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Wireless sensor networks (WSN) are widely used for monitoring various objects. It can be a building,
a certain area, a perimeter, a human body or an animal’s body, and other objects. The nodes of such
a network (sensors) contain transducers that can be very different. The data received from sensor is
transferred to the sink via transit sensors using wireless communication. Sink in a WSN is the central
functional node that receives and processes all data, or a gateway for data transmission to the base
station for processing.

Let’s represent the structure of a WSN in the form of a random un-oriented graph G = (V, E, K), in
which: V' is a set of vertices, F is a set of edges, K is a set of a dedicated vertices of the graph (terminals)
which corresponds to the WSN sinks. The sensors of a WSN are exposed to independent failures, what
is described by the probability of the presence of each vertex in the graph (node reliability). In the
scope of this paper it is assumed that communication channels are absolutely reliable. And sinks are
also absolutely reliable.

In our previous work, we have reviewed such an index of a reliability for WSN with unreliable
nodes as a probability of the possibility for network sinks to collect information from a certain number
of sensors, which is limited from below by a predetermined threshold value. In this paper, we apply
this approach for analysis of a reliable network coverage of some given monitoring area. Two reliability
indexes are reviewed: expected value of the coverage area, and the probability that the monitoring area
of is not less than the pre-defined threshold value. This area is formed by all points of the plane that
are in the neighborhood of a workable sensor connected to the sink via workable nodes.

Algorithms are proposed for the accurate calculation of those indices based on the known
factorization method. This technique partitions the probability space into two sets, based on the
success or failure of one network’s particular element (node or link). The chosen element is called
factored element. So we obtain two subgraphs, in one of them factored element is absolutely reliable
(branch of contraction) and in second one factored element is absolutely unreliable that is, absence
(branch of removal). The probability of the first event is equal to the reliability of factored element;
the probability of the second event is equal to the failure probability of factored element. Thereafter
obtained subgraphs are subjected to the same procedure. The law of total probability gives expression
for the network reliability.

A strategy of selecting the next element for factorization and various types of final graphs are
also proposed and reviewed. In this case, it is necessary to take into account the performance of the
connectivity condition of efficient sensors with sink and the availability of their sufficient quantity
to cover a given area. In order to ensure connectivity with the sink of the current element during
factorization in the course of its reliability increase, it is suggested to select the next element for
factorization from adjacent nodes with absolutely reliable nodes which are connected to the sink using
the same absolutely reliable sensors. The first element is taken from the adjacent with the sink. With
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this selection strategy, there is no need for connectivity testing, and all absolutely reliable sensors
automatically contribute to the coverage area. If there are no such elements, then we have received a
final network.

To calculate the coverage area of final networks several approaches are proposed. Their comparative
analysis is given. The pseudocodes of the proposed algorithms and a result of the numerical experiments
are given.

Key words: wireless sensor network, network reliability, random graph, factoring method,
connectivity, monitoring area.
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VIIK 519.17+519.24

PaccmarpuBaerca HecripoBojiHas CeHCOPHAs CeTh, B KOTOPOH CEHCOPHI TOIBEPAKEHB! CIy YAMHBIM OT-
xazaMm. CeTh 33/1a€TC C TOMOIIBIO Cay4YaiiHoro rpada ¢ HeHaJIeXKHBIMU BEPIIINHAME, PACIIPe/IejeH-
HBIMU B AByMepHOI obiacTu. /i KarxK 1010 y3/1a 38/1aHbl €10 KOOPAUHATHI U BEPOATHOCTH UCIPABHOM
paboThl, a TaKyKe PaJUYyC OKPECTHOCTH, B IIPEJEIaX KOTOPOM CEHCOpP BejieT MOHUTOPHUHI. B kade-
CTBe TMOKa3aTesell HAJeKHOCTH PACCMATPUBAIOTCI MAaTEMATHYIECKOe OKUIAHUE TIIOMAAN 00JACTH
TMOKPBITUS U BEPOSITHOCTH TOTO, UTO ILIOMALL 06JIaCTH MOHUTOPUHTA HE MEHBITE 33 [aHHOTO Halle-
pell ToporoBoro 3uavenus. lIpengararoTea TOUHBIe METONBI A pacdeTa JAaHHBIX MoKazaTeseit. i
BBIYHCJEHNUS TIJIOIMIAIA MOKPHITUS B YACTHBIX PEATUIANMAX CETH TIPEIT0KEHO HECKOIBKO TTOTXOT0B.
[IpencrapaeHnl pe3yabTaThl YUCTEHHLIX SKCIIEPIMEHTOB

Kumrouesbie cjioBa: 6eciipoBo/IHbIE CEHCOPHBIE CETH, HAJIEXKHOCTD CeTH, CAydailHbiil rpad, dak-
TOPU3AINY, CBA3HOCTD, 00J1aCTh MOHUTOPHUHTA.

Beegenune. Becnpososubie cencopubie cetu (BCC) mMpOKO HCIONB3YIOTCSA /11T MOHUTO-
PUHTa PA3JIMYHBIX OOBEKTOB. DTO MOXKeT OBITh 3JaHue, OlpejeseHHad 00JacThb, MEPUMETP,
4eJI0OBEYECKOE TEIO WU TeJO YKUBOTHOTO U JPYrhue OObEKTHI. Y3Jbl Takoil ceTu (CeHCOPHI)
COZEPZKAT JAATYHKH, KOTOPbIe MOTYT ObITH CAaMbIMU DPAa3HOOOpa3HBIMU. JlaHHBIE, TOyYeHHBIE
CEHCOPOM, MEePEeIaloTCsd B CTOK Yepe3 TPAH3UTHBIE CEHCOPBI MMOCPEJICTBOM OECHPOBOIHON CBI3M.
Crok B BCC gBigercd nenTpajbHbIM (DYHKIHOHAJIBHBIM Y3JI0M, IPHHUMAIONUM U 06padaThI-
BaIOIIMM BCE JIAHHBIC, WM ILII030M JJId HepeJadn JTaHHbIX Ha 00paboTKy 0a30BO# CTAHIIMH.
Kaxk npasuio, BCC comep:KuT 0JuH WX HECKOJIBKO CTOKOB.

st ana/in3a HaJIe?KHOCTHU ceTeil pa3/MyHOIro Ha3HaueHusd, KaK [IPAaBU/I0, UCHOJIb3yeTCs all-
nmapar ciaydaiiabix rpados [1-2]. [Ipu pacemMorpennr HeHaeKHBIX OECIIPOBOIHBIX CEHCODHBIX
ceTeil TaKKe MOJIb3YIOTCS PA3INIHBIMI MOJIEISIMHI HA OCHOBE CJrydaitHbrx rpados [3-5]. Hanpn-
Mep, B [3] paccmaTpuBaeTcs cIydaii HEHAEKHBIX CEHCOPOB, a HAJIeXKHOCTb CETH OIPeIeIAeT s
KaK BEPOATHOCTH CYMIECTBOBAHUS MYTH OT CTOKA (B MPEJINOJIOKEHUN, YTO CTOK € THHCTBEHHbIH)
K 110 KpaiiHell Mepe OJ[HOMY HEOTKA3aBIIEeMy CEHCODY B 33JaHHOM Kiacrepe (targeting cluster).
B npyroii pabore 5THX Ke aBTOpOB |4] mccaenyercs Moesb, B paMKaxX KOTOPO KazK bl y3es
BCC moxker HAXOAUTHCSA B OJHOM W3 TPEX COCTOSHHIT: pabOTOCIOCOOHOM, OTKA3aBIIMeM M CITO-
COOHOM TOJIBKO OBITH TPAH3UTHBIM y3JI0M LIS [epeIadll JTAHHBIX OT JIPYTUX CEHCOPOB K CTOKY.

Pabora mogmepxana PODPU. Koasr mpoekToB Ne 17-47-540997, Ne 18-07-00460.
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Tperbe cocTosTHIE BO3MOKHO ITPU OTKA3€ JATINKOB B y3J€ C COXPAHEHNEM MOYJ/IsI /st OeCIpo-
BOJIHON CBS3H.

B paGote [6] HaIe:KHOCTH OIEHUBACTCS B YCIEIIHO MEPeJTaHHbIX /06paBOTAHHBIX MaKeTax
JIAHHBIX, 9TO SBJISETCS TPYIHO BHIYHCIUMOM BeJIMUUHON U TpeOyeT 3HAUUTEILHOI0 00beMa BhI-
YUCJCHUH MOCPEICTBOM UMHUTAIMOHHOTO MOJe/upoBanusd. [[0X0oxKuil moax0/1 paccMaTpuBaeTCst
TakzKe U ApyruMu aBropamu |[7-8|. Takzke paccMarpuBarOTCs W pasaudHbIe MOAXOIB K HAIEK-
HOMY TIOKDBITHIO CeThio 3a7anHoil obaactn [9-10]

B mareit mporioii pa6ore [5] pacemarpuBaercs Takoii mokazarens Hajgexuoctu s BCC ¢
HEHAJIEKHBIMU y3JaMHU KaK BEPOATHOCTb BOBMOXKHOCTH CTOKAM CeTH COOMPATh HHMOPMAIIUIO C
OIIPE/IEJIEHHOTO YHC/Ia CEHCOPOB, KOTOPOE OTPAHMYEHO CHU3Y 38 IaHHBIM IIOPOTOBBIM 3HAYEHUEM.
B nannoit cTarhe MBI IpUMeHSEM TOMOOHBINH MOAXOM K aHATM3Y HAJIEIKHOTO MOKPBITHSI CETHIO
HEKOTOPO# 3aJaHHOI 00/1aCTH MOHUTOPUHTA. PacCcMaTpUBAIOTCS JIBA TOKA3ATeIs HAJIEKHOCTH:
MaTeMaTHYeCKOe OXKHUJAHHUE ILJIOMAIH 00JACTH IOKPBITUSA M BEPOSATHOCTH TOTO, YTO ILJIOIIAb
00J1aCTH MOHHTOPHHTA HE MEHBIIe 33JJaHHOTO Hallepe]l MOpOoroBoro 3uadenus. llpemnaraiorcs
AJIPOPUTMBI JIjIsI TOYHOTO pacdera JAaHHbIX [MOKa3aTesieil Ha OCHOBE U3BECTHOIO MeTO/a (PakTo-
pusarnuu. [Ipemsraraercs Takzxke cTparerus BbIOOPA OYEPeTHOrO 3jIeMeHTa st (haKTOPU3aAInn
U PACCMOTPEHBI PA3IUIHbIE BUIbI OKOHEYHBIX Tpadon. st BeIauc/eHUsT MO MTOKPBITHSI
B YACTHBIX peaIU3aIUIX CETHU, OIpPeIeasieMbIX MPHUCYTCTBHEM WM OTCYTCTBHEM KaXKJIOr0 W3
CEHCOPOB, MPE/JIaraeTcss HeCKOJIBKO TOIX0/I0B.

1. BazoBbie onpesenaeHus u 0003HaYeHUsdA. bynem mpejacrasaars crpykTypy BCC B
BHJIE CIydaiiHoro meopuentuposannoro rpaba G = (V, E, K), B kotopom: V — MHO)KeCTBO
BeprnH, F — MHO)KecTBO pebep, K — MHOKeCTBO BbBIJIEJIEHHBIX BepiinH rpada (TepMUHAIOB,
noifocoB). Bepmuabl rpada G COOTBETCTBYIOT y3/aM CeTd, pedpa — CBA3IM MKy y3JaMHu,
a BBIJIEJICHHBIE BepIIMHBI — cToKaM. Uepes N 0003HAYMM KOJIUYECTBO BepIIUH rpada, depes
M — xonudectBo pebep. Ilpenmnonaraercs, 9To ceTh COAEP:KUT XOTsI ObI OJUH CTOK.

Cencopst BCC nopsepzkeHbl HE3aBUCHMBIM OTKA3aM, 9TO OIMMCHIBAETCS 3HAYCHUSIMUA BEPOST-
HOCTel TPUCYTCTBUA Kak/10i1 BepiuHbl B rpade. /latee sta xapakrepucruka OyaeT Ha3bIBATHCS
HAJIE2KHOCTBIO y37a. B paMKax janHHoil paboThl MpenoaaraeTcs, 9T0 KaHaIbl CBA3U ABJIAIOTCS
abCOJIIOTHO HaIexKHBIMU. HajaekHnocTh y37a v 0003HaYUM KaK p,. CTOKH TaKzKe IOJIAraloTcs
abcoIoTHO HaaexKHbIME. [Ipenmonaraercs, 4To ceTh ocraercs pabOTOCIOCOOHON IpH OTKas3e
OIIPE/IEJIEHHOTO KOJTMYIECTBA CEHCOPOB IPH COXPAHEHUH MOKPBIBAEMOM CeThIO 1o u. Janmas
001aCcTh 00pa3yeTcst BCEMU TOYKAMHU ILJIOCKOCTH, HAXOSIIUMICSI B OKPECTHOCTH MOHHUTODPUHTA
KaKoro-mmbo paboTocrnocobHOro ceHcopa, CBSI3aHHOTO CO CTOKOM IOCPEACTBOM paboTociocob-
HBIX Y3JIOB.

OnpenesmMm s7aeMeHTapHoe coObITHE () KaK YacTHYIO peasu3aluio rpada, onpeaeaseMyo
IPUCYTCTBUEM HJIM OTCYTCTBUEM KazkJoif u3 sepimun. Hepes Vi 0003HaYMM MHOMKECTBO HC-
IPaBHBIX BepIuH B peanu3anun (). [IpocrpancTBo s1emMeHTapHbIX cOOBITH 0003HAMNM 2.

BeposiTHOCTE 371€MEHTAPHOTO COOBITHSI PABHA MPOU3BEIEHUIO BEPOATHOCTEH MPHUCYTCTBUS
UCIPABHBIX BEPIIUH, YMHOKEHHOMY Ha IPOU3BEJ/ICHHE BEPOATHOCTEH OTCYTCTBHUS OTKA3aBIIHX
BEPIIHH:

P@) =[] v [] (*—pv). (1)

veVg vgVg

Omnpegennm ciaydaiinyo senmnuuny S : Q — R cuaenyomum obpasoMm: S(()) — 9T0 1w10man
MoHuTOpHUHra cern (). Kak y»Ke ymoMuHAIOCH, JaHHas 001aCTh 00pa3yercss BCEMH TOYKAMH,
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HAXOSIIIMHUCS B OKPECTHOCTH KaKOT0-1100 paboTociiocobHOro ceHcopa, CBA3aHHOTO CO CTOKOM
(BBIIIEJIEHHBIM Y3JI0M CETH) TOCPEJCTBOM PABGOTOCIOCOOHBIX Y3JI0B.

DuemenTapHoe cobpiTHe () 6yIeM HAa3bIBATD YCIEIMHBIM, €CJIH ILIOMAIb TOKPHIBAEMOi CeThIO
00JIACTH HE MEHbIIE, YeM 33JaHHOe MOoporoBoe 3uadenue: S(Q) = Dinreshold-

[IpousBojibHOE COOBITHE WU OOBEIUHEHNE HEKOTOPBIX dJIEeMEHTAPHBIX COObITHI Oy/leM Ha-
3BIBATH YCIIEITHBIM, €C/IH OHO COCTOUT TOJBKO U3 YCHEITHBIX 3JIEMEHTAPHBIX COOBITHIA.

Paccvorpum nBa nokazaress najexxuoctu BCC. Tlepsorit — 310 MaTemMaTnaeckoe 0XKUIAHNTE
ILTIOIIAIA TOKPBITHS,

Ms(G) =) (S(Q) x P(Q)), (2)

Q

BTOPOIl — BEPOATHOCTH TOT'0, 9TO 00J1aCTh MOHUTOPWHTA, HE MEHBIIE 33, IaHHOTO Hallepe.I TOPoro-
BOT'O 3HAYEHHUS, T. €. BEPOSITHOCTDH COOBITHUSI, 00PA30BAHHOIO BCEMU YCIIEIITHBIME 3JIEMEHTaAPHBIMI
cobbrTusMu. Bymem obo3nadars gaHnbi MOKazaTeab Kak Rg(G):

R (G)= Y P(Q), (3)
Q

rae Q €:§ (Q) < Pthreshold; Pthreshold— 1LOPOI'OBOE 3HAYCHUE.

2. TounsbIil pacyeT HaJEYKHOCTU OECIPOBO/HOII CEHCOPHOIl ceTH.

2.1. Memod gaxmopusayuu. TodubIil pacdyeT pa3TUIHBIX TOKa3aTe el CeTeBOI HATEKHOCTH
OCYTIECTBIISIOT, KAK HPABUJIO, TP MOMOIIH TaK Ha3biBaeMoro Meroja akropusaruu (Mypa-
[Mennona, Bersienusi) [1-2]. B ocHOBe MeTo[a Jie:KUT pasbueHre BEPOSITHOCTHOIO TPOCTPAH-
CTBa HA JIBa MOAMHOXKECTBA. /1151 9Toro BeIOUpaeTcss MPOU3BOILHBIN HEHATEKHBIN IeMEHT CETH.
Jlajtee paccMaTpUBAIOTCS JBE HOBBIE CETH, B OJHOH M3 KOTOPBIX JIEMEHT a0COMIOTHO HAIEIKEH,
B JIPyTOii — OTCYTCTBYET, T. €. yIAJseTCsI. BepoATHOCTD TOJIyUYeHusT TEPBOi CeTH PaBHA HAIE K-
HOCTHU 3JIEMEHTA, BEPOATHOCTH BTOPOIO — BEPOATHOCTH OTKa3a djaeMeHTa. [lojydennsie cern
PEKYPCUBHO TOJABEPTAIOTC (DAKTOPUBAIMH, IIPH YTOM (hopMyJIa IIOJTHON BEPOSITHOCTH BhIPazKa-
eT HaJIe2KHOCTD ceTH npu pakTopu3anuu. Pekypcun mpogoaKamTes 10 oIy dYeHusT aOCOTI0THO
HEHAIe’KHOI ceTu, Jinho JI0 MOJIyYeHUsl CeTH, HAJEKHOCTh KOTOPOH MOYKHO BBIYUC/IHTD 0€3
naJsibHedeit pakropusanuu. Takyio cerb OyiaeM Ha3blBaTh OKOHedHO#. Pacder mpejioxken-
HBIX rTokasaTesei Hajaexkunoctu BCC MoxKHO Je1aTh 110 TOMY 2Ke IpUHIUIY. PopMyJIbl OJTHOM
BEPOSITHOCTH B TAKOM CJIy4Uae IIPUHUMAIOT CJICIYIOMIMI BUI:

RS (G) = pvRS (G;) + (1 - pv) Rs (G\U) ) (4)

MS (G) = vaS (GT)) + (1 - pv) Ms (G\U) ) (5)

riae: Gi— rpad G, B KOTOpoM y3es v abcoaoTHO HajexeH; G\v— rpad, MOJyIeHHbIH myTeM
yIAJeHHs y3JIa, U.

OnHako B JAHHOM CJaydae HeOOXOTUMO VUUTHIBATH BBIIOJTHEHUE VCJIOBUS CBSI3HOCTU Pa-
H6OTOCIOCOOHBIX CEHCOPOB CO CTOKOM W HAJUYHE JTOCTATOYHOTO UX KOJUYIECTBA /s MOKPBITHS
obJtacTu 3aaHHO# TIoIma . ITobbl 0becnednTh CBI3HOCTH CO CTOKOM TEKYIIEro 3JeMeHTa Tpu
dakTOpHU3AIUU B IPOIECCe ero OHAIEKUBAHNS, IIPE/IJIaraeTcsa BBIOMPATh CAEAYONUi 71eMeHT
U1 (DAKTOPU3AIMK U3 CMEXKHBIX ¢ aDCOTIOTHO HAJEKHBIMH Y3JIAMHU, CBI3aHHBIX CO CTOKOM II0-
CPEeJCTBOM TaKHX Ke abCOTIOTHO HAJIEXKHBIX CEHCOPOB. IIepBhlIil 971eMeHT GepeTcs 13 CMeXKHBIX
CTOKY.
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ITpu Takoii crparernu BhiOOpa HET HEOOXOAMMOCTH JEJaTh MPOBEPKY CBI3HOCTH, a BCe ab-
COJIIOTHO HaJIe’KHbIE€ CEHCOPBHI aBTOMATHYECKU BHOCAT BKJIAJ B ILIONIAJIb MOKpbITHS. Eciau Ta-
KHX 9JEMEHTOB HET, TO MbI HOJYYHIA OKOHEUHYIO ceTh. [Ipm pacdere oxKumgaeMoOil ILIOIIAIH
HOKPBITHS B TAKOM CJIyYae MPOU3BOIUTCA PACUeT ILIOMIAIN, COOTBETCTBYIOIIEH MOTYIEeHHOMY
coobiTuto. I1pu pacuere BeposiTHOCTH MOKPBHITHS 38/ [@HHOMN ILIOIIA /M KayK/IbIfl pa3 110 BETBU OHAa-
JeKNBaHUA HeO6XOﬂHMO IpoBEepATH, HE JOCTUIJVIA JIU IJIOIA b MOHUTOPUHIA 3aJaHHOI'O IIOPO-
roporo 3uadenns. Ecan ga, To BeIX0 13 PYHKIWY ¢ BO3BPAIEeHNeM eINHUIb. TaKkyKe KazK Iblit
pas 110 BeTBH yIajieHuss HeoOX0IUMO IPOBEPIThH, BO3MOXKHO JI HAOPATh ILJIOIA b MOHUTOPUHTA
JIO 3aJIAHHOTO ITOPOTOBOIO 3HAYEHHUS ¢ IMOMOIIBIO eIle He PAcCMOTPEHHBIX V3JI0B. Ecau Her, TO
BbIXO/, U3 beHK]_[I/II/I CO BO3Bpall€HUEM HYJIA.

Takum obpazom, MeToj npejcTaBiser coboil peKypcuBHBIH 00x01 1Mo rpady, B KOTOPOM
JIJIST KayK 00 OKOHEYHOTO JIEMEHTAPHOTO COOBITHSI CTPOUTCS HOBAst CTPYKTYPa COTH U BEIETCS
pacdeT ILIOMAIU C IOMOIIBIO OJHOTO M3 4-X PAaCCMOTPEHHBIX JaJjee MeTOJ0B IOKPBITUS ITOMH
CeTH, B 3aBHCUMOCTH OT CBS3HOCTH YacTell ceTH co cTOKOM. Hurke mpHUBOAATCH ICEBIOKOIBI
aJaropuTMOB PaKTOPU3ALMK JIJIsi PAcdeTa JBYX pacCMaTpUBaEMbIX ITOKa3aTeseil HaezKHOCTH.

2.2. Ilcesdokod anreopummos. Bsemem psia 0003HAUEHUIL:

— nodeRel — MHOXKeCTBO HaJIEZKHOCTEH 3JIEMEHTOB, UCHOJIb3YETCS JIjI OTCJACKUBAHUS Y7Ke
HOCEIEeHHBIX BEePIIHH;

— getNodes — MHOXKECTBO UHIEKCOB BEPIIHH;

— getRelations(index) — nenouncientas hbyHKIMsI, BO3SBPAIIAECT MHOXKECTBO HHIEKCOB CBSI3-
HBIX BepIIUH ¢ index;

— getReliability (index) — BermecTBennast hyHKIMSA, BO3BpAIaeT 3HAUCHNE HAJIEKHOCTH 16~
MeHTa index;

— drawCircle — ungeKkc MeTo1a moACYETa ILIOIIAIH;

— countSquare(nodeRel, Realization, drawCircle) — Bemecrsennas dbyHKIUs pacieTa ILI0-
T, 7T

— Realization — BxomHOIl napaMeTp, onpejaeasdeT THIT ILIOMAJIH;

— recursiveMethod (nodeRel, drawCircle) — maTemaTnueckoe OxKuJaHUE MIOIIATA TOKPBI-
THS;

— recursiveDiffMethod(nodeRel, drawCircle) — nmokazaresb HaJIEKHOCTH CETH ¢ TTOPOTOBBIM
3HAYCHUEM;

— getCoverageFlag() — BemecrBennast GyHKIMSA, BO3BpAIIAeT 3HAYEHHE YCTAHOBJIEHHOTO
MOPOTOBOTO 3HAYEHNSI.

Bemecreennas dbyukuus recursiveMethod(nodeRel, drawCircle) Bo3Bpaimaer 3HaueHHe
Ms (G). Huxke npuBeseH mceBIoKO/I.

function recursiveMethod(nodeRel, drawCircle)

result <=0

v <0

for all u € getNodes do

if nodeRel, = 1 then
while  relations = (i, ...,e) €  getRelations(nodes) do
// JJisi BCeX CBSI3HBIX BEPINUH C TeKYIeii
if (nodeRel,, > 0) and (nodeRel,, < 1) then

v 4 ie // BBIOOD BepIUHDI
Break
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end if
end while
end if
if v > 0 then Break
end if
end for
if v > 0 then //ecan maiinena sepuruna
nodeRel, + 1
result < getReliability(get Nodes,) x recursiveMethod(nodeRel, drawCircle)
nodeRel, < 0
result < (1 — getReliability(getNodes,)) x recursiveMethod(nodeRel, drawCircle)
else ifv =0 then
result <—countSquare(nodeRel, Realization, drawCircle)
end if
Return result
end function

BemecrBennas dbyukuust recursiveDiff Method(nodeRel, drawCircle) Bosspamaer Rg (G).
Huxe npusejieH 1mceBmoKoI.

function recursiveDiffMethod(nodeRel, drawCircle)
result <0
v 0
square <—countSquare(nodeRel, Realization, drawCircle)
if square > getCoverageFlag( ) then
result <1
else
for all nodes, € getNodes do
if nodeRel, = 1 then
while relations = (i, ...,e) € getRelations(nodes,) do // mist Bcex CBS3HBIX
BEpPLIUH ¢ TeKyleil
if (nodeRel,, > 0) and (nodeRel,, < 1) then
v 4 ie //BBIOOD BEPITHHBI
Break
end if
end while
end if
if v > 0 then Break
end if
end for
if v > 0 then //ecin naiiena BepmmHa
nodeRel, + 1
result < getReliability(get Nodes,) x recursiveDiffMethod(nodeRel, drawCircle)
nodeRel, <+ 0
result + (1 — getReliability(getNodes,)) x recursiveDiffMethod(nodeRel,
drawCircle)

end if
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Puc. 1. Crpykrypa Tecrosoit BCC

end if
Return result
end function

2.3. Pasnwvie memodo yuema naowadu. Mul mpeniaraem 4 MeTo/1a MoACYeTa MIOIMA IR B 4aCT-
HBIX Peasn3alnsax, KOTOpble Mbl 0003HAYMIN Kak test, image, matrix — simpleCircle, matriz —
midpointCircle.

— Test. Ilomaab KaxKI0T0 3JIeMeHTa paccMaTpUBaeTCd KakK €IMHNTIHOe 3HadeHne. He yam-
TBIBAET IepecedeHust 00aacTeil MOKPBITUs /st KayKI0ro u3 y3j0B. Vcnoab3yercs jijis pacdera
TaKOr0 MOKa3aTess HaAeKHOCTH, KaK MaTeMaTHIeCKoe OKUIaHHEe YHCJa Y3J0B, CBI3aHHBIX C
BBIIeJIeHHBIM y3i0M [11].

— Image. Konnennus MeTo/1a 3aK/JII0UYeHA B IpeoOpa30BaHUK peau3aiuu rpada B Ipei-
crapiaenne rpada Ha s3pike DOT. Hanee rpad B popmare daitra .dot caursiBaeTcst mporpam-
moii. [Iporpamma cosmaer godepHHUil HPOIECC — BBI3BIBACT CTOPOHHIOK Hporpammy Graphviz,
KOTOpasi CYNThIBAET COOTBETCTBYMOINI .dot daiis u cTpouT pacTpoByiO peannsanuio rpada
¢ 3aKpalieHHbIMIA 00JIACTAME TTOKPHITHST KaykKJI0ro cercopa. Jlajsee mponcxXoauT MOACYET KOJIH-
4ecTBa 3aKpAIleHHbIX TOYeK (IHUKCeeli) cOOTBeTCTBYIONIEH peaTu3alui U BbIYUCASETCST OTHO-
CHTEJIbHAS ILIOIIAIb MOHHTOPHHIA PeAJTU3allMi KaK OTHOIIEHHE 3aKpalleHHBIX MUKCeIell Ko
BceM. JlaHHBIH MeTOI JOCTATOYHO MeJIEeHHDINH, TAaK KaK OH BK/IIOYAET B ceOs Omepanunl ITeHHs
u 3anucu B [I3Y. A rtakyke omeparuu 3anucu B Oydep oOMeHA, 9TO SIBASETCS KPUTHIECKON
cekImeil st 06pabOTKN JaHHBIX (3alHCh/YTeHne W300pazkKeHuii) B MHOTOMOTOYHOM DeKHMe.
OHaKo, JAHHOE Y3KOe MECTO MOYKHO YCTPAHUThH IIyTeM HCIIOIb30BaHUsd cBoero Oydepa obMeHa
JIIST IO PYKKH MHOT'OIIOTOYHOI'O PEYKUMA.

— matriz, simpleCircle. MeTon mojcyera ILI0MAINA, OCHOBAHHBIN HA 3aII0JHEHUH MATPHUIIHI
sJeMeHTaMu, O0pa3yIOIUMUCI IPU 3aKpaIluBaHuH OKpPYyzKHOCTEH. OKPYKHOCTH CTPOUTCH IO
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Tabauua 1

PezynpraTe paboThl 471 PA3HBIX METOIOB II0/ICIETa ILIOIIA/IN

Metron p = 0,99 (Bce yzmn1) | p = 0,9 (Bce y3an1) | p = 0,7 (BCe y3/bI)

Rimage 0,958492 0,948649 0,871747
ReimpleCircle 0,862326 0,827243 0,713897
RimidpointCircle 0,862657 0,827620 0,714426

dbopmyae x? + y? < r?. JlanHbIH MeTOMI JOMYCKAeT OMMOKN IIPH OTPUCOBKE OKPYZKHOCTH, UTO
JIaeT MeHee TOYHBIA Pe3y/IbTaT, HO YMEHbBIIAeT 3aTpaduBaeMoe IIPOoIeccoOpHoe BpeMs Ha oOpa-
OOTKY MaTpUILbI.

— matriz, midpointCircle. Meron noacdera mI0IIa, 1M, OCHOBaHHBIA Ha AJTOPUTME CpeIHe
TOYKN OKPY’KHOCTH.

Metos image npejcTaBiaseT coOON HAIISTHBIN MeTOJ — KaxKJI0e cocTosgHue Ipada coxpa-
HsIeTCs B BUJE IapaMeTPU3UPOBAHHOM CTPYKTYpHhl rpada Ha a3bike dot u pacrpoBoro msobpa-
JKeHus: 00JIACTH TOKPBITHS COOTBETCTBYIONIEH peanu3anuu ceTu. [Ipm 3Tom mMeercsa OOJIBITION
HEJOCTATOK — KOJHYECTBO 3aTPAUNBAEMOTO MPOIECCOPHOTO BPEMEHH BeJIMKO. FTo akTyasibHOe
npeaHa3HaveHne — KaJuOpOBKa JOMOJTHUTEIBHBIX BXOJTHBIX mapaMeTpoB. simpleCircle sBiser-
¢ OBICTPBIM METOJIOM IOJICYeTa ILJIONIA/IN, HO YIUThIBAET OMINOKU OTPUCOBKH. fBJsgeTcd MeHee
TOYHBIM, Hexkeaun midpointCircle, KOTOPBIi ABISETCS ONTUMAJIBHBIM METOJIOM LIS IIOJCYeTa
ILTOTIAIH.

3. Yucaennnbie 3xkcunepuMeHThl. Bxonnas BCC 3amana rpadpom, 0003HAYEHHBIM HA PUC.
1. T'pad crenepuposan ¢ momomnipi0 ¢Bo6oaHO pacnpoctpansemoil yruauthl TRMSim-WSN [8].
Konugecrso Bepmun N = 30. Kpacnag BepiimHa ¢ HyJeBbIM HHJIEKCOM — cTOK. lIpemomnara-
eTcsl, 9TO OKPECTHOCTH, B KOTOPBIX CEHCOPHI BEJAYT MOHHTOPHHT, HMEIOT OJMHAKOBBIH paamyc
JIJIST BeeX ceHcopoB. Ha pucyHke /115 KazKI0ro ceHCOpa MPUBEIeHA U COOTBETCTBYIONIAS OKPECT-
HOCTb.

HI/I)KG IMpUuBEACHbI 3HAYCHUA MATEMATUYECKOI'O O2KHUAAHUA OTHOCHUTEJbHOM ILJIOIIa A1 MOHH-
TOPWHTA, 33 eJINHWILy B3gTa o0IIasi TJIOMAAb paccMaTpuBaemoil obsactu. PaccMoTpensl pas-
JIMYHBbIE METO/IbI IO/ICYeTa ILIOMAIN U PA3JIMIHbIe 3HAYCHUs HAIeXKHOCTH CEHCOPOB P.

A6comoTHBIE 3HAUEHUS [JIOIMAIN B IPUHITHIX €IUHUIAX H3MEPEHUsT MOKHO BBHIBECTH OCHO-
BbIBasiCh Ha POpPMYyJIe:

P

Square
Max
Reountrethod = Rcount]\/lethod X SquaTeAllUV[am

(6)

countMethod Accuracy X ZmageSCale’

o~
e, Square Maz,,, ..., — OTHOCHTeIbHOE 3HAYEHHe ILIOMAIN OT MAKCHMATBHO BO3MOK-
Horo (p = 1 st BCex y370B); Square,,, — MakcuMajabHas objactb miomaam; Accuracy —
3HAYEHUE TOYHOCTHU, 3aBUCUT OT pa3Mmepa cerku. Hampumep, npu 3uavenun cerku 100x100, rae
ceTka — orpanmdenne objactu mokpeiTus, Accuracy — 100. imageScale — MHOXKUTEb Mac-
mTabupOBaHUA JIJI HOJIYIEHHBIX PACTPOBBIX H300parkKeHui.

Hcnonap3oBasmch ciieayIoniue BXOAHbIE TapaMeTphl:

— Square,;,, = 100 x 100 = 10000;

— Accuracy = 100;

— imageScale = 2.

Honyuennbie Square ay yrqq Juts rpada wa puc. 1 B xo1€e paboThl IIPOrPAMMBbL:

countMethod



Hpuraadnvie uHBOPMAUUOHHBIE METHOAORUL

1,2
1
‘e
®
= 0,8
0
(o
4
2
3 0,6
G
o
I
% 04
o
©
T
0,2
0
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OrpaHunyeHnune (nopor), p_threshold
PI/IC. 2. SaBI/ICI/IMOCTb HaJIC2KHOCTH IIOKPBLITHA OT IIOPOTOBOI'O 3HAYECHUA
Tabauua 2
Pesynbrarhl paGoThl A1 pa3sHbIX METOIOB MOACYETa ILIOMIAIN
Meton p = 0,99 (Bce y3mn1) | p = 0,9 (Bce y3ms1) | p = 0,7 (BCE y31BI)
Rimage 26,502974 26,230808 24,104414
RimpleCircle 16,722398 16,042061 13,844033
RpnidpointCircle 16,841480 16,157459 13,947595
— Square gy arag, = 0,553014;
image
— SquareA”‘Mmsimplecl_me = 0,387844;
— Square gy vqp = 0,390456.

midpointCircle

/Z[aﬂee MOYKHO IOCYATATL aOCOJIIOTHBIE 3HAYCHU:

— ay1a p = 0,99:
— Rimage =
7 RsimpleCz’rcle =
* Rmidpomtc’ircle =
— g p = 0,9:

7 Rimage =
7 RsimpleCircle -
7 RmidpointC’ircle =
— g p = 0,7:

7 Rimage =
7 RsimpleC’ircle =
7 Rmidpointc’ircle =

0,82762 x 0,390456

0,958492 x 0,553014 x 50 = 26,502974;
0,862326 x 0,387844 x 50 = 16,722398:
0,862657 x 0,390456 x 50 = 16,841480:;

0,948649 x 0,553014 x 50 = 26,230808;
0,827243 x 0,387844 x 50 = 16,042061;

x 50 = 16,157459;

0,871747 x 0,053014 x 50 = 24,104414;
0,713897 x 0,387844 x 50 = 13,844033;
0,714426 x 0,390456 x 50 = 13,947595.
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ZLHH nogc4deTa BepOATHOCTH TOr'o, 49TO O6JIaCTb MOHUTOpPHUHTa HE€ MEHbIIe 3a/JaHHOIO0 Ha-
epeJi MoporoBOro 3HadeHusd, UCIOJIB30BAJICA METOJ Hojcuera mionaau Image. OCHOBBIBALCDH
HA MOJYYEHHBIX pe3yJbTaTax, ObLI HOCTpOoeH I'paduK 3aBUCUMOCTH HAJIEKHOCTH IMOKPBITHS OT
OPOrOBOTO 3HAYEHU J/IsT TOYHOTO METOIA.

OrmeruM, 9T0 HEKOTOPBIE BePIIUHBI Ipada siBIAIOTCA H3HAYAIbHO oTpe3aHHbiMu. [TosTomy
IIPpHU BBICOKUX 3HAYCHUAX ITOPOT'a BEPOATHOCTL TOI'O, 9TO O6JIaCTb MOHHUTOPHUHT'a HE MEHBIIE 3TOIr'O
IMOPOTroBOT'O 3HAYEHUA, UMeEeT HYJIEBOE€ 3HaYEeHUE.

SakgrouyeHue. B pabore paccMoTpeHa 3ajada IoJCYeTa aHAIU3a HaJeKHOCTH OecIpo-
BOJHOIl CEHCOPHOU CeTH ¢ TOYKH 3peHHUs HaIeKHOTO MOKPBITHS CeThI0 3aJaHHOH 00JIaCTH.
[Tpesmonaraercs, d9ro ob6JjiacThb, MOKPbIBaeMasi CeThb0, 00pa3yercsi BCEMHU TOYKAMHU ILJIOCKO-
CTH, HAXOISIUMUCS B OKDPECTHOCTH MOHUTOPHHTA KaKOTro-1nb0 pPaboToCIoCOOHOTO CeHcopa,
CBSI3aHHOTO €O CTOKOM IMOCPEICTBOM PAabOTOCTIOCOOHBIX Y3JI0B. PaccMOTpeHb! JBa MOKa3aTe st
HAJIE?KHOCTU: MaTeMaTHYECKOe OXKUJAHHUE ILIOMAIN 00JACTH IMOKPBITUS ¥ BEPOITHOCTDH TOIO,
YTO ILIOMIAJL OOJIACTH MOHHUTOPHUHTA HE MEHBINEe 3aJIAHHOI0 HAIepe] IMOPOrOBOrO 3HAYCHMSI.
[Ipeaiararorcst aaropuTMbl JIjisi TOYHOIO PACYETa JAHHBIX [TOKA3aTe/ el HA OCHOBE U3BECTHOIO
MeTosia (PAKTOPUBANNHA U CTPATErusi BHIOOpa OYepeTHOrO 3jIeMeHTa Juid (pakTopu3aruu, pac-
CMaATPHUBAIOTCA pa3JIMIHbIe BHJAbI OKOHEYHBIX FpaCbOB. ﬂﬂﬂ BBIIHUCJ/JICHUA TIJIOIIAAN ITOKPBITHUA
B YACTHBIX peaJIU3aIUIX CETHU, OIpPeIeasieMbIX MPHUCYTCTBHEM WK OTCYTCTBHEM KaXKJIOr0 W3
CEHCOPOB, MPEJIIaraeTcsd YeTbipe MOIX0a.
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