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BBEJAEHHUE

Bormpocam HaiexKHOCTH B TEXHUKE yAENSeTCsS 0O0JIbIIOE BHUMAHUE, TaK Kak
CO37aBa€Mbl€ CJIOKHBIE TEXHUYECKHME CHCTEMbl JOJDKHBI 007a/laTh BBICOKOM
HAJISKHOCTBIO U 0€30MaCHOCThIO B AKCIUTyaTanui. OT HaJCKHOCTHU 3aBUCAT TaKue
MoKa3aTelid, KaKk KauyecTBO, 0€30MacHOCTb, PUCK, KUByYeCTh U Jip. HanexxHOCTh
TEXHUYECKUX CHUCTEM JOJKHA OBITh oOecredeHa Ha BCEX JTamax >KHU3HEHHOTO
LUKJIA: IPU OIPOESKTUPOBAHUHU, U3TOTOBICHUH U SKCILTyaTallUu.

[Toka3arenu HaIE)KHOCTH — BEPOSITHOCTHBIE BEJIMYUHBI, IO3TOMY HU3yUYECHHUE
JUCIMIUTMH «MaremaThyeckasi CTaTUCTUKAa W TEOPHsI HAIEKHOCTH AIIEKTPUYECKOrO
TPaHCIOPTa» W «OIKCIUIyaTallMOHHAsI  HAJIEKHOCTb  DJIEKTPOTEXHUYECKOTO
000OpyZIOBaHUS» TECHO CBS3aHO C TIOJIOKCHHUSIMU, OTHOCSAIIUMUCA K TEOPHUH
BEPOSATHOCTEW, MAaTEMAaTUYECKON CTAaTUCTUKE W TEOPUU CIYyYalHBIX IMPOIECCOB.
B cBsI3u ¢ 3TUM aBTOpBI PacCCMOTPEIM BO BTOPOM IJ1aBE€ NPUKIATHON XapakTep
ATUX HAYK B MPOLECCE M3YYEHHS] BOMPOCOB OIEHKH IOKAa3aTesied HaJeKHOCTH.
TeM He MeHee, MOPEANONAracTcs, YTO MPU OCBOCHHHM TEOPUU HAJEKHOCTHU
TEXHUYECKUX CHCTEM CTYJEHT YK€ O00JIaJjaeT OIpeeIeHHbIMA 3HAHUSIMHU,
KACaIOIIUMUCS CIyYalHbIX BEJIMYMH U CITyYaHBIX MPOLECCOB.

B mocobun 10CTaTOYHO MOJIHO H3JI0KEHBI BOMPOCHI IKCIEPUMEHTATIHLHOTO
ONpENICNICHUs] TIOKa3aTeJIed HaJIe)KHOCTU DJIEMEHTOB M OIEHKH HaJEKHOCTH
TEXHUYECKOTO OOBEKTa KaK CIO0XHOW CHCTEMbI, C Y4YE€TOM HaJIU4us J1OO
OTCYTCTBUSI BOCCTAHOBJICHMSI OTKAa3aBIIMX »JJIEMEHTOB. Bce Teopernueckue
MOJIOKEHHSI COMPOBOXKAAIOTCS PACCMOTPEHUEM KOHKPETHBIX MPHUMEPOB, YacTh
U3 KOTOPBIX OblJIa peajqn3oBaHa C HCIOJb30BAaHMEM MAaTEMaTUYeCKOro TMaKeTa
Mathcad.

OTka3 TEXHUYECKOW CUCTEMbI HEM30€KHO BEJET K MOTEPSIM: MPOU3BOJICTBO
OCTaHAaBJIMBAETCSl WJM COKpaIllaeTcs, OTKa3zaBlIas CHCTEMA PEMOHTUPYETCH,
MOCJICJICTBUSI aBapuil JTUKBUAMPYIOTCA U T.A. [loTepu MOTYT OBITh Tak BEIUKH,
YTO BO3HUKAET COMHEHHE B IIEJIECOOOPA3HOCTH IKCILTyaTallMM TEXHUKH H3-3a €€
HU3KOW HajexkHOCTU. [loaTOMYy B MATOM TJIaBe paccMaTpUBAIOTCSA 3TH MPOOIEMbI
NPUMEHHUTEIIBHO K TEXHOT€HHOMY PHCKY KaK pe3yJbTaTy OTKa30B TEXHUKH,
Y UCCIIEIOBAHUIO BIUSHUS HAJIEAKHOCTU TEXHUKHU HA BETMUMHY PUCKA.

YuyebHoe  mocoOue  mpeaHa3HAYEHO  JJIsi  CTYJIEHTOB  Kadeapbl
DNEeKTPOTEXHUUYECKUX KOMIUIEKCOB W CHUCTEM MpH H3YYCHUU JUCUUILIAHBI
«OKCIUTyaTallMOHHAsT HAJIEKHOCTh AJIEKTPOTEXHHUUECKOTO 000pPYAOBAHUS», B XOE
OCBOCHHMSI KOTOPOM mpeAmnoaraeTcs: GOpMUPOBAHUE CIASAYIOMUX KOMITETEHITUN:



00weKy1bmypHule:.

— CIIOCOOHOCTh K CaMOpPa3BUTHIO, CaMOpeaM3allud, HCIOJb30BaHUIO
TBOpYeckoro noreHmnuaia (OK-3);

obwenpogeccuonaivbHwie:

— CIIOCOOHOCTBIO ~ MPUMEHSATH  COBPEMEHHBIE  METOJIbI  MCCIIEIOBAHUA,
OLICHUBATh U MPEACTABIIATh PE3yJIbTaThl BRIOIHCHHOM paboThl (OITK-2);

npogheccuonavhule:.

— CIMOCOOHOCTBIO IJIAHUPOBATh U CTABUThH 3aJ1a4u MCCIIEIOBAHUS, BEIOUPATh
METOJIbl OKCIEPUMEHTAIIbHOM paboThl, HHTEPIPETUPOBATH M MPEACTABISTH
pe3yabTaThl Hay4HbIX uccnenoanuit (I1K-1);

— CITOCOOHOCTH CaMOCTOSTEIBHO BBIOJIHATH nccienoBanus (I1K-2);

— CITOCOOHOCTH MPOBOJUTH MOUCK MO UCTOYHUKAM MaTeHTHOW MH(POpMAIIUH,
OMpEeNeNsaTh TMATEHTHYI0 YHCTOTY pa3pabdaThiBa€MbIX OOBEKTOB TEXHHKH,
MOJATOTaBIMBATh TEPBUYHBIE MaTepuajabl M TMATEHTOBAHUIO U300pETEHUH,
peructpaiuu nmporpamm it 9BM u 6a3 qannbix (ITK-4).

Takum oOpa3zoM, IENbI0 U3JIaHUS SIBISETCA HMCIOJIb30BAaHUE CTYACHTAMHU
MPUBEJCHHBIX B IOCOOMHM TEOPETHUYECKUX TOJOKEHUA U MPAKTHYECKHUX
pEeKOMEHJAIMi NIl YIUIyOJIGHHOTO  M3YYEeHHs  Marepuaia  JUCIUIUIMHBI
«OKCIUTyaTallMOHHAsT ~ HAJIEKHOCTh  JJEKTPOTEXHUYECKOTO  000PYIOBAHUSD)
BO BpEMsI CaMOCTOSITEJIbHOW pabOThl, a TAKXKe JIJISl PEIICHUs MPUKIATHBIX 3a/1a4
OILICHKU HAJEKHOCTU TEXHUYECKUX PA3INYHBIX O0BEKTOB.

[Ipu HamucaHuu 4YETBEPTOM TIJaBbl OBLIM HCIIOJIB30BAHBI MaTEpHAIbI
nuccepranonnoro uccienoBanusi A.B. [lomoBa «VccnenoBanue u paspaboTka
METOJIOB pacyeTa dKCILTyaTallMOHHOW HaJeKHOCTA ACHHXPOHHBIX 3JIEKTPO/IBUraTeNe
HEe(PTEXUMUYECKOTO MTPOU3BOCTBAY.



1. OCHOBHBIE IIOHATUA U TEPMHUHBI TEOPUU HAJTEZXKHOCTH

Haoesichocms  — 3TO  CBOWMCTBO OOBEKTa COXpaHATH BO BPEMEHU
B YCTAHOBJICHHBIX TMpeAesiaXx 3HAYCHHUS BCEX IMapaMETPOB, XapaKTEePHU3YIOIIUX
CTIOCOOHOCTH BBITIONHSATH TpeOyemble PYHKIMH B 3aJaHHBIX PeKUMaX U yCIOBUSIX
PUMEHEHUsI, TEXHUIECKOTO 00CTy)KUBaHUs, XpaHEHUS ¥ TpaHCTIOpTHpOoBaHUs [1].

HaznexxHOCTh SIBISIETCS KOMIUIEKCHBIM CBOMCTBOM, KOTOPOE B 3aBUCHMOCTH
OT Ha3HA4YCHHWS OOBEKTa W YCJIOBHHA €ro NPHUMEHEHHS MOXKET BKIOYATh
0€30TKa3HOCTh, JOJTOBEYHOCTh, PEMOHTONPUTOTHOCT U  COXPAHSIEMOCTh
WM OTIPEJICIICHHOE COYEeTaHNE ITUX CBOWCTB.

bezomkasnocmv — CBOWCTBO OOBEKTa HEMPEPHIBHO COXPaHATH pabOTo-
CIIOCOOHOE COCTOSTHUE B TEUEHUH HEKOTOPOTO BPEMEHH HJIU HAPaOOTKH.

Jlonzoseunocms — CBOMCTBO OOBEKTA COXPaHATh paOOTOCIIOCOOHOE COCTOSIHUE
JI0 HACTYTUJICHUS TIPEIETIBHOTO COCTOSIHUS MPU YCTAHOBJICHHOM CUCTEME TEXHUYECKOTO
0OCITy>KUBAaHUS U PEMOHTA.

Pemoumonpuzoonocms — CBOWCTBO 00BEKTa, 3aKIIOYAIOIIEECS B IMPUCIIO-
COOJICHHOCTH K IMOJJIEP’KaHUIO0 U BOCCTAHOBJIEHUIO PA0OTOCIIOCOOHOIO COCTOSIHUS
MyTeM TEXHUYECKOTO 00CITYy>)KMBAaHUS U PEMOHTA.

CoxpaHnsiemocmbs — CBOMCTBO OOBEKTAa COXPAHSATh B 3aJaHHBIX TIpeJiesax
3HAUEHHUS TMapaMeTPOB, XapaKTEPU3YIOIIMX CIHOCOOHOCTH OOBEKTa BBIMOIHATH
TpeOyeMbie GYHKIIUU B TEYEHUU U TIOCIIEe XpaHEeHUS U (WJIM) TPAHCIIOPTUPOBAHUSI.

HanexHocTh SIBISIETCS OJHUM M3 CaMbIX BaKHBIX MapaMETPOB TEXHUKHU.
Ee nokazarenu HeoOXOAUMBI JUIsl OLIEHKH KauyecTBa TEXHUKH, €€ d(PPEeKTUBHOCTH,
KUBYYECTH, pucka. HameXHOCTh 3aBUCUT OT MHOTHX BHEIIHMX W BHYTPEHHHX
(GakTOpOB M OLIEHUBAECTCS MHOTMMH KPUTEPHUSIMH U TMOKA3aTEISIMU. DTO MPHUBEIIO
K MOSIBJICHUIO B TEOPUU HAJACKHOCTH OOJBIIOTO YUCIA PA3THYHBIX TEPMUHOB
u onpeneneHuil. Jlanee mpuBeIeHBI HEKOTOPHIE W3 HHUX, YacTO MPUMEHSEMbIE
Ha TIPAKTUKE U B TCOPHH.

Onemenm — OOBEKT, 00JAAIONIUN PSIZIOM CBOMCTB, BHYTPEHHEE CTPOCHUE
KOTOPOTO 3HAa4YeHUsl HE UMeeT. B Teopun HaAEKHOCTU TIOJT DJIEMEHTOM TTOHUMAIOT
DJIEMEHT, y3ed, OJIOK, MMEIONMNA ToKa3aTedb HaJleKHOCTH, CaMOCTOSITEIHHO
YYUTHIBAEMBIN MIPU pacueTe MoKa3aTess HaJeKHOCTH cucTeMbl. [loHsTHs sremenTa
U CHCTEMBI TPaHC(POPMHUPYIOTCSI B 3aBUCHMOCTH OT peraeMoit 3amaun. Hampumep,
TIOJTYIIPOBOJIHUKOBOE pEJi€ TIPU OIIEHKE €ro HaJIeKHOCTH pPACCMAaTPUBACTCS Kak
CHCTEMA, COCTOSILAs M3 3JEMEHTOB — TPAH3UCTOPOB, JMOJOB, PE3UCTOPOB M T.IL
[lpu orleHKe  HAMEKHOCTA  CHCTEMBl  YIIPABICHUS  TATOBBIMH  JBUTATEIISIMU
TIOJTYTIPOBOTHUKOBOE PEJie SIBISIETCS JIEMEHTOM CHCTEMBI.

Cucmema — COBOKYIHOCTb, CBSI3aHHBIX MEXIy COOOH 3JIEMEHTOB,
oOmnamaroriasi CBOMCTBOM, OTJIUYHBIM OT CBOMCTB OT/EIBHBIX €€ DJIEMEHTOB.



Cmpykmypa cucmemsl — B3aUMOCBS3U U B3aUMOPACTIOIOKEHUE COCTABHBIX
qyacTeil cUCTeMbl, ee YyCTpoucTBO. OOBIUHO TMOHSTHE CTPYKTYpa CBSI3bIBAIOT C €€
rpadguueckuM oToOpakeHHMEM. B 3aBHCHMOCTH OT CBSI3ed MEXIy 3JeMEHTaMu
paznuMyaloT CIeAyIolue BUIbI CTPYKTYp: IMOCJEN0BaTENbHbIE, MapaslielbHbIC,
c 00OpaTHOM CBSI3bI0, CETEBBIE U UEPAPXUUECKUE.

Ilpoyecc — 2TO HAOOp COCTOSIHUH CHCTEMBI, COOTBETCTBYIOIIUI
YIOPSOYCHHOMY (HEPEPHIBHOMY WJIM JMCKPETHOMY) H3MEHEHHIO HEKOTOPOTO
napamerpa, ONPEIEIIAIOIIETO XapaKTEPUCTUKU (cBoiicTBa) CUCTEMBL.

[Iporiecc M3MEHEHUsT CHCTEMBI BO BpEMEHH Ha3bIBACTCS JUHAMHUKOM.

Texuudeckuii 00BEKT B Mporiecce GyHKIIMOHUPOBAHHS MOYKET HAXOIUTHCS
B Pa3IMYHBIX  COCTOSIHUSX,  OIICHWBAGMBIX  YHCJICHHBIMH  ITOKa3aTeIsIMHU.
HcnpaBHOCT, — COCTOSIHME OOBEKTa, MPU KOTOPOM OH COOTBETCTBYET BCEM
TpeOOBaHUSAM, YCTAHOBJIEHHBIM HOPMAaTHBHO-TEXHUYECKOM  JIOKyYMEHTalueu
(HTH). PaboTocriocoOHOCTh — COCTOSIHUE OOBEKTa, MPU KOTOPOM OH CIIOCOOEH
BBITIOJIHATH 3aJjaHHble (YHKIIMH, COXPAHsS 3HAUYEHHUS OCHOBHBIX MapaMeTpoB,
YCTaHOBJICHHBIX HTU. OcHOBHBIE napameTpbl XapaKTepU3yroT
(GyHKIMOHUPOBaHUE OOBEKTA MPHU BHITIOJHEHUHU MTOCTABICHHBIX 3a71a4.

[lonsiTue WCHIpPaBHOCTH IIHMpe, 4YeM TMOHATHE PabOTOCTOCOOHOCTH.
PabGoTocnocoOHbIN 00BEKT 00513aH yAOBIECTBOPSATH JiMib TeM Tpeboanusm HT/I,
BBITIOJIHEHUE KOTOPBIX OOECIEYMBAET HOPMAJIbHOE MPUMEHEHHE OO0BEeKTa
1o HazHayeHuto. TakuM o00pa3om, eciu OOBEKT HepabOTOCTIOCOOEH, TO 3TO
CBUJIETEIBCTBYET O ero HeucnpaBHocTU. C JApyrod CTOPOHBI, €CIU OOBEKT
HEHUCIIPaBEeH, TO 9TO HE 03HAYAET, YTO OH HEPAOOTOCIIOCOOEH.

[IpenenbHOE COCTOSIHUE — COCTOSTHUE OOBEKTa, TpPU KOTOPOM €ro
MpUMEHEHWE TI0  HA3HAYCHUI0  HEIONMYyCTMMO WM  HElelnecooOpasHo.
JIJ1st HEKOTOPBIX OOBEKTOB MPENETLHOE COCTOSHUE SBJISETCS TOCIETHUM B €ro
(GYyHKIIMOHUPOBAHUH, T.€. OOBEKT CHHUMAETCS C OKCIUTyaTalluu, IS JPYTUX
00BEKTOB — OIpeeNieHHON (ha30i >KM3HEHHOTO IHKJIa, TPeOyromel mpoBeaeHUs
PEMOHTHO-BOCCTAHOBUTEIBHBIX PaOOT.

B cBsi3u ¢ 3TUM, 00BEKTHI MOTYT OBITH [2]:

— HegoccmaHasnueaemvle, JUisi KOTOPBIX PabOTOCMOCOOHOCTh B CiIydyae
BO3HMKHOBEHHS 0TKa3a HE MOJICKUT BOCCTAHOBJICHUIO;

— goccmanasiugaemvle, PadOTOCIIOCOOHOCTh  KOTOPBIX MOXET  OBITh
BOCCTaHOBJICHA, B TOM YHCJIC U ITyTEM 3aMECHBI.

B psane ciayuaeB oguH U TOT e OOBEKT, B 3aBUCUMOCTUA OT OCOOCHHOCTEHH,
ATANOB AKCIUTyaTallMy WM Ha3HAYCHUS, MOXET CUUTAThCS BOCCTAHABIMBACMbBIM
WJIM HEBOCCTAHABIMBAEMBIM.

Hapabomkxa — TpOAOIKUTEILHOCT WM 00beM paboThl OOBEKTA,
U3MepsieMbIe SIMHUIIAMUA BPEMEHHU, YUCIIOM ITUKIIOB, KUJIOMETpaMHu mpodera u T.1.



Hapabomxka 0o omkaza — HapabOTKa OT Hadajga JKCIUTyaTarluu
710 BOBHUKHOBEHUS TIEPBOTO OTKA3a.
Hapabomka meoxcdy omkazamu — HapaboTKa O0OBEKTa OT OKOHYAHUS

BOCCTAHOBJICHHS €T0 pab0TOCIIOCOOHOTO COCTOSTHHS TOCIIE OTKa3a 0 BO3HUKHOBEHHS
CJIEYIOIIErO OTKAa3a.

Bpems 80CCMAHOBIIEHUSL pabomocnocooHozo cocmosnus —
IPOAOHKUTEILHOCTh BOCCTAHOBJICHHS pab0TOCIIOCOOHOTO COCTOSIHUS O0BEKTA.

Pezepsuposanuem Ha3BIBAIOT CIIOCOO TOBBIMICHUS HAICKHOCTA ITyTEM
BKIIIOUEHUSI PE3EPBHBIX CIUHMI], CIIOCOOHBIX B CJy4dae OTKa3a OCHOBHOTO
YCTPOMCTBA BBIMOJHATh €ro (QyHKIUU. ODTOT MeToja oO0jagaeT OoJIbIIUMU
BO3MOKHOCTSIMHU TIOJTyYEHUS 3aJIaHHBIX YPOBHEW HAJEKHOCTH U MMEET IIUPOKOE
MPAKTUIECKOE IPUMCHECHHE.

Pe3zepBupoBanre MOXHO pa3IeauTh Ha CIICTYIOIINE TPYIIITHL:

— 0Ouee — pe3epBUPOBAHKE CUCTEMBI, TIPU KOTOPOM MapaJlIeIbHO BKIFOUAIOTCS
UJICHTUYHbBIE CUCTEMBI;

— pazoeibHoe — PE3EPBUPOBAHUE CHUCTEMBI IYTEM HCIOJIb30BaHUSA
OTJICTBHBIX PE3EPBHBIX YCTPONCTB;

— KOMOUHUPOBAHHOEe — PE3epPBUPOBAHME, TIPU KOTOPOM B OJIHOM M TOW XKe
CHCTEME MPUMEHSIIOTCS 00IIIee U pa3ieIbHOE Pe3epPBUPOBAHUE.

['maBHBIMU crOCOOaMM BKIIFOUEHHS PE3EPBHBIX YCTPOMCTB MpPH OTKa3ax
OCHOBHBIX SIBJISIIOTCS CIEAYIOIINE:

— HOCMOsHHOe, TIPU KOTOPOM pPe3epBHBIE 00BEKTHI COETMHEHBI C OCHOBHBIMU
B TEUYCHUH BCETO BpEMEHU PabOTHI,

— 3ameweHuemM, TIPU KOTOPOM pe3epBHBIE OOBEKTHI 3aMEIIal0T OCHOBHBIE
TOJILKO TIOCTIE OTKAa3a MOCIETHUX.

[Ipu sTOoM B 00OMX ciy4asix pe3epBHbIE OOBEKTHI HAXOIATCS B TpPEX
pexxumax paboThI:

— Ha2pys#ceHHOM, TIPU KOTOPOM PEe3EpBHBIE OOBEKTHI HAXOJATCA B TEX Ke
YCIIOBHSIX, YTO U OCHOBHBIC;

— HEHA2PYHCeHHOM, TIPU KOTOPOM pe3epBHBIE OOBEKTHI HE BKIFOYCHBI
Y HE MOTYT OTKa3bIBaTh;

— 00O1e2yeHHOM, TIPU KOTOPOM PE3€PBHBIE OOBEKTHI BKIIFOUEHBI, HO pab0Ta0T
HE Ha TOJIHYIO HArpy3Ky, T.e. UX HAJIe)KHOCTh B PE3EPBHOM COCTOSHUU BBIIIIE,
yeMm B paboueM. OJTHAKO OTKa3 2JIEMEHTOB BO3MOXKEH.

KonTpoJsbHbIe BONIPOCHI

1. Kakue cBOlCTBa XapaKTEPU3YIOT HAIE)KHOCTh?

2. Uto Ha3bIBaeTCa 0€30TKa3HOCTHIO TEXHHUECKOTO 00BheKTa?
3. Kakue BUIbI pe3epBUPOBAHUS BbI 3HAETE?

4. YTo BBl IOHUMAETE O] CTPYKTYpOi 00ObeKTa?



2. KPUTEPUU U IIOKA3ATEJIN HAAEKHOCTHU

Kpurepuem HazbpIBaeTCsi MpU3HAK, MO KOTOPOMY OLICHUBAETCS HAaJACKHOCTh
(HanpuMep, BEPOSITHOCTL 0€30TKa3HOM paboThl P(t), MHTEHCUBHOCTH OTKA30B X(t),
cpenHsst HapaboTka Ha otka3 7). [lokazaTtenem HaJeKHOCTH Ha3bIBACTCS
YUCJICHHOE 3HaueHue Kputepus. Hampumep, BepOATHOCTh 0€30TKa3HOW pabOTHI
B Teuenun 1000 gacoB pasua 0,95, T.e. P(1000) = 0,95. Iloka3aTtenu 3amaroTcs
B TCXHMUYECKUX TpEeOOBAHUSX Ha W3JEINE, PACCUUTHIBAIOTCI B MpOIEcce
POEKTUPOBAHUS, OIEHUBAIOTCS B TMPOIECCE HCHBITAHUN U JKCILTyaTaluu
TEXHUYECKOTO OOBEKTA.

HanexxHocTh ABIsieTCA CHOXKHBIM — (DPU3MYECKUM CBOWCTBOM, TO3TOMY
HE CYIIECTBYET OJHOro OOOOIIEHHOIO KpUTEpUs M TOKazaTens, KOTOPbIA Obl
JIOCTATOYHO TMOJHO XapaKTEPU30BAl HAJICKHOCTh TEXHUKHU. TOJIBKO KOMILIEKC
KPUTEPHUEB MO3BOJSET OLEHUTh HAJEKHOCTh CJIOKHOW TEXHUYECKOW CHUCTEMBI.
BriOop kpuTepueB 3aBUCHUT OT THUIIA TEXHUYECKOTO OOBEKTA, €ro Ha3zHa4YCHUs
1 TpeOyeMOi MOJHOTHI OLIEHKU HaJI€KHOCTH.

Mexy  mokazaTelsiMM — HAJEXKHOCTM  CYIIECTBYIOT  OJHO3HAYHBIE
MaTreMaTU4yecKue 3aBUCUMOCTH B Buje ¢Gopmyn I[lostomy mnpu paszpaboTke
KOMILUIEKCA IOKa3aTejiel HaJeKHOCTH HENb3sl MX 33JaBaTh B BHJIE PABEHCTB.
Hanpumep, Hens3st popMmynupoBaTh TpeOOBaHUS K HAJAEKHOCTH B TaKOM BUJIE:
BEpPOSITHOCTh O0€30TKa3HOM paboThl B TeueHue 150 yacoB nomkHa ObITH paBHa 0,97,
a cpenHee BpeMs Oe30TkazHOM padoTel T = 650 yaco. Takue TpeOGOBaHUS MOTYT
0Ka3aThCs MPOTUBOPECUUBBIMH.

2.1. KpuTepuu Ha/Ie;KHOCTH HEBOCCTAHABJIMBAEMbBIX CHCTEM

OTtka3 ayeMeHTa SBISETCS COOBITUEM Ciy4yalHbIM, a Bpemsi & 10 ero

BOCCTAHOBJICHUSI — CIy4yaHOW BenWYMHOHM. OCHOBHOM XapaKTEpHUCTUKOU
HAJIOKHOCTH JJIEMEHTA SIBJICTCS (DYHKIHS PACIpPENEICHUs] TPOIOJIKUTEIBHOCTH
ero 6e3otkazHoit paboter F(t) =P(&<t), onpenenennas npu t>0. Ha ee ocHoBe
MOT'YT OBITH MOYUYEHBI CIIEAYIONIHME MOKA3aTEeNH HA/ICKHOCTH HEBOCCTAHABIMBAEMOT'O
aneMenTa [3]:

P(t) — BepoATHOCTB €ro 6€30TKa3HON PabOTHI B TEYEHUE BPEMEHH t;

Q(t) =1—-P(t) — BeposTHOCTH OTKa3a B TCUYCHHUE BPEMEHU {;

T, — cpenHee BpeMs 0e30TKa3HOM paboThI (CpeHss HapaboTKa A0 0TKa3a);
f (t) — IIOTHOCTH pacmpeneNeHus BpeMeHU 0€30TKa3HOU paOOThI;

AM(t) — MHTEHCHBHOCTH OTKa3a B MOMEHT BpPEMEHH {;
A(t) — ynkums pecypca;
ty — raMMa-TIPOLICHTHBIN pecypc — HapabOTKa, B TCUCHUE KOTOPOH dJIEMEHT

HE JIOCTHTAET COCTOSHHUS OTKA3a ¢ BEPOSATHOCTBIO !,
100



Bepoamnocmo 6e3omkaznoi padomot

BepositHocTh 6€30TKa3HOM paboThl — 3TO BEPOSITHOCTH TOTO, YTO TEXHUUYECKHUNA
OOBEKT HE OTKAXKET B TE€UCHHWE BpeMeHu t wim uto Bpemsi & paboThl 10 OTKaza

TEXHUYECKOTO 0OBEKTa OOJIbIIIe BPEMEHH €r0 (PYyHKIIMOHUPOBAHHUS L
P(t)=P(E>1). (2.1)

BepositTHOCTh  6€30TKa3HOM palbOTHl sBIsAETCA YOBIBaroOImIeH QyHKIHEH
BpEMEHH, 00J1a/1atolIel CIeyIoIMH CBOMCTBaMu:

0<P(t)<l P(0)=1 P(+0)=0.

[Io cratucTyeckuM JaHHBIM 00 OTKa3ax, IOJYYCHHBIM U3 OIbITa
JKCIUTyaTalluH, P(t) ONPEAEIAETCS CIACAYIOUIEH CTATUCTUYECKON OLICHKOM:

P™(t) = I\II\I(:)) = NOI\_IOn(t), 2.2)

rne Ng — obmiee uncino oOpas3os, HaxosMmuxcs Ha ucnbiTanud; N(t) — gwcno
UCITPaBHO paboTaroUIMX 00pa3oB B MOMEHT BpeMeHu t, N(t) — ymciio oTkazaBIIMX
oOpa3loB B TeueHue BpeMeHU t. 3Hak * 0003HAYaeT CTATUCTUYECKYIO OLIEHKY
COOTBETCTBYIOIIMX MMOKa3aTeNel HaleKHOCTH.

BepositTHOCTh 6€30TKa3HOI pabOThl, KaK KPUTEPUN HAJIEKHOCTHU, 00JaaeT
CJIEYIOIIMMU JOCTOUHCTBAMHU:

— XapaKTepu3yeT HaJIS)KHOCTh BO BPEMEHH, SIBIISISICH MHTEPBAJIBHON OIICHKOI;

— OlpenensieT MHOTHME BaXKHBIE TIOKa3aTeld TEXHHUKH, HampuMmep
3 PEeKTUBHOCTD, KUBYUECTh, PUCK;

— CPaBHUTEIBHO MPOCTO BBIUUCISIETCS U ONPENESeTCs 0 CTaTUCTUUYECKUM
JaHHBIM 00 OTKa3aX TEXHUKH;

— JIOCTaTOYHO IIOJIHO XapaKTepU3yeT Ha/eKHOCTh HEBOCCTAHABIMBAEMBIX
O0OBEKTOB.

OCHOBHOU HETOCTATOK 3TOTO KPUTEPUS — OTPAHUYEHHOCTD IPUMEHEHUS.

IInomnocms pacnpedenenusn epemenu 6€30mKa3HOU padoomul
(uacmoma omka3zoe)

[InoTHOCTH pacmpezenieHuss BpeMeHU Oe30TKa3HOM pabotbl f(t) — 3TO
IUIOTHOCTh pacIpefesieHusl ciy4aiiHoil BenuuuHbl &. Ona Haubosiee MOJIHO
XapaKTepu3yeT HAJeKHOCTh TEXHHUKH B KOHKPETHBII MOMEHT BPEMEHHU
(Toueunast xapaktepuctuka). [lo Heil MOXXHO oOmNpenenuTh JTIOO0N MOKa3aTemb
HA/Ie)KHOCTH HEBOCCTAHABIMBAEMOM CHCTEMBI.
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CraTucTudecKu f(t) onpeAcisICTCsA OTHOIICHUEM 4YHCIAa OTKa3aBIINX

O6p8,3HOB TCXHUKH B CAWMHHUIY BpPpCMCHH K YHCIY HCIBITYCMbIX o6pa3u013
ITpH YCJIIOBHUH, YTO OTKA3aBIIUC 06pa3m>1 HC BOCIIOJIHAIOTCS UCIIPABHBIMMU
* n(t,t+ At
f(t) :g, (2.3)

NOAt

rae n(t,t+ At) — grciio oTKa3aBIIMX 00PA3IOB 3a MPOMEKYTOK BPEMCHH [t,t + At].

N — uucio o6pasioB, MepBOHAYATBHO TOCTABICHHBIX HA UCITBITAHHS.
Tak kak f(t)=Q'(t) =—P'(t), To ;I ManBIX 3HAYEHHI At HMEEM

P(t) - P(t + At)

- At

[Tycts N(t) — umcio ucnpaBHO paboTarOIIUX 00Pa3I[0B K MOMEHTY BPEMCHHU
t; N(t+At) — gucno oOpa3ioB, HMCIpaBHO padOTarOIIMX K MOMEHTY t+ At.

[Tockonbpky
piy=NO pryary NEFAY
NO NO
TO
f*(t)z N(t) - N(t+At)’
NOA’[

4TO COBMaaeT ¢ BeipakeHueM (2.3), Tak kak N(t) — N(t + At) =n(t,t + At).

Humencuernocms omkazos

NHTEHCMBHOCTBIO OTKA30B HA3bIBACTCS OTHOIICHUE TUIOTHOCTH PaCIIpPE/ICIICHHS
K BEpOSTHOCTH 0€30TKa3HON pabOThl 0ObEKTA:

M) = %. (2.4)

CraTHCTHYEeCKM HMHTEHCHBHOCTh OTKa30B  €CTh OTHOLIEHHME YHUCIIA
OTKa3aBLIMX 00pa3L0B TEXHUKU B €IUHHILY BPEMEHU K CPEIHEMY YUCITy 00pa3LoB,
UCIIPaBHO pabOTaIOIIUX HA HHTEPBAJIE [t,t + At]:

2 (1) = n(t,t + At) (2.5)

N, - At’
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[N(t)+ N(t + At)]
2
Ha UWHTEpBaJe [t,t+At]. CootHomienue (2.5) s ManblX At ClenyeT

rne N cp (t) = — CpeJIHee YUCJI0 UCIIPaBHO paboTarouX 00pasion

HenocpeacTBeHHo u3 (2.2) u (2.3).
Ha ocHOBe ormpeieieHisI HHTEHCUBHOCTH OTKa30B (2.4) IMeeT MECTO PaBEHCTBO

__P®
AMt) = P(t) (2.6)
Wurerpupys (6), noayyum
t
[A()dt=—InP(t),
0
WIH
t
— [A(t)dt
Pity=e O

WutencuBHOCT,  O0TKa3oB  A(t)  sBISeTCS OCHOBHBIM  TIOKa3aTesieM

HAJIeKHOCTH DJIEMEHTOB CIIOKHBIX CHCTEM. OJTO OOBSCHSACTCS CIEAYIOUMMHU
0OCTOATENHCTBAMHU:

— HA/IGKHOCTh MHOTHX JJIEMEHTOB MOKHO OLIEHUTH OJJHMM YHCIIOM, TaK Kak
WHTCHCUBHOCTh OTKa3a DJIEMEHTOB — BEJIMYUHA ITOCTOSHHAS,

— 110 U3BECTHON MHTEHCHBHOCTH A(t) HamboJiee MPOCTO OICHUTH OCTAIBHBIC

IIOKAa3aTC/IM HAACKHOCTH KaK 3JICMCHTOB, TaK M CJIIOKHBIX CUCTCM,

— A(t) obmamaet XOpoIIei HarJISITHOCTBIO;

— UHTEHCUBHOCTH OTKA30B HETPYIHO TOJYYHUTh SKCTICPUMEHTAIILHO.

OneIT SKCIUTyaTalldd CIOKHBIX CHCTEM TIOKa3bIBa€T, UYTO HN3MEHEHHE
WHTCHCUBHOCTH OTKa30B A(t) OombmIOro KoiuyecTBa OOBEKTOB OIMMCHIBACTCS
U-o6pa3uoii kpuBoii (puc. 2.1).

BpeMst MOXHO YCIIOBHO pa3JIeuTh Ha TPU XapaKTEPHBIX yIacTKa:

1. Ilepuon nmpupabOTKH.

2. Ileprio1 HOpMaAIBLHOM HKCILTYaTALIUH.

3. [lepuon crapenust oObeKTa.
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y
MO, ITepuon

) IIepnon HOpMaIBHOU
CI.BpCMCHHU pUPaOOTKH

JKCILTyaTaluu

[Tepuon
CTapeHHUst

Puc. 2.1. Bux kpuBOii ”HTEHCUBHOCTH OTKa30B

Ilepuon mnpupaOOTKU OOBEKTA MMEET TMOBBILIEHHYI0 HWHTEHCUBHOCTh
OTKa30B, BBI3BAaHHYIO MPUPAOOTOYHBIMU OTKa3aMHU, OOYCIIOBICHHBIMU JAe(PEeKTaMU
IIPOU3BOJCTBA, MOHTaXa M Halaaku. MHOrma ¢ OKOHYaHMEM HTOro Iepuoja
CBSI3BbIBAIOT TapaHTUMHOE OOCITyKMBaHUE OOBEKTa, KOTJa YCTPAHEHHUE OTKAa30B
MPOU3BOAMUTCS  MU3rOTOBUTENEM. B  mepuonx  HOpManbHOM  3KCIUTyaTaluu
MHTEHCUBHOCTh OTKA30B MPAKTUYECKHU OCTAETCS MOCTOSIHHOM, MPU 3TOM OTKa3bl
HOCAT CIyYallHBIM XapakTep W TMOSABISAIOTCS BHE3AIHO, NPEXKIE BCEro H3-3a
CIIy4allHbIX HW3MEHEHUN Harpys3kd, HECOOJIIOJIEHUsI YCJIOBHM OKCIUTyaTaluu,
HEONaronpusTHBIX ~BHEHUIHMX (akTopoB H T.1. VIMEHHO »3TOT mepuoj
COOTBETCTBYET OCHOBHOMY BpEMEHHM JKCIUTyaTallMi o0bekTa. Bo3pacranue
MHTEHCUBHOCTU OTKa30B OTHOCUTCS K NEPHOJY CTAPEHUS OOBEKTa U BBI3BAHO
YBEJIMYEHUEM YHCJIa OTKa30B M3-3a HW3HOCA, CTApEHUsT W JAPYTHX MPUYHH,
CBSI3aHHBIX C JJIMTCIBHOM 3KCIUTyaTanuei [2].

Cpeonee epemsa 6e3omkaznoil padoomol

CpennuMm BpeMeHeM 0€30TKa3HOW paboThl 1) Ha3bIBACTCS MAaTEMaTUYECKOE
OKMJIaHUE BPEMEHM 0€30TKa3HON pabOThl TEXHUYECKOTO0 O0BEKTa:

T1 =M(Q). (2.7)

[To craTtucTudyeckuM naHHBIM 00 OTKazax 77 ompenenseTcss Cieayrolen
3aBUCHMOCTBIO:

« 1 No
T =N—Zti1 (2.8)
0i=1
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rae N — 9mcio UCTIBITBIBaEMBIX 00pa3uoB, tj — BpeMs O0e30TKa3HON paboTHI I-T0
obpasra.
Kak MaremaTwueckoe OXHIaHUE CIy4ailHOW BEJWYMHBI C TUIOTHOCTBIO
f (t), cpennee Bpems 6e30TKa3HON pabOTHI BHIUUCIAETCS IO POPMYIIE:

o0
Ty = [t (t)dt. (2.9)
0
WuTerpupys (2.9) no gactsim, morydum

Ty = [t (dt=— [tP'(0)dt=—tP() + [P()ct.
0 0 0

[lepBoe cnaraeMoe paBHO HYJIO, TIOATOMY BBIpaKeHHUE Jid 17 OyIeT UMETh
BU/I:

Ty = oIOF’(t)dt. (2.10)
0

Cpenunee Bpemsi 0€30TKa3HOU PaObOTHI ABJISIETCS UHTETPAJIbHBIM MTOKa3aTeleM
HaJSKHOCTA. ETO OCHOBHOE JTOCTOMHCTBO — BBICOKAs HAIISTHOCTh. HemocraTok
ATOrO TIOKa3aTeJsi B TOM, 4YTO OH, OyAy4d HHTETPAIbHBIM, XapaKTepU3yeT
HAJISKHOCTh TEXHUKH JUTUTSIIBHOTO BpEMEHU PabOTHI.

Mexmy mokazaTeasiMi HaJIS)KHOCTH CYIIECTBYIOT CIIETYIOIIHNE 3aBUCHMOCTH:

P(t)=F(t)=1-F(t), (2.11)

} A(t)d

—[A(t)dt
Pt)=e O — e A , (2.12)
f(t)=-P'(t), (2.13)
P(t) :Ojof (t)dt :Tf(x+t)dx, (2.14)

t 0
_f®

A(t) = P(D)’ (2.15)
Ty = TP(t)dt = Oftf (t)dt, (2.16)

0 0
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t
A(t) =—In P(t) = [A(x)dx, (2.17)
0

P(t,) = ﬁ. (2.18)

IIpumep 1. B pesynbsrare npoBeneHuss ucnbiTaHuii B TedeHue 800 yacoB
MOJTYNPOBOHUKOBBIX aAM0n0B B komudyectBe Np=100 Obutn  mosrydyeHsl

ClIeyIoIre JaHHbIe 00 oTKa3ax (Tabim. 2.1).

Tabnuya 2.1
Hcxonnbie naHHBIE 00 OTKa3ax

Wurepsai, yac | 0-100 |100-200|200-300 | 300—400 | 400-500 | 500-600 | 600—700 | 700-800

KomunuectBo
OTKAa3aBILINX

9JICMCHTOB

n(t,t + At)

Berancnure nokazatenu Hapexunoctu: P(t), f(t), A(t), T,.

Pemienune. byjaem umerh B BHJY, YTO JIOCTOBEPHO HEHU3BECTEH MOMEHT
OTKa3a Ha mpoMexxyTke BpemMeHu At. [loatomy Oynem mpesrnosaraTh, 4TO OTKa3bl
IIPOUCXOJIAT B CEPEAMHE ATOTO MIPOMEXKYTKA, T.€. B MOMEHTHI BpemeHnu t = 50, 150,
250, 350 u T.1. Ha mepBOM MHTEpBaje MPOMU3OILE] OJAUH OTKa3, TOrJa COTJIACHO
dhopmyite (2.2) BEpoSITHOCTH O€30TKa3HOM paboTHI OyIeT:

Ng—n(100) 100-1
Ng 100

P(50) = =0,99.

Ha BTOpoM yuacTke mpou3onuio 2 oTkasa, a BCEro 3a JBa Mepuoja JINHBI
At — 3 otkaza. Torma

No—n(200) 100-3

P(150) =
Ng 100

=0,97.

Boeruucnenus 3nauenuit f (t) mpoussenem mo gopmyie (3):

nt+a 1 104 gl

f (50) = _
(50) NoAt  100x100
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f (150) = ﬁ =2 '10_4‘—IaC_1.

B JaHHOM  CJIydac 4YHCIIO OTKAa30B Ha IPOMCKYTKC JJINHBI At

HE CYMMHPYETCS ¢ YUCJIOM OTKAa30B Ha MPEIbIIYNINX ydacTKax, Tak Kak (QyHKIUs
f (t) sABIISIETCS TOYCUHOM.

Bbruncium  3HaueHuss  A(t), BOCHOJIB30BaBIIMCH BbIpakeHHeM (2.5).

Ha miepBoM ydYacTKe mpOM30MIET OAWH OTKa3, MPU 3TOM B Hayaje ydacTKa YMCIIO
ucnpasubix 00pa3inoB N(0) = Ny =100, a B xonie yuactka N(100) = Ng —1=99.

Torna
n(t,t+At) 1

NcpAt 100+99
2

A(50) = =1,01-10"%4ac L.

100

AHQJIOTMYHO Ha BTOPOM Y4acCTKe

M150)= 55 927 =2,03-10" %uac ™1
100

U T.JI.
Brruncnum cpennee Bpemsi 0e30Tka3HOoU paboThI o popmyiie (8):

T :iZt- :1 50+2-150+1-250+3-350+2-450+2-550+1-650+3 7502437 ac.
LN 15

3nauenust P(t), f(t), A(t), T, ams ocranbHBIX BPEMEHHBIX HHTCPBAJIOB

TIpEICTaBIICHBI B TabJ. 2.2. B maHHOM cily4ae MCTIBITaHHUS 3aKOHYCHBI TIPH OTKA3e
15 n3 100 noynpoBOIHUKOBBIX AUOIOB.

Tabnuya 2.2
Pesynbratel onpenencans P(t), f(t), A(t)

Wnrepsal, 0 100 200 300 400 500— | 600— 700

yac ~100 | -200 ~300 —400 ~500 600 | 700 ~800

P(t) 0,99 0,97 0,96 0,93 0,91 0,89 | 0,88 0,85
f ()10

B 1 2 1 3 2 2 1 3
qgac
AMt) 107,

B 1,01 2.03 1,04 3,17 2.20 222 | 112 3,47
gac




16

Od4eBUIHO, YTO  TOJYYEHHBIA  pe3ysibTaT  CYIIECTBEHHO  HUXKE
JEHCTBUTEILHOTO 3HAYCHUS CPETHEr0 BpPEMEHH O€30TKa3HOW paboThl Kak
MaTEMaTUYECKOTO 0KUJIaHUS CITy4YaiiHON BEJTUYHUHBI.

2.2. Kputepuu HaJIe;KHOCTH BOCCTAHABIMBAEMbBIX CHCTEM

[TokazaTensiMu HaJEKHOCTH BOCCTAHABIMBAEMBIX D3JIEMEHTOB U CHCTEM
MOTYT OBITh TaK)K€ IMOKAa3aTeJId HAJEKHOCTH HEBOCCTAHABIIMBACMBIX JJICMEHTOB.
OTO UMEeT MEeCTO B TeX cllydasiX, KOIrJla CHCTeMa, B COCTaB KOTOPOM BXOIUT
AJIEMEHT, SIBJIAETCSI HEPEMOHTHUPYEMOW IO YCJIOBUSIM €€ paboThl (HEOOUTaeMblii
KOCMUYECKUI ammapar, anmaparypa, paboraromias B arpecCHUBHBIX Cpenax,
caMOJIET B IpoIlecce I0JeTa, OTCYTCTBHE 3amyacTeil JJisi pEeMOHTa M T.IL.).
HanexHocTh  BOCCTaHABIMBAEMbIX  OOBEKTOB  OIIEHUBACTCA  CJIECAYIOUIUMU
nokazaressimu [4]:

T — cpeanee Bpemst pabOThI MEXKIY OTKa3zaMH (CpeTHss HapaOoTKa Ha OTKa3);

T, — cpenHee BpeMsi BOCCTaHOBIICHHS;

co(t) — mapaMmeTp MOTOKa OTKAa30B;

Kr(t) — (YHKIIMS TOTOBHOCTH — BEPOSITHOCTH TOTO, YTO CHCTEMAa UCIIpaBHA

B MOMEHT BPEMEHH {;
Kn(t) — (pyHKIIMS IPOCTOSI — BEPOSATHOCTH TOTO, YTO B MOMEHT BpeMeHHU t

CUCTEMA HEUCIIPaBHA U BOCCTAHABIMBACTCS;

K, — KO3ppHUIHNEHT TOTOBHOCTH — BEPOSTHOCTH TOTO, YTO CHCTEMa OyaeT
MCIIPAaBHOM NP JUITUTEIbHON SKCITyaTalllK (CTallMOHAPHBIA PEXKUM);

K, — ko3ddunueHT mpoctos — BEpOATHOCTh TOr0, YTO cuUcTema Oynaer
HEHUCHIPABHOMN NPH UIMTEIBHON SKCIUTYaTAIUH.

PaccMoTpuM noapoOHee 3TU nmokas3aTelu.

Cpeonee epema padomot merncoy omkazamu
u cpeonee epems 60CCHMAHOBICHUA

Cpennee BpeMs MEXIy OTKazamu 1 ONpENENsieTCs OTHOIICHUEM CpeaHein
CyMMapHOW HapaOOTKH K CpeAHEMY YHCIy OTKa30B NpH JUIMTEILHOH paboTe
o0bekTa. CpenHee BpeMs BOCCTAHOBICHUS [, OINpenensieTcss OTHOIIEHHEM
CpPEIHETO CYMMapHOTO BpPEMEHH BOCCTAHOBJICHHUS K CpPEAHEMY YHUCITY
BOCCTAHOBJICHUH TIPH JUVTUTEIIBHOM paboTe 00BEKTA.

[To cTaTHCTHYECKUM JaHHBIM CpeaHEe BpeMsl MEXKIy OTKa3aMu
BBIYUCIISICTCS IO popMyJIe:

« 1 No
"= 3, (2.19)
No 2
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rae t; — BpeMs MEXAy OTKa3aMHu | — ro oOpasua, MOJTydYeHHOE MpH YCIIOBHH,
YTO UCIBITAHUS BENYTCS C BOCCTAHOBJIIEHHEM OTKA3aBUIMX 00pa3llOB TEXHUKH WIN
X 3aMeHOi. B sToMm ciydae umcno ucmeiThiBaeMbIX 00pasnoB N octaercs

TIOCTOSTHHBIM.
OmnpenenieHre CpeTHETO BPEMEHH BOCCTAHOBJICHHS OYZIET PACCMOTPEHO HIKE.

Hapamemp nomokKka omkKasoe

[TapameTpoM NOTOKAa OTKAa30B O;)(t) Ha3bIBAETCA NPOU3BOJHAS (CKOPOCTH
M3MEHEHHSI) CPEJIHETO YMCiia OTKa30B O0OBEKTa B MOMEHT {.

CratucTuyecku mapameTp MOTOKa OTKAa30B OMPEAENSIETCS KaK OTHOIICHUE
YHUCIa OTKAa3aBIIUX OOpa3llOB TEXHUKW B €IWHUIYY BPEMEHU K UYHCITy O0Opas3IloB,
MOCTABJICHHBIX HAa HCIBITAHUE TPU YCIOBUHU, UTO OTKa3aBIIME OOpa3Iibl
3aMEHSAIOTCS UCTIPABHBIMU UJIN OTPEMOHTHUPOBAHHBIMU:

w*(t)=n(t|’\f—ztm), (2.20)

rae N(t,t+ At) — ancio oTKa3aBmMX 06PA3IIOB 32 MPOMEKYTOK BPEMEHH [t,t + At].

N — umcio o06pa3ios, MepBOHAYAIFHO TOCTABJICHHBIX HA HCIIBITAHNUS.

[TapameTp MOTOKA OTKA30B 00JIaIa€T CIETYIOIIUMHI CBOMCTBAMU:

—B ClIy4ae »3KCIOHEHIIMAJIBHOIO 3aKOHAa BPEMEHU paboThl OO0BEKTa
C MapaMeTpoM A U MIHOBEHHOT'O BOCCTAHOBJICHUS co(t)z A

—OpyU MTHOBEHHOM BOCCTAaHOBJICHMM TIpe/esl, K KOTOPOMY CTPEMUTCS
napamMeTp MOTOKa OTKa3oB mpu [ —>00, paBeH BenMuYMHE, OOpAaTHON CperHEMY

y , 1.
BpEMEHHU Oe30TKa3HOM paboThi, T.¢. lim o(t)= =
—>0

—IPU MIHOBEHHOM  BOCCTAaHOBJIEHMHM MapaMeTp IIOTOKA  OTKa30B
Y IUIOTHOCTh  PACIpElIeJICHUsI BPEMEHM JO OTKa3a CBA3aHbl CIEAYIOLIUM
VMHTETPAIBHBIM ypaBHEHUEM Bosbrepa BToporo poaa:

t

ot)=f(t)+ jw(t)f (t—t)dr.

0

DTO ypaBHEHHWE YCTAaHABJIMBAET 3aBUCUMOCTh MEXAY IOKa3aTeIsIMU
HAJE)KHOCTHU BOCCTaHaBJIMBacMOM " HEBOCCTAHABJIMBAEMOU TEXHHUKH.
OHO MO3BOJIAICT ~ OMPENENUTh 10 CTAaTUCTHYECKMM JaHHBIM 00 OTKa3ax
BOCCTAHABJIMBAEMOM TEXHUKU B IIPOLIECCE €€ HKCIUIyaTalMd I0KAa3aTenu
HaJIC)KHOCTU HEBOCCTAHABIMBAEMOU TEXHUKH.
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DyHKYUA 20MOGHOCIU U YYHKYUS NPOCMOA

CDYHKHHCﬁ T'OTOBHOCTH Kr(t) Ha3bIBACTCA BCPOATHOCTHL TOI'O, YTO

BOCCTAHABJIMBAEMasi CUCTEMA UCITPABHA B MOMEHT BpeMEHH .

@Oynkuueit npocros K, (t) HA3bIBACTCS BEPOATHOCTh TOT'O, YTO B MOMEHT
BpeMeHHU t cucTema HaXOJUTCS B OTKA30BOM COCTOSIHUU (B PEMOHTE).

[IpuBenemM OCHOBHBIE 3aBUCUMOCTH MEXAY BBEICHHBIMH MOKA3aTEIISIMU:

K. (t)+K, ) =1, (2.21)

UL N L T (2.22)
T+T, T+T,

K, =lim K.(t), K, =limK(t).

t—o0 t

I[aHHBIG TIOKA3aTelId SBIISIOTCS HauOoJsiee BaKHBIMH JJI1 BOCCTaHaBJIMBACMBIX
JJIEMCHTOB U CUCTECM.

2.3. 3aKOHBI pacnpeacjacHusa BpEMEHH 10 O0TKa3a

MareMatndyeckui amnmaparT TEOPUU HANEKHOCTH OCHOBBIBACTCS, TJIABHBIM
o0pa3oM, Ha TEOPETHKO-BEPOATHOCTHBIX METOJIaX, IOCKOJbKY CaM IPOLECC
MOSIBJICHUS OTKa30B B TEXHUKE IO CBOEH (U3WYECKOM MpUPOAE HOCUT
BEPOSATHOCTHBIN XapakTep.

B wactHOCTM, IS W3ydeHUS TEOPUU HAIAECKHOCTH MPEXKAE BCETO
HEOOXOJIMMO 3HAThb OCHOBHBIC TIOJIOKEHUS TEOPUM BEPOSTHOCTEW: MOHSITHUS
0 CJIy4alHBbIX COOBITUSIX U CIIyYallHBIX BEJIMYMHAX U UX XapPaKTEPUCTUKAX, 3aKOHBI
pacnpeneneHrs CIy4alHbIX BEJIWYWH, ICUCTBUS HaJ CIy4alHBIMU BEJIUYMHAMM.
[Ipu 3xcnEpuMEHTaTLHOM ONPEAECIEHUH YUCIEHHBIX XapaKTEPUCTUK HAJAEKHOCTH
HEOOXOJIMMO 3HATh IMpaBUja CTATUCTUYECKON OOpaOOTKHU OMBITHBIX JTaHHBIX,
T.€. BIQJIETh OCHOBAMH MaT€MaTUYE€CKON CTATUCTUKH.

BeposiTHOCTHBIE METOABI MCCIIEIOBAHUSA CIYYAUMHBIX SBJICHUU SBISIOTCA
() PEeKTUBHBIM aIapaToM HAYYHOT'O U3YUYECHUS CIyUYalHBIX MPOIIECCOB B BOMPOCAX
HaJie>)kKHOCTU. OHU MO3BOJISIIOT HE TOJIBKO KOJIMYECTBEHHO OLICHUTH (PaKTHUUEeCKUM
WM O0XXUJAeMbId YpPOBEHb HAJIEKHOCTH, HO W O0JIeryaroT 3ajady pa3padoTKu
Hay4HO 00OCHOBAHHBIX MEPOTIPUATHI MOBBIIIIEHUS HAJEHKHOCTH.

B cBs3u ¢ BBIlIE U3J0KEHHBIM aBTOPBI CUMTAIOT HEOOXOJAUMBIM TPUBECTH
HanOoJiee dYacTO UCIIOJIb3yeMble B TEOPUM HAJEKHOCTH IMapaMeTPUUECKUE
CeMEMCTBa pacnpeeieHuid cliydallHONW BeIUYuHbl &, Tojaras, 4To YWUTaTellb
MMeEET OIPE/ICIICHHBIN YPOBEHb MOJATOTOBKH B 00JIACTH MAaTEeMAaTHUYECKOTO aHAJIHM3a
1 MaTeMaTUYECKOU CTATHUCTUKH.
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Oynxupsa F(t) =1—e™ npu t >0 3amaer sxcnonenyuanvroe (IIOKa3aTeabHOE)
pacnpeecHue. OKCIOHEHIINAIEHBIM 3aKOHOM pacnpeneacHus MOYKHO
aImIpOKCUMHUPOBATh BpeMsl OC30TKa3HOM pPadOTHI OOJIBIIOr0 Ymcia 3JIeMEHTOB [5].
B mepByto o4epenb, 5T0O OTHOCUTCS K DJIEMEHTAaM Paauo3JIeKTPOHHOM ammapaTypsl,
a TaK)Ke K MalllMHaM, SKCIUTyaTUPYEMbIM B IEPUOJ TTOCIIC OKOHYAHUS TPUPAOOTKH
JI0 CYIIICCTBEHHOTO IPOSBIICHUS ITOCTEIICHHBIX OTKA30B.

1
OTO pacnpefeneHie UMEEeT OAUH MapaMeTp X:?, roe Ip — cpemHss
1

HapaOOTKa 3JeMEHTa J0 OTKa3a. Takum oOpa3om, mapaMmeTp A XapaKTepu3yeT
YHCIIO OTKAa30B JJIEMEHTa B EIAWHUILYy BPEMEHU M SBISETCS WHTCHCUBHOCTBHIO
0TKa30B. [[TOTHOCTB KCTIOHEHIIUATBHOTO paclpeie]IeHUs 3a1aeTCsl KakK:

f(t)=ne M,
DOyHKIUSA HAJEKHOCTH

Pt)=e M

OIpe/IeIsIeT BEPOSITHOCTh 0€30TKa3HOM paboThl 3a BpeMs t (puc. 2.2).

e e WA A WMo NARE IR ES [ras o m

T T T T T T T T T T T T T T T T T T T
o ) 10 15 20 25 30 35 40 45 a0 a5 =] B3 o 74 0} =5 a0 95

Puc. 2.2. BepostHOCTh 6€30TKa3HOW PaOOTHI TPU IKCIIOHEHIINATEHOM
3aKOHE paclpe/ielieHus] BpeMEHH JI0 0TKa3a
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B nanHOM cnyyae MHTEHCHMBHOCTh OTKAa30B €CTh BEJIMYMHA IMOCTOSTHHAs
x(t)=X=const. OyHKIUS pecypca IJisi SKCHOHEHIMAIBHOTO pacIpeiesieHus
ABJISIETCS JINHEUHON A(t):kt. BenuuuHa vy -poLIEHTHOTO pecypca OnpeesieTcs

o opmyiie

tzllni.
" A 100

OKCHOHEHIIMAIBHOE ~ PACIPENEICHUE  BBIACISIETCS  Cpeau  JIPYTux
pacnpeieieHuii CBOWCTBOM «OTCYTCTBHSI MaMATH». DTO O3HA4YaeT, 4TO OOBEKT,
npopaboTaBIMii Bpems t, UMeeT Takoe K€ pacIpeneseHie, YTO U HOBBIH, TOJIBKO
YTO HayaBIIMK paboTy. /laHHOE CBOWCTBO Kak OBl MCKIIIOYAET M3HOC M CTapeHUE
00BEKTA.

UucnoBele  XApaKTEPUCTUKU  OKCIOHEHIMAJIBHOIO  PaCHpENeSICHUs

BBIPpAKAIOTCA HYCPC3 €TI0 IIapaMCTp: MATCMATHYCCKOC OXKHUIAAHUC M(X)Z

= >

1
muctiepcust  D(X) = ek CpemHee KBaJapaTHuecKoe OTKIOHeHHe o(X)= "
Ha ocHoBanuu ¢opmyn (2.11) — (2.18) mexay mnokasaTessMH HaJIeKHOCTH
HEBOCCTaHABIMBAEMBIX CUCTEM CYIIECTBYIOT CIEAYIOIINE 3aBUCUMOCTH:

Pt)=e M, T:%, F(t) =ae M,

JIns XapaKTEepUCTUK TMOCTEIICHHBIX OTKA30B OOBIYHO HCIIOJB3YIOT APYTHE
3aKOHBI pacipeaeIeHuUs.

Hopmanvnoe pacnpenenenue (pacmpenenenue [aycca) omnpeaensercs
MJIOTHOCTBIO
(t-m)’

2
20 _w<t<+4omo

f(t)=$e

M 3aBUCUT OT JBYX MapaMeTpoB M U G, KOTOPHIC SIBJISIOTCS COOTBETCTBEHHO
MaTeMaTUYeCKUM OXHUJAHWEM ¢ CPEIHUM KBaJPATUYECKUM OTKIOHECHUEM
BpeMeHU 0e30TKazHOW paboTel 3yeMeHTta. ['paduk MIOTHOCTH HOPMAJIHLHOTO
pacnipenenenus (kpuBas ['aycca) uzo0paxeHna Ha puc. 2.3.
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0,007 4
0,007 4
0,006
0,005 ]
0,005
0,004 4
0,004
0,003
0,002 4
0,002 4
0,001

1 . A R S e S A R O R O

o 10 8‘0 QID 1DIEI 11IEI 12‘0 13‘0 140 15‘0 15"0 1'.'10 18‘0 1EIID 20‘0 21‘0 22‘0 23‘0 240 25‘0 25‘“0 2?"0 28‘0 QEIID 30‘0 31‘0 32‘0 33‘0 340 35‘0 35"0 3?10 38‘0 35‘![
Puc. 2.3. [In0THOCTH HOPMAJIBLHOTO pacmpeaeIeHus

CoryacHO 3aKOHY OOJIBIIIUX YHKCEN, PACIpECTICHUE BCErla MOAYMHACTCS
HOPMAaJIbHOMY 3aKOHY, €CJIM Ha U3MEHEHHE €r0 CIIy4YallHON BEJIMYUHBI OKa3bIBAKOT
BIUSIHAUE MHOTHE TIPUMEPHO  paBHO3HauHble  (akTopel. HopmanbHOMY
pacrpeiesieHUuI0 MOJYUHSIIOTCS OMMOKN U3MEPEHUH, NalbHOCTh MOJIeTa CHAPSIOB
u 1.1 Ilpu Gonbiiom BpeMeHH pabOTHI AIEMEHTa U HAJIMYUU BOCCTAHOBJICHMSI
CpPEIHEE YHUCIIO OTKA30B UMEET ACUMIITOTUYECKH HOPMAJIBHOE pacrpeeneHue [6].

st HopManibHOTO pactpeaesneHus (YHKIHUS HaJIeKHOCTU BBIUUCISETCS
o dhopmyiie:

1 -@ t—m
P(t)zjme 20 dX:O,S—CDO( j,

t (@)

LR
rae @ (t) = b _[ e 20dx — ¢pynxmus Jlammaca, 3HaUCHNS KOTOPOH TaOyIHPOBAHBI.
Jom s

OTMETHM Ba)XXHOE CBOWCTBO HOPMAIBHOTO pACIpECICHUs: CyMMma
HE3aBHCUMbBIX CIIyYailHBIX BEJIMYMH, HMMEIOIIMX HOPMAaJIbHOE pacIpe/eiicHue,
TaK)Ke pacrpe/esicHa M0 HOPMalbHOMY 3akoHy. [Ipu 3TOM mapaMeTpbl CyMMBI
BBIDOKAIOTCS Yepe3 IMapaMeTpbl CllaraéMbiX, a MMEHHO: MaTeMaTHYeCKOe
OXKHJIaHUE CYMMBI PaBHO CYMME MAaTEeMAaTHYECKMX OXKHIAHUH, TUCIIEPCHS CyMMBI
paBHA CyMME QUCIEPCUMN.
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Vceuennoe nopmanvuoe pacnpeneneHue MNOJaydaeTcs H3 HOPMaJbHOTO
IpY OFPAHUYEHUN MHTEpBaa U3MEHEHUS CIy4YalHOW BEJIMYMHBI HA MPOMEXKYTOK
[0,+oo). [I10THOCTPE pacnpeaeseHnsl ONpeaeseTcsl TaKkxKe, KaK sl HOPMaJIbHOIO

pacnpeneneHus, Ho ¢ Kod(pPUIMEHTOM TPONOPIUOHATBFHOCTH C:

(t=mp)®
C 2(5(2)

——F—€
Go\/ﬂ

YceueHHoe HOPMAJIBHOC PaCIIpPCACIICHUC 3aBUCHUT OT ABYX IIApaMCTPOB mo

f(t) =

U O, IAe My — 3HAUCHHWE CIIy4alHOW BENWYMHBI, COOTBETCTBYIOIICE
MakcuMaiabHoMy 3HaueHmro f(t) w HaseBaetcs Momon. Kosddumment

¢ OIIpCACIIACTCA U3 YCIOBUA HOPMUPOBKHU:

Off(t)dtzl
0

OTKYyJ1a

1
Cc=

m
0,5 + (I)O -0
G0

MatemaTnueckoe OXHUIaHHE € CpeaHee KBaApaTUUECKOE OTKIOHCHHE
YCEYEHHOTO HOPMAJBHOTO pACIIPEACIICHUS] OMPEACIAIOTCS uepe3 MapaMeTphbl
Mo u 6 no popMyJam:

m
m=mg+Kkog, oc=0g 1+k6—8—k2,

B nocapugpmuuecku nopmanvrom pacmpenencHuu sorapudm ciaydaiHON
BEJIMYMHBI TTOYUHSIETCS HOPMaJIbHOMY 3aKOHY C TUIOTHOCTBIO:

(Int—p)?
252

1
TO= V" ’

rie L U S — mmapameTpsl pacupeneneHus. MaTemMaTHueckoe OKUIAaHUE U CpelHEe

KBaJIPaTUYECKOE OTKIOHEHUE OMPENIETISIOTCS B COOTBETCTBUHU ¢ (hopMyIaMu
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m:\/eZ‘”SZ , o= p2u+s (esz —1).

Jlorapudmuueckn HOpMaNbHOE pacHpe/eleHHe MPUMEHSIOT, HampuMep,
JUISL ONIMCaHUsI HapaOOTKH MOAIIMIHUKOB KadeHus. OHO yZOOHO AJisi ONHCaHUs
CIIyYallHbIX BEJIMYMH, MPEACTABISAIONMX COOOW MPOU3BEACHHUE JOCTATOYHO
OOJBIIOrO0 4YHMCHA CIHyYalHbIX BEJIMYMH, MOJOOHO TOMY, KaK HOpPMAajbHOE
pacnpezesIeHue OIUCHIBAET CyMMY OOJIBIIOTO YHCIIA CIIy4alHbIX BEJIMYUH.

Pacrtipenenenue Beiibynna sBISETCST TOCTATOYHO YHHMBEPCAJIBHBIM, Osaromapst
BO3MOXKHOCTH ~ BapbUpOBaHWs JBYX ero napamerpoB. OHO Xxapakrepusyercs
IUIOTHOCTBIO PACHpPEIEIICHUsI BEPOITHOCTEU:

fo= e_(ftj

o

c mapameTpoM ¢GopMbl 0o U TapameTpoM MacmTtaba . Marematuueckoe

OKHJIAHUE M CpPEIHEE KBAJAPATHUYECKOE OTKIOHEHUE BBIPAXKAIOTCS YEpe3 ITH
napameTpbl CIEIYIONUM 00pa3oM:

m=[31“(1+1j, o= F(l+zj—l“2(l+lj ,
o o o

+00
rne [(t)= J.Xt’le’xdx — ramMMma-QyHKIMS. YHHUBEPCATBLHOCTD pacIpeIeICHHS
0

Belibynna oObsicHsieTcs cieayrouMm: npu o=1 pacmpeneneHue npeBpaiiaeTcs
B DKCIIOHEHIIUAIbHOE; MpU 0 <1 (QyHKIHMSA MIOTHOCTH M MHTEHCHBHOCTH OTKA30B
yObIBatonie; mpu o >1 HHTEHCHBHOCTh OTKA30B BO3pacTarolias; Mpu o =2
bynkus  A(t) uHeiHas W pacnpenencHue BeliOy/mia  mpeBparmaeTcs

B pacmpeneneHue Panest ¢ moTHOCThIO:

(1) = 2nte M
,

npu o=3,3 pacnpenencHue BeiiOymia Onu3ko K HopMmaidbHOMY. Hapsiay
C IoTapu(PMUUECKH HOPMAJbHBIM paclpeiieieHueM, OHO XOpOILO OIHCHIBAET
HapaOOTKy JeTajeld IO YCTaJOCTHBIM pa3pyllIeHUsM, HapaOOTKy [0 OTKasza
MOJIIITUITHAKOB, a TaK)Ke MCIIONB3YeTCs ISl OLIEHKH HAJCKHOCTH JeTallel U y3JI0B
MallIH, B YaCTHOCTH aBTOMOOMJICH, TIOILEMHO-TPAHCTIOPTHBIX U APYTUX MaIluH [7].

3aBUCHUMOCTH MEXy MOKa3aTelsiMU HaJIeKHOCTH B CIy4yae pacipeneiaeHHs
BeliOyia umeror BU:
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i
P(t)=e [ﬁj , A= it“’l, T = BF(1+ i)
p* o
Ha puc. 2.4. npencrasieH rpa@uk UHTCHCUBHOCTH OTKA30B JIJIsl TapaMeTPOB
pacnpenenenus Beitoymna: a=3 u 3 =200 uac.

0,046
0,044
0,042

0,04
0,038
0,036
0,034
0,032

0,03
0028
0026
0024
0022

002
0018
0,016
0,014
0012

001
0,008
0,006
0,004
0,002

Puc. 2.4. IHTeHCUBHOCTb OTKa30B JUIs pacupezaeneHus Belibymnna

T'amma-pacnpedenenue nMeeT TIIOTHOCTh

fty=—e P
BT (w)

C ImapamMecTpamMu o H B MaremaTudeckoe OXKHUIAaHUC U CPCAHCC KBAAPATHUYCCKOC

OTKJIOHCHHEC CBA3aHbI C 9TUMHU IMapaMCcTpaMH COOTHOIIICHUAMM:
m=of3, c=~0af.

BepositTHocTh  0€30TKa3HOM  pabOThl  3JEMEHTa, HWMEIOIIEro raMmMa-
pacripeielieHue, BEIpaXkaeTcsl uepe3 NHTerpa

© Xa—l X
P(t)=[———=e Pdx.

BT (a)
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[Tapamerp 0o, XapakTEpU3YIOIIHM aCHMMETPHUIO TaMMa-pacipenccHus,
OTIpEIEISIET BUJI XaPAKTEPUCTUK HaJaexHOCTH. [Ipn o >1 MHTEHCHBHOCTH OTKa3a
BO3pacTaeT, npu o <1 yObIBaer, a mpu oo =1 cTaHOBUTCS MOCTOSHHOM, T.€. raMMa-
pacrpeesieHrue MpeBpallaeTcs B SKCIIOHEHIIMAIBHOE.

[Ipy wenoM o ramMma-paclnpefeieHHe Ha3bIBAETCA paclpeleIeHuEM
Ipranca nopsaka o. CymmMa o  CiIy4alHBIX  BEJIIMYMH, HMMEIOIIHUX
HKCIIOHEHIMAJIBHOE pPaCHpe/ieIEHue C NapaMeTpoM A, UMEET paclpe/elieHue

1 .
DOprnaHra ¢ mapameTrpaMu o u § = X BeposiTHOCTE 0€30TKa3HOM PabOTHI AIIEMEHTA,

HMCIOIICTO PACIIPCACIICHUC SpHaHra, paBHa

3aBHUCHUMOCTH MCXKOY IIOKazaTCsIMU HAACKHOCTHM B ClIydac TIaMMa-
pacipcaCiaCHus HMCIOT BU:

Cmecv pacnpedeneHutl ONPENESETCS KaK JIMHEWHAs KOMOWHAIUS JIPYTUX
pacrpeneneHuii, HallpuMep pacrpeaeieHue ¢ IIOTHOCTBIO

n
f(t) = Yeine ',
i=1

n
roe  ».Cj =1, obpasyer cmech N OSKCIOHEHLMAIBHBIX pacmpeneneHuii. Takoe

=1
pacripeielieHie Ha3bIBAETCSl TUIIEPIKCIIOHEHIINATbHBIM.
Cmech raMMa-pacrpeeneHui

t
OLi -1 ——

t Bi

n
f)= X ¢g———¢
=1 plir(y)

n
npu yciaoBud Y Cj =1 o0pasyer mioTHOCTh 0600IIEHHOTO raMMa-pacipeIeneHust
i=1
U T.I0.
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IIpumep 2.1. HepesepBupoBaHHas cCHUCT€Ma COCTOUT U3 5 DJIEMEHTOB,
UMEIOIIUX PA3JIUYHBIE 3aKOHBI pACIPEICIICHUS] BPEMEHH 10 O0TKa3a. Buabl 3aKk0HOB
pacnpeneneHui U uX rnapaMeTpsl NpuBeAeHbI B Ta0. 2.3.

Tabnuya 2.3
3aKOHBI pacrpcaciacHuss BpCMCHH 10 OTKa3ad
Howmep snemenTa 1 2 3 4 5
3akoH W(2;1800) ['(7;300) R(8% 1078) Exp(0.002) | TN(2000;90)
pacripeneseHus
BpPEMCHHU
JI0 OTKa3a

Ilpumeuanue. B mabn. 3 npunamuol credyrowue 0603HAUEHUS 3AKOHO8 PACNPEOENeHU.
W — Betioynna, I' — camma, R — Panes, EXp — axcnonenyuanvuoiii, TN — yceuennwiii HopmanvHulll,
N — Hopmanvublil. B ckoOkax ykazanvl napamempsl pacnpeoeieHull.

Omnpenenure mMoOKa3zaTeNW HAACKHOCTH KaXJOTO JJIEMEHTA: BEPOSTHOCTDH
0e30TKa3HOM paboThl, CpelHee BpeMsi 0e30TKa3HOW paldOThl, MHTEHCUBHOCTh
OTKa3a, IUIOTHOCTh  paclpelnesieHus  BpeMeHu  Oe30TKa3HOW  paboThl.
J1iist moka3zareseil, 3aBUCAIIMX OT BPEMEHH, TIOJIyYUTe pelieHue B BUE TpaduKoB.

Pemienne. BeranciavM HavalbHbIE MOMEHTBI PACIIPEICIICHUM: MaTeMaTHICCKIC
OXKMJTAHUS M CPETHUE KBaJPATUICCKHE OTKIIOHCHUSI, BOCIIOJIL30BABIIIHCH (hOPMYJIaMHU,
MpPHUBEICHHBIME B Ta0JI. 2.4 [3].

Tabauya 2.4

CBs13p mapaMeTpOB PacIpeAEICHUH ¢ IEPBBIMU JBYMsI MOMEHTAMH

Pacnipenenenue m o
OkcnoHeHnmansHoe EXp(A) E E
A A
Pasromeproe U (a,b),a>0 a+b b_ia
2 2:/3
Tamma I'(a, B) aff Jop
6. [1+k M0 k2,
G0
mg
YceueHHOE HOpMAIBLHOE 52
m, + ko & ¢ 29,
TN (mo ,O 0) 0 0 k \/ﬂ €
1
C=
0.5+ (DO (moj
6o
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Panes R(A) T 41

an .
Beit6ynna W (a, B) pr(l+ %) B\/F(1+ %)— 2 (1+ %)
Hopmainsnoe
N(m,c) m>3c m

Ilpumeuanue. B mabruye 66edeHvl 0003HAUEHUA: @, (t) = 1 je_%dx — ¢ynryua
VLT o

JMannaca;  1(o)= J‘ x“leXdx — eamma-@ynkyus. Beluucienue 3navenuti dmux @OyHKYuil
0
Haubonee npocmulm cnocobom aensiemcs oopawenue k cucmeme Microsoft Excel.
OHpC,IICJII/IM MATEMATUYICCKOC OXHIAHUC HW CPCAHCC KBAAPATHYCCKOC

OTKJIOHEHUE BPEMEHHU JI0 0TKa3a JIEMEHTOB.
Onemenm 1

m =1800-T'(1,5) =1595 wac, o= 1800\/ I(2)-T?(15) =571,564 uac.

Dnemenm 2
m=7-300=2100 uac, o=+/7-300=793725 yac.

Dnemenm 3
m = /LS —3133uac, o= /4;”8 —1638 uac.
4.8-10" 4.8-10"

Onemenm 4
1

m=
0,0002

=5000 yac, o =m=5000 yac.

Onemenm 5
20002
1

k= 2000 2:900% —0,0342,
m(o,5+cpo(jj

900

m = 2000+ 0,0342-900 = 2031 uac,

c= 900\/l+ 0,0342% —0,0342% = 933,088 uac.

PerreHne MOCTaBACHHOM 3agaud C HMCIOJB30BAHHEM I[AKETa MPOrpamMm
B cpene Mathcad mpencrasiaeno na puc. 2.5. [8]. Heobxoammo OTMETHTS,
4yTO B MareMaTudeckor cpeme Mathcad cymecTByroT cranmapTHbie QYHKIUH IS
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OTIpeeNIEHUs] MaTEeMaTHUYeCKOr0 OXHMJIAHUS U CPEJAHEr0 KBaapaTUYECKOTO
orkionenus (mean (A) u stdev(A)). B Tom ciydae, ecau Obl ObUIM 3a7aHbI
HE IMapaMeTphbl Pa3IUYHBIX paclpeaesieHui, a BpeMs 10 0TKa3a MPEACTaBISIIO Obl
c000# BBIOOPKY SMITMPUYECKHUX JAHHBIX O HAJEKHOCTH JIEMEHTOB, MOKHO OBLIO
Obl HCIONB30BaTh JTH (YHKIUH, HE TMpuderas K HEOOXOAMMOCTH BBOJA
aHAIMTHYCCKUX 3aBucuMocTeld. [lomMmumo BeIIeHa3BaHHBIX (yHKIwi Mathcad
COZICPKHT CJICTYIOIIME MOJIe3HbIe (PYHKIMU OIICHKHU MapaMeTPOB BEIOOPKH JTaHHBIX:

var(A) — Bo3BpalaeT JUCIIEPCHIO SJIEMEHTOB MacCHuBa A;

Var(A) — Bo3BpalaeT HECMEIICHHYIO JUCIIEPCHIO SJICMEHTOB MacCHBa A;

. Mathcad Professional - [[Ipumep 1]

@ File Edit “iew Insert Format Math  Symbolics  wWindow  Help

OD-=2E3d & &y e = |10z v B R

Harmal | Aial 10 » B F O (E=E =iz
3'!? ﬁ e .rah E 1:'.- I En: U ll}rg =t _'|}II'£|_
Inement 1. Pacnpenenenne Beibynna = 1200 o =2 -
1 2 1 -
el =1+ — =1+ — Fl{m:l:=J- xml le * dx
oL oL ]
IMaTemaTHYeCcKkoe OO aHWE CpenHes KEaAPATHYECKOE OTKNOHEHKWE
3
=[- = 2
mi= prlet)  m=1595x10 o= Tle2) - Tlal)” B o = 571.564
JInemenT 2. [aMMa-pacnpeneneHHue =7 =300
MaTemaTHyeckos O¥HOSHHE CpenHee KEAQAPATHYECKOE OTKNOHEHWE
m = o m=21x 10" o= p o = 793725
JInemedT 3. Pacnpepenedve Panen Lo=g810 8
IaTemaTHyeCcKoe OXHUO aHWE CpeiHes KEaAPaTHYECKOE OTKNOHEHHE
4 —
mo= o m=3133x10 5= 1 o= 1638 % 107
ERY ERY
InemedT 4. JKCNOHEHUWaNLHOE pacnpeseneHHe A= 00002
IaTemaTHyYeCckoe OO AHKE CpeiHes KEAAPATHYECKOE OTKNOHEHKWE
1 1
m= — m=5x103 o= — |3=5><1I33
A A
JnemeHT 3. ¥ceueHHoe HOpManLHoOe pacnpeneneHle mil = 2000 ol = 900
t 2
ml 2 — m0
t=— —x
o 1 1 2.0
Pt = ——-| = 2 i c:=m K c-g
i 5+ it =
2n 4 =
haTeMaTHYECKOE OO AHWE CpenHee KEANPATHYECKOE OTKNOHEHWE
mill
m=ml + kol m=2.|]31><1|]3 o= ol |’1—k2+k-— o = 933088
ol
<

Change the text or equation Fonk

Puc. 2.5. Pemenue npumepa Ne 1 B cpene Mathcad
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Stdev(A) — BO3BpaIllaeT HECMEIICHHOE CPEHES KaIpaTUYecKOe OTKIOHCHHE
9JIEMEHTOB MaccuBa A;

median(A) — Bo3BpailiaetT MeAMaHy MaccHBa A;

mode(A) — Bo3BpallaeT MOy MaccuBa A;

skew(A) — Bo3BpallacT aCCUMETPHUIO MacCuBa A U T.[.

BblunciieHue  BEpOSATHOCTH  0€30TKa3HOH  pabOTBl M IUIOTHOCTH
pacrpesie/icHUss BPEMEHH JI0 OTKasza JJIEMEHTOB IPOM3BEAEM B COOTBETCTBUH
C aHAJUTUYECKUMU BBIPAKEHUSIMU TIPEACTaBICHHBIMU B Ta0JI. 2.5. [2]

PaBHOMEpHOE W HOpMAaJbHOEC PACHPEICICHUS HMEIOT OTPaHUYCHHUS
Ha MMapaMeTpbl IS TOTO, YTOOBI MX MOXKHO OBUIO HCIOJIB30BaTh ISl PEUICHHUS
3aj1a4 HaJIC)KHOCTH B HEOTPHUIIATSILHONW BPEMEHHOW 00JIaCTH.

Tabnuya 2.5
BeposiTHOCTh 6€30TKa3HOM PabOTHI M IUIOTHOCTH
pacinpcaciacHuss BpCMCHH 1O OTKa3a
Pacnipenenenue f (t) P(t)
OkcnoHeHmansHoe EXp(L) e M g™
PaBnomepHOE U (a,b),a>0 1 a<t<b: b_':[Lt<a;
b-a boa s t<b;
—a
0, t<at>b Ot>b
t
I'amma (o, ) (-1 5 1 |(a,t]
e
BT (a)
Yceuennoe HopmansHoe TN (Mg, o), (t-mg )? t—mg
- 2 C 0,5 — CDO
C 20
m>1.33c e 00 | o0
oo2n
C= i + q)o m
0.5 G0
Panes R(A) Nte e_MZ
Beiioymna W (o, B) [tj“ (t J“
B =
at® o B e \B
B(X
HopmansHoe N(m,s) m>3c . _(t=my? 0.5— q)o(t - m)
e 202 9
o+ 2mn

t
.[X(l—le—xdx ecmbv HenoJjiHasa camma-

0

IIpumeuanue. B camma-pacnpedenenuu l(a,t)=

|
Q
~—

@yukyus.
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PaBHOMepHOG N HOPMAJIBHOC pacCnpcaciCcHusa HMCIOT OIpaHUYCHHA
Ha I1apaMCTpbl IJIA TOTO, YTOOBI UX MOJKHO OBIJIO HCIIOJIb30BAaTh L PCHICHUA
3aJa4 HaACKHOCTH B HCOTpI/IHaTeHBHOﬁ BpGMGHHOﬁ obOnacTu.

Onemenm 1
_{t)z —(t:f
P(t)=e \1800) ¢ ()= the 1800)
1800
Onemenm 2

t 6 - L
Pt)=1-17—|, fo(f)=————¢ 300
() [ 300j ()

3007 T(7)
Onemenm 3
_8.2 —8:2
Py(t)=e 310 f3(t)=2.8.10"8te 810 1",
Onemenm 4
P () =e~00002t ¢ 4y _ 0 oop2e~0-0002t
Onemernm 5

—mp )? t—m —
_emy) 0_5_%[ oJ 0_5_®0(t 2000)

2
()= ——Je °%0 dx=

(50\/% t 0_5+q30[moJ 0.5+®0(2900000j
G0
_ (t-2000)
fio (1) = 1 e 20002

900~/2x| 0.5+ cpo(zooo)
900

[Topsimox omnpeneneHuss BEPOSTHOCTH O€30TKa3HOM pabOThl M TIJIOTHOCTH
pacmpeziesieHusl C UCIIOJIb30BAaHUEM TaKeTa MPoTrpamMM TMpeACTaBIeHbI Ha puc. 2.6.
HeoOxomumo otmeTtuth, uto B Mathcad ummerorcss BeTpoeHHBIC (GYHKIHMH IS
oleHKH 17 BHIOB pacmpeic/ieHHi ciydaidHbix BeawuuH [8]. Dtm QyHKIMH
PACCUYUTHIBAIOT TUIOTHOCTH BEPOSITHOCTH, (DYHKIMIO pacmlpe/ieieHusi, KBaHTHIIb
BEPOSATHOCTH, TEHEPUPYIOT BEKTOP CIyYalHBIX 4YHCEN, pachpeaesICHHbIX
o mrobomy u3 17 BUIOB pacmpenencHuii. HecMoTps Ha 3T0, perieHue JaHHOTO
nmpuMepa I[0Ka3aHO C UCIOJb30BaHUEM (POPMYJIBHOTO ONKMCAHUS BEJIMYMH,
a HE OIEePaTOPOB, MO3BOJISIIOLIUX CPa3y MOJTYUYUTh HCKOMBIN pe3yybTarT.
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. Mathcad Professional - [[pumep 1.1]

@ File Edit Wiew Insert Format Math  Symbolics  window  Help

-2 &Y

e = 0z v

Normal v | aial v 10 B 7 U ===
—

wme fET I ZT NN

Jnement 1. Pacnpepenenue Beitbynna [ =1200 o =2

_[ljm tm—l —[tjﬂb
Pl = e °F

O

Jnement 2. lamma-pacnpeneneHue

o Il
F(m) = J- xm_l e dx

: -*
P2(t) =

Jnement 3. PacnpepenedHue Panen

3o=810 %
2 2
Pagyy = £E) = Tiote
+
JneMeHT 4. IKCNOHEHUWANLHOE pacnpeneneHHe A= 0.000z2
Paryy = ) = he
JInemeHT 5. YceveHHOR HOpMankbHoOe pacnpeneneHue il = 2000 ol .= 900
t 2
t= i - —nl
ol 1 1 2.0
Bf=— | e 2 dx EZ=H k= 28
S4Bt i —
2 o ® N
[eu]
- (x-) - (t-raD)?
2.0 C 200
Pit) = : & o 3t = 3
o0-Zm i N
t:=10,100.. 2000

£

Align the left edges of selected reqgions

Puc. 2.6. Beruncienue BeposITHOCTH O€30TKa3HOM pabOThI 1 TNIOTHOCTU pacHpeaeIeHUs

Tabynupys 3tu ¢pynkuuu ot 0 10 2000 vacos ¢ marom 100 yacoB, moayuyum
rpadudeckoe n300paKeHHe BEPOATHOCTEH 0€30TKa3HOM pabOTHl M UX TUIOTHOCTEH

pacnpeneneHus MpeacTaBIeHHbIX Ha puc. 2.7. Homepa rpadmkoB COOTBETCTBYIOT
HOMEpaM 3JIEMEHTOB.
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W3 rpadukoB BUAHO pa3IMYHOE MOBEICHUE BEPOSITHOCTEH O€30TKa3HOM
paboTbl aneMeHTOB. CKOpoCcTh YOBIBaHUS BEPOSITHOCTEH 3aBUCUT OT BHJA
U IapaMeTpoOB 3aKOHa pacrnpeseseHus. B HameMm cliydae MeJJIeHHEe BCEro
yobBaeT P(t) /I SKCIOHEHIMALHOTO paclpeIecHus U pacrpeeieHus Paes,
T.€. Ipy OOJIIIOM BPEMEHHM padOThl HAaMOOJEE HA/IEKHBIMU OKAa3bIBAKOTCS TPETUI
U YETBEPTHIN DJIEMEHTHI CUCTEMBI.

BeposiTHOCTh 6€30TKa3HOM pabOThl BCel CUCTEMBI B JAHHOM CITy4ae MOKHO
BBIYMCIIUTH KaK MIPOU3BEICHUE BEPOATHOCTEN O€30TKa3HOM pabOThI €€ 2JIEMEHTOB

Pc (t) = PL()P2 (1) P3 () P4 () R5(1).

LT ==

) 05

04

03

o2 0 200 400 00 300 1000 1200 1400 1600 1300 2000

['padux n3mMeHeHust BEpoATHOCTH Oe30TKa3HOoU paboThl B TeueHue t = 2000 yacos

[

0 200 400 é00 a00 1000 1200 1400 1600 1200 2000
t

[InoTHOCTE pacnpenenenus anemeHToB B TeueHue t = 2000 yacos

Puc. 2.7. BepostHOoCcTH 6€30TKa3HON paOOTHI M IFIOTHOCTH PacIpeleIeHUi 2JIeMEHTOB
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Ha puc. 2.8 npencraBieHbl pe3ysbTaTbl ONpPENETICHUS BEPOSITHOCTU
0e30TKa3HOW pabOThI BCEH CUCTEMBI.

02
0é
P(t)

04

02

0 200 400 a00 a00 1000 1200 1400 1600 1200 2000

1] t

Puc. 2.8. BepositHOoCcTh 6€30TKa3HOI paboThl cucteMbl B TeueHue t = 2000 gacoB

KOHTpOJIbHLIe BOIIPOCHI

1. Kakue 3akoHbI pacnpeiesIeHus Cly4ailHbIX BETUYUH BbI 3HaeTE?

2. KakuMu nmapaMeTpaMu XapakTepU3yeTcss HOPMAJIbHBINA 3aKOH?

3. YTo Takoe MIOTHOCTh pacupeaeaeHus?

4. Yto xapakTepu3yeT HHTEHCUBHOCTh OTKa30B TEXHUYECKOT0 00bEeKTa?

5. Ilo kako#t popMyse pacCUUTHIBA€TCSI BEPOSTHOCTH 0€30TKAa3HON padOThHI
raMma-pacrpeesieHus ?
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3. AHAJIN3 HAJTEZKHOCTHU HEBOCCTAHABJIMBAEMBIX CUCTEM
3.1. Hage:xxHOoCTh Hepe3ePBUPOBAHHONH HEBOCCTAHABJIMBAEMOI CHCTEMBI

CtpykTypHas cxema (cxema pacuera HaJeKHOCTH) Hepe3epBHUPOBAHHOMN
CUCTEMBI, COCTOSIIIIEH U3 N 3JIEMEHTOB, MpUBeieHa Ha puc. 3.1.

Puc. 3.1. CtpykTypHas cxema Hepe3epBUPOBAHHON CUCTEMBI

Takoe COCINMHCHUC B TCOPHH HAJACKHOCTH HA3bIBACTCA OCHOBHBIM.
B JaHHOM  CJIyda€C OTKa3 CHCTCMBI IIPOUCXOIUT IIpH OTKA3C JJICMCHTA
C MUHUMAJIbHBIM BPCMCHCM HCHpaBHOﬁ pa6OTBI, T.C.

XC = min(Xl, X2,...,Xn),

rac XC — BpCMA pa6OTI)I CHUCTCMBI, XI — BpPEMCHaA 1O OTKa30B J3JICMCHTOB

cucteMsl. [Ipu 3TOM ocTanbHBIE 371€MEHTHI IPEKpaALIAOT padoTy.
[1o TeopeMe yMHOKEHUS BEPOSATHOCTEH MOTYUUM:

P(XC >t) = P(min(Xl, XZ,...,Xn) >t=

n
=P(X1>t, Xy >1,... Xy >t) = [[P(Xj >1),
j=1

riae t — Bpemsi QyHKIIMOHUPOBAHUS CUCTEMBI.
Otcrona ciefyer, YTo BEpOSTHOCTh 0€30TKa3HOW paboThl CHCTEMBbI paBHA
MIPOU3BEJEHUIO BEPOSITHOCTEN 0€30TKa3HOM pabOTHI €€ 3JEMEHTOB:

Pe (1) = lﬂ[Pj - (3.1)
j=1
Tak kak f(t)=—P’(t), To

fc®=2RM.fjO. P ).
j=1

Cpennee Bpemsi 0Oe30TKazHOW  paOOTHI, SBISASICH MaTEMAaTHYECKUM
O’KHJIaHUEM BPEMEHHU JI0 0TKa3a CUCTEMBI, BEIYUCIISIECTCS 1O (hopMyTIe:
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Ty = [tfc (t)dt
0
NN

Ty = TPC (t)dt. (3.2)
0

OmpenenuM HHTEHCUBHOCTh OTKa30B cucteMbl A, (t). Ilo ompenenenwuro,

HWHTCHCHUBHOCTDH OTKAa30B

2 Pi(t)..fc (1).. Py (1)

o= 0 =12 Z—(;
Pi() =
i
I03TOMY
n
he®= 2450, 33
j=1

Takum 00pa3oM, MHTEHCUBHOCTb OTKa30B CHCTEMbl C OCHOBHBIM
COEIMHEHHEM DJIEMEHTOB pPaBHAa CyMME MHTEHCHBHOCTEH OTKAa30B €€ 3JIEMEHTOB,
HE3aBHCHMO OT MX 3aKOHOB pacIpeie/ICHIs BpeMEHH J10 oTKa3a [4].

)
[locnennee o3Ha4aeT, YTO MHTEHCHBHOCTh OTKA30B CHUCTEMBI, COCTOSILEH W3 paBHO-
HAJIeKHBIX 3JIEMEHTOB, B N pa3 NPEBbIIAET HUHTEHCUBHOCTh OTKA30B 3JIEMEHTA.

[Tonmyunm ¢dopmynsl moka3zareneil HaAeKHOCTH CHCTEMBbI JUIsl  Cilydas
NOCTOSIHHBIX ~ MHTEHCUBHOCTEH OTKa30B 3JeMEHTOB. B  gaHHOM ciydae

Aj(t)=Aj=const, j=1 2,

Ecau »nemeHTBI HMMEIOT OJHMHAKOBYI0 HaACKHOCTb, TO

Torna
n
n N tZA
Pc®)=TPjt)=]Te " =e 1=

=1 =1

T.€.
Pc(t)=e*ct, (3.4)

rae Ac = ZX
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Cpennee Bpemsi 0€30TKa3HOM pabOThI

Ty = [Pc(t)dt = [e cldt,

T.C.

Ty =—. (3.5)

3.2. Hanemnocn, pe3eanpOBaHHOﬁ HEBOCCTAHABJIMBAEeMOM CHCTEMBbI

OCHOBHBIM CITOCOOOM TTOBBITIICHUS HAJIC)KHOCTH U CHIDKCHHSI TEXHOTEHHOTO
pUCKa SIBISIETCS CMPYKMYPHOE pe3epsuposanue, KOTOPOE pPean3yercs IyTeM
BBEJICHUS B CUCTEMY JOMOJHUTEIBHBIX AJIEMEHTOB, y3JI0B, OJIOKOB.

PaccmoTpum cuCTEMy ¢ TIOCTOSIHHO BKJIFOUEHHBIM PE3€PBOM U C PE3EPBOM
3aMEIICHUEM.

Ilocmoanno exknrouennwvlil pezepe

CTpykTypHas cxema CHUCTEMbl C TIOCTOSHHO BKJIIOYEHHBIM PE3EPBOM
IIpeACTaBIICHA HA puc. 3.2.

OnemenT ¢ HOMepoM () SIBIISIETCS OCHOBHBIM, a 3JIEMEHTHI ¢ HOMepamu 1, 2, ...,
m — pe3epBHbIMU. OOIlEe 4YHMCIO 3JIEMEHTOB B cucteMe N=m+1, rme m —
KpPaTHOCTh PE3€PBUPOBAHUSI — OTHOILIEHHUE YKCIIA PE3EPBHBIX DJIEMEHTOB K UYUCITY
OCHOBHBIX.

B nanHOM ciywyae OTKa3 CHCTEMbl HAcTylaeT NpHU OTKa3e 3JIEMEHTa
C MaKCHUMaJIbHBIM BPEMEHEM PadoThI, T.€.

XC = max(Xo, Xl,...,Xm).

Puc. 3.2. PCSCpBI/IpOBaHHaﬂ CHUCTEMA C MOCTOAHHO BKJIIFOUCHHBIM PE3CPBOM
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ITo TeopeMe yMHOKEHHS BEPOATHOCTEN UMEEM:
P(X¢ <t)=P(max(Xg, X1,...Xm ) <t)=

m
P(Xg <t, X1 <t,...Xm <t)=[]P(X; <t).
i=0
OTCIOI[a CJICaAyCT, 4YTO BCPOATHOCTDb OTKa3a CUCTCMbBI paBHA IIPOU3BCICHUIO
BepO}ITHOCTeﬁ OTKa30B €€ 3JICMCHTOB:

m
Qc () =T1Qi (M
i=0
WA

Pe () =1- 1R (1)), (3.6)

i=0

Ha IIPAKTHUKC HauOoJIee YacTO HMMEIOT MECTO ClIydyan, KOraga OCHOBHAasd

CUCTEMA U BCC PC3CPBHBIC OAMHAKOBEI 1 KUMCIOT BCPOATHOCTD 0e30TKa3HOMI pa60TI>I
P(t).

Torma
Po(t)=1-(1-P())". (3.7)

Tak kak f(t)=Q’'(t), To

m
fe® = 2Qo)...fi (1. Qn (),
i=0

TOrJa
m

fe()= 2A-Po(t)..fi(t).L-Pn(t)).

i=0

OnpenenuM HHTEHCHBHOCTh OTKa30B Ac (1) pe3epBHpPOBaHHOI CHCTEMbI

C ITIOCTOSAHHO BKIIIOUCHHBIM PC3CPBOM. IIo OIIPCACIICHNIO MHTCHCUBHOCTH OTKAa30B
HNMCCM.

m m
%Qo(t)---fi(t)--Qm(t) > FiOTIQi®)
_fe® iz j=0 Q%]
Ac ()

S Rc(t) )

m m
1-TIQi(®) 1-TIQi(®)
i=0 i=0
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[Tomyunm pacueTHble (OpPMYNBI IS CiOydas pPaBHOHAJESKHBIX CHCTEM
M [TIOCTOSIHHONM MHTEHCHBHOCTH OTKa30B DJJEMEHTOB A =A1=..=Ap =A.

B sToMm ciiydae BepOsSITHOCTh O€30TKa3HOW pPabOTHI CHUCTEMBI OMpPEIEISICTCS TI0
bopmyiie:

Pc (t) =1- (1~ P())™* =1—(1—e‘“)m+l. (3.8)

BI)Ipa)KGHI/IC AL UHTCHCHUBHOCTH OTKA30B CHCTCMBI JICTKO IIOJYYUTD
N3 COOTHOIIICHH !

Pc (1)

}LC(I):_PC(t)'

[Moxcrasmsis B 310 cootHomieHune P, (t) u3 (3.8) u ero mpoussoanyio P (t),

IIOJIYUHUM:

(m+1pe ™ (1 - e_)‘tyn
1- (1— e~ M yn+1

U3 Beipaxkenus (3.9) BunHo, uto Ac(0) =0 u ¢ pocrom t yBemuumuBaercs.

Ac(t) = (3.9)

[TpenenbHoe 3HaueHue paBHO [im Ac (t)=A.
t—

C yuerom (3.8) BbIpaxkeHUE JJIsl CPEAHEr0 BpeMEHU 0e30TKa3HOU paldoThI
CUCTEMBI PUMET BH/T

Ty = [Re(t)dt = T(l— i e‘“)mljdt .

0 0

B [1] ¢ yueToM BbIUMCIICHUSI BCIIOMOTaTEIbHOTO MHTErpasia Obljia MoJiydeHa
cleayromas 3aBUCUMOCTb:

1 m+11

T ==

Tak kak cpennee BpeMs 0€30TKa3HOM paOOThl HEPE3EPBUPOBAHHON CHUCTEMBI

1
Tg=—,T10
07y
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m+11
k=1

N3 dhopMynbel BHIHO, YTO C POCTOM KPAaTHOCTU PE3EPBUPOBAHUS CpeIHEe
BpeMs 0€30TKa3HOM pabOThl CUCTEMBI PACTET MEAJIEHHO.

B wactHOCTH, ISl SKCIIOHEHIIMABHBIX paclpeie]ieHii BpeMEHH 10 0TKa3a
JJIEMEHTOB C OJIMHAKOBBIMU TTApaMETPaMH A UMEIOT MeCTO paBeHcTBa [9]:

Pc (t)=1—ﬁ—e‘“)m+l, (3.10)
fo () =(m+1pe™ (1 - e_M)m , (3.11)

tfy A
" Ii»(;e_ et(it_ ):ﬂt)m : (3.12)

@dopMyIibl CIIpaBeUIMBLI JIs Cllydas, KOTJla Hepe3epBUpPOBAaHHASA CHCTEMa
paccMaTpuBaeTcsi Kak OJWH DOJEMEHT, TOKa3aTeld HaJae)KHOCTH KOTOPOTO
U3BECTHBL. B nelcTBUTENH HOCTH Jt00as cCHCTeMa COCTOUT W3 OOJIBIIOTO 4YHCiia
DJIEMEHTOB, KaXIbIi W3  KOTOPBIX HMMEET TMOoKa3aTelb  HaJACKHOCTH,
CaMOCTOSTCIILHO YYUThIBaeMbIii mpu pacuere [3, 4]. B Takom ciyuae dopmyia
JUTSI BEPOSITHOCTH O€30TKa3HOW pabOThl HIMEET BUI:

Ac(t) =

m n
Pet)=1-TT|1-TIR;®)|, (3.13)
i=0l  j=1

rae N — YUCIO 3JIEMEHTOB HEPe3epPBUPOBAHHON cucTeMsl; B (t) — BepostHOCTH

0e30TKa3HOM paboThI A1eMeHTa ¢ HoMepoM (1,]).

Ipumep 3.1. Jlana pesepBuUpOBaHHAs CHUCTEMa C MOCTOSHHBIM PE3EPBOM
KPaTHOCTH M=2. DJIEMEHTBI CUCTEMBI UMCIOT MTOCTOSIHHYIO WHTEHCUBHOCTD OTKa3a
A =0,05 gac™. HaiinuTe mokas3areyin HaJe>KHOCTH BCEH CUCTEMBI.

Pemenne. B cootBerctBuM ¢ ¢opmyramu  noayuum (3.10) — (3.12)
HOJTYYHM

Pc (t) =1- (]__ @008t )3 |

fc (t) =3-0,05 00 ﬁ— e_O’OSt)Z ,
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0_156—0,05t(1_ e—0,05t)2 ) 0’15(1_ e—o,ost)2
1—(1—e_0’05t)3  3-3e7008t | o0t

Ac(t) =

PesynbTaTh OTpeIeTICHUS [oKasarejeu HaJICKHOCTHU CUCTEMBI
Ha uHTepBasie BpemeHHn or 0 pgo 100 yacoB ¢ marom 5 9acoB CBEICHBI
B Ta0uIty 3.1.

Tabnuya 3.1.

[Toka3zaTenn HaeKHOCTH PE3EPBUPOBAHHON CHCTEMBI
C TIOCTOSTHHO BKJIIOYEHHBIM PE3€PBOM M KPATHOCTHIO M=2

t, yac I:)C (t) 1EC (t) 7"C (t)

0 1 0 0

5 0,989177 0,005716 0,005778
10 0,939084 0,014085 0,014999
15 0,853108 0,019726 0,023122
20 0,74742 0,022049 0,029501
25 0,636777 0,021878 0,034357
30 0,531138 0,0202 0,038031
35 0,435977 0,017794 0,040814
40 0,353538 0,015177 0,04293
45 0,284042 0,012653 0,044546
50 0,226594 0,010374 0,045784
55 0,179785 0,008402 0,046736
60 0,142048 0,006743 0,047469
65 0,111871 0,005374 0,048036
70 0,087884 0,00426 0,048475
75 0,068907 0,003364 0,048815
80 0,053947 0,002648 0,049079
85 0,042185 0,002079 0,049283
90 0,032958 0,00163 0,049442
95 0,025731 0,001275 0,049566
100 0,020078 0,000997 0,049662
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['paduruecku wimocTpanus pe3ysibTaToB MpeACTaBiIeHa Ha puc. 3.3.

1

0z

08

Pty

0.4

0z

]

0 20 40 a0 a0 ]

BepositHoCcTh O€30TKa3HOM paboThl B TeueHue t = 100 yacos

nns

PR

nn4

fity 003

0 20 40 60 a0 100

[110THOCTB pacnpenesieHuss 1 MHTEHCUBHOCTh 0TKa30B B TeueHue t = 100 gacos

Puc. 3.3. Tloka3arenu HAJIEKHOCTH CUCTEMBI

Ipumep 3.2. CTpykTypHas cxeMa CHCTEMBI MPeICTaBIsieT coboit 1yOaupo-
BaHHYI0 CHCTEMY C IIOCTOSIHHO BKJIIOYEHHBIM pE3ePBOM. ODIEMEHTBHI CHUCTEMBI
UMEIOT pa3HbIe 3aKOHBI PACTPECIICHNs BPEMEHHU JI0 O0TKa3a: SKCIIOHEHIIMATbHBIN

C MHTEHCUBHOCTBhO OTKa3za A =0,002 gac 1oy Beitbymia ¢ mapamerpamu
a=4, B=500 gac. Onpenenure nMoka3aTead HAACHKHOCTH CUCTEMBI.

Pemenue. Onpenenum BEpOATHOCTh O€30TKA3HOU PabOThI 3JIEMEHTOB:

P () =e ™M =g 0002t p gy (t/B) _ o~(t/500)*
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TOTJIa B COOTBETCTBUU C (3.6) BEpOSTHOCTh 0€30TKa3HOM pabOThl CUCTEMBI paBHA
4
Pe () =1 — (1— 60002ty _ o—(t/500) ).

[InoTHOCTH pacnpcacicHuss BpCMCHHU J0 OTKa3a II0JIYyYUM Ha OCHOBAHHUU

dopmynsr f (t) =Q’(t). Orcrona, Tak kak Q(t) = (1— g 0,002t Xl _ e—(t/ 500" j ’

F(t) =gt /62510° 8 e /5003, 3125.104) e t/500
15625-10° 15625-10° 500

[IpounTerpupoBaB BEpPOSITHOCTh O€30TKa3HOU padOThI, OJIYYEHO 3HAUCHUE
CpEeIHEro BpeMeHU 0€30TKa3HOU padoThI

0 © 4
Tic = [Pt = | @—e_O’OOZtII—e_(t/ 500) ):661,866 qac
0 0

Pemenne »sToi 3amaum ¢ wucnosib3oBaHumeM Mathcad mpencrasieHo
Ha puc. 3.4.

Ha pwc. 3.5 mnpuBeneHsl 3aBUCHMOCTH OT BPEMEHH BEPOSTHOCTEU
0e30TKa3HON paboThl 31eMeHTOB. M3 rpadukoB BHUAHO, YTO BEPOATHOCTH
0€e30TKa3HON pabOThl 2JIEMEHTA C 3aKOHOM paclpe/iesieHUus: BpEMEHH A0 OTKa3a
BeitOynna 0ompiiie B 00J1aCTH MajibiX 3HaUYCHUH { 1 MeHbIIe TpU 0O0JIbIIHX t.

WNHTepecHbIM, C TOUKH 3pEHHUS TEOPUU HAJIEKHOCTU SBISETCS Ipauk
MHTEHCUBHOCTHU OTKa30B pe3epBUPOBAHHOM CHUCTEMBI (puc. 3.6).
CornacHo Te€OpUHM HAJIEKHOCTH, HMHTEHCHUBHOCTh OTKa3a pPE3epBUPOBAHHOU
cuctembl ipu t = 0 paBHa 0 u ¢ poctom t mpuOIMKAETCA K WHTEHCHUBHOCTH
OTKa3a HanmboJjiee HaJe)KHOTO AJIeMeHTa. B HamieMm ciydae npu 6oabmux t 6omee

HElI[G)KHOﬁ ABJIIACTCA CUCTCMa C 3KCIIOHCHIHMAJIIBHBIM 3daKOHOM PaCIpPCACIICHUA

BPEMEHU JO0 OTKa3a, MMEINEd HWHTEHCUBHOCTh OTKa3a X:0,00anc_l.

N3 puc. 3.6, BUIHO, YTO ATO YCJIOBHUE BBHINOJHEHO UICATBHO.
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.* Mathcad Professional - [npumep3.2]

@ File Edit Yew Insert Format Math  Symbolics  Window  Help

D-=2d &YV 2 Y= LD 0 v @7
Norml v | i vl v B ruE=s= iz
e [T I EThH RN (o Fiah]
t:=0,100.. 200
AKCNoHeHUMANEHOE pacnpeneneHue  Pacnpegeneque Bedbynna
A =000 =4 =500
BepoartHocTk BezoTkazHOR paboTel aneMeHToE [tjm
PIy = e ™! Pafy = e °F
BepoATHOCTE 0Tkaza CHCTEMEl  BepoAatHocTe BezoTkazHol paboTkl CHCTEME
QY = (1 - P1(t)-(1 - P2CED Pty =1-0Q(
[1NOTHOCTE pacnpefeneHiA CpenHee epema bezoTkazHol paboTel
fit) = -Lp ®
() = - F T= j P1) dt T = 661 865309
MHTEHCMBHOCTE OTKAZ3 CUCTEMBL 4 a
f(t)
) = ==
Pt
PEZVWIIETATEI
Fif) = f(f) = Al =
1 0 0
0.99971 1.42005310-9 1.420464-10-2
0.991 667 1.98414610 -4 2000818104
0.9451457 8183038104 8.6ATBE410-9
0.8145928 17885191032 2208193103
0.600424 23254424103 3.87300210-3
0.389047 174126103 4475584103
0.262764 8378184104 3187338103
0.203034 4.40484-10-4 21685811103
4

Align text with the right margin of the region

Puc. 3.4. Onpenenenne nokazareseii HaASKHOCTU TyOIUPOBAHHOW CUCTEMBI
C IOCTOSIHHO BKJIFOYEHHBIM PE3€PBOM
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a 100 200 300 400 500 £00 00 200
t

Puc. 3.5. BeposiTHOCTE 6€30TKa3HOM pabOTHI 3JIEMEHTOB C 3AKOHOM PacIpelelIeHHs] BpEMEHU
710 OTKa3a: SKCHOHEHIMAIbHBIM (KpuBas 1),
BeiiOymnna (kpuBast 2); U CHCTEMBI B 1I€JIOM (KpuBas 3)

0.005

0004

0.003

Allt)

0,002

0.001

0 200 400 600 200 1000
t

Puc. 3.6. IHTEHCHBHOCTb OTKa3a CUCTEMBI

Pezepsupoeanue c OpooHoit KpamHuocmuio

CymecTByIOT TEXHUYECKHE CHCTEMBI, HAa3bIBAEMBIE Ma)KOPUTAPHBIMH,
m
n—m
DJIEMEHTOB, N — oOmiee 4uciio dmeMeHToB. OTKa3 TakoH CHCTEMBI HACTYNaeT
nipu otkase (M +1)-ro smemenTa.

C IpOOHOM KpPAaTHOCTBIO pPE3EPBUPOBAHUS , TIIe M — YUCJIO PE3ePBHBIX
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[Toka3zarenu HaaCKHOCTHU Ma}I(OpHTapHOﬁ CUCTCMBI IIpU YCJIOBHH, YTO BCC
9JICMCHTBI UMCIOT OAMHAKOBYIO HAACKHOCTDL, BBIYHUCIIAIOTCA I10 q)OpMYJIaMI

Pe()= 3.CHQ ()P (1), (3.14)
i=0
fc®=n-meclQM®mP" ™ (1) (1), (3.15)

Ac(t) = A(t). (3.16)

(h-mcmQm@mp
m

>l P
i=0

n!
m!(n—m)
JJIs1 4YHuCiia COYETaHMUH U3 N 3JIEMEHTOB I10 M.

Ipumep 3.3. IlycTh cHCTEMa COCTOMT M3 TPEX OJMHAKOBBIX 3JIEMEHTOB.
HpI/I 9TOM €C OTKa3 HACTYIIACT IIPpHU OTKA3€C JIFOOBIX ABYX HJIM BCCX TPCX 3JICMCHTOB.
B AJaHHOM CJIy4aC UMCCT MCCTO MaKOPUTAPHOC PC3CPBUPOBAHUC C KPATHOCTBIO 1/2,

T.e. OJWH pPE3EPBHBIA 3JEMEHT M JBa OCHOBHBIX. OTmpeennTe MOKa3aTeIu
Hagexxnoctd  P.(1),T.,A.(t), npu ycmoBuu, YTO WMHTCHCHBHOCTH OTKa3a

3necs C' = , rae Nl=1-2-...-N — umpoko ucrons3yemoe 0003HAYEHHE

TIOCTOSTHHBI.
Pemenne. B coorBerctBun ¢ dopmynoit (3.14) u ¢ yuerom m=1 n=3

MOJIyYUM
Pe() = SCLQ ()P (1) = cPP30m +cll Pt =
i=0
= P3(t) —3Q(t)P2(t) = P3(t) - 3(1— P(t))P? (t) = 3P? (t) — 2P3(t).

3 1.2.3
01(3-0)! 1.2-3

| 2.
3 _12:3_,

0, Cj= = =
u(3-1)! 1-1.2

31ech Cg =

JIst MOCTOSHHBIX MHTEHCUBHOCTEH 0TKa30B P(t) =e™, u, 3Hauwr,
Pc (t) =3¢~ —2e3M

CpaBHUM HaJIE)KHOCTh MAXKOPUTAPHON U HEPE3EPBUPOBAHHON CUCTEMBI.
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I[J'ISI 9TOro p€rM HEPAaBECHCTBO!:

P.(t)>P(t), wm 3P(t)—2P°(t)> P(t).

Otcioga cnenyer, uro P(t)>05. Takum o0pa3oMm, MaKkOpHTapHOE

PE3CPBUPOBAHUC TI03BOJIAACT IIOBBICUTHL HAACKHOCTb CHUCTCMBI IIpU YCJIOBHHU

P(t) > 0,5.

Ha puc. 3.7. npuBeneHbl 3aBUCUMOCTH BEPOATHOCTU O€30TKa3HOU pabOThI

HEPE3ECPBUPOBAHHON U PE3EPBUPOBAHHOM cUCTEMBI ITpU A = 0,014gac -1

01

Puc. 3.7. 3aBucumoctu BepoATHOCTH O€30TKa3HOM pabOThI CUCTEMBI OT BpEMEHU

U3 pucynka BuaHo, uto P.(t) > P(t), ecim P(t) >0,5.

Boeruucinum cpemnee Bpemsi 6€30TKa3HOM paOOThl CUCTEMBI:

7 a2t -3t} 3 2 5 5
Tl_(j)PC(t)dt—(j)(Be 2e )ﬁt—zx R

PesynbraT BBIYHMCIICHMI TTOKa3ajl, 4TO CpeaHee BpeMs 0€30TKa3HOW pabdoTh
CUCTEMBI C KPAaTHOCTBIO PE3EPBUPOBAHUS 2 HUKE, YEM HEPE3EPBUPOBAHHOMA.
BprunciamM HHTEHCUBHOCTB OTKA3a:
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cl) = =~ - '

['paduk sTo¥ PpyHKIIMM MMOKa3aH Ha puc. 3.8.

0015

AL 0ot

0.005

0 50 100 150 200

Puc. 3.8. 3aBuCMMOCTh HHTEHCUBHOCTU OTKAa30B MaKOPUTAPHON CUCTEMBI OT BPEMEHU

['paduk mnoaTBepkKAaeT MPHUBEACHHBIE paHEE CBOIMCTBA WHTEHCUBHOCTH
OTKa30B Ma)XOpHTapHO# cucrembl. B uwactHocTH, Ac () ¢ TeueHmem BpeMeHH

npuomkaercsa k 2\ = 0,02 qac 1L,

Oobuyee pezepsupoeanue 3ameuieHuUEM

CTpykTypHas cxema cuCTeMbl mpuBefeHa Ha puc. 3.9. OTkaz cucTembl
HAcTymaeT NpU OTKa3e HYJEBOTO 3JIEMEHTa, 3aTeéM IepBOro, BTOPOTO U T...,
T.€ Bcex (M+1) aneMeHTOB.

Puc. 3.9. PesepBupoBanHas crcremMa ¢ pe3epBOM 3aMeIIeHUEM
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BepositHOCTh 0€30TKa3HON paboThl, MIOTHOCTh PACHpEACICHUS BPEMECHU
710 OTKa3a M CpeaHee BpeMsi Oe30TKa3HOW pabOThl CHUCTEMBI OMPEICIISIOTCS
BeIpaXKeHUsIMH [3, 4]:

m
Pc()=Po(t)+ 2 fo* fy*..* fi_1 *R (1), (3.17)
i=1
fo(t) = fo* f .. fu (D), (3.18)
o0 m
Ty = [Pc(tydt= > Ty;. (3.19)
0 i=0

ECHI/I BCC DJICMCHTBI paBHOHaI[e)KHBI, TO
m . t .
Pe®) = 2 D xp(ty =1 [ M x)ax . (3.20)
i=0 0

@opMynbl COAEpPKAT CBEPTKH (PYHKUMN, OOO3HAUYEHHBIE CUMBOJOM ().
Ceeptka dynxkmuii f(t) u g(t) , 3amaHHBIX TP t > 0, OIPEACTAETCS COOTHOIICHUEM:

t

f*g(t) :} f(t—x)g(x)dx = [ f(x)g(t — x)dx.
0 0

Bripakenue £70) (t)=f*f*._.*f(t) npencraBiser cobOoi I-KpaTHYyIO

I
cBeptky pynkiuu f(t).
Ecin WHTEHCMBHOCTH OTKa30B JJIEMEHTOB IIOCTOSHHA W paBHa A,
TO (OpMyJIBI IS BEPOSITHOCTH W CPEAHEro BpEeMEHU Oe30TKa3HOW padoThl
CUCTEMBI UMEIOT BUI:

P = 3 Wi, (3.21)
=0 T
1
Tc =E(m +1).

Ipumep 3.4. J[ana pesepBUpOBaHHasI CHCTEMa C PE3EPBOM 3aMEIICHUEM
KpPaTHOCTH M = 2. DJEMEHThl CHUCTEMbl HMMEIOT TOCTOSHHYI0 WHTEHCHUBHOCTH
orkasa A =0,05 gac . OmnpenenuTe BEpOSATHOCTh 0€30TKa3HOM pabOThI U cpeaHee
Bpemst paboThl cuctembl. CpaBaute P, () ¢ MOCTOSIHHO BKIFOUCHHBIM PE3EPBOM.
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Pemenne. I1o hopmyne (3.21) monyunm:

m J 2
Pc(t) = 48(/“') A (1+ A+ (MZ) }e’“ :
j=0

Pesymbratel onpezenennst P, (t) mpu pasnudHbIx 3HaueHWsX t MpencTaBiIeHbI
BTabn. 3.2. Jlns cpaBHeHus B TaONMIly MOMEIICHBI Take 3HadeHust P ()

JUIS IOCTOSTHHO BKJIFOYEHHOT'O Pe3epBa, BhIUKUCIEHHBIE 0 Gopmysie (3.8).
Tabnuya 3.2.

BeposTHOCTh 0€30TKa3HOM pabOThl CUCTEMBI IPH PA3IMYHBIX
BUJIaX PE3EPBUPOBAHUS

t, yac Peseps 3amerennem [TocTostHHBIN pe3epB
0 1 1
10 0,985612 0,939084
20 0,919699 0,74742
30 0,808847 0,531138
40 0,676676 0,353538
50 0,543813 0,226594
60 0,42319 0,142048
70 0,320847 0,087884
80 0,238103 0,053947
90 0,173578 0,032958
100 0,124652 0,020078
110 0,088376 0,01221
120 0,061969 0,007418
130 0,043036 0,004504
140 0,029636 0,002733
150 0,020257 0,001658
160 0,013754 0,001006
170 0,009283 0,00061
180 0,006232 0,00037

I'paduxu  BeposTHOCTEN Oe€30TKazHOM pabOTHl 1T  O0OMX  BHUOB
pe3epBUpOBaHUs TTOKa3aHbl Ha puc. 3.10.
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0z
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Puc. 3.10. BepositHOCT 6€30TKa3HOM pabOTHI s pe3epBa 3aMenieHuemM (Kpusas 1)
U JUIS TIOCTOSTHHO BKITIOUEHHOTO pe3epBa (KpuBast 2)

Ckonv3auee pe3epsuposanue

Pe3epBupoBanre Ha3bIBACTCS CKOJB3SIIAM €CIM MaKOpPHTAapHAs CHUCTEMa
m/n uMeeT pe3epB 3aMenIeHIeM (HeHarpyKeHHBIH pe3epB) (puc. 3.11).

Cuauvana pabotatoT (N—M) OCHOBHBIX 3JIEMEHTOB CUCTEMBI, a OCTaJbHBIC
AJIEMEHTOB (HaXoJsATCS B odepeau Ha padorty). Ilpu oTkaze m000ro 0OCHOBHOTO
dJIeMEHTa OH 3aMCHSETCS HOBBIM M3 4YHCIA PE3CPBHBIX, KOTOPHIH TeEmephb
BBITIOJTHSIET (DYHKITMH OCHOBHOTO 3JICMEHTA.

_

Puc. 3.11. Ckonp3siiee pe3epBUpOBaHUE

[Tpu 3TOM KOJMYECTBO PE3EPBHBIX AJIEMEHTOB yMeHbInaercs. [Ipu oTkaze
CIICIYIOIIETO OCHOBHOTO DJIEMEHTA OH OISTh 3aMEHSAETCS HOBBIM W3 YHCIA
PE3EPBHBIX M T.J. OTKa3 CHCTEMbI HACTyIaeT, Korjga OyayT M3pacxXxoJIOBaHbI BCE
PE3EPBHBIC AIEMEHTBI M OTKAXET JIF0OOW U3 OCHOBHBIX DJIEMEHTOB [4].

BeposiTHOCT G€30TKa3HOW pabOThI CHCTEMBI CO CKOJB3SIIUM PE3EPBOM
IIPU YCJIOBHUU, YTO BCE 3JEMEHThI CHCTEMbl HMMEIOT OJMHAKOBYIO HAJIC)KHOCTH,
paBHa



o1

m * * *
Pet)= > s £ k) wpry £ “K2) = pry.f Tkn-m) *pry . (3.20)
k=0ky +ky +...4+k_m =k

Ecim  37€MEHTBI CHUCTEMBI HMEIOT SKCIIOHEHIMAIBHOE PpacIpeleIcHHe
BEPOSATHOCTEHM BpPEMEHHM JI0 OTKa3a C MapaMeTpoOM A, TO BEPOSTHOCTh O€30TKa3HOU
paboThl, THTEHCUBHOCTb OTKA30B U CpeHEE BpeMsi 0€30TKa3HON paboThl CHCTEMBI
COOTBETCTBEHHO PABHBIL:

P.(t)= kz; (In- E!')M) e (3.22)
(n—mnt)"
—(n_ m!
Ao (®)=(n-mh— CEOOR (3.23)
2w
TlC — rr]n_+ml T1- (3.24)

BreipaxkeHust 1711 BEpOATHOCTH  O€30TKa3HOM  pabOThI  CHCTEMBI
C P€3EpPBUPOBAHUEM TMPU HEKOTOPHIX HauOoJee YyMOTPEOUTENbHBIX YHCIaxX
OCHOBHBIX U PE3EPBHBIX JIEMEHTOB IpHBEACHbI B Tao0. 3.3 [3].

Tabnuya 3.3

BeposiTHocTh 6€30TKa3HOM pabOThI CUCTEM C PE3EPBUPOBAHUEM

Crpykrypa KoanuecTBo OCHOBHBIX OJJHOTUITHBIX 3JIEMEHTOB (OJIOKOB)
CHCTEMBI 1 2 3 4 5
0 p? p3 p4 p5

1 2p — p? 3p®-2p° 4p°-3p* 5p* —4p°

2 3p—3p2+p3 6p”-8p°+3p* 10p3—15p4+6p5

4p-6p% +4p3—|10p% —20p° +
—p4 +15p4—4p5

5p—10p2 +10p>
_5p% 4 P

KosraecTBo pe3epBHBIX 3JIEMESHTOB
(6;0K0B)
w
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KoHTpoJibHBbIE BOIPOCHI

1. Kakue BubI pe3epBUpPOBAHUA BbI 3HaETE?

2. Yto Takoe pe3epB 3aMenieHueM?

3. Kak onpenenuts KpaTHOCTh PE3EPBUPOBAHUS?

4. Tlo kakoit (opmylie MOXKHO OIpEAEIUTh BEPOSITHOCTh O€30TKa3HOMU
paboThl CHUCTEMBI CO CKOJB3AIIMM PE3EPBUPOBAHUEM IIPU SKCHOHEHIIMAIBHOM
pacnpeiesieHuu OTKa30B €€ 3JIEMEHTOB?
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4. AHAJIN3 HAJTEZXKHOCTHU BOCCTAHABJ/IMBAEMbBIX CUCTEM
4.1. Hae:kHOCTh Hepe3epBMPOBAHHOM BOCCTAHABIUBAEMOM CHCTEMBbI

OCHOBHBIMM OCOOEHHOCTSIMM BOCCTaHABJIMBAEMBIX CHUCTEM IO CPAaBHEHHIO
C HEBOCCTaHABJIMBAEMbIMU SIBIISIOTCS:

— OO0JIBIIIOE YUCIIO COCTOSTHUI;

— HaJINYME MOCIIEEHCTBUS OTKA30B 3JIEMEHTOB;

— 3aBUCHMOCTb IIOKa3aTejed HaleXHOCTH OT OOJbLIOro 4ucia (akTopoB
(MHTEHCUBHOCTH BOCCTAaHOBIICHUS, TUCITUTIMHBI 00CITY>KUBAHNUA).

Pacder mokasareneil HaIEeXHOCTU BOCCTAHABIMBAEMBIX CUCTEM — 3ajada
Oonee TpynaHas, 4eM HEBOCCTaHaBIMBAacMbIX. CylleCTBYIOIINE WHKEHEPHBIE
METOABl OPUEHTUPOBAaHBl JHMIIb HA CIydaid 3KCIOHEHIUMAIbHBIX 3aKOHOB
pacnpeeneHus BpeMeH! 0€30TKa3HOH padoThl U BpEMEHH BOCCTAHOBIICHUSI.

B ciyyae HeIKCIOHEHUMATBHBIX 3aKOHOB AHAIMTUYECKUX (POPMYN U TEM
O0onee WH)XEHEPHbIX METOAMK He cymecTByeT. lIpuxoauThcss HUCHOJIB30BaTh
YHUCJIEHHbIE METO/Ibl pacU€Ta U KOMIIbIOTEPHBIE TEXHOJIOTUH.

Ananusz Hadexcnocmu 60CCMAHABIUBACMBIX CUCHIEM
C OCHOBHbBIM COCOUHECHUEM IIEMEHM 08

BoccranaBnmBaemass cucTtema, coOCTOAImass HW3 N JJEMEHTOB, MOXKET
HAXOIWThCS B OOJBIIOM 4HCIE cOCTOosHHMUA. Hampumep, I- 3JIeMEHT OTKa3al
(i =1 2, ..., n), a OCTaJIbHBIC UCTIPABHBI; I-i H |-1 2JIEMEHT OTKa3aJIM, a OCTAJIbHBIC
UCHpaBHBl M T.O. VM3-3a OTKa30B M BOCCTAHOBJICHUW CHUCTEMa B JHMCKPETHBIC
MOMEHTBI BPEMEHHU IEpPEXOAUT U3 OJHOTO COCTOsSIHUS B Jpyroe. B mporecce
JUINTEIBHON JKCIUTyaTalliM OHA MOXET IMOObIBaTh B KaXXJAOM U3 BO3MOXKHBIX
COCTOSIHM MHOTOKpaTHO. Torma ee (pyHKIMOHHMpPOBAHME MOKET OBITh OMHMCAHO
rpadoM, y3mamM KOTOPOTO MPHUIHCHIBAIOTCS COCTOSHUSI CHUCTEMBI, a BETBSIM —
BO3MOXKHBIE TIEPEXOJbl M3 COCTOSHUS B coctosHue. Ecimm B Tpade mmeercs
N y3JI0B, TO cpea HUX OyneT K y3710B, COOTBETCTBYOIIMX OTKA30BBIM COCTOSIHUSIM,
u (N—K) — ucripaBHBIM.

Ecnu oueHuBaTh (YHKIMOHUPOBAHUE CHCTEMBI 0 HEKOTOPOrO i-ro
COCTOSIHUSI, HANpUMEp JIO0 TEPBOTO €€ OTKa3a, TO I-€ COCTOSHUC CUHUTACTCS
nommomatonuM. CrucTema, TomnaBiias B I-€ COCTOSHHUE, YK€ HE MOXKET NeperTH
B IPYTO€, U B rpade OTCYTCTBYIOT BETBU MIEPEXOIOB U3 ITOTO COCTOSHUS (TOBOPSIT,
YTO B TaKME€ BETBU CTABUTCS SKPaH).

Bun rpada 3aBHCHT OT CTPYKTYPBI CUCTEMBI (CXEMBbI paciyeTa HaJIeKHOCTH),
yyciia 00CTyXKUBAKOIUX OpUrajg M AUCUUIUIMHBI 00CTyXUBaHUS. OOBIYHO Y3IIbI
rpaga HyMepyroTcs, W OTMEYaroTcsi (Hampumep, KpecToM) Te, KOTOpbIe
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COOTBETCTBYIOT OTKAa30BbIM COCTOSIHUSIM cucTeMbl. Ha rpade yxaspiBaroTcs
BCE MHTEHCHUBHOCTH NEPEXOI0B.

I'padp cocTosiHMIT CHCTEMBI, COCTOSIIEH W3 N DJIEMEHTOB, MPEICTaBICH
Ha puc. 4.1 [2], rae npuHATE 0003HAYECHUS:

Aj — MHTEGHCHBHOCTb OTKa3a i-I'0 3IEMEHTAa;

llj — MHTEHCHUBHOCTH BOCCTAHOBIICHHUS I-TO DIIEMEHTA.

HcnpaBHoe coctosinne 0003HaueHo (0), a 0TKa30Bble NPOHYMEPOBAHbI
ot 0 10 N 1 oTMeueHBI KpecToM. B mo060M H3 I-M OTKa30BOM COCTOSIHUM CHUCTEMa
He pabotaer, i-if 3;eMeHT HaxoauTcs B peMoHTe. OYeBUAHO, YTO CHUCTEMa B i-0¢
OTKa30BOE COCTOSIHUE MOXET IONAacTh ¢ MHTCHCUBHOCTBIO OTKa3a I-ro AJIEMEHTAa,
T.e. Aj, W MOXeT OBITh BOCCTaHOBIEHa (Bo3pameHa B coctosaue (0))
C MHTEHCUBHOCTBIO |j. YKa3aHHblE MHTEHCUBHOCTH TIpUBEJIEHBI Ha Trpade.

B pacCMaTpuBaACMOM CJIY4ac BHUJ rpaq)a N MHTCHCUBHOCTH IICPCXOI0B HC 3aBUCAT
OT 4Ymucia O6CJIy}KI/IBaIOHII/IX 6pHraz[, TaK KaK IIpCAIIoIaracrcsa, 4YTO IIOCJIC
BO3HHMKHOBCHHUA OTKa3a 3JICMCHTA BCsI CHCTCMa HC pa60TaeT N OTKAa3bI 3JICMCHTOB
B ITPOLCCCC €€ BOCCTAHOBJICHNA HC BO3HHUKALIOT.

0 A
ﬁ@l

[

Puc. 4.1. I'pag cocTosiHUI CUCTEMBI ¢ OCHOBHBIM COEIMHEHUEM JIEMEHTOB

Ecnu HeoOXxoaumo mTpoaHamu3upOBaTh MOBEICHHUE CUCTEMBI JO TEPBOTO
OTKa3a, TO CJeayeT cuuTath, 4yTo cocrosuus (1), (2), ..., (n) sBusoTCS
MOTJIONIAIOIIMME (CHUCTEMA, TIOTIaB B 3TH COCTOSIHUA, OOJIbIIIE HE BO3BPAIACTCS
B uctnpaBHoe coctosiue (0), a3kpaH Ha rpade COCTOSTHUN).

Marematnueckoii MoAENbl0 (YHKIIMOHUPOBAHUS CUCTEMBI B CMBICIIE
HAJISKHOCTHU SABJISICTCS CIEAyomIas cuctemMa auddepeHImanbHbpIX YpaBHeHHH [3]:

deol) _ —Ac Po(t) + %Hi p; (1);
dt i

%=M Po(D)—wipi(t), 1=12,...n

(4.1)
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n
rie Ac = D Aj — HHTEHCHBHOCTb OTKa3a CHCTEMBL.

i=1
PemeHHe CUCTCMBI ypaBHeHI/Iﬁ O6BI‘—IHO OcyH_IeCTBJIHeTCH HpI/I HavdYaJIbHBIX
yeaosusax Po(0) =1, p1(0) = p2(0) =...= pr (0) =0.

[ToxazaTenn HaIe)KHOCTH BOCCTAHABIMBACMBIX CUCTEM, TaKue KaK (PyHKIIHA
TOTOBHOCTH, KOA((UIIMEHT TOTOBHOCTH, HapaOOTKa Ha OTKa3 U CpellHEee BpeMs
BOCCTAaHOBJICHUS, MOTYT OBbITh IMOJY4YeHbl M3 CHUCTeMBbl (4.1) B aHAIUTUYECKOM
Buje. Opnako Haubosee MPOCTO WX MOJYyYUTh HEMOCPEICTBEHHO U3 rpada
COCTOSIHUM TOMOJIOTUYECKUM METOOM.

Butuucnenue xoygppuyuenma comosnocmu

KoadduimenT roroBHOCTH gBisieTCs] (PUHAIBHONW BEPOATHOCTBIO TOTO, YTO
CUCTEMa HMCIpaBHa B MIPOU3BOJIbHBIA MOMEHT BpemenH t. Ha rpade 310 cocrosiHue
nomeueno mudporr 0. Torma K = pg. Ha ocHOBaHMM TOmMONOTMYECKOro MeTona

MTOJTYYUM:

i

Po = — I
[Twi + 2w+ ZHu.+ ol Hu.
i-1

H1ij=1 H2i-1 Uni=1

Orcroza nosryyum

Kp=—"—, (4.2)

rac pj =—

Buvtuucnenue cpeonezo epemenu mesxncoy omkazamu

HapaGoTky Ha oTka3 7 HanboJjee mpocTo ONpeaeauTh o hopmylie

2. i
T — iEE—i- — pO
2P i

n
ieE, jeE_ po_zki

rne E, — MHOXecTBO paboTOCIIOCOOHBIX COCTOSTHUM CUCTEMBI;

E_ — MHO>€eCTBO OTKa30BBIX COCTOSHHI CHCTEMEL.
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Torna
i 1

- @3)
2 A
i—1

TaK KaK CHCTeMa UMEET OJHO UCIIPABHOE COCTOSIHUE ¢ HOMEpoM ().

N3 moay4eHHOro BBIPAKEHUSI CIIEAYIOT JIBa BaXKHBIX BBIBOJIA:

1) HapaboTka Ha OTKa3 HEPE3CPBUPOBAHHONW CHCTEMbI HE 3aBHCUT
OT BOCCTAHOBJICHUS;

2) HapaOOTKa Ha OTKa3 U CpeIHee BpeMsi 0O€30TKa3HOUM paboThl COBNAIAIOT.

Botuucnenue cpednezo 6PDEMEHU 60CCMAHOBICHUA

T 1-K
Tak xak Kp =——, 10 Tg = = I'T ToxcraBmsis B 310 BBIpAXKECHUE
T +TB KF

snavyenuss K. u T'us (4.2) u (4.3), noxy4um:
Tg=-—2.pi- (4.4)

Botuucnenue pynkyuu comoenocmu

Beraucnenne  QyHKOMM  TOTOBHOCTH  TpeOyeT  pEmICHHS  CHCTEMBI
muddepennmansubix ypaBHenuit (4.1). B mpeoOpasoBanuu Jlamiaca oHa mmeer
BU/I;

(S+}\‘c)po(s) _gui pi(S) =1

(s+1,)p,(5) =2, py(s) =0, i=12,...n. (4.5)

Tak xaxk Kp(t)=pg(t), TOo mocrarouno Haiitu Pgo(S), a 3arem
npeobpazoBanue Jlammaca Po(t).
Omnpenenenne Ky (t) ¢ momorsio npeodpazoBanus Jlamiaca npu 6OJIBIIOM

N BBI3BIBAET OOJIBIIIE TPYIHOCTH, a Ipu N >10 — HENmpeo0IMMbIe, TaK KaK HAaWTH
oOpaTHOe TMpeoOpa3oBaHUE Jaxe C TIOMOIIBI0 KOMIBIOTEPHBIX TEXHOJIOTUN
B OOJIBIIMHCTBE Cciydae HE yaaercsa. [IpMm HEIKCIIOHEHIMAIBHBIX 3aKOHAX
pacmpenenieHrss OTKa30B M BOCCTAHOBJIICHMM pacueT HAACKHOCTH JaxKe IS
OCHOBHOTO COEIMHEHHS DJIEMEHTOB 3HAYUTENBHO YychoxkHseTcs. [loaTomy
paccMOTpUM HamboJiee TPUEMIIEMBIN BapHUaHT OmpeeiacHrs (PYHKIMH TOTOBHOCTH,
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KOTJa CHCTEMA pACCMATpPUBAECTCS KaK OJUH DJJIIEMEHT C  IOCTOSHHOU
MHTEHCUBHOCTBIO OTKa30B U BOCCTAHOBJICHUIA.

W3 Teopum HameKHOCTH W3BECTHO [2], 4YTo GYHKIHS TOTOBHOCTH
YAOBJIETBOPSIET UHTETPAIIBHOMY YPAaBHEHUIO:

Kr(t)=f*g*Kr()+P(1), (4.6)

rae f(t) — IUIOTHOCTh pacIpelieNiecHus] BpeMeHH 10 oTkasza, P(t) — BeposTHOCTH
Oe3oTKa3HOM padoThl; ((t) — IUIOTHOCTH pacIpeACiCHNUs] BPEMEHH BOCCTAHOBJICHUSI

CHCTEMBL.
Pemenniem ypaBuenust (4.6) siBasieTcst GyHKITUSA

Kp(t) = P(t) + if*(k) xg K) % p(t). (4.7)
k=1

®Oyukius K. (t) mpencrasiena B aHATUTHYECKOM BUJIE, HO B O0IIIEM cilydyae

HEMPUroJHA JUIsl WHXKEHEPHBIX pacyeroB. [lo3ToMy W3 pelIeHHus CUCTEMBI
nuddepeHanbHbBIX yYpaBHEHUN, a Takke u3 (dopmynsl (4.6), mpu yCIOBUU
SKCIOHEHIMAJIBHOTO 3aKOHA pACHpPENCNICHUs] BPEMEHHU OO OTKa3a M BpPEMEHU
BOCCTAHOBJICHUS TTOJTYYUM

Kr(t)=—"—+ A e~(ru)t, (4.8)
L+A  p+A

rac A — MHTEHCUBHOCTD OTKa3a, | — MHTCHCUBHOCTH BOCCTAHOBJICHUS CUCTCMBI.

bonee moapobHyro uHpopmaiuio o meronax (GopmupoBaHUS (QYHKIIUU
TOTOBHOCTH CHUCTEMBI B ClIy4ae MPOU3BOJIBHBIX 3aKOHOB pacIpe/ieiieHUs BPEeMEHU
JI0 OTKa3a U BpEMEHHU BOCCTAHOBJICHUSI MOKHO HalTH B [2].
IIpumep 4.1. HepezepBupoBaHHass cucTeMa COCTOMT M3 7 DIEMEHTOB.
MHTEeHCHBHOCTH WX OTKA30B MPUBECHBI B Ta0. 4.1.
Tabnuya 4.1.

Howmep
AJIEMEHTA

1 2 3 4 S) 6 7

ki,qac_l 0,0003 | 0,0002 | 0,0009 | 0,0006 | 0,0004 | 0,0003 | 0,0005

MHTEHCUBHOCTH BOCCTAHOBJICHUS DJIEMEHTOB OJIWHAKOBBI W  PABHLBI

u=04 qac L,

OHpCJICJ'H/ITe ITOKa3aTcJaIn HAACKHOCTH CUCTCMBI.
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Pemenue. BeraucimM MHTEHCUBHOCTH OTKA30B CUCTEMEI
n
Ac = Zki =0,0003 + 0,0002 + 0,0009 + 0,0006 + 0,0004 + 0,0003 + 0,0005 = 0,0032.
i=1
HapaboTka Ha oTka3, cpemHee BpeMs BOCCTAHOBIEHUS W KO3(PHUIMEeHT

TOTOBHOCTH paBHBI COOTBETCTBCHHO!

1 1

= = =312,5 4ac;
Ac 0,0032
Ty :E:L:Z,S qac;
u 04
T 312,5

=0,99206.

Ky = S
P T 415 3125425

Tak Kak WHTEHCHUBHOCTM BOCCTAHOBJICHHS DJIEMEHTOB OJIMHAKOBBI,
TO CUCTEMY MOKHO pacCMaTpUBaTh KaK OJUH 3JIEMEHT C UHTEHCUBHOCTHIO OTKA30B
AC ¥ MHTEHCHBHOCTBIO BoccTaHOBIeHHUs [ . CornacHo (4.8) nmomyuum

Kr(t)=—r—+ Ao~ 04 00032 _(0,0032+0,4)t
RtA o ptA 0,0032+0,4 0,0032+0,4

= 0,9921 + 0,0079e ~ 94032t

Tabynupyst ¢yukiuio ot 0 go 50 yacoB ¢ maroM 2 yaca, MOJIYyYUM
3HAYEHHUs, IpUBEEHHbIE B Ta0m. 4.1,

Tabnuya 4.1
DYHKIUA TOTOBHOCTH CUCTEMBI

t, gac K. (t) t, ac K. (t)
0 1 26 0,9921
2 0,995627 28 0,9921
4 0,993675 30 0,9921
6 0,992803 32 0,9921
8 0,992414 34 0,9921
10 0,99224 36 0,992099
12 0,992163 38 0,992099
14 0,992128 40 0,992099
16 0,992112 42 0,992099
18 0,992106 44 0,992099
20 0,992102 46 0,992099
22 0,992101 48 0,992099
24 0,9921 50 0,992099
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['paduk GpyHKIIMM TOTOBHOCTHU MPEJCTaBJICH Ha puc. 4.2.

0.998

0.99
Kt

0.994

0.992

Puc. 4.2. ®yHKIIMA TOTOBHOCTH CUCTEMBI

W3 pucyHka BHIHO, YTO BpeMs MEPEXOJHOI0 Ipolecca Majlo U COCTABIISET
Okoso 12 d4acoB. OTO 3HAYWT, YTO B CIy4ae BBICOKOHAJEKHOM CHUCTEMBI
(Kpy>099) u Oonbmieid IMTENBHOCTH €€ pabOThl TOTOBHOCTh CHUCTEMBI

11eJ€CO00pa3HO OIEHUBATH KOI(PPUIIMEHTOM TOTOBHOCTH.
4.2. Hage:KHOCTH pe3epBUPOBAHHOM BOCCTAHABIMBAECMOM CUCTEMbI

OcoOeHHOCTSIMU pacyeTa pe3epBUPOBAHHBIX BOCCTAHABIMBAEMBIX CHUCTEM
10 CPABHEHHIO C HEPE3EPBUPOBAHHBIMU SIBJISIIOTCSL:

— HE0OXOIUMOCTh yueTa JUCHUILIMHBI 00CITYKHUBAHUS;

— HaJIM4YMEe TMOCIEACHCTBUS OTKAa30B, BBI3BAHHOIO HE TOJIKO (haKTOM
oOCTy>KHBaHMS, HO TAK)KE OTKa3aMH 3JIEMEHTOB;

— OO0JIBILIOE YUCIIO COCTOSIHUM CUCTEMBI;

— CJIOKHOCTh CTPYKTYPHOM CXEMbI U Tpada COCTOSTHUN CUCTEMBI.

Meronbsl  pacuera  MHOKasaTeled  HAJACKHOCTH  PE3EPBUPOBAHHBIX
BOCCTAHABJIMBAEMBIX CUCTEM, KaK ITPABUJIO, SBJISIOTCSA CIO0XKHBIMUA C TOUKU 3PEHUS
WH)XEHEpHOro mpuMeHeHusl. OIHAKO MpU ONPENENICHHBIX OMYHIEHUAX MOKHO
BBIJICTIUTh KJIACCHI CUCTEM, MMEKOIIMX JOCTATOYHO MPOCTHIE AITOPUTMBI IS
BBIYMCIICHUSI TIOKa3zaTeled HaJeXKHOCTH. TakuMu JONMYIIEHUSAMH OOBIYHO
sBisitoTes [4, 9]:

— OTHOCHUTENBHAS IMPOCTOTA CTPYKTYPHBIX CXEM pacdeTa HaJAeKHOCTH;

— HE3aBUCHMOCTbB JJIEMEHTOB I10 OTKa3aM U 10 BOCCTAHOBIICHHUIO;

— HKCIIOHEHIMAJIbHbIE 3aKOHBI paclpelle]ieHuss BpEeMEHH Oe30TKa3HOU
paboThI 1 BpEMEHH BOCCTAHOBJICHUS DJIEMEHTOB;
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— OIpeJIEICHHbIE CTPATEruK 00CTYKMBAaHUSI OTKA3aBIINX JIEMEHTOB;

— CTaAIlMOHAPHBIN XapaKTep MoKaszareyel HaJeKHOCTH CUCTEMBI.

[Ipu orieHKe HAIEKHOCTH CTAIMOHAPHBIX M HECTAIMOHAPHBIX TOKazaTenen
HaJIe’)KHOCTA BOCCTAHABJIMBAEMBIX CHUCTEM Yallle BCEro HUCIOIb3YIOTCS METOMbI
OJTHOMEPHBIX ¥  MHOTOMEPHBIX  MApKOBCKMX  CIy4alHBIX  IPOIECCOB.
Jlanee paccMOTpHUM MPUMEPHI pacyeTa HAJIEKHOCTH C MIOMOIIBIO ITUX METO/OB.

B HekoTOphIX cilydasx yAaeTcsl MOJy4YuTh TOUHBIC 3HAYEHUS MoKazarelei
HaZeKHOCTU. B 00mem ciydae 3HaueHHs] TMoKa3zaTejedl HaJeKHOCTU SBIISIOTCS
NpUOTMKEHHBIMU U PACCUUTHIBAIOTCS TPOTPAMMHBIM ITyTEM.

PaccmoTpum HaumOoliee pacnpoCTpaHEHHBIM METOJI pacdeTa HaAeKHOCTH
CUCTEM MPH SKCTIOHEHIIMATBHBIX 3aKOHAX PACIIPEJICIICHHUS OTKA30B U BOCCTAHOBIICHUM.

[Ipenmnonoxum, 4yTo (PYHKIIMOHUPOBAHHE CHUCTEMBI ONMUCHIBAETCS Tpadom,
M300pakeHHBIM Ha puc. 4.3.

Puc.4.3. I'pad pyHKIMOHMPOBAHUS TEXHUYECKOM CUCTEMBI

Ha pucynke 0003Ha4YeHBI:

Aj — MHTEHCHUBHOCTU MEPEXO0B, COOTBETCTBYIOIINE OTKa3aM JJIEMEHTOB
CHUCTEMBI;
Wj — HMHTEHCHBHOCTH IIEPEXOAOB, COOTBETCTBYIOIIHME BOCCTAHOBIICHHUSM

3JIEMEHTOB CUCTEMBbI;

N +1 — oOmiee YnciIo COCTOSTHUMA.

Coctositnust ¢ Homepamu 0, 1, 2...., n—1 4BIAOTCA UCIPABHBIMH,
a COCTOSTHHE C HOMEPOM N — OTKAa30BbIM.

PaccmoTpum MeToNbl pacuera HaJACKHOCTH PE3EPBUPOBAHHBIX CHUCTEM IIPHU
AKCMOHEHITUAJILHBIX 3aKOHAX paclpeiesiCHHUsI 0TKa30B U BPEMEHU BOCCTAHOBJICHUSI.

06m€€ ROCMOAARHOE pe3epeuposanue 3;iemMenmoes

CtpykTypHas cxema # Tpad COCTOSHHM  CHCTEMBI  TPUBEIICHBI
Ha puc. 4.4. u 4.5.

[Tonyuum pacuetrHbie (POPMYIIBI IPU CASTYIOUTUX JOMYIICHUSIX:

— pe3epBUPOBAHUE 11€JI0I KPATHOCTH;

— MOCJIEICMCTBUS OTKA30B OTCYTCTBYET.
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Puc. 4.4. CtpykTypHas cxema pe3epBUPOBaHHON CUCTEMBI

L W n
» O '(Q:::::::::::::::::::( )—’<_®
i m m
a)
0 1 2 m m+1
C) (nj+41)}\‘ =(/\) mA}A\' 7] =(Q: """""""""" Q#A_’
DT N A (m+1)p X
0)

Puc. 4.5. I'padsl cocTosiHUI pe3epBUPOBAHHON CUCTEMBI:
oJlHa Opurajna o0ciyxuBanus (a), (M+1) Opurana odciyxuBaHus (0)

OnpenenuM K03 PUIIMEHT TOTOBHOCTH, HapabOTKy Ha OTKa3 W CpeaHee
BpEMsI BOCCTAHOBJICHUS JJIS CIIy4asi 00HOU 00ctyHcusaouels opueaosl.

Buviuucnenue koagppuuyuenma comosnocmu

OnpenenuM BepOSTHOCTh TPEOBIBAHUS CHCTEMBI B OTKQ30BOM COCTOSIHHH M,
T.€. KOO(PDHUIIUEHT MPOCTOSI.
[Tonp3ysich TOMOTOTHYECKUM METOAOM [2, 3, 4] u Tpadom puc. 4.5, moTyInum

(m+1yam+t

I m+1 I m+l 2 '
T RN

KH = Pm+1 =
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km-ﬁ-l

Tocrie cokpamienus Ha (M + 1) TIOJTyIMM
1
Kn = v 2 m+1 '’
IR A S
12 (m+1)
rie y = % .

Tak kak k03()PUIMEHT TOTOBHOCTH M KOI(PPHUIMEHT MPOCTOSI CBSI3aHBI
3aBucumocteio K| =1-K, momydum

=1 =
m+1 0 (4.9)

Botuucnenue Cp€0H€20 6PDEMEHU 60CCMAHOB/IEHUA

Boluucienue npou3BOIUTCS aHAJIOTMYHO BBIYMCICHUIO CPEHETO BPEMEHU
MEXy OTKa3amu (4.2) U B COOTBETCTBUU ¢ Tpadom puc. 4.5,a

2. i

ieE_
Tg = € _ Pma

1
2. Pi Zkij Pm+1k n
ieE_  jeE,

Jannast ¢opMyna mpuMEHMMa B Cily4ae OJMHAKOBBIX WHTEHCHUBHOCTEH
BOCCTAHOBJICHUS 3JIEMEHTOB.

Bwviuucnenue napabomku na omkas

B cuny cootHomenust T = E—FTB u hopmyn mns Ky, K u T nmomyuum

I1
m+1 m+1 . i-1
i Z‘i ; , HIH T =7, ZZ YI (4.10)
i !

1 y
rae Tg :X — HapabOTKa Ha OTKa3 HEPE3EePBUPOBAHHOW CHCTEMBI. TeM caMbIM,

YCTaHOBJICHA 3aBUCHUMOCTb Hapa6OTKI/I Ha O0TKa3 OT KpaTHOCTH PE3CPBUPOBAHMA.
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B ciyuae neoepanuuennozo eoccmanognenus (4ucio Opurag o0CIyKUBaHHS
paBHO M+1) mpoueaypsl mnoiydeHus (Gopmysn Te Ke, 4TO W B Cily4yae OIHOMU
Opuraabl 00CITyKUBaHUs, TO3TOMY MPUBEIEM JIUITH KOHEUHBIE PE3YIbTAThI

m-+1
Kr :1_(1")m+1, (4.11)
+p
(1+ )m+1_ m+1
T=T, E )n‘? , (4.12)
m+1)p
__1 4.13
Te = i (4.13)

rae p=—.

Pemonmupyemas pezepsupoeannasn cucmema,
COCMOAWAs U3 0OHOMUNHDBIX IJIEMEHM 08

[IpearmonoKuM, YTO HEKOTOPHIA 3JIeMeHT 3ape3epBupoBaH (m—1) pas

OAHOTHUIIHBIMH II0 HAaACKHOCTH JJIEMCHTaAaMH C HWHTCHCHBHOCTHBIO OTKasa A
Torz[a BCPOSATHOCTD 0e30TKa3HOMI pa6OTI>I CUCTCMBI BBIPAXKACTCA PaBCHCTBOM

Zl+“+3>‘ezlt_zl+”+37”ezzt’

P(t) = (4.14)
21 — 13 21— 123
rac
I (T OF: J+30)2 -8 2
12 = 2 '
a CpCaHss Hapa60TKa 0 OTKa3a paBHa
+ 3\
Ty = “sz _ (4.15)

Jlist pe3epBa 3aMelIeHHMEM BEPOSATHOCTh O€30TKa3HOM pabOThl CHCTEMBI
BBIPAKAETCA PABEHCTBOM

Z1 + U+ 2\ Z1 + U+ 2\
p(D::_l__E____eZﬂ___l__E____eZﬂ’ (4.16)
1 — 12 1 — 143

rne

(et 20) A (n+20)2 — a2
2

112 =
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a cpenHsist HapaboTKa 10 OTKa3a paBHA

T, = “;sz . (4.17)

Oobuwee pezepeuposanue 3ameuienuem

CrpykTypHasi cxema 1 rpad COCTOSHHI CUCTEMbI IPUBEACHBI Ha puC. 4.6. 1 4.7.

Al

L1 1
L

—>

1
L

m

Puc. 4.6. CtpykTypHas cxema pe3epBUPOBaHHON CUCTEMBI

(O) - ~/1\ A 2 4 A m+l
» @’ '(Q::::::::::::::::::( )—’4_®
M N M M
a)
2 m m+1

o
A
>>
| v
(-
A
>>
|\
E)
+ >
R’
=

Puc. 4.7. I'padsl cocTosiHMIT pe3epBUPOBAHHON CUCTEMBI:
oaHa O6purana oocnyxuanus (a), (M+1) Opuraga odcnykuBanus (6)

Botuucnenue xoygppuyuenma comoenocmu

um+1+Kum +k2um_1+...+Kmu B
d™ L™ 2™ eamy g M

Kr=pg+ P+ P2 +..+ Pp =

1+p+p2+..+p"

1+p+p° +.tp™+pmt
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NJIn
ALy
2P
K = =0

T m+l

> p'
i=0

(4.14)

Taxoke kK03 PHUITMEHT TOTOBHOCTA MOHO BBIYUCIIHTH 1O (hOpMYyJIE:

m+1 i
2
KF =1

 m+l .

|
D
i—0
Bbl‘luCJleHue cpeduezo epemelm BOCCMAHOBICHUA

Tg==.
1)

Botuucnenue Hapaﬁomku Ha omkKas

~ KF m+1 .

T_K Tg=Tg 2. 7,
I1 i=1

0)0%1

AL
T =T0 Z’y .
i=0

Paccmotpum cityuait neoepanuyenno2o 6occmarnosnenus (4Mcio peMOHTHBIX
Opuraa paBHO uuciay moxacuctem, T.e. M+1). Ha ocHoBanuu rpada cocTosiHUI
puc. 4.5,6 ¥ TpaBUJI TOMOJOTUYECKOTO METOJIa BBIpAXKEHUE sl KodPduimenrta
MPOCTOS IPUMET CIICTYIOIINI BU/I:

xm-i-l
Ky = _
(m+1ypm+t +(m;_lr1)!umk+(m;l)!pm_lk2 ot (M D™ 42 M+L

m+1
p

(m+21)

2 m m+1

14+P 4P 4Py P

12 m (m+1)
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Torna ko3¢ HUIMEHT TOTOBHOCTH OYyJI€T UMETh BU]T

2 m
1+ i + p2| + p'
_1_ _ ! m!
Kr=1-Kp 2 m m+1 "’
14P 4P L 4P P
2 m - (m+1)
WIH
[
P
Kr = m+l i (4.15)
P
io I
Cpennee BpemMsi BOCCTaHOBJICHHSI BbIpaxaeTcsi (popMysion
1
Tg=—"F. 4.16
B (m N 1)“ ( )
HapaOoTky Ha 0TKa3 BBIUMCINM, BOCIIOJIB30BABIIUCH PopMyJion T = ::r T,:
m i
P
T i§ i1 % mb
=B =7 Y
pm+1 }\'izo(m_l)l
(m+21)
WIn
ToTp s ™ (4.17)
=10 — 7 .
Zo(m—i)

1 .
rae To = — — HapabOTKa Ha OTKa3 HEPE3EPBUPOBAHHON CHCTEMBI, 7y = B
A A

Ipumep 4.2. Beruncoute kodhOUIIMEHT TOTOBHOCTH, HApaOOTKy Ha OTKa3,
CpelHee BpEeMs BOCCTAHOBIICHHUS PE3CPBUPOBAHHOM CHCTEMBI C TIOCTOSHHO
BKJIIFOYCHHBIM PE3EPBOM W TI0 METOAYy 3amemieHus. VcxomHbie TaHHEBIC:
MHTEHCUBHOCTL OTKa3oB A = 00,0035 yac ' , MHTCHCHBHOCTH BOCCTAHOBJICHHUSI
n=0,1 qac_ll Pemmenue He0OX0MUMO TOIYYHUTH MPU KPATHOCTH PE3ESPBUPOBAHUS
m=1, 2, 3, 4. Paccmorpute cnayuaum OJHOW Opuragsl OOCTY>KUBAHHS
Y HE3aBUCHMOI'0 BOCCTAHOBJICHHS.
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Pemenue. /{5 npoBeneHus nanbHEHIIUX pacyeTOB OMpENEIuM HapaboOTKy
Ha OTKa3 U CpPe/IHEE BPEMsI BOCCTAHOBIICHHUS HEPE3EPBUPOBAHHOM CUCTEMBI

To = %=285,7 qac, g = 1=10 yac.

1l

[Ipu xpaTHOCTU pe3epBUPOBAHUS M = 1 MOTYyUUM:

,ZIJl}l cyuasn cucmemosbl ¢ NOCMOAHHO 6K/IIOYEHHbIM pe3epeom

Ky =——=0,00228, otciona K, =1-K =0,99772, rne y =
2
1+ 747
2

B cootBetrcTBUU ¢ popmyroii (4.10) HapaOoTka Ha OTKa3 paBHa!

= 28,6.

>|E

2 i-1
T=ToY ' =2857(1+28,6/2) = 437121 uac.
i=1 I

Heorpanmuennoe BoccTaHoBeHue (N = m+1)

m-+1 2
Kp=1-—P = 190357 4 998856,

@+p)™  (1+0,035)2
m+1 m+1 2 2
@+p)™ —p (L+0,035)° —0,035" _ 4367 13 wac,

T=Tg = 285,7
(m+1)pm 2.0,035¢
T, = 1 -1 =5 yac.
(m+1u 2-01
rae p = & =0,035.
1)

Jlna ciyuas pezepea 3ameujenuem

2

>
_ia =0,99882,
Kr=5—
>
i=0
T—To >y =285,7-(1+28,6) = 8456,7 uac.

i=0
HeorpanudenHoe BocctaHoBiaeHue (N =m + 1)
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2 p! 00351 00352
> +
_i=0l = 1 1-2 _0,999799,
Kr - 1 2 3
24151 0,035  0,0352 0,035
L + +
1 1 :
T=Ty> ——~7 =285,7-(1+28,6)=8456,7 uac,
- @-i)
Tg = t _ 1 =5 yac.
(m+1u 2-01

AHJIOTUYHO OBUIM TIOJIYYEHBI pE3yJbTaThl MPHU JPYTUX KPATHOCTSIX
pe3epBUpoBaHus. Pe3ynbTarhl, MNOJYYECHHBIE C TOMOIIBIO YHUBEPCAIHLHOIO
mporpaMMHoro cpeactsa Mathcad mo npemioxkeHHbIM panee (opMyiaMm
npeacTaBiieHsl B Ta0m. 4.2 [10].

Tabnuya 4.2

PesynbraTel penieHust mpumepa

ITocTosiHHOE Pe3epPBUPOBAHUE PesepBupoBaHue 3aMelCHUEM
Bu BoccTaHOBICHUS
m Kr T, gac m Kr T, gac
0 0,966184 286 0 0,966184 286
1 0,997716 4367 1 0,998818 8449
OrpanuveHHOE 2 0,9997688 | 43240 2 0,9999586 | 241685
n=1 3 0,9999688 | 320902 3 0,9999986 | 6905575
4 0,9999948 | 1907543 4 0,9999999 | 197302434
0 0,966184 286 0 0,966184 286
1 0,998856 4367 1 0,999409 8449
Heorpannuennoe 2 0,999961 86194 2 0,9999931 | 483085
n=m+1 3 0,9999987 | 1911739 3 0,9999999 | 41407533
4 0,9999999 | 45226346 4 1 4732290000

Ananuz MNOJYYCHHBIX PEC3YIIbTATOB IIO3BOJIICT CACIIATH BbLIBOM,

qTo

pEe3epBUPOBAHUE C BOCCTAHOBJICHUEM JIA€T BO3MOXKHOCTh CYIIIECTBEHHO TOBBICUTH
K03 bUHeHT U O0COOGHHO HapabOTKy Ha OTKa3.
3HAUUTENIbHOE TIOBBIICHWE HAJIEKHOCTH TIONydaeTcs YxKe TpPH KpaTHOCTH

IOTOBHOCTH CHCTCMbI

pesepBupoBanus M = 1. [Ipu gyOnupoBaHny ¢ BOCCTAHOBJICHHEM CpeHEE BpeMs
paboThl MEXIy OTKa3aMH TMOBBICWJIOCH B 15pa3 B cioydyae MOCTOSSHHOTO

pesepBupoBanusd u B 30 pa3 npu pe3epBUPOBAHUU 3aMEIICHUEM. AHAIN3 JaHHBIX
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Ta6J'II/II_ILI IIOKAa3bIBACT, 4YTO IIOKAa3aTCJiM HAACKHOCTH CHCTCMBI TCM BBIIIIC,
49EM BBIIIC KPATHOCTL PC3CPBHUPOBAHUSA H YHUCIIO 06CJIY)KHBaIOHlI/IX 6p1/1razx.

4.3. AHAJIM3 HAJIEXKHOCTH pPe3ePBUPOBAHHBIX CHCTEM,
3alIUIIEHHBIX OT OJTHOT0 0TKAa3a

Kak npaBuio, mpu pa3paboTke TEXHUKU PE3CPBUPOBAHHME MPOU3BOAUTCS
npu KpaTHOCTU M =1, 3T0 0OYCJIOBJIEHO OrpaHUYEHUSMU, HAKIIAJIbIBAEMbIMU
Ha MaccorabapuTHbBIE  pa3Mepbl  MPOEKTUPYEMOro mpuBoja. PaccMmoTpum
MOJIyYeHHE TMOKa3aTelel HaJeKHOCTH TaKUX TMOJCUCTEM, OTKa3 KOTOPBIX
HACTyMAaeT MPHU 0TKAa3€ JIBYX 2JIEMEHTOB. B kauecTBe TakuX MOJCUCTEM MOTYT OBITh
NyOMUpOBaHHBIE CHUCTEMBbl C TOCTOSHHO BKIJIIOUEHHBIM PE3€PBOM U PE3EPBOM
3aMeIlIeHUEM, MaKOPUTAPHBIE CUCTEMbBI KpaTHOCTH Y4 (puc. 4.8) [2].

A, AL

— L]

ITocTosiHHBIN pe3epB Peseps 3amenicauem

HpoOnas kpatHOoCTh 1/2

Puc. 4.8. CTPYKTypHBIe CXEMbI TIOACHUCTEM, 3allIMIIICHHBIX OT OJHOT'O OTKa3a

Hegoccmanaenueaemas noocucmema, 3awiuniennas om 00HO020 OMKa3a

[Ipennonioxxkum, uto mnojacuctema Il sABIsSIETCS HEBOCCTaHABIMBAEMOI.
['pad cocTostHmit Takoit cCUCTEMBI MIPEACTaBICH HA puc. 4.9.

Ha puc. 4.9 ucnpaBubie coctostHusi o6o3Hadensl (0,1), a orkazoBoe (2)
M300pakeHO KBaapatoM. OUeBUIHO, YTO CUCTEMa MOKET MEPEUTH U3 COCTOSHHSI
(0) B cocrosume (1), korma oTKazajql OJWH M3 DJIEMEHTOB TOJCUCTEMBI,
C MHTEHCHUBHOCTBIO A, M, COOTBETCTBEHHO, M3 cocTosHus (1) B 0TKa30BOE
coctossHMe (2), Korjga OTKazajdl eme OJWH U3 DJJIEMEHTOB MOJCUCTEMBI
C HHTEHCHBHOCTBIO A . YKA3aHHBIE HHTEHCHBHOCTH IpUBEJICHBI Ha Tpade.



Puc. 4.9. 'pad cocrosnuii HeBoccTaHABIMBAEMOM TOACHCTEMBI, 3aIIUILIEHHON OT OJHOTO OTKa3a

HOIICI/ICTCMa Hpopa60TaeT 0e30TKa3HO B TCUYCHHE BpCMCHHA t, cClIin
J10 MOMEHTa HGpBBIfI OJICMCHT HC OTKaXKCT. BGPO}ITHOCTB 9TOr0 COOBITHS paBHa

pp=e*

€CJIM TEPBBIA 3JIEMEHT OTKaXET B JIFOOOM MOMEHT BpeMeHM T<t, a B TeueHue

', Hoxcucrema Taxke mpopaGoTaeT GE30TKA3HO B TEUCHHE BPEMEHH t,

BpemMeHu (t-t) Oonblie He mpom3oWaeT OTKa3oB. Ilo dopMyiie MmoiMHON
BEPOSTHOCTH BEPOSTHOCTh ATOTO COOBITHS paBHA

Py :jke_“e_x tdr=2e™ e M Mde,
0 0
Ecmu A # A", TO

2t e(x* _7”} -1 ae M Xe_}‘*t

Y- -

p2 =Ae

accn A=A". 10 py =Ate™ M,
[Mockombky P(t) = p;+ Py, TO BeposTHOCTH 0e30TKa3HO# pPabOTHI Beeid

MOICUCTEMBI, 3AIMIIEHHON OT OJHOTO OTKa3a, onpenensercs Gopmyion

e Mt _preM 3 et
P)=] e e A2 (4.18)

(L+at)e™, ecrm A =A"

Cpennsist HapabOTKa 10 OTKa3a paBHA

%k

1 1 X+A

-l t (4.19)
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Pesynbpratel pacueToB mokazareneil HagexxHocTH 1Mo (dopmynam (4.18)
u (4.19) mist Tpex cxem, n300pakeHHBIX Ha puc. 4.8, npuBeacHb! B Tad. 4.3 [3].

Tabnuya 4.3

Iloka3zarenu HaACKHOCTH HCBOCCTAHABINBACMBIX IIOACUCTEM,
3allIUIICHHBIX OT OJHOT'O OTKa3a

Bun pesepsa A N T, P(t)
3
[TOCTOSIHHO BKJIIOUEHHBIA |  2A A o 2g™M _ g—2M
2
3amereHneM A A 5 1+t )e_M
5
C 1po6HOi KpaTHOCTBIO 31 21 o e 2M _ 9a—3M

OueBHIHO, UYTO peE3epB 3aMEIICHHEM O0O0eCreyuBaeT HaUOOIBIIYIO
HAJISKHOCTh TIOJICHCTEMBI 10 CPAaBHCHWIO C APYTMMH BHJIAMH PE3CPBUPOBAHUS,

IpU 3TOM JUIsl TPEX PACCMOTPEHHBIX IMOJCUCTEM HAOIIOJAETCS CYUIECTBEHHOE
paznmume no kputepuio P(t). V3 paccMOTpEeHHBIX CHCTEM MakOpUTapHasi CHCTEMA

HMCCT CaMyIO HH3KYIO HAaACKHOCTb II0O BCPOATHOCTH 0e30TKa3HOMI pa60T1>1
N COOTBCTCTBCHHO I10 CPCAHCMY BPpCMCHHU 0e30TKa3HOMI pa60T1>1.

Boccmanaenueaemasn nodcucmema, 3awiuiennasn om 00H020 OmKa3za

I'pad cocTostHMIT BOCCTaHABIMBAEMOW CHCTEMBI 3aIUIIEHHON OT OJIHOTO
OTKa3a, mpeactasieH Ha puc. 4.10.
O6o3naunm Pj(t) — BeposTHOCTH TMPEOBIBAHUS MOJACHCTEMBI B MOMEHT

Bpemenu t B coctosiiuu 1, | = 0,1. Toraa st HCIPaBHBIX COCTOSHUI UMEET MECTO
cuctema auddepeHmanpHbIX ypaBHeHnit Kommaroposa:

P4 (t) = —Apo (1) +ppy (1);
pL(t) = o (t)—ﬁl+x*3p1<t).

Cuurass, yro B MoMeHT BpeMeHn t=0 cucrema wucnpaBHa, T.e.
Po(0) =1, p1(0) =0, monyunm B peodpaszoBaruu Jlaraca

{ 2P (z) = —MPg(z) +up1(z) +1
261(2) = Mo(2) — [+ 17 Jpr(2)
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nJIn
{ (2+0)Pp(2) —npy(2) = 1;
xmxn+@+u+x Joy2) =0

Puc. 4.10. I'pad cocTostHUI BOCCTaHABIMBAEMOK MOJICHCTEMBI, 3alIUIIIEHHON OT OJHOTO OTKa3a

Pemenue stoit cuctembl MudPepeHIMATbHBIX YpaBHEHUN OIpenesnsercs
paBEHCTBAMHU

Z+p+A1" A
Z)=—-——, 7)=—,
Po(2) X P1(2) A
Z+A
rane A= =7 +(}J+7x+7w )Z+}L7L — TJIAaBHBIM OMPEAECIUTENh
—A z+u+x

cuctembl. Ortcroma cieayer, 4Yto TmpeoOpa3oBanue Jlammaca BEpOSTHOCTH
0e30TKa3HON PabOTHI UMEET BT

R . . Z+p+A+A" Z+p+h+A"
B(2) = po(2)+ P (2) = 2H -
A 2% + (p FA+A )z +AA
[IpeacTaBuM MNOJYyYEHHYIO APOOb B BHUAE CYMMBI MPOCTEUIINX JPOOEH.
ITonaras a=p+A+ AF, b= M*, HaIeM KOpPHHU 3HaAMEHAaTESI
—at+va®-4b
l19 = . Torga
’ 2
*
A A
B(z) = Z+pu+A+A A e

2+(}l+}\,+7\,*)z+7\)\.* - 1-17,

rie kodpurueHTsr 4 U Ao ONPENEAIOTCS U3 CUCTEMBI YPaBHEHU N
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AL+ Ay =1
A]_Zz + Azzl = —4a,
OTKyJIa

Z1+a
A=t A

_ 22+a
21—22’ 21—22'

[lepexonss or ¢yukuum P(z) K opurmHamy, MONydMM OKOHYATEIBHOE

BBIpXEHHE JIJIsI BEPOSTHOCTEH 0€30TKa3HOW pabOThl CUCTEMBbI
P(t) = Aje?1t + Aje?2t, (4.20)
Boruncnum cpeHioro HapaOOTKy 710 IEPBOrO OTKAa3a MOJICUCTEMBI

) +a Zo +a a  pHrA+A”
+ = = .
(21 — 13 )21 (21 ) )22 2147 AL

T =— (4.21)

PaccmarpuBaemass mojacucTeMa  sSBIISICTCS  000OIIEHHWEM  IOJCHUCTEM,
3aIUIICHHBIX OT OJHOTO OTKa3a, CO CTPYKTYPHBIMH CXE€MaMH, W300paKeHHBIMU
Hapuc. 4.8. Jlna otux moacucteM B Tabn. 4.4 nOpuBeIeHbl  3HAUYCHUS
UHTEHCUBHOCTEH MmepexooB A,A°, rpada COCTOSHHIA U BBIPAKEHHE I CPEIHETO

BpeMeHU 0€30TKa3HOM paboThI [2].

Tabnuya 4.4

Cpennsist HapabOTKa 0 0TKa3a BOCCTaHABIMBaeMbIX mojcuctem I,
3alIMIIEHHBIX OT OJHOTO OTKa3a

E3

Bu pesepsa A A I
w+ 3L
ITocTOSIHHO BKJIFOUESHHBIN 2\ A 27»2
n+ 21
3amMmereHnemM A A Kz
L+ O\
C 1poOHOM KPaTHOCTBIO 3h 2\ 6.2

B Tabn. 4.5 conmepxarcs kod(ppuumenTs 219 U A 7, CTOAIIME B BRIPAKEHHH

BEPOSTHOCTU 0€30TKa3HOU paboTh (4.20).
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Tabnuya 4.5

KoaddurmenTs 11t BeposTHOCTEH 6€30TKa3HON pabOThl BOCCTaHABIMBAEMBIX
MOJICUCTEM, 3allUIEHHBIX OT OJJHOTO OTKa3a

Bun pe3epsa Z, A,
Moctosthio | — (i +34)++( u+3x )2 —g).2 + (1+ 31)++)(u-+ 30) - 822
BKJIFOYEHHBIN 5 \/ (u+ 3%)2 _g).2

“(u+2)) i\/u+2k2 02 | £@+2) (w20 -2

3aMenieHueM
2(u+21)2 — 42
C npoGHOH | — (uw+51)+( p c50 P o2 | £+ 5) 4 (u+50)° - 2407
KPaTHOCTBIO 5 \/ (u+ 5}»)2 _on.2

O‘-IGBI/II[HO, qTo HaI/I6OJ'II>HIYIO HaACKHOCTb OacT PC3CPBHUPOBAHUC
3aMCIICHUCM, A HANMCHBIIYIO — PC3CPBUPOBAHUC C I[pO6HOﬁ KpPaTHOCTBIO.

KoHTpoabHbIE BONPOCHI

1. JTaiire onpenenenue Ko3QPUIIMEHTY TOTOBHOCTH TEXHUYECKOTO OOBEKTA.

2.Yto moHmMmaeTcs mMoJ (PYHKIHMEH TOTOBHOCTH TEXHHYECKOTO OOBEKTa
Y KaKOBO €€ OTJINYre OT KO3 PUIIMEHTAa TOTOBHOCTH?

3. Urto Takoe pe3epBUpOBaHKE C IPOOHON KPAaTHOCTHIO?

4. Tlopsimok  ompeneseHus: BEPOSTHOCTH O€30TKa3HOM pabOThl CHCTEMBbI
TOTIOJIOTUYECKUM METOJIOM.

5. Kak omnpenenuTs BepOSTHOCTh HAXOXKICHUS TEXHUYECKOTO OOBEKTa
B Pa3NIMYHBIX COCTOSIHUSX, UCTIOJIB3YA ero rpad) COCTOSHUIA?
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5. HAJJEXKHOCTH U TEXHUYECKHWHA PUCK
IJIEKTPOMEXAHUYECKUX KOMIIVIEKCOB

OTka3 TEXHUYECKOW CUCTEMbl HEM30€HKHO BEAET K MOTEPSIM: MPOU3BOJICTBO
OCTAHABJIMBAETCS WJIM COKpAllaeTcs, OTKa3aBlllasg CHUCTEMa PEMOHTHPYETCH,
MOCIIEAICTBHSI aBapuil WK KatacTpo(d JUKBUIUpPYIOTCA. KpoMe Toro, skcrmyararus
TEXHUKH OKa3bIBa€T HETaTUBHOE BIIMSHHUE HAa OKpYXarollyto cpeny. [lorepu Mmoryr
OBITh TaK BEJIMKH, YTO BO3HMKAET COMHEHHUE B LI€ECOO0PA3HOCTH SKCILTyaTalluu
TEXHUKHU U3-32 €€ HU3KOW HaJIeKHOCTH.

OTka3bl ABIAIOTCS COOBITHSMHU ciydaiHbiMH. [Ipu 3TOM moTepu 3aBHUCST
OT BUJa OTKa3za. Hampumep, oTka3 JaBHUrartenss aBTOMOOWIS BEAET K IOTEPSM,
KOTOpBIE€ MPEBOCXOAST MOTEPH OT OTKa3a ¢apbl. BenmuunHa nmotepb Takke 3aBUCUT
OT YCIIOBMHM, B KOTOPBIX BO3HHMK OTKa3. Hampumep, oTka3 aBurarens camoliera
HA CTOSIHKE WM B TIIOJIeTE€ IPUBOAUT K pa3HbIM motepsMm. Ilorepu, Tak ke,
KaK ¥ OTKa3bl, SBJSIOTCA COOBITUSIMHM CllydailHbIMH. B mpoliecce skciutyaTaruu
YeJI0OBEK PUCKYET. ABTOMOOMIIUCT PUCKYET MPHU BbIE3JIE HA TPaAcCy, MOTPEeOUTEND
ANEKTPOSHEPTUH ATOMHOM  3JEKTPOCTAHLIMM PHUCKYET OBITh  OOJyYEHHBIM.
Puck siBnsieTcss HEM30€KHBIM aTpUOyTOM JKCIUTyaTalud TeXHUKU. OH sBISIETCS
OJIHUM 13 BaXXHEUIIINX MOKAa3aTeJIEd 0€30IMaCHOCTH.

Prck, BO3HUKarOmMil B pe3ynbTaTe OTKa30B TEXHUKH, HA3bIBACTCS
TexHoreHHbiM [11, 12, 13]. Puck mMeeT MecTO HE TOJIBKO IMPH 3KCILIyaTalllu
TexHUKU. OH MPUCYTCTBYET MPHU JIOOBIX aHOMAJIUAX: HEOJIArOonpUsATHBIE YCIOBUS
cpenbl (METEOPOJOTMYECKUN PUCK), HEOJAronpusiTHas YKOHOMHYECKAsi CUTyalUs
(3KOHOMHYECKHI pUCK) U Tak nanee. [Ipu nu3ydeHun prcka BOSHUKAIOT MPOOIEMBI,
TpeOyrolmuye Jid HUX pEeUIeHUs CEepbE3HBIX HAyYHBIX MCCIENOBAHUM W HX
npakTudeckoi peanuzanuu. K Takum mpoOiaemamM OTHOCATCS:

— CO37]aHME HAYYHOM TEPMUHOJIOTUH PHUCKA,;

— pa3paboTKa METO/I0B CHM)KEHHUS PHUCKa,

— pa3paboTKa MaTEMAaTUYECKUX MOJEJIEH PUCKA,;

— pa3paboTKa METOJIOB CHI>KCHUSI PUCKA.

B Hacrosiiee Bpemsi HaydyHOM TEOpPUHM pPHUCKA HE  CYIIECTBYET:

He chopMyITupPOBaHbI byHIaMEHTAIBHBIC TTOHSTHS 51 OIpEICIICHUS,
HE pa3paboTaHbl MaTeMaTHYCCKHE MOJCIH, OTCYTCTBYIOT WHXKCHEPHBIC METOJIbI
pacyera.

B nanHoil riaBe 3TH npoOieMbl pacCMaTPUBAIOTCS TOJIBKO MPUMEHUTEIBHO
K TEXHOTCHHOMY PHUCKY Kak pe3yJibTaTy OTKa30B TE€XHHUKU. Hamen oCHOBHOU
LEJIBIO SABJISICTCSA HCCIIENOBAHUE BIIMSAHUSA HAJACKHOCTU TEXHUKU HA BEIUYUHY
pHCKa.

PuckoM HaspBaeTcsi BO3MOXHOCTb IIOTEPHh BCIEACTBHE BHYTPEHHUX
aHOMAJIMH B CHCTeMe WM aHoMaiuid cpenbl [14]. Takoe ompeneneHue CIUIIKOM
oO1ee, a MO3TOMY MOXET BbI3bIBATh PA3IMYHbIEC TOJIKOBAHUS, €CJIA €0 MPUMEHSTh
K TEXHOTEHHOMY PHUCKY U HaJI€)KHOCTH.
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TexHMYeCKHM PUCKOM HA3bIBAETCA BO3MOXKHOCTh MOTEPh H3-3a OTKA30B
TEXHHMKH. DTO ONpeAeiicHUE UMEET cieayrolire ocooeHHoctu [11, 12]:

— OTpa)kaeT CIy4alHbIN XapaKTep PUCKa;

— HE YUUTBHIBAET BPEIHOTO BIMSHUS TEXHUKU HA OKPYKAIOIIYIO CPENY;

— MPUMEHUMO JIUIIIb JJISI CITy4dasi TOTEPh OT OTKA30B TEXHUKHU.

B GonpImumHCTBE CciiydaeB pUCK OIICHUBACTCS JACHEKHBIMU CAMHUIIAMU, XOTS
MOTYT OBITH CJydad, KOTJa MOTEpU HOCAT TAKOW XapakTep, YTO OIEHUTh HX
B JICHbI'aX TPYAHO WJIM JaX€ HEBO3MOXXHO. M3 ompenesneHus CIeayeT, 4YTO PUCK
SIBJISIETCSI CIIYYaWMHOW BEJIMYMHOM, BBI3BAHHOW ABYMS NMPUYUHAMM: CIYYaHHOCTBHIO
COOBITUSI «OTKa3» W CIY4alHOCTBIO BEJIWYMHBI TOTeph. [lpm pacuerax
HCIIOJIB3YETCS €T0 XapaKTePUCTUKA — MATEMaTUUECKOE 0KHTaHUE PUCKA.

Texnuueckuii PUCK Hepe3epeupoeaunoﬁ He8oCCMaHaBIUBACMOU CUCHEMDbL

JIis1 Hepe3epBUPOBAHHON CHCTEMBI, COCTOSIICH M3 N JIEMEHTOB, BEPOSTHOCTH
0e30TKa3HOM pPadOTBl M CpefaHee BpeMs O€30TKa3HON pabOThl  OMPEICIIIOTCS
o ¢popMyam:

—A 1
P(t)=e Un Tl:X’ (5.1)

n
ric 4= Z}Li — HHTCHCHUBHOCTDH OTKa3a CUCTCMBI.

i=1
CyMMapHBIﬁ PHUCK CHCTEMBI 3a BpEMs t BcieacTBUE OTKa3za KaKOro-jinOo
3JICMEHTA OIPEACIISICTCS 110 (bOpMyJIe

n
R(t) = > g (t): (5.2)
i=1
Aj _ :
rae qj(t) = X'(l— e At) — BEpPOSITHOCTh OTKa3a I-T0 AJIEMEHTa CUCTEMBbI B MOMEHT
BpeMeHH
I} — puCK HM3-3a OTKa3a i-ro anemeHTa, 1=1, 2, ..., n.

@®opmyna (5.2) cmpaBemMBa TOJBKO B ciydae, KOrja BpeMs J0 OTKasa
KOKJIOTO »JJeMEHTa CIy4yalHO M HWMeEeT »SKCIOHEHLHMAJIbHOE pacipeeeHue
BeposATHOCTEH. B 0o01iem citydae hopmyia siBasieTcst mpuOIMKEHHOM.

Texnuueckuii PUCK Hepe3epeupoeaunoﬁ 60CCMAHABIUBAECMOU CUCHEMDbL

BoccranaBnuBaemble  CHCTEMBI — 3TO  CHCTEMbl ~ MHOTOKPAaTHOTO
UCIIOJIb30BaHUsA. B TedeHWe BCel OJKCIUTyaTallii OHU MOTYT OTKa3bIBaTh
U peMOHTHpOBaThCcsi. Torga OOHmMH PUCK CHCTEMBI MOKHO — BBIYMCIIUTH
o ¢opmyie:
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t
R(t) = | Kr(r)drikiri. (5.3)
0 i=1

Pacuer ¢ynkuumu roroBHoctn K (t) sBisercst crioxHOW  3amadeii.

[TosToMy 11e71eC000pa3HO MOIB30BATHCS CIICAYIOIUMHE JBYCTOPOHHUMHU OIICHKAMH
BBIUKCJICHHS PUCKA CUCTEMBI [2]:

n n
Kp-t- DA <R() <t- D Ajn, (5.4)
i=1 i=1

rae Kr — koappuimeHT roroBHOCTH CUCTEMBI.

Puck BBICOKOHAIEKHOM CHCTEMBI JMHEWHO BO3pPACTAET CO BPEMEHEM,
ONPEAEIACTCS TOJBKO HAJIECKHOCTPIO TEXHUKM U IPAKTUYECKU HE 3aBUCHUT
OT UHTEHCUBHOCTH €€ BOCCTAHOBJICHHS.

Texnuueckuii puck pe3epeuposanHoil Cucmemul,
cocmosweil U3 He3a6UCUMbBIX HOOCUCHEM

[lpenmonoxumM, dro i-bIii  BIEeMEHT 3apesepBupoBaH M; —1  pa3

OJHOTHUITHBIMHM T10 HAJCKHOCTH 3JieMeHTamu, | = 1, 2, ..., N, mpu4eM BH]
pe3epBUPOBaHUs TMPOM3BOJIbHEIN. CHCTEMa MOXKET OBITh HEPEMOHTHUPYEMOM
Y PEMOHTHPYEMOW, HO TPH 3TOM OTJICIbHBIC €€ IOJCUCTEMBI JIOJDKHBI OBITH
HE3aBHCUMBI 10  OOCIYy)XKMBaHHIO, T.€. HMEET MECTO HCOIPaHWICHHOE
BOCCTAHOBJICHHE, KOT'JIa PEMOHTHBIX OPraHOB JIOCTATOYHO, YTOOBI HE BO3HHKAJA
ouepe/lb Ha BOCCTAHOBJICHNE OTKA3aBIINX JJIEMEHTOB.

BepostHoCcTh 6€30TKa3HON pabOThl U cpeAHsis HapaOOTKa /10 OTKa3za Bcel
CUCTEMBI OIpeieNisieTcs B cooTBeTcTBUU ¢ opmynamu (3.1) u (3.2).

Torma puck cUCTeMBI M3-3a 0TKa3a ornpeaeiseTcs mo popmyie [3]:

n t
R®) = 25 [PLX)..Q (X)...Py (X)X, (5.5)
i=1 0

rne P (t) — BeposiTHOCTH O€30TKa3HOM PabOTHI;

Q; (t)— BeposiTHOCTE OTKa3a | — 0¥t mogcucTeMsl, | =1, 2, ..., n.

dopmyna (5.5) ABisieTcss yHUBEPCATbHON U MOXKET OBITh UCIIOJIb30BaHa JIJIs
Pa3IUYHBIX CHCTEM HE3aBHCHMO OT BHJIA PE3CPBUPOBAHUS W JUCIUIUIAHBI

00CIy)KMBaHUS, B YCIOBUAX HaaWuks HH(GOpMAIMU O 3aKOHE paclpeac/ICHHs
R (t), Tak Kak BO3HUKAET HEOOXOAMMOCTb OMPEICICHUS POU3BOIHOM

or Qj(t) =1-R(1).
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IMpumep 5.1. Pacuer HaeKHOCTH M PUCKAa BOCCTAHABIMBACMON TEXHUYECKOMN
CUCTEMBI Ha MPUMEPE EKTPUUYECKOTO CUIIOBOTO MPUBO/IA.
DNEeKTPUYECKUd CHJIOBOM TMPUBOJ COCTOUT U3 CIEIYIOUIUX OCHOBHBIX
AJIEMEHTOB:
1. IorennmomeTpudeckuii naruuk RP.
Crabumsupyrolee ycTpoucTso F.
[ToaynpoBOTHUKOBBIN YCHIIUTEND A.
DneKTpoOMarHuTHbIN yeunurens G.
[TpuBoHOM nBUrarenbp M2.
JIBuraTens mocrossaHoro Toka M1.
Penyxrop Q.
[TokazaTenu HaIEKHOCTH U PUCKA PJIEMEHTOB MpeJICTaBlIeHbI B TabmuIe S.1.

No ok own

Tabnuya 5.1.

Iloka3zarenu HaJICKHOCTHU U PUCKA 3JICMCHTOB 3JICKTPOIIPUBOIA

DJIeMEHTBI JJIEKTPOIPUBOJIA
RP F A G M2 M1 q
Howmep 3nemenTa 1 2 3 4 5 6 7
T, ner 10 8 9 11 15 10 12
Ts, 4ac 5 4 6 8 18 18 4
r,y.e. 200 500 350 600 1500 1500 150

BepositHocTn 0TKa30B 3neMeHTOB Ol MMEIOT 3KCHOHEHUMAIbHBIA 3aKOH
pacnpeneneHusl.
Omnpenenure nokaszaTesid HaJEKHOCTH U PUCKa 3a Bpems t = 2 roxa:
— UCXOJHOTO JIEKTPONPUBOJIA;
— BJIEKTPONPHUBOJA C PE3EPBUPOBAHMEM HAMMEHEE HaJEeKHOIO JIEMEHTa
(m = 1) (MOCTOSTHHO BKJIFOUYEHHBIN pe3epB);
— BJIEKTPONPHUBOJA C PE3EPBUPOBAHMEM HAMMEHEE HaJEeKHOIO JIEMEHTa
(m = 1) (pe3epB 3ameICHUEM);
— BJIEKTPONPHUBOJA C PE3EPBUPOBAHMEM HAMMEHEE HaJEKHOIO JIEMEHTa
(m = 1) (MOCTOSTHHO BKJIFOUEHHBIN pe3epB) MPH HATUYINH BOCCTAHOBIICHUS
— BJIEKTPOINPHUBOJA C PE3EPBUPOBAHMEM HAMMEHEE HaJeKHOIO JIEMEHTa
(m = 1) (pe3epB 3aMelICHUEM ) TIPH HATMYHH BOCCTAHOBJICHHUSL.

Pemienue.
1. Onpenenenve mnoka3arelie HaJASKHOCTH HMCXOJHOIO 3JICKTPOINPUBOJIA
A CYMMapHOI'0 PUCKA U3-3a €r0 OTKAa3a.
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CrpykrypHas cxema wucxonHoro OII mpencrtaBmser coOoli OCHOBHOE
COEJIMHEHME €r0 AIEMEHTOB U NpeICcTaBieHa Ha puc. 5.1.

RP F A G M2 M1
— 1 2 3 4 4 5 6 H 7 —

Puc. 5.1. CrpykrypHas cxema II1
HaﬁneM HMHTCHCUBHOCTH OTKa30B 3JICMCHTOB

1

1 -1 1 -1 -1
M=—=01 , A, ==—=0125 , Ao ===0,111 ,
1 10 IroJa 3 Tonq 3 9 Irong

2

1 -1 1 -1 1 -1
dog = =0091 rox &, Ae = — = 0,067 e = =01 |
4711 oA AT s TR A6 T roa

1 1
A7 =—=0,083 rox .
712 A

CYMMapHaH MHTEHCHUBHOCTH 0TKa30B OI1 PpaBHA

2
Asm =D Aj=01+0125+0,111+0,091+0,067 +0,1+0,083=0,677 roz[_l.
=1

[Io dopmyne wu3 Tabn. 2.5. HaXOIUM BEPOSTHOCTb U CpEIHEE BpeMs
0e30TKa3Hou padboTel ucxoaHoro D11 3a Bpems t = 2 rona

Py (t) = e~ Aont = g=06772 _ g 958
11
Anp 0,677

T3H = =1,477 Trona.

Cymmapusiii puck ucxoanoro D11 onpenensiercs nmo popmyne (5.2):

[ 1-—e Mon
R(t) = Zri}”i —F =3366,4 y.c.
i=1 Asn

2. OrmpezneneHue TMoKa3zaTeide HAAEKHOCTH M pPHUCKAa AJIEKTPONPUBOAA
¢ pe3epBupoBanreM (M=1) (MOCTOSHHO BKJIFOUEHHBIN PE3EPB).

AHanu3 nokasaTesel HaJeXKHOCTH IOKa3bIBa€T, YTO HAWMEHEE HaJEeKHbIM
AJIIEMEHTOM SIBJISIETCS CTAOMIIM3HpYIOIlee yCTpOMcTBO F, Tak Kak OHO HMMeEeT
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HauOOJBIITYI0 MHTEHCUBHOCTh 0TKa30B. [loaTOMy Bee nanbpHelme pacuersl 0yieMm
NPOU3BOJUTh C YYETOM PE3EPBUPOBAHUSI BTOPOrO dJIEMEHTa UACHTHUYHBIM
0 HAJIE)KHOCTH 3yieMeHTOM. CTpykTypHas cxema Ol ¢ MoCTOSHHO BKIIFOUEHHBIM
pE3epBOM BTOPOIO 3JIEMEHTA MpeJICTaBlIeHa Ha puc. 5.2.

RP F A G M2 M1

q
— 1 2 3 1 4 5 6 —/ 7 —
—|: 2 :|7

Puc. 5.2. CrpykrypHas cxema II1 ¢ TOCTOSIHHO BKJIIOUYEHHBIM PE3€PBOM BTOPOIO JIEMEHTA

BeposiTHOCTh 6€30TKa3HOW pabOThl KaKJI0M TPYMIBI 3JIEMEHTOB C YYETOM
HKCIIOHEHIIUAJILHOTO 3aKOHA pacipeesieHus OyieT paBHa:
— 0J151 6MOPOI 2pynnvl B COOTBETCTBUU C hopmyoii (3.10):

P, (t)=1- (1— e"‘2t)2 ~0,951;

— 0J11 OCMAIbHbBIX 2PYNN 21€MEHMO08.

P (t) = e 1t = 0,819; Ps(t) = e 73t = 0,801;
P, (t) =e 4t = 0,834; P (t) = e~ *5t = 0,875;
Ps (t) =e 76! = 0,819; P, (t) =e 17t =0,847.

BepostHocTh 6e30Tka3HoM padboThl Becero DI OyaeTt paBHa

7 2
Py () =]]PRi(t)= e Mt (1 — (1— e_7‘2t) je_xi*’te_7‘4te_7‘5te_7”6te_7”7t =0,3153.
i=1

B cootBetrcTBUU ¢ hopmyroit (10) cpennsist HapaOoTKa Ha OTKa3 Oy/IeT paBHA
T T Mgt P )oAgt At oAt o —hgt oA

Ti=[P()dt=] " lt(l—(l—e‘ Zt) je‘ ste~halgtslghele Mt = 1 707 ron
0 0

Jns nHaxoxaeHust cymmapHoro pucka Ol onpenennm BEpOSITHOCTH OTKa30B
Y UX TIPOU3BOJIHBIE
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Q1) =1-e . Q! (t) =rge M.

Qa(t) = (t—e"‘zt)2 ; Q) (1) = -21pe 2t 2t )
Qa(t) =1-e . Q4(®) = hge 3

Qa(t) =1-e e Q1) = age 4t
Qs(t)=1-e 75t ; QL(t) =nrse 5",

Qe(t) =1—e o, Q4 (1) =hge o,

Q7 () =1-e Mt Qé () :x7e_x7t.

ITo popmymne (5.5) Haxoaum puck 3a Bpems t = 2 rona
2 /
R(2) = 1 Qq (t)P2 (t)P3(t) P4 (t) P5 () Ps (1) Py (t)dlt +
0

2
112 [ PL(Y)QS (£)P3 (t) P4 (£) Ps (£) Ps (1) Py (1)t +
0

2 2
+13 I P ()P, (t)Qé(t) P, (t)Ps (t) Ps (t) Py (t)dt + r4f P (t)P; (t)P3 (t)Qi (t)P5 (t)Pg ()P (t)dt +
0 0
2 2
+ rsf P (t)Po (1)P3(t)Py4 (t)Qé (t)Pg (t)P7 (t)dt + 1g I Py (t)Po (t)P3(t)P4 (t)Ps (t)Qé (t)P7 (t)dt +
0 0
2
+17 [ PLE)Po (1) P3 (t) P4 (£) Ps () Ps ()QY ().
0

[TogcTaBuB B BBIpaKEHHWE 3HAYCHHE BEPOSTHOCTEM OE30TKa3HOW pPabOThI
Y TIPOU3BOJIHBIE BEPOSITHOCTEN OTKA30B MOJYYUM

2 2
R@) =13 e Il e )e_we_k“te"@e"‘ﬁte‘”7t dt +
0

2
b1y et (_ 2,62 (e—xzt ~ 1))5—7@ o—hat g—hetg—het g A7t
0

2
2
+ rgje_klt (1 — (1— e_)‘Zt) j(x3e‘7‘3t )e_7‘4te_x5te_7‘6te_7‘7t dt +
0
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2 2
vy et 1- —e_kzt) e (g6 e Mo Mole M gt 4+
0
2 2
rgfeMt 1 —e"”zt) e MM (g8 e Mole M +
0
2 2
rg[e7Mt|1- —e‘kzt) e hatg Ml ~/stghel () co A7)t 4+
0
2
2
0

Pemienne JaHHOTO BBIpAXEHUS JIOCTATOYHO TPOMO3JKOE, IMOITOMY
PEKOMEHTyeTCs BBIIIOJIHATH €r0 C MOMOIIBI0 MATEMATUYECKUX MMAKETOB MPOTrpaMM
Derive, Mathcad wu ap. [8,10]. B pesyabrare pacyeToB MOJYYUM
R(2) =23,905 + 12,445 + 46,436 + 65,262 + 120,125 +179,291+ 14,881 = 462,345 y.e.
Taxum 006pa3oM, MOXKHO CZENIaTh BBIBOJ, YTO PE3EPBHUPOBAHUE BTOPOTO IJIEMEHTA
MO3BOJIMJIO HE3HAYMTEIILHO IMOBBICUTH IMOKa3aTeNH HaAeKHOCTH wmcxomHoro OII,
U B 7 pa3 COKpaTUTh CYMMapHBIN PUCK H3-3a €€ 0TKa3a.

3. OmpeneneHne TOKaszaTelied HAACKHOCTH W pHUCKA AJICKTPOIPHUBOIA
¢ pe3zepBupoBanueM (M = 1) (pe3epB 3aMEIICHUEM ).

CrpyktypHast cxema DIl ¢ pe3epBupoBaHHEM (3aMELICHHEM) BTOPOIO
AJIeMEHTa MpeJCTaBlIeHa Ha puc. 9.3.

BeposiTHOCTh 6€30TKa3HOM pabOTHI TPYII JIEMEHTOB C YYETOM IKCIIOHEH-
[IMaJLHOTO 3aKOHA pacipeneneHus OyieT paBHa:

— 0J151 6MOPOlL 2pynnvl B COOTBETCTBUU C popmyiion (3.21)

m j
P(t)= Y %e"‘zt = (L+1pt)e 42t =0,974.
j=0 [

RP F A G M2 M1

q
— 1 2 3 1 4 5 6 —/ 7 —
T 2 T

Puc. 5.3. Ctpykrypnas cxema JII ¢ pe3epBupoBaHUEM 3aMEILIEHUEM BTOPOTO 3JIEMEHTA
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— 07151 OCMAIbHBIX cpynn sjiemermoe, aHaJJOorH4HO IIPCAbILAYHICMY CIIy4daro

P (t) = et = 0,819; Py (t) = e~ *3t =0,801;
Py (t) =e 4t =0,834; P (t) = e *5'=0,875;
P(t)=e™ =0,819; P, (t) =e 27t = 0,847.

BepositHoCcTh 6€30TKa3HOM paboThl Bcero DI Oyner paBHa
7
Pop)=]]Ri )= e~M! ((1 + kzt)e:_}L2t }e_}‘3te"‘“te_7”5te_}‘6te_>‘7t =0,3228.
i=1

B cootBerctBum ¢ dopmynoit (2.10) cpennssi HapaGoTka Ha OTKa3 OyneT
paBHa

o0 o0
Ty = [P(t)dt=| e M ((1 +aqtle 2! k_%te_x4te_k5te_7‘6te_7‘7tdt = 1,75 rona.
0 0
I[JUI HaXOXIACHUA CYMMAPHOI'O PHCKa OIl OoIIpcaACiInM BCPOATHOCTH OTKa3sa
U €€ MPOU3BOJIHYIO ISl BTOPOMl IPYIIIBI AIIEMEHTOB

Q, (1) =1— L+ t)e 2, QL (1) =rge M2 L4 apt)—ape 2t

[loncTtaBuB B BhIpakeHHE (5.5) 3HAUCHHE BEPOATHOCTEM O€30TKa3HOM
paboThI ¥ MPOU3BOJIHBIE BEPOATHOCTEH OTKA30B, MOIYIUM

2
RQ2)=n] (kle Mt X(l + Aot )e_we_7“4te‘k5te‘7‘6te_k7t dt +
0

2

+ rzje—}mlt (}\.26_7\‘21: (1 + >\'2t) . )\‘ze—kzt %—}\.31:e—)n4te—>\,5te—7\,6te—}\7tdt +
0
+ rBJ'e 7\,1'[(1_'_ ;\, t 7\42'[ };\, e )\,31: )e 7\,4t 7\,5'[ }\‘Gt 7\,7tdt n

+r5je t(1+7»t 7“2t)e‘%te_7“4t(x5e‘7”5t)e‘7‘5te_x7tdt+

(14250 xzt)e gty hatg 7»5t(k 3 x6t)e Matyge



84

2
+17] g Mt ((1 +hot)e 2 )a"‘igte_k“te_}%te_7“6t (L7677t
0
B pesysbrare pacueToB MmoIydum

R(2) = 24,053 + 6,685 + 46,724 + 65,666 + 120,868 + 180,4 + 14,973 = 459,37 y.c.

PesynbraTel onpeneneHuss CyMMapHOTO PUCKa MO3BOJIAIOT ClieJaTh BBIBOJ,
YTO PE3ePBUPOBAHUE 3aMEIICHUEM 3HAYUTEILHO MUHUMU3HUPYIOT 3HAUEHUE STOTO
MOKa3aTesis [0 CPaBHEHUIO ¢ UCXOAHBIM OI1.

4. OrmpezneneHue ToKa3aTeleld HAJASKHOCTH M PHUCKA DIIEKTPONPHUBOJIA
c pezepBupoBaHrueM (M = 1) (MOCTOSHHO BKIIIOYEHHBINM pe3epB) NPH HATUIUHU
BOCCTaHOBJICHHS.

[Ipeanonoxum, 4To KOJIUYECTBO PEMOHTHBIX OPraHOB JIOCTATOYHO JJIS TOTO,
YTOOBl ~ TPYIIBl  DJIEMEHTOB  OBUIM  HE3aBUCUMBI 10  BOCCTAaHOBJICHHIO
(HeorpaHMYEHHOE BOCCTAHOBJICHHE). B 3TOM ciyyae MOKHO BOCHOJIB30BAaThCS
dbopmyroii (5.5). [TockoapKy BOCCTaHOBIICHUE JIEMEHTOB 3HAYUTEIHHO MOBBIIIAET
HaJeKHOCTh DI U cCHUXKAET PUCK M3-3a 0TKAa3a PJIEMEHTOB, TO B PE3EPBHOM IpyIIIie
OCTaBJISIEM OJMH PE3ePBHBIN d7eMeHT. Takum obpazom, st peMoHTHpyemoro Ol
CTPYKTYypHasi CXemMa UMEeT BUJI, TOKa3aHHBIH Ha pUC. 5.2,

[Tockonbky Bce rpymmbl Jll, 3a HCKIIOUEHHEM BTOPOW, HEPE3EPBUPO-
BaHHBIC, TO B cooTBeTcTBUU ¢ dopmynon (3.7) um (3.9.1) mi1s MOCTOSHHO
BKJIFOYEHHOTO pe3epBa TojiydyaeM cieayiomue ¢GopMynbl i BEPOSITHOCTEH
6e3oTkazHoi paboTel D1 u cpennero Bpemenu 0e30TkazHoi padoTsl JlI;

— 0J151 6MOPOI 2pynnvl B COOTBETCTBUU C popMmyiion (4.14)

Py (t) = xpe®2" + y,eb2t,

rac
2 o2
o (Y +3h)+ 4 (; + 30 )P 82
| 2 )
2 o 2
B :—(Mi+37vi)—\/(ui+3ki) — 8]
| 2 )
o +Hj +3A Pi + 1 + 3N
Xi = , Yi = ,
aj — B Pi — o
rae W :—qaci1 — WHTCHCUBHOCTb BOCCTAHOBJICHUS JJICMEHTOB I-H TPYIIIIBI

Bi
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1 3 1 1 1 -1
OIL =—4YaC - =——CyT ~ =———T0 =
2JIEMEHTOB Jlist [15) 4 404 y 424365 )i
=0,00003 rox .
B pesynbprare nonyunm:
—(0,00003+ 3-0,125)+/(0,00003+ 3-0,125)2 — 80,1252
0y = > =-0,125,
—(0,00003+3-0,125)— J (0,00003+3-0,125)* —8-0,125° 05
2 = =— VU, )
2
- 0125+ 0.00003+3-0125_) 400 - 0,25+0,00003+3-0125 _ 44
~0,125-(-0,25) ~0,25—(-0,125)

P, (t) =1,999-e 91252 4 (—0,999)0%>% = 0,951;

— 0JI51 OCMAJIbHBIX cpynn sjqemermos, AaHaJIOTUIHO IIPCABLIYIICMY CIIYdaro

P (t) = e *1'=0,819; Py (t) = e *3'=0,801;
P, (t) = e 4t = 0,834; P (t) = e *5'=0,875;
P (t) =e 6= 0,819; P, (t) = e *7'=0,847.

BepositHocTh O6e30TKa3zHOM padoThl Bcero D11 Oyner paBHa

.
Py () =]]PRi(t)= g Mt (xzeo‘2t + y2eth )e_ue_7‘4te_7“5te_7‘6te_7“7t: 0,3153.
i=1

B cootBercTtBUM ¢ Qopmynoii (2.10) cpennss HapaOOTKa Ha OTKa3 Oyner
paBHa

o0 o0
T = JP(t)dt = f e M! (Xzeo‘2t - yzeB 2t )e_we"*4te‘x5te‘xﬁte‘k7tdt =1,707 rog.
0 0

AHaJIOTUYHO, UCTOJIB3YS (5.5) , HAaliIeM PUCK CUCTEMbl B MOMEHT BPEMEHU

t = 2 rozma, onpenenyB cHa4ajga BEPOSITHOCTh OTKa3a U IIPOU3BOJHYIO AJIsi BTOPOH
IPyNIIbI 3JIEMEHTOB

Q, (1) =1-xpe®2" — y,eb2t, Q) (1) =apxe "2 +p, YZe_th,

2
R(2) = rlf(xle_klt szeazt + yzeB2t)e_7‘3te_7“4te‘x5te‘7‘6te_x7tdt +
0
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2
+ rzj-e_}\‘lt (_ azxzeazt _ Bzyzeﬁzt%—Xs’[e—lﬂe—?xste—XGte—kf[dt +
0
2 A Aqt A st —Agt . —A7t
+r3)e” it (xze‘)‘2t + yzeﬁzth\ge_ 3y alg Al ~Aelg A7ty
0

2
+ r4je_7‘1t (x2e°th + yzeB?t)e_k3t (k4e_7‘4t)e_k5te_x6te_x7tdt +
0

2
+ reje_klt (xze“‘2t + yZeBZt)e‘)‘?Je_}‘4t (k6e‘x6t)e‘7‘5te‘x7tdt +
0

2
+17 e (xZe"‘2t +y,eP! )9_}“3te‘k4te‘7‘5te_“st (r7e M)t
0

B pesynbprare pacyeToB nosryuyum

R(2) = 23,905 + 12,445 + 46,436 + 65,262 + 120,125 + 179,291 + 14,881 =
= 462,345 y.c.

5. Ompeznenenne TmoKaszaTeled HAASKHOCTH UM pHUCKA BJIEKTPOIPUBOAA
¢ pe3epBupoBanueM (M = 1) (pe3epB 3aMelIeHUEM) TPU HATMYUH BOCCTAHOBJICHUSI.

B cootBerctBuM ¢ dopmynoit (4.16) mis pesepBa 3aMelIEHUEM IMOTYYUM
cieayromme GopMyJIbl Il BEPOSTHOCTH OC30TKa3HOU PabOTHI:

P (t) = e_xlt ) P (t) = Xze("Zt + yzeBZt : Ps(t) = e—7u3t;
Py (t) =e 4, Ps(t) =e st py(t)=e et ; P () =e 7!,

_ o +200) 4 (g +219)% 413

Tac 059

2
~ =2 +2X2)—J(u2 +20p)" 405
BZ_ 2 ’
ap +Hp +24) P2 +up +2)7
X2 = Y2 = :
a2 —P2 P2 —a

Takum 006pa3om, MOACTaBUB UCXOIHBIC JaHHBIC, TTOJTyIaeM:

ay =—12308, P, =-12695 X, =3278, y,=-3178, P,(t)=0,9735.
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3HaueHUs] BEPOATHOCTEW 0€30TKa3HOM pabOThl OCTANbHBIX 31eMEHTOB DIl
aHAJIOTHMYHBI MPEABIIYIIUM pe3ybTaTaM BhIYHMCICHUN. BeposaTHOCTh 6€30TKa3HOM
paboTsl Bcero DI Oyner paBHa

7
Py () =]]PRi(t)= e Mt (xze0th + yzeBZt }e_ue_x‘lte_%te_kﬁte_k7t =0,323.
i=1

B coorBerctBuM ¢ dopmynoit (2.10) cpennsisi HapaOoTka Ha OTKa3 OyAeT
paBHa

0 00
=] P(t)dtzj g Mt (xze"‘2t + yzeﬁ2t )e_7“3te_7‘4te_x5te_x6te_>‘7tdt =1,75 rona.
0 0

Jns  HaxoxneHuss cymMmapHoro pucka Il omnpenenum BepOATHOCTH

OTKa3a U €C IIPOU3BOIHYIO JJIA BTOpOI;’I T'PYIIIIBI DJICMCHTOB.
Q, (1) =1-xpe®2" — y,eP2t, Q) (1) =apxpe 2 +Byy,e P2,

[ToncraBuB B BbIpakeHue (5.5) 3HaueHHE BepoSTHOCTEH O€30TKa3HOM
paboThI ¥ MPOU3BO/IHBIE BEPOATHOCTEH OTKA30B MOTYYUM:

2
R(2) = rlf(kle_xlt szeazt + y2eBZt)g"*ste—Mte—kste—the—x7tdt N
0

2
+rp e (‘ apxpe"2 — By, el )e_k3te_7“4te_7‘5te_7‘6te—7~7tdt N
0

2
+ rgje_7‘1t (xzeo‘2t + y2eB2t }xe,e‘w)e_7“4te_x5te_k6te_x7tdt +
0

2
+ r4je_7”1t (xze"‘2t - y2eth )a_%t (k4e_)“4t)e_x5te_7‘6te_7‘7tdt +
0

2
+ rﬁje_Xlt (xzeo‘2t + y2e[32t)9_7‘3te_7“4t (x6e_7‘6t)e_7‘5te_7‘7tdt +
0

2
- rﬂe‘klt (xzeo‘2t - yZeBZt)9_7‘3te_x“te_kfﬂe_xﬁt (k7e_k7t)dt.
0
B pesynbTare pacueToB MOJIYyUYNM:

R(2) = 24,053 + 6,685 + 46,724 + 65,666 + 120,868 + 180,4 + 14,973= 459,37 y.e.
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[To pe3ynpTaTaM TIPOBEACHHBIX MCCIICOBAHUN COCTaBJIIeHa TaoI. 5.2,
B KOTOPOH cojiepKaTcs 3HA4YCHHUs IIOKa3arelied HaJaeKHOocTH W pucka DIl
JUTSL pa3JIMYHBIX CTPYKTYPHBIX CXEM M JUCIUILIMH 0OCyxuBaHus. Ha ocHoBaHWHM
JTaHHOW TaOJIWIIBI HEOOXOAMMO CHIeNIaTh BBIBOJ O IEJIECOO0PA3HOCTH MOBBIMICHUS
HagexxHocTr DIl myTeM pa3nudYHBIX BHJIOB PE3CPBUPOBAHUS, MPU ITOM PE3EPB
3aMENICHHEM JlaeT OoJjiee OIIyTHMbIC PE3yJbTaThl MO CPABHEHUIO C IOCTOSTHHO
BKJIFOUCHHBIM PE3EPBOM.

B Tabimie pe3yapTaThl IPUBEACHBI C TOYHOCTBHIO JIO IISCTH 3HAKOB TOCIIE
3amsTOM, ¢ IeJbl0 IPOJICMOHCTPUPOBATH TMOBBIIIEHHE HajexkHoctu Ol
MIPY HAJTMYMHM BOCCTAHOBJICHHSI HAUMEHEE HaJIC)KHOTO DJIEMEHTa B CIIydae OTKa3a.
Takoe mTOBBIIIICHUE SIBISETCS HE3HAYUTEIBHBIM, TaK KaK MEPOIPHUATHS
10 TIOBBIIIIEHUIO HAAEKHOCTHU HEOO0XO0 MO TIPOBOIUTH KOMILIEKCHO,
C UCIIOJIb30BaHUEM PA3JIMYHBIX CIIOCOOOB.

Tabnuya 5.2
IToxazaTenu HaCKHOCTU U TEXHUYECKOTO prcka JII
B TE€UEHUE BpeMeHU t =2 roja
ITokazaTenyu HAIEKHOCTH Texunueckuit

Crpyxrypa DI1 P(t) Ty, ner | puck R(t),y.e.

OTC}’TCTBI/IG BOCCTaHOBJICHUA

Ucxonusiii D11 0,258 1,477 3366,4

OI1 ¢ MOCTOSIHHO BKITFOUYEHHBIM PE3€PBOM
0,315320197 1,707327 462,345
crabunmsupyroiero ycrporcrea F, (m = 1)

OII ¢ pe3epBOM 3aMelIEHUEM
0,3227567 1,749835 459,3696
CTabMIM3UpyIO-1ero ycrpoiictea F, (m=1)

Hann4uue BoccTaHOBICHUS

DIl ¢ TOCTOSIHHO BKITIOUYEHHBIM PE3EPBOM
0,3153205 1,70733 462,34493
crabum3upyroiero ycrpoicrsa F, (m = 1)

OII ¢ pe3epBOM 3aMelIEHUEM
0,322757 1,749837 459,3695

cTabuIM3upyro-ero ycrpoiictsa F, (m = 1)

B Tab6n. 5.3 mpeacTaBieHbl JaHHBbIC AHAJIOTMYHOTO pacuera MoKaszaTesei
HagexHoctu DIl mpu ycrmoBUM JOMONHHUTEILHOTO PE3EPBUPOBAHUS CIICTYIOIIETO
HAaMEHEE HAJEKHOTO DJJIEMEHTa — IMOJYINPOBOJHUKOBOTO ycwiuTenss A
(amemeHT Ne 2).
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Tabnuya 5.3
ITokazaTenu HaJIC)KHOCTHU U TCXHUYICCKOTI'O PUCKaA OI1
B TCUCHUC BPCMCHU t=2 roga
[Toka3zaTenu HaJge)KHOCTH TexHuUecKuit
Crpyxrypa 311 P(t) Ty, ner | puck R(t), ye.
OTCyTCTBHE BOCCTAHOBJICHUS
DIl ¢ HOCTOSHHO BKIIIOYCHHBIM PE3EPBOM
crabunmsupyroniero ycrpoiictea F u momy-|  0,378096 1,97187 459,3141
poBoIHUKOBOTO yemutens A, (m=1)
DIl ¢ pe3epBoM 3aMENICHHEM CTAOMIIN3H-
pyromero ycrpoiictBa F m momympoBomuu-|  0,3944087 2,08145 454,5004
koBoro ycumrens 4, (m = 1)
Hanuune BoccraHOBIEHUS

DIl ¢ MOCTOSIHHO BKJIFOYCHHBIM PE3EPBOM
cTabumsupyromiero ycrpoicrsa F u momympo-|  0,3780961 1,97188 459,31339
BOJHHMKOBOTO yemmrens 4, (m = 1)
DIl C pe3epBOoM 3aMelICHHEM CTaOWIIN3HU-
pymolero ycrpoicrtsa F U momynpoBOgHH- 0,397709 2,08146 454 5002
koBoro ycuurens 4, (m = 1)

Cnenyer wuMeTh B BHJAY, YTO pPacCMOTpPEHHas METOJUKAa pacuera
TEXHUYECKOI'0 PUCKA CIIPABEJIMBA [P YCTAHOBUBIIEMCS ITOTOKE OTKA30B, T.€. IS
J0JITO PaOOTAIOMIUX CIOKHBIX CUCTEM, U TOJBKO B TE€X CIIydasiX, KOTJa HapaOOTKa
Ha OTKa3 3JIEMEHTOB pacCIpeIesieHa MO 3KCIIOHEHIUAIIbHOMY 3aKOHY.

KoHTpoJibHBIE BONIPOCHI

1. Kakue BubI puCKa Bbl 3HaeTe?

2. YTo moHUMAETCs TI0JT TEXHUYECKUM PUCKOM M €IUHUIIBI €T0 U3MEPEHUS?

3.Tlo Kakou dbopmye OmpenensaeTcs TEXHUYECKUI pHUCK
HEBOCCTAaHABIIMBAEMOT'0 00bEKTa?

4. Kak BiMSIET HAJEKHOCTh TEXHUYECKOM CHUCTEMBI Ha €€ TEeXHUYECKHUU
puUCK?
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