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IOBUJIEW CTAPLLEIO BULIE-MPE3UAEHTA — IMIABHOIO MHXXEHEPA OAO «PX[» B.A. FATTAHOBUYA

YBaxaembii BaneHTuH AnekcaHgpoBuy!

Penkomnnerus HayuHO-TeXHUYECKOTO )KypHaiia «Hage:xxkHOCTh)
u Pocculickas akajgemMusi HaJIe)KHOCTH, CEPCUHO MO3/IPaBIISIOT
Bac ¢ ntHem poskaeHus, KOTopsli B 3ToM, 2015 romy, cran ro0u-
JIeHHBIM. BbI, Oy1yuu pyKOBOAUTEICM FOCYAaPCTBCHHOTO YPOBHH,
OKa3bIBaeTe OOJIBIIYIO MOMICPIKKY KypHaiy. C Bareii momMorpto
JKYPHAJI CTaJl MPU3HAHHON IUIOINAIAKON JUIsl OOCYKICHHUS IPO-
0J1eM ynpaBiieHUS] pUCKAMH Ha JKeJIe3HOIOPOKHOM TPaHCIIOPTE,
(YHKIIMOHANBHON 0E30I1aCHOCTH TeX-
HUYECKUX CUCTEM, CTaHJapTU3alluU U
ceprudukanmu. JKypHasa B HACTOSIIIECE
BpeMs MOJb3yeTCsl MUPOKOH MOIMy-
JSPHOCTBIO, O YeM CBUICTEIbCTBYET
BBICOKHI KOO(PQUIMEHT IUTUPYEMOCTH
(uMmakT-(hakTop Ha YpOBHE BBIIIEC
0.3).

Kak perictBurensHbli uieHn Poc-
CUHCKOM aKaJeMUU HAEKHOCTH,
Brl BHEC/IM HEOLEHUMBIH HAay4YHBIN
BKJaJ B pa3pabOTKy METOJOJIOTHU
YIPaBICHUS HaIEKHOCTBIO CIIOKHBIX
TEXHUYECKUX CUCTEM U KPYMIHBIX
MPOU3BOJACTBEHHBIX OPTaHU3AIUH,
B CO3/laHHE U BHEIPCHHE Ha XKeJe3-
HOJOPOXHOM TpaHcmopTe Poccun
cucrembl YPPAH — agantuBHO# cu-
CTEMBl yIpaBJICHUS HAJEKHOCTHIO,
pecypcaMu U 0€30MacHOCThIO Ha
OCHOBE OLIEHKH pHUcKoB. Co3laHHAs
o/ BammM HermocpeAcTBEHHBIM PyKOBOJICTBOM 3Ta CHCTEMa He
uMeeT aHajgoros B mupe. YPPAH BkirouaeT B ceOst KOMIUICKC
CTaHJIapTOB IO YIPABIECHUIO TEXHUYECKUM COJIEPKAHUEM OJHOM
U3 KPYMHEUIITNX B MUPE 110 00beMY IIEPEBO30K U TEXHHUCCKOI
OCHAII[EHHOCTH CETH JKeJIE3HBIX I0POT, a TAKKE HOBBIEC HAyYHbIE
METOJIbI M IIUPOKHUI CIEKTP MHXKEHEPHBIX MeToauK. Cucrema
OMMPAETCs Ha CO3/IaHHYI0 oA BammM pykoBOACTBOM MOILIHYIO
HHPOPMAIMOHHYI0 0a3y, 00CCICUNBAIOIIYI0 ONECPATUBHBIN
cbop u 00pabOTKy JaHHBIX 00 OTKa3aX M TEXHOJIOTHYCCKUX
HapyIICHHUAX Ha BCeH CeTH Jkese3HbIX nopor Poccum, ananus
PEe3yabTaTOB U TOAJAEPIKKY MPUHATHS PEIISHUI Ha BCEX YPOBHAX
yIpaBICHUS.

VYBaskaemblii Banentun Anexcanaposuu! Mel sxenaem Bam
JIANTHEHIIINX OOJIBIINX TBOPUYECKUX YCIEXOB, 3/J0POBbS U J0JITO-
JIETHUSI Ha BBICOKUX PYKOBOJSIINX JTOJIKHOCTSX.

Thasuwiii pedakmop sicyprana «Hadesicnocmo y,
0.m.H., npogeccop U.b. ILlyounckuii

Ilpe3uoenm Poccuiickoil akademuu HadedcHoCmu,
o0.m.1., npogheccop FO.H. Kogpanos

Dear Valentin Alexandrovich!

The editorial board of scientific and technical
journal “Dependability” and Russian Academy of
Reliability congratulate you with your birthday that
is a jubilee for you this year. Though a statesman, you
support the journal greatly. Owing to your help, the
journal has become a reputable platform for discussing
the issues of risk management on railway transport,
functional safety of technical
systems, standardization and
certification. Today the journal is
very popular among researchers,
this being testified by a high
citation rating (the impact factor
of over 0.3).

As a fellow of Russian
Academy of Reliability, you have
made an invaluable scientific
contribution to development
of methods for managing the
dependability of complex
technical systems and large
companies, to development and
implementation of the adaptive
system for dependability,
resource and risk management
URRAN on railway transport of
Russia. The system developed
under your direct guidance has
no analogs around the world. The URRAN system
incorporates a set of standards for management of
technical maintenance of one of the world’s biggest
railway networks in terms of transportation volumes
and technical equipment sophistication as well as new
scientific methods and a wide range of engineering
approaches. The system is based on the extensive
information support made under your guidance and
providing efficient gathering and processing of data
on failures and technological violations on the entire
network of Russian railways, analysis of results and
decision making at all levels of management.

Dear Valentin Alexandrovich! We wish you new
bigger achievements, health and long staying at high
management positions.

Editor-in-chief of “Dependability” journal,
Doctor of sciences, Professor I.B. Shubinsky

President of Russian Academy of Reliability,
Doctor of sciences, Professor Yu.N. Kofanov



CTPYKTYPHAAA HAOEXKHOCTb. TEOPUA U MPAKTUKA

rananosuny B.A., LLlyonHcknii U.B., Po3eHb6epr E.H., 3ambiunses A.M.

CUCTEMA AOANTUBHOIO YNPABJIEHUA
TEXHUYECKUM COOAEP>XXAHUEM UHDOPACTPYKTYPbI
XEJIEBHOO4OPOXXHOIO TPAHCINOPTA (NMPOEKT YPPAH)

B crarbe paccmatrpuBatoTCsi BOMNPOCHI, CBSI3aHHbIE C paLnOHaslbHbIM YrpaBieHUeM pecypcaMmuv Ha coaep-
xaHuve nHppactTpyktypbl OAO «PK/]» B yCa0BUsSIX OrpaHn4YeHHOCTU cpeacTB. [lpoBeneH aHanm3 MeToA010-
rmm RAMS v eé panbHeliwern TpaHcghopmaumm B KOMIIIEKC POCCUACKUX CTaHAapToOB 1 6a3y HOPMAaTuBHO-
MeToANYECKOU AOKYMEHTaUun, MPUMEHSIeMbIX 1S YrpaBieHus rnpoLeccamy XU3HEeHHOro uuksia CUCTeM
xeneaHoaopoxHoro TpaHcrnopTa (YPPAH) B OAO «P>XK/». B gaHHOV cTarb€ pacCMOTPEHbI MNPearocChlikKu
M KJIl04YeBble acriekTbl A/ CO34aHus MHHOBALMOHHOV TEXHOJI0MMU MOAAEPXKKN MPUHSITUST YpPaBIeHYEeCKUX
PEeLLEeHWV MO MOBBLILLIEHUIO HAAEXHOCTU U PYHKLIMOHA/IbHOV 6€30MacHOCTU Xe/1e3HOA0POXHOIro TPaHCcrop-
T1a Poccum Ha Bcex ctaausix XU3HEHHOro LuK/a.

Kno4deBble cnoBa: HanexHocTb, 6€30MacHOCTb, FOTOBHOCTb, [0JIFOBEYHOCTb, PUCKM, XUIHEHHbIN LMK,
MHpOpPMaLIMOHHOE obecriedeHne, cucTtemMa rnoaaepPXKu rnpUHSTUS PeLLeHUNA.

BeepneHue

TexHMuEeCcKOE COIEPKAHUE CETHU JKENE3HBIX gopor Poccun TpedyeT 60NIbIINX 3KOHOMHUYE-
CKHX 3aTpar, CBSI3aHHBIX C MOAJCPKaHNEM HAIECKHOCTH OOBEKTOB HH(MPACTPYKTYPBI U 00e-
criedeHreM 0e30MacCHOCTH MEPEBO30YHOTO Tpolecca. B ycIoBusIX OrpaHNYEHHBIX PECYPCOB
BBIOOpP HEBEPHOTO PEIIEHHSI MOXKET NMPHUBECTH K OMMOKAaM B IUIAHUPOBAHUN PEMOHTHBIX
pabot Ha ygacTKax HHPPACTPYKTYPHI, KOTOPBIE MO CYIIECTBYIOIINM IIPaBUIaM TPEOYIOT Ipo-
BE/ICHHS PEMOHTA, OIHAKO IIPH 3TOM UMEIOT JOCTATOYHO BEICOKHH yPOBEHb HAJCKHOCTH [1].
C apyroii CTOpOHBI, TPOOJIEMHBIE TI0 HAJEKHOCTH yJacTKH HH(PACTPYKTYPBI MIPOIOKAIOT
9KCILTYaTHPOBAThCSI 0€3 MOIEPHU3ALINH, KAITUTAJIbHBIX PEMOHTOB HIJIH XOTS ObI TEKYIIINX BOC-
CTaHOBUTEIBHBIX paboT. ITO, B CBOIO OYEPEb, IPUBOIUT K PHUCKAM BO3HUKHOBEHUSI TPAHC-
MOPTHBIX POUCIIECTBUM.

Jlnst pallnOHANBHOTO YIPABICHUS! OTPAaHUYEHHBIMU PECypcamMu TpeOyeTcs BHIOIHEHHE
KaK MUHUMYM JIBYX yCIIOBHM:

1. [Tomy4enue B peaTbHOM BpeMeHH 00BEKTHBHOW HH(POPMAIIH O COCTOSHUN HA/ICKHOCTH
1 (pyHKIIMOHAIEHONW 0€301MacHOCTH BCEX O00BEKTOB MH(MPACTPYKTYPHI KEIE3HOTOPOKHOTO
TPaHCIIOPTA.

2. Co3gaHue CHCTEMBI TTOJICPKKH MPUHATHS PEHICHUN 110 TEXHUIECKOMY COJECP)KaHHIO
MHPPACTPYKTYPHI KEIEC3HOJOPOKHOTO TPAHCIIOPTA HA INHEHHOM, PETHOHATIBHOM U CETEBOM
YPOBHSIX.

IlepBoe ycioBue npeaycMaTpuBacT CO3JaHNE M BHEIPEHHUE HA BCEH CETH XKEJIE3HBIX IOPOT
Poccum aBTOMaTH3MPOBAHHOI CHCTEMBI cOOpa, aHAIN3a M 00pabOTKN JaHHBIX 00 OTKa3aX 00b-
€KTOB HH(PACTPYKTYPhI X TPAHCHOPTHBIX IPOUCLIECTBUN. BTOopoe ycrnoBue o3HauaeT, 4To 1o-
CKOJIbKY NPUHIMIHNAIEHO HEBO3MOKHO CO3/1aTh U B ITOCIIEAYIOIEM SKCILTYaTHPOBAaTh OOBEKT ¢




CUCTEMA AOANTUBHOIO YNPABJIEHUA TEXHWYECKUM COAEP>XXAHUEM UHDPACTPYKTYPbI

XXENE3HOA0POXXHOIO TPAHCIMOPTA (MPOEKT YPPAH)

a0COMIOTHON HaISKHOCTHIO M O€30ITaCHOCTHIO, TO CIICTYET B
PCIICHUE ATOM 3a1a9H BKJIAIBIBATH TAKUE CPEICTBA, KOTOPHIC
pealbHO UMEIOTCSI M OTIPABIAHBI C TOUYKH 3PCHISI CHUYKCHUS
HAJICKHOCTH U oOectiedeHust Oe3omacHocTr. MiHavye roBops,
OCTaTOYHBIH PUCK BO3HHUKHOBCHHSI TPAHCIIOPTHBIX ITPOWC-
IIECTBUI JOJKEH UMETh JIOITYCTHMBIH YPOBCHb.

B »TuxX yclOBHSX BO3HHKAET MPOTHBOPCUHUE MEKIY
KOMMEPYECKUM HHTEPECOM BIaJeiblla HHQPACTPYKTYPHI
JKEIIE3HOIOPOKHOTO TPAHCIOPTA, HANPABICHHBIM Ha HH-
TEHCU(UKALINIO SKCIUTyaTallid HHQPACTPYKTYPEI, C OTHOMH
CTOPOHBI, H HCOOXOTMMOCTBIO TEXHOJIOTHUYCCKHX ITEPEPHIBOB
B IKCIUTYaTal[iOHHOHN padoTe B IENSIX MOMICPKAHUS Tpe-
OyeMBIX YpOBHEH HAJIC)KHOCTH M 0E30IaCHOCTH, C JPYTOM
CTOpOHBL. [IaHHOE MPOTUBOPEYHE MOKET OBITH CHATO ITyTEM
pa3pabOTKU CHCTEMBI KOMIDIEKCHOTO YITPABICHHS TCXHIYC-
CKUM COJIepKaHUEeM HHPPACTPYKTYPHI KEICIHOTOPOIKHOTO
TpaHCTOpTa. JTa CUCTEMa JOJDKHA 00CCICYUTh aBTOMATH-
3aIUI0 TIPOIECCOB cOOpa 1 00pPadOTKH TAaHHBIX 00 OTKa3ax
00BEKTOB M TPAHCIOPTHBIX MPOUCIICCTBHIA B PEalbHOM
BPEMCHH, MTPOIIECCOB BBIBICHHUS HANOO0JIEE TIPOOJIEMHBIX, C
TOYKH 3PCHHS HAJIC)KHOCTH, YIACTKOB ITyTH, a TAKKE aBTO-
MAaTHU3aIMIO TIPOIIECCOB MOICPIKKH MPUHSTUS PEIICHUH 10
pacIpe/ieicHII0 OTPAaHUYCHHBIX SKOHOMHYECKUX PECYPCOB
Ha TEXHUYECKOE CONIepKaHNe HH(PPACTPYKTYPHI ITPU YCIOBUH
JTOCTIDKEHIIS JOITYCTUMBIX YPOBHEH O€30MIacHOCTH U Tpedye-
MBIX YPOBHEH HAJIGKHOCTH €€ COCTaBHBIX OOBEKTOB.

1. MpuHUMNbI, LEenb U 3apa4n
KOMMJIEKCHOro yrnpasneHuvs
HaAeXHOCTbIO, puckamMmu u
CTOUMOCTbIO XXUSHEHHOr 0 LuuKna

Ha XeNe3HOA0POXHOM TpaHcnopTe

1.1. Metoponornua RAMS

C 20101 OAO «Poccuiickue Kene3HbIe TOPOTrm» MPUCTY-
IIUJIN K pa3pabOTKe U BHEAPEHNIO KOMIUIEKCA CTaHIAPTOB,
METOJUK, METOJUUECKUX PEKOMEHAAINH, MPUMEHSIEMbIX
JUIsl yTIPABJIEHHs NIPOIECCAaMH KU3HEHHOTO IIUKJIA CHCTEM
xenezHogopokHoro Tparcmopta (YPPAH). [{ns storo Ha
POCCHICKHUX KeTe3HBIX JOoporax OblIa pa3BepHyTa padoTa
0 TAPMOHM3AINHA COOCTBEHHOH HOPMATHBHOW Oasbl 1O
YIPaBICHUIO WHPPACTPYKTYPOH C CHCTEMOW CTaHAAapPTOB
RAMS, mmpoko mpuMeHseMOoi Ha >Kele3HBIX J0porax
EBpocoro3a u AMepuku.

RAMS — 510 MeTozo0THsI 0OecTIeueH st 0e30TKa3HOCTH
(Reliability), roroBHOCTH (Availability), pemoHTOIPHTOTHO-
ctu (Maintainability) u 6e3omacaoctu (Safety) Ha xene3HO-
nopoxxHOM TpaHcmopTte. [Ipencrasnser codoi KOMIEKTHB-
HBIA TPy €BPONEHCKOro coolIiecTBa, popMaTn30BaHHbIH
craagaptamu EN 50126 u [EC 62278. Metononorus RAMS
6asupyercs Ha npunnune ALARP (HacTompko HHU3KHN
YPOBEHb OCTATOYHOTO PUCKA, HACKOJIBKO 3TO B pa3yMHOU
Mepe BO3MOKHO) TIPH oOecriedeHur 0e30macHOCTH U Ha-
JISKHOCTH Ha BCEX CTaIMSIX JKU3HEHHOTO LIUKJIA OOBEKTa
KEJIE3HOJOPOKHOTO TPAHCHIOPTA.

Criermndrika RAMS 10 OTHOIICHUIO K TPaJUIIIOHHBIM
CTaHAapTam B 00JIaCTH HAJAEKHOCTH TEXHUUECKUX CHCTEM
3aKJIFOYAETCS B CIEAYIOLIEM:

1. KommniekcHoe ynpaBiieHue HaJJe)KHOCTBIO 1 Oe3o1ac-
HOCTBIO 00BEKTa C YUETOM CTa Ui )KU3HEHHOTO 1IUKJIA;

2. IlpuHATHE pelIeHuil 10 YIPaBISHUIO HA/IeXKHOCTBIO U
0€3011acCHOCTBI0 00BEKTA HA OCHOBE OIICHKH PHCKOB;

3. YmpapneHue HaZeKHOCTBIO U OE30MMaCHOCTBIO 00b-
€KTa, KaK M0 KOJIMYECTBEHHBIM IIOKa3aTelsM, TaK U Ha
OCHOBE anpOONPOBAHHBIX MEX/TyHAPOIHBIM COOOIIECTBOM
pEeKOMEHIaluii, NPUBEJEHHBIX, HAIIPUMED, B CTAaHAAPTAX
xene3HopopoxkHoro npuMenenust EN50126/IEC62278,
EN 50128/IEC62279, EN50129/IEC62425Ed, EN50159
(mepBas 1 BTOopas 4acTb);

4. B metogonorun RAMS mpenycmMoTpeHO 4eThIpe
YPOBHS ITOJTHOTHI Oe30macHocTh. Kakaplii ypoBeHb Xapak-
TEpU3YETCs KAK YHCIOBBIMU 3HAYEHHUAMU, TaK 1 KOMITTIEKCOM
TpeOOBaHUH, MPEABSIBISEMBIX K TEXHOJIOTUH pa3paboTKu
W3JEeNUi, DPUCYIIUX pealn3aluu dTUX YPOBHE.

1.2. Uenb n 3apaum npoekta YPPAH

Hanpasiennocts RAMS Ha mpousBoguTesnei TeXHIYC-
CKHUX cpencTB He ynosierBopsiia memsim OAO «PXK]», koto-
PpBl€ OPHEHTHUPOBAHBI Ha HKCILTYaTallMOHHYIO AESTEIFHOCTb.
B mpouecce mpakTH4ecKOro MPUMEHEHUS] METOJO0JIOTHH
RAMS Ha Poccuiickux »Kene3HbIX JOPOTax MPOSBUICS P
ee MPUHINIHNAIBHBIX HeocTaTkoB. OCHOBHBIE U3 HUX:

— B KOMIUICKCHOM aHAJM3€ HE yUMTHIBACTCS JOJTOBEU-
HOCTBb OOBEKTOB. JTO 00CTOSATENILCTBO HE MO3BOJISIET YBSI3aTh
JIONITOBEYHOCTH 1 0€3011aCHOCTh OOBEKTOB, HE TIO3BOIISIET TIPH
9KCIUTyaTai 0ObEKTOB OLIEHUBATh PHCKH ITEPEX0/1a OT Ha3Ha-
YEHHOTO CPOKA CITY’KOBI K MX IPEETbHOMY COCTOSTHHIO H Ia%Ke
KOPPEKTHO OLICHNBATH MPE/IEIFHOE COCTOSTHNE OOBEKTa;

— CTOMMOCTB )KHU3HEHHOTO IIMKJIa 00BEKTa OIIECHUBACTCS B
OTpBIBE OT HA/IS)KHOCTH 1 OE30M1aCHOCTH, T.€. HE BKIIFOUCHA
B MeTononoruto RAMS. DTo 00CTOSTEIBCTBO 3aTPYNHSACT
pannoHaIbHOE paclpezeieHue HHBECTUIINN B O0BEKT Ha
Pa3IMYHBIX CTAIMAX €T0 )KU3HEHHOTO LIUKJIA;

—wmetononorust RAMS xoportio pazpaboTana 1st cTauit
MIPOEKTHPOBAHUS U TIPOM3BOJICTBA OOBEKTOB U IIPAKTHUECKU
HE pa3BUTa IS CTAANI UX SKCIUTyaTalllu, MOJACPHU3ANN
1 ytunu3anuu. st JKeJIe3HOJOPOXKHOTO TPaHCIIopTa Mpe-
CTaBISIET OCHOBHYIO 3HAYMMOCTbH YIPaBICHHE HaJIKHO-
CTBIO 1 OE301TaCHOCTHIO COCTABHBIX OOBEKTOB HA CTaIUIX
MX SKCIUTyaTalluy U MOACPHU3AINY;

— BOIIPOCHI YIIPABJICHUSI PHUCKAMHU H3JI0KEHBI B CTaH-
maprax RAMS Ha KOHIENTyadbHOM ypOBHE U TPEOYIOT
BCECTOPOHHETO Pa3BUTHS,;

— HE PaccMOTPEHBI BOMPOCHI KUBYUECTH CHCTEM IPH
HEeOJIaronpusATHBIX BHEITHUX BO3/ICHCTBISIX;

—B Metozonoru RAMS He paccMarprBaroTCsi BOIPOCHI
6€301acHOCTH IPON3BOACTBEHHBIX MPOLIECCOB, IKOJIOTHIE-
CKOE€ BO3JICHCTBHE HAa OKPY’KAIOILYIO CPELy.

Bce BoInensnoxeHHOE MOTPe6OBATIO TPaHC(HOPMHUPOBATH
Metoznosnornio RAMS B KoMITIIEKC pOCCHHCKHX CTaHAAPTOB,
METOIUK, METOJMUECKNX PEKOMEHAAINH, TPUMEHIEMbIX
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CUCTEMA AOANTUBHOIO YNPABJIEHUA TEXHWYECKUM COAEP>XXAHUEM UHDPACTPYKTYPbI

XXENE3HOA0POXXHOIO TPAHCIMOPTA (MPOEKT YPPAH)

JUIsl YTIPABJIEHHS TIPOIECCAaMH XKU3HEHHOTO IIUKJIA CHCTEM
s)enesnonopokaoro Tpancropta (YPPAH) 8 OAO «PX»
[2,3]. KornentyansHas cTtpykrypa cucremsl Y PPAH npen-
CTaBlleHa Ha puc. 1.

[Ton XKM3HEHHBIM LUKJIOM CHCTEMBI TIOHUMAETCS II0-
CJIEI0BATEIBHOCTD CTa/INH, KaXK/1ash U3 KOTOPBIX CONEPKHUT
OTIpEZICTICHHBIC 33/1a4H. DTa IOCIIEI0BATEIbHOCTh OXBAThI-
BACT MOJHOCTHIO CPOK CITY’KOBI CHCTEMBI — OT Ha4aJIbHON
KOHIICTIIINY ¥ 70 BBIBOJIA M3 HKCILUTYyaTalluy U YTHIM3AIUH.
JKn3HeHHBIH UK o0ecTieunBaeT OCHOBY JUTS IUTAHUPOBA-
HUSI, yTIPABIICHUS U KOHTPOJISI BCEX TTOKA3aTeIeH CHCTEMBI C
IENTBIO BBIITyCKa Ka9eCTBEHHON MPOITYKINH 110 JOCTYITHON
IIeHEe U B COTIACOBAHHBIC CPOKH. JKU3HEHHBIN IUKIT 00B-
€KTa JKEeJIE3HOIOPOKHOTO TPAHCIIOpTa, BKIFOUAOMHA 15
CTaJnii ¥ TPEACTaBICHHBINA B BHAC V-00pa3HO MO,
MTOKa3aH Ha puc. 2.

Hucxonsamas BeTBb (JeBas 9acTh) V-00pa3HON Momenn
JKM3HEHHOTO ITMKJIA, KaK ITPABUIIO, HA3bIBACTCSI TPOCKTUPO-
BaHMEM WM Pa3pabOTKON CHCTEMBI, U SBIISETCS POLIECCOM
Pa3BUTHS CHCTEMBI, 3aKaHUMBAIOIIIMCSI IPOU3BOJICTBOM CH-
CTEMHBIX KOMIIOHEHTOB. Bocxozsiiiast BETBb (TIpaBast 4acTb)
OTHOCHTCS K COOpKE, YCTaHOBKE, IPUEMKE H MOCIIEAYFOIIeH
9KCIUTyaTaluy CUCTEMBI.

V-00pa3Hoe MpecTaBIeHIE MOy YHII0 PACIPOCTPAHEHHE
B MpOMbIIUIeHHOCTH. OHO MOZIPa3yMeBaET, UTO MPOIIEAypa
MIPUEMKH TECHO CBS3aHA C TIPOSKTHPOBAHNEM U Pa3padoT-
KOH CHCTEMBI, TaK KaK MPOEKTHpyeMasi CHCTeMa JOJDKHA
OBITh, B IITOTE, IPOBEPEHA HA COOTBETCTBUE TPEOOBAHUSM.
YTBeprkAeHHE U IPUEMKA CHCTEMBI OCHOBBIBAIOTCSI HA TEX-
HUYECKHUX YCJIIOBUSX CHCTEMBI M IUTAHUPYIOTCS HAa PAHHUX
CTaVsIX JKU3HEHHOTO IIUKJIA — BO BPEMs IPOESKTHPOBAHMS
i pa3paboTkn. Takoe mpecTaBiIeHNe JKU3HEHHOTO IUKIIA
3¢ }exTHBHO [T 3a/1a4 KOHTPOJISI U yTBEPKICHNS CHCTEMBI
B TEUCHHUE JKU3HEHHOTO NUKIA. Lleh KOHTPOISl COCTONT B
MOATBEPKJCHUH TOTO, YTO MPH OIPEAEICHHBIX HCXOTHBIX
JTAaHHBIX, BBIXOJIHbIC JAHHbIE Ha KQXKI0H CTa 11 OITHOCTHIO
OTBEYAIOT TPEOOBAHMSIM TaHHOTO dTara. L{ens yTBeprxaeHns
COCTOHT B MOATBEP>KACHUHN TOTO, YTO paccMaTpruBaeMast CH-

CTeMa, Ha Ka)KJIOM 3Tare pa3pabOTKH 1 TOCJIe yCTAaHOBKH B
TIOJTHOM MEpE OTBEYAET MPEABSIBIIEMBIM TPEOOBAHHSAM.

B pamkax npoekta YPPAH Opia co3mana 0ObeKTHO-
JIEMEHTHAs MOJIENb JKEIE3HOAOPOKHOTO HANPABICHHUS,
OCHOBaHHas! Ha CTICIAILHO BBEICHHOM ITOHATHH 3TAJIOHHOTO
AIIEMEHTa, OBUTH pa3paboTaHbl MOKA3aTEeNN HKCINTyaTalnoH-
HOU HaZIeXKHOCTH 1 6€301TaCHOCTH 0OBEKTOB KEIC3HOTOPOXK-
HOTO TPAHCIIOPTa, yBA3aHHBIE C 00bEMaMH BBITOIHSIEMON
SKCIUTyaTallnOHHOW paboTel. B Tabnwie | mpencTaBieHb!
€/IMHUIIBI I3MEPEHUSI 00bEMa BBITIOTHEHHON pabOThI IO XO-
3stiictBaM OAO «PXX]I», KOTOpBIE HCIIONB3YIOTCS B Ka4eCTBE
apTyMEHTOB B ITOKa3aTeNsIX IKCIUTYaTal[IOHHOHM HaJJeXKHOCTH
n Oe3omacHoCTH. B psizie ciryyaeB mpuMeHSIOTCS TOKa3aTeNy,
KOTOPBIE SBISTIOTCS (DYHKITMSIMA BPEMEHH pabOTHI 00BEKTOB.
OTO OTHOCHTCS TOIBKO K T€M OOBEKTaM, HaJIE)KHOCTh U
0€301aCHOCTh KOTOPBIX HE 3aBUCHT OT 00hEMa BBITIOTHEHHOM
paboTHI B TEPEBO30YHOM ITPOLIECCE.

Hemsto Baenpenns YPPAH sBnsercs noBsieHne 3 pex-
THUBHOCTH (DYHKIIMOHUPOBAHHS CHCTEMBI JKEJIE3HOTOPOIKHO-
TO TPAHCIIOPTa HAa OCHOBE a/IalTHBHOTO YIIPABJICHNS B yCIIO-
BHSIX PECYpCHBIX orpaHndeHnil. OOBEKTOM NMPUMEHEHHUS
YPPAH sBisieTcsi COBOKYITHOCTh TEXHHYECKHX OOBEKTOB,
CHCTEM 1 TEXHOJIOTHYECKHX MPOLIECCOB JKEIE3HOTOPOKHOTO
TpaHCTIOPTA.

[Ton amanTHBHBIM yNpaBIEHUEM MBI MOJPA3yMEBAEM
(opMy M METOIBI yNpaBICHHUS NMPEIIPUHIMATECIBCKIMA
CTPYKTypaMH, IPEIIOIAral0IINMI BOZMOKHOCTB M CLIOCO0-
HOCTb CHCTEMBI YIIPABICHUS U3MEHSTD TAPAMETPBI U CTPYK-
TYpy PETYyJIATOpa M YIPaBISIONIEH MOACHCTEMBI B LIEJIOM
B 3aBHCHUMOCTH OT M3MEHCHHS BHYTPEHHHX MapaMeTpOB
00BbeKTa yIpaBIeHUS WIHA BHEITHEH cpebl (BO3MYIIICHUH ),
a TaK)Ke OT U3MEHEHNH CTPATErnYeCKUX LEeIEi.

B npoekre YPPAH pematorcs 3agaun onTUMHU3ALUI
YTIPaBIEHUS PECypCcaMy Ha OCHOBE SKCIITyaTallMOHHBIX I10-
KazaTesei Ha/Ie)KHOCTH 1 0E30MaCHOCTH C YUETOM OICHKH
puckos. Ilpu 3TOM GONBIIOE BHUMAHHE YAENSETCA yUETy
BIIMSTHUSA YET0BEYECKOT0 (DAaKTOpa B TEXHOJIOTHYECKHX ITPO-
neccax pabots! kommanud. Y PPAH mo3BoseT B ycIoBHIX

Ta0nuna 1. Bernuunsl 18 u3MepeHHusi 00beMa BbINOJIHEHHOH padorsl mo xossiiictBam OAO «PAK»

N O0bem BBINIOJIHEHHOH PA0OThI
/ Xo3s1iicTBO
n/m O6o3HaueHne Ennnunua usmepennst PasmepHocThb
1 X034HCTBO IMYTH U COOPYKEHUI T MIIPJ. T*KM TOHHO-KHJIOMETPOBOH paboThI 1
X034HCTBO aBTOMAaTUKH U TeJIEeMe- "
2 Iy MJIH. TO€370*KM 1
XaHUKH
3 XO03sIICTBO CBS3H Il MJTH. TI0€3710¥KM 1
4 Xo03s1#1cTBO 21eKTpUUKALUT U 5 MiH. KBr*4ac nepepaboTanHoO# 100
ANEKTPOCHAMKEHHUS AIEKTPOIHEPTUH
5 JIOKOMOTHBHOE X03SIHICTBO Dy MJTH. JIOKOMOTHBO*KM 00IIero npoodera 1
6 BaronHoe X03s1#cTBO Dg MJTH. BarOHO*KM 00IIIero mpoodera 100
%
. MJTH. BaroHO*KM 00IIIero mpoodera
7 [Taccaxkupckoe X0351UCTBO Dn P 10
(Tracca)XMPCKUX BaroHOB)
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CUCTEMA AOANTUBHOIO YNPABJIEHUA TEXHWYECKUM COAEP>XXAHUEM UHDPACTPYKTYPbI

XXENE3HOA0POXXHOIO TPAHCIMOPTA (MPOEKT YPPAH)

nedurTa GUHAHCOBBIX CPEJICTB yBEIIMYMBATh HA3HAYCHHBIN
CPOK CITY’KOBI OOBEKTOB JKeJIE3HOMOPOKHOTO TPAHCTIOPTA JI0
NPEIETEHOTO COCTOSHUS Ha OCHOBE OIIGHKH PUCKOB H IIepe-
pacrupenensiTh HHBECTULINH Ha TTOJJIep)KaHue HAaJIeKHOCTH
u 6e3zomacHOCTH HanbosIee mpoOIeMHBIX 0OBEKTOB.

2. HopmaTtuBHo-MeTOANYECKOE
o6ecneuyeHue YPPAH

B nacrosmee BpemMs Bce paOOTHI IO 0OCTY>KHBAaHHIO WH-
(bpacTpyKTypbl CTPOSITCSI HA OCHOBE HOPMATHBHOIO CPOKa
CITyXOBI TEXHUYECKOTO CPECTBa, Oe3 ydeTa ero TeKyIIero
COCTOSIHUSL. B HalMOHANBHBIX CTaHAApPTaX IO YHPABICHHIO
HagexHocTeio [OCT 27.002-89,TOCT P 53480—2009, TOCT
P 51.901.2002, T'OCT P 51.901.12-2007 u npyrux HE ObUH
OTpa’KeHBI BOIPOCHI YIIPABICHNS MHBECTUIMSAMH, 3aTPATaMH
Ha TeKyllee copepkanue. i NpakTUUecKod peanu3anuu
cuctembl YPPAH HeoOxomuMo OBLTO CO3/1aTh KOMILTEKC HOP-
MAaTHBHBIX H METOTMYECKUX JIOKyMEHTOB, KOTOPBIE OTPAKAIOT
TIPUHIIAITEI ¥ CYIIIECTBEHHBIE ACTICKTHI 3TOI CHCTEMBI.

B cBs3u ¢ oOpazoBanueM TaMOXEHHOTO COI03a CO-
TPYIHHYECTBO OpPTraHU3aLUi B cepe KeIe3HOTOPOKHOTO
TpaHCIIOpTa B CTPaHAX-y4aCTHHUIAX CO03a, cTajmo Ooree
AKTUBHBIM, B TOM YHCJIE U B 00JIaCTH 00eCTIeYeHHUs HaIeK-
HOCTH 1 0€3011aCHOCTH KeIe3HOIOPOKHOM TeXHUKH. Taroke
crout oTMeTuTh, uTo OAO «PXK]J]» He TONbKO Hambosee
KpYyITHas KeJIe3HOAOPOoXKHAs opranu3aius B ctpaHax CHI,
HO ¥ HamOoJiee aKTUBHBIA yYaCTHUK PadOT MO CTaHIAPTH-
3aliU Ha MEXTOCYIapCTBEHHOM YPOBHE, TaK KaK SBISCTCS
ceKkpeTapuaToM MeXTrocyrapCTBEHHOTO KOMHUTETa IO
crangaptuzanuu 524 «Kene3HomopoKHBIA TpaHCIIOpT». B
CBSI3U C TE€M, YTO BOIIPOCHI, CBA3aHHBIC C HAJICKHOCTBIO H
6e30macHOCTHI0 00BEKTOB KEJIE3HOIOPOKHOTO TPAHCTIOPTa
SIBIISTIOTCSI BAKHBIMU [T BCEX OPTaHU3AIMH 1 TI0Ib30BaTe-
JIeH yCITyT 5KENe3HOIOPOKHOTO TPAHCTIOPTA, OBIIIO PUHATO
pemieHne 0 He0OXOTUMOCTH MOBBIIIICHHUS CTAaTyCca OCHOBHBIX
crangaproB YPPAH 1o MeXrocynapcTBEHHOIO M HalUo-
HAJIBHOTO YPOBHSA. DTO TaKXKe CIOCOOCTBOBAJIO YITyUIICHHIO
B3anmozeictus Mmexay OAO «PX]]» u oprannszanusamu,
YYaCTBYIOIIUMH B ACATECIHHOCTH KEIE3HOIAOPOKHOTO
TpaHCIOPTa, HO HE BXOJALIUMHU B XOJIAUHT «PXI».

B pamkax mpoekta YPPAH Obur paspadoran 'OCT
32192-2013 «Hane>kHOCTh B KeJIe3HOTOPOKHON TEXHHUKE.
OcHOBHBIC IOHATHS. TepMUHBI M OTIPEICICHUS, KOTOPBIHA
OompenenseT Bce HEOOXOAMMBIC TEPMHUHBI U MOHATHS B
JIAHHOU 00JIACTH C y4eTOM ClieliU(UKH HKEIE3HOTOPOIKHON
TEXHUKHW ¥ HApaOOTOK, cienanHbIX B mpoekte YPPAH [4,5,6]
U CIIOCOOCTBYET MPABUIBLHOMY NPUMEHEHHIO TEPMUHOB H
Jy4IIeMy B3aMOIIOHIMAaHHIO BCEX CTOPOH.

Jnst ycTaHOBIIGHHS OOUIUX MPaBWII yIPABICHUS PH-
CKaMH Ha >KeJIe3HOIOPOKHOM TPAHCIIOPTE, CBSI3aHHBIMH C
0e30MacCHOCTRIO IBUKESHHS M SKCITTyaTaruei pa3paboTaHbl
HaIIMOHAJIFHBIC CTAHIAPTHI:

-TOCT P 54504-2011 «be3onacHOCTh (GyHKINOHAIBHAS.
[Tonutuka, mporpamma odecrniedeHus: 6ezomacuoctu. Jlo-
Ka3aTeIbCTBO 0E30MIaCHOCTH 00BEKTOB KEJIC3HOTOPOKHOTO
TPAHCIIOPTAY;

-TOCT P 54505-2011 «be3omacHOCTh (DyHKIIHOHATEHAS.
YrpaBneHne pucKkaMu Ha JKeJIe3HOIOPOKHOM TPAHCIIOPTE».

B Texanueckux permamentax TaMOK€HHOTO COI03a BBE-
JICHO MTOHSTHE KPHUCK», KOTOPOE SBIISETCS OCHOBOTIOIAraro-
MM B Bonpocax Oe3onacHocTH. Ho MexrocyiapcTBeHHbIE
CTaH/IapPTHI 110 BOMPOCY YIPABICHHUS PUCKAMH OTCYTCTBYIOT.
OAO «PX]I» ctpeMuTCS pactipoCTpaHUTh CBOH TIEPEIOBBIC
unen [7,8] Ha BceM «tpocTpaHcTBe 1520», mosTomy OymeT
MIPOJOIKATH CBOIO JICSITENBHOCTD B 3TOM HAIlPABIECHHUHN CO-
BMecTHO ¢ PoccTanmaprom.

K Hacrosmemy MmomeHTy B pamkax mpoekra YPPAH pas-
paboTaHBI M yTBEPIK/ICHBI | MEXTOCYIapCTBECHHBIN CTaHAAPT,
5 HauMOHaNIBHBIX cTaHAapToB Poccuiickoit @eneparuu u 17
xopriopatuBHEIX cTangapToB OAO «PX]», ycranapnmBato-
e TpeOOBaHMS B 00IACTH OIIEHKH PUCKOB, (PYHKIINOHAITb-
HOH 0€3011acHOCTH, HaACKHOCTH ¥ CTOMMOCTH KM3HEHHOTO
LUK 1T 00BEKTOB JKEJIE3HOIOPOKHOTO TPAaHCHIOpTa. DTH
CTaHJIAPTHI SBISIOTCS] TEM HHCTPYMEHTOM, KOTOPBIH MOKET
TTOMOYb TIPEOAOJICTh OCHOBHBIC TIPOOIEMBI TIPH pa3paboTke
1 BHEJIPCHWN HOBOBBEACHUH M YCWJINTH (aKTOPHI, CIIO-
cobctBytomue ycrexy npoekra YPPAH. Cranmaptsl marot
OCHOBY JUTA BBIPAOOTKH OOMIETO s3bIKa OOIICHUS MEKIY
BCEMH 3aMHTEPECOBAHHBIMH CTOPOHAMH, YIACTBYIOIINMH B
pa3paboTKe 1 BHEAPEHUHN HOBOH CHCTEMBI.

Paspaborannsie B pamkax npoekra Y PPAH nanmonas-
HBIE 1 KOPTIIOPATHBHBIE CTAHAAPTHI yCTAHABINBAIOT TTOPSIIOK
BHEIIPEHUS W HCIONb30BaHUSA Metomonornn YPPAH nHa
KEJTIE3HOJOPOKHOM TPAHCIIOPTE M CONEpKaT TpeOOBaHMS
10 YIIPaBICHHUIO PECypCaMH, PUCKAMHU M HaJEKHOCTBHIO
MIPUMEHUTEIBHO K JKEJIC3HOOPOKHOMY TPAHCIOPTY.

JLis mpakTHYecKol pean3aiy CTaHIapTOB OBLIH pas3-
paboTaHbI § METOOMYECKUX PEKOMEHIANH 1 55 METONNK,
KOTOPBIE MO3BOJISTIOT OIIEHMBATh TEXHHYECKOE COCTOSHHE
00BeKTOB MH(PACTPYKTYpHI, 00eCIeunBaTh JaHHBIC IS
MIPUHSATHSL PEUICHUH 0 HEOOXOIMMOCTH MPOBEICHUS TEX-
HUYECKOTO OOCTYXMBAaHUS M PEMOHTA, IIAHUPOBAHUS
MHBECTHIINH Ha COIepKaHNe 0OBEKTOB, a TAK)KE IIPOBOTUTH
OIICHKY yIIIepOOB 1 (hOPMUPOBAHIE MAaTPHIT PUCKOB TS KaXK-
JIOTO0 BHJIa OOBEKTOB HH(PPACTPYKTYPHI B KAYECTBE OCHOBBI
JUIsl yTIPaBIICHHS MPOM3BOACTBEHHOM NIESATEIHHOCTHIO HA
KEJTIE3HOJOPOKHOM TPAHCIIOPTE.

3. EpuHaga kopnopaTtuBHas nnar¢gopma
YPPAH (EKIN YPPAH)

3.1. HanpaBneHus passutus
nHopMaLUOHHbIX cuctem B OAO
«PXX» n npeanocCbINIKU CO3AaHUSA
cuctembl KACAHT

B nacrosmee Bpems B OAO «PXK/I» ucnons3yercs 3Ha-
YHUTENIFHOE KOJINYECTBO WHPOPMAIMOHHBIX CUCTEM, OXBa-
TBHIBAIOIMX IIPAKTUYECKU BCE CTOPOHBI TPOU3BOJICTBEHHON
JIeITeIbHOCTH O0IIEeCTBa, pa3padaThIBABIIMXCS U BHEAPSIB-
HIMXCS B IPOMBIIIJICHHYIO SKCIUTyaTaIlio Ha MPOTSHKEHUN
JUTUTEIBHOTO BPEMEHH.
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OO01ee HampaBIIeHUE Pa3BUTHS WH()OPMAIIMOHHBIX CH-
creMm (MC) u aBTOMaTH3MPOBAHHBIX CHUCTEM YIPABICHHS
(ACY) oTBevaeT 0OMIEMHPOBEIM TCH/ICHITHSIM

— OT YYETHBIX CUCTEM (TPaH3aKIIMOHHBIX CHCTEM, CHCTEM
kiacca OLTP), mo3BoisSrOnMX Moay4yars TOYHBIC OTBETHI
Ha BOIMPOCHI «UTO?», «TAE?», «KOrAa?», «CKOJIbKO?», OTHO-
CsALIMECS K MPOLIEAIIEMY BPEMEHH, — K aHAJIUTUYECKUM
cucrtemaM (kiacca OLAP), mo3BoisIIOIIMM HE TOJIBKO
OTBEYaTh Ha BOMPOC «IOYEMY?», HO U MEPEXOAUTD K MPO-
THO3aM pPa3BUTHS;

— OT CHUCTEM, BO MHOTHX OTHOIIEHHUSX HE OTBEYAIOIIUM
Macmrabam gestensHOocTH OAO «PXJI» 1 ero mompas-
JIEJICHUH, — K CHUCTeMaM, 0a3UpyIOIIUMCS Ha KPYITHBIX
MIPU3HAHHBIX BO BCEM MUPE IPOMBIIUICHHBIX TUTATPOPMaX
(SAS Intelligence Storage, SAP AG, Oracle, IBM Maximo),
3apCKOMCHIOBABIIAM ce0sl B KPYITHEHIITNX MUPOBBIX KOP-

nopanusxs;
— OT CUCTEM, OCHOBBIBAOIMXCA HA TCXHOJIOTUAX (I)aﬁﬂ
— W KIIMCHT-CEPBCP, — K CUCTEMaM, B OCHOBC KOTOPBIX

JeXaT MHTEPHET TexHosoruu (mpotokoins! http, SOAP,
s3bIKH pasMeTky html, xml, 361k pa3paboTku Java, TOHKHHA
KJIMEHT);

— OT M30JMPOBAHHBIX JIOPOKHBIX MH(POPMAINOHHBIX
CHCTEM, OT CHCTEM, 00ECIIeUNBAIONINX HH(POPMAIIMOHHYIO
HOJAEPKKY OTAEIbHBIX HampaBleHui aedarensHocTd OAO
«PXI» u ero monpasneneHuii (HarpuMep, ynpasieHHE
(pMHAHCAMU MITH TTEPCOHAIIOM ), — K HHTET PUPOBAHHBIM IICH-
TpaJIBHBIM CHCTEMaM, 00eCTICUNBAIOIINM BECh KM3HEHHBIN
IIUKJT TIEPEBO30YHOTO MpoIecca.

YHHUKaIBHOCTH MPOOJIEMBI yIPaBICHNS Ha/IE)KHOCTHIO
Ha >KEJIE3HOIOPOKHOM TPAHCIIOPTE 3aKIIOYAETCS B Cle-
JYIOIIEM:

— MHOTHE OOBEKTHI KEJIE3HOIOPOKHOTO TPAHCIIOPTA
pacrpesieieHsl B IPOCTPAHCTBE, UMEIOT HEPAPXUUCCKYIO
CTPYKTYDY;

— JUIsl yHIpaBJICHHs HaIe)KHOCTBIO 00BEKTOB HH(PPACTPYK-
TYPBI M KEJIe3HOAOPOKHBIM TPAHCIIOPTOM B IIEJIOM HEOOXO-
JIMMO COBMEIIICHUE B PEAITEHOM BPEMEHH JIBYX YKa3aHHBIX
BBIIIIE HAIlpaBJIeHUH: cOopa 1 0OpabOTKH CTaTHCTHYECKUX
JIAaHHBIX MO OTKa3aM OOBEKTOB, MOJICIMPOBAHMS HAIEXK-
HOCTH OOBEKTOB;

— OompIIoe pazHooOpas3rme 00bEKTOB, C OHOW CTOPOHEI,
U CYIIECTBEHHBIC PAa3INUMs PEKUMOB M YCIOBHIA paboThI
Jla’ke OJJHOTUITHBIX OOBEKTOB, C JIPYTOil CTOPOHHI ;

— CTeleHb BIMSHUS HaJEKHOCTH 0OBEKTOB Ha IIEPEBO3-
OYHBIN TIPOIECC 3aBUCUT KaK OT CBOWCTB OE30TKa3HOCTH 1
PEMOHTONPUTOIHOCTH CaMHUX OOBEKTOB, TaK M OT CBOIMCTB
CaMoro MepeBO30YHOr0 mponecca (HHTEHCUBHOCTH U
CKOPOCTH JIBHXKCHHS TOE3/I0B, JITUTEIBHOCTH 3a/IePKEK
COCTaBOB BCJIEJICTBUE PEMOHTOB MH(PACTPYKTYpHI H/WIN
TIO/IBHKHOTO COCTaBa).

VYkazaHHbBIE OOCTOSITENBCTBA BBI3BAIN HEOOXOAMMOCTH
B CO3/IaHUM Ha XKEJIEC3HOJOPOKHOM TPAHCIIOPTE aBTOMa-
TU3UPOBAHHBIX CHCTEM YIIPABICHUS TEXHOJIOTHYECKHMHU
nporeccamMu cOopa aHHBIX O TpaduKe HCIIOJHEHHOTO
JIBUKEHUS TTOE3/0B, O TEKYIIEeM COCTOSHUHU JJIEMEHTOB
xo3siicTB nndpacrpykryps (I'MJA-YPAJI, ACOVII-2,
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ACY-II, ACY-1II-2, ACY-D) [9]. OTu cuctemsl obdecrie-
YUBAIOT CBEICHUSMHU 00 OTKa3ax JICMEHTOB XO3SHCTB.
OnHaKo TH CBEACHUS HOCAT Pa3pO3HEHHBIN XapakTep, He
CUCTEMATU3UPOBAHBI MO KAaTETOPUSM U BIUSHUIO Ha 3a-
JepKKN moe3oB. OOuiMe aBTOMaTH3MPOBAHHBIX CHCTEM
yIpaBiIeHUs, HE UMEIOMIMX o0Iero uHrepdeiica, Hemo-
CTaTOYHOCTH IPEJCTABISIEMON UMH UH(POPMALMU O Ha-
JSKHOCTH M (DYHKIMOHAJIBHOH 0€301acHOCTH 0OBEKTOB,
HEJI0OCTOBEPHOCTH CaMoi MH(OPMAIINH, OTCYTCTBHE B 3THX
cUCTEMaX BO3MOXKHOCTH aHajHM3a OTKa30B U JAp. — BCE ITO
SIBUJIOCH MPEANOCHIIKAMH CO3JJaHHsl aBTOMAaTU3UPOBAHHOM
CUCTEMBI YNPaBICHUS TEXHOJIOTUYECKHMH MPOLECCAMHU
cOopa, aHaim3a M MPEIBAPUTEIHLHON 00pabOTKM JaHHBIX
00 OTKa3ax W BOCCTaHOBJICHHSX COCTABHBIX JJIEMEHTOB
0OBEKTOB KEJIE3HOJOPOKHOTO TPAHCIIOPTA.

OcHoBOW MH(}OPMAIIMOHHON TEXHOJIOTHH, obecme-
YMBAIOIIEN KOMIJIEKCHOE yNpPaBJIE€HUE HAJEKHOCTBIO
MepPEeBO30YHOTO mpouecca, sBaseTcs «KommiekcHas
ABTOMATU3MPOBAHHAsA CUCTEMA yUeTa, KOHTPOJIS yCTpa-
HEHHS 0TKa30B TEXHUUECKHUX CPEACTB U aHAIN3a UX Ha-
nexHoctmy (KACAHT). st mosry4eHus JOCTOBEPHOM
HHPOPMAIUH O COCTOSIHUM TEXHHYECKUX CPEACTB U
peanu3anuu NpUHIHIA MAaKCUMAJIBHOTO UCIIOJIb30BaHUS
YeJIOBEKOHE3aBUCUMBIX (hOpM cOOpa JaHHBIX Obla OCy-
wectpiena uarerpanus cucteMbl KACAHT c geiicTByto-
LIUMH OTPACIEBBIMH aBTOMaTH3UPOBAHHBIMHU CUCTEMAMU
yIpaBJeHUs B YacTH oOMeHa nHpopMaruei 06 oTkaszax.
Jnst oprannzanny 3pGexTHBHOTO B3aNMMOACHCTBUS ¢
cucremoit KACAHT Obuta mpoBenena gopaboTka yka-
3aHHBIX aBTOMaTU3UPOBAHHBIX CHUCTEM B 4acCTU XpaHe-
HHS M JIOCTyIa K JaHHBIM BaroHOB-IIyT€H3MEpUTEINEH,
pe3ysibpTaToOM paciiuPpOBKH CKOPOCTEMEPHBIX JICHT,
kaccet peructpauuu KJIVB-Y un gpyrux ycrpoiicts
perucTpanuy napamMeTpoB ABMKeHU oe3aa. bnaronaps
sTuM paboram B npoekre YPPAH ocHoBy nepBuuHON
nHopMaMK O COCTOSHMHM TEXHHUYECKHX CPEJICTB CO-
CTaBISIIOT OOBEKTHBHBIC HCTOUYHUKH.

Ha ocnose peanbubix nannbix cucteMsl KACAHT Bo3-
MOYKHO OTIEpaTUBHO MOJIy4YaTh CBOAHYIO HH(POPMAIHIO 00
OTKa3aBIINX TEXHHMYECKHUX CPEJICTBaX B MaciuiTabe Bcei
Komnanuu B nenom. OOIiee KOIMYECTBO MOJIB30BATEICH
CHCTEMBI cocTaBUIO K kKoHIy 2014 roga 35 ThIcs4 cOTpya-
HukoB OAO «PX]I» [10]. Takum 00pa3oM, B KOMIIAHUH
YK€ CEeTOHS MOJHOCTHIO aBTOMAaTH3MpPOBaHA paboTa 1o
aHaNIM3y OTKA30B TEXHUYECKUX CPEJICTB, BIMSIOMIMX Ha
YCTOMUYUBOCTB EPEBO30YHOrO MPOLECCa.

Ha ocHOBe HOCTUTHYTBIX MOJIOKUTEIBHBIX PE3yIbTa-
TOB B COOTBETCTBHHU C 00mied mertomonorueir YPPAH,
Oblia Hagata paboTa MO aHAJIW3y HAPYIICHHWH TEXHO-
JOTMYECKUX MPOLIECCOB B X03siicTBax . B mepcnekruse
9TO MO3BOJUT Y€pPe3 CTOMMOCTbH KM3HEHHOTO IUKIJIA U
oOecrieyeHnst IPUEMIIEMOT0 YPOBHS PHCKa SKOHOMHYE-
CKH 00OCHOBBIBATh BEJINYMHY HHPPACTPYKTYPHOU CO-
CTaBIISIIONIEH B TapuQax Ha Ipy30BbIC M MACCAKHUPCKUE
MepEeBO3KH, a TAK)KE yUYUTHIBATh BIMSHUE OMHUOOK B
MJIAHUPOBAHUM MEPEBO30YHOrO MPOILECCA, B TOM YHUCIE
OIMOOK IepcoHaa.
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3.2. Pa3pabotka EanHon
KoprnopatuBHon nnatdpopmbl YPPAH

B nacrosmee Bpems B OAO «PXJ» ucnons3yercs
3HAYUTEIbHOE KOJIMYECTBO MH()OPMALMOHHBIX CHCTEM,
OXBAaTBIBAIOLIUX MPAKTUYECKH BCE CTOPOHBI MPOU3BOA-
CTBEHHOM JIeATeIbHOCTH 001IIeCTBa, pa3padaThIBaBIINXCS U
BHEPSBILINXCS B IPOMBIIIICHHYIO SKCIUTyaTal[UI0 Ha TIPO-
TSDKEHUU JUIUTENIbHOTO BpEMEHU. B yClnoBuUsX CTpYKTYpHOI
JudepeHInay Mo BUAAM AESTEIbHOCTH IPOSBISECTCS
poib MH(pOpMaTH3aINK, KaK TEXHHYECKOTO CPEACTBa KO-
OpAMHAIMHK ¥ LIEHTpaIU3auuy ynpasienus. Heooxonumo
OCYIECTBUTh MEPEX0A OT U30JIUPOBAHHBIX JOPOKHBIX
MH(POPMAIIMOHHBIX CUCTEM, OT CHCTEM, 00€CIICUNBAIOIINX
MH(POPMAIIMOHHYIO TOIACPIKKY OTJENIbHBIX HAlpaBICHUN
nearenbHoctd OAO «PX» u ero nmoapasznenenuit [11],
— K MHTETPUPOBAHHON LIEHTpanbHOH miardopme, obe-
CIIEYUBAIOIEH BECh KU3HEHHBIM LUK NEPEBO30YHOIO
mpoiriecca.

OO0BeKTOM aBTOMaTH3aMH 1151 EHON KopriopaTuBHON
riaropmsl Y PPAH siBistroTcst OM3Hec-nporiecchl TeXHIYEe-
ckoro conepxanust nHdpactpykrypsr OAO «PX/I».

[Mpeanpusitus xo3siicts OAO «PX/1», nouepune obure-
CTBA, Y4acCTBYIOIINE B TEXHUYECKOM COJICP)KaHUU OOBEKTOB
MHOPPACTPYKTYpPbl KOMIAHUH, CMOTYT BOCIOJIb30BAaThCS
JTAaHHBIMH €AMHOW WH(OPMAIMOHHON Cpe/ibl, THIIOBBIMU
cucreMaMu 00padOTKU W mepenadyn NaHHbIX. [Ipu 3ToM
YAACTCS COBMECTUTD BBITOJIbI MAcIITada n KOOpAWHALINY C
BBIFOIaMU PACIPEIEIEHHOTO IPOU3BOICTBA.

KmroueBpiMu rpynnaMu (KOMIUIeKcamu) Ou3Hec-
MIPOIIECCOB YIPABICHUS COAEPKaHUEM MH(PACTPYKTYpHI
SIBIISIIOTCSL:

— CTpaTern4eckoe yrpasieHHE COEPKAHNEM 00BEKTOB
HH(PACTPYKTYPHI;

— yHpaBJlIeHUE MOHUTOPUHIOM U JUATHOCTUPOBAaHUEM
00BEKTOB HHPPACTPYKTYPHI;

— yIOpaBlIeHHE TEKYIIUM COAEpPKAHUEM U IIaHOBO-
IpeaynpeauTenbHbBIMA PEMOHTAMU;

— yIpaBJIECHUE COAEPKAHHUEM CAaMOXOIHBIX CIIELUATb-
HBIX noaBmkHBIX cpeactB (CCIIC), npubopos, MamuH u
000opynoBaHus PEINPHUITHH, 00ecrIeueHne TOTOBHOCTH 1
UCIIPaBHOCTH CPEACTB JUIsl TEXHUUECKOTO 00eCHeYeHUs.

OcCHOBOH 1715 MOAAEPKKH ONMUCAHHBIX BBIIIE MPUH-
LUIOB U MPOLECCOB YNpPaBIEHUs SIBISIOTCS TEXHOJIOTUH,
peanusyemsie B EKIT YPPAH. Crpyxrypa EKIT YPPAH
IpeACTaBIeHa Ha PHC. 3 U ABJISIETCS CUCTEMOM MOAEPKKON
npunstus pemennit (CIIIP), nens KoTopoit cocTonT B OKa-
3aHMY IOMOILU PYKOBOAUTENSAM, IPUHUMAIOIUM PELICHUS B
CJIOXHBIX YCJIOBHSIX JUISl IOJTHOTO M OOBEKTHBHOTO aHAIN3a
MPEIMETHON AEATENBHOCTH.

C nomomsro CIIIMP no xoMIUIEKCHOMY YIpaBIEHHUIO
HAJIeKHOCTBIO, PUCKAMU, CTOMMOCTBIO KM3HEHHOTO LUK
Ha JKeJIe3HOJIOPO’KHOM TPaHCIIOpTe (POPMUPYETCSI pecypc-
HOe oOecIieyeHne JISHCTBII KOMITAHUN: TIPH COCTABICHUN
OroKeTa cTparernyeckue Hejdu M 3afadyd KOMIIaHUU
YBSI3BIBAIOTCSI C TEMH 00BEMaMH CPEJICTB, KOTOPHIE y Hee
ecTh Win ckopo nosesaTcs. [Ipu nnanupoBanuu Cucrema

MIO3BOJISIET TOCMOTPETh JAHHBIE 1O MPEABIIYIINM TO/iaM,
BBISIBUTh TEHJICHIIMM U 3aKOHOMEPHOCTH M HCIIOIb30BaTh
X s (GOPMHUPOBAHUH OFOIKETAa — ITO TIOMOXKET CIIENIaTh
ero 6osee 000CHOBAaHHBIM U TOYHBIM.

EKII YPPAH npennaznaueHa st pelueHust CIEAYOLIIX
3a7ad:

* aBTOMATH3AIUS MPOIECCOB MEPBUYHON 00pabOTKM
CTaTHCTUIECKNX JAHHBIX 00 OTKA3aX TEXHUUECKHUX CPEICTB
00BEKTOB HHPPACTPYKTYPHI ¥ TIOABIKHOTO COCTABA KEJIe3-
HOZOPOXKHOTO TPAHCIIOPTA;

* OIIpeJIEIEHNE KOJTMUECTBEHHBIX 3HAaUEHUH IIOKa3arenen
SKCIITYaTaI[MOHHOW Ha/Ie)KHOCTH F O€30MaCHOCTH OOBEKTOB
HHPPACTPYKTYPEI;

* KOJIMYECTBEHHAs OLEHKAa MPOM3BOJCTBEHHON maes-
TEIBHOCTH XO35AUCTB NH(PACTPYKTYPHI U MOABUKHOTO
COCTaBa C y4ETOM OTKA30B U OpPraHU3allMH TEXHUYECKOTO
00CITy)KMBaHUS U YKCIITyaTallnd 00BEKTOB HHPPACTPYK-
TYpHI;

* KOHTPOJHUPOBAHHUE, COMOCTABICHHE U MOTHBALIHS
JESITENIBHOCTH CTPYKTYPHBIX TOJpa3AeICHIH B paMKax
XO03s1ICTBa HA OCHOBAaHUU MTOKa3aTeed SKCIUTyaTallHOHHON
HaJEKHOCTH U 0€30I1aCHOCTH;

* OIICHUBAHUE COOTBETCTBUS IOCTUTHYTHIX MTOKA3aTeNnei
9KCIITyaTallMOHHON HAJEKHOCTH M OE30MacHOCTH 3a/1aH-
HBIM HOpMaM;

* MTOJTOTOBKA PACcUYETHBIX JAHHBIX I (DOPMHUPOBAHUS
PEKOMEH/IaNi 10 CHIKEHHUIO YPOBHS PHCKOB;

* OTIPEJICNICHNE YSI3BUMBIX OOBEKTOB HA OCHOBE OIIEHKH
PHCKOB;

* MOATOTOBKA NPOEKTOB IJIAHOB PalbOT IO TEXHHUUE-
CKOMY COZICpXaHHUI0 MHPPACTPYKTYPHI U MOABIKHOTO
COCTaBa;

* TIOATOTOBKA MPOEKTOB pacIpe/IeeHUs] HHBECTHIINI
o HanboIee MPOOIEMHBIM 00BEKTaM JKEIe3HOIOPOKHOTO
TpaHCTIOPTA.

3aksoyeHue

XonpuHr «PX» sBnasieTcst KpynHenIel TpaHCIIOPTHOM
ousHec-cucTeMoii B Poccuu, o0Jiagaroniei O0oJIbIIIM II0TEH-
LIAJIOM I10 MOBBIIIEHN IO AP (HEKTUBHOCTH YIOBIECTBOPEHHUS
pacTynux HoTpeOHOCTEeH HAIIMOHATBHON SKOHOMHUKH U
HACEJICHUS B TPAHCIIOPTHBIX YCIIyTaX U MPEI0CTaBISIONIECH
Ka4eCTBEHHBIC TPAHCTIOPTHBIE YCIYTH KaK Ha POCCHHUCKOM,
TaK ¥ Ha MEKIYHAPOTHOM PBIHKAX.

JlocTrkeHne qaHHOM 11e)IM HEBO3MOXKHO 0e3 obecrieue-
HUS BRICOKOTO YPOBHSI O€30MaCHOCTH M Ha/ICKHOCTH Tepe-
BO30YHOTO IIPOIIECCa, UTO ABISACTCS TapaHTHEH COXPAHCHHS
YCTOHYMBBIX KOHKYPEHTHBIX HMPEHUMYIIECTB XOJJAMHTA
«PXX]I» Ha TpaHCTIOPTHBIX PhIHKAX.

IIpoextT YPPAH — 5T0 co3manne MHHOBAIIMOHHON TeX-
HOJIOTHH MOAJICPKKH IPUHSTHS YIIPABICHICCKUX PEIICHUI
T10 MOBBIIICHHIO HAJIOKHOCTH 1 (DYHKIIMOHAILHO# Oe301mac-
HOCTH >KeJIEe3HOJOPOKHOTO TpaHcmopTa Poccnn Ha Beex
CTaUAX KU3HEHHOTO ITHKIIA.

Pa3paboTaHbl KII0YEBBIC MOJOKEHUS METOIOJIOTHU
YPPAH, koTopble B pa3BUTHE €BPOIEHCKOW METOTOJIOTHH

11
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CUCTEMA AOANTUBHOIO YNPABJIEHUA TEXHWYECKUM COAEP>XXAHUEM UHDPACTPYKTYPbI

XXENE3HOA0POXXHOIO TPAHCIMOPTA (MPOEKT YPPAH)

RAMS mnpenycmarprBaloT KOMIUIEKCHOE YIIPaBJICHHE HE
TOJILKO HaJIe)KHOCTBIO M OE€30I1TaCHOCTHIO, HO M CTOMMO-
CTBIO JKN3HEHHOTO IHKJA OOBEKTOB JKEJIE3HOIOPOKHOTO
TPAHCIIOPTa C YYETOM OLICHKH PUCKOB M JIOJITOBEYHOCTH.
PazpaboranHas cucTeMa KCIUTyaTallMOHHBIX TTOKa3aTeeh
o0ecrieurBaeT OLEHKH JJOCTUTHYTHIX [Tt HHYPACTPYKTYPHI
JKEJIE3HOIOPO’KHOTO TPAHCIOPTA CBOMCTB HA/IEKHOCTH,
0€301acHOCTH, CTOMMOCTH >KU3HEHHOTO IHKJA C y4eTOM
oObeMa BBIIIOJHEHHOW OOBEKTAaMH HKCILTYaTAMOHHON
pabotsl. YPPAH no3Bossier npu nedunute GUHAHCOBBIX
CpPEJ/ICTB Ha3HauaTh PEMOHT HanOoJiee MPOOJIEeMHBIX YJacT-
KOB M 00ecneynBaTh HaJISKHYIO PaboTy HHPPACTPYKTYphI
1 0e30MacHOCTh JBIKCHUS, YIIPABIATh TEXHUYECKUM CO-
Jiep>kaHreM 00bEKTOB XKEJIE3HOJOPOXKHOTO TPAHCIIOPTa MO
TEKYIIEMY COCTOSTHHIO WX HaJEKHOCTH M OC30MacHOCTH,
YTO, B YACTHOCTH, 00ECIICUMBACT MPOJUICHHIE Ha3HAYCHHBIX
CPOKOB CITY’KObI OOBEKTOB TIPH COXPAHEHUH MTPHEMIICMbIX
ypoBHeii 6e3onacHocTr. OLieHNBaHNE PUCKOB BO3HUKHOBE-
HUSI ONACHBIX CUTYaIUH Ha KEIE€3HOJOPOKHOM TPAHCIIOPTE
MO3BOJISIET MPOTHO3UPOBATh BOSHUKHOBEHHE TPAHCIIOPTHBIX
MIPOMCIIECTBUN Ha BBISABICHHBIX MPOOJIEMHBIX ydacTKax
JKEJIE3HOJIOPO’KHBIX JINHHH.

OcHoBoil ans noaaep:xku merogonorun YPPAH sBns-
10Tcs TexHoioruu, peanuzoBanusie B EKIT YPPAH, koto-
past mpezcTaBisieT co0ol CHCTEMY MOICPIKKU TPHHATHS
PELICHUH B CIOKHBIX YCJIOBHUSIX, B TOM YHCJIE U B YCIIOBUSIX
HEOIPEJEIEHHOCTH.
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Structural reliability. The theory and practice

) | { ]
Gapanovich V.A., Shubinsky I.B., Rozenberg E.N., Zamyshlyaev A. M.

SYSTEM OF ADAPTIVE MANAGEMENT OF RAILWAY
TRANSPORT INFRASTRUCTURE TECHNICAL
MAINTENANCE (URRAN PROJECT)

The paper considers issues related to well-balanced management of resources for JSC RZD infrastructure
maintenance under the conditions of scarce finances. The authors have made an analysis of the RAMS
methodology and its further transformation into a complex of Russian standards and normative and
methodology documentation base applied for management of life cycle processes of railway transport
systems (URRAN) in JSC RZD. The paper studies the prerequisites and key aspects for development of the
innovative technology of management decision making support for increase of dependability and functional
safety of transport in Russia at all life-cycle stages.

Keywords: dependability, safety, availability, longevity, risks, life cycle, information support, decision
making support system.

Introduction

The technical maintenance of the network of Russian railways requires tremendous ex-
penditures related to maintaining the dependability of infrastructure facilities and ensuring
the safety of transportation process. Under the conditions of scarce resources, an inadequate
decision may cause mistakes in planning repair works for infrastructure sections which ac-
cording to the existing rules call for repair but at the same time have a sufficiently high level of
dependability [1]. On the contrary, infrastructure sections displeasing in terms of dependability
are still being operated without refurbishment, capital repairs, or at least on-going remedial
works. This in turn entails risks of traffic accidents.

At least two of the below prerequisites are required for good governance of scarce re-
sources:

1. Real-time acquisition of actual information on the status of dependability and functional
safety of all infrastructure assets of rail transport.

2. Setting-up of a system for decision making support of maintenance of infrastructure
assets of railway transport at the unit, regional and network layers.

The first prerequisite implies establishment and deployment of an automated system for
acquisition, analysis and processing of data about failures of infrastructure facilities and traffic
accidents over the network of Russian railway. The second prerequisite means that since it is
fundamentally impossible to set up and further operate a facility with absolute dependability
and safety, then for solving this problem it is expedient to invest as many funds as really avail-
able and justifiable in terms of dependability reduction and safety ensuring. In other words,
the residual risk of traffic accidents should have an accepted level.

Under these conditions, there arises a contradiction between the commercial interests of
a railway infrastructure owner aimed at intense exploitation of infrastructure, on the one
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hand, and the need for routine breaks in operation for the
purpose of maintaining the required levels of dependabil-
ity and safety, on the other hand. This contradiction may
be eliminated through the development of a system for
integrated management of maintenance works on railway
transport infrastructure. This system should ensure au-
tomation of processes dealing with real-time acquisition
and processing of data on failures of facilities and traffic
accidents, processes of identification of track sections
which are most displeasing in terms of dependability, as
well as automation of decision-making support for distri-
bution of scarce economic resources for maintenance of
infrastructure provided that accepted levels of safety and
required levels of dependability of its component facilities
are achieved.

1. Principles, purpose and goals
of integrated management of
dependability, risks, and life-cycle
cost on railway transport

1.1. RAMS methodology

In 2010 JSC Russian Railways started to develop and
introduce a set of standards, methods and guidelines used for
management of life-cycle processes of railway systems (UR-
RAN). To that end, Russian railways initiated the process
of harmonization of the Russian infrastructure management
regulatory framework with the RAMS standards widely used
by the EU and US railway companies.

RAMS is a methodology for ensuring Reliability, Avail-
ability, Maintainability, and Safety on railway transport.
This is a corporate effort of the European Union formalized
by the standards EN 50126 and IEC 62278. The RAMS
methodology is based on the ALARP principle (as low
level of residual risk as it is reasonably possible) in ensuring
safety and dependability at all life-cycle stages of a railway
transport facility.

RAMS in relation to the conventional standards in the
sphere of dependability of engineering systems features
the following:

1. Integrated management of dependability and safety of
a facility with its life-cycle stages taken into account;

2. Decision making as to management of dependability
and safety of assets based on risk assessment;

3. Management of dependability and safety of an asset
in terms of quantitative indicators as well as based on
recommendations proven by the international community
as listed, for instance, in the railway-related application
standards EN50126/IEC62278, EN 50128/IEC62279,
EN50129/IEC62425Ed, EN50159 (the first and second
parts);

4. In the RAMS methodology, there are four safety integ-
rity levels. Each level is characterized by numeric values as
well as a set of requirements specified for the technology of
product development and pertaining to the implementation
of these levels.

1.2. URRAN project purpose and goals

RAMS targeting at manufacturers of technical equip-
ment did not satisfy the goals of JSC RZD which are
focused around operational activity. During the practical
application of the RAMS methodology on Russian rail-
ways, several critical drawbacks thereof were revealed.
Key ones are:

— Integrated analysis does not take longevity of facili-
ties into account. This circumstance does not let us relate
longevity and safety of facilities, assess the risks of tran-
sition from a set service life to their limiting state during
operation and even correctly estimate the limit state of a
facility;

— Life-cycle cost of a facility is estimated in isolation
from its dependability and safety, i.e. not included into the
RAMS methodology. This circumstance hinders reasonable
distribution of investments into a facility at various stages
of its life cycle;

—RAMS methodology is well developed for the stages of
designing and manufacturing facilities and is practically not
developed for the stages of their maintenance, moderniza-
tion, decommissioning and disposal. For railway transport,
of key importance is the management of dependability and
safety of compound facilities at the stages of their mainte-
nance and modernization;

— Issues of risk management are interpreted in the RAMS
standards at the conceptual level and call for all-round
development;

— Issues of system resilience (robustness) under unfavo-
rable impacts are not covered;

— RAMS methodology does not cover the issues related
to safety of technological processes, impact upon the en-
vironment.

All the above has required to transform the RAMS
methodology into a complex of Russian standards, methods,
guidelines applied for the management of life-cycle proc-
esses of railway transport systems (URRAN) in JSC RZD
[2,3]. The conceptual framework of the URRAN system is
represented in fig. 1.

A system life cycle is meant as a sequence of stages,
each containing specific tasks. This sequence fully grasps
the entire system service life — from the primary concept
till decommissioning and disposal. The life cycle provides
the framework for planning, management and control of
all the system indicators for the purpose of manufactur-
ing quality products at reasonable price and within agreed
time limits. The life-cycle of railway transport including
15 stages and represented in the form of a V-shaped model
is shown in fig. 2.

The downward (left-hand part) of the V-shaped model
is normally referred to as the system designing or devel-
opment and is a process of system evolution that ends
down in the manufacture of system components. The
upward (right-hand) part is referred to the assembly,
installation, acceptance and follow-up maintenance of
a system.
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SYSTEM OF ADAPTIVE MANAGEMENT OF RAILWAY TRANSPORT INFRASTRUCTURE

TECHNICAL MAINTENANCE (URRAN PROJECT)

The V-shaped representation has gained widespread
application in the industry. It implies that the acceptance
procedure is closely linked to the system designing and
development, since the system under development should
in the end be verified for compliance with the requirements.
The approval and acceptance of a system are based on the
requirements specification and are planned at earlier stages
of the life cycle — during the designing or development.
Such representation of a life cycle is effective for the tasks
of system check-up and approval during the life cycle. The
purpose of check-up is to confirm that for certain source
data the output data at each stage fully meets the require-
ments of the given stage. The purpose of the approval is to
ascertain that the system being reviewed fully meets the
imposed requirements at each stage of development and
after installation.

Within the URRAN project, an object-element model
of railway-related application has been developed which is
based on the specially introduced concept of the reference
element; also, dependability performance and operational
safety indicators of railway transport have been developed
and linked to the amounts of operational work performed.
Table 1 represents the measurement units for the scopes of
operational work performed for the divisions of JSC RZD
which are used as arguments in dependability and safety
performance indicators. In several cases, indicators which
are functions of a facility’s operation time are used. This ap-
plies only to the assets whose dependability and safety does
not depend of the volume of operational work performed in
transportation process.

The purpose of URRAN introduction is to increase the ef-
ficiency of railway transport operation based on the adaptive
management under the conditions of resource scarcity. The
object of URRAN application is the aggregate of technical
facilities, systems, and technological processes of railway
transport.

By adaptive management we imply the form and methods
for control over business entities that assume the possibility
and capability of the control system to change the parameters
and structure of the regulator and the control subsystem in

general depending on the change of internal parameters
of the managed asset or the external environment (distur-
bances), as well as the changes in strategic goals.

The URRAN project solves the problems of optimization
of resource management on the basis of dependability and
safety performance criteria with risk assessment taken into
account. At the same time, much attention is paid to the
consideration of effect of the human factor in technologi-
cal processes of the company’s operation. In the conditions
of shortage of funds, URRAN allows for increasing a set
service life of railway transport assets to the limiting state on
the basis of risk assessment and redistributing investments
for the maintenance of dependability and safety of the most
displeasing facilities.

2. URRAN normative and
methodological framework

Currently, all the works related to infrastructure main-
tenance are arranged on the basis of a facility’s standard
service life, with disregard for its current state. Such national
standards of dependability management as GOST 27.002-
89, GOST R 53480-2009, GOST R 51.901.2002, GOST
R 51.901.12-2007 etc. do not cover the issues of manage-
ment of running maintenance investments and costs. For
the practical implementation of the URRAN system, it was
necessary to develop a set of regulatory and methodology
documents which represent the principles and essential
aspects of the system.

Due to the formation of the Customs Union, cooperation
of organizations in the member countries has become more
active in the sphere of railway transport, including coopera-
tion in the sphere of ensuring safety and dependability of
railway engineering. It is also of note that not only the JSC
RZD is the largest railway organization in the countries of
the former USSR, but it is also the most active participant
of works aimed at standardization at the inter-state level
since it is a secretariat of the International Committee for
standardization 524 “Railway transport”. Since the matters
related to the dependability and safety of railway transport

Table 1. Quantities to measure the scopes of operational work performed in divisions of JSC RZD

Scope of field operation performed
No. Division
Legend Measurement unit Dimensions
1 Division of tracks and structures Tr bln t*km of ton-kilometer operation 1
2 | Division of signalling and remote control S mln train*km 1
3 Division of telecommunication T mln train¥*km 1
4 | Division of electrification and power supply E mlin kW#*hr of transformed electrical energy 100
5 Locomotive division L mln locomotive*km of total mileage 1
6 Wagon division W mln wagon*km of total mileage 100
* .
7 Passenger division p mln wagon*km of total mileage 10
(passenger wagons)
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are important for all the organizations and users of railway
transport services, a decision was made on the necessity
of upgrading the status of the main URRAN standards to
the inter-state and national level. That also facilitated the
improvement of interaction between JSC RZD and organi-
zations that are involved in railway sector but are not part
of RZD’s holding.

Within the URRAN project, GOST 32192-2013 “De-
pendability in railway equipment. Basic concepts. Terms
and definitions” has been developed, which defines all
the required terms and concepts of the subject matter with
regard for the specifics of railway e and the best practices
elaborated in the URRAN project [4,5,6] and helps the cor-
rect application of concepts and better mutual understanding
among all the parties.

To establish the general rules for risk management on
railway transport related to the traffic safety and operation,
the following national standards have been developed:

—GOST R 54504-2011 “Functional safety. Safety policy
and safety plan. Safety case of railway transport facili-
ties”;

—GOSTR 54505-2011 “Functional safety. Risk manage-
ment on railway transport”.

The technical regulations of the Customs Union introduce
the concept “risk” that is fundamental for safety. But the
inter-state standards in risk management are missing. JSC
RZD strives to extend its best practices [7,8] over the entire
1520 gauge space, so the company will continue activities
in that direction jointly with the Rosstandard.

By now, within the URRAN project, 1 inter-state stand-
ard, 5 national standards of the Russian Federation and
17 corporate standards of JSC RZD have been developed.
These standards set the requirements in the sphere of risk
assessment, functional safety, dependability and life cycle
cost of railway transport facilities. These standards are
just the tool which may help solve the major issues in the
development and introduction of innovations and enhance
the factors that favor the success of the URRAN project.
The standards provide the framework for elaboration of
the common language of communications among all the
interested parties that participate in the development and
introduction of the new system.

The national and corporate standards developed within
the URRAN project set the procedures for introduction and
use of the URRAN methodology on railway transport and
contain the requirements for management of resources, risks,
and dependability as applied to railway transport.

For the practical implementation of the standards, 8 meth-
odology recommendations and 55 methodology instructions
have been developed. They allow for assessing technical
condition of infrastructural facilities, providing data for
decision making as to the necessity of conducting technical
maintenance and repairs, planning investments for facility
maintenance, as well as evaluating damages and generating
risk matrices for each type of infrastructure facilities as the
framework for the management of technological processes
on railway transport.

3. The unified corporate platform of
URRAN (UCP URRAN)

3.1. Development directions of information
systems in JSC RZD and prerequisites for
the development of the KASANT system

Currently, JSC RZD uses a lot of information systems
which cover almost all the aspects of the company’s produc-
tion activities, which have been developed and introduced
into commercial operation over a long time.

The general direction of development for information
systems (IS) and automatic control systems (ACS) meets
the worldwide trends:

— from accounting systems (transactional systems, OLTP
systems) which allow to get the precise answer to the ques-
tions “what?”, “where?”, “when?”, “how much?” that are
related to the past — to analytical systems (of OLAP class)
which not only let us answer the question “why?”, but also
let us move to forecasts of development;

— from systems which in many ways do not meet the
scopes of activities of JSC RZD and its divisions — to
systems that are based on large world-renowned industrial
platforms (SAS Intelligence Storage, SAP AG, Oracle,
IBM Maximo) which proved well at the world’s largest
corporations;

— from systems that are based on the “file” and “client-
server” technologies — to systems based on Internet tech-
nologies (http, SOAP protocols, mark-up languages html,
xml, Java programming language, thin client);

— from isolated railway information systems, from sys-
tems that ensure information support for specific directions
of activities of JSC RZD and its divisions (for example,
financial or personnel management) — to integrated central-
ized systems which cover the entire life cycle of transporta-
tion process.

The unique character of dependability management on
railway transport is in the following:

— Many facilities of railway transport are distributed in
space and have a hierarchical structure;

—To manage dependability of infrastructure facilities and
railway transport in general, it is needed to combine in real
time the above two directions: acquisition and processing of
statistical data on facility failures, modeling of the depend-
ability of facilities;

— A vast variety of facilities, on the one hand, and essential
differences in operational modes and conditions for even
same type facilities, on the other hand;

— The extent of impact of facility dependability on trans-
portation process depends on the properties of fail-safety as
well as maintainability of facilities and on the properties of
transportation process itself (traffic intensity, train speed,
duration of delays of trains because of repairs of infrastruc-
ture and/or rolling stock).

The mentioned circumstances have caused the need to
develop specialized automated control systems (ACS) on
railway transport to manage the processes of gathering data
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about the schedule of realized train traffic, on the current
state of elements of infrastructure divisions (GID-URAL,
ASOUP-2, ASU-P, ASU-Sh-2, ASU-E) [9]. These systems
provide information about failures in the elements of divi-
sions. However, this information has a disparate character
and not systematized by categories and impacts upon train
delays. The abundance of automated control systems that
have no common interface, insufficiency of information on
dependability and safety of facilities represented by them,
uncertainty of the information itself, no possibility in these
systems to analyze failures, etc. have become the prereq-
uisites for development of a common automated control
system for management of acquisition, analysis and pre-
processing of data on failures and recoveries of compound
elements of railway transport facilities.

The basis of the information technology that ensures inte-
grated management of transportation process dependability
is the “Integrated automated system for accounting, control
of fault elimination in facilities and analysis of their depend-
ability” (KASANT). To acquire trustworthy information on
the state of facilities and implement the principle of maximum
usage of human-independent forms of data acquisition, the
KASANT system has been integrated with the existing indus-
trial automated control systems as regards exchange of data on
failures. To arrange effective interaction with the KASANT
system, the mentioned automated systems has been adapted
in terms of storage and access to data for track-recording
wagons, results of decoding speed gauges, KLUB-U legal
registration units, and other devices for registration of train
movement parameters. Due to these works, objective sources
form the basis of primary information on the status of techni-
cal facilities in the URRAN project.

Based on the real data of the KASANT system, it is pos-
sible to acquire summary information on faulty facilities
regarding the company in general. The total amount of users
of'the system by the end of 2014 was 35 thousand employees
of JSC RZD [10]. Therefore, in the company now there is
already a fully automated process of analyzing failures of
technical facilities that impact the stability of traffic.

Based on the achieved positive results, in line with the
general methodology of URRAN, Russian experts have
started the work related to the analysis of violations of
technological processes in the company’s divisions. In the
long run, this will let us provide economical feasibility of
the infrastructure component value in cargo and passenger
transportation tariffs through a life cycle cost and ensuring an
acceptable risk level, as well as take into account the impact
of errors in the planning of traffic, including staff errors.

3.2. Development of the URRAN
unified corporate platform

Currently, JSC RZD uses a lot of information systems
that cover almost all the sides of the company’s production
activities and have been developed and introduced into com-
mercial operation for a long time. Under the conditions of
structural differentiation by the types of activities, the role
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of computerization as the technical means of coordination
and centralization of control increases. It is needed to per-
form transition from isolated railway division information
systems, from systems that ensure information support for
specific directions of activities of JSC RZD and its divisions
[11] to the integrated centralized platform that provisions
the entire life cycle of transportation process.

The object of computerization for the unified corporate
platform of URRAN is business processes of technical
maintenance work of JSC RZD’s infrastructure.

The enterprises of JSC RZD, subsidiary companies par-
ticipating in maintenance of the company’s infrastructure
assets will be able to use data in the unified IT environment,
standardized systems of data processing and transmission.
It will also allow combining the benefits of the scale and
coordination with the benefits of distributed production.

The key groups (complexes) of business processes aimed
at the management of the infrastructure maintenance are:

— Strategic management of maintenance of infrastructure
facilities;

— Management of monitoring and diagnostics of infra-
structure facilities;

— Management of running maintenance and scheduled
preventive repairs;

—Management of maintenance of self-propelled vehicles,
instruments, machinery and equipment of enterprises, ensur-
ing availability and good condition of engineering means.

The basis for support of the above described management
principles and processes are technologies implemented in
the UCP URRAN. The structure of the UCP URRAN system
is represented in fig. 3. The UCP URRAN is a system for
decision making support whose goal is to aid the top man-
agers making decisions in severe conditions to perform an
all-round and impartial analysis of substantive work.

With the help of decision-making support for integrated
management of dependability, risks, and cost of a life cycle
on railway transport, resources’ provision of the company’s
activities is formed: when budgeting, the company’s strate-
gic goals and purposes are related to the volumes of funds
it currently possesses or will get soon. When planning, the
system assists in viewing data from previous years, reveal
trends and regularities and use them in preparing a budget,
thus making it more well-targeted and accurate.

The UCP URRAN is meant to solve the following
problems:

* automation of primary processing of statistic data on
failures in technical facilities of infrastructure facilities and
rolling stock of railway transport;

» quantification of indicators for operational dependability
and safety of infrastructure facilities;

* quantitative evaluation of production activities of
infrastructure divisions and rolling stock with regard for
failures and maintenance as well as operation of infrastruc-
ture facilities;

» monitoring, correlation, and motivation for activities of
structural subdivisions within divisions based on the indica-
tors of operational dependability and safety;
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* evaluation of compliance of achieved indicators of
operational dependability and safety with set norms;

* preparation of estimated data to draw up recommenda-
tions for decreasing risk levels;

« identification of vulnerable facilities based on risk as-
sessment;

* preparation of draft plans for maintenance of infrastruc-
ture and rolling stock;

* preparation of projects for distribution of investments
into the most displeasing facilities of railway transport.

Conclusion

The RZD holding is Russia’s largest transport business
system that offers vast potentials for increasing efficiency
in meeting the growing needs of the national economy and
population in transport services and delivers quality transport
services both at the Russian and international markets.

To achieve this goal is not possible without ensuring a
high level of safety and dependability of transportation proc-
ess, which is a guarantee for safekeeping stable competitive
edges of the RZD holding at transport markets.

The URRAN project implies development of an innova-
tive technology for supporting executive decision-making
aimed at increasing the dependability and functional safety
of Russia’s railway transport at all the stages of a life cy-
cle.

Russian experts have developed the key provisions of
the URRAN methodology that as an improvement to the
European RAMS methodology provides for integrated
management of dependability and safety as well as the
cost of a life cycle of railway transport facilities with re-
gard for assessment of risks and longevity. The developed
system of operational indicators provides estimates of the
properties of dependability, safety, life-cycle cost achieved
for the railway transport infrastructure with regard for the
volume of field operation performed by facilities. Under the
scarcity of financial means, the URRAN allows for assign-
ing repairs to the most displeasing sections and ensuring
reliable functioning of the infrastructure and traffic safety,
managing the maintenance of railway transport facilities
based on their current status of dependability and safety,
which, in particular, ensures prolongation of a set service
life of facilities provided that acceptable levels of safety are
maintained. Assessment of risks of hazardous situations on
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railway transport allows for forecasting occurrence of traffic
accidents at sections of railway lines in poor state.

The basis for supporting the URRAN methodology is
technologies implemented in the UCP URRAN which is
a system of decision-making support in severe conditions,
including the conditions of uncertainty.
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CTPYKTYypHasa HafeXXHOCTb. Teopus U NpakTuka

Yepkecos . H., CtenaHos 0. B.

NMPUMEHEHUE OBLUEINO PELULEHNA CUCTEM
JIOTMYECKUX YPABHEHUN B 3AO0AYAX HAOEXXHOCTH

B crarbe mn3naraetcsi HOBbIi METOA PELUEHUS JIOTMYECKUX YPaBHEHWI C OAHUM WM HECKOJIbKUMU HEN3-
BECTHbIMU Y CUCTEM JIOMMYECKUX YPAaBHEHWM, MCMOb3YIOLLUMNI MOANGDULMPOBAHHYIO TabsnLy UCTUHHOCTH.
JaHHbIti MeToa nMo3BOJISIET HaxoAuTb BCe 00Lume pelueHvs. HarneHbl yCioBus pas3peLumMoCTy CUCTEM
ypaBHeHu. Teopusi NpovsIioCTpUpoBaHa npumepamu. lokasaHbl TEXHUYECKNE MPUMEHEHUS.

KnioyeBblie csoBa: HafnexXHOCTb, JIOrM4eckass MoaAesb HafeXHOCTU, JIOMMKO-BEPOSITHOCTHbIM aHan3 Ha-
JEXHOCTU, 00LLee pelLleHne CUCTEeM JIOMMYeCKMX ypaBHEeHWi, moanduumpoBaHHas tabaviLa NCTUHHOCTY,
MHAMKATOP, YCJI0BUSI Pa3PEeLUINMOCTH.

1. BBegeHue

J1st cucteM, UMEIOIIUX CIOXKHYIO CTPYKTYpY, HE CBOIANIYIOCS K MOCIIEIOBATCIBHO-
MapaJuleIbHBIM CXeMaM, BO3HHKAET MOTPEOHOCTH (POPMAIEHOTO OMMCAHUS YCIOBHU HX pa-
6oTtocrocobHOCTH. Vcmonp30BaHue IS ATHX IeNIeH MPOIeIyPhl COCTABICHUS JIOTHIECKUX
¢yukuunit paborocnocodnoctu cucremsl (JIOPC) myreM nepedncieHus KpaTyaimx myTei
yerermmHoTo QyHKIMoHUpoBaHus (KIIY®D) 1 cOOTBETCTBYIONINX UM JH3BbIOHKTUBHBIX YWICHOB
npuBonuT K 3amucu JIOPC B nu3proHKTHBHON HOpManbHOU dopme (JJHD). Takoii crrocod
BITOJTHE MTPHEMJIEM ISl CHCTEM HEOOJBIION CI0KHOCTH, HO 3aTPYIHUTEIICH yKE IS CUCTEM
CpemHel CIOKHOCTHU (TIPU KOIMYECTBE IEMEHTOB Ooee aecstn). Tak, mo moacueram [1] B
3NEKTpOdHEpreTuyeckoi cucreme ¢ 15 anemenrtamu yuciio KITY® nocturaer HeCKOIbKUX
coreH. [Jns 6onee cnoxubix cuctem 3amuck JIOPC B Bune JIH® craHoBHUTCS MpaKTUISCKH
HEBO3MOXKHOM.

Penrenre 3aaun yrpormaeTcs, eci yCIOBHs paboTOCIIOCOOHOCTH 3aITHCHIBAIOT C TIOMOIITBIO
cucreM norudeckux ypasHeHuit (CJIY). Pemenne CJIY ¢ mOMOIIBIO CIICIITATBHBIX METOIOB
TIPUBOIUT K MHOTOCKOOOUHOH (hopMyJie U CyIIECTBEHHO OoJiee koMmakTHOH 3ammcu JIOPC.
B nacrosmiee BpeMst pa3paboTaH psii METOAOB PEUICHUS CHUCTEM JOTHYCCKUX ypaBHCHHU.
s neoqHOpOonHBIX THHEHHBIX CJIY ¢ MOCTOSTHHBIMU HITH TIEpEMEHHBIMA K03 uiineHTaMu
TIPUMEHSIOT METOJI OTIpeeIuTeNeil [2], IMO3BOMSIOMNHN TOTyYUTh YACTHOE PEIICHHUE BU/IA!

Y= (X)y,,

e Vo — MHIAKATOp CBOOOIHBIX YWICHOB HEOAHOPOTHON CHCTEMBI YPaBHECHUH.

Ipu y, = 0 gyactHOE pemeHne cooTBeTCTBYET onHOopoxHoi CJIY u Oynet HyneBsiM. B [3]
TIPUBE/ICHHI eIIIe TPH METO/Ia OIydeHns YacTHOTO pererns CJIY: MeTom moICcTaHOBKH, METOT
MIPUBEICHUS K OJHOMY YPaBHEHHIO M MaTPUUYHBIN MeTON. BapwaHTHI yCIienTtHOTO TIpUMeHe-
HUS METO/Ia ONPEACTHTENCH 1 IPYTHX METOIOB MOTYICHUS YACTHBIX PCIICHUN TS PEIICHUS
TEeXHUYECKHX 3a/1ad IToKa3aHkl B [4, 5].

YacrtHoe pemenne HeomHoponHou CJIY B psme ciaydaeB OKa3bIBaeTCS HENOCTATOYHBIM
YJIA TIPUBOAMT K HETPaBUIIFHOMY OTPa)XCHHIO BCEX YCIOBUH YCIIEITHOTO (PYHKITHOHHPOBA-
HUS TEXHUYECKOH crcTeMbl. [103ToMy OBLTH MPEANPUHSATHI MTOMBITKH YCTPAHUTH HETOCTATKA
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YacTHOTO pelieHus u Haiitu oomiee pernrerre CJIY. B pabore
[3] n3naratorcst 1Ba METO/IA TOJTYYESHNUST OOIIETO PELICHHS
HeonHopoaHou CJIY, a UMEHHO METOJl OJACTAHOBKH U Me-
TOJI IPUBE/ICHUS K OTHOMY YPaBHEHHMIO C 7 HEU3BECTHBIMH.
OO1ee penieHne UMeeT BUI:

v/ (X)yy v g(X)y, ()

T7I€ Yo — BEKTOP HEN3BECTHBIX JIOTHUECKUX (DYHKIMH; f 11
g — W3BECTHBIC (DYHKIMH, 3aBUCSIINE OT Kod((UIIHEeHTOB
YpaBHEHWUIA; V,, — IPOU3BOJIbHAS (PyHKIUS aJIreOpbI JIOTHKH;
3HaKoM V 0003HaveHa ornepanus An3bloHKIun. [Ipu yy= 0
MOJTy4YaloT pelieHne OAHOPOAHON cucTeMbl. OJHOpOIHbIC
CJIY pemaror Jmb0 METOJIOM IOJCTAaHOBKH, JTHOO ITyTeM
npuBeAeHus K HeogHopoaHou CJIY.

[Tpu monmy4enun obmiero pemenus Buaa (1) BO3HUKAIOT
OTpezieTIeHHbIE TPYIHOCTH. BO-TIEpBBIX, OTCYTCTBYIOT pe-
KOMEHAIMH 110 BEIOOpy mpomn3BoibHoi DAJI . , X015 OT
9TOTO BEIOOpA 3aBUCHT PE3YJIbTaT OLCHKH HaJiexkHOCTH. Kpo-
Me TOro, CONIAcHO [3] CyIIeCTBYET TOJIBKO OJHO pPEIIECHHE
Bua (1). Ha camom mene MOKeT OBITh HECKOJIBKO OOIINX
penienuit. Y TONBKO OAHO M3 HUX MOXKET YHAOBJICTBOPHUTH
0COOBIM yCIOBUSM (PYHKIIMOHMPOBAHUS TEXHHUYECKON
cuctembl. UTOOBI €ro HaTH, HaO UMETh TIOJIHBII CIIEKTP
o01mux pemeHnii. MeTobl HX MOTydeHHs He pa3padoTaHBbl.
Henocrarouno pa3paboTaHbl U METO/BI PELICHHS OHOTO
YpaBHEHHS C HECKOJIbKUMH HEM3BECTHBIMHU, KOTOPOE TAKKe
MOKET UMETh HECKOJIBKO OOIINX PEIICHHH.

[Tpu noryueHnyn 001IEeTo penIeHUs] BOSHUKAET eIlle OHA
tpyarHocts. st CJIY pemienne npeacTasisieTcst B opme

YT OV fo(X)y, i =1

Ecnu cumrars, 4TO0 31€Ch ), OAMHAKOBHI ISt BCEX (PyHK-
IIUH y; , TO TIOJlyYUM TOJIBKO OJHO oOInee pemenne. Ecin
K€ OHU PA3JINYHBI JJIsI pa3IIMYHbIX ); , TO BOSHUKAET BOIIPOC
0 TOM, KaK UX BBIOMPATh.

Haxoner, cymecTByeT npobiema Jorn4eckoil KoppeKT-
HOCTH 3aITMCH CUCTEMBI YPaBHEHHH U ee pa3pemnmMocTy. B
pabotax o metonam pemmennst CJIY atoT Bonpoc, kak npa-
BWJIO, HE 00CYK/TAeTCsl ¥ IO YMOJIYAHHIO MIPEAIONaraeTcs,
YTO PEIICHHUE BCEI/a CYIIECTBYET M CHCTEMa pa3pelinMa.
Ha camom jnerne 510 He Beeraa Tak. YpaBHEHHS U CHCTEMBI
YpaBHEHUH MOT'YT HE MMETh HU OJTHOTO OOIIIEro pereHus..
[TombITKH (OPMAITBHOTO IPUMEHEHHSI H3BECTHBIX METOI0B
B TaKHX CIy4asX MPUBOAAT K HE HHTEPIPETUPYEMBIM HIIN
pocTo adCcypAHBIM pesyibraraM. [loatomy HeoOxoanmo
cHavana yoenutbes, uyro CJIY nmeer xots ObI 01HO ob1iee
pelIeHre U HAlTH YCIIOBHUS €€ pa3peIlinMOCTH.

Ectp eme ogna mpobnema. Jljiss HEKOTOPBIX KIAccOB
TEXHUYCCKUX CHCTEM W YacTHOE, W obiee pemieHue [3]
MOT'YT OKa3bIBaThCs HEMPHUEMIICMBIMH, TaK KaK HE OTPAKatOT
HEKOTOPBIX CYIIECTBEHHBIX OCOOEHHOCTEH MX (pyHKIHO-
HUPOBAHMSI.

DTO NMPOMCXOANT, B YACTHOCTH, NIPU HAINYUH B CTPYK-
Type CHCTEMBI KOHTYPOB OOpaTHOW CBSI3M, XapaKTEPHBIX
JUISL psifla TEXHUYECKUX crucTeM. Takue KOHTYpBI 4acTo
UCTONB3YIOTCSl B MH()OPMAIIMOHHBIX, JIEKTPOIHEPTEeTH-
YECKHUX, TEXHOJIOTHYECKNUX, TPAHCIOPTHBIX CHCTEMaXx,
cucTeMax CBsI3M U Apyrux. OOmumm Juist BceX YIOMSHYTHIX
THUIIOB CHCTEM SIBJISIETCSI TO, YTO OHH BBITIOJIHSIOT IIEpeiady
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(TpaHCTIOpPTHPOBaHKE) WIM NPeoOpa3oBaHUE HEKOTOPOU
cyocrannuu (MH(MOPMAIUH, IEKTPOIHEPTHH, YHEPTOHO-
CHTEJIS M TIP.) M COJICPKaT B CBOEM COCTABE ITHTAIOIINID
9JIEMEHT (MCTOYHMK HH(POPMAIINH, TCHEPATOP, HAKOITUTEb
sHeproHocurens). [loaTomy [uis ycremHoro GpyHKInOHH-
POBaHHMS 3TUX CHCTEM HEIOCTATOYHO OOECHEUHTH TOJBKO
paboTOCIIOCOOHOCTH HEKOTOPOH IpyNITbl 31eMenToB. Hao
CO3/1aTh YCIJIOBHS YCIICIITHOTO TPAHCTIOPTUPOBAHUS MU TIpE-
00pa3oBaHMs cyOCTaHIMU ISl €€ TPOABIKEHHS OT BXO/1a
(«IHTAIONIETO» IEMEHTA) K BBIXOJY CHCTEMBI O MPSIMO-
My kaHany. KoHTyp 0OpaTHOH CBSI3M SIBIISIETCSI OHUM U3
CpencTB obecrieueHus STUX ycloBuil. B nHpopMannoHHbIx
cHcTeMax M CHCTeMaXx CBS3M CO3/1aeTcsl KOHTYp Iepenadn
CiryeOHOHM MHpOpMAINU OT NMPUEMHUKA K HEepPEeIaTInKy.
B anekTposHepreTHUeCKUX CUCTEMax CO3/AI0T KOHTYPHI
MOTpeOIICHNS SHEPTUH 1Sl COOCTBEHHBIX HYX /1. B TexHo10-
THYECKHUX CUCTEMaX C 3aMKHYTBIM KOHTYPOM 0€30TX0THOTO
HCIOJIb30BAaHMSI HOCUTENSI CyOCTAaHIIMM CO3/IAI0T KOHTYP
npeobpa3zoBaHus OTPaOOTAHHOTO HOCHTENS (Hampumep,
rapa) U JOCTaBKH BOCCTAHOBJICHHOTO HOCHTEINS Ha BXOJ
crCcTeMBI. MOTyT OBITH C(OPMYITHPOBAHBI U IPyTHe 0COObIE
ycnoBust pyHKnroHnposanus (OY®), Harpumep, HaTHMUIHE
B KITY® x0T1s1 OBI OHOTO «IIUTAIOIIET0» DJIEMEHTA.

IIpu ucnonszoBanun yactHoro pemenust CJIY moxer
BO3HUKHYThH HEXEJIATSIBHBINH d(PPEKT MOMIOIIEHUS de-
MEHTOB KOHTYypa OOpaTHOH CBSI3M 3JI€MEHTaMU MPSIMOTO
KaHaJjia. DTO NMPHUBOJNT K MCKAKCHHIO PEATbHBIX YCIOBHH
(YHKIMOHMPOBAHUS 1 HEBEPHOM orleHKe HajesxkHoCcTH. [Ipn
HCIIONIb30BAaHUN O0IIEro pemeHus [3] 4acTo MpoUCcXOauT
TIOTEPS! IUTAOIIETO MIEMEHTAY.

B pabore [7] n3naraercsi aHaIUTHUECKUA METO] TIOITY-
YEeHUs! 00IETO penieHus OyIeBbIX YPaBHEHNH. DTOT METON
YHUBEpCAJIEH, HO OH HE IpeasiaraeT KOHCTPYKTHUBHBIX
MIPAaBWI U aJITOPUTMOB HAXOXKJCHHs OOIIEro peIeHus H
BBIOOpA M3 MHOXKECTBA PEUICHUH MMEHHO TOTO BapHaHTa,
KOTOPBII BITOJIHE COOTBETCTBYET (PU3NUECKOW CYIIHOCTH
TEXHUYECKOH CUCTEMBI, OTPA)KCHHOH B JIOTHYECKOI MOIeN
Ha/Ie)KHOCTH.

Wznaraemsble fanee pe3yinbTaTbl OCHOBAHBI Ha MCIIONb-
30BaHUM MOJIU(PHUIIMPOBAHHON TaOIHIIBI HICTUHHOCTH H T10-
3BOJISIIOT YaCTUYHO MPEOJIOJIETh YKa3aHHbIC TPYAHOCTH.

2. OOwee peweHue ypaBHEHUSA
C O4HUM HEN3BECTHbIM

B o01mmem Busie ypaBHEHHE 3aIMCHIBAIOT B (hopme

AX)V A(X)yv A4(X)y =
= 4,(X)v AX)yv 4(X)y, 2
rae X = (X1 Xy, ..., X, ) — BEKTOp HE3aBHCHMEIX OyIIEBBIX

MIePEMEHHBIX, HHIUKATOPOB pabOTOCIOCOOHOCTH 3IIEMEH-
TOB cucTeMbl; A; (X) — n3BecTHbIe (DYHKIIUH BEKTOPHOTO
apryMeHTa; )’ — OTpULaHue y.

IIpeobpasyem (2) k kKaHOHUYECKOMY BHIYy 0O€3 moTepu
KopHEe#. J{ms 3Toro Hamo mepeitu ot OyieBa Oasmca K
6asucy JKerankmaa. OpTOroHATU3UPYS claaraeMele B (2) 1
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3aMEHsIs OTIEPALNH TUIBIOHKITMH Ha NCKIIIOYAIOIIEE KU
(crIoxeHue o MOYITIO 2), MOIyYaeM o
APAAYyDAAyYy =A4,@AAyD A Ay. 3)

[Tpubassist cieBa u cripaBa Mpasyo YacTh (3) 1 UCTIONb-

3ys paBeHCTBO y @ @ y = 0, umeeM
(4 ®A4)® (44, A4,A)y® (44 4,4)y =0.

[lepebupast pazinaHbIe COUETaHUs A; , TIOIYYIUM MO (H-
IIMPOBAHHYIO TAOJIUITy HCTUHHOCTH JJIst (PYHKIIMH Y, COCTOSI-
IIyIO M3 TPEX TPYMII CTPOK: 1) ) OnpeeneHo moIHOCThIO,
2) y He OIIpEeZIesIeHO, TO €CTh eT0 3HaYeHHE Oe3pazInIHO

(0v 1), 3) HeT pemieHus, TaK Kak (2) He BBITOIHACTCS HU
TIPU KaKoM 3Ha4eHnH y (Tabmuna 1). 3HaueHus 4; He sBISIOT-
Cs1 HE3aBHCUMBIMH, TaK KaK OHU €CTh (DYHKIMH BEeKTOpa X.
[TosTOMY, CTPOTO rOBOPSI, HEKOTOPHIE COUCTAHMS 3HAYCHHUN
A; (BexTopa B Ta01. 1) MOTYT OKa3aThCsi HEBOZMOKHBIMH HU
IIPU KaKKUX 3HAYCHUSIX BEKTOpa X.

W3 nanneix Tabmuiel 1 BUAHO, 4TO U3 64 KOMOUHAIUI
3HaYeHUI A; Ha 24 KOMOMHAIMSIX (QYHKIHS ¥ OTpeeieHa
(rpymma 1), B ToM umncie Ha 12 kak eanHHUNA, Ha 28 KOM-
Ounanmsx He omnpenenena (rpynma 2) u Ha 12 cucrema (2)
Hepaspemuma (rpymnma 3).

Tabauua 1. MoaupuuupoBanHass Ta0aIuIa UCTHHHOCTHU

[To MomudumpoBaHHON TaOIUIIE NCTUHHOCTH COCTaB-
JSIEM pPELIEHHE 10 CIEAYIOIUM MpaBUIaM:

1. Kaxxnomy Habopy 4, , rie y=1, conocraBusieTcsi KOH-
crutyenTa 1 (Bcero /10 12 KOHCTUTYEHT).

2. Kaxomy Habopy rpynIisl 2 COMOCTaBISETCS] KOHCTH-
TyeHTa |, yMHOXKEHHAs Ha MHIUKATOP R, KOTOPBIA MOXET
npuHuMars 3HadeHus O wm 1.

3. HaGops! rpynmsl 3 He yYUTHIBAIOTCH.

Takum 00pa3om B oO111ee perieHre MOKET BXOAUTD BCETO
10 40 KOHCTUTYEHT | ¢ MHANKAaTOpOM Min Oe3 Hero

y= (ie\}{l, Kj) Vv (ie\ﬁ//jz KiRi ), (4)

rae M; = (1, 8, 19, 20, 21, 22, 23, 26, 34, 42, 50, 58),
M,=1(0,9,18,27,28, 29,30, 31, 35, 36, 37, 38, 39, 43, 44,
45,46, 47, 51, 52, 53, 54, 55, 59, 60, 61, 62, 63). Koncru-
TyeHTHI | 0e3 HHOUKATOpa U ¢ HHAUKATOPOM B SIBHOM BHIE
MOTYT OBITH IIPEJCTaBICHEI (hopMyTaMu

K = A% (X) A2 (X)... A2 (X),

K =KR=R(A" (X)A4 (X)...A2* (X)). (5)

Nen/m | Ay...Ag Bun ypaBHeHusi y |I'pymma| Nen/m | A4y...Ag Buj ypaBHeHusi y I'pynna
0 000000 0200y =0 0Vl 2 32 100000 1@0yD@0y'=0 Her 3
1 000001 y'=0 1 1 33 100001 1®y'=0 0 1
2 000010 y=0 0 1 34 100010 1®y=0 1 1
3 000011 y®y' =0 Her 3 35 100011 1®y®y' =0 0Vl 2
4 000100 1®0y@ 0y =0 Her 3 36 100100 0D0y®0y =0 0Vl 2
5 000101 1®0y®0y =0 Her 3 37 100101 0D0y®0y =0 0Vl 2
6 000110 1®0y@ 0y =0 Her 3 38 100110 0D0y®0y =0 0Vl 2
7 000111 1®0y®0y =0 Her 3 39 100111 0D0y®0y =0 0Vl 2
8 001000 y'=0 1 1 40 101000 1200y =0 Her 3
9 001001 0P0y®0y=0 0Vl 2 41 101001 1®y' =0 0 1
10 001010 y®y =0 Her 3 42 101010 1®y=0 1 1
11 001011 y=0 0 1 43 101011 1®y®y' =0 0Vl 2
12 001100 1®y'=0 0 1 44 101100 0D0y®0y =0 0Vl 2
13 001101 1®y'=0 0 1 45 101101 0D0y®0y =0 0Vl 2
14 001110 18y =0 0 1 46 101110 0D0y® 0y =0 0Vl 2
15 001111 1®y'=0 0 1 47 101111 0D0y®0y =0 0Vl 2
16 010000 y=0 0 1 48 110000 1@0yD0y'=0 Her 3
17 010001 y®y =0 Her 3 49 110001 1®y'=0 0 1
18 010010 0D0y®0y’=0 0Vl 2 50 110010 1®y=0 1 1
19 010011 V' =0 1 1 51 110011 1®y®y' =0 0Vl 2
20 010100 1®y=0 1 1 52 110100 0P0y®0y =0 (A 2
21 010101 1®y=0 1 1 53 110101 0@0y®0y =0 0Vl 2
22 010110 1®y=0 1 1 54 110110 0D0y®0y =0 0Vl 2
23 010111 1®y=0 1 1 55 110111 0D0y®0y =0 ! 2
24 011000 y®y' =0 Her 3 56 111000 1@0yD0y'=0 Hert 3
25 011001 y=0 0 1 57 111001 1®y' =0 0 1
26 011010 y'=0 1 1 58 111010 1®y=0 1 1
27 011011 020D 0)=0 0Vl 2 59 111011 1®&y®y' =0 0Vl 2
28 011100 1®@y®y' =0 0Vl 2 60 111100 0D0y®0y =0 0Vl 2
29 011101 1®y®y'=0 0Vl 2 61 111101 0D0y®0y =0 0Vl 2
30 011110 1®@y®y'=0 0Vl 2 62 111110 0D0y® 0y =0 0Vl 2
31 011111 1®@y®y'=0 0Vl 2 63 111111 0D0y®0y =0 0Vl 2
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OHU SBIAIOTCS HEKOTOPOIl (yHKITHEH BekTopa X U Mo-
ryT ObITh IpencTaBneHsl B JIH® mnn coepmennoit J[HD
(CAH®). ITpu >Tom maamKatop R B (5) paccMarpuBaeTcs Kak
BEKTOp, a Ipou3BerieHne KR Kak CKaJSIpHOE IPOU3BEICHNUE.
Torma (5) MOKHO TIPEICTABUTH B BHUJIE

K(X)=krnvikrnv.vk'r,
rae kJ — KoHCTHTYeHTa | OTHOCHTENbHO BekTOopa X;
¥; — HHAMKATOpHas (QYHKIHSA; 7 — YACIO KOHCTUTYEHT 1 B
C/JH®.

[epebupast BO3MOXKHBIC 3HAYCHUS HHANKATOPHBIX (PyHK-
U, TOTy4InM 2™ pa3IndHBIX TPEII0NIAraeMbIX PEIICHUMH,
Ka)XKJJ0€ U3 KOTOPBIX MOUIEKHT MPOBEPKE, TAK KaK MOTYT
ObITH NOXHBIE KOpHU. [IpoBepKa MpoBOANTCS ITyTEM ITOA-
CTaHOBKH B (2).

Jlornueckas pyHknus (4) mommaeTcss MUHUMU3AIIHH.
HerpymHo ycranoBuTh, uT0 M3 40 KOHCTUTYEHT 27 KOH-
CTUTYEHT | He moamaeTCs YIPOUIeHHIO, a B 13 BO3MOXKHO
0000IIeHHOE CKJICMBAHUE TIOCIE ONpPENeNeHHON TPyI-
NUpOBKH, a UMeHHO: K v K, Ky v Ko°, Kig® v K9, Ky
vV Ko v Ky v Kps, Kyg v Koz, Kog v Ko7®, K3q v Kgp v Kisp
Vv Kisg. TTocne cxenBanus MmuanMmannbHas JJTHO (MJIH®D)
comepkut 34 cnaraembix (BMecto 40 B CIH®). Ctenenp
YIPOILIECHUS, OIICHUBaeMasi OTHOILICHHEM KOJIMIeCTBa OyKB
B MJIH® u CJH®, coctasmser 0,925. Anroputm mouncka
o0mux pemennii ¢ ucronb3oBanneM MJIH® coctout u3
CIIEIYIOMNX JTAIoB!

1. ITo ¢popme 3ammcu ypaBHEHHS (2) yCTaHABIUBAIOT
SIBHBIE BBIpakeHUs st A (X).

2. oncrapmnsrot A,(X) B M/IH® u 3armmceIBatoT ) B SBHOU
(hopme ¢ UCTIONB30BAHNEM HHINKATOPHBIX (QYHKITHI.

3. B xa)xa0M AU3BIOHKTUBHOM WieHe K° mpeoOpas3yioT
K; 8 CAH® u 3anmceIBaroT ckaisipHOe mpousBenenne KR
C MHIMKATOPHBIMH TIEPEMEHHBIMH 7.

4. IlepeOuparoT BCe BO3MOXKHBIE 3HAYEHHUS 77 M (POpMH-
PYIOT BCE MPEAIIOIAraeMble PEIICHUS.

5. [IpoBepsitoT Kask0€ MPEANonaraeMoe peleHHe Iy TeM
MIO/ICTAHOBKH B MICXOTHOE YPaBHEHUE.

6. ITocne cemexnuu MOTy4aroT HabOp pemIeHu, U3
KOTOPBIX OJJHO YaCTHOE, & OCTAJIbHBIC O0IINE, B TOM YHCIIE
01HO 110 [4] C ONMHAKOBBIMH M PABHBIMH | MHIUKATOPHBIMH
(hyHKIHAME.

UtoObI HAITH pelIeHre YpaBHEHU

(xvx,)yvy =1, (6)

Hajo NpuHATh A = Ag=1, Ay = A3=A44,=0, A5 =X V X;.
Jomyctumbie Habops! 33 1 35 oTHOCATCA K rpymmam 1 u 2.
[Mockomeky Ha HabOpe 33 3HaueHne y=0, TO MHOKECTBO M|
B (hopmyrie (4) mMyCTO U pelIeHIe UMEeT BUJT

y=K, = KR=XX,1, VX, X,1, V X, X, T,

e K = A5 =x;V X3 = XX VX1X5 V X{'x, . 17151 BOCH-
MH 3Ha49eHHI BeKTOpa R mMeeM BoceMb pemeHuii: 0,
X)X, XX, X3, XX, X'Xp V XX/, X1, X| V X, , B TOM 4HCIIE
HYJIEBOE pelIeHne. JTO YacTHOE PElIeHHE, OCTaIbHbIe
obmue, n3 HUX ogHO cooTBeTcTBYyeT [3]. [lomcTtaHoBKa
STUX pelIeHHi B (6) MOKa3bIBACT, 9TO BCE OHH SBIISIOTCS
KOpHSIMH ypaBHEHUs. OOLINM PELICHUSIM COOTBETCTBYIOT

ciemyromue BepotTHocTH P, = P{y = 1} : qip2, p1P2> P2
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P192, 1P2TP19>> P1» 1—q19>. OnHako He Bcerma OBIBaeT
Tak, 4TO BCE€ KOPHU MCTHHHBIE. Hampumep, ecnu BMecTo
(6) B3ITH ypaBHEHHE

(xx,)y v xyzy' =1 @)

TO MOJYYNM YETHIpE KOHCTUTYEHTHI 1, M3 KOTOPBIX /1BE
BXOJIAT B perneHue (4):

y=Ky, VK= ASA(; VA A, A = xix,, A = x;-

OTcrona BHIHO, 9YTO HET HU OJHOTO Habopa X, rae Obl
K35=1, axopenb 454y’ = x1x, ABIsETCS JIOKHBIM. [loaTOMY
ypaBHeHHe (7) HE UMEET pelIeHuUs.

UToObI HAMTH pelIeHne YpaBHEHUS: ) = XX, V X5'X3 ),
Hano B3ITh A; = A3=Ag=0, Ay =1, Ay = x1x5 , A5 = X'x3.
OtuM A; cormacHo Tabmuie | COOTBETCTBYIOT YETHIpE
KOHCTUTYeHTHI | ¢ HoMepamu 16, 18, 20 u 22. CormacHo
tabmmie 1 Ha Habope ¢ HoMepoM 16 GyHKINS paBHA HYITIO.
OcTanpHBIE TP BXOMAT B perieHune Buaa (4)

y=KRy Vv Ky vEKy,=xx,V x;x3R18'

Iocme mepexona B K3 k CAH® n ymHOXEHHUST Ha Rg
TIOJTY9UM:

V=X, VX7 VX, XX Ey

[lepebupas 3HAUEHUS WHIUKATOPOB, HaliieM dYeThIpe
PEIICHUS: Y| = X1X5 , Vo = X1X5 V X1'X5'X3, V3 = X1Xp V X1X3,
Y4=X1X, V X,'x3 . [IpoBepKa IMoKa3bpIBaET, 9TO CPEIH HUX HET
JIOKHBIX KOpHEH. Penienue y| IBIsAETCS 9aCTHBIM, PEIICHHE
4 10 [3]. Emne nBa oOmux pemieHust JOTONHSAIOT TTOTHBII
CIIEKTp pemIeHN. DTUM pEIIeHHAM COOTBETCTBYIOT Cle-
JYIOIIHE BEPOSATHOCTH:

By =ppss b = pi0 + 419,03 By = pi(1-9,45),
F,=pp,+q,p5
IIpencrapnser npakTUUECKUI HHTEPEC MOUCK YCIOBHM

pa3penmMocTH (WM Hepa3pelInMOCTH) CHCTEMBI YpaBHE-
Huii. CormmacHo Tabmure 1 ectb 12 HaOOpOB 3HAUCHUN A;
o Homepamu 3, 4, 5, 6,7, 10, 17, 24, 32, 40, 48, 56, mpu
KOTOPBIX HET pemenus. VI3 Hux pecstb HabopoB copeprKar
JIBE WIIH TPH €AUHUIIBL. 1IM COOTBETCTBYET MATH THIIOB He-
pa3pelrMbIX YpaBHEHUN

ByvGy =0,BvGy =0,BvGy=

=0,BvGyvCy =0,Gy vBy=0. 8)

[IepBoe ypaBHEHHE COOTBETCTBYET KOHCTHTYCHTaM
1 ¢ HOMepamu 3 u 24, BTOpoe — ¢ HOMepamu 5 u 40,
TpeThe — ¢ HoMepaMmu 6 u 48, deTBepToe — C HOMEpaMu
7 u 56, naroe — ¢ Homepamu 10 u 17. YpaBHeHUE He-
paspemmumo, ecnu pyaknun B(X), C(X) u G(X) npu He-
KOTOPBIX Habopax X MOTYT OJJHOBPEMEHHO IIPUHUMATh
3HaueHusd 1. Ecau 310 HE Tak, TO M 9TH ypaBHEHUS MOTYT
NMETb PEHICHHUS.

U3 (8) MmoxkHO HaiiTH ycnoBre pa3permmmMocTd. [IpoBens
B MIEpBOM ypaBHeHHU (§) 0000mIeHHOE CKIIEHBAaHUE TI0 ),
nMeeM:

ByvGy vBG=0.

Uto0bI IepBOE ypaBHEHHE B (&) BHIIOIHAIOCH, HEOOXO-
JIIMa OPTOTOHANBHOCTE (yHKINH B u G Ha BcexX Habopax
3HAYEHUH apryMEHTOB

B(X)G(X)=0. )
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W3 BTOpOTO, TPETHETO M MSTOTO YpaBHEHUH (8) Takxke
noyuum yciosue (9). M3 4erBepToro ypaBHEHHS IyTeM
Tpex omneparuii 0000IMIeHHOTO CKIICHBAHUS HAXOIUM

BvGyvCy =BvGyvCy vBGvBCvCG.

OTcroza yclioBre pa3peruMoCcTi

B(X)G(X)v B(X)C(X)vC(X)G(X)=0.

Dto ycmopue moroniaet ycinosue (9). Takum obpazom,
JUIsl pa3penIuMocTH ypaBHeHui tuna (8) ¢pynkunu B(X),
C(X) u G(X) momxHBI OBITH OPTOTOHAJIEHEI HAa BCEX Ha-
Oopax X.

3. OOwee pewieHe 0AHOro ypaBHeHUs
C N HEN3BEeCTHbIMU

Jnst IByX HEM3BECTHBIX ypaBHEHHE UMEET BHUL
F(X,y,9,)=B(X,y,,).
BoiaenuM B F'u B yacTb, HE CBSI3aHHYIO € )| U IPOBEAEM
pas3pe3aHue 110 y; B OCTAIBHON YacTH

C (X, y,) VG (X, y,)» \/C3(X,y2)y{ =

=C4(XaJ’2)VC5(X7y2)Y1VC@(Xayz)yi- (10)
310 ypaBHeHwue Mo hopme copmamaeTt ¢ (2) mpu 4; = C; (X,
vp) uy =yy. [lomaras (10) pa3pemmMbIM OTHOCHTEIBHO g,
MOJTyYUM, PEIICHHE 110 MPaBUIaM MPEIBbIIYIIETo pasaeia:
» =F(X,R,y,). (11)
[pencraBum (11) B Buze
Y =G (X, R) VG (X,R)y,V G1(X9R2)y;): (12)
rae Ry, Ry, R, — BeKTOpa HHANKATOPHBIX (yHKIwi. [To-
CKOIIBKY B (12) BTOpoe 1 TpeThe ciiaraeMble OpTOTOHAIIBHBI,
OTIEpPAIHIO IU3BIOHKIINI MOXKHO 3aMEHHUTH Ha CII0XKEHHE MO
MOZYJTIO 2, @ 3aT€M IPOBECTH OPTOTOHAIN3ALNIO TIEPBOTO
OCTaJIbHBIX CJIATAeMbIX M epelTH K 0aszucy XKeramkuna
N :GO@G(;(Glyz@Gzylz)- (13)
C momomipio (13) cocraBuM MOTUGHUIIMPOBAHHYIO Ta-
omuny uctmHHOCTH (Tabmmua 2). Ha mabopax 0, 3, 4, 5,
6 u 7 3Ha4YeHHWE y; OMpEeIeNIeHO OIHO3HAa4YHO (Tpymma 1),
Ha Habopax | u 2 QyHKIHH )| U y, IMEIOT JBa BapHaHTa
3HAYEHUIL.

Taoauna 2. MogupuuupoBaHHasi TAOIMIIA UCTHHHOCTH

1‘171-)1 G(G,G,|Bua ypaBHenusi| y, y, | I'pynna
0 | 000 0©0®y=0 0 Ov1 1
, _ 0 1
1 001 v @ y=0 ) 0 2
2 | 010 Y, ®@y1=0 (1) (1) 2
3 011 1®y=0 1 Ov1 1
4 100 1®y,=0 1 Ov1 1
5 101 1®y=0 1 Ov1 1
6 110 1®y,=0 1 Ov1 1
7 111 1@ y;=0 1 Ov1 1

KoMOuHMPYsI BADUAHTBI, [TOJTYYHUM YETHIPE PEIICHHS CO-
IJIaCHO TaOIUIIaM HCTUHHOCTH (Tadmuna 3).

Taoaunma 3. Tadauma MCTHHHOCTH

No Pemenue | Pemenne | Pemnenne | Pemenne
H/;[GOG1G2 1 2 3 4

Vi | Va2 [ V1 [ V2 | V1 [ )2 [ V1| )2
0| 000 0O oVl 0 oVl 0 oVl 0 OV
1| 001 0 1 0 1 1 0 1 0
2| 010 0 0 1 1 0 0 1 1
31 011 1 ovil 1 jovl 1 oVl 1 [0V1
4 | 100 1 jovi 1 jovl 1 oVl 1 [0V1
5 101 1 ovi 1 [ovl 1 oVl 1 [0V1
6| 110 1 jovi 1 jovil 1 oVl 1 [0V1
7 111 1 ovi 1 [ovl 1 oVl 1 [0V1

Haiinem »TH perieHusi, BBOAS s y, Ha 6 HAOOpax WH-
JKaTopHbIe QyHKIMA P;

=G, vGG,,y, =
=K,h,vK,vVK,P,vK,P,vK.P.vKPvKP,(14)

77
=G, vGG,,y, =
=K,BvK vK,vK.PVvK,P,vKP,vKZPF vKP,/5)

7175
n=G,vGaG,,y, =
= KBV KPVKPVKPVKPVKDP, (16)

7175
»=G,vGvaG,,y, =
= KBV K, VKRV KBV KBV K PV K B (17)

YroObl HAlTH penieHne ypaBHEeHHS:
NNV XYV, =0,

npeobpasyeM ypasHeHue K Buay (10):

g vxy)vxy =0. (18)

Orcrona cnenyet, uto C; = C, = C3=C4=0, Cs =x;'V
Xo,', Cg = x. CormacHo Tab1.1 U3 4eThIpeX KOHCTUTYEHT 1
(Ko, K1, K> , K3) nBe oTcenBaroTcs, Tak Kak Jus K, nmeem:
11=0, a K5 Bxonut B rpynmy 3. s K, u K umeem

W =AsARy v A A, = (x, v, ) (R vx). (19)

[Tocne HecnoxHBIX NpeoOpasoBanuii (19) mpuBomUTCs

K BUJLY
»=x05v ). (20)

Cpasnusas (20) u (12), mvaxogum: Gy = x1x,', G| = x|,
G2: 0, K] = K3 = K5 :K7 =0.

Cornacho (14)

=G, VGG, =xx,,y, =5 vxx,F, (21)

Jst mpoBepku noacrasuM (21) B (18)

(x, VX, 0,)xx, VX, (xx,) = xx, #0.

JleBast yacTh ypaBHEHHs He paBHa npasoil. Cie-
JI0BATEJIbHO, IIEPBOE pEIIeHUE He SIBJISETCS KOPHEM
ypaBHEHHUSI.

CorntacHo (15) pemrenue 2 umeet BU

V=X, =, =55 VR VP v x b,
31eck HaJ0 iepedpaTh BO3MOXKHBIE 3HAUCHUS HHIAMKATO-
POB P; ¥ IOJXy4nTh BOCEMb PELICHUH IS Vy:
Vo = (X, X0, %5, VX, X, @0y, VX, x VX, 1), (22)

[IpoBepka MmokasbIBaeT, 4TO BCE PEILEHUS SBISIOTCS

KOpHsIMH ypaBHeHHS (18).
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CornacHao (16) pemrenwe 3 115 y; COBIIAIACT C pEIICHIEM
(21). I[TosTOMY OHO HE SBISICTCS KOPHEM ypaBHEeHHs. Pere-
Hue 4 coBmamaer ¢ pemeHueM 2. OKOHUATETHPHO UMEEM:
V1=X1, a ¥, 6epeM u3 (22). Pemennsam (22) COOTBETCTBYIOT
BEPOSITHOCTH

B =Py,=1=

=(P1P2> P> P21 = 40455 PG + 410251 = G1D25 1= P10 1)

PaccmoTpum Temeps o0muit cirydai, Koraa OHO ypaB-
HEHUE NMEET /1 HEU3BECTHBIX:

F (X, ,..y,)=0. (23)

Pazpeszanme B (23) mo y, maer

P, E Xy, DK BVK Y F (X .y, 1,0)=0. (24)

CpasuuBas (24) c (8), Buaum, 9to (24) OTHOCHUTCS K
MEepPBOMY THIY HEpa3peIIUMbIX ypaBHEHHH. UTOOB OHO
OBLTO pa3penInMo, He0OXOAUMO BEITIOIHUTH ycioBHe (9):

F;(X’yh"'yn—l’l)E(Xﬁy]9"'yn—l’0) =
=F (X, y5,.9,,)=0. (25)
CpasuuBas (25) u (10), umeem: C; = C, = C3=C4=0,
Cs=F(1), C&=F(0). CormacHo Tabnuiie 1 3anuimem
v, = KB VK =C(RyvCy)=
= E(X’ VsVt s DRV (X, 3y5...9,4,0)). (26)
U3 (25) nomydaem
ynle‘Z(X’ylﬂ"'yn—2’1) Vv ynle;(X’yl”"yan’O) = 0
Jlamee BHOBB COCTAaBIISICTCS YCIIOBUE Pa3peIIUNMOCTH.
[ToBTopsis oneparwm n—3 pasa, HalaEM
V3B, (X, 30,V ps (X 3, 0,1 = 0.
Orcrofa aHaJOTUYHO (26) UMeeM

Vi = F;;fz(X,yl,yz,l)(Rnfz VE, (X, %,1,,0). (27)
Jlanee

EI—I(X’yI’yZ):

=F,_, (X, 3,0, DF, (X, »,,9,,0)=0. (28)
Pemrenue (28) malimeHo paHee 1 mpeacTaBIeHO GopMmy-
namu (14)—(17). 3uas y; u y, , HaxoxuM 1o popmyie (27)
V3, @ 3aTeM CHH3Y BBEPX OCTalbHbBIC HEH3BECTHBIE JIO ),
BKJIFOYUTENLHO. [Ipy BBIMOTHEHHH TOM MPOIEAYPhI HYX-
HO y4€CTh BO3MOXKHOCTH MPHUOOPETEHUSI JIOKHBIX KOPHEHH.
[TosTOMYy Ha Ka)/IOM IlIare JBMIKCHUS] CHU3Y BBEPX HaJ0
MPOBOUTH MPOBEPKY ITyTEM TOJICTAHOBKU PELICHHS B CO-
OTBETCTBYIOIIIEE YpaBHEHHE.

4. Cuctema orm4ecKkux ypaBHeHuUmn

CucremMa JOTHYECKUX ypaBHeHI/Iﬁ HUMECT BU]

yk:fk(XsyUyz,"-sym)sk:15~-~7m- (29)
[Tpeobpasyem (29) k kaHOHHYECKOU hopme

Ve® S =iVt =
= F (X, 3, Yy ¥, )k =1, (30)
Anroput™m pemennst CJTY (30) cocrout u3 2m-1 miaros.
Iar 1. ITepBoe ypaBuenue (k = 1) cuctemsl (30) pe-
IIAIOT OTHOCHUTEIBHO V| U HAXOAAT QyHKIHIO oT X n y! =

(sty'}n v Vm ):
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» =Wy, B (X W (X, y), 9500 9,) =
=F"(X,y)=0,k=2,..,m. (31)
Iar 2. 3 mepBoro ypaBHeHus (31) HaAXOmAT pelieHne
UL Y, Y IOJICTABIISIIOT €T0 B OCTAJIBHBIC YPAaBHCHHUS

v, =W (X, ¥, F2 (X, ) =

=0,k =3,0,m, )" = (V35 Vyreos ¥y )- (32)
lar m—1. ITocnenoBarenbHOE yIAJEHUE U3 CUCTEMBI
YPaBHEHUH HEU3BECTHBIX V1, V), ...,V | NPUBOJNUT K CH-
creme
Y =W (X, Y ) k=1, m-1LF""(X,y )=0. (33)
Llar m. [Tocnenuee ypasaenue (33) pemaioT o hopmy-
mam paszziena | u HaxomaT
Y, =W (X). (34)
Lar m+1. Permenue (34) mOACTaBIAIOT B IPEATIOCTICIHES
ypaBHenue (33) 1 HaXOmAT
Vs =W, (X, (X))
Ular 2m-1. Haxonar y, = W (X, W, ,W,,...W ).
Ilocne nmonydeHus: pemieHUt HaA0 MPOBECTU UX IPO-
BEPKY.
st mitrocTpau anropuTMa HaiiJieM peleHue CUcTe-
MBI TPEX JIOTHYECKUX yPaBHEHUN

N=auVany,V06,Y, Y, =

S ANV ApY, VO, Yy, Vs = Ay Y VA Y. (35)
YactHoe pemenne (35) HAXOIAT METOIOM OTIpE/ICTHTe-
neit [5]

» =(a,0, Vcl)yoayz =(a,0, vcz)yosy3 =
=(0,(ay, vV ay,a, ) VO, (ay, Vv aya;,))y,.

Ecmu yy = 0, To cuctema (35) sBrsieTCsl OMHOPOTHON H
YaCTHOE pelIeHne OyaeT HyaeBbIM. J{j1s1 momydenus o0mmero
pemreHus Ha mare | B iepBoM ypaBHEHHUH (35) HaxomuMm:
C1: C3: C6: O, sz 1, C4: G])/()Valzyz . C5 =da. ITo
Tabnuie | ycraHaBIMBaeM, YTO HAJO PACCMOTPETH YETHIPE
KOHCTUTYEHTHI | ¢ Homepamu 16, 18, 20 u 22. 13 HUX OT-
cenBaeM K¢ OcTasbHbIE MPUBOAST K PELICHHUIO

n=CvCGR =0y, vVa,y,Va,R,. (36)

Ha mare 2 nozxcraBum (36) Bo BTopoe M TPETbE ypaB-
Henus (35)

Yy =(ay0,V6,)y, Vaya R v (ay Vv aya,)y, (37)
Yy =30y, V a0, R,V (as, v ay,a,,) y.
ITepBoe ypaBrenue (37) umeer penieHne

»,=C,vCR, =
=(ay0,V0,)y, Vaya,R V(ay Vvay,a,)R,. (38)
Ha mare 3 mocne moacranoBku (38) Bo BTOpoe ypaBHEHHE
(37) nmeem

V3 =(0,(a;, Vaya, ) vo,(ay, Vaya,))y, v
Vaya, (ay, v aya,)R v (as, v aya1, (a5, V aya1,)R, . (39)
[Iar 4 mpormyckaeTcs, Tak Kax ), B cucteme (37) He 3aBH-
CHT OT )3 . Ha mare 5 moacrasum (39) B (36) n momydnm
Y =(a,0,V06,)y, VayR v(ay, vay,)a,R,.  (40)
CoBokymHOCTS (38)—(40) maet obmiee pemenwue (35), 3a-
BHCSILLIEE OT UHAUKATOPOB R, R,. IIpu R; = R, =1 umeem
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Ve =4, Y,V 4, k=123, (41)
A, =a,6,v0,,4,=0a,0,V0,,4, =
=0,(ay Vaya, ) Vo,(ay, v aya,),
Ay =ayy vi(ay Vay)ay,, Ay, = aya, v ay, vV ay,a,,
A,y =(ay, v aya,)ay, vV ay,(a, va,)).

[pu y, = 0 mmeeM oOIIee peneHre OTHOPOTHOMN CHUCTE-
Mbl. Kpome oOriero permrenus (41) cymecTByIOT emie aBa
O0IIMX pemreHus], COOTBETCTBYIOMHNX HabopaM (R, Ry) =
(0,1) m (1,0).

Iomaras p; = 1-¢q;= P{c;= 1}, p; = 1-q;= P{a;=1}, 10
¢dopmynam (41) ¢ MOMOIIEIO0 METOIOB MIEpeXoa K MOTHOMY
3aMeLLEeHUIO [5] HailleM BEpOsITHOCTH

R =Py =1} =1-99,(49, + P,9:9:192); (42)
P, =Py, =1} =1-9,95, (¢, + P21919191),  (43)

B =Ply; =1} = p/(ps + 43P, P20) +

4, (P (1= 45195, = 4,0, 95,) +

+41, D3 (1= 4,05, (1= Py, 21D + P P324319 (1 - 4,95, ). (44)

st oqHOpOoAHOM cuctembl pu R1= R, = 1 BeposTHOCTH
HaxomAaT u3 (42)— (44), nomaras g, = ¢, =1, p;=0. Ly gacr-
Horo pemreHus (R = R,=0) BeposSsTHOCTb P HaxomsT u3 (42)
TIPH ¢ 11 = ¢21 = ¢>>= 1, BepoATHOCTH P, HaXomsT U3 (43) mpu
q11=q12= ¢» =1, a BepoaTHOCT P3 110 dopmyme

P =Py, =1} = p;,(1-4,(q, + P,95,9,)) +

+45 P (P, + 4,0 Dy)-

s obmiero pemenns mpu R; = 0, R,=1 BepositHOCTH Py,
P,, Py HaxozAT COOTBETCTBEHHO U3 (42)—(44), momaras g, =
1. {nst obmiero permenus mpu R;= 1, R,=0 BeposaTHOCTE P,
HAXOZST 10 popmyde (42) IpH ¢» = ¢, = 1, BEPOSITHOCTH
P, Haxonat mo dopmyne (43) mpu g1, = ¢g», = 1, a BeposT-
HOCTh P; 1o opmyre

P =Ply, =1} = p/(ps; + 45, P52 +

+4,(Ps; + 452 P P2 (P2 + 42 P2y Pyy) + 421951 P P32 Ps-

dopmanzanys 3amicH 0COObIX YCIOBUH (DYHKIIMOHHPO-
BaHus (OY®D) 1 BOSMOKHOCTB UX yUeTa IIPH BEIOOpE 00IIIero
PELICHHS WILTIOCTPUPYETCS CIACAYFOLIAM MPHMEPOM.

IMpumep. Cucrema, npeHa3HauYCHHAS IS TPeoOpazo-
BaHMS TEIUIOBOW DHEPTHU B MEXaHUUYECKYIO, COCTOUT U3
JIBYX TOJICHCTEM, CBSI3aHHBIX IEPEMBIYKOH (CM. PUCYHOK).
B moacucremy BXOAAT TypOOTeHEpaTOphl (JIEMEHTHI |
u §), MapompON3BOMIAIINE YCTAHOBKH (2 U 9), TypOUHBI
(4 u 11), perynupytomas ammaparypa (3 u 10), rmaBHEIC
KoHJIeHCcaTOPHI (5 1 12), KoHIeHcaTHBIE HacoCH (6 u 13),
notrpedutenu (7 u 14). Ing HOpMaThbHOTO (PyHKIIMOHH-
pOBaHHS MOJCUCTEMBI HEOOXOAUM PabOTOCHOCOOHBIN
KOHTYp 00paTHO¥ cBsi3u (3meMeHTHl 5 1 6 win 12 u 13) m
JOCTYITHOCTB MOTPEOUTEIS XOTS OBl K OJTHOMY HCTOYHUKY
mutanawns (1, 8). OTcroma cnemyer, uro obmas popma JIOPC
JOJDKHA UMETh BUJT

F=x,(x VX0 f). (45)

3nmeck f; u fr — norudeckne GyHKIHA pabOTOCTIOCOO-
HOCTH y4YacTKa CHCTEMBI OT BBIXOJd COOTBETCTBYIOLIETO
TypOOreHeparopa 0 moTpeOuTens.

Ecm F'umeet BUI F = x, (1 /1 V Xrp0. /2 V f3), TO ipH Beex
paboTocnocoOHBIX AMeMenTax (x,=1) Hamo momodpars 3Ha-
YCHUS HH/IUKATOPOB TaK, YTOOBI BBHITIOJIHSUTUCH YCIIOBHS:

SLH(RLR,,...R) = f,(R,R,,...R) =
=1, f;(R,R,,...,R )=0.

Ecnu sT0 Oymer He Tak, TO TPEThE CIaracMoe IOTIIO-
maeT nepBbie aBa U (pyHKIHA paboTOCTIOCOOHOCTH MOKET
0Ka3aTbCsl pAaBHOW €MHUIIE, JTaKE MTPU OTCYTCTBHHU TypOO-
TEHEPaTOpPOB, YTO MPOTHBOPEUUT (PU3UUECKOM CYITHOCTH
CHCTEMBI.

CurcreMa JIOTHYECKIX YPaBHEHHUHN TS pacCMaTpHBaeMOi
TEXHUYIECKON CHCTEMBI IMEET BHU]L

D =X,V (X5V V9), Yy = X3, Yy = X, V05, Vs =
= X5V4s Ve = Xedso V1 = X1V (46)

Yo = XoXp3(Xg V' 13)s Vig = X10Yo Yoy = X1 Vo105 Via =

=XV = X3 e Ve = Y-

Hano HaiiTe BeIpakeHUS IS Y7 U V4 C yaeToM (45).
Cucrema ypaBHEHHUH ABISETCS OTHOPOTHON M MOSTOMY Y
Hee JTOJDKHO OBITh HyJIEBOE YacTHOE pemieHne. Ha mepsom
mare U3 MepBEIX MATH ypaBHEHUH (46) HaXoqmM

Vo = XXX, X3, (X, V Y)YV =B, vV yy)ye.  (47)

Penrenne (47) cormacHo MeToamke pasnena | nmeer B

Ve =B(x, V)R, (48)

Ha mare 2 u3 (48) u mepBoro 1 BTOporo ypaBHEeHHi (46)

HaXOINM
Vo = XoXp3 (X, V BR (X, VR,)). (49)

Ha mare 3 u3 ypaBHeHUI AN V1) —V13 CUCTEMBI (46)
HMEEM : )13 = X3 X12X11X10)9 -

IMoncraBum crona (49) u pemruM OTHOPOIHOE YpaBHEHHE
OTHOCHTEIIBHO V13!

Vi3 = ARy (X v BR (X, V Ry)), A= X,x,0X,,%,, X5 (50)

U3 (49) u (50) chemyer, 9T0 Yo = y13.

Ha mare 4 u3 ypaBHEHUIA TS )1, V11 U V14 CHCTEMSBI (46)
¢ yaeroM (50) Haxommm:

Vg = X, AR, (x; v BR, (x, V R))). (51)

®
D)
o

O—C

.

®

12

()
®
B

®

Puc. CtpykTypa TeXHUYECKOH CUCTEMBI
(1, 8 — Typborenepatopsl; 2, 9 — maporpou3Bos-
e yctaHoBky; 3, 10 — perynupyromias anmaparypa;
4, 11 — typbunsr; 5, 12 — rmaBHBIC KOHIEHCATOPHI;
6, 13 — xoHEHCATOPHBIE HACOCHI; 7, 14 — peayKTOPHI).
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AHAJIOTUYHO HAXOJIUM:
Yy =X,BR (x, v AR, (x; V R,)). (52)

U3 (50) u (51) cexyer, uro gactHOE pemeHue (46) Hy-
neBoe. Cpasuusas (50) u (51) u (45), BuINUM, 9TO 0COOBIE
YCIIOBHSI BBITIONHSAIOTCS TOJNBKO Tipu Ry = Ry =1, R, = 0.
[TosTOMy OKOHYATETHHO HMEEM

Yy =% B(x, v Axg), vy = %, A(xg v Bx, ).
BeposTHOCTH HaX0IAT IO (hopMyTIamMm

P, =Py, =1} = p,P(p, +q,pP,), B, =
=Py, =1} = p,Py(ps + 4.0, Fp),
P, = pypioDiPiPrs» By = P2D3DaPs Py

5. 3aknwuyeHue

JIoruko-BeposATHOCTHBIA aHAJIU3 CIOXKHOU CTPYKTYPbI
TEXHUYECKOH CHCTEMBI SBISCTCS 00s3aTeIBHBIM aTpH-
OyToM mporecca MPOSKTHPOBAHMUS CHCTEM BO MHOTHX
OTpacisix TEeXHUKH. BBUAY OONBIION TPYyZOEMKOCTH HE
yaaeTcs yCHEIHO HCIIONb30BaTh MPOCTOH mepedop Bcex
BO3MOKHBIX IyTe# Kparuyaiiiero (pyHKIHOHUPOBAHHUSI.
CocraBieHHE CHCTEM JIOTHYECKUX YPABHCHHU W TOCIE-
JyIOIIlee MX peIIeHHE CYIIECTBEHHO OOIerdaeTr MpoIecc
ananm3a. [IpeoxeHHbIi 31eCh TaOMMIHBIA METO 00IIIero
PpelIeHus TIOTHIECKUX YPaBHEHUH PAaCIIPSIET BOSMOKHOCTH
Pa3pabOTYNKOB CHCTEM U TIO3BOJISIOT JaTh OIICHKH XapaKTe-
PHCTHK, aJIeKBaTHBIC JIOTHUECKOH cTpyKType. OnpeaencHue
BCEX OOLIMX PEIICHNH U MOCICAYIOIIUIA BEIOOP OHOTO U3
HUX TTO3BOJISIOT C TOMOIIBIO BEKTOPA HHIUKATOPOB YUECTh
0co0ble ycnoBus (DYHKIMOHMPOBAHUS, B TOM UYHCIIE BO3-
MOYXHOCTh HCIIOJIb30BAHUS TEPEKPECTHBIX CBI3EH MEXKIY
napajieIbHBIMU KaHAJIAMA U HAJTHYHE KOHTYPOB OOpaTHOM
CBSI3H, TIOJICPKUBAIOIINX WM YAY4IIAIIUX (QYHKIIHO-
HUpOBaHKE cucTeM. [Ipu MHOTHX OOIINX PEHICHUSAX B TEX-
HUYECKHUX TMPHIOKCHUAX peIIaeTcs 3a1ada GopMaIbHOTO
BBIOOpa €AMHCTBEHHOTO NMPUEMIIEMOTO PEHICHHS IMyTeM
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3aIHCcH 0COOBIX JIOTHIECKUX YCIOBUH (JyHKIIMOHHMPOBAHUS
TEXHUYECKOW CUCTEMBI.

Ha cragnu normdeckoro aHanm3a yiaeTcst He TOJBKO yCTa-
HOBHUTB CYIIECTBOBAHUE XOTA OBI OJHOTO OOIIErO perieHus
i (PakKT Hepa3peIIMMOCTH CHCTEMBI YPaBHEHHH, HO M Hali-
TH TIPUYMHBI ¥ MECTO JIOTHUECKOH HEKOPPEKTHOCTH 3aITHCH.
370 BecbMa aKTyaJIbHO I JITOPUTMHUYECKU YIPABISEMBIX
PECYPCOB, TAK KaK JIal0T BO3MOKHOCTH CBOEBPEMEHHO YCTpa-
HUTBH OOHAPYKEHHYIO HEKOPPEKTHOCTb. YIIPaBJICHHUE JIOTHKOM
(DYHKIIMOHMPOBAHMS TEXHUIECKOH CHCTEMBI CO3/IaET JIOTOM-
HUTENTBHBIE CIIOCOOBI TTOBBIICHHUS HAISKHOCTH 1 P PEKTHB-
HOCTH 1X paboTsl. Hanbornee npemoaTiTe TbHBIME 00TaCTMH
TIPUMEHEHNUS PE3YIIBTATOB SIBISIIOTCS CHCTEMBI 3HEPTETHKH,
ABTOMATHYECKOTO YIIPaBIICHNUS, IHArHOCTHPOBAHHSI.
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APPLICATION OF GENERAL SOLUTION FOR A SYSTEM
OF LOGICAL EQUATIONS IN DEPENDABILITY TASKS

The article proposes a new method of solving logical equations with one or more unknown variables and
systems of logical equations that use a modified truth table. This method allows finding all general solutions.
Solvability conditions of equation systems have been found. The theory has been illustrated by examples.
Technical applications have been shown.

Keywords: dependability, logical model of dependability, logical and probabilistic analysis of dependability,
general solution of logical equation systems, modified truth table, indicator, solvability conditions.

1. Introduction

For systems with a complex structure that is not brought down to serial-parallel networks,
a formal description of operability conditions is required. Application of the procedure of
system availability logical functions (SHLF) generation to this end by listing shortest paths
of successful functioning (SPSF) and corresponding disjuncts results in notation of SHLF in
disjunctive normal form (DNF). This method is acceptable for systems with low complexity,
but is hardly usable in the case of systems with even medium complexity (if the number of
elements exceeds ten). Thus, according to [1], in an electric power system of 15 elements the
number of SPSF reaches several hundreds. For more complex systems, the notation of SHLF
as BTA becomes practically impossible.

The solution is simplified if the operability conditions are listed with logical equation
systems (LES). The solution of LES by means of special methods results in a multi-bracket
equation and a significantly more compact SHLF formula. Currently, there are a number of
solutions of logical equation systems. For non-homogenous linear LES with constant or vari-
able coefficients, the determinant method is used [2], which allows for the following specific
solution:

Y= (X v

where y is the indicator of constant terms of a non-homogenous equation system.

For y, = 0 the specific solution corresponds to homogenous LES and is zero. In [3] the
authors set forth three more methods of deducing specific LES solution: substitution, reduc-
tion to one equation and matrix method. Ways of successfully using the determinant and other
method of deducing specific solutions are shown in [4, 5].

A specific solution of non-homogenous LES in a number of cases is insufficient or
causes an incorrect reflection of all conditions of successful operation of a technical
system. Accordingly, attempts have been made to eliminate the drawbacks of the specific
solution and find the general LES solution. In [3] the authors describe two methods of
deducing the general solution of non-homogenous LES, namely the substitution method
and method of reduction to one equation with » unknown values. The general solution
looks as follows:
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v (X)y, v e(X)y., (1

where y is the vector of unknown logic functions; f'and

g are known functions that depend on equation coefficients;

¥, 1s the arbitrary function of logical algebra; V is for dis-

junction operation. If yo= 0, homogenous system solution

is found. Homogenous LES are solved by substitution or
transformation into non-homogenous LES.

Upon generation of a general solution of the form (1)
certain difficulties arise. First, there are no recommendations
as to the choice of random LAF y,, although the results of
dependability evaluation depend on that choice. Also, ac-
cording to [3], there is only one solution of type (1). In fact,
there may be a number of general solutions. But only one of
them can fulfill special conditions of system operation. In
order to find it, the full spectrum of general solutions must
be available. There are now methods to do so. Insufficiently
elaborate are also the methods of solving one equation with
several unknown values that can also have several general
solutions.

Upon generation of a general solution one more difficulty
arises. For LES, the solution has the form

Vi (XY fi(X)y,i=1,..n.

If we suppose that here y, are identical for all functions
y;, we will only deduce one general solution. If they are
different for different y;, then the question arises as to how
to choose one.

Finally, there is the problem of logical correctness of the
notation of the equation system and its solvability. In papers
dedicated to the methods of LES solution this issue is gen-
erally avoided and it is by default assumed that a solution
always exists and the system is solvable. In reality, that is
not always the case. Equations and equation systems may
not have a single general solution. Attempts to formally use
known methods in such cases result in non-interpretable or
simply absurd results. Therefore, at first it must be made
sure that the LES has at least one general solution and the
conditions of its solvability must be identified.

There is one more problem. For some classes of techni-
cal systems both specific and general solutions [3] can be
unacceptable because they do not reflect some significant
features of their operation.

In particular, that happens if the system includes feed-
back loops that are typical to some technical systems. Such
loops are often used in information, electrical power, proc-
ess, transportation, telecommunication and other systems.
The common feature of all the above systems is that they
perform transmission (transportation) or transformation of
substances (information, electric power, energy material,
etc.) and contain a “feeding” element (source of information,
generator, energy carrier collector). Therefore, successful
operation of such systems ensuring the operability of a cer-
tain group of components is not enough. Conditions must
be created for successful transportation of or transformation
of the substance for its delivery form input (the “feeding”
component) to the output of the system via a direct chan-
nel. The feedback loop is one of the means of ensuring such
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conditions. In information and telecommunication systems
there are loops for transmission of service information from
receiver to transmitter. In electrical energy systems there
are loops for own consumption of power. In closed-looped
process systems with wasteless use of carrier, substances
create the loop of used carrier (e.g., steam) transformation
and delivery of recovered carrier to the system’s input. Other
special conditions of operation (SCO) can be formulated, for
instance, the presence of at least on “feeding” component
in the SPSF.

If a specific LES solution is used, an undesired absorp-
tion of the feedback loop components by direct channel
components may take place. That causes the distortion of
real conditions of operation and incorrect evaluation of
dependability. If general solution [3] is used, the “feeding
component” is often lost.

In [7] the authors set forth an analytical method of deduc-
ing the general solution of Boolean equations. That method
is universal, but it does not suggest any constructive rules,
general solution algorithms and selection of the alternative
solution that full corresponds to the physical essence of
the technical system reflected in the logical dependability
model.

The results set forth below are based on the use of modi-
fied truth table and allow partially overcoming the above
difficulties.

2. General solution of equation with
one unknown value

AXVAX)yv A4X)y =
= 4,(X)V 4, (X)yv 4(X)y, 2)

where X = (x| x,, ..., x, ) is the vector of independent
Boolean variable, indicators of system components operabil-
ity; A; (X) are the known functions of the vector argument;
y' is the negation of y.

Let us transform (2) into canonical form without loss of
roots. In order to do that, we must transit from Boolean basis
to Zhigalkin’s basis. By orthogonalizing the summands in
(2) and replacing the disjunction operation with exclusive
OR (module 2 additiop) we deduce ' o

4, @44 yDAAy =4, S AAyD A Ay . 3)

By adding from left and right the right part of (3) and

using the the equality y @ @ y = 0 we deduce
(4@ 4,)® (44, ®A,A)y®(44,® A4,4)y =0.

Searching through various combinations of 4; we deduce
a modified truth table for function y that consists of three
groups of lines: 1) y is completely defined, 2) y is not defined,
i.e. its value is indifferent.

(0 V 1), 3) there is no solution, as (2) is not realized
in case of any value of y (table 1). Values 4; are not in-
dependent, as their are a function of vector X. Therefore,
strictly speaking, some combinations of values A4; (of the
vector in table 1) may prove to be impossible at any value
of vector X.
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Table 1. Modified truth table

Ig::‘in Aq...Ag | Form of the equation y Group Ij:“:n Aq...Ag | Form of the equation y Group
0 000000 0200y =0 0Vi1 2 32 100000 1@0yD0y' =0 No 3
1 000001 V' =0 1 1 33 100001 1®y =0 0 1
2 000010 y=0 0 1 34 100010 1®y=0 1 1
3 000011 y®y =0 No 3 35 100011 1®@y®y' =0 0Vl 2
4 000100 1®0y®0y=0 No 3 36 100100 00y @0y =0 0Vl 2
5 000101 100y =0 No 3 37 100101 020y @0y =0 0Vl 2
6 000110 1®0yD0y=0 No 3 38 100110 00y @0y =0 0oVl 2
7 000111 100y =0 No 3 39 100111 020y @0y =0 0Vl 2
8 001000 V=0 1 1 40 101000 1®0y@®0)'=0 No 3
9 001001 020y D0y =0 0Vl 2 41 101001 1®y' =0 0 1
10 | 001010 y®y =0 No 3 42 101010 1®y=0 1 1
11 | 001011 y=0 0 1 43 101011 1®y®dy =0 0Vl 2
12 | 001100 1®y =0 0 1 44 101100 0200y =0 0oVl 2
13 | 001101 1®y' =0 0 1 45 101101 00y @0y =0 0Vi 2
14 | 001110 1®y =0 0 1 46 101110 0200y =0 0oVl 2
15 | 001111 1®y' =0 0 1 47 101111 00y D@0y =0 0oVl 2
16 | 010000 y=0 0 1 48 110000 1@0yD0)y' =0 No 3
17 | 010001 y®y =0 No 3 49 110001 1®y =0 0 1
18 | 010010 0©0y®0y’=0 0Vl 2 50 110010 1®y=0 1 1
19 | 010011 V=0 1 1 51 110011 1®y®y =0 0oVl 2
20 | 010100 1®y=0 1 1 52 110100 020y D@0y =0 0oVl 2
21 | 010101 1®y=0 1 1 53 110101 000y =0 0Vl 2
22 | 010110 1®y=0 1 1 54 110110 020y D@0y =0 0oVl 2
23 | 010111 1®y=0 1 1 55 110111 000y =0 0oVl 2
24 | 011000 y®@y =0 No 3 56 111000 1®@0y D0y =0 No 3
25 | 011001 y=0 0 1 57 111001 1y =0 0 1
26 | 011010 y'=0 1 1 58 111010 1®y=0 1 1
27 | 011011 020y @0y =0 0Vl 2 59 111011 1®y®y =0 0Vl 2
28 | 011100 1®y®y =0 0oVl 2 60 111100 000y =0 0oVl 2
29 | 011101 1®y®y =0 0Vl 2 61 111101 020y D@0 =0 0Vl1 2
30 | 011110 1®y®y =0 0oVl 2 62 111110 0@0y®0y =0 0oVl 2
31 011111 1®y®y =0 (IAYA 2 63 111111 020y D@0 =0 0oVl 2

Table 1 data shows that out of 64 combinations of val-
ues 4; in 24 combinations function y is defined (group 1),
including as one in 12, in 28 the combination is not defined
(group 2) and in 12 the system (2) is unsolvable (group 3).

Using the modified truth, a solution is generated based
on the following rules:

1. To each set 4;, where y=1, constituent 1 (total of up to
12 constituents) is put into correspondence.

2. To each set of group 2 constituent 1 is put into cor-
respondence. The constituent is multiplied by indicator R
that can take the values 0 or 1.

3. Sets of group 3 are not taken into consideration.

Thus, the general solution can include only up to 40
constituents 1 with or without indicator

y=(y, KOV, KR), )

where M, = (1, 8, 19, 20, 21, 22, 23, 26, 34, 42, 50, 58),
M,=(0,9, 18,27, 28,29, 30, 31, 35, 36, 37, 38, 39, 43, 44,

45,46,47, 51,52, 53, 54, 55, 59, 60, 61, 62, 63). Constitu-
ents 1 with and without indicator, in an explicit form, an be
represented with the following formulas

K = 47 (X) A2 (X)... A2 (X),
K¢ = KR = R(A™ (X) A2 (X)...A" (X)) (5)

They are some function of vector X and can be represented
in DNF or perfect DNF (PDNF). Indicator R in (5) is con-
sidered to be a vector, while product KR a scalar product.
Then, (5) can be represented as

K(X)=klr,viklr,v.vk'r,
where k/ is constituent 1 relating to vector X; 7;is an indi-
cator function; m is the number of constituents 1 in SDNF.

By searching through the possible values of indicator
functions we deduce 2™ various possible solutions each of
which must be verified as fake root are possible. Verification
is performed by means of substitution into (2).

33



APPLICATION OF GENERAL SOLUTION FOR A SYSTEM OF LOGICAL EQUATIONS IN DEPENDABILITY TASKS

Logical function (4) is minimizable. It is not difficult
to identify that out of 40 constituents 27 constituents 1 are
not simplifiable, while in 13 of them a generalized gluing
is possible after a certain grouping, as shown below: K, V
K, Ky V Ko, Ki5° V Kyg, Kpo V K31 V Ky V Koz, Kjg V
K23 5 K26 \% K27c 5 K34 \% K42 VKSO \Y ng. After glulng the
minimal DNF (MDNF) contains 34 summands (instead of
40 in PDNF). The simplification rate that is evaluated based
on the proportion of letters in MDNF and SDNF is 0.925.
The problem-solving algorithm using MDNF includes the
following stages:

1. Based on the notation of the equation (2) explicit ex-
pressions for 4,(X) are established.

2. A(X) is substituted into MDNF and y is set down in
explicit form form using indicator functions.

3. In each disjunct K¢ K; is transformed into SDNF set
down scalar product K;R with indicator variables 7;.

4. All possible values of r; are searched through and all
possible solutions are formulated.

5. Each possible solution is verified by substituting into
the initial equation.

6. After the selection a set of solution is generated, one
of which is specific, and all the others are general, includ-
ing one according to [4] with indicator functions identical
or equal to 1.

In order to find the solution of equation

(x, vx)yvy =1, (6)
it must be taken that A, = Ag=1, 4, = A3=A4,=0, A5 =
x1 Vx, . The available sets 33 and 35 fall into groups 1 and
2. As in set 33 the value y=0, then the range M in formula
(4) is empty and the solution is
y=K, = KR =XX,1, VX, X,1, V X,X, T,

where K = A5 =X VX2 = X1Xyr VX1X2 A\ X1 Xy . For elght
values of vector R there are eight values: 0, xyx;, X;x7, X,
X1Xo1, X1X2 V X1Xo1, X1, X1 V X, , including the zero solution.
That is the specific solution, while all the others are gen-
eral, one of which corresponds to [3]. Substituting those
values in (6) shows that all of them are equation roots. The
following probabilities correspond to the general solutions
P.=Ply =1} : qip2, P\P2: P2- P192> 91P21P192, P> 1-9192-
However, not all roots are always true. For example, if
instead of (6) we take the equation

(xlxz)y\/x'zy' =1 (7
we deduce four constituents 1, two of which are part of
solution (4):
y=Ky VK= A AV AAg, As = XX, A = X,

As we can see, there is no set X, where K35 = 1, while
root AsAg = x1x, is wrong. That is the reason equation (7)
has no solution.

In order to solve the equation: y = x;x, V x,x3 y, we must
take Al = A3 = Aé = 0, A2 = 1, A4 =X1X, A5 = X X3. Accord-
ing to table 1, to these A; correspond four constituents |
with numbers 16, 18, 20 and 22. According to table 1, in
set 16 the function equals to zero. The other three are part
of solution of form (4)

Y =KRg vV Ky v Ky = X%,V X,0R
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After transition to K3 to SNDF and multiplication by
R g we deduce:

V=X, VX XT VX, Xy Xy Fy.

By searching through indicator values we will find four
solutions: y; =x1x; , ¥o =x1X V X1%XX3, V3 =x1Xy V X1X3,
V4 =x1X, V Xox3 . Verification shows that there are now false
roots. Solution y; is specific, solution y, according to [3].
Two more general solutions complement the full spectrum
of solutions. The following probabilities correspond to
those solutions:

P, =pp,,P,=pp,+449,05,F5 = p,(1—-4,45),

Fi=pptqps
Of practical interest is finding the solvability (or insolv-
ability) conditions of an equation system. According to table
1, there are 12 sets of values 4; numbered 3, 4, 5, 6, 7, 10,
17,24, 32, 40, 48, 56 that do not correspond to a solution.
Ten out of them contain two or three ones. Five types of
unsolvable equations correspond to those

ByvGy =0,BvGy =0,BvGy=

=0,BvGyvCy =0,Gy vBy=0. (8)

The first equation corresponds to constituents 1 numbered
3 and 24, the second numbered 5 and 40, the third numbered
6 and 48, the forth numbered 7 and 56, the fifth numbered
10 and 17. The equation is not solvable if functions B(X),
C(X) and G(X) under certain sets X can simultaneously take
on the value of 1. If that is not the case, then those equations
can have solutions too.

Out of (8) can be deduced the solvability condition. After
performing a generalized gluing in the first equation (8)
based on y we deduce:

Byv Gy vBG=0.

For the first equation of (8) to execute, orthogonality
of functions B and G is required in all sets of argument
values

B(X)G(X)=0. )

Out of the second, third and fifth equations of (8) we also
deduce condition (9). Out of the forth equation by means of
three generalized gluing operations we deduce

BvGyvCy =BvGyvCy vBGvBCvCG.

Therefore, the solvability condition

B(X)G(X)VvB(X)C(X)vC(X)G(X)=0.

This condition absorbs condition (9). Thus, in order for
the equations of type (8) to y solvable, functions B(X), C(X)
and G(X) must be orthogonal in all sets X.

3. General solution of one equation
with n unknown values

For all unknown values the equation is of the form

F(X,y,»,)=B(X,y,»,).
Let us select in F and B the part that is not connected to
yp and cut by y; in the remaining part

C (X, ) VG (X, y,)n vC3(X,y2)y1' =
:C4(X:y2)VC5(Xay2)y1VCG(Xayz)yi' (10)
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This equation is identical in form with (2) if 4;= C; (X, y»)
ny=y;. Deeming (10) solvable for y;, we deduce a solution
according to the rules of the previous class:

»=F(X,R,y,). (11)

Let us express (11) as

Y =G (X, R) VG (X,R)y,V G1(X9R2)Y;)v (12)
where R, R;, R, are vectors of indicator functions. As
in (12) the second and the third summands are orthogonal,
the disjunction operation can be replaced with a modulo
2 addition, and then perform an orthogonalization of the
first and remaining summands and proceed to a Zhe-
galkin’s basis
N =G0®G(;(G1y2 @Gzylz)- (13)

Using (13) let us generate a modified truth table (table
2). Insets 0, 3, 4, 5, 6 and 7 value y, is defined unambigu-
ously (group 1), in sets 1 and 2 functions y; and y, have two
alternative values.

Table 2. Modified truth table

Ne Form of the
Item| ©001C2 equation yi| y2 |Group
0 000 0®0®y;=0 0 | OV1 1
0 1

1 001 yy @ y1=0 1 0 2
2 010 %) @_)/1:0 (1) (1) 2
3 011 1®y,=0 1 | 0V1 1
4 100 1 ®y;=0 1 | OV1 1
5 101 1®y,=0 1 | 0V1 1
6 110 1 ® y;=0 1 |0Vl 1
7 111 1®y,=0 1 | 0V1 1

By combining alternatives we deduce four solutions ac-
cording the truth tables (table 3).

Table 3. Truth table

Ne Solution 1{Solution 2|Solution 3(Solution 4
GGG,

Item O T O O S 2 O T A W A
0 000 [ O |OVI| O OVI|O|OVI|OOVI1
1 001 0 1 0 1 1 0 1| 0
2 010 [ O | O 1 1 0 0 1 1
3 011 1 (OVI| 1 [0oVI|1]|OV1|1|0V1
4 100 1jovi| 1 [oVI|f1T|0OVI1|1]|0VI
5 101 1 (OVI| 1 [0OVI|1|OVI1|1|0V1
6 110 1jovi| 1 [oVI|f1T|OVI1|1]|0VI
7 111 1 (OVI| 1 [0oVI|1]|OVI1|1|0V1

Let us find those solutions by introducing for y, in 6 sets
indicator functions P; :

n=G6,vGG,,y, =
=K, [, vK vK,PVKPvKPVKTFvKFP,(14)

»=G,vGaG,,y, =
=K,[vK vK,vKEvKPE VKL vKZFEvKP./(5)

n=GvGaG,,y, =
=K [ VvKPEVKPEVvKFEVKEYVKPE, (16)

n=G6,vG vG,,y, =
=K,RvEK,vK,BvKPVvKPEvKFVKPE. (17)

In order to find the solutiqn of eqqation:
XNV V50, =0,

let us transform thq equatjon intq (10):

g vxy)vxy =0. (18)

Therefore Cl = C2 = C3 = C4 = 0, C5 = leV X2V, C6 =Xq.
According to table 1, out if four constituents 1 (K, K, K>,
K3) are eliminated, as for K, we have: y;=0, and Kj is part
of group 3. For Ky and K; we have

N :A;A;Ro VA dg = (v y) (qRy vy, (19)

After a simple transformation (19) is reduced to

=X (X2 vy, (20)

By comparing (20) and (12) we deduce: Gy = x1x5,
Gl =X, G2: 0, Kl = K3 = KS :K7 =0.

According to (14) ' . .

=G, vGG, =xx,,y, =x[ VXx,F (21)

For verification, let us substitute (771) into (18).

(xly v xzy; )xlx; VX (xlx;) =xx, #0.

The left part of the equation is not equal to the right one.
Therefore, the first solution is not the root of the equation.

According to (15) solution 2 is as follpws: '

V=XV, =, = X0 VRV, P vy x B

Here, it is required to search through the possible values
of indicators P; and deduce eight solutions for y,:

Py = (6,20, X)Xy, %, VX, X, DXy, X, VX, X, V Xy, 1), (22)

The verification shows that all solutions are roots of
equation (18).

According to (16) solution 3 for y; is identical to solution
(21). Therefore, it is not the root of the equation. Solution 4
is identical to solution 2. Finally, we have: y;=x;, and y, we
take from (22). Solution (22) corresponds to probability

B =Py, =1=

=(P1P2> P> P21 = 41055 PG + 410251 = 61025 1= P50 1)

Let us consider the general case when one equation has
n unknown values:

F (X, 7,0, =0, (23)

Cutting in (23) by v, gives

Y, E (X 1y, DK BV Y F (X3, 1,0)=0. (24)

After comparing (24) with (8) we see that (24) falls in

the first type of unsolvable equations. To make it solvable,
condition (9) must be fulfilled:

E(X’yl""yn—]91)F;(X9yl""yn—l’o):

=F X, ,.y,,)=0. (25)

By comparing (25) and (10) we deduce: C; = C,= C3=

= (=0, Cs=F(1), Cc=F1(0). According to table 1 let us
write

v, =K,F VK, = C;(Ro vC)=
= E'(X’yl"“yn—l’l)(RO v E(X, »5-2,.,0)). (26)
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Out of (25) we deduce
ynle‘Z(X’ylﬂ"'yn—2’1) Vv ynle;(X’yl”"yan’O) = 0
Then, solvability condition is generated again. By repeat-
ing operations n 3 times we deduce
VsE (X, y, 0DV s F L (X 3, 9,,1) = 0.

From here, as in (26), we have

s =F (X, y, 0, DR, VF, (X, y,,,0). (27)
Next

EI—I(X’yI’yZ) =
=F, (X, y,»,DF, _,(X.,y,y,,0)=0. (28)

Solution (28) has been found earlier and presented with
formulas (14)—(17). Knowing that y; and y,, we deduce
using formula (27) ys, then from bottom to top all other
unknown values up to y,. While performing this procedure
the possibility of false roots must be taken into consideration.
Therefore, at each step of the bottom-up motion verifica-
tion must be performed by substituting the solution in the
respective equation.

4. Logical equation system

Logical equation system has the form of

yk:fk(XsyUyz,"-sym)sk:15~-~7m- (29)
Let us transform (29) into the canonical form

Ve® S =iVt =
=F (X, 9,050V, )k =1,..,m. (30)
The LES solution algorithm (30) consists of 2m-1
steps.
Step 1. The first equation (k= 1) of system (30) is solved
for y, to find the function of X and y' = (3, ¥3, ..., Vi ):

N= VVI(X’yl)’F}C(X’VVI(X!y])’yZa-'-sym):
=F;€(1)(X,y')=0,k=2,_._,m. (31

Step 2. Out of the first equation of (31) solution is found
for y, and substituted in the rest of the equations

¥, =W (X, p), B (X, p*) =
=0,k=3,...,m,y2=(y3,y4,...,ym). (32)

Step m—1. Successive elimination from the equation
system of the unknown values yy, y,, ...,y results in
system

Y =W (X, ¥ )k=1...m—1LF""(X,y,)=0. (33)

Step m. The last equation (33) is solved using formulas

of class 1 and deduce
v, =W (X). (34)

Step m+1. Solution (34) is substituted in the penultimate

equation (33) and deduce
Vo =W, (X, (X)),

Step 2m-1. Deduced is y, = W, (X, W, ,W,,...W,).

The resulting solutions must be verified.

In order to exemplify the algorithm, let us deduce solution
of a system of three logical equations
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N=auVany,V06,Ye, ), =
=0y VY, V0,Y, Y = d3Y, VA Y. (35)

Specific solution (35) is deduced using the determinant
method [5]

V= (a1262 Vcl)yoayz = (aZIGI vcz)yosy3 =
=(0,(a;, vV ay,a,) VO, (ay, V a;a,,)) y,-

If yg = 0, system (35) is homogenous and the specific
solution is zero. In order to obtain a general solution at step
1, in the first equation of (35) we deduce: C;= C3=C¢=0,
C2: 1, C4: G1)o A\ anys, C5 =da. Using table 1 we es-
tablish that we must consider four constituents 1 numbered
16, 18, 20 and 22. We then eliminate K4. The rest results
in solution

n=CvCGR =0y, vVa,y,Va,R,. (36)

At step 2 let us substitute (36) in the second and third

equations of (35)

¥, =(a,0,V0,)y, Vaya R v(ay Vvaya,)y, (37)
Yy =ay0,), Vaya,R V(a, vaya,)y,

The first equation of (37) is solved as

¥ =C,vCR, =
=(a,0,Vv0,)y, Vaya,R Vv(a, va,a,)R,.  (38)
At step 3 let after substituting (38) in the second equa-
tions of (37) we have

V3 = (o, (a31 Vv aya,,) VGz(aaz Vaga, NYo V

vaya,(ay, Vv aya,)R v(ay, Vvaya,)a, vay,a,)R,. (39)

Step 4 is skipped because y, in system (37) does not
depend on y; . At step 5 let us substitute (39) in (36) and
deduce

= (a0, V0,)y, VayR v(ay, vay,)a,R,.  (40)
The total (38)—(40) gives general solution (35) that de-
pends on indictors Ry, R,. If Ry =R, =1 we have
Ve =4y vy vV Ay k=123 (41)
4,=a,0,v0,,4,=a,0,v0,,4;=
=0,(a; Vay,a,)Vo,(a;, va,a,),
Ay =a, v(ay vay,)a,, 4, =a,a,Va,Va,a,,
Ay =(ay, v aya,)ay, Vvay(a, Vva,)).

If yo =0 we have a general solution of a homogenous sys-
tem. Beside general solution (41) two more general solutions
exist that correspond to sets (R;, R,) = (0,1) and (1,0).

prl = lfql :P{Gl = 1}’pl/ = 1*qu = P{a,/ =1 }, using the
formulas (41) by means of method of transition to complete
replacement [5] we will deduce the probabilities

B =Py, =1} =1-949,(q, + P29,9:19» ), (42)
P, =Py, =1} =1-9,4,,(q,, + P49, (43)

B =Py, =1} = p/(py, + 43P0, P2 +
+¢,(pi (1= 43,95,)(1 = 4,9,95,) +

+4,, 05, (1= 4,45, (1= Py ) + Py P32 G390 (11— 426, )- (44)
For a homogenous system, if R;= R, =1 the probabilities
are deduced from (42) — (44), assuming that ¢; = ¢, = 1,
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p1=0. For the specific solution (R; = R, = 0) probability P,
is deduced out of (42) where g1 = ¢»1 = g2, = 1, probability
P, is deduced out of (43) where g1, = ¢1, = g = 1, while
probability P; is deduced using formula

P =Py, =1} = p;,(1-q,(q, + P,9,9,,) +
+5, P52 (Py + 4,01 P2)-

For the general solution where R; =0, R,=1 probabilities
Py, P,, P; are deduced respectively from (42)—(44), as-
suming that g;; = 1. For the general solution where R;=1,
R,=0 probability P; is deduced using formula (42) where
q>1= >, = 1, probability P, is deduced using formula (43)
where ¢, = ¢,, = 1, while probability P; is deduced using
formula

P =Ply, =1} = p/(ps; + 45, P00 +

+q,(P3, + 43P PPy + 4200 P1) + 45195, P P Ps-

Formalization of the listing of special conditions of
operation and possibility to use them for the purpose of
choosing the general solution is illustrated with the follow-
ing example.

Example. A system designed for transforming heat
energy into mechanical consists of two subsystems con-
nected with a link (see figure). The subsystem includes
turbine generators (components 1 and 8), steam generators
(2 and 9), turbines (4 and 11), control equipment (3 and
10), main capacitors (5 and 12), condensate pumps (6 and
13), consumers (7 and 14). For normal subsystem opera-
tion a functioning feedback loop is required (components
5and 6 or 12 and 13) and availability of at least one power
source (1, 8) to the consumer. Therefore, the general form
of SHLF shall be

F =X, (6 /i VX o) (45)

Here f; and f; are logical functions of operability of the
part of the system from the output of the respective turbine
generator to the consumer.

If F has the form of F' = xp(x;1 /1 V X2 /2 V f3), then if
all components are in working condition (x;=1) the values
of the indicators must be chosen in such a way as to fulfill
the conditions:

SH(RLR,,...R) = f,(R,R,,...R,) =
=1, f;(R,R,,...R,)=0.

If that is not so, the third summand absorbs the first two
and the operability function can be equal to one even if the
turbine generators are absent, which contradicts the physical
essence of the system.

The logical equation system for the technical system
under consideration has the following form

Yy = xzy(,(x1 Vyg),y3 = X305 Vs = X4V V3 Vs =
= XsVyr Ve = X V52 V7 = X345 (46)
Yo = XoXp3(Xg V 3), Vig = X19Yo Vit = X1 Vo105 Via =

=XV Vi3 = X3 i Vg = X4

It is required to find expressions for y; and y;4 taking
(45) into consideration. The equation system is homog-
enous and, therefore, it must have zero specific solution.
At the first step out of the first five equations of (46) we
deduce

Vo = XgXs X, XX, (X, V ¥9) Vs = B(x, vV ¥y) Vs (47)
Solution (47) according to the method of class 1 has the
form of

Vs =B(x, v y)R. (48)
At step 2 of (48) of both the first and the second equations
of of (46) we deduce
Vo = XoXp3 (X, V BR (X, VR,)). (49)
At step 3 of the equations for y;q—y;3 of system (46) we
deduce: V13 = X13X12X11X10)9 -
Let us substitute (49) here ad solve the homogenous
equation for y3:
Vi3 = AR, (xg v BR, (x, V R,)), A = XX,y X, X, X5 (50)

Out of (49) and (50) follows that yg = y3.
At step 4 out of equations for y,g, y;; and y,4 of system
(46) in view of (50) we deduce:

N = X, ARy (xg v BR (x, V R))). (51)
In the same manner we deduce:
Yy =X,BR (x; vV AR, (x; V R,)). (52)

Out of (50) and (51) it follows that specific solution (46)
is zero. After comparing (50) and (51) and (45) we see that
special conditions are fulfilled only if R; = R;=1, R, = 0.
Thus, finally we have

Y, =X%,B(x, v Axg), vy, = x, A(xg v Bx,).

O—C
O—O T —O—0
®
OG- D)

Fig. Technical system structure (1, 8 turbine generators;
2, 9 steam generators; 3, 10 control equipment; 4, 11 tur-
bines; 5, 12 main capacitors; 6, 13 condensate pumps;
7, 14 reducers).

Probabilities are deduced using formulas

P7 = P{y7 = 1} = p7PB(pl +Q1p8PA)’PM =
= P{YM =1}= p14PA(p8 +qu1P3),
P, = popioPiP1aDis> By = P2D3DaDs s
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5. Conclusion

Logical and probabilistic analysis of a complex technical
system is one of the key components of system design in
many industries. Due to significant labour intensity, simply
searching through the possible solutions is impractical.
Logic equation systems significantly simplifies the analy-
sis process. The table-based method of a general solution
of logical equations suggested in this paper extends the
capabilities of system developers and enables the evalua-
tion of characteristics adequate to the logical structure. The
definition of all general solutions with subsequent choice
of one of them allow, using the indicator vector, taking into
consideration special conditions of operation, including
the use of cross-connections between parallel channels and
feedback loops that support or improve system functions. In
the presence of a multitude of general solutions in technical
solutions, the task consists in the formal choice of the only
acceptable solution by listing special logical conditions of
system operation.

At the stage of logical analysis it is possible not only to
establish the existence of at least one general solution or the
fact of insolvability of the equation system, but also find the
causes and location of the formula’s logical inconsistency.
That is quite relevant for algorithmically controlled resources
as that enables a quick elimination of the uncovered incor-
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rectness. The control of the system operation logic enables
new ways of improving dependability and efficiency. The
preferred application areas are energy, automated control
and diagnostics systems.
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CTPYKTYypHasa HafeXXHOCTb. Teopus U NpakTuka

HuH4uyk B.C., Yenypko B.A.

O NPOBEPKE C/TYYAMHOCTU OAHHbIX CO CBA39MU

Crarbs nocssiLeHa Uccen0BaHWI0 Pa3INyHbIX HenapamMeTPU4eCcKux MeToA0B MPOBEPKM rurnoTe3dbl ClyyYan-
HoCcTU (OTCyTCTBUE TPpeHAa) BbIOOPOYHbIX AaHHbIX B CUTyauuu, Korga 3T AaHHbIe CcoAepxXar MOBTOPSIO-
wmecs HabnwaeHvs. loBTopsioLmecs HabIOAEHVS, HA3bIBAEMbIE CBSI3SIMU, MPUBOAST K HEOAHO3HAYHOMY
paHxuvpoBaHuio. OBbIYHO 37IEMEHTaM CBSI3aHHOV rpynrbl MPUCBaNBaETCs cpeaHeapudmeTnyeckuii paHr. B
pe3aysibTate U3MEHSIIOTCS] CTaTUCTUYECKNE peLuaroLme rnpasunsa, NOCKOJIbKY CTaTUCTUKA KPUTEPUS MEHSIET
CcBoOe pacripenesieHve. Hacrtosiwas ctatbsi rnocBsileHa UCC/EL0BaHUNI0 MOLLHOCTU Pa3JINYHbIX KPUTEPUEB
rnpuvl HasIM4YMm CBSI3EN.

KnoyeBbie csioBa: €BsI3b, CBSI3aHHasl rpyrnna, PaHr, uHBepcusi, kputepuii CnvpmeHa, kputepui KeHagasi-
n1a, HTerpasibHbIVi KPUTEPUI.

BeBepeHue

Jlis mosmy4eHus: KOPPEKTHBIX OIEHOK M CTaTHCTUYECKOrO MPOTHO3MPOBAHUS pecypca
Pa3IMYHBIX CIOKHBIX TEXHUYECKHX CUCTEM HEOOXOJMMO UCIIOIb30BATH XOPOILO 00YCIIOB-
JIeHHbIe MeTo/ibl. [Ipy aHaIM3€e CTaTUCTHYECKHUX JaHHBIX 00 0TKa3aX BOCCTAHABINBAEMbIX
00BEKTOB OOBIYHO AENaeTCs MPENNOTI0KEHHE O TOM, YTO HAOII0AaeMblil IOTOK OTKAa30B
Clly4aeH, CTalMoOHapeH (OJHOPOJEH BO BPEMEHH), MHTEHCUBHOCTH OTKAa30B CJIy4alHBI,
HEe3aBUCHMBI U T.1. OJTHAKO YacTO ATH NPEAIOCHUIKH (MCXOAHbIE I'MITOTE3bl) HE BBITIOIHSI-
1orcs. CreoBaTeNbHO, IPUHATOE OKOHYATEIbHOE PEIIEHUE O COCTOSHUU UCCIEIYEMOTro
00beKTa W BCE YHMCICHHBIC OLEHKM HAJIEKHOCTH, MPUHSATHIC B JAaHHOM ciyd4ae, OyayT
BECbMa COMHHTEIbHBI.

[Tox cranmoHapHOCTHIO (OTHOPOHOCTBIO BO BPEMEHH ) [IOHUMAETCSI TOT (DaKT, 4TO MHTEH-
CHBHOCTH OTKa30B Oy/IyT OJMHAKOBO PACIIpe/IeJICHbl BHE 3aBUCUMOCTH OT TOTO, /i€ Ha Bpe-
MEHHOMW 0CH HaXO/ITCsl MHTEpBaJl (PUKCHUPOBAHHOM JUTMHBIL. CITy4aifHOCTB, B IEPBYIO OUepe/b,
O3HA4YaeT He3aBUCHMOCTh HAOJIOIaeMbIX HHTEHCHBHOCTEH OTKa30B, @ TAKXKE OTCYTCTBHE B HUX
KaKUX-TO TPOCTBIX 3aKOHOMEPHOCTEH, TPEHAOB (TeHIeHIui). Hann4auem 3akoHOMEpHOCTH,
K MPUMEpPY, MOXKHO CUHTATh CHTYAIMIO, KOTJIa MOTOK COAEPKUT BPEMEHHOM MPOMEKYTOK
(MHOTIAa HE OJTMH) C CYIIECTBEHHO OOJIbIIEH HHTEHCHBHOCTBIO OTKA30B, HEXKEIN B CPEIAHEM,
Ha BCeM HaOJII0IaeMOM MHTEpBajie BpeMeHH. [IpocToii IMHEHHbIH TPEH I TOBOPHUT O HATMYUH
0IM3KOM K JIMHEHHOW 3aBUCHMOCTH MEXIy HaOIlfo1aeMOol YacTOTON OTKa30B U BPEMEHEM f.
Hac Oynyt mHTepecoBaTh CTaTUCTUUECKUE KPUTEPUH CIy4allHOCTH MpeIHAa3HAuYCHHBIC JUIS
0OHAapy>KEHUS! IMHEIHBIX TPEH/IOB.

Jly1s aBTOPOB JJaHHOM CTAaThU TAKOTO pojia KPUTEPHH MOTPEOOBAIHCH ITPH MTPOBEJCHUH
CTAaTHUCTUUYECKOTO aHAIN3a HaJe)KHOCTU CUCTEM yIpaBlieHus 3amuToil bunnbunckoit ADC
(CY3 buADC). Ucxonubie Uit pacyeToOB JaHHbBIE TPEICTABIISIN COOO0M TPYNIITUPOBAHHBIN
MMOTOK OTKa30B— KOJMYECTBA (4aCTOTHI, HHTEHCUBHOCTH) OTKa30B 32 KOHKPETHBIN IO/l OT
Hauaja dKCIUTyaTalluM 10 HacTosliee BpeMs i kaxaoro anemeHra CY3. Ha mepso-
HayaJbHOM JTalle aHaJn3a HeoOXOJMMO OBLIO MPOBEPUTH THUIIOTE3Y CIYHYaWHOCTH ITHUX
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YacTOT, B YaCTHOCTH, OTBEPTHYTh I'MIIOTE3y CTapCHHS,
BBIPA)KAIONIYIOCS B TOCTEIICHHOM YBEJIMYEHUH HHTCHCHB-
HOCTH OTKa30B.

HexoTopble MeTo/1b! petiieHnst TO00HBIX 33/1a4 CTaTHCTH-
YEeCKOTO aHaJIi3a JIaHHbIX TPEOYyIOT yCOBEPIICHCTBOBAHNUH,
MOZIEpHU3ANNH, a HHOT/Ia U Pa3pabOTKH, 0COOEHHO B TOM
cilydae, KOTa MCXO/Hasl CTaTUCTHUYECcKas MH(opManus
o0najaeT onpeneneHHoro poaa Hegocrarkamu. K takoro
poza HeocTaTkaM MO>KHO OTHECTH HAJIMYME B MCXOJHBIX
JTAaHHBIX TOBTOPSIOMINXCS HAOIIOACHHH (CBS3H B BEIOOPKE).
Tak crarncTnieckne JaHHble 00 HHTEHCUBHOCTSAX OTKa30B
CV3 buADC coneprkanu B cebe Ype3BBIYARHO MHOTO I10-
BTOPSIIOIIUXCS HAOMIOICHNH, 0COOCHHO HYJIEH, TTOCKOIBbKY
OTKa3bl HEKOTOPBIX 2JIEMEHTOB OBUIM JOCTAaTOYHO YaCTO
PEIKUMHU COOBITHSIMU.

Jlist IpoBepKHu CilydailHOCTH (OTCYTCTBHSI TPEHAA) B
9TOW CUTyallMu JIOCTATOYHO YaCTO MPUMEHSETCS KpH-
tepuit Kenpanna ¢ monpaBkamu Ha cBsi3u I1. Cena [1].
Ho xak m3BecTHO, B psJie ciyyaes, K IPUMEpY IpH Ma-
Do BeIOOpKe, KpuTepuit Kenganna MeHee MOIIHBIN 11O
cpaBHEHHIO ¢ kputepueM CnupMeHa. MoXXHO OXXHIATh,
YTO €CJIN KOPPEKTHO y4eCTh IONPABKH B KPUTCPUHU
CrnupmeHa, ToO MPUMEHEHHE HOBOTO KPHUTEPUS CTAaHET
OoJsiee mpeanodTHTENBHEE B CMBICIEe MomTHOCTH. Kpome
9TOTO XKEJIAaTeIbHO MPOBECTH CPABHUTEIHHBIM aHAIH3
MOIIHOCTH W MHTETPAJIBHOI0 KPUTEPHUS CIydalHOCTH,
MpeUIOKEHHOTO B padote [2].

B nanHoi#i crarbe paccMaTpUBaeTCsl METOIMKA MPOBEP-
K{ TUMOTE3BI O CIIyYalHOCTH CTAaTUCTUYECKUX ITAHHBIX C
YUYETOM IIONIPAaBKK Ha MMeromuecs cBsizu. [Ipu aTom mo-
HUMAaeTCsl, YTO IPUHATAs THUITOTE3a O CIIyYalHOCTH, OyneT
Ha caMOM JIeJIe O3Ha4YaTh OTCYTCTBHE MOHOTOHHBIX TPEH/IOB
B HaOmotaeMoM BpeMeHHOM psiie. Kpome storo meromom
CTATUCTHYECKUX HCIBITAHUH HCCIENYIOTCS MOIIHOCTH
Pa3IMYHBIX KPUTEPUEB MPOTHB aJbTEPHATHBEI HATUYNS
MOHOTOHHOTO TPEH/IA.

CrnenaeM KpaTkoe OIMMCAHUE THUITOTE3bI CITy4alHOCTH.

MNnoTtesa cny4yamHOCTU

JlocTaTtouHO 9acTo B Ka4eCTBE aJIbTEPHATHUBBI MITOTE-
3€ CJlyJalHOCTH BBICTYTIAeT TMIIOTE3a O Hadaje Mephona
MPUOIMKEHUS] CUCTEMBI K NPEAEIbHOMY COCTOSTHHIO. B
3TOM CIly4ae MHTCHCUBHOCTHU ITOTOKA OTKAa30B MMEIOT SIB-
HYIO TEH/ICHIIMIO K Bo3pacTanuio. Ecin paccMmarpuatores
OTKa3bl HOBOW CHCTEMBbI, TO B CHJIy W3BECTHOTO SIBICHHMS
pUpabOTKH, NHTEHCHUBHOCTH IOTOKa OTKa30B OymyT OT-
HOCHTEIBHO BBICOKH BHAJalle UCCIEAYEMOTO BPEMEHHOTO
MIPOMEIKYTKA C TOCTEIICHHON TEHACHINEH NX YMEHBIICHHS.
B aToM ciydae anpTepHATHBOI HyJIEBOW THIIOTE3e OymeT
MIPEIOI0KEHHE O HAIMYNN OTPUIATEIBHOTO TPEHIA B
HaOoaeMbIX yactorax. Eciam nccnenosarens uHTEpecy-
€T NMPOCTO HAIM4Me MOHOTOHHOTO TpeHaa (0e3 ykazaHus
yOBIBAIOIINI OH MJIM BO3PACTAIOIINIT), TO pacCMaTpHUBAIOT
JIBYCTOPOHHIOIO aJITEPHATHBY.

Tunomesa cayuaiinocmu — 3To, NOXKaNyH, nepBas u
(yHIaMeHTaNbHAs TUIIOTE3a, IpUMEHseMas Mpu oopa-
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OOTKE YMCIIOBBIX CIYYalHBIX HaHHBIX. OHA 3aKII0YaeTCs
B IIPEATIONIOKEHUH OTCYTCTBUS TSHACHINH U JIETEPMUHU-
POBaHHBIX 3aKOHOMEpPHOCTEH B 3THX AaHHBIX. Chopmy-
JMpYeM ee.

B pa3nuuHbIX CTAaTHCTHYECKUX 3a7a4aX UCXOIHBIC 1aH-
Hele X=(X{,..., X;,) 9acTO paccMaTpuBalOT KaK CIy4alHyIO
BBIOOPKY M3 HEKOTOporo pacnpenenenus L(E), T.e. canTa-
10T KOMITOHEHTHI X; BEKTOpa JIaHHBIX X HE3aBHCHUMBIMU U
OZIMHAKOBO PACTpe/ICICHHBIMH CITyYaiiHBIMH BETHIHHAMH.
Kaxk npaBunito, 3To IpeAroIokeHne orpaBiaHo U BEITEKAeT
13 CaMoro xapakTepa 3aJadi, HO WHOIZA OHO HYXIAeTcs
B TIPOBEPKE.

Tumoresa ciyuaiinoctn H* COCTOMT B MIPEAIONOKEHUH
CUMMETPUYHOCTH (YHKIMU (MM TUIOTHOCTH) pacripesie-
nenus [3].

H. Fy(x,,x, ... X, ) = F (X, %,,...,X,), (1)

YacTo paccMaTpUBAaIOT YNPOLIEHHBIM BapHUaHT ATOU
TUIOTE3bI, JTOMOJHUTENBHO MpPEIonarasi Haludie Hes3a-
BHCUMOCTHU KOMIIOHEHT.

H:F(x,....x,)=F(x)..F(x,), (2)

rae F(x)— Hekoropas ¢yHKuMs pacrpenencHus. Ta-
KyIO THIIOTE3y Ha3bIBAIOT THIOTE30M CIy4alHOCTH, XOTS
Ha CaMOM Jielie B HEll yTBEp)KAaeTcss HEe3aBHCUMOCTh U
OJMHAKOBAsl PACIPEAEICHHOCTh KOMIOHEHT BeKTOpa X.
Takum obpazom, mpu H,) paccMaTprBaroTCsi He3aBUCHMBbIE
1 OAMHAKOBO pacHpellejeHHbIC CIydYaiHbIC BETUIHHBI
X1,X,,...,X,. OueBunHo, uto Hy—H", T.e. Hy— 6oIee JKecTKoe
TIPEATIONIOKEHNE O XapaKTepe NCXOTHbBIX JaHHbIX, HEXKEIN
H". TeM He MeHee, IMEHHO 3Ta HyJleBasi rurioresa— H Gyner
TIPOBEPSITHCS B AAJIbHEHIIIEM.

B HemapameTpuueckoi TOCTaHOBKE 11eNIeco00pas3Ho pac-
CMaTpHBaTh CAEAYIOLINE albTEpHATUBEI [4].

Hampumep:

H® : F(x)<F,(x)<..<F,(x) — anpTepHaTHBa BO3-
pacraHus,

H7: F(x)> F,(x)>...> F,(x) — ansTepHarnBa yobI-
BaHMSI.

Kpurepuil cormacust ans npoBepKku rumoTessl
MOXHO ITOCTPOHTB, HCXOJSl U3 PA3IUYHBIX COOOpAKEHUH.
Bo-mepBrIx, mpeanonaraercs, 4To BEKTOp X MMEET He-
IIpepbIBHOE pacnpeaenenue. Ecim runoresa cirygaifHocTn
JICCTBUTEIIEHO MMEET MECTO, TO KOMIIOHEHTHI BEKTOpa
X «paBHOIIPABHBI» U TIOTOMY JaHHBIC HE JOJKHBI OBITH
HU B KaKOM CMBICJIEC YHOPSIOYCHBI. J[pyrumu cioBamu,
CUTyalu10, COOTBETCTBYIOIYIO TMIIOTE3€ [1) MOKHO
OXapaKTEepH30BaTh KaK «IOJIHBIH XaoC», WIN «IMOJHBIN
6ecriopsiiok». I1pu oTKIIOHEHUSIX OT H() HICXOAHBIE JaHHBIC
HMMEIOT TOT WJIM WHOW TOPSIIOK, MTPOSIBIISIIOTCS CBS3H, WIIN
3aBHCHMOCTH OT Mopsiika HHjekcanuu. CliesoBarensHo,
KpUTEpHH TPOBEpKH H() MOKHO IMTOCTPOUTH HA OCHOBAaHUHU
CTAaTUCTUK, U3MEPSIOMNX CTEICHb «OeCropsaKa» uc-
XOJHBIX JTAHHBIX.
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CBa3u B BbIOOpKe

10T pazaen OyneT MOCBSIIEH UCCIEOBAHHUIO PA3TMYHbBIX
MOXO/IOB K yueTy CBs3aHHbIX HaOmoneHnil. Kak u3BectHO
[11, epynnoii cészannvix habmooenuli Ha3bIBAFOT MHOXKECTBO
HaOJII0EHMH, MMEIOIIUX OJHO M TO ke 3HaucHue. «Korma
UCCIIeloBaTeNlb PaHXKUPYeT 00BEKThl Ha OCHOBE CYOb-
€KTHUBHBIX CY>KJIEHHH, TO 9TO CBOHCTBO (OTCYTCTBHE MPE/-
MOYTEHUIT) CBA3aHO C UCTUHHON UX HEPA3TNYUMOCTBIO UITH
HECIOCOOHOCTBIO UCCIIE0BATelsl HAWTH CYIIECTBYIOLINE
paznuuust. B 3THX ciydasix roBOPST, YTO Takue OOBEKTHI
SIBIISIIOTCSL ces3anHbimuy. He 0083aTenbHO B 3TOM Cilyuyae
TOBOPUTH O TOM, YTO HAOII0AAETCS AUCKPETHAS ClTydaiHas
BenuuuHa. Ha camMom nene, CBSI3M MOTYT HMOSBHUTHCS, K
IIpUMeEpy B Cllydae MPOBEICHHsS OKPYIVICHHH C 3adaHHOU
TOYHOCTBIO HENIPEPBIBHOM BeIMUUHBL. [Ipy 3TOM B HCXOIHOM
nH(pOpPMALUK MOJKET HAOIIONATHCSl HECKOJIBKO CBSI3aHHBIX
rpynn. Ecin HaGmoneHne umeeT 3Ha4eHue, OTIHYatolieecs
OT OCTAJIBHBIX 3JIEMEHTOB BEIOOPKH, TO €r0 MOYKHO CUUTATh
Ipymnmoi ces3eit oovema 1.

B nuteparype oOcyxaainuch JBa MeTola OOpalleHus ¢
COBMAJICHUAMU. [IepBBIi COCTOUT B TOM, YTOOBI YIIOPSIIO-
YUTh COBIABIIKME HAONIONCHUS Cly4aiiHbiM 00pa3oMm. Ero
JIOCTOMHCTBOM SIBJISIETCSI MPOCTOTA, OH HE TpeOyeT HOBOA
TEOPHH, HO TIPH 3TOM MBI, OUEBH/IHO, )KEPTBYEM HH(POpMa-
IIUCH, COepIKAIICHCS B HAOMIONCHUSX, 1 MOYKHO OJKU1aTh,
4TO OH Oyner meHee 3(pdexTuBeH, ueM BTOPOH MeETox,
COCTOSIIMH B TOM, YTO KaKJOMY W3 T'PYMIbI COBMABIINX
HaOTIOACHUH TPUITUCHIBACTCS CPETHUM PaHT 3TON TPYTIIBI.
JlocTonHCcTBa 00OMX METOOB MCCIIEAOBAINCH JIOBOJIBHO
MaJlo, HO MOKa3aHo, 4YTO Kputepuid BuiikokcoHna npu ciy-
JalfHOM pa3ieJIeHUH COBNAJeHUH mMeeT MeHbInyro AOD,
4YeM KoTJia MPUJA0TCS CPEIHHUE PaHTH.

Jlo nosiBiIeHUS asTbHEHIIICH HH(GOPMAIIMK METOJT CPETHE-
'O paHra Kaxketcs 0ojiee 001eynorpeouTeabHbiM. [1o 3Toit
MIPUYHHE STOT METOJ NMPHCBANBAHUsI CPETHETO paHra Mpu-
MEHSIETCS U B 3TOM cTarbe.

CBoOOOHbBIN OT pacnpeneneHus
KPpUTepu He3aBuCUMOCTHU
n cny4yamHoctv Kenpanna

W3BectHas cratuctuka Kennamna 7, MOXeT mpume-
HATBCS JJIsl TIPOBEPKU THUIIOTE3bI HE3aBUCHUMOCTH OJHOTO
Habopa JaHHbIX (1omycTuM (X),...,X,) ot apyroro (V,...,Y,)
[5]). B aTom ciy4ae ncxomHoi nH(poOpMaLuei sBiIseTcs
JIBYMEPHBIN MacCHB:

X, X, .. X, )
Y, v, . Y)

n

CTosIO1BI 3TOr0 MaccuBa MEPecTaBISIOTCS TaKUM 00-
pa3om, 4TOOBI HIDKHSSL CTPOKa Y-0B Obla yropsijioyeHa
(momyctuM 1o Bo3pacranuio). Eciu nmociie 3Toro u B Bepx-
Hell cTpoke OyJieT 3aMeTHa TeHICHIHS K BO3pacTaHUIO (MIn
yOBIBaHHIO) X-0B, TO MOJKHO CYIUTh O HAJIWYHUHU IOJOKH-
TEJILHOH (OTpHULATENIbHOI ) KOPPEISILIMOHHOM 3aBUCUMOCTH
X ot Y. CteneHp 3T0# 3aBUCUMOCTH MOXKHO HU3MEPUTH

4yrcIoM HHBepcuit 7,,. [l Takoro poaa TaHHBIX CTaTHCTHKA
T, IBISICTCS OLICHKON BETMYUHBI T, KOTOPAsI OTPEICIISICTCS
CJICITYIOIIMM 00pa3oM:

T = 2P (X,-X)(Y)-Y2)>0)-1,

e P—3meck u manee BeposTHOCTE. [IpuBeeM KpuTepuii
Kenpanna B Buge [1]. Ognako 3aMeTuM, 4TO NPUBEACHHAS
HIKE CTaTHCTUKA K TI0 CYTH SIBIISCTCS YHCIIOM WHBEPCHUI
Kennmamna 7, nnst X-oB B TOM ciydae, KOTJa CTOJIOIBI
JIIByMEpPHOTO MaccuBa (3) ymOpsI0YHBAIOTCS B IOPSIKE
BO3pacTaHus Y-0B.

Kpowme sToro 3amerum, 4To €ciu 3aMEHUTb Y;=i JJist
KQXJIOTO I, TO KPUTCPH HE3aBHUCUMOCTH MPECBPATHTCS B
KPUTEPHUI CIIyIalfHOCTH B CMBICIIC TIPEIBITYIIETO pasea.
Amnprepnarusa T>0 (1<0) OyzeT 03Ha4aTh HAINYNE ITOTOKH-
TEJNBHOTO (OTPHUIATEIIEHOTO) TPEHA Y X-OB.

J1J1s IpOBEpKHU TUTIOTE3BI O HE3aBUCHMOCTH CITyJaifHBIX
BermauH X 1 Y (oTKyma cinemyet =0), a UMCHHO

Hy:P({x <a}n{r<b})=

=P(x<a)P(Y <b) Va,b, 4)
HAJIO MPOJIEIATh CICIYIOIIee.
TTonoxuTk
n-1 n
K= 2{ legn (x-x, v -1)).
i=l j=i+
I, x>0,
rnesgn(x)=4 0, x=0, (5)
-1, x<0.

Taknm 00pa3oM Kax1oi nape MHAEKCOB (7,/) MPUITHCHI-
Baetcs +1, npu i<y, eciu

(X—X)(Y~Y)) > 0, 1 —1 nnaye. CxnapiBas 9T €AMHHUILIbI
(c ux 3HaKaMM), MBI TTIOJTy4aeM cymmy K.

W3BecTHO, 4TO TpU OONBIINX BBIOOPKAX CIIEIyeT WC-
T10JTb30BATh:

. K-E(K) K
-~ IDy(K)  Jn(n-1)2n+5)/18’

(6)

rie Ey(K) u Dy(K)— maremarnieckoe O)XKUAaHUE U JIUC-
nepcusi CTaTUCTHKU K TIpU BEpHOI HYJIEeBOW THIIOTE3e
CIIy4aliHOCTH, #— 00bEM BBIOOPKH.

Ipu Bemonuennu H, cratuctuka K acHMITOTUYECKH
(Ipr n—>00) UIMEET CTaH/IAPTHOE HOPMAJIbHOE pacIpeiese-
aue— N(0,1).

[TpnbmKkeHHbII KpUTEpUi B 3TOM cilydae OyneT ciie-
JYIOIIUM:

otknoruTh Hy), ecim K* >u(w), @)
npunsTe Hy, ecim K < u(ay),

r7ie KOHCTaHTa #(0)— KBaHTHJIb CTaHIAPTHOT'O HOP-
MaJIbHOTO 3aKOHa, T.C. BEJIIMUYMHA, yIOBICTBOPSIONIAs
YPaBHEHHIO

P [K*<u(a)]=a.

Ecmu cpenu n HabmoneHwii X vimv cpein 7 HaOIIoICHAN
Y ects cBs3u, To aucnepento Dy(K) B onpenenennu K Hato
3aMEHHTH Ha
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n(n—=1)(2n+5)-

_i L (Zi - 1)(2ti + 5) -

h
S = u, (u, ~1)(2u, +5)
D,(K)=—~" +
v (K) 12 18

{i L (ti - 1)(11. - 2)}{i uj (uj - 1)(7”] - 2)}
L j=1

In(n—-1)(n-2)

{it[(t, —1)}{iuj(uj —1)}
+ i=1 =1
2n(n—1)

IJe g— YHCIO TPYNI COBIAJAIOMINX HaOMIOAeHUH X;
t— 00BeM i-i TpymTel HaOmoneHuit X; e i— 9rucio rpym
COBNAJAOMMX HaOmoaeHnii Y; U~ 00beM j-if TpymITsI
Habmronenwit Y. IlompaBka (8) BHepBbie OblTa MOTy4YeHA
IT.Cenom.

+

®)

PaHroBbin Kputepuin CnupmeHa

B cBoux paborax mist npoBepku rutnoressl Hy (1) Crinp-
MEH HPE/UIOKHUII CICAYIOLLYIO MepY JIMHEHHON CBSI3U MEXKITY
CIIy4aiHBIMU BEMYNHAMH.

12 & mel)(, ntl
R‘mi(" 2)(“‘ 2)’ )

i=1

rae r; ur” — panru X; u ¥, MacCHBBI yIOpsiI049UBAIOTCS
pasaeNbHo. R Ha3bIBACTCS KOIDhuyuenmom paneosou Kop-
pensyuu Cnupmena [6].

[TockoabKy OT MEpeMEeHbl MECT CllaraeMbIX CyMMa He
MEHSETCS, MO)KHO CTOJOIBI MaccuBa (3) yHOpsAI0YNTH
TakK, 4ToObl Y BO3pacTalld U 3aTeM OIPEIENUTh 7'— I0-
JTy4YuBIIHECS (OTHOCHTENBHBIC) paHTH X;. B 3TOM ciryuae
MOYKHO TOJIYYHTh CIICIYIOUINH BUJI PAHTOBO# CTaTUCTHKU
Crmpmena [1]:

12 (. n+l n+l
el ) o

i=1

WHorna monp3yroTcs u Oomee ynoOHOHM it pacdera
dbopmoii [5]:

p=l-— Y (i) (12)

(P -5

[Toxaxkem, 9T0 R=p npu omcymcmeauu cesaseu:

12 & n+1 n+l
R: ] — ——— ¢ — =
3—n§(’ 2 )(r 2 )
Y o (n+1)?
— (217’; n 4 )

3
n —n
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6 < . 12 ) (n+1)
=l (=i =——| Y i —n—— |
P n3—n§(' ) n3—n(z ' 4
Ipu Hanuuuu 0OHOIU c8:3HOI 2pYNNbL 00LEMOM t:
12 & n+l1 n+l
R= i— 7= =
n3—n;( 2 )( 2 )
12 ) (n+1)
=—| ) in—-n——>—=|. 10
3 |:2 1 4 :| ( )

n —n

n

D =iy =

i=1

=31—2(2i4—n@+’32—;’). (11

W3 BBIIIECKAa3aHHOTO MOJKHO CZIEJIaTh BBIBO, UTO IIPU
OTCYTCTBHH CBSI3€H R=p, HO NIPU HAJTMIUH CBA3CH K0P PH-
LMEHTOM P TOTH30BaThCA HE COBCEM MpaBMIIbHO. Ommoka
B TIEPBYIO OYEpenb, OyAET CBSI3aHa C TEM, UTO MaTeMaTHye-
ckas popMa CTaTHCTUKU R GOJBIIE COOTBETCTBYET OIICHKE
PaHTOBOH KOPPEISINH, HEXEIN yHoOHas Ui pacueToB
CTaTHCTHKA P.

ITosTOMY, B35IB 32 OCHOBY CTaTUCTHKY R paccuuTaeM Io-
TIPaBKU Ha AUCIEPCHIO, aHaTorn4HbIe rmonpaskam I1. Cena
JUISL CTAaTUCTUKN HOPMAJIM30BAHHON CTATUCTUKU KPUTEPHUS
Kennanna K*(6).

Aucnepcua ctTaTUCTUKMN CnupmeHa
npu HaAAN4YNN CBA3HbIX rpynn

[Ipu Gonpmux pa3mMepax BEIOOPKH JIyUIIle HCIOTb30BaTh
HOpMaJTM30BaHHBIN KpuTepuit CrnimpMeHa, T.e. KpUTepUi,
Ybsl CTATUCTUKA 1TpU H() puOIMKEHHO OyJIeT UMETh CTaH-
JIapTHBIM HOPMAaJIbHBIN 3aKOH.

To, uto cratuctuka CriupMeHa Tpu BepHOU H, uMeeT
ACHMITTOTHYECKHA HOPMAaJIbHOE PacIpenesiCHHe JOKa3aHo,
Hampumep, B MoHorpaduu [1]. CtanmapTuzauy HopMaib-
HOTO 3aKOHa MOXHO JOOUTHCS aHAIOTUYHO (6).

R =i‘)(m=\/n—1~1¢, (12)
VD, (R)
T.K. MaTemMatudeckoe oxuganue Eqy(R)=0 u nucriepcus
Dy(R)=1/(n-1).
I1pu BemmonHeHun H, crarucTrka R* IMeeT acCHMITOTH-
yeckoe (mpu n—0) pacupeaenenue N(0,1).
Haiinem aucniepcuio cratucTuku Kputepus CrimpmeHa
TP HAJIWYHUH CBS3HBIX TPYTIIL.
Jlanee mpuBEIEHBI pacdeThl IUCIEPCHH CTATHUCTUKH
Criupmena R 6e3 yueta kospdurmenta 12/(n?-n), T.e. cra-

R(n* —n)
12

TUCTUKH R =

. on+l
O6o3HaunM ¢, =1i —T. [Ipenmnonoxum, 4To UMEETCS

OZIHA CBsI3aHHAs Trpymia oObema f.
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D, (R)=D, [Z:,Cin}
—ZC D, (r)+2Y cc,cov, (.7, )=

i<j

—ZC (D (r) covo(,, /))

Omnpenenum qucnepcuro panra D, (r,) MIpU BEpHOH HY-
JIeBOM rumnorese: |

2 2 il L G|
D, ()= E, ()i ()="; _lé(n——l))’

rac EO — Mar€MaTH4YCCKOC OXKHJaHUC.

KoBapuanus pauros r; u ;:

cov, (r,.,rj) =E, (r,.rj )— E, (r,. )EO (rj )=
_ n*(n+1)° _n(n+0.5)(n+1) (n +1)°
12 3n(n+1) 4

, TO TIOCJIC HCKOTOPBIX HECJIOXK-

()
n(n’*=1) )

Takum 00pazom, eCITi YHCIIO CBSI3HBIX IPYII PABHO K, TO

n(n D(n+1)

Tk. _
2 >

HBIX BBIYHCIICHUH MTOTydaeM

D, (R)= wnt D (n=]) (1 -

144

iti (tiz - 1)

D, (R)= nntD) (n=D}, 5
! 144 n(n* —1)

OxoHuarespHast popmMa HOPMaIU30BAHHOKN CTaTHCTHKA
kpurepust CriupmMeHa UMeeT BH:

= ( n+1)( n+1)
- z i—— | =
R = R _ p 2 2

. (13
JD,(R) 9

Pt (n=D)| | ;"’(Z" D
144 n(n® —1)

rae k— KOMMYeCTBO CBS3aHHBIX TPYMI, /— 00beM i-i
CBSI3aHHOM TPYTIITHL.

[Tpu orcyrcTBnu cBsizeit momydaeM (13). Takum oOpazom
IpUONVKeHHBIN KpuTepnii CinpMeHa Ipy HaJTMYUH CBsI3eH
OyIeT CIICAYIOIINM:

OTKJIOHHTS H,, ecia R™ >u(ay), (14)
npursTh H, ecmu R* < u(a),

1€ KOHCTaHTa u(a)— KBaHTWJIb CTAHAAPTHOI'O HOPMAJIBHO-
T'0 3aKOHa, T.€. BEJIMYNHA, YAOBJICTBOPAIOIIAA YPABHCHHUIO
P [R*<u(o)]=a.
UHTerpanbHbIN KpUTEpUi

B pabote [2] ObLT TpeiI0KEeH HHTETPATBHBIN KPUTCPHH,
MIOCTPOCHHBII Ha CTAaTUCTHKAX CICAYIOLIEro BHA:

e )

I =2

:

) ¢(+)
Ss!

s(5:7)57)

i=1

™ = ; (15)

=) ¢+
SOS¢

1 n — 1 n
rz[er(+):—2(n+1—i)rl.;r'): 7.
nio iz

(+) —
SO =

J

) ZM_LE’; (;,2 —l);

6 24n <

o Re(nG+) =Y
S e

i=1

Bo n3bexanne acCuMMETPHH PaCTIpeICIICHHUS pejiaraeT-
Csl B KAY€CTBE KOHEUHOTO BAPHAHTA CTATUCTUKU UCIIONIB30-
BaTh JIMHEHHYI0 KOMOUHAIINIO UCXOAHBIX (15), Hampumep:
In“" =0,5(In" — "), (16)
B sTom cityuae si00ast craTucTika OyieT HeCMeIeHHON
[PU YCJIOBHHU BBIMOJHEHHsI HYJIEBOH rumoressl. J{ist cra-
tuctuku Brua (19) mocrpoeHo TabnmaHoe oOecTiedeHNe 1
JIOKa3aHO, YTO B ACUMIITOTHKE JIAHHASI CTATUCTUKA UMEET TO
ke pacrpejenenue, uto u craructuka Crnupmena [2]. s
o0bemMa HaOIOCHU# 11> 7 TIOJTyYeHbI KPUTHUECKUE 3HAYE-
HUSI C TIOMOIIIBIO YAYYIICHHOTO HOPMAJIbHOTO MPHOIIKEHHS
Jutsi pacripenenenus craructiku Crupmena [1]:

In, = \L/lyfi{l 019[ (@) 3]}

r7ie KOHCTaHTa u(0l)— KBAaHTHIJIb CTAaHJapTHOTO HOPMaJllb-
HOTO 3aKOHa.

[TpubnKeHHBIN UHTET PATFHBIN KPUTEPHI TIPH HATTHIHH
CBsI3ei OyJIeT creyomumm:

otknonuts Hy, ecn In" > In,, 17)
npunste Hy, ecmu I < In,,

JanpHelmue nccienoBanns OyayT KacaThCsl CpPaBHH-
TeJIbHOTO aHanu3a kpurepues Kenpamra, CrniupMena n
WHTErpaibHOTO KPUTEPHS TIPH HATUUUH CBSI3EH.
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1. kpurepust Kenpamia ¢ nonpaBkoil Ha
cBs3b Cena (7), (8) — Kendall;

2. xputepus CriupmMena, moCTPOSHHOTO

Ha CTaTUCTHKe Oe3 ydera cBsazeit (12)—
Sperman_old;

—&—kendall

—l—integral

MowHoctb

—l—spearman_new

A—spearman_old

3. xputepus Crimpmena (14) ¢ mompas-
Koii Ha cBs13b (13)— Sperman_new;

4. naTerpanpHOTO KpUTepHs (17).

O6Bemb! BEIOOpOK 7=10.

Kax BumHO M3 rpaduka, mpu Maibix

pasMepax BIOOPKH HHTETpaNbHBIN KPH-

Tepuit obmanaeT 6oNbIIeH MOIIHOCTHIO,
HO HMMeeT HeDOOoJIbIIoe CMENEHNE, BbI-

A 3BaHHOE OMIMOKOIl HOPMAJIBHOTO TPHU-

0
—

o

Puc. 1. CpaBHeHue kpurepuen

0,03
0,06
0,09
0,12
0,15

CpaBHeHue Kputepues

Kax u3BecTHO, OTHUM U3 OCHOBHBIX METOIOB CpaB-
HEHUs CTATHCTHYECKUX KPUTEPHEB SIBISETCS aHAIHU3 HX
MOIITHOCTH— YCJIOBHOH BEPOSITHOCTHU IIPUHSTH albTEpPHA-
THUBY IIPH YCJIIOBHH, YTO OHA BepHa. DYHKIHS MOLITHOCTH
JUTSL KaXKI0TO KPUTEPHSI 3aBUCUT OT BBIOPAHHOTO YPOBHS
3HaYMMOCTH 0. U HEKOTOPOTro rapamerpa A (Wiu BeKTopa
napamMeTpos A u 0T 06beMa JaHHBIX). B Hamem ciyuae
aJTOPUTM CPaBHEHUS KPUTEPHUEB NMPOBEPKH T'MIIOTE3BI
CIIy4alHOCTH 110 MOIIIHOCTH OBLI OCHOBAH Ha OOBIYHOM
MeTone MonTe-Kapino u mocTpoeH ciieayomum 00-
pazom.

MHOTOKpaTHO MOZICIIUPYETCsI rayCcoBCKast (HOpMaJIbHast )
TIceBJI0CTyYaifHas BeIOOpKa X1, X5, ..., X, PHUKCHPOBaHHOTO
o0beMa 7 ¢ 3aJJaHHON CTPYKTYpOH CBSI3€H M C IIOCTEIIEHHO
YBEIMYMBAIOIINMCS TTOJIOKUTEIBHBIM TPEHIOM A 10 ciie-
nyrorieit hopmyie:

X=E+iA,

Mopnenupylorcst CBsI3M 3a/laHHBIX 00beMoB. [Ipomecc
TeHepaIny BEIOOPKHU OBTOpsieTcs m pa3. MomHocTs P(A)
oneHnBaeTcst 3PPEKTUBHOI OLIEHKOH

V. (A
p@y="12

[lanee yBenmunBaetcst yroin rpensa. [ToBropsitorces marmy,
CBSI3aHHBIE C TeHepalnell BRIOOPKH m pa3 U MOACYETOM
(DYHKIIMH MOIITHOCTH.

Ha puc. 1 npuBeneHs! rpadukn MOITHOCTH YETBIPEX
KPHUTEPHUEB:
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onmxenns. [Ipu yBenudeHnn oOvema
BBIOOPKH €CTECTBEHHO OXKHJAaTh YMEHbB-
IICHHUS STOTO CMEIEHHUS.

3aknuyeHue

B crarbe paccMOTpeH BOnpoc NPOBEPKU TUIOTE3BI CITy-
YalHOCTH (OTCYTCTBUSI JIMHEHHOTO TpeHJa) PasIMYHbIMU
CTaTUCTUYECKUMH KPUTEPUSIMU IPU HAJTUUNUU B UCXOJHBIX
JITAaHHBIX CBSI3€ii— OIMHAKOBBIX 3HAYCHUH.

B uyacTHOCTH pelleHb! CleayoMe 3a0aun:

Pazpaboran Hopmanu3oBaHHBIN KpuTepuii CriipMeHa ¢
MIOTIPaBKOH Ha CBSI3b.

IIpoBeneHb! IKCTIEPUMEHTHI 110 CPABHEHUIO MOIIHOCTH
KpuTepHueB. B paMkax 3THX 3KCIIEPUMEHTOB BBISIBIEHO He-
KOTOpPO€ MPEUMYIIECTBO UHTETPATBHOIO KPUTEPHS MEpes
OCTaJIbHBIMH.
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Structural reliability. The theory and practice

Ninchuk V.S., Chepurko V.A.

ABOUT CHECKING OF RANDOMNESS OF DATA WITH TIES

The paper considers research of various nonparametric methods of checking a hypothesis of randomness
of sampled data in a situation when these data contain repeating (tied) observations. The repeating
observations named ties lead to ambiguous ranking. The arithmetic-mean rank is usually assigned to
elements of the tied group. As a result, statistical decision rules change as the criterion statistics changes
its distribution. This paper is devoted to research of capacity of various criteria at presence of ties.

Keywords: tied group, rank, inversion, Spearman test, Kendall test, integral test.

Introduction

For obtaining correct estimations and statistical prediction of various complex technical
systems’ life time, it is necessary to use well-conditioned methods. At the analysis of statisti-
cal data failures of recoverable objects the following assumption is often used: the observable
failure flow is random, homogeneous in time, failure frequencies are casual, independent and
etc. However, these preconditions (initial hypotheses) frequently are not met. Therefore, the
accepted final decision about researched object state and all numerical estimations of depend-
ability accepted in this case will be rather doubtful.

Homogeneousness in time is understood as the fact, that failure frequencies will be equally
distributed without dependence from where an interval of the fixed length can be found on
time axis. Randomness, first of all, means absence in observable frequencies of any simple
regularities and trends. For example, it is possible to consider a situation as regularity presence,
if the failure flow contains time interval (sometimes not one) with the essentially greater failure
rate than it is on the average, in the whole observable time. The simple linear trend points to
the presence of close to linear dependence between observable failure frequency and time .

Some task solution methods in the statistical analysis of the data demand improvements,
modernizations, and sometimes development, especially in those cases when the initial sta-
tistical information possesses certain types of shortcomings. To such types of shortcomings
it is possible to attribute presence of repeated observations (tied data) in initial data. In this
situation Kendall test is frequently enough applied to check randomness with P. Sena’s amend-
ments to ties [1]. But as is known, in some cases, for example, at small sample, Kendall test is
less powerful in comparison with Spearman test. It is possible to expect, that if amendments
to Spearman test is taken into account correctly then application of new test becomes more
preferable in sense of power. In addition to that it is desirable to perform the comparative
analysis of power and the integrated test for randomness offered in [2].

This paper considers the methodology of a hypothesis check about statistical data random-
ness in view of the amendment to available ties. At the same time it is understood that the
accepted hypothesis about randomness will mean actually absence of monotonous trends in an
observable time series. Besides, the method of statistical tests is applied to investigate powers
of various tests against alternative of monotonous trend presence.
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At first we shall make the brief description of random-
ness hypothesis.

Hypothesis of randomness

The hypothesis about the beginning of time of system
approaching limiting state is often enough stands up for
alternative to the randomness hypothesis. In this case failure
frequencies have the obvious trend to increase. If a new
system failures is considered, then by virtue of the known
phenomenon of artificial aging, failure frequencies will
be rather high in the beginning a researched time interval
with the gradual tendency of their reduction. In this case
the assumption of negative trends’ presence in observable
frequencies will be considered as alternative to a zero hy-
pothesis. If the researcher is interested simply in presence of
amonotonous trend (without the indication of its decreasing
or increasing), then he should consider two-sided alterna-
tive hypothesis.

Hypothesis of randomness is, perhaps, the first and fun-
damental hypothesis used at processing of the numerical
random data. It consists also in the assumption of tenden-
cies’ absence of determined regularities in these data. Let’s
formulate it.

In various statistical problems the initial data X=(X,...,
X, frequently is considered as a random sample of some
distribution L(&), i.e. it is assumed that components X; of
a data vector X are independent and equally distributed
random variables. As a rule, this assumption is justified and
follows from the problem nature, but sometimes it requires
check.

The hypothesis of randomness A * consists in the assump-
tion of distribution function symmetry (or its density) [3].

H. :F(x,,x, ,.0x, ) = F(x,%,,...,X,), (1)

The simplified alternative of this hypothesis is also
frequently considered, assuming additionally presence of
components’ independence.

H,: F(x,...x,)=F(x)..F(x,), (2)

where F (x) is some distribution function. Such hypoth-
esis is called the hypothesis of randomness though actually
it states independence and identical distribution of a vector
component X. Thus, independent and equally distributed
random variables X|,X5,...,X,, should be considered for H,,. It
is obvious, that HycH", i.e. H,is more rigorous assumption
of initial data nature than H*. Nevertheless, just this zero
hypothesis H, will be checked further in the paper.

In nonparametric problem statement it is expedient to
consider the following alternatives [4].

For example:

H® : F(x)< F(x)<..<F,(x) — alternative of in-
crease,

H: F(x)>F,(x)>...>F,(x)- alternative of de-
crease.
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Goodness-of-fit test for check of hypothesis H, can be
constructed, based on various consideration. First, it is
supposed, that vector X has continuous distribution. If the
randomness hypothesis really takes place, then components
of vector X “are equal in rights” and consequently the data
should not be in any sense are ordered. In other words, the
situation corresponding to hypothesis H, can be character-
ized as “total chaos” or “state of total disorder”. At deviations
from H, the initial data have this or that order, ties become
apparent or dependences on the order of indexation. There-
fore, the distribution test of H, can be constructed based on
statistics, measuring the degree of initial data “disorder”.

Tied data

This section will be devoted to research of various ap-
proaches to taking into account of tied data. As is known
(see, for example [1]), group of tied observation is called a
set of observation having the same value. At the same time
several tied groups can be observed in the initial data. If an
observation has the value different from other sample units
it can be considered as a group of ties of volume (size) 1.

Two methods of manipulation with concurrences were
discussed in literature. The first method consists in ordering
concurrent observations in random manner. Its advantage is
simplicity, and it does not require new theory, but at the same
time we, obviously, sacrifice the information contained in
observations, and it is possible to expect, that it will be less
effective, than the second method, consisting in the fact that
to each of group of the concurrent observation the average
rank of this group is attributed. Advantages of both methods
were investigated not much, but it is shown, that Wilcoxon
test at random partitioning of concurrences has smaller AOE
in comparison when average ranks are given.

Before appearance of the further information the method
of an average rank seems to be more common. For this rea-
son this method of an average rank assignment is applied
also in this paper.

Kendall test of independence
randomness free from distribution

Known statistics of Kendall 7, can be applied to check
of a hypothesis of independence of one data set (let it be
(X1,...,X,)) from another one (Y1,...,Y,) [5]. In this case the
initial information is the two-dimensional array:

X X, .. X, G
A A

Cron6rs! this file are rearranged so that bottom line Y-oB
has been ordered (is allowable on increase). If after that
and in the top line the tendency to increase (or to decrease)
X-oB it is possible

Columns of this array are rearranged in such a manner that
the lower of Ys has been ordered (let us suppose ascending
ordering). If after this, in the upper row tendency to increase
(or decrease) Xs will be noticeable also, it is possible to
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judge about the presence of positive (negative) correlation
dependence of X on Y. The degree of this dependence can
be measured by the number of inversions 7. For this kind
of data statistics 7, is an estimate of the value t, which is
defined as follows:

=2P (X-Xo)(Y;-Y2) >0) -1,

Let’s reduce Kendall test in the form presented in [1].
However, it should be noted, that shown below statistics K
as a matter of fact is a number of Kendall inversions 7, for
Xs in that case when columns of two-dimensional array (3)
are arranged in ascending order of V.

In addition to that it should be noticed, that if Y=i is
replaced for every i then independence test will transform
to randomness test in sense of the previous section. The
alternative t>0 (1<0) will mean presence of a positive (nega-
tive) trend of Xs.

For check of a hypothesis about independence of ran-
dom variables X and Y (from whence it follows that t =0),
namely

Hy:P({x <a}n{r<b})=
=P(x<a)P(Y<bh) Va,b, “

it is necessary to do the following.
To put

K= Zngn((X -X, )% - Y))
i=l j=i+l
I, x>0
where sgn(x)=4 0, x=0, 5)
-1, x<0

Thus to each pair indexes (i, j) it is attributed +1, for
i <j,if

(Xi~X))(Y~Y;) > 0, and otherwise it is attributed 1. Adding
up these figures (with their signs), we obtain the sum K.

It is known, that for the large samples it is necessary to
use

. K-E\K) K

- 6
JDy(K)  Jn(n=1)2n+5)/18" ©

where Ey(K) n Dy(K) is an expectation and a dispersion
of statistics K at correct zero hypothesis.
At realization of H, statistics K* asymptotically (for
n—) has standard normal distribution N (0, 1).
The approximate test in this case will be the following:
To reject Hy, if ecmu K* > u(av), @)
To accept Hy, if ecu K* < u(av),
where the constant u(a) is a fractile of standard normal
law, i.e. the value satisfying the equation
Po[K*<u(a)]=a.

If among » observations of X or among » observations ¥
there are ties then the dispersion Dy(K) in the definition of
K* should be replaced as follows:

n(n—=1)(2n+5)—

_i L (ti - l)(ZZ,‘ + 5) -

—iuj(uj -D(2u; +5)

5 j=1
Dy(K)=—— +
b (K) 12 18

{in (-1t - 2>Hﬁu,- (1, -, —2>}
N =

In(n—-1)(n-2)

{it, G —1)} {i u,(u, —1)}
+ i=1 j=1

2n(n—1) ’

where g is a number of groups of tied observations X;
ti is the size of i-th group of observations X; / is a number
of groups of tied observations Y; u;is the size of j-th group
of observations Y. The amendment (8) for the first time has
been obtained by P. Sena.

Rank Spearman test

Spearman in his studies for checking hypothesis H, (1)
has offered the following measure of linear tie between
random variables.

12 -« ntl) , n+l
'n(nz—l)g(r" 2)(” 2)’ ®)

where 7" and 7" are ranks of Xi and Y. Arrays are ordered
separately. R refers to as factor of Spearman rank correla-
tion [6].

As from the alteration of summands the sum is not
changed change it is possible array columns (3) to order
in such a manner that Y grew and then to define r; that is
obtained (relative) ranks of XX;. In this case it is possible to
receive the following form of rank Spearman statistics [1].

12 (. n+l n+l1
‘n(,,z_l);("T)("“ 2 ) (

Sometimes also more convenient form for calculation
is used [5]:

+

®)

p= _Dzo ny. (12)

Let’s show, that R:p at absence of ties:

12 & n+l1 n+1
R= j — e
n3—n;(’ 2 )(r 2 )
12 . (n+1)°
=3—(Zl}’; —HTJ

n —n
1 o (n+1)
e PR
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At presence of one tied group with size t:

R 312 i(i_nzl)(ri_n;l)z
no—=n
-2 |:2iri—n(n;1)2:|. (10)

i=1

S (Zin- AGas 24J (an

n —n

In addition to the above it is possible to draw a conclusion,
that at absence of ties R=p, but at presence of other ties it
is not quite correctly to use factor p. The error, first of all,
will be connected with the fact that the mathematical form of
statistics R in more degree corresponds to estimation of rank
correlation than statistics p convenient for calculations.

Therefore, having taken for a basis the statistics R we
shall calculate amendments to dispersion, similar to P. Sena’s
amendments for statistics of the normalized statistics of
Kendall test K * (6).

Dispersion of Spearman statistics at
presence of connected groups

At the big sample sizes it is better to use normalized
Spearman test, i.e. test, which statistics at H,will have ap-
proximately the normal law.

The fact that Spearman statistics at correct H,has asymp-
totically normal distribution is proved, for example, in the
monograph [1]. Standardizations of the normal law can be
achieved similarly to (6).

rR=PE® _ p g, (12)
DR
because the expectation Ey(R)=0 and dispersion
Do(R)=1/(n-1).
At performance of hypothesis H, the statistics R* has
asymptotic distribution N (0,1) (for n—o0).
Let’s find the dispersion of Spearman test statistics at
presence of connected groups. Next, the dispersion of Spear-
man test statistics calculations R without taking into account

C .. = R -
factor 12/(n*-n), i.e. i.e. without statistics R = %

. n+1
Let’s designate ¢, =i —

D, (R)=D, [i%}:
—ZC D, (’”)"‘2;6660\/ 2 (rr)=

—ZC (D (r) covo(l, /))
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Rank dispersion:

2 2 Sl L Gl
D, ()= £ () B ()="; _ﬁ’

Rank covariation 7; and 7.

covy(r,,1;) = E, (rl.rj )— E, (rl. )E0 (rj )=
B n*(n+1)° _n(n+0.5)(n+1) (n+ 1)*
12 3n(n+1) 4

n(n—1)(n+1)
12
calculations we obtain the following:

, then after some simple
- 2m+1)*(n-1 21
DO(R)=n (n+1)y"(n-1 - z‘(z‘2 ) .
144 n(n” —1)
Thus, if the number of connected groups is equal to £,
then we have

Because Y ¢ =

iti(tiz -1

D, (7)= n’(n+1)*(n-1) |
0 144 n(n® —1)

The final form of the normalized Spearman test statistics
has the following expression:

3
o R _ < 2 2

. (13
JD,(R) 4

n*(n+1)*(n—1) _;t’(t" D
144 n(n® —1)

where £ is the number of connected groups, ¢; is the size
of i-th connected group.

At absence of ties we obtain (13). Thus, approximate
Spearman test at presence of ties will be the following:

To reject Hy, if R* > u(av), (14)
To accept Hy, if R* if R* < u(a),

where the constant u(a) is a fractile of standard normal
law, i.e. the quantity satisfying the equation

Pyo[R*<u(a)]=aL

Integral test

The integral test has been offered in [2] constructed on
statistics of the following form:

b )

1

(+) _ i=1
= SIS ’
r J
I = . (15)
=) (+) ’
S.7S;
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X 2
z[zr, _] 0=

J=1

& (m+D)(n+2) J
PR 6n _Egl‘tl(t]z_l);

= 5[4

In order to avoid distribution asymmetry it is offered to
use linear combination of initial data (15) as the final version
of statistics, for example:

" =0,5n"" — ™), (16)

In this case any statistics will be unbiased under condition
of zero hypothesis performance. For statistics of the type
(19) tabular support is constructed and it was proved, that in
asymptotics the given statistics has the same distribution, as
Spearman statistics [2]. For the size of observation n > 7 criti-
cal values were obtained with the help of the improved normal
approximation for distribution of Spearman statistics [1]:

]nu:f/ln(i{l—w[ 2 (0)- 3]}

where the constant u(a.) is a fractile of standard normal law.
The approximate integral test at presence of ties will be
the following.
To reject Hy, if In“? > In,, 17)
To accept Hyif In"" < In,
The further researches will concern the comparative
analysis of Spearman, Kendall tests and integral test at
presence of ties.

Comparison of tests

As is known, one of the basic methods of comparison
of statistical tests is the analysis of their power — of con-
ditional probability to accept alternative provided that it is
true. Power function for each test depends on the chosen
significance level and some parameter A (or a vector of
parameters A and from data size). In our case the test com-
parison algorithm for checkup of randomness hypothesis
according to power has been based on usual Monte Carlo
method it was constructed as follows.

Gaussian (Normal) pseudo-random sample X;, X5, ...,
X, with the fixed size n, with the specified structure of ties
and with gradually increasing positive trend A is repeatedly
modeled under the following formula:

X=EitieA,

Ties of the specified ties are modeled. Steps connected with

m time. Power P;(A) is estimated by effective assessment.

v, (A)

m

P(A) =

Next the trend angle increases. The steps connected to
generation of sample m time and calculations of power
function are repeated.

Fig. 1 shows diagrams of four tests’:

1. Kendall test with amendment for Sena’s tie (7), (8) —
Kendall;

2. Spearman test constructed on statistics without taking
into account ties (12) — Spearman old;

3. Spearman test (14) with amendment for tie (13) —
Spearman new;

4. Integral test (17).

1

0,9

—&—kendall

—S—spearman_new —
A—spearman_old

—l—integral

Power

i3
=)

0,03
0,06
0,09
0,12
0,15
0,18 |
0,21
0,24
0,27
0,33 1
0,39
0,51
0,54 1
0,57 1=

88333
o (=} (=} (=}
Fig. 1. Comparison of tests

Sample sizes n=10.

Itis apparent from the diagram that at the small sample sizes
the integral test possesses the greater power, but has a small
shift caused by an error of normal approximation. At increase
of sample size it is natural to expect reduction of this shift.

The conclusion

The paper considers the issue of checking randomness
hypothesis by Spearman test at presence of ties’ identical
values in initial data. In particular the following problems
have been solved:

1. Normalized Spearman test with amendment for tie has
been developed.

2. Experiments on comparison of test power have been
carried out.
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CTpPYKTypHas HafleXkHOCTb. Teopus U NpakTuka

Kay b.A.

CUCTEMA NJIAHOBO - NMPEAYNPEAUTEJIbHbIX
PEMOHTOB: YPOK NICTOPUU

B 2013 roay wvcnosnHunocb 90 neT cO BPEMEHU MPOBEAEHUST NEpPBbIX paboT Mo opraHu3aunn pPemMoHTa 3a-
BOZACKOro o60opynoBaHus Ha ryiaHoBori ocHoBe v 80 JIeT CO BpemMeHu paspabOoTkv v MPOBEPKU B 3aBOACKUX
YCJI0BUISIX CUCTEMbI M1aHOBO-NPeAynpeanTesibHbix peMoHToB (T1P), 6asvpytoLuercs Ha nepruoan4eckoM Bbi-
MOJIHEHUY PEMOHTHbIX PaboT. Liesib AaHHOV CTaTby — HANOMHUTb O MEePBbIX Luarax M OCHOBHbIX MOMEHTax pas-
Butusi cuctemsl TP, HekoTopbie ypoku Tex «AaBHO MUHYBLUUX OHEM» OCTalTCs aKTyaslbHbIMU Y CEroHs.

KnrodeBble cnoBa: cvuctema rniaHoBO-npeayrnpeanTesisHoro pemoHTa, [1P.
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Ora nara Morya OBl OCTaThCs He3aMEUEHHOU — BeNlb 00 UCTOpHHU co3aaHus cuctemsl [1T1P
cerofHs 3HaT HeMHorue. Ho Xots cBuaeresncii COOBITHI TeX JaBHHX JIET JaBHO HET C HAMHU,
OCTaJINCh MHOTOYHCIICHHBIC ITyONMKAIK (HEKOTOPhIC M3 HUX MPUBEACHHI B OHOMHOTpadumn
K 9TOH CTaThe), O3BOJISIONINE BOCCTAHOBUTD 3TH COOBITHS B JIETAJIAX.

ABTOp BBIpaXKaeT OJIarogapHOCTH 3a neHHbIe 3amedanns [.B. Poctuky, K.3. Aporncony u
O.C. T'onogHOBOI, a Takke MouM kosuteram u3 HITIT «CrenTexy, y4acTBOBaBIIIM B 00CY K-
JICHUH CTaThU.

BmecTto anurpadga

«Tos. Opoxconukuose 6 ceoem npukaze No268 no Cmanunzpadckomy mpaxmopHOMY 3a800Y
om 30 anpens 1931 2. ommemun, umo 0OHOU U3 NPUYUH CPBIBA NIAHA 8bINYCKA MPAKIMOPOS 516-
JIIemcs OMCymcmaie Ha 3a800e NiaH080-NPeoynpeoumeibHo20 peMorma 000pYO08aAHUAY.

Cnupuoonog B. 3a nnanoso-npedynpeoumensvhuiii pemonm. 1932 [4].

«IInanuposarue u yemxuil 6b1NYCK NPOOYKYUU MONCEM UMENb MECHO TUWb npu 060py0o-
8aHUL, KOMOPOe pabomaem max e MoyHo, Y8EPeHHO U 6e3 nepedoes, KaK Xopoulie 4acwl.
MeowcOy mem, Ha Hawux 3a600ax OOILUIOU NPOYEHTI MEXAHUZMOB UMeeN 6eCbMd NOYNEHHbII
603pacm, a CUCMeMaAMUUPOBAHHO20, OP2AHUZOBAHHO20 YX0Od 30 HUM Hem,

Hosoe umnopmuoe obopyoosanue 6e3 naonexicaue2o yxooa maxaice 6biCIMpo HavyuHaem
pabomamu ¢ nepedoAMU.

IIpoucxodum 3mo nomomy, Ymo Mmexyuutl peMOHM He HANANCEH, U U3-3a HeUMEHUs NoO
PYKamMu 3anacHoll 4acmu npoucxoosim npocmou, a omcroa u cpuvle npocpammel. B kanu-
MATLHBLI PEMOHIM MEXAHUSM NOCTYNAem Aulldb mo2od, Ko20d 8ce e20 4acmu OKOHYAMeNbHO
pasbonmansl, U CMAHOK COBEPUIEHHO OMKA3AACS pabomanmy. <...>

Ha bomvuuncmee Hawux 3460008 YCmMAaHOBUIOCH MHEHUe, YO «000PYO08aHUe HAUe2o 3a-
600a 0a6HO NOpPA NOO Konep, Mym He MOoIbKO NPODUIAKMUKA, A U OMOLONCEHUE He NOMOJCeN,
a omcro0da 8v1800 — HYHCHO HOB0E 000PYO08AHUE).

Dmo, KoHeuno, camoe npocmoe pewerue BOnpoca, Ho OHO OAIeKO O HAUIUX 803MOMHC-
Hocmell, ubo YeruKoM paccyumvléams HA NOJYYeHUe UMNOPIMHO20 000PYOOSAHUSL Mbl He
MOHCEM U He OOTHCHBLY.
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Cnupudonos B.B. Payuonanuzayus peMoHma 3a600cKo20
obopyoosanus. 1931 [3].

CocTosiHMe peMOHTHOro gena
A0 PEeBoJIioLuMN 1 B NepBble
nocsiepeBoJIIOLUOHHbIE roAbl

B topeBONIOIIMOHHBIC U TTEPBEIC TT0CISPEBOMIOIIHNOHHBIC
TONBI Ha OOJBITUHCTBE 3aBOJIOB OIIPEICICHHONW CHCTEMBI
PEMOHTOB He Ob1T0. PEMOHTHI HE TITAHHPOBAJIHICH, 4 IPOBO-
JIAITHACH B CIIy4ae BBIXOJ/Ia arperaTtoB U3 CTpos. PeMoHTHBIE
MacTepcKHue Ha OOJBIIMHCTBE 3aBOOB OTCYTCTBOBAJIH,
a Tam, IJe OHU OBUTH, UX (PYHKIIUH OTPaHHYMBAIUCH pe-
MOHTOM O0III€3aBOJICKOTO 000pyIoBaHMA. B O0MbIIMHCTBE
CIydJaeB PEMOHTHBIC 3aKa3bl BBIMTONHSINCH B IIeXaX Ha
OCHOBHOM TIPOM3BOJICTBCHHOM OOOpYIOBaHHH. JDTO OKa-
3BIBAJIOCh BO3MOXKHBIM Oarofaps WHAWBHUIYalIbHOMY H
MEJIKOCEPUITHOMY XapaKTepy MPOU3BOJICTBA.

[To Mepe Bo3pacTaHNss HHTEHCUBHOCTH MCIIONB30BAHUS
000pyIOBaHUS U YBEIMICHUS €r0 CIIOKHOCTH K CEpEeIUHE
20-X TOIOB PEeMOHTHOE JIETIO CTaJ0 MpEeBpaIlaThcs B Ce-
PBE3HBIN TOPMO3 PA3BUTHS MTPOU3BOACTBA. BOJBIIION H3HOC
000pyIOBaHMS, YXYIAIICHHE €r0 COCTOSHHUS IPHUBIICKIIH
BHHMAaHHE K BOIIPOCAaM PEMOHTA.

HaumHaeTcs opraHu3amus peMOHTHBIX MacCTEPCKHX,
JIOYKOMIUTIEKTAIHS CYIISCTBYIOIUX TEPCOHAIOM U 000-
pynoBaHHEM. B TIpOEKTH BHOBH BO3BOJMMBIX 3aBOIOB
BKJTFOYAIOTCSI PEMOHTHO-MEXaHIMUCCKHE T1eXa C KOJTMIECTBOM
craHkoB OT 3 110 12% oT 00IIero Koau4yecTBa Ha 3aBOJIE.
Ho Bompockl opraHn3anuyd peMOHTOB OCTaBaJHCh HEpe-
IIeHHBIMHU. Hampumep, Bcepbes 00cy»)Iancs BOIPOC O TOM,
9TOOBI OTKA3aThCS OT MOHATHS «KAMUTAIBHBIA PEMOHT» U
BCE PEMOHTHI CYUTATh TEKYIIUMH (B CBS3H C Pa3INIHBIMH
HUCTOYHUKAMH (PMHAHCHPOBAHHUSA).

MepBble Warv No opraHn3auum
PEeMOHTOB

[lepBoii 3adukcUpOBaHHOHN B JHTEpaType padoToil mo
opranusanuu [II1P sBasercs pabora mo pammoHaIn3a-
UM PEMOHTa 000pynOBaHUs, TpeanpursaTas B 1923 romy
OxkpyxHabiM 0topo HOT OriBmrero Ilpmokckoro ropHoro
OKpyTa M IPOBECHHAs IOl PyKOBOICTBOM HHXeHepa A. I
[TomoBa B mepuon 1923—1928 rr. [1] Dta padora mposo-
JIHCh Ha BeikcyHckoM 1 Kyne6akckoM MeTaTyprudeckux
3aBonax. Ee pe3ymsrars OputH Oy OnuKoBaHbI B 1927 romy B
BHU/I€ MHCTPYKIUH 1O IJIAHUPOBAHUIO TEKYIIETO PEMOHTA.

Ha ocnoBe matepmamnoB 3toit padoter B 1931 . A. I
ITonoBeIM Obl1a BhIMyIIeHa Opomropa «Pannonanuzanus
PEMOHTHOTO JieTia Ha 3aBozie» [2]. B Opomrtope maBasncs mo-
CTaTOYHO NMOPOOHBIN aHATI3 HEJOCTATKOB CYIIIECTBOBABIIICH
Ha 3aBOZIaX OPTaHN3aluK PEMOHTA 000PY/IOBaHMS, yCTaHAB-
JIMBAJIMCh MPHHIIMIIBI PALMOHAIGHON NOCTAHOBKU PEMOHTA U
HaMe4aJInCch MEPOTIPUSTHSL, KOTOPbIE TPEOOBAIOCH IIPOBECTH
Ha 3aBOZIaX B 00JIACTH PEMOHTHOTO Jiena. B kauecTBe 0CHOB-
HBIX IPUHIMIIOB PAalMOHAIBHON TOCTAaHOBKH PEMOHTHOTO
JieTia B OOIIOpe yKa3bIBANCh CIIEMYIOIINE:

1) peMOHT JOJKEH HEMpPEPHIBHO IMOIEPKUBATH 000-
pyZoBaHHE B OOHOBICHHOM COCTOSIHUM;

2) peMOHT 000py/IOBaHHS HA IPENPHUATHSIX €CTh CaMO-
CTOSITENIBHOE MPOU3BOJICTBO, TPOJAIOIIEE CBOO MPOTYKIIHIO
1exam, MoTpeOISIONM PEMOHT;

3) BCIO MOCTAHOBKY PEMOHTHOTO JieJ1a HEOOXO0IUMO TIPH-
BECTH K METOJJaM NPeTyNPEAUTEIBHOIO U IPUHYTUTEIBEHOTO
BEJICHUS] PEMOHTA;

4) BBECTH B PEMOHTHOE ITPOM3BOJICTBO CUCTEMY IIJIaHH-
poBaHusl.

B Tom xe romy BbInura O6pomropa CnupupoHOBa
«Panmonanm3anusi peMOHTa 3aBOACKOTO 000PYI0BaHMS»
[3], Taxxke onumpapmasicss Ha pe3yasratel AL ITonosa u
pa3BuBaBIlas ero noAxod. A, B ciuenytouiem, 1932 roay
orybnmkoBaHa ere oxHa Oporropa B.B. Crimpuionosa, B
3aryIaBUM KOTOPOH BIIEPBBIC (PUTYPUPYIOT CIIOBA «TLIAHOBO-
NpeaynpeUTENbHbBIN PEMOHTY.

B paborax A.I'. [lonosa u B.B. Crimpunonosa [1-5] yno-
PAIOYMBAHKE TEKYILEr0 PEMOHTA MPEANONAragoch JOCTUYb
«IIPUBEICHUEM €T0 K CUCTEME IIAHUPOBAHUS [P OCPE/ICTBE
3anacHbIX 9acTei». OCHOBHOM yIop Jieascs Ha ONpeAeIICHUe
CPOKa CITy>KOBI H3HAIIMBAIOIIMXCS YacTel 000py/I0BAHMS, M HA
CBOEBPEMEHHOE M3TOTOBIICHUE 3aMacHbIX yacTel. Takol mos-
XOJI, MPUBOASIINH K PA3HOBPEMEHHOM 3aMEHE H3HOCUBIIMXCS
JieTanel, oka3aucs MpakTUIeCKH HepeanusyeMblM. OfHaKo
H7IeH O TJIAHOBOCTU OpraHU3allii PEMOHTOB OKa3aInCh IIO-
JOTBOPHBIMU. [IpUMEpHO B 3TO ke BpeMs1 TOSABIISIIOTCS IEPBBIE
IyOJIMKAINH, B KOTOPBIX IIPEUIaraeTcsi OCHOBBIBATH PEMOHT-
HYIO CTPATErHI0 Ha BBEJCHUM NEPUOANYECKU ITPOBOJUMBIX
ocMotpoB. [Tyrem neproanueckux 0cMOTpPOB 000PYIOBAHMS
OIPENIENSIIOCh €r0 COCTOSHUE, HA OCHOBE 3TOT0 HAMEYAIIUCh
CpOKHM 1 00beM peMoHTa. Takast cTparerust Hoydniia Ha3BaHHe
CHCTEMBI IIOCIE0CMOTPOBBIX peMOHTOB. B mepuon 1933 — 1938
TOJI0B OHA MOJTy4YHIa B HAlIEH CTPaHe IMIUPOKOE PaclpocTpa-
HEHUE, U SIBIIACh NpeTeuel N3BECTHON CETOHS CTPATEruK
00CITy’KUBaHHSI TIO COCTOSIHHIO.

OCHOBHBIE HEJJOCTATKH TaKOH CHCTEMBI COCTOSUI B OT-
CYTCTBHM HOPMAaTHUBOB HAa PEMOHT U B HEBO3MOKHOCTH ILIa-
HHUPOBaHUSI pecypcoB ((pUHAHCOBBIX M HATYpaJIbHBIX) Ha JI0-
CTaTOYHO JIUTENbHBIN nepuos. Kpome Toro, mpu oTcyTCTBUM
CPEJICTB AMArHOCTHKH OIIPE/ICIICHHE COCTOSTHISI 000PYI0BaHHs
OKa3bIBAJIOCH BEChbMa CyOBEKTHBHBIM, U HE IaBAJIO TapaHTHH
HEIMJIAHOBBIX OTKa30B. C Jpyroil CTOPOHBI, TaK KaK B TOH
CHCTeMe JIFO00H PEMOHT (B TOM YHCIIE MO TIPUYHHE TIJIOXOTO
00CITy>KMBaHNsT) OKa3bIBAJICS TUTAHOBBIM, CHCTEMA HE CTHMYJTH-
PpOBaJIa MOBHIIIEHHUE Ka9eCTBA PEMOHTA M OOCITY>KHBaHHSI.

B 1934 rony 0.C. Bopucos u I'.Il. XKykoB pa3pabo-
TaJau aJbTEPHATUBHYIO CUCTEMY, IMOJyYUBIIYIO HAa3BaHUE
CUCTEMBI IUIAHOBO-NPEAYIPEAUTENBHBIX MEPHOANYECKUX
peMoHTOB [7]. OCHOBHBIEC OCOOCHHOCTH 3TOH CUCTEMBI CO-
CTOSUIU B CIETYIOLIEM.

1) ITnaHoBBIE PEMOHTHI K&XKJ0TO 00BEKTA MPOBOJISTCS I1e-
PHOIITIECKH, Yepe3 OIPE/IEIICHHOE KOIMYECTBO OTpad0TaHHBIX
yacos. [locrnezoBarenbHbIe PEMOHTBI Pa3IMYHBIX BUIOB 00pa-
3yIOT NEPHOANIECKH TOBTOPSIOIIUICS PEMOHTHBIN UKL

2) IInannpoBaHyne pecypcoB, HEOOXOAMMBIX JUIsl PEMOHTA,
0azupyercst Ha «<HOPMAJILHOM 00beMe PEMOHTHBIX padoT»,
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KOTOPBIH B CBOIO OYEpe/Th ONPEAEISIETCSI PEMOHTOCIIOKHO-
CTBIO0 00BEKTOB, PA30MUTHIX HA TPYIIIBL, KAXK/ast U3 KOTOPBIX
00bEMHSACT CTAaHKH, UMEIOIINE MPUMEPHO OJNHAKOBYIO
TPYAOEMKOCTh PEMOHTA 1 00CITYKUBAHUSL.

3) Mesxty nieproiue CKMMH TTAHOBBIMU PEMOHTAMH KaXK-
JIBIH arperar MojiBepraeTcst INaHOBBIM POBEPKaM (MITH OCMO-
Tpam). B mporiecce npoBepok ycTpaHsoTCst MENKHUe 1e(eKTsl,
TIPOM3BOIUTCSI PETYIIMPOBKA M YUCTKA, A TAKKE ONPEICIISETCS
HOMEHKJIATypa JIeTaJIeH, KOTOpbIE JIOJKHBI OBITh ITOATOTOBIIC-
HBI U1 3aMEHbI K 04ePETHOMY TITAaHOBOMY PEMOHTY.

CocTaBHOM YacThIO CHCTEMBI CTAJIa HOPMAaTHBHO-C/ICIbHAS
CHCTEMa OIUIaThl TPy/Ia A1 pabOoIMX PEMOHTHOTO ITPOU3BOI-
cTBa. Ee cyIHOCT COCTOUT B TOM, YTO OIIJIaTa IPOU3BOIUTCS
He 3a ()aKTHIECKHH, a 32 HOPMAaTHBHBIA 00BEM padot [7].
CrenpIyHa 3aMHTEPECOBBIBANIA PEMOHTHNKOB BHITIOJHSTH BCE
3aIIaHUPOBAHHBIE PaOOTHI. BBICOKOE e MX KauecTBO JOCTH-
raJ0Ch 3aMHTEPECOBAHHOCTHIO PEMOHTHBIX OpHUTajl B TOM, YTO
B YCJIOBHSIX HOPMATHBHO-C/ICIILHOM OIIIAThl MEKPEMOHTHbIC
TIEPUOJIBI SBJISIOTCS JUISl HUX TAPAHTHHHBIM CPOKOM paOOThI
000pyIOBaHUS ITOCIIE TUTAHOBOTO peMOoHTa. B Teuenne raHHoro
CpoKa Opura/ia I0JDKHa BBITTOJTHSTH BCE BO3HUKAIONIHE M3-32
HEKa4YeCTBEHHOTO ITAHOBOTO PEMOHTA PEMOHTHBIE PaOOTHI 1O
aToMy 00opyroBaHnIo Oe3B03Me3IHO. (DTa CHCTEeMa OIlIaThl
MPOCYIIECTBOBAJIA /IO CepenrHbl S0-X TrOI0B).

NMpepBoeHHbIe roabl

B cepeamnne TpuAnLATHIX TOJOB CO3/1AETCS MHOXECTBO
HOBBIX 3aBOJIOB, HJIET CYIIECTBEHHAsI MOAICPHU3ALNS CyIIle-
CTBYIOIMX. Pa3pa0areiBatoTcsl MOJIOKEHUS O POBEACHUN
[IITP mst psima MEHHACTEPCTB U BemoMcTB [8-10].

[TpeaBoeHHBIE TO/BI XapaKTEPU3YIOTCS CBOCOOpa3HON
60pB00IT MEXIy CHCTEMOH MOCICOCMOTPOBBIX PEMOHTOB
U CHCTEMOW MEPHOIUYECKUX PEMOHTOB, U HOCTEIICHHBIM
BBITCCHEHHEM TI€PBOH CHCTEMBI BTOPOH.

[MapannensHO HAET MpOIEce YCIOXKHEHUS! OpraHU3ain
PEMOHTHBIX CITy’k0 Ha 3aBozjax. CozmaHus 00IIE3aBOICKIX
PEMOHTHBIX MAaCTEPCKUX NI PEMOHTHBIX 1IEX0B, LICHTPAITH3a-
IIMH TUTAHUPOBAHMSI PEMOHTOB M YaCTHYHOM [IEHTPATM3ALIIN NX
BBITIOJTHEHHSI [TO]] PyKOBOZICTBOM OT/IEJIOB INIABHOTO MEXAHHKA,
BBIZICJICHUEM HA PSIZIE 3aBOIOB CITyXO IIIABHOTO SHEPreTHKA.

1938-0ii — nepesIoMHBII1, MaCCOBBIN NIEPEXO OT CUCTEMBI
MOCIIEOCMOTPOBBIX PEMOHTOB K CHCTEME MEPHOIUIECKUX
MPUHYIUTENBHBIX PeMOHTOB. [lofxBaueHHas! 3aBOICKUMHA
pabOTHUKAMM CHCTEMa HAaYMHACT BHEJPATHCS B OCHOBHBIX
OTpacisiX IPOMBIIUIEHHOCTH (B MAalIMHOCTPOUTEIBHOM,
000pOHHOH, aBHAIIMOHHOW | Np.). VI3MeHseTcs cuctema
(hMHAHCHPOBAHMUS PEMOHTOB, CO3/IAI0TCSI PEMOHTHBIE (POH-
JIbl TIPENPHUATHH, B KOTOPBIE HANPABISIETCS YacTh aMop-
TU3AIIMOHHBIX OTYHMCIEeHUH. Hapsay ¢ 3TUM ImpoucXoauT
TEXHUUYECKOE NEPEBOOPYKEHHE PEMOHTHBIX 0a3 3aBOJOB,
MIPEBpAIIEHNE UX U3 MTOTYKYCTapHBIX MAaCTEPCKHX B JJOCTa-
TOYHO MOIIHBIE PEMOHTHBIE 1iexa. Ha rmepenoBbIx 3aBosax
pa3pabaTbIBalOTCS THIIOBBIE TEXHOIOTHYECKHE MPOIIECCHI
peMoHTa. M3roToBiieHne aetanei Uil peMOHTA HauYMHAET
OCYIIECTBIIATHCS BCE B OONBIIEH CTETIEHH 110 YepTexam, a
He 110 00pas3iaM, Kak paHbIIe.
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Bonbmoe BHUMaHKe K BOIpocaM OpraHu3alii peMOHTa
MJTIOCTPUPYET KOINYECTBO KHUT U CTATEH, MOCBAIIEHHBIX
sToMy Bompocy. Tak, BeimymeHHbIH [ocynapcTBeHHOM
Hay4yHOI 6nbnmorexoii B 1939 romy Oubnmorpaduyeckuit
ykazarens «lImaHoBo-npodnirakTH4ecknii peMOHT B Me-
TaJTypruu u MamuHoctpoenun» [10] conepxkut 189 nan-
MCHOBAHHH OTEYECTBCHHBIX 1 3apyOeKHBIX ITyOJTMKAIIN 32
1930 — 1938 roxpl.

B 1939 roay BeIIUIa KHUTA, B KOTOPOW M3IAaralauch Kak
BOINPOCHI IPAKTUYECKON OpraHu3allil PEMOHTA [0 CUCTEME
[II1P, Tak 1 TeopeTHIECKOE 0OOCHOBAHUE CUCTEMBI [9].

K nauany Benukoit OTtedecTBEHHON BOWHBI MOU-
TH Ha BCEX 3aBOJaX PEMOHT INPOBOAMIICS B ILIAHOBO-
MpeaynpeauTeNbHOM MOPSIIKE.

Cuctema INIMNP B BOeHHbIe roabl

Pabora 060pynoBaHUs B YCIOBHSAX HANpPsDKCHHOH JKC-
MJIyaTaluy, XapaKTepHON NIl BOCHHBIX JIET, SIBUJIACh
CEPbE3HBIM HCHBITAHUEM CHCTEMBI MEPHOAMUYECKUX pPe-
MOHTOB. C OZJHOM CTOpPOHBI, YBEIMUMBAIACH HArPy3Ka Ha
o0opyoBaHUe, CHI)KAJIach KBaJU(UKanns paOOTHUKOB.
C npyroii — pe3ko orpaHN4MBalIaCh BOBMOXKHOCTB ITPOBE-
JICHUS] pEMOHTHBIX padoT. CucTeMa BblIepIKaia IPOBEPKY,
HO TIPH 3TOM OKa3aJI0Ch HEOOXOMMBIM BBECTH U3MECHCHHUS
B CTPYKTYpPY PEMOHTHBIX IIUKJIOB, & TAK)KE B OPTraHNU3aIHI0
PEMOHTOB. YBEIMYHMBAJICS MEPUO MEXKIY KalUTAIbHBIMH
PEMOHTAaMH 3a CUCT BBEJCHUS B LUKJI JOMOTHUTEIBHBIX
MIJIAHOBBIX TEKYMHMX M cpeaHux pemoHToB. llmpoxoe
MIPUMEHEHHE JUIsl 000pYIOBAaHHMS, BBIBOJL KOTOPOTO B JUTH-
TEITbHBIE PEMOHTBI OKa3bIBAJICS HEBO3MOXHBIM, HAIILIO pa3-
HOBPEMEHHOE I10y3JI0BOE BBIIOJIHEHNE IUITAHOBBIX PEMOHTOB
(mpenMyIIecTBEHHO B Hepabodre JHA M CMEHBI).

B cBsI3M C CyIIEeCTBEHHBIM KOJIMYECTBEHHBIM M Kaue-
CTBEHHBIM POCTOM JIEKTPOOOOpyI0BaHuS 110 IpHKazy [ocy-
JapcTBEHHOTO KoMuTeTa OOOpOHBI OBLUIH CO3aHbl OTACIBI
IJIABHOTO PHEPreTHKa Ha MPEANPHUSTHSIX C SIEKTPUUECKON
MomTHOCTRI0 | MBT 1 BeImre (ripu 3 MBT Im1aBHBIH SHEpreTHK
OBLT B JOJDKHOCTHU 3aMECTHTEIIS ITTABHOTO WHKeHepa) [16].

MocneBoeHHbIE roabl

Eme He 3akoHuMnack BOWHA, a BOIPOCAM OpPraHU3ALUN
PEMOHTOB CHOBA YAEISAETCS CYIIECTBEHHOE BHUMAaHMUE.
BbIXoouT psaa MHCTPYKLMNA U MTOJIOKEHUH, ONPENEIISIOIIIX
WM yTOYHSTIOMINX C Y4€TOM HaKOIUIEHHOTO OMBITA TTOPSI0K
nposenenus 1P Ha npennpusaTusx psiia MUHUCTEPCTB. Tak,
yke B eBpatie 1945 romga yTBepiKaeHO F BBEICHO B JICHCTBHE
YTOYHEHHOE U IiepepaboTrannoe nonoxenne o [1TTP o6opymo-
Banmsa Hapkomxummpoma. A B HostOpe 1945 roma B Mockse
MIPOXOIUT KOH(EPEHIHS TI0 PEMOHTY 000PYIOBAHUSI, IMEB-
11ast IO CyTH OOIIECOIO3HBII XapakTep. B Hell yuacTBOBaIIO
420 dgemn, B TOM yncie 32 TIaBHBIX MEXaHWKa HApKOMATOB,
65 MIaBHBIX MEXAHUKOB IVIABKOB M 323 Jejerara oT 3aBO0B
(T1aBHBIE MHKEHEPBI, ITIABHBIE MEXaHHUKH, HAYATbHUKH [IEXOB
1 JIp.), IPEICTABIISIBIINE OOBITIMHCTBO IIPOMBIIIICHHBIX [ICH-
TpoB CCCP. KoHdepeHIws yrpodnsa MoJoKeHNe CUCTEMBI
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NEPUOJUYECKUX PEMOHTOB KaK OCHOBHOI cuctemsl IIIIP B
Hallel TPOMBIIUIEHHOCTH U MOATBEPANIA HEOOXOANMOCTh
ee JTaNbHEHIIero BHEPEHNUS, OJJHOBPEMEHHO BBICKA3aB T10-
JKEJTaHHE O THITM3AIINN CHCTEMBI ¥ B YaCTHOCTH YCTAHOBIICHHS
€IMHBIX TUITOBBIX CTPYKTYP PEMOHTHBIX IIHKJIOB MO BHIaM
000py/I0BaHUsI, EANHBIX HOPMATHBOB H T.1I.

B 1955 romy mauana meiicTBOBaTh 0Os3aTeNbHAS IS
BCEeX MpeAnpusTuii crpansl «ExnHast cucteMa maHOBO-
MIPEAYNPETUTEIBHOTO PEMOHTAa 000PYI0BAaHH», KOTOPAs
IpelycMaTprBaia Mepexo OT HOPMATHBHO-CACIBHON CH-
CTEMBI OIIJIATHI TPY/IA PEMOHTHBIX PA0OUYHX K TOBPEMEHHO-
MPEMHUAIIBHOM CHCTEME C ITOKA3aTEIIMHI: BHITIOJTHEHNE TUTaHa
[I1P; cHMKeHUEe MPOCTOEB 00OPYIOBAHMS; OTCYTCTBHE
aBapyii 0 BUHE pabounX-PEMOHTHHUKOB.

B CCCP Tunossie cuctems! IIITP pa3zpabarsiBanuck
MHUHHCTEPCTBAMU 1 TOJIOBHBIMH HHCTHTYyTaMu. [Tepecmotp
1 YTOUHEHHE HOPM M METOAMYECKMX yKazaHuid TunoBoi
CHCTEMBI IOJKHBI OBUTH TIPON3BOANTHCS KaXKIbIE TISITH JIET.
DyHKIUU KOHTpOIIst U coBepiueHcTBoBanus TII1P, Equnoit
(1967 1) [12] u TumoBoii (1988 1) [ 13] cucTem peMOHTOO00-
CITy)XKMBaHWS OBLTH BO3JIOKEHBI TIpaBUTEIbCTBOM HAa DHUMC
(OKcneprMeHTaNBHbIN HAYYHO-MCCIIEIOBATEbCKII HHCTH-
TYT METAJUTOPEKYIINX CTAHKOB).

Tumossie cucremsl [P pa3pabaTeiBaich Ha OCHOBE
aHaIM3a JaHHBIX 00 OTKa3axX M M3MEHEHHSX I1apaMeTpOB
COCTOSIHHS DJIEMEHTOB 1 HOPMAaTHBOB BPEMEHHU HA BBIITON-
HEHHUE MPOPHUITAKTHIECKUX OTIEpanuii ¢ y4eTOM cienu(puKn
MIPON3BOJICTBA M BO3PACTAIOIIEH CII0KHOCTH IPUMEHIEMOTO
00opynoBaHUSI.

He crout maeanusuposarsb coBeTckyro cuctemy IIITP.
ITomBITKH perIaMEeHTHPOBATh «BCE U BCSH HA MECTAX CTall-
KHBAJIMCh C CYLIECTBEHHBIM pasznuuueM ycioBui. Kpome
Toro, nonoxxeuust o IIIP nns pa3HbIX MUHHCTEPCTB U
BE/IOMCTB JIAJIEKO HE BCET/Ia OBLIN COTTIACOBAHbI MEXKLY CO-
06011, a MHOT/Ta M CYIIECTBEHHO NPOTHBOPEUIIIH JIPYT APYTY.
DT0 0COOCHHO SIPKO TPOSBUWIOCH TpH oprarm3anuu [1T1P
SHEPreTHIECKOro 000PyI0BaHMS, KOTOPOE C OAHOM CTOPOHBI
JTOJDKHO OBIITIO OTBEYATh CTaHAApTaM MUHAIHEPTO, ¢ APYTOit
— MUHHCTEPCTBA 3JIEKTPOTEXHIUECKOH MPOMBIIUIEHHOCTH.
HeranbHas curyanus ¢ opranuszanueit [1TIP anexrporexHu-
YeCKOTro 000pyIoBaHUs OMcaHa B cTarhe [17].

Psin apyrux mpudnH, MOBIMSABIINX Ha YXY/IIICHNAE (yHK-
IUOHNpoBaHus coBeTckoi cuctemsl [I1P, obcyxmaercs B
cratbe A.Camconona [15]. A.CaMCOHOB, B YaCTHOCTH, CUH-
TaET, YTO B YKCJIE IPUUUH Jerpagauuu cucremsl [P —3a-
BBIIICHHBIE B 60-€ TOZbI HOPMATUBBI BBITTOITHEHHUS PEMOHTOB,
a TaKXe NEePexo K MOBPEMEHHO-NPEMUATIBHON cuUcTEME
OIIIaThl TPyJa PEMOHTHHKOB. Ho 3TH BOmpocCH! Jexar 3a
paMKaMu Hauiei crateu. Eie oquH MOMEHT, OTMEUEHHBIH
B crathe A.CaMCOHOBA: TO, UTO M3YyYaBIIAsCSA O KOHIIA
60-x TonoB mucuuiuHa «PeMOHT o0opymoBaHUsI» cTana
ncye3aTh U3 yu4eOHBIX TPOTPaMM BBICIINX U CPEAHHX CHEIH-
ABHBIX TEXHUUECKUX y4eOHBIX 3aBefeHHH. OKOHUMBIINE
X CIICIHAIUCTHI HE BIaACIOT ocHOBaMH cucteMbl [IT1P, i
MIPUXOAAT Ha MMPOU3BOICTBO C TIOJTHOH YBEPEHHOCTHIO, UTO
PEMOHTHPOBAaTh 000PYIOBAHHE CIIEILYET TONBKO B CIIydae
€ro MOJIOMKH WM OCTAaHOBKH.

Cutyauus nocne pacnaga CCCP

B 90-e roap! B opraHuzannu peMoHTa 000pyIOBaHHUs
Ha MPOMBIIUICHHBIX NPEANPHUITHIX CTPaHbl MPOU3OIIIN
KOpeHHbIE U3MeHeHusi. OQHOBPEMEHHO C COKPALEHUEM
OOJIPIIMHCTBA TPOMBIIIJICHHBIX MUHHCTEPCTB TE€pecTatn
CYILIECTBOBATH OTPACIIEBbIE YIPABICHUS INIABHOTO MEXaHHUKA
U TJIAaBHOTO DHEPreTHKa, OCYILECTBIISABIINE KOOPAUHAIUIO
OpraHM3aly peMoHTa obopynoBanus. beuti pacdopmu-
POBaHBI OOIIECOIO3HBIC M OTPacieBble PEMOHTHBIC Opra-
HU3aIMU (PEMOHTHBIC OOBbEANHEHNUS, TPECTHI U T. 11.) JUIs
LIEHTPAJIM30BaHHOTO PEMOHTA ITPO(UIILHOTO 000PYyIOBaHUSL.
IToutn 0JHOBPEMEHHO BO BCEX OTpACAX MNPEKPaTHIUCh
paspaborka, nepecMoTp 1 uzaanue [lonoxenuii (Cucrem)
T10 TUIAHOBO-ITIPEIYyIPEUTETEHOMY PEMOHTY 000PY/I0BaHNS,
o0ecIieurBaBIINX MPEANPUATHS METOJUYECKOH U HOpMa-
TUBHOM 0a30¥ JUIs IUTAaHUPOBAHMUS M OpPraHU3ally PEMOHTa
obopynoBanust. [Ipexparuiicst mepecMoTp HOPM aMOpPTH3a-
LMOHHBIX OTYHCIICHUH (CPOKOB CIIyXOBbI 00OpYHZOBaHM),
PEMOHTHBIX HOPMAaTHUBOB, HOPM pacxoja MaTepHaos,
ropsiika ¥ (PMHAHCUPOBAHHSI PEMOHTA (CM. NPEAHCIIOBHE
K crpaBounuky [14]). IIpekparuics neHTpaIn30BaHHBINA
cOOp M aHanM3 JIAHHBIX 110 OTKa3aM 00O0pyHOBaHHS, Cy-
LIECTBOBABIIUII B psiie OTpaciel, BKIIOYash IHEPreTUKY.
O cutyanmu co cOOpoOM JaHHBIX IO OTKa3aM B aTOMHOM
sHepreTuke cM. [17].

Pacnanace cucrema IEHTPaIIM30BAaHHOTO CHAOXKEHUs
NpeanpusiTuii 000pynOBaHUEM, 3alIaCHBIMU YacTSIMU,
PEMOHTHOH OCHAaCTKOH M PEMOHTHBIMU MaTepHalaMu.
[MosiBunmCch GUPMBI — IPOM3BOAMTENN 3aNACHBIX YacTel
HU3KOTO Ka4eCTBa, MOJAENIOK MOJ M3TOTOBUTENS — KOH-
Tpadakra. Hapsiay ¢ oTpunarensHOM CTOPOHON 3TOTO MpPO-
Lecca aKTUBU3UPOBAIACh AEATEIbHOCTb IPOU3BOAUTENCH
000pyIOBaHUsI 110 M3TOTOBIICHUIO 3aIT4acTeil, HoTpeOuTenn
CMOIIM TIPH HAJIMYKN (pUHAHCHPOBAHUS NPUOOpPETaTh He-
00X0oMMBIE MaTepHalibl U 3aracHble 4acTH 0e3 GoHI0B
Ha PbIHKE.

B ommune ot crpan 3anaga B8 CCCP B OonpmMHCTBE
oTpacjell He pa3BUBAJICS (UPMEHHBIH CEPBHUC MPOHU3BO-
nurerneil obopynoBanus. OO 5TOM CBUAETENHCTBYET TOT
(axT, yTO OOJBIIMHCTBO HOPMATUBHBIX JOKYMEHTOB IPH-
MEHHUTEIFHO K PEMOHTY BHJOB 00OpYIOBaHHs CO3JaHO
OTpacieBbIMU NOApa3AeieHusIMU. [Ipy BbIITycKe CI0KHOTO
000pyIOBaHUsI IPOU3BOJAMUTENN HE 00ECIEYNBAIOT €T0 pe-
MOHTHOMW OKyMeHTanuel. 3a c4€T 3TOro y U3roToBUTENEH
o0opynoBaHMs HE KyJIbTHBHUPOBAJICS MHTEPEC K MOBBI-
LIEHUIO KOHTPOJIE- ¥ PEMOHTOIPUTOAHOCTH CO34aBaEMBbIX
n3aenuil. IlonelTky Npou3BOAUTENEH B HACTOSIEE BpEMs
AKTUBHO BHEJPHUTHCS B CEPBUC B OOJBIIMHCTBE CBOEM
HE JOCTUTAIOT IOJIOKUTENIBHBIX PE3YNIbTaToOB, IPUYMHOMN
yeMy SIBISIETCS OTCYTCTBHUE OINBITAa PEMOHTA, OTCYTCTBHE
TPYIOBBIX pecypcoB. B HacTosIee BpeMs ppIHOK cepBUCa
000pyIOBaHUsI BO MHOTOM TIPHOOPET KOPPYIIIMOHHBIHN Xa-
paktep. [llupoko BHeApseMble TEHIEPHBIE 3aKYKU TOIbKO
BHEIIIHE CUNUTAOTCS IPO3PAYHBIMU, HA CAMOM JI€JI€ B CBOEM
OOJBIIMHCTBE PACCYMTAHBI HA KOHKPETHBIX HCTIOTHUTEINEH,
MpUYEM € HEZIOCTATOUYHOH KBaJTH(UKaIMeH.
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Bpems coOoupaTb KaMHM.
BoaBpalieHue K uctokam?

Crpoiinas cucrema [IIIP coBeTckux BpeMeH COOTBET-
CTBOBaJIa AAMMHUCTPATUBHO- KOMAaHAHOI CHCTEME U €l0
noanepkuBanack. [loaTomy ee pacnaja ObUT 3aKOHOMEPEH.
C nosiBJIeHHEM HOBBIX OTHOLICHUH COOCTBEHHOCTH MHOTOE
MIPUIIIOCH CTPOUTH 3aHOBO.

C BeIxogoM H3 paszpyxu 90-x Bo3pacTaeT MHTEpec K
IUTAHOBOCTH U CUCTEMHOCTH B OpraHHU3aIMM 3KCIITyaTa-
IIUM U PEMOHTA (3TO HAIIOMUHAET CUTyaIuio Havana 20-x
TOJIOB IPOIILIOTO BeKa — BBIXOA U3 Pa3pyXH BpeMeH NepBoi
MHPOBOM U rpaxaaHcKol BoifHbI). Kakue-To mombeITKH
OpraHM30BaTh Mpolecc B MacimTadax rocylapcTBa Hadyaiu
MPEANPUHIMATECS B Hadase ABYXThICAYHBIX. [losBHIOCH
tpedoBanue ['ocroprexnaazopa Poccuu I16 05-356.00 o He-
00XOIMMOCTH UMETh Ha Ka)XKJIOM NPEIPUSITHH COOCTBEHHOE
[TonoxeHue Mo MIAHOBO-NPEAYIPEAUTEIBHOMY PEMOHTY
MIPUHAAJICIKAIIETO eMy 000pyIOBaHHUS.

B 2003 . ObL1 HavaTh! padoTHI 110 co3aanuto CripaBOYHUKA
«EmHOe MonoykeHue Mo IITaHOBO-TIPETyTPEAUTEILHBIM PEMOH-
Tam 00O0pYIOBaHUSI TIPOMBIIIUIEHHBIX TPEANPUSITHI Poccumy.
Ho Bckope oHM ObUTH PEKpalleHbI B CBSI3U C peopraHu3ayei
OCHOBHOTO 3aKa34nKa pazpaboTku — MunnpomHayku Poccun.

IIpu sTOM cHUTyanusi B pa3lUYHBIX OTpacisiX M Ha OT-
JIeJIbHBIX MPENNpUATHAX KpaliHe HeonHoponaHa. He sB-
JISIETCSl CEKPETOM TO, YTO Ha OOJBIIMHCTBE MPEANPUSTHN
coBpeMeHHOM Poccum HMKakoW cuUCTeMbl OpraHu3aluu
PEMOHTOB OOHApPY>KUTh HEBO3MOXKHO. [0 cyTH nena, Mel
BEPHYJINCH ITPU ITOM K CUTYaLIUH IPUMEPHO CTOJICTHEH 1aB-
HocTu. [Ipeskae Bcero 3To OTHOCUTCS K MaJIbIM U CPETHUM
MPEANPHUATHAM, a TAKXKE K MPEAIPUATHIM, BOSHUKAIOLIIM
Ha Hammx rasax. «CloMaeTcst — MOYHHUM» — BOT U BCA
cucrema. Jlis atux npeanpuaruii nepexoq k cucreme II1P
SIBJIETCSI IEPBBIM M TJIAaBHBIM IIIarOM B HaBEJIEHUU IO-
psaka. B To xe BpeMms B mepeaoBhIX OTpaciax (o0kya u
TPAHCIOPT ra3a 1 He(TH, HePTEXUMHUSI, JHEPreTHKA) U Ha
MHOI'MX KpyIHbIX Ipeanpusatusx cucrema TP nponomxaer
JIeIICTBOBATh, HO y»Ke BOCIPHUHUMAETCS KaK ycTapeBIlas.
B oTnenbHBIX KOMIAHUSAX BEAYTCS pabOTHI IO MEPEXoay K
PEMOHTaM IO COCTOSTHHIO, HA OCHOBE O0JIee IUPOKOTO MpH-
MEHEHHUS CPEICTB TUArHOCTUKH (CM., Harpumep, [18, 19]).
[TosiBnAroTCST OTpacyieBble PyKOBOASAIINE JOKYMEHTHI IO
yuery, cOopy, nepBU4HONH 00pabOTKe, XPaHEHUIO U Tepe-
nmade nHpopMarmu o nedeKTax, IOBPSKACHUAX U 0TKa3ax
(manpumep, [20]). Bmecte ¢ Tem MHOTHE pobieMbl B 00-
JIACTH OPTaHU3alMU PEMOHTHOH AEATEIbHOCTH, B TOM YHCIIE
B 9HEpreTHKe, OCTal0TCs HepeueHHbIMu [21, 22]. ITpu aTom
Ype3BhIYANHO ME/UICHHBIC TEMIIbl BHEPEHHS HOBBIX CTpa-
TErui peMOHTa OMPEACIAIOTCS HECKOIBKUMH OCHOBHBIMU
(hakTopaMu: HEMOHUMAHHEM CO CTOPOHBI PYKOBOJCTBA
KOMITaHHMH, HETOTOBHOCTBIO MEpPCOHANa K M3MEHEHUSIM U
OTCYTCTBUEM BHEIIHUX MOOYAUTEIbHBIX MOTHBOB AJIS Ta-
KHX U3MEeHEeHUi. [leTanbHOe 00CyXIeHHEe COBPEMEHHOIO
COCTOSIHMSI POOJIEeM OpraHU3alui PEMOHTOB COICPIKUTCS
B [21, 22] (B 4acTH SHEPreTHUECKOro 00OPyAOBaHUs) U HE
BXOJIUT B 33J1a4¥ aBTOPA JaHHOU cTaThH. ClieryeT OTMETUTh
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myOnukanuio [23], Takke TOCBSIIICHHYIO TEKyIIeH cuTya-
uu B obnactu yrpasienus TOuP.

Ha noBecTke qHS CTOMT OCBOEHHE HOBBIX, COBPEMEH-
HBIX CTpaTeruii peMoHTa, 00beAnHIeMBIX moHsiTHeM RCM
[24-25]. B 2014 rony oxxujaercs MOSIBJICHUE CTaHAAPTOB
ISO cepun 55000 B obnactn ynpapneHust HU3HUECKUMA
aKTUBaMH (NPOM3BOACTBEHHBIMHU (QoHmamn) [25-26].
IIpukazom Poccrangapra Ne979 ot 29.08.2013 coznan Ha-
LUOHANBHBIN TeXHHUYECKUIl KOMUTET MO CTaHAApPTU3ALUN
Ne086 «Ympasnenue akruBamm» (Www.tk086.ru), KOTOpBIH
3aliMeTcs pa3pabdoTKO pOCCHICKOI BepCHM CTaHIAPTOB
ISO cepun 55000. Komuter co3nan Ha 6aze ¢pupmsr « HITIT
«CrnenTek», 6omee 20 et 3aHUMAIOIICHCS BOTIPOCAMH Op-
TaHU3aIMHU IPOLIECCOB TEXHNIECKOTO 00CITY>KUBAHUSI U pe-
MOHTa ¥ aBTOMATU3aI1H yIPaBICHHs YTUMHU IPOLECCaMU.

Haunnaer npuxoauTs HOHUMAHUE TOTO, YTO PALlUOHATb-
Hasl OpraHu3alys o0CITyKHUBaHHUS 000pPYI0BAaHHS B COBpE-
MEHHBIX YCIIOBHSX HEBO3MOXHA 0€3 IpUMEHEHUsI HH(POP-
MAaITMOHHBIX TexHonoruit [27]. Ha ceromns B Poccun Oomnee
TIOTY THICSIYH TIPEATIPUSTHI NCTIONB3YIOT MH(OPMAMOHHBIE
CHUCTEMBI JiIsl YIPaBIEHHs MPOLECCaMU HKCILTyaTallud U
PEMOHTa, MPUYEM DHEPreTHKA 3aMETHO OOTOHSET B 3TOM
OTHOIIIEHHUHU BCe Apyrue orpaciu [28].

Baxxnoit cocraBnoil yacteio RCM sBiIsieTCsl peMOHT 10
cocrosiHuI0. Mcnonb3yemble Bee IIMpe CPeACTBa JUArHOCTHKU
TI03BOJISTIOT TIPH 3TOM JIaTh OOBEKTHBHYTO KapTHHY COCTOSTHHS
000py/IOBaHMsI M TIPOTHO3MPOBATH BOSMOXKHBIC OTKa3bl. B
Ppsizie CITy4aeB ylaeTcsl UCIONb30BaTh JJIs1 IPOrHO3a BPEMEHU
OTKa3a HAKOILUICHHYIO CTATUCTUKY OTKa30B M X MPEBECTHU-
KOB — JIe(heKTOB (32 HEMMEHHEM MHOM — XOTsI OBl B Ipe/ienax
nipernpusTys). [Ippmenenre nHGOPMAIMOHHBIX CHCTEM JaeT
B PYKH TIPOU3BOJICTBEHHHKOB PaOOTAIOIINI HHCTPYMEHT ISt
MHTETPAIMU CBEJICHUH 00 000pYyIOBaHHWH, €r0 COCTOSTHHH,
JTAHHBIX JMATHOCTHKH, & TAKXKE O €T0 eeKTax U oTKazax [29].
Wuave roBopsi, Ha HOBOM yPOBHE OKa3bIBAIOTCSI BOCTPEOOBaH-
HbIMH uien 30-X TOZI0B IO HAKOIUIEHUIO U HCIOJIb30BAHUIO Ha
MIPENNPHUATHN CTATUCTUKK OTKA30B OTAENBHBIX 3aMYacTei, a
TaK’Ke BO3BPAILEHHE K CUCTEME IOCIE0CMOTPOBBIX PEMOHTOB.
Ho 310 y*e coBceM apyrast HCTOPHSL. ..

HekoTopblie ypoku

Uro e Mbl MOXKEM TOYEPIIHYTh, OIIISIBIBASICH B MPO-
uutoe? DTO JO0IKHO CTaTh PE3YNIbTaTOM CEPbE3HOM JuC-
KyCCHH, TTOBOJIOM JUIsSi KOTOPOiA, BO3MOXHO, CMOXKET CTaTh
«3a0bIThIH 100MIIE». PUCKHY yKa3aTh TOJIBKO HA OT/IE/IbHbIC
HAITPABICHUSI, B KOTOPHIX HEOOXOIMUMbI CEPhE3HBIC YCUIIHSL.
Coo6monenne kagectBa TOUP s MOTEHIIMAIBEHO OITACHBIX
[IPOU3BOJICTBEHHBIX OOBEKTOB (B TOM YHCIIE Uil OOBEKTOB
SHEPIeTHUKH) IOJKHO OBITh 00ECIeYeHO Ha[30pOM rocyap-
CTBEHHBIX PEryJIMPYIOLINX opraHoB. Heobxoiuma noyiepixka
HCCIIeIOBAaHUN B 00JIACTH OPTaHU3ALUK IKCIUTyaTallud U
PEMOHTA CO CTOPOHBI FOCY/IAPCTBA U KPYITHBIX KOPIIOpALIUii
(8 Tom gncne TI'K, OI'K). Bo3o6HOBNICHHE cOOpa cTaTH-
CTHKH TI0 JepeKkTaM U OTKa3zaM 0O0OpYHOBaHUS (Ha YpOBHE
KOPIOPAILIHiA, & JUIsl SHEPIeTUKH U Psiia APYTHUX OTpaciiei — Ha
OTpacjeBoM ypoBHe). PacripocTpaHeHre 3HaHHI 110 COBpe-
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MEHHBIM CTPATETHsAM OPraHU3allii PEMOHTA U CTaHAApTaM
B 9TO# o0mactu. OOydeHrne 0CHOBaM OpraHU3aIiy PEMOHTA
W JMarHOCTUKY (BKIIIOYAst IPUMEHEHNE HH(POPMAIIMOHHBIX
TexHonoruil ans ynpasneHus TOuP) (yueOHBIE KypCH B
By3aX, Ha Kypcax MeperoAroToBKy rnepconana). [Tlomnepxka
BHEZIPEHNS MH(POPMAIIMOHHBIX CHCTEM YIPABIICHHS aKTHBAMHU
€O CTOPOHBI PYKOBOJICTBA KOMITaHW . BBeieHue B 1okymeHTa-
LIMIO 3aBOJIOB-U3IOTOBUTENIEN PEKOMEHIALUH 110 POBEEHUIO
TOwP, a Taxxe o 0OOHAPYKCHUIO U YCTPAHCHHUIO IE(EKTOB
1 0TKa30B. [10BBIIEHNE OTBETCTBEHHOCTH PEMOHTHBIX Op-
TaHU3aIWH 3a peMOHT (OecIaTHOe yCTpaHEeHNE HeTIO0Ia 0K,
CTpaxoBaHHE PeMOHTOB). OOSM3aTEIBHBIN YIET POCCHICKAX
O0COOCHHOCTEH M CIEIM(PHUKH KOHKPETHOTO MPEIIPUATHS
(«KOHTEKCTa» BHEAPEHMS) MPH MOMBITKAX 3aMMCTBOBAHMS
3aIaIHbIX JOCTWKEHNH B 3TOH 00IaCTH.
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SYSTEM OF SCHEDULED PREVENTIVE REPAIRS:
THE LESSONS OF HISTORY

In 2013 it was 90 years since the first steps were made toward organizing the repair of industrial hardware
on a schedule basis, and 80 years since developing and testing the system of scheduled preventive repairs
(SPR) based on periodical repairs at plants. The goal of the paper is to remind of the first steps and
milestones of development of SPR system. The author believes that some lessons from those bygone
days are still valid today.

Keywords: system of scheduled preventive repairs, SPR.

This date could have gone unnoticed since few know about the history of emergence of
SPR system today. Although witnesses of events of those distant years have not been with us
for long, there are still numerous publications (some of them are referred to in the reference
list of the paper) that allow us to reconstruct those events in detail.

The author expresses his gratitude for valuable comments to G.V. Rostik, K.E. Aronson
and O.S. Golodnova as well as his colleagues from NPP SpecTek who took part in discussing
the paper.

Instead of the epigraph

“Comrade Ordzhonikidze in his directive No. 268 for Stalingrad tractor plant dated 30
April 1931 noted that one of the causes in failing to realize the plan of production of tractors
was the absence of scheduled preventive repairing of equipment at the plant.”

Spiridonov V. In favor of scheduled preventive repairing. 1932 [4] (see Figure).

“Scheduling and due production output can only take place if the equipment works regu-
larly, steadily and without delays as clockwork. Instead, a high percentage of equipment at
our plants is rather old, while there is no well-organized system of repairing. New foreign
equipment without due care also gets soon working with interruptions.

This happens because maintenance is not organized, and due to the lack of spare parts
at disposal downtimes are often that leading to the plan failure. Equipment undergoes
overhaul only when all its parts are completely out of order, and the machine absolutely
fails to work. <...>

At the majority of our plants there is an opinion that “the equipment of our plant should
long have been utilized; renewal won 't help not to speak about preventive measures, so, the
conclusion is that new equipment is needed.”

Of course, this is the simplest solution but we can t afford it as we can't and shouldn t rely
entirely on getting foreign equipment.”

Spiridonov V.V. Rationalization of plant equipment repairing. 1931 [3].
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Repairing before the revolution and
during the first years to come after

Prior to the revolution and soon after the revolution the
majority of plants didn’t have any specific system of repair-
ing. Repairs were not scheduled and were done in case of
failure of equipment. Repair shops were unavailable at the
majority of plants, and when there were any, they were used
only for repairing plant equipment. For the majority of cases
repair orders were serviced on shop floors using the common
production equipment. It was possible only because of the
individual and small-scale nature of production.

As the intensity of equipment use and its complexity
grew, repairing starts to turn into a serious handicap for
production development by the middle of the 20-s substantial
wear and tear of equipment, its degradation drew attention
to repairing issues.

It was the start of organizing repair shops, providing the
available shops with extra staff and equipment. Designs of
newly built plants started to include mechanical repair de-
partments with the volume of machines from 3 to 12 per cent
of the total amount at a plant. For example, it was seriously
debated whether to stop using the term “capital overhaul”
and to consider all repairs as maintenance (in view of vari-
ous sources of financing).

First steps in organizing repairs

The first work as to SPR organization documented in the
literature was the work related to rationalization of repair-
ing launched in 1923 by District bureau of NOT (scientific
organization of labour) of the former Prioksk mining district
and carried out under the guidance of the engineer A.G.
Popov during the period of 1923-1928 [1]. This work was
made at Vyksa and Kulebaky smelters. The results of the
work were published in 1927 in the form of instruction for
scheduling maintenance.

Based on the material of the work, in 1931 A.G. Popov
published a brochure under the title “Rationalization of
repairing at a plant” [2]. The brochure provided a rather
detailed analysis of drawbacks of maintenance management
existed at plants, stated the principles of rational repairing
organization and outlined the measures to be taken at plants
in this field. Among the key principles of rational repairing
organization, the brochure listed the following ones:

1) maintenance shall ceaselessly keep equipment in
renovated state;

2) maintenance of equipment at plants is separate manu-
facturing selling its products to shops consuming repair;

3) the arrangement of repairing shall be done in ac-
cordance with the methods of preventive and compulsory
maintenance;

4) the system of scheduling shall be part of repairing.

The same year saw the publication of a brochure by
V.V. Spiridonov “Rationalization of plant equipment re-
pairing” [3] that was also based on the results obtained by
A.G. Popov and developed his approach. And next year, in

1932 anew brochure by Spiridonov using the words “sched-
uled preventive repair” for the first time was published.

In works by Popov and Spiridonov [1-5], arrangement
of maintenance intended to be done by “turning it into the
system of planning by means of spare parts”. The main focus
was made on defining a life cycle of equipment parts subject
to wear and timely manufacturing spare parts. Such approach
leading to alternative replacement of worn parts turned out
to be practically unfeasible. However the ideas of scheduling
repairs were fruitful. At about the same years there appeared
first publications wherein a repairing strategy was proposed
to be based on introducing periodical inspections. Equipment
state was identified through regular inspections, and based
on that terms and amount of repairing were defined. Such
strategy was called as a system of post inspection repairs. At
the period of 1933-1938 this strategy got a wide application
in the country and became a forerunner of the strategy of
on-condition maintenance well known today.

The main setbacks of such system were the lack of
norms for repair and the impossibility of planning resources
(financial and natural ones) for quite a long period of time.
Also, without diagnostic means available, equipment state
identification was rather arbitrary and didn’t prevent from
unscheduled failures. On the other hand, since any repair
in the system (including repairs owing to bad maintenance)
happened to be unscheduled, the system didn’t inspire to
increase the quality of repair and maintenance.

In 1934 Yu.S. Borisov and G.P. Zhukov developed an
alternative system named as a system of scheduled predic-
tive periodical repairs [7]. The main features of the system
were as follows.

1) Scheduled repairs of each object are to be done peri-
odically, in a specified number of hours worked. Sequential
repairs of various types make up a periodically recurring
repair cycle.

2) Planning resources necessary for repair is based on
“normal amount of repair works” that in turn is defined
by repair difficulty of objects divided into groups, each of
which combines machines with presumably the same labor
consuming amount of repair and maintenance.

3) In between periodical scheduled repairs each unit un-
derwent scheduled checks-up (or inspections). In the process
of checking-up one eliminates minor defects are eliminated,
does tuning and cleaning as well as defines a list of parts that
could be subject to replacement by a next scheduled repair.

Part of the system was a budget piecework system of
payment for labour for repair shop workers. The essence
of it is that payment is provided not for an actual amount
of works done but for a normative amount [7]. Piecework
payment motivated workers to fulfill all scheduled works. A
high quality of works done was secured by workers’ concern
about the fact that in the conditions of normative piecework
payment interrepair periods were a warranty life of equip-
ment after scheduled repair for them. During that period a
team should carry out all repair works for certain equipment
arising due to poor scheduled repair for gratis. (This system
of payment existed till the middle of the 50s).
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Prewar years

In the middle of the 30s a huge number of new plants were
constructed and substantial refurbishment of the existed ones
were done. Instructions for SPR fulfillment were developed
for a number of ministries and bodies [8-10].

Prewar years are characterized by some sort of fight
between the system of post inspection repairs and the sys-
tem of periodical repairs and by gradual substitution of the
former by the latter.

In parallel there was a process of making the organization
of repair services at plants more sophisticated, creating all-
plant repair shops, centralizing the planning of repairs and in
part theirs execution under the guidance of chief mechanic
offices, singling out the service of an electric superintendent
at some plants.

The year of 1938 was a critical mass transfer from the system
of post inspection repairs to the system of periodical compul-
sory repairs. The system actively supported by plant workers
got to be implemented in the main industries (engineering,
defense, aviation etc.). The system of financing repairs under-
went change, repair funds started to be established at plants,
where part of amortization deductions were directed. Along
with this, technical refurbishment of repair floors of plants was
under way, and they were turned from primitive workshops into
well-equipped spacious repair floors. Leading plants developed
standardized technological processes of repair. Parts for repairs
got to be manufactured more and more often according to
drawings rather than to samples as before.

Great attention paid to the issues of repair management
is illustrated by a huge number of books and articles related
to that. For instance, a reference list “Scheduled preventive
repair in metallurgy and engineering” [10] published by the
State scientific library in 1939 includes 189 titles of domestic
and foreign publications for the period of 1930 — 1938.

In 1939 there appeared a book that covered the issues of
practical arrangement of repair as to SPR system as well as
theoretical principles of the system [9].

By the beginning of the Great Patriotic War almost all
plants had a scheduled preventive system of repairs.

SPR system during the war

Equipment use in the conditions of intense operation
characteristic for the war years was a serious challenge for
the system of periodical repairs. On the one hand, load on
equipment increased, while workers’ qualification decreased.
On the other hand, the possibility to do repairs was radically
restricted. The system stood the checkup, however it turned
to be necessary to introduce changes in the structure of repair
cycles as well as the arrangement of repairs. Introduction
of extra scheduled current and middle-term repairs into the
cycle increased the interval between capital overhauls. For
equipment that could not be put into long repairs, alterna-
tive execution of scheduled repairs for different units and
elements got wide application (mostly during days-off and
night time).
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In relation to substantial qualitative and quantitative
increase of electrical equipment, the State committee of
Defense decreed to establish departments of an electric
superintendent at plants with the electrical power 1| MW
and above (in case of 3 MW an electric superintendent had
position of chief engineer deputy) [16].

Postwar years

The war was still in motion but considerate attention was
again paid to the issues of repair arrangement. A number
of instructions and guidelines defining or correcting SPR
procedure at plants of some industries considering the accu-
mulated experience was released. For instance, in February
of 1945 arevised instruction for Narkomkhimprom (People
committee of chemical industry) equipment SPR was ap-
proved and introduced. And in November of 1945 a repair
conference took place in Moscow that had in fact all the
Union character. It hosted 420 persons, including 32 chief
mechanics of people committees, 65 chief mechanics of min-
istry departments and 323 plant delegates (chief engineers,
chief mechanics, heads of workshops etc.) who presented
the majority of industrial centres of the USSR. The confer-
ence strengthened the positions of the system of periodical
repairs as the main SPR system in the USSR industry and
confirmed the necessity of its further implementation while
expressing the wish that the system should be standardized
and in particular common standard structures of repair cy-
cles should be established for types of equipment as well as
common norms etc should be provided.

In 1955 all enterprises of the country had to follow “Com-
mon system of scheduled preventive repair of equipment”
that made them to replace the normative piecework system
of payment of repair workers’ labour with the system of pay-
ment based on pay by the hour and bonus principles using
the following parameters: SPR plan fulfillment, reduction
of equipment downtimes, absence of accidents caused by
repair workers.

In the USSR standard SPR systems were developed
by ministries and special institutes. Standard system was
to be revised and corrected every five years. Functions of
controlling and improving SPR, Common (1967) [12] and
Standard (1988) [ 13] repairing systems were imposed by the
government on ENIMS (Experimental Research Institute of
Metal-cutting Machines).

SPR standard systems were developed on the basis of
analysis of data about failures and changes in parameters of
state of elements and time normative for executing preven-
tive maintenance with the specifics of production and grow-
ing complexity of applied equipment taken into account.

The soviet system of SPR should be idealized. Attempts
to regulate everything and everywhere faced substantial
differences of local conditions. Also, SPR instructions for
various ministries and bodies were not always coordinated
with each other and sometimes even contradicted each
other. It was especially evident in organizing SPR of power
equipment which, on the one hand, was to comply with the
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standards of Ministry of Energy and, on the other hand, with
the standards of Ministry of Electrotechnical Industry. The
situation with arrangement of power equipment SPR was
described in detail in the paper [17].

A number of other causes that influenced the degradation
of the soviet SPR system were discussed in the paper by A.
Samsonov [15]. In particular, A. Samsonov believes that
among the reasons of the degradation of the SPR system
were the norms for repair execution overstated in the 60s as
well as transfer to the system of payment for repair work-
ers’ labour based on pay on the hour and bonus principles.
However, these issues are out of scope of the paper. One
more issue highlighted in the paper by A. Samsonov is that
academic discipline “Equipment repair” studied till the end
of the 60s began to disappear from the programs of higher
and special secondary technical schools. Specialists gradu-
ated from them don’t know the basics of SPR system and
come to production with belief that equipment should be
maintained only in case of its crash or failure.

Situation after the collapse
of the USSR

In the 90s radical changes took place in the system
of equipment repair management at the country’s plants
and enterprises. Along with reduction of the majority of
industrial ministries, industrial offices of chief mechanics
and electric superintendent supervising equipment repair
arrangement stopped to exist. All the Union and industrial
repair organizations (repair associations, trusts etc.) used
for centralized repair of specific equipment were disbanded.
Practically all industries stopped to develop, revise and is-
sue Guidelines for scheduled preventive repairs that served
as a methodological and normative basis for enterprises in
respect with planning and arranging equipment repair. There
was no more revising norms of amortization deductions
(equipment life cycles), repair norms, materials use norms,
repair execution and financing norms (see foreword to guide
[14]). There was no more collecting and analyzing data on
equipment failures that existed in a number of industries in a
centralized way, including power industry. (For information
about the situation with collection of failure data in nuclear
power industry see [17]).

The system of centralized supply of enterprises with
equipment, spare parts, repair machines and materials fell
down. There appeared firms producing spare parts of poor
quality, counterfeit products. But together with the negative
side of the process, there was intensification of activities of
equipment manufacturers in production of spare parts, and
consumers who had financial resources could buy required
materials and spare parts without funds on the market.

Compared to western countries, post delivery mainte-
nance by equipment manufacturers didn’t develop in the
majority of industries in the USSR. It is demonstrated by
the fact that the majority of normative documents in relation
to repair of various types of equipment were developed by
industrial structures. When producing complex equipment,

manufacturers didn’t provide any maintenance documents
for it. Due to that, manufacturers were not motivated to
increase maintainability of produced equipment. Attempts
of manufacturers to go into service didn’t bring any success
for the most part since they had no service experience and
qualified staff. Nowadays, the market of equipment mainte-
nance service has got a corruption character to a great extent.
Tender procurements widely introduced today only seem to
be transparent but in fact are designed for specific contractors
for the most part who have insufficient qualification.

Time to gather stones.
Back to the origins?

The well-structured SPR system of the soviet times cor-
responded to the administrative command system and was
supported by it. So, its fall was logical. New property rela-
tions made it necessary to build much anew.

When the havoc of the 90s was over, the interest grew
in planning and systemization of maintenance and repair
arrangement (and that reminding of the situation of the
beginning of the 20s of the last century — escape from the
havoc of the First World War and Civil). Some attempts to
organize a countrywide process started to be taken at the
beginning of our century. There appeared a requirement of
the State Committee of Mining and Safety Supervision of
Russia PB 05-356.00 stipulating that each enterprise should
have its own Guidelines for scheduled preventive repair of
owned equipment.

In 2003 the works were started to develop Guidelines
“Common instruction for scheduled preventive repairs of
equipment of engineering enterprises of Russia”. But they
were soon stopped due to reorganization of the final cus-
tomer of the development — Ministry of Engineering and
Science of Russia.

However, the situation in different industries and at differ-
ent enterprises is rather diverse. It is not a secret that a system
of repair organization at the majority of Russian enterprises
is completely unavailable. Frankly speaking, we have re-
turned to the situation of about a hundred years ago. First
of all, this applied to small- and medium-size enterprises
appearing before our eyes. “If it breaks we’ll fix it” — and
here we go with our system. For these enterprises transfer to
SPR system is the first and primary step to straighten things
out. At the same time SPR system is still in action but is
considered as obsolete in leading industries (extraction and
transportation of gas and oil, petroleum chemistry, energy)
and at many large enterprises. In some companies there are
works being done to move to repairing on condition based
on wider application of diagnostics means (see, for example,
[18, 19]). There appear industrial guiding documents for
accounting, collection, preliminary processing, registration
and transmission of information about defects, damages and
failures (e.g. [20]). However, many problems in the field of
organization of repair activities, including such industries
as energy, remain unsolved [21, 22]). And very slow rates
of implementation of new repair strategies are defined by
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several key factors: lack of understanding on behalf of top
managers, unpreparedness of staff for changes and lack of
motivation for such changes. Detailed discussion of the
current state of repair management issues is in [21, 22] (as
regards power equipment) and is out of scope of the paper.
It is also worth to note the publication [23] also covering
the state-of-the-art situation in the field of maintenance and
repair management.

Of vital interest is implementation of new advanced
repair strategies combined under the term RCM [24-25].
In 2014 ISO 55000 standards for physical assets (produc-
tion funds) management [25-26] are expected to appear. By
order of Rosstandard No. 979 as of 29.08.2013, a national
Technical committee for standardization No. 086 “Assets
management” (www.tk086.ru) was established. The com-
mittee will be involved in developing a Russian version ISO
55000. The committee is established on the basis of the firm
NPP “SpecTek’ which has been dealing with the issues of
technical maintenance and repair and automation of these
processes during over 20 years.

We now start to see some understanding that rational
organization of equipment service in today conditions is
impossible without application of information technology
[27]. At present over five hundred enterprises in Russia use
information systems for maintenance and repair manage-
ment with the power industry being far ahead of all other
industries [28].

RCM important integral part is on-condition repair.
Diagnostics means used wider and wider allow providing
objective information about the state of equipment and
predicting possible failures. In some cases we can use
accumulated statistics of failures and their forerunners —
defects (through want of other statistics — at least within an
enterprise) to predict failure time. Application of information
systems provides an effective tool to integrate information
about equipment, its state, diagnostics data as well as its
defects and failures [29]. In other words, at some new level
the ideas of 30s about accumulation and use of statistics
about spare parts failures as well as return to the system
of post inspection repairs are again in demand. But this is
some other story...

Some lessons

What can we learn from looking back at the past? This
should be part of serious discussion, and “the forgotten ju-
bilee” will be able to trigger it. I can dare to indicate some
directions where serious efforts should be taken. Quality
observance in maintenance and repair management for
potentially hazardous production facilities (inclusive of
power facilties) shall be secured by supervision of state
regulating bodies. Support from the side of the state and large
corporation (inclusive of big power generating and selling
companies) is required for researches in maintenance and
repair organization. Collection of statistics about equipment
defects and failures should be resumed at the level of cor-
porations and for energy industry and some other industries
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— at the industrial level. Knowledge about advanced strate-
gies of maintenance management and standards in the field
should be disseminated. There should be training of basics
of maintenance and diagnostics arrangement (including
application of information technology for maintenance and
repair management) (training courses at higher schools and
refresher courses for staff). Implementation of information
systems of assets management should be supported by top
managers. We also need introduction of maintenance and
repair management guidelines as well as guidelines for
identification and elimination of defects and failures into
manufacture documents. Responsibility of repairing com-
panies (gratis defect elimination, repair insuring) should
be enhanced. There should be compulsory consideration of
Russian specifics and specifics of an individual enterprise
(implementation context) when attempting to adopt western
achievements in the field.
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CTpPYKTypHas HafleXkHOCTb. Teopus U NpakTuka

CeBepgnoB A.b.

AHAJIN3 HAOEXXHOCTU TASOINEPEKAHYUBAIOLLINX

ArPErATOB

B ctatbe npuBeneHsl OCHOBHbIE pe3y/bTaTbkl aHaan3a HaaexHoCT razonepekayvnBaroLmx arperaros ([TIA),
SKCI/1yaTupyeMbIX Ha ra3oTpPaHCriopPTHbLIX Npeanpustusax Poccun. PaccMOTpeHbl OCHOBHbIE KOHCTPYKTUB-
Hble Y PYHKUNOHAa/IbHbIe 0COOeHHOCTU [TIA, Bonpockl obecrnevyeHnss HaaeXHOCTU B ra30BOV MPOMbILLIEH-
HocTu. lNpeacTaBieHa CTPYKTYPHO-QYHKLMOHaIbHas Moaesib HaaexHocTy (COMH) TIA, coctaBiieHHas Ha
OCHOBE pPOBEAEHHOro nuccrienoBaHus HagexHoctu [TIA.

KnroyeBsblie cnoBa: ra3ornepekaynBaroLLmy arperar, HaeXHOCTb, 0TKa3, BepPOSITHOCTb 6E€30TKa3HOM pPaboThI.
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l"azonepexadnBaromIuii arperar — CI0KHAast SHEPreTHIecKast yCTaHOBKA, IPeHa3HaYeHHAs
JUTSL KOMIPUMHUPOBAHHS IPUPOIHOTO I'a3a, MOCTYIAIOIET0 Ha KoMIpeccopHyto craniuio (KC)
10 MarucTpasbHOMY rasonposoay [ 1]. ['azonepexaunBatomye arperarsl — 0CHOBHOE TEXHOJO-
THYecKoe 000PyI0BaHIE KOMITPECCOPHBIX CTaHINH, 00€CIIEINBAIONIIE HEOOXOTUMBIH PEXUM
TPAHCIIOPTHPOBKH Ta3a 10 MarucTpaJbHOMY a3omnpoBofy. ['a3onepexaunBaronuii arperar
KOMIIPECCOPHBIX CTAHIIMI COCTOUT M3 EHTPOOESKHOTO HarHEeTaTeNs U MpuBoja. B kaduecTse
TIPUBO/IA TIIABHBIM 00pa30M MCHOJIB3YIOT Ta30BbIe TYpOMHBI (CTallMOHAPHbIE, ABHAIIMOHHEIC
1 Cy/IOBBIE) M DIIEKTPOIBUTATEIIN.

OnHO M3 BayKHEHIIMX HKCIUTYaTallIOHHBIX XapaKTEPUCTHK Ia30TIepeKadnBaIOIIeTo arperara
siBIsieTcs ero HajaexkHocTb. B coorBerctBuu ¢ 'OCT 13377-75 HaneHOCTh OnpenensieTcs
KaK CBOWCTBO OOBEKTa BBITIOJIHATH 3aJaHHbIC (DYHKIHH, COXPAHSSA BO BPEMEHH 3HAYCHHUS
YCTaHOBIJICHHBIX 9KCIITyaTallMOHHBIX TTIOKa3aTese B Ipe/ieiax, COOTBETCTBYIOIIHX 3aJaHHBIM
PEKUMaM U yCIIOBHUSIM HCIIOIBb30BAHNUS, TEXHUUECKOTO O0CTYKUBAHUS, PEMOHTOB, XPAaHEHHUS
1 TpaHCIIOPTUPOBKH. Ha/e)kHOCTH arperara B 00IIeM Citydae ONpeessieTCs] HaJIeKHOCTBIO
€r0 3JIEMEHTOB, CUCTEM, €r0 00CIYKUBAOIIHNX, U XapaKTEPOM MX B3aNMOJICHCTBHSL.

Bomnpocs! Hanex)HOCTH 0c000 aKTyaJIbHBI B Ta30BOI MPOMBITIIIEHHOCTH. OCHOBHAs 4acTh
TapKa YHEPreTHUECKOTo 000PyA0BaHNUS T'a30TPAHCIIOPTHBIX penpusiThii Poccun Oblia BBe-
neHa B okernryararmio B 1980-1990 rr, 1 3HaUNTETBHAS €T0 01 padoTaeT CBEPX YCTaHOBJICH-
HOTO NTPOU3BOJUTEISIMIA HOPMATHBHOTO cpoka. Takoe mosoxkeHne He MOXKET HE OTPaXKaThCsl Ha
HaJISKHOCTH PabOTHI HHEProX03sicTBa. OO ITOM CBHIETENHCTBYET TO, UTO YHCIIO HAPYIICHNUH,
CBSI3aHHBIX C M3HOCOM 0OOpymoBaHus, gocTuraer 30% obiiero KoaudecTBa HAPYIICHUH B
pabote sHEeproxo3siicTaa [2].

Obecnieuenne HagexnocT [ TIA 3aBHCHT OT pelIeHHsT KOMITIEKCa HAyYHBIX, TEXHHUECKHX,
SKOHOMHUYECKUX W OPTaHU3alMOHHBIX 33]a4 Ha BCEX JTarax — OT MPOCKTUPOBAHMS /10 IKC-
TuTyaTayy. Perenne 3a1a4 HaJieXKHOCTH CBA3aHO C Pa3BUTHEM TEOPHH HAJISKHOCTH, KOTOPast
OCHOBaHa Ha MCIOJIb30BAaHUH METOIOB IPHKJIIATHON MAaTEMAaTHKH — TEOPUH BEPOSITHOCTEH 1
MaTeMaTU4YeCKOM CTaTUCTHKH [3].

C reopueil 1 IPaKTHKOH HaJIS)KHOCTH TECHO CBS3aHbI TAKHE MTOHATHS, KaKk paboToCIoco0-
HOCTh 1 0TKa3 00opynoBanus. PaboTocrnocoOHOCTh — 3TO COCTOSTHNE 00BEKTA, IPU KOTOPOM
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OH CITOCOOCH BBITIOJIHSATD ONpe/IeNICHHbIE (PYyHKIINH, COXpa-
HSISl 3HAYCHUS MapaMeTpoB B TIpeJeiaX, YCTAaHOBJICHHBIX
HOPMATHUBHO-TEXHUYECKOM ToKyMeHTanue. OTka3 mpea-
CTaBIsIET CO00 COOBITHE, 3aKIIIOYArONIeecs B HapyIICHHN
paboTocriocoOHOCTH 1 TpeOyIoliee OCTAaHOBKHU arperara.

B ocHOBy pacueToB HaJE€KHOCTU 3aJI0KEHBI METOABI
TEOPHUH BEPOSTHOCTH U MATEMAaTU4ECKON CTATUCTUKH [4-8],
KOTOpBIE IPUMEHSIOT U K 0COOCHHOCTSIM HaJIS)KHOCTHBIX
mopueneit ['TIA. Otka3 arperara B paboTe 1 €ro BOCCTaHOB-
JICHUE — 3TO J[Ba IPOTUBOIIOJIOXKHBIX CITyJalHBIX COOBITHSL.
Ha mpakTuke NpUHSTO ONEpUpOBATh CO CIyYalHBIMU
BenmnunHamu. CiiydaiiHOW NPHHSTO Ha3bIBaTh BEIWYHHY,
KOTOpasi MOXKET NPUHUMATh JTI000€ 3apaHee HEU3BECTHOE
3HAUYCHUE.

B nacrosiiee Bpemst oLeHKa MOKa3zaTene HaJeKHOCTU
I'TTIA Ha razonpoBojax OCyIECTBIIETCS CHCTEMOI OKa3a-
Terne, OCHOBAaHHBIX Ha ONPEACIICHUN BPEMEHN HaXOXKACHHS
arperara B TOM WJIH HHOM SKCILUTyaTallMOHHOM COCTOSIHUU:

— CyMMapHOM BPEMEHHU HAaXOXKJICHUS arperara B padote
Tp 3a oTuetHbIl nepuox 7x;

— BPEMEHH HaXO0XJIEHHs arperara B pe3epse 7 p,,;

— BPEMEHM HaXO0X/IEHHsI arperara B IIIAaHOBOM PEMOHTE
Trinp;

— BPEMEHH BBIHYKJEHHOTO IpocTost Ty

OOBIYHO 32 OTYCTHBIN MEPUOA IPUHUMAETCS KaJIeH1ap-
HBIHN TOI:

Tx=Tp+ Tpey + Typ + Ty = 365 nueid.

Ha ocHoBe comocTaBieHus MPUBEICHHBIX BPEMEHHBIX
COCTOSIHUM arperara U ONPEAeNIIoTCs MOKa3aTeau ero
HaJe)KHOCTH. BeposaTHocTh Oe30TKa3HON paboTsl P(?)
SIBIISIETCSL OCHOBHBIM ITOKA3aTeNIeM HaJeKHOCTHU, KOTOPBII
MOKa3bIBAET BEPOSATHOCTH TOT'0, YTO B 33JaHHOM MHTEpBaje
BpPEMEHH ¢ (MM B TIpefiesiax 3a/laHHON HapaOOTKH) OTKa3a
HE BO3HUKHET.

B ocHOBY OLleHKHM M MPOTHO3a HKCIUIYaTallMOHHOU
Hage)kHOCTH ['TIA MOeT OBITh MOJOXKEHA CTPYKTYpPHO-
¢dynknnonansHast Moxens HajaexHoctn (COMH) I'TIA.
CrpyKTypHO-(DYHKIIHOHAIBHAS MOJIEIb HAIEKHOCTH — BE-
posITHOCTH 0e30TKa3HOM paboTsl (BBP) — kommiexcHbIi
MOKAa3aTellb JT0JITOBEYHOCTH, KOTOPBIA B IMOJTHOM Mepe Xa-
paKTepU3yeT HAIEKHOCTD CIIOKHBIX TEXHUUECKUX CUCTEM.
CrpykTypHO-(DYHKIIMOHATbHAs MOJETb HanexxHocTH ['TIA
oTpaxkaeT 0000IMEHHBIN ToKa3aTenb HaxexHocTH (ITH)
yepe3 CTPYKTYPHYIO M (PyHKIMOHAIBHYIO JICKOMIIO3UIIHIO
I'TTA, npu4MHBEI U XapakTep OTKAa30B, pallMOHAIbHYIO
HOMEHKJIATYpY BBIXOJIHBIX IapaMeTpoOB, MOJEIL paboTo-
CHOCOOHOCTH, CTPYKTYPY M BUJI HCXOAHOW MH(OPMAIUN O
Hajexnoctr nojcucrem 'TIA, a Taxske HapabOTKH, PEKHUMBI
pabotsl, CTO u peMoHTa, paBHiIa U yCIOBHS SKCILTyaTa-
. COMH nanboree MoaHO XapaKkTepu3yeT HaeKHOCTh
HCCIIEyeMOro 00BEKTa, 0TOOpaXkaeT ero OCHOBHBIC KOH-
CTPYKTHBHBIE M ()YHKIIMOHAIEHBIE OCOOCHHOCTH, PEKUMBI
paboTHI, MPUYMHBI U XapaKTep BO3HUKAIOMINX 0TKa30B. Mc-
XOJisl U3 PE3YNBTaTOB MPOBEJIEHHOIO KOMILUIEKCHOTO HCCIIE-
noBanus HapexHoctH ['TIA, cTpykTypHO-(DyHKIIMOHAIBHAS
Mojens HagexkHoct ['TIA st mepuona sKcmiyaTanun
MIPUHUMAET BHI:

Poa(fz) =D, [Y (Tp Tpes Trip Ts1): Zj (Tp Thes Trnp
Tpr); Xk (Tp Tres Trnp Tpr): [Yi]5 [Z)]; [XK]: Rys s &5 (]
D, [/11,4 (Tp Tres Trnp Toin)s /12,1 (Tp Tres Trinp Torn)s lsﬂ
(Tp Tres Trnp Tpr); 1] * P3[4y (T Tpes Trnp Tpr); pl *
@4 [tTO) nro, tnp: nnp’ [ycmp’ m, t3’ }13]. (1)

B Bepaxkenuu (1):

* P,5(ty) — BeposaTHOCTE Ge30TKa3HOM pabotel ['TIA, kak
eIMHOT0 00beKTa, 000OIIEHHbIH ITOKa3aTeIb HAIeKHOCTH
arperara 3a pacCMaTpUBaeMO€ BPEMs OKCILTyaTallH (Ty);

* D, [Y,(Tp Tpes Trnp Tpr); ZJ (Tp Tres Trnp Toi)s X
(Tp Tres Trne Tor)s [Yi: [Z)]: [Xid: Ry, ;& (] — onepa-
TOp, ONPEEIIAIOUINNA BEPOATHOCTb BBIOIHEHUS! CUCTEMBI
YCIIOBHUH pabOTOCTIOCOOHOCTH /IS 3a/TAaHHBIX YCIOBHUIT 9KC-
TUTyaTaluy 1 pexxuMoB padboTsl [ TIA B 3aBUCHMOCTH OT Ha-
pa0bOTKH U pekrMa SKCIUTyaTaluy. Y YUThIBACT H3MEHEHHE
1 BIMSIHUE PACCEHBAHMS CIIEIYIOINX 3HAYCHHH:

o ¥, — BeIXO#HBIe 00001meHHbIe mapameTpsl [ TIA (ypo-
BEHb IIIyMa B Malzaie, ooliee BHOPOCOCTOSIHUE arperara,
3ara3oBaHHOCTH liexa win ykpbeitus ['TIA, nasienue rasa
Ha BBIXOJI€ KOMIIPECCOPHOM CTaHIINH, TEMITEpaTypa rasa Ha
BBIXOJIE KOMIIPECCOPHOI CTaHINH U T.J1.);

© Z; — BBIXOJHBIE MAPAMETPhI OT/AEIBHBIX MOJACUCTEM
(Temmneparypa, JaBlIeHHE U YPOBEHb MAaIIMHHOTO Maciia;
YpOBEHb BUOPAIMH JIEKTPOBHUIATENS, MYJIbTHIINKATOPA,
HarHeTareJist; 3alliTa OT [IOMIIaXka HarHeTaTells; OrpaHuye-
HUE 110 MOII[HOCTH, COS® 3IEKTPOABUraTENsl, HAPSIKEHHUIO
B CETH U T.]I.);

° X} — BBIXOJHBIC TTapaMETPBl OTACIBHBIX JIEMEHTOB
arperara (TeMmeparypa MOAIINITHUKOB JIEKTPOJBHUIATEIS,
JIaBJICHUE MacJla B IDIOTHEHHSIX HATHETATelsl, 0CEBOH C/IBUT
pOTOpa HarHeTaress, TeMIeparypa 0OMOTOK CTaTopa dJIeK-
TPOABUTATEIS], COPOTUBIICHHIE N3OJSIIMOHHBIX MTPOKIIa0K
NEKTPOABUTATENIS], ANAMETPATBHBIN 3a30p MEXKTY IIeHKaMU
BAJIOB M BKJIAJIBIIIAMH TTOIIMITHUKOB, OCEBOW pazder Basia
KoJIeca MYJIBTHIUIMKATOpa M T.J.); KOJINYECTBO BBIXOIHBIX
napameTpoB Y, Z;, X B cootHouenuu (1) onpenensercs
CYILIECTBOM peIIaeMoi 3a/1a4M, KOHCTPYKTHBHBIMH O0COOCH-
HocTsamu onpezesienHoro I'TIA n pexxumoM padotsl. Mexay
rapaMeTpaMy BOZMOYKHO HaJIMIHE KOPPEISIIMOHHOM CBS3H.

° [Y], [Zj] n [X}] — Muana3oHbl 1OMYCTUMBIX 3HAYCHUI
BBIXOJHBIX MTapaMETPOB, 3aBUCSIIUE B OOIIEM cCilydae OT
BPEMEHH U yCIIOBUH AKCILTyaTalnmy;

° R; — MHOX€ECTBO BELIECTBEHHBIX YHUCEII, KOTOPOMY IIPH-
HaJUIeXkAaT BCE BO3MOXKHBIE U JIOITYCTHMBbIE 3HAUYCHHUS;

° Tp, Tpes, Trrp, Ty — Hapabotka I'TIA B equHMIIaxX
BPEMEHHM Ha PA3JIMYHBIX PEXKHUMax B IEPUOJ SKCIUTyaTallun
(BpeMst HaXOXKICHUSI arperara B paboTe, pe3epBe, INIaHOBOM
PEMOHTE U BBIHY>KJIEHHOM IIPOCTOE COOTBETCTBEHHO);

°o1; & { — KOMM4YeCTBO Y, Z;, X} BBIXO[HBIX IAPAMETPOB,
XapakTepu3ylomux padorocrocodHocts ['TIA.

Omneparop @, (Y; (); Z; (); Xi (); ...) OIPENEINSET BEPOAT-
HocTsh P, BeimonHeHus [ TIA ycnoBuii paborocnocodHOCTH
JUIS 33JITaHHBIX ITApaMETPOB B 3aBUCUMOCTH OT JJOIYCTUMBIX
MpEeeaoB MPU ONPEAEIEHHOM peXHUME dKCILTyaTaluu U
BpeMeHHu pabotel: P, = {Y,€[Y;]; Y,e[Y5]; ...... YelY];
...... Zie[Zj];...... Xye[X;]}. To cymectsy, oneparop D,
olpeesieT NapaMeTpUIECKyI0 HalEKHOCTb.
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) [/11,1 (Tp Tpes Trnp Tpr); /12,1 (Tp Tpes Trnp Ter):
23, (Tp Tpes, Trip Tpry); 1] — onieparop, XxapaKkTepH3y oMU
BJIMSHUE HA HaIexKHOCTh [ TIA MeIKUX KOHCTPYKTHBHBIX U
TEXHOJOTMUECKUX Ae(PEKTOB, HE yUUTHIBAEMbIX OTIEPATOPOM
@/, a TaKKe BIMAHUE KAUECTBA PEMOHTOB U TEXHUYECKHX
00CITy)KMBaHUH. YUNTHIBACT N3MEHEHHE W BIMSHHUE pac-
CEUBAHMUs CICAYIOINX 3HAUCHHI:

© A 1> 42> 43— AHTEHCUBHOCTH OTKa30B LL-TOM MOJICHCTE-
mbl I'TIA, oOyciioBreHHbIE METKUMH KOHCTPYKTHBHBIMH,
TEXHOJIOTHYECKIMHU M PEMOHTHBIMH JIe(peKTaMH B MIEPHOJ
9KCILTyaTallud COOTBETCTBEHHO;

© 7 — KOJINYECTBO [I-X MOACUCTEM, HAa KOTOPOE YCIOBHO
pasout ['TIA st orieHKH 1okasaresnell HaIeXHOCTH.

* D3 [A4y (Tp Tres Trnp Tar): p] — oneparop, y4uThl-
BAIOIINI BIUSHUE HAPYIIECHUH paBui dKkciryaranuu [ TIA
HA €ro HaJeKHOCTb. YUUTHIBAET U3MEHEHUE U BIMSHUE
paccerBaHUs CAEIYIOUNX 3HAYCHUI:

° Ay (Tp); A4y (Tpes)s Agy (Trip); A4y (Trz) — MHTCHCHB-
HOCTH HapyllIeHUs V-Tro npaBuia skcruryarauuu I'TIA B
3aBUCHMOCTH OT PEKMMa IKCIUTyaTallH, HApaOOTKH;

° p — KOJIMYECTBO MPABUI IKCILTyaTallUuU, PEKOMEHye-
MBIX K BBIIIOJHEHUIO.

* Dy [tro, nro, by Mups Lyemp M, 3, N3] — ONEPATOP, Xa-
PaKTEepHU3YIOMIHUI COBMECTHOE BIUSHUE TEKYIUX OTKA30B 1
MIPUHSTON TIAHOBO-TIPEAYTIPEUTEIILHON CHCTEMBI 00CITy-
JkuBaHUA U peMOHTOB I'TIA Ha ero TeXHHYecKylO rOTOB-
HOCTb. YUUTBIBA€T U3MEHEHUE U BIUSHUE PACCEHBAHUS
CJeIyIOMINX 3HAUYECHU:

° 1705 tups byemp — CPEAHSS. IPOIOIKUTENBHOCTD TEXHU-~
yeckoro oociyxkusanus (TO), cpeanee BpeMs IITaHOBBIX
pemonToB I'TIA u cpegHee BpeMeHs Ha yCTpaHEHHE OT-
Ka30B;

© m; Ryp; Ny, — OKUAAEMOE KOMMIECTBO 0TKa30B, TO, u
IUTAHOBBIX PEMOHTOB 32 3alaHHOE BPEeMsl T JKCILTyaTally
I'TIA cooTBeTCTBEHHO;

© t; — BpeMsl IOCTYIUICHUS 3asIBKY;

°© 113 — 0XKHIAEMOE KOJIMYECTBO 3asBOK Ha padoTYy.

OHepaTOp @4 [tTO’ nro, tnp’ nnp’ tycmp) m, 3, I’l3], o cy-
IIECTBY, IIPE/ICTABISIET COO0M KOIPPUITMEHT TEXHNUECKOTO
ucnons3oBanus ['TIA.

s pacdera cocTaBisomuX KodQduUIueHTa TeXHH-
YECKOTO HCIIOIb30BaHUS 00BEKTa MPUHUMAEM IUIAHOBO-
MIPETYTIPEANTENBHYIO CUCTEMY TEXHHYECKUX 00CIyKHBa-
HUI U PEMOHTOB, COINIACHO KOTOPOIi:

Tano =njtro + }’lptp; TZHmo = mtycmp; rne:
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° n70, Ny, M — YUCIO TEXHUYECKUX 00cyxuBanuii (TO),
IUTAHUPYEMBIX PEMOHTOB U OTKAa30B 3a paccMaTpuBacMoe
BpEMsI SKCILTyaTaIlnu;

© 170, by, Lyemp — COOTBETCTBEHHO CPEJHUE 3aTPAThI
BpeMeHHU Ha mpoBeneHue TO, TUIaHUPYEeMBIX PEMOHTOB U
YCTpaHEHUS OTKa30B.

COMH MmoxeT OBITh MOJIOKEHAa B OCHOBY OLICHKH U
aHanm3a HanexkHocTd ['TIA Ha Bcex 3Tamax MpOCKTHPO-
BaHWsI, U3TOTOBJICHHUSI, TyCKO-HATATOYHBIX UCIBITAHHM,
skcrutyatanuu. [Ipu 3ToM obecrieunBaeTcs eIUHBIN CTPYK-
TYPUPOBAHHBIN MOJXOM K aHATN3Y HAJICKHOCTH CO CTOPO-
HBI KOHCTPYKTOpA, TEXHOJIOTa, UCIBITATENS, 3aKa34HKa,
00CITy>)KUBAFOIIIETO [IEPCOHANA, YTO MO3BOJISET MTOCTPOHUTH
YHUBEPCAIbHYI 0a3y MaHHBIX IS IMPOTHO3UPOBAHUS
HAJICKHOCTH ¥ TIOBBIINIACT BEPOSTHOCTh HAXOXKICHUS UC-
TUHHOH NMPUYUHBI OTKa3a.
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Structural reliability. The theory and practice

Sverdiov A.B.

DEPENDABILITY ANALYSIS OF GAS COMPRESSION UNITS

The paper puts forth the main findings of dependability analysis of gas compression units (GCU) operated
by Russian gas transmission companies. The authors examine the key design and functionality features of
GCUs, as well as the matters of dependability in the gas industry. The paper presents the structural and
functional GCU dependability model (SFDM) that was developed based on the results of GCU dependability
research.

Keywords: gas compression unit, dependability, failure, probability of no-failure.

A gas compression unit is a complex power facility designed for compression of natural
gas arriving to a gas compression station (GCS) via a long distance pipeline [1]. Gas com-
pression units are the primary production facilities of gas compressions stations that enable
regular gas transportation operations of a long distance pipeline. The gas compression unit of
a gas compressor station consists of a centrifugal pump and a drive. Gas turbines (stationary,
aeroderivative or marine) and electric motors are primarily used as drives.

One of the key operational characteristics of a gas compression unit is its dependability. As
per GOST 13377-75, dependability is defines as the ability of a facility to perform the speci-
fied functions while preserving in time the specified performance indicators within the limits
set for specific modes and conditions of operation, maintenance, storage and transportation.
The dependability of the unit is generally defined by the dependability of its components, the
systems that service it and the nature of their interaction.

The matters of dependability are especially relevant in the gas industry. The bulk of the
power equipment stock of Russian gas transportation enterprises was commissioned in 1980
—1990’s and a major part of it is beyond the standard operation time specified by the manu-
facturer. That situation inevitably affects the reliability of power utilities operation. Evidence
of that is the fact that 30% of the total number of power utilities malfunctions are related to
equipment tear and wear [2].

GCU dependability depends on the solution of a number of scientific, technical, eco-
nomic and organizational tasks at all stages from the design to the operation. The solution
of the dependability problems depends on the development of the dependability theory
that is based on the applied mathematics methods, i.e. probability theory and mathematical
statistics [3].

The theory and practice of dependability is closely connected with such concepts as equip-
ment operability and failure. Operability is the condition of a facility capable of performing
certain functions while maintaining the values of parameters within the limits set forth in
norms and specifications. A failure is an event consisting in the disturbance of operability and
requiring the unit to be stopped.

Dependability calculation is based on methods of probability theory and mathematical
statistics [4-8] that are also applicable to GCU dependability models. The failure of a unit in
operation and its recovery are two opposite random events. In practice, operations are performed
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with random variables. A variable is deemed random if it
can assume any value unknown in advance.

Currently, the evaluation of GCU dependability in
pipelines is performed using a system of indicators based
on the definition of the time the unit operating in a certain
condition:

— total operating time of the unit 7, over the reporting
period Tgp;

— total standby time of the unit 7g7p;

— total scheduled repair operation time of the unit 7'gg;

— forced downtime Trpz.

Normally, a calendar year is taken as the reporting pe-
riod:

Trp=To+ Tsrp+ Tsp + Trpr= 365 days.

The unit’s dependability indicators are identified by
comparing the above temporal conditions. The probability
of fault-free operation P(z) is the primary dependability
indicator that shows the probability of failure not occurring
within the set time period ¢ (or within the specified opera-
tion period).

Evaluation and prediction of GCU operational depend-
ability can be based on the GCU structural and functional
dependability model (SFDM). The structural and functional
dependability model is the probability of fault-free operation
(PFFO), a composite indicator of longevity that comprehen-
sively characterizes the dependability of complex technical
systems. The GCU structural and functional dependability
model reflects the integrated dependability indicator (DI)
trough structural and functional decomposition of GCU,
causes and nature of failures, rational nomenclature of
output parameters, operability model, structure and type
of the input information regarding dependability of GCU
components, as well as operation times, operation modes,
maintenance system, operation guidelines and conditions.
SFDM to the fullest extent characterizes the dependability
of the researched object, reflects its main design and func-
tional features, operating modes, causes and nature of the
failures. Based on the results of the comprehensive GCU
dependability research, the structural and functional GCU
dependability model takes the following form:

Prro(ts) =F;[Yi(To, Tstp Tsg, Trpr): Zj (To, Tsrp Tsep
Trpr); Xk (To, Tsr, Tsg Trpr)s [Yi] [Z)]; [XK]: Ry 05 &
¢ *Fy [A (To, Tsra Tsp, Trpr)s 2au (To, Tsa Tsg, Trpr)s
230 (To, Tsyp, Tsg, Tepp)s v] * Fs [Agy (Tp Tsra, Tsg, Trpr)s
P] *F4 [tMO) nros Lsp Ngp Lofipy M, 13, n3](1)

In formula (1):

* Prro(ty) is the probability of fault-free operation of
GCU as an integrated facility, a composite index of unit
dependability over the operational period under considera-
tion (i tZ);

* Fi [Yi (To, Tsts, Tsg, Trpr)s Zi (To, Tsre Tse Trpr);
Xi (To, Tsrp Tsg Trpp)s [Yi: [Z_;]; [Xi]: Ry m; & { is the
operator that defines the probability of the system ensuring
operability in the given operational conditions and GCU
operating modes depending on operation time and work-
ing conditions. Taking into consideration the influence and
dispersion of the following values:
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0 Y, is the generalized GCU output parameters (level of
noise in the machine room, general vibration condition of the
unit, gas accumulation in the shop or GCU shed, gas pressure
at the output of the compression station, gas temperature at
the output of the compression station, etc.);

© Z; is the output parameters of individual subsystems
(temperature, pressure and level of oil; level of vibration of
the electric motor, multiplier and compressor; compressor
surging protection; power restriction, cos¢ of electric motor,
network voltage, etc.);

0 X is the output parameters of individual components
of the unit (temperature of electric motor bearings, oil pres-
sure in compressor seals, axial shift of compressor rotor,
temperature of electric motor stator coils, electric motor
insulation spacers resistance, diametric gap between spin-
dles and bearing pads, axial play of multiplier wheel shaft,
etc.); the number of output parameters Y;, Z;, X in formula
(1) depends on the essence of the problem to be solved,
design features of the specific GCU and operating mode.
Parameters may correlate.

o [Y], [Z] and [X,] are ranges of allowable values of
output parameters that in general depend on the time and
conditions of operation;

o R, is the set of real numbers that includes all possible
and allowable values;

o To, Tsrp, Tras, Trpris the GCU operation time in time
units in different modes during the operation period (time
of unit operation, time of stand by, maintenance and forced
downtime);

o 17; & ('is the number of ¥, Z;, X output parameters that
characterize GCU operability.

Operator F; (Y; (); Z; (); Xi (); ...) defines the probability
P, of the GCU ensuring operability for given parameters
depending on the allowable limits in given operation
mode and time: P, = {Y;.[Y;]; V> [Y5]; ...... Y..[Y] ...
ZiclZ]; ... ... Xic/X;]}. Operator F; virtually defines the
parametric dependability.

*F5 [A1, (To, Tsre Tse Trpp): 22 (To, Tsre Tse Trpr);
23u(To, Tsrp, Tsp, Trpy); ] is the operator that characterizes
the way the GCU dependability is affected by minor design
and manufacturing defects that are not covered by operator
F;, as well as the influence of the quality of maintenance.
Taking into consideration the influence and dispersion of
the following values:

O A1y A2 A3, are the failure rates of p-th GCU subsystem
due to minor design, manufacturing and maintenance defects
over the operation period respectively;

o r is the number of p-th subsystems the GCU is
arbitrarily divided into for evaluation of dependability
indicators.

* F3[A4 (To, Tsrp, Ty, Trp7); p] is the operator that takes
into consideration the effects of violations of GCU opera-
tion rules on its dependability. Taking into consideration the
influence and dispersion of the following values:

0 A4y (To)s 24y (Ts1B); A4y (Tsp); A4y (Tpy) are the violation
rates of the v-th rule of GCU operation depending on the
operating mode, time of operation;
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o p is the number of operation rules recommended for
application.

* Fy [tvo Mo tar Mgy teim ™, t3, 3] 1s the operator that
characterizes the total effect of current failures and the
adopted GCU preventive maintenance system on its avail-
ability. Taking into consideration the influence and disper-
sion of the following values:

O tyos Ly toim 18 the average duration of maintenance
(M), average duration of scheduled GCU repairs and aver-
age failure elimination time;

0 m; nyp; N, 1s the expected number of failures, main-
tenance operations and scheduled repairs over the specified
period of time ¢ of GCU operation respectively;

O tyo is the time of work order delivery;

O nyyp 1s the expected number of work orders.

Operator Fy [ty0, Nyror tsy Mg Letims T, B3, N3] 18 essentially
the GCU utilization coefficient.

In order to calculate the components of the utilization
coefficient, we use the preventive maintenance system ac-
cording to which:

TEpto =ngtyo T I’lptp; TZnto = Mlgjim; where:

O My, My, m is the number of maintenance operations
(MO), scheduled repairs and failures over the specified
operation period;

O y05 s Leim are Tespectively average time expenditure
of a maintenance operation, scheduled repairs and failure
elimination.

SFDM can be used as the foundation of evaluation and
analysis of GCU dependability at all stages of design, manu-
facture, commissioning tests and operation. It enables an
integrated and organized approach to dependability analy-

sis by the designer, process engineer, tester, customer and
operating personnel, which allows generating a universal
database for dependability forecasting and increases the
probability of finding the real cause of failure.

References

1. Kozachenko A.N. Operation of compressor stations of
long distance pipelines: Reference book / A.N. Kazachenko.
— Moscow. Neft i gaz, 1999. — 463 p.

2. Shvarts G.R. Long-term forecasting of the technical
condition of OAO Gazprom’s power engineering equipment
stock / G.R. Shvarts, S.N. Veliky, A.A. Mikhel [et al.] //
Gazovaya promyshlennost. — 2009. — Issue 628. — P. 26-31.

3. Terentiev A.N. Dependability of gas compressor units
with gas turbine drives / A.N. Terentiev, Z.S, Sedykh, V.G.
Dubinsky. — Moscow. Nedra, 1979. — 207 c.

4. Barlow R. Mathematical theory of reliability / R. Bar-
low, F. Proschan. Translation from English, edited by B.V.
Gnedenko. — Moscow. Sovietskoie radio, 1969. — 488 p.

5. Wentzel E.S. Probability theory / E.S. Wentzel. —
Moscow. Nauka, 1969. — 576 p.

6. Gnedenko B.V. Mathematical methods in the de-
pendability theory / B.V. Gnedenko, Yu.K. Beliaev, A.D.
Soloviev. — Moscow. Nauka, 1965. — 524 p.

7. Calabro S.R. Reliability principles and practices / S.R.
Calabro. Translation from English, edited by D.Yu. Panov.
— Moscow. Machinostroenie, 1966. — 376 p.

8. Leontiev I.A. Fundamentals of the gas extraction sys-
tems reliability / I.A. Leontiev, I.G. Zhuravlev. — Moscow.
Nedra, 1975. — 201 p.

67



CTpPYKTypHas HafleXkHOCTb. Teopus U NpakTuka

Hocos M.B.

METOA NOJIHOINO PA3JIOXKEHUA MOCTUKOBbIX
COEAVHEHUN B 3A0A4YAX AHAJIN3A CBA3HOCTH
CTPYKTYPHO-CJIO)XXHbIX ABYXMNOJIKOCHbIX CETEXA

PaccmarpuBaeTcs MeTos MOJIHOro, PasJsioXeHWss MOCTUKOBbIX (10repeyHbiX) COeaAUHEHUV, CcoAepXaHuem
KOTOPOro §IBASIETCSl ajroputM 0000OLLEHNS M3BECTHOW (PopMysibl pasnoxeHus LllenHoHa — Mypa[1] ans
aHasnu3a cBsiI3aHHOCTU MHOIM03BEHHOU MOCTUKOBOU ABYXIOJIOCHOV ceTu. [1peaoxXeHHbIVi MeTos ro3BoJisieT
CYLLIECTBEHHO COKPATUThb YUCJIO aHAININPYEMbIX COCTOSIHUMA, OTHOCUTEIbHO M3BECTHbIX KOMOWHATOPHbIX
MEeToO0B, HarpumMmep, MeToaa rnoJIHoro rnepebopa COCTOSIHUN 3/1EMEHTOB [2].

KnroyeBblie cnoBa: aHanin3, BEPOSITHOCTb, CBSI3HOCTb, pasJsioxeHve, ¢opmyna passioxeHus LLleHHoHa —
Mypa, cnyyariHbivi rpag, ABYXMNOOCHAsT CETb, MOCTUKOBbIE COEANHEHUS, BUHOMUAJIbHbLIVI KO3(MOULINEHT,

KOMOUHaLmnS.
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1.BBepeHue

1.1. NMpuHaTblie onpepeneHnsa n 0603Ha4YeHNA

MoctukoBoe coenunenne (MC) — coeTMHEHHE IBYX CMEKHBIX BEPIIUH V; U V), i7], IPUHA]-
JIeXKAIIUX COOTBETCTBEHHO BEPXHEMY U HIDKHEMY ‘‘HE3aBHCHUMBIM Kapkacam™ [2].

CBSI3HOCTB — CBOHCTBO ABYXITOJIIOCHBIX CETEH COXPAHATH pabOTOCIIOCOOHOE COCTOSIHUE U
BOCCTAHABJIMBATh €I0 B TEUEHUU JOIMYCTUMOIO BPEMEHU TPU BOSHUKHOBEHHU CITy4allHbIX U
rapaMeTPUIECKUX OTKa30B, PU3NUECKUX Pa3pyIICHNH, a TaK sKe TPH HAJTMYUH ITPpeTHaMEpeH-
HBIX U HETMPEIHAMEPEHHBIX TIOMEX.

I'pad mpuHsTO CUNTATH CITy4alHBIM, €CIIN €T0 IIEMEHTBI HAXOAATCSI JIMO0 B paboToCoco0-
HOM COCTOSIHHH C BEPOSITHOCTB p, THOO B HEpaOOTOCTIOCOOHOM COCTOSIHUH C BEPOSTHOCTHIO
q=1-p , Tnep ectb ko> hUIEEHT TOTOBHOCTH 3IeMeHTa cirydaiiHoro rpada (CI') [2].

JC — nByxmnomocHast cets; CIJIC — ciydaiinsiii rpad ABYXIOIIOCHON ceTH (MoapodHoe
omnpenenenne CI'/IC npencrasieno B [2]); @PLLIM — popmymna paznoxenns [llennona — Mypa;
MIITICD — meton mosHOTO Tepedopa cocrossHUK sneMenToB; MITPMC — meton momHOTO
PpasIoKEeHHst MOCTHKOBBIX coenHennit; BC — BepositTHOCTh cBsi3HOCTH; BK — OnHOMMaNbHBII
koo Pument; K — komObunanms, BI'TI — Bepmmna rpanngnoii napsi; CCC — cTpyKTypHO
-cnoxkHble cuctembl; TKH — Teopust koMOMHATOPHON HAAEKHOCTH.

1.2. KpaTknin aHanu3 akTyasibHOCTU U COCTOSIHUS NPo0neMbl

MHor03BeHHBIE MOCTHUKOBBIE JABYXIIOJIFOCHBIC CCTU (‘H/ICJ'IO MOCTHUKOBBIX COC,I[I/IHCHHI;’I B
KOTOPBIX 0003HAYNM Kak mM) HUMCHOT IIMPOKOC MPAKTHYICCKOC NPUMCHCHUC B CCTAX CBA3U,
B DJICKTPOIHCPICTHUUCCKUX U TPAHCIIOPTHBIX CETAX, IIPHU OPraHU3allMOHHO-TCXHUYICCKOM I10-
CTPOCHHHU CUCTCM OIIOBCHICHUA HACCICHUA U IP. [3]
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Hannune MHOrO3BEHHBIX MOCTHUKOBBIX COEIMHEHUI B
J1C noBbImaet 3pheKTHBHOCTH MX (PYHKIIHOHUPOBAHUS U B
MECTE C TEM CYIIECTBEHHO YBEIMUMBAET CIOKHOCTD U TPY-
JIOEMKOCTb aHAJIM3a CBSI3HOCTH Takux cerelt [2,4,5]. B atom
U 3aKoueHa npobnema ananusa ceszocta CITC ¢ m>1
MOCTHKOBBIMH (TIOTIEPEUHBIMI) COCANHEHUSIMH.

[podneme ananmmza CIJIC ¢ MOCTHKOBBIMH (TIOTICPEYHBI-
MH) COCJMHEHHSIMH TOCBSIIICHO OOJIBIIIOE YHCIIO PadoT, UX
HETIOJIHBIM NepedeHb MOYKHO HaliTH, HAapuMep, B paboTax
[5,6], u3 comepxaHust KOTOPBIX CIEAYET, YTO HAPALY C
KOMOMHATOPHBIMH METOJIaMH aHaJIM3a CBSI3HOCTH TaKHX
CTIC [2,3] mupoKyr0 U3BECTHOCTb U Pa3BUTHE MOITYUHUIH
JIOTHUKO-BEPOSITHOCTHBIE METOJbl aHAJIN3a HAJEKHOCTHU
CTPYKTYPHO-CIIOXKHBIX cructeM [5]. Taknm 00pa3oM euHbIN
AQHAJINTHUYECKUI NOAXO/ K PEIICHUI0 JAHHOTO KJlacca TPy-
HOpEIIAEMbIX 3aJa4 IM0Ka OTCYTCTBYeET [5].

Cy1iecTByeT MHEHHE, YTO YHUBEPCAIBHBIM IOAXOI0M K
PEILIECHHIO TAaKOT'0 KJIacca TPYAHOPEIIAEMBbIX 3a1a4 SIBISIETCS
ncnonb3oBanre OBM ¢ cOOTBETCTBYIOLIMM IPOrPaMMHBIM
obecnieueHmeM [2,5].

ABTOp paboTHI [5] 3TO MONOKEHHE KOMMEHTHPYET Clie-
JIYIOIIIM 00pa3oM: “Bce N0 3a pa3padOTKOH COOTBETCTBRY-
IOIIEr0 MaTeMaTHYecKoro obecnedeHus, 0asupyromerocs
Ha CephEe3HOM TEOPHH M aripOOMPOBAHHBIX AaHATUTHUECKIX
MeTogax. OTCyTCTBUE MOCIEIHUX HEKOTOPBIX UCCIEN0-
BareJell ToJKaeT Ha MPSIMOM M MOJHBIN nepedop Ha OBM
BCEX BO3MOXKHBIX COCTOSIHUI cUCTEMBI. [10CTOSHHBINA pocT
npousBoauTensHOocTH OBM noanep:kuBaeT UX HaJexK Ay Ha
MIEpPCIIEKTUBHOCTD ITOTO ITyTH NCCIIET0BAHNS O€3 “TOIOBHON
6ostn” 1OKa3bIBaTh M N300peTaTh KaKMe-TO aHATUTHIECKHE
Mmetozbl”. CriejoBaTenbHO, BCE AETI0 3a pa3padoTKO aHau-
THYECKIX METOJIOB, KOTOPBIE MOIIIH OBI OBITH UCIIOJIB30BAHBI
B UH)KEHEPHOU MpPaKTHKE.

3HaYMMBIH BKJIaJI B pEIICHUE ITPOOJIeMbI aHAIN3a HATIEK-
HoctH JIC ¢ MOCTHKOBBIMU COECAMHEHUSIMH nMena padbora
[1], B koTOpOI#i peoxkeHa popMyIa pa3aosKeHH s TS OTHO-
MocTkoBoi cxemsl (OPPMIII). B mocnemyromux padorax
[5,8] nokazana BozamoxkHOCTh npumenenuss @PMI qs JIC
¢ mM>1 . OgHako I MILTIOCTPALUK 9TOH BO3MOXKHOCTH
HCIIONb3YETCSI OAHOMOCTHKOBAsl CXeMa, MPeIIoKEeHHas
O. lllenHOHOM.

B uem npuunHa nprMeHEHHs TaKUX WLTIOCTPUPOBAHHBIX
npuMepoB? A 71e10 BCE B TOM, YTO CIOKHOCTb U TPYHAO-
€MKOCTb IpakThudeckoil peamusaun OPIIM nns mM>1
MOCTUKOBBIX COEJUHEHUN ONpEAeseTcs yBEeIUYeHUEM
YHCIIa BCEX BO3MOXKHBIX COCTOSTHUHN (KOMOMHAIMIA) aHAIH-
supyemoro CIJICc mM>1 MOCTMKOBBIMU COEAMHEHHAMU
TPONOPIMOHANBEHO BeTHumHE 2" .

Ipu yBeNUYEHUH YUCIa MOCTHKOBBIX cOeMHEHUN mM
BO3HUKAET HEMIPOCTAs 3a/1a4a YIOPsJOUUBAHUS 1 yU€Ta BCe-
BO3MO)KHBIX KOMOMHAIHMH (cocTostHNMiT) ananmsupyemoii 1C.
Hamprumep, B pabote [5] 310 3aTpyaHEHUE “ynaeTcs mpeomo-
JIeTh C TIOMOIILIO TAOJIMYHOTO METO/a pacyeTa HaJekKHO-
ctu CCC”. B maHHOH cTaThe, 4TOOBI “HE 3a0MyIUTHCS” B
NaOMpPUHTE BCEBO3ZMOXKHBIX KOMOMHAIMHN TIPH YBEINYECHUN
urca MOCTUKOBBIX coenunennit mY JIC, paccmarpuBaercs
ANTOPUTM pasnokeHus st m”>1, B 0CHOBE KOTOPOro Ha-

XOJISITCSI CBOMCTBa OMHOMUHAIIBHOTO pacIipeieIeH s i €ro
OMHOMHMHAIBHBIX KOA(P(UIIEHTOB.

Hayunoi#i HOBU3HOI cTaThu siBisieTcsl 0000mIeHNE
npumenenus OPIIM s JIC ¢ mM >1 MOCTUKOBBIMU
COEIMHEHHUSIMHU Ha OCHOBE CBOWCTB OMHOMHHAIBHOTO pac-
npenenenus u ero bK [6], onpenenstomux GpopmanbHbINd
TIPUHIAIT Pa3pabdOTKH aJITOPUTMa Pa3IOKEHHUSI HCXOIHBIX
CIZIC ¢ mM MOCTHKOBBIMH coeuHenusamu (mM>1) B 2"
YCIIOBHBIX TapaiieIbHO-1T0CIIE0BATENbHBIX (TIPUBOIH-
Mmeix) CTJIC.

IIpaxTuyeckast 3HAUUMOCTb — XapPAKTEPU3YETCSI BOBMOXK-
HOCTBIO IPUMEHEHHUS MIPEUIOKEHHOTO METO/1a B IIPUKIAI-
HBIX WH)KCHEPHBIX 3a1a4dax aHanmsa cszanoctu CIZIC ¢
mM>1 MOCTHKOBBIMHU COEIMHEHUSIMH.

2. UcxopHble paHHblie U NOCTaHOBKAa
3apaun

ITyctb crpykrypHO cnoxkHas JJC Oymer 3amana rpadom
G[7]:
G={V L @}, (D

rae V= {v;},i =1, m, —MHOXecTBO BepInH rpada, Yucio
KOTOPBIX PaBHO 7y = |V| — MOITHOCTh MHOKECTBA BEPIINH
rpada (4UCcIIo 3JIEMEHTOB HEKOTOPOTO MHOKECTBA MIJIH He-
KOTOPOH COBOKYITHOCTH 3JIEMEHTOB IPUHSATO HAa3bIBATh €TO
MOIIIHOCTBIO); .

L=1{L},i,j=1,m, (i<j,i# j)— MHOXeCTBO pebep
rpaca MomHOCTEIO0 m; = |L|:(i, j) — HOMepa BepIIuH rpa-
nuyHo# maper (BI'TI) pebpa (/; );

@D(l;;) = v; & v; — oTOOpaKeHWE MHIUAECHTHOCTH H
CMEXHOCTH DJIEMEHTOB rpada Takoe, uTo: eciu pedpo /; ;
COEJIMHAET BEPUIMHBI V; M V;, TO OHO CYMTAETCSA MHIMIEHT-
HBIM BEPIIMHAM IPAHUYHON TIaphI V; U V;; €CITH BEPIIMHA V;
COe/IMHENA MO PeOPY /;; ¢ BEPIIUHOM Vj, TO 3TH BEPIINHEI
SABJIAIOTCS CMEXHBIMU JAPYT APYTY 1O pedpy /; ;.

Bepmmasl rpada, coeanHeHHBIE MEX Ty co001 pedpam,
00pa3yIoT ONPEICIICHHOIO CTPYKTYPY Tpada, KoTopas MOKET
OBITh KaK ITPOCTOI TaK M CII0KHOMN M OTPaKaeT CIIOCOOHOCTH
rpada no nepeaade HHPOPMAIUU OT €TO BEPIIUHBI S — HC-
TOKa K BEpIIMHE { — CTOKa, pHC. 2.

Pebpa CTIC MOTyT UMETh YaCTHYHYIO WJIH CKBO3HYIO
HyMmepanuio [7].

[Tpn gacTHUHON Hymepanuu pedep HCHONIB3YIOTCS UX
BI'TI v; m v; TakuM 06pa3om, 9TO TIOPSTOK HyMepaIuu pebep
(hopMabHO BBIpAXKaeTCs B BUIC

L=1{},i<j&i#jui,j=1m,. 2)

[Tpn ncnonb30BaHNK CKBO3HOI HyMepanny BEpIINHBI 1
pebpa rpada COOTBETCTBEHHO OyIyT MMETh CIEAYIOIIYIO
HyMepanuio:

V="{vi},i=Lm, uL={l3,E=m, +1Lm, +m,, (3)
rae & — 0003HaYeHNE MOPSIKOBOTO HOMepa pebpa.

CkBO3Hast HyMepalus dieMeHToB rpada (puc. 1) BBI-
TIOJTHEHA B COOTBETCTBUH CO CIIEAYIOMINM METOJHYECKUM
MIPAaBUJIOM: OT BEPIIMHBI — HCTOKA S K BEPIINHE — CTOKY / 1
OT BEPXHHX BEPIINH K HIKHHM.

J1sl KpaTHOCTH HAaNMCaHUsl BEPILUH V;, § = 1,m, u pebep
I:€ = my, +1,m, +m, 8 CTJIC unoraa GyaeM HCIIOIB30BATS
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TOJILKO IPUCBOEHHBIE ATUM JIEMEHTAM COOTBETCTBYIOIUE
nopsikoBble HoMepa i =1,m, u&=m, +1,m, +m,.

Kpome Toro amst cHuKeHHs TPyA0EMKOCTH aHAJIM3a CBA3-
Hocty CIJIC nmpumeM HENPUHIMIHAIBHOE JOMYLIEHUE O
ToM, uto BepunHbl CI'JIC abcomoTHO HaeKHbI (Ha pHC. 2
3TO JIOITylIeHNe 0003HAUCHO B BH/IE KUPHBIX KPY’KKOB), &
pedpa UMEIOT HaJIeKHOCTb, PABHYIO:

B =m, +1Lm, +m, =p. 4)

JIns ykazaHHBIX MCXOJHBIX JAHHBIX 3a/aua COCTOMT B
TOM, YTOOBI : TPEIIOKUTH METOIMKY IPUMEHEHNS CBOHCTB
OMHOMHMHAIBHOTO PACIPE/ENICHUSI U €r0 OMHOMHMHAIIBHBIX
KOO PUIIMEHTOB ISl pa3pabOTKH aIropuT™Ma Pa3IoKeHUs
CIAC ¢ mM>1 MOCTUKOBBIMU COEMHEHUAMME; T0KA3aTh HA
MpUMEpPE MPAKTUUECKYIO PEANN3AIUIO ITOTO AITOPUTMa IIPU
pasnoxenuu ucxoanoro CIJIC ¢ mM>1 MOCTHKOBBIMU COE-
JIMHEHUSIMU Ha YCIIOBHBIE MTapaJlIeIbHO-TIOCIIEI0BATEIIbHbIC
npusogumbsle CI'JIC. IToMumo 3TOro mokaxem, 4to MpH-
MEHEHHE MPEIIOKEHHOTO METO/Ia Pa3IOKEHHS TO3BOJISET
COKPATHUTh YHUCJIO AHAIU3UPYEMBIX COCTOSHUI B HECKOJIBKO
JICCSITKOB (COTEH) pa3 OTHOCHUTEIHHO CYIIECTBYIOIINX
KOMOMHATOPHBIX MeTO/10B, HanpuMmep, MIIIICD ananusu-
pyemoro CI'/IC.

3. NMpnmeHeHue CBONCTB
OMHOMMHANBbHOIO pacnpeneneHus n
ero OMHOMUMHanbHbIX KO3PPULIMEHTOB
npu pasnoXXeHUn MOCTUKOBbIX
coeAHEHUN B ABYXMOJIIOCHbIX CeTAX

Ilycts kak0€ MoCTHKOBOE coentuuenue [ € m" CTJIC
MOYKET HAXOIMUTCS B OJHOM M3 JBYX COCTOSTHUIA: paboTOCIIO-

M M
cobnoM — /.~ ¢ BepositHOCTRIO p(/; ) = p uan B HepaboTo-
n M M
CIIOCOOHOM — /. ¢ BEPOATHOCTHIO q(lé )=1— p(lé )= q.
[Tpu 5TOM OOLIEE YUCITO BCEX BOZMOMKHBIX HECOBMECTHBIX
KOMOMHALMi npu pasioxkenun mM (m>1) MOCTHKOBBIX
COE/IMHEHUH 110 MOJYIIIO JiBa OyAeT paBHO 2" , KaXJ0e U3

KOTOpBIX OYI€T BKJIIOYATh i HEpaboToCnocoOHbIX 1 mM — i
paboTocmocoOHbIX cocTtosiHUi. CoOBITHE OTKa3a JH0O0Tr0

M
MOCTHKOBOI'O COEIMHEHUS lé HE 3aBHCHT OT COCTOSIHHS
JPYTUX MOCTHKOBBIX COCMHEHHIIA, COCTABIISIOIINX KOMOH-
HalM 13 mY MOCTHKOBBIX COEIUHEHHH 110 i, T.C. C;M. 3a-

METHM, YTO Ka)kgast KOMOMHAIIsI C;M €CTh OMHOMHHAILHBIN
kodppuuent (bK;).

1 1

:CHT;];J}:

3 D
______________ _
e =3=m" |
1 1

2 1 | HEYETHO !
|

(I R IR S

0 >

0 1 2 3 n
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Torna, ¢ menplo ynopsiiounBaHus mporecca GopMu-
pOBaHMs BCEX BO3MOXKHBIX KOMOUHAIM u3 mY mo i u ux
ydeTa npu BelnonHenun ananusa cessnoctu CITIC ¢ mM
MOCTHKOBBIMU coequHeHusMu (mM>1) nenecooOpasno
UCIIONIb30BaTh OMHOMUHAJIBHOE paclpeesieHne, KOTopoe
BhIpakaeTcs hopmyioii [6]

P, :C:"Mp(m _l)ql (5)

im

rac P;,m’” — BCPOATHOCTH TOI'O, YTO B PE3YJIbTATC pa3Jio-

skeHust mM MOCTHKOBBIX COCIMHECHHI B KOMOMHAIIUK C;w
OKaXKeTCs i HepaboTOCTIOCOOHBIX MOCTHKOBBIX pedep;

C;M — OMHOMUHAJIBHBIN KO3(PPUIHEHT, XapaKTepHu-
3YIOIINH 9MCII0 KOMOMHAIINH (COCTOSHNIT ), KOTOPOE MOKHO
HONYy4YHTh U3 MM MOCTHKOBBIX COeIMHEHHH 1Mo i (31eCh
mM — napamerp xomOunanuu (ITaK), a i — nepemenHas
xomOuHarmu (I1eK)); L

comuoxurens p” g’
bK, = C"MM;

M.
") _ BepOsATHOCTh HAXOXKICHMS MOJMHOXECTBA

M M M
MOCTHKOBBIX pebep L =1{/: } €m” B paboOTOCIIOCOOHOM
coctosHuu B AK;.

qi — BEPOATHOCTH HAXOXKACHUA IMOJAMHOXKECTBA MOCTH-

— BEPOATHOCTH MOJYUYCHUA

xoBbIX pebep L
CTOsIHUH B DK,
Perymnsipublil psin OMHOMUHANBHBIX KO3 PHUIMEHTOB

= {1§M } e m" B HepaboOTOCOCOOHOM CO-

. M o o
BK, (z =0,m ) IpeacTaBisieT co00i M3BECTHBIN OMHOM

Herotona (bH) [6], koTopsIit 001amaeT CBOWCTBOM CHMMe-
TPUYHOCTH OTHOCHTEIHHO MAaKCHUMAITEHBIX OMHOMHWHAIBHBIX
koaduimentoB (MBK); AK;_, xapakrepnuszyer KOMOWHa-

M M M
LIAIO KOIZa MOAMHOXeCTBO L~ = {li } = |m | MOCTHKOBBIX
coeauHeHuil rpadha G HaxXOAUTCSA B pabOTOCIOCOOHOM

cocrostiuu; bK,_ , Xapakrepusyer KOMOMHALHIO, KOTIa
TTOZIMHO’KECTBO MOCTHKOBBIX COCTHHEHUH HAXOTUTCS B He-
pabotocrocobHoM cocTostann, T.e. L ={ L' }= |mM|

Ecmu IMTaK umeer neuetHoe 3Hauenue, To MBK Oyner
TONBKO 1Ba (puc. 1, a). Ecinm ke [TaK nmeer ueTHOE 3HAYE-
uue, To MBK Oynet onus (puc. 1,0).

U3 puc. 1 xopomo BuaHo, Bo nepBrix, bK B BH
«BeayT» cebs cuMMeTpHYHO oTHOcuTenbHO MBK B

CHMJIy TOIO, YTO IPH 3aiaHHOM mM Bcerma BBINONHIETCS
M M
m" ! m" !

YRR - 1IPH YCIIOBHH, uT0 0<ij(n)< m¥,
im” =i)! i, (m" —=i)!
i #iy 1 iy Fi=mM,

Bo — Bropsix, Bce BK ecth koMOuHaIuu Buia C i 1? " , W,
HaKOHEIl, B TPEThHX, cyMMa BCEX BO3M0)I(HLIX K0M61/1Hau1/11‘/'1

M

01'(m —l)'

m™

TouHO paBHa2” = z C! .. Hanpumep, cm.

puc. 1, a:

omt=3 _g_ (bK,_, =D+ (BK,_, =3)+
+(5Ki:2 = 3)+ (BKi:3 — 1) —8= 2mM=3.

(DOpMaJ'ILHO npoueaypy KOMIIOHOBKH BCEX BO3MOXKHBIX

. . . N M
komOuHaui u3 m™ o 0<i< m tonwko st 6K, (i =0,m™)
3alUIIEM B CIIEAYIOIIEM BUJIE:

Cu i Mo
BK, =K', = {kmw}= DI TIe ©

7€ ® — HOMep TeKyIeil popMupyeMoil KOMOUHAINH K ,;
ClnM

Z — xomOuHannonHas cymma (KC), nabuparomas poBHO
=1
C;M(J) — X KoMOuHanuii u3 m¥ nepeMeHHbIX 110
i
H' koMmOuHarmonHoe npowmsseneHue (KII), oovenn-

e=l1
ek,

ustortiee (®) B 01y GopMUPyEMYT0 -10 KOMOHHALMEO POBHO
i HepabOTOCTIOCOOHBIX MOCTHKOBBIX COCIHMHCHUIA;

mM —i

H o — KII, oObenuHstONICce B OAHY (POPMHUPYEMYIO M-FO

e=1
eek,

KOMOMHALUIO POBHO 1M — | paboTOCIIOCOOHBIX MOCTHKOBBIX
COCIMHEHU.

Hanpuwmep, myctsb B anammzupyeMoMCI JIC nepeunciens
TP MOCTHKOBBIX coesiuHenus ¢ Homepamu /Y, 1M u 1Y, cm.
puc. 2. ITycts B mone nepemenHsIx (I11T) onn pa3meratorcst
B CleyiomeM Topsake: Q = { o e s s, - Torna
npu m¥ = 3 xomOunanuu no (i=2) B IIK OyayT cornacHo
(6) UMETh CIEMYIONTNI BUI:

KI 2 — {km:|

mM =3

-M -M M
= 15:115:1 .15:1‘%:2 .l§:17€:3 +km:2 =

M -M
{ §Mll ® l§:14e:2 ® l§:l7E:3 }}

BuHo, 9TO KaK ¥ OIOXKEHO, Cd)opMHpOBaHo POBHO TpH

-M
={l§=115:|° gﬁims 'lé 17 ;}"'k

KoMbuHaIwH s cirydas C') My = =3(cm. Hapuc. 1,a

2011
TPeTHH CTOJOUK cieBa Juisl i=2).
dopmasibHO TpoLeaypa YIOPSI0OYEHHONH KOMIIOHOBKH

BCEX BO3MOXKHBIX KomMOuHarmit uz m¥ mo i=0,m" nus
Bcex BK; mouTH Takas ke, kak u B (6). JlobaBnsercs JuIb
onna KC mo ynpasnenuto i. B menom ke 3Ta mporenypa
BBITJISITUT TAKUM 00Pa3oM:

—_— _— m
. M .
BK, =0,m" =K' =33 k' =

MOy M (7)

ITockobKy BCEBO3MOXHBIE KOMOWHAIIMM OOpa3yroT
MOJIHYIO TPYIIIY HECOBMECTHBIX COOBITHH, TO CyMMa BCeX

m M

BEPOSATHOCTEN leM paBHa eZ[I/IHI/ILIeZZ R,mM =1.
i=0
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4. PeweHue nocTaBJIeHHbIX 3apa4

CyliecTBO MpeanogaraéMoro MeTojaa 3aKIH4aeTcs
B cieayiomeM. JlomycTuM, 4To Tpebyercs OnpeaesnThb
BEPOSATHOCTH CBSI3HOCTU CTpYyKTypHO-cnoxkHoro CI'JIC B
KOTOPOM Ka)KbIH - 27IEMEHT MOYKET HAaXOAUTHCS B OZTHOM
U3 JIBYX COCTOSIHUI: paboTOCIOCOOHOM (0603HAUMM Kak /;)
C BEPOATHOCTBIO P(/;) unu HepaboTocnocoGHOM (0603HaUNM
KaK /; ) ¢ BePOATHOCTBIO g (/. )=1-P(l;), — MHO)KeCTBO pebep
rpada MOIIHOCTBIO My = |L|.

Toraa npu MCIONB30BAaHUU METOJIA MOJHOTO repedopa
cocrostanit anementos (MIIIICD) mist pacyera BeposiTHO-
CTH CBSI3HOCTH 3a/IaHHOM Napbl BEPIIHH (TI0JII0COB) S U ¢ B
aHanu3upyemMoM cTpykrypHo-cioxxkHom CI/IC morpebyercst
npoaHamu3upoBarh 2" BCEBO3ZMOXKHBIX COCTOSHHM [3].
OueBUTHO NPH YBEIIMUCHHUHU YUCIIA CTPYKTYPHBIX dJICMEH-
ToB B CI'JIC KONIMYECTBO aHAJIM3UPYEMBIX COCTOSHUH U,
CIIeJ0BaTENbHO, TPYAOEMKOCTh IPUMEHEHHS 3TOT0 METOAA
YBEJIUYUBAIOTCS TPOMOPLUOHATBEHO BENUUHHE 2",

AHaJIOTMYHOM CII0KHOCTBIO M TPYIOEMKOCTBIO 00J1a1a-
10T U Jpyrue KOMOMHATOPHBIE METO/bI IOJIHOTO Iepedopa
BCEBO3MOXKHBIX COCTOSIHUH aHAIM3UPYEMOro CTPYKTYPHO-
cnoxuoro CT'ZIC.

CrnenoBarenbHO, 3a7a4a YMEHBIICHHUS CIOXHOCTH U
TPYAOEMKOCTH KOMOMHATOPHBIX METOA0B aHain3a BC
MOXET OBITh pelIeHa Ha OCHOBE COKpAaILICHHUs 4ucia
AHAJIM3UPYEMBIX COCTOSIHHI, XapakTepu3ylolue uc-
xoaubiid CI'JIC.

Pemenwe 3Toit 331241 BO3MOKHO Ha OCHOBE PUMEHEHHSI
®OPIHIM ne Tonbko ans ogHomoctukoBor cxembl CIJIC,
Kak ITO0Ka3aHo B [5], HO ¥ AJIsI HEKOTOPOTO MOAMHOKECTBA
MOCTHKOBBIX cOeAMHeHu LM = {lé’}:|m£4 |, HaXOJSIIUXCS B
cTpykTypHO-cnoxkHbIX CTZIC.

[Tpn TakoM MOIX0/1e YUCIIO aHATM3UPYEMbIX COCTOSTHUN
ucxonnoro CI'ZIC cokpamiaeTcss NponoOpLUOHAIBHO OT-
HOIIEHUIO

y = K/KM, ®)

rae K=2"" — 9uciI0 BCEBO3MOXKHBIX COCTOSIHUM (KOMOU-

Haluii) BJIEMEHTOB, XapaKTEPU3YIOIINX B LIEJIOM CTPYKTYpY
CI'AC;

KM= — 4o BCeBO3MOKHBIX COCTOSIHUI (KOMOMHAIIUI)
MOCTHKOBBIX COEIMHEHUH, HAXOSIIUXCS B CTPYKTYpE aHa-
nusupyemoro CITIIC, K»KM.

Hwxe paccmarpuBaetcst anroputm npumenenus @PMII
JUISL TFOOOT0 YMCIIa MOCTHKOBBIX COSAMHEHHH, HAXOMSIINXCS
B aHanu3upyemsix ctpykrypax CIJIC, B ocHOBE KOTOPOTo
HaXoJsTCs CBOMCTBA OMHOMHMHAJIBHOTO paclpesielieHus n
ero OMHOMHMHAIIBHBIX K03 dunmeHTos (5).

W3 ananu3za conepkanust @PUIM [5] MOXXHO 3aMeTUTD,
YTO OHA OTPEJEIISAET MOJIHYI0 BEPOATHOCTh CBSI3HOCTH MO-
mocoB S u ¢t onHoMoctukoBoro CI'ZIC, kKoTopyro BeIpazum
B CJIEAYIOIIEM BUJE!

P, = plk")p(G,, k") +qk (G, k"), ()

rie xomOuHauuu k' u k' oGpasyror monHyro rpymmy
HECOBMECTHBIX COCTOSIHHIT MOCTHKOBOTO COS/IMHEHHUS /;":
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kY1 kM~ rae 1w ! — oGosnadenus cooTBeTCTBEH-
HO pabOoTOCITIOCOOHOTO U HEPAOOTOCITOCOOHOTO COCTOSHUI
MOCTHKOBOTO COEAMHEHUS, p(k;w )+ (k") =1,

pG,,/ k) — BepoATHOCTB CBA3HOCTH MOMIOCOB S U
CI'’AIC G, npy yCIOBUM, YTO COCTOSSHHE MOCTHKOBOIO
COCTUHCHHS léM paboTocmocoOHO, W BCIENCTBUE ITOTO
MPOU3O0ILIO 3aMbIKAHUE CMEXKHBIX BEPIIUH MO ITOMY
COCIMHEHHUIO;

p(G,,/ k') — BepOsATHOCTH CBA3HOCTH MOITIOCOB S 1
tCTIC G, npu yCIIOBUH, 4TO MOCTHKOBOE COETMHEHHE IEM
HAXONIUTCS B HEPAOOTOCTTIOCOOHOM COCTOSTHHH, U BCIICIICTBHE
9TOTO MPOH30IILIO PA3MBIKAHUE CMEXKHBIX BEPIINH 10 He-
pabotocnoco6HoMy /. ;

C ydeTroM ykazaHHBIX oTpeneneHui ¢popmyna (9) mpu-
MET BUJI

P, =3 pk")p@G,, 1K"). (10)

Homyctum, uto npoussonbHbiil CIZIC G, xapakrepu-
3yeTcst HeKOTOPBIM ToAMHOKecTBOM L = {lgM 1€ =1,m)" }

MOCTHKOBBIX COCIMHEHHH, 00pa3yIoIInX MOIHYIO IPYIITY
HECOBMECTHBIX COCTOSTHUH (KOMOWHAITHH ):

KM =2 ={k" i=0.1}. (11

rae, I — o6o3HaueHWe MMOTHOM TPYIIIHI HECOBMECTHBIX
coctostHUHU (komOmHatuit). [ToCKOTBKY BCEBO3MOYKHBIC
xoMOmHaIuu (11) HECOBMECTHBI M1 UMEIOT TTOJTHYIO TPYIIILY,
TO BEPOATHOCTb P, CBA3HOCTH HUCXOAHOIO CTPYKTYPHO —
cnoxxnoro CI'JIC G, cornacHo (10) onpeznennm Kak

P, =3 pk")p(G,, [K"), (12)

e p(G,, / k" ):p(Gj‘,) — BeposaTHOCTH cBsi3HOCTH CTZIC
Gl\’:,,, MTOJTYYCHHOTO B pe3yiIbTaTe Mpeodpa3oBaHms HCXOIHO-
ro CI'JIC G, npu yclOBHH, YTO COCTOSIHHE MOCTHUKOBBIX
COCTMHEHHUI COOTBETCTBYET KOMOHMHAIINN k,.M . Cormacuo
aTOTO OmpeneneHus, Gopmyny (12) BEIpa3uM CIeTyrOnM
obpazom:

P, =2 p(k")p(G.). (13)

®opmyna (13) o3Ha4aeT MOJIHYIO BEPOSITHOCTB CBI3HOCTH
nomocos S u ¢ ans ananuzupyemoro CIJIC G, B CTpyKTy-
pe KOTOPOTO eCTh HEKOTOPOE MOAMHOKECTBO MOCTHKOBBIX
coenunenmit L' = {1 =|m£4

Pacuer BeposTHocTeil kom6unanuu P(k") npousso-
JIUTCSI COTIAaCHO PAacCMOTPEHHBIX paHee paBeHCTB (6), a
taoke (7) u (8).

[Tockonbky ycnoBHbIi rpad CIJIC GS",, obpasyercs B
pe3ynbTaTe pasiokKeHus MoAMHOKecTBa LM :{léw y=m,"
MOCTHKOBBIX coetHenuit ncxoaunoro CI'JIC G, , na pa6o-
TOCIIOCOOHBIE MM HEpabOTOCIIOCOOHEIE, ¥ B Pe3yJIbTaTe
9TOTO TPOU3BOIUTCS COOTBETCTBEHHO 3aMBIKAHHE WIIN
pasmbikanue cMexsblx Bepmun B CIJIC G, , no noamuo-
KECTBY MOCTHKOBBIX COEIMHEHHIl 7, , TO B CTPYKTypax
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CTPYKTYPHO-CJIOXHbIX ABYXMOJIIOCHbIX CETEN

yenoabIx CI/IC G‘\’,V,, MOCTHKOBBIE COEAMHEHUS JINKBUIUPY-
10TCs. B ety 3T0T0 pacyer BeposSTHOCTH CBA3HOCTH MOJTFOCOB
S u ¢ anamusupyemoro CIZIC BeImonHSETCS IO GOpMyIIamMm
MIOCJIe/IOBATEIbHO-TIAPAIUICIIBHOTO COSTUHEHNS JIEMEHTOB.

5. Pe3ynbrathbl YUCNEHHOrO
3KCNepuMeHTa

JI7ist LILTIOCTPALK TIPUMEHEHUS TTPEIOKEHHOTO METO/1a
onpenenuM BeposTHOCTH cBs3HOCTH CIJIC B cTpykType
KOTOPOTO MMEETCSi TPH MOCTHKOBBIX coexuuenus /) , [y
ull, puc.2.

[Ipumem, uto BepiumHbl V,_iz aHammsupyemoro CIZIC
a0COTIOTHO HAJIC)KHBI, @ BEPOSATHOCTh HAXOXKIEHUST pedep
CTAC B paborocniocobHoM cocTostHun p(le—g 19) = p =0,9.

[MonHyt0 TpyIITy HECOBMECTHBIX COCTOSTHUN (KOMOMHA-
M) MOCTHUKOBBIX COEIMHEHUH COTIacCHO paBeHCTB (6), a
takke (7) u (8) mpu uxX pa3moKEHHUH IO MOAYIIO 2 oTIpesie-
JIUM CIEAYIONTM 00pa3oMm:

Z Zm3

_1)! 8 (14)

B TOM YHCJIC:

BK,_,=C)=1,bK,, =C) =3,
K,_,=C;=3,bK,_,=C, =1.

3a1mmeM KOMOMHALNA km, COOTBeTCTBy}OH.[I/Ie BK.

L, Ly Vi I )
lig .
L, 0
G, ~ S L I, b7 't
st
lig

v, by Y L v,
Puc. 2. Tpexmoctukosiit CI' J1C

— 3aBepIIaroIas KOMOWHAIIHS, KOT/Ia BCE MOCTUKOBBIE CO-
€IMHEHUS HAaXOSATCS B HEPAOOTOCTIOCOOHOM COCTOSTHHH.

21_]'[5[ BBIYUCIICHUA BEPOATHOCTH P ki 71 ] ) Kaxxa0ro
o=LC ,
cocTosHUs (KoMOuHanmu) k' o AHAIM3UPYEMOTO Crac
o=I, m

(puc. 2) cnenyet UCIONB30BaTh f)aBeHCTBo (6).

B pesynbrarte pa3inokeHus UCXOJHOU TPEXMOCTUKOBOM
crpykrypbl CIJIC (puc. 2), coracHO OMHOMUHAJIBLHBIX KO-
a¢¢urmentos (7), noryunm yciaosusie CIJIC G;’, (=0,7),
CTPYKTYPbI KOTOPBIX MPE/ICTAaBICHBI HA pUC. 3.

C yuerom ycnoBHbIX cTpyktyp CIJIC GS"’, (puc. 3) no
(dhopmyie (13) onpenenum NONTHYIO BEPOSTHOCTh CBI3HOCTU
nomocos S u tanaucxonnoro CIZIC Gy, puc. 2:

«p(G),)+(I-p) e p* o p (G,

(I-p) e p* e p(G. )+(I-p)e p’e

P,=p’

(G2 )+ (1= p)epep (G, )+ (1= pY epep (G, )+

—03 +(1—p) epep (G, +(1—p) epe(G,, ) 15
o =Cy =1k, =11, oM, el - mcxonnas ) ( ’t) ()
KOM6I/IHaI_lI/I$[, KOIZla BCE MOCTHKOBEIE COC,III/IHQHI/I}I Haxo- e
JIATCS B pabOTOCITOCOOHOM COCTOSTHUH;
1 1 7 p (Gso,r):(zp_Pz)4 y
BK,_, =C, =3:k,_, =leain, .lé:14u:2 'l§=17r23;
| - (G,)=(2p*~P') 2p-P*);
Kooy =l ®lema,, oLy s . . .
) p(G)=(2p*-p*)2p-p*);
k'_3 l_ o/ _ 'l§:17,'
0= E=lley — "&=14., L
L p(G)=(2p"-p")2p-p");
BK,._, = C32 =3: ki:] =le-,, ®le-s,, 'lgzw o
- p(G)H=(2p-p°) 2p-p);
K2, =l ol_, ol ;
©=2 E=lleny @leorg,, @817 p (Git) — (2p2 _p4)2 ;
2 7 7 .
Foms = o, ot Sl p(G)=(2p"-p°) Cp-p*);
BK1:3 = C; = 1 : kz):l = ig:lls:l .z§:14s:2 .ZE_,:17£:3; p (G7 ) = 2p4 - ps
s,t *
Taonuna 1. Tpynoemkocts MITPMD
Yucro aHaTu3UpyeMBbIX CO- Yuco ananusupyemsix co- | CokpallieHue 4nucia aHalIu3u-
HanmeHnoBanue aHanusu- . . .
emoro CT JIC crosHui (runore3) MIIIICD: | crosiauit (runore3) MITPMC: PYEMBIX COCTOSIHUI
py K=2" M = om v = K/ K"(pazm)
CI" AC ¢ ogaum MC 32 2 16
CI" AC ¢ ogsymsa MC 256 4 64
CTI" AC ¢ tpemss MC 2048 8 256
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Jlnst MPUHATBIX MCXOIHBIX JaHHBIX BEPOATHOCTH CBS3-
HOoCTH montocoB S u ¢ ananusupyemoro CIZIC paBHa
P, ,=0,955596.

PesynbraThl CpaBHUTEIBHOTO aHAIU3a TPYIOEMKOCTH
MITPMC otaocutensao MIITICD mo mpuHATOMY TOKa3a-
temo (1) mpencraBneHs! B Ta0m. 1.

U3 ipeicTaBIeHHBIX PE3YJIBTaTOB CIEAYET, YTO C YCIOXK-
HEHHEM CTPYKTypsI aHanu3upyembrx CI/IC:

Tpynoemrocts MIITICD 3KCITOHEHIIATBFHO BO3PACTaeT
(cM. 2-10 KoMoHKy Tabm. 1).

Tpynoemxocts MITPMC oTHOCHTETBHO MHHQG co-
KPAIaeTcs MPOMOPIHOHANBHO BETHIHHE 2 , TIe
m, > m,.

Takum oOpaszoM, mpobiremMa 4aCTHYHOTO yCTpaHEHHUS
CJIOKHOCTH M TPYIOEMKOCTH TOYHOI'O pacdera BeposT-
HOCTH CBS3HOCTH CTPYKTypHO-cnoxkHBIX CIJIC nmeer
AQHAIMTHYECKOE PEIICHHEe HA OCHOBE MPEIJIOKEHHOTO
MIIPMC.

6. SaknuyeHue

Bosmoxxnocts npumenenuss OPIIM miist ciyyas, koraa
B CI'ZIC HacuuThIBaeTCs 0Oojice YeM OJHO MOCTHKOBOC
coeMHEeHue JI0Kazana B paborax [2,5,8].

Ilenbto 1aHHOW CTaThU SIBISIIOCH PACCMOTPEHUE KOM-
OMHATOPHOTO AJITOPHUTMA MPAKTUUECKOW peaNn3anuu
yKa3aHHON BO3MOKHOCTH TPH PEIICHWHU 3aJadyl aHajm3a
cBs3anHHOCTH Takoro Bapuanta CI'JIC, B KoTopom perieHne
3a/1a491 BHIOOPA MOCTUKOBBIX COSTUHEHHI HE TPEOOBAIOCH,
MTOCKOJIBKY OHA allpHOPH peIIeHa CTPYKTYPOH TTOCTPOCHHS
anammsupyemoro CI'JIC, cm. puc. 2.

Bwmecre ¢ Tem 3a/1aua onpeieieHusl MOCTUKOBBIX COCIIH-
HEHHH B aHATM3UPYyEeMOM CTPYKTypHO-ciioxHOM CIJIC cun-
Taercs ocHoBornojararomeii B TKH, ocHOBHBIC TONOKEHUS
KOTOPOii chopMySTUpOBaHbI B padorax [2,8].

[ToaTOMY Hay4YHO-IIPAKTUUECKUI MHTEPEC IPEACTABISIET
pelieHre NBYeIMHON 3aia4n: 1) BHIOOpa COBOKYITHOCTH

LM = {ZgM} = |mM | MOCTHUKOBBIX COCI[I/IHGHI/Iﬁ N3 UX MHOXC-

ctBa L={l;}=|m;|, HaXOMAMHXCA B HCXOTHOM CTPYKTYpPHO-
cinoxaoM CIZIC, m 2) ux mocleayromee MpakTHIecKoe
UCTIONIB30BaHME JUIS pacyeTa CBSI3HOCTH aHAIU3HPYEMOTO
CIrac.
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Structural reliability. The theory and practice

Nosov M.B.

METHOD OF COMPLETE DECOMPOSITION OF BRIDGE
CONNECTIONS IN CONNECTIVITY ANALYSIS PROBLEMS
OF STRUCTURALLY COMPLEX BIPOLAR NETWORKS

The paper considers the method of complete decomposition of bridge (cross) connections of structurally
complex bipolar networks whose content is the generalization algorithm of the well-known Moore-Shannon’s
decomposition formula for analysis of connectivity of a ladder bridge bipolar network. The offered method
allows for considerably reducing a number of analyzed states as compared to known combinatory methods,
e.g. an exhaustion method of elements’ states [2].

Keywords: analysis, probability, connectivity, decomposition, Moore-Shannon’s decomposition formula,
system, random graph, bipolar network, bridge connections, binominal coefficient, combination.

1. Introduction

1.1. Terms and definitions

Bridge connection (BC) is a connection between two adjoining vertices v; and v;, i#/, be-
longing to upper and lower “independent frames” respectively [2].

Connectivity is a property of bipolar networks to detain upstate and recover it during ac-
ceptable time in case of random and parametric failures, physical damages as well as deliberate
and unintentional disturbances.

A graph is taken as random if its elements are either in upstate with the probability p, or in
downstate with the probability g=1-p , where p is the coefficient of availability of a random
graph’s element (RG) [2].

BN is a bipolar network; RG BN is a random graph of a bipolar network (see detailed
definition of RG BN in [2]); MSDF is Moore-Shannon’s decomposition formula; EMES is
an exhaustion method of elements’ states; MCDBC is a method of complete decomposition
of bridge connections; CP is connectivity probability; BC is binominal coefficient; C is a
combination; PBC is a vertex of a boundary couple; SCS is structurally complex systems;
TCR is a theory of combinatory reliability.

1.2. Brief analysis of topicality and state-of-the-art of the problem

Ladder bridge bipolar networks (whose number of bridge connections will be designated
as mM) are widely used in telecommunication networks, power supply and transport networks,
arrangement of public announcement systems etc. [3].

Availability of ladder bridge connections in BN increases the efficiency of their functioning
while making it more difficult and time-consuming to analyze connectivity of such networks
[2,4,5]. This is where the problem of connectivity analysis of RG BN with m™>1 bridge
(cross) connections lies.
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The problem of analysis of RG BN with bridge (cross)
connections has been covered in a lot of works, whose inex-
haustive list can be found for example in works [5,6], which
show that along with combinatory methods of connectivity
analysis of such RG BN [2,3] logical probabilistic methods
of reliability analysis of structurally complex systems have
got widely used and developed [5]. Therefore, there is no
common analytical approach to solve this class of hard
solved problems [5].

There is an opinion that a universal approach to solve
this class of hard solved problems is to use computers with
special software [2,5].

The author of the work [5] comments this situation the fol-
lowing way: “We only have to develop special mathematical
software based on a serious theory and approved analytical
methods. The unavailability of those forces researchers to
do direct and complete search of all system state on PC.
Permanent increase of PC productivity supports their hope
in this promising research way to prove and invent analyti-
cal methods without too much effort”. So, what we should
have to do is to develop analytical methods that could be
used in engineering.

A substantial contribution to solving the problem of reli-
ability analysis of BN with bridge connections was given
by the work [1] that offered a decomposition formula for a
one-bridge circuit (MSDF). Further works proved the pos-
sibility of applying MSDF for BN with m*>1. However,
a one-bridge circuit proposed by C. Shannon was used to
illustrate this possibility.

What is the reason of application of such illustrated exam-
ples? The reason is that the complexity and time-consuming
character of practical implementation of MSDF for m* >1
bridge connections is defined by increase of the number of
all possible states (combinations) of analyzed RG BN with
mM>1 bridge connections in proportion to 2" .

Increase of the number of bridge connections m* brings
quite a difficult task of ordering and taking account of all
possible combinations (states) of analyzed BN. For exam-
ple, in work [5] this obstacle was “managed to overcome
by means of a table method of SCS reliability calculation”.
In this paper in order to not “go astray” in the labyrinth of
various possible combinations with increase of the number
of bridge connections m™ of BN we use the decomposition
algorithm for m*>1, whose basis is the properties of a bi-
nominal distribution and its binominal coefficients.

Scientific novelty of the paper is generalization of MSDF
application for BN with m™>1 bridge connections based
on the properties of a binominal distribution and its BC
[6], defining the formal principle of development of the
decomposition algorithm of initial RG BN with mM bridge
connections (m*>1) in 2" conditional parallel sequential
RG BN.

The practical value is characterized by the possibility
of using the offered method in applied engineering tasks
of connectivity analysis of RG BN with m">1 bridge con-
nections.
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2. Initial data and problem statement

Let structurally complex BN be set by graph G [7]:
G={V L @}, (1)
where V= {v;},i=1,m, is a set of graph vertices whose
number equals to my = |V] — the power of the set of graph
poles (number of elements of some set or some aggregate
of elements is generally called its power);

L= 14}, i,j=1m, (i< j,i# j)isasetof graph poles
with the power m; = |L|:(i, j) — the numbers of vertices of a
boundary couple (VBC) of the pole (/;));

@D(l;;) = v; & v; is the representation of incidence and
adjacency of graph elements such that if the pole /;; con-
nects the vertices v; and v;, then it is considered incident to
the vertices of a boundary couple v; and v;; if the vertex v,
is connected by the pole /;; with the vertex v;, then these
vertices are adjacent to each other by the pole /; ;.

The vertices of a graph connected to each other by poles
make up a specific structure of a graph that could be both
simple and complex and represents a graph’s capability to
transmit information from its vertex of S-source to the vertex
of t-drain, see fig. 2.

The poles of RG BN can have partial or through numera-
tion [7].

For partial numeration of poles we use their VBC v; and
v; such that the order of numeration of poles is formally
represented in the form o

L={l;},i<j&i#jendi,j=1m,. 2)

For through numeration vertices and poles of a graph will

have the following numeration respectively:
V=Av},i=lm, end L= {l},E=m, +1,m, +m,, (3)

where & is the designation of the sequence number of a
pole.

Through numeration of a graph’s elements is (Fig. 1) is
done in accordance with the following guidelines: from the
vertex source S to the vertex drain 7 and from upper vertices
to the lower ones.

For the multiplicity of notation of vertices v;,i = 1,m,, and

poles I:§=m, +1,m, +m, in RG BN we will sometimes
use only corresponding sequence numbers assigned to these

elementsi=1,m, and§ =m, +1,m, +m,.

Also, to reduce the difficulty of connectivity analysis of
RG BN we will take a non-principal assumption that RG BN
vertices are absolutely reliable (in Fig. 2 this assumption is des-
ignated as bold circles) and poles have the reliability equal to

P§=ml,+1,ml,+mL=p. 4)

For the above initial data the problem is to offer a method
for applying the properties of a binominal distribution and its
binominal coefficients to develop a decomposition algorithm of
RG BN with m*>1 bridge connections; to exemplify a practical
implementation of this algorithm for decomposing initial RG
BN with m™>1 bridge connections into conditional parallel se-
rial RG BN. Also, we will show that application of the method
of decomposition allows for reducing the number of analyzed
states by several tens (hundreds) times in relation to existing
combinatory methods, e.g. MCDBC of analyzed RG BN.
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3. Application of the properties

of a binominal distribution and

its binominal coefficients for
decomposition of bridge connections
in bipolar networks

Let each bridge connection lM e m" of RG BN can
be in one of the two states: up state - l with the prob-
ability p(l ) = p or down state — l w1th the probability

(I§M )= 1- p(lgM)— g. In this case the total number of all

possible contradictory combinations for decomposing mM
(m™>1) bridge connections 2 modulo will be equal to 2",
and each of them will include i down states and m™ — i
up states. The failure event of any bridge connection lgM
does not depend on the state of other bridge connections
making up a combination from m™ bridge connections via
i,i.e. C' . Note that each combination C' , is a binominal
coefficient (BC)).

Then for the purpose of ordering the process of generating
all possible combinations from m* via i and their account-
ing for the connectivity analysis of RG BN with m™ bridge
connections (m*>1) it is reasonable to use a binominal

—.
ﬁ
V ]

distribution that is expressed by formula [6]

P =Ci p(mM—i) i
78 M

im" m > ©)

where P, is the probability that as a result of decomposi-
tion of mM brldge connections in combination C . there will
be i downstate bridge poles;

C;M is a binominal coefficient characterizing a number of
combinations (states) which can be taken from m* bridge
connections via i (here mM is the parameter of a combination
(PaC), and i is a variable combination (VaC));

cofactor p(”’ “¢'is the probability of obtaining AK, = C" o

p('"w‘i is the probablhty of finding a subset of bridge
poles M= {Z } e m" in up state in BC;;

¢q' is the probability of finding a subset of bridge poles

M= {lé”} e m" in down state in BC,.

A-regular series of binominal coefficients 5K; (i =0,m"
represents the well-known Newton’s binomial formula
(NB) [6], which has the property of symmetry in relation to

maximum binominal coefficients (MBC); bK;_, character-

izes a combination when subset L" = {léw } = |mM | of bridge

O mmmmm———-
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connections of graph G is in upstate; 5K,_ , characterizes
a combination when a subset of bride connections is in
downstate, i.e. LV ={ L' }: |mM|

If PaC has an odd value, then MBC will be only two
(fig. 1, a). If PaC has an even value, then MBC will be one
(fig. 1,6).

Fig. 1 evidently shows that first, BC in NB proceed sym-
metrically in relation to MBC owing to the fact that for set

M' mM|

i\(m" —i )' i \(m" i)
O<ll(2)< m lﬁélz end 11+12—mM
Second, all BCareacombination ofthetypeC’ o’ andthlrd
the total sum of all p0551ble combmatlons is absolutely equal

to2"" =2 '( )' ZC .- For example, see fig. 1, a:
m =i

mM it is always provided that

i=0 1

2" =8=(BK_, =1)+(bK,_, =3)+
+(PK,_, =3)+(BK_, =1)=8=2" =,
Technically, the procedure of composition of all possible

combinations from m* via 0<i< m™ only for BK (i = 0,m"")
we will write down in the following way:

CV, i M —
EKI.:K;M:{MCM} ST ©

w=1e=1 e=1
eek,

eek, ©

where o is the number of the current combination k;
C:”M
Z — is the combination sum (CS), making up exactly C
w=1 i
o —x formed combinations from m* variable via i; H'

e=1
eck,

is the combination product (CP), combining (0) exactly i

downstate bridge connections in one; H ¢ is CP, combin-

e=l1
eek,

ing exactly m™ — i upstate bridge connections in one w-th
formed combination.

For example, let it be that the analyzed RG BN lists
three bridge connections with the numbers /Y, 7/ and /%,
see fig. 2. Let them be positioned in the field of Varlables
in the following order: Q = {l& Y R S } Then for
mM =3 combinations via (i=2) in PC will according to (6)
look like:

K2 =3k =len,, olas,, o1 k=
v_y = VKoot = Vlestle ®le=td, @ E=17,s Ry =

-M -M -M -M
= {lé:l le ® IEA/:IMEZZ i 15:175:3 }+ k(n {léwll o l§:]4s:2 ° l§:]7cz3 }}

As should be, it is evident that exactly three combinations

31
——=3(see fig. 1, and the

are formed for the case C", L=
m 2111

third column left for i=2).
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Technically, the procedure of ordered composition of all

possible combinations from m™ via i = 0,m" for all BK; is
almost the same as in (6). There is only one CS for control-
ling i added. In general the procedure looks like:

M
i=0,m" __ i —
BK, =0,m" = K"} —{2’%1%}—
u C' . M
m wM i —m =i (7)
— M M
=2 2 [Iee' TT %
i=0 w=1¢e=1 e=1
eek, eek,

Since all possible combinations make up the entire group
of contradictory events, then the sum of all probabilities £,

is equal to unity: ZP, v =1
i=0

4. Solution of stated problems

The offered method is in essence as follows. Let’s assume
that it is required to determine the connectivity probability
of structurally complex RG BN in which each &-th element
can be found in one of two states: up state (designated as
l¢) or down state (designated as /.) with the probability
q (I.) =1-P(l.), set of graph poles with the power m; =|L|.

Then using the exhaustion method of elements’ states
(EMES) for definition of connectivity probability of the
specified vertex pair (poles) S and ¢ in analyzed structurally
complex RG BN it is required to analyze 2™ of all possible
states [3]. Obviously at increase in the number of structural
elements in RG BN the quantity of analyzed states and,
consequently, labor input of application of this method
increases proportionally to the quantity 2.

Similar complexity and labor input are presented by other
combinatory methods of complete search of all possible
states of analyzed structurally complex RG BN.

Therefore, the problem of complexity and labor input re-
duction in combinatory methods of connectivity probability
(CP) analysis can be solved based on reduction of number
of the analyzed states describing initial RG BN.

The solution of this problem is possible based on applica-
tion of Moore-Shannon’s decomposition formula (MSDF) not
only for RG BN single-bridge circuit, as shown in [5], but
also for some subset of bridge connections LM = {lg} m)! |,
as part of analyzed structurally complex RG BN.

With such approach the number of analyzed states of
initial RG BN is reduced proportionally to the following
relation

y = K/KM, (®)

where K = 2™ is the number of all possible states (com-

binations) of elements describing as a whole the structure
of RG BN;

KM = is the number of all possible states (combinations)
of bridge connections (shared edges) in the structure of
analyzed RG BN, K » KM,
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Below is offered the algorithm of MSDF application for
any number of bridge edges in analyzed RG BN structures,
based on the properties of binominal distribution and its
binominal coefficients (5).

From the analysis of MSDF content [5] it is possible to
notice, that it determines total probability of connectivity of
poles (vertices) S and ¢ in single-bridge RG BN which we
shall express in the following form:

= pky")p(G,, k") +qk")p(G,, k"), (9

where combinations k" and k" form a complete group

of disjoint states of brldge (shared) connection lM kM~ ~l; My
l , where lé and are designations of up state and down

state of the shared edge respectively, p(k") + q(k") =1;

pG,,/ k") is the connectivity probability of poles S and
tin RG BN G, provided that the state of bridge edge /.
is in up state, and therefore there is a joining of adjacent
vertices by this edge;

pG,,/ k") is the connectivity probability of poles § and
tin RG BN G, provided that the state of bridge edge l§M is
in down state, and therefore there is a disjoining of adjacent
vertices by down state edge lé” .

In view of the specified definitions the formula (9) will
take the following form

1
P, =Y pk"p(G,, 1k"). (10)
i=0

Let’s assume that arbitrary RG BN G, is characterized by

some subset L = {l MIE =1,m) }of shared edges forming

a complete group of disjoint states (combinations):
KM = o’ :{kl_M/,':o,_]}, (11)

where [ is the designation of a complete group of disjoint
(contradictory) states (combinations). Since all possible
combinations (11) are contradictory and have a complete
group, then the probability P, of connectivity of initial
structurally complex RG BN G, according to (10) will be
defined as

= Z pk"p@G,, [k, (12)

where p(G,, / k; ") =p(G.,) is the connectivity probability
of RG BN GS » obtamed as a result of transformation of the
initial RG BN G, provided that the state of bridge connec-
tions (shared edges) corresponds to combination k. In line
with this definition, formula (12) will be expressed in the

following way:

Z, p"p(G) (13)

Formula (13) means a complete probability of connec-
tivity of poles S and ¢ for analyzed RG BN G, in whose
structure_there is some subset of shared bridge edges
2 ={i =y

Calculation of probabilities of combination P(k") is
made according to the above equalities (6), as well as (7)
and (8).

As conditional graph RG BN G, is formed as a result
of decomposition of shared edges’ subset LM :{léM y=m,"
of initial RG BN G, into up states or down states and as
a result of it there is accordingly a joining or disjoining
adjacent vertices in RG BN G, over the aggregate of the
shared edges m,” then in the structures of conditional RG
BN G;,; bridge connections are eliminated. By virtue of it
calculation of connectivity probability of poles S and # in
analyzed RG BN is made under formulas of series-parallel
(parallel-serial) connection of elements.

For illustration of application of the offered method
we shall determine probability of connectivity RG BN in
whose structure there are three shared bridge edges /), 1}
and /), see fig. 2.

Let’s accept that vertices V, 5 of analyzed RG BN are
absolutely unfailing, and the probability of staying of RG
BN edges in up state p (lz=,19) = p =0.9.

We shall determine the complete group of disjoint states
(combinations) of shared edges at their decomposition 2
modulo as follows, according to equalities (6), as well as
(7) and (8):

8, (14)
including:

BK,_,=C}=1,BK,_ =C, =3,
BK,_,=C;=3,BK_,=C, =1.

erte down combinations &, correspondmg to BK,

=03
,=Cy=1:k" —IEM“ OIEMM 'li 17,., is the initial

comblnatlon when all shared edges are in upstate;

BK,_ =C =3:Kk. =l ol

‘;::149:2 .15:172:3;
lézllw oltana,, 'l§=17m;

1 7 .
kooy = l§=11g:1 .ZE_,=14S:2 olear,y;

BK,,=C; =3k, =len., olgas, o

e=17,, >
o2 —25:1152, ol OZg:nH;
l&:llg:, .ié:l“g:z °7i=17f:3 ;
bK,_ s = C33 = 1¢kfo:1 :25;11{:, ‘7é=14fzz ‘7é=17f:3;

is the resulting combination when all shared edges are
in downstate.
To calculate the probability p(k ) of each state

(combination) k;=7 of analyzed RG BN (Fig.2) we shall
use equality (6). '
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Y, Ly Vi I Y
lig N
L 0 0 s
G,~S 2 Ly vo, L t
L

, s U e v,
Fig. 2. Three-bridged RG BN

As a result of decomposition of the initial three-bridged
structure RG BN (fig. 2), according to binominal coefficients
(7), we shall receive conditional RG BN G;,, (=0,7), whose
structures are presented in fig. 3.

In view of RG BN G, conditional structures (fig. 3) we
shall determine the total probability of connectivity of poles
S and ¢ for initial RG BN G, (fig. 2) under formula (13):

P,=p ep(G,)+(I-p) ep*ep (G,
(I-p)e p> e p(G’ )+(I-p)ep’e
(G )+ (= p)Yepep (G, )+ (1= p) epep (G, J+
+(1=pYepep(GS, )+ (1-p)epe(G],).  (15)

where

P (G )=2p-P")';
p(G)=(2p*~P')(2p-P*);
p(G)=(2p-p')2p-p),
p(G)H=(2p"-p")2p-p")"
pP(G)=(2p"-p") 2p-p");
p(G)= @p-p*);
p(G)=(2p"-p°) 2p-p*);
p(G)=12p'-p".

The connectivity probability of poles S and ¢ in ana-
lyzed RG BN for the accepted initial data is equal to
P, ,=0,955596.

Results of the comparative labor input analysis of the
method of complete decomposition of bridge connections
(MCDBC) as regards to EMES under the accepted parameter
(1) are shown in Table 1.

From the presented results it follows, that with complica-
tion of analyzed RG BN structure we have:

Table 1. Labor input of MCDBE

by b bs hs

1 4 6, 8
— 0 _7.10 0~
BKy=Cy=1:ky =% Smt

11() ll} llﬁ 119

115 118

2
r] 1 ) ) 4
1
kw: ;=G S t
Ly I3 5 7
ks by
b I 4 ! bs
o~ ~< 7 , 1 5 1 5 g
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hs 17
o s by
],
I 1 - 2, = 4 s bs g
3
Vs = 6~ 8 t
& 5 U5 by
by b3 7
[/ ]
r , ) b 12 Is . 18 ,
4
~8 t
km:l:>GS’t hy [/ !
b3 ' by
19 lIZ 115 118
2 2 5 1 4 8
= =~ ~8 t
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4 l/ 6
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6
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3 3 :> 7
= = 0 G.,~ S t
BK_,=Ci=1:k>, =¢d,
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Fig. 3. Conditional RG BN G-

Labor input of EMES grows exponentially (see 2-nd
column of Table 1)

Labor input of MCDBE relatiyely to EMES is reduced
proportionally to the size 2(m=m) , where m, > m).

Thus, the problem of complexity and labor input elimi-
nation in exact calculation of connectivity probability of
structurally complex RG BN has the analytical solution
based on offered method of complete decomposition of
bridge connections.

6. Conclusion

The possibility of MSDF application for the case when
RG BN has more than one bridge connection has been
proved in works [2,5,8].

The goal of the paper has been to consider a combinatory
algorithm of practical implementation of the above possibil-
ity for solving problems of connectivity analysis of such RG
BN variant where solution of choice of bridge connections
is not required because it is solved a priori by the structure
of analyzed RG BN, see fig. 2.

The name of analyzed | Number of analyzed states Number of analyzed states Reduction of the number of ana-

RG BN (hypotheses) EMES: K=2"" | (hypotheses) MCDBC: K = 2" | lyzed states y = K / K (times)
One-bridged RG BN 32 2 16
Two-bridged RG BN 256 4 64
Three-bridged RG BN 2048 8 256
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However, the problem of defining bridge connections
in analyzed structurally complex RG BN is considered
fundamental in TCR whose basic provisions are stated in
works [2,8].

Therefore, of scientific and practical interest is the
solution of a twofold problem: 1) choice of aggregate
LY ={1M} =|m"| of bridge connections from their set
L={l:}=|m,|, as part of the initial structurally complex RG
BN, and 2) their further practical application for calculating
the connectivity of analyzed RG BN.
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CTpPYKTypHas HafleXkHOCTb. Teopus U NpakTuka

a\

NwkoB A.C., 3yeB B./[].

METOOUKA OLLEHKU FAMMA-NPOLEHTHON
HAPABOTKU PAANOJJIEKTPOHHbIX KOMIMOHEHTOB
NMHPOPMALUUNOHHO-USMEPUTEJIbHbLIX CUCTEM

MO PE3YJIbTATAM KPATKOBPEMEHHbIX UCMbITAHUN

Moy NpoekTpoBaHUM MHPOPMALIMOHHO-N3MEPUTETIbHBIX CUCTEM BbIMOJIHAETCS M03JIEMEHTHAs OLieHKa r1o-
kasarenei HagexHocTn. Ha paboTocrnocobHOCTb PE3NCTOPOB CYLLECTBEHHO BMSIIOT KIIMMaTn4yeckme yciio-
Busi. lpennaraetcss MeToanKka OLEHKU roka3artesnei HalexXHOCTY Pe3NCTOPOB, KOTopasi UCrob3yeTcs npu
M3MEeHeHUU 1x yCJIOBUI aKcriiyataumn. Ha ocHoBe pe3ysibTaToB MUCMbITaHWi Ha KpaTkoBpeMeHHylo 6e30T-
Ka3HOCTb B 3aAaHHbIX YCJIOBUSIX BbIYUC/ISIIOTCS 10Ka3aTen HaAeXHOCTH PEe3UCTOPOB MyTeM MPOrHO3Mpo-
BaHWS 3HAYEHUI 3/IeKTPUYECKUX apamMeTPOB Pe3UCTOPOB B TEYEHUE UX HapaboTKu.

KmoyeBbie crioBa: KpaTkoBPEMEHHbBIE WUCTIbITaHWs, TeMneparypa, nporHo3vpoBaHNe, PE3NCTOP, BEPOSITHOCTb.
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IpoexTrpoBaHue U IPOU3BOICTBO PAIHOIIEKTPOHHBIX KOMIIOHEHTOB, 00JIaIAIOIUX BBICOKUMHU
TIOKa3aTesIsIMU Ha/IKHOCTH, SIBIISICTCS] OTHOM M3 BAXKHEHIINX 3a/1a4 NP pa3padoTKe HH(OpMAaIMOHHO-
M3MEPHUTETBHBIX CHCTEM, PaOOTAIOIIHX B Pa3INYHbIX YCIOBUSIX SKCIUTyaTalliy. Takie CHCTEMBI SIB-
JISTFOTCSI CIIOYKHBIM TEXHUUECKUM OOBEKTOM, COCTOSIIIIMM U3 OJIOKOB, Y3JI0B, COIEPYKAIIMX MHOYKECTBO
PaIMOJIEKTPOHHBIX KOMIIOHEHTOB. Ha srare npoekripoBanus HHOPMaIMOHHO-U3MEPHTEBHOM
CHCTEMBI B OTPEIETICHHBIX CITy4asX MOYKET BBITIOIHATHCS MTOIEMEHTHBIHN pacyeT rnokasareseii Ha-
JIKHOCTH €€ COCTABHBIX AJIEMEHTOB, C IIEJIbIO0 pacyeTa HaJIeKHOCTH BCEH CHCTEMBI.

Pe3ucTophl MHUPOKO MCHOJB3YIOTCS B KayeCTBE IIEMEHTHOHN 0a3bl pa3jnyuHBIX
MH(POPMALMOHHO-U3MEPHUTENBHBIX CUCTEM, KOTOPBIE MOTYT MPUMEHSTBHCS B YCIOBHSIX yMe-
PEHHOTO, XOJIOAHOTO ¥ TPOITMUYECKOTro KinMara. Kimmmarinueckue ycaoBUsl MOTYT CYIIECTBEHHO
MOBJIMATH Ha MapaMeTpsl pe3ucTopoB. Hampumep, MOBBIIIIEHHAs TeMIlepaTypa MPUBOAUT
K JIerpajialliil MaTepHalioB, U3 KOTOPBIX M3rOTOBIEH pe3ucTop. OTKIOHEHHS B CBONCTBAX
MaTEepHaJIOB BBI3BIBAIOT M3MEHEHHE MapaMeTPOB PE3UCTOPOB U MPUBOJAT K YBEIMUYCHHIO
BEPOSITHOCTH ITOSIBJICHUS JIC(PEKTOB M OTKA30B.

PaGouwnii quana3oH Temiieparyp dKCIUTyaTalii Pe3UCTOPOB MX Pa3pabOTUUK yCTaHABIMBACT
B COOTBETCTBYIOIINX TEXHUYECKUX YCIIOBUAX. 7151 pabouero quana3zoHa TeMieparyp yCcTaHaB-
JIUBAETCS pAJ oKa3aTesiel HalexkHOCTH. Ha npakTrke HaJIe)KHOCTh PaIHOIEKTPOHHBIX KOM-
TIOHEHTOB ITPUHSTO OLICHUBATH I10 CJIETYIOIINM TT0Ka3aTelsiM: raMMa-ITpOIIEHTHAs HapaOoTKa
1o otka3za (7,), HHTEHCUBHOCTB OTKa30B (A) M raMMa-TIPOLICHTHBIH CPOK COXpaHseMocTH (7).
JUis omHOTO THMA PEe3UCTOpa MOXKET ObITh YCTAHOBJIEHO HECKOJIBKO 3HAYCHUH MoKa3areseit
HaJIS)KHOCTH B 3aBHCUMOCTH OT paboydeil TeMIieparypbl ¥ pexxuma paboThl, HapuMep, HOMH-
HaJIbHBIN PEKUM — IPU HOMHUHAJILHOH MOIIHOCTH paccesiHus Py, 00JIerdeHHBIH PeXKUM — IIPH
MOIIHOCTH paccesiHust paBHOU 0,5P ..

[Tpu BbIOOpE THITA pe3rcTOpa pa3paboTYMKN HH(OPMAIIMOHHO-M3MEPUTEIBHBIX CUHCTEM B
OOoITbILICH CTENIEHN OPUEHTUPYIOTCS Ha 3HAUYCHHSI XapaKTEPUCTUK PE3UCTOPOB, YCTAHOBJICH-
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HBIX B TEXHUYECKUX YCIOBHIX. B onpeneneHHbix ciydasx
TaK)X€ YUUTBHIBAIOTCSI OFPaHUYUTEIbHBIE [IEPEYHH C yCTa-
HOBJICHHOM HOMEHKJIATypOH pa3pelIeHHbIX K IPIMEHEHHIO
W3/IENNH SIIEKTPOHHOM TeXHHUKH. PazinndaHbie 0coOeHHOCTH
U TpeOOBaHHS K XapaKTEPUCTHKAM pa3pabaThIBaeMOM
nH()OPMAIIMOHHO-U3MEPHUTEIHHON CHCTEMBI 3a4acTyIO
TIPUBOJIAT K HEOOXOMMOCTH PAacCMOTPEHUSI BOIIPOCA O BO3-
MOXHOCTH IPUMEHEHUS U3AETNH DIIEKTPOHHOM TEXHUKH B
YCJIOBUSAX DKCIUTyaTallly, OTIIMYAIOUIUXCSl OT YCTaHOBJIEH-
HBIX B TEXHUUYECKOH JokyMeHTauuu [1]. B cooTBeTcTBUM €
[2] mpu HEOOXOMMMOCTH IPUMEHECHHUS N3ACTHH B PEKUMAX
U YCIIOBHSAX, PACIIMPSIIONINX 001acTh UX TPUMCHEHUS, HE
CBSI3aHHBIX C YXYJAUIEHUEM UX OCHOBHBIX TEXHHUYECKHX
apaMeTPOB, BO3MOKHO TOIBKO I10 IPOTOKOIY Pa3pelIeHHs
MPEeINPUATUS-U3TOTOBUTENS M3EIUS WM OpraHU3aliy, Ha
KOTOPYIO BO3JIO)KEHA OOSsI3aHHOCTH IO BbIJa4e MPOTOKOJIA
paspeluieHns: IpUMEHEHUs!.

@DyHKIMU [0 CONNIACOBAHUIO IPOTOKOJIOB Pa3peIIeH s Ha
MIPUMEHEHHE U3/1ETUH DIIEKTPOHHON TEXHUKU B PEXKUMAaX U
YCIIOBUSIX, HE OTOBOPEHHBIX B TEXHUYECKUX YCIOBUAX, BO3-
JIO’KEHBI Ha PSI NPEANPHUATUHN 110 3aKPEIIEHHONW 32 HUMHU
HOMEHKJIaType U3/1eIHil.

Ecnn no pesynpraTaM HcClIeOBaHUN yCTaHOBIEHA
BO3MOKHOCTb IPUMEHEHUS PE3HCTOPOB B YCIOBUSIX JKC-
TUTyaTaIuu, TpeOyeMbIX pa3padoTINKOM HH(POPMAIIHOHHO-
HU3MEPUTENIBHON CUCTEMBI, HO HE OTOBOPEHHBIX B TEXHHUUE-
CKHX YCIIOBMSIX, TO JUIsl OLIEHKH MOKa3aTenel HaleXKHOCTH
PE3UCTOPOB TPeOyeTCs MPOBECTH MX UCTIBITAHUS HA OE30T-
Ka3HOCTh WJIA COXPAHAEMOCTb B TPEOYEMBIX PEIKUMAX HITH
YCIIOBUSIX, OO HMCIIONB30BaTh PE3yIbTAThl UCTIBITAHUN
n3/iennii-aHanoros. B cooTBeTcTBUY ¢ TPEOOBaHUSIMH HOP-
MAaTHBHOW JOKYMEHTAIINH, UCIIBITAHUS Ha O0C30TKa3HOCTH
BKJIIOYAIOT MCTIBITAHUSI HA KPATKOBPEMEHHYIO U JJIUTEIIb-
HyI0 Oe30TkazHOCTh. Bocmonb3oBarsest nHpopmanueit o
MOKa3aTeNsAX HaAeKHOCTH M3AEIUI-aHAJIOrOB HE BCEraa
MPEACTABIAETCS BO3MOXKHBIM, HAIPUMED, U3-3a BHECEHHBIX
M3MEHEHUH B KOHCTPYKIHUIO WK MEepeYeHb MaTepuajoB
u3nenusi. MarepuanbHbIC M BPEMCHHBIC 3aTpaThl, O0JIb-
I0i 00beM HMCHBITAaHWH Ha JUTUTENbHYI0 0€30TKa3HOCTh
MIPUBOAAT K HEOOXOMMOCTH NPUMEHEHHUS BEPOSITHOCTHO-
(r3MYEeCKOro METO/1a OIIEHKHN NOKa3aTelel Ha/Ie)KHOCTH Ha
OCHOBE PE3YJIbTaTOB KPAaTKOBPEMEHHBIX HUCIIBITaHUI. MeTon
OCHOBBIBAETCSl HA CTATUCTUYECKOM IPOTHO3UPOBAHUM I10-
Kazaresei HaJle)KHOCTU MO BpeMEHHOM 3aBucumoctu [3].
CoracHO ATOMY METOJly CHauajia MpOBOJSTCS UCIIBITAHUS
Ha KPaTKOBPEMEHHYIO 0€30TKa3HOCTh B TPEOyeMBbIX 3aKa3uH-
KOM PEKUMAaX U YCIOBUSIX. 3aTeM BBIUMCIISIOTCS TOKA3aTeNn
HaJIeKHOCTH PE3UCTOPOB HA OCHOBE CTATUCTUYECKHX JIaH-
HBIX 00 N3MEHEHHH JIEKTPUYECKUX TTAPAMETPOB H3JICIUH,
KOJIMYECTBE OTKA30B, MOTYUYEHHBIX B XO/1€ UCIIBITAHUH.

Jlnist OLIEHKH COOTBETCTBHUSI PE3UCTOPOB TPEOOBAHMSIM
HaJIeKHOCTH pa3paboTaHa METOAMKA OLCHKH raMMa-
MIPOLICHTHON HapaOOTKH JI0 0TKa3a, MHTCHCHUBHOCTH OTKA30B
U TaMMa-IIPOLIEHTHOTO CPOKa COXpaHseMOoCTH. MeToauka
pacuera rokasaresei HaJIe:KHOCTH OCHOBaHa Ha OIpeielie-
HUUY TOYEUHBIX U UHTEPBAJIbHBIX OIIEHOK IPOrHO3UPYEMBIX
MHOKECTB 3HAUEHUH IEKTPUUECKUX TAPAMETPOB PE3UCTO-

POB U JajbHeHIee BbIYUCIEHUE 3HAYeHUH 7, Vs ruT oy 1O
pe3yabraraM KpaTKOBPEMEHHBIX UCTIBITAHUNA PE3UCTOPOB.

OI1IeHKE TTOIBEPracTCsl BRIOOPKA PE3UCTOPOB B KOJIMYE-
CTBE 71, IPOIIIEAIIAsI KPATKOBPEMEHHBIC UCTIBITAHUS Ha 0€3-
OTKa3HOCTh B TEUEHHE BpeMeHH ¢. B npouiecce ucnbiTanuii y
KaXKJ0r0 pe3ucTopa U3MepsieTcsi 3HaYCHHUE €ro NapaMeTpOB-
KpPUTEPHEB roAHOCTH (X;). [lapameTpoM-KpuTepreM rofHo-
CTH PE3HUCTOPA BHIOPAHO 3HAYCHUE aOCOTIOTHOHN BETMINHBI
COMPOTUBIIECHNUS R WK 3HAYEHUE BETMYUHBI OTHOCUTEIBHO-
rO OTKJIOHEHHMSI €0 CONPOTUBIICHHUSL:

8 — R (t)_ RO
RO

e Ry u R(t) — cOOTBETCTBEHHO 3HAYCHHS COMTPOTHBIIC-
HUSI PE3UCTOPOB B HAYaJIbHbBII MOMEHT BPEMEHU U B MOMEHT
BPEMCHH .

ITo nosny4eHHbIM B pe3yabTare UCIbITAHUHM JAHHBIM BbI-
TOJIHSIETCS pacyeT 3HAUEHUH CTaTUCTUYECKUX MTOKa3aTeei,
OT KOTOPBIX 3aBUCUT IPAHULIA IPOTHO3ZUPYEMBIX MHOKECTB
¥ 3HAUYCHUS ITOKa3aTelIel HaJe)KHOCTH. B KauecTBe Takmx
MoKa3aTelsiel UCII0Ib3YI0TCA CIEeYIOIINE CyYailHbIe BEIH-
YUHBI, UCTIOJIb3yEMbIE B TEOPUU HAACKHOCTH [4]:

1) MaTeMaTHYeCKOe OXKUTAHHE:

1 n
m=—3 X,
=

rne i = 1..n — HoMepa UCTIIBITYEMBIX PE3UCTOPOB,

J = 1.l — MOMCHTHI KOHTPOJISl 3HAUCHUI ITapamMeTpOB-
KPUTEPHUEB FOJHOCTH.

2) cpemHEKBaApaTHYCCKOE OTKIOHCHHE CIyYalHOU
BEJIMUMHBIL:

>

3) K03(hPUIMEHT KOPPEITALIUH:

; (Xij -m; )(Xij'+s _mj+s)

Vi =
JsJts ’
ne 6,

rne s =0..1-.

HaxoxneHnne HHTEpBaNbHBIX OLEHOK MaTeMaTu4ecKoro
OXKHUJIaHUSl, CPEAHEKBAIPATHUECKOrO OTKIIOHEHUS MTPOBO-
JUTCSI B PaMKax IayCCOBCKOM MOJENH, KOrAa IIOTHOCTb
pacnpeiesieHus Ciy4aiiHON BeTUYMHBI Xj; MOKET ObITh
OIKCaHa B BUJIE HOPMAJIBHOTO 3aKOHA pacrnpeneneHus [5].
I'panunpl OTKIOHEHHS BETUYHHBL Xjj, U, CICIOBATEIBHO,
BEPOSITHOCTh 0€30TKa3HOW pabOThl PE3UCTOPOB 3aBHUCST
OT KO3 PUIIMEHTA PErPECCUH U YCIOBHOTO CPEJHEKBAIpa-
THYECKOTO OTKJIOHeHMA. s KoadduuneHTa perpeccun
OMpEeEIIAETCs FaMMa-IIPOLIEHTHAS JOBEPUTENBbHAS OLIEHKA.
Jlanee paccuuThIBacTCs BEPOITHOCTH O€30TKa3HOH pabOThI
PE3UCTOPOB HAa OCHOBE BHIYMCIECHHBIX HHTEPBAIBHBIX OLle-
HOK MaTe€MaTU4eCKOro OXKHAHUSI U CPETHEKBAIPATHYECKOTO
OTKIJIOHCHHUSI CITYyYaHON BENUIUHBI Xj;

Taknm 00pazoM, METOMKA OIICHKH raMMa-MPOIEHTHON
HapabOTKH PE3MCTOPOB 3AKIIIOYACTCS B BHITIOJIHEHUH Clie-
JYIOIIMX JAEHCTBUMNA:

83
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1. IlpoBeneHue KpaTKOBPEMEHHBIX UCTIBITAHUH pe3UCTO-
POB B 33JJaHHBIX YCIOBUSX U PEKUMAX.

2. Pacuer 3HaueHHH MaTeMaTHYE€CKOTO OXXHOAHHS,
CpEIHEKBAIPAaTUYECKOr0 OTKJIOHEHUSI CITy4YalHOW BEIUYU-
HBI U K03 (PHUIIMEHTA KOPPEIAIUT Ha OCHOBE U3MEPEHHBIX
3HAYEHUI NapaMeTpoOB-KPUTEPUEB TOJHOCTH PE3UCTOPOB
JUTSL K&KJIOTO BPEMEHHOTO CEUEHHUSI.

3. Brraucnenne xoa¢pdunuenra perpeccuu [6]:

s,

JaJts; rj,j+:, Gj ’
raej=1..[-1,s;=1.14.
4. 'amma-TIpOIIeHTHAsI TOBEPUTEIbHAS OLICHKA KO hH-
LUEHTA PErPECCHH.
4.1. OnpeneneHre BPEMEHHbIX CEUEHUN Lo L (mamee
T\ u T5), yIOBJIETBOPSIONINX YCIOBHIO:

<1

AR

L=min(T-1, ), (1)

J+s
T, = m:lx (tj+s1 _tj)

rie T NpUHUMAETCS PaBHBIM 3Ha4YeHHIO T;

4.2. Haxoxnenue BepxHeit (b) n HikHEil (b) rpaHULbI
CpPE/IHEKBaJPATHIECKOr0 OTKIOHEHHS G JIBYMEPHOTO pac-
TIPE/ICNICHHS TTapaMeTpa KPUTEpHsl TOMHOCTH Ul BPEMEH-
HBIX CEUCHHUH 7, 1.1 (nanee £y u fp) [7]:

V-7 o,
=0 72 o,

| 2
b=b,— U,,,z(y)ﬁc—za
\Jn—2 o,
by =rn, 2’
1

e G|, G, — 3HAYCHUS CPEIHEKBAPATHIECKOTO OTKIIO-
HEHHUSI KOHTPOJIMPYEMOTO TTapaMeTpa-KpuTepHsi TOJHOCTH
pe3nCTOpa BO BPEMEHHBIX CEUCHUSX ¢ U 15}

12 — K03 hUIMEeHT napHoil KOppesIuy MEeX Ty 3Hade-
HUSIMH KOHTPOJIMPYEMOTo mapaMeTpa B | U 2 BpeMEHHBIX
CCUCHUSIX.

Uy 2(y) — TaMMa-TIPOIIEHTHBIH KBAHTHIIb PACIPEIETEHHS
CThl07IeHTa C 1-2 CTENEHAMHU CBOOOIBI;

4.3. Onpenenenne BepxHeil (a) n HIKHEH (g ) rpaHHIIbI
MaTeMaTH4IeCKOTr0 OXKHUAAHNS /1 ABYMEPHOTO pacIipe/ieIeHHs
napameTpa KpUTepHs TOAHOCTH JUTsl HaliICHHBIX BPEMEHHBIX
CeueHu 1y u t, [7]:

Z:%+U

- o
a=m, —bm +U, TO,
n

S

\/;7

a=m,—bm, —UY
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Jr-r2)

G, = —F—=——"0,,
N

e my, m,, — 3HAYCHUS MATEMaTHYECKOTO OXKHJIaHUS
OTKJIOHEHHSI KOHTPOJIMPYEMOTO MapamMeTpa-KpUTepus roji-
HOCTH PE3UCTOPa BO BPEMEHHBIX CEUEHUSIX ¢ U Iy}
U, — raMMa-TipOLICHTHBIH KBAHTUJIb HOPMAJIbHOTO pac-
MpeneseHus;

Zpn_2(y) — TAMMAa-TIPOLICHTHBINH KBAHTHIIb PACTIPEACTICHHSA
%2 ¢ n-2 CTENEHsAMHU CBOOOIBI;

4.4. BeryncieHne BEpXHEH U HUKHEH TPaHUIBI OLICHKA
MaTeMaTHICCKOTO OKHUIAHUS Mir, M, IUIS BPEMEHHOTO Ce-
YeHus cooTBeTCTBYOMIErO 77 [7]:

— 1 & —i

mr =—p W

3HavyeHHsl BEPXHEN |1, ¥ HUKHEN E; TPAHULIBL JOBEPU-
TEJIbHOIO MHTEPBAJla COOTBETCTBEHHO BBIUUCIISIIOTCS MO
cietyronmM gopmynam [7]:

w, =a-(1+b+.. 407" ) +b'X,;

w =g-( 14+b+.b ) +b'X

T
-t

rae kodddunueHT k = +1 — sBHsIeTCS LENbIM
YHUCJIOM. 2

5. O1eHKa COOTBETCTBUS PE3UCTOPOB TPEOOBAHHSIM I10
HAJICKHOCTH.

5.1. BerunciieHue BeTUYUHBI BEPOSITHOCTH OE30TKa3HO-
cTU paboThl Ha BpeMs. pasHoe T, o Gpopmyre [8]:

P(t) = Pr(T) Pp(T),

rie P(T) — BepoATHOCTH O€30TKa3HOH PadOTHI PE3UCTO-
POB B OTHOILIEHUU MOCTENEHHBIX OTKA30B;

Pg(T)—BepoATHOCTH TOTO, YTO B BEIOOPKE HE BOSHUKHET
BHE3AITHOTO OTKAa3a, P YCIIOBHUH, YTO BO BPEMsI HCIIBITAHU I
KX HE ObLIO0;

5.2. OmpenienieHne BepoSITHOCTH O€30TKa3HON pabOoTHI 10
MOCTENEHHBIM U BHE3AITHBIM OTKa3aMm [8]:

1

B ()=0 2 | -0 22|

T T

P, (T)Z e—Xg-n(T—z,,)’

T, = \/002 -(1+52 + ...+_2(k_')),

e Az — BEpXHss JOBEPHTEIbHAS TPAHHIA HHTEHCHB-
HOCTH OTKAa30B 10 BHE3AITHbIM OTKa3aM,

® — ¢ynkus Xesucaiina.

Ecnu anpuopras uH(pOpMaIys 1Mo BHE3aHBIM OTKa3aM
M3/1eIUil-aHalIOr0B MPU UX HKCIUTyaTallud OTCYTCTBYET,
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n paeka Bwa

Hero. [Iporpamma peanuzyet
BBIBOJ MH(OPMAIINU Ha Tie-

DEE| $BE& w2

YaTh, OCYIIECTBISACT (PyHKIHIO

250 | 500

1 0,00136 0,00142

2 0,00095 0,0012

5 0,00089 0,00076

4 0,00135 0,00149

E 0,00059 0,00083

6 0,00115 0,00116

7 0,00043 0,00067

8 0,00106 0,00163

9 0,00275 0,00231

10 0,00047 0,001

i 0,00112 0,00153

12 0,00034 0,00068

13 0,00066 0,0011

14 0,00106
——| PacueT Ha Ge30THA3HOCTh

15 0,00144

16 0,00094 \ Pp = 1.00000000
=1 pr— ! Py = 0,99242851

1000 nmpueMa-riepenadn u3 oydepa
;’E'IJ;U“; o0MeHa TanHbIX. BusyansHoe
0,00003 0TOOpaKeHHe NPOrpaMMBbl C
0,00064 JAHHBIMU UCIIBITAaHUH pe3u-
0,00079 ctopoB P2-67 u pesynbraramu
0,00031
0,00075 pacyeToB MPEACTABICHO Ha
0,00051 puc. 1.

0,00256 Takum 06pa3om, TI0 pe3yITh-

0,00084
= TaraMm IMPOBEACHHBIX WCIIBI-

TaHU pe3ucTopoB P2-67 Ha
KpaTKOBPEMEHHYIO Oe30TKa3-
HocTh B Teuenne 2000 gacos,
OTKa30B HE 3a(pUKCHPOBAHO,
NMEKTPUUYECKUE MapaMeTphl

-
MapameTpbl
MocTeneHHele oTkaskl

Ha nocTenerHele oTke
[ BenuuuHa napame

Jonyck Ha napameTp

Puc. 1. Busyansroe oTobpakeHue nporpaMmmsl « Trend» juist OLCHKH BEIMYHHBL BEPOSITHO-  yaxonarcs B mpejenax ycra-

cTH 6E30TKa3HOCTH PabOTHI P Pe3UCTOPOB € pe3yiIbTaTaMH PacyeToB

BENIMYMHA A » IPUHAMAETCS PABHOM CPETHETPYIIIOBON M3
CIPaBOYHHKA 110 HA/IEKHOCTH.

5.3. lIposepka ycmosus P(t) > P(T),, tne P(T),< 0,975.
Ecnu ycnoBue BBIIOJTHAETCS, TO PE3UCTOPBI COOTBETCTBY-
10T TpeOOBAaHUSAM IO TaMMa-IPOIEHTHOW HapabOTKe 10
0TKa3a.

Hcronp3ys MpeIIoKeHHYI0 METOAUKY BBIUYHACICHUS
ToKazareneil Ha/le)kKHOCTH, OB MIPOBEICH pacdyeT raMMma-
TPOIEHTHON HapaboTKK 1o oTKasa (7,) pe3ucTopoB THMA
P2-67 npu nx UCHONb30BAHUM B YCIOBHUSAX MOBBILIEHHON
TEMITEPaTypHlI.

B cooTtBeTcTBHY € TPEOOBAHNAMH TEXHUUECKHUX YCIOBHN
0XK0.467.563TY ramma-niporieHTHas HapabOTKa 10 OTKa3a
pesuctopoB P2-67 npu anexrpudeckoit Harpyske P =0,5P,,,
(oOJeT9eHHBIA peXUM) U TeMIlepatype oT MuHyc 60 mo
40 °C pasna 40000 gacoB. B pamkax maHHO paOOTHI Tpe-
60BaIOCh OLIEHNTH BO3MOXKHOCTD IPUMEHEHHUS PE3UCTOPOB
B cocTaBe MH(OPMAINOHHO-U3MEPUTEIBLHON CHCTEMBI C
JNEKTPUUYECKON HAarpy3KOH, COOTBETCTBYIOIICH 0OerdeH-
HOMY pexuMy. OTHaKo TeMIeparypa OKpysKarome cpesibl
B ITPOIIECCE IKCIUTYaTAINH MOTYIa I3MEHSTHCS B IMATIa30HE
oT MuHYC 55 10 55°C, mpu ’TOM MUHUMaJIbHAs HapaOoTKa
noipkHa Obita ObITh He MeHee 40000 yacos.

Jnist penieHnst MOCTAaBICHHON 3a/1adil TPOBECHBI HC-
MIBITAHNS] Ha KPAaTKOBPEMEHHYIO 0€30TKa3HOCTh B TEUCHHE
2000 yacoB npu TEMIIEpAType OKPYKAIOIIEH Cpeabl MUHYC
55 °C n HanmpsKEHUH MMOCTOSIHHOTO TOKa, COOTBETCTBYIONIEE
0,5Pon-

Jnst 06paboTKN pe3ynbTaToB UCHBITAHUNA C MOMOIIBIO
BBIIIICONMCAHHOTO METO/1A, TIPH HCTIOJIb30BAHUN 00BEKTHO-
OpPHEHTHPOBAHHOTO si3blka C++ pazpaboTana mporpamMma
«Trend», koTOpas peanusyeT MPEITIOKEHHYIO METOIMKY.

[porpamma «Trend» oGecrieunBaeT BBOI U 00pabOTKY
JTAaHHBIX B BUJIC HACTPAUBAEMOHN SIIEKTPOHHON TAaOIHIBI 1
TIaHeNel mapaMeTpoB pacueTa. BBeeHHbIC TaHHBIE MOTYT
OBITH COXpaHEHBI B (paiijl, a BIOCIEACTBUN CUNTAHBI U3

HOBIIEHHOTO momycka. C mo-
MOIIBIO JTAHHOW METOIUKHU
BBIUMCIICHO 3HAYCHHE BEPOSITHOCTH 0€30TKA3HOW pabOTHI
pesucropoB P(f) = 0,9924. Ycnosue P = P(f) > P(T),, tae
P(T),< 0,975 BBITIOTHEHO, CIIEIOBATEIHHO, PE3UCTOPHI P2-
67 MOTYT OBITh IPUMEHEHBI 3aKa34MKOM B armapaTrype ¢
AIIEKTPUYECKO HATPYy3KOH, COOTBETCTBYIOIIEH 0OIerdeH-
HOMY PEXUMY NP U3MEHEHUH TEMIIEPATyPhI OKPY’KaroIeH
Cpelibl B IPOLIECCe IKCILTyaTalluy B 1Mana3oHe OT MUHYC 55
1o 55°C, mpu 3ToM MUHHMMAaIbHas HapabOTKa COCTaBIICT
He meree 40000 gacos.

PazpaboTanHast METOHKA MTO3BOJISIET MIPOBOIUTE OLICH-
Ky TaMMa-TIpOLIEHTHOH HapaOOTKM PEe3WCTOPOB Ha dTare
WX pa3pabOTKH C IETBI0 TTONTBEPKICHUS TPeOOBaHUH 110
Ha/Ie)KHOCTH.

Jiutepartypa

1. AmkoB A.C. MeTopl MOBBIIICHNS BPEMEHHBIX T10-
kazareneil HanexxHoctu UDT // TlerepOyprekuii xypHa
aneKTpoHUKH. — 2009. — Nel. —c. 76 — 78.

2. TOCT 2.124-85 Ennnas cucteMa KOHCTPYKTOPCKON
nokymMeHTanuu. [lopsaok TpUMEHEHHs MOKYIIHBIX H3-
eI,

3. OCT 11 070.050-84 KonmeHcaTopbl U PE3UCTOPHI.
MeTozap! yCKOPEHHOM OLIEHKU COXPaHsEMOCTH.

4. OcrpeiikoBckmii B.A. Teopust HaAeKHOCTH. Y YCOHUK
JuTg By30B — M.: Bercm. mik., 2003. — 463 c.

5. Twpun FO.H., MakapoB A.A. AHaju3 JaHHBIX Ha
kommbioTepe. M3, 3-e, mepepad. u gom./Ilox pex. B. D.
®uryprosa — M.: UHOPA-M, 2002. — 528 c., ui1.

6. I'mypman B.E. Teopus BeposSTHOCTEH M MaTeMaTH-
yeckasi CTaTUCTHKA: Yued. mocobue /uisi By30B — 9-¢ u3.,
ctep. — M.: Beicmr. mik., 2003. — 479 c., u.

7. Kpamep I. Maremarnueckrue METOJbl CTATUCTUKH —
M.: Mup, 1975. — 648 c.

8. 'menenko b.B. Maremarndyeckrue METObI B TEOPUU
HajexHocTH. — M.: Hayka, 1965. — 524 c.

85



Structural reliability. The theory and practice

Ishkov A.S., Zuev V.D.

EVALUATION METHODOLOGY OF C-PERCENTILE TIME TO
FAILURE OF ELECTRONIC COMPONENTS IN INFORMATION-
MEASURING SYSTEMS BY SHORT-TERM TEST RESULTS

Elementwise evaluation of dependability measures is carried out during designing information — measuring
systems. Climatic conditions essentially affect operability of resistors. The paper offers evaluation
methodology of resistors’ dependability measures, which is used at change of their operation conditions.
Based on results of short-term reliability tests in the specified conditions, dependability measures of
resistors are calculated by prediction of electric parameters values of resistors during their life.

Keywords: short-term tests, temperature, prediction, resistor, probability.
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Designing and manufacture of radio-electronic components having high dependability
measures is one of the major problems at development of the information — measuring sys-
tems working in various service environments. Such systems are complex technical objects
consisting of assemblies, units containing many radio-electronic components. At a design
stage of information — measuring system in the certain cases elementwise evaluation of its
component dependability measures can be carried out with the purpose of the whole system
dependability calculation.

Resistors are widely used as element base of various information — measuring systems
that can be applied in conditions of moderate, cold and tropical climates. Climatic conditions
can affect parameters of resistors essentially. For example, the increased temperature leads
to degradation of materials of which the resistor is made. Deviations in properties of materi-
als cause change of resistors’ parameters and lead to increase in probability of defects and
failures occurrences.

The developer of resistors determines operating temperature range in corresponding speci-
fications. A number of dependability measures are specified for operating temperature range.
In practice, it is accepted to estimate dependability of radio-electronic components according
to the following measures: c-percentile time to failure (7,,), failure rate (1) and c-percentile
storageability time (7). For one type of a resistor several values of dependability measures
can be established depending on operating temperature and operation conditions, for exam-
ple, the nominal conditions — at rated power of dispersion Py, , the facilitated conditions — at
capacity of dispersion equal to 0,5P,,,,,.

In selection of a resistor type the developers of information — measuring systems in the
greater degree are guided by values of resistors’ characteristics established in specifica-
tions. In certain cases, restrictive lists with the established nomenclature of the products of
electronic equipment allowed to application also are taken into account. Various features
and requirements to characteristics of developed information — measuring system frequently
lead to necessity of an issue consideration about an opportunity of electronic equipment
application under operating conditions, distinguished from established in the as-built manu-
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facturing documentation [1]. According to study [2], if it
is necessary to apply products in modes and conditions
expanding area of their application, not connected to
deterioration of the product basic technical parameters, it
is possible to do so only under the report sanction of the
enterprise — manufacturer of a product or the organization,
to which the duty on delivery of such a sanction report for
application is assigned.

Functions to approve of sanction reports to application
of electronic equipment products in modes and conditions,
which have been not stipulated in specifications, are as-
signed to a number of enterprises under the listed products
assigned to them.

If by results of researches the opportunity of resistors’
application under operating conditions, required by the de-
veloper of information — measuring system is established,
but not stipulated in specifications for evaluation of resistors’
dependability measures it is required to carry out their reli-
ability or storageability tests in demanded modes or condi-
tions, or to use test results of similar products. According
to the normative documentation requirements, reliability
tests include tests for short-term and long-term reliability.
To take advantage of the information about dependability
measures of similar products is not always possible, for
example, because of brought changes in design or in the list
of product materials. Material and time expenditures, great
volume of reliability tests lead to necessity of application of
a probabilistic-physical method for dependability measures’
evaluation based on results of short-term tests. The method
is based on statistical prediction of dependability measures
according to time dependence [3]. According to this method
short-term reliability tests are performed first in modes and
conditions required by the customer. Then dependability
measures of resistors are calculated based on statistical
data on electric parameters’ change of products, number of
failures occurred during tests.

For an evaluation of conformity of resistors to dependabil-
ity requirements the evaluation methodology of c-percentile
time to failure of electronic components, failure rate and
c-percentile storageability time has been developed. The
design procedure of dependability measures is based on
definition of point and interval assessments of predicted
sets of resistors’ electric parameters values and the further
calculation of values T, , A and T, using results of short-
term tests of resistors.

Sample of resistors in quantity », which has past short-
term reliability tests during time ¢ is exposed to an evalua-
tion. During tests, the value of suitability criteria (Xj;) of each
resistor is measured. The absolute value of resistance R or
the value of a relative deviation of its resistance is selected
as suitability criterion:

6 — R (t)_ RO ,
RO

where R, and R(t) are values of resistances during the
initial moment of time and at the moment of time ¢ respec-
tively.

According to the data received as a result of tests, the
calculation of statistic values is carried out. The bound-
ary of predicted sets and dependability measures depend
on these statistic values. The following random variables
used in the theory of dependability [4] as such measures
are used:

1) Expectation:

m./' = l Xi/'y
1 ey
where i = /.. n are numbers of tested resistors,

j = l... [ are the moments of suitability criterion values’
control.

2) Mean square deviation of a random variable:

3) Correlation factor:

n
Z(Xij —m; N _mj+s)
p _ =l

bits T ’
ne 6,

where s =0... 1.

The interval evaluations of expectation of mean square
deviation is found in the framework of Gaussian model
when the density of random variable Xj; distribution can be
described as the normal law of distribution [5]. Boundaries
of value Xj; deviation and therefore probability of no-failure
operation of resistors depend on regression coefficient
and conditional mean square deviation. Then c-percentile
confidence estimate is defined for regression coefficient.
The probability of non-failure operation of resistors further
is calculated based on the determined interval estimates
of expectation and mean square deviation of a random
variable Xj;

Thus, the evaluation methodology of c-percentile time to
failure of resistors consists in performance of the following
operations:

1. Short-term tests of resistors under specified conditions
and modes

2. Calculation of expectation values, mean square devia-
tions of a random variable and correlation factor based on
the measured values of suitability criteria of resistors for
each time section.

3. Calculation of regression coefficient [6]:

b =r O
jovs L, 5, )

where j=1... [-1,5;,= 1.. [];

4. C-percentile confidence estimate c-percentile confi-
dence estimate.

4.1. Definition of time sections #, ¢ (hereinafter re-
ferred to as 7; and T5), satisfying the following condition:
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b

Jodts T
T, = min T-1,.). )

T, = ms?x (tj+s1 _tj)

where T'is accepted as equal to the value T,

4.2. Estimation of upper (b) and lower (b) boundary of
mean square deviation ¢ for two-dimensional distribution
of suitability criterion parameter for time sections #, .
(hereinafter referred to as #; and ¢,) [7]:

V=15 o,
”*2(‘/) /n_z 01,

\]1_ }’é o,
b=b, _U”fz(y)ﬁc_l’

Z:%+U

c

_ 2
by =r,—

1

where 6, 6, are mean square deviation values of con-
trollable suitability criterion parameter of a resistor in time
sections ¢; and 2,;

r1, — the pair correlation coefficient between values of
controllable parameter in 1 and 2 time sections;

Uy 2y — C-percentile Student’s inverse distribution with
n-2 degrees of freedom; _

4.3. Definition of upper (a) and lower (a) boundary
of expectation m for two-dimensional distribution of suit-
ability criterion parameter for determined time sections
and 1, [7]:

- So_

a=m,—bm +U, N
n

- o
a=m,—bm -U -4

- 1 Y \/;7

1ln(l—ré)

6, =—F——¢0

'—Zn,z(y) 2

where m;, m,, are values of expectation for controllable
suitability criterion parameter of a resistor in time sections
t; and ty;

U, — C-percentile inverse normal distribution;

Zy oy — C-percentile inverse distribution y? 2 with -2
degrees of freedom;

4.4. Calculation of upper and lower boundary of expec-
tation assessment mr, m,, for time section corresponding
to 7, [7]:

— 1 & —i
mr —;;MT,
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Values of upper H; and lower E’T boundary of confiden-
tial interval are calculated accordingly under the following
formulas [7]:

w, =a-(1+b+.. 407" ) +b'X,;

w =g-( 14+b+.b ) +b'X

where the factor k£ = [ :|+1 is an integer.

L=t

5. Evaluation of resistors’ compliance to dependability
requirements.

5.1. Calculation of probability of non-failure operation
during time equal to 7,, under the formula [8]:

P(t) = Po(T)P5(T),

where P(T) is the probability of non-failure operation
of resistors concerning gradual failures;

Pp(T) is the probability of that no sudden failure will
occur in sample under condition that during tests there was
not any sudden failure;

5.2. Definition of probability of non-failure operation on
gradual and sudden failures [8]:

w5l 5

PB (T)Z e—Xs-n(T—z,,)’

T, = \/002 -(1+52 + ...+52(k_')),

where Az is the upper confidence boundary of failure rate
on sudden failures,

® — Heaviside function.

If a priori information on sudden failures of products
— analogues at their operation is absent, the value Az is
accepted as equal to an average-group from dependability
handbook.

5.3. Checkup of condition P(#) > P(T),, where P(T),<0,975.
If the condition is satisfied, resistors correspond to require-
ments of c-percentile time to failure.

Using the offered evaluation methodology of dependabil-
ity measures the calculation of c-percentile time to failure
(T,) of resistors such as P2-67 has been performed at their
use under conditions of increased temperature.

According to requirements of specifications
0Zh0.467.563TU the c-percentile time to failure of re-
sistors R2-67 at electric loading P = 0,5P,,,, (light duty)
and temperature from minus 60 °C up to 40 °C is equal to
40000 hours.
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Fig. 1. Visual display of the program “Trend” for evaluation of reliability probability P of resistors with results of calculations

Within the framework of the given study, it was required
to estimate the possibility of resistors application in structure
of information — measuring system with the electric load-
ing corresponding to the light duty. However, the ambient
temperature while in service could change in a range from
minus 55 °C up to 55°C, and at the same time, the minimal
time to failure should be not less than 40000 hours.

For the solution of the stated task, tests for short-term
reliability were performed within 2000 hours at ambient
temperature equal to minus 55 °C and DC voltage, corre-
sponding to 0,5P,,,,,.

For processing results of tests with the help of the above-
described method, the program “Trend” which realizes the
offered methodology has been developed using object-
oriented language C++.

The program “Trend” provides input and data processing
in the form of adjusted spreadsheet and panels for calcula-
tion of parameters. The entered data can be kept in a file,
and subsequently are read out from it. The program realizes
information type-out, executes function of data reception —
transfer from clipboard. Visual display of the program with
test data of resistors R2-67 and results of calculations is
shown on figure 1.

Thus, by results of tests for short-term reliability prob-
ability of resistors R2-67 within 2000 hours, no failures
have been fixed, and electric parameters have been within
the limits of the established tolerance. With the help of the
given technique the reliabilities probability of P(z) = 0,
9924 is calculated. The condition P =P (¢) > P (T), where
P(T), < 0,975 has been met, hence, resistors R2-67 can

applied by the customer in the equipment with the electric
loading corresponding to the light duty at change of ambient
temperature while in service in a range from a minus 55°C
up to 55°C. At the same time, the minimal time to failure
makes up not less than 40000 hours.

The developed methodology allows performing evalua-
tion of c-percentile time to failure of resistors at their devel-
opment stage with the purpose of dependability requirements
confirmation.
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¢’yHKLW|OHaJ1bHaﬂ HaaeXHoCTb. Teopus U NnpakTuka

MnorHukos H.U.

OCHOBAHUA TEOPUU HAOEXHOCTU HEJTOBEKA-
OMNEPATOPA (IMMUJ1I0TA)

MpeacrasnieHbl OCHOBaHWUS TEOPUM HAAEXHOCTH YesioBeka-orneparopa (nviora). OCHOBHOE CBOWCTBO Aes-
TeJIbHOCTY Yes10BeKa Ha3bIBAET KATeropus HasHauyeHus. HasHa4yeHnss MOXHO OLIeHVBAaTb B CTPYKTYPUPOBAaH-
HOM POAOBUAOBOM ACJIEHUN MOHATUN HAAEXHOCTU. [TokaszaHo, 4TO YHUBEPCA bHbIi OCHOBAHUEM [eJIeHs
ob6bema roHATUS HafEeXHOCTU 4e/10BeKa SBJISETCS LLUKA/Ia BPEMEHU.

KniouyeBbie cnoBa: orieparop, nuioT, Ha3Ha4YeHve, MHAMBUAYya/lbHasi HaAeXHOCTb, MPogeccroHaibHas
HaAeXHOCTb, orepaLnoHHas HaaeXHOCTb.
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1. BBegeHue

W3y4yeHne MUpPOBOTO OIbITA BO3/IYLIHOTO TPAHCIIOPTa JaeT 000CHOBAaHHE KPUTHUYECKOM
Ba)KHOCTH CBOMCTB nuiioTa. OnHcaHue CBOMCTB CYIIECTBYET B MOHATHUAX NICUXOJIOTHYECKUX,
TEXHUUYECKUX, MEIUIIMHCKNX, COLMAIBHBIX TPeOOBaHNH NPO(ecCHOHANIBHONW TOHOCTH B
pa3zesbHOM M3JIOKeHHU 1 npuMenennu [1, 2, 3]. B HacTosiiee Bpemst OTCYyTCTBYET 00IIast
METOJI0JIOT sl HAOIIOACHUST (PU3NYECKUX M He(PU3NYECKHX BEJIIMYMH CBOWCTB YEJIOBEKa M
nuniora. Gusnyueckue BEMMUUHBI SBISIOTCS H3MepsieMbIMH. Hedusnueckre BeTMYMHBI SIBIIS-
I0TCSl OIleHHBaeMbIMU. X B3aUMOCBA3aHHOE TEOPETUUECKOE M HOPMATHUBHOE OMMCAHUE HE
peanu3oBaHo.

B Hacrosieii pabote npezcTaBiIeHbl OCHOBaHUS TEOPHUH HaIC)KHOCTH YeJI0BEKa-oreparopa
(rmnota) [4, 5]. OCHOBHOE CBOWCTBO JICATCILHOCTH YCIIOBEKA HA3bIBACT KATCrOPHUs Ha3HaUC-
Husl. HasHaueHust MOXKHO OLIEHUBATh B CTPYKTYPUPOBAHHOM POAOBUI0BOM JEICHUN MOHATUS
Hasie)kHOCTH. [ToKa3aHo, 4To yHHBEpCAIbHBIM OCHOBAaHHEM JIEJICHUS 00beMa ITOHSITHS HaJexkK-
HOCTH 4eJIOBEKA SIBJISIETCS 1IKaJla BPEMEHH.

2. CopepxaHue npoonembl

[Ipobnema mopokaaeTcst HEYSTKOM MPUPOIOH CBOMCTB YeIOBEKa, Yepe3 KOTOPhIC HaOIO-
JaeTCs JACSATEIBHOCTD: JTUYHOCTh, 3I0POBbE, BO3PACT, 00pa30BaHUC, KBATU(HUKALNS, OIBIT,
paboTrocriocoOHOCTh, pabodasi Harpy3Ka, yTOMJICHUE, OTIBIX, TEXHOTCHHbBIC BO3ICUCTBUS U
Jpyrue cBoicTBa. JJaHHbIe CBOMCTBA U3YYAIOTCs B Pa3IMUHbIX HAyKaX, UMEIOT KOJIHMYECTBEH-
HYIO U KQY€CTBEHHYIO, (PU3HUYCCKYI0 U HE(YUINICCKYIO PUPOJLY, YTO COCTABISCT Pa3IHYHbIC
BO3MOXKHOCTH IS (POpMAaIT3aIH, AaBTOMATH3MPOBAHHOTO YUY€Ta U YIIPABICHYCCKUX PEIICHHIA.
J1o HacTOSIIEro BpEMEHHU OCTAOTCS HEOTIPEICIICHHBIMU IPEIMETHBIC 3HAHUS, KOTOPhIC HE00-
XOMMBI JUIsl CTaHIaPTU3ALMK U YIIPaBJICHUsI JIETHOH AesTebHOCThI0. HampumMep, mo MHOTrO-
YUCJICHHBIM MCCIIEI0BAaHUSIM U3BECTHO, YTO COBOKYITHBIE PECYPCHI TMIIOTOB IO pe3yjibraTaM
oTO0opa B Mpo(heCCHIo U B MOCIEIYOIICH MPOPeCCHOHATFHON IETEIFHOCTH Pa3InIar0OTCs B
3-5 pas. B HacTosiiee BpeMsi OTCYTCTBYIOT TEOPHS U METOJIBI, KOTOPBIC MOTIIU OBl YYUTHIBATh
JIaHHBIE PA3IMYUs B €IMHBIX CTaHAApTax JJis BCEX MUIIOTOB [6, 7].
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3. MocTaHoBKa 3apauun

MeTonom0rH4eCcKUM pEeIIeHHEM UCCIEI0BAHMUS B HACTOSI-
11eit pabote ABIAeTCs pa3paboTKa v MPUMEHEHHE PECypCHON
Metononoru (PM) kak COBOKYMHOCTH 3MIUPUYECKON U
IBPUCTHYECKOH KCTIEpTU3bI (HOPM OPraHU30BAHHOM CIIOXK-
HOCTH Ka4€CTBEHHBIMU METOZaMH MSTKHX Beraucienuii (MB)
[8]. Ob6nacTe 3HAHMI O COBOKYNHOCTH OpPraHM30BaHHOM
JIeSITENIbHOCTH, 00beANHIEMBIX Ha PECYPCHON OCHOBE, TOHU-
MaeTcs Kak HOBast JUCLIMIUIMHA — pecypconorus. PecypceHsiit
KOMIUIEKC OHUMAETCs KaK TpaHC(HOPMHUPYEMbIe HCTOUHUKH
SHEPrHH, MHPOPMALIMH 1 BEIIECTBA, BOBJICUECHHBIE B IIEJIECO0-
OpazHyto nesTebHOCTh. OOBIKHOBEHHO MOJ] PECYPCOM MTOHH-
MaeTcs TO, UTO MOTPeOIsieTesl M UCcTob3yeTcs. B pecypcHoit
METOJIOJIOTHH JIFOOBIE TIOHSITUSI CYUTAIOTCS PECYPCaMU: TaKKe
UCIIONB3YyEMbIMH, HO TJIABHBIM 00pa3oM — CO3[aBacMbIMH.
DneMeHTapHO, YeJOBEK, YUTAIOUINH KHUTY, HCIIOJIb3YyeT:
KHUTY, CBOIO DHEPTHIO M CO3/1aeT 3HAHUS. DTO — MPOCTEHIINI
pecypcnsiii kommieke (PK), rae Ha Bxone — ucmnonszyemble
pecypenl (IP), a Ha BbIXOZE — co3naBaemblii pecypc (CP)
3HaHMI UK pecypc Ha3HaueHus (PH).

Ha ocHoBe 000CHOBAaHHOTO ONKMCAHHS CTPYKTYPBI U CO-
JIepKaHUA NesITeIbHOCTH NMUIOTA MPeIaraeTcsi alropUTM

ABTOMATH3UPOBAHHOTO YNPAaBIECHUS PECypCaMM MHIIOTA.
[IpakTHyeckoe 3HaUE€HHE COCTOUT B TOM, UYTO MEXKAY pas-
HBIMH 0a3aMU JJaHHBIX aBUAKOMITAHWHY YCTaHOBJICHBI HOBBIE
CBSI3U, ONITUMM3HPYIOIIHE MOATOTOBKY M MPUHSITHE pelle-
Huii. Pa3zpaboTka HampaBiieHa Ha (OPMHUPOBAHNE TIEPEUHS
3HaYMMBIX (OKa3bIBAIONIUX CYIICCTBEHHOE BIIMSHUE Ha
BEPOSTHOCTH ABUALIMOHHOTO ITPOHCIIECTBHS) TAPAMETPOB 1
MoKa3areNnei, NCIOoNb3yeMbIX s JOITOCPOYHOTO MPOrHO-
3MPOBAHUS ¢ BOBMOKHOCTBIO MX YUCICHHOTO HAOIIOCHUS
U U3MEPEHUS B 3aBUCUMOCTH OT BPEMEHHU.

4. Pa3paboTka coaep>XaHUs CBOMCTB
Ha3Ha4YeHus NuJoTa

Pecypchl Ha3HaYeHHS CTPYKTYPHUPYIOTCSI B TPEX CBOM-
CTBaX HaJIS)KHOCTH B IIKaJIaX BPEMEHU: PECYPChl HHIUBH-
nyansHON HagexxHoctu (PUH), pecypcsr onepanmoHHOM
HagexHoctd (POH), pecypcs! mpodeccrnoHanbHOM HaIeK-
voctu (PITH), puc. 1.

PackpbITie conepxanusi JaHHBIX COCTABIISIONINX CO3/1aeT
BO3MOKHOCTb B3aHMOCBSI3aHHOTO (hOPMAIT30BaHHOTO OITH-
CaHHUs PECYpCOB MUIIOTA, YTO SBISETCS PELICHUEM 3aa4n
aHaJM3a OIIEHKH 1 TIPOTHO3UPOBAHNUS PHCKOB 0€30I1aCHOCTH

e N

—

< MHonBmnmayanbHasa HaAeXHOCTb:

Y,

BpeMsi 6UMONOrnyecKor 3BONIOLMM HYeNOBEKA

A

o NMpodheccnoHanbHasa HAAEXKHOCTb:
nepuog Bo3pacta TpyaoBon 3aHaToctu : 20-60 net

Y,

AN

/" OnepauMOHHas HAAEXKHOCTb:
< >
BpeMsi oT 1 moseTa 40 rofoBoro HaneTa

Puc. 1. ®ynnameHTanbpHas CTPYKTypa pECypcoB HaZCKHOCTHU MMIOTA

Ha3sHaueHune obbekTa
(cywHocTb)

I [

Ceoucteo 1 CsowcTtBo 2

CBOMCTBO i,... CBOMCTBO N

[ [ |
( MapameTp 1 ) ( MapameTp 2 ) (I‘IapaMeij,... ) ( MapameTp m )

4 7
N Mokasatenb 1 ;1 I'I0|<a3aTenb2

Puc. 2. Tepmuns Ha6moneHm{ BEJIMYUH UCCIIETYEMbIX OOBEKTOB

91



OCHOBAHUSA TEOPUU HAJQEXXHOCTU YEJTOBEKA-OMEPATOPA (MUJ10TA)

Pecypcbl nunoTa
(Ha3HayeHue)

CBOWMCTBA

Pecypcbl npodeccnoHansHom
HagexHocTu (PMH)

Pecypcbl uHanBMAYyanbHoM
HagexHocTn (PUH)

BMAOBbIE

JINYHOCTHbIE

coumnasnbHble

obpasoBaHue

KBanudukaumus

HagexHocTn (POH)

Puc. 3. Conepxanue pecypcoB MujioTa

nioseToB. st onucanus pazpaboTaHa CTpyKTypa TEpMHHOB
HaOJIIo/IeHns (M3MEpEeHus], OLICHUBAHKsI) BEJIMYMH CBOHCTB
00BEKTOB, KOTOpasi TAKIKE COOTBETCTBYET CTaHAAPTy [9].
Kasxxnpie u3 cBoiicTB pecypcoB HaaexHocTu nuinota: PUH,
PITH u POH, cTpykTypupyroTCs 10 MapamMeTpam 1 oKasa-
tensiM. [TokaszaressiM NpHUITUCHIBAIOTCS 3HAUSHUS OLICHHBae-
MBIX BEJIMYHMH PECYPCOB B N30PAHHBIX IIKaJIaX U €IUHNIIAX
M3MEPEHUs! WK OLICHUBAHUS, puUC. 2.

OrneHNBaHUE COCTOSIHUI OCYIIECTBISIETCSl B IIKajax
HaMMEHOBAHUI 1 IIOPSIIKA TPEXYPOBHEBON MAaTPHIIbI PUCKA!
«BBICOKHH — CPEeAHUN — HU3KUiD», 1-2-3, «KpacHbBII-KeNThI-
3eJIeHBIN» WK Oosblero yucia yposueil. Conepxanue u
CTPYKTYpa IoKa3areiieid, U3 KOTOPhIX COCTOSIT apaMeTphbl,
cocTaBIsieT HanboIbIINit 00beM paboThl IPOSKTUPOBAHUS 1
HAIOJIHCHUsI 000JI0OYKH SKCIIEPTHOI cucTeMsl [7], puc. 3.

[poexTrpoBaHne pecypcHOro KOMILIEKCA COCTOUT U3 Pas-
pabOTKH CTPYKTYpPBI PECYPCHBIX KOHTYPOB, COCTABJISIOIIMX
KOMITOHEHT, UX HAUMEHOBAHHUH, OTIPEJIEIICHUN M YCTaHOBIICHHS
rapameTpoB HaOoeHus1. PecypcHblil KOMIUIEKC Ha3HAUCHHsI
obpazyer I, 11, IIL,...,J,...,N KOHTYpOB, KaXblii U3 KOTOPBIX
COCTOMT M3 MCXOJHBIX PECYpPCHBIX KOMIIOHEHT, CXOJSIINXCS
JUIS CO3/IaHusI pecypca Ha3HauYeHUsl j-T0 KOHTYpa, rae X, Y, Z;
— umMs (METKa) pECypCHOTO KOMIIOHEHTA j-T'0 KOHTYpa. Beioop
MMeEH JIFOOBIX PECYPCHBIX KOMIIOHEHT OCYIIECTBIISIETCS] DKC-
NEePTHBIM ITyTeM. KonuecTBeHHBIH COCTaB U3 TPEX HCXOAHBIX
PpecypcoB siBisieTcst BBIOOpOM HacTosiiero Merona. Kasknas u3
PeCYpCHBIX KOMIIOHEHT, HarlpuMep X;, ONMChIBaeTCs:

X; =ZZ{XJ—1’Y1—1’Z;'-1}=R;(7 )]

rae Rf CO3/1aBacMblii HOMUHAJILHBIN PECYpC Ha3HAYCHUS
J-TO KOHTYpa, KOTOPBIH SIBISICTCS MCXOJHBIM PECYpPCOM
(j—1)-ro xontypa. CozmepskaHne pecypcHOTro KOMILIEKca Ha-
3HAUCHMUS JICATEIBHOCTH MMUIJIOTA COCTABICHO AKCIICPTHBIM
nyteM. CocTaBieHbl KpaTkoe, pa3BepHyTOE ONHCAHHE U
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OIIpe/IeJIeHNe KaXKJJ0ro pecypca Ha €CTECTBEHHOM SI3BIKE.
Just mpocteiimeit GpopMannuzanuy BBOJSTCS CUMBOJIBI U
0003HaUEHHUS AHIIIOSA3BIYHOM JIEKCHKH.

IepBerit pecypcHslii KOHTY. I1epBblii KOHTYp R, coctas-
JIEH B TPEX IPyMIIax PecypcoB, HAOMOAAEMBIX B TapaMeTpax
HAJISKHOCTH: PECYpChI orepaionHoi HajaexHoctH (POH),
pecypcesl mpodeccuonansuoi Hagesxknoctu (PITH) R/(p),
pecypebl nHMBUIYya bHOH HapexHoctn (PUH). Basoii Ha-
OironieHuMs IpUHUMAeTCsl BpeMst. [IpesiaraeMoe conepkanue
HMeeT OCHOBaHHUE — Pa3IMYNMOCTh HAOMIONEHHS KaXK/I0H 13
TpyII pecypcoB BO BpeMeHu. [lox omnepanumoHHON Haex-
HOCTBIO TTOHMMAETCSI COBOKYITHOCTD YCIIOBHH M COCTOSIHH
ToJIeTa, 3aJaBaeMbIX U peaiM3alii OpraHu30BaHHOM Jiesi-
TEJILHOCTH B U30paHHOM cpejie HazHaueHust. OneparioHHas
Ha/IS)KHOCTh MOXKET HaOJIOAThCsl B CTPYKTYpPE BPEMEHH:
BpEMsI OJTHOIO TI0JIETa, MECAYHBIN M FOJJ0BOI HaJIET 4acoB.
[Non npoeccronanbHON HaIEKHOCTBEO IIOHUMAETCSI COBOKYTI-
HOCTB 00peTaeMbIX B MPO(ECCHN XapaKTEPUCTHK YEJIOBEKa B
n30panHoi cpene nesrensHocTu. [IpodeccronanbHast Hagex-
HOCTB 00J13/1a€T 3HaYEHHEM ITPOIODKUTEIILHOCTH TPYIOBOH
3aHATOCTH YesioBeKa pumepHo B riepuos ot 20 10 60 set. [ox
WH/IMBH/yaIbHON HAaJI€KHOCTHIO TIOHUMAETCSI COBOKYITHOCTh
9BOJIIOIIMOHHBIX BHIOBBIX OMOJIOTMYECKHX XapaKTEPUCTUK
YeJIoBeKa B cpe/ie 00MTaHust M I30paHHOM Cpelie e TeIIbHOCTH.
WunuBuyanbHas HaJeKHOCTh o0JaaeT 3HauYeHUEM IIpef-
METHOCTH BH/IOBO# SBOJIIOIMH, MHOTOKPATHO MPEBBIILAOIIEH
MIPOAOJDKUTENILHOCTD JKM3HU 4esloBeKa. Packpbitue conep-
YKaHMS! JAHHBIX COCTABIISIOIINX SIBIISIETCS 33/1a4€i ONMCaHust
pecypcHbIX KOHTYpOB. CHMBOJIBHOE ITPE/ICTABIICHHE EPBOTO
PECYPCHOTO KOHTYpa OIHCHIBAETCSI KOPTEKEM:

R = AR (). R} (p).R (o)} @)

Bropoil pecypcHsblit koHTyp. Tpu rpynnsl pecypcos
IIEPBOIO KOHTYpa CTPYKTYPUPYETCs B CIIELYIOIIEM COEPIKa-



OCHOBAHUSA TEOPUU HAJQEXXHOCTU YEJTOBEKA-OIMEPATOPA (MUJI0TA)

HHU ¥ OTIPEACIICHUSAX KOMIIOHEHT HaJISKHOCTH BTOPOTO pe-
cypcroro koHTypa. POH cocTosT 3 mapameTpoB: pabodas
Harpyska workload (wl); paborocmocoonocT workability
(wa); yromnenue fatigue (fg):

R/ (0)=Y, :{R,’,’ (o)wa,RE (0)wl, R}, (o)fg}. (3)

PITH coctosT M3 nmapaMeTpOB: COBOKYIIHBIH OIIBIT
nuirota pilot experience (pe), mojiHOe 00pa3oBaHHUE
common education (ca), mpodeccuoHaTbHast KBATHPHKAIHST
professional qualification (pq), uHaue:

R (p)=Y. AR (p)pe.R} (p)ca. Ry (p)pg}.  (4)

Pecypchl mHIMBUAYAIBHOW HA/IEKHOCTH COCTOAT U3
napaMeTpoB M CTPYKTYPUPYIOTCS Tpemsl TpylmnaMu Co-
CTaBISIFOIINX 110 POIOJKUTEIBHOCTH BO BpeMEHU: R, (i )(p,
BUJIOBBIE — PECYPCHI aaNnTalluy MHAUBKIA K cpenie. JlanHas
KaTeropus pecypcoB BbIXOJUT 3a NPEeibl )KU3HU UHIUBU-
Jla ¥ COJICPIKUT BBIPAOOTKY aJIalTAllMOHHBIX MCXaHU3MOB;

R (i)\|/, JUYHOCTHBIC — (DOPMHUPYEMBIC B TCUCHUC KHUIHU
uHAuBHAA; R} (i)S, CoNHMaNbHBIC — MeMorpaduueckas xa-
PaKTEpPUCTHKA TICHXOCOMATHIECKOTO 3M0POBBSI:

R ()= {R; ()o.RE ()w.R; ()3} (5)

O6beunsist popmynsl [3-5], comepxkaHusi pecypcHOTO
KOMILUIEKCAa Ha3HAYEHHUs JEATEIbHOCTH MHUIOTa MOXHO
MIPE/ICTaBUTh:

R (0)wa, R} (o)wl, R} (o)wa

Rl =Y 1Ry (p)pe, Rj(p)ea, Ry(p)pay. (6)
Ry (e, RE()w,  RL()3

3amMeTHM, YTO MOKa3aHHOE CUMBOJILHOE OTHCAHUE SIBIIS-
eTcsl IPUEMOM NIEPBOHAYAIBHON (hOpMATIM3AIMU NOHATHH 1
CPEJICTB €CTECTBEHHOTO SI3bIKA. DJIIEMEHTHI (hOpMYIT 3aInChl-
BAIOTCS Uepe3 3aISIThIC, YTO O3HAYACT CIIOXKHBIC OTHOIICHHUS 1
CBSI3M HEN3BECTHBIX PyHKIMH. 3agadeii pa3paOoTKu sBIIsieTCS
TIOKCK 1 YCTaHOBJICHHE JaHHBIX OTHOLICHNH 1 CBsi3el. CMbICIT
CHMBOJIHOTO ONIMCAHUsI COCTOMT B oOsieryeHnu rnovcka. Ha-
TIPUMEp, U3BECTHO, YTO pabOTOCIIOCOOHOCTh Wa M Y TOMIICHHE
fg sBnsroTCst 0OpaTHBEIMU BenurHamMu. CrietoBaresbHo, B (3)
OHH MOTYT OBITh 3aITHCAHbI Yepe3 JPOo0b.

3aknyeHue

[Toka3aHHOE ONMCAHHUE AEATEIBHOCTH MUJIOTA UMEET
MPUHONIHAIBHOE OTIIMYUE OT COEPIKAHUS B CYIIECTBYIO-
mwmx uccenenoBanmsx [ 10, 11, 12, 13]. ConeprkaHue CTpyKTY-
PHPOBAHO BO BPEMEHHBIX IIKaJIaX COBEPIICHHO PA3INIHON
JUINTEIBHOCTH — OT TEKYIIETro BPEMEHH 110 BPEMEHH 3BO-
morun. [ToHATHS GU3NOTOTHYECKOH, IICHXOIOTHYECKON U
neMorpaduaecKkoil COCTABISIIONINX AEATEIFHOCTH 1aBHO
LIUTUPYIOTCS B NCCIIEOBAHUSX, HO COJIEPIKaHHE UX JAIEKO
He packpsbITo. Tak oz (usronornueckoil HaAeKHOCTHIO 110-
HUMAIOT pabOTOCTIOCOOHOCTH MITH CIIOCOOHOCTE K paboTe B
TEUEeHHUE LUKJIOB JieATeIbHOCTH. Jlemorpaduueckas Hagex-

HOCTb MOKET PACCMaTPUBATHCS KaK TPYIOCHOCOOHOCTh MITN
CTIOCOOHOCTB K TPYAY 1O COCTOSTHHIO 3/10POBBSI.

JanpHeiimas pa3paboTka HampaBIieHa Ha YCTAHOBIICHHE
CBOMCTB, MapaMeTpPOB, MPU3HAKOB HUICHTU(HHUIINPOBAHHBIX
pecypcoB. JlaHHas IpoLeaypa Ha3bIBa€TCs HOpMaau3aluen
1 SIBIISIETCS OCHOBAaHMEM CTaHAAPTU3AINHU JICSITEIBHOCTH.
CocraBieHne cofiepkaHus PECYpCHBIX KOHTYPOB CIIETyI0-
X yPOBHEH OCYIIECTBIIAETCS aHAJIOTUIHO BBITIOJTHEHHBIM
pa3paboTkaM. PecypcHble KOMITOHEHTSHI SIBIISIFOTCSI CYIITHO-
CTSIMH PA3INIHON (PH3HUECKON U HE(PH3NUECKON TPUPOJIBL,
TpeOyIOT HepaBHOTO IMoaxoxa ¢opManu3anuu. J{aHHBII
MIOAXO/] UMEET HANMEHOBAHHE TICEBA0(PU3NIECKOI JIOTHKN
OIICHUBAHMS BeNW4nH. Permenue o qampHeme popmaii-
30BaHHOM pa3paboTKe MPUHNMACTCS SKCIIEPTHBIM ITyTEM Ha
OCHOBE HEOOXOIMMOCTH U IIEJIECO00Pa3HOCTH.
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Functional reliability. The theory and practice

Plotnikov N.I.

THE BASES OF NUMAN - OPERATOR DEPENDABILITY

THEORY

The paper presents the bases of human - operator (pilot) dependability theory. The major property of
human activity is called a category of assignment. The assignments can be estimated in structured generic
segmentation of dependability concept. This study also shows that the time scale is the universal basis for
segmentation of human dependability concept.

Keywords: operator, pilot, assignment, individual dependability, occupational dependability, functional

dependability.
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1. Introduction

Study of world experience of air service explains critical importance of pilot behavior.
The description of behavior exists in concepts of psychological, technical, medical and social
requirements of occupational suitability in a separate statement and application [1, 2, and 3].
At present, there is no general methodology for observation of physical and nonphysical
quantities of human and pilot behavior. Physical quantities are measurable. Nonphysical
quantities are estimable. Their interconnected theoretical and normative description has not
yet been done.

This study presents the bases of human — operator (pilot) dependability theory [4, 5]. The
major property of human activity is called a category of assignment. The assignments can
be estimated in structured generic segmentation of dependability concept. This study also
shows that the time scale is the universal basis for segmentation of human dependability
concept.

2. The problem content

The problem is generated by the indistinct nature of human behavior through which his
activity is observed: personality, health, age, education, qualification, and experience, capac-
ity for work, working loading, tiredness, rest, anthropogenic influences and other properties.
These behaviors are studied in various sciences, and they have the quantitative and qualitative,
physical and nonphysical nature that makes up various opportunities for the formalization,
computerized accounting and administrative decision-making.

Until now, there is still uncertain domain-specific knowledge, which is necessary for
standardization and management of flight activity. For example, it is known from numer-
ous researches that total pilot resource obtained by results of selection in occupation
and in the subsequent professional work differs in 3-5 times. Now there is no theory and
methods, which could take into account the given differences in uniform standards for
all pilots [6, 7].
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3. Problem statement

The methodological solution of research in the present
work is development and application of resource methodology
(RM) as an aggregate of empirical and heuristic examina-
tion of organized complexity forms by qualitative methods
of soft calculations (SC) [8]. The field of knowledge about
the aggregate of the organized activity combined on basis
is understood as new discipline — resource science. The re-
source complex is understood as convertible energy sources,
information and substances involved in expedient activity.
Ordinarily the resource is understood as that is consumed and
used. In resource methodology, any concept is considered as
aresource: also used, but mainly — created. For example, the
person reading a book uses the book, his energy and creates
knowledge. It is a simple resource complex (RC), where an
input is used resources (UR), and an output is created resource
(CR) of knowledge or assignment resource (AR).

The authors of this paper offer the automated management
algorithm of a pilot resources based on reasonable description
of structure and contents of the pilot activity. Practical value
of our proposal consists in the fact, that new relations optimiz-
ing preparation and decision-making have been established
between different databases of airlines. The development is

intended for the formation list of significant (rendering essential
influence on air crash probability) parameters and measures
used for long-term prediction with an opportunity of their
numerical observations and measurement depending on time.

4. Development of the contents of pilot
assignment behavior

Assignment resources are structured in three proper-
ties of dependability in time scale: resources of individual
dependability (RID), resources of operational dependabil-
ity (ROpD), and resources of occupational dependability
(ROD), fig. 1.

Disclosing of the contents of the given constituents cre-
ates an opportunity of the interconnected formalized descrip-
tion of pilot resources that present the problem solution of
analysis and prediction risks of flights safety. The structure
of supervision terms (measurement, estimation) of objects’
behavior values, which also meet the standard [9], has been
developed for the formalized description. Each of resource
behavior of a pilot dependability RID, ROpD and ROD are
structured according to parameters and measures. Values
of estimated quantities of resources in the selected scales

e N
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<« Individual dependability:
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time of human biological evolution
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Occupational dependability:
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< age-specific time of labor activity: 20 - 60 years >
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/Operational dependability: time from\
the first flight up to annual flying time

Fig. 1. Fundamental structure of pilot dependability resources
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Fig. 2. Terms of values supervision in researched objects
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Pilot resources
(assignment)

Resources of occupational
dependability (ROD)

Resources of individual
dependability (RID)

Generic

Personality

Experience

and units of measurements or estimation are attributed to
dependability measures (see fig. 2).

Estimation of conditions is carried out in scales of desig-
nations and order of three-level matrix of risk: “high —aver-
age—low” 1-2-3, «red — yellow-green» or the greater number
of levels. The content and measures’ structure, of which
parameters consist, makes the greatest volume of designing
work and filling of an expert system shell [7], fig. 3.

Designing of a resource complex includes development
of resource contour structure, constituents, their names,
definitions and establishment of supervision parameters.
The resource complex of assignment forms I, II, I1L..., J,
..., N contours, each of which consists of initial resource a
components, converging for creation of a resource of j-th
contour assignment, where X;, ¥;, Z; is the name (label) of
a resource component of j-th contour. The choice of names
of any resource components is carried out by an expertise.
The quantitative composition of three initial resources is a
choice of the present method. Each of resource components,
for example X, is described as follows:

X, =Y X, Y2 =R ()

where RJ)-( is the created nominal assignment resource of
j-th contour, which is the initial resource of (j—1)—th contour.
The content of a resource complex assignment of a pilot
activity is performed by an expertise. The brief and full-
scaled description and definition of each resource is made
in the natural language. For the elementary formalization,
symbols and designations of English-speaking lexicon are
introduced.

The first resource contour

The first contour R is made up in three resource groups
supervised in dependability parameters: resources of op-
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Resources of operational
dependability (ROpD)
Workload
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Fig. 3. The content of pilot resources

erational dependability (ROpD), resources of occupational
dependability (ROD), resources of individual dependability
(RID). Time is accepted as a supervision base. The offered
content has the basis — supervision distinguishability of
each group of resources in time. Operational dependability
is understood as an aggregate of flight conditions and states
specified for realization of organized activity in the selected
environment. Operational dependability can be supervised
in structure of time: time of one flight, a monthly and an-
nual flying time. Occupational dependability is understood
as an aggregate of personality acquired in occupation in
selected environment of activity. Occupational depend-
ability possesses the value of labor employment duration
of human approximately during the period from 20 until
60 years. Individual dependability is understood as an ag-
gregate of evolutionary generic biological characteristics of
in human environment and selected surrounding of activ-
ity. Individual dependability possesses the objectification
value of the generic evolution many times exceeding age
of human life. Content disclosure of the given constituents
is a problem of resource contours’ description. Symbolical
representation of the first resource contour is described by
the following tuple:

R =Y {R! (i).R} (p). R} (0)}- 2)

The second resource contour

Three groups of resources of the first contour are struc-
tured in the following content and definitions of dependabil-
ity component of the second resource contour. Resources of
operational dependability (ROpD) consist of the following
parameters: workload (wl), workability (wa), fatigue (fg),

R (0)= 2 :{R,’} (o)wa,R,’,’ (o)wl, R} (o)fg}. 3)
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Resources of occupational dependability consist of the
following parameters: cumulative experience of the pilot
experience (pe), common education (ca), professional
qualification (pq), differently:

R (p)=Y. R} (p)pe.R} (p)ca. R, (p)pq}.  (4)

Resources of individual dependability consist of pa-
rameters and are structured by three groups of components
according to duration in time: R}, (i), generic — resources
of adaptation of the individual to environment. The given
category of resources exceeds the end of life and contains

generation of adaptable mechanisms; R, (i)\y personality
— formed during individual life; R}, (i)3, social — the demo-
graphic characteristic of psychosomatic health:

R ()=, 4Ry ()o.RE (i) w.R; (1)3}: Q)

Combining formulas {3-5}, the content of resource
complex assignment of a pilot activity can be presented as
follows:

R} (o)wa, R} (o)wl, R} (o)wa
R = 2 :ARI (p)pe. R} (p)ca, R} (p)pqg. (6)
Ry (Do,  Ri()v,  Rj(1)d

It should be noted, that the presented symbolical de-
scription is a technique of initial formalization of concepts
and means of a natural language. Elements of formulas are
written down through commas that mean complex relations
and connections of unknown functions. The problem of
development consists in search and establishment of the
given relations and connections. The sense of the symboli-
cal description is to facilitate the search. For example, it is
known, that workability (wa) and fatigue (fg) are reciprocal
quantities. Therefore, in expression (3) they can be written
down through fraction.

Conclusion

The shown description of a pilot activity has basic differ-
ence from the contents in existing studies [10, 11, 12, 13].
The content is structured in time scales of completely differ-
ent duration — from current time until time of evolution.

Concepts of physiological, psychological and demo-
graphic components of activity for a long time are quoted
in studies, but their content is far from being discovered. So
physiological dependability is understood as workability or
ability to work during cycles of activity. Demographic de-
pendability can be considered as working capacity or labor
capacity according to a state of health.

The further development is directed to establishment of
behavior, parameters, and attributes of the identified resources.

The given procedure refers to as normalization and it is the
basis of activity standardization. Making-up the content of
resource contours of the next levels is performed similar to
introduced developments. Resource components are entities
of various physical and nonphysical nature and they demand
the unequal approach of formalization. The given approach
has the name of pseudo-physical logic of quantity estimation.
The decision on the further formalized development will be
accepted by expertise based on necessity and expediency.
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Crarpa Komunaa A.@. n Muxeesa H.B. [1] Bei3Bana y MeHS HEZJOyMEHHE U Psi] BOTIPOCOB.
[pesxze Bcero, Cy/is 10 HA3BAHUIO CTaThH, APXUTEKTypa IPOrPAMMHOI0 00ECIICUSHHS I0JDKHA
ydecTh TpeboBaHMA cTaHmapra [2], 0COOEHHO Te, KOTOpPhIe N3TI0KEHBI BO BTOPOW €r0 4acTH,
a takke B 1.11.7.4.3, B.1 u B.9 Tperseil wactu. B 3Tux cTarthAx cTaHmapTa aKIEHTHPYETCS
BHMMAaHHE Ha TIOCTPOCHUH U30BITOUYHBIX CUCTEM, 00ECIIEUeHUN pasHO0Opa3nsi METO/IOB HC-
KITFOYEHUSI OTKA30B, U, 0COOCHHO, 0TKa30yCTOHYMBOCTH cucTeM. OIHAKO B paccMarpruBaeMoii
ctarhe [1] OTCYTCTBYeT yueT yka3aHHBIX CyIIECTBEHHBIX TpeOoBaHMA. BMecTo TpeGoBanmit
6a30Boro 1o (pyHKIIMOHATIHHOM 6€30IMacHOCTH CTaHAapTa [2] aBTOpaMu MPEATIOKEHO CTPOUTH
CTPYKTYPY B apXHUTEKTypy mporpamMmuoro obecnederns (I10) Ha 0CHOBaHNM HCTOYHUKOB I10
kagecTBy 110, KOTOpBIE HE CB3aHBI C 0€30MAaCHOCTHIO.

Hamo yuects, 9to ciexyer obecrnieunBaTh cTadbuiapHOE oBeneHue 110, Bkiroyas mosesne-
nue [10 Bo Bpemenu. Hamo obecnieunts, aro6b1 [TO cMOTIIO B OJHOM IUKIIE WK BO BpEMEHHU
o0paborark Bce 3arnpochl. C HEKOTOPBIMHU CTPYKTYPAMH U apXUTEKTYpaMHU MPEJI0KEHHBIMU
ABTOPAaMH 3TO HE 00eCIeUunBACTCSI — HA0OOPOT, 3TU CTPYKTYPhI OMACHBI B 3TOM OTHOIICHHUH.
Ecnu Bo3HMKarOT BpeMeHHbIe 1pobaemMbl [10, To Ha0 MpuBiedb METOIbl BEPOSITHOCTHOTO
ananu3a noseneHus [10 (cmotpu, Hanpumep [3]). U 3T0 He ymOMHUHAETCSI aBTOPaMH.

[TosTOMY, K COXKAIICHHUIO, CTAThsI IIOOLIPSIET BEIOOP OMACHBIX APXUTEKTYP, KOTOPBIE IIPOTHUBO-
pedat TpeboBaHUsAM cTaHAapTa [2].
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ABOUT THE PAPER BY A.F. KOLCHIN, N.V. MIKHEEV
“ARCHITECTURE OF SAFETY RELATED SYSTEM

SOFTWARE”

The paper by Kolchin A.F. and Mikheev N.V. [1] brought out bewilderment and a number
of questions in me. First of all, judging by the title of the paper, the architecture of software
should take into account the requirements of standard [2], in particular those specified in its
second part as well as in ¢l. 7.4.3, B.1 and B.9 of the second part. These clauses of the standard
make focus on development of redundant systems, ensuring a variety of methods for eliminat-
ing failures and, in particular, system fault-tolerance. However, paper in question [1] lacks the
consideration of these substantial requirements. Instead of the requirements of standard [2]
that is a key one in terms of functional safety, the authors offer to construct the structure and
architecture of software (SW) based on SW quality sources that are not related to safety.

It is needed to be taken into account that we should secure SW stable behavior including
SW behavior in time. It is required to ensure that SW could process all requests for one cycle
or in time. For some structures and architectures proposed by the authors, this is not ensured
— on the contrary, these structures are dangerous in this respect. If SW time problems occur,
then methods of SW behavior probabilistic analysis (see, for example [3]) should be applied.
And this is not mentioned by the authors.

Therefore, unfortunately, the paper facilitates choosing hazardous architectures that con-
tradict the requirements of standard [2].
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ability, No. 1 (2015), pp. 75-81.

2. GOST R IEC 61508-2012 Functional safety of electrical, electronic and programmable
electronic safety related systems. Parts 1 — 7.
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OCHOBHBIM KOHTHUHI'€HTOM YHUTaTEJICH JKypHaJjia ABJIAKOTCA MHKCHEPLI U HAYYHBIC pa60T—
HUKHU, 3aUHTEPECOBAHHLIC B CO3JaHUN BLICOKOHa,He)KHOﬁ TCXHUKU U 6e3aBapHﬁHOfI €€ 3KC-
IJryaTtaluyu. Bronne MmoxxHO JOIMYCTUTD, UTO 10 XapaKTEpy cBOEH ACATCIbHOCTU OHU MOT'YT HE
3HATb TCOPHUU HAACIKHOCTU B 061,eMe, JOCTAaTOYHOM, yTOOBI IOHUMATh BCE MATEMATUUYECKHE
ACIICKThI ny6n1/11<a111/1171, HO, KaK IIpaBuJIO, OHU XOPOIlIOo pa361/1pa10Tc;1 B [IPAKTUYCCKUX BOIPO-
cax MpUMCHECHUS PE3YJIbTAaTOB ny6n1/n<aul/n71.

C aTOi1 TOUKH 3pCHUd, CJICAYET 06paTI/ITI) BHHUMaHHUC HA YCTKOCTH ITIOCTAHOBKH 3a1a4H UC-
cJIeAOoBaHus, COOTBETCTBU Ha3BaHU CTATbU €€ COACPIKAHUTIO, IPABUJIBHOCTDb UCTTIOJIb30BAHU A
TCPMHUHOJIOT'MUH, 000CHOBAaHHOCTh CACJIaHHbIX B MaTeMaTH4eCKOM MOJCIN HAACKHOCTHU J10-
HyHleHHﬁ, BO3MOXXHOCTDb UX IMOATBECPIKACHUA B SKCIIITyaTallul WX ITPU UCHIBITAHUAX, JOKa3a-
TCIBHOCTB JCIIACMBbIX yTBer(HeHHﬁ, MPAKTUYCCKYIO HEHHOCTb TCOPETUUCCKUX PEIYJIILTATOB
" ABHOC €€ (1)OpMyJ'H/IpOBaHI/Ie B 3aKJIIOYUTEIIBHOM YaCTU CTAThH.

BuumarensHOE N3YyUYCHNEC MAaTCPUAJIOB CTATbU BbI3BAJIO P 3aMe‘{aHI/II71, UMCHOIIUX, B TOM
YH1CJIC, HCJIbI0 OTBETUTH HAa BO3BMOYKHBIC BOITPOCHI ‘{I/ITaTeJ'IeI‘/'I, IIOMOYb UM B HpaBI/IHLHOﬁ OLICHKEC
PE3YyIbTAaTOB HyGHHKaHI/II/I U MpeaoCTepeyb UXx OT OIIHOOK IIpyu UX UCIIOJIb30BAHUU.

1. O HauMmeHOBaHUM CTaTbU

B 3aronoBke ucnons30BaH TEPMUH «CpeHUH pecypey. Ha Hai B3mis g, clieryeT o4eHb CTporo
1 OTBETCTBEHHO OTHOCUTBCS K MCHOJIB30BAHUIO YCTOSIBIIMXCS TEPMUHOB B TEOPHU HAJIEKHO-
ctu. CornacHo HeiHe fAelicTByromeMy ctanaapty ITOCT 27.002-89 «Hane:xxHOCTh B TEXHHUKE.
Ocnosnele norsTH. TepMuHbI 1 onpeneneHus: pecype (useful life) — cymmapnast HapaboTka
00BbEKTa OT HavaJla ero SKCILUTyaTaly WK e BO30OHOBIICHHS MOCIIC PEMOHTA JI0 TIepexo/ia B
TIpeJIeNIbHOE COCTOsTHUE (TepMHUH 4.5), a CpeHUN Pecype —MareMaTHIecKoe OXKHIaHIe pecypca
(TepmuH 6.16). D10 MOKa3aTesb TOITOBEYHOCTH. B cTarhe (hakTiiaeckn paccMaTpruBaeTCst CpeaHsIst
Hapa0oTKa JI0 oTKa3a (TepMuH 6.10). D10 MOKazaresns 6€30TKa3HOCTH, He UMEIONIHH HUKAKOTO
OTHOIICHUS K MPEeTBHOMY COCTOSIHUIO 00bekTa. OO 9TOM M aBTOPHI SIBHO YKA3bIBAIOT YKE B
aHHOTAIUU K CTaThe. TeM He MeHee, B IEPEUHE KIIIOUEBBIX CII0B OHM CHOBA PACCMATPHBAIOT KaK
CHHOHHMMBI HapabOTKy 0 OTKa3a U pecypc.

2. O gByxnapamMeTpu4ecKkux pacnpegeneHusax u rmnorese
0 KoadpPuumeHTe Bapuauum
Hacrtp. 3 crarsu ckazaHO: «ITOCKONBKY CTaTHCTHYECKHX TAHHBIX [T OLICHKH MTapaMeTpoB (hopMbT

JIBYXITApaMETPUUECKHX PACTIPEAEIICHNH HET, IPUHUMAEM THIIOTE3Y O PaBEHCTBE KOA(h(pUIIEHTA Ba-
pHAaLH pacTipeeNieHnst HapaOOTKU eanHULE (V=1), KaK Y SKCTIOHCHIIMAIBHOTO PACpEeICIICHISD.
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[To sTOMy 1OBOJTy MOKHO YBEPEHHO yTBEpPK/IaTh, 4TO HE
CYILIECTBYET HE TOJIBKO CTATUCTHIECKHUX JAHHBIX JUISl OLICHKU
napameTpoB (opMbI IByXIMapaMeTpUUECKUX pacrpeserne-
HUH, HO ¥ CTaTUCTUYECKU 3HAYNMBIX J0Ka3aTelbCTB TOTO,
YTO M3/ENHNS IEKTPOHHON TEXHUKH MMEIOT KaKoe-IH00
JIpyTroe pacrpezeseHiue HapaOoTK1, OTIMYHOE OT OHOMa-
paMeTpUYECKOTO SKCIOHEHIINATIBHOTO PacIIpeaeIeHHsL.

Eme Oonee yauBUTENBHBIM SIBISICTCS YTBEPXKACHUE,
YTO HEBEIOMbIE (B CTaThe HET CCBUIOK) «...HCCIeI0Ba-
TEJIM, UCTIONB3YIOIINE ISl PEUICHUs 3a7a4 HaJeKHOCTH
OZIHOTIApaMETPUUECKOE SKCITOHEHIINATIBHOE pacpeeiiCHUE,
ABTOMAaTHYECKH JOIYCKAIOT, YTO KO3()(OUIMEHT BapHalin
pacripenesieHust HapaOOTKM JI0 OTKa3a (Ha OTKa3) paBeH
CIMHHLIEY.

Jnst cBeleHHsl HEOCBEAOMIICHHBIX, SKCIIOHEHIHAIBHOE
pacrmpesieieHle He MO>KeT UMETh HUKAaKOTO JIPyroro Koadg-
¢unmenTa Bapuanny Kak OTHOIICHHS CPEIHEKBapaTHIe-
CKOTO OTKJIOHEHHUS K MAaTEMaTHYECKOMY O>KHJIAaHHIO, KPOMeE
Kak equHUIa. [103TOMY caenaHHOe yTBEpKICHUE BBITTISUT
TaK ke, KaK yTBep)KJCHUE: «HEKOTOPbIE MaTeMaTHKH aBTO-
MaTHYECKH JIOIYCKAIOT, YTO JIBAXK/IbI JBA — YETHIPE».

[To sTOM e MpUUMHE, €CTECTBEHHO, OCTACTCS HEIO-
HSATHBIM, KaK 3TO B Tabnwie 2 ko3(QQUIHCHT BapHAIIH
9KCMOHEHIMAILHOTO PACTIPE/ICIICHNS OKa3ajics paBHbIM 0,8.
CoBepuieHHO 0€370Ka3aTeIbHO BHINISIAUT yTBEPXKICHHUE
Ha cTp.7 (TMpaBasi KOJIOHKA) O TOM, YTO «...Hanboisee mpa-
BWJIbHOE 3HaUCHUE KO PUITIEHTA BapHaIlK HAPAOOTOK JI0
OTKa3a U3JEIINH IEKTPOHHON TEXHUKH B PEXKUMAX IKCIUTya-
taruu, B ToM yucie UMC, coctaBut v=0,8». HenonsiTHo,
OTKy/1a MOSIBIIIOCH 3Hadenue 0,8 kak pomyiienne (mouemy
He 0,75 nwim 0,857) 1 B KaKOM CMBICIIE OHO MTPAaBHIIBHOE.

Cama ruroresa o oCTOsIHCTBE KO3 PHITMEHTa BApHALINT
HE UMEET 11071 c000H (PU3NIECKOTO ¥ TEXHUIECKOTO 000CHO-
BaHMs. V3BECTHO, YTO B KM3HEHHOM IMKJIE TEXHHYECKUX
n3/IeNNi HAOMIONAIOTCS ATAIbl PUPAOOTKH, HOPMAIBHON
9KCIUTyaTanuy U crapenus. Ha sTane npupaborku mo mepe
YMEHBIICHUSI ”HTEHCHBHOCTH OTKa30B KOA((hHUIIMEeHT BapHa-
MK yMeHbaercs. Tak s pacnipenenenus BeiiOyma npu
yBenan4yeHnn napamerpa ¢popmsl m ot 0,5 10 0,9 ko3 puru-
€HT Bapualuu yMmeHsinaercs ot 2,24 no 1,11. To ke camoe
MIPOMCXOUT M Ha dTarne crapeHus. s pacnpeneiaeHus
BeiiOysuta nmpu yBenmmuernu m ot 1,1 1o 2,0 koadpunment
Bapuanuu ymensmaercs ot 0,91 no 0,52. U 3tu 3Hauenus
HE 3aBUCST OT ITapameTpa MaciTada.

3. O cpepHelt HapaboTKe Kak
nokasarteJsie 6e30TKa3HOCTU U3AeNui
3N1eKTPOHHON TEXHUKUN

Cpennsis HapaboTKa 10 OTKa3a yAoOHa Kak TOKa3aTelb
0e30TKa3HOCTH B BUAY €r0 MPOCTOTHI (3TO OJHO YUCIIO, H
JIETKO OCMBICTIBACTCS KaK HHTEpBa BpeMeHH ). OHaKo ere
A M. ITonosko u b.B. 'Henenko oOparniy BHUMaHUE Ha TO,
YTO CpemHssI HapaboTKa 10 0TKa3a He SIBILIETCS TOAXOISAIIIM
MoKa3aresieM 0€30TKa3HOCTH MO CIEAYIONINM IPUIHHAM.

W3BecTHO, 9TO KOIIMYECTBEHHO CPEIHSI HApaOOTKa — 3TO
TUTOIIAb TTOJT KPUBOW BEPOSTHOCTH O€30TKA3HOW pabOTHI.

J1J1s1 BBICOKOHA/IEXKHBIX M3/IEHI, @ K HUM KaK pa3 OTHOCHUTCS
JJIEKTPOHHAs TEXHHMKA, HHTEPBAJI OCPEJHEHHS BO MHOTO
pa3 (Ha OAMH WM JIBa TIOPSA/KA) MPEBOCXOAUT MHTEPBAI
peanbHOM HKCILTyaTalluy U3/IENHsI.

Jl1 KoJIM4eCcTBEHHON WILTIOCTpanuy 3Toro ¢ dekra
HCHONb3yeM MaTepHaisl cTatb. CpeHee BpeMs HKCILTya-
tauuu 26980 uznenuit paBuo 102412 vac wnu 11,7 roaa.
Cpenusist HapaOOTKa 70 OTKasa MPH IKCIIOHEHIUAIBHOM
pacripeneneHnn paBHa 26287 set, uro B 2 250 pa3 Oobiie
CPEeAHEro BpeMeHH KcIuTyaraiuy. Eciiu ucrnons3oBars ABa
Pa3NUYHBIX PAaCpPeAENICHUs: OAHOIAPAMETPUUECKOE IKCIIO-
HEHIMAJIbHOE U JAByXNapaMmerpuueckoe BeitOymia, To mpu
OJIMHAKOBBIX BEpOSITHOCTSIX 0TKa30B 0,00044477 na untep-
Base 11,7 yier cpequue 3HaYCHUS HapaOOTKH pa3onmayTCs:
26287 net u 5347 net. Ho 3T0 Npon30M €T HCKIIOUUTENBHO
3a cYeT pa3Iuuuil Ha UHTepBalle dKCILUTyartanuu ot 11,7 1o
26287 (umm Gonee) ner. OHAKO 3TO HUKOTO HE JIOJKHO
HMHTEPECOBATh, TAK KaK Pa3IH4Ms IPOSIBITCS, KOIa U3/eIUe
yKe JTaBHO OyleT CHATO C HKCILTyaTallH M0 KPUTEPHIM
JIOJITOBEYHOCTH. DTOT 3(h(PEeKT OTpakeH Ha pHCyHKe | B cTa-
ThE, HO OH HE 3aMEUCH M BBIBOJI M3 HETO HE cJieNaH (CKopee,
CJIeNaH MPSIMO TIPOTHBOIIONIOKHBIN BBIBOI).

4. DKOHOMMYEeCKui yuepo
OT NPUMEHEHUS 3KCNOHEeHUNaNIbHOro
pacnpepeneHus

B 3akitoueHny K cTaThe IPUBOANTCS CYKICHNE: « DKCIIO-
HEHIMAIBHBIN 3aKOH PAaCTpeIeIeHNs] BpeMEHH 0€30TKa3HON
paloThI, MOMYYUBIINI IMIUPOKOE PACIPOCTPAHEHNE, YaCTO
HE OTpa)kaeT peasibHbIC YCIOBUS BOSHUKHOBEHHS OTKa30B
NIEKTPOHHOH TeXHUKH. Ero npuMeHeHne npuHOCHT 00JTb-
II0H SKOHOMHYECKUH yIIepo».

Kak 1 MHOTOE JIpyTO€ B CTaThe, 3TO YTBEPKACHHE Oe3/10-
Ka3aTeJIbHO M HE COOTBETCTBYET COAEPKaHMIO cTarhby. Huue-
TO HE TOBOPUTCS O MPUPOJIE SKOHOMHUYECKOTO yIiepoa.

5. O HeoOGxoauMoOCTHN Nepexoaa
Ha AByxnapamMeTpuyeckoe
pacnpeneneHue HapaboTKun

YTBepKAEHHE B 3aKIIOYCHUH O TOM, YTO ABYXIapame-
Tprdeckue audQy3noHHBIE 3aKOHBI PACTIPEHCTICHUS TAI0T
HanOoJIee aneKBaTHBIE MTOKA3aTENN HAAEKHOCTH M3AEITAN
JIEKTPOHHON TEXHUKH, HUKAK HE MOJTBEPIKJIEHO MaTe-
puanamu crtarbu. IlepBblil BOIIpoc, Ha KOTOPBIM ClleqyeT
OTBETUTH: KAKOB JOJKEH OBITh 00BEM CTaTUCTHYECKHX
JIAHHBIX, 9TOOB! YBEPEHHO NACHTH()UIINPOBATH By XITIapaMe-
TPUYECKOE PACIIPEEICHHE 10 KPUTEPUSIM MaTeMaTHIECKON
CTaTUCTHKH. [laxe 15l 3KCTIOHEHITNAILHOTO paclpe/eIeHNs
3T0 He mpocTo. Onupasick Ha MaTepUaIIbI CTaThU, MOKHO BbI-
YHCIINTb, YTO JJa’Ke P CTOJIb BHYIIUTEILHON CyMMapHOH
HapaboTKe B 2,76 MIPA. 9ac AUCTIEPCHS TOUYCUHOH OICHKH
cpenHel HapaOOTKM TAaKOBa, YTO JBYXCHI'MOBBIC TIPEEIIbI
COCTaBISIOT 59% TOUYEUHOM OIICHKH, a JOBEPUTEIHHBIN HH-
TepBall ¢ ypoBHeM 3HaunMmocTH 0,2 nmeer pazmepst £40%
OT 3HAUEHMS TOUYETHON OLICHKH.
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«METOAVUYECKME NOrPELLUIHOCTU NPOrTHO3UPOBAHWUS CPEOHEIO PECYPCA U3OEJIUA 3JIEKTPOHHOMN TEXHUKW»

Bropoii Bonpoc, He MEHEe CII0XKHBI, COCTOUT B TOM, ECTh
M GU3MYECKHE WM (PU3UKO-XUMUYIECKNE MIPEANOCHIIKH K
TOMY, 4TOOBI CTapeHHE MEKTPOHHON TEXHUKH HAYNHAIIOCh
Tak paHo (B mepsele 10-15 ner npu cpenHeil HapaboTke
COTHH JIET).

6. HeGpeXXHOCTb N U3ObLITOYHOCTb

HeonHo3HauHOE BIEYATICHUE OCTABISICT HEKOTOpas
HEOPE)KHOCTh B OOpAIICHUH C YUCIOBBIM MaTepHaliOM B
crarbe. Tak, OIleHKa cpenHeill HapaOOTKH 10 OTKasa MpH
9KCIOHEHLUAJIBHOM paclpeiesieHuu cocranisier 26287
neT (a He 22830 net, kak B Tabuuie 2). CraTucTHYecKas
HapaOoOTKa Ha OJWH OTKa3 coctasisieT 230,37 MiH. 4ac, a
He 200 MITH. yac, KaK Ha cTp.7 (JieBast KOJIOHKa). IHTeHCHB-
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HOCTB 0TKa30B 4,34*10 wac™!, a me 5¥10 wac!, kax na c.4.
Cpemnsist HapaOoTKa 10 OTKa3a B pacnpeaeicHnu BeiiOymia
nipu kod(dunmente Bapuarmu 0,8 paBHa 5347 niet, a ne 5275
JIeT, KaK B Talnuie 2, i T.1I.

B crathe ecTh M30BITOYHBIC MaTEPHABI, HE OTHOCS-
mecst K 00cyxmaeMoi mpoliieMe, 94To 3acopsieT TEKCT U
OTBJICKACT OT IEIN ITyOIUKAINH, HAPUMEP, PACCYKICHUS
00 YCKOPEHHBIX UCTIBITAHUAX Ha C.6, KOTOPBIC HUTIC 3aTeM
HE HCITOJIb30BAHBI.

OTMEYCHHBIC HETOCTATKH CTAThH BBI3BIBAIOT COKAJICHUE,
TeM 0oJiee YTO aBTOPAMH SIBIISFOTCS M3BECTHBIC HCCIICHO-
BaTEIN, UMCIOIINE 3HAUYUTCIBHBIC JOCTIDKCHHUS B TCOPUH
HAJCKHOCTH. ABTOp HACTOAIICH 3aMETKH OCTaBISICT BO3-
MOYKHOCTB TIPOJIOJDKEHHS TUCKYCCHH IO TIPEIMETY CTaThH
¥ 110 TIpo0JIeMe Ka4ecTBa ITyOIHKaITHii.



Debate

Cherkesov G.N.

ABOUT THE PAPER BY KOFANOV YU.N. AND STRELNIKOV V.P.
“METHODOLOGICAL IMPRECISION OF PREDICTION
OF ELECTRONICS’ MEAN LIFE TIME”

The main auditory of the journal is engineers and researchers concerned about development
of highly reliable equipment and its failure-free operation. We can possibly assume that due
to the character of their professional activities they may not know the theory of reliability suf-
ficiently to comprehend all mathematical aspects of papers, however they are good at practical
issues of application of paper results.

In this point of view, it is worth to note the clear statement of research, compliance of the
paper’s title with its contents, correct use of terms, justified assumptions made in the math-
ematical model, possible to be proved during operation or testing, provable statements made
by the authors, the practical values of theoretical results and its summary in the concluding
part of the paper.

Thorough consideration of the paper’s materials have brought some comments that among
other things are to provide answers to possible readers’ questions, to help them adequately
estimate the results of the paper and warn them about mistakes in using them.

1. About the title of the paper

The title uses the term “mean life”. In our opinion, accepted term in the theory of reliability
should be used very carefully and cautiously. According to the valid standard GOST 27.002-
89 «Dependability in equipment. General concepts. Terms and definitions»: useful life is the
total life of a facility from the start of its operation or its renewal after repair till the transfer
into limit state (term 4.5), and mean life is the mathematical expectation of life (term 6.16).
This is a longevity parameter. The paper in fact considers mean time to failure (term 6.10).
This is a reliability parameter that has nothing to do with limit state. The authors also point
out at this fact in the paper’s abstract. Yet, in the list of keywords they again treat time to
failure and life as synonyms.

2. About two-parametric distributions and variation
coefficient hypothesis

Page 3 of the paper says: “Since there is no statistical data for assessment of parameters
of two-parametric distributions, we assume that the variation coefficient of time to failure
distribution is equal to entity (v=1), as for exponential distribution”.

In relation to this we can ascertain that there is neither statistical data for assessment of pa-
rameters of two-parametric distributions, nor statistically reliable proofs that electronic products
have any distribution of time to failure other than a one-parametric exponential distribution.

Even more surprising is the statement that some unknown (there are no references in the
paper) “...researchers using a one-parametric exponential distribution to solve tasks automati-
cally assume that the variation coefficient of time to failure distribution is equal to entity”.
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For the information of those who don’t know, exponential
distribution cannot have any other variation coefficient as
the ratio of mean square deviation to mathematical expecta-
tion than unity. So, the statement looks like the statement:
“some mathematicians automatically assume that two times
two equals four”.

Due to the same reason, it certainly remains unclear how
in Table 2 the variation coefficient of distribution happens to
equal 0.8. Absolutely improvable is the statement on page
7 (right column) that “... a more correct value of variation
coefficient of time to failure of electronic devices in opera-
tion modes, including IC, will be v=0,8". It is not clear where
the value 0.8 as assumption comes from (why is it not 0.75
or 0.857) and why it is correct.

The hypothesis of variation coefficient stability itself
has no physical and technical justification. It is known that
life cycles of technical products have stages of running-in,
normal operation and ageing. At the stage of running-in the
coefficient of variation decreases as a failure rate decreases.
For example, for Weibull’s distribution with the parameter
of form m increasing from 0.5 up to 0.9, the coefficient of
variation decreases from 2.24 down to 1.11. For Weibull’s
distribution with the parameter of form m increasing from
1.1 up to 2.0, the coefficient of variation decreases from
0.91 down to 0.52. And these values do not depend on a
scale parameter.

3. About mean time to failure as a
reliability parameter of electronics

Mean time to failure is convenient as a reliability pa-
rameter due to its simplicity (this is one figure and easily
interpreted as time interval). Though A.M. Polovko and B.V.
Gnedenko already noted that mean time to failure is not a
suitable reliability parameter due to several reasons.

It is known that in quantitative terms mean time to failure
is an area under the curve of a failure-free operation probabil-
ity. For highly dependable products that include electronics
the interval of averaging exceed many times (by one or two
orders) the interval of a product’s actual operation.

For qualitative illustration of this effect, let us use the
paper’s materials. Mean operation time of 26980 products
equals 102412 hours or 11.7 years. Mean time to failure
for exponential distribution equals 26287 years, which is
2250 time bigger than mean operation time. If we use two
different distributions — one-parametric exponential and
Weibull’s two-parametric distributions, then for similar
failure probabilities 0.00044477 on the operation interval
of 11.7 years the mean values of time to failure will be dif-
ferent — 26287 and 5347 years respectively. But this will
happen only due to differences on the operation interval of
from 11.7 to 26287 (or more) years. However it should not
matter since differences will become evident after a product
has long been put out of operation as to criteria of longev-
ity. This effect is shown in Figure 1 in the paper but stays
unnoticed and uncommented (rather the authors bring us to
quite an opposite conclusion).
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4. Economical damage from
application of exponential distribution

In the conclusion of the paper the authors make a state-
ment that “the exponential law of failure-free operation
time distribution recently received wide application doesn’t
reflect real conditions for emergence of electronic devices
failures. Its application brings a huge economic damage,
first of all, to users of electronic devices who apply them as
part of avionics and in other vital cases”.

As many other statements in the paper, this one is not
justified and does not correspond to the paper’s contents.
Nothing has been said about the nature of economical
damage.

5. About necessity of use of two-
parametric distributions of time to failure

The concluding statement that two-parametric diffusive
distribution laws provide the most adequate parameters of
reliability for electronics products are not demonstrated by
the paper’s materials in any way. The first question to be
answered is what volume of statistical data should be in
order to identify a two-parametric distribution as to criteria
of mathematical statistics for sure. Even for exponential
distribution it is not easy. Based on the materials of the paper
we can calculate that even for such impressive total time to
failure of 2.76 bln hours, the variance of point estimate of
mean time to failure is such that two-sigma boundaries are
59 per cent of point estimate, and the confidential interval
with the importance level of 0.2 has dimensions of +40 per
cent from the value of point estimate.

The second question not less complicated is whether there
are any physical or physical and chemical prerequisites for age-
ing of electronic products beginning so early (during the first
10-15 years with mean time to failure of hundred years).

6. Carelessness and superfluity

Ambiguous impression is made by a careless treatment
of numerical material in the paper. For instance, estimate of
mean time to failure for exponential distribution is 26287
years (not 22830 years, as in Table 2). Statistical time to fail-
ure per one failure is 230.37 mln hours, not 200 mln hours,
as on p. 7 (left column). Failure rate is 4.34*10° hour!, not
5*10* hour!, as on p.4. Mean time to failure in Weibull’s
distribution for the variation coefficient of 0.8 equals 5347
years, not 5275 years, as in Table 2 etc.

The paper has some redundant materials not pertaining to
issue in question that litter the text and draw attention away from
the purpose of the paper, for example contemplations on ac-
celerated tests on p. 6 which are not further used anywhere.

The above drawbacks of the paper are regrettable, and
even more since the authors are well-known researchers
recognized for their achievements in the theory of reliability.
The author of this note expects further discussions on the
paper’s subject matter and the quality of publications.
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