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Many solutions in the field of architecture of the Internet of things are based on the results of
wireless sensor networks (WSN) research. Currently, corporations and government agencies, especially
in the US, Europe and the Middle East, are making serious efforts to research, develop and patent
wireless sensor network-based technologies for monitoring long pipelines for various purposes. WSNs
are able to carry out continuous monitoring of critical infrastructure objects, detect any anomalies
in real time and deliver the necessary data to the decision-making center. However, in this case, it
becomes necessary to solve a number of problems, such as rational placement of nodes, optimization of
energy consumption, efficient organization of data flows, etc., for the solution of which it is necessary
to use methods for assessing the reliability and lifetime of the WSN. After all, these networks can
be operated in harsh climatic conditions, network nodes can be located in places that are difficult to
access for regular inspection.

The main role of sensor nodes in the WSN used for monitoring is to periodically collect and
transmit data to an intelligent central base station (sink, sink), where the collected data is processed to
detect various anomalous events. In large- scale WSNs used to monitor long objects, such as pipelines,
most sensor nodes are geographically distant from the base station and are usually equipped with
self-contained low-cost batteries, the capacity of which is relatively small. This circumstance largely
determines the main disadvantages of extended WSNs, since the periodic transmission of raw data over
long distances through several hops to the base station leads to a rapid discharge of the battery of
sensor nodes and reduces the life of the network. Other disadvantages include low reliability of wireless
channels, high cost of bandwidth, low level of data security. Thus, there is a need to solve optimization
problems for extended WSNs, where the objective function or constraints contain a reliability indicator.

Authors propose an approach to solving a number of problems that arise when monitoring long
pipelines using wireless sensor networks.

A typical scenario used in a number of recent publications on this topic is considered. The WSN
consists of several sensor nodes located on the surface of the pipe, the topology is a simple chain, at
the end of which there is a base station. The sensors are responsible for collecting data, periodically
sending packets to the base station. All nodes play an important role in data forwarding, the node
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closest to the base station transmits data directly to the sink, intermediate nodes are used to transmit
packets from other nodes, i.e. data sent by the sender to the sink is relayed by nodes located between
the sender and the sink. The main power consumption is caused by traffic transmission. Obviously,
this leads to excessive waste of energy of the sensor nodes located closer to the base station due to the
high asymmetric load on these nodes.

Each sensor node performs periodic monitoring within its sensitivity range. All sensor nodes are
initially in the same conditions, have similar communication capabilities, power consumption, their
behavior is described by the same conceptual models. Each node transmits its packet to the neighboring
node in the direction of the base station. The corresponding software module deployed on the base
station receives data from all sensor nodes, decides on the presence or absence of a problem on its own,
or via a highly reliable IP network, the data is transmitted to the decision center.

To formalize the reliability criteria, the corresponding mathematical models based on Markov
processes have been developed. The obtained results make it possible to find a compromise between
the reliability of the monitoring network and the costs of its deployment and maintenance.

Key words: wireless sensor networks, Internet of Things, structural health monitoring.
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Becnposopnbie cerncopubie ceru (BCC) criocobHbr 0CymecTBisTh HENPEPbIBHBIN KOHTPOJIb 00HEKTOB
KPUTHYECKO# nHMPACTPYKTYPHI, B PEAJbHOM BpeMeHU 00HAPYKUBATDH JIIOObIE AaHOMAJIMU U JTOCTAB-
JISITh HEeOOXOJMMbIe JaHHBIE B IEHTD MpUHATHS perrennii. OHAKO TPU 3TOM BO3HUKAET HEOOXOH-
MOCTB PEITeHIs Psijia 3324, TAKNX KaK PAIfHOHAJIBLHOE PA3MEIIeHNe Y3108, ONTHMU3AIIS SHEPTOTIO-
Tpebienus, 3¢ dekTrBHAS OpraHu3alys MOTOKOB JAaHHBIX U T. 1. B pabore mpejiaraercs moaxom K
PeIennio PAaa 33,1849, BOSHUKAIOIIUX IIPHU MOHUTOPHUHTE MTPOTIKEHHBIX TPYDOIIPOBOIOB C UCIIOIB30-
BaHueM OECIIPOBOIHBIX CEHCOPHBIX cereli. Jljis Toro 4Tobbl B 1I0JIHOIT Mepe BOCIOJIB30BATHCS TTOTEH-
rajoM Texuoornit aTepHera Bereil, apXuTeKTyPHYIO OCHOBY KOTOPOTO (DOPMUPYIOT OECITpOBO/I-
HBbIE CEHCOPHBIE CeTH, HeoOXOanMOo pa3paboTaTh CPE/ICTBa ONEHKN HAIEeKHOCTH YKA3AHHBIX ceTefl.
Jlna bopMasinzaimy KpuTepues HAJEKHOCTH PazpaboTaHbl COOTBETCTBYIOINE MATEMATHIECKAE MO-
Jtesin Ha ocHoBe MapkoBckux nporieccoB. llosryuennble pe3ysibTaThl O3BOJISIOT HAUTH KOMIIPOMUCC
MEXKAY HaJC2KHOCTbIO CE€TU MOHUTOPUHTA U 3aTpaTaMu Ha €€ PAa3BEPTbIBAHUEC U O6C.Hy}KI/IBaHI/Ie.

KimroueBbie cjoBa: 6ecipoBo/IHbIE CEHCOPHBIE ceTH, IHTepHeT Beleil, HaeKHOCTh ceTell, Mo-
HUTOPWHT KOHCTPYKITHIA.

Beegeumne. Texunonorun Nurepuera semieii (Internet of Things, 1oT) maxomsitea B cdepe
0co00ro BHUMAaHUS HE TOJHKO BEAYITUX KOMMEDPUYECKUX KOMMAHWIl, MCCJIETOBATETHCKAX TICH-
TPOB, HO W TPABUTEILCTB MHOrUX cTpaH. B Poccuiickoit Peepariun TeXHUIECKHIT KOMUTET IO
crangapruzamun Ne 194 «Kubepdusznyeckne cucteMbry» aKTUBHO pabOTaeT HAJI PIJIOM HAIH-
OHAJIBHBIX cTaHapToB B obsiactu loT. Muorue pemrenus B objactu apxuTekTypbl loT omu-
paroTcsd Ha Pe3yJabTaThl HCCJEJIOBAHUM OECHPOBOIHBIX CEHCOPHBIX ceTeil. B KadecTBe npume-
pa MOXKHO TIPUBECTH NPEII0XKeHUs, pa3paboTaHHbIe B XoJe peajau3anun mpoekTta Internet of

Uccnenopanme BbimosineHo npu ¢puuaxcopoit momaep:xkke POPU u 'OPEH B pamMkax HaydIHOrO IPOEKTA
Ne 21-57-53011.

Crarbs no mokjaamxy na XVIII Mexaynapomuoit Asumarckoil mkose-cemunape «IIpobeMbl ONTUMU3AITH
CIOXKHBIX cucteMms», Kupruzmus, Uccoik-Kyms, 20.07.2022-30.07.2022.
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Things-Architecture (IoT-A) 7-it pamounoii nporpammbl EBporneiickoro Corosza 1o pasBuTio
HaydHBIX HCcsefoBanuii u rexuosoruii [1]. CucreMbl MOHUTOPHHTA YKU3HEHHOBAXKHOM nHMpa-
CTPYKTYDBI Ha OCHOBe GecnpoBOIHBIX ceHcopHbIX ceteil (BCC) smasitorest onHoit u3 Hanbosee
BocTpeOoBaHHBIX TexHosornit [oT, mockonbKy HajIe:Kamuii MOHUTOPUHT TO3BOJIHUT CHH3HUTD
yiiepd OT TPUPOJIHBIX U TEXHOTEHHBIX KaTacTPO(], CBOEBPEMEHHO PEArnpOBATH HA TOC/IEICTBHS
N3HOCA HWHQPPACTPYKTYPbI, CHU3UTH IKOJOTHIECKIE U IKOHOMUIECKHE PHUCKH.

B macrosimee BpeMmsi Kopropaiun u IpaBUTEILCTBEHHBIE yapexkaeHusi, ocobenno B CIITA,
Eppone u na Bawmxknem Bocroke, mpuiaraior cepbe3Hnble YCHJIHMsSI, HalpaBIeHHbIe Ha HCCJe-
JIOBaHHUd, Pa3pabOTKy U MaTeHTOBaHHE OCHOBAHHBLIX Ha OECIPOBOJIHBIX CEHCOPHBIX CETSX TeX-
HOJIOTMH MOHUTOPHUHIA TPOTAZKEHHBIX TPYOONPOBOIOB PA3JIMIHOIO HAa3HAYeHUs. B wacTHOCTH,
nccjienoBanus 1mo ucnob3oBannio bCC ais MoHWTOpWHTA TPYOONPOBOIOB MPOBOAUINCH B
paMKax COBMECTHBIX WCCIeI0BATEThCKUX MpoeKToB CTaHdopackoro yHmpepcutera, HOKHO-
Kanudopuuiickoro ynupepcurera u koprnopaiuu Chevron. Konkypc noucka perrenuii i Mo-
HUTOPHHTA TPYGOMPOBOIOB MPOBOIHUIICS areHTCTBOM hefiepasibHoro npapuresbersa CIIA (Bro-
PO MeJopalu) Ha Kpay/jcopcuuropoit miardopme Innocentive. CoriacHo aHAJIUTHYECKOMY
oruery GlobeNewswire, nazke a1s Takoil 4acTHON MpoOJIEMBbI KAK MOHHTOPHHT BOIOIPOBOJIOB C
eJIbI0 OOHAPYZKEHHs yTe9eK PHIHOK PENICHUTT JOCTUTAeT MUJLINAPA T0JJIAPOB 1 pacter Ha b %
B roji. BCC cnocobHBI OCYIIECTBASITh HENMPEPLIBHBIM KOHTPOJIb 00bEKTOB KPUTHIECKO# nHppa-
CTPYKTYPBI, B PeaJIbHOM BpeMeHH OOHAPYKUBATH JI0ObIEe AHOMAJIMH U JIOCTABISITH HEOOXOIUMBIE
JIaHHBIE B IEHTP NPHHATHS perreHuil. OaHaKO IPU STOM BO3HUKAET HEOOXOTHUMOCTL PEIIeHus
pg/ia 33724, TAKAX KaK PAIMOHAIBLHOE PA3MEIeHNe y3/10B, ONTUMHU3AINS HEPronoTpeb/ieHus,
aderTUBHAS OpraHu3anus MOTOKOB JAHHBIX U T.II., JIJIS PENTeHus] KOTOPBIX HEOOXOINMO HC-
0JTb30BaTh METOJIbI OIEHKHU HajiexKHoCcTU U BpeMenu xkKu3uu BCC.

HeobxoaumMo 3aMeTHTh, 9TO SKCIEepTaMU B 001aCTH HHAOPMATH3AINN BBIIBATAIOTCA 060C-
HOBAHHBIE COMHEHUS B HaJIeKHOCTH TexHooruit IoT B mesjoM u B KOHEYHO# BBITOE 1151 00IIIe-
CTBa OT BHEJAPEHUs: pa3pabOTOK, HAIEKHOCThH KOTOPBIX HE FapaHTUPOBaHA. B ocobeHocTn 310
KaCaeTCsl MOJAEPHHU3AINNN KPUTHIECKOH nHMPACTPYKTYpbl. OTMedaeTcss, 9T0 KOMIAHUN, CIIeIH-
ajusupytonuecsd Ha texnosorugx [oT, crpemarcs ckopee 3aHATH KaK MOXKHO OOJIBIIYIO YaCThb
PBIHKA U CTABST IIPUOPUTETHON TEIbIO CKOPEHINKil BBIIYCK IPOILYKIIMH, He Ve JOCTaATOIHO
BHUMAHUSI BOIIPOCAM ee HaJIeXKHOCTH H Oe3omacHocTu. [l Toro 4Todbl B MOJIHONE Mepe 3aieii-
cTBOBATH noTennuas rexuosoruit [oT, Heobxoumo pazpadoraTh COOTBETCTBYIONINE UHCTPYMEH-
THI OIEHKN U 00eCIeYeHnst UX HAJIEKHOCTH. B 0CODEHHOCTH, 3TO KACAETCA CHCTEM MOHUTOPWHTA
Tpy6oIpoBO10B ¢ uctob3oanneM BCC, MOCKOIBKY yKa3aHHbBIE CETH MOTYT KCILTYaTHPOBATH-
CA B CYPOBBIX KJIUMATHYECKUX YCJIOBHUSX, CETEBbIE Y3/l MOIYT HAXOJAUTCS B TPYIHOJIOCTYITHBIX
JIJIST IITATHOW MHCHEeKIUUH MecTaX. OcHOBHas poJib ceHcopHBIX y3710B B BCC, ncmonb3yeMbix
JIJIsE MOHUTOPUHTA, 3aKJII0YAETCH B IEPUOAMICCKOM cOOpe U nepejade JAHHbIX HA HWHTEICKTY-
ATbHYIO IEHTPAJIBHYI0 6a30ByI0 crannuio (sink, cTok), rie ocymecTsisiercst 06paboTKa cOOpaH-
HBIX JQHHBIX JIJI 0OHAPYKEHUs pa3HoOOpa3HbIX aHOMAJIbHBIX cOObITHI. B KpynmHOMacHTabubix
BCC, 3ajeiicTBOBaHHBIX JIjIT MOHUTOPUHTA IPOTSIKEHHBIX 00HEKTOB, TAKKX KaK TPYyOOIPOBO-
JIbI, GOJIBIIMHCTBO CEHCOPHBIX Y3JI0B reorpadudecKd yaaaeHbl oT 6a30BOi CTAHINK U OOBIYHO
OCHAIAIOTCSI ABTOHOMHBIMHU HEJIOPOTHMHU OaTapesiMi, eMKOCTh KOTOPBIX OTHOCUTEIHHO HEOOIhb-
mast. YKa3zaHHoe 006CTOATETHCTBO BO MHOTOM OIPE/IE/IsIeT OCHOBHBIE HEIOCTATKH TPOTAZKEHHBIX
BCC, mockoabKy mepuoamdeckast mepejgada HeoOpabOTAHHBIX JAHHBIX Ha OOJIBIIHE PaCCTOs-
HUs Yepe3 HEeCKOJIBKO MEePexXoI0B K 0a30BOfl CTAHIIMU IPUBOJIUT K OBICTPOMY pa3psiay Oatapen
CEHCOPHBIX y3JI0B M COKPAIIAeT CPOK CJIY2KObI ceTu. Ipyrue HeJIOCTATKH BKJIIOYAIOT HU3KYIO
HAJIEKHOCTH OeCIPOBOTHBIX KAHAIOB, BLICOKYIO CTOMMOCTD TIOJIOCHI POIYCKAHUs, HUI3KUI YpO-
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BeHb Oe3omacHocTr JaHHbIX [2-3]. Takum 06pasom, Bo3HHKaeT HEOOXOIMMOCTh PeIeHNUsT 33/1ad
ontumu3anuu nporsaxkeHHbIX BCC, rye B meneBoit GYHKIUN WJId OTPDAHUIEHHAX TPUCYTCTBYET
MMOKAa3aTeJab HAJIEXKHOCTH.

1. Mogenn cucrembl. PaccmaTpuBaeTcss THTIOBOH ClieHAPU, UCTIOIB3YEMBIH B psijie HeTaB-
Hux myGiaukanuit mo pamnoit remaruke [4-7| . BCC cocront u3 HeCKOJBKHX (N) CEHCOPHBIX
y3J10B, PA3MEIIEHHBIX Ha TTOBEPXHOCTH TPYObI, TOTOJIOT U MIPEJICTaBAIeT HIPOCTYIO Ielb, B KOH-
e KOTopoit HaxoauTces Oa3oBasi crauiusi. CeHCOPBI OTBEYAIOT 33 COOP JTAHHBIX, MEPUOINIECKT
OTCBHLJIAIOT MAKEeTHl Ha 0a30BYIO CTaHINIO. Bece y3JIbl UIPAIOT BaXKHYIO POJIb B IEPEChLIKe JaH-
HBIX, OJTMKaUIINi K 6a30BOil cTaHIUK y3eJI epegaeT JaHHbIe B CTOK HAIPSMYIO, JIJIs Hepeadn
ITAKETOB OT OCTAJBHBIX Y3J10B HCIOJb3YIOTCS IPOMEZKYTOYHBIE Y3JIbI, T. €. HallpaBJIsgeMble OTIIPa-
BUTEJIEM B CTOK JAHHBIE PETPAHCANDPYIOTCH Y3JaMH, PACIIOJOXKEHHBIMHI MEZKJLYy OTTIPABATEIIEM 1
crokom. OCHOBHOE 3HEpPronoTpedienne BpI3BaHO epeaadeil Tpadpuka. OueBuIHO, 3TO TPUBOJIUT
K UYpe3MepHOI TpaTe SHEPIUu CEHCOPHBIX Y3JI0B, PACIOI0KEHHBIX O/112Ke K 6a30BO CTAHITUN W3-
3a BBICOKOM acHMMeTPUIHON HArpy3KU Ha 9TU y3Jbl. KaxKblii CeHCOPHBIN y3€ OCYyIIecTBIsIeT
HEPUO/IMYECKUTT MOHUTOPUHI' B 1IPEJIeJIaX CBOErO JIMAIlla30Ha 4yBCTBUTEIbHOCTH. Bee cencop-
HbIE y3JIbl U3HAYAIHHO HAXOJIATCH B OJIMHAKOBBIX YCJIOBHSAX, 00JAMAI0T CXOKUMU KOMMYHHUKA-
IUOHHBIMUA BO3MOYKHOCTSMHU, SHEPrOonOTPedIeHUEM, UX MTOBE/IEHHE OMUCHIBACTCH OJIMHAKOBBIMU
KOHIIENTYaJIbHBIMU MOJIeTIMH. KazK/Iplit y3ea mepegaeT cBOI MaKeT cOCeTHEMY Y3y B HAIpaB-
Jennu 6a30Boi cTanmuu. PaccTosinme MexKIy COCEJIHHUMHU Y3/JaMU OTJIMYAETCS HE3HAYHUTEJHHO.
CoOTBeTCTBYIONINH TPOIPAMMHBINA MOIY/b, PA3BEPHYTHIN Ha 0A30BOil CTAHIINM, MTOIYYAET TaH-
HbIE€ CO BCEX CEHCOPHBIX Y3JI0B, IPUHUMAET PEIIeHHue O HAJUYUU WJIM OTCYTCTBUHU TPODJIEMbI
CaMOCTOSTE/ILHO, JINOO TOCPEJICTBOM BBICOKOHAIE:KHON [P-ceTn naHHbie mepepalnTcs B MEHTD
NPUHATUSA PEIIeHUNA.

Harpysky, co3maBaeMyio ceHCOPHBIM Y3JI0M, OyiieM MoJeaupoBaTh [lyaccoHoBCcKHM mponec-
COM, UTO TaKxKe He TOJbKO SABJISIeTCsS OOMEeyTOTPeOMMbBIM TPeIIOI0KeHHeM, HO I MHOTOKPATHO
IPOBEPSIOCH IKCHEPHUMEHTATBHO [8]. VIHTeHCHBHOCTD TTOTOKA JAHHBIX OT CEHCOpa j 0003HAYNM
qepe3 \; = A, Vj = 1n. [lng ogHOPOAHBIX y37I0B TEKyIIyI0 eMKOCTh Garapen y3na (C) Mox-
HO U3MEpATH B KOJTMYECTBE MOTEHIHATBHO BO3BMOKHBIX mepejnad nakeros [9]. Takum obpazom,
noBejieHue Garapen y3ia Mojgesupyercss MapKOBCKO# Ienbio ¢ HempepbiBHbIM Bpemenem: C'(t),
t > 0. BpeMms »kuznu y3s/1a sgB/sgercd CaydalHON BeJIUIHHON, (POPMHUPYETCI BpeMeHeM, KOTOPOoe
TPATUT CUCTEMa Ha IepPexoj U3 TEeKYIIEro COCTOSHUsd B (pUHAIBHOE COCTOsSHHE, KOIJa HeJ0-
CTATOYHO FHEPIUHN JijId Nepeaadn nakera. He ymenbimasg oOIIHOCTH, MOXKHO s (DUHAIBHOTO
cocrosiaust npuasaTh: C(t) = 0.

Havaspnas eMkocTh 6aTapen jgocTarodna s nepegadun Cy makeros. Beejem BeposdaTHOCTH
COCTOSHHH,

P(t) = P[C(t) = k], k=0,1,...,Co.

Torya ypasuenns: Kosimoropoa jijist JaHHO# CUCTEMBI:

P
ddL;t) — CAP(t) + APeir(t), 0 <k < Cy,
dPCo(t) —
—a - Me®

KpOME TOTO
_ ]'Jk =0
Pk(o) a {07 k<o

Taxxe JAO0JIZKHO BbIIIOJIHATBHCA YCJIOBHUE HOPMaJIU3allUM:
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> Pift)=1.

JlaHHBIH mpoIeCce SIBIAETCS Bapuallieil mporecca ruben U pa3MHOKEHUsI, COIEeP:KUT abcop-
bupyolee COCTOSHUE, TEPEXObl U3 COCTOSAHUS B COCTOSHUE BO3MOXKHBI JIUIbL B HAIPAB/ICHUH
yMeHbIIIeHUs noiyadnuu. Pemenne cucrembl ypaBuenuii Kojimoroposa B JaHHOM cjiydae Tpu-
HUMAET BU:

At)o—F
Pk(t) = %6_)\2 0<k S 0-
0— .
CrietoBaTeIbHO,
o—1 k
_ At
R =1y B
k=0

[Tonyuennast byHKIMS OMUCHIBACT BEPOATHOCTH TOTO, UTO GaTapesi ceHcopa OyjeT paspsi-
JKeHa K MOMEHTY Bpemenu t, T.e. Py(t) mo3BoJiser moaydnTh HPeJCTaBIeHAe O BDEMEeHH KU3HH
cercopa n GOPMaTM3UPOBATH PA3JINIHBIE KPUTEPUH HAJIEKHOCTH ceTh. Tak, cpejHee Bpems
xku3nn (mean life time, MLT) y3aa:

MLT = 1.

st nostydenust anHoil GOPMyJIbI JIOCTATOYHO BOCIIOJIb30BATHCS CBOMCTBAME paclpejielie-
HUS DPJIAHTA.

2. Ananu3. Vcnonp3yst pe3yabTarsl IPEIbIIYIero pa3eia s CeHCOpa ¢ YHePro3amacom
C, mosydyaem cpejiHee Bpems *KH3HH ceHcopa: . llpunumas Bo Bummanue cpoiicrsa llyacco-
HOBCKOT'O TIPOIecca, nosrydaeM, 4to 1ist oaaopoaaoil BCC cpeHee BpeMsi JKU3HU CEHCOPOB (0T
JATBHETO K CTOKY CEHCOpa K OJIMKHEMY) OYJET CJIeyOIIIM:

X? 57"'7 57

II0CKOJIBKY MPOMEZKYTOUHOMY CEHCOPY HEOOXOJUMO IIepeJaBaTh HAKEThI BCEX CEHCOPOB, Y Ia/IeH-
HBIX OT CTOKa Ha Oosblnee paccrosiine. CeThb CTaHET HECBSI3HOW B TeUeHHe BPEMEHH, B 1 pa3
MEHBIIEM, YeM BPeMs KH3HH JaJbHero y3ja. Jljisg cOasancupoBaHHOIO BPEMEHU JKU3HU Y3JI0B
HEOOXO MO OTKA3aThCst OT UCIIO/IB30BAHKS OJHOPOIHBIX 110 SHEPrO3aIacy y3/0B, T. €. s y3Ja,
OTCTOSIIIEr0 OT CTOKA Ha j XOMOB, eMKOCTh Darapen MoJzKHa ObiTh: (n — j + 1).

Tax:ke, OCHOBBIBAsICh HA KPUTEPUH CPEJHEr0 BPEMEHH YKH3HH Y3J1a, MOYKHO CIEJATh BBIBOI
0 HECOCTOATEIbHOCTH TIOIX0/Ia K ONTUMH3AIMK U GaJaHCHPOBKE SHEProNOTpedIeHns IHHERHBIX
BCC, npejgioxkennomy B crarbe |5, coracHo Koropomy y3/bl pazOUBAIOTCS HA KJIACTEPHI 110 3
y3J1a, OJIUH U3 y3JI0B arperupyer TpaduK U IMepechblIaeT CHMMETPUIHOMY Y3JIy B CJIELYIOIIeM
kaacrepe. Eciu B KauecTBe TOJIOBHOTO y3J1a Kjacrepa 0epercs cpejnuii y3ei, j1eficTBUTeIbHO,
cpefHee BpeMd JKU3HH JBYX JPYTHX Y3J0B KaacTepa Oyzer y. OJHAKO, TOJTOBHON y3es J0JKeH
1lepelaBaTh JaHHbIE Ha PACCTOAHHE, YBeIMUeHHOe BTpoe. [IpuHnMas BO BHUMaHUE TO, YTO POCT
SHEPropacxo0B Ha TPAHCASINIO JAHBIX PACTET MPOIOPIUOHATILHO KBAAPATY PACCTOAHUS, eM-
KOCTb JaHHOTO y3ia yxke Oymer He C, a 5, COOTBETCTBEHHO Cpejiiee BPeMs YKU3HH IOJOBHOTO
y3na 6e3 ydera perpancIanun TpaduKa CHUZHTCA 10 5.

Jlaxke ecyin 6paTb B KauecTBe KPUTEPHs OOIIMe SHEPro3aTpaThl, a He HAIeXKHOCTh B KAKOM-
ub0 BHJIE, TO KJIACTEPU3AlNs, OMUCAHHAS B [5], Bce pABHO HMeeT OrpaHHYeHHOE NPUMEHEHE.
[TycThb e; — 3HEPro3aTpaThl HA epeIavy makeTa B coceTHui y3e (1-Xo1r), a e — 9Hepro3arpaTsl
Ha [epeJady IaKkeTa MeXK/Ly TOJOBHBIMU y3J1aMH KJIaCTepoB, a — cjeaylommii koadgdunuent:
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er =ae;, a> 1.

TOI‘,ZL& II0JIy49a€eM yCJIOBHE€ BBLII'OAbI PACCMATPUBAEMOI'O crocoba KJIaCTepUu3aluu:

a<i__0
3 n+3

Kaxk orMeuaioch BbITie, BO MHOTUX MIPAKTHYECKUX CJIyYadX TPUHAMAaeTcd a 2 9, T. e. IpH Hc-
MOJIB30BAHUHT PACCMATPUBAEMON KJIACTEPU3AINN C TETbI0 SHePTocOepesKeHnsT HeOOX0UMO CHY-
JKaTh MOIIHOCTD IepeJaTINKa, YTO Hen30exKHO BeJeT K JeTrPaJJallni OTHOIIEHNS «CUTHAJ-TIIYM»
U KayecTBa O0C/Ty KUBAHUS.

Dopmyay Py(t) MOKHO TpUMEHATH Jist (hOPMATH3AIMA IPYTUX KPUTEPHEB HAJIEKHOCTH,
HAIpUMep, BePOATHOCTH Oe30TKA3HON paboOTH B TeUeHNe MPeJNUCAHHOTO BpeMeHH. Takike, mc-
MOJIB3Y MTOJTYYeHHBIE BBITIE PE3YIbTATHI U MoAMOe N 1jid A 1 C'; MOXKHO OTeHUBATH PA3JIMIHbIE
HOJIXO/Ibl K arperupoBaHuio Tpaduka, ONTUMU3UPOBATH (PYHKIIMOHAJIBHYIO HAJIEKHOCTH CETH.
B kagecTBe mpuMepa pacCMOTPHUM 33Ja4y BBIOOpA ONTUMAJIBHOTO Pa3Mepa COODIEHNs PN HC-
MOJIB30BAHUHT KOPPEKTUPYIOMIATO KOJIA CAeYIONero BUIa:

max M LT,

R(pn,k(n)) > a.

3/1eCh P — BEPOSTHOCTH OIMOKH IIPU TI€PEade OJHOIO CUMBOJIA; N — JjiuHa coo0enus; k(n) —
MaKCUMaJIbHOE YHCJIO HCKazKEHHBIX CUMBOJIOB, IIPH KOTOPOM BO3MOZKHO KOPPEKTHOE BOCCTaAHOB-
Jieane coobiiennst; pyHKIMA R — BEpPOSITHOCTH BOCCTAHOBJIEHUsI COODINEHUs; o — Tpedyemas
HAJIEKHOCTD Iepegadu. C pocToM n pacTeT JAUCTAHINAA MEXKJy IepeJaBaeMbIMU CJIOBaAMH, H
HAJIE’KHOCTb KOPEKTHOM Iepegadu Bo3pactaer. C JIpyroit CTOPOHBI, YeM OOJIBbIIE 7, TEM BBIIIIE
sHeprozarparsl Ha nepejady. Pynxius R npuHuMaer CJjejpyIonui BuL [10] JJid 1epejayu B
CMEZKHBII y3es:

k
R(pnk) = Cip'(1—p)" 7.
=0

ITpu mepesade B cTOK depe3 h KaHastoB (h — 1 mMPOMEKYTOUHBIH y3es1) ¢ KOppekiueil B
MPOMEXKYTOUHBIX Y3J1aX MOJTyvdaeM:

R(pnk) =Y CL(1 — (1 —p)")i(1 — p)hN=a),

.
Il >
o

Oyumus R(p,n,k) Mmonoronno Bozpactaer 1o n. Orciona
Nopt = arg min {R(panvk(n)) = a} )

npunuMas Bo Buumanue dhopmysty g MLT.

SakaroueHue. B crarpe mpemioxken moaxod K popmasm3anum KpUTEPHUs HAIEKHOCTH
npotszkennbix BCC. [lokazano, 4ro B ogHopoaubix BCC KOHCTPpYKTHBHO 3a/I02KEH CEPbe3HbIH
nucOaance B sHepromorpebaeHunn y3/10B. llpuBeneno o00CHOBaHME TOMY, YTO HPeII0KeHHBIH
HEJABHO TOIXO0J K 3Heprochepexkennio Jguueitnpix BCC ¢ mcnmoib3oBaHHeM KIaCTepU3aINH
[5], BoOOIIE rOBODS, He SBJSETCS COCTOSITENBHBIM W BI€YET JACIPAJAIMI0 HAJEKHOCTH CETH.
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Jlins obecriederust TpedyeMOro YPOBHS HAJIEXKHOCTH JIMHEHHBIX OeCITPOBOJIHBIX CEHCOPHBIX
ceTeil TIPeJCTaBALeTCd IEePCHEeKTHBHBIM HCIOJIb30BaTh MOOUJIbHBIE 0Oa30Bble CTAHIUUA HA
BILJIA, mHecmorpss Ha TO, 9TO OOIHE CHCTEMHBIE YHEPrO3aTPATHl BO3PACTYT. TakzKe OTMETHM
HePCIEeKTUBHOCTh HCCAEIOBAHUS U Pa3paboTKu 3(DEPEKTUBHBIX MEXaHH3MOB arperupoBaHMS
TpadrKa ¢ UCIOJIb30BAHUEM TIOMEX0YCTORUINBOIO KOJUPOBAHMSI.
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