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Beegenue: runotesa Agamapa o cyLjecTBOBaHUM BCEX MaTpuL MOPSAKOB, KPaTHbIX YeTbipeM, u npobnema laycca o yucne
TOYeK B Kpyre OTHOCSITCA K PSifly BaXXHbIX MOBOPOTHBIX MYHKTOB B pa3BUTMuN MaTeMaTukn. OHU CTUMYMpoBan pa3BuTue Ha-
YYHbIX LUKOJ MO BCEMY MUPY C NPaKTUYECKN HEODO3PUMbIM KOSIMYECTBOM paboT. [IpuBoAATCA 060CHOBAHMSA, YTO 3TU HayuYHble
3afaum rny6oKo CBA3aHbl, YMCII0 Touek faycea (Touek Ha pelweTke Z3) Ha cheponge, KoHyce, napabonone, napaéose u ux pac-
rosnoxeHne AMKTYeT KOIMYECTBO M BUAbI MaTpuy Agamapa. Llenb: ykasaTb BEPXHIOK U HWXHIOK rpaHuLbl KOIMYeCTBa TOYeK
[aycca Ha cchepomnge ¢ HeYETHLIMM KOOPAUHATAMM B 3aBUCUMOCTU OT MOPsAAKa 3afaum C Ljesblo KOHKPeTU3NpoBaTb TeopemMy
laycca (o paspelummMocTy KBafpaTUYHbIX 3afjay B TPEYrosibHbIX YNCAax MPOEKYUAMMU Ha MIOCKOCTb JInyBUNs) oLeHKaMu Ha
cryyan, Kacarowmica matpuy Agamapa. MeTtogbl: npeasioxeHHble aBTopaMu paHee NyTu fokasaTesnbCTBa runotessl Agama-
pa Ha OCHOBaHMM B3aUMHO-0[HO3HaYHOro COOTBETCTBUA MEXAY OPTOroHabHbIMU MaTpuLyamm n Toukamm [aycca [OnosHeHb!
ele ofHUM, UCTIOMb3YIOLYMM CBONCTBA 0B0BLUEHHBIX OKPYXHOCTEN Ha Z3. Pe3ynbTaTbl: JOKA3aHO, YTO HUKHSS rpaHnLa BCex
ToYek laycca ¢ HeYeTHbIMU KOOPAMHAaTaMM paBHa paauycy akBaTtopa R, BepxHsAs rpaHuua TOYeK, pa3MelLeHHbIX Bbille 9KBa-
TOpa, paBHa AnHe aToro akBaTtopa L = 2nR u oblyee uncno Toyek orpaHnyeHo 3HadeHnem 2L. B cuny cummeTtpum cheponpa
B CEKTOPE C MOSIOXNTENbHbIMU KOOpAUHaTaMu (OKTaHTe) aTo faeT 3HadeHus R/8 n L/4. Takum obpa3om, yncro Touek faycca
C He4YeTHbIMU KOOPAMHATaMM He NPeBbILIaeT AJIMHbI TepuMeTpa rpaHuLibl M He MeHbLLEe OTHOCUTENIbHON [0/ CeKTopa B 0bLiemM
obbeme cpurypsbi. lpakTMYecKass 3HAYUMOCTD: CBSI3aHHbIE C TOYKAMU PeLLeTKU MaTpuLbl Ajamapa UMEHT HernocpesCTBEHHOe
npakTU4ecKoe 3HavyeHne 4J1s1 3a[a4 MOMeXoyCTONYMBOro KOAUPOBaHUSA, CXaTUA M MacKupoBaH1s BULEOUHDopMaLnK.

KnioueBble cnoBa — To4ku aycca, npobnema laycca, cchepousi Ha pelueTke, OpTOroHasbHble MaTpuLibl, MaTpULbl Ajama-
pa, runotesa Agamapa, maccus banoHumHa — Cebeppu.
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Beenenue

OKpPYHOCTH Ha peleTKax Z2 — 5To KJaccuue-
ckasa Tema Teopuu yncel [1], KoTopas mHTEpecyeTcsa
KoauuecTBOM N(R) TOUEK C IIeJBIMU KOOPAUHATAMU
(rouex Taycca), momagamiuMu B 00JaCTh, Orpa-
HUYEHHYIO OKDYsKHOCTBIO X2+ y2 = R2 pagumyca R.
IIpubam:KeHHbINT OTBET HA 9TOT BOIPOC OUYEBUEH
(ecsiz OpaTh BO BHUMAaHVE B3aMMHO-OJJHOSHAUHOE CO-
OTBETCTBME MEXIy TouKamu l'aycca u KBaaparaMu
PeIlleTKM), ero JaeT OKPYIJIEHHOe 3HAUYeHHe IIJIOIa-
I COOTBeTCTBYIomero kpyra S =nR2. Boiee Tou-
HBIM OTBET JaeT OIleHKA CBEePXY BEJIUUYHNHBI IIOIIPaB-
ku E(R) = N(R) — nR2.

IIpuBemennas TIayccom rpy6as omenkra E(R)<
<\/§L(R), L(R) = 2nR — pjuHa OKPY'KHOCTH, yUU-
THIBAET TOUKM HA OKPYKHOCTHU U OJIM3KUE K OKPY K-
HOCTH IIOrPAHUYHBIE TOUYKH. OJEeMEeHTapHbIe KOM-
IIBIOTEPHBIE IIPOBEPKY MOKA3LIBAIOT, UTO YKCJIO TO-
YeK Ha IOTPaHUYHOMN OKPYIKHOCTH C POCTOM paguyca
OCIIUJIINPYET OTHOCUTEJIHHO HEKOTOPOTO CPEeIHEro
sHauenusda v R. B 1915 r. Xapau u 9amyun Jlangay
[2, 3] mpumau K BeIBOAMy, uTo E(R) He3HAUUTEJb-

HO, HO IIPeBHITIaeT 3Ty Beanuuny: E(R)< CRY/?*¢ ,
£=0,1298....

Tounoe sHaueHue KoaumuecTBa Touek ['aycca K(R) =
=4(d3 — dy) Ha OKDY’KHOCTH C IIeJIbIM 3HaUeHHeM
n=R2 u3BeCTHO W3 WHCTOPUU HAXOMKAEHUS UYUCJIA
pasIoKeHUI IeJoT0 YHMcJa Ha CyMMY IABYX KBa-
apatoB [1]. OHo omepupyeT KonudecTBaMu d; U dg
HEUeTHLIX AeJuTeJieil unciaa n suga 4t + 1 u 4¢ + 3,
t — nesioe. Yucesa, pasjaaraeMble HA MHOMKUTEJN BU-
na 4t + 3 nIM UX HeueTHbIE CTeIIeHU, Hepas3JI0 K MbI
Ha CyMMY ABYX KBaJpaToB.

Takum o6pasoM, HeGOJIbIIIEe OKPYsKHOCTH YaCTO
cozep:kaT ogHy TouKy I'aycca B KBajgpauTe (WU He
comep:xar ee). UToOBI IOAIep:KUBATh yKasaHHOE
pacryiliee B CpegHEM 4YKCJIO TOUYeK IJis Bce OoJiee
YaCTO BCTPEUAEMbBIX COCTABHBIX 3HAUEHUU 7, TOUKU
Taycca «mepecensaoTcsi» Ha OCTPOBKHY B BHUIe Hace-
JIEHHBIX OKDPYsKkHOCcTell. TouHOe 3HAUeHUe uucja TOo-
YeK He CBA3aHO SABHO C BeJIUUYMHOU paguyca. Taxkue
(hopMyJIBI CYIIIECTBYIOT AJISA BEIOOPOK, B YaCTHOCTH,
niasa n=5% usBectHo, uro K(n) =4k + 1. K coxa-
JIEHUIO, T'PAHUIA JTOTO PEryJasSPHOro II0 KOJIMYe-
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cTBaM ToueK laycca ceMeicTBa OKPYKHOCTEH He
MOJKET paccMaTpUBAThCA KaK OIeHKa CBEPXY AJIA
K(R) > 4(logs(R?) + 1).

Ceasp Touek 'aycca ¢ maTpunmamu Agamapa

VenoBusi CYIIECTBOBAHUS OPTOrOHAJBHBIX IIO
CcTOI0IIaM MaTPUIL JaBHO CBA3BIBAIOT C TEOPEMAaMU O
pasyioKeHun urces (MX MOPATKOB WU IOPATKOB CO-
CTaBHBIX OJIOKOB) HA CYMMBI IBYX U 00JIee KBaPaTOB
[4—8]. OTo HanmpAMYIO KacaeTcsa OTMEUEHHBIX B yKa-
3aHHOI JINTEPATypPe B3BEIIIeHHBIX MATPUIL U MATPHUI],
Anamapa. Tem caMbIM GJIOUHBIE MATPHUIIEI C DJIEMEH-
Tamu 1 1 —1 IIpeACTaBIIAIOT COO0¥ MIITIOCTPATUBHBII
MaTepuaJ (B BUJe MATPUUYHBIX IIOPTPETOB), Kacaro-
uiicd MB3BECTHBIX TEOPEM O PA3JIOYKEHUSAX UMCEeS
depma, diiyepa, Jlarpanxa.

JJI TTIOCTPOEHUSA CUMMETPUUYHBIX OJOUHBIX Ma-
TPHUI[ JOCTATOYHO TPeX OJOKOB, II0ITOMY IIOJCUET
Touek I'aycca Ha cdepouze maer mH(GOPMAIIUIO O
KOJIMUYecTBe BUAOB MaTPUIl AxaMapa 3aJaHHOIO 1o-
panka[9, 10]. IIpyHIIMINAIBHBIN U CAMBIN BaYKHBINA
BOIIPOC BCel TeOpUU OPTOTOHAJIBHBIX MAaCCHUBOB, KO-
TOPBINA CUUTAETCSA IO CUX IIOP He PelIeHHbIM (TUIIoTe-
3a Amamapa), 5TO BOIIPOC CYIIECTBOBAHUS MAaTPHUII,
U MBI IIPUBOAUM eIlle OAUH apryMeHT B II0Jb3y €ro
HOJIOJKUTEJLHOTO pelneHus. B mamHoil cTraTbhe Hac
UHTEPECYI0T 0000IIeHHBIE OKPYsKHOCTH Ha peIeT-
kax Z3, cdepouspl, KOTOPEIE, B OTJIMYKE OT PACCMO-
TPEHHOTO CJIyYasi, U3ydeHbl 3aMeTHO xysxe [10, 11].

Corsacuo oTMeueHHBIM pabotam Xapau u Jlaugay,
TOYKHU HA OKPYKHOCTH B COUETAHUU C IIPHUCOETUHEH-
HBIMH TOUKaMU Kpyra BeayT ce0si 60oJjiee HHEPTHO, UX
pasbpoc 6oJee mpeacKasyeM B TOM CMBICJIE, UTO €CJIU
K(R)<F(R), ro E(R)<CRY?** < F(R).

Cheponp comepXUT Ha CBOEIl IMOBEPXHOCTU Ce-
MeHCTBO OKPY:KHOCTell, 00pa30BaHHBIX I€JIOUNC-
JIEHHBIMH (II0 BBICOTE) CPe3aMU TPEXMEPHBIX (GUTYDP.
CoOTBETCTBEHHO, ¥ KOJUUeCTBO Touek Il'aycca Ha

HeM BefieT ce0s, CKopee, KaK cpeJHee 3HAUEHUE TO-
YeK Ha OKPYKHOCTU (HAIOMHUM, IIPOIOPIIMOHAJE-
HOe KOPHIO KBaJpaTHOMY W3 paamyca 5KBaropa).
Touku I'aycca cepousa 0OTBEUAIOT CBOUM IIPOEKIIU-
dAM, TOYKaM B Kpyre skBaTopa. OOpaTHOe HEBEPHO.
He Bce Tourku I'aycca B Kpyre sxBaTopa paspeliu-
MBI KaK I[eJIOUMCJIEHHbIE Ha IIOBEPXHOCTHU C(EpPHI.
Ocuuinanuy KoJaudecTB ToUeK 'aycca Ha Tpexmep-
HBIX TIOBEPXHOCTSX JiesKaT B 60Jiee Y3KOM KOPHUAOpe,
UeM Ha OKPY’KHOCTHU U B KPyTe, He Kacasach HUKHeN
rpaaureii 0.

Bosee Toro, MbI HAaMepPeHBI ITOKA3aTh, UYTO OTHO-
IIeHre BepxXHel 1 HUKHeN IpaHuIl IPOIIOPIINOHAIb-
HO T TT0 OTHOIIIEHUIO K HeKOTOPOU cpenHeii Touke 27.

I s ynobcTBa UNTATEIS MBI JaeM HUKe HECKOJIb-
KO MCTOPUUYECKHUX CIIPABOK HA TEMY TOUeK Jiijepa u
Taycca.

3angaua 'oapgoaxa

3agmaua, Kotopyio ['osba0ax mepenasl TOBAPUIILY
IO MepeIncKe, OKasajgach AJA Jiiljiepa IyTeBOLHOM
HUTBHIO B 00J1acTh Teopuu umcyaa. O6a oHU MPUIIIN
K BBIBOZAY, UTO JII00OE YETHOE UMCJIO 1 COCTOUT U3
CYMMBI JBYX IPOCTHIX umcesa [12]. PyHKIUA IBYX
apryMeHTOB 7l = X + JJ OIUCHIBAeT IIJIOCKOCTB, IIPO-
XOJAITYIO UYepe3 Hauajio KOOPAWHAT, HAKJOHEHHYIO
moJ 45° 10 OTHOINIEHUIO0 K MOPU30HTAJIBHOM IIJIOCKO-
ctu (puc. 1).

MbsI 1aeM BUJ HA Hee IBYMSA IIPOEKIIUSIMUT, UTO-
ObI TpexXMepHOe IIOCTPOoeHNte OBLIJI0 0ojiee MOHSITHO.
JIMHUY OAMHAKOBOTO YPOBHA HAKJOHHOIN TIJIOCKO-
CTU Ha BBICOTAX, PABHBIX UETHBIM UKCJIaM, 00pasy-
IOT IPU OPOEKIINM HAa IIJIOCKOCTDH X, Y TUIIOTEHY3BI
MPAMOYTOJBHBIX PABHOOEAPEHHBIX TPEYTOJIbHUKOB.
CwmblIcs HaOIOgeHnA Jiiaepa u ['oababaxa COCTOUT
B TOM, UTO HET TaKOH I'MIIOTeHY3bI, HA KOTOPOI He
BCcTpeuaiach ObI XOTs ObI OHA TOUKa (OTMeuaeMasi
KPACHBIM IIBETOM) C KOOPAUHATAMU, PABHLIMHU IIPO-

B Puc. 1. Touku ditiepa — onpabaxa
B Fig. 1. Euler — Goldbach points
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cThIM uncjaaM. BunapHas npobyema onbanbaxa, Kak
Ha3BIBAIOT ATY 3ajauy, He peleHa 0 CUX MOop, XOTs
IIpoBepeHa KOMIILIOTepaMu A0 OYeHb OOJIBIIMNX 3HA-
YeHHUH 4YeTHBLIX YHceJl. 3aJaul, CBA3aHHBIE C KBa-
IPATUYHBIMU (DYHKIIUAMU, TaKiKe CBOOATCA K TOU-
KaM Ha IIJIOCKOCTH, 1 €CJIM MBI He pelllaeM IIpodaIemMy
ceJIeKITMU TOUeK Ha IIPOCThIe U COCTaBHBIE (TI0 KOOp-
IUHATaM), 3aa4a 3aMEeTHO YIIPOII[aeTCs.

3amaua 'aycca — JIuyBuaiasa

B otinunme ot ditnepa u lonbadaxa, ayce ncka
IIeJIble TOUYKY BHYTPU CEUEHUI KOHYCa, OKPYKHOCTh
x2+y2=R2 — 5710 ceueHUe HEKOTOPOIo KOHYycCa Ha
BeicoTe R. MacmirabupoBanueM BePTUKAJIBHOI OCHU
(oTKJIaABIBAA IO BEPTUKAJBHONU OCH 3HaUeHUEe KBa-
IpaTa BepTHKAJbHON KOODAUHATHI KOHyca n = R2)
KOHyC IpeoOpasyeTcs B mapabosoup n=x2+y?2,
OKPY’KHOCTHU CEUEHUII KOHYCA OTBEUYAIOT OKPYIKHO-
cTam nmapabosounza (puc. 2).

B Puc. 2. Touxku I'aycca KoHyca u mapabosona
B Fig. 2. Gauss points of a cone and paraboloid

I s napaboJsionsia HET TaKoO# mapsl X, Y, KOTOpas
He HaIia ObI CBOETO IEJIOYNCIEHHOT'0 Pa3peIleHn .
IIpoexmuu Touek 'aycca Ha HEM ITOPOIKJAIOT PeEIIIeT-
Ky Z2, Ha puc. 3 MOKas3aHbl TOYKHU KBagpaHTa (hury-
pa cUMMeTpUYHA).

HMuTepec K KBagpaTuYHBIM KpuBBIM Yy ['aycca 00-
YCJIOBJIEH OTKPBITHEM, KOTOPOE OH CIeJIaJ eIlfe CTy-
mearoMm. OH 3aMeTUJI, YTO PaBHOYJAJIeHHBIE TOUKH,
IOCTU)KUMBIE Ha OKPY'KHOCTH C IIOMOIIBIO ITUPKYJIA
U JIUHEHKU, ABJIAIOTCA KOPHAMU IeTIoUeK KBaapar-
HBIX ypaBHeHuii. [Ipumieninme ¢ aHTUYHBIX BPpeMeH
3a1auy MMIOCTPOEHNUA BIUCAHHBIX B OKPYKHOCTD IIpa-
BUJIBbHBIX TPEYTOJbHUKA, IATUYTOJbLHAKA U, KAK OH
YCTaHOBUJI, CEMHAAIIATUYTOJbHUKA, UMEIOT B 9TOM
CMBbICJIe OJUHAKOBYIO IIPUPOJY; IIOCTPOECHUE ITOCIIe -
Hero TaksKe JOCTHKUMO. B HacTosiIee BpeMs cylie-
CTBYeT HECKOJIbKO METO/JOB ITIOCTPOEHU A IIPaBUIBHO-
ro CeMHAaIaTUYrOJIbHUKA.

ITomcueThl PaABHOOTCTOAIIMX TOUEK BBIBEJIU
ero Ha 3ajauy 0000IeHus: MOHATUSA yuciaa. Kak u
diinep, 'aycc BUAes COOTBETCTBUE MEMKIY IIEJIO-
YUCJEeHHBIMHU II0 3HAUEHUAM KOOPAMHAT TOUKAMU
Ha maocKocTu (Toukamu ['aycca) ¥ KOMILJIEKCHBIMU
yucaamMu. Haauure HeIPOTUBOPEUNBOII apudmMeTn-
KM KOMIIJIEKCHBIX UYMCeJ II03BOJISJIO BBIAEJUTH Ha
ILJIOCKOCTHU TIOJ00ME IPOCTHIX UNCEJI.

Hacroamuii ycmex mnpumien K Iayccy, Kor-
Ia OH B3aHAJCA CHepUYEeCKMMU [IOBEPXHOCTIMU
x2+y2+22=n. IlpeoGpasoBanue cdepbl B ILIO-
CKOCTBH XOPOIII0 3HAKOMO HaM II0 BHUJIAM IIPOEKITUIi
rio0yca Ha KapTy mupa. Camo 1mo cebe 9TO He HOBO,
HO 10 miona 1796 cryment I'aycc octaBmi 3amuich
B CBOEM JHEBHUKe: OBpUKal num =A + A + A,

HenuzeliHbIMUu IIpeoOpa3oBaHUAMU KOOPAUHAT
x2=8x+1, y2=8y+1, 22=8z + 1 ypasHerue coe-
pBI IIpeobpasyeTcsa K yPaBHEHUIO IJIOCKOCTU BHUIA
xX+y+z=r,roer=(n— 4)/8 gna cepuu IOPATKOB 7
IaeT IeJible UmcJa. 'aycc JoKasasl JaBHee YTBEDIK-
nenve Pepma, UTO AJA JHOOOr0 IIEJIOTO I ypaBHe-

B Puc. 3. IIpoenuposanue Touek I'aycca c o6pasoBanueM permeTku Z2

B Fig. 3. Gauss point projection with grid Z2 formation
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HUEe X+ Y+ 2Z=r paspeliuMo Ha MHOYKeCTBe Tpe-
yroabHbIX umcea [13]. TpeyronpHbIe umciIa, KaK
U KBajJpaTHble, NpUHAIJIEKAT K (PUTYPHBIM YUC-
JlaM, M3BECTHBIM ¢ aApeBHOCTH. OHM IIPEACTABIIAIOT
coboii TIocemoBaTeJbHbIE CYMMBI ITeJbIX uucesa 1,
1+2=3,1+2+3=6wur. 1.

JInyBuJLIIb caenas CAENYIOIMUA BasKHBIA AJIA
Hac IIar, OH pacIpocTpaHuJ Teopemy Iaycca
Ha BB3BeIlleHHbIe CYMMBI TpexX KBaJApaToB BHUIa
x2 + 2y2 + 22 = n [14]. Takum 06pasoM, Tak e, KaK
KpyT, BbIJeJIeHHbIe 3amaueii cepa u chepous pas-
perruMbel KaK MUHUMYM OJHOM HEHYJIeBOW TOUKOM,
B OCTAJbHOM UX IMOBegeHue pasauuHo. Hac muTe-
pecyeT B IIepByI0 ouepenb chepous, IOTOMY UTO OH
00001I1aeT pasjoKeHue YKcesJ Ha CyMMY YeThIpex
KBagpaToB. C 0000IIIeHUIMU OKPYKHOCTEH Ha pe-
meTkax Z%4 HaM He X0OTeJ0Ch 6bI IMETh JIeJI0, a IIPU
PpaBeHCTBe MeK 1y co00M JII0001i mapbl KOOPANHAT Ue-
THIPEXMEPHOT'0 IIPOCTPAHCTBA MBI IIePexXonuM K cde-
pouny Jimysuiis.

N3yuenue chepounga JinyBuaisa

Kak »5To BoguTcsa IpM pelIeHUAX ypaBHEHUIT
HduodanTta, Y4acTh TOYEK SABJIAIOTCA 3(eMepHBIMU
(HaM He rOAUTCS PeIlleHre TUIA «II0JITOPA 3eMJIEKO-
ma»). Touek I'aycca ¢ YeTHBIMU KOOPAWMHATAMHU HET
Ha MOpAAKaxX 1, KpaTHbIX 8(4k + 7). OHU ABIAIOTCS
JIOTIOJTHEHMEM (KaK MPUCOeNHEeHHBIE K OKPY/KHOCTU
TOUKHU Kpyra) M HcUe3aloT IIPU cKatuu chepouga
BIIBOE CO CMEII[eHNEM €ro B TOUKY U/2 (II0 BCeM TpeM
KoopauHaTtaMm). Tak Kak 3a7jauy Ha MOWCKYU MAaTPUI]
Apmamapa IpUBOJAT K YPaBHEHHUIO MaJoro cdepou-
Ia, To, paboTas ¢ 6OJBIINM, MBI OyZeM UMETh B BULY
TOYKU C HEUETHBIMHU KOOPAUHATAMU. ITY CUTYAIIUIO
¢ OOJIBITIM M MAaJIBbIM (CJKATBIM U CMEITleHHBIM) che-
poumamu 1 IIJI0CKOCThIO JImyBuiaa aasa n = 36 orpa-
JKaeT puc. 4.

¥V cdepouga x2 + 2y2 + 22 = n, TOMIMO GOJIBIIIONO
pazmyca skBaropa R = Jn, ects BTOpas (BEPTUKAJb-
Has) moayoch pasmepa R/ J2. Ha pHCYHKe IpuBe-
IeHO TpU TOUKU ['aycca ¢ HEUEeTHBIMU KOOPAMHATA-
MU B OHOM U3 OKTAaHTOB U ILJIOCKOCTh X + 2y + 2 =T,
IIPOEIMPOBaHNE Ha KOTOPYIO TrapaHTUPOBAHHO TaeT
TOUKH C TPEyroJbHbIMU KoopauuHatamu. Chepou,
C)KaTBIA BIOJL ONHOI M3 OCeli, MMeeT IBOMCTBEH-
HYI0 IPUPOAY, IPEACTaBJAA €000 COBOKYIIHOCTH
CJIOXKEHHBIX CTOIKOI OKPY:KHOCTEW WJIHN, 9TO KaK
IIOCMOTPETh, COBOKYITHOCTH 3JIJIMIICOB B WHOM Ha-
peske.

IIpaBuao 1. Ilpu n = 4v, v — HeUeTHOE, BePXHAA
rpaHuUIla OJsA TOUEK C HeUeTHBIMM KOOPAMHATaAMWU,
Pa3MelleHHBIMU BHIIIE 3KBAaTOPA, PaBHA AJIHE 3TO-
ro skBaTopa L = 2nR (T. e. 00IIlee YMCJIO TOUEK Orpa-
HuueHo 3HaueHmeM 2L). HmxHAa rpanuma Bcex
TOUEK C HeUEeTHBIMU KOOPAWHATAMU PaBHA PATUYCy
sxBaropa R.

B Puc. 4. Boabmioit u manbliil chepounbl JInyBuiasa
B Fig. 4. Large and small Liouville spheroids

B cuny cummerpuu chepousia 9TO 3aMevaTesb-
HOe IIPaBWJIO OTPDAHWYWBAET BepXHEe U HIIKHee
3HAUEHUSA BOBMOJKHOTO UNCJIa TOUEK B CEKTOPE C II0-
JIOKUTEIbHBIMU KOOPAMHATAMY (OKTAHTE) 3HAUEHU-
amvu L/4 u R/8. Takum o6pasom, umciio Touek ['aycca
C HEUeTHBIMU KOOPAUHATAMY He IPEBbIIIaeT JJINHbBI
IIeprMeTpa I'PAHUIBI U OHO He MEHBIIIE OTHOCUTEIb-
HOM [0JIM OKTaHTA B 00I1IeM 060'beMe (DUTYPHI.

JloKasaTeabCTBO MEPBOTO YTBEPKIECHUSI COCTOUT
B TOM, UTO Ha T'PaHUIIE AeHCTBUTEJIbHO HE YMECTUTDH
0oJIbIIIee YKCJIO IIeJIbIX TOUEK, UeM ee JJIMHA, TeM 00-
Jlee ¢ HEUETHBIMU KOODAUHATaAMU, a BO3MOKHOCTH,
KOTOpBIE JAIOT CEUEHUSA CBEPXY, CTOJDL OBICTPO YObI-
BAIOT, YTO AJINHA TPAHUIILI HKBATOPA JIMUMUTHUDPYET
Y1CJIO TOUEK cBepXy. UTo KacaeTca MUHUMAJILHOTO
Yycja TOYEK, TO PAgUyC SABJSETCS OChIO IJIA Ha-
HU3aHHBIX Ha HEM BJIJIUIICOUAOB; €CIU KaKIbIN U3
HHUX paspeninM KaKk MUHUMYM OJHOM TOUKOM, UKUCJIO
TOUEK OTPAaHUYEHO pPasMepoM (puUrypbl. YUUTHIBAA,
YTO HaM HYKHBI TOUKHU C HEUETHBIMH KOODIAUHATA-
MU, B PACCMOTPEHME IMOMIaJaeT pPaguyc sSKBaTopa, a
He quaMeTp ITOJIHOM Hape3Ku. IIpomycKu TOUeK He
BJIMSAIOT Ha OIIEHKY BBUY BO3MOKHOCTEI 00 beMHOI
(Gurypsl Tak UM MHAUE UX KOMIIEHCUPOBATb.

Mgl puBeu, pasyMeeTrcs, IIpocTeiiiiee 060CHO-
BaHUeE YCTAHOBJIEHHBIX HaMU rpaHull. Tak Kak Teo-
pembl 'aycca u JInyBuAISA MOCTATOYHBI AJIA ITPUH-
IMUANNAJLHON PaspelInMOCTA 3aJauy O TOYKAxX Ha
chepousie, MOMOIHUTENTbHASA KOMIIBIOTEPHAS IIPO-
BepKa IIpaBuUJia IJs IMIOPSIIKOB MaTpull Agamapa 10
MUJIJIMOHA JAaeT HaM B PYKU IIPOBEPEHHBIN, IIPaK-
TUYHBIA W HAJE)KHBIA WHCTPYMEHT OIeHWBAHUSA
YKCJIa PeIlleHn.

Y cheponma ecTh ABa XapaKTEPU3YIOIIUX €ro
pasmepa, 9Ta IBOHMCTBEHHOCTD IIPOSBJISIETCS B JBOM-
HBIX OIIeHKaX BepXHeHW M HUKHel I'PaHUIlbI Ha YuC-
J0 Touek 'aycca.

Ipasuno 2. [na mopagkos n < 10°/2 BepxHAA
rpaHuIA [JIA TOYEK C HEYETHBIMU KOOPAMHATAMU,
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pasMelleHHBIMI BBIIIIE SKBATOpPa, paBHA 42R (3]
OKTaHTe B 4 pasa MeHbIIIe: \/ER). Huxnaa rpanuna
BCeX TOUYEK C HEUeTHBIMU KOoOpAuHaTaMu paBHa 4R/,
B OKTaHTe B 8 pas MeHbIIIe.

IToKkasaTeJabCTBO BTOPOTO MOJOKEHUA 6ojiee ueM
9JIEMEHTApPHO U B3aKJIOJYaeTCs B KOMIIBIOTEPHOMN
IPOBEPKe YMCJia PelleHuii ypaBHeHUU chepouma
JInyBuis.

OTHOIIIeHN ST BEPXHEN 1 HUKHel IpaHuIl B 000X
cayuasx IPOIOPIIMOHAIBHO 7. $KecTKoe OTHOIIIeHIe
COCTaBJISET BEJIMUUHY 47, IJIS MaJIbIX IIOPSIIKOB KO-
puIop B /2 yixke.

IIpaBuio 3. OTHOIIEHNEe BepXHEH U HUMKHEH Ipa-
HUIT TIPOIIOPIITUOHATIBHO T, TI0 OTHOIIIEHUIO K CPeqHelt
TOYKE OHO PAaBHO 27T, YTO JIEI'KO 3aIIOMHUTh. ITU IIpa-
BIJIA CBS3BIBAIOT UMCJIO ToueK l'aycca IJid coKaToro
cBepxy ceponsia, X HET B JOCTYIHON HAM HAYYHOI
gureparype. TeM caMbIM 9TO CYII[ECTBEHHO HOBBIE,
Hen3BeCTHBIE pamee (IO KpailiHell Mepe, IITHPOKO)
OILleHKHU IJis o6o0IenHoi 3agaun 'aycca. Ee suaue-
HUe YCUJIMBAETCS PacCMATPUBAE€MbIM Jajiee IIPUJIO-
JKeHUeM K TeOPUU CUMMEeTPUYHBIX MaTpuIl Azamapa.

PesynbTaThl KOMIIBIOTEPHOI'O NCCJICIOBAHMS 3a1a-
yu 0 uncje Touek ['aycca ¢ HeUeTHBLIMU KOOpAWHATA-
Mu s n < 2 x 10° npuBeieHs! Ha pUC. 5 B BUIE IBYX
KauecTBEHHBIX AUArpaMM: PHCYHOK CIIpaBa IIOBTO-
pPAeT 3aBUCUMOCTb CJIeBA, HO BIOJIb IOPU30HTAIbHOMN
OoCH B3AT KOPEeHb KBaAPATHBIN apryMeHTa 7.

MacimirabupoBanre TPUBOAUT K XapaKTEPHOMY
IS KBaJPAaTUUHBIX 3a7au CIPAMJEHUIO T'PAHUIIL.
BosMmoskHBIE pellleHuns Bee JIeXKaT B CeKTOpe, IJIsd Ma-
JBIX ceponnoB OoJiee y3KoM. IlepekIroueHre 0JHOT'O
TUTIA BO3PACTAaHUS YKCJTIA TOUEK Ha APYToil IPOUCXO-
IUT IIPUMEPHO TI0CJIe TIePBOIi YUeTBePTU 3HAUEHUH 110~
pAnKoB. Beero 061710 TpOBEpEeHO 3HAUEHME apryMeHTa
JI0 MUJLJINOHA, TeHIEHIINUA COXPAaHMUIaCh.

IIpunoskenue Kk Teopuu
CHMMETPHUYHBIX MaTpUL, Amamapa

Marpunsl Agamapa — KBagpaTHble MaTpuilsl H
mopsAaKa n Beire 1, 2, KpaTHOro 4, ¢ seMeHTaMu —1
u 1 TaKue, 4TO BBIIOJIHAETCS

HTH = nl, @

roe I =diag(d, 1, ..., 1) — eguanuHas marpuria [5, 6].
9Tu MaTPUILI TOABUINCEH OJ1arogapsa paboraM OCHO-
BOIIOJIOJKHUKA MaTpuuHoi marematuku k. Cuib-
BecTpa, KOTOPBIA 3a4aJl UX PeKYyPCUBHON M Hanbo-
Jee M3BECTHOII B TeopuM MATPUIl Ajamapa mocJie-

A A
rae — Marpu-
A -A)
ma Agamapa Ha IIpeabIAyIeM Iare pekypcuu. Ha-
YMHATL MOMKHO OT A = 1, Kak aT0 mesaa CuabBecTp,
Apamvap HaIles eire JBe CTapTOBbIE HECMMETPUY-
Hble MaTpuIlsl 12-ro u 20-ro mopAakos [4].
ITosgHee B 06uXOM BOIILIY KOHCTPYKIIMH Ha JBYX
He 00g3aTeJbHO OPTOTOHAJNLHBIX OCHOBaHUAX A, B,
A B

BT AT/

noBatesibHOCTRIO H =

mampumep: H= IS CUMMETPUYHBIX

marpun, A = AT, JlomonHuM ee Gojee yHUBepCAhb-
HOI KOHCTPYKI[UeH

A -BR -CR -DR
-CR RD -A -RB

H= , @)
-BR -A -RD RC

-DR -RC RB -A

roe AT — cummerpuunbLi 60K, yeaosne (1) cBoguT-
cax ATA + BTB + CTC + DTD = nl. CummeTpus BTOpoit

B Puc. 5. KauecTBeHHbI# rpad@uk uncia Touek ['aycca Ha cepouge JInyBusia
B Fig. 5. Qualitative graph of the Gauss point numbers on the Liouville spheroid
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KOHCTPYKIIMU obecrieunBaeTcs ycjaosuem B =C, mpu-
BogAnuM K (2). TepalinonHoe pacIiiupeHue o mIpa-
By CuyibBecTpa 3aKphIBAeT CHUMMETPUYHBIMHU Ma-
TPUIAMY TIOPAIKY C YETHBIM 3HaUueHueM v. ITosTomy
6oJiee TIePBUYHBI KOHCTPYKITUY C HEUETHBIM Pa3MepoM
6JI0KOB U, Korga r = (U — 1)/2 — HOMep KOHCTPYKITUH.

B mayunoii JuTepaType OHa IoJydujia Hau-
MeHOBaHUe MaccuBa Basionmaa — CebGeppu, uiu,
Iia npoctoTsl, IIpomyc: dra Bimsuernos (1 Gem /
n Geminorum) — TpoiiHas 3Be3Za B CO3BE3-
Iuu DBiusHenoB — wuMeeT TPAIUIIMOHHOE Ha3Ba-
Hue Propus. YuuThIBaA CJIOMKUBIIYIOCA ITPAKTUKY
HanMeHOBaHMUU OJIOKOB MaTpuIl AjaMapa, Tak Kpa-
TKO HA3BLIBAIOT WHOTZA He BeCh MAacCUB, a OJIOKH;
OyAydYu BCe CUMMETPUUYHBIMU, OHU COBIIAJAIOT C Ma-
Tpunamu Buibsamcona. IIpoTHBOIOIOMKHBIH caydaii
nMeHyeTcs MaccuBoM cemeiicTa IIpomycos (Propus-
type array) [8, 9].

CBsA3b CUMMETPUYHBIX MATPUIl, AmamMapa ¢ 3aa-
yein I'aycca — JImyBUJIIA CTAHOBUTCS OUYEBUIHOM,
€CJI¥ MBI YUTEM, UTO KOJIUUIECTBO —1 B KaK 0¥ CTPO-
Ke 0JI0KOB (opHaMeHTaJibHbIe Koadduiiments! [10,
11]) onuceiBaercsa popmyaamMu

ki=—-%)/2,ky=@v—-y)/2, k3=~ 2)/2, (3)
JaHHBIMU HaJ YPaBHEHNEM CBA3U
x2+2y%+22=n. 4)

ITapameTp oproroHanbHOro GanaHca A= (k; +2
ky +k3) — n/4 3amaer umcio cocefHUX —1 B KaxKJ0n
nape ctpok marpuiisl H (B meaurese n Gurypupyer
KOJINYECTBO 0JIOKOB MaTPHUIILI 0€3 yueTa X BO3MOK-
HOTO TOXKJecTBa). Takum ob6pasom, TOKa3aTeIbCTBO
TeopeMbl AfamMapa O CyII[eCTBOBAHUM BCEX MAaTPWUI]
MMOPSAAKOB, KPaTHBIX 4, CBOAUTCAI K TOKA3aHHBIM
B TEOPUU UMCEJ TeopeMaM O PasperinMOCTH TOUeK
nnockoctu 'aycca — JImyBunndg x + 2y + z =r Tpe-
yroabHBIME uncaamu [1, 12].

Bunukanuyeckue MaTPUIbl © MOHOOJIOKH

Hna pByOsounoit KoHcTpyKimu H HeobGxomumoe
YCJIOBHE CYIIIeCTBOBAHISA HECIMMETPUYHOM, B O0IIEM,
MaTpUIlhl AtaMapa 3aKJII0UAETCA B PA3JIOKIMOCTH €€
MopsAAKa HAa CYMMY ABYX KBaJparoB. AHaJor cepou-
Jla B JAHHOM CJIy4ae — OKPY:KHOCTB JImyBuiisa (cpes
paHee obcy:kaaemoro napabdosonga) (puc. 6).

Poap mamoro cepouna JInyBuaas urpaet BaBoe
Gostee yskuii mapaboyonf ¢ Toukamu k£, = (v — x)/2,
ko =(v— y)/2, c IeHTPOM, CMeI[aeMbIM B TOUKY U/2
1o o6emM KoopamHaTaM. [1o10KeH1A ero cpe3os Io-
KasaHbl HA puc. 7.

KoMmmbioTepHbIe TOPTPETHI MAaTPUIl, Axgamapa AB-
JIAIOTCS TPEBOCXOAHBIM M MAaJi0 U3BECTHBIM WJLIIO-
CTPATUBHBIM MaTE€PUAJIOM K JPEBHUM UKUCJIOBLIM TEO-

pemam Pepma, Jitepa, Jlarpam:ka u I'aycca o pasJo-
JKeHUAX YHCeJI Ha CyMMBI KBapaToB. Kaskmoe Takoe
pasJIosKeHue COIIPOBOKIAETCSA CBOEN MaTpHUIle, op-
HaMeHTaJbHbIe 0COOEHHOCTU KOTOPOU TECHO CBA3aHBI
C COPTOM TIOBEPXHOCTH, Ha KOTOPOM TOUYKA PACIIOJIO-
JKeHa, M 0COOEHHOCTAMY caMuX yuceJ (puc. 8).

Hanpumep, nopamox n =4 x 32 =36 pasiaraer-
cA Ha CyMMY JIBYX KBaJpaToB, IIOCKOJBKY COIep-
JKUT KPUTUYECKUN NEJUTENb 3 B UETHOM CTEIeHU.
CooTBeTcTByOIIIaA MaTpuila AgamMapa CyIlecTBYeT,
OIHAKO HA ee OPHAMEHT HAJIOXKEHO 00Jiee cepbesHoe,
YeM B [PYTUX TaKUX CIydadx, OTPaHUYEHUE: ee He
peasn30BaTh IPU MOMOIIY ABYX IIUKJINYECKUX 0JI0-
KoB A, B. HeoGxonuma 6oJjiee CIOKHAST KOHCTPYK-
mus, Hanpumep B Buze [Ipomyca.

BwmecTe ¢ TeM mopAOK n ABIAETCA KBaAPaTOM,
Tak uto Ilpomyc, B CBOIO ouepelb, MOYKET paccMa-
TPUBATLCA KaK MOHOOJIOK A ¢ ky = (n — x)/2.

Touku Taycca {n, x} pasmerensl Ha mapadoJe
n=x2, x = 2u — deTHOe umcyo. Takoro copra mepe-
BEPTHININ TOPOKAAIOT TaK HA3bIBAEMbBIE DPETYJIAP-
HbIe MaTPUIILI AJaMapa Co CBOMCTBAMU Marn4ecKux

B Puc. 6. Touku 'aycca Ha OKPYKHOCTAX JIMyBUILIA
B Fig. 6. Gauss points on Liouville circles

B Puc. 7. OxkpysxkHOCcTU JIMyBUJIIA MJIsd HAYAJIbHBIX IIO-
PAIKOB

B Fig.7. Liouville circles for initial orders
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B Puc. 8. Touku JInyBuiisa Ha nmapaboJie (cpese mapaboaouna)
B Fig.8. Liouville points on a parabola (cut of a paraboloid)

KBaJPaToOB: CYMMBI CTPOK U CTOJIOIIOB OJUHAKOBBI
MeK Iy cOOOI.

XOpOIII0 M3BECTHO, UYTO YETHHIE COMHOMKUTEN He
OKAaBbIBAIOT BJIUAHUSA Ha caM (haKT PasJIOsKeHUs I10-
psnka. Tem He MeHee OJHUM JIUIITh YMHOYKEHUEM TI0-
panka 36 Ha 4 MBI IIEPEXOUM B PACIINPEHHOE IIPO-
cTpaHCTBO ¢ =16 x 32 =144, B KOTOpPOM ITMKJIHIYE-
cKme napHble 6;10Ku A, B, oKasbiBaeTcs, CyIIIeCTBYIOT.

3akiaroueHune

B pabotre wmccienoBaHa MaJio M3yUYeHHAs CBA3D
3a7a4y 00 OKPY’KHOCTSAX Ha peIreTKax C TeMOil op-
TOTOHAJBHBIX MAaTPHUIl. ITa CBA3L JaeT HAM B PYKU
OUeHb BaKHBIE HHCTPYMEHTHI [IJIsI YCTAHOBJICHUS
BHEIITHET0 BUa MaTPUIl, PerjIaMeHTUPyeMOTo OpHa-
MEHTaJbHBIMU Kod(dduiiueHTaMu (KOJIUYECTBAMU
—1 B cTpokax). TmraresnbHOE MccefOoBaHMe cepou-
0B JINyBUJIIA IPUBEJIO HAC K BLIBOAY O TOM, UTO KO-
JuYecTBO ToueK ['aycca Ha HUX OTBeUaeT M3BECTHOU
TeopeMe O HaJIMNUUU pPelreHu.

YcTaHOBJIEHO, UTO UMCJIO PEIeHUil pacTeT C II0-
PAIKOM U IOTUUHAETCA CEKTOPHBIM OTPAaHUUEHUAM,
OMMMCAHHBIM HaMMU.

DopmyIIBl A TOACUETOB MUHUMAJIBHOI'O, CPEI-
HEero M MaKCUMAaJbLHOTO KOJIMUYECTB ToueK ['aycca Ha

ceponie HOBBI 1 paHee B HAYUYHOU JuUTeparype He
BeTpevasuch. OHM BasKHBI, ITIOCKOJBKY HUJLJIIOCTPU-
PYIOT He TOJIBKO KAYeCTBEHHO, HO U KOJIUYECTBEHHO
YHCJIO PA3JAUYHBIX MEMKAY CO00i CHMMETPUUYHBIX
matpun Agamapa — IIpomycos, T. €. OTBeUaIOT HOJ-
po6Ho Ha 3amauy, mocraBaenuyio JHakom Agamapom
0oJiee cTa JIeT TOMY Hasa/: CYIIeCTBYIOT JIU MATPUITBI
Anamapa Ha IOPAIKAaX, KPATHBIX 4, KAKOBBI OHU, U
CKOJIBKO TaKUX MATPHUIL CYII€CTBYET.

dunaHCcOBad MOIEPKKA

Pabora BeIMOHeHa IIpu IoAAep:kKe MuHOOp-
HayKu P® npu npoBefeHNN HAYYHO-UCCIEI0BATEb-
CKOU paboThl B paMKaxX IIPOEKTHOI YacTU rocynap-
CTBEHHOTO 3aaHUA B c(pepe HAyUHON JeATEeTbHOCTHI
mo 3amaumuio Ne 2.2200.2017/4.6.

BaarogapuocTn

Mgl nmpuHOCHUM 0JIaTrOLAPHOCTH 3a MHOTOJIETHEe
COTPYIHUYECTBO W IOAAEPKKY mpodeccopy [pa-
romupy :KoKoBUYYy. BOJBIIYIO TOMOIIL B TEXHUYE-
CKOI1 paboTe ¢ pyKomuchio crarbu okasaJa T. B. Ba-
JIOHWHA.
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Introduction: The Hadamard conjecture about the existence of Hadamard matrices in all orders multiple of 4, and the Gauss problem
about the number of points in a circle are among the most important turning points in the development of mathematics. They both
stimulated the development of scientific schools around the world with an immense amount of works. There are substantiations that
these scientific problems are deeply connected. The number of Gaussian points (Z3 lattice points) on a spheroid, cone, paraboloid or
parabola, along with their location, determines the number and types of Hadamard matrices. Purpose: Specification of the upper and
lower bounds for the number of Gaussian points (with odd coordinates) on a spheroid depending on the problem size, in order to specify
the Gauss theorem (about the solvability of quadratic problems in triangular numbers by projections onto the Liouville plane) with
estimates for the case of Hadamard matrices. Methods: The authors, in addition to their previous ideas about proving the Hadamard
conjecture on the base of a one-to-one correspondence between orthogonal matrices and Gaussian points, propose one more way, using
the properties of generalized circles on Z3. Results: It is proved that for a spheroid, the lower bound of all Gaussian points with odd
coordinates is equal to the equator radius R, the upper limit of the points located above the equator is equal to the length of this equator
L = 2nR, and the total number of points is limited to 2L. Due to the spheroid symmetry in the sector with positive coordinates (octant),
this gives the values of R/8 and L/4. Thus, the number of Gaussian points with odd coordinates does not exceed the border perimeter and
is no less than the relative share of the sector in the total volume of the figure. Practical significance: Hadamard matrices associated
with lattice points have a direct practical significance for noise-resistant coding, compression and masking of video information.

Keywords — Gaussian points, Gauss problem, spheroid on a lattice, orthogonal matrices, Hadamard matrices, Hadamard conjecture,
Balonin — Seberry array.
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Introduction: Saliency detection is a fundamental task of computer vision. Its ultimate aim is to localize the objects of inter-
est that grab human visual attention with respect to the rest of the image. A great variety of saliency models based on different
approaches was developed since 1990s. In recent years, the saliency detection has become one of actively studied topic in the
theory of Convolutional Neural Network (CNN). Many original decisions using CNNs were proposed for salient object detection
and, even, event detection. Purpose: A detailed survey of saliency detection methods in deep learning era allows to understand
the current possibilities of CNN approach for visual analysis conducted by the human eyes’ tracking and digital image processing.
Results: A survey reflects the recent advances in saliency detection using CNNs. Different models available in literature, such as
static and dynamic 2D CNNs for salient object detection and 3D CNNs for salient event detection are discussed in the chronolog-
ical order. It is worth noting that automatic salient event detection in durable videos became possible using the recently appeared
3D CNN combining with 2D CNN for salient audio detection. Also in this article, we have presented a short description of public
image and video datasets with annotated salient objects or events, as well as the often used metrics for the results’ evaluation.
Practical relevance: This survey is considered as a contribution in the study of rapidly developed deep learning methods with
respect to the saliency detection in the images and videos.

Keywords — salient region detection, salient object detection, salient event detection, deep learning, convolutional neural
network, feature extraction.
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Introduction

Saliency detection is a fundamental task in com-
puter vision and includes three aspects, such as the
region-based detection, object-based detection, and
event-based detection. Salient regions are identi-
fied for integrating the entire segments into salient
objects. If the goal of object detection is to find and
identify a visual object, then the salient object de-
tection means to retrieve an object, which attracts
a human attention. The main proposition of these
algorithms is in that a human vision focuses on the
most distinctive parts of image or video sequence
without any prior knowledge. Recently, a salient
event detection is applied as a promising technique
in video annotation.

The first saliency detection algorithms were
proposed three decades ago [1], and since that time
this topic attracts many researchers, who suggest-
ed numerous modifications of saliency detection for
various computer vision tasks, such as image clas-
sification [2], person re-identification [3], image re-
sizing [4], image inpainting [5], image cropping [6],
image search [7], robot vision [8], and video sum-
marization [9].

Saliency detection algorithms can be classified
as two opposite types: top-down (faster, subcon-

scious, and data-driven saliency extraction) and bot-
tom-up (slower, task-related, and knowledge-driven
saliency extraction). Bottom-up models have been
widely studied in cognitive fields. Note that with
the emergence of Convolutional Neural Networks
(CNN), a data-driven model becomes more high-lev-
el data model [10].

Generally speaking, top-down saliency detection is
applied to goal-oriented detection, when prior knowl-
edge regarding the object characteristics is known.
According to the task goal, the top-down saliency
algorithms design distinctive features, which are de-
fined manually [11, 12] or automatically, e.g. using
networks [13]. The low-level features easily extracted,
such as edges, straight lines, and corners, allow to
construct the salient regions. Thus, in[14] it was intro-
duced five image objectness cues (multi-scale saliency
of a window, color contrast, edge density, superpixels
straddling, and location and size of a window), which
localized the salient objects with a good visibility in a
Bayesian framework. The famous histograms of ori-
ented gradients for a human detection were present-
ed in [15]. This method combined different features,
such as fine-scale gradients, fine orientation binning,
coarse spatial binning, and local-contrast normaliza-
tion of overlapping blocks, that allowed to achieve the
effective results of human recognition.
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Bottom-up saliency detection focus on visual
stimuli from the image or video scene, and the
main incentives are the contrast or movement, re-
spectively. Bottom-up saliency methods are not rel-
evant to the task and more flexible. The majority
of these methods were developed during the last
few decades. Thus, the saliency score of a certain
region was calculated as the sum of contrast values
between one region and all the others in [16]. The
color contrast of larger color regions was estimat-
ed based on the saliency scores, spatial weighting
strength, and spatial distance between regions in
the Euclidean metric. Some saliency algorithms
exploit the idea that the regions with similar colors
distributed more widely do not attract the human
vision attention [17]. The idea of saliency filters
and descriptors of saliency detection features has
been explored since 2010s [18]. Extraction of sali-
ency detection features had been remained manu-
al low-level sub-task until novel machine learning
techniques, such as CNNs, did not emerge.

Generations of saliency detection methods

Saliency detection means a detection of the most
attractive for human vision part of image or frame.
Usually, saliency detection is interpreted as the sali-
ent object detection. However, the term “saliency de-
tection” is widely used and includes the salient region
detection as the first attempts of promoting this tech-
nique. At the same time, the salient event detection
reflects the recent advantages in video analysis.

The first generation of saliency models was based
on the multiple disciplines including, first of all,
cognitive psychology and neuroscience, and then
computer vision. Some fundamental investigations
in the cognitive and psychological theories of bot-
tom-up attention [19—21] influenced strongly on the
development of the earliest saliency algorithms.
Even first saliency models, which used multi-scale
color contrast, intensity contrast, and orientation
contrast maps processed by dynamic neural net-
work [1], were able to detect conspicuous locations in
scenes. At that time, evaluation of saliency detection
methods was implemented by subsequent behavioral
and computational investigations [22, 23].

The second generation is referred to 2000s,
when a saliency detection was developed as a bi-
nary segmentation problem [24, 25]. This concept
was inspired by salient regions and proto-objects
detection [26, 27] and had led to tremendous pub-
lications in this scope. At present, such representa-
tion of saliency detection remains the main type of
representation. The crucial issue is how saliency
detection relates to such popular tasks of computer
vision as image segmentation, object detection, and
object generation.

The third generation of saliency models deals
with CNNs propagation [28-30]. In contradistinc-
tion to classic methods based on contrast cues [16,
18, 31-33], the CNNs-based methods eliminate a ne-
cessity of handcrafted features extraction and facili-
tate a dependency on center bias knowledge. Usually
CNN contains million of tunable parameters distrib-
uted in raw layers, which extract low-level features,
and fine layers, which provide high-level features.
Therefore, global and local information highlight-
ing salient regions and their boundaries can be ob-
tained. Since 2012, it is considered that CNN models
perform in accuracy parameters the handcrafted
feature-based models for pattern recognition, and
saliency detection models are not exclusion. Thus,
the mainstream direction in saliency detection is
becoming CNN models [34]. More, this concept is
propagated on video saliency detection, when the re-
searchers are passing from the contrast analysis [35]
to CNN-based models [36, 37].

Generally speaking, any saliency detection mod-
el should meet the following three criteria:

—saliency detection with low values of errors in-
cluding missing salient regions and falsely mark-
ing of non-salient regions;

— high resolution of saliency maps for accurate
salient objects localization;

— computational efficiency, especially fast sali-
ent regions detection.

At present, none of existing saliency detection al-
gorithms satisfies to these criteria fully that causes
a necessity to continue investigations in this scope.

Development of saliency detection methods

Region-based saliency detection methods

The first classical approaches were oriented on
the pixel-based saliency models based on the local
center-surround differences due to low computational
cost[1, 38]. Such models employed the sliding integra-
tion windows to estimate the center and surrounding
appearances. The global compactness of color was an-
other statement in saliency detection [18, 39]. This ap-
proach can be concerned to the region-based saliency
detection, when a content-aware segmentation was a
preliminary step before saliency detection in each ex-
tracted segment instead of each pixel [32, 40].

The invention of algorithm contributed signifi-
cantly in region-based saliency detection [41]. The fol-
lowers used this algorithm in many tasks of computer
vision, including saliency detection task [42, 43].

Thus, in [43] a segment-based saliency detection
method was based on the superpixels computed in
multiple scales. The difference between superpixels
was measured with the Wasserstein distance on L,
norm (W,-distance). First, the simple linear itera-
tive clustering algorithm extracted the superpixels
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of more than 64 pixels at the finest scale because
too small regions make the appearance distribution
estimation less meaningful. Second, this procedure
was repeated for three scales starting from the fin-
est scale by decreasing the number of demanded su-
perpixels by a factor of two.

Object-based saliency detection methods

Object-based detection models generate a salient
object bounding box through segmenting the sali-
ent object based on the saliency maps [44]. Salient
object detection has a significant meaning in many
practical applications, such as image cropping [45],
adaptive image display on mobile devices [46], ex-
tracting dominant colors on the object of interest
for web image filter [47], image segmentation [48],
visual tracking [49], among others.

Usually, the main intensity, color, contrast (in-
cluding the color contrast, texture energy contrast,
and texture gradient contrast) normalized maps, as
well as the additional edge, angle, and symmetry
saliency maps, are built with further fusion of all

types of maps [50]. Such algorithms differ in de-
tails of implementation.

However, a localizing the salient objects is al-
ways a very challenging problem that could not be
solved sufficiently many years ago. We can refer to
the challenges, such as various visual character-
istics of objects, cluttered background, sometimes
low resolution of images, and blurring. The CNNs
application allows to overcome the main problems.

Rapid development of deep learning techniques
led to the emergence of CNNs with different archi-
tectures tuned for practical applications [51-56]. Due
to their properties, CNNs provide richer features,
which allow to detect the salient object simultaneous-
ly on the lower and higher levels using the extracted
low-level and high-level features, respectively. A fam-
ily of CNN-based salient object detection methods in-
cludes many interesting decisions with the outstand-
ing results. Let us consider some of them.

Tables 1 and 2 provide a description of static and
dynamic CNN-based saliency models, respectively.
Each model is explained by its architecture.

B Table 1. Static CNN-based saliency models

Caption

Description

eDN (ensembles of
Deep Networks), 2014

The eDN is the first attempt to apply a prototype of CNN for image saliency prediction (Fig. 1).
First, a large number of 1-3 layered networks using biology inspired hierarchical features are
constructed. Second, the independent models have been searched by hyper-parameter optimiza-
tion. Third, the independent models combine into a single model by training a linear SVM [57]

DeepGaze I and
DeepGaze I1, 2014 and
2017

DeepGaze I is a relatively deeper CNN pre-trained by AlexNet and involved five layers [58].
After convolutional layers, a linear model computes an image salience (Fig. 2). Hereinafter,
DeepGaze II [59] built upon DeepGaze I was implemented. Both networks explore the unique
contributions between the low-level and high-level features towards a fixation prediction

Mr-CNN (Multi-reso-
lution CNN), 2015

The multi-resolution three-layered Mr-CNN implements the automated learning of early features,
bottom-up saliency, top-down factors, and their integration simultaneously using an eye-tracking
mechanism [60]. Mr-CNN are learnt both low-level features related to bottom-up saliency and
high-level features related to top-down factors in order to improve eye fixation prediction. The fixa-
tion and non-fixation image regions are extracted for training Mr-CNN (Fig. 3)

SALICON (SALiency
In CONtext), 2015

SALICON uses the elements of AlexNet, VGG-16, and GoogLeNet architectures in order to
provide a narrow semantic gap between the predicting eye fixations and strong semantic
content [61]. It combines information of high-level and coarse-level semantics encoded in deep
neural network pretrained in ImageNet for object recognition. Then both branches are
concatenated to produce the final saliency map (Fig. 4)

ML-Net (Multi-Level
Network), 2016

ML-Net combines the features extracted from different CNN levels [62]. It is composed of
three main blocks: feature extraction CNN, feature encoding network that weights the low
and high level feature maps, and prior learning network (Fig. 5)

JuntingNet and
SalNet (Junting is the
name of the main
author and SALiency
Network), 2016

This approach proposes two different architectures: a shallow CNN (JuntingNet), trained
from scratch, and a deep CNN (SalNet) that reuses parameters from the bottom three layer of
a network previously trained for classification [63]. The JuntingNet is inspired by the
AlexNet and uses three convolutional and two fully connected layers, which are all randomly
initialized. The SalNet contains eight convolutional layers with the first three being initial-
ized from the VGG network (Fig. 6)

PDP (Probability
Distribution Predic-
tion), 2016

PDP CNN employs a new saliency map model, which formulates a map as a generalized
Bernoulli distribution [64]. PDP CNN is trained using a novel loss functions, which pair the
softmax activation function with measures designed to compute distances between probabil-
ity distributions (Fig. 7). Experiments showed that new loss functions are more efficient
than traditional loss functions
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Caption

Description

DSCLRCN (Deep
Spatial Contextual
Long-term Recurrent
Convolutional Neural
network), 2016

DSCLRCN, first, learns local saliency of small image regions using CNN [65]. Then, it scans
the image both horizontally and vertically using a deep spatial long short-term memory model
to capture a global context. These two operations allow DSCLRCN to incorporate simultane-
ously and effectively the local and global contexts to infer an image saliency (Fig. 8)

Learning Machines),
2016

FUCOS (FUlly FUCOS (Fig. 9) is applied to either gaze, or salient object prediction [66]. It integrates
COnvolutional pre-trained layers from large-scale CNN models and is then fine-tuned on PASCAL-Context
Saliency), 2016 dataset [67]
SAM Net (Saliency The core of SAM Net is Attentive Convolutional Long Short-Term Memory network (Atten-
Attentive Models), tive ConvLSTM) that focuses on the most salient regions of the input image to iteratively
2016 refine the predicted saliency map [68]. SAM Net combines a fully convolutional network with
arecurrent convolutional network, endowed with a spatial attentive mechanism (Fig. 10)
ELM (Extreme Ensemble of ELM [69] is based on a saliency model based on inter-image similarities and

ensemble of extreme learning machine [70]. Firstly, a set of images similar to a given image
is retrieved. A saliency predictor is then learned on this set using ELM and forming an
ensemble. Finally, the saliency maps provided by the ensemble’s members are averaged in
order to construct the final map (Fig. 11)

DeepFix (Deep
Fixation), 2017

DeepFix is a first fully CNN for accurate saliency prediction, which captures semantics at
multiple scales with very large receptive fields [71]. It also incorporates Gaussian priors to
further improve the learned weights (Fig. 12). Fully convolutional nets are spatially invari-
ant that prevents them from modeling the location dependent patterns (e. g. centre-bias)

SalGAN (Saliency
Generative Adversari-
al Network), 2017

SalGAN model [72] is the extended version of GANs [73]. It includes two networks: generator
and discriminator. The generator is trained via back-propagation using a binary cross
entropy (adversarial) loss on existing saliency maps. Then the result is passed to the discrim-
inator that is trained to identify whether a saliency map was synthesized by the generator or
built using a ground truth (Fig. 13)

DVA (Deep Visual
Attention), 2017

In DVA model, an encoder-decoder architecture is trained over multiple scales to predict
pixel-wise saliency [74]. The encoder network is topologically identical to the first 13 convolu-
tional layers in the VGG-16 network and decoder network is used to map the low resolution
encoder feature maps into dense full-input-resolution feature maps. DVA captures hierarchi-
cal global and local saliency information. It is based on a skip-layer network structure. Final
multi-level saliency prediction is achieved via a combination of the global and local predic-
tions (Fig. 14)

Layer NETwork), 2018

Attentional Push, Attention Push model based on shared attention considers a viewer of a scene actor and uses
2017 it to augment image salience [75]. It contains two pathways: an Attentional Push pathway,
which learns the gaze location of the scene actors, and a saliency pathway. However, the
limitation is that it is required to find the actor’ head location respect to the camera (Fig. 15)
EML-NET EML-NET is a scalable model, in which the encoder and decoder components are separately
(Expandable Multi- trained [76]. The encoder can contain more than one CNN model to extract features, and these

models can have different architectures or be pre-trained on different datasets (Fig. 16)

B Fig. 1. The eDN architecture. Good multilayer feature extractors are found by a guided hyperparameter search (not shown)
and combined into an optimal blend. Resulting feature vectors are labeled with empirical gaze data and fed into a linear SVM [57]
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B Fig.2. The DeepGaze I architecture. The image is first downsampled and preprocessed with the Krizhevsky network.
The responses of the layers are scaled up to the size of the largest network layer and normalized to have unit standard
deviation. This list of maps is linearly combined and blurred with a Gaussian kernel. The model output is fed through a
softmax rectification, yielding 2D probability distribution, which is used to compensate for the central fixation bias[58]

B Fig.3. The Mr-CNN architecture. The original image is rescaled to three scales (150 x 150, 250 x 250, and 400 x 400).
The extracted 42 x 42 sized image regions with the same center locations are inputs to Mr-CNN. During testing, 50 x 50
sized samples are used to estimate their saliency values in order to reduce computation cost. The obtained down-sampled

saliency map is rescaled to the original size [60]

B Fig. 4. The SALICON architecture consists of deep neural network applied at two different image scales. The last
convolutional layer in the pretrained network feeds a randomly initialized convolutional layer with one filter that detects

the salient regions. The parameters are learnt end-to-end with back-propagation [61]
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B Fig. 5. The ML-Net architecture computes the low and high level features from the input image. Extracted features
maps are then fed to an Encoding network, which learns a feature weighting function to generate saliency-specific fea-
ture maps. A prior image is also learned and applied to the predicted saliency map [62]

a) b)

B Fig. 6. The JuntingNet and SalNet architectures: a — JuntingNet has to a total of 64.4 million free parameters and
uses lesser number of convolutional layers regarding AlexNet and VGG-16. The input images are resized to 96 x 96. The
three max pooling layers reduce the initial 96 x 96 feature maps down to 10 x 10 by the last of the three pooling layers;
b — SalNet is composed of 10 weight layers and a total of 25.8 million parameters. The architecture of the first three

weight layers is compatible with the VGG layers [63]

B Fig.7. The PDP CNN architecture. The input image is introduced into a CNN similar to VGGNet. Additional convo-
lutional layers are then applied, resulting in a single response map which is upsampled and softmax-normalized to pro-

duce a final saliency map [64]
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B Fig.8. The DSCLRCN architecture. First, local feature map and scene feature are extracted using pretrained CNNs.
Then, a DSCLSTM model is adopted to simultaneously incorporate global context and scene context. Finally, saliency
map is generated and upsampled [65]

B Fig.9. The FUCOS architecture: K corresponds to kernel dimensions; s — to stride; N — to number of outputs; % —
to the percent of dropout units [66]
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B Fig. 10. The SAM Net architecture. After computing a set of feature maps on the input image through architecture
called Dilated Convolutional Network, an Attentive Convolutional LSTM sequentially enhances saliency features thanks
to an attentive recurrent mechanism. Predictions are then combined with multiple learned priors to model the tendency
of humans to fix the center region of the image [68]

B Fig. 11. The ELM architecture. The
image feature transform performs pro-
duces a pool of features. The similar im-
age retrieval finds the top most similar
images, stored in the scene bank. Then
Ensemble of neural saliency predictors
forms a prediction saliency map [70]

a)

b)

B Fig. 12. The DeepFix architecture: a — starting from the first convo-
lutional block 1, the number of channels in the outputs of successive
blocks gradually increase as 64, 128, 256, 512 that enables the net to pro-
gressively learn richer semantic representations of the input image; b —
additional location biased convolution filter for learning location de-
pendent patterns in data (centre-bias present in the eye-fixations) [71]
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B Fig. 13. The SalGAN architecture detects a salient object as real or fake. Generator network produces the predicted
saliency map, which with ground truth saliency map is feed into the discriminator network [72]

a) b)

B Fig. 14. The DVA architecture: a — attention model learns to combine multi-level saliency information from differ-
ent layers with various receptive field sizes; b — deep visual attention network adopts the encoder-decoder architecture.
The supervision is directly fed into hidden layers, encouraging the model to learn robust features and generate mul-

ti-scale saliency estimates [74]

B Fig. 15. The Attention push architecture (augmented saliency network). Data conditioning layers are depicted in
black. The attentional push network is indicated by the red dashed line [75]
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B Fig. 16. The EML-NET architecture. During training a decoder (in order to combine the multi-level features), the
weights of EML-NET model are frozen so that the size of the models can be halved due to no gradients being required [76]

B Table 2. Dynamic CNN-based saliency models

Caption

Description

RGBD generative
CNN, 2016

RGBD generative CNN predicts a saliency map for a frame, given the fixation map of the
previous frame [77]. Two principals were proposed for saliency detection. First, the gaze
slightly varies between frames, and when it does change significantly, it is constrained to a
limited number of foci of attention. Second, an actor usually follows the action by shifting
their gaze to a new interesting location. Due to these common principals, a sparse candidate
set of salient locations are considered and transitions between them over time are predicted
(Fig. 17). This means that depth perception has an impact on human attention

RMDN (Recurrent
Mixture Density
Network), 2016

RMDN for saliency prediction has three levels [78]. The input clip of 16 frames is fed to a 3D
CNN, whose output becomes the input to a LSTM. Then a linear layer projects the LSTM
representation to a Gaussian mixture model, which describes the saliency map (Fig. 18).
Finally, C3D model was connected to the recurrent network in order to perform a temporal
aggregation of past clip-level signals. In a similar manner, Liu et al. [79] applied LSTMs to
predict video saliency maps, relying on both short- and long-term memory of attention
deployment

Deep CNN, 2016

Deep CNN ensures the learning of salient areas in order to predict the saliency maps in
videos [80]. First, extraction of salient and non-salient patches in video frames is implement-
ed. Then on the basis of these classifications, a visual

fixation map is predicted (Fig. 19)

OM-CNN (Object-to-
Motion CNN), 2017

OM-CNN (Fig. 20) predicts saliency of intra-frame, which integrates both objectness and
object motion in a uniform deep structure [81]. The objectness and object motion information
are used to predict the intraframe saliency of videos. Inter-frame saliency is computed by
means of a structure-sensitive [82]

Ne3,2019 N\
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7

Term Memory
network), 2018

Caption Description
ConvLSTM (Convolu- | Multi-stream ConvLSTM augments the state-of-the-art static saliency models with dynamic
tional Long Short- attentional push (shared attention) [82]. This network contains a saliency pathway and three

push pathways (Fig. 21). The multi-pathway structure is followed by an augmenting ConvNet
by minimizing the relative entropy between the augmented saliency and viewers fixation
patterns on videos

The SSNet (Spatial
Saliency Network),
TSNet (Temporal
Saliency Network),
STSMaxNet (Spatio-
Temporal Max Fusion
Network), and
STSConvNet (Spatio-
Temporal Convolution
Fusion Network)
architectures, 2018

This is a family of CNNs proposed for predicting saliency from RGB dynamic scenes [83].
SSNet model employs a static saliency model for dynamic saliency prediction by simply
ignoring temporal information and using the input video frame alone (Fig. 22). TSNet model
is a single stream network contributing a temporal information to the saliency prediction.
STSMaxNet model accepts both video frame and the corresponding optical flow image as the
inputs and merges together the spatial and temporal single stream networks via an element-
wise max fusion. STSConvNet model integrates the spatial and temporal streams by applying
a convolutional fusion. The last two models apply two-stream CNN architecture for a video
saliency prediction

ACL (Attentive
CNN-LSTM), 2018

Attentive CNN-LSTM architecture is based on a video saliency model with a supervised
attention mechanism [84]. CNN layers are utilized for extracting the static features within
the input frames, while convolutional LSTM is utilized for sequential fixation prediction
over successive frames (Fig. 23). An attention module is applied to enhance spatially infor-
mative features. The spatial and temporal factors of dynamic attention allow ConvLSTM to
learn the temporal saliency representations efficiently

SG-FCN (Spatial
Gained Fully Convolu-
tional Network), 2018

SG-FCN is a robust deep model that utilizes the memory and motion information to capture
the salient points across the successive frames [85]. The inputs of SGF model are the current
frame, the saliency maps in previous frame, and the moving object boundary map, while the
output is a spatiotemporal prediction that ensures the time and space consistency (Fig. 24)

B Fig. 17. The RGBD generated CNN architecture supports a saliency reconstruction using a generative CNN. The in-
put is the saliency calculated for the previous frame and additional information from the current frame. Then the data is
encoded, and only the saliency of the current frame is reconstructed [77]

20
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B Fig. 18. The RMDN architecture. The input clip of K frames is fed into 3D CNN, whose output becomes the input of
LSTM network. Finally, a linear layer projects the LSTM representation to the parameters of a Gaussian mixture model,
which describes the saliency map [78]

B Fig. 19. The Deep CNN architecture includes five layers of convolution, three layers of pooling, five layers of recti-
fied linear units, two normalization layers, and one layer of Inner product followed by a loss layer [80]
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a)

b)

B Fig.20. The OM-CNN architecture for predicting a video saliency of intra-frame: a — the overall architecture of OM-
CNN; b — the details for sub-modules of inference module and feature normalization [81]
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B Fig. 21. The Attentional Push architecture includes a Saliency pathway and three Attentional Push pathways, gaze
following, rapid scene changes and attentional bounce [82]

a) b)

B Fig. 22. The SSNet, TSNet, STSMaxNet, and STSConvNet architectures. While SSNet utilizes only spatial (appear-
ance) information and accepts still video frames, TSNet exploits only temporal information, whose input is given in the
form of optical flow images. STSMaxNet performs fusion by using the element-wise max fusion, whereas STSConvNet
employs convolutional fusion after the fifth convolution layers: a — single stream saliency networks; b — two-stream
saliency networks [83]

a) b) )

B Fig.23.The ACLNet architecture: a — attentive CNN-LSTM architecture; b — CNN layers with attention module are
used for learning intra-frame static features, where the attention module is learned with the supervision from static sa-
liency data; ¢ — ConvLSTM used for learning sequential saliency representations [84]
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B Fig. 24. The SG-FCN architecture: SGF(3) is used to handle the first frame because neither motion nor temporal in-
formation is available. From the next frame onward, the SGF(E) model takes EF(1) from SGF(3), a fast moving object
edge map B(2) from the OPB algorithm, and the current frame(2) as the input, and directly outputs the spatiotemporal

prediction EF(2)[85]

Thus, the CNN approach for salient object detec-
tion in images had been developed intensively since
2014, while a deep learning for salient event detec-
tion in videos was activated since 2016. At present,
this is a mainstream of investigations in this scope.

Event-based saliency detection methods

Event detection for the task of video summari-
zation and abstraction appeared after millennium
and was oriented on key-frames’ extraction, espe-
cially in the most descriptive and informative vid-
eo shorts. The traditional approach is to find the
hand-crafted features, which ought to be generic,
compact, efficient to compute, and simple to imple-
ment [86]. Nowadays, CNN approach prevails in the
event-based saliency detection also.

The CNN approaches for video content analysis
are classified into two main categories: the learn-

ing local spatiotemporal filters (so-called C3D
method) and the incorporating optical flow using
two-stream CNNs.

In [37], C3D network was employed for video
stream, while for the audio stream 2D CNN similar
to VGG network was applied for a salient event de-
tection in movies. The architectures of these CNNs
are depicted in Fig. 25.

The 3D CNN can model successfully the tempo-
ral information due to the convolutions and pool-
ing operations are applied inside spatio-temporal
cuboids, while the classic CNNs work only in the
spatial domain. The dimension of the feature maps
in each convolutional layer of C3D is n x t x h x w,
where n is the number of filters in each layer; t is the
number of video frames; w and & are the width and
height of each frame. Videos are split into non-over-
lapping 16-frame RGB clips, which are used as in-

B Fig.25. CNN architectures: a — saliency detection using C3D; b — audio saliency detection using 2D CNN [37]
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B Fig. 26. SUSiNet architecture. The multi-task spatio-temporal network is based on the ResNet architecture and has
three different branches associated with the different spatio-temporal tasks [87]

put to the networks. The proposed C3D network has
eight convolutional layers (with kernels 8 x 3 x 3
and the stride of all these kernels are 1 in both spa-
tial and temporal domain), five max-pooling layers
(with kernels 2 x 2 x 2 except for the first one), and
two fully connected layers, followed by a softmax
output layer.

For the audio stream, 2D CNN was employed for
acoustic event detection. The raw audio signal was
represented in 2D time-frequency domain and pre-
serve locality in both axes. Note that conventional
mel-frequency cepstral coefficients cannot main-
tain locality to the frequency axis due to the dis-
crete cosine transform projection.

Another example is a multi-task spatio-tempo-
ral network called SUSiNet (See, Understand and
Summarize it Network) that can execute the salien-
cy estimation, visual concept understanding, and
video summarization [87]. The SUSiNet, which ar-
chitecture is depicted in Fig. 26, is a single network
that is jointly end-to-end trained for all three men-
tioned above tasks.

Implementation of SUSiNet is very similar to
3D ResNet-50 architecture [88], which has showed
competitive performance and computational budget
for the task of action recognition. As starting
point, the weights from the pretrained model in the
Kinetics 400 database are used.

The input samples in the network consist of
16-frames RGB video clips spatially resized at
112 x 112 pixels. Also data augmentation for ran-
dom generation of training samples is utilized. For
saliency estimation, spatial transformations to
the 16 frames of the video clip had been done. The
eye-tracking based saliency maps is extracted from
the median frame, which has been considered as the
ground truth map of the whole clip.

Saliency datasets

Validation of saliency algorithms has been
done using the public datasets. Visual material

from these datasets is marked by different ways.
Traditional saliency datasets are annotated us-
ing information about eye movements of humans
watching the images or videos. Recent datasets
follow two trends: increasing visual material and
introducing new saliency measures based on con-
textual annotations (e.g. image categories). One of
the last trends for large scale data annotation is the
application of crowdsourcing schemes, such as gaze
tracking using webcams [89] or mouse movements
[90, 91] instead of the lab-based eye trackers.

Let us consider the recent image and video da-
tasets.

Image datasets

The work for creation of salient object detection
in the images was initialized since 2012 and nowa-
days continues to evolve new versions of public da-
tasets.

MIT Saliency Benchmark dataset (MIT300)
includes 300 natural images [92, 93]. This data-
set was the first dataset with held-out human eye
movements using eyetracker ETL 400 ISCAN
(240 Hz). In MIT300 dataset, the eye fixations of
39 observers are available per an image, more than
in other datasets of similar size. Eye movements
were collected under different conditions, such as
free viewing, visual search, and so on. The robust-
ness of the data depends on the eye tracking setup
(participant distance to the eye tracker, calibration
error, and image size) and number of eye fixations
collected.

CAT2000 contains two sets of images: train and
test images [94]. The train images (100 from each
category) and fixations of 18 observers are shared
but six observers are held-out. Test images are
available but fixations of all 24 observers are held
out. The eyetracker: EyeLink1000 (1000 Hz) was
employed for CAT2000 dataset collection.

SALICON is the largest crowd-sourced salien-
cy dataset [95]. The images were imported from
Microsoft COCO dataset and contain MS COCO’s
pixelwise semantic annotations. The SALICON con-
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tains 10000 training images, 5000 validation imag-
es, and 5000 test images (Fig. 27). The mouse-con-
tingent saliency was stored using Amazon me-
chanical turk. Minor discrepancies between the
eye movements and mouse movements led to that
SALICON dataset is used for rough training, and
then the deep saliency models are fine tuned on
MIT1000 or CAT2000 datasets, which contain in-
formation of predicting fixations.

MSRAI10K is formally named as THUS10000
[96]. It contains 195 MB of images and binary
masks. Pixel accurate salient object labeling was
implemented for 10 000 images from MSRA data-
set. MSRA-B dataset involves 5000 images from

hundreds of different categories. Because of its di-
versity and large quantity, MSRA-B has been one
of the most widely used datasets in salient object
detection literature. Most images in this dataset
have only one salient object, and, hence, this data-
set becomes a standard dataset for evaluating the
capability of processing simple scenes. The ground
truth of MSRA-B is represented in a form of the
labeled rectangles, which were drawn by nine par-
ticipants. Thus, the objects are segmented into rec-
tangles in order to obtain the binary masks as the
pixelwise annotations.

ECSSD is an extension of Complex Scene
Saliency Dataset (CSSD) [97]. The matter is that the

B Fig.27. Samples of salient detection images from SALICON dataset [95]
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images from MSRA-B dataset have a primarily sim-
ple and smooth background. In the contradiction,
ECSSD dataset was created using structurally com-
plex images with their ground truth binary masks,
which were made by five participants. ECSSD da-
taset contains 1000 semantically meaningful but
structurally complex natural images. Samples are
depicted in Fig. 28.

HKU-IS (University of Hong Kong ) is a large-
scale dataset that contains more than 4400 chal-
lenging images with the salient objects annotated
as binary masks, where 50.34% images have the
multiple salient objects, and 21% have the salient
regions touching the boundary. Most of images in
this dataset have low contrast with more than one
salient object [98]. In order to remedy the weakness
of dataset images containing one salient object and
98% of the pixels in the border belonging to the
background, the HKU-IS dataset provides a more
challenging dataset. The HKU-IS dataset is divided
into three parts: 2500 images for training, 500 im-
ages for validation and the remaining 1447 images
for testing.

PASCAL has a goal to recognize objects from a
number of visual object classes in realistic scenes
[99]. The 20 object classes images categorized into
“Person” (person), “Animal” (bird, cat, cow, dog,
horse, sheep), “Vehicle” (aeroplane, bicycle, boat,
bus, car, motorbike, train), and “Indoor” (bottle,
chair, dining table, potted plant, sofa, tv/monitor).
The main purposes are the classification, detection,

and segmentation with additional tasks, such as the
person layout, action classification, and ImageNet
large scale recognition. The train/validation data
has 10 103 images containing 23 374 annotated ob-
jects (regions of interests) and 4203 segmentations.
The saliency detection function does not support
directly. However, some images can be chosen as a
saliency detection subset [100].

SOD (Salient Object Detection) is a collection
of salient object boundaries based on Berkeley
Segmentation Dataset (BSD) [101]. It contains 300
images, most of which possess the multiple salient
objects. All of these datasets consist of the ground
truth human annotations. Seven objects are asked
to choose the salient object(s) in each image used in
BSD. Each subject is shown randomly as a subset of
the Berkeley segmentation dataset with boundaries
overlapped on the corresponding images. Participant
can then choose which regions or segments corre-
spond to salient objects by clicking on them.

DUT-OMRON dataset includes the nature im-
ages for the research of more applicable and robust
methods in both salient object detection and eye
fixation prediction [102]. The DUT-OMRON data-
set consists of 5168 high quality images manually
selected from more than 140,000 images. The im-
ages of DUT-OMRON database have one or more sa-
lient objects and a relatively complex background.
The pixel-wise ground truth, bounding box ground
truth, and eye-fixation ground truth in large scaled
images were constructed (Fig. 29).

B Fig.28. Samples of original and binary ground-truth masked images from ECSSD [97]
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B Fig. 29. Samples from DUT-OMRON dataset. From top to bottom: original image; bounding box ground truth, pix-
el-wise ground truth; average of the five binary masks; and eye-fixation ground truth [102]

Saliency video datasets are considered in the fol-
lowing Section.

Video datasets

A spectrum of saliency video datasets is con-
sistency extended. Often saliency video datasets
are built using public video datasets that were con-
structed for other purposes.

DAVIS dataset is a special dataset containing a
ground-truth of human attention in RGBD video se-
quences [103]. The videos from DAVIS dataset rep-
resent the scenarios, where a depth-aware saliency
isbeneficial [77]. The RGBD videos were acquired by
built in the phone/tablet/laptop depth/stereo cam-
eras or 3D sensors, such as Kinect or LiDAR. Video
sequences contain the static and dynamic indoors
and outdoors scenes, such as video conference, sur-
veillance, tracking, and obstacle avoidance. Nearly
54 videos with varying durations ranging from
25 to 200 s were chosen from public datasets. The
videos were converted to a 30 frame-rate, result-
ing in approximately 100K frames across all vide-
os. Gazepoint GP3 Eye Tracker with the Gazepoint
Analysis Standard software was applied for the eye
movements’ monitoring of 91 participants.

LEDOV (Large-scale Eye-tracking Database of
Videos) dataset involves 538 videos, in total 179
336 frames and 6431 s, equally divided into six

non-overlapping groups with similar numbers of
videos in content (i. e., human, animal and man-
made object) [104]. Videos were collected according
to the following four criteria [81]: the diverse video
content (daily blogs, documentaries, movies, sport
casts, TV shows, etc.) including at least one object,
high quality video (high quality of videos with at
least 720 p resolution and 24 Hz frame rate), and the
stable shots (212 videos were obtained with stable
camera motion and 316 videos were received with-
out any camera motion). For monitoring the binocu-
lar eye movements, an eye tracker Tobii TX300 was
used in carefully conducted experiments.

DIEM (visualizing Dynamic Images and Eye
Movements with a tool called Computational
Algorithms for Representation and Processing
of Eye-movements (CARPE)) dataset contains 85
high-definition natural videos including mov-
ie trailers, advertisements, and so on. Each video
sequence has the eye fixation data collected from
approximately 50 different human subjects. [105].
The DIEM project is an investigation of how people
look and see. The applied CARPE technique allows
one to begin visualizing eye-movement data in a
number of ways. The project includes a number of
different visualization options: the low level visual
features that process the input video to show flicker
or edges, the heat-maps that show where people are
looking, the clustered heat-maps that use pattern
recognition to define the best model of fixations for
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each frame, and the peek-through, which uses the
heat-map information to only show parts of the vid-
eo where people are looking.

UCFSports dataset is collected from broadcast
television channels, such as the BBC and ESPN,
and a wide range of websites, which consists of a
set of sport actions [106]. The UCFSports dataset
contains 150 video sequences with 720 x 480 reso-
lution and cover a range of scene and viewpoints.
The dataset includes 10 actions, such as diving (14
videos), golf swing (18 videos), kicking (20 videos),
lifting (6 videos), riding horse (12 videos), running
(13 videos), skateboarding (12 videos), swing-bench
(20 videos), swing-side (13 videos), and walking
(22 videos), for recognition purpose. Recently, ad-
ditional human gaze annotations were collected in
[107]. These fixations were collected over 16 human
subjects under the task specific and task independ-
ent free viewing conditions.

COGNIMUSE is a recent multi-modal video da-
tabase annotated with the saliency, events, seman-
tics, and emotion with application to summarization
[108]. The COGNIMUSE database includes data col-
lection, data conversion, and annotation in different
phases [109]. The dataset consists of half-hour con-
tinuous segments (with the final shot/scene includ-
ed) from seven Hollywood movies (three and a half
hours in total), five travel documentaries (20 min
long each), and a full-length annotated movie,
namely “Gone with the Wind” (the first part with
a total duration 104 min). All database videos have
been annotated with the sensory and semantic sa-
liency, audio-visual events and emotion. The struc-
ture of COGNIMUSE project is depicted in Fig. 30.

First, the movie clips are manually segmented
(cut or fade), and scenes defined as a complete, con-

tinuous chain of actions (shots). The average shot
and scene duration for the movies are 3.5 s—2.3 min,
while for the travel documentaries, the respective
duration is 3—40 s. Second, the sensory and seman-
tic saliency content annotation (segments that cap-
tured the viewer’s attention with respect to the fol-
lowing layers) is performed.

Let us hope that the saliency image and video
datasets will be developed in future providing more
complex and diverse wildlife visual content like the
COGNIMUSE database.

Evaluation metrics

Saliency models are usually evaluated by com-
paring their predicting maps to the human fixation
maps. Generally, the evaluation metrics fall into
two categories: location-based (computing some sta-
tistics at fixated locations) and distribution-based
(comparing smoothed prediction and fixation maps).

Location-based metrics

Receiver Operating Characteristic ROC. The
ROC is a binary classification measure of the in-
tersected area between the predicted saliency and
human fixations. At various thresholds, the trade-
off between True Positive Rates (TPR) and False
Positive Rates (FPR) is plotted:

TP FPR FP

TPR=————, =,
TP+FN FP+TN

1)

where TP and FP are the truth positive and truth
negative, respectively; TN and FN are the truth
negative and false negative, respectively.

B Fig. 30. Structure of COGNIMUSE project [108]
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The ROCs are computed by two ways. The first
way is to measure the intersection between a sali-
ency map and a ground-truth distribution of human
fixation. The second way uses a uniform random
sample of image pixels as negatives and the salien-
cy map values are defined above threshold at these
pixels as false positives.

Area Under ROC Curve (AUC). The AUC is an in-
tegration of the spatial area under the ROC curve such
that the random guessing score is 0.5. A score above
0.5 indicates that predictions are above random guess-
ing. The AUC curves have modifications, such as AUC-
Judd, AUC-Borji, and Shuffled AUC (sAUC)[110].

Precision-recall and F-measure. The estimates
Precision and Recall are defined according to equation

TP TP

— ; Recall=———— (2)
TP+ FP TP+ FN

Presicion =

F-measure determines a successfulness of sa-

lient object detection respect to the chosen binary
threshold provided by equation

(1 +B2 )Precision(T) xRecall(T)

F(T)= 3)

B2 x Precision(T')+Recall(T') ’

where 3 is an empirical coefficient.

Normalized Scanpath Saliency (NSS). The NSS
is a measure of the normalized saliency at fixations.
Unlike in the AUC, the absolute saliency values are
part of the normalization calculation. Thus, NSS is
sensitive to false positives, relative differences in
saliency across the image, and general monotonic
transformations. However, due to the mean sali-
ency value subtraction during a computation, NSS
is invariant to the linear transformations like the
contrast offsets (given a saliency map P and a bina-
ry map of fixation locations @B):

Nss(p,QB):%gﬁfo, @
where
N B 5_P-n(P)
N—Zi:Ql and P_—G(P) R

where N is the total number of fixated pixels.
Positive NSS indicates correspondence between
the maps above chance (chance is at 0) and nega-
tive NSS indicates the anti-correspondence. For in-
stance, a unity score corresponds to fixations fall-
ing on portions of the saliency map with a saliency
value one standard deviation above average.
Information Gain (IG). The IG was proposed in
[111] as an information-theoretic metric that meas-
ures saliency model performance beyond systemat-

ic bias (e. g., a center prior baseline). Given a binary
map of fixations @B, a saliency map P, and a base-
line map B, information gain is computed as

16(P.Q% )= 3.@f (logz (+ B ~logz s+ By)). 6

where ¢ is the regularization parameter.

The IG is measured in bits per fixation. This
metric measures the average information gain of
the saliency map over the center prior baseline at
fixated locations (i. e., where @B = 1). The IG as-
sumes that the input saliency maps are probabilis-
tic, properly regularized, and optimized to include
a center prior. As it was mentioned in [111], a score
above zero indicates that the saliency map predicts
the fixated locations better than the center prior
baseline.

Distributed-based metrics

Similarity (or histogram) Intersection Metric
(SIM). The SIM measures the similarity between
two distributions, viewed as histograms. The ear-
liest version of SIM was interpreted as a metric for
color-based and content-based image matching.
For saliency task, the SIM is introduced as a sim-
ple comparison between pairs of saliency maps. The
SIM is computed as the sum of the minimum val-
ues at each pixel, after normalizing the input maps
(given a saliency map P and a continuous fixation
map QP):

SIM(P,Q" )=y min(P,@P) ©®)

where

YR=2Q0-1.

The SIM of 1 indicates the distributions are the
same, while the SIM of 0 indicates no overlap. Note
that the model with the sparser saliency map has a
lower histogram intersection with the ground truth
map. Also, the SIM is sensitive to the missing val-
ues and penalizes predictions that fail to account of
all ground truth data. The SIM is good for evaluat-
ing the partial matches, when a subset of the salien-
cy map reflects well the ground truth fixation map.
As a side-effect, false positives tend to be penalized
lesser than false negatives.

Pearson’s Correlation Coefficient (CC). The CC,
also called linear correlation coefficient, specifies
the statistical relationship between the predicted
saliency map and human ground-truth. The sali-
ency map and human ground-truth are treated as
random variables, and the strength and direction
between the two variables are measured by CC es-
timate:
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cov(P,QD)

e )
o(P)x G(QD)

CC(P,QD):

where cov(S, F) denotes the covariance between the
saliency map P and fixation map @P. High positive
CCvalues occur at locations, where both the saliency
map and ground truth fixation map have values of
similar magnitudes. A score of zero indicates that
two maps are not correlated.

For visualizing CC each pixel i has value

@)
IS

Due to its symmetric computation, the CC can-
not distinguish whether differences between the
maps are due to false positives or false negatives.

Kullback — Leibler (KL) distance. The KL is a
general information-theoretic measure of the dif-
ference between two probability distributions. In
saliency detection, the KL show how the saliency
predictions and ground truth fixations are inter-
preted as distributions. The KL metric takes as in-
put a saliency map P and a ground truth fixation
map QP, and evaluates the loss of information,
when P is used to approximate @P:

D
KL(P,Q)=Y. QP log[s+£—ip} ®)

i =

where ¢ is a regularization constant. A score of 0
indicates that two maps are identical. A positive
score indicates the divergence between two maps.

Earth Mover’s Distance (EMD). The EMD in-
corporates spatial distance into evaluation. It was
introduced as a spatially robust metric for image
matching. The linear time variant of EMD has a
view [112]

fﬁJ\D(P,QD):

>B->QF
i j

1

= manfUdl] +

xmaxd;;, 9
i} i wi

under the constrains

20 Y 5i<B Yh<Qf Y ij:min[ZPi’ZQjD]’
; j P

J

where each f,; represents the amount of density
transported (or the flow) from the ith supply to the
jth demand and d;; is the ground distance between

bin i and bin j in the distribution.

A larger EMD indicates a larger difference be-
tween two distributions, while an EMD of 0 indi-
cates that two distributions are the same. Generally,
the saliency maps that spread density over a larger
area have larger EMD values (worse scores). The
EMD penalizes false positives proportionally to the
spatial distance they are from the ground truth.

Matching Score (MSc). Due to saliency does not
suppose the classification, the matching scores de-
fine how relevant the feature map is to the salient
object. The matching score MS is defined as the
sum of the absolute differences between the salien-
cy map P and ground truth F, expressed as

MSc=Y Y|P ;-Fjl,
7

(10)

where i and j denote the row and column matrix
indexes, respectively.

The estimates for 3D salient object detection are
proposed in [113]. Early saliency models computed a
multi-scale representation of a mesh and observed a
local vertex property (curvature, surface variation,
or normal displacement changes at different scales).
The following saliency models achieved robustness
and speed by segmenting a mesh into the patches rep-
resented by descriptors using a ranking process that
specifies patch distinctiveness. Recent saliency mod-
els focus on the point sets. Let us consider briefly the
saliency metrics focusing on recent saliency models.

Saliency of large point sets (LS). The LS metric
was the first one that supports saliency detection
on large points sets [114]. Saliency is considered as
a combination of point distinctiveness at two scales
with point association. The LS assigns higher salien-
cy to regions near foci of attention. Distinctiveness
is computed by comparing local neighbourhoods
described by the Fast Point Feature Histograms
(FPFH) [115], which consists of 33D histograms of
angles between oriented points in a local region.

Mesh saliency via spectral processing (MS).
The MS metric proposed a spectral-based approach
[116]. The MS is more robust metric that analyzes
the changes in local vertex properties. The n low-
est frequencies of log-Laplacian spectrum L are
applied. The log-Laplacian spectrum amplifies the
low-frequency variation of the Laplacian spectrum
and detects the most “fundamental” saliencies.

Cluster-based point set saliency (CS). The CS al-
lows to detect a fine-scale saliency with better time
complexity [117]. The point sets are segmented into
K clusters, and a cluster saliency is computed as a
sum of cluster distinctiveness and spatial distribu-
tion. Cluster distinctiveness is based on the mean
FPFH of points belonging to that cluster. The CS
metric uses a method similar to [114].

PCA-based saliency (PS). The PS value is com-
puted as the absolute value of the FPFH descriptors
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projected onto the largest principal axis after the
mean centering.

In [109], guidelines for designing the salien-
cy benchmarks are offered. For example, the KL-
divergence and IG metrics are suggested for evalu-
ating probabilistic saliency models. If the saliency
models are not probabilistic but capture behav-
ior including the systematic biases, then NSS or
Pearson’s CC are recommended.

Summery and conclusions

The CNN-based models are trained in a single
end-to-end manner, combining feature extraction,
feature integration, and saliency value prediction
that led to a large gap in performance relative to
traditional saliency models. The CNN capability to
extract the high-level image features and capture
the global context is extremely useful to predict fix-
ation locations and, as a result, saliency detection.

The accuracy and speed of CNN depends on
many factors, among which are the following: CNN
parameters and setting, errors of models, transfer
learning, hardware platform, and routine. Deep
learning models have shown the impressive per-
formance in saliency detection. However, they con-
tinue to miss the key elements in the images and
videos. Partially, this effect is caused by a human
annotation of public datasets, when several partic-
ipants mark close but different salient regions in
visual material. One of the ways to avoid errors is
to train CNNs on different tasks, to learn to detect
gaze and action. Another way is additional informa-

tion about important regions in image, for instance
person in indoor/outdoor environment, animal in
the wild, the most informative traffic sign on the
road, and forth.

It is well-known that CNN extracts million of
features. However, the question, which features
are the best for saliency prediction, is unsolved. It
is considered that one of the first CNNs, ImageNet
involving five layers [118] provides extraction of
corners, edges, and colors at layer 2, texture infor-
mation at level 3, and class-specific features at lev-
els 4 and 5. Some researchers try to analyze infor-
mation in each layer in order to understand a local
effectiveness. In this sense, CNNs transform from
“black box” structure to more predicted system.

Combination of several CNNs is becoming a con-
ventional approach for decision related to complex
task. Thus, in [30], a combination of 13-layered VGG
network [119] pre-trained on the ImageNet dataset
and 5-layered convolutional network based on selec-
tion (SCnet) was applied for salient object detection.
The issues of accuracy and speed estimates for such
combined CNNs require future investigations.

However, new deep saliency models still suffer
from several shortcomings before they can reach a
level of human accuracy. Failure analysis allows to
design better optimization models, CNN architec-
ture, datasets, and training and evaluation proce-
dures. To close the gap between the human input/
output model and saliency models, it is necessary
to understand how attention is deployed in humans.
We strongly believe that only common efforts and
multidiscipline cooperation will lead to better re-
sults in saliency detection and prediction.
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ITocTraHOBKA IPO6GIEMBbI: O0HAPYIKEHNE 3HAUNMOCTY B BULEOKOHTEHTe ABJIAeTCA QyHAaMeHTAIbHON 3ajaueil KOMIBIOTEPHOTO 3PEHU .
Koneunoii 1menpio o6HAPYKEHUA 3HAUNMOCTH ABJIAETCA JOKaJIM3anus o0beKTOB MHTepeca, KOTOPble IPUBJIEKAIOT BHUMAaHUE YeJ0oBeKa
OTHOCUTEJIBHO OCTAJIBLHOI yacTu n3obpakeHus. BoJbimoe pazHooOpasue Mofeieil 3HaUNMOCTH, OCHOBAHHBIX HA PA3JUYHBIX MOAXOIAaX,
paspab6oramo ¢ 1990-x rogos. B mocsiegHue rogsl o0HaApy KeHNE 3HAUNMOCTH CTAJIO0 OLHOM U3 aKTUBHO U3YIaeMbIX Pa3esioB B TEOPHUY CBEP-
TOUYHBIX HEPOHHBIX ceTeil. MHOr0 OpUrnHAJbHBIX PEIIeHUI Ha OCHOBE CBEPTOUHBIX HEHPOHHBIX ceTeil ObLIO0 IPEeJIOJKEeHO I OOHApY Ke-
HUSA 3HAYMMBIX 00BEKTOB U faske coobiTuii. Ileas: moapo6HEBI 0630p METOLOB O0OHAPY KEHUA 3HAUNMOCTHU B SIIOXY INIYOOKOTO 00yueHusd,
KOTOPBIH TO3BOJIUT ITIOHATH BOSMOKHOCTH CBEPTOUHBIX HEHPOHHBIX ceTell 1)1 BU3yaIbHOTO aHAIN3a, IIPOBOJUMOTO C IIOMOII[BIO CIeKeHUA
3a ryiasaMu 4eJioBeKa u 1udpoBoii 00paboTKu nsobparkenuii. PesyabraThi: 0630p OTpaskaeT IocJeHe JOCTUKEeHUSA IPU PEIIIeHN Y 3aJaun
OGHapyJ{(eHI/IH 3HAYMMOCTHU C UCIIOJIb30BAHNEM CBEPTOUYHBIX HeﬁpOHHLIX CeTeﬁ. PaBJII/I‘IHLIe MOJeJin, JOCTYIIHbIE B JINTEPAType, TAaKue KaK
craTuueckue u fuHamMudeckue 2D cBepToUHBIe HEHPOHHBIE CETU AJId 00HAPY KeHUA 00BEeKTOB 3HaUnMocTH 1 3D cBepTOUYHbIE HEHPOHHEIE
ceTH Ui O0HAPYKeHUs 3HAYUMBIX COOBITUI, 00CYKJAIOTCS B XPOHOJIOTUYECKOM IopsAaKe. CTOUT OTMETUTD, YTO aBTOMAaTHYeCKOoe O0Ha-
Py¥XeHne SHa4YMMbIX CO6]>ITI/IIU/I B IIPOOOJIXKUTEJBHBIX BII€0IIOCJIEN0BATEJIBHOCTAX CTAJO BOSMOXHBIM C UCIIOJIb30OBAHUEM HEJaBHO IIOIBUB-
muxca 3D ¢cBepTOYHBIX HEHIPOHHBIX ceTell B coueTaHnu ¢ 2D cBepTOYHBIMEU HEHPOHHBIMY CETAMU [JJIA 00HAPY KeHUA 3HAUNMBIX 3BYKOBBIX
CUrHaJIOB. B cTaThe faHO KpaTKOe ONUcaHue 00IIeJOCTYIIHBIX HaOOPOB N300pakeHuil 1 BUJE0II0CIeJ0BATeIbHOCTEl C aHHOTUPOBAHHBIMU
3HAUMMBIMU O0'bEKTaMU UJIU COOBITUAMU, a TaKIKe IPEJCTAaBIEHbI YaCTO MUCIIOJb3yeMble METPUKY JJIA OLleHKYU pe3yibTaToB. IIpakTuue-
cKasl 3HAYMMOCTh: JaHHBIN 0030p paccMaTpHBAaETCA KaK BKJAJ B U3yUeHNe OLICTPO Pa3BUBAIOIINXCA METOLOB INIyOOKOI0 O0yUeHUs NI
3amadyn 06Hapy)KeHI/IH 3HAYMMOCTHU Ha HSOﬁpa)KeHI/IHX ¥ BUEOIIoCieJOBATEJIbHOCTAX.

KiroueBrpie croBa — o0OHApPY KeHUE PETHOHOB 3HAUNMOCTH, O0HAPYIKeHe 3HAUYNMBIX 00'beKTOB, O0HADPY/KEeHNe 3HAUNMBIX COOBITUIM,
TiIy0oKOe 00yueHUe, CBePTOUHAA HeIIDOHHASA CeTh, U3BJIeUeHe IIPU3HAKOB.

IOua uutuposBanusa: Favorskaya M. N., Jain L. C. Saliency detection in deep learning era: trends of development. Hugopmayuonno-
ynpasasioujue cucmemvt, 2019, Ne 3, c. 10—36. doi:10.31799/1684-8853-2019-3-10-36
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aCaHKT-[leTepbyprckuit rocyfapCTBEHHbIN apXUTEKTYPHO-CTPOUTENbHbINA YHUBEPCUTET,
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lNocTaHoBKa Hpoﬁl'leMbl.' ABWKEHNe MHOrnx peasibHbIX 06bEKTOB ONUCHIBAETCS CyLleCTBEHHO HesMHEeNHbIMU 1 HecTaLmo-
HapHbIMU Mogenamu. Psg noaxonos K yrnpaB/ieHUo TakumMu 06beKTaMu OCHOBaH Ha nocTpoeHun BHyTPEHHeVI Mogenn HecTa-
LINOHaPHOCTH. OpHako napamMeTpbl Mogesin HeCTalyMOHapHOCTU MOTYT MEHATbLCA B LUMPOKMX npefgenax, 4To MOXeT NnpuBecTtn
K 4OMOJIHUTESbHbBIM MOrpeLlHoCcTAM. B ,anHOﬁ pa6ore npegrnosiaraeTcA JinLib, 4TO CKOPOCTb UBMEHEHUA MNapaMeTpPoOB obbekTa
orpaHu4eHa, npn 3ToM Ha4daslbHas HeonpeneneHHOCTb MOXET ObITb JocTtaTtoyHo Benvika. Lienb: aHanns aJiroputmMoB agantuB-
HOro ynpasJieHnsa HeNMHENHbIMU HecTaynoHapHbIMU obbekTammn AJ19 CUCTEM C SIBHOW 3Ta/IOHHOM MOLeJIbH, CUHTE3UPOBAHHbIX
MEeTO4OM CKOPOCTHOIo rpagneHTa. Pe3yﬂbTaTbl.' nosiydeHa oueHKa rpegesibHoro OTKJIOHeEHUA peLleHns 3aMKHyTOl;l cucTtemMbl
OT peLleHuns 3TasIOHHOM mogenu. lNokasaHo, 4To nNpu JOCTaTOYHO MeLJIEHHbIX UBMEHEHUSAX MapaMeTpoB u masnon HayasibHoOM
HeonpenesieHHOCTHU npenesibHas owwmnbka B cucTeMe MOXET ObITb cheniaHa CKoJib yrogHo Ma’on. PaCCMOTpeHbI CUCTEMBI, No-
CTPOEHHbIE Ha OCHOBE Kak NnpsaMoro, Tak n Vl,quTMCbMKaL[MOHHOI'O nogxopa. Npouyegypa cuHTesa afarnTUBHOIo perynsropa u
aHannsa CMHTe3MpOBaHHOl;l CUCTEMbI NPOUJIIIOCTPUPOBaHa NPUMMepPoM. I'lpaxmqecxaﬂ 3HaYUMOCTb. 10J71ly4EHHbIe pe3y/ibTaTbl
no3BOJIAKOT CTPOUTb N aHaINn3npoBaTb LUMpOKMﬁ Knacc agantuBHbIX CUCTEM C 3TaJIOHHOM MOoL4esIbo B HeCTaUyMOHapPHbIX yCJ10-
BUAX.

KnioyeBbie cnoBa — afanTMBHas CUCTEMA, HEJIMHEHHOCTb, HECTALMOHAPHOCTb, 3TaIOHHAs MOAESb, METOL CKOPOCTHOIO
rpagueHTa, npAMON NoAXo 4, AEHTUUKALMOHHBIA NOAXO].
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HeHHBIMU 06'beKTaMU Ha OCHOBE aJITOPUTMOB CKOPOCTHOTO IrpagueHTa. MHpopmayuonro-ynpasasowue cucmemst, 2019, Ne 3, c. 37-44.
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Beenenue

Hauwumas ¢ 1970-x romoB JleHWHTpas MOCTEIIEH-
HO CTAHOBUJICS OJHOM M3 MUPOBBIX CTOJIUI] TEOPUU
aJamnTUBHBIX cucTeM. IIpomcxommao aTo OJaroma-
PA aKTUBHOM [AeATEJHLHOCTU NPU3HAHHOTO JUAepa
B 9TOU 00JacTu, uieHa-KoppecnougenTa PAH, mpo-
deccopa JIT'Y Baagumupa Augpeesrnua AKyooBuUa.
IIpoBenmenne JIeHMHIPAJCKUX CUMIO3UYMOB IIO TEO-
puu amjanTUBHBIX cucTeM B 1972, 1974, 1976, 1979 rr.
u BcecorosHoi KoH(epeHITNY 110 TEOPUU aJalITUBHBIX
cucTeM u ee mpuMeHeHUAM B 1982 r. aKTUBU3UPOBATIO
MCCJIeIOBAHUS B 9TOI 00J1aCTH B By3ax ropoja U Ipu-
BJIeKJI0 BHUMaHue Beaymnux yueHbix CCCP kK moctu-

JKeHUAM Hay4HOI ITKOJBI B. A. fIkyO6oBuua u B3au-
MOJEMCTBYIOIINX C Hell HAyYHBIX IITKOJ Iopofa. OTU
pesyJIbTaThl OBLIN OTPA’KEHBI B PAZE MOHOrpadumit
[1-7]. B tpynubie 1990-e ronel HayyHasA U MyOJIUKAa-
IMUOHHAA aKTHMBHOCTb CHUSWJIVCH, HO 3aTO OKPEILIN
HOBBIE Me:KIayHaponHble cBasu. K Hauamy XXI cro-
JeTuA B HAyKy 00 aJaliTUBHOM YIIPABJIEHUY TPUIILIIO
TIOKOJIEHIIE COBPEMEHHBIX YUYEeHBIX, UTO YKPEINJIO
Tpagunuu u aBropuret Caukr-IlerepOyprcxkoii Hayy-
HOM 1TKOJIBI [8—12]. B mocoenHure Toabl HOBBIX KHUT
IO aJalTUBHOMY YIIPABJEHUIO IIOABJAIOCH MAaJo,
YTO MOYKET HAaBECTH HA MBICJIb, UTO 9Ta 00JIaCTh WC-
ueprnana. [leficCTBUTeJIbHO, B OTJINYME OT KOHIIA IIPO-
II1JIOTO BEKa, B BeKe HBIHEIITHEM JOMUHUPOBATH B Te-
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MaTHUKe aBTOMATUYECKOIr'o YIIPaBJIEHUS CTAJIU ceTe-
BBbI€ 1 MHOTOATeHTHBIe cucTeMbl [13].

HepnasHo, oqHaKo, cTajga HaMeuaThCA TeHAEHIU
K BO3BPOXKIEHUIO MHTEpeca K aJalTUBHOMY YIIPaB-
JIEHWI0 Ha OCHOBe IIOHMMAHUSA TJIYOOKUX CBS3ei
MeXAy aganTanuell U MalInHHBIM o0yueHneMm. bes
COMHEHUs, MAIUHHOe O0yueHHe SABJIAETCS OCHO-
BOI cHCTe€M MCKYCCTBEHHOI'O MHTeJJIeKTa. IlosTomy
3HAUMTEJbHAA YACTh Oaraska, HAKOIJIEHHOTO 3a He-
CKOJIbKO IeCATUJIETUI, MOKeT IPUTOAUTHCA Ha HO-
BOM dTalle PA3BUTHUA HAYKU U TEXHOJIOTHU, ITOMOTas
OCHAIIATh aBTOMATHYECKHE CHUCTEMBbI HCKYCCTBEH-
HBIM WHTEJJIEKTOM.

Huuro mHe uCKJIIOYaEeT HEOOXOAUMOCTH MPOBO-
IUTH BpeMs OT BpeMeHU aHaJu3 U 0000IIeHure Ha-
KOILIEHHBIX Pe3yJIbTATOB, CHUCTEMATU3NPOBATH U
JaBaTh HOBBIE OIEHKHU MOCTMKEHUSIM U MeTOomaM
mponuisix Jiet. Illar B 9ToM HampaBJIeHUU eJIaeT-
cAd W B JaHHOM cTaThe, a UMEHHO PacCMaTPUBAETCS
o011as 3aJaua aJalnTUBHOTO YIIPABJIEHUA C dTAJIOH-
HOW MOJEeJbI0 IJis HEeCTAIlMOHAPHBIX HEJIWHEeNHBIX
00beKkToB. OTMETUM, YTO, XOTA 3aJauul aJalTHUB-
HOT'O yIpaBJIeHUs HEJUHENHBIMH O0OBEKTAMH YIiKe
JaBHO U TOAPOOHO mccaemoBamsl [1, 7, 8, 10, 14],
3ajauaM aJalTUBHOTO YIIPABJIEHUSA HeCTAIlMOHAap-
HBIMHU CHCTEeMaMM TIOCBAIIEHO CPAaBHUTEIHLHO MaJio
pabor. Hanpumep, aganTUBHOMY YIIPaBJIEHUIO He-
JIMHEAHBIMY HECTAI[MOHAPHLIMU CHCTEMAaMU II0 CO-
CTOAHUIO TOCBAIIeHa paborta [15], a aganTuBHOMY
YIIPaBJEHUIO ¢ 0OPaTHOI CBS3BIO II0 BBIXOAY — pa-
60TeI [16—20]. Onmako B pabotax [15—20] HakIabI-
BAIOTCS JOCTATOYHO JKECTKMe IIPeAIIONOoKeHUs Ha
CTPYKTYPY 00BbeKTa yupasienus (OY) u BosmyIe-
HUI 1, KPOMe TOTO, IIPeAIIoiaraeTcs, YTO Hen3BeCT-
HbIe ITapaMeTpPhl BXOAAT B ypaBHernue OY JIMHENHO.
B c/10:KHBIX 3aauax 3avacTyio ObIBaeT, UTO MOJAEJb
OY mapameTpusoBaHa HEJIWHEWHO. AZAITUBHOMY
YIIpaBJIeHUIO HeJIMHEUHBIMU CUCTEMaMU ¢ HeJInHel-
HOM mapaMeTpusaIueii MocBaIeHbl paboTs: [21-25],
ONHAKO B HMX HEM3BECTHBIE IMapaMeTpPhl MPEeIIoJia-
raloTCs MOCTOSHHBIMU, T. €. OY ABJAeTCA CTAIHO-
HAPHBIM.

B manHOI cTaThe OnMChIBaE€TCS O0I[asd IOCTAHOB-
Ka U OCHOBAHHBIN HA METOZe CKOPOCTHOI'O I'paieH-
Ta [1, 7, 8] obmiuit MoaAX0oM K pelneHunio 3amau ajgar-
TUBHOT'O YIIPABJIEHUA HEeJINHEHHBLIMU HecTallnoHap-
HBIMU cUcTeMaMu 0e3 CTPYKTYPHBIX OTpaHHUUYeHUI
Ha BXOXKJIeHHe ImapaMeTpoB. [[Jisg ompeaesieHHOCTH
B paboTe paccMaTpUBaIOTCA aJalTUBHBIE CHCTEMBbI
C SIBHOM 3TaJIOHHOI MOJIEJIbIO0, IIOCTPOEHHBIE HA OC-
HOBE NPAMOI0 U UIAEHTUMUKAIIMOHHOTO IIOAXO0Ia
B JIOCTATOYHO HPOCTOM CUTYAI[UU OTCYTCTBUS BO3-
MYIIIeHUN U JOCTYIHBIX M5 U3MEePEeHUs COCTOSIHUI
00'beKTa 1 9TAJTOHHOMN MOJEJIN.

BakHO OTMETHTH, UTO Jake B DTOU CUTYyaIUU
HeCTaIlMOHAPHOCTb UTPAET POJIb BOBMYIIEHUSI U OC-
JIOKHSIET pellleHne 3aJaul, IPeIsiTCTBYS JTOCTUMKe-
HUIO0 aCUMIITOTHYECKOM YCTOMUYMBOCTU IIPOIIECCOB.

AmanTuBHOE yrpaBjieHne
C 3TAJIOHHOM MOJEJIBI0 — MPSIMOM IOTXO0/T

Paccmorpum OV, ommchiBaeMbIil ypaBHEHUAMU
B IIPOCTPAHCTBE COCTOAHMHI

x(t) = F(x(2), u(t), &) +7(@); y(©) =Cx(®), (1)

¥ BCIOMOTATeJbHYI0 TWHAMUUYECKYIO CHUCTEMY, Ha-
3bIBAEMYIO 9TAJIOHHOM mMozesbio (M) m omuchiBae-
MY YPaBHEHUSAMU

xp (8) = Fpp (0 (2), 7)) ypr (8) =Cppxpr (), (2)

rfie BEKTOPHI X, X,; € R" — cocroarusa OY u OM co-
OTBETCTBEHHO; U, I' € R"™ — BeKTOpbHI YIPaBJICHUSI U
3aaroniero BosaeiicTeus; f € R™ — BeKTOp BO3MY-
IIAIOMIUX Bo3aencTBuil; &(f) € E c R™ — BeKTOp He-
M3BECTHBIX 1 MEHAIOIIMXCA BO BpeMeHU IapaMeTpPOB
OV; y, yp, € R — Boixogsr OV u OM. MHoxkecTBO =
BOBMOJKHBIX 3HAUEHUN § CUMTAETCA M3BECTHBIM U
Or'PAaHMYEHHBIM, U CKOPOCTh M3MEHEHUs HEeu3BeCcT-
HBIX ITapaMeTPOB TOKEe CUMTAETCA OTPAaHUUYEHHOMH.
IIpenmosiaraeTcss Tak:Ke, UTO PEIIEHUA YPaBHEHUH
(1), (2) cy1iecTByIOT, IPU ATOM PEIleHUA YPaBHEHU
(2) — orpaHMUeHHbIe QYHKIIUU BPEMEHMN.

TpebyeTca ompeneJuTh 3aKOH aJallTUBHOTO
yIIpaBJIeHUS

u(t) =U(y(t), r(t), 6(2)); 3
0(t) = D(y(t), r(t), O(t)), @)

He 3aBUCAMU oT () € E M MCHOIb3YIOIMUNA TOJIb-
KO BEeJIWYUHBI, AHOCTYIIHbIE M3MEPEeHUI0, TaK, UTO-
OBl IBU)KEHUE 00'beKTa MPUOINIKAJIOCH C TeUeHUeM
BpeMeHU K aBu:keHuo OM, T. e. JocTurajiach Iiejib
yIIpaBIeHU

(@) — 25 (2) | <&, t22, 5)

nnsa VE@R) € B, rme € > 0 — 3afaHHAA TOYHOCTD; ¢, —
BPeMs JOCTH KeHU 1esiu. Takum o6pasom, 3azada mo-
CTPOEHUS aJAaIlITUBHON CUCTEMBI COCTOUT B OIpe/eie-
Huu Gyaui U, ® Takux, 4To perreHus auddepeH-
muanabHbIX ypaBHeHui (1), (3), (4) cymiecTByOT mpu
Bcex t > 0 u yIOBJIETBOPSIOT I1eJIU yIIpaBIeHus (5).

JraJIoHHAasa MOe/Ib BEIOUPaeTcsa TaKUM 00pasoM,
4yTOOBI OHa 00JIaJaJia YCTOMUYMBOCTHIO 1 3aJaHHBIM
KauecTBOM IIepPeXOAHBIX IpoiieccoB. IIpu sTom 9M
MOJKeT 00 OBITH SBHO peajin30BaHHOM B CHUCTEME
yIpaBJIeHUS B BUJAE OTAEJIBHOTO AUHAMUYECKOTO
3BeHa (2) (cucrembl ¢ ABHOI M), 1100 IIPUCYTCTBO-
BaThb B CUCTEME HESABHO, B Bue Habopa ImapaMeTpoB
aJropuTMa ymnpaBJjieHUs (CHUCTeMBbI ¢ HessBHOU IM)
[1, 7]. B mocienueMm cirydae 1es1b yirpaBiaeHud (9) 3a-
MeHdAeTCA NPYToii, B GOPMYJINPOBKE KOTOPOI He HC-
II0JIB3YeTCs BEKTOD X,,(), HanpuMmep:

38 7 VH®OOPMAUVIOHHO-YNPABASIOLLVIE CUCTEMBI

7/ N\°3,2019



\ NH®OPMALIMOHHO-YMNPABASIIOLLIVE CUCTEMbI  \

&)~ Far (x@), r@)| <1, t21,, ©)

rie t, — BpeMsdA IIePeXOJHOTO0 NPoIlecca OTHOCUTEIb
Ho mesu (6). Ilenp ympaBieHUSA MOKeT 3aJaBaTh-
cA TaKKe IIPU IIOMOIIM BCIIOMOTATEJBHOM IiejieBOn

dyurmuu Q(x) > 0:

Qx(t) - xp (D)) <&, t>t, (7

o
QUi(t) — Fyr (x(t), r(t) ey, t2t,. 8)
Yacto Q(r) — KBagpaTHuHAZ DYHKIA;

Q(x) = xTPx, rne P = PT > (0 — HeKoTopasd TOJOKU-
TeJIBHO OIIpe/leJIeHHAA MaTPHUIA.

Ilepexons K CUHTe3y aJallTUBHOTO PeryJsaTopa,
HAJIOKUM YIIPOIIAIOIIe IIPEIOJ0MKEeHNs: Oyaem
CUUTATH, UYTO UBMEPEHUIO JOCTYIIHBI BCe KOMIIOHEH-
ThI BeKTOPOB cocToAHuA OY 1 OM, a BO3MYIIeHUAMUI
MO:KHO mpenebpeub. f(t) = 0. Kpome Toro, HaJ0XKUM
TPAIUIIMOHHOE IIPEAIO0JI0KEeHEe O CTPYKTYDPHOI CO-
rimacoBanuocTu OY m OM: CTPYKTypa OCHOBHOTO
KOHTypa cucTeMbl [peryiaaropa (3)] BeiOpaHa Tak,
yTOOBI 00ECIIeUUTh COBIAleHNe NMUHAMUKI 3aMKHY-
TO¥ cucTeMbl 1 OM TIpU HEKOTOPBIX 3HAUEHUAX IIa-
paMeTpoB PeryaAaTopa. ITo 3HAUUT, UTO [IJIs JIFOOOTO
§ € E IOJI)KEH CYIIeCTBOBATH BEKTOD <«MIeaJbHBIX»
3HAUeHUI napaMeTpoB perysudropa 0,(E) Taxkoii, uTo
IS JTFOOBIX X, 7" BBITIOJTHSIETCA TOMKIECTBO

F(x, U(x, r, 0,(8)), &) = Fpy (x, 7). (C))

151 cuHTEe3a BOCIIOJIb3yeMCsI METOIOM CKOPOCTHO-
rorpaguenTa[l, 7, 8]. 11 9TOro BEIYUCINM CKOPOCTD
M3MEeHeHHA IeneBoll (QyHRmum @Q(e) = Q(x — x,,(%))
BIIOJIb TPAEKTOPUU 3aMKHYTOM cucTeMbl. IMeem

Qe)=VQT[F(x, U(x, r, 0), (1)) — Fpr (X1 (8), ()] =
=w(x, 6, t).

Brruncisas rpaguesT ot w(x, 0, t) mo 0, mocTpoum
peryiaspu30oBaHHBIN ajJroOpUTM CKOPOCTHOT'O I'paiu-
eHTa B nuddepeHnnaIbLHON (hopme

0=—yVow(x, 6, t)—a(0-0), (10)

roe Yy > 0 — Ko9DGUIIUEHT yCUJIeHUS ajITOpUTMa
ajanranuu; o > 0 — Koo GUIIMEHT peryasapusa-
nuu; 0 € 2 — anpuopHasd OlleHKa HEU3BECTHOIO IIa-
pametpa 0.(§(2)).

VYciioBusa IOCTUIKEHUA IIeIU B aJalITUBHOY cUCTe-
me (1)—(4), (10) dhopmyaupyOTCA B CIAEAYIOIIEM YT-
BePKICHUMN.

Teopema. IlycTs BBIIOJIHEHBI CJIEYIOIIUE YCJIO-
BUS.

1. ®yuxnun F(), Fy,(), Vyw() HenpepsIBHO nud-
(hepeHITupPyeMBI.

2. ®yuknus Q(e) > 0 HermpepbIBHO AuddepeHiu-
pyeMa, 1 ee 3HAUEHUS CTPEMATCS K +00 IIPU € —> +00,

3. dyuxrnua w(x, 6, t) BeITyKJIa 110 0.

4. CymectByet dyurnua 0,(E(f)) Takasa, yro gisa
HeKoToporo p > 0 cipaBeJJnBO HEPABEHCTBO (yCJIO-
BUe JocTmuMocTn) w(x, 0 (&), t) <—pQ(e).

5. BeimosrHeHO ycJjoBuWe coryiacoBaHHocTu (9),
npuyeM BekTop-pyuknua 0,(E(t)) orpanuyeHa BO
BpEMEHU BMECTE CO CBOEH ITPOM3BOHOM:

10+ €@ <Py m [|d6+(E()) / dt [ <B;.

Torma Bce pemreHus: agalTUBHON cucTeMbl (1)—
(4), (10) orpaHMYEHBI U JOCTUTAETCA IEJIb yIIPaBJe-

mwst (7) mpn & = Wiy 2(a2By + By2)/pg, Tae po = min{p,
20 — uy}, u > 0 — HacTpoeuHblil mapamerp. IIpu BbI-
6ope mapamerpa o > 0, yZOBJIETBOPSAIOIEro Hepa-
BEHCTBY O < p/2, ONTHMAaJBHBIA BBIOOD [ = 0/y JaeT
OIIEHKY

e=Bo /7+P% / (ya?). 1)

Jlona moKasaTelbCTBAa TEOpPeMbl BbIOepeM (DYHK-
nuio JlanyHoBa B Buje

V(x, 0, )= Q(x—xp (1)) +(2y) L [ 0-0: (5@ [? (12)

M BBIYHCJIUM CKOPOCTL uaMeHeHus V(x(t), 0(f), t)
BI0JIb TpaeKkTopuu cucteMmbl (1)—(3), (10). Umeem

V(x, 0, ) =w(x, 6, t)+7 H(0—0:(5()) " [0 0:(E(1)] =
=w(x, 6, 1) +(0-0: (&))" x
x [-Vw(x, 6, t)—a /y(0-8)—y "d6:(5(1) / dt].
HOJII:BYHCL IIocjaenoBaTeJIbHO YCJIOBUAMM COIJia-

coBaHHOCTH (9), BBIDYKJIOCTU M JOCTUKUMOCTH, II0-
JIYUUM

V(x, 0, t)<—p@e)—a. /7] 0-0: (@) [* -
— o/ 7[00 (E(£)][0:= ((2)) - 0] -
— v 1(0-0:(&@)) T 0 (5(1)) / dt.
Hajee, BOCIOJIBH30BaBIINCHL KBaJPATUYHBIM He-

pasernctBom |xTy| < p/2|x|2 + 2w Yyl, cmpasemmu-
BBIM JJ15 Jito0oro | > 0, momyuum

V(x, 6, 1) <—pQ(e)— (o /v~ /2) [ 6-0:(EW) P -
— 20?6 -6 (@) | + BE1.

Haxomnern, BwiOpaB p<2a/y u 0003HAYUB
P = min{p, 20 — py}, moryUEM

V(x, 0, t)<—poV +B, 13)

e B=p 1y 2 (a? sup || 0+ (E(0) || + B)-
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Taxum o6pasom, nipu V(x, 0, t) > B/p, byuxnusa V
yOBIBaeT, T. €. OHA OCTAeTCs OrPAaHMYEHHON Ha TPaeK-
TOpUAX 3aMKHYTOI cucteMbl. OTCIOfa U U3 OrpaHU-
UYeHHOCTHU PellleHnii ypaBHeHn OM, a TaKKe OrpaHu-
YeHHOCTH Japetitha mapaMeTpPOB CJIeIyeT, YUTO TPAeKTO-
pUH1 3aMKHYTOU CUCTEMBI OorpaHuYeHbl. HaxkoHelr, 13
(13) 1 u3 coornomenusa Q(e) < V(x, 0, t) sakmouaem,
YTO LeJIb yIpaBjeHus (7) JocTUraeTcsa npu € = B/p,.

3ameuwanue 1. 3apukcupoBaB BBHIOOD mapameTpa
peryaspusanuu ajJroputrMa o < p/2, MOYKHO BBIOU-
parp KO3(M(PUIIMEeHT yCUJIEHUA aJITOPUTMAa Y CKOJIb
yroauo GoabimuM. B coorBercTBUM c (11) mpemenn-
HasdA OIIMOKa IIPU dTOM OyAeT YMEeHbIIIAaThCsd, U IPHU
IOCTATOYHO OOJIBIIIOM Y MOJKET OBITH CHeJIaHa CKOJIb
YTOIHO MaJIOMH.

3ameuarnue 2. Teopema ocTaeTcs CIpaBeJINBOI,
ecau 1eJsieBas PyHKIUA Q(€) 3a1aHa He HA BCEM IIPO-
CTPAHCTBe, a HA HEKOTOPOU OTKPHITOM obstactu Q Ta-
KO, uTO Q(€)— +oo IIpU CTPEeMJIEHNH € K I'PaHuIle 00-
aactu Q. ITO caeayeT U3 TOT0, UTO Ha IIOBEPXHOCTAX
YPOBHA @Q(e) = ¢ mpu ZOCTATOUHO OOJNBIINX € (HYHK-
mus V yobIBaeT, 1, 3HAUUT, IejeBas GYHKIUI Q(e)
0OCTaeTCsI OTPAHUYCHHOMH, T. €. TPAEKTOPUM 3aMKHY-
TOI CUCTEMBI OCTAIOTCA BHYTPHU o0acTu Q.

AnanTuBHOE yIpaBjieHHE C 3TAJOHHOM
MOJIeIbI0 — UAeHTU(PUKAITMOHHBIN MOIXO0/T

IIpu npeHTH(GUKAIIMOHHOM IOAXO0AE CTPYKTYyPa 1
ImapaMeTpPhl OCHOBHOTO KOHTYpa TaKiKe BIOMPAIOTCA
HUCXOIS U3 CTPYKTYPHI 00beKTa B IPEAIOJ0KEHUH,
YTO IapaMeTphl U3BECTHHI, ¥ TAKUM 00pPa30M, UTO-
ObI 00€CIIEUUTDh JOCTHKEeHNE NCXOJHOM NN BCIIOMO-
raTeJbHOU Iesu ymnpaBieHud. OgHako mpu padboTe
CHCTEMBI BMECTO ITapaMeTpoB o0BeKTa & (KOoTophie
Ha CaMOM Jleleé HEM3BECTHBI) MOJCTABJIATCA WX
oneHKU &(t), mosryuaeMble aJTOPUTMOM afallTauu.
TaxuM 00pas3oM, PEryJsTOpP OIIMCLIBAETCS BMECTO
ypaBHeHU (3) ypaBHEHUEM

u(®)=U(y(@), r(t), 0. (). (14)

151 ocylecTBIeHNs aJalTAIliy BBOAUTCS BCIIO-
MoraTeJbHas CHUCTEeMa, CTPYKTypa KOTOPOU CoOBIIa-
IaeT co CTPYKTYpPOii 00beKTa, — TaK HasbIBaeMas
Hacmpausaemas mooenv 06seKma Ynpaeienus:

x(t) = F(%, u(t), 0, &) (15)

ITapameTps! HacTpamBaemoii Mozenu &(t)u ecThb
OIIEHKHU BeKTOpa &, IMoJIyyaeMble IIPU MOMOIIY aJITo-
puTMa ajanTanun:

A

E(t) =P ((), 2(t), ult), E@)). (16)

Ilens aganTanum, UCXOAA U3 KOTOPOI CTPOUTCS
amroputm azanrtamuu (16), cocrout B mpubimike-

HUU BEKTOPA COCTOSHUSA X(f) HacTpampaeMoi Mope-
au (15) ¥ cocroaruio 00beKTa X(1):

|x@) - 2@)||<e, t=t,. an

HacrpauBaemasi Mofesib TaK JKe, KAK U 5TaJOH-
Has MOJesb, MOXKeT IIPUCYTCTBOBATH B CUCTEME He-
apHo. Torma nenp aganranuu anajgorudHo (6) saga-
e€TCsA COOTHOITeHUSIMU

“x(t) ~F(x(d), u(t), é(t))” <e, t>1,, (18)

a B axroputM aganranuu (16) BekTop X(f) He BXOIUT.
Hna ncenenoBarusa cucreMsr (1), (2), (14)—(16) mpume-
HIMa TeopeMa, B KOTOPOI B KauecTBe HAaCTPauBaeMbIX
[IapaMeTPOB BBICTYIIAET BEKTOP OLIEHOK HEN3BECTHBIX
mapamMeTpoB o0beKTa &(t), a B KauecTBe LeJIu yIIpas-
JIEHUS — IIeJIb aJallTalliu, 3aJaHHAs IIPU IIOMOIIIA
HEKOTOPO 1eJieBoi GyHKITUY aHaorudso (7).

Ecau pas peanusanuu ajJrOpUTMOB Peryaupo-
BaHUS WU afanTanuu Tpedyerca sHaHue (PasoBbIX
KOODPAUHAT, HEJOCTYIIHbIX U3MEPEHU0 (UIU UX u3-
MepeHUre JOPOTOCTOSINee), B CUCTEMY MOKeT OBITH
BBefieH HaOusiomaresb. Ilapamerpbl HaGIofaTess
yInoOHO BBIOMpPATh, MCXOASA W3 HMEIOIIUXCS TEeKY-
IUX OIIEHOK mapaMeTpoB obbexTa. OgHaKO 0OoJee
YHUBEPCAJBHBIN IIOXO0M COCTOUT B OI[EHUBAHUY I1a-
pamMeTpoB 00beKTa ONHOBPEMEHHO C OIleHWBAHUEM
COCTOSAHUA, T. €. HAOGJIOATEb OKashblBaeTCA anall-
TuBHBIM [26—30]. BaskHO, 4YTO B 9TOM ciryuae mcce-
IoBaHUE PA6OTOCIIOCOOHOCTY CUCTEMBI TOJIKHO IIPO-
BOIUTBHCSA 110 OTHOIIIEHUIO K TPEM ITOAIIeIAM: CXOMU-
MOCTH OIeHKU cocToAHUuA OY, CXOAUMOCTHY OIeHKU
nmapameTpoB OY U HOCTUIKEHUIO I1eJIU YIIPABJICHUS
(cxomumocTu cocroguua OY K cocroauuio IM).

IIpu onrcaHHOM IIOAXO/€ IeJIb afalTal[iuu He CO-
BITaaeT C [EeJbI0 YIIPABJIEHUS U COCTOUT B IIPUOJIU-
JKeHUM ABUKEHUS HacTpauBaeMOW MOAeNW K IBU-
sKeHnio o0bekTa (umeHtudurkamnuu). ITosTomy sToT
TIOAXOM HA3BIBAIOT HENPAMbLM, WIN UOeHMUDUKQ-
UUOHHbLM. UHeHTU(PUKATITMOHHBIN OAX0/ IT03BOJIS-
eT IPUMEHSATh 00JIee CI0KHBIE 3aKOHBI PEryJInpPOBa-
HUA, YeM IIPAMOH IIOAX0MA. B uacTHOCTH, B 3TOM CJIy-
yae IIMPOKO WCIIOJb3YeTCs MPUHIIUII MOJAJILHOTO
yupasJienus [3, 4, 7, 8]. Pasmesmenue mejeit agamnra-
MY U YIPaABJEHUA JaeT BO3MOKHOCTb He3aBUCUMO
CUHTE3UPOBATh OCHOBHOM KOHTYP W KOHTYP ajam-
Talliy, YTO OOJieruaeT IIOCTPOeHHEe AaNAIITHBHOTO
peryasaropa. C npyroii CTOPOHBI, 3aTPyAHIETCSI 000-
CHOBaHMe pabOTOCTIOCOOHOCTU CUCTEMBI, TAK KaK U3
TOCTUKEHU S IeJIU aJallTalliu He CJIeAyeT Helocpe-
CTBEHHO JOCTHMKEHUE UCXOMAHOU I1eJIN YIIPABJIeHUA.

IIpumep

IIycts OV omuckiBaeTcsA yIIpaBIsieMbIM JIOTUCTU-
YeCKUM ypaBHEHVIEM
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x=ax(d-x)+u, (19)

rIe a, d — HeusBecTHbIe mapameTpsl OY, a OM — u-
HeliHoe allepruouyYecKoe 3BeHO:

xM =—AapXp +7"(t). (20)
3azanum 1eaeByo QYHKIIUIO B BUe KBAPTUKH
Q(e) = (x —xpp)* @1

u BeIOEpPEM CHauaJia KOMIIEHCUPYIOIIUI 3aKOH yIIpaB-
JIeHU s

u(t)=—aprxpr +r(t)—ax(d—x)— ke, (22)

rme k> 0 — zagannoe uncio. OueBUIHO, YpaBHEHNIE
omubKu B 3aMKHyTou cucteme (19), (20), (22) ume-
et Buj de/dt = —ke, T. e. ormmubKa 3aTyxaeT 9KCIOHEH-
muagbHo 6bicTpo. OmHAKO 3aKOH ymnpaBjeHus (22)
HeJIb3sd Peanu30BaTh, ITOCKOJIbKY OH 3aBUCUT OT He-
M3BECTHBIX ITapaMeTpoB. IIoaToMy HemsBeCTHBIE I1a-
pamMeTphl 3aMEHSIIOTCA HACTPANBAEMBIMYU U BBOIUT-
CA aJalTUBHBIN PEryIsaTop

u(t)=—ayrxpr +r(t)+91x+62x2 — ke, (23)

rae 0;, 0, — HacTpamBaeMble IapaMeTpsl. [la cuH-
Teza aJropuTMa HACTPOMKHU mapaMeTpoB (aJTOPUT-
Ma aJanTaIumn) BOCIOJb3yeMCsa MeTOI0M CKOPOCTHO-
I'o IpaJieHTa 1 BEIUNCINM CKOPOCTh N3MEHEHN I 11e-
aeBo#t pyrknuu (21) B cuny cucremsr (19), (20), (22):

Q =4¢3[(6; + ad)x + (05 —a)x? —ke]. (24)

Huddepennupys (24) mo HacTpamBaeMbIM Iapa-
MeTpaM, TOJYUYUM aJITOPUTM adaTllTaIluu

0; =—ve®x— a0y — 0y );
0z =—ye3x® — (03 - 0y), (25)

roe v > 0; o> 0; 61, 62 — mapaMeTpbl aJropuTMa.
Onsa wmcciaemoBaHMA pabOTOCIOCOOHOCTY CUHTE3U-
POBAHHOTO aJATITUBHOTO PETYJIATOPA IIPOBEPUM YC-
JIOBUS TeopeMbl. YCJ0BUS 1, 2 BBINOJIHEHBLI B CHUJIY
TJIAJKOCTU IIPABBIX YACTEH CUCTEMBI. YCJIOBUE BBI-

MYKJOCTH 3 BBIMIOJHEHO BCJIEJICTBUE JMHENHOCTHU
mpaBoil dactm (23) mo HacTpamBaeMBLIM IlapaMe-
TpaM. BelmosiHeHMe ycaoBusA 4 BeITeKaeT us (24) mpu
0, = —ad, 0, = a, npu saTom p = 4k > 0. Haxorern, npu
IIPOBEPKe YCJOBUSA 5 yCJOBUE coryiacoBaHHOCTU (9)
IpoBepsAeTCsS TPUBUAJIBHO, U [JIs CIIPABEAJIUBOCTU
YTBEepIKIEHU TeOpeMbI OCTaeTcs IoTpeboBaTh orpa-
HUYEHHOCTH B3HAUEHWH IIePeMeHHBIX ITapaMeTpPOB
a(t), d(t) u ckopocTeil UX NU3MEHEHUH.

3aKJIoueHne

JBu:KeHre MHOTUX pPeaJbHBIX O0BEKTOB OIU-
ChIBAETCS CYII[ECTBEHHO HEJUHEHHBIMU M HeCTAI[U-
OHAPHBIMU MOJEJAMU. PAI TOAXOMOB K yIIpaBJe-
HUIO TaKUMU O0OBEKTaMH OCHOBAH HAa TOCTPOEHUU
BHYTPEeHHEH Mozesn HecranumoHapuoctu [11, 12,
18]. OmHako mapamMeTpbl MOJEJIW HECTAIlOHAPHO-
CTU MOT'YT MEHATHLCA B IIIMPOKUX IIpeaeIax, UTo MO-
JKeT MPUBECTH K JOTMOJHUTENIbHBIM HTOTPEITHOCTIM.
B nmannoit pabore mpeamosiaraeTcsa JUIINb, YTO CKO-
pOCTh M3MEHEHHUA IIapaMeTPOB O0'beKTa OrpaHude-
Ha, IPU 9TOM HauaJbHAsS HEOMPeAeIeHHOCTD MOKET
OBITH JOCTATOYHO BejnKa. VcciaemoBaHBI aJTrOPUT-
MBI aJAalITUBHOTO YIPABJIEHUS IJISI CUCTEM C SIBHOI
STAJIOHHOM MOJEeJ/IbI0, CHUHTEe3UPOBAHHBIE METOO0M
CKOPOCTHOT'O T'pafueHTa, U MOKa3aHo, UTO IPU I0-
CTATOYHO MEIJEHHBIX M3MEHEHHAX IapaMeTpoB U
MaJIOi HadaJIbHOII HeOoIpeAe/IeHHOCTHU IIpelAesibHAas
oIrbKa B CuCTEeMe MOJKET ObITH cieJiaHa CKOJIb YTO-
HO MaJioii. CHHTEe3 aJalTUBHOTO PeryJaAaTopa IIPOuJI-
JIOCTPUPOBAH TPUMEPOM.

ITonyueHHble pe3yJabTAaThl €CTECTBEHHBIM 00-
pasoM MOTyT OBITh PACIPOCTPAHEHBI HaA 3aJauu
pacmpeesieHHOTO YIIPABJI€HUS MHOTOATe€HTHBIMU
cucreMaMu. B 3aBHCHMOCTH OT BBIOOpa IIeJIeBOI
(GYHKIIUY IPU CUHTE3e aJITOPUTMA yIIPaBJIeHU pas-
paGoTaHHBIE aJTOPUTMBI YIPaBJEHUS MOTYT YUU-
THIBATh UJIU HE YUUTHIBATH B3AMMOEHCTBUE MEXK Y
areHTaMu.
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Beenenue

Haumewm c¢ Toro, uTo og HayyHbvimu 0aHHuLMU OY-
JIeM IIOHMMATh JII00bIe JaHHbIe B I[(POBOM BUE, T'e-
HepupyeMbIe B X0/le HayYHbBIX UCCJIeTOBAHUN U (1JIH)
HUCIIoJb3yeMble B HuX. HacTodmiasa pabora sBiseT-
cs IPOJOJIKEeHNEeM HCCJIeJJOBAHUI aBTOPOB B 00.Jia-
CTH OpraHM3aInuu 1 obecrieueHusT TeXHOJOTUAMU U
cpeacTBAMU HAYYHBIX HCCJIESOBAHUM, OCHOBAHHBIX
Ha MCIIOJb30BAHUY NAHHBLIX U ITUQPOBU3AIUN HAY-
KU B II€JIOM.

Hayunble magHbIe CTAJIW OJHUM M3 BAYKHEHIIINX
WCTOUHUKOB IIOJYUEHUS HOBBIX 3HaHHUi. O0BbeMbl
9TUX NAHHBIX IMOCTOSAHHO pacTyT. BosHuUKAaIOT U pa-
CTYT TaK:Kke HMOTPeOHOCTU B OpraHU3aIlMU WX Xpa-
HEeHUSA ¥ WCIOJIb30BaHUA. ITa mpobdeMa aKTUBHO
o0Cy:KIaeTcsa Ha PasHBIX YPOBHAX MeKIyHapOIHO-
ro Hay4YHOTO coobiecTBa y:ke 6osee 10 mer [1], mHO
KaKHuX-TO eJUHBIX PeIleHnii He HAlIeHO 1, BePOsT-
HO, He OyzmeT HaligeHo. B Poccuu 9T0 HampaBiieHue
paspabaThIiBaeTCsI He TaK aKTHBHO, OTYACTH BBULY

TOT'0, UTO POCCUMCKYE UCCJIeIOBATEIN JOJIT0E BPEMA
MIOJIb30BAJINCH yCTapeBIlleil MaTepuaJbHO-TeXHUYe-
CKOI1 03011, COCTOABIIIEI B OCHOBHOM M3 aQHAJIOI'0BO-
ro obopymosauusd. Ho nmpumepuo ¢ 2006 roga mare-
puanbHyo 0a3y POCCUHMCKUX HMCCAEIOBAHNII HauaIn
AKTUBHO OOHOBJIATDH, U B HACTOSAIIEe BpeMs OHA CO-
CTOUT ysKe IPEenMYIIeCTBEHHO 13 IU(POBBIX MPUOO-
POB, T. €. TPUOOPOB, BLIAIOITUX PE3YJIbTATHI B BUE
nu@POBLIX NaHHBIX. COOTBETCTBEHHO, AKTUBUBU-
poBaJiach U AesATeJbHOCTh IO OpraHU3aI U PadboThI
C 9TUMU JAHHBIMHU. JTY TeMy IoZHUMAaeT 0630p [2],
B KOTOPOM CTaBUTCs IIpobJieMa yIIpaBJIEHUS Hayd-
HBIMU JAHHBIMHU U YYACTUSA B HEll HAyUYHO-TEeXHUUE-
CKUX O0MOJIMOTEK, IIPOBOAUTCA €€ aHaJU3 U PacCMO-
TPEeHbI OPraHU3aIMOHHbBIE TTOAX0bI K €€ PeIIeHunIo,
HCIIOJIb3yeMbIe B MEXKIYHAPOJHOM COOOIIIeCTBe.
AKTHBHOE DPasBUTHE MEXXIUCIUILINHAPHBIX WC-
cJIeOBAHUM, METOJ0B PAGOTHI C OOJBIITUMU JaHHBI-
MU, IPUMEPbI PEIleHusl IPU ITOM COBEPIIIeHHO HO-
BBIX JINOO TPEACTABISABIIUXCA paHee IMPaKTUUYECKU
HepeIaeMbIMU 3aa4 C IIOMOIIbIO aHAJIN3a OOIBIITNX

Ne3,2019 N\

VH®OPMALIVIOHHO-YNPABASIIOLLINE CUCTEMBI N\ 45



y MOAENNPOBAHVE CUCTEM N NPOUECCOB /

ITaHHBIX (HampuMep, KOMIILIOTEPHOW IHMATHOCTUKU
paxka [3]) uiu nHTErpanmuu JaHHBIX, ITPOUCXOMAIITINX
M3 pasHbIX obJacTell HayK (Hampumep, reorpadguue-
CKUX, METEOPOJIOTMYECKUX, DKOJOTMUECKUX U Me-
OUITMHCKUX B 3a/laUyax aHamaa 3aboseBaemoct [4])
3aCTaBJIAIOT UCKATh IIYTU U CO3/]aBaTh NHCTPYMEHTBI
UL WHTEerpanuyu pPasHOPOAHBIX HAYUYHBIX MTaHHBIX
U3 PAa3JUYHBIX KMCTOUHUKOB. AKTYaJbHOCTH IIPO-
06J1eMBI TIOBBHIIIAIOT W He O KOHITA PACKPBITHIE M KC-
TI0JIb3OBAHHBIE IIEPCHEKTUBLI WM3BJIEUEHUS WMEHHO
13 PA3HOPOAHBIX HAYYHBIX JAHHBIX HOBBIX HESIBHBIX
3aKOHOMEPHOCTEH 60 BHIABICHUA apTe(haKTOB, KO-
TOpbIE€ MOT'YT AaTh HOBBIE IIPECTABIEHU 00 OKPYKa-
IOII[EM HAC MUPE U HAIIIEM MeCTe B HeM. 3aauu UHTe-
rpaiuu, KOTOpble BBIBOAAT IIPOOJIEMY OPraHU3aI[NMU
paboThI ¢ HAYYHLIMY JAHHBIMM HA HOBBIA YPOBEHD,
PEeIIuTh OJHOMOMEHTHO He IIPEICTABIISAETCA BO3MOMK-
HbIM. Heo0xoamMo MPpUMEHUTh UTEePAIlOHHBIN IIOM-
XOJI K 00eCTIIeUeHUIO MCCIIeIOBATEIEH MHCTPYMEHTaMU
[JIS TAKOUM MHTErpaliuy JaHHbBIX.

B pab6ore [5] aBTOpaMu mpeniioiKkeHa KOHIIETIUA
TIOCTPOEHUA WHGMOPMAIMOHHOM CHUCTEMBI IJIA TOJ-
IEeP:KKU HCCJIeJOBAHUI, OCHOBAHHBIX HA TaHHBIX,
B paboTe [6] naen pasBUBAJNCh B HAIIPABJIEHUN Pa3-
PaboOTKM apXUTEKTYPHI U ITPOPA0OTKN KOHKPETHBIX
OIPOTPaMMHBIX PEIIeHUH A1 TAKOU CUCTEMBI.

3nmech OymeT YTOYHEH U PacCIIUpPeH HMOHATUHHBIN
aImapar 1 HNCCJIeJOBAHbI MOLEJN OPraHu3aIluy Xpa-
HEHUs U WCIOJIb30BAHUA HAYUYHBIX NAaHHBIX, B TOM
YycJie Ha OCHOBE aHAJIM3a OIIbITA 3apPy0erKHBIX KOJI-
JIeT.

OcoO0eHHOCTH HAYYHBIX TAHHBIX U 3a7a4a
MOJIeIMPOBAHMSA UX JKU3HEHHOTO ITNKJIA

PaccmarprBas B KauecTBe MUCCUM CBOUX HCCJIE-
IOBaHUI U pa3paboTOK o0ecIieueHre UcCieioBaTe e
cpencTBaMu IS PA0OTHI C HAYYHBIMU JaHHBIMU, MBI
IBUTaeMcA K JTOCTHKEHUIO BOSHUKAIOIINX B PaAMKax
9TOU MUCCHUU IeJIeH C IBYX CTOPOH: C OTHOM CTOPOHBI,
IIPaKTUYECKU Peansys U IPeJoCTaBJIAA UCCIeNoBa-
TeJsIM KOHKPETHBbIe MHCTPYMEHTHI [6, 7], ¢ mApyroi
CTOPOHBI, 0000I1[as MMEIOIUICS OIIBIT M HaKOILICeH-
HbIe 3HAHUSA B IPEeIMETHOII 00JIaCTH IJIS TOT'0, UTOOBI
CO3aBaTh TEOPETUUECKUN 0A3UC STOI AeATeILHOCTI
[5, 8, 9]. ITens HacTOAIIEH PAGOTHI COCTOUT B ITOCTPO-
€HUY KOHIIEIITOB BEPXHEr0 YPOBHA NeATEJHLHOCTH TI0
opraHmsanuu paboThl ¢ HAYYHBIMU JaHHBIMU.

Ha pa6oTy ¢ HayYHBIMU JAaHHBIMU PACIPOCTPAHSA-
FOTCSI OCHOBHBIE IIOXOMbI, NCIOJb3yeMble IpU Pabdo-
Te C JIOOBIMU IPYTUMU JaHHBIMU, 1, TAK MU WHAYE,
OHA BpAall[aeTcsi BOKPYT IIUKJIOB «IIOJyUeHre — Xpa-
HeHme — WCIIOJIb30BaHUWe — yTuausainua» (puc. 1).
OpmaKo HayuyHBIEe JaHHBIE 1 padoTa ¢ HUMU obJiaga-
IOT PAIOM OCOOEHHOCTEI, COBOKYIIHOCTh KOTOPBIX U
3acTaBAeT (POPMYJIHUPOBATH MIOAXOABI U CTPOUTDH CU-
CTeMBbI [IJIS OPraHu3alluy UX XPAHEHUSA U UCIIO0JIb30-

IToryuenue

>

HcnonbzoBanue

>

XpaueHue
p Yrunusamus

B Puc. 1. MakcuMaJabHO YIPOIIeHHAA KOHIETNITyaJ bHAasd
cxeMa paboThI C JTaHHBIMU

B Fig. 1. Simple conceptual scheme of common data li-
fecycle

BaHUSA, HECKOJBKO OTJIMYHBIE OT IPUHATHIX B APYTHUX
OTpacaiax.

OcHOBHBIE 0COOEHHOCTH JAHHBIX.

1. MHoxcecmeeHHOCMb UCMOYHUKO8 OAHHbLX.
Kaxgasa coBpeMeHHasl MCCJIeIOBaTEeIbCKAas eIUHU-
ma B Ji000H cTpaHe: eIMHUYHBIN yUeHbIl, IPyIIia,
ngabopaTopus, UHCTUTYT U T. 1. — TeHEePUPYIOT Ha-
YUHBIE JaHHbBIE.

2. HeoO0nopoOHocmb OaHHbBLX U UX (popManos. ITta
0COOEHHOCTh ABJIAETCSA, B TOM UHCJE, CJIEJCTBUEM
npenpiayineii. PagHooOpasue MCTOUHUKOB HAHHBIX,
HaJInure MHOKecTBa o0JiacTell 3HaHUIL, IPU IPOBe-
IEeHNN WCCJIEJOBAHMUI B KOTOPBLIX I'€HEPUPYIOTCA U
HCIIOJIb3YIOTCS HayUYHbIe JaHHbIe, MHANBUIYaJIbHBIE
0CcO0EHHOCTH UCCIeI0BaTeeH 1 UCII0JIb3yeMOTr0 UMU
000pyIOBaHUS ITOPOIKAAIOT MHOT0O00Opasme BUAOB Ha-
YUYHBIX JAHHBIX 1 UX ()OPMATOB.

3. Pasnoe kauecmeo 0aHHbLX C He BCerga H3Me-
puMbIMU ¥ (HOPMATUZYEMBIMU KPUTEPUAMU U TIPU-
3HAKAMHU — TaKJKe OJHO 13 CJIeJCTBUI MHOXKECTBEH-
HOCTH WCTOUHUKOB. lIpMUYMHON MOMKET ABIATHCH
KaK HeIOJHOe CJIeOBAHNe IPUHATHIM METOAUKAM 1
CTaHAApPTaM U3MEpPeHUl, TaK U UX OTCYTCTBUE, 0CO-
OeHHO B HOBBIX 00/IaCTAX, Tl BeJeTCsI aKTUBHBIN Ha-
YUHBIA IOUCK, M YaCTO He (DUKCHUPOBAHEI JasKe CAMU
usMepseMble XapakTepucTuku. KoHeuHo, HemaJo-
BaJsKeH U YeJIOBeUeCKUH (haKTop.

4. Boavwiue 00semvl OAHHLLX W TIPU 9TOM CJIOMK-
HOCTB WJIU Ja’Ke HeBO3MOXKHOCTH OII€HUTh IePCHekK-
THUBBI UX HCIIOJb30BAHUA B JaJbHEHIIIEM 1, TeM 00-
Jjee, TMOJYUYEHUA C UX MOMOIIBI0O HOBBIX 3HAUUMBIX
HaAyYHBIX Pe3yJIbTaTOB, OCOOEHHO C yUeToM Hpob.Jie-
MbI, 0003HaUEHHOU B IPEALIAYIIEM TyHKTE.

OcobeHHOCTH PAOOTHI ¢ HAYYHBIMU JaHHBIMU U
IIPOUCXOKAEHE 9TUX 0COOEHHOCTEI .

1. Heo6x00umocmv 006MeHUBAMBCA U O0CAUMbCA
O0aHHbLMU — ONUH U3 KJIIUEBBIX (PaKTOPOB, CBA3aH-
HBIHI ¢ 0OCOOEHHOCTAMU AeATEILHOCTH HAYYHOTO CO-
00IIecTBa, ero OTKPBITOCTHIO, HEOOXOAUMOCThIO Be-
puduKanuu pe3yJabTaTOB MCCIEJOBAHUN KaK Bak-
HeHIIIero mpoiiecca B paMKaxX HayuYHOI'0O MeTOozA.

2. Pa3noobpa3ue u nocmosnHoe pasgumue memo-
006 u cpedcme 0ns ananuida danHvlx. MeTonbl aHa-
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JI3a JaHHBIX MOCTOAHHO 9BOJIIOIIMOHUPYIOT, UCCJIe-
JoBaTesu 00J1aat0T PA3IUYHBIMY KOMIIETEHITUAMU,
MeTOJaMM U CPeJCTBAMM aHaJIn3a JAHHBIX, UTO 03-
HaAYaeT, UTO U3 OJHUX U TeX JKe JaHHBIX MOT'YT ObITH
M3BJIEUEHBI pa3Hble 3HAHUA.

3. Ilompe6Hocmb 8 uHmezpayuu pPasHOPOOHbBLX
Odannbrx. Hapacratolasa TeHIeHITNA K 00beTNHEHUIO
B eIUHBIN 00'BEKT UCCIEOBAHNA PASHOPOAHBIX JaH-
HBIX 13 PA3HOPOAHBIX NCTOUHNKOB, HETPUBUAJIbHBIE
¢GOopMBI CBA3AHHOCTH AAHHBIX (Uepes IpeaMeT, 00b-
eKT, CyO'beKT HCCJIeJOBAHUI, uepes 0JIM30CTh B IPO-
CTPaAHCTBE / BpEMEHU, II0 IPYTUM KPUTEPUIM), KaK
cJeNcTBrE — HEe0O0XOAMMOCTh OZHOBPEMEHHOTO aHa-
J13a KOMIIJIEKCOB JAaHHBIX PA3HBIX TUIIOB U IIPOMUC-
XOMKIEeHUS.

4. Heo6x00umocmyv UCnoib308ambs 6bLCOKONPOU3-
sodumeavHble pecypcobl. Bo MHOTOM — 3TO CJI€CTBUE
OCTaJIbHBIX MEePEUNCIIEHHBIX 0coOeHHOoCcTeli. UMeHHO
B HayKe ¢ OOJBIIIUMEU 00 beMaMy U BbICOKOM MHTEH-
CUBHOCTBIO T€Hepaluyu HOBBIX JAHHBIX, CO MHOMKe-
CTBOM HeOIIpeJleJIeHHOCTell, HesCHOCTe! B OTHOIIIe-
HUU METOJOB W CPENCTB pelleHus 3amau (KOTopbie
TaK:Ke BHIOMPAIOTCS B IIPOIlecce HAYYHOTO MTOUCKA),
B OTHOIIEHUY MCTOYHUKOB JAHHBIX (X HYKHO CO3-
IaBaThb, MHTEI'PUPOBATH, COBEPIIIEHCTBOBATHL METO-
IUKYW W3MepeHuil / TMOoJyueHusA JaHHBIX U T. O.) U,
KOHEUYHO, ¢ IIOTPEeOHOCTHIO COBMENIATH CJIOYKHBIE 3a-
Jauy aHAJIM3a JaHHBIX C HE MeHee CJIOKHBIMU U pe-
CYPCOEMKUMH 3aJadaMUu KOMITBIOTEPHOTO MOIeJIu-
POBaHUS M3yYaeMbIX IIPOIECCOB BHICOKOITPOMU3BO M-
TeJbHBbIe KOMIOBIOTEPHBIE PECYPCHI — BaKHEUIITUIT
UHCTPYMEHT HAYYHBIX MCCJIEJOBAHUM, OCHOBAHHBIX
Ha TaHHBIX.

B pasiIuuYHBIX COUETAHUSAX BCe IepeulrCcIeHHbIe
0COOEHHOCTH MOTYT OBITh XapaKTePHBLI W IJA Ou3-
Hec-TaHHBIX, W AJA TOCYAAPCTBEHHBIX NAHHBIX, HO
TIOJTHBIMT KOMIIJIEKC CBOMICTBEHEH MMEHHO HAYYHBIM
JTaHHBIM.

PaspaboTka MoJesu OpraHM3aluyd XPaHEHUs U
HCIIOJIb30BaHUA (BKJOUAs OOMEH U TyOJMKAIIUIO)
HAYYHBIX JaHHBIX, VUUTBIBAIOIIEl IIepeduncaeHHbIe
U Apyrue 0COOEHHOCTHU 9TUX JaHHBIX 1 PA0OOTHI C HU-
MU — TIeJb HacTOosAIlell paboThl U HCCJIEeAOBAHUS
B IIeJIOM. 37eCh OIpPeJeUM KJIUYeBble CYITHOCTHU
mpoliecca paboThl ¢ HAYYHBIMY JAHHBIMU U BUBI X
B3aMMOIeHICTBUS, PACCMOTPUM PAa3JIMUYHbIE MOMAEIHN
JKMBHEHHOT'O ITMKJA HAYUYHBIX JAHHBIX ¥ OCHOBaH-
HBIX Ha HUX HCCJIeIOBAHUIl, OMUIIIEM OCHOBHBIE IIPO-
IIeCChl B paMKaX 9TUX MOJeJiel, 6a30Bble IPUHITHAIILI
OpraHM3AIlUU U YIPaBJEHUA HAYUHLIMU JAHHBIMU,
MeXaHU3MbI UX PeaJu3arun.

Ba3zoBsIe KiIacchl MOHATHI
OCHOBHOII CYIITHOCTBIO B PAMKAaX MOJEJU ABJISIET-

cA MOHATHE «HAYYHbIE JAHHLIE», OIPeleseHre KOTO-
poro chopMyIupPOBaHO B Hauaje craTrbu. Ho mperxae

YyeM IePeUrCIATh CBA3AHHBIE C HUMU CYIITHOCTUA U
yCTaHaBJIMBATh UX OTHOIIEHN S, OITPEIeJ UM PAI PyH-
JTaMeHTaJbHBIX, 0a30BBIX KJIACCOB CYIITHOCTEH / II0-
HATUM.

B mepByio ouepenb HY:KHO YKasaTh COIpPenesb-
HBIM KJacc / MOHATHE, OIpeeisiolllee CBA3b pac-
CMaTpPUBaeMbIX HAHHBIX C HAYKOH, — 39TO HAYUHOE
uccnedosanue (UaU MPOCTO UccLedo8aHUe), TION KO-
TOPBLIM OyZeM IOHUMAThH ITPOIIECC TOJYUYEeHU T HOBBIX
HAYYHBIX 3HAHUHN C IIOMOIIbI0O HAYYHBIX METOIOB.
VipolneHHass ¥ AeTaJlu3UpPOBAHHAS CXEMBI JTOTO
mpoliecca B MHTePeCcyoIeM Hac KOHTeKCTe IIpuBe/e-
HBI B pabore [5]. He BraBasich riiybOKO B JeTajinsa-
U0 ATOT'O CJIOKHOTO KJacca MOHATHUM, YCTAHOBUM
TPU KJIOUEBBIX, CBA3AHHBIX C HAYUYHBIMU HCCJIe-
IOBAHUSIMU, MOHSTUS, KOTOPbIE OYAYT SBISTHCS
OCHOBHBIMHM TOUKaMH! COIIPUKOCHOBEHUSA (B3aWMO-
IEeMCTBUS) ATOT0 KJIacca C IOHATHEM «Hay4YHbIe JaH-
HBIEe»:

— 006Bexm uccne0o8aHuUll — sIBJEHUe, IpPoIlece,
00'BEKT MU KOMILIEKC O0'HeKTOB, KOTOPhbIe M3yda-
IOTCS B XOJie MCCJIeIOBAHIIA;

— cybsexm uccaedo8aHUll — JIUIO, TPYIINA JIUI]
uam [pyras, 0ojee CJIOKHAA OpPraHU3AIMOHHAA
CTPYKTYPa, OCYIIECTBJIAOIIAS KCCJIeIOBAHUS; OT-
IeJbHBIX TpeAcTaBUTeJNell KJjacca 0000IeHHO Oy-
IeM TaKJKe Ha3bIBaTh UCCae008amenbCKas eOuUHUYA,
WU uccaedosame.iv;

— memod uccaedo8arHus — OIpeneJeHHAs IIO-
cJeIoBaTeJIbHOCTDL JAENCTBUI, IIPUEMOB, OIlepalliii,
mpuMeHseMas IPY HaAyYHOM UCCJIeTOBAHUU.

OTMeTHM, UYTO HNPAaKTHUUYECKUH BCE COBpPEMEHHbIe
BUIBI HAYUYHBIX MCCJEIOBAHUY TaK WU WHaUe OIle-
PUPYIOT C HAyYHBIMHU JaHHBIMU JIN00 NCHOJIb3YS UX,
aubo reHepupys ux, aubo u To u Apyroe. Tak:ke He-
00x0aMMO HO0OAaBUTH, UTO W HAYUHbIE 3HAHUSA B UX
00'beKTUBUSUPOBAHHOII (opMe, T. €. 3alUCaHHbIe
B BUJIe TEKCTOB UJU UHBIM CIIOCOOOM, SABJISIOTCS Of-
HUM 13 0COOBIX BU/IOB HAYUHBIX JaHHBIX.

JanbHeiilee TOCTPOCHNE NEPAPXUU KJIACCOB II0-
HATUHN GyoeM OCYIIeCTBIATH B paMKax ABYX 0aso-
BBIX TPOEK KJaccoB (puc. 2):

1) o6sexm — cybsexm — Oelicmeéue, B paMKax
KOTOPOI, B YaCTHOCTH:

— cyOBEeKT coBepIlaeT melicTBue (HaL 00 beKTOM);

— 00'BEKT IIoZiBepraeTcs BO3eCTBIUIO, T. €. Hei-
CTBHIO CO CTOPOHBI CYO'HEKTA;

2) npunyun — mexaHu3m — aman (mporecce),
B PaMKaXx KOTOPOM, B YaCTHOCTH:

— TOPUHITUAT Pean3yeTcs uepe3 MexXaHu3M;

— MeXaHU3M IIPpUMeHsIeTCs Ha sTale.

Takike yCTAHOBUM BaKHbBIE CBSI3U MEXKIY 9TUMU
TpOXKaMu:

— CyO0'BEKT IPUMEeHSIeT MeXaHU3M;

— nmeficTBUe coBepIllaeTcsA Ha aTale.

XOTs 9TU TPONKHU KJIACCOB ABJIAIOTCS JOCTATOUHO
o0IIMMu, MBI OyZIeM pacCMaTpPUBATh UX KOHKPeTHU3a-
M0 B KOHTEKCTE OPraHU3alUuY XPAHEH U U UCIIOJIb-
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[ ITpuHIUIIBL
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O0BeKTHI ]

Cy0BeKThI ]

B Puc. 2. Ba3oBble KOHIENTHI-KJIACChl OPTaHUBAIUY XPAHEHUS U UCI0JIb30BAHNS HAYYHBIX JAHHBIX
B Fig. 2. Basic concepts-classes of research data storage and usage organizing

30BaHUA HAYUYHBIX OAaHHBIX M CBA3AHHBIX C 3THM
mporieccoB. B HacTosAImeir paboTe OCTaHOBUMCSA Ha
TPOHKe «IPUHITUI — MeXaHU3M — JTall».

ITpuHIUITBI

Hauathb geranmusaiiinio 0a30BbIX KJIACCOB IIpeaJia-
raercs ¢ IPUHIIUIIOB, TAK KaK X BEIOOP BO MHOI'OM
ompezeseT CTPYKTYPY APYTUX KJIacCOB.

KiroueBble IPUHIIUIBI OPraHU3aNMUNA XPAHEHUS
HAyYHBIX [OAHHBIX CQOPMYJIHPOBAHBI MeEXKAyHA-
POAHBIM HAYYHBIM COOOIIEeCTBOM IIO[ abOpeBHATY-
poit FAIR: maHHBIe MOJI’KHBI OBITH OOHAPYKHMBI
(findable), mocTymubI (accessible), coBMecTHMBI
C MHOYKECTBOM WCIIOJIB3YIOIIUX X MH(POPMAI[MOH-
HBIX CHCTE€M M IPYr'oro IpPorpaMMHOI0 olecliede-
Hus (interoperable), «mepencmonabayemsbl» (reusable)
[10]. B macTosIiee BpeMsA aKTyaJbHbBIE JOKYMEHTHI
u cocTossHmMe Bompoca (state-of-art) moxHo HaliTu Ha
caiite GO FAIR Initiative [11]. Pasbepem mpuHIIU-
ubl FAIR.

R — Reusability

I— Interoperability]

F — Findability

A — Accessibility

B Puc. 3. IleneycTpeMyieHHAsA CUCTEMa IPUHIIUIOB OP-
raHusanuu paborel ¢ HayuyHbiMu gaHHbIMEH FAIR Data
Principles

B Fig. 3. FAIR Data Principles as a goal-driven system
of research data organizing principles

F — Findable. Ina Toro 4Tro0Obl MCIOJH30BATH
CYyIIleCTBYIOII[MEe JAaHHbIe, UX HYXKHO HaiTu. YToObI
2T0 ObLI0 JieTKo caenath, GO FAIR Initiative mpen-
Jjaraer:

— accoIUUpPOBaTh C JAaHHBIMHU IJI00AJIBHO YHU-
KaJbHBIA U YCTOWUYMBBIN uAeHTH(GUKATOP (TaxKoii
kax DOI [12]);

— cHa0KaTh JaHHBIE O0raTHIMU MEeTaJaHHBIMU /
OIMICaHUEeM;

— yCTaHABJIMBATDL UETKYIO CBA3b MEXKy MeTa aH-
HBIMU U JAHHBIMY, BKJIOUAsSI B MeTaJaHHbIe UJeHTU-
duKaTOp JAaHHBIX;

— pasMeIaTh MeTaJaHHbIe HA WHIEKCUPYEMbIX
pecypcax ¢ BOSMOKHOCTBIO IIOMICKA.

A — Accessible. I panHble, 1 MeTagaHHbBIE JOJIK-
HBI OBITh JOCTHUXUMBI X JOCTYIIHBI [IJISI [IOJIYYeHUS
0 CTAaHAAPTU30BAHHBIM (OTKPBITHIM, CBOOOIHBIM U
YHUBEPCAJBHBIM, IMOAIEP:KUBAIOIINM ayTeHTuhu-
KaIluio ¥ aBTOPM3AIUI0) IPOTOKOJAaM, a MeTamaH-
HBbI€ JOJI’KHBI ObITH JOCTYIIHBI, JasKe €CJIU CAMU JaH-
HbIe yiKe HeJJOCTYIIHEI.

I — Interoperable. JlanHBIe 00 BEIUHAIOTCA (UH-
TEerpUpPYyIOTC), AHAJIUSUPYIOTCA, XPaHATCI U 00-
pabaTeIBaOTCA PA3JIUUYHBIMU MTPUJIOKEHUIMU, CEp-
BHCaAMU, cucTeMaMu. UToObI 5TO ObIJIO BO3MOIKHO,
HYKHO:

— HMCIIOJIb30BATh OOCTATOUHO (hOpMAaJIM30BaH-
HBIH, O0IIeJOCTYIIHLIN 1 OOIIeN3BEeCTHLIN, IINPOKO
WCIIOJIb3YEeMbIH A3BIK JJIs ONMCAHUA U IIPeaCcTaBJIe-
HUSA JaHHBIX U METaJaHHbIX;

— WCIOJb30BATh CJIOBAPU, COOTBETCTBYIOIIHE
npunnunam FAIR (ormeTum, momoOGHBIE BJIOXKEH-
HOCTH / PEKYPCUU MOT'YT BBI3BIBATH KOJIJIU3UU IIPU
¢dopMasIbLHOM, B TOM YHCJIE MAIIIMHHOM, aHAJIN3e);

— BKJIIOUATh B [JaHHbIE M MeTaJaHHbIEe <«KBa-
JIUPUITIPOBAHHBIE» CCHIJIKKM Ha APyrue JaHHBIE U
MeTaJaHHbBIE, T. €. TAKHe CCBhLIKH, KOTOPhIe OYAyT
(opmas30BaTh BUJ CBA3U, 4 HEe ITPOCTO YKAa3bIBATH
Ha ee HaJauuue (3TO JOJIKHO MO3BOJUTH CTPOUTDH BO-
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KPYyT TaHHBIX CBOeoOpasHbIe CeMaHTHUUECKUe CeTH,
o amaJioruu ¢ SemanticWeb [13]).

R — Reusable. OcuosHada neab FAIR — ontumu-
3aIlis MEePEenCIoab30BaHNusa JaHHBIX. VIMEHHO el u
MIPUHITATIY <«II€PEeUCIOJIb3YeMOCTH» IOTUNHAIOTCS
ocranabHble npuHiunbl FAIR (mosTomy Ha puc. 3
OHU M300pa’KeHbl B BUAe MUPAMUILI). B momoJrHe-
HUe K HUM, [IJd MaKCUMU3AIUU 3(PDEeKTUBHOCTU
WCIIOJIb30BAaHUSA HAYUYHBIX NAaHHBIX, Ipejiaraercs
CKOHIIEHTPUPOBATHCSA HA KAUECTBEHHOM OIMUCAHUU 1
aTpuOyTUPOBAHUY NAHHBIX, B YaCTHOCTH:

— BBIIIYCKATh JaHHbIE B COMPOBOKAEHUY TOHAT-
HOIi ¥ JOCTYITHO¥ JIMIIEH3WM Ha MCII0JIb30BaHUE;

— IOAPOOHO OIUCHIBATE (UJIU YKA3BIBATH) IIPOKIC-
XOKIeHUe TaHHBIX;

— COOTBETCTBOBATH CTAHIAPTAM U PEKOMEHIA-
IMUAM CcoOOIIecTBA B COOTBETCTBYIOINEH o00JacTu
3HAHUM.

3Iech HEOOXOAWMO OTMETUTH, UTO BO3HHKAET
OUYeHb TOHKasA I'PaHb MEKY dJIeMeHTaMU NepPapXuu
MIPUHITAIIOB U MexaHu3MaMu (uxX peasusainuun). Tak,
npunnunsl F, A u I geranusupyror npuunun R, pac-
KPBIBAs YacTb MEXAaHU3MOB [JIS €ro pean3aliiu.
IToM Ke IIeJi COOTBETCTBYIOT KJIOUEBBIE YCTAHOB-
KU A nHGOPMAIMOHHO-aHATUTUYECKON CUCTEMbI
TMOAIePsKKY HAYUYHBIX MCCJIEJOBAHUM, OCHOBAHHBIX
Ha WHTEHCHUBHOM WKCIIOJIb30BAHUU ITM(PPOBBIX maH-
HBIX, chopMyIupoBaHHEIE B padore [5]. Ymomsauem
Te U3 HUX, KOTOPbIe AOMOJHAIOT mpuHIunbl FAIR
WM MEeXaHM3MBbI UX peajusaliuu (OMUCaHHbIe B Je-
TaJU3aIUU STUX IPUHITUTIOB).

Usability@Top — yno6cTBO MCIOIB30BAHUSA
IIPEeBBIIIIE BCEro. YCTAHOBKA OpHMEHTHPYeT Ha obe-
cIeueHmre uccjegoBaTesiell KaKk TeX, KTO IMJIaHUPyeT
HCIIOJIb30BAHUE UYIKUX JAHHBIX, TAK U TeX, KTO Je-
JIUTCS CBOUMHU JAHHBIMU, HEOOXOMUMBIMHU IJIS DTOT'O
WHCTPYMEHTAMH, OTAaBasi IPUOPUTET MIPOCTOTE U
yIOOCTBY MCTIOJIb30BAHUA.

StoreEverything, IntegrateData, Combine-
Resources — xpaHeHmue BCeX BUIOB JAHHBIX, NHTE-
rpaiusd TaHHBIX U KOMOMHUPOBAHNE PECYyPCOB IJIs
cHaOKeHuA HCCJeIoBaTeNieli MHCTPYMEHTAMU IJIs
TIOCTPOEHUA PA3JIUYHBIX CJOKHBIX KOJJIEKITNI JaH-
HBIX U UX COBMECTHOTO aHAJIM3a C UCIOJIb30BaAHNEM
BCeX JIOCTYITHBIX BBIUYNCIUTEIHHBIX PECYPCOB.

UseEverythingKnown — mcmnosib3oBats Ipu pa-
6ore ¢ maHHBIMU (Hampumep, Opu (OPMHUPOBAHUU
KOJIJIEKITUIT 1 TTOA00pe aHAJIUTUYECKUX UHCTPYMEH-
TOB JIJ1 PaObOTHI ¢ HUMM) BCIO BOBMOYKHYIO (IOCTYII-
HYI0) mHpopMaIuio. Kpome mpouero, sTa ycTaHOBKa
paciupseTr BUALI XPaHUMOU MH(GOPMAIUU HOIOJ-
HUTEJbHBIMA METAJAaHHBIMU, IIPeIHASHAUCHHBIMU
I BBIOOpA MHCTPYMEHTOB (IIPOTpPaMM, CEPBUCOB)
st paboTh! (aHAMM3A U 00PabOTKM) ¢ PA3JIUYHBIMU
TUIIAMU JAHHBIX.

FromPrivate2Public — c¢ omHOIf CTOPOHBI, 5TO
dopma mpuumuma A (accessibility), Bx.rouaroras
BOIIPOCHI ayTeHTU(GUKAIINN 1 aBTOPU3aInuU, obecIre-

yeHus KOH(MUIEHIIMAJIbHOCTY XPAHUMBIX MTAHHBIX,
¢ IPYTO¥ CTOPOHBI — 9TO YCTAHOBKA HA Peaim3aluio
TMPUHITUTIA OTKPBITOCTH, KOTOPHIN €CTEeCTBEHHO I0-
TMOJIHAET APYyTrue IPUHIIUIIBI, HallpaBJIeHHbIE Ha pe-
aJM3anui0 IMPUHIIUIIA TEePEUCIIONb3yeMOCTH: YTOObI
HayYHBIE JaHHBbIE MOXKHO ObI1JI0 3h(GeKTUBHO TIepernc-
M0JIb30BATh, OHU JOJIXKHBI OBITh OTKPBITEIME [14, 15].

EnlightFromAnywhere u OntologizeAll — co-
6upaTh BCi0 MHGOPMAIUIO U3 BCEX MOCTYIHBIX HC-
TOUHUKOB JIJIsI IIOCTPOEHUS U IOCTOSHHOT'O PACIIH-
peHusA W YTOUHEHUS CeMAHTHUYECKON CeTH BOKPYT
IaHHBIX: KaK WX OTHEJbHBIX DK3EeMIJIAPOB, TaAK U
KOJLJIEKIIUY JaHHBIX U Ja’Ke BCEH MOCTYIITHON COBO-
KYIHOCTY HAayUYHBIX JAHHBIX. JTa YCTAHOBKA YKAa3bI-
BAET, UTO HYKHO HE TOJHLKO CO3/TaBaTh BO3MOMKHOCTU
IJIS1 TIOCTPOCHUS CEMAaHTHUUYECKUX CeTell BOKPYTr Ha-
YUYHBIX JAHHBIX, HO ¥ CTPOUTH UX, YTOOBI MOMKHO OBI-
JI0O MCIOJIL30BaTh UX HPU (POPMUPOBAHUU KOJLIEK-
Ui JAHHBIX, IIOJ00Pe MHCTPYMEHTOB AJIA PaboOThI
¢ HUMU [5].

JdTanbl U IPOIECCHI

Heranusamuio Kjaacca 9Talbl OPraHus3auy Xpa-
HEHUs U UCIOJIb30BAHNS HAYUYHBIX NJAHHBIX HAYHEM
¢ ormcaHusA (BbIOOpPA) *KU3HEHHOTO ITUKJIA HAYYHBIX
maHHbIX. B HacTosIlee BpeMsa HET KaKOM-TO 00Iie-
MPUHATON MOEJIU KUBHEHHOI'O ITMKJAa HayJYHBIX
TaHHBIX WJIM HCCJIENOBATENBCKUX ITPOEKTOB, OCHO-
BAHHBIX HAa MCIIOJIb30BAHUM NAaHHBIX. CBOM MOIeIN
chopMupOBAIN PA3IUUYHbIe HAYUHBIE OPraHU3AIIUNA
u coob1rtecTBa. Yarie Bcero — 3To 6UOJIMOTEKN YHU-
BEPCUTETOB M HAyUYHBIX OpraHm3aIuii, YTo HaKJa-
IBIBAET CBOI OTIIEYATOK HA MOJEJIN: OHU OPUEHTU-
pOBaHbI OOJIbIIIE HA IPUBBIYHBIE IJIs OUOJIMOTEK 3a-
mauu cOopa, COXpPaHEeHUS U MIPEeNOCTABICHUS TOCTY-
Ia K JaHHBIM, OPraHU3aIluI0 UX KaTAaJOIM3AIlUU U
nuTupoBanus. OTHON M3 TAKUX MOJEJEN SBJISeTCs
MOJIeJIb YIPABJICHUSA KUSHEHHBIM ITUKJIOM HH(OP-
manuu [16], rme ocCHOBHOM yIIOp clejlaH UMEHHO Ha
MIPOPabOTKY MOKYMEHTAJbHBIX WMCTOYHUKOB, IIOJ-
TOTOBKY U IYyOJIUKAIHIO JOKYMEHTOB, COITPOBOKIA-
omux AaHHble. Takske sTo Mojenu Bubianorexku
HaHLAHCKOTO  TEXHOJOTMUYECKOI'0 YHUBEPCHUTE-
ta NTU Library (https://blogs.ntu.edu.sg/lib-
datamanagement/data-lifecycle/), amepuramcKO
HamnuonaabHOM ceT 6MOIMOTEK B 00JIACTH MEIUIIU-
uel NNLM (https://nnlm.gov/data/data-life-cycles),
Bubauoreku YuuBepcutera Kapmerm — Memona
CMU Library (https://library.cmu.edu/datapub/
dms/data/101), Bubanorexu YHUBepcuTeTa IIITA-
ta Bupgsxuausa UVA Library (https://data.library.
virginia.edu/data-management/lifecycle/).
BoJBIINHCTBO U3 HUX ONEPUPYIOT IATHIO 0A30BBI-
MU CTAAUAMU-ITAIIAMU KMSHEHHOI'0 IUKJA Hayd-
HBIX JAHHBIX B PA3JINUYHBIX BapUAUIX: ILJIAHHPO-
BaHMe — IIOJIyYyeHVe JaHHBIX — 00paboTKa / aHa-
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JIN3 — COXPaHeHWe — IEePeuCIIob30BaHUe, — II0-
pasHOMY pacKpbIBas HEKOTOPbIE U3 HUX U (DOPMUPYI
B HUX IIUKJIBI. CX0Kasi c Ha3BAaHHBIMY BBIIIIE MOJIEIb
npeaigoxxerna DDI Alliance (http://www.ddialliance.
org/training/why-use-ddi). AmMepukaHckoe reorpa-
¢puueckoe obimrectBo USGS mpeacTaBuIO0 HEIUKJIN-
YEeCKYI0 ITeCTUITAIHYIO MOJAENb, 3aKaHUYNBAIOIIYIO
JKU3HEHHBIN ITUKJ PaboThl ¢ HAYUYHBIMHU AAHHBIMU
nyonaukamuesn (cm. [17], https://www.usgs.gov/
products/data-and-tools/data-management/), ume-
IOIIYI0, OTHAKO, OTAEJIbHBIE YPOBHU / CJIOU IJIS 3a-
JIad ONMCAHUSA NAHHBIX, YIPABJICHUS UX KAYeCTBOM
u obecreueHusA WHMOPMAIIMOHHON 06e30IIacHOCTH.
B mopenn, mpencraBieHHON M mucmoab3yemon Data
Observation Network for Earth’s (DataONE, https://
www.dataone.org/data-life-cycle), B ormesnnHbBIE 9TA-
IILI BBIJIEJICHBI 3aJaYM IIPOBEPKHU JAaHHLIX (assure),
ux onucanusd (describe) u marerpanuu (integrate).
Brizesienne 3amaun IPOBEPKU KAueCTBA JAHHBIX —
BA’KHBIN 11T B HAIIPABJIEHUU CO3JaHUA XPaHUJIUII
¥ YIIPaBJIEHUSA HAYYHBIMU JaHHBIMU U3 PA3HBIX WC-
TOUHHNKOB, B TOM UNCJ€e HeTOBEPEeHHBLIX, a 3aJaua
MHTEerpauy JaHHBIX He00X0IuMa IJis 00eCIeueHn s
uccjeqoBaTesieli HOBBLIMH BO3MOYKHOCTSIMH, BO3-
HUKAOIUMU IIPU aHaJIN3e CJIOMKHBIX KOMILJIEKCOB
PA3HOPOIHBIX HAHHBIX M3 PA3JIUYHBLIX MCTOUHUKOB
[5]. BoJsiee cno:kHasA U MHOT'OCJIONHAS MOJAEJb IPe.I-
noxxena Digital Curation Centre DCC (http://www.
dcc.ac.uk/resources/curation-lifecycle-model), xo-
TOpas KOHIEHTPUPYETCS BOKPYT 3amauud yIIpaBJie-
HusA (KypUPOBAHUS) HAHHBIMY, B 9TOM CMBICJIE SB-
JAoIasaca Hanbojee IIOJIHOM U3 pacCMaTPUBAEMbIX,
OIHAKO MCIIOJb30BAHMIO JAHHBIX B 9TOM MOJEIN BbI-
JleJIeH TOJIbKO OOUH OJIOK (ZOCTYII / MCIIOJIb30BaHUE /
nepeuncnoab3oBanme) u3 6osee uem 10; B ux mMozesin
TIOABJIAETCA BasKHBIN sTanm — dispose, T. e. yxaJe-
Hue / n3baBJeHUE OT JAHHBIX, KOTOPBIN TECHO CBSA-
3aH C 3a/la¥aMU OIIeHKU KauecTBa U 0TOOpa JaHHBIX.
Yucio mMopeseil JKU3HEHHOTO ITMKJIA HAYYHBIX
IaHHBIX AaBHO mpesBbicuio 50. Komwurer mo cmyTt-
HUKOBBLIM CHCTEMAaM IJIs HAOJIIOLEeHHUS 3a 3eMJell
(Committee on Earth Observation Satellites —
CEOS) menan HECKOJIBbKO BepcHil 0030pOB pasyimy-
HBIX MOjeJieli, ¢ Bepcueil 1.2 MOXXHO 03HAKOMUTBHCSH
B oTuete [18]. O630p5I ¢ KIaccupuraleir 1 KPUTU-
YeCKMM aHaJU30M pPsAga Mofesell »KU3HEeHHBIX IH-
KJIOB MCCJIEIOBAHUN 1 yIIPABJIEHU HAYYHBIMU JAH-
HBIMHY MOKHO HaliTu B paborax [19 u 1].
BogbIINHCTBO YIOMAHYTBIX MOJAEJel KU3HEH-
HOTO IMKJIA HAYYHBLIX JAHHBIX WM OCHOBAHHBIX Ha
HUX WCCJIENOBAHUI TaK WU MHAUYE COCTOAT U3 CXO-
JKHX 9TAIlOB / IPOIECCOB, II0-PA3HOMY BBICTPAWBASA
UX B I[EIIOYKM, OPraHu3ysA OOIUIl M BHYTPEHHUE I[H-
KJIBI, a TaKJKe ImapaJiejbHbIe mpoiieccbl. OTmMeTum,
YTO CYIIleCTBYIOIIee MHOT000pa3ye MoIesIei 3acTaB-
JISIeT 0CO3HATh, YTO KAKOMN-JI100 00IIeli MOLeJ N HeT
U BPAJM JIU I1eJIecO00pa3HO TMHITATHCS €€ CTPOUTD,
YTO OCOOEHHOCTH WCCJIENOBATEIHLCKUX IIPOIIECCOB

TaKOBBI, UTO B KAXKJIOM OTAEJIHHOM CJIydYae, B KaiK-
IOM IIPOEKTe MJIU HAayUHOU 3ajaue BOSHUKAIOT CO0-
CTBEHHBIE IIOCJIeJOBATEJIbHOCTH IEHCTBUMN C JaH-
mHeiMu. OIHAKO BCe OHU TaK MU MHAUE CONEpP:KaT U
YKJIAIBIBAIOTCS B UEThIPE OCHOBHBIE CTAAUU: IIOJIY-
UeHNEe — COXPaHeHUe U UCI0JIb30BaHUe — n30aBJje-
Hue (yoajeHune), — UYTO COOTBETCTBYeT MaKCHUMAaJIb-
HO 0600IIIeHHOMY *KU3HEHHOMY ITUKJY JII000TO IPOo-
IyKTa.

J1a nanbHEHIel JeTaJdns3aluny Kjaacca IIepevunc-
JIIM TI0 BOBMOJKHOCTHU BCE 9TAIIBI U IIPOIIECCHI B XO/I€
paboThI C HAYYHBIMU JaHHBIMU.

1. ITonyueHme — mpoItecc «BOSHNKHOBEHUA» JaH-
HBIX Ha CTOPOHE MX HCTOYHUKA. «BOZHMKHOBEHUE»
3leCh B KaBBIUKAX, TaK KaK JaHHBIE YK€ MOIJIN
CYIIIeCTBOBATh B MCTOUHHUKEe (HAIIPpUMEDP, B CHCTEMEe
XpaHeHUA) U B PAMKAaX 9TOTO IPoIlecca MOTJIA OBbITH
IPeabABJIEHBI UX COMCKATEJNIO, HO B TO K€ BpeMdA
OHUM MOIJIA OBITH CreHEPUPOBAHBI C IIOMOIILIO CEeH-
COpPOB / IeTEKTOPOB / KOMIBIOTEPHOT'O MOJIEJINPOBA-
HUS U OP.

2. Cbop — mporecc coopa UIN arperamuu JaH-
HBIX U3 Pa3HBIX UCTOYHUKOB IJIs IOCJENYIOIIeil pa-
0OTHI C HUMM.

3. Pasmerrienue, COOTBETCTBEHHO, B CHCTEMax
XpaHeHUs JaHHBIX.

4. IlpoBepka KauecTBa — IIPOIIECC, B XOZe KO-
TOPOT'O BBIIIOJIHAETCS CBOEOOpa3HOEe UCCJIeTOBaHUE
ITaHHBIX Ha IIPeIMeT COOTBETCTBUS TPeOOBaAHUSIM
WM OXKuJaHuaAM. Bo BpeMsa IpoBepKY KauecTBa MO-
T'yT OBITH IPOBEIEHbI:

— OIleHKa KaJyecTBa — T. €. IPUCBOEHUE HEKO-
TOPOHM MCUYUCIMMON XapaKTEePUCTUKU (B TOM UHUCJIIE
BEKTOPA XapaKTEePUCTHUK) KAYECTBY JAaHHBIX;

— paHKUPOBaHUE — T. €. OIPeJieJIEHIe «MeCcTa»
cpenu aHaJIOrOB Ha OCHOBE IIOJIYYeHHOI OIeHKH.

5. Onucanue — cHaOKeHIe JaHHBIX MeTa aHHbI-
MU, B TOM YHCJIe IPOU3BOJIBHBIM T€KCTOBBIM OIIUCA-
HUEM.

6. Tunusanus — OTHECEHUE JaHHBIX K KaKOMY-
00 M3BECTHOMY TUITY JAHHBIX U IPUBA3KA K COOT-
BETCTBYIOIIIM WHCTPYMEHTaM 00paboTKU U aHaJIu-
3a.

7. CBaA3BIBaHNE — IIOCTPOEHUWE CBA3€H MTaHHBIX
C IPYIUMU AAHHBIMU, B TOM UHCJE C JOKYMEHTAMU,
CTATHSAMU, OTUYETAMHU U IIP., 4 TAKKE C UHBIMU 00b-
eKTaMU U CyO'beKTaMu, HATIPUMED, C TOJYUUBIITUMU
WX UCCJIeOBATENAMU UJIU C 000PyAOBAHMEM, HA KO-
TOPOM OHU OBLJIV ITOJIYYEHBI, METOZAMU 00PaOOTKY U
aHanau3a u Apl

8. Opranusamnusa — BCTPaMBaHNE B CYIIIECTBYIO-
Ui KOMILJIEKC BCeX HAaHHBIX Ha OCHOBE IIOCTPOEH-
HBIX CBS3€EM.

1CaseIBaHME C MeTOZAMHU MOXKET IIPOMCXOAUTH, Ha-
IpuMep, IyTeM OTHECEHUS K OIPeIeIEeHHOMY KJIACCy JaH-
HBIX, VIS KOTOPBIX YiKe YCTAHOBJIEHBI CBSA3U C METOLAMU
00paboTKM 1 aHAINU3a, T. €. B pAMKaX TUIIU3aIl1H.
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9. CoxpaHeHHe — MPOIIECC, B paMKaX KOTOPOTO
obecmeunBaeTCA COXPAHHOCTD JaHHBIX (BKJIOUAA UX
IIeJIOCTHOCTB).

10. ITorck — mporiecc MOJYyUYeHUsI TOUHOTO yYKa-
3aTejid Ha KOHKpPETHbIe HaHHBbIE WU HaOOpHLI JaH-
HBIX, COOTBETCTBYIOIIUX KPUTEPUSIM IIOMCKA.

11. KomOuHUpOBaHMEe — TIPOIECC IIOCTPOEHUS
KOJLJIeKIIuii (HabopoB, KOMOMHAI[NM, KOMILJIEKCOB)
JTaHHBIX II0 3aJaHHBIM KpurepuaMm. Kpurepuamu
MOT'YT OBITh KaK IIPsAMOe YKasaHue Ha 00'beKThI JaH-
HBIX, TAK U PasjaudHble (PUILTPHI, 8 CAMU KOJIJIEK-
YU MOTYT OBITh KAaK HEYIOPSAAOUEHHBIMU, TaK U
YIOPAJOUEHHBIMY UJIU CMEeIIaHHBIMU.

12. Bei6op MeTomoB 06pabOTKM — IIpoIecc, pe-
3yJBTAaTOM KOTOPOTO SBJIAETCA MeTOH (KOMIIJIEKC
METOIOB) AJiA 00pabOTKM JaHHBIX.

13. OopaboTka — MpoOIlecc, B paMKax KOTOPOTO
IaHHBIE IIPeo0pasyioTcA B APYyrue AaHHbIe, KOTO-
pble, Hampumep, yaoOHee MCIOJIb30BaTh MJIS MOCJIe-
IYIOIIero aHaauaa.

14. Be160op MeTOI0OB aHAIM3a — aHAJIOTUYHO 1. 12
LA aHAJIM3a JaHHbIX.

15. Amaaus — mpoliecc, pe3yJIbTaTOM KOTOPOTO
ABJISIETCA HEKOTOPOE HOBOE 3HaHME 00 00beKTe Uan
Cy0O'beKTe MCCJIeIOBAHUS, K KOTOPBIM OTHOCSTCS
TaHHbIEe, UJIN O CAMUX JaHHBIX.

16. UaTerpanusa — KOMILIEKCHBINA ITPOIIECC BHI-
0opa MJIM COCTABJIEHUSA KOJIJIEKIINY JAHHBIX U METO-
OB (TEXHOJIOTUM) UX COBMECTHOII 00paboTKM / aHA-
JIn3a, Pe3yJabTaThl KOTOPHIX HEBO3MOYKHO IIOJYUUTH
6e3 TaKkoi COBMeCTHOU o0paboTku / aHaamusa (T. e.
IPU pas3eJbHOM aHaJIN3e 3JIEMEHTOB KOJIJIEKITNN).

17. OGecmeuenue AOCTyIIa — KOMILIEKC Mep, II0-
3BOJIAIOIINI COMCKATEJIO JAHHBIX MOJYUYUTDH UX He-
IIOCPEACTBEeHHO JI00 YKa3aTh HCIIOJb3yeMOMY MIJIS
ux 00pabOTKU MU aHAJM3a CEPBUCY, I'Ne U KaK UX
B3STb.

18. IsyueHre orpaHWYEHWI Ha Nepefady OaH-
HBIX TPETHUM JIMIAM, OTPAHUYEHUS MOTYT OBITh
CBSI3aHBI C JEHMCTBUEM IOPUINYECKUX U ITUYECKUX
3aKOHOB 1 HOPM, a TaKJKe C yUYeTOM IIPaB IIePBEHCTBA
Y KOMMEPUYEeCKOM TalHbI.

19. Opranmusaiiusa obMeHa — obeceueHmre JOCTyIIa
K JaHHBIM M30paHHOMY (YKa3aHHOMY HEIOCPeACTBEH-
HO 11 B (hopMe KpUTepUs) KPYTY «TPEeThbUX JIUIly (Ha-
IpuMep, U3 APYTOH II0 OTHOIIIEHUIO K BJIaIeJIbIy JaH-
HBIX HAyYHOU OPraHU3aInu / 1abopaTopun).

20. IIybnukaiusa — obeclieueHue AOCTYIIa K JaH-
HBIM IIPOMBBOJILHOMY KPYTY «TPETHUX JIUIL».

21. [TutTupoBaHMEe — MPOIlECC YKA3aHUA Ha WC-
MOJIb30BaHUe JaHHBIX IIPU IIOATOTOBKE OTUETa, IIy-
OJIMKAIUMY WUJIN MHON HAyUYHOU paboTHI.

22. YTunusanusa — MPOoIecC YHUUTOKEHUA JaH-
HBIX, HAIIPUMeD, 10 3aJJaHHOMY KPUTEPUI0, TAKOMY,
KaK OI[eHKa BOCTPeOOBAHHOCTH, KAUECTBA WJIN COOT-
BETCTBYIOIIUH PEATHHT.

31ech OIMyIIeHbl ATalbl MJIAHUPOBAHUS, TAK KaK
OHU OTHOCATCA He HeIIOCPeICTBEHHO K paboTe ¢ JaH-

HBIMHU, a, B OOJIBIIEH CTEIIeHN, K OPraHu3allu KC-
CJIEIOBAHUM U SKCIIEPIMEHTOB B I[€JIOM.
KoMm0OuuMpoBaHMe MepeurcIeHHbIX 9TAl0B B I[U-
KJIBI IeATEeJIbHOCTH B COOTBETCTBUU C IEJIIMU U 3a-
JayaMy MCCIeLOBAHUA — DTO OJUH U3 MEXaHU3MOB
OPraHM3aIlu XPAHEeHU 1 NCIOJIb30BAHNSA HAY YHBIX
TaHHBIX, KOTOPBIM IIOCBAIIEH CJIeAYIONUN pasmell.

MexaHuU3MBbI

OueHb BayKHO, UTOOBI A KAKAOTO IPUHITUIIA
CYIIIECTBOBAJIM MeXaHU3MBI €70 Peain3alium u Kark-
JIIOMY dTaly / IPOIECCy TaK Ke COOTBETCTBOBAJ XOTA
OBl OVH MEXaHM3M, PeaJu3yeMblii B pAMKax dTOTO
sTama / mporecca.

MexaHu3MBI pasHeceM Ha TPU YPOBHSA: IBa MH-
CTPYMEHTAJIbHBIX — allllapaTHBIA 1 MPOTrpaMMHEBII
(KOTOPBIN Aajiee MOYKET ObITh pasfesieH Ha YPOBEeHDb
n1aTOpPMBbI 1 YPOBEHD IIPUJIOKEHUI), a TaKKe opra-
HU3aI[MOHHO-MeToauYecKuit. WHCTPyMeHTAIbHBIN
YPOBEHb MOOCTYIIEH IIOJIb30BATEJNAM (YUaCTHHUKAM
mpoiiecca paboOThl ¢ HAYYHBIMU NAHHLIMH) B BUJE
MHMOPMAIMOHHBIX CHCTEM U CEPBUCOB, UX AeTaJIu-
3anuA nmogpoOHee IIpecTaBaeHa B padorax [5, 6].

PaccMoTpuM MeXaHUSMBI 0P2AHU3AUUOHHO-MEmo-
duueckozo yposHs. B mepByIo ouepenb — 9TO AOKY-
MEHTBI, PETYJIUPYIONe AesTeJTbHOCTh II0 OpraHm3a-
MUY XpaHEeHUA U UCIIOJIb30BAHUA HAYUHBIX JAHHBIX:
TOJIUTUKY, PEerviaMeHThI, WHCTPYKIIUM, PEeKOMEeHIa-
1IN, JIYUIIIVEe TPAKTUKN, — KOTOPBIE 00pa3yIoT pezy-
JLAMOPHBLIL KJIacc.

ITomuTUKM — KOMILJIEKCHI IPUHIIUIIOB, OMIMCAH-
Hble B ()OpMe YCTaHOBOK JJIA YYaCTHUKOB IIpoIecca
paboThI ¢ HAYYHBIMU AAHHBIMU. [IOJTUTUKU MOTYT
OBLITH HAITTPABJIEHBI Ha PA3HbIe YaCTHBIE I1eJIH1, IT09TO-
My UX MOKeT ObITh MHOTO. [IpuMepaMu MOTyT OBITH
«ITomuTUKa OTKPBLITUS MaHHBIX», OMMUCHIBAIOIIALA,
IpU KaKUX YCJIOBUAX M KOT[la HAyYHbIe JaHHBIE MO-
TYT WU AOJYKHBI OBITH OTKPBITHI (OIIyOJIMKOBAHBI),
nin «IloTuTKa COXpaHeHnua JaHHBIX», AaHAJOTUYHO
oIrpeseIAoNIad YCJAOBUSA COXPAaHEHUS U yAaJIeHUS
(yrunusanuu) gaHHbIX. [lomuTuku 6a3upyroTcsa Ha
NPUHIIUIIAX U HaIpaBJeHbI HA WX COOJIOfeHUe U
mpuMeHeHUe. XapaKTepHbIe CBA3Y I MTOJTUTUKYA —
«CYO'BEKT IMPUIEPIKUBACTCS MOJUTUKI», «IeHCTBUE
COOTBETCTBYET TOJUTUKE», «IIPUHITUII OXBATHIBAET-
CsA TIOJTUTUKOM».

PernameHTBI — CBOJBI ITPABUJI, OIIPEIEIAIONTUX
YCJIOBUA B3aMMOAEUCTBUA TIIPU HUCIIOJb30BAHUU
pecypcoB (HampuMmep, MHPOPMAIIMOHHBIX CHUCTEM,
00'BEKTOB JAHHBIX U KJACCOB OOBEKTOB JAHHBIX).
IIpumep — «PermameHnT ucnosb3oBaHUA MH(MOPMA-
IIMOHHOII cuCTeMbl». XapaKTepHbIe CBA3U IJA pe-
TJIaMeHTa — 39TO «CYyOBEeKT CcOOJIofaeT perjiaMeHT»,
«CyO'BeKT COBepIIIaeT AeHCTBHE M0 pPerjaMeHTy»,
«peryiaMeHT pa3pabaThIBAETCs B COOTBETCTBUHU C TIO-
JUTUKOM».
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WHCTPYKIIMYU — comepKaT ONMMCaHUA IIOCJIeq0Ba-
TeJbLHOCTEeH MeMCTBUU B TeX MJIM WHBIX CUTYaAIlUIX,
IpeyCMOTPEHHBIX peryiaMeHTaMU, HallpaBJIEHHBIX
Ha pellleHre KOHKPETHBIX KJlaccoB 3amad. [Ipumep —
«HCTPYKIUS TI0 PA3MEIeHUI0 JTaHHBIX B CUCTEME».
XapaKTepHble CBA3U AJIS MHCTPYKIIUUA — «CYO'BEKT
JIeHICTBYeT II0 UHCTPYKITUM».

Pekomengamnuu — HaOOPHI COBETOB O AEMCTBUAX,
KOTOpBIEe MOYKHO MPEATIPUHATDH IPU BOSHUKHOBEHU U
TeX UJIN UHBIX TIPo6JIeM, I PerieHn s KOHKPEeTHBIX
sagau. Ilpumep — «PexkomMeHZamuu mo aHHOTUPO-
BAHUIO JAHHBIX U CHAOKEHUIO MX METAJaHHBIMU».
XapaKTepHas CBSIBb — «CYO'h€KT BBIIOJIHSIET PEKO-
MeHJAIIU0».

Jlyumme mnOpakTUKUM — (QOPMBI HMHCTPYKIIUH,
KOTOpbIE II0 WTOTaM WCIIOJb30BAHUA HPUBOIUIN
K JIY4IIUM pe3yjbTaTaM B PeIeHNur KOHKPeTHO
3aaum, KOT/Ia peIlleHyre dTO 3ajJaum He SBJISAETCS
opHo3HauHbIM. [IpuMmep — «Jlyunasa npakTuka Ipu
KOMILJIEKCHOM aHaJu3e AAHHBIX KOHKPETHOTO TU-
ma». XapaKTepHas CBA3b — «CYOBEKT CJeyeT Jyu-
el IpaKTUuKe».

Hpyroit momkJacc, KOTOPBIN BKJIIOUAaeM B OpP-
TaHU3AIIMOHHO-METOANYECKUN YPOBEHb MeXaHM!3-
MOB — Memoduieckuil, OH COCTOUT U3 TeXHOJOTHII,
METOAUK, METOZO0B U AJITOPUTMOB. DK3EMIIIAPHI 3TO-
r'0 KJlacca MOT'YT OBITH OIIMCAHbBI B BUE WHCTPYKI[UH
WY JIYYIIUX TPAaKTUK, Pean30BaHBI B BUIE KOM-
MBIOTEPHBIX MIPOTPaMM, JOCTYITHBI B MH(POPMAIIHMOH-
HBIX CHCTeMaxX MJu B (popme MHPpOPMAIIMOHHO-BbI-
YUCJIUTEIbHBIX CEPBUCOB.

CmpyxkmypHo-0p2aHU3aUUOHHBLIL TIOJKJIACC Opra-
HUBAIIMOHHO-MEeTOINYECKOT0 YPOBHA KJacca Mexa-
HU3MOB BKJIIOUAET CXE€MbI OPraHU3aIlNN NeATeIbHO-
CTH U IIPOIIECCOB XPaHEeHMWA 1 MCIOJIb30BaAHUA HAY Y-
HBIX TaHHBIX. ITO, COOCTBEHHO, MOIEJIN JKU3HEHHBIX
IIUKJIOB [IaHHBIX, OPTaHU3AIMOHHBIE CTPYKTYPBHI,
CXeMBbI B3aUMOJENCTBUA CYO'HEKTOB 1 00HEKTOB ITPU
paboTre ¢ HAyYHBIMY JAHHBIMHU.

3aKIouyeHune

B pa6oTe onrcaHbl 0COOEHHOCTY HAYUYHBIX JAHHBIX
¥ pabOTHI C HUMU, KOTOPBIE 3aCTABJIAIOT CTPOUTD CIIe-
IIAAJILHBIE MO, OIMCHLIBAIOIIE U OIPeae IAoIe
CII0COOBI U cpeficTBa AJA 3(P(PEeKTUBHOrO MCIIOJIh30Ba-
HUSA TAKUX JAHHBIX, T. €. JJIA TOJYUYEeH!A Ha UX OCHOBE
MaKCHUMaJIbHOTO KOJIMYECTBA HOBBIX HAYYHBIX 3HAHUH.

PaccMoTpeHBI U OmMHMCAaHBI IPUHIIUIIBI, Ha KOTO-
PBIX MOXKET OCHOBBIBATLCS OPraHU3aIlUA Xpame-
HUS U UCIIOJb30BAHUA HAYUYHBIX HAaHHBIX. 3a OCHO-
By npuHaAThl npuHnunsl FAIR [10], momosneHHBIE
ycraHoBkamu [5]. IIpmHIIUTIBI MOTYT KOMOWHUPO-
BaThCA B PA3JUYHBIE MOJUTUKU. [Ipumep:KuBasch
TeX WJIU UHBIX MOJUTUK, UCCJIe0BaTeu, paboTaio-
e ¢ JaHHBIMHU, OCOOEHHO Te, KTO UX TeHEepUpYyerT,
CIIOCOOCTBYIOT JOCTUIKEHUIO IeJel MOJUTUK, IeH-
TpaJbHad 13 KOTOPBIX — 3(P(EeKTUBHOE WCIOJIb-
30BaHMe U IE€PEeNCIIONb30BaHWEe HAYUYHBIX JAHHBIX.
IIpencraBiena wepapxusi MeXaHU3MOB, KOTODPBIE
MOT'YT IPUMEHATHCA IPU paboTe ¢ HAYUHLIMU TaH-
HBIMU AJIS PEIIeHNs HaYyUHBbIX 1 OpTaHN3aI[MOHHBIX
s3agmau. [lepeuncyieHbI OCHOBHBIE ITPOIIECCHI / 9TAIIbI
JKMBHEHHBIX ITUKJIOB HAYUHBIX JAHHBIX U IPOIECCOB
uccJIefOBaHUM, OCHOBAaHHBIX HAa HUX. PaccMoTpeH
pAL TPUHATHIX MOJeJel TaKUX KU3HEHHBIX IU-
kJioB. IIpenyiaraercss BMECTO IIONBITKU IIOCTPOUTH
YHUBEPCAJbHYIO MOJAEJNb KUCIIOJIb30BaTh UJIU CO31a-
BaTh MOJeJM Ha OCHOBE ITPEACTABJIEHHOI'O CIHCKA
HTATIOB IO KOHKPETHBIE CJAyYau MU KJIAcChl 3a1au
HMCCIeIOBaHMiT, OCHOBAHHBIX HA JaHHBIX.

Taxum 06pasoM, IIOCTPOEHO AAPO UePAPXUY ITOHS-
TUH AJA 00JacTU 3HAHUM «OpraHmu3aluda XpaHeHUs
¥ WCIOJIb30BAHUA HAYUYHBIX NAHHBIX», MeTAJIU3UPO-
BaHHOE B YACTHU KJIACCOB IIPUHITUIILI, MEXaHU3MbI U
sranbl. [lajgbpHEHININE MCCIe[OBAaHUA OyoyT Halpas-
JIeHBI Ha JeTaJu3aInio KJIACCOB IIOHATUHN CyObeKThI,
00BEKTHI, IeHCTBUSA W IIOCTPOEHNE CUCTEMBI CBS3el
MEXKIY 9JeMeHTaMU BCcell nepapxuu MOHATUH].
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Models of organizing research data storage and usage: basic principles, processes and implementation mechanisms
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Introduction: Storage and usage of research data become more sophisticated as their quantity and diversity grow. Research data
have a number of features which do not allow you to copy the approaches and tools used in commercial or governmental data-processing
facilities. Providing researchers with specialized tools for working with data is an urgent task in research management. Purpose:
Identifying and describing the basic principles for working with research data, the processes and stages of this work, the mechanisms
for implementing the principles and solving the problems of organizing the storage and usage of research data. Results: We review and
discuss the principles on which the storage and usage of research data can be based, including the FAIR Data Principles. The main goal
of organizing the work with research data and the central focus of its principles is the effective use and reuse of this data. We present
a hierarchy of mechanisms which can be applied when working with research data for solving scientific and organizational problems.
The main processes and lifecycle stages of scientific data and research processes based on them are listed in the article. A number of
well-known models of such lifecycles are considered. It is proposed, instead of trying to build a universal model, to use or create models
based on the presented list of stages for specific cases or classes of data-driven research. Practical relevance: The hierarchy of concept
classes developed in the work for the field “Organizing the storage and usage of scientific data” will be used as an ontology core, and for
the development of regulatory documents, recommendations and information systems supporting data-driven research.

Keywords — research data, data-driven research, FAIR Data Principles, data management, research data lifecycle, scientific
information system.
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YBAXXAEMbIE ABTOPbDI!

Hayunasa snekrponnas 6ubiamorexa (HOB) mpomosxkaer paboTy mo peasmsanuy IPOEKTa
SCIENCE INDEX. Ilocne Toro kak Bwr saperucrpupyerechk Ha caiite HOB (http://elibrary.ru/
defaultx.asp), Oyzmer cosgana Baiia mnuHas cTpaHNUYKA, COAEPsKaHre KOTOPOI COCTABAT He TOJIbKO
Baiu mepconasbHbBIE JaHHBIE, HO U ITIepeyeHb Bcex Ballux nmeyaTHbBIX TPYAOB, UMEIOIIUXCs B 6ase
manubsix HOB, BKJIOUas nuccepTaliuu, MaTeHThI U Te3UCHI K KOH(DEPeHITUAM, a TaKKe CPABHUTEJb-
Hble nHAeKCcHl nmutupoBanus: PUHIL (Poccuiickuili nHAEKC HAYYHOI'O IIUTUPOBAHUA), h (MHIEKC
Xuwupima) or Web of Science u h ot Scopus. ITocie cosmaunusa 6a3oBoro sapuanTa Baiei mepcoraib-
HOIi cTpaHuIlbl BhI MOJIyYnTe KO JOCTYIIA, KOTOPBII IT03BOJIUT BaM pefaKTUpoBaTh UH(POPMAIIIIO,
moMoras co3aBaTh MaKCUMAaJbHO O0ObeKTUBHYIO KapTUHY Baleii HayuYHON aKTUBHOCTHU U ITUTHU-

poBaHus Bamux TpyaoB.
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HayuHble cTaTbu
Articles

Mogenu nogaep)XXKu NPUHATUA peLUueHni
B cCOLlMOKUOepchn3nyecKknx cucremax

A. B. CMUpHOB?, JOKTOp TexH. Hayk, npogpeccop, orcid.org/0000-0001-8364-073X, smir@iias.spb.su
T. B. JleBawioBa?, KaHf. TeXH. HayK, CTapLUnMi Hay4YHbIN coTpyaHuK, orcid.org/0000-0002-1962-7044,
tatiana.levashova@iias.spb.su

aCaHKT-IleTepbyprcKum MHCTUTYT MHGPOPMATUKM u aBToMaTusauymmn PAH, 14-s nuHus B. 0., 39,
CankT-lleTepbypr, 199178, P®

BeegeHue: coLnoknbepnanyeckme cUcTeMbl ABASIOTCS CIIOXHbIMU HEMHEHbIMU cucTeMamMu. Takne cucTeMbl 061agaroT
HenpenckasyeMbiM noBefeHneM. BoBriedeHne YenoBeka, KOTOPbI ABISETCA YACTbIO ATUX CUCTEM, B MPOLECC MPUHATUS peLle-
HuWi crnoco6CTBYET NPEooNeHNI0 MOCNEACTBUA HEMPEACKa3yeMOro MoBEeAEHNS CUCTEM, MOCKObKY OH MOXET MCMOo/b30BaTh
CBOW OMbIT Y UHTYULMIO, @ HE TOJIbKO NPeABapUTEIbHO 3anporpaMMupoBaHHbie NpaBuna v npouesypsl. Lienb: paspaboTka Mo-
Aenei MoAAEPXKN NPUHATUS PELEeHNA B COYMOKUBEPUIUYECKMX cUCTEMaX. Pe3ynbTaTbl: paspaboTaHbl 06Lyas cxeMa npu-
HATUS peLUeHnii B COLMOKMOEPEU3NYECKUX CUCTEMAX, KOHLENTyalbHasi MOAE/b 1 M03TanHble MOAEM NOAAEPXKKN MPUHATUS
pelueHnii B Takux cuctemax. O6Lyas cxema NpUHATUS PeLUEeHUI 3aKTII0YaeTCs B TOM, YTO BHayase peLueHne NpuHuMaroT kubep-
HeTuyecKne KOMMOHEHTbI, @ €CJZIM OHU HE MOTYT 3TOro CAeNaTh, To 06paLLatoTCs 3a MOMOLLbIO K YenoBeky. [1oaTanHble Mogenu
MoAAEPXUBAKOT PELLEHNS, TPUHUMAEMbIe KOMITOHEHTaMU COLMOKMBEPEOU3NYECKMX CUCTEM Ha TUMOBbIX 3Tarnax npoLecca npu-
HATUSA peLIeHnii; 0CO3HAHUSI CUTYaLuK, MAEHTUOUKALMM NPOGIEMbI, BbIABUXEHUS (reHepayum) anbTepHaTuB, Bbibopa npeano-
YTUTENIbHOW anbTepHaTUBbI, peann3auymum pelueHns. NpuMmeHeHne paspaboTaHHbIX MOAENeN UANKCTPUPYETCS Ha NpUMepe cLe-
Hapws NIaHUPOBAaHMSA NpoLecca BbIMOJIHEHUS po6oTamu obLuel 3aga4u. MpakTUYecKass 3HaYNMOCTb: pa3paboTaHHble MOAEM
M03BOJIAT POPMUPOBATL U PEATN30BbLIBATD M1aHbl PAGOT KOMITOHEHTOB CUCTEM M0 PELIEHMIO 06LLEeN 3a[a49M U JOCTUXKEHUIO
yenn. Mogenu cnoco6CTByOT NPE0JOIEHNIO MOCAEACTBUIA HENPEACKA3yeMoro NoBefeHNs COLUOKNBEPOU3NYECKUX CUCTEM U
BHOCAT BK/1aj B UCC/IE40BaHUSA M0 HanpaseHNsIM MalUMHHOE 06yYeHune 1 yrpasieHne MobuabHbIMY poboTamu.

KntoyeBble cnoBa — COL{MOKMﬁepd)VBM’-IECKaFl cuctema, nogaepxxka rnpuHATNA peLueHm71, OHTOJI0IrnA, nnaHnpoBaHne rpo-
Lecca BbINoJIHeEHNA 3agaqn.

s mutuposanus: CmupHoB A. B., JleBamosa T. B. Mogesn moafep:KKu OIPUHATAA PEUIEHUN B COIMOKNOepHUBUUECKUX CHUCTEMAX.
HHugopmayuonno-ynpasasowue cucmemst, 2019, Ne 3, c. 55—70. doi:10.31799/1684-8853-2019-3-55-70
Forcitation: Smirnov A. V., LevashovaT. V. Models of decision supportin socio-cyber-physical systems. Informatsionno-upravliaiushchie

sistemy [Information and Control Systems], 2019, no. 3, pp. 55—70 (In Russian). doi:10.31799/1684-8853-2019-3-55-70

Beenenue

Conmoxkmubeppusuueckme cucrembl (CKPC) mo-
ABUJINCH KaK PE3yJIbTaT NWHTEHCUBHOT'O B3aUMOIETi-
cTBusa Kubeppusuueckux cucreM (KPC) c cormain-
HOU cdepoil um cpemoii pyHKImoHUPOBaHUA KDC.
Cpena ¢pyarnumonupoBanus K®C — »sT10 cucrema
WJIY CTPYKTYypPa, B KoTopoii fanHaa KPC ucmonnsy-
eTca (HalrpuMep, OpraHU3allusd, TPOU3BOCTBEHHAA
cucTeMa, aBTOMOOUJb U T. 11.).

Pemennsa 8 KOC npuHuMaOTCA KOMIOHEHTAMU
atux cucreMm. Kommoueutsr KPC penarca ma ¢u-
3uyecKue u KubepHeTmuecKme. PuanyecKre KOM-
TIOHEHTHI SBJIAIOTCA <«HOCUTEJIAMU» KubepHeTuye-
CKUX, TaK KaK KUOEPDHETHUYECKUM KOMIIOHEHTAM
Tpebyerca GusnyecKkad (ammaparHas) miaaTdopma
ISl 3aIlyCcKa mporpaMM u [Ijisi oOMeHa MHMOpPMA-
nuell ¢ APYrUMU KUOEPHETUYECKUMU KOMIIOHEH-
TaMu W co cpenoil pyHKnuonuposanua KDPC [1].
IIpumepamu Gu3UIECKUX KOMIIOHEHTOB ABJIAIOTCA
6OPTOBOI KOMITLIOTEP B aBTOMOOMJIE, OECTIMJIOTHOE
BO3YIIIHOE TPAHCIIOPTHOE CPEACTBO, PA3INUHbIE MH-
TeJlJIEKTyaJIbHbIe CEHCOPHI U T. 1. IIpuMepom Kubep-
HETHUUYEeCKUX KOMIIOHEHTOB SBJISETCS IIPOrpaMMHOe

obecrieuenue, IU(pPOBbIe KONUHN PeaJbHBIX O0BHEeK-
TOB cpenbl pyHKImoHUpoBaHuA KPC, BUpPTYyaIbHBIE
Komuu pusnueckux KommnoueuaToB KPC u 1. 1. KPC
OPMEHTHPOBAHBI HA OOCIY)KMBAaHIE UeJIOBEKA, IIPU
9TOM UeJIOBEK He SABJISETCA KOMIOHEHTOM CUCTEMBI.

Kommnonents: KPC MoryT mpuHUMATH PEIIeHUSA
B IIeJISIX YAOBJIETBOPEHUA TEKYIIUX IOTPeGHOCTEeH
yeJsioBeKa, nian KPC MOKeT BBIIIOIHATL POJIb CUCTe-
MBI TIOAJEPIKKM IIPUHATHSA pelneHuii. Hampuwmep,
B ITPOM3BOJICTBEHHOM cIleHapuu [2] aBTOMaTmuecKoe
TIIPUHATHME PellleHniI BHeIPEHO B IIPOM3BOICTBEHHBIN
IIPOIIECC, TAe POOOTHI CAMOCTOATEJIBHO MPUHUMAIOT
pereHus o0 TOM, KaKue MeNCTBUSA OHU JNOJYKHBI BBI-
TIOJIHATEL B TEKYIEH CUTyaruu. ITOT CIeHapuil 1e-
JMKOM HAIIpaBJIeH Ha YI0BJIETBOPEHUe ITI0TPeOHOCTeH
YeJI0BEKA, U UeJIOBEKY OTBOJUTCS POJIb IOTPEOUTEIA
IPOM3BEIEHHOTO IPOAYKTa. [pyruM nmpmumepoMm sAB-
Jasa0Tea apxuTteKTypbl KPC, xoTopble mpegHasHa-
YeHbI AJIA IIOMOIIM YeJIOBEKY B IPUHATUN PeIeHnHi
[3, 4]. ApxuTekTypa, OCHOBaHHAA HA UMUTAIITMOHHOM
MeTa-MofeJupoBaHuM [3], OKasbIBaeT MONIEPKKY
B IPUHATUY PENIeHUI MO IIJIAaHWPOBAHUIO U OIepa-
TUBHOMY yIpasJjeHuto. Iloamep:kKa ocyIIiecTBIAETCA
mocpeacTBoM 1) IpenocTaBJeHUs AOIOJHUTEIbHBIX
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3HAHUHU O IIPOM3BOJUTEJIHHOCTH PACCMATPUBAEMOTO
00BEKTa B TEKYIIUX YCJIOBUAX, 2) IPEAOCTaBIEHUI
uH(GOPMAIUM O IIPOM3BOJACTBE AJA OIeHKU Da3JINy-
HBIX CIIEHApWEB PAaJM WX BO3MOKHOTO PACIITHMPEHUS
WJIN YTOUHEHUS Ieseli, 3) ObICTPOro BBIOOpA OIITU-
MaJIbHOTO MHOYKECTBa II€PEMEHHBIX peIIeHUA U3
6GOJIBITIOT0 AMAala3oHa BO3MOMKHBIX perneHuit. KPC,
IIOCTPOEHHAA Ha apXUTEKType IJid 0OOCHOBAHHOTO
MIPUHATHUA PeIleHul B KOHCTpyupoBauuu [4], codu-
paeT mH(OPMAIUIO OT KNOEPHETUUECKUX MOJeIeil 1
(GpUMYECKUX aKTUBOB, OTHOCAIIYIOCA K KOHCTDPYK-
TOPCKOMY IIPOEKTY, MHTETPUPYET €€ U CUHTE3UPYeT
KOHTeKCTHYI0 mH(popMmanuio. KouTekcTHasa mHGOpP-
MAaIlusA ABJSETCA OCHOBOM AJISI MPUHATHUS PEIIeHu
YeJI0BEKOM.

Perterusa 8 KOC npuHuMaoTCs Ha JOKAJbHOM
W CUCTEMHOM yPOBHAX. Ha JIOKaJIbHOM YPOBHE KOM-
nouenThl K®C MoOryT mpuHHMMATL CUTYaIlMOHHBIE
pellleHrA 1 CTPEMUTHCSI K aBTOMATHUUYECKOMY pelrie-
HUIO 3a]1a4 IIOCPEJICTBOM cOOpa JeCKPUITUBHON WH-
dopManuu ¥ TPUMEHEHUA KOHTEKCTHO-3aBUCUMOT'O
Kas3yaJIbHOT'0 U IPOIeIyPHOTO JIOTHUECKOT0 BEIBOZA.
Ha cucremuom ypoBHe npunsaTue peiienuii B KOC
pacmpezesieHO MeKAy OOJBIITUM YKUCJIOM KOMIIOHEH-
TOB ¥ OCHOBAHO Ha pedIeKCUBHOM B3aMMOIENCTBUI
MeXKIY KOMIOHEHTAMN ¥ MHOTOKPUTEPUATHLHOM
ananuse (ontumusanuu) [5]. Ilpu pedaekcuBHOM
B3aMOJENMCTBUM OLHA CTOPOHA IIepeJaeT BTOPOii
CTOPOHE OCHOBaHWS, M3 KOTOPBHIX BTOpPas CTOPOHA
MOJKET JIOTUYEeCK! BBIBECTH CBOE, HO IIpeJoIpeje-
JIEHHOE TIEPBOM CTOPOHOI, peIleHne.

Kubepdusuueckue cucTeMbl OTHOCATCA K KJac-
Cy HeJIMHEWHBIX CHUCTEeM, 00JIaJaloniuX CJeIYIONu-
MU CBOMCTBaAMM: a) CHUCTEMBI COZep’KaT OOJIbIIIoe
YHCJI0 KOMIIOHEHTOB, 0) aTpu0yThl KOMIIOHEHTOB He
IIpeJonpeieIEHB], B) UMCJIO B3ANMOIEHCTBUN MEXKIY
KOMIIOHEHTaMH1 MOKeT OBITh UPEe3BBIUATHO BEJIMKO,
T) GYHKIIMOHAJIbHBIE B3ANMOAEHCTBUA MEKIY KOM-
IIOHEHTaMu ¢J1ab0 OpraHM30BaHbI X MOTYT OBITH 3a-
MMyTaHbl, 1) KOMIIOHEHTHI MOT'YT paboTaTh aBTOHOM-
HO U yCTAHABJIUBATh CBOM COOCTBEHHEBIE IT1eJIU, €) II0-
BeJleHWe BCEl CUCTEeMBbI MMeeT BEPOATHOCTHBIN Xa-
paxTep 1 MOKeT ObITH CUJILHO HeJIMHEMHBIM, 3K) CHU-
cTeMa, ¢ OHOM CTOPOHBI, AaKTUBHO B3BAIMOJI€ICTBYET
Cco cpemol (QYHKIIMOHWPOBAHUA B YIIPEKIAIOIIEM
pesxuMe (crucTema 3alrpalliBaeT JaHHBIE OT CPeIbl
(GYHKIIMOHUPOBAHUS) U, C IPYT'Oll CTOPOHBI, MOYKET
MO IePsKUBATh B3AUMOIEHICTBUS C 00PATHOM CBA3BIO
(cucTeMa MOCTOSAHHO MOJIyYaeT HHGOPMAIUIO OT Cpe-
I QYHKITMOHMPOBAHUS 110 MePe BLITIOTHEHU S 3a1a-
ym), 3) CUCTeMa IIOHMMAaeT KOHTEKCT U obecreumnBa-
eT KOHTEKCTHO-yIpaBjseMoe (hyHKIIMOHUPOBAHUE.
HerpuBuaabHbIE OTHOIIEHUS MEXKAY KOMIIOHEHTA-
MU IpUBOIAT K ToMy, uTo KPC mposaBiIdgOT CBOIi-
CTBA 9MepPAKEeHTHOCTH U HelpeacKasyeMocTu [6].

ConmoxrubephusnuecKkue CUCTEMBI HACIEAYIOT
xapakrepuctuku KPC Kak CI0KHOU HeIMHEHHOI
CHCTEMBI I BKJIOUAIOT YeJIoBeKa B CBOIT cocTaB [7].

CK®C moryTr paccMaTpuBaThCA KaK CJIOKHBIE CO-
IIUOTEeXHUYECKUE CUCTEMBI C HelpeJCKa3yeMbIM I10-
BeleHUEeM, B KOTOPBIX COI[MAJIbHBIE U TeXHUUYECKUE
acIeKThI cUJIbHO meperiereHsl [5]. Tak kak B CKPC
YeJI0BeK CTAHOBUTCS UYAaCTHIO CHUCTEMbI, OH MOJKET
CTaTh YUYAaCTHUKOM IIPOIlecca MPUHATHUSA PEITeHuH.
Bosee Toro, Tak KakK BO3MOXKHOCTU KuOepHeTHUUE-
CKUX KOMIIOHEHTOB B UYACTU NPUHATHUA PeIleHui
OrpaHUUYEHbl UMEIOIeHcs ¥ HUX BBIUNCIUTEILHON
MOIITHOCTBIO X BCTPOEHHBIMY MHTEJLICKTYaJIbHBIMU
BOBMOXKHOCTAMU [8], uesIoBeK ITOKa ABJIAETCA eIUH-
CTBEHHBIM, KTO CIIOCOOEH ITPEOA0JIeTh ITOCJIeICTBUS
Hempenckasyemoro mnoBemenus CK®C, mOCKOJIbBKY
OH MOJKET MCII0JIb30BaTh CBOI OMIBIT U WHTYUIIUIO,
a He TOJBKO IpeIBapuUTeJbHO 3aIIPOrpaMMUPOBAH-
Hble IPaBUJa U IPOIEeAYPhI.

Amnanus psaga paboT, B KOTOPBIX IMEEeT MEeCTO IIPU-
uarue pemennii B KOC u CKPC (mampumep, [3, 4, 9,
10]), mo3BoJIAET BBHIABUTH OOIIYIO CXEMY IIOAEePIK-
KU OIPUHATHUA PEIleHui B TaKuxX cucreMax (puc. 1).
K®C cobupaetr ganHble, IOCTaBIAEMbIE CEHCOPAMMU,
axktyaropamu, RFID-MeTKaMu u JIPYruMU 3JIEK-
TPOHHBIMU ycTpoiicTBamu. KubepHeTmuecKkue KoM-
TOHEHTHI 00pabaThIBAIOT 3TU AJAHHBIE U (DOPMUPYIOT
KOHTeKCcT. KOHTEeKCT JOCTyIleH BCceM KOMIIOHEHTaM
CHUCTEMBI, IJI UeTr0 B apXUTEKTypaX CUCTEM IIpeayc-
MAaTPUBAIOT CIEIUAJbHBIN 3JIeMEeHT, 00ecIieunBaio-
U 00II[eIOCTYITHOCTD KOHTEeKCTa (Hampumep, eH-
TPaJbHBIN cepBep, 00JIauHOe XPaHUINIIe nHPOpMAa-
muu u Ap.). KoHTeKCeT mpeacTaBiaseT nHGOPMAIHIIO,
IMO3BOJISAIONTYI0 chOPMUPOBATE B3IJIA] Ha TEKYyIllee
TIOJIOJKEHUE JeJl B cpefie PYHKIIMOHNPOBAHUA CUCTE-
mbl. Hanpumep, aiaa K®C, BHeapeHHOI B IIPOU3BOJ-
CTBEHHYIO Cpely, KOHTEKCT IMIpeacTaBJsgeT HH(OP-
MaIHio O ITPOU3BOACTBEHHOM ITPOIIECCE, COCTOSHUU
00BEKTOB BTOr0 IIPOIlecca, HEUCIIPABHOCTSX, OIe-
pamnuax, BBITIOJHAEMBIX B JaHHBI MOMEHT, W T. II.
KoHTeKcT ABJsAETCA OCHOBOM IJis TreHepaluy BO3-
MosKHBIX pereHnii. B KPC crapaoTcs caeiaTh Tak,
YTOOBI 9TH PeIleHns TeHepUPOBAJINCh aBTOMAaTHUe-
CKM KUOEPHETUUYEeCKUMU KOMIIOHEHTAMU Ha OCHOBE
3aJI0)KeHHBIX B HUX METOMO0B U Mojeseii. Ecau Ku-
OepHeTUYECKUe KOMIIOHEHTHI HEe MOT'YT IPEAJOKUTH
peliierue, TO Ha IIOMOIIb IPUXOIUT UYeJIOBEK.

IlpunaTHe pelleHUd TOAIEP:KUBAETCA IIPOIlEC-
caMu oOMeHa wuH(GOpPMAIMell M B3aMMOAEUCTBUS
MeXKJY KOMIIOHEHTAMU CHUCTeMbI. B paMkax o0Ieii
CXeMbI IIOAJEP:KKM IPUHATUSA PelreHnii o00MeH MH-
dopmatueir ocyIecTBaAAETCA OT KUOEPHETHMUECKO-
ro KOMIIOHEHTa K KHOepHeTUUYEeCKOMY, OT KubepHe-
TUYECKOT0 KOMIIOHEHTA K UeJIOBEKY, OT UYeJIOBEeKa
K KHOepHeTHUYeCKOMY KOMIIOHEHTY, OT KubepHeTu-
YeCKUX KOMIIOHEHTOB U YeJIOBeKa K IeHTPAJIbLHOMY
XPAHUJIUINTY WHPOPMAINU U OT IeHTPAJILHOTO Xpa-
HUJIUIA THPOPMAIINU K KNOePHETUUECKUM KOMIIO-
HeHTaM U K uesoBeKy [11]. B paccMoTpeHHOIT BhIlTe
cxeMe POoJb IEHTPAJbHOI0 XPaHUJININa MH(pOpMAa-
nuu urpaet KoHTekcT. CKOC ¢popMupyer KOHTEKCT
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B Puc. 1. O6mias cxema nogaep:kKu npuaatud pemreauit B CKOC
B Fig. 1. Scheme of decision support in socio-cyber-physical system

IIOCPEACTBOM IIpeo0pa30oBaHUA NAaHHBIX B HHQOP-
MAaIuio 1 BbIOOpa pejieBaHTHOU mHMopManuu. s
(opMUpOBaHUA KOHTEKCTA B PA3JIMYHBIX CUCTEMAaX
HUCIOJIB3YIOTCA pPasjaudHble nmoaxoxnsl. IIIupoko pac-
IpOCTPaHeH IIOAXO]l, OCHOBAaHHBIN Ha WCIIOJIb30Ba-
HUY OHTOJIOTMYECKUX Mojesieli 3HaHui [12-14]. ITpu
TakoMm mmoaxonae B CKPC, kak mpaBmUJjIo, IPUCYTCTBY-
eT OHTOJIOTUSA, KOTOpas, TaK ’Ke KaK M KOHTEKCT,
ABJSETCA JOCTYIHOM BCEM KOMIIOHEHTaM CUCTEMBI 1
obecreunBaeT ux nHTepolepadeabHOCTh. HecMoTps
Ha TO, YTO Ha IIPEJICTaBJIEHHOH cxeMe (cM. puc. 1) aB-
HO OHTOJIOTHMS He IIOKa3aHa, OHA CUUTAETCA BXOZA-
mreii B cTpyKTypy CK®C.

KonnenryajgsHasa MoIeb MOIEPKKN
npuaaTusa pemenuii B CKOC

B xonmenTyainbHOW MOIENN HONIEP:KKU IIPU-
HATUS PeIleHn# B KauecTBe YUYaCTHUKOB IIpoIiecca
MPUHATHAS PEIIeHn paccMaTpUBAalOTCA KuOepHeTH-
yeckue KoMmoueHTbl CK®C u uesioBeK. dieMeHTaMU
KOHIENITYaJbHON MOAENU ABJAIOTCA YUYaCTHUKU
Ipoliecca IPUHATUA PelleHnil, TPpopuJIn YUaCTHU-
KOB, OHTOJIOTHSA MTPOOJIeMHOH 007acTi, KOHTEKCT,
MOJeJIb IOAMEePIKKHN IPUHATHA peIleHuii, 3amaua,
m1a0JIOHBI COOOIIeHnii, IIpeoOpasoBaTeib COO0OIIe-
Hui (puc. 2).

B mpoduiax y4acTHHKOB IIPeACTABJIEHA COBO-
KYIHOCTh XapaKTEePUCTUK YUYaCTHUKA IJIST MOJEJIU-
POBaHMS 9TOr0 YYACTHHKA, HAIIPUMEP, XapaKTepu-
CTUKHU AJIS OMMMCAHUA IIePCOHAJIBHON MH(MOPMAIIUU
00 yJacTHUKe, MHPOPMAIUN O 3HAHUAX, HUHTEpe-
cax, MPeJIOYTEeHUAX YUYACTHUKA, WICHTUPUIN-
pyforieit nagopmanuu u ap. C TOUKM 3peHUs IMojI-
Iep:KKHN IPUHATHUSA pelleHuii Hambojiee BasKHBIMU

IIPEJCTABJIAIOTCA XapPaKTePUCTUKU, MO3BOJISIOIINE
OIIPEIeJINTH POJIb YUACTHUKA B TEKYIIIEM KOHTEKCTE,
UIeHTU(PUKATODP yYacTHUKA, 00JacTh 3HAHUN WU
KOMIIETEHTHOCTh YYaCTHUKA.

OnToJiorus IPodJeMHOM 00JIaCTH — 9TO MOJE]b
sHaHUi cpenbl pyukmuonupoBanus CKPC, BKJio-
yaromad B cebA cnenudUKaInnio 3aad, IpeaIoa-
TralIUXCsA MJIA PEIIeHus NI BbIIOJHEHUS KOM-
nouerntamu CK®C. 3agauu, mpeacTaBieHHbIE B OH-
TOJIOTUU, MOTYT OBITh BBIUMCJIUTENbHBIMU U IIOBE-
IeHYeCKUMU (3a7auu, HalleJIleHHbIe Ha BLITOJHEHUE
HEKOTOPBIX AeWCcTBUI). BbIUumciauTebHBIE 3agaun
IeKOMIIO3MPOBAHbl Ha monasagauu. lloBemeHuecKue
3amaun CHenu(UIMPOBaHbBI B BHUIe ILJIAHOB Iei-
CTBUIA.

KonuTekcT npencrasiger nHpopMaIIUO, KOTOPAs
MOJKeT OBbITh MCIIOJIb30BaHa, YTOOBI OXapaKTepuso-
BaThb CHUTYAIUIO, CJIOKUBIIYIOCA BOKPYT HEKOTOPO-
ro o6wekTa [15]. B paccmarpuBaemMoM 31ech MOIX0-
e KOHTEKCT SIBJISETCS OHTOJOTMYECKOHM MOIEJIbIo,
KoTopasd TpeNCTaBaAeT WHGOPMAIIMIO O TEeKYIIeHl
cuTyaiuu (TeKyIieM II0JIOMKEeHUHU JIeJI) U O 3ajadax,
TPeOYIONNX PEIeHUs B 9TOU CUTYaIluN.

Mogenb mOgmep:KKU NMPUHATUS PEIIeHUuil ompe-
IejsieT IPUHATHE PeIIeHUil Ha KOHKPETHOM 3JTalle
mpoIllecca IPUHATUA pelneHnii. B Teopuu mpuHATHAA
pellleHn#l BBIAENAIOT IMATH TUIIOBBIX 3TamoB [16]:
OCOBHAHUE CUTYAIlNN, UAeHTU(PUKAIUIO TPOOJIEMEI,
BBIJIBU:KeHNUe (FeHeparunio) aJibTepHaTUuB, BBIOOD
TMPEAIIOUTUTEILHON aJIbTePHATUBBI, Peain3aliuio
pertierus (BLIOPAHHOM aJlbTePHATHUBEI).

ITox samaueit moHMMAaeTcsA IeJb NMPUHATUS pe-
IIeHUH B TeKYyIel cutyanuu (KOHTeKCTe) 1 Ha JaH-
HOM dTalle Impoliecca NpuHATUA peirenuii. Ha stame
OCOBHAHUA CUTYyaIlNU 3aaueil ABJIAETCS BEIABJICHNE
HE0O0XOAMMOCTHY BBITIOJTHeHU S BLIUUCICHUHN UJIN Hei-

N\

N¢ 3, 2019

VH®OPMALIVIOHHO-YNPABASIIOLLINE CUCTEMBI N\ 57



y MOAENNPOBAHVE CUCTEM N NPOUECCOB /

YemoBex IIpeoGpasosarens Kubeprernueckuit
< .
noddepicra coolmrenmit noddepxcra KOMIIOHEHT
A Yyen08eKouumaemoil MAUWUHOYUMAeMOU f
i popmovL GopmbL |
! 1
| L o o 1
nodraacc \ nodraacc
I
I
1 .«
Tpodms npedcmaenen YuacTHUK mpoiecca 63aunodeticmeyem
p IPUHATHA PEUIeHNH 1
[Ma6morsr |
COOOIIeHn it
| ucnonvsyem 4
umeem docmyn 1
uHpopmayus
Onrosnorus —> KOHTEKCT
1po6JIeMHOMK un@opmayus
obsacTu
onpedensem
Mogess mogepsKKn onpedensem
dannwie NPUHATHUSA PEIIeHns
l popmyaupyem
3agaua

npedmem 83aumodeiicmeus

B Puc. 2. KoHnenryajabHasa MOJEJb IOAIeP:KKYU IpuHATHA perteHuit B CKOC
B Fig. 2. Conceptual framework of decision making in socio-cyber-physical system

CTBUII B TeKyIlel curyanuu. Ha stame ugeaTudu-
Kamuu mpobJeMbl 3afaveil ABJIsSeTCA ompeeseHne,
KaKue UMEeHHO BbIYMCJIEeHUS NN AeHCTBUA JOJKHBI
OBITH BHITIOJTHEHBI. Ha sTare BBIABUKEHUS aJbTep-
HATUB 3ajaueil aBJsgeTcAa paspaboTKa BO3MOKHBIX
IJIAHOB BBINIOJIHEHUS BBIUMCJICHUII WU JeHCTBUI.
Ha srame BbIGOpa HIpPEAIIOUTUTENHLHON aJbTepHATH-
BBI 3aJ[auell ABJISIeTCS IPUHATHE PeIIeHnsd, KOTOPoe
3aKJIIOUAeTCsI B BBIOOpPE OMHOTO (IPEeAIIOUYTUTEIHLHO-
r0) IJIaHa M3 MHOKeCTBa BO3MOYKHBIX. Ha sTare pe-
aIM3aluy PelleHns 3aaUeil SBJIsIeTCs BOILIOIIeHIe
MIPUHATOTO pelleHus (TJ1aHa) B "KU3Hb.

IITa610HBI COOOIIIEHMIT UCIIOIb3YIOTCS AJIsI 00Me-
Ha WHopMaIuell MeXIy yUYacTHUKAMHU IIpoliecca
MIPUHATUS PEIIeHUH ITOCPeICTBOM TEKCTOBBIX CO00-
meHuii. B obriem coayuae ajia oomeHa mH(GOpMAIU-
eif MOKeT ObITh MCIOJb30BaHa JI00as MOJaJIbHOCTD
u Ji00ble MeIUITHbIe TeXHOoJIOTUN. B manHoii pabore
mpenjaraeTcs WCIOJIb30BAaTh TEKCTOBBLIE COOOIITe-
HUSA II0 IBYM IpuunHaM. Bo-epBoIx, nuopmaus,
UMeIoIasd OHTOJOTUYECKOe IpeAcTaBJeHUe, JIETKO
TIEPEeBOAUTCS B TEKCTOBBIE COODIIEHU C COXPaHEeHU-
eM CeMaHTHKHN Hpo0JeMHOUN o0JiacTi. BO-BTOPBIX,
UHPOPMAIA B TEKCTOBBIX COOOIIEHUSAX SBJIAETCS
ABHO crnenuuIITPOBAHHOI, He TpelOyrlmneii obpa-
IIeHUA K JOIOJHUTEJIbHBIM CPeACTBAM 00pPaboOTKU
PasIMYHBIX MOZaJIbHOCTeil oOMeHa mH(OpPMAaIUeii.
IITa6s0HBI COOOIIIEHUIT MOTYT OBITH MCIIOJIb30BAHBI
a5t (D)OPMHUPOBAHUSA COOOINEHUIT B BUAE 3alIPOCOB,
OTBETOB 1 OIOBEIIeHN’I.

Coo0r11ienus, IpeAcTaBJIeHHBIE TP TTOMOIIY IITa-
0JIOHOB, JIETKO IMOHUMAIOTCA KHOEPHEeTUUYECKUMU

KOMIIOHEHTaMH1, HO JJIs YeJIOBeKa TaKoe IIPeaCcTaB-
JeHue He BHOJIHe ya00HO. OcoOeHHO, ecikd 3TOT Ue-
JIOBEK He ABJISeTCSA CIeIHaJIUCTOM B objsacTu (op-
MAaToB IIpeacTaBieHus nHpopmamnuu. [losaTomy miis
mpeoOpa3oBaHUS TEKCTOBBIX COOOIIEHUN B UeIoBe-
Ko-unTaemMyo ()OpPMY KCIIOJIB3YVIOTCA IIpeodpasoBa-
TeJI1 COOOIeHUT.

AJIeMeHTHI BBINIEIPUBEICHHON KOHIIEIITYaIbHOM’
MOJEeJIM HAXOAATCA B CJEAYIOININX OTHOIIEHUSIX.
CK®C mpeobpa3oBbIBaeT AaHHBIE, MMOCTYIIAIOITE
OT CEHCOPOB UJIU APYTUX YCTPOHCTB, OCYIIECTBJISIO-
X MOHUTOPUHT CPeIbl, B MHPOPMAIINIO Ha OCHOBE
OHTOJIOTHU TPOO6JeMHO# obsactu. B aToii oHTOJIO-
rUuy, IIOMUMO IIPOYUX SHAHUM, CIeru(pUIIIPOBAHBI
BUIBI COOBITUM, KOTOPbIE MOTYT UMETh MECTO B pac-
cMaTpuBaeMol IpobsieMHOIT obOjsactu. OHTOJIOTUS
TI03BOJISIET HAa OCHOBAHUY TOJYYAaeMbIX JaHHBIX Cle-
JIaTh BBIBOJ O HACTYILJIEHUY HEKOTOPOT'O COOBITH .

C KasKabIM COOBITHEM B OHTOJIOTHY CBSI3AaHBI 3HA-
HUS, OTHOCAIIMECA K 9TOMY BUAY coObITUsA. Ha ocHo-
BaHUU 3TUX CBA3el (popMupyeTcs KOHTEKCT B (popme
OHTOJIOTHMUECKOI MOe I TeKyIrei curyamuu [17].

KoHTekcT saABiIsAeTCS OCHOBOU [AJA TIPUHATUA
pellieHU#l yYacTHHUKAMM STOTO IIpoliecca. TakuMmu
yYaCTHUKAMU SABJISIOTCA KUOEpHETUUYECKHEe KOMIIO-
HeHTHI U Jpoau. [IpuHaTHe pellleHUd B KOHTEKCTe
OCYIIIECTBJISAETCSI B COOTBETCTBUM C TUIIOBBIM IIPO-
1eCCOM IPUHATHUSA PeIleHni, IPeroaralinM I0-
CJIeTOBATEJIbHOE IIPOXO0KIeHNEe YIIOMIHYTBHIX BBIIIE
ATH 9TanoB. 1A KasKIoro sTama mporecca mpuHs-
TUSA PeIeHnii onpeeseHa CBOA MOAEIb TOAAEPKKN
MPUHATHUSA PelleHuii. dTa MOIeJb CTABUT CBOIO 3a-
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Iadyy, B paMKaX KOTOPOM UM OCYIIECTBJISETCS ITOA-
IEPIKKA.

3amava ABJISETCS IPeAMeTOM NH(POPMAIIMOHHOTO
B3aMMOJENCTBUSA YUYACTHUKOB IIPOIIECCA IPUHATHUS
pemienuii. OHa ompemesseT, KaKue KOMIIOHEHTBI
MOTYT Y4YaCTBOBATHb B IIPOIlECCE€ MHPUHATHUS pelre-
HUN U Kakoi mHdopmaiueil 6yayT oOMeHUBATHCA
y4acTHUKU. B mpoiiecce IpUHATUA PEIIEHUN MOTYT
MPUHUMATH ydYacTHe KOMIIOHEHTBI, WH(pOPMAIIUI
B HNpodUJIAX KOTOPBIX COOTBETCTBYEeT TpPeOOBaHU-
AM CO CTOPOHEBI cpenbl GyHKIoHnpoBanusa CK®C
K yuacTHUKaMm. Hampumep, YYACTHUKU JOJKHBI
obJyiafaTh OIIpefeeHHOM KOMIIeTeHITMel, BBIIIOJI-
HATH OIpeJeJeHHbIe POJIM, WMEeTh OIIpeaeeHHBIN
YPOBEHBb MOCTYIIa U T. Il. YUACTHUKU OOMEHUBAIOTCA
nH(popMaIeil 0 TOM, KaK BBIDOJHATH 3aauy. ITa
uHPOpPMAaIuA CUUTHLIBAETCS M3 KOHTEKCTA W IIOA-
CTaBJISAETCSA B COOTBETCTBYIONIINI I1a0JI0H TEKCTOBO-
0 COOOIIeH .

IIpeoGpasoBaTeau cOOOIIEHUH TPAHCHOPMUPYIOT
dopmMas30BaHHBIE COOOINEHUA B UYeJOBEKOUHTAE-
My ¢opmy. IIpeobpasoBanuio momseskaT coobiie-
HUSA OT KNOEPHETUYECKUX KOMIIOHEHTOB K UeJIOBEKY
u ob6paTHO.

O611aa cxemMa IPUHATUAS PeIleHnid 3aK/JII0UaeT s
B TOM, UTO BHaUaJie pellleHne IPUHUMAIOT KubepHe-
THUYEeCKUe KOMIIOHEHTBI, a €CJI OHU He MOTYT 9TOr'0
cIesaThb, TO 00PAIAOTCA 34 IIOMOIIIBIO K YEJIOBEKY.

Mogenu TOAAEP:KKU MPUHATUS PeIeHuil KoM-
nouenTamMmu CHK®C ma pasamyHBIX dTamax 3STOrO
Irporiecca onMcaHbl B pasnaeie «Momenn moagep:RKu
MIPUHATUSA pereHuii». Mcnoab3oBaHre Mogesei mi-
JIOCTPUPYETCA HA MIPUMeEpe CIeHapUA MOAMEPKKN
MPUHATUS PeIIeHuil IPU BBIIOJHEHUM poboTaMu
MMOBEJeHYECKUX 3a/1ad.

IIpumep cueHapus MOAAEPKKT
NPUHATUSA PeIIeHUN

B cueHapum moanep:KKy NPUHATUSA PeIIeHunii,
HUCIOJIL3YEMOM B KauecTBe mpumepa, pobor Alfa
BBIIIOJIHAET 3aJaHue, 3aKJJalleecad B TOM, YTO
OH JOJI)KEH ABUTATLCS II0 MPAMOM M3 TOUKM Start
B Touky End. Ha cBoem myTu po6oT BCTpedaer mpe-
MATCTBUE, HAJUUYMWE KOTOPOTO OIPeAessieT MMEIO-
muiica y pobora ceHcop. B oHTosorum pobora He
IIpeICTaBJIEHBI 3HAHUS O TOM, KaK IIPEOH0JeTh IIpe-
narcreue. Ha ocHOBaHUYM nMH(OPMALINY OT CEHCOpA U
oHTOJIOTMU IPOo0IeMHOIt obsacTu CKDPC onpenensier
TUII COOBITUSA KaK «IIPEISTCTBUE» U yCTaHABJIUBAET,
YTO, AJIS TOTO YTOOBI POOOT MOT IIPEOO0IETH IIPEIAT-
CTBUE, AOJIKHBI OBITH OIpEAEJIEeHBI Pa3Mephbl STOT'O
IIPETIATCTBUA U BhISICHEHA II0CJIEOBATEIbHOCTE JIeTi-
CTBUI1, KOTOPYIO TPeOYeTCs BHIMOJIHUTS AJISA IIPEOI0-
JIEHUS 9TOT0 HPEeNsaATCTBUSA. VdMepeHreM 00beKTOB
(B paccmaTpuBaeMOM CIleHapUU — IPENATCTBUA) 3a-
HHUMaeTcs erfe oguH pooor — Beta. O6a po6ora dop-

MUPYIOT COBMECTHBIN ILJIaH AercTBUi. Peanusaius
IJaHa 3aKJYaeTcs B TOM, 4To poboT Beta usmeps-
eT mpemATCTBUE, a poboT Alfa mpeogoseBaeT mpe-
IISATCTBUE U 3aBepIlaeT JBuKeHnne B Touxke End.

Ina peanusanuy OMMCAHHOTO CIleHAPUS ObLIU
paspaboTaHbl IIPOTOTUIILI ABYX MOOUJIBHBIX POOO-
TOB, IIOCTPOEHHBIE Ha 0asze POOOTOTEXHUUECKOIrO
Habopa Lego Mindstorm EV3. [lauubiii Habop 1o-
3BOJISIET JIETKO CKOHCTPYHMPOBATh POOOTA HEOOXOMU-
MO¥ (hYHKIIMOHAJIBHOCTH AJIA 1eJieit ooyuenus. IIpu
9TOM €CTh BO3MOYKHOCTH HCIIOJIb30BATh 39JIEKTPOH-
HbIe 0JIOKM, MOTOPBI U JaTYNKU ¥ IPOTPaMMUPOBATD
uX Ha a3bIKe Java [18].

Ilepserit pobor (puc. 3, a), Alfa, comocoben mBu-
raThCs BIEpeI, 00HAPYKUBAThH IPEIIATCTBUA HA Ty TH
¥ IIpeosioJieBaTh ux. JJid Toro 4Todbl poOOT OBLI CIIO-
co0eH IIPeo10IeBaTh IPENATCTBUA, OH CKOHCTPYUPO-
BaH U3 HECKOJIBbKUX 0JI0KOB. Birtaromaps aTtomy po6oT
MOJKeT B30UPATHCA HA IPENATCTBYE IOCTEIIEHHO, CHA-
yaja mogHuMasA 1 (PUKCUPYS HA MIPENITCTBUU Iepe-
HUH OJIOK, 3aTeM, OIMMPAasCh Ha MepeIHuil U 3a HUN
0JI0KU1, IOgHUMATH cpenHuil. Bce GJIOKM OCHAIIEHBI
OPUBOSHOM Mapoil KoJjec; IOMIMO 9TOr0, IIeHTPAaIb-
HBIA OJIOK mMeeT GeCIIPMBONHYIO IIapy KOJEC IJIA
mozafep:KaHus paBHOBecus. TaksKe Ha MEHTPAJIbHOM
0JIOKe YCTAHOBJIEH YIbTPA3BYKOBOM JAaTUUK JJIS 13-
MepeHUsl PACCTOAHUA OO0 OOBEKTOB. OTOT AATUUK
WCIIOJIb3YeTCA IJIA OOHAPYKEeHWUs IIPeIsiTCTBUSA Ha
yTu podoTa, IPU KOTOPOM IIPOUCXOAUT aBTOMAaTHUe-
cKas ocTaHoBKa. Bropoit pobor (3, 6), Beta, criocoben
TOIHe3:KaTh K 00'beKTaM U N3MEPATH UX.

Ha puc. 4 mpuBegeHa OHTOJOTUS HPOOJIEMHOM
obsacTu, KOTOpas [Jis HATJISIHOCTH CUJBHO YIIPO-
mieHa. OHa IpeACcTaBIIAET TOJIBKO Te KOHIIENTHI, KO-
TOpbIe Ba’KHBI AJIs1 IOHMMAHUSA PacCMaTPUBAEMOrO
crieHapusd. A omuMcaHUA OHTOJOTUU TTPOOJIEMHOI
00J1aCTH ¥ OHTOJIOTM I POGOTOB UCIOJIb30BAJICA ABBIK
BeG-orTONIOTMET OWL [19]. OHTONMIOTMIA TPOGJIEMHOMK
obsacTu co3maHa MPHU IIOMOINY PeJaKTOpa OHTOJIO-
ruii Protégé, B KOTOPOM THUIIOBBbIE OHTOJIOTUUYECKUE
OTHOINIEHUA W KJIACCHI IIPECTABJICHbBI ITPU IIOMOIIHT
aatuaunbl [20]. Haa ycTpaHeHUS ABYA3BIYHOT'O
IIPeICTaBJIEHUS IPU UMEHOBAHNY KJIACCOB, OTHOIIIE-
HUH 1 MHANBUIOB B Pa3padaThbIBa€MbIX OHTOJIOTHAX
TaKJKe MCII0Jb30BaJIach JATUHUIIA.

B onTosiorum po6ot (Robot) ompemeseH KaK Ku-
6epueTuueckuit (Cyber) wommnonent (Component).
Po6or wmoiker ObITH MOOMILHBIM (Mobile robot)
WJIN CTAIlMOHAPHBIM (He IIPeACTaBJeH Ha PUCYHKE).
Oba poGora, purypupymoomux B ciueHapuu (Alfa un
Beta), oTHOCATCA K KaTeTOPUHU MOOUIBHBIX POOOTOB.
Pob6orer moryt (isCapable) BLINOTHATH OIIpeeJIeH-
HBIE 3a/1aUM, KOTOPbIE IIPeCTaBJIEHEI B KJjacce Task.
Hns cmenmuduKanuy BHIIOJHAEMBIX poOOTaMu 3a-
lau B TeKyIIel cuTyanuu (KOHTEKCTe) UCIIOIb3yeTCa
oTHotieHue isPerforming, mo3BOJIAIONIEE BEIPA3UTD,
KaKyI0 MMeHHO 3aJauy (KaKoe meificTBre) pOOOT BbI-
TIOJIHAET B TaHHOE BpeMs. B paMKax clieHapus onpe-
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a)
Biox IIpuBox mogwseMa
yupaBiaerus EV3 nepegHero 6J0Ka

ITpuBopg

ITpuBopg

3amHel ocu

Komnencupyromas

nepegHeit ocu

ITpusox VasTpa3ByKOBOI

och IeHTPaJbHOM OCU DaTYUK

ITogbemHubIit
IIPUBOJ

IToabemMHBIH
MeXaHU3M

Brox ynpasnerus
EV3

ITpusop,
KoJrec

B Puc. 3. Moounbubiii podot Alfa (a) u Beta (6)
B Fig. 3. Mobile robot Alfa (a) and Beta (0)

Y IbTpa3ByKOBOM
JaTYUK

JIeJieHbl Tpu 0a30BbIe 3aJaUM: ABUTATHCS IPAMOJIU-
HetiHo (MoveStraight), nBurarbea nox yriiom (Climb)
u usmepATs (Measure). Ilpuuem 3amaum, IEJbIO
KOTOPBIX ABJaAeTcA mepemertienue (MoveStraight n
Climb), aBasioTca MoaKJaaccaMu KJjacca Move, Ko-
TOPBIN COOTBETCTBYET 3aaue IepeMereHns. B pac-
cMaTPHUBAEMOM YaCTH OHTOJIOTHMY OIIPeIeseHBI ABa
KJlacca OJidA IpenacTaBienusa coobiTuii: HumanTask
u Barrier. Knacc HumanTask tipegHasHaueH IJIs
cuenmupUKaIUU COOBITUII, CBA3AHHBIX C HasHa-
YyeHreM YeJIOBEKOM 3aJaHuil OJid pobOTOB; KJacc
Barrier — pnasa cuenu(UKAIUN COOBITHI, CBA3AH-
HBIX C IPENATCTBUAMU. [IpemsaTcTBUS MMEIOT pas-
MepbI, YTO B OHTOJIOTHH IIPEICTABJICHO IIPH IIOMO-

i oTHoIeHusaA hasSize Me:xny Kjaccom Barrier
u xjaaccamu Length (mnuna), Height (BbicoTa) u
Width (mupuna). [limHa, BEICOTA U ITMPUHA CHEIIN-
dunupoBausl B Kaacce SizeCharacteristic Kak Tpu
usMepeHusa rabapuTHBIX pasMepoB. PasMepbl IIpe-
MATCTBUS MOTYT ObITH U3MepeHubl (beMeasured) mo-
CPEeICTBOM BBIMIOJIHEHUS AENCTBUU, OIpeaeseHHBIX
B 3agaue Measure. IlpensaTcTBue MOKET OBITH IIpe-
omosieHo (beQOvercome), eciu ABUTATHCS IOH YTIJIOM
(Climb). [lya onmcaHUA IPOCTPAHCTBEHHBIX XapakK-
TepuctTuk KommnoHeHTOB CK®C u mpocTpaHCTBEH-
HBIX TTapaMeTpPoB 3ajad (JAerCTBUI) UCIIOJIb3YIOTCS
OTHOINIEHUA ¥ KOHIIENTHI, CIeIU(UINPOBAHHBIE
B KJaccax Location (mectonosno:xkenue) u Time (Bpe-
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hasSubclass
hasSubclass
hasSubclass hasSubclass
hasSubelass hasSubclass  isCapable
hasSubclass hasSubclass
hasSubclass
. , beMeasured
isPerforming
hasSubclass beOvercome _ )
hasSubclass hasSize  hasSize hasSize
hasIndividual
hasSubclass — mMeTh IIOAKJIACC
hasIndividual — umvers nHAUBHUA (IPEJCTABUTEISA KJacca)
B Puc. 4. OuTosorus mpobdaeMHO ob1acTu
B Fig. 4. Domain ontology
Ms1). O6a 5TH KJjacca ABJISIOTCA MOAKJIACCAME KJiac- ngfég‘;}c‘;‘:M CobrrTue
ca, IMpeacTaBJIAKIIEr0 KOHTEKCTHO-3aBUCHMBbIE Ka- HeoOXOAUMOCTI
Teropuu — Context _Characteristic. BEITIOIHEHU A

Mopgenu moaaep:KKyu NPUHATHSA PEeIIeHU N

Iranbl IPUHATUA PeIlIeHuii 00pasyT MOCIen0-
BaTEeJILHOCTb, KOTOPasd, B CBOIO OUYepenb, 00yCJIOB-
JINBaET II0CJIeJ0OBATEIbHOCTD BBITIOJHEHUA MOeeit
MO IePKKY MPUHATUSA pertenuii. Ha puc. 5 mokasa-
HBI MHGOPMAI[MOHHBIE 3aBUCUMOCTH MEXKIYy MOJe-
JIAMUY TOIIePKKYU IPUHATAS PEIIeH U,

Mopgenap moaIep: KKy MPUHATUA PEIeHUI Ha dTAIe
OCO3HAHUSA CUTyallUu

Conmoxkubepdusuueckas CCcTeMAa IIOCTOSIHHO I10-
chlIaeT KUOepHeTHUeCKMM KOMIIOHEHTaM coo0IIe-
HUA 0 HACTYIIJIEHUU PA3JIMUHBIX COOBITHI. 3amauein
KubOepHeTHUYeCKNX KOMIIOHEHTOB Ha dTalle OCO3Ha-
HUA CUTyallUU ABJSAETCSA BBIABJIEHNE HAa OCHOBE
9TUX COOOIIeHUIT MHMOPMAIIMU O HEOOXOAMMOCTH
BRIUMCJIeHU# (meticTBuit). [lyia aToro KubepHeTHUe-
CKMe KOMIOHEHTHI HMCIIOJIL3YIOT CBOM OHTOJIOTUU U
(mu) oHTOJIOTHIO ITPOOJIEeMHOM obsacTu. OHTOJOTUHT
KUOEpDHETUUECKUX KOMIIOHEHTOB IIPEACTABJIAIOT
BHAHUS 9TUX KOMIIOHEHTOB O TOM, KaK BBINIOJHATH
U3BECTHBIE UM BBIYUCJIUTEJBHBIE U IOBEJEHUYECKUE
3ajaun. ITU 3HAHUS MOTYT Ny06JIMPOBAaTHCA B OHTO-
JOruu IIPobJIeMHOI 006J1acTH, HO 3TO AyOJIUpPOBaHIE
He ABJIAeTCA 00A3aTeabHbIM. IIpu mosyueHUU c000-
IIeHNs O HACTYILJIEHUU COOBITHSA KubOepHeTUuUecKue

BBIUUCJIEHUH OcosHaHue cuTyanuu

WU JeicTBUi

ITpusHak HATUUUA
HEO0OXOAMMOCTH BBITIOJTHEHU A
BBIUMCJIEHUI NN JeACTBUI

Unentuduranusa
mpobIeMBbI

PomoBas 3agaua

Beigsusxenune
aJbTEePHATHUB

MHuoxecTBO IIaHOB
BBIIIOJTHEHU A 3aJaHUA

IIpunaTHe penleHusA

IlaH BEITOJHEHUS 3aJaHNA

Peanusanua pelienunsa

ITpusHaK BBITOJTHEHUA
3aJaHUA

B Puc. 5. IHQOpMAaIMOHHBIE TOTOKU MEXKAY MOAEIAMU
MOAMEPIKKY IPUHATUS PEIIeHni

B Fig. 5. Information flows between decision support
models

KOMIIOHEHTHI OTIIPABJISIOT 3aIIPOCHI B CBOM OHTOJIO-
TUU U B MOJEeJb KOHTEKCTa Ha IIpeIMeT IOJyUeHNs
3HAHWNI, CBA3AHHBIX C 3TUM COOBITHEM. 3[eCh MO-
eJib KOHTEKCTa HCIOJb3yeTCs BMECTO OHTOJIOTUU
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npo6JIeMHOM 00J1aCTH, TaK KaK 9Ta MOJAEIb COTEePIKUT
B cebe 3HAHUA U3 9TOU OHTOJIOTHH, PeJIeBAHTHBIE Te-
KyIiei curyanuu (1 TeKyIeMy coObITHo). Perenus
0 HeOOXOAMMOCTY BBIUUCJIEHUN (IeHCTBUM) IPUHU-
MaloTCsA HA OCHOBAHHWU OTBETOB Ha 3ampochkl. OTBeT
(A) Ha 3amIpoc COAEP:KUT HECTPYKTYPUPOBAHHYIO
nHPOPMAINio 000 BCeX BEIUUCICHUAX U JeNCTBUAX,
koropeie oxkugamTca or CK®C mpu HacTynjaeHUU
paccMaTpuBaeMOro COObITHS.

B mopenu MpUHATUS PeIeHn Ha 9Tame 0Co3Ha-
HUS CUTYAIlMU He IIPeAIoiaraeTcs, YTo KubepHeTH-

YyecKue KOMIIOHEHThI IPUBJIEKAIOT UYeJOBeKa K IPU-
HATHUIO pellleHnii. B aToii Moaein ueIoBeK obJiagaeT
IPaBOM CAMOCTOATEJIbHO IPUHUMATH PEIeHUs O He-
00XOMMOCTH BBITIOJTHEHUS BEIUUCICHUN (IeiCTBUIN)
mocjie TIOHUMAHUA WM CJOMKUBIIEHCA CUTYaI[UU.
Pertene o HE0OXOOMMOCTU BBITIOJHEHUSA BBIULC-
JIeHU# (nefCcTBUI) B TEKYIeH CUTyallu! ABJIAETCA
pelleHreM, NPUHUMAEeMbIM Ha pPacCMaTpPUBaE€MOM
srame. I[logmep:kKa OPUHATUSA PEINeHUN B MOIEIN
MPUHATUS PEIeHn Ha dTale 0COSHAHMUSA CUTYAIlUN
OCYIIIECTBJISIETCSA IOCPEACTBOM ITPEJOCTABJICHUS

isPerforming

hasSubclass hasSubclass

hasIndividual hasIndividual

hasLocation

isPerforming

hasSubclass

hasSubclass

hasIndividual

B Puc. 6. Kourexct npu BeinosHeHnu podorom Alfa sagamus geurarbesa mo nupamoit (MoveStraight)
B Fig. 6. Context when robot Alfa is performing the task to move in a straight line (MoveStraight)

]

hasSubclass

[ ]

hasSubclass

[

B Puc. 7. PparMeHT KOHTEKCTa, COOTBETCTBYIOIINI PACIITIUPEHUIO KOHTEKCTa (PUC. 6) IPU MOABIEHUN IPEIATCTBUA
B Fig.7.Context fragment corresponding to the enhancement of the context (Fig. 6) for the event Barrier

62 7 VH®OOPMAUVIOHHO-YNPABASIOLLVIE CUCTEMBI

7/ N\°3,2019



\

rkommouenTam CK®C nH(popMaIuu o caoKuBIIeiiCs
CUTYAIUN.

IIpruMeHUTENBHO K HCIOJIb3yEMOMY B KauecTBe
IIprMepa CIIEHAPUIO MOAAEPKKU IMIPUHSATUS pelre-
HUII paccMaTpUBaeTcsa MOMEHT, KOrjia Ha IIyTu po0o-
ta Alfa moasiserca npemnsTcrsue. ITociie Toro Kak
CK®C pacmosuasa nH(pOPMAIIUIO OT CeHcopa podoTa
KaK <«IIPersATCTBUEe», KOHTEKCT, paHee CO3MaHHBIH
IIpU BeIOJHeHUU podoTroMm Alfa samammusa gBurarncs
mo upamoii (puc. 6), pacimupserca (puc. 7). B pac-
IIIMPEHHOM KOHTEKCTe IIOSBJISIOTCA KJjacc Barrier
U BCe 3aJaYu U AeHCTBUA, KOTOPhIE CBA3AHEI C 9TUM
KJaccom. Ha puc. 7 Kjaccel, IPUCYTCTBYIOIINE B pa-
Hee CO3JaHHOM KOHTeKcTe (cM. puc. 6), oOBemeHBI
MIYHKTHUPOM; OCTaJbHBIE KJIACCHI COOTBETCTBYIOT
KJiaccaM, ITOSIBUBIIMMCS IIPU HACTYIIJIEHUMN COOBI-
TUA «IpensaTcTBUe» (Barrier).

Kax TosibKO0 coOBbITHE IOABUJIOCH B KOHTEKCTE, PO-
GOTBI OTIIPABJISIOT 3aIIPOCHI B OHTOJIOTUY ¥ KOHTEKCT
Ha IIpeaMeT HaJUYUs CBA3AHHBIX C COOBITHEM 3aJadu.
B onTosoruu podora Alfa 3agaun, cBA3aHHBIE C 9TUM
COOBITHEM, HE ITPeJCTaBJIeHbI. 3aIPOChl OT POOOTOB
B KOHTEKCT BO3BPAIIlAIOT CIMCOK BCeX 3a1ay U JOei-
CTBUI, CBA3AHHBIX C KJjiaccoMm Barrier, T. e. orBeT A
comep:xuT ciaenymoriue sagaun: A = {Climb, ClimbUp,

MOAENVPOBAHWE CUCTEM N NPOUECCOB

N\

PullDownLimb, Measure, MeasureLength, Measure-
Height, MeasureWidth}. Ha puc. 7 Kjaccel, mpen-
CTaBJIAIONINE IepeurcjeHHble 3amaur, OOBeIeHBI
JKUpHO#T suHmeii. Ha srame ocosHaHUA CUTyaIlnu
TaKOH CIIMCOK CUTHAJM3UPYET O HAJIUUYUU B TEKYIIei
CUTyaIlnuU IPOo0JIeM, TPEOYIOIINX PeIlTeHN s,

Moaeab MOAAEPKKYN IPUHATHSA PelIeHU it
HA Tane uaeHTu(PUKAI MY TPO6IIeMbI

IIpunaTue peleHUil MO0 UAEHTUGUKAIUU IIPO-
0J1eMbI 3aKJIIOUAETCA B OIpeJesieHnY, KaKue NMeH-
HO BBIUMCJICHUS UJIU AeHCTBUS TpeOdyeTcs IPOBECTHU
B TeKyIeit curyarnuu. C 3ToMH 11eJIbI0 OCYIIIeCTBIAET-
cs aHAJIN3 OTBETa, KOTOPBII OBLI MOJIyUeH II0 3aIIpPOo-
Cy OT KMOEepHEeTUYEeCKNX KOMIIOHEHTOB Ha MIpeabIay-
mem sramne. 1lenbio aHau3a SIBJISETCS BbISBJICHUE
POZIOBOTO BUIA AESATEeIbHOCTH WU POJOBOM 3amavuu,
T. €. KJjacca, U3 00’beMa KOTOPOr'0 BBIAEIAIOTCS JIO-
TUYECKU TOJUYUHEHHbIe BUABI AESATEeIbHOCTH WJIU
nojzagauu. g 9Toro, KaK U B IPeIbIAYIINEH Moze-
JIY, UCIOJIL3YIOTCA OHTOJIOTHH. B OHTOJIOTUAX 00s-
3aTeJIbHBIMY OTHOIIIEHUSAMM, WCIOJIb3YeMBbIMU IS
MIpeCTaBJIEHUsS] 3HAHUI, ABJSAIOTCSA POIOBUIOBHIE.
UcnonbayeTed ciemyolnas cxeMa UAeHTUPUKAIIAT
npobsembl (puc. 8). Buauanme umaeHTHUPUIIIPOBATH

ClimbDown, FixLimb, LiftLimb, GoToObject, mpobJieMy IBITAIOTCA KubepHeTHUeCKre KOMIIOHEH-
Banpoc Ha yuacmue
6 NPUHAMUU peweHUll OHPeJIeJIeI:I BUL Iuacex ) Ia
YesoBek < BBIUMCJIEHUN U JefCTBUiL
u3 MHOKecTBa A, ?
MHnooxcecmeo svLuucieHuil Budvt 3a0au
u deiicmauil (A)
OnTosorus
— npobeMHOM o6acTu
Kubepueruueckuit
KOMIIOHEHT 4
MHuoxecmao 3anpocos
/__V Ha podo6ble NOHAMUSL
Pewenue "]
Onronorusa
KUGEePHETHYECKOTO
KOMIIOHEHTa

Budvl 3a0ay

OrpefiesieH BUJ BCeX
BBIUYMCJIECHUN U AEeHCTBUN
13 MHOJKecTBa A

[

Bugsr 3agau

Her

MHoxcecmeo 3anpocos
Ha po0oseble noHamus 0aa
svluucnenull u Oeticmeuil, 6ud
KomopbLx He onpedenen (A,)

A 4

JJIS1 BBIIIOJTHEHU S

B Puc. 8. ITognep:xkka IPpUHATUA PEIlleHU Ha 9Tale uaeHTu(u
B Fig.8. Decision support when problem identification

Kaluy Ipo0JIeMbl

N\
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Tbl. OHU UIITYT B CBOMX OHTOJIOTUAX MU (1) B OHTO-
Joruuy IPoOJIEeMHOM 06JIacTH KJacc, K KOTOPOMY OT-
HOCATCSA BBIYUCJIEHUSA U NEeNCTBUS, II€PEUUCIeHHbBIE
B oTBeTe A. Ha mpaKTuKe TaKMM KJIACCOM SIBJISETCS
BUJ BEIYUCJIUTEIbHON MM TOBEeAEeHUYECKOH 3aJaun.
B ogHOM OTBETE MOI'YT COZEPKATbCS BBIUUCJIEHUS
WJIU [eHCTBUS, OTHOCAIIMECA KaK K OMHOMY OOIIe-
MY KJaccy, Tak U K PasJIUnYHBIM KJjaccaM. B mepBom
caydae pedub UAET O HeOOXOAMMOCTU BBITIOJHEHUA
OIHOM 3ajauM, BO BTOPOM — HECKOJIbKUX 3a1ad.

Ecou kubepHeTHuecKre KOMIIOHEHTHI He CMOTJIN
OIlPeNeIuTb, KAaKYIO 3a/auy HaA0 BBITIOJHATEL B Te-
KyIllell CUTyalluu, TO TaKas CUTYyal[us CBUIETEJb-
CTBYET O HEIOJHOMU cIenuuKanmu 3HaHUN B OHTO-
Jorusx. KubepHeTuuecKue KOMIIOHEHTHI OTIIPABJIA-
IOT 3aIpocC YeaoBeKy. [JaabHerInii crieHapuii 3aBU-
CHUT OT PeIIeHUs, IPUHATOTO YeJTOBEKOM.

Permtenvem, IpuHUMaeMbIM Ha 3JTalle HUIEHTH-
duKamuu TpodJIeMbI, ABIAETCA PEIIeHNe O BBIUUC-
JIUTEJbHBIX WJIV MOBEJIeHUYEeCKUX 3aJauax, KOTOPhIe
KOMIIOHEHTHI JOJIYKHBI BEITOJIHATH B TEKYIIEH CUTY-
amuu (KouTexkcre). Ilogmep:kka MPUHATAS PeIleHunii
B 9TOM MOEJIN OCYIIECTBJISIETCS IIOCPEICTBOM IIpe-
mocraBiaenus kKommoneHnTaM CK®C omTosIOTHUECKU
IIpeJCTaBJIeHHBIX 3HAHUI, UTO IIO3BOJIAET Ha OCHO-
BAHUM TUIIA TPOUBOIIEIINET0 COOBITUS U CBA3AH-
HBIX C HUM 3aja4 U JeHCTBUU UAEHTUDUIIUPOBATH
0o0IIyI0 IIeJb, KOTOpas MOJIKHA OBITH JOCTUTHYTA
komnoHeHTamMmu CK®C B TekyIeit curyaum.

B paccmarpuBaeMoM CIleHAPUU [JIs OIIpeiesie-
HUS POMOBOHM 3aJauy WCHOJb3yeTCA IIOCJIem0Ba-
TesbHOCTL mpocTedmux SPARQL-zanmpoco [21],
(dopMUpPYyEeMBIX IO pedyJbTaTaM oTBeTa A, KOTOPBIHA
MOXKeT pacCMaTPUBAThCA KaK MHOXKECTBO KJIACCOB.
Jsa Kammoro Kjacca, BXOISIIEr0 B MHOMKECTBO A,
ompenenseTcsa ero Hagkiaace (puc. 9). PesyabraTom
BBITIOJIHEHUSA KasKJ0ro 3aipoca OyaeT OJM:KalInmia
Hagraacce (SuperTask) pna xnacca A;, rae A, — i-it
sjaemeHT MHOKecTtBa A. Eciu SuperTask cosmasna-
eT ¢ XOTs ObI OMHUM M3 KJIACCOB, IIPEACTABIEHHBIM
B MHOXKecTBe A, Kjacc A, He ABJIAETCA POJOBBIM.
Kax Tonpko miast SuperTask HeT cooTBeTCTBUSA
B MHOXKecTBe A, KJacc A; CUUTaeTcsa KJIaccoM, Ipej-
CTaBJISIOIIIXM POIOBYIO 3amauy. Hampumep, orBeTOM
Ha 3ampoc, B KoropoM A; = ClimbUp, 6yzer Climb

PREFIX rdf: <http://www.w3.0rg/1999/02/22-rdf-syntax-
nst>
PREFIX owl: <http://www.w3.0rg/2002/07/owl#>
PREFIX xsd: <http://www.w3.0rg/2001/XMLSchema#>
PREFIX rdfs: <http://www.w3.0rg/2000/01/rdf-schema#>
PREFIX inter: <http://www.semanticweb.org/tanya/
ontologies/2019/2/Domain#>
SELECT DISTINCT ?SuperTask

WHERE {inter:A; rdfs:subClassOf ?SuperTask.}

B Puc. 9. 3anpoc Ha onpefieJieHe POJOBOM 3aaun
B Fig. 9. Request on generic task

(SuperTask = Climb). Climb mpucyrcTByeT BO MHO-
sxkectBe A, moaromy ClimbUp He aBisercss POmOBOit
sagaueil. OTBeToM Ha 3ampoc, B Koropom A; = Climb,
o6ymer Move. Move He IIPuCyTCTBYeT BO MHOKECTBe A,
sHauuT Kjaacc Climb mpeacTaBiseT pomoByIo 3amauy.
B pesynbraTe BBIIIOJHEHUS OMMCAHHOI IIPOLEAYPHI
B paccMaTpUBAEeMOM CIleHAPUU ObLIO BBISABJIEHO IBE
pomoBwIe 3agaun: ABuraTbes mog yrioom (Climb) u ms-
mepATsb (Measure).

Mopaeap mogaepKKN IPUHATHAS PelIeHu i
HA 9Talle onmpeaeJeHIuA aIbTePHATUB

Pertenmem, OpUHMMAEMBIM Ha 5Talle BBIABU-
JKEeHUsA aJIbTePHATUB, SBJISIOTCA aJbTepPHATHUBHBIE
MJIaHbl BBIIOJHEHUS 3a7aur, UAeHTU(UIIIPOBaH-
HOI Ha IpeAbIAyIneM sTaie, komnounentamu CKDC.
daKTUUECKHU 9TO 3a1aUa 0 paciupeaeeHnn moa3anayu
(meticTBuit) me:xkny rKommoHentamu CHK®PC (samaua
0 HasHaueHWU). BbIUumcauTeIbHBIE 3aJauydl B OHTO-
JIOTUAX KUOEPHETUUYECKUX KOMIIOHEHTOB M B OHTO-
JIOTUU IIPO0JIEMHOI 00JIacTH IIPeACTaBJIEHLI B BUIE
uepapxuy WU II0CJeJ0BATEJILHOCTH II0A3a1au, T0-
BeJeHYEeCKNe — B BHE IIOCJeNOBATEILHOCTH Iei-
ctBuit. [lna Kammoil 3ajauym B OHTOJIOTHUAX MOIKET
OLITH 3aJaHO HECKOJIBKO TAKUX IIOCJIEeNOBaTEHLHO-
creti. Ka)xkgasa mocaemoBaTeIbHOCTD SBJSETCA aJlb-
TEePHATUBHBIM IIJIAHOM BBIIOJHEHUS 3a1aUMN.

Buauajie pacmpegesneHnre mojsagady W AeHCTBUIL
TIPOUCXOMUT MEKAY KUOePHEeTUUYECKUMU KOMIIOHEH-
Tamu. OmpezgeeHre KOMIIOHEHTOB, KOTOpPbIE MOL'YT
Y4acTBOBaTh B BBHITIOJTHEHUY 3a1a4l, OCYIIIECTBIIAETCS
HA OCHOBAHWU OHTOJIOTHI KMOEPHETUUYECKUX KOMIIO-
HEHTOB, MPodueii STUX KOMIIOHEHTOB U OHTOJIOTUU
mpobaemMHoI obsactu. Eciau KubepHeTUUeCKUE KOM-
TMOHEHT MACHTHU(PUIMPOBAJI HA IIPEABLIAYIIEM >STalie
3a71auy B CBOEH OHTOJIOTHH, 3HAUUT STOT KOMIIOHEHT
MOJKET YUaCTBOBATD B €€ BBIMIOJHEHNN U «3HAEeT», KaK
periars JaHHYIO 3a7a4dy, T. €. OH «3HAeT», KaKue moj-
3a7]aUuM OH MOJKET PelINTh MIU KaKue AeHCTBUS BBI-
HOJHUTh. TaKoli KOMIIOHEHT MOXKET Ha3HAUUTL ce0s
HCIIOJTHUTEJIEM 9TUX IToA3a1au U JefiCTBUA.

Eciu HuM ofuvH M3 KOMIIOHEHTOB He WIeHTHU()U-
IIUPOBAJI 3aauy B CBOEH OHTOJOTUHU, HO OHA OBLIa
HaleHa B OHTOJIOIMU IPOOJIeMHOMi 001aCTH, TO KU-
OepHETHYECKUE KOMIIOHEHTHI COIOCTaBJISIOT CBOU
BO3MOYKHOCTH CO CIleru(uKanueil 3agauu B OHTO-
soruu. Ilens comocTaBieHUs — BBIICHEHUE, KaKue
moA3afauy UJIN AeHCTBUSA MOTYT OBITH BBITOJHEHBI
KOHKPETHBIMU KOMIIOHEeHTaMu. PaKTHUUYECKN COIO-
CTaBJISAIOTCS BJIEMEHTHI cierTu(hUKaIui 3a1a4, IIPe/-
CTABJIEHHBIX B OHTOJIOTUAX KOMIIOHEHTOB, C 9JIeMeH-
TaMu crHenu(UKANUKN pPaccCMaTpUBAEMOM 3amadu
B OHTOJIOTHH IIPOOJeMHOM o6sacTu. KOMIIOHEHTHI,
KOTOPBIE OKAa3BbIBAIOTCS CIIOCOOHBIMM BBIIIOJHUTEH
TpebyeMble TOA3aMAYUd WU AEUCTBUA, MOTYT ydUa-
CTBOBATH B BBITIOJIHEHNU 3aaUn.

Eciu B paMKax omHOI MOCJIeIOBATEIbHOCTH AJISA
BCeX IoA3ajad U AeWCTBUU HaUJeHbl KMOepHeTnye-
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3agaua T

IIOCJIe[OBATEILHOCTS i IToA3a8aY (TeHCTBIA)

IJI1 BBIMIOJIHEHUA 3agaum T

<

<«

CK®C cogepxur
KubepHeTuYeCK i
KOMIIOHEHT, B OHTOJIOTUN
KOTOPOTr'o Ipe/CcTaBJIeHa
samaua T?

Ha

Hasnauuts nogsagauu (qeicTBUI), KOTOPbIE
yMeeT BBINOJHATH JaHHBIH KOMIIOHEHT
B IIOCJIEIOBATEJILHOCTH i, 9TOMY KOMIIOHEHTY

s Bcex moasamau
(meticTBUIT)

B IOCJIEJOBATEJILHOCTH i

€CTb UCIIOJTHUTEIN?

CdopmMupoBaTh IOJHBIH I1JIaH PadbOT

[JId TI0CJIel0BATeJIbHOCTH i

ChopmMupoBaTh YaCTUYHBIN IIJIaH PAGOT
JLJIs TIOCJIeIOBATEIbHOCTHU i

Het

Oo6paireHue 3a MOMOIIBIO K YEJIOBEKY |

3agmaua T mpejcraBjieHa
B OHTOJIOTHHU IIPO6GJIeMHOM o6aacTu?

ComocTraBiieHre OHTOJIOTHA
KubepHeTUYEeCK X KOMIIOHEHTOB

C Ipe/icTaBJIeHUEM 3a7[aUX B OHTOJIOTUHA

npo0JIeMHO obacTu

v

OHpe/:[eJII/ITI: KOMIIOHEHTHI K,

CII0COOHEBIE BBIITOJIHUTH KaKue -JIu60o
noxsazaui (geficTBUA), 3aJaHHbIe
B IOCJIeJOBATEJILHOCTH i

v

HasuauuTts noasagauu (qeicTBU)

KoMIoHeHTaM K

Ectb e1me
TI0CJIE[OBATEIHHOCTHI

Oa

noxsazau
(meticTBUil) KA
sagaun T?

EcTb mosiHbIe JIaHBI

v

pab6or?

Oa

IIJIAHOB U3 YaCTUYHBIX IIJIAHOB

COBHaTB MHOJKECTBO aJIbTEPHATUBHBIX

COS,Z.'[aTI) MHOJKECTBO aJIbTEPHATUBHBIX
IIJIaAHOB U3 IIOJIHBIX IIJIAHOB

B Puc. 10. IIponenypa BeIABUKEHUS aJIbTePHATUB
B Fig. 10. Procedure of development of alternatives

CKlie KOMIIOHEHTBI, CIIOCOOHBIE BBIMOJHUTEL Tpebye-
Mble TIoJ3aauM UJIU JeNCTBUA, TO ST KOMIOHEHTHI
MepexXoaAT K (DOPMUPOBAHUIO OOIIEro IIaaHa paboT.
Ecau HU 114 ogHOM 13 mOCIeg0BaTEIBLHOCTEH He
cpopMupoBaH HAOOP KOMIIOHEHTOB, KOTOPbIE OBIIN
ObI CIIOCOOHBI BBIIIOJHHUTEL BCe IIOA3alaull WU Oei-

cTBUA (B YaCTHOCTH, €CJIM Ha 9Tale UAeHTU(PUKAIINN
mpobJieMbl 3aava Oblja UAeHTU(MUIINPOBAHA UeJo-
BEKOM KaK paHee He BBIIOJIHABIIAACH), TO K1bepHe-
THYECKNE KOMIIOHEHTHI, KOTOPbIE YACTUUYHO MOTYT
BBINIOJIHUTEL 3a7a4y, INePexXofdAT K (hOPMUPOBAHUIO
YacTUYHOrO ILJIaHa paboTr. B aTom mrame moasamauu
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U JeHCTBUS, IS KOTOPBIX He HaNJAEeHO MCIIOJHUTE-
Jel, OCTAIOTCSI «OTKPBITBIMU» (MCIOJTHUTEIU IJIT
9TUX IMOA3aau U JefICTBUI He OIIpeesIeHbl).

PesysibTaToM BBIMOJHEHUS MOMAEIU IIOAAEPIKKU
MIPUHATUS PEIleHn Ha sTalle BEIABUKEHUS aJIbTep-
HATUB SBJISIETCS MHOMKECTBO aJIbTePHATUBHBIX IIJIa-
HOB pabor. IIpuuem, ecin eCTh TOJTHOCTHIO chHOPMU-
pOBaHHBIE IIJIAHbBI, TO TOJHKO 9TH ILJIAHBI pACCMATPU-
BAIOTCS KaK aJbTepHATHBHBIE. B mpoTuBHOM ciyuae
MHOJKECTBO AaJIbTEPDHATUB IIPEICTABJIIEHO MHOMKe-
CTBOM YaCTUYHBIX MJIaHOB (puc. 10).

Tlonmep:KKa NPUHATUA PEIIEHUI Ha paccMaTpu-
BAaeMOM 9Talle OCYIIeCTBJISIETCS ITI0CPEeICTBOM IIPEeI0-
craByieHusa komrnoneHTaM CK®C 3HaHU 0 BOBMOMK-
HBIX aJIbTePHATUBAX BBIIIOJHEHU 3aJaUu.

B paccmarpuBaeMoM CIleHAPUY HOIIEPKKU IPU-
HATUA PEIIeHUH 3a1aua IPeoJOJIeHNA IPEMATCTBUA
MMeeT JBa CIoco0a PeIleHus: IPeooJeTh IPensiT-
CTBUE TIOCPEJCTBOM ITOAbeMA (IBUIKEHUA IO YIJIOM
BBepx (ClimbUp)) niau cuycka (ABUKEHUS IO YTIJIOM
BHu3 (ClimbDown)) mo sTomy mnpemsitctBuio. Ha
aTame uAeHTH(GUKAIUU NIPO6JIeMbl BBLISIBJIEHO IBE
3ajmaum, TpeOyromue pemenus: Climb u Measure.
Conenmupuranua s3agadyd W3MepPeHUs IPeraTCTBUI
(Measure) comep:kuTcs B oHTOJOrNU pobora Beta u
B OHTOJIOTUU IIPOOJIeMHOM obsacTu. Tak Kax poboT
Beta o6Hapy:KuI 9Ty 3aauy B CBOEH OHTOJIOTUM, OH
mpenJaraer ce0si B KaueCTBe MCIOJHUTEISI. 3amaua
nBuskeHud mox yriiom (Climb) npencraBieHa ToIbKO
B OHTOJIOTUU IIPobJeMHoI obaactu. VcrioaHuTEIEM
9TOM 3aJauu MOKeT OBIThH KOMIIOHEHT, B Ipodue
KOTOPOTO COAEPIKUTCA MHPOPMAIIUA O TOM, UTO OH
007a7aeT COOTBETCTBYIOIIENl KOMIETEHIWENH, WJIN
KOMIIOHEHT, Ha3HAUeHHBIN YeJIOBEKOM.

B paccmarpuBaemMoM OpuMepe CUUTAETCS, UTO
B mpoduiie pobora Alfa comep:xrurca mHbOpMAITIIA
0 TOM, UTO OH yMeeT IIPEeOo0JIeBATh MPEelsSTCTBUSI.
Taxum obGpasom, pob6or Alfa MoMKeT HPEmIOKUTH
ce0s B KaueCTBe UCIOJHUTEJA 3aJaul IIPEoJOIeHUA
mpensaTcTBuA. B pesyiabrare ooMeHa nH(opMAaIluei
Mexxay poboramu Alfa u Beta ¢popmupyiores ciaeny-
oIe mIaHbl pabor (B CKOOKaX yKasaHbI ITapame-
TPHI 3a1aY):

a) Beta: Measure(Obj, O Loc), Alfa: ClimbUp
(Barrier H), Alfa: MoveStraight(Startl, End);

6) Beta: Measure(Obj, O_Loc), Alfa: ClimbDown
(-Barrier H), Alfa: MoveStraight(Startl, End).

B mpuBemeHHBIX IIaHax poboT Beta mamepser
mpenstcTeue, pobor Alfa mpeomosieBaer mpemsT-
CTBUE U IPOJOJIMKAET NBUKEHUE II0 IPAMOU C TOUKH,
B KOTOPOM OH HAXOQUTCS IIOCJE IPEOHOJIeHUA IIpe-
narcrBusa (Startl), ¥ Touxe End. lanuble miaHb
cOoKyCcupOBaHbI Ha IeJIIX BHITIOJHEHU 3aa4 U He
YUYUTBIBAIOT BpeMs, 3aTpaunBaeMoe poboTaMu Ha
BBITIOJIHEHME eiicTBU. To ecTh IJIaHBI IPeICTaBIe-
HBI B BUJIEe ITOCJIeI0BATEIbHOCTH JeMCTBU, KOTOPhIE
Po6GOTHI MOJMKHBI BBIIOJHUTDH, YTOOBI JOCTUYH IIO-
CTaBJIEHHBIX IIeJIeH.

Moaeap mogAePKKN IPUHATHASA PelIeHu it
HAa 3Tale BHIOOPA MPeAIMOYTHTEIbHOM
aJbTEePHATUBBI

Pertenmem, IpUHEMaeMbIM Ha 3STalle BBIOOpa
MIPEAINOUYTUTEIbHON aJbTepPHATUBLI, SABJISETCA pe-
IIeHue 0 MPeAIIOUYTUTEeILHOM IIJIaHe padoT.

Ecau MHOKeCTBO aJbTePHATUB COCTOUT U3 IIOJ-
HOCTBHIO C(POPMUPOBAHHBIX IJIAHOB, TO IPEAIIOUTU-
TeJbHBIM IIJIaH BBIOUpaeTcsa KHUOepPHEeTUUECKUMU
KOMIIOHEHTaMHU IIOCPEIACTBOM II€PErOoBOPOB Ha IIpe.-
MeT COOTBETCTBUS MHPEAJIOKEHHOMY KPUTEPUIO, KO-
TOPBIHA OIIpeAeasieTcsa MPoOJeMHONM 00JIaCThI0 M MO-
JKeT OBITh IpeAcTaBIeH GYHKIIUEH OT OTHOMN 1IN He-
CKOJIBKUX XapaKTePUCTUK KOMIIOHEHTa (CTOMMOCTH,
CKOPOCTH BBITIOJTHEHUA 3aja41, YPOBHSA HaTEKHOCTHU
¥ T. I1.). S3HAUEHUSA dTUX XaPaKTEPUCTUK ABJIAIOTCS
pesyabTaToM IPO(GUINPOBAHUS U XPAHATCA B IPO-
burax KoMIoHeHTOB. ITocye 3aBepIIeH s ITePeroBo-
poB [22] onpenensieTca MHTErpaJbHBIN ITOKA3aTeIb
0 KaKAOMY IIJIaHY U BRIOMPAETCS OKOHUYATEIbHBIN
BapUaHT Ha OCHOBAHUU COOTBETCTBUSA STUX MOKAa3a-
TeJIel IPeaIoKeHHOMY KPUTEPUIO.

Eciu MHOMKECTBO aJbTepHATUB IIPEICTABJIICHO
MHOKEeCTBOM YaCTUYHBIX IIJIAHOB, TO B IIPOITECC IIPU-
HATUA pellleHul BoBJeKaeTcs uejaoBek. Ecau ueso-
BeK 3HaeT, uTo B CKPC ecTh KubepHETUUECKUIT KOM-
TIOHEHT, KOTOPBIN CIIOCOOEH BBIMOJHUTDL IIOA3amauy
(meticTBHe), AJA KOTOPOII He HAIIJIOCH WCIIOJHUTE-
Jieli, TO YeJIOBEK KOPPEKTUPYEeT ILJIaH U BHOCUT B He-
TO HeJOCTaIoIUi KOMIIOHEHT C Ha3HAUeHUeM eMy
COOTBeTCTBYOIIel monsanauu (neiicteus). Ha saTame
peasmsanuu miaaHa paboT BLIIOJHEHME 3aJaHus 0y-
JIeT OCYIIEeCTBJIATLCS IO PYKOBOACTBOM UeJIOBEKa,
3azaueii KOTOporo OyJaeT OTIpPaBKa Ha3HAUEHHOMY
WCIIOJTHUTEJIO TTOCJIef0BaTeILHOCTH KOMAaH] yIIpas-
JeHus B Ipollecce peanmsanuu. Eciu TpebyeMoro
KuOepHeTUYeCKOr0 KOMIIOHEHTA HeT, TO YeJOBeK
MIPpUHUMAET PellleHue O AajibHeireM (DyHKIIMOHU-
poBauuu CK®C.

B paccmaTpuBaeMoM CIieHApUU KPUTEepPHreM BhI00-
pa IpPeAnoYTUTESLHOrO IIJIaHA SABJISETCS YIroJl IBU-
JKeHUA OJIA TTPEOJOJIeHUS TPENATCTBUSA, KOTOPBIH
B CBOIO Ouepenb OIpeaessieTcs pasMepaMu IpensiT-
CTBUA. ITO 03HAUAET, UTO IPEAIIOUTUTEIbHBIN IaH
MOKeT ObITh BBIOPAH TOJILKO IOCJIE TOT0, KAK CTAHYT
M3BECTHBI Pa3Mephl IPEIATCTBUS, T. €. Ha dTale pea-
Jusanuu miaaHa. [TosTromy aTamn BeI6Opa TPENIOUTU-
TeJbHOH aJbTePHATUBLI B PacCMaTPUBAaeMOM CIleHa-
puu OmyIIeH.

Moaeap mogaep:KKHN IPUHATHASA PelIeHu it
HA 9Talle peajau3aliy peleHus

Hannas mMomesb IpeqHAa3HAUYEHA IJIA HPUHATHUS
pelieHuil B CUTyallusaX, Korma KubOepHeTHUUecKUii
KOMIIOHEHT CTAJKNBAETCS C TPYAHOCTAMU (Hempes-
BUJEHHBIMY WJIU IIPEIYCMOTPEHHBIMM) IIPU BBITIOJ-
HeHMU cBoel monsamaum (meiictBus). Ilom Hempen-
BUJEHHBIMU TPYAHOCTSAMHU IIOHMMAIOTCSA IIPO0IEeMBbI,
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TIOABUBIIINECS B IIPOIIECCE BBIMOJHEHUA ITOJTHOCTHIO
cOpMUPOBAHHOTO IIJIaHA PaboT, KOTga KOMIIOHEH-
THI 3BHAIOT, KaK BLIMOJHATE 3aa4y, HO B IIPOIecce ee
BBITIOJIHEHUS BCTPETUJINCH ¢ mpobsemamu. K mpen-
YCMOTPEHHBIM TPYAHOCTAM OTHOCHUTCA YaCTUYHO
chopMHupOBaHHLII IIJIaH pPabOT MM OTCYTCTBUE
TAaKOTO IIJIaHa, T. €. KOoTJa KUOepHeTUYeCKre KOM-
TIOHEHTHI He 3HAIOT, KaK BBINOJHATH 3amauy. Eciu
KubepHETMUEeCKNe KOMIIOHEHTHI M3-3a HEIOCTaTKa
3HAHUU BCTPETUJINCh C TPYAHOCTSAMU B IIpoIlecce
OCYIIECTBJIEHU A TTOJHOTO IJIaHAa, OHU MOT'YT BOCIOJI-
HUTH HEJIOCTAIOIINe 3HAHU A II0CPEICTBOM X IPUOO-
PeTeHud OT APYTUX KubepHeTUUeCKUX KOMIIOHEHTOB
WJIY U3 OHTOJIOTHH TIpobdaemMHoM obsactu [11]. Ecau
Tpebyoluecss 3HAHUA HE MOTYT OBITH IIPEIOCTaB-
JIeHBI, TO IJIS PaspelIeHns TPYAHOCTEeH mpuberawmT
K ITIOMOIIIM YejioBeKa. KEcyiu mtas paboT He 66171 chop-
MUPOBAH ITOJIHOCTHIO, TO K IIOMOIIY YeJIOBeKa IIPU-
6GeraroT B JIIOOOM cayUae.

Ilenp0 B3aMMOJENCTBUA C UYEJIOBEKOM SBJIAET-
cA ToJIyuyeHVe KUOepHeTUYEeCKUMM KOMIIOHEHTaMU
cruenupuKanuu MUX AeNCTBUN B TEKYIell CHUTya-
muu. Takaa crmenu@UKANUSA OTIPABJISIETCA YeJO-
BEKOM (II0 3aIIpocy OT KOMIIOHEHTOB) B TE€KCTOBOM
coo01ieHnu. B mporiecce moryueHus COOOINEHU OT
YeJI0OBeKa KUOEpHETUYECKNE PEeCYpPChl BBIIOJIHAIOT
PEeKOMeHIyeMble NeHCTBUA U 3aHOCAT IIOJIyUYeHHBbIEe
cuenupUKAIUA B CBOU OHTOJIOTHU (IIpuoOpeTaioT
3HAHUA).

PesysbTaToM BBITIOJTHEHUA MOJEJNN TONAEPIKKU
TIPUHATUA PEIIeHNN Ha dTalle ero peajusaliuy SBJId-
eTcs peKOMeHIaI A, KaKoe AefiCTBIe NI KaKyIo IO/I-
3a/1auy CJIEAYeT BBITIOJTHATE B TEKYIIIeH CUTYaIINH.

B paccmarpuBaemMoM cIiieHapuu PpoOOOTHI Ha-
YUHAIOT BBITIOJHATHL C(HOPMUPOBAHHBIE IIJIAHBI, U
poboT Beta crankuBaeTcs ¢ TPYJHOCTAMU IIPU BbI-

moJiHeHUM IepBoii 3agaum — Measure(Obj, O Loc).
VMMeHHO B COOTBETCTBUU C IIJIAHOM OH JOJIJKEH W3-
MepUTh MPENsATCTBHE, HO B MECTE €T0 TeKYIIero mMe-
CTOIOJIOMKEHUsI MpensaTcTBus HeT. IloaTomy oH 06-
paiaeTcs 3a MOMOIIbI0 K UEJOBEKY W OTIIPABJISET
coo0IIeHe, MONb3YysACh IMIa0J0HOM, KOTOPBIN mpes-
Ha3HaUeH JJIs OTIIPABKU COOOIIeHU T IIPY BOBHUKHO-
BEHWU TPYAHOCTEH B IIPOIlecce BLITIOJHEHUS 3aJaUn:

<Type, Sender, Recipient, Activity, Event,
Content, Status>,

roe Type — Tum cooObiieHuA (BO3MOYKHBI TPU 3Ha-
yenusi: 3anpoc (Request), oreer (Reply), yBemom-
aenne (Notification)); Sender — upentudurarop
(ums) orupaBuTens coobuieHus; Recipient — ums,
UAeHTU(PUKATOP WJIM POJb IMOJydaTesss cooOIre-
Husd; Activity — BBINOJHSAEMAasi OTIPaBUTEJIEM CO-
o0mieHuA 3amava (3amaya, CBsIBaHHAA OTHOIIIEHUEM
isPerforming c ormpaBuresnem); Content — cnemnu-
puueckaa nHpopMalnd, IpeacTaBJAd0INAaA IIOABUB-
mueca mpobseMbl; Status — CTATyC BBITTOJTHEHUS
3amauu (AJId cTaTyca OIpeesieHo TPU 3HAUEHU: BbI-
moJsiaeno (Completed), we Beimonueno (Failed), mpu-
ocranoBiieno (Suspended)).

OTrpaBisgeMoe TeKCTOBOE COOOIIeHMEe BBITJISAIUAT
CJIeAYIOINM 00pasoM:

<Request, Beta, Consultant, Measure(Steps,
StepsLocation), Barrier, 2, Suspended>,

roe Request — Tum cooOIieHusA — 3aImpoc; oTIpa-
BUTEJb cO00IIenus — poboT Beta; momyuaTeib CO-
ob1erusa — Jir000i KomoaeHT CK®C, BLIIOIHSSIO-
it posb KoHcysrbTaHTa (Consultant); po60OT BBITION-
HSeT 3aJjauy usMepeHus pasmepos (Measure) 00beK-

B Puc. 11. IIpumep peanusanuy mniaHa
B Fig. 11. An example of plan implementation
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Ta Steps, pacmojiokeHHoro B MecTe StepsLocation;
uMeeT MecTO coObiTue — mpenarctBue (Barrier);
Content = ? o3HavaeT, 4TO POOOT He 3HAET, UTO EMY
neaatrb. Content MOMKET WCIIOJIb30BATHCA, UYTOOBLI
IPEJCTABIATH KOHKPETHBIE IeHICTBUA, KOTOPHIE PO-
0OT He MOKEeT BBINOJHUTDL, UJIU apryMeHThI 3a1ad
(6ostee TIOAPOOGHO STOT IJIEMEHT PACCMOTPEH B pabo-
Te [11]).

B xauecTBe 0TBeTa KOHCYJIBTAHT OTIPABJIAET PO-
00Ty IOIIAarOBYI0 MHCTPYKIIUIO, UTO OH TOJIKEH Je-
aats. Hanpumep, coobIiieHne Buga

<Reply, Consultant, Beta, GoTo(StepsLocation)>

03HAUYAeT, YTO POOOT AOJIMKEH IIOJONTH K MECTy pac-
nosioskeHus oowsekTa Steps. Ilocae Toro Kax poboT
BBITIOJIHUJI 9TO AelficTBUE, OH COO0IIaeT 00 yaauHOM
ero 3aBepIIeHNN:

<Notification, Beta, Consultant,
GoTo(StepsLocation), ,, Completed>.

ITo gelicTBre POOOT 3aHOCUT B CBOIO OHTOJIOTHIO.
B panbmeiiniem po6oT OyaeT 3HATH, UTO IIepe Haua-
JIOM M3MEPEeHU OH JOJIXKEeH MOAOUTH K 00beKTY.

Temneps POOOTHI MOTYT IPUCTYIIUTD K peain3anuu
chopMmupoBaHHBIX IJIaHOB. Po6or Beta ycramasiu-
BaeT pasMepbl MPEMATCTBUA U COO0IaeT UX PobOTy
Alfa. B saBucumoctu oT 3HaueHusa Barrier H, xo-
TOpOoe 0003HAYAeT BBICOTY IIPEIATCTBUA, podoT Alfa
BBIOMPAET COOTBETCTBYIOIIUI IIJIaH. B JamHOM mpH-
Mmepe 3HaueHme Barrier H ompenensier BbIOOpD mraHa
TIPEONOJIeHNA TPEMATCTBUA ITOCPEACTBOM IIOABeMa
(puc. 11). IlpeomoseHre IPENATCTBUA peaan3yer-
Cs B Pe3yJIbTaTe BBIMOJHEHUS [IOCJIeI0BATEILHOCTHI
mericTBui, 3amaHuHOM B oHTOJoruu: GotoObject —
LiftLimb — PullDownLimb — FixLimb, — xoropas
HasHavYaeTCsA TPU TIOMOIM ITabJoHA ITPOEKTUPOBa-
uusa orrosioruii (Ontology Design Pattern) nis 3ana-
HUS TI0CJIeJoBaTebHOCTE — sequence.owl [23].

3aKIouyeHune

B paGore omucaubl MOAEJN IOAAEP:KKU IIPU-
Hatus pemreanii B CK®C Ha THUIIOBBIX sTalax Mpo-
mecca MPUHATHA PeIleHni: 0CO3HAHUA CUTYAI[UU,
UIeHTU(PUKAIIUN [IPO0JIEeMbI, BBIIBUIKEHUS aJib-
TEePHATUB, BHIOOpPA IPEAIOUTUTENBHON aJbTepHa-
TUBBI, peanusanuu pemreHus. Mogean MO3BOJIAIOT
¢opMuUpoOBaTh M PeaTu30BLIBATH IIJIAHBI PAOOT KOM-
TIOHEHTOB CHCTEM II0 PeIIeHuI0 00Iell 3aJaun 1 10-
cTrKeHnio mean. O0Inasa cxemMa IPUHATUSA PeIIeHn i
3aKJII0YAaeTCs B TOM, UTO BHaUaJjie pelleHre IPUHU-
MaoT KuOepHeTUYeCKre KOMIIOHEHTHI, a eCJIM OHU
He MOTYT 3TOTO CJeJIaTh, TO 00paIramTca 3a IIOMO-
IIBIO K UeJIOBEeKY. B HacTosAlee BpeMs TaKOM MOaX0T,
SIBJIsIETCSI Ham0OoJIee peaIn3yeMbIM BCJIEICTBHUE TOTO,
yro CK®PC o6samaioT CBOMCTBOM HeIpeacKasyeMo-
ctu. YeslOBEeK MOKAa SABJISETCA eIUHCTBEHHBIM, KTO
CIIOCO0EH IIPEONOJIETh ITOCJIEICTBUA HeEIpeacKasye-
MOTO IIOBEIEHU S STUX CUCTEM, IIOCKOJIBKY OH MOJKET
WCIIOJIb30BATH CBOM OIBIT ¥ MHTYUIUIO, & HE TOJIBKO
IpeaBapuTeJIbHO 3alIpOrpaMMUPOBAHHBIE HPaBUJIA
u mporeaypsl. Takske TaKOW IIOAXOM HPeACTaBJIA-
eTcs 1eJIecoO0Pa3HBIM IIPU MOMEIEHUU YyiKe CyIIe-
CTBYIOIIUX KUOEPHETHUYECKUX KOMIIOHEHTOB B HO-
BYI0O cpeny. BiaromapAa BO3MOYKHOCTU B3auWMOJEIi-
CTBUA C YeJIOBEKOM, 3T KOMIIOHEHTHI MOT'YT OBICTPO
IIOJIYYUTH OT HErO HeLOCTAIOIE SHAHUS U IIPUCIIO-
COOUTHCA K BBITTOJHEHHWIO HOBBIX IJIA HUX 3a1ad.
Paccmorpenubniii B paboTe cleHapuil IIOAAEP:KKU
MPUHATHUA PeIlleHnil TPy MIaHNPOBAaHUYU podoTaMu
mpoIecca BBIIIOJIHEHUs 00IIell 3aaun ITOATBEP KA
eT IIPUMEHUMOCTD pa3spaboTaHHBIX MOJeJIe.

dunaHCOBaST MOIAEPIKKA
PaGoTa BeImOIHEHA TIPU (DUHAHCOBOM MOAAEPIKKE

POOU (mpoextsr Ne 17-07-00248 u 17-29-07073) u
oromxerHo TeMbl Ne 0073-2019-0005.
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Models of decision support in socio-cyber-physical systems

A.V.Smirnov?, Dr. Sc., Tech., Professor, orcid.org/0000-0001-8364-078X, smir@iias.spb.su

T. V. Levashova?, PhD, Tech., Senior Researcher, orcid.org/0000-0002-1962-7044, tatiana.levashova@iias.spb.su
aSaint-Petersburg Institute for Informatics and Automation of the RAS, 39, 14 Line, V. O., 199178, Saint-Petersburg,
Russian Federation

Introduction: Socio-cyber-physical systems are complex non-linear systems. Such systems display emergent properties. Involvement
of humans, as a part of these systems, in the decision-making process contributes to overcoming the consequences of the emergent system
behavior, since people can use their experience and intuition, not just the programmed rules and procedures. Purpose: Development of
models for decision support in socio-cyber-physical systems. Results: A scheme of decision making in socio-cyber-physical systems, a
conceptual framework of decision support in these systems, and stepwise decision support models have been developed. The decision-
making scheme is that cybernetic components make their decisions first, and if they cannot do this, they ask humans for help. The
stepwise models support the decisions made by components of socio-cyber-physical systems at the conventional stages of the decision-
making process: situation awareness, problem identification, development of alternatives, choice of a preferred alternative, and decision
implementation. The application of the developed models is illustrated through a scenario for planning the execution of a common task
for robots. Practical relevance: The developed models enable you to design plans on solving tasks common for system components or on
achievement of common goals, and to implement these plans. The models contribute to overcoming the consequences of the emergent
behavior of socio-cyber-physical systems, and to the research on machine learning and mobile robot control.

Keywords — socio-cyber-physical system, decision support, ontology, task planning process.
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Bno)eHHble KOLOBble KOHCTPYKLUMK
bapkepa — MepceHHa — ParxaBapao

M. b. CepreeB?, fOKTOp TexH. Hayk, npocpeccop, orcid.org/0000-0002-3845-9277, mbse@mail.ru
B. A. HeHaweB?, kaHfj. TeXH. HayK, foueHT, orcid.org /0000-0001-5285-2051

A. M. CepreeB?, cTapLuni npenogasaTesb, orcid.org/0000-0002-4788-9869
aCaHKT-[leTepbyprckui rocyfapcTBeHHbIN YHUBEPCUTET a9POKOCMUYECKOro npubopoCcTpoeHus,
b. Mopckas yn., 67, CaHkT-lleTepbypr, 190000, P®

BBegeHue: MoMexoycToiuYnBoe KogMpoBaH1e MH(hopMaLmm B OTKPbITOM paguoKaHane UMEeT 60JIbLIOe 3HaYeHNe Npu repe-
JAaye faHHbIX. M3110XeHHble B paboTe pe3ysibTaTbl OPUEHTUPOBAHbI HA CTUMYIMPOBAHUE HAayYHOro MHTEPeca K HOBbIM KBa3nop-
TOroHasbHbIM 6a3ncam Kak OCHOBE MepecMoTpa aaropuTMOB KOAUPOBaHUS CUrHaOoB. Lienb: monck HoBbIX KOAOBbIX MOCIE[0-
BaTeNbHOCTEN Kak KOMOUHALMI KOL0B, CChOPMUPOBAaHHbIX U3 CTPOK KBa3MOPTOroHasbHbIX MaTpuL, MepceHHa n ParxaBapao, a
TakXe CNOXHbIX v 6oniee achhekTUBHbIX KogoB bapkepa — MepceHHa — ParxaBapao. Pe3ynbTaTbl: UCC/IE[0BAHbI KOHCTPYKLUN
BJIOXEHHbIX KOAOBbIX MOCNE[0BATENbHOCTEN, CCOOPMUPOBAHHBIX U3 CTPOK KBAa3MOPTOrOHabHbIX UMKIIMYECKUX MaTpuy Mep-
ceHHa, ParxaBapao n Agamapa. lNpuBegeHbl OLeHKU XapaKTePUCTUK aBTOKOPPEALMOHHON hyHKLMM BIOXEHHbIX KogoB bap-
kepa, MepceHHa, ParxaBapao u ux KOMGUHaLK, 8 UIMEHHO OTHOLLEHUS IJTABHOIO NMUKa K MaKCUMaslbHOMY MOJI0XUTENIbHOMY U1
oTpuLaTesbHOMy 60KOBbIM fiernecTkaM. CUHTE3MPOBaHbl Y NPOaHaIN3UpPOBaHbl HOBbIE KOZbl, B TOM YUCIIE BIOXEHHbIE, 06naga-
toLyMe yYIIMMU XapaKTepUCTUKAMMU, YEM U3BECTHbIE KOAbl bapkepa u nx B/IOXEHHbIE KOHCTPYKLMUU. 3HAYUMOCTb Pe3y/bTaToB
obecreynBaeTcs NepcrneKTUBHOCTbIO UCCE[0BAHMS, BINAIOLLErO Ha CTAHOBJIEHNE M Pa3BUTHE METOA0B Bbl4ENEHUs, 06Hapy-
XeHus n 06paboTKM NMonesHoi MHpopMaymn. Pe3ynbTaTbl paboTbl UMET AUTENIbHOE MOCeAeHCTBIUE, MOCKObKY C NosiB/e-
HUEM OpUrMHATbHbIX METOL0B CUHTE3a HOBbIX KOLOB BO3HUKAET MOTPEBHOCTL MX MCCNE[OBAHNS, MOAUDUKALMM, 060BLLEHNS 1
pactLumpenus obnactu npuMeHeHus. NpaKkTUYecKas 3HaYUMOCTb: MPUMEHEHUE Pe3Yy/IbTaTOB UCCEA0BaHUS HA MPaKTUKe rapaH-
TUPYET MOBbILLIEHNE TOYHOCTH B CUCTEMAX OMPELEeHNs KOOPAMHAT, 0BHapyXeHUe MoJIe3HOr0 CUrHaa B yCrI0BUSX C/I0XKHOM Mo-
MexoBo¥i 06CTaHOBKM, B YaCTHOCTH, B Pa1OIOKALMOHHbIX CUCTEMAX C BbICOKOW pa3peLuarolLeii cnocoGHOCTbIO M0 KOOpAUHaTe
AaNbHOCTY NPy 0BHAPYXEHUN (DU3NYECKNX 0GBEKTOB, B TOM YUCTIE CKPbITbIX.

KnioueBbie cnioBa — MOHOUMKIMYECKUE KBA3UOPTOroHasibHble MaTpuLbl, Kogbl MepceHHa, koabl bapkepa, Kogbl ParxaBa-
pao, KogoBas Moaynfaunsa, KoguposaHne curHaznos, I'IOME‘XO)/CTOI;ILWIBOCTI:, aBTOKOppesiAynoOHHas (byHKL[Mﬂ, BJIOXXE€HHbIE KOO0~
Bble nocsiegoBatesibHOCTHU, OTHOLUEHME IM1aBHOIo rnnka K 6OKOBOMy JiernecTky, 60KOBOV N1IENeCcToK.

HNaa nutupoBanusa: Ceprees M. B., HenameB B. A., CepreeB A. M. BioskeHHbIe KOJOBbIe KOHCTPYKIIMu Bapkepa — MepcenHa —
Parxasapao. Hupopmayuonno-ynpasasoujue cucmemvt, 2019, Ne 3, c. 71-81. doi:10.31799/1684-8853-2019-3-71-81

For citation: Sergeev M. B., Nenashev V. A., Sergeev A. M. Nested code sequences of Barker — Mersenne — Raghavarao. Informatsionno-
upravliaiushchie sistemy [Information and Control Systems], 2019, no. 3, pp. 71-81 (In Russian). doi:10.31799/1684-8853-2019-3-71-81

BBenenue eTcA B IIPOTOKOJIAX CEMeWCTBa CTAHAAPTOB CBA3U
802.11 [1], xomst aauHEI 11 u 13 ucmoab3yI0OTCA B CO-
Moaynanusa CUTrHAJOB — IIIMPOKO M3BECTHBIN BPEMEHHBIX PaJUOJOKAIIMOHHBIX cucTeMax [2], mo-

cmoco0 mepemaun TaHHBIX. BasKHBIMY 3aJja4aMu ITPK
mpueMe MOJYJIUPOBAHHBIX CUTHAJIOB SABJIAIOTCA:

— uX oO0Hapy:KeHUe B KOMMYHUKAIIMOHHOM Ka-
HaJie Ha (DOHE eCTeCTBEHHBIX W MCKYCCTBEHHBIX IIO-
MeX;

— HeoOXOAMMOCTH Pa3PEeIIeHNA B PagN0JIOKAIIN-
OHHBIX CUCTEMAX CUTHAJIOB, OTPAKEHHBIX OT OJIM3KO
PacIoIOKeHHBIX 00'beKTOB U JIEMEHTOB HOACTH-
JIaroIIel MOBEPXHOCTH 110 KOOPAMHATE LaJIbHOCTH.

s pelrieHus 3TUX 3a1a4, KaK IIPaBUJIO, TPUMe-
HsIeTCA KOPPEeJSIINOHHBIA ITpreM MO YJINPOBAHHBIX
CUTHAJIOB. 9PPEeKTUBHOCTD TAKOTO IIpHeMa 3aBUCUT
OT crocoba U CJIO}KHOCTU KOAMPOBAHUA CUTHAJIOB U
0COOEHHOCTEN KOLOB.

Haubosee wu3BeCTHBIMU IIOMEXOYCTOHUMBBIMU
KoJaMu SABJSIOTCA Kombl BapkKepa, ¥ KOTOPBIX OT-
HOIIIEHWEe TIMKAa AaBTOKOPPEIAINUOHHON QYHKIIUU
(AK®) ¥ MakcUMaJIbHOMY OOKOBOMY JIEIIECTKY —
Hambosbitiee. Koxg Bapkepa miauubl 11 1cmoabsy-

CJIEIOBATEJILHOCTU BJIOXKEHHBIX KOJOB HCIIOJIb3YIOT
B KOCMUYECKOMH CBA3U [3] 1 Ipu MOOYJIAIUMU CBEPX-
I POKOIIOJIOCHBIX CUTHAJIOB JIJIsI MHPOKOMMYHUKA-
IIUOHHBIX ceTeli [4] u ap.

B HacTosIeit paboTe paccMaTpuBaOTCI U AHAIU-
3UPYIOTCA KOJOBBIE ITOCJIeIoBaTeIbHOCTY MepceHHA
u Parxasapao[5] kak asnbTepHaTuBa KogaMm Bapkepa.
OThesrbHO PacCMaTPUBAIOTCA XaPAKTEPUCTUKU BJIO-
JKEHHBIX KOJIOB [6], ABAAONINXCSA KOMOMHAIIEHN KO-
noB Bapkepa, Mepcenna u ParxaBapao.

COBpeMeHHOG COCTOAHUE
B 00JIACTH MOMCKA HOBBIX KOOOB

CerogHs M3BECTHO MHOYKECTBO KOJOB W CHUHTE-
BMPOBAHHBIX II0 HUM CJIOMKHBIX IITHPOKOIIOJJOCHBIX
CUI'HAJIOB, MOAYJINPOBAHHBIX IO aMILIUTY/IE, YACTO-
Te 1 (pase UJIU OLHOBPEMEHHO 10 HECKOJIBKUM IIapa-
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merpaM curHaja. OCHOBHBIMHM IIPUMEHAEMBIMU Ha
MIPaKTHKe CJA0KHBIMU CUTHAJIAMU ABJIAIOTCS CUTHA-
JIBI C YACTOTHOM MJIU (DA30BOI MOJYIAIAEH.

IIpu dpaszoBoii MOAYIAIINN UCIOJIL3YIOT M-TIOCIe-
JOBATEJIbHOCTH, IICEBAOCTyUYaliHbIe MOCJIeI0BATEb-
HOCTH, Konbl PpaHKa, Bapkepa, xoanl JIpoouca u
Kpeuwmepa (P1, P2, P3, P4), monudasusie Koxwl P(n,
k), Kombl BOJIBIHCKOM, KOMIIJIEMEeHTapHbIe KOIbI, KO-
bl UmaToBa u T. 1.

OmHako He BCe CJIOMKHBIE CUTHAJBI OJMHAKOBO
3((heKTUBHBI IJIs PelleHs KOHKPEeTHOH’ 3aaun 00-
Hapy:KeHusA UM Iepegaun JaHHbIX. Hauaydimumu
SIBJISIOTCS CUTHAJIBI, MOAYJIUPOBAHHBIE KOJOBOM I10-
CJIeTOBATEIbHOCTHIO, Y KOTOPBIX:

— otHotenue nuka AK® K MakcuMaJIbHOMY II0
MO YJI}0 O0KOBOMY JIEIIECTKY HAMOOJIbIIIee;

— mupuHa raaBHOro Jenectka AK® mo ypoBHIO
—-31b manmeHnbIasg;

— MOTepW B OTHOIINEHWW CUTHAJ/IIIYM MUHU-
MAaJIbHBI.

IlepBbIe pesyabTaThl HUCCAeNOBaHUM [5] mokasa-
Jau, uto AByx(as3HBIM KomaM Bapkepa, MMM
HamboJIbIllee OTHOIIEHNE TVIABHOI'O MUKA K MAaKCHU-
ManbHOMY OokoBOMy JiemecTKy (OIIMBJI), moryt
OBITH ITPOTHBOIOCTABJIEHBLI KOIbI, ITOJYUYEHHbIe U3
KBa3MOPTOTOHAJBbHBIX MATpuIl MepceHHa, U KOMBI
Parxasapao [7]. OHE IPEBOCXOAAT 9Ty XapaKTepu-
CTHUKY KOZOB Bapkepa B ciayuasix n, paBHBIX 3 u 7,
5 u 13 coorBerTcTBeHHO. Kpome TOro, KOABI CyIle-
CTBYIOT Ha OOJBINHUX IJIUHAX W, BOBMOXKHO, IPEBbI-
maror OIIMBJI m-mociiefoBaTeIbHOCTEH U IICEBIO-
CcAyYafHBIX TOCJIeJOBaTEeIbHOCTE.

PasBuTme maremaTuuecKoro 0asuca W MeETOIIOB
CHUHTEe3a KOMAOB [IJsI IIOMEXOYCTONUYUBOTO M CKPBIT-
HOI'0 KCIIOJIb30BAHUSA B PAJNOKAHAJIAX B YCJIOBUIX
CJIOKHOII TTOMEXOBOII 00CTaHOBKM CETOMHS ITPEIIIOo-
JlaraeT OTXOJ OT CJIOMKMBIIIMXCSA IIPaBUJI. B wacTHO-
CTH, MOKHO HE3HAUUTEJHHO OCJIAa0UTH TPeOOBaHUSI
K AK® u 1onycTuTh CyIllecCTBOBaHME 3HAUEHUS BTO-
PUYHBLIX IHKOB, IPEBBIIIAONIIX 1. OTO ABJISETCS
IpUeMJIeMbIM B TOM CJydYae, ecCJU IeHTPaJbHBIHN
IUK 3HAUUTEJbHO 0oJbIie 1. IIpu aToM mocTpoeHue
KomoB Ha ocHoBe matpui, Mepcenna u Parxasapao
TIO3BOJIUT 3HAUYUTEJHHO JOMOJHUTH U PA3BUTH TEO-
PHUI0 KOAUPOBAHUSA IIPU PEIICHUU CJIENYIONUX Ha-
YUYHBIX 3a1a4:

— BBISIBJIEHUY KPUTEPUEB U XapPaKTEPUCTUK OIeH-
KU OJId TpejiaraeMbIX KOOB, OIPEeNeIeHNN UX 0CO-
OeHHOCTEN U I'PaHuUIl IIPUMEHIMOCTH;

— (hopmupoBaHmU 6a3rca KBa3MOPTOTOHAIBLHBIX
MATPHUIL PA3JIUUYHBIX CTPYKTYDP (KaK MCTOYHUKA HO-
BBIX KOJIOB) HA OCHOBE MaTeMaTUUYECKUX ONMTMCAHUN 1
KOMIBIOTEPHBIX BEIUMCJIEHUH CIIeInaJbHBIMI METO-
JamMu;

— pa3paboTKe HOBBLIX CIIEIIMAJBHBIX KOIOB, OC-
HOBAHHBIX HA UCIIOJb30BaHUU TEOPUU KBa3UOPTOrO-
HAJBHBIX MATPUIL ¥ PABHOOOPA3UU UX CTPYKTYPHBIX
0CO0EeHHOCTeIT;

— pa3paboTKe HOBBIX BJIOMKEHHBIX KOJOBBIX II0-
cJIeIOBATEeILHOCTEIH;

— CHHTEe3WPOBAHUY CHUTHAJIOB II0 HAWUJAEHHBIM
KOZaM, a TaKyKe BJIOKEeHHBIM KOJOBBIM IIOCJIEI0Ba-
TeJILHOCTSIM.

AnprepHaTuBHBIE KOabI MepceHHA
u Parxasapao

B xauecTBe OCHOBBI JJIA IIOCTPOEHUSI KOIOB BOC-
MoJb3yeMcs CTPOKaAMU KBa3MOPTOTOHAJNBLHBIX Ma-
Tput Mepcenna [8] u ParxaBapao.

Marpunisr Agamapa m MepceHHa CYIIeCTBYIOT
Ha coceqHUX Mopsaakax 4t m 4t — 1 cooTBeTCTBEHHO,
e t — HaTypaJabHOe uncao. Oco6eHHOCTHIO MaTPHUIL
MepceHnHa ABJIAETCA TOT (PaKT, YTO OHU UMEIOT JBa
3HaueHusA saeMeHToB: 1 m —b. KommuecTBo oTpuiia-
TeJILHBIX 9JIEMEHTOB OTJINYAETCS OT KOJUUYECTBA T0-
JIOKUTEJNbHBIX Ha eQUHUIY. YKasaHHble MaTPUIILI
MOT'YT OBITH OJHO3HAUHO CTPYKTYPHO CBSIBAHBI C Ma-
Tpunamu Agamapa 1o cxeme [9]

matpuria MepcenHa mopsanaka 4t — 1 —

MaTrpuna Agamapa mopsaaka 4t¢

3a CUeT HMPOCTOI OIepaluyu OKANMJICHUS U 3aMeHBI
(a;1eMeHTHI —b 3aMeHA0TCA Ha —1) UIu He UMETH Ta-
KO CBSABU.

Kpome Toro, BapuaHT CTPYKTYPHI IOLOOHBIX Ma-
TPUI B BUJE «IUPKYJIAHTAa» MOKET OBITH MOJIYYeH,
ecJy B KauecTBe MEePBOM CTPOKU UCIIOJIb30BAThH II0-
CJIeIOBATEJLHOCTD, CHOPMUPOBAHHYI0 HA OCHOBE
KBaJpaTUYHBIX BHIUETOB [5].

I[ukanuecKme KBa3WOPTOrOHAJIbHBIE MATPUIIBI
ParxaBapao OTJIMYAIOTCS OT IUKJIMYECKUX MATPHUIL
MepceHHa TeM, YTO KOJUUYECTBO ITOJIOKUTEIbHBIX U
OTPHUIIATEHFHBIX 9JIEMEHTOB B HUX OTJIMYAETCS Ha Be-
guauny n(t) = t2+ (t + 1)2, roe ¢+ — HaTypaJbHOE YnC-
0. Hampuwmep, st n = 5 nonydaem 12 +22 =5
upnan=13 22 +382 . =13, uTo OTpaseHo B Ko-
Iax, mpuBeIeHHBIX B Taba. 1. Takum obpasom, 1mo-
CJIeIOBATEeJILHOCTHY JJINH 5 1 13 He ABJIAIOTCSA mMoce-
IOBATEJIbHOCTSIMU MEPCEHHOBA TUIIA, & (POPMUPYIOT-
Cs1 U3 TIEPBBIX CTPOK MOHOIIUKJINYECKUX KBAa3UOPTO-
TOHAJBHBIX MATPUIL TUIIa ParxaBapao MopsSaKoB b u
13, mopTpeTHI KOTOPHIX IPUBEEHEI Ha puc. 1. Besoe
1moJie IOPTPeTa MATPUIILI COOTBETCTBYET 3JIEMEHTY
MaTPHUIILI cO 3HaueHueM 1 (B 00IleM caydae co 3Ha-
YEeHUEM a), a YepPHOe I0JIe — DJIEMEHTY CO 3HAUEHU-
em —b.

TakuMm o6pa3oM, MOPSAAKY BBIOpaHHOTO Oasuca
MAaTPHUIL IO3BOJISIOT CO3IaTh Ha OCHOBE UX CTPOK KO-
IIbl, aJIbTepHATUBHBIE KojaM Bapkepa u, Kpome TO-
r0, OTJIMYAIOIIecs OT KJIACCUYECKUX KOJOB C CUM-
MEeTPUUYHBIMU 3HAUEHUAMH B IpeacTasiaenuun {1, —1}.
Ilnsa mpumepa B TabJi. 1 mpuBegeHs! Koabl Bapkepa u
aJIbTePHATUBHBIE KOABI HA UX MOPALKAX.
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B Puc. 1. TlopTpeTbl MOHOIMKJINYECKUX KBAa3MOPTOIO-
HaJbHBIX MaTpuil Parxasapao mopAagkos b u 13

B Fig. 1. Portraits of monocyclic quasi-orthogonal
Raghavarao matrices of orders 5 and 13

B Tab6ruya 1. Koner Bapkepa, Mepcernna, Parxasapao

B Table 1. Barker, Mersenne and Raghavarao code
sequences

Hanaa Kozt Bapxepa Koawsr Mepcenna
KoJan u Parxasapao
1-1
2 11 -
3 11-1 -b11
1-111
4 1-1-1-1 -
5 111-11 1-bp111
7 111-1-11-1 -b-b1-b111
11 111-1-1-11-1-11-1|-b1-b-b-b111-b11
13 11111-1-111-11-11{1-b1-b-b111-b1111

Pesynbrarsl ornenku xapaxTepucTuk AK® ko-
IOBBIX TIOCJenoBaresbHOCTEH Bapkepa u MepcenHa
nokasaau, uro OIIMBJI AK® gis KomoBoii mocJe-
JoBaTesJbHOCTH MepceHHa Tpu 7 =7 COCTABJISAET
-18,68 1B, uro Ha 1,78 1B HU:Ke YPOBHS OOKOBBIX
JIETIECTKOB, YeM Y aHaJIOrnyHoro Koga Bapkepa. IIpu
n =3 OIIMBJI AK® xoma MepceHHa TpeBBINIaeT
aHaJOTUYHYIO OIIeHKY Koxa Bapkepa ua 3,52 nb. [
koma Mepcernna aiaunb! 11 omeaxa OIIMBJI AK® 1o-
Jy4YmiIach XysKe, ueM y Kojga Bapkepa, Ha 1,72 1B [5].

Hiuna koma ParxaBapao aHaJIOTUYHBIE OIEH-
Ku mokasaJju, uto npu n =5 OIIMBJI cocraBaser
—15,92 1B u IpeBHITIIaeT aHAJOTUYHYIO OIIEHKY KoIa
Bapkepa Ha 1,94 1B, a npu n = 13 npeBbIIIeHne CoO-
crasidaer 1,49 n1B [7].

PaccMoTpenHbBIe BBINIE KOAOBBIE ITOCIEI0BATEb-
HOCTH, C(POPMUPOBAHHBLIE HA OCHOBE MOHOIIUKJIU-

YeCKUX KBa3MOPTOrOHAJBHBIX MaTpull MepceHHa u
Parxapapao mopsaakoB 3, 5, 7, 11 u 13, oueBugHO,
ABJIAIOTCA aJIbTEPHATUBHLIMU KojgaM Bapkepa.

Koawl, mpeBocxopsmine Koabl bapkepa 1o xa-
pakTepucTUKaM, AJA OJuH 2 1 4 HalileHbl He ObLIN.
VYKasaHHBIE IJUHBI KOJOB B TEOPUHU KBa3HUOPTOTO-
HAJbHBIX MATPUIL COOTBETCTBYIOT UX IOpAaKam 2 u 4
¥ ABJISAIOTCS UCKJIIOUeHUuAMYU. EANHCTBeHHAS N3BECT-
Has MOHOITMKJINYECKas MaTpuIta Agamapa, CoryiacCHO
runote3e Paiizepa [10], umeer mopsamox 4. Ee sie-
MEHTBI BCeria CTPOro CUMMETPUUYHBI OTHOCUTEJIHHO
TJIaBHOM ¥ TO60UYHOM nuaronaJeii. [lopsaaky n = 2 co-
OTBETCTBYET MOHOIIUKJINUEeCKasa Marpuiia Besepuua.
OmHAKO AJISI 9TUX MATPHUIL OTXOZ OT CYII[ECTBYIOIIIErO
MIpeACTaBJIeHUs KOIOB B mmape {1, —1} 1 ucmoib30BaHme
151 KOTUPOBAHUA MIPEIaraeMbIX B paboTe HeCMMe-
TpuuHbIX nap {1, —b} uau {a, —b} HEBO3MOIKEH.

Taxum 06pa3oM, U3 IPUBEIEHHBIX BEIIIIE PE3YJIb-
TaTOB CJIEYET, UTO HAWJIYUIIell XapaKTepPUCTUKON
obsagaet xkox Parxasapao 13 ¢ OIIMBJI AK®, pas-
moit —23,77 nb.

OmHako Jaske IpuBeleHHble Koabl MepceHHa u
ParxaBapao He Bcerma moCcTaTOYHBI AJIs 3()(peKTuB-
HOTO peIlleHus 3a7a4 OOHAPYKeHUA U 00eclIeueHmns
IIOMEeXOYCTONUYNBOCTY B OTKPBITHIX PaJHNOKaHAJIAX.
ITosTomy mnsa mosyueHuda yayuireHHBIX 1o OITMBJI
AK® KomoB MOYKHO HCIOJIB30BAaTh KOMOMHAIIIU
U3 TIOCJeJ0BATEJbHO BJIOKEHHBIX KOJ0B Bapkepa,
Mepcenna u Parxasapao.

Bao:xeHHBIE KOTOBBIE IIOCJIET0BATEIIHBHOCTH

IToxg KomMOwHAaIIMENH 1 BJIOMKEHHOCTBHIO OyIeM IIOo-
HUMATh JU00 KOMOMHAIINY PAa3HBIX II0 IJIUHE KOJOB
Bapkepa, Mepcenna u ParxaBapao, 1u060 nx B3auM-
HbIe KOMOMHAIIA.

Ha puc. 2 nmpexacraByieHa orudaroIas BJI0KeHHO-
ro kona Bapkepa 5 x4 [3].

Ha puc. 3 npeacraBienst AK® njsa BI0o:KeHHOTO
Koma Bapkepa xomOuHamuu 5x4 mjsd OBYX BUIOB
kona Bapkepa gauapr 4: 1 -111m1-1-1-1.

ITockonbky orenxka OIIMBJI AK® moBbIX HAaii-
IEHHBIX KOIOB IIPEBLIIIAET AHAJOTUUYHYIO OIEHKY
nas xoma Bapkepa, TO OHM MOT'YT ObITh TPUMEHEHBI
I (DOPMHUPOBAHUS HOBBIX BJIOJKEHHBIX KOIOBBIX
KOHCTPYKITUH ¢ YAYUIIIEHHBIMU XapaKTepPUCTUKAMU.

; e

B
s ||

|
|
I
1
+4+4+ - +!+++ e S S

B Puc. 2. Kox Bapkepa 5x4 (cHU3Yy) u orubaiomias Cur-
HaJa KOJIOM JIJINHBI 4 (CBEpPXY)

B Fig. 2. Barker code 5x4 (bottom) and signal envelope
code length 4 (top)
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x10-6 x10-6
B54 =[B5 —B5 B5 B5] B54 =[B5 —B5 —B5 —B5]
B5=[111-11] B5=[111-11]
B Puc. 3. AK® BroxenHoro koga Bapkepa giunb 5 X 4
B Fig. 3. ACF nested code Barker length 5x 4
B Tab. 2 mpuBeneHbl HyMepauy KOHCTPYKITUHA BJIO- Komosrie mocsiemoBaTe/IbHOCTH, C(HOPMHUPOBAH-

*KeHHBIX KoJI0B Bapkepa, Mepcenna u Parxasapao
¥ COOTBETCTBYIOII[NE UM OTHOIIEHUS IVIABHOI'O MUKA
AK®D K MaKCUMaJIbHBIM ITOJIOMKUTEIHLHOMY 1 OTPUIIA-
TeJIbHOMY JIeIleCTKaM, YCJIOBHO 0003HaUeHHBIM B Ta0-
JIUTIE KaK «+» U «—» COOTBETCTBEHHO.

Hble 13 CTPOK KBA3MOPTOTOHAJBHBIX ITUKJINUYECKUX
matpul, Mepcenrna u ParxaBapao, 0603HaueHbI KaK
HOBBIT MaTpuuHbIil Kox (HMEK).

ITockosbKy OOHaApysKeHHe CKaToro CHUrHaJja Ja-
CTO IIPOM3BOAMTCS BO BPEMEHHOM 00JIacTH, TO HA Xa-

B Tab6ruya 2. Onenxka AK® BlI0KeHHBIX KOTOBBIX KOHCTPYKIuii Tunia Bapkep — HMK
B Table 2. ACF evaluation of nested Barker — NMK

OneHKa oTHOIIeHU A riaBHOro nuka AK® K MaKCUMaJIbHOMY IIOJIOYKUTEIBHOMY («+») X OTPUIIATEILHOMY («—»)
OOKOBOMY JIEIIECTKY, 4D, BJI0KEHHOI KOJOBOM KOHCTPYKIIY THUIIA
e Bapkep — Bapkep Bapkep — HMK HMK — Bapkep HMK — HMEK
«+» «» «+» «» «+» «» «+» «»

3x3 | —19,084850 | —9,5424252 | —22,606676 | —9,5424252 | —13,064250 | —9,5424252 | —13,064250 | —13,064250
3x5 | —13,979400 | —9,5424252 | -15,917601 | —9,5424252 | —13,064250 | —13,064250 | —13,064250 | —13,064250
3x7T | —26,444386 | —9,5424252 | —21,685902 | —9,5424252 | —13,064250 | —13,064250 | —13,064250 | —13,064250
3x11 | —30,370279 | —9,5424252 | —26,127947 | —9,5424252 | —13,064250 | —13,064250 | —13,064250 | -13,064250
3x13 | —22,278868 | —9,5424252 | —23,767757 | —9,5424252 | —13,064250 | —13,064250 | —13,064250 | —13,064250
5x3 | —13,979400 | —9,5424252 | —13,979400 | —13,064250 | —15,917601 | —9,5424252 | -15,917601 | —11,775090
5x5 | —13,979400 - —-13,979400 | -15,917601 | —138,979400 | —15,917601 | —14,628441 | —14,628441
5x7 | =18,979400 | —-16,901960 | —13,979400 | -18,675602 | —15,917601 | —15,917601 | —15,917601 | —15,917601
5x11 | —-13,979400 | —20,827854 | —13,979400 | -17,715715 | —15,917601 | —15,917601 | —15,917601 | —15,917601
5x13 | —13,979400 - -13,979400 | -23,767757 | —15,917601 | —15,917601 | —15,917601 | —15,917601
<3 | —26,444386 | —9,56424252 | —29,966211 | —13,064250 | —18,675602 | —9,5424252 | —-18,675602 | —14,139840
x5 | =13,979400 | -16,901960 | —-15,917601 | —15,917601 | —-13,979400 | —-18,675602 | -16,993189 | —16,993189
<7 | —83,803921 | —16,901960 | —21,685902 | —16,901960 | —18,675602 | —16,901960 | —18,675602 | —18,675602
<11 | =387,729813 | —16,901960 | —26,127947 | -16,901960 | —18,675602 | —18,675602 | —18,675602 | —18,108547
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B Oxonuanue mabn. 2
B Table 2 (completed)
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Onenka oTHOIIIeHUA TyIaBHOrO muka AK® Kk MakCcHMaJIbHOMY HOJOKUTEIBEHOMY («+») I OTPUIIATEILHOMY («—»)
6OKOBOMY JIEIIECTKY, OB, BJI0KEHHOI KOJOBOW KOHCTPYKIIUY THUIIA
an Bapkep — Bapkep Bapkep — HMK HMK — Bapkep HMK — HMEK
«“t» «» «“+» «» «“» «» «“» «»

<13 | —22,278868 | —16,901960 | —23,767757 | —16,901960 | -18,675602 | —18,675602 | —18,675602 | —18,675602
11x3 | =30,370279 | —9,5424252 | —33,892105 | —13,064250 | —26,127947 | —9,5424252 | —26,127947 | -13,106423
11x5 | —=13,979400 | —20,827854 | —15,917601 | -15,917601 | —13,979400 | —17,715715 | —15,959773 | —-15,959773
11x7 | =87,729813 | -16,901960 | —21,685902 | —18,675602 | —26,127947 | —16,901960 | —21,728075 | —17,715715
11x11 | —41,655708 | —20,827854 | —26,127947 | —17,715715 | —26,127947 | —17,715715 | —26,127947 | —17,715715
11x13 | —22,278868 | —20,827854 | —23,767757 | —20,827854 | —22,278868 | —17,715715 | —23,809931 | —17,715715
13x3 | —22,278868 | —9,5424252 | —22,278868 | —13,064250 | —23,767757 | —9,5424252 | —23,767757 | —-12,518845
13x5 | —=13,979400 - -15,917601 | —15,917601 | —13,979400 | —23,767757 | —15,372194 | -15,372194
13x7 | —22,278868 | —16,901960 | —21,685902 | —18,675602 | —23,767757 | —16,901960 | —21,140495 | —18,130196
13x11 | —22,278868 | —20,827854 | —22,278868 | —17,715715 | —23,767757 | —20,827854 | —23,767757 | —17,504599
13x13 | —22,278868 - —22,278868 | —23,767757 | —22,278868 | —23,767757 | —23,222351 | —23,222351

PaxKTepuCTUKU OOHAPYIKUTEJIeH BAUAET B OOJbINIE
CTelleH MaKCUMAJIbHBIN IIOJOMKUTEILHEII OOKOBOI

aerectok AKD.

IIpuBegem AK® BIOKEHHBIX KOJOBBIX KOH-
crpyknuii tuna HMK — HMEK, y KoTOpbIX u mO-

JIO}KUTEJNbHBIN, ¥ OTPUILATEIBHBIN MaKCUMaJJbHBIN
OOKOBO# JIEIECTOK MPEBBIIIAIOT AHAJOTUYHBIE IJIs
KoHCTpYyKIuM Tuna bapkep — Bapkep (Tadi. 3).

Kak cregyeT u3 pesyIbTATOB,

IIPUBENEHHBIX

B Taby. 2 u 3, BJIOKEHHBIE KOJOBbIe KOHCTPYKIIHU

B Tabruya 3. AK® nByxypoBHEBBIX BIOKeHHBIX K00B (Bapkepa — Bapkepa u HMK — HMK)
B Table 3. ACF two-level nested codes (Barker — Barker and NMC — NMC)
AK®, HopMupoBaHHAA K eJUHUIE AK®D B nenubenax
Konpg 5x3
1 0 X: 4,959¢—06 ]
_ Yi19:542 _ X:5,041e-06
0,8 10 ‘ Y: 11,78
X:4,878e—06 m A Tt ’ ‘ i
Y: -13,98 el \/\ n
0,6 20 ST T T X: 5,244e-06
\ X AY: -15,92
. — — [l n
0,4 2 61,;;7&3 06 R B SV 30 ARIATEV A
e Y: 0,16 . f P S ERAIE
02 A A ' A 40 Al ! R ': II;
il I
0 A y! I : 2 I/\\ -50 0 J\ i‘ ! ? Il
AR AT VYV jl . T ] 1
I / ! i .
_ . _0a M |/’ X: 5,041e—06 ' H !
0.2 § 3693%306 W Y:-0,2578 —60 | ; :
: -0, Y . i .
SO N L L »
46 4,7 48 4,9 5 5,1 5,2 5,3 54 46 4,7 4,8 49 5 51 5,2 53 5,4
%1076 %10-6

Ilpumeuanue:

BJIOXKEHHBIN Kox Bapkepa

- = = Biaokenubriit HMK
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B [Ipodonscernue mabn.3
B Table 3 (continued)

AK®, HopMupoBaHHASA K e[UHUIIE AK® B genubenax
Koxg 5x5
1 0 ! [
_10 X:4,797e-06 || X: 5,02e—06
08 Y: -13,98 T1Y: 14,63
’ | \ | X:5,081e-06
—20 T Y 14088
0,6 -30 A A ll:'ll: AA‘:“'fI y:llvl'lll"ll l'l‘ll’ A A
¥ [ :‘l || :': | I’l |'| \ !
0.4 g0l JYLELE AN b ~M o
? oy | Bl R'D i O THED :
| ﬂ: it N il ‘.!i T g |; (3
-50 iR E O R 1 1t
0,2 i gl E i gy E: ik
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B Oxonuanue mabn.3
B Table 3 (completed)
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tuna HMK — HMEK npeBrwIIaroT o CBOMM Xapak-
TEPUCTUKAM AaHAJOrMYHBbIe KOHCTPYKIMK THIIA
Bapkep — DBapkep aja ciegyrooiux KOMOWHAIWM:
5x3, 5x5H, bx7, bx11, 5x13, Tx5, 11x5, 13x3,
13x5, 13x 13, — 4TO MO3BOJISIET CejaTh BBIBOJ O IIe-
J1eco00Pa3HOCTHY U TTEPCIIEKTUBHOCTY X MCIIOJIH30Ba-
HIUSA B COBPEMEHHBIX CHCTeMaX 00HAPY KeHU .

3akiaioueHue

OCHOBHBIM PE€3YJILTATOM ITPOBEIEHHOI'0 UCCJIeNO0-
BaHUA, AAIOIINM MOTHBAIIUIO K PA3BUTUIO TEOPUU
KOJUPOBAHUSA B YacTU PaspaboOTKU OCHOB IIOCTPOE-
HUS HOBBIX I[IOMEXOYCTOMUMBBIX KOIOB U BJIOYKEH-
HBIX KOJOBBIX KOMOUMHAIINI, ABISIETCA IPeIIOKeH-
HBIM OTXOJ OT CYIIECTBYIOIIIEr0 IIPeACTaBIeHUA KO-
noB B mape {1, —1} u ucmosb30BaHME I KOAUPOBA-
Hus nap {1, —b} u {a, —b}.

ITonryuennble B paboTe HOBBIE KOABLI 00JI1aLaioT
JYUIIAMU XapaKTepPUCTUKAMU, YeM U3BECTHBIE KO-
Inbl Bapkepa, 1 SIBJIAIOTCSA Pe3yabTaTaMu, AOMOJIHS-
IOIUMU CYIECTBYIOIIYIO TEOPUIO KOAMPOBAHUA U
1(PPOBOI 00PabOTKM CUTHAJIOB.

IIpakTyeckas B3HAUMMOCTH IIPEAJIOKEHHOTO
peleHnA 3aKJII0YaeTCA B PA3BUTUU METOAOB U aJI-
TOPUTMOB 00PaOOTKY CJIOMKHBIX KOZOMOIYJINPOBAH-
HBIX CUTHAJIOB B PAAVOJIOKAIIUOHHBIX U TEJIEKOMMY-
HUKAIMOHHBIX CUCTEMAaX, pab0TaIOIINX B YCIOBUAX
CJI0KHOY TOMEXOBOII 00CTAHOBKU.

IIpensosxenHble B paboTe pEIIeHUA IIO3BOJSIOT
VIYUIIATh XapaKTEePUCTUKU WM3MEPUTeJell pajguo-
JIOKAIIMOHHBIX CUCTEM, HAJEKHOCTH Ilepemaun mud-
poBo¥i WMH(MOpPMAIUU B TeJEKOMMYHUKAIIMOHHBIX
pagmokaHajiax, a TaKsKe HOBBICUTH d9(PEKTUBHOCTD
TIPUMEHEHUA HOBBIX KOJOBBIX KOHCTPYKIIUH B OIITHU-
YECKUX, aKYCTUYECKUX, CBEPXIIUPOKOIOJOCHBIX U
IPYTUX CUCTEMAaX IIPU PEIIeHUN 3aJaduu 00Hapy Ke-
HUA cur"asa Ha ¢ose momex [2, 11-16].

dunaHCcoOBad MOIEPKKA

Pabora BeImosHeHa Ipu IoAAep:kKe MuHOOp-
HayKu P® npu npoBefeHNN HAYyYHO-UCCJIEI0BATEb-
CKOU paboThl B paMKaxX IIPOEKTHOI YacTU rocynap-
CTBEHHOTO 3afaHuA B chepe HAYUHOHN MeATeTbHOCTHU
mo 3agmanmio Ne 2.2200.2017/4.6.
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Nested code sequences of Barker — Mersenne — Raghavarao
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aSaint-Petersburg State University of Aerospace Instrumentation, 67, B. Morskaia St., 190000, Saint-Petersburg,
Russian Federation

Introduction: The problem of noise-free encoding for an open radio channel is of great importance for data transfer. The results
presented in this paper are aimed at stimulating scientific interest in new codes and bases derived from quasi-orthogonal matrices,
as a basis for the revision of signal processing algorithms. Purpose: Search for new code sequences as combinations of codes formed
from the rows of Mersenne and Raghavarao quasi-orthogonal matrices, as well as complex and more efficient Barker — Mersenne —
Raghavarao codes. Results: We studied nested code sequences derived from the rows of quasi-orthogonal cyclic matrices of Mersenne,
Raghavarao and Hadamard, providing estimates for the characteristics of the autocorrelation function of nested Barker, Mersenne
and Raghavarao codes, and their combinations: in particular, the ratio between the main peak and the maximum positive and negative
“side lobes”. We have synthesized new codes, including nested ones, formed on the basis of quasi-orthogonal matrices with better
characteristics than the known Barker codes and their nested constructions. The results are significant, as this research influences the
establishment and development of methods for isolation, detection and processing of useful information. The results of the work have a
long aftermath because new original code synthesis methods need to be studied, modified, generalized and expanded for new application
fields. Practical relevance: The practical application of the obtained results guarantees an increase in accuracy of location systems, and
detection of a useful signal in noisy background. In particular, these results can be used in radar systems with high distance resolution,
when detecting physical objects, including hidden ones.

Keywords — monocyclic quasi-orthogonal matrices, Mersenne codes, Barker codes, Raghavarao codes, code modulation, signal
coding, noise immunity, autocorrelation function, nested code sequences, main peak to side lobe ratio, side lobe.

For citation: Sergeev M. B., Nenashev V. A., Sergeev A. M. Nested code sequences of Barker — Mersenne — Raghavarao. Informatsionno-
upravliaiushchie sistemy [Information and Control Systems], 2019, no. 3, pp. 71-81 (In Russian). doi:10.31799/1684-8853-2019-3-71-81
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HayuHble cTaTbu
Articles

CnyuyaiiHble npouecchbl CO C/lyYalHbIMU Nepexofamm
MeXAy YCTOMYMBbIMMN COCTOSSHUAMM

B. N. XuMeHKo0?, fOKTOP TeXH. HayK, npogpeccop, orcid.org/ 0000-0003-3005-052X, vih.13@yandex.ru
30AO0 «HUNO LUNT «leTpokomeTa», b. Mopckas yn., 67, CaHkT-lNeTepbypr, 190000, P®

BBegeHue: akTyanbHOCTb UCCE[OBAHMI CllyYalHbIX MPOLJECCOB C HECKOIbKUMM YCTOMYMBBIMMY COCTOSIHUSAMMU U CIIyYaliHbl-
MU nepexofamu MeXay HUMU 06bSCHAETCSA LUMPOKUM CIIEKTPOM MPaKTUYECKMX 3a[ay, HEOOXOAUMOCTbIO U3YYeHUs [eTabHOM
MHOPMALMOHHON CTPYKTYpPbl U OTCYTCTBMEM €4MHOMO MOAX0AA K OMUCAHUIO M BEPOSTHOCTHOMY aHain3y nogobHoro Knacca
npoyeccos. Lienb: nccneqoBaHne 0CHOBHbIX BEPOSITHOCTHbIX XapaKTEPUCTUK CNydaillHbIX MPOLECCOB C ABYMS YCTOHYMBLIMU
COCTOSIHUSIMM U BEPOSTHOCTHbIN aHanM3 NpUHLYMNAa yrnpasBieHusi XaoTUYECKUMU Nepexofamu Npu pasianyHbIX yripaBastoLmx
BO34eicTBUSIX. Pe3ynbTaTbl: MoKa3aHbl BOSMOXHOCTY NMPEeACTaBNEHNUS Y NNPEABAPUTENLHOIO KAYECTBEHHOIO aHA/IN3a CTPYKTY-
Pbl CIyYaliHbIX MPOLECCOB C ABYMS yCTONYMBLIMU COCTOSIHUAMM Ha (ha30BOM MIOCKOCTHM 1 B MCEBHOA30BOM MPOCTPAHCTBE.
pennoxeHa obLyas BEpOATHOCTHAsA MOAENb 415 UCCIIERYEMbIX MPOLECCOB B BUAE [BYXKOMMOHEHTHO!M BEPOSITHOCTHOM «CMe-
cu» pacripegeneHnii. BbINoHEH BEPOATHOCTHbIA aHaIN3 NMPUHUYMMOB YrpaBJeHNs CydalHbIMU NepexofamMm Mexay pasmy-
HbIMU COCTOSIHUAMM. OnpefesnieHbl 0CHOBHbIE BEPOSITHOCTHbIE XapaKTEPUCTUKM MPOLIECCOB MPpU YNPaBASIOLMX BO3LENCTBUAX
C PasIMYHbIMU CMEKTPabHO-KOPPENALMOHHLIMMU CBOACTBaMM M M3MEHSIHOLLEMCS [TOPOrOBOM YPOBHE MPY CllyHYaiHbIX Nepexo-
Aax. Ha npumepe «BbICOKUX» MOPOroBbIX YPOBHEN BbIMONHEH aHAIN3 MyacCOHOBCKOW MOLENM CyYaliHOro noToka nepexoos.
MpakTuyeckass 3HaYNMOCTb: BO3MOXHOCTU 0ObEAUHEHNS METOOB BU3YaslbHOIro, Ka4eCTBEHHOrO M aHa/IMTUYECKOro ucce-
L0BaHUs NPY U3yYeHUU JUHAMUYECKMX CUCTEM C HECKOJIbKUMU YCTONYUBLIMU COCTOSSHUAMM. [peAIoXeHHbIe BEPOSITHOCTHbIE
MoJenu, He3aBUCMMO OT (hU3NYECKON MPUPOLbLI PacCMaTPUBAEMbIX MPOLECCOB, MOTYT UCMOJb30BaThCA B 3afayax BEeposT-
HOCTHOro aHann3a, 3afjayax ynpassieHusi BEpOSTHOCTHON CTPYKTYPOU CllydailHbIX NePeX0OoB, 3a4a4ax UMUTaLMOHHOTO Moge-
JIMPOBaHNS (U3NYECKMX, TEXHUYECKUX U BUOSIOTMYECKMX CUCTEM CO CIyYakHbIMU NEPEKITHOYEHUIMM.

KniouyeBble cnoBa — Cﬂy‘-laﬁHble rnpoueccel, Cﬂy'—laﬁHble nepexonsbl, cbaaoBoe npocTpaHCTBO COCTOSIHUN, BepOHTHOCTHblﬁ
aHalJin3, XxapakTepucTtukn nepecequMV"l ypOBHE‘VI, yrnpaBJieHNe XaoOTU4eCKUMMN NepPeKsIloYEeHNAMMN.
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Beenenue

MHuorue ¢pusndecKre ABJIEHUA U IPOIECCHI CBA3A-
HBI CO CJIOKHBIMU AWHAMUYECKUMU CUCTEMaMU, KO-
TOpbIE UMEIOT HECKOJIBKO YCTOMUYUBBIX COCTOAHUU U
B CJIyUaifHbIE MOMEHTHI BDEMEHU TIEPEXOIAT U3 OTHOTO
cocTosHUsS B Apyroe. Hambosee pacupocTpaHeHHBIM
KJIaCCOM HOJJO0HBIX CUCTEM ABJIAIOTCA TUHAMUYECKUE
CHUCTEMBI C JBYMsI YCTOMUYUBBIMU COCTOSAHUAMU. [Ipu
WX ONWCAHWU U aHAJW3e BOSHUKAET HEOOXOAMMOCTH
PaccMOTPEeHUA CIAYYAHHBIX IIPOIIECCOB CO CIyYaiHBI-
MU IepPexXofaMu WY CAYIalHbBIMY HePeKJIIOUeHSIMU.
9TO XapaKTePHO, B YACTHOCTH, IJIs aHAJIU3A IITUPOKO-
r'0 KJIacca pesIefiHbIX CHCTeM aBTOMATHUUYeCKOro yIIpas-
Jaenusd [1-3], nasa usyueHus: pabOThI MIOHHBIX KaHAJIOB
B cucteMax Helpodusuosgoruu [4—6], nas umcciaeno-
BaHUSA CTPYKTYPHI XAOTHUUYECKUX II€PEXOI0B B HEJIU-
HEeWHBIX KoJiebaTeJbHBIX cucTeMax [7, 8]. Mogemramu
IIPOIIECCOB C ABYMS YCTONUMBBIMU COCTOAHUSIMU U
XAOTHUUECKUMM IIePeXOfaMM OIUCHIBAIOTCA MHOTHE
aJrOpPUTMbI OMHAPHOTO IPEACTABIEHUA NH(DOPMAIIUY
[9, 10], moporoBbie aJarOpuUTMbI B CHCTEMax OOHAPY-
JKeHUsA, KJIacCU(UKAINU U OOIIell TeOpur paclio3Ha-
BaHUsA 00pas3oB [11-13], aaropuT™Mbl omepaTUBHON 00-
pabOTKU NaHHBIX B CUCTEMAaX KOMIILIOTEPHOT'O 3PEHUA
[14], Tenemerpun, MOHUTOPMHTA U cBA3M [15, 16].

IIpumeps! TUIIOBOI CTPYKTYPHI CAyUYalHBIX IIPO-
IIECCOB CO CIYYaMHBIMU IIePEKJIIOUEeHUIMU — Iepe-
XOJJaMU MEKY ABYMS YCTOMUUBBIMU COCTOAHUIMU
TOKasaHbl Ha puc. 1 B BUAEe OTAEIBHBIX BHIOOPOU-
HBIX QYHKIUH. 9T QYHKIIUYU OTHOCATCS K Pa3anu-
HBIM HAIIPaBJEHUAM KCCJIEJOBAHUUN (CBEPXY BHU3):
1) mpomecc nmepexkaIOYEHNS MOHHBIX KaHAJOB B CHU-
cTeMax HeNpo(U3mOJOruu; 2) XaoTUYecKue mepexo-
IBI B HeJIMHEHHBIX K0Jie0aTeIbHBIX CUCTEMAX; 3) pe-

IIpomueccsr &(t)

Bpewmas ¢
B Puc. 1. XapaKTepHbIH BUJA BBIOOPOUHBIX (DYHKIIUN
CJIyYaiHBIX IIPOIECCOB CO CIAYUYANHBIMY II€PEX0JaMuU

B Fig. 1. Characteristic look of selected functions of
random processes with random transitions
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rucTparnusa on-off IpeIXKKOB B KBAHTOBOM AUHAMUKE
MOJIEKY/JI.

B saBucummocT: OT paccmMaTpuBaeMoil 00JsacTu
TaKHe IPOIIECCHl YaCTO OTHOCATCS K KJIACCY IIPOIieC-
COB «BKJIIOUEHO-BBIKJIIOUeHO» [5, 8], «Bce min HuUe-
ro» [6], Tuma «on-off» [16—18]. B sagauax ananmusa
peJiefiHBIX CUCTEM, 3aJauaxX OMHAPHON U MOPOTOBOM
o6paboTku unbopmaruu [2, 10—13] mogob6HBIE TIPO-
Iecchbl OOBIYHO PACCMAaTPUBAIOTCA KaK CIydYalHbIe
TIOCJIEIOBATEILHOCTA CO CAYYAHHBIMU AJUTEIHHO-
CTAMMY MHTEPBAJIOB 1 CpeAHuUMHU 3HAaYeHuAMU «1—0»
uian «—1 +1» Ha 3TUX UHTEepBaJIaX.

ITo cBoeii o0OIIeii CTPYKType CJaydYalHBIE IIPO-
mecchl £(1) co cayuailHBIMU IIepPexofaMU OTHOCATCSA
K KJIacCy CJIYYaWHBIX (DYHKIMI C ABOMHOI cTOXAa-
CTUYHOCTBIO. 3[eCh HATJIAIHO MIPOSBIIAIOTCS CIIY-
yalHble COCTABJISIONINE C IBYMSA PasINUYHLIMU Bpe-
MEeHHBIMH MacmirabaMu: M3MeHeHus mporecca &(f)
B 00JIaCTU €r0 YCTOMYUBBIX COCTOSHUN U CIIyYaHbIE
U3MEeHEeHU s, CBSI3aHHBIE C TePexoaMUu MeK Iy STUMU
cocrogHuAMu. Kpome Toro, ciryuaifHbie IepeKIIroUe-
HUSA IPUBOJAAT K HAPYIIEHUAM CBOMCTB HEIPEepPbIB-
HOCTH, pa3pbrBaM GYHKIMH £(f) U, COOTBETCTBEHHO,
K pas3pbIBaM UX IPOUBBOIHBIX &'(£).

Bce asTm 0cO0E€HHOCTH YCJIOMKHSIOT HCCJEI0Ba-
HUA BEPOATHOCTHBIX CBOHMCTB IIOZOOHOTO KJacca
mporieccoB. Bo MHOrmx MPUKJIAAHBIX 3ajadax OC-
HOBHYIO POJIb HAUMHAIOT IIPU 9TOM HI'PATh OIIKCA-
TeJIbHBIE TOAXOABI 1 BU3yaJbHbIE METOABI aHaI13a.
OTcyTcTBHE €IMHOr0 00Iero moaxoaa K MCCJeIoBa-
HUAM U OTCYTCTBUE TIPOCTHIX aHAJUTHUUYECKUX pe-
3yJBTATOB [JIs OIMMUCAHUSA BEPOATHOCTHOMN CTPYKTY-
PBI IIPOIECCOB YACTO IIPUBOAUT K KCIOJIH30BAHUIO
YHCJIEHHBIX METOAOB W BBIHYIKJAEHHOMY II€PEeXOmy
K PAcCMOTPEHUIO JIUIIh OTAEJIbHBIX YACTHBIX IIPU-
MepoB. IIpu aTOM qaske HaKOIJIEHHbIE SKCIIEPUMEH-
TaJbHble AAaHHbIE HE BO BCEX peasIbHBIX 3aJadax
yoaeTrcAa YIOOBJIETBOPUTEJNLHO OMUCATH, OOBACHUTH
u 3(pPeKTUBHO MCHOIb30BaTh. HarasagHbIM IpuMe-
POM 3/IeCh MOT'YT CJIYKUTH CJIOKHbIE, MHTEPECHbIE 1
MMPAKTUYECKUW BasKHbIEe SKCIIEPUMEHTHI B Heipodu-
auojioruu [5, 6] u HeTHeTHOU nUHAMUKE [7].

OcHOBHas IeJb JaHHOW pPaboThl — wmCCaemoBa-
HUe 00I1ell BePOSTHOCTHO CTPYKTYPHI CIAyUalTHBIX
IIPOIIECCOB C ABYMS YCTOWUYUBLIMU COCTOAHUAMU U
BEPOATHOCTHBIN aHa N3 IPUHITUIA YIIPABICHUI Xa-
OTHUUYECKUMHU IIePexoJaMy IIPU PA3JUYHBLIX yIIPaB-
JIAIONINX BO3IEHCTBUAX.

IIpocTpaHCTBO COCTOAHMI
u (pa30BBIe TPAEKTOPUH IIPOIECCOB

OnuH M3 OCHOBHBIX IOAXOMOB K WCCJIEIOBAHU-
AM TUHAMHWUYECKUX CHUCTEM M CTPYKTYPBI CJIO0MKHBIX
TIPOIIECCOB CBA3AaH C ONpe[eIeHMeM IIPOCTPaHCTBa
COCTOSITHUI ¥ pacCcMOTpPeHreM 0COOeHHOCTell moBeie-
HUS UCCJIEAYEMBIX ITPOIECCOB B 9TOM IIPOCTPAHCTBE

CTOXACTUHECKAST AUHAMWKA N XAOC N\

[1, 8, 19]. BocmosbsyeMcss TaKUM IIOAXOIOM U pac-
CMOTPUM 3/IeCh BO3MOYKHOCTY aHAJIN3a BEPOATHOCT-
HOM CTPYKTYPBI CJOYUYAWHBIX IIPOIIECCOB C ABYMS
YCTONUUBBIMU COCTOAHUSMU U CAYUAUHBIMU II€pe-
XOoZaMu MeKy HUMU.

Bynmem cuurath, uTO Mccaenyemblii mporece &(t)
ABIAeTCA (PYHKIIVEN BpeMeHU f{, U ero COCTOSHUE
B IPOM3BOJIbHBIA MOMEHT BpeMeHU ¢ MOKHO Xapak-
Tepr3oBaTh 3HaueHUEeM &(f) U CKOPOCTHIO UBMEHEHU A
aroro sHauenus &'(t) = d&(¢)/di. IIpu Takom omuca-
HUY TPOCTPAHCTBO COCTOSHUM KCCJIEIYeMOro IIpO-
mecca (1) mpeacraBiidgeT coboii TUoByIo hopmy da-
30Bo# myockocTu (X, Y) = (&, &).

Bri6opounble (GhyHKIINU, WJIN OTAEJIbHBIE Peasiu-
samuu nportiecca () u ero npousBoxHOii &'(f), Ha pac-
CMaTPUBaeMOM HMHTepBajie BpeMeHU t € [ty, t,+ T']
MOKHO MHTEPIPETUPOBATh KAK KOOPAUHATHI TOUKU
Ha nrockoctu (§, &) = (§(2), £'(¢)). B aTom cryuae Bek-
TopHBIA mporece {&(f), &(f)} reoMeTpPUUECKU MOIKHO
IpefcTaBUTH Ha (hasoBoit miockocTu (&, &) B Bume
cemeiictBa Tpaexkropuii L(§, &; t). IIpu nsmeHeHUun
mapamerpa t Ha HHTepBale [t,, t,+ T] nBusKeHne
uszobpaskaromieil Touku ¢ KoopauHatamu (E(t), &'(t))
omnuchiBaeT Ha miaockoctu (&, &) ocobeHHOCTH TIOBeE-
IeHusa (asoBBIX TpaekTopuit L(E, &' t) u, coorBer-
CTBEHHO, B KayKJbIli MOMEHT BpeMeHu ¢ € [t, to+ T']
oTpaskaeT MHMOPMAIIUIO O TEKYIIEM COCTOSHUU HC-
cyaexyemoro mporecca &(t).

Ha puc. 2 nmoxasana otnesnbHad peanusanus &(t),
t €[ty ty+T]1=1[0, T] paccmaTpuBaemMoro mpouec-
ca §(t) u xapakTrep nmpousBogHoOU &'(f) s 9TOM BHI-
6opouno#t pyarnuu E(t). Ilo srum dpyrrnuam E(t) u
&'(t) na miockoctu (&, &') mocTpoeHs! (ha30BbIe TPAEK-
ropuu L(E, &; t), t € [0, T'], orobpaskaroiiue CTPyK-
Typy )a30BOro mopTpeTa ciydaiHoro mporecca &(t)
B IIPOCTpPaHCTBe cocToAHui (&, &) = (§(?), &'(t)) Ha un-
TepBaJie Bpemenu t € [0, T']. Ananus asoBbIX Tpa-
ekropuit L(§, £'; ) MO3BOIAET MOJNYUUTH JOCTATOUHO
MHOro WH(poOpMaIUU O XapakKTepe o00INell BeposT-
HOCTHOU CTPYKTYPHI HCCIeZyeMOoro mpoiecca &(t).

IIpe:xme Bcero, 3mech HAIVISOHO IIPOSBISIETCS
Pa3JIMYHBIA XapaKTep moBexeHuA TpaexTopuit L(E,
&'; t) B oTHEeIBHBIX 00J1aCcTAX (ha30BOr0 IIPOCTPAHCTBA
&, &). Ha dasoBom moprpere (cM. puc. 2) chopmu-
POBAHBI [Be HanboJIee BEPOATHBIE 00JIaCTH YCTOMYN-
BOTO COCTOSHUA mporiecca &(f). Tu obyacTy pacro-
JIO’KEHBI, COOTBETCTBEHHO, B OKPECTHOCTAX CPETHUX
3HaueHUI (JIOKAJbHBIX MaTeMATUYECKUX OKUIa-
HUM) ¢ KOOPAUHATAMU:

cocrosaue (+1): m,(§, &) = m (+1, 0);

cocroauue (-1): m_(§, &) =m_(-1, 0). 1)

B ob6macTu OOHOTO W APYTOTr0 YCTOWUYUBOTO CO-
CTOSHUSA UCCJIeyeMblit potiece £(¢) BefeT cebsa Kak
CIIYYAWHBIA NIMPOKOIIOJOCHBIA (WIIOKTYAIMOHHBINA
mym. Ha ¢gasoBom mopTpere Takme obJacTu (op-
MUPYIOTCA B BUE BJITUIICOB PACCEAHUA U IO CBOEH

Ne3,2019 N\
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B Puc. 2. IlpeacraBieHue mccjaenyeMoTo IIpollecca Ha
¢$a30BOIi IMIJIOCKOCTH

B Fig. 2. Presentation of the analyzed process on phase
plane

cyTu ortobpaskaioT (hasoBbIil MOPTPET (QJIIOKTyaIlu-
OHHOIl KOMIIOHEHTHI HCCJIefyeMoro Iporecca &(t).
Maremaruueckoe oxxumaune m(&) = M{E'(t)} nmpous-
BogHOM £'(t) B 06J1aCTH YCTOMUMBBIX COCTOAHUM IPO-
mecca §(f) > 0 u &() < 0 cooTBETCTBYET HYJIEBOMY
3HAUYEHUIO:

m, (&) = M{EW| &) > 0} =05
m_(&) = M{E®)| &) < 0}=0. (&)

Taxas ocob6eHHOCTS (2) XOPOIIIO COTJIACYETCS ¢ 00-
IMMU CBOMCTBaAMU oriepanuu nudPepeHnpoBaHm A
cayuaiinbix GyaKIui [20, 21].

Mo:xHO, KpoMme TOro, 3aMeTUTh, UTO CTEIIeHb pac-
ceanud sHaueHuit () u £'(t) B OKPECTHOCTAX YCTOI-
YUBBIX cOCTOAHUMU (1) MO3BOJISIET BBITIOJHATL IPU-
OJMIKeHHOE OlleHMBAaHNeE TapaMeTPOB CPEHETO KBa-
IPaTHUUYECKOr0 OTKJIOHEHUSA IJIA (DJIIOKTYaIlMOHHOMN
KOMIIOHEHTHI IIporiecca &(t) u ee mponsBomHOM &' (1).

Eite omHa oco6eHHOCTH (Pa30BOTO IIOPTPETA IPO-
ABJsETCA B OpmeHTanuu Ha miockoctu (&, &) 06-
JacTeil ycTOMUYUBOIO cocToAHUA. VX HaKJOHHOe
pacIioJio;KeHre OTHOCUTEIbHO KOOPAUHATHBIX Oceit
TIOKAa3bIBAET CYIIeCTBOBAHUE KOPPEIAIMOHHON CBS-
3u Mexkay sHaueHuAMU E(t) u £'(t). O0bsICHIETCS 9TO
IOCTATOYHO ITPOCTO: MOMEHTBHI IIE€PEXOIOB IIPOIEeC-
ca §(t) U3 OGHOTO YCTOMUMBOTO COCTOAHUA B APYroe
BCera CBsI3aHbI C PeBKUMU U3MEeHEeHUAMY 3HAUEH U I

7

npousBogHol £'(t). Takasa B3anMOCBA3b, B CBOIO OUe-
penb, MPUBOAUT K KOPPEJIAIMOHHON 3aBUCUMOCTH
CHAyYaWHBIX (GDYHKIUH B COBHAJAIONINE MOMEHTBI
BpeMeHMN.

Ha dazoBberx Tpaexkropuax L(E, &'; t), momumo 06-
JacTell yCTOMUYMBBIX COCTOSHUM, HATVIALHO O0TOOpa-
JKQIOTCA OCOOEHHOCTH CJIIyYAWHBIX IIEPEXOJOB IIPO-
mecca &(f) MeXAY STHUMHU COCTOAHUAMU. KaKAbIi
TaKO# mepexon Ha miockoctu (&, &) cocTrout us pes-
KOT'0O «CKauKa» IPOM3BOAHOI &'(f) U HEmoCpeICTBEH-
HOT'O M3MeHeHUd nporecca &(t). UmnynbcHBIE M3Me-
HeHUs (QYyHKIUM £'(f) OTHOCUTEJILHO ee MaTeMaTu-
veckoro oxxumanua m(E')= M{E'(t)} = 0 mpoucxomar
B 00J1aCTh MOJOKUTENBHBIX £'(f) > 0 u oTpumaTess-
HBIX £'(f) < 0 3HaueHUl, OHU IIOCJIEfOBATEJILHO Ye-
PenyIoTCSa MeXXy coOO U OTPaKaIOT HaIlpaBJIEHUE
nepexopa mporiecca &(t) BBepx — cocrodnue (+1) nau
BHUB — cocroanue (—1). OnHOBpeMeHHO ¢ U3MeHEeHU-
€M COCTOSHUA mpoItecca &(f) mMponcxoguT Bo3BpalIe-
HUe IpousBofHOU £/(f) B 00sacTh CBOEro ycTonuu-
BOTO TIOJIOJKEHUS C MATEMAaTUUYECKUM OKUITAHUEM
m(&) =0.

Ocob6erHocTu nceBa0(ha30BOro MPOCTPAHCTBA

XapakTepHOli 0COOEHHOCTBHIO IIPeACTaBJIEHUS
cJIyYaWHBIX IpoIeccoB () Ha (PasoBoOil MIOCKOCTH
(&, &) aBns€TCA BOSMOXKHOCTD OTOOpaKkeHm A NHQOP-
MaIuy OZHOBPEMEHHO O 3HAUEHUAX WCCJIETYeMOTO
mporiecca &(t) u 3HaueHUAX ero mpousogHoi &'(f). ITo
CYIIIECTBY, BE€POSITHOCTHOE IIOBEIEHUE CJIyJailHOro
mporiecca (1) Ipu TAKOM HOXOe OITUCHLIBAETCA 0CO-
OEHHOCTSIMU MTOBEIEHUsI BEKTOPHOTO mpoiiecca {&(¢),
&(t)} ma mnockoctu (&, £).

ITonyuenue mog00HOM NHPOPMAITUY OOBIUHO CBS-
3aHO C IPEIBAPUTEIHLHBIM BBIITOJHEHNEM OIlePalluu
muddepernupopanua E&'(t) =dg(t) /dt. Ilpouemypa
nru(depeHInPOBaHAA OTHOCUTCA K KJIaCCy TUIIOBBIX
JUHEHHBIX Tpeobpas3oBaHUil, ONHAKO Ha IIPaKTUKeE,
npu o6paboTKe CAydYadHbIX (QYHKIUN CO CI0MKHOI
CIIEKTPAJILHOI CTPYKTY PO, He BCeTaa 9Ta OnepaIius
ymoOHa Jid anmapaTypHOI peaus3aliuu.

g yupoIeHus MCCAeNOBAaHUN B HEKOTOPBIX
3aJjauax aHaJausa BMecTo (a30Boii maockocTu (&, &)
MOTYT UCIIOJIb30BATHCA MIPECTABICHUS CAYUaANHBIX
mporeccoB £(f) Ha mceBmodasoBoil miockocTtu [21,
22]. IIlpu TakoM IOAXOJE PacCMOTPeHUe IIpoIlecca
&(t) BBITIOJIHAETCA Ha YPOBHE aHAJIW3a BEKTOPHOTO
npomecca {E(t), &(t+ 1)}, mceBmo(}asoBOil IJIOCKO-
ctu (€, &) u nceBnodasoselx Tpaexkropuit L(E, &; t).
ITapameTp T mpeAcTaBIAET 3[eCh HEKOTOPBINA (hUK-
CUPOBAHHBINA BpeMeHHOU caBur t = At = const, © > 0.

IToxasau (puc. 3) xapaKTep IceBI0(a30BBIX Tpa-
exropuii L(E, & ; t) mna Beibopounoit pyrrmun &(t),
telty ty+T]1=[0, T] uccaegyemoro caydaiiHOro
mportecca &(f) ¢ AByMsA YCTOMYUBBIMU COCTOSAHUAMMU.
JJ1a HATIIATHOCTY U yI0OCTBa cpaBHEHU riceBaoda-

84 7 VH®OOPMAUVIOHHO-YNPABASIOLLVIE CUCTEMBI

7/ N\°3,2019



Et+1) 2 . : ‘
1,5}
1t

-1,5}

_2 N N L i i L
-2 -1,5 -1 -05 0 0,5 1 1,5 2 &@)

B Puc. 3. IlpencraBieHue mccjaegyeMoro IIpoliecca Ha
nceBr0(ha3oBo IIJIOCKOCTH

B Fig. 3. Presentation of the analyzed process on
psevdofazovoj plane

3oBoe oTobpaskenue L(E, & ; t) Ha puc. 3 u ¢asoBoe
orobpaxkenue L(E, &'; t) Ha puC. 2 TOCTPOEHBI AJIA O~
HOU U TOHU Ke BBIOOPOUYHOM (pyHKITMU mporecca (1),
te[0, T].

IlonesHo 3mEeCH TTOLUYEPKHYTH, UTO OCHOBOI HC-
MOJIb30BAHUSA IICEBHO(DA30BBIX ITPEACTABJIEHUN SB-
JISIeTCS TO, YTO IIPU MAaJbIX MHTepBaJjax T = Af 3Ha-
uenue §(f + Af) cBA3aHO ¢ IPOM3BOAHOI &'() mporiecca
&(t). Bosee Toro, annapaTypHoOe BBIUNCJIEHUE IIPOU3-
BOZLHO¥ £'(f) BO MHOTMX 3a/JauaX BBITIOJIHAETCS HA OC-
HOBe aJIrOpUTMa

£(t)= lim g(t+At)—§(t),

At—>0 At

1 9Ta OCOOEHHOCTDH eIle Pas HOIMOJHUTEJIbHO MOJI-
TBEpPIKJaeT 0JIM30CTH METOLOB IICEBI0()AZ0BOTO IPO-
CTPAHCTBA U METOJOB KJIaCCUYECKOT0 (Da30BOT0 IIPO-
CTPAHCTBA COCTOSIHIIA.

Oo6urasa BepoATHOCTHAS MOJIEIb
CJIYyYaiHOTO IIpoIecca

IIpencraBienue cay4yadHbIX mporeccoB &(t)
B IpocTpaHCTBe cocTroaHui (§, &) mmm (§, &) mo-
3BOJISIET IIPU DPEIEeHNN MHOTUX HNPAaKTHUUECKUX 3a-
a4 MOJIyYaTh HATIAAHYI0 MH(GOPMAIIUIO O BEPOAT-
HOCTHOM CTPYKTYPe HCCIeNYeMBIX IIporieccoB &(t) Ha
YDPOBHE BU3yaJbHOTO, KAUECTBEHHOTO aHAJIMU3a, IO
0o01IeMy BHUAY U XapaKTEePHBIM OCOOEHHOCTAM (da-
30BBIX WJIU ICeBA0(Ma30BbIX TpaeKkTopuii L(E, &'; t) u
LG, &5 0).

PaccmoTpuM Teneps BO3MOYKHOCTH 60JIee MOJTHO-
ro m 6oJjiee TOYHOTO OIIPEJEJIeHUS BEPOATHOCTHBIX
XapaKTEPUCTUK — BO3MOYKHOCTU IIOCTPOEHUA 00-
11eil BEpOATHOCTHOM MOJIEJIN UCCIIENyeMOTO IIPOIIec-
ca &(f) 1 BOBMOKHOCTU aHAJN3a CTPYKTYPHI TAKUX
IIPOIIECCOB HA YPOBHE KOJWUYECTBEHHOTO OIMCAHUSA
€r0 BEPOATHOCTHBIX CBOMCTB.

CTOXACTUHECKAST AUHAMWKA N XAOC N\

IIpenBapuTenbHBIT aHAJINS3 CIAYUYAUHBIX ITPOIIEC-
coB (1) ¢ IByMsS YCTOMUYMBBIMU COCTOAHUAMU (CM.
puc. 1) moKasbIBaeT, YTO B OOJIBIIIMHCTBE IPaKTHYe-
ckux 3anxau [4-18] cTpykTypa mporeccoB () B 06-
JIACTU YCTOMUYUBBIX COCTOAHUM O0IM3KA K CTPYKTYpPe
IIITPOKOIIOJIOCHOT0 (QJIIOKTYAI[MOHHOTO IIyMa. ITa
0COOEHHOCTH IIO3BOJISIET BOCIOJIB30BATHCA TI'ayCCO-
BOIl MoOJesibio (DIOKTyalnuii U AJSA OMKUCAHUS pac-
cMaTpuUBaeMbIX IIpoleccoB &(f) s3ammcarh OOMIYIO
BEPOSATHOCTHYIO MOJIeJIb B BUJE [BYXKOMIIOHEHTHOMN
«BEPOSITHOCTHOM CMECH»:

p: (& t)=0qpy(&lmy, o1)+agpa (&l mg, o) =

2
a1 (&-m)
= exp +
Gl\/ﬁ 26%
2
o9 (E-mz)
+ exp ,
02\/% 20%
ay, og €[0, 1], oq +og =1. 3

IInoTHOCTH BEPOATHOCTEH pé(é';; t) cocTOUT 37eCh U3
ABYX rayCCOBBIX QYHKIMA p; (& my, 6,) U py(E| my, o),
KasKaasi U3 KOTOPBIX OIMCHLIBAET COOTBETCTBYIOIIIEE
cocTossHUE mccyexyemMoro mportecca &(f). Ilapamerpsr
my 1 m, XapaKTepusyIoT MaTeMaTHuecKue OKIIaHu,
a 67 1 6§ — Aucrnepcun (GIIOKTYaIMOHHBIX COCTABILA-
OIUX B KaYKAOM YCTOMYMBOM COCTOSHWHU ITpoliecca
&(t). BecoBble K0a(D(PUITHEHTEI Oy U O, B BEIPAKEHIU
(3) urparoT posIb BEPOATHOCTEL HAXOMKIEHUS UCCIENY-
emoro poriecca &(f) B OZTHOM UJIY APYTOM COCTOSHUM.

BepoaruocTHasa Momesb (3) ABIAAETCS IIPOCTON U
JOCTATOYHO 00IIeli. 3a cueT BLRIOOPA ITapaMeTPoB o,
m;, cslz, i =1, 2 oHa TTO3BOJIAET OMMUCHLIBATH CAyUAHHBIE
mporieccsl &(¢) ¢ pa3JIMYHBIMU YCTONYUBBIMY COCTOS-
HUAMU My, My, PABTUYHON NHTEHCUBHOCTLIO (DJIFOK-
TYalMOHHBIX KOMIIOHEHT G}, G5 U PAs3JIMYHBIMU Be-
POATHOCTAME Oy, Oly.

B uwacTHOCTM, TPUMEHUTEJIBHO K paccMaTpuBa-
eMBIM TmporieccaM (cM. puc. 2 U 3) ¢ YCTOHUNBBLIMU
cocrogHUAMU & ==+1 B Mozesnm pacupezneseHus (3)
caenyeT HOJOXHUTL My = 1, my =—1, a 1y 3HaUeHHUH
AUCIePCHi MOXKHO CUUTATh GF = 65 = 62

pe(& t)=
2 2
-)7 - (E+1)
=——1a"exp (&) +a” exp| ——— |},
oV/2n 262 262
a;=a’,09=0a, 0 =1-a". @)

B zamauax BepoATHOCTHOrO aHAJM3a OSHOI U3
Hambojiee MPOCTHIX M PACIPOCTPAHEHHBIX Xapak-
TEePUCTUK SBJISETCS 3HAUEHUEe OTHOCUTEJIbHON IJu-
TeJILHOCTU IpeObIBaHMA mporecca &(f) B TOM HUIN
WHOM COCTOAHUU. PacCMOTpUM OIlpefesieHre TaKoMi
XapaKTepPUCTUKU IJIA UCCiefyeMoro mmporecca &(1)
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u cocroauua &(t) > 0. Bygem mpm sTOM CUMTATB,
YTO HAOJIOAEHUIO MOCTYIHA BBIOOPOUHAS (QYHKITUA
E@), t € [tg, to+ T1=[0, T] Ha HEKOTOPOM HHTEPBAJIE
IJINTEJIbHOCTBIO T < 0.

Eciu BBecTu 37eCh BCIIOMOTATEJNLHYIO WHANKA-
TOPHYIO PYHKITHAIO

1, £(¢)=0;

x(t; 0)=I{(t)>0}= 0, (1) <0,

(6))
TO U1 () MOXKHO OIIPEIeNIUTD CIYIaUHYIO BeIUINHY
T
+ 1
£7(0)=—[x(t; 0)dt, (6)
T 0

KOTOpasA XapaKTepu3yeT OTHOCUTEJNHHYIO IJINTEIh-
HOCTb HpPeOhIBAHUSA PAacCMaTPUBAEMOIl TPAeKTOPUU
&), t € [0, T'] B cocTroannm E(t) > 0.
Maremarnueckoe oxkuganue T7(0) = M{t*(0)} cay-

yaitHo#t BestuuuHEI 11(0) B COOTBETCTBUHU C OIIpeeie-
uueM (6) paBHO

1T

FgM{x(t; 0)}dt=M{x(t; O)} )

T°(0)=

YuuThiBadg 3MeCh IJIOTHOCTH BEpOATHOCTEH (4),
onpeneenne (5) 1 paBeHCTBO

Mix(t; 0)) = 1- P{E(t) > 0} +0- () < 0},

nas napamerpa (7) mIoJIydYrM OKOHUYATEeIhHOE BhIpa-
JKeHUe

T%(0)=P{g(t)=>0} = Tpg (& t)de=a®. (8
0

ITo aHasOTMU C 9TUM PE3YJIbTATOM MOXKHO 3aIIU-
caTh IIPOCTOE BBIPAKEHUE JJIA OTHOCUTEJIHLHON -
TeJILHOCTY IIPeOBbIBaHU S MCCIeLyeMOoro rpoiiecca &(t)
B coctoanmu &(t) < 0

T-(0) = P{E(t) < 0} = 1-or = o )

IIpuBenenunie pesysnbrarel (8) m (9) mosBosid-
IOT BBIJEJIUTH OAHY XapaKTEpPHYI OCOOEHHOCTh
uccyenyemoro mporecca &(f). Tak, ecam gyd OoTHO-
CUTEJbHBIX IJIUTEeNbHOCTell mpebbiBanua (8) u (9)
BeITTOIHAETCA paBercTBo 17(0)=T-(0), To mporecc
&(f) ¢ paBHBIMH BEPOATHOCTSAMU MOJKET HAaXOIUTH-
cA B JIIOOOM M3 ABYX YCTOMUYUBBIX COCTOSHUIA, T. €.
P{E(t) > 0} = P{E(¢) < 0}. 9To, B CBOIO Ouepe/b, IpU-
BOIUT K pPaBeHCTBY o = o~ = 0,5 u cBo#CTBY cuMMe-
TPUH P, &)= P: (=&; t) 0011l IIIOTHOCTY BEPOATHO-
creii (4). Uccnenyemsrii mporiecc () OyaeT mpu 3ToM
XapaKTepu30BaThCs MATEMATUUECKUM OKUTaHIEM

me = M {g(t)} = T &p: (& t)dE=0. (10)

7

Eciu mepeuwnciieHHbIE YCJIOBUS HE BBIIOJHSIOT-
cst u BepoarHoctu P{E(t) > 0} = P{E() < 0}, To mus
dyuKnmuu (4) HapymaeTcs CBONCTBO CHUMMETPUHI
ot # o, pE)(Z:,; t) # pi(—i; t), a uccyeLyeMbIl IIPoIece
&(t) mpu coXpaHEeHUU CBOUX YCTONUUBBIX COCTOSHUMI
E==+1 Oyzmer xapaKTepW30BATHCS OIPEIEIIEHHBIM
CMeIlleHueM

m, = M{E@®)} =1-P{E(@) > 0} + (-1)- P{E(®) < 0} =
=ot—a. (11)

Bce atu ocobennocTu (8)—(11) BasKHBI U IIPU aHa-
JIUTUYECKUX, U IPU SKCIEPUMEHTAJIbHBIX HCCJIEN0-
BaHUAX IIpoIeccoB () ¢ MBYyMsS YCTOUYUBBIMU CO-
CTOSHUAMHU.

MexaHu3M ynpaBJiIeHU S
CIy4alHBIMHU IIepexogaMu

Hnsa coryuaiiHBIX TporieccoB (1) ¢ HECKOJIbKUMU
YCTONUUBBIMU COCTOAHUAMU MHOTHE BEPOATHOCT-
Hble XapaKTePUCTUKU CBABAHBI C OCOOEHHOCTSIMU
yIIpaBJeHUA CAyJYaiHBIMU IIePeX0ofaMu MeXK Iy 9TH-
MU COCTOSIHUSAMU. B 3aBUCHMOCTU OT HCCIEIYEMbIX
CHCTEM, PACCMATPUBAEMBIX ITPOIIECCOB U PeIlaeMbIX
3aa4, OUeBUIHO, IPUHIIUIIBI YIIPABJIEHUI MOT'YT CY-
IITeCTBEHHO Pas3InyuaThbCs.

PaccmorpuMm 31ech oguH u3 Haubosee 0O0IIUX
IIOJIXOMOB K IIOCTPOEHUIO U BEPOSITHOCTHOMY aHAaJIU-
3y MexaHmu3Ma yIIpaBJIeHnsa CAYUYaHHBIMU ITIepexo/a-
MU B IMHAMHUUYECKHUX CUCTEMAaX C ABYMS YCTONUNBHI-
MU COCTOAHUSIMMU.

B GosbIInHCTBE TPaKTUUYECKUX 3aa4 IIPU UCCJIe-
IOBAHUAX MUHAMUYECKUX CUCTEM CMEeHAa COCTOSIHUA
WJIN TI€PEeXO0J CUCTEeMbI U3 OJHOI'O COCTOAHUS B APY-
roe MOJKeT PacCMaTPUBATHCA KaK PEaAKIIUSA CUCTEMbI
Ha HEeKOTOpOe BHeIlTHee UM BHYTPEeHHee BO3MYIIe-
Hue — BoagericTBue. Takue BO3meCTBUS YaCcTO MH-
TEPIPETUPYIOTCA KaK YIPaBJAIOINee BO3AEHCTBUE
WJIN YIIPABJSIONINI IIPoIece.

IIpu sTOM yCJIOBUSI BOSHUKHOBEHUS IIE€PEXOMIOB,
KaK IpaBUJIO, CBA3aHBI C IIPEOJOJICHNEM YIIPABJIA-
IOIIIMM BO3IeHCTBHEM HEKOTOPOTO IMOTEHIINAJJIHLHOTO
6apbepa, 3aJJaHHOTO TTOPOTOBOT'0 YPOBHA MUJIU CBA3a-
HBI C BBIXOIOM YIIPABJIAIONIET0 IpPOIlecca 3a IpaHu-
IbI OIIPEeeJIEHHOI 00JIaCTH JONYCTUMBIX 3HAUCHHIA.

B xauecTBe yIpaBJISAIOIEero BO3AeliCTBUS, B 3a-
BHUCHMOCTH OT (DUBUUYECKON IIPUPOALI CUCTEM U CO-
IepsKaHusA pelraeMbIX 3ajad, MOT'YT paccMaTpu-
BaTbhCA caMble Pa3HOOOPA3HbIE [eTePMUHIPOBAHHBIE
WJIU cJIydaiiHble Ipoilecchbl. BmecTe ¢ Tem Hauboee
oO1mieii 1 HaumboJee pPaCIpPOCTPAHEHHON MOIEeIbIO
YIIPaBJIAOIIEr0 BO3MENCTBUS, IIO-BUAMMOMY, CJIe-
IyeT CYUTATh MOEJb CAYyYaiiHOTO TayccoBa IIpoIiec-
ca. Takasa MozeJIb XOPOIIIO COrJIacyeTcs ¢ OOJIBIINM
YHCJIOM HEe3aBUCUMBIX (DAKTOPOB, KOTOPbIE OOBIUHO
Y4acTBYIOT B (DOPMHUPOBAHUU YHPABJIAIOIIUNX BO3-
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nericrBuii. Kpome Toro, rayccoBa MojeJb ITI03BOJISET
OTPa3uTh HeM30eKHOe BIAUAHNE (PIIOKTYaITMOHHBIX
93¢ GeKTOB U COTIACYeTCs C YCIOBUAMHU IEHTPAJIBHOMN
IpeaeabHOI TeOpeMbl TEOPUN BEPOSITHOCTEIA.

C yueToM 5TUX 0COOEHHOCTEMH OyAeM CUUTaTh, UTO
HEeKOoTopas AUHAMHUUYECKAas CUCTeMAa HaXOIUTCA B yC-
JIOBUAX CIIyUalHBIX (DIIOKTYAI[MOHHBIX BO3JAENCTBUN
N(%), u ecaiu 5TU BO3IENCTBUSA JOCTUTAIOT OIIpefieIeH-
HOT'O IIOPOTOBOT'O 3HAUEHWA, WCCJELyeMas CUCTeMa
MeHseT CBoe cocTosHue. IIpu TakoM MoAx0/1e MOYKHO
CUMTaTh, UTO KasKIoe IlepeceueHne (PIIOKTyaI[MOH-
HBIM IIpOIleccoM 1(t) HEKOTOPOTO ITOPOTOBOT0 YPOBHSA
H mopoxxaaet cob0il BBIXO/J] MCCJIEAYEMOTO IIpoliecca
&(t) us omHOIT 06JIaCTHM U TIePexo] B APYTYIO 00JacTh
YCTOHYMBOrO cOCTOAHUS (puc. 4). DIIOKTyaIr[MOHHOE
BO3JeiicTBHE M(f) UT'PAET 3/IeCh POJIb YIIPABJIAIOIIIETO
mpoIiecca IJIA CAyUYalHBIX IePexonoB &(f) MeKIy ero
YCTOMYUBBIMYU COCTOSTHUAMU.

OueBuAHO, UTO TepeceueHus ypoBHS H MoryT
TIPOUCXOAUTh CHU3Y BBEPX, T. €. C MOJIOKUTEIHLHOMN
mpousBoaHOI 1'(t) > 0 (BeIXOA mpoIiecca 1(t) 3a ypo-
BeHb H ), U cCBepXy BHUB, T. €. C OTPUIIATEIbHON IIPO-
usBogHOH N'(f) < 0 (BxXOZ mporecca 1(f) Iox ypOBEHD
H). Takue coObITUsA (TTepeceueHnsI) IOCae0BaATe b
HO YepeayrTcsa MeKAy co00M M IO CBOEH CyTH 3a-
IaioT HAIpaBJIeHWE CJIyJYalHBIX IIePEeXOJ0B HCCJIe-
nyemoro mpoitecca &(f) u3 omgHO# obJsiacTu B APYTYIO
00JIaCTh YCTONUYNBBIX COCTOSIHIMA.

PaccmoTpum BosMOKHOCTU 60Jiee TIOJTHOTO aHa-
JIN3a OCHOBHBIX BEPOSTHOCTHBIX XaPaKTEPUCTHUK
mporecca () mpu gaHHOM criocobe (POPMUPOBAHUA
CJIyYafHBIX ITIePEeX00B. YIIPaBJIAOIIee BO3IeicTBIE
1(¢t) 6ymeM cumTaTh CTAIlMOHAPHBIM I'ayCCOBBIM CJIY-
Ya#HBIM IIPOIIECCOM C MAT€MATHUUYECKUM OXKUIAHU-
em m, = M{n(#)} = 0, nucnepcueit 62 = M{n?(t)} u ue-
KOTOPOI KOPPEeJIAINOHHON (pyHKITEl 0011Iero Buaa

R () =02r(@), R, (0)=c2 < o, |r@| < 1. (12)

ITopor H A M

M
i Y WY

B Puc. 4. IIpuauun GopMUPOBAHUA CIYIaNHBIX ITIEPEX0-
JIOB IIpOIlecca MeXKAY ero YCTOMYNBBIMYU COCTOTHUAMU

B Fig.4.The principle of the formation of random tran-
sitions between its stable states

CTOXACTUHECKAST AUHAMWKA N XAOC N\

AHana3 xapaKTepUCTUK IIepeceueHuil IJa CIIy-
vyaiiHOrO mporecca 1M(f) CBA3aH C PacCMOTPEHUEM
COBMECTHOI'O TIOBeJEeHMA CJIydaiiHol (yHKIUHU M(t)
u ee mpousBogHOil M'(f) =dn(t)/dt B coBmajaroiime
MOMEHTHI BpeMeHU t. [[Jid onmmcaHUA STUX CBOUCTB
HEOoOXOAUMO OIIPeJeJIUTh COBMECTHYIO IIJIOTHOCTH
BEPOATHOCTEN

p(n, M5 1) = p((@), N'®)).

IIpu paccmoTpeHmm rayccoBbIX Mogeseidl n(f) Ta-
KIUe pacupefesieHusA HaXOQATCA AOCTATOYHO IIPOCTO
[21, 23]. Tak, ecau aJas1 yIIpaBJIAIONIETO BO3IEHCTBUSA
1(¢) ozHOMEpPHA S JIIOTHOCTDH BEPOATHOCTEN NMEET BU/T

n
n=n(t)e (-0, ©), (13)

1
py(ms t)= —exp 5 |
\/Zchn 20

TO COBMECTHA IIJIOTHOCTH BEPOATHOCTEN 1)1 3HAUE-
HU# 1(¢) 1 '(f) onpenengeTca Kak

p(nn’s t)=py(n; t)py (N t)=
1 2

n2
_ n () (14)
2ncnc*

b
20% 203

exp

rie 62 — puclepcus MPousBOIHON ' (£):

&Ry (1)

ol = D[n'(t)] = ae2

|0 =—Rn(0). (15)

Pesyabrar (14) HemmocpeACTBEHHO cJieyeT 13 00-
IIUX CBOWCTB YCTOMUYMBOCTU T'ayCCOBBIX pacIpeje-
JIeHU TIPU JUHEHHBIX ITpeo0pas3oBaHuAX (B JAHHOM
cayuae mpu audGepeHIIuNPOBAHNY) U M3BECTHOTO
CBOIICTBa HEKOPPEJIUPOBAHHOCTU 3HaueHUiu m(f) u
1'(¢) s KIacca cTarMOHAPHBIX ITPOIIECCOB.

Bripaskenusa (12)—(15) ABIAOTCA JOCTATOUHBI-
MU UCXOIHBIMU HAaHHBIMU JJIS OIIPEeeJIeHUsT OCHOB-
HBIX BEPOSATHOCTHBIX XapPaKTEPUCTUK IIepeceueHui
ypoBHA H ynpasasiomum npoieccom 1(t). Tak, us
00111eli TeOPUU BLIOPOCOB CIyYalHBIX (GYHKIUH [23,
24] nyia cpegHero YucJia MOoJIOMKUTEIbHBIX IIepeceue-
HUUI N{(H, T) moporoBoro ypoBHs H TpaeKToOpuei
caydaiinoro npomnecca n(t), t € [¢y, ty+ T'1=[0, T] Ha
WHTEPBaJie BpeMeHU IJUTEJbHOCThI0 T MOXKHO 3a-
mucaTh O0ITyIo (opMyTy

T o
Ny (H, T)= jdtjn'p(H, n'; t)dn, (16)
0 O

B KoTopoit p(H, n'; t) =p(M, N'; t)|n _ g — COBMecCTHas
IIJIOTHOCTH BepodATHOCTel 1A 3HaueHuit M(¢) u n'(f)
pu ycsaosuu n(t) = H.

ITo anasoruu ¢ 3TUM CpefHee YNCJI0 OTPUILATE b
HBIX TIepeceueHmit N{(H, T) ypoBHsa H, T. e. miepe-
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CeueHMH ¢ OTpUIlaTeJIbHOIN IpousdBogHOHN M(¢) < O,
OIIpenesigeTcA BIPaKeHeM

T O
Ny (H, T)==[dt [ wp(H, s t)dn. A7)
0 -

C yueToMm coBMecTHOTO pacupenenennus (14), pop-
myasl (16), (17) mocyie IIPOCTOTO WHTEIPUPOBAHUS
TNPUBOJAT K OKOHUATEJIBHOMY OOIIEMY Pe3yabTaTy
IS CPeIHero yrcJjia epecevueHnii moporoBoro ypos-
Ha H npomeccom 1 (%):

N3 (H, T)= N (H, 7)== ["(0) 2 o(1)

o(x) :ﬁexp(—xzh), h=Hfo,.  (18)

Ecnu Temeph BOCHIOJB30BATHCA OJHOMEPHOM
IJIOTHOCTBhIO BepoATHOcTel (13), To MOKHO HaWTH
cpefHee 3HAUEHWE OTHOCUTEJIBHON IJIUTEIbHOCTU
MpeObIBAHUA TPAEKTOPUH YIIPABJSAIONIEr0 Ipoliecca
n@), t € [ty, ty+ T'1=1[0, T]1mag yposreM H

T*(H)= M{t+(H)} - Tpn (n; t)dn=1-®(k) (19)

u Ha ocHoBe (18), (19) onpeneuTh CPEIHIO0 AINTEb-
HOCTB HOJIOKUTEIbHBIX BEIOPocoB T (H) 1 CpeHIon
[UINTEJIFHOCTh OTPUIIATeIbHBIX BbIOpocOB 1T (H)
cJIy4JaifHOTO Bo3AelicTBUA 1\(¢) Ha ypoBHE H:

T (H)=M |7 (H)} =

__T(H) { 2n Jl/zl—cD(h).
Ny (H,1) (-r"(0))  o(n)
T (H)=M{7 (H)} -
Cr(H) [ 22 P
‘an,l)‘[—r"(m} o

g yno6cTBa YMCIEHHBIX PACUETOB XapaKTepu-
ctuku (18)—(20) BhIpaskeHbl 3[[eCh Uepes TadyIupo-
BaHHBIEe QyHKIIUU [25]

O(x)= «/_ I exp( 2/2)dy;

o(x)=d'(x)= Texp( 2/2) @1)

ITo cBoeii cyTu pesyabrarsl (18)—(20) mosBoraiOT
JOCTATOYHO TIOJIHO OIKCATH XapPaKTEePUCTUKU IIepe-
CeUeHU TOPOroBOro yPOBHA H yIpaBIAOIINM BO3-
metictBueM M(t). ITM XapaKTEPUCTUKU B CBOIO OUe-
Penb OIpeeIsiiOT OCHOBHY O BEPOATHOCTHYO CTPYK-

7

TYPY CAYYaNHBIX IEPEeXOJ0B UCCJIeIYeMOT0o IIPOoIec-
ca §(t) Mex Iy ero yCTOMUYMBBIMU COCTOAHUAMU.

IIpu Gosjee meTaJbHBIX MCCJIEIOBAHUAX PE3YJIb-
Tathl (18)—(20) MoryT OBITH BHIPA’KEHBI Uepes CIeK-
TPaJbHO-KOPPEJIAIINOHHBIE CBOMCTBA yIIPaBJAIO-
mux BoazaericTBuil n(f). Takasa saBUCHMOCTDL B JaH-
HOM cJIyuae OIpeiesisIeTca IapaMeTPOM

=G§/0121 =
= Imzsn (w)dco/an (0)do=2g, (22)
0 0

e Sn((o) — CHeKTpaJibHasg IJIOTHOCTBL IIpOIiecca
n(t), a 3HaAYeHME L, COOTBETCTBYET HODMUPOBAHHOMY
CIIEKTPAJIFHOMY MOMEHTY BTOPOTO ITOPAIKA.

Ecinu ynpasisiomiee BoszaeticTBue 1(t) OTHOCUT-
¢Sl K KJIacCy IIMPOKOIOJIOCHBIX IIPOIECCOB, TO, KaK
TIPaBUJIO, €T0 CIIeKTPaJIbHAaA MJIOTHOCTh Sn(co) cocpe-
JoTOueHa B OKPeCTHOCTAX YacTOThl oy = 0, a Koppe-
nanuonHad GyHKINA (12) nmeeT BUJ

— o2p(7) = 2
R, (%) = o2r() = o2p(2),
roe p(7) HEeKOoTopasg MOHOTOHHO YOBIBaloIas
dyHKIUA T.
Hnsa Takux mporieccoB 1\(t) 3HaUeHMe CIeKTPaJIb-
HOTO MOMeHTa (22) HOJIHOCTBHIO oIpefesdeTca d(d-

(exTrBHON mMUPUHON Aw, 1 KoapuiuentTom Ghop-
MBI K CIIEKTpaJIbHOH nyioTHOCTH [21, 23]:

hg =GRy (0)=—p"(0) = k*Ac?. (23)

CiiemoBaTesibHO, IPU IITHPOKOIIOJOCHBIX I'ayCcCo-
BBIX VIPABJAIONIUX BO3MeHCTBUAX M(f) Ha OCHOBE
Beipaskenuii (18), (22) u (23) masa cpexHero umcJa
TIepexoioB (CM. puc. 2) MEXKY YCTOMUUBBIMU COCTO-
AHUAMU CJydaifHOTO mporecca &(f) Ha MHTepBaJe
BpeMeHHu t € [t,, ty+ T]=[0, T] monyunm

N'(H,T)=N (H, T)=

T oy 2 | _H |
- 27[[ r (O):| exp 2(572] -
= TxAf, exp(—h2/2). (24)

B sToMm BeIpaskeHuu mapameTp i XxapaKTepus3yer
OTHOCUTEJILHOE 3HAUEHVE IIOPOTOBOTO YPOBHA A =
=H /Gn’ a Af, = Aw,/2n cooTBeTcTBYeT 2(pHeKTUBHOM
I PUHE CIIEKTPA.

Ecau B KauecTBe yIPaBJIAIIIEr0 BO3AEHCTBUA
(cMm. puc. 4) paccMaTpUBaTh Y3KOIIOJOCHBIHN Caydai-
HELI Ipomecc 1(t) co cpefHeli YacTOTOH My, TO Koppe-
JAIUOHHYI0 PYHKIIUIO IJI TAKUX IPOIECCOB MOMK-
HO IIPEACTaBUTH B BUJE

R ()= cﬁ r(t) = cstl p(t)cos wyT, oy >> Ao,
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a CIIeKTPaJIbHBII MOMEHT A, OyZeT IIPU 5TOM OIIpefie-
JATHCA BEJINYNHON

hg =—0, 2R} (0)=wf —p"(0) = 0 +K*Ac. (25)

Taxum o0pasom, IIPU Y3KOIIOJOCHBIX YIIPaBJIA-
IOIIUX BO3MeMCTBUAX 1(f) CpegHee UNMCJIO IEPEXOL0B
caydaiinoro mporecca &(t) B COOTBETCTBUU € BbIpa-
sxenuamu (18), (22) u (25) 6yzer onpeneaaTbCAa Kak

N*(H, T)=N"(H, T)=

1/2

2
-0 1+K2A% exp(—h2/2). (26)
®p

9TOT pPe3yJILTAT HATVISAHO IIOKA3LIBAET, UTO IIPU
Y3KOIIOJIOCHBIX BO3IEHCTBUAX M(f), TOMUMO (hOPMBI 1
MINPUHBI CIEKTPAJIbHOI TJIOTHOCTH Sn(o)), Ha BEpOsAT-
HOCTHYIO CTPYKTYPY CIYUYaHBIX IIEPEXOI0B UCCIeLye-
Moro mporiecca &(f) cyIecTBeHHOe BINSHIE OKa3bIBaeT
CPeIHAA YaCTOTa () YIPABJIAIOIIero mpomecca 1(t).

BaKkHO TakKe MOAYEPKHYTb, UTO IPU YMEHBIIIe-
HUU OTHOCHUTEJIBHON INMMPHUHBI CIeKTpa (Aw,/mg) — 0
yupaBidmwoliee BoszeiicTeue 1)(f) mpubaMKaeTca IO
cBoeli (popMe K rapMOHINUYEecCKOMY KoJsiebaHuio. B 1momo6-
HOM CJIyUae cpemHee UMCJIO IepexomoB (26) mpoiiecca
&) Mexxay YCTOMUYMBBIMU COCTOAHUAMU B OCHOBHOM
ompejesifeTcsa SHaUeHHeM cpeHeil 4acToTHI f() = /2T,
a 001I11asa CTPYKTYpa IePeX0I0B A1 &(t) mpubmxaeTcsa
K CTPYKTYPE PEeryisipHOTO IIOTOKAa COOBITHU.

IIpuBenenHBIE B [MaHHOM pasjese Pe3yJIbTaThbl
(18)—(26) 1103BOJIAIOT TP PABIUUHBIX IITHPOKOIOJIOC-
HBIX ¥ Y3KOIIOJIOCHBIX YIIPABJISIOIINX BO3JEACTBUSIX
1(!) BBIIOJHATH aHAJU3 AETAJHHON BEPOATHOCTHOM
CTPYKTYDPBI CIyUYaWHBIX IIPOIeccoB &() co ciaydaii-
HBIMU TIepeXoJaMu MeKAY YCTONUMBBIMU COCTOSHU-
amvu. OHU HATJIAAHO IIOKA3bIBAIOT XapaKTep BANAHUA
TIOPOTrOBOT0 YPOBHA h = H, /csn ¥ CIIEKTPaJbHO-KOpPpEe-
JIAIMOHHBIX CBOMCTB IIporiecca 1(f) Ha OCHOBHBIE Xa-
PAKTEPUCTUKYU CIYyUANHBIX IIePEeKJII0UeHnH E(t).

CayuaiiHbpie Iepexo/ bl
IPU U3MEHSI0NeMcA IOPOrOBOM YPOBHE

OTaeJbHOTO PacCMOTPEHUS 3aCJTy’KHUBAeT 3/ecCh
BOIIPOC BOBMOJKHBIX 0000IIeHU pes3yabpTaToB (16)—
(20) Ha cucTeMbl yOpaBJIEHUA CIOYUYaNHBIMU Iiepe-
xomamm mporiecca &(f) B yCIOBUAX M3MEHAIOIET0CS
moporoBoro ypoBHs H = H(t) # const. IlosaBienue
MONOOHBIX 3a7a4 CBA3AaHO C UBMEHEHUSAMHU YCJIOBUM
(GQYHKIIMOHUPOBAHUA PACCMATPUBAEMBIX OOBHEKTOB,
Hen30eKHBIMU HECTaOMJIBHOCTAMU IIapaMeTpPOB KC-
cJIeNyeMbIX TIPOIECCOB, M3MEHEHUAMU TIOPOTOBOM

CTOXACTUHECKAST AUHAMWKA N XAOC N\

YYBCTBUTEJIbHOCTH M3yUYaeMbIX CHCTEM, pPaspaboT-
KOHM aJalTUBHBIX AJTOPUTMOB YIPABJIEHUS W MHO-
TUMU IPYTUMU TPUUNHAMU.

IIpenmoso:xum, uro rpu GOPMUPOBAHUY CIIyUali-
HBIX IIE€PeX00B (CM. puc. 4) MOPOroBbIil ypoBeHb H
He SBJIsIeTCSA MOCTOSHHBIM, a OMMCHIBAETCS HEKOTO-
poii ¢pyuknuei Bpemernu H = H(t). B MmomeHTEHI TIepe-
CceueHUN yIIPaBJAIONIeTro Bo3aencTsudd 1)(f) ¢ moporo-
BBIM ypoBHeM H(t) ucciexyeMslii npomecc &(1) MeHs-
€T CBO€e COCTOAHNE, IIePeX0A U3 OTHOTO YCTOHUNBO-
ro moJIosKeHus B Apyroe. Ecau npu aHaamse TaKUX
IIEPEXOI0B BBECTU BCIOMOTATEJBHYIO CJIYUYANHYIO
dbyaxmuo n,(f) =n@E) — H(f), To MOXXHO 3aMeTHUTh,
YTO IepeceueHns caydaiiHoro mpoiecca 1(t) ¢ ypoB-
Hem H(t) coBmamamT Cc mepeceueHUSIMU HYJIeBOTO
ypoBHA QyHKIIHEH N, (f).

Bocnosnbayemcesa 3Toit 0cOOEHHOCTBIO U B IIJIOTHO-
ctu BepoaTHOCcTelr p(M(?), M'()) mo m3BeCTHHIM IIpa-
BusaMm [20, 23] BBIIOJHUM TIEPEXOJ OT ITePEMEHHBIX
N(t) u 1'(¢) K HOBBIM ITepeMeHHBIM M, () =n() - H() n
n,.(&) =n'(t) — H'(t). Takoe mpeobpasoBaHme T03BOJIA-
eT MOJIYYUTh COBMECTHYIO IIJIOTHOCTH BEPOATHOCTEH
I 3HaueHUH N, (t) u ', (¢):

p.M. M 8) =pM.(@) + HD), n.() + H@®)  (27)

u Ha ocHoBe opmyJ (16) uium (17) samucars obiree
BBIPA'KEHUE IJIA CPESHErO YUCJIA MOJOKUTEIBHBIX
U OTPUIlATEJbHBIX II€PeCceYeHuil IMOPOrOBOTO YPOB-
Ha H(t) rpaexTopueii n(t), t € [0, T'] yopaBidaromiero
nporecca M(t)

o0

 Jat [ (0)p( ), H(0) (). (28
0o O

Ecnu pynxnua H, = H(f) xapakTepusyeTca cpes-
HUM 3HaueHueM my; = M{H(t)}, To o anaoruu ¢ ¢pop-
myaamu (19), (20) MOKHO OIIPeneUTh BEPOATHOCTHU
¥ OTHOCHUTEJIbHBIE AJIUTEJTbHOCTH IIPeObIBAHNUS BHIOO-
pounoit pyurnuu n(t), t € [0, T] Hax ypoBHEM U TOZ,
M3MEHSIONINMCS IIOPOTOBBIM yYpoBHEM H(t):

T*(Hy)=P{n(t)=my | =1-F, (mp );
T_(Ht):P{T](t)SmH}=Fn(mH), 29)

e Fn(mH) — omHOMepHasa (DYHKIIWMA paclpenesie-
HuA F,_ () npouecca n(t) mpun = my.
n
B cBoto ouepensb, xapaxkTepuctuku (29) u (28) mo-
3BOJIAIOT HAWTHU CPESHIOI AJUTEIbHOCTH TOJIOMKU-
TeJbHBIX U OTPUIATEJBLHBIX BBIOPOCOB YyIIPABJISIO-
mero BoszaeticTeud 1(t) Ha ypoBHe H(t):

T (H,)= T"(H,) :l_Fn(mH),
YUNi(H, 1) Ni(H 1)

Ne3,2019 N\

VH®OPMALIVIOHHO-YNPABASIIOLLINE CUCTEMBI N\ 89



y CTOXACTUHECKASI AUHAMWKA N XAOC

T (Hy)

?_(Ht):Nﬁ(Ht, 0

= Fy (mar ) Ny (Hy, 1), (30)

PesynbraTs! (27)—(30) mpuBegeHEI 3eCh B JOCTA-
TOYHO 00IIIell (popMe M CHpPaBEAJIUBBI OJIS Pa3anu-
HBIX BEPOATHOCTHBIX MOJeJell yIpPaBJIAIOIINX BO3-
neticTBuii 1(f). OHU O3BOJIAIOT UCCJIELOBATH OCOOEH-
HOCTHU CJIYYaWHBIX IIEPEXOIOB U OCHOBHBIE BEPOSAT-
HOCTHBIE XapaKTepPUCTUKU Iporiecca &(¢) B yCI0BUAX
M3MEHSIOIIEerocs IIOPOTrOBOI'0 YPOBHA.

IIyacconoBckas Mmoenab
CIyYalfHOTO IIOTOKA IEPEX0I0B

PaccmoTpuM Tereph erfe OgUH BO3MOXKHBIIN TIOI-
XOJ K OIMCAHUIO W BEPOSTHOCTHOMY aHAJU3Y CJIY-
YafHBIX HPOIECCOB CO CAYUAWHBIMU II€PEeXOJaMMU.
O611asa CTPYKTypa TaKUX IMIPOIIECCOB U XapaKTep UX
BBIOOPOUYHBIX (YHKIUH (cM. puc. 1 u 2) mIO3BOIAIOT
MHTEPIIPETUPOBATh CIyUaliHbIe IIePexonbl KaK CJIy-
yaiiHble MOTOKU OSHOPOAHBIX coObITHii. IlomobOHas
dopmasuzanusa B CBOIO OUYEpPenb IPUBOJUT K BO3-
MOJKHOCTH MCIIOJIb30BaTh METOAbI OOIell Teopuu
CAYYaMHBIX ITOTOKOB WMJU TEOPUU CIAYUAUHBIX TO-
YEeUHBIX IIPOIIECCOB B 3ajlauaxX aHAJM3a BePOATHOCT-
HOU CTPYKTYPHI IIporieccoB &(1).

IIpepmonoskum, corsiacHo puc. 4, uTo GOpMUPO-
BaHWe CJIyJYaWHBIX IEPexXonoB IIporecca &(f) Mexmy
er0 YCTONUYUBBIMU COCTOAHUAMU ITPOUCXOIAUT B CO-
OTBETCTBUM C IIPUHITUIIOM IIePECceUeHnl HeKOTOPOTO
IIOPOT'OBOT'0 YPOBHA H yIPaBIAIOINM BO3IEHCTBIEM
N(f). B 6onpIIMHCTBE IPAKTUYECKUX 3a7]aYU TUIIOBOM
MOZEJIbIO AJIsI IPOIEecCcOoB 1)(f) MOYKET CUMTATHCS IITU-
POKOITIOJIOCHBIM T'ayCCOB IIPOIIECC C pacIIpeesieHreM
(13), (14) u xoppenauonHO pyHKIMEH Buga (12).

Eciu mpu sTOM paccMOTpeTh BapHAHT «BBICO-
KHX» IIOPOTOBBLIX YpPOBHel, Hanpumep H > 20n, TO
TIOTOK IIOJIOKUTEJIbHBIX BBIOpPOCOB n't(f) mo cBoum
BEePOSITHOCTHBIM CBOICTBAM OyaeT NpuOJIMIKATHCS
K IIPOCTOMY IYaCCOHOBCKOMY ITOTOKY COOBITUIH [26,
27]. Nmaue roBops, IIPU PACCMOTPEHUHU UCCJIE[YEMO-
ro mporecca &(t) Bepositaocts P{n*(H, T) = k} Toro,
uTO Ha MHTepBanet € [ty, t,+ T']=[0, T'] anurensHo-
cThio T IPOUBOIAET POBHO k MOJIOMKUTEIbHBIX IIepe-
xomoB n*(H, T) = k, 6y#eT omucbIBaThCS pacirpemese-
HUEeM

P{n* (H, T)=h|= L7 exp(-uT),

k!

k=0,1, 2, ... (31)

WMHTEHCUBHOCTL |1 IOTOKA coObITHIT n'(t) coot-
BETCTBYET 3/IeCh CPEJHEMY UUCIY MOJOKUTEIbLHBIX
ImepexonoB mporecca &(f) Ha eIMHUYHOM MHTEePBaJie
BpeMeHM U B COOTBETCTBUU ¢ peadyiabraramu (16),
(18), (24) onpenensieTca Kak

7

u:%N*(H, T)=xAf, exp(-h°/2), h=H]o,. (382)

BasxwHoii ocobeHHOCTBIO pacipenenenus (31) as-
JsIeTcd TO, UTO OJs caydaiHoi BeauuuHbl n'(H,
T) — 4uunciia MOJOXKUTEJbHBIX IIEPEX0I0B IIpoIlecca
&(t) — marematnueckoe oxumanue M{n*(H, T)} u
nucnepcusa D[n*(H, T)] coBnagaror:

N*(H, T)=M{n* (H, T)| =uT;

D[n*(H, T)]-

- M{[;ﬁ (H, T)-N*(H, T)T} —uT.  (33)

Takoe paBeHCTBO 3aMETHO YIIPOIIlaeT UCCJIeI0Ba-
HUS caydaiHoro unuca coosituii nt(H, T).

IIpu BLIDOJTHEHWU CBOMCTB myaccoHoBocTu (31)
IS CJIyYalHOTO IOTOKAa IepexonoB n't(t) mocaeno-
BaTEJBHOCTH {T;, i = 1, 2, ...} BDeMEHHBIX HHTEPBAJIOB
T, MKy COCeJHUMH COOBITUAMU (COCETHUMMU IIO-
JIOKUTEJBHBIMU TIEPeXomaMu) IIPeACcTaBIAeT co00it
IIOCJIeOBaTEJIbHOCTh HE3aBUCUMBIX W OJUHAKOBO
pacupeiesIeHHbIX CAYUYaiHbIX BeanduH. I110THOCTD
BeposaTHOCTel p (1) 1 PyHKIUA pacupenenreHus F (1)
cay4daiiHON BeJIMYNHEI T; ABJIAIOTCA IPU DTOM SKCIIO-
HEHIUAJbHBIMU:

p:(t)=pexp(—nT);
F (t)=P{1; <t}=1-exp(-pT), 120. (34

Bripaskenus (34) mo3BOJIAIOT JOCTATOUHO IIPOCTO
OIpEeJeJINTh CpefHee 3HAUEHWE U [JUCIEPCUI0 AJsA
JTUTENBHOCTeH T, BDeMEeHHBIX HHTEPBAJIOB MEXIY
TIOJIOKUTEJIBHBIMU II€EPEX0laMU PacCMaTPUBAEMOTO
cirydaiHoro nporecca &(t):

mrzM{ri}=l; o2 =D[1;]=—- (35)
mn

Pesynprater (31)—(35) maroT wucuepIbIBaroIiee
oIMcaH’e BePOATHOCTHOM CTPYKTYPHI OTOKA IIepe-
xonoB n't(t) nia nporecca (). OHU X0pOIIIO coTIacy-
IOTCA CO MHOTMMU 9KCIIEPUMEHTAILHBIMU JaHHBIMU
(mampumep, [4-7, 9, 18]). IIpu BbIDOTHEHUY CBOMICTBA
ITyaCCOHOBOCTH BCE XaPaKTEPUCTUKU BEPOATHOCTEH
cobbpiTul (31), XapaKTepUCTUKU YHCIa IIePexXOI0B
(31)—(33) u mmuTenbHOCTEN MHTEPBAJIOB MEKIY IIe-
pexomamu (34), (35) 3aBUCAT TOJIBKO OT MHTEHCHUBHO-
ctu (32) paccMaTpuBaeMoro moToka coouiTuii n't(t).

3aKJIoueHne
IIpencraBiendble B maHHON paboTe pe3yabTaThbl

TIOKAa3hIBAIOT BO3MOKHOCTHY BEPOATHOCTHOTO aHAJIM3a
CJyYalHBIX IIPOILECCOB C ABYMS YCTOMUMBLEIMU COCTO-
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SAHUAMU ¥ OCOOEHHOCTU WCCJIEOBAHUA CJIYUYaANHBIX
TIEPEXO0JIOB MEXKY STUMU COCTOSIHUAMU IIPU PA3JINU-
HBIX YIIPaBJISIOIINX BO3AEHCTBUAX. B 3aBUuCHUMOCTH OT
COIePsKaHMs PEIIaeMbIX 3a1a4Y U (DUSUUECKON IIPUPO-
IIbI MICCJIETYEMBIX IIPOIIECCOB PACCMOTPEHHBIE B paboTe
BEPOSITHOCTHBIE MOJEJIN W IIOJyYEeHHBIE DPEe3yJIbTAThI
JOIMYCKAIOT Pa3IUYHbIE 0000IIEHNST M MOT'YT MCIOJIb-
30BaThCA B 3aJauax BEPOSTHOCTHOIO aHAJIM3a, 3ala-
YaX yIPaBJIEHUS BEPOATHOCTHBIMU XaPaKTEPUCTUKA-
MU CIYYANHBIX IIEPEXOI0B UJIU CAYUYANHBIX ITEPEKJIIO-
UeHHWH, 3amavyax WMHUTAIMOHHOIO MOAEJIUPOBAHUSA
GUBUYECKUX, TEXHUUECKUX U OMOJIOTMUECKUX CUCTEM
C HECKOJIBKMMU YCTOMUYNBBIMU COCTOSHUAMU.

B mesmom 1mosie38HO OTMETHUTH, YUTO MOJyUYEeHHBIE
371eCh Pe3yJILTAaThl, COBMECTHO C Pe3yJibTaTaMu PadoT
[28—30], mo cBoeii cyTu (OPMUPYIOT OCHOBY €ITMTHOTO,
00111ero moAXOoqa K OIMCAHUWIO U WCCJIETOBAHUIO Jle-
TaJbHOW BEPOSTHOCTHOI CTPYKTYPhI HEIIPEPLIBHBIX
U TUCKPeTHHIX [21, 28, 29], cKaJasapHBIX 1 BEKTOPHBIX
[28, 30] cryuaitabix GyHKIIU. BO3MOXKHOCTI TaKO-
T'0 TIOJIXO/Ia CBABAHEI ¢ 00 beJUHEHMEM O0IIell Teopun
BBIOPOCOB cayuaiiHbIX GyHKIUi [23, 24, 26] 1 MmeTo-
OB KJIACCUUYECKOM Teopuu (PasoBOro mpoCTPAHCTBA
uan (asosoii miockoctu [8, 19, 31]. IIpu sTom 1Ipo-
UCXOOUT OO0BbeIVHEHNEe MeTOJOB BU3YaJbHOrO, Ka-
YEeCTBEHHOT'0 aHAJIW3a M METOAOB aHAJUTUUECKOrO,
KOJIMUECTBEHHOI'O MCCJIENOBAHUA «TOHKOI» BEPOAT-
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HOCTHOM CTPYKTYPbI BBIOOPOUYHBIX (DyHKIMH &(1), da-
30BBIX TpaekTopmii L(E, &5 t) u nceBmoda3oBbIX OTO-
opasxenuii L(E, & ; t) cirydaitHBIX IIPOIIECCOB.

ITorenmnmaabHaA MOJE3HOCTh PACCMATPUBAEMOTO
nmogxona o0bACHAETCA 3[1eCh HECKOJIBKUMU Xapak-
TEPHBIMU OCOOEHHOCTSAMM, COCTOSAIIMMU B BOZMOJK-
HOCTU:

— HATVIAJHOTO ONHUCAHUA U IIPEACTABJIEHUA WH-
dopmaniuy B (pa30BOM IIPOCTPAHCTBE COCTOSIHIIH;

— HaKOIJIEHWS, YCPeAHEHUA U OToOpasKeHus
CIYYAWHBIX HAHHBIX «B IIJIOM» HA BHIOPAHHOM WH-
TepBaJsie aHaausa t € [ty, ty+ T1;

— OIIEPaTUBHOI'O OIIEHWBAHUA OJHOPOTHOCTU
BBIOODPKHM, 9 (PEKTOB KOPPEINPOBAHHOCTH, TPYIIIU-
POBKHU U CIYYAWHBIX «3arpA3HEHUN» 9KCIEPUMEH-
TaJbHBIX JAHHBIX;

— mpocToil M (PU3UUYECKU HATJIAMHON armapa-
TYPHOI peaju3anuu aJroOpuTMOB OIeHUBAHUSA UUC-
JIOBBIX XapaKTEPUCTUK IeTAJbHOU BEPOATHOCTHOM
CTPYKTYPBI UCCJIEAYEMBIX ITPOIIECCOB.

IlepeuncyienHbIe 0COOEHHOCTH UI'PAIOT BaKHYIO
POJIb B PEIIeHNY MHOTUX ITPAKTUUYECKUX 3a/1a4, CBA-
3aHHBIX C U3BJIEUEHUEM II0JIe3HON MHMOpPMAIIUU U3
CIyYaWHBIX JaHHBIX, 00Pab0TKOM caydYailHBIX IPO-
I[eCCOB U MCCJIEJOBAHUAMU TOBEIEHUA CIOMKHBIX U~
HaMUYeCKUX CHCTEM B YCJIOBUAX MeHsAIoNIelica mo-
MeXO0BOIf 00CTAHOBKU.
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Introduction: Studying random processes with several stable states and random transitions between them is important because it
opens a wide range of practical problems. The detailed information structure is not studied well enough, and there is no unified approach
to the description and probabilistic analysis of such processes. Purpose: Studying the main probabilistic characteristics of random
processes with two stable states, and probabilistic analysis of control over chaotic transitions under various control actions. Results: We
show the ways to represent and preliminarily analyze random processes with two stable states on the phase plane and in the pseudophase
space. A general probabilistic model for the processes in question is proposed in the form of a two-component probabilistic «mixture»
of distributions. A probabilistic analysis was carried out for the principles of control over random transitions between different states.
We have defined the basic probabilistic characteristics for the processes in a management action with a variety of spectral-correlation
properties and a changeable threshold for random transitions. The Poisson model of a random transition flow is analyzed with an
example of «high» threshold levels. Practical relevance: The methods of visual, qualitative and analytical research in studying dynamic
systems with several stable states can be combined. The proposed probabilistic models, regardless of the physical nature of the processes
under consideration, can be used in problems of probabilistic analysis, control over probabilistic structure of random transitions, and
simulation of physical, technical or biological systems with random switching.
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control of chaotic switches.
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Introduction: This article is based on the recent research work in the field of two subjects: signal data parameters in fiber
optic communication links, and dispersive properties of optical signals caused by non-homogeneous material phenomena and
multimode propagation of optical signals in such kinds of wired links. Purpose: Studying multimode dispersion by analyzing the
propagation of guiding optical waves along a fiber optic cable with various refractive index profiles of the inner optical cable (core)
relative to the outer cladding, as well as dispersion properties of a fiber optic cable due to inhomogeneous nature of the cladding
along the cable, for two types of signal code sequences transmitted via the cable: return-to-zero and non-return-to-zero ones.
Methods: Dispersion properties of multimode propagation inside a fiber optic cable are analyzed with an advanced 3D model of
optical wave propagation in a given guiding structure. The effects of multimodal dispersion and material dispersion causing the
optical signal delay spread along the cable were investigated analytically and numerically. Results: Time dispersion properties were
obtained and graphically illustrated for two kinds of fiber optic structures with different refractive index profiles. The dispersion was
caused by multimode (e.g. multi-ray) propagation and by the inhomogeneous nature of the material along the cable. Their effect
on the capacity and spectral efficiency of a data signal stream passing through such a guiding optical structure is illustrated for
arbitrary refractive indices of the inner (core) and outer (cladding) elements of the optical cable. A new methodology is introduced
for finding and evaluating the effects of time dispersion of optical signals propagating in fiber optic structures of various kinds. An
algorithm is proposed for estimating the spectral efficiency loss measured in bits per second per Hertz per each kilometer along
the cable, for arbitrary presentation of the code signals in the data stream, non-return-to zero or return-to-zero ones. All practical
tests are illustrated by MATLAB utility.

Keywords — capacity, cladding, core, delay spread of optical pulses, dispersion curves, dispersion diagram of optical modes,
fiber optic cable, graded-index cable, material time dispersion, linearly polarized (LP) modes, material dispersion factor,
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Introduction along the fiber optical cable. These phenomena lead

to dispersion of signals, and as the result — to loss

In recent years there observed huge development
of complex communication systems, including both
radio and optical wired and wireless communica-
tion, mostly in the modern 4} and 5% generations
of communication networks. This first of all related
to growth demands to increase of the rate of infor-
mation transfer, its density during transmission, as
well as to exponential grow of number of subscrib-
ers — users of wired and wireless communication.
In this case increases the role of wired optical com-
munication — fiber optic guiding systems — optical
cables. However, practice showed that such “wired”
channels are affected by fading caused by multi-
mode interference of modes propagating within the
channel, which has stochastic character, as well as
by inhomogeneous and roughness structure of cable
walls, leading to deviations of propagating modes
from specular reflection. Cumulatively, these phe-
nomena lead to “spreading” of time delay of signals

of information transferred along the cable.

How much these phenomena lead to loss of infor-
mation — nobody did not investigate systematically
until nowadays. In the modern literature, only break
empirical data were presented based on experimen-
tal observed data. However, was not developed uni-
fied unique approach to resolve the problem, which
stimulated beginning of the problems investiga-
tions by the authors. Therefore, in the work from
the beginning were introduced the optical cables
that more been used in practice, with step-index and
graded-index profiles of refraction indexes, ana-
lytically had considered character of propagation
of optical waves (modes) inside the optical guid-
ing structure, from which inhomogeneous struc-
ture of optical cable walls. As the result, spread of
time delay of optical signals is shown depending on
the type of coding of information inside them —re-
turn-to-zero or non-return-to-zero.
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Types of optical fibers

The first commonly used kind of fiber optic
structure is the step-index fiber (Fig. 1).

The inner structure of each kind of fiber optic is
schematically presented in Fig. 2.

As it is clearly seen from Fig. 2, such kind of fib-
er consists of a central core of radius a and refrac-
tive index n,, surrounded by a cladding of radius b
and the refractive index n,.

According to the definition of total intrinsic re-
flection (see definition in [1-3]), to obtain the total
reflection from the cladding, its refractive index
should be lower than that of the core, i. e. n; > n,,.
Fig. 3 shows geometry of optical ray propagation
within the core under the assumption that the clad-
ding width is thick enough to exclude the evanescent
field decay inside the cladding depth. So, from the
beginning we can suppose that the effects of a finite
cladding thickness are negligible, and a ray field
is small enough to penetrate the outer edges of the
cladding. As will be described below, in a multi-mode
step-index fiber, a large modal distortion occurs.

To avoid such drawbacks of this kind of fiber, a
new type, called graded-index fiber was developed
[1-6] that has the same configuration as the previ-
ous fiber (shown in Fig. 1). The difference between
both kinds of fiber is defined by differences in pro-
files of refractive indexes of core and cladding, as

Step-index fiber Graded-index fiber

Jacket

b b
Cladding
a a
Core
ny n
TLZ 1 nz

a a
X X
Q
g b <3 b
— ny ._:‘: ngy

Radial distance Radial distance

B Fig. 1. Difference between the refractive index pro-
files for step-index and graded-index fibers

illustrated in Fig. 1. Thus, as clearly seen from il-
lustrations, in the step-index fiber the index change
at the core-cladding interface is abrupt, whereas in
the graded-index fiber the refractive index decreas-
es gradually inside the core.

In fiber optics, there is an important parameter
that is usually used, called the numerical aperture of
fiber optic guiding structure, denoted as N.A. [1-9]:

N.A.=n;sin0, =sinf,,

where Gfu” =20, is so-called in the literature as the
angle of minimum light energy spread outside the
cladding, or of full communication [10—14], when total
internal reflection occurs in fiber optic structures.
Accounting for cos?0 = 1 — sin20, we finally get
N.A.= (n12 - ng )1/2 .

Sometimes, in fiber optic physics, designers use
the parameter, called the relative refractive index
difference [1-9]:

(nf -n3) (A

A=
2n12 an

Using the above formulas, we can find relations
between these two engineering parameters:

N.A.=2n; (A)Y2.

To understand the effects of optical wave propa-
gation in both kinds of fibers, let us consider a sim-
ilar 3D problem of ray propagation in a cylindrical
waveguide, but now having more complicated geom-
etry by having an inner core and an outer cladding.

Propagation of optical waves
inside the fiber-optic structure

Let us now consider the cylindrical dielectric
structure as shown in Fig. 3. This is just the geom-
etry of the optical fiber, where the central region is
known as the core and the outer region as the clad-

Core ny

\

Cladding ng —

B Fig. 2. A view of the fiber optic inner structure

¢
r ny
0 z ny
ng
Yy

B Fig. 3. Presentation of fiber optic structure in the cy-
lindrical coordinate system
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ding. In this case, the same basic principles exist as
for the dielectric slab, but the circular rather than
planar symmetry changes the mathematics. We use
the solution of Maxwell’s equation in the cylindrical
coordinates for both the coaxial cable and the circu-
lar waveguide, where we deal mostly with guiding
modes rather than the ray concept [1-9, 13].

The wave equation that describes such propaga-
tion of light within cylindrical waveguides can be
presented in cylindrical coordinates as follows for

u.=1:

ViE )t —pe—=. (1)

+
r? 0p? 022 ot?

=li(ran 10°E °E_ °E
“ror

We can (as in [12—14]) present the solution by us-
ing the separation of variables:

E = E, (" E(9)E, (¢).

From well-known physics [10-14], we immedi-
ately take E,(t)E,(t) = exp{i(Bz — ot)}. This allows us
to rewrite the wave equation (1) in the form

li[rw}

ror or

?(E.E 2,2
+%%—ﬁ2£“rﬁl¢ +%<E,.E(p):0.

We now suggest that function E(p is periodic and

can be presented in the form

E, =exp(+imo),

where m is an integer. Now we can reduce the above
equation as follows:

2 2 2
0°E, , 10E, J{nz@__BZ _m—]Er =0. (2

or? ror c? r?

Equation (2) is a form of Bessel’s equation and its
solutions are Bessel functions [14]. We finally can ob-
tain solutions for the field of rays through the mod-
ified Bessel functions of the first and second order,
J(gr) and K(pr), via wave parameters g and p as prop-
agation parameters inside the core and cladding, re-
spectively. This finally gives at the core (r< a)

aZEr +16Er+ q2 _m_2 E. =0
or2 r or d

and at the cladding (r > a)

2 2
OE, +18E’" +(p2 +m—JEr:0.
r

or: r or

Solutions of these equations, respectively, are
E. =E.J,(qr);
E. =E Kp(qr),

where J, (qr) and K, (qr) are the first kinds of the
Bessel function; and the modified Hankel function
(e. g., Bessel function of the second kind) [14],
respectively. Roots of J, (¢r)=J,,(v), n=0, 1, 2, ...,
are shown in Fig. 4.

As for information of K, (qr), the reader can find
it, for example, in [8, 9]. Finally, the full solution at
the core is

E=E.J, (qr)exp{—j(cot - Bz)} exp(+£jme)
and a similar full solution for the cladding
E=EK,, (qr)exp{—j((;)t - Bz)} exp(+jmo),

where m is the azimuth integer.

Now, as in the case of the 3D cylindrical empty
waveguide, described in [7], we can determine for
an optical fiber the corresponding values for given
propagation parameters k£ and B, by imposing the
boundary conditions at »=a. The result is a rela-
tionship which provides the 3 versus & or dispersion
curves shown in Fig. 5.

1.0 jo)
j1(0)

-0.5
Ja®)

-0.5

B Fig. 4. Bessel function of the first kind and n order
vs. variable v

nyk

m= 01238 nik

k

B Fig. 5. Dispersion diagram of optical modes in a fiber
optic structure
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It is clearly seen that the modes with numbers from
0 to 3 (the same property occurring for modes with
numbers n > 3) propagate between the core and clad-
ding of the fiber optic with wavelengths depending
on refractive properties of these two fiber structures,
and with an increase of wave propagation number £,
propagate inside the inner (core) structure.

The full mathematical approach is very compli-
cated, and we use the so-called “weakly guiding”
approximation [12, 14]. This makes use of the fact
that if n, ~ n, the ray’s angle of incidence at the
boundary “core-cladding” must be very large, if
total internal reflection is to occur. The ray must
bounce down the core almost at grazing incidence.
This means that the wave is almost a transverse
wave, with very small z-components.

Since the wave within the fiber is considered
transverse, the solution can be resolved convenient-
ly into two linearly polarized components, just as
for free-space propagation. The modes are called
linearly polarized (LP) [1, 2, 4]. All solutions ob-
tained above relate directly to the optical fiber
guiding structures. The latter has just the cylin-
drical geometry, and if for a typical fiber, we have
that (n, — n,)/ny = 0/01 than the “weakly guiding”
approximation is valid.

There are two possible LP optical fiber modes:
LPy; m=0,n=0)and LP;; (m=1, n=1)[1, 2, 4].
For cylindrical geometry, the single-mode condition
is[12, 14]

2%“(7112 ~n3)'/2 < 2.404.

As follows from presented illustrations, de-
pending on the shape of the intrinsic refractive in-
dex distribution, the corresponding LP-modes can
propagate asymmetrically and inhomogeneously.
This phenomenon is called the modal dispersion [1—
9, 12 14] and will be discussed in the next section.

Dispersion effects of signals occurring
in fiber optic communication link

As was discussed in the previous paragraph, in
fiber optic channels fading of optical signals occurs
due to two factors: 1) multimode phenomena lead-
ing to the inter-ray interference and 2) dispersive
properties of the material at the inner and outer
coating of the fiber guide caused by inhomogene-
ous structure of the wire communication channel.
Dispersion of these two types was discussed brief-
ly in [9, 12, 14] and below in our description of the
matter, we will follow on some of the formulas pre-
sented there.

A problem of transmission of pulses via fiber
optic structure occurs because of two factors. One

is that the source of light is not emitted at a single
wavelength, but exists over a range of wavelengths
called the source spectral width [1-10]. The second
factor is that the index of refraction is not the same
at all wavelengths. The property of when the light
velocity is dependent on the wavelength is called
dispersion.

Material Dispersion (MD). We can observe that
the material dispersion is dependent on the prop-
erties of the material from which fiber structures
are developed. Such a kind of dispersion caused the
spread of the light wavelength as it travels along
the fiber.

This is because each component wavelength (also
called wave harmonic) travels at a different speed,
each arriving with a slight delay with respect to the
others. The amount of pulse spreading (1) per unit
of length of fiber (I) is given by [12, 14]

AGJ ——MAL,

where M is the material dispersion factor, and it is
plotted in Fig. 6, according to [6, 7], for pure silica
glass versus wavelength varied from 0.7 ym in
units of picoseconds per nanometer per kilometer
[ps/(nm-km)] of length of fiber.

It is clearly seen that M = 0 near 1300 nm, that
is, here the pulse has a minimum spreading factor.
In the range 1200 to 1600 nm, the material disper-
sion factor can be approximated by:

My, 25
M= 4{ x3} ®)

where M,;~—-0/095 ps/(nm-km) and A,~ 1300 nm
(wavelength where M =0). At 1500 nm, M~
~ —20 ps/(nm-km).

For the case of material dispersion caused by ca-
ble material inhomogeneity along the fiber we can
use the following formula (see [12, 14]):

AG) = —MA. @)

110

M, ps/nm-km

B Fig. 6. Dependence of dispersion properties of fib-
er-optic materials vs the length of optical waves A, ex-
tracted from [4, 6]
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For example, using an optical detector of type
LED with spectral width of 20 nm (see [4]), yields
a pulse spread per unit length of the transmission
path inside the fiber:

A(%}:JWAK:—020y20:400pykm.

Multimode Dispersion (MMD). Now we will dis-
cuss the modal dispersion caused by non-symmet-
rical distribution of the refractive index within
the asymmetric fiber structure. In the case of the
step-index fiber, as described above, we, following
[12, 14], can obtain a pulse spread per unit length
along the fiber:

A(Ej =L (ny —ng)="LA. 5)
l) cny c

If we account now for the fractional refractive
index, we finally get that the modal pulse spread
can be expressed as

A(EJZM
l c

e
l 2cnmy

Here, as above, c is the speed of light. The prob-
lem with pulse spreading is that it limits the in-
formation carrying capacity of the fiber. This as-
pect we will discuss below, where the data stream
parameters of information passing the fiber optic
channel will be considered.

This means that the time delay dispersion t of
set of pulses along the fiber with the length I, A(t/l)

or

(6)

NHD®OPMAUNOHHBIE KAHAALI 1 CPEAbI

7

can be estimated by knowledge of refraction index-
es of the inner and outer cables, n; and n,.

In the case of modal dispersion caused by multi-
mode propagation inside the optic fiber, a spread of
information pulses at the length of an optical cable
in time is given by (see [12])

2
AT :lﬂA oc lﬂA.
Cny Cng

(7)

Data stream parameters
in fiber optic communication links

The problem with optical data signal spreading
is that it limits the information carrying capacity
of the channel [9, 10, 12, 14]. Pulses that spread,
eventually overlap with neighboring pulses, cre-
ating inter-symbol interference [9—-11]. This leads
to transmission errors and must be avoided. The
direct way to avoid this is to place pulses further
apart from the transmitter. This means lowering
the data rate.

Then limitations in capacity of data flow inside
the fiber depend on the type of pulses, either re-
turn-to-zero (RZ) or non-return-to-zero (NRZ) (see
[14]). Thus, for RZ pulses, we get

,_ 035
A/

Cprz x

Whereas, for NRZ pulses we get

0.7

C l=——-.
NRZ X At/ 1)

Using numerical data regarding material dis-
persion parameter M, presented above, we can also

a)
ny, ny (given)

Length
of the fiber

CN RZ

b)

From graph
or mathematical estimation
formula (given)

Length
of the fiber

Crz

CN RZ

B Fig.7.Diagram of the algorithm of the computation of fiber optic channel capacity in the case of multimode disper-
sion (a) and material dispersion M (b) along the length [ of the optical cable
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obtain the empirical formulas for computation of
the capacity of fiber optic channels along the length
[ for two types of pulses, that is,

Cngrz x1=1.75 (Mbit/s)-km
and
Cgrz x1=0.875 (Mbit/s)-km.

In Fig. 7, a and b the corresponding diagrams
show the algorithm of computation of the capac-
ity of the fiber optic communication links with
time dispersion caused by multimode interference
and by material inhomogeneity along the optical
cable.

Results of numerical simulation
In Fig. 8, the dependence of the factor of materi-

al dispersion versus the wavelength along the optic
fiber [according to formula (3)] is illustrated.

From Fig. 8 it is seen that with an increase of
wavelength, the factor of material dispersion is
decreased exponentially, when for a wavelength of
1300 nm this factor is zero.

In Fig. 9 the dependence of the delay along the
fiber-optic channel versus the wavelength along
this fiber [according to formula (4)], is illustrated.

From Fig. 9 it is seen that with an increase of wave-
length, the delay is also increased almost linearly,
when for a wavelength of 1300 nm this delay is zero.

In Fig. 10, a and b the dependence of the capaci-
ty and the spectral efficiency of the type RZ, of the
fiber-optic channel versus the wavelength along
this fiber with a length of 1 km, for material dis-
persion is illustrated.

From Fig. 10 it is clearly seen that with an in-
crease of the difference between the refraction in-
dexes of the inner and outer parts of the fiber, the
capacity and the spectral efficiency of the type RZ,
for material dispersion, of such a fiber optic chan-
nel is decreased exponentially. Thus, the maximum
rate of data passing through such a channel also de-
creases exponentially.

140

120 \
100

80 \
60
40

func())

M

-20 —

—40
700 900 1100 1300 1500 1700

A, nm

—

B Fig.8. The factor of material dispersion along the op-
tic fiber vs wavelength

30

20
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func())

o

A/l

_30 e

1

-30

700 900 1100 1300 1500 1700
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B Fig. 9. The delay along the fiber-optic channel vs
wavelength along this fiber
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B Fig. 10. The capacity (a) and the spectral efficiency
(b) of the type RZ, of the fiber communication link with
the length of 1 km for material dispersion vs the wave-
length along this fiber

Ne3,2019 N\

VH®OPMALIVIOHHO-YNPABASIIOLLINE CUCTEMBI N\ 99



y NH®OPMAUWNOHHBIE KAHAABLI 1 CPEADI /

In Fig. 11, a and b the dependence of the capac-
ity and the spectral efficiency of the type NRZ, of
the fiber-optic channel versus the wavelength along
this fiber with a length of 1 km, respectively, for
material dispersion is illustrated.

From Fig. 11 it is clearly seen that with an in-
crease of the wavelength of an optical signal with
data, propagating inside the optical cable, the ca-
pacity and the spectral efficiency of the type NRZ,
for material dispersion, of such a fiber optic chan-
nel is decreased exponentially. Thus, the maximum
rate of data passing through such a channel also de-
creases exponentially.

In Fig. 12, a and b the dependence of the capacity
of the fiber-optic channel versus the fractional re-
fractive indexes difference (FRID) of the inner and
outer cables along the length of a cable of 1 km and
for n,; = 1.45 [according to formulas (5), (6)], is illus-
trated.

From Fig. 12, a and b it is clearly seen that with
an increase of the FRID of the inner and outer parts
of the fiber, the broadening of pulses of such a fib-
er-optic channel is increased linearly.

In Fig. 13 the dependence of the broadening of
the pulses of information data signals along the fib-
er-optic channel versus the FRID of the inner and
outer cables along the length of a cable of 1 km for
n, = 1.45 [according to formula (7)], is illustrated.

From Fig. 13 it is seen that with an increase of
the difference between the refraction indexes of the
inner and outer parts of the fiber, the broadening
of pulses of such a fiber-optic channel is increased
linearly.

In Fig. 14, a and b, the dependence of the capac-
ity and the spectral efficiency of the signal code of
type of RZ, for multimode dispersion, of the fib-
er-optic channel versus the FRID of the inner and
outer cables along the length of a cable of 1 km and

x1012
a) 3

2.5

2

1.5

1 \
0.5 \
0 D —
1300 1350 1400 1450 1500 1550 1600 1650 1700
A, nm

CnrzMmD> bDS

6
b) 3 x10
2.5
o 2
~.
wn
o
2 15
Q
=
1
E \
W0
0.5 N
0 D —
1300 1350 1400 1450 1500 1550 1600 1650 1700

A, nm

B Fig. 11. The capacity (a) and the spectral efficiency (b) of the type NRZ, of the fiber communication link with the
length of 1 km for material dispersion vs the wavelength along this fiber
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0 0.005 0.01 0.015 0.02 0.025
FRID
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p 12

0.8

0.6

func(FRID)
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0.2
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FRID

B Fig. 12. The delay of the fiber communication link with the length of 1 km vs the FRID of the cladding and core of the

optical cable for n; = 1.45: a — formula (5); b — formula (6)
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25 x10~7 for n;=1.45, for multimode dispersion [formula

()], is illustrated.
9 From Fig. 14 it is clearly seen that with an in-
crease of the difference between the refraction in-
dexes of the inner and outer parts of the fiber, the
capacity and the spectral efficiency of the RZ-type,
for multimode dispersion (5), of such a fiber optic
1 channel is decreased exponentially. Thus, the max-
imum rate of data passing through such a channel
0.5 also decreases exponentially.
In Fig. 15, a and b the dependence of the capac-
0 ity and the spectral efficiency of the signal codes
0 0.005 0.01 0.015 0.02 0.025 of type NRZ, for multimode dispersion, of the fib-
FRID er-optic channel versus the FRID of the inner and
B Fig. 13. The broadening of the pulses of information outer cables along the length of a cable of 1 km and

along the fiber with a length of 1 km vs the FRID of the for n;=1.45, for multimode dispersion [formula
cladding and core of the optical cable for n, =1.45 A)].

1.5
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B Fig. 14.The capacity (a) and the spectral efficiency (b) of the type RZ, of the fiber communication link with the length
of 1 km for multimode dispersion vs FRID of the cladding and core of the optical cable for n; = 1.45
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B Fig. 15. The capacity (a) and the spectral efficiency (b) of the type NRZ, of the fiber communication link with alength
of 1 km for multimode dispersion vs FRID of the cladding and core of the optical cable for n, = 1.45
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B Fig. 16. The capacity (a) and the spectral efficiency (b) of the type RZ, of the fiber communication link with a length
of 1 km for multimode dispersion vs FRID of the cladding and core of the optical cable for n; = 1.45
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B Fig. 17. The capacity (a) and the spectral efficiency (b) of the type NRZ, of the fiber communication link with a length
of 1 km for multimode dispersion vs FRID of the cladding and core of the optical cable for n; = 1.45

From Fig. 15 it is clearly seen that with an in- signal codes, for multimode dispersion (6, of such
crease of the difference between the refraction in- a fiber optic channel is decreased exponentially.
dexes of the inner and outer parts of the fiber, the Thus, the maximum rate of data passing through
capacity and the spectral efficiency of the NRZ-type such a channel also decreases exponentially.
signal codes, for multimode dispersion (5), of such In Fig. 17, a and b the dependence of the capacity
a fiber optic channel is decreased exponentially. and of the spectral efficiency of the type NRZ, for
Thus, the maximum rate of data passing through multimode dispersion, of the fiber-optic channel
such a channel also decreases exponentially. versus the FRID of the inner and outer cables along

In Fig. 16, a and b the dependence of the capacity the length of the cable of 1 km and for n; = 1.45,
and the spectral efficiency of the type RZ, for mul- for multimode dispersion [(formula (6)], is illustra-
timode dispersion, of the fiber-optic channel versus ted.
the fractional refractive indexes difference FRID From Fig. 17 it is clearly seen that with an in-
of the inner and outer cables along the length of a crease of the difference between the refraction in-
cable of 1 km and for n; = 1.45, for multimode dis- dexes of the inner and outer parts of the fiber, the
persion [(formula (6)], is illustrated. capacity and the spectral efficiency of the NRZ-type

From Fig. 16 it is clearly seen that with an in- signal codes, for multimode dispersion (6), of such
crease of the difference between the refraction in- a fiber optic channel is decreased exponentially.
dexes of the inner and outer parts of the fiber, the Thus, the maximum rate of data passing through
capacity and the spectral efficiency of the RZ-type such a channel also decreases exponentially.
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Summary

Theoretical analysis and the corresponding com-
puter simulation using the MATLAB utility have
shown that:

1. Depending on the wavelength of optical signal
propagating inside the fiber-optic communication
channel, the material dispersion index is decreased
exponentially with an increase of the signal wave-
length.

2. At the same time, with an increase of the
wavelength of optical signal passing through the
fiber optic channel, the delay spread (e. g., widen-
ing) of the resulting optical signal inside the cable
increases linearly.

3. The material time-dispersion parameter
along the fiber optic cable increases linearly with an

increase of the difference between the refraction in-
dexes of the inner and outer parts of the fiber, called
fractional refractive indexes difference (FRID).

4. The exponential decrease of the signal data flow
of fiber-optic channels is observed with FRID both for
NRZ- and RZ-types of codes inside the data flow.

5. The multimode time dispersion depends sig-
nificantly on the difference between the refraction
indexes of the inner and outer parts of the fiber,
and with an increase of FRID, it increases linearly.

6. For both types of signal codes, NRZ and RZ,
exponential decrease of the channel capacity and
spectral efficiency is observed — the multimode
dispersion — depends on the difference between
the refraction indexes of the inner and outer parts
of the fiber and on the increase of the length of the
channel (e. g., fiber cable).
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BBEI[EHI/IBZ HucciiegoBaHUe IIapaMeTPOB CUI'HAJIOB B OIITOBOJIOKOHHBIX KaHaJIaX CBA3U U JUCIIEPCUOHHBIX CBOMCTB OIITUYECKHUX CUIHA-
JIOB, O0YCJIOBJIEHHBIX HEOJHOPOJHOCTHIO MaTepHaia U MHOTOMOJOBBIM XapPaKTEPOM PACIPOCTPAHEHUA ONTHYECKUX CUTHAJIOB B JAHHBIX
TUMAX MIPOBOJHOM CBA3U, ABJISAETCA aKTYyaJIbHOM IPO6JEMON AJs CO3MaHUsS COBPEMEHHBIX CHCTEM IIPOBOAHON CBABU 4-T0 M 5-TO MOKO-
JIeHU1, TOABEPIKEeHHBIX (DEIUHTY, BBISBAHHOMY BBHIIIEYIIOMAHYTHIM BbIIIEe (DAKTOPOM, ¢ OOJIBIIION CKOPOCTHIO B YCJIOBUAX MHOTOUUCIIEH-
HOTO KOHTWHTeHTa noJb3oBaresneil. Ilenb: uccienoBanue xapakrepa MHOTOMOJOBOM JUCIEPCHY HA OCHOBE aHAJIM3a PACIPOCTPAHEHUSA
BOJTHOBOJHBIX ONTHUUYECKUX BOJH BJOJIb ONTOBOJIOKHA C PA3JIUUHBIM IpoduieM MmoKasaTeas pe@pakiiuy BHYTPEHHETO OITUYECKOI0 Ka-
6eJis OTHOCUTEJILHO BHEIITHEH 000JI0UKHU, a TaKsKe JUCIIEPCUOHHBIX CBOMCTB OIITOBOJIOKHA 3a CUET HEOAHOPOJHOCTU MaTepuaia 000JI0UKNI
BJOJIb UIMHBI Ka0esid JJIA ABYX TUIOB CUTHAJIOB B IIOCJIEOBATEILHOCTH KOJOB, IIepeaBaeMbIX Yepe3 ONTUYECKUI Kabeab: BOSBPATHBIX
M HEBO3BPATHBIX K HYJIO KOJ0B. MeToabl: JUCIePCUOHHBIE CBOMCTBA MHOTOMOJOBOI'O PACIIPOCTPAHEHUSI BHYTPHU OIITOBOJIOKOHHOTO Kabe-
JIsl IPOAaHaJN3NPOBAHEI BBEJEHUEM TPEeXMEPHOII MOJeJ I PACIIPOCTPAHEHUs OITUUYECKON BOJHBI B 3aJJaHHOI HAIIPaBJIAIOIIEI CTPYKTYDE.
A dHeKTH MHOIOMOJOBOM JUCIIEPCUU U MATEPUATbHON AUCIIEPCUH, BEI3BIBAIOIINX «YIINPEHNE» BPEeMEHU 3aI1a3bIBAHUS OITUUECKUX CUT-
HAJIOB BIOJIb KabeJisi, NCCIe[OBAINCH AHAJIUTUYECKN U YNCJIEHHO. Pe3yabTaThl: IOJYUYEHBI U IPOUJIJIIOCTPUPOBAHBI CBOMICTBA BPEMEHHOM
IUCIIEPCUU ABYX BUAOB OINTOBOJOKOHHBIX CTPYKTYP: C IIOIIATOBBIM U CTEIIEHHBIM IIPO(UIEeM IOKa3aTess IPEeJIOMIeHNs, — BBI3SBAHHOU
MHOT'OMOJIOBBIM (MHOT'OJIyYeBBIM) PACIIPOCTPAHEHUEM U HEOJHOPOIZHOCTHIO MaTeprajia BIOJb Kabess, a UMeHHO uHTepdepeHIueir Mo/,
PaCIPOCTPAHAIONMXCS 0 ONITUUYECKOMY Kabes, U HapyIIeHNeM 3€PKaJbHOI'0 OTPaKeHUs MOJ OT CTEHOK KabeJssi Ha HeOLHOPOJHOCTAX
MaTepuaJia CTeHOK. VX BO3[eiicTBHe Ha €MKOCTb U CIeKTPaJbHYI0 3G (HEeKTUBHOCTS MOTOKA CUTHAJIOB C JAHHBIMU, IIPOIIYCKAaeMOI'o I10-
IOOHOM HAIPABJIAIOIIEN CTPYKTYPOI, IPOUJLIIOCTPUPOBAHO AJISI IPOU3BOJIBHBIX UHAEKCOB pedpaKIuy BHYTPEHHEro (CTePKeHb) U BHEIII-
Hero (000JI0YKa) 3JIEMEHTOB ONITUYECKOro Kabess. [IpuMeHeH HOBBII MeTO/| HAXOK/IeHUA U OlleHKY 3()(HeKTOB BpeMEeHHOM JUCIIEPCUN O~
TUYECKUX CUTHAJIOB, PACIPOCTPAHAIONINXCA B PA3JIUUYHBIX BU/JaX OITOBOJOKOHHBIX CTPYKTYD. IIpefIosKeH ajJropuTM OIEeHKHU II0TePh B
CIeKTPaJbHOU 3(PPEKTUBHOCTH, M3MEePAEMOU B 6UTaX HA CEKYHAY Ha Iepll Ha OJUH KUJIOMETD, BAOJb JJINHBI Ka0ess AJIs IPOU3BOJILHOTO
IpeACcTaBJIeHUs KOJOBBIX CUT'HAJIOB B IIOTOKE JaHHBIX, HEBO3BPATHBIX K HYJIIO ¥ BO3BPATHHIX K HYJII0. Bce MIpaKTHUeCKMe TPOBEPKY ObLIN
TIPOUJLIIOCTPUPOBAHBI ¢ UcIioab3oBaHueM nporpamMmmbl MATLAB.

KaroueBbie c10Ba — €MKOCTh, 000JI0UKA, CTEPIKEHD, YIIUPEHNe 3aJePIKKU ONITUUYECKUX IIYJIBCOB, AUCIIEPCUOHHBIE KPUBBIE, TUCIIED-
CHOHHBIE [UarpaMMbI ONITUYECKUX MOJ, OIITOBOJIOKHO, Ka0esb CO CTeIeHHbIM mpoduieM pedpaKIuyu, MHOTOMOAOBAS JUCIEPCUS, IUHE-
HO-TIOJIAPUBAIMOHHEBIE MOIbI, (haKTOP MaTepuaabHON AUCIEPCHUU, MHOTOMO/JOBAsS BpeMEeHHAas AUCIEPCUs, HeBO3BPATHBIN K HYJIIO KO,
YuCJIeHHAA allepTypa, ONTUYEeCKUe MObI Kabesisd, NHAEeKC ped)paKIIU, BOSBPATHBIN K HYJIIO KO, YCIOBUE CYIIeCTBOBAHUA € IUHCTBEHHOMN
MOJIbI, CIIEKTpaIbHasA 3(pHeKTUBHOCTE, KabeJsb ¢ MONIaroBbIM npoduieM pepariiuu.

IODas uutupoBanusa: Juwiler I., Bronfman I., Blaunstein N. Optical data signals in fiber optic communication links with fading.
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BBepgeHue: noteHynanbHas I'IOMeXO)/CTOl;I‘JMBOCTb pagnoTexHU4YeCcKux cuctemM nepegayin MHd)OpMaLlMM Cc LUyMOI'lO,q06HbIMM
Cba3OMaHMﬂyI'H/1pOBaHHbIMM curHasliaMmu Ha ocHoBe I'ICGB,qDCJ'IyLlaﬁHbIX rnocnenoBaTeslbHOCTeN fOCTUraeTcs npu TOYHOM cJiexe-
HUK 3a 3a,qep>KKot71 MPUHUMaEMOro curHana B KOppensiyuoHHOM rpueMHuke. lpu pa60Te C nogBUXHbIMU obvekTammn 3ajepxka
NMPUHNMaeMoro curHaszna HeripepbiIBHO NU3MEHAETCA, U Ka4YecTBO rpunema LLIyMOI'IO,q06HbIX d.)a3OMaHMI'IyJ'IMpOBaHHbIX curHasos
B 3HAUMTENILHOM CTEMNEHN 3aBUCUT OT d)yHKL[MOHMpOBaHVIH CUCTEMbI CUHXPOHN3aynn n TOYHOCTU OL€HKN 3a[EPXXKN NMPUHUMa-
eMoro curHana cnegsien cucteMon. [ns [oCTUXeHus Tpe6yeMoro KayecTtBa rpnema curHasoB HeOﬁXO,qMM 000CHOBaHHbI
Bbl60p napamMeTposB cne,qﬂLueﬁ CUCTEMDBI C Y4ETOM BJINAHUA €€ NnapaMeTpoB — CﬂyqaﬁHOl;I M CUCTEMATUYECKON COCTaBISHO-
Lnx OLLMBKM criexeHuns 3a 3a,qep>KKot71 — Ha BblﬁpaHHblﬁ rnokasartesib ﬂOMeXO}/CTOh'-MBOCTM. Lenb: aHanu3 BAnsHUA oLmMbok
CJIeXXEeHUA 3a 3a,qep>KK0171 NMPUHNUMaemMoro d)a30MaHVIFIyJ’IVIPOBaHHOI’O CurHasla Ha ocHoBe HCGB,E{OCﬂyLlal;IHOVI nocrnegoBartesib-
HOCTM cucTeMon CUHXPOHN3aunn pa,qMOTeXHM‘-IeCKOﬁ cucTemMsbl nepegayun MHd)OpMaL{MM Ha BEPOATHOCTb OLLIMBOYHOro npnema
MHd)OpMaLlVIOHHOI'O cuMBoOa. Pe3ynbTaTbl: pacyeTHbIM METOLOM MM0J1yY€eHbI cemeyicTBa 3aBUCUMOCTEN BEPOATHOCTHU ownboy-
HOro rnpuemMa MH(bOpMaL[MOHHOI'O CUMBOJ1a OT OTHOLLEHUA CMI'HaJ'I/LLIyM, BeJINYUHbI cnyqaﬁHoFt M cUcTeMaTUyYecKom CocTaBIsIHo-
Lnx OLLUMBKM CriexXeHus 3a 3a,qep)KKoF1, HOPMUPOBaHHbIX K M0J10Ce 3axBaTa KOppPessaLuMoHHOro rnpueMHuKka. llokasaHo, 4to rnpu
CbMKCMpOBaHHOM OTHOLLEHUN CIAI'Ha.I'I/LUyM onpegensdrollee BJindHUe Ha BepPOATHOCTb oLM6oYHOro npunema MHd)OpMaL{MOHHOI’O
CUMBOJ1a OKa3bliBawT BEJINYUHDI cnyqaﬁHoﬁ M cUcTeEMaTUYECKOM cocTaBsniarWnx OLUMBKM crexXeHns 3a 3a,qep>KK0171. Bo Bcex
paccMOTPEHHbIX criydasX, A4Jia Bcex 3aBucUMocTen XapakTepHo MefJsieHHoe U3MeHeHNe BEPOATHOCTH OLINBOYHOro npuema nH-
d)OpMaLlVIOHHOI'O cumMmBoO1a npu CbVIKCMpOBaHHbIX 3HaYeHUsIX OLUMBOK CUHXPOHU3aLunn B obnacTy Masnbix 3Ha4YEeHUI OTHOLLIEHUS
ceran/LuyM, anpun JAanbHenem yBenn4YeHnn OTHOLLIEHNA ceran/LuyM HaunHaeTcs 6onee pe3koe yMeHbLIeHne BEPOATHOCTU
OLMBOYHOro npnema MHd)OpMaL[VIOHHOI'O cumMmBoOsa. Vicxoasa us rnosyyeHHbIX pesynbTaToB, /1S obecrnevyeHus 3afJaHHOro KkaJe-
CcTBa npuemMma curHasios n OCTOBepHOCTU BblaesleHnsa MHCbOpMaLlMOHHle CUMBOJIOB U COOﬁLLLeHMFl B paAMOTEXHM‘-IeCKOFl cn-
cTeMe nepegayn MH¢)OpMaHMM Cc LUyMOl'IO,qO6HbIMM CbaSOMaHMFnyIMpOBaHHbIMVI CurHaiamu Onsa ee CUCTeMbl CUHXPOHNU3aynn
HeOﬁXO,qMM COBMECTHbIM Bbl60p napamMeTpoB CUCTeEMbI ClIeXeHnA 3a 3a,qep)KKot71 C y4yeTomMm OFpaHM‘-IeHMIZ, HaknagbiBaeMblX yC-
JloBUAMU beHKL[MOHMpOBaHMﬂ M 0COBEHHOCTAMM TEXHUYECKOM peannsaynn pa,qMOTEXHMLIeCKOﬁ cuctemsbl. lpaKkTndyeckas 3Ha-
YUMOCTb: M0JIyHYEeHHbIE pe3ynbTaTbl MOryT 6bITb UCMOSIb30BaHbI npu aHaanse I'IOMEXO)/CTOW-IMBOCTM pagnoTexHn4yecknx cuctem
nepegayn MHd)OpMaLlVIM C LUyMOI'IO,q06HblMVI Cba3OMaHVIﬂyHVIPOBaHHbIMM CurHasiamu B LUMPOKOM [uaria3oHe ycnosmﬁ cBA3N U
npu 0060CHOBaHUMN TEXHUYECKMX peLUEHMIZ CUCTEeMbI CUHXPOHN3aLun, oﬁecneqwsafomnx Tpe6yeM0e KayecTtBo npuemMa curHasos.
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BBenenmue

B pamgmorexauueckux cucremax (PTC) mepena-
uy nHOOPMAIUY PA3INYHOTO0 HA3HAUEHUS IIIMPOKOE
pacIpocTpaHeHNe IIOJyJYaeT WCIOJIb30BaHUE IITYMO-
MMOmOOHBIX (PABOMAHUIIYJINPOBAHHBIX CHUIHAJIOB HA
OCHOBE IICEBAOCIYUYANHBIX IIOCJIeOBATEJIHLHOCTEN
(TICIT) [1-8]. Ocob6eHHOCTHIO ONITUMAJTBHOTO KOPPEJIA-
IIMOHHOT'0 IPHEeMa TaKWUX CUTHAJIOB SABJIAETCA Y3Kad
ImoJioca 3axBaTa MUCKPUMHHATOPA CHCTEMBI CJIesKe-
HUA 32 3aIePIKKOM IPUHNMAEMOTO CUTHAJIA, IITNPUHA
KOTOPO¥1 OIIpeiesIaeTCA JINTEIbHOCTHIO CHUMBOJIA MO~
nyaupyitoieii IICII. TlosTomy mpu padboTe ¢ TOABUK-

HBIMU 00'beKTaAMM KAuecTBO IIPHeMa IITyMOIIOA00HbBIX
(hazoMaHUTTYTUPOBAHHBIX CUTHAJOB Ha ocHoBe IICII
B 3HAUUTEJbHON CTEeNmeHU 3aBUCUT OT (QhyHKIMOHU-
pOBaHUA CUCTEMBI CHHXPOHUS3AIIUU U OIIPEEIIeTCs
TOUHOCTBIO OIEHKHU 3aJePyKK! IIPUHUMAEMOTO CHUT-
HaJja. IIpu 5TOM QYHKIIUSA CUCTEMBI CUHXDOHU3AIUT
COCTOUT B TOM, YTOOBI O0ECIIEUNTH PEIIAOIYIO CXe-
My mHMOpMAaIUell 0 MOMEHTaxX Hauajaa U OKOHUAHUS
KaiKJI0r0 M3 IPUHUMAaEMbIX BXOJHBIX CIMBOJIOB IS
peanusanuy ONTHMAJLHOTO IpHeMa U UX pasjmue-
HuA. Eciu cMHXPOHMUBAINA CUMBOJIOB II0 3aJePiKKe
OCYIIIECTBJISIETCA HETOYHO, TO KaueCcTBO PabOTHI pe-
IIAIOIIEero YCTPOMCTBA YXYAIIIAeTCA II0 CPABHEHUIO
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C uAeaJIbHOI CHUHXPOHU3AIUENH, WM IIOMeXOYyCTOMYU-
BocTh PTC mepenaum nrdopManuu CHUKAETCS.

CylmecTBeHHOE BJIUAHNE TOYHOCTU CUHXPOHU3A-
WY 110 3a/IePKKe Ha KauecTBO IIpreMa CUTHAJIOB Xa-
pakTepHO, Hanpumep, aaa PTC nepegauu mHbOpMA-
uu, paboTaIMX C BO3AYIITHBIMU U KOCMUYECKUIMU
00beKTaMu, BCJIEACTBUE HEIIPEPLIBHOTO M3MepPeHUA
B IIUPOKUX IIpefiesiaX 3alep:KKU IIPUHUMAEMbIX
CHUTHAJIOB. B TO iXe BpeMs IIIyMOIIOLOOHBIE (pasoma-
HUNyJIUpPOBaHHBIe curHaJbl Ha ocHoBe IICII mory-
JaioT MupPoKoe pacupocrpauenue B PTC oreuecTBen-
HBIX U 3apyO0e’KHBIX KocMuYecKux cucteM [4-T7] u
IIPeJICTaBJIEHbl B PEKOMEHJAIIUAX MEKYHaPOILHOTO
KoncynbTaTBHOTO KOMUTETA IO CUCTEMAaM Iepeayun
kocmuueckux pmauabix (CCSDS) [8, 9]. B HacTosmeit
cTaTbe MOKAa3aHBbI Pe3yJIbTaThl MCCIEJOBAHUSA IIOMe-
xoycroiunBoctu PTC nepegauu wH(poOpMAIMU C IITY-
MonoOOHBIMU (ha30MaHUITYIUPOBAHHBIMU CUTHAJIA-
mu Ha ocHoBe IICII mpu HaTMUMy OMINOOK CIEIKEHUA
3a 3ajsep:kkoi moxyaupyitoriei IICII cucremoit cuH-
XpoHmM3anuu. B KauecTBe OKasaTesd IOMEXOYCTOM-
YMBOCTA PACCMATPUBAETCS BEPOSATHOCTH OIIUOOU-
HOTO TIpreMa MH(POPMAIITMOHHOTO CUMBOJIA. J[laHHBIN
TIOKa3aTeJIb IIIMPOKO HUCIOJB3YEeTCA IIPU aHAJIN3e 10~
mexoycroitunBoctTu PTC mepemaum mHopManuu u
ABJIAETCA UCXOLHBIM IJISA OIPeieIeHUA BEPOATHOCTHI
OIITMO0YHOr0 IIpreMa COOOITIEHUS C YUETOM UCIIOIb3Y-
€MbIX METOZOB KOTUPOBAHUA.

OcHOBHEBIE COOTHOUICHUS

JIJIS1 pacuyeTa BEPOATHOCTH OLINOOUYHOTO
npuemMa HH(GOPMALMOHHOTO CUMBOJA
IIPH HAJINYNH CUCTEMATUUYECKUX

¥ CJIyYaWHBIX OITHOOK CHHXPOHU3AIMH
M0 3a/iepPsKKe MIPUHNMAaeMOoro CUrHaJa

IIpu Haubosee pacupocrpanesunom B PTC nepena-
uyy nHGOPMAIUY PA3JIAYHOr0 HASHAYEHUS C IIIyMO-
oA0OHBIMY (DA3OMAHUITYTUPOBAHHBIMY CUTHAJIAMU
Ha ocuoBe IICII meTone nmepegaum nHGOPMAIIUN MH-
BEPTUPOBAHUEM OJHOTO MJIU HECKOJIBKUX IIEPUOLOB
monyaupyitomeir IICIT [5, 6, 10, 11] BepoATHOCTH
ormubouHoro nmpueMa WH(GOPMAIIMOHHOIO CHMBOJIA
TP KOTEPEHTHOM IIPpHEeME€ CUTHAJIOB B YCJIOBUAX
aIIUTUBHOI'O 0EeJIOro rayccopa IryMa OIpenessieTcs
BBIpaskeHueM [2, 3]

po=3l1-0(\20)} g

rae g = E,/N, — orromenue curxag/mym (OCII),
E, — oHeprusa CUrHaJa, IPUXOAAIIAACA Ha WH(OP-
MAaIMOHHEIA CHUMBOJ, N, — CIeKTpaJbHas ILIOT-

2y 2
HOCTBH MOIITHOCTH IITyMa; q)(y):\/:J'exp _% dt —
T
0

dbyurnusa Kpavna (ogHa u3 ¢GopM 3amucu rayccoBa
WHTerpaJja ournboK).

Bripaskenue (1) xapakTepusyeT IIOTEHIIUAJIBLHYIO
TIOMEXO0yCTOHYMBOCTD Iepenaun UHGOPMAIUU IIPU
OIITUMAJILHOM TIpHeMe IIPOTUBOIIOJJIOKHBIX CUTHAJIOB
B OTCYTCTBHE OLINOOK CHHXpoHu3anuu. IIpu Koppe-
JISIITUOHHOM IIPHeMe OITOKY CHUHXPOHU3AIINY TP BO-
IAT K OTKJIOHEHUIO 00PabOTKY IPUHNMAaeMbIX CUTHA-
JIOB OT OIITUMAJIBHOU BCJIEACTBUE PACCTPOUKU OIIOP-
HOT'0 curHaJia. IIpy HaJIUUYNU PACCTPOUKU KOPPeJss-
IIMOHHOI'0 TMPHUEMHMNKA, OOYCJIOBJEHHOII OIINOKOI
CJIE;KEHU S 3a 3aePrK KON IPUHUMAaeMOro CUrHaa At,
BEPOSATHOCTH OITMO0YHOr0 mpremMa NHGOPMAI[TOHHO-
TO CHMBOJIA OIIPeeisAeTcs BhIpaskenueM [2]

1, 1 1 |A1]
=2 1-=®(/2¢)-=®| |2¢|1-2— | ||, (@
po=35|1-50(v20)-5| |20/ 1-2" @)
rame At — OJINTEJbHOCTH CHMBOJIA MOIYJINPYIOIIei

TICII. Ecsiu BBeCTU HOPMUPOBAHHYIO OIIUOKY CHUH-
xpoHusanuu Ax = At/At, To BbIpasKeHUe JisI BepO-
ATHOCTU OINMOOYHOTO IpmeMa WHGOPMAIMOHHOTO
cumMBoJIa (2) mproOpeTaeT CaeAyIONNi BUI;

Po :%[1%@(@)-%@(1 /2g(1—2|Ax|))} 3)

Ilpu 1mpoBemeHVMHN aHAJUTHUUYECKUX PACUETOB
yIOOHO MCIOJb30BATh ITapaMeTPhl CUCTEMBI CJIesKe-
HUA 3a 3aJeP:KKOM, HOPMUPOBAHHBLIE K IIOJIYIIIU-
pUHEe AUCKPUMHHAIIMOHHOU XapakTepucturu. i
KOPPEeJSAIIOHHOr0 NPUEeMHUKA C IIUPUHON [uc-
KPUMUHAIIMOHHON XapakTepuctuku A= 2At HOp-
MUpOBaAHHAA OIMMOKA CUHXPOHU3AIIUU COCTABJIAET
Ax = 2At/A. Tlpu sTOM nmamnasoH 3HAYEHUN HOPMU-
POBaHHOM OIMUOKM CJIeKEeHUSA 3a 3aJep:KKoi Ax,
YUYUTBIBA€MbBIX BbIpaskeHuamu (2) u (3), cocTaBiisd-
er —0,5 < Ax < 0,5, IOCKOJIbKY 3a IIpefeaaMu 3TO-
Tro Auala3oHa apryMeHT BTopoil pyHkiinu Kpamma
CTAHOBUTCA OTpUIlaTeJbHBIM. OmHAKO B3HAUEHUS
|Ax| > 0,5 cOOTBETCTBYIOT HM3KOMY KaduecTBY CHH-
XPOHUBAINY, U IPU CJIEKEHUU 3a 3aJePKKON Mo-
nynaupyitomieit IICII mpuHMMaeMOro MmIyMOIIO00HO-
ro (h)a30MaHUITYJINPOBAHHOTO CHUTHAJA B PeabHBIX
PTC mnepemaun uubopmamuu yciaosue |Ax| < 0,5,
KaK TpPaBUJIO, BBIOJHAETCA, a mpu |Ax| > 0,5 3a-
IEeP:KKY HYKHO OTHOCUTH K IIPEAbIAYINEeMY UM II0-
caenytomniemy cumBosy IICII. ITosTomy mpu anaamuse
BeJIMYNHEI P, B YCIOBUAX OMINOOK CHHXPOHU3AIUN
WCIIOJIb30BAJIOCh BBIpakeHme (3) ¢ COOTBETCTBYIO-
UM 3aaHeM HOPMUPOBAHHOM OIITUOKY CJIeKEeHU
3a 3aJiepaKKoi Ax B iuamasone |Ax| < 0,5.

Bripaskenus (2) u (3) COOTBETCTBYIOT KOHKPETHO-
MYy 3HAUEHUIO OMINOKU CJeKEeHUs 3a 3aJepPrKKou AT,
KoTopasd MOYKET pacCMaTpUBaThCSA KaK CUCTEMATU-
yecKas OIIMOKa 0T = AT IIPU OTCYTCTBUU CIAYUYAHHBIX
OITMOOK CUHXPOHM3AIINH, I OTTUCAHUIO OIITUOOK CJre-
JKeHUs 3a 3aJePyKKOM IIJIOTHOCTHIO PacIpeieeHuA
Tuna O-pyHKIuu w(At)=06(At — d1). B peasbHBIX
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YCJIOBUAX UMEIOT MECTO KaK CUCTeMaThuuecKas, Tak
U cJiyyaiiHasa COCTABJAIONINE OMTUOKY CUHXPOHM3A-
UK, ¥ HEOOXOAMMO YCPeAHATE BhIpaskeHusd (2) u (3)
TI0 IIJIOTHOCTH pacupeneseHnd w(At) ommboK ciaexe-
HUA 3a 3aJeP:KKOM At. VI3BeCTHBI JOCTATOUHO CJIOMK-
HbI€ aHAJUTHUUYECKUE OIMCAHUSA 3aKOHOB pacipeie-
JIEHUS OIINOOK CJIE}KEHUA B CUCTEMAaX CUHXPOHU3A~
IIUY, YYUTHIBAIOIIME MapaMeTphl KOHTypa CJerKe-
HUuA (IOPAJOK acTarusMa, ()OpMYy XapaKTEePUCTUKN
IUCKPUMMUHATOPA, BUJ NeMCTBYIOINX IIOMEX), B TOM
YucJe JOCTaTOYHO cJIoKHBIe [12—15]. B To 'Ke Bpema
B KauecTBe alllIPOKCUMAIINY 3aKOHA PacIpeieIeHUA
oIIuOOK CJIeKEHUA 3a 3aJePIKKOIl B CUCTEMAaxX CUH-
XPOHU3AIINU JOCTATOYHO YacTo [4, 8, 16] ucmonnsy-
eTCsl HOpMAaJIbHBIHM 3aKOH pacipeneeHu s

2
exp (At —071) ’ @)

1
\/ﬁct 262

T

w(At)=

rfe 6, — CPeJHEeKBaJpaTHuiecKoe OTKJIOHEeHMe OIIn0-
KU CJIe}KEHUS 3a 3aJIepP:KKoH (caydaifHas COCTaBJIA-
oIaa ommnoKm); 6T — MaTeMaTUYecKoe OXKUIaHue
OIMOKYU CJEKEeHUs 3a 3aJepyKKOoil (cucremaTude-
CKas COCTaBJIAIONIAS OITUOKM).

3aBHCHMOCTh IAPAMEeTPOB G, U 8T 3aKOHA pacipe-
nesieHus (4) OT XapaKTEePUCTUK CHUCTEMbI CHHXPOHU-
3aIlMM YTOUYHSETCA I KOHKPETHOM TeXHUUYEeCKOM
peanusanuu U yCJOBUIT (GYHKIIMOHUPOBAHUA Da-
IVMOTEeXHUUYECKON CUCTEeMBI Tepenaun MHGOPMAIUH.
Kpome Toro, TOUHOCTH ciiesKeHU 3a 3aAePIKKOI MO-
JKeT ObITH ITOBBIIIIEHA 34 CUeT MCIIOJIb30BAHUS aall-
TUBHOU (UIBTPAIMU W COBMECTHOI (PUILTpAIUuu
HECKOJIbKMX IIapaMeTPoB MIPUHUMAEeMOI'0 CHUTHAJAa
(basoBoiT MM YACTOTHOM <«IIONIEPIKKU» CJICKEHUST
3a 3a/IepPKKOii) B TaK Ha3bIBaeMbIX M'MOPUAHBIX CU-
cTeMax CUHXPOHU3AINY PASUOTEX HUIECKUX CHCTEeM
nepenaun UHGOPMAIIUU C ITYMOIOZOOHBIMHU (Paso-
MaHUIYJIUPOBaHHBIMU curHajgamu [17-20].

s mpoBeeHUs pacueTOB W aHAJIN3a BINAHUSA
OIMOOK CJeKEeHUsA 3a 3aJeP:KKOi Ha BEePOATHOCTH
OITUOOYHOr0 MpueMa WH(MOPMAIMOHHOTO CHMBOJA
B IIMPOKOM JHMATa30He YCJIOBUHM IpueMa CUTHAJOB
BBe/leM 0003HAUEHUA: A — IIIUPUHA [I0JIOCHI 3aXBaTa
IUCKPUMUHATOPA CUCTEMBI CJIEKEHUA 3a 3aJePiK-
Koi1; Ax = 2At/A — HOpMUPOBAHHAS OIITUOKA CJIeKe-
HUA 3a 3aJIepPrKKoi; O0x = 20T/A — mMaTeMaTuuecKoe
OJKUJaHMe HOPMUPOBAHHON OIIMOKY CJIEKEeHUs 3a
3allepXKOl; 6, =20, /A — cpegHEKBaApaTHUIeCcKoe
OTKJIOHEHWE HOPMHUPOBAHHON OIIMOKM CJIEIKEHUI
3a 3ajzep:kkoii. Torma mpu HOpMAJILHOM 3aKOHE pac-
IIpeJieJIeHUs OIIUOKY CJIEXKEHUs 3a 3aJeP:KKOM At
IJIOTHOCTh paclpeeieHns HOPMUPOBAHHOM OITIO-
KU CJIEXKEeHUA 3a 3a/IEPIKKOU AX UMeeT BU/I

1 (Ax —8x)?
exp . (5)
vJ2no, ZGi

w(Ax) =

B o6111em coryuae rayccoBo IpuOIMiKeHe SBIISeT-
¢ XOPOoIIIeH anmpoKcuManueii 60ee TOYHBIX OIKCA-
HUH IJIOTHOCTH PacCIpeNesIeHUs OMIUOKY CIeKeHUA
3a 3a/IePIKKOM, HAIpUMep, 3aKOHA PacCIIpeneeHUs
Tuxonosa [7]

) exp[cos(ZnAx)/(ZRGx )2}

AT P—y

; (6)

roe I() — momudunupoBaHHad (GYyHKIUA Beccensa
IIepPBOTO pojia HYJIEBOIO IOPANKa; A, M G, COOTBET-
CTBYIOT BBEIEHHBLIM IIapaMeTpaM HOPMUPOBAaHHON
OIITMOKY CJIEKEeHUS 3a 3aJePrKKOM U cpefHeKBaapa-
TUYECKOT0 OTKJIOHEHUA HOPMUPOBAHHON OINMUOKU
CJIEKEHUS 3a 3aePKKOI COOTBETCTBEHHO, IIPU 3TOM
moJIaraeTcs, YTO CUCTeMaTHUUYecKas OIInOKa cieske-
HUg orcyTcTByeT (0x = ot = 0).

Ha puc. 1 mpuBeneHbl pe3yabTaThbl PACUETOB
ILJIOTHOCTU PAaCIPEeJesIeHUs OIMINOKU CJIEKEHUs 3a
3a/Iep;KKOM B COOTBETCTBUU C BhIpaskeHumAMu (5)
u (6) mpu o, = 0,1 u dx = 0. Kpusas I cooTBeTCTBY-
eT HOPMAJILHOMY 3aKOHY pacIpefesieHus, KpuBas
2 — 3akKoOHY pacupegenenus Tuxomoa. B obimactu
CYII[eCTBEHHBIX 3HAUEHUH OIIMOKY CJIEKEeHUA 34 3a-
Iep:KKoU 00a 3aKOHA pacipeiesieHnsa IPaKTUUYeCKU
COBIAZAIOT. BIM30CTh K HOPMaAJIbHOMY 3aKOHY pac-
IIpeesIeHns OIIUOKY CIeKeHus 3a 3aJePyKKOI Io-
TBEP/KIAETCS TaKIKe Pe3yaIbTaTaMU MOAETNPOBAHU S
TUOPUIHON cuCTeMBbI (Pa30BOIM M TaKTOBOI CUHXPO-
HU3AIUU IITyMOHOJOOHBIX (Da3soOMaHUITYJINPOBAaH-
HBIX curHajos [21]. IlosTomy mIpu ucce0BaHUY Be-
POATHOCTHU OIITUOOYHOT0 IpreMa NHGOPMAIIMOHHOTO
cumsoja B PTC nepegaun nH(poOpMAaIK C IIIYMOIIO-
IOOHBIMU (ha30MaHUNYJIUPOBAHHBIMU CUTHAJIAMU
Ha ocHoBe IICII B ycaoBUSX OIMMOOK CHMHXPOHM3A-
IIUY TI0 3aJePIKKe MCIO0JIb30BaJICA HOPMAJBHBIN 3a-
KOH pacupezeaeHusd (5) AJid HOPMUPOBAHHOM OIIu0-

0

-0,4 -0,2 0 0,2 0,4 Ax

B Puc. 1. IInoTHOCTH pacipee/ieHus HOPMAaJIbHOT0 3aK0-
Ha pacrpejenenns I u 3akoHa pacupenesenus Tuxonosa 2
IIJIsTI HOPMUPOBAHHOI OIITMOKY CJIEKEHU 3a 3aIePIKKOMI

B Fig. 1. Distribution density of normal distribution
law 1 and the Tikhonov distribution law 2 for normalized
error of tracking delay
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KHU CJIeJKEHUS 3a 3a/IeP:KKOli. SHaUeHU s ITapaMeTpPOB
G, U 0X MOTYT OBITH CBA3AHBI C IApAMeTPaMU CHCTe-
MBI CJIEJKEHUA 3a 3aePKKOHA U YCJIOBUAMU IIpreMa
curuaJjos [6, 12, 13, 22]. 9To To3BOJIAET aHAJIUTHUYE-
CKU HCCJIEIOBATh BIUAHNE XapPaKTEPUCTUK CUCTEMBI
CHUHXPOHU3AIAY II0 3a/IePKKe Ha BEPOSTHOCTD OIIIU-
0ouHOro mMpruemMa MH(MOPMAIMOHHOTO CHUMBOJIA P, U
OIIPENeJIUTh YCJIOBUSA HOCTUKEHUSA TPeOyeMbIX 3HA-
YeHHH P, 00yCIOBINBAIOIINX IIOMEX0YCTONINBOCTD
PTC mepemauu wmH(pOpPMAIIUK C IITYMOIOZOOHBIMU
hasoMaHUIYJINPOBAHHBIMYA CUTHAJIAMM HA OCHOBE
TICII.

C yueToM BBeJEHHBIX 0003HAUEHUHN BEPOATHOCTD
OIIMOOUYHOTO IpreMa WH(MOPMAIMOHHOTO CHUMBOJIA
IPU HAJIUYUY KaK CUCTEMaTUUeCKUX, TaK U caydaii-
HBIX OINMMOOK CHHXPOHU3AIINHY 110 3a/JePIKKe paccuu-
THIBAETCSA B COOTBETCTBUU C BhIPAYKEHUEM

1 0,5
Po=— I w(Ax)x
2
-0,5

{1_%@(@)_%@( 2q(1—2|Ax|))}dAx, )

rme w(Ax) — ILJIOTHOCTH pacipefeeHus HOPMUPO-
BAHHBIX OMIMOOK CJIEKEHUsS 3a 3aJep:KKoii. HTe-
rpupoBaHue 10 Ax BBhIpakeHu  (7) OCYIIIeCTBIAETCS
B TIpefiesiaX, COOTBETCTBYIOIIUX YUUTHLIBAEMOMY U~
anasoHy 3Hauenuii sagep:xku —0,5At < At < 0,5At.

B paccmarpuBaemom ciaydae mpu A = 2At makcu-
MaJbHOE YUYHUTHIBAEMOE 3HAUEeHUE OINMOKU CJeKe-
HUSA 32 3aJEPIKKOM COCTaBJIAET MOJOBUHY OT ITOJIY-
IMUPUHBI AUCKPUMUHAIIMOHHON XapaKTePUCTUKU
A/2 =At. OrmeTuM, 4TO ecau ObI paccMaTPUBAJICA
KOPPeJNIAIMOHHBIY NPUEeMHUK C IIMPUHOU JUCKPU-
MUHAIIMOHHON XapaKTepucTUKU A= Af, TO MaKCcU-
MaJIbHOE yUYUThIBaeMOe 3HAueHUe OIIUOKU CcJerke-
HUA 32 3aJEePKKOI COCTAaBJIAJO OBl IOJYIIUDPUHY
IVCKPUMUHAIIMOHHON XapaKTepucTuku A/2 = At/2.
B 00oux ciyuasgx yuuTHIBa€MBIN IMAlla3OH 3HAUE-
HUHM OIMMOOK CJIEKEeHUSA 3a 3aJepP:KKOU AT JIEMKUT
B IIpefiesiaxX IMIUPUHBI JTUCKPUMUHAIITMOHHON XapaK-
TEPUCTUKU A CHUCTEMBI CJIEKEeHUsS 3a 3aIePsKKOIL.
9TO, C OOHOII CTOPOHEBI, (hOPMATIHLHO COOTBETCTBYET
OTCYTCTBUIO CPBLIBA CJIE}KEHUHA, C JPYTOM CTOPOHHI,
HCKJII0YaeT y4YeT IIPU pacueTe BeJIUYUHBI P OIIU-
OOK CJIe)KeHUsA 3a 3aJeP:KKOM AT, BBIXOJAIMUX 3a
mpeesbl OUCKPUMHUHAIIMOHHON XapaKTEePUCTUKU
CHCTEMBI CJIEKEHUA 3a 3aeP'KKOU U IPUBOAAIITUX
K CPBIBY CJIe;KEHUsA, KOrja Iepenada nHGOpPMAaIUN
He OCYIIeCTBJIAETCA.

Vuery omInGOK CJIeKeHUs 3a 3aJeP:KKOU Ipu-
HUMaeMoOro CHUTHaJIa, JeKaluxX B JUalna3oHe
0,5At < At < 0,5At, COOTBETCTBYET IIEPEXO] OT IIJIOT-
HOCTH HOPMAaJILHOTO 3aKOHa pacupeneseHus w(Ax)
HOPMUPOBAHHBIX OITNOOK CJIEKEHUA 3a 3aJePKKOM
(5) K IJIOTHOCTH paclpeesieHus yCEeYEeHHOTO0 HOP-
MaJILHOT'O 3aKOHA pacupenesieHnA

1 (Ax —dx)?
w(Ax) = exp >
N2mo, 252
_0,5 < Ax < 0,57 (8)
0,5 2
J. ex _(Ax 2x) dAx — HoOpMWU-

e j=——— | exp|——— "
\2no, 05 20%

POBOUHBIN KO3(DPUIIMEHT yCeUeHHOr0 HOPMAJIbHOTO
3aKOHA pacIpefefeHUA U X U G, — Te Ke Iapame-
TPBI, UTO U IIPU UCIIOJH30BAaHUY HOPMAJIHLHOTO 3aK0-
Ha pacupepesaenud (5). Ormerum, uto B pabore [17]
TaKsKe MPUMEHSJIOCh BbipaskeHue Buzma (7) Iy Be-
POSITHOCTH OIITMOOYHOTO ITpreMa nHGOPMAaIMOHHOTO
CHMBOJIa, OJHAKO AUAMAa30H SHAUCHUH 3aIePIKKU He
OIPAaHUYUBAJICA HOJYIINPUHON AUCKPUMUHAIIMOH-
HOM XapaKTEepPUCTUKU, U YUUTHIBAJIACH TOJIBKO CJIY-
yalHasA COCTABJIAION[AA OIMINOKY CIEKeHus, a B pa-
6ote [23] yueT cayuaiHON COCTABJIAIOIIEl OIIMO-
KU CJIeKEHUA 3a 3aJeP:KKON IpUOINKEeHHO YUUTHI-
BAJICA CJIO}KEHNEM BeJINYMHBLI BEPOSTHOCTHU OIIuO-
KU, ompemesasieMoil BeipaskeHueM Buaa (1) co caara-
eMBIM, 3aBUCAIIUM OT G,..

Pe3yabsTaThI HCCIETOBAHUA
nomexoycroinunBoctu PTC mepegaun
MH(MOPMAIIUHU C ITYMOIIOO0HBIMHU
¢dazoMaHUNIYIUPOBAHHBIMHU CUTHAJIAMHE
IPU HAJTUYUU OITNOOK CHHXPOHU3AINH
110 3aJiePsKKe

B cooTBeTcTBUU ¢ BhIpaskeHuem (7) AJS Bepo-
SATHOCTU OIITMOOYHOTO IprmeMa WHGOPMAIMOHHOTO
CHMBOJIA P B YCJIOBUAX OIIMOOK CJIEKEHHs 3a 3a-
IEeP’KKOM C MCIOJIb30BAHUEM IJIOTHOCTH PacIipeje-
JeHUS HOPMHUPOBAHHBIX OIMUOOK CJIEKEHUsS 3a 3a-
Iep:KKoi w(Ax), omrpemeaseMoit BrIpakeHueM (8), Ha
9BM ObliM paccUuMTAHBI CEMeMCTBAa 3aBUCHMOCTeIl
BEPOATHOCTU OIIMUOOYHOr0 ImpumemMa HH(GOPMAI[UOH-
Horo cumBoJia p ot OCIII g u mapamMeTpOB cirenAIen
CHCTeMBI G, 1 0X. PesyIbpTaTel pacdeToB AJIA IIUPO-
KOro JualasoHa 3HaueHWI IapaMeTpoB G,, OX U ¢
IpY HAJIUYUU U OTCYTCTBUM OIIUOOK CJIEKEHUS 3a
3aIep;KKOM IpUBeIeHbl Ha puc. 2—5.

Ha puc. 2, a—6 npepcraBiieHbl rpaduKy pacyer-
HBIX 3aBHCHMOCTeHl p, OT HODMHPOBAHHOM CIydaii-
HOI COCTaBJIAIONIEl OMINOKY CJIEKEeHUS 3a 3aJIepsK-
Koii o, nua pasiaunuHeix 3Havenuii OCIII g mpu HOP-
MHUPOBAHHOM CHCTEMATHUUYECKOH OIINOKE CJIeKeHUS
3a 3aJIep:KKoii. BepoATHOCTD OIIMOOYHOIr0 IpHeMa
MH(DOPMAIIIOHHOTO CUMBOJIA Py YMEHBIIIAETCA C yBe-
JIMYeHNeM ¢ U C YMeHbIIeHNeM G,, & Ipu (QUKCUPO-
BaHHOH BeJIMYHHE G, = const ompefessiomiee BIKI-
HUe Ha BEJMYMHY P, OKasbiBaioT uameHenue OCIII
¢ W HOPMUPOBAHHAA CHCTEeMAaTHUYeCKAas OIIUOKa
CJIeKeHUA 3a 3aJeps:KKoii dx. I[1sa Bcex 3aBUCUMO-
cTell XapaKTepHO Pe3KOoe yBeJINUYeHNe BepPOSTHOCTU
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B Puc. 2. 3aBUCUMOCTh BEPOATHOCTHU OIIIUOOYHOIO IIPU-
emMa MH(MOPMAIITOHHOI'0 CUMBOJIA OT HOPMUPOBAHHOM CJIy-
yaHOM OIMMOKM CJIeKeHus 3a 3amepikkoit ox =0 (a);
8x=0,1(0);6x=0 2(6) 1—qg=6;2—q=8;3—q=10;
4—q=15;5—¢q=

B Fig. 2. Dependences of probability of erroneous re-
ception of information symbol on normalized random er-
ror tracking delay dx =0 (a); dx=0,1 (6); dx=0,2 (8):
1—q=6;2—q=8;3—q=10;4—q=15;5—q=20

a) py 0,1
0,01 1
___d_,%_::::::::::::::::::::::::;,4,—.——
103 ——— 3
//
104
...—-/ 5
10’5"”’,/—
106
0,1 0,2 Oy
6) PpPo 0,1
1
0,01 o)
3
-3
10 1
104 >
105
106
0,1 0,2 Ox
6) py 0,1
107 12345
104
10-5
106
0,1 0,2 Oy

B Puc. 3. 3aBUCUMOCTb BEPOATHOCTH OIITNOOYHOTO IIPH-
ema nHGOPMAIMOHHOTO CUMBOJIA OT HOPMUPOBAHHON CU-
CTeMATUUYECKON OIIMOKY CJIeKEeHU 3a 3aJePrKKOI O, = 0
(a) 6,.=0,1(0);5,=0,2(8):1—qg=6;2—q=8;
1054 —q=15:5 — g =20

l Fig. 3. Dependences of probability of erroneous recep-
tion of information symbol on normalized systematic er-
ror of tracking delay &,=0 (a); 5,=0,1 (6); 6,=0,2 (6):
1—q=6;2—q=8; 3—q 10; 4—q 15; 5—q—2

OITUOOYHOr0 MIpueMa MH(MOPMAIMOHHOTO CHMBOJA
P> HAaUMHAsA ¢ HEKOTOPOT'0 3HAUEHUA G, & IPU JajIb-
HeliIlleM yBeJIM4YeHNN G, IpH 0x = const HaunHaeTca
Gosiee MeIeHHOe yBeJMUeHNe BeJIUYnHEI p,. B pac-
CMOTDPEHHBIX YCJIOBUAX BeJMUYUHA P, UMeeT MaKCH-
MaJbHYIO TUHAMUKY M3MeHEeHUs B WHTepBaJe 3Ha-
YeHU HOPMHUPOBAHHOM CIyUYalHON COCTABJISIONIEN
omMOKH clexeHns 3a 3agep:xkoit 0,05 < ¢,<0,15.
IIpu sTOM AMaNIa30H U3MeHEeHUA BeTUUNHEI P, CylIle-
CTBEHHBIM 00Pa30M 3aBUCUT OT BEJIMYUHEI .

Ha puc. 3, a—6 npuBezieHbl TpaUKU PaCUeTHBIX
3aBUCHUMOCTE p, OT HOPMMPOBAHHOW CHCTEeMAaTH-
YeCKOW COCTaBJAMOINEl OMIMOKM CJIeKeHHus 3a 3a-
Iep:KKoi dx nisa pasnuuynabix 3HaueHuit OCIII g mpu
HOPMUPOBAHHOU CJAYUYaNHON OIIMOKE CJIeKEeHUS 3a
3allep;KKoi. BepoATHOCTD OITMO0YHOTO TpueMa nH-
(bOpManOHHOIO CUMBOJIA P, YMEHBIIIAETCA C yBe-
JINYEHVEM ¢ U C YMEHBIIeHUEeM O0X, a Ipu (GUKCUPO-
BaHHOM BeJnunHe dx = const ompemesnsroiee BIMA-
HUe Ha BeJWYMHY P, OKasbiBaioT umameHerue OCIII
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Q¢ U cpelHEKBaApaTUYECKOe OTKJIOHEHVWEe HOPMUPO-
BaHHOI OIIMOKHN CJIeKeHHus 3a 3aJep:kKoi c,. Ha
BCeX 3aBUCHMOCTAX MMEEeT MeCTO OJIM3KOe K MOHO-
TOHHOMY YMEHBIIIEHWEe BEPOSTHOCTU OIINOOYHOTO
mpueMa MHGOPMAIMOHHOTO CUMBOJA P IIPU YMeHb-
IeHuu Ox.

Ha puc. 4, a—6 npuBeneHb rpa@UKU PACUETHBIX
saBucumocreit p, or OCI ¢ npu pa3auIHBIX 3HAYE-

HUAX HOPMHPOBAHHOI CJIyUYalHON COCTaBJIAIOIIEN
OIINOKY CJIeKeHHN 3a 3aJePXKKOl G,. BepoarHocTs
OIIMOOYHOTO mIpreMa HHGOPMAIMOHHOI'O CHMBOJIA
Do YMEHBIIAeTCA C yBeJIWdYeHHeM ¢, a Ipu (pukcu-
POBaHHOII BeIMUNHe ¢ = coOnst BeJIWUMHA P, YMEHb-
maeTca ¢ yMeHbIIeHHeM G, u 0x. Ha Bcex saBucu-
MOCTSAX nMeercs obsacts Mabrx 3Hauenuit OCIII ¢,
B KOTOPOIl IIpu G, = const umMeeT MecTO MeZJeHHOe

a) Po 1

0,1 e

0,01

103 S

104

\
\
)

6) Po 1
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N\ |
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\‘;1‘,-5..

10-3 AN

0 \ 3
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105 g

106 L
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B Puc. 4. 3aBUCUMOCTH BEPOSTHOCTH OIITMOOUHOTO IIPHU-
ema nH(popmanmonuoro cumBosia ot OCII pu HOpMuUPO-
BaHHOM CJAyYaHOI COCTABJAIOIIEH OIIMOKY CIKEHU 3a
sagepskkoir dx=0 (a); dx=0,1 (6); 0x=0,2 (8): I —
,=02—0,=0,1;3 —0,=0,2;4 —0,=0,3; 5 —
6,=0,4

B Fig. 4. Dependences of probability of erroneous re-
ception of information symbol on signal-to-noise ratio
for different values of normalized random component of
delay tracking error 6x =0 (a); 6x =0,1 (6); dx =0,2 (8):
1—06,=0;2—0,=0,1;3—0,=0,2;4—0,=0,3; 5 —
c,=0,4
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0,1

0,01 5

AN
N
BN

L
—
—
—
(=)
—
(=]
[=)
<

0,1 \
0,01 o N

103 :

104

1075

1076

0,1 1 10 100 ¢

B Puc. 5. 3aBUCUMOCTY BEePOATHOCTU OIIMOOYHOTO IIPHU-
ema uHMopmanuonuoro cumBoja or OCIII npu HOpMUPO-
BaHHOU CHCTeMaTUUYECKON COCTaBJSAIOIIEH OIMINOKU cJe-
JKeHNA 3a 3ajep:xKoi 5, =0 (a); 5,=0,1(0); 5,=0,2 (8):
1—0,=0;2—0,=0,13583—0,=0,24—0,=0,3;5—
c,=0,4

B Fig. 5. Dependence of probability of erroneous recep-
tion of information symbol from signal-to-noise ratio for
different values of normalized systematic component of
delay tracking error 5, =0 (a); 5, =0,1 (6); 5,=0,2 (s):
l1—06,=0;2—06,=0,1;3—0,=0,2;4—0,=0,3;5—
c,=0,4
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YMEHbBIIIeHE BePOATHOCTH OIINMOOYHOr0 IIpHeMa
“H()OPMAIIOHHOIO CUMBOJIA P, & IPU JaIbHelIem
yBeJIUUYEeHUN ¢ HaunHaeTcs 6ojiee Pe3Koe yMeHbIIe-
HUe BeJTMUNHBL P,

Ha puc. 5, a—6 mpuBefeHbl TrpadUKMU pacuer-
HBIX 3aBucumocTeii p, or OCII ¢ mpu pasaMYHBIX
3HAUEHUAX HOPMUPOBAHHOI CHCTEeMaTHUYECKOI Co-
CTaBJIAIOIIEHN OITMOKY CJIeKEeHUs 3a 3aJIePsKKOI dx.
BeposaTHocTs ommbouHOro mpmemMa MH(POPMAIIMOH-
HOT'O CUMBOJIA P, YMEHBINaeTCA C yBeJUUeHueM ¢, a
npu (PUKCUPOBAHHOM BeJInunHe ¢ = const Bennumua
P YMeHBIIaeTcs ¢ yMeHbIIeHHeM G, u &x. Kak u
B IPEABIAYIIEM CIaydae, A1 BCeX 3aBUCUMOCTEH Xa-
PaKTepHO MeJJIeHHOe H3MeHeHNe BeJNYNHEI P IPU
dx = const B obmactu manbix suavenuit OCII ¢, a
IIpU JajbHEHNIIeM yBeJIMUeHUU ¢ HaunHaeTcs 0oJiee
pesKoe yMeHbIIIeHNe BeJTMYHHEI P .

ITokasaHbl aCUMIITOTHI 3aBUCIMOCTEH BEPOATHO-
CTH OIITUOOYHOI0 IpreMa NH(POPMAaIlnOHHOT'0 CUMBO-
aa p, or OCHI ¢ (cm. puc. 4 u 5). Husuaa acuMnTo-
Ta COOTBETCTBYET OTCYTCTBHUIO OIITNOOK CJIEIKEHUA 3a
3aJiep:kKoii, Korma dx =0 u ¢, =0, 1pu sTOM ILIOT-
HOCTBh pacIIpefiejIeHus HOPMUPOBAHHBLIX OIITHOOK
CJIeKEHU 3a 3aJePrKKoIi (D) cBoAUTCA K -(PyHKITUN
w(Ax) = 8(Ax) U BEPOATHOCTH OIIUOOUHOTO ITpUEMa
MHAOPMAIIMOHHOT'0 CHMBOJIA OMpeAedeTcsa BbIpa-
keumeM (1). BepxHsigs acuMOTOTa COOTBETCTBYET
PaBHOMEPHOMY pacCIpenesIeHnI0 OITNO0K CIIeKeHUI
3a 3azep:kKoii B aumamasone —0,5At < At < 0,5At
C TIJIOTHOCTBIO pacupeiesieHus HOPMUPOBAHHONI
OIMUOKY CUHXPOHUB3AT[UN

(Ax) = 1, -0,5<Ax<0,5; ©)
WBY=10, Ax<—0,5, Ax>0,5.

CewmelicTBa 3aBUCHUMOCTEN, IIPENCTAaBJIECHHbIE HA
puc. 2—5, TO3BOJSAIOT IPOAHAJTUBUPOBATD BIUSHIE
ImapaMeTpPoOB CHUCTEMBI CJIEKEHUs 3a 3aJep:KKOH
G,, 8T ¥ ¢ Ha BEPOATHOCTDL OIIMOOYHOTO IpUeMa MH-
(hopmanoHHOrO0 CHMBOJA P, U CHOPMYIHUPOBATDH
TpeboOBaHUA K YKasaHHBIM IIapaMeTpaM. B paccmo-
TPEHHBIX AUAaNa3oHaX 3HAUEHWH HOPMUPOBAHHBIX
apamMeTpoB G, U 38X, CBA3AHHBIX C IIapaMeTpaMu
CHCTEeMBI CJIeKEeHHU 3a 3aJePiKKOM G, M 3T, MOTyT
OBIThH OIpelesieHbI 00JaCTH, B KOTOPBIX MMeEeT Me-
cTo cJyiaboe WM CYII[eCTBeHHOE BJINSHUE OIINOOK
CUHXPOHM3auu Ha noMmexoycroiiunBocts PTC me-

penauu mH@OpMAanuu. Bo Bcex ciaydasx AUANasoH
U3MeHeHNUS BeJIMUYNHLI P, CYIIeCTBEHHLIM 00pasoM
saBucurt ot Beauuunsl OCIII ¢, a mpu HAJIUYUH OIIU-
00K CHHXPOHHU3AIUU IJS JOCTHKEHHUS TpebyeMoii
BeJIMUMHEL P, HeobXoauMo yBenudenue g. IIpu aTom
C yBeJIHNUYeHHEM OIIMOOK CJIe;KEeHUSA 3a 3aJeP:KKOI
yBenuuerue OCIII g, Tpebyemoe IJyid KOMIIEHCAIIUN
BIUSAHUS OINMMOOK CUHXPOHU3AIIUU, CYIIECTBEHHO
yBeJMUYUBAETCS.

IIpu mpoBeeHN T PacUeTOB NCIOJIb30BAINCH aHa-
JINTUYECKNE BBIPAKEHUS, COOTBETCTBYIOIUE MIPU-
€My CUTHAJIOB B YCJOBUAX 0eJIoro rayccoBa IIIyMa,
nas koroporo onpenensercsa OCIII g. Bmecre ¢ Tem
C YYEeTOM BOBMOXKHOCTEH IepecueTa MOIITHOCTH JIeii-
CTBYIOIIIUX HEITYMOBBIX (KOPPEJUPOBAHHBIX) ITOMEX
K SKBUBAJEHTHOII MOIITHOCTH INIYMOBOH (HeKoppe-
JUPOBaHHOIT) moMmexu [2, 3], a Tak:Ke MeKOppesd-
WU TIOMeX Ipu MUMPOBOI 00paboTKe cCUTHAJOB [24]
TMOJyUYeHHBbIE Pe3yJbTaThl MOTYT OBITh ITPUBEIEHBI
K PasJIMYHBLIM YCJIOBUAM IIPHEMa CUTHAJIOB, Xapak-
TEePU3YIONTUMCA BO3IAEHCTBUEM KaK IITyMOBBIX, TaK
¥ HEIITyMOBBIX IIOMEX.

3aKIoueHne

IIpoBenenHbIe WCCIENOBAHUA XapPaKTEPU3YIOT
BIUAHVE TOYHOCTY CUHXPOHUBAINY 110 3aJiePKKe Ha
BEPOATHOCTH OITMO0YHOIO IMpreMa NHGOPMAITOHHO-
ro cumBoJia B PTC mepegauu nmH(GOpPMAIUT C IITYMO-
TMO00HBIME (ha30MaHUITYITUPOBAHHBIMU CUTHAJIAMU
Ha ocHoBe IICII. VumTbiBasg BBICOKME TPeOOBAHUS
K rmoMexoycToirunBocTu coBpeMeHHBIX PTC nepegaun
uH(MOpMAI, PA0OTAIONINX C BO3AYIIHBIMU U KOC-
MUYECKUMU 00 beKTaMu, U IIITPOKOE MCIIOIH30BAHUE
B HHUX IIYMOIIOAOOHBIX (ha30MaHUIIYJIUPOBAHHBIX
curzaJjoB Ha ocHoBe IICII, mosyuyeHHBIe pPe3yIbTAThI
MOTYT OBITH HCHOJIb30BAHBLI MPU AaHAJIU3E IIOMEXO-
YCTOMYMBOCTU TAKUX CUCTEM B IITMPOKOM IMAaNa30He
ycaoBUii cBsa3u. B o0ieM ciayuae OJisd ob0ecrieueHus
3aJaHHOU BEPOATHOCTU ONINOOYHOrO IIpueMa WH-
dopmarmontnoro cumBosia B PTC mepemauu mH)OP-
MAalliu AJIS ee CUCTeMbl CUHXPOHU3AIUY HEOOXOMM
COBMECTHBII BBLIOOD apaMeTPOB CUCTEMbI CJIEIKEHU S
3a 3aJIEP;KKOI C YUEeTOM OTpaHUUEeHU, HAKJIaIbIBae-
MbIX yeaoBuAMU pyHKIinonuposanus PTC u ocoGen-
HOCTAMU TeXHUYECKOU peaans3arn.
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Studying noise immunity of radio information transmission systems with noise-like phase-shift keyed signals
and synchronization delay errors
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Introduction: Radio information transmission systems with noise-like phase-shift keyed signals based on pseudo-random sequences
have potential noise immunity provided by accurately tracking the delay of the received signal in the correlation receiver. When working
with moving objects, the delay of the received signal varies continuously, and the reception quality for noise-like phase-shifted signals
highly depends on the synchronization system operation and on the accuracy of estimating the received signal delay by the tracking
system. To ensure the required signal reception quality, it is necessary to provide an informed choice of tracking system parameters,
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taking into account their effects, which are the random and systematic components of the delay tracking error, on the selected noise
immunity indicator. Purpose: Analyzing how the errors in tracking the delay of a received phase-shift keyed signal based on a pseudo-
random sequence by the synchronization system of a radio information transmission system can affect the probability of erroneous
reception of an information symbol. Results: The calculation method was used to obtain families of dependencies of the probability of
erroneous reception of an information symbol on the signal-noise ratio (SNR), and the values of the random and systematic components
of the delay tracking error which are normalized to the capture band of the correlation receiver. It has been shown that at a fixed SNR,
the values of the random and systematic components of the delay tracking error are critical for the erroneous reception probability.
In all the cases discussed, all the dependencies are characterized by a slow change of the erroneous reception probability while the
synchronization errors within the area of small SNR have fixed values. As the SNR value grows, the erroneous reception probability
rapidly drops. To ensure the specified signal reception quality and the reliability of the selection of information symbols and messages
in a radio information transmission system with noise-like phase-manipulated signals, its synchronization system requires a joint
selection of the tracking system parameters, taking into account the limitations imposed by the operating conditions and technical
implementation features. Practical relevance: The obtained results can be used in noise immunity analysis of radio information
transmission systems with noise-like phase-shift keyed signals in a wide range of communication conditions, and in providing technical
solutions for synchronization systems ensuring the required quality of signal reception.
Keywords — radio information transmission systems, noise-like phase-shift keyed signals, noise immunity, synchronization.
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llocTaHoBKa npO6HEMbI.' MeToA4bl onpenesieHnsa Hadana gBUXXEHNA U MOMEHTOB IJ1aHUPOBaHNA OBUXEHNA ABJIAKOTCA aKTy-
alJlbHbIMU 3aga4vyamu HeﬁpOHayKVl, npn aTom OT,qu'IbHOl;I I'IpOﬁfleMOl;l ABJIAETCA UCI0JIb30BaHNe CUrHasioB 3ﬂ6KTpM‘IeCKOl71 aKTuB-
HOCTU MbILLL (3ﬂeKTpOMMOI'paMM) A1 TOYHOro onpegesieHnsa MoOMeHTa ABUXEHNA PYKN BBUAY CJIOXHOCTU, HeECTalUOHAapPHOCTH
n 3allyMJIEHHOCTU UCXOA4HbIX CUIHAaJ10B. OcobeHHO OCTPO CTOUT BOMpPOC A4J19 9KCNEPUMEHTOB C O,qHOBpeMEHHOl;I perncrtpaymn-
en 3JIEKTPOMUOIrpaMmbl n SJ'IeKTpOSHL[ed)aﬂOFpaMMbI, Korga Tpe6yeTcn paccMoTpeTb B3aumogencTamne MexAay CTPpyKTypamu
Mo3sra. Llenb uccnegoBaHus: pa3pa60TKa MEeTOANKWN aHann3a 3JIeKTpomMnorpamm CuUrHamaoBs U crnocobos ee npuMeHeHus ons
JleTasibHOro uccnenoBaHus ABUraTeslbHoN akTuBHoCcTH. MeTogbl: ucnosb3yerca MeToq noporosoﬁ JeTeKynn, OCHOBaHHbIN Ha
d)MﬂpraLlMM, Cr7laKuBaHUn NCXoO4HOro curHana c rnociefyrolnm Bbl4UCJieHNEM ﬂpOMSBO,qHOﬁ. Takowt nogxo4 rno3BoJIAEeT OT-
HOCUTEJIbHO 6bICTpO U TOYHO oyeHnBaTb MOMEHTbI Ha4vaJsla ABUXEHUA faxe o y4acTKy psada. Pe3yﬂbTaTbl.' pa3pa60TaHa MeTOo-
AuKa, No3BOJiIoLLasa B aBTOMaTU4YeCKOM pexnmMe onpenesiaitb MOMEHT ABUXEHNS. OéHapy)KEHO, 4YTO MOMEHT Ha4dana gBNXEHUA
AETEKTUPYETCA HYepe3 HEKOTOPOE BPEMSA NocJie CurHana B TOM criy4ae, ecsin ABUXeHNe Ha4YnHaeTCs o ornpegesieHHoMy curHany.
I'IpOBe,qu pacyet pacnpefesnieHus 3agepXxkKu Mexay npeabsBsieHNeM 3ByKOBOIro curHana n HadaJioM BuXXeHUs, OLjeHeHbI cTa-
TUCTUYECKME CBOKCTBA 3TOr0 pacnpeneneHus. lNpakTuyeckass 3HaYUMOCTb! pe3ynbTathbl uccnefoBaHni MoryT 6bITb UCMOSIb-
30BaHbl 47171 aBTOMAaTU4YecKoro 4eTeKTMpoBaHUss MOMEHTOB Havyasia ABVN)XeHUS B SKCTIepuMeHTax c O,qHOBpeMEHHOl;’I perunctpa-
yuen 3ﬂ6KTpO3HL[ed)aJ'IOI'paMM v B fasibHenLwem NMPUMEHATBCA AN PeLUeHns NpakTUu4ecKnx 3agad, CBA3aHHbIX C pa3pa60TKot71
ynpasnsaeMblX nNpoTe3oB 4J1A peaﬁwnnrauwn J'HO,[(E‘I;’I C OrpaHn4YeHHbIMN BO3MOXHOCTAMMU.
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Nnouck, pacrno3HaBaHune naTtTepHoOB.
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Beenenue

B HacTosIllee BpeMs OOBEKTOM OOJIBIIIOTO HAyU-
HOTO WHTEpeca SABJISAIOTCA IPOIECCHI, IIPOTEKAOIIe
B OPraHM3Me UeJIOBEKAa, CBA3AHHBIE C KOHTPOJIEM JIBU-
rareJbHON akTuBHOCTHU [1-6]. AKTYa/IBHOCTH JaHHOTO
HAYyYHOT'O HAIIPABJIEHUS OIPENEJAeTCA BO3MOXKHO-
CTHIO IIPUMEHEHUs Pe3yJbTaTOB B TaKUX 00JIACTIX,
Kak peabuiauTamnus, IPOTe3NpPOBaHNe, POOOTOTEXHIU-
Ka u ap. Perucrparud u aHaaus sj1eKTPOsHIedaT0-
rpamm (93I') aABIAeTcsa ogHUM M3 HaMbOoJiee 00BEK-
THUBHBIX CITOCOOOB MBYUYeHUA PAOOTHI T'OJIOBHOT'O MO3TA
YyeJIOBeKa HEIOCPEJCTBEHHO BO BPEMs COBEPIIEHUS
nerskeHusd [7—9]. Oguaxko npumenenue IO qa aHa-
JIN3a IBUTATEJHHON aKTUBHOCTYM B OCHOBHOM ITOZpA-
3yMeBaeT IIPOBe/ieHre SKCIIEPUMEHTA II0 3apaHee pas-

paboTaHHOMY ILJIaHy, COTJIACHO KOTOPOMY ABUKEHUSA
BBITIOJIHSFOTCS 110 CIIeI[MAJIbHOMY CUTHAJY. B mansHoM
ciiyuae BO3HUKAeT IpobJieMa TOUHOTO OIpeNesIeHUA
MoMeHTa HauvaJsa aBuskeHud [10]. AHanaus syieKkTpo-
muorpamm (OMI') — curHaJIoB 3JIEKTPUYECKO aKTUB-
HOCTHU, BO30Y:K/JaeMbIX HEIIOCPEJCTBEHHO MBIIIEYHBI-
MU BOJIOKHAMM, — SBJISETCS II€PCIEKTUBHBIM [IJIS
pelileHusa naHHOII mpobsemsbl [11]. B cBoio ouepenb
aHaJIM3 TAKUX CUTHAJIOB 3aTPY/JHEeH BBUY HUSKOI aM-
ILIUTYABI IOTEHITUAJIOB, CUJIBHON HECTAIIOHAPHOCTH,
HAJIMUMS Pa3JINYHBIX apTe(GaKTOB U ILJIOXOI CTPYKTY-
PUPOBAHHOCTU UCXOTHBIX HJaHHBIX [12—14].

C yueTOM BBIIIECKA3aHHOTO CYII[ECTBYET HEOOXO-
OUMOCTh PaspaboTKu MeToamK aHaamsa IMI-cur-
HAJIOB U CIIOCOOOB MX NMPUMEHEHUA AJIA JeTaJIbHOTO
HCCJIeOBaHUSA IBUTATEeIbHOM aKTUBHOCTH.
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JdaHHbIe 3KCIIepUMEHTA

B pabore 6b1/IM KCITOJIB30BAHBI JaHHBIE UCIBITYE-
MOI'0, He IMEIOIero IIaTOJIOTHUH [eHTPaIbHOM HepPB-
HOIi cucTeMbl. Bo BpeMs sKcepruMeHTa IPOBOAMIIACH
oxHoBpeMeHHas peructrpanusg OMI u 99I' B BepTu-
KaJbHOM IIOJIOJKEHUHU Tesa. IIpomosKUTelbHOCTD
samnucu coctasuia 150 mus. Bo Bpems perucrpamnuun
CUTHAJIOB JbIXaHue ObIIO TPOU3BOJIbHBIM.

B xome sKcIepyMeHTa PerrMCTPUPOBAJINCHL CUTHA-
JbI HenHBa3uBHON OMI' ¢ JIOKTEBOI MBIIIIbI. VICIIbI-
TYyeMbIl ObLJI TPOMHCTPYKTUPOBAH BBITIOJIHATH CTUO
(I) u mocnenyroruii pasru6 (II) pyku ¢ mpoMeskyTou-
HOU (prkcanyeil B BepxHeM IIOJIOXKEeHUU 10 3BYyKOBOMY
CUTHAJIy B COOTBETCTBUM CO CXEMOU, ITPEACTaBIEHHON
Ha puc. 1, a. Perucrpaliius CUTrHAJIOB OCYIIECTBIISAIACD
¢ yacroroit 250 I'it mpu 12-paspsagHOM paspeleHun
IIpY IIOMOINM MHOTOKAHAJBbHOTO 3JIEKTPOdHIIedhao-
rpada-ananusaropa IIA-21/26 «Iumedanran-131-03»
mozenb 10 (HITKD «Megurkom-MT/», Poccus) ¢ kom-
TIJIEKTOM CTAHIAPTHBIX JaTUNKOB. [[JIA JOTTOTHUTE b
HOT'O KOHTPOJIA IBUTATEJIHLHOM aKTUBHOCTHU OBIJIO WC-
TI0JIL30BAHO 3a/1a1011ee YCTPONCTBO KOTUPYIOIIIETO TH-
ma ¢ 00paTHOM CHJIOMOMEHTHOM CBS3bIO, ITPEACTABIIA-
forree co00M PHIYAMKHYIO0 KOHCTPYKIIMIO U3 ILIACTUKA
U JIETKUX CIIJIaBOB, BBITIOJTHEHHYIO aHAJIOTUYHO CKe-
JIETHOU CXeMe YeJIOBEKa C COBIAJEHUEM II0JIOXKEHUSA
ocell TOABUKHOCTU U CyCTaBOB. IIpu 5TOM pBIYAMKHBINA
MexXaHu3M ObIJI HIeHTUYEH KIHEeMaTHUUYeCKOH cxeme
PYKHU YeJIOBEKa U COAEP KaJjl aHaJIOT IPEeIIeybs, CO-
eIVHEHHOI'0 C IIJIeYOM BpaIlaTeJbHON Mapoil ¢ OTHOI
CTeleHbI0 CBOOOIbI, TIO3BOJIAIONINI ITOTyYaTh JaHHbIE
0 coBepIIeHnU cruba JIOKTEBOTO CYCTaBa OTHOBPEMEH-
HO ¢ 3amnuckio OMI.

OcHOBHasI CTPYKTypa SKCIIEPUMEHTa MpencTaB-
JeHa Ha puc. 1, 6. B 00111eii CJI02KHOCTH 9KCIIEPIMEHT
COCTOSIJT W3 IIECTH CEeCCHUM, BKJIIOUAIOIIUX B ceds
TIPeIBAPUTENbHYI0 PETUCTpanuio (POHOBON aKTUB-
HOCTU 0€3 BBIIIOJTHEHU A UCIIBITYEMBIM CIIeIINaJIbHBIX
UHCTPYKIIUA B TeueHue 15 MUH, ABe II0JYYacCOBbIE

Ceccuu ¢ MOJHATHUEM PYKU II0 3BYKOBOMY CUTHAJY,
IIB€ CEeCCUU C IIPOMBBOJIbHBIM IIOAHATHEM PYKHU, 3a-
KJIIOUUTEJIbHYIO DPEerucTpamuio (OHOBON aKTHBHO-
cTu 0e3 BBIMOJHEHUS WUCIBITYEMBIM CIIeIMaJJIbHBIX
MHCTPYKIIUH B TeueHme 15 mumH. Hauasmo wakmoii
ceccuu IPeaBapsAIOoCh aBTOMATUUECKUM ayAUOBU3Y-
AJILHBIM MIPEIYIIPeKIeHeM HUCIILITYeMOr'o O ee Ha-
crynienuu. g ceccuil ¢ MOgHATHEM PYKU IO 3BY-
KOBOMY CHUTHAaJy ObLIO 3amjaHupoBaHo 50 moBTO-
peHUll [BUKEHUA, 3BYKOBbIE CTUMYJIBI IIOJaBaJIVICh
B IIPOM3BOJILHBIE MOMEHTHI BpEeMEHH’, HO IIpeaycMa-
TpuBaau He MeHee 10 ¢ MOKOA MEeXKAY KaKIbIMU IBY-
Md. [[1a ceccuu ¢ TPOU3BOJIBHBIM MOTHATHUEM PYKU
3BYKOBBIE€ CTUMYJIbI HE MOJAaBAJINCh, OTHAKO HCIIbI-
TYeMBIH OBbIJI TPOMHCTPYKTHUPOBAH HAXOAUTHCS B CO-
CTOSHUU IOKO0A TaKsKe He MeHee 10 ¢ mocjie KasKaoro
Ieprofa ABUTATEJIbHON aKTMBHOCTU. JKCIIEPUMEHT
IIPOBOAMJICS B IIEPBOM MOJIOBUHE AHA B CIEIIUAJIBHO
000OpyIOBaHHOI JiabopaTopuu, rae A0OpPOBOJIeI Ha-
XOAUJICA B KOM(POPTHHIX YCIOBUAX, UCKJIIOUAIOIIINX
HaJu4Yue Melaoiux (PaKTOPOB HAMOL00ue IOCTO-
POHHUX LITYMOB U APKOTO CBETA.

MeTonasI aHAIN3a TAHHBIX

Hns1 meTeKTUPOBaHUA MOMEHTa Hauajia IBUKe-
HudA curHaa OMI' ¢puabTpoBasica B IOJIOCE YACTOT
1-10 TI'1, 3aTeM CIVIasKMBAJICS CKOJL3AIIMM OKHOM
IJUHOM 2 ¢, TIOCJIe UYero I0 CIVIaKeHHOMY PALYy Haxo-
IuJaach IPOM3BOAHAS cUrHaJja. IlyTem comocTaBJie-
HUA ucxXomHoro curtaJaa OMI' u moaydueHHON Tpous-
BOJHOM yIajioch 00HAPYKUTh, YTO B MOMEHTHI Bpe-
MeHU, COOTBETCTBYIOIIIME HAUaJIy IBUKEHUA, 3HaUe-
HUe TIPOM3BOTHOM IIPEBBIIIIAJI0 MOPOTOBOE 3HAUEHNE
(0,5 oT MaKCUMAJBLHOTO 3HAUEHUSA PAIA).

Taxum o0paszoM, B pes3yJIbTaTe COIIOCTABJIEHNIS 3HA-
YeHUs ITOCTYIIMBIIIET0 CUTHAJIA C TIOPOTOBLIM 3HAUECHU-
€M B KaJK/IbIi OTCUeT BpeMeH! ObLIU I0JIYYeHbl MOMEH-
ThI, COOTBETCTBYIOIIT/IE BpeMeHaM HauaJja JBUKeHM .

%) Il . g
I
]I D> 3 C 3 C @
0 30 60 90 120 150
/ | 1 1 1 1 1,
Bpewms, mun

B Puc. 1. [{uzaiiu skcnepumenTa (a): I, II — mosioskeHre pyKu B MOMEHT HauaJsa cruba u pasruda; BpeMeHHasd CTPYKTypa
sKcnepuMenTa (6): @ — mepuoabl peructpanuu GOHOBOM aKTUBHOCTHU; 3 — IEPUOABI ABUMKEHU 110 3BYKOBOMY CTUMYJIY;

C — mepuojbl ABUMKEHUIT 0e3 cTuMYy.JIa

B Fig. 1. The motion design experimental setup (a): I, I corresponds to flexing and to extension; the structure of exper-
imental sessions (0): @, 3 and C define a single period of background activity, audio stimulated movement and free move-

ment respectively
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Ha puc. 2, a mokasaH TUIUYHBIN (pparMeHT CUT-
Hasa OMI, perucTpupyemMoro ¢ JOKTEBOW MBIIIIITEI.
BepTukaJbHBIMU INITPUXOBBIMHU JHUHUAMU OTME-
YeHbI MOMEHTHI 3BYKOBBIX CHUI'HAJIOB, COOTBETCTBY-
IuUX KoMaHgaMm. U3 puc. 2, @ BULHO, YTO MOMEH-
TaM BBIMIOJHEHUS IBUKEHUI COOTBETCTBYET Pe3Koe
yBeJIUUYeHVEe aMILJIUTYAbI PETUCTPUPYEMOTO CUTHA-
sna. Ha puc. 2, 6 1 8 mpeacTaBJIeHbl COOTBETCTBEHHO
crilasKkeHHbIN BpeMeHHOU pan IMI' u ero mpoussoa-
Had. [loporosoe 3HaueHMe UCIOJIB3YETC NI AeTeK-
TUPOBAHUA MOMEHTa HayaJa IBUMKEHUS B aBTOMa-
TUYECKOM PeKUMeE.

IToporoBoe 3HaueHue OBIJIO BHIOPAHO B COOTBET-
CTBUU C OIITUMAJBHBIM COOTHOIIIEHWEM YYBCTBU-
TeJIbHOCTH U IIPOIIEHTA JIOJKHBIX BHIBOJIOB O HAJIMUUN
nBukeHus. Ha puc. 3 mpeacTaBieHbl 3aBUCUMOCTU
YYBCTBUTEJIHLHOCTH METOAMKU U IPOIEHTA JIOMKHBIX
cpabaThIBaHUM OT 3HAUEHUS [10POTa IJIsA AeTeKTUPO-
BaHUs. IloporoBblie 3HaUeHUS MepedUpPaINCh B qua-
ImasoHe OT HYJIA MO MaKCHMaJbHOI'O 3HAUEHUA PAgA
c marom 0,05. Kak jerko BuaeTs us rpapuxa, Mak-
cuMaJibHasA Pa3sHOCTDb MIPUXOAUTCSA Ha 3HAUEHUE, CO-
orBercTByMoiiee 0,5 OT MaKCHUMaJIbHOTO 3HAUEHUS
pAma, KOTOpoe B JaIbHEHIIeM 1 OBbIJIO MCIIOJIE30BAHO

2) |

| ITopbroBpe 3HaueHE

e

6)

IToporoBoe 3HaueHmE |

IlepBasi npousBoaHas curuaga OMI

B Puc. 2. PparMeHT UCXOAHOTO 9KCIIepUMeHTATbHOro curaana OMI (a) u criraskeHHOTro 1 (UIBTPOBAaHHOTO B moJioce 1—10 I'g
curnana OMTI (6); ero mpousBogHadA (3ejieHAad KPpUBAasi) U JUHUA IOPOTOBOTO 3HAUEHUS, NCIOJIb3yeMasi AJIsd OlpeeeHus
MOMeEHTa HayaJja qBUKeHuA (8) (MOMEHTHI 3BYKOBBIX CUTHAJIOB OTMEUYEHbI KPACHBIMU PUCKAMY U IIITPUXOBBIMU JINHUAMHU);
yBeJMUEeHHBIH (hparMeHT GuabTpoBaHHOro curHasa OMI 1 ero mpousBOgHO, JeMOHCTPUPYIOMINIT HAIUYNE 3aAePIKKU 1
MeXKy MOMEHTOM IpeIbABIeHU 3ByKOBOI'0 CUTHAJA (IIITPUXOBasA JUHUA) 1 MOMEHTOM HavaJia IBUKeHUA (IyHKTUPHAA
auHuA) (2)

B Fig. 2. Fragment of the original (raw) experimental EMG signal (a); smoothed and filtered EMG signal (blue curve)
(0); its derivative (green curve) and the line of the threshold value used to determine the moments of the beginning of the
movement (8). The moments of the sound signals are marked in red markers and vertical dash line; enlarged fragment of
the filtered signal and its derivative, which demonstrates the delay & between the moment of presentation of the sound
signal (dashed line) and the moment of beginning of the movement (dotted line) (2)
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B Puc. 3. 3aBUCUMOCTD UyBCTBUTEJIHHOCTH I 1 IIPOIIEHTA
JIOKHBIX BBIBOJIOB 2 O HauaJjie IBUKEHUA OT IIOPOTOBOTO
3HAYEHUS

B Fig. 3. The dependence of true positive 1 and the false

positive 2 percentage of the movement onset from the
threshold value

[LJIsI pacueTa pacipenesieHus 3aJep:KeK MeKIy Bpe-
MeHeM IIpeIbABIeHNA 3ByKOBOT'O CUTHAJIA 1 MOMEH-
TOM Hauvaja OBUKeHHudA. [IpemMyIecTBO IIOAXOona
COCTOUT B €T'0 IIPOCTOTE U OBICTPOTE II0 CPABHEHUIO
c 6oJiee TOUHBIMU U CJA0KHBIMI METOJaMu, TPeoyo-
UMY THANBUIYaJIbHOTO 00yueHus [15, 16].

PesymbTaTsl u 00Cy:KIeHUE

CyiecTByeT 3aZep:KKa IO BpPeMeHU A MeKIy
MOMEHTOM IIpeIbABJeHNA 3BYKOBOTO CUTHAJA U Je-
TeKTHPOBAHHBIM MOMEHTOM HayaJa IBUMKEHUA (CM.
puc. 2, 6). 114 ompenesieHns XapaKTepPHOTO BpeMe-
HU 33JIEP’KKU Ha puc. 4 IPeICcTaBJIeHO CTATUCTUYE-
CKOe pacIpeesieHre BeJIUUYUHEI 4 BO BPeMs BBITOJ-
HEeHU 9KCIePUMEHTAa, IOCTPOEeHHOe [JIS OIMTHUMAaJIb-
HOT'O TIOPOTOBOTO 3HAUeHWA. BUAHO, UTO MOja pac-
TIpefesieHusa IPUXOIUTCSA HAa BPeMs, COOTBETCTBYIO-
mree 1,6—1,8 c. ¥Y30CTh ITOJTyUYeHHOT'0 pacupe/iesIeHn s
CBUIETEJIbCTBYET B IIOJIB3Y ITPEACTABJIEHUA O TOM,
YTO BpeMs MOATOTOBKU K IBUKEHUIO MOYKET OBITh
OIIEHEHO U JlaJiee YUTEeHO B 9KCIIepuMeHTe 6e3 mpeb-
SABJICHUS 3BYKOBOTO curHaJjia. CIJIONIHON JTuHUeH Ha
PUCYHKe TIpeAcTaBJieHa aIlIIPOKCUMAIINA HOPMAaJb-
HBIM pacIpeiejieHueM.

Hanmume 3aep:KKu MEKIy MOMEHTOM 3BYKOBOT'O
CTUMYJIa ¥ MOMEHTOM HavaJia IBUKEHUSA MOYKET ac-
COIIMMPOBATHCA C IpoIleccaMy 00pPabOTKU CTUMYJIa 1
C IJIAaHWPOBAHMEM OBUKEHUA. B JaHHOM KOHTEKCTe
nucroJib3opauue OMI-curuaos gaeT OOJIBIIION TOTEH-
IUaJ AJs BbIABJIEHUS PA3JIMUHBIX (Da3, CBASAHHBIX

1,2

1,0

0,8

0,6 AT

0,4 AN —

0,2

\
0 0,5 1,0 1,5 20 2,5 3,0 3,5 4,0
h,c

B Puc. 4. Pacupenesenre BpeMEeHHBIX 3alePiKeK MEeKIY
MOMEHTOM IIPeIbABJIEHNS 3ByKOBOI'O CUT'HAJIA © MOMEHTOM
HavaJla ABUKEHUS, PACCUUTAHHBIX 110 PALY IPOU3BOIHOMN
criaskeHHoro curaaga OMIT

B Fig. 4. The distribution of time delays between the
moment of presentation of the sound signal and the mo-
ment of the beginning of the movement, calculated via
threshold of the smoothed EMG signal derivative

¢ peayi3aniel ABUTATEIHBHOU aKTUBHOCTU YeJIOBEKA.
CoBpeMeHHasA KOHIENIIMS MeXaHM3Ma 3aMbIKaHUA
ycJioBHOM cBaAsu [17] mommycKaeT, 4YTo accomuaimsa oda-
TOB BO30YKJEHWUI, COOTBETCTBYIOIUX YCJIOBHOMY U
0e3yCJIOBHOMY PA3IPaKUTEIISIM, MOKET IIPOUCXOAUTH
KaK Ha yPOBHE KOPHI, TAK 1 HA YPOBHE IOTKOPKU: IIPU
IIPOJOJIXKATOIIEMCS TIOCTYILJIEHUH TI0 CIIeI[u(hUUeCKIM
myTsaM a(@epeHTHBIX UMIIYJIbCOB B OIIPEIe/IeHHBIN
OTpPaHMUYEHHBIN KOPKOBBIHA ouar BO30Y:KIEHUA IIOCTE-
IIeHHO TeHepaJIM30BaHHOe BO30Y:KAeHUEe KOHIIEHTPU-
pyeTcsa B 9TOM odare, a 3aTeM YCTyIaeT 3HAUUTEJIb-
HYIO 4aCTh CBOETO BJIUSHUSA Ha IIOCTPOEHUE ABUKEHU
HIDKEJIe)KAIIIUM odaraM BO30Y KIeHUA, TMEIOIITIM TO
IIPENMYIIIECTBO, YTO K HUM IIPOJOJIKAIOT IIPUTEKATh
ad)(pepeHTHBIE TPOIIPUOIIENTUBHBIE UMITYJIbCHI.
HenaBuue wmccienoBaHUsA YKasbIBAIOT Ha Ha-
JuYre 3aJep:KeK IpU aKTHUBAIIUU CEHCOMOTOPHOM
o0paboTku B moare uesoBexka. CeHcoMoTOpHAasA 00-
paboTka BKJOUaeT B cebs (assl (popMuUpoOBaHUA,
pacrosHaBaHUSA CTHMYJA, KaTeropusaaluu-oTBeTa,
MPUHATHUA PELIeHusa, peaknuu apdepeHTHBIX Hell-
poHOB. [[IUTEILHOCTh 9TUX 3aAePIKeK COIOCTaBUMa
C TOJTYUYeHHOU B HAaHHOUW paboTe, XOTA W IIPUHUMA-
eT MeHblIllee 3HaUeHe B CUJIY CIeIn(pUKYU 9KCIIePu-
meHTa [17-19]. CiegyeT oTMeTHUTB, YTO paciIpenese-
HUe, IPENCTaBJIeHHOe Ha puc. 4, TOCTaTOYHO XOPO-
110 aNMIpPOKCUMUPYeTCsA pacpeneaenreMm laycca.
BpemenHO#l WHTepBAJ, TPeOYeMBINI AJA MIPOXOK-
IeHUs UMIIYJIbCAa OT I'OJIOBHOI'O MO3Ta K MBIIIIIAM,
B CyMMe C BpeMEHHBIM MHTEPBAJIOM MBIIIEYHON pe-
aKIIMU IPUHUMAET IPUMEPHO ITOCTOAHHOE 3HAUeHUe
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JIJIs BCeX MOBTOpeHui ABuskeHusdA. [IlymoBas KoMIo-
HeHTa, ompeneaionias (opMy pacipeneeHus Bpe-
MeHU 3aJep:KKU h, ABJIAETCA CJIEICTBUEM IIPOIeC-
COB, ITPOTEKAIONNX B TOJIOBHOM MO3T€e, OTBEUAIOITUX
3a 06pabOTKY CTUMYJIA U ITOCJIEAYIONYIO TeHepPaIlinio
yIIpaBadoInero curHaga. OG@eKT OIPUCYTCTBUSI
JTaHHOW MIyMOBOI KoMmoHeHTH! [20, 21] cBumeTeb-
CTBYET B IIOJIb3Y IPEAIIONOKEHUA O TOM, UTO UCXO/-
HOEe COCTOSTHHE MO3Ta [0 HauaJia MOMEeHTAa ABUKeHU T
PasInvHO U OoIpeessieTcs MpoleccaMu, IPOTeKato-
MU B 3TOT CaMbIii MOMEHT BPpeMeHH, YeM U1 00'bsic-
HseTCcs rayccomomo0HbBIN BU pacipeaeIeHus.

3aKiaioueHune

Takum o0pasoMm, B paboTe MIPEIJIOMKEH MeTO[,
IIO3BOJISIIOIIIUI B aBTOMATUYECKOM PeKuMe OIpeme-

JATH MOMEHT HauaJa aBukeHus. O0HapyKeHo, UTO
B cjydae, KOrja IBU)KEHVE HAUWHAETCS II0 OIpe-
IeJeHHOMY CHUTHAJIy, MOMEHT HaJaJjia ABUIKEeHUS
IeTEeKTUPYETCs uepe3 HEKOTOPOe BPeMsi IIOCJIE€ CHUT-
Haja. O6GCy:KAeHbl BO3MOJKHBIE IPUUYNHBLI U IIPEJ-
MIOCBLIKK IOJYYEeHHBIX Pe3yabTaroB. IlosydyeHHbBIE
pe3yJbTaThl MOTYT OBITH MCIIOJB30BAHBI [JIS BBIJE-
JeHus has «IJIaHUPOBAHUSA NBUKEHUS» W PACIIU-
peHUs MOHUMAHUS NIPUHIUIIOB (DYyHKITMOHUPOBA-
HUA TOJIOBHOT'O MO3Ta U COBHAHUA UeJI0BeKa, UTO I10-
CIIOCOOCTBYET PEIeHUIO Psifa MPUKJIATHBIX 3a/1ad,
CBSA3aHHBIX C YJIYUIIIEeHNEM KaueCcTBa JKU3HU JIIOIe.

dunaHCOBaT MOAIAEPIKKA
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Introduction: Methods of detecting the start of a movement and moments of movement planning are important in neuroscience.
Using the signals of electrical activity of muscles (electromyograms) in order to precisely detect the moment of movement is a special
problem, because the initial signals are complex, non-stationary and affected by noise. It is especially important in experiments with
simultaneous registration of an EEG and an electromyogram, when you have to analyze the interaction between brain structures.
Purpose: Development of methods for electromyogram data analysis and techniques for their use in a detailed study of motor activity.
Methods: We use the threshold detection method based on calculating the derivative of the original signal filtered and smoothed. Such
an approach makes it possible to estimate the starting points of the onset of motion relatively quickly and accurately, even along a part
of a time series. Results: We have developed a technique which allows you to automatically detect the precursor of a movement start,
based on the analysis of electromyographic signals. We have calculated the distribution of the delay between the presentation of a sound
signal and the beginning of a movement, and evaluated the statistical properties of this distribution. Practical relevance: The results of
this research can be used to automatically detect starting points in experiments with simultaneous EEG recording, and later be applied
to solve practical problems related to the development of controlled prostheses for the rehabilitation of people with disabilities.

Keywords — signal analysis, motor activity, electromyograms, filtering, automatic search, pattern recognition.
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Q1. agpec:

georgy maltsev@mail.ru

HEHAIIIEB
Bagum
AnexcaHapoBHY

IToreHT Kadeapsl BBIUUCIUTENH
HBIX CHCTEeM MU ceTeil CaHKT'
IlerepOyprckoro rocygapcTBeHHO-
r0 YHUBEDPCUTETA adPOKOCMUUE-
CKOTr0 IPHOOPOCTPOCHNUA.

B 2012 ropy oxomumna CaHKT-
IlerepOyprckuii rocyzapcTBeHHBIH
YHUBEPCUTET a3POKOCMHUUECKOTO
pubOPOCTPOEHHU IO CIIEIINATHHO-
ctu «MHbOpPMATHKA U BBIYUCIIH-
TeJIbHad TeXHUKa».

B 2017 ropy samurtui aumccepTa-
M0 HA COMCKAHNE YUEHOH CTere-
HU KaHANATA TEXHUUECKUX HayK.
fBngerca aBTOpoM 22 HAYUYHBIX
nyOIUKAIAT.

O6sacTh HAyYHBIX HHTEPECOB —
KOMIIBIOTEPHOE — MOJEJUPOBaHUE,
CHCTEeMBbI HaBUT'AllUX U PagUOJIOKa-
OWHM, CTATUCTUYECKUN AaHAJIuU3,
9JIEKTPOAUHAMUKA.

9. agpec: granat89@mail.ru

MUK
Enena
Hurxonaesna

Munagmuii HayYHBIH COTPYIHUK
snabopaTopuy HEMPOHAYKU ¥ KOT-
HUTUBHBIX TEXHOJIOTUI YHUBEPCH-
Tera ViEHOIIOMTTAC.

B 2017 roxy oxonumia CaparoB-
CKMII HAIMOHAJBHBIA HCCJIEN0BA-
TEJbCKUH T'OCYJapCTBEHHBIA YHU-
Bepcuter uM. H. I\ YepHbImeBcKo-
ro mo cmenuansHocTH «IIporpam-
MHAs HHIKEHePUsI».

OGacTh HAyYHBIX MHTEPECOB —
MaIIuHHOE 00yYeHNe, HCKYCCTBEeH-
Hble HEMPOHHBIE CeTH, UHTEP(hei-
CBI MO3r-KOMIIbIOTEp, aHajus JIT,
TIOCTUHCYJIBTHAA peabuInTaIusd,
HeJUHeHHaA JUHAMUKA.

9. agpec: e.pitsik@innopolis.ru
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ITOJIAXO0OB IlomenT  Kadespel  aBTOMATOB PYHHOBA IoKTOpaHT, TONeHT KadeAphl aBTo-
IMuTpuit Caukr-IleTepGypreKoro  moJImTex- AHacTACHA MaTHBAINY, YIPaBIeHHA, Mexa-
II _

HuxoxaeBmy HUYeCKOro yHHBepcuTera IleTpa ERrenpesna TporEKE CapaToBCKOTO ToCynap

Benukoro.

B 2000 roxy oxonuna JleHuHrpa-
CKUH 9JIEKTPOTEXHUUECKUN WHCTH-
ryT uM. B. . ViapauoBa (Jlenuna)
[0 CHeIUaJbHOCTU «ABTOMATH3A-
1A U YIPABJIEHUEe».

B 2005 roxy sarmuTui aumccepTa-
IMIO0 HA COMCKAHNE yUeHOH CTere-
HU KaHANUATA TEXHUYECKUX HAYK.
fBnsercs aBTopom 11 HayuyHBIX
nyOIMKAIAT.

O6acTh HAyYHBIX WHTEPECOB —
Teopus aBTOMATUUECKOTO YIpaB-
JIEHUSI, DKCIIEPTHBIE CUCTEMBI U VC-
KYCCTBEHHBI HHTEJLIEKT.

9. agpec: polakhov@mail.ru

CTBEHHOI'0 TeXHUYECKOTO YHHUBED-
curera um. larapuna 0. A., crap-
Ui HAyYHBIN cOTpymHUK Hayd-
HO-00pa3oBaTesbHOro 1nerTpa «He-
JIMHEHHASA JUHAMMKA CJIOMKHBIX
CHCTEM».

B 2005 roxy oxomumma CaparoB-
CKHil TOCyJapCTBEHHBIH YHUBEPCH-
rer uM. H. I. UepHBIIEBCKOroO 110
creruatbHoCTH «DU3MKa».

B 2008 roxy samuruia amccepra-
W0 HA COMCKAHWE YUYEHOU crere-
HU KaHpugara (pU3MKO-MaTeMaTu-
YeCKUX HayK.

SAsnsiercs aBropom Gosee 40 Hayy-
HBIX Ty0JUKAIWIL.

O06sacTh HAYYHBIX HHTEPECOB —
TEOPUSA JUHAMUYECKUX CHCTEM,
HeHPOGU3NO0IOTHA, METOABI 00pa-
0OTKY JaHHBIX.

9. agpec: anefila@gmail.com

CEBEPPU

Hsxenudep
Poma

h
iy

TR

I

IIpodeccop, pmuperrop IlenTpa
KOMITBIOTEPHBIX MCCJIENOBAHNI (e3-
omacHOCT! ABCTPAJIUIICKOr0 Iocy-
IapCTBEHHOr0 yHHBepcuTeTa Byi-
nourour (Wollongong), ocHoBa-
TeJb IIKOJBl Kpunrorpaduu As-
crpanuu, BysnoHronr, ABscrpa-
U,

B 1966 roxy mosyumia cremneHb Oa-
KajaBpa B yHuBepcurere HoBoro
TO:xHOrO Yosnca, 8 1969 rogy — ma-
IECTPA €CTECTBEHHBIX HAYK B YHU-
Bepcurere JIa Tpo0, ABcTpasus.

B 1971 roxy samuTuia auccepTa-
U0 HA COMCKAHWE YUEHOU CTere-
HH foKTopa Hayk (PhD).

fABnserca aBropom Gosee 450 mHa-
VUHBIX IIYOJIUKAIUAN ¥ IIIECTH MO-
Horpaduii.

O6acTh HAyYHBIX WHTEPECOB —
JIUCKDeTHas MaTeMaTHKa, KOMOu-
HATOPWEKA, Marpuibl Ajamapa,
OesomacHbple  KPUIITOAJTOPUTMBL,
nepenavya nHQOPMAIUH.

9. agpec: jennie@uow.edu.au

CEPTEEB
Anexcaunap
MuxainioBuu

Crapmuit mpenogaBaresib Kaden-
PBI BEIYUCIUTEIbHBIX CHCTEM H Ce-
reii CaukT-IlerepGyprckoro rocy-
JIAPCTBEHHOTO YHUBEPCUTETA adPo-
KOCMIYECKOr0 IPHOOPOCTPOCHNUA.
B 2004 roxzy oxonmumsm CaHKT-
TleTepOyprekuii rocyfapCTBEHHbBII
VHUBEPCUTET a3POKOCMHUUYECKOTO
TIpuGOPOCTPOEHNA IO CIEAATHHO-
cTu «BbruncanTeIbHbIE MAIIWHBI,
KOMILJIEKCEI, CHCTEMBI U CETH».
SBnsgerca aBTopoM 35 HAYUHBIX
my0IuKAIAM,

O6sacTh HAYYHBIX HHTEPECOB —
YHUCJEHHBIE METOJbI, TEOPUS BbI-
YHCIUTEILHEIX IPOIECCOB, IPOEK-
THPOBAHUE CIEIUATN3NPOBAHHBIX
TIPOIECCOPOB.

9. agpec: asklab@mail.ru

CEPTEEB
Muxaun
Bopucosuu

IIpodeccop, nupexrTop UHCTUTYTA
BBIUVC/IUTEIbHBIX CHCTEM U IIPO-
rpaMMHUPOBAHUSA, 3aBeAYIOMINI Ka-
(beapoil BEIUMCIUTENBHBIX CHCTEM
u cereit Caukr-IleTepOyprecxoro
rOCYJapCTBEHHOTO YHUBEPCUTETA
29POKOCMHIYECKOr0 IIPUOOPOCTpOe-
HUA, OYETHBIN PabOTHUK BBICIIIE-
ro IpodeCCHOHAIBHOTO 00pasoBa-
Husa PO,

B 1980 romy oxomuma JIOTU mo
CIENUATBHOCTH «DJIEKTPOHHEIE BBI-
YHC/IUTEbHBIE MATINHELY,

B 2001 romy saumurui guccepra-
[0 HA COMCKAHME YUEHOH CTeIIeHI
IOKTOpA TEXHUUYECKUX HAYK.
SfBnserca aBropom Gosee 100 ma-
VUYHBIX Iy0auKanuii u 14 mareHToB
Ha N300peTeHN .

O6acTh HAyYHBIX WHTEPECOB —
Teopus PaspPAHBIX BHIUNCIEHUI,
METOIBI MPOEKTHPOBAHUS CIIEIl-
IIPOIECCOPOB IJIA CUCTEM KOHTPO-
JIS1 ¥ YIPABJIEHUS U IP.

9. agpec: mbse@mail.ru

CUHUIIUHA
Oxasra
HropeBua

AcnmpaHT Ka(eIphl BBIUUCIH-
TeJBbHBIX cucTeM U cereil CaHKT-
TleTepOypreKoro rocynapCcTBEHHO-
0 YHUBEDPCUTETAa adPOKOCMUUe-
CKOT'0 IIPUGOPOCTPOEHUA.

B 2008 roxy oxonumia CaHKT-
IleTepOyprckuii YHUBEPCUTET Te-
JIEKOMMYHUKAIW{ ¥UM. 1pod.
M. A. Bouu-BpyeBuua mo crmemu-
aJBHOCTH «ABTOMATH3AIUA TEX-
HOJIOTIYECKUX IIPOI[ECCOB U IIPOM3-
BOJICTB».

SIBisieTCsA aBTOPOM OFHOU HAYUHOM
y0JIUKAIIAN.

O61acTh HAYUYHBIX HHTEPECOB —
Teopus [IUHAMUYECKUX CHCTEM,
TEOPUs MATPHII, BHIUUCIUTENHHbIE
MeTOABI.

9. agpec: libral8@yandex.ru
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CMHUPHOB IIpodeccop, riiaBHBII HAYUHBIN CO- TOKAPEBA IIpenopaBaresns Kadeapsl BhICIIEH
Anercanap TPYIHUK, 3aBeAyIOLINil aboparo- Oabra Marematuku  ['0CyZapCTBEHHOrO
pHell MHTErPUPOBAHHBIX CHUCTEM YVHHUBEPCUTETA MOPCKOTO ¥ PEYHOT'0
Buxroposuy aBTOMATUBAI[UY Caukr-Ilerep- Heanosna (nora um. agmupana C. O. Maxa-
OyprcKoro MHCTUTYTA HH(DOPMATH- posa, Carkr-IlerepOypr.
Ku u aBromarusanyuu PAH. B 1976 roxy oxonumia PoccuitcKuit
B 1979 roxy oxonuna JleHuHrpaa- TOCYZapCTBEHHBIN IeJarOrIIeCKUit
CKUH BIIEKTPOTEeXHUUECKUN NHCTH- yauBepcuret uM. A. 1. T'epriena no
Tyt uM. B. . YiapauoBa (Jlenuna) crenuangbHocTH  «MaremaTuka U
mo crmenuanbHocTu «CHUCTEMBI aB- TIPOrPaMMUPOBAHUE».
TOMATUYIECKOTO YIPABIEHUI. SlBnserca aBTOpoM 22 HAYYHBIX
B 1994 roay samwmTun aumccepTa- my0IuKAIAT,
IUI0 Ha COMCKAHUe YUYEeHOH crere- O06sacTh HAYYHBIX HHTEPECOB —
HU JOKTOPA TeXHUIECKHUX HAYK. nubdepeHIantbHble ypaBHEeHN.
fAsnsercsa aBropom Gosee 350 mHa- 9. agpec: ol.tokareva@icloud.com
VUHBIX TyOIUKAIIVI.
O6acTh HAYYHBIX WHTEPECOB —
KOHIENITyaJIbHOe MOJEINPOBAHIE,
yIpaBJeHNe 3HAHUAMM, yIPaBJe-
HUe KOHTEKCTOM, KOH(QUTYPHUPOBa-
HUE CHCTeM, CHACTEMBI IIOJJEePIKKI
NPUHATHUSA PEIIeHN, COIMOKIOEp-
(pusrueckue CUCTEMBL.
9. agpec: smir@iias.spb.su
TOMYHNHA JoneHT KadeXpbl dJIEKTPOIHEPTre- DABOPCEKAdA IIpodeccop, saBenyiomasa kaden-
Oiabra TUKU U 3JIeKTPOTeXHUKU CaHKT- Maprapura poit munbopMa'mKn U BBIYKCIIU-
MerposHa ITerepOyprekoro rocyzapcTBEHHO HukoaaeBHA TeJbHOH TexHHKH CuOHpPCKOro

T0 AapPXUTEKTYPHO-CTPOUTEJIHLHOI'O
YHUBepCHUTETA.

B 1973 roxy oxoHUmMIa MaTeMaTH-
KO-MexaHuuecKuil akyibrer Jle-
HUHTPAZACKOTO TOCYZapCTBEHHOTO
VHHUBEPCHUTETA II0 CIEIHUAJBHOCTH
«MaremaTuka.

B 1984 ropy sammuTuia guccepTa-
M0 HA COMCKAHUE YUEHOHU CTere-
HU KaHOAuAaTa TEXHUYECKUX HaYK.
fAsnserca aBropom Gosee 120 ma-
VUHBIX TYOIUKAIIH.

O6acTh HAYYHBIX WHTEPECOB —
yIpaBiieHNe HeJMHEHHBIMU CHUCTe-
MaM¥, BUOPAIMOHHBIMU YCTaHOB-
KaMu.

9. agpec: otomchina@mail.ru

TOCYZapCTBEHHOTO YHUBEPCHUTETA
HAYKU ¥ TeXHOJIOTWH UM. aKaJeMu-
ka M. @. Pemernéra, KpacHosipck.
B 1980 roxy oxonumma Prioumn-
CKUIl aBUAIMOHHBIA TEXHOJOTTYEe-
CKUH MHCTUTYT IO CIEIUAIbHOCTH
«KoHCTpYyHpOBaHME U TIPOM3BOJ-
CTBO  BJIEKTPOHHO-BHIUUCIIHTENb"
HOU ammapaTypbi».

B 2011 roxy samuTuia auccepra-
U0 HA COMCKAHNE YUYEeHOU crere-
HU JIOKTOpPA TEXHUYECKUX HAYK.
SABnserca aBTopoM okoso 160 Ha-
YYHBIX MyOJUKAIIIL.

O6sacTh HAYYHBIX HHTEPECOB —
pacnogHaBaHMe 00pas3oB, IU}-
poBasg oOpaboTka wu300pasKeHmuil,
KJIACTEDHBIN aHAJIN3, WHTEJJIEK~
TyaJbHbBIE TeXHOJOTUU 00paboTKU
IaHHBIX 4 IP.

9. agpec: favorskaya@sibsau.ru

®PAJIKOB
Anexcanap
JIsBOBUY

—

3aBeyomuit naboparopueit
VIpPaBJEHUSA CIOKHBIMU CHCTEMA-
vu WHCTHTyTA IPO6GIEM MAaIInHO-
Benenus PAH, mpodeccop CankT-
ITerepGyprckoro rocyzapCTBEHHO-
ro yHUBEpCUTETa U YHUBEPCUTETA
UTMO.

B 1971 rogy OKOHYILT MaTeMaTUKO-
MexaHU4ecKui Gpaxyaprer JIleHUH-
I'PaficKOro TOCyAapCTBEHHOTO YHU-
BEpCHUTETA.

B 1986 romy samuTHi amccepra-
M0 HA COMCKAHNE YYEHOU CTere-
HU JJOKTOPA TEXHUIECKUX HAYK.
SBnsercs aBropom Gosiee 600 Hayd-
HBIX IyOJUKALNI, B TOM YHCJIE Jie-
cATY aTeHToB U 17 MoHOTrpaduii.
O6s1acTh HAyYHBIX MHTEPECOB — HE-
JIUHeiHOe U afalTHBHOE yIIpaBie-
HUEe B ()M3UKO-TeXHUYECKUX CHUCTe-
Max, yIpaBJeHue Koae0aTeIbHBIMI
¥ XAOTUYECKVIMY CUCTEeMAML, MaTe-
MaTUYeCKOoe MOZIEIMPOBAHYE U JIP.
9. agpec: fradkov@mail.ru

XUMEHEKO
Buraaui
HBanoBUY

IIpodeccop, mupekTOp [Aemapra-
menTa passutua HUO [MUT «Ilet-
pokxometa», Caukr-Ilerepbypr, 3a-
CIIYsKeHHBIN JedATelb Hayku PD,
smaypear mpemuu IIpaBuTesnbcTBa
P® B obsacTy HAYKU U TEXHUKU.

B 1969 roxy oxonuns Kyii6simes-
CKUil HONUTEXHIUECKIIT HHCTUTYT
mo cmeruaabHocTH «[IpuGopHBIE
YCTPOHCTBAY.

B 1992 rogy samurtui amccepra-
IWI0 HA COMCKAHNe YUeHOU CTere-
HU JOKTOPA TeXHUYECKUX HAYK.
fABnserca aBropom Gosee 150 Ha-
YYHBIX MyOJUKAIIL.

O6sacTh HAYYHBIX HHTEPECOB —
CTaTUCTUAYECKAaA  paguousuKa,
o0paboTka WHGOPMAIMKE B CUCTE-
Max KUBOU U HEIKUBOM ITPUPO/BL.
9. agpec: vih.13@yandex.ru

124 7 VH®OPMALUVIOHHO-YNPABASIIOLLVIE CUCTEMBI

7/ N\°3,2019



\ CBEAEHWSI OB ABTOPAX \
XOPEB TomenT Kadeps! IHHAMIIECKOTO XPAMOB TIpodeccop, PyKOBOAUTENH J1a00-
Baagumup MOZIeIIPOBAHUA 1 GHOMeANINH- AJerkcan p paTopuy HetpOHAYKHU 1 KOTHUTUB-
Cepreesuu ckoil mHxeHepuy  CapaToBCKOro EBrennesud HBIX TeXHOJOTHH YHHBEpCHTeTa

TOCYZAapCTBEHHOTO YHUBEPCUTETA
um. H. I. YepHBIIIEBCKOTO, WIeH
obmrecrsa UEEE.

B 2011 rogy okoHUMI MarucTpary-
py CapaTOBCKOTO rocyfapCTBEHHO-
ro yuusepcurera uM. H. I. UepHbI-
IIEBCKOTO I10 CIenKraIbHoCTH «Bro-
MeIUIUHCKAA NHIKEHEPUI».

B 2015 rogy samwurui aumccepra-
U0 HA COMCKAHNE YUEHOH! CTere-
HU KaHAugata (pusnKo-MareMaTu-
YECKUX HayK.

SBnserca aBropom 20 HAyYHBIX
myOIUKAIUAT,

061acTh HAYYHBIX WHTEPECOB —
MaTeMaTUYeCKOe MOZEeINPOBAHUE,
JNUHAMMKA CUCTEM C 3aIIa3IbIBaHU-
eM, MeTOAbl HeJIMHeHHON TuHAMU-
KU /IS aHAJIN3a 9KCIEePUMEHTAb"
HBIX JAHHBIX.

i1, agpec:
khorevvs@gmail.com

VlnHOMIONINC, YJIEH BKCIEPTHOTO CO-
Bera BAK P® mo dusuke, uien
9KCIIEPTHOrO coBeTa Poccuiickoro
Hay4HOro GOH/A IO HAYYHBIM IPO-
eKTaM.

B 1996 roxy oxomumn CaparoB-
CKUi1 TOCyJapCTBEHHBIH YHUBEPCH-
Ter uM. H. I. YepHbImmeBckoro.

B 2005 rogy samuTui amccepra-
M0 HA COMCKAHWE YUYEHOU crere-
HU JOKTOpa (hUBUKO-MaTeMaTuye-
CKHX HayK.

Asnsiercsa aBropom Gosee 200 Ha-
YVYHBIX MyOJUKAII.

O61acTh HAYYHBIX HHTEPECOB —
HEePOHAYKA, TEOPHA CIOKHBIX Ce-
Tell, BeflBIeT-aHAIN3 U €T0 IIPUJIO-
JKeHUS B HeJIMHEHHON ANHAMUKE U
HelpoHayKe, HeponHTeP(echl.
i1, azpec:
a.khramov@innopolis.ru

HNIOKHUH

HOpuii

HNBanoBuu

Axagemuk PAH, HayuHBIN PYKO-
BoaMTeNb VHCTUTYTA BBIUUCIIH-
rebHBIX TexHojoruit CO PAH.

B 1966 roxy oxonuua HoBocuGup-
CKUI rOCYZapCTBEHHBIN YHUBEPCH-
TeT mo crenuagbHOoCcTH «Marema-
THKa».

B 1981 romy samurui auccepra-
M0 HA COMCKAHME YUEHOU CTere-
HHU JOKTOpa (PpU3nMKo-MaTeMaTude-
CKUX HayK.

fAsnsercsa aBropom 6osee 500 mHa-
VUHBIX MyOJUKAIWil, B TOM YKCIe
50 MoHOTpaduUit.

O61acTh HAYYHBIX HHTEPECOB — WH-
(hOpMAI[HOHHbIE U BBIYKMCIUTENH"
HBIE TEXHOJOTMM JJI TIOAAEPIKKH
MPUHATUAS PEIIeHUH TP KOHCTPYHU-
POBAHVIH ¥ 9KCILTYATAIIAH CJIOMKHBIX
TEXHUYECKUX CHCTeM U OOBEKTOB,
MOHWUTOPUHTA OKPYIKAIOIIeH CPEIbI,
MpeJiCKa3aHus IOCIeJCTBUIA Kara-
CTPO() IPUPOSHOTO U TEXHOIEHHOI'O
XapakTepa.

9. agpec: shokin@ict.nsc.ru

IOPYEHEKO
Annpeit
BacuapeBuu

IlepBBIlt 3aMecTUTETh AWPEKTOpA
MHCTUATYTA BHIYUCIUTENBHBIX TEX-
nosioruit CO PAH.

B 2002 rogy OKOHUMJI MeXaHUKO-
maremaTuueckuit daxynsrer Ho-
BOCHOMPCKOTO0 I'OCYAAPCTBEHHOIO
YVHUBEPCUTETA 110 CIIEIMAJbHOCTH
«MaremaTuK».

B 2005 roxgy samuTui amccepra-
[MI0 HA COMCKAHVE YUYEHOU CTere-
HU KaHAugara GU3MKO-MaTeMaTu-
YECKUX HAYK.

SfBnserca aBTOpOM 55 HAYUHBIX
myOJIUKAIAM,

OGacTh HAYYHBIX MHTEPECOB —
MHQOPMAIOHHBIE  TEXHOJOTUU
U TIONJEPIKKY HAYYHBIX WCCJIe-
NOBaHUI, MaTeMaTHYecKoe MOJe-
JINPOBAHUE B MEXaHUKE KOMIIO3U-
IMOHHBIX MaTEPUAJIOB.

9. agpec: yurchenko@ict.nsc.ru
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YBaskaeMble aBTOPHI!

IIpu moaroTOBKE PyKOMUCei cTaTeil He00X0TUMO PYKOBOICTBOBATHCS CIEIYIOIINMHU PEeKOMEeH AN IMU.

CraTbu JOJKHBI COAEPIKATD U3JIOMKeHNe HOBBIX HAYYHBIX Pe3yabTaToB. HazBaHMe cTaThbu NOJIMKHO OBITH KPATKUM, HO
uHOPMATUBHBIM. B Ha3BaHMU HEJOIYCTUMO HCIIOJIb30BaHUE COKpAaIleHUil, KpoMe caMbix oOmenpuHAThIX (PAH, PO,
CAIIP u T. 11.).

00BeM craTbu (TEKCT, TaOJUIBI, MILIIOCTPAINYT U 6ubanorpadus) He JOJKeH MPeBhINIaTh 9KBuBaaenTa B 20 cTpaHuIl,
HaleyaTaHHBIX Ha Oymare opmara A4 Ha ogHOI cTopoHe uepes 1,5 narepsasa Word mpudrom Times New Roman pas-
mepoM 13, moJis He MeHee [BYX CAHTUMETPOB.

00sa3aTeIbHBIMY 3JIEMEeHTaMU 0(DOPMJIEHUS CTAThU ABAAIOTCA: nHAeKC ¥ [[K, 3arnaBue, nHUIUAIE 1 (haMUINA aBTOPa
(aBTOPOB), yUueHas CTeleHb, 3BaHue (IIPU OTCYTCTBUU — JOJYKHOCTD), IIOJTHOE Ha3BaHUe OPraHU3aIlu, aHHOTAIIUA U KJII0-
yeBbIe CJIOBA Ha PYCCKOM U aHrmiickoM s3pikax, ORCID Bcex coaBTOPOB U 9JI€KTPOHHBII afipec OAHOTO U3 aBTOPOB. Ilpu
HAIIMCAaHUY aHHOTAIIMU He MCII0JIb3yliTe ab0peBUaTyp U He AejiaiiTe CChIJIOK HA UCTOYHUKY B CIIMCKe JuTepaTypsl. IIpemo-
CTaBJISANTE IOAPUCYHOUYHBIE IOAIVCY ¥ HA3BAHUS TAOIUI] HA PYCCKOM U AHTJIMICKOM A3bIKaX.

CraThbu aBTOPOB, HEe UMEIOIINX YUEHOI CTeIeH!, PEKOMEHAYeTCcA MyOJINKOBATh B COABTOPCTBE C HAYUYHBIM PYKOBOIU-
TeJieM, HaJInume TOAINCH HaYYHOTO PYKOBOAUTEJA HA PYKOINCH 00A3aTEJIFHO; B CIyUYae CAMOCTOATEIbHON My0INKaIuT
0053aTeJIbHO MIPEJOCTABIIANTE 3aBEPEHHYIO II0 MECTy PabOThI PEKOMEHAAIIUI0 HAYYHOTO PYKOBOAUTENS C YKa3aHUeM ero
damMuanu, UMeHU, OTYECTBA, MeCcTa PabOThI, AOJIKHOCTH, YUEHOTO 3BaHUSA, YUEHOI CTeIIeHU.

dopmyasl HabupaliTe B Word, He ucoab3ysa GopmyabHbi pegakTop (Mathtype miu Equation), mpu HeobxogumocTu
MOXKHO HCIIOJIb30BaTh ()OPMYJIbHBIN PEeJaKTOpP; MJid Habopa ogHOI (hopMYyJIbl He NCIOJL3YITe [Ba pefaKkTopa; mpu Habope
dopmys B GopMyIHHOM PeIaKTOpe 3HAKY IIPENNHAHUA, OTPaHUUMBaoire Gopmysy, HabupaiiTe BMecTe ¢ hOPMYJIOit; AJIs
YCTAHOBKH pasMepa mIpu()Ta HUKOTAa He I0Jab3yiTech BKIagKoi Other..., ncmonbp3yiiTe 3aBOCKIe YCTAHOBKY PeLAKTOPA,
He MMOATOHANTEe pa3dMep CUMBOJIOB B OpPMYyJIax Mo pasmep mpudTa B TEKCTe CTAThU, He PACTSATUBANTE U He CXKUMATe MbI-
11610 GOPMYJIBI, BCTABJIEHHBIE B TEKCT; B (DOPMYJIax He OTAEAANTE IpobesaMu 3HAKU: + = —.

st mabopa popmyn 8 Word Hukorga He ucnosibdyiite Koncrpykrop (Ha BepxHeit nanenu: «Pabora ¢ popmynamu» —
«KoHCTPYKTOP»), TAK KaK 9TOT PeCypc MpeJHa3HaUeH TOJIbKO IJI BHYTPEHHEro NCIIoab3oBauus B Word u He IO Iep:KuBa-
eTcs IporpaMMaMu, IpeJHa3HAUeHHBIMU /I N3TOTOBJIEHUA OPUTHHAI-MaKeTa JKypHasa.

ITpu HaGope CUMBOJIOB B TEKCTE IIOMHUTE, YTO CUMBOJIBI, 0003HAUYaeMble JIJATUHCKUMU OyKBaMM, HAOUPAIOTCA CBETJIBIM
KYPCUBOM, PYCCKUMHU U I'PEUECKUMH — CBETJIBIM IPAMBIM, BEKTOPBI M MATPUILLI — MPSAMBIM HOJYKUPHBIM ITPUGTOM.

HNnnarocTpanyu mpeocTaBIgIOTCA OTAEIFHBIMY UCXOAHBIMY haiiiaMu, TOAJAI0ITNMUC PeJaKTUPOBAHUIO:

— PUCYHKH, 'padUKU, TUarpaMMbl, 0JI0K-CXeMBbI IIPeJOCTABJIANTE B BUIe OTAEIbHBIX UCXOAHBIX (halI0B, IOLJAIOITUX -
cs PeIaKTUPOBAHUIO, NCIIOJIb3ys BeKTOPHBIEe TporpaMMbl: Visio (*.vsd, *.vsdx); Coreldraw (*.cdr); Excel (*.xls); Word
(*.docx); Adobe Illustrator (*.ai); AutoCad (*.dxf); Matlab (*.ps, *.pdf unu sxcmopt B (popmart *.ai);

— eCJIN PeJJaKTOp, B KOTOPOM BBl n3roraBiuBaeTe pUCyHOK, He IIO3BOJISAET COXPAHUTH B BEKTOPHOM (hopMaTe, UCIOJIb-
3yiiTe QYHKIIUIO SKCIIOPTAa (TOJBKO II0 OTHOIIIEHUIO K UCXOJHOMY PUCYHKY), HaIpuMep, B hopmar *.ai, *.esp, *.wmf, *.emf,
*.8Vg;

— doTo u pacTpoBble — B (hopmare *.tif, *.png ¢ makcumanbubIM paspernenrem (He menee 300 pixels/inch).

Hanuuve moapucyHOUHBIX TOAINCEH M HA3BaAHUM TaOIUIL HA PYCCKOM M aHTJIMHCKOM S3bIKaX 00s13aTeIbHO (JKeJIaTelb-
HO He TIOBTOPSAIOIINX JOCIOBHO KOMMEHTAPUY K PUCYHKAM B TEKCTE CTAThU).

B pepaxiuio nmpegocTaBiasioTCa:

— cBemenus o0 aBTope (pamMuaus, UMs, OTIECTBO, MECTO PAGOTHI, MOJKHOCTh, YUeHOe 3BaHUe, yueOHOe 3aBeeHre 1
TOJl eT0 OKOHUAHUSA, YUeHas CTeleHb U T'OJ 3alllUThI AUCCEPTAIlN, 00JaCTh HAYUHBIX WHTEPECOB, KOJMUECTBO HAYUHBIX
myOGJIuKanui, JOMAIIHUN U CJIyKeOHbIN afgpeca u TeaedoHbl, e-mail), goTo aBTOpOB: aHdac, B TeMHON’ ofexae Ha 6eIoM
¢dome, TOMKHBI OBITh BUAHBI ILJIEYN U TPY/b, BEICOKAS CTEIEeHb YeTKOCTH M300paskeHus 0e3 TeHell u OTOJIECKOB HA JIUIle,
G0oTO MOYKHO IPEACTABUTH B BJIEKTPOHHOM Buzae B (opmare *.tif, *.png ¢ MakcuMaJbLHBIM pa3pelleHueM — He MeHee
300 pixels/inch npu munumanbHOM pasmepe dporo 40x55 Mmm;

— 9KCIIePTHOE 3aKJII0UeHue.

CrnucoK JTuTepaTyphl COCTABISIETCS II0 IOPAIKY CCHLIOK B TEKCTE 1 0OPMJISIETCS CIEAYIOIINM 00pa3oM:

— IJI KHUT 1 COOPHUKOB — (DaMUINA U WHUIINAJILL aBTOPOB, IIOJIHOE Ha3BaHUe KHUTH (COOPHUKA), TOPOJ, U3NATEIIb"
CTBO, T'0Jl, 001I[ee KOJIMUECTBO CTPAHUIIL;

— 1A ’KYPHAJIBHBIX cTaTeil — (haMuans U MHUITMAIbI aBTOPOB, IIOJIHOE Ha3BaHUe CTaTh, Ha3BaHUE JKypPHAJIa, TOJ 13-
IaHUA, HOMeD KypHaJja, HOMepa CTPaHUIT;

— CCBHLIKU HA MHOCTPAHHYIO JIUTEPATYPY CIeyeT NaBaTh Ha s3bIKe OPUTHHAJA 6e3 COKPAIIeHni;

— IIpU UCIIOJB30BaHUU Web-MaTepuaioB yKas3bIBaliTe afpec caiiTa u JaTy o0paleHus.

Crucok aureparypsl ohOPMIISNTE NBYMs OTAEJIbHLIMU Oiiokamu o obpasmam lit.dot ma caitre sxypuana (http://i-us.
ru/paperrules): JIureparypa u References.

Bouiee moapo6HO ITpaBmMIa MOATOTOBKY TeKCTa ¢ 00pasiaMu N3JI0XKEeHbI Ha HallleM caliTe B pasnesie «IIpaBuia ayist aBTo-
POB».
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