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VIIPABJIEHUE, BBIYUCIIUTEJIBHAA TEXHUKA U HHPOPMATHKA

VIIK 519.248

A.A. JliobueHko, E.IO. KonbiToB, A.A. BorgaHoB

CTtaTtuctuyeckoe MoaenMpoBaHue Ka4eCTBEHHbIX NoKa3aTernen
3Kcnnyatauum n TeXHUMYECKOro oocnyXxmBaHmsa cpeacTB
XXene3HoOAOpPOXHOM 3neKkTpocBA3u B cpeae AnylLogic

O0opyoBaHNE BIIEKTPOCBA3H SBISAETCS (PyHKIMOHAIFHON MOACHUCTEMOH >KEIEe3HOJOPOKHOTO TpaHCIOpTa, Oe3omac-
HOCTb ¥ 9()(h)eKTHBHOCTH KOTOPOTO B IIOJIHOM Mepe 3aBHUCST OT HAIEKHOTO (hYHKIMOHUPOBAHHS HCIIONB3yEMBIX CPEICTB
cBs3u. OHUM n3 Hanbollee MOIMYIIAPHBIX CErOJHS METOJOB MOJIepKaHus TPeOYeMOro ypoBHS HaIeKHOCTH TEXHOJIO-
THYECKOT0 000PYZOBAHHS Ha CETH JKEJIC3HBIX JOPOT SBIISIETCS IPOBEIECHIE TEXHUUECKOTo 00CTyKUBaHHs. J[jis oleHKn
3¢ GEKTHBHOCTH NMPOBOANUMBIX NPOMUIAKTHYECKAX MEPONPHUSITHIl UCIIONB3yETCsl YTBEPKACHHBIN MOKa3aTellb KayecTBa
TEXHHYECKOT0 00CITy)KMBAHHUS, TOT/Ia KaK JUIsS OLCHKH KauyecTBa IIPOIIecca IKCILTYyaTal[K B LEJIOM IIPUMEHSETCS] Kodd-
(buIMeHT roTOBHOCTH. Pacuer yka3aHHBIX MOKa3aTeNeH, Kak NPaBUIIO, BBIIOIHACTCS HA OCHOBE JaHHBIX O MPOU30IIE]-
IIUX OTKa3ax 000pyJOBaHHUS, 4TO 00JIa1aeT KaK CYIIECTBEHHBIMHU IPEUMYLIECTBAMH, TAK 1 OYEBHAHBIMH HEAOCTATKAMU
B ClIy4ae OTCYTCTBHUS HJIM 3aTPyJHUTEIBHOTO MOITYYEHHS ONBITHBIX JaHHBIX. COBpEMEHHbIE KOMIIBIOTEPHBIE TEXHOJIO-
TMH TI03BOJISIOT aBTOMaTHU3MPOBATh U 3HAYMTENILHO YIIPOCTUTH MPOLIECC OLCHKH LIENEBBIX MOKa3aTeseil KayecTsa, 4To,
OJHaKo, TpeOyeT pa3paboTKU MaTeMaTHYECKOro oOecredeH s IS BBITOJIHEHMSI TaKoro aHanu3a. B pabore mpemara-
eTCsl IMHUTAIIMOHHAST MOJIEIIb TIPOIIecca AKCILTYaTallui YCTPOMCTB JKEIE3HOIOPOKHON 3JIEKTPOCBSI3H, O3BOJISIOMAs B
ABTOMATH3UPOBAHHOM PEXUME AaBaTh OLEHKY KO3((UIHNEHTY TOTOBHOCTH U IIOKA3aTeNI0 KayeCcTBa TEXHUIECKOro 00-
CIIy)KHMBaHUs. MoJenb YYUTHIBAET BOSHUKHOBEHHE BHE3AITHBIX, CKPBITHIX M JIOKHBIX OTKa30B YCTPOWCTB, BIMSHHE rO-
TOBHOCTH KOMIUICKTOB 3allaCHbIX YacTeH, OIIMOOYHBIX ACHCTBUH 00CIIYKUBAIOIIETr0 NEPCOHANA, & TAKXKE MEPHOANIHO-
CTH U NPOJOJDKUTEIBHOCTH 00CITY)KUBAHUS M PEMOHTA IIPH OLICHKE KaueCTBEHHBIX M0Ka3aTeneil. B ocHoBy Mozenu mo-
JIO’KEH TPUHLMI JUCKPETHO-COOBITHHHOTO MOJEIUPOBAHHS, PEATM3yEMblii B OTEYECTBEHHOM HPOrPaMMHOM obecrieye-

Hun AnyLogic.
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JKeneznomopoykHasi AEKTPOCBS3b ABISAETCS OXHOU
13 (YHKIMOHAIBHBIX TOJICHCTEM HMH(PACTPYKTYPBI XKe-
JIE3HOAOPOXKHOTO TPAHCIIOPTa, OOBEAWHSIONIAS TEXHH-
YEeCKHEe CPEACTBAa M COOPYXKEHHUsS CBSI3H, 00eCIeyrBaro-
1ye nepenady u (Win) IpueM rojocoBOi U (WJIK) Hero-
JIOCOBOM MH(OpMaNny, MpeaHa3sHaYCHHON ISl OpraHu-
3allMM ¥ BBINOJHEHHUS TEXHOJIOTUYECKUX IIPOLECCOB
JKEJIe3HOJOPOXKHOTO TpaHcmopta [1]. B cooTBeTcTBUU €
MexxrocynapctBeHHBIM ctangaptom ['OCT 33397-2015
«Kene3HOmOpOKHAS ANMEKTPOCBA3b. OOmmMe TpeOoBaHM
0e30MmacHOCTH» K IKENE3HOJOPOKHOW DIIEKTPOCBSI3U
(OKIID) oTHOCHTCS OOIIMPHBIN TEpeUeHb YCTPOHCTB, OT
CPEICTB KOMMYTAMU U MH(POBBIX TPAHCIIOPTHBIX CHC-
TeM 10 000pyIOBaHUS MIEKTPOIUTAHIS CPEICTB CBA3H.
OueBuHO, (YHKIMOHAIbHOE Ha3HAYEHHE CPEICTB
K13 onpenenser BeICOKHE TPeOOBaHUA K UX HAJAEKHO-
CTH, YTO SIBJIAETCS KJIIOYEBBIM acleKTOM NpPH OpraHu3a-
i 3(Q(GeKTHBHOTO M 0E30IacHOr0 IEepPEeBO30YHOIO
npouecca. OpHaKo, KaK ITOKa3bIBAET IPAKTUKA, OIS
9KCIUTyaTallMOHHBIX OTKa30B B CHCTEMaX CBS3M Ha Ke-
JIE3HOIOPOXKHOM TPAHCIIOPTE OCTAETCS CYIIECTBEHHON
u cocraBisier 60% [2]. [Ipu 3TOM 3HAYUTEITHHOE KOIH-
YECTBO CPEJACTB OTHENBHBIX TPYMII 00OPYIOBaHUS YKe
MOJTHOCTBIO BBIPA0OTANI CBOM Pecypec WM KCILTyaTH-
PYIOTCS C TIPEBBIIICHUEM CpOKa CIIy:KObl. B wactHOCTH,
y IATOM 4YacTu IapKa JIOKOMOTMBHBIX DPaJUOCTaHLUN
¢duKcupyercss cTonpoueHTHbI u3HOC. C  HMCTEKIIMM
CPOKOM CITY>KOBI 3KcIUTyatupyercs 6onee 60% crarpo-
HaApHBIX 1 Oosiee 65% BO3UMBIX pauoCTaHIMi [2].

OnHUM M3 OCHOBHBIX METOJOB HOJEPKaHUS Tpe-
Oyemoro ypoBHs HaaexHOCTH cpenctB JKJD sBisercs

OpraHM3alys ¥ NPOBEJCHUE KOMILIeKca npoduiakTiye-
CKHUX MEPONPHUATHA MO TEXHHYECKOMY OOCITYy>KUBAHHIO
(TO). Ilpu sToM ympapisieMoe 0OCITy>)KUBaHHE SBISCTCS
nepcreKTuBHBIM BuOM TO, Tak Kak MPU3BaHO CBECTH K
MUHHMYMY periaMeHTHpoBanHoe TO U COKpaTHThH H0-
0 KoppekTupyromero oociyxusanus [3]. Iepuonnu-
HOCTPH MPOBEACHUS paboT mpu ynpasiasemom TO ompe-
JIENSACTCS TUPEKIUSAMU CBS3H KEJE3HBIX JTOPOT C yue-
TOM MECTHBIX YCJIOBHH SKCIUTyaTallld, aHallu3a CTaTh-
CTHKH OTKa30B 3a MPEIbIIyIIHe IEPUOII U TPeOOBaAHMIA
K KauecCTBY NPENOCTABIAEMBIX YCIyT CBA3U. O4eBHIHO,
4yTO HamboJsee aJeKBaTHOE TIAHUPOBAaHNE PabOT MOXKET
OBITH CIENaHO 110 CTATHCTUYECKUM JaHHBIM 00 OTKa3ax.

OpHako UIA 3TOro TpedyeTcss HalM4We OIBITHBIX
00pa3IoB 00OPYIOBaHUs, a IMOJYYCHHUE PEICBAHTHOTO
o0beMa CTaTUCTHYCCKUX JAaHHBIX MOXET MOTpeOOBaTh
CYIIECTBEHHO TPOJODKUTEIBHON OKCIUTyaTallud |
(vmm) uwcnblTaHuil. YuuTeiBas BiusiHME cpencts JKJ(D
Ha Oe3omacHOCTE U 3()(HEKTUBHOCTH NEPEBO30YHOTO
MpoIecca, TaKOW IMOIXOA MOXKET MPUBECTH K 3HAYU-
TENBHBIM MaTepUANBHBIM 3aTparaM. Takum o0pas3om,
MIPUMEHEHNEe JAaHHOTO TTOIXO0Aa KaK JJIS YCTPOMCTB, yKe
HAXOIAIIUXCS B OKCIUTyaTallMd HEMPOJODKUTEIHHBIN
MIePHUOJ BPEMEHH, TaK U I BHOBh BHEPIEMBIX CHCTEM
MIPECTABIACTCA 3aTPyIHUTECILHBIM.

OnHO#t U3 BO3MOXHBIX aJITCPHATHB PEIICHUS yKa-
3aHHOW MPOOJIEMBI SIBISETCS MPUMCHEHHUE UMHTAIIUOH-
HBIX MOJEJel Mmpoiiecca dKCIuTyaranuu cpeacts JKIID.
OCHOBHOE Ha3HAYCHUE TAKUX MOJEICH 3aKJIF0YaeTCs B
CTaTUCTHYCCKOM MU BEPOSTHOCTHOM MOJICITHPOBAHUH
MEPEXO0JI0B TEXHUUECKON CHCTEMBI M3 OTHOTO COCTOSTHUS
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B Jpyroe, MMHUTHPYS TE€M CaMbIM IIPOLECC SKCIUIyara-
nuu cpencts JK/[D. B Takom ciaywyae umeercs BO3MOX-
HOCTh cOOpa CTaTUCTUYECKUX JAHHBIX MO pe3yibTaTaM
MOZICTIMPOBAHUS U JajbHEHIIEero pacuera KadeCTBEH-
HBIX TNOKazareneil. Ha ocHOBe e MOyueHHBIX OIEHOK
MOXXHO J€JIaTb BBIBOJ O MNPaBUWJIBHOCTU OpTraHU3aluU
SKCIUTyaTallud YCTPOMCTB, B YACTHOCTH, MIEPHUOIUYHOCTH
IpoBeieHust NpoHIakTHIecKuX MeponpusTi mo TO.

Panee B pabore [4] Hamu OblIa paccMoTpeHa yn-
pOILIEHHAsT MOJENb Tpolecca IKCIUTyaTallud CPEACTB
KD ¢ ydeToMm BHE3aIHBIX OTKa30B OOOPYIOBAaHUS U
BoimonHseMoro TO. BeraucianTenbHbIe SKCIIEPUMEHTHI C
TaKoll MOJIENBIO AAIOT 3aBBIIICHHBIC OLIEHKH Ka4eCTBEH-
HBIX TIOKa3aTesiel, 4TO CBUAETENBCTBYET O HEOOXOAH-
MOCTH €€ YCOBEpIIEHCTBOBaHHMS I ydyeTa OOJNBIIEro
yuciaa (pakTopoB M OCOOCHHOCTEH Mpolecca TEXHHUYEC-
CKOH 3KcIuTyararuu cpeacts JKJ(3.

B uyacTHOCTH, HaJIEKHOCTh pPAaCCMAaTPUBAEMOIO
000pyIOBaHUS 3aBUCHT OT JOCTOBEPHOCTH KaK BCTpO-
€HHBIX IOACUCTEM KOHTPOJISL, TaK M JHArHOCTHYECKUX
YCTPOMCTB, MCHOJIB3YEMBIX Ha 3Tanax MpoQuiIakTHye-
CKMX pabOT M BOCCTAaHOBHTEIBHOTO PEMOHTA, YTO B
CBOIO O4Yepenb OOYCIIOBIMBAECT BO3HHUKHOBEHHE CKPBI-
TBIX W JIOKHBIX OTKa30B yCTPOWCTB. BrimonHeHue ore-
panuii mo TO ¥ peMOHTY OCYIECTBIISIETCS IEPCOHATIOM
CTPYKTYPHBIX TIOJpA3/ENECHUN IKEIE3HBIX JAOpOL, HYTO
TpeOyeT yuera BIMSHHUS dYeJIOBEYEeCKoro (axropa, a
TaK)Xe CTENEHN TOTOBHOCTH KOMIUIEKTOB 3aIlaCHbIX 4ac-
Tell, THCTPYMEHTOB U npuHaaiexHocreil (3UI1).

Kak mokazano B pabore [5], mpu mOCTPOSHUH MO-
Jesield KOJMYECTBEHHOW OLEHKH HAJEXKHOCTH CHCTEM
CBSI3M HEOOXOIMMO YAETSATh 0c000€ BHUMAHHE YYETy
OmMMOOK NHArHOCTHYECKOW ammaparypsl (KOHTPOJIA),
KOTOpBIE SIBISIOTCS IMPUYNHONH BO3HUKHOBEHHUS CKPBI-
TBIX ¥ JIOXKHBIX OTKa30B. [IpoBe/ICHHBIN aHAIN3 TUTEpa-
TYpbl MO3BONWI CAENATh BHIBOL OO0 aKTyalbHOCTH BO-
IIPOCOB OLIEHKH HAJEKHOCTH TEXHHUYECKHX CHCTEM, B
TOM 4YHCIIE U CPEJIICTB CBA3U C yUETOM BIUSHHS OIINOOK
KOHTpoJs [6-9].

Bomnpoc BiusiHUSL OIIMOOYHBIX NEWCTBUN MEpCOHa-
Jla Ha HaJEXHOCTh JOCTAaTOYHO HPOpPabOTaH U PSIOM
HCCIIeJOBAaHNUH JTOKA3aHO, YTO KAYECTBEHHAS MTOJrOTOBKA
00CITy’KMBAIOIIETO IITaTa U CJIE0OBaHHE PEKOMEH/allH-
SIM TI0 SKCIUTyaTalluy MO3BOJISIOT JOOUTHCS YBEIMUCHUS
HAJEXKHOCTH ammapaTtypsl B 3—5 pa3 [10, 11]. ITo pe-
3ynbTataM ()aKTOPHOTO aHAJIM3a, BBIIIOJIHEHHOTO 10
JAHHBIM €AMHON CHUCTEMbl MOHHTOPHHTA M aIMUHHCT-
pupoBanus cereii cB3u OAO «PXIl», ycraHosieHo,
410 00JIEE TPETH OTKA30B YCTPOUCTB CBSA3U BBI3BIBACTCS
HETIPaBUIBHBIMU JEUCTBUAMHU OOCITyKHBAIOIIETro Iep-
conana [2]. CienoBareiibHO, HEOOXOAUMOCTh ydyeTa ue-
JIOBEUECKOro (hakTopa MpH MOJEIMPOBAHUU IPOLECCOB
sKcIuTyaTanuu cpeacts KD sBisercs 000CHOBaHHOM.

Boccranosienne  paboToCrOCOOHOCTH  CPENCTB
KIS ocymecTBusercs cUiaMH CTPYKTYPHBIX IMOApa3-
JIETIEHUH Kele3HbIX 10por. [1o3ToMy cTeneHb roTOBHO-
ctu HeoOxomumoro komriutekra 3UII, wmcmomb3yemoro
IIPU PEMOHTHBIX paboTaX, OKa3bIBACT HEIOCPEICTBEH-
HOE BIIMSHHE Ha ONEPAaTHUBHOCTh YCTPAHEHHS OTKA30B U,
CJIEIOBAaTEIbHO, Ka4E€CTBEHHBIC IIOKA3aTeNIM Ipolecca

SKCIUTyaTanuid. MHOTHMHU HCCIIEHOBAaHHUSAMH, PE3YIbTa-
TBI KOTOPBIX mpencTasieHsl B [12, 13], qokazaHo cyme-
CTBEHHOE BIMSHHE TOTOBHOCTH KoMmiuiektoB 3UII Ha
HA/I©KHOCTh BOCCTAHABIMBAEMBIX CHCTEM, IMPHMEPOM
KOTOPBIX SIBJISIOTCSL pacCMaTPUBACMBbIC CPEJICTBA HKeJe3-
HOZIOPOKHOM 3JIEKTPOCBSI3H.

Takum 00pa3oM, OOBEKTOM HCCIIEOBaHHS B JIaH-
HOW paboTe SIBISETCS MPOIECC AKCILTyaTallud U TEXHU-
YECKOTO0 OOCITYy)KUBAHHS CPEJCTB JKEIC3HOMOPOKHOM
AIIEKTPOCBS3U, YUYUTHIBAOIINN BOSHUKHOBCHUE BHE3aIl-
HBIX, CKPBITBIX M JIOXKHBIX OTKa30B OOOpYyIOBaHUWS, a
Takke BiamsgHHUe ToTtoBHOCTH 3UII m denoBedeckoro
(hakTOpa TIpH NPOBEICHUN BOCCTAHOBUTEIHHOTO PEMOH-
Ta ¥ npodumakTudeckux padot. Llenpro nuccnemoBaHms
SIBIISICTCS aHAJHM3 IOKa3aTeslell KadecTBa HKCILTyaTalluu
u TO cpeacts XKJID Ha 0CHOBE TaHHBIX UMHUTAIIMOHHO-
IO MOJICIIUPOBAHHUS.

OCHOBHBIM KOMITJICKCHBIM TOKa3aTejeM HaJe)KHO-
CTH CPEJICTB JKEJIC3HOIOPOKHOM EKTPOCBI3U SABIICTCS
ko3¢ dunment roroBuoctu [5, 14, 15]. BemonHeHHbIH
aHaIIM3 JIUTEPATYPhl TOKA3ad, YTO TOKA3aTelId HaIeK-
HOCTH BOCCTAHABJIMBAEMBIX CHCTEM IIHPOKO HCIONB3Y-
IOTCS TIPH PEIIeHUX 3aJa9M OLEHKH KadecTBa TEXHHUYE-
CKOW SKCIUTyaTallld, B TOM YHUCIIE U CPEICTB Paguo-
TEXHUYECKOTO OOECTICYCHUSI IOJETOB M AIEKTPOCBI3N
[16], cTpyKTYypHO-CIOKHBIX TEPPUTOPHAIEHO PaCCpPeIo-
TOYCHHBIX CHUCTEM CB3M [17], a Taxke CHCTEM YIIpaB-
JIieHUs JABKeHHEM moe370B [18]. B manHol paboTe ko-
s¢duupent roroBHoctH Kr mpeanaraercss MCroib3o-
BaTh KaK [MOKa3aTelib KaueCTBa JKCILTyaTallud TeXHHYC-
ckux cpeacts XKJ/9, a xauectBo TO oueHuBath C mo-
MOIIBIO YJIETBHOTO NoKa3zarens by, pernaMeHTHpyemMoro
nmonokeHueM «O ToKa3arere KadecTBa TEXHHYECKOTO
00CITy)KUBaHUS CPENICTB CBSI3M», YTBEP)KICHHBIM PaCIIo-
psokeruem OAO «PXI» or 20 asrycra 2014 t
No IICC-767/p (nanee — mooKeHUE).

OnHuM U3 BOCTPEOOBAHHBIX B HACTOSIIEE BPEMS
MOAXOOB K OIICHKE M aHAJIU3y XapaKTEPHCTHK IMpoIec-
CcOB (DYHKIIMOHHMPOBAHMsI CUCTEM Pa3IHMYHOIO Ha3Haue-
HU ABJIACTCA MMUTAIIMOHHOC MOACIMPOBAHUEC, HA3bI-
BAaEMO€ TAaK)K€ CTaTUCTHUUYECKUM IIPU YYETE CIIly4alHBIX
CBOMCTB OT/IENBHBIX 3JIEMEHTOB MozeiH. B paborax [19,
20] momyepKUBacTCS MPEHMYIISCTBO TAaKOTO BHJIA MO-
JEIUPOBAHMS TIEpPENl SMIIHPUYCCKUM IOIXOAOM ISt
ciTydasi BRICOKOHAIEKHBIX CHCTEM, KOT/a HM3-3a KpaiiHe
pPEIKOTO BO3HHKHOBEHHS OTKAa30B HEBO3MOXKHA OIICHKA
Mokazaresieid HaJle)KHOCTU C HNPHUEMIIEMOM TOYHOCTBIO.
Kak pe3ymprar, cTaTHCTHYECKOE MOJCIHUPOBAHHE HE
TOJIBKO TIPUMEHSETCS IPH aHAIN3€ HAIC)KHOCTHBIX Xa-
PaKTEepPUCTUK  aBTOTPAHCHOPTHBIX cucteM [20, 21] m
PaZMO3ICKTPOHHBIX CPEACTB CO CIOKHBIMH aJTOPHT-
MaMHy pe3epBupoBaHus [22], HO M sBIsieTCs BOCTpeOo-
BaHHBIM WHCTPYMEHTOM JJIs OICHKH CHCTEMHON Ha-
JIS)KHOCTH KOMIIOHEHTHOTO MPOTPaMMHOTO oOecrede-
Hus [23]. He orpanuuunBasch 3aja4yaMy aHajlu3a HaJexK-
HOCTH, AMUTAIIMOHHOE MOJICITUPOBAHUE SBIACTCS YI00-
HBIM 1 3((PEKTHBHBIM METOIOM TIPU HCCIICAOBAHUN TPaHC-
MOPTHBIX TIOTOKOB B JKEJIE3HOMOPOXKHOM ceTH [24-26].

CeromHsi B PacHOpsDKEHHH CIIEIHAJNCTOB, 3aHH-
MAaloIUXCsl pa3pabOoTKOW HMMHTAIMOHHBIX MOJENEH,
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UMeeTcs TPOAYKT OTEYSCTBCHHOTO IIPOUCXOKICHUS
AnyLogic [27], npeacrapnstomuii co00i BU3yalIbHYIO
cperny, OOBeIUHSIONIYI0 «BCE TPH COBPEMEHHBIE Mapa-
JUTMBI TTIOCTPOCHUSI UMHUTALMOHHBIX MOJAEICH: CHCTEM-
HO-JUMHAMHUYCCKasd, HHCerTHO-CO6bITHﬁHaH U arcHrT-
Hasi» [28]. Kpome TOro, OTIMYMTENBHBIMA OCOOEHHO-
CTAMU JAaHHOI'0 MPOAYKTA SABJIAIOTCA MOIJlH])lﬁ SA3BIK
MOJICITUPOBAHUS W HMHTYWTHUBHO TOHSATHBIN Tpadmuye-
CKUil WHTEpdeiic, 00eCICUYNBAONINA YIPOIICHHE W YC-
KOpEeHHe Iporecca pa3padoTKH.

Takum obOpa3om, ans oOecriedeHUs] BO3MOKHOCTH
aHaJlM3a [oKa3arenel KauecTBa HKCIUTyaTalui U TeXHU-
geckoro obcmyxuBanus cpeactB JKJ/[D mocrasneHa 3a-
Jada pa3paboTKM HMMUTALMOHHOW MOJENd mpolecca
skcrryatanidi ¥ TO ¢ TOMOIIBIO  HMHCTPyMEHTa
AnyLogic. Mozenp npeaHazHaueHa Jjsi OUEHKH KO3(-
¢unmenra roroBHocTH Kr M yaenbHOro mokasarens Ka-
4ecTBa TEXHUUECKOTo 00cmyxuBaHus by ¢ yyeTom BHe-
3aITHBIX, CKPBITHIX M JIOXKHBIX OTKAa30B YCTPOWCTB, BIUS-
Hus rotoBHOCTH 3UII M OMIMOOYHBIX AEHCTBHIA 00CTY-
JKUBAFOIIIETO TIepCOHAala IpH BhImoHeHnn TO U peMoH-
Ta. [IpoBemeHWe CTATHCTHYECKUX O3KCIIEPUMEHTOB C
MOJIEITBIO TIO3BOJISICT BBIMTONHSTH aHAJIHM3 BIMSHUS YKa-
3aHHBIX (PaKTOPOB Ha KavyeCTBEHHBIE MOKazarenu Kr u
by, 4T0 MOXKET OBITh UCIONB30BAHO MPU IIJIAHUPOBAHMU
TEXHUYECKOTO OOCITYy)KUBAHUS B Ka9€CTBE MHCTPYMEHTA
MOAEPKKN NpUHATHA pemeHnid. [Tomumo yueta 6oib-
Iero Kojin4yecTBa (JaKTOpOB B CPAaBHEHHHU C paHee pac-
CMOTPEHHBIM IOJXO/IOM B padoTe [4], mMperMyIIecTBOM
npeuIaraeMoil MOZIEN SABJISIETCA pacyeT nmokasarens by
B COOTBETCTBUHM C JICHCTBYIOLIIMM IIOJOKEHUEM 00
OLIEHKE KauecTBa TEXHHYECKOTO OOCIy)XKHBaHHUSI 000py-
nmoBaHus cBsi3u Ha cetn gopor OAO «PXI». Anmanm3
JUTEPaTypHl MOKa3all OTCYTCTBHUE BOSMOXKHBIX aHAJIOTOB
pa3paboTaHHOI MOJIEIH.

NMuTanmoHHas MmojeJib

Pazpabotka 000 UMUTAITMOHHON MOJENIN HAYH-
HaeTrcsa ¢ (OPMHPOBAHUS KOHIENTYaJbHOTO OIHCAHUS
HCCIIelyeMOTOo Tpolecca, WiH, Mo-IpyroMy, KOHLENTY-
anbHOM Mozenu. [l HaNIAAHOCTH KOHIIENTYyalbHOE
OIMCaHUE JIOTIONHACTCS rpadMuecKoi MOJIEbIo, B BUJIE
rpada wim auarpamMmbl cocTossHui. J{s paccMarpuBae-
Moro mporecca skcmryaramun ¥ TO nuarpamma co-
CTOSIHMI HM300pakeHa Ha puc. 1.

TOl'I

)

[

Puc. 1. I'paduueckast MoJielIb IpoLecca SKCILTyaTaluy
u TO cpencts XKD

I'pad Ha puc. 1 neMOHCTPUPYET MEPEXOIbl MEKIY
CJIE/TYFOIIIMU COCTOSTHUSIMU:

— 80 — paborocnocoOHoE;

— S1 — cocTosiHHE TEXHHYECKOTO 00CITyKUBaHHS,

— 52 — HepabOTOCIIOCOOHOE;

— 83 — COCTOSTHUE CKPBITOTO OTKa3a CHCTEMBI,

— 84 — cocTosIHIE JIO)KHOT'O OTKAa3a CUCTEMBI;

— 85 — cocTosiHHE TEXHHYECKOTO OOCITYKHBaHHSA
CHUCTEMBI B CKPBITOM OTKase€.

B coorBeTcTBUM € TEOpHEH HAIEKHOCTH IIEPUOL
HOPMAJIbHOM 3KCIUTyaTal[iy OOJbIIUHCTBA TEXHIUSCKUX
CHCTEM XapaKTepH3YeTCsl MOCTOSHCTBOM HHTEHCHBHO-
cTi OTKa30B [29]. B 3ToT mepuos B mepByr ouepenb
Mpeo0yalaloT BHE3alHbIe OTKAa3bl, 4TO OOYCIIOBJIEHO
BIMSHHEM BHEUIHUX CIIydalHbIX (akTopoB. B Takom
cllyyae 3aBUCHMOCTb BEPOSITHOCTH OTKa3a () OT BpeMe-
HU ! OIpeneNsieTcs MO SKCIIOHCHLIUAIbHOMY 3aKOHY B
COOTBETCTBHH C BBIPAKCHUEM

on=1-¢", (1)
Iae A — UHTEHCHBHOCTH OTKA30B, 1/4.

CrnenoBarensHo, Tepexon Hu3 padoTocrnocoOHOro
cocrostaust SO B HepaborocnocoOHOe S2 MPOHUCXOIUT B
pe3yibTare BHE3aIMHOTO 0TKa3a MO SKCIOHEHIIHATHEHOMY
3aKOHY 4epe3 ciayyailHblii uHTepBaa Bpemenu 7. Ilocne
MPOBEICHUS PEMOHTA, €CIH IIePCOHANl HE OIYCTHI
ommOKy, CHCTeMa BO3Bpamaerci B paboTocmocoOHOe
coctostaue SO yepe3 Bpems T,. Eciu ke mpu mpoBene-
HUHU BOCCTAaHOBHUTEIHHOTO PEMOHTA JIOMYIIEHA OLTHOKA,
TO CHCTEMa HAXOAMUTCS B COCTOSHUU S2 B TEUEHUE Bpe-
MEHH T 0 CJIECAYIOLIEr0 PEMOHTA.

[lepexonsl B cocTosiHHE S2 TPOUCXOAAT CIilydaii-
HBIM 00pa30M, TOrna Kak Mepexoapl B COCTOSHUE TEXHU-
4ecKoro oocmyxuBanus S1 peanusyroTcs depes3 peria-
MEHTHPYEMBIl MHTEpBaJl BPEMEHM, COOTBETCTBYIOILIHIA
HNEePHOIUYHOCTH 0oO0CHy)uBauusi 1y, Pabotsl mo TO
BBINOJHSAIOTCST  OOCITY)KHMBAIOIUM TIEPCOHAJIOM PErHo-
HaJIBHBIX LIEHTPOB CBsI3U. B cuiy yenoBeueckoro ak-
TOpa C BEPOATHOCTBIO E,, MOXET OBITh JOMyIIeHa
ommOKa, KOTopas MPHUBEHET K OTKa3y YCTPOWCTBA, UTO
OyZeT COOTBETCTBOBATh IIEPEXOY B COCTOSAHHUE S2 depes
BpeMSI T,,. [locie 6e30mmnO09IHOTO BEITOTHEHUS OTepa-
mui 1o TO, BBINONHAEMOrO B TeYEHHE BpEMEHH T, al-
maparypa HpOJODKaeT HOpPMajbHOE (PYHKIIMOHHPOBA-
Hue B coctostHuH S0.

IIoMMMO pacCMOTPEHHBIX COCTOSIHUM CUCTEMA 4e-
pe3 ciydaliHble HMHTEpPBAJIbl BPEMEHM T B pe3yibTare
OLIMOOYHOTO OIPEAETICHHST TEXHUYECKOTO COCTOSHUS
BCTPOCHHBIMHM CHUCTEMaMH KOHTPOJISI MOXKET IIEpEelTH B
COCTOSIHUE CKPBITOro S3 mnu yoxkHoro $4 orkasza. Oc-
HOBHBIMH XapaKTEPUCTHKAMH CUCTEM KOHTpPOJISl B pabo-
T€ TPUHATH BEPOSTHOCTH OUINOKH JAMATHOCTHPOBAHUS
mepBoro (a) u Broporo poma (b). OmmoOka a 3amaercs
BEPOSTHOCTBIO JIOXKHOHM TPEBOTH, T.€. Korga paboToctmo-
COOHOE YCTPOWCTBO MPHU3HAETCS HEPabOTOCIIOCOOHBIM,
TOT/Ia KaK omubKa b omnpenensieTcsi BEpOITHOCTBIO TPO-
IycKa OTKa3a M, CJIeJ0BaTelIbHO, HEepabOTOCIOCOOHOE
YCTPOMCTBO HArHOCTUPYETCS Kak padoTocrocoOHOe.
Hapsiny co BCTpo€HHBIMU CHUCTEMAaMHU KOHTPOJISL IIPUYHU-
HOW BO3HMKHOBEHHS CKPBITHIX M JIO)KHBIX OTKa30B MO-
*KeT OBITh BHEIIHEE IUarHOCTHYecKoe 000py/IoBaHHE,
ucrons3dyemoe npu nposeaennn TO. Jlanuslid Bug 060-
PYIOBaHUS TaKXKe XapaKTepU3yeTCsl OIMNOKAMHU THarHO-
CTHPOBaHUSA a4 U by, a BCTPOCHHBIE CHUCTEMBI KOHTPO-
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11 — ommoOKamu a; U b. OnpeneneHne TOro, 4To IMpo-
M30IIIENT OIMH U3 IBYX PAacCMaTPHUBAEMBIX OTKa30B, MPO-
U3BOJAT B T€UEHHE BpeMeHu T}, ExuHcTBEHHOE M I1aB-
HOE OTJIIMYHE 3aKJIIOYAETCS B TOM, YTO COCTOSIHHE JIOXK-
HOTO OTKa3a S4 NHUarHOCTUPYETCS MTHOBEHHO, TOTIa
KaK CKPBITBIA S3 OTKa3 MOXET OBITh OOHapy)XEH BO
Bpemsa TO, BBINOIHAEMOTO 4epe3 UHTepBaybl 1. Crie-
JIOBaTeNIbHO, B MOJAENH NPENyCMOTPEHO OTHEIBHOE CO-
CTOSHHE TEXHUYECKOTO OOCIYXKHBAHUS CHCTEMBI B
CKpbITOM OTKaze S5. [Ipu 3TOM u3-3a OMIMOOYHBIX JIEH-
CTBHH IIEPCOHANa B IPOILECCE TAKOTO OOCITyKHBaHHSA
cUCcTeMa MOXeT 00paTHO BEPHYTHCS B COCTOSHUE CKPHI-
TOTO OTKa3a S3.

Texauyeckas SKCIUTyaTalys CPEACTB JKEIEe3HOMIO-
POXXKHOHM DJIEKTPOCBA3U IpeAycMarpuBaeT (OpMHUpPOBa-
HHUE U NOAJepXKaHWe HE0OXOIMMOIo KOJHMUYECTBa 3arac-
HBIX YacTel, MHCTPYMEHTOB M IPUHAIEKHOCTEH
(BUII). I'oroBHOCTs 3UII B MOnenu npeanaraeTcs ydu-
THIBaTh IBYMs IapaMETPaMH: BEPOSTHOCTBIO OTCYTCT-
BUs 3amacHbIX yacted (P,) u BpemeneM oxunanust 3UIT
(dopvr). JlanHble TapaMeTpsl BIUSIOT Ha IPOIOIDKH-
TEJIBHOCTh BOCCTAHOBUTEJIBHOIO peMoHTa 71, Yder
piustaAs otcyTcTBUs 3UIl m BpeMeHH ero IOCTaBKH
peanusyercss B COCTOSHUM S2 TPHU BBHINOTHEHUHN (YHK-
[IUY TIoicueTa MTpadHBIX OATIIOB.

WHUOMeHTHI, BEI3BaHHBIE COOSMU W/WITN HEpaboTo-
criocobHocThio cpeactB XKD, knaccuduumpyrores Ha
OTKa3bl M TCXHOJOTUYCCKUC HApPYUICHUA. TTonoxxenue
npelycMaTrpyuBaeT TPU KaTeropUH OTKAa30B U JIBE Kare-
TOPUU TEXHOJIOTHYECKUX HapYILICHUH, KaXaas U3 KOTo-
PBIX  COOTBETCTBYET  OIPEAEICHHOMY  KOJIHYECTBY
mrpadubx O0amioB by. Ha ycrpanenue mHIMaeHTa OT-
BOIIUTCSI CPETHECETEBOEC BpPEeMsI BOCCTAHOBIICHHS Pado-
TOCTIOCOOHOCTH #;, permaMeHTHpyemoe llomokeHmeM.
B ciyuae, ecnu (pakTHUECKOE BpeMs BOCCTAHOBIIEHHMS fy
MIPEBBICHIIO CPEIHECETEeBOE, TO HTOroBas OaJuibHas
oreHka b Beramcisiercs o gpopmyne

B=B0 +0’5B0(t(b _tCB)/tCB' (2)

Ecnu sxe BoccTaHOBiIEHHE pabOTOCTIOCOOHOCTH CPENICTB
ANIEKTPOCBA3U OBLIO MPOBENIEHO B TEUCHNUE BPEMEHH, HE
MIPEBBIIAIOIEIO0  CPEAHECETEBOE [, TO HTOTOBAsS
OaJuTbHAs OIleHKa 3a MHIUAEHT b paBHsiercs b.

Takum 06pa3om, HTOrOBbIE OaIbHEIE OLeHKH b 110
BCEM BO3HMKIIMM MHIMACHTAM CYMMHPYIOTCSI M B KOH-
e KaKIOr0 Mecsla BBIYHCISACTCS YNeNBHBIA IOKa3a-
Tenb kadectBa TO by B pacuere Ha kaxaple 100 TexHu-
yeckux enaunun (TE) oOcmyxuBaeMoro oGopymnoBaHUst
o ¢opmyre

>b >b
by=—="——==—11
Tp/100 Ty

rae by — ynenpHeIi NoKa3arenb KauecTBa 00CTyKUBaHUS
CpeICTB cBsi3W B ITpadHbIX Oamiax; Y b — cymmapHoe
KOJIMYECTBO INTpadHBIX OAIIOB 110 BCEM HHIMICHTaM
3a mecsl; Ty — TEXHUYECKasi OCHALIEHHOCTh YCTPOMCT-
BaMH JEKTpOCBs3H, TE.

TexHuueckass OCHAILEHHOCTb CpEICTBAMH 3JIEK-
TPOCBS3U 1) HA y4acTKax KeJIe3HON JOPOrd U3MepseTcs
B Texanueckux enuaunax (TE), pacder xoTophix mpo-

00, 3)

W3BOAUTCS] B COOTBETCTBUM C EHCTBYIOIEH METOIUKOU
ompeneneHuss o0beMa pabdOT PErHOHAIBHBIX LIEHTPOB
cBs3m [30].

Manee monydeHHBIM yOEnbHBIA IIOKa3arenb by B
mrpadHbIX O0amnax (1m/0) WHTEPIPETHPYETCsT COOTBET-
CTBYIOILIEH KaTreropueit kauectsa: «OmmuyHo» — oT 0 10
14,5 m/0, «Xopomo» — cBeire 14,5 m/6 no miaHupye-
Mot BemuuuHbl /0 (b)), «YIOBIETBOPUTEIHHOY» CBHI-
me b no 80 m/6 n «HeynoBneTBOpUTENEHO» — CBEIIIE
80 /6. [Tmanupyemast BennunHa mrpadHex 6amioB b,
YCTaHABIMBACTCS €KEMECSYHO BBIMIECTOSIIEH OpraHu-
3alMen, OUpeKued cBsizu. BO3MOXXHOCTh WM3MEHEHUs
b, BBeneno ans ynpasnerus kauectsoM TO. IToctenen-
HO BelMWYMHAa b, NOKHAa yMeHbIIAaThCA, TEM CaMbIM
CTUMYJIUpYsl TIOBBIIIEHHE KadecTBa OOCITYKUBAHUS
cpencts XKJID.

CrnenoBatenbHO, yAENbHBIN MOKa3aTeslb KadecTBa
b, BBICTYmaeT B KauecTBe OLEHKH Y(P(HEKTUBHOCTH Me-
ponpusTHi 1o TofzepxkaHuio obopynoBanust XK/ B
paboTOCIIOCOOHOM COCTOSIHMH, T.€. KadyecTBa TEXHHUYeE-
ckoro obciryxuBanus. Torna kKak OIeHKa TOTro, HaCKOJb-
KO Ka4eCTBEHHO B IIEJIOM OPraHM30BaHA 3KCILTyaTaIlHs
CPEZICTB 3JEKTPOCBSI3H, MOXKET OBITh JAaHa C ITOMOIIBIO
KOMIUIEKCHOTO TIOKa3aTeNs HaAeKHOCTH — Kod(pduu-
eHTa roToBHOCTH Kr. JlaHHBIN TIOKa3aTenb MpeCcTaBis-
eT co0Ooif OTHOIIEHHWE BPEMEHH HUCIPABHOW PabOTHI K
CyMMe BpEMEH HCIIPaBHOHW paboTHl U MHTEPBAJIOB BOC-
CTaHOBHTEILHOTO PEMOHTA.

Jns paccmarpuBaemoit Mozenu KoadduimeHt ro-
ToBHOCTH K paccunteiBaercs o opmysie

_ TSO + TS4
TSy +TSy +TS3+TSy~

roe 7S, — cymmapHOe BpeMs TpeOBIBaHMsI B paboTOCTIO-
cobHoM coctostHuu SO; 7S, — cymMMapHOe Bpems Ipo-
CTOs1, OOYCIJIOBIICHHOE IIEPEXOIOM YCTPOMCTBA B COCTOS-
HHUE S2 U BBINOJIHEHHEM BOCCTAHOBUTEIBHOIO PEMOHTA;
TS;, TS, — cyMmmapHO€ BpeMsl MPEOBIBAHUS B COCTOSTHH-
SIX CKPBITOTO H JIOXKHOTO OTKa30B COOTBETCTBEHHO.

Takum 00pa3zoM, BBIMONHSS CTATHCTHYECKOE MOJIe-
JIMPOBaHKE HCCIIEIYyEMOro Ipoliecca ¢ rpagoM cocTos-
HUIl Ha pHuc. | MyTeM MHOTOKpAaTHOW peanu3alyy Mpo-
TOHOB (MCIIBITAaHWI) MOJIENH, MOSBIISIETCS. BOBMOKHOCTh
cOopa CTaTUCTHYECKUX NaHHBIX O MPeOBIBAHUH CHCTE-
MBI B KaaoM coctostHuu S;, i = [0, 5]. Ha ocHOBe m0-
Jy9YEHHBIX JaHHBIX BBIYUCILIETCS OIEHKa KO3 QHIHEH-
Ta roToBHOCTU Kr B Buzie cpejHero 3Ha4eHus..

g peanuzanuy UMHTAMOHHONW MOJIENH BHIOpaHa
oTeuecTBEHHasi cpena MozenaupoBanusi AnyLogic. Mo-
nenb B AnyLogic mpeacrasiser coboit Habop 0OBEKTOB
(MHCTPYMEHTOB), COBMECTHOE HCIIOJIb30BaHUE KOTOPBIX
MO3BOJISIET 3aJaBaTh JIOTMKY INPOTEKaHHS Pa3IMuIHOTO
poma mporeccoB. [l paccmarpruBaeMoro Iporecca
akcrutyatauu cpencts XKD Ha puc. 1 nmpuMeHsIOTCs
WHCTPYMEHTHI JTUCKPETHO-COOBITUIfHOTO MOJIETIMPOBAHMS.
K Takum mHCTpyMeHTaM B cpenme AnyLogic Bepcuu 7 OT-
HocsTCs «/Irmarpamma cocTosTHIID 1 00BEKT «COOBITHEY.

«/luarpamma cocrosiauii» (Statechart) npeacrasisi-
eT co00il OpUEeHTUPOBaHHBII rpad) KOHEYHOTO aBTOMAaTa
C BO3MO)KHOCTBIO 3aIaHMsl YCJIOBHH, NPH KOTOPHIX Oy-

“4)

r
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JIET TIPOUCXOAWTH TIEPEXO, a TaKKe Habop IeHCTBHH,
BBI3BAHHBIX CMEHOH cocrosHui. Ilepexonsl Mexay co-
CTOSIHUSIMM MOTYT IPOMCXOAUTH B PE3yJbTaTe HUCTede-
HUSI 33JaHHOTO TaiiM-ayTa, BBIIIOJIHEHHS 33laHHOTO ycC-
JIOBUSI WX TIONTYYEHUsI COOOIIEHHMSI.

«CoObITHE» CIY)KUT MHCTPYMEHTOM IUISi MOJIEIH-
pOBaHHSI BPEMEHHBIX WHTEPBAJIOB BO3HHUKHOBEHUS CO-
ObITHii, ubs paboTa peanmusyeTcs B TpeX pa3IMUHBIX
peXUMax: Mo TaiiM-ayTy, IPH BBIIIOJIHEHUH YCIIOBHS, C
3a7aHHOM WHTEHCHBHOCTHIO. B maHHOI pabore ObLI
WCTIONIb30BaH PEXUM DPAOOTHI € 3aTaHHON MHTEHCHB-
HOCTBIO.

st xpaHeHus: 1 00paObOTKK JAHHBIX, MOTYyYaEMbIX
B XOI€ MOJEIMPOBAHUS, OBUIM HCIIOJIb30BAaHBI TAaKUE
MHCTpYMEHTHI, Kak «baza nanueix», «Habop naHHbIX» 1
«Komnexuus».

«Komnnexuus» npencrasiser co0oii Habop JaHHBIX
OJIHOTO THIIA, pa3Mep KOTOPOro B OTIMYHE OT MacCHUBa
MOKET TMHAMHYECKH U3MEHSTHCS TIPH MOJEIIMPOBAHHH.
Jlist coxpaHeHMsI 3HAYEHUH LENeBbIX IapaMeTpoB IpHU
W3MEHEHHWH NIpyTUX, HApHMEpP, MOJEIBHOTO BPEMEHH,
0 X0y PabOThI MOIETH MOXKET HCIIOIb30BaThCSI MHCT-
pymeHT «Habop maHHBIX», SBISIOIIMHCS IBYXMEPHBIM
MacCHBOM KOHEYHOTo pasmepa. [Io oxoHUaHMM 3Kcrie-
pPHMEHTa €ro pe3yNbTaThl (BBIXOIHBIE MTapaMeTpbl MOJie-
au: cpennee 3HadeHne Kr u by) 3amuceiBarorcss BO
BCTPOEHHYIO 0a3y JaHHBIX.

JuarpaMmma COCTOSIHMH B pa3pabOTaHHOW MOJETH
MOBTOpsieT rpag Ha puc. 1, rae MoJeIHpOBaHUE IIepexo-
JIOB peajm3yercsl ciaydaiiHbIM 00pa3oM M 3amaercsi C
TIOMOIIIBIO CBOMCTB M JIOTIOJTHUTENHLHOTO KOJIa Ha SI3BIKE
Java B kaxnom cocTtosiHuM. B kauecTtBe mpumepa pac-
CMOTPHM aJTOPHUTM BHINIONHEHHS Koma paboTocmocoO-
HOTO COCTOSIHHSL S)p, C KOTOPOTO HAYMHAETCS KayKIbIH
HOBBIA TPOTOH Mozaenw. s HamIsAHOCTH aITrOPHUTM
paboThI peCcTaBeH B BUAE NICeBIOKoA 1.

[MceBnoxon 1. Anroputm paboTOCHOCOOHOTO COCTOSTHHUS Sy

HAUY.
Crenepuposars cii. yucio & «— U(0,1)
ECJIN: Bep-16 nepexona u3z SO B S2 > &
TO: CrenepupoBartb T
T. SO =T S() +1
AKTUBUpOBATH Mepexos B S2
NHAYE ECJIN: Bep-Th nepexona u3 SO B §4 > &
TO: CrenepupoBatsb T
T. SO =T S() +1
AKTHUBUpOBATH TIepexon B $4
NHAYE ECJIN: Bep-Th nepexona u3 SO B S3 > &
TO: CrenepupoBats T
T: So =T S() +71
AKTHBUpOBATH Tepexon B S3
WHAYE: TSy = TSy + Tw,
Crenepuposars 1p < N(sig*Tp0, Tp0)
AKkTuBHpOBaTh nepexon B S1
BCE
KOH.

B HauayibHBII MOMEHT BpEeMEHH WJIM IIPH BO3BpaTe
B COCTOSIHHE S), B TEPBYIO OUe€pe/b, BBINOIHACTCS PO-
3BITPBIIT CIYYalHOH BENMYMHBI & 1O PaBHOMEPHOMY
3axoHy B uHTepBaie ot 0 mo 1. [lanee momy4uerHHOE YnC-

JO TIOCIIEOBAaTENIbHO CPABHUBAETCS C BEPOSTHOCTSIMH
nepexofa U3 COCTOSIHUSA Sy B BO3MOKHBIE COCTOSHHS .Sy,
Sy u S;. Ilpy BBITOJTHEHUHU OHOTO M3 YCIIOBHH T'€Hepu-
pyeTcs 3HaueHUE BEIMYMHBI T, COOTBETCTBYIOIIEE HH-
TepBaJly BPEMEHHU B Yacax, 4epe3 KOTOPBIH MPOU30iaeT
nepexof, Jajiee COXpaHsieTcs TeKyllee 3HaueHHe T B
nepeMeHHON TSy U aKTHUBHpYETCsl MEePexXos, COOTBETCT-
BYIOIIMH BBITIOTHEHHOMY YCJIOBHIO.

Wannumanuszanust MHTEpBajia BPEMEHH T VIS JKC-
MTOHEHIIMAILHOTO 3aKOHA HaJIe)KHOCTH B COOTBETCTBHH C
MeToioM obparHoro mpeobpazoBanus [31] BEIMONHSET-
cs1 mo popmyie

r=—%ln(§), )

r1e A — MIHTeHCUBHOCTB OTKa30B, 3a/1aBaeMast IIpy Mojie-
TUpOBaHUH, 1/4; § — cirydaifHOE YMCIIO C PaBHOMEPHBIM
3aKOHOM pacripeneneHus B uarepsaine [0, 1].

Brixon u3 cocTostHUS S) MPOUCXOANT IO TalM-ayTy
yepe3 BpeMs T WM 4Yepe3 3a7aBacMblil M0JIb30BaTENIEM
HHTEPBaJl NEPUOANYHOCTU 0OCTYXUBaHUA b, €CIU HU
OIIHO U3 YCJIOBMH IICeBIOKOAa | HE BBIMONHACTCS M aK-
THUBHPYETCSl TIEPEXOJ B COCTOSHHE TEXHHYECKOTo 00-
ciyxuBanus S). [Ipu aTom [uist yyera Toro dakra, 4To B
JEWCTBUTENLHOCTH BPEMSl BBIIIOJHEHHS MTPOQHIaKTHYE-
ckux pador o TO MoXeT BapbHUpPOBATHCS, B TICEBIOKOIE
| mepemennas 7}, MHUIMATH3UPYETCS CIyYalHBIM YHC-
JIOM C HOPMaJbHBIM pacHpelesieHneM C 3aJaHHBIMHU
CpeIHEKBaPaTHIHBIM OTKIOHEHHEM Sig ¥ MaTeMaTrHde-
CKHMM OXHMIaHHEM Tj.

OTnenpHOE BHUMAHHUE B CTPYKTYPE HMUTALMOHHOM
MOZIeNI He0OX0UMO YAEIUTh (DYHKIMH, BEIIONHSIOMIEH
OLIEHKY NPUHATOTO B paboTe MOKazaTens KadecTBa TeX-
HHMYECKOro o0ciy:uBaHus by. DTOT sjeMeHT Mozenw,
rpaduyeckas cxema ajJropuTMa KOTOPOTO MPUBEJICHA Ha
pHc. 2, pea30BaH B COOTBETCTBHHU C YK€ YIIOMSHYTHIM
panee nonoxeHneM «O IoKa3zaresie KauecTBa TEXHHUYE-
CKOTO OOCITY’>KMBaHHSI CPEICTB CBsi3m». JleifcTBust, onu-
CaHHBIE B aJITOPUTME, BBITIOJHSIOTCS KaXIbIH pa3, Koraa
CHICTeMa IIEPEXOAUT B HEPAOOTOCTIOCOOHOE COCTOSIHHUE S).

Tak xak B Ilosmo)keHHH BO3MOJKHBIE MHIIMAECHTEHI C
obopynosarnem JK/ID pa3mensrorcs Ha TpH KaTETOPUH
OTKa30B M J[B€ KaTErOpUM TEXHOJIOTMYECKHUX Hapylle-
Hull, To B 6ioke | Ha puc. 2 BBITOIHIETCS CITydailHBII
PO3BITPBIIT THUIIA UHIUAEHTA. J[1s1 3TOro reHepupyercs
CllyyailHO€ 4HCiIo & ¢ paBHOMEPHBIM 3aKOHOM pacripe-
nenenust B uHTepBase oT 0 1o 1 m manee mocienosa-
TENIBHO CPaBHUBAETCS C AMITMUPHUUECKHUMHU JTAHHBIMH O
BO3HMKHOBEHHH TOTO WJIM MHOTO WHIMJEHTa. B Teky-
el peann3ayy MOJIENN 33/1aHbl 3HAYEHUS [UIST KKI0-
TO TUIIa MHIM/IEHTA Ha OCHOBE CTATHCTHYECKHUX JTAaHHBIX
00 OTKa3ax M HAPYIICHMAX, MPOU3OUICANINX 32 MEPHUOJ
¢ 2014 o 2016 1. B X03s#iCTBE CBSA3H OJHOTO M3 y4acT-
k0B 3amamHo-CHOHMPCKOM JKENe3HOH JOpOTH: OTKa3bl
I xareropun cocrapnstor 0,03; II xareropmm — 0,01;
IIT xkateropun — 0,7 ¥ TEXHOIOTHYECKHUE HApYIIEHH | 1
IT xateropuu — no 0,13. Tak kak paccmMarpuBaeTcs MoJI-
Has IpyIa HECOBMECTHBIX COOBITHH, TO MOCIIE ITPOBEP-
KA paHee CreHepHpPOBAHHOTO CIIy4allHOrO 4ucia & 1o
BCEM BO3MOYKHBIM YCJIOBHSIM OyIET ONpesesieH THIT HH-
LUJICHTA, JJIs1 KOTOPOTO 1ociie Ooka 2 OymyT BBITIOJIHE-
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HBI JaJIbHEHIINE NEHUCTBUS, COOTBETCTBYIOIIUE UMEHHO
3TOMYy MHUMJIEHTY. Tak, Hampumep, B cilydae oTkasza |
kateropuu llonokeHne mnpexycMaTpuBaeT HAYHUCICHHE
80 wnm 40 mrpadubix 6aywioB by u cpenHeceTeBoe Bpe-
MsI BOCCTAHOBJICHUS [, B TeueHue 4 unu 0,5 4, moatomy
B OJoke 3 ciy4aitHO ¢ BeposSTHOCTBIO (0,5 BeIOMpacTCs
pa3mep 6amtoB by 1 Bpems ycTpaHEHUsI MHIUACHTA .

dakThyeckoe BpeMs f; YCTPAaHEHUs HHIMJEHTA
OIIpEAEIAETCS] aHAJOTMYHO BPEMEHH TPOBEPKH IIPH
TEXHUYECKOM 00cCiyKkuBaHuM T, T.e. 3ajaeTcs ciydaii-
HBIM YHCIIOM C HOPMAaJBHBIM PacIpeeIeHIEM C TEM JKE
campiM CKO sig, HO MaTeMaTHUecKkoe OKAIaHWE WHU-
LUAIM3UpyeTca 3Ha4eHHueM nepeMeHHon viRI (670K 4).
JlaHHBIN BXOOHOW mapaMeTp 3aJacTcCsl M0JIb30BaTeNIEM U
XapakTepu3yeT cpenHee BpeMs peMOHTa Ipu oTkaze |
KaTeropHH.

B ciydyae oTcyTcTBUST HEOOXOIMMOTO KOMILICKTA
3UII, B 670Ke 5 Ha puc. 2 TEHEPUPYETCs 3HAUCHHE Bpe-
MEHH OXKHJIAHMS 3allaCHBIX YacTeH /3y B COOTBETCTBUH
¢ HopMasibHBIM pactipenenenueMm ¢ CKO sig u marema-
THYECKUM oXunaunuem dopvrly. Jlanee Qakruueckoe
BpeMsl YCTPaHEHHs MHLUJIEHTA f; OOHOBIIAETCA B COOT-
BETCTBHUH C HEOOXOAMMEIM BpeMmeHeM oxkumanus 3UIL.

CrenoBatenbHO, €ciu  (aKTHYECKOE BpeMs Iy
MIPEBBIIIAET CpelHeceTeBoe BpeMs f,, TO B Oloke 6
OasubHasi oleHKa b OyneT BBIUMCICHA C y4eTOM 3a-
JIEP’)KKH BOCCTAHOBJICHUsI paboTOCIOCOOHOCTH 10 (hop-
myne (2). Janee B Giioke 7 BBIMONHAETCS PacdeT yaelb-
HOTO KOJIMYECTBA INTPaHBIX 0AJIOB B COOTBETCTBHHU C
BeIpakeHueM (3).

Takum 00pa3om, Mopenupys MpPOLECC SKCIUTyara-
LM YCTPOWCTB CBSI3M B COOTBETCTBHH C Tpadom co-
CTOSIHMU Ha puC. |, nMeeTcs BO3MOXXHOCTH cPOpMHUpO-
BaTh CTATHCTUYECKUE TaHHBIE O BPEMEHH NMPeOBIBaHUS B
KaxaoM coctossauu Si, i = [0, 5] 1 Ha UX OCHOBAHHH
JaTh OLEHKY NPUHSATOMY IIOKa3aTelI0 KadecTBa 3JKC-
tyatauuu, koddduimenty roropaoctu Kr no popmyne
(4), Torma Kak olLeHKa YAEIBHOTO MOKa3aTels KauyecTBa
TO By BEIMOMHAETCS ¢ TOMOIIBIO Pa3paboTaHHON MOIb-
30BaTeNbCKON (YHKIUH MPU KaXKIOM IIepexoje B Hepa-
6oTocrocOOHOE COCTOsIHUE S). YIIpaBJIeHHE NPOLECCOM
MOZICTIMPOBAHUS  BBINIOJHAETCS  CPEACTBAMH  CPEBI
AnyLogic, mocne 3amycka MOJENM Ha BBIOJHEHUE
MMHTAIMS aHAJIM3UPYEMOTO Tpoliecca HaYnHAETCs aB-
TOMATHIECKH € PabOTOCIIOCOOHOTO COCTOSHHA S), U
Jaree CIrydaifHeIM 00pa3oM B COOTBETCTBHH C 3aJaH-
HBIMH YCJIOBHSIMH PEAN3YIOTCS MEePEXOAbl MEXIy CO-
cTossHUSIMA. OAMH TPOTOH MOJENH BBHIIONHSAETCS B Te-
YeHWe MOJAETBHOTO BPEMEHHU VIp7, TPU TOCTHKECHUHU
KOTOPOTO HMHTALUS IIpoIiecca HAYMHAETCS 3aHOBO C
cocrostHust Sy. [Ipu 3TOM BBIYHCIIEHHE OLEHOK BBIXOM-
HBIX MapamMeTpoB Mozenu, kodpduuuenta Kr u ynenb-
HOro nokxasarens b, peanusyercs pas B Mecsl MO MO-
JIETTbHOMY BpPEMEHH, CJIEI0BaTeNIbHO, €CIM VIpr PaBHS-
ercs 100 net, To mozens opmupyer 1200 oneHok. s
MTONyYCHHSI CPEHUX 3HAYCHUH OIIEHOK IKCIIEPUMEHT C
MOJIENTBIO TIPEIIIONIaraeT BBITOMHEHHWE kP TPOTOHOB C
MOCIIeAYIOMUM yepenHeHneM Bcex 1200 omeHOK 1o
BCeM MporoHam. TpeOyeMoe KOJIMYEeCTBO MPOTOHOB kp
MOJKET OBITh BBIYMCIICHO B COOTBETCTBUHU C PEKOMEH/Ia-

USIMH, TIpUBeIeHHBIME B [32]. B wacTHOM ciydae, mpu
JIOBEPHUTENBHOI BeposTHOCTH, paBHOH 0,95, U nosepu-
TenpHOM uHTepBajie 0,05 KakOplif SKCIEPUMEHT C MO-
nenbio Tpedyet BbinonHenust 2000 mporoHos.

Pozbirpeiin (akra
HaJIMYHE/0TCY TCTRHE
3HII

v

Posbll PhIUL THIA
HHIHICHTA

(1)

Her

Orras 1
Kareropuu?

Orxas 1

Kareropun? @

3ajaHue KOJ-Ba
wrrpatueix Gamnos by u
CPEIHECETEBOr0 BPEMEHH
BOCCTAHOBJIEHHS lcu

(3)

Oupesenenue
(HaKTHYECKOTO BPEMEHH
BOCCTAHOBJICHH Ly

—_

4)

Ha

Her

3ananue BpeMeHH
(5) ounanua 3HIT tapn

ty =ty + tun

Pacuer kon-sa
mrpadHex dannoe b ¢

(6) . .
YYCTOM 3a/ICPiKKH
BOCCTAHOBJIEHUSA
(7 Pacyer ynenbHoro
> . =
= KOITHYCCTRA llTT[lﬂ(blll)lX
dasos B,

Puc. 2. I'papnueckas cxema anropurma GyHKIUU OLCHKN
kadectBa TO

IKCIepUMEHTHI ¢ MO/IeJIbI0

Jis neMoHCTpanun padoThl pa3paboTaHHOW WMH-
TAI[MOHHOW MOJENIM OB BBIMOIHEH PAJ BHIYUCIHTEINb-
HBIX DKCIIEPUMEHTOB, B XOJl¢ KOTOPBIX MOIYYEHBbI Ipa-
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(ukn oneHOK KodddumnmeHTa roroBHocTd Kr (puc. 3, a)
W JIMHEHHO aNIpOKCUMUPOBaHHBIE TpaUKU OLEHOK
ToKas3aTens KadecTBa obcmyxusanua by (puc. 3, 6) or
BpeMeHHU. [lenb 3xcrepuMeHTa — 1aTh OLEHKY BIMSHUS
WHTEHCHBHOCTH OTKa30B YCTPOICTB Ha noka3zaresnu Kru
b,. IIpu atom xoadduiment roroHoctr Kr xapakrepu-
3yeT KadeCTBO AKCIUTyaTalluH CPEICTB CBS3U B IIETIOM,
TOrna Kak by ucrmone3yercs Juisi OLEHKH KauyecTBa Mpo-
BOJMMBIX MEPOIIPHUATHH 10 TEXHUYECKOMY OOCITy>KHBa-
HUIO ycTpoicTB. Takum 00pa3om, OBUIO BBIIOJIHEHO
IIECTh AKCIIEPUMEHTOB AJIS CICIYIOUINX 3HaY€HHH WH-

MOXHO YTBEPXkJaTh O KAYECTBEHHOW JKCILTyaTalluu
000pyIOBaHUs C MapamMeTpaMd M3 TaOJNHIbI U WHTEH-
CHBHOCTBIO A= 5107 1/u.

AHanu3upysi dKCIEpUMEHTaNIbHBI rpaduK 3aBu-
CHUMOCTH YIIEJIBHOTO MOKa3aTellsi KaueCTBa TEXHUYCCKO-
ro obcmyxusanus by (cMm. puc. 3, 6), MO)KHO OTMETUTh
3aKOHOMEPHBIH POCT YCPETHCHHOTO 3HAYEHUS IOKa3a-
TeNS C YBEITMYCHHEM MHTCHCHBHOCTH OTKA30B JJIS 3Ha-
wennit 5, 6, 7, 8, 9 u 10 - 10° 1/u, cocraBuBmmil B
cpennem 16,7; 13,3; 14,5; 12,8 u 7,5% cOOTBETCTBEHHO.

_ 3HayeHHsI BXOJAHbIe HEH3MEHsIeMbIX IIAapaMeTPOB MOJAEIH
TEHCUBHOCTH OTKa30B A: 5, 6,7, 8,9 u 10-107° 1/u. 3ua- A 1 A
[Tapametp 3HayeHue
YEHUsI OCTAJIbHBIX HEU3MEHSIEMBIX B XOJ€ HKCIIEPUMEH-
6 MaremMaTn4eCcKOe 0XKUAAHIE BPEMEHH OKH-~
Ta BXOZIHBIX MApAMETPOB NPUBECHBI B TAOIHLLC. nanms 3UTT npu: otxasax, dopvrly — dopvrlll, o
CeMeicTBO KPUBBIX 3aBUCHMOCTH OIIGHOK KO- TeXHONOTHUECKHX HapylIeHusx, doptnl, I
(UIHEeHTa TOTOBHOCTH OT BPEMEHH TPU Pa3IHIHBIX dopitnly, 1
3HAYEHUSAX HWHTECHCUBHOCTH OTKa30B, IPEACTAaBICHHOE BepositHocth otcyterBus 3UIT OZIP 0,1
Ha puc. 4, a, ABIACTCS] MPUMEPOM peaiu3aiui QyHKIuit TeXHUYECKAst OCHAIIEHHOCTh CPEICTBAMU 600
K03(p(hULIUEHTa TOTOBHOCTH, MOTYyYESHHBIX YKCIICPHMEH- cBssu To, T.C.
TaJIbHO C IIOMOIIBIO pa3pa60TaHHOﬁ MOJECIH. HCpHOIIHqHOCTB TEXHHUYCCKOI'O O6CJ'Iy)KI/IBa- 8640
Kak MoxHO HaOmronaTh, IMOJTyYEHHBIE SKCIIEpH- HHA Top, 4
MEHTAJIbHBIE KPUBHIE HENMHEHHO yOBIBAIOT, HAYMHAS C Maremariraeckoe OKH;aHHe BPCMCHIT TTPO- 3
BCPKHU q
MaKCUMaJIbHO BO3MOXKHOTO 3HAYEHHs, PAaBHOTO €IUHU- PKH Zp0,
MaremaTtnieckoe OXHJaHUuE€ BpEMEHU BOC-
1€, YTO COINIACYeTCsI C MPUHATHIM B MOJIEIH JOMYILCHHU- )
)K 3 CTAaHOBUTEJILHOI'O PEMOHTA MPHU:
€M O TOM, YTO MpOIecC KCIuTyaranuu cpencts KJ| oTKase nepBoii kateropu, vrRI 10
Ha4MHAETCs CTPOro ¢ pabotocrnocobHoro cocrosaus SO. oTKa3e BTOPOii Kateropu, vrRII 5
HaHHOG JAOIIYHICHUE OCHOBBLIBACTCSA Ha (byHKI_lI/IOHaHI)- OTKaze TpCTbeﬁ KaTeropuw, vrRIIT 2,5
HOM npeaHaszHayeHuu cpeActB XKD u ux BIMAHUU Ha TEXHOJIOTUYECKOM HapyLICHUH [EPBO U BTO- 1,25
6€30acHOCTh TEPEBO30YHOI0 MPOIIEcca, CIIeI0BaTENb- poii kareropu, viRimnl v vrRinll, 4
HO, JUIS TaKMX YCTPOMCTB MepHoi MpUpabOTKU JOJDKEH BeposiTHOCTE O1IMOKH 06CITYKHBAKOIIErO 0.126
bl
OBITH HCKITFOUCH. Tepeonana, Loy
Ilpx 5TOM HADIAMHO JEMOHCTPUPYETCS BIIHSHHE BeposTHOCTS OmIOKM nIepBoro poxa BCTpo- 0,01
VHTEHCHBHOCTH OTKA30B A HA BENMUYMHY KOA((HIHEHTa CHHBIX CPCACTE AMATHOCTHKH, 4
BepOﬂTHOCTB OIIHOKHU NEPBOIro poJia BHECII-
TOTOBHOCTH U KaK pe3yJabTaT Ha KayeCTBO OpraHU3aluu 0,005
HUX CpEACTB JUArHOCTHKHU, d)
skcruryararmu cpencts JKJID. Ecnmm 3agarbest MUHH- B
€pOSTHOCTH OIMUOKU BTOPOTO POjia BCTPO- 0.02
MallbHBIM JIOIyCTUMBIM ypOBHeM Kodddunmenra ro- CHHEIX CDEJICTB IMATHOCTHKH, by )
TOBHOCTH, Hanpumep 0,99, To B PaCCManHBaeMOB{SCHY‘ BeposTHOCTD OIIMOKK BTOPOrO Pojia BHEIL- 0.05
yae TOJILKO JIJII HHTEHCUBHOCTH OTKa30B A = 5-107 1/4 HUX CPEICTB IMArHOCTHKH, b, >
oueHka koapunmenra Kr no Bceit ocu BpemeHu Oyner KonuuecTBO HpOroHoB kp 2000
OTBeYaTh 3aJaHHBIM TpeOoBaHusaM. CreaoBaTeIbHO, BpeMmst OJHOTO TIPOrOHa VIprF, JIET 100
1 1,6
4
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Puc. 3. DxcnepuMeHTanbHBIH Ipaduk 3aBUCHMOCTH OLIeHOK K0d(ddurmenTa rotoBHOCTH K- (@)
yJenbHoro rokasarens kadecrtsa TO B, () oT BpeMeHH ¢ i HHTEHCHBHOCTH OTKa30B A
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Puc. 4. i3amMenenue cpeiHero 3Ha4eHus by 1 ero MakcuManbHOH 1 MUHAMAJILHOH BEJTUIUHbI
Ul IHTEHCUBHOCTH OTKa30B A = 5-107 1/u

Ha puc. 4 mpexncraBneHsl TpaduK CpeHETo 3HaYe-
HUSl yIeIbHOTO ToKa3aTellsl kadecTBa by, a Taxke ero
MaKCUMaJIbHbIe 1 MUHHUMAJIbHBIE 3HAYEHUS 32 COOTBET-
CTBYIOLIMHI NEPUOA BPEMEHH JUIsi HHTEHCHBHOCTH OTKa-
308 A = 5:10° 1/u4. Cormacso monoxenmnto «O Toka3a-
Telle KadecTBa TEXHUYECKOTOo OOCITYXMBAaHMS CPEICTB
CBSI3M», MOJKHO yTBEpPXIaTh, YTO MPHU 33aHHBIX Iapa-
MeTpax MOJEIN JOCTHUTacTCsl HAaWBBICIIAS KaTErOpPHS
kagecTBa «OTIMYHO», TaK KaK BO BCEX TOYKaxX MaKCH-
MaJbHOE 3HAa4YeHHWE He TpeBblmaeT mopor B 14,5
mrpadHsIx 6ama.

3aki04ueHue

AHanu3 KadyecTBa OSKCIUTyaTalud OOOpYHOBaHUS,
YYaCTBYIOIIEr0 B OpraHM3allid OTBETCTBEHHBIX TEXHO-
JIOTHYECKHUX TIPOLECCOB B MPOMBIIIIEHHOCTH M Ha
TPaHCIIOPTE, OCTAETCsl aKTyalbHOU 3amadeil. [Ipumene-
HHE COBPEMEHHBIX IPOTPaMMHBIX CPEICTB, MTO3BOJISIO-
[IMX aBTOMATH3MPOBATh IPOLECC pacdyeTa IoKa3arelei
KadecTBa, 007agaeT HEOCIOPHUMBIM IPEHUMYIIECTBOM,
3aKITFOYAIOLIMMCSI B ONIEPaTHBHOM IOyYCHHUH PE3yibTa-
TOB KOMITBIOTEPHOTO MOJICITUPOBAHWN B CPABHEHHH C
HaTypHBIMU HCIBITAHUSIMUA U (WJIM) ONBITHBIMH JJAHHBI-
MU 9Kciutyatanud. OJHako 3To TpedyeT pa3pabdoTKH
a/IeKBaTHBIX MaTeMaTHYEeCKUX MOJENEH, 4bsi TOUYHOCTb
COTOCTaBMMa C pe3yJibTaTaMH pacyeToB Ha OCHOBE pe-
QJIBHBIX OIBITHBIX JTAaHHBIX.

B nanHo#i paboTe npeioxkeHa IMUTAIOHHAS MO-
JIeTIb TIpOLiecca JKCIUTyaTallid yCTPOMCTB KeIe3HOIO0-
POXHOI 3JIEKTPOCBSI3M, NMpEeAHa3HAUCHHAS /ISl OLIEHKH
YAENBHOTO IOKa3aTeNs KadecTBa TEXHUYECKOro 00CIy-
JKUBAHUS CPENCTB CBS3HM M KOA(PUIMEHTa TOTOBHOCTH
Kak ITOKa3aTels KadecTBa IPOIecca SKCIUTyaTalliHd B
nenoM. B ocHOBY Mozenu NMoJoXeH MPUHLUI JUCKPET-
HO-COOBITUIHOTO MOJEIMPOBAaHUSA, YTO obneryaer ee
peanm3anuio B cpene AnylLogic ¢ IOMOIIBIO BCTPOCH-
HBIX HHCTPYMEHTOB. Pa3zpaboraHHas MO/IeNb YUUTHIBAET
BO3HWKHOBEHHE BHE3AITHBIX, CKPBITHIX U JIOKHBIX OTKa-
30B YCTPOMCTB, BIUSHUE TOTOBHOCTH KoMIuiekToB 3UII,
OIIMOOYHBIX EHCTBHI 00CITYKHBAIOIIETO NIEpCOHaNa, a
TaKkKe TEPHOAUIHOCTH M mpojosnkurensHocTd TO u
peMoHTa.

C moMOIIBI0 HpemIaraeéMol MOJETH TOSBISETCS
BO3MOKHOCTD MPOBEICHUSI KOMIBIOTEPHOTO JKCIIEPH-

MEHTa C [ENbI0 aHAJIM3a BIUSHUS BXOIHBIX TApaMETPOB
Ha KO3(Q(UIMEHT TOTOBHOCTH M YIENbHBINA MOKa3aTesb
KayecTBa TEXHHYECKOro oOcimyxuBaHus. Takum oOpa-
30M, pa3paboTaHHasi MOJENIb MOXKET BBICTYIIaTh B Kaue-
CTBE WMHCTPYMEHTa TIOICPKKH NPHUHATHS pEIICHHH,
HanpuMep, IpU COBEPLICHCTBOBAHUU CHUCTEMBI TE€XHU-
YECKOTO OOCTY)XKHBaHHUS YK€ HCIIONB3yeMOTo U (WJIH)
BHOBB BHEAPSIEMOTO 000PYI0BaHMS 3IEKTPOCBA3H.

B panbHelieM MuaHUpPYeTCS YCOBEPILEHCTBOBA-
HHE Pa3pabOTaHHON MOJENH C LIENbI0 ydeTa MOCTEeleH-
HBIX OTKa30B KOMIIOHEHTOB OOOpYIOBaHHMS *KEIE€3HOIO-
POKHOM 3JIEKTPOCBSI3H, & TAKKE U3MEHAEMOH B MpoLEC-
ce JKCIUTyaTallid IEePUOANYHOCTH TEXHHYECKOro 00-
CITY>KUBaHHUSL.
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Lyubchenko A.A., Kopytov E.Y., Bogdanov A.A.
Statistical modeling of quality measures of operation and
preventive maintenance of railway telecommunication
equipment in AnyLogic

Telecommunication equipment is a functional subsystem of
railway transport which safety and efficiency are totally de-
pendent on the reliable operation of utilized communication
devices. Preventive maintenance is one of the most popular
methods of ensuring the required reliability level of the tech-
nological equipment on railways. The efficiency assessment
of maintenance procedures implementation is done using the
approved quality indicator of preventive maintenance.
Whereas the availability coefficient is used for the quality
estimation of the whole exploitation process. Generally, the
calculation of the mentioned measures is performed on the
basis of the statistical data about occurred failures. This
method is characterized by significant advantages as well as
obvious disadvantages in case of the lack or constrained ob-
taining of empirical data. Modern computer technologies al-
low automating and simplifying the estimation of the target
quality indicators. However, it requires the development of a
proper mathematical support for such analysis. In the paper,
we propose a simulation model of the operational process of
railway telecommunication equipment with the opportunity of
the estimation of the availability coefficient and the quality
indicator of preventive maintenance in automated mode. The
model takes into account sudden, fictitious and latent failures,
impact of spare parts availability and erroneous actions of
service staff during maintenance, as well as periodicity and
length of maintenance and repair for quality measures estima-
tion. The model is built using the discrete-event approach
with AnyLogic.

Keywords: railway telecommunications, quality, availability,
AnyLogic.
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References

1. Gorelov G.V., Fomin A.F., Volkov A.A., Kotov V.K.,
Romashkova O.N. Teoriya peredachi signalov na zhe-
leznodorozhnom transporte: uchebnik [Theory of signal
transmission in rail transport: textbook]. Moscow, UMC GDT,
2013. 532 p.

2. Sapognikov VLV. et al. Nadezhnost' sistem
zheleznodorozhnoj avtomatiki, telemekhaniki i svyazi [Reli-
ability of railway systems of automation, telemechanic and
communication]. Moscow, UMC GDT, 2017. 318 p.

3. Repair and maintenance instructions for railway tele-
communication systems of OAO «RZD», 26/10/2017
Ne 2185 p. [Free online resource]. — Available at:
http://www.consultant.ru/cons/cgi/online.cgi?req=doc&base=
EXP&n=708469#03937885506746581, (accessed November
07,2018).

4. Bogdanov A.A., Lyubchenko A.A. Assessment of op-
eration and maintenance quality in regional communication
centre using AnyLogic 7. Rossiya molodaya: peredovye
tehnologii — v promyshlennost', 2017, no. 2, pp. 3-8 (in Russ.).

5. Derzho G.G. Kolichestvennaya ocenka vklada sistem
svyazi v bezopasnost' tekhnologicheskih processov na zhe-
leznodorozhnom transporte: Monografiya [Quantitative analy-
sis of contribution of telecommunications on technological
processes safety in rail transport: monograph]. Moscow, UMC
GDT, 2007. 130 p.

6. Sherstneva O.G. Probability calculation of control er-
rors during maintenance of digital transmission switches. Info-
comm technologies, 2007, no. 2, iss. 5, pp. 38—41 (in Russ.).

7. Poletaev V.P., Bogdanov D.A. Determination of the
preventive maintenance optimal frequency of hidden failures.
Information technology of CAD/CAM/CAE, 2009, no. 3,
pp- 9-13 (in Russ).

8. Poletaev V.P., Bogdanov D.A. Application of auto-
mated complex for the state estimation of technical systems
with latent failures. Reliability and quality of complex system,
2016, no. 3(15), pp. 80-84 (in Russ). DOI: 10.21685/2307-
4205-2016-3-12.

9. Reutov V.G., Shelomanov V.G. Reliability estimation
problems of complex systems. Instruments and Systems: Mon-
itoring, Control, and Diagnostics, 2016, no. 7, pp. 47-52 (in
Russ).

10. Ostrejkovskij V.A. Teoriya nadezhnosti: uchebnik
dlya vuzov [Reliability theory: textbook for higher education
institutions]. Moscow, Vysshaya shkola publishers, 2005. 463 p.

11. Shibanov G.P. Kolichestvennaya ocenka deyatel'nos-
ti cheloveka v sistemah chelovek-tekhnika [Human activity
quantitative estimation in human-machine systems]. Moscow,
Mashinostroenie, 2005. 463 p.

12. Cherkesov G.N. Ocenka nadezhnosti s uchetom ZIP
[Reliability calculation with respect to spare parts]. Saint Pe-
tersburg, BVH-Peterburg, 2012. 480 p.

13. Gdanov V.V., Avdeev D.K., Tihmenev A.N. Problems
of sufficiency and optimization indices calculation of spare
parts supply. Reliability, 2011, no. 3, iss. 38, pp. 53-60 (in
Russ.).

14. GOST R 53111-2008. Ustojchivost’ funkcioniro-
vaniya seti svyazi obshchego pol’zovaniya. Trebovaniya i me-
tody proverki [Operation stability of public communication
networks. Requirments and test procedures]. Moscow, Stan-
dartinform, 2009. 19 p.

15. Kotov V.K., Antonec V.R., Labeckaya G.P.,
SHmytinskij V.V. Nauchno-metodicheskie osnovy upravieniya
nadezhnost'yu i bezopasnost'yu ehkspluatacii setej svyazi
zheleznodorozhnogo transporta: monografiya [Scientific me-
thodical basics of reliability and safety control of the tele-
communication networks operation in railway transport: mon-
ograph]. Moscow, UMC GDT, 2012. 193 p.

16. Emelyanov V.E., Smorodskiy S.N. Quality assess-
ment maintenance of FRTS and ES. Scientific Bulletin of the
Moscow State Technical University of Civil Aviation, 2015,
no. 219(9), pp. 41-45 (in Russ.).

17. Vityuk V.L., Guzenko V.L., Mironov E.A., Sevasti-
yanov D.A., Shestopalova O.L. Model for calculating parame-
ters of functioning quality of repair and maintenance of com-
munications network. Fundamental research, 2016, no. 5-3,
pp. 493-498 (in Russ).

18. Kovalenko V.N., Zaytcev D.Y., Nevolin D. G. Qual-
ity and reliability control for maintenance and repair. Trans-
port Urala, 2016, no. 3(50), pp. 4347 (In Russ.).
DOI: 10.20291/1815-9400-2016-3-43-47

19. Yakubovich A.N., Yakubovich I.A. Efficient algo-
rithm for numerical implementation of random variables in
statistical modeling of technical systems reliability. Intellekt.
Innovatsii. Investitsii, 2016, no. 8, pp. 84-89 (in Russ.).

20. Yakubovich A.N., Yakubovich I.A. The determina-
tion of the reliability of transport systems and their elements
using mathematical modelling. Gruzovik, 2016, no. 7, pp. 39—
44 (in Russ.).

21. Yakubovich A.N., Yakubovich I.A., Rassokha V..
Reliability evaluation of transport systems by statistical mod-
eling methods (analytical review). Intellekt. Innovatsii. Inves-
titsii, 2016, no. 1, pp. 89-94 (in Russ.).

22. Tikhmenev A.N., Zhadnov V.V. Reliability prediction
structural-difficult electronic devices by methods of imitating

Loknaoert TYCYP, 2018, mom 21, Ne 4



108 VIIPABJIEHUE, BBIYUCIIUTEJIBHAA TEXHUKA U HHPOPMATHKA

modelling. Quality. Innovation. Education, 2013, no. 3,
pp- 50-56 (in Russ.).

23. Chernov A.V., Guda A.N., Chubeyko S.V., Butako-
va M.A. Software realiability evaluation by discrete-event
simulation methods. Programmnye Produkty i Sistemy, 2015,
no. 4, pp. 158-165 (in Russ.)). DOIL: 10.15827/0236-
235X.112.158-165.

24. Maksimey 1.V., Sukach E.I., Giruts P.V., Erofeeva
E.A. Simulation modelling of probabilistic characteristic of
railway network operation. Mathematical machines and sys-
tems, 2008, no. 4, pp. 147-153 (in Russ.).

25. Alekseev S.I., Berezhnoy V.V., Soroka R.I. Imi-
tacionno-animacionnoe modelirovanie osnovnyh tehnolog-
icheskih processov murmanskogo transportnogo uzla [Imi-
tated-animated simulation of the basic technological processes
the Murmansk transport hub]. Evrazijskoe prostranstvo: pri-
oritety  social'no-jekonomicheskogo razvitija. Materialy
Mezhdunarodnoj nauchno-prakticheskoj konferencii [Eura-
sian area: priorities of socio-economic development. Proc. of
the international conference]. Moscow, MGIU Publ., 2011,
vol. I, pp. 28-36.

26. Lyubchenko A.A., Bartosh S.V., Smirnov V.A., Casti-
llo P.A. Discrete-event model of railway junction in AnyLogic.
Dynamics of Systems, Mechanisms and Machines, 2016, vol.
4, no. 1, pp. 87-92 (in Russ.).

27. Yakimov ILM., Kirpichnilov A.P., Mokshin V.V.
Modelirovanie slozhnyh sistem v imitacionnoj srede Any-
Logic. Herald of Kazan Technological University. 2014, vol.
17, no. 13, pp. 352-357 (in Russ.).

28. Rakhmangulov A.N., Mishkurov P.N. Special aspects
of railroad station working method simulation model devel-
opment within AnyLogic system. Modern problems and ways
of their solution in science, transport, production and educa-
tion. 2012, no. 4, iss. 2, pp. 7-13 (in Russ.).

29. Polovko A.M., Gurov S.V. Osnovy teorii nadezhnosti
[Basics of reliability theory]. Saint-Petersburg: BVH-
Peterburg, 2008. 704 p.

30. About approval of the procedure of effort estimation
of regional communication centers (for the calculus of labor

efficiency of the employees, occupied in transportation) [Free
online resource]. — Available at: https://jd-doc.ru/2012/mart-
2012/1888-ot-7-marta-2012-g-n-478r (accessed June 11, 2018).

31. Finaev V.L, Pavlenko E.N., Zargaryan E.V. Analit-
icheskie i imitacionnye modeli: uchebnoe posobie [Analytical
and simulation models: tutorial]. Taganrog, Publisher of
Technological institute YuFU, 2007. 310 p.

32. Shennon R. Imitacionnoe modelirovanie  sistem —
iskusstvo i nauka [Systems simulation: the art and science].
Moscow, Mir, 1978. 420 p.

Alexander A. Lyubchenko

Candidate of Engineering Sciences, Associate Professor
Department of Telecommunications, Radio System

and Networks, Omsk State Transport University (OSTU)
35, Marx pr., Omsk, Russia, 644046
http://orcid.org/0000-0002-2768-484X

Phone: +7-960-998-97-04

Email: allyubchenko@gmail.com

Evgeny Y. Kopytov

Candidate of Engineering Sciences, Associate Professor
Department of Telecommunications, Radio System

and Networks, Omsk State Transport University (OSTU)
35, Marx pr., Omsk, Russia, 644046

Phone: (381-2) 31-16-72

Email: jenya87@list.ru

Alexander A. Bogdanov

Student, Department of Telecommunications, Radio System
and Networks, Omsk State Transport University (OSTU)
35, Marx pr., Omsk, Russia, 644046

Phone: +7-950-338-99-11

Email: Alex-bOg@yandex.ru

Hoxnaoer TYCYP, 2018, mom 21, No 4



