType

B Table 2. Confusion matrix for prediction on model
with data-based structure

OreHKa MHTEHCUBHOCTU O1eHKa MHTEHCUBHOCTH
AD [ 2@ | 2@ | a@ [ 26) | 26 | 1D | 28 | 39 [1(10) AD | 2@ [ 4@ | 2@ | 2® | ) | 2D | A® | 3 | 200
A1 0|10 1 1 0|0 0|0|0]|O0 i of242|0]0|l0]|]O0O|O0|0O0]|O
wk(2)01446100000 q)7»(2)01863200000
E?ﬁ) 0|4|3|4|3|0]0|]O0]O0]O0 Ek@) 0| 4| 2|8 1 0O|0|O0[O0{|O
%?»(4)02317431000 q5?7»(4)05018322000
Ba®|o1|1][9|11|4|5]0[0]0 Ela®|lojo|1]9]|10[3|7|]0]0]0
ék(6)00010161123000 §7J6)000720825000
gl o|o0o|0]1]|1|0/[48|24| 1|0 57»(7)000010472700
gl(s) 0|0|0|0)| 0| O0|14|162|34]| 0 E A1 0[0[0|0|0]|O0|14|172/24| 0
Aol o0|0|0]O0O|O0O|O|77T|8]|T D100l 0|0O|O0O|O0]|0]|94]|70]|1
MO0l 0|0[0[O0|O0|0]| 2]|56]32 MOl 0 0[0|0|O0|O0|0]| 5 |71]|14
daxTuyecKas NMHTEHCUBHOCTH
300
200
100
0 —_—
IKcIepTHAS MOJEIb
300
200
100
0 e ——
OOyueHHaA MOIEIb
300
200
100
0 o I .

[0,0.1) [0.01,0.02) [0.02,0.03) [0.03,0.05) [0.05,0.07) [0.07,0.1) [0.1,0.2) [0.2,0.5)

[0.51)  [1,Inf)

VM HTEeHCUBHOCTD

B  Puc. 3. PacupenesieHus MHTEHCUBHOCTY, IIOJTyYeHHbIE HA PA3HBIX MOJEJIAX

B Fig. 3. Predicted rate distributions for different models

CpenHAA [OJNA TPABUJIBHBIX IIPEJCKa3aHUU
(accuracy) masa 10-xaaccoBoil KJaacCU(PUKAIIUU CO-
TJIACHO MOJEJIM CO CTPYKTYPOIi, 3aJaHHON sKCIep-
THO, HEMHOrO BBIIlIE, YeM TOYHOCTH OI€HMBAHUS
COTJIACHO MOJeJii C aBTOMATHUYeCKU OO0yUYeHHOI
crpykrypoii (90,7% vs 89,8%). [Ipyrue mokasarein
KauecTBa IIPeACKa3aHuA TaKyKe HEMHOI'O BBIIIE IJI
SKCIIEPTHOU Mojesu (TouHOCTh (precision): 0,53 vs

0,49; mosmora (recall): 0,5 vs 0,48). OTmeTum, 4TO
U B TOM U B IPYTro¥ MOJAeJIM HeIPaBUJIbHO KJACCU-
dunupyembie 3HaAUCHUSA B OOJIBIIIMHCTBE CIYIaeB OT-
HeCeHbl K MHTePBaJaM, CMEXKHBIM MCXOLHOMY 3Ha-
YeHUIo, T. €. JasKe HelIPaBUJIbHOE IIpeJcKasaHue He
laeT CUJILHOTO CMEIeHNA OIleHK .

OG6OOIIEeHHYIO OIEHKY I10 T'PYIIe B IEJIOM MOXKHO
TIOJTYYUTD 34 CUET CBOMCTB pacupeneseHud JupuxJie,
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SIBJIAIOIIEr0CS COIMPSKEHHBIM allPUOPHBIM pacIipe-
IeleHreM K MYJBTUHOMHUAJIBLHOMY pacIIpeesIeHuo
[20]. AmocTepropHOe pacpeesieHre MHTEHCUBHOCTH
TIOBEJIEHUA B I'PYIIIe BBEIUUCIAETCSI IYTEM CJIOMKEHUS
BEKTOPOB BEPOSATHOCTEN WHAWBUAYAJbHBIX pacipe-
IeJeHUN U mocjaenyroineir ux HopmupoBku [21]. Ha
puc. 3 mpexacTaBJeHO (haKTHUUECKOe pacIpeeseHIe
3HAUEHWI WHTEHCUBHOCTU U PacIipelesieHus, MOJIy-
YeHHBbIE C ITOMOIIBIO ABYX PacCMATPUBAE€MbBIX MOJe-
JIett.

s paccMaTpuBaeMbIX TECTOBBIX MNAHHBIX He
BBIABJIEHO PA3JUUUNA MeXKIY paciipemeieHrueM WH-
TEHCUBHOCTHY, IIOCUUTAHHON II0 IIePBOHAYAJBLHON
(sKCcmepTHOI) Momesnu, U pacupenesieHueM WHTeH-
CUBHOCTH, BBIUMCJEHHOH II0 MOJEJN C aBTOMATU-
yeck: oOyuYeHHOH cTpykTypoit (x2= 13,86, df =8,
p-value =0,09). Ipyrumu cjoBamMu, o0e MoZeSu
IaloT 3HAUMMO He pasjauyaloniuecs IIpeacKasaHmusa
VHTEHCUBHOCTH MOBEIeH U B IPyIIIIe.

3aKaoyeHue

B pabore mpeyioskeHO pasBUTHE MOAXOAa K IIO-
CTPOECHUIO MOZEJX PHUCKOBAHHOI'O IIOBEJEHMUS HAa OC-
HOBe 0alieCOBCKOM CeTH MOBEpUs IO COBOKYITHOCTH
HAOJIIOIeHNIi, BKJIIOYAIOIIEl cBefeHus o0 sIIm30omax
TaKoro moBefieHusd. I[lepBoHaUaIbHASA CTPYKTYpa MO-
eI OCHOBAHA HAa YKCIIEPTHBIX 3HAHUAX, UTO MOXKET
BJIMATH HA KAUeCTBO Momeau. [[J1s CHUMMKEeHUs TTom00-
HOT'0O BJIUAHUSA PACCMOTPEHA Ipyras CTPYKTypa Moje-
JIN, TIOCTPOEHHAS C IIOMOII[BIO AJITOPHUTMA MAIIIMHHOTO
00yUeHUs, BLISBJIAIONIETO0 CTATUCTUYECKNE B3aMMOC-
BSA3YM MEXKIY 9JeMEeHTAMH 13 JAHHBIX 1 He HCIIOJIb3Y-
TOITIETO MIPEATIOIOKEHS SKCIIEPTOB O TAKUX B3aWMOC-
BA3SAX. Pes3y/IbTaThl CpaBHEHUSA 9TUX CTPYKTYP Ha aB-
TOMATUUYECKU T'€HEPUPYEMBIX MTAHHBIX IIOKA3LIBAIOT,

YTO KaYeCTBO MPEeACKa3aHs HEMHOI'O BBIIIIE Y MOJEJIT
C OKCIEPTHO 3aJaHHON CTPYKTypoill. PopmMajibHbIE
Mepbl KauecTBa cTPYKTypHI (BIC u Mepa Mmakcumanb-
HOT'0 TIPaBOIION00MS) OXKUIAEMO BHIIIIE Y CTPYKTYPBI,
00yUeHHOI aBTOMAaTHUYECKH, TAK KaK HCIOJb3yeMbIe
aJITOPUTMBI CTPYKTYPHOT'O 00YUYeHUA OPUEHTUPOBAHBI
MMEHHO Ha ONITUMU3aIinio Mepbl KadecTBa BIC.

OrMeTuM, OZHAKO, YTO B I[€JOM KayeCTBO IIpe[-
CKazaHma 00enx MojeJsel JOCTaTOYHO BEICOKOe 1 He
3HAUUTEJBHO OTJINYAETCA IPYT oT Apyra. Kpome To-
r'o, cofiepsKaTebHaA MHTEPIIPEeTAINSA B3BAUMOCBA3eH
ABJsIETCA 000CHOBAHHOI KaK IJIs MCXOTHOM, TaK U
IJIs1 00y UYeHHO CTPYKTYpPbl. OMHUM U3 JAaJIbHENIITNX
HaIpPaBJICHUN HCCJIENOBAHUA SABJISAETCA CPaBHEHUE
MIPUBEIEHHBIX B CTaThe MOeJiell He Ha aBTOMaTUve-
CKHM TeHepupyeMbIX NAaHHBIX, a Ha pPeaJbHBbIX TaH-
HBIX O TOBeJeHUMU (IJIs TaKOTO TECTUPOBAHUSA, O-
HAKO, HEOOXOIMMO MOJYUYUTH CBEIEHUSA HE TOJBKO O
TIOCJIETHUX DSIMN30/aX IIOBEIeHMA, HO U O (paKkTuue-
CKOU WHTEHCUBHOCTU, UTO YACTO HEBO3MOIKHO IJIA
peasibHOTO TOBEIEHU ).

Taxum 00pa3oM, Ha JaHHOM 3Talle AJIA PelleHus
MPAKTUYECKUX 3a/au MOKHO MCIOJb30BATh JIIOOYIO
U3 TPEeIJI0KeHHBIX Momeseii. BbIOOp Mo:KeT OBITH
00yCJIOBJIEH YCJIOBHEM KOHKPETHOU 3ajauu: HaIlpH-
Mep, ITPU HAJIMYUY HEKOTOPOI 06yUatoIieii BLIOOPK U
[IJIsI OIIeHUBaHUSA ITapaMeTPOB MOYKHO MCIIOJIE30BaTh
CTPYKTYDPY, IPUBEJEHHYIO HA puc. 2, a IIPpU OTCYT-
CTBUU TAKUX JAaHHBIX — IIePBOHAUAJBHYIO CTPYK-
TYPy C aHAJTUTUYECKU BHIUMCJICHHBIMHU YCJIOBHBIMU
BepoATHOCTAMU. IlepeurciieHHbIe BOBMOKHEIE Iei-
CTBUA aHAJUTUKA YUUTBIBAIOTCA IIPU pPaspaboTKe
UHCTPYMEHTApUsI, aBTOMATHU3UPYIOIIETO peIleHne
3aJ]a4 OIleHUBAHU ITapaMETPOB IIOBEIEHU .

CTaThbd COAEP:KUT MaTepuaJbl KCCIeIOBaHUII,
YaCTUYHO MHOIEeP:KaHHBIX rpaHToM PDODPU 16-31-
60063-m01_a_1OK.
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Introduction: Studies in sociology, psychology, epidemiology, marketing or information security often face the issue of estimating
the behavior rate (either individually or at the level of a population). Direct methods of behavior rate estimation are sometimes not
available; hence, it is important to develop indirect methods. Earlier studies proposed an approach to risky behavior modeling based on
a Bayesian belief network using the data about several last behavior episodes as its initial data. However, to apply this model in practice,
we need to reduce its dependency from the initial experts’ assumptions about the relations between the elements of the model. Purpose:
To propose a model modification which would not require an expert-based model structure, and to compare the modified model with
the initial one. Methods: To test the model, we used an automatically generated dataset which followed some initial assumptions about
the data. To form the structure of a Bayesian belief network, we used a score-based hill-climbing algorithm with Bayesian information
criterion score. Results: We proposed to modify the approach to risky behavior modeling in terms of Bayesian belief network based on
the data about several last behavior episodes. The initial expert-based model and the model with a data-based structure were compared.
Formal scores were better for the data-based structure, while the prediction quality was slightly better for the expert-based model.
Hence, we can use both these models for practical applications; the choice depends on the assumptions and limitations of a particular
task.

Keywords — Behavior Modelling, Bayesian Belief Network, Structure Synthesis, Machine Learning, Risky Behavior.

Citation: Suvorova A. V., Tulupyev A. L. Bayesian Belief Network Structure Synthesis for Risky Behavior Rate Estimation.
Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2018, no. 1, pp. 116—-122 (In Russian). doi:10.15217/
issn1684-8853.2018.1.116

Nel, 2018 N\ VNH®OPMALIMIOHHO-YMPABASIIOLLVE CUCTEMBI N\ 121



/

10.

122

References

Azarov A. A., Tulupyeva T. V., Filchenkov A. A., Tulupy-
ev A. L. Probabilistic Relational Approach to Representing
“Informational System — Personnel — Critical Documents”
Complex Model. Trudy SPIIRAN [SPIIRAS Proceedings],
2012, no. 1(20), pp. 57-71 (In Russian). doi:10.15622/sp.
20.3

Afanasyev 1. V. Capabilities of Dynamic Mathematical Mod-
els for Audience Behavior Modeling. Aktual’nye problemy
sovremennoi nauki, 2006, no. 4, pp. 212-218 (In Russian).
Leigh B. C., Stall R. Substance use and Risky Sexual Behav-
ior for Exposure to HIV: Issues in Methodology, Interpreta-
tion, and Prevention. American Psychologist, 1993,
no. 48(10), pp. 1035.

Varghese B., Maher J. E., Peterman T. A., Branson B. M.,
Steketee R. W. Reducing the Risk of Sexual HIV Transmis-
sion: Quantifying the Per-act Risk for HIV on the Basis of
Choice of Partner, Sex Act, and Condom use. Sexually
Transmitted Diseases, 2002, no. 29(1), pp. 38—43.

Lemelin C., Lussier Y., Sabourin S., Brassard A., Naud C.
Risky Sexual Behaviours: The Role of Substance use, Psy-
chopathic Traits, and Attachment Insecurity Among Ado-
lescents and Young Adults in Quebec. The Canadian Jour-
nal of Human Sexuality, 2014, no. 23(3), pp. 189-199.
doi:0.3138/cjhs.2625

Bolger N., Davis A., Rafaeli E. Diary Methods: Capturing
Life as it is Lived. Annual Review of Psychology, 2003,
no. 54(1), pp. 579-616. doi:10.1146/annurev.psych.54.
101601.145030

Graham C. A., Catania J. A., Brand R., Duong T., Cancho-
la J. A. Recalling Sexual Behavior: A Methodological Anal-
ysis of Memory Recall Bias via Interview using the Diary as
the Gold Standard. Journal of Sex Research, 2003,
no. 40(4), pp. 325-332. doi:10.1080,/00224490209552198
Suvorova A. V. Socially Significant Behavior Modeling on
the Base of Super-Short Incomplete Set of Observations. In-
formatsionno-izmeritel’nye i upravliaiushchie sistemy,
2013, no. 9(11), pp. 34—-37 (In Russian).

Tulupyev A. L., Nikolenko S. I., Sirotkin A. V. Baiesovskie
seti: logiko-veroiatnostnyi podkhod [Bayesian Networks:
A Probabilistic Logic Approach]. Saint-Petersburg, Nauka
Publ., 2006. 607 p. (In Russian).

Neapolitan R. E. Learning Bayesian Networks. Pearson
Prentice Hall, 2003. 674 p.

YNPABNAEHUVE B COUNANABHO-3KOHOMWYECKUX CUCTEMAX

11.
12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

7

Pearl J. Causality: Models, Reasoning, and Inference. Cam-
bridge, Cambridge University Press, 2000. 400 p.
Constantinou A. C., Fenton N., Marsh W., Radlinski L.
From Complex Questionnaire and Interviewing Data to In-
telligent Bayesian Network Models for Medical Decision
Support. Artificial Intelligence in Medicine, 2016, pp. 75—
93. doi:10.1016/j.artmed.2016.01.002

DuY., Guo Y. Evidence Reasoning Method for Constructing
Conditional Probability Tables in a Bayesian Network of
Multimorbidity. Technology and Health Care, 2015,
no. 23(s1), pp. S161-S167. doi:10.3233/thc-150950
Mkrtchyan L., Podofillini L., Dang V. N. Bayesian Belief
Networks for Human Reliability Analysis: A Review of Ap-
plications and Gaps. Reliability Engineering & System Safe-
ty, 2015, no. 139, pp. 1-16. doi:10.1016/j.ress.2015.02.006
Trucco P., Cango E., Ruggeri F., Grande O. A Bayesian Be-
lief Network Modelling of Organisational Factors in Risk
Analysis: A Case Study in Maritime Transportation. Engi-
neering and System Safety, 2008, no. 93, pp. 845-856.
d0i:10.1016/j.ress.2007.03.035

Tulupyeva T. V., Pashhenko A. E., Tulupyev A. L., Kras-
noselskih T. V., Kazakova O. S. Modeli VICh-riskovannogo
povedeniia v kontekste psikhologicheskoi zashchity i drugikh
adaptivnykh stilei [HIV Risky Behavior Models in the Con-
text of Psychological Defense and Other Adaptive Styles].
Saint-Petersburg, Nauka Publ., 2008. 140 p. (In Russian).
Suvorova A., Tulupyeva T. Bayesian Belief Networks in
Risky Behavior Modelling. Advances in Intelligent Systems
and Computing, 2016, no. 451, pp. 95-102. doi:10.1007/978-
3-319-33816-3_10

A Language and Environment for Statistical Computing.
R Foundation for Statistical Computing, Vienna, Austria.
Available at: http://www.R-project.org/ (accessed 20 Octo-
ber 2016).

Scutari M. Learning Bayesian Networks with the Bnlearn R
Package. arXiv preprint. arXiv:0908.3817, 2009.

Frigyik B. A., Kapila A., Gupta M. R. Introduction to the Di-
richlet Distribution and Related Processes. UWEE Tech.
Rep. UWEETR-2010-0006. Washington, UWEE, 2010. 27 p.
Suvorova A. V., Tulupyev A. L., Sirotkin A. V. Bayesian Be-
lief Networks for Risky Behavior Rate Estimates. Nechetkie
sistemy i miagkie vychisleniia [Fuzzy Systems and Soft
Computing], 2014, no. 2, pp. 115-129 (In Russian).

7 VHOOPMALVIOHHO-YNPABASIIOLLINE CUCTEMbI

/N, 2018



\ KPATKUE COOBLLEHUS s

UDC 621.371
d0i:10.15217/issn1684-8853.2018.1.123

MIODEL OF DEEP FADING

V. Lyandres?, PhD, Professor, lyandres@ee.bgu.ac.il
aBen-Gurion University of the Negev, P.O.B. 653, 1, Ben-Gurion St., Beer-Sheva, 84105, Israel

Introduction: Fading, i. e. random changes in the level of a radio signal, is one of the main problems in signal processing,
as the result strongly depends on the fading depth. The distribution of the received signal envelope is sometimes left-shifted
relative to the Rayleigh law. A radio propagation channel with such a sub-Rayleigh fading may be considered a "critical"
one. Purpose: Synthesizing a model of a narrow-band random process with an envelope distribution left-shifted relative to the
Rayleigh law. Results: The synthesis of a model is based on representing the process as a reaction of a stable dynamic system
to white Gaussian noise excitation. We have obtained nonlinear stochastic second-order differential equations to simulate
the fading of a radio signal having an envelope with Nakagami or Weibull distribution. The envelope is considered a Markov
continuous process. An analytical expression for the envelope correlation function is obtained. It is shown that, at least,
for Nakagami fading, the correlation interval of the envelope almost does not depend on its depth. Practical relevance: In
various applications, including indoor radio communication, the level of the received signal can be critically low during long
time intervals. The proposed model used as a simulator core for such a propagation channel provides the opportunity to
evaluate the performance quality of a communication system at the stage of its development.
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Introduction

A radio channel is a rather complex medium. It
is not repeatable, so the problem of the radio propa-
gation modeling is a part of the system design, and
there is a challenge to assure the required system’s
quality during all its stages. Any channel model is
based on generation of the so-called fading carrier,
i.e. its reaction on the pure sinusoid excitation. The
channel output, in turn, represents a narrow band
random process with certain statistical character-
istics of its envelope and phase. The dominant ap-
proach to Simulation of fadind carrier is based on
the suppose that it represents a sum of diffuse and
line-of-sight components. The diffuse stationary
component results from a large number of independ-
ent and identically distributed scatters. It might be
considered as a product of multiplying the in-phase
and quadrature components of the transmitted car-
rier by two mutually non- correlated band-limited
white Gaussian noises. If the both have the same
dispersion and zero mean then the fading carrier
envelope is Rayleigh distributed and does not de-
pend on the carrier phase, which, in turn, has a uni-
form probability density function (PDF) [1].

If the line-of-sight component of the received
signal is not equal to zero, the fading carrier be-
comes nonstationary, and the PDF of its envelope
is right shifted with respect to the Rayleigh law.
This, so called generalized Gaussian fading mod-
el usually continues to be valid, but this assertion
is not true in the case of a fading, which is deep-
er than the Rayleigh one. Such phenomenon takes

place if only a limited number of scatters actually
contribute to the received signal. It is observed in
the High-Frequency (HF) channel with significant
variability [2], in Very-High-Frequency (VHF) in-
door communication channel [3]. It describes the
unwanted phenomenon which usually accompanies
target detection by sea microwave radar [4]. In all
these cases the measured envelope PDF exhibits
large deviations from the Rayleigh distribution.
The fading carrier quadrature components continue
to be non-correlated but now due their non-Gauss-
ian nature they become mutually dependent [1].
Disregarding of this fact leads to misinterpretation
of experimental data and to the system performance
decreasing as now the receivers designed under the
Gaussian assumption are not optimal [5]. As well as
channels with such so-called sub-Rayleigh fading
have relative lack of reliability, namely they must
be considered in the attempts of obtaining estima-
tion of the system lower bound performance.

The Model of the Fading Carrier

Throughout the paper, we assume that the simu-
lated propagation channel is not frequency-selective,
and so in the case of a sinusoidal transmitted signal
the received signal (fading carrier) may be written as

x(t)=r(t)cos(wot +9), (6))

where x(¢) is a stationary process and the PDF of its
envelope P,(r) is described by [6] the Nakagami law
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or by the Weibull law

a—1 o
(r)_{aﬁr exp(—Br ), rZO. 3)

0, r<o0

In (2) T'() is the gamma function, m > 0.5 is the
fading parameter (the shape factor) and 262 = (r2).
The case of m =1 corresponds to the Rayleigh PDF
and if 0.5 <m < 1 the fading is deeper (a sub-Ray-
leigh one). If m=0.5 PDF (2) is the one-sided
Gaussian. If in (3) parameter a < 2 the correspond-
ing fading is deeper than Rayleigh. If o = 2 the PDF
is Rayleigh. If o — 1 it becomes one-sided exponen-
tial. Consideration of some experimental results [5]
shows that in indoor channel m and o appear to be
very close to those limiting values.

It is evident fact that a strong connection exists
between the PDF of x(¢) and P,(r) principally gives
an opportunity to generate x(f) as a product of a
synthesized process r(tf) and a Gaussian band pass
process, but we propose a different approach con-
sisting of the direct generation of the fading car-
rier by a second-order dynamic system excited by a
white Gaussian noise (WGN). It is clear that gener-
ally this system must be nonlinear.

If the generating stochastic differential equa-
tion (SDE) is a stochastic modification of the
Duffing equation with the operator

i +px+ogf(x)x= %&, )

where p > 0; f(x) is a positively defined function; &(z)
is WGN with unit power spectral density; o is the
natural frequency of the oscillator (5), the envelope
PDF P (r) may be the Rayleigh one (in the linear
case) or over-Rayleigh, but never sub-Rayleigh [7],
S0 it is not appropriate for our purpose. Instead (4)
we consider the following generating SDE

3'c'+f(r)5c+(n(2)x:,/%&, )

where f(r) once more is a positively defined damping
function.

The Hilbert transform %(¢) of the process x(f)
may be approximately written as

()~ U] 6)

®g

and its envelope in turn as

r(t)=./x2(t)+fcz(t)z }xz(t)ermét). )

From mutual consideration of (6) and (7) we may
come to the following system of two first order dif-
ferential equations

i~ —ogVr? —x2; ®)

¥ k) ®
r g

With the help of (5) the brackets in (9) may be
written as
i JK&—f(r)x
I EE — (10)
®g ®p
so, for the envelope r(t) of the process x(t) generated
by SDE (5) we obtain the following differential
equation

2 2
p= X Rerol -2 1() | ap
0

The system of differential equations (8) and (9)
generates a vector Markovian process (a, r) defined
by its partial drift a (x, r), a.(x, r) and diffusion
b.(x, r), b(x, r) functions [8]

ay (x, r)=—030\/r2—x2; 12)

2 2 2

re—-x Noy x
5 = 5 13
a,(x,r) . f(r)+4m(2) 3 (13)
by(x, r)=0; (14)

Ny r? — x?

b.(x, r)=—= 15
r( ) Z(D% rz ( )

The Fokker — Planck equation (FPE) for the
transition probabilities Px’r(x, r, t) is written as

0 0
EPx,r(x, r, t)=—5[ax(x, r)P,,(x, 1, t)]—

0
_E[ar(x, r)Py,(x, 1, t)]+
1 o
+§ar—2[br(x, PPy (2, 8) . (16)

While the operator of the generating SDE (5)
does not depend on time, the stationary PDFs
P, ,(x,r)=lim P, ,(x, r, t) exists and is written

t—0

as[1]
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P r(r) (17)

(0 r)=———
e T rz—x2’

where P, (r) is the stationary PDF of the r-component
of the vector process (x, r). Substituting expressions
(12)—(15) in (16) we derive the following stationary
FPE:

or| r

Ao Nrtoxt p (e B0 g

Ny r (D(z)rs /rz 2

Integrating (18) respect to x € (-r, r) we obtain
the expression for f(r) as a function of the generat-
ing SDE parameters (IV,;, ®,) and the required enve-
lope PDF P,(r) is

1(r) =N [l_ d lnP,,(r)}. (19)

dedrlr dr

For the Nakagami PDF of the envelope this func-
tion is written as

No(m 1-m
= St —5— 20
fr) 20)(2)(62+ r? J =0)

and the SDE (5) itself, which generates the
corresponding stationary pass band process takes
the form

i+ N°2 mn +1_2’" i+ odx= /&g. @1)
205 G2r2(1_m) r 2

It is clear now that a process with a sub-Rayleigh
fading (0.5 <m < 1) is represented as a stationary
reaction to WGN excitation of the passive oscillator
with energy dependent damping. In the Rayleigh
case the oscillator is linear. Evidently, the following
equivalent equation, is more convenient for simula-
tion application then (20) and may be written as

r25¢+N_02(%r2’” +1—mj5c+w(2)r2x=1/&r2§- (22)
2(,00 (e} 2

In the case of Weibull PDF of the envelope, the
nonlinear function in (4) is written as

f(r)—&(zga +aBr°‘2j 23)

40)(2) r

and the generating SDE is

rzjé+N—02(2— a+apr® )J'c+ co(z)rzx =, f%rzﬁ- (24)

40)0
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Inthecase 1 <a < 2(asub-Rayleigh case) the os-
cillator corresponding to (24) is, once more, a pas-
sive one with the energy dependent damping.

Correlation Function of the Envelope
of Sub-Rayleigh Fading Carrier

Let us return to (5) and consider instead of the
vector process (x, r) another one (r, ¢), where ris de-
fined by (7) and

go(t)z—mot—arctg[i]. (25)
®WoX
Differentiation of (25) with respect to time gives
x(o’c’ + w(z)x)
=53 - (26)
(,001"

Substituting in the system of equations (7) and
(26), defining together the process (r, ¢), expression
for % from (5) and

x =—worsin(wgt +¢) 27

we easily obtain equations generating r(t) and ¢(t).
Their simplification is based on the assumption
of the effective filtering of high harmonics in
the generating SDE solution. The corresponding
procedure for the envelope r(f) which interests us
leads to the first-order SDE

C (D%NO
—r+———+g(t). 28
2" e o) (28)

In (28) {(¢) is a WGN with unit spectral densi-
ty. From (28) it is clear that the envelope r(¢) of the
Gaussian narrow band process is Rayleigh distrib-
uted, i. e.

2
r r
P.(r)=—exp| —= |, (29)
r( ) o? [ 202J
where
2
o2 = @0No (30)
4C

Since the results of eliminating the vibrations
are not related to the specific form of f(r) in (5), the
envelope of the corresponding non-Gaussian pro-
cess x(t), just as in the linear case may be consid-
ered as a one-dimensional Markovian process with
the diffusion function b,(r) independent of the PDF.

As the stationary PDF of the Markovian one-di-
mensional process with the diffusion function con-
stant and equal to unity is defined as [8]
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ing depth practically always leads to a decrease of
B (r) =const exp[—j &r (r)dr}, 31) the envelope mean value

its drift function is

a, (r):%lnPr (r), (32)

and so in the case of Nakagami P (r) the corres-
ponding SDE may be written as

. 2m -1 8Cmr
F=- +—5
r ®oNo

+¢1 (t) 33)

The SDE (33) generates one of the few Markovian
processes for which the exact expression for the cor-
relation function can be obtained. It is written as [8]

B )_m(z)Norz(m+O.5)
T 6CHmI (m)
2 T2 (i-0.5) 8Cm
——exp| i : 34
x>y . exp( i e |r|] (34)

o C(i+m)i! woNo

For the sub-Rayleigh envelope PDF (m < 1) this
expression is well approximated by the first mem-
ber of the expansion:

2 2
wgNel'*(m+0.5 8Cm
B, (1)~ 0N (m20-5) [ BCm ) (a5
16Cm“T*(m) 0pNy
which with the help of (30) may be rewritten as

o’I’%(m+0.5 2
B, (1)~ 4mz(r2(m))exp[ G’;‘MJ. (36)

Thus the correlation function of the fading car-
rier envelope is rather close to the exponent (a wide-
ly used model of the fading correlation). Formally,
from (36) it appears as if the correlation interval
of a sub-Rayleigh fading exceeds the same for the
Rayleigh one, i. e. sub-Rayleigh fading is slower
than the latter. This interpretation, nevertheless,
ignores the fact that an increase of the channel fad-

F_cl“(m+0.5) 37
~ Jmr(m)

which depends slightly on m if 0.5 <m < 1. So the
required decrease of the envelope PDF parameter
c may be obtained by the decline of N, in (30) and
(5) which, in turn, leads to decreasing of the sub-
Rayleigh envelope correlation interval, and as
a result to its approximate independence on the
parameter m value.

Unfortunately, in the case of the Weibull en-
velope PDF the corresponding Fokker — Planck
equation cannot be solved analytically and due this
it is impossible to obtain closed expression for the
Weibull fading correlation function.

Conclusions

This paper has addressed the problem of mod-
eling fading in situations where the Gaussian as-
sumption no longer applies. The received fading
signal is represented by the corresponding nonlin-
ear oscillator (generating system) excited by WGN.
The approach is quite different from the one, which
generates the fading process as a sum of sinusoids
[9] as well as from its representation as a product
of a certain baseband and complex Gaussian pro-
cesses [3]. Its main advantage is that the margin-
al PDF of the signal envelope and its correlation
function are easy controlled. In particular, the
former can be accommodated by a suitable choice
of the spectral density of the WGN and of the en-
ergy dependent oscillator damping. With regard to
simulation of non-Rayleigh fading the procedure of
the corresponding oscillator synthesis is present-
ed. In the sub-Rayleigh case (Nakagami-m <1, and
Weibull-a < 2) the oscillator appears to be a passive
one. The correlation function of the presented mod-
el envelope is analyzed. It is rather close to an expo-
nent, but depends on the fading depth.
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BBeneHue: KauecTBO IpUeMa PaJNOCUTHAJIA B CYII[EeCTBEHHON CTEIIEHU 3aBUCUT OT JHAIa30Ha CIyJYaiiHbIX MU3MEHEHUH ero YPOBHSA, TO
ecTh OT rIy6uHs! denunra. VHOrma pacupeneseHre orudaioiell IPIHEIMAaeMOr0 CUTHAJIA OKA3bIBAETCA CABUHYTHIM BJIEBO OTHOCUTEIBHO
3akoHa Pasesi. Pagnokanasn ¢ TakuM pacupegeseHneM GeArHra MOYKeT PACCMATPUBATLCS KaK «KpuTudecKuii». Ileasb: cuHTe3 MOgean y3-
KOIIOJIOCHOTO CIIYYaiHOT'O IIPOIIecca ¢ paclpejesieHreM Orubaoleil, CIBIHYTOTO BJIeBO OTHOCUTEIBHO 3aKoHAa Pastesa. PesyabsraThl: mporie-
Iypa CHHTe3a MOZeJIN OCHOBaHA Ha IIPeACTABICHUN IIPOIlecca KaK PeaKIlNy yCTONUNBOI fUHAMUYECKOH CUCTeMbI, BO30YIKAaeMoil 6eIbIM
rayccoBbIM IrymoM. IlonyueHbl HeInHeHbIE yCTONUNBEIE cTOXacTuYecKue quddepeHnaibHbe YPaBHEHUS BTOPOr0 IOPSALKA I MOJe-
JIMPOBaHUSA 3aMUPAIOIIell HecyIleil paguocuruaia ¢ orubdarleii, pacupeaeaeHHon mo 3akoHam Hakaramu miu Beiitbynna. Orubaromas
paccMaTpuBaeTCs KaK MapKOBCKHUI HeIPepBIBHBIHM mpomecc. IlonyueHo aHamuTHuecKOe BHIPAKEHUE IJIA KOPPEIAIIMOHHON (PYyHKIIHU.
ITokasaHo, uTO IO KpaiiHell Mepe B ciyuae saMmupanuii mo HakaramMmu nuHTEepBaJI KOPPEJAUY OrUOaoIell IOYTH He 3aBUCUT OT I'IYOUHbBL
samupanuii. IIpakTuyecKass 3HAUMMOCTB: B Pa3JIMYHBIX ANIJIMKAIINAX, BKJIOYAA PASUOCBASh B 3aKPBITHIX IIOMEIEHUAX, YPOBEHb 3a-
MHPAIOIIEero CUTHAJIA B TeUeHNe 3HAUNTEIbHBIX BPEMEHHBIX NHTEPBAJIOB KPUTHYECKN HU30K. IIpensoskeHHasA MOZeNb, UCIIOIb3yeMas B
KadyecTBe OCHOBHOIO OJIOKA MMUTATOPA TAKOTO PaAMOKAaHAaa, MO3BOJISAET OCYIEeCTBUTD OLIEHKY KauecTBa CUCTEMBI CBSSH Ha YPOBHE ee
IIPOEKTHPOBAHUA.

KuaroueBsie ciioBa — paJjieeBCKUe 3aMUPAHUA, MapKOBCKHe (D Py3HOHHBIEe IPOIECCH], cToXacTuUYecKre fudepeHnaIbHble ypaBHe-
HUdA, pacupenenernue Hakaramu orubarotieii, pacupeaenerue Baiibynna orubaroiieii, Moge b paCIPOCTPAHEHU PASUOCUTHAIA.

Muruposanue: Lyandres V. Model of Deep Fading// Wudopmanuonro-yupasisiomiue cucrembl. 2018. Ne 1. C. 123-127. doi:10.15217/
issn1684-8853.2018.1.123

Citation: Lyandres V. Model of Deep Fading. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2018, no. 1,
pp. 123-127. doi:10.15217/issn1684-8853.2018.1.123

NAMATKA ANl ABTOPOB

ITocmynawwue 8 pedarxyuio cmamovu npoxodam 0613amenvbHoe PeueH3uposanue.

ITpu HaTUUNY TTOJIOKUTEIBHOM PEIeH3UN CTAThS PACCMATPUBAETCS PEAAKITMOHHON KOJLJIeTHe .
IIpunusiTas B meyaThb CTAThA HAIPABJIAETCSA aBTOPY AJIsS COTJIACOBAHUSA PEJaKTOPCKUX IPaBOK. I1o-
cJie COTJIACOBAHUSA aBTOP MIPEACTABJIAET B PEJAKIINIO OKOHUYATEIbHBIA BAPUAHT TEKCTA CTAThH.

IIpo1eyphl COrIaCOBAHUSA TEKCTA CTATBU MOT'YT OCYIIECTBIATHCA KaK HEIIOCPECTBEHHO B pe-
JaKINH, Tak u 1o e-mail (ius.spb@gmail.com).

IIpu OTKJIOHEHUU CTATHU PENAKIIUA IPEICTABJISET aBTOPY MOTUBUPOBAHHOE 3aKII0UEHIE U Pe-
[EH3UI0, IIPU HeOOXOJUMOCTH JOPaboTaTh CTATHIO — pelleH3nio. PYKonucy He BO3BPAIIAIOTCA.

Peaaicuuﬂ HYPpHALA HanomuHaem, 4mo omeemcmeeHHOCNnb
3a 6ocm06epnocmb U MOYHOCMb PEKJIAMHbLX Mamepuaslos Hecym permamoaameﬂu.
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BE3PYYKO
Bopuc
IlerpoBuu

IIpodeccop kadenpsr auHAMIUE-
CKOI'0 MOZ[eIMPOBAHUS 1 GHOMe/V-
UHCKOM nHKeHepnu CapaToBCcKo-
r'o TOCYZapCTBEHHOI0 YHUBEPCUTE-
ta uM. H. I. YepHbImeBcKoOro.

B 1969 romy oxoHuma (usuye-
ckuii  (axynprer CapaToBCKOro
rOCYJapCTBEHHOTO YHUBEPCUTETA
um. H. T. YepHBIIIEBCKOrO 10 CIIe-
nuasnbHOCTH «Pagnodusmrar.

B 1995 rogy samuTui auccepra-
[UI0 HA COMCKAHWE YUYEHON Ccrere-
HU JIOKTOpa ()PM3UKO-MaTeMaTuye-
CKMX HayK.

fAsnsiercsa asropom Gosee 250 Ha-
YUYHBIX TyOIUKAIAA.

061acTh HAyYHBIX WHTEPECOB —
cTOXacTUuecKas [IWHAMUKA ¥
Xaoc, HeJMHEHHbIe KOJeOaHWA u
BOJIHBI, pajuopU3NKa, AaHaIu3
BPEMEHHBIX PSAJ0B.

1. ajgpec:
bezruchkobp@gmail.com

BEH-IIINMOJI
Herynma

Tpaxkpanun Uspanis.

IIpodeccop kKadenpsl cucTem CBA3U
WH)KeHepHOro daxyabreta Heres-
CKOI'0 yHHUBepcuTeTa WM. DBeH-
T'ypuona, Beap-IlleBa, spanis.

B 1986 rogy oxonumsn Heresckuit
yHuBepcuter uM. Ber-I'yprona mo
CIIeUATBbHOCTH «DIEKTPOTEeXHUKA
¥ BBIUUCIUTEIbHAST TEXHIKA».

B 1997 rogy samutun guccepTa-
M0 HA COMCKAHUE YUEHOU CTere-
HH foKkTopa Hayk (PhD).

fBngerca aBTOpoM 53 HAYUYHBIX
nyOauKaIuil.

06acTh HAYYHBIX WHTEPECOB —
IIPOBOJHEIE U OECIIPOBOAHEIE CHCTE-
MBI CBSI3M, KOMOMHATOPHAS OITH-
Mu3anus, napajiiejabHble, Pacipe-
IeJNeHHbIe ¥ CUMBOJBHBIE BBEIUNC-
JIEHUA.

9. agpec: benshimo@bgu.ac.il

BJIAYHIITENH
Haran
IIMaeBuu

Tpaspanun Uspanis.

IIpodeccop Uepycamumckoro Tex-
HOJIOTUYECKOI'0 UHCTUTYTA, IIPO-
(beccop-aMupuTyc Kadeapsl CUCTEM
CBSI3M WHIKEHEPHOro (haKyibrera
Heresckoro yuusepcutera um. Ben-
T'ypuona, Beap-IlleBa, Uspauib.

B 1972 roxy oxomunsi Tomckuii rocy-
[IaPCTBEHHBIN YHIBEPCUTET IO CIIe-
nuagbHOCTH «Pagrodusuka u aek-
TPOHHKA, BKJIIOUasd KBAHTOBYIO».

B 1991 roay samurui guccepra-
M0 HA COMCKAHWE YUEHOH CTele-
HU JOKTOpa (hpusmKo-maTeMaTmyie-
CKUX HayK.

SBnsiercsa aBropom okoio 200 Ha-
YYHBIX IIyOIUKAIUI, B TOM YHCTIE
12 moHorpadwmii, IATH IATEHTOB U
Tpex u300peTeHuil.

06acTh HAYYHBIX WHTEPECOB —
paguo(usuKa, CHUCTEMBI IIPOBOJ-
HOU M OeCIIPOBOIHON CBS3M, paja-
DB, OLITUKA U JIUADEIL.

1. agpec:
nathan.blaunstein@hotmail.com

BPOHIIITENH
HUrops
I'puropsesuyu

Tenepanbubiii gupertop 3AO0 «KB
Onurep», gupexTop LlenTpa ontu-
KO-MH()OPMAIIMOHHBIX TEXHOJIOTUI
u cucrem CaukTt-IleTepGyprckoro
HAIVOHAJBHOTO  HCCJIEL0BATEIb-
CKOr'0 YHHBepcuTeTa WHGOpMAIY-
OHHBIX TEXHOJIOTUH, MEXaHUKU U
ONTHKY, JaypeaT npemuu llpaBu-
TenxbcTBa P® B obsacTé HayKu u
rexHuKH 3a 2005 roz,.

B 1973 rony oxonums JIeHMHTpa -
CKUIl MHCTUTYT TOUHON MeXaHWUKN
¥ OITHUKH 10 crienuanbHocTy «Cre-
[[UaIbHbIe OITHYeCKYe IPUOOPLI».
fABnserca aBTopom 60 HayuHBIX
nyOIMKaIuit.

O6sacTh HAYYHBIX HHTEPECOB —
ONTHKO-NH(OPMAIINOHHEIE CHCTe-
MBI

9. aapec: kb@jupiter.spb.ru

BYTEHEKO
AnnHa
AHartoaseBHA

Crapmuii mpenogaBaresb Kaden-
pPbl POMaHO-TepPMAaHCKOU (uII0JI0-
ruu u nepeBogoBeferus Nucrury-
Ta (DUJIOJOTUU U KYPHAIUCTUKK
CapaTOBCKOr0 HAIIMOHAJILHOTO KC-
CJIeZI0BATEIBCKOTO T'OCYAAPCTBEH-
Horo yHuBepcutera um. H. I'. Yep-
HBIIIIEBCKOT'O0.

B 2000 roxy oxonumma CapaTos-
CKUI rOCyJapCTBEeHHBIN YHIBEPCH-
TeT 10 cHeruasbHocTy «Puosor.
IIpemozgaBaresib aHTIUECKOTO A3BI-
Ka u Jgureparypsl. [lepeBoquur B
cdepe npodeccroHaNbHON KOMMY-
HUKAIUI».

flBnseTcss aBTOPOM JecATH HAyd-
HBIX IYOJUKaIUi.

O0sacTb HAYYHBIX HHTEPECOB —
TeOpUs IepeBoJa, KOTHUTUBHAS
JIMHTBUCTUKA.

1. agpec:
butenkoaan@yandex.ru

BATAMAHIOK
Hpuna
BanepreBHa

AcnupanTika JabopaTopuu peue-
BBIX W MHOTOMOJAJBHBIX HHTED-
(eiico  CaukTt-IlerepGyprckoro
WHCTUTYTa WH(OPMATUKU U aBTO-
maruzanuu PAH.

B 2014 romy oxomumia CaHKT-
IlerepOyprexuii rocyzapcTBeHHBIH
YHUBEPCUTET adPOKOCMIUYECKOTO
mpUOOPOCTPOEHNUS TI0 CIIEI[AAIBHO-
ctu «PoboTel um poboToTexHMUE-
CKU€ CUCTEMBI».

SBnsercsa aBropom 27 HAyYHBIX
nyOIUKAIUT.

061acTh HAYYHBIX WMHTEPECOB —
CHCTeMBI KOMIIBIOTEPHOIO 3PEHMUS,
KubepdusruecKme CUCTEMBI.

1. agpec:
vatamaniuk@iias.spb.su
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I‘OPO,ZIEI_[I{I/IfI
Anppei
EmeasanoBuu

IIpodeccop, 3aBeaymwoImuii Jadopa-
TOpHeHl MHTEIEKTYAJbHbIX JJIEK-
TpPOMeXaHMUeCKuX cucrem WUucru-
TyTa Tpo0JeM MAIIWHOBEIEHUS
PAH, Cauxr-Ilerepbypr, saciy-
JKEHHBIN feATelb HAYKW U TeXHU-
KH.

B 1965 roxy oxonums JleHuHrpa-
CKU TIOJIUTeXHUUECKUN HHCTUTYT
um. M. 1. KanuHuHa 1o cruenuaib-
HOCTU «ABTOMATUKA U TejeMexa-
HUKa».

B 1993 rogy samuTui auccepra-
M0 HA COMCKAHWE YYEHOH CTele-
HU JJOKTOPA TEXHUYIECKUX HAYK.
SBasercsa aBTopom Gosee 250 Ha-
VUHBIX Iy0auKanuii u 70 maTeHToB
Ha 1300peTeHu.

06acTh HAyYHBIX WHTEPECOB —
MaTeMaTHIecKoe MOJeINpOBaHIE,
ONTHMAJILHOE YIPABJEHNE, WUIEH-
TU(GUKALNA U JUATHOCTHKA.

1. agpec:
gorodetsky@mail23.ipme.ru

MNHOYKHWH
demop
Muxaiaosuu

AccuCTeHT BBICIIEH NIKOJBI PO-
rpaMMHOI umH:KeHepuu CaHKT-
IleTepOyprckoro  MOJUTEXHUYE-
ckoro yHuBepcurera Ilerpa Bemnu-
KOTO.

B 2012 roxy okoHUMI (haKyJbTET
TeXHUYeCKoi KubepHeTuKyu CaHKT-
IleTepOyprckoro  MOJUTEXHUYE-
CKOT0 YHUBEPCUTETA II0 CIeIHAIb-
HocTH «VIH(DOPMATHKA U BEIUHMCIA-
TeJbHAA TEXHUKAY.

fBngerca aBTOpOM 25 HAYUYHBIX
myGIuKanui ¥ OZHOTO aTeHTa Ha
u300peTeHue.

O6acTh HAyYHBIX WHTEPECOB —
aJIropuTMbl (HOPMUPOBAHUA U 00-
paboTKu M300paKEHUIl, CUCTEMBI
TeXHUYIECKOT0 3PEHNU s, ONTUKO-UH~
(opmMaIOHHbIE CUCTEMBIL.

1. afgpec:
fedor.inochkin@gmail.com

HUIIBYJATOB
HOpuii
Muxamnjaosuu

AcnmpanT xadeapel AuHAMUUE-
CKOT0 MOJEJIVPOBAHNUS U GHOMELH-
nUHCKOI nHKeHepuu CapaToBCKO-
T'0 HAI[MOHAIHLHOTO UCCIe0BATEIb-
CKOr'0 TI'OCYJZapCTBEHHOTO YHHBED-
curera uM. H. I. UepHbIIIeBCKOTO.
B 2017 rozy OKOHYILI MaTUCTPATypy
CapaToBCKOTO HAIIMOHAJIBHOTO HC-
CJIE/IOBATEIECKOTO TOCYAAPCTBEHHO-
ro yuusepcurera uM. H. I. UepHbI-
LIEBCKOr0 II0 CHelaabHoCTH «Bro-
TEXHUYECKVE CHUCTEMBI M TEXHOJIO-
THM».

fBngerca aBTOpoM 24 HayUYHBIX
ny6aukaiuit u 11 cBUAETENIbCTB O
PEruCTpanuy IPOrPAMMHOTO 06e-
CrieyeHus.

O6sacTh HAyYHBIX HHTEPECOB —
TEOPUS PasPAMHBIX BBIUNCJIEHIUI,
MeTOABl I[IPOEKTHPOBAHUA CIIEIl-
TIPOIIECCOPOB /I CHCTEM KOHTPO-
JIf ¥ yIpaBJIeHUs, ONTHKO-MHGOP-
MaIMOHHbIE CHCTEMBI.

9. axpec: ishbulatov95@mail.ru

KAPABAEB
Anaroaui
Cepreesuu

JoneHT Kadhenpbl TUHAMUIECKOTO
MOJENIUPOBAHUA U OHOMEJUIINH-
ckoil umH:keHepuu CapaToBCKOrO
HAIVIOHAJIBHOTO  HCCJIEZ0BATENb"
CKOr'0 TI'OCYJapCTBEHHOTO YHHBED-
curera uM. H. I. YUepHbIIIeBCKOTO.
B 2004 roxy oxomumn Caparos-
CKUII FOCYAapCTBEHHBII YHUBEPCH-
rer uM. H. I. YepHBIIIEBCKOro 110
crenua bHOCTH «DU3UKA».

B 2007 roxy sammuTmi amccepTa-
U0 HA COMCKAHWE YUEHO! CTere-
HU KaHAuAata (GusnKo-MareMaTi-
YECKUX HayK.

fBnsiercss aBTOpoM 76 HAYUYHBIX
nyOIMKAIU, B TOM YUCJE IIECTH
MoHorpaduii, a raksxke 45 00'beKTOB
aBTOPCKOrO IPaBa.

O6acTh HayYHBIX WHTEPECOB —
MaTeMaTHIecKoe MOJeINPOBAHIE,
9JIEKTPOHHBIE CHUCTEMBI KOHTPOJIA
¥ yIpaBieHUs, METOAB HeJIWHel-
HOW NMHAMUKY JJIs aHAJIU3a 9KC-
TePUMEHTATbHBIX TaHHBIX.

9. agpec: karavaevas@gmail.com

KAPACEB
EBrenmnii
IOpseBUY

IIporpammuct saGopaTopuu pede-
BBIX U MHOIOMOZAJBHBIX HHTEp-
(deticoB  Caukrt-IlerepGypreckoro
WHCTUTYTa MH(OOPMATUKU U aBTO-
marusaruu PAH.

B 2017 romy oxonumna CaHKT-
IleTepOyprexuit HAMOHAIBHBIN HC-
CJIeIOBATEIBCKUI YHUBEPCUTET WH-
(hopMAaIIMOHHEBIX TEXHOJIOTHI, MeXa-
HUKY ¥ OLNTUKY II0 CHEIHAIBHOCTI
«KommnbiorepHas GOTOHUKA».
SIBiseTCSA aBTOPOM OZHOM HAYUHOM
nyOJUKAIY ¥ TPeX IaTeHTOB Ha
1300pEeTeHN A U TI0JIe3HEIe MO,
O6acTh HAayYHBIX WHTEPECOB —
ceTeBOe B3auMofelicTBre, peer-to-
peer, mepefavya MyJIbTAMEIUHAHBIX
ITaHHBIX, KUOep(USHUECKHe CUCTe-
MBL.

91, ajgpec:
gnomskg@gmail.com

KEPEH
OcHar

Tpaxkpanka Mspanis.

Crapmuii mpemozaBaTesb HHIKeE-
HepHOro (haxkyibTeTa YHUBEPCHUTE-
ra Bap-Wnan, Pamar-T'an, Wspa-
Wb,

B 1988 roxy oxoHumia Marucrpa-
Typy VI8panbCKOro TeXHOIOTMYe-
ckoro wuHcTUTyTa <«TexHMOH» B
Xaiide 0 CHEIUATBHOCTH «IJIEK-
TPOTEXHUKA».

B 1999 roxy sarmuTuia auccepra-
[MI0 HA COMCKAHNE YUYEHOH CcTere-
Hu foKTopa HayK (PhD) B VHuUBED-
curere Tenb-ABuBa.

fBngerca aBTOpoM 85 HAYUYHBIX
ny0IMKAIUAT.

O6acTh Hay4YHBIX HHTEPECOB —
CIIeKTpaJbHBIEe METOABI B JIOTHYeE-
CKOM IIPOEKTHPOBAHUHU, CXEMBI
NPUHATHA  DeIIeHui, OTKaso-
YCTOMYUBOCTD, OHJIAMH-TECTHPO-
BaHVE 1 KOAUPOBaHUE KOMIIBIOTED-
HEBIX CHCTEM.

9. agpec: osnat.keren@biu.ac.il
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KHCEJIEB
Anron
PoGepToBuu

Benymuii Hay4YHBIA COTPYIHUK
HUN rapauosnoruu CapaToBCKOro
TOCYZapCTBEHHOTO MEIHMIIHCKOTO
yuuepcutera uM. B. 1. Pagymos-
CKOT'0, HAYYHBIA COTPYAHUK OTHE-
JIEHUS XUPYPIUUECKOro JeueHHs
WHTepaKTUBHON maTosoruu Hamu-
OHAJILHOTO HAyYHO-TIPAKTHYECKO-
ro IEHTPA CEPAETHO-COCYAUCTOM
xupypruz uM. A. H. BakymneBa
Munsgpasa Poccun, Mocksa.

B 2004 roxy oxomuma Caparos-
CKUI TOCYAapCTBEHHBIH MeIUIIH-
CKUI YHUBEPCUTET IO CIEIVaJIb-
HocTH «JleueGHOe 1ei1o».

B 2011 roamy samurtui guccepra-
IUI0 Ha COMCKAaHWE YUEHOH CTele-
HU JOKTOPa MEJUIMHCKHUX HAYK.
Anserca asropom Gosee 180 mHa-
YUHBIX IIYOJUKAIIUHA U OJHOTO IIa-
TeHTa Ha N300peTeHue.

OGsacTh HAYyYHBIX HHTEPECOB —
KapAuoJIorus, (HU3HO0IOrusl KPOBO-
obparenns.

9. axpec: kiselev@cardio-it.ru

KOTEHEKO
HUrops
BuraareBuu

IIpodeccop, 3aBexymormuii Jabopa-
TopHeil TpoGJeM KOMIIBIOTEPHOM
6esonacHoctu  Cankt-IleTepOypr-
CKOTO HHCTUTYTa HUH(MOPMATUKYI
u aBTromarusanuu PAH.

B 1983 roxy oxonumn Boerno-koc-
MuYecKyio akagemuio um. A. @, Mo-
JKACKOro 10 creruagbHocTu «Ma-
TEMaTUUecKoe O0eCIeUeHIe aBToO-
MATW3UPOBAHHBIX CHCTEM YIIPaB-
Jenusi», B 1987 rony — Boennyio
aKaJeMUI0 CBSSU II0 CIIEI[UAJBHO-
cru «VH:KeHepHASA aBTOMATHUSUPO-
BAHHBIX CUCTEM YIIPABJICHUS».

B 1999 roay samwmTui auccepTa-
[MI0 HA COMCKAHNE YUYeHOH crere-
HU JJOKTOPA TEXHUYIECKUX HAYK.
SBnsercs aBropom Gostee 450 Hayu-
HBIX TyOIUKAAN,

061acTh HAYYHBIX WMHTEPECOB —
6e30macHOCTb KOMIIBIOTEPHBIX Ce-
Tel, 0GHAPYIKEeHNe KOMIIBIOTEPHBIX
aTaK, Me)KCeTeBbIe 9K PAHBL, 3aII[ITa
OT BUPYCOB ¥ CETEBBIX UEPBEIA U 1.
91. agpec: ivkote@comsec.spb.ru

KPACHJIBHHUKOB
Huxkomnai
Huxomaesuu

TIpodeccop radenpsr uHbGopmMau-
OHHO-CETeBBIX TexHosmoruit CaHKT-
IIeTepOyprckoro rocyzapcTBEHHO-
T'0 YHUBEPCUTETA a9POKOCMUIECKO-
ro mpuGOPOCTPOEHUS, BACIYIKEH-
HBIi IeATeNIb HAyKy 1 TeXHUKYU PD.
B 1950 roxy oxonuns JleHuHTpag-
CKUH MONUTEXHUYECKUN UHCTUTYT
mo crmenuanbHocTH «TexHIUYeCKas
(pusurar.

B 1963 roxy samurusi guccepra-
U0 HA COMCKAHWE YUeHOH crere-
HU IOKTOPA TEXHUYECKUX HAYK.
SBnsierca aBropom Gosee 250 Ha-
VUYHBIX NyOJMKAIUI, B TOM YHCJIE
ATH MOHOTpaduii.

O6sacTh HAYYHBIX WMHTEPECOB —
nudpoBass 00paboTKa u300paKe-
HU, CTATUCTHYECKAS TEOPHS [Iepe-
Jlau¥ ¥ BOCIIPUATHS M300paKeHuUl,
MaTeMaTHIecKoe MOAeINPOBaHKe
po1IeccoB 00paboTKY MHGOPMATIIH
3PUTEJHHOM CHCTEMOI UeI0BeKa.
i1, agpec:
NNKrasilnikov@yandex.ru

KPACHJIBHUKOBA
Oasbra
HNBanoBHa

TonenT kadenpbl THOOPMATUOHHO-
cereBbIX TexHOJIOrUi CankT-Ilerep-
OypPrcKOro rocyJapCTBEHHOrO YHU-
BEPCHUTETa a9POKOCMUYECKOTO IPH-
6opocTpoeHus.

B 1978 romy oxonumia JleHuH-
rPafCKUil HHCTUTYT aBUAIIMOHHOTO
mpUGOPOCTPOEHUS TI0 CIIEINAIBHO-
cru «PagnoTexHuKa» .

B 1991 roay samurumia guccepra-
IUI0 HA COMCKAHWE YUEHOH CTere-
HU KaHIWJATa TeXHUYECKUX HAYK.
fBnsercs aBropom Gosee 90 Hayu-
HBIX IYOJUKAIVI U ceMU yueOHbIX
mocobuii.

ObsacTh HAYYHBIX HHTEPECOB —
nudpoBas obpaboTka m300paKe-
HU.

1. agpec:
OIKrasilnikova@yandex.ru

KPYTJIOB
Cepreii
KoucranTunosnu

JlomeHT BBICIIEH INKOJBL IIPO-
rpamMMHON uHKeHepuu CaHKT-
IleTepOyprckoro  moMTEXHUYE-
ckoro yauBepcurera Ilerpa Benu-
KOro.

B 1981 roxy oxonuna Jlenuurpai-
CKUI IIOJIUTeXHUUECKUN HHCTUTYT
um. M. . KanuauHa 1o cremnuaib-
HOCTU «ABTOMAaTHU3UPOBAHHBIE CH-
cTeMbl 00paboTKU MHGOPMAINK 1
YIPaBJIEHUS».

B 1996 roxy samuTun guccepra-
IUI0 HA COMCKAHWE YUEHOH CTele-
HU KaHJUaTa TEXHUIECKUX HAYK.
fBngerca aBropom 6osee 60 Hayy-
HBIX TyOJUKAIH.

O6sacTe HAyYHBIX HHTEPECOB —
MeTOoAbI 00Pa0OTKY CUT'HAJIOB ¥ U30-
Opa’KeHuil, CIeKTPaIbHBII aHAJIUS,
OITO3JIEKTPOHHBIE CHCTEMBI.

1. agpec:
kruglovsk@gmail.com

KYJAHUH
Poman
Anaroasesnu

Hayusblil COTpYAHUK HAy4YHO-00-
pasoBaTenbHOro IeHtpa «Hemu-
HeliHasd QMHAMUKa CJIOKHBIX CH-
crem» CaparoBckoro rocymap-
CTBEHHOT'O TEXHUYECKOTO YHHIBEDP-
curera uM. ['arapuna 0. A.

B 2010 romy oxomumn Caparos-
CKHUI TOCYJapCTBEHHBIN COLMAJb-
HO-9KOHOMUYECKUU YHUBEPCUTET
mo crnenuanbHocTH  <«IIpousBog-
CTBEHHBIN MEHEIKMEHT».
SBnseTcsa aBTOPOM HATU HAYUHBIX

y0IuKAIAM.
OGacTh HAyYHBIX MHTEPECOB —
9KCIIEPUMEHTATbHOE  HCCJIe0Ba-

HU€ aKTUBHOCTH T'OJIOBHOTO MO3Ta
TpU  BBINOJHEHUN KOTHUTUBHBIX
3ajay, 06paboTKa, MOJeJIuPOBaHIe
¥ CTATUCTHYECKI aHAJINS JaHHBIX
610JIOTYECKOI TPUPOAHI.

i1, ajgpec:
rkulanin2010@yandex.ru
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KYPBAHOB CrapIuii HayIHBIH COTPYAHIK JIa- JAIIIIIEBA PykoBoguTens 00Pa30BaTEIBHOTO
Byrap 00paTopuu  UHTEJLIEKTYaJbHBIX Enena II.L’FHTpa HeNPepbIBHON TO/ITOTOBKH
9IEKTPOMEXAHUUYECKUX cHucTEM “CIeIUAJINCTOB, CTAPILINl IIpe-
Tapu6 orer MHcruTyTa IpobieM MaInHoBe/e- Eprennesna moaBaTe b Kadeapsl HHGOPMATH-
uus PAH, Cauxr-Ilerepbypr, mo- Kku u mporpammupoBanus Capa-
meHT Kadeapsl YIPaBICHUS B TEX- TOBCKOr'0 HAI[MOHAJIBHOT'0 MCCJIEIO0-
Huuyeckux  cucremax — CaHKT- BaTENbCKOr0  TOCYAAPCTBEHHOI'O
IlerepOyprcxkoro rocygapcTBeHHO- yauBepcurtera uMm. H. I. YepHbI-
r0 YHUBEPCUTETA adpPOKOCMUUe- LIEBCKOT0.
CKOro IIpuOOPOCTPOEHU . B 1992 roxgy oxonumia Caparos-
B 1976 ropy oxonumsi Asepbaiii- CKUI rOCY/JapCTBEHHBIN YHUBEPCH-
JKAQHCKUH TOCYZApCTBEHHBIN YHU- TeT 10 crenuantbHocTu «IIpuKaaz-
sepcurer uM. C. M. Kuposa 1o ciie- Has mMareMaTuka», B 2017 rogy —
muanpHocTH <«[IpuKiagHas wma- MarucTpaTypy MO CIenHUaJbHOCTH
TeMaTHKa». «BHOTeXHUYECKE CUCTEMBL U TEX-
B 1983 roay samwmTui amccepra- HOJIOTHW».
M0 HA COMCKAHWE YUEHOHU CTere- SBngerca aBropom Gosee 30 Hayy-
HU KaHAuAaTa Gus.-Mar. HayK. HBIX TYOJUKAIWi U Tpex CBUje-
SBnaerca aBropom 6osee 90 Hayy- TEeJIBCTB O PETUCTPAIINY IPOrPAMM.
HBIX ITyOJUKATIWIA. 06acTh HAYYHBIX WHTEPECOB —
O6sacTh HAyYHBIX HHTEPECOB — 00paboTKa CUrHAJIOB GHOMEeIUIIVH-
MaTeMaTUyecKoe MOJEJIUPOBAHLE CKOI TPUPO/IBI, OOJIBIIINE TaHHBIE.
MPOLIECCOB YIIPABJIEHUS U JIP. 9. agpec: lapsheva@yandex.ru
1. ajgpec:
vugar_borchali@yahoo.com
JIﬂHI[PEC Tpaxpanun Uspanns. MAKCHUMEHEKO Toment CapaToBCKOro rocymap-
BJIa,I[HMPIp TIpodeccop kadenpst anewrp(;;mmx B JIaJUMUP CTBEHHOI'0 ?xnnqecxﬁgo Xnmsep-
U KOMIIbIOTEPHBIX cucrteM Heres- curera um. 'arapuna 0. A., crap-
3amMaHOBUY CKOT0 yHHngcmTeTa uM. DBen- AHeRcaanOBHq WX HAYYHBIH COTPYAHUK HAYYHO-
T'ypuona, Beap-IlleBa, Uzpauib. obpasoBaresnbHOro IeHTpa «Hemu-
B 1966 roxy oxkonuna JlenuHrpaz- HellHAA IWHAMUKA CJOXKHBIX CH-
CKUI1 3IEKTPOTEXHUYECKUI MHCTH- cTeM».
TyT cBsgsu uM. 1pod. Bownu- B 2012 roxgy oxonumn CapaTos-
BpyeBuua no cneruansaocTH «Pa- CKUI rOCy/JapCTBEHHBIN YHUBEPCH-
JIUOTEXHUKA». rer uM. H. I YepHbImmesckoro mo
B 1972 ropy samurtua guccepTa- crenuanbHOCTH «PU3UKa OTKPHI-
[MI0 HA COMCKAaHWE YUEHOH CTele- THIX HEJIMHEIHBIX CUCTEM».
HU KaHJUaTa TeXHUUeCKUX HayK. B 2015 rogy samuTui auccepra-
SfABnserca aBropom Gosee 60 Hayu- M0 HA COMCKAHWE YYEHOH CTele-
HBIX OYOJMKALWi, B TOM YHCIe HU KaHAuAaTa Gus.-MaT. HayK.
nByx MoHorpaduii u 17 mareHTOB fBnaerca aBropom 6osee 50 Hayy-
Ha n300peTeHus. HBIX ITyOJMKAIIiA.
Ob6sacTb HAyYHBIX HHTEPECOB — ObJsiacTh HAyYHBIX WHTEPECOB —
MOZieIM TIOMeX B KaHaJaxX CB3W, QHAJU3 YCTOMYMBOCTHU JUHAMUYE-
MapKOBCKME MOJEJM CJIyYaMHBIX CKUX PEKUMOB, DEaJU3YIOIINXCS B
MPOIIECCOB, AJTOPUTMBI JUCKDET- IPOCTPAHCTBEHHO-PACIPEIeNIeH-
HON ONTHMM3AIUU, AaJTOPUTMBL HBIX CHCTeMax DasJIMYHOM IPUpO-
YaCTOTHOTO IJIAHUPOBAHUA. IIBI, U JID.
dn. agpec: lyandres@ee.bgu.ac.il 1. anpec:
maximenkovl@gmail.com
MAJIBITEB IIpodeccop kadenpsl KocMmde- MAPTBIHOBA Crapmuii Hay4YHBIA COTPYIHUK,
Feoprnﬁ CBKHX pa;LHOTeXaneu(:IcHx CHCTEM JIr060BB BEAYIIUI HAYYHBIN COTPYAHUK Ha-
0€HHO-KOCMHIYECKON  aKaJAeMuu YHO-HACCJIE0BATENbCKOI0 IIEHTPa
Huxomnaepny uM. A. @. Moskaiickoro, CaHKT- AnexcaHapoBHA . " eration

IlerepOypr, BacaysKeHHBIA mes-
Tesib HayKu P®, meficTBUTENbHBIH
uleH AKaJeMuu KOCMOHABTHKI
uwm. K. 9. ITnonkoBcKoro.

B 1980 roxay oxomumn Boenmubrit
WHIKeHepHBIT KpacHo3HaAMeHHBIH
uHCTUTYT M. A. @. Moskaiickoro
mo crenuanbHOCTH «PanumorexHu-
YECKUe CUCTeMBI KOMILIEKCOB» .

B 1994 roxy samuruin guccepTa-
[UI0 HA COMCKAHUE YUeHOH crere-
HU JJOKTOPA TEXHUYECKUX HAYK.
SBnserca aBropom Gosee 300 Ha-
VUYHBIX yOnuKanuii u 27 IaTeHTOB
Ha U300peTeHus.

O6sacTh HAYYHBIX WHTEPECOB —
00paboTKa CUTHAJIOB B paJuOTeX-
HUYECKUX U ONTUKO-3JI€KTPOHHBIX
UH(DOPMAIIHOHHBIX CUCTEMAX U JP.
1. agpec:
georgy_maltsev@mail.ru

«CucTeMbl OCBeIeHUs 0OCTAHOB-
km» AO «Korneps «[THUN «Imext-
ponpu6op», CaukT-IleTepGypr.

B 1985 romy oxonumaa JleHwH-
rpajicKuil KopabJiecTPOUTETbHBII
WHCTUTYT 10  CIEIMAJbHOCTH
«IIpukagHas MaTeMaTuKa».

B 2013 roxy sammruia ayccepra-
U0 HA COMCKAHWE YUEHOHU CTere-
HU JJOKTOPA TEXHUYIECKUX HAYK.
fABnserca aBropom 90 HayUHBIX
myOIUKAIAN.

Ob6sacTh HAyYHBIX HHTEPECOB —
CHCTEMHBIN aHAJU3, MaTeMaTH-
YecKoe MOJeNUPOBaHUE, OIEHKA
addeKTuBHOCTH, 06paboTKa pas-
HOPOZHO# nH(GOpPMAnUL.

Au1. agpec:
martynowa999@bk.ru
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HEHAIIIEB
Bagum
AnexcanapoBuyu

Ioment Kadeapsl BBIYHUCIHTENb-
HbIX cucreM u cereii CaHKT-
IleTepOyprcKkoro rocyzapcTBeHHO-
r0 YHUBEPCHTETA a’POKOCMUYe-
CKOro IIprOOpPOCTPOEHM .

B 2012 romy oxomumna CaHKT-
TleTepOyprekumil rocyzapcTBeHHBIR
VHUBEPCUTET a3POKOCMHUUYECKOrO
IpHOOPOCTPOEHNUS TI0 CIIEI[AATBHO-
ctu «HGOPMATHKA W BBIUKCIIU-
TeJbHAA TeXHUKAY.

B 2017 romy samwmTui guccepra-
I[UI0 HA COUCKAaHWeE YUeHOH creme-
HU KaHAUJATa TEXHIYECKUX HAYK.
SfABnserca aBTOpoM 22 HAYUYHBIX
nyoIMKaIuii.

OGacTh HAyYHBIX HHTEPECOB —
KOMIIBIOTEDHOE ~ MOJeINpOBaHUe,
CHCTeMbI HABUTAIlUU U PaUOJIOKA-
I[U¥, CTATHCTUYECKUI aHAIUB,
9JIEKTPOAUHAMUKA.

9. agpec: granat89@mail.ru

IIOHOMAPEHKO
Baagumup
HNBanoBuu

JlomenT, Beaymuil HAyYHBIA CO-
tpysauk CaparoBckoro (uinana
WHcTHTyTA PASUOTEXHUKY U HJIEK-
rpouuky uM. B. A. KorenbHukoBa
PAH, npodeccop CaparoBckoro Ha-
I[HOHAJIBHOTO KCCJIE0BATEIHCKOTO
roCyZapCTBEHHOTO  YHUBEPCUTETa
um. H. I. Yepusimesckoro.

B 1982 romy oxomumn Caparos-
CKWI1 rOCYJapCTBEHHBIH YHIBEPCH-
rer uM. H. I YepHbIIIeBCKOro mo
cnenuanbHocTu «Pagunodusuka u
9JIEKTPOHUKAY.

B 2008 rogy samuTii auccepTa-
[UI0 HA COMCKAaHUE YUEHOH CTele-
HU JIOKTOpa (pu3.-MaT. HayK.
fAsnsercsa asropom Gosnee 300 Ha-
YUYHBIX IIyOJIUKAIIAN, IATH TaTeH-
TOB Ha M300PETEHUA U aBTOPCKUX
CBUZETENLCTB.

ObsacTh HAYYHBIX HHTEPECOB —
Xa0THYECKOe TI0BeJieHNe HeJIMHe-
HBIX CHCTEM U JP.

9u1. agpec:
ponomarenkovi@gmail.com

IMYEJUHITEBA
CepeTiiana
BaueciaBoBHA

IoueHT Kadepbl aBTOMATH3AI[IH,
yupasienus, mexarporuku Capa-
TOBCKOT'O TOCYJApCTBEHHOTO TeX-
HUYECKOro yHuBepcurera um. I'a-
rapuna 0. A., crapmuii Hay4YHbIH
COTPYAHUK HAyYHO-00Pa30BaTEh"
Horo meHTpa «Henuueitnasa muna-
MUKA CJIOKHBIX CUCTEM».

B 2002 rogy oxoHumia (GaxyabTeT
9JIEKTPOHHON TeXHUKHU U IIPUGOPO-
crpoeruss CapaToBCKOro rocymgap-
CTBEHHOI'0 TEXHUYECKOTO YHUBEPCHU-
TeTa 10 CIeHAJbHOCTH «PoGOTHI U
POOOTOTEXHUIECKVE KOMILIEKCHI».
B 2005 rogy samquruia aumccepra-
IMI0 Ha COMCKAHWE YUEHOH CTele-
HU KaHJU/aTa TeXHUNIECKUX HAYK.
SBnaerca aBropom Gosee 40 Hayy-
HBIX ITyOJUKALIAM,

O6s1acTh HAYYHBIX HHTEPECOB —
METOAbI MAaTeMaTHUeCKOTo Moje-
JINPOBAHUS MAHUMYJIAIUOHHBIX U
POGOTOTEXHUYECKUX CUCTEM.

911. anpec: pchelintseva@inbox.ru

POHKHH
Annpeit
JleornoBUY

TIpodeccop kKadeapsr smeKTpomexa-
HUKM u pobororexHuku CaHKT-
IlerepOyprckoro rocyaapcTBEHHOIO
VHUBEPCUTETA  a3POKOCMUYECKOI0
prOOPOCTPOCHN S, 3aMECTHUTEIb IU-
pexTopa 1o HayuHoit padore CaHKT-
Ilerepbyprckoro nHCTUTYTA HHDOD-
MaTuKu u aBromarusanuu PAH.

B 1999 ropy oxomuma CaHKT-
IlerepOyprekuii rocynapcTBeHHBIH
VHUBEPCUTET a3POKOCMUYECKOTO
mpubOPOCTPOEHMUS TI0 CIIeI{AaTbHO-
CTH «ABTOMaTH3NPOBAHHBIE CHCTE-
MBI 00paboTku wuH(DOPMAIUU U
YIpaBJIEHUA».

B 2010 rogy samuTui auccepra-
M0 HA COMCKAHWE YYEHOH CTelle-
HU JJOKTOPA TEXHUIECKUX HAYK.
SfBnsercsa aBropom 250 HayUHBIX
nyOIUKAIUT.

ObsacTh HAyYHBIX UHTEPECOB —
paspaboTKa pedyeBBIX ¥ MHOTOMO-
JaJIbHBIX mHTEepdeiicoB, Kubephu-
3MYECKIE CUCTEMBI.

9. agpec: ronzhin@iias.spb.su

PYHHOBA
Amnacracusa
EBrennesna

Ioment xadexpbl aBTOMATH3ALNY,
yIpaBieHus, mexarponuku Capa-
TOBCKOI'O TOCYZAPCTBEHHOTO Te€X-
HUYECKOr0 yHUBepcuTera uM. l'a-
rapuna 0. A., crapmuii HayYHbIH
corpyauuk HayuHo-oOpasoBaresb-
Horo meHTtpa «Henuneiinaa puna-
MHKA CJIOKHBIX CHCTEM», LOKTO-
pauT CapaToBCKOr0 roCcyAapCTBEH-
HOTO TEXHUYECKOr0 YHUBEPCUTETa
uwm. 'arapuna I0. A.

B 2005 roxy oxonumsa CaparoB-
CKUY rOCYZapCTBEHHBIN YHUBEPCH-
Ter uM. H. I. UepHbImeBckoro mo
crenuaabHocTu «PusnKar.

B 2008 rogy samuruia guccepra-
[[MI0 HA COUCKAHVE YUeHOI creme-
HU KaHaugaTa (pusuKo-MareMaTy-
YEeCKUX HayK.

SABnaerca aBropom Gosee 40 Hayy-
HBIX YOJUKALIAA.

O6sacTh HAYYHBIX HHTEPECOB —
TEOpUSA [JUHAMUYECKUX CHCTEM,
Helipo(u3mosorusa, MeToAb 06pa-
OOTKY JAHHBIX.

9. axpec: anefila@gmail.com

CABEJIBEB
Anrton
HUropeBuu

Crapiuuit HayYHbIi COTPYAHUK Ja-
00paTopuy pPEUeBbIX U MHOTOMO-
naabHbIX uHTep(eiicoB CaHKT-
IleTepOyprckoro MHCTUTYTA WH-
(opMaTUKM ¥  aBTOMATHBAI[UU
PAH.

B 2012 romy oxomumsn CaHKT-
IlerepOyprckuii rocyaapcTBeHHBIH
VHUBEPCUTET a3POKOCMUYECKOTO
mpuOOPOCTPOEHMUS TI0 CIIeI{AATHHO-
ctu «PoGoTer m pobGoToTexHUUE-
CKIe CUCTEMEI».

B 2016 romy samutui auccepTa-
IUIO0 HA COMCKAHNE yUYeHOH crele-
HU KaHAUATA TEXHUUECKUX HAYK.
fBnsercs aBropoM 22 HaYYHBIX
nyOIMKAIUN U IATA IaTeHTOB Ha
1300peTeHNA ¥ TI0JIE3HbIE MOJIEI.
ObsacTh HAyYHBIX HHTEPECOB —
UeJIOBEKO-MAIIIMHHOEe B3aUMOJEIi-
CTBHUE, POOOTOTEXHUKA, NH(OKOM-
MYHUKAIUOHHEIE CUCTEMBEL.

9. agpec: saveliev@iias.spb.su
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CEPTEEB IIpodeccop, nupexrop UHCTHTYTA CYBOPOBA CrapInuii HayYHBIN COTPYAHUK JIa-
Muxaui BBIUVCJIUTEIHBIX CHCTEM ¥ IIPO- Anéna fopaTopuu TEOPETHUECKUX U MEXK-
rpaMMUPOBaHUA, 3aBeIYIOIINIA Ka- IVCIVILIMHAPHBIX TPO6IeM HHDOP-
Bopucosuy (eapoii BHIYMCIUTENBHBIX CUCTEM Bragumuposna MaTUKHI CaHKT'HeTepﬁprCKOII‘)O
u cereir Caukt-IleTepGyprcroro WHCTUTYTA UH()OPMATUKUA U aBTO-
rOCyZapCTBEHHOTO YHUBEPCUTETA marusanuu PAH.
29POKOCMHUYECKOr0 IPHOOPOCTPOe- B 2010 romy oxonumsa CaHKT-
HUS, MOYETHBIN PabOTHUK BBICIIE- IlerepOyprexuii rocynapcTBeHHbI
ro mpodecCHOHAIBHOr0 06pas3oBa- VHHBEPCUTET [0 CIEIMAJbHOCTH
Hua PO. «IIpurnansas naGOpMaTHKA B CO-
B 1980 rozy oxomumn JIOTU mo IIVOJIOT U I,
CIIEIUATIBHOCTH «DJIEKTPOHHBIE BhI- B 2013 rogy sammuruia auccepra-
YHCIUTEIbHBIE MAIITHHED. IMIO0 HA COMCKAHNE yUYeHOH CTere-
B 2001 romy samuTuia puccepra- HU KaHAugara (pusmro-mareMaTu-
U0 Ha COMCKAHNE YUEeHO CTeneHN YeCKUX HayK.
JIOKTOPA TeXHUYECKUX HAYK. fBnaerca aBTopoM 65 HayYHBIX
fAsnserca asropom Oosee 150 mHa- nybauKanui u 12 cBUIETeIbCTB O
YUHBIX IyOIuKanyii u 14 maTeHToB perucrpanuy mporpamMm fias dBM
Ha M300peTeHm. ¥ 643 TaHHbIX.
O6acTs HAyYHBIX WHTEPECOB — O6sacTh HAyYHBIX HHTEPECOB —
TEOpUA PA3PANHBIX BBIYHCIECHUIA, MaIIMHHOe o0ydueHue, 6ailecoB-
MeTOIbI INIPOEKTHPOBAHUSA CIEIl- CKU€ CeTH, aHa/Iu3 TaHHbIX, MOJE-
IPOIIECCOPOB MJIST CUCTEM KOHTPO- JIIPOBAHUE MOBEJEHNs, PUCKOBAH-
JIA U YIIPaBJIEHUA 1 1P. HOE TIOBeJIEHNE.
91. agpec: mbse@mail.ru 9. aapec: suvalv@gmail.com
TAPACOBA Crapimil HAyYHBIHA COTPYIHHUK JIa- TYJAYIIBEB 3ageaytomuil aboparopuei Teo-
Hpuna fopaTopuu  HHTEJIJIEKTYAJTbHBIX Anexcanap peTI/I‘IeCHI/IX6I/I Memnnc[;nnnnnap-
9JIEKTPOMEXaHIUECKIX cucreMm HBIX  mpoOieM  UHMOPMATUKYI
Jleonnosna MucTuTyTa MpobiieM MaIIHOBeIe- JIpBoBHY Cankr-IleTepOyprcKoro MHCTHUTY-
mua PAH, Cauxr-Ilerepbypr, mo- Ta WHOOPMATUKUA U aBTOMATU3A-
nent Caukr-Ilerepbyprekoro 1o- nuu PAH.
JINTEXHIYECKOTO YHUBEPCUTETA. B 1992 romy oxomumn CaHKT-
B 1978 romy oxomumia JleHuH- IleTepGyprekuii rocyapCTBEHHBII
rPajiCKUil HOJUTeXHUUYECKU WH- VHUBEPCUTET IO CIEIUaJbHOCTH
cruryr uMm. M. W. Kamuuuna mo «IIpuknagHasd MareMaTHKa», B
CIIEI[AAJBHOCTH «ABTOMATHUYECKHIE 1997 rogy — mo cHenuaJbHOCTH
CHCTEMBI YIIPaBICHUI». «Conmomorusi», B 2003 rogy —
B 1998 roay samuruia auccepra- Uennckuit yuusepcuter, CIITA.
IMIO Ha COMCKAHWE YUEHOH CTele- B 2010 roxy samurtuin aumccepra-
HU KaHAU/ATa TEXHUUECKUX HAYK. M0 HA COMCKAHWE YUEHOU CTere-
SABasercsa aBropom 6osee 60 Hayd- HU JOKTOpa (hM3UKO-MaTeMaTude-
HBIX ITyOJUKALNM, CKUX HAyK.
OGJ1acTh HAYUYHBIX HHTEPECOB — fBnserca aBropom 300 HaydHEIX
MaTeMaTHYecKoe MOJeINPOBaHIUE, nyOIUKAIAT.
ONTHUMAJbHOE YIpaBIeHUE, HAEH- O6acTh HayYHBIX WHTEPECOB —
TUQUKAINA 1 TUAaTHOCTUKA. mpejcTaBieHne U 00paboTKa maH-
9. axpec: til@msa2.ipme.ru HBIX U BHAHWI C HEOIPe/eJeHHO-
CTBIO U JID.
i1, ajgpec:
alexander.tulupyev(@gmail.com
(I)EI[OPqEHRO AcnupaHT, MJIQ AU HAYYHBIN CO- XOPEB HouenT Kadeapbl AUHAMUYECKOTO
Aaneﬁ TPYAHUK naﬁgpafropnn mpobJieMm B JIagIMUD MOJIGTUPOBARUSA 1 OUOMeTUINH-
BraguMHPOBUY KOMIIBIOTEPHOIT GegomacHoOCTH Cepreesuu ckoii umHkeHepun (CapaTOBCKOTO

CaukTt-IleTepOyprckoro WHCTUTY-
Ta MHQOOPMATUKHA ¥ aBTOMATH3a-
nuu PAH.

B 2014 romy oxomumsn CaHKT-
IleTepOyprekumii rocynapcTBeHHBIH
DIIEKTPOTEXHUUECKUI YHUBEPCH-
rer «JIOTU» mo cmemuaabHOCTH
«KommnbroTepHa s 6€30IaCHOCTEY.
SfBnsgerca aBropoM 33 HAYYHBIX
nyOIMKaIU.

O6J1acTh HAYYHBIX HHTEPECOB —
0e30acHOCTh KOMIIBIOTEPHBIX Ce-
Teil, OOHApY’KeHUe BTOPIKEHUI,
BPEIOHOCHBIE IIPOTrPAMMBI.

911, agpec:
fedorchenko@comsec.spb.ru

TOCYZapCTBEHHOTO YHUBEPCUTETA
um. H. I. YepHbIIeBCKOrO, 4IeH
obrmecrsa UEEE.

B 2011 roay oKOHYMIJI MarucTpaTy-
py CapaTOBCKOro rocyfapCTBEHHO-
ro yauBepcutera um. H. I'. YepHbI-
ILIIEBCKOTO T10 CIiel[uaIbHOCTH «Bro-
MeIUIUHCKAA MHIKEHEPHII».

B 2015 rogy samuTui auccepra-
U0 HA COMCKAHUE YUEHOU CTere-
HU Kaupuaara (usuKo-MareMaTu-
YECKUX HAYK.

SfBnsercs aBropom 20 HayYHBIX
nyOIUKAIUAN.

O6acTh HAayYHBIX WHTEPECOB —
MaTeMaTUyecKoe MOJeJUPOBaHUE,
IMHAMUKA CUCTEM C 3aIas3IbIBaHI-
eM, MEeTOJbl HeJIMHEeHHON AMHAMU-
KU IS aHAJIN32a 9KCIIePUMEeHTA b
HBIX JAHHBIX.

91, agpec:
khorevvs@gmail.com
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XPAMOB 3apepyromuii Kadegpoir aBTOMA- IHT'EJIBBEPT Tpasknanns Uspanisa u CIIIA.

Anekcanap THBAINY, YIPABIEHUS, MeXaTpo- oMo IomenT kadeapsl SIEKTPOTEXHU-
HuKH CapaToBCKOTO TOCYJapCTBEH- KU, I€KaH IIKOJIbI TEXHUIECKUX I

EBrenseBuu IBu i
HOTO TEXHUYECKOr0 YHUBEPCUTETA KOMIIBIOTEPHBIX Hayk Uepycamum
um. Tarapuna 10. A., mpodeccop CKOT'0 TEXHOJIOTMYECKOTO KOJLJIe[-
xadeapel BIEKTPOHHUKH, KoJeba- sxa, Vspanib.
Huit u BoixH (CaparoBCKOro ro- B 1991 rogy oxoHumI Marucrpary-
CYHapCTBEHHOTO  YHUBEPCUTETA py Hero-Mopkckoro yHuBEpCUTETA
um. H. I. YepHbIIeBcKOro. 110 crienuaabHOCTH « MaTeMaTuKay.
B 1996 roxy oxomumn Caparos- B 1994 roxy sammTui awccepTa-
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