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CTpyKTypHasi HaaeXHocTb. Teopusa 1 NpakTuka

rananosuny B.A., LLlyonHcknii U.B., Sambiunaes A.M.

MATEMATUYECKOE U UHOOPMALIMOHHOE
OBECIMNEYEHUE CUCTEMbI YPPAH

Martematunyeckoe obecrie4eHne nHGopMaLnoHHoU TexHoorm YPPAH cocTouT n3 Tpex B3anMoCBsI3aHHbIX
COCTaBHbIX HaCTeU, rae nepBasi 4aCTb — 3TO CUCTEMA MOAAEPXKM MPUHSITUSI PELLEHWI 10 YrpPaBAeHUIO Ha-
JEXHOCTbIO U PYHKLIMOHAJIbHOV 6€30MacHOCTbIO, BTOPAasi 4aCTb — CUCTEMA MOAAEPXKM MPUHSTUS PELLUEHUI
10 yrpaBeHWIO Pecypcamu v TPETbSI YaCTb — CUCTEMA MOAAEPXKN MPUHSATUSI PELLUEHWUI MO TPAHCMOPTHLIM
npowucLiecTeusiM. MIHpopMaLmoHHasi TEXHOI0rnsl npeactassiseT cobori cuctemy cbopa, aHanmsa, obpa-
60TKM 1 paccnenoBaHns COObITUV W MOAAEPXKU NPUHATUS peLueHuil. OHa 6a3vpyeTcst Ha XPaHUavLLe AaH-
HbIX M BKJIIOYAET B cebsi pa3paboTaHHbIe 104 PYyKOBOACTBOM U MPY HErNoCPEenCcTBEHHOM y4yacTun aBTOPOB
aBTOMAaTU3NPOBAaHHbIE MPUKIaAHbIE MHGOPMALIMOHHbLIE CUCTEMbI YHETA U KOHTPOJIS YCTPaHEHUsI OTKa30B
TexHnyeckux cpeacrts KACAHT, pesu3opoB b6e3onacHoctu aswxeHus (AC Pb), cuTyalmMOHHOro aHaau3a
6e30MacHOCTU ABVIXXEHVS W noaaepxxku npuHaTus pewueHni (MKCAP CL), AC YPPAH v KopriopatuBHyio
aBTOMAaTU3UNPOBAHHYK CUCTEMY KOHTPOJIS 3HaHui paboTtHukoB OAO «PXK/1» KACKOP. lNoka3aHa a¢ppekTnB-
HOCTb MPakTU4eCcKoro rnpUMeHeHus MHopMaLunoHHOW TexHosaorun YPPAH.

KnoueBbie cnoBa: HafeXHOCTb, QYHKLMOHabHas 6e30MacHOCTb, YyrpaB/ieHNe pecypcamu, CTOMMOCTb
XKU3HEHHOIro UMKIa, WHOOPMAaLNOHHbBIE TEXHOJIOrMW, XEs1e3HOAOPOXHbINA TPAaHCMOPT, Marpula pPUCKOB,
XPaHWNLLE AAaHHbIX.

BBepeHue

Cucrema YPPAH — »10 nH(OpManmoHHas TEXHOJIOTHUS YIIPABICHUS HAJIEKHOCTHIO, PECypcamMu |
(bYHKIIMOHATBHOW 0€30MacHOCTBIO Ha KEJIE3HOJOPOKHOM TpaHcmopTe. OHA MOCTpOEHA HAa OCHOBE
KOMITJIEKCHOTO TPUMEHEHHUS MOAU(PHUIIMPOBAHHBIX MeTo1010THiE RAMS (6€30TKa3HOCTH, TOTOBHOCTH,
peMoHTONpUTOAHOCTH U 6e30omacHoCTH) U LCC (CTOMMOCTH )U3HEHHOTO ITUKJIA), HOBBIX MH(pOpMa-
IIMOHHBIX TEXHOJIOTUN TOICPKKHU MPUHATHUS PELUICHHH, pacTpeaeTeHHbIX HHPOPMAIIMOHHBIX CUCTEM
orepaTuBHOTO cOOpa M aHaIM3a JaHHBIX U HOBOW HOpMaTuBHOH 6a3bl [1,2]. Cuctema YPPAH obecrie-
YHBACT MPAKTUIECCKOE YIPABICHHUE PECypCaMu, PUCKaMH, HAaJIS)KHOCTHIO M (yHKIIMOHAIBHOI Oe30mac-
HOCTBIO Ha ceTH xkene3HbIx 1opor OAO «PXK/[». Ota cuctema BriepBbIie IO3BOJISET B YCIOBUAX nehu-
1uTa (PMHAHCOBBIX CPEACTB YBEIUUYHMBATH HA3HAYCHHBIH CPOK CIYKObI 0OBEKTOB KEJIE3HOAOPOKHOTO
TPaHCIIOPTa J0 IPEAEIBbHOIO COCTOSIHUS HAa OCHOBE OLIEHKU PHUCKOB U IlepepacipeeasiTh MHBECTULINU
Ha MOJIepKaHKUE HAJIEKHOCTH U 0€301aCHOCTH Hanbosee mpoOIeMHBIX 00BEKTOB JKEIE3HOIOPOKHOTO
Tpancnoprta [3].



MATEMATU4ECKOE U UHPOPMALMOHHOE OBECNEYEHUE CUCTEMbI YPPAH

CTpykTypa matemaTun4yeckoro obecnedyeHusa cucremol YPPAH

Maremarunueckoe obecrieueHue MHGopMalMoHHON TexHosnoruu cucremsl YPPAH cocrout u3 tpex
B3aMMOCBSI3aHHBIX COCTaBHbIX yacTel. Ha puc. | noka3ana ykpynHeHHas CTpYKTypHas CXeMa MaTema-
THUYECKOro obecredeHus: cucteMbl. OHa BKIIIOYAET /1B OOIIMX COCTABIISAIONINX, @ UMEHHO: HH(pOpMaIH-
OHHYIO TEXHOJIOTHI0, peanu3oBaHHyo B cucteMe KACAHT, u perynsipHo 0OHOBIsIeMyt0 0a3y JaHHBIX,
B KOTOPOH COZEP>KATCsl MATPULII PUCKOB IO 0OBEKTaM BCEX JTUCTAHLUN MHPPACTPYKTYPHI KeJIe3HOI0-
POXKHOTO TPAHCIIOPTA, B TOM YHCJIE XO35IMCTB IyTH, aBTOMATUKU U TEIEMEXaHUKH, dICKTPUPUKALIMY U
snekTpocHaOxenus. Cucrema KACAHT akkymynupyer nHdopmaimio 06 0TKa3ax BCeX TEXHUYECKHX
cpeacTB MH(PaCTPYKTyphl, 00ECIIEUNBAET PACCIEIOBAHNE OTKA30B U MO KPUTEPHUIO JIUTEIBHOCTH 3a-
JIEPKKH [TOE3710B IPYNIHUPYET UX B TpU KaTeropuu. OTKas3bl TPEThEl KaTETOPUU HE OKAa3bIBAIOT BIUSHUS
Ha SKOHOMHMYECKHE PUCKU B IIEPEBO30YHOM Iporiecce. MaTpHiibl pUCKOB OOHOBIISIFOTCS. B TEXHUYECKHX
OT/Ieax X03MCTB MH(PPACTPYKTYPHI JBa pa3a B MECHL.

Wudopmanus 06 0TKa3ax U puckax 00beKTOB HHPPACTPYKTYPhl OCTYNAET BO BCE TPU CUCTEMBI MO
JIEPKKH IPUHATHUS PEIIEHUH, KOTOpbIe ABISAIOTCA SApoM HHpopmalmoHHo# Texnonoruu YPPAH u 060-
3HA4YEHbI Ha PUC. | COOTBETCTBEHHO KakK 4acTh |, yacThb 2 ¥ 4acTh 3.

® Yacth | —3T0 cucteMa nojiep>KKy MPUHATUH PELIeHHUs 110 YIIPABICHUIO HaIS)KHOCTBIO U (YHKLIHO-
HaIbHOU Oe3omacHOCThI0. OHa BKIIIOYAET B ce0s (puc. 2):

- MOJTYJIb IEPBUYHOTO PAcyeTa 1 OLIEHKH HaIEKHOCTH 00BEKTOB MH(PACTPYKTYPHI KEJIE3HOAOPOKHOIO
Tpancnopra. OH sBisiercs coctaBHOM yacTbio AC YPPAH u ocymiecTsisier pacueT nokasarenei 6e30Tkas-
HOCTH, PEMOHTOIPUTOIHOCTH, TOTOBHOCTH, JIOJITOBEYHOCTH, O€3011aCHOCTH, @ TAK)KE CTOMMOCTH KU3HEH-
HOTO IIUKJIA 3TAJIOHHBIX 00BEKTOB BCEX XO3SUCTB (IIyTH, aBTOMATHKH U TEJIEMEXaHUKH, TEKTPUPHUKALIUN
U BIIEKTPOCHAOXKEH U, CBsI3U M MH(popMaTu3anum). Bee aTanoHHble 00bEKTHI — 3TO IPOCTHIE YCTPOUCTBA,
JUIS. KOTOPBIX OTpeieIeHbl Heo0X0o1uMble KO PUIMEHTHI IiepecdeTa JUlsl pacyeToB UX HaJISKHOCTH.

Yactp 1. Cucrema noaaepkku

MPUHATUA PELLIEHUI 1O
HNudopmanmonHas P yIIpaBICHUIO HAIECXKHOCTHIO 1 < Marpuiisr
TexHoorust cbopa u (byHKIIMOHATBEHOI 06€30MaCHOCTHIO TEKYIINX
pacciieioBaHUs PUCKOB IO
JTAHHBIX 00 OTKa3ax BCEM
00BEKTOB XO3SICTB Y 0o0beKTaM
KeJIe3HOTOPOKHOTO Yactp 2. CucteMa noaaepkKKu MHbPaCTPyK-
TpaHcropTa — TIPUHSITHUS PEIIEHUH 110 < TYpBI
peanu3oBaHa B | YIPaBIeHUIO pecypcamMu (TeKyIuMm KEJIE3HOIO-
KoMIiekcHOi coiepxxaHueM UHMPACTPYKTYpPhI) POXHOTO
aBTOMATU3UPOBAHHOM TpaHCIopTa
crucTeMe aHain3a
HalIeKHOCTU
(KACAHT) Yacts 3. Cuctema l'\[)O,Z[,E[Cp}KKI/I

| TIPUHATHS PEIIEHUH 110 <

TPAHCIIOPTHBIM TTPOUCILIECTBUSIM U

Ype3BbIYAHBIM CUTYALUSIM Ha

JKeJI€3HOI0POKHOM TPaHCIIOpTe

Puc. 1. YkpynmHeHHAs CTPYKTYpHAs CXeMa MaTeMaTH4eckoro obecrieueHus cuctemsl Y PPAH



MATEMATUYECKOE U UHPOPMALMUOHHOE OBECNEYEHUE CUCTEMbI YPPAH

- MOJYJIb pacyeTa M MPOrHO3UPOBAHUS MIOKa3aTeNlel HaJIe)KHOCTU U (PyHKIIMOHAIBHON 6€301aCHOCTH
CJIOKHBIX CUCTEM. DTOT MOAYJIb IIPEIHA3HAYEH Ul PACUETOB PE3EPBUPOBAHHBIX CUCTEM ABTOMATUKU U
TeJIeMEeXaHUKH, 3JeKTpoCcCHa0keHus 1 nHpopMmarmoHHo-ynpasistomux cucreM AC YPPAH. On ocHo-
BBIBAETCS Ha pa3pabOTaHHOM TOIOJIOTHYECKOM MTOJYMapKOBCKOM METO/IE U IO3BOJISIET PACCUUTHIBATH KaK
CTAallMOHAPHbIE, TAaK U HECTALIMOHAPHbIE MOKA3aTeIN HAJACKHOCTU M (PyHKIMOHAJIBHOW 0€30MacHOCTH
cucremsbl. TeopeTnyeckre OCHOBBI METO/Ia IPUBE/IEHBI B pabdoTax [4,5].

- MOJyJb MOAJAEPKKU MPUHATHS PELICHUH MO yNPaBICHUIO HAJEKHOCTHIO U (QYHKIHOHAIBHOM
0€30I1aCHOCTBIO Ha JKEJIE3HOJOPOKHOM TPAHCIIOPTE C YYETOM UHTEHCUBHOCTH M CKOPOCTH JIBUKEHUS
II0€3/10B, JUIMTEIIBHOCTH 3aJ€P>KEK MTOE3/10B 110 IPUUYMHE OTKa30B TEXHUYECKHUX CPEACTB, PUCKOB XKe-
JIE3HOIOPOKHOM aIMUHUCTPALIMU U, KOHEUHO, UTHTEHCUBHOCTH OTKA30B U JJIUTEIBHOCTU X BOCCTAHOB-
nenus [6]. Monyinbs peanusyercs B AC YPPAH. Cienyer oTMETUTB, YTO PEKOMEHIALIUU 11O IPUHATHIO
COOTBETCTBYIOILETO PELIEHUS] YUYUTHIBAIOT PE3YJIbTAThl OLIEHKH PUCKOB IO KaKJOMY U3 XO3SICTB UH-
(bpacTpyKTypbl, KOTOPBIE BHIIOIHSIOTCS COTNIACHO pa3pabOTaHHBIM B IUCCEPTALIMU OPraHU3aLHOHHBIM
CXE€MaM U COCPENOTOUYEHBI B MOJYJIE pacyeTa U OLIEHKU PUCKOB. TeopeTnyeckue OCHOBBI IOCTPOEHUS
MOJyJIsl pacyeTa U OLEHKH PUCKOB, BKJIFOUAsl OPraHU3allMOHHBIE CXEMbI YIIPaBICHUS PUCKAMM, U3JI0-
KeHbI B pabore [7].

® YacTth 2 — 3TO cucTeMa MOAACPKKU MPUHATUS PELICHUH MO ynpasieHuo pecypcamu. OHa co-
JEPHKUT:

- MOJIyJTb ONTUMH3AIUN TEXHUYECKOTO OOCTYKHBAHHSI U PEMOHTOB OOBEKTOB MO X COCTOSIHHIO. Teo-
peTHUYecKHe MOJIOKEHUSI MOAYIISl IpUBeeHbl B areHTe «Crnocod ompesiesieHns BpeMEeHH MTPOBEICHUS
04epeaHOro NPOoPUIAKTHUECKOTO0 00CTYKUBAHUS O0BbEKTa U CUCTEMA ISl €T0 peanu3anum» [8].

[IpakTudeckas cxema MOAAEP>KKH MPUHATHS PELICHHs Ha TEXHUYECKOe 00CITy)KUBaHue 00bEeKTa pea-
ym3oBaHa B AC YPPAH.

Teky1ue MaTpUIlbl PUCKOB TTO
X03s1iCTBaM UH(PACTPYKTYPHI

l

Moaynb Monynb pacueTa u Moayib Moaynb noaaepKKu
; TMIEPBUYHOTO »| TIPOTHO3MPOBAHUS | Pacyera »| TIpUHATUS pelIcHW
i U OLIEHKH g
pacyeTa 1 OLEHKHA HaJeXHOCTU U I10 YIIPaBJICHUIO
MICKOB
HalEeXXHOCTU 06e30macHOCTH P (AC HaJeXHOCTBIO
00BEKTOB CJIOXKHBIX CUCTEM VPPAH)
13 NC v
CAHT Monynb moanepKKu MPUHSITUS
KA R Mopynb nonaepKKu MPUHSTUS pelleHHil TT0 YIIPABIEHUIO

A\ 4

PCHICHAMTIO yTIPABJICHHIO CTOMMOCTBIO XM3HEHHOTO LIUKJIA

TEXHUYECKHM COACPKAHUEM (AC YPPAH)

Momyib o e p>KK1

MPUHSITUSL PEIIEHU 1o Monyib olieHKH1 <
3HAHUI U HAaBBIKOB

OLICHKC U IIPOTHO3UPOBAHUIO

A

A 4

TPaHCIOPTHBIX OnepaTUBHOTO
npouciectsuii (AC Pb, nepcoHana (KACKOP)
HNKCAP CL)

Puc. 2. CprKTypa MAaTeMaTUYECKOIro 00eCIeUCHUs CUCTEMBI YIpaBJIC€HUA HAACKHOCTBIO, pECypCaMu, IIPOTHO3ZUPOBAHUA
TPAHCIIOPTHBIX HpOI/ICHIGCTBI/Iﬁ 1 yIIpaBJICHUA ‘lpeSBH‘IaﬁHHMH CUTYyallUsIMU Ha KCJIC3HOAOPOKHOM TPAHCIIOPTC



MATEMATU4ECKOE U UHPOPMALMOHHOE OBECNEYEHUE CUCTEMbI YPPAH

- MOZYJb TIOAJIEP>KKHU MPUHSATHUS PELICHUH 110 YIIPaBICHUIO CTOMMOCTBIO JKU3HEHHOTO 1ukia. Ha3Ha-
yenue pador B AC YPPAH cornacHo 1aHHOMY MOJYJIIF0O OCHOBBIBACTCSl HA CPaBHEHUU (PaKTUUECKUX U
KOHTPOJIBHBIX 3HAYCHHM psiia Ha3HAYEHHBIX MOKa3aTesiel, TaKUX KakK MPOIYIICHHBIN TOHHAX, MJIH. T.,
4acToTa OTKa30B Ha | KM MyTH, IpsSMbIE PacXoJibl HAa TeKyllee conep:kanue 1 kv mytu. Teopernyeckoe
MOJIOKEHHUE METO/Ia MPUBEIECHO B [3].

e Yacte 3 — 3T0 cucTeMa MOJACPKKU MPUHITHS PELICHU 110 TPAHCIIOPTHRIM MnpoucuiecTBusaM. OHa
COCTOUT U3 CUCTEMbI IPOTHO3UPOBAHUS TPAHCTIOPTHBIX MPOUCIIECTBHM U CUCTEMbI OAICPKKU IPUHSATHUS
pelIeHni MPU BOZHUKHOBEHUH YPE3BbIUaHBIX CUTYallMi Ha JKEIe3HOJOPOKHOM TPAHCIIOPTE (TI0XKapOB,
CTUXUUHBIX O€ICTBHI, KPYIHBIX TPAHCIIOPTHBIX MPOUCIIECTBUI, BaHJAIU3Ma, TEPPOPU3MA).

[lepBas cucrema peanr3oBaHa B KaUeCTBE MOJLYJISI TOAACPKKU IPUHATHS PEeLlICHUI B *HPOPMAIIMOHHO-
ynpasistonieid cucteMe AC Ph. Bropas cucrema — B cutyanimonnom nenrpe OAO «PXK]I». B cucteme
YPPAH peann3oBan CTaTUCTUUECKUM METOJ MPOTHO3UPOBAHUS TPAHCHOPTHBIX MPOUCIIECTBUM U CO-
ObITHI1, OCHOBAHHBII Ha allOCTEPUOPHON 00pabOTKE JaHHBIX METOJaMH ITapaMeTPUYeCKON CTATUCTUKH.
B kauecTBe mocienHUX paccMaTpPUBAIOTCS MaTepualbl (Jajee — MPOTOKOJbl) paccieAoBaHui, chop-
MupoBaHHBIE [[ermapTamenTOM Oe3omacHOCTH ABMXKEHUs 3a oAbl padoTel OAO «PX]I». Pa3paborana
MpoLeaAypa OLIEHKH 3TUX BEPOSTHOCTEH U aJITOPUTM MOJACPKKU MPUHATHS pelieHuil. Teopetuyeckue
TMOJIOYKEHHUSI ATOTO METO/IA IIPUBEICHBI B [9].

B cocraB paccMarpuBaeMoil yacTH MareMaTuyecKkoro o0ecreueHns BXOAUT TaKKe MOAYJb AUCTaH-
LIMOHHOM OIICHKH 3HAHUI W HABBIKOB OINEPATUBHOIO MEpPCOHAJIA, MO3BOJSIOIUI HHTETPAIIbHO OLICHUTH
YpOBEHb 3HAHUH CIEIIMAINCTOB X0341CTBA B IIEJIOM C BO3MOXKHOCTbIO U hepeHnaIiu 10 CTPyKTYPHOTO
MOJPAa3/IeICHHs WIH OTAEIbHO B3ATOTO CHEIMAIUCTa U 3HAHUS UM OTAENIbHBIX yHKTOB HOPMAaTHUBHBIX
JTOKYMEHTOB.

Apxutektypa nnpopmaumnoHHou texHonorum YPPAH

NndopmarimonHas TEXHOIOTHS KOMITJIEKCHOTO YTIPaBJIeHUS HAIEKHOCTBIO, pECypcaMu U PyHKIIHOHAIIb-
HOM 0€30MMaCHOCTHIO Ha KeJIe3HOAOPOKHOM TPAHCIIOPTE MpeCTaBiIsieT co0o0il cuctemMy coopa, aHanu3a,
00paboTKH U paccienoBaHusl COOBITUN U MOANACPKKU MPHUHITHS PEHICHUH, LEeIbl0 KOTOPOU sIBIIeTCA
MIOMOIIIb PYKOBOJIUTEIISM, TPUHUMAIOIIUM PEIIEHNUS B CIIOKHBIX YCIOBHSX JUIsl TOJTHOTO U 00BEKTUBHOTO
aHaJIM3a MPEeIMETHOM e TEIbHOCTH.

SAnpom undopmannonHoi rexnoiorun YPPAH, 6e3 kotoporo ee pyHKIIMOHUPOBAHUE HEBO3MOXKHO,
SIBJISICTCS XpaHWHIIe JaHHbIX (puc. 3). Uadopmanus B KoMmannn 3a4acTyro pacnpeneneHa mo pa3ind-
HBIM, HE CBSI3aHHBIM MEXAy co00M MH(OPMalMOHHBIM CHUCTEMaM. 3ajada XpaHWIUIIa — coOpaTh 3TH
JaHHbIE, CTPYKTYpUPOBaTh UX U NMPeoOpa3oBaTh, T.. 10 CYTU — CAENAaTh MPUTOIAHBIMH JAJISl TPOBEICHUS
aHaJIn3a U MOJIE3HBIMHU JUISI IPUHSATHS YIIPABICHUECKHUX petieHniH. OCHOBHOE MPENMYILECTBO XPAaHUIIHUILA
3aKJII0YaeTcsl B TOM, YTO B HEM coOupaercs HH(opMalus 1o BCeM npoliieccam, KOTOpble MIPOUCXOIAT B
Komrmanuu, a He TOJIBKO MO OTAENBbHBIM chepaM ee AeSITENbHOCTH.

Ha ocHoBe nndopmaruu, KoTopas HaXOIUTCS B XPAaHUJIUIIE JAHHBIX, BEICTpAMBAETCsl paboTa Tpex
cUCTeM B pamkax nHpopmannonHoi Texnonoruu YPPAH, a umenHo:

— CHUCTEMBI aHAJIM3a M OLIEHKH PUCKOB B dKcIuTyaranmoHHon padore OAO «PXK][» Ha ocHOBe mokasa-
TeJeH IKCIUTYyaTallMOHHOW HaIe)KHOCTH U 0€30TIaCHOCTH;

— CHCTEMBI yMPaBJICHUS SKOHOMHUYECKUMHU MPOIECCAMHU TOICPIKAHUS U PA3BUTHUS HHPPACTPYKTYPhI
U TO/IBMKHOTO COCTaBa B LEJSIX o0ecreueHus: MpueMiIeMbIX ypOBHEN 0€30IacHOCTH M HAJEKHOCTH C
YYETOM JOIMYCTUMBIX OCTaTOYHBIX PUCKOB;

— CHUCTEMBI CUTYaIlMOHHOTO aHaJn3a 0€30MacHOCTH IBYXKCHUSI M TIOAICPKKH MIPUHSATHS PEIICHUH.
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Bce Tpu ykazaHHBIE CHCTEMBI ITO3BOJISIOT CHOPMHUPOBATH KOPIIOPATHBHBIC MOJICTTH U METPUKHU KITHOYE-
BBIX MOKa3aTeJIeH HaJIeKHOCTH, CTOUMOCTH KU3HEHHOTO IUKJIA, 0€30MacHOCTH U ynpaBisaTh MU, C ux
MTOMOIIBIO CTpaTernyeckue ey Komnanum KOHKPETH3UPYIOTCS, IEPEBOIATCS B HAOOP KOJTUYECTBEHHBIX
MoKasaresyield U IMPHUBSA3BIBAIOTCS K 3aJla4aM M JIEUCTBHAM ToapaszzaesieHuii. CUCTEMbI IIOMOTAIOT BECTH
MOHUTOPHUHT JIeATelIbHOCTH KoMITaHuH, MOJenpoBaTh BO3MOXKHBIE CIIEHAPUU PA3BUTHS CUTYallUd B
KpaTKOCPOYHOM U JOJITOCPOYHOM MEPCIICKTUBE.

Omnpenensst 1 OTCIICKHUBAs TTOKa3aTEM HAJISKHOCTH U OE30IIaCHOCTH, MOYKHO TOJIYYHUTh OTBET Ha BO-
MPOC, HACKOJILKO ycnenHo KomnaHus uietT K HaMedeHHBIM 1ieisiM. Kak mpaBuiio, BBIIETSIOT TPU YPOBHS
IoKa3arejiel HaIe)KHOCTH U OC30IMaCHOCTH

— IIEJIEBBIC ITOKA3aTeNId — HOCSIT CTPATETMUECKUI XapaKTep, 3TO IEJIH, KOTOPbIe HY)KHO J0CTHYb Kom-
[IaHWH B TeueHue 3-5 JeT;

— IUTAHOBBIE TTOKA3ATENN — ONPECIIIOTCS Ha 1 1oz Briepe B pe3yJisrare (popMHUPOBaHHUS TO0BOTO OFOIHKETA;

— (haKTHUECKHE TTOKA3aTeIN — PACCYMTHIBAIOTCS 0 pe3ysibTaTtaM (hakTuaeckoi padotel Kommanum.

A 4

IKOHOMHYECKHI PykoBoacto OAO «PK/I» BJok moaroroBku
o010k (EK ACY®DP TPYAOBBIX
u ACY HuBecr) Hnan Motan pecypcoB (EK
<= <> ACYTP)
3KCHJ’IyaTaHI/IOHHLIe u CTpaTEernvIeCKux OIepaTUuBHbIX
MHBECTHIUOHHEIE MepOnpHUATHI MepONnpHUATHI MoTHBams
pacxoabl pa6OTHI/IKOB
A A
S SEEEES EEET EEREEEEEE Fooe - ,
Cucrema YPPAH
" baok MOAACPKKHU NPUHATUA pemeﬂm”l h
4 \ 4
AC YPPAH < » KACKOP

Xpanuinuie

KACAHT, KACAT HNKCAP CII, ACPb

JTAHHBIX

HNudopmanuonnas texnosnorust YPPAH 4 A

= e am Em ae En B En Em En Em B En Em Em Em Em Em am o Ee e S e Em e EE B BN EE EE BN B BN Em Em Em Em Em Em Em

BA3OBBIE ACY

Kontpoas

EK ACY-U i HCIOTHEHUST B

NPHUHATBIX pelleHnii

y

Puc. 3. Apxutexrypa nH(popMarmoHHoit TexHonoruu Y PPAH

B pesynbrare coznaetcs cBoeoOpa3Hasi CucTeMa KOOpMHAT, 10 KOTOPOil MOYKHO OLIEHUBATh BCE pellie-
HUS ¥ IEUCTBUS B KOHTEKCTE NOCTHXKeHUA 1eneit Kommanuu.

Cucrema aHanmu3a M OLIGHKH PHCKOB B dKCIUTyarannoHHoi padore OAO «PXK]I» Ha ocHOBe mokasa-
TeJel HIKCIUTyaTalliOHHOW HaJIeKHOCTU M OE30MACHOCTH SBISETCS OAHUM U3 OCHOBHBIX KOMIIOHEHTOB
uHpopmarmonnoit rexuonorun YPPAH. Cuctema no3BosnsieT mpoaHanau3upoBaTh HAKOIIICHHBIE TAHHBIC
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(mopepKMBalOTCA TaKUE BUJbI aHANU3a, KaK aHAJIU3 «UYTO, €CIINY, aHAJIU3 PUCKOB, 1I€TIEBOM (YHKIINH,
YyBCTBUTEIIHOCTH, KOPPEISLIUOHHO-PETPECCUOHHBIN U ONTUMU3ALIMOHHBIN aHAJIN3) U IPUMEHUTH K HUM
MaTeMaTH4YECKUE aJITOPUTMBI. DTO MIOMOTAET HE TOJIBKO MOIYYUTh OTBET Ha BOIPOC «KaK celyac Jena B
Kommnanuu?y, HO U IOHSTb, IOYEMY CUTYAIHs CIIOKUIIACh UMEHHO TaK, ¥ 3aTeM pa3paboTaTh Nporpammy
KOPPEKTUPYIOLIUX JEHCTBUH.

C noMo1p0 MOJCUCTEMBI MOICPKKU MPUHATUS PEIICHUN MO0 KOMIUIEKCHOMY YIIPaBIICHUIO HA/IEXk-
HOCTBIO, PUCKaMH, CTOMMOCTBIO KM3HEHHOTO LIMKJIA Ha YKEJIE3HOAOPOKHOM TpaHCopTe popMHUpyeTcs
pecypcHoe obecrieueHue aerictBuil Kommnanum: npu coctaBieHUH OIOKeTa CTpaTernuecKue Heilu 1 3a-
nauu KoMaHuu yBs3bIBatOTCsI C TEMH 00beMaMu CPEJICTB, KOTOPBIE Y Hee €CTh WK CKOpo nosBaTcs. [Ipu
IUTAHUPOBAHUH MOACHUCTEMA [TO3BOJISIET TOCMOTPETDH ITAHHBIE IO MPEABLIYIINM T'0JJaM, BISIBUTH TEHICHIH
Y 3aKOHOMEPHOCTH U UCII0JIb30BaTh UX /Ui (HOpMUPOBaHUs OIOKETa — 3TO MMOMOXKET CJIeaTh ero bonee
000CHOBAHHBIM U TOUHBIM. Jlpyras BO3BMOKHOCTh — IPUMEHEHUE METO/Ia MOJICTTUPOBAHUS «UTO, €CIIN»,
C TMOMOIIBI0 KOTOPOTO MOKHO COCTAaBUTh HECKOJIBKO BAPUAHTOB IJIaHa (HAapUMeEp, «ONTUMHUCTUYHBIIN,
«peaTUCTUYHBINY», «IIECCUMUCTUYHBINY), aHAIM3UPOBATh U COMOCTABIIATh UX, a 3aT€M B Ka)Jblil KOH-
KpETHBIN NepHuo/1 BBIOMpaTh HauboJee akTyalbHyI0 Bepcuto. Kpome Toro, nojcucreMa uCHoiab3yeTcs JUis
MIOCTOSIHHOTO MOHUTOPHHT A BHIITOTHEHHUS [UTAHOB U OIOIXKETOB, TOCTUKEHHUS 3a(DUKCUPOBAHHBIX 3HAUCHHIH
nokazarenei. [logcuctema 1aet BO3MOXKHOCTh HACTPOUTH aBTOMATHUECKYHO OATOTOBKY HYKHBIX OTUETOB
K 33/IJaHHOMY BPEMEHHU, UX PACCBUIKY OIPEICICHHOMY KPYyTY JIUII. DTO 0COOCHHO Ba)KHO B IJIaHE KOHTPO-
7151 cOOMIONEHUS TUMHUTOB OIOIPKETOB M MPEJOTBPAILCHUS «BbIXO/a» OTIEIbHBIX LEJNEBbIX MOKa3aremneit
3¢ (dEeKTUBHOCTH 3a yCTaHOBJIEHHbIE IpaHulbl. Eciii moacucTeMa BUANT, UTO CKJIAABIBACTCS MOI00HAs
CUTYyalHsl, TO OHa aBTOMaTHYECKH PACcChUIaeT COOTBETCTBYIOIINE OMIOBEUICHHS] OTBETCTBEHHBIM PYKOBO-
TUTENAM U (POPMUPYET MAKeT JOKYMEHTOB M OTYETOB, KOTOPbIE TO3BOJIAT MOHATH MPUYUHBI OTKIOHEHUI
U IPUHATH yHIpexaamue Mepsl. [Ipu 3ToM MOKXHO c(hOpMUPOBAThH pa3InyHbIE TPYIIIILI aIpecaToB AJis
MOJTy4eHUs MOJOOHBIX OMOBELIECHUI B 3aBUCUMOCTHU OT CTENEHU KPUTHUHOCTH Mpodiemsbl. K npumepy,
€CJIM OTKJIOHEHHUE OT IJIaHa He3HAYUTENIbHO, TO HHPOPMAIHsI OCTYIHUT TOJIBKO B (PMHAHCOBOE MOApa3-
JIeJICHNe, €CIIU JIOMYCTUMBII JIMMUT MPEBBIIIEH B HECKOJIBKO Pa3 — JaHHbIE OTHPABISIOTCS YKE BCEMY
Ton-MeHeKMeHTy Kommanuu.

Cucrema cuTyallMOHHOTO aHajIi3a 0€30IacHOCTH JBMYKEHUS U TIOAJCPKKU IPUHATHSI pEIIeHUI HCTIONb-
3yeTcst AJIs IOMCKA CKPBITHIX 3aKOHOMEPHOCTEH, TPEHI0B U TOCTPOEHUS TPOTHO30B (Ha OCHOBE HalIeH-
HBIX CcBsi3ei). JlaHHBIN KOMIIOHEHT MO3BOJISIET YBUAETh HEOIaronpusiTHbIe TEHICHIIUU 110 0€30MaCHOCTH
JIBUKECHMSI, KOTOpPbIE HE OUEBUIHBI HA MepBbIil B3MIsAA. [locne ux oOHapyKeHUs U aHalIu3a MOSBISETCS
BO3MOXKHOCTh pa3paldoTarh mporpammy A€UCTBUN (MEPONPUSTHII), KOTOPbIE TOMOTYT OIEPATHUBHO HC-
MIPABUTb CUTYAIIUIO.

[1aBHOE TOCTOMHCTBO CUCTEMBI — B Pa3BUTHIX BO3MOXKHOCTSIX Ui BU3yallM3alluU JaHHBIX. Bes uH-
dbopmarus BEIBOAUTCS Ha SKpaH KOMIIbIOTEpA B OUEHb HAIVISIIHOM M YIOOHOM JJisi BOCHIPHUSITHUS BHJIE
(17151 3TOr0 MPUMEHSAIOTCS rpapuuecKue CpeiCcTBa U JAUarpaMMbl, TEXHOJIOTHH I[BETOBON WHAMKAIIUH,
«CTIUOMETPB», «CcBeTOQOphl» U T.A.). CucTeMa MO3BOJISET MOCTPOUTh «CUTYallMOHHBbIE KOMHATBDY U
MAHEJIN YIPABJICHUS — C UX TTOMOIIBIO PYKOBOJUTEIb HE TOJIBKO BUAUT arperupoBaHHYIO HH(OPMAIUIO
1o BceM cdepam esrenbHocTd KoMnanuu, HO U MOXKET AeTaM3UpOoBaTh €€ 10 He0OXOTUMOTO YPOBHS
(BILUIOTH 710 IEPBUYHBIX TOKYMEHTOB), UTOOBI TOJTHOCTHIO pa300parbcs B CUTyalluU U IPUHSTH PEIICHUS
JUTsl ee ucnpasieHus. Mcnonab3oBaHue B KaueCTBE OCHOBBI JJISi paOOThl CUCTEMbBl XPaHWIUIIA JaHHBIX
MO3BOJISIET MPOBOJUTH AHAIU3 «CBEPXY — BHU3»: MTHOBEHHO MEPEXOAUTh OT HEYIOBIETBOPUTEIHLHOTO
3HAYEHUS B YIPABIECHYECKON OTYETHOCTU K aHAJIM3y MPOOJIeMbl (C MOMOIMIbIO aHAIUTUYECKONH OTYET-
HOCTH), OT NMPOOJIEMHBIX BOIMPOCOB B AHAIUTUYECKOM OTYETE — K KOHKPETHBIM JOKYMEHTaM, KOTOpbIE
MOTYT OOBSCHUTH UX MOSIBIICHUE.
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Asmomamuzuposantvle npuxiaousvie ungopmayuonnvie cucmemvl KACAHT u KACAT peanusyrot
COOTBETCTBEHHO IPOIIECCHl YUeTa, KOHTPOJIS YCTPAaHEHHsI OTKa30B TEXHUYECKUX CPEJICTB U BOSHUKHO-
BEHUS M YCTPaHEHUS TEXHOJIOTMUYECKUX HAPYIIEHUH U TPAHCTIOPTHBIX MpouciiecTBUii. OHU MOCTPOEHBI
Ha OCHOBE KOMIUIEKCA CYIIECTBYIOIIMX Ha keye3HoaopokHoM TpaHcnopte OAO «PX]I» TexHonorui,
KOTOpbIE penIaroT MHPOPMALMOHHO-KOMMYHHKAIIMOHHBIE U TEXHUKO-TEXHOJIOTHYECKHe 3aa4u Ha 0aze
HOBEHIIINX KOMIBIOTEPHBIX CPEJCTB.

Lenbro co3manus AsmomamusuposarnHol cucmemsl pedusopos bezonacnocmu osudcerus (AC Ph)
ABJISIETCS] OBBINIEHNUE d(PPEKTUBHOCTH pabOTHI U POJIU PEBU3OPCKOTO arrapaTa Bcex YpoBHEH B 00e-
CIIEYeHUH 0€30MaCHOCTU JABUKEHUS B COOTBETCTBUM C BO3JIOKEHHBIMHU HAa HUX KOMIUIEKCAMU 3aJiad,
a Tak)ke BBIPaOOTKAa CKOOPIMHHUPOBAHHBIX PEIICHHI, HAMpPaBICHHBIX HA MOBBIIICHUE 0€30MaCHOCTH
JBUKEHUS 32 CUET UCIIOJIb30BaHUS HH(POPMAITMOHHBIX TEXHOJIOTHH.

Cucmema cumyayuoHHo20 aHaiuza 0e30NaAcHOCMuU OBUNCEHUsT U NOOOEPHCKU NPUHAMUSL PeuleHUl
(UKCAP CI]) byHKIIMOHAIBHO pa3/ielieHa Ha YEeThIpe CerMeHTa: 0€30MacHOCTh JABWMIKCHHS, TPaHC-
nopTtHas 0e30MacHOCTb, MOKapHast 6€30MacHOCTb, IPOrHO3UPOBAHHUE  KOHTPOIIb METEOPOIOTUYECKUX
YCJIOBHI, a TaK)Ke UMEET JIBa pexxuMa paOoThl: IITATHBINA U JIUKBUJAIIMN TTOCIEICTBUI Ype3BbIYaliHOM
CUTYaIIUH.

Asmomamuzuposanuas ungopmayuonras cucmema AC YPPAH npenHa3HaueHa il perieHus ce-
IYIOIIUX 3a/1a4:

- aBTOMaTH3alMs MPOLIECCOB MEPBUUHOI 00PaOOTKU CTATUCTHUECKUX TAaHHBIX 00 0TKa3aX TEXHHUUECKUX
CpEICTB 00BbEKTOB MHPPACTPYKTYPHI U MOJIBUKHOTO COCTABA JKEIE3HOJOPOKHOTO TPAHCIIOPTA;

- aBTOMaTH3UPOBAHHOE ONpEIesIeHNE TTOKa3aTesel SKCIUTyaTallMOHHOM HAJeKHOCTH U O€30MacCHOCTH
00BEKTOB HHMPACTPYKTYPHI,

- KOJIMYECTBEHHAs OLIEHKA IIPOU3BOICTBEHHOM JIEATEIBHOCTH XO3SHUCTB HHPPACTPYKTYPhI U MTOJIBUXK-
HOTO COCTaBa C y4ETOM OTKa30B M OpraHU3aIMH TEXHUYECKOTO 00CTYKMBAHUS U SKCIUTyaTaluu 00bEKTOB
UHGPACTPYKTYPHL;

- MOTHUBAIMS I€ATEIbHOCTU CTPYKTYPHBIX MOAPA3/IEICHHUM B paMKax X03siICTBa HA OCHOBAaHHUHU IOKa-
3arenel HKCIUTyaTallMOHHOW HaIeKHOCTH U O€30MacCHOCTH;

- OLICHKA COOTBETCTBHS JOCTUTHYTHIX MOKA3aTeNeil SKCIUTyaTalluOHHON HaJIeKHOCTH B O€30MacCHOCTH
3aJlaHHBIM HOpPMaM;

- MOATrOTOBKA PACUETHBIX AAHHBIX JJIsi GOPMUPOBAHUSA PEKOMEHAAIUM MO CHUXKEHUIO YPOBHS
PHUCKOB;

- OIpEENICHNE YA3BUMBIX OOBEKTOB C TOUKH 3PEHUS OLICHKH PUCKOB;

- MIOAATOTOBKA MPOEKTOB MJIAHOB pa0bOT MO TEXHUYECKOMY COJIEPKaHUI0 HH(PACTPYKTYPHI U MOJIBUK-
HOTO COCTaBa;

- IOJITOTOBKA IPOEKTOB pacmpeesieHUs] MHBECTHIIHI 10 Hanbosee MpoOIeMHBIM 00bEKTaM Kele3HO-
JIOPOXKHOTO TPAHCIIOPTA.

B cocta AC YPPAH Bxondr cienyroiiye noJiCUCTEMBI:

- mozicucTeMa nonydeHus nadopmaiuu o6 oobekrax HHPpacTpykTypbl u3 ACY X035HCTB;

- MoAICKCTEMA TIOJydYeHHsI HHPOpMaIu 00 O0TKa3axX TEXHUYECKUX cpenctB u3 cuctembl KACAHT;

- moacucTeMa (GOPMHUPOBAHUS STATOHHON O0OBEKTHO-3JIIEMEHTHON CTPYKTYpPbl 00BEKTOB HH(pa-
CTPYKTYPBHI;

- IOJICUCTEMA aBTOMaTH3HPOBAHHOTO pacyeTa oKaszareleii SKCIuTyaTalliOHHONM HaIeKHOCTH U Oe3omac-
HOCTH 00BEKTOB HH(PPACTPYKTYPHI;

- mozcucTeMa (OPMHUPOBAHUS BBIXOAHBIX (DOPM U CIPABOK.
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Kopnopamuenas asmomamuszuposannas cucmema Konmpoas snanuii pabomuuxos OAO « PXK/]»
KACKOP npennazHavyeHa JIJIsi aBTOMATH3AIlMHU ITPOIECCOB MPOBEPKH 3HAHUM U 00ydeHUS paOOTHH-
koB OAO «PX/[». O6beKkTOM IPOBEPKH SABIACTCS KPYT 3HAHUK paOOTHHUKOB, a TAK)KE UX YMECHHUS U
HaBBIKU TT0 0€30T1aCHOMY BBITIOJIHEHHIO TPOU3BOACTBEeHHBIX onepanuii. Cucrema KACKOP Bxoaut
B coCTaB cucTeMbl nuctaHmuonHoro odbyuenus (CO) padornukoB OAO «PX/». Llens co3ma-
Hust cucteMbl KACKOP — noBeilieHre ypoBHS 0€30MaCHOCTH M SKOHOMHYECKON 3 PEKTUBHOCTHU
pa6oter OAO «PX]I» Ha ocHOBe ymydIlleHHs KadecTBa Mpo(eCCHOHATbHBIX 3HAHUH U YMEHUHU
pabOTHHUKOB.

Kak y»xe oTMeuanock, 0qHOM U3 EeHTpalbHbIX 3a7a4 cucteMbl Y PPAH sBisiercs 3agaua mogaepxku
MPUHSTHS PEIICHUH 10 YNPaBICHUIO peCcypcaMu, HEOOXOIUMBIMH ISl TEKYIIETO COAEepKaHUS 00beK-
TOB JKEJIE3HOJOPOKHOTO TPAHCIIOPTA, a TAK)KE MOJACPKKU MPUHATUS PELICHUN MO MHBECTUIIMOHHBIM
pacxofaM B HHPPACTPYKTypy U MOABMKHOM cocTaB. C 3TOM LEIbI0 IPEIyCMOTPEHO HHPOPMAIIHOHHOE
B3auMozelicTeue HH(popManmoHHo# TexHonoruu Y PPAH ¢ cymectBytonumu ACY 3KOHOMHYECKOTO
omoka Kommnanuu, Takumu kak EK ACY®P (Enunas kopriopariBHas aBTOMaTU3UPOBaHHAS cucTeMa hu-
HaHCOB U pecypcoB) ACY Ungecr (puc.3). Pekomennammm, popmupyemsie cuctemoit Y PPAH, momarorcst
pykoBoacTBY Kommanuu Jj1si CTpaTerH4ecKoro 1 ONepaTUBHOTO IJIAHUPOBAHUS UMEIOIUXCS pecypcoB. B
3aBHCHUMOCTH OT TEKYIIMX IKOHOMUYECKUX BOSMOKHOCTEHN ¢ OJTHON CTOPOHBI U OCTPOTHI MOTPEOHOCTEMH
B MPUBJICYCHUH PECYPCOB ISl CHIKEHUS! PUCKOB HapyIIeHHsI 6€30MacCHOCTH MEePEBO30YHOTO Mpoliecca
C Ipyroil CTOPOHBI, pyKoBOACTBOM KoMmmaHuu KOppeKTUPYIOTCS OlepaTuBHbIE MJIaHBl B COOTBETCTBUU
¢ pekoMenganusamu cucreMbl YPPAH w/unu yBenuuuBaeTcst (BO3MOXKHO, Tepepacnpenensercs) o0b-
€M MHBECTUPOBAHUS WM MOJIEPHHU3AIMU OOBEKTOB MPH CTPATETUUYECKOM IUTaHupoBaHuu. [lomyueHHbie
MPaKTHUECKHE pPe3ynbTaThl, 3Q(PEeKTUBHOCTD YNpaBICHUS PECypcaMH KOHTPOIUPYIOTCS PYKOBOJICTBOM
Komnanuu ¢ momomsto EK ACY-U (ExuHoi kopropaTHBHOW aBTOMAaTU3UPOBAHHOW CHUCTEMBI HH(Dpa-
CTPYKTYPBI), KOTOpast COAEP>KUT U OTIEPATUBHO OOHOBIISIET BECh CIIEKTP UCXOAHON MH(POPMALIUU O TEKY-
1M COCTOSIHUU Pab0OTOCIIOCOOHOCTH BCEX XO3SUCTB MHPPACTPYKTYPBI 1 000 BceX padoTax U CBI3aHHBIX
C HUMH pacxoiaX Mo TEKyIIeMy COAepx aHHI0 MHGPACTPYKTYypbl. B 3aBUCUMOCTH OT MpeAbIAYLINX U
TEKYIIHUX BIOKEHHBIX CPEACTB JOKEH U3MEHATHCS YPOBEHb pab0TOCIIOCOOHOCTH 0OBEKTOB TPAHCIIOP-
ta. KonTponp xapaktepa u3sMeHeHHs ypOBHS pabOTOCIIOCOOHOCTH MO3BOJIAET PyKOBOACTBY Kommnanuu
OILICHUBATH YPPEKTUBHOCTH MPUHUMAEMBIX PEIICHUN.

Cucrema YPPAH Taxoke B3aumogeiictyet ¢ 6a3oBeiMu ACY OAO «PXK]», koTopbie cHabX aroT ee B
peanbHOM MaciiTade BpeMeHH HHPOpMaIIHel 0 MOe30M0TOKax, 00 SIKCIUTyaTalluOHHON paboTe, a TaKkxKe
CYULIECTBYIOLIEH U OOHOBIIIEMOIl HOPMAaTUBHO — CIPaBOYHOM MH(pOopMarueil. PekoMeHnganuu cucTemsl
ucnonb3yroTcss B EK ACYTP (EnuHo# KOpnopaTUBHOM cHCTEME yIPaBICHUS TPYIOBBIMU pecypcamMu)
JUTSI MOTHBAIIMH KaK OTAEIbHBIX paOOTHUKOB, TaK U MIPOU3BOICTBEHHBIX MOPa3ICICHUN.

3akn4yeHue

Ipumenenue ungopmayuonnou mexrnonoeuu Y PPAH nozeonsem [10]:

- 3HAYUTENIbHO MOBBICUTH ONEPATUBHOCTh U OOBEKTUBHOCTD JAHHBIX 00 OTKa3aX U TEXHOJOTUYECKUX
HapyleHusax. Tak, ¢ TOMOIIBIO 3TOW TEXHOJIIOTUH YCTAHOBJICHO €KEr0/IHOE 3aHMKEHHE KOJIMUeCTBa pe-
THCTPUPYEMBIX OTKa30B TEXHUUECKHUX CPEACTB Ha jKeJe3HbIX Joporax Poccuu B 4 paza. [Ipu sTom ycra-
HOBJICHO, YTO J0JI1 OTKa30B TEXHUYECKUX CPEACTB B 3aJeprKKax 1noe3aoB He nmpeBbimaet 10%. OcHoBHas
[IPUYMHA — TEXHOJIOTUYECKUE HAPYILICHUSI.

- YIpaBisATh TEXHUYECKUM COZIEPKAaHUEM OOBEKTOB JKEJIE3HOIOPOKHOTO TPAHCIIOPTA MO TEKYILEMY
COCTOSIHHIO MX HaJIe)KHOCTH U O€30MMaCHOCTH.

- [Ipu nedummre GUHAHCOBBIX CPEACTB Ha3HAUYATh PEMOHT HanboJiee POOIIEMHBIX YYaCTKOB U 00€-
CIIeYUBATh HAJECKHYIO pad0Ty HHPPACTPYKTYpPbI U OE30MaCHOCTh IBUKEHHS. Tak, 0 JaHHBIM ONBITHON
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sKcrutyarauu Ha CeBepHOM JKeJIe3HOW JOpore yCTaHOBJIEHA BO3MOXKHOCTH cokpaieHus Ha 200 km
(nmpumepHo Ha 25%) o0bemMa peMOHTHBIX PadOT MIaBHBIX MyTel | 1 2 Kilacca HA OCHOBAaHUU TEXHOJIOTUU
YPPAH nipu cHUKEHUH TIOYTH B 2 pa3a OCTAaTOYHOU CPETHEH MHTEHCHBHOCTH OTKA30B MMyTEeBOU MH(ppa-
CTPYKTYPBI IIOCJI€ PEMOHTA.

- OnepaTuBHO OLICHWBATh PUCKU BOSHUKHOBEHHUS OINACHBIX CUTYallMd Ha JKEJIe3HOJOPOKHOM TpPaHC-
MOPTE U MPOTHO3UPOBATH BOBMOKHOCTh BO3HUKHOBEHHSI TPAHCIIOPTHBIX IPOUCIIECTBUH.

- IIporuo3upoBarbh BO3MOXHOCTb BO3HMKHOBEHUSI TPAHCIOPTHBIX MPOMCIIECTBHI Ha BBISBICHHBIX
MPOOJIEMHBIX YYaCTKaX KeJIe3HOAOPOKHBIX JTMHHIA.
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Structural reliability. The theory and practice

Gapanovich V.A., Shubinsky I.B., Zamyshlyaev A.M.

MATHEMATICAL AND INFORMATION SUUPORT
OF THE URRAN SYSTEM

The mathematical support of the URRAN information system comprises three interrelated parts wherein the
first part is the support system for decision making as to reliability and functional safety management, the
second part is the support system for decision making as to resources management, and the third part is
the support system for decision making as to transport accidents. The information technology represents
a system of collecting, analyzing, processing and investigating events and supporting decision making. It
is based on a data warehouse and includes specialized automated applied information systems developed
under the guidance and with the direct participation of the authors. These are the system of recording
and managing the elimination of technical failures (KASANT), the system of traffic safety controllers (AS
RB), the system of traffic safety situational analysis and decision-making support (IKSAR SC), AS URRAN
and the corporate automated system of RZD’s staff knowledge control (KASKOR). The URRAN information
system has demonstrated the efficiency of its practical application.

Keywords: reliability, functional safety, resources management, life cycle cost, information technology,
railway transport, risks matrix, data warehouse.

Introduction

The URRAN system is an information technology of reliability, resources and functional safety on
railway transport. The system is based on an integrated application of the modified RAMS (reliability,
availability, maintainability, safety) and LCC (life cycle cost) methodology, advanced information tech-
nology of decision-making support, distributed information systems of collecting and analyzing real-time
data, and state-of-the-art regulation framework [1,2]. The URRAN provides a practical management of
resources, risks, reliability and functional safety on the network of Russian Railways. For the first time,
under the conditions of limited financial investments, this system enables to extend a specified life time
of railway transport facilities till limit tolerance state based on estimating risks and to redistribute invest-
ments for improving the reliability and safety of the most vulnerable railway transport facilities [3].

Structure of mathematical support of the URRAN system

The mathematical support of the URRAN information system comprises three interrelated parts.
Figure 1 shows a generalized structure of mathematical support of the system. It includes two com-
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mon components, i.e. the information technology implemented with the KASANT system and the
data warehouse regularly updated which contains risks matrixes for facilities of all railway transport
enterprises, including track, signalling and remote control, electrification and power supply enterprises.
The KASANT system accumulates information about failures of all infrastructure technical means,
provides investigations about failures and groups them into three categories according to the criterion
of train delay length. The third category failures do not influence economical risks in transportation
process. Risks matrixes are updated twice in a month at the technical departments of infrastructure
enterprises.

Information about infrastructure facilities failures and risks come into all the three of decision-making
support systems that are a nucleus of the URRAN information system and presented in Fig. 1 as Part 1,
Part 2 and Part 3 respectively.

e Part 1 is a system of support for decision making about reliability and functional safety management.
It comprises (Fig. 2):

— Module of primary calculation and evaluation of reliability of railway transport infrastructure facili-
ties. It is integral part of AC URRAN and perform calculations of failure-free operation, maintainability,
availability, durability and safety parameters as well as life cycle costs of reference facilities of railway
enterprises (track, signalling and remote control, electrification and power supply, telecommunication
and information enterprises). All reference facilities are simple devices with specified factors required
to calculate their reliability.

Part 1. System of support for
decision making on reliability and

Information »| functional safety management < Matrixes of
technology of current risks
collecting and for all
investigating data on infrastructure
failures of transport y facilities of
fac1l1t1§s in railway Part 2. System of support for railway
enterprises; transport

decision making on resources
management (current
infrastructure maintenance)

A

implemented within
the Integrated
automated system of
reliability analysis
(KASANT)

A\ 4

Part 3. System of support for
decision making as to management
of accidents and emergency
situations on railway transport

A 4

A

Fig. 1. Generalized structure of mathematical support of the URRAN system

— Module of calculation and prediction of reliability and functional safety parameters of com-
plex systems. This module is designed to calculate redundant systems of signalling and remote
control, power supply and AC URRAN information and management systems. It is based on a
developed topological semi-Markov method and allows to calculate both a system’s stationary
and non-stationary reliability and functional safety metrics. The theoretical basis of the method
is presented in works [4,5].

— Module of support for decision making as to management of reliability and functional safety on
railway transport, with traffic intensity and speed, train delay length due to failure of equipment,
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railway administration risks and, naturally, failure rates and recovery lengths taken into account
[6]. The module is implemented in AC URRAN. It is worth mentioning that recommendations
as to making a corresponding decision take into account results of risks estimations for each of
infrastructure enterprises that are realized in compliance with the schematics developed and con-
centrated in the module of risks calculation and evaluation. The theoretical basis for construction
of the module of risks calculation and evaluation including the schematics of risks management
is presented in [7].

e Part 2 is a system of support for decision making as to resources management. It comprises:

— Module of optimization of facilities technical maintenance and repair as to their actual state. Theo-
retical provisions of the module are presented in the patent Method of defining the time of scheduled
preventive maintenance of a facility and system for its implementation [8].

—Practical schematic of support for decision making as to facility technical maintenance is implemented
in AC URRAN.

— Module of support for decision making as to life cycle cost management. According to this mod-
ule, the assignment of works in AC URRAN is based on comparison of actual and reference values
of a set of assigned parameters such as missed tonnage, million tons, failure rate per 1 km of track,
direct expenditures on current maintenance of 1 km of track. The theoretical basis of the method is
presented in [3].

Current risks matrixes as per
infrastructure enterprises

l

Module of primary Module of Module Module of support
calculation and -~ calculation and | ofrisks | for decision making
> estimation of g prediction of ~ 7| cale. & on reliability
facility reliability reliability & safety eval. (AS management
(AS URRAN) of complex systems URRAN) (AS URRAN)
(AS URRAN)
[
From IS v
KASANT
— Module of support for decision
Module of support for decision making on life cycle cost
> making on technical > management
maintenance management (AS URRAN)
(AS URRAN)
(AC URRAN)
Module of support for
decision making on Module of evaluation (¢
-~ transport accidents P of operators’
”|  estimation and prediction N knowledge and skills
(AS RB, IKSAR SC) (KASKOR)

Fig. 2. Structure of mathematical support for the system of reliability, resources management,
transport accidents prediction and emergency situations management on railway transport

14



MATHEMATICAL AND INFORMATION SUUPORT OF THE URRAN SYSTEM

e Part 3 is a system of support for decision making as to transport accidents. It comprises a system of
transport accidents prediction and a system of support of decision making in case of occurrence of emergency
situation on railway transport (fire, acts of God, large transport accidents, vandalism, and terrorism).

The former system is implemented as a module of decision-making support within the AS RB infor-
mation and management system. The latter is implemented in RZD’s situational centre. The URRAN
system implements a statistical method of transport accidents and events prediction based on a posterior
data processing by methods of nonparametric statistics. The data are materials (hereinafter referred to as
protocols) of investigations prepared by RZD’s Safety and Security Department. There are procedures
of estimating these probabilities and an algorithm of decision-making support developed. The theoretical
basis of the method is presented in [9].

The mathematical support under consideration also includes a module of distance evaluation of opera-
tors’ knowledge and skills which permits to evaluate in a complex way a knowledge level of enterprises
staff in general with the possibility of differentiating down to a division or an individual and his/her
knowledge of particular provisions of regulatory documents.

Architecture of the URRAN information technology

The information technology of integrated management of reliability, resources and functional safety
on railway transport is a system of data collection, analysis, processing and investigation of events and
decision-making support, which aims to help decision-makers in difficult conditions to have the compre-
hensive and objective analysis of the subject.

The core of the URRAN information technology, without which it cannot function, is the repository
of data (Fig. 3). The information in the company is often distributed over various information systems
unrelated to each other. The goal of the data warehouse is to collect these data, structure and convert them,
1.e. in fact to make them applicable for analysis and useful for decision making. The main advantage of
the repository is that it collects information on all processes that take place in the company, not just the
individual areas of its operations.

Based on the information that is kept in the data warehouse, the URRAN information system arranges
the work of its other three systems, namely:

» System of risk analysis and assessment in RZD’s operations based on operational reliability and
safety parameters;

* Systems of managing the economical processes of infrastructure and rolling stock maintenance and devel-
opment to ensure acceptable levels of safety and reliability, with tolerable residual risks taken into account;

* System of traffic safety situational analysis and decision-making support.

All the three systems mentioned above allow us to form corporate models and metrics of key reli-
ability, life cycle cost, and safety parameters, and to manage them. With their help, the strategic goals
of the company are specified, translated into a set of quantitative indicators and linked to the objectives
and actions of enterprises. Systems help to monitor the activities of the company and to model possible
scenarios in the short and long terms.

Identifying and tracking the parameters of reliability and safety, we can get an answer to the question how well
the company is heading to set goals. Generally, there are three levels of reliability and safety singled out:

« Target indicators are of strategic nature, these are the goals to be achieved in the company for 3-5
years;

* Planned indicators are defined for 1 year ahead as a result of the preparation of the annual budget;

* Actual figures are calculated upon results of the actual performance of the company.
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Fig. 3. Architecture of the URRAN information system

As a result, we have a kind of coordinate system that we can use to evaluate all decisions and actions
in the context of achieving the company’s goals.

The system of risk analysis and assessment in RZD’s operations based on operational reliability and
safety parameters is one of the major components of the URRAN information technology. The system
allows us to analyze collected data (such types of analysis as “what-if” analysis, risk analysis, target
function analysis, sensitivity analysis, correlation and regression analysis and optimization analysis are
supported) and to apply mathematical algorithms to them. This helps not only to answer the question of
“how things are now in the company?” but also to understand why the situation is so, and then to develop
a program of corrective actions.

With the help of the subsystem of support for decision-making as to integrated management of reliability,
risks, life cycle cost on railway transport, resource support for the company’s activities is formed. While
preparing a budget, strategic goals and objectives are linked with the amount of funds that the company
has or that will be available soon. When planning, the subsystem allows to see the data of previous years,
to identify trends and patterns and to use them for preparation of a budget — it will help make it more
reasonable and accurate. Another possibility is the application of “what if” modelling method by means
of which we can have several variants of the plan (for example, “optimistic”, “realistic”, “pessimistic”),
analyze and compare them, and then at each particular period choose the most relevant version. In addi-

tion, the subsystem is used to continuously monitor the implementation of plans and budgets, and how the
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specified values of the indicators are achieved. The subsystem presents a possibility to set an automatic
generation of required reports by a scheduled time and their distribution among specified people. This
is particularly important in terms of sticking to budget limits and preventing from certain performance
targets to be out of the established boundaries. If the subsystem sees that such situation develops, it au-
tomatically sends appropriate alert messages to responsible managers and generates a set of documents
and reports that will help to understand the causes of deviations and to take proactive measures. It is
possible to create different groups of recipients to receive these alerts, depending on the severity of a
problem. For example, if a deviation from the plan is insignificant, then information will be sent only to
the financial department, if the allowed limit is exceeded several times, the data are sent to the entire top
management of the company.

The system of traffic safety situational analysis and decision-making support is used to find hidden
patterns, trends, and to crate predictions (based on the found relations). This component allows seeing
the unfavorable trends in traffic safety which are not visible and not obvious at first glance. After their
detecting and analyzing, there arises an opportunity to develop a program of actions (measures) that will
help promptly correct the situation.

The main advantage of the system is the advanced options for data visualization. All information is
displayed on computer screen in a very illustrative and user-friendly form (graphics and charts, color
display technology, “speedometers”, “signals”, etc. are used for this purpose). The system allows to
build “situation rooms” and the control panels; with their help a manager not only sees the aggregated
information related to all areas of the company’s operations, but can also itemize it to the required level
(up to original documents) in order to fully understand the situation and make decisions to correct it. Us-
ing the data warehouse as a basis for the system’s operation allows to make “top — down” analysis — to
instantly switch from a poor value in the management accounts to the analysis of a problem (with the
help of analytical reporting), from problematic issues in a report to specific documents that may explain
their appearance.

The KASANT and KASAT automated applied information systems implement processes of recording
and control of equipment failures elimination, and occurrence and elimination of technological violations
and transport accidents respectively. They are based on a set of technologies existing on RZD’s railway
transport that address info-communications, technical and technological problems using the latest com-
puter tools.

The purpose of development of the automated traffic safety controllers (AS RB) is to improve the ef-
ficiency of the work and role of controllers at all levels to ensure traffic safety in accordance with their
assigned set of tasks, as well as to develop solutions coordinated for the whole railway transport industry
and aimed at improving traffic safety through the use of information technology.

The system of traffic safety situational analysis and decision-making support (IKSAR SC) is functionally
divided into four segments: traffic safety, transport security, fire safety, prediction and control of weather
conditions, and also has two operating modes: regular mode and emergency response mode.

The AS URRAN automated information system is designed to solve the following problems:

» Automation of initial processing of statistical data on failures of technical equipment of railway
transport infrastructure facilities and rolling stock;

* Automated identification of operational reliability and safety parameters of infrastructure
facilities;

* Quantification of production activities of infrastructure and rolling stock enterprises, with failures and
organization of maintenance and operation of infrastructure facilities taken into account;
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» Motivation of activities of structural units within enterprises based on operational reliability and
safety parameters;

* Assessment of compliance of achieved reliability and safety indicators with specified standards;

* Preparation of design data to develop recommendations to reduce risks;

* Identification of vulnerable facilities in terms of risk assessment;

* Preparation of draft work plans as to technical maintenance of infrastructure and rolling stock;

* Drafting of investment allocation for most vulnerable railway transport facilities.

The AS URRAN comprises the following subsystems:

* Subsystem of receiving information on infrastructure facilities from automated management systems
of enterprises;

* Subsystem of receiving information about equipment failures from the KASANT system;

* Subsystem of forming a reference object-element structure of infrastructure facilities;

* Subsystem of automated calculation of operational reliability and safety parameters of infrastructure
facilities;

* Subsystem of generating output forms and references.

The KASKOR corporate automated system for monitoring RZD's staff knowledge is designed to auto-
mate the testing of knowledge and training of employees of JSC Russian Railways. Subject to inspection
is a circle of staff’s knowledge as well as their abilities and skills in safe performance of operations. The
KASKOR system is part of the distance training system (SDO) for the employees of JSC Russian Rail-
ways. The purpose of establishing the KASKOR system is to improve the level of safety and economic
efficiency of RZD’s operations based on improving the quality of professional knowledge and skills of
workers.

As it was already noted, one of the key goals of the URRAN system is a task related to support of de-
cision making on management of resources necessary for operational maintenance of railway transport
facilities as well as support of decision making as to investments in infrastructure and rolling stock. To this
end, the URRAN information technology is foreseen to interface with the existing automated management
systems of the Company’s economical block, such as EK ASUFR (common corporate automated system
of finances and resource) and ASU Invest (Fig. 3). Recommendations generated by the URRAN system are
submitted to the management of the Company to plan available resources strategically and operationally.
Depending on current economical indices, on the one hand, and demand in attracting resources to reduce
risks related to infringement of transportation safety, on the other hand, the management of the Company
promptly correct operational programs in compliance with recommendations provided by the URRAN
system, and/or volumes of investment or modernization of facilities are increased (perhaps redistributed)
in case of strategically planning. Practical results obtained and efficiency of resources management are
controlled by the Company’s management using EK ASU-I (common corporate automated system of
infrastructure) which keeps and promptly updates the whole range of information related to current avail-
ability state of all infrastructure enterprises, and all activities and related expenditures on operational
maintenance of infrastructure. Depending on previous and ongoing investments, an availability level of
railway transport facilities shall change. By supervising trends in changes of an availability level, the
management of the Company are able to evaluate the efficiency of decisions taken.

The URRAN system also interacts with RZD’s base automated management systems which provide
the system with online information about traffic flows, operations as well as information about existing
and updated reference documents and standards. Recommendations generated by the system are used in
EK ASUTR (common corporate automated system of HR management) to motivate individual employees
as well as departments and enterprises.
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MATHEMATICAL AND INFORMATION SUUPORT OF THE URRAN SYSTEM

Conclusion

Application of the URRAN information technology allows [10]:

* To substantially increase operational efficiency and objectivity of data on failures and technologi-
cal violations. Thus, owing to the technology it has been identified that the annual number of recorded
failures on the network of Russia is 4 times more than declared. At the same time it has been found that
a share of technical equipment failures in train delays does not exceed 10 per cent. The main cause is
technological violations.

* To manage technical maintenance of railway transport facilities based on current states of their reli-
ability and safety.

* In case of financing deficits, to provide maintenance of the most vulnerable segments and to ensure
the reliable operation of infrastructure and traffic safety. Thus, according to the data of trial operation
on the Northern Railway, it has been identified using the URRAN technology that there is a possibility
of decreasing by 200 km (approximately 25 per cent) the volume of repairing of 1 and 2 class main
tracks while decreasing almost by 2 times the residual mean failure rate of track infrastructure after
repairing.

* To evaluate risks of occurrence of hazardous events on railway transport in real-time mode and to
predict possibilities of occurrence of transport accidents.

* To predict possibilities of occurrence of transport accidents on railway lines identified as vulnerable.
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CTpyKTypHasa HaaeXHOCTb. Teopus v NpakTuka

Feunc A.T. ', Ywakos U.A. 2

ONTUMAJIbHOE NJIAHUPOBAHUE PEMOHTHbIX PABOT
No KPUTEPUIO PABHOMEPHOCTU 3AITPY3KU

lMpennaraetTca anroputM 4JsS OMNTUMAEJIbHOIO PacrnmcaHus pPemMOoHTOB (O0OCIYXUBaHUS) TEXHUYECKUX
YCTPOWCTB, KorAa rpepbiBaHue rpoLecca 00CyXUBaHVS HEBO3MOXHO, HO UMEeTCsl OnpeaesieHHOe «OKHO»
LIS MPOBEAeHWs 3TOro obcnyxmBaHus. Pecypcbl peMOHTHOV 6a3bl orpaHunyeHbl. OnTumasbHOCTb MOHUMa-
eTcs B TOM CMbICJ/Ie, YTO pacrnucaHne obecrieunBaeT MakCuMasibHY PaBHOMEPHOCTb 3arpy3ku PEMOHTHbIX
6puran.

dopmynupoBka 3agaum

Nmeercs n 3asBoK Ha paboTh ¢ 00beMamu V1, v2, ..., vn (cM. puc.1). Kaxxnas k-s pabota gomkHa OBITH
BBITIOJTHEHA B TCUCHHUE HEKOTOPOTO HHTEpBaa [sk, ek], KoTOpBbIii IS)KHUT MEX Ty pa3pelieHHBIM MOMEHTOM
BpEMEHH Havaja, SK, U TOIyCTUMBIM MOMEHTOM ee okoHuyanwus, Ek, T.e.

[sk, ek] <[Sk, Ek]. (1)
Pabormr A I Tl |
N3
Bpema
: e J I I B
S; Sy 83 E, S E; E, E,

Puc. 1. Pa3pemeHapie HHTEPBAIBI BRITIOTHEHHUS paboT U UX 00BEMBI

HpepBIBaHI/IC pa6OTBI WM UBMCHCHUEC MHTCHCUBHOCTU €€ BBINIOJIHCHUA HE JOITYCKACTCH. Taxum 00-
pasoM, HHTCHCUBHOCTb rk BeINOJIHEHUS pa6OTBI k OIpPEACIIACTCS, KaK

! SIxos I'ennc <yashag5@yahoo.com>
2 Urops Ymaxop <iushakov2000@yahoo.com>
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OnTumanbHoe nJiaHUpoBaHe PeMOHTHbIX pa60T no KputTepuio paBHOMEpPHOCTU 3arpy3ku

v
Y ecmitele, —s,]

r(t)=4 %% ()

0, 6 npomusnom cayuae

[ToHsATHO, YTO CyMMapHasi HHTEHCUBHOCTh PabOThI MPU HEKOTOPOM 3aJlaHHOM pa3MeIIeHHH padoT,
HazoBeM ero GG, ecThb

R() =Y (1), 3)

keG

rae G — BRIOpaHHOE pa3MelleHue pador.

3amMeTHM, 4TO JUIs JIF0O0Tr0 BRIOpPAaHHOTO pacnucanus GyHKUuUs R(?) npeacTaBiseT coOO0H CTyeHYaTyo
(byHKLHMIO TUIIA TOH, KOTOpast IpeCTaBlIeHa Ha puc. 2.

A RO

4 3 ry

; ! > :
8; 84 83 E, S E; E, E,

Puc. 2. HavanpHOe pacnpenesieHie HHTEHCHBHOCTH paboT

BpeMs
=

3ajaya 3aKIK0YaeTCs B TOM, YTOOBI HAWTH TaKOE Pa3OMEHUE TIOAUHTEPBAIIOB [, €,], 4TOObI
a) MaKCHUMYyM pacipe/esIeHrss CyMMapHOH HHTCHCUBHOCTH PabOT OBbLIT MHHHMAJICH

min max R(?) (4)
4
W/WI MUHEMYMBI CYMMapHOW UHTCHCHBHOCTH Pa0OT JOKHBI OBITh MAKCHMAITLHBI
max mtin R() (5)
g
IJIe g — HEKOTOPOE Pa3sMENIEHUE UHTEPBAJIOB [s,, €,];
0) pacupeaeseHre CyMMapHO HHTEHCUBHOCTHU paboT R(?) Ha BCeM UHTEpBaJie pabOThl CUCTEMBI
o0ciyKUBaHUS JOJDKHO OBITh Hanbojee paBHOMEPHBIM (MHHUMYM pa3sHULBI MEXIy max R(f) u

min R(?)).

3amMeyaHHe: MOJIyYEHHOE pa3MEILEHUE g HE SIBJIAETCA €AUHCTBEHHBIM B CHITy TUCKPETHOCTH KBAaHTOB
BpPEMEHH.
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OnTumanbHoe nnaHnpoBaHne PpeMOHTHbIX pa60T no KpuTepuio paBHOMEepHOCTU 3arpy3ku

2. CnoBecHoe onucaHue anroputma FV&CH

Haspanue anroputm FV&CH 06pa3oBano U3 COKpalleHHs €ro MOoIHOro aHrmickoro umMenu: «FILL
THE VALLEYS & CUT THE HILLS». CmenHo cka3atb, HO OyKBaJIbHOE CIOBECHOE OIHUCAHHE 3TOrO
aJITOpUTMa MPUBOJIUTCS B cleayromux cioBax EBanrenus ot Jlyku (m1.3, cTux 5): « ...BCAKUH 107 1A
HAIIOJIHUTCSI, U BCSAKAs ropa U XOJIM Ja IOHU3ATCS».

Ho nepexoast or bubnuu x MatemaTtuke, 1auM CTPOroe (XOTs M CIOBECHOE) OMMCAHUE aJrOpUTMa,
peann3oBaHHOIO Ha s3bIke Visual Basic.

Wtak, Mbl TOIDKHBI HAUTH Takoe pazOueHue noauHTepBanoB (1), yToObl BeIMOMHUTE (4) w/unu (5) u
cnenarb R(t) HaCTOJIBKO paBHOMEPHBIM, HACKOJIBKO 3TO BO3MOXKHO NP 3a/IlaHHBIX OrpaHHuYeHUsX. Paz-
pabotanHas Ha Visual Basic mporpamma FV&CH umeer nse knonku «Cut Hills» (Cpexp Xonmbl) u «Fill
Valleys» (3aronuu Jonunst). [lepBas kHomka BeIONHSET (4), a BTopas — (5). Beibupas mocnenoBaremns-
HOCTb Ha)KaTHs STUX KHOIOK, Mbl MOXKEM HaliTu pa3OueHue noguHTepnaios (1), koropoe HanOOIbIIUM
00pa3oM cripsMiIsieT pacnpenenenue R(z).

OOBsACHUM aNrOpUTM Ha MJUIIOCTPATMBHOM npuMepe. IlycTh MMeercss nare paboT ¢ 3aJaHHBIMU
00beMaMH v, ¥ COOTBETCTBYIOIIMMH JOMYCTUMBIMU HHTEPBAIAMKU UCNONHEnU [S,, E,], k=15. Paau
MPOCTOTHI BBEJIEM B pACCMOTPEHUE IUCKPETHBIE KBAHTHI BPEMEHH, C TOYHOCTHIO KOTOPBIX H3MEPSETCA
BpeMs. OHU MOTYT OBITh paBHBI, HAPUMEp, Yacy uiau 15 munytam unu 1 munyte u T.4. UcxonHsie
NaHHBIE IPUBEICHBI B Tabn. 1, rne d,, d,, d > d P d5 — 3TO HEKOTOpPbI€ BpeMEHHbIE UHTepBabl. Ha-
npumep, padora Nel nmepBoHayanbHO NOJKHA ObLIa Ha4aThCsl B HAYajle UHTEpBaa d, U 3aKOHYUTHCH
B KOHILIE MHTEpBasa d,

Taoxa. 1. IlepBoHayabHOe pasMelnieHre padoT B J0MYCTHUMbIX HHTEpPBaJax

Pabora Ne Oo0bem d, d, d, | d, | dq
1 8 2 2 2 2
2 9 3 3 3
3 15 5 5
4 12 4 4 4
5 3 1 1
9.400t 5 11| 15" | 12| 4,

[Tocnennee 3nauenue B crondue «O0beM» TaeT ONTUMAILHOE 3HAYCHHE HArPy3KU JUIS U/1€aJIbHOTO
CJTydast: KOIjla BCe pabOoThI yIaeTCs PABHOMEPHO «Pa3Ma3arh) Ha BCEM MHTEPBAJIE BPEMEHM, HAYMHas € d,
v KoHYas ds. B mocnenneii crpoke 3B€3104K0k cBEpXy 0003HaUeHa HaMOOIbIIas HEOOXOAMMast HHTEHCHUB-
HOCTH OGCJIy)KI/IBaHI/IH, a 3B63I[O‘-IKOI7I CHHM3Y — HAaUMCHbIIASA NHTCHCUBHOCTD JJI Ha4yajabHOUI pacCTaHOBKHU
pabot. HayaneHoe pacnpeneneHue paboT MpeiIcTaBIeHo Ha puc. 3.

Tabxn. 1 v puc. 3 NOKa3BIBAIOT, YTO MaKCUMAallbHas HArpy3Ka NMPUXOAUTCs HA UHTEpBa d,. Hainem

Te pabOoTHI, KOTOPBIE TIPETHA3HAYAIKCH JIJIS BBIMIOJIHEHUS B 9TOM UHTEPBaJIe B UCXOAHOM PACIIMCAHUU U
C/IBUT KOTOPBIX MOT OBl YMEHBIIIUTh MAaKCUMATbHYIO HATPY3KY.
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OnTumanbHoe naaHUpoBaHMe PeMOHTHbIX pa60T no KputTepuio paBHOMEpPHOCTU 3arpy3ku

Texywan
A Harpyska

Bpema
.

—_

di d, d; d d

Puc. 3. HauansHOE pacnpeneneHne Harpy3kn B WIITFOCTPATUBHOM IIpUMEpE

[ar 1. HauneMm ¢ pa6otel Nel. [TockonbKy kKaxaas paboTa MOXKET BBITOHITHCS TOJILKO HEMPEPHIBHO U
C MOCTOSTHHOM HAarpy3KOi, Mbl MO>KEM CJIBUHYTH BBITIOJTHEHUE BCEH ATON pabOTHI JIMOO JIeBee MHTEpBaja
d, 6o npaBee. B TaHHOM KOHKPETHOM CIIy4ae BUIHO, YTO TOJIBKO C/BHI BIEBO BEIET K YMEHBLIEHUIO
MUKOBOW Harpys3KHu.

3amMevaHue: Ha IEPBOM IIare Moria Obl OBITh BRIOpaHa U JIF00ast Apyras padoTa, BBIMOITHEHUE KOTOPOM
HaMeyaJoCh B ’TOM HHTEpBaJie B COOTBETCTBUHU C UCXOIHBIM pacnucanrueM padot. [Ipu 3tom He nomkHa

YBEJIMUMBATHCS TTMKOBAasl Harpy3Ka M HE JIOJDKHA YMEHBIAThCS MUHHMaJIbHAs Harpy3ka. HoBoe pacru-
caHue TpUBEACHO B Ta0MI. 2.

Ta6a. 2. llar 1: IIpoBepka pa3memienuss padornl Nel

PaGora Ne Oobem d, d, d, d, d JeiictBue
1 8 4 4 CaBur BIIEBO
2 9 3 3 3
3 15 5 5
4 12 4 4 4
5 3 1 1
9.4 7 13* 13” 10 4,

MBI D1OMKHBI HOHpO6OBaTL «IIOHICBCIUTH» U APYTUC pa60TH. B xauecTBe PCUICHHUA Ha IICPBOM LIare
BBI6I/IpaeTC$I Haujry4dmece u3 peHleHHﬁ. KOMHBIOTepHaSI [mporpamMmma JICTKO BBIIIOJIHACT 9TH HeﬁCTBHH.

B nanHom npumMepe, BBITIONHS JSHCTBHUS BPYYHYIO, Mbl HA MHTYUTUBHOM YPOBHE OT/JaeM MpPEeArouTe-
Hue padore Ned B kauecTBe cienyroliei paboTsl, MoJyIekKallel BO3MOXKHOMY MepeMereHr0. OHa MOXeT
OBITh BCs MEPEMENIEHA VTS BBINIOJIHEHUS B MHTEPBAJl BpeMeHu ds. HazoBeM 5Ty nepenBrkKy «BIpaBo-

BIIPaBOY». DTO JEHCTBUE TAK)Ke MPUBOIUT K YIYUIICHUIO PACIIUCAHUA. 3aMETUM, YTO 3TO JCWCTBUE HA
MIEPBOM IIIare OKa3bIBACTCSl HAMIYYIIUM (CM. Tabm. 3).

23



OnTumanbHoe nnaHnpoBaHmne PpeMOHTHbIX paGOT no KputTepuio paBHOMEpPHOCTU 3arpy3ku

Ilar 2. DTOT War HaNpaBJIeH Ha «3aloJHEHKUE AMb» B KBaHTe d, . Besa pabora Nel nepemernaercs B
ATOT KBaHT. Ha3oBeM 3TOT cBUT «BIIeBO-BIeBO». HOBOE pacmmcanue mpeacTaBieHo B Ta0. 4.

Ta6a. 3. llar 1: IIposepka pasmemenusi padorsr Ne4d

PaGora Ne Oo0bem d, d, d, d, dg HeiictBue
1 8 2 2 2 2
2 9 3 3 3
3 15 5 5 5
4 12 0 0 12 «BIIPABO-BIIPABO»
5 3 1 1 1
9.4 5. 11 11 8 12

Ta0a. 4 . Illar 2: IlpoBepka pasmemenus padornl Nel

PaGora Ne Oo0bem d, d, d, d, dg HeiictBue
1 8 8 «BIJIEBO-BJIEBOY
2 9 3 3 3
3 15 5 5
4 12 0 0 12
5 3 1 1 1
9.4 11 9 9 6, | 127

[Tpu 5TOM IEHCTBUM MBI OTHOBPEMEHHO «yOWIIM JBYX 3allIEB)»: MHUHUMYM BO3pPOC, a paclpe/esieHue
crajo 0oyiee paBHOMEPHBIM.

Iar 3. [Tepenecem BCro paboty Ne5 B MHTEpBal BpDEMEHH d,,, T.€. TIPOU3BEEM C OTOM paboTOii omepa-
IIUIO TIEPEHOCA «BIIPABO-BIPaBoy». Pe3ynbraT nmepeHoca rmokasaH B Taod. 5.

Ta6ua. 5. Hlar 3: IpoBepka pa3menienusi padornr Ne5

Pa6ora Ne Oo0bem d, d, d, d, | dg JeiictBue
1 8
2 9 3 3 3
3 15 5 5
4 12 0 0 | 12
5 3 0 0 «BIIPaBO-BIIPABO»
9.4 11 8 8 8, | 127
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OnTumanbHoe naaHUpoBaHMe PeMOHTHbIX pa60T no KputTepuio paBHOMEpPHOCTU 3arpy3ku

Ha sToMm miare 3akaHymBaeTCs MOCTPOEHUE HanbOoIee PaBHOMEPHOTO PACTIUCAHUS C MUHUMAJIBHO BO3-
MOXHOHM «ITMKOBOM Harpy3koi» U MaKCUMaJIbHON «HEIOTPY3KOM».

CpaBHeHHME HCXOAHOTO pacHpeiesieHUs] U paclpeaeseHus Mocjiae ONTUMU3ALMNKN MPUBEJICHO Ha
puc. 4.

HurencusHocTs
.‘.\ HArpyIKH HuTteucaaHoCcTE
A HATPYIKH
]5 ...............
ln e 12 .......................................
10
5
5
B antbri BpeMer
ol >
dy d! d:] d4 ds d; d: d’3 d4 ds
Hayamsnoe pacnpegenesmie Pacrpenesierne rocae onwAmMisalEm

Puc. 4. CpaBHeHI/IC HCXOAHOI'0 pacCpeaAcICHNUA U pacpeaACICHUA MMOCIC ONTUMHN3AIUN

3akodeHue

[Ipennoxennsiit anroputm FV&CH naet ctporoe pelieHre B CMbICIE HAXOKIECHUS TPUOIMKEHHOTO
K PaBHOMEPHOMY ONTHUMAJIBHOTO PACITUCAHUS OOCITY)KMBAHHUS.

[TonmyueHHOE pelieHne ABISETCs ONTUMANIBHBIM (B CMBICIIC BIPABHUBAHUS HATPy3KHU 3a CYET IOCTHKE-
HUSI MUHUMYMa MaKCUMaJbHOW Harpy3Kd U MaKCUMyMa MUHHMAaJIbHOM HArpy3KH), XOTs U HE SIBISIETCS
€IMHCTBEHHBIM.

OnucaHHBIN aNTOPUTM MPOCT ISl IPOTPAMMHUPOBAHHS.

Pa3paborana nporpamma Ha Visual Basic, ucnonb3ytomiast 3ToT anroputm. [IporpamMmma umeet npocToit
U ynoOHbIN uHTep(delc U MO3BOISET padoTaTh C HEOTPAHUUYECHHBIM YHCIOM Pal0OT MPH CKOIb YTOJHO
MaJjioM BPEMEHHOM KBaHTE. 3aMHTEPECOBAHHBIX B MPOTpaMMe MPOCHM 00paIaTrhcs K aBTopam.
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Structural reliability. The theory and practice

Yakov Genis', Igor Ushakov?

OPTIMAL UNIFORM-LIKE SCHEDULING OF MAINTENANCE

The paper presents the algorithm for the optimal scheduling of work performance when the process of
maintenance cannot be interrupted but there is some “possession” to perform such maintenance. The
maintenance resources are limited. The optimal maintenance means that the schedule provides for as
uniform-like distribution of activities of maintenance crews as possible.

1. Formulation of the scheduling problem

There are n requests for works with volumes v, v,, ..., v, (see an example in Fig.1). Each work, £, has
to be fulfilled during interval [s,, e, ], which lies between the allowed start moment, S, and the permissible
end moments £, i.e.

[s> €] SIS, E,]. (1)

works A |

tilme
=

S; 84 Sz E, S E; E, E,

Fig. 1. The initial intervals and their volumes

During its performance each work cannot be interrupted and rate of its performance must be
constant.

! 'Yakov Genis <yashag5@yahoo.com>
2 Igor Ushakov <iushakov2000@yahoo.com>
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OPTIMAL UNIFORM-LIKE SCHEDULING OF MAINTENANCE

The rate rk of performance of work & within the interval [s,, e,] is equal to:

Vi
€ — Sk

r(t)= . (2)

if tele, —s;]

0, otherwise

It is clear that the total rate of work performance for a given allocation of works, to be denoted as G,
is equal to

R = 2 1. (1). 3)

keG
where G is the chosen allocation of works.

Notice that for any chosen schedule function, R(?) is a step function of the type presented in
Fig. 2.

A RO
max R(t) e e e e mr e e e et e e ee e as b e s ea e hmrme e ee e rmames r
4 3 1
4 3 4
: | 3 : ] time
: H H 4 }
S; 84 83 E, S E; E, E,
Fig. 2. The initial distribution of work rates
The problem is to find such subintervals [s,, e,] that
a) the maximums of the sum of work rates should be minimal
min max R(z) 4)
g t
and/or the minimum(s) of the sum of work rates should be maximum
max min R(2) (5)

g t

where g is some allocation of intervals [s,, e,];

b) the distribution of the total work rate R(?) on the whole maintenance interval has to be the most
uniform-like (minimum difference between max R(f) and min R(¢)).

Note: The obtained g is not unique due to the discrete nature of time quanta.
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OPTIMAL UNIFORM-LIKE SCHEDULING OF MAINTENANCE

2. Verbal description of the algorithm FV&CH

The title of the algorithm FV & CH is the abbreviation of its whole name “FILL THE VALLEYS &
CUT THE HILLS”. It is funny but the literal verbal description of this algorithm is given in the following
words of the Gospel: “Every valley shall be filled, and every mountain and hill shall be brought down”
(Saint Luke, Chapter 3, Verse 5).

But let us go from the Bible to mathematics, and give the strict (though a verbal) description of the
algorithm that was implemented in Visual Basic.

So, we should find such splitting of subintervals (1) that allows us to deliver (4) and/or (5), and to make
R(?) as uniformly distributed as possible under the given restrictions. The FV&CH program developed in
Visual Basic has two buttons: “Cut Hills” and “Fill Valleys”. The first button performs, and the second
one (5). Choosing the sequence of activation of these buttons, we can find the splitting of subintervals
(1), which aligning the distribution R(?) as much as possible.

Let us explain the algorithm using some illustrative example. Let there be five works with specified
volumes v, and corresponding admissible time intervals [S,, E,], k=1,5. For convenience, introduce
discrete quanta of time with whose precision the time is measured. They may be equal to, for example,
an hour, or 15 minutes, or one minute, etc. The initial data are given in Table 1, wherein the values d|, d,,
d,, d,and d, are some time slots. For example, the work No. 1 initially had to be started at the beginning
of slot d; and had to be finished at the end of slot d,,.

Table 1 Initial distribution of works

Work No. Volume d, d, d, | d, | dq
1 8 2 2 2
2 9 3 3 3
3 15 5 5
4 12 4 4 4
5 3 1 1
9.400t 5 11| 15" | 12| 4,

Initial
,A. intensity

"5 T

W[

dy d, dy ¢q q;

Fig. 3. The initial total work rate distribution in the illustrative example
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OPTIMAL UNIFORM-LIKE SCHEDULING OF MAINTENANCE

The last value in the column “Volume” gives the optimal rate for the ideal case when we manage
to distribute all works on the entire time interval staring from ¢, and ending by d.. In the last row the
superscript asterisk denotes the maximum rate and the subscript asterisk denotes the minimum rate for
the initial distribution of works. The initial distribution of works is given in Fig.3.

Table 1 and Fig. 3 show that the maximum rate for initial work distribution locates at slot d,. Let us
find what works had to be fulfilled in slot d; according to the initial distribution and whose shifting to the
left or to the right may decrease the maximum rate.

Step 1. Let us begin with work No.1. Since any work has to be fulfilled with no interruptions, we can
move the beginning of this work either to the left or to the right of slot d,. In this particular case, only
shifting to the left leads to decrease of the peak load.

Note: At step 1, one may choose any other work that had to be performed at this interval according
to the initial schedule. However, the peak rate should not increase, and the minimum rate should not
decrease. The new schedule is given in Table 2.

Table 2 Step 1: Distribution after shifting work No.1

Work No. Volume d, d, d, [ d, | dg Action
1 8 4 Shift to the left
2 9 3 3 3
3 15 5 5
4 12 4 4 4
5 3 1 1
9.4 7 13 | 13" [ 10 | 4,

We should try to shift other works as well. The best solutions of all will be chosen as the solution at
the first step. The computer program performs these actions easily.

In this example, when doing actions manually, we intuitively select work No.4 as the next work subject
to possible shifting. This work can be entirely moved to time slot d; wherein to be performed. Let us this
shift “right-right”. This action leads to improvement of the schedule. Note that this action seems to be
the best one at the first step (see the Table 3).

Table 3 Step 2: Distribution after moving work No.4

Work No.| Volume d, d, d, d, dg Action
1 8 2 2 2
2 9 3 3 3
3 15 5 5 5
4 12 0 0 12 “Right-right”
5 3 1 1 1
9.4 5. 11 11 8 12"
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Step 2. This step should “fill the hole” in slot d,. The entire work No.I is moved to this slot (we call
this move conditionally as “left-left”). The result is shown in Table 4.

Table 4. Step 2: Distribution after moving work No.1

Work No. | Volume d, d, d, d, d, Action
1 8 8 “Left-left”
2 9 3 3 3
3 15 5 5 5
4 12 0 0 12
5 3 1 1 1
9.4 11 9 6. 12*

By this action we simultaneously “killed two birds with one stone”: we increased the minimum rate
and made the rate distribution more uniform-like.

Step 3. Move the entire work No.5 to time slot d , i.e. do the procedure of shifting over this work called
“right-right”. The result is shown in Table 5.

Table 5. Step 3: Distribution after moving work No.5

Work No. | Volume d, d, d, d, dy Action
1 8 8
2 9 3 3 3
3 15 5 5
4 12 0 0 12
5 3 0 0 “Right-right”
9.4 11 8 8 8. 12*
Intensity of job
Intensity of job
A A
1.3 [—
lﬂ . Iz .......................................
10
5
Time 5 Time
quanta quanta
- >
dy dy d; d, d; dy dy d, d, de
Initial distribution Optimized distribution

Fig. 4. The comparison of the initial distribution and the distribution after optimization
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At this step we finish building the most uniform-like distribution with a minimum possible peak rate
and maximum underuse.
The comparison of the initial distribution and the distribution after optimization is shown in Fig. 4.

Conclusion

1. The suggested algorithm FV&CH gives the strict solution of the problem in the sense of finding of
the optimal uniform-like maintenance scheduling.

2. The obtained result is optimal (in terms of aligning rates by reaching the minimum of a maximum
rate, and the maximum of a minimum rate), though is not unique.

3. The described algorithm is simple for programming.

4. The program has been developed using Visual Basic that applies this algorithm. The program has a
simple and convenient interface and permits to work with an unlimited number of works with slots that
may be as small as user needs. Everybody interested in the program, please contact the authors.
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CTpyKTypHasa HaaeXHOCTb. Teopus v NpakTuka

XapgHos B.B., TuxmeHeB A.H.

MWMUTAULNOHHOE MOOENTIMPOBAHUE B 3AOAYAX
OLLEHKU HAAEXXHOCTU OTKA30YCTOMUYUBbIX
AJIEKTPOHHbIX CPEACTB

lpeanpusaTns O0Te4eCTBEHHON PaanOnPOMbILLIEHHOCTH, 3aHUMAaIoLLNECSs Pa3paboTKOu v Npomn3BOLCTBOM
351eKTPOHHbIX cpeacTtB (3C) ana kocMmudeckux annaparoB (KA), ctankvBaioTcss ¢ npobriemamy obecrie-
YeHUs1 HaAeXHOCTU, 1, B NMeEPBYI0 o4yepenb, 6e3oTkaszHocTn. O6 3TOM CBUAETE/bCTBYIOT Kak OTKa3bl Mpu
npoBeaAeHnn npuemMo-caaroqHbix ucneitaHnii 3C, Tak n aBapuu npu akcrayataumm KA. OaHOVM 13 npuyYnH
Takovi cUTyaLmmn SBASIETCS NMPUMEHEHNE YCTapPEBLUNX M HETOYHbIX METOAOB OLieHKM HaaexHocTn IC KA Ha
aTare npoekTUPOBaHUS, rAe 3aknafblBaeTCs Ta HaAEeXHOCTb, KoTopas OyaeT peasm3oBaHa rnpu N3roToB-
JIEHUN U MOAAEPXNBATLCS NP IKCriyaTaLmu.

C Aapyrovi CTOPOHbI, UCIMOJIb30BAHNE «HWXHMUX» OLLEHOK rokasareseri 6e30TKa3HOCTU MOXET MpPUBECTU K
CHUKEHUIO KOHKYpeHTocrnocobHocTn OC KA, Tak kak B 3TOM CJiyyae AJ1sl MOBbILLEHWS] HAAEXHOCTU HEODO-
CHOBAHHO WCOJIb3YIOT Pa3/INYHbI€ AOMOJIHUTE/IbHbIE CrOCOObI, 4TO BEAET K YXYALUEHUIO 3KOHOMUYECKUX,
maccorabapuTHbiX v Apyrix rnokasaresneii. [103ToMy MoBbILLEHNE TOYHOCTY PACYETHOM OLIEHKUN HaAEeXHOCTU
3C KA ¢ gnutenbHbIMy CpoKamMu aKkTUBHOIO CyLLLeCTBOBaHusl, 0COOeHHO a5 OC, B KOTOPbIX A1 obecrneye-
HUSI HAAEXHOCTU UCIMOJIb3YIOTCS Y PE3EePBUPOBAaHNE, Y PEKOHOUIYpaLus, SIBJISETCS akTyabHOU 3aaa4qel.

KnrouyeBble cnoBa: HanexHOCTb, 3/1eKTPOHHbIE CPenCcTBa, 0TKa30yCTONYUBOCTL, UMUTALIMOHHOE MOLEsIM-
poBaHue.

PesepBupoBaHue — 0IHO U3 OCHOBHBIX CPEACTB 0OeCIeUeHHs 3aJaHHOTO YpOBHS HaaexxHocTH DC
IIpU HEJOCTAaTOYHO HAJEXKHBIX ero coctaBHbIX yacTax (CY). Llenb pezepBupoBaHus — 00€CTICUUTD
6e30TkazHocTh JC B 1IETIOM, T.€. COXPAHUTh €T0 pabOTOCIIOCOOHOCTh, KOT/Ia BO3HUK OTKA3 OAHOMN WIIH
Heckonbkux CY. Hapsay ¢ «TpaluliMOHHBIMY) pe3epBUPOBAHUEM ITYyTEM BBEJEHUS JIOMOJHUTEIbHBIX
(pe3epBHbIX) CY npuMeHSIOT U Ipyrue BuIsl pe3epBupoBanus. Cpeln HUX BpeMEHHOE pe3epBUpPOBa-
HUE (C UCIOJIb30BaHUEM PE3EPBOB BPEMEHHU ), THPOPMALIMOHHOE Pe3epBUPOBAHUE (C UCIIOIB30BAHUEM
pe3epBoB mHpopMaInu), PyHKIHMOHAIBHOE PEe3epBUPOBAHUE, TP KOTOPOM HCIOJIB3YETCSI CIIOCO0-
HOCTh CY BBIMOIHATH TONOJHUTENbHBIE QYHKIIMH WIH crtocoOHOCTh DC nepepacnpenensits GyHKINN
Mmexay CY, Harpy3ouHoe pe3epBUpOBaHUE, IPU KOTOPOM HCIIONIb3YETCs] CHOCOOHOCTh BOCIIPUHUMATH
JIOTIOJTHUTEIbHBIE HAIPYy3KU CBEPX HOMUHAJBHBIX, a Takke crnocobHocTh DC nepepacnpenensits Ha-
rpy3ku mexay CU [1].

OpnHuM 13 crocoO0B MPAKTUYECKON peann3aliui pe3epBUPOBAHMS, OCHOBAHHOTO Ha criocooHocTH DC
nepepacnpeaensaTh QyHKIMH (Wi Harpy3ku) Mexay CY, sBiseTcst peKOHQUrypaius ero CTpyKTypbl Ipu
otkazax. [Ipy UCTIOTB30BaHUH TAKOTO PE3EPBUPOBAHMS BOSHUKAET MpoOiieMa OleHKH 3PGEeKTUBHOCTH
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JITOPUTMOB PEKOH(UTYpaLIH, TO €CTh HEOOXOIUMO OLIEHUTb, HA CKOJIKO B KOJIMUECTBEHHOM UCUUCIIE-
HUU BO3POCIIH MT0Ka3aTeny HajgexxHocTu JC.

B ciyuae Hanuuus pekoHpUrypauuii cTpyktypsl B xoae pyHkuuonuposanus OC i OLEHKU HaJlexK-
HOCTH HEOOXOJMMO YUYMTHIBATh HE TOJILKO BO3MO)KHbIE KOMOMHAIIMK PaOOTAOLIMX U HE pabOTarolMX
CY Ha xoHer nepuoaa (pyHKIIMOHUPOBAHHUS, HO U MOCJIEA0BATEIbHOCTh UX OTKAa30B. ITO 00YCIOBICHO
TeM, 4TO npu oTKaze ofHUX CY MOryT U3MEHATHCS PEKUMBI pabOTHI IPYTUX, a, CJIEI0BATEIbHO, U UX
XapaKTEPUCTUKH HAZIE)KHOCTH [2].

JU1s TaKKMX CITyyaeB OOLIETPUHATHIE METO bl AHATUTUYECKUX PACUETOB (METOAbI MUHUMAJIbHBIX ITyTEH/
CEYCHUH U JIp.) MAJIONPUToAHbI. /1151 OlleHKH MToKa3aTeneil Hae)KHOCTH aHATUTUYECKUM METOZI0M MOXKET
OBITh MOCTPOCHA MaTeMaTu4ecKasi MOJIeNb, YUYUTHIBAIOIAsl CTPYKTYPHYIO U30BITOYHOCTh U BOSMOYKHBIE
CLICHapHUU OTKa30B U pekoHpurypauuit IC ¢ BepOATHOCTAMH KaKI0ro U3 HUX. Takas MoAeIb CTPOUTCS
Ha OCHOBE TEOPEMBI IIOJTHOW BEPOSATHOCTH U JJI1 MAKCUMaJIbHOM a/IeKBaTHOCTH JIOJIKHA YUUTHIBaTh BCE
BO3MO)KHBIE CLIEHAPHH (DyHKIIMOHUPOBAHUSL, IIPH KOTOPBIX cOXpaHseTcs pabotocnocobHocts DC. B mpo-
TUBHOM Clly4yae pe3ysbTarhl pacuera Oy/ieT 3aBeloMO MPHOINKEHHBIMU.

OnHako Ha MpakTHKE MPpH OOJIBIIOM KOJIMYECTBE B3aUMOCBA3aHHBIX KOMIIOHEHTOB M Pa3HOOOpa3HbIX
JITOpUTMaxX PeKOH(UTrypauuii BBITOJHUTH JaHHOE TpeOOBaHUE IPU MOCTPOCHUU MAaTEMAaTHUECKONH MO-
JIeSTU KpaiiHe CII0’KHO M3-3a HETOMEPHO OOJIBIIOr0 KOJIMYECTBA BAPUAHTOB, IOATOMY OOBIYHO BBOJIST PSIL
JOIYIIEHNH, TIO3BOJISIONINX MOJYUYUTh «HUKHIOKO» OLEHKY HAJIEKHOCTH.

AnbpTepHaTUBOM aHAIUTUYECKOMY METOAY SIBIISETCS METOJ UMUTALIMOHHOTO MozieupoBanus. OqHako
MIOCTPOEHUE MOJIENH, e Bepr(pUKaLUs U IPOBEACHNE UMUTAIIMOHHOTO 3KCIIEPUMEHTA SBJISIOTCS CIOXK-
HBIMH 1 IOCTATOYHO JJIMTEIbHBIMU ONIEpalUsIMU, TPEOYIOIIMMH BHICOKOM KBAJIM(UKALIMU HCCIIEA0BATES.
[IpuMeHeHre UMUTALIMOHHOTO MOZEIMPOBAHUS I103BOJISIET IIOIYYUTh OLIEHKY I10Ka3aTeled HaleXKHOCTH
cJ10’KHBIX DC € BBICOKOM TOUHOCTBIO 3a CYET aIEKBaTHOTO OIIMCAHMsI €0 CTPYKTYPbI U AITOPUTMOB PEKOH-
¢uryparnun. OCHOBHAs CII0KHOCTbh IPUMEHEHUS 3TOI0 METO/Ia 3aKJIF0UAETCs HE CTOJIBKO B TOCTPOECHUU
(dbopmanbHON MOJIENH, CKOJIBKO B €€ BepU(UKaLMU A1 NOATBEPKICHUS MPABUIBHOCTH MOITYYEHHBIX
pE3yIbTATOB.

HecMoTpst Ha yHMBepcaabHOCTh 3TOIO0 METOJA MCCIENOBaHHUs, €T0 IPUMEHEHHE Ul pacuera
HaJIe’)KHOCTH HE HOCUT CUCTEMHOIO XapaKTepa, HEMHOIOYMCJIEHHbBIE CTaTbU 110 JAHHOW TEMaTUKE
Pa3pO3HEHHBI M OIIMCHIBAIOT IOCTPOECHUE MOAEINEH 11 KOHKPETHBIX CTpYKTYp DC [3, 4]. D10 npuso-
JIUT K HE0OX0AMMOCTH MHOTOKPATHOI'O MOBTOPEHUS pa3pabOTKU JOCTATOYHO CXOKUX MEXAY COO0MH
Mozeseil HagexHocTn DC cpeAcTBaMH Pa3jMUYHBIX SA3BIKOB IporpaMmupoBaHusd. CyliecTByromue
pa3paboTKu B 00JaCTH UMUTALIMOHHOTO MOJEIMPOBAHMS HA/IC)KHOCTH CIOKHBIX CUCTEM OTHOCSTCSA
K BOIIPOCAM TEXHUYECKOTo oOciyxuBaHus [5]. s pemieHus 3Tux 3aaad co3/aHbl U CHelUaln3u-
pOBaHHBIE IPOrpaMMHBIE IPOAYKTHI (Hampumep, cucteMa AvSim+ komnanuu Isograph) ¢ Habopamu
3aroTOBOK M YHHBEpCAJIbHbIE SI3bIKM MOJIEIMPOBAHUS (HapuUMep, MUPOKO U3BECTHBIN s3bIk GPSS
MO3BOJISIET OMUCHIBATH JOCTATOYHO CJOKHBIE MO cTpyKType cucteMbl 3UII [6]), mo3Bonstoniue
MPOBECTU MOJECIMPOBAHUE CUCTEMbI TEXHUYECKOTO 00CIyKUBAaHUS U OLICHUTH €€ 3P(HEKTUBHOCTb.
OnHako NpUMeHEeHHe JJaxe TMOKUX, Ha MEePBBIN B3MIIA, I3bIKOB UMUTAIIMOHHOT'O MOZICIMPOBAHUS HE
MO03BOJISIET CYLIECTBEHHO YIPOCTUTH 3aJlauy NOCTpoeHus U Bepupukanuu Mmoaenu IC co CI0KHBIM
aJIrOPUTMOM PEKOH(UTYpaLUU.

Jlisa pernieHust mogo0OHBIX 3a1au Obwia paspadorana cucrema ACOHUKA-K-POC, nosponstomas
co3JaBaTh MOJIeNU peKoHpurypupyembix IC U3 «CTaHIAPTHBIX» JIEMEHTOB, 110 AaHAJIOTUHU C TeM, Kak
CO3JIal0TCS MOJIEH cucTeM MaccoBoro oOciyxuBanus B sizbike GPSS. Cucrema (cwm. puc. 1) Bkirodaer
B ce0s1 KOMITUIISITOP S3bIKa, MHCTPYMEHTHI BEpHU(PHUKALIUU MOAEIIH, CPEJICTBA IPOBEACHNS UMUTALIMOHHBIX
HKCIIEPUMEHTOB U 00PaOOTKH UX PE3YNbTaTOB.
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55 ACOHMKA-K-P3

‘PopmanbHan MOAENs

distribution
distribution
distribution
distribution

knot D1
{

Dis_D (4e-5);
Dis D hran (5e-5);
Dis_D vost (const 24);
Dis_wvnFail (4e-5);

state: Fail, Work, pFail, Wait:;

[lnuTenbHoCTL SKCNEpUMEHTa
87600
Pacuet:
@ BBP
(©) Hapabotka Ha oTkas
@ Koa®.rotosHocw

[[] Oanrsie ans rpagukos

PesynsTaT nporpamme!

[oBepuT. BEDOATHOCTD

mode: Normal; 0.87 +  [emer PG
startState: Work; Doseput. wTepsan
startMode: Normal;

cntrlMode: unDistribution;

tableDistribution:
|Normal| Wametmts
Work | Dis_D]|
Wait IDis_D _hran]| \War Bes usmereruit
pFail |Dis D vost;
- BeicTaBMTs CTapToB0E
— COCTORHWE

Coobermn

Puc. 1. Cuctrema ACOHUKA-K-POC. UnTepdetic monb3oBares

Jlnst onrcanust Mozienei ObLT pa3paboTaH CrieluaIn3UPOBAHHBIN S3bIK ONMCAHHS OTKA30B PEKOH(PHUTYpHU-
PYEMBIX 3JIEKTPOHHBIX cpeicTB (BxoAaHOM si3bIK cucTeMbl ACOHUKA-K-POC). S3bik mo3BOIISIET ONKCATh
OTAENIbHO KaX/1blii KOMIIOHEHT DC yepe3 ero CUCOK COCTOSTHUM M PEKUMOB, a TaKKe NHTEHCUBHOCTHU
MIEPEXO/I0B MEXKAY COCTOSHUSAMU. B COOTBETCTBUM C CEMaHTHKOH S3bIKa MOJIEb KaX10r0 KOMIIOHEHTA
B HEKOTOPOH CTENEHM «KHUBET CBOEH JKHU3HBIO», TO €CTh IOCIIE Hauajga UMUTALIMOHHOTO dKCIIEPUMEHTA
JUTSL KayKI0TO KOMIIOHEHTA OIPEENsIeTCsl BpEMsI, KOTOPOE OH MPOBENET B CTAPTOBOM COCTOSIHUM U Jlajiee
€r0 COCTOSIHUSI HAUMHAIOT U3MEHSTHCS B COOTBETCTBHHU C €TI0 OIIUCAHUEM [7].

B kauecTBe mpuMepa paccMOTpUM 3ajady pacuera Onoka tenemerpuu (BT), KOTOpbI BXOTUT B CO-
cTaB OOPTOBOTO MHTETPHPOBAHHOTO BRIUUCIHTENHLHOTO KoMiuiekca, (BUBK) nmpennasHaueHHOTO ISt
HCIIOJIb30BaHUS B OKOJIO3EMHOM KOCMHYECKOM IPOCTPAHCTBE B COCTABE OOPTOBBIX BBIYMCIUTEIBHBIX
ceTell KocMUYecKoro anmapara. J{is odecneuenns TpeGoBaHUI 110 HaJISKHOCTH, UCXOJIS U3 CTPYKTYPHBIX
ocobenHocreit BT, Obia pazpaborana cxema pe3epBHpPOBAHUS U aJITOPUTM PEKOH(UTYpanuu.

BT sBrsieTcst cCIOXKHBIM U3AETHEM, coziepKamumM 0ombinoe yrciao CY, 00beIMHEHHBIX B Pe3ePBHUPOBAH-
HBbIE IPYIIIBI HA HECKOJIBKUX YPOBHSAX pazykpyrnHeHus. BT cocTtout u3 2-x kommiekToB Mmoayaei. OnHotun-
HBIE MOJYJIH PACIIONIOKEHBI HA OAHOMU sTYEHKE, HO MUTAIOTCS OT PA3JINYHBIX HCTOYHUKOB NIEKTPOIHEPTUH.
BT umMeeT nokambHBIN KOHTYpP PE3epBUPOBAHMS ISl TIOAACPKAHUS aBTOHOMHOTO (PyHKIIMOHHUPOBAHUS
HE3aBUCUMO OT paboTocrnocoOHocTH ocTanbHoM yactu BUBK. DT0T KOHTYp MMeeT 4 cTyneHu pe3epBu-
pOBaHUS U MPEJICTABIICH Ha PUC. 2.
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MPK HMAK MM HMMX8M MKC < MIIP80)

MIIP8O[—MIIA44— MIIT44{— MIIA /132

MPK HMAK MM HMMXS IMKC [ MITP80[— MIIP80

MI1A44

MIIT44 HMITAJI32 |

IMKC

MITP80— MIIP80—MITA44— MIIT44

MITA44 — MIIT44

IMKC [ MITP80{—H MITP80 [HMITA44— MITT44 HMIIA44 — MIIT44

Puc. 2. JlokanbHbIi KOHTYD pe3epBupoBanus bT

Cremyer OTMETHTD, YTO JUIS IIETTIOYEK KOMITOHEHTOB BHYTPH MPSIMOYTOJIEHUKOB (CM. pHC. 2) OTKa3 JIto-
00ro KOMIoHeHTa B Kax oM u3 HuxX (kpome MKC) mim naxe HECKOJIIbKMX KOMITOHEHTOB HE TPHBOJIUT K
MIOJTHOMY OTKa3y BCEH IETIOUKH, ITOCKOJIBKY, €CITH TAKUE K€ KOMITOHEHTBI OCTAOTCS pab0TOCTIOCOOHBIMU
B QHAJIOTUYHOM [EMOYKE, TO ATH OTKA3bl MOTYT ITAPHPOBATHCS allapaTHO-ITPOrPAMMHBIMH CPEICTBAMU
camoro BT 6e3 yuacTus BHenTHErO yripaBieHus (IIPH YCIOBUH, YTO MUTAHUE IMTOAAHO Ha 00€ IIETTOYKH ) U,
TakuM obpaszom, BT ocTaeTcs MoHOCThIO PaOOTOCTIOCOOHBIM.

Momynu TeneMeTpun MoTyKoMIuIeKToB A u b (cM. puc. 2) GyHKIMOHUPYIOT CIEAYIOIIMM 00pa3oMm:
- moxyns MIIC(A) obecrieunBaeT MUTaHKUE CIASAYIOIIMX TPYIT MOTYJIEH:
- Mmoaynb MM(A) + moxgyns MMX8(A);
- 2 rpynmsl moayneit MKIIC(A);
- 11 rpynm momyneit MYTI2(A), npudem kaxasiid Moaysib MYTI2(A) cBsi3aH Mo 1ENsIM MUTaHUS
C OTHUM U3 u3MepuTelbHBIX Moayineit MITT32(A), MITA64(A), MIILIS80(A), MITH32(A).

- Kk ae1it u3 1ByX Moxyieid MKIIC(A) cBsi3an (yHKIIMOHATIBHO C TPYIIION H3MEPUTEITLHBIX MOTYJICH:
monysb MKIICI(A) cBsizan ¢ Tpems moxynsimu MIITT32(A) (rpynma 1 u3aMepuTenbHBIX MOAYJIEH Ha
puc. 3), neyms moayisimu MITL80(A) (rpynna 3 u3amMepuTenbHbIX MOTYJIeH Ha pyc. 3) U OHUM MOJYJIEM
MITH32(A) (rpymnma 4 u3MepuTeIbHBIX MOTYyJIeH Ha puc. 3);

- moayiib MKIIC2(A) cBszan ¢ aeymst moayssimua MITT32(A) (rpynma 1 u3MepuTenbHBIX MOYJICH Ha
puc. 3), omaum moxayinem MITA64(A) (rpymma 2 u3MepUTENbHBIX MOAYJICH Ha PHUC. 3) ¥ ABYMSI MOITYJISIMU
MIIII80(A) (rpymnma 3 u3MepHUTEIbHBIX MOTYJIeH Ha puc. 3).

- agasioruaHo monysb MITIC(B) oGecrieunBaeT muTaHueM TaKue kK€ MOAYJIH MOTYKOMIUIeKTa b.

- ipu otkaze Mmoayist MIIC(A) oTkiTto9aroTcs BCe MOIYJIU TIOTYKOMITIIEKTa A, EpEYHCIICHHBIC BBIIIIE,
1 B paboty BkitodaeTcst moxyiab MIIC(B) u Bce momynu nomykomiiekra b.

- ipu oTkaze Mmoayneid MM(A) nmu MMXS8(A) B padoty BrirodarotTcst Moyt MITC(B) u Bce momynu
nosrykomruiekta b, momynmu MM(B) 1 MMXS8(b) HaunHatoT GyHKIIMOHUPOBATH BMECTO OTKIIOYCHHBIX
Monyneir MM(A) u MMXS8(A).

- mpu otkaze ogHoro u3 moayieit MKIIC(A) B paboty Britodarotcest monyias MKIIC(B) u Bce Mmomynu
nosryKoMmIuiekTa b, kpome nsmeputensHbix Momyieit u momayieid MYI12, cesazanubix ¢ moxyiem MKIIC(B),
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cootBeTcTBYIOmUM HctipaBHOMY Moayinto MKIIC(A). Bmecto otkazaBmiero moaysinst MKIIC(A) u cBsi-
3aHHOW C HUM IIEMOYKH U3MEPUTEIBHBIX MOAYJIEH C COOTBETCTBYIOMUMHU UM MoayasimMu MVYTI2(A) Ha-
yuHaeT GyHKImoHuposars Moaysib MKIIC(B) u cBsi3aHHast ¢ HUM IIETIOYKA U3MEPUTEIBHBIX MOIYJICH 1
monynerd MYII2(B).

- Ipu 0TKa3e ogHoro U3 Moayieid MYTI2(A) ninu o1HOTO U3 U3MEPUTENHHBIX MOTYJICH MTOTYKOMIUICKTA
A B pabory Britodarotcs cienyromue monyiau: MIIC(B), MM(b), MMX8(b), MKIIC1(b), MKIIC2(b),
M3MEPUTEIbHBIA MOIYJIb TIOJyKOMIUIEKTa b BMecTe co cBoum moayineM MVYII2, cooTBeTcTBYIOIIUE OT-
Ka3aBIllIeMy MOAYIIIO MoykoMIuiekTa A. Bece ocranbHble H3MEpUTENbHBIE MOTYJIU U COOTBETCTBYIOIINE
uM Moaynu MVYII2 nonykoMiuiekTa b OCTalOTCs B BBIKJIIOYEHHOM COCTOSIHUU. BMeCTO OTKa3aBIlIero
Moyt MYII2(A) i u3MEpUTEIHHOTO MOYJIS TMTOTYKOMIUIEKTa A HAYMHAIOT (YHKIIMOHUPOBATH CO-
OTBETCTBYIOIIUNA U3MEPUTENIbHBIN MOIYIb MOJIYKOMIUIEKTa b 1 CBA3aHHBIN ¢ HUM MO MUTAHUIO MOAYIIb
MVII2(B).

CrpykrypHas cxema Hajies)kHOCTH BT, cooTBeTCTBYIOIIAs 3TUM YCIOBUSAM (PYyHKIMOHUPOBAHMUS, IPU-
BeJIeHa Ha puc. 3.

,O’—“ MIIC (A) MM (A) |—| MMX38(A)
Hanpsoxkenust
MUTAHUS Tpynma 1
MIIC (B) MM (b) l—| MMX 8(b)

MKIICI1(A) MVII2(A) |—| MIIT32(A) MVYII2(A) |—| MIIT 32(A) MVYII2(A) |—| MIIT32(A)

I'pynma 1 I'pynma 2 I'pynmna 3

MVII2(B) l—| MIIT 32(B) MVYTI2(B) l—| MIIT32(B) MVYTI2(B) l—| MIIT 32(B)
MVIT2(A) l—| MITLL80(A) MVII12(A) |—| MITLL80(A) MVYII12(A) |—| MITH32(A)
I'pynna 4 Ipynna 5 Ipynmna 6
MVII 2(b) |—| MITLL80(b) MVYI12(b) |—| MITL80(b) MVYI12(b) |—| MITH32(b)
MYII 2(A) l—| MIIT 32(A) MVYII 2(A) l—| MIIT 32(A) MVYII 2(A) l—| MIIA 64(A) l—
H I'pynna 7 Ipynna 8 Tpynna 9
MVYII 2(b) |—| MIIT 32(b) MVII 2(b) |—| MIIT 32(b) MYVII 2(b) |—| MIIA 64(b)

MVII2(A) |—| MITLIS0(A) MVII2(A) |—| MIIT32(A) |—j

pynna 10 Ipynna 11

MVYTI 2(B) l—| MITLI80(B) MVTI 2(B) l—| MIIT 32(B)

Puc. 3. CrpykrypHas cxema Hajie:)kHOCTH BT

Onucanune monyneit BT Ha BxonHoM si3bike cucteMbl ACOHUKA-K-POC sBrisiercs 40CTaTOYHO Tpo-
CTBIM, T.K. BCE OHHU SBJISIIOTCSI HEBOCCTAHABIMBAEMBIMHU M IPOCTO padOTAIOT 10 OTKa3a, U JIUMIIb AJIs
MOJTyJ1eH oJyKoMILIEKTa b ecTh JBa pesknMa: oxu1aHus (XpaHeHus) 1 paboThl. Takoil rmpoiecc MOKHO
IIPEJICTAaBUTh B BUJE TUArpaMMbl, IPUBEIEHHON Ha puc. 4.

JUig «3neMEHTapHbBIX» KOMIIOHEHTOB MOJAEIUPYETCS MEPEX0] U3 COCTOSHUSI B COCTOSIHUE uepe3 3a-
KOHBI pacnpezaeneHus. [lepexon B Jpyroe COCTOSIHUE C TEM KE PEKUMOM XapaKTEpU3yeTCsl HEKOTOPOH
TUIOTHOCTBIO BEPOATHOCTH BO BpeMeHHU. [IIOTHOCTH B (popMaibHOM MOeNnu 3ajaeTcs Yepe3 3aKOH pac-
IIpEIEIEHUs BPEMEHU HAX0K/ICHUSI KOMIIOHEHTA B Ka)KJIOM COCTOSIHHUH.
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[narpamMma nepexoaos [narpamma nepexofoB

KOMMOHEHTOB nosiykomrriekta A KOMMOHEHTOB nonykomnriekta b
| CocTosiHus
o

—
=
Q
w

1aeloged

CocTosHMS

rypayuu

o o |
1z |
D o
| E Paborta
o —_—— — — —_—
I |~ o
D
x \
Pabora = \ CobbiTne
—_ — = I peKoHdM-

IANKNXD d

Puc. 4. lnarpammsr nepexomoB moxayieir BT

[Tepexonm U3 cOCTOSIHUSI B COCTOSIHUE TaK)K€ MOXKET MTPOM3OUTH B PE3YJIBTATE KAKOTO-THOO COOBITHS
B Mojenu. [Ipudem nepexo mo MHTEHCHBHOCTH HE MOXKET M3MEHUTh PEKUMA, U3MEHSIETCS TOIBKO CO-
ctosiare. COoOBITHE KE MOXKET MEPEBECTH KOMITOHEHT B JIFOOYIO TApy «PEKUM-COCTOsTHUEY. CeMaHTHKa
CTaHJAPTHOM MOJIEIM KOMIIOHEHTA MPEAToaraeT, YTo EPBOE COCTOSIHUE — 3TO COCTOSTHUE OTKa3a, U3
HETO TepeXo]] B APYroe COCTOSTHHE HEBO3MOKEH.

dopmanbHas MOIeNIb KOMIIOHEHTA BBITJIIUT HECKOJIBKO 00JIee TPOMO3/KO, HO, HECMOTPS Ha 3TO, J0-

CTaTO4YHO IMPOCTa U JIOTUYHA:

knot MMX8 B
{
state: Fail, Work;
mode: Normal, Wait;
startState: Work;
startMode: Wait;
cntrlMode: unDistribution;
tableDistribution:
[Normal | Wait |
Work | Dis. MMXS8|Dis MMX8 Wait;
tableStateChange:
Normal |Wait
Work |[Fail  |Fail ;
15
[IpuBeneHHOE ONTMCAHUE SIBIISCTCS YHUBEPCATBLHBIM U COCTOUT M3 CIEAYIONUX OJIOKOB:
- state <CImMCOK BO3MOXKHBIX COCTOSHUM KOMIIOHEHTa™;
- mode <CITUCOK BO3MOXKHBIX PEKHMOB KOMITOHCHTA™;
- startState <cTapTOBO€ COCTOSHHE™;

- startMode <cTapToBbIil pexxum>;
- entrlMode <napametp, onpeaensomuil TUII KOMIIOHEHTA (JIEMEHTAapHBIN WM COCTaBHOM)™>;

- tableDistribution <rabmnuiia pacnpeeseH!i BpeMEH! HaX0XKICHUsI B KaKI0M rape (pexuM; COCTOSHHUE)™;
- tableStateChange <rabnuua HanpaBlIeHUN NEPEXOI0B U3 KaXk 10 Maphl (PEKUM; COCTOSTHUE )>.
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Takum o0pa3oM, «TEKCTOBas» MOENb OJHO3HAUYHO OMMCHIBACT BUJ JAMAarpaMMbl MEPEXOI0B, Mpe-
CTaBJICHHOU Ha puc. 4.

B nanHoi Mozienu ucnosb3yercs SKCIIOHEHIIMAIBbHOE pacipeesieHne, 03TOMY HEeT HeOOXOAUMOCTH
B yueTe NpeAbIAYLINX COCTOSHUI KOMIIOHEHTA, O/IHAKO B O0IIEM cllydae IpeyCMOTpeHa BO3MOKHOCTD
y4eTa IyTHy JJIsl PYTUX TUIIOB pacnpeneiaeHus. Takue Mojenu onucassl B [7].

O0beanHeHrEe KOMIIOHEHTOB B €IMHYIO MOJENb MPOBOAUTCS MyTEM HCIOIb30BAaHUS KOMIIOHEHTOB
0oJiee BBICOKOTO YPOBHSI pa3yKpynHEeHHs. Tak, B Ka4eCTBE 3TOT0 MOXKET MCIOIb30BATHCS JINOO YCIOB-
HOe 00O03HaYeHHE IPYIIbl KOMIIOHEHTOB, BXOASIIUX B pe3eps, 1ubo onucanue IC B nenoM. [pynma
KOMITOHEHTOB OIPENEsSeTCsl aHAJOTUYHO OT/IEJIbHOMY KOMIIOHEHTY, HO €€ COCTOSIHUE ONpeelseTcs
HE pacrpenenaeHueM, a Kak (yHKIHUsS OT COCTOSTHUS APYTUX KOMIOHEHTOB. [Ipu 3TOM B yciioBue oTkasza
IPYMIIBI MOXET ObITh BKIIIOUEH KaK 3JIEMEHTAPHBIM KOMIIOHEHT, TaK U rpyTna KOMIOHEHTOB. IMeHHO asist
ATOTO BHEUIHE KOMIIOHEHT, OMHCHIBAIOILIUI TPYIIITY, XapaKTepU3UPYETCsl TAKUMH K€ IapaMeTpaMu, Kak
1 DJIEMEHTAPHBINA — COCTOSTHUE U PEKUM padoTHI [8].

[Ipu noctpoennu monenu bT gocratouHo yno6HO 0ObEAUHUTD B TPYIIIbI KOMIIOHEHTHI U3 MOJTYKOM-
wiekta A u b, kotopele pe3epBUPYIOT Ipyr apyra. J[is onmucaHus KpUTEpPHEB OTKa3a HCIOJb3YIOTCA
JIOTUKO-MaTeMaTH4eCKUE OTepalluy HaJl COCTOSHUSIMU KOMIIOHEHTOB. B 00111eM ciiyyae 3To MOXKeT ObITh
BBIYHCIIUTENbHAS TIPOLelypa CO CBOMMHU JIOKAJIIbHBIMU U I100aJIbHBIMU IEPEMEHHBIMU, LIUKJIAMU U BET-
BiIeHUsIMU. B cityuae sxe Mogenu BT 1ocTaroyHo ucnonb30Barh HEOONbIINE BHIPAKEHHS HAJl COCTOSHUSIMU
KOMITOHEHTOB. Pe3ynbprar Takoro BeIpaskeHuUs JOJDKEH OBITh paBeH «1», ecnu rpymnmna padboTocrnocobHa,
u «0» B cimyuae ee oTkaza. J{iis 1000# U3 pe3epBUPOBAHHBIX TPYII HAMKMCATH TAKOE BBIpaXKEHHE HE CO-
cTaBisgeT Tpyaa. [Ipumep Takoro BhIpa)KeHUS MPUBEACH HUXKE:

function FunctGroup2

{
return (MPS_A&MUP2 2 A &MPT32 2 A)[( MPS_ B&MUP2 2 B&MPT32 2 B);

}s

[Ipu BBIYUCIIEHNN COCTOSTHUS UMEHA KOMIIOHEHTOB 3aMEHSOTCS «1», €CJIM KOMIIOHEHT HE B COCTOSTHUU
OTKa3a (IIEpBOM YKa3aHHOM B CIIMCKE COCTOSIHHI), U «0» B MPOTHUBOMOJIOKHOM ciiydae. Takke MOXKHO
HCIIONB30BaTh cieayromnlyro 3anuck: K1 1:Work. DToT onmeparop Bo3Bpamaer «1», eclii KOMIIOHEHT
HaxonuTcs B coctosHun « Work» u «0» amst mo6oro apyroro cocrostuus. TakuM 00pa3om, 1aHHOE BbI-
pakeHHe O0CcTaeTcs PaBHBIM « 1» 710 TeX MOp, MOKa 0CTaTCs paboTOCIIOCOOHBIMH KOMIIOHEHTBI XOTS ObI
B OJTHOM IOJTyKOMILJIEKTE.

Jljist onucaHus MOAKIIOUEHUS PE3EPBHBIX KOMIOHEHTOB M OTKJIIOUEHUS OCHOBHBIX HCIIOJIB3YETCs
CHelHaIM3UpPOBaHHAs KOHCTPYKIIHS switch _event. DTa KOHCTPYKIUS MPEACTABISAET COOOM Mapy «ycio-
BHE pPEKOHpUTYypaluu — AeicTBUE peKoHpurypauumn». s onucaHus neicTBUs peKoHPUTypauuu
UCIIOJIB3YIOTCSI ONEPaTOpbl CMEHbI COCTOSIHUSA U CMEHBI pekuMa. B ycrnoBuu pexoHduUrypanum taxxe
UCIIOJIB3YIOTCS JIOTMKO-MAaTeMaTUYeCKHUe ONepallii HaJl COCTOSIHUSIMH KOMIIOHEHTOB B MOJIENIH, OJTHAKO
JUTsI yIPOILEHHUS 3a7ja4¥ ObLTN 100aBIEHBI OTIEPATOPhI OIPEIEIICHN MOMEHTA Iepexo/ia KOMIIOHEHTA U3
COCTOsIHUS B cocTostHue. J{71s onucanus pexkoHpurypamuii BHyTpu bT HeoOxoaumo co3iaTh JOCTaTOYHO
MHOTO JICCTBUHN PEKOH(HUTYpAIK, HO OHH SIBJISIFOTCS TOTIOJHEHUEM ApyT npyra. Kaxnoe u3 neicTBuit
OMMCHIBACT PEKOH(UTYpaLMIO MIPH OTKA3e OJHOTO KOMIIOHEHTA, [TOATOMY BKJIIOYAeT B ceOsi BCEro He-
CKOJIBKO JieicTBUi. [Ipumep oHOM U3 TaKMX KOHCTPYKIIMH ITPUBENICH HIKE:

switch Event MUP 1 A FAIL (->MUP2_1 A:Fail|->MPT32_1_A:Fail)

{
set_mode (MPS_B:Normal);
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set mode(MM_B:Normal);

set mode(MMXS8 B:Normal);
set mode(MKPS1 B:Normal);
set mode(MKPS2 B:Normal);
set mode(MUP2 1 B:Normal);
set mode(MPT32 1 B:Normal);

)5

B nanHOM nmpumepe yciioBueM Hadaiga peKOH(UTypaluH SBISETCS repexon komnonenta MVYII2 wim
kommoHeHTa MIIT32 B cocTosHue oTkaza. JleicTBrueM SIBISIETCS UBMEHEHUE PEKUMOB T€X KOMIIOHEHTOB,
KOTOpbIE JOJKHBI BKIIIOUUTHCSA B pabOTy B COOTBETCTBUU C OMUCAHUEM: 3TO OOIIME KOMIIOHEHTHI MO-
nykomIuiekta b u pesepBHast rpymnmna Juisi OTKa3aBIIUX KOMIIOHEHTOB. COCTaBUTh OCTaIbHbBIE JCHCTBHS
peKoH(UTrypaIy MO0 aHAJIOTHH C 3TUM HE MPEICTaBIsET 0CO00ro Tpyaa, TaK KaK OHU MOJHOCTHIO IO-
BTOPSIOT onucaHue CTpykrypsl bT.

[Tocne nporpamMMupoBanus onucanus GopMaabHONU MOJIe HeoOxoquMa ee BepuuKalus, Tak Kak, He
MOJTBEPAMB a/IeKBATHOCTD 3alIPOrPaMMHUPOBAHHBIX AITOPUTMOB PEKOH(PUTYpAITH U KPUTEPUEB OTKA30B,
HeJb35 ObITh YBEPEHHBIM, UTO PE3YJIbTaThl MOJICTUPOBAHUS OyIyT I0CTOBEPHBIMHU.

Ha nagyanbHOM 3Tane juisi BepupHUKaMy UCIIOJIb30BaJINCh PE3YIbTaThl pacyeTa BEPOATHOCTH 0e30T-
Ka3HO# paboTsl (Pgy), TIOTyYEHHBIE 110 CIIEAYIOMIEH MATEMATHIECKOH MOIEIH:

4 3’ ;\‘ x }\‘ E)
Py, ()= e et 4 2 7\’M1(9)j 5T | a0 ¢ 'Ppes(i)(t —-1)dn, (1)
i=1

rae A A(p) — UHTCHCHBHOCTb OTKa30B BCEX MO/IYJICH MOIYKOMILICKTa A, HAXOISIIUXCS BO BKIIOYCHHOM
COCTOSIHHH; 1 — HOMEp CLIEHapHs peKOH(UTypaui, COOTBETCTBYIOLIEIO OTKa3y B MOMEHT BPEMEHU T
i-ro MOIyJIs U3 TOJYKOMIUIEKTa A; A Mi(7) — WHTCHCHBHOCTB OTKA30B 1-r0 MOJYJIsl [IOJlyKOMIUICKTa A BO
BKJIFOYCHHOM COCTOSHUM; A g (x)— MHTCHCHBHOCTb OTKA30B BCEX MOZY/ICH IIOJyKOMILICKTA A, HAXOJSILIUXCS
B BBIKIIFOYCHHOM COCTOSIHUM; P, ;) — BBP pesepBupoBaHHOM cHCTEMbI MOAYIICH TEIEMETPHUH 33 BpeMst
t, mocJie 0TKa3a B MOMEHT BPEMEHHU T 1-r0 MOYJIsl MOJIYKOMIUIEKTa A, IPHU YCIIOBUU YTO O MOMEHTA T
BCE MOJYJIH MoJlyKoMIuiekTa b Obln UCTipaBHEIL.

Mopens (1) umeeT psii OrpaHUYCHUM, B YACTHOCTH TIPH €€ BBIBOJE OBLIO MPHHSTO, YTO TOJY-
KOMIUIEKT b OJKeH OBITh MOJHOCTHIO UCIIPABEH JJIS 3aMEHBI JIFDOOTO OTKAa3aBIIETO MOMYJIS IO-
JYKOMILICKTa A, OIHAKO B peabHOCTHU TPpeOyeTcs (QyHKIIMOHUPOBAHUE TOIBKO TEX Y3JI0B, KOTOPBIC
HEIOCPEICTBEHHO BKJIIOYAIOTCS B pa0OTy B COOTBETCTBHH CO CIICHAPHEM PEKOH(DHUTYpalluu U JTUITh
OJIMH U3 CIIeHapueB TpeOyeT MoJHOPYHKIIMOHATLHOTO KoMIIekTa b — otkaz MIIC(A), B To BpeMst
KaK OCTaJbHBIE JIOMYCKAIOT BO3MOXHOCTh OTKa3a 4aCTH KOMIOHEHTOB mnoiiykomIiuiekra b. Kpome
Toro, (1) yuutsiBaeT pekoHdpurypanuto bT Toibko npu mepBoM oTKasze, a 00O mocieayoIui
OTKa3 CYHMTAETCs OTKa30oM Bceil BT, 4To Takke He COOTBETCTBYET PEallbHOMY allTOPUTMY (QYHK-
[IUOHUPOBAHWS.

HecMoTpst Ha 5T OrpaHHYEHHMS, OYEBHIHO, YTO 3HAYCHHE Py, OTy4EHHOE B PE3YJIBTATE UMUTALMOHHO-
r'0 MOJICJIMPOBAHUS, HE MOXKET OBITh HIDKE paccurTaHHoro o mojenu (1). Kpome toro, ams Bepuduxanmu
mozenu B cucteme ACOHUKA-K-POC nipegycMorpeHa 1 BO3BMOKHOCTD MPOBEJECHUS YIIPABIIIEMOTO KC-
nepuMeHTa. B aToM citydae nmonb3oBareib caM OMpeeisieT oCae0BaTeIbHOCTh OTKa30B KOMIIOHEHTOB
Y KOHTPOJIHUPYET COCTOSTHUE MOJIEIH MOCIe KaXKI0ro oTKasza (puc. 5).
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PopmansHan MOENb | CTaTUCTUKA N0 KOMMOHEHTEM.

Wma ysna CoctosH... npea.C.. Pexum npea.P... Bpemacm.. Pacnpegeneqne l[ QI
EL_1 Fail Work Nomal Save 1 None Boinonxexo: 100
EL 2 Work Rezerv Save Save 168131691 Dis_Save
Switcher §tS StS Nommal Normal 556 Dis_per_Save Kon-80 3Kkcnep 0 eprmeHTa
RES Work Work Normal Normal -1 unFunction 100 37600
Pacuet:
PesynbTaT nporpaMmbl © BBP
) H: Ha 0TKas

[aHHbie AnA rpadmkos
i L

Ysen
EL_1 -
CocrosHue
Fail v
Pexm
— Nomal v
Coobiwenma -
|info-> Crapr StartSwitch -
info-> Bunommunocs ycnosue coBurma SwitchOn
info-> SwitchOn smcrasunc ysay EL 2 pexiod RO m
|info-> SwitchOn smcrasunc ysny EL_1 pexsad RO
|info-> v SwitchOn
|info-> Crapr DrawTime <
iinfu-b- T rnocle OXOHYEHMA Mars 2XCHOeDMMEeHTa
|info-> Jm y3na cocroasme cocT. Ha Hadano mara pexind pexio4 Ha Havano mara  BpPeMA CMeHH COCTOAHMA
info-» EL 1 Work Work Save Normal 165863912

Puc. 5. Cuctema ACOHUKA-K-POC. TIpomiecc BepupUKauyd MOICITH

| Mar oTnagxku N 7 |
\ /
info-> Yace cOBMHYTH Ha 330 uacos
info-> Yace cMcCTeMsl BEHICTABJIEHHH Ha 3SHaueHue 2988 uacos
info-> WMsMeHAeT coToAHMe ysen Switcher
info-> ¥sny Switcher NpMCBOEHHO cocTosHME StS
info-> Crapr StartSwitch
info-> BHEIIOIHMIOCE yCJIOBMe cobumrma SwitchOn
info-> SwitchOn sBmcTasmino ysny EL_2 pexum R0
info-> SwitchOn sBmcTasmno ysny EL_1 pexum R0
info-> BHIIOIHMIOCE ycCJoBMe cobmrma SwitchOn
info-> Crapr DrawTime
info-> TafmMila COCTOSHMSA CMCTEMEl [IOCJIE OKOHUAHMA Mara SKCISpUMEeHTa

info-> Vs y3iaa COoCTOsAHME COCT. Ha HAadaJiO mara pexmmM pPexyMM Ha HadaJjo mara BpeMs CMEHE COCTOAHWMA
info-> EL_1 Work Work Save Normal 19813522
info-> EL_2 Rezerv Rezerv Save Normal 81382895
info-> Switcher sts Stw Normal Normal 3544
info-> RES Work Work Normal Normal =l
/ \
| Ilar oTHagxu »8 ||
\ /

info-> ¥=any EL_1 npucBOeHHO cocTosAHme Fail pexmm Work

info-> Crapr StartSwitch

info-> BENONHMIOCE ycJioBMe cobmTma EL_1_fail

info-> EL_1_fail BmcTaBmio yszny EL_2 cocrosHue R1

info-> Crapr DrawTime

info-> TabmmMua COCTOAHMA CHMCTEME MOCJIE OKOHUAHMA mMara SKCIePMMeHTa

info-> Mma y3iaa COCTOAHME COCT. Ha HauaJio mara pexmmM PexMM Ha HauaJJo mara BpeMsa CMEHEl COCTOAHMA

info-> EL_1 Fail Work Normal Save ol

Puc. 6. Cucrema ACOHNKA-K-POC. Jlor-(aiin ynpasnsieMoro sKkCriepuMeHTa
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WMUTALUNOHHOE MOEJIMPOBAHUE B SAAAYAX OLLEHKU HAAEXKHOCTHU
OTKA30YCTOMYMBbIX QJIEKTPOHHbIX CPEOCTB

B ciydae HecooTBeTCTBHSI peakIy MOJIeNU onrucaHuio padbotsl BT nmouck ommoKu MOXXKHO OCYIIIECTBUTh
U [MOMOIIIY aHAJIK3a JIOT-(paiiia BHIIOIHEHUS 11ara 3KCIIEpUMEHTa, B KOTOPOM COJEPKUTCA UH(pOpMAILIUs
0 TOM, KaKH€ YCJIOBHSI KAKUX COOBITHI peKOHUTypannu ObUIH BHITIOJHEHBI M KaKHE€ UMEHHO JICHCTBUS C
KOMITOHEHTaMH MOJIeJI UMU ObLIM mpoBeneHbl. [Ipumep Takoro sor-¢aiina npuseaeH Ha puc. 6.

Tak kak cOOBITHS PEKOH(MUTYPALUU OOBIYHO UMEIOT JIOCTATOYHO MPOCTHIC YCIOBUS M BBITOIHSIIOT
HE TaK MHOTO JICHCTBHIA, TO HA OCHOBE ATOTO JIOT-(aiisia U pacle4aTku COCTOSIHUS KOMIIOHEHTOB JI0 U
MOCJIE M3MEHEHHSI MOYKHO JIETKO OTPEICIUTh UCTOYHHUK OIMOOK U BHECTH KOPPEKTHBBI B IPOrpaMMy
(Monenpb). OTMETHM, YTO B O0IIEM CITy4ae BCeria peKOMEHAYETCs BEpUUITIPOBATH MOJIEIb C Y4aCTHEM
CIEIUAIMCTA, XOPOIIO 3HAKOIIETO OOBEKT UCCIICAOBAHMS ¥ HE 3aHSATOTO HETIOCPEICTBEHHO B pa3padoTKe
MOJIEJIH, T.K. 3TO CYIIECTBEHHO 00JIeryaeT npoiecc BepuuKaud U cnocoOCTBYEeT OBICTPOMY MOUCKY U
YCTpPaHEHUIO OIIMOOK.

Opnnako 1 Bepu(ULIMPOBAaHHAS MOJIENIb HE MOXKET J1aTh «TOYHYI0» OIICHKY BEPOATHOCTH 0€30TKa3HOI
paboTh (Wu cpeaHeit HapaOOTKH) Jake IPU 3HAYUTEILHOM KOJIHYECTBE BUPTYaAIbHBIX SKCIIEPUMEHTOB
(MCTIBITaHWI MOJIEIIHN), TIO3TOMY JIJISI BBIYMCIISIEMBIX TIoKa3aTenei HaaexxkHocTh B cucteme ACOHUKA-
K-POC paccunutbiBaeTcsi 1OBEPUTEIbHBI UHTEPBAJ ISl JTOBEPUTEIHBHON BEPOSTHOCTH, 3a]1aBa€MOM
nonp3oBatenieM. O4eBUAHO, YTO yBEJIMYEHUE YMCIA SKCIEPUMEHTOB BEAET K MOBBIIICHUIO TOYHOCTH
OIICHKH TOKa3aTenei HajaexHocTH uccieayemoro DC. I'paduku, xapakTepu3yroniue CHIKEHUE OTHOCH-
TEJIHLHON IMPUHBI IOBEPUTENBHOTO MHTEPBANA Ul Py TP YBEIUYEHUU KOJIMYECTBA OKCIIEPUMEHTOB,
MpYBEICHBI HAa puC. 7.

A
Kon-Bo akcnep.
100000 (0.4630,0.4682)
10000 (0.4483;0.4646)
1000 (0.4551,0.5069)
1001 . (0,4092;0,5713) R
i I >
0.4 0.5 BBP

Puc. 7. 3aBHCHMOCTb IIMPUHBI JOBEPUTEIBHOTO MHTEPBANIaA Py OT KOJIUIECTBA SKCIIEPHMEHTOB

[Tonyuennas B pe3yibrare HMUTALIMOHHOTO MOJECIMPOBAHUS OLIEHKA P, OKasanach Ha 17% Bbiire
PE3yJIbTAaTOB aHAJTMTHYECKOTO pacdeTa 1mo moxenu (1), uTo mo3BoMiI0 MoaATBEpAUTh YD (HEKTUBHOCTD
anroputMa pekoHpurypamuu bT. Kpome Toro, mo cobpanHoi# B X0/1e SKCTIEPUMEHTOB CTaTHCTHKE Bpe-
MeH 0TKa30B BT Obun MOCTpOEHbI 3aBUCUMOCTH Py (pHC. 8) ¥ MHTEHCHBHOCTH OTKa30B (puc. 9) or
BpPEMEHH.

Takue rpaduku npeAcTaBiIsAIOT HHTEPEC IPU UCCIENOBAHUAX HalexKHOCTH DC U MOITOMY BKITIOUEHBI
B cocTaB cepBUCHBIX (pyHKIM cuctembl ACOHUKA-K-POC.

Emie oqHuM 1nose3HbIM JOMOTHEHUEM K METOTy UMUTALIMOHHOTO MOJIETTUPOBAHMS, PEATM30BAHHOMY
B cucteMe ACOHUKA-K-POC, sBaseTcs BO3MOXKHOCTh COOpa CTaTUCTHK MO MPUYNHAM OTKa3a. ITO
MO3BOJISIET MPOBECTHU CPABHUTEIbHBIN aHAJIU3 U BBIIBUTH HE TOJbKO HAaMMEHEE HaACKHbIE TPYIIIbI

41



WMUTALNOHHOE MOOEJINPOBAHUE B SAAA4YAX OLLEHKU HAAEXXHOCTHU
OTKA30YCTOMN4YUBbIX SNIEKTPOHHbIX CPEACTB

,2 AN
~___

O T T T T T 1 I I T
0 50000 100000 150000 200000 250000 300000 350000 400000 450000 5

Puc. 8. Cuctema ACOHUKA-K-POC. I'paduk 3aBucumMocTn Py OT BPEMEHH

g- 0,00005

0,00004 - /f\\

]

£ . 000003

£ 000002 /,’,,.

=

] 0,00001

@ f

P e —

0 50000 00000 -150000 200000 250000 300000 350000 400000 450000
t 4.

Puc. 9. Cucrema ACOHUKA-K-POC. I'paduk 3aBUCHMOCTH HHTEHCHBHOCTH OTKa30B OT BPEMEHH

KOMIIOHEHTOB, HO U Ha00OPOT, ONpeaenuTh cocTaBHbie yacTu JC, obnanaromue n30BITOUHON Ha-
JCKHOCTBIO. HpOBC}ICHI/Ie HOBTOpHI)IX paCLICTOB IIOCJIC BHCCCHUIA I/ISMCHGHI/Iﬁ B MOJICJIb 1a€T BO3-
MOKHOCTB OIIEHUTH dP(PEKT dTUX U3MEHEHHUM, U, TEM CaMbIM, ONTUMHU3HPOBaTh JC MO KPUTEPHIO
HaJIEKHOCTH.

Taxkum o0pa3oM, B 3aKJIFOYEHUH MOYXXHO KOHCTaTHPOBATh, YTO CO3JaHHBIN A3BIK OMMCAHUA Mpoliecca
pexoHpurypauu IC npu oTkazax €ro KOMIOHEHTOB U IPOrpaMMHOE oOecrieyeHue At paboThl ¢ HUM
SBISIOTCS 9 PEKTUBHBIMU H MIEPCTIEKTHBHBIMU HHCTPYMEHTAMH HCCIIEIOBAaHMS HAIKHOCTH. [ [prMeneHme
cucteMbl ACOHUKA-K-POC no3BosisieT He TOIBKO MOBBICUTH TOYHOCTh PACUETOB 32 CUET aJ€KBATHOTO
OIMCAHMS CTPYKTYPHI M aITOPUTMOB pekoHpurypanuu IC, HO ¥ MPOBECTHU MCCIIEIOBAHMUS, HAIIPABJICH-
HbI€ Ha ONTHUMH3ALMIO UX CTPYKTYPBl C TOUKH 3pEHUS OOECeUeHHs] HaJEeKHOCTH, HEIOCPEICTBEHHO
MH)XEeHepaM-pa3paboTunKaM, OT KOTOPbIX He TpedyeTcs ITyOOKUX 3HAaHUM HU B 00JIaCTH UMUTALIMOHHOTO
MOJIEIUPOBAHMUS, HU B TEOPUH HAJIKHOCTH.
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Structural reliability. The theory and practice

Zhadnov V.V., Tikhmenev A.N.

SIMULATION MODELLING IN ESTIMATING RELIABILITY OF
FAIL-SAFE ELECTRONIC EQUIPMENT

Enterprises of Russia’s radio industry engaged in development and production of electronic instrumentation
(El) for space vehicles (SV), face problems of insuring reliability and, first of all, problems of failure-
free operation. Failures during El acceptance tests and accidents at SV operation are real evidences of
mentioned problems. One of the reasons of such situation is application of out-of-date and inaccurate
methods of estimating the reliability of SV El at the design stage where developers embed the reliability
that will be realized during production and supported at the operation stage.

On the other hand, use of “lower” estimates of failure-free operation parameters can lead to decrease of
SV El competitiveness, as this way in order to enhance reliability, manufacturers unreasonably use various
additional ways that lead to deterioration of economic, mass-dimensional and other indices. Therefore,
increase of accuracy of estimating the reliability of SV El with long terms of active existence is a pressing
problem, in particular for El wherein redundancy as well as reconfiguration is used to ensure reliability.

Keywords: reliability, electronic equipment, fail-safety, simulation modeling.

Redundancy is one of the basic means to insure a required level of EI reliability with its insufficiently
reliable constituents (C). The purpose of redundancy is to provide failure-free operation of El as a whole,
1.e. to keep its serviceability when there is a failure of one or several Cs. Together with «traditional» redun-
dancy introducing additional (redundant) Cs, there are also other kinds of redundancy used. Among them,
there is time redundancy (using time reserves), information redundancy (using reserves of information),
functional redundancy when we use the ability of C to carry out additional functions or the ability of EI
to redistribute functions between Cs, loading redundancy when the ability to take on additional loads
exceeding nominal ones and the ability of EI to redistribute loads between Cs are used [1].

One of the ways of practical implementation of redundancy based on the EI ability to redistribute func-
tions (or loads) between Cs is reconfiguration of its structure during failures. When using such redundancy,
there occurs a problem of estimating the efficiency of reconfiguration algorithms, i.e. it is necessary to
estimate how much the reliability parameters of EI have increased quantitatively.

In case of availability of structure reconfigurations during EI operation, to estimate reliability it is
necessary to take into account not only possible combinations of working and not working Cs at the
end of the time period of functioning, but also the sequence of their failures. It is caused by the fact that
failures of some Cs can make other Cs change their operating modes, and consequently, their reliability
characteristics [2].
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The standard methods of analytical calculations (methods of minimal paths / cross sections, etc.) are
of little use for such cases. To estimate reliability parameters by using an analytical method, we can build
some mathematical model that takes into account the structural redundancy and possible failure scenarios
and reconfigurations of EI with probabilities of each of them. Such a model is developed on the basis
of the theorem of total probability, and to be as much adequate as possible, should take into account all
possible operation scenarios when EI serviceability is retained, otherwise results of calculation will be
obviously approximate.

However, in practice with a lot of interrelated components and various reconfiguration algorithms it
is extremely difficult to satisfy the given requirement when constructing a mathematical model due to a
huge amount of alternatives, therefore one usually makes a number of assumptions that allow us to obtain
the «lower» estimation of reliability.

The alternative to an analytical method is the method of simulation modelling. However, construction
of a model, its verification and conduction of a simulation experiment are quite complicated and time-
consuming operations requiring high qualifications of a researcher. Application of simulation modelling
allows to very precisely estimate the reliability parameters of a complex EI due to the adequate description
of its structure and reconfiguration algorithms. The basic complexity of application of this method
consists not so much in construction of a formal model, but in its verification to confirm the correctness
of obtained results.

In spite of universality of this research method, its application for reliability calculation is not systemati-
cal; a few articles on the topic are isolated and describe construction of models for particular EI structures
[3, 4]. It leads to the necessity of recurrence of developing sufficiently similar models of EI reliability by
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Fig. 1. The ASONIKA-K-RES system: user interface
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means of various programming languages. Existing developments in the field of reliability simulation of
complex systems concern the issues of maintenance service [5]. To solve these problems, there are also
some specialized software products (for example, AvSim + system by Isograph company) with some sets
of templates, and some universal languages of modelling (for example, a widely known GPSS language
provides a possibility to describe sufficiently complex structure systems of spares [6]), which allow us
to model a maintenance service system and estimate its efficiency. However, even application of flexible
(as it seems at first glance) languages of simulation modelling does not allow us to essentially simplify
the problem of constructing and verifying an EI model with a complicate reconfiguration algorithm.

In order to solve similar problems, the ASONIKA-K-RES system has been developed. The system
enables to build models of reconfigurable EI using «standard» elements, by analogy to how models of
queuing systems in the GPSS language are created. The system (see Fig. 1) includes a language compiler,
model verification tools, means for carrying out simulation experiments and processing their results.

The specialized language for description of reconfigurable EI failures (ASONIKA-K-RES system input
language) has been developed for model description. The language allows describing separately each
component of EI through its list of states and modes, and also transitioning rates in between states. In
compliance with the language semantics, the model of each component to some extent “lives its own life”,
that is, after the beginning of a simulation experiment for each component we define time for which it should
keep in initial state, and after that its states start to change in compliance with its description [7].

As an example, we shall consider the calculation problem of telemetry unit (TU) which is part of the
onboard integrated computer complex (OICC) intended for use in near-Earth space environment as part of
onboard computer networks of a space vehicle. To insure reliability requirements, a redundancy schematic
and reconfiguration algorithm have been developed using structural features of TU.

TU is a complex product containing a big number of Cs, incorporated in redundancy groups at several
downsizing levels. TU consists of 2 sets of modules. The same type modules are located in one cell,
but are fed from various sources of power supply. TU has a local circuit of redundancy for supporting
independent functioning, irrespective of serviceability of other parts of OICC. This circuit has 4 levels
of redundancy and is presented in Fig. 2.

MPK HMAK MM —MMX8 r{MKC H MITP80|- MIIP80[{MITIA44— MIIT44+H MITA /(32
MPK HMAK MM HMMX8 [ FMKC H MITPSO MIIP80 HMI1A44— MI1T44 HMITAJI32 {
rIMKC [H MITP80[ MITP80—MIIA44— MIIT44-H MI1A44 [H MIIT44 {

TMKC [ MITP80{—H MITP30 MIIT44 HMIIA44 < MIIT44

MITA44

Fig. 2. Local circuit of TU redundancy
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It is worth to note that for chains of components inside bars (see Fig. 2), failure of any component in
each of them (except for MKC), or even several components, does not lead to total failure of the whole
chain since if the same components remain efficient in a similar chain these failures can be parried by
hardware-software means of TU without participation of external control (provided that power supply is
sent onto both chains) and, thus, TU remains completely efficient.

Telemetry modules of half-sets A and B (see Fig. 2) function as follows:

- The MPS module (A) provides power supply to the following groups of modules:

* module of MM (A) + module MMHS (A);

* 2 groups of modules MKIIC(A);

* 11 groups of modules MYII2(A), and in this case each module MYII2(A) is connected over power
supply circuits to one of measuring modules MIIT32(A), MITA64(A), MIILI80(A), MITH32(A).

- Each of the two modules MKIIC(A) is connected functionally to groups of measuring modules: the
module MKIICI(A) is connected to the three modules MIIT32(A) (group of 1 measuring modules in
Fig. 3), to the two modules MIILI80(A) (group of 3 measuring modules in Fig. 3) and to the one module
MITH32(A) (group of 4 measuring modules in Fig. 3);

- Module MKIIC2(A) is connected to the two modules MITT32(A) (group of 1 measuring modules in
Fig. 3), to the one module MITA64(A) (group of 2 measuring modules in Fig. 3) and to the two modules
MIIII8O(A) (group of 3 measuring modules in Fig. 3).

- Similarly the module MIIC(B) provides power supply to such modules of the half-set B.

- When the module MIIC(A) fails, all modules of the half-set A listed above are disconnected, and the
module MIIC(B) and all modules of the half-set are activated.

- When modules of MM (A) or MMXS (A) fail, the module MIIC(B) (B) and all modules of the half-
set are activated, and modules of MM (B) and MMXS (B) start to function instead of the switched-off
modules of MM (A) and MMX8 (A).

- When one of the modules MKIIC(A) fails, the module MKPS (B) and all modules of the half-set
are activated, except for measuring modules and modules MVYI12, connected to the module MKIIC(B),
corresponding to the serviceable module MKIIC(A). Instead of the failed module MKIIC(A) and
the chain of measuring modules connected to it with their corresponding modules MVYTI2(A), the
module MKIIC(B) and the chain of measuring modules connected to it and modules MYII2(B) start
to function.

- When one of the modules MYTI2(A) or one of the measuring modules of the half-set A fail, the fol-
lowing modules are activated: (B), MM(B), MMX8(B), MKIIC1(B), MKIIC2(B), the measuring module
of the half-set B together with the module MVYII2 corresponding to the failed module of the half-set A.
All other measuring modules and modules MUP2 of the half-set B corresponding to them keep switched-
off. Instead of the failed module MYTI2(A) or the measuring module of the half-set A, the corresponding
measuring module of the half-set B and connected with it by power supply module MYII2(B) start to
function.

The block diagram of TU reliability corresponding to these conditions of functioning is shown in Fig. 3.
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MYTI2(B) |—| MIILI$0(B) MVTI 2(B) |—| MIIT 32(B)
Fig. 3. The block diagram of TU reliability

The description of TU modules in the input language of system ASONIKA-K-RES is simple enough
since all of them are no restorable and just operate to failure, and only for modules of the half-set B
there are two modes: expectations (storage) and operation. Such process can be presented in the form of
diagram shown in Fig. 4.
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Fig. 4. Diagrams of transitions of TU modules
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Transition of “elementary” components from one state to another is modeled through the laws of
distribution. Transition into another state with the same mode is characterized by some density of probability
in time. The density in formal model is set through the law of time distribution of a component being in
each state.

Transition from one state into another can also take place as a result of any event in the model. And
intensity induced transition cannot change a mode, only the state changes. An event can transfer a
component in any pair “mode — state”. The semantics of the standard model of a component assumes that
the first state is a state of failure, from that state the transition in other state is impossible.

The formal model of a component looks more bulky, but still it is simple enough and logical:

knot MMX8 B
{
state: Fail, Work;
mode: Normal, Wait;
startState: Work;
startMode: Wait;
cntrlMode: unDistribution;
tableDistribution:

[Normal | Wait |
Work | Dis. MMXS| Dis MMX8 Wait;
tableStateChange:

Normal |Wait

Work |[Fail  |Fail;
IR

The presented description is universal and will consist of the following blocks:

- state <the list of possible states of a component>;

- mode <the list of possible modes of a component>;

- startState <starting condition>;

- startMode <starting mode>;

- entrlMode <parameter determining the type of a component (elementary or compound)>;
- tableDistribution <table of time distributions of being in each pair (a mode; a state)>;

- tableStateChange < table of transition directions of each pair (a mode; a state)>.

Thus, the “text” model definitely describes the diagram form of transitions, shown in Fig. 4.

The exponential distribution is used in the given model, therefore there is no necessity to take into
account the previous states of a component, and however, the possibility for considering other types of
distribution is generally stipulated. Such models are described in [7].

Components are combined into a common model by using components of a higher downsizing level.
So, either symbolic notation of a group of components included in the reserve or EI description as a whole
can be used for this. A group of components is defined similarly as a single component but its state is
determined not by the distribution, but as a function of the state of other components. Thus, an elementary
component and a group of components can be both included in a state of group failure. This is why a
component externally describing a group is characterized by the same parameters as an elementary one
is characterized by a state and an operating mode [8].

When constructing a TU model, it is convenient enough to combine components into groups from
half-sets A and B which back up each other. To describe failure criteria, logical and mathematical
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operations over states of components are used. Generally, it can be a computing operation with its own
local and global variables, cycles and ramifications. In the case of TU model, it is sufficient to use small
expressions related to states of components. The result of such expression should be equal to «1” if the
group is efficient, and to “0” in case of its failure. For any of redundant groups it is possible to write such
an expression. The example of such an expression is shown below:

function FunctGroup2

{
return (MPS_ A&MUP2 2 A &MPT32 2 A)[( MPS_B&MUP2 2 B&MPT32 2 B);

}s

When calculating the state, names of components are replaced by “1” if the component is not in a
failure state (the first state specified in the list of states), and by “0” otherwise. It is also possible to use
the following writing: K1 1: Operation. This operator returns “1” if the component is in a “Operation”
state and — “0” for any other state. Thus, the given expression remains equal to “1” until components
remains efficient even in one half-set.

To describe the switching-on of redundant components and the switching-off of the basic ones, a
specialized construction switch-event is used. This construction represents the pair “reconfiguration
condition — reconfiguration action”. To describe reconfiguration action, operators of state change and
mode change are used. In the case of reconfiguration, logical and mathematical operations over the states
of components in the model are also used. However, to simplify the task, operators for defining the time
of transition of a component from one state into another have been added. To describe reconfigurations
inside a TU, it is necessary to create many reconfiguration actions but they supplement each other. Each
of actions describes reconfiguration in case of failure of one component; therefore, it includes just a few
operations. The example of one such construction is shown below:

switch Event MUP_1 A FAIL (->MUP2 1 A:Fail->MPT32 1 A:Fail)
{

set mode (MPS B:Normal);

set mode(MM_B:Normal);

set mode(MMXS8 B:Normal);

set mode(MKPS1 B:Normal);

set mode(MKPS2 B:Normal);

set mode(MUP2 1 B:Normal);

set mode(MPT32 1 B:Normal);

}s

In the given example the condition for the beginning of reconfiguration is transition of the component
MVTII2 or a component in MITT32 into failure state. Action consists in changing modes of those components
which should be put into operation according to the description: these are the common components of the
half-set and the redundant group for failed components. It is not difficult to make other reconfiguration
actions by analogy as they completely repeat the description of TU structure.

After programming of the description of the formal model, its verification is required since if we have
not verified the adequacy of the programmed reconfiguration algorithms and failure criteria, it is impos-
sible to be confident that the results of modelling will be reliable.

At the initial stage for verification we used the results of probability calculation of failure-free opera-
tion (Pg) obtained under the following mathematical model:
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where A 5, is failure rate of all the modules of the half-set A being in the switched-on state; i is number
of a reconfiguration script corresponding to failure at the moment of time T of the i-th module from the
half-set A; X5y is failure rate of the i-th module of the half-set A being in the switched-on state; A5
is failure rate of all the modules of the half-set B being in the switched-on state; P, is probability of
failure-free operation of the redundant system of telemetry modules during the time ¢, after failure at the
moment of time T of the i-th module of the half-set A provided that before the moment of time T all
modules of the half-set B were serviceable.

Model (1) has a number of restrictions, in particular it was accepted that the half-set B should be com-
pletely serviceable for replacement of any failed module of the half-set A. In reality, however, it is required
that only those units which are directly involved in operation according to the reconfiguration script should
function, and only one of the scripts needs a full-function complete set B, i.e. failure of MITIC(A), while the
others tolerate the possibility of failure of some components pertaining to the half-set B. In addition, (1)
takes into account reconfiguration of TU only at the first failure, and any subsequent failure is considered
as failure of all TU which also does not correspond to the real algorithm of functioning.

Despite of these restrictions, it is obvious that the value Py obtained as a result of simulation modelling
cannot be lower than that calculated as to model (1). Besides, the ASONIKA-K-RES system provides the
opportunity of conducting a controlled experiment to verify the model. In this case the user on his/her own
defines the sequence of failures of components and controls a model’s state after each failure (Fig. 5).
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Dpseput. uHTepsan
Yzen o
y BpEMA:
= -
CocrosHue Texy
Fail - Work lllar Ges usmerermi
Pexam Texywmit pexum BbICTaBUTL CTapTOBOE
— Normal v Nomal cocrosHme
CooBwenua
info-> Crapr StartSwitch -
info-> Bunommunocs ycnosue coBurma SwitchOn
info-> SwitchOn Bacrasuno ysny EL_Z pexms RO
info-» SwitchCn smcrasmno ysay EL_1 pexa: RO
info-> B v SwitchOn
info-> Crapr DrawTime
info-> T mocne oRo mara
info-> Ihen vana cocToAHKME COoCT. Ha HavYano mara pexand pexad Ha Hadano mara BpeMa CMEeHH COCTOAHMA
info-» EL 1 Work Work Save Normal 165863912

Fig. 5. The ASONIKA-K-RES system: process of model verification
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In case of mismatch of a model’s reaction to the description of TU operation, the error can be found with
the help of the analysis of the log file as to execution of an experiment’s step, which contains data about
which conditions pertaining to which reconfiguration events have been satisfied and which operations
over a model’s components have been made. An example of such log file is presented in Fig. 6.

| Mar oTnagxu N 7 |
\ /
info-> Yace cOBMHYTH Ha 330 uacos
info-> Yace cMcCTeMsl BEHICTABJIEHHH Ha 3SHaueHue 2988 uacos
info-> WMsMeHAeT coToAHMe ysen Switcher
info-> ¥sny Switcher NpMCBOEHHO cocTosHME StS
info-> Crapr StartSwitch
info-> BEIOJHMIIOCE ycCJIoBMEe coBumTusa SwitchOn
info-> SwitchOn sBmcTasmino ysny EL_2 pexum R0
info-> SwitchOn sBmcTasmno ysny EL_1 pexum R0
info-> BHIIOIHMIOCE ycCJoBMe cobmrma SwitchOn
info-> Crapr DrawTime
info-> TafmMila COCTOSHMSA CMCTEMEl [IOCJIE OKOHUAHMA Mara SKCISpUMEeHTa

info-> Vs y3iaa COoCTOsAHME COCT. Ha HAadaJiO mara pexmmM pPexyMM Ha HadaJjo mara BpeMs CMEHE COCTOAHWMA
info-> EL_1 Work Work Save Normal 19813522
info-> EL_2 Rezerv Rezerv Save Normal 81382895
info-> Switcher sts Stw Normal Normal 3544
info-> RES Work Work Normal Normal =l
/ \
| Ilar oTHagxu »8 |

info-> ¥any EL_1 NpuMcBOEHHO cocTosAHMe Fail pexmm Work

info-> Crapr StartSwitch

info-> BENONHMIOCE ycJioBMe cobmTma EL_1_fail

info-> EL_1_fail BmcTaBmio yszny EL_2 cocrosHue R1

info-> Crapr DrawTime

info-> TabmmMua COCTOAHMA CHMCTEME MOCJIE OKOHUAHMA mMara SKCIePMMeHTa

info-> Mma y3iaa COCTOAHME COCT. Ha HauaJio mara pexmmM PexMM Ha HauaJJo mara BpeMsa CMEHEl COCTOAHMA

info-> EL_1 Fail Work Normal Save ol

Fig. 6. The ASONIKA-K-RES system: log file of a controlled experiment

As reconfiguration events usually have sufficiently simple conditions and perform not so many actions,
then based on this log file and print-out of components states before and after change, it is possible to
easily determine the source of errors and to make corrections to the program (model). It should be noted
that generally it is always recommended to verify a model with the participation of an expert who knows
the object of research and has not been involved directly in the development of a model, as this essentially
facilitates process of verification and promotes fast search and elimination of errors.

Number A
of experiments

100000 | (0.4630;.(1.4682)

10000 | (0.4483;0.4646)

1000 | (0.4551,0.5069)

100 . (0,4092;0,5713) .

I | >
0.4 0.5 Probability

of failure-free operation

Fig. 7. Relation between the width of the P confidential interval and the number of experiments
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However, a verified model cannot provide a “precise” estimation of the probability of failure-free
operation (or mean time to failure) even in case of a significant number of virtual experiments (tests of a
model), therefore, in order to calculate reliability parameters, the ASONIKA-K-RES system calculates a
confidential interval for a confidential probability specified by the user. It is obvious that the increase of
the number of experiments leads to the increase of estimation accuracy of reliability parameters of EI in
question. The diagrams that characterize reduction of the relative width of a confidential interval for Py
in case of increase of the number of experiments are shown in Fig. 7.

The Py estimation obtained as a result of simulation modelling was 17 % higher than the results of
the analytical calculation using the model (1), and that proved the efficiency of TU reconfiguration algo-
rithm. In addition to that, according to statistics of TU failure times collected during experiments, time
dependences of Py (Fig. 8) and failure rates (Fig. 9) have been constructed.

1,2

0,8

ol N\

0,4 \

" \\

0 T T T T T T T
0 50000 100000 150000 200000 250000 300000 350000 400000 450000 500000

t, time

Fig. 8. ASONIKA-K-RES system: Chart of P dependence of time

Probability of failure-free operation

0,00005
< 0,00004 y A
—
< 000002 / \
' ¥
g 0,00002
= 0.00001 ‘
= 0
] / T T T r T T T T
0 50000 100000 150000 200000 250000 200000 350000 400000 450000
t,h

Fig. 9. ASONIKA-K-RES system: Chart of failure rate dependence of time

These charts are of interest for EI reliability studies and consequently included in the structure of service
functions of the ASONIKA-K-RES system.

One more useful supplement to the method of simulation modelling realized in the ASONIKA-K-
RES system is the opportunity of gathering statistics about failure causes. It allows to carry out the
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comparative analysis and to reveal not only the least reliable groups of components, but also vice verse,
to define EI components possessing redundant reliability. Carrying out repeated calculations after model
modifications enables to estimate the effect of these changes and, thus, to optimize EI according to
reliability criterion.

Thus, in the conclusion it is possible to ascertain that the developed language for the description of
the reconfiguration process of EI in case of failures of its components and the software designed to work
with it are efficient and perspective tools for reliability study. ASONIKA-K-RES application allows not
only to raise accuracy of calculations due to the adequate description of structure and EI reconfiguration
algorithms, but also to carry out researches aimed at optimization of their structure in terms of reliability
insuring by engineers-developers from whom no profound knowledge either in the field of simulation
modelling or in the theory of reliability is required.
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CTpyKTypHasi HaaeXHocTb. Teopusa 1 NpakTuka

AHTOHOB A.B., lNnsackuH A.B., TataeB X.H.

KBOMPOCY PACHETA HALEXHOCTU
PESEPBUPOBAHHbIX CTPYKTYP C YHETOM
CTAPEHUA 3JIEMEHTOB

B cTaTtbe paccmatrpuBaeTcs BOMPOC pacyeTta rokasaresier HaaexHoCTy pe3epBupOBaHHbIX CTPYKTYP C y4e-
TOM CTapeHusi a/1eMeHTOoB. [lpakTuka akcrisiyataumm 06beKTOB Ha COBPEMEHHbIX MPOMBbILLIEHHbIX MPes-
npusTUSX TakoBa, HYTO Kak OCHOBHbIE 3JIEMEHTbl, Tak U 3JIeMEHTbl M3 COCTaBa 3aracHbIX, MOABEePXeHbI
cTapeHuio B npowecce mx ¢pyHkumoHupoBaHus. OTkasaBLume 06beKkTbl MoAIexarT BOCCTAaHOB/IEHUIO U 110C/1e
PEMOHTa IOMOJIHAIT COCTaB 3arnacHbIX 371eMeHTOB. [1pyn 3TOM He06X0ANMO YHEeCTb, YTO MPU BbIMNOJTHEHUN
PEeMOHTa MPONCXOANT, Kak MpasBusio, 4acTUYHOEe BOCCTaHOBJIeHMEe paboTocrnocobHOCTU. YacTb pecypca
00beKT BbipabaThiBaET B MPOLIECCe rNpeabiayLeli KCrayaTaLmuy n Bo BPeMsl PeMOHTA M0JIHOr0 BOCCTaHOB-
JIeHUs He npoucxoauT. 3aaaya onpeneseHns coctTaBa 3anacHbiX U34enii C Y4eTOM HeroJIHOro (4actuy-
HOIro) BOCCTaHOBJ/IEHNS PE3EPBHbIX 3/IEMEHTOB 1 BblpabOoTKM ONpenesIeHHONM 4YacTu Ux pecypca peLuaeTcs
MEeTOAO0M UMUTALIMOHHOIrO MOAE/INPOBAHMS.

KnoueBbie cnioBa: 6e30M1acHOCTb, HaAEXHOCTb, 3arnacHble u3aenvs v rnpubopsl, pe3epBupoBaHne, reo-
MEeTPUHECKUI MpPOoLEeCC, Pecypc, rpagd nepexoaos, HEroJIHOe BOCCTaHOBIEHME.

BBepeHue

[Ipu opranu3zanuy >KCIUTyaTallid MPOMBIIIICHHBIX 00BEKTOB, 0COOCHHO OOBEKTOB MOBBIIICHHOTO
pHCKa, TAKUX KaK sIEPHbIE SHEPTETUYECKUE YCTAaHOBKH (S1DY), MpeabsBIsSIOTCS BEICOKHE TPeOOBAHUS K
obecriedeHn o 6€30MacCHOCTH U HAZIGKHOCTH MX (PyHKIIMOHUPOBaHUsA. OJJHUM U3 CIIOCOOOB MOBHIIICHUS
YPOBHSI HaJIS)KHOCTH SIBJISIETCS TUIAHUPOBAHUE TPOPHIAKTHYECKOTO 00CTYKHUBAHHUS, KOHTPOJIb HCIIPaB-
HOCTH ()YHKIIMOHUPOBAHUS OOBEKTOB, CO3/JaHHE KOMIUIEKTOB 3aITAaCHBIX M3/ICIHIA JUIs OTIepaTUBHON 3a-
MEHBI BBIIIE/IIIETO U3 CTPOSI 000PYIOBAHHUS.

B nanHoii paboTe paccCMOTPUM BOIPOCHI PacueTa HaJEKHOCTH BOCCTAHABINBAEMOI0 000PYIOBaHNUS C
YYETOM HaJIM4Msl 3aMacHbIX 1eMeHTOB U npudopos (3UII) u onpenenenns HEOOXOIUMOTO KOJINYECTBA
3aracHbIX U3AEINH, FrapaHTUPYIOLINX 00eCIeUeHNE 3a/laHHbIX TTOKa3aTee HaIeKHOCTH.

Bompochr pacuera HagexHocTH oOopynoBanus ¢ yderom 3UII u onpeneneHus ero onTUMaIbHOTO
COCTaBa pacCMaTPUBAINCH B padOTax Kak pOCCHICKHX, TaK U 3apyOeKHbIX crienuannctoB. O030p muTe-
paTypsl IO JaHHOMY BOIIPOCY MOXKHO HallTH, Hanmpumep, B padortax [1, 2]. 3aeck ciieayeT OTMETUTb, YTO
BOIpocCkl pacuera u ontuMuzaiuu 3UII nmpencraBieHs B COOTBETCTBYIOIIUX CITPABOYHUKAX, CCHUIKH Ha
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KOTOpbIE MOYKHO Takke HaWTH B padorax [1, 2] u orpaxkensl B [OCT (ccbuiku cM., Hampumep, B [3]).
OpnHako cieyer 3aMEeTUTh, YTO JAaHHBIM BOIIPOC HE MOTEPSUI CBOEH aKTyaJIbHOCTH K HACTOSILIEMY Bpe-
MEHHU U MO-MPEKHEMY HAXOIUTCS B MOJI€ 3pEHUS ClieHAIUCTOB. Tak, B )kypHaie «HanexxHocTb» unaer
II0JIEMUKA 10 BOIIPOCY KOPPEKTUPOBKHU MeTonukH onieHKU 3UII, mpencraBieHHON B COOTBETCTBYIOLIMX
I'OCT [4] u P [5].

OTMmeTuM 371ech OJJHY 0COOEHHOCTh, KOTOpasi XapaKTepHa JJIs OOJIBIIOr0 KOJU4eCcTBa 000pyI0BaHus,
HaXOASIIET0Cs B 9KCIUTyaTalluy B Pa3JIMUHBIX OTPACISAX IPOMBILIIIEHHOCTH. DTa 0COOEHHOCTD 3aKJII04a-
eTcs B TOM, YTO 000py/10BaHHE UMEET OOJIbIIIYI0 HApaOOTKY. 3a4acTyl0 OHA MPEBBILIAET PECYPC UITH CPOK
CIIy>KOBI, YCTAHOBIICHHBI /JI HETO B HOPMATHBHBIX JOKyMEHTaX. Bo MHOTUX OTpacisx MpOMBIIIICH-
HOCTU (PyHKIIMOHUPYIOT OOBEKTHI, KOTOpPbIE OBLIIM BBEACHBI B 3KCIUIyaTaIUIO €IIe B COBETCKOE BpEMs.
IlepeBoopyskeHue ocyiecTsiseTcss MeIeHHO. Cle10BaTenbHO, MOXKHO IPEAIonararb, YTo B JaHHOM
000pyI0BaHUU UYT NPOLIECCHI CTapEHUs, 00YCIOBICHHbBIE H3HOCOM MaTepUANIOB U JeTpalalliOHHBIMU
IIpOLECCaMU, IPOUCXOIALIMMY BHYTPH U3A€Iui. B CBA3M ¢ 9TUM BCTaeT 3a/1a4a pacueTa HalleKHOCTH
obopynosanusi, umetouiero 3UII, ¢ yuetom crapenus.

1. MNpouecc PYyHKULMOHUPOBAHNA BOCCTAaHAB/INBAEMbIX
PEMOHTUPYEMbIX U3aeNnun

PaccmoTpum MeToauKy pacuéra XapakTepuCTHK HaJEKHOCTH BOCCTAHABIIMBAEMOTO U PEMOHTHUPYEMO-
ro 3JeMEHTa, UMEIOIIETOo # 3amnacHbIX yacTed. CrpaTterus GyHKIIMOHUPOBAHUS dJIEMEHTA CIeIyIomiasl.
B HauanbHBI MOMEHT BPEMEHH AJIEMEHT HaXOAUTCS B UCIIPAaBHOM COCTOSTHUH. C HHTEHCUBHOCTBIO A(Y)
AIIEMEHT OTKa3bIBaeT. B ciydae oTkas3a 31eMeHT 3aMeHseTCa Ha pe3epBHbIN. IHTEHCHBHOCTH 3aMEHBI
sneMeHTa L(f). HencripaBHBIN »reMEHT OTHpaBisieTcss B peMOHT. [locne peMoHTa 3JeMeHT cuuTaeTcs
BOCCTaHOBHBIIKUM pabOTOCIIOCOOHOCTDH U MEPEeXOauT B pe3epB. MIHTeHCuBHOCTEL peMoHTa V(f). Ecnu uc-
MIPaBHBIX JIEMEHTOB B PE3€PBE HE 0CTAJIOCh, HACTYMAET 0TKa3. OnucaHHas cTpaTerus GyHKIIMOHUPOBAHUS
MOKET OBITH Mpe/ICTaBIeHa ¢ MOMOIIbIO rpada, MPUBEAEHHOTO Ha PUCYHKE 1.

Heo0xommmo O1ieHNTh XapaKTePUCTHKH HAIEKHOCTH CHCTEMBI (KO3 (DUIIMEHT TOTOBHOCTH, BEPOSITHOCTh
0TKa3a CHCTEMBbI U3-32 OTCYTCTBHSI 3aIIACHBIX JIEMEHTOB) JJIsl PACCMOTPEHHOM CTPAaTETHH U OTIPEICIIUTh
TpeOyeMoe KOJTMUECTBO 3aITaCHBIX U3/ICIIHiA, 00€CIICUNBAIOIINX 33JaHHBIA YPOBEHb pAOOTOCTIOCOOHOCTH
CHCTEMBI.

Cocrosaue oObekTa Ha rpade Oymem 0003HauaTh AByMs cuMBojiami (k, i), Tae mepBblii CHMBOJ O3HA-
YaeT KOJIMYECTBO 3aMacHbIX AIEMEHTOB, k=0,..., 7, BTOPOH CUMBOJI i — COCTOSIHE OCHOBHOTO 2JIEMEHTA,
HaAXOJSIIETOCS MOJ] Harpy3KoH, i=1 — aleMeHT paboTocnocobeH, i=0 — aeMeHT HepaboToCIOCOOeH.

PaccmotpuMm (yHKIIMOHMpPOBaHHE O0BEKTa C 3allaCHBIMU dJeMeHTaMH Oonee moapoOHo. B Hauane
paboTHI AIIEMEHT HaXOJUTCS C BEPOSTHOCTHIO 1 B coctosHuu (n,1) (B HAMUYMKM MUMEETCS N 3amacHBIX
AJIEMEHTOB, 00BEKT paboTocmocoOeH). B ciyualiHbIii MOMEHT BpEMEHN ¢ HHTEHCHBHOCTBIO OTKa3a A(f)
AIIEMEHT NepexoauT B cocTosiHue (71,0) (7 3aMacHbIX SI€MEHTOB, OOBEKT B COCTOSIHUN 0TKa3a, HAYMHAETCA
3aMeHa eMeHTa). C MHTEeHCUBHOCTBIO BOCCTAHOBIIEHUS L (1) 0OBEKT nepexoauT B coctosiHue (n-1,1) (n-1
3aracHoOM 3MeMeHT, 00BEKT PaboTOCIOCOOEH); U3 3TOTO COCTOSTHUS BO3MOXKHBI TIEPEXO/IbI B COCTOSIHHE
(n,1) c ”YHTEHCUBHOCTHIO BOCCTAHOBJICHUS V (f) (PEMOHT OKOHYEH, B PE€3€pPBE OISATH 7 AJICMEHTOB) UJIU B
coctostaue (7-1,0) ¢ ”THTEHCUBHOCTHIO A (f) (PEMOHT HE 3aKOHYEH JI0 HACTYIUICHHS CIEAYIOIIETo OTKa3a)
u tak ganee. [Ipu nonaganuu B coctosiaue (0,0) 00beKT mpekpaniaetr paboTy U HaXOIUTCS B COCTOSIHUU
oTkasza 10 MoMeHTa nononnenus 3UIT.

B nanHoi1 3aaue uHTEpeC MpeACTaBIsAET pacyeT BEPOSTHOCTH HAXOXKIEHUS B KAXKJIOM M3 MIPOMEXKY-
TOYHBIX cocTosHui F (1), tne i =1,n, j =0,1. Ocobyro BaKHOCTb MMEET 3a/a4a ONPEACIICHHs BEPO-
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A1)

Puc. 1. I'pa¢ mepexomoB BoccTaHABINBAEMOTO PEMOHTHPYEMOTO 3JIEMEHTA

ATHOCTH IIONAJAHUS B COCTOsIHUE [ ((¢) , XapaKTepHU3yIOIEEeCs TEM, YTO OTKa3al PaOOUYMid dIEMEHT U
OTCYTCTBYIOT 3allaCHbIE 3JIEMEHTHI.

PaCCMOTpCHHaﬂ CTpaTerusi (i)YHKIII/IOHI/IpOBaHI/ISI MOXKET OBITH OITKCaHA HECTAaUMOHAPHBIM MAapPKOBCKHUM
IIPOLIECCOM U IIPEJICTaBIEHA B BUJE CUCTEMBI U (pepeHIIMaIbHbIX YpaBHEHUN

db, (1)) dt = =MOF, ;) V() B, 1,1 (2)
db, o (t)/ dt = —w()E, (1) + MO)E, , (7)

db () dt = W) By, o () + VIO F_1 1 (1) = (M) + V() B (2)
db (1) dt = MOF, (1) — (O F o (1) (1)

4Py (6) i = ()R (0)— (1) V(D) By (1)
dRy o (t)/dt = M) Ry, (¢)
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OnHako aHAJIUTUUYECKOE PEIICHUEe JAHHOM 3aJadyd NMPEACTABIACT 3HAUYUTEIbHBIC TPYAHOCTH.
B nannoi# paboTe nmoctaBiaeHHYIO 3a/ady OyJeM peniarh METoJaMid HMHTAIIMOHHOTO MOJIEIHPO-
BaHMU.

Jlst onmrcaHusl 3aBUCUMOCTH MHTEHCUBHOCTH OTKA30B AJIEMEHTOB OyJIeM HCIIONIBh30BaTh MO I'e0-
METPHUYECKOTO TpoIiecca.

2. TleomeTpUuyeckue npouecchol

HpI/IBeﬂeM MOICIb, IPUMCHACMYIO JIA OIMMCAaHHUA U3SMCHCHUSA XapaKTCPUCTUK HAJC)KHOCTHU O6’LGKTOB
Y YYUTHIBAIOIIYIO CTapEHUE OOBEKTOB B ITPOIIECCEe IKCILTyaTaI[UH WITH HETIOJTHOE BOCCTAHOBJICHHE Pabo-
TOCIIOCOOHOCTH TIOCIE OTKa3a [6].

Paccmorpum crienyromryto crpareruto GyHKIIMOHUPOBaHUS 00bekTa. OOBEKT HCTPaBHO paboTaeT B
TedeHue ciryyaitHoro BpemeHu. [locie oTkasza oH BoccranapiuBaercs. [logpasymeBaercs, 4To BOCCTaHOB-
JIeHUE MPOU3BOAUTCS HE MOJHOCTHIO. HermomHoTa BoccTaHOBIEHHS XapaKTepU3yeTcs: KOdPPUIIMEHTOM
Jerpananuu Y. bynem cuuTarh, 9TO BOCCTAHOBJICHHE OOBEKTA MPOMCXOAUT 32 BpeMs MPEHEOPEIKUMO
MaJjioe 10 CPaBHEHUIO ¢ HapaOOTKaMU MEXIy OTKa3aMH (MpakTUYeCKW MTHOBEHHO). B pesynbrare He-
MIOJTHOTO BOCCTAHOBJIEHMS HapaOoTKa & BOCCTAHOBJIEHHOTO OObEKTAa YMEHbIIeHa (110 BEPOSITHOCTH) B
Y pa3 [0 CPAaBHEHUIO C MPEABIYIIUM 3TANOM SKCILTyaTalllH:

d d
aZZ’Y Es]a---an:Ynilél,O<Y§1.

JlpyruMu cioBaMH MOXKHO CKa3aTh, YTO HapaOOTKa MEXy OTKa3aMU BOCCTAHOBJIEHHOTO OOBEKTa 3a
paccMaTpuBaEMBbIi TPOMEKYTOK BPEMEHU OTHOCUTEIHHO HOBOTO 00BEKTa YMEHBIIIUTCS TTO BEPOSATHOCTH
MPOTIOPIIMOHAIBFHO HEKOTOpOoMY Kod(hduimenty. MareMarniuecku 3aBUCUMOCTh MEXAY (YyHKIHSIMU
pacnpezeneHuss HapaOOTKH MEXKIy OTKa3aMH BOCCTAHOBJIEHHOTO OOBEKTa, C YYETOM HEMOJIHOIo BOC-
CTaHOBJICHUSI, MOXKHO 3aIMCaTh CIEeIyIOIINM 00pa3oM

t t
Féz(l‘):F‘:] ; ,...,F(uan(t):Fl

n—11’

rne F: (1) — byHKums pacnpeseneHns HapabOTKH MEXTy oTka3amu (i-1) pas BOCCTaHOBIEHHOTO
00BeKTa, Y — K0d(PUIIMEHT HEMOJIHOTHI BOCCTAHOBIICHUS, KO GUIIMEHT Jerpananuu uin uznoca. Co-
OTBETCTBYIOIIHE IDIOTHOCTH PacTpeesICHUs CBI3aHbI COOTHOIIICHUEM

fe;"(t):#fgl (ﬁ .

CwMbIca KoaduireHTa 1erpaialiii COCTOUT B CIETYIOIIEM: Y —3TO yCpeIHEHHAs BETMYMHA, OTPaXKaro-
111ast MPOLIECC HAKOIUIEHUS IOBPEXKICHHM, e (PEKTOB, KOCBEHHO XapaKTepU3YIOIas IPOLECC MOCTENEHHOM
YCTaJIOCTU MaTepuaa, nporecc pu3nueckoro cCTapeHus, U3HAIINBaEMOCTH, OXPYUHUBaHUs, KOPPO3UU
u T.. B psige ciayyaeB nog Y MOXKHO OHUMATh KOG (GUIIMEHT, OTPaXKAIOUINI yBeIMUeHNEe Harpy3Ku Ha
00BEKT M3-3a IEPEMEHHBIX PEKUMOB KCILTyaTaI|H.
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Onpeneaenne. [Tycts {&€,},i >1 nocnenoBaTelbHOCTh HE3aBUCUMBIX CIy4alHbIX IEPEMEHHBIX,
NPEACTABISIONUX cO00I HapabOTKU MEX]y OTKa3aMu 00bEKTa C COOTBETCTBYIOIIUMH (QyHKIIUS-
MH pacnpenencHus [ (f), TOpOXKAaeMBIMU pacmpeneaeHneM F(f), BHIMISAUT CIEAyIOMHIM 00-
pasom

t
F ()=F o ,i=1.2,.,

TAC Y — MOJOKUTCIIbHAA KOHCTAHTA. Torga nocieaoBaTeIbHOCTD {E_,l},l Zl HAa3bIBACTCA I'€COMCTpPU-
YCCKUM IMPOICCCOM.

HpI/IBCI[CM BBIPAKCHUC, CBA3LIBAOIICC NMHTCHCUBHOCTD OTKAa3a Ha HA4YaJIbHOM J3Talic q)YHKLII/IOHI/IpO-
BaHHA U MHTCHCHBHOCTL ITIOCJIC (n-])—ro otkaza. Ilo OMPECACIICHUIO HHTCHCUBHOCTL OTKa3a paBHa OT-
HOIICHHIO

_ f®
Mo = 1—F(r)

3anumeM BBIPAKCHUC IJI1 UHTCHCUBHOCTHU OTKAa3a (l’l-]) Ppa3 BOCCTAHOBJICHHOI'O o0BbeKTa

)

fe (O ! Je oy 1 p
t

O TR W

Takum 06p2130M, MHTCHCHUBHOCTDH OTKa3a ITOCJIC KaXXJ0T'0 BOCCTAHOBJICHUSA CTAHOBUTCS B L pas 00I1b-
Y

me, 4eM MHTCHCHUBHOCTE Ha NPCAbIAYIIEM BPEMCHHOM HMHTCPBAJIC, IIPHU 3TOM TAKKEC MCHACTCA IIKaJIa
BPEMCHH, HAa KOTOPOM OIIPEACIICH ITPOLECC.

3. PewmeHue 3apaum

[Ipouiecc MmopenupoBaHusl OpraHU30BaH B COOTBETCTBUHU C ONMCAHUEM, [TPEJICTABICHHBIM B pasjene 1.
B HavanbHbIII MOMEHT BpeMeHH OOBEKT HUcIipaBeH. Jlanee B ciiydailHblii MOMEHT BPEMEHU IIPOUCXOIUT
oTka3 oOobekTa. OTKa3aBLINI JIEMEHT CHUMAETCs C HKCIUIyaTallly, OTIPABISAETCS B PEMOHT, a Ha €ro
MECTO CTaBAT MIEMEHT U3 cocTaBa 3anacHbIX. [lociie peMoHTa 00BEKT BO3BpAIIAETCS B COCTAB 3amac-
HBIX AJIEMEHTOB, IPUYEM CTABUTCS B KOHELl OYE€PEIN HA UCIOIb30BaHKE. To €CTh B CIEAYIOIUN pa3 OH
OyZleT yCTaHOBIJIEH B CUCTEMY TOJIBKO IIOCIIE TOTO, KaK OTPabO0TalOT O OTKa3a BCE 3aIlaCHBIC SIEMEHTHI,
HaxoJsIIMeCs BIEpear Hero. TOUYHO Tak e OpraHU30BaH MPOLECC YCTAHOBKU B CHUCTEMY, OTKa3a, pe-
MOHTa ¥ Bo3BpaueHus B coctaB 3UII ans Bcex apyrux snemeHToB. OTMETHM, YTO B MEPBbII LUK HC-
T0JIb30BaHUsI OOBCKTBI HMMCIOT HHTCHCHBHOCTD OTKa3a A (f), IOCIIE NEPBOrO OTKA3a HHTCHCHBHOCTD
M3MCHSICTCS B COOTBETCTBUY C BBIPaXXCHUEM (2) M paBHA A (f) , OCIIE (~TOTO OTKa3a OHa OyJeT UMETh
3HAYCHUE Xém (¥).
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K BOMNPOCY PACHETA HAOEXXHOCTU PESEPBMPOBAHHbIX CTPYKTYP C YHETOM CTAPEHUA 9JIEMEHTOB

[IpencraBuM pe3ysabTaThl TECTOBBIX PacueTOB, MPOBEIACHHBIX 110 ONMCAHHOW MeTonuKe. B kauecTBe
WCXOJ/IHBIX JIaHHBIX JUIS PacuyeTa MCIOIb30BAUCH CIICTYIOIIUE BETHUNHBIL:

- HHTEHCUBHOCTB OTKa3a anemeHTa A(f) =0.001 1/gac,

- HHTEHCUBHOCTb 3aMeHbI AiemMenTa W(¢) =1 1/4ac,

- IHTEHCUBHOCTB pemMoHTa v(¢) = 0,1 1/4ac.

KonugecTBo peanusanuii METOAa MMUTALMOHHOTO MozenupoBanus N=10°. Bpems paGoTsl pe3epBu-
POBaHHOU CTPYKTYyphI Oyaem cunutarh paBHbIM 16000 yacos.

Ha nepBom aTare npoBeem pacueTbl K3MEHEHHS CPEIHET0 BpeMEHH pabOThI 2JIEMEHTA B 3aBUCUMOCTH
OT KoJIn4YecTBa BoccTanoBneHui. [Tpu aTom Oyniem n3mensats koadduirent aerpagauuu. [Ipu nposenenun
pacueToB paccMaTpHUBalIach CTPYKTYpPa C OTHUM OCHOBHBIM AJIEMEHTOM M TpeMsl 3arnacHbiMH. Ha pucyn-
Ke 2 MpuBeieHbl IpauKu MOBEICHHUS CPETHEr0 BpeMEHH padOoThI AJIEMEHTa 10 OTKa3a B 3aBUCUMOCTH
OT BpeMeHHU (DYHKIIMOHHUPOBAHHUS CTPYKTYpBI I Pa3IUYHbIX 3HaueHUIl koddduirenta nerpagaiuu.
WT = Bpems pabotsl, RC = konmnuecTBO BOCCTaHOBIEHUH, 0= KO3(PPHUIIUEHT JAeTrpaaIiiu.

1100 . .
080 - mmm s b
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350 f7
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850 1--
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Puc. 2. I3meHeHme cperHero BpeMeHn HapaOOTKH MEKAY OTKa3aMH B 3aBHCHMOCTH OT HOMEpa BOCCTAHOBICHHUS

W3 npuBeneHHbIX rpadMKOB BUIHO, YTO JUI SJIEMEHTOB 03 yueTa CTapeHus cpeiHee BpeMst HapaboTKu
JI0 oTKa3a He u3MeHsaerca u paBHo 1000 gac. J{ns Bcex ocTanbHBIX TPahUKOB UMEET MECTO CUTYyaIHs,
XapakTepHasi TeM, YTO YeM MeHbIIe KOdhUIIUEHT AerpaJaluu, TeM ObicTpee yObIBaeT cpeaHee BpeMs
HapaOOTKH 710 0TKa3a. JlJis JaHHOTO MpUMepa ¢ BBEJICHHBIMU 3HAUYEHUSIMU ITapaMETPOB MPOBEICHBI pac-
4yeThl Kod((ulmeHTa roroBHOCTU. Pe3ynbrarel pacueTa npeacTaBieHsl B Tadbmune 1.

Taoanna 1

3HadyeHHe napamerpa Y 1 1/1,05 1/1 1/1,15 1/1,2
Koa¢p¢unuent roropaoctr | 0,999 0,9989 | 0,9988 0,9986 | 0,9979

Pesynbrarel pacueToB MOKA3bIBAIOT, YTO KOIPPUIIUEHT TOTOBHOCTH YMEHBIIACTCS C YBEIMYCHUEM
ko3 dunmenra gerpamanuu.

[Mpennaraemasi MaremMaTyuecKas MOACIb MOXKET OBITh MCIOJIb30BAaHA VISl PEIICHHs BOIPOCA O pac-
YyeTe HEOOXOIMMOI0 KOJIMYCSCTBA 3aMacHBIX 3JIEMEHTOB, KOTOPbIE TAPAHTUPYIOT TOCTHKCHUE 33 JaHHBIX
napamMeTpOB HAICKHOCTH Ha PACCMAaTPUBAEMOM BPEMEHHOM HHTEpBaJie QYHKIIHOHUPOBAHUS CTPYKTYPHI.
3amaauM B KauecTBE IMOKa3aTesi HaIe:HOCTH K03 uireHT roroBHocT. [lycTth Heobxomumo odecte-
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KBOMNPOCY PACYHETA HAOEXXHOCTU PESEPBUPOBAHHbBIX CTPYKTYP C YYHETOM CTAPEHUS 3JIEMEHTOB

YUTh 3HaYeHUE Kod(duimenta roroBHoctd He MeHee 0,99 3a Bpems pabotel 16000 yac. Pesynbrarsl
MIPOBEJICHHBIX PACUETOB MIPUBEICHBI B Ta0NHUIIE 2.

Ta6auna 2
3HaueHue napamerpa Y 1 1/1,05 1/1,1 1/1,15 1/1,2
KonnuecTBo 3amacHbBIX 3J1EMEHTOB 00e-
CIICUMBAIOIIUX 3a/IaHHbIE TPEOOBAHUS 2 2 2 2 3
Koaddunment roroBHocTH 0,9964 0,9974 0,9943 0,9928 0,9979

Kak BunHO M3 Talbnuiel 2, 3aAaHHBIM TpeOOBaHUAM Ha KO3()(UIIMEHT FOTOBHOCTU YIAOBJIETBOPSET
CTPYKTypa C OJHUM OCHOBHBIM M JBYMS 3allaCHBIMHU 3JIEMEHTAMHU Ul KOA(PPHUIMEHTOB Jlerpajalnuu
vy =1+ 1/1,15, u Tpems 3anacHeIMU 37eMeHTamMu uig v =1/1,2.

3akodyeHue

Taxkum 00pa3zoM, MOKHO KOHCTAaTHPOBATh, YTO B IIPeAaraeMoii padote rpecraBieHa MOAeNb pacueTa
HAJEKHOCTH PE3EPBUPOBAHHON CTPYKTYPHI C YIETOM CTapeHUs lIeMeHTOB. B Heil cienaHo mpenrmnomno-
KEHHE O TOM, 4TO B Tpolecce PyHKIMOHUPOBAHHS CUCTEMBI KAK OCHOBHOM 3JIEMEHT, TaK M 3allacHbIe
pPacxXoAyroT 4acTh CBOETO pecypca. B pe3ynbrare mporCcXoAUT YaCTHYHOE BOCCTAHOBJICHHE PabOTOCTIO-
coOHoCTH cucTeMbl. [IpoBeneHbl HuccaenoBaHUs OBECHUS TapaMeTPOB CHCTEMbI B 3aBUCUMOCTH OT
3Ha4eHUs Kod(pPUIMEHTa IerpaJaliii Ha TeCTOBBIX mpuMmepax. [lokazano, urto pazpaboTaHHasi MOJIEIb
MOKET OBITh HCIIONIb30BaHa sl pacyeTa HEOOXOAMMOIO KOJMMYECTBA 3allaCHBIX AJIEMEHTOB, KOTOPHIE
rapaHTUPYIOT JOCTHKEHHE 33/IaHHBIX ITapaMeTPOB HAJECKHOCTH Ha paccMaTpUBaeMOM BPEMEHHOM HMH-
TepBasie (QYHKIIMOHUPOBAHUS CTPYKTYPHI.
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Structural reliability. The theory and practice

Antonov A.V., Plyaskin A.V., TataevH.N.

ON THE ISSUE OF RELIABILITY CALCULATION FOR
REDUNDANT STRUCTURES IN VIEW OF AGEING
ELEMENTS

This paper considers the issue related to calculation of reliability parameters of redundant structures in view
of ageing elements. Maintenance of facilities at modern industrial enterprises shows that basic parts as well
as spare parts are subject to ageing during their functioning. Failed items are subject to restoration, and
after repair they are added to the stock of spares. However, one should take into account that repairing
generally brings only partial recovery of functionality. An item uses up a part of its life time during the
previous operation, and during repair full recovery is not achieved. The problem of defining the structure
of spares, with incomplete (partial) recovery of redundant elements and depletion of some part of their
life time taken into account, is solved by simulation modelling.

Keywords: safety, reliability, spares, redundancy, geometrical process, life time, transition graph,
incomplete recovery.

Introduction

For maintenance of industrial facilities, in particular facilities with increased risk, such as nuclear power
installations (NPI), very high requirements are assigned to their safety and reliability. One of the ways to
increase the level of reliability is to plan preventive maintenance, to control availability of functioning
objects, and to build sets of spares for operative replacement of failed equipment.

In the present paper we shall consider issues related to calculating reliability of repairable equipment,
with available spares taken into account, and defining required amounts of spares to insure specified
reliability parameters.

Issues related to calculating reliability of equipment in view of spares and defining their op-
timal structure were considered in the works of Russian and foreign experts. The review of the
literature on the issue can be found, for example, in [1, 2]. Here, it is worth mentioning that issues
of calculation and optimization of spares are presented in corresponding handbooks, references
to which can also be found in studies [1, 2], and they are reflected in GOST (see references, for
example, in [3]). However, it should be noted that the issue has not lost its importance nowadays
and is still at the focus of experts. Thus, in the Dependability journal there is an ongoing discus-
sion about updating the method of spares estimation presented in the corresponding GOST [4]
and the guidelines [5].
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ON THE ISSUE OF RELIABILITY CALCULATION FOR REDUNDANT STRUCTURES IN VIEW OF AGEING ELEMENTS

Note one feature characteristic of much of the equipment in operation in various industries. The feature
consists in the fact that the equipment has a great mean time to failure. Very often this is higher than the
resource or life time defined in specifications. In many industries there are facilities still functioning that
were put into operation during the Soviet time. Refurbishment is being carried out slowly. Consequently,
we can expect that in these facilities there are processes of ageing caused by wear of materials and degra-
dation processes occurring inside of products. In reference with this, there arises an issue of calculating
the reliability of equipment with available spares in view of ageing.

1. Functioning process of restorable maintainable products

Let us consider a method for calculating of the reliability characteristics of a restorable and maintainable
item with » spares available. The functioning strategy of an item is as follows. At the initial moment of
time the item is in good state. The item fails with the rate A(7). In case of failure, the item is replaced by
a spare one. The rate of item replacement is equal to p(z). The faulty item is sent for repair. After repair
the item is considered as one with restored availability and is transferred into the reserve. Denote a repair
rate as v(7). If there is no more serviceable item in the reserve, a failure occurs. The described strategy of
functioning can be presented with the help of the graph, as is shown in Figure 1.

M)

Fig. 1. Graph of transitions of a restorable maintainable item
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ON THE ISSUE OF RELIABILITY CALCULATION FOR REDUNDANT STRUCTURES IN VIEW OF AGEING ELEMENTS

It is necessary to estimate system reliability characteristics (availability factor, probability of a system’s
failure due to the absence of spare items) for the considered strategy and to determine a required quantity
of spares to ensure the set level of system availability.

The state of an object on the graph will be denoted by two symbols (%, i) where the first symbol means
the quantity of spares, k=0, ..., n, and the second symbol i means the state of a basic item under load,
i=1 means that the item is available, i=0 means that the item is unavailable.

Let us examine the functioning of an item with spares available in more detail. In the beginning of
operation the item is in state (n, 1) with probability 1 (there are n spares available, the item is sound). At
a random moment of time, with a failure rate A(¢), the item transits in state (n, 0) (n spares, the item in
failure state, and replacement of the item begins). With a repair rate p(z) the item transits in state (n-1,1)
(n-1 spares, the item is sound). From this state the item can transit in state (n, 1) with a repair rate v(2)
(repair is finished, and there are again n spares in the reserve), or in state (n-1,0) with a rate A(¢) (repair
is not finished before a next failure), and so on. When getting into state (0,0), the item stops functioning
and is in a failure state till the moment when spares are replenished.

In this problem the interest is in calculating the probability of being in each of intermediate states £, ; (),
wherei =1,n, j =0,1. Special interest is presented by the problem of defining the probability of getting
into state F () characterized by failure of a working item and absence of spares.

The considered strategy of functioning can be described by a non-stationary Markov process and rep-
resented as a system of differential equations

db,,(t)/ dt = —MO)F, (1) + V() B, (1)

dp, o(t)/ dt = —(0)F, (1) +M1)F, , (2)

db,(t)/ dt = w(@)F i () + V(OB (1) — (M0) + V() F, 1 (1)

db, o)/ dt = MO)F, (1) — (@) F (1) (1)
dFy,(2) ] dt = ()R o (1) — (A1) + V(D)) By, (2)

dpo,o(f)/dt =My, (D)

However, the analytical solution of the given problem presents significant difficulties. In the given
paper we shall solve this task by methods of simulation modelling.
To describe the relationship of failure rates of items, we shall use the model of geometrical process.

2. Geometrical processes

Take the model applied to describe the change of reliability parameters of facilities that takes into ac-
count ageing of facilities while in service or incomplete restoration of functionality after failure [6].

Consider the following strategy of functioning of a facility. The item functions well for random time. It
is recovered after failure. The recovery is assumed to be in complete. The incompleteness of restoration
is characterized by the degradation factor y . Suppose that recovery of an item takes a negligibly little
time compared to mean times between failures (practically instantly). As a result of incomplete restora-
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tion, the MTBF & of the restored object is reduced (in terms of probability) in y times in comparison
with the previous operation phase:

d d
&,=7 &,.&,=7"§,0<y<I.

In other words, we can say that the MTBF of the restored item for an observed time interval in relation
to a new object will decrease in terms of probability proportional to some coefficient. Mathematically,
the relationship between functions of distribution of mean times between failures of a restored object
with incomplete restoration taken into account can be written

t
ynfl ?

where F; (?) is the function of distribution of mean time between failures of a (i-1)-time restored ob-
ject, vy is the factor of restoration incompleteness, factor of degradation or wear. Corresponding densities
of distribution are related by

t
Féz (t) - Fél [;],...,FE_"‘ (t) - Fgl

fan(f):#fgl ﬁ)

The degradation factor means the following: y is the averaged quantity reflecting the process of ac-
cumulation of damages, defects, indirectly describing the process of gradual fatigue of material, process
of physical ageing, wearability, embrittlement, corrosion, etc. In some cases Y can be understood as the
factor reflecting increase of load imposed on the object due to variable modes of operation.

Definition. Let {€,},i >1 be the sequence of independent random variables representing mean times
between failures of an object with the corresponding distribution functions F‘:’_ (¢) generated by the dis-
tribution F'(¢) , then

4
FEO=F|—1|i=12,..,
Y
where 7 is a positive constant. Then the sequence {§},i > 1 is defined as geometrical process.

Let us use the expression relating the failure rate at the initial stage of functioning and that after (n-1)-th
failure. By definition, the failure rate is equal to the ratio

_ _J®
M”_1—F0y

Write down the expression for failure rate of the object restored (n-7) times

A (1)= - -
o I-F (1) I_F( t) v
&

n—1

1 t
f(t) _v“f@f(y“)_ I ( : )
g,
Y (2)

n—1

¥

Thus, a failure rate after each restoration becomes in L times higher than the failure rate on the previ-
ous time interval, with the time scale on which the procvess is defined changing as well.
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3. Task solution

Modeling process is arranged according to the description presented in Section 1. At the initial moment
of time an object is in good state. Then, at a random moment of time the object fails. The failed item is
removed from operation, sent to repair, and an item from spares is put in its place. After repair the object
is added back to the stock of spares, being placed at the end of the use queue. That is, the next time it
will be installed into the system only after all spares ahead of it at the queue have worked to failure. The
same applies to process of installation, failure, repair and returning into the stock of spares for all other
items. It should be noted that during the first cycle of use, facilities have a failure rate A £, (2), after the
first failure the rate changes in consistence with Expression (2) and is equal to A, . (¢), and after the i-th
failure, it will have the value }‘im ().

Now, consider the results of test calculations carried out as to the described technique. As initial data
for calculation, the following values were used:

- Item failure rate A(z) =0.001 1/hour,

- Replacement rate of an item () =1 1/hour,

- Repair rate v(¢) =) = 0,1 1/hour. The number of realizations of simulation modeling is N=105. The
operating time of a redundant structure is assumed to be equal to 16000 hours.

At the first stage we shall calculate the changes of an item’s average operating time depending on the
amount of restorations. In parallel, we shall change the degradation factor. For calculations, the structure
with one basic item and three spares was considered. Figure 3 shows the diagrams of the behavior of an
item’s mean time to failure depending on the time of functioning of the structure for various values of
degradation factor. WT = operating time, RC = number of restorations, a. = degradation factor.
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Fig. 2. Change of mean time between failures depending on the restoration number

The presented diagrams clearly demonstrate that the mean time to failure does not change and is equal
to 1000 hour for items, without ageing taken into account. For all other diagrams, the situation is that the
less the degradation factor is, the more quickly the mean time to failure decreases. For the given example
with the set values of parameters, the availability factor has been calculated. The results are presented
in Table 1.

Table 1
Value of parameter y 1 1/1,05 1/1 1/1,15 1/1,2
Availability factor 0,999 0,9989 0,9988 0,9986 0,9979
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The results of calculations show that the availability factor decreases as the degradation factor increases.

The offered mathematical model can be used for solving the task related to calculating a required amount
of spares to guarantee the compliance with specified reliability parameters on a considered time interval
of a structure’s functioning. Let us set an availability factor as the reliability parameter. Let it be required
to ensure the value of the availability factor as not less than 0.99 during 16000 hours of operation. The
results of the calculations are presented in Table 2.

Table 2
Value of parameter y 1 1/1,05 1/1,1 1/1,15 1/1,2
Number of spares ensuring specified ) 5 5 5 3
requirements
Availability factor 0,9964 0,9974 0,9943 0,9928 0,9979

As is shown in Table 2, the specified requirements for an availability factor are satisfied by a structure with
one basic and two spares for degradation factors y =1 + 1/1,15, and with three spares for y=1/1,2.

Conclusion

Thus, we can say that this paper presents a model of calculating the reliability of a redundant structure,
with ageing of items taken into account. The assumption has been made that during the functioning of a
system, a basic element as well as spares use up a part of their service life. As a result, a partial restora-
tion of system functionality takes place. The behavior of system parameters depending on the value of
degradation factor has been studied using test examples. It has been demonstrated that the developed
model can be used for calculating a required number of spares to guarantee the compliance with specified
reliability parameters on a considered time interval of a structure’s functioning.
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CTpyKTypHas HageXXHoCTb. Teopus u NnpakTuka

Masnos U.B.

OLLEHKA HAAEXXHOCTU A1 MOOEJIN YCKOPEHHbIX
MCMNbITAHUN C NEPEMEHHOU HAFPY3KOM

PaccmarpuBaioTcsl ABE CBSI3aHHbIe Mexay cobowi 3aaaqn: 1. Ha 0CHOBe M3BECTHbIX XapakTepPUCTUK HaOeX-
HOCTU B YCJI0BUSIX MOCTOSIHHbIX HarpPy30K HauTu 3TU XapakTepucTuKku 715 Cydasi npon3BOJibHbIX KYCOYHO-
HernpepbIBHbIX QYHKUMIA Harpy3kn. 2. ObpatHas 3aha4a, CoCTosiLasi B TOM, 4TOObl HA OCHOBE YCKOPEHHbIX
UCMbITAHWI B YCJI0BUSIX MEPEMEHHON (MOHOTOHHO BO3PACTAIOLLEN) HArPY3KU OLIEHUTb XapakTePUCTUKN Ha-
JAEXHOCTU n3nesnavsl B yC/A0BUSIX MOCTOSIHHbLIX Harpy30K.

KniouyeBbie cnoBa: HafieXHOCTb, NMEPEMEHHbIV PexuM, nepemeHHass YHKUMS Harpy3ku, MHTE@HCUBHOCTb
0TKa30B, (YHKLUMNS pecypca, YCKOPEHHbIe UCTbITaHWS.

OueHKa HafeXXHOCTU B YC/IOBUSIX NepeMEeHHOW Harpy3ku

OneHka XxapaKkTepUCTUK HaJIE)KHOCTU TEXHUYECKUX CUCTEM, PA0OTAIOIIKX B IEPEMEHHOM PEXUME IO
BO3/ICHCTBHEM OJJHOTO MJTM HECKOJIBKUX MTEPEMEHHBIX (PaKTOpPOB (Harpy3ka, TeMIiepaTypa u ap.) BJsieTcs
OIHOH W3 aKTyaJbHBIX MPOOJIEM Teopuu HajekHOCTU. KpoMe TOro, akTyaabHOM ¢ MPUKIATHONW TOYKU
3peHUs ABISIETCS TAKKE M 00paTHas 33/1a4a, COCTOSINAS B TOM, YTOOBI HA OCHOBE YCKOPEHHBIX HCITBITAHUN
B YCJIOBUSIX MIEPEMEHHON (HanpuMep, MOHOTOHHO BO3PACTAIOIIEH) HArPY3KH OLIEHUTh XapaKTepUCTUKU
HAJEKHOCTH U3/IENINS B YCIOBUSAX TOCTOSHHBIX Harpy30K, B TOM YHCJIE JUUIsl MAJIbIX U CPEIHUX HArpys3oK,
COOTBETCTBYIOIIMX «HOPMAJIBHBIM PEXUMaM» (4TO, COOCTBEHHO, U SIBIISIETCS OTHOW M3 OCHOBHBIX 3a]1a4
YCKOPEHHBIX UCIIBITAHUM).

ITycts u(f) — Harpys3ka, AecTByIOIIast HA CUCTEMY B MOMEHT BpeMeHH ¢ > 0 (3aMEeTHM, UTO 110/ Harpy3-
KoH u(f), BOOOIIE TOBOPSI, MOYKET MOHUMATHCS JII000 IepeMEHHBIH (hakTop, EHCTBYIONINI HA CUCTEMY
B MOMEHT BpEMEHHU t U BIUSIONINI HA €€ HaIeKHOCTh), F(t, u) — QyHKIUS pactpeeneHus BpeMeHu 6e3-
OTKa3HOU paboThI, f(t, 1) — COOTBETCTBYIOMIAs TUIOTHOCTH pacnpeaeneHus, P(t, u)=1-F(t, u) — pynakuus
HaJIeKHOCTH U A(t, u) = f(t, u) / P(t, u) — QyHKINS UHTEHCUBHOCTH OTKA30B CHCTEMBI B yCIOBHUAX MO-
CTOSIHHOW Harpysku u(t) = u. O003HaYMM TaKKe yepes

At u) = j; Mz, u)dz

¢ynkimro pecypea [ 1] (Bemyryto GyHKIUIO WU (GYHKIHIO pUCKa B TepMUHONIOTHH [2], [3]) B ycinoBusix
MOCTOSTHHOM Harpy3ku u(t) = u.
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3anava, paccMarpuBaeMast Jajee, COCTOUT B TOM, YTOObl HA OCHOBE yKa3aHHbBIX XapaKTEPUCTHK Ha-
JIe)KHOCTH B YCJIOBUSX MOCTOSHHBIX HArpy30K u(f) = u>0 HallTH 3TH XapaKTEePUCTUKH JJIS CIIydasi IPOu3-
BOJILHOM NMEepeMEHHON (DYHKLMHU HArpy3KH #(f) U3 TOCTATOYHO LIMPOKOTO JJIs1 BOBMOXHBIX IPUMEHEHUN
KJjacca (pyHKLUH.

Hanee Oynem mnpeamnonarark, 4To U(t) — KyCOUHO-HenpepblBHAs (YHKLUS, HEIIPEPbIBHAS CIIpaBa I10
¢t > 0 1 umeroIas mpesen ciesa B Kaxaoil rouke ¢ > 0, u(¢) > 0 npu ¢ > 0, pyHkuus A(f,u) HepepbIBHA
no >0, u>0uA(t,u)>0 npu ¢ > 0, u > 0. O603HauuM yepe3 g(R, 1) — GyHKLUIO, 00paTHYIO K QyHKIUN
A(t,u) Mo mepBoOMY apryMeHTy ¢ mpu (PUKCUPOBAHHOM 3HAUYCHUH U.

Paccmotpum npouecc [u(?), (), R(t)], tae u(t) — 3anannas GyHKIUS HATPY3KH, 7(¢) — PyHKIMS HHTECH-
CHUBHOCTH OTKa30B U

R(t)zjr(y)dy (1)

— (yHKIMS pecypca npu TaHHOM (QyHKIMM HArpy3ku u(f), ¢ = 0. Benuunna R(f) B COOTBETCTBUH C
paBeHCTBOM (1) MOXKET HHTEpIPETUPOBATHCS KaK HAKOIIJICHHAs K MOMEHTY ¢ (PyHKIMSI HHTECHCUBHOCTH
OTKa30B. /[pyras cBs3aHHasl C 9TUM €CTECTBEHHAsl MHTEPIPETaLUs, 10-BUAUMOMY BIIEPBBIE IIPEIIIOKEH-
Hasl B [4], cocTouT B TOM, 4TO BennuuHa R (f) XapakTepu3yeT HCTPAauCHHbI PeCypC H3/EIHs K MOMEHTY
BpPEMEHU ¢ (eciM JJO MOMEHTa ¢ OTKa3a elle He ObLIOo).

B nanHbIN Tekymuii MOMEHT BpeMeHH ¢ = (0 OOBEKT HAXOAUTCA MO/ BO3IEHCTBUEM HArpy3ku u (1).
VY4uThIBas, YTO HAKOIUIEHHAsI K 9TOMY MOMEHTY (yHKLUS pecypca paBHa R(f), mpolecc JaibHEHIIero
HakorieHus R (t) B MOMEHT BPEMEHHU [ , B COOTBETCTBUH C YKa3aHHOM ee (Pu3nuecKoi HHTepIpeTaluei,
JOJKEH HaUMHAThCSA ¢ MOMEHTa G, = g [ R (t),u(t) ], g kotoporo HakoruieHHast Ha uaTepsaie (0,7 ) B
PEKUMeE C MOCTOSIHHOM Harpy3Koii, paBHOM 3Ha4eHUIO u (f), GYHKLUS pecypca COBIAAAET CO 3HaUCHUEM
R (t) TeMm cambIM, 3HaueHHE (PYHKLIIUU UHTEHCUBHOCTH OTKa30B r(t) B JIaHHBIN TEKYILUI MOMEHT Bpe-
MEHHU ! B YCIOBHAX IIEPEMEHHON Harpy3KH JOJDKHO PAaBHATHCS BEJIUYHUHE

r(t)=rlg(R.u,) . u,] 2)

(31ech U Jasee HCHOIb3yeM COKpallleHHble 0003HaueHus R, = R(t), u, =u(t)). U3 (2), yuutsiBas,
aro r(t)=R (r), nanee cnegyer auddepeHnnansHoe ypaBHEHHe JUIs ONpesesteHust GyHKIUE pecypea
R =R (t) B YCJIOBUSX NIEPEMEHHON (yHKLIMU HArPY3KU U, = u(t)

Ri=A[g(R.u),u] 3)

¢ HauanbHbIM yenosueM R (0)= 0. ITocie uero cooTBeTCTBYOMas PyHKLMS HAZIEKHOCTU B yCIOBUAX
HEepeMEHHON Harpy3ku u, = u(t) onpenensercs kak P(t) = exp [—R (t)] .

3aMeTI/IM, 4TO HUCIIOJIb3yEMas 3CCh U JAJICC YHUBCPCAJIbHAA UHTCPHIPCTAlNUA R (t) Kak (I)YHKI_II/II/I Ha-
KOINICHHUSA UCTPAYCHHOI'O pECypCa, KOHCUHO, HC SABJISACTCA OYEBHUIHOI BO BCEX ClIyvasx, TCM Oomee 10
OTHOIICHHIO K 00bEKTaM pastqufI (I)I/I3I/IIICCKOI71 IpUpOAbI. Tem He MCHCC, ITOJIYyYaCMbIC UCXOOsS U3
3TOM HHTCPpIPETAaIuU CTATUCTUUCCKNEC BBIBOJAbI HMCHKOT TOBOJIBHO €CTECTBECHHBIN Ka4yeCTBEHHBIN Xa-
PAKTEPp U MOTYT CIIYKHUTb, 110 KpaﬁHeﬁ MeEpe, Xopomeﬁ HepBI/I‘{HOI\/'I MOZCJIBIO U pCIICHUSA YKAa3aHHBIX
BbBIIIC 3a1a4.
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PaccmoTpuM fanee HEKOTOpbIE YacTHBIE CIy4ad W CIEACTBUA U3 ypaBHeHuil (2), (3). B naubonee
IIPOCTOM YaCTHOM Cllyuae, Korja (pyHKIMs Harpy3ku u(t) siBIsETCs] KyCOYHO-IIOCTOSIHHOM, 3TH ypaBHe-
HUS JJAI0T pELICHHE, COBIIAJAIOIIECE C U3BECTHBIM paHee pelieHueM [4], [5] i KycO4HO-IIOCTOSHHBIX
PEKHUMOB.

IIpumep 1. (Dxcnonenyuanvnas modeny). PaccMOTpUM 4acTHBIN Cilydail, Koraa (pyHKIMsS HHTEHCHUB-
HOCTH OTKa30B A (f , ) B K&KIOM LOCTOSHHOM pexuMe (T.¢. IIPH OCTOSIHHON Harpy3Ke u (f) = u) 3aBUCHT
OT 3HA4YEHHUs Harpy3KH, HO HE 3aBUCUT OT BPEMEHHU ¢ , TO €CTh

A(tu)=2(u) 4)

npu Jr06oM u > 0, ¢ > 0. IpyruMu ca0BaMu, B KaX/10M IIOCTOSHHOM PEKUME C IOCTOSIHHOW Harpy3Koi
u(f)=u Bpems Ge30TKa3HON PabOTHI MMEET HKCIOHECHIMAIIHOE pacipeseeHue ¢ mapamerpom A = A (u).
B sTom ciyuae u3 ypaBHenuit (2), (3) ciaenyer

r(t)=Mu,) (5)

TO €CTh B 3TOM cliyyae (yHKIHUS HHTEHCUBHOCTH OTKA30B B YCIOBUSIX MEPEMEHHON HATPy3KH BHIYHC-
JsIeTCs Iy TEM IIPOCTOM O CTaHOBKY (DYHKIUM HATPY3KHU 4, = u(t) B (PyHKLHIO UHTEHCUBHOCTU OTKa30B
JUTSI CITy4asi TOCTOSIHHBIX Harpy30k (4) BMECTO u .

B o0miem cityyae aHaJIOTMYHYIO 1O CMBICITY BEIHUUHY 7 (t): A(t,u,), KOTOpasi BBIYUCIIACTCS IIyTEM
HOJCTaHOBKH u, B QyHKIUIO A (t, u) BMECTO BTOPOI'O apryMEHTa U , HA30BEM YIIPOILIEHHON OLIEHKOM J1J1s1
(GYHKIMM MTHTEHCUBHOCTH OTKA30B r(t) B YCIIOBHSX [IEPEMEHHON HArpy3KH u, = u (t) B skcnionennu-
aNbHON MOJIENIM TaKas YIpPOIIeHHAs OlleHKa AaeT TouyHoe perieHue (5). B obmiem ciydae Takas oleHKa
SIBJISIETCS] HETOYHOM, OCKOJIbKY IIPU 3TOM HE YUUTBIBAETCS PECYPC, YKE UCTPAYCHHBIN K MOMEHTY BPEMEHU
t. Tem He MeHee, TPU HEKOTOPBIX €CTECTBEHHBIX YCIOBUSIX MOHOTOHHOCTH, @ UMEHHO €CIH (DYHKITHS
Harpy3Kku u (f) MOHOTOHHO BO3pAcTaeT Mo ¢, a PyHKIKsS HHTEHCUBHOCTH OTKA30B k(t,u) MOHOTOHHO
BO3pACTaeT Mo / M MO U , TO YIPOUIEHHAs OLIEHKa 7 (t): A(t,u,) maet BEpXHIOI OLEHKY ISl (QyHKINH
MHTEHCUBHOCTH OTKa30B r(t) B YCIIOBUSIX MEPEMEHHON HArpy3Ku u (f) , UTO SBISICTCSI aHAJIOTOM W3-
BECTHBIX paHee (ISl MOCTOSHHBIX PEXKUMOB) pe3ynbraroB [2], [6] — [12] ans pacnpenenenuii ¢ Bo3pac-
Taromei GyHKIMel HHTEHCUBHOCTH OTKA30B.

Ipumep 2. (Betibynnosckas mooens). Ilycts Mt,u ) =cut , A(t,u): cut’ /2 ,rae ¢ > (0 — KoHCTaHTa,
TO €CTh B YCJIOBUSX OCTOSIHHBIX HAarpy30K BpeMsi 6€30TKa3HON paboThl CUCTEMbI UMEET pacIpeiesieHIe
Beiibynna-I'nenenko ¢ napamerpoM Gopmbl 0L =2 U (yHKIHEH HHTEHCUBHOCTU OTKa30B, MPOMOPLHUO-
HaJIbHOM JieficTBYOIel Ha cucTteMy Harpyske. [lycte u (£) = vt , To ecTb QyHKIMs HATPY3KW MOHOTOHHO
BO3pacTaeT ¢ MOCTOAHHOM cKopocThio v > 0. B aTOM citydae g (Rt,u[)z 2R, /(cu,) n ypasnenue (3)
UMeeT BUJ

Rt' = \/ 2cu,R, = \/2cvtR,
Otkyna cienyer
R(t)=(2/9) cvt’, r(t)= (2/3)cvt’

To ecTh B ycnoBusIX NMepeMEHHONH MOHOTOHHO BO3pacTalolLIei ¢ MOCTOSHHOW CKOPOCTBIO Harpy3KH
u (f)= vt Bpems 6e30TKa3HOM paboThl UMeeT pacnpeneneHue Beitbymnna-I' HeneHko ¢ mapameTpom GopMel
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0. =3. YnpoleHHast OlleHKa (YHKIIMM WHTEHCUBHOCTH OTKa30B B YCJIOBUSX MEPEMEHHON Harpy3Ku B
oToM ciyuae umeet Bun 7 (1)=Mt,u,) = cu,t = eve

[TpuBenenHsie BoIe ypaBHEeHUs (2), (3), TakuM 00pa3oM, TO3BOJISIOT HANUTH pacIipeie]ICHIe BpeMEH!
0e30TKa3HON PabOThl U XapaKTEPUCTUKH HAJEKHOCTU H3JENUS B YCIOBHIX MPOM3BOJIBHON KyCOUHO-
HENPEpHIBHOM NepeMeHHON (DyHKIIMM Harpy3KH u(t), €CIIM M3BECTHBI XapaKTEPUCTUKHU B YCIOBUSIX
MOCTOSIHHBIX Harpy3ok. PaccMoTrpum manee oOpaTHyIO 3aJady — OLEHHMTH, UCTIONbB3YS 3T YPaBHEHHS,
XapaKTePUCTUKHU HAJIEKHOCTHU B YCIOBUSX MOCTOSIHHBIX HATPY30K HA OCHOBE YCKOPEHHBIX UCIIBITAHUHN B
YCJIOBUSIX MIEPEMEHHON (MOHOTOHHO BO3PACTAIOIICH ) Harpy3KHu.

2. Mogenb 1 ¢ k09adpPNUMEHTOM YCKOPEHUS

ITycTb B yCIOBUSIX IOCTOSHHBIX HAIPY30K, TO €CTh Ipu u (f) = u , GyHkuws pecypea A (¢,u) u GpyHKuus
MHTEHCUBHOCTH OTKa30B A (¢,u) UMEIOT BUX

A(t,u)=k()A®), M(t,u)=k(w)\)

rne A (t) = A(t,uy) — byHKIMs pecypcau A (t) = Mt,uy) — QyHKIHS HHTEHCUBHOCTH OTKA30B B yCJIO-
BUSIX HEKOTOPOH (IIOCTOSIHHOI ) 6a30BOi1 HAarpy3KH u,, . B nanHoit Mmonenu gopma pacripeneneHus BpeMeHu
0e30TKa3HON paboThl MPU PA3TUYHBIX 3HAYEHUSIX MOCTOSHHOW HArpy3Ku u (f)=u HUMeEeT OJMHAKOBBIN
B ¥ 3ajaetcs GyHkuueii A (f), a BIMsiHIE HArpy3KH yUUTBIBACTCS Yepes «Kod(Q(ULUEHT yCKOpeHHs
k (u). OcHOBHOI 3a1a4eii B 3TOM Ciy4ae SBISETCS ONPEENCHIE 3aBUCUMOCTH K03 (HULIEHTa yCKOpeHNsT
k () or BenuunHsl Harpy3ky u = 0 10 pe3yIbTaTaM yCKOPEHHBIX UCIIBITAHUIL.

@ynkius g( R , u ) B 9TOM Ciyuae onpenensiercs BoipaxerneM g(R,u) = A~ [R /k (u )] ,rme A7 (z)
dynkuust, obparuas k pyrxuun A (¢). YpasHenue (4) ay1s JaHHOI MOJENIN IPHHUMAET BHJ

R,

R =k(u)A| A7 ——
1 t k(ut)

(6)

rne u, =u(t) GpyHKuus Harpy3ku. PaccMoTpum ciydai, koraa
A(E)=PBt*, M(t)=opt™,

TO €CTh BpeMs 0e30TKa3HOIl paboThl B yCIOBUSAX MOCTOSHHBIX Harpy3oK MMeEET paclpejesieHue
Beiibymna-I'Henenko, npeamnosaras fauee, yTo napamerp Gopmsl oL = 1, To €cTh (PyHKINS HHTEHCUBHOCTH
0Tka30B A () MOHOTOHHO BO3DACTAIOLLIAs, YTO SBISCTCS €CTECTBEHHBIM (DU3HUECKUM JOIYIECHUEM IS
OOJIBIIIMHCTBA TEXHUYECKUX CHCTEM. YpaBHEHHE (6) B 3TOM Cllyyae 3alHChIBAETCS B CICIYIOIIEM BHJIE

o—1
R =ap’e i w,)R, ™
OTKyJ1a
R(t)=B jk%c(uz)dz (8)
0
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[Tocne yero GyHKIMS HANEKHOCTH B YCIOBHAX MEPEMEHHOM HArpys3Ku u, = u(f) ONpENeNnseTcs KaK
P(t)=exp[—R (t)] .

Otu popMyIibl O3BOJISIOT HAUTH pacHpe/iesieHne BpeMeHU 0e30TKa3HOM paOoThl U3/IENUS B YCIOBUAX
ePEMEHHOIi HArPY3KH, €CIIM M3BECTHA 3aBUCUMOCTH Koo duimenta yckopenns k (1) or Harpysku. Pac-
cMOTpUM 0GpaTHYIo 3aja4y, Koraa GyHkuus k (1) HewsBecTHa 1 TPeOyeTCs OLEHUTS €€ 10 Pe3yIbTaram
YCKOPEHHBIX UCIIBITAaHUH C IEPEMEHHON MOHOTOHHO BO3pAacTalolIeil Harpy3Koi.

dopma U BUJ pacmpeesieHus BpeMeHU 0e30TKa3HOil padoThl B YCIOBHSIX NMEPEMEHHOW Harpy3KH,
BOOOIIIE TOBOPSI, MOTYT CYIIECTBEHHO OTIMYATHCS OT (DOPMBI M BHJIa 3TOTO paclpeieseHHs B yCIOBHIX
MOCTOSTHHOM Harpy3Ku U MOTYT CYIIECTBEHHO 3aBUCETh OT CKOPOCTH BO3pacCTaHUs HArpy3KH, a B 00IIeM
ciydae ot Bua GyHkuun Harpysku u (¢). [ToaToMy Kiace pacmpeseseHuii, Ha OCHOBE KOTOPOTO IPOH3-
BOJIUTCS OLICHKA XapaKTEPUCTUK B YCIOBUAX NEPEMEHHOM HAarpy3KH, JOKEH ObITh O0siee IIMPOKUM IO
CPaBHEHHUIO C HMCIIOJIb3YEMBIM KJIACCOM pacHpeiesieHui sl caydasi MOCTOSHHBIX HArpy3oK (B JaHHOM
ClIy4ae TI0 CpaBHEHHMIO C KJIacCoM pactpenenenuid BeiOymna-I'Henenko).

OueBnaHO, 4To K03 GuLMEeHT yekopeHus K (1) T0mKeH MOHOTOHHO BO3PAacTaTh [P BO3PACTAHMH Ha-
rpy3ku u . B cBsi3u ¢ aTUM fanee OyeM CTonb30BaTh Kinace M Bcex QyHKIHHM Ko dUIIeHTa yCKOPEHUS
k (), yIOBIETBOPSIOIMX 3TOMY €CTECTBEHHOMY (U3MYECKOMY OrpaHHIeHHIO. Boltee TOuHO 0603HauNM
yepe3 M knacc Bcex hyHKImiA k (u) > (0, HenmpepbIBHBIX 1O # = 0 ¢ HeMpEePBIBHOM MpH BceX u = 0 mpous-
BOJHOM k' (u) >0 mpu u > 0. BBegem Taxoke kiacc U BceX HEMPEPBHIBHBIX (DYHKITUN HATPYy3KH U (t)Z 0,
t 20 c HenpepbIBHOM IpH BceX ¢ = 0 Mpou3BOJHON u '(t) U TaKUX, 4TO U (O): 0, u ‘(t) >0 opu t>0.

[Ipu manHOM PUKCUpOBAHHOW (YHKIIUUA HATPY3KH U (t)e U BBenem panee kinacc L BcCeX pelICHUH
R = R(t) ypaBHeHUs (7), TOPOKIaeMbIi yKa3aHHBIM BBIIIE KiaaccoM M (yHKIHMA k(u) Hpyrumu
cnoBamu, L — Kjacc BcexX QpyHKIui pecypca Buaa (8) nMpu pa3IMIHBIX BO3MOXKHBIX (QYHKIHIX KOdPhu-
[UEHTa YCKOPEHUS k(u) u3 kimacca M .

3aMeTuM, 4TO B HEKOTOPBIX CUTYAIHIX 3apaHee OYeBUIHO, UTO MPU OTCYTCTBUH HArPY3KH JIOJIKHO BbI-
nonusThes yenosue k(0)=0 (Hanpumep, Ipu OTCYTCTBUM HArPY3KH M3AENHE BHIKIIOYEHO U3 pabOTHI 1
HE MOXKET OTKa3bIBaTh B TOM COCTOSIHUM). UTOOBI yuecTh TaKHe CUTyalluu, BBeeM noaxnacc M, c M
Beex Qynkumii k () n3 knacca M, yI0BIeTBOPAIOLIMX AOMONHATENBHOMY ycioBuio k(0)=0.

[Ipu nanHO# (hUKCHMpPOBaHHOW (PYHKIMHM HArpy3KH u(t)e U BBenem raxxke moxknacce L, < L Bcex
peuieHuil ypaBHeHus (7), opoxkaaeMblid kimaccom My, IpyTUMH cI0BaMHu, L, — Kiacc BCeX QyHKIMM
pecypca Bua (8) mpu pa3IMdHbIX BO3MOXHBIX (PYHKIIMAX K03 uIerTa yckopenus k (u) u3 kimacca M
M TakuXx, 410 K (O)z 0.

Knacc L ¢ynkumii pecypca R () 3amaer, TakuM 06pasoM, pasiuyHble BO3MOXKHbIE PACTIPEACIICHUS
BpEMEHH 0e30TKa3HOH paboThl m3nenus npu AanHoi QyHkumn Harpysku u(f)e U . COOTBETCTBEHHO
KJ1acc L, 3a7aeT 3TH JKe paclpeie]IeHUs B yCIOBUAX (QyHKIIUU HArPY3KH U (t) € U npu 10NOTHUTETHLHOM
ycioun k (O): 0.

Jnia annpokcumanuu GyHKIIUM UHTEHCUBHOCTH OTKa30B r(t) u yskuun pecypea R(t) ms pac-
npezeneHnst HapabOTKK B yCIIOBHSIX lepeMeHHoi Harpysku u (t)e U nasnee GysieM HCIONb30BaTh mapa-
METPHUYECKHM KJIacC yKa3aHHBIX (PYHKIUN CIEIYIOIIEro Buia

r(t,0)=Y0,, R(t,e)=zl% "l 9eco )
I=m I=m

e m<n, 0= (em,em Hlreees Gn) — BEKTOp MapaMeTPOB, IPUHUMAIOLINN 3HAYEHUS U3 MHOKECTBA

©=1{0:0,20, [=m,..,n}
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CooTBeTCTBYIOIINI TapaMeTpUUYECKUi Ki1ace GYHKIMNA pacipeesieHus A7 allpoOKCUMAIH pacipe-
JIe/IeHs] BpEMEHH Oe30TKa3HON paboThl B YCIOBUAX IIepeMeHHOMN Harpysku u (f)€ U umeer Buj

F(t,0)=1-exp[-R(t,0)], 6€© (10)

3ameTnM, 4TO 151 JI0GOTO PACTIPEAEIeHAS U3 DTOTO Kiiacca (yHKLMsS HHTEHCHBHOCTH OTKa308B 7 (1,0)
MOHOTOHHO BO3PAacTaeT M0 , 4TO SIBJIETCSA €CTECTBEHHBIM (DU3UUYECKUM OTrPaHUYCHHEM.

Kpome Toro, y4uThIBas yKa3aHHOE BBILIE YCJIOBHE MOHOTOHHOCTH (yHKumH K (1), TOIKHO BBINONI-
HATBHCS YCIIOBHE

R(t,0)e L npu nobom 6 € © (11)

Jpyrumu ciioBaMu, JUIs TOTO, YTOOBI pelieHrne o0paTHoi 3a1a4u — (QyHKIHS KodhGUimeHTa yCKOpeHUs
k (u) MOHOTOHHO BO3pacTasia 1o # , He0OX0AMMO, YTOOBI BRITOIHSIOCH yeioBue (11). Eciu oTHOCHTETIBHO
K09 HULMEHTa YCKOPEHHS HCTIONb3yeTCsl HoTonHuTeNbHOE orpanndenne k (0)= 0, To COOTBETCTBEHHO
JOJDKHO BBITIOJTHATHCS 00JIee )KECTKOE YCIOBUE

R(t,0)€ L, npu mobom €O, (12)

rne L ,L,— yka3aHHBIE BbIILIE KJIACChI (DyHKLUH pecypca Ul BpeMeHH 0€30TKa3HOM paboThI B yCIIOBUX
nepeMeHHOMN QyHKmK Harpysku u (¢ )€ U , aiist KOTOPBIX IPH PELICHHH 0OPATHOM 3312491 aBTOMATHYECKH
BBITIOJIHSETCS HE0OX0auMoe (HU3MYECKOE OTpaHUYCHHE MOHOTOHHOCTH JuIsl (PyHKIHMH KoddduimenTta

yekopenust k (u).

Teopema 1. Ycioue (11) BeImomHsAETCS TOTAA U TOJIBKO TOT/IA, KOT/IA BHITIOIHSACTCS OHO U3 CIIEAYIO-
KX ABYX YCJIOBUU

a-l=m<n (13)
oa-l<m<n (14)

Jloxkazamenvcmeo. I1ycTh QyHKIIMS HATPY3KH U (t) € U u Bektop nmapametpoB 0 € O . Torna mpu 1aHHOM
¢dbyHkuu pecypca R (t,e) B cOOTBETCTBUU C (7) TipH JIt0O0M ¢ > 0 BBITIOJIHSIETCS PABEHCTBO

1) #(0)
k(u)=|-— ) 15
( t) Ba R o—1 (t’e) ( )
OTKYJla, yYUThIBas, 4TO (PyHKUUSA u, = u(f) CTPOro MOHOTOHHO BO3pacTaeT 1o ¢ =0, noryyaem
“(,,0
k(u)= 4 _(1 ) (16)
R*7(t,,0)

tae t, =t(u) — dyskums, obparnas k QyHkuun Harpysku u(f)eU . B uCIonb3yeMbIX yCI0BHSX
o6paTHa;1 yHKIHs t(u) cymecTByer u HenpepbIBHA PU BCeX 4 = 0 M UMEET HENPEPBIBHYIO 10 u > 0
MIPOU3BOIHYIO ¢ (u)> 0, u>0. Orcrona crnenyer, uro onpeaesneHHas B (16) ¢ynkmus kodddurmenta
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ycKopeHusl (perieHue ooparHoit 3aaaun) k (u)e M , TO ecTh yIOBJIETBOPSET YKa3aHHOMY BbIILIE OCHOB-
HOMY (PU3UYECKOMY YCIIOBUIO MOHOTOHHOCTH TOTJIa M TOJBKO TOT/IA, KOT/Ia BBITIOTHSIETCS HEPABEHCTBO

d| r*(8) e)

dt| R (@, 9) (17

1pu Bcex ¢ > 0. DTO HEpaBEHCTBO 3KBUBAJIEHTHO HEPABEHCTBY
or'(2,0)R(¢,0)> (. —1)r* (2,0)

niu ¢ yueroM (9) HepaBEHCTBY

ocZze 1 12( ]tf“ > (o— I)ZGt 29 t/
OTKyAa NoJiydyacM JaJjIcC, UTO 3TO HCPABCHCTBO 3KBHUBAJICHTHO CIICAYIOILICMY

2n
Y pt'>0, t>0
I1=2m

rac

1
b=3 D c;98;,
(@.))e4

rae KodpOUITUSHTBI

j+1 i+l

¢ =a(#+#)—2(a—1)

a CYMMHPOBAHUC UJCT MO MHOXKCCTBY HHIACKCOB
A =4G.j): i+j=1 m<i<am<j<n}

MunumyMm QyHKITUU

Y
f =—+—
(x,y) y+1+x+1
Ha MHOXXECTBE
A,'—{(x,y) x+y=lI, xZO,yZO}
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JIOCTUTAETCS B CHMMETPUYHOM Touke x =y =//2. OTcroaa cieayer, 4To

2

P BCEX (i ,J )e 4, ,tae 2m <1< 2n, 0TKyaa clieyeT, 4To HepaBeHCTBO (11) BeImonHsAeTCA IpH J110-
o6oM ¢ > 0, eciiu BeimostHsIeTcst ycnoBue (13) wmm yciosue (14).

Takum o6pazom, BeimonHenue (13) wnmm (14) sBusercs mocrarounsiM s (11). HerpynHo nanee
BHJICTh, 4TO BbinoHeHUE (13) unu (14) sBisercsa u HeooxonumbiM s (11). JlefictBuTensHO, eciau
m<o.—1, To B coorBercTBUH C (16) k(u)—) oo ipu u —> 0. Eciu oo—1=m=n, 10 pyHkuusa k(u)
SIBJISICTCSI TOXKJECTBEHHOW KOHCTaHTOM. TeM cambiM, BBIMOJHEHUE OnHOTO M3 ycnoBuid (13) wiu (14)
sBisieTcst 1 HeooxomuMbiM utst (11). Teopema mokasana.

Teopema 2. YcnoBue (12) BBIMOTHSAETCS TOTA U TOJIBLKO TOT/IA, KOT/IA BBITIONHSACTCS YCIOBUE
a—-l<m<n

Jloxazamenvcmeo. I1ycTh QyHKIUS HATPY3KH U (t)e U wu Bektop napamerpoB 0 € ©. Torma B coot-
BeTcTBUH C (15), (16) BBITIOTHAETCS] pABEHCTBO

O ecnu m=0o,—1

. 7 — 0 —
k(0)=1Ba

0, eciu m>o—1

1OCJI€ YEro, yYUThIBas, 4To L, € L, J0Ka3aTeNIbCTBO CIEAYET U3 NPEAbIAYILEH TEOPEMBI.

Teopemsl 1, 2 ycTaHaBIMBAIOT YCIOBUS, IPH KOTOPBIX UCIIOIB30BaHUE OTNpe/IeIeHHOTO BhIie B (9), (10)
apaMeTPUYECKOro Kiracca pacipeseseHuii s onenky Gpynkuuu pecypea R (¢) n dyHkuum pacipese-
nenust F (t) =l-exp [—R (t )] B YCJIOBUSIX IEPEMEHHOMN HArpy3Ku u (t) € U sBIAETCSA KOPPEKTHBIM B TOM
CMBICJIE, YTO MoJTyyaeMasi 3aTeM UCXO/Is U3 3TOM OLIEHKHU MOCIeayoIas olleHKa GYHKIIMN KO3PPHUIEeHTa
yekopenus k (1) yaosinetBopsieT HeoOxonuMoMy (GU3UYECKOMy OrpaHHIeHHI0 MOHOTORHOCTH K (1) € M
M, €CIIM 9TO HEOOXOAMMO, JIONIONHUTENbHOMY orpannuennio k(0)=0.

IycTs nanee 6= (@m,...,én) — BEKTOp OIICHOK IapaMeTpOB pacrpeieseHus] BpeMeHU 0e30TKa3zHOM
PaboTHI M3AENNS B YCIOBUAX yCKOPEHHBIX MCIIBITAHMIT PH NepeMeHHOM Harpyske u (t)e U, rae mapa-
MeTpbl m < n BBIOMPAIOTCS HA OCHOBE MpeAbiayux TeopeM 1 , 2. Torma B coorBeTcTBUU C (16) orieHKa
dbyHKMn k03¢ dUIMEeHTa YCKOpEeHHs (perieHrue oOpaTHON 3a/1a4M ) HaXoAuTCs 1o Gpopmyre

E(u)=(ﬁia) r’(t,,9) _(Bia)zéltl(”) Zlizltm(u) (18)

R ot (tu 2 é) I=m I=m

rae t, = t(u)— byHKIIMA, 0OpaTHas K PyHKIIMKM HArpy3KH U (t)
Ipumep 3. llycte 0=2, m=1, n=4 u QyHKUMA Harpy3KU UMEET BUJ U (t)z vt , TO €CTh Harpy3ka

BO3pacTaeT JUHEHHO C TIOCTOSIHHON CKOpOCThiO v > 0. B 3TOM citydae oOpaTHast hyHKIIHS t(u):u /v un
oreHka (18) 3aBucumocTy kKodhHUIeHTa YCKOPEHHUS OT Harpy3Ku UMeeT BUJI, W300pakeHHBIN Ha puc. 1.
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k(u) -

Puc. 1. 3aBucumocTb kK03 duIEeHTa YCKOPEHHS OT HATrPy3KU

3. Moaenb 2 ¢ KO9PPNLMEHTOM YCKOPEHUS

PaccmoTpumM ciydaid, Kor/ia B yCIIOBHSX IMOCTOSHHBIX Harpy30K (GyHKIus pecypca A(Z,u) u QyHKIUS
MHTEHCHUBHOCTH OTKAa30B k(t,u) HUMEIOT BUJL

A(tu)=A(k,t), AM(t,u)=k,Ak,1),

e A(t)= A(t,uy)— dynxuus pecypean A(1)=A(t,uy) = A'(t)— QyHKUMSL MHTEHCHBHOCTH OTKA30B
B YCIIOBHUSIX HEKOTOPOH 0a30Boi (OCTOAHHOI) HAarpys3ku u, . ®ynkius k, = k(u) B 3TOM MOJENH TaK
e, Kak ¥ B IpeAbLAyIIel MoJenu |, UMeeT CMBICH «KOd(pPHUIIMEHTA yCKOPEHHSD TIPU MEPEXOJIE OT OTHON
(TOCTOSIHHOM) HAarpy3KH i, K ApYyTroi (OCTOSHHOM) Harpy3ke u . [Ipu 3ToM B 1aHHOM Mozenu (pakTuuecKu
TIPe/IIoNaraeTcs JNHeHHAs JeTePMUHUPOBaHHas CBsi3b &, =&/ k, Mexmy ciydailHBIMU HapabOTKaMu
€, &y B yCIOBHSIX yKa3aHHBIX MOCTOSHHBIX HATPY30K U , U, . YIIPOIIAOIIIM CBOWCTBOM JAHHOIN MOICIH
TaK e, KaK 1 B IIpebLAyLIei moaenu 1, apnsercs 1o, 4To (hopMa pacipe/iesieHns BpeMeHN 0€30TKa3HOM
pabotsl &, mpu pa3IMYHBIX 3HAYCHUSIX ITOCTOSIHHON HArpy3KH # HMEET OAMHAKOBBIN BHJI M 331aCTCSI
dynkumeii A (¢). BaustHue Harpy3Ky pH 9TOM Y4UTBIBAeTCs depe3 Kod(duument yckoperus (1o ocu
Bpemenn) k (i), KOTOPBIH B 3TOM MOJIETH COOTBETCTBEHHO NMPHOOPETAET MHOH (U3NUECKUH CMBICIL.
(B mpempiywmeii Mozeny Benmumnna k (1) nmeer cMbic kod(QduuMeHTa yCKOPEHHs 10 OCH 3HAYECHUH
(YHKIMF HHTEHCUBHOCTH OTKAa30B WM (DYHKITH pecypca.)

B nanHom ciyuae ¢pynkuus g( R, 1) onpenensieTcs: BBIpaKeHUEM

g(R,u) =A"(R)/k(u),
e A~ (R) — dymximas, obparras k dysximan A (¢). YpasHenwe (3) 7011 TaHHOM MOJIENTH TIPHHIMAET BT
R, = k(u)[A™" (R)], (19)
rae u, = u(t)— ¢Qynkuus Harpysku. U3 (19) nanee cnenyer

TL:

AT [y

0 0
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OTkyza rnocie 3aMeHbl IEPEMEHHBIX z = A (z‘) IOIy4aeM
t
R()=A| [k(u.)dz
0

[Mocne yero QpyHKIMS HAJEKHOCTH B YCIOBHSAX NMEPEMEHHOW HArpy3KH ONpENeNsieTcs Kak
P(t)=exp [—R (t)] . DTO e BhIpakeHHE IS TaHHOU Mojieu Obuto nosryueHo Kokcom u Oykcom B [3],
MCXO/I HEMIOCPEICTBEHHO U3 YKa3aHHOM BBIIIE TMHEWHOW CBSA3M MEXIY HapaOOTKaMH (COOTHOIICHHEM
macmraba) &, =&, /k, . B 3ToM gacTHOM citydae moydeHHbIE Bblie ypaBHeHHs (2), (3) maroT OTBer,
COBIAJAIONIHH ¢ perieHreM [3], HoIy4eHHBIM UCXOs U3 IPYTHX COOOPaXKCHUH.

4. O6waa mopenb ¢ KO3PPNUNEHTOM YCKOPEHUS
Ilycte

At,u)=A@, k,), AM(t,u)= A, k,) (20)

e A(t,k)= A; (t,k). Pacnpenencue BpeMeHn Ge30TKa3HOI PaGOTbI B JAHHON MOJENH 3aBHCUT
oT Harpy3ku 4epes napamerp k, =k (i), KOTOpbIif aHAIOTUYHO IPEABIAYLIMM MOLEIISIM UMEET CMbICII
«x03(unmenTa yckopeHus» B 3aBUCUMOCTH OT TOTO MJIM MHOTO 3HaueHus Harpysku. (Ilpeapiayimue
Mozienu 1 U 2, O4eBUAHO, SBISIOTCS YaCTHBIMU CIy4assMU JaHHOW MOJIeNH.) YKa3aHHas BbIllle OOpaTHas
3a7a4a B 3TOM ClIyd4ae CBOAUTCS K ONPENEICHHUIO 3aBUCUMOCTH K (1) 110 pe3ynbraram yCKOPEHHBIX HC-
IBITAHUH B YCIOBUAX MEPEMEHHON HArpy3ku u (f).

VYpaBHenue (2) a1 JTaHHON MOJIEIH MOXKET ObITh 3aITUCaHO B BHJIE

r(t)=rlo, . k()] 21)

rae B KaJbli TeKymui MOMEHT BpeMeHH ¢t >0 BenuuuHa ©,= g (R,,u,) ompenensercs U3
ypaBHEHUs

Ao, k(u)]=R(). (22)

Ilyctb u, =u (t), ¢t 2 0 —3ananHas QpyHKIMS Harpy3ku u N = {u u=u (t) ,0<t<T } — MHOXECTBO
BCex 3HaueHuii GyHkuuy u (1) Ha oTpeske Bpemenn 0 <¢ <7, rae 7 — MOMEHT 3aBEPIICHNS HCIIBITAHHI
B YCJIOBHSIX IepeMeHHO Harpy3ku u (7). Ilycts QyHkuust Harpysku u (f) MeeT HelPEepBIBHY O IPOU3BO-
JHYIO M CTPOTO MOHOTOHHO Bo3pacTaeT Haotpe3ke 0 <t <T , u (0) = (0, mpu 3TOM MHOXECTBO N = [0 ,d ],
rne d =u(T). U mycts R(f)— crarncruueckas oLeHKa GyHKIME pecypea 10 Pe3yJIbTaTaM UCIIbITaHui B
yenosusix Harpysku u () ur(t)= R (¢)— coorBercTByOMmAs OLEHKA (DyHKLIME HHTEHCHBHOCTH OTKA30B.
W3 ypaBHenuii (21) , (22) mocie 3aMeHbI IEPEMEHHBIX U = U (t) MOJTy4aeM Jajiee, 4To pereHre o0paTHoi
3agaun — (yHKIUs koddduuuenra yckopenus k,, =k(u) OINPEAEIAETCS U3 CUCTEMBI YpPaBHEHUIN

A(o.k)= r(z,) (23)

A(o.k)=R(1,) (24)
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OTHOCHTEIIBHO aphbl (G,k) npu KaxaoM u € N . [locne yero ¢pyHKIUS HAIEKHOCTH B YCIOBUSIX T10-
CTOSIHHBIX HArpy30K OIPEIENsIeTCs KaK

P(t,u) =exp [—A(Z,ku)], ueNn.

Cucrema ypaBaenutii (23), (24) mo3Bosisiet, TakuM 00pa3oM, HAXOAHUTH pelieHre 00paTHOM 3a1auu JIst
obmieit momenu (22) ¢ Ko3PPUITUEHTOM YCKOPEHUSI.

IIpumep 4. JIns paccMOTpeHHOH BbIlIe MozaeH 2 (¢ k03(h(HUIIMEHTOM YCKOPEHHS IO OCH BPEMEHH)

byHkms pecypca A (t, k, ): A (kut) ¥ (PyHKIMS HHTEHCUBHOCTH 0TKa30B A(Z, k) = k, A(k,?). Cucrema
ypaBHeHul (23), (24) B 3TOM cily4ae NpUHUMAET BUJI

kA (ko)= r(z,), A(ko)=R(,)

OTKY/Ia CIIEAYeT BbIpakeHUe I Kod((HUIIEHTa YCKOPEHHUS

__ )
k)= IR}

YTO JIaeT peleHne 00paTHOM 3a/1auu 7Sl TaHHON MOJIEIIH.

Takum 06pa3oM, oTydeHHBIC BbITIe ypaBHEHUS (2), (3), (23), (24) MO3BOJISIOT OIICHUTH PACIpeicIiCHIE
BpEMEHH 0€30TKa3HOUW pabOThl M XapaKTEPUCTUKU HAJICKHOCTH B YCIOBUSX MPOU3BOIBHBIX KYCOUHO-
HEMPEePHIBHBIX (YHKIUH HArpy3Kd HA OCHOBE M3BECTHBIX XapPAKTEPUCTUK B YCIOBHUSIX IMOCTOSHHBIX
Harpy3ok. Kpome Toro, 3Tu ypaBHEHUS O3BOJISIOT PelIaTh U OOPATHYIO 3a/1a4y — OIICHUTH [TOKA3aTeNIn
HAJIC’KHOCTH B YCJIOBHSIX MOCTOSIHHBIX Harpy30K IO Pe3yJbTaTaM YCKOPEHHBIX UCIIBITAHUN B YCIOBUAX
MepeMEHHO MOHOTOHHO BO3PACTAIOIIEH HArPy3KH, YTO SBJISIETCS OTHOM U3 OCHOBHBIX 33/1a4 YCKOPEHHBIX
UCIIBITAaHUN. 3aMETUM TAKXKe, YTO CYIIECTBEHHBIN MHTEPEC C TOYKU 3PEHUS MPUIIOKESHUHN MPEICTABISAET
JanbHelIee 0000IIeHNEe TPUBEICHHBIX PE3YJIBTATOB Ha OoJiee 001Ire, B TOM YHCIIE HEMapaMeTpHIECKHe
MOJIEJH, a TAKXKe MOCTPOEHUE TAPAHTUPOBAHHBIX (JIOBEPUTEIBHBIX) OLICHOK JIJISl TIOKa3aTesleil Ha/lexK-
HOCTH 10 pe3yJIbTaTaM yCKOPEHHBIX UCIIBITAaHUH.
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Structural reliability. The theory and practice

PaviovI.V.

ESTIMATION OF RELIABILITY FOR A MODEL
OF ACCELERATED TESTING UNDER VARIABLE LOAD

The paper considers two interrelated problems: 1. Based on known characteristics of reliability under the
conditions of constant load, how to find these characteristics for the case of arbitrary piecewise continuous
functions of load. 2. The inverse problem consists in how to estimate the reliability parameters of a product
under the conditions of constant loads, including those for small loads which correspond to normal modes,
based on accelerated testing with variable (monotonically increasing) loads.

Keywords: reliability, variable mode, function of variable load, failure rate, resource function, accelerated
testing.

Estimation of reliability under the conditions of variable load

Estimation of reliability parameters of systems operating in variable modes under the impact of
one or several variable factors (load, temperature etc) is one of the vital problems of the reliability
theory. Also, in applied terms a very important problem is the reverse one, that is, based on acceler-
ated testing with variable (for example, monotonically increasing) loads, to estimate the reliability
parameters of a product under the conditions of constant loads, including those for small and me-
dium loads corresponding to “normal modes” (which itself is one of the major tasks of accelerated
testing).

Let u (¢) be load influencing a system at the instant of time ¢ > 0 (note that, generally speaking, the load
u (¢) can mean any variable factor influencing a system at the instant of time ¢ and affecting its reliabil-
ity), F(¢, u) function of failure-free operation time distribution, f(z, u ) respective density of distribution,
P(t,u)=1-F(t, u ) function of reliability and A(¢,u )= f(¢,u)/P (t,u) function of system failure rate under
the conditions of constant load u(¢) = u. Denote also as

A(t,u)= [Mzu)dz
0

function of resource [1] (key function or risk function according to the terminology [2], [3]) under the
conditions of constant load u (f)=u .
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Considered further is how, based on the abovementioned reliability parameters under the conditions
of constant loads u(#) = u>0, to find these parameters for the case of an arbitrary variable function of load
u (1) among sufficiently wide applications of the class of functions.

Suppose further that u (¢) is a piecewise continuous function, continuous from the right at # >0 and
having a limit from the left at each point 70 , u (£)>0 with 70, function A(¢,<) is continuous at =20, u
> 0 and A(¢,u )>0 with >0, u>0. Denote as g( R, «) the function inverse of the function A(t,u) for
the first argument ¢ with the fixed value of u .

Consider the process [u(?), r(¢), R ()], where u (¢) is a specified function of load, r(¢)is a function of
failure rate, and

R(t)zjr(y)dy (1)

is a resource function for the given function of load u(?), ¢ = 0. The value of R (t) consistent with
Equation (1) can be interpreted as the function of failure rate accumulated before the moment ¢ . Another
interpretation related to this and apparently suggested for the first time in [4] is that the quantity R(t)
characterizes the resource of a product used up before the moment of time ¢ (if there has not been any
failure before the moment ¢ yet).

At the given current moment of time # >0 an object is under the load u (¢). Taking into account that
the function of resource accumulated by this moment is equal to R(¢), the process of R (r) further ac-
cumulation at the moment of time ¢, according to its specified physical interpretation, has to start from
the moment 6, =g [R (t), u(t) ], for which the function of resource accumulated on the interval (0, 7 ) in
constant load mode equal to u (7) is identical to the value of R (t) Thus, the value of the function of failure
rate r (t) at the given current moment of time ¢ under the conditions of variable load shall be equal to

r(t):k[g(Rt’ut)’ut] (2)

(hereinafter we shall use the abridged notation R, =R (t), u, =u(t)). From (2), considering that
r(t)=R'(t), we have a differential equation to define the function of resource R, = R (¢) under the condi-
tions of variable load function u, = u(t)

R =\Ig(R,u),u,] 3)

with the initial condition R(O): 0. Whereupon the corresponding function of reliability under the
conditions of variable load u, = u(t) is defined as P(¢) = exp[—R (t)] .

Note that the hereinafter used universal interpretation of R(t) as a function of accumulation of
used-up resource is surely not evident in all cases, all the more so in relation to objects of different
physical nature. Yet, statistical inferences derived owing to this interpretation have quite a natural
qualitative character and can serve at least a good preliminary model to solve the problems speci-
fied above.

Let us consider special cases and consequences of Equations (2), (3). In the most simple special case
when the function of load u(#) is piecewise continuous, these equations provide a solution identical to
the solution known earlier [4], [5] for piecewise constant modes.
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Example 1. (Exponential model) Let us consider a special case when the function of failure rate A (t, u)
in each constant mode (i.e. under constant load u (¢) = u) depends on the value of load but does not depend
on the time ¢, that is

k(t,u)=7u(u) 4)

for anyu =0, t 2 0. In other words, in each constant mode under constant load u (f)=u the time of
failure-free operation has an exponential distribution with A = K(u) parameter. In this case, Equations
(2), (3) lead to

r(t)= Mu,) (5)

1.e. in this case the function of failure rate under the conditions of variable load is calculated by means
of a simple substitution of the load function u, = u(#) in the function of failure rate for the case of con-
stant loads (4) for u.

In the general case, the similar quantity 7 (t) = M(t,u,), which is calculated via substitution of u, in the
function A (t,u) for the second argument u , shall be named as a simplified estimation for the function
of failure rate 7 (¢) under the conditions of variable load u, =u (7). In the exponential model this simpli-
fied estimation provides an accurate solution (5). In the general case such estimation is inaccurate as it
does not take into account the resource already used up by the moment of time ¢. However, for some
natural conditions of monotony, namely if the function of load u () monotonically increases with ¢, and
the function of failure rate A (t, u) monotonically increases with ¢ and with u , the simplified estimation
7(¢)=Mt,u,) provides an upper estimation for the function of failure rate 7 (¢) under the conditions of
variable load u (¢). Which is analogous to the results known earlier (for constant modes) [2], [6] — [12],
for distributions with an increasing function of failure rate.

Example 2. (Weibull model) Let Mt,u ) =cut , A(t,u)= cut® /2, wherec > 0 is a constant, i.e. under the
conditions of constant loads the time of system failure-free operation has a Weibull-Gnedenko distribution
with the form parameter o =2, and with the function of failure rate proportional to the load imposed on
a system. Let u () = vt , where the function of load monotonically increases with the permanent velocity
v>0. In this case g (R,,ut )= \J2R, / (cu,) , and Equation (3)

R, = \2cu,R, = \2cvR,
looks like
R(t)=(219) cvt’, r(t)= (2/3)cve’.
That is, under the conditions of a variable load monotonically increasing with the constant velocity u
(f) = vt , the time of failure-free operation has a Weibull-Gnedenko distribution with the form parameter
o. = 3. The simplified estimation of failure rate under the conditions of variable load in this case looks

like 7(t)=Mt,u,) = cu,t = cevt®

Equations (2), (3) presented above, therefore, allow us to find a distribution of the time of failure-free
operation and reliability parameters of a product under the conditions of the arbitrary piecewise continu-
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ous variable function of load u (t), if the parameters under the conditions of constant loads are known.
Consider further the inverse task, that is, using these equations, how to estimate reliability parameters
under the conditions of constant loads on the basis of accelerated testing under the conditions of variable
(monotonically increasing) load.

Model 1 with acceleration factor

Let, under the conditions of constant loads, i.e. with u (/)= u , the function of resource A (¢,u) and the
function of failure rate k(t,u) look like

A(tu)=k(u)A@) , A(t,u)=k()A()

where A (t) = A(t,u,) is the function of resource, and A (t) = A(t,u,) is the function of failure rate under
the conditions of some (constant) basic load u . In this model the form of distribution of the failure-free
operation time for different values of constant load u (f)=u looks the same and is defined by the func-
tion A (t), and the impact of load is taken into account through “acceleration factor” k(u) In this case
the main task is to define the relation between the acceleration factor k (u) and the value of load >0
following the results of accelerated testing.

The function g(R,u) in this case is defined by the expression g(R,u) = A™'[R/k(u)], where
A (z)is the function inverse of the function A (t) Equation (4) for this model appears to be

- i R
Rt—k(ut)k|:A (k(u[))] (6)

where u, =u(¢) is the function of load. Consider the case wherein
A(t)=Bt*, A(t)=oapt*,

i.e. the time of failure-free operation under the conditions of constant loads has the Weibull-Gnedenko
suggesting further that the form parameter is o =1, that is, the function of failure rate k(t) increases
monotonically which is a natural physical assumption for most of technical systems. Equation (6) in this
case writes as follows

o-—1
o

R = ocﬁ%x k%(u,)R, (7

whence
R(1)= B[Jk%‘ (u, )dzjl (8)
0

Then the function of reliability under the conditions of variable load u, =u (t) is defined as P(¢)=
exp[—R (t)] .
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These formulas allow us to find the distribution of the time of a product’s failure-free operation under
the conditions of variable load if the dependence of the acceleration factor k(u) is known in relation
to load. Consider the inverse task when the function k(u) is unknown, and one has to estimate it upon
results of accelerated testing with a variable, monotonically increasing load.

Generally speaking, the form and appearance of the distribution of the time of failure-free operation
under the conditions of variable load can be significantly different from those of this distribution under
the conditions of constant load, and can substantially depend on the velocity of load increase, and in
the general case on the type of the load u (t) Therefore, a class of distributions that serves a basis for
estimating parameters under the conditions of variable load, shall be broader compared to the used class
of distributions for the case of constant load (in this case compared to the class of Weibull-Gnedenko
distributions).

Obviously, the acceleration factor k (u) shall increase monotonically as the load u increases. Hence,
we shall further use the class M of all functions of the acceleration factor k(u) satisfying this natural
physical limitation. For precision, denote as M the class of all the functions k (u) >0 continuous at u >0
with the continuous derivative k '(u)>0 forall u >0, for u > 0. Also, introduce the class U of all the
continuous functions of load u(t)=0, >0 with the continuous derivative u'(¢) for all >0 and such
that u(0)=0, u'(¢)>0 for 1>0.

For this fixed function of load u(t)e U , introduce further the L class of all the solutions R, = R(r)
for Equation (7) generated by the above M class of functions k (u). In other words, L is a class of all
functions of resource belonging to type (8) for different possible functions of the acceleration factor
k(u) of the M class.

Note that in some situations it is evident beforehand that in absence of load the condition k (0) =0 shall
be satisfied (for example, in absence of load, a product is switched off and cannot failure in this state).
In order to take into account these situations, introduce the subclass M, c M of all M functions k (1)
meeting the supplementary condition k (0)=0.

For this fixed function of load u (t)€ U , introduce further the subclass L, < L of all solutions of Equa-
tion (7) generated by the M|, class, in other words, L, is a class of all functions of resource belonging
to type (8) for different possible functions of the acceleration factor k (u) of the M class and such that
k(0)=0.

(lee L class of functions of resource R(r), therefore, assigns different possible distributions of the
time of a product’s failure-free operation for the given function of load u (t)e U . Correspondingly, the
L, class assigns the same distributions under the conditions of the load function u (t) e U , with the sup-
plementary condition k(0)=0.

For approximation of the function of failure rate r(¢) and the function of resource R (¢), for distribution
of mean time to failure under the conditions of variable load u (t)e U , we shall further use a parametric
class of the above functions looking like

n n e
r(,0)=Y o, R(t6)=Y —"0ecO )
I=m] I=m [+1
where m<n, 0= (Gm, 0,415+ 6,,) is the vector of parameters taking on values out of the set
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0=16:0,20,/=m,..n}

The appropriate parametric class of distribution functions for approximation of the distribution of
failure-free operation time under the conditions of variable load u (t)e U looks like

F(t,0)=1-exp[-R(.0)].6€© (10)

Note that for any distribution of this class, the function of failure rate » (t, 9) increases monotonically
at ¢, this being a natural physical limitation.

Also, taking into account the above condition of monotony of the function k(u) , the condition shall
be satisfied

R(t,0)e L forany 6€© (11)

In other words, for the solution of the inverse task to be the function of the acceleration factor k (u)
increasing monotonically at u, it is required that the condition (11) should be satisfied. If the supple-
mentary limitation k (O) =0, is used in relation to the acceleration factor, then correspondingly a stricter
condition should be satisfied

R(t,0)e L forany 6€© (12)

where L ,L, are the above classes of resource functions for the time of failure-free operation under
the conditions of variable functions of load u (t)e U , for which, in case of solving the inverse problem,
a required physical limitation of monotony is automatically satisfied for the function of the acceleration

factor k (u).

Theorem 1. The condition (11) is satisfied if and only if one of the following two conditions is ful-
filled

a-l=m<n (13)
a-l<m<n (14)

Proof. Let the function of load u (t)e U and the vector of parameters 0 € ® . Then, for the given func-
tion of resource R (t,G), in compliance with (7), for any ¢ > 0, the equation is satisfied

1 r*(t,0)
k(u)=|— ) 15
) (Ba )R‘“(t,e) >
whence, taking into account that the function u, = u(#) increases strictly monotonically at £ >0,
1 r*(t,,0)
k(u)=|-— L 16
«) (B“ )R‘“(tu,e) o
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where ¢, =1(u) is the function inverse of the function of load u(t)e U . Under these conditions the
inverse function 7 () exists and is continuous for all u >0, with the derivative ¢'(u)>0, u>0 con-
tinuous at u# > 0. Hence, the defined in (16) function of the acceleration actor (solution of the inverse
problem) is k (u) € M , i.e. it satisfies the main condition of monotony specified above if and only if the

equation is fulfilled
r(e) e) (a7
& R“IQO)

for all > 0. The equation is equivalent to the inequality
or'(t,0)R (1,0)> (. —1)r* (¢,0)

or, considering (9), to the inequality

Zzetl 12( ) > (o- 1)Zer 29 t
whence this inequation is equivalent to the following one

2n
Y bt' >0, t>0
[=2m
where

chjl]’

2 i e
where the coefficients are

I J
¢ =0 +———|-2(a-1
v ( Jj+1 i+ 1) (@=1)
and the summation is done through a set of indices
A4 ={G.j): i+j=1 m<i<nm<j<n}
The minimum function

y
f - 4+ 2
(xy) y+1 x+1

at the set

A}z{(x,y): x+y=I, xZO,yZO}

is reached at the symmetrical point x =y =1//2. Hence,
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2
;2| ——=[(/+2-2a
v ( 1+2 ) ( )

forall (i,j)e 4, ,where 2m <1< 2n, hence, Inequality (17) is fulfilled with any ¢ > 0, if the condition
(13) or the condition (14) is satisfied.

Therefore, satisfaction of (13) or (14) is sufficient for (11). We can easily see further that satisfaction
of (13) or (14) is also necessary for (11). Indeed, if m < o.—1, then, according to (16), k(u)—> e for
u—0.If oo—1=m = n, then the function k (u) is an identical constant. Thus, satisfaction of one of the
conditions (13) or (14) is also necessary for (11). The theorem is proven.

Theorem 2. The condition (12) is satisfied if and only if the condition is fulfilled

oa—-1<m<n

Proof. Let the function of load be u (t)e U and the vector of parameters be 0 € ® . Then, following
(15), (16), the Equation is satisfied

0

_m’ 1 — _1
k©)=1{pa 7 "7

0, if m>ao—1

then, considering that L, € L, the proof ensues from the previous theorem.

Theorems 1, 2 set conditions, for which the use of the parametric class of distributions defined above
in (9), (10) to estimate the function of resource (¢ ) and the function of distribution F (¢)=1-exp [—R (¢ )]
under the conditions of variable load u (t) e U is correct in that the resulting estimation of the acceleration
factor k () based on this estimation satisfies the necessary physical limitation of monotony k (u)e M ,
and, if need, the supplementary limitation k (0)=0

Let further 6 = (@m .CE ) be the vector of estimations of parameters as to distribution of the time of a
product’s failure-free operation under the conditions of accelerated testing with variable load u (t)e U.
Where the parameters m < n are chosen on the basis of the previous theorems 1, 2. Then, in compliance
with (16), the estimation of the function of the acceleration factor (solution of the inverse problem) is
found by using the formula

E(u)=(ﬁia) r’(t,,9) _(Bia)zéltl(”) Zlizltm(u) (18)

R ot (tu > é) I=m I=m

where 7, = #(u) is the function inverse of the function of load u (r).
Example 3. Let a.=2, m=1, n =4 and the function of load look like u (t)= vt , i.e. the load increases

linearly with the constant velocity v > 0. In this case the inverse function t(u) =u /v and the estimation
(18) of the relation between an acceleration factor and load looks like in Fig. 1.
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k(u) T

u
Fig.1. Relation between acceleration factor and load

3. Model 2 with acceleration factor

Consider the case when under the conditions of constant loads, the function of resource A(#,u) and
the function of failure rate A (¢,u) look like

A(tu)=A(k,t), AMtu)=k,Ak,1),

where A (7)= A(t,u,) resource function, and A(f)=A(z,uy) = A'(¢) is function of failure rate under
the conditions of some basic (constant) load u, . The function k, =k («) in this model as in the previous
model 1 means “acceleration factor” when moving from one (constant) load u,, to another (constant) load
u . This said, the model actually assumes a linear deterministic relation §, = &, / k,, between random times
to failure §,, &, under the conditions of the above constant loads u, u, . Simplification to this model as
to the previous model 1 is that the form of distribution of failure-free operation &, for different values of
(constant) load u looks identical and is defined by the function A (t) the impact of load in this case is
taken into account through the acceleration factor (on time axis) k (), which in this model accordingly
takes on some other physical meaning. (In the previous model the quantity k (u) has the meaning of the
acceleration factor on the axis of values of the function of failure rate or the function of resource.)

In this case the function g( R, u) is defined by the expression
g(R,u)=A"(R)/k(u)
where A™'(R) is the function inverse of the function A (¢). Equation (3) for this model looks like
R =k(u)L[A™ (R)], (19)
where u, = u(t) is the function of load. From (19),

AT jk(uz)dz

0 0
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Whence, after the substitution of variables z= A (¢),

R (t): A [j.k(uz )dz)

Following this, the function of reliability under the conditions of variable load is defined as
P(t)=exp [—R (t)] . This expression for this model was derived by Cox and Oakes in [3], directly based
on the above linear relation between mean times to failure (scale correlation) &, =&, /k,, . In this par-
ticular case the above equations (2), (3) provide an answer matching the solution [3] derived using some
other considerations.

4. General model with acceleration factor
Let

A(tu)=A@,k,) , AMtu)= A, k,) (20)

where A (t,u): A't (t,u). Distribution of the time of failure-free operation in this model depends on
the load through the parameter k, =k (u), which as in the previous models has the meaning of “accelera-
tion factor” depending on the value of load. (The previous models 1 and 2 are obviously specific case of
this model.) In this case the inverse problem specified above is restricted to the definition of dependency
k () upon results of accelerated testing under the conditions of variable load u (7).

Equation (2) for this model can be written this way

r(t)=A[o, k()] (21)

where at each current moment of time # > 0 the value ¢, = g(R,,u, ) is calculated by the equation

Al o, k(u,)]=R() (22)

Let u, =u(t), 20 be the specified function of load and N = {u cu=u(t), 0<r< T} is a set of all
values of the function u (t)on the time interval 0 <7 <7, where T is the moment of completion of the
testing under the conditions of variable load u (7). Let the function of load u (¢) have a continuous de-
rivative and increase strictly monotonically on the interval 0<t <7, u (O) =0, with the set N = [O ,d ] ,
where d =u(T). And let R(¢) be the statistical estimation of the function of resource upon results of
resting under the conditions of load u (t), and r(t)z R '(t) be the corresponding estimation of the func-
tion of failure rate. Using Equations (21), (22), after substitution of the variables u =u (t), the solution
of the inverse problem — the function of the acceleration factor k, =k (u) — is then defined using the
system of equations

A(o.k)=r(t,) (23)

A(o,k)=R(t,) (24)
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in relation to the pair (G,k), for each u € N . After that the function of reliability under the conditions
of constant loads is defined as

P(t,u)=exp [A - (t,ku)], ueN

The system of Equations (23), (24), therefore, allows us to find a solution of the inverse problem for
the general model (22) with acceleration factor.

Example 4. For model 2 considered above (with acceleration factor), the function of resource is
A(t, ku): A(kut), and the function of failure rate is A(z,k,)= k,A(k,?). The system of Equations
(23), (24) in this case looks like

kA (ko)=7r(t,), Ako)=R(z,)

whence the expression for acceleration factor is

__ @)
k(u)— X{A_l [R(tu)]}

this providing a solution of the inverse problem for this model.

Therefore, Equations (2), (3), (23), (24) derived above allow us to estimate the time distribution
of failure-free operation and reliability parameters under the conditions of the arbitrary piecewise
continuous function of load based on known parameters under the conditions of constant loads.
Also, these equations allow us to solve the inverse problem as well, i.e. to estimate reliability
parameters under the conditions of constant loads upon results of accelerated testing under the
conditions of a variable, monotonically increasing load, and this being one of the key tasks of
accelerated testing. Note also that in terms of applications it can be very interesting to further
generalize the presented results to more general models, including nonparametric ones, as well
as to construct guaranteed (confident) evaluations for reliability parameters based on the results
of accelerated testing.
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CTpyKTypHasa HaaeXHOCTb. Teopus v NpakTuka

BacuH B.A., MBawoB E.H., Ctenan4yunkos C.B.

HALE)XHOCTb NbE3OCKAHEPOB B 30HA0BOW
MUKPOCKOMNUH

B cratbe paccmMoTpeHbl BOMNpPOChl HAAEXHOCTU CUCTEM M3 MHOIOQYHKLUMOHAIbHbIX Mbe30MOAY/1EN, KOTopasi
3aBUCUT OT CUCTEMbI aBTOMAarn4eckoro yrpasJ/ieHus be30ockaHepamMmuy B LiesI0OM (U OTAEJ/IbHbIMU Mbe30MO-
AynsMu), a TaKkxke OT HaAEXHOCTH paboTbl camux Mbe30MOAYJIEN, B KOTOPbIX peannsdyercs npeobpasosa-
HUE 3JIEKTPUHECKON SHEPIrun B MEXAHNYECKYIO.

KnrouyeBbie cnoBa: ckaHupyioLlas 30HA0Bas MUKPOCKOMNUS, MHOMOQYHKLUMOHAbHbIA Mbe@30MOAY b, Ha-
JEXHOCTb NMbe30CKkaHepa, BepossTHOCTb 6e30Tka3HOM paboThl, OTHOCUTE/IbHAS MOrPeLIHOCTb.

OCHOBHBIM 3JIEMEHTOM CKaHMPYIOIIUX 30HA0BBIX MUKpocKonoB (C3M), KoTopblii u obecriednBaeT
BO3MOYKHOCTH paboThl MpUOOpa B peKUMax aTOMHBIX pa3pelIeHni, sBisgeTcs ckaHep (IIbe30/IBUraTeb).
CkaHep U3roTaBIMBAIOT U3 MOJUKPUCTAIITNIECKUX MTH330JIEKTPUYECKUX MaTepHalioB, KOTOPbIE C OAHON
CTOPOHBI 00€CTIEYNBAIOT BHICOKYIO KECTKOCTh KOHCTPYKIIUH, a C APYTON — BOZMOYKHOCTb [€pEMEIIEHUs
Ha BEChMa MaJlble pacCTOSHUS, BIUIOTH /10 €AUHUI] TUKOMETPOB.

Kpowme toro, coBpemennoe cocrostnue C3M TakoBO, UTO BO3HUKJIA HEOOXOIUMOCTD epexo/ia OT YHCTO
KaueCTBEHHBIX U3MEPEHUIN MOBEPXHOCTHBIX CTPYKTYP K KOJMUECTBEHHBIM, METPOJIOTUYECKH BHIBEPEH-
HBIM U3MEpPEHUSIM, UTO TpeOyeT yriTyOIeHHOTO U3yUeHHsI TOBEACHUSI Mbe30KePaMUYECKUX MaTepUaoB,
HCIIOJIb3YEMBIX ISl U3TOTOBJIEHUS CKaHEPOB, pa3pabOTKU METOAOB MPEIM3UOHHBIX U3MEpPEHUl U Me-
TPOJIOTUYECKOM aTTecTallii U KOpPpPEeKLUHU Mbe3ockaHepoB. [Ipuuem amns npouenyp autorpaduu HeoO-
XOJIUMBbI CKaHEPBhI C OPTOTOHAJIBHOCTHIO B IUIOCKOCTH Ha YPOBHE JIyUIlIe IE€CIThIX A0Jel nporeHTa. Eciaun
HEOPTOTOHAIBHOCTD B IIOCKOCTH €I11€ AOMYCTUMO UCIIPABIISATH METOJIaMU ITPOTPAMMHOM KOPPEKIIUH, TO
HEOPTOTOHAIBHOCTh B INIOCKOCTU OCHU Z, KOTOpPasi B HEKOPPEKTUPOBAHHOM KepaMUKe MOXKET JOCTUTaTh
JIECATKOB I'PalyCcOB, HEJIOIMYCTUMA, TaK KaK IPUBOAUT K TOMY, UYTO HHU3Kasi OOKOBas 4acTOTa CKaHEepa Ha-
YUHAET OBITh CYIIECTBEHHOM 1715l pabOThI NETIU 00paTHOM CBSI3U, UTO 3HAUUTEIHHO CHMU)KAET KAY€CTBO
paboTel mpudopa.

HmenHo 3TH 006CTOSITENHCTBA IPUBEIU K HEOOXOIMMOCTH YITyOJIEHHOTO U3Y4YeHHsI CBOWCTB CKaHepa
U pa3pabOTKU TEXHOJIOTUH, X KOPPEKIIUHU Ha (PU3MUECKOM YPOBHE.

[IpakTruecku Bo Bcex C3M nbe3031eKTpUYECKU CKaHEP UCIIOIb3YETCs KaK OU€Hb TOHKOE MO3HUIIHO-
HUPYIOLIEE YCTPOUCTBO I TOTO YTOOBI TEPEMEILATh 30H1 OTHOCUTEIBHO 00pa3ia min o0pas3er OTHOCH-
TenbHO 30H1a. CkaHep o0ecrieunBaeT 1Ba HE3aBUCUMBIX JIBUKEHHSI: CKAHUPOBAHUE BJIOJIb IIOBEPXHOCTH
oOpa3ua (B miuockoctu XY) U nepeMelieHue B HalpaBiIeHUH MEPHEeHIUKYIIPHOM K MOBEPXHOCTHU (TI0

ocu Z) [1].
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CKaHep 30HA0OBOI'0 MHUKPOCKOIIA IIEPEMCIIACT 30H OTHOCUTCIIBHO 06pa3ua 110 TUIly paCTpOBOﬁ Kap-
THUHBI KaK ITOKa3aHO Ha pUC. 1.

T_'_°_'_°_'_'_’_'_'dmmu
T—o—o—o—o—o—o—o—o—b
T—o—o—o—o—o—o—o—o—.
T—H—o—o—o—o—o—o—t
T—o—o—o—o—o—o—o—o—&
T—o—o—t—o—o—o—o—‘—i
T—o—o—o—o—o—o—o—o—i
T—o—o—o—o—o—o—o—o—é

T—o—o—o—o—o—o—o—o—&
CTapT o—o—o—o—o—o—o—x—T—é

1 f MIar CKaHEpOoEaHHA

-

HAaIf @B EHHE MEOJIE HHO

CEaHHBroBEaHHA

HANpABTEHIE bECTpOTD
CKaHHUp OBaHHA

Puc. 1. /Imwxkenue ckanepa C3M B miockoctr (X, Y). Toukamu nokazansl Mecta cOopa nHpopManuu

CkaHep IBYIKETCSI BIOJIb TIEPBOM JIMHUU CKaHa M 00OpaTHO. 3aTeM OH CMEIIAeTCs Ha mar B epIeH-
TUKYJISIPHOM HAIPABJICHUH Ha CIEAYIONIYIO JTMHUIO CKAHUPOBAHUS, IBIKETCS BIOJIL HEe U 00paTHO,
3aTeM CMEIAETCsl Ha TPETHIO JIMHUIO U TaKUM oOpa3oM nasnblie. [IyTh oTiuyaercs oT TpaauImOHHON
pacTpoBOM KapTUHBI TEM, YTO YEPEAYIOIIUECS JIMHUU JAHHBIX U3MEPSIEMbIX CUTHAJIOB HE OepyTcs B
oOpaTHBIX HaNpaBlIeHUAX. M3mMepsieMble TaHHBIC TPU CKAHUPOBAHUH COOMPAIOTCS TOJIBKO B OJTHOM Ha-
MIpaBJICHUH, OOBIYHO HA3BIBAEMOM HAIPABIEHUEM OBICTPOTO CKAHUPOBAHUS, YTOOBI MUHUMHU3UPOBATH
OIMOKY pETUCTPAIUHU, KOTOPbIE BOZHUKAIOT U3-3a TUCTEpE3nca ckanepa. [lepneHiukyasipHoe HanpaB-
JIEHHE, B KOTOPOM CKaHep MepPEeMEIIAeTCs OT IMHUU K TUHUU, HA3bIBAETCS HAMPABICHUEM MEJIJIEHHOTO
CKaHupoBaHus [2].

IToxa ckaHep JBMKETCS BAOJIb IMHUH CKAHUPOBAHUSL, TaHHBIE N300pakeHMs OLM()POBBIBAIOTCS Uepes3
OZMHAKOBO PACIOJIOKEHHBIE MHTEPBAJIbL. JIaHHBIMU SIBJISIETCS BHICOTA CKaHEpa 10 HANpaBICHHUIO Z s
peKuMa MOCTOSTHHOM CHJTBI MITH PEXKMMA ITOCTOSTHHOTO TOKA. J[J1st pesknMa MOCTOSTHHOM BBICOTHI JAHHBIMU
SIBIISTIOTCSI OTKJIOHEHUS! KAHTUJIEBEPA WM TYHHEJIBHBINA TOK.

ITpomexyTok MeX Ty TOUKaMH JaHHBIX HAa3bIBAETCS IIarOM CKaHUPOBaHMs. Pazmep 1mara onpenensercs
MIOJTHBIM pa3MepOM CKaHHPOBAHUS M YUCIIOM TOYEK JaHHBIX Ha O/IHY JIMHHIO. B THIMYHOM CKaHUPYIOIIEM
30HJI0BOM MHUKPOCKOIE pa3Mepbl ckaHa n3MeHsaoTcs ot 10 anrctpem no 100 mukpon u ot 64 no 1000
TOYEK JTaHHBIX Ha JuHHI0. Hexoropelie cucteMbl umeroT 3000 TOukM TaHHBIX Ha JUHUIO. YKCa0 TuHUR
yCTaHABJIMBAETCS OOBIYHO PAaBHBIM YUCITy TOUEK HA TMHUH. Takum 00pa3om, uieaabHas yCTaHOBKA JIaH-
HBIX COOTBETCTBYET KBaJIpaTHOM CETKe u3MepeHuit [3].

ITpu pabote ckaHEpPOB MMEIOT MECTO TAaKHe HEXeaTelbHble dPQPEKThl, KaK TUCTEPE3UC, CTapeHHE,
KPHII, KOTOPBIE MMPUBOAAT K UCKAKEHHIO MOTYy4aeMOTO N300paskeHHSL.
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IIpe3031€eKTpUUECKHE CKAaHEPHI ABIAETCS KPUTUUECKUMU JIEMEHTAMU B CKAHUPYIOLIUX 30HI0BBIX
MHUKPOCKOTIaX, KOTOPbIE CYLIECTBEHHO BIMIIOT Ha Kau€CTBO MOJydyaeMoro uzoopaxenus. [loatomy
XapaKTepUCTUKH CKaHepa JOJKHBI YIOBIETBOPSThH ONpeiesieHHbIM TpeOoBaHusM. OHUM U3 ca-
MBIX Ba)KHBIX TPeOOBaHUMN, NPEABABIIEMBIX K CKaHEpY, ABIsETCS TpeOOBaHUE OPTOTOHAIBHOCTHU
ckaHepa [4].

IIpe30anexTpuueckuii 3p ekt 6b11 oTKphIT B 1880 roxy Jxxexcom u IIsepom Kropu. Onu 3amerunmy,
YTO B HEKOTOPBIX KpHUCTaJUIaX IPU MEXaHUYECKOM BO3JEHCTBUU HA HUX IOSIBIISAETCS IEKTPUUYECKas
NOJISIpU3alus, IPUYEM CTEIEHb €€ MPONOopLUUOHalbHA BenuuuHe BosaencTsus. Ilozxe Kropu or-
KPbUI HHBEPCUOHHBIN NbEe303IeKTpUUecKuil 3pPekT — neopMupoBanre MaTepuaioB, IOMELIIEHHBIX
B QJIEKTPUUYECKOE I0JIe. DTH SIBICHUS €Ille Ha3bIBAIOT MPAMBIM U OOpPATHBIM MbE303JIEKTPUUECKUM
sppexTom [5].

[Ipe303nexTpudecKuil 3PPEeKT NPUCYL] HEKOTOPHIM MPUPOIHBIM KpUCTAIaM, TAKUM KakK KBapl U
TYPMaJIUH, KOTOPbIE B TEYEHHE MHOTHX JIET CIIOJIb30BAIMCH B KAYECTBE HIICKTPOMEXaHUYECKHX MPe00-
paszoBateneil. Kpucraminueckas penieTka KpUCcTaaioB, 001aJaloIuX Mbe303JeKTPUIECKUM dPPEKTOM,
HE MMeeT LIeHTpa cUMMeTpuH. BozzelicTBre (cxxMMarolee Wi pacTArMBAIOLIEe), IPUI0KEHHOE K TAKOMY
KPHUCTaJLLY, IPUBOAUT K NOJISAPU3ALMHU [10CIIE Pa3IeICHUs IT0JIOKUTENbHBIX U OTPULIATENIBHBIX 3aps/I0B,
MMEIOIIUXCS B KaXK101 OT/AEIbHOM 21eMeHTapHoM yacTuie. ¢ (eKT NpakTHYeCKHU JTUHEHHBIH, TO €CTh
CTENEHb MOJSIPU3ALUU NPSAMO IPONOPLUUOHAIbHA BEIMYMHE MIPUJIAraéMOro yCWJINS, HO HallpaBJICHUE
MOJIIPU3ALUH 3aBUCUMO, TaK KaK yCWJINE C)KAaTUSl WIN PACTSHKEHUs TEHEPUPYET NIEKTPUUECKUE MO,
a cJe10BaTeIbHO, U HANPSKEHUE MPOTUBOIIOI0KHON MOISIPHOCTH. COOTBETCTBEHHO, NPU IOMEIIEHUN
KpHUCTaJUIa B AJIEKTPUUYECKOE T0JIe, ynpyras AeGopMaris BbI30BET YBEIMYCHUE WU YMEHBIICHUE €ro
JUIMHBI B COOTBETCTBUHU C BEJIMUMHOW U HAIPaBICHUEM IOJIIPHOCTH IOJIS.

B COBPCMCHHBIX YCJIOBHAX IMPOTCKAHUSA IMMPOLICCCOB 0c000¢ BHUMaHUE YACIACTCA TOYHBIM METOAAM
MO3UIIMOHHUPOBAHUS U ICPCMCIICHUS B BAKYyMC. Nk MNPCUU3HUOHHBIM CUCTEMAaM MPCABbABIISAFOTCA BbBICO-
KuUcC Tpe6OBaHI/IH — 9TO TOYHOCTH INTO3ULTUOHHUPOBAHUA, 6BICTp0):[eI\;ICTBI/Ie, a TAK¥XKC MaJiast MHCPLUUOHHOCTDb
CHUCTCM IIO3UIIHUOHUPOBAHMHA. HpeI_II/BI/IOHHBIC CHUCTCMBI IICPCMCUICHUS ABJISIFOTCA HCO6XO,[[I/IMBIM ycliio-
BUCM YBCIIMYCHUS IMPOLCHTA BbIXOAA MOAHBIX u3nenui. B COBpPCMCHHOM TCXHOJIOI'MYCCKOM U UCCIICHO-

dn (Z) F b

Puc. 2. ITse303memMenT
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BaTEJIbCKOM 00OPY/I0BAaHUU HUCIIONB3YIOTCS Pa3INUHbIe TUIIBI YCTPONUCTB MPEIU3NOHHBIX IEPEMELICHHI.
Ho oco60 BbiAeiuM yCcTpoiicTBa Ha Mbe30IIPe00pa3oBaTeisix, OTIMYUTEILHON YEPTOM KOTOPBIX SIBIISIETCA
ux Oe3uHepLHOHHOCTh. Biiarogaps cBoeii kecTKOM CTPYKTYpe Ibe30CKaHepa SABJISIOTCS H1ealbHbIM
HHCTPYMEHTOM /ISl OBICTPOM M TOYHOM MX HACTPOMKH.

XapakTepuCTUKU TbE30IPe0OpazoBaTesi BEIPAXKAIOTCS MPOCTEHIIMMU COOTHOLICHUSIMU (pHC. 2).

E =g, %0, =—h,xe,; (1)
&, = dy,*Ep 2)

c,=C Xg; 3)
U=EXxL; (4)
C,=¢exgxF /1, (5)

riae £ v E, — HanpsHKEHHOCTh 10JIS B KPUCTAJLIE B HAIIPABJIEHUH OCEH i M K B B/M;
©,— MEXaHH4ECKOE HANPSDKCHUE B KPHCTAILIE BIOJIb OCH 71 B H/M%;
€, — OTHOCHUTEJIbHAA Ae(opManys KPUCTAILIA BIOJIb OCH 71,
U, — HanpsbKeHUe Ha IPaHsAX KpUCTaia BIOJIb OCH i B 6,
C, — eMKOCTb KpHCTaJlIa MEXK/Ty OOKIIa/IKaMH, PACIIOJIOKEHHBIMU Ha TPAaHsX, NEPIEHUKYIISAPHBIX OCH 71,
[, v [, — pasmep MIACTUHBI BIOJIb OCHU i U N (0OBIYHO 3TO TOJIIKMHA IUIACTUHBI /) B M;
€, — OTHOCHUTENIbHAS JIMDJIEKTPUYECKAs IPOHUIAEMOCTD (£,=8,85" 10-'2 ®/m — anekTpuyeckas MocTo-
STHHA);
F_— myomaaps 00KIa1Ku KOHAEHCATOpa B M

i d,, C  — be30K0dhOUIUEHTBI.

2.
s

WHnekcsl i, k, n COOTBETCTBYIOT HANPABIECHUSIM OCEH WIIH TIIOCKOCTSM, TTpH 3ToM Iiudpam 1, 2 u 3 co-
OTBETCTBYIOT HarnpasiieHus oceii X, Y u Z, mudpam 4, 5 u 6 — muiockoctu ZY, ZX u XY. [lepBbiit HHACKC
XapaKTepu3yeT MPUIOKEHHOE BO3/ICHCTBHE, BTOPON — MONYYEHHBIH pe3ynbTar. Tak, y koddduuenta
g, MHIEKC | 03Ha4aeT, YTo MIacTuHa Je(OPMUPYETCS BIOIb OCH X, @ HAIPSIKEHHOCTD IOJIS U3MEPAETCS
BIOJIb OcH Y. Y koo duimenTa d,, MHAEKC 3 03HAYAET, YTO DIEKTPUYECKOE TIOJIE TIPUIIOKEHO BIIOJIb OCH
Z. npekce 6 03HayaeT, YTo KPUCTAILT IPETEPIIEBAECT CABUT B INTIOCKOCTH XY [6].

JI1sl Tb€302IEKTPUYECKOTO MaTepraia XapakTepHO MOSBICHUE MOJISIPU3AIMOHHOTO 3apsijia MPU ero
MEXaHHYeCKOH ehopMariii 1 HA0OOPOT, €CITH MbE303JIEKTPUICCKHUI MaTepral BHECTH B DJIEKTPUUIECKOE
T0JIe, TO MOYKHO HAOJI0AaTh M3MEHEHHUE er0 JUTMHBL. DJIeKTpUuUecKas mojsspusamnus P = D—eOE, KOTOpas
CBsI3aHa C TTOBEPXHOCTHBIM 3apsJIOM, B IEPBOM MPUOIMIKEHUN YBEITUIMBACTCS IMHEHHO OTHOCHUTEIILHO
MEXaHHUYECKOTO HaIpsHKEHUsS 0. MaTepuaibHbIA 3aKOH BBIPAXKECH TaK:

D = P+¢,E = do. (6)

DnexTpuyeckoe cMenieHre D u HanpsKEHHOCTh Mol £ — BEKTOPbl, MEXaHUYECKOE HANpsKEHHE o
u nedopmanus € — 3T0 TeH30pbl BToporo panra. CresoBaTesbHO, TbE30AIEKTPHIECKU K0P PHUIIEHT
d — TeH30p TpeThero paHra. Tak Kak TEH30p HAPSHKEHUS] CAMMETPUYEH, TEH30P MbE303JEKTPUUECKOTO
ko3¢ duIMeHTa B 001IeM ciaydae uMmeeT 3X6=18 He3aBUCUMBIX KOMIIOHEHTOB. B KOMITOHEHTHOM TIpeI-
CTaBJICHUU MBI [TOJTy4aeM CJIEIYIOIINE OTHOIICHUS:
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G
G,

D dyd\,d\3d,4d)5d,6 -
3

D=|D, |= d21d22d23d24d25d26 G (7

4

D;, dy1dsyds3d54d55d56
G5
G

Wupexcst 1,2,3 OTHOCATCS K KPUCTAUIMYECKUM MTapaMeTpaM U KX MOXKHO COBMECTHUTH C KOOPAUHATHbI-
MU HampaBiIeHUsIMU X, y, Z IPU COOTBETCTBYIOLIEH opueHTaluu. Hanpumep, nonoxurenbHOe 3HAYCHHE
03HAYAET, YTO PacTATUBAIOIIECe HAMIPSHKEHUE B HAMPABICHUHU Z BEET K MOJIOKUTEILHOMY 3apsly Ha Mo-
BEPXHOCTH, JIe)Kalllel B HAIPABJICHUH Z.

OOpatHbIii MM KOCBEHHBIN MbE303IeKTpUIecKuii 3 GEeKT 1aET COOTHOLICHNE MEXKIY HANPSHKEHHOCTHIO
EKTPUUECKOTO oI £ 1 MeXaHH4eCcKon aedopmaruei &:

€ dy dy dy,

€ dyydyyds, E

& |_ dy3d;3ds3;3 El (8)
7} dy4dyydyy Ez

€5 d,sdysdss
€6 dy 6y dsg

Koaddurmentor dl.j TOXKJIECTBEHHBI MPSIMOMY TbE303JICKTPUIECKOMY D (DEKTy. DIESKTPOCTPUKITUS
orpeneseTcs Kak 3pQeKT BToporo Mopsiika, OHA 3aBUCHUT OT KBaJIpaTa HaIPsHKEHHOCTH 3JICKTPUIECKOTO
T0JIs1, ¥ OITUCHIBACTCSI TEH30POM YETBEPTOTO paHTa:

2
€| dy,dydy, Yi¥iaYi3sY14YisYie || i
€ dyydyds, E Y21Y22Y23Y 247257 26 E22
€3 | | di3dpds; El L | Y31732Y33Y34Y35V36 E; )
= 2
€4 d 4dyudsy P YarYarYa3Yaa¥asVas || E,E,
3
€s d,5,5d35 Vs1Y52¥s37s54Vs5Vs6 || ELE,
€6 62636 Y1762V 63V 64V 65766 )\ E| E,

J1J1s1 Tbe303JIEKTPUIECKOT0 AP PEeKTa XapaKTEPHO, YTO U3MEHEHUE HANIPABICHHS JICKTPHUYECKOTO TOJISI
BBI3BIBACT MIEPEXOJI PACTATHBAIOIIETO HAIIPSDKEHHSI B COKUMAROIIee HarpshKeHue. DPPEKT 3IEKTPOCTPUK-
IIUY CBSI3aH C KBAIPATOM HAINPSHKEHHOCTH DJIEKTPHYECKOTO TTOJIS M, 3HAYHT, HE 3aBUCUT OT MOJISIPHOCTH.
B 3aBUCHUMOCTH OT KPHCTAJUTMYECKOH CTPYKTYPBl HEKOTOPHIC MBbE303JICKTPHUECKHE KOADDUITUSHTHI
CTaHYT HYJICBBIMHU WIJIM UX MOXKHO MPUPABHATH IPYT K Apyry. PakTHUYECKUH BUI TEH30pa JUIS TbE303-
JCKTPUIECKOTO MaTepraia ONpeAesseTcs TeM KPUCTAIUIOrpaduueCKIM KJIACCOM, K KOTOPOMY MaTepua
NPUHAIIEKUT. KpUCTAIINYECKUH KBAPILl OTHOCUTCS K TPUIOHAIBHOMY Knaccy: d,,=-d ,; d ,=d,s;

d26=-2d11, a ocTayibHbIe KO3 hUIHEHTHI Hcue3aroT. OKCHI IMHKA U HUTPHI AJIFOMUHHS TTPUHAJICKAT
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K T€KCAaroHaJbHOMY KJIaccy, Iie TONIbKO Kodpbuumentsl dy,=ds,; d,,=-d,s 1 d;; OTINYHBI OT HYJIS.
Kpucramiel, o0nanaronme MeHTpasbHOH CUMMETprel (Kak KPEMHUIT) WM U30TPOITHBIC MaTepUaIbl
HE TPOSBIISIOT MBE30AJICKTPUUCCKUN AP(PEKT, OTHAKO IEKTPOCTPUKIIUS UMEET MECTO BO BCEX TAKHX
Marepuaiax, BKIO4asi H30TPOITHBIE.

Oco0eHHO BBICOKHH Mbe30IEKTPHUECKU KOA(D(DUIIUESHT MPOSBISIET CErHETOAIEKTPHUECKas KEpaMHUKa.
OnHoit u3 0cobeHHOCTEH J1I000T0 CErHETONEKTPHUUECKOr0 MaTepuara sBIseTCs TO, YUTO OH U3MEHSET CBOU
cBoiicTsa B Touke Kropu 7. [Ipu Temneparype 7>7, KpUCTAIUT HE TIPOABIIAET Ce0sl KAK CETHETOMIEKTPHUK,
OJTHAKO JI0 TeX MOp MoKa 7<7 OH CETHETOJIEKTPHK. BOIBIIMHCTBO KPUCTAIIIIOB MOTY T HAXOIUTHCS B pas3-
JUYHBIX KPUCTAIIMYECKUX (azax, KOTOPhIE YCTOMUUBBI MIPHU PA3NIUYHBIX TEMIIEpaTypax U Juarna3oHax
nasnenuil. [lepexon mexay paszamu conpoBoXkaaeTcss U3BMEHEHHUEM TEPMOAMHAMUYECKUX XapaKTEPUCTUK
(YympyrocTu, ONTHYECKUX M TEIJIOBBIX CBOMCTB, 00beMa, SHTPOINH, U T.7.). Bo Bpems nepexona aTombl
MepeMeIatoTcs TAKUM 00pa3oM, UTO KPHCTAILI CMEHSIET OJTMH KPUCTAJUIMYECKHI Kace Ha ipyroi. BooOre
Mepexo/1 MPOUCXOAUT MPH Pa3IMUHbIX TEMIIEpaTypax, IpU HArpeBaHUU U OXJIAXKACHUU (TeMIIepaTypHBIi
ructepesuc). Pa3zoBelii Mepexo]] MepBOro MOpsAKa OTIMYACTCS CUIBHBIMU M PE3KUMU U3MEHEHHUSIMH B
KpUCTANTNYECKON CTPYKType. B TeueHue nepexoia BToporo nopsiika I3MEHEHHs] MEHEE CUIIbHBI U Iepe-
X011l HernpephiBeH. Da3oBble MepexoIbl BTOPOTo MopsiaKa He 00IaaloT TeMIepaTypPHbIM IUCTEPE3UCOM.
da30BbIe MEPEXOAbl YACTO COMPOBOKAAIOTCS HATMYUEM HOBBIX (DU3HMUECKUX SIBICHUHN (CErHETOIEKTPH-
4€CTBO, (peppOMarHeTusM, cBepxnpoBoauMocTs). [l BaTiO, Touka Kropu pasHsercs 120°C. Bemue
stoii Temneparypel BaTiO, nmpuHamiekuT KyOM4eCKOMY KPUCTAIMYECKOMY KIIaCCy M TEPSIET, TAKUM
00pa3oM, CBOM CETHETOAIEKTPUUECKHUE U MbE303JIEKTPUUECKHUE CBOICTBA, HUXKe Touku Kropu kpucTamn
TeTparoHanbHbli, ot 0 u 10 -70 °C nanbHeiimue GpazoBbie HepPexoabl IPOMCXOAAT OT OPTOPOMOUYECKOTO
K TPUTOHAJILHOMY KpUCTaITHUYeckoMy Kiaccy. CMeHa KpUCTAITMUECKOM rpyIbl CHMMETPHHU, CBA3aHHAS
¢ $a30BBIM MIEPEXO/IOM, CTAHOBUTCS TPUYUHOM MOSIBIICHUS HOBBIX KO3(D(PHUIIMEHTOB B TEH30pE MaTepuania.
Marepuainbl ¢ IPUTOAHBIM JJIs UCTIONBE30BaHUS K03 pHieHToM NpoAoabHON JedopMaIii OXBaThIBAIOT
MUHEPAJbl, MOHOKPUCTAITHYECKUE BEIIECTBA U MOUMeEpbl. OOBIYHO MbE303NIeKTpUUecKuil 2P PexT Hau-
Oosee sIpKO BbIpaXKeH B MOHOKPUCTAJUIMYECKUX BellecTBax. [[i1st MaTepraioB rogHbIX K UCIIOJIb30BAHUIO
B MHKPOCHCTEMaX Mbe3031eKTpHUECcKUil KodpHIMEHT 00BIYHO JEKHUT B auanazone 1+100x10°12 m/B.

[Ipn MakcuManbHOM HampskéaHocTH nong E=107 B/M oTHOcHTenbHAs MpomonbHas aedopMaims
JIEKUT B IMAINA30HE &, = 103107, B pesynbrare J0CTHXUMBIHA JUANa30H yIpaBieHus MaJl, HO IpH T10-
MOIIY HAMPSHKEHNUS MOKHO OYE€Hb TOYHO YIPABIISATH epemenieHrneM. B ominyne oT 00MbIIMHCTBA APYTUX
MIPUHIIMIIOB AKTUBAIIMK HEJIb3s1 JOCTUTHYTh O0Jiee HU3KOTO Mpeenia, Mojly4aeMoro Ha aTOMHOM YPOBHE.
OTa 0COOEHHOCTh HCMONb3YETCSl B PACTPOBOM TYHHEITLHOM MHUKPOCKOIE MJIM B MUKPOCKOIIE aTOMHOMN
CHITBI 1715 TIOTydeHHUsl pa3pelieHus HUkKe, 4yeM aToMHbIi guametp 10710+ 10712 m.,

DrexTpoMexaHn4eckuil kKod(hPUIUeHT cBs3H kp MOKa3bIBaCT Ty JOJIO MEXaHMYECKOH 3HEpPruu, Ko-
TOpasi MpeoOpa3yeTcs B AMEKTPUUECKYIO IHEPTHI0. ITO OTHOCUTCS KaK K MPSMOMY, TaK U K 0OpaTHOMY

MbE303JIEKTpUUIECKOMY (D DeKTy.

K- IIpeoGpa3zoBaHHas1 3HEepTUs
P HakoruieHHas 3Heprus

Hns apdexTuBHOTO NMpeoOpa3oBaHus SHEPTUHU, ECTECTBEHHO, JIOJDKEH OBITh JOCTUTHYT BBICOKUH
k03¢ dunmeHt cpsa3u. OgHako KodQGHUIIMEHT CBA3H HENIb3sl TPUPABHUBATH K 3(PPEKTUBHOCTH, TaK KaK B
MIPUHITUIIE BO3MOYKHO BOCCTAaHOBJICHUE HAKOIUICHHOW SHEPTHH, & 3HAYUT dPPEKTHBHOCTH MOXKET OBITh
HaMHOTO 00JbIIe KO PHUITUEHTA CBA3H.
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[IpoexTupoBaHUE CHUCTEM ABTOMATHYECKOTO YIPABJICHUS MbE30CKAaHEPAMHU CBSI3aHO C Pacy&éToMm
MOTEHIMAIBFHOTO YPOBHS HaJAEKHOCTH BO3MOXKHBIX BapHaHTOB UX peanu3anuu. [locTpoenue coBpe-
MEHHBIX CHCTEM YIIPaBJICHHS Ha 6a3¢ MUKPOIIPOIIECCOPHOM TEXHUKH, JIJIs1 KOTOPOH XapaKTepHa MHOTO-
(YyHKIIMOHATBLHOCTh MOAYJIEH, ONpeaessieT akTyaJbHOCTh PAa3BUTHS METOJOB OLICHKH HAJIEKHOCTH,
YUYUTHIBAIOIINX B3aUMO3aBHCHUMOCTh COOBITUH MOTEPU MbE30OMOIYJISIMH CIIOCOOHOCTH BBHITIOJIHSATH
pazuYHbIC (PYHKIIHH.

[TomyyeHHBIC B 9TOM HaINpaBICHUH PE3YJIBTAThl, B OCHOBHOM, KacaroTCs ITbe30MO Ty el (y3JI0B), OTKa3
KOTOPBIX MPUBOAMT JTUOO K MOTEPE CIIOCOOHOCTH BBITIOJIHEHHSI BCEX €ro (DYHKIUH OJHOBPEMEHHO, JTHOO
TOJIBKO OfHOM (yHKIIMU. Hke mpensioskeHbl MeTo bl orleHKH HaaéxHoCTH [1C n3 MHOTO(YHKITMOHAITB-
HBIX TIbE€30MOJTYJIEH C MPOU3BOJILHBIM BHJIOM MIEPECEKAEMOCTH HAHOTEXHOJIOTHIECKOTO 000PYI0BaHUS,
3aJICCTBOBAHHOTO MPH BBHITIOJHEHUN PA3IUYHBIX (QYHKITUH.

3amaga popmupyercs cnenyromum oopasom. Ilycts IIC, Bemmonnstomuii byukuuio F'= {f, f,.... f },
COCTOUT U3 M MHOTO(QYHKIMOHAIBHBIX Mbe3oMoayneit (MPIIM), kaxablii U3 KOTOPBIX B UCXOIHOM
COCTOSIHMM BBIIIOJIHACT MHOXKECTBO GyHKUMHA {f|, /5,..., [, }. JIIA KaXK10r0 HAHOTEXHOJIOTUYECKOro 000-
pyznoBanus 0003HaunM yepe3 O, COBOKYNHOCTD MbE30MOYJIEH, 3a/1eHCTBOBAHHYIO IIPU BIIIOIHEHUH
Gynkuuu f;. B o6wmem cinydae muoxectsa @, ©,,..., ®, MOIyT NEPECEKATHCS, YTO NPUBOJAUT K B3aHU-
MO3aBUCUMOCTHU COOBITUI MOTEpPU CIIOCOOHOCTH HAHOTEXHOJIOTHYECKOTO 00OpYIOBaHUS BBIMOIHSATH
pasznnunbie Qynkuuu. [lo Buay nepecexaemoctu MuHoxectB @, @,,..., @ BHIIECIUM CIEAYOLINE
cTpykTypbl MOIIM [7]:

G #)) > ©,N D, = O; (10)
(VD)L #)) = ©,N D, = O; (11)
(VI %)) > ©,N D, =Q], (12)

rnei,j e NNN=1{1,2,3,..., n}.

Crpykrypa MOIIM (10) xapakrepu3yeTcsi HE3aBUCUMOCTBIO COOBITHI MTOTEPU HAHOTEXHOJIOTMYECKUM
000pyIoBaHHEM CITOCOOHOCTH BBITIOHATH pa3indHble GyHKIUHU; cTpykTypa M®IIM (11) cooTBeTCTBYET
IPOM3BOJILHOMY BUJLY IIEpeceKkaeMocTi MHOXKECTB @, D,,..., @ ; crpykTypa (12) sABnsercs 4acTHOM 110
otHomIeHHO K (11). B M®IIM Buza (11) BEIACTAIOTCS HEKOTOPBIEC OOIIHME MHE30MOYIIH {2, OTKa3 KOTOPBIX
IPUBOJIUT K IOJIHOMY OTKa3y HAHOTEXHOJIOTHYECKOro 000pya0Banus, U nbe3omonymu @ \Q (i=1,2,...,n),
OTKa3 KOTOPBIX CBSI3aH C MOTEPEil ciocOOHOCTH HAHOTEXHOJIOTUYECKOT0 000PYI0BaHHS K BBIITOJIHEHUIO
TOJILKO OfIHOM (yHKImHM /. MHOXecTBa D\ HE TIEpeceKaOTCs.

Yenosuem padorocniocobnoctu IC sBisercs ciocoOHOCTE BeinonHeHus yHkuuu F' = {f,, f,,..., f }.
[Tpu sTOM Kaxkmast GyHKIUS fl € F nomxHa BBITIOJHATHCS XOTsI ObI oM M®IIM, a BpeMst oxugaHust
00CITy>KUBaHWsl 3aI[POCOB Ha BBINOIHEHUE (PYHKIMI f; € F' NOJDKHO OBITH HE OOJIBILE 3aJaHHOTO IPEAETHLHO
nonyctumoro 3HadeHus. HanéxuocTs [1C onpenenuM 1mo BEpOATHOCTH OE30TKa3HOU pabOTHI.

Onenka BeposTHocTH 0e30TkazHoM pabotsl [IC. Pacemorpum TIC, mis koTophIX ycinoBue padboTo-
CIIOCOOHOCTH 3aKJIFOYAETCS B BOSMOKHOCTH BBINOJIHEHUSA KOXKIOU QyHKIMH f; € F X0Ts Obl B OZHOM
MO®IIM. OreHKy BEpOSITHOCTH 0€30TKa3HOM pabOTHI MPOBEEM HAa OCHOBE M3BECTHOTO KOMOMHATOPHO-
BEPOSATHOCTHOTO METOZA BKJIIOUEHHUS-UCKIIIOUEHUs [8], MO3BOJSAIONIETO MOJYYUTh KaK TOUHYIO, TaK U
MPUOTMKEHHYIO C TpeOyeMOl MOTPENTHOCTHIO OIICHKY.
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Jlist MTIM Buaa (11) BeposTHOCTH Ge30TKa3HOM padoThl [1C P orieHUBaeTCs Kak

P=Y P(f)-Y P(fiv )+ X P(hivsivh)-t(1) Y P(fiv S, v...vfa)—...+(—1)"P(i\z/1ﬁ) (13)

ieN i,jeN i,jleN i,]yd€EN
i#] i#j#l i#j#.#a

rne P (fl VvV, ) — BEPOSATHOCTH TOTO, 4TO B I1C MOXKeT OBITH BBITIOJIHEHA XOTs ObI OTHA (PYHKIIHS
U3 MHOXKeCTBa QyHKUHMH {f, ]j, S}

P(fivfivay f)=1=[1=-p (v vy 1))

BeposataocTs coxpanenus I1C cnocoOHOCTH BBIMOTHEHHS XOTS Obl OHON (PYHKIIMU U3 MHOXKeE-
CTBa

ULV [V f)= 2, p() = 2, pfinf)+

ieN i,jeN
i#j
(14)
S pinfi A=t (DY DU AL A A )
i,jleN iy]y@€EN
i#j#l i#j#.#a

e N, = {i, j,..., a}, p(fl AN A A fa) — BEpOATHOCTb UCIPABHOCTU B HAHOTEXHOJIOTHYECKOM
000pYIOBAHKH TILE30MOJLYJIsL, 3a/IEHCTBOBAHHOTO IPU BBINOIHEHUU QYHKLMH f,, fj,. o f

3HaueHHE p(fl A A A fa) OTIPENEIISIETCA KaK BEPOSATHOCTh MCIPABHOCTU MbE30MOIYJIEH

o, Ud,U ... Ud, .

HpI/I OKCIIOHCHINAJIBHOM paCpeaACIICHUN BPpEMCHU OO OTKa3a

p(fa ANfPA /\fa)z exp(—/\((IJIUd)zLJ .. Uo )t),

e A(®,UD,U ... UD,) - cymmapnas unreHCHBHOCTb 0TKa308 M®IIM, 3a1eicTBOBAHHEIX 1IpH
BBINOJIHEHUU QYHKLMHA [, ];,. . [, s t = BpeMs paboTHI.

st MOIIM Bupa (12) BepositHOCTh Oe30TKa3HO padots! [IC Beruncisercs

P=iC,ﬁp§(1—pg)m_k lﬁl[l—(l—p,-)k], (15)
k=1

i=1

TJIE P, — BEPOATHOCTH OE30TKa3HON pabOThI MbE30MOJTYJIEH, COCTABIISIONINX MHOXKECTBO L2; p, — BEPO-
ATHOCTb 0€30TKa3HOM pabOThI MbE30MOJLYJIEH, OTHOCSIMXCSA K MHOKECTBY @D,1Q2.
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Ecnu noreps nmpe3oMoztysieM pa3indHbIX GyHKIMA PaBHOBEPOSTHA (p; = p;= p), TO

P=Y Ctph (1= po )™ [l—(l—pi)k] :
k=1

st MOTIM Buaa (10) BeposTHOCTE 6e30TKa3HOM pa®oThl [IC P BBIUKCINM Kak

P:Q[l—(l—pi)m].

PaccMoTpuM BepoSITHOCTH 0€30TKa3HOM pabOThl KOHCTPYKIIMH C YYETOM OTpaHUYEHHS] BpEMEHHU 00-
CITy>KUBaHUS.

ITycTh 3a1aH0 W, — IPEAEIBHO JOMYCTUMOE CPEHEE BPEMS OXKUIAHUS 00CITYKMBAaHHUS 3aIIPOCOB Ha
BBINONHEHKUE QyHKIW f; € F, i € N. Kaxapli mbe30MO/1y/Ib NPEACTABUM TIPOCTEUILEN CHCTEMOH Macco-
BOro obcyxuBanus tiuna M/M/1 [9]. Yucio nbe30Moyiert m,, Ipx KOTOPOM 3alpOChl 00CITYKUBAKOTCS
3a JIOMyCTUMOE CpeTHEE BpeMs, OTPEACTUM Kak

\%
o

Tae p = VA,
A — CyMMapHas HHTEHCUBHOCTB 3alPOCOB Ha BBINOJHEHUE QyHKIMI f; € F
v — cpellHee BPEeMsI UX BBIITOJHCHUS.

Byznem cuurars, yro IIC ucnpaseH, ecim criocOOHOCTb BBINOIHEHHS KaKI0T0 BUaa QyHKIUMH f; € F
coxpanstercst Xots 0b1 B m; MOIIM. Ilpu stom BeposTHOCTL pabotocnocobroctu IIC onpenensercs no
dopmyse (13) ¢ Toii pasuuuelt, uro P(f,v ]; V...V f,) — BEPOSITHOCTH TOTO, YTO XOTs ObI O1HA QYHKIMSA U3
MHOXECTBA {f;, ];,. .».f,} MOXKET OBITh BBIIIOJIHEHA HE MEHEE YEM /M, TIbe3oMoysmu [10]:

m m-g
Py fivev £)= Y Cp(hv vy 1) x[1=p(fiv v )]
&=m
TJI€ BEPOSTHOCTS p(f v fj V...V f,) BerumcisieMas no gopmyie (14).
Onpejenenne 3Ha4EHUS /1, IPU HATIPABJIICHAUH BCETO MOTOKA 3anpocoB m, MOIIM NpUBOAUT K HIXKHEH

(IecCMMUCTUYECKOM ) OLIEHKE BEpOsATHOCTH paboTocnocodnoctu I1C.
st MOTIM Buaa (12) BeposiTHOCTE 6e30TKa3HO# padoTsl [1C

P=Y ctph-po Y T S (—p,) " ) (16)
k=m, i=1 | s=m,
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st MOOTIM Bupa (10) BeposiTHOCTE 6e30TKa3HOM padoThl [1C

m

P=H Y cpi-p) |

s=my,
OrneHuM BeposTHOCTH Oe30TKa3HOM padoThl [IC ¢ dhyHKIIMOHATBHOM HEOTHOPOIHOCTEI0 MDIIM.

PaccmarpuBaemsbie 10 cux nop [1C kommiekToBanuck u3 oguHakoBeix MOIIM. Teneps nepeiiiém
k I1C, conepxamum z TunmoB M®IIM, paznuyaeMbIX 110 COCTABY BBIMOJHAEMBIX QyHKIHH. bynem
CYUTaTh, YTO MHOKECTBA PYHKIUH, BhIOIHsIeMbIX M®PIIM paznudyHoro tuma, He IepeceKarTCs.
B stoMm cinyyae mHOkecTBO BeinoHseMbiX B [1C dyHkmuit 1 MHOKecTBO MDPIIM MOKHO pa3ouTh
Ha z HEMepeCceKarUUXcsa MOJMHOKECTB, UTO MO3BOJAET OLEHUTh BEPOSITHOCTh OE30TKa3HOM pa-
ootrl I1C, kak

rae P, — BepoATHOCTh 6e30TKa3HOM paboThl moacuctreMsl [1C, Brmovaromeir MOIIM i-ro Tuna (mo
(YHKIIMOHATBLHON KOMITJICKTAIINH).

3nadenue P, Bpraucnsercs 1o Gopmynam, npuseaeHHbM Bbime s 11C u3 GpyHKIMOHAIBHO OIHO-
POIHBIX IMHE30MOJTYJICH.

OreHKa BepOsSTHOCTH 0€30TKa3HOM pabOTHI MO METOYy BKIOUeHHsI-UCKItoueHus s [1C u3 mbe3o-
MonyJer oomero Buaa (11) conpsbkeHa ¢ T0CTaTOYHO CIOKHBIMU pacuéraMmu. bosee mpocTo moimy4yuTh
MpUOIMKEHHYIO OLIEHKY MPH MPEACTAaBICHUU CTPYKTYpHI Mbe3omonyieil Buaa (11) ctpykrypoil nbe3o-
Monyiei Buaa (12).

[Tpu HUKHEH (TIECCUMUCTUYESCKON ) OIICHKE BEPOSITHOCTH 0€30TKa3HOH paboThI OyieM CUUTaTh, UTO JIJIst
peoOpa30BaHuss HAHOTEXHOJIOTHYECKOTO 000pynoBaHus K cTpykrype MAOIIM Q oTHOCATCS Mbe30MOTY TN
n i—1
D\ ﬂ(pj U U @, |, TO ecTh OTKa3 JIO00T0 MbE3OMOMYIIS, 3aA€HCTBOBAHHOTO MPH BHITOIHEHUH
j=1 k=1
Oosiee o1HOM (DYHKIIMH, BBI3BIBAET OTKA3 BCETO HAHOTEXHOJIOTMYECKOTO 000py10BaHMUS.

[Ipu BepxHeii (ONTUMUCTHUECKON) OIIEHKE BEPOSITHOCTH O€30TKa3HON paboThI UIsl TpeoOpa3oBaHHUS
HaHOTEXHOJIOTUYECKOTo 000pynoBanus K cTpykrype MOIIM (, oTka3 KOTOpOii BBI3BIBAET OTKA3 BCETO
m

HAHOTEXHOJIOIMUYECKOTr0 000pyI0BaHUS, OTHOCSATCS TbE30MOAYIIN U (ON
i=1
3amaqn mbe30MOTYJIsl, UICTIONB3YEMOTO MPHY PeaTu3allii HECKOIBKHUX (HO HE BCeX) PYHKIIHI, pactpeie-
JIAIOTCS MEXKY HenepeceKaromumucs Maoxectsamu @ 1Q2. Hanpumep, BO3MOXKHO pactpesie/ieHue, Py
n i—1
KOTOPOM B Ibe3oMo Iyt O 1Q Brmodaeres D, \ ﬂ D, U U @, | Cremyer OTMETHTB, 4TO YeM Ooriee
j=1 k=1
paBHOMEPHO (110 CyMMapHOW MHTEHCHUBHOCTH OTKa30B) paclipeesieHue Mbe30MOIyNIel 10 MHOXECTBY

q)l.\Q, TeM 0oJiee ONTUMHMCTHYHA BCPXHAA OLICHKA.
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OTHOCHTENBHAS MOIPEUIHOCTD MIPEIaraéMou OLICHKU:
5=0,5 M’
Py

rae Py u Py, — BeposTHOCTH Oe30TKa3HO# paboTsl I1C, Beraucnsemsie no popmyine (15) uwmm (16) mpu
npeacrasieHuy cTpykrypsl MOIIM, cOOTBETCTBEHHO, 1JI1 BEPXHEN U HUPKHEN OLICHKHU.

OnenuBaeMasl MOrPELIHOCTD MPEAIAraéMOro0 METO/A 3aBUCUT OT PaBHOMEPHOCTH PacIpeleIeHUs
bE30MOYIIEH 110 MHOXKECTBY D), npuyéM OHa MUHMMAJIbHA IPU HauboJIee HEPABHOMEPHOM pacHpe-
JIEJICHUN.

Ecnu nosmyueHHas TOUHOCTh pacu€TOB HEJOCTATOYHA, TO BOBMOYKHO €€ yTOUHEHUE Ha OCHOBE METOJA
BKJIIOUEHMSI-UCKIIFOUEHMSI, KOTOPBIM TP HEKOTOPOH I'POMO3AKOCTH BBIYMCIIEHUHN TO3BOJISAET MOJIY4YUTh

IIC

i)

CHCTEMA aBTOMATH3HPOBAHHOTO
VIIPARJIEHHS

Puc. 3. CrpykrypHaas cxema I1C ¢ mocnenoBaTeIbHbIM PacONOKEHUEM THE30MOIYICH

1 IIC
2
3 —
I
4
|
5
[
6
CHCTEMa aBTOMAaTH3HPOBAHHOTO -

YIIPaBJIeHHS

Puc. 4. Crpykrypras cxema [1C ¢ mapaureTbHBIM pacoIoKeHHEM MTbE30MOIYIeH
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moboe Tpedyemoe npubamkenue. [IpubnmkeHHas OleHKa M0 METOIY BKIIFOUCHUS-UCKITFOUCHHS OCY-
niecTBisgeTca Ha ocHoBe Gopmyiibl (13) ¢ yuéToM TOro, 4TO MpPU OrPaHUYEHUN TOUHOCTH BBIUKCICHHIMA
JI0 YWICHA CO 3HAKOM IUTIOC MOJy4aeM BEPXHIOIO OLIEHKY, a CO 3HAKOM MUHYC — HUKHIOHO [10].

[TocnenoBarenbHOE U MapaieIbHOE PACTIONOKEHUE THE30MOIYIEH.

Hanéxnoctes cuctem nz M®OIIM 3aBUCUT OT CUCTEMBI ABTOMATUYECKOTO YIIPABICHUS ITUMHU ITbE30MO-
IYISMHU, a TaKKe HaJAEKHOCTH paboThl caMUX ITbE30MOAYJIEH, B KOTOPBIX pean3yeTcs npeodpa3oBaHue
AIIEKTPUUECKON SHEPTUU B MEXaHUYECKYIO.

Bce [1C MoxHO pa3aenuTh Ha KOHCTPYKIIMHU C IOCIIEI0BATENIbHBIM, TApaJICIbHBIM U IOCIIEI0BATEIIbHO-
napaJuleJIbHbIM COeTMHEHHEM Mbe3oMoyei. [Ipu nocinenoBaTeibHOM COeIMHEHUH THe30MOTYyJIeH (pHC.
3.) norpenrHocts no3unuonuposanus [1C npezockanepa mpeacTanisieT co00i BEKTOPHYIO CyMMY TO-
TPEUTHOCTEH 0 BCEM CTETICHIM NoABMKHOCTH. [Ipu nmapaiienbHOM COeTMHEHNH ITbe3oMoyJel (puc. 4.),
KaK 3TO UMEET MECTO, Hall[pUMep, B MbE30CKaHepax Ha OCHOBE /-KOOPAMHAT, HOTPEIIHOCTh MOJI0KEHUS
OJTHOTO MbE30MO/1YJIsl HE3aBUCUMa OT MOJIOXKEeHUsI APyrux. B aTom 6ombinoe npeumymectso Takux [1C ¢
MO3UIUU TOUHOCTH MOJIOKEHUSI paboyero opraHa.
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Structural reliability. The theory and practice

Vasin V.A., Ivashov E.N., Stepanchikov S. V.

RELIABILITY OF PIEZOELECTRIC SCANNERS IN PROBE
MICROSCOPY

The paper considers the issues related to the reliability of systems made up of multifunctional piezoelectric
modules which depends on an automated system of control of piezoelectric scanners as a whole (and of
individual piezoelectric modules), as well as on the reliability of piezoelectric modules themselves wherein
electrical energy converts into mechanical energy.

Keywords: scanning probe microscopy, multifunctional piezoelectric module, reliability of piezoelectric
scanner, probability of failure-free operation, relative inaccuracy.

A scanner (piezoengine) is the main element of scanning probe microscopes (SPM) which enables a
device’s operation in atomic resolution modes. The scanner is made up of polycrystalline piezoelectric
materials, which, on the one hand, provide high rigidity of the design and, on the other hand, provide the
ability to shift at very small distances, up to a few picometres.

Besides, the state-of-the-art of SPM is such that it has led to the necessity of transition from purely
qualitative measurements of surface structures to quantitative, metrologically verified measurements,
which requires the profound study of behavior of piezoelectric materials used for manufacturing of
scanners, development of precision measurement methods and metrological certification and correction
of piezoelectric scanners. At the same time, procedures of lithograph require scanners with orthogonality
in a plane at the level better the tenth of a percent. If it is still accepted to correct non-orthogonality in
a plane by methods of program correction, non-orthogonality in a plane of the Z axis, which can reach
tens of degrees in uncorrected ceramics, is inadmissible as it leads to that the low lateral frequency of
a scanner becomes essential for feedback loop operation, which considerably reduces work quality of
a device.

It is these circumstances that have led to the necessity to profoundly study the properties of a scanner
and to develop a technology of their correction at the physical level.

Practically in all SPMs, the piezoelectric scanner is used as a very sensitive positioning device to move
a probe in relation to a sample, or a sample in relation to a probe. The scanner provides two independ-
ent movements: scanning along the surface of a sample (in the XY plane) and moving in the direction
perpendicular to the surface (along the Z axis) [1].

The scanner of a probe microscope shifts the probe in relation to a sample like a raster image, as is
shown in Fig.1
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T—o—o—o—o—o—o—o—o—o Finish
T—o—o—o—o—o—o—o—o—b
T—o—o—o—o—o—o—o—o—.
T—H—o—o—o—o—o—o—t
T—o—o—o—o—o—o—o—o—&
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T—o—o—o—o—o—o—o—o—i
T—o—o—o—o—o—o—o—o—é

T—o—o—o—o—o—o—o—o—&
Start o—o—o—o—o—o—o—w—T—i

1T Scanning step

Direction of slow scannin>

Direction of fast scanning

Fig. 1. Motion of scanning probe microscope (SPM) in a plane (X, Y).
Points indicate places of information collection

The scanner moves along the first line of scanning and back. Then it is shifted a step up in a perpen-
dicular direction onto the following line of scanning, moves along it and back, then it is shifted onto the
third line, and so on. The way differs from a traditional raster image in that the alternating lines of data,
measured signals are not taken in backward directions. When scanning, measured data are collected only
in one direction, usually called as the direction of fast scanning, to minimize errors of registration, which
occur due to scanner hysteresis. The perpendicular direction in which the scanner moves from line to line
is referred to as the direction of slow scanning [2].

While the scanner moves along the scanning line, the image data are digitized at equally located inter-
vals. The data are the scanner height in the direction Z for constant force mode or direct current mode.
For constant height mode, the data are cantilever deviations, or tunnel current.

The space between data points is referred to as a scanning step. The size of a step is defined by the full
size of scanning and the number of data points on one line. In a typical scanning probe microscope, scan-
ning sizes change from 10 angstrom up to 100 micron, and from 64 up to 1000 data points on one line.
Some systems have 3000 data points on a line. The number of lines is usually set equal to the number of
data points on a line. Thus, the ideal data setting corresponds to a square grid of measurements [3].

In scanner operation, there are such undesirable effects as hysteresis, aging, creep, which lead to a
distortion of an obtained image.

Piezoelectric scanners are vital elements in scanning probe microscopes which essentially influence the
quality of an obtained image. Therefore, the characteristics of a scanner should meet specific requirements.
One of the most important requirements for a scanner is the requirement of scanner orthogonality [4].

The piezoelectric effect was discovered in 1880 by Jacques and Pierre Curie. They noticed that in
some crystals under mechanical impact there is electric polarization, and its degree is proportional to
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the impact value. Later on Curie discovered the inversion piezoelectric effect, i.e. deformation of the
materials placed in an electric field. These phenomena are also called direct and reverse piezoelectric
effects [5].

The piezoelectric effect is inherent in some natural crystals, such as quartz and tourmaline, which were
for many years used as electromechanical converters. The lattice of crystals possessing a piezoelectric
effect has no centre of symmetry. An impact (compressing or extending) applied to such a crystal leads
to polarization after division of positive and negative charges which are available in each individual el-
ementary particle. The effect is practically linear, that is the degree of polarization is directly proportional
to the value of applied effort, but the direction of polarization is dependent, as the effort of compression
or extension generate electric fields, and consequently, voltage of opposite polarity. Accordingly, when
placing a crystal in an electric field, elastic deformation will cause increase or reduction of its length ac-
cording to the value and direction of field polarity.

Under present-day conditions of processes behavior, special attention is given to exact methods of
positioning and moving in vacuum. And there are rigorous requirements applied to precision systems,
such as high accuracy of positioning, operating speed, as well as small delay of positioning systems.
Precision shifting systems are the prerequisite for increase of production of faultless devices. In
modern technological and research equipment various types of precision shifting devices are used.
However, we shall focus on devices using piezoelectric transducers whose distinctive feature is lack
of inertia. Owing to their rigid structure, piezoelectric scanners are the ideal tool for their fast and
accurate adjustment.

The characteristics of a piezoelectric transducer are expressed by simple relationships (Fig.2):

yniz) FJ/{ b i

==
| (x)
k()
Fig. 2. A piezoelement
Ei =ginxcn z_hinXSn; (1)
e =d xE,; )

106



RELIABILITY OF PIEZOELECTRIC SCANNERS IN PROBE MICROSCOPY

c,=C xg; (3)
U=EXxL; (4)
C,=¢exgxF /1, (5)

where E; and | are field intensity in a crystal in the direction of the i and & axes, V/m;

o, is mechanical stress in a crystal along the n axis, N/m?;

g, is relative deformation of a crystal along the axis;

U, is voltage on crystal faces along the i axis, V;

C, 1s capacity of a crystal between plates located on crystal faces, perpendicular to the 7 axis;
[ and [, are size of a blade along the i and n axes (usually it is the blade thickness 7), m;

g, is relative inductive capacity (g, =8.85-10"12, ®/m is electric constant);

F_1is area of a capacitor plate, m?;

i d,, C,  are piezoelectric factors.

The indexes i, k, n correspond to the directions of axes or to planes, with the directions of the X, ¥ and
Z axes corresponding to the figures 1, 2 and 3, and with the ZY, ZX and XY planes corresponding to the
figures 4, 5 and 6. The first index characterizes the applied impact, and the second one characterizes the
obtained result. Thus, the index 1 of the factor g,, means that the blade is deformed along the X axis, and
the field intensity is measured along the Y axis. The index 3 of the factor d,, means that the electric field
is applied along the Z axis. The index 6 means that the crystal undergoes shift in the XY plane [6].

Piezoelectric material is characterized by occurrence of a polarizing charge with its mechanical de-
formation, and vice versa, if piezoelectric material is brought into an electric field, we can observe how
its length changes. Electric polarization P = D-¢,£ which is connected with a surface charge, at the first
approximation increases linearly in relation to mechanical stress o. The material law is expressed as fol-
lows:

D = P+¢,E = do. (6)

Electric biasing D and field intensity £ are vectors, mechanical stress o and deformation ¢ are tensors of
the second rank. Consequently, the piezoelectric factor d is a tensor of the third rank. As the stress tensor
is symmetrical, the piezoelectric factor tensor in the general case has 3x6=18 of independent components.
In the componential representation we obtain the following ratios:

D dy\d\,d\3d,4d,5d,6
D= Dz = d21d22d23d24d25d26 (7)
D, dy1dsyds3ds4d;sdsg

The indexes 1, 2, 3 relate to crystal parameters, and they can be combined with the x, y, z coordinate
directions with a corresponding orientation. For example, a positive value means that the extending stress
in the z direction leads to a positive charge on the surface laying in the z direction.
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The reverse or indirect piezoelectric effect provides a ratio between the intensity of electric field £ and
the mechanical deformation &:

€| dy dydy,

€ dyydy,ds, E

& |_ dy3dy3ds; El )
€4 dy4dy4dsy E2

€s dysd,sdss ’

€6 dystsdsg

Factors d,. are identical to a direct piezoelectric effect. Electrostriction is defined as the effect of
the second order; it depends on the square of electric field intensity, and is described by the fourth
rank tensor

2
€ dy dydy, YiYiYisYiaYisYis )| £
€ dydyds, E Y21Y22Y23Y 247 257 26 E22
1
€3 | _ | di3da3dss E. || Yar7s2¥33Y34 735756 E; ©)
= 2
€4 dy4dyuds, E YarYa2Va3Vaa¥asVas || E, E,
3
€s dy55dss Vs1Y52Ys37s54Vs5Vs6 || ELE,
€6 dy6dy6ds6 Y61¥62Y63Ye4 Y65V 66 )\ E| E,

It is characteristic of a piezoelectric effect that with the direction of an electric field changing the
extending stress transits into the compressing stress. The electrostriction effect is related to the square
of intensity of an electric field which means that it does not depend on polarity. Depending on a crystal
structure, some piezoelectric factors become zero, or they can be equated to each other. The actual type
of tensor for piezoelectric material is defined by the crystallographic class to which the material belongs.
Crystal quartz belongs to the trigonal class: d,, =-d, ,;d,, = -d,;;d,;=-2d,,, and the other factors vanish.

257
Zinc oxide and aluminum nitride belong to the hexagonal class, wherein only factors d;,=d,,; d,, =-d ;

and d,; are different from zero. Crystals possessing the central symmetry (as silicon) or isotréi)ic materi-
als do not show any piezoelectric effect, however, electrostriction effect takes place in all such materials,
including isotropic ones.

A particularly high piezoelectric factor is shown by ferroelectric ceramics. One of the features of any
ferroelectric material is that it changes the properties at the Curie point 7. At the temperature 7> T, the
crystal does not behave like a ferroelectric one, though until 7' <7, it is ferroelectric. Most of crystals can
be in various crystal phases which are stable at different temperatures and pressure ranges. Transition be-
tween phases is accompanied by change of thermodynamic characteristics (elasticity, optical and thermal
properties, volume, entropy, etc.). During transition, atoms move in such a way that a crystal changes
one crystal class for another. In general, transition occurs at various temperatures, at heating and cooling
(temperature hysteresis). Phase transition of the first order is distinguished by strong and abrupt changes
in the crystal structure. During transition of the second order, changes are less strong, and transition is
continuous. Phase transitions of the second order do not possess temperature hysteresis. Phase transitions
are often accompanied by the presence of new physical phenomena (ferroelectric effect, ferromagnetism,
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superconductivity). For BaTiO,, the Curie point is equal to 120°C. Above this temperature BaTiO, be-
longs to a cubic crystal class and thus loses the ferroelectric and piezoelectric properties; below the Curie
point the crystal is a tetragonal one. From 0 and up to -70°C the further phase transitions occur from an
orthorhombic to a trigonal crystal class. Change of the symmetry of a crystal group connected with a phase
transition becomes the cause for occurrence of new factors in material tensor. Materials with a longitudinal
deformation factor suitable for use cover minerals, monocrystal substances and polymers. Usually the
piezoelectric effect is most vividly expressed in monocrystal substances. Among materials suitable for
use in microsystems, the piezoelectric factor usually is within the range of 1+100x10-12 m/V.

With the maximum field intensity E=107 V/m, the relative longitudinal deformation is within the range
of er =103+ 107, As a result, the achievable range of control is small, but it is possible to very precisely
operate shifting by means of voltage. Unlike the majority of other principles of activation, it is impossible
to achieve a lower limit obtained at the atomic level. This feature is used in a raster tunnel microscope or in
a microscope of atomic force, for receiving resolution lower than the nuclear diameter 1071% = 10-12 m.

The electromechanical relation factor £ shows the share of mechanical energy which is transformed
into electric energy. It applies both to direct and inverse piezoelectric effects.

5 Conversed energy

? = Accumulated energy

Naturally, a high relation factor should be achieved for effective energy conversion. However, the rela-
tion factor cannot be equated to efficiency. As, in principle, restoration of accumulated energy is possible,
consequently, efficiency can be much higher than a relation factor.

Designing systems for automatic control of piezoelectric scanners is related to calculating the level of
potential reliability for possible variants of their realization. Construction of state-of-the-art microproc-
essor-based control systems characterized by multifunctionality of modules stipulates the importance
of development of methods for estimating reliability that takes into account interdependence of events
causing piezoelectric modules to lose their abilities to carry out various functions.

The results obtained in this respect basically concern piezoelectric modules (nodes) whose failure leads
either to loss of ability to perform all their functions simultaneously, or to one function only. This paper
offers some methods of estimating reliability of scanners made up of multifunctional piezoelectric units
with an arbitrary type of overlapping of nanotechnological equipment involved in performing various
functions.

The problem is formed as follows. Let a piezoelectric scanner PS performing the function F' =
F=1{f, /5., f,} consists of m multipurpose piezoelectric units (MPU), each in initial state performing
a set of functions {f|, f,,..., f,}. For each nanotechnological device, denote as @, a set of piezoelectric
units involved in performing the function f;. In general, the sets ®@,, @, ..., ®_ can be crossed, with that
leading to interdependence of events and causing nanotechnological equipment to lose the ability to
perform various functions. As to types of overlapping of the sets @, @,, ..., @, sort out the following
structures of MPU [7]:

GG #]) > ;N D, O] (10)
(VDI #) > @;N D, = O]; (11
(V)G %)) — ©;N D, =Q], (12)

wherei,j € N,N={1,2,3,..., n}.
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MPU structure (10) is characterized by independence of events relating to nanotechnological equip-
ment to lose its ability to perform various functions. MPU structure (11) corresponds to an arbitrary
type of the overlapping sets @, @, ..., ®n, with MPU structure (12) being a particular case in relation
to (11). In MPU structure (11) there are some common piezoelectric units £ whose failure leads to a
complete failure of nanotechnological equipment, and piezoelectric units @\ Q (i =1, 2, ..., n) whose
failure leads to failure of nanotechnological equipment to perform only one function f.. The sets @, \ Q
are not overlapped.

The prerequisite of PS availability is the ability to perform the functions = {f,, f, ..., f, }. With that
said, each function f; € F should be performed at least by one MPU, and the waiting time of service of
inquiries for performing the functions f; € F should be no more than the specified maximum acceptable
value. The reliability of PS will be defined using the probability of failure-free operation.

Estimation of PS failure-free operation probability. Let us consider PS for which the condition of avail-
ability consists in the possibility of performing each function f; € F at least in one MPU. The probability
of failure-free operation will be estimated on the basis of a known probabilistic combinatorial method of
inclusion and exclusion [8] allowing us to obtain precise estimation as well as approximate estimation
with a required inaccuracy.

For MPU of type (11), the probability of PS failure-free operation P is estimated as

P=3"P(f;)= S P(AVH Y P(AVAVS )

ieN i,JEN i,j,leN
(13)
n
+(=0" S P(AVLVNV L)t (C) PV S,
i.jntEN =l
i=j=.2a

where P ( SiV VNS, )is probability of the event that at least one function from a set of functions
i, ];,. ..».f,}1n PS can be executed

P(fl.vfjv...vﬁz)=l—|:1—p(fl.vfjv...vfa):lm.

The probability of the event that PS keeps the ability to perform at least one function from a set

PN VN [ =2 p() = > pUiAf)+

ieEN z:,je_N
=]
(14)
ST PN A=t (D DT Ui A S A A S,
z:,j,gegv i)y 0EN
i=j= = j=.Za

where N, = {i,j.....a}, p(f; Af; A .. Af,)is probability of the event that the piezoelectric unit
involved in performing the functions f,, J§,. .., f, in nanotechnological equipment is in good state.

The value p ( Ji N A A fa) is defined as the probability of serviceability of piezoelectric units
o, U, U ... U,
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For exponential distribution of time to failure

p(fa Afi A /\fa)=exp(—/\(CI)1U<I)2U U ),

where A (®,U®,U ... UD,) is total failure rate of MPU involved in performing the functions f,,
ﬁ,..., [, t, tis operating time.

For MPU of type (12), the probability of PS failure-free operation is calculated as

P=3 Chrby (-po) " TT1-0-nY]. (15)
k=1

i=1

where p, is probability of failure-free operation of piezoelectric units making a set Q; p. is probability
of failure-free operation of piezoelectric units relating to a set @, | Q.
If the possibility of piezoelectric units losing various functions is equiprobable (p; = p; = p), then

m n
k  k m—k k
PZZCme(l_pQ) [1_(1_Pi) ] .
k=1
For MPU of type (10), the probability of PS failure-free operation is calculated as follows
n
P=T][1-(-p)"]
i=1

Let us consider the probability of failure-free operation of some structure, with service time limiting
taken into account.

Let w, be specified as a maximum acceptable average waiting time of servicing requests to perform
the functions f; € F, i € N. Each piezoelectric unit will be represented as the elementary system of mass
service of M/M/1 type [9]. Now define the number of piezoelectric units m,, at which requests are served
with acceptable average time as follows

v
my=p|1+—|
W
where p = VA;
A is total rate of requests to perform the functions f; € F;
v 1s average time of their performance.

Let us assume that PS is operable, if the ability of performing each type of the functions f; € F'is kept at
least by m, of MPU. In this case the probability of PS availability is defined by the formula (13), differing
in that P(fv J§ v...v f ) is the probability of the event that at least one function from a set {f,, ﬁ,. . f,} can
be executed not less than by m,, of piezoelectric units [10]:
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m=g

P(fivfjv...vfa): i ij(ﬁvfjv...vﬁl)Rx[l—p(ﬁvfjv...\/fa)] ,

&=my
where the probability p(f;v Ji v...v f) is calculated by the formula (14).
For direction of the total flow of m, MPU requests, calculation of the value m, leads to the lower (pes-

simistic) estimation of the probability of PS availability.
For MPU of type (12), the probability of PS failure-free operation is calculated as

Z o (I_Pz' )k_s

s=my

P=> Ciph (- e, "1

k=mj, i=1

; (16)

For MPU of type (10) the probability of PS failure-free operation is

P=H Y. Copl(-p) " |

=1 | s=my

Let us estimate the probability of PS failure-free operation with MPU functional heterogeneity.

PSs considered so far were assembled from identical MPUs. Now move over to PS containing z types
of MPU different as to lists of functions performed. Assume that sets of the functions which are performed
by MPUs of various types are not overlapped. In this case the set of functions carried out in PS and a set
of MPUs can be divided in z non-overlapped subsets which allows us to estimate the probability of PS
failure-free operation as

z

P=][]~
i=1

where Pi is probability of failure-free operation of PS subsystem including MPU of the i-th type (as
per functional composition).

The value P, is calculated by the formulas presented above for PS with functionally homogeneous
piezoelectric units.

The estimation of probability of failure-free operation by the method of inclusion and exclusion for PS
made up of piezoelectric units of general type (11) is connected with complicated calculations. It is easier
to obtain the approximate estimation of failure-free operation probability by representing the structure of
piezoelectric units of type (11) as the structure of piezoelectric units of type (12).

For the lower (pessimistic) estimation of the probability of failure-free operation, we shall assume that
for transformation of nanotechnological equipment to the MPU structure Q2, we have piezoelectric units

n i—1
(ORN [ ﬂ D, ] U (U D, ], that is, failure of any piezoelectric unit involved in performing more than one
j=1 k=1
function causes failure of the entire nanotechnological equipment.
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For the upper (optimistic) estimation of failure-free operation probability, for the structure of nanote-
chnological equipment transformed into the MPU structure  whose failure causes failure of the entire

m
nanotechnological equipment, we have piezoelectric units U D,
i=1
The tasks of a piezoelectric unit used for realization of several (but not all) functions are distributed
among the non-overlapped sets @, | Q. For example, there is a possible distribution when the piezoelectric

n i-1

unit @, | Q includes @, \ ﬂ D ; U {U D, ] It should be noted that the more even (as to total failure rate)
j=1 k=1

the distribution of piezoelectric units is on the set @, | €, the more optimistic the upper estimation is.

Relative error of the offered estimation is

5 =051

H

where P, and P, are probabilities of PS failure-free operation calculated by the formula (15) or (16)
when representing the MPU structure for the upper and lower estimations respectively.

The estimated error of the offered method depends on the evenness of distribution of piezoelectric units
on a set @, | Q, with this being minimal for the case of the most uneven distribution.

If the obtained accuracy of calculations is insufficient, then it is possible to refine it based on the method
of inclusion and exclusion which, though rather bulky in terms of calculations, allows us to reach any
required approximation. The approximate estimation using the method of inclusion and exclusion is made
on the basis of the formula (13) taking into account that when restricting the accuracy of calculations up
to a term with the plus sign we obtain the upper estimation, and when restricting to the minus we obtain
the lower estimation [10].

Series and parallel arrangement of piezoelectric units.

Reliability of MPU systems depends on a system of automatic control of these piezoelectric units, and
as a whole, on PS automatic control, as well as on reliability of piezoelectric units operation wherein
electric energy is conversed into mechanical one.

All PSs can be divided into structures with series, parallel and serial-parallel connection of piezoelectric
units. For series connection of piezoelectric units (fig. 3.), the error of PS positioning represents the vector

PS

11

Automated control system

Fig. 3. Block diagram of PS with a series arrangement of piezoelectric units
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1 PS

2

3 ——
I

4

I

5

|

6

Automated control system

Fig. 4. Block diagram of PS with a parallel arrangement of piezoelectric units

sum of errors along all the degrees of mobility. For parallel connection of piezoelectric units (fig. 4.), as
it takes place, for example, in piezoelectric scanners (PS) on the basis of /-coordinates, the error of the
position of one piezoelectric unit is independent of that of other PSs. This is a big advantage of such PSs
in terms of the accuracy of a work tool’s position.
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CTpyKTypHasi HaaeXHocTb. Teopusa 1 NpakTuka

MenseneB A.M., MbinioB I'.B.

KOHUENUUA BXOOAHOINO KOHTPOJ19 MATEPUAJIOB
N KOMIMJIEKTYIOLWWUX, NOCTYNAIKOLWUX
B MPON3BOACTBO

lMpeanoxeHa cTpatervus BXOAHOrO KOHTPOJIS KOMIIEKTYIOLNX B 3aBUCHMMOCTM OT YPOBHS AEe@HEKTHOCTU
napTuii ¢ y4eToM 3arpar Ha ycTpaHeHue rocaeaACTBui nonanaHus Ae@ekTHbIX KOMIOHeHTOB U Matepuva-
JIOB B rOTOBYIO MPOAYKLMIO. PaccMaTpuBaloTCsd CTOUMOCTHBIE XapakTepPUCTUKN CIJIOLLHOIO, BblIOOPOYHOIro
M OTCYTCTBUS BXOAHOIO KOHTPOJIS MarepuasioB v KOMIIEKTYIOLLMX, MOCTYNaloLMX B MPOU3BOACTBO.

Knio4yeBbie cnoBa: HaeXXHOCTb, OJIeKTPOHHbIE KOMIMOHEeHTHI, Mpon3BOACTBO 3JIEKTPOHUKN, KOHTPO/Ib.

Lens paboThI — mOKa3aTh TEXHUKO-IKOHOMUYECKYIO 3()(PEKTUBHOCTD pa3IMYHbBIX CTPATETUii BXOAHOTO
KOHTPOJIS B YCIIOBHAX, KOTAA 3aTpaThl HA OPTraHU3ALMIO MOJTHOLIEHHOTO TECTUPOBAHUS IEKTPOHHBIX
KOMITOHEHTOB U MaTE€pHaJIOB HACTOJIBKO BEJIUKHU, YTO MPUXOJUTCS 33 TyMbIBaThCsI O 11€J1€CO00pa3HOCTH
CIUIOIIHOTO MJIM BEIOOPOYHOTO BXOAHOI'O KOHTPOJISI UJIH BBIOOpE 100pOCOBECTHOIO MOCTABILIUKA.

AKTyaJTbHOCTb BBIOOpA CTPATErMH BXOHOTO KOHTPOJISI COCTOUT B TOM, YTO MPOU3BOUTEINN IEKTPOHHON
anmaparypbl TEPIIT 3HAUUTEIbHBIE U3IEPKKH OT 1€(DEKTHBIX MaTePHUAIIOB M KOMIUIEKTYIOIIHX, TOCTYIIAat0-
IIMX B IPOM3BOCTBO. Kak npaBuiio, 3Tu JeeKThl HenpeIcKa3yeMo MPOSBIISIOT ce0sl B TOTOBOM MPOIYKIINH,
YTO CKa3bIBA€TCS HA €€ Ha/Ie)KHOCTH U BBIXOJI€ ToiHOM npoxykuuH [ 1]. Cructema artectaluu 1o craiiapram
NCO 9000 no3BossieT HaIeAThesl HAa MOCTaBKM Ka4€CTBEHHBIX MaTepHajioB U KOMIUIEKTyromuX. [Tponsso-
JTENH HIEKTPOHHOM anmaparypsl BBIHYKACHbI JOBEPSTh MOCTABIIMKAM, TaK KaK KallUTaJIbHbIE 3aTpaThl HA
OCHAIIICHNE BXOTHOTO KOHTPOJIS ITOJTHOLEHHOM TECTUPYIOLIEH anrnaparypoi CIUIIKOM Beavku. [Iponssonn-
TEJIIO JIErye BbIOpaTh JOOPOCOBECTHOIO MOCTABIIMKA KOMIIOHEHTOB M MAaTepHajioB, YeEM OPraHU30BbIBAaTh UX
BXOJTHOM KOHTPOJIb. Tem Gosiee uTo HaJTnure B MPOU3BOJICTBEHHOM IMHUM BHYTPUCXEMHOTO U iepudepuitHoro
KOHTPOJIsI KOMIIEHCHPYET OTCYTCTBHE BXOIHOTO KOHTPOJIS 3@ CUET BBISABICHUS 1€(DEKTHBIX KOMIIOHEHTOB Ha
CTaJI1M IIPOU3BOJCTBA. TeM HE MeHee, y PON3BOUTEIIS allllapaTypbl OTBETCTBEHHOIO HA3HAYECHUS BOSHUKAET
KEJTaHUE OLIEHUTh CTPATEruI0 BXOHOTO KOHTPOJIS C TIO3ULIMI HA/Ie)KHOCTU U 3KOHOMHKH IIPOU3BOJICTBA [2].

1. Acnonb30BaHHbIE NMOHATUSA O BXOAHOM KayecTBe

HO[[ BXOJHBIM KaQU€CTBOM IMTOHUMAKOT Ka4€CTBO HapTI/If/'I KOMILJICKTYIOIINUX I/I3H€J’IHI>1 U MaTcpualios,
MOCTYyIAaromuXx B MPOU3BOACTBO. OLIGHI/IBaTB KaueCTBO OTACIbHBIX HapTI/Iﬁ MOXHO 4YHUCJIIOM I[e(l)eKTHBIX
W3JENUN B IAPTUU X, THOO JT0Jel 1e()EeKTHOCTH ¢.
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Jlonsa 1epeKTHOCTH TPaJUILIMOHHO ompezenseTcs no Gopmyne[2]:

q= (H

X
N
rae N — 00beM mapTHu.

BxonHoe kauecTBO COBOKYITHOCTH MapTHil Xapakrepusyercs (pyHKIMER f(x) pacnpeneneHus 4ucia
JneeKTHBIX U3AETUI B mapTHsIX Win QyHKIUEH f(g) pacnpeneneHus aoyei 1e(heKTHOCTH.

Bun pacnpenenenus 1eeKTHBIX M3ENIUN ONpeaessieTcss HeHaJeKHOCThIO BBIXOJHOTO KOHTPOJIS Ha
3aBOJIe-U3rOTOBUTEIIE, BPEMEHEM XPaHEHUs, Pa3pyLIAOIUM BO3IEHCTBUEM Pa3IMYHbIX (PAKTOPOB IpU
TPAHCIOPTUPOBKE U XPAHEHHUH U T.1.

Jst 6onee moapoOHOM XapaKTEepUCTUKU BXOJHOTO Ka4€CTBAa MOXKET OBITh JIOMOJIHUTENBHO UCTIONIb30-
BaHA JIUCIIEPCHS - HIM TUCIIepCHs 1oneit nedextrocTH [2].

I &, -
6= 2@ @)

IIpu nocrossHHBIX 00beMax HmapTUu N TUCTIEPCUH Xi u xf] CBsI3aHbl MeX1y co00il cienyromeil 3a-
BUCHUMOCTBIO

% — NXy.

bonpimoe 3HaueHne UMEET BXOAHOM aHAJINW3 KauyeCTBa KOMIUICKTYOIIHUX U MAaTCPpHUAJIOB, KOTOpLIﬁ I10-
3BOJSCT MMPOU3BOAUTCIIAM allllaparypbl BbIABUTL HCAOCTATKH, CBOMCTBEHHBIE KOMIIOHEHTAM TOT'0 WJIM
HWHOTI'0O ITOCTAaBIINKA, 3aPaHCC IIPUHATH H606XOI[I/IMBIG MCPbI AJId TOBLINICHUA HAACKHOCTH KOMIIOHCHTOB
CIIC 4O BO3MOKHOI'O OTKa3a alllraparyphbl. HeCMOTpH Ha HAJIMYHUEC BBIXOAHOI'O KOHTPOJIA IIPOAYKIHUU HA
3aBOJax-II0CTaBIIMKAX, B aAllllapaTypy MOTYT IIOIIACTh ILG(I)CKTHLIC KOMIIOHCHTHEI.

2. HazHayeHue n CYLWHOCTb BXOOAHOIOo KOHTpONSA

BxonHoii KOHTPOJIB SBNISETCS JOMOTHUTEIHHON TPOBEPKOI KOMIIOHEHTOB M MaTEpUasIoB Mepe]] UCTIONb-
30BaHMEM UX B IPOU3BOJICTBE 110 TapaMeTpam, ONpeAEIISIOIINM UX paboTOCIOCOOHOCTD U HAIEKHOCTH[ 3 ].
3TO BBI3BAHO TEM, UTO OT/IEJIbHBIE IETAIN MOTYT UMETh TOHMKEHHOE KaueCTBO U3-32 HEA0OPOCOBECTHOTO
KOHTPOJISI HA BBIXO/IE, & TAK)KE BO3MOKHBIM MTPOAOIKUTENIHBIM XpaHEHHEM FOTOBBIX M3/IEJH Ha CKIIafe,
COIPOBOXKIAIOIIUMCS YXYAIIEHUEM KaueCTBEHHBIX MoKa3zaresneil. Kpome Toro, He HCKITI0OUeHa BO3MOXK-
HOCTbH MOBPEXKICHUSI KOMITIOHEHTOB M MaTepUajoB B MPoliecce TPAHCTIOPTUPOBKU U T. 1.

[Ipu BXOAHOM KOHTpOJIE KOMIIOHEHTHI MO/IBEPraroTCs, Mo KpaliHel Mepe, BU3yalbHOU mposepke. [Ipu
HAJIMYHMH Y TIPOU3BOAUTEIS COOTBETCTBYIOIIEH TeCTUPYIOIIEH anmaparypbl ¥ IPOrPaMMHOTO 00eCTIeYeHHS
KOMITOHEHTHI MOABEPTraroTCs SJEKTPUUECKOM MTPOBEPKE B COYETAHUU C TEPMOTPEHUPOBKOIA [3].

[Ipu Bu3yanpHOI MpoBepke 00paliaT BHUMaHNE HAa HATMYUE HAa KOMIIOHEHTE WJIM YIIaKOBKE MaTepua-
Jla OTYETIIMBO BUIMMOM HAIMUCH THUIIa, HOMUHAJA, TOMyCKa, TEXHUYECKUX YCIOBUN WM cepTudukara,
OTCYTCTBHUE Ha U3JEIUU [IaPAIH, CKOJIOB, TPEUINH, BMATHUH, KOPPO3UH.

[Ipu snexTpuyeckoii MpoBepKe MPOBEPSIIOT COOTBETCTBUE ANIEKTPUUECKUX ITapaMeTPOB KOMITIOHEHTOB
JAaHHBIM, YKa3aHHBIM B MTyHKTaX TpeOOBaHUI U METOANK TEXHUUYECKUX YCIOBUN WIIH CePTU(PUKATOB.
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KoMIioHeHTb!I, IpolLe e BXOTHOH KOHTPOIIb, JOMOTHUTEIBHO MAPKUPYIOTCS OTIIMYUTEILHBIM 3HAKOM.
BxoHOM KOHTPOJIb KOMIIOHEHTOB MJIM MaTepuaioB MoxeT ObITh 100%-HbIM UM BEIOOPOYHBIM.
O0beM BBIOOPKH 1 MOXKET ObITh ompeeseH o ¢popmyne [1]:

2
{,0

n=

€)

€

e t, — KOO PHILIMEHT, 3aBUCSIIHIA OT JOBEPUTEILHON BEPOSITHOCTH P, onpenensercs no tabmure 1 [4];
0 — CPEIHEKBAIPaTUUECKOE OTKIIOHEHHUE UCCIEAYEMON BETUYMHbBI, PaBHOE:!

AA
- 1A ACIbTa-pacupeacicHusa O = 7 )
- A1 HOpMaJIbHOI'O pacIIpeaciICHusa C = ? 5

AA
- U1l PABHOMEPHOTO PACIpPENENeHUs O = —— .
243

3nech A4 — pa3HOCTh MEXKTY BEpXHEH U HIKHEH TPaHUIIAMH UCCIIEyeMOTO BXOTHOTO mapamerpa o TY;
& — 3aJIaHHAsi TOYHOCTh OMPECICHUS MaTEMAaTHIECKOTO OXKHIaHMUS.

Tabnuna 1. 3aBucumoctsb K03 puumnenta t, OT JAOBepHUTEJbLHONH BeposiTHOCTH P [4].

P tp P tp P tp
0,80 1,392 0,88 1,554 0,95 1,960
0,81 1,310 0,89 1,597 0,96 2,053
0,82 1,340 0,90 1,643 0,97 2,169
0,83 1,371 0,91 1,694 0,98 2,25
6,84 1,404 0,92 1,750 0,99 2,576
0,85 1,439 0,93 1,810 0,9973 3,00
0,86 1,475 0,94 1,880 0,999 4,200
0,87 1,513

OOBIYHO yCTaHABIMBAETCS CIEAYIONIEE IMPABUIIO: €CIU IPHU BBIOOPOYHOM MPOBEPKE KOMIIOHEHTOB
OKa)KyTCsl OpaKOBaHHBIE U3JIEJIHSI, TIPOBEPKE MOJUICKUT YIBOEHHOE KOJIMYECTBO U3JIEIUN U3 3TOM MapTHH.

B ciydae BbIsiBIEeHUS IpU MPOBEPKE YABOCHHOTO KOJIMYECTBA M3/ETIHNIl XOTA Obl OJHOTO OpaKOBaHHOTO

KOMITOHEHTa, IpoBepke noasepratorcs 100% uznenuii nonydeHHoi maptuu [5].

3. HapeXXHOCTb BXOAHOro KOHTPONS

ObecnieueHre Ha/IEKHOCTH 3JIEKTPOHHOM ammaparypbl Ha 3Tare MPOU3BOJCTBA MOXET ObITh Ipel-
CTaBJICHO C HEKOTOPHIMH NMPUOIMHKEHUSIMHU CIIEIYIOIIHUM BbIpaKeHHEM [6]:

H,, =H H,H, (4)

rie H, , — Hajle’KHOCTb NPOU3BO/CTBA; [, — HAZIGKHOCTH BXOAHOTO KOHTPOJISL; [, — HAIGKHOCTh TeX-
HOJIOTMYECKOIO MPOLECCa M3TOTOBJIEHHS annaparypbl; /1, — HaIeKHOCTh BBIXOIHOIO KOHTPOJIS.
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BxoiHO# KOHTPOJIb MOXKET OBITH PYYHBIM HJIM AaBTOMATUYECKUM, CTOIPOIICHTHBIM WU BBIOOPOYHBIM.
Hazex)HOoCTh BXOIHOTO KOHTPOIA / ; OyeT pa3iu4HOM B 3aBUCUMOCTH OT METO/IA U XapaKTepa KOHTPOJIS.
B o01iem ciydae BEpOsSTHOCTD OIIMOKU KOHTPOJISI ONpeesiseTcs psiioM GakTopoB: METOA0OM KOHTPOJIS,
CKOPOCTBIO IIPOBEACHUS KOHTPOJISL, CPOKOM CITY>KObI TECTUPYIOLLEH anmnapaTypbl, IPOAOKUTEIILHOCTHIO
HENpephIBHON pabOTHI orneparopa.

BepositHOCTh OmMOKH KOHTPOJIs [4]
P, =P,(nT) 5)

I V = n/t — CKOPOCTh UCIIBITAHUHN; 1 — KOJIMYECTBO HCIIBITHIBAEMBIX U3/ICNIUN; f — BpeMs, OTpeOHOe
Ha KOHTPOJIb 3TUX U3JeNuii; 7 — BO3pacT TECTUPYIOIIETo 000pya0BaHuUs.

Ha puc. 1. noka3ana BepoSITHOCTh OIIMOKK KOHTPOJISL IPU PYYHOM U aBTOMaTHYECKOM METOJIaxX B 3a-
BUCUMOCTH OT BpeMEHHU [2].

Pa

Puc. 1. BeposiTHOCTH OIIMOKN KOHTPOJIS IPH PyYHOM M aBTOMaTHYECKOM METOAAX B 3aBHCUMOCTH OT BPEMEHH:
1 — py4HO# KOHTPOJIB; 2 — aBTOMATUUECKUI KOHTPOIIb

HauanbHbii nepro KOHTposs 7', XapakTepu3yeTcs 00IbIION BEPOATHOCTBIO OIIMOKH, KOTOpast 00bsC-
HSIETCS IIyCKOBBIM IIEPUOAOM JUIsl aBTOMaTHYECKOTO METO/1a KOHTPOJISI 1 OCBOEHUEM IIPOLIECCA KOHTPOJIS
OIIEpaToOpOM JIJIsl py4YHOTO METO/A.

OCHOBHO} IEPUOJ aBTOMATHIECKOTO KOHTPOIIS 7', XapaKT€PU3yeTCsl IIOCTOSAHHON BEPOATHOCTBIO OIIHO-
KH, YTO COOTBETCTBYET NPSAMOJIMHENHOMY y4acTKy KpUBOU 2 Ha puc. 1. [l pydHOro MeToa XxapakTepHo
BO3pacTaHHE BEPOATHOCTU OIIMOKH IO MEpe YTOMJIEHHs OIepaTopa, O 4eM IOBOPHUT BO3pACTAIOIIUI
y4acTok KpuBoi 1 Ha puc. 1.

[Mocnennnii mepron KOHTPOIs 7' XapaKTePU3yeTCsl PE3KMM BO3PACTaHMEM BEPOSITHOCTH OIIMOKH M3-32
BBIPAOOTKH CpPOKa CITY>KObI TECTUPYIOLIEH anmaparypbl 1 YTOMJIIEMOCTH OIlepaTopa.

BeposaTHOCTh OMIMOKN KOHTPOJIS U3/ 00BEMOM B MOYKHO OTIPEIENIUTh Kak [4]

P, = [ R(v.T)dn ©)
0

rae n = vi, PO — OHpCACIACTCA MCTOAOM KOHTPOJIA.
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[Ipu cTONPOIIEHTHOM KOHTPOJIE HAJEKHOCTh KOHTPOJISI Oy/ieT

Hn:I—Pnzl—]j{PO(v,T)dn (7)
rne N — KOJTMYeCTBO U3CIUI B KOHTPOJIMPYEMOM l'i)apTI/II/I.
HanexxHocTh BEIOOPOUHOTO KOHTPOJISL ONPEAEISETCS COOTHOIICHUEM:
Hy,e =H, H.=01-P)1-P.) (8)

e Hé — HAJEKHOCTh METOJMKH BBIOOPOYHOIO KOHTPOJIS; [, — HAJIeXKHOCTh KOHTPOJIA HEMOCPES-
CTBEHHO BBIOOPKH; Fy — BEPOATHOCTH Opaka NpH JaHHOK METOAUKE KOHTPOIS; P — BEpOATHOCTh Opaka
B BBIOOpKE.

Hcxons u3 ycnoBus
P «1; Pg/ «l,

JUTsl ypaBHEeHHS (§) OTydnM
Hl=1-P —P/
6 n B
YuuteiBas (7) u (8), moayunm Gopmyiny HaJIeKHOCTH BEIOOPOYHOTO KOHTPOJIS

n
1
Hpg=1-PLo(n)= | By(v.T)dn )

TJIE 1, — BEJIMYKMHA BEIOOPKH; Pgl_o (n1 )— BEpOATHOCTb Opaka Mpu JaHHON METOIUKE UCTIBITAHUHN, KOTOpast
SBISIETCS QYHKIIMEH OT BEJIMYMHBI BRIOOPKH.

Omnpenenum onTuMalibHOE 3HaueHue, 5. [Ipy 3TOM paccMOTpPUM [1Ba YACTHBIX ClIydasi:

a) P, (v,T) = const = P, DTOT Cly4aii COOTBETCTBYET aBTOMATHIECKOMY KOHTPOJIIO Ha TOPU30HTAIbHOM
y4acTke kpuBoit P = f(T);

0) P (n) = a/n; P, = bn. OTOT cily4ail COOTBETCTBYET PyYHOMY KOHTPOJIIO WJIH XKE MAJIOHAIE)KHOM pa-
0ote TecTupyronux ycrpoicts. KoaddumueHT b xapakrepusyeT HaKJIOH KPUBOU JIJIS1 PYYHOTO KOHTPOJIS
Ha yyacTke 7, (CM. puc. 1) u onpenensercs HemOCPEACTBEHHBIM U3MEPEHUEM B KOHKPETHBIX YCIOBHUSX

b=k/Tm,

rae k — yuciao omuOOK KOHTPOJIS 3a MOCIEAHUN MPOMEXYTOK BPEMEHH; m — OOIIee YHUCII0 OIMOOK
KOHTpOJIS 32 Bpems 1.

3HaueHue PS/ O(nl) OTIPE/IETISIOT U3 COOOpaX]KEHUI HAZIe)KHOCTH BBIOOPOYHOTO 00BbemMa
Pl = a/n
6.0 1

riae a = 0,25...1 B 3aBUCUMOCTH OT BEIOpaHHOHN HAJC)KHOCTH UCTIBITAHUMN.
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J1y1s1 BBIOOPOYHOTO aBTOMATHYECKOTO KOHTPOJIS TTOTYYUM CJIEYIOIIee BRIPAKCHHE HAIeKHOCTH [2]:

H”l6:1_nﬂ_P@.0nl (10)
1

OnTuManbHOE 3HAYCHHUE HaAC)KHOCTHU aBTOMATHUYCCKOI'O BXOAHOI'O KOHTPOJIA IMOJTYYHUM U3 YCJ'IOBI/Iﬁ

I BBIOOPOYHOTO PYYHOTO KOHTPOJS MM K€ MaJOHANEKHOW KOHCTPYKIHMHU KOHTPOJIbHO-
U3MEPUTENbHBIX CPEJCTB BhIPAXKEHUE HAICKHOCTH KOHTPOJIS IPUHUMAET BUJ]

Hpg=1-—-—L (11)

OnTuManbHOE 3HAYEHUE HAJIEKHOCTH PYYHOTO BXOJJHOTO KOHTPOJISI ONIPEIESETCS U3 YCIOBHIA:

0Hyg(n) a 3

2
=0 n1:3Z;Hnemax:1_ ¢

1
b2a

[Ipu cTONMPOIIEHTHOM KOHTPOJIE BRIpAKEHNE HAZC)KHOCTH UMEET BUI:
- 11 aBTOMATUY€CKOTO KOHTPOJIS Hn =] PON;
- JUIsl PYy4HOTO KOHTpOss H, = 1 — bN?/2.

Ha puc. 2 nmoka3aHbl 30HbI HAJIGKHOCTH BEIOOPOYHOTO U CTOIPOIICHTHOTO KOHTPOJISI, CITPABEUINBBIC KaK
JUTSI aBTOMAaTHYECKOT0, TaK U JIJI1 PYYHOT'O METOIOB KOHTPOJIs. MiMeeTcst XxapakTepHas riepBasi 30Ha, TJe
OoJbIIeH HAJICKHOCTRIO 00J1aaeT CTONPOICHTHBIN KOHTPOJIb U XapaKTepHasi BTopas 30Ha, I7i¢ OOobIei
HaJICKHOCTBIO 00J1a71aeT BEIOOPOYHBIA KOHTPOJIb.

H

N, ™

Puc. 2. 3onsl HagexHoCcTH crutomrHoro (1) 1 BEIOopouHOTO (2) TECTUPOBAHUSA
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Z[J'Iﬂ OIpCACIICHUA KOJIUYICCTBA H3I[eJ'IHI>i NKP’ MCHBIIC KOTOPOI'0 HAZACKHOCTD BBIIIC CTOIMPOLCHTHOI'O
KOHTPOJIAA U OoubIIe KOTOPOI'0 HAACKHOCTD BBIIIC BBI60p0‘IHOl"O KOHTPOJIs1, BOCIIOJIB3YEMCS YCIIOBUCM

H =H

n max

Torna MOJIYYHUM IJI1 aBTOMATHYCCKOT'O MCTO1d KOHTPOJIA

Ny, =230 a0,

P~ PO

Jlig pygHoro crioco6a KOHTpOJIs

a

4. CTOnMOCTb BXOO4HOIO KOHTPONS

DKOHOMMYECKas OLICHKA BXOIHOTO KOHTPOJIS AA€T BO3MOKHOCTh OJTYYUTh COOTHOLIEHHS MEXK 1Y CTOH-
MOCTBIO KOHTPOJISI IOCTYHAIOUINX B IPOU3BOJCTBO KOMIIOHEHTOB U MaTepHaliOB U 3aTpaTaMu Ha 3aMEHY
OpakoBaHHBIX 3JIEMEHTOB, IONABIINX B allllaparypy WK PEMOHTA JUIsl yCTPaHEHUs Ae(PeKTOB MaTepHaIOB
[6]. Tem cambIM pemraeTcsi BOIPOC O 1eIeco00pa3HOCTH MPUMEHEHUS TOTO WM MHOTO BUAa BXOAHOTO
KOHTpOJIsl. Takol KOHTPOJIb LesecooOpa3eH sl KOMIIOHEHTOB, He 00eCTeUrBAIOIINX B 3HAYUTEIbHOM
CTENEeHU HAJEKHOCTH IMapaMeTPOB U3TOTOBIISIEMOM anmnaparyphl.

BBenem noHsTHE MOTHOM CTOMMOCTH, MO KOTOPO# OyaeM MOHUMATh CyMMY 3aTpaT Ha BXOJHOW KOH-
TPOJIb U Ha yCTpaHEeHUe OpaKOBaHHBIX 3JIEMEHTOB B ammaparype.
Omnpenenenre NOJTHOW CTOUMOCTH 1AM JIJISl TPEX BO3BMOMKHBIX TPAKTHUECKHUX CIIy4aeB.

5. OTcyTCTBME BXO4HOIO KOHTpONS

[TonmHast CTOMMOCTH paBHA CTOMMOCTH padOT MO YCTPAaHEHUIO OPAKOBAHHBIX AJIEMEHTOB, MTOMABIINX B
anmnapaTrypy Wil peMOHTa MOHTa)KHBIX MOAJIOKEK JUIsl ycTpaHeHUs JedekToB MarepuanoB. OHa paBHa
IIPOM3BEJIEHUIO KOIMUYecTBa Opaka B MApTUU JETajiell U IIEXOBBIX 3aTpar Ha U3BJeueHHue OpaKoBaHHOM
JeTaau U3 COOPaHHOTO U3/EIHS U 3aMEHY €€ UCIIPABHON JETajbl0 UM CTOUMOCTh PEMOHTA:

C’, = PNC, (12)

e P — noss nim BepoATHOCTh Opaka cpean NocTynarmux aeranei; C, — 3aTparThl Ha 3aMEHy OJHOM
netanu; N — oOlee 4icio aeTaliei.

6. CTONPOLEHTHbIN KOHTPOJIb

[onHas cToMMOCTB paBHA CyMME 3aTpar Ha KOHTPOJIb M OTOPAKOBKY JieTajieid. YUCIIo mpoIyeHHbIX Jie-
(beKTHBIX JIeTalieli onpeaenseTcs KBanpHuKalrueil KOHTpoJIepa U Ka4eCTBOM KOHTPOJIBHO-U3MEPUTEITBHOM
annaparypsl. [lonHas cTOMMOCTB B 3TOM ClTyyae ONpeNeseTCs] ypaBHEHUEM
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C,/ = NCT + K ,PNC, (13)

Irac CT_ CTOMMOCTDB KOHTPOJIA OHHOﬁ JCTaJIu, K] — A0JIA 6pa1<a, IponymeHHOIo IMpu CTOIIPOLUCHTHOM
KOHTPOJIC.

7. BbIOOPOUHbIV KOHTPOJb

[TonHast CTOMMOCTB B ciiyyae BEIOOPOUYHOTO KOHTPOJIS COCTOUT U3 JIByX YacCTEH:
CroumMocTh NpUEMKH NAPTUU JIeTajieil Ha OCHOBE BBIOOPKH, KOTOpPasi MOXKET ObITh MpeCTaBlIEHA Clie-
JTYIOIIUM BBIPAKEHUEM:

C =P, [nC;+ (N —n)PC, + nK,PC,] (14)

e nC,— CTOMMOCTb KOHTPOJIs BBIOOPKH, COCTOALIEH H3 n netaneit; (N —n)PCy — CTOMMOCTb 3aMEHBI
OpaKkOBaHHBIX JICTANEN U3 HEMPOBEPsAeMON YacTu napTuu; nK,PCy — CTOMMOCTb 3aMeHbI OPAKOBAHHBIX
JE€TANEH U3 MPOBEPIEMO YacTH MapThu (BHIOOPKE), NPOIYIIEHHBIX KOHTPOJIEPOM; P, — BEPOATHOCTH
MPUEMKH MapTHH.

CroumocTh 0TOpaKOBaHHOW MapTUU PABHSETCS CTOMMOCTU KOHTPOJISI OTOOpPaHHBIX JIeTajlei, yMHO-
KEHHOM Ha BEpOSTHOCTH OTOpakoBku / — P,.

Bripaxxenue a1 o’xu1aeMoi MOJTHON CTOMMOCTH OTOPAaKOBAaHHBIX MAPTHH OyAeT UMETh BUJT

nC(1-P,)/P,
[TostHast CTOUMOCTB JIJ1s1 CTy4dasi BHIDOPOUYHOTO KOHTPOJIS ONPEAEIIAETCS BbIpaXKEHUEM

C" =P [nC,+ (N—n)PCy + nK,PCp] +nC(I1-P,)/P, (15)

8. Npadpuyeckoe BbipaKeHUe CTOMMOCTU KOHTPONS.

[Tonb3ysich BbIBEIEHHBIMU YPAaBHEHUSMHU, MOYXHO ITOCTPOUTH TpadUKU MOJTHON CTOMMOCTH KOHTPOJIS
B 3aBHCHMOCTH OT KauecTBa JaHHON MapTUH, XapaKTepu3yeMoil BeIMYrMHoO P, T. €. foseil Opaka.
I'padpuixy moOTHON CTOMMOCTH KOHTPOJISI TOKa3aHbl HA pUC. 3.

ey

Ly s

i
[
!
I |
7 ] |
[ J I
| r '
d i )
g F;} {"zf 4 I

Puc. 3. I'paduku onHON CTOMMOCTH Pa3IMYHBIX METOJIOB KOHTPOJIS:
1 — OTCYTCTBHE BXOJJHOTO KOHTPOJIS; 2 — BEIOOPOUHBI KOHTPOJIb; 3 — CTONPOIIEHTHBIA KOHTPOIIb
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I'paduk mosHOM CTOMMOCTH JIJ1s1 CTOIIPOIIEHTHOTO KOHTPOJIA (3) mpeacTaBiseT co00M MOUTH TOPU30H-
TaJbHYIO MPSAMYIO JIMHUIO, CIIETKAa YMEHBIIAIOUIYIOCS B 3aBUCUMOCTH OT 3Ha4eHust K u P.

I'paduix monHOM CTOMMOCTH TP OTCYTCTBUH BXOIHOTO KOHTPOJISI KOMIIOHEHTOB (1) mpeacTasisier co-
00l HAKJIOHHYIO MPSAMYIO JIMHUIO, TPOXOIAUIYIO Yepe3 Hayallo KOOPAMHAT.

[Ipu P =0 nosiHast CTOUMOCTh paBHa HYJIIO, & C YXYAUICHHUEM KauyeCTBa KOMIUICKTYIOIIUX JETAJICH MOJI-
Hasi CTOUMOCTb pacTeT JuHEHHO. NTHTeHCUBHOCTD POCTa MOJIHOM CTOMMOCTH 3aBHCHUT OT OOILEro uncia
JeTaliell ¥ YpOBHsI 3aTpar Ha UX 3aMEHY.

I'paduk moaHOM CTOMMOCTH /1711 BBIOOPOYHOTO KOHTPOJIs (2) MMeeT HeTMHEeHHbIN Xapakrep. [Ipu P=0
CTOMMOCTb OIIpeNeNAeTCs 3HaueHneM nC,, IIPU YBEIUYEHUU P OHa HapacTaeT, HO MEHEE NHTEHCHBHO,
4YeM MPHU OTCYTCTBUU KOHTPOJIS.

[To rpadukaM MosHON CTOMMOCTH MOXHO HaWTH ONTUMAJBHBIA 110 CTOMMOCTH BapHAaHT BXOAHOIO
KOHTPOJISI KOMIUIEKTYIOUINX U MaTepHalioB.

Crnioco0 KOHTPOJIS KOMIUIEKTYIOIIUX AeTaliell OyJeT onpenensThes pa3MmepoM naptuu N u goseit Opaka
P, conepkareiicst B 3TOM mapTuu, a TakKe PSJIOM JIPYTHX [apaMeTpoB, KOTOPbIE MOTYT OBITh JIH0O0 3a-
nanubiMu, Hanpumep C u Cp, 1ub0 mpeacTaBisaroT coboi Gynkuuro or N uinu P, Hanpumep n win P,.

Hons 6paka P 0ObIYHO ObIBa€T HEM3BECTHOM 1O MPOBEPKHU MAPTHH U MOITOMY CIEIYET MPHU OLEHKE
ATOM BEMYMHBI OPUEHTHUPOBATHCS HA CTATUCTUYECKHUE IAHHBIE, MOJyYEHHBIE paHee [6].

OnTuMalbHas OlEHKA KOHTPOJIS MOJKET OBITh MOJTydyeHa TaK)Ke aHAIUTHUYECKUM Criocobom, 6e3 rpa-
¢buyeckux noctpoeHuid. i 3TOro AOKHBI ObITh OMpPEeIeHb KpUTHUECKHE TOYKH, T. €. TAKHE TOUKH,
B KOTOPBIX OJIHA CX€Ma KOHTPOJISl CTAHOBUTCA JelieBie Jpyroil. O003HAYUM 3TH KPUTHUYECKUE TOUKU
gepes P/, Py/, P/.

9. OTCcyTCTBME BXOAHOIO KOHTPOJISl U CTOMPOLLEHTHbIW KOHTPOJIb

Kputnueckas Touka Px/ MepeCceYeHus] KPUBBIX MOJTHOW CTOMMOCTH MPU OTCYTCTBUH KOHTPOJISI U CTO-
MIPOIIEHTHOTO KOHTPOJIS onpeaensieTcs u3 ypasHenui (12) u (13):

P /NC, = NC, + K,PNC,

C
P/= — (16)
Cr(1-K))
CromnpoueHTHBIN KOHTPOJIb OyAeT SKOHOMHYHEE, KOT/Ia ypOBEHb KauyecTBa MOCTYNAIOMINX aeTajieil P’

0O0JIbIIIe 3HAYCHUS Px/ , 1 HA000pOT, Mpu P’ MeHbIIe 3HAYCHUS Px/ 3KOHOMHWYHEE OTCYTCTBHE BXOIHOTO
KOHTPOJISI.

10. OTcyTCTBME BXOAHOIO KOHTPOJIS U BbIOOPOUHbIA KOHTPOJIb

Kpurtnueckas Touka Py/ MepeceyeHus] KPUBBIX MOTHON CTOMMOCTH MPU OTCYTCTBHUU KOHTPOJISI U BbI-
OOPOYHOTO KOHTPOJISI ONIPECIISICTCS U3 YPABHCHHUS

P’NC, = P,[nCy + (N — n)P/C,, + K,nP/Cp] + [nCy(1 — P,)]/P,

P / nCT

Y CpIN—Py(N—n+nK,

(17)
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BeposATHOCTh NpHeMKH NapTuK P, BEIpakaeTcs B QyHKUUU P’ 1 71 MOXET ObITh OIIPEENeHA C y9eTOM
dbopmyel [Tyaccona [4]

b (”P/, ) !
r.

(18)

IJIe 1—KOIMYECTBO BBIOPAHHBIX JJIs1 KOHTPOJIA JeTajel; P’ — nmpoueHt 6paka; P, — BEPOATHOCTH TOTO,
YTO B YUCJIE OTOOpPAHHBIX JeTajeit OyaeT » OpakoBaHHBIX.

OueBHIHO, YTO P/y HEOOXOAMMO BBIUUCIATH COOTBETCTBEHHO PacCMaTpuBaeMOMy KOHKPETHOMY ILjia-
Hy BBIOOPKH BBHJIy TOTO, YTO JUIS KaXXJOTO IIaHa BEIOOPKH 3Ha4eHus P, OyayT paznuunbiMu. [Topsaok
onpesieeH s P/y CIIeLYFOLIHMIA:

1. HameuaroT muian BBIOOPKH, YCTaHABIMBAIOT KOJIMYECTBO BHIOMPAEMBIX JIeTajel n, pa3mep mapTuu
N u xputepuid nusa npuemMku AC. [log kpurepremM NPUEMKH MOHUMAETCS] MUHUMAJIbHOE JIOMYCTUMOE
KOJINYECTBO 3a0paKkoBaHHBIX JIeTajel U3 Yyncia AeTanei, OTOOpaHHBIX ISl KOHTPOJIS. 3HAYCHHE P, co-
OTBETCTBYIOIIIEE JIIoOOMY 3HaueHUI0 AC, MOXKET ObITh MOTy4YeHO U3 Tabnuil pacrpenenenus [lyaccona ¢
YYETOM IpejnonaraeMoro snayenus PP,. OHo paBHO cymme Beex P, BIuiots 1o r = AC.

2. Onpenensitot Py/ C y4YETOM HAMJIEHHOTrO 3Ha4Y€eHUs P, .

3. OTcyTCTBHE BXOIHOTO KOHTPOJISI OyAeT 5KOHOMUYHEE MPH MPEAINoiaraeMoM 3HaYeHUU P’ MeHbIIeM
P/y . Korga P’ 6ombIie P/y, AKOHOMUYHEE OKa3bIBACTCS CIIOCOO BEIOOPOYHOTO KOHTPOJIS.

11. CTONPOLEHTHbIVi KOHTPOJIb U BbIOOPOYHbIA KOHTPOJIb

Kpurnueckas Touka Py/ repeceyeH s KPUBBIX MOJTHON CTOUMOCTH MTPHU CTOMPOLIEHTHOM U BBIOOPOYHOM
KOHTPOJIE ONPENEIACTCS U3 YPaBHEHUS

NC, + KIP/NCR =P,[nC_+ (N-n)P/CR + kznP/CR] +[nC (1~ PA)]/PA,
Otcroma

P P,C;[N—-Pmn+n]-nC,
Z  P{CRl(N-n)+K,n]-P,CrK,N "

3HaueHue P,/ OTydaioT TAKHM XKe 06pa3oM, Kak 1 B IIpeblayeM ciydac. Korna sHauenne P MeHpe
TPEIIOIAraeMoro 3HadeHus P,/ T0 BBITOHEE METOJ BEIOOPOYHOTO KOHTPOIIS.
Korma P’ 6ombIne PZ/ , 00JI€€ SKOHOMUYHBIM OYy/I€T METOJ CTONPOLIEHTHOTO KOHTPOJIS.

12. OnTumanbHaa cTpaTteruss BXogHOro KOHTPOJIS

B Hacrosiee Bpemst BOIIPOCH! Kaue€CTBa U HAJAECKHOCTH 3JIEKTPOHHOM armnaparypsl IpUoOpETaroT uc-
KITIOUUTEITFHO OCTPBIN XapakTep, KaK JJIsl M3TOTOBUTECH KOMIIOHEHTOB, TaK M JJISl UX TOTPEOUTEICH.
HauOomnpIee KoMMYECTBO CIOPOB BOHUKAET B CBSI3U C TEM, UTO IIPOU3BOAMUTEIND aANIIapaTyphl BEIHYXK/IEH
MIPOBOAMTH 3HAUUTENLHBIA 00bEM JOPOTHX M JUTHTEIBHBIX UCTIHITAHUN MOCTYIAIONINX B TPOU3BOJCTBO
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KOHLUENUUSA BXOOAHOIO KOHTPOJI191 MATEPUAJIOB U KOMIJIEKTYIOLWWUX, NOCTYNAOLWKUX B NPON3BOACTBO

KOMITOHEHTOB B paMKaxX MEpPOIPUSITHH MO BXOJHOMY KOHTPOJIO [6]. DTH UCHIBITAHUS MOBTOPSIOT MPO-
LEeAypbl y’KE MPOBEICHHBIX UCIIBITAHUN Ha MPEANPUATUU-TIOCTABIINKE, KOTOPOE U3PACXO0BAIO HA 3TO
BeChbMa 3HauuTeNbHbIE cpeacTBa. OIHAKO CTETIEHb TAKOTo 1yOIUPOBaHUS TOCTOSHHO JOKHA YMEHbBIIIATh-
csi. DTO 00YCIIOBJICHO MPOLIECCOM HENPEPHIBHOTO MOBBIIIECHUS Ka4eCTBAa KOMIIOHEHTOB, OJarogaps 4emy
MOSIBIISIETCS. BOBMOYKHOCTH /7151 60JIee TECHOTO COTPYIHUYECTBA MEKIY MTOCTABIIMKOM U MOTpeOuTeneM
B PELIECHUH MPOOJIEMbI HCKIIOUUTEIbHON BaXKHOCTH, @ UMEHHO CHayasla pe3Koro COKparieHus oobema
orepalyii o BXOJHOMY KOHTPOJIIO KOMIIOHEHTOB U MaT€pUaioOB, a 3aT€M IOJIHOTO 0TKa3a OT HEero.

J11st TOTO, 4TOOBI YMEHBIITUTH 3aTPAThl HA UCTIBITAHKS M CBECTH 00HEM BRIOOPKH K MUHUMYMY, KPUTEPUU
MIPUEMKH I1eJIECO00Pa3HO CBECTH K TOMY, UTOOBI € IMHUYHBIN OTKa3 BhI3bIBAJI 3a0pakOBaHUE BCEH MAPTHH.
B Tex ciyuasix, Korjia ypoBeHb OTKa30B KOMIIOHEHTOB Ha BXOTHOM KOHTpOJIe OKa3biBaeTcst MeHbIe 100 Ha
MUJUTHOH, TO ecTh 0,01%, BXOAHOM KOHTPOJIb OOBIYHO OKa3bIBACTCS SKOHOMUYECKH HElEIeCO00Opa3HBIM.
DKOHOMHYHEE VISl TIOJIABIISIONICH YaCTH MPOU3BOJICTB OTOPAKOBHIBATH CTOJb PEIKHE CIIydau OTKAa30B
KOMIIOHEHTOB Ha dTanax MCIbITAHUH y3JI0B, OJJOKOB MJIM JaKe armaparypsl [7,8].

3akn4yeHue

PacueTs! Moka3bpIBalOT HEOUEBUIHBIE PE3YJIBTATHI B OLIEHKE 11€1€CO00Pa3HOCTH CITIOUIHOTO, BBIOOPOU-
HOTO U OTCYTCTBUSI KOHTpOJsl. KOHEUHO, B peasbHBIX OBICTPO MEHSIOUIMXCS YCIOBUIX MPOU3BOACTBA
3aTPYIHUTENIbHO MpUOeraTh K BhIIEIPHUBEIEHHBIM pacueTaM. Ho BBIBOABI, KOTOpPbIE MOXHO C/eJIaTh Ha
OCHOBE ITHX PacyeTOB, MO3BOJISIIOT OCO3HAHHO CTPOUTH CTPATETUIO U TAKTUKY KOHTPOJSI B YCIOBHSX
HEOIpeeIEHHOCTH KaueCTBa KOMIIOHEHTOB U MaTepHalioB, MOCTYMAIOIINUX B POU3BOJICTBO.
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Structural reliability. The theory and practice

Medvedev A.M., Mylov G.V.

CONCEPT OF INCOMING INSPECTION OF MATERIALS
AND COMPONENTS COMING INTO PRODUCTION

The paper offers the strategy of incoming inspection of components according to a level of deficiency
of lots, with expenses for elimination of consequences of defective components coming into finished
goods taken into account. The paper considers cost characteristics of complete, sample and uncontrolled
incoming inspection of materials and components coming into production.

Keywords: reliability, electronic components, basic materials, manufacture of electronic units, inspection.

The paper aims at showing the technical and economical efficiency of various strategies of incoming
inspection under the conditions when the costs of full-scale testing of electronic components and materi-
als are so huge that one has to think if it is reasonable to have complete or sample incoming inspection,
or about selecting a bona fide supplier.

Choice of a strategy of incoming inspection is critical due to the fact that electronic equipment manu-
facturers suffer considerable expenditures caused by defective materials or components coming into
production. Generally, these defects behave unpredictably in finished products affecting their reliability
and manufacture of good products [1]. The ISO 9000 certification system allows us to hope for supply of
good quality materials and components. Electronics manufacturers are forced to trust suppliers since the
capital costs of specialized equipment for incoming inspection are too large. It is easier for a manufacturer
to choose a bona fide supplier of components and materials than to organize their incoming inspection.
And it is more so, since there is in-circuit and peripheral control on a production line which makes up
for the lack of incoming inspection through identifying faulty components at the production stage. Nev-
ertheless, manufacturers of vital hardware sometimes want to evaluate a strategy of incoming inspection
in terms of reliability and economics of production [2].

Concepts of incoming quality in use

The incoming quality is understood as the quality of lots of components and materials coming into
production. The quality of individual lots can be evaluated by the number of defective products in a lot x,
or by the portion of faultiness q.
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CONCEPT OF INCOMING INSPECTION OF MATERIALS AND COMPONENTS COMING INTO PRODUCTION

The proportion of faultiness is typically calculated by the formula [2]:

(1)

_x
=N

where N is the size of a lot.

The incoming quality of a set of lots is characterized by the function f{x) of distribution of the number
of defective products in lots, or by the function f{g) of distribution of faultiness portions.

The type of distribution of defective products is defined by the unreliability of the outgoing inspection
at a manufacturer’s premises, by storage time, by destructing impacts of various factors during transpor-
tation and storage, etc.

For more detailed characteristics of the incoming quality, we can further use the dispersion xi or the
dispersion of faultiness portions [2].

k j—
L= Y- @
i-1

In case of constant volumes of the lot /V, the dispersions Xi and X?, are interrelated by the following
dependence x> = N? Xj.

Of great importance is the analysis of incoming quality of components and materials, which allows
manufacturers to identify drawbacks of the components of a supplier in advance to take action to improve
the reliability of components prior to any possible failure of equipment. Despite outgoing inspection at
factories of suppliers, defective parts can come into equipment.

Purpose and essence of incoming inspection

The incoming inspection is an additional test of components and materials before using them in pro-
duction as for parameters defining their operation and reliability [3]. This is because individual parts can
be of lower quality due to negligent final inspection, as well as possible long storage of finished products
at warehouses accompanied by deterioration of quality. In addition, one cannot rule out a possibility of
components and materials being damaged during transportation, etc.

Incoming inspection implies at least visual check of components. If a manufacturer has some spe-
cialized testing equipment, components undergo some electrical testing in combination with thermal
training [3].

During visual inspection, attention is paid to whether there are clearly visible inscriptions available at
the component or package material indicating the type, nominal value, tolerance, technical conditions
or product certificate, as well as whether there are any scratches, chips, cracks, dents, corrosion on the
product.

During electrical testing, one checks if the electrical parameters of the components conform to those
specified in the requirements and methods of technical conditions or certificates.

Parts which passed incoming inspection are additionally marked with a special inscription.
Incoming inspection of components or materials can be 100 per sent or selective.
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CONCEPT OF INCOMING INSPECTION OF MATERIALS AND COMPONENTS COMING INTO PRODUCTION

The sample size n can be defined by the formula [1]:

2
{,0

3)

n=
€

where ¢ A is factor dependent of the confidential probability P to be defined using Table 1 [4];
o — standard deviate of the value equal to:

for Delta distribution G = % ,

for normal distribution, ¢ =

b

Ad
6

for uniform distribution ¢ = ﬂ )
23

Here AA is the difference between the upper and lower boundaries of the incoming parameter as to
technical conditions; ¢ is the specified accuracy of mathematical expectation.

Table 1. The relation factor Z and the confidential probability P [4]

P ) P ) P )
0,80 1,392 0,88 1,554 0,95 1,960
0,81 1,310 0,89 1,597 0,96 2,053
0,82 1,340 0,90 1,643 0,97 2,169
0,83 1,371 0,91 1,694 0,98 2,25
6,84 1,404 0,92 1,750 0,99 2,576
0,85 1,439 0,93 1,810 | 09973 3,00
0,86 1,475 0,94 1,880 | 0,999 | 4,200
0,87 1,513

Generally, the following rule is set: if sample inspection shows defective products, a double number of
articles from the lot is subject to checking. In case checking a double number of products shows at least
one defective component, 100 per cent of the products of the received lot is subject to inspection [5].

Reliability of incoming inspection

Ensuring the reliability of electronic equipment at the production phase can be represented with some
approximation by the following expression [6]:

H,, =H H,H, “4)

where H is production reliability, /1, is reliability of incoming inspection, /, is reliability of techno-
logical process of manufacturing equipment, / is reliability of outgoing inspection.
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The incoming inspection can be manual or automated, 100 per cent or selective. Reliability of incom-
ing inspection H, will vary depending on the method and the nature of inspection. In the general case,
the probability of inspection error is defined by a number of factors: testing method, testing speed, life
time of testing apparatus, duration of an operator’s nonstop work.

The probability of inspection error [4]

P =P,mT) ()

where v = n/t is testing speed, 7 is number of tested products, # is time required to check these products,
T is age of testing equipment.

Figure 1 shows the probability of inspection error with manual and automated methods depending on
time [2].

Fig. 1. The probability of inspection error with manual and automated methods depending on time:
1 is manual inspection, 2 is automated inspection

The initial period of inspection 7, is characterized by a high probability of an error which is explained
by the start-up period for the automated control method and mastering of testing process by an operator
for the manual method.

The basic period of automated check T, is characterized by a constant probability of an error that corre-
sponds to the straight-line portion of curve 2 in Figure 1. The manual method is characterized by the increas-
ing likelihood of errors as an operator gets tired, as shown by the rising portion of curve 1 in Figure 1.

The last period of check T} is characterized by a sharp increase in an error probability due to depletion
of testing equipment lifetime and an operator’s fatigue.

The probability of an error of inspection of n products can be defined as [4]

P, = [ R(v.T)dn ©)
0

where n = vt, P, is defined by a method of inspection.
With 100 per cent inspection, the reliability is

N
H,=1-P,=1-[ R(v.T)dn (7)
0
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where N is number of items in the lot inspected.
The reliability of sample inspection is defined by the relation:

Hy,e =H, H.=01-P)1-P.) (®)
where H é is reliability of sample inspection, H is reliability of inspection of the sample itself, Pg/ is
probability of defective products for this method of inspection, P is probability of defective products in

the sample.
Based on the conditions

P «1; Pg/ «l,
for Equation (8)
HL=1-P —P/
Taking into account (7) and (8), we obtain the formula of reliability of sample inspection

n
1
Hpg=1-PLo(n) = | By(v.T)dn )
0

where 7, is size of the sample, Pgl_o (n,) 1s probability of defective products for this method of testing
that is a function of the size of the samp{e.

Define the optimal value H,,. Simultaneously, consider two special cases:

a) P, (v,T) = const = P, This case corresponds to the automated inspection on the horizontal segment
of curve P = f(T);

0) P (n) = a/n; P, = bn. This case corresponds to manual inspection or low reliable operation of test-
ing equipment. The factor b characterizes the slope of the curve for manual testing on the portion 7', (see
Figure 1) and is defined by direct measurement under specific conditions

b=k/Tm,

where k is number of inspection errors for the last time period, m is total number of inspection errors
for the time 7.
The value F, (nl) is found for the purpose of reliability of the sample volume

!/ _
Pg.O = a/n]

where @ = 0.25 ... 1 depending on the chosen reliability of testing.
For a sample automated inspection, we will have the following expression of reliability [2]:

Hngzl—nﬂ—Pe'Onl (10)
1
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The optimal value of reliability of automated incoming inspection will be derived from the condi-

tions
0H ;4 a
anl —0, nl = %, Hnmax =1-2 aP@.O

For a sample manual inspection, or low reliability designs of testing and measuring devices, the expres-
sion of inspection reliability looks like

a bn12
Hngzl—n——T (11)
1

The optimal value of reliability of manual incoming inspection is derived from the conditions:

oH, . (n) 2 3 =
— 6= n1:3Z§Hn6maX:1_§bza .

SRR

With 100 per cent inspection, the expression of reliability looks like:
For automated testing, H, = I — P/N;
For manual testing, H, = I — bN*/2.

Figure 2 shows the areas of reliability of sample and 100 per cent inspection valid both for
automated and manual methods of testing. There is a characteristic first area where 100 per cent
inspection is more reliable, and a characteristic second area where sample inspection is more
reliable.

Nltp ™

Fig. 2. Areas of reliability of 100 per cent (1) and (2) sample testing

To define the number of products N, with less than this the reliability being higher than 100 per
cent inspection, and with more than this the reliability being higher than sample inspection, use the
condition

n max n
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Then for automated inspection

aP
0
Ny, =24
P
f
For manual inspection
a
Nyp =3,]—.
Kp b

Incoming testing cost

Economic evaluation of incoming inspection provides a possibility of obtaining a relation between
the cost of inspection of components and materials coming into production and the cost of replacement
of defective items in equipment or repairing to correct defects in materials [6]. Thus, we tackle the
issue whether it is reasonable to apply this or another type of incoming inspection. Such inspection
is appropriate for components that do not ensure to some significant extent reliability parameters of
equipment.

Let us introduce the concept of total cost to imply the amount of expenditures spent on incoming in-
spection and repair of defective components in equipment.

We’ll define the concept of total cost for three possible practical cases.

No incoming inspection

The total cost is equal to the cost of replacement of defective items in equipment or repair of substrates
for elimination of defects of materials. It is equal to the product of the number of faulty elements in the
lot and the cost of withdrawing defective parts from assembled products and replacing them with good
parts or repairing cost:

C’, = PNC, (12)
where P is proportion or probability of faulty elements among incoming parts, C, is cost of replace-

ment of one part, N is total number of parts.

100 per cent inspection
The total cost amounts to the sum of the costs of inspection and screening of parts. The number of
missed defective parts is defined by the qualification of a controller and the quality of testing equipment.
The total cost in this case is defined by Equation
C,//=NCT + K,PNC, (13)

where C.is cost of one item inspection, K, is proportion of faulty items overlooked with 100 per cent
inspection.
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Sample inspection

For the case of sample inspection, the total cost consists of two parts:

The cost of acceptance of a lot based on a sample, which can be represented by the following expres-
sion:

C=P,[nC;+ (N -n)PC, +nK,PC,] (14)
where nC, is cost of sample inspection consisting of n items, (N — n)PC, is cost of replacement of

faulty items from the portion of a lot that is not inspected, nK,PC, is cost of replacement of faulty items

from the portion of a lot that is inspected (sample) but overlooked by a controller, P, is probability of
acceptance of a lot.

The cost of a rejected lot is equal to the cost of inspection of a sample multiplied by the probability of

rejectionis I — P,

The expression for an expected total cost of rejected lots will look like
nC(1-P,)/P,
The total cost for the case of sample inspection is defined by the expression

C” =P [nC,+ (N—n)PCy + nK,PCy] + nC(I1-P,)/P, (15)

Graphic expression of inspection cost

Using the derived equations, we can build charts of the total cost of inspection depending on the quality
of a given lot characterized by the value P, i.e. the proportion of faulty items.

The graphs of the total cost of inspection are shown in Figure 3.

&my
2 Ry
i
Z |
}
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[ i
‘1 ‘f l.f
N A 2 n

Fig. 3. Graphs of the total cost for various methods of inspection:
1 is lack of incoming inspection, 2 is sample inspection, 3 is 100 per cent inspection
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The chart of the total cost for 100 per cent inspection (3) represents a nearly horizontal straight line
declining slightly depending on the value of K and P.

The chart of the total cost for no incoming inspection of components (1) is a sloping straight line pass-
ing through the origin of coordinates.

For P = 0, the total cost is equal to zero, and as the quality of items deteriorate, the total cost grows
linearly. The intensity of total cost growth depends on the total number of items and expenditures related
to their replacement.

The chart of the total cost for sample inspection (2) is non-linear. For P = 0, the cost is defined by the
value of nC,, with a growing P, it increases but less intensively than for no incoming inspection.

Using charts of total cost, we can find the optimum variant of incoming inspection of components and
materials in terms of cost.

The way of inspecting components will be defined by the size of a lot N and the proportion P of faulty
items in the lot, as well as by a number of other parameters that can be either specified, for example C
and C,, or represent a function of N or P, for example n or P,.

The proportion P of defective items is usually unknown before inspection of a lot, and, therefore, when
evaluating this value, we should use statistic data previously obtained [6].

The optimal assessment of inspection can be also obtained by an analytical way, without using charts.
To this end, we shall define critical points, i.e. points wherein one control scheme becomes cheaper than
another. Denote these critical points as P/, Py/, P/.

No incoming inspection and 100 per cent inspection
The critical point Px/ of intersection of total cost curves for no incoming inspection and 100 per cent

inspection is derived from Equations (12) and (13):

P/NC, = NC, +K,P'NC,

p/= _ & (16)
G- Ky

100 per cent inspection will be more reasonable when the quality of incoming parts P’ is more than
the value P/, and vice versa, with P’ being less than the value P/, no incoming inspection is more rea-
sonable.

No incoming inspection and sample inspection

The critical point Py/ of intersection of total cost curves for no incoming inspection and sample inspec-
tion is derived from Equation

P’NC, = P,[nC; + (N — n)P/Cy + K,nP/C,] + [nCy(1 — P,)]/P,

P/

= (17)
Y CR[N—PA(N—n+nK2
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The probability of lot acceptance P, is expressed as the function P’ and 7 and can be defined using the
Poisson formula [4]

_ P _up!

P. '
r!

(18)

where 7 is number of items chosen for inspection, P’ is percentage of rejects, P, is probability of the
event that there will be the r faulty items in the sample.

Obviously, P’ should be calculated according to a specific sampling plan, since for each sampling plan,
P, values will be different. Procedure for defining P’ is as follows:

1. Outline a sampling plan, then specify the number of items chosen 7, the size of a lot &V, and accept-
ance criteria AC. An acceptance criterion means a minimum acceptable number of defective parts from
the parts chosen for inspection (sample). The value of P,, corresponding to any value of 4C, can be ob-
tained from Tables of a Poisson distribution, with an expected value P’ P, taken into account. It is equal
to the sum of all P, up to r = AC.

2. Define Py/ taking into account the calculated value of P,.

3. No incoming inspection will be more reasonable with the expected value of P’ being less than P/y.
When P’ is more than P/y, a sample inspection method is more reasonable economically.

100 per cent inspection and sample inspection

The critical point Px/ of intersection of total cost curves for 100 per cent inspection and sample inspec-
tion is derived from Equation

NC, + K,P'NC, = P,[nC, + (N-n)P'C,, + k,nP'C,] + [nC,(1 — P,)]/P,,

Hence,

;o P,C;[N—-Pmn+n]—nC,
Z  P{Ci[(N—n)+K,n]-P,CxK,N

The value of PZ/ is calculated the same way as in the previous case. When the value P’ is less than the
estimated value PZ/ , a sample inspection method is more advantageous.

When P’ is more than PZ/ , a hundred per cent inspection method is economically more reasonable.

Optimal strategy of incoming inspection

Currently, the issues related to quality and reliability of electronic equipment has become of great impor-
tance, both for component manufactures and their consumers. The hottest disputes are related to the fact that
an equipment manufacturer is forced to make a significant amount of expensive and time-consuming tests
of components coming into production within incoming inspection [6]. These tests follow the procedures
of testing already carried out by a company-supplier who spent quite substantial money on it. However,
the extent of such duplication should constantly decrease. This is due to a process of continuous quality
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improvement of components which allows for closer cooperation between suppliers and consumers in
tackling the problem of extreme importance, i.e., at first to drastically reduce the amount of operations
as to incoming inspection of components and materials, and then to abandon them completely.

In order to reduce the cost of testing and restrict the sample size to the minimum, acceptance criteria
are to be restricted such a way that a single fault should cause rejection of the whole lot. In those cases
where the level of faults for incoming inspection of components is less than 100 faults per one million,
1.e. 0.01 per cent, incoming inspection is usually economically unreasonable. It is more reasonable for
the vast majority of productions to identify such rare cases when testing nodes, blocks, or even equip-
ment [7, 8].

Conclusion

Calculations show unobvious results when evaluating the reasonability of complete, sample and
uncontrolled inspection. Certainly, in the real fast changing environment of production it is difficult to
make the above calculations. However, the conclusions which can be drawn from these calculations al-
low us to consciously build the strategy and tactics of inspection in the face of uncertainty as to quality
of components and materials coming into production.
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dyHKUMOHaNbHaA HaAEXHOCTb. Teopua U NpakTuKa

, CenuBaHoB U.C.

\Jlngcknii 3.A.

HALE)XHOCTb PACCEUBAHUS MPUMECEMN
NPU YOANEHUU OT OANHOYHOIrO UCTOYHUKA
3ArPSI3HEHUS

PacceviBaHune rnipyumeceri npu yaanaeHun oT MCTOYHuKa 3arpsisHeHus. [peanaraetcsi crnocob rnporHo3vpo-
BaHWsI 3aCOPEeHUNsT aTMOCHEPbI Pa3INdHbIMU BblIOpOcaMu rnpomn3BoACcTBa v akcrinyataummn. CyluectByeT pssa
mMarematnyeckux Mozesieri pacrpoCTPaHeHns: BPeAHOV npuMecu. Beibop moaenn 3aBUCUT OT MHOXECTBA
¢akTopoB. Moaesnb onpenensercss Ha3Ha4eHNemM pacyeTa, u, B CBOIO OYepeab, onpeanesnseT rnoaxon K pe-
LweHnto. B cratbe paccmatpuBailoTcsi T0/1bko ABe moaesin. OCHOBHbIE M0JI0XEHUsT paboTbl HOCST OOLLMIA
xapakrtep.

KnioyeBbie csioBa: VCTOYHUK 3arPsa3HEHUs], MOAEsIb, KOHLUEHTpauus, atMmocgepa, cryyariHbiii BbiOop, pe-
reHepaumsi, MUHTEHCUBHOCTb 3arpPsi3HeHus

1. NMNocTaHoBKa 3apaum

[IpoBeneM MMUTAIMOHHBIH MPOIIECC 3arps3HEHHs aTMOC(epbI OT OJMHOYHOTO HCTOUHHKA. [TapasensHo
YKa)Ke€M YCJIOBUS, BBITIOJIHEHHE KOTOPBIX 00€CIIeUunBaeT HAIeKHOCTh PACCEHBAHUSI.

3arps3HEHUE OLIEHUBACTCS KOHIEHTpAIlMel MpuMecel Mo Mepe yaajeHus OT ucTtouHuka. [Tomumo
MCTOYHUKA MPUMECH MOCTYNAI0T U 13 armocdepsl. HazoBem % Takux mpumeceit k. OcobeHHOCTBIO k
SBIISIETCS TO, UYTO kK MOXKET OBITh KaK MOJIOKUTEIBHBIM, TaK M OTpHULIATEILHBIM. boree moapoOHo atMoc-
depy He paccMaTpuBaeMm.

ITpearnonaoxum, 4TO JBa OAUHAKOBBIX 00BEMA V, U V, PACIIOIOKEHBI Ha (PUKCHUPOBAHHOM PACCTOSIHUU
Apyr ot apyra. Ha3oBem v, BXOIHBIM, a V, — BBIXOAHBIM U3MEPEHUEM KOHLEHTPALUH BPEIHBIX IIPHMeE-
ceil B armocdepe. BxonHoe usmepenue v, onpenensercs GU3HUECKIMHU IPOLECCAMU, TPOUCXOAAIIUMHI
B UCTOYHHKE MTpUMecell. BrIxoqHOE M3MepeHne OnpenenseTcsl paCCeMBaHUEM U BIMSHUEM aTMOC(epHI.

@uKcMpOBaHHOE pacCTosiHUE [ MEXIY V, B Vv, 3amaguM. Hanpumep, 4=100 . Hasosem 7, — KOH-
LEHTPALMIO IPUMECEH B v, (BXOIHOE U3MEPEHUE), 1; — KOHLEHTPALMIO IPUMECEH B V, (BBIXOIHOE U3-
Mepenue). Kaxoe yacTHoe n3MepeHne B CUITy HMUTALMOHHOTO MO/IX0/1a SIBIISIETCS CIIy4aliHbIM.

ITpouecc BeIIEICHNSA IPUMECEH B HICTOYHHUKE YEPE3 ONPEJECICHHOE BpeMs { = {, MUHYT II0CJI€ HadaJla
paboThI CTAHOBHUTCS CTATUCTHYECKH CTAI[HOHAPHBIM, CPEIHIO0 KOHIICHTPAIIHIO U TUCTIEPCHIO IIPUMECEH
ny, 602 MOKHO CUMTaTh HOCTOSIHHBIMU.
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HazoBeM #; Bpemsl, 10 HCTEUEHUH KOTOPOTO MpoLece B 00beMe V, TAKKE MOXKHO CUYMTATh CTAaTHCTHU-
4eCKH CTalMOHApHBIM. PDUKCUPOBAHHOMY PACCTOSHUIO [ COIOCTaBUM TAaKO€ CIlydallHOE BpeMs f;, YTO
IIPY IPEBBIIIECHUH #; MOXKET BBINOIHATHCA HEPABEHCTBO MEXkKAY KOHLIEHTPALUAMU

n(ty) > n(t,) . (1)

Boinonnenue (1) ects npusHak Toro, 4ro Ha 100-MeTpoBOM OTpe3Ke NEHCTBUTEIBHO MPOUCXOIUT
paccenBaHUE.

3aMeTuM, YTO HAIlPaBICHUE CBSA3U MEXIY V, U V, HecyllecTBeHHO. HecoBnaseHue ¢ BEKTOPOM CKO-
POCTH JABMKEHHSI CaMOI aTMOC(EpPbI 03HAYAET TOJIBKO, YTO CBSA3b IPOBOIUTCS B HAIPABICHUH TPOCKIHH
BEKTOpPa CKOPOCTH.

[TycTh Bech y4acTok B 30HE, OMIDKHEH K HCTOUHHUKY, pa30UT HA OTPE3KH (PUKCHPOBAHHOM JITHHBI.

Br160op BpeMeHH ¢, CBS3aH C IPOTUBOPEUUBBIMU TPEOOBAHUSIMHU: C OTHOM CTOPOHBI POCT #; J1aeT 0O0Jb-
LIyI0 FApaHTHUIO BINONHEHUS (1), ¢ Apyroii — M30BITOYHOCTD #; UCKIIIOYAECT BpEMsi, MUHUMAJIBHO HEO0XO-
JUMOe IS cornocTasieHus ¢ paccrosaueM 100 m. IIpemiaraeTcs cienyromuii Hopsiiok BeIOOpa ¢ .

1. Onpenensercas MUHUMAJIBHOE 3HAYEHUE f,,. [l 5TOro npoBepsAroTcs 3Ha4eHus rnd(f,) NpH psie
BO3MOXHBIX f,. B pesynprare npuHaTo 3a MuUHMManbHOE #, = 0.05, TO €CTh BBIACICHUE NIPUMECEH B
obbeMe Vv, OBICTPO NPUBOAUT K CTATUCTUYECKU CTAI[HOHAPHOMY COCTOSHHIO.

2. HaumHas ot #, mpou3BoAMTCA pocT f; ¢ yBenuuenueM Ha 0.05 Ha kaxxgom mare. IIponenypa 3akan-
YHBAETCS HA TOM IlIare, Ha KOTOPOM PEe3YJIbTaThl ONEpaIuu #nd (¢;) CTAHOBSITCS OLIYTUMO Pa3IMIHBIMU 110
HOPAAKY IU(p, TO €CTh CTAaTUCTUYECKAsI CTAlIMOHAPHOCTD HapymIaeTcs. B mpumepe nomydeno # = 0.35.

3. Ilpumem HauboubLIEE CIIydalfHOE YHCIIO MOCIIEAHETO 11ara OKOHYaTeIbHO 3a 7 .

YcTaHOBUM MaKCHMaITbHBIE IPOMEKYTKH BPEMEHU t,]:, MEeX[y COCeIHUMU u3MepeHusamu. Toraa ¢, + t,ln
€CTh OTPE30K BPEMEHH, B KOTOPOM HAXOIMTCS CIIelyIoliee MocIe MOMEHTa £, u3Mepenue. B npumepe
tt =03.

I/I36ep61}/1 CIly4aliHO€ BpeMs CIIEIYIOLIEro Mocie #, U3MepeHus f € (&, —l—t,ln) C MOMOIIBI0 (PYHKIHH
rnd(ty +1t,) — t,. Honyuum # = 0.247 .

Ha3oBeM TOUKy f, U MOCIEIYIOIIE BPEMEHHbBIE TOUKH, ONIPEAEIsieMbIe IO TOMY K€ IIaHy, TOYKaMH
perenepauuu Tp0, Tpl, Tp2 ... {151 BTOpoil TOUKH pereHepanuy noayunm

rnd(t, +1.) — t, LTI
(He cTouT 3a/1aBaTh tf, — 00 ; 9TO MPAKTHYECKU HE UMEET CMBICIIA).

Takum 006pazom, MOTydaeTCs MOCIEA0BATEIHHOCTh TOYEK N3MEPEHHUH, B KOTOPBIX paCCEHBAHUE SIBIISI-
€TCsl HaJIe)KHBIM, €CIIM BBINOIHAIOTCSA yclnoBus n(ty) > n(t;) > n(t,) > ... 3neck n(f;,) — KOHLUEHTpALUsI
pUMECH Ha MOMEHT U3MepeHus B Touke Tpk .

Tenepsb 11€eTk0 yCTaHOBUTB CBA3b MEXKIY PAcCTOSHUEM M BpeMeHeM. [l craprosoro nepuona (0,7, ]
pacxoll BpeMEHH Ha eIUHHILY JUTUHBI PACCTOSHUS paBeH

_h
V= )

tl_

JI7sl TOUKH ¢, JOMOJHUTENBHOE PACCTOSHUE OT Hadasa oTcueTa /| =
crosiaue [/ + [, n.T.a.

" 1ToJIy4acM IOJIHOC pac-
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Bynem cunrarh pacxon BpeMEHH Ha €IMHULLY PACCTOSAHUS Y = CONSt , XOTsI BO3MOXKEH yUET U3MEHEHUS
Y B TOUKaX pereHepaluu.
Jlnist ka0l k -O¥ pereHepany MOXKHO HAlTH BEPOSITHOCTD €€ OCYIIECTBICHHS

I
a4 = [ p(0bt)dt 3)
Ik

rae p;(t) —BEpOSTHOCTb COOBITHS: TOUKA ¢ IPUHAIEKUT UHTEpBAly (Z,_,,¢, ] (oTBeuaer k -oii pere-
Hepauuu), b(¢) — INIOTHOCTh paclpeaeIeHUs] KOHLIEHTPALUK IpUMecel B 00beMe v, .

Taxkum 00pa3om, pacCTOSTHUE, KAK TAKOBOE, UCKITIOYAETCS U3 PACCMOTPEHHSI.

Brimonuenue (1) OymeT onpeneisiThesl pacupeeieHueM CIIy4ailHON BEJIMYUHBI { Ha OCU BPEMEHHU.
Torna B OnuKHEN OKPECTHOCTH MCTOYHHKA CXEeMa B MpUMeEpe MPHUBOAMUTCS K CIEAYIOIMIEMY BapUaHTY
(cm. puc.1).

Tpl Bpewms mexny Tp2
U3MEPECHUSIMU
—> —

BXOJI V—P —; BBIXOJ

1
2
Paccrosane 100 m.

Puc. 1.

Touku Tpl, Tp2 — nBe nepsbie TOUkH perenepaunu. Ilycrs Py, — BEPOATHOCTh KOHIIGHTPALINH TIPHME-
ceil n, Ha MOMEHT u3MepeHuii B Tpl u Py, — BEPOATHOCTH KOHICHTPALMH IPUMECEH 71, B Tp2 Ha TOT %€
MOMeHT u3MepeHnuil, uro B Tpl. Ho B Tp2 koHLeHTpanus npuMeceil CKIIaAbIBACTCA U3 7, U BO3MOXKHBIX
k w3MeHeHu# 3a BpeMs . 3HaueHHUs kK MOTYT ObITh OTpHLATEIbHBIMU. Toraa arMmocdepHoe BIUSHHE
yayullaeT paccerMBaHue. Tak Kak cieqyeT pacCUMThIBaTh Ha HAUXYAILIUH Cllydaid, OTpULIATEIbHbIE K HE
YYUTBIBAEM.

He yuutsiBas oTpumarensHbie k , BBEJIEM KOHIIEHTPAIIUIO aTMOC(ephl KakK

O06a ygacTByromux B (3) pactpeeieHus 3aJal0TCsl HCXO/Is U3 aHaM3a (PU3MIeCcKuX MPOIECCOB B UC-
TOYHUKE U aTMoc(epe. Permenre mpukiIaiHOM 3a1a4u pacCEUBAHUS HAYHMHACTCS C BHIOOPA BEPOSITHOCTH
Py (t) m pactipenenenus b(t) .

2. HapeXXHoCTb pacceuBaHus NpumMmecen B 0/1IM)KHei OKPEeCTHOCTU
MCTOYHMKA

INox ycnoBusiMu HaIe)KHOCTH IOHUMAETCsI Ha3HaUeHue p, (t), b(t) , ynosaersopstoiuee (1), (2), (3), (4).
CornacHo (1) koHUEHTpauys n, NOJKHA NaJaTh C POCTOM f.
byneM cuuTarh U3MEHEHUS 7; IIyaCCOHOBCKHMM Cily4aiHbIM npoueccoM. s rouku Tp k umeem

(}"t)k —At

e
k!

()=
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Uro kacaercs b(¢), To B Onvkaiiiieid OKpecTHOCTH pekoMeHyeTcs [ 1] monb3oBarbes ['ayccoBbiM 3a-
KOHOM pacnpenesneHus (puc. 2).

Bun notHOCTH pacnipeneneHus 3HaUeHus 1gal

b(t)

S HEZoH T o R

l'aycc

= =T H

Bpewms ¢

Puc. 2.

Huterpan (3) B anemeHTapHbix GyHKIUSIX HE Beruucisercs. [lapamerpsr pacnpenenenus [lyaccona-
l'aycca: A,a,0. Ecnu 3amaBate @ = 0,0 =1, TO MOJy4uM BO3MOXKHOCTh TIPH KaX10M ¢ > (0 BOCIIOJb-
30Barbes Tabmuuamu D'(¢) [2]. Tycts ¢, —# = At — mManoe. Torya, NONB3yACH TEOPEMOIT O CPETHEM,
MO>KEM 3amucarb

2

ADG) 1 5
At om T

O1uM U orpannunBaercs onpeaenenune b(t) . [lpu a = 0,06 =1 momyunm

t—a t—At—a
t, = , h=———
c c

[IpoBepum ¢ momomIbko Tabmuisl D'(¢) caenaHHbIil paHee BBIBOI: MUHUMAIBLHOE Bpems £, = 0.05 . o
Tabmnuie Ha puc.5 momyuaem D’(7,) = 0.3989. Torna mapameTp paccenBaHusi, ONPENEAEMBII MO HC-
XOZIHOMY 3HAuUCHUI0, A7 ¢, OyneT

1/0.3989

c=——-—=126.
0.05

Ho Bpems nusmepenust MmoxeT uameHsATbest oT 0 1o 0.9. mosToMy Apyrasi rpaHunia 1jis ¢ OyaeT paBHA

10.2661

c=——7—=1032
0.05
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Halinem oxoH4uaTenbHO
c=rnd(12.6—10.32)+10.32=11.65

Bricokoe 3HaUeHHE G CBUICTEIBCTBYET O OBICTPOM PACCEMBAHUU B HETIOCPEACTBEHHOM OJIM30CTH OT
HCTOYHHUKA.
Jls cpaBHeHMs HaiaeM rpaHuuel o s ¢ = 0.247 . Ilomydnm

o =rmd(1.99—1.037)+1.037 =137 .

Ha camom niene cHmkenue ¢ mo tabmnuiie (CM. puc. 5) MOXKET IPOUCXOIUTh KaK Pe3Ko, TaK U MocTe-
MIEHHO TI0 Mepe U3MEHEHUS BpeMeHU Ha 10-MUHYTHOM MHTEpBajie HaOMoAeHUH (CM. puc. 3).

HazoBem o yron m3MeHeHMsI KOHLIEHTpAaIMU MpUMecei 3a BpeMsl HaOIOACHUs, ONpenesieMblii B
nuHerHoM npubmwkennu. Ha puc. 3 nmpuBeneHa cxema pacyeTa go., B COOTBETCTBUH ¢ TaOnuiei [2], B
KoTOpoit MUHYTHI OT 0 110 9 pa36uTel Ha 10 nenenuii ¢ marom 0.1.

1 __

J2n

Tpebyercs naiitu tga. ipu a = 0,0 =1. 3Hauenus b(t) Haxomarcs mo Tabmunam b(t) =

Ha puc.5 B Tabmune A¢ = 0.1. MakcumanabHOE HauaJabHOE TaOJIUYHOE BpEMs paBHO 9.

B tabnurie Ha puc. 5 ucxoaHbie 3HaUeHUs b(¢) B3SATHI U3 CTAHIAPTHOM TAONMIIbI, & KOHEUHBIC 3HAYCHUS
MOJIYYCHBI B JIMHEHHOM MPHOIMKEHNUHN CONNIACHO cxeMe Ha puc. 3. OCHOBHOM pe3yJbTaT — 3HAYCHUS 120 .

Cxema pacuera fgo npu 10 MuH. HaOIIIOIEHUN

CHmxeHune
KOHIeHTpaluu nocie 10
MuH. Ha61. An
[ T .
KonuenTpanus npumecu [ [ [ [ [ [ [ [ | 4 Konuenrpauus npumecu
10 10 MuH. HAOIIOAEHUSA BpeMﬂ t [Tocae 10 MuH HaOIOAEHUA
=) ny

Puc. 3.

W3 puc. 3 cnenyet BUI IEPBOM CTPOKH TaOIHUIIBI HA PUC. 5, HE3aBUCHMBIN OT TUIIA pacnpeeneHus b(t) .
[Ipenanonoxum, 4To HavaabHas KOHLEHTPALKs B v, paBHa 71y = 0, 6€3 yueTa BO3MOXKHBIX MOCTYILICHUH
u3 armocepsl cM. (4), a nocne 10-MuUHYTHOrO HaOMIOCHUS. KOHLIEHTpALUs 7; CTAHOBUTCS PaBHOMU Ta-
KOBOH y HCTOYHMKA 3arpsI3HEHUS.

JHaxe B TakoM (HauxymmeM) ciaydae fgo = 0.1 o <75". MoxHo npeHeOpeub N3MEHEHUEM KOHIICH-
Tpauuu U cuutars n; ~ 0. Jlpyrumu cioBamu, uHTepBan BpeMeHu 10 MuHYT OyneM cuuTaTh BCEraa
JIOCTATOYHBIM JUISl PACCEUBAHMS JIFOOOTO 3arps3HEHUs B v,. IMEHHO Takoi HHTEpBa IPELyCMOTPEH B
tabnunax [2].

Ha puc. 4 npenamonaraercs, 4To BCS paccMaTpuBaeMasi 4acTh aTMOc(epbl, HAa4MHAasi OT UCTOYHHUKA
3arpsiI3HEHUS, pa3/ielieHa Ha JTUHEHHO pacloioKeHHbIe ydacTku. OmpeaeneHue CIy4aifHOro BpeMeHH
* naer ¢ y4eTOM BPEMEHH HAOIONEHUS M HEKOTOPBIM 3allacoM, COOTBETCTBEHHO 15, 24.885, 25.848,
28.506, 30.311 (MuHyT).
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Pesynbrar quis 5 Tp

MowmeHT n3mepenuit

15 2488 2585 2851 3031 o

| | |
HNCTOYHHUK | | | | | Toukn pereHepannu Tpk
lo= 100m ll lz 13 l4
Puc. 4.

Paccrosaue [ M

Puc. 5. Tabanna pesyabraToB B Moneau laycca

Bpems n Bpemst u3wi. | MHTepBa. BpeMenu u3m. Koneun. 3Hau. tga Hcx. 3Hau4.
Hanp. 1,01 IPH JaHHOM BpeM. M3M.

0 0 0-10 0,3973 tg 0,0112 0,3989
1 0,1 0-10 0,3918 tg 0,052 0,3970
2 0,2 0-10 0,3825 tg 0,085 0,3910
3 0,3 0-10 0,3697 tg 0,0117 0,3814
4 0,4 0-10 0,3538 tg 0,0145 0,3683
5 0,5 0-10 0,3352 tg 0,0169 0,3521
6 0,6 0-10 0,3144 tg 0,0188 0,3332
7 0,7 0-10 0,2920 tg 0.0203 0,3123
8 0,8 0-10 0,2685 tg 0,0212 0,2897
9 0,9 0-10 0,2444 tg 0,0217 0,2661
10 1 0-10 0,2203 tg 0,0217 0,2420
11 1,1 0-10 0,1965 tg 0,0214 0,2179
12 1,2 0-10 0,1736 tg 0,0206 0,1942
13 1,3 0-10 0,1518 tg 0,0196 0,1714
14 1,4 0-10 0,1315 tg 0,0182 0,1497
15 1,5 0-10 0,1127 tg 0,0168 0,1295
16 1,6 0-10 0,0957 tg 0,0152 0,1109
17 1,7 0-10 0,0804 tg 0,0136 0,0940
18 1,8 0-10 0,0669 tg 0,0121 0,0790
19 1,9 0-10 0,0551 tg 0,0105 0,0656
20 0-10 0,0449 tg 0,00819 0,0540
21 2,1 0-10 0,0363 tg 0,00693 0,0440
22 2,2 0-10 0,0290 tg 0,00585 0,0355
23 2,3 0-10 0,0229 tg 0,00486 0,0283
24 2,4 0-10 0,0180 tg 0,00396 0,0224
25 2,5 0-10 0,0139 tg 0,00274 0,0175
26 2,6 0-10 0,0107 tg 0,00261 0,0136
27 2,7 0-10 0,0081 tg 0,00207 0,0104
28 2,8 0-10 0,0061 tg 0,00162 0,0079
29 2,9 0-10 0,0046 tg 0,00126 0,0060
30 3 0-10 0,0034 tg 0,0060 0,0044
31 3,1 0-10 0,0025 tg 0,009 0,0033
32 3,2 0-10 0,0018 tg 0,0072 0,0024
33 33 0-10 0,0013 tg 0,0054 0,0017
34 3.4 0-10 0,0009 tg 0,0036 0,0012
35 3,5 0-10 0,0006 tg 0,000 0,0009
36 3,6 0-10 0,0004 tg 0,0027 0,0006
37 3,7 0-10 0,0003 tg 0,0018 0,0004
38 3,8 0-10 0,0002 tg 0,0019 0,0003
39 3,9 0-10 0,0001 tg 0,0009 0,0002
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HAOEXXHOCTb PACCEMBAHUS MPUMECEN NMPU YOAJIEHAM OT OQUHOYHOIO UCTOYHUKA SATPA3HEHUA

Massle fgo. mpu BCeX 3HAUYEHUSX 71 OATBEPIKAAIOT TO, YUTO U3MEHEHUE KOHIIEHTPALIMHU IPOUCXOIUT B
OCHOBHOM Ha IIEpBOM |5-MHUHYTHOM HHTEpBAJIE.

Tabnuia Ha puc. 5 cocTaBiieHa Ha OCHOBE cTaHmapTHOU [2]. Ho cranmaptHas Ttabmuma yxe nMeeT
NpUOTMKEHHO JIMHEHHBIM XapakTep M3MEHEHMH, KaK M0 CTPOKaM, TaK U MO CToJI0LaM. DTO U CIYKUT
000CHOBaHMEM MOCTPOSHHSI HA PUC. 5 U BBIUYMCIICHUS] KOHEUHBIX 3HAYCHUI U fgo. B TabMHIIe puUC. 5.

[TepBas cTpoka TaOMUIBI HA PUC. 5 MOXKET UCTOIB30BATHCS ISl IEMOHCTPALMK MAJIOCTH 1O U B
Cllyyae He TayCCOBBIX PAaCIpeAeICHUN.

[Tpumem monens m3MeHeHust KoHIeHTparuu [lyaccona — [Mapero. Ha puc. 6 nmokazana ¢hyHkmus b(t)
IUISL 9TOTO CITy4ast.

Bun niotHOCTH pacnipeneneHus

S S Togmo R

[Tapero

= =T H

Bpems

Puc. 6.

Ha puc. 7 npeacrasiiena nepBasi CTpoKa INIOTHOCTH pacnpenesienus [lapero.

Puc. 7. Illpumep masoctu 7go.

Bpems u3m. HNHTepBaJ BpEeMeHHU U3M. Koneun.
Bpemsi n tga Hcx. 3nau.
namnp. 1,01 MPH JAaHHOM BpPeM. H3M. 3HaY.
0.0 10 0.000 0.05 0.5
1 0.1 10 0.00174 | 0.0498 0.0498
3aknoyeHme

HanexnocTs paccenBaHus 3arpsA3HAOIINAX IPUMECEH 03HAYAET BBIIIOJHEHUE YETHIPEX YCIOBUH, IIEpe-
YHUCJICHHBIX B TEKCTE. CTaThs NOCBAIIEHA MMUTALIMH IPOLECCA PACIIPOCTPAHEHUS ITPUMECEN € TPOBEPKOI
HAaJICKHOCTH.

Ha npumepe aByx To4ek, 0JTHa U3 KOTOPBIX COBIAIAET C PACIOJIIOKEHUEM HCTOYHHKA 3arPSI3HAOIINX
IpUMeceii, a Bropasi HAXOUTCS Ha y/laJeHUH [ OT HEero, J0Ka3bIBaeTCsl, YTO MPHU TAKOM PACIOJIOKEHUU
TOYEK MOKHO ITOCTaBUTh B COOTBETCTBUE PACCTOSIHUIO [ BPEeMs #; — U3MEPEHUS KOHLIEHTPALUH IPUMECH,
10 UCTEYEHHUHU KOTOPOTO MPOLECC 3arpsi3HEHMS B Y/IaJJ€HHON TOUKe CTaOMIIN3UPYETCS.
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HALEXHOCTb PACCEUBAHUA MPUMECEN NMPU YOAJIEHUU OT OOUHOYHOIO UCTOYHUKA 3ATPA3SHEHUSA

Tak kak arMmocepHbIe TOTOKH 3apaHee He OIpe/IeNIeHbl, U3MepeHUs npemnonaratt 10-kpaTHoe moBTo-
pEeHHUE CO CIyYalHBIMU UCX0aMU. UTOOBI MCIIOIb30BaTh HAMXY/IIIHMK CiTy4dai, BRIOUpaeTCs: HAanOOJIbIIHIA
UCXO]I.

[Ipennaraercs npolenypa ONTUMU3ALNUY BbIOOPA, TaK KaK HAMXYALIUI UCXOJl MOXKET AaTh HEHYKHBIN
3abpoc.

B kaxx101i TOUKE U3MEPEHHUI YUUTHIBAECTCS BOBMOXXHOCTD JOTOJHUTEIIbHBIX MOCTYTUICHUH 3arpsi3HsII0-
HIMX IpUMecel u3 arMmocdepbl TOMUMO PaCCMAaTPUBAEMOTO UCTOUHHKA.

[Ipennaraemsplii MOAX0/ JOMYyCKAETCs, €CIIU TPeOyeTcs COSTUHATh MEXAY COOON Y4acTKH C pa3HbIM
HaIpaBJICHUEM U PA3HOU JIMHOM.

OcHoBHas Hcnonb3yeMas MOJelb, onpeensomas ¢t — ['ayccoBo pacnpenencHue, peKOMEHIyeMOe
JUTsL OJIVMDKHETO OKpY KeHHsI uCTOYHMKa. [Ipeaiaraercst nepecTpoeHHasi B MHTEpecax peraeMon 3a1a4u
TabnuIa npou3BoaHoH GyHkimy Jlannaca (7).

Bce onmeparuu BbIOOpa #; J1€rko OCyLIECTBHMBI, TaK KaK NPOBOAATCA B PaMKax JOIYyCTUMOIO IS
Tabmuipl D' (¢f) IMHEHHOTO MPUOIMKEHHS.

PasBurtue noaxona K MporHO3UPOBAHHUIO HAJIC)KHOCTH HA OOJIBIIOE YIAJICHUE U IPYTHE PACIIUPEHUS
TpeOyeT MPUMEHEHHSI Pa3IMYHbIX MOJICIICH, N3BECTHBIX B JIUTEPATypeE.

Jintepartypa

1. SCOPE 50 Radiotechnology after Cyernobyl Part 3 Atmosphere pathway Coordinator
R.M. Harrison.
2. Bentueas E.C. Teopus BepositHocTet, M: @uszmarrusz, 1962 .
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Functional reliability. The theory and practice

Lidsky E.A., Selivanov I.S.

RELIABILITY OF CONTAMINATION DISPERSION AWAY
FROM A SINGLE POLLUTION SOURCE

Dispersion of contaminants moving away from a pollution source. A method is offered to predict atmospheric
contamination with various production and maintenance wastes. There are a number of mathematical
models describing contamination dispersion. The selection of a model depends on a set of factors. A
model is defined by the purpose of calculation and, in its turn, defines a solution approach. This paper
considers only two models. The basic guidelines of the paper are general.

Keywords: pollution source, model, concentration, atmosphere, random choice, regeneration, pollution
density

1. Problem statement

Let us simulate the process of air pollution from a single source. In parallel, let us specify conditions
when the reliability of dispersion is provided.

Contamination is evaluated by the concentration of contaminants as they move away from a source.
Contaminants come from the atmosphere as well as from a source. Denote the percent of such contami-
nants as k. The peculiarity of & is that it can be either positive or negative. The atmosphere shall not be
regarded in more detail.

Assume that two identical volumes v, and v, are located at a fixed distance from each other. Name
v, as input and v, as output measurement of air pollution concentration. The input measurement v, is
defined by physical processes that take place in a pollution source. The output measurement is defined
by dispersion and atmospheric influence.

Let us set a fixed distance / between v, and v, . For example, 4=100 . Denote 7, as concentration of
contaminants in v; (input measurement) and »; as concentration of contaminants in v, (output measure-
ment). Due to the simulation approach, each individual measurement is random.

The process of extracting contaminants from a source in a certain period of time ¢ = ¢, minutes after
beginning becomes statistically stationary, and the mean concentration and dispersion of contaminants
7y » O, can be considered as constant.

Assume ¢, as a time period, this elapsed allowing us to regard the process in the volume v, as statisti-
cally stationary as well. For the fixed distance / we shall match such random time ¢, that with ¢, exceeded
we have an inequation between concentrations
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RELIABILITY OF CONTAMINATION DISPERSION AWAY FROM A SINGLE POLLUTION SOURCE

n(ty) > n(t)) (h

The fulfillment (1) indicates that dispersion really takes place at one hundred meter distance.

Note that the direction of a relation between v; and v, doesn’t matter. Mismatch with the vector of air
movement only means that relation is made in the direction of projection velocity vector.

Let the whole sector in the area nearest to the source be split into fixed length sections.

The choice of time ¢, is related to contradictory requirements. On the one hand, the increase of ¢, gives
a higher guarantee for the fulfillment (1), on the other hand, the redundancy of ¢, rules out the time mini-
mally requisite to correlate with the distance of 100 m. The following way for choosing ¢, is offered.

1. The minimum value of ¢, is defined. To that end the values of rnd(%,) are checked for a number of
possible #,. As a result, we have the minimum values as ¢, = 0.05, i.e. extraction of contaminants in the
volume v, rapidly brings to a statistically stationary state.

2. Starting from ¢, we increase #; with increment by 0.05 at each step. The procedure finishes at that
step where rnd(t,) operation results become feasibly different as to order of figures, i.e. statistical sta-
tionarity breaks. In this case we have # =0.35.

3. Assume the maximum random quantity of the last step finally as ¢, .

Set maximum intervals 7* between neighboring measurements. Then ¢, +¢), is a time interval wherein
measurement following #,1s located. In our case we have ¢ =0.3.

Let us choose a random time of ¢ € (¢, +¢, ) measurement following ¢, using the function of
rnd(ty +1)) —t,. We have #, = 0.247 .

Name ¢, point and posterior time points defined as to the same method as regeneration points Tp0,
Tpl, Tp2 ... For the second regeneration point we have

rnd(t; +1.) = t, etc.
(It is not worth setting t,]; — oo ; it practically doesn’t make sense).
Therefore, we have a continuity of measurement points wherein dispersion is reliable if
n(ty) > n(t;) > n(t,) > ... Here n(t,) is the concentration of contaminants at the moment of measurement

at Tp k point.

Now it is easy to find a correlation between distance and time. For the start period (0, ¢, ], time spent
as per unit of distance length is

_h
Y= @)

t,—t .
L0 " and we have the whole distance

For ¢ point, an extra distance from a reference point is /; =
[+ 1 etc.

Let us consider the time spent as per unit of distance as y = const , although we can record the changes
of 1y at regeneration points.
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RELIABILITY OF CONTAMINATION DISPERSION AWAY FROM A SINGLE POLLUTION SOURCE

For each k -th regeneration, we can find the probability of its occurrence

Iy
4 = [ p,(Ob(t)dt (3)
li

where p, (f) is event probability, ¢ point belongs to the interval (¢,_;,#,] (corresponds to the k& -th
regeneration), b(¢) is distribution density of contamination concentration in the volume v, .

Therefore, distance as such is excluded from consideration.
The fulfillment (1) will be defined by the distribution of a random quantity ¢ on the time axis. Then in
the near vicinity of a source, the scheme in the example looks like (Fig.1)

Tpl Time between  Tp2
measurements

Input —3) [ Output
Vi V2
Fig. 1

Tp1 andTp2 are the first two points of regeneration. Let p, be the probability of contamination concen-
tration n; at the moment of measurements at Tpl, and p,  the probability of contamination concentration
n, at Tp2 at the same moment of measurements as at Tpl. However, at Tp2 the concentration of con-
taminants is made up from 7, and possible £ changes for the time 7. The values of £ can be negative.
Then the atmospheric influence facilitates dispersion. Since we should assume the worst scenario, the
negative values of k£ are not taken into account.

Without taking into account the negative values of &, let us introduce the atmospheric concentra-
tion as

Both distributions involved in (3) are specified pursuant to the analysis of physical processes in a
source and atmosphere. The applied problem of dispersion starts to be solved through selecting p, (¢)
probability and b(z) dispersion.

2. Reliability of contamination dispersion in the nearest vicinity of a source

The conditions of reliability mean the purpose of p; (¢), b(¢) satisfying (1), (2), (3), (4). According to

(1), n, concentration shall drop as ¢ grows.
Let us consider m, changes as a Poisson random process. For Tp & point, we have

(M )k —At

e
k!

pi() =

As far as b(¢) is concerned, for the nearest vicinity one is advised [1] to use the Gaussian distribution
law (Fig. 2).
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RELIABILITY OF CONTAMINATION DISPERSION AWAY FROM A SINGLE POLLUTION SOURCE

b(t)

g®~350nA

Gauss

N NN -E-Ne

Time t

Fig. 2. Diagram of #zga distribution

The integral (3) in elementary functions is not calculated. Poisson-Gauss distribution parameters: A, a,G .
If a=0,6=1, then we can have the opportunity for each >0 to use ®’(¢) tables [2]. Let ¢, —¢, = At
small. Then, using the intermediate value theorem, we can derive

12

A0 _ 1 5y

At N2m
The definition of b(¢) restricts to this. With a #0,6 #1,

t_t—a t_t—At—a
2 . °

Let us use @’(¢) tables to verify the conclusion made earlier: the minimum time #, = 0.05. As to the
table in Fig. 5, we have ®’(z,) = 0.3989.

Then the dispersion parameter defined as to basic value, for ¢, is

+0.3989

oc=——777=126.
0.05

However, the time of measurement can vary from 0 to 0.9. Thus, the other boundary for G is

v0.2661

o=——7—=10.32
0.05

Lets us finally calculate

6=rnd(12.6-10.32)+10.32=11.65
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RELIABILITY OF CONTAMINATION DISPERSION AWAY FROM A SINGLE POLLUTION SOURCE

The high value of ¢ indicates rapid dispersion in the nearest vicinity of a source.
For comparison let us calculate the boundaries of ¢ for # =0.247. We have

6=md(1.99-1.037)+1.037 =1.37.

In fact, the decrease of G as to table (see Fig. 5) can be radical as well as gradual as time changes at
the 10-minute interval of observations (see Fig. 3).

Let o be the angle of change of contamination concentration for the observation time defined as linear
approximation. Fig. 3 shows the diagram of fga calculation as to table [2], wherein minutes from 0 to 9
are split into 10 divisions with the step of 0.1.

t2

We shall find zgoe with @ =0,6 =1. The values of b(¢) are found using tables b(¢) = ! e 2.The
table in Fig.5 gives Af=0.1. The maximum tabular initial time is equal to 9. Van

In the Table in Fig. 5, the basic values of b(¢) are taken from a standard table, and the final value is
derived as linear approximation according to the diagram in Fig.3. The basic result is zgo. quantities.

Concentration reduction
after 10 minutes of

observ. An
o
Contamina.tion _ | I I I I I I I A .. .
concentration up to 10 min. Time 1 Contammgtmn concent.ratlon
of observ. after 10 min. of observation
-1 ny

Fig. 3. Diagram of 7ga calculation for the 10-minute observation

Fig. 3 specifies the type of the first line of the table in Fig. 5, independent of the type of distribution
b(t) . Suppose that the initial concentration in v, is equal to n, = 0, without possible intakes from the air
(4) taken into account, and after 10 minutes of observation the concentration n, becomes equal to that
near to the source of pollution.

Even in such (worst) case zga. = 0.1 o < 75". We can neglect the changes of concentration and suppose
that n; = 0. In other words, the 10-minute interval will be considered as always sufficient for dispersion
of any contamination in v,. It is such interval that is foreseen in the tables [2].

Fig. 4 assumes that the entire part of the atmosphere considered starting from a pollution source is
divided into linear sections. The calculation of random time #* gives respectively 15, 24.885, 25.848,
28.506, 30.311 (minutes), with the time of observation and some reserve taken into account.

Measurement point

15 2488 25.85 2851 30.31 & min

Source | i i i i Regeneration point Tpy

10=100m 11 12 13 14
Distance 1 m
Fig. 4. Results for 5 Tp
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RELIABILITY OF CONTAMINATION DISPERSION AWAY FROM A SINGLE POLLUTION SOURCE

Small #gow quantities for all » values prove that the concentration primarily changes at the first 15-
minute interval.

The table in Fig.5 is made up on the basis of the standard table [2]. But the standard table already has
an approximately linear character as regards lines as well as columns. This is what justifies the scheme
in Fig.5 and the calculation of final values and 7ga in the table in Fig. 5.

Fig. 5. Table of results in Gauss model

Ti Time of change | Change time interval with . Basic
ime n . . Final value tga
e.g. 1,01 a given time of change value
0 0 0-10 0,3973 tg 0,0112 0,3989
1 0,1 0-10 0,3918 tg 0,052 0,3970
2 0,2 0-10 0,3825 tg 0,085 0,3910
3 0,3 0-10 0,3697 tg 0,0117 0,3814
4 0,4 0-10 0,3538 tg 0,0145 0,3683
5 0,5 0-10 0,3352 tg 0,0169 0,3521
6 0,6 0-10 0,3144 tg 0,0188 0,3332
7 0,7 0-10 0,2920 tg 0.0203 0,3123
8 0,8 0-10 0,2685 tg 0,0212 0,2897
9 0,9 0-10 0,2444 tg 0,0217 0,2661
10 1 0-10 0,2203 tg 0,0217 0,2420
11 1,1 0-10 0,1965 tg 0,0214 0,2179
12 1,2 0-10 0,1736 tg 0,0206 0,1942
13 1,3 0-10 0,1518 tg 0,0196 0,1714
14 1,4 0-10 0,1315 tg 0,0182 0,1497
15 1,5 0-10 0,1127 tg 0,0168 0,1295
16 1,6 0-10 0,0957 tg 0,0152 0,1109
17 1,7 0-10 0,0804 tg 0,0136 0,0940
18 1,8 0-10 0,0669 tg 0,0121 0,0790
19 1,9 0-10 0,0551 tg 0,0105 0,0656
20 2 0-10 0,0449 tg 0,00819 0,0540
21 2,1 0-10 0,0363 tg 0,00693 0,0440
22 2,2 0-10 0,0290 tg 0,00585 0,0355
23 23 0-10 0,0229 tg 0,00486 0,0283
24 2,4 0-10 0,0180 tg 0,00396 0,0224
25 2,5 0-10 0,0139 tg 0,00274 0,0175
26 2,6 0-10 0,0107 tg 0,00261 0,0136
27 2,7 0-10 0,0081 tg 0,00207 0,0104
28 2,8 0-10 0,0061 tg 0,00162 0,0079
29 2,9 0-10 0,0046 tg 0,00126 0,0060
30 3 0-10 0,0034 tg 0,0060 0,0044
31 3.1 0-10 0,0025 tg 0,009 0,0033
32 3,2 0-10 0,0018 tg 0,0072 0,0024
33 33 0-10 0,0013 tg 0,0054 0,0017
34 3,4 0-10 0,0009 tg 0,0036 0,0012
35 3.5 0-10 0,0006 tg 0,000 0,0009
36 3,6 0-10 0,0004 tg 0,0027 0,0006
37 3,7 0-10 0,0003 tg 0,0018 0,0004
38 3,8 0-10 0,0002 tg 0,0019 0,0003
39 3.9 0-10 0,0001 tg 0,0009 0,0002
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The first line of the table in Fig. 5 can be used to demonstrate the smallness of zgo. in case of non-
Gaussian distributions as well.

Take Poisson-Pareto model of concentration changes. Fig. 6 shows the function of b(#) for
this case.

C
(0]
n
t
a
m.
C
(0]
n
c Pareto
€
:‘ Time
T.
Fig. 6. Representation of distribution density
Fig. 7 presents the first line of Pareto distribution density.
Fig. 7. Example of 7ga smallness
Time n Time of change . Chalfge tHTle interval Final value tga | Basic value
e.g. 1,01 with a given time of change
0.0 10 0.000 0.05 0.5
1 0.1 10 0.00174 0.0498 0.0498
Conclusion

The reliability of dispersion of contaminants means the satisfaction of four conditions listed in the
paper. The paper presents the simulation of contamination spread process involving the reliability
check.

Using the example of two points one of which corresponds to the location of a pollution source and the
other one is spaced at / distance away from it, we show that with that arrangement of the points, we can
correlate a distance / with time ¢, measurement of contamination concentration with whose expiration
the contamination process at a far point stabilizes.

Since atmospheric flows have not been defined beforehand, measurements are expected to be reproduced
ten times with random outcomes. To use the worst scenario, we choose the biggest outcome.

The paper presents a procedure of choice optimization, as the worst scenario can give an unnecessary
overshoot.

For each measurement point the method takes into account the possibility of extra inflows of contami-
nants from the air, apart from the observed source.
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The suggested method is accepted if one has to combine sections with different directions and differ-
ent lengths.

The basic used model defining ¢, is a Gaussian distribution advised for the nearest vicinity of a source.
The paper presents a table of Laplace transform of functions changed for the sake of the problem in ques-
tion ®’(¢).

All the operations as to selection of #, are easily feasible as they are made within the linear approxima-
tion allowable for table ®’(¢).

The further development of the method for predicting reliability for farther distances and other exten-
sions require the application of various models presented in the literature.
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methods for calculating reliability are described in detail and
illustrated by numerous examples. Considerable attention is
paid to the engineering methods of calculation and the
approximate prediction of structural dependability and error
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estimation of information systems as well as to the statistical
assessment of dependability parameters. At the end of each
chapter there are checklists of the most complex and
significant subjects of the chapter.

The book is intended primarily for professionals involved in
practical work on the development, production, operation
and modification of information systems. It is designed for
scientists in the field of structural dependability of various
discrete systems, academic staff and graduates (students)
specializing in information systems as well as in the field of
automated control systems.
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B KHWre BnepBble MpeacTasneHa Teopusa GyHKUMOHANbHOM
HaZEXHOCTU MHOOPMALIMOHHBIX CUCTEM Kak COCTaBHas YacTb OOLen
TEOPUM HAAEXKHOCTU. OHa BKIIOUAET MOHATUA 1 OMpeaeneHus;
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For the first time, this book presents the theory of functional
dependability of information systems as a component of the
general dependability theory. The book comprises basic Publlcation tan be purchased
concepts and definitions, major threats for the functional Igor B. Shubinsky e tnetetitor Al sl
dependability of information systems, system parameters, of Journal Dependability Ltd.
methods for estimating the functional dependability of digital
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devices, and methods and models of estimating software 16 0581531
functional dependability. A separated chapter considers the Functional (Patrikeeva Evgenia)
functional reliability of critical information systems, including Dependability of
the concept of a critical system, features of faults, estimation
of functional reliability of operators, estimation of hazardous
failures and risks, the requirements of functional dependability
and the software architecture of critical information systems.
A checklist of the most complex and significant subjects is
provided at the end of each chapter.
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The book is primarily intended for experts who are engaged
in practical development, manufacture, operation and
updating of information technologies and information
systems. It is intended for researchers in the field of
software-hardware of information systems, academic staff,
post-graduate students and students specializing in the field
of information technologies as well as those working in the
field of automated control systems.
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Dear colleagues!

In 2005 the informal Association of Experts in Reliability, Applied Probability and
Statistics (I.G.O.R.) was established with its own Internet website GNEDENKO FORUM. The
site has been named after the outstanding mathematician Boris Vladimirovich Gnedenko (1912-
1995). The Forum’s purpose is an improvement of personal and professional contacts between
experts in the mathematical statistics, probability theory and their important branches, such as
reliability theory and quality control, the theory of mass service, storekeeping theory, etc.

Since January 2006, the Forum has published a quarterly international electronic
magazine

“Reliability: Theory and Applications”.

The magazine is registered with the Library of Congress in the USA (ISSN 1932-2321).
All rights reserved for authors so that articles can be freely published in any other publications or
presented at conferences.
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TPEBOBAHUA PEOAKLIMU MO ODOPMJIEHUIO CTATEN

B )XYPHAJIAX U3OATEJIbCKOM rPYNMbl IDT PUBLISHERS

Mncbmo oT opraHmnzauum, roe padotaeT aBTop(bl), NMMOO
JINYHO OT aBTOPA(0B) C NPeaIoXeHNeM o Nydnnkaumm
CTaTby HAaNPaBASeTCs B PeAakLMIO XypHana no ¢ak-
Tnyeckomy agpecy: 107078, rMockea, OpnvkoB nepe-
ynok, 4.5, opuc 755 000 «KYPHAJ «<HAOEXXHOCTb»
vnn no agpecy e-mail: E.Patrikeeva@gismps.ru

(B OTCKaHMpOBaHHOM BUAE). ng XXypHanoB 13-
natenbckon rpynnel IDT PUBLISHERS no agpecy:
105005, r.MockBa, HabepexHas akagemMuka Tynone-
Ba, O.15, kopn. 29 000 «MN3paTenbckuin AoM «Tex-
Honornw» unu no agpecy e-mail: knstas@yahoo.com
(B OTCK@HMpPOBaAHHOM BUAE).

K nucbmy npmunaraetcs B 91eKTpoHHOM Buae (Ha CD
W1 NO NpuBeAeHHOMY Bbilwe E-mail) TekcT ctatbn ©
aHHOTaLUMeNn 1 KII0YEBLIMU CloBamMu, HGOpMaumen
006 aBTOpax, c npucTaTelriHbiM bnbnnorpaduyeckmm
CMUCKOM, NMPeaoCTaBAseTCs C OOHUM KOMMIEKTOM
PUCYHKOB

BHumaHue! HasaHusi ctatbm, PO aBTOPOB, aH-
HOTaLMS 1 KlOYEBbIE CNoBa 0693aTeNbHO NPeacTaB-
NA0TCS B COOTBETCTBUU ¢ TpebosaHuamu BAK Ha
PYCCKOM M aHMNIACKOM Si3bIKax.

MHdopmaums o Kaxaom aBTope JO/KHA CoaepXaTtb
cnepyowpme CTaHgapTHble CBeAEHUS:

e damunus, nms, 0THECTBO;

e YyeHas CTeneHb, yHeHoe 3BaHne, NOYETHOE 3BAHUE;
® YneHCTBO B 0OLLECTBEHHbIX COIO3aX U T.4.;

e MecT0 paboTbl, AOJIKHOCTb;

e [lepeyeHb n Homepa xypHanoB IDT Publishers, B
KOTOpPbIX paHee NybnnKkoBannchb CTaTb aBTOPA;

e CBefeHns sl KOHTaKTOB.

TekcT Heobxoammo HabupaTtk B peaaktope Word 97-
2003 wpudTom Ne 12; TekcT He popmaTupyetcs. Ab-
3aubl OPraHn3ylTCs NyTeM HaxaTuns knasuwmn Enter.
TekcT cTaTbm HabrpaeTcs Yepes [iBa MHTEPBasIa Ha CTpa-
HuLe popmaTa A4; cnesa AOMKHO ObITe None 4 cMm; cTpa-
HULI HYMEPYIOTCS, «KpacHas CTpoka» oba3aresibHa.
Bce 6ykBeHHble 0603Ha4YeHns, NpuBeAeHHbIe Ha
pUCyHKax, HeOB6XOANMO MOSICHATL B OCHOBHOM WA

noapucyHoO4YHOM TekcTe. HegonycTumMbl OTiN4Yma B
0603HavYeHNsIX Ha pUCcyHKax 1 B TekcTe. HymepoBaTtb
cnenyeT TONbKO Te GOopPMYyJSibl U ypaBHEHUS, HA KOTO-
pble eCTb CChljIka B TEKCTE.

HenocpencTBeHHO B TEKCTE HabMpatoTCs NPOCThIe
dopmysnbl (Hanpumep, m2;n%, C=1+DDF -A,),
rpeyeckme 6ykBbl 1 CUMBOJIbI, HANPUMEP, B, © —
wpudgTom Symbol. To, 4To HEBO3MOXHO HabpaTb
HEeNnocpeaCcTBEHHO B TEKCTOBOM peaakTtope, — C
ncnosib3oBaHueM pegaktopa dopmyn Microsoft
Equation (Bxoasiiero B komnnekT noctaBsku Microsoft
Office) nnu pepaktopa dopmyn Mathtype.

He ponyckaeTcs npeacTaBfieHne TEKCTA, B KOTOPOM
dopMynbl NpeacTaBneHbl B BUAE N300paxeHus.
doTorpadum 1 puCyHKN K cTaTbsiM NPeaoCTaBASAOTCS
oTaenbHbiMu darnamu ¢ pacwumpenvem TIF, nunn EPS
nnn JPEG ¢ paspelweHnem He meHee 300 dpi .
Cnuncok Ncrnosib3oBaHHOM NnTepaTypbl COCTaBNSETCS
B NOpSAKEe UMTUPOBAHUS 1N OAETCS B KOHLE CTaTby.
Ccbliku Ha MMTEpPaTypy B TEKCTE OTMEYaloTCs Nopsa-
KOBbIMU LMdpamu B KBaapaTHbIX CKOOKax.

BHMMaHUIO aBTOPOB, NYOJIMKYIOLWMXCSH B XXYpHa-
nax IDT Publishers.

MpepctaBneHHasa MHGoOpMaLms O Kaxa0M aBTope
NoMMMO XypHana 6yaeT pasmMeLlaTtbcs Ha canTe
techizdat.ru B pasgene “ABTOpbI” HA OTAENBHOWN
VHTEPHET-CTPaHuLLE.

ABTOpaM Takxe NpeaocTaBAseTCs BOSMOXHOCTb Mpwu
nyénnkaumm CBOUX cTaTel HanpaBnTb B peaakuuio
CBOIO 9/IEKTPOHHYIO poTorpaduio n AONONHUTENbHbIE
Martepuasnbl 4N Pa3MeLLLEHNS X HA 3TON MHONBUAY-
anbHoM NHTepHeT-BM3nTKe. 1o CBOEMY YCMOTPEHUIO
aBTOP MOXET pacckasaTtb 6oniee noapobHo o cebe,
00 MHTEepPECHbIX NpUMepax U NCTOPUAX peLleHns
TEXHUYEeCKMX nNpobnemM, 0 COBPEMEHHbIX 3afa4ax - B
COOTBETCTBUM C TEMATUKOM COOTBETCTBYIOLLLENO XYP-
Hana - 1 T.n. XXenatenbHbli 06bEM 3TOro Mmatepmana
— He 6onee 1000 3HakoB ¢ Npobenamu.

NoANnUCKA HA XYPHAN «<-HAAEXXHOCTb»

Moaonucartbes Ha XypHan Ha 2013 rog MOXHO:

e Yepes areHTcTBO «PocnevyaTtb» — nHaekc 81733;

e Mo katanory «[pecca Poccun» arentctea «KHura-Cepsuc» — nigekc 11804

e Yepes penakiumo Ha ntoboii cpok

Ten.: 8-916-105-8131
e-mail: E.Patrikeeva@gismps.ru
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REQUIREMENTS OF EDITION ON EXECUTION OF PAPERS

IN JOURNALS OF PUBLISHING GROUP OF IDT PUBLISHERS

A letter from the organisation where the author (s)
works or from the author (s) personally with the paper
offered for publication should be sent to the de facto
editorial office address: 107078, Moscow, 5 Orlikov
lane, Office 755, LLC JOURNAL DEPENDABILITY” or
e-mail: E.Patrikeeva@gismps.ru (in scanned form).
For journals of the publishing group of “IDT PUBLISH-
ERS” the paper offered for publication should be sent
to the address: 105005, Moscow, 15 Quay of Aca-
demician Tupoley, building 29, LLC “the publishing
house Technology» or e-mail to: knstas@yahoo.com
<mailto:knstas@yahoo.com> (in scanned form).

The letter should be attached to a paper text containing
the summary and keywords, information on authors,
bibliographic list, and one complete set of figures. All
listed items are to be presented in an electronic form
(on CD or via the e-mail address provided above).
Attention! Titles of papers, names of authors, sum-
mary and keywords must be presented, in Russian
and English languages, according to the requirements
of the Higher Attestation Commission. The information
on each author should contain the following standard
data:

e Surname, name, patronymic;

e Scientific degree, academic status, honorary title;

e Membership of relevant public unions, etc.;

e Place of employment, position;

¢ The list and numbers of Journals of IDT Publishers
in which papers of the author have been previously
published;

e Contact information.

Texts should be presented in Word 97-2003 format

in a 12-point typeface; the text should not be format-
ted. Paragraphs should be arranged by pressing the
“return” key. The text of the paper should be double-
spaced on pages of A4; on the left there should be a
margin of 4 cm; pages should be numbered, the «first
line indent» is obligatory.

All alphabetical designations represented in figures
should be explained in the body text or in a legend.
Inconsistencies between designations in figures and
in the text are inadmissible. Numbering should only
be applied to those formulas and equations that are
referred to in the text.

Simple formulas appearing directly in the text (for
example, m2, n?t, ¢ =1+ DDF - A,), and the Greek
letters and symbols, for example, 3, © may be typed
using the Symbol font. When it is not possible to type
directly in the text editor, use the “Microsoft Equation”
formula editor (available with the complete installation
of Microsoft Office) or the “Mathtype” formula-editing
program. Representation of formulae in the text in the
form of images is not admissible. Photos and figures
for papers should be provided in individual files with
extension TIF, EPS or JPG with a resolution of not less
than 300 dpi. The list of literature referred to in the
paper (bibliography) is presented according to order
of citation and provided at the end of paper. Refer-
ences to the literature in the text are marked by serial
numerals in square brackets.

To authors that are published in journals

of “IDT Publishers”.

In addition to the journal, information on each author
will be presented at the techizdat.ru site in the «Auth-
ors» section on the individual web page.

Authors of papers for publication have the oppor-
tunity to send an electronic photo and additional
material to appear on this individualised Internet-
business card. At their own discretion, authors can
present more details about themselves, interest-
ing examples and stories of solutions to technical
problems, about contemporary problems according
to subjects of corresponding journal, etc. This ma-
terial should not exceed 1000 characters including
spaces.

SUBSCRIPTION TO THE JOURNAL «RELIABILITY»

It is possible to subscribe to the journal for 2013:

e Through the agency «Rospechat»

— for the first half of the year: an index 81733;

e Under the catalogue “Press of Russia” of the agency «Books-services»:
— for half ayear: an index 11804

e Through the editorial office:

— for any time-frame
tel.: 8-916-105-8131; e-mail: E.Patrikeeva@gismps.ru

158



ABTOPblI HOMEPA / AUTHORS OF THIS ISSUE

AHTOHOB AnekcaHap Bnagymuposuy
[OKTOP TEXHUYECKUX Hayk, npodeccop,
nekaH gakynbteta knoepHeTnkm O6-
HMHCKOr0 MHCTUTYTa aTOMHOW 3Hepre-
Tnkn (MATS HUFY MUDU)

e-mail: antonov@iate.obninsk.ru

BacuH Bnaanmup AHaTtonbesuy
KaHOMOAT TEXHUYECKMX HAYK, AOLEHT,
nokTopaHT kadenpbl TCI (TexHonorum-
4yeckune CUCTeMbl ANeKTPoHUKM) MUOM
(MocCKOBCKMIN rOCYAapCTBEHHbIN NHCTU-
TYT 3NIEKTPOHMKN 1 MATEMATUKU (TEXHU-
YeCKN YHUBEPCUTET))

e-mail: ienmiem@mail.ru, vacuumwa@
list.ru, vacuumwa@ya.ru

FanaHoBu4 BaneHTuH AnekcaH-
APOBUY,

KaHAMOAT TEXHUYECKUX HayK, MaBHbIN
VHXEHEeP, CTapLUMii BULLE — MPE3UOEHT
OAO «P>X[»

Ten. (495) 262-16-43

leHuc AkoB lNpenesny
npodeccop, MaHxaTTeH KOMMbIOHUTY
Konnepnx, Hbto-Mopk, CLLA

e-mail: yashag5@yahoo.com

XapHoB Banepuin Bhagumunposuy
KaHAMOAT TEXHNYECKNX HayK, AOLEHT
MOCKOBCKOro rocyaapCTBEHHOIO UH-
CTUTYTa NEKTPOHNKN N MaTeEMaTUKN
(TEXHUYECKNI YHUBEPCUTET)

e-mail: jadnov@mitme.ru

3ambiwnses Anekceit Muxainoeuy
KaHOMOAT TEXHMYECKMX HayK, PYyKOBOAN-
Tenb Hay4HO-TEeXHNYECKOro KoMnaekca

OAO «HUNAC»

Ten.: (495) 967-77-02

e-mail: A.Zamyshlaev@gismps.ru

UeawoB EBreHunii Hukonaeeu4
[OKTOP TEXHUYECKMX HayK, Npodeccop,
npodeccop kadenpbl TCO (TexHonorm-
4YecKune CUCTEMbI 3NIEKTPOHUKN) MUIM
(MockoBCKMI rOCy[apCTBEHHbI MHCTU-
TYT SNIEKTPOHUKN 1 MaTEMATUKMN (TEXHU-
YECKUI YHUBEPCUTET))

e-mail: ienmiem@mail.ru, vacuumwa®@
list.ru, vacuumwa®ya.ru

[Muackuin Amanyun Apkaabesn |
[OKTOP TEXHNYECKMX HaykK, npodeccop,
npodeccop kadbenpbl «TexHoNnorum n
cpencTea cBs3n» MIHCTUTYTa pagmnoa-
NIEKTPOHUKN Y MIHPOPMALMOHHbIX TEX-
Honorun — PT® Ypanbckoro gpeneparb-
HOIo yHMBepcuTeTa pagno31eKTPOHUKN
Ten.: (343) 375-47-62

Mepgsenes Apkaguin MakcumoBuy
[OKTOP TEXHNYECKMX HayK, npodeccop,
npodeccop kadeapbl «TexHonorms
nprubopocTpoeHnsi» MOCKOBCKOro aBu-
AaLMOHHOrO MHCTUTYTA

Ten.: (499) 158-46-48

e-mail: medvedevam®@bk.ru

Mbinos leHHagun BacunobeBuy
OMPEKTOP NPOM3BOACTBEHHOIO TEXHU-
yeckoro komnekca «fevyaTHble nnaTbl»
OAO «[ocynapcTBeHHbIN PasaHckuin
npPnUBGOoPOCTPOUTENBHbIN 3aBOA»

Ten.: (4912) 98-38-91

e-mail: pcb@grpz.ryazan.ru

Maenoe Uropb BanepunaHoBuy
[OKTOP GU3NKO-MaTeEMATUHECKNX HAYK,
npodeccop MI'TY num. H.9.baymana

Ten.: (499) 263-63-92
e-mail: ipaviov@bmstu.ru

MnackuH Anekcangp Bnagucna-
BOBUY

KaHAMOAT TEXHUYECKNX HayK, OOLEHT
kadenpbl ACY O6HMHCKOrO MHCTUTYTA
aTomMHom aHepreTukn (MATO HUAY
MUDN)

e-mail: plyaskin@iate.obninsk.ru

CenueaHoB UBaH CepreeBuy
acnupaHT NHCTUTyTa NPOMBbILLAEHHOM
akonornu Ypanockoro otaenenms PAH
Ten.: (912) 671-80-30

CrenaHuukoB Cepreii BaneHTuHoBUY
KaHOMAAT TEXHUYECKMX HAYK, JOLEHT,
OOLEHT 1 flokTopaHT kadenpbl TCI
(TexHoNnornyeckme CUCTEMbI 3N1eKTPO-
Hukn) MUOM (MockoBckuii rocygap-
CTBEHHbIA UHCTUTYT SN1EKTPOHNKN 1 Ma-
TEeMATUKN (TEXHNHECKUI YHUBEPCUTET))
e-mail: ienmiem@mail.ru, vacuumwa@
list.ru, vacuumwa@ya.ru

TataeB Xuspu Hiopnawaesuy
accncTeHT OBHUHCKOrO MHCTUTYTa aTOM-
How aHepreTukn (MATS HUAY MNDU)
e-mail: khizri@bk.ru

TuxmeHneB AnekcaHap Hukonaesuu
MarncTp TEXHUKM 1 TEXHOJIOMUI, acnn-
paHT MOCKOBCKOI0O roCyAapCTBEHHOIO
VIHCTUTYTA 3JIEKTPOHUKN U MaTeMaTUKu
(TEXHNYECKN YHNBEPCUTET)

Ten.: (916) 267-33-24

e-mail: alextikhmenev@gmail.com

LLy6uHckuii Urops BopucoBuy
[OOKTOP TEeXHUYECKMX Hayk, Npodeccop,
aunpektop 3A0 «MB TpaHc»

Ten.: (495) 786-68-57

e-mail: igor-shubinsky@yandex.ru

YwakoB Uropb Anekceesuny

DOKTOP TEXHUYECKMX HayK, Mpodeccop,
rN1aBHbIV PEJAKTOP S/IEKTPOHHOMO XypHa-
na «HapexHocTb: Teopust v NPUIOXeHNs»
e-mail: igusha22@gmail.com

Antonov Alexander V.

Doctor of technical sciences, Professor,
Head of the Chair of Cybernetics, Obninsk
Institute of Atomic Energy, National Re-
search Nuclear University MIFI

E-mail: antonov@iate.obninsk.ru

Vasin Vladimir A.

PhD, Associate professor of the Chair of
Technological Electronic Systems, Mos-
cow State Institute of Electronics and
Mathematics (technical university)
E-mail: ienmiem@mail.ru, vacuumwa@
list.ru, vacuumwa@ya.ru

Gapanovich Valentin A.

PhD, Chief Engineer, Senior Vice Presi-
dent of JSC RZD

Tel. (495) 262-16-43

Zhadnov Valery V.

PhD, Associate professor of Moscow
State Institute of Electronics and Math-
ematics (technical university)

E-mail: jadnov@mitme.ru

Zamyshlyaev Alexey M.

PhD, Head of Scientific and Technical
Complex, JSC NIIAS

Tel. (495) 967-77-02

E-mail: A.Zamyshlaev@gismps.ru

Ivashov Evgeny N.

Doctor of technical sciences, Professor
of the Chair of Technological Electronic

Systems, MIEM (Moscow State Institute
of Electronics and Mathematics (techni-
cal university)). E-mail: ienmiem®@mail.ru,
vacuumwa®@list.ru, vacuumwa®@ya.ru

[Lidsky Emanuil A. |

Doctor of technical sciences, Professor
of the Chair of Communications Technol-
ogy and Means of Radio electronics and
Information Technology Institute — Radio
Technical Faculty of Ural Federal Univer-
sity of Radio Electronics

Tel. (343) 375-47-62

Medvedev Arkady M.

Doctor of technical sciences, Professor
of the Chair of Instrument Making Tech-
nology, Moscow Aviation Institute

Tel. (499) 158-46-48

E-mail: medvedevam®@bk.ru

Mylov Gennady V.

Director of Production and Technical
Complex Printed Circuit Board, JSC
Ryazan State Instrument Making Plant
Tel. (4912) 98-38-91

E-mail: pcb@grpz.ryazan.ru

Pavlov Igor V.

Doctor of physical and mathematical
sciences, Professor of BMSTU

Tel. (499) 263-63-92

E-mail: ipaviov@bmstu.ru

Plyaskin Alexander V.

PhD, Associate professor of the Chair
of Automated Management Systems,
Obninsk Institute of Atomic Energy, Na-
tional Research Nuclear University MIFI
E-mail: plyaskin@iate.obninsk.ru

Selivanov lvan S.

Postgraduate student of Industrial Ecology
Institute of Ural branch of Russian Acad-
emy of Science. Tel. (912) 671-80-30

Stepanchikov Sergey V.

PhD, Associate professor and doctoral
candidate of the Chair of Technological
Electronic Systems, MIEM (Moscow
State Institute of Electronics and Math-
ematics (technical university))

E-mail: ienmiem@mail.ru,
vacuumwa®@list.ru, vacuumwa@ya.ru

Tataev Khizri N.

Assistant of Obninsk Institute of Atomic
Energy, National Research Nuclear Uni-
versity MIFI. E-mail: khizri@bk.ru

Tikhmenev Alexander N.

Master of technical science, postgradu-
ate student of Moscow State Institute of
Electronics and Mathematics (technical
university). Tel. (916) 267-33-24
E-mail: alextikhmenev@gmail.com

Shubinsky Igor B.

Professor, Doctor of technical sciences,
Director of Closed Company IB Trans
Tel. (495) 786-68-57

E-mail: igor-shubinsky@yandex.ru

Ushakov Igor A.

Professor, Doctor of Technical Sciences,
Editor-in-chief of the electronic journal
Reliability: Theory and Applications
E-mail: igusha22@gmail.com




HAAEXXHOCTbDb Ne1 (44) 2013
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OCHOBHbIE HANMPABJIEHUA

NYBJIMKALLUW B XXYPHAJIE «<HABEXHOCTb»

Il CTPYKTYPHASA HALEXXHOCTb
TEOPUA N MPAKTUKA

e MeToapl pacyeTa, TEXHONOMMN 1 MeToapl MOAENMPO-
BaHWS, NakeTbl NPUKNaOHbIX NPOrpaMm, NpakTuyeckmne
pacyeThl HAAEXHOCTU CNOXHBIX CUCTEM.

* Maremarunyeckas Teopua TEXHNHECKOro 00CNyXMBaHW4,
npakTUYEeCKne pesynsTarel SKCnayarauyi CAOXHBIX CUC-
TEM, XMBHEHHbIN LMK CUCTEM, ONTUMM3ALNS HAOEXHOC-
T U CTOUMOCTM Ha BCEX aTanax XMU3HEHHOMO LMKNa.

e MeTtoap! UCMbITaHNA, KOUTEPW MOUHATAS DELLEHWI NO pe-
3ynbTaram UCNbITaHWM, YCKOPEHHbBIE NCMbITaHMA, MeToabl
OLEHKN HaAEXHOCTU CUCTEM MO PE3yAbTaTam UCTBITaHNIA,
NPaKTUYECKMn ONbIT UCMBITAHWI Ha HAOEXHOCTb.

Il ®YHKUUOHAJIbHASA HALEXXHOCTb
TEOPUA N NMPAKTUKA

e OObEeKT, NPeAMET 1 LENN UCCNeaoBaHns, nokasarenm
QYHKLUMOHANBHOM HAAEXHOCTH, TEPMUHONOMA, MPUHLIM-
Nbl 1 METOAOB pacyeTa.

* MeToapl OLEHKN 1 MPOrHO3MPOBAHUA HAAEXHOCTU NPO-
rpamMMHOro obecnedyeHns, METOAR! pacyeTa HaaeXHOCTH
BbINOAHEHUS MHPOPMALMOHHBIX MPOLLECCOB B NPOrpam-
MHO — annapartHblX KOMMAIeKcax ¢ y4eToM COOMHBbIX,
NPOrpaMMHbIX OLIMOOK, OLMBOK ONepaTopos, OLWNOOK
BO BXOOHOW MHPOPMALMN.

® TexHONorM 1 MetToasl 0becneyeHma GyHKUMOHaNbHOM
HaOEXHOCTU — TEXHONOMMK MOCTPOEHUA PYHKLMOHANBHO
HaOEXHOMO NPOrPaMMHOr0 06EeCneYeHnst, MeToabl NOCT-
DOEHNST HEYYBCTBUTENBHBIX K COOMHBLIM OLUMOKaM 1 OG-
Kam onepaTtopoB anroputMoB 00paboTKM UHPOPMALIN I
yNpaBAEHNs, METOObI U CNOCOOb! 3aL/Thl OT OWNOOK BO
BXOOHOW MHGOPMaLWMK, NpakTU4eCKne PesynsTarsl.

Il PYHKUUOHAJIbHAAA BESBONMACHOCTb CUCTEM
TEOPUA N NMPAKTUKA

e QOObeKT, NPegMeT 1 LENN NCCNepoBaHua, nokasaTenm
OYHKLMOHANBbHOM 6830MacHOCT; GYHKLMN 6830NacHOC-
TW, NONHOTa 6e30MacHOCTM, TEPMUHONOIUS B 06NacTu
DYHKUMOHaNBHOW 6E30NaCHOCTY.

® PyicKu, NOCTYNaThl M IPUHLUMALI 6€30MaCHOCTY, OCTaTOu-
Hbl& DVCKM, METOAbI OLEHKI PUCKOB, A0Ka3aTeNbCTBO Oe-
30MacHOCTW. INpakTUiecKne pesynsTarsl PaHXMpPOBaHNA
OMNAaCHOCTEN 1 OLEHKM PDUICKOB.

® MaTtemarnyeckme MeToabl M MOAenu 3anaHns TpeboBa-
HWUIA K NONHOTE 6830NaCHOCTY 1 OONYCTUMOMY BPEMEHU
OBHapyXeH1sa 0nacHOro 0Tkasa, Moaen GyHKUMOHab-
HOW 6e30MacHOCTY MHOFOKaHaNbHbIX 1 MHOMOYPOBHEBBIX
CUCTEM.

e TexHonorum obecneveHa GyHKUMOHaNneHoM 6esonac-
HOCTWN CNCTEM Ha BCEX 3Tanax XM3HeHHOro uxkna.

Il OTKASOYCTOMYMBOCTb CUCTEM
TEOPUA N NMPAKTUKA

® MeToasl NaCCUBHOM 3aLUMTHI OT OTKa30B, MaremMatunyec-
Kne Moaenv CTPYKTYPHOMO PE3EPBMPOBaHNS, NOCTENEH-
HOW Oerpagaumm 3ObITOYHBIX CUCTEM, MaCKMPOBaHKS
HencnpaBHOCTEN, NPaKTUYECKNe Pe3ynsTaTbl NpUMeHe-
HWSI NaCCYBHOWM 3aLLMTbl OT OTKa30B.

e MeToabl akTUBHOM 3allnThl OT CTPYKTYPHbBIX OTKA30B U
OLWNBOOK B BBINOAHEHWM MHPOPMALIMOHHBIX MPOLECCOB,
MNPVHLMML! 1 CNOCOObI akTMBHOW 3alUMThl, TEOpEeTMdeC-
K1e OCHOBbI aKTVBHOW 3aLUMThl, TEXHNYECKNE peLleHs,
OLEHKN 3P DEKTUBHOCTU aKTUBHOW 3aLUNTHI.

Il CEPTUDPUKALLUA
TEOPUA N MPAKTUKA

e AKKpeauTauma opraHoB No ceptudurkaumm 1 ncnelta-
TeNbHbIX NabopaTopu — COCTOSIHWE Npobnemel B Poc-
cun 1 3a pybexom. Kak 0obuTbCsa B3auMONPU3HaHNS
PEe3yNbLTAaTOB UCMBITaHWU B Poccumn n 3a pybexom? MyTu
ceptTndumKaumm NPOrpaMMHO — annaparHbiX KOMMAEKCOB
no TPeboBaHUAM MEXOYHAPOAHbIX CTaHAAPTOB N0 PYH-
KUMOHaNbHOM 6e30NacHOCTA.

e (ObgazarensHas 1 40O6POBONBHaS cepTudurKaLym — OnblT,
MHEHUS, NPEeANOXEHNS.

® CeptndurkaLma B 061aCTy Ka4eCTBa U HaoexXHOCTN CUC-
Tem — TpeboBaHMA CTaHAaPTOB, METOAVIKA NCMbITAHNIA,
NpakTN4eckmne pPesynsTarhl.

o Ceptudukauysa GyHKUMOHANBHOM 6E30MacHOCTM CUCTEM
Ha OCHOBE V-TEXHONOMN — PUNOCOdUs, CNOCOOLI CEPTU-
duKaummn, NpakTMYeckme pesynsrarel BhIOOPOYHbBIX My00o-
KVIX MPOBEPOK J0Ka3aTeNbCTBEHHOV Ba3bl pa3paboTyvika.

Il CTAHAAPTU3ALUS B OBJIACTU HALEXXHOCTHU
U ®YHKLMOHAJIbHOW BE3OMNACHOCTU

® BavaHue 3akoHa «O TEXHUYECKOM PerynmpoBaHnm» Ha
Pa3BUTME TEOPUM U NPAKTUKA HAOEXHOCTN 1 QYHKLUMO-
HalbHOW 6€30MacHOCTU.

e CranpapTtel RAMS (IEC 62278, EN 50126 u ap.) v unx
oTpaxenue B ctangaptax FOCT P. passuTune ctaHgapTa
FOCT 27.002-89 ¢ y4eTOM TEPMWHOB U ONpeneneHui
cTtaHpapToB RAMS.

e COCTOSHME 1 NepCNeKTBLI CTaHOapTU3aummn B 06nactu
HaOEXHOCTU.

e (OCHOBHbIE NPUHLMNLI 1 6a30BbIE NONOXEHUA CTaHdap-
TOB NO PyHKUMoHanbLHon 6esonacHocTn FTOCT P /M3K
61508, IEC 61511, EN 50126, IEC 62278, IEC 62280,
EN 50128, IEC 62279, EN 50129, EN 50159 (1.2) n gp.

e COCTOSHME 1 MepCNeKTBLI CTaHOapTM3aummn B 06nactu
DOYHKUMOHaNBHOM 6e30MacHOCTH.



GUIDELINES FOR PUBLICATION IN THE JOURNAL

«DEPENDABILITY»

[l STRUCTURAL RELIABILITY
THE THEORY AND PRACTICE

e Methods of calculation, technologies and methods of
modeling, packages of applied programs, practical
calculations of reliability of complex systems.

e The mathematical theory of maintenance service,
practical results of complex system operations, life cycle
of systems, optimization of reliability and costs at all stages
of life cycle.

® Testmethods, criteria of decision-making by test results,
accelerated tests, methods of reliability assessment of
systems by test results, practical experience of reliability
tests.

Il FUNCTIONAL RELIABILITY
THE THEORY AND PRACTICE

e Qbject, subject and purposes of research, parameters of
functional reliability, terminology, principles and calculation
methods.

e Methods of assessment and forecasting of software
reliability, methods of calculation of information processes
reliability performance in software-hardware complexes
taking into account faulty program errors, errors of
operators, errors of input information.

e Technologies and methods of ensuring functional
reliability —technologies of functionally reliable software
development, methods of construction of algorithms of
information processing and management tolerant to
faulty errors and to errors of operators and methods and
ways of error protection in input information, practical
results.

Il FUNCTIONAL SAFETY OF SYSTEM
THE THEORY AND PRACTICE

e Object, subject and the purposes of research,
parameters of functional safety; functions of safety,
completeness of safety, terminology in the field of
functional safety.

® Risks, postulates and principles of safety, residual risks,
methods of an estimation of risks, the proof of safety.
Practical results of ranging of dangers and estimations
of risks.

e Mathematical methods and models of the task
of requirements to completeness of safety and
admissible time of detection of dangerous refusal,
model of functional safety of multichannel and multilevel
systems.

® Technologies for ensuring functional safety of systems at
all stages of life cycle.

[l FAULT TOLERANCE OF SYSTEMS
THE THEORY AND PRACTICE

e Methods of passive protection against failures,
mathematical models of structural redundancy, gradual
degradation of redundant systems, fault masking, practical
results of application of passive protection against
failures.

* Methods of active protection against structural failures and
errors in performance of information processes, principles
and methods of active protection, theoretical bases of
active protection, technical decisions, estimations of
active protection efficiency.

Il CERTIFICATION
THE THEORY AND PRACTICE

e Accreditation of certification bodies and test
laboratories — a problem state in Russia and abroad. How
to achieve mutual recognition of test results in Russia and
abroad? Methods of certification of software — hardware
complexes under requirements of international standards
on functional safety.

¢ Obligatory and voluntary certifications — experience,
opinions, offers.

e Certification in the field of quality and reliability of
systems — requirements of standards, techniques of
tests, practical results.

e Certification of functional safety of systems on the basis
of V-technology — philosophy, certification methods,
practical results of selective deep checks of a developer
evidentiary base.

[l STANDARDIZATION IN THE FIELD OF RELIABILITY
AND FUNCTIONAL SAFETY

® [nfluence of the law «Of technical regulation» on
development of the theory and practice of reliability and
functional safety.

® RAMS standards (IEC 62278, EN 50126, etc.) and their
reflection in standards of GOST R, development of the
standard GOST 27.002-89 inview of terms and definitions
of RAMS standards.

e States and prospects of standardization in the field of
reliability.

* Main principles and basic regulations of standards on
functional safety GOST R/MOK 61508, IEC 61511, EN
50126, IEC 62278, IEC 62280, EN 50128, IEC 62279,
EN 50129, EN 50159 (1.2), etc.

e Condition and prospects of standardization in the field of
functional safety.



