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AnHoTamus. HanexHOCTh yke JaBHO SBISICTCS OJHUM M3 OCHOBHBIX (DaKTOPOB IMPH MPOCKTHPOBAHHUU
KOCMHUYECKHMX CHCTEM M B IIOCICIHHE TOABI OHA JaKe CTalla BaXKHOH COCTABIIAIOLICH MPH MPOSKTUPOBAHHUU
KOCMHUYECKHX aIlllapaToB IS MCCICIOBAaHHSI KOCMHUYECKOrO MPOCTpaHcTBa. lleas Hacrosiiei padoThI
3aKJII0YACTCSI B CTATHCTHYCCKOM ITOJYYCHHM M COIOCTABICHUH PE3YIbTATOB HAICKHOCTH CIIyTHHKOB B
3aBHCHMOCTH OT THIIAa OPOMTHI, @ UMCHHO I'€OCHHXPOHHBIX OPOWT, HU3KUX OKOJIO3EMHBIX OPOUT U CPEIHUX
OKOJIO3EMHBIX OpOMT. JIJIs KaskI0i OpOUTHI IPEeIyCMOTPEHBI IPaGUKK HAASKHOCTH CIIYTHUKOB KaK (DYHKIIMH
BBICOTHI OPOUTHI, @ TAKXKE IOBEPUTEIILHBIC TPAHUIIBI I10 3TUM OIICHKaM. VICIosb3ysl aHATMTUYECKUE METO/IBI,
TakMe KakK OIICHKAa MAaKCHMAallbHOTO IIPaBIOMOAO00MS, IapaMeTPHYECKHe IIOATOHKH IIPOBOIATCS Ha
OPEOBIAYIIUX  HEmapaMETPUYECKHX  Pe3y/lbTaTaX HaJEKHOCTH C  HCIOJb30BAHMEM  CAMHUYHOIO
pacnpeneneHus BeiiOymia n koMmOWHAIINY pacTpeieTIeHHN.

KnroueBble ci10Ba: HaJeKHOCTb, pachpeneneHue BeiiOymia, cOou, aHomamuu, oneHmuk Kammana —
Meliepa, CIIyTHUKH.

Jns uutupoBanusi: BpyckoB A.A. 2021. [lonmydeHue M cCONOCTaBlieHHE pE3yJIbTATOB HAJIEKHOCTH

CIlyTHMKOB B 3aBUCHMOCTH OT THUNa OpOMTHL. JKoHOoMHuKa. WMHpopmaruka, 48(4): 771-783. DOI:
10.52575/2687-0932-2021-48-4-771-783.

Evaluation of the reliability of satellites depending
on the type of orbit

Artem A. Bruskov
State Budgetary Educational Institution of Higher Education of the Moscow region "Technological
University named after twice Hero of the Soviet Union, Cosmonaut A.A. Leonov",
42 Gagarin St, Korolev, Moscow region, 141074, Russia
E-mail: bruskov.art@yandex.ru

Abstract. Reliability has long been a major factor in the design of space systems, and in recent years it has
even become an important component in the design of spacecraft for space exploration. The purpose of this
work is to statistically obtain and compare the results of satellite reliability depending on the type of orbit,
namely geosynchronous orbits, low Earth orbits and medium Earth orbits. For each orbit, satellite reliability
graphs are provided as a function of the orbit height, as well as confidence bounds on these estimates. Using
analytical methods such as maximum likelihood estimation, parametric fittings are performed on previous
nonparametric reliability results using the unit Weibull distribution and a combination of distributions.

Keywords: reliability, Weibull distribution, failures, anomalies, Kaplan — Meyer estimator, satellites.
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BBeaenue

HanexHocTh yxe 1aBHO IPU3HAETCS B KAUECTBE BXKHEHILIETO MPU3HAKA KOCMUYECKUX CUCTEM,
Y TIOTEHLIMAJIbHBIE IPUYMHBI OTKA30B HA OpPOUTE TIIATEIBHO U3YYAIOTCS ISl BBISIBIICHUSI U YCTPaHEHHS
MOCPENICTBOM TILATEIFHOTO aHalM3a M BBIOOpa JeTaleil, a TakkKe HWCIBITaHWH CIyTHUKOB IEper
3amyckoM. K coxkaneHuto, HeCMOTps Ha TMpHU3HAHUE BAKHOCTH HAJEKHOCTH, B TEXHUYECKOU
JUTEpaType MUMEIOTCSl OrpaHUuYEHHbIE JaHHBbIE 00 OTKa3ax Ha OpOUTE M B CTATUCTUYECKOM aHAJIM3e
HAJISKHOCTH CITyTHUKOB. UTOOBI TOMOYB BOCIIOJIHUTH ATOT MpoOell, aBTOp coOpai JaHHBIE 00 OTKase
1584 criyTHHKOB Ha OKOJIO3EMHOM OpOUTe, YCIIEIIHO 3armyeHHbIX B iepuos ¢ 1990 roxa o 2020 rox.
ABTOp IpOBEJN HEMAPAMETPUUECKUM aHaIU3 HAJEKHOCTH CITyTHUKOB M IPEAOCTAaBUJI 3MIMPUYECKUE
KpHBbIE HAJIGKHOCTU CIIYTHHUKOB C 95 % JOBEpUTEIbHBIM WHTEPBAJIOM, KaK MOKa3aHO Ha PUCYHKe 1.
OnHuM U3 OrpaHUYeHUN SBIIsETCS OOBEAWHEHHE BCEX CITyTHHKOB HAa OKOJIO3€MHOH opOuTE B OAHY
KaTEeropHuIO U CTATUCTUYECKHUI aHaIN3 UX «KOJUIEKTUBHOT'0» MOBEJICHUS IIPU OTKA3eE.

CrnencrBueM 3TOro ABJSIETCS TO, YTO MPHU OTCYTCTBUU «MACCOBOTO IPOU3BOCTBA CIIyTHUKOB
CTaTHUCTUYECKUH aHaIM3 JaHHBIX 00 OTKa3e CIYyTHUKA U HaJIeKHOCTH CTAJIKUBACTCA C IUIEMMOU
BBIOOpA MEXJy BBIUMCICHHEM TOYHOH «CpemHel» HAIEKHOCTU CITyTHHKA, C OJHOW CTOPOHBI, HMJIH
MIOJTy4E€HHUEM, C IPYTOM CTOPOHBI, «crennpuuecKony HaeKHOCTH cimyTHUKa [ bpyckos, 2020].

1.00

= HenapameTpHyueckas OHeHKa

— 95% mOBEPHTENBHEIIT
HHTEPBAN - BEPXHSA IPAHHAIA

— 95% HOBEPHTENBHBI

HHTEPBAN - HIDKHAA IPaHnia

087 T T T T T T T T T T

0123 4567 8 9101112131415
BpeMs mociie ycnemHoro BuIXoAa Ha OpOHTY (J1eT)

Puc. 1. HapexHocTs ciyTHHKaA ¢ 95 % HOBEpUTEIBHBIMU HHTEPBAIAMHU
Fig. 1. Satellite reliability with 95 % confidence intervals

Ora guieMma OOBSCHAETCS CIEAYIOUIMMM JBYMs BO3MOXKHBIMH Mojaxofamu. I[lepsblit
MOJIXO/ 3aKJI0YaeTcsl B OObEIUHEHUH pa3IMYHBIX CIYTHHKOB M aHAIU3€ MX «KOJUIEKTHBHOTOY
MOBEJCHUs MPH OTKa3e Ha opOuTe (mpenmojaras, 4To BpeMs OTKa3a CIIyTHMKOB HE3aBUCHUMO U
OJIMHAKOBO PACIIPEICIICHO).

[IpenmMyI1ecTBO 3TOTO COCTOMT B TOM, YTO MOYKHO pabOTaTh C OTHOCUTENIBHO OOJIBLION
BBIOOPKOM M TakuM 00pa3oM MoJy4yaTb HEKOTOPYIO TOUHOCTh M Y3KUU JOBEPUTEIbHBIA WHTEpBAJ
Ul aHAJM3UPYEMON «KOJIJIEKTUBHOWM» HaJaexxHocTH. HepocraTok 3akiroyaeTcss B TOM, 4YTO
MPEINOI0KEHNE MOXKET OBITh HEPEaTMCTUYHBIM, a BBIYUCICHHAs «KOJUIEKTUBHAs» HAIEKHOCTh
MOKET HE OTpa)kaTh CHEUU(PHUUECKYI0 HaIEKHOCTh KOHKPETHOTO THUIAa KOCMHUYECKHX aIllaparoB.
Bropoii noaxon 3akiatoyaercs B CeUANIN3alMK TaHHBIX, HAIPUMED, ISl KOHKPETHON MIaT(OpMBI
KOCMHUYECKOIro armapara Wil THUIIAa MUCCUHU, WIM JJi1 CIYTHUKOB Ha ONPEIEJIEHHBIX OpOUTax.
[IpenmyIiecTBO 3TOro 3aKiIr4aeTcs B TOM, YTO aHAIM3UpyeMas HaJEKHOCTb 3aBUCHUT OT THIIA
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paccMaTpuBaeMoro KOCMHUYECKOro ammapara (3To Ooubllie HEe «KOJUJICKTUBHAs» HAIEKHOCTh Ha
opbure). HemocraTtkom sBisieTCs TO, YTO pa3Mep BHIOOPKM YMEHbBINAETCS, W, KaK CJIEACTBUE,
JOBEPUTENBHBIM ~ MHTEpBaJ  pacmmpsiercs (T. €.  pe3yiapTaTbl  CTaHOBSATCS  Bce  Ooiee
HEOIpEACIEHHbIMU). YUMTHIBAas MMEIOIIEECS KOJUYECTBO CIIYTHUKOB (HECKOJIBKO TBICAY),
CTelMaNIN3alus JAaHHBIX, KOTOpas MOrjia Obl YMEHBIIUTH pa3Mep BHIOOPKH JJO MEHEE YeM CTa TOUEK
JAHHBIX, TIPUBEJIa Obl K 3HAUUTENBHO OOJIBIINM JOBEPUTEILHBIM HHTEPBAJaM U, TAKUM 00pa3oM, K
BBICOKOPACCPEOTOUYEHHBIM UM HEOMPEICNICHHBIM «CHeu(pUYECKUM» pacdeTaM HaJeKHOCTH
CIyTHUKOB. B HacTosiel cratbe s mpuaepKuBaroch BToporo noaxoxaa [Kpunenkuiin ap., 1980].

Co cTatucTU4ecKol TOUKH 3pEHHsI HAa BEPOSITHOCTD OTKa3a CIyTHUKOB MOTYT BIIUSITh HECKOJIBKO
MapamMeTpoB WM XapaKTePUCTHK KOHCTPYKIMH. Hamprmep, c0KHOCTh KOCMHUYECKOTO arapara, ero
opOuTa, KOIMYECTBO MPUOOPOB Ha OOpPTY WM pa3Mep €ro IOJEe3HOM HAarpy3Ke, KOTopas HMEeT
HEKOTOPbIE MOCIECTBUS IS HAJISKHOCTH CIIyTHUKA. OHUM U3 (DaKTOPOB, BIUSIONINX HA HAJICKHOCTD
CIIyTHHKA, MOXXET OBbITh THUIl OPOHTHI, IOCKOJBKY BBIOOp OpOHMTHI MOXET IOBIHATH Ha BBIOOP
KOHCTPYKIIMM Ha OOpTY KOCMHMYECKOro amrmapara, a Takke Ha padouyro cpeny cuctembl [bpoBkuHH
1p.,2010]. 3a 3TM HaOIIONEHUEM CIIETyeT HECKOJIBKO BOIIPOCOB: HAPHUMEP, COOTHOCSTCS JIM pa3HbIe
OpOUTHI KOCMHUYECKHX allapaToB C pa3IMYHBIM MOBEACHUEM OTKa30B Ha opOuTe? MIMEIOT 1 CIIyTHUKH
Ha HU3KOH OKOJIO3eMHOM OpOWTE MHOM XapakTep OTKa3a, YeM CIyTHUKW Ha TEOCHMHXPOHHOW opOuTe?
[Toka3bIBaOT JIM CIIYyTHUKH Ha Pa3HbIX OPOUTAX PA3IUUHYIO CTENEHb «MJIAJICHYECKOM CMEPTHOCTHI?

B ot0li crathe s NMPOBOXKY CTAaTUCTUYECKUI aHAIW3 HAAEKHOCTU CIIyTHHKAa C OpOMTON B
Ka4yecTBe KOBAapHaThl. AHAM3 OCHOBAaH Ha Habope MaHHBIX W3 1584 CIYyTHUKOB Ha OKOJIO3EMHOMN
opOuTe, YCIEeNIHO 3alyleHHbIX B mepuos ¢ sHBaps 1990 roma mo oktsope 2020 roma. S chadgama
KJIACCU(PUIIUPYIO 3TH CITyTHUKH [0 OpOUTE: Fe€OCTAIIOHAPHON OpOUTE, HU3KOM OKOJIO3EMHOM OpoUTe U
cpenHeil OKoJ03eMHON opOuTe. A 3areM INpOBOAUTCS HEMapaMEeTPUUECKU aHalu3 HaJeKHOCTH
CITyTHUKA JJIsl KKAOH KaTreropuu opOHTHI ¢ momolibio oreHnmka Karumana —Meiiepa. Mcnonb3ys
AQHAJIMUTUYECKHE METO/bI, TaKHE€ KaK OIEHKa MAaKCHUMAaJIbHOIO IIPaBAONONOOMS M  perpeccus
HaMMEHBIIINX KBAJIPATOB, 3aT€M MPOBOJUTCS MapaMETPUUECKH aHaIu3, MpeJoiaras pacipeeieHue
komOuHanmii BeliOymia. OCHOBBIBasCh Ha O3THUX TAPAMETPUYECKUX IOAXOJAAX, IpeiaraeTcs
CPaBHUTEIILHBIN aHAIN3 HAJEKHOCTHU, BBIIBIISIONIMNA CXOACTBA U Pa3UyMs B MOBEICHUN HaJCKHOCTH
CILyTHUKOB Ha 3TUX TpeX TUmax opOuT. HakoHer, MOMUMO CTaTUCTUYECKOTO aHAIN3a, 51 3aBEPIIAI0 3Ty
paboTy HECKOJbKMMH TUIOTE€3aMH Ul CTPYKTYPHBIX/TIPUYUHHO-CIIEICTBEHHBIX OOBSICHEHHH 3THX
TEH/ICHITUHN U Pa3TU4Mii B MOBEJICHUHU OTKa3a Ha opowuTe.

Onucanmne 0a3pl JAHHBIX H JAHHBIX

Jls 3TOrO MCCIe0oBaHMsI MHOIO MCIOJIb30BaHa 0a3a naHHbIX SpaceTrak. Orta 6aza gaHHBIX
Mpe/CTaBIsieT co00M MCTOPUIO OTKAa30B M aHOMAIUN CIYTHUKOB Ha OpOMTE, a TakXe HCTOpUHU
3armyckoB ¢ 1957 roga u cuWtaercs OJHOM M3 CaMBbIX aBTOPUTETHBIX B KOCMHUYECKOW OTpaciu ¢
JTaHHBIMU TI0 Gonee yeM 6400 kocmuueckuM anmnapaTtaM. S npoaHanusuponai 1584 cnyTHUKOB, U
OTPAaHMYMJI HACTOSIIIEE HCCIEJOBaHME CIIyTHUKaMH Ha OKOJO3€MHOH OpOuTE, YCHEIIHO
3anmymeHHbIME B iepuoa ¢ 1990 roga mo 2020 rog. 1y BEIUMCIIEHNS HAJEKHOCTHU S UCIIOJIb30BAJ
TO, YTO B 0a3e JaHHBIX HA3bIBAETCSI OTKA30M | Kjacca, TO ecTh BBHIOBITHEM CIYTHHKA M3-3a OTKa3a.
JUist KakJI0r0 KOCMUYECKOT0 afrmapara s cooupait:

1) Tum ero opOUTHI;

2) naty ero 3amycka;

3) naTy ero oTkasa, eclid MIPOHU30IIeI COOI;

4) «Bpems BBIOOPA», €CIIM HE MPOU3O0IIIIO OTKA3a.

OTOT MOCIEIHUN MOMEHT JOINOJIHUTEIbHO OOBSCHSETCS B CIEAYIOIIEM pasjeie, TIne
o0cyxaeTcs 1eH3ypa JaHHbIX U oreHka Karutana — Meiiepa. 111aGnon c6opa gaHHBIX M 00pa3iibl
JAHHBIX JJIs1 aHAJIM3a PUBEJICHbI B TabmuIle 1.

B Ttabmuue 2 mpencraBieHbl OCHOBHBIE XAapaKTEPUCTUKU TPEX KaTeropuil opOUT, a Ha
PHUCYHKE 2 MOKa3aHO KOJIMYECTBO CITyTHMKOB Ha Ka)XIylo KaTeroputo opout B nepuoxa ¢ 1990 no
2020 rox (T. €. pa3mMep BBIOOPKH JJIS KXKIOTO THUTIA OPOUTHI).
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Taobmuma 1
Table 1

Ta6mou c6opa JaHHBIX U BBI60pO‘lHBIe JaHHBIC U1 CTaTUCTUYECKOI'O aHaJIn3a HAJACKHOCTHU
CIIyTHUKOB
Data collection template and sample data for statistical analysis of reliability-satellite news

JlaTta oTkaza

(ccmm Bpems
Homep Opbura Jara 3amycka BBEIOOpKH(ecin cOoit
MPOU30ILIEIT
N HE MPOU30ILIEN)

c0oif)
CroytHuK Ne 1 I'eocunxpoHHas opobuta 06.11.1998 15.11.1998 -
CrryTHuk Ne 2 Husias okonosemHas 01.03.2002 - 02.10.2020

opbura

CpemHsist 0KOJI03eMHAst

Crytauk Ne 1584 opbiTa

26.04.2004 28.03.2006 -

Tabnwmna 2
Table 2
XapakTepucTuka OpOUTHI
Orbit characteristics

OpOuta OcobeHHOCTH

OKPYXXHOCTDB C alioreeM U nepureeM Ha pacCTosIHUU

I'eocuaxpoHHas opOuta oKou10 36 000 KM

Hwuskas okomozemHast opbura anoreii u nepureit 10 2000 km
OKPY>KHOCTb C allOr€eM U MEPUTeEM Ha PACCTOSIHUU
Cpenssst oKoI03eMHast OpOHuTa
okouio 20 000 xkm
Cpennsist
OKOJIO3EMHAas FeOCI/IHXPOHHaH
opbura; opbura; 33,30%
7,40%
Huzkas
OKOJIO3€EMHast
opbura;
59,30%

Puc. 2. Pactipenenenue cniyTHUKOB 110 opobutam ot 1990 mo 2020 r.
Fig. 2. Distribution of satellites by orbits from 1990 to 2020 r.

Henapamerpuueckuii aHain3 HaJeKHOCTH CIYTHHKA. B 3TOM paznene s KpaTKO paccCMOTPIO
HCH3YPY B aHAJIM3C€ CTATUCTHYCCKUX AOAHHBIX W OLUCHKY HAACKHOCTHU Kammmana — Meﬁepa, Korga
OCHOBHBIE JaHHBIE TIOJIBEPTalOTCs MPaBOH LIEH3Ype, KaK 3TO MPOUCXOIUT B MOEH BbIOOPKE.

Hemnapamerpudeckuii 03HayaeT, YTO CTATUCTHUECKUN aHAIHN3 HE MPEANoaraeT Kakoro-imudo
KOHKpPETHOI0 MapaMeTpHUecKOoro pacrmpeneieHusl (TakkKe HMHOIJa Ha3blBAeMOIo aHallu3oM 0e3
pacnpeneneHus). 3areM s MOPEJOCTaBISAI0 Pe3yibTaThl HAJAEKHOCTH [UJIi CHOYTHUKOB Ha
T€OCUHXPOHHOU OpOUTEe, HU3KOM OKOJI03EMHON OpOUTE M CpeTHEN OKOJI03EMHOM opouTe.

Bri0opka nannbIX U oneHuk Kannana-Meiiepa

IleH3ypa mpouCXOauT, KOTJa JaHHBIE ISl CTaTHUCTUYECKOTO aHain3a Habopa SJIEeMEHTOB
SIBIIIFOTCST HEMOJHBIMH, YTO U TPOUCXOIWT B JaHHOU BBIOOpKE. bolee KOHKpeTHO, 3/1eCh €CTh
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neHsypa tuma IV (Takke W3BeCTHas Kak CiydaiiHas II€H3ypa), TO €CTh TNpaBas IIEH3ypa C
IaxMaTHBIM BBOJIOM. JTO O3HAYaeT CIIEyIoIIee:

1) CnyTHUKH B 3TO# BEIOOpKE aKTUBHPYIOTCSI B pa3Hble MOMEHTHI BPEMEHH (T. €. CIYTHUKH
3aIlyCKal0TCs B pa3jM4HbIE KaJIEHJapHbIE aThl), HO BCE 3TU BPEMEHA aKTUBALlMU B MOEU BBIOOpKE
U3BECTHBI.

2) OmuOKM IaThl M EH3ypa SBISIOTCS CTOXAaCTHYECKHMH.

3) Llen3ypa npoucxoaut JIUOO MOTOMY, YTO CIIYTHUK YIAJSIETCSl U3 BBIOOPKH 110 0051, 100
MOTOMY, YTO CITyTHHK BC€ eIlle paboTaeT B KOHIIE OKHA HaOIr01eHUSI.

[lensypa TpeOyeT TIIATEJILHOIO BHUMAHUS: TMOJNlydeHHE (GYHKIUU HAJEKHOCTU U3
[EH3YPUPOBAHHBIX JAHHBIX O JKU3HHM HE SBIAETCS TPUBHAIBHBIM, M BaXXHO, YTOOBI 3TO OBLIO
CENaHO JIOJKHBIM 00pa3oM, 4TOObI pe3ysbTaThl ObLTM 3HAYUMBIMU U HEMpPEAB3ATHIMU. B 31Ol
paborte 51 ucronb3yro oneHmuK Kamnana — Meiiepa, KOTOPBIH JTydIilie BCEro NOIXOAUT st paboThI ¢
TeM THIIOM II€H3YPhl, KOTOpBIM B Moel BbIOOpke. Onenmuk Kammana — Meiiepa ¢yHKIUN
HaJEKHOCTH € IEH3YPUPOBAHHBIMU JIaHHBIMHU 3aJ1aH ypaBHeHueM (1):

E(t) =11 Bce p, =11 BC el ni_l, 1)

TaKWe,uyTo t(i)st TaKWe,uyTo t(i)st n;

rIe:

t) — BpeMs 10 i — o 0TKasa (B IOpsi/iKe BO3pacTaHuUs)

n; = KOJIMYeCTBO OIlepallMOHHbIX € JTUHUIL] HEITOCPEACTBEHHO Iepe/ t(i) =
{ n — [KOJ'II/I'-IECTBO HEH3YPHUPOBAHHLIX €AUHUL HEITIOCPEACTBEHHO I1epen t(i)] (2)
— [KOJII/I“IeCTBO OTKa3aBIIUX OJIOKOB HeIlocpeacTBEHHO rnepen t(i)]
~ n;—1
= —

n;
Eciu B MOMEHTHI BPpECMCHH OTKa3a MMCIOTCA CBA3H, CKAXCM, CAWHHUIBI M(;) OTKa3bIBAIOT

TOYHO IIpU t(i) — 9Ta CUTYyallMs Ha3bIBACTCs CBA3BI0 KPATHOCTH M, TOrJa YPaBHCHHUC 2 3aMeHseTCs

Ha:

ni—m;

(3)

Ecin Bpemsi 1eH3ypbl TOYHO paBHO BpeMeHH c00sl, NPUHHUMAETCS COTIJIAIICHUE,
MpeoararIiee, 4Yro MeH3ypa Mpou3oluIa cpa3y mocie c0ost (To ecTh Ha O0eCKOHEYHO MalioM
BPEMEHHOM HHTEpBaJje mocie coos).

p, =

ni

Henapamerpunueckue pe3y/ibTaTbl HA/IEXKHOCTH CIIYTHMKOB HAa T€OCHHXPOHHOI opouTe,
HHM3KO# 0K0J103eMHOI1 opOuTe U CpeIHel 0K0J103eMHOIi opOuTe

C momomibio 3TOro Kpatkoro o063opa HeH3ypsl U oneHimka Kamnana — Meiiepa s Tenepb
MOTY aHaJIM3UPOBATh HAJAEKHOCTh CIIyTHHMKAa Ha OpOMTE Ha OCHOBE LEH3YpPHUPOBAHHBIX HaOOpPOB
naHHbIX. (15 mpoaHanu3upoBaHHBIX 1584 CIYTHHUKOB M PAaCCMOTPEHHBIX 3/€Ch 3 OpOMTAIBHBIX
Kateropuil s mosyumn 22 oTkaza kijacca | juist reocuHXpoHHOW opOuthl, 70 — 1S HU3KOM
OKOJIO3€MHOU OpOMTHI U 2 — JJIs CpeHEN OKOJI03eMHOM OpOUTHI. 3aTeM JaHHbIe 00padaThIBAINCh C
nomotpio orneHmmka Kammana — Meitepa (Bwipaxenue 1), U s monxyyusa HemapameTpUUYECKHE
pe3yabTaThl HAJEKHOCTH CIIyTHUKOB Ha T'€OCHHXPOHHOW OpOHTE, HU3KOW OKOJIO3EMHOM opOuTe n
CpeIHeH OKOJI03eMHOMN OpOuTe, MOKa3aHHBIE HA pUCYHKax 3a u 3b.

Pucynku 3a u 3b — rpaduku HagexxHoctu Kamnana. BeptukaneHblie pa3pes3sl Ha pucyHke 3
YUTAIOTCS, HAIIPUMEP, CISTYIOIINM 00pa3oM:

1)HaunOonee BeposTHas OLIEHKA HAJEKHOCTH CIYTHHKOB Ha TE€OCHHXPOHHOW OpOuTe NpHU
t =1 rox Ha opOUTE COCTaBISAET R=98,7 %.

2)Haubonee BeposTHas OLEHKA HaJEKHOCTH CIIyTHUKOB Ha TEOCHHXPOHHON opOuTe mnpu
t = 7 ner Ha opbute coctapmser R = 96,8 %.
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; : :
— Teocunxpounas opouta
- - Hu3Kasi 0K0:103eMHAst 0poHTa

HanexHocth
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Bpems nociie ycnenrHoro BbIXAa HA opoHTY (71€T)

Puc. 3a. Hemapamerpudeckne pe3yinbTaThl HAJIC)KHOCTH CITyTHIKOB Ha TEOCHHXPOHHOU opOwuTe,
HU3KOW OKOJIO3EMHOM opOunTe
Fig. 3a. Nonparametric results of reliability of satellites in geosynchronous orbit, low Earth orbit

©

Hazexsocrs
o
>
]

"9 1 2 8 4 5 6 7 8 0 11 12 13 14 15
B[)(‘\Iﬂ NOCHAe YCHCMHOIo BhIX01a Ha 0])6"7_\‘ (rer)

Puc. 3b. Hemapamerpuueckuii pe3ynbTaT HaJeKHOCTH CITyTHHUKOB Ha CpEHEHN OKOJI03eMHON opouTe
Fig. 3b. Nonparametric result of the reliability of satellites in medium Earth orbit

I'paduxn Kannana aias CIyTHUKOB Ha TEOCHHXPOHHOM OpOWTE, HU3KOH OKOJIO3€MHOM
opbute M cpeHeld OKOI03eMHOW OpOUTE IMO3BOJSIOT BH3YalbHO BBIIBUTH HEKOTOPHIE BaXKHBIE
TEH/ICHIIMH B HA/IXKHOCTH CIYTHUKA U MTOBEJICHUH OTKa3a Ha opoute. Hanpumep:

1. CnyTHHKH Ha TEOCHHXPOHHOH OpOWTE NEMOHCTPUPYIOT HEOOJNBIIYIO0 «MIIQJICHUYECKYIO
CMEPTHOCTB», HAJIEKHOCTh KOTOpoM magaer mpumepHo a0 98,7 % uepes rox. Kpome Toro,
reoCTallMOHapHbIE CIYTHUKH JAEMOHCTPUPYIOT SIBHBIA U3HOC OT 6 10 12 5ieT, mpu 3TOM HaJIeKHOCTh
nagaet ¢ 97,5 % 10 92,5 % (puc. 3a).

2. CHOyTHHKM Ha HHM3KOM OKOJIO3€MHOH OpOUTE JEMOHCTPUPYIOT 3HAYUTENbHYIO
«MJTaJICHUYECKYI0 CMEPTHOCTbY, HAJEKHOCTh Majgaet 10 97 % uepe3 rox. Kpome toro, B nepuosn c
TPEThEro MO IIECTOH TOJ MOXXHO HAaOIIOJATh «JIETKOE» MOBEICHHE INPH H3HOCE C IaJeHHEM
HAJEKHOCTH MpUMeEPHO ¢ 96,5 % 110 95 % (pucyHok 3a).

3. JIns CIIyTHUKOB Ha Cpe/lHel OKOJI03eMHOM opouTe (pHUCYHOK 3b) MOKHO HAaOII0OaTh TOJIBKO
nBa OoTKasza Ha 111 cmyTHukax Ha cpemHell OKoJio3eMHON opOuTe. B pesymbrate Hemb3s CaenaTth
CYILIECTBEHHBIX BBIBOJIOB O HETIApAaMETPUUECKUX Pe3ysIbTaTaxX HaIe)KHOCTH 3THX CITyTHHUKOB.

OTu TeHAeHUUHU OyayT OoJee TIIATeIbHO U aHAIUTUYECKH U3yUEHBI Jajiee.
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ITapameTpuyecKuii AaHAJIU3 HAIEKHOCTH

Henapamerpuueckuii aHanu3 JaeT BaKHbIE PE3YNbTaThl, MMOCKOJbKY pacyeT HaJeKHOCTH He
OrpaHUYeH KaKUM-JIMOO0 3apaHee ONpeIeNICHHBIM paciipe/ielieHHeM cpoka ciryxObl. OJJHaKo 3Ta THOKOCTb
JieflaeT HemapaMeTpuyecKue pe3ylbTaTbl HE MPOCTHIMM M HE YIOOHBIMHU JUIS HCIOJIL30BAaHUS B
Pa3IMYHBIX LIENAX, YACTO BCTPEYAIOLMXCS IPU MPOEKTHpoBaHUU. KpoMe Toro, HeKOTOpble TEHACHIIMU 1
3aKOHOMEPHOCTH OTKa30B OoJiee YETKO WACHTU(PUIMPYIOTCS M PACIO3HAIOTCS C  TTOMOLIBIO
napamerpuyeckoro ananmuza [JlerocraeB u ap., 2009; Beromxun, 2020]. CyiiecTByeT HECKOJIBKO
BO3MOKHBIX METOJIOB MTOATOHKH MTApaMETPUUECKOT0 PACTIPEIEIICHHSI TI0]T HeTTapaMEeTPUIECKYIO (DYHKIIHIO
HaJIGKHOCTH  (oOecrieunBaeMyro olleHIMKOM Karmmana — Meliepa). Jlamee s mpeacTaBisito  JBa
MapaMeTpuyecKuX METoJa, OCHOBaHHBIX Ha pacrpeneneHud BeiiOymima, 4ToObI COOTBETCTBOBATH
HeTapaMeTPUUECKON HaJIeHOCTH CITyTHHKOB B KXKI0M KaTeropuy OpOUTHI, 00CYKIaBIIMXCS paHee.

Pacnipenenenne Beitbymna. Pactipenenenne BeitOysuia siBiseTcss oqHUM B3 HAaMOOJIEE 4acTo
UCIOJIb3YEMBIX MPHU aHAJIU3€ HaJleKHOCTU. Ero GyHKIMS HaIEKHOCTH (MM BBDKMBILETO) MOXKET
OBbITh 3aMucaHa CJIeayIUM 00pa3oM:

R(t) = exp [—(E)B] st > 0, 4)
e
rae [ — mapametp ¢opmbl (Oe3pasmepHbiil) 1 © — mapamerp Macmraba (€IMHUIBI BpeMEHH), 00a
HeoTpuIarensHble. [IpuunHoN MUpPOKOro MPUHATHUS pactipeneneHus: BeiiOyma sBisercs To, 4TO OHO
JOCTaTOYHO THMOKOE, U TIPU COOTBETCTBYIOIIEM BBIOOpE mapamerpa (GopMbl [f OHO MOXKET YJIaBIHUBATh
pa3nuuHbBIe BUABI TOBeneHHs OTka3oB. Hampumep, xorma 0 <f< 1, pacnpenenenue BeiiOymna
MOJIENTUPYET «MJIAJIEHUYECKYI0 CMEPTHOCTh (UTO COOTBETCTBYET CHMYKEHHUIO YACTOThI OTKA30B).

Korma f = 1, pacnpenenenue BeliOymia CTaHOBHUTCSI SKBHBAICHTHBIM SKCIOHEHIIMAITLHOMY
pacnpezeneHnio (TIOCTOSTHHAS YacTOTa OTKA30B) M koraa > 1, Moaenu pacnpenencHus BeliOyimia
M3HAIIUBAIOT OTKa3bl (UTO COOTBETCTBYET BO3PACTAIOIIEH YaCTOTE OTKA30B).

B at10if pabote s cHayana monyvaro pacnpezaenenue BelOymia s Tpex HemapameTpudecKux
PE3YNbTaTOB HA/ICKHOCTH, UCTIONB3YS POLIEAYPY MAKCUMATBHOTO MPaBIOMOI00US.

Tem He MeHee MapaMEeTpUUYECKUE pe3yNbTaThl OyAyT mokaszaHsl B mpexaenax 0,6-3,2 % ot
(OTAJIOHHBIX» HEMapaMeTPUYECKUX pe3ylbTaTOB, HO [UISI MOHUX Ieleld O3TU pPe3ybTaThl
HEJAOCTaTOYHO TOYHBL. [lo3TOMYy s mpuCTymal K TMOJYyYEeHHI0 KOMOWHALIMU pachpeaeneHuit
BeliOyna 11t HermapaMeTpU4eCKuX pe3yabTaToB, I71€ JEMOHCTPUPYETCS 3HAUUTENbHOE YIyUIlIeHHE
TOYHOCTH MapaMeTPUUYECKUX MOCAJIOK.

Onenka MaKCMMAJIbLHOI0 MPABA0NOA00Ms OAMHAPHOIO pacnpeneaeHus: Beitdyia

[Ipy npuMeHEeHUU K HemapaMeTpUYECKUM pe3yJbTaTaM HaJEKHOCTH, IOKAa3aHHBIM Ha
pucyHkax 3a u 3b, mporenypa MakCUMalbHOTO MPAaBIONOA00MS JaeT OLEHKM IapamMeTpoB
BeliOynna qu1st kKax10¥ kaTeropuu opOUTHI CIyTHUKA. Pe3ynbTaThl pecTaBieHbl B TabauIe 3.

Tabnuua 3
Table 3

OI_IGHKI/I MaKCHUMAaJIbHOI'O HpaB,ZLOHOI[O6I/I}I napameTpoB BeﬁGYHHa AJI1 HAAC)KHOCTHU CITYTHUKOB
10 TPEM KaTeropusiM OpoOUT
Maximum likelihood estimates of Weibull parameters for the reliability of satellites in three
categories of orbits

Opbuta B O (;er)
I'eocunxpoHHas opbura 0.7190 582.5
Huskas okosiozemHast opbura 0.3473 34048.9
CpenHsis OKOJI03eMHast OpouTa 1.6347 79.4

Nudopmanus B Tabnure 3 BBITIAIWAT CleAylOmuM oOpasoMm. Paccmorpum, Hampumep,
CIYTHUKH Ha TEOCHHXpOHHOW opOute. Ero Hemapamerpudeckas HaJEKHOCTh Jy4YIlle BCETO
anmpOKCUMHUPYETCS  CIEAYIONIMM  pacrpenencHueM BeiitOynmna, TONy4eHHBIM U3 OICHKHU
MaKCHUMaJIbHOTO MPaBAOOA00HS:

777



Beal'V

OkoHomuka. MHdopmaTuka. 2021, Tom 48, Ne 4 (771-783) ;
Economics. Information technologies. 2021. Vol. 48, No. 4 (771-783) 'w‘

197

Reco(t) = exp [~(2)*71%]. (5)

3nauenust napamerpa gopmer (B = 0,7190) u mapamerpa mxkanel (O = 582,5) sBastorcs
OLICHKaMH MaKCHMaJIbHOTO mpaBjonoaoous. Ha pucynke 4 nokasana HermapameTpuieckas KpuBas
HAQ/IOKHOCTH, paccuuTaHHas 1o BeiOymty makcumanbpHas OIEHKa MPaBAONOJOOMS sl Tpex
KaTeropuii opowuT.

Jns ciyTHUKOB Ha HU3KOW OKOJIO3EMHOM OpOHTE Ha pUCYHKE 4 MpeAcTaBieHa BU3yalbHas
MpoBepKa TOro, 4YTO pacnpeaeneHue Beli0Oymia, MoixydeHHOE U3 OLEHKH MaKCUMAalbHOTO
MPaBIONOA00Ns, YAOBIETBOPSAET HEMApaMETPUUECKON HaIeKHOCTH. TpynHO caenaTbh Takou ke
BBIBOJI JUIS IBYX JAPYTUX KaTEropuii OpOuT.

KauectBo cooTBeTcTBUSI pacmpenencHus BeiiOymia oTpaxaercs B 3Tol  pabote
MaKCUMaJbHBIMU U CPEIHUMH OLIMOKaMH 3a 15 jeT Mexay HemapaMeTpUueCKUMHU pe3ysibTaTaMu
HA/IGKHOCTH («ITAJTOHHBIMU» pe3ylbTaTaMu) M mocankoi BeitOymra. B Tabnuue 4 npuBeneHs!
MakCUMaJbHble M CPEAHUE MOTPEUIHOCTH MEXAY HEMapaMEeTPUUYECKOM HAJEKHOCTBIO H
BIUChIBaHWEM Beiibymna mis Tpex kareropuit opout. HecMoTpss Ha 3Ty pa3yMHYIO TOYHOCTH
MapaMeTprUuecKoro COOTBETCTBUSA, HAa pPUCYHKE 4 TOKa3aHO, YTO OJHO paciipeaeneHue Beiibymnna He
MIOJIHOCTbIO  (PUKCHpPYET TEHAEHUMH OTKa30B B JAHHBIX, OCOOEHHO JUIsl CIYTHUKOB Ha
TE€OCHHXPOHHON OpOUTE U CpeHEN OKOI03eMHOI opouTe.

UToObI ymy4ylInTh KauyeCTBO MAapaMETPUUYECKOTO COOTBETCTBHS, S MOJYYal0 B CIEAYIOUIEM
nojapaszaene pachpeneneHus BeiiOymna ans HenmapaMeTpUUECKHUX pe3y/lbTaToOB HAaJIeKHOCTH,
IIOJIyYEHHBIX paHee.

Tabnuna 4
Table 4
[TorpemHoCTh MEXAY HEMApaMETPUUECKOW HAJIEKHOCTBIO U MPUTOTHOCTHIO OLIEHKH
MaKCHMaJIbHOTO MPaBA0I01001s napameTpoB BeliOymia A Kak 01 KaTeropuu CIlyTHUKOB
The error between nonparametric reliability and the suitability of the maximum likelihood
estimation of the Weibull parameters for each category of satellites

Opb6ura MaxkcumanbHas ommnoka (%) Cpez[H;E;%())mH&(a
I'eocunxponHas opoura 1.6 0.7
Hwu3kas okono3zeMHasi opoura 0.6 0.2
Cpennsist 0OKoJI03eMHast opouTa 3.2 1.0

KomOunanus pacnpeneneHnui

Heckonbko pacnpeneneHuii, TaKux Kak KCIMOHEHIIMAIbHOE pacnpeeieHue BeiOynna umu
JIOTHOPMAJIbHOE, MOTYT HCIIONIb30BAaThCS B KAueCTBE OCHOBBI JJISl JIMHEWHON KOMOWHALIMU IS
TeHEepaly pacupeneseHuss koMOuHanuii. B 3TOM mojapasnene coxpaHsieTCs pacIpeiesieHue
BeiiOymia B KadecTBe OCHOBBI JUIS MOUX TMapaMETPUUYECKUX BBIYUCIEHUH U TONy4daeTcs
KOMOMHaIMs JIByX pacnpezeneHuil BeliOymia st HemapamMeTpu4ecKod HaJeKHOCTH CITyTHHKA
Kakaoi kareropuu opOuTsl [Bomkos, Illumkesuy, 1975; Kpuneukuii, Anekcannposckas, 1975].
[TapameTrpudeckass MO/I€NIb HAJEKHOCTH ¢ KOMOMHaNMeW ABYX pacmnpeneneHuil BelOynma moxer
OBITh BBIPAXKEHA CIIEIYIOIINM 00pazoM:

R(t) = aexp [—(eil)ﬁl] + (1 —a)exp [— (eiz)ﬁz]. (6)

[Tapamerp a ucnonb3yercst Ull U3MEHEHHMsI OTHOCHUTEIBHOTO BECA, 33[aHHOTO JUIS KaXZIO0ro
pacnpenenenus BeliOymia B koMOuHaluK. Sl OrpaHUYMBAKO pacyeTsl B 3TOH paboTe n = 2, MOCKOJIbKY,
Kak OyJeT MOKa3aHO Jayiee, pe3yibTaThl SBIAIOTCS JOCTaTOYHO TOYHBIMHM, W KOMOMHauus 2-X
pacnpenenenuii BeiiOynna cieqyloT ¢ 3aMETHOM TOYHOCTBIO pA3MYHBIM TEHICHIMSAM OTKa3a B
HermapaMeTpuueckux pesyibraTax. OrpaHuueHHas HMHKPEMEHTHas TOYHOCTh 00ecreurBaeTCs
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KoMOuHaime 3-x pacrpenenenuii BeliOymna. YBenuuenue n  oOecrieunmBaeT HE3HAYUTEIHHOE
YIy4IlI€HHEe TOYHOCTH.

— Hemapauerpmaecsas omessa
--- Pacnpesenesme Belidvina
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Cpennsis okoj03eMHass OpOuTa

Puc. 4. HemapameTrpudeckast HaIe)KHOCTh M OAMHOYHOE pacipeencHue Beioymna
Fig. 4. Nonparametric reliability and single Weibull distribution

HenuneiiHplit MEeTOT HAMMEHBIINX KBAAPATOB 00ECIeUNBACT HAUITYUIIIHE COOTBETCTBHS IS
rmapamMeTpoB KoMOWHanuu 2-X pacmpeneieHuid BeiOymma uisi KakIoW KaTeropuud OpOUTHI.
Pe3ynbrathl mpeacTaBieHsl B TauuIe S.

Jnst Tpex kaTeropuii OpOWT HOBOE MapaMEeTPUUYECKOE COOTBETCTBHE HAJEKHOCTH C
UCIIONIb30BAaHUEM  paclipelelieHus KOMOWHAIMM 2-X  pacmnpegeneHui  Beiibymna  To4HO
COOTBETCTBYET HEMapaMeTPHUECKOH Ha/lexHOCTH, KaK MOKa3aHO Ha PUCYHKE 5.
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Tabmuma 5
Table 5
[TapameTpsl KOMOMHAIMK 2-X pacripeaesieHnit Beitoymna
Parameters of a combination of 2 Weibull distributions
Opbura o B B 04 0,
I'eocunxpoHHas opOuTa 0.0496 4.1070 0.3300 9.8 661600.0
Huskast okonozeMHast opoura 0.9927 0.2997 68.6300 | 136100.0 14.4
CpenHss 0K0JI03eMHAast OpOuTa 0.9526 1.4790 8.3600 101900.0 6.0

13 — HemapaneTpHYCEan OUSHES
i i 1-X pacT it
088

Baitfvima

Hage:xxHOCTE

O 1 2 3 4 5 6 7 B 9 10 11 12 13 14 15
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I .

EaR 2-X Pac

Hage:xHOCTh

=
w
1]

0.92
oo 2
4] 1 2 3 4 5 & 7 8 8 10 11 12 13 14 15

Bpems mocie YCIeIIHOI0 BBIX0Ja HAa OpOHTY (J1eT)

Huskast okonmo3zemHuast opouta
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4 098
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® 095
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=R
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0% 4 2 3 4 5 & 7 8 9 10 i1 2 13 14 15

BpeMs mocie yCIemHOro BEIX01a HA opOHTY (J1€T)
Cpennsis okoj03eMHast OpOuTa
Puc. 5. HemapameTpudeckasi HaJIe)KHOCTh 1 KOMOHMHAIIMY 2-X pacrpeieieHnii BeliOya s Tpex
KaTeropuil CyTHUKOB

Fig. 5. Nonparametric reliability and combinations of 2 Weibull distributions for three categories
of satellites

780



Beal'V

% OkoHomuka. MHdopmaTuka. 2021, Tom 48, Ne 4 (771-783)
8 Economics. Information technologies. 2021. Vol. 48, No. 4 (771-783)

Crnenyer OTMETHUTh, YTO TEpBBIA 31MeMeHT BeitOymma c¢ mapamerpom ¢opmer < 1
(bUKCUpYeT «MJIQIEHYECKYI0 CMEPTHOCTB)» CITYTHHKA, B TO BpeMs KaK BTOpOi 31eMeHT Beiibyiia ¢
napamerpoM opmsl S,> 1 dukcupyer ommbOku u3HOCa CyTHHUKA. Kak W 0KHUIANIOCh, TIOJTOHKH,
obecrieyrBaeMble MOIXO0J0M pacipeeseH!s] KOMOMHALMM AJIs TpeX KaTeropuil opouT, Jydiie, yem
MOJITOHKHM, OOECTeYrBaeMble MOAXO00M OICHKH MaKCHUMAaJBbHOTO mpaBiomnonodus. B tabmume 6
npuBeaeHs Kod(guimentsl R? n cymMmMa KBaJpaToB OMMOOK TPEX pacHpeeNeHnii KOMOMHALWH,
COCTABJICHHBIX Ul KaX/10M KaTeropuu opOUTHI.

Kosd@uuuentsr R? mocamox Bemme 97 % 1ia Tpex Kareropuif. UToObl H3MEpHTH
MOBBIIIEHUE TOYHOCTH MEXIy OJHUM pachpenerneHueM BeiOymna wu  xoMmOuMHAmmMu 2-X
pacripenenenuil BeliOysia, BBIYNCIAIO KAK MAaKCUMAJIbHYIO, TaK U CPEIHIOI0 MOTPELIHOCTh MEXIY
HenapaMeTpUUecKON Ha/IeKHOCTBIO U NapaMEeTPUUECKUMU MOJIETISIMU.

Pe3ynbTatsl npencrasieHsl B Tadnuue 7.

Tabunuma 6
Table 6
[TpurogHOCTs KOMOMHAIMY 2-X pacnpeaeraeHnid BeitOymna i Kax 101 KaTeropun CIlyTHUKOB
Suitability of a combination of 2 Weibull distributions for each satellite category

OpOuTs
Koaddunuent TeocHHXpOHHas opGHTa Hugkas oxonozemnas Cpenusisi 0K0JI03eMHas
opbuta opbuta
R? 0.9908 0.9845 0.9749
CymMa kBazparon 0.03978 0.01698 0.08776
OIIHNOOK
Ta6muma 7
Table 7

[TorpemHocTs MEXy HEMapaMeTPUIECKON HAJIE)KHOCTBIO U MAPAMETPUUECKUMU MOJEISIMHU

B TeueHue 15 ner

Error between nonparametric reliability and parametric models for 15 years

[lapameTprueckas moroHkKa
Op6ura OmmGKa (%) Euanynoe KomOunamus le
pacnpezeneHue pacnpezeeHui
BeiiOyma BeiiOyma
MaKCHUMaJIbHAS
1.6 0.7
I'eocunxponHas opOuta omnbka
CpeaHsIs OmnoKa 0.7 0.2
MaKCHUMaJIbHAS
0.6 0.4
Hwuzkas okonozemHuast opoura omuoKa
CpeaHsIs OmnoKa 0.2 0.1
MaKCHUMaJIbHast
3.2 1.8
CpenHsst 0KoII03eMHast OpOUTa omuoKa
cpetHsis omnoOKa 1.0 0.2

Kak BumHOo w3 Tabmuiel 7, KoMOWHaIus 2-X pacrmpeaeneHuii BeiOymma sBisercs
3HAYUTENBHO OoJiee TOYHBIM, YeM EIWHUYHOE pachpenencHue BelOymia mpu STalIOHHOM,
HeMapaMeTPUIECKON HaIe)KHOCTH CITyTHHKA.
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3akjroueHue

B oroif pabore s momyuyms HemapaMeTpUYeCKUe U IapaMeTPUYECKHE pe3yJbTaThl
Ha/IeKHOCTH JJIsl CIyTHMKOB, HaXOJSIIMXCA Ha OKOJIO3€MHOM opOuTe, B 3aBUCUMOCTH OT THIIA
OpOUTBI, a HMMEHHO OT TCOCHHXPOHHBIX OpOWUT, HHU3KHUX OKOJO3EMHBIX OpPOMT M CPEIHHX
OKOJIO3€MHBIX OpOHUT. 51 ncnosp30Ban OOUIMPHYIO 0a3y AAHHBIX O 3allyCKax CIYTHUKOB M COOSIX Ha
opbute W aHOMaNMAX, 4YTOOBI TOJY4YUTh, HUCHOJNB3ysd oneHmUK Kammana — Meiiepa,
HerapaMeTpUUECKUe pe3yIbTaThl HAAEKHOCTH [T KaX10H KaTeropuy CIIyTHUKOB.

3aTeM, UCNOIb3ysd METOA OLEHKM MAaKCHUMAQJIbHOTO IIPaBAONOAOOMS M  PETPECcCHI0
HaUMEHBUIMX KBaJpaToOB, ObLIM MOJIyYEHBI MapaMETPUUECKHE COOTBETCTBUS PE3YJIbTATOB C OJHUM
U JAByMs pacnpeaencHusMmu BeiiOymna. [lapameTpudeckne TOATOHKM C  HCIOJIB30BaHUEM
KOMOMHAIMH pacnpefeseHuid OKa3aauch B 3HAYMTEIbHOM CTENEHHM TOUHBIMU IIPH PErHCTPALUU
TEHJCHIMI 0TKA30B B HENApPaMETPUUECKUX PE3yNbTaTax.

Cnucok Jureparypbl

1. Bposkun A.I'., Bypasiros B.I'., Topauiiko C.B. u ap. 2010. BopTroBble CHCTEMBI YIIPaBICHUS
KOCMHYECKHMHU armapaTaMu: yueoHoe nocodue. — M.: MAU-TTPUHT, 304 c.

2. BpyckoB A.A. 2020. AHamu3 HAJEKHOCTH Pa3IMYHBIX CHCTEM KOCMHYECKHX allllapaTos.
NudbopMaimoHHO-TEXHOIOTHYECKUI BECTHUK, 4: 34—46.

3. Bpyckos A.A. 2020. Onpenenenrie 00beMa KOMILIEKCHBIX 3JIEKTPUYECKUX MCTIBITAHNM HAHOCITYHUKOB.
COopHUK cTaTell TI0 MarephanaMm y4acTHHKOB X Exxeromuoii HaydHoW koH(pepeHmmm acrmpaHTtoB «MIOTVY»,
14 mas 2020 r., Haykorpan Kopones, M.: M3narensctBo «HayuHbIi KOHCYIBTaHTY, 554 C.

4. BpyckoB A.A. 2021. CraTHCTHYECKHI aHAIW3 HAASKHOCTH KOCMHYCCKHX AallapaTtoB B
3aBuCHUMOCTH OT opOuTHI. Te3uch moknanoB XXI|I Haydano-rexanyeckoit KOH(pEPEHIIMHA U MOJIOABIX YISHBIX
U CIEUHATUCTOB, MHOcBslIeHHON 60-neturo monera HO.A. Tarapuna, 75-neTHio pakeTHO-KOCMHYECKOU
orpaciu u ocHoBanus [IAO «PKK «2Queprus», 8—12 nosops 2021 r., naykorpan Kopones, [IAO «Paketno-
KocMuyeckas kopnopauus «dHeprus» umenu C.I1. Koponésay, 536-537.

5. Baosun B.M., Cypkosa JIL.E., Banentunos B.A. 2016. Teopust cucteM ¥ CHCTEMHBIN aHan3. M.
Hamkos u K, 640 c.

6. Beromkun A.I'. 2020. OGecneueHne HaaeKHOCTH U 0€30MACHOCTH B TexHocdepe: ydeOHOE
nocobue, M3garenscTBo «Jlaub». 236 c.

7. Bonkos JLU., HlumkeBud A.M. 1975. HamexxHoCTh JieTareNbHBIX ammaparoB. M.: Beicmias
mkona. 296 c.

8. Kopues I'.H., SIkosnes B.b. 2016. Cucremusiii anamus. M.: U1 PUOP, HUL] UHD®PA-M, 308 c.

9. Kpuneuxuii E.M, Anexcangposckas JIL.H, Menbaukos B.C., Makcumos H.A. 1980. OcHoBbI
WCTIBITAHUI JIeTaTeNbHBIX anaparos: Y4eOHuK Ajs BTy30B M.: MammHaocTpoenue, 312 c.

10. Kpuneukuii E.W., Anekcanmposckas JILH. 1975. JleTHue WCHOBITAaHHSA CHCTEM YIIPABICHUS
JeTaTenbHBIMU anmaparaMu. M.: MamuHocTpoenue. 193 c.

11. Jlerocraes B.I1., Mukpuu E.A., Opnosckuit U.B. u 1p.2009 Co3nanue u pasBUTHE CHCTEM
yIOpaBJIeHUs] JIBUKEHUEM TPaHCIOPTHBIX KocMmuueckux kopabmeir «Coro3» u  «[Iporpecc»: ombIT
SKCIUTyaTalluy, IIaHupyeMast MmoaepHusanus. Tpynst MOTU, 3: 4-13.

12. CaemmukoB A.A. 1968. [Ipukia/iHbie METOIBI TEOPHH CITydaitHbix GyHKuiA M.: Hayka. 464 c.

13. Ily6un P.A. 2012. HanéKHOCTh TEXHUUECKUX CUCTEM U TEXHOTeHHbIH puck. Tambos: U31-Bo
OI'bOY BIIO «TI'TVY», 80 c.

14. Kurant M, Thiran P. 2006. Layered Complex Networks. Phys Rev Lett 96(13).15-20.

15. Newman MEJ. 2010. Networks, an Introduction. New York, NY: Oxford University Press. 16-18.

References

1. Brovkin A.G., Burdygov B.G., Gordijko S.V. i dr. 2010. Bortovye sistemy upravleniya
kosmicheskimi apparatami: uchebnoe posobie [Onboard spacecraft control systems: textbook]. — M.: MAI-
PRINT, 304 p.

2. Bruskov A.A. 2020. Analiz nadezhnosti razlichnyh sistem kosmicheskih apparatov [Reliability
analysis of various spacecraft systems]. Informacionno-tekhnologicheskij vestnik, 4: 34-46.

782



OkoHomuka. MHdopmaTuka. 2021, Tom 48, Ne 4 (771-783)
Economics. Information technologies. 2021. Vol. 48, No. 4 (771-783)

3. Bruskov A.A. 2020. Opredelenie obema kompleksnyh elektricheskih ispytanij nanospunikov
[Determination of the scope of complex electrical tests of nanosatellites]. Sbornik statej po materialam
uchastnikov X Ezhegodnoj nauchnoj konferencii aspirantov «MGOTU», 14 maya 2020 g., naukograd
Korolev, M.: Izdatel’stvo «Nauchnyj konsultant», 554 p.

4. Bruskov, A.A. 2021. Statisticheskij analiz nadezhnosti kosmicheskih apparatov v zavisimosti ot
orbity [Statistical analysis of the reliability of spacecraft depending on the orbit]. Tezisy dokladov XXII
Nauchno-tekhnicheskoj konferencii i molodyh uchenyh i specialistov, posvyashchennoj 60-letiyu poleta
YU.A. Gagarina, 75-letiyu raketno-kosmicheskoj otrasli i osnovaniya PAO «RKK «Energiya», 8-12
noyabrya 2021 g., naukograd Korolev, PAO «Raketno-kosmicheskaya korporaciya «Energiya» imeni
S.P. Korolyova»,536-537 p.

5. Vdovin V. M., Surkova L. E., Valentinov V. A. 2016. Teoriya sistem i sistemnyj analiz [Theory
of systems and system analysis]. M.: Dashkov i K, 640 p.

6. Vetoshkin A.G. 2020. Obespechenie nadezhnosti i bezopasnosti v tekhnosfere: uchebnoe posobie
[Ensuring reliability and safety in the technosphere: a textbook], Izdatel’stvo «Lanapos;». 236 p.

7. Volkov L.I., SHishkevich A.M. 1975. Nadezhnost’ letatelnyh apparatov [Reliability of aircraft].
M.: Vysshaya shkola. 296 p.

8. Kornev G. N., YAkovlev V. B. 2016.Sistemnyj analiz [System analysis]. M.: IC RIOR, NIC IN-
FRA-M, 308 s.

9. Krineckij E.I, Aleksandrovskaya L.N, Melnikov V.S., Maksimov N.A.1980. Osnovy ispytanij
letatel’nyh apparatov: Uchebnik dlya vtuzov [Fundamentals of aircraft testing: Textbook for higher
education institutions] M.: Mashinostroenie, 312 s.

10. Krineckij E.I., Aleksandrovskaya L.N. 1975. Letnie ispytaniya sistem upravleniya letatel’nymi
apparatami [Summer tests of aircraft control systems]. M.: Mashinostroenie. 193 p.

11. Legostaev V.P., Mikrin E.A., Orlovskij I.V. i dr.2009 Sozdanie i razvitie sistem upravleniya
dvizheniem transportnyh kosmicheskih korablej «Soyuz» i «Progress»: opyt ekspluatacii, planiruemaya
modernizaciya [Creation and development of motion control systems for Soyuz and Progress transport
spacecraft: operational experience, planned modernization]. Trudy MFTI, 3: 4-13.

12. Sveshnikov A.A. 1968. Prikladnye metody teorii sluchajnyh funkcij [Applied methods of the
theory of random functions] M.: Nauka. 464 s.

13. SHubin, R.A. 2012. Nadyozhnost’; tekhnicheskih sistem i tekhnogennyj risk [Reliability of
technical systems and technogenic risk]. Tambov: 1zd-vo FGBOU VPO «TGTU», 80 p.

14. Kurant M, Thiran P. 2006. Layered Complex Networks. Phys Rev Lett 96(13).15-20.

15. Newman MEJ. 2010. Networks, an Introduction. New York, NY: Oxford University Press. 16-18.

Kon(aukT uHTEpecoB: 0 MOTECHIIMATFHOM KOH(IMKTE HHTEPECOB HE COOOIIAOCH.
Conflict of interest: no potential conflict of interest related to this article was reported.

NH®OPMAILIUA Ob ABTOPE INFORMATION ABOUT THE AUTHOR

BpyckoB  Aprem  AxekceeBmu, acnupant  Artem A. Bruskov, Postgraduate student of the
kapenpel  uHDOpMAIMOHHBIX ~ TexHomormid w  Department of Information Technologies and
VIIPaBIIATOIINX CHCTEM, T'ocymapcTBeHHOE Control Systems, State Budgetary Educational
Or0UKeTHOE  00pa3oBaTeIbHOE  YUPEIKICHHE Institution of Higher Education of the Moscow

BBICIIET0 00pa3oBaHMs MOCKOBCKOH 0OmacTu
«TexHOIOruYeCKHii YHUBEPCUTET UMEHH JIBAXK.bI
I'eposs CoBetrckoro Coroza, JeTYHKa-KOCMOHABTA
A.A. JleonoBay, r. Kopones, MockoBckas obiacts

Region "Technological University named after twice
Hero of the Soviet Union, pilot-cosmonaut A.A.
Leonov", Korolev, Moscow region

783



OkoHomuKka. MHdopmaTtuka. 2021. Tom 48, Ne 4 (784-793) Eealy
Economics. Information technologies. 2021. Vol. 48, No. 4 (784-793) W

YK 004.75
DOI 10.52575/2687-0932-2021-48-4-784-793

MeTtoa aanTUBHOIO YIIPABJICHUS Pa3BUTHEM
HH(POKOMMYHUKANUOHHBIX HHPPACTPYKTYp

Aoxaaos A.B., I'pumaxkos B.I'., lorunos HU.B.
Axanemust @CO Poccun,
Poccus, 302015, r. Open, yi. IIpubopoctpourtensHas, 1. 35
E-mail: senya@academ.msk.rsnet.ru, gvg@academ.msk.rsnet.ru, loginov_iv@bk.ru

AnHoranusi. B pabore paccMmoTpeHa mpoOiieMa IOTOKOBOIO YIPaBICHHS OOCIYKHMBAHMEM 3asBOK Ha
co3daHue M MOJEPHM3ALMI0O  HHOOKOMMYHHKAIMOHHBIX  CEPBHCOB B  KPYIMHOMACIITaOHBIX
HH(GOKOMMYHHMKAIIMOHHBIX HMHMpacTpyKTypax. s HMHOPACTPYKTYp C MHTEHCHBHOCTBIO 3afBOK Ha
MoepHu3amio 0omee 10 3a9BOK B CYTKH M HECKOJIBKHMH HCTOYHHKAMH PECYPCOB IPEMIOKEHA CXeMma
aIalITUBHOTO YIIPaBJIEHUs 0OCIyKMBAaHHEM 3asABOK Ha CO3IaHNe/MOIEPHU3ALNI0 HHPOKOMMYHHKAIIHOHHBIX
cepBHCOB. PaspaboranHas cxema aJalTHBHOIO YIIPABICHHS MPEACTABISET COOOM IBYXKOHTYPHYIO CXEMY
VIpaBIICHHs, MO3BOJIIONIYI0 Oojiee 3(PGhEeKTHUBHO OOCIY)KMBATh 3asgBKA Ha CO3JaHHE/MOACPHU3AIMIO
HH(OKOMMYHHKAIIHOHHBIX CEPBHCOB. 11epBEIi KOHTYp yIIpaBIeHHs 00€CIIEYMBAET PACIIPEAEICHHE PECYPCOB
IO 3asBKaM W aJalTaldi0 MEXaHW3MOB YIPAaBJIEHUS OYepenbio. BTOpoil KOHTYp VIIpaBIeHMs YIIPABIAET
HCTOYHHUKAMH M IIOTOKAMH pecypcoB. IIpomsBeleHa OKCIEPHUMEHTAIbHAS OIEHKA C HCIIOIB30BAHIEM
pa3paboTaHHOM CXEMBI AIAITHBHOTO YIIPABIEHMS, KOTOpas IMoKasana €€ 3 (eKTUBHOCTE IIPH IIPAKTHIECKOM
npuMeHeHnd. OTMeYeH TPUPOCT IiejeBoro 3ddexra B yCAOBUAX HECTAI[MOHAPHOTO MOTOKA PECYPCOB IO
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Abstract. The paper considers the problem of stream management of applications for the creation and
modernization of infocommunication services in large-scale infocommunication infrastructures. For
infrastructures with an intensity of requests for modernization of more than 10 requests per day and several
sources of resources, a scheme for adaptive management of requests for the creation/modernization of
information and communication services is proposed. The developed adaptive control scheme is a two-
contour control scheme that allows more efficient servicing of applications for the creation/modernization of
information and communication services. The first control loop ensures the distribution of resources
according to requests and the adaptation of queue management mechanisms. The second control loop
manages the sources and flows of resources. An experimental assessment was made using the developed
adaptive control scheme, which showed its effectiveness in practical application. An increase in the target
effect in the conditions of a non-stationary flow of resources is noted in comparison with the alternative
scheme without the use of an adaptive control scheme.

Keywords: service discipline, non-stationary resource flow, infocommunication services, resources,
efficiency assessment, application.
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